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ABSTRACT

With the increasing popularity of embedded systems that consist of identifying, sensing, processing, and communication capabilities, the Internet of
Things (IoT) has enabled many new application scenarios in diverse scientific fields and provided an important opportunity to build efficient industrial
systems and applications. Most embedded systems consume power provided by fixed batteries with limited capacity. However, the main disadvantage of
batteries is that they must be periodically replaced with new ones or recharged when they are depleted. This kind of maintenance process increases the
cost and restricts the use in inaccessible places. Considering the limitations of battery power, alternative energy sources are required for interconnected
devices to operate efficiently and effectively. Harvesting or scavenging energy from the environment is an important strategy to design self-powered
systems employed in the loT domain. Traditional energy harvesting applications use large energy storage devices to supply the power to the system
whenever needed. Batteryless energy harvesting techniques have advantages to operate long periods of time without maintenance. In this study, we
designed and implemented a supercapacitor-based, solar-powered wireless embedded system that can operate autonomously without the need of
maintenance and battery replacement. Our goal is to explore and analyze the applicability and usefulness of batteryless wireless data communication
and self-powered smart devices using energy harvesting technique in the loT environment. In our experiments, we observed that our prototype boards
operate well with low-power consumption without any performance degradation.
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Introduction

Internet of Things (loT) is a rapidly-developing technology that has a wide range of application
domains, technological innovations, and social impacts. It is a dynamic global network infra-
structure consisting of interconnected devices with identification, sensing, data processing,
information exchange, and communication capabilities. It provides an intelligent ecosystem
for the information society by enabling advanced services, standarts, and platforms.

With recent advances in wireless communications, digital electronics, integrated circuits (IC),
sensors, and micro-electro-mechanical systems (MEMS) technology, the design and develop-
ment of low-cost, low-power, multifunctional and autonomous wireless smart devices have
become important.The ever-increasing capabilities of these devices enable the realization of
various loT applications based on the collaborative effort of a large number of smart devices
[1-3].
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Figure 1. Hardware components of an embedded system

sumption is one of the main factors which significantly influ-
ence their design. For most loT applications (i.e., smart home,
remote monitoring and control systems, smart city), these
devices must operate autonomously and unattended, and
must be adaptive to the environment. It may not be feasible
to replace or recharge their batteries. With the limited battery
power, the operational lifetime of these devices is also limited.
Therefore, the power is a scarce and vital resource in the loT
ecosystem. It is possible to extend the operational lifetime of
wireless smart devices through energy harvesting techniques.
Solar cells provide practical and cost-effective solutions for en-
ergy-efficient operations. However, the amount of energy that
can be extracted is still limited. Consequently, since wireless
smart devices are required to perform their tasks efficiently for
long periods of time, harvesting or scavenging energy from the
environment is an important strategy to design and develop
self-powered systems [4, 5].

Related Work

Autonomous embedded systems with low-power consump-
tion have recently received a great attention in the literature
due to their applications in many emerging technologies
such as home automation, smart cities, smart manufacturing,
healtcare, wearables, automotive, precision agriculture, supply
chain management, and industrial internet. These applications
employ a network infrastructure with limited power sources
and need to incorporate various energy harvesting systems for
their continuous operations.

Various self-sustaining power supplies for wireless embedded
systems have been introduced in the past. In [6], the authors
presented a solar-harvesting, energy-wise upgradeable plat-
form for environmental sensor networks. The device contains a
solar panel as its power source and rechargeable NiMH batter-

