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Abstract

This thesis presents the design, development, and testing of an electrostatic energy
harvester (ESEH) tailored for implantable medical devices, particularly pacemak-
ers. The system leverages the biomechanical movements associated with human
breathing to generate electrical energy, using variable capacitors to convert me-
chanical energy into a usable electrical form. This research aimed to address the
significant drawbacks of battery-powered devices, such as limited lifespan and the
need for frequent surgical replacements.

The study involved a detailed examination of the ESEH system’s design and op-
erational principles, highlighting its ability to adjust capacitance dynamically to
optimize energy capture from fluctuating biomechanical movements. Experiments
conducted tested various configurations of the energy harvester under controlled
conditions to assess efficiency and reliability.

The experimental results demonstrated a clear correlation between capacitance
adjustments and voltage changes across the capacitor plates. Specifically, when the
capacitance was incrementally increased from 30pF to 300pF, the voltage observed
across the plates rose from an initial 1.7 volts to a maximum of 2.8 volts under
optimal conditions.

While the system could successfully harvest energy, its efficiency was influenced by
several factors, including the timely switching of system states and the operational

limits imposed by system components like the switching circuit and the unity gain
buffer.

However, managing the inverse relationship between capacitance and voltage af-
fected the optimal timing for energy capture and storage. Modifications to the
circuit design and control strategy were necessary to improve the system’s perfor-
mance. These included adding an external switching circuit to isolate the variable
capacitor when harvesting and integrating a more effective measurement setup to
minimize energy losses during voltage assessments.

The research confirms the viability of using ESEH for powering implantable medi-
cal devices, with the potential to significantly reduce the reliance on batteries and
decrease the frequency of surgical interventions. Future work will focus on refin-
ing the technology to improve scalability, energy efficiency, and integration with
existing medical devices, moving closer to practical applications in the healthcare
sector.
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Chapter 1

Introduction

1.1 Background

Cardiovascular diseases are the leading cause of mortality globally, often necessi-
tating the deployment of pacemakers to regulate heart rhythms [3]. Traditional
energy sources for these devices, primarily batteries, present significant limitations
in terms of lifespan and size [4].

Frequent battery replacements not only introduce physical risks due to repeated
surgeries but also impose psychological stress on patients, exacerbating anxieties
related to surgical outcomes and device reliability [5]. The inherent limitations of
current battery technology in medical implants can lead to increased healthcare
costs, while also contributing to environmental degradation through the substantial
use of resources and generation of waste [6].

Energy harvesting has emerged as a pivotal innovation in sustainable and au-
tonomous energy development, particularly for powering biomedical implants. This
technology captures and stores energy from ambient sources, including thermal,
solar, and mechanical energies [7, 8].. Mechanical energy harvesting (MEH), espe-
cially through electrostatic methods, is particularly noted for its adaptability and
efficiency in converting mechanical vibrations into electrical energy [7, [§].

Electrostatic energy harvesting (ESEH), a type of MEH, involves the conversion
of mechanical energy into electrical energy through the manipulation of electric
fields and charges within a variable capacitor system [2]. This mechanical energy
can be harnessed from consistent physiological activities, such as breathing, as it
could provide a continuous and reliable energy source for these devices [9, [10].

ESEH offers a compelling alternative that promises to extend the device’s opera-



tional life and reduce the frequency of surgical interventions for battery replace-
ments [11].

1.2 Research Objectives

This study aims to explore the feasibility and effectiveness of electrostatic energy
harvesting (ESEH) using variable capacitors in biomedical applications. Specifi-
cally, the research objectives are to:

e A comprehensive review of existing energy harvesting technologies and their
applications in biomedical devices.

e A detailed examination of electrostatic principles as applied to energy har-
vesting.

e Simulation and optimization of an ESEH system specifically designed for use
in pacemakers.

e Analysis of the practical challenges and potential solutions in implementing
ESEH in a real-world biomedical context.



Chapter 2

Literature Review

2.1 Energy Harvesting Techniques

Energy harvesting from the body is a growing area of research within the field
of power management for implantable medical devices. These methods primarily
focus on converting mechanical energy into electrical energy using ambient body
energy sources. This section explores various techniques such as piezoelectric,
triboelectric, thermal and using variable capacitors and their associated challenges.

e Piezoelectric harvesting: Piezoelectric materials generate electricity through
mechanical deformation. This process involves inducing a change in the elec-
trical field within the piezoelectric material due to mechanical stress, which
is then captured by storage capacitors [12]. Traditionally, the primary issue
with piezoelectric harvesting has been the brittleness of piezoceramic mate-
rials, which can limit their application in environments requiring flexibility
and durability. Moreover, the energy output from piezoelectric materials is
often inconsistent, influenced significantly by the frequency and amplitude
of the mechanical stress [13]. To address these challenges, recent develop-
ments include the use of flexible piezoelectric materials like PVDF. These
materials are utilized in novel tensile-mode energy harvesters, which offer a
more uniform strain distribution compared to bending-mode harvesters. A
noteworthy advancement in this field is a tensile-mode piezoelectric energy
harvester that employs a three-hinged force amplification mechanism. This
design incorporates a rigid beam and an elastic PVDF film connected via a
revolute joint, with the film pre-stretched to bear dynamic tensile loads under
harmonic excitations. Theoretical and experimental validations reveal that
this setup exhibits a significant hardening effect due to its nonlinear geomet-
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ric configuration, enhancing both voltage output and harvesting bandwidth
by 500% and 1250%, respectively, compared to traditional bending-mode
cantilevered harvesters [14].

Triboelectric harvesting This technique utilizes the contact electrification
between two different materials. When integrated with a harvesting mech-
anism, the charge accumulated from this contact is transferred to a storage
system [15]. Despite its potential, maintaining consistent contact and sepa-
ration in a controlled manner can be challenging, especially in the dynamic
environment of a human body. Furthermore, the long-term durability and
stability of the materials used also pose significant challenges [15].

Thermal Energy Harvesting: This technique investigates the use of ther-
mal energy harvesters and thermoelectric generators (TEGs) for converting
body heat into electrical energy, focusing on optimizing power conversion
efficiency. Two TEG configurations are compared: (1) a yTEG with low
thermal resistance paired with a high-efficiency DC-DC converter, and (2)
an mTEG with high thermal resistance coupled with a low-input voltage
DC-DC converter. The mTEG configuration yields up to 65% higher out-
put power in lab settings and 1-15% in real-world conditions, dependent
on physical activity and environmental factors. Both systems can reach
power densities of up to 14 yW/cm? and achieve 16% to 24% of theoretical
maximum efficiency. The variability in body temperature and external envi-
ronment can impact the efficiency of these harvesters, necessitating careful
system design [16, [17].

Variable capacitors have found significant applications in biomedical de-
vices, particularly in scenarios where ambient energy availability varies signif-
icantly. These capacitors dynamically adjust capacitance to enhance power
management and extend device lifespans [18]. An example of this technol-
ogy is seen in MEMS-based inertial vibration scavenging micro-generators.
These devices employ a variable capacitor with one moving plate attached
to a proof mass. Energy is extracted as the plates separate under a constant
charge, with this non-resonant device operating over a wide range of excita-
tion frequencies and amplitudes. Remarkably, energy extracted per cycle is
reported at 120 nJ, which is significantly above previous reports, showcasing
its efficacy [19].

Another aspect of variable capacitors is their utilization in electrostatic
micro-power generators, where inertial forces work against the electric field of
the capacitor, converting mechanical energy into electrical potential energy.
Such capacitors are crucial for portable, wearable, or implantable electronic
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devices, harnessing body motion as a mechanical energy source. Initial test-
ing of a micromachined variable capacitor showed a capacitance variation
from 100 pF to 1 pF as the mass moves, which could lead to a hundred-fold
increase in voltage under constant charge mode. Tests demonstrated that
periodic high voltage outputs up to 2.3 kV can be achieved, corresponding to
an energy conversion rate of 2.4 nJ per cycle or 24 pW at a 10 Hz vibration
frequency [20]. However, implementing variable capacitor technology in a
compact and biocompatible format is technically challenging. The systems
must also be highly reliable, as any failure in the energy storage component
can result in device malfunction.

2.2 Electrostatic Energy Harvesting in Animals
and Humans

2.2.1 Observations in Animals

Energy harvesting from animals has been explored, focusing on mechanical, ther-
mal, and biochemical energies. Dagdeviren et al. (2017) discuss various in vivo
applications, highlighting the integration of novel materials and device layouts for
energy harvesting from animals, which could be applied to human medical devices
as well [10]. These novel materials and device layouts consist of advanced piezoelec-
tric materials, such as ZnO nanowires, used for their flexibility and compatibility
with biological tissues. Triboelectric nanogenerators (TENGs) made from biocom-
patible polymers like PDMS and PTFE harness mechanical movements through
the triboelectric effect. The use of biocompatible and biodegradable materials
like silk fibroin ensures the safety and sustainability of implanted devices. The
study emphasizes flexible and stretchable designs to conform to dynamic body
movements, ensuring efficient operation without discomfort.

Multi-layered structures combining different energy harvesters, such as piezoelec-
tric and triboelectric, enhance energy generation and storage capabilities. These
devices can be implanted beneath the skin or within organs to harvest energy
from muscle movements, blood flow, and other activities [I1]. Dagdeviren et al.
(2017) demonstrated that these novel materials and layouts significantly enhance
the efficiency and feasibility of in vivo energy harvesting.

2.2.2 Observations in Humans

Human-based energy harvesting has shown considerable promise with the advent
of devices capable of harnessing energy from daily human activities. Zhou et al.
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(2021) categorize different energy harvesters based on biomechanical and biochem-
ical energies derived from various body movements [23]. Invernizzi et al. (2016)
discuss the use of triboelectric nanogenerators (TENGs) which utilize the tribo-
electric effect to generate energy through the contact and separation of different
materials. TENGs are constructed from biocompatible polymers such as PDMS
(Polydimethylsiloxane) and PTFE (Polytetrafluoroethylene), known for their flex-
ibility and compatibility with biological tissues. These materials, when incorpo-
rated into multi-layered and flexible structures, significantly enhance the efficiency
and feasibility of energy harvesting from human motion. They discuss the remark-
able potential of TENGs, capable of achieving conversion efficiencies of around
70 % under optimal conditions, making them a viable solution for self- sustaining
medical devices.

2.3 Advancements in Variable-Capacitance En-
ergy Harvesters

The development of variable-capacitance electrostatic energy harvesters (VCEH)
has been significantly advanced by MEMS technology, which facilitates the minia-
turization of components. These advancements, as articulated by [2], emphasize
the design considerations for miniaturization and performance enhancement to suit
biomedical applications.

e MEMS Technology: Enables the integration of tiny mechanical structures
with electronic circuits, enhancing compactness and functionality. Tech-
niques like photolithography and deep reactive ion etching are used to con-
struct precise, miniaturized components [21].

e Material Selection: High dielectric materials such as silicon dioxide (SiOs),
hafnium dioxide (HfO,), and titanium dioxide (TiOs) are preferred for their
ability to store and convert electrical energy efficiently, while providing me-
chanical robustness [22].

e Energy Conversion Efficiency: MEMS-based VCEHs convert mechanical
energy to electrical energy more efficiently than traditional devices, with
conversion rates significantly higher under optimal conditions [23].

