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Abstract:

A contemporary maintenance approach called predictive maintenance makes use of data analysis,
machine learning, and real-time monitoring to foresee equipment breakdowns before they happen.
Predictive maintenance concentrates on condition-based monitoring to increase efficiency and
dependability, in contrast to conventional maintenance techniques like reactive maintenance (repair after
failure) and preventive maintenance (planned servicing). The creation of a predictive maintenance system
to improve equipment performance, minimize unplanned downtime, and maximize maintenance planning is
presented in this project. The system collects data from various sensors installed on machinery, such as
temperature, vibration, pressure, and humidity sensors. This data is continuously monitored and
transmitted through Internet of Things (IoT) technologies for further processing. The collected data is then
preprocessed to remove noise, handle missing values, and normalize inputs for accurate analysis. Machine
learning algorithms are applied to this processed data to identify patterns, detect anomalies, and predict
potential equipment failures. Techniques such as classification, regression, and time-series analysis are
used to estimate the remaining useful life (RUL) of components. Predictive maintenance, or Pd.M., is now
transforming how companies maintain their equipment and ensure continued production. Predictive
maintenance, as opposed to conventional maintenance techniques like reactive and preventative, makes use
of real-time data and state-of-the-art technology to spot any equipment problems before they happen. The
strategy is gaining traction in the industrial, energy, transportation, and healthcare industries because it
may drastically save operational costs, avoid unscheduled stops, and provide more dependable systems. In
fact, advanced technology that allows for accurate equipment observation and analysis makes predictive
maintenance conceivable.

Keywords: Predictive Maintenance, Real-Time Data, Advanced Technology, Accurately Observe and
Analyze Equipment.

Introduction: insufficient. Because of this revolution, there is

The fast-paced changes in industry make
it important to keep equipment efficient, safe and
durable to keep a company's operations lasting.
The need for maintenance has grown in
importance as industries use advanced, expensive
machines and connect many systems. The main
foundation for equipment maintenance until now
has been the reactive and preventive strategies.
But, as the fourth industrial revolution rolls out,

also called Industry 4.0, the old approaches seem

now a new trend that features automation, strong
connections, and analytics on the spot, leading to
creative techniques like predictive maintenance
(PdM).

Predictive maintenance offers a major
change from handling maintenance in fixed time
frames or when things break to responding to the
actual condition of equipment and its data. Rather
than fixing a problem when it already occurs or

scheduling maintenance without need, predictive
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maintenance uses real-time data and advances
tools to predict failure instances upfront. To work,
it gathers information from assets in use to spot
problems, examine how equipment is performing,
and project the future useful life of each piece of
equipment. Thanks to predictive maintenance,
maintenance teams can make precise and timely
decisions, which cuts down on meaningless
repairs, makes maintenance cheaper, and prevents
major equipment breakdowns.

Predictive maintenance matters in many
different industries. Stoppages in production and
disruptions within supply chains can cause
companies in manufacturing to lose money when
equipment is unable to work. Failure of energy
sector equipment may lead to serious accidents
and harm to the environment. Failure in
transportation systems can weaken safety and
efficiency. In each situation, predictive
maintenance helps make sure equipment runs as it
should and that any problems are spotted in
advance. To improve efficiency, sustainability,
and competitiveness, industries are seeing

precision maintenance design as a true business

priority.

Literature Review:
Thanks to developments in Industry 4.0
technologies like artificial intelligence, the
Internet of Things, and data analytics, predictive
maintenance (PdM) has emerged as a crucial part
of contemporary industrial systems. To improve
system dependability and decrease downtime, a
number of strategies have been investigated,
including physics-based, data-driven, and hybrid
models.
Multi-model

diagnostics and prognostics are presented in a

methods combining
thorough study by Montero Jimenez et al. [1],
emphasizing the advantages of combining data-
driven and physics-based techniques for increased
prediction accuracy. A decision-based approach

for choosing suitable PAM techniques based on

operational needs, system complexity, and cost

concerns was also presented by Li et al. [3].
Because of their accuracy and

interpretability, physics-based prognostic
techniques have been used extensively. Using
non-linear least squares with dynamic constraints,
Downey et al. [2] created a physics-based model
for lithium-ion battery prognostics that showed
increased resilience. By including degradation
curves for  industrial robot  predictive
maintenance, Aivaliotis et al. [4] improved these
models even further by offering a deeper
understanding of system wear and failure reasons.

On the other hand, because of their
capacity to handle massive amounts of sensor
data, data-driven methods—especially those
based on machine learning—have grown in
popularity. Wu et al. [5] presented a hybrid
approach that combines bat-based particle
filtration and neural networks to forecast the
residual usable life (RUL) of lithium-ion batteries
with good prediction accuracy. Tiwari et al. [6]
highlighted how deep learning and IoT may
facilitate intelligent maintenance choices and real-
time monitoring. Furthermore, Arena et al. [7]
examined PdM applications in the automobile
industry, emphasizing the efficiency of Al-based
methods in maintenance optimization and
problem identification.

Maintenance tactics have been greatly
impacted by the shift to Industry 4.0. Popkova et
al. [8] highlighted the significance of cyber-
physical systems and digitalization when
discussing the key distinctions between Industry
4.0 and other industrial revolutions. Antomarioni
et al. [9] shown the efficacy of a predictive
association rule-based maintenance strategy in
industrial settings like oil refineries by proposing
it to reduce the likelihood of equipment failure. In
order to increase maintenance efficiency in the

automobile industry, Liang [10] created a
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process-based troubleshooting and knowledge
management system for collaborative settings.
Even with major progress, there are still a
number of obstacles. The integration of diverse
data sources, the high computational cost of
hybrid models, and the restricted real-time
industrial application are some examples. Thus,
the development of scalable, effective, and real-
time predictive maintenance  frameworks
appropriate for complex industrial contexts

should be the major emphasis of future study.

