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Abstract

This work presents an integrated maximum-power-point
tracking (MPPT) algorithm and its implementation for the
high-performance parallel-synchronized-switch harvesting-
on-inductor (SSHI) rectifier, which uses the Perturb and
Observe (P&O) method and a proposed power monitor for
output power evaluation. Fabricated in 130nm, this
piezoelectric energy-harvesting system implements a 417%
FOM rectifier with 97% tracking efficiency MPPT, which
makes it the first work demonstrating a parallel-SSHI rectifier
and high tracking-efficiency MPPT simultaneously.

Introduction

A piezoelectric energy harvester (PEH) extracts the AC
energy from mechanical vibrations using different types of
rectifiers, like the full-bridge rectifier (FBR) and parallel-SSHI,
among which the parallel-SSHI has one of the highest energy-
extraction capabilities. Unlike the FBR, whose maximum
power-point (MPP) is half of the open-circuit voltage (Voc),
the MPP of the parallel-SSHI is related to the PEH
characteristics, excitation source, and the flipping efficiency,
which makes the fractional-Voc MPPT infeasible. Other
MPPT algorithms have also been developed, like P&O [2]. The
advantage of P&O is its independence from the harvester
characteristics, which makes it very suitable for the parallel-
SSHI. The P&O requires output power (Pour) evaluation,
which has been implemented for electrostatic energy
harvesters [2] that assume a much higher input voltage than the
output. PEHs needs a Pour evaluation that matches the input
voltage level and considers the excitation frequency. This work
includes a parallel-SSHI rectifier [3] and proposes a power
evaluation method to calculate the Pour of the piezoelectric
harvesting interface, which enables P&O operation and
achieves the first effective MPPT for the parallel-SSHI.

MPPT Algorithm

Fig. 2 shows the flow chart of the P&O method used in the
MPPT algorithm. First, it compares the current Pour with the
previous Pour using the proposed power evaluation method. If
the current Poyr is larger, Vrec will keep the same transition
direction as previous, otherwise it will reverse the transition
direction. After Vrgc atrives to a new voltage level, it will wait
N-1 switching-cycles of the buck-boost converter (N is
programmable from 3 to 6) to become steady state, and then
evaluate the next Pour at the N-th switching pulse. After each
power evaluation and comparison, Vrec will change to a new
voltage level at the next half-vibration-cycle. During the whole
MPPT, the Pour evaluation process affects the tracking
efficiency of the MPPT and power consumption of the system.
The proposed power evaluation method is based on the
switching time of the buck-boost converter. It assumes Vsrore
keeps constant during the comparison cycle because of the
large storage capacitor (4.7mF in this work) and calculates
Pour by dividing the energy during one switching pulse, Tswr,
by its corresponding switching cycle, Tcyc. A timing diagram
in Fig. 2 shows how the P&O method and the proposed Pour
evaluation work to find the MPP of the rectifier.
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Implementation

The block diagram of the piezoelectric energy-harvesting
system is shown in Fig. 3. The parallel-SSHI adopts the active
rectifier (AR) and active diode structure. Transistor Ms is used
for the cold start-up of the system. To minimize the off-chip
components and system volume, the inductor, Lr-m, is shared
by the rectifier and the converter through an inductor sharing
block. The SWy control synchronizes the switching of the
converter at the falling edge of SWg, which eliminates the
confliction of the inductor sharing and facilitate the design, as
shown in Fig. 4. The detailed implementation of each block in
the proposed power monitor is shown in Fig. 5. The time-to-
voltage converter (TVC) uses a bias current to charge a
capacitor, which generates a time-proportional voltage for
Tswr and Tcyc. Then, the voltage is converted to a nA-current,
which flows to two MOSFETSs operating in the subthreshold
(sub-Vr) region. Due to the exponential relationship of Vgs and
Ip of the transistor, Vgs represents the log value of Pour.
Finally, the calculated Pour is stored on the capacitor in the S/H
block. To minimize the leakage of the capacitor and reduce the
power evaluation error, an ultra-low-leakage switch is adopted.
The whole MPPT algorithm is implemented in the analog
domain eliminating the need of AD/DA and DSP for the digital
algorithm, which keeps the power consumption very low. To
drive the large capacitor in S/H block while keeping low power,
a duty-cycled buffer is adopted. With all these power-reduction
techniques, the measured quiescent current of the MPPT is
only 0.9uA, which is very power efficient.

Measurement Results

The piezoelectric harvesting system is fabricated in 130nm
CMOS. Fig. 6 shows the start-up transient waveform of the
whole system. After Vsrore is charged up to 3.3V, it is
regulated by the on-chip power clamp. The measured rectifier
output power shows that the parallel-SSHI can extract a
maximum 30.53uW while the on-chip AR can only extract a
maximum 6.9uW. The measured maximum power efficiency
of the buck-boost converter is 78%. Fig. 7 shows the steady-
state transient waveform of the MPPT algorithm, which
exactly shows the expected P&O waveform and the evaluated
Pour stored in the S/H block. The measured manually-tuned
maximum Pour and the Pour with automatic MPPT over Voc
and excitation frequency show a tracking efficiency up to 97%.
The performance comparison in Fig. 8 shows the parallel-SSHI
in this work achieves a 417% FOM, which is 4% higher than
the FBRs used with other MPPT algorithms and previous
parallel-SSHI rectifiers do not have any MPPTs. Our design
implements the first parallel-SSHI rectifier with > 400% FOM
and > 90% tracking efficiency MPPT simultaneously.
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Fig. 1. Characteristics of the FBR and parallel-SSHI and Fig. 2. Flow chart of the MPPT algorithm and its block diagram; the proposed
measured MPP of the parallel-SSHI in this work. Pour evaluation method and the MPPT operation timing diagram.
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Fig. 3. Block diagram of the piezoelectric energy-harvesting system. Fig. 4. Measured Vp transient waveform and
the proposed power monitor block diagram.
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Fig. 5. Implementation of each block in the proposed power monitor, Fig. 6. Measured transient start-up waveform, measured Prec vs. VRrEc,

including TVC, subthreshold power calculation and S/H block. measured buck-boost converter efficiency, and chip micrograph.
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Fig. 7. Measured MPPT steady-state waveform and measured Fig. 8. Comparison with state-of-the-art piezoelectric harvesting
tracking efficiency vs. Voc and excitation frequency. interfaces and MPPT algorithms.

2019 Symposium on VLSI Circuits Digest of Technical Papers (C325



