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ABSTRACT This study introduces a circuit designed to enhance energy conversion and storage, facilitating
autonomous and sustainable operation from harvested magnetic energy in IoT devices. Through compre-
hensive experimentation and analysis, the circuit’s performance and reliability were assessed, showcasing
its potential to provide a dependable power supply to IoT networks. Furthermore, various scenarios with
different operation cycles and component combinations were simulated to validate the circuit’s potential.
The findings indicate that integrating strategies such as energy redundancy using supercapacitors and
magnetic field energy harvesting can be effective without the need for batteries or optimization circuits.
The autonomy tests and predictions indicate that the system can go several days even without the total

interruption on the energy source.
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I. INTRODUCTION

The connectivity of devices is a crucial factor for foster-
ing the generation of data, performing subsequent analysis
and enabling data driven decision-making. Therefore, it
contributes to enhancing the efficiency of algorithms and
integrated networks. This attribute is based on the ability of
machines to operate in an intelligent and intuitive manner,
which constitutes the driving force behind the Internet of
Things (IoT). In this perspective, IoT entails the conception
of everyday objects or things that, through interconnection,
acquire intelligence, awareness, and interactivity.

Intelligent physical objects are the things” in IoT. They
can be represented by various sensors, such as Global
Positioning System (GPS) for positioning, proximity sensors,
environmental parameter detection or even network connec-
tivity in data transfer scenarios. There was a 9 % growth in
the number of connected devices between the years 2020
and 2021, reaching a total of 12.3 billion by September
2021 []1]]. Furthermore, there is a projection that the number
of IoT connections will reach 27 billion worldwide by the
year 2025.

Despite significant advances in embedded systems tech-
nologies, energy sources for IoT devices remain a challenge,
particularly for those designed with a focus on high availabil-
ity and reliability. Consistently within this context, batteries
still represent one of the main energy sources for IoT
devices. However, the maintenance process involving battery
replacement, heating or recharging, along with the generated

electronic waste, presents a significant disadvantage to their
use. [2], [3]

One solution is to utilize alternative energy sources. They
stand out for utilizing distinct methods from conventional
ones, typically providing low power output. Some of the
alternative sources of electrical energy generation include
solar, wind, tidal, and magnetic energy [4].

In [5], a comprehensive study was conducted on various
types of harvested energy, including solar, electromagnetic
radiation, kinetic, and thermoelectric, to replace traditional
sources such as batteries. Despite the conclusion that this
type of energy shows promise, there has not yet been a
satisfactory solution in terms of how to store the energy.
In [6], the Radio Frequency (RF) was adopted as a source
of harvested energy, and the conclusions were similar, high-
lighting that IoT devices powered by collected energy still
cannot completely do away with the need for a secondary
source.

Fig. [I] adapted from [7], comparatively illustrates the
characteristics of the various existing energy harvesting
techniques.

Although some alternative energy sources have low energy
density, it is possible to significantly improve the efficiency
of the energy harvesting process through the use of equip-
ment and circuits specifically optimized for this purpose,
such as in [8]], [9]].
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FIGURE 1. Comparison of Existing Energy Harvesting Techniques.

On the other hand, energy sources derived from magnetic
fields are the most flexible and have considerably higher
energy density compared to most other energy sources [7].
Additionally, another significant advantage lies in their spe-
cific characteristics, including the ability to be controlled and
predicted, as it is not a natural variable in the environment,
which happens in the case of solar energy, for instance.

Reference [10] built a hybrid energy harvesting system
incorporating batteries and various sources of collected
energy. They employ a Maximum Power Point Tracking
(MPPT) system and voltage regulation methods through
DC-DC converters. The authors’ proposal is not to entirely
replace the use of batteries, but rather to extend their lifespan.
However, the use of MPPT implies the need of a system that
requires more energy.

In [11], it was already presented the construction of a de-
vice that uses harvested magnetic energy to substitute battery.
This work is an extension of that proposal, recapitulating
the design and making an autonomy analysis for different
scenarios in which the circuit could be applied and have its
efficiency guaranteed.

