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ABSTRACT

The piezoelectric footstep energy harvester does not always work at its maximum power point when the external load is fixed, as the optimal
load changes when the walking excitation alters. Thus, the harvesting efficiency is downgraded largely in real-life scenarios compared to in-
lab experiments and theoretical or numerical predictions due to the mismatch between the actual load and the optimal load. To address this
issue, the concept of Maximum Power Point Tracking (MPPT) is investigated in this paper and the circuit design is implemented for a multi-
layered levered piezoelectric footstep energy harvester (heel charger). The proposed event-driven MPPT circuit interface with a customized
buck converter aims to maximize the power gained from daily walking using the heel charger to power a fixed load, such as smart insole or
shoes. The MPPT circuit design is conceptually simulated and then tested with the heel charger to further validate if it works at its maximum
power point when the frequency of the input excitation alters. Results show that the extracted power from the heel charger connected to a
fixed resistance load with MPPT implementation is improved up to 300% compared to the one without MPPT implementation in simulation
and up to 180% in the experiment when connected to a fixed load. The difference between simulation and experimental results is due to the
optimization of using voltage sources as the heel charger and the control signals (pulse width modulation) from the microcontroller in the
simulation.
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I. INTRODUCTION

Over the past decade, smart shoe devices'’ have gained
ever-increasing attention from multi-disciplinary communities
and have been utilized in applications, such as activity tracking,”
gait monitoring,” "> fitness evaluation, and human-machine
interactions.”” "> One of the key restrictions of employing smart
insole or shoe devices in daily life is the significant energy limi-
tation'® as the frequent replacements and charging of batteries is
inconvenient. To self-power smart insole or shoe devices, footstep
energy is a promising, accessible, and renewable energy source.

Footsteps are a low frequency energy source with a relatively
low power conversion efficiency.” Up to date, various designs of

footstep energy harvesters'® have been proposed, generally with
one or a combination of typical transducing mechanisms, includ-
ing the electromagnetic, electrostatic, triboelectric, and piezoelectric
mechanisms. For instance, an electromagnetic energy harvester'’ is
designed for low-frequency and irregular motions. Although this
device can be excited in any direction and generate 10.4 mW at
8 Hz frequency excitation with a volume of 33.1 cm’ from exper-
iments, the physical volume of the device required to produce a
substantial power output is too large to be reasonably equipped into
a shoe. Another energy harvesting strategy’’ uses a smaller-volume
electrostatic vibration energy harvesting system with a frequency up-
conversion system, but the reported efficiency is between 4% and
8%, requiring over 4 min to charge a 47 uF capacitor to 3.5 V.
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Because of the excellent flexibility and stretchability, the triboelectric
effect is gaining attention to convert footstep energy to electric-
ity, but the power density is small that the power generated by
most of studies is only hundreds uW.*"** Compared to all of the
above, piezoelectric transducers are more applicable to the in-shoe
integration”’* with the advantages of high power density and dif-
ferent structural designs, which can be mainly classified into three
types:'® flat plate, arch, and cantilever. To name a few, Rocha et al.”*
have designed an energy harvesting system integrated into the shoe
using parallel polyvinylidene fluoride (PVDF) piezoelectric layers.
Almusallam et al.*® have reported a screen-printed piezoelectric
composite that can be printed on flexible substrates, such as a shoe-
insole. Most of the studies” ”° have reported encouraging results
of the maximum power from their in-lab experiments: under fixed
excitation levels for the purpose of characterizing the optimal load
and periodical excitations.

However, in real-life scenarios, walking is not consistently peri-
odical as we may stop, speed up, and slow down during a period.
There is a mismatch between the optimal load and the actual load
on the system when the walking excitation frequency alters. Because
of this, the harvester does not always work at its maximum power
point when the external load is fixed. Thus, the extracted energy with
the optimal load reported in many in-lab experimental studies” *°
does not always represent its real harvesting performance in real-
life scenarios, where the excitation alters but the load is often
fixed.

