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Abstract—In the framework of autonomous wireless devices
(e.g., sensors) powered by energy available from their surround-
ing environment, this paper exposes a technique combining the
so-called series and parallel Synchronized Switch Harvesting on
Inductor (SSHI) approaches for piezoelectric energy harvesting.
More specifically, the proposed circuit consists in switching the
piezoelectric element on two inductors, one in series between the
piezoelement and the energy extraction stage (rectifier bridge)
and the other one in parallel with the rectifier. This therefore
allows energy transfer processes to occur several times per half
period, even when the switching process is finished. Based on
numerical analysis supported by experimental validations, it is
shown that such a technique permits a significant widening of
the effective load and rectified voltage ranges, but also, under
particular conditions, a power output magnification that is even
larger than in the sole SSHI case.

Index Terms—Energy harvesting, Piezoelectric devices,
Switched circuits, Energy conversion.

I. INTRODUCTION

With the exponential spreading of connected devices such
as wireless sensors and sensor networks, a significant pressure
on their power supply has raised. While primary batteries
remain the conventional way for providing energy to these
systems, their implementation and use is facing tighter and
tighter constraints. More precisely, the strongest limitation of
such a solution has experienced a change of paradigm with
the development of ultralow-power circuits that consume very
little energy. Hence, while initial concerns considered the
actual energy initially stored in batteries, the main limiting
factors now lie in the battery leakage, yielding a loss of
energy before it is actually used ([1, 2]). Such an issue is even
more dramatic in relatively harsh environments. For instance,
under an ambient temperature of 60 ˚ C, Li-Ion batteries show
a drop of their energy by more than 60% over one year
([1]). Hence, such a solution is not realistically applicable
for devices aiming at operating on the long run in confined
environments or under moderately severe conditions.

As an alternative to these battery-powered solutions, collect-
ing energy from the direct surroundings of the device, namely
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energy harvesting, has been the topic of many works since
two decades ([3, 4]) in its modern form. Ambient sources
may consider solar, thermal or vibrational energy for instance.
Due to its ubiquity and constant availability, the latter is an
attractive choice for microgenerators. The conversion of the
mechanical energy into electricity can be achieved through
electromagnetic, piezoelectric or electrostatic coupling for
instance ([5]). In the framework of small energy harvesters
with centimeter-scale dimensions, piezoelectric coupling is of
particular interest thanks to good integration potentials and
relatively high power densities.

Nevertheless, when integrating the active material on the
structure, and especially considering cost-effective transducers,
the global electromechanical coupling at the structural level
is usually limited to a few percent. Therefore, means of
improving the conversion efficiency is mandatory in order
to achieve sufficient output power levels. From the electrical
perspective, such an achievement can be obtained thanks to a
nonlinear process that consists in switching the piezoelectric
transducer on an inductance each time an extremal voltage or
displacement is detected. This technique, called “Synchronized
Switch Harvesting on Inductor” (SSHI), allows thanks to an
voltage inversion effect (permitted by the resonant circuit
made of the inductor and piezoelectric capacitance during the
switching event) a magnification of the piezovoltage as well
as a reduced phase shift between the voltage and velocity
([7, 8]). These two combined effects thus contribute to an
artificial increase of the electromechanical coupling, allowing
a significant gain in terms of harvested power by a factor up to
10 compared to the standard approach (sole rectifier bridge).
SSHI can be implemented either with the switching element
either in parallel ([7]) or in series ([8, 9]). For integration
purposes, the inductor can be advantageously replaced by an-
other high frequency piezoelectric oscillator, providing kinetic
energy storage by mechanical means ([10]). Furthermore, the
SSHI can be made totally self-powered, thus working in a
realistic fashion using a very small amount of the electrostatic
energy available on the piezoelement ([11–16]). Nevertheless,
in order to benefit from this power output boosting effect, the
load should be carefully tuned in a similar way than in standard
approach, requiring the use of additional load adaptation
stages, for instance based on DC/DC converters (e.g., step-
down - [17] - or buck-boost - [18, 19]), yielding further
energy losses. More precisely, the series implementation of the
switching element (w.r.t. the transducer and the rectifier) yields
a decreased optimal load compared to the standard technique
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while the parallel approach increases it.
To address this load adaptation issue and still based on

