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Abstract

Most often, piezoelectric generators are connected to a AC-DC converter, also called
rectifier, to obtain a continuous energy which can be regulated and stored. In the case of
low power generators, the choice of the rectifier is critical since the losses into this circuit
are not negligible and should be as low as possible.

In this paper, different topologies of rectifier using different diode references are studied
to rectify the output voltage of a piezoelectric generator. We show that the differences
between the fullwave rectifier and a voltage doubler are quite small in terms of output
power. The main differences are visible on the final voltage value and the optimal load. On
the contrary, the choice of diodes is critical, especially the reverse leakage current which
must be limited since it largely affects the output power for low power generators.

The internal capacitance of the generator also plays an important role since it changes
the capability of the generator to provide current. We show that low threshold voltage
diodes are more appropriate for generators presenting a high internal capacitance while low
leakage current are preferable for generators presenting a low internal capacitance value.

Keywords: energy harvesting, piezoelectric, modeling, rectifier

1 Introduction

To supply the ever-increasing number of portable devices, a tendency is to build generators,
in particular piezoelectric ones (PG) to harvest the wasted mechanical energy which can have
various origins (ambient vibrations, human body movements, etc.). In order to directly imple-
ment the lead-free directives, developments of nanomaterials such as ZnO nanowires have been
investigated in PGs due to their piezoelectric properties and bio-compatibility . PGs can be
used to provide the electrical energy to devices such as sensors, actuators and wireless trans-
mitters®. A temporary energy storage element may be needed, like a capacitor'®!! or a small
embedded battery '*!3. In both cases, the PG must be connected to the storage element through
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an AC-DC converter, also called rectifier, since the electrical output of the PG is alternative. The
architecture of the rectifier is closely related to both the PG and the storage element. Various
topologies have been proposed, from simple 4-diodes bridges '4, voltage multipliers '’ or more
complex circuits using synchronized switch technique '>-!°.

Even if some bridge-less topologies have been reported!”!8, they require an external con-
troller for the switches whose consumption is not always taken into account for the efficiency
calculation. A truly autonomous device must include a passive rectifier to provide the energy
consumed by the control circuit of the active AC-DC converter.

In this paper, we focus mainly on passive rectifiers since they do not require energy to control
electronic switches. Even if they present intrinsic losses due to diodes or passive components,
passive rectifiers are appropriate when the total power supplied by the harvester is small, for
example piezoelectric nanowires based device '~

The goal of this paper is to study different topologies of AC-DC converter in order to find
out the most suitable for low power energy harvesting. Moreover, the effect of the diode char-
acteristics, forward voltage V; and reverse current /,, is also studied. For this purpose, different
references of diode have been selected with various values of forward voltage and reverse cur-
rent. The goal is here to know for a given energy source, which parameter is critical and which
rectifier topology is suitable.

2 Materials and methods

2.1 Rectifiers and diodes

In this section, the two studied rectifier topologies and the characteristics of the chosen diodes
are presented. The first rectifier is the well known fullwave rectifier based on 4 diodes as shown
Fig. 1a. For this circuit, both polarities are rectified which increases the total amount of energy
transmitted to the load compared to a single diode rectifier. The main drawback of this circuit is
the diode voltage drop, since the threshold of the diodes is present twice. The consequence is a
lower magnitude of the expected final voltage when the capacitor is fully charged compared to
the initial alternative voltage, and also to the voltage, that would be obtained thanks to a single
diode rectifier.

The second rectifier is the Latour voltage doubler as presented Fig. 1b. The advantage of this
circuit is a lower voltage drop across the diode, which is present only one time for each polarity.
In open circuit condition (resistive load R; infinite), the voltage at the output of the circuit is
close to twice the voltage magnitude at the input of the rectifier, and it is only diminished by the
forward voltage drop of the diode. Similarly to the fullwave bridge, both polarities of the signal
are rectified contrary to the simple rectifier. Cy capacitors are just here to provide a mid-point
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Figure 1: Studied rectifier, full wave bridge rectifier (a) and Latour voltage doubler circuit (b).
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Table 1: Summary of the available diodes, ordered by increasing threshold voltage. Given
values are typical from the datasheet at 25 °C.