Il. HARVESTED ENERGY

Typically, the local power grid is used as the primary source
for recharging the batteries of an IoT system, but this process
incurs costs ranging from energy tariffs to labor for the
personnel responsible for the recharging task.

Given this fact, alternative energy sources stand out by
utilizing different sources than conventional ones, based on
usually available energies, with the disadvantage of generally
offering low power output.

The use of harvested energy in IoT systems presents
the advantage of reducing the need for frequent battery
replacement, which can be a challenge in applications with

remote installations, such as rural or forested areas. In this
context, energy harvested from magnetic fields are a good
fit since it has the ability to operate in hostile environ-
ments, such as places with high temperatures or extreme
pressures, isolated environments, or even underwater. These
characteristics represent an attractive option for applications
in industrial sectors, such as oil and gas exploration, mining,
or in transmission lines.

Magnetic field harvesters are devices that capture and
convert energy from the ambient magnetic field into usable
power. These harvesters are designed to extract magnetic
energy present in the environment and convert it into elec-
tricity, which can be used to power electronic devices. They
consist of coils or antennas that are capable of capturing
magnetic waves and converting them into electrical current.
The harvested energy can be stored in batteries or used
directly to power devices connected to the IoT network.
Fig. 2] shows a diagram that illustrates the principle behind
field harversters. [[12]
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FIGURE 2. The operating principle of a field harvester (courtesy
from [13]).

A. Emulating the Magnetic Field

For this work, we are going to create an adjustable magnetic
field to be the primary power source of the designed circuit
that will power the IoT device. In order to do so, we
will use a commercial current transformer (CT). CTs are
primarily used for electrical current measurement, protection,
and control in high-power electrical systems.

The conceptual similarities between a magnetic field har-
vester for IoT applications and a commercial current trans-
former are factors that contribute to their utilization for the
same purpose. In a current transformer, there are the primary
and secondary windings that are magnetically coupled to
transfer energy to measurement systems. In a magnetic field
harvester, the coils are used to capture magnetic waves and
convert them into usable electrical energy.

To enable the present study, an investigation of the power
levels provided by the secondary side of a commercial
current transformer and its ability to operate as a magnetic
field harvester in energized conductors was conducted as
a starting point. In [13], it was proven that smaller-sized
CTs are unsuitable for the application at hand, as they fail
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to provide the minimum voltage levels required for proper
powering of IoT devices due to their internal voltage limiter,
even when subjected to current levels close to their upper
limits. Given this scenario, the decision was made to adopt
a larger-sized CT, with current measurement capacities of
500 A.

The ZGCT 500A4/5A CT 2.5 V A was selected. It is con-
structed with ABS polymer and has IEC60044-1 and ANSI
¢12.20 certifications. This model is categorized as split-core
toroidal-shaped CTs made of ferrosilicon, a characteristic
that facilitates installation. The 38 mm window size also
contributes to this, as it allows for the passage of large gauge
conductors.

To emulate a circuit that the harvest system will power,
we are going to use a electronic load. It operates exclusively
with direct current (DC), while the CT operates with both al-
ternating current (AC) on the primary side and the secondary
side. To overcome this issue, a full-wave bridge rectifier
circuit and a capacitor were used to reduce signal ripple.
This allows the root mean square (RMS) voltage to become
equal to the peak-to-peak sinusoidal voltage, as the capacitor
removes the pulsating DC value, as shown in Fig.
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FIGURE 3. Electric Diagram of the test applied to the CT (from [11]).

To enable this operation, it was necessary to use an in-
ductive load that would demand a reasonable level of current
(6 A) on the primary side but would not exceed the levels of
standard household outlets, which are approximately 10 A.

Considering that the selected CT has a full-scale range of
500 A, in order to generate current levels higher than 6 A, it
was necessary to increase the number of wire turns passing
through the toroidal window of the CT. Hence, only one turn
means 6 A, whereas 10 turns represents 60 A theoretically.
By adding more turns, the magnetic fields generated by the
individual conductors are also effectively added, resulting in
a higher overall current reading. Once the methodology to
be applied to the primary of CT operating as a field collector
had been defined, the electronic load was designed as shown
in Fig. [] (from [11]).