the switching concept, the “Synchronous Electric Charge
Extraction” technique has been proposed by Lefeuvre et al.
([20, 21]). Contrary to the SSHI approach, the switch is
reopened when the piezovoltage cancels in the SECE. This
allows transferring all of the electrostatic energy available on
the piezoelement to the inductance, which is latter transferred
to the load and storage capacitor. Thanks to this process, the
load is never directly connected to the piezoelement, hence
allowing a harvested energy independent from the connected
load. However, SECE shows a lower gain compared to SSHI
(typically around 3 w.r.t. standard interface and taking into
account losses in the energy transfer), and its self-powered
implementation is much more complex ([22]). While some
techniques such as Double Synchronized Switch Harvesting
(DSSH - [23]), Enhanced Synchronized Switch Harvesting
(ESSH - [24]), hybrid SSHI ([25]), optimized SECE ([26])
or SICE ([27, 28]) have been proposed to combine the advan-
tages of SSHI and SECE, they still suffer from some of the
drawbacks of SSHI (load dependence) and/or SECE (limited
gain, complex implementation), or can raise other issues such
as integrability (e.g., due to the need of electromagnetic
transformer).

Hence, the purpose of this paper is to expose a simple
approach for combining, to some extent, a significant power
gain (compared to maximal power of the standard approach)
over a wide load range while keeping the simplicity of im-
plementation of SSHI (self-powering abilities). The principles
behind the proposed technique lie in separating the switching
inductor of the SSHI into two inductors, with one placed
between the piezoelectric element and the rectifier and the
second in parallel with the rectifier. This therefore can be seen
as a combination of series and parallel SSHI (with however
some aspects from the SECE as it will be exposed in the
followings), leading to the concept of “series-parallel SSHI”
(sp-SSHI). The paper is organized as follows. Section II aims
at exposing the basic operations of the proposed concept,
which are theoretically investigated in Section III. Then, the
performance of the circuit are numerically evaluated in Sec-
tion IV and compared with other techniques. Finally, before
a short conclusion recalling the main parts of this study, the
experimental operations are evaluated in Section V, including
the self-powered version assessment.
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Fig. 1. sp-SSHI circuit.

II. PRINCIPLES

The concept of the series-parallel Synchronized Switch Har-
vesting on Inductor (sp-SSHI) lies in splitting the switching
inductance, and placing one part in series with the energy
extraction stage (rectifier) made of diodes D1 and D2 as
well as smoothing capacitors C1 and C2 and the other
part in parallel to it, resulting in the schematic depicted in
Fig. 1. VPZT , VL1 and VL2 refer to the voltage across the
piezoelectric element (PZT), inductor L1 and inductor L2

respectively, while VDC denotes the rectified voltage across the
resisitive load RL. IPZT , IL1 and IL2 are the current flowing
out the piezoelectric element and currents through inductors
L1 and L2 respectively. Finally Ih represents the current
flowing through the storage stage, hence corresponding to the
harvested charge flow. Note that instead of a full-wave voltage
doubler, a full diode bridge rectifier may be also used, but
would increase losses due to the supplementary diodes (as well
as decreasing the optimal resistor). With such a configuration,
current can flow from the piezoelectric element through the
rectifier (series SSHI operations - [8]), but at the same time
the parallel inductance L2 may see its voltage clamped by half
the value of the rectified one as for parallel SSHI configuration
([7]). Additionally, there might be some residual current in the
inductance L2 after the inversion process, that can be further
harvested like in the SECE approach ([20]).

