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Improvement in Output Characteristics Using a
Resonator and Passive Rectifiers in
Vibration Generators

Masataka Minami

Abstract—Energy harvesting has attracted increased attention
recently. Energy sources are present all around us, such as, me-
chanical vibrations, stress, strain, waste heat, sunlight or room
light, electromagnetic rays, and chemical or biological sources. Vi-
bration generators based on piezoelectric elements have been high-
lighted as low-power sources; however, their output power is very
low, around the milliwatt or microwatt level, and thus, improving
their performance is necessary to make the generated power usable.
This paper investigates the use of passive devices to improve output
characteristics of the vibration generators. The proposed circuits
are a resonator and a passive rectifier. The proposed resonator con-
sists of a parallel inductor and capacitor for LC resonance. The
LC resonance equivalently reduces the internal capacitor of the
piezoelectric elements. As a result, the output voltage and power are
increased compared with that of conventional circuits. In addition,
a boost-type current-improving passive rectifier is applied as the
passive rectifier. The validity of the proposed circuit is numerically
and experimentally verified.

Index Terms—Boost-type current-improving passive rectifier,
energy harvesting, LC' resonance, passive rectifiers, piezoelectric
elements, vibration generators.

I. INTRODUCTION

NERGY-HARVESTING systems have attracted increased
E attention recently [1]. The application of the system de-
termines what energy sources are available in the environment
to power it [2]. Ambient energy sources include vibration, so-
lar, and thermal energies [3]. The system is expected to become
practical application [2]. This research focuses on vibration gen-
erators based on piezoelectric elements. The vibration genera-
tors convert vibration energy into electric energy [4], [5], in way
similar to that of solar generators and electromagnetic genera-
tors [6]. As the vibration generators provide very low power
around the milliwatt or microwatt level, vibration generators
cannot maintain large power outputs [7], [8]. Therefore, perfor-
mance improvement of the vibration generators is required for
utilization.
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Fig. 1.  Circuit structure of the piezoelectric elements used in the vibration
generator. (a) Conventional approach. (b) Proposed approach.

In this paper, two approaches to improve performance are
proposed: LC resonance and a passive rectifier. The first ap-
proach uses the resonator. Many researchers have focused on
mechanical resonance to improve the performance of vibra-
tion generators. However, electrical resonance was not gener-
ally used in vibration generators. Costanzo et al. [9] applied the
additional non-dissipative component for the resonant electro-
magnetic vibration energy harvesters. This paper proposes the
similar method for the piezoelectric element in the vibration
generators. Fig. 1 shows a vibration generator and its interface
circuit. Here, Fig. 1(a) is the conventional system. The piezo-
electric element connects to the rectifier to convert dc power.
Then, the rectifier provides dc power to the load. This pa-
per proposes the resonator circuit for an LC' resonance. The
resonator aims to increase the output power from the piezoelec-
tric element. The LC' resonance equivalently reduces the inter-
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nal capacitance of piezoelectric elements. As a result, the out-
put power is increased compared with that of the conventional
circuit [10].

The second approach uses a passive rectifier. As the output
power of the piezoelectric element is ac power, the rectifier is
needed for applications. Kwon and Rincon-Mora [11] suggested
a rectifier-free circuit for piezoelectric energy harvesting. The
circuit consists of two active switches, an inductor, and two
diodes. Ramadass and Chandrakasan [12] used a bias-flip rec-
tifier with an inductor. Peters et al. [13] proposed a two-stage
concept including passive stage and one active diode. However,
the rectifier including an active switch needs the driving energy
for switching. This paper focuses on the all-passive rectifier
for the piezoelectric energy-harvesting system. Thus, we nu-
merically compared the all-passive rectifiers: the diode bridge
(DB) rectifier, the voltage doubler (VD) rectifier, and the boost-
type current-improving (BC) rectifier. As a result, we found
that the BC rectifier matches the vibration generators about
the output characteristics. Therefore, this rectifier is adopted
in this paper.