Output
O

FIGURE 4. Electronic Load Circuit Diagram.

The operational amplifier used was the TLO82, which is
predominantly constructed using JFET (Junction Field Effect
Transistor) inputs. This design feature provides it with a high
input impedance of around 10'2 2, a bandwidth of 4 M H z,
and low noise levels.

B. Testing the Generated Magnetic Field

The power tests were conducted setting the current in the
primary winding by adjusting the number of turns passing
through the core window. This induces a stable magnetic
field, thereby producing a proportional current in the sec-
ondary winding. Tests were performed gradually, changing
the number of turns from 1 to 20. For the secondary, the test
was conducted by varying the current demanded in steps of
50 mA until reaching a steady state.

The results of the test are shown in Fig.[5] The power gen-
erated by the secondary coil of the magnetic field collector
is proportional to the field level resulting from the current
passing through the conductor via the magnetic core.
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FIGURE 5. Power testing results.

This power also varies depending on the current demanded
by the electronic load due to the characteristics of the
maximum power transfer point, which, although relatively
low, remains stable in steady-state regimes, being sufficient
for use in Low Power electronic devices.

lll. CIRCUIT DESIGN

The power source must be capable of adjustment for volt-
age and current levels from a harvested source to meet
the requirements of the sensoring and control components,
including the microcontroller.
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A. Power Redundancy

To ensure the continuity of power supply in case of failures,
the inclusion of power redundancy becomes necessary for the
power source. A power supply system without redundancy
can be easily disrupted by a failure in a critical component,
which can lead to the shutdown of the equipment being
powered. Fig. [f] illustrates the initial circuit concept of
an energy redundancy system in the power source design,
where the microcontroller represents the IoT device first
connection.
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Energy Microcontroller
redundancy (K1
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FIGURE 6. Power Supply Redundancy Flowchart.

Using supercapacitors is an approach to design such
optimized circuits. Batteries and supercapacitors are distinct
systems for electrical energy storage. For instance, lithium-
ion batteries operate through chemical reactions involving
cathodes and anodes immersed in a liquid electrolyte and
separated by a micro porous separator permeable only to
ions. On the other hand, supercapacitors store energy electro-
statically. A supercapacitor utilizes a dielectric, an insulating
material, between its plates to separate the positive and
negative charges accumulated on each side of the plates [14].
Fig. [/| shows how supercapacitors compares to traditional
Lithium batteries and other storage systems in terms of
specificity.
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FIGURE 7. Plot of various energy storage devices (adapted from [15]).

In the past decade, global attention has turned to su-
percapacitors as a viable alternative to batteries. The main
advantages of supercapacitors are their lightweight, compact
size, long life cycle, rapid charge/discharge capability, high
energy and power density, low cost, easy maintenance and
absence of pollution.

This study examines supercapacitors as a battery alterna-
tive for the IoT application. A supercapacitor of 500 F' was
used and it was tested using a electronic load. As expected,

its voltage behavior was linear when demanded 500 mA.
It is important to notice that this level of current is highly
available through harvested systems, as mentioned in [[16]]—
[18]l. The charging time with 500 mA using the electronic
load was 23 minutes.

Using a electronic load on the supercapacitor, it was
possible to generate the parameters presented in Table [I]
and subsequently, calculating the Energy Density present in
the supercapacitor, as shown in Table [2}

TABLE 1. Test results for a load of 500 mA in a 500 F capacitor.