Methodology:

Through a methodical and data-driven
approach, the suggested predictive maintenance
system 1is intended to continually monitor
equipment health and identify any problems early
on. The process starts with the data acquisition
phase, during which sensors are installed on the
machine to continually monitor vital factors like
vibration and temperature, which are important
markers of the performance and condition of the
machine. These sensors produce data in real time
that represents the system's operating state. The
microcontroller, which acts as the system's central
processing unit, receives the collected sensor data
after that. In order to make sure the data is correct
and  appropriate ~ for  assessment, the
microcontroller processes and analyses it after
receiving it. This includes signal conversion,
filtering, and simple calculations. The processed
data is then contrasted with predetermined
threshold limits that reflect the machine's typical
and secure working settings. The system
continues to function under normal monitoring
conditions if the sensor readings stay within
certain bounds; if any parameter above its
corresponding threshold, it is recognized as an
abnormal state suggesting a possible failure. In
order to notify the user and facilitate prompt
action, the system creates alerts in the form of
digital,  visual, or

auditory = messages.

Additionally, the system facilitates real-time
transmission of processed data for remote
monitoring, storage, and additional analysis via
interface with a cloud-based monitoring platform.
The system's capacity is increased by this cloud
connectivity, which allows for better decision-
making, historical data monitoring, and ongoing
supervision. All things considered, the suggested
approach  guarantees  effective  real-time
monitoring, early issue identification, and
proactive maintenance, which raises operational
efficiency, decreases downtime, and improves

system dependability.

Hardware Components:

A collection of crucial hardware elements
that together allow data collection, processing,
and transmission are used to create the suggested
IoT-based predictive maintenance system. In
order to guarantee precise monitoring and
effective system functioning, each component has
a distinct function.

Microcontroller (ESP32/Arduino):

As the system's central processing unit,
the microcontroller is in charge of managing and
directing all activity. Platforms like Arduino or
ESP32 are used in this application because they
are dependable, simple to program, and
compatible with a variety of sensors. In addition
to performing analog-to-digital conversion (ADC)
and preparatory data processing like threshold
comparison and filtering, the microcontroller
receives input signals from the attached sensors.
It also controls connectivity with external
systems, such as managing local output devices
like buzzers or displays and sending data to the
cloud via Wi-Fi (in the case of ESP32). Because
of its increased processing power, built-in Wi-Fi
connectivity, and appropriateness for real-time
IoT applications, the ESP32 is especially

beneficial.
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LM35/DHT11 Temperature Sensor:

The machine's thermal status, which is
crucial for spotting overheating and possible
failure, is monitored by the temperature sensor.
This system frequently uses sensors like LM35
and DHT11. With its great precision and linearity,
the LM35's analog output voltage is precisely
proportional to temperature, making it ideal for
exact readings. The DHT11, on the other hand,
has digital output and is capable of measuring
humidity and temperature, but with somewhat
less precision than the LM35. The gathered
temperature data aids in the identification of
unusual heat buildup, which may point to
problems like overload, friction, or inadequate
cooling.

Vibration Sensor (SW-420):

The machine's mechanical anomalies are
found using the vibration sensor (SW-420). It
functions by detecting shocks or vibrations and
producing an electrical signal in response.
Machines vibrate steadily under typical working
circumstances, but excessive or erratic vibrations
might be a sign of problems such misalignment,
imbalance, or component wear and tear. In order
to identify certain vibration thresholds, the SW-
420 module usually has a comparator circuit that
permits sensitivity tuning. This sensor is essential
for early failure detection, especially with
spinning machinery.

Power Supply:

All system components must have a
steady and dependable power source in order to
perform properly. The microprocessor, sensors,
and communication modules all receive the
necessary voltage and current from the power
supply unit. Regulated DC power sources are
typically utilized to guarantee steady functioning
and guard against harm from voltage swings. In
real-world applications, voltage regulators or
adapters are used to change the AC mains supply
into the necessary DC values (such as 5V or

3.3V). System stability and continuous
monitoring are ensured by effective power
management.

Wi-Fi Module:

Real-time data transfer and remote
monitoring are made possible by the Wi-Fi
module, which allows wireless connectivity
between the system and the cloud platform.
ESP32 systems do not require an additional
module because the Wi-Fi capability is embedded
within the microcontroller itself. Sensor data may
be sent to cloud servers for storage, analysis, and
visualization thanks to the Wi-Fi module, which
also links the device to the internet. Because it
permits remote access, data logging, and
integration with sophisticated analytics like
machine learning, this connectivity is crucial for
putting IoT-based predictive maintenance into

practice.

Software Requirements:

A variety of software tools and
programming approaches that facilitate data
collection, processing, analysis, and remote
monitoring are necessary for the implementation
of  the IoT-based

maintenance system. In order to understand

suggested predictive
sensor data, control system operation, and
produce useful outputs for decision-making, the
software layer is essential.

Arduino IDE:

The main tool for creating, assembling,
and uploading code to the microcontroller
(Arduino or ESP32) is the Arduino Integrated
Development Environment (IDE). Its built-in
libraries and user-friendly interface make it easier
to connect with hardware elements, including
output devices, communication modules, and
sensors. Through serial connectivity, the IDE
facilitates  real-time  debugging, enabling
engineers to keep an eye on sensor data and

system behaviour while the system is running. It
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also enables quick testing and prototyping, which
makes it appropriate for embedded system
development in Internet of Things applications.
Embedded C Programming:

Embedded C programming, which is
popular for microcontroller-based applications
because of its effectiveness and low-level
hardware access, is used to implement the
system's control logic. Sensor data collection,
signal processing, threshold comparison, and
communication handling are just a few of the
functions that the software is designed to carry
out. To ascertain the machine's working status,
the microcontroller continually takes input from
temperature, vibration, and current sensors,
interprets the data using preset algorithms, and
compares it to predetermined threshold limits. To
guarantee real-time responsiveness, particularly
for problem detection and warning production,
conditional statements and interrupt-based
techniques are employed. Additionally, effective
memory management and streamlined execution
are made possible by embedded C, which is
crucial for systems with limited resources.