ies as its energy storage element. Its design features are simple
hardware structure and cheap energy storage units. The authors
study the charging and discharging characteristics of the pow-
er supplies. In [7], the authors presented the design, implemen-
tation, and performance evaluation of a plug-and-play solar
energy harvesting module that powers the Berkeley/Crosbow
sensor motes. The module has a solar energy harvesting circuit
and a rechargeable battery. It autonomously manages all deci-
sions related to energy harvesting, energy storage, and power
routing. It enables harvesting-aware operation by providing
instantaneous solar and battery-state information. In [8], the
authors designed a platform to build outdoor sensor networks
for enviromental monitoring and agriculture applications. The
platform is equipped with the Nordic nRF905 RF transceiver,
two rechargeable NiMH batteries as the primary power source,
a solar panel, an on-board battery charging circuit and regula-
tor, a real-time clock, a flash memory, and a temperature sen-
sor. It is capable of monitoring battery voltage, battery current,
charging voltage, and charging current. The power input stage
of the platform provides the ability to compute both the en-
ergy coming in and the energy being consumed. This enables
the implementation of distributed energy-aware applications.
In [9], the authors proposed a technique consisting of a power
distribution switch (to route power sources to subsystems) and
a power source-power consumption matching algorithm (to
maximize the total utility of the available power from the am-
bient power sources). The system is composed of sensors that
detect the ambient energy intensity, the controller that runs al-
gorithm to maximize the utilization of power sources, and the
switch array that establishes the connections between power
sources and subsystems. The higher utility of ambient power
is obtained by combining the maximum power point tracking
(MPPT) and the power defragmentation. Moreover, the micro-
controller control based on the light sensors is also required. In
[10], the authors designed a wireless sensor node to show the
feasibility of energy harvesting for sub-watt, small-scale sys-
tems integrated with durable energy storage in the form of su-
percapacitors. They proposed a feed-forward, pulse frequency
modulated regulator that charges supercapacitors at near op-
timal operating points for solar cells. The device stores energy
obtained from solar cells in supercapacitors. It employs a MPPT
circuit that enables solar cells to efficiently charge supercapac-
itors (to maximize the amount of available energy). However,
the MPPT circuit requires a microcontroller to run the MPPT
algorithm. In [11], the authors developed a system that man-
ages energy transfer for perpetual operation (to maximize the
lifetime of the sensor device). Their platform uses a solar panel,
a charging circuit, and a two-stage storage unit consisting of
supercapacitors (a primary buffer charged by a solar panel to
power the device) and a Li+ rechargeable battery (a secondary
buffer as a reliable emergency backup. It is charged either by
solar panel or by the primary buffer.).

System Design and Implementation

In our study, we developed a supercapacitor-operated, so-
lar-powered, autonomous wireless embedded system for loT
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applications. The hardware architecture of our system is depict-
ed in Figure 2.

e

Figure 2. Embedded system architecture

The system is designed for three main tasks: using a solar pan-
el as a power source, charging the supercapacitor through a
switching regulator, and performing energy management for
all typical sensor and wireless communication functions.

To obtain the maximum power from the solar panel (6V
150mA), a buck/boost converter is used. A supercapac-
itor is chosen instead of a rechargeable battery to store
harvested energy. Because a supercapacitor has infinite
charging cycles and its charging/discharging efficiency is
higher than that of a battery. When the available energy in
the supercapacitor is insufficient to operate the converter,
the initial energy harvesting process is passive. Once the
enough energy is stored for the reliable startup of the con-
verter, the system transitions to an operational state where
it actively manages the energy harvesting and controls the
power availability to the embedded device. If the energy
stored in the supercapacitor is enough to supply power to
the embedded device, then the system enables the device
to operate with regulated voltage, while continuing to har-
vest energy from the solar panel. Finally, a microcontroller
(Atmega328P) is employed to perform several tasks such
as processing sensor data, energy management, and com-
munication.

Our embedded device provides information about its sur-
rounding environment to a host system through its XBee or
BLE module (i.e., BLE supported devices such as smartphones
can obtain information from the device). In addition, the ap-
plication running on the device uses an energy management
software to optimize the energy efficiency (or usage). Conse-
quently, all components of our device interact with each other,
and therefore, each component influences the energy transfer
between them, as well as the power consumption and behav-
ior of the complete system.

Figure 3 shows the implementation of our batteryless wireless
embedded system and prototype devices. All of the devices
operate autonomously when the solar panel and supercapaci-
tor are integrated with the devices.

Gateway-2

Figure 3. Our prototype boards and development tools

Power source

Solar is an important energy source for autonomous embed-
ded systems, usually due to the following factors:

«  Solar energy is clean, sustainable, renewable, and inex-
haustible. It is readily available anywhere.

«  Solar cells can produce electricity from available light
even under low-irradiance conditions (i.e., indoor environ-
ments) [12]. They provide high power density compared to
other power sources such as acoustic noise, thermal, radio
frequency, vibrations, airflow.

«  Photovoltaic (PV) systems have advantages such as easy
implementation, high reliability, silent operation, long life,
low maintenance cost, and employing simple equipments
with no moving or rotating parts [12, 13].

+  Many embedded systems use solar cells in recent years,
because solar energy provide sufficient power for most of
today’s smart electronic devices that consume up to sever-
al hundred mW of power [2, 8, 12-17].

