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Abstract: The vibration-threshold-triggered piezoelectric energy harvester is a new type of
piezoelectric energy harvester with a two-stage structure, which can generate electricity in a low
frequency environment and recognize vibration intensity at the same time. In this study, a theoretical
model of a vibration-threshold-triggered energy harvester was examined, and an equivalent circuit
model of the energy harvester was obtained. Then, an interface circuit was proposed that can
significantly improve the output power of the energy harvester. The interface circuit achieved
impedance matching with the piezoelectric material to maximize the energy collected from the energy
harvester. First, we calculated and analyzed the impedance characteristics of the energy harvester,
based on the equivalent circuit model. It was found that because the piezoelectric material is in
resonance as the energy harvester is in operation, the corresponding impedance is almost resistance.
Therefore, a resistance-matching strategy was proposed. Last, we proposed an interface circuit with
adjustable input impedance to achieve resistance matching. The experimental results show that the
proposed interface circuit can increase the output power of the energy harvester by 48.1-55.7% over
that achieved with the standard interface circuit.

Keywords: vibration-threshold-triggered energy harvester; equivalent circuit; impedance matching;
interface circuit

1. Introduction

The study of wireless sensor nodes has made great progress in recent years, accompanied by the
rapid development of Internet of Things technology. However, the power supply problem remains
a limiting factor in the development of wireless sensor nodes. The traditional method, using a battery,
is expensive, and in most cases, it is not easy to replace the battery with one that meets the design
requirements of the wireless sensor node. It is effective to use energy from the environment to power
wireless sensor nodes, so energy harvesters that convert energy that is present in the environment into
electrical energy are attracting increased attention [1,2].

Vibration is a common phenomenon in nature, and it exists in almost every corner of our
world. Converting vibration energy into electrical energy is a new research hotspot [3,4]. Typically,
vibration energy harvesters are classified as electrostatic [5], piezoelectric [6], triboelectric [7],
and electromagnetic [8]. Among these, piezoelectric vibration energy harvesters are increasingly being
used to power sensor nodes, due to their simple operation and high energy density. Many recent
reports focus on piezoelectric energy harvesters. For example, the indirect impact-based piezoelectric

Energies 2020, 13, 3830; doi:10.3390/en13153830 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-1614-9606
http://www.mdpi.com/1996-1073/13/15/3830?type=check_update&version=1
http://dx.doi.org/10.3390/en13153830
http://www.mdpi.com/journal/energies

Energies 2020, 13, 3830 20f17

vibration energy harvester proposed by Ju and Ji has a maximum open-circuit voltage of 42.2 V
peak to peak and an average power of 633.7 uW at 3 g acceleration and 17 Hz [9]. Guan and Liao
presented a piezoelectric energy harvester for use in rotational motion that achieves a power output of
83.5-825 uW at rotational frequencies of 7-13.5 Hz [10].

Piezoelectric energy harvesters most commonly have the form of a single cantilever beam.
A piezoelectric energy harvester with this structure has its highest power generation efficiency where
the excitation frequency is equal to the resonance frequency of the harvester. This makes the operating
frequency band narrow [11,12]. In recent years, more and more broadband piezoelectric energy
harvesters have been introduced [13,14]. For example, Fan et al. proposed a monostable piezoelectric
energy harvester that increases the operating bandwidth by 54% and the output power by 253%
relative to a linear piezoelectric energy harvester [15]. Zhang and Qin presented a tunable frequency
up-converting wideband piezoelectric vibration energy harvester, using a novel impact-rope-driven
hybrid mechanism, with a central working frequency that can be easily changed from 74.75 to
106 Hz [16].