IoT Dashboard (Optional):

A graphical user interface for remote
sensor data monitoring and visualization is
provided by an Internet of Things dashboard.
Real-time parameters, past patterns, and system
status can be shown in an easy-to-understand
manner on platforms like cloud-based dashboards
or mobile/web applications. The dashboard
increases accessibility and operational awareness
by enabling users to obtain machine data from
any distant location. Additionally, it includes
capabilities like analytics, data recording, and
alarm messages that improve the system's
capacity for predictive maintenance. Smooth data
transfer from the microcontroller to the dashboard
via Wi-Fi is made possible by integration with

cloud services.

Data Processing and Alert Mechanism:

In order to identify anomalous situations,
the program continually scans sensor data and
does realtime analysis. Filtering, analog-to-digital
conversion, and comparison with predetermined
threshold values are all included in the
processing. The system initiates alarms, such as
turning on a buzzer, displaying warning
messages, or sending notifications via the Internet
of Things platform, if any parameter above the
safe operating limit. By ensuring early defect
identification and facilitating prompt repair
measures, this automatic alarm mechanism lowers

the chance of machine failure.

Block Diagram:
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Figure 1. Block Diagram of Predictive

Maintenance System

An IoT-based machine monitoring system
intended to track machine health and identify
problems in real time is depicted in the figure 1.
Sensors (Data Collection) the machine is
equipped with three different kinds of sensors, a
vibration sensor can identify unusual vibrations
that might be signs of mechanical problems.
Temperature sensors track heat levels to detect
instances of overheating. Electrical current is
measured by a current sensor to identify overload
or abnormal power use. Data from the machine is
continually gathered by these sensors. The signal
conditioning device receives the signals from the
sensors first and amplifies weak signals.
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eliminates noise transforms the signal into a
useful range. This guarantees dependable and
precise data for processing. The main controller,
ESP32 After that, the ESP32 microcontroller
receives the conditioned signals, which
transforms analog inputs into digital data,
processes it, sends it to the cloud via Wi-Fi, and
manages local outputs like alarms. It serves as the
system's brain. Local Outputs Buzzer, if
anomalous conditions are found, it immediately
sounds a warning. Local Visualization, Provides
real-time data for on-site monitoring (e.g., on an
LCD or dashboard). Platform for the Cloud The
data is sent to the cloud by the ESP32, where:
Information is kept It is feasible to monitor
remotely Analysis on a large scale is possible. ML
Engineering (Machine Learning) algorithms
examine the data in the cloud to: Identify trends
and anticipate potential failures Make better
decisions over time Activators and Alerts
According to the analysis: Warnings and
notifications are generated as alerts. Actuators
have the ability to autonomously halt machines or
modify their operations. Machine data is gathered
by overall working sensors. ESP32 processes and
transmits data after signal conditioning cleans the
data. Local notifications give prompt feedback.
Cloud and ML evaluate data to make predictions
Actuators and alerts react to malfunctions This
technology improves machine efficiency and
safety by enabling realtime monitoring, problem
detection, and predictive maintenance. [ can
develop this into a technique section or condense
it into a single paragraph for the abstract if you

would like.

Working Principle:

Data flows progressively from sensing to
analysis and decision-making phases in the
suggested system, which functions as an Internet
of Things-based real-time machine monitoring

and predictive maintenance framework. In order

to continually monitor important operating
characteristics including mechanical oscillations,
thermal conditions, and electrical consumption, a
number of sensors, including vibration,
temperature, and current sensors, are installed on
the machine during the data gathering stage.
These sensors produce unprocessed analog
signals that show the machine's current state of
health. The obtained signals are then routed
through a signal conditioning unit, which ensures
the accuracy and dependability of the data by
filtering out noise and undesired disturbances,
amplifying weak signals, and stabilizing and
scaling outputs to satisfy the processing unit's
input requirements. The ESP32 microcontroller
receives the conditioned signals and converts
them into digital form using analog-to-digital
conversion (ADC). This 1is followed by
preliminary data processing, which includes
threshold comparison and basic analysis to detect
deviations from predetermined safe operating
limits. By sending the processed data to the cloud
platform over Wi-Fi, the ESP32 serves as a
communication device in addition to processing.
Concurrently, the system enables quick on-site
reaction without depending on internet access by
providing local monitoring and instantaneous
feedback through real-time visualization utilizing
a display unit and the activation of a buzzer when
abnormal circumstances are identified. Remote
users may monitor machine performance and
access historical data for long-term analysis since
the sent data is handled and saved in the cloud.
Additionally, a transition from reactive to
predictive maintenance procedures is made
possible by machine learning algorithms used in
cloud environments that examine both historical
and real-time statistics to find trends, spot
abnormalities, and anticipate possible problems
before they happen. Actuators may be activated to
perform remedial steps, such as shutting down the
machine, changing operating settings, or turning
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on safety devices, based on the analytical results,
which also create alerts and notifications to notify
users of potential defects. All things considered,
this integrated workflow greatly improves system
dependability, operational efficiency, and
downtime by guaranteeing ongoing monitoring,
precise issue detection, intelligent prediction, and

automatic reaction.