Voltage Voltage Current | Energy | Capac. | Weight
Charg.(V) | Disch.(V) (A) (Wh) | (mAh) (2)
~ 27 0.6 05 [03759 | 179 [ 612

TABLE 2. Comparison between nominal and tested data in a 500 F

capacitor.
Capacity Energy Energy Density Density
(mAh) Calculated | Tested | Ener. Calc. | Ener. Tested
(Wh) (Wh) (Wh/kg) (Wh/kg)
179 0.50625 | 03759 | 8272 6.142

B. Voltage Adjustments

If using batteries as energy redundancy, a series of manage-
ment and control circuits are required. In general, discharg-
ing a Li-Po battery below 2.75 V' from its nominal voltage
of 3.7 V can already damage it. There are also safety issues
such as temperature and even risks of explosions and fires.

To address this, battery banks need to have a BMS (Battery
Management System), which is a dedicated technology for
monitoring sets of battery cells, organized electrically in a
row-by-column array configuration to deliver a specific range
of voltage and current for a certain period.

On the other hand, for the use of supercapacitors in series
configurations, only a few simple components are required
to prevent them from being subjected to higher potential
differences than their nominal operating value.

For this project, in order for it to be used in conjunction
with a harvested power source and subsequently with a
microcontroller, it is necessary to adjust the output and
input voltages to meet the system specifications. The spe-
cific supercapacitor used, for instance, requires a charging
voltage of 2.7 V' to reach its maximum capacity, while the
microcontroller requires 3.3 V.

Fig. [§] includes the voltage adjustment modules between
the harvested power and the supercapacitor, as well as
between the supercapacitor and the microcontroller.
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FIGURE 8. Power Supply Flowchart with Supercapacitor.

The first voltage adjustment module should handle the
alternating current coming from the harvested magnetic
energy source and ensure high efficiency in power transfer.
The second module, in turn, should match the voltage of
the supercapacitor to that of the microcontroller. Many
works, such as [19]], [20], use an additional circuit only for
extracting the optimal power, but it demands even more from
the source. Here, we are going to use a voltage multiplier.

1) Voltage multiplier

The AC output requires the use of a full-wave voltage dou-
bler circuit. However, the output does not necessarily double
the voltage when using common diodes with a current drain
of 100 mA. This is mainly due to the voltage drop across the
junction of common diodes, which is approximately 0.7 V.
To reduce this voltage drop and achieve higher efficiency,
the common diodes were replaced with Schottky diodes,
specifically the 1N5822 model, which gives only a 0.3 V
drop.

R: Q1 2N70006 PolyFuse
X Output
Vi J]g—l_l fan3
1n5822 Step-down
C1
10000pF R1
10k =
Magnetic Field C2 1o u1
Collector 10000pF 4 TF

3
j; TL431

FIGURE 9. Voltage doubler, limiter voltage and current (from [11]).
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Fig. [0 presents the circuit with adjusting steps of the
voltage. First, there is the multiplier part with the diodes
and the capacitors. Then, this output of the doubler circuit is
limited by the subsequent components to ensure safe voltage
levels for the rest of the circuit. This protection system is
based on the TL431 integrated circuit. A potentiometer RV1
acts as an adjuster of the voltage levels and a transistor with
higher power is utilized to act as the device that limits and
dissipates energy, while the TL431 operates in a closed-loop
configuration to maintain a stable output signal, preventing
dangerous voltage spikes for subsequent devices [21]].

A resettable polyfuse was also added in case of current
surges and for thermal protection. It has the advantage of
being reusable and resetting itself after a certain period of
time, which reduces the need of human intervention and thus,
maintenance costs.

2) DC-DC Converters

Supercapacitors provide their energy in a linear way, which
could be a problem for embedded systems that commonly
operate at voltages of 5 V or 3.3 V. DC-DC converter
circuits provide a solution, since they have the ability to
convert one level of DC voltage to another, either stepping
down or stepping up the signal.

Two converters were added: a step-down converter respon-
sible for adjusting the voltage to power the supercapacitor
and a step-up converter to adapt the voltage level for the
microcontroller and the sensors integrated into the project.

The MP2307 chip from MPS was employed to build the
step-down DC-DC converter. This chip offers high conver-
sion efficiency, operating at 340 kH z, with a maximum input
voltage of 23 V, adjustable output, a maximum current of
3 A, and a maximum power dissipation of 2 W.