Tang etal. proposed an event-driven vibration-threshold-trigger piezoelectric energy harvester [17].
This energy harvester has a two-stage structure, adopting a mechanism of frequency up-conversion
by magnetic coupling and identifying vibration intensity while generating electric energy. When the
vibration intensity exceeds the threshold, the energy harvester begins efficient electricity generation.
These characteristics greatly simplify the design of the wireless sensor node. He et al. developed
a wireless sensor node based on this energy harvester that can identify the type of vibration [18].
The vibration-threshold-trigger piezoelectric energy harvester they used can identify the vibration
intensity and act as a sensor while harvesting energy. Therefore, the sensor node does not
require complex signal transmission links using sensors and ADCs (Analog-to-Digital Converters).
These systems can be simplified, and the energy requirements of the entire system can be reduced.
However, the problem of maximizing the output power of the energy harvester remains little studied.

The output power of a piezoelectric energy harvester is usually small, and it cannot supply power
directly to the sensing nodes, so the interface circuit for energy harvesting is an important part of
the wireless sensing node. A standard energy-harvesting interface circuit is used in the sensor node
designed by He et al. [18], which converts the AC voltage generated by the vibration-threshold-triggered
energy harvester to DC voltage with an AC-DC rectifier and then stores the harvested energy in
the storage capacitor. However, this type of interface circuit cannot maximize the energy harvested.
Many studies have attempted to improve the output power of piezoelectric energy harvesters with
interface circuit designs, such as synchronized switch harvesting on inductor (SSHI) [19] circuits
and synchronous electric charge extraction (SECE) [20] circuits. SSHI circuits are designed to extract
electric energy in the inherent capacitance of the piezoelectric energy harvester by minimizing the
time during which the inherent capacitance is charged and discharged, and the harvested power is
more than 900% greater with this circuit than with the standard interface circuit. The SECE circuit also
extracts electrical energy in its inherent capacitance, which can increase energy-harvesting efficiency
by 400%. It should be noted that both methods require precise timing for the control of the switch.
The SSHI circuit must have its switch flipped when the output voltage amplitude is at the maximum,
while the power-extraction phase of the SECE circuit is synchronized with mechanical vibration.
This indicates that these two methods can significantly increase the output power of the piezoelectric
energy harvester, but due to the precise timing requirements, the control circuit is very complex [21-24].
The vibration-threshold-triggered piezoelectric energy harvester has a relatively small size (about
14 mm x 21 mm), so its output power is limited, and it is difficult to separate the excess power to drive
the control circuit. Another way to increase the output power of a piezoelectric energy harvester is to
match load impedance to source impedance. For example, Chen et al. proposed an interface circuit to
achieve the impedance matching of impact-type micro wind piezoelectric energy harvesters, which can
significantly improve harvesting power [25-27].
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In this paper, we model and analyze a vibration-threshold-triggered piezoelectric energy harvester,
study an equivalent circuit model, and obtain a single-degree-of-freedom equivalent circuit model
of the harvester. Using the equivalent circuit model, the impedance characteristics of the energy
harvester are calculated and analyzed. Finally, an interface circuit based on the impedance-matching
principle is designed for the vibration-threshold-triggered piezoelectric energy harvester. Experiments
are conducted to compare the proposed interface circuit with the standard energy-harvesting
interface circuit used in He’s work [18]. The results show that the energy-harvesting power is
significantly improved when the proposed interface circuit is used under the same conditions as for
the standard circuit.

2. Vibration-Threshold-Triggered Piezoelectric Energy Harvester

2.1. Structure and Operating Principles of the Vibration-Threshold-Triggered Enerqy Harvester

Figure 1 shows the structure and working principles of the vibration-threshold-triggered
energy harvester. The structure of the harvester is given in Figure 1a,b. The U-shaped copper
micro-cantilever (sensing stage) with a mass at the tip can respond to low-frequency vibrations
(<100 Hz) in the environment. A piezoelectric copper cantilever (generating stage) is in the sensing
stage, with a lead-zirconate—titanate (PZT) piezoelectric thin film bonded on the top surface, which has
a higher resonant frequency (>100 Hz) and can be used for resonant electric-power generation.
Two magnets are mounted at the ends of the sensing stage and the generating stage. They are oriented
in the same direction and mutually repelled so that the two stages mechanically couple with each other
via the repelling force between the two magnets.
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Figure 1. (a) Schematic view of the vibration-threshold-triggered piezoelectric energy harvester;
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(b) sectional view of the harvester; (c) working principles of the harvester.