Finally, it is numerically and experimentally clarified that the
proposed resonator and rectifier improves the output character-
istics in vibration generators.

II. EQUIVALENT CIRCUIT OF PIEZOELECTRIC ELEMENTS

Fig. 2 shows the size and structure of the piezoelectric ele-
ment used in this paper. The right-hand side of the piezoelectric
element is clamped and vibrated by a vibration source. On the
other side of the piezoelectric element, the mass is tipped for
the mechanical resonance to increase the amplitude.

The target application is the vibration of engines, such as in
a motor vehicle [14]. Thus, the vibration frequency is around
7000 r/min. In this paper, the frequency is assumed constant and
set to 120 Hz. The problem of frequency change is left for future
work. The specific application is a main or auxiliary power
supply for the sensors and control units in the motor vehicle.
The method of this paper has the issue about the circuit size.
The improvement of the size leaves for future work. This paper
just proposes the improvement in the output characteristics and
verifies the method.

Piezoelectric elements convert vibration energy into electric
energy [15]. The piezoelectric elements are expressed as shown
in Fig. 3 (see [16]). The vibration energy and the piezoelec-
tric ceramic are expressed in the ac current source and internal
impedance as a capacitor and a resistor [16]. In this paper, the
C}, means an equivalent capacitor. The capacity of the power
generation is included in the current source of Fig. 3. Therefore,
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Fig. 3. Equivalent circuit of piezoelectric elements [16].
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Fig. 4. Vibration generators, shown in the equivalent circuit, connect with
the resistor R, for the estimation of ac output characteristics. In the proposed
circuit, the parallel inductor L and capacitor C'y connect with the vibration
generators. (a) Conventional ac circuit. (b) Proposed ac circuit.

the capacity of the power generation does not decrease when
the C,, decreases.

III. RESONATOR

A. Principle

Fig. 4(a) represents Fig. 3 connected with the load R,. The
output current I, and the output power P, in Fig. 4(a) are
expressed as follows:

v

I, = /12 — (WG,)2V2 — R—‘; (1)
V2

P():V;Io = %Q/IS—(WCP)2‘/:)2—R70 (2)
P

where V,, denotes the output voltage. As the internal resistor
R, is large enough, the R, is ignored. At that time, the max-
imum output power P)'** becomes Ig /2wC}, when the load
R, = 1/wC}, matches the impedance. The output power P,
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TABLE I
PARAMETERS OF THE PIEZOELECTRIC ELEMENTS AND THE RESONATOR

I, = 9.2 mA w =27 x 120 rad/s
Cp=1.06puF | Rp=2.8kQ

Lo =8163mH | Ry = 56.4 Q

Cpa =1uF

depends on the internal capacitance C}, from this result. There-
fore, the LC resonance equivalently reduces the internal capaci-
tance C},. Fig. 4(b) represents the proposed circuit using the LC
resonance. A parallel inductor L, and capacitor Cy connect
with the vibration generators. The parallel inductor L and ca-
pacitor Cy resonate with the internal capacitor C},. In the ideal
viewpoint, the parallel capacitor C'y does not require the LC
resonance. However, in practice, the parallel capacitor C'y plays
an important role in the circuit. The value of the inductor is much
less accurate. The parallel capacitor C'y adjusts the LC resonant
frequency. In addition, the parallel inductor Ly becomes a large
value and a huge volume when the only parallel inductor Ly
neutralizes the internal capacitance C,,. Therefore, the parallel
capacitor Cy reduces the value of the parallel inductor L .