Reference
Condition 1PS76SB10 1PS79SB3® RB751S40 1N4148
I; =100 uA 150 mV 190 mV 260mV 500 mV

\%4
! I; =10mA 300mV 310 mV 390mV  750mV
I V,=5V 500nA 130nA 13nA 5nA
' V, =20V 1000 nA 280 nA 40nA 12nA
1076 I REE!
- ® IN4148
RB751840 ]
_ »  1PS79SB30 -
fﬂ/ B 1PS76SBI0 |
Z 7
10 > E
© ]
5 1
U: 4
g’ E
1079 PR RS S S U SR ]
0.2 0.3 0.4 0.5

Forward Voltage @ 100pA (V)

Figure 2: Reverse leakage current at 5 V as a function of the forward threshold voltage at 100 A
for the studied diodes.

to connect the second terminal of the generator, their values are small compared to the storage
capacitor Cy.

The value of the storage capacitor has been chosen to have a usable voltage at the output of
the AD-DC converter, i.e. a small voltage ripple in order to avoid the use of a voltage regulator.
We choose a ceramic capacitor with a value of 1 uF, while and a larger value may be used if a
lower ripple or higher stored energy are needed.

The aim of this part is to present the diode types that were chosen in this study. When
choosing a diode there is a trade-off between (i) a low forward voltage when the diode is on,
also called the threshold voltage, and (ii) a low reverse current when the diode is off, also called
leakage current. These two parameters are linked together and decreasing the threshold voltage
has the consequence to increase the leakage current. The selected diodes are three Schottky
barrier diodes (1PS76SB10,1PS79SB30 and RB751S40) and one p —n junction diode (1N4148).
Table 1 summarizes the forward voltage and leakage current for the different diodes and Fig. 2
shows the reverse leakage current at =5V as a function of the forward threshold voltage at
100 pA for the studied diodes.

Since the selected references are commonly used, the SPICE model of the diodes, given in
supplementary material, can be easily found and have been downloaded from?°. Fig. 3 shows
the simulation results and the forward and reverse current as a function of the forward and
reverse voltage for the different diodes at room temperature. For all diode references, there is a
good agreement between datasheet results and simulations indicating that the electrical model
describes correctly the diode behavior in forward and reverse conditions.
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Figure 3: Forward (a) and reverse (b) currents as a function of the forward and reverse voltage
respectively for different diodes at 25 °C. Full lines correspond to the datasheet values and
dashed lines to the SPICE Model.

2.2 Simulation and experimental procedures

The study of the rectifiers has been made by both simulation and measurement. The electri-
cal circuit simulations presented in this paper have been made using Xyce Electronic Simula-
tor™?!_in the time domain. The PG has been modeled by a Thevenin equivalent generator, i.e.
voltage source connected in series with an internal impedance.

The experimental test bench used to characterize the rectifier is shown Fig. 4. It consists of
a 6517B Keithley electrometer, used in voltage mode, a variable resistive load and a capacitor.
The excitation of the PG is applied using a mechanical shaker (LDS V406) driven by a power
amplifier (LDS PA100E). A function generator (Tektronix AFG1022) is used to control the
magnitude and frequency of the shaker. The considered piezoelectric generator is a PZT buzzer
and its internal impedance has been measured using a custom impedancemeter as presented in
ref.?2. The force applied onto the PG has a magnitude of 3N and a frequency of 5Hz. A pre-
stress has been adjusted to keep the contact during the full period of the mechanical excitation.
An oscilloscope (MDO3014 Tektronix) is used to monitor the voltage at the output of the PG,
the function generator output and the force magnitude. The applied force is monitored using a
force sensor and the magnitudes of both the force and prestress are recorded in order to ensure
that all the tests are performed in the same conditions. Electrical isolation between the sample
and the mechanical structure of the test bench is made using glass slides.

Rectifier 1 v Keithley
under test T L Electrometer

Figure 4: Description of the used test bench to characterize a rectifier.
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Figure 5: Applied force onto the PG as a function of time and voltage measured with a resistive
load of 113 MQ (a). RMS voltage and average power as a function of the resistive load for the
same PG connected directly to a resistive load (b).

3 Results and discussion

In this experimental part, the PG is firstly characterized only with a resistive load in order to
measure the voltage signal response and to identify the optimal load. In a second step, the PG
is connected to a resistive load through different rectifier topologies and using different diode
references. In this part, average voltage, DC power dissipated in the load and rising time starting
from the discharged state to reach the steady state are studied in order to know the most suitable
topology/diode couple.

3.1 Without rectifier

First, the PG has been characterized without rectifier. A simple resistive load, noted R;, has
been connected in order to identify the optimal load and the harvested power at this load. Fig. 5a
shows the temporal waveforms of the applied force onto the PG and corresponding measured
voltage across a resistive load of 113 MQ. Even if the force is sinusoidal, the measured voltage
is not perfectly sinusoidal which is attributed to the non-linear behavior of the PZT based PG,
as the PG is under high level of strain. Using this temporal waveform, the RMS voltage can be
computed for the given load and by changing the load, it is possible to obtain the RMS voltage
and average power as a function of the resistive load.

