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17  Abstract
18 As piezoelectric vibration energy harvesting (PVEH) extracts electrical energy from vibration, it is a

19  promising portable power device. Although harvesting efficiency can be increased by using switch controls
20 based on vibration displacement, such controls require external controllers and sensors, which consume
21 energy and occupy space in a device. To separate external energy sources and sensors from a switch
22 controller, we propose a measurement circuit and a digital controller for PVEH to increase autonomy,
23 flexibility, and compactness. In the present study, switch controls are realized on a self-powered digital
24 controller using the piezoelectric voltage as an observation value, where achieves a switch-controlled
25 PVEH independent from additional external sensors. We discuss the characteristics of the proposed circuit
26 and evaluate the harvesting performance. The experimental results demonstrated that the proposed sensor-
27 less harvester has a harvesting performance comparable to that of a conventional sensor-equipped harvester.
28

29 Keywords: Vibration energy harvesting, Piezoelectric system, Self-powered device, Digital control

30

Notation

by Piezoelectric coefficient Rioaa Device resistance

G Transducer capacitance r Resistance of inductor and electric circuit
Cs Battery capacitance S Switch

D, Diode element (i = 1 to 4) Vo Voltage generated by piezoelectric transducer
L Inductance Vioad Voltage of device resistance

Proad Load energy consumption Vos Measured signal on positive side

0 Electric charge in the piezoelectric transducer Vieg Measured signal on negative side

Obefore Piezoelectric charge before switching Vines Measured voltage by the proposed circuit
Oafrer Piezoelectric charge after switching Xs Displacement during switch control

R, Resistance of measurement circuit (j = 1 to 6) X Displacement of piezoelectric transducer
31
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1. Introduction

Piezoelectric vibration energy harvesting (PVEH) converts mechanical into electrical energy using a
piezoelectric transducer. Some applications of PVEH have been proposed, including smart shoes [1,2],
energy harvesting from walking vibration [3,4], and clothes and flexible plates made from piezoelectrical
fiber materials [5,6]. To enhance harvesting efficiency, switch controls allow the reconfiguration of the
harvesting circuit following some procedure, with multiple methods currently available [7-11]. Although
synchronized switch energy harvesting on inductor (SSHI) has been proposed to control the switch device
according to the vibration displacement [12—14], it requires external energy sources to drive a controller
and external sensors to measure the vibration displacement. To realize a miniaturized and standalone
harvester, switch-controlled PVEH with self-powered analog controllers and no external sensors has been
achieved using different approaches. Lallart et al. [15] proposed a new self-powered architecture for
optimized energy harvesting using piezoelectric elements with a low voltage output, as well as a theoretical
development of harvested power taking into account non-linear effects introduced by discrete components.
Chen et al. [16] proposed a velocity control synchronized switching circuit using three piezoelectric
transducers that harvest electrical energy, supply electrical energy to a controller, and sense vibrational
states of a structure, respectively. Lian and Liao [17] proposed a modified self-powered SSHI circuit
improving conventional self-powered SSHI circuits that minimizes interference among different units in
the circuit and removes resistive components. Chen et al. [18] discussed degradation of harvesting
efficiency caused by switching delay and proposed an improved self-powered SSHI circuit. They replaced
all components of a controller with equivalent impedance elements and discussed switching delays based
on linear analysis. Liu et al. [19] also discussed degradation of harvesting efficiency caused by switching
delays. They proposed a comprehensive model that is developed for improved performance analysis with
missed factors included in comparison with previous investigations. Du et al. [20] proposed a new cold-
startup SSHI interface circuit starting from cold start condition that dynamically increases the open-circuit
voltage generated from the piezoelectric transducer in the cold state to start the system under much lower
excitation levels. Wu et al. [21] proposed a piezoelectric energy harvesting circuit, which integrates a SSHI
circuit and an active rectifier that ensures flipping of the piezoelectric voltage at optimal times and uses as
a rectifier to further simplify the controller. Liu et al. [22] proposed an interface circuit for piezoelectric
energy harvesting equipped with an active full bridge rectifier that was adopted to improve the power
efficiency by reducing the conduction loss on the rectifying path. Self-powered PVEHs have been proposed
besides SSHI. Wu et al. [23] and Shi et al. [24] proposed a self-powered synchronous electric charge
excitation (SECE) circuit. SECE solves harvesting performance degradation due to failure in impedance
matching. Makihara and Asahina [25] achieved an analog switching considering vibration suppression
(SCVS) circuit with a controller that required neither a PC nor an outside power source. SCVS performs
effective harvesting considering vibration-suppression effects. Analog controllers present switching delays
that reduce the harvesting efficiency [18, 19, 26] and these neither expand to multimodal vibration nor
change the control algorithm. In contrast, Yamamoto et al. [27] proposed a switch-controlled PVEH with a
self-powered digital controller that can both expand to multimodal vibration structures and verify control
methods.