The LC resonance equivalently enables a reduction in the
internal capacitance C),. The output current of Fig. 4(b) is ex-
pressed as follows: [10]

wLA 2
I, = IQ{wC’ +C —} V2
\/p (Cp A) R2A+(wLA)2
1 R
Nt | W
(& mvemr)
where the resistor Ry denotes the series resistor of the parallel

inductor L s . When the internal resistor I2;, and the series resistor
R, isignored

3

wLA

12
IO:\/Ig—{w(Cp+CA)——} Vi@
The resonant condition is w? L (Cp, + Ca ) = 1.

B. Setting

Table I lists the parameters of the vibration generators and the
resonator. Here, we explain each parameter. First, the value of
the parallel inductor L is designed. As the parallel inductor Lz
neutralizes the internal capacitance C}, and the parallel capacitor
C\, the following equation holds:

I )
LA(Cp+CA)
1
Iy=—— = H
A= GEeN) 853 m (6)

where the series resistor R is ignored. The inductor Ly is
measured by an LCR hi-tester 3532-50: Ly = 816.3 mH and
Ra = 56.4 Q. Fig. 5 shows the inductor L. The volume is
1.17 kg. Here, the capacitor C'y is fixed from the preliminary
experiment. The preliminary experiment changes the parameter
Cy every 0.1 pF. The parameter C'y is chosen when the output
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Fig. 5. Photograph of inductor for resonator.

power becomes maximum value. Second, the parameters of the
piezoelectric elements for vibration generators are the ac current
amplitude I, and the internal capacitor C', and resistor R,,.
Those parameters are measured from the result of a preliminary
experiment.

C. Results

Fig. 6(a) and (b) describes the -V and P-V ac character-
istics of the ideal equations and the numerical results [10]. As
the inductor L, and the parallel capacitor C'y neutralize the
internal capacitor C,, the output current [, increases, as shown
in Fig. 6(a). In addition, the maximum output power of the pro-
posed circuit is higher than the conventional circuit in Fig. 6(b).

In Fig. 6(a) from O to 4 V, the conventional and proposed
results are similar. Compared with (1) and (3), the reasons are
two. One is the low voltage. In this range, the second terms
in the root of the equations have a low impact on the output
current drop since the output voltage V, is low. The other is the
series resistor 2 of the inductor L . Equation (3) has the term
included the series resistor 2o of the inductor L. This term
drops the output current I .

IV. PASSIVE RECTIFIERS

As the output power is generally used as dc power, rectifiers
are necessary to convert the output power of the piezoelectric
elements into dc power. The various rectifiers, such as those
shown in Fig. 7(a) and (b), are widely used in many systems
[17], [18]. Fig. 7(a) describes a DB and Fig. 7(b) describes a VD.
The output voltage of the DB is lower than the VD. In contrast,
the output power of the DB is larger than the VD. These circuits
are well known to have such problems. Fujiwara and Nomura
[19] proposed a novel passive rectifier, as shown in Fig. 7(c).
The rectifier improves the output power and voltage by using a
diode rectifier with improved input current waveform [19].

In this section, DB, VD, and BC are numerically compared
with regards to the output characteristics. The operations of the
rectifiers are expressed in every mode.
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Fig.6. I-V and P-V ac characteristics of the ideal equations and the numer-
ical results [10]. (a) I-V. (b) P-V.
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Fig. 7. Various rectifier circuits using passive devices. (a) Diode bridge
rectifier [17], [18]. (b) Voltage doubler rectifier [17]. (c) Boost-type current-
improving passive rectifier [19].

A. Numerical Conditions and Parameters

A circuit simulator called LTspice IV was used for the numer-
ical analysis. Table II lists the parameters of the rectifiers. The
parameters are set by the results of preliminary experiments.
The resistor R;, denotes the series resistor of the inductor L
in the rectifier. The diodes of the rectifiers are Schottky barrier
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TABLE II
PARAMETERS OF THE RECTIFIERS

L =150 mH R, =1040Q
C1=C2=0.33 uF | Co =22 uF
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Fig.8. I-V and P-V output characteristics of the DB, VD, and BC. (a) I-V'.
(b) P-V.

diodes IN5818. The vibration generator in Fig. 3 connects to
every rectifier in Fig. 7. Here, to compare the three rectifiers,
the resonator proposed in Section III is not used in this section.