More precisely, the different steps in the process are exposed
in Figs. 2 and 3. Most of the time, the piezoelement is left
in open circuit, with its voltage varying with the displacement
(states a© for positive voltages and f© for negative ones). Once
an extremal voltage occurs, the switch SW is turned on so that
current is flowing from the piezomaterial to the inductance.
However, in the case the voltage across the inductor L2

is higher, in absolute value, than half the rectified voltage
VDC/2 (or in other words the absolute piezovoltage is greater
than (1 + L1/L2)VDC), the voltage across inductance L2 is
clipped to ±VDC/2 and so is the rate of the current flowing
through this inductor. Consequently, part of the piezocurrent
is flowing through the rectifier bridge (Ih), yielding a first
step in the harvesting process (states b© for switching event
from positive voltage switch and g© for switching event from
negative voltage). When the two inductor currents, namely IL1
for L1 and IL2 for L2, equal each other, the rectifier stops con-
ducting and the piezocurrent is solely flowing through L1 and
L2 (also yielding a change in the inversion frequency - states
c© and h©). However, as the current through L2 decreases, it

may eventually yield a sufficient reverse voltage so that the
other part of the rectifier is conducting (states d© and i©),
also contributing to the harvesting process. Finally, due to the
current rate limitation of L2, IL2 may not be zero when IL1
cancels (end of the piezovoltage inversion). Consequently, a
supplementary harvesting event may go beyond the inversion
process (states e© and j©) before going back to state f© or a©.

Compared to other variants of SSHI and/or SECE and as it
will be devised in the followings, the interest of the sp-SSHI
lies in:

• significant power gain due to the voltage inversion, in-
stead of cancellation in the case of SECE and associated
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(b) Enlargements around switching events

Fig. 2. sp-SSHI typical waveforms.

(a) State a© and f© (b) State b© and i© (c) State c© and h©

(d) State d© and g© (e) State e© (f) State j©

Fig. 3. Circuit states during operations.

techniques ([20, 26])
• simple implementation thanks to a single switching stage

that can be easily self-powered because of switching pro-
cess ending on piezoelectric current cancellation, contrary
to DSSH ([23]), ESSH ([24]) or SICE ([27]) for instance,
which implement several switching sequences, with at

least one requiring termination on maximum current that
yields complex self-powered implementation

• relative integrability, while hybrid SSHI (combining par-
allel SSHI and SSHI-MR - [25]) for example requires a
bulky transformer

• significant power for loads range covering both series
and parallel, while hybrid SSHI ([25]) is not adapted to
relatively low loads values.

III. ANALYSIS

In the followings, the numerical analysis of the sp-SSHI is
proposed. For the sake of simplicity and in order to concentrate
on the circuit itself, it will be considered that the piezoelectric
structure features constant displacement magnitude so that no
damping effect will be considered. While this assumption is
valid for weakly coupled and/or strongly damped devices,
or when the excitation frequency is sufficiently far away
from the resonance frequency, it is however possible to take
into account the damping effect induced by the harvesting
process by using Mason electromechanical model ([29]) for
instance. Additionally, it will be considered that the smoothing
capacitors C1 and C2 are large enough so that the time
constant defined by these capacitors and the load RL is much
larger than the vibration period, yielding an almost constant
value of the rectified voltage VDC .

Under the considered hypotheses, only the piezoelectric
electrical equation can be considered. Using a lumped model
representation ([30]), this turns to a velocity controlled current
source with a capacitive internal impedance as:

IPZT (t) = αu̇(t)− C0V̇PZT (t) (1)

where IPZT (t) and VPZT (t) are the outgoing piezocurrent and
piezovoltage respectively, u(t) the structure flexural displace-
ment, and α and C0 the force factor and clamped capacitance,
respectively.

