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1. Introduction

Energy harvesting, also known as power harvesting or energy scavenging, consists in using
ambient energy to power small electronic or electrical devices. That includes
thermoelectrics, piezoelectrics and electrodynamics, among other options, which begin now
to be used in a growing variety of applications.

This chapter focuses on piezoelectrics, whose use for the purpose of generating electricity is
actually not a recent idea (McLean Nicolson A., 1931). Piezoelectric materials have high
power densities, but setting up large amount of these materials for high power applications
is technically difficult. Consequently, they cannot compete with electromagnetic devices for
most of usual applications of electrical energy production. Nonetheless, piezoelectric
materials have recently encountered renewed interest for miniaturized energy harvesting
devices from ambient vibrations. Drastic increase of international research efforts has been
observed since last ten years in this field (Anton et al., 2007), and commercial products are
becoming available (Energy Harvesting Forum (Online)). Such energy harvesting devices
aim at replacing batteries in very low power electronic devices such as wireless sensors
networks and control systems. Their use for recharging batteries of mobile electronic devices
is also under development (Krikke, 2005). Maintenance free, self-powered devices for their
lifetime has become an industrial objective for the next few years. However, there are
further mountains to climb from self-powered devices become commonplace.

A deepened analysis of the papers published during last decade in the field of piezoelectric
energy harvesting reveals that significant part of the works focused on mechanical
optimization without taking into account constraints of the electrical side of the problem.
Contrariwise, another part of these works has studied optimization from the electrical point
of view without taking into account the effects reciprocally induced on the mechanical side.
As a result, the solutions proposed were often non-optimal and sometimes very far from
concerns of practical applications. Effective applications of piezoelectric energy harvesting
concept actually require overall analysis of the problem (Mitcheson et al, 2007; Lefeuvre et
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166 Piezoelectric Ceramics

al, 2009). To highlight all the aspects of this multi-physics optimization problem, this chapter
exposes first the different energy conversions involved from ambient vibrations to usable
electricity. The effects of couplings which link each stage of the energy conversion process
are clearly identified.

Based on generic single degree of freedom model of the electromechanical part, effective
methods for analyzing power output and energy conversion cycles of piezoelectric energy
harvesting devices have been presented (Guyomar et al, 2005; Shu et al, 2006). Such analysis
show in particular the importance of properly processing the current and the voltage
delivered by the piezoelectric material for enabling effective energy conversion process. This
side of the power optimization problem has been broadly investigated by the authors of this
chapter. They have in particular proposed novel techniques which greatly improve energy
transfers compared to conventional techniques (Lefeuvre et al, 2004). The so-called SSH
techniques (SSH stands for “Synchronized Switching for Harvesting”) were derived from
piezoelectric semi-passive techniques formerly developed by Richard et al. (Richard et al.,
1999) for vibration damping.

Parallel-SSHI and Series-SSHI were the first techniques proposed by the authors for the
purpose of energy harvesting. Then, other techniques such as SECE and DSSH were
developed (Lefeuvre et al, 2006a; Lallart et al, 2008c). Practical interest of these techniques
has been demonstrated through several prototypes, with important efforts for lowering
consumption of electronic circuitry needed for implementation (Lefeuvre et al, 2006b; Lallart
et al, 2008b). Perspectives of Microsystems applications has motivated developments
specifically dedicated to very-low piezoelectric voltages (Makiara et al, 2006; Lallart et al,
2008a; Garbuio et al, 2009).

This chapter presents the evolution of the synchronized switching approach, from the
original techniques to the last advances in this domain. The different techniques are
compared in term of theoretical performances, and practical implementation issues are
discussed. Finally, future trends, challenges and development perspectives for piezoelectric
energy harvesting are outlined in the conclusion of this chapter.

2. Energy conversion steps

Take into account of each step of the energy conversion chain appear essential for effective
optimization of energy harvesting devices. For this purpose, accurate analysis and
modelling of mechanical and electrical interactions related to energy conversions which
occur at each stage of the system are required.

General diagram of mechanical-to-electrical energy conversion through piezoelectric effect is
depicted in Fig. 1. Input mechanical energy may have various origins, such as shocks or
vibrations, with various frequency spectrums. This mechanical energy is transmitted to the
piezoelectric material through an important element of the device, so called “mechanical
structure”, which may act as a band-pass filter (in steady state operation), but also as
intermediate mechanical energy storage tank (in impulse mode of operation). Variations of the
strain/stress of the piezoelectric material enable conversion from mechanical to electrical energy:
an alternating electric charge is generated on the piezoelectric electrodes by converse effect.
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It must be noted that resulting AC piezoelectric voltage and current are neither suitable for
energy storage devices nor for small electronic or electrical devices. These devices actually
require DC voltage. So, another element must be included in the energy conversion chain:
the so called “electrical interface”, whose basic function is AC to DC conversion of electrical
energy. In addition, this electrical interface may ensure the function of output voltage
regulation. But the most profitable effect which may be induced by this last interface is
overall optimization and improvement of the electromechanical energy conversion.