Result and Discussion:

Using real-time data from temperature,
vibration, and current sensors connected to the
ESP32 microcontroller, the suggested predictive
maintenance system was tested. The system
reported steady data under typical working
settings (0—10 minutes), with current between
3.1A and 3.5A, vibration between 1.2g and 1.8g,
and temperature between 32°C and 38°C,
suggesting healthy machine functioning. As the
monitoring went on, a slow departure was seen
after around 20 minutes, when the temperature
climbed to 45°C, the vibration reached 2.5g, and
the current surged to 4.2A. These values indicate
an early warning stage and aberrant behavior.

Critical circumstances were found at 30 minutes,

when the temperature above 62°C, the vibration
increased to 3.5g, and the current crossed 6.5A,
all of which exceeded predetermined threshold
limits.With a reaction time of less than two
seconds, the system effectively recognized this as
a fault state and produced instant notifications via
both a local buzzer and a cloud-based notice.
These findings show that the system can
successfully differentiate between warning,
normal, and fault states, allowing for early defect
detection and preventative maintenance. With
temperature reflecting overheating problems,
current indicating electrical overload
circumstances, and vibration acting as a sensitive
indicator of mechanical failures, the multi-
parameter monitoring technique enhances
dependability. The use of cloud-based machine
learning also facilitates remote accessibility,
historical data analysis, and ongoing monitoring.
Minor drawbacks were noted, though, such as
sensor noise and reliance on internet access. All
things considered, the system shows itself to be
effective, precise, and appropriate for real-time

industrial predictive maintenance applications.

Tabel 1: Observations

Time (min) Temp (°C) Vibration(g) Current(A) Status
0 32 1.2 3.1 Normal
10 38 1.8 3.5 Normal
20 45 2.5 4.2 Caution
30 62 3.5 6.5 Fault

The real-time data gathered from the
predictive maintenance system throughout a 30-
minute monitoring period is shown in the
observation Table 1, which includes important
characteristics including temperature, vibration,
and current. The system functioned normally at
first, with all parameter values staying within safe
bounds, suggesting steady machine performance.
All values gradually increased over time,

indicating a shift from normal to warning
circumstances. This pattern persisted until the last
phase, at which point the recorded values
surpassed the predetermined threshold limits,
signifying a fault situation. The system's capacity
to record dynamic changes in machine behavior
over time is well demonstrated by the systematic
fluctuation in readings displayed in Table 1.
These findings confirm the system's efficacy in
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spotting early indicators of breakdown and
sending out timely notifications, both of which
are critical for

carrying out predictive

maintenance and averting unplanned failures.

Conclusion and Future Scope:

Using important indicators like
temperature, vibration, and current, the suggested
predictive maintenance system shows an effective
and economical method for real-time machine
health monitoring. The system's integration of
sensors with the ESP32 microcontroller allows
for quick processing, continuous data collection,
and prompt abnormal condition detection. The
system's ability to precisely detect various
operational states, such as normal, warning, and
fault conditions, and to provide warnings with
quick reaction times is confirmed by the
experimental findings. This helps to minimize
downtime and prevent unplanned breakdowns.
Additionally, the system is improved by the
integration of cloud-based machine learning,
which allows intelligent analysis, data storage,
and remote monitoring. Despite its efficacy, the
system may be enhanced by adding more sensors,
such as pressure and humidity, for thorough
monitoring, utilizing edge computing to lessen
reliance on the cloud, and applying sophisticated
machine learning algorithms for increased
forecast accuracy. Future advancements might
also involve the creation of user-friendly mobile
applications, integration with  cutting-edge
communication technologies like LoRa or 5G,
and use in expansive industrial settings. All things
considered, the system offers a dependable,
scalable, and useful solution for contemporary
industrial predictive maintenance with substantial

room for future improvements
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Abstract:

Machine learning-driven crop recommendation systems show great promise in precision
agriculture, but many current methods lack transparency, cost-effectiveness analysis, fertilizer
recommendations, and planning for long-term sustainability across multiple seasons. This paper introduces
GreenGuide, a comprehensive crop recommendation system designed to overcome these limitations. A
stacking ensemble that integrates Random Forest, XGBoost, and LightGBM with a Logistic Regression
meta-learner reaches 99.32% classification accuracy across 22 crop categories. SHAP-based Explainable
Al offers clear and understandable explanations for each recommendation. A module assessing economic
feasibility through government Minimum Support Price data, input cost calculations, and return on
investment analysis helps in making crop choices that are mindful of profitability. A fertilizer
recommendation system based on KNN and a rule-based multi-season crop rotation planner promote
sustainable farming practices. The framework is implemented as a Flask-based Progressive Web
Application that incorporates real-time weather information using the OpenWeatherMap API. The stacking
ensemble performs better than SVM (97.95%), Decision Tree (95.68%), and XG-Boost (98.64%), reaching
99.32% accuracy, along with a weighted precision of 99.37% and a small overfitting gap of 0.68%. SHAP
analysis highlights humidity as the key factor, with soil nutrients (K, N, P) and rainfall following in terms of
influence.

Keywords: Crop Recommendation; Stacking Ensemble; Explainable AI; SHAP; Economic Viability
Analysis; Fertilizer Recommendation; Precision Agriculture

Introduction:

Agriculture forms the foundation of the
Indian economy, supporting over 42% of the
country’s  labor force and contributing
approximately 18% to the Gross Domestic
Product [1]. India’s varied agricultural landscape
is spread across fifteen distinct agroclimatic
regions, each characterized by significant
differences in temperature, rainfall, soil
composition, and farming methods. Farmers
choose their crops each year, and picking the
incorrect one can lead to low production,

significant financial loss, and lasting damage to

the soil. This challenge is particularly significant
for the roughly 86% of Indian farmers categorized
as small or marginal (owning less than 2 hectares
of land), who generally do not have access to
formal agricultural advisory services [1].