A. State equations

For setting up the numerical description of the sp-SSHI
operations, the state vector Y(t) made of the piezoelectric
voltage VPZT (t), and the currents flowing through inductors
L1 and L2, namely IL1(t) and IL2(t) respectively, will be
considered:

Y(t) =

VPZT (t)
IL1(t)
IL2(t)

 (2)

while the input vector X(t) is dependent on the structure
displacement u(t) and rectified voltage VDC (recalling the
latter is assumed constant):

X(t) =

(
u(t)
VDC

)
(3)

Based on this model, the derivative of state vector Y, denoted
Ẏ can be written as:

Ẏ(t) = AxY(t) + BxX(t) (4)
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with Ax and Bx the respective 3×3 and 3×2 state matrices,
where the subscript x denotes the state ( a© to j© as defined
in Fig. 3).

In non-switching state and without conduction (states a© and
f©), no current is flowing in the whole circuit (except from

the storage capacitor to the load, which is not to be taken into
account here as the rectified voltage VDC is assumed constant).
Therefore, the expression of the associated state matrices leads
to the following expressions:

Aa = Af =

0 0 0
0 0 0
0 0 0



Ba = Bf =

 α
C0

0

0 0
0 0


(5)

Once an extremum value is reached, the switch SW is
closed. Therefore a current is flowing from the piezoelement
to the inductors. However, the current rate through L2 is
limited due to the conduction of the rectifier bridge, that clips
the voltage across L2 to VDC/2 for switching from positive
voltage (state b©) or −VDC/2 when the switching starts from a
negative voltage (state g©). This yields the following definition
of the state matrices:

Ab = Ag =

 0 − 1
C0

0
1
L1

− r1
L1

0

0 0 − r2
L2



Bb =

 α
C0

0

0 − 1
2L1

0 1
2L2

 ; Bg =

 α
C0

0

0 1
2L1

0 − 1
2L2


(6)

Note that in these expressions, losses in the inductors have
been taken into account and modeled by pure resistances (r1
and r2, respectively for inductors L1 and L2).

As the current through L1 experiences a decreasing rate,
it eventually equals those of L2. In that case, the absolute
voltage across L2 becomes less than VDC/2 and the rectifier
bridge is blocked. This corresponds to states c© and h©, where
the same current flows through L1 and L2. The corresponding
states matrices are then given by:

Ac = Ah =

 0 − 1
C0

0
1

L1+L2
− r1+r2
L1+L2

0
1

L1+L2
− r1+r2
L1+L2

0



Bc = Bh =

 α
C0

0

0 0
0 0


(7)

It can be noted that in that case, the instantaneous nat-
ural inversion frequency changes from 1/

(
2π
√
L1C0

)
to

1/
(

2π
√

(L1 + L2)C0

)
(not taking into account the effect

of losses), as the voltage across L2 is no longer clipped by
the rectifier voltage.

As the current decreases however, its absolute rate reaches
once again the maximum rate allowed through L2 (voltage
clipping to ∓VDC - states d© and i©). In that case, the state
matrices yield:

Ad = Ai =

 0 − 1
C0

0
1
L1

− r1
L1

0

0 0 − r2
L2



Bd =

 α
C0

0

0 1
2L1

0 − 1
2L2

 ; Bi =

 α
C0

0

0 − 1
2L1

0 1
2L2


(8)

Finally, as the piezovoltage inversion stops (cancellation of
the current through L1), residual current may still flow through
L2 and the rectification stage (states e© and j©). The associated
state matrices are given by:

Ae = Aj =

0 0 0
0 0 0
0 0 − r2

L2



Be =

 α
C0

0

0 0
0 − 1

2L2

 ; Bj =

 α
C0

0

0 0
0 1

2L2


(9)

B. State switching conditions and derivation of other quanti-
ties

While the previous analysis allowed to derived the gov-
erning equation for each state, this subsection discusses the
conditions for changing from one state to another one. To this
end, the voltage VL2 across inductor L2 is also considered:

VL2 = L2İL2 + r2IL2 (10)

Additionally, the previously exposed model being intended to
be solved through numerical iterations, the variables are here
considered as discrete. However, for the sake of clarity, the
discrete step index will be omitted.