Input
Mechanical Variable Electrical Output
Energy Mechanical strain/stress Piezoelectric Energy Electrical »Ellzectncal
—P . —————p
structure Material Interface nergy
(shock or (AQ) (DO)
vibration)

Fig. 1. General energy conversion diagram of piezoelectric energy harvesting devices.

Optimization of the energy conversion process based on the principle of impedance
matching has been proposed by Ottman et al. (Ottman et al., 2002). This principle is actually
a well known method for determining the impedance of the electric load which maximizes
the power of an electrical generator knowing its internal impedance. Indeed,
electromechanical structure of the energy harvesting devices can be considered as
equivalent to an electrical circuit composed of an electrical current generator connected to
an “internal” impedance network. Since actual electric load usually don’t behave like the
desired “optimal load”, emulation of the optimal load impedance can be achieved using
DC-DC switching mode electronic power converters included in the “Electrical Interface”
block. Several energy-efficient solutions designed for the purpose of emulation of the ideal
load impedance have been proposed (Ottman et al, 2003; Roundy et al, 2004; Lefeuvre et al,
2006b). The SSH optimization techniques, which are based on fundamentally different
approach, are also part of the “Electrical Interface” block.

3. Electromechanical modelling

Large diversity of mechanical structures associated to various piezoelectric materials has been
investigated for energy harvesting. Most common ones are cantilever and diaphragm, such as
depicted on Fig. 2. These structures are mechanically excited by ambient vibrations which
creates the base motion. Forces induced by inertial effect and stiffness of the structure thus
result in strain/stress variations of the piezoelectric material. Such vibrating electromechanical
devices can be modelled as single degree of freedom mass+spring+damper+piezo coupling
near a resonance frequency, as shown on Fig. 3 (Richards et al., 2004; Guyomar et al., 2005;
Badel et al., 2007). In this approach, an effective mass M is bounded on a spring of effective
stiffness Kg, on a damper of viscous coefficient C and on a piezoelectric element characterized
by effective coefficient o and capacitance Co. These effective coefficients depend on materials
physical characteristics and on design of energy harvesters. They may be derived using modal
analysis (Wang et al., 1999; Badel et al., 2007).
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Fig. 2. Cantilever and diaphragm electromechanical structures for energy harvesting.
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Dynamic equation of the electromechanical structure is given by (1), where the effective
mechanical displacement u is the difference of the seismic mass displacement u; and the
generator’s base displacement u;. This equation shows in particular the action of the inertial
force on the system, which is the product of the effective mass M and the base mechanical
acceleration i, . The effective piezoelectric coefficient « defines the relation of the effective

piezoelectric force Fp and the piezoelectric voltage V. This coefficient also defines the
relation of the piezoelectric internal current I with the mechanical speed u , as written in (2).

M-u+C-u+K-u+Fp=M-ij 1)
Fp=a-V

2

{Iza-il @)

Owing to its simplicity, such an analytical model of the electromechanical part is very
convenient for energy conversion analysis. This is actually the simplest way for taking into
account all the electromechanical interactions.

T_ Piezoelectric
Uz Dynamic Mass M element

1 .
_ Electrical
"‘ C SKe <1‘> @ o V| Circuit
F, 0

\Base
S/ S S S S S ¥—  Galilean reference

UIT

Fig. 3. Single degree of freedom electromechanical model.
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4. Standard AC-DC interface

The electrical energy generated by the electromechanical part of the energy harvester, whose
modeling was presented in the previous section, is transmitted here to the circuit
represented on Fig. 4 (a). The typical application considered here is the recharging of an
electrochemical battery. The battery needs stabilized DC voltage while the vibrating
piezoelectric element generates an AC voltage (Fig. 4 (b)). So, the electrical interface
connected between the piezoelectric element and the battery must ensure electrical
compatibility. The so called “standard” interface is the simplest way to achieve this function:
the piezoelectric voltage is first rectified by the diode bridge, and then the controller (DC-
DC Converter) ensures the power optimization and voltage regulation.

DC-DC i
—a— | Converter - Viat A

Piezoelectric element \ V) ’ \

() : (b)

Fig. 4. (a) Standard electrical interface. (b) Typical waveforms of displacement and voltages.