Fig. 5b shows the RMS voltage and the average power as a function of the resistive load. The
RMS voltage increases when the resistive load increases which is the expected behavior. The
average power versus resistive load presents a maximum for a given resistance, called optimal
load R%"*** This corresponds to the best compromise between two situations: (i) a high voltage
for high value of resistance load but a small value of the current and (ii) a high current for small
load value but a small voltage. In harmonic regime, the optimal load correspond to the modulus
of the internal impedance and, in the case of a capacitive internal impedance, its value is known

as :
1

CintwO

ey

ave __
Ry =

where C;, is the internal capacitance of the PG and w is the angular frequency of the solicita-
tion. With an internal impedance of 17.5 nF, the expected value of optimal load in our case is
1.82 MQ, which very close to the measured value, 1.72 MQ. The slight shift may be attributed
to the presence of harmonics included in the open circuit voltage?. The power at optimal load
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Figure 6: Typical charging curve of a capacitor of 1uF using the fullwave rectifier using
RB751S40 diodes.
can be computed using the following expression:

Vgccintwo
4
The measured value (4.29 uW) is closed to the theoretical value (4.08 uW).

max __
PAC -

2)

3.2 Influence of rectifier topology and diodes

In this second section, the influence of both the rectifier topology and diode choice on the aver-
age power versus resistive load is presented. First, the average final voltage versus resistive load
is presented since it corresponds to the steady state operation of the rectifier. Then, the effect
of the topology and diode reference on the average power transmitted to the load is discussed.
Finally, the effect of both the load and the rectifier topology, on the rising time starting from the
discharged state to reach the steady state, is shown.

A typical measured charging curve is shown Fig. 6 which consists of the voltage across the
capacitor and load as a function of the time. The voltage ripple corresponds to each half-wave
which charges the storage capacitor. The low frequency component, similar to an exponential
waveform, corresponds to the accumulation of energy into the capacitor. To measure the final
voltage, only the steady state part is used from 10s to 17 s in Fig. 6a. The average final voltage
has been calculated using the following formula:

[5)

1
Vave = -1, fv(t) dr (3)

151

In order to estimate the charging time of the capacitor, the curve has been fitted using the
following function:

V(0 = Vare 1 = exp( ) 0

7 corresponds to the rising time and V,,, to the mean value of the voltage when time tends to
the infinity. The 7 value is a simple indicator of the charging time necessary to reach a given
percentage of the final value (i.e. 37 for 95 %, 57 for 99 %...). Thus the fitting of the curve
provides metric in order to compare results obtained with different experimental conditions and
different rectifiers. In this study, we only consider a purely resistive load in addition to the
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Figure 7: Final voltage as function of the resistive load for different rectifier topology and for
two diode reference (a) in simulation (b) in measurement. FW stands for fullwave rectifier and
LVD stands for Latour voltage doubler.

filtering capacitor. In the case of a real circuit, a DC-DC converter can be used in order regulate
the voltage 4.

Fig. 7 presents the simulated and measured average voltage as a function of the resistive
load value for different topologies of rectifier and references of diode. For all references of
diode, the voltage at high load values is higher for voltage doubler than for the fullwave bridge,
a factor 2 is visible which corresponds to the expectation. This means that the fullwave rectifier
is more adapted to “low” load values than the voltage doubler.

Concerning the effect of the diode reference, similar results are visible on both topologies:
the diode with the higher leakage current (and having the lower threshold voltage) provides
a lower voltage. This is counter-intuitive because, in the case of the piecewise linear model,
using a diode with a lower threshold voltage, the final voltage should be higher. Nevertheless,
the reverse leakage current discharges the capacitor and thus may reduce the average voltage
even in the established regime (i.e. when the capacitor is almost fully charged)®. In the other
hand, even below the threshold voltage, a small current can flow through the diodes, and charges
the storage capacitor, since the diode presents an exponential characteristic (and not a piecewise
model). Thus the maximum voltage can be higher than the the source maximum voltage reduced
by the threshold voltage. This signifies the leakage current is more critical for final voltage than
the threshold voltage for the tested PG. The difference between the low leakage Schottky diode
and the p — n junction diode is small.