From the open circuit stage a© (resp. f©), the condition
to enter the switching state b© (resp. g©) is either based
on the velocity or the voltage. The SSHI is indeed based
on connecting the switching circuit on velocity cancellation
(u̇ = 0), but practically, its implementation relies, in a
equivalent way, on the detection of extremal voltage.

Once in state b© (resp. g©), where the voltage across L2 is
clipped by +VDC/2 (resp. −VDC/2) and with current from
the piezoelectric element flowing through L1, the absolute
current increase rate through L2 is thus limited and is less
than the absolute current through L1 (Fig. 2). The end of this
state is not only determined by VL2, but also considering the
current flowing through the diodes D1 and D2 which should
be direct. Hence, the following conditions should be satisfied
to stay in state b© (resp. g©):{

|VL2| ≥ VDC
2

sgn (VL2)× (IL1 − IL2) ≥ 0
(11)

with sgn(x) the signum function of the variable x. In Eq. (11),
the second condition relates the current direction in the
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diodes (the signum of VL2 allowing determining which diode
conducts, while the current differentiation gives the current
direction). When one of these conditions is no longer met, the
circuit thus enters in state c© (resp. h©).

When operating in state c© (resp. h©), the rectification stage
is blocked, and the inversion is solely done through L1 and
L2 (the inversion frequency is thus reduced compared to states
b©, d©, i© and g©). The condition to stay in this state c© (resp.
h©) is to have a voltage across L2, VL2, higher than −VDC/2

(resp. lower than +VDC/2):

|VL2| ≤
VDC

2
(12)

As soon as this condition is no longer satisfied, the circuit
enters in state d© (resp. i©), where the inversion is performed
with one of the rectifier branch conducting. Similarly to state
b© (resp. g©), the condition to stay in this configuration is

given by Eq. (11).
Once Eq. (11) is no longer valid, the piezovoltage inversion

process is terminated but residual current in L2 yields a
continuation of the diode bridge conduction (state e© - resp.
j©). This conduction lasts until the absolute voltage across L2,

namely |VL2|, is greater than VDC/2 and as a direct current
flows through D2 (resp. D1), yielding same conditions as in
Eq. (11). Once terminated, the circuit goes back to original
configuration (state f© - resp. a©).

IV. NUMERICAL DISCUSSION

This section proposes to discuss the performance of the sp-
SSHI architecture under various parameter configurations. As-
suming the piezoelectric element driven by a monochromatic
signal of frequency f , harvested energy for one switching
cycle Wharv can be obtained through one of the following
relationships (respectively referring to positive and negative
piezovoltage switching): Wharv = VDC

2

∫ te|end
tb|beg

|Ih(t)| dt

Wharv = VDC
2

∫ tj |end
tg|beg

|Ih(t)| dt
(13)

where tx|beg refers to the time instant when state x begins
and ty|end the time instant when the state y consecutive to x
finishes. Ih(t) is besides defined as the current flowing through
the harvesting stage:

Ih(t) = IL1(t)− IL2(t) (14)

As two harvesting processes occur per period (respectively
on positive and negative voltage values), the total harvested
power Pharv turns to:

Pharv = 2fWharv (15)

For comparison purposes, other typical circuits consisting of
standard interface (sole rectifier bridge with smoothing capac-
itor [31]), parallel SSHI (rectifier with smoothing capacitor
and switching unit in parallel to it [6, 7]) and series SSHI
(rectifier with smoothing capacitor and switching unit in series
between the piezoelectric element and rectifier [6, 8]) may be

considered. The associated power expressions, in the case of
full-wave voltage doublers, are given by:

Pstand = fVDC (2αuM − C0VDC)

Pp−SSHI = fVDC
(
2αuM − 1−γ

2 C0VDC
)

Ps−SSHI = 1+γ
1−γ fVDC (2αuM − C0VDC)

(16)

where γ denotes the voltage inversion factor:

γ = e
− π

2Qi , Qi =
1

r

√
L

C0
(17)

with L and r the respective inductor value and equivalent
loss resistor in the switching unit (including inductor losses).
Obtained results in terms of output voltages and powers are
depicted in Fig. 4 for several cases of adimensional inductance
values defined as:

L̃x = LxC0 (2πf)
2 (18)

with χ̃ is the adimensional counterpart of the parameter χ,
and x is the subscript associated to the parameter1. Also,
constant electrical quality factor Qi has been considered for
the inductors, which has been potentially varied from one
simulation to another. In practical application however, and
because some parts of the switching event would experience
larger inversion frequency as L1 decreases (keeping L1 + L2

constant), the electrical quality factor may slightly increase
and so would be the power. Hence, presented results may
be slightly underestimated. Load values have been obtained
by dividing the squared rectified voltage by the calculated
associated power output. Finally, for an easier and general
comparison, the powers, voltages and loads have been nor-
malized to the respective maximal power, optimal voltage and
optimal load in the standard case.

These results demonstrates that, for relatively high L2/L1

inductance ratio and moderate to high electrical quality factor,
a significant harvested power can be achieved over a wide
voltage/load range, combining the advantage of SSHI in terms
of power gains and SECE in terms of power robustness facing
load variations. However, the maximal voltage that can be
achieved in quasi open-circuit keeps lower than the parallel
SSHI. Under the considered conditions (constant electrical
quality factor for each plot), it can be noticed that the total
inductance value has almost no impact on the power curves,
while the inductance ratio plays a great role. While all the
curves starts following the response of series SSHI, increasing
the load (or rectified voltage) may induce a second peak
in terms of power. Especially, for relatively high value of
inductance L2 (hence with significant energy stored in this
inductance), the second peak is getting closer to the parallel
SSHI optimal point as L2 value increases. This therefore
permits a wide load range with a significant output power,
although a relatively limited well appears as the electrical
quality factor (or equivalently the inversion factor) increases.

1Note that thanks to the switching principles, the normalized inductance
value is much less than the unit (the latter corresponding to passive impedance
matching), denoting a more realistic implementation.
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(b) Power as a function of load

Fig. 4. Obtained voltages and powers from numerical resolution.

In order to evaluate the electrostatic energy available on the
piezoelectric energy as well as the conversion enhancement
enabled by the switching process, Fig. 5 depicts the voltage
just before the energy extraction. Hence, it can be noticed that
the latter is particularly high for low load values in the case of
series SSHI, and for high load values for parallel SSHI. This
is explained by the fact that the voltage inversion is done with
respect to half the rectified voltage in the former case, and by
the voltage clipping to half the rectified voltage in the latter
approach. Hence, this may yield significant losses, especially
related to diode threshold voltage, when the load is high for

the series SSHI (as almost no inversion event occurs) and
for low load values in the case of parallel SSHI (the voltage
clipping being mostly induced by the diodes). In the case of sp-
SSHI however, thanks to the hybrid approach enabled by the
two inductors, it can be noticed that the piezovoltage remains
at a rather high value over the full load range. Hence, this
not only denotes the better ability for enhancing the energy
conversion, but also permits to mitigate the conduction losses
during charge transfer to the storage stage. Also, thanks to the
supplementary energy stored in L2 that is then released as the
inversion event is terminated, natural discharge to the storage
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Fig. 5. Piezoelectric element voltage just before switching.

stage happens, with an overvoltage peak that allows bypassing
the diode thresholds.