In this study, we propose a measurement circuit to measure piezoelectric voltage. When the proposed
measurement circuit is combined with a conventional switch-controlled PVEH with the self-powered digital
controller [27], it can realize efficient harvesting in standalone. The resulting harvester improves
miniaturization of the harvester compared with the conventional switch-controlled PVEH. As the objective
of this study is proposing a novel measurement circuit in order for a digital controller equipped in a
harvesting circuit to measure the piezoelectric voltage accurately, evaluation of the proposed harvester
employs the fundamental switch control method. By rewriting the program of the digital controller, the
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proposed PVEH harvester can implement other sophisticated control methods. The proposed measurement
circuit and the switch control to enhance harvesting efficiency are detailed in Section 2. The proposed
circuit is evaluated through simulation and its harvesting efficiency is confirmed using the proposed
harvester in Section 3. The proposed harvester has a comparable efficiency to conventional harvesters using
external sensors. Finally, conclusions are drawn in Section 4.

2. Proposed method

2.1. Conventional switch control using external sensor

The piezoelectric voltage V,, given by Eq. (1) depends on the elongation and electric charge in a
piezoelectric transducer [28]. Elongation of a piezoelectric transducer corresponds to the vibration
displacement based on the assumption that the piezoelectric transducer is inserted between a base and a
mass of a structure moving only along the vertical direction;

0
Ve ==bpx +—. 1
b pX c, (D

Here, b, is a piezoelectric coefficient that is derived from a piezoelectric constant to represent a relationship
between vibration displacement and voltage at a piezoelectric transducer.

Figure 1(a) shows a harvesting circuit with switch control. A piezoelectric transducer, rectifiers
comprising diodes D to D4, a battery Cs, and a load resistor Ris.q are connected in parallel, conforming to
the standard harvesting configuration, and a switch device S and an inductor L are also connected in parallel.
The SSHI strategy is as follows. First, the state of the switch device is open. Subsequently, the switch device
changes from the open to the closed state. The electric charge vibrates by the LC series resonance, resulting
in the expression

LQ(z)+rQ(t)+CLQ(t):bpx3. @

p

The switch device changes its state after half the LC series resonance period, obtaining the electric charge

Q[l) = y(Qbefore —bpCpxs ){cos(\ll - Cezn) + Ce sin(\/l -2 n)} + bpCpxs, 3)

We 1_(6

where

1 r | L ar | L
e = 5 e=—,—, = — 1 0)= efore . 4
® \/ﬁ ¢ 2‘/Cp Y eXp[z‘/CpJ 0(0) = Oner “4)

Here, we assume (¢ < 1and r = 0 Q. The resulting electric charge, Qafier, is expressed as