To extract more energy from piezoelectric energy harvesters
and to improve the conversion efficiency, various circuit inter-
faces,” such as Synchronized Switch Harvesting on Inductor
(SSHI)*** and Synchronized Electric Charge Extraction (SECE),”
are developed’”” and well summarized in an excellent review.”
Even though these circuit interfaces are proven to be effective,
none of them are designed for tracking the maximum power point
when the excitation alters. Note that, SECE solution provides con-
sistent power output because of its feature of load independence,
but the actual power output is usually lower than the maximum
power predicted by theoretical modeling or numerical simulation.
To this matter, Maximum Power Point Tracking (MPPT), which has
gained great successes in solar energy harvesting,‘”'33 is a promis-
ing solution to be integrated with the SSHI circuit interfaces to
maintain the maximum power output for the load dependent SSHI.
However, up to date, there are only a few studies™® ™’ working on
integrating MPPT with piezoelectric energy harvesters. For instance,
Kawai et al.’® have designed an open-circuit MPPT controlled piezo-
electric energy harvesting circuit based on SSHI to dynamically
track the maximum power points when excitation alters, which
used 200 Hz vibration-based excitations. To our best knowledge,
low-frequency footstep energy harvesting with MPPT implemen-
tation is not well explored. Besides MPPT, a most recent study*’
uses long short-term memory (LSTM) network-based classifiers to
accurately detect walking and then collect footstep energy through
piezoelectronics-based device. Such a gait-driven method shows up
to 127% more energy collected through recognizing gait. However,
LSTM learning model needs to be trained with quite an amount of
data and is not robust when applied to different users, and thus the
improvement will be user dependent. Moreover, it is very power
consuming to be implemented in a wearable device with energy
limitations.
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Thus, this paper aims to prove the circuit implementation of
MPPT as the interface to a footstep energy harvester can improve
the harvesting efficiency under real-life scenarios. A threshold-based
event-driven MPPT circuit interface is proposed for a customized
multi-layer levered piezoelectric footstep energy harvester (heel
charger with SSHI circuit interface),” positioned at the heel area.
The simple MPPT circuit interface, including a buck converter
design with the open-circuit MPPT method, is designed and imple-
mented to gain the maximum energy from the heel charger to power
a fixed load: smart insole (MONI),"" which is designed for gait
monitoring and activity recognition. The proposed method pro-
vides a solution to decreasing the mismatch between the optimal
load in lab tests and the actual load in real-life scenarios and bridge
the gap of applying MPPT to footstep energy harvesting. We hope
our proposed method will further promote the lab-tested footstep
energy harvesters from vibration-based to real-life applications of
the impact-based energy harvesting.

Il. DESIGN OVERVIEW
A. Case study and logic of event-driven MPPT

Figure 1 shows the DC voltage output from the heel charger
with a full-bridge AC-DC rectifier in a real walking case cov-
ering most of the daily walking conditions. It shows phases of
starting from standby, slow walking, speeding up, stopping for
seconds, speeding up again, stopping for a few seconds and speed-
ing up and slowing down. Clearly, the maximum power point of
the heel charger changes every time when the walking excitation
changes. After MPPT applied, the heel charger is ensured to work
around its maximum power point and the harvesting efficiency
is largely increased compared to the heal charger without MPPT
implementation.

However, a periodical MPPT implementation may waste power
as MPPT operates even when it is not necessary. Thus, an event-
driven MPPT is proposed to make sure most of the MPPT opera-
tions are triggered only when needed. It is triggered by events: (1)
a pre-defined voltage threshold Th and (2) an increasing gap AV
and an increasing gap threshold ATh. The logic of the event-driven
MPPT is detailed in Fig. 2.
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FIG. 1. Proposed event-driven MPPT applied to heel charger voltage output from
real-case walking.
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Algorithm: Event-driven MPPT

1. | V « Voltage from heel charger

2. | Th « Voltage threshold to trigger MPPT
3. | AV « Voltage change to trigger MPPT
4. | ATh « Voltage change threshold

5. | while True:

6. if V. = Th then

7. AV =V — Vtemp

8. if AV = ATh > 0 then

9. Vtemp =V

10. MPPT triggered

11. if AV < —ATh < 0 then
12. Viemp =V

FIG. 2. Logic of event-driven MPPT.