One can note the simulated maximum voltage for high leakage diode (1PS76SB10) is sig-
nificantly lower than the voltage obtained with the other diodes. This is attributed to the really
high leakage current of this diode (Table 1). Concerning the agreement between simulation and
experiment, the shape of the curve and the values are close to each other for low leakage diodes,
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indicating the simulation can predict accurately the output voltage. A discrepancy is visible for
the high leakage diode (1PS76SB10), where in that case the simulated maximum voltage is two
times lower than the measured one. This may be due to a real characteristic which is not as
leaky as predicted by the datasheet.

Like a PG connected directly to the load without rectifying circuit, the average power de-
pends on the resistive load connected to the capacitor. The goal is then to maximize the power
transfered to the load, that means to maximize the dissipated power. They are two possibili-
ties to compute the power, depending on which power we consider. The average power can be
calculated using the following formula:

1 ooy
V(@) dr
Lh—h Ry

n

Pue = (5)

Nevertheless, this definition considers the power contribution of all frequency components. In
the case of a rectifier, it is more relevant to consider the power of only the DC-component,
calculated using the formula:

Ppc = —= (6)

Both average and DC powers are supposed to be equal when the rectifier output voltage reached
the steady state regime, showing a small ripple since the signal is almost constant.

Fig. 8 shows the DC power Ppc as a function of the resistive load for different rectifier
topologies and diode references. The shape of the Ppc(R;) curve is very similar to the case
without rectifying circuit as it presents a maximum for a given value of load called RP“. The

8



Table 2: Summary of the computed and measured optimal load and power at optimal load for
different topologies of rectifier and diodes references.

Fullwave rectifier Voltage doubler
Computation Measurement Computation Measurement
Diode reference ~ RPC P RPC P RPC P RPC P
1N4148 2.84MQ 222 W 294MQ  2.11uW 123MQ 221 uW 11.1MQ  2.23uW
RB751540 281 MQ  2.37uW 2.83MQ 249uW 122MQ 2.25uW 109MQ  2.25uW
1PS79SB30 2.74MQ  2.05uW 270MQ  2.30uW 11.5MQ  1.79uW 11.2MQ  1.93uW
1PS76SB10® 2.53MQ  0.46 uW 249MQ  1.42uW 9.8MQ  0.28uW 9.0MQ  0.99uwW
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Figure 9: Rising time as a function of the resistive load for different rectifier topologies and
diode references (a) simulation (b) experiment. FW stands for fullwave rectifier, full lines, and
LVD stands for Latour voltage doubler, dashed-dotted lines.
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optimal load and the power at this load are summarized in table 2. For both topologies of recti-
fier, a higher power is obtained when using the diode with the smaller leakage current. Except
the high leakage current diode (1PS76SB10), the maximum power and optimal load are similar
for all other types of diodes and are quite well predicted by the simulation. This shows, in the
case of adapted diodes, that the topology of the rectifier is not critical in order to get the maxi-
mum power. The optimal load for the fullwave rectifier is higher than the optimal load without
rectifier, 2.74 MQ instead of 1.72 MQ, but lower than for the voltage doubler (10.5 MQ). This
value of the optimal load for the fullwave bridge is consistent with the theoretical value given

by Badel et al'>:
n

2Cintw0

which gives a numerical value of 2.86 MQ. This indicates the topology of the rectifier largely
modifies the optimal load. The maximum power, 2.49 uW for the fullwave rectifier using
RB751S40 diodes, has to be compared to the maximum power without rectifier (4.29 uW) which
gives a efficiency of 57 % even for the “best” rectifier. For the “worst” rectifier, the voltage dou-
bler using 1PS76SB10 diodes, the efficiency is 23 % which corresponds to a 2.5 factor on the
maximum power value, which is far from being negligible.

When the capacitor is initially discharged, it takes some time to the PG to charge the ca-
pacitor to the final voltage. The Fig. 9 shows the rising time as a function of the resistive load
for different topologies of the rectifier. For a given type of rectifier, the choices of the diode
does not influence significantly the rising time. The rising time increases with the load value
because the final voltage also increases. This comes from the fact that, to charge the capacitor
using a generator with a capacitve internal impedance, at each alternance only a small fraction
of the open circuit voltage is transmitted to the storage capacitor?. As a consequence, to reach
the steady state voltage, an high number of period is necessary. The difference between the two
topologies of rectifier is clear: the rising time is approximately 4 times higher for the voltage
doubler. Results given by both simulation and experience are very close to each other.

DC _
RL—FW -

(7

3.3 Influence of the internal impedance of the PG

Depending on the PG characteristics, namely the dielectric permittivity or thickness of the ac-
tive material, the surface or shape of the electrodes, the internal impedance value may change
drastically. For example, in the case of ZnO-NW or AIN based generators?>!'?, the internal
capacitance value is relatively small compared to PZT based generators 2.