Solar cells generate electricity from sunlight. They are connect-
ed together in either series or parallel combinations, or both to
form a solar module/panel which provides higher output volt-
ages and currents. If solar cells are connected in series, the volt-
age increases. If they are connected in parallel, then the cur-
rent increases (Figure 4). An energy harvesting circuit fixes the
output power of the solar cell and transfers this power to the
energy storage unit. It performs avoiding the back flow from
the energy storage unit to the solar cell, protecting the energy
storage unit from overload, fixing the operating point for the
solar cell [13]. The amount of power generated by the solar cell
depends on solar irradiation, the physical and chemical char-
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Figure 4. |-V characteristics curve of connected solar cells [18]

acteristics of the solar cell, the operating point of the solar cell,
and weather conditions [13].

To understand the behavior of a solar cell, we model the solar
cell by using an equivalent circuit shown in Figure 5.
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Figure 5. Equivalent circuit of a solar cell

I+ photogenerated current | solar current

|- diode current R shunt resistance

I shunt current R,: series resistance

R, equivalent junction resistance

Solar cells produce a current, /,,, depending on the incident
photons. For instance, considering the n parallel-connected
solar cells, I, is:

Ipp =n-Isc

M

Is¢ : short-circuit current

The exact value of the /,_depends on the operational condition
of the solar cell (i.e., cell temperature, solar irradiation, phys-
ical and chemical properties of the pn-junction). In addition,
the performance of a solar cell can be characterized through its

open-circuit voltage (V).

nkT I .
Voc = —~In (};—:"' 1) , * {Ipy = Isc} 2

* for a quality solar cell (high R

o low R, and IO)

As shown in Figure 6, the |-V characteristic curve defines the
current and voltage characteristics of a specific solar cell by
providing a detailed information about the solar energy con-
version ability and efficiency. The |-V characteristics of a solar
cell (particularly P_ ) is crucial to analyze the performance and
solar efficiency of the embedded system.
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Figure 6. -V characteristics curve of a solar cell [18]
«The current produced by the solar cell:
Is = Ipy —Ip — Isy 3)
«The output voltage of the solar cell:
Vsotar = Vor +Is " Rs (4)
V. voltage across the output terminals
«The diode current:
_ 4
Iy = Iy (exp [“5] - 1) ©)

V,=kT/q, thermal voltage (= 0.0259V at 25°)
l: reverse saturation current

n: diode ideality factor

g: electron charge constant

k: Boltzmann constant

T: absolute temperature
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- The characteristic equation of the solar cell:

RsH

*The generated power through the solar cell:

Psotar = Vsotar " Is (7)

The |-V characteristics of solar cells are non-linear and non-mono-
tonic. Depending on each solar irradiance level, the power reaches
a global maximum at a certain voltage (or current), which is the
optimal operating point (Maximum Power Point-MPP) to obtain
the maximum amount of power from the solar cell (Figure 7).
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cause of the need to measure the voltage and current levels
of solar cells, temperature, and solar irradiance. Therefore, sev-
eral MPPT techniques have been proposed in the literature to
obtain more accurate results [19-22]. The power generated by
solar panel at a W, solar irradiance is given below:

— : . Ws1 pmAx
Psolar = min (PR 7% PSolar)

(10)
P, rated power output of the solar cell

W, rated irradiance level

Energy storage

It is crucial to choose a well-suited storage device for embed-
ded systems. Many of today’s embedded systems use batter-
ies as energy storage. However, batteries are often stated as a
major limiting factor which influences the operational lifetime
of embedded systems. Batteries have high energy density; how-
ever, they have limited power density (charge-discharge rates).
In addition, continuous high rate cycling, inability to hold full
charge for a long time, and harsh environmental conditions (i.e.,
temperature) adversely affect both battery performance and
lifetime. These negative effects lead to periodic maintenance
and battery replacement for embedded systems. Unfortunately,
such recurring maintenance and replacement can be very ex-
pensive if they must be done for many devices which are likely
to be time-consuming, expensive, and difficult to access after
deployment. Consequently, battery is a crucial factor which pre-
vents the embedded systems from operating maintenance-free
for more than several years at different data rates [23].