4.1 Steady-state analysis

The model equations (1) and (2) are solved at the resonance frequency of the single-mode
resonator. The base excitation of the energy harvester is considered here with sinusoidal
displacement u; of magnitude U; and angular frequency o (3). As shown on Fig. 4 (b),
nonlinearities are induced by the electrical circuit on the piezoelectric voltage V. In spite of
this, the displacement u of the electromechanical part is assumed to be sinusoidal. Indeed,
effective electromechanical coupling is generally not important enough in practice to
observe the impact of the voltage nonlinearities on the displacement.

u, =U, sin(a)-t+¢)) 3)

For the sake of simplifying the analysis, the DC part of the electric load composed of the DC-
DC converter and the electrochemical battery (Fig. 4 (a)) is modeled in the following
developments by an equivalent resistor R which consumes same power as the actual load:

P=V?/R. Losses due to the voltage drop across the diodes of the rectifier are neglected.
Electrical equations of this circuit (Ottman et al., 2001; Lefeuvre et al., 2006b) and equations

(1) (2) (3) lead to the following expression (4) of the power P supplied by the energy
harvester at the resonance angular frequency @, (Guyomar et al. 2005, Lefeuvre et al. 2006a):

p_ Ra?* _ M’w/U} 4
(RCy, +(n12)) (c+2Ra2/(RC0a)r+(7f/2))2)z ¥
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One or two different values can be found for the optimal load resistance which maximizes
the power, depending on the electromechanical figure of merit of the electromechanical
part. This figure of merit is defined as the product of the global coupling k squared and the

electromechanical quality factor Qu:

a2

k20, = 5
% .CC, (5)

For weak values of the electromechanical figure of merit, k2QM <, only one optimal value

Ropt of the load equivalent resistance maximizes the power. Expressions of Ry and the
corresponding maximal power are the following:

R
P 2C,m,

. _x._ K0, MU (6)

max 2 (ﬂ_—'_szM)z C

For higher values of the electromechanical figure of merit, k2QM > 7, two different optimal

value R, of the load equivalent resistance maximizes the power. In this case, expressions of
Ropt and the corresponding maximal power become:

20— 7C,C +2ava’ — 7C,Co,

" 20(Com, f @)
M*o’U}
8C

P]im =

Thus, according to these results, maximization of the power generated by the energy
harvester can be summarized as choosing an optimal value for the load equivalent
resistance R. The value of this resistor is determined by the electromechanical characteristics
of the system and by the excitation frequency.

4.2 Resistor emulation using DC-DC converters

DC-DC switching mode power converters technology is well known for its high efficiency,
which typically reach 80% to 99%. They enable accurate dynamic control of their power flow
through their active power switches and dedicated regulation circuitry. Thus, such DC-DC
converter technology appears ideal for efficient emulation of the optimal load resistor, while
transferring most of the harvested energy to the actual load. Control strategy and related
regulation circuitry must be designed in such a way that the input voltage and the input
current of the converter vary proportionally. Such function is, by principle, achievable with
any switching mode converter topology, but with some input and output voltage limitations.

In the context of our application, the input voltage range is directly related to the considered
level of vibration, while output voltage range is determined by the characteristics of the
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electrochemical battery. Ottman et al. have for instance presented solutions for resistor
emulation using buck DC-DC converter (Ottman et al., 2002; Ottman et al., 2003). Such
converter architecture has intrinsically output voltage lower than input voltage. For this
reason, energy harvesting cannot be optimized at low level of vibration. In other words, this
converter may be used if the open circuit piezoelectric voltage is most of the time higher
than the battery voltage. Conversely, the boost converter architecture has output voltage
higher than input voltage. So, it may be used for energy harvesting of very low level
vibrations. The buck-boost DC-DC converter architecture represented on Fig 5 (a) offers
more degrees of freedom, with output voltage higher or lower than input voltage.

Theoretical study of this circuit and experimental evaluation for optimization of
piezoelectric energy harvester has been presented by Lefeuvre et al. (Lefeuvre et al., 2006b).
In this study, the control unit of this circuit turns on and off the MOSFET transistor at
constant switching frequency. Variation of the duty cycle enables to control the power flow.
Compared to other topologies, the main advantage of this buck-boost converter is the
possibility of emulation of resistance with extremely simple control circuitry, and hence the
power consumption of this circuitry is drastically reduced. Owing to this property,
experimental results confirmed the possibility of optimally recharging a 4.8 V NiMh battery
(2x2.4 V) with piezoelectric voltage magnitude in the range of 1.6 V to 5.5 V (Fig. 5 (b)).
Overall efficiency of this interface, taking into account the rectifier losses, the buck-boost
converter losses and the control circuit consumption was found to be between 71% and 79%
for output power starting from 200 pW up to 1.5 mW. The emulated load resistance could be
fixed at the value which was found to be optimal (12 kQ) at resonance frequency of the
piezoelectric cantilever bimorph (66.4 Hz) with acceleration values of the mechanical
excitation in the range of 0.5to 2 g.