Fig. 10a shows the average voltage as a function of the resistive load, for different values of
the internal capacitance of the PG, for the fullwave rectifier using 1N4148 diodes. The extrac-
tion of the average voltage has been made using the same procedure described in section 3.2.
For values of the internal impedance from 108 F to 107°F, the same shape is obtained. For low
resistive load value the voltage is small, then the voltage starts to increase when the resistive
load is closed to the optimal load and finally the average voltage tends a limit which corre-
sponds to the open circuit voltage. For a capacitance value of 10~ F, the shape is similar but
the average voltage seems to tend to a lower value than the open circuit voltage. This may be
explained by the leakage current of the diodes, even very low but not negligible compared to
the current provided by the PG.

Using the average voltage, the power of the DC component can be computed (Fig. 10b).
When the internal impedance increases, (i) the maximum power increases and (ii) the optimal
load decreases which is consistent with equations (2) and (7) respectively.

In order to see the effect of the diodes, simulations have been performed for different diodes,
for the fullwave rectifier and as a function of the resistive load, over a range of internal capaci-
tance from 10~ F to 107° F. The power of the DC component has been extracted as a function
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Figure 10: (a) Average voltage and (b) power of the DC component as a function of the resistive
load, for different values of the internal capacitance of the PG.

of the resistive load using the procedure described previously. The maximum of this curve and
the corresponding optimal load can thus be obtained for each value of the internal capacitance.
Normalization of the maximum power has been done by dividing the maximum of the Ppc(R;)
curve by the maximum AC power given by equation (2). Normalized maximum power and
optimal load are presented Fig. 11.

Depending on the diode reference, corresponding to a given threshold voltage/leakage cur-
rent couple, the normalized power shows a maximum for a different value of the internal capaci-
tance (Fig. 11a). For low values of the internal capacitance, 10~ F for example (signifying a PG
which cannot provide a high level of current), the best choice for the diode is to have the small-
est leakage current as possible even if the threshold voltage is high (for example the 1N4148
diode). For this low value of internal capacitance, 1PS79SB30 and 1PS76SB10 present a so
high leakage current that the harvested power is almost null. On the other hand, for a relatively
high value of the internal capacitance, 10~° F for example (signifying a PG which can provide
a larger amount of current), the best choice is to have the smallest threshold voltage as possi-
ble even if the leakage current is high (for example the 1PS76SB10 diode). This shows that,
depending of the internal capacitance, one parameter of the diode, leakage current or threshold
voltage, is the dominant limiting factor. The choice of the diode is thus critical and depends on
the internal capacitance of the PG.

The optimal load, for which the maximum power is obtained, is reported Fig. 11b. The
optimal load decreases when the internal capacitance increases and almost no difference is
visible when the diode changes. The discrepancy at low values of the internal capacitance,
for example in the range [10™°F, 1078 F] for the 1PS76SB10 diode, mainly comes from the
very low value of the power (Fig. 11a) and thus no clear maximum of power is visible, and
the corresponding optimal load is not following the same tendency as with the other diodes.
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Figure 11: (a) Normalized maximum power and (b) optimal load as a function of the internal
capacitance of the PG for the fullwave rectifier and the different diodes. Dashed line corresponds
to the optimal load computed using (7).
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Nevertheless, for this range of internal capacitance, low leakage diodes (1N4148 or RB751S40)
would be preferable since the power is higher and in that case, the optimal load is correctly
predicted.

4 Conclusion

In this paper, different topologies of rectifier, fullwave rectifier and voltage doubler, using differ-
ent diode references, having various leakage currents and threshold voltages, have been studied.
The rectifiers have been connected to a piezoelectric generator having a capacitive internal im-
pedance. The theoretical study has been confirmed by experimental tests carried out with a PZT
buzzer submitted to a controlled force. We show that the topology of the rectifier slightly influ-
ences the optimal load, at which the average power is maximal, but has only a small influence
on the optimal power value. The choice of the topology is thus mainly dependent on the output
voltage needed for the application.

Concerning the effect of the diode reference, the leakage current and threshold voltage are
linked to each other, the lower the leakage current, higher the threshold voltage. In our case, the
leakage current is the most limiting factor and must be as low as possible. On the contrary, the
threshold voltage is less critical. Between the highest and lowest efficient AC/DC converter, a
2.5 factor is observed highlighting the importance of minimizing the leakage current.

We also show the internal impedance of the PG must be taken into account for the choice of
the diode. Low threshold voltage diodes are more appropriate to high internal capacitance and
low leakage current are preferable for low internal capacitance value.
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