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Abstract This paper investigates and compares the
efficiencies of four different interfaces for vibration-
based energy harvesting systems. Among those four
circuits, two circuits adopt the synchronous switching
technique, in which the circuit is switched synchronously
with the vibration. In this study, a simple source-less
trigger circuit used to control the synchronized switch is
proposed and two interface circuits of energy harvesting
systems are designed based on the trigger circuit. To
validate the effectiveness of the proposed circuits, an
experimental system was established and the power
harvested by those circuits from a vibration beam was
measured. Experimental results show that the two new
circuits can increase the harvested power by factors 2.6 and
7, respectively, without consuming extra power in the
circuits.

Keywords energy harvesting, piezoelectric materials,
synchronized switching

1 Introduction

The study on piezoelectric energy harvesting has been
motivated by the demands on environment monitoring,
tunable vibration control, and wireless sensor networks
[1-3]. However, the never-ending drive towards self-
powered devices poses severe challenges for the energy
harvester designer. In particular, raising the efficiency of a
piezoelectric energy harvester is becoming increasingly
important, especially in the presence of a significant
vibration. The existing energy harvesters are simply
rectifying the AC output from the piezoelectric elements,
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and the energy harvesting efficiency is low. However, the
efficiency of the piezoelectric energy harvester can be
significantly enhanced by using some special electric
interface. The first attempt was made by Ottman et al. [4,5].
They developed a circuit that would maximize the power
flow from the piezoelectric device; however, several
electronic components in the circuit also consumed
power. Richard et al. [6-9] proposed a technique called
synchronized switch harvesting, which can enhanced the
power from piezoelectric elements by 900%.

In this study, a simple source-less trigger circuit used to
control the synchronized switch is proposed and two
interface circuits of energy harvesting systems are
designed based on the trigger circuit. The efficiencies of
these two interface circuits are compared with those of the
other existing different interfaces.

2 Configuration of piezoelectric energy
harvesting system

The piezoelectric energy harvesting system consists of a
cantilever beam, piezoelectric element, electromagnet, and
rigid base as shown in Fig. 1. The piezoelectric element is
bonded at the root of the beam. When the beam is excited
by the electromagnet, a large strain is induced on the
piezoelectric element, and an AC voltage is generated
between the electrodes. The piezoelectric equations of the
length expansion are obtained:

{Ds = e3,5) + £5:E3,

)]
T\ = c}\S|—e3 Es,

where subscripts ‘1’ and ‘3 refer to the x- and z-direction,
respectively.

The x-axis is defined in the length direction, the y-axis is
defined in the width direction, and the z-axis is defined in
the thickness direction of the beam. The variables E, S, D,
and T are the electric field, strain, electric displacement,
and stress, respectively. The constants e, ¢ and c are the

The authors warrant that they will not post the e-offprint of the paper on public websites.
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Fig. 1 Configuration of energy harvesting system
piezoelectric constant, dielectric constant, and stiffness.
After some manipulations of Eq. (1), the variables E, S, D,
and 7 can be replaced by the voltage V, displacement u,
current /, and force Fp, respectively. Using the new
variables, Eq. (1) can be rewritten as

I =au—-CyV,
FP :KPEu+aV,

)

where Cy is the clamped capacitance; a is the force factor;
and Kpg is the stiffness of the piezoelectric element in a
short circuit state.

The following relationships exist between the two sets of
variables and constants used in Egs. (1) and (2):

Vv
B = - ®
u
S == 4
= ©
[ =A4,D, ®)
Fp=A,T, ©)
K — C??lAyz 2
P = _L_a ( )
€3:4
G == ®)
_eydy,

where 4 and L are the cross-section area and thickness of
the piezoelectric, respectively.

3 Four types of interfaces for piezoelectric
energy harvesting systems

The power generated by a piezoelectric element cannot be
directly used by other electric devices; therefore, some
electric interface is necessary for the energy harvesting
system to ensure the voltage compatibility with the electric
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load or energy storage element. There are many different
schemes of electric interfaces such as the AC-DC rectifier,
voltage doubler, etc.

This section introduces four different types of electronic
interfaces that will be used in this study. The most
commonly used interface is called the “classic interface”,
which simply rectifies the AC voltage to DC voltage, while
the three other interfaces are developed based on the
classic interface.