B. I-V and P-V Characteristics

Fig. 8 represents the numerical results of the three rectifier
circuits. Fig. 8(a) and (b) describes /-V and P-V characteris-
tics. First, in Fig. 8, the output voltage of the DB is lower than
that of the VD. On the other hand, the output power of the DB
is larger than that of the VD in Fig. 8(b). The features of the
DB and VD are implied. Second, the BC is compared with
the DB and VD. The maximum output voltage of the BC is
as high as that of the VD. Furthermore, the maximum output
power of the BC is larger than that of the DB. Therefore, the BC
improves the output voltage and power.

C. Operation Modes

In this section, the operation modes of the rectifier circuits
are divided and verified.
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In the case of the DB, Fig. 9(a) represents the time waveforms
and Fig. 9(b) and (c) illustrates the operation modes of Fig. 9(a).
Inmode 1, all diodes are turned OFF. Therefore, the input current
1; does not flow. After that, mode 1 shifts to mode 2. In mode 2,
the diodes Dy and D3 conduct. Therefore, the input current i;
flows to the load R, .

In the case of the VD, Fig. 10(a) represents the time wave-
forms and Fig. 10(b) and (c) illustrates the operation modes of
Fig. 10(a). As each capacitance of C; and C is small in this
paper, each voltage of the capacitors fluctuates. In mode 1, all
the diodes are turned OFF. Therefore, the input current ¢; does
not flow. When mode 1 shifts to mode 2, the diode D5 conducts.
Therefore, the input current ; flows to C; and Cs.

The BC has two distinctive waveform patterns. In the case
of the BC in the low-voltage region (V, = 7 V), Fig. 11(a) rep-
resents the time waveforms and Fig. 11(b) and (c) illustrates
the operation modes of Fig. 11(a). In the low-voltage region,
the BC has three operation modes. In mode 1, only the diode
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Fig. 11. Time waveforms and the operation modes of the BC in the low-
voltage region. (a) V, = 7 V. (b) Mode 1. (c) Mode 2. (d) Mode 3.

D5 conducts. Therefore, the charging current flows to C', and
the discharging current flows through the load R, to Cy. When
the capacitors finish charging and discharging, mode 1 shifts to
mode 2. In mode 2, the diodes D> and D3 conduct. Therefore,
the input current #; flows to the load R, . First, because the in-
ductor stores the energy, the input current ¢; continues to flow.
However, when the input voltage v; is lower than the output
voltage V,, the input current ¢; decreases. Second, when the
input voltage v; is higher than the output voltage V,,, the input
current ¢; increases. Finally, when the input voltage v; is lower
than the output voltage V,, the input current 4; decreases again.
As the input current ¢; becomes zero, mode 2 shifts to mode 3.
In mode 3, the diode D3 conducts and Dy does not conduct. As
the input side does not supply power, C, and C supply power
to the load R,. Here, we focus on the interval when the input
current ¢; is flowing. In Fig. 9(a), the input current ¢; only flows
in mode 2. On the other hand, in Fig. 11(a), the input current
1; flows in mode 1 and mode 2. In addition, the output voltage
of Fig. 11(a) is higher than Fig. 9(a). For these reasons, in the
low-voltage region, the output power of the BC is larger than
that of the DB.

In the case of the BC in the high-voltage region (V, = 20 V),
Fig. 12(a) represents the time waveforms and Fig. 12(b) and
(c) illustrates the operation modes of Fig. 12(a). In the high-
voltage region, the BC has the two operation modes. In mode
1, all the diodes are turned OFF. Therefore, the input current i;
does not flow. In mode 2, the diode Dy conducts. At that time,
the charging current flows to C}, and the discharging current
flows through the load R, to C. In the high-voltage region, the
operation modes of the BC are similar to those of the VD. In ad-
dition, the input current ¢; increases by the inductor. Therefore,
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in the high-voltage region, the maximum output voltage of the
BC is higher than that of the DB, and the output power of the BC
is larger than that of the VD. For these reasons, the BC improves
the output voltage and power.

This section shows and compares the qualitative analysis
about DB, VD, and BC. The quantitative analysis will give more
insight. However, these rectifiers include the diode devices,
which are nonlinear devices. Hence, the quantitative analysis
is very difficult and is left for the future work.