Current Machine Learning-based Crop
Recommendation Systems take into account Soil
Nutrient Levels (NPK), Climatic Factors
(Temperature, Humidity, Rainfall), and Soil pH to
suggest suitable crops for farmers [2-4].
Although these systems attain high classification
accuracy (90-99%), they are affected by three
major drawbacks. First, they function as "Black

10
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Box" models, offering farmers no explanation for
why a particular crop is suggested, which
significantly undermines trust [5]. Second, they
take into account only the agronomic suitability
and not the economic profitability [6, 7]. Third,
they support the use of a single crop instead of
multi-season  rotation planning, which is
necessary for sustainable soil management [§].

To overcome these limitations, this study
presents GreenGuide, a comprehensive crop
advisory system that integrates precise machine
learning predictions with clear explanations, cost
evaluations, fertilizer recommendations, and crop
rotation plans. The system uses a stacking
ensemble that combines Random Forest,
XGBoost [9], and LightGBM [10] as base
models, along with Logistic Regression as the
meta-model, reaching an accuracy of 99.32%
across 22 crop types by utilizing 39 engineered
features. SHAP-based Explainable AI [11] allows
farmers to understand recommendations using
terms that are meaningful in agriculture. An
economic feasibility =~ module integrates
government Minimum Support Prices (MSP),
estimated input costs, and return on investment
KNN-based

recommendation system aligns soil and climate

calculations. A fertilizer
conditions with 19 different fertilizer types using
4,513 records [12]. A rule-based multi-season
crop rotation planner creates sustainable three-
season sequences. The system functions as a
Progressive Web Application, utilizing real-time
weather data from the OpenWeatherMap API.
The key contributions of this paper are as follows:
e Cl1: A stacking ensemble (RF + XGBoost +
LightGBM + LR meta-learner) achieving
99.32% accuracy across 22 crop classes
with an overfitting gap of only 0.68%.
e (C2: SHAP-based Explainable Al [11]
identifying Humidity, soil nutrients (K, N,
P), and Rainfall as key predictors,
consistent with established agricultural

science and overcoming the black-box
limitation.

e (C3: An economic viability module
incorporating ROI calculations, profit-per-
acre estimation, and market risk scoring for
financially informed crop selection.

e C4: A unified framework integrating KNN-
based fertilizer recommendation and rule-
based multi-season crop rotation planning
within a single deployed system.

As far as we are aware, there is no current
work that combines stacking ensemble learning,
SHAP-based explainability, economic feasibility
analysis, KNN-based fertilizer suggestions, and
multi-season crop rotation planning into one
deployed Progressive Web Application. While
each of these components has been studied
separately [6, 8, 21], they have not been
integrated together in a single system.

The rest of this paper is structured as follows:
Section 2 provides a review of related work.
Section 3 introduces the suggested approach.
Section 4 presents the findings from the

experiments. The paper is concluded in Section 5.

Literature References:
ML-Based  Crop

Several machine learning approaches have been

Recommendation.

proposed for crop recommendation. Ganorkar et
al. [2] developed a system using Decision Tree,
Random Forest, and SVM classifiers, with
Random Forest achieving approximately 96%
accuracy. Acharya et al. [3] proposed a soft-
voting ensemble achieving 98.99% accuracy on
100,000 observations. Sangeetha et al. [13]
employed an optimized Random Forest for
simultaneous crop and fertilizer recommendation.
Pudumalar et al. [4] presented an early precision
agriculture system using ensemble techniques.
Senapaty et al. [14] and Tatsumi et al. [15] further
demonstrated classification performance using

multiple algorithms and remote sensing data.
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While strong in accuracy, these systems
uniformly treat the model as a black box and
provide no justification for recommendations
[16].

Ensemble Methods in  Agriculture.
Ensemble learning has shown  superior
performance in agricultural prediction [17].
Hasan et al. [18] demonstrated that combining
multiple learners improves prediction reliability.
Akkem et al. [19] reviewed advanced ensemble
methods and implemented a Streamlit-based
deployment. XGBoost [9] and LightGBM [10]
have been applied to crop yield prediction with
notable accuracy gains. However, existing
agricultural applications predominantly use
bagging or voting strategies. No prior work has
applied a stacking ensemble architecture with a
trained meta-learner specifically for crop
recommendation.

Explainable Al in Agriculture. The need
for interpretable ML in agriculture is increasingly
recognized [5]. SHAP, proposed by Lundberg and
Lee [11], provides theoretically grounded feature

attribution based on cooperative game theory.

Pant et al. [21] demonstrated that XAI methods
enhance model transparency in crop yield
prediction. However, no crop recommendation
system has integrated SHAP-based explainability
to provide feature-level justifications for crop
selection decisions.

Economic Analysis and Crop Rotation.
Janrao and Shah [6] proposed an ROI framework
using MLP regression for crop yield and price
prediction. Sable et al. [7] highlighted the shift
toward economically informed crop cultivation.
Fenz et al. [8] employed a Deep Q-Network agent
for multi-season rotation sequences. Musanase et
al. [12] developed a data-driven crop and
fertilizer recommendation system. These systems
operate independently. No existing system
simultaneously addresses prediction accuracy,
explainability, economic viability, fertilizer
recommendation, and crop rotation planning
within a single deployed application — the
primary research gap that GreenGuide addresses.

Table 1 presents a comparison of current

systems versus the proposed approach.

