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ABSTRACT

This paper proposes a novel Maximum Power Point
Tracking (MPPT) architecture for weakly and highly
coupled vibration piezoelectric harvesters. At a given input
frequency, the microcontroller-based architecture allows to
calculate the optimal impedance by means of voltage and
phase measurements. It implements the full-bridge load
adaptation technique with a flyback converter, which
generates the appropriate optimal resistive load right after
the impedance calculation. We proposed a dedicated test-
bench with a highly coupled piezoelectric harvester (kZ, =
4.7%) to prove and validate the operation of the system.
The optimal load was found on the useful frequency range
(23.7 Hz - 26 Hz) around the harvester’s resonant
frequency (f;. = 24.6 Hz). The system reached more than
90% of the maximum harvestable power (P,,q = 193 pW
@ 0.2 m/s?2). We also proved that the proposed architecture
is low power thanks to a low-level programming of the
microcontroller: the STM32L4 consumes around 22 pW
@1.8 V during the emulation of the optimal resistive load.
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INTRODUCTION

Vibration energy harvesting is a promising candidate
for powering wireless sensor nodes for 10T. However, the
power output of these harvesters heavily depends on the
input mechanical conditions (vibration amplitude and
frequency) as well as the harvester’s unavoidable
variations due to its aging or temperature. Piezoelectric
Energy Harvesters (PEH) can be classified as strongly or
weakly coupled depending on their ability to improve the
power extraction bandwidth. In order to harvest power for
multiple input conditions, efficient and adaptive Maximum
Power Point Tracking (MPPT) algorithms and extraction
techniques still need to be implemented.

Recent work have shown that non-linear extraction
techniques like SCSECE [1,2] or FTSECE [1,3] greatly
improve the harvestable power bandwidth of the PEH.
Nevertheless, those techniques have the disadvantage of
exciting the higher bending modes of the piezoelectric
cantilever, leading to several power drops in the harvesting
bandwidth [4]. In this work, the full-bridge two-stage load
adaptation technique [1,5], denoted “resistive technique” in
this work for compactness, is used. Indeed, this technique
is easy to implement and strongly reduces the excitation of
the upper modes since the load seen by the PEH during the
extraction phases is mostly linear.

There exists several MPPT algorithms regarding
piezoelectric energy harvesting. Lookup tables (LUT) for

example uses pre-stored parameters depending on input
conditions [6]. This algorithm is not robust to the PEH
parameters variations. Perturb & Observe (P&O) algorithm
tend to take time to converge to the MPP [7,8]. Half-open
circuit voltage (HOCV) algorithms find only an optimal
voltage and it is thus not robust to vibration amplitude
variation [9]. We propose here an algorithm that is robust
to vibration amplitude, frequency and to PEH parameters
variation. It calculates the optimal impedance after two
successive measurement during a few mechanical periods.
Once the optimal impedance is found. It is emulated for a
fixed duration until a new measurement is performed. This
algorithm is based on [10] and is similar to the one in [11]
but the latter only finds the optimal resistive load and not
the optimal impedance.

In this paper, we propose and experimentally validate
the operation of a novel MCU-based MPPT architecture
implementing the resistive extraction technique to perform
an optimal resistive matching for piezoelectric vibration
harvesters.

EXTRACTION CIRCUIT AND MPPT

METHOD

The proposed architecture and its associated test-
bench are depicted in Fig. 1. The resistive technique, rarely
used in the context of strongly coupled PEH, is similar to
the SEH technique but without filter capacitor. Similarly to
[5], we use a flyback converter in Discontinuous Current
Mode (DCM) downstream of the full-bridge rectifier to
emulate the desired resistive load. In this work, the
algorithm that we use relies on the fact that the applied load
is linear so the resistive technique is well suited for this
algorithm.
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Figure 1 : Architecture of the MPPT method