2.3.1 Optimization of Variable Capacitors

e Capacitance Maximization: Designs that maximize capacitance change
with minimal mechanical movement, employing movable plates that adjust
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separation distance or overlapping area in response to mechanical stimuli
[24].

e Energy Harvesting Techniques: Comparison of resonant and non-resonant
mechanisms to determine the most efficient method for specific applications.
Non-resonant devices operate over a wide range of excitation frequencies and
amplitudes, suitable for variable conditions [19].

e Experimental Results: Studies show significant power outputs, with a
micromachined variable capacitor achieving an energy conversion rate of 2.4
nJ per cycle at a vibration frequency of 10Hz, corresponding to an output
power of 24 pW [20].

2.3.2 Applications and Benefits

e Biomedical Devices: Miniaturized VCEHs are particularly useful in im-
plantable medical devices, where space is limited and reliability is critical.
These devices harvest energy from body movements, ensuring a continuous
power supply for essential functions [?].

e Wearable Electronics: Variable capacitors efficiently harvest energy from
body movements, providing a reliable power source for devices such as fitness
trackers and health monitors [23].

2.4 Analysis of Capacitive Energy Storage Sys-
tems

Capacitive energy storage systems are integral in the realm of energy harvesting
for implantable medical devices, primarily due to their capability to efficiently
manage and store energy. These systems utilize capacitors, which store energy
electrostatically by maintaining a static electric charge. Here, we discuss various
innovative methods and findings from diverse research efforts that highlight the
advancements and challenges associated with these technologies.

One notable advancement is the development of electrostatic double-layer capaci-
tors (EDLCs), commonly known as supercapacitors. These devices are renowned
for their high power density and rapid charging capabilities. Unlike batteries,
EDLCs can endure many more charge and discharge cycles without degradation,
which is essential for applications where energy availability frequently fluctuates

25].

Additionally, microfabrication techniques have led to the creation of microsuper-
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capacitors. These tiny capacitors can be integrated directly onto chips along with
other microelectronic devices, making them particularly suitable for MEMS-based
energy harvesters [26]. However, reducing the size of supercapacitors often results
in a decrease in capacitance and overall energy storage capacity, posing significant
challenges in maintaining reliable performance.

In another innovative approach, hybrid energy storage systems have been devel-
oped by combining capacitors with batteries. This hybrid system leverages the
high energy density of batteries and the high power density of capacitors, thereby
enhancing the overall efficiency and lifespan of the storage system [27].

Moreover, the incorporation of nanomaterials, such as graphene or carbon nan-
otubes, has significantly improved the performance of capacitors. These nanoma-
terials increase both the capacitance and energy density of the capacitors, making
them more efficient [28]. Nevertheless, the scalable production of nanomaterials
at an economically feasible cost and their integration into existing manufacturing
processes remain challenging.

These studies collectively provide a comprehensive perspective on the advance-
ments and challenges in capacitive energy storage systems. They underscore the
diverse approaches being explored to enhance the suitability of these systems for
implantable medical devices.

2.5 Microcontroller-based Measurement Techniques

Vostrukhin et al. provide an in-depth analysis of microcontroller-based converters
for capacitance measurement, which are essential for controlling and optimizing the
performance of electrostatic energy harvesters [4]. Their method involves charging
the capacitor with a pulse and then using an onboard timer to precisely measure
the discharge time. This measurement and control technique allows for a precise
control over the charging and discharging of the electrostatic energy harvester
using variable capacitor technology.

2.6 Challenges and Future Directions

Despite significant advancements, challenges remain in optimizing energy conver-
sion efficiency, device longevity, and integration with existing medical devices.
Future research is directed towards overcoming these hurdles, focusing on improv-
ing material properties and circuit configurations [§]. For instance, Harerimana
et al. (2020) present circuit topologies for low power energy harvesting with effi-
ciencies ranging from 15% to 50%, demonstrating the potential and limitations of
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current designs [6]. Daneshvar et al. (2021) describe a variable-capacitance energy
harvester optimized with miniaturized inductors, showing improved performance
over traditional designs [29]. Mendiratta et al. (2018) highlight the importance of
capacitor optimization in improving conversion efficiency for piezoelectric energy
harvesting, achieving up to 14.86% efficiency [30]. Bieske et al. (2017) introduce
a new topology for accurate characterization of electrostatic energy harvesters,
enhancing measurement accuracy and efficiency [31]. Stein et al. (2016) provide
a theoretical comparison of energy harvesting methods, emphasizing the charge
pump method for its efficiency in MEMS applications [32].
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Chapter 3

Methodology

This is part of a larger study to fully develop a unique variable capacitor that can
be inserted into the human body to take advantage of the energy of breathing to
generate electrostatic energy. The primary objective of this project is to design
an effective system that can seamlessly switch between different states, leveraging
microcontrollers and electronic systems to optimize energy capture.

The focus of my contribution lies in taking forward the work already initiated
on the PCB design and its fabrication. My responsibilities include finalizing the
design, rectifying any existing flaws, and providing robust solutions. Additionally,
I am tasked with developing an algorithm to control the system states, program-
ming the microcontroller, and conducting tests to validate the effectiveness of the
switching mechanism. These tests utilize a controlled variable capacitor designed
to simulate the final application setting, ensuring that the system functions effec-
tively under realistic conditions.

The research is being conducted at the Microsystems Laboratory of the Montefiore
Institute, University of Liege, Belgium. It builds upon the theoretical framework
proposed by Daneshvar et al., focusing on the dynamic capabilities of variable
capacitors for energy harvesting in medical applications.

3.1 Operational Theory

The operational principle of the system hinges on the notion that mechanical
movements, such as those induced by breathing, can alter the capacitance char-
acteristics of a capacitor. These alterations can occur through changes in the
distance between the plates, variations in the dielectric material, or adjustments
in the plate area. When these capacitance changes occur under a constant initial
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charge, electrical energy is generated through the conservation of charge principle.
As the capacitance varies while the charge remains constant, the energy stored in
the capacitor is modified, manifesting as a voltage increase or decrease across the
capacitor plates [2].

This stored energy can then be harnessed by connecting the variable capacitor to
a load, allowing it to act as an energy source and discharge through the connected
load. The process comprises four distinct steps:

1. Investment Phase: The capacitor, at its maximum capacitance C),ay, 18
charged to an initial voltage V,.. This phase establishes the energy storage
within the capacitor.

(™ Top Plate Charge 1.33 pC _

(@ capacitance 0.89 pF _
(@ stored Energy 100pd [ ]

Separation

2.0 mm
Plate Area
200 mm?

Figure 3.1: Investment Phase: Initial charging of the capacitor (Image courtesy of
the University of Colorado’s PHET interactive simulations) [1]
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(™ Capacitance 0.89 pF _
(™ Top Plate Charge 1.33 pC _
(@ stored Energy 100p) [ ]

.
x %

| 43

Figure 3.2: Investment Phase: The capacitor is isolated from the circuit (Image
courtesy of the University of Colorado’s PHET interactive simulations) [1]

2. Harvesting Phase: During this phase, the distance between the capacitor
plates is increased, thereby decreasing the capacitance to C\,;, and causing
a corresponding increase in voltage (V.,) due to the conservation of charge

(@=CV).
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E,/ Capacitance 0.18 pF .

(& Top Plate Charge  1.33 pC I

(@ Stored Energy 4.98pJ | ] [> |

L8

Voltage

Separation

10.0 mm 7.500 V
Plate Area
200 mm? o)

Figure 3.3: Harvesting Phase: Separation of the capacitor plates increases the
voltage across them (Image courtesy of the University of Colorado’s PHET inter-
active simulations) [I]

3. Reimbursement Phase: The switch is conencted to the load to allow the
discharge of the accumulated charge into it, effectively converting the stored
energy into current.
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[Z Capacitance 0.18 pF :
E,/ Top Plate Charge 0.10 pC .
E,/ Stored Energy 0.03 pJ I]

Separation

: 10.0 mm

Figure 3.4: Reimbursement Phase: The capacitor discharges energy to a load
(Image courtesy of the University of Colorado’s PHET interactive simulations) [IJ

4. Recovery Phase: The system resets as the capacitance returns to Chax,
preparing for the next energy harvesting cycle.

(™ capacitance 0.89 pF -

E,/ Top Plate Charge 0.00 pC |
E,/ Stored Energy 0.00 pJ |

Voltage

Plate Area
200 mm?

1.5V -——

¢

Figure 3.5: Recovery Phase: Capacitor plates are reset to start the next charging
cycle (Image courtesy of the University of Colorado’s PHET interactive simula-

tions) [I]
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3.1.1 Capacitance Variation

The capacitance of a parallel plate capacitor is given by the equation:

where:
e (' is the capacitance,
e ¢ is the permittivity of free space (=~ 8.85 x 1071 F/m),
e A is the area of one of the plates,
e d is the distance between the plates.

Mechanical movements, such as breathing, alter the distance d between the capac-
itor plates, thereby changing the capacitance C.

During inhalation, the distance d between the plates decreases, leading to an in-
crease in capacitance C. Conversely, during exhalation, the distance d increases,
resulting in a decrease in capacitance C.

This variation in capacitance can be effectively utilized for energy harvesting. As
the mechanical movement causes the plates to move, the changing distance directly
impacts the capacitance according to the formula above.

By harnessing this change in capacitance due to mechanical motion, the system
can generate and store electrical energy. This principle is the foundation of the
energy harvesting mechanism employed in the design of the variable-capacitance
electrostatic energy harvester.
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Figure 3.6: The changes in the capacitance of the variable capacitor and the
voltages across CV and RL in the circuit [2]

3.1.2 Energy Conversion

The process of converting mechanical energy into electrical energy involves the
four discussed phases [2]:

e Investment Phase: The capacitor is charged by a storage component. The
energy received is:

1
Evi = 3 C’max‘/2
2 T

e Harvesting Phase: Mechanical energy changes the capacitance from C\ax
to Cpin- The harvested energy is:

r

1
Fuc = §C’max(n —1)V?

J— Cmax
where n = Zrex.

min

e Reimbursement Phase: The stored energy is transferred to the load or

storage component:

1
Evr - écmin<nv:r)2

e Recovery Phase: The capacitor is ready for the next cycle. The net deliv-
erable energy is:

1
Edel = Evr - Evi = §Cmin<n — 1)V2

T

23



3.2 System Components

The system is comprised of several key components that collectively contribute to
efficient energy harvesting. These components are designed to work in harmony,
facilitating precise control and measurement capabilities.

e Tunable Capacitors: Utilized to dynamically adjust their capacitance
value:

— A tunable capacitor with a range from 300pF to 900pF for preliminary
tests, allowing for basic functionality checks and system adjustments.

— A precision-engineered tunable capacitor with parallel plates, designed
for refined control and accurate measurements in advanced testing sce-
narios.

e Measurement and Testing Tools: Critical for assessing system perfor-
mance and ensuring component integrity:

— LCR Meter: Measures inductance (L), capacitance (C), and resistance
(R), essential for tuning and calibrating the components within the
system.

— Oscilloscope: Used to monitor voltage fluctuations over time, provid-
ing a visual representation of the energy harvesting efficiency.