Table 1 Comparison of Existing Systems vs. Proposed Approach

Feature 2] 3]

[13] [6] [8] Ours

Ensemble Model ~ v

Stacking - —

XAI (SHAP) + |

Economic/ROI - —

Crop Rotation —

Fertilizer Rec. — —

Live Weather - -

Best Acc. (%)  ~96 98.99

N/S [N/A N/A 99.32

Methods and Materials:

System  Architecture:  The  GreenGuide
framework  follows a modular pipeline
architecture (Fig. 1). The system accepts seven
soil and climatic input parameters (N, P, K,

temperature, humidity, pH, rainfall) via manual
entry or  auto-populated  through  the
OpenWeatherMap APIL. Inputs undergo pre-
processing and feature engineering to generate 39
features, fed to the stacking ensemble for crop
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classification. Four post-prediction modules
process the result in parallel: (i) SHAP-based
explainability engine, (ii)) economic viability

analyzer, (iii) crop rotation planner, and (iv)

KNN-based fertilizer rec-ommender. All outputs
are rendered through a Flask-based Progressive
Web Application accessible at https://greenguide-

ya3s.onrender.com/.

Manual Input

OpenWeatherMap API

v

N, P, K, Temperature, Humidity, pH, Rainfall (7 Raw
Features)

v

Preprocessing & Feature Engineering (39 Features)

v

Stacking Ensemble Model — RF + XGBoost + LightGBM
+ Logistic Regression (Meta-Learner)

v

Predicted Crop Class (1 of 22)

v v

v v

SHAP
Explainability Economic Viability
(Feature (RO, Profit, Risk)
Contributions)

Fertilizer
Recommendation
(KNN-based)

Crop Rotation
( 3-Season
Planner)

v

Flask Progressive Web Application — Desktop and Mobile

Figure 1 Proposed GreenGuide system architecture.

Dataset and Feature Engineering: The primary
dataset is the Kaggle Crop Recommendation
dataset: 2,200 samples equally distributed across
22 crop classes, with seven original features (N,
P, K, temperature, humidity, pH, rainfall) and 100
samples per class. From these seven features, 39

engineered features are derived via nutrient ratios

(e.g., NPK ratio = N/(P + K + 1)), interaction
terms (e.g., Temperature x Humidity / 100),
polynomial features, and statistical aggregations.
Table 2 summarizes all datasets used. Standard
scaling normalizes features prior to training. An
80:20 stratified split yields 1,760 training and 440
test samples.
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Table 2 Dataset Summary
Dataset Source Rows [Features [Purpose
Crop Rec. Kaggle 2,200 [7—39 Prediction
Fertilizer Kaggle 4,513 |11 Fert. matching
Market Prices |Agmarknet ~500 6 Economic analysis
Rotation Rules [Manual ~80 6 Rotation planning
Stacking Ensemble Model. The proposed Pi = Bi(x) € R, i€ {1,2,3} (1
stacking ensemble employs a two-level The meta-learner input is formed by
architecture trained using 5-fold cross-validation concatenation:
to prevent data leakage. Level 0 base learners are: Z=[P1 D P, @ P;] eRC (2)

Random Forest (200 estimators, max depth =
20), XGBoost (300 estimators, learning rate =
0.05, max depth = 6), and LightGBM (100
estimators, num_leaves = 20). Each base learner
outputs a probability vector over C = 22 crop
classes. Let B, B2, B3 denote the base learners.
For input feature vector x, the base probability

outputs are:

yielding a 66-dimensional meta-feature vector (3
x 22). The Logistic Regression meta-learner
(Level 1) computes the final prediction:

y" =argmax ¢ (WZ + b). 3)
c
where W € R“3C b € R€ are learned parameters,
and o (-) is the softmax function. The two-tier

stacked structure is shown in Fig. 2.

INPUT

39 Engineered Features

(Standardized)
Random Forest ;(ggoeo:tt LightGBM
200 est. s 05' 100 est.
depth=20 depth=6 Leaves=20
P, € 22 P € K22 P> € k22
(22 probs) (22 probs) (22 probs)

\

-

Z = [P: €D Pz éd P:] € IR®®
(66 Meta-Features)

!

Logistic Regression
(Meta-Learner)
v = argmax o(WZ + b)

Il

Predicted Crop Class
(1 of 22)

Figure 2 Stacking ensemble architecture trained with 5-fold cross-validation.
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SHAP-Based  Explainability. = SHAP
(SHapley  Additive exPlanations) [11] is
incorporated to provide feature-level explanations
for each prediction, based on Shapley values from
cooperative  game theory. The additive

explanation model is:

M
FO=go+Y g ()

j=1

where @o is the baseline (mean model
output), ¢; is the SHAP value for feature j, and M
= 39. A TreeExplainer applied to the Random
Forest base learner computes explanations in
polynomial time. The system generates waterfall
charts, beeswarm summary plots, and force plots
for interactive explanations in natural language
(e.g., “Rice is suggested due to: High humidity
(+32%), sufficient rainfall (+25%), appropriate
potassium levels (+18%), ideal pH (+12%).”).

Economic  Analysis, Rotation, and
Fertilizer Modules. The economic module
evaluates each suggested crop’s ROI, expanding
the framework of [6] with crop-specific yield and
MSP terms:
ROI = (Yexp x Pmsp) — Cinput x 100% (5)
Cinput

where Yexp 1s expected yield per acre, Pmsp
is the government Minimum Support Price, and
Cinput 1s total input cost (seeds, fertilizers, labor,
irrigation). Crops are ranked by ROI and assigned
a risk rating based on historical price fluctuation.
A rule-based multi-season planner generates
three-season rotation sequences on the Kharif—
Rabi—Kharif cycle, incorporating nitrogen-

fixation logic based on ~80 ICAR-validated crop

combinations. A K-Nearest Neighbors engine (K
= 5) trained on 4,513 records matches input soil
and climatic conditions to 19 fertilizer types using
Euclidean distance and
majority  voting, returning a  primary
recommendation with two alternatives linked to

video tutorials.