Supposing a microcontroller that operates at 3.3 V, a
voltage step-up circuit should be added. It is based on the
ME2188 chip from Microne, which features high conversion
efficiency, operating at 320 kH z, with an input range from
0.9 V to 3 V. It provides a stable output of 3.3 V' and has
a quiescent current of 7.5 puA.

Fig. [I0] displays the result of a test with an electronic load
(100 mA) of the voltage signal at the output of the converter
to verify the correct functioning of the device.
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FIGURE 10. Result of the test on the voltage of the supercapacitor and
the performance of the voltage step-up converter under a load of 100 mA.

Finally, in Fig. we have the complete flowchart of
the prototype with all the stages that were designed to opti-
mize the circuit in terms of power (voltage doubler), safety
(resetable fuse), redundancy (supercapacitor), and coherence
(converters and limiters).
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FIGURE 11. Block diagram detailing the entire constructed power supply.

Some works have achieved similar results building their
circuits, but [22]] used a power management unit instead of
voltage doubler and [9] only had the project until the storage
element.

IV. COMMUNICATION IN IOT

The Internet of Things is primarily based on a network of
modules with unique identities that monitor specific variable
values and transmit them to the internet through wireless
communication. Some established technologies like RFID,
Bluetooth, Wi-Fi, Zigbee, 3G, 4G, and 5G have been widely
used within this concept. The inter connectivity present in
the context of IoT inevitably leads to a considerable energy
consumption, which demands the use of increasingly more
efficient sources.

There is a direct relationship between the selected IoT
network technology and the type of connectivity topology to
be employed. Each one is designed to meet specific criteria,
such as signal range, number of connected devices, density
of information to be transported, data transmission interval,
and energy consumption.

The constant advancement of microcontrollers and embed-
ded systems has been crucial for the development of new
connectivity technologies, gaining significant traction in IoT
ecosystems. One of these breakthroughs was undoubtedly
the LoRa (Long Range Radio) wireless communication
technology. LoRa is known for its long-range and low-power
functioning capabilities, has proven to be an efficient solution
for applications involving energy harvesting systems due to
its low energy consumption [23[]. Fig. shows the range
comparison among the main wireless technologies available
in the market.
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FIGURE 12. Signal range of selected wireless technologies (from |13]).

LoRa technology also provides a wide range of connectiv-
ity possibilities in energy harvesting systems. For instance,
air quality monitoring sensors, temperature and humidity
sensors, as well as tracking systems can be deployed in
remote areas to collect data and transmit it to a control
center [24].

V. POWERING IOT APPLICATIONS

Powering circuits in IoT involves unique considerations
due to the diverse nature of its applications. IoT devices
are typically designed to be energy-efficient, compact, and
capable of operating autonomously for extended periods.
Powering these circuits efficiently is critical to ensure reliable
connectivity and functionality. Various powering strategies,
ranging from steady-state to dynamic and irregular methods,
are employed based on specific IoT requirements. Under-
standing these diverse approaches is essential for optimizing
IoT device performance and energy consumption.

Powering sources for circuits operate in diverse ways
depending on the application’s needs. In steady-state condi-
tions, a continuous and stable supply of power is delivered
to the circuit, ensuring consistent performance. Alternatively,
sources with active and inactive periods employ techniques
similar to pulse-width modulation (PWM) to control power
delivery intermittently. This method conserves energy and
regulates circuit performance based on demand. In irreg-
ular scenarios, power sources adapt dynamically to vary-
ing requirements, adjusting voltage or frequency based on
environmental or operational changes. This adaptability is
crucial in renewable energy systems, where power generation
fluctuates due to weather or system conditions. Fig.
from [25], illustrates the different types of energy provision.

Case A Case B
T T Active
I LTAC = Peak T
|| Sleep
Time——> Time —>
T Case C Peak T SR
I T
| | |
Time —> Time—>

FIGURE 13. Four different power budget current profiles.