When the output voltage of the heel charger reaches the pre-
defined voltage threshold, the increasing gap is calculated; when the
increasing gap is larger than the increasing gap threshold, the MPPT
is triggered. Viemp is an internal variable to keep the voltage of the
previous point of MPPT implementation or the output voltage of the
heel charger when it drops more significantly than the increasing gap
threshold. The MPPT is only triggered when the user keeps speeding
up, speeds up after stopping or slowing down. Compared to peri-
odical MPPT, the event-driven MPPT gains the maximum energy
harvesting efficiency by not being triggered in the unnecessary con-
ditions of the user stopping or slowing down when the heel charger
tends to stop harvesting energy. When MPPT is not triggered, the
harvesting energy keeps flowing to the buck converter and the load
under the last time MPPT adjustment. The system works close to the
maximum power point.
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B. Hardware design

Figure 3 shows the block view of the proposed hardware design,
including the heel charger, the AC-DC circuit interface (convert-
ing AC to DC voltage), the MPPT blocks, a super capacitor to store
energy, and a voltage regulator to continuously power MPPT imple-
mentation and the fixed load including accelerometers in the smart
insole. The AC-DC circuit interface is an SSHI circuit followed by
a full bridge rectifier. The MPPT blocks include a switch, a cus-
tomized buck converter and a microcontroller (MCU) to run the
MPPT algorithm, which is an open-circuit MPPT method to be
detailed in Sec. IV A. The switch keeps switching on and off for the
implementation of the open-circuit MPPT. The buck converter is
customized with only a few electric components to step down the
voltage, increase the output current, and optimize the load resistance
to the optimal load. The MCU provides control signals to the switch
to sample open-circuit voltage and close-circuit voltage, and control
signals to the buck converter to adjust the actual load close to the
optimal load of the heel charger.

lll. PIEZOELECTRIC FOOTSTEP ENERGY HARVESTER
A. Heel charger design

Here, we use a two-layer piezoelectric heel charger’ devel-
oped by our group. The prototype in the top view is as shown in
Fig. 4(a). Figure 4(b) is the view of rotating Fig. 4(a) at the lateral axis.
From experiments, we record the DC voltage at the maximum power
points for various excitations (frequency between 1 and 2.3 Hz, force
from ~100 to ~200 N) and the open-circuit voltage Voc, which is
the voltage output of the heel charger when no load is connected.
Figure 4(c) shows a linear fitting curve between Voc and the close-
circuit voltage at the maximum power point Vipp. The slope of the
curve is the experimental K value for the heel charger: K = 0.4861,
which is one of the essentials in the open-circuit MPPT method.
Our experimental results are consistent to the existing studies,”*
where the K value of the piezoelectric energy harvester is
around 0.5.
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FIG. 3. System design in block view.
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FIG. 4. (a) Top view of the heel charger; (b) side vies; and (c) linear fitting
coefficient: K value of heel charger from experimental results.

B. Performance discussion

As the human normal walking frequency is between 1.5 and
2.3 Hz,"” the heel charger with the AC-DC circuit interface has
been tested with the shaker in various frequencies from 1.5, 2, 2.3,
and 3 Hz with forces of 220 N in sine-wave excitations from our
previous experiments of characterization.”® Figures 5(a)-5(c) show
the test results of power, output DC voltage, and current when
sweeping load resistances from several ohm to 1M ohm. The DC
power output of the heel charger varies from less than 1 mW to
up to 7 mW when connecting to different load resistances. Thus,
the mismatch of load resistance to the source internal resistance
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TABLE I. Key parameters of heel charger.

Heel charger
Input voltage range [0, 50 V]
Input current range [0,300 uA]
Internal resistance Ryr [0, 1IM] ohm

Optimal load resistance Rop: [180k, 250k] ohm

degrades the harvesting energy several to hundreds of times. Table I
summarizes the key property parameters of the heel charger with
the circuit interface, which are the referenced design parameters
for the buck converter design in Sec. IV B. If smaller force is
applied, the ranges of these parameters are within the ranges listed
in Table I.