Result and Discussion:

Experimental Setup: All experiments use
Python 3.11 with scikit-learn 1.3, XGBoost 1.7.6,
Light-GBM 4.0, and SHAP 0.42.1. The dataset is
split 80:20 (1,760 training / 440 test) using
stratified sampling. Models are evaluated on
accuracy, weighted precision, weighted recall,
weighted F1-score, and overfitting gap (OG). All
models undergo hyperparameter optimisation via
GridSearchCV ~ with 5-fold stratified cross-
validation.

Model Performance Comparison: Table 3
presents the performance of all evaluated models.
The stacking ensemble achieves the highest test
accuracy of 99.32% with weighted precision of
99.37%, recall and Fl-score of 99.32%, and an
OG of 0.68%. It matches standalone Random
Forest (99.32%) but delivers higher weighted
precision (99.37% vs. 99.35%) and superior
generalisation. Among individual classifiers,
Random Forest (99.32%) and XGBoost (98.64%)
are the top performers, followed by LightGBM
(98.41%) and SVM/RBF (97.95%). Decision
Tree exhibits the lowest accuracy (95.68%),
confirming the benefit of ensemble approaches.
Fig. 3 shows the test accuracy comparison across
all models.
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Table 3 Model Performance Comparison
Model Acc. Prec. Rec. 1 oG
Log. Regression (97.73 97.93 97.73 97.71 |1.14
Decision Tree  95.68 95.92 95.68 95.70 [1.88
Random Forest (99.32 99.35 99.32 99.32 0.57
SVM (RBF) 97.95 98.09 97.95 97.94 [1.48
XGBoost 98.64 98.68 98.64 [98.63 |1.14
LightGBM 98.41 98.48 98.41 98.41 |1.14
Stacking 99.32 99.37 99.32 99.32 0.68

All values in %. OG = Overfitting Gap (Train Acc. — Test Acc.).

Stacking Ensemble

Random Forest

XGBoost

LightGBM

SVM (RBF)

Log. Regression

95.68%

Decision Tree

98.41%

92 93 94

95

96 97 98 99 100

Test Accuracy (%)

Figure 3 Test accuracy comparison across all evaluated models.

SHAP Explainability Analysis. Fig. 4
presents the SHAP beeswarm summary plot
showing global feature importance across all
predictions. The five most influential features (by
mean absolute SHAP value) are: (1) Humidity
(0.0785), (2) Potassium/K  (0.0721), (3)
Nitrogen/N (0.0682), (4)

Rainfall (0.0654), and (5) Phosphorus/P
(0.0581). Engineered features K ph interaction
(rank  6), NPK sum 7,
Humidity category Medium (rank &) confirm

(rank and

that feature engineering captures meaningful
agronomic relationships. High humidity values
(red points) cluster on the positive SHAP side,
indicating that increased humidity raises the
likelihood of recommending water-intensive
crops such as rice and jute. Feature rankings align
with established agricultural science: humidity
and rainfall reflect water availability; NPK
importance confirms proper accounting of soil
fertility. Fig. 5 shows the GreenGuide prediction
and SHAP explanation interface.
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Aggregated SHAP Importance (All 22 Crops)

High
humidity
K
N
rainfall
P
K_ph_interaction
NPK_sum %
>
humidity_category_Medium g
rainfall_per_temp » E
water_availability
P_ph_interaction
moisture_index
P_to_K_ratio
water_stress_index
climate_index
Low

-0.10 —0.05 0.00 0.05 0.0 015 0.20
SHAP Value (Impact on Model Output)

Figure 4 SHAP beeswarm plot showing global feature importance. Horizontal position indicates SHAP
value; color represents feature value (blue = low, red = high). Humidity is the most influential feature,
followed by soil nutrients (K, N, P) and Rainfall.

@ GreenGuide

(©) Crop Recommendations

D Your Input Parsmeters.

® Best Crop For Your Land

’ 76%
S

mungbean

Highty Rscomended

2% 4030 Low A

1 Ful Analysis

(a) Crop recommendation output displaying the forecasted crop.

Why mungbean?

Undiorstanding the Al's racommandation in simple terms

= Your Soil & Climate Inputs

D

Nirsgen brazpronas Potsasiun e s Rainfall
50.0kg/ha 40.0kg/na 40.0kg/ma 281°C 90.0% 65 100.0 mm

(® Detailed Explanation for Farmers
Why is mungbean the best cholce for your tand?

I a0t weather ¢ alyzed your 1and and determined that mungbean is the most sultable crop. Here Is a

aetalied breakdown of the key factors 1nat led 10 this recommendation

@ rumiainy:00% @D

(b) SHAP explainability interface with natural language feature explanations.
Figure 5 GreenGuide prediction and explanation interface (C1, C2).
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Economic, Rotation, and Fertilizer Results:
Table 4 presents sample economic viability
The that  the
agronomically best crop is not necessarily the

outputs. analysis  reveals
most profitable: a crop with 97% prediction
confidence can yield a higher ROI than one at
99% confidence, depending on market prices and
input costs. The crop rotation planner generates

sequences such as: Season 1 (Kharif):

Rice — Season 2 (Rabi): Wheat — Season 3
(Kharif): Mung Bean (nitrogen-fixing soil
recovery). The fertilizer engine recommends Urea
as the primary fertilizer for nitrogen-deficient
acidic soil, with

DAP and 10:26:26 NPK as alternatives. Fig. 6
shows the economic and rotation planning

modules.

Table 4 Economic Viability Analysis (Sample Output)

Crop |Conf. (%) ROI (%) Profit/Acre Risk
Rice 97.2 145 Rs. 32,000 [Low
Maize 85.1 120 Rs. 25,000 [Medium
Jute 72.3 95 Rs. 18,000 [Medium
o e
i 0.
B R -
@ ®

(a) Economic viability showing ROI (272.2%), profit, risk level, cost breakdown, and rotation summary.