3.1 Classic interface
The circuit of a piezoelectric energy harvesting system
with classic interface is shown in Fig. 2.

»l
Pt
»l
4]

piezo

COET v . c% Rmy

Fig. 2 Classic interface

As shown in Fig. 2, the classic interface includes a diode
rectifier and filter capacitor. The terminal electric load is
modeled by an equivalent resistor R;. To calculate the
power output of the interface under the condition of single
mode vibration, some assumptions should be made. First,
the mechanical displacement u is supposed to be purely
sinusoidal and the open circuit voltage ¥ on the piezo-
electric is also sinusoidal. However, the rectifier is in a
blocked state and the piezoelectric element is on an open-
circuit state when the absolute value of 7 is lower than
Vbe, the voltage across the capacitor. When the absolute
value of V'is more than Vp, a current / flows through the
diodes. The current is divided into two parts, one to the
capacitor and the other to the load. The energy E generated
in a period 7 can be estimated by calculating the
integration of product of ¥ and 7 during a period; therefore,
the power can be obtained by dividing E by T.

2772 2
P = M_ (10)
(ZRLCOC() + Tl'.)

The power P of the piezoelectric element can also be
derived experimentally. When the system is working, by
simply measuring the voltage Vpc and resistor Ry, the
power P can be calculated as:

2
= VDC

P )
Ry

(11)

The power for different resistors Ry is not constant, and
it is lower when the resistance is very low or very high.
There is a maximum power when the resistor has a middle
value.
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3.2 Voltage doubler interface

The voltage doubler interface is shown in Fig. 3. The
Cockroft-Walton voltage doubler circuit can generate high
voltages from a low voltage AC source. The circuit is quite
practical for some applications when the electric load with
a high resistance needs higher power. Using such interface
can well optimize the power for different electric loads. For
example, if the optimal load for the classic interface is R
and the power needs to be maximized at a new resistor of
4R, then a voltage doubler can be used to match the power
and the new resistor. If the resistor changes to 9R, then a
voltage tripler can be employed to optimize the power.

il C| DZ
i >
piezo I
== D
xymlﬁq

i

G|

Fig. 3 Voltage doubler interface

]

The harvested power can be derived either theoretically
or experimentally. If the vibration frequency is w and the
tip displacement of the beam is Uy, the DC voltage and
output power on the electric load are

2aUMa)RL

C >
RLCOCL) -+ 27[(1 —+ _0)
G

(12)

Vpc =

40* U3’ Ry,
AN
<RLC0w & 27:(1 £ —°>)
C

3.3 Synchronous charge extraction interface

P=

(13)

The principle of synchronous charge extraction (SCE) is to
transfer electric energy accumulated on the capacitor Cy of

@ the piezoelectric element to the load or energy storage
element intermittently. A primary characteristic of this
technique is that the intermittent extraction of energy is
synchronized with the mechanical vibration. Another
peculiarity is that the piezoelectric element is in the open
circuit state most of the time.

As shown in Fig. 4, the circuit has a switch S in series
with an inductor L that make the charge extraction process
work. The switch S is turned off when the voltage ¥ on the
piezoelectric element is increasing so that the electric
energy is accumulating on the piezoelectric element. Once
the voltage ¥ comes to a maximum, the switch S is turned
on and the capacitor C of the piezoelectric element is then

~

piezo

Go y 'y

Fig. 4 Synchronous charge extraction interface circuit

discharged through the inductor L. During the discharging
process, the high current is induced on the inductor L, and
the electric energy is transferred from the capacitor to the
inductor. When the charge is completely removed from the
capacitor Cp, the switch S is turned off and the piezo-
electric is in the open circuit state again. Because the
current on the inductor cannot be stopped suddenly, it
flows through the branches on the right side. The electric
energy on the inductor L is transferred to the capacitor C;
and the electric load Ry due to oscillation effect. The diode
D here is used to block the current flow in the inverse
direction so that electric charge can be accumulated on the
capacitor C,.

The switching signal and the voltage waveform on the
piezoelectric element is shown in Fig. 5. The turned on
time of the switch S is very short, approximately 1/50 of
the vibration period 7.

