N

N

An efficient maximum power point tracking architecture
for weakly coupled piezoelectric harvesters based on the
source I-V curve

Nicolas Decroix, Pierre Gasnier, Adrien Badel

» To cite this version:

Nicolas Decroix, Pierre Gasnier, Adrien Badel. An efficient maximum power point tracking architec-
ture for weakly coupled piezoelectric harvesters based on the source I-V curve. PowerMEMS 2021
- Micro and Nanotechnology for Power Generation and Energy Conversion Applications, Dec 2021,
Exeter (Virtual event), United Kingdom. IEEE, 2021, 10.1109/PowerMEMS54003.2021.9658370 .
cea-04226740

HAL 1d: cea-04226740
https://cea.hal.science/cea-04226740v1
Submitted on 3 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-04226740v1
https://hal.archives-ouvertes.fr

An Efficient Maximum Power Point Tracking
Architecture for Weakly Coupled Piezoelectric
Harvesters based on the source I-V curve

Nicolas Decroix
Univ. Grenoble Alpes, CEA, LETI,
MINATEC, F-38000 Grenoble, France
Univ. Savoie Mont Blanc, SYMME,
F-74000 Annecy, France
nicolas.decroix@cea.fr

Abstract— This paper describes a novel Maximum Power
Point Tracking (MPPT) architecture for weakly coupled
piezoelectric harvesters. It is based on a new algorithm, called
the I-V curve algorithm for Current-Voltage curve. It enables a
fast calculation of the optimal electrical loads for different
extraction techniques like Standard Energy Harvesting (SEH)
and parallel/series Synchronized Switch on Inductor (p/sSSHI)
without requiring any open circuit measurement on the
piezoelectric harvester. This architecture has been validated
thanks to Simulink simulations. Optimal loads are obtained
after 1.5 mechanical period and the obtained electrical power is
always greater than 90% of the optimal power.

I. INTRODUCTION

Vibration energy harvesting is a promising candidate for
powering wireless sensor nodes for [oT. However, the power
output of these harvesters heavily depends on the input
mechanical conditions (vibrations amplitude and frequency)
as well as the unavoidable harvester’s variations due to its
aging or environment variation (temperature variation
mainly). To convert vibration into electricity, piezoelectric-
based harvesters are very attractive for their high power
density at small scale [1] and their high output voltages as
compared with electromagnetic converters. Piezoelectric
energy harvesters (PEH) are classically qualified as weakly or
strongly electromechanically coupled. This paper focuses on
the weakly coupled ones. Working with weakly coupled
harvesters can be a first step to test algorithms without the
effect of the mechanical part.
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Figure 1 : Typical architecture for piezoelectric energy harvesting
with the SEH, pSSHI or sSSHI extraction technique

A commonly used architecture for PEH is the Standard
Energy Harvesting technique (SEH). This architecture is
composed of a rectifier and a smoothing capacitor C,., (Fig.
1). It can be upgraded with an inversion stage for the so-called
Synchronized Switch Harvesting on inductor (SSHI). It is
called parallel (pSSHI) or series (sSSHI) depending on the
position of the inductance in the circuit. It has been
demonstrated in many works that nonlinear techniques like
SSHI harvest more energy than SEH, even for self-supplied
circuits [2,3]. These techniques are very efficient provided
that the voltage V... or the input resistance of the DC/DC
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converter is regulated to an optimal value. Power management
circuits with dedicated electronic architectures and algorithms
should then be developed for constantly tracking the
maximum power point (MPPT). These intelligent circuits are
indeed mandatory for most harvesting extraction strategies.

[4].