One solution which provides the long-term operation of em-
bedded systems without the need of a battery is to use a su-
percapacitor. The viable technique is to remove the battery
altogether, replace it with the supercapacitor and store energy
in it. Supercapacitors are a good choice for embedded systems
due to their operational features, particularly the high power
density. They have high charge-discharge efficiency, unlimited
charging cycles, wide operating temperature range, and long
lifetime (Table 1). They do not release any thermal heat during

Figure 7. |-V characteristics curve in response to sunlight [18]

Table 1. Comparison of supercapacitors and batteries

The MPP is calculated by the equations below:

dPsolar — dPsolar =0 @)
dVsolar dlsolar
Iputlo _ (Q'VMPP ) (Q'VMPP)

o = Unkr +1)-exp ok (9)

As can be seen from Eq. 9, the MPP can be referred to as a func-
tion of /,, and I, which depends on the solar irradiance and
temperature. V,, represents the output voltage of the solar cell
when the solar cell is operating at the MPP. Eq. 9 can provide a
basis for MPP tracking (MPPT). However, the implementation

of MPPT in energy harvesting systems is a challenging task be-

Property Supercapacitors Batteries
Energy density Low High
Power density High Low
Voltage behavior Varying Constant
Cycle life High Low
Temperature peformance Good Poor
DC life High Medium
Form factor Small Large
Weight Light Heavy
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discharging process. They are also known as green technology
because of the high efficiency and the materials used in pro-
duction. These outstanding features make supercapacitors a
useful energy storage device for embedded systems employed
in loT [24-28].

Supercapacitors have advantages in terms of energy stor-
age. A general idea about the performance of these devices
in comparison with normal capacitors and batteries can be
obtained by examining their situations on the Ragone plot
shown in Figure 8. The Ragone plot describes the relation-
ship between the energy density and the power density of
various energy storage/energy propulsion technologies.

1000 S —— — ;
i P - } -34-1 .

Energy Density (Whr/kg)
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10 100 1000

Power Density (W/kg)

1000

Figure 8. Performane comparison of energy storage devices

Thus, it is feasible to analyze the device ability to store en-
ergy for long periods of time (high energy density) against
its ability to obtain a large amount of energy in a short time
when required (high power density). As shown in Figure 8,
supercapacitors are located between capacitors and bat-
teries depending on their characteristic features. They have
higher power density than batteries and higher energy den-
sity than normal capacitors. They are not exposed to chemi-
cal reactions; therefore, they have a much higher number of
charge cycles.

Energy harvesting

As shown in Figure 9, our energy harvesting system uses a
DC/DC switching regulator that has a wide range of input
and output voltages, and high conversion efficiency over
the embedded device’s operating power range. The regula-
tor is placed between the solar cell and supercapacitor to in-
crease the harvesting efficiency. It prevents the supercapac-
itor from degrading the operation performance of the solar
cell. Such a structure enables energy harvesting to continue
even when V,_ <V, . The regulator also serves as a diode to
block reverse current flow from supercapacitor to solar cell
[29].

Wireless embedded sytems operate at a constant input volt-
age. Therefore, the energy storage device rarely has the same
voltage. A boost (step-up) converter is employed to increase
the input voltage. In case of a higher storage voltage, a buck
(step-down) converter is more efficient. Our choice is to use
a buck/boost DC/DC converter that enables up-down volt-
age conversion to efficiently operate the embedded system
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Figure 9. Implementation of the energy harvesting system
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independent of the supercapacitor voltage. The regulator is
set to operate at the lowest possible voltage level to improve
the energy efficiency of the embedded system. In additon, the
operating voltage is adjusted by an energy management soft-
ware using dynamic power management technique to reduce
system power consumption without degrading performance.
Finally, a secondary switching regulator is employed to operate
MCU, wireless transceiver, and sensors, which require different
voltage than the embedded system’s voltage [27-29].

Energy harvesting method

Power management techniques designed for the energy-ef-
ficient operation of embedded systems differ significantly
when power source changes from a battery to an energy
harvesting module. One of the reasons which leads to dif-
ferences is that the ambient energy source is highly variable.
Contrary to the stored energy characterized by the amount of
the battery’s residual energy, ambient energy requires a more
sophisticated characterization. Another reason is that ambi-
ent energy is not a scarce resource and has a potential to be
used forever for the sustainable performance of the embed-
ded systems.

Since the ambient energy source varies a great deal, the main
design goal is to increase the overall system performance. An-
other goal is to determine whether ambient energy is enough
for the embedded system to perform its tasks at the desired
performance level. If so, the system operates efficiently and
effectively. If not, energy harvesting requirements must be
specified for the system. Consequently, the aim of developing
an energy harvesting technique is to enable analysis of various
energy harvesting technologies with respect to system perfor-
mance [28-30].