IV. OPEN-CIRCUIT MPPT IMPLEMENTATION
A. Open-circuit MPPT method

There are a lot of MPPT methods’**”** developed and proven
to be useful in solar energy harvesting. Here, we have chosen the
open-circuit MPPT method** as it is fast and easily implemented
with low power consumption in comparison with other MPPT
methods, such as hill climbing,* perturb and observe,*® or machine
learning with high computational complexity.”” The open-circuit
MPPT method is based on the relation between the open-circuit
voltage Voc and the close-circuit voltage at the maximum power
point Vypp when the heel charger is connected to its optimal load

Vumrep = K - Voc, (1)

where K is a constant. By sampling the Voc in real time, Vypp
can be calculated as our target of the closed-circuit voltage. Fur-
ther sampling the closed-circuit voltage and adjusting the load
value, it matches the closed-circuit voltage to the Vypp when the
load matches to the optimal load to the heel charger. The work-
ing principle of adjusting the load value is stated in the next
sub-session of 4.2.
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FIG. 5. Test results of heel charger properties: (a) RMS power, (b) output DC voltage, and (c) current when sweeping load resistances from several ohm to 1M ohm.
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FIG. 6. Open-circuit MPPT with buck converter implementation.

TABLE II. Key design parameters of the buck converter.

Parameters Values
Output voltage range [0, 15 V]
Output current range [0, 700 puA]
Equivalent load resistance Req [200k, 250k] ohm
Control signal duty cycle D [0,1]
Control signal frequency f ~Hundred kHz
L max voltage 50V

C max voltage 45V

S max voltage 100 V

Q max voltage 100V

D; max voltage 50V

B. Buck converter design

The buck converter is customized for the heel charger to step
the output voltage down, increase the output current, and match the
optimal load for maximum energy harvesting. Figure 6 is a circuit-
level view of the buck converter. The buck converter includes a
transistor Q, a diode Dj, an inductor L, and an output capacitor C.
Ry is the equivalent resistance of the heel charger and the AC-DC
circuit interface; Ry, is the actual fixed load; and R, is the equivalent
resistance of the yellow shaded area, including the buck converter
and R;. When the switch S is on, the resistance of S can be ignored.

The principle of the buck converter is that Q and D; keep
switching on and off alternatively at a high frequency with a Pulse
Width Modulation (PWM) control signal of a duty cycle D to Q. For
the buck converter, the input/output voltage and current are defined
in Fig. 6 as Vi, Iin, Vour, and Iou. We have

ARTICLE scitation.orgljournal/rsi

Vout =D- Vin and Iin =D- Iaut- (2)

Assuming that the buck converter is energy lossless, the input
power to the buck converter is equal to the output power: Viulin
= Voutlour. We have

R

l(eq = iSE.

©)

Thus, the buck converter up-converts the load resistance Ry to
match the optimal load to the source, depending on the duty cycle of
the control signal to Q. Table II lists the key design parameters of the
buck converter when choosing the components with considerations
of the properties of the heel charger.

C. Working principles—Circuit-level

To detailed explain the system design block view in Fig. 3,
Fig. 7 is a circuit-level implementation of the hardware design. Three
blocks are defined: energy source block, including the heel charger
with SSHI and a full-bridge rectifier; MPPT block, including the
buck converter and other components of implementing open-circuit
MPPT; and load block, including a block-diode, a super capacitor Cs,
and a voltage regulator to ensure the energy will not flow back and
the final output voltage is stabilized at 3.3 V.