Considering Case B from Fig. [T3|for our application, since
the source of the magnetic field may not be constant, we can
calculate the average current depending on the time spent in
active mode and in sleep mode. Equation. [T] shows how to
calculate it using weighted average:

Iactive * Tactive + Isleep * Tsleep
Tactive + T@leep
where [ stands for current and 7" for time.

(0

Iavg =
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VI. SETS OF COMPONENTS
A. Microcontroller
One of the basic requirements for a device to be considered
IoT is that it must have access to the internet. In the field
of embedded systems, there are several possibilities for
enabling cloud connectivity. Therefore, for this project, the
versatile microcontroller from ESP32 family was chosen.
The ESP32-WROOM-32D chip model features a Dual-
Core 32-bit Tensilica Xtensa LX6 processing core, with
a clock speed of up to 240 MHz, as well as Wi-Fi and
Bluetooth LE peripherals. This chip also has the ability to
enter hibernation states, where it shuts down all unnecessary
peripherals. In other words, once it completes its tasks, it
goes to sleep for a predetermined period through program-
ming, and only wakes up at defined intervals. Operating in
light sleep, its consumption is approximately 0.8 mA, and
in deep sleep, it is approximately 10 pA.

B. Sensors

An example application where diverse powering strategies
are crucial could be within transmission lines, where abun-
dant magnetic field energy is available for harvesting. In this
context, it is important to have some key measurements for
monitoring, such as temperature, humidity, smoke detection,
and of course, current [26], [27].

We are going to create six different scenarios with sets
of selected components to calculate the estimated demanded
current, in order to verify if the supercapacitor can sustain
the power. All of them combined with the ESP32, the
ACS712 (10 mA) for current measurement and the BME
680 (12 mA) for Temperature. The whole circuit is operated
at 3.3 V.

1) Scenario 1: LoRa 2.4Ghz - 500 mW for short range
communication (22 mA);

2) Scenario 2: LoRa 2.4Ghz - 500 mW for short range
communication (22mA) and a smoke detector SCD4x
(175 mA);

3) Scenario 3: LoRa 915 Mhz - 500 mW for medium
range communication (230 mA);

4) Scenario 4: LoRa 915 Mhz - 500 mW for medium
range communication (230 mA) and a smoke detector
SCD4x (175 mA);

5) Scenario 5: LoRa 433 Mhz - 1 W for long range
communication (446 mA);

6) Scenario 6: LoRa 433 Mhz - 1 W for long range com-
munication (446 mA) and a smoke detector SCD4x
(175 mA).

Table 3] shows the total demanded current for each sce-
nario described.

TABLE 3. Nominal demanded current from scenarios.

Scenario | Demanded Current (mA)

1 104
279
312
487
528
703

Q|| A |WIN

C. Autonomy

Now, with the different scenarios, we are going to simulate
several cycles that will imply in different average currents.
The operations cycles in which the calculations will be made
are presented in Table ] The active-sleep ratio refers to the
operation shown in Fig. [I3] case B.

TABLE 4. Cycle Operation.

Cycle Operation ‘ Active-Sleep Ratio | Total Duration

CO1 1:7200 2h
CO2 1:3600 1h
Co3 1:1800 30 min
CO4 1:900 15 min
CO5 1:300 Smin
CO6 1:60 1 min

From Table [2| we know that the energy supply capacity of
the tested 500 F' supercapacitor is 1353.24 W's. The entire
operational cycle is going to vary according to Table[d which
includes microcontroller initialization, sensor data collection,
and data transmission via the LoRa module. Dividing the
total energy from the product of the voltage operation 3.3 V'
and the average current calculated using (I, we obtain the
autonomy in seconds. Dividing the result by 24 hours, we
obtain the graph in Fig.

120 Cycle Operation
110 ——cCo1

100
90
80
70
60
50
40
30

Days

20
10
0

Scenario 3 Scenario 4 Scenario 5 Scenario 6

Scenario 2

Scenario 1
Device Set Scenario

FIGURE 14. Autonomy (in days) per Scenario and Cycle Operation.