Figure 1c shows the operating principles of the vibration-threshold-triggered piezoelectric energy
harvester. For weak vibration, the sensing stage cannot overcome the repulsive magnetic force between
the two stages to drive the generating stage into resonance. As a result, it produces only a very
weak vibration near its equilibrium point and has an extremely low power output. With an increase
in vibration strength, the vibration amplitude of the sensing stage grows larger and larger until it
reaches a critical point, where the magnetic repulsive force between the two stages can be overcome.
Once the vibration strength surpasses the threshold, the movement of the sensing stage passes into
the generating stage and triggers it into high-frequency resonance. That causes a high power output.
As is phase-by-phase analyzed in Figure 2, the detailed movement procedure during one stroke of the
sensing stage can be decomposed into three phases for better understanding. In Phase 1, driven by the
external vibration, the sensing stage starts to move. In Phase 2, when the magnet in the sensing stage
approaches the magnet in the generating stage, the magnetic repulsive force pushes the cantilever of the
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generating stage into bending. In Phase 3, only when the elastic restoring force of the bent cantilever
exceeds the magnetic force, the generating stage can be set free to vibrate at its resonant frequency.

Phase 1:
S yl Sensing stage

starts to move

Phase 2:
\ Generating stage
1 is pushed

i i
i Phase 3: i
] . 1
! Qeneratmg stage |
H is released to !
H vibrate freely H

Figure 2. Three phases during one stroke of generating operation.

When the energy harvester is applied to sensing/monitoring systems, the energy harvester itself
can act as a vibration threshold sensor, which can replace the signal conditioning/processing circuit,
greatly reducing the complexity of the system and its energy consumption.

2.2. Modeling of the Vibration-Threshold-Triggered Energy Harvester

2.2.1. Vibration Model

Analyses and modeling of the vibration-threshold-triggered piezoelectric energy harvester allows
us to understand its output characteristics in different excitation conditions, and at the same time,
we can derive an equivalent circuit model to make it easier for us to design interface circuits to
improve the output power of the harvester. As shown in Figure 3, each stage of the energy harvester
can be considered to be an electromechanical coupling spring-mass-damper resonator, and there is
an interaction mechanism between the two stages [17].

27 Sensing Stage Generating Stage
Ms FF m= MG
DG |
ks < Ds K¢S B ==Cp SRL

SILTIITT 1077777777 7777

Figure 3. Electromechanical of coupling spring-mass-damper model the harvester.

For the U-shaped cantilever in the sensing stage, it is subject to the magnetic force between the
two stages and inertial force caused by external vibration. The vibration model can be expressed as

Mgsrs 4 Dsrs + Ksrs = —Fpase1 = Fin, 1)



Energies 2020, 13, 3830 50f17

where rs, Mg, Dg, and Kg are the displacement, mass, damping coefficient, and stiffness of the sensing
stage, respectively. Fyzs01 = Mgay,se represents the inertial force caused by external vibration, and ay,s,
is the acceleration of the basement. F;, is the z-component of the magnetic repulsive force between the
magnets mounted individually at the ends of the two stages.

The two stages are both fixed to the same frame. The generating stage is also subject to the
magnetic force between the two stages and the inertial force caused by external vibration. In addition,
there is a piezoelectric coupling effect in the generating stage. Thus, the equations of motion can be
expressed as

Mg + Dgrg + Kerg — 060 = —Fpser + Fim = Fi, 2)

where rg, Mg, Dg, and K are the displacement, mass, damping coefficient, and stiffness of the
generating stage, respectively. O is the piezoelectric coupling factor, and v is the output voltage across
the load resistor. Fp,sp = Mgap,s indicates the inertial force applied to the generating stage. Due to
there being no mass at the tip of the generating stage, M is relatively small, so Fj,» is ignored here.
With a load connected to the piezoelectric material, the electrical part can be expressed by the
Kirchhoff current equation as
. .o
Ogrg + CpZJ + R_L =0, 3)
where R| is the load resistance of the energy harvester. C, represents the inherent capacitance of the
piezoelectric material.