Figure 8 shows the working principles of the proposed MPPT
method in the circuit-level of the MPPT block. The conductive parts
are in red, while the non-functional parts are in black. There are two
phases when implementing MPPT:

e Figure 8(a) Phase 1: Sampling open-circuit voltage by turn-
ing off switch S. This is the start of event-driven MPPT
implementation, triggered by the events defined in Sec. IT A.
Phase 1 only lasts for a few milliseconds as there is no energy
in Phase 1.

e Figure 8(b) Phase 2: Sampling close-circuit voltage by turn-
ing on switch S. Once the open-circuit voltage is sampled,
the target voltage at the maximum power point can be
calculated with Eq. (1). By sampling close-circuit voltage,
the duty cycle of the PWM control signal to Q is being
adjusted to minimize the gap between the target voltage
and the close-circuit voltage. Repeat Phase 2 until the gap is
approaching 0.

e Figures 8(c) and 8(d) Phase 2.1 and Phase 2.2 are the sub-
phases in Phase 2 of how the buck converter works in the
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FIG. 7. The proposed MPPT circuit interface design in circuit-level view.
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circuit-level: Turning on and off switch Q at hundreds kHz. TABLE Ill. Components for the MPPT block in Fig. 7.
Here, R4 is adjusted accordingly as shown in Eq. (3).
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Component Model/Value
Based on the component selection principles in Table 11, we
select the MPPT block components and detailed the models and S, Q Si7113DN
values in Table ITI for simulation and experiments. Dm DAP222M
Lm 0.1H
Cr 0.1 uF
V. SIMULATION RESULTS G 100 uF
Dr 1N4003
To conceptually prove our proposed method in the circuit- R, 20M ohm
level, we build up the circuit-level simulation of the MPPT blocks R, 1.7M ohm
with periodical MPPT implementation in LTspice XVII (developed R; 20M ohm
by Linear Technology and Analog Devices) with the spice models of Ry 1.7M ohm
each component (except the MCU) in Table II1. To simulate the DC MCU MSP430
output of the energy source block, we use a DC voltage source with Full-bridge rectifier 1N4007 % 4
an internal resistance that provides a V,. between 10 and 40 V as Voltage regulator AP7380
the same range as in Fig. 5. To simulate the PWM output from the
Rev. Sci. Instrum. 93, 095001 (2022); doi: 10.1063/5.0091254 93, 095001-6
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TABLE IV. MPPT block simulation results.
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Simulation ~ Open circuit Closed circuit ~ Target close-circuit Output power
case (Hz) voltage Vo (V)  voltage Vi, (V)  voltage Vinpp (V) Error %  improvement %
Case 1: 1 22 11 10.7 2.8 309

Case 2: 1.5 32 16 15.6 2.6 227

Case 3:2 41 20.9 19.9 53 206

MCU, we use pulse wave voltage generators to produce the PWM
control signals. We run the simulation to record the buck converter
output V¢, the buck converter output current Iy, the V,, and the
Vin with and without the implementation of MPPT.

We simulate a few cases, Vo, = 22,32 and 41 V, corresponding
to excitation frequency of around 1, 1.5, and 2 Hz with a large force
applied at about 220 N from our previous experiments in Fig. 5.
The results are shown in Table I'V. The target close-circuit voltage
at the maximum power point V,, is calculated with Eq. (2). The
frequency of the control signal (PWM) to Q is 100 kHz.

Error is calculated as

Vin - Vmpp

Error = x 100%. (4)

mpp

We also run simulations without MPPT implementation as
comparisons. The output power without MPPT is simulated by
changing a load resistance (30k ohm larger as the benchmarks)
without the MPPT implementation, where the MPPT block is func-
tionalized the same as a buck converter without MPPT functionality.
The improvement depends on the resistance load change of how
much the actual load varies from optimal load. The output power
improvements are summarized in the last column in Table IV.

The simulation results of the V., Vis, and buck converter
output voltage V; with the control signals to switch S and Q for sim-
ulation case 3 are shown in Figs. 9(a)-9(e). When the state is steady,
the Vi, is around half of the V. from the relation in Eq. (1), which
indicates the MPPT works.