Aswitch

0]

IAAAAAA
(\]\J\J\J\J

Fig. 5 Switching signal and the voltage waveform on piezo-
electric element

The average power can be calculated based on the
assumption that the electric energy transferred per period
equals the maximal energy accumulated on the capacitor
Cy of the piezoelectric element ideally. Therefore, the
expression of the average power delivered by the piezo-
electric element is deduced as:

B 2a2 Ulw
RCO

(14)

3.4 Synchronized switch harvesting on inductor interface

The synchronized switch harvesting on the inductor
(SSHI) interface utilizes a nonlinear processing circuit
connected to the electrodes of the piezoelectric element
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and the input side of the rectifier bridge. The nonlinear
processing circuit is very simple, consisting of an inductor
and a switch, as shown in Fig. 6. The nonlinear processing
circuit can increase the voltage amplitude on the capacitor
of the piezoelectric element, due to a voltage inversion
process. The switch S is turned on when the voltage ¥ on
capacitor C, of the piezoelectric element reaches a
maximum or a minimum. At these triggering instants, an
oscillating electrical circuit is established between L and
Co and the voltage ¥ on C, is inversed. The switch §' is
turned off again after the voltage inversion process is
finished. Due to voltage inversion, the voltage ¥ on Cj
increases with time because electric charges are generated
by mechanical strains.

—ph

piezo L

Fig. 6 Synchronized switch harvesting on the inductor circuit

During the voltage inversion process, the absolute value
of the voltage ¥ is lower than the voltage Vpc on the
capacitor C; so that the current through the rectifier bridge
is blocked. The voltage inversion is not perfect so that the
absolute value of the voltage after inversion becomes
smaller. The voltage inversion loss is mainly due to the
equivalent series resistance of the inductor and can be
modeled by the electric quality factor Q of the oscillator
circuit. Figure 7 shows the illustrative waveforms of the
voltages and displacement. The relationship between O
and the voltages of the piezoelectric element before and
after the inversion process (Vpc and 7y, respectively) is
obtained by Eq. (15):

Fig. 7 Voltages and displacement waveforms

Vo = —Vpce ™. (15)

The electric charge flowing through the equivalent
resistance R; of the terminal load during a mechanical
period 772 is balanced by the charged extracted from the
piezoelectric element. This leads to

t+T/2 to+T/2 Voc T
- Idt— f Idt )| =——,
(f t ’ ) R, 2

fo L

where Ig is the current flowing through the inductor.
Hence, it is nonzero only during voltage inversion. The
first integral is the total charge flowing out of the electrodes
of the piezoelectric element and the second integral
corresponds to the charge flowing through the inductor
during voltage inversion. Hence, the second integral
should be the sum of the charge stored on the capacitor
C,, before the voltage inversion and the charge stored on C
after the inversion, which is expressed as:

(16)

to+T/2
j Isdt = CoVpc(1 + 7€),

o

(17)
Substituting Eq. (17) into Eq. (16) and then into the

integration of Eq. (2),

B 2walU

" RL.Cow(1—e"v2Q) + 1t

Vbe Ry, (18)

where U is the displacement amplitude of mechanical

vibration.
The average harvested power P is expressed as

P Vor _ 4a>0*U*R;,
RL (R .Comw(1-e"™2Q) 4 m)?

(19)

According to Eq. (19), the higher the electric quality
factor Q is, the higher the power of the energy harvesting
system is. Hence, a high quality and low loss inductor is
essential to the circuit.

4 Switch trigger circuit design

The key issue in synchronous charge extraction or
synchronized switch harvesting on the inductor is the
switch control circuit to turn on and turn off the switch
properly. In this section, the two interfaces based on the
source-less switch trigger circuit design are introduced.

4.1 SCE Interface

The interface for synchronous charge extraction based on
the source-less trigger switch circuit design is shown in
Fig. 8. The resistor R, capacitor C, and transistors 7; and T,
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Fig. 8 Solution circuit for synchoronous charge extraction

form the trigger circuit. The transistor 7; is PNP type,
whereas 7, and 73 are NPN type. 7} and 7, form a
programmable unijunction transistor (PUT), which is
employed as a trigger and makes the analog switch 73
turn on and off at the right time. When the voltage ¥ on the
piezoelectric element reaches an extremum, the value that
the voltage Vx on the emitter of 7; minus the voltage V5 on
the collector 75 is maximized, and a high level is generated
on the emitter of 7, and the base of 75. Therefore, the
analog switch 73 is turned on immediately, and the electric
energy stored on the piezoelectric element is then
transferred into the inductor L. When the electric charge
is completely removed from the piezoelectric, the voltage
on the base of 75 changes from high to low, and the analog
switch 73 opens again and the electric energy stored in the
inductor L is transferred to the filter capacitor C, through
the diode D. The extraction instants are triggered
synchronously with the mechanical vibration. The sche-
matic waveforms on the emitter of 7} and the collector of
T5 are shown in Fig. 9.