Qafter = _Qbefore + 2bpcpxs s ®)]

indicating that the sign of the electric charge is inverted, and its amplitude is increased compared to that

before switching. As the piezoelectric voltage is raised up by the electric charge, the piezoelectric transducer
with the large piezoelectric voltage by switching can supply more energy compared to standard harvesting.
The largest increment in electric charge is obtained at maximum displacements x;, which corresponds to
the instant of zero velocity assuming sinusoidal vibration. A switch controller thus detects the instant that
the structural velocity is zero. Figure 1(b) is a flowchart of the SSHI strategy and Fig. 1(c) is typical
waveforms of vibration displacement, piezoelectric voltage and electric charge under SSHI strategy.
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Fig. 1. (a) Circuit with switch control comprising switch .S and inductance L. Rectifier composed of diodes
Dy to D4 delivers a dc voltage to battery C; and load Rioad. (b) Flowchart of SSHI strategy. (c) Typical
waveforms obtained from the SSHI strategy.

2.2. Modified SSHI strategy

A proposed switching strategy using piezoelectric voltage measurements, called modified SSHI
strategy, is discussed. Figure 2(a) is a flowchart of the modified SSHI strategy. Figure 2(b) is typical
waveforms of vibration displacement and velocity of the piezoelectric voltage dVy/dt. In the proposed
method, the switching is performed when the absolute value of the dV}/dt becomes larger than a threshold.
When the threshold is small, the switching is not performed accurately because of measurement noise.
When the threshold is large, the switching delay problem occurs [17, 18, 25]. The switching law is written
as

If V, [ k] satisfy <eand > g, then switching, (6)

ey
k1]

— |k
L]

where £ is discrete time and ¢ is the threshold value.
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Fig. 2. (a) Flowchart of modified SSHI strategy. (b) Typical waveforms of displacement and velocity of
piezoelectric voltage.

2.3. Harvester with proposed measurement circuit
Figure 3 shows a proposed harvester including a measurement circuit. The harvester consists of three
parts. First is the switch-controlled PVEH supplying energy to both the battery and load. Second is a self-
powered digital controller comprising a calculator, an analog-to-digital convertor, and digital-to-analog
convertor outputting the switch control signals according to the modified SSHI strategy. Third is a proposed
measurement circuit measuring piezoelectric voltage based on differential measurement. The measured
voltage is the difference between two measured signals:
Vines = Vpos — Vaeg - (7

The measured voltage and the piezoelectric voltage are in a proportional relationship.

The measurement circuit consists of six resistors R to Rs and has the following three features. First,
the amplitude of measured signals is modified by the six resistors to ensure the measurable range, from 0
V to Vaive, of the analog-to-digital convertor in the digital controller. Because the amplitude of the
piezoelectric voltage is much higher than the measurable range, the proposed circuit attenuates the
piezoelectric voltage using the resistors. Specifically, the resistors R to Rz divide the positive piezoelectric
voltage and the resistors R4 to Re divide the negative piezoelectric voltage for delivering an appropriate
voltage range to the convertor. Second, bias voltage is applied to the measured signals from the output of
the dc-to-dc convertor to provide valid measurements for the digital controller. Both measured signals have
negative values given by the forward voltage of the diodes. The digital controller considers 0 V whenever
measured signals are below 0 V. It thus loses information of measured signals. Figures 4(a) and (b) show
the waveforms of the measured signals with and without the bias voltage, respectively. As the digital
controller cannot receive signals below 0 V, the measured signal without bias distorts the piezoelectric
voltage measurement. Figure 4(c) confirms that the PVEH system with the self-powered digital controller
receives a distorted differential measurement signal with invalid values below 0 V if no bias is applied.
Third, electrical insulation is guaranteed by the diodes D, and D, to eliminate interference among the
piezoelectric transducer and the digital controller.
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Fig. 3. Proposed harvester with measurement circuit and digital control.
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differential voltages.