To obtain better results on the performance and lifetime
of wireless embedded systems operating from an available
energy source, it is necessary to specify the important fea-
tures/parameters of the energy availability. This situation
requires modeling the energy provided by a harvesting
system which converts ambient energy into electrical en-
ergy and stores it in a supercapacitor. We can make use of a
model proposed in [27] to characterize the production and
consumption of ambient energy for our prototype board,
which employs energy harvesting system shown in Figure
10.

« The power output of the energy source:

[ Es(®)dt = PT — ¢;
S Es(©)dt < PT + e,

(amn

Esource(P, €1, €3)
+The power consumption of the energy consumer:

Econsumer(P',€) + JLEc()dt < P'T +e (12)

In the above definitons, E, (P, e, e,) denotes the energy source
(solar panel) which supplies power to our embedded system.
E(t) models the power output of the energy source at time t. E,
(P;e) denotes the energy consumer (embedded system) which
obtains power from the energy source. E_(t) models the power
consumption of the embedded system at time t. P and P’ are
the available powers at which the system can operate. The
variables (e, e, e,) denote the energy storage capacity of the
embedded system.

Figure 10 shows the general architecture of our energy harvest-
ing system, which describes the energy flow in our prototype
board. The solar panel produces a current, /., >0, depending

on ambient conditions. The switching regulator (with capacitor
charger and balancer features) converts the input voltage to an

VSolm- I Solar VSupercap

Figure 10. Block diagram of our energy harvesting system
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output voltage with a high efficiency (Figure 11). The regulator
current, [ >0, is consumed by the regulator to supply the em-
bedded system with the current / >0 at the output voltage
V... The supercapacitor serves as energy storage. The current
I, flows into the supercapacitor with a capacity of C. If |__>0
p Scap
the supercapacitor is charged; otherwise, it acts as a power
source and discharges to supply the system. The supercapac-
itor voltage, V,_, cannot exceed V__because of overcharging

cap’ max
protection. If V. __underruns the cut-off voltage V_ .. then the

cap cutoff'

regulator fails. Finally, the power-conversion efficiency of the

regulator,n, is a function of /__,and Ve
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Figure 11. Charge efficiency of the switching regulator

Based on the above-mentioned information, we can model the
energy flow for our embedded system as follows:

Isotar = IReg + IScap (13)

VioadILoad

-c- 14
VScap'n'(VScap:ILoad) ’ IScap ¢ VScap ( )

IReg =

The embedded system influences the overall system power
consumption by changing its duty cycle. We can model it as
a power sink of periodic pulses. In most cases, we only model
the average power consumption by assuming the wake time
is negligible:

Pa%zg = Voup - (d Agee + (1 —d) 'Islp) (15)
where

d . H
P:,:average power consumption

Ve supply voltage d: duty cycle,

I .+ active mode current

aci

| :sleep mode current
stp’

Results and Discussion

For autonomous wireless embedded systems with limited bat-
tery power employed in loT, continuous power availability and
low maintenance cost are crucial. Energy harvesting technolo-
gies and batteryless systems have the advantage of being able
to operate for long periods of time in loT applications where
the battery replacement is difficult/unsuitable. In addition,
wireless technologies such as Zigbee, XBee, LoRa, and BLE
have become prominent low-power wireless solutions for both
embedded systems and loT. In order to perform tasks for long
periods of time, two approaches can be considered. One is to
increase the battery capacity. The other is to reduce the system
power consumption. The first method increases the cost and
battery size. It also requires maintenance and battery replace-
ment. To make the system more efficient as well as to reduce
the cost and maintanence, it is important to produce low-pow-
er equipments. There is also one more approach in which
batteries are not used. In this method, we have proposed an
energy harvesting system consisting of a solar panel, a super-
capacitor, a switching regulator, and an energy management
software.

In our study, we analyzed how well will wireless technologies,
most particularly BLE and XBee, function when employed in a
batteryless embedded system that runs on harvested energy
and low-power consumption. The generated power is in pro-
portion to the size of the energy harvesting module. In addi-
tion, most harvesting systems include energy storage devices
to store extra energy. This is used later to meet demand de-
pending on the lack of power when the ambient energy source
is temporarily unavailable (i.e., during nights). Energy storage
devices can be batteries, supercapacitors, or their combina-
tions. Consequently, our goal is to develop a solar-powered bat-
teryless wireless embedded system considering the low-power
consumption and small form factor. We designed a prototype
board utilizing a solar panel to harvest energy, a buck/boost
DC/DC converter to distribute power, and a supercapacitor to
eliminate the battery requirement. Figure 12 shows the perfor-
mance evaluation of our embedded device with BLE module at
different operation stages.