— Multimeter: A versatile tool for various electrical measurements, in-
dispensable for routine diagnostics and troubleshooting.

e Power Supply:

— A 3.7V Lithium Ion Rechargeable Battery, supplying the necessary
power for system operations and charging processes.

¢ Key Electronic Components: These elements are essential for managing
power flow and enhancing circuit functionalities:

— Voltage Regulator: The LD39015M18R is a low quiescent current,
low noise voltage regulator that maintains a stable 1.8V output, ensur-
ing consistent performance under varying load conditions.

— Switches:

x ADG6412 High Voltage Quad SPST Switch, designed for high-
efficiency signal routing.

x MIC4066B CMOS Quad Bilateral Switch, facilitating the seamless
transmission or multiplexing of both analog and digital signals.
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— Amplifiers: The TLV2372 operational amplifier, configured as a Unity
Gain buffer, stabilizes signal strength to prevent distortion.

— Diodes:

x BATH4CW,115: A diode array that protects against voltage spikes
and power surges, enhancing system reliability.

— Capacitors:

« Multilayer Ceramic Capacitors (47uF £20% 25V X5R SMD 1206):
Provide stable capacitance and reliability in high-frequency appli-
cations.

The control logic of the system is currently being developed and tested using
a Nucleol.412KB board. This setup allows for iterative programming and real-
time adjustments before final integration with the STM32L412Kb microcontroller,
ensuring that the system logic is fully optimized and reliable.

As part of the project’s infrastructure, a pre-designed PCB was utilized, which
had been developed prior to my involvement. This existing hardware setup in-
cluded several Analog-to-Digital Converters (ADCs) that play a critical role in the
system’s measurement. However, the placement and configuration of these ADCs
presented specific challenges that influenced the project’s execution:

e Suboptimal ADC Placement: The positioning of ADCs on the PCB was
not ideally suited for minimizing charge draw from the variable capacitors,
which would completely discharge the capacitor in a matter of microseconds.

e Configuration Limitations: The ADC configuration, as inherited from
the previous design, restricted the flexibility needed to adapt to the addition
of new components to the system.

These inherited design aspects necessitated additional considerations and adjust-
ments in the experimental approach to ensure accurate data collection and system
functionality.

3.3 Circuit Design and Simulation

3.3.1 Circuit Diagrams

We present schematic diagrams of the circuits used in the system, detailed as
follows:

25



A
2 NucleoL412
VDD PAO-CKIN fof— Al
VDD ToAS— USARTITs  PWRInput
A UsARTI Rx Ground
VDDA/VREF+ PAL (ol ADCbatery SoNp— Reset NRST —=
o [B8_ADC End of Chg Ground +5V InOut 2
B 5 | —y GND
PBO Py [l = — ADCI2INT
T e = e s [ITADC capastockage = TIMICH2ZN  ADCI2INI2
| o GND 2] BB PA4 [SILADC capavariable 126 SCL
—2 = — 271 pBa PA6 TIMI6CH2N ~ 12CSDA
= = = 3 a5 PA4ADC capastockage
@b @D G o o] 7BS PA7 (ol TIMICHIN  ADCI2ING |3 0 Gapavariable
ChgEN 29| ppe PA8 [HE ADCI2IN§ > =
Guiswz 307 PB¢ PAS U5 STLinkRx ADCiaING [[PAL_ADC End of Chg
PAI0 |20 STLink Tx TIMICHIN  ADCI2IN5 [-PAQ_ADC batiery
JTAGRST4, | g7 2 e spiCs
— PAI2 [aZ2ITAGTMS SPIIMOSI  +3V3 In/Out
2of PCI4-0SCR2IN PAl3 [ZITAGCLK B4 spimiso  spisck
= raisoscaour PAls [aZHITAGTDO
PAL [asimaG Tl NucleoLa12
Lot pr3-BoOTO
21 vss B
i
STM32LAT2KBUG
c GND
B 1A
A +18V
- j
4 JTAGTMS
3
6 JTAGCLK
-l
8 JTAGTDO
i—j—|7 [I-oxp.
10 JTAGTDI
-l
12 JTAGRST
D L Title
T I e
Size Number Revision
FTSHA0701-LDVK  Frgppiorol-L-ovk A4
[Date7-11-203 [ Sheet of
File  CA\Users.\Command board SchDoc | Drawn By:
1 2 3 ‘ 4

Figure 3.7: Left: Circuit to step down voltage from the battery to 1.8V; Center:
Microcontroller indicating all its connections to the rest of the circuit; Right:
Nucleo Board connected to the microcontroller for programming and debugging;
Bottom Left: Connectors for programming and power.
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Figure 3.8: Top Left: Switching IC to control switches between the battery, vari-
able capacitor, and capacitor storage; Top Right: Charger circuit for lithium-ion
batteries; Bottom Center: Buck-Boost Converter to charge batteries at a higher
voltage and current.

Voltage Step-Down

This section of the circuit converts the battery’s voltage down to a stable 1.8V
required by the microcontroller and other low-voltage components. This step-down
is required for the microcontroller to operate in its lower power mode, optimizing
energy consumption.

Microcontroller

The STM32L412KBUG6 serves as the central processing unit for controlling various
functions and processes within the circuit. It is perfect for its ultra low power
functionality. The Microcontroller manages all computational tasks and controls
peripheral devices. It is connected to the Nucleo board for programming and de-
bugging, which facilitates software uploads and testing. The nucleo board Nucleo
L412KBprovides an interface for programming the STM32 microcontroller. It con-
trols the switching IC, the battery charger and measures values across the system,
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including the battery, capacitor storage, and variable capacitor.
Switch Control and Capacitor Management

The ADG6412 quad Single pole single throw (SPST) switch manages the routing of
power between the battery, variable capacitor, and storage capacitors. It includes
a Zener diode in parallel to the variable capacitor that breaks down at 16V to
protect the circuit by flushing excess voltage to ground, preventing overvoltage
damage. The storage capacitors store electrical energy temporarily in order to
power the recharging circuit to recharge the battery through the battery charger
circuit.

Battery Charger Circuit for Lithium-Ion Batteries

The MIC79110 charges the lithium-ion battery efficiently and safely, using storage
capacitor power. It is a linear charger designed for lithium-ion batteries, provid-
ing necessary controls for safe charging, including current regulation and voltage
monitoring.

Buck-Boost Converter The LM51581, a versatile buck-boost converter capable
of handling higher voltages and currents, is used for maintaining stable operation
across a range of input voltages. It supplies 20V to power the switching circuit to
be able to accommodate higher voltages from the variable capacitor.

3.3.2 Simulation Model

To predict the behavior of the variable capacitor, a SPICE simulation model was
developed using LT'Spice, aiming to replicate the following circuit configuration:

Inv. circuitry  Reimb. circuitry

lsy I‘ ISE/ |
+ +
_La
=V, YA R Ve

Figure 3.9: Investment and Reimbursement Circuitry

28



The schematic of the SPICE model is shown below, detailing the components and
their interconnections:

- o~ =
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Figure 3.10: Circuit Simulation in SPICE
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3.3.3 Simulation Results

bav V{swl) V(sw2)

24V
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0s 2s 4s 6s 8s 10s 12s 14s 16s 18s 203

Figure 3.11: Simulation Result showing voltage levels: Switch 1 (blue), Switch 2
(red) and Voltage across the variable capacitor (green).

The simulation results confirmed that the circuit functions according to its design
specifications. The key process observed involves the variable capacitor being
isolated during the harvesting phase, during which its capacitance value reduces.
As the capacitance of the variable capacitor reduces, its ability to store charge
remains consistent, leading to an increase in voltage across its terminals. This
behavior aligns with the expected inverse relationship between capacitance and
voltage in a capacitor V = %, where () is the charge stored.

It should be noted that the observed variations in voltage peaks and behaviors
during each harvesting phase are primarily attributed to the limitations of simu-
lating variable capacitors in LTSpice and similar software. Accurately modeling
the behavior of variable capacitances presents significant challenges, often result-
ing in disparate outcomes across simulations. Despite these inconsistencies, the
depicted graph demonstrates a relative consistency in the pattern of voltage peaks,
although each peak displays unique voltage measurements.
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Figure 3.12: Simulation Result showing voltage levels: Voltage across the variable
capacitor (blue) and the harvested voltage (green).

Subsequently, the circuit activates switch 2, transitioning the system into the re-
imbursement phase. During this phase, the variable capacitor discharges, effec-
tively transferring its stored energy into the storage capacitors. Unexpectedly, the
voltage across the storage capacitors exhibited a progressive decrease over time
after each reimbursement from the variable capacitor, a phenomenon not initially
anticipated in the circuit design parameters. This gradual voltage decline can be
attributed to the measurement circuit, which draws a small but cumulative amount
of power with each pulse. This continual draw on the storage capacitors leads to
a substantial reduction in voltage across their terminals over time.
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Figure 3.13: Simulation Result showing voltage levels: Voltage across the variable
capacitor (green) and the harvested voltage (blue).

Upon isolating the measurement circuit from the system, it is evident that the
storage capacitor maintains its charge effectively until it receives additional charge
from the variable capacitor, at which point its charge notably increases. This
observation confirms that in the absence of the measurement circuit, the system
functions as intended. However, the absence of the measurement circuit makes it
challenging to control the switching circuit accurately, as it is crucial to know the
points of maximum and minimum capacitance for optimal operation.

To address this issue, the integration of a unity gain buffer is proposed to facilitate
the measurement process without significantly impacting the voltage across the
circuit. The buffer would ideally isolate the measurement circuit, minimizing the
power draw during voltage sensing. Nonetheless, powering the unity gain buffer
itself presents a challenge, particularly in terms of power conservation. Striking
a balance between accurate measurements and minimal power consumption is
essential, necessitating careful design consideration to optimize the buffer’s impact
on the system’s overall energy efficiency.
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Figure 3.14: Simulation Result showing measured voltage levels: Variable Capac-
itor Voltage Divider (green) and Harvested Voltage Divider (blue).

To precisely monitor these voltage changes without excessively draining power
from the energy harvesting circuit, the system employs a method of intermittent
pulsing. This technique involves generating short, controlled pulses to periodically
activate the measurement system. Between pulses, the system remains in a low-
power or inactive state, thereby conserving energy and extending the operation
time between necessary recharge cycles. The voltage levels are measured at the
peak of each pulse, providing discrete snapshots of the system’s dynamic behavior.
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Figure 3.15: Simulation Result showing measured voltage levels: Variable Capac-
itor Voltage Divider (green) and Harvested Voltage Divider (blue).

To test the output, we placed a 1k resistor just after the storage capacitors and we
were able to observe that we are able to obtain about 14mA at maximum of pulsing
currents. In the actual system, the voltage is provided to a battery charger which
aims to provide a more steady current supply in order to recharge the system. But
from this we can obtain an output power estimate

Given:
e Peak current, I, = 14mA.
e Resistance, R = 1k(2.
e Duration of one pulse, 7 = 0.2s (estimated from the graph).
e Pulse interval, 7' = 5s (time between start of one pulse and the next).

Given the pulsing nature of the current, P, (t) varies significantly over each cycle
of the pulse. The waveform can be approximated as a triangle waveform.