VI. EXPERIMENT RESULTS AND DISCUSSION
A. Experiment and results

The experiment has been done with the heel charger at different
frequencies from 1 to 2 Hz of a small force excitation (~30 N) with
the shaker to prove the proposed hardware design and MPPT works.
As the experiment has been set up with the shaker for fixed excita-
tion cases, we apply periodical MPPT to each case. Figure 10 shows
the experiment setup. Instead of using the smart insole prototype as
shown in the bottom left of Fig. 10, we use the circuit breakdown
of the smart insole in the experiment for easy operations, but it is
with the same load value as the smart insole. We use the waveform
generation function of the oscilloscope as the sine-wave excitation to
simulate footsteps. A power amplifier is used to amplify the power of
the sine-wave excitation to drive the shaker. The heel charger is fixed
on the metal support shelves attached to the shaker, connected to
the circuit interface of SSHI and full bridge rectifier to produce DC
voltage outputs. The MPPT block (excluding the MCU) is designed
as a piece of the printed circuit board. All the waveform results are

captured by the oscilloscope. Note that, as the instant power gen-
erated by the heel charger is relatively unstable to power the smart
insole electronics, we use a battery to power the smart insole MCU
(also runs the MPPT) in the experiment for easily debugging and
monitoring the MPPT. The feasibility of how to implement the heel
charger with the MPPT in real-life cases is analyzed in the section of
discussion.

Table V summarizes the five cases that we perform in the exper-
iment. The five cases cover excitations of various frequencies at a

30 ; ‘ ‘ ‘ i ‘ ‘ : ‘ ‘ ' ‘
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10 : ; : : ; : : ; : : : ‘

45 ‘
391 (c)
33 ‘
27

S e T
1 B e
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FIG. 9. Waveforms of simulation results of simulation case 3. (a) The waveforms
are control signal to Q, (b) control signal to S, (c) Voc, (d) Vin, and (€) V. As the
control signal to Q is 100 kHz frequency, an enlarged view of the control signal to
Qs added to the top right of (a).
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small force (~30 N). Following the open-circuit method theory and
the K value of the heel charger from Eq. (1), the errors of MPPT are
below 2% for each case by Eq. (4). To show the improvements of
MPPT implementation, we also do experiments without the hard-
ware of the MPPT blocks by directly connecting the load to the DC
output of the circuit interface. The output power (power delivered to
the load) improvement is summarized in the last column of Table V.
Figure 11 details the experimental results in waveforms of case 5 with
the PWM control signal. From the top to the bottom, the waveforms
are control signal to Q, control signal to S, Voc, Vis, and V.

B. Results and discussion

We conceptually prove the MPPT circuit interface design in
simulation based on our results of the heel charger properties from
the previous experiments. The simulation results show improve-
ments from 200% to 300%. In experiments, we test the hardware
with excitations at 30 N and of various frequencies provided by
the shaker. Experimental results show improvements from 150% to
180% for excitations at various frequencies. The difference between
simulation and experimental results is mainly due to two reasons.
First, a DC voltage source is used in simulation to simulate the out-
put from the energy source block, including the heel charger with
SSHI and a full-bridge rectifier, and second, the PWM voltage gen-
erators are used in simulation to represent the PWM outputs as the
control signals that are from the microcontroller in experiments.

TABLE V. MPPT experiment results.

2

FIG. 10. Experiment setup: (a) front view
and (b) side view (showing where the
heel charger is mounted).

Circuit Interface:

SSHI + Bridge
y Rectifier

The following discussion is focused on the feasibility of apply-
ing the proposed method to real-life scenarios based on energy
estimations, aiming to provide an insight into relations between
self-charging and energy consumption of the smart insole as the
assessment of self-powering. To estimate the self-power ability, we
modify and simplify the smart insole design from our previous
work*! by reducing the working modes to sleep mode, active mode,
and MPPT mode and setting up the insole to wake up every 10 s and
acquire acceleration data in 1.61 s as shown in Fig. 12. In the sleep
mode, the MCU is in the sleep mode with the control signal to switch
Q (5.65 yW) on and the accelerometer is also in the sleep mode
(1.8 yW). The energy keeps flowing from the heel charger to the
energy storage, which is a super capacitor, without MPPT adjust-
ment. If the event-driven MPPT is triggered, it enters the MPPT
mode where the proposed open-circuit MPPT runs. Here, the MCU
becomes active where it consumes 4170.7 yW, and the accelerom-
eter remains sleeping. The MPPT mode can be further partitioned
into three sub-modes: sampling Voc, sampling V;, and comparing
to Vimpp, and adjusting the duty cycle of the control signal to Q if
the Vin does not match V. When the insole enters the active
mode, the MCU and the accelerometer becomes active where the
MCU consumes 4170.7 yW and the accelerometer consumes 20 4W.
The power breakdown is shown in Table VI. To estimate the
average power consumption, we assume that the MPPT mode is
implemented periodically every 10 s and lasts 1.5 s (10 duty cycle
adjustments in one MPPT implementation and every adjustment