There are different categories of MPPT algorithms that can
work for different harvesting techniques. For weakly coupled
harvesters, perturb and observe (P&O) [5,6] and fractional
open circuit voltage (FOCV) [7,8] algorithms are mainly used
thanks to their simplicity and ease of implementation. P&O
algorithms constantly adapt the control setting of the
implemented technique according to an increase or decrease
of the harvested power. In [5], a P&O algorithm is
implemented with a buck-boost converter based on output
power measurements (on V.. in Fig. 1) over a few
mechanical cycles. In [6], the only setting of the system is the
ratio of the capacitor divider of the voltage measurement,
which changes the voltage current ratio managed by the
MPPT algorithm. P&O algorithms are often slow to reach the
maximum power because they incrementally change their
control and have to wait for the settlement of the measured
quantity. For their part, FOCV algorithms are based on a
periodic measurement of the piezoelectric voltage in open
circuit condition [7]. For very weakly coupled harvesters, the
maximum power is reached when the output DC voltage V...
is equal to half the open circuit voltage. Nevertheless, FOCV
algorithms require the piezoelectric harvester to be in open
circuit for a minimum of half a mechanical period which does
not allow to transfer power during that time. Moreover,
algorithms trying to regulate an optimal voltage (on V,..) are
not efficient as this voltage value is no longer the optimal one
if the input vibration amplitude changes.

To overcome this drawback, a few works propose to
estimate the optimal resistive load and performs the regulation
of that load with a DC/DC converter in discontinuous-
conduction mode. In [9], Xia et al. calculates the optimal input
load of a DC/DC converter. There algorithm is launched
periodically and finds the optimal load thanks to the voltage
information given when regulating two different loads. The
second regulated load is non-optimal and is applied only for
the measurement process. The speed of the algorithm is hence
not optimal as a non-optimal load is applied and the system
might not harvest the optimal power during that time. In [6]
the P&O algorithm regulates a load so the system is amplitude
vibration independent as well.

In this paper, we propose a new architecture and algorithm
called the I-V curve algorithm that seeks and sets the optimal



load of a weakly coupled piezoelectric harvester in a fast and
efficient way. It enables to extract the maximum power even
if the amplitude vibration varies. This algorithm is also
independent of the harvesting techniques used in this paper
SEH, pSSHI and sSSHI. Being able to change between
harvesting techniques can help improving the efficiency of the
energy conversion of a DC/DC converter, and thus optimizing
the whole harvesting chain. In this work, we focus on
frequency and amplitude varying accelerations.

Section II. describes the piezoelectric model, the
architecture linked to the MPPT algorithm and its concept.
Section III. presents temporal simulations of the proposed
architecture based on commercially available off-the-shelf
(COTS) components.

II. OPTIMAL LOAD MEASUREMENT CONCEPT

A. Model and schematic

When the electromechanical coupling is low, the electrical
side of the piezoelectric harvester has no impact on its
mechanical part, the PEH can then be modeled with an ideal
sinusoidal current source of amplitude I, and frequency f;,q¢
in parallel with a capacitor C,, as it can be seen on Fig. 2.
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Figure 2 : Architecture of the proposed I-V curve algorithm and its
associated circuit

The work presented in this paper is based on simulations
only (LTSpice and Matlab/Simulink/Simscape electrical).
Fig. 2 shows some of the hardware used in the simulation. A
negative voltage converter (NVC) [3] is used as a rectifier.
The DC/DC converter used is a buck-boost converter in
discontinuous-conduction mode (DCM) to perform the
resistive impedance matching. The buck-boost technology is
used thanks to the independence of its input voltage V..., with
the input resistance R when used in DCM. Indeed, the relation
between its input resistance and the control of the associated
switch is given by Eq. (1).

R = 2L/fswti (1)

L is the inductance of the buck-boost, f;,, is the control
frequency of the switch and t; is the on time of the switch.
The dotted SSHI box represents a possible SSHI-like
inversion switch, including its inductance.

B. Theory

Our optimal load measurement method is based on four
voltage measurements across the smoothing capacitor Cp,.;.

The average current flowing through Creer (Igpg =
C AVT@Ct
rect At

mechanical period with two voltage measurements. The same

) and the voltage V., are determined for half a

two measurements are performed a second time at another
operating point (for another mechanical half period). This
way, we can plot two points A and B on the average current
versus voltage graph (Fig. 2). The characteristic of the source
seen before C,.., (PEH and rectifier) being linear, point A
and B allow to find the current I-V curve of the harvester
associated with the current extraction method. The points
crossing the x-axis and the y-axis, rectified voltage and
average current respectively, are the open circuit voltage V¢
and short circuit average current I~ of the source seen before
capacitor Cp,;. The current optimal load is then calculated by
dividing the open circuit voltage V,. and the short circuit
average current Ig- measured for the current harvesting
technique, as given in Eq. (2).