This result does not consider the self-discharge property of
supercapacitors, being a result in a ideal scenario. According
to [28], the self discharge can go up to 70% in a month,
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therefore for a 3.3 V maximum voltage which is the case
for the 500 F' supercapacitor, it would go as low as 1 V in an
isolated scenario. However, the voltage step-up converter, as
described in Fig.[9] maintains the same level of power for any
level of voltage above 0.7 V. Hence, even in idle scenarios
in which a break in the power source should happen, one
could expect more than a month in autonomy for any of
the scenarios presented in Fig. [[4] Extreme conditions like
variations in temperature may vary and interfere in the results
as thoroughly discussed in [29].

D. Prototype Construction
Fig. [I5] displays the IoT system implemented using the
circuit as described in Scenario 1 previously with an enu-
meration for all of its parts.

FIGURE 15. Final prototype.

Each component is described as follows:

1) Current transformer as field collector;

2) Current transformer as a current meter;

3) LoRa Module Ebyte E28-2G4M27S - The prototype
can be used with various different LoRa modules. In
the image, the Ebyte E28-2G4M27S is specifically
shown. This module showed a great power efficiency
in comparison to others in the market, as thoroughly
tested in [[13]];

4) Voltage doubler circuit;

5) Hall effect sensor - This is the ACS712 sensor, which
is based on the Hall effect and is designed to convert
the current provided by the secondary of the CT into
a proportional voltage. This is necessary because the
ADC circuits of microcontrollers operate by measuring
only low voltages;

6) Protection circuit;

7) DC-DC step-down Converter;

8) DC-DC step-up Converter;

9) 500 F' Supercapacitor;

10) Voltage doubler capacitor;

11) Environmental parameters sensor - This is the
BMEG680 sensor from the manufacturer Bosch. It com-
bines measurements of temperature, humidity, atmo-

spheric pressure, and air quality in a single component.
It operates at 3.3 V' and has low power consumption;
ESP32-WROOM-32D;

FTDI USB Converter - This board serves as an in-
terface converter, enabling communication between
the USB (Universal Serial Bus) standard and the
3.3 V logic level UART (Universal Asynchronous
Receiver/Transmitter) standard. These signals are es-
sential for communication between a computer and the
microcontroller. Hence, firmware updates are enabled
and also facilitates the debugging process.

12)
13)

VIl. DISCUSSION

The results shown in Fig. [[4]demonstrate that there would be
autonomy for the selected components for many days, even
if the magnetic field from the source would be interrupted
for many days. Even with a scenario with component that
demanded more current and a high active period cycle, the
supercapacitor fed by the collector could provide enough
energy without recharging for almost half a day.

The work by [30] used supercapacitors as redundancy for
systems with various types of harvested energy, including
solar. The study concludes that, despite the search for
circuits without conventional batteries, capacitors can assist
in extending their lifespan.

In [10], it was developed an innovative architecture in
which they collect energy from various sources to mitigate
the low density issue in harvested energy systems. The
combination of all these power sources is centralized in a
supercapacitor.

In the research by [6], RF-collected energy is used,
and a 50 mF" supercapacitor is used for redundancy. The
recharge time was 2 minutes and 40 seconds, providing a
fast utilization cycle compared to this work, which, due to
discharge symmetry, would recharge in 23 minutes but offers
much more energy.

VIIl. CONCLUSION
By utilizing high-energy efficiency DC-DC circuits and
incorporating supercapacitors, the batteries of the IoT de-
vice were completely replaced, enhancing its sustainability.
Furthermore, the implementation of modern microcontrollers
with deep sleep modes (ultra-low power consumption) was
pivotal in achieving up several uninterrupted days of op-
eration, even in extreme cases of total interruption of the
magnetic field source and a high power demanding system.
This research successfully developed a self-sufficient IoT
system with energy redundancy, voltage level adaptation
circuits, and electrical protection, all powered entirely by
magnetic fields. This includes the complete basic structure
of an IoT system, encompassing sensors, microcontrollers,
radio communication, and the construction of the source
circuit utilizing a magnetic field produced in the laboratory.
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