2.2.2. Equivalent Circuit Model

The generating stage forms the power generation structure of the vibration-threshold-triggered
energy harvester, and the main function of the sensing stage is to respond to low-frequency vibration to
trigger the generating stage to efficiently produce electrical energy when the vibration strength is over
the threshold. Because the purpose of this paper is to increase the output power of the energy harvester,
it is only necessary to establish an equivalent circuit model of the generating stage. According to the
obtained model of the generating stage in Equations (2) and (3), the mechanical and electrical parts of
the generating stage can be modeled as electrical components, and the electromechanical coupling
can be replaced by an ideal transformer [7]. The single-degree-of-freedom equivalent circuit model
obtained is shown in Figure 4.

—_—— e e — =
| Generator C:]I |/K1 R=D1 L=M1 :
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I - . . CpI
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|

|
| |
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Figure 4. Equivalent circuit model of the harvester.

In this model, the voltage generator V represents the effective force acting on the generating stage,
which is provided by the magnetic force between the two stages. The equivalent inductance L = M;
represents the equivalent mass of the first mode, the resistance R = D; represents the mechanical
damping, and the capacitance C = 1/Kj represents the reciprocal of the stiffness. Electromechanical
coupling is equivalent to a transformer, where the turn ratio n represents the piezoelectric coupling
coefficient 61, and Cp, is the intrinsic capacitance of the piezoelectric material.
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2.3. Parameter Calculation of Vibration Model

First, we analyze and model the equivalent parameters of the piezoelectric cantilever of the
generating stage. Figure 5 shows a sectional view of the generating stage. As the PZT film does not cover
the whole surface of the generating stage, the analysis of the distributed stress and generating-voltage
of the composite-layer cantilever is quite complicated. In this paper, the generating stage is analyzed
using the Rayleigh—Ritz approximation.

magnet

_PZT
] . - D r

cantilever beam

l (AN
X
[ Lg,

Figure 5. Sectional view of the generating stage.

In the Rayleigh-Ritz approximation, the assumed displacement modes can be a set of any functions
that satisfy the geometric (essential) boundary conditions. The cantilever beam of the generating
stage is fixed at one end and free at the other end. Therefore, there are four boundary conditions as
constraints, and the four boundary conditions can be expressed as

) _ PUlly Fuly)

u() ox ox? ox3

=0. 4)
Thus, the assumed mode shape U; (i is the modal order number) can be obtained as [28]
U; = cos(Bix/L) — cosh(Bix/L) + qilsin(Bx/L) — sinh(Bx/L)], 5)
and the parameter g; can be expressed as

~ sin(B;) —sinh(p;)
9= cos(B;) + cosh(B;)’ ©

where the §; are the dimensionless frequency numbers obtained from the characteristic equation
1+ cos(B) cosh(B) = 0. To ensure the accuracy of the analyses, we analyze the vibration behavior
based on the first three modes of the cantilever. Using Equation (4), we find that $; = 1.875, f, = 4.694,
and 3 = 7.855.

Using the three assumed modes, the mass and stiffness matrices for the Rayleigh-Ritz formulation
are respectively defined as [29]

L
Mj’k:f(; m(x)UiUrdx  (j,k=1,2,3), 7)

L
Kij = fo YICOU Udx (jk=1,2,3). )

where m(x) and YI(x) are the distributed density and bending stiffness. Y is the modulus of elasticity,
and I is the area moment of inertia. The subscripts j and k are integer values that denote a particular
mode of vibration. The typical eigenvalue formula is used:

(Kj,k - M j,k)éi =0, )
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where ¢&; are the eigenvectors, and w; is the angular frequency of the i-th mode of vibration.
The Rayleigh—Ritz mode shapes ¢; are then found using eigenvectors from the eigenvalue problem
solution and are calculated with the following finite summation series.

pi(x) = Z &il; (10)

By superposing onto Equations (7) and (8) (where U is replaced by ¢), the matrices of M, and