Our algorithm searches for the optimal impedance by
emulating two different resistive loads (two operating
points) with the flyback while measuring the phase shift
between the ambient acceleration A;,, and the piezoelectric



voltage V,,. The different steps required to calculate the
optimal resistive load R,,; are depicted in Fig. 2. In this

graph, R, and R, are the two successive loads emulated by
the flyback.
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Figure 2 : Temporal description of the MPPT (not scaled)

As described in [10], the two-operating points
measurement method allows to obtain the optimal complex
impedance of the generator Zpg;, (see Fig. 1). In this paper,
the system only emulates the optimal resistive load R,
with the DC/DC converter, complex impedance matching
being out of the scope of this paper and will be studied in
future work. The magnitude of the complex optimal
impedance R,,., is then given by Eq. (1) and (2)
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In practice, the system will keep on emulating the
previous emulated optimal resistive load R,,, to perform
the first voltage/phase measurement R, (see Fig. 2). Once
the system has found the optimal resistive load, the new
optimal resistive load one is emulated for a fixed duration
until a new measurement cycle is performed.

Thanks to this proposition, only voltage and phase
measurements are necessary to perform the optimal load
measurement. Measuring voltages and phases is an
interesting way of obtaining the generator’s impedance as
compared with current measurements which often lead to a
more complex implementation and a higher power
consumption of the electronics. Furthermore, this MPPT
architecture, associated with its extraction circuit allows to
measure the optimal impedance while extracting the
electrical power from the PEH in an efficient and low
power way.

Because the accelerometer has to be activated, one can
mention that the system consumption will be higher during
the measurement steps compared to the load emulation
steps. This can be limited by bounding the measurement
steps to a few mechanical periods.

IMPLEMENTATION

Our system is based on a microcontroller or MCU
(STM321412) surrounded by discrete electronics and an
accelerometer. The resistive loads R, and R, are emulated
thanks to the flyback converter (with coupled inductance

RN216-1-01-10M) in DCM. The emulated resistance
Rpc/pc is given by Eq. (3) :
2L

foeype tan

Rpc/pe = (3)

With L the inductance value, fpc/pc the frequency of
the PWM, and t,,, the duration of the PWM pulse.

The MCU emulates the loads thanks to a fixed t,,
pulse signal created with its internal low-power timers
feeded by a low-power 100 kHz external clock (ref. OM-
0100-C8, ~ 2 pA). Load emulation is active when the
MCU is in “Stop 2 mode”, which is the lowest power mode
of the STM3214 with active low-power timers.

Phase measurement

The phase information is obtained with two zero-
crossing detectors based on ultra-low-power comparators
(ref. TS881, ~ 300 nA). One is used to sense the
piezoelectric voltage V,, and the other senses the output of
a low-power analog accelerometer (ref. ADXL354, 150
MA) with a high pass filter to remove its offset voltage, as

shown in Fig. 3 :
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Figure 3 : Phase shift measurement between V, and V..

The phase difference between V, and V.. is calculated
with a single timer : it measures the frequency and the time
difference between the outputs of the two comparators
ZCpiezo and ZC,.. The piezoelectric voltage is reduced
thanks to 4 resistors, to be compatible with the voltage
supply of the comparators (1.8V to 3.3V).

Voltage measurement

We need here to measure the voltage output of the
PEH before the flyback converter at V,..... As there is no
low impedance path between the diode bridge and the
flyback converter, a part of the non-transferred energy
(leakage inductance of the flyback) is locked up in parasitic
capacitors (Diodes, MOSFET, ..). Therefore, a periodic
measurement of the voltage V,.. could lead to false
voltage measurements and a wrong estimation of the
optimal impedance (see Fig 4 and 5). We propose here to
measure V..., only during the first conduction stage of the
flyback converter, i.e when K, is turned-on. This way, the
measured voltage V,...; is equal to the piezoelectric voltage
V, minus two times the diode threshold voltage. One can
note that, the sampling frequency now depends on the
operating frequency of the flyback converter f,c/pc-
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Figure 4 : Voltage and current measurements during half
amechanical period when the DC/DC converter is operating
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Figure 5 : Voltage and current measurements during the
conduction of the flyback converter (zoom)