3. Results and discussion

3.1. Simulations

The amplitudes of the measured signals can be determined by solving the circuit equation in steady

state. When the piezoelectric transducer and the dc-to—dc convertor are considered as ideal voltage sources,

the amplitudes of the measured signals are given by

RoRs N RIR>
y_ )RR+ RiRs + RaRs " RiR»+RiRs + RaRs
pos R1R2
Vdrive
R1R2 + R1R3 + R2R3
R4Rs
Vdrive
Voo = R4Rs + RaRs + Rs5Re
" R5Rs N R4Rs
R4Rs + RaRs + R5Re b R4Rs + RaRe + RsRs

Vdrive

Vdrive

(7, 20)
; ®)
(V7 <0)
(V5 20)
. )
(V» <0)

Figure 5 is the proposed circuit in steady state, which is simulated on LTspice® XVII (Analog Devices,
Inc., USA) using the parameters listed in Table 1. Figure 6 shows the simulation results for V, and Vies.
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7
8 Table 1 Parameters of the electrical circuit for simulations and experiments.
Parameter Symbol Value Unit
Piezoelectric coefficient by 1.45 x 103 V/m
Transducer capacitance G 6.61 x 1077 F
Dividing resistance Ri, R, R4, Re 1.00 x 10° Q
Dividing resistance Ro, Rs 2.40 x 10* Q
Inductance L 2.00 x 1072 H
Load resistor Ricad 1.10 x 103 Q
Battery capacitance Cs 470 x 1073 F
9
10 3.2. Experimental setup
11 After confirming the circuit operation through simulations, the experiment was conducted shown in

12 Fig. 7(a). The experimental two-degree-of-freedom vibration structure composes two masses and two
13 springs, where mass 1 is vibrated by the oscillator in the vertical direction. The piezoelectric transducer is
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inserted between the base and mass 1. In this study, the structure is oscillated only in the first natural
frequency of 18.7 Hz. The mechanical characteristics are listed in Table 2. Figure 7(b) shows the harvester
connected to the piezoelectric transducer according to the diagram in Fig. 3.

Piezoelectric B Piezoelectric transducer
] transducer e
Spring 1 =] —9_
(pantograph) & ) Vo
- Pantograph ki
—
X1 fext

Coil spring k>

A)Q

m2

(a)

To piezoelectric transducer

Measurement circuit Dlgltal controller
= —{with A/D convertor

4Dc-to-dc convertor

(b)
Fig. 7. (a) Two-degrees-of-freedom experimental structure combined with piezoelectric transducer. (b)
Circuit of the proposed harvester implemented on a breadboard. (A/D, analog-to-digital)

Table 2 Mechanical characteristics of the experimental structure.

Parameter Symbol Value Unit
Mass 1 m 3.24 x 10! kg
Mass 2 m 1.15 x 10! kg

Stiffness 1 ki 1.17 x 10° N/m

Stiffness 2 o 2.09 x 103 N/m

3.3. Measuring test

First the proposed measurement circuit operation was evaluated, with results as shown in Figure 8. The
top figure shows the displacement x;. The middle figure shows the two signals Vs and Vye, measured by
the measurement circuit. The bottom figure shows the piezoelectric voltages measured by the external PC
and the digital controller. The comparison of the two piezoelectric voltage signals shows that the
measurement circuit is accurate.
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3.4. Self-powered driving test

The internal consumption of the proposed circuit was evaluated. Table 3 shows the internal
consumption of each component. The total internal consumption of the proposed circuit was 1.10 mW and
the harvested power was 9.93 mW when the amplitude of the piezoelectric voltage was 25 V under open-
circuit condition and the load resistor was 90 kQ. The proposed harvester, which has a lower total internal
consumption than harvested power, was driven by self-powering. The total power consumption of the
resistors from R; to Rs, corresponding to the power consumption of the measurement circuit, was 0.064
mW. The power consumption of the digital controller was 0.097 mW. Table 4 shows the electronic
components used in the proposed harvester.

Figure 9 shows the time history of the storage voltage and the piezoelectric voltage under cold-start
conditions. The storage voltage reached a minimal driving voltage of the dc-to-dc convertor of 4.0 V at 0.7
s. Subsequently, the digital controller started at 1.7 s and the switching started at 2.0 s. The waiting time to
avoid malfunctions was from 1.7 s to 2.0 s.