Kk can be diagonalized. Then, each diagonal element of M x and K; x corresponds to the equivalent

mass and stiffness of a mode shape. The electromechanical coupling equation can be reduced to the
form of Equations (2) and (3)

M;7; + Djr; + Kjrj — 6;v = F;, (11)

Y 0iti+ Cypir + Rl —0. (12)
i=0 L

Here, r;, M;, D;, and K; represent the displacement, mass, damping coefficient, and stiffness
of the i-th order mode, respectively. The proportional damping coefficient D; can be defined as
aoM; + a1K; [30]. ap and aj are experimentally derived damping factors. It should be noted that
the damping coefficient is specifically chosen to be mass and stiffness proportional so that it can be
diagonalized. The inherent capacitance of the piezoelectric material can be calculated as C;, = bgLgée /hy,
where by and L, are the width and length of the generating stage respectively, and h, represent the
thickness of the PZT. The piezoelectric coupling factor 0; can be deduced from the piezoelectric
constitutive relationship:
d31bgYp dopi(x) [

0 = (hg _hi> 2h,  dx

(13)

X1

Thorough derivations of the piezoelectric coupling factor 9; are presented and discussed in [31].
In the equation, /i, and /i, are the locations of the bottom surface and top surface of the piezoelectric
material relative to the neutral axis of the composite beam.

F; = @; X F;y, where F;, is the magnetic force between the two magnets; it can be expressed as [32]

Fn = 4@0 Z 22 Z D (D) g (5, 1,0, 7). (14)

(i,jkLp.q)=(0,1}°

where ] and |’ are the magnetizations of the two magnets, and p is the permittivity under vacuum.
¢(n,%, A, T) can be calculated using the geometric parameters of the two magnets [32].

As for the U-shaped single-material cantilever of the sensing stage, its motion is expressed as
Equation (1). The parameters can be calculated in the same way. Since the vibration frequency is much
lower than the resonant frequency of the generating stage, only the first-order mode is included in the
calculation. The material and geometric parameters of the vibration-threshold-triggered piezoelectric
energy harvester we used are listed in Table 1.
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Table 1. Parameters of the energy harvester.

Parameter Symbol Value
Thickness of sensing stage hs 100 um
Length of sensing stage Ls 13.0 mm
Mass of sensing stage m 093 g
Width of sensing stage bs 8.0 mm
Thickness of generating stage hg 60 pm
Length of generating stage Lg 11.0 mm
Width of generating stage be 4.0 mm
Length of PZT Ly 5.5 mm
Thickness of PZT hy 60 um
Young’s modulus of substrate Ys 110 Gp
Young’s modulus of PZT Yy 60 Gp
Density of substrate Ps 8800 kg/m3
Density of PZT Pp 7500 kg/m°>
Damping constants @0 4.894 5
a 1.235 x 10
Piezoelectric coupling ds 280 x 10712 m/V
Relative electrical permittivity € 4600
Gap distance G 750 pm
Residual magnetism Br 1.0T

2.4. Impedance Characteristics of the Vibration-Threshold-Triggered Energy Harvester

When the impedance of the load is conjugated to the source impedance, the load extracts
the maximum power from the source. Impedance matching is an effective way to increase the
output power of a piezoelectric energy harvester. Using the equivalent circuit model of the
vibration-threshold-triggered energy harvester, we can obtain the impedance characteristics of the
piezoelectric energy harvester, which allows us to predict the output power of the energy harvester
under different load conditions, allowing us to optimize the interface circuit.