Generally speaking, the main challenge in the design of optimization interfaces and related
control circuitry is to reach reasonably high efficiency (Mitcheson et al., 2007). In other
words, the electrical power losses are critical and it is generally difficult to reduce them
below acceptable level compared to the power generated by the piezoelectric material. The
control circuitry often appears to be the most consuming part. For this reason, DC-DC
converters which enable load resistance emulation with extremely simple control principles
are of great interest.

Piezoelectric cantilever

beam
1 I M. Lbat
— | <
1yl !
Vi,
+ Shaker <7
C Control -
V — _}" + -
" T — Vbat
L vV =
- +
Buck-boost
converter
(a) (b)

Fig. 5. (a) Buck-boost converter architecture. (b) Experimental setup.
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5. The SSH techniques

5.1 Origin of the approach

The SSH techniques have their origins in nonlinear semi-passive techniques formerly
developed for structural vibration damping using piezoelectric transducers. The first one, so
called SSDS technique, is schematically depicted in Fig. 6 (a). In this simple circuit, the
piezoelectric electrodes are connected to a switch. The control principle is to close for a very
short time period this switch in each time a maximum of electrostatic energy is reached. As
the switching time is very brief, the piezoelectric element is almost always in open-circuit
conditions. So, the maxima occur when the displacement reach an extremum (Richard et al.,
1999). When the switch is closed, there is therefore a fast dissipation of the electrostatic
energy by joule effect in the resistance of the circuit. The typical voltage, displacement and
speed waveforms are depicted on Fig. 6 (a) in the case of sinusoidal vibration. Such a
dissipation of energy induces damping of the mechanical structure, whose attenuation Assps
expressed in Eq. (8) is derived from the electromechanical model (1), (2), (3) and (5). According
to (8), SSDS attenuation depends on the electromechanical figure of merit defined in (5).

1
ASSDS == 4
1+ 120, ®)
T

The second semi-passive damping technique presented here, so called “SSDI” technique,
only differs from the previous one by an inductor added in series with the switch, as
depicted in Fig. 6 (b). The principle of control is quite similar to SSDS, but instead of
removing the piezoelectric charge and resetting the voltage to zero, the effect of the switch is
a quick inversion of the piezoelectric voltage obtained by electrical oscillation, as shown on
Fig. 6 (b). The time duration of the inversion is typically determined by the half-pseudo-
period (9) of the resonant electric circuit composed of the piezoelectric capacitor Cy and the
inductor L. The voltage inversion is not perfect due to internal losses of the circuit, and is
characterized by the inversion ratio y defined in (10). In this second case, the mechanical
vibration attenuation Assps at the resonance frequency is given in (11) (Richard et al., 2000).

V fior .
_ | Lafter | _ L (7/20;) (10)
Vbefare
1
Asspr =
1+ 414y szM (1)
rl-y

Physical interpretation of these nonlinear treatments applied to the piezoelectric voltage is
that they create piezoelectric forces that are opposed to the speed and the excitation force at
resonance frequency. A deepened analysis shows that the piezoelectric force is similar to a
dry friction (badel et al. 2007). But the difference with pure dry friction is that the
piezoelectric force magnitude is proportional to the displacement magnitude. The
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magnitude of this force depends on the electromechanical figure of merit, but also on the
inversion ratio in the case of the SSDI, whose inductor artificially magnifies the piezoelectric
voltage amplitude.

/]
7(\ / — Voltage
/ |\ m /A 1 —> — Displacement
AVAN
WwWhT o

A A l;

| Pefore >

(a) SSDS

Fig. 6. Block schematic and associated waveforms of (a) SSDS and (b) SSDI techniques.

5.2 Parallel SSHI technique

The parallel SSHI technique was the first SSH method derived from SSD (Lefeuvre et al.,
2004; Guyomar et al., 2005). In comparison to the standard AC-DC interface described in
section 4, the switching system of the SSDI circuit (Fig. 6 (b)) is simply added in parallel
with the piezoelectric element to obtain the parallel SSHI circuit represented in Fig. 7 (a).
Typical voltage waveforms are shown in Fig. 7 (b) in the case of sinusoidal mechanical
excitation of the energy harvester. At time ty, the displacement u reaches a minimum and the
bridge cease to conduct. This coincides with the beginning of the piezoelectric voltage
inversion through the switch S and the inductor L. Then, the voltage V varies proportionally
to the displacement u until the DC voltage Vr is reached. So, the rectifier bridge conducts
and transfers electrical energy to the battery. Half of the energy conversion cycle ends at
time f,, and the second half-cycle happens symmetrically, until the end of the period.