A triangular pulse increases linearly to a maximum value and then decreases back
to zero. This linear variation affects how the average power is calculated because
the power depends on the square of the current (i?) over time.

Mathematical Basis
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For a triangular waveform, the mean of the square of the waveform, which is crucial
for power calculations, is % of the square of its peak value. This results from the
integral of the square of the waveform over its period.

Let the triangular current pulse i(¢) rise linearly from 0 to I;,., over a period from
0 to T'/2 and then fall back to 0 in the next half. The calculation of the integral
of i3(t) over a full period T is as follows:

For the increasing part from 0 to 7'/2:

T2 ror 2 412 /2 412 T/2)3 12T
/ maxt dt — max / t2 dt — max ( / ) _ _max (31)
o T T J, T2 3 12

This integral is the same for the decreasing part, hence the total integral for the
full period is:

Total Integral = 2 - IzllagT = II?“%XT (3.2)
Average of i*(t) over the period:
Ll g2
Average of i*(t) = ; = % (3.3)

For the RMS (root mean square) value used in power calculations:

Trms = ,/% / i2(t) dt = I\I;%" (3.4)

Thus, the average power P, calculated using the RMS value is:

Tnax ? RIrgnax
Pavg:R<\/§) :T (35)

Putting the values of I max and R:

RIZ,. 10009 x (0.014A)> 1000 x 0.000196

3 3 3 ~ 0.0653 W = 65.3mW

Ppulse -

Scaling to Total Interval
Number of pulses in 20 seconds:

20s

=_———— =4pul
" 5s/pulse PHISes
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Total energy contributed by all pulses in 20 seconds:
Eiotal = Ppuise X X 7 = 0.0653 W x 4 x 0.2s = 0.05224 ]

Average power over the 20-second interval:

Bioar _ 0.05224]

Pav = =
& 20s 20s

~ 0.002612W =~ 2.612mW

The average output power over a 20-second interval, with periodic triangular cur-
rent pulses, is approximately 2.612 mW.

3.4 Design Specifications

3.4.1 Capacitor Specifications
The capacitance C' of a parallel plate capacitor is calculated using the formula:

€A
C=7

where:
e (' is the capacitance in farads (F),

e c represents the permittivity of the medium between the plates, calculated
as € = €€,. Here, €y (the permittivity of free space) is approximately 8.85 x
10712 F/m, and e, is the relative permittivity of the medium,

A is the area of one of the plates in square meters (m?),

d is the distance between the plates in meters (m).

Given that the plate area A is 0.00070686 m?, the equation above is used to
calculate capacitance for varying plate distances influenced by breathing motions.
Experimental Setup and Measurements

The capacitance values were measured using an LCR meter as shown below, with
the distance between the plates being adjusted using a precision-controlled test
bench.
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Figure 3.16: LCR Meter used for capacitance measurement

The physical setup of the test bench without any dielectric material is displayed
below. This setup helps in understanding the capacitance variation with changes
in the air gap due to mechanical movements influenced by breathing.
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Figure 3.17: Test Bench Setup illustrating the parallel plates arrangement

The capacitance variation relative to the displacement of the parallel plates is
detailed in Figure [3.18
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Figure 3.18: Graph of capacitance against time and displacement against time

Table 3.1: Capacitance vs. Distance for Variable Capacitor

Distance (um) | Capacitance (pF)
20.000 312.785
43.333 144.363
66.667 93.836
90.000 69.508
113.333 55.197
136.667 45.773
160.000 39.098
183.333 34.122

206.667 30.270
230.000 27.199
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System Configuration and Capacitance Range
The test bench configuration is programmed to accommodate the following set-
tings:

e Post Home Position: 52.355 mm,

e Displacement: 0.63 mm,

e Velocity: 0.0372 mm/s.

Capacitance Range:

e Minimum Capacitance: 15 pF (at maximum plate separation),
e Maximum Capacitance: 325 pF (at minimum plate separation).

Using the capacitance formula, the plate separations for maximum and minimum

capacitances are calculated as follows:

8.854187817 x 10~'2 F/m x 0.00070686 m?
Apnin = = 1.925 x 10~°m = 19.25
325 x 1012 F XA pm

8.854187817 x 1072 F/m x 0.00070686 m? ,
=417 x 10%m = 41
Ex102F 7% 107°m 7pm

dmax -

Therefore the variation in capacitance against distance for the project is shown in
4.2
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Capacitance vs. Displacement for a Variable Capacitor
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Figure 3.19: Capacitance in microFarads against displacement in microMeters

The distances between the plates could be reduced further, but the test bench in
motion causes occasional contact between the plates, leading to short circuits.

3.4.2 Design of the Test Bench Commands and Specifica-
tions

Data Collection and Analysis

Data collected during the test phases were instrumental in understanding the dy-
namics of the system under real conditions. The following table summarizes some
of the key measurements taken during the tests:

Table 3.2: Displacement Variations

Measurement Value (mm)
Initial Displacement 100.6730
Up Displacement 100.6850
Down Displacement 101.2880
Variation of Distance (Up to Down) 0.6030
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This table represents a snapshot of the mechanical settings and adjustments made
during the testing phase, with value representing the displacement in millimeters.

3.5 Capacitance Measurement in Microcontroller
STM32

Measuring the capacitance proved to be a very important aspect in the execution
of this project. Knowing the capacitor values at any time helps to program the
microcontroller to switch states optimally. Directly measuring capacitance with
a microcontroller can be quite challenging. Several approaches to capacitance
measurement include:

e Measuring the fall time of a charged capacitor, which necessitates precise
timing control within the microcontroller.

e Comparing the capacitor’s value against a preset threshold from a microcon-
troller pin using comparators. While effective, this method may compromise
energy efficiency.

Given the constraints of these methods, a novel system was proposed to enhance
both the accuracy and energy efficiency of the measurement process. This sys-
tem operates by sending a 20-microsecond pulse through the capacitor every 500
milliseconds, corresponding to the low-frequency requirements of the application.

This method was tested using a vintage tunable capacitor from old radios, featuring
capacitance values ranging from 300pF to 800pF, as illustrated in Figure |3.20]
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Figure 3.20: Tunable Capacitor with capacitance between 300pF and 800pF

The capacitor was connected to a Nucleo L412KB board, which supplied regu-
lar 20-microsecond pulses through a 100k resistor. The setup and measurement
process is depicted in Figure [3.23]
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Figure 3.21: Measurement setup with tunable capacitor and Nucleo board, showing
pulse application and voltage observation at various capacitance values using an
oscilloscope

Initially, pulses were sent every 80 microseconds, which was too frequent for a low-
frequency application and inefficient for continuous capacitance monitoring. The
results from this setup, showing both the maximum and minimum voltage peaks,

are presented in Figures and
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Figure 3.22: Capacitance at minimum ofFigure 3.23: Capacitance at maximum of
300pF with a peak voltage of 1.8 Volts. 900pF with a peak voltage of 1.3 Volts.

To improve efficiency, the pulse frequency was adjusted to every 500 milliseconds.
This modification yielded more consistent results, allowing for accurate measure-
ments of peak voltage at varying capacitance levels.

Initially, measuring the spike directly with an ADC is convenient. However, when
the capacitor needs to conserve the charge, direct discharge through the internal
resistor or the pin of the microcontroller was problematic. To address this, a unity
gain buffer with a very high input impedance was used to isolate the variable
capacitor from the microcontroller ADC input, minimizing charge reduction while
still allowing measurement.
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Figure 3.24: Measurement Circuit for ADC Input

Concerns related to the unity gain buffer involve powering it efficiently, possibly
by following the switching nature of the measurement to conserve power. For the
nature of testing the project, it is sufficient to power the Unity gain buffer directly
and constantly, but for the real application this will not be possible.
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Figure 3.25: Circuit Diagram of Electrostatic Energy Harvesting indicating mea-
surement with Unity Gain Buffer

3.6 Measurement and Operational Phases

The operational sequence of the system is delineated into the same four distinct
phases:

1. Recovery Phase: In this initial phase, switches SWM and SW1 are en-
gaged to initiate a pulse. This pulse serves to measure the peak voltage
across the capacitor, essential for determining when the voltage begins to
rise, indicating the capacitor has reached its maximum capacitance.

2. Investment Phase: Subsequently, SWM is temporarily deactivated while
SW1 is then engaged for a longer duration, ensuring the capacitor is fully
biased and charged to its maximal potential.

3. Harvesting Phase: During the harvesting phase, SW1 is deactivated, al-
lowing the charged capacitor to maintain its voltage. SWM is toggled peri-
odically to measure the voltage across the capacitor plates without causing
significant discharge. This phase is sustained until the voltage plateaus at its
peak, signaling that the capacitor is fully charged under current conditions.
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4. Reimbursement Phase: Finally, SW2 is activated, enabling the charged
capacitor to discharge its stored energy into a storage system, such as a
battery or a network of capacitors. The process then recommences with the
Recovery Phase.

Operational Dynamics and Voltage Behavior

A consistent pulse is transmitted at regular intervals throughout the operational
cycle. Given the short duration of each pulse, the capacitor does not reach full
charge. This phenomenon reflects an inverse relationship between capacitance and
the observed voltage across the capacitor: a lower capacitance results in a quicker
charge time and a higher voltage across the terminals, while a higher capacitance
leads to a slower charge and consequently a lower voltage.

This dynamic is depicted in Figure |3.20] illustrating the expected variations in
voltage during the charging cycle. This visual aids in understanding how changes
in capacitance affect voltage responses under controlled charging conditions.
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Figure 3.26: Expected Variations in the Voltage Across the Capacitor During
Charging

3.7 Circuit Modification

To enhance measurement accuracy and maintain the integrity of the charge on the
variable capacitor, the circuit design was updated to incorporate an analog switch

(MCI4066B).
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PA7

PA9

MIC4066B

Figure 3.27: Analog Switch MIC4066B highlighting connections between compo-
nents of the system

This switch facilitates selective interaction with the measurement system via pin
PA9, effectively reducing charge loss through the ADC voltage divider, which was
an issue in the original design. Additionally, the switch connects the unity gain
buffer input to the ground when inactive, preventing output rail voltage. It also
connects the variable capacitor to the pulse source at PA7, controlled by PA12,
and to the reimbursement circuit, managed by PA6. This configuration enhances
control and minimizes unwanted discharge.

The modified circuit was assembled on a stripboard, illustrated in figure |3.28]
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Figure 3.28: Updated Ciruit on Stripboard

The following details the connections and components used in the circuit:

Power Supply: The red cable at the upper-left is connected to a 15V
power supply, typically provided by a buck-boost converter that draws from
a battery.

Output to ADC: The upper-right green cable functions as the output to
the analog-to-digital converter. This connection passes through a Unity gain
buffer, enabling oscilloscope readings.

Ground Connection: A ground test point is established via the lower-left
black cable, which facilitates grounding to the oscilloscope.

Reimbursement Phase Output: The lower-middle green cable represents
the output for the reimbursement phase, handling voltage transitions.