The equivalent circuit model shown in Figure 4 can be simplified using Thevenin’s theorem, and the
internal impedance of the energy harvester can be equivalent to the circuit shown in Figure 6, where

2
Co1=%: Co =Cy;
S1 DKll S2 Mlp (15)
Rs= 23, Ls= 75"

Then, the expression for the impedance Zs can be derived as

(é_s _ 2;) —j Iés
CaC ®
Zs = —— ; Z 521 152 =Rz + jXz. (16)
Rs + j(wLs - - )

wCgp wCgp

It can be seen that when the other parameters of the energy harvester are determined, the impedance
Zs is only related to the frequency w. Using the established model, we can calculate the parameters of
the equivalent circuit model, as shown in Table 2. Substituting these parameters into Equations (15)
and (16), we calculate the impedance characteristics of the piezoelectric energy harvester, as shown
in Figure 7. The impedance of the piezoelectric energy harvester is close to purely resistive near the
open-circuit resonant frequency. Because our purpose is to increase the output power of the energy
harvester, we only need to consider the state where the energy harvester is triggered. As noted above,
when the energy harvester is triggered, the generating stage is in resonance. Thus, the impedance
of the energy harvester is fixed in this state, and, more importantly, the impedance is close to pure
resistance. This makes it easy for us to design the interface circuit.
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Figure 6. Equivalent internal impedance of the energy harvester.

Table 2. Model parameters of the energy harvester.

K; (N/m) M; (kg) Dy (N S/m) n Cy (B
298.962 5.359 x 107° 0.003 7.030 x 1074 1.679 x 1078
(a) 2]
&
=
@ 20]
= ]
£ -0
] -
& 60
-80])
200 250 300 4350 100
Frequency (Hz)
b ]
~ 100
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= 80 Open-circuit
§ 6¢] Resonant Frequency
& ad]

%
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Figure 7. (a) Reactance and (b) resistance of the harvester obtained by the simplified equivalent circuit.

As shown in Figure 8a, when the load impedance is conjugate matched to the source impedance,
the load can achieve maximum power:

VZ

PZ,max = @ (17)

As shown in Figure 8b, when a pure resistor is used as the load, the power obtained by the load is

174 2

Zs+ Rp

V2

L= 2:x,2 :
Ry + 8222 4 oR,

Pr-|

(18)

According to Equation (18), an optimal matching resistance can be found such that the power it
obtains is maximized. The expression of this is as follows:

Rpopt = VRZ2 + X72, (19)

V2

. (20)
2VRz2 + X722+ 2Ry

P Ropt =
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Itis found that when the imaginary part of the source impedance is close to zero, the power obtained
by the load is closer to the maximum power. Therefore, we consider the use of resistance for impedance
matching. Kong et al. showed that when using pure resistance for impedance matching between
the short-circuit resonant frequency and the open-circuit resonant frequency, the energy-harvesting
efficiency can reach approximately 75% [33]. The fixed impedance of the energy harvester also greatly
simplifies the circuit design. By taking the parameters shown in Table 2 for Equation (19), we can
calculate that the optimal matching resistance of the energy harvester is 28.7 k().

@) (b)

Zs=Rz+jXz Zs=Rz+jXz

v ;’9 ZL=Rz-jXz V@ Ru

AV

Figure 8. (a) Load impedance is conjugate matched to the source impedance; (b) Use of resistive load.

3. Interface Circuit of the Vibration-Threshold-Triggered Energy Harvester

3.1. Standard Energy-Harvesting Interface Circuit

Figure 9a shows the standard energy-harvesting interface circuit, which is usually composed of
a rectifier and a storage capacitor. The AC voltage output from the energy harvester is converted
into DC voltage by the rectifier, which then charges the storage capacitor and stores the energy in the
capacitor. In previous work, the standard interface circuit was used. Although this circuit is simple,
it is inefficient and cannot maximize the energy harvested.

- b |
() | 1 L 2|
2
L 3
L
CL§|
gl
L :
b —— P = = — — - — =
®) l AR ) +0, L' z
|| A fd =1 |~z
v 1 (,Zal
| recr | oscillator I v, L | |::} §|
I || I I Vo g
| D | 2l
- - Lo}
I " | - — >|_L g;l
L Rectifier_ | | Impedance matching circuit_ __ | | __ 2

Figure 9. (a) Standard energy-harvesting interface circuit; (b) improved energy-harvesting
interface circuit.

3.2. Improved Energy-Harvesting Interface Circuit

Figure 9b shows the improved energy-harvesting interface circuit proposed in this paper.
A buck-boost converter operating in DCM (discontinuous current) mode is used to achieve the
resistance matching of the piezoelectric energy harvester.