Table 3 Internal consumption in each component

Val
Harvested power [mW)] Internal consumption [mW] Component [rz\;i
M t circuit
éasuremen circui 0.064
(Resistors from R to R¢)

DC-to-dc convertor 0.148
9.93 1.10 Analog-to-digital convertor 0.683

(Sampling rate: 1 ms) '
Digital controller 0.097
Switch device 0.110
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Table 4 Electronic components used in the proposed harvester

Component Model number Manufacturer
Dc-to-dc convertor LTC3630A Linear Technology
Analog-to-digital convertor RL78/G13 Renesas Electronics Corporation
Digital controller RL78/G13 Renesas Electronics Corporation
Switch device PS7205B-1A NEC
20
15| =~ S‘.torage vol_tage (vi | Start of digital controller | fffffff —
= 10 —Piezoelectric voltage [V]
— 5
S 0
)
._*; -5
> -10 U
-15 | Start of dc-to-dc convertor | | Start of switching |
20 I
0.5 1 1.5 2 2.5
Time [s]

Fig. 9. Time history of storage voltage and piezoelectric voltage under cold-start condition.

3.5. Power harvesting evaluation
After verifying its operation, the harvesting performance of the proposed harvester was evaluated
connecting a variable resistive load. The power delivered to the load resistor is given by

( Vload )2
R load '

Figure 10 shows the power consumption of the load resistor. The power consumption using any SSHI

Hoad = ( 1 O)

strategy was much higher than the standard harvesting for sufficiently high load resistors. The optimal
resistance differed between the two SSHI cases and the standard harvesting case, as shown in Fig. 10. The
internal impedance of PVEH is optimized based on the impedance matching theory. The internal impedance
of the standard harvesting does not change because the standard harvesting keeps the switch open
continuously. In contrast, the internal impedance of the SSHI changes frequently because the SSHI alters
the state of the switch, and the inductor becomes activated while the state of the switch is closed. The
optimal resistance of the SSHI corresponds to the average value per period of the internal impedance. The
difference of the optimal resistances in each method depends on the difference of the internal impedance
values caused by switching. Overall, the power supplied by the modified SSHI strategy was almost the
same as that of the conventional sensor-equipped SSHI strategy. The difference between the modified and
sensor-equipped SSHI was given by the proposed circuit and switching law. The proposed circuit consumed
electrical energy at the resistance divisors. The modified SSHI had switching delays caused by the threshold
¢1in Eq. (6). The power consumption of the proposed circuit and the inappropriate switching of the modified
SSHI strategy decreased the harvesting performance.

The power consumption was not evaluated in the range of the small load resistors in Fig. 10 because
the digital controller did not function in self-powered in this region, which is referred to as a non-functional
region. As most electrical current flew from the battery to the load resistor and little current flew from the
battery to the dc-to-dc convertor, the dc-to-dc convertor and the digital controller were not driven by the
harvested power in the non-functional region. Utilizing the proposed circuit in non-functional region was
not supposed.

11
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4. Conclusion

In this study, we proposed a novel measurement circuit to perform switch-controlled PVEH with a self-
powered digital controller requiring no external sensors. The proposed circuit measures the piezoelectric
voltage using differential measurement and has three main features. First, the circuit attenuates the
amplitude of the piezoelectric voltage to the appropriate range for proper measuring of the self-powered
digital controller. Second, the circuit performs conditioning on the measured signals using the bias voltage
to allow suitable measuring by the digital controller. Third, the circuit suitably isolates the measured voltage
from the measurement equipment. The proposed circuit accurately measured the piezoelectric voltage,
which was used by the modified SSHI strategy to improve the harvesting efficiency. Furthermore, the power
supplied by the proposed harvester was comparable to that by the conventional harvester equipped with a
displacement sensor. The proposed harvester was superior to the conventional harvester in terms of
compactness and autonomy, making it suitable for standalone portable devices.
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