Variable Capacitor Connections: The variable capacitor is connected
through two cables; the orange cable links to the upper terminal, while the
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grey cable provides a ground connection.
Mathematical Rationale

The fundamental idea is that the capacitance value influences the charging peak
during the brief pulse duration:

V(t) = Vinaa(1 — e 7€) (3.6)

where V(1) is the voltage across the capacitor at time ¢, V4, is the maximum
voltage, R is the resistance through which the capacitor is charged, and C' is the
capacitance.

For a pulse duration (At) of 20 microseconds:

e At minimum capacitance (C,;y,), the capacitor charges quickly, approaching
Vinaz, making the observed voltage almost equal to the peak pulse voltage.

e At maximum capacitance (Cyqz ), the same duration results in a significantly
lower voltage, V (), due to the slower charging rate.

Capacitor Charging Curves with Checkpoints
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Figure 3.29: Peak Values of Different Capacitance Values at pulse times of 20 and
40 pseconds
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Table 3.3: Capacitor Voltages at 20 us and 40 us for Various Capacitances
Capacitance (pF) Voltage at 20 ps (V) Voltage at 40 us (V)

300 1.61 2.43
400 1.30 2.09
200 1.09 1.82
600 0.94 1.61
700 0.82 1.44
800 0.73 1.30
900 0.66 1.18

This charging behavior is predominantly linear along the initial, steeper part of
the exponential charge curve, allowing for straightforward interpretation of the
capacitor’s state (maximum or minimum value).

To maximize energy efficiency, the pulse duration was meticulously set to 5 mi-
croseconds. The figure below illustrates the dynamic relationship between the
voltage and capacitance during this brief energy pulse.

Peak Voltage vs. Capacitance at End of 5 Microsecond Pulse

3.0 A

25 4

20 1

Peak Voltage (V)

10 4

05

0 50 100 150 200 250 300
Capacitance (pF)

Figure 3.30: Dynamic Voltage-Capacitance Relationship During a 5 Microsecond
Pulse
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Measurement in the Microcontroller

To capture this dynamic, an ADC converter paired with Direct Memory Access
(DMA) is configured to start just before the pulse generation:

e The ADC continuously converts the voltage across the capacitor during the
pulse and stores these values directly into memory and then turns off until
the next pulse to conserve power.

e The system then selects the maximum value from these samples, which corre-
sponds to the peak or near-peak voltage, indicative of the capacitor’s charge
state at that moment.

This method not only simplifies the system by reducing the need for external timing
or comparative threshold mechanisms but also enhances the energy efficiency of
the measurement process by minimizing active measurement time and relying on
passive data collection and analysis.
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Figure 3.31: Collection of Buffer Measurements taken from the capacitance as
viewed in CubeMX

3.8 Programming and System Configuration

The software controlling the system is developed in C, utilizing the HAL library
for hardware abstraction. The code is structured to manage four primary states:
INVESTMENT, HARVESTING, REIMBURSEMENT, and RECOVERY, which
govern the operational phases of the energy harvesting process.

The configuration of peripherals includes ADC initialization, Direct Memory Ac-
cess setup for continuous data transfer, and timer configuration for managing
microsecond delays during pulse generation.

The ADC buffer length is defined to accommodate the data throughput required
during the recovery phase, ensuring that no data is lost during conversion:
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#define ADC_BUF_LEN 79 // Buffer size for ADC data
The code generally follows this principle shown in figure |3.32

on to
to measure

Send pulses

ADC OFF

Process
Data/Measure
Max Value

Investment Phase

Toggle Switch 1to
Bias Capacitor

e [\ )

R A

| Turnon ADC

LT Delay for
Data/Measure Turn off ADC i
measurement
Max Value

Harvesting Phase

w
8
=
Toggle Switch 2 to
Discharge Capacitor i
Reimbursement Phase

Figure 3.32: Pseudo Code for the Switching and Measurement Logic
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Algorithm 1 Energy Harvesting System Phases

CLO W N DN NN DN DN DNDNDNDDNFE = == =l
= O © 0 N0 U WN RO ©00 NS U W RO

Start
Recovery Phase:
Send pulses
ADC with DMA to measure
ADC OFF
Process Data/Measure Max Value
if MaxVal < 95% then
Go to Investment Phase
else
Stay in Recovery Phase

: end if

: Investment Phase:

: Toggle Switch 1 to Bias Capacitor
: Turn on ADC

: Delay for measurement

. if MaxVal > 95% then

Go to Harvesting Phase

. else

Go to Recovery Phase

: end if
: Harvesting Phase:

: Process Data/Measure Max Value
. if MaxVal > 95% then

Stay in Harvesting Phase

. else

Go to Reimbursement Phase

: end if

: Reimbursement Phase:

: Toggle Switch 2 to Discharge Capacitor
: Return to Recovery Phase

. End

Check appendix A for full implementation of the algorithm.

Challenges in System Development

One of the primary challenges we initially faced involved the methodology for mea-
suring capacitance effectively. Initially, we employed an External Interrupt Service
Routine (EXTI) to trigger an interrupt, signaling the microcontroller when the
pulse began, followed by using a timer to measure the decay time. This approach,
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initially suggested in the early stages of the project, introduced unnecessary com-
plexity into the system architecture. In collaboration with teaching assistant Mor-
gan Diepart, we explored alternative methods that would simplify the system. We
decided to directly initiate a DMA ADC conversion just before generating the
pulse and stop it immediately after a microdelay of 20 microseconds. This adjust-
ment significantly streamlined the process by eliminating the need for an external
interrupt and reducing the system’s overhead.

Further into the project, we encountered issues with buffer management during
continuous conversion mode, where the ADC was set to continuously convert the
input signal over 20 microseconds. Initially, we had defined the buffer size as
4096 to maximize memory use. However, it became apparent that only the first
36 entries were utilized, making such a large buffer unnecessary. After several
iterations, we adjusted the buffer size down to 79, which was just over twice the
size of the entries used, and this helped in accurately capturing the data without
overloading the buffer.

During the debugging phase in the lab, I confirmed that the buffer was updating
values correctly, with variations in the ADC Data Register (DR) reflecting changes
in the capacitor values accurately. However, we faced a significant challenge with
the callback function intended to select and update the maxValue based on the
largest value recorded. The system failed to enter this callback function, which
was critical for processing the data accurately. We resolved this by measuring the
value directly inside the main loop, allowing for global access to this crucial data
without needing to rely on interrupt-driven callbacks.

Additionally, we considered using an Analog watchdog on a second ADC to keep
the system in ultra-low power mode until the voltage across the capacitor sur-
passed a preset threshold, which would then trigger a switch to the reimbursement
phase. However, introducing a second ADC caused unpredictable behavior in the
predefined ADC configurations, leading to unrealistic data outputs. This erratic
behavior led us to decide against using an analog watchdog. Instead, we modified
our approach to measure the voltage across the capacitor similarly to the recovery
phase. Rather than sending pulses, we introduced a switch to briefly activate the
ADC, allowing for an accurate measurement without significantly discharging the
capacitor.
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Chapter 4

Results and Discussion

This chapter presents the experimental results obtained from a series of tests de-
signed to explore the performance of an electrostatic energy harvester under vary-
ing electrical conditions. The primary focus was on measuring the voltage across
the parallel plates of a variable capacitor during different phases of the energy
harvesting cycle. To achieve accurate voltage measurements and minimize charge
loss, a unity gain buffer in parallel with the capacitor and ground was utilized.

The experiments were structured to provide insights into the energy conversion effi-
ciency and the dynamic behavior of the capacitor in response to controlled changes
in voltage and plate separation. Each phase of the harvesting cycle—investment,
harvesting, and reimbursement—was analyzed to understand the impact of oper-
ational parameters on the system’s performance. Special attention was given to
the role of the unity gain buffer in stabilizing the measurement setup and its effect
on the overall system efficiency.

This investigation not only sheds light on the operational characteristics of the
electrostatic energy harvester but also addresses the challenges encountered in
real-world applications, such as voltage saturation and unexpected behavior of
the operational amplifier. The following sections detail the setup, methodology,
and outcomes of the experiments, providing a comprehensive overview of the find-
ings and their implications for the design and optimization of energy harvesting
systems.
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Case 1:

Measurement Circuit with Continuous
Switch Activation, Excluding Reimbursement Phase

High-Quality Waveform from 0 to 15 seconds
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Figure 4.1: Observations
the harvesting phase

2 6 8
Time (s)

60
of voltage, distance, and capacitance variations during



This configuration excludes the reimbursement phase and incorporates the recov-
ery, investment, and harvesting phases. The linear movement of the plates, as
orchestrated by the test bench, causes an inverse variation in capacitance with
decreasing distance between the plates.

Spikes noted from 0 to 5 seconds are due to microcontroller-initiated pulses de-
signed to test capacitance by monitoring voltage peaks. Optimal capacitance is
typically detected at 5 seconds when the voltage dips below a predefined threshold.
However, the timing of the pulses every 500 ms may result in missing the precise
moment of peak capacitance.

The contrast between the rapid change in capacitance as the plate distance reduces
to 0.02mm and its slower decrease as it expands to 2.04mm could explain the
abrupt rise in voltage to 2.8V around 4.8 seconds, likely influenced by mechanical
movements of the test bench and the limitations of a breadboard setup.

From 5 to 11 seconds, as the distance between the plates linearly increases, the
capacitance sharply falls from nearly 300pF to approximately 5pF, leading to a
progressive voltage decline until the plates reach their furthest separation. As the
plates reconverge, the voltage gradually increases, although it does not attain the
previous maximum levels.

Concerns regarding the experimental setup include the 470 Ohms on-resistance of
the analog switch and the unity gain buffer’s 2V /us slew rate, which may impact
the peak voltage measurements.

To facilitate more linear changes in capacitance, it is necessary to modify the
actuation pattern of the plates.
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Figure 4.2: Graphical representation of capacitance versus time and displacement
over time

Adopting a sinusoidal motion for the plates will provide a more accurate model for
simulating natural processes such as breathing, enhancing our ability to predict
the extremes in capacitance.
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Figure 4.3: Illustration of sinusoidal plate movement over time

This approach allows for a slightly greater margin in predicting minimum and
maximum capacitance values accurately. It is proposed that transitioning to the
investment phase slightly before the capacitance reaches its lowest point could
optimize energy harvesting. This adjustment might require initial calibration but
could potentially be automated in future designs.

63



Case 2: Measurement Circuit with Constant Switch
Activation, Targeting the Investment Phase

High-Quality Waveform from 0 to 15 seconds
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Figure 4.4: Voltage across parallel plates against time
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Voltage Waveform from 0 to 15 seconds
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Figure 4.5: Re-measurement of voltage across parallel plates

In this case, the capacitor was intentionally biased 0.2 seconds before reaching its
peak capacitance to leverage the rapid change in capacitance values. This strategic
timing enabled the capacitor to be charged at approximately 6.7 seconds, initially
reaching a voltage of about 1.7V. However, as the capacitance decreased, the
harvested energy peaked at 2.8V. Notably, voltage fluctuations post-peak were
observed, which were primarily influenced by the movement of the plates affecting
energy retention and re-harvesting capabilities.