The inductance values also impact the inversion time and
thus required timing and associated power consumption. Ad-
ditionally, contrary to previous SSHI and SECE approaches,
changing the rectified voltage, or equivalently the load, yields
a modification of the inversion time (steps b© to d© and g©
to i© in Fig. 2). More precisely, the voltage being clipped in
steps b©, d©, g© and i©, only inductor L1 contributes to the
inversion time, while both inductors intervene in steps c© and
h©. Hence, the total inversion time ti is comprised between

the two boundaries defined by the total effective inductor as:

π
√
L1C0 ≤ ti ≤ π

√
(L1 + L2)C0 (19)

where the lower boundary corresponds to low voltages/loads
(piezovoltage almost always clipped) and the upper one to
large values of voltage or load (almost no clipping). Hence,
reducing the inductance values may allow reduced inversion
time, which however can significantly increase the losses,
especially due to the higher current peak caused by faster
switching process (notably due to nonlinear effects such as
iron losses). These losses besides vary with the load or
voltage which change the inversion time and peak current.
Nonetheless, typical implementations of self-powered switches
([11–13]) rely on a diode for stopping the inversion (which
occurs when the current flowing out the piezoelement cancels).
Therefore, even if the inversion time may vary, this allows an
automatic adjustment of the switching time.

Another very interesting feature of the sp-SSHI is its ability
to provide an outstanding power boost at low voltage/load val-
ues, even higher than the conventional parallel or series SSHI
for a significant value of the electrical quality factor. Such a

Fig. 6. Experimental set-up.

unique feature is explained by the additional energy stored in
inductance L2, especially at low rectified voltage/load. Indeed,
while the voltage clipping yields charges flowing to the storage
stage (as in the series SSHI case), some extra energy is also
accumulated by L2, and then released to the storage in the next
steps (e.g., states e© and j©). This energy therefore adds up to
the former one, thus leading to a substantial gain compared to
the traditional SSHI approaches. As the rectified voltage/load
are increasing, the structure gets closer to the parallel SSHI
still through L2, and most of the current flowing through
this inductance is used for voltage flipping (reduced voltage
clipping).

V. EXPERIMENTAL VALIDATION

Based on the previous concept and analysis, this section
aims at experimentally assessing the real performance of the
proposed circuit. In order to reflect as much as possible
realistic implementation, the device will be made totally
autonomous through the use of a self-powered switching unit.

A. Experimental set-up

The experimental device (Fig. 6) is made of a piezoelectric
cantilever beam obtained by cutting two commercial buzzers
(RS PRO 837-7844). The two buzzer pieces were then bonded
onto each other through their substrate. The output terminal of
each beam have been connected in serial configuration. This
electromechanical structure is mounted on an electrodynamic
shaker fed by a function generator through a power amplifier
that applies a base acceleration on the piezoelectric system.
The excitation frequency is set to 100 Hz which is slightly
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Fig. 7. Implementation of the self-powered switch.
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Parameter Value
Clamped capacitance C0 44.4 nF

Force factor α 1.9 mN.V−1

Electrical quality factor Qi 3.52
TABLE I

MODEL PARAMETERS.

off resonance, and the tip displacement magnitude is kept
constant to 120 µm peak and monitored using a laser optical
sensor. Electrical signals (piezovoltage, function generator
output voltage and displacement sensor output) are observed
through an oscilloscope while DC output voltage is monitored
using a multimeter.

The self-powered switch is implemented following the ini-
tial proposal made by Richard et al. ([11, 12]), as depicted in
Fig. 7. While it is less compact than the configuration proposed
by Eltamaly and Addoweesh in [13] which advantageously
uses some transistors for two functions (diode for filtering
during one half period, comparator for the other half), it allows
better handling high voltages. 5 inductors (RL181S-104J-RC,
manufactured by Bourns), each with a value of 100 mH, have
been connected serially, with access to each intermediate node
to connect the harvesting stage in the sp-SSHI configuration.
For series and parallel SSHI, all of the 5 inductors were kept
in the inversion circuit for fair comparison. Two 47 µF/25 V
capacitors, picked from CCC-14 kit from Nova, were selected
as smoothing capacitors. The output of the harvesting stage
was then connected to a varying resistive load. In the case
of loads greater than 1 MΩ, the voltage was monitored on
a series 1 MΩ resistor (that was taken into account in the
total load value) in order to ensure a negligible effect of the
voltmeter input impedance (typically 10 MΩ), and the total
rectifier voltage was derived using standard resistive divider
formula.