Experimental Open circuit Closed circuit

Target close-circuit

Output power

cases (Hz) voltage Vo (V)  voltage Vi, (V)  voltage Viupp (V) Error % improvement %
Case 1: 1 4.37 2.26 2.12 1.51 174
Case 2: 1.3 4.70 2.35 2.28 0.68 165
Case 3: 1.5 5.00 2.44 2.43 0.09 170
Case 4: 1.7 5.10 2.56 2.48 0.77 169
Case 5:2 5.18 2.62 2.52 0.96 156
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FIG. 11. Waveforms of experiment results of case 5. (a) The waveforms are control
signal to Q, (b) control signal to S, () Vog, (d) Vin, and () Vsq. As the control
signal to Q is 100 kHz frequency, an enlarged view of the control signal to Q is
added to the top right of (a).

lasts 150 ms). In such a case, the average power consumption of the
smart insole is 998 yW. If a super capacitor (10 mF, 5.5 V) is used as
the energy storage and it is fully charged, the energy from the super
capacitor can power the smart insole 151.55 s. If the heel charger can
work at its maximum power point (DC power of around 6 mW),
the supercapacitor can be fully charged if the user walks 25 s. If the

Sleep Mode

Sample V.

Active Periodical
Mode Measurement

Sample V;;,, and
Compare to V,,,

MPPT
Interrupt

Adjust D

FIG. 12. Flowchart of the working mode for smart insole.
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TABLE VI. Power consumption breakdown at each mode in a periodical measure-
ment setup for smart insole and a periodical MPPT implementation.

Power  Period Accelerometer
Mode (W) (s) MCU state state
Sleep mode 7.5 10 Sleep Sleep
Active mode 4190.7 1.61 Active Active
MPPT mode  4172.5 1.5 Active Sleep

proposed DC-DC converter only has a conversion efficiency of 50%,
the user needs to walk 50 s.

However, without MPPT, the worst case would be that the heel
charger cannot provide any power to the smart insole when the mis-
match of the equivalent load value of MONI and the optimal load
value to the heel charger is large enough. Compared to the periodi-
cal implementation, the implementation of the event-driven MPPT
further reduces the power consumption of the smart insole as the
MPPT is only triggered when necessary as described in Sec. IT A.

This paper aims to prove the feasibility of implementing the
MPPT to low frequency footstep energy harvesters for real-life
applications by designing an event-driven MPPT circuit interface
to a piezoelectric footstep energy harvester (heel charger). Both
simulation and experimental results, in addition to the self-power
capability assessment, have proven the effectiveness of the proposed
method. This event-driven MPPT heel charger can be integrated
with smart insoles for health monitoring, and thus the event-driven
MPPT can be validated and qualified of how much more power
can be saved for real life scenarios. To further improve the harvest-
ing efficiency, circuit design can be further optimized to provide a
sustainable self-powering solution.

VII. CONCLUSION

Aiming to extract the maximum energy from the heel charger
and bridge the gap of applying MPPT to low frequency footstep
energy harvesting, we propose an event-driven MPPT circuit inter-
face to extract the maximum energy from the heel charger and
deliver to a fixed load of the smart insole with a simple customized
buck converter design for real-life uses. The proposed method pro-
vides a solution to decreasing the gap between the optimal load and
the actual load and it provides insights into possibilities to imple-
ment lab-tested footstep energy harvesters to real-life uses, from
periodical vibration-based to impact-based energy harvesting. Our
future work will address the real-life challenge: integrating the event-
driven MPPT with the heel charger and the smart insole, as well as
quantifying the energy harvesting performance in real life scenarios.
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