—> /VR

U (/ i
to \
!
- i ".-‘.. t(]+T/ 2
s 1
el

(@) (b)
Fig. 7. (a) Circuit schematic and (b) typical waveforms of the parallel SSHI.
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As in the case of the standard AC-DC interface, the DC load is modelled by a resistor R for
the sake of simplifying calculation of the generated power. However, operation of the
energy harvester is unmodified if the load resistor is replaced by a DC-DC converter
followed by a battery, as depicted in Fig. 4 (a) in the case of the standard circuit.

Electrical equations of the parallel SSHI circuit and electromechanical equations (1), (2) with
sinusoidal base excitation displacement (3) lead to the expression (12) of the power P
supplied by the energy harvester at the resonance angular frequency @, (Guyomar et al.
2005). This power reaches a maximum for the optimal value of the load resistance. The
optimal load resistance cannot be analytically expressed but its value can only be
numerically derived from (12). The maximum of power supplied by the energy harvester
with its optimal load is well approximated by the analytical expression (13).

P 4Ra’* M*0’U}
(RCy@,(1=7)+7) Cu 4Ra* RCyo, (1 - 7/2)+ 2z ’ (12)
7 (RGyo,(1-7)+ )
2 2 4772

z(l-y)+8k*Q,, C

5.3 Series SSHI technique

The series SSHI is similar to the parallel SSHI technique presented previously, but the
switching system is connected in series to the piezoelectric element instead of being
connected in parallel. The circuit used by this technique is represented on Fig. 8 (a). It was
found by another approach and described under another name by Taylor et al. (Taylor et al.,
2001). The switching system is operated in the same way as for the parallel SSHI technique.
Thus, the piezoelectric element is always in open-circuit configuration except during the
voltage inversion sequences. So, the piezoelectric voltage variation is an image of the
mechanical displacement u except when the switching device is turned on. Typical voltage and
displacement waveforms in case of sinusoidal mechanical excitation are shown in Fig. 8 (b).

LYY\~
L S
Piezo }X }X R I
C,
4 — Ve
—_—~ ] T
JANWAN

(a) (b)
Fig. 8. (a) Circuit schematic and (b) typical waveforms of the series SSHI.

Electrical equations of the series SSHI circuit and electromechanical equations (1), (2) with
sinusoidal base excitation displacement (3) lead to the expression (14) of the power P
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supplied by the energy harvester at the resonance angular frequency @.. Equation (15) is an
analytical approximation of the maximum power supplied to the optimal load.

. 4Ra*(1+y) M*0tU}
(2Rcoa)r(1+7)+”(1_7))2 [C+ 4o’ 1+y ]2 (14)
Cyo, 2RCw, (1 + }/)+ 72'(1 - }/)
» L k*Q,, M*0lU}?
max 2;;1_77 L 810, C (15)
1+y

5.4 SECE technique

The SECE technique basically consists in extracting promptly and entirely the electric energy
converted by the piezoelectric element on each extremum of the mechanical displacement u.
From the standpoint of the piezoelectric element, the effect is identical to the SSDS technique
presented in section 5.1. But instead of being dissipated by Joule effect, this electrical energy
is transferred to the load (Lefeuvre et al.,, 2006a). The circuit used for this technique is
composed of a bridge rectifier, a flyback-type switching mode power converter and an
electric load (Fig. 9 (a)). The power converter is controlled by the on and off states of the
transistor T. When the piezoelectric voltage V reaches an extremum, the transistor is turned
on and the electrostatic energy of the piezoelectric element begins to be transferred to the
coupled inductor L. When voltage V passes at zero, all the electrostatic energy has been
removed from the piezoelectric element and the transistor is turned off. The coupled
inductor value is chosen so that duration of the energy extraction sequence is very short
compared to the vibration period. Thus, the piezo is on open-circuit configuration most of
the time and its voltage is a piecewise function of the mechanical displacement u. Typical
voltage and displacement waveforms are depicted in Fig. 9 (b) in case of sinusoidal
mechanical excitation.

Piezo

R
L Vbat
S

1]

() (b)
Fig. 9. (a) Schematic and (b) typical waveforms of SECE.

v Ve

Energy transfer sequences of the SECE circuit and electromechanical equations (1), (2) with
sinusoidal base excitation displacement (3) and the figure of merit definition (5) lead to the

www.intechopen.com



176 Piezoelectric Ceramics

expression (16) of the power P supplied by the energy harvester at the resonance angular
frequency .

p 2 k*Q,, M?*0lU}

2
7T (1+ 4 kngJ C (16)

T

Compared to the techniques previously presented, the power harvested using the SECE
technique is not influenced by the characteristics of the electric load (voltage, resistance ...).
In other words, in this particular case there is no need for additional resistor emulation
circuit for power optimization.