R"pftechnique = VOCtechnique/lsctechnique (2)

This method works for the three following techniques :
SEH, pSSHI and sSSHI. The three source characteristics can
be seen on Fig. 3. The load obtained with this method is more
accurate if point A and B are far from each other but by doing
this, these two points can get far from the optimal voltage (i.e.
half the open circuit voltage V¢ /2). An optimum has to be
found between the accuracy of the load measurement and the
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Figure 3 : Theoretical current voltage characteristic of PEH seen
by Crect (Io = 500uA for SEH and pSSHI; 10=300uA for sSSHI, fmec
= 30Hz)

Contrary to [11], which uses the I-V graph to evaluate the
open circuit voltage to set the optimal V. /2 voltage on V.o,
our method proposes a simple, fast and efficient way to
evaluate the current optimal load thanks to the open circuit
voltage Voc and the average short circuit.

C. Proposed implementation

Our method operates in two successive phases (phase A
and B corresponding to points A and B in Fig. 3. Each phase
uses two voltage measurements : V,; and V3 or Vg and Vg,
for phase A and B respectivelly, as shown in Fig 4. An
example in the case of a SEH technique can be seen on Fig. 4.
It also shows the timing of the 4 voltage measurements and
the activation of the DC-DC leading to the voltage drop
AVpc_pc between phase A and B. From 0s to 0.4s, a non-
optimal load is regulated by the DC-DC from the beginning of
the simulation. At point 1, the NVC is conducting until point
2 which means current is flowing to the capacitor C,...; during
this period. At point 3, the DC-DC converter is used to reduce



the voltage (AVpc_pc) so the points A and B on the current-
voltage graph are not too close. Voltage measurements 1,
and V3 (4V,...¢) are taken at point 1 and 3 as the calculated
average current is valid only for half a mechanical period. The
time difference At is also measured between point 1 and 3
thanks to a conduction angle measurement (see next section)
The voltage difference between point 3 and 4 (4Vpc_pc) is an
adjustable parameter and has been set to 4V in the simulation
shown in Fig. 4. The same process is operated between point
5 and point 7 (V45 and Vy5).
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Figure 4 : Simulink simulation of the proposed “I-V curve method”
applied in the case of a SEH technique (Io = 500uA, fmee = 30Hz, Cp
=90 nF, Creet= 6 uF)

One should notice that the choice of the capacitor C,,.¢, its
tolerance, the amplitude I, and the voltage jump AVp._pc
will have an impact on the accuracy of the measurement.
Indeed, for a fixed amplitude I, and frequency f,,;.c, a small
capacitor value will allow a fast rise of V... which increases
the voltage difference before and after the conduction
(between V4, and V,, for example). For a practical and low
power analog to digital conversion (e.g 12 bit ADC
resolution), a high difference between V,; and V5 allows to
precisely measure the resulting AV,.,.; and in fine obtain a
precise average current evaluation.

A large voltage drop AV _p allows a reasonable spacing
between points A and B (Fig. 3), which can compensate for
the possible inaccuracy of the average current evaluation.
Moreover, the resolution of the ADC will also have an impact
on the estimated load as the resolution is finite. A possible way
of overcoming the inaccuracy of the average current
measurement would be to measure the current on several
mechanical periods but we will not address it in this paper.

III. SIMULATIONS

The proposed algorithm and architecture has been
simulated temporally in order to verify its functionality in
operation. The voltage and conduction time measurements
functions implemented on these simulations are depicted in
Fig. 5 and detailed in the following sections.