V(Voltage) ——Voltage === Current = Power
5.0 e L AL o it Vs cap
BLEgy BLEpy
4.0 “\
Pavg
3.0 M
BLE,, BLE,j;
20 idle 1
avg
System,, v (i System,s;
" Al \
10[{ - 5 L VYW Y el = 4
/ ‘
= —t(sec)
0 30 60 90 120 150
Figure 12. Performance evaluation of the prototype board
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Since the energy harvester uses a DC voltage, an AC voltage
source needs a rectifier before the harvester use AC source. In
addition, voltage ratings of the power source highly depend
on environmental factors. When the voltage level exceeds the
allowed harvester features, a voltage limiter is used before the
power source is integrated with energy harvester. Our energy
harvesting module employs a switching regulator and its soft-
ware executes a power monitoring function to obtain the suffi-
cient amount of energy from the power source.

Wireless modules used in embedded systems consume a large
amount of energy while sending and receiving data. Therefore, an
optimization technique for the communication system has a cru-
cial impact on the self-sustainability of embedded systems. Except
for sending and receiving modes, we can remarkably reduce the
power consumption by using the sleep mode that exists in most
RF chips. To choose the right RF chip is important in order to ob-
tain low power in the sleep mode for embedded systems.

Microcontroller is another component which consumes more
power. It controls all peripheral devices in the board. The most
influential part for the power consumption of the microcontrol-
ler is the operation clock. Speeding up of the clock increases
power consumption. The clock control is a critical factor to re-
duce power consumption. It is important to select a microcon-
troller that consumes less power as much as possible in sleep
mode and keeps it sleep mode as long as possible. Another
critical situation is the wake up time from the sleep mode. Until
the crystal oscillator is stabilized, the microcontroller consumes
power during the standby mode. Therefore, the short wake up
time is essential to reduce power consumption.

Conclusion

loT has become a paramount technology for the information
society and led to a paradigm shift in many research areas. It
provides us an intelligent ecosystem with infinite opportuni-
ties where smart interconnected devices communicate and
interact with each other and the Internet. Since loT and smart
devices have attracted a great deal of attention in recent years,
the design of energy efficient embedded systems has become
more important. Embedded systems must perform well in the
loT environment without the possibility of periodic mainte-
nance. The replacement of these devices can be time consum-
ing, very complex and expensive, even when the device itself
is of low cost. In addition to achieving their primary goals, they
must provide extra functionalities such as energy efficient
operation, self-diagnostics, self-powered, self-sustained, and
network compatibility. Moreover, they need to be extremely
secure, robust, and reliable. In order to fulfill all mentioned re-
quirements, they need to possess a certain level of intelligence
along with a small form factor.

Ambient energy harvesting provides a viable option to supple-
ment power supply of energy constrained embedded systems
employed in several loT applications where the required oper-
ating lifetime is very long, maintenance and battery replace-

ments are next to impossible. In this study, we analyzed how
an energy harvesting aware power management can supply
power to an embedded system, further improve the energy
usage and system lifetime. We presented an architecture for
perpetual operation of a self-powered embedded system us-
ing ambient energy source. We made use of a model which
can be used to characterize the energy source and determine
the sustainable performance of the embedded system. We
designed and implemented a batteryless wireless prototype
board that employs an energy harvesting module consisting
of a solar panel, a supercapacitor, and a DC/DC switching reg-
ulator. The regulator facilitates energy transfer from the solar
panel into the supercapacitor and charges the supercapacitor
at near optimal operating points for solar panel. The harvesting
module sufficiently supplies power to the board when there is
not enough sunlight in the environment. We observed that our
board efficiently harvests energy while performing sensing,
processing, and communication tasks under different weather
conditions. Our device is a low-cost solution and easy to use. It
has low hardware complexity and a low energy demand which
is easily fulfilled by the supercapacitor. Consequently, super-
capacitor-operated solar powered embedded systems can
be smaller and lighter and they do not need to be oversized
to accommodate high power cycling. They can be adaptable
to loT applications and sustain the prolonged operation in a
robust manner. They require less monitoring and less sophis-
ticated management systems and ensure a maintenance-free
operation.
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