5.5 Comparison of harvested powers

The four techniques can be compared by observing in each case the evolution of the power
harvested power as a function of the electromechanical figure of merit k2Qy. Fig. 10 shows the
evolution of the normalized harvested power in comparison to the maximum power which can
be harvested using the standard circuit. These magnitudes are plotted for the standard, Parallel
SSHI, Series SSHI and SECE techniques. In each case, the load is chosen to maximize the power
supplied by the energy harvester and y has been fixed at 0.76 for the Series and Parallel SSHI.
These charts show that the harvested power has the same limit Py;, (defined by Eq. (7)). This
limit is reached for k2Qu > n in the case of the standard technique, whereas for the Parallel
and Series SSHI techniques the power tends asymptotically towards this value. And for the
SECE technique the power reaches this maximum for k2Qum = n/4.

In practice, if we consider that the quantity of used piezoelectric material is roughly
proportional to the figure of merit k2Qy;, then these results mean that to harvest a certain
percentage of the maximum recoverable power Pj;,;, SSH techniques permits reducing
dramatically the quantity of piezoelectric material in comparison to the standard DC
technique. In this sense, SECE appears theoretically like the most interesting technique.
However, Series and Parallel SSHI may be better in practice, depending on the losses of the
circuits used for implementing of the different techniques. But compared to the standard
technique, reduction by a factor 3, or more, of the piezoelectric material amount is generally
possible using SSH techniques.

Normalized harvested power

Electromechanical figure of merit £’Q),

Fig. 10. Harvested powers as a function of the electromechanical figure of merit.
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5.6 Deepened analysis of SSH techniques
Further to the original SSH techniques emergence, several works were proposed for
deepening their analysis in various case of operation.

Badel et al. (2005) studied the problem of piezoelectric energy harvesting in pulsed
operation. This kind of operation typically happens when the energy harvester is excited by
mechanical shocks and impacts. Contrary to the case of continuous excitation, the vibration
amplitude of the energy harvester decreases more or less rapidly after each excitation shock,
depending on the system mechanical losses and also on additional damping effect induced
by the energy harvesting process. So, the efficiency of energy harvesting in pulsed operation
mode is strongly dependant of the speed of conversion of the mechanical energy into
electrical energy. It has been theoretically shown and experimentally verified that the
Parallel SSHI is the most effective technique, with typical improvement by factors 2.5 to 5 of
the amount of energy harvested by comparison to the standard technique.

Lefeuvre et al. (2007) analyzed the problem harvesting energy from broadband vibration
using multimodal resonant electromechanical structure. Comparison of the standard and
SECE techniques showed that both techniques allows to effectively to harvesting energy in
this case of operation. However, SECE exhibits two major advantages. First, contrary to the
standard technique, SECE don’t need adaptation of the load for optimal energy conversion.
It must be pointed out that such load adaptation, which depends on the vibration frequency,
is peculiarly complicated to achieve in multimodal and broadband cases of operations.
Second, SECE is more efficient and can harvest up to 4 times more energy than the standard
technique for electromechanical systems with relatively small figures of merit (k2Qum < 2).

Shu et al. (2006; 2007; 2009) compared the effect of frequency deviation from resonance on
the performances of the Standard, Series SSHI and Parallel SSHI techniques. They
demonstrated that both Series and Parallel SSHI interfaces significantly improve the energy
harvester bandwidth. In addition, the Parallel and Series SSHI behavior were shown to be
similar to that of a strongly coupled standard system operated respectively at the short
circuit resonance and at the open circuit resonance.

6. Evolution of the SSH techniques

During these last years, several novel energy harvesting techniques derived from the
original synchronized switching principle have expanded the “SSH family”. Main advances
concern improvement of efficiency of the electrical interfaces in the case of low piezoelectric
voltages, together with improvement of the power harvested in the case of weak
electromechanical figures of merit.

6.1 SSH interfaces for low piezoelectric voltages

As mentioned before, design of energy efficient electrical interfaces is a major issue for
energy harvesting. This problem is technologically difficult to solve at very low power
levels, typically below tens of microwatts, because of power losses of electronic components.
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In the case of low voltages, the main problem comes from voltage drop across components,
such as threshold voltage of the diodes used for voltage rectification, which significantly
diminish efficiency of energy harvesting devices. This problem appears at low vibration
level which results in a low piezoelectric voltage magnitude, typically below 1 or 2 volts.
This problem becomes critical in the case of ultralow voltage such as that of MEMS-based
(MicroElectroMechanical Systems) energy harvesting devices, whose magnitude reaches
barely a few tens of milivolts. Indeed, such voltages are lower than the threshold voltage of
the diodes commonly available.