The amount of energy harvested in this case considering the primary charge input
of 1.7V can be found using the expression:

1
E=-C0V?
2
where:
e F is the energy in joules (J),
e (' is the capacitance in farads (F),

e V is the voltage across the capacitor in volts (V).
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Figure 4.6: Minimum Capacitance valueFigure 4.7: Maximum Capacitance value
obtained at maximum plate distance  obtained at initial charging

Initial Energy Storage

1
it = 5 % 107.2194 % (10)712 x (1.7)2

Epeax = 154.932pJ
Energy at Peak Voltage

1
Bpeaic = 5 % 3187996 x (10)712 x (2.8)°

Epear = 124.969pJ

Energy Harvested: The change in energy stored due to the change in capacitance
and voltage.
Eharvested = Epeak - Einitial

Eharvested = 124.969pJ — 154.932pJ

Fharvested = — 29963PJ

This trial demonstrated poor energy harvesting, yet it also highlighted a limitation:
the capacitor did not achieve the maximum charging voltage of 3.3V. This may be
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attributed to the inherent resistance of the variable capacitor and the operational
characteristics of the switch.

As the analog switch is powered with a 5V DC supply, the voltage was naturally
upper limited by the supply of the switch forcefully preventing it from increasing
beyond this value, the resistance within the switch, the resistance of the capacitor,
parasitic capacitances and other elements potentially causing voltage drops.

Furthermore, powering the switch with a 15V supply unexpectedly resulted in
a continuous 5V output from the Unity gain buffer, even when the input was
supposed to be inactive. This issue likely stemmed from a floating input to the op-
amp, causing it to output its rail voltage. To mitigate this, an additional terminal
was added to the switch to connect the input of the Unity gain buffer to the ground,
thus setting its input to 0V when not in use. Unfortunately, this modification did
not resolve the issue as the voltage still slowly charged the capacitor on its own.
This behavior is unusual and was not explained by the datasheet.

A potential reason could be leakage currents within the switch or the circuitry,
which can occur due to imperfections in the semiconductor material or design.
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Case 3: Measurement Circuit with Constant Switch
Activation, Including Reimbursement Phase

Signal 1 Waveform from 0 to 10 seconds
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Figure 4.8: Voltage across parallel plates including reimbursement phase
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Signal 1 Waveform from 0 to 10 seconds
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Figure 4.9: Voltage across parallel plates during reimbursement phase, re-measured

This experiment included a reimbursement phase, implemented after the harvest-
ing phase, to examine its effectiveness. The reimbursement phase charged a 10nF
capacitor, which was connected between the variable capacitor and the system
ground. Typically, charging through a resistor is standard to ensure a rapid re-
sponse and minimal energy loss.

The fact of not having a resistor to charge the capacitor can be seen as it does
not appropriately charge, it only reaches a maximum voltage of 0.25V which is an
inefficient transfer of energy.

This can be explained with Voltage drop under load: If the power supply cannot
maintain its voltage under high current conditions, the voltage output might drop
significantly when connected directly to the capacitor.

When you charge a capacitor directly from a voltage source without any series
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resistance, the capacitor should theoretically charge up to the voltage of the source.
The voltage across a capacitor C' charged to a charge () and voltage V' is described
by:

V==
C
When a voltage source is connected, it attempts to immediately establish its volt-
age across the capacitor. Since the initial voltage across the capacitor (uncharged)
is OV, and a capacitor resists sudden changes in voltage, the instantaneous current
I that would theoretically flow is given by:

av
[=0—
Ci

Where % is the rate of change of voltage across the capacitor. Without a resistor,
the initial Cﬁl—‘t/ is theoretically infinite because the voltage source tries to instantly
raise the capacitor’s voltage from OV to its own voltage. Thus, the initial current
should also be theoretically infinite. In practice, this is limited by the internal
resistance and inductance of the capacitor and the source’s maximum current

capability.
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Case 4: Measurement Circuit with Constant Switch
Activation, Excluding Reimbursement Phase, Tar-
geting the Investment Phase 0.2 Seconds Before
Peak Capacitance, 5V Switch Power Supply

Voltage Waveform from 0 to 15 seconds
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Figure 4.10: Voltage Across Parallel Plates Over Time

In this scenario, the analog switch’s supply voltage (VDD) was set to 5V, corre-
sponding to the maximum supply voltage of the microcontroller. This configura-
tion initially limited the charging voltage to 0.6V, affecting the amount of energy
harvested as the capacitance fluctuated between its maximum and minimum val-
ues. Notable energy gains were observed at regular intervals, with key transitions
occurring at 17.5, 18.75, and 20 seconds.
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Chapter 5

Conclusion

This research has culminated in several pivotal achievements and illuminated var-
ious challenges inherent in designing and implementing an electrostatic energy
harvester (ESEH) suitable for implantable medical devices. The journey from
concept to prototype has provided invaluable insights into the dynamics of energy
harvesting and its application in biomedical engineering.

Achievements and Observations

A welcome achievement of this project was the development of an efficient method
for measuring capacitance values that do not require the capacitor to be fully
charged. This approach offers a rapid and effective solution for environments where
capacitance values fluctuate moderately, making it superior to other methods in
specific low-resolution applications.

During the testing phases, it was confirmed that the ESEH system functions as
anticipated, capable of harvesting energy as described in the literature. However,
the dynamic nature of the capacitance, especially its rapid inverse variation relative
to the proximity of the plates, poses a challenge. This behavior suggests a high
likelihood of missing the peak capacitance moment, potentially underutilizing the
available energy differential from maximum to minimum capacitance values. This
limitation can significantly impact the overall energy harvesting efficiency if the
switching does not occur at the optimal moment.

Another challenge encountered was the operational amplifier’s rail output, which
restricted the testing of the energy harvester to its full potential. This limitation
hindered the accurate measurement of the system’s efficiency, as the harvester was
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unable to extract as much energy as the configuration of the switch and unity gain
buffer would permit.

Furthermore, when the operational amplifier output reached rail voltage, it inad-
vertently supplied the microcontroller’s GPIO inputs with a damaging 10V—far
exceeding their maximum tolerance of 3.3V. This excessive voltage not only de-
stroyed the Nucleo board but also led to its complete disconnection from the Cube
MX software during the experiment.

The issues were compounded by the constraints of the pre-existing PCB design,
especially regarding the ADC configuration. The design’s approach was to contin-
uously monitor the charge in both the variable capacitor and the storage capacitor
using a voltage divider circuit connected to the ADC. This setup resulted in sig-
nificant charge dissipation from the capacitors.

To mitigate these problems, we introduced an additional switching and measure-
ment circuit that activates only when necessary. This circuit utilizes a unity gain
buffer to provide high input impedance and low output impedance. This adjust-
ment allows for precise voltage measurements without significant charge depletion
from the capacitors, thereby preserving the integrity of the energy harvesting pro-
cess.

System Limitations and Design Constraints

One critical issue encountered was the limitation imposed by the switch’s power
supply, which acted as a ceiling, restricting the system’s potential to harvest en-
ergy beyond a certain threshold. Attempts to increase this threshold to potentially
boost the energy harvested led to unexpected outcomes, such as forcing the op-
erational amplifier to output at rail voltage, which suggests possible damage or
malfunction. This incident necessitated a complete system rebuild to continue the
experiments.

Future Directions and Recommendations

Given the observations and challenges faced, future work should focus on redesign-
ing the circuit to incorporate findings from this project. Adjustments should
include a reliable method to power the operational amplifier for measuring the
variable capacitor without inducing rail voltage outputs.

Further investigation is also required into the noisy signals introduced by the test
bench, potentially caused by rapid switching of the stepper motor. This noise
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interfered with accurate signal readings, and prevented smooth and neat plots.

Concluding Thoughts

While the system has not yet reached optimal efficiency, the potential for signifi-
cant energy harvesting exists, as evidenced by the observed capabilities and system
behavior under various test conditions. The journey of developing this ESEH has
provided a solid foundation for future research and development in the field of
energy harvesting for biomedical devices. The lessons learned from the challenges
and the innovative solutions developed in response will undoubtedly contribute
to advancing this technology towards practical implementation and eventual com-
mercialization.

Addendum

Should further tests post-rebuild provide new insights or significantly different
results, an addendum will be added to this thesis to reflect the updated findings,
ensuring that the evaluation presented remains accurate and comprehensive up to
the point of the oral defense.
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Appendix A

Full Program Implementation

/* USER CODE BEGIN Header x*/
/* USER CODE END Header */
/* Includes

#include "main.h"
/* Private includes

/* USER CODE BEGIN Includes */
#include <stdio.h>

#include <string.h>

#include <stdbool.h>

/* USER CODE END Includes */

/* Private typedef

/* USER CODE BEGIN PTD */

// Enumerate system states

typedef enum {
INVESTMENT ,
HARVESTING,
REIMBURSEMENT,
RECOVERY

} SystemState;

/* USER CODE END PTD */

/* Private define

/* USER CODE BEGIN PD x*/
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#define ADC_BUF_LEN 79 //Recovery phase buffer
#define MAX_CAP_THRESHOLD 3000 // Set based on observed values
#define MIN_CAP_THRESHOLD 200 // Set at 200 to switch just

#define EPSILON 20

before reaching the maximum
// Small buffer to prevent frequent
toggling near threshold values

//#define SAMPLES 5 // Number of samples for averaging

/ *

/ *

VE:
/*

/ *

USER CODE END PD %/

Private macro

USER CODE BEGIN PM x/
USER CODE END PM x/

Private variables

ADC_HandleTypeDef hadcl;
DMA_HandleTypeDef hdma_adci;

TIM_HandleTypeDef htim2;
TIM_HandleTypeDef htiml6;

UART_HandleTypeDef huart2;

/ *

USER CODE BEGIN PV x/

uint16_t adc_buf [ADC_BUF_LEN];

volatile uintl6_t maxValue;

volatile uintl6_t maxVal;

volatile uintl6_t HarvestVoltage;

volatile uint32_t smoothedValue;

SystemState system_state = RECOVERY; // Initial state
uint32_t adcValues [SAMPLES];

uint8_t sampleIndex = O0;

bool bufferFull = false;

/ *
/ *
/ *

Variable to report ADC analog watchdog status: x/
RESET <=> voltage into AWD window */
SET <=> voltage out of AWD window */

volatile uint8_t ubAnalogWatchdogStatus = RESET; /* Set into

/ *

VE:

analog watchdog interrupt callback */
USER CODE END PV */

Private function prototypes

void SystemClock_Config(void);

static void MX_GPIO_Init(void) ;

static void MX_DMA_Init(void);

static void MX_USART2_UART_Init (void) ;
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96

97

98
99
100

101

102
103
104
105
106
107
108
109
110
111
112

113

static void MX_TIM2_Init(void);
static void MX_TIM16_Init(void);
static void MX_ADC1_Imnit(void);
/* USER CODE BEGIN PFP x/

/* USER CODE END PFP x/

/* Private user code

/* USER CODE BEGIN 0 */
void MicroDelay(uintl16_t microseconds)

{
__HAL_TIM_SET_COUNTER (&htiml16, O0); // if htiml6 is the timer
instance
__HAL_TIM_ENABLE (&htim16) ;
while (__HAL_TIM_GET_COUNTER (&htim16) < microseconds);
__HAL_TIM_DISABLE (&htim16) ;
}

void GeneratePulse(void) A{
// Start ADC conversion
HAL_ADC_Start_DMA (&hadcl, (uint32_tx*)adc_buf, ADC_BUF_LEN);
HAL_GPIO_WritePin (GPIOA, GPIO_PIN_6, GPIO_PIN_SET); //Connect
Op amp output to ADC
HAL_GPIO_WritePin (GPIOA, GPIO_PIN_7, GPIO_PIN_SET); // Start
charging the capacitor