Prior to power measurements, model identification has been
performed. Obtained parameters are listed in Table I. The
inversion factor γ was obtained with the harvesting stage
disconnected, allowing the derivation of the electrical quality
factor according to Eq. (17).

Fig. 8. Experimental voltages and harvested powers and comparison with
numerical and theoretical resolutions.
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Fig. 9. Waveforms for L1 =100 mH and L2 =400 mH with 50 kΩ and
200 kΩ loads.

B. Result and discussions

Based on the previously exposed experimental device and
set-up, energy harvesting capabilities were assessed. The influ-
ence of the parallel to series inductance ratio was considered,
while keeping the total inductance constant (including in the
SSHI cases). Results are exposed in Fig. 8.

These results therefore confirm the capabilities of the
sp-SSHI for providing similar performance than the series
and parallel SSHI in terms of maximal output power, while
allowing a wide range of operating loads (or equivalently, of
states of the connected electronic device). While the series
and parallel SSHI half-power load range are roughly [10 kΩ,
300 kΩ] and [100 kΩ, 4 MΩ] respectively, it is gaining a
factor of 5 when using the sp-SSHI ([10 kΩ, 2MΩ]), hence
covering more than two decades. It is also noteworthy that
experimentally obtained results in terms of power for the sp-
SSHI are better than in the theoretical case, which may be
explained by higher electrical quality factor as the switching
frequency increases when the voltage across L2 is clipped.

Such an effect actually leads to two voltage peaks that
appear even for relatively low values of the electrical quality
factor. Fig. 9 shows the voltage waveforms obtained in the
case of L2=400 mH and L1=100 mH for the two power
peaks. Hence, it can be noticed that for the lowest optimal
load (50 kΩ), three harvesting events occur (voltage clipping
for each polarity, with the second one continuing after the
switching event) with an almost instantaneous change from
one harvesting event to the other one, while for the highest
optimal load (200 kΩ), almost only one harvesting event arises.

VI. CONCLUSION
This study introduced an architecture aiming at improv-

ing the energy harvesting performance of piezoelectric mi-
crogenerator. By splitting the inductance used in the SSHI
approach, and connecting the harvesting stage (rectifier) at the
middle point, a hybrid interface between series and parallel
configuration is achieved. One particular aspect of such an
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Power (w.r.t.
standard
case)

Load bandwidth (w.r.t.
optimal load in stan-
dard case)

Self-powering
capabilities

Standard 1 [0.2; 5] Straightforward
Parallel SSHI 7-10 [0.5; 20] Easy
Series SSHI 6-9 [0.05; 1.5] Easy
SECE ([20]) 3-4 [−∞, ∞] theoretically Complex

3 decades practically2

Hybrid SSHI
([25])

7-10 [0.5; 500]3 Easy4

DSSH ([23]) /
ESSH ([24])

5-7 Similar to SECE Very complex

SICE ([27]) 6-8 Similar to SECE Very complex
sp-SSHI 8-10 [0.05; 10] Easy

TABLE II
COMPARISON OF ENERGY HARVESTING TECHNIQUES.

approach is that the inductance in parallel with the rectification
stage permits a supplementary energy release step after the
switching event. The performance analysis of the circuit, based
on state-space simulations and experimental investigations,
demonstrated that a wider range of operating voltage or
resistive load is achieved. Additionally, under particular con-
ditions (limited losses and high ratio of the parallel inductance
over the series one), the proposed techniques permits and
outstanding gain, even bypassing the case of parallel SSHI.
Further works may consider the investigation of the damping
induced by such a technique, as well as integrated solutions
limiting the losses in the energy transfer steps and inversion
events.

Table II proposes as a general synthesis a comparison
between the sp-SSHI technique and other typical approaches.
Hence, it can be observed that the proposed method permits a
high relative power while ensuring a relatively important load
bandwidth and simple and rather compact self-powered im-
plementation. This therefore provides a very attractive means
of harvesting energy.
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