The MCU performs the voltage measurements thanks
to its internal 12-bits ADC. The measured voltage is
reduced to stay below the reference voltage of the ADC
with a controlled voltage divider composed of 2 resistors
and a NMOS (PMV88ENEA) to reduce power
consumption (see Fig. 1 and 5). We see that the voltage
divider is enabled during the first conduction stage and that
the voltage is proportional to V,..;.

EXPERIMENTAL TEST BENCH

The operation and performances of our algorithm was
validated by means of a DS1103 measurement system
(dSPACE) coupled with Matlab (see Fig. 1). This
acquisition system was used to measure different signals or
receive them via an UART bus : V,, Viece, Ay (through
Vace) Vaiv, @, ... The current on V... is measured with a
N6705B DC Power Analyzer. This way we can measure
the power P..,.. and thus the efficiency of the flyback
converter. The experimental setup consists of an
electromagnetic shaker controlled by an amplified
dSPACE output into an acceleration. The output
acceleration (fixed) is controlled with an internal regulation
loop with an ICP accelerometer (352C68) as input. The
PEH used in this paper is similar to the ones used in [12],
its characteristics are given in Table 1. These
characteristics are obtained when we fit a linear model to
the results of the PEH with resistive loads.

Piezoelectric capacitance (Cy) 25 nF
Effective mass (M) 99¢g
Short-circuit resonant frequency (f;.) 24.55 Hz
Spring constant (K) 2357 N/m
Damping coefficient (D) 254 mN/m/s
Electromechanical coupling coeff. (k%) | 4.7 %
Acceleration amplitude for tests (a) 0.2 m/s?

Table 1 : Characteristics of the used PEH

We performed two different experiments in this paper.
For the first experiment, the dSpace controlled a discrete
programmable resistive load connected to the output of the
rectifier. The voltage/phase measurements were performed
by the dSpace system for different loads and input
frequencies. The second experiment is identical except that
the load was emulated with the DC/DC converter.

For both experiments, we first calculate the power

V(F,R)?> . . .
P(F,R) = — with V(F, R) being the different 3d maps

of measured voltages (Vyect» Vaiv, --.)- ONce the powers are
calculated, we can extract the optimal powers and load for
each frequency. Then, the optimal resistive load is
calculated (what the MPPT would have found) according
to Eqg. (1). As a first approach, the two emulated loads R;
and R, were fixed to 100 kQ and 1 MQ.

RESULTS
Fig. 6 and Fig. 7 show the voltage and phase
measurement respectively, received from the MCU.
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Figure 6 : RMS voltage measurements with the MCU of the
signal V;,,, sent to dSPACE/Matlab
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Figure 7 : Phase @ between V;, and V..., measure with
dSpace at the output of the comparators



Fig. 8 and 9 show the results of the method in terms of
harvestable power (P,..:) and resistive load. On both
figures, the line B, in black corresponds to the theoretical
maximum powers or optimal load.
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(1.8V) when the emulated load is 200 kQ. It corresponds to
22.1 pyW and 14.2 pW respectively. The obtained electrical
efficiency of the flyback converter is estimated to
approximately 90%.

CONCLUSION

We have seen in this paper the implementation of a
MPPT algorithm that calculates the optimal load with a
low-power implementation and that finds the optimal
impedance after a few mechanical cycles. The algorithm
and load emulation consumes a maximum of 22uW when
the optimal resistive load is emulated.

In this work, only the optimal resistive load is
emulated to the PEH. Emulation of resistive and capacitive
loads is planned for the following of this work with a higher
coupling coefficient PEH. A low-power implementation of
the measurement part of the algorithm is also planned for
future work.
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