V. VERIFICATION OF THE PROPOSED CIRCUIT

Fig. 13 shows the proposed circuit with the BC. The vibration
source and system configuration are explained. Fig. 14 shows
a photograph of the system. The ten piezoelectric elements for
vibration generators connect electrically in parallel and me-
chanically in a circular pattern. A shaker (SL-0505 in Fig. 14)
vibrates the disk with the ten piezoelectric elements. The shaker
is driven by an ac power supply (APD-050FCA in Fig. 14).
Fig. 15 shows the size of the ten piezoelectric elements. The all

area is 2.55 x 10* mm?.

A. Numerical and Experimental Results

Fig. 16 describes the numerical results of the conventional
circuit (without the resonator) and the proposed circuit (with
the resonator) with DB, VD, and BC. Table III lists the
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TABLE III
MAXIMUM OUTPUT POWER EVERY CIRCUIT
w/o Resonator | w/ Resonator
DB 23.5mW 40.6 mW
VD 9.9 mW 27.3 mW
BC 30.9 mW 40.9 mW
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Fig. 17.  Experimental results of /-V" and P-V characteristics in the conven-

tional and proposed circuits. Passive rectifier is BC. (a) I-V. (b) P-V.

maximum output power every circuit. The output characteris-
tics of the proposed circuit are compared with the conventional
circuit with BC. The maximum output voltage of the proposed
circuit is 1.6 times as high as the conventional circuit, and the
maximum output power of the proposed circuit is 1.35 times as
large as the conventional circuit. In the low-voltage region, the
output power is improved. Therefore, the vibration generators
may be used for many systems. In contrast, in the high-voltage
region, because the output voltage and power are improved, the
vibration generators are able to maintain high power. Therefore,
vibration generators may be used for many devices. For these
reasons, the proposed circuit improves the output voltage and
power, and vibration generators are expected to be increasingly
used in the future for devices and systems.

The BC results in Fig. 16 have dips for both conventional
and the proposed one. This shape is the output characteristic
of the BC. In Fig. 8, BC resembles DB in the low voltage and
VD in the high voltage because BC has two operation modes in
Figs. 11 and 12. Therefore, the BC results in Fig. 16 have dips
at the switching point.

Next, Fig. 17 describes the experimental results in this sys-
tem. The results show the -V and P-V characteristics in the
conventional and proposed circuits. The maximum output volt-
age and power of the proposed circuit is higher than those of the
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Fig. 18. Numerical results of /-V and P-V output characteristics around
resonance frequency: from 110 to 130 Hz. (a) I-V. (b) P-V.

conventional circuit. The LC' resonance improves the output
voltage and power. In addition, Fig. 16 qualitatively matches
those results.

B. Frequency Analysis Based on Numerical Results

This section analyzes the output characteristics around the
resonance frequency. Fig. 18 describes the numerical results of
the conventional circuit (without the resonator) and the proposed
circuit (with the resonator) in Fig. 13. The vibration frequency
changes from 110 to 130 Hz. From Fig. 18, the maximum output
power changes by the vibration frequency and peaks at 120 Hz.
In addition, the proposed circuit is not significantly affected by
the frequency change around the resonance frequency.

As the results, the frequency lift affects the output power from
vibration generators. Therefore, the C'y needs to adjust the LC'
resonant frequency for using the proposed resonator.

VI. SUMMARY

This paper has investigated the improvement in output char-
acteristics obtained by using all passive devices, which are the
inductors, capacitors, and diodes, with regards to the resonator
and the rectifier. The proposed resonator used the LC' resonance
and equivalently reduced the internal capacitor of the vibration
generators. In addition, the BC matches the vibration genera-
tors. The numerical and experimental results showed the effect
of the LC resonance and the rectifier in improving the output
characteristics in vibration generators.

In this paper, the novelty is to use electronic resonance in the
vibration generators consisted of the piezoelectric elements. In
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addition, the results in this paper contribute the numerical and
experimental verifications of the proposed method.
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