4.2 SSHI Interface

The interface for synchronized switch harvesting on the
inductor is composed of two sets of switch circuit
connected in parallel with the piezoelectric element’s
electrodes and the input of the rectifier bridge as shown in
Fig. 10. Each switch circuit is composed of an inductor L in

t

Fig. 9 Voltage waveforms on emitter of 7 and collector of T4

series with a silicon controlled rectifier (SCR) electronic
switch, which is controlled by a switch trigger circuit.
When the displacement of the beam is minimum or
maximum, one switch trigger circuit is active, while the
other one is inactive. The active circuit triggers its switch
and an oscillating electric circuit L-Cj is established. The
electrical oscillation period is chosen much smaller than
the mechanical vibration period 7. The switch will be
turned off and the oscillation process is stopped auto-
matically as soon as the current flowing through the SCR
switch decrease to zero. A similar switching circuit has
been proposed by Yabu [10] for semi-active vibration
based on SSDI.

One important advantage of the interface circuits
presented in this section is that the processing circuits do
not need extra power supply. Hence, the harvested energy
equals the net output of the energy harvesting system.

] |
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G

SCR, | R,

T

L
R,

2

.

Ly

G Ry
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Fig. 10 Solution circuit for synchronized switch harvesting on inductor
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5 Experimental results

As shown in Fig. 11, the mechanical part of the
experimental setup consists of a steel beam with a
dimension of 300 mm x 100 mmx2 mm. The piezoelectric
element is manufactured by Fuji Ceramics with product
number Z0.2T30x30S-SY1-C82, and its dimension is
30 mmx30 mmx0.2 mm. The piezoelectric is attached at
the root of the beam, and its electrodes are connected to the
electronic interfaces of the energy harvesting system. Four
different interfaces are tested in experiment and the power
levels of energy harvested from the piezoelectric element
are measured. Figure 12 shows the waveforms observed in
the experiment of SCE interface based on the energy
harvesting system. Figure 13 shows the waveforms
observed during the experiment of SSHI interface based
on energy harvesting.

Fig. 11

Experimental setup
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Fig. 12 Measured waveforms of the vibration displacement,
switch and voltage on piezoelectric element (SCE interface)
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Fig. 13 Measured waveforms of the vibration displacement,
switch and voltage on piezoelectric element (SSHI interface)

The theoretical and experimental results of the power of
the harvested energy by the four interfaces are shown in
Fig. 14. The theoretical values of the power are calculated
using the equations presented in Section 3. The first two
interfaces are relatively low in efficiency, and the interfaces
using synchronized switching technique exhibit much
higher efficiency. The SCE interface can enhance the
power by 260%, and SSHI interface can enhance the power
by 700% compared with the classic interfaces.

The good agreement between the theoretical and
experimental results of the energy harvesting system
using the SSHI interface means that the designed interface
has good efficiency of energy transfer. The experimental
power of the SCE interface is much lower than the
theoretical value. The difference is partially due to the
energy consumed in the switch circuit. Although the
energy harvesting circuits do not need the extra power
supply, they directly consume power from the piezoelectric
element, and the power losses are very low. For SCE
interface, the power loss is about 34% of the total
generated power, and for SSHI interface, the lower loss
is lower than 10% of the total generated power.

6 Conclusions

Four vibration powered piezoelectric energy harvesting
interfaces, two of which use the synchronous switching
technique, have been investigated and compared. A simple
source-less trigger circuit used to control the synchronized
switch has been proposed and two interface circuits of
energy harvesting systems have been designed based on
the trigger circuit. The effectiveness of the proposed
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Fig. 14 Theoretical and experimental harvested powers

circuits was validated by the experimental results of energy
harvesting systems based on a vibrating beam.