//Start the ADC and take many samples with the DMA
MicroDelay (10); // Charge for a very short time
//Check the values and choose the largest value
HAL_GPIO_WritePin (GPIOA, GPIO_PIN_7, GPIO_PIN_RESET); //
Discharge the capacitor
// Stop ADC conversion

HAL_ADC_Stop_DMA (&hadcl) ;

HAL_GPIO_WritePin (GPIOA, GPIO_PIN_6, GPIO_PIN_RESET);
//disconnect Op amp output to ADC

processData () ;

HAL_Delay (500); //Delay before sending the next pulse

}

void processData() {
maxVal = 0;
for (int i = 0; i < 38; i++) {
if (adc_buf[i] > maxVal) maxVal = adc_bufl[i];

3

uint16_t max = 1 + ((maxVal - 1200) * (1000 - 1)) / (1800 -
1200) ; //Values set based on observed maximum and minimum
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114
115
116
117
118
119
120

121

129

130
131
132
133
134
135
136
137
138
139
140

141

143
144
145
146
147
148

149

156

157

159
160

161

if (max <= 0){
max = O0;

}

maxValue = max;
if (maxValue > 4000){

maxValue = 9999; //For Debugging
}

void Update_GPIO_States(SystemState state) {
switch (state) {
//System states for use on the PCB directly. They are unused
here as the PCB design is not optimal
case RECOVERY:
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_O, GPIO_PIN_RESET);
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_7, GPIO_PIN_RESET);
break;
case INVESTMENT:
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_O, GPIO_PIN_SET);
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_7, GPIO_PIN_RESET);
break;
case HARVESTING:
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_O, GPIO_PIN_SET);
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_7, GPIO_PIN_RESET);
break;
case REIMBURSEMENT:
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_O, GPIO_PIN_RESET);
//HAL_GPIO_WritePin (GPIOB, GPIO_PIN_7, GPIO_PIN_SET);
break;
}
3
//Function to smooth out ADC values
uint32_t getSmoothedValue(uint32_t newValue) {
adcValues [sampleIndex] = newValue;
sampleIndex++;
if (sampleIndex >= SAMPLES) {
sampleIndex = O0;
bufferFull = true;

uint32_t sum = O;
uint32_t count bufferFull 7?7 SAMPLES : samplelndex;
for (uint8_t i 0; i < count; i++) {

sum += adcValues[i];

}

81



162
163
164
165
166
167
168
169
170

171

178

179

180
181
182

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207

208

}

return sum / count; // Return the average

/* USER CODE END 0 x*/

VEX:

* Q@brief The application entry point.
* Q@retval int

*/

int main(void)

{

/* USER CODE BEGIN 1 =/
/* USER CODE END 1 x*/

/* MCU
Configuration--------------=-----———————————————————~—~—~—~—~—~—~—~—~—~—~————-—-——-—

/* Reset of all peripherals, Initializes the Flash interface
and the Systick. */
HAL_Init ();

/* USER CODE BEGIN Init x*/
/* USER CODE END Init =x/

/* Configure the system clock */
SystemClock_Config();

/* USER CODE BEGIN SysInit */
/* USER CODE END SysInit */

/* Initialize all configured peripherals x*/
MX_GPIO_Init ();

MX_DMA_Init () ;

MX_USART2_UART_Init ();

MX_TIM2_Init () ;

MX_TIM16_Init ();

MX_ADC1_Init ();

/* USER CODE BEGIN 2 x/

/* USER CODE END 2 x*/

/* Infinite loop */
/* USER CODE BEGIN WHILE x*/
while (1)

{
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209 switch (system_state) {

210 case RECOVERY:

211

212 HAL_GPIO_WritePin (GPIOB, GPIO_PIN_5,
GPIO_PIN_RESET); //Keep reimbursement closed

213 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_12,
GPIO_PIN_SET); // Switch for charging the
capacitor

214 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_9,
GPIO_PIN_SET); // Measurement is enabled

216 GeneratePulse () ;

217 HAL_GPIO_WritePin(GPIOA, GPIO_PIN_12,
GPIO_PIN_RESET); // Switch for charging the
capacitor

218 if (maxValue <= (MIN_CAP_THRESHOLD + EPSILON)) {

219 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_9,

GPIO_PIN_RESET); // Isolate measurement
circuit
220 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_6,
GPIO_PIN_RESET); //Disconnect Opamp from
ADC to prevent damage

221 system_state = INVESTMENT;

222 }

223 break;
225 case INVESTMENT:

227 HAL_GPIO_WritePin(GPIOA, GPIO_PIN_7,
GPIO_PIN_SET); // Start biasing capacitor

228 HAL_Delay(50); // Ensure full charge

229 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_12,
GPIO_PIN_RESET); // Isolate capacitor

230 HAL_GPIO_WritePin(GPIOA, GPIO_PIN_7,
GPIO_PIN_RESET); // Turn off biasing

232 system_state = HARVESTING;

233 break;

234

235 case HARVESTING:

236 // HAL_ADC_Start_DMA (&hadcl, (uint32_t=*)adc_buf,

ADC_BUF_LEN) ;
237 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_9,
GPIO_PIN_SET); // Enable measurement

238 HAL_GPIO_WritePin (GPIOA, GPIO_PIN_6,
GPIO_PIN_RESET); //Keep ADC from damage

239 HAL _Delay (1000); //Wait for a while to harvest

240 system_state = REIMBURSEMENT;

241 break;
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264
265
266
267
268

269

}

case REIMBURSEMENT:

HAL_GPIO_WritePin (GPIOB, GPIO_PIN_5,
GPIO_PIN_RESET); // Discharge into storage
capacitor

HAL_Delay (100); // Ensure discharge

HAL_GPIO_WritePin (GPIOB, GPIO_PIN_5,
GPIO_PIN_RESET); // Turn off discharge

system_state = RECOVERY;

HAL_Delay (1000);

HAL_GPIO_WritePin(GPIOA, GPIO_PIN_9,
GPIO_PIN_RESET); //Measurement is disabled

break;

3

// General GPIO or control updates
Update_GPIO_States(system_state);

/* USER CODE END WHILE x/
/* USER CODE BEGIN 3 x*/

}
/* USER CODE END 3 x*/

VEX:

{

* Obrief System Clock Configuration
* Q@retval None

*/

void SystemClock_Config(void)
RCC_OscInitTypeDef RCC_OscInitStruct = {0};
RCC_ClkInitTypeDef RCC_ClkInitStruct = {0};

/** Configure the main internal regulator output voltage

*/

if
(HAL_PWREx_ControlVoltageScaling (PWR_REGULATOR_VOLTAGE_SCALE1)
= HAL_OK)
{
Error_Handler () ;
}

/** Configure LSE Drive Capability

*/

HAL_PWR_EnableBkUpAccess () ;
__HAL_RCC_LSEDRIVE_CONFIG(RCC_LSEDRIVE_LOW) ;

/** Initializes the RCC 0Oscillators according to the specified
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parameters
* in the RCC_0OscInitTypeDef structure.
*/
RCC_OscInitStruct.OscillatorType =
RCC_OSCILLATORTYPE_LSE|RCC_OSCILLATORTYPE_MSI;
RCC_OscInitStruct.LSEState = RCC_LSE_ON;
RCC_OscInitStruct.MSIState = RCC_MSI_ON;
RCC_OscInitStruct.MSICalibrationValue = 0;
RCC_OscInitStruct.MSIClockRange = RCC_MSIRANGE_10;
RCC_OscInitStruct.PLL.PLLState = RCC_PLL_NONE;

if (HAL_RCC_OscConfig (&RCC_OscInitStruct) != HAL_O0K)
{

Error_Handler () ;
}

/**% Initializes the CPU, AHB and APB buses clocks
*/
RCC_ClkInitStruct.ClockType =

RCC_CLOCKTYPE_HCLK|RCC_CLOCKTYPE_SYSCLK

| RCC_CLOCKTYPE_PCLK1|RCC_CLOCKTYPE_PCLK2;

RCC_ClkInitStruct.SYSCLKSource = RCC_SYSCLKSOURCE_MSTI;
RCC_ClkInitStruct.AHBCLKDivider = RCC_SYSCLK_DIV1;
RCC_ClkInitStruct.APB1CLKDivider = RCC_HCLK_DIV1;
RCC_ClkInitStruct.APB2CLKDivider = RCC_HCLK_DIV1;

if (HAL_RCC_ClockConfig (&RCC_ClkInitStruct, FLASH_LATENCY_1) !=
HAL_OK)
{

Error_Handler () ;

3

/** Enable MSI Auto calibration
*/
HAL_RCCEx_EnableMSIPLLMode () ;

}
VEX:
* O@brief ADC1 Initialization Function
* Q@param None
* Q@retval None
*/
static void MX_ADC1_Init(void)
{

/* USER CODE BEGIN ADC1_Init 0 =/
/* USER CODE END ADC1_Init 0 =/

ADC_MultiModeTypeDef multimode = {0};
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ADC_ChannelConfTypeDef sConfig = {0};

/* USER CODE BEGIN ADC1_Init 1 =/

/* USER CODE END ADC1_Init 1 =/

/** Common config

*/

hadcl.
hadc1l.
hadcl.
hadcl.
hadcl.
hadcl.
hadc1l.
hadcl.
hadcl.
hadcl.
hadcl.
hadcl.
hadcl.
hadcl.
hadcl.

Instance = ADC1;

Init.
.Resolution = ADC_RESOLUTION_12B;
Init.
Init.
Init.
Init.
Init.
Init.
Init.
Init.
Init.
.DMAContinuousRequests = ENABLE;
Init.
Init.