The working process of the buck-boost converter is shown in Figure 10.
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N
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A fd
Vo oscillator LV,

(b)

= Vo

Figure 10. Working process of the buck-boost converter.

(a) When the NMOS is on, the potential at the negative electrode of the diode is lowest, so the
diode is reversed and the inductor begins to store energy.

(b) When the NMOS is off, the circuit I}, begins to decrease, the induced voltage of the inductor
turns the diode on, and the inductor begins to charge the capacitor. The working voltage and current
waveform of the buck-boost converter are shown in Figure 11.

i T iy
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< dl
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. 1
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Figure 11. Working voltage and current waveform of the buck-boost converter.

The input resistance of the buck-boost converter can be calculated by dividing V.. by the average

current irect average Of ONe cycle:
Vrect

Lrect.average

Riy = (21)

According to Figure 11, irect average can be calculated as

. 1My Viyeetd®T
Irect.average = fd rect tdt = rect . (22)
0

T L 2L
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Then, we obtain the following expression for input resistance:

_2Lf
Vyed®T — d2°

Rin _ 2L - Vrect

(23)

It should be noted that Ve is a constant value when the NMOS is turned on. To satisfy this
assumption, the frequency of the oscillator needs to be much larger than the frequency of the output
voltage of the energy harvester. It can be seen in Equation (23) that the input resistance is determined
by the inductance L, oscillator frequency f, and its duty cycle d. This result is consistent with our
design requirements. Because we calculate the optimal matching resistance of the piezoelectric energy
harvester, we only need to select the appropriate circuit parameters so that R;, = Rp gpt, and then
the resistance matching can be achieved. Furthermore, this relationship does not change as the
load changes.

4. Experimental Results

To verify the feasibility of the proposed interface circuit, experiments were performed using
standard energy-harvesting interface circuits and the interface circuits proposed in this paper.
The experimental setup is shown in Figure 12. The vibration-threshold-triggered energy harvester was
designed to operate in a low-frequency vibration environment of several tens of hertz, so the vibration
frequency was set to 20, 30, and 40 Hz. Because we mainly focused on the power generated by the
energy harvester, the vibration acceleration was set to 5.5 g, which ensured that the energy harvester
would be triggered at all three frequencies.

B —————

N 1 a;r L -
i Signal generator - @

Standard interface

o Improved interface circuit
eircuit

Figure 12. Test setup for the proposed interface circuit.

First, to verify that the generating stage is in resonance when the energy harvester is operating,
Figure 13 shows the output voltage of the energy harvester at three frequencies. The results show that
when the vibration frequencies are 20 Hz, 30 Hz, and 40 Hz, the operating frequencies of the generating
stage are about 303 Hz, 286 Hz, and 286 Hz, respectively. It can be found that the operating frequency
of the generating stage is close to the calculated value of its resonance frequency (about 294 Hz).
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Figure 13. The output voltage of the harvester at (a) 20 Hz, (b) 30 Hz, and (c) 40 Hz.

Then, to verify the optimal matching resistance of the vibration-threshold-triggered energy
harvester used, we tested the real output power of the energy harvester under different resistive loads.
The result is shown in Figure 14. It can be seen that the output power is maximum when the load is
30 kQ). Thus, the optimal matching resistance of the piezoelectric energy harvester is about 30 k() at
three frequencies. According to Equation (16), the impedance of the energy harvester is only related to
the vibration frequency of the piezoelectric material. Although the external excitation frequency was
different, because the generating stage was in resonance, the impedance did not change. The optimal

matching resistance obtained by the experiment is also consistent with the results of the calculation
shown in Section 2.4.
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Figure 14. Power harvested using resistors and the buck-boost converter at (a) 20 Hz, (b) 30 Hz,
(c) 40 Hz.