An approach for reducing the voltage drops consists basically to limit the number of diodes
used for voltage rectification. In this context, Makiara et al. (2006) have proposed a half-
bridge circuit for the Parallel SSHI technique. The voltage rectifier requires only two diodes
instead of four in the original Parallel SSHI circuit (Fig. 11 (a)). As a consequence, power loss
inherent to the diodes threshold voltage is divided by two. The control principle of the
switch is the following: when the piezoelectric voltage is maximal, corresponding to a
maximum of mechanical displacement, the switch is toggled on “point 2”. And, conversely,
when the piezoelectric voltage is minimal, the switch is toggled on “point 1”. However,
despite very simple control principle, truly self-powered implementation of this half-bridge
Parallel SSHI circuit is difficult in practice. Indeed, holding on the electronic switch during a
half period of vibration consumes a lot of energy compared to the brief on state required by
the original Parallel SSHI. This is why theoretical power gain brought by this circuit could
have been verified using external power source for the control circuitry only.

Another half-bridge circuit was proposed by Lallart et al. (2008a) for implementation of the
Series SSHI technique. The switches control principle is the following: when the
piezoelectric voltage reaches a maximum the switch S1 is briefly turned on (during a time
period equivalent to a half of the resonance period of the LCy circuit) and conversely when
this voltage reaches a minimum the switch S2 is briefly turned off. Compared to the original
Series SSHI, voltage drop due to the rectifier is limited to the diode threshold voltage Vp
instead of 2Vp. This makes a big difference in terms of efficiency when the piezoelectric
voltage magnitude is only a few times bigger than Vp. Experimental validation of this circuit
with truly self-powered electronic control circuitry showed for instance more than 60%
increase of the power supplied by the energy harvesting device compared to the original
Series SSHI with piezoelectric voltage magnitude below 2 V.

Point 11

Point 2

L PZT
=% @

(a) (b)
Fig. 11. Half-bridge SSH circuits: (a) Parallel SSHI (b) Series SSHI.
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Ultimate reduction of the losses due to the threshold voltage of the diodes was brought by
using the SSHI-MR circuit proposed by Garbuio et al (2009) (“MR” stands for Magnetic
Rectifier). This SSHI-MR circuit is depicted in Fig. 12. Typical waveforms of this technique
are very similar to those of Series SSHI. The main difference of the circuit comes from the
magnetic transformer T which replaces the inductor L of the Series SSHI. This transformer
has two primary windings and one secondary winding. The coupling factor m is chosen to
be far greater than one. Each primary coil is connected in series with one switch (S1 or SI1’).
The secondary winding is connected to the smoothing capacitance Cs in parallel with the
load R; through a diode D that ensures a proper charge flow. When the voltage or the
displacement is maximal (respectively, minimal), the switch S1 (respectively, S1’) is closed.
As a consequence, electrical resonance occurs between the piezoelectric capacitance Cyp and
the primary leakage inductance of transformer. The switch is opened after a half of the time
period of resonance for the inversion of the piezoelectric voltage, exactly like in the Series
SSHI technique. The inversion is characterized by the inversion factor y in the same way as
the series SSHI inversion coefficient.

The use of the transformer T in association with the single diode rectifier brings significant
gain in term of efficiency. Indeed, the losses due to the diode threshold voltage Vp are here
proportional to Vp/m compared with 2Vp for the original Series SSHI circuit. Thus, energy
harvesting with extremely low voltage levels is possible. And, as the current is very low, the
losses in the transformer are negligible. Moreover, the transformer enables to increase the
output voltage, which is often desirable for the compatibility with electronic circuits.
Experimental validation of this circuit showed the possibility of harvesting energy from
piezoelectric voltages as low as 30 mV, making possible operation of the energy harvesting
devices in environments having extremely low levels of vibration.

RL|VDC

Fig. 12. SSHI-MR circuit.

6.2 Power improvement in the domain of weak electromechanical figures of merit

The DSSH circuit (DSSH stands for “Double Synchronized Switch Harvesting”) is an
association of the Series SSHI circuit and the buck-boost version of the SECE circuit (Lallart
et al., 2008c), as depicted in Fig. 13 (a). An intermediate energy storage capacitor Ciy is
included, which brings an additional degree of freedom in the control of the energy
conversion process. This intermediate energy tank is used here for controlling the trade-off
between energy harvesting and the intrinsic damping effect of the energy harvesting
process. In addition, use of the SECE circuit makes the harvested power optimal whatever
the load characteristics (i.e. no influence of the load equivalent resistance).
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The control principle of this circuit can be decomposed into four different steps. First step:
the switches SI and S2 are open and no energy transfers from the piezoelectric element to
the load. Second step: when the piezoelectric voltage Vj is maximal (or minimal), SI is
closed and a part of the piezoelectric energy is transferred to the intermediate capacitor Ci
while voltage Vy is reversed, like in the case of the original Series SSHI technique. Third
step: S1 is opened, and S2 is closed until all the energy of Ci, is transferred into the inductor
L2. Fourth step: S2 is opened and all the energy of L2 is transferred to the load (modeled
here by a storage capacitor Cs and a resistor R;). Thus, the switching sequence is
synchronized with the piezoelectric voltage (or displacement) extrema, so that the energy
conversion cycle is very near to that of the Series SSHI.