The power levels of the four interfaces are different.
According to the experimental results, the synchronized
switch harvesting on the inductor interface increases the
power of harvested energy by a factor of 7, and the
synchronous charge extraction interface has the resistance
adaptation capability of the terminal electric load. The
synchronized switching technique brings significant
improvements to vibration-based piezoelectric energy
harvesting systems, thus showing promising possibility
of applications in standalone systems and long lifespan
intelligent power sources.
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Abstract —The piezoelectric materials, as the most
widely used functional materials in smart structures, have
many outstanding advantages for sensors and actuators,
especially in vibration control and energy harvesting,
because of their excellent mechanical-electrical coupling
characteristics and frequency response characteristics.
Semi-active vibration control based on state switching
and pulse switching, have been receiving much attention
over the past decade because of several advantages. The
technique is based on a nonlinear processing of the
voltage delivered by the piezoelectric elements. This
process increases the amount of electrically converted
energy during a mechanical loading cycle of the
piezoelectric element. A new approach for energy
harvesting from mechanical vibrations is also derived
from the nonlinear approach based on Synchronized
Switch Damping. The present research activities of
vibration control and energy harvesting using
piezoelectric elements and a nonlinear approach are
introduced.

INTRODUCTION

Since conventional passive damping materials have
reached their limits to damp vibration because it is not
very effective at low frequencies and requires more space
and weight, new control designs with novel actuator
systems have been proposed. These so called smart
materials can control and suppress vibration in an
efficient and intelligent way without causing much
additional weight or cost. The vast majority of research in
smart damping materials has concentrated on the control
of structures made from composite materials with
embedded or bonded piezoelectric transducers because of
their excellent mechanical-electrical coupling
characteristics.

A piezoelectric material responds to mechanical force
by generating an electric charge or voltage. This
phenomenon is called the direct piezoelectric effect. On
the other hand, when an electric field is applied to the
material mechanical stress or strain is induced:; this
phenomenon is called the converse piezoelectric effect,
Due to their excellent electromechanical coupling
characteristic, piezoelectric materials have widely been
used in structural vibration control, structural health
monitoring, and energy harvesting. The direct effect, the
function of mechanical-to-electrical energy conversion, is
used for sensing, energy harvesting or vibration damping

and the converse effect, the function of
electrical-to-mechanical energy conversion, is for
actuation.
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Vibration in modern structures like airplanes,
satellites or cars can cause malfunctions, fatigue damages
or radiate unwanted and loud noise [1-6]. Vibration
control using piezoelectric materials has been one of the
most important research fields in smart structures. The
methods of vibration control using piezoelectric
transducers can be mainly divided into three categories:
passive, active, and semi-active. In different vibration
control systems, the piezoelectric transducers play
different roles. In a passive control system, usually the
R-L shunt circuit is used to consume the electrical energy
converted from mechanical energy by the piezoelectric
transducer [7-8], and consequently reduce the mechanical
vibration. In a semi-active control system, the voltage on
the piezoelectric transducer is processed nonlinearly by
switched shunt circuit to increase its magnitude and
change its phase so that the mechanical- to-electrical
energy conversion is maximized. In an active vibration
system, a control command is applied to the piezoelectric
transducer. In summary, piezoelectric transducers are
used for electrical-to-mechanical energy conversion in
passive and semi-active vibration control systems, but
they are used for electrical-to-mechanical energy
conversion in active control systems. The passive
methods are simplest among the three categories, but
their control performance is sensitive to the variations of
the system parameters. Moreover, the passive control
systems usually need large inductance in low frequency
domain, which is difficult to realize. Active control
systems require  high-performance digital signal
processors and bulky power amplifiers to drive actuators,
which are not suitable for many practical applications.
Semi-active methods can overcome the drawbacks of
both passive and active methods, but more sophisticated
switch control methods need to be developed for their
application in multimode vibration control.

Vibration energy harvesting has also attracted much
attention because of its potential application in power
supplies for low-power electronic devices, such as
structural health monitoring systems, wireless devices
and semi-active vibration control systems. In an energy
harvesting system, the electrical energy converted from
mechanical energy by the piezoelectric transducer is
collected by an electronic circuit and stored in a capacitor
or battery. The similar techniques for semi-active
vibration control system have been used to boost the
efficiency of energy harvesting systems.

PRINCIPLE OF ENERGY CONVERSION IN PIEZOELECTRIC
TRANSDUCERS
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