A. Voltage measurements

For those simulations, a 12 bit analog to digital converter
has been chosen to perform the voltage measurements. This
type of ADC is currently used in practical low power
applications such in as microcontroller based architecture [8].
Moreover, an 11-bit effective resolution ADC has been

chosen to take the possible noise into account. A voltage
divider ratio of 1/50 is used to measure V., leading to a
maximum measurable voltage of 61.2V (the internal voltage
reference microcontroller‘s ADC is 1.224V in our case).
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Figure 5 : Hardware associated with the proposed “I-V curve
method”

B. Conduction time

The conduction time is performed by comparing the
voltage difference between the two ports of the diode
connected between capacitor C,...; and the output of the NVC,
in a similar way as [12]. We use here a very low-power
comparator MAX9119. With COTs component, this diode is
often mandatory with an NVC in order to block reverse
current. The conduction signal goes high when the rectifier
conducts (Vyye > Vyeer) and it goes low when the rectifier
stops conducting (Vyyc < Vieer)- Fig. 6 shows the simulation
(LTSpice) of the conduction time measurement with the
MAX9119 comparator and its surrounding components.

30E T T T T T =t
N
=)
£
o 10F i
g
0 . L L . I I I
0.817 0.825 0.833 0.842 0.850 0.858 0.867
g 29.5
& 29
S
2 25 [—Vua ]
L h 1
0.817 0.825 0.833 0.842 0.850 0.858 0.867
~3r
2
g 2f Conduction |
S angle
ST
0

0817 0825 0833 0842 0850 0858 0867
Time (s)

Figure 6 : Waveforms of conduction time measurement (LTSpice

Simulation)

The use of this type of comparator for very low power,
autonomous and cold-start compliant power management
circuits has been demonstrated in many previous works [2].

C. Temporal simulation

In this section, a more complete temporal simulation of the
proposed system is performed by varying three types of
parameter successively: three amplitude variations (from Iy
=500pA to 700pnA and 300pA), one mechanical frequency
variation (f..c = 30Hz to 60Hz) and a change of extraction
technique during the simulation (from SEH to sSSHI) as it can
be seen on Fig. 7 d). The MPPT algorithm is launched five
times, at t=1s, 3s, 5s, 7s and 9s (x-axis ticks of the plots)



meaning that the two measurement phases (2x2 voltage
measurements) are performed, followed by an update of the
optimal load. Fig. 7 shows the voltages, loads and powers
versus time. The blue curves corresponds to the theoretical
optimal values and the black curves are the effective values
reached by our system. Fig. 7 c) is the harvestable electrical
power, i.e. the electrical power harvested in C,,.. It means
that an additional conversion efficiency of the DC-DC must
therefore be taken into account.

One can note that at the simulation startup, the effective
input load of the DC-DC converter has been intentionally set
to a non-optimal value with respect to the input parameters.
Nevertheless, the optimal load is obtained a few mechanical
cycles after the MPPT algorithm is launched. This simulation
shows that, every time the algorithm is launched, a load close
to the optimal one is found and the power obtained is greater
than 90% of the maximum harvestable electrical power. We
clearly see the interest of evaluating the optimal load instead
of an optimal voltage since the obtained load only depends on
the mechanical frequency or the extraction technique and does
not depend on the vibration amplitude.
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Figure 7 : Simulink Simulation showing the temporal evolution of
waveforms of the proposed algorithm (Cp = 90 nF, Crecr= 6 uF)

IV. CONCLUSION

This work shows a new MPPT algorithm that helps
tracking the maximum power point of weakly coupled PEH.
This method is rather simple and relies on four voltage
measurements on a smoothing capacitor. This method permits
fast MPPT tracking (1.5 mechanical period) compared to
P&O algorithm. Energy is still harvested while the tracking is
performed. Obtaining an optimal load is also preferable to an
optimal voltage so that the regulation of the MPP is vibration
amplitude independent. Hence, this algorithm performance is
a tradeoff between P&O and FOCV algorithms. Moreover,
this algorithm works seamlessly for different harvesting
techniques like SEH or pSSHI.

Perspectives of this algorithm are first its implementation
on a real hardware as all the work in this paper is based on
simulations. The compatibility with the mechanical model of
a PEH will also need to be addressed as mechanical transients
are not taken into account in this paper. Methods that enhance
the accuracy of the average current calculation should also be
addressed in the future.
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