Detailed analysis of the DSSH technique shows that the energy conversion is optimal when
the value of G is very large compared to that of the internal capacitance of the piezoelectric
element Cy in the case of very weak values of the figure of merit. For higher values of the
figures of merit, C;,; value must be chosen as defined in the following equations:

41-
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C <
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2 41—
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Fig. 13. (a) DSSH circuit, (b) power as a function of the electromechanical figure of merit.

In these conditions, the power P harvested using the DSSH technique is optimal and is can
be expressed by the following equations:
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Variation of the normalized power harvested by the DSSH, SECE and Standard techniques
as a function of the figure of merit k2Qy is compared in Fig. 13 (b). These charts clearly show
the interest of the DSSH technique, whose power is much more important than that of the
two other techniques for very weak values of the electromechanical figure of merit. From
another point of view, using the DSSH technique reduces the constraints of design of the
electromechanical part in terms of quality factor and electromechanical coupling. In
particular, the amount of piezoelectric material can be drastically reduced compared to
energy harvesting devices using the standard technique.

The DSSH technique presents significant advantages for energy harvesting, but its practical
implementation is a little bit more delicate than that of the SECE or the SSHI techniques.
Truly self-powered control circuit of the DSSH has been demonstrated, and despites the
cumulated losses of the two conversion stages, performances of this technique remain much
better in practice than that of the standard and SECE techniques in the domain of weak
figures of merit.

7. Conclusion

Piezoelectric materials are of major interest for high efficiency, low-power energy harvesting
from ambient vibration. Owing to decrease of power consumption of electronic devices,
increasing variety applications could benefit of such “infinite” lifespan micro-sources of energy.

Based on a single degree of freedom {spring + mass + damper} mechanical system
associated to the piezoelectric electromechanical coupling, this chapter analysed first the
electromechanical power converted in association with the so-called standard electrical
interface, commonly found in piezoelectric energy harvesting devices. Then, the original
SSH techniques, derived from semi-passive piezoelectric damping techniques, were
presented. Compared to the Standard electrical energy processing, SSHI (series and parallel)
and SECE techniques enable significant improvement of harvested power. With the seismic
mechanical structure considered here, the power is in particular strongly increased at weak
values of the electromechanical figure of merit k2Qu. As a result, compared to the standard
approach, the amount of piezoelectric material can be reduced by factor 4 or more, thus
enabling the design of compact, high efficiency energy harvesting devices. Reduction of the
power dependence to the excitation frequency is another advantage brought by these
techniques. Practical interest of the proposed approach has been shown in an energy
harvesting devices designed for supplying the nodes of a wireless network used for
structural health monitoring (Guyomar et al., 2007). Interest of these techniques for
pyroelectric energy harvesting has also been demonstrated (Sebald et al., 2008).
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This paper presented then the techniques recently derived from the original SSH
techniques. Half-bridge parallel and series SSHI interfaces have increased the efficiency of
the related techniques in the case of low piezoelectric voltages, making possible the
energy harvesting from low-level vibrations. The SSHI-MR circuit has then even more
reduced the problems related to voltage drops, so that energy can be harvested in the case
of piezoelectric voltages as low as a few tens of millivolts. The DSSH interface, which was
derived from both the series SSHI and SECE circuits, showed the possibility of
dramatically increasing the power harvested using electromechanical structures with
extremely weak figures of merit. The general principle of processing the piezoelectric
voltage synchronously with the mechanical excitation offers large degrees of freedom for
power improvement as well as reduction of the sensitivity to variations of the load and to
drift of the excitation frequency, so it is highly probable that novel interfaces based on the
original SSH principle will be proposed in the future.

Current challenges in the field of piezoelectric energy harvesting concern the robustness
to frequency mistuning and the improvement of the power harvested from broadband
vibrations. Indeed, efficient piezoelectric energy harvesters operate in resonant mode.
Consequently they exhibit narrow bandwidth and only a small part of available energy
can be harvested. Among solutions investigated to address this problem, the most
promising way is based on bistable electromechanical structures (Eturk et al, 2009; Stanton
et al, 2009). Compared to usual resonators, these non linear resonators exhibit enlarged
bandwidth while keeping advantage of high power conversion capability. Ongoing works
aim at evaluating the interest of associating the SSH techniques with the non linear
piezoelectric resonators.
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