Init

Init

ClockPrescaler =

ADC_CLOCK_ASYNC_DIV1;

DataAlign = ADC_DATAALIGN_RIGHT;
ScanConvMode = ADC_SCAN_DISABLE;
EOCSelection = ADC_EOC_SINGLE_CONV;

LowPowerAutoWait

ContinuousConvMode

NbrOfConversion

DISABLE;
= ENABLE;
1;

DiscontinuousConvMode = DISABLE;

ExternalTrigConv

ADC_SOFTWARE_START;

ExternalTrigConvEdge = ADC_EXTERNALTRIGCONVEDGE_NONE;

Overrun = ADC_OVR_DATA_PRESERVED;

OversamplingMode

if (HAL_ADC_Init (&hadcl) !=

{

Error_Handler () ;

}

DISABLE;

HAL_0K)

/** Configure the ADC multi-mode

*/

multimode.Mode = ADC_MODE_INDEPENDENT;
if (HAL_ADCEx_MultiModeConfigChannel (&hadcl, &multimode) !=

HAL_OK)

{

Error_Handler () ;
}
/** Configure Regular Channel
*/
sConfig.Channel = ADC_CHANNEL_8;
sConfig.Rank = ADC_REGULAR_RANK_1;
sConfig.SamplingTime = ADC_SAMPLETIME_2CYCLES_5;
sConfig.SingleDiff = ADC_SINGLE_ENDED;
sConfig.0ffsetNumber = ADC_OFFSET_NONE;
sConfig.0ffset = 0;
if (HAL_ADC_ConfigChannel (&hadcl, &sConfig) != HAL_OK)
{

Error_Handler () ;

}
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378 /* USER CODE BEGIN ADC1_Init 2 */

380 /* USER CODE END ADC1_Imnit 2 x*/
381

382}

383

384 /k%

385 * Q@brief TIM2 Initialization Function
386 * @param None

387 * Q@retval None

388 */

380 static void MX_TIM2_Init(void)

390 {

391
392 /* USER CODE BEGIN TIM2_Init O */
393 /* USER CODE END TIM2_Init O x*/

395 TIM_ClockConfigTypeDef sClockSourceConfig = {0};
396 TIM_MasterConfigTypeDef sMasterConfig = {0};
397 TIM_IC_InitTypeDef sConfigIC = {0};

399 /* USER CODE BEGIN TIM2_Init 1 */

400 /* USER CODE END TIM2_Init 1 x/

101 htim2.Instance = TIM2;

102 htim2.Init.Prescaler = O;

403 htim2.Init.CounterMode = TIM_COUNTERMODE_UP;

404 htim2.Init.Period = 4294967295;

105 htim2.Init.ClockDivision = TIM_CLOCKDIVISION_DIV1;

106 htim2.Init.AutoReloadPreload = TIM_AUTORELOAD_PRELOAD_DISABLE;

107 if (HAL_TIM_Base_Init(&htim2) !'= HAL_OK)

408 {

409 Error_Handler () ;

110 }

111 sClockSourceConfig.ClockSource = TIM_CLOCKSOURCE_INTERNAL;

112 if (HAL_TIM_ConfigClockSource (&htim2, &sClockSourceConfig) !=
HAL_OK)

413 {

114 Error_Handler () ;

415 )

116 if (HAL_TIM_IC_Init(&htim2) != HAL_OK)

117 {

418 Error_Handler () ;

419 }

120 sMasterConfig.MasterOutputTrigger = TIM_TRGO_RESET;

121 sMasterConfig.MasterSlaveMode = TIM_MASTERSLAVEMODE_DISABLE;

122 if (HAL_TIMEx_MasterConfigSynchronization(&htim2,
&sMasterConfig) != HAL_OK)

423 {

124 Error_Handler () ;
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425 }
426 sConfigIC.ICPolarity = TIM_INPUTCHANNELPOLARITY_RISING;

427 sConfigIC.ICSelection = TIM_ICSELECTION_DIRECTTI;

428 sConfigIC.ICPrescaler = TIM_ICPSC_DIV1;

429 sConfigIC.ICFilter = 0;

430 if (HAL_TIM_IC_ConfigChannel (&htim2, &sConfigIC, TIM_CHANNEL_1)
= HAL_OK)

131 {

432 Error_Handler () ;

433 }

434 /* USER CODE BEGIN TIM2_Init 2 */
435 /* USER CODE END TIM2_Init 2 x*/

137}

438

439 [ **

140 * @brief TIM16 Initialization Function
441 * Q@param None

142 * Qretval None

443 */

444 static void MX_TIM16_Init(void)

15 o

147 /* USER CODE BEGIN TIM16_Init 0 */
448 /* USER CODE END TIM16_Init 0 */

450 /* USER CODE BEGIN TIM16_Init 1 %/
451 /* USER CODE END TIM16_Init 1 %/
452 htiml16.Instance = TIM16;

453 htiml16.Init.Prescaler = 7;

454 htim16.Init.CounterMode = TIM_COUNTERMODE_UP;

455 htiml16.Init.Period = 65535;

156 htiml16.Init.ClockDivision = TIM_CLOCKDIVISION_DIV1;

457 htiml16.Init.RepetitionCounter = 0;

158 htim16.Init.AutoReloadPreload = TIM_AUTORELOAD_PRELOAD_DISABLE;
459 if (HAL_TIM_Base_Init(&htim16) != HAL_O0K)

460 {

461 Error_Handler () ;

462 )

463 /* USER CODE BEGIN TIM16_Init 2 %/
464 /* USER CODE END TIM16_Init 2 x/
465

466 }

467

168 [k *

469 * Q@brief USART2 Initialization Function
470 * @param None

471 * @retval None

A72 */
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189
490
191
492
493
194
495
196
497
498
499
500
501
502
503
504
505
506
507
508

509

static void MX_USART2_UART_Init (void)
{

/* USER CODE BEGIN USART2_Init 0 */
/* USER CODE END USART2_Init O */

/* USER CODE BEGIN USART2_Init 1 */

/* USER CODE END USART2_Init 1 */
huart2.Instance = USART2;

huart2.Init.BaudRate = 115200;
huart2.Init.WordLength = UART_WORDLENGTH_8B;
huart2.Init.StopBits = UART_STOPBITS_1;
huart2.Init.Parity = UART_PARITY_NONE;
huart2.Init.Mode = UART_MODE_TX_RX;
huart2.Init.HwFlowCtl = UART_HWCONTROL_NONE;
huart2.Init.0OverSampling = UART_OVERSAMPLING_16;

huart2.Init.0OneBitSampling = UART_ONE_BIT_SAMPLE_DISABLE;
huart2.AdvancedInit.AdvFeatureInit = UART_ADVFEATURE_NO_INIT;

if (HAL_UART_Init (&huart2) != HAL_O0K)
{

Error_Handler () ;

}
/* USER CODE BEGIN USART2_Init 2 x*/
/* USER CODE END USART2_Init 2 */

3

VEX:
* Enable DMA controller clock
*/

static void MX_DMA_Init(void)

{

/* DMA controller clock enable */
__HAL_RCC_DMA1_CLK_ENABLE() ;

/* DMA interrupt init */

/* DMA1_Channell TIRQn interrupt configuration x*/
HAL_NVIC_SetPriority(DMA1_Channell_IRQn, O, 0);
HAL_NVIC_EnableIRQ(DMA1_Channell _IRQmn);

3

VEX:
* Q@brief GPIO Initialization Function
* Q@param None
* Q@Qretval None
*/
static void MX_GPIO_Init(void)
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520 o

523 GPIO_InitTypeDef GPIO_InitStruct = {0};
1 /* USER CODE BEGIN MX_GPIO_Init_1 x*/

525 /* USER CODE END MX_GPIO_Init_1 x*/

527 /* GPIO Ports Clock Enable x*/

528 __HAL_RCC_GPIOC_CLK_ENABLE();

529 __HAL_RCC_GPIOA_CLK_ENABLE();

530 __HAL_RCC_GPIOB_CLK_ENABLE();

531

532 /*Configure GPIO pin Output Level x/

533 HAL_GPIO_WritePin (GPIOA,
SW4_Pin|Pulse_QOut_Pin|GPIO_PIN_8|QOutswitch2_Pin

534 | GPIO_PIN_10|0OutSwitchl_Pin,

GPIO_PIN_RESET) ;

536 /*Configure GPIO pin Output Level x/

537 HAL_GPIO_WritePin(GPIOB, SW1_Pin|LD3_Pin|SW3_Pin|CHRG_EN_Pin

538 | SW2_Pin, GPIO_PIN_RESET);

539

540 /*Configure GPIO pins : SW4_Pin Pulse_Out_Pin PA8 QOutswitch2_Pin

541 PA10 OutSwitchl_Pin */

542 GPIO_InitStruct.Pin =
SW4_Pin|Pulse_Out_Pin|GPIO_PIN_8|Outswitch2_Pin

543 | GPIO_PIN_10|OutSwitchl_Pin;

544 GPIO_InitStruct.Mode = GPIO_MODE_OUTPUT_PP;

545 GPIO_InitStruct.Pull = GPIO_NOPULL;

546 GPIO_InitStruct.Speed = GPIO_SPEED_FREQ_LOW;

547 HAL_GPIO_Init (GPIOA, &GPIO_InitStruct);

548

549 /*Configure GPIO pins : SW1_Pin LD3_Pin SW3_Pin CHRG_EN_Pin

550 SW2_Pin x/

551 GPIO_InitStruct.Pin = SW1_Pin|LD3_Pin|SW3_Pin|CHRG_EN_Pin

552 | SW2_Pin;

553 GPIO_InitStruct.Mode = GPIO_MODE_OUTPUT_PP;

554 GPIO_InitStruct.Pull = GPIO_NOPULL;

555 GPIO_InitStruct.Speed = GPIO_SPEED_FREQ_LOW;

556 HAL_GPIO_Init (GPIOB, &GPIO_InitStruct);

558 /*Configure GPIO pin : PA11 x/

559 GPIO_InitStruct.Pin = GPIO_PIN_11;

560 GPIO_InitStruct.Mode = GPIO_MODE_AF_PP;

561 GPIO_InitStruct.Pull = GPIO_NOPULL;

562 GPIO_InitStruct.Speed = GPIO_SPEED_FREQ_LOW;
563 GPIO_InitStruct.Alternate = GPIO_AF12_COMP1;
564 HAL_GPIO_Init (GPIOA, &GPIO_InitStruct);

565

566 /* USER CODE BEGIN MX_GPIO_Init_2 */

567 /* USER CODE END MX_GPIO_Init_2 x/
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568 }

570 /* USER CODE BEGIN 4 x*/
571 //Called when first half of buffer is filled
572 void HAL_ADC_ConvHalfCpltCallback (ADC_HandleTypeDef* hadc){

573 if (hadc->Instance == ADC1) {

574 HAL_GPIO_TogglePin (GPIOA, GPIO_PIN_10);
575 }

576 F

ss0 //Called when buffer is completely filled
5851 void HAL_ADC_ConvCpltCallback (ADC_HandleTypeDef* hadc) {

582 if (hadc->Instance == ADC1) {

583 HAL_GPIO_TogglePin (GPIOA, GPIO_PIN_10);
584 }

585 F

5857 void HAL_ADC_LevelOutOfWindowCallback (ADC_HandleTypeDef* hadc)
588 {

589 /* Set variable to report analog watchdog out of window
status to main */

590 /* program.
*/

591 //HarvestVoltage = HAL_ADC_GetValue (&hadc2);

592 ubAnalogWatchdogStatus = SET;

503 X

594
505 /* USER CODE END 4 x/

596

507/ k%

598 * Q@brief This function is executed in case of error occurrence.

599 * Q@retval None

600 */

601 void Error_Handler (void)

602 {

603 /* USER CODE BEGIN Error_Handler_Debug */

604 /* USER CODE END Error_Handler_Debug */

605 }

606

co7 #ifdef USE_FULL_ASSERT

6os [/ **

609 * Q@brief Reports the name of the source file and the source
line number

610 * where the assert_param error has occurred.

611 * QOparam file: pointer to the source file name

612 * Q@param line: assert_param error line source number
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613 * Q@retval None
614 */
615 void assert_failed(uint8_t *file, uint32_t 1line)
616 {
617 /* USER CODE BEGIN 6 x*/
618 /* USER CODE END 6 x*/
619 F
620 #endif /* USE_FULL_ASSERT */
Listing A.1: HAL C code written for STM32L412KB NucleoBoard for

ElectroStatic Energy Harvesting
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