Using the optimal impedance, we determined the device parameters for the proposed interface
circuit. The frequency of the oscillator should be much larger than the output voltage frequency of the
energy harvester. Because the resonant frequency of the generating stage is about 294 Hz, we chose
the frequency of the oscillator to be at least 10 kHz, which is satisfactory. The appropriate level of
inductance can be selected according to Equation (23). For larger inductors, the parasitic resistance
would be larger, so there would be greater loss, and small inductors can cause large current ripples and
require smaller duty cycles or higher frequencies, which are difficult to achieve. Therefore, a 47 mH

inductor was selected here. Table 3 lists the components and parameters of the interface circuits shown
in Figure 9.
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Table 3. Components and parameters of the circuits shown in Figure 7.

Components Part Number Notes
Rectifier bridge MB6S Vimax =1.0V
V =12V;
MOSFET SI12302 RDCS;(SSL =m0
Inductor L - 47 mH
Diode D BAT54L Vep=04Vatl0 mA
Capacitor C1,C2 AVX Tantalum capacitor 100 pF
Oscillator Generated by the signal generator Vm=3V;f=15kHz; d =22%

The input resistance of the proposed interface circuit can be adjusted by changing the duty cycle
and frequency of the oscillator. We tested the output power of the energy harvester under different
levels of resistance, using the interface circuit as the load. Figure 14 compares the average power
with the proposed interface circuit as the load and the average power with different resistors as the
load. It can be seen from the experimental results that the load—power curve generated using the
interface circuit as the load has the same tendency as the resistive load, which indicates that the
proposed interface circuit behaves as a resistor. However, the output power when using the proposed
interface circuit as the load was lower than the output power when using a purely resistive as the load.
The reason is that the circuit components (such as inductors and diodes) consume part of the energy.

Finally, we adjusted the input impedance of the proposed interface circuit to 30 k(}, which is the
optimal matching resistance of the energy harvester that we used, and then we used the proposed
interface circuit and standard energy-harvesting interface circuit to harvest energy. Using measurements
of the voltage on the storage capacitor, the voltage waveforms of the storage capacitor using the
standard energy-harvesting interface circuit and using the proposed interface circuit under the same
conditions are plotted in Figure 15, which indicates that under the same conditions, the storage
capacitor charges faster when using the interface circuit. Using two interface circuits, we calculated
the average energy-harvesting power within 5 s. The results are shown in Table 4. It can be seen
that compared to the standard interface circuit, in 5 s, the output power of the energy harvester is
increased by 48.1-55.7% with the proposed interface circuit, which proves the effectiveness of the
proposed circuit.

0 Standard interfuce eireuil 23 Standard inlcrface circuit 3| —— Stondurd fntecle cireuit
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Figure 15. Comparison of the energy harvested by the standard and improved interface circuits. (a) 20

Hz; (b) 30 Hz; (c) 40 Hz.
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Table 4. Comparison of average energy-harvesting power when using standard and improved
interface circuits.

Average Energy-Harvesting Power (uW) Percentage Energy
Frequency St L N Increase (%)
andard Interface Circuit Improved Interface Circuit
20Hz 7.1 10.8 521
30 Hz 15.6 231 48.1
40 Hz 62.5 102.0 55.7

5. Discussion and Conclusions

To improve the interface circuit of the vibration-threshold-triggered piezoelectric energy
harvester, we modeled and analyzed a vibration-threshold-triggered piezoelectric energy harvester,
and established an equivalent circuit model. The impedance characteristics were calculated and
experimentally verified. Because the generating stage is in resonance when the energy harvester
is triggered, the energy harvester has a fixed impedance and is close to pure resistance. Thus,
we found that resistance matching is an effective method for increasing the output power of the
vibration-threshold-triggered piezoelectric energy harvester. Finally, an interface circuit based on
a buck-boost converter was proposed. The energy-harvesting power of the proposed interface circuit
and the standard energy-harvesting interface circuit were experimentally compared, and it was found
that the proposed interface circuit could increase the energy-harvesting power by 48.1-55.7% over that
achieved with the standard energy-harvesting interface circuit.

Future work will consider the design of a low-power consumption oscillator and realize the
self-powering of the proposed interface circuit. Finally, we can apply the interface circuit to a wireless
sensor node.
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