<> Rotation Plan

Multi-season crop rotation strategy for mungbean

3-Season Rotation Timeline

Rice
Cereal
Wheat

Recovery

@ Rotation Benefit: Soil nutrient enrichment

Q Sustainability Score

61 Soil Health Impact

Mungbean

e [Lowm: ]

vvvvvvvvvvv

ROI 272.2%
Profit ¥34030

Risk o

(b) 3-season rotation timeline with soil health impact and sustainability score (100/100).

Figure 6 GreenGuide economic viability and crop rotation planning modules (C3, C4).
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Conclusion:

This paper presented GreenGuide, an
integrated intelligent crop recommendation
framework that advances beyond existing systems
[2, 3, 6, 8, 13] by simultaneously addressing six
identified research gaps. The proposed stacking
ensemble achieves 99.32% classification accuracy
across 22 crop classes, outperforming individual
classifiers and prior ensemble approaches [3, 18].
SHAP-based Explainable AI [11] provides
transparent, agronomically consistent
justifications, identifying Humidity as the most
significant predictor and directly addressing
farmer distrust in black-box systems [5]. The
economic viability module enables profit-oriented
crop selection using ROI and risk scoring. The
KNN-based fertilizer engine and rule-based
rotation  planner  provide = comprehensive
agricultural decision support. To the best of our
knowledge, this is the first system to integrate
prediction accuracy, explainability, economic
analysis, fertilizer recommendation, and crop
rotation planning into a single operational
deployed framework, accessible at

https://greenguide-ya3s.onrender.com/.

Future work includes: (i) deep learning
models [17] with satellite and soil images; (ii)
expansion to 50+ crop varieties with region-
specific sub-models; (iii) [oT-based real-time soil
nutrient monitoring;

(iv) replacing the rule-based rotation planner with
a reinforcement learning agent [8]; (v) a
multilingual voice interface for low-literacy
farmers; and (vi) large-scale field trials to

evaluate real-world adoption.
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Abstract:

With the increasing demand for cost-effective and energy-efficient cooling solutions, this project
focuses on the design and development of a Mini Air Conditioner suitable for small, enclosed spaces. The
proposed system aims to provide localized cooling while consuming significantly less power compared to
conventional air conditioning unit. Air conditioner works on the vapor compression refrigeration principle
using the evaporation and condensation of refrigerant. Emphasis is placed on portability, low energy
consumption, and ease of operation, making the system ideal for personal use in homes, offices, and study
areas. The project also explores environmentally friendly cooling approaches by minimizing the use of
harmful refrigerants. Performance evaluation is conducted based on cooling efficiency, power usage, and
temperature reduction over a defined period. The results demonstrate that the mini air conditioner is
capable of delivering effective spot cooling with minimal energy requirements. This project highlights the
potential of small-scale cooling systems as an affordable and sustainable alternative to traditional air
conditioning methods, especially in regions facing power constraints and rising energy costs. The
increasing demand for compact and energy-efficient cooling systems has led to the development of mini air
conditioners based on vapor compression refrigeration technology. This paper presents a detailed study of
the design, working principle, and performance analysis of a mini air conditioner using a vapor
compression cycle. The system integrates essential components such as a compressor, condenser, expansion
device, and evaporator into a compact unit suitable for localized cooling applications.

The study evaluates system performance based on cooling capacity, coefficient of performance
(COP), and energy consumption. Results indicate that vapor compression-based mini air conditioners
provide effective cooling but face challenges related to size, noise, and efficiency optimization.

Keywords: Personal cooling unit, Refrigeration cycle, Temperature reduction, small space cooling,
Vapor compression system, mini air conditioner, refrigeration cycle, COP, portable cooling.

Introduction: refrigeration systems offer an effective solution

A mini air conditioner is a compact
cooling system designed to lower the temperature
in small spaces. It is energy-efficient, portable,
and economical. The project demonstrates the
working principle of air conditioning using basic
components and eco-friendly materials. The need
for portable and energy-efficient cooling devices
has increased significantly due to rising
temperatures and urbanization. Mini air

conditioners based on vapor compression

for localized cooling. Unlike traditional air
conditioning systems, these units are compact,
easy to install, and suitable for small spaces.
However, maintaining efficiency while reducing
size remains a major challenge. This paper
focuses on the design and analysis of a vapor
compression-based mini air conditioner and

evaluates its performance characteristics.
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Literature Review:

The vapor compression refrigeration
(VCR) system is the most widely used cooling
technology in domestic and commercial air
conditioning applications, including mini air
conditioners. According to standard refrigeration
and air conditioning literature, the system
operates on a closed-loop cycle consisting of
compression, condensation, expansion, and
evaporation processes. In mini air conditioning
units, the same fundamental cycle is applied but
with compact components designed for low
cooling capacity applications such as small
rooms, cabins, vehicles, and portable systems.
Researchers  have  emphasized that the
performance of small-scale VCR systems largely
depends on proper refrigerant selection, efficient
heat exchanger design, and optimized compressor
operation to achieve a higher coefficient of
performance (COP).

Several studies have focused on
improving the energy efficiency of mini air
conditioners by reducing compressor power
consumption and enhancing heat transfer rates.
The introduction of hermetically sealed rotary and
scroll compressors has significantly reduced
noise, vibration, and size compared to
conventional reciprocating compressors. In
addition, advancements in  microchannel
condensers and finned evaporators have increased
heat transfer surface area while maintaining
compact dimensions. Research also highlights the
importance of proper insulation and airflow
management in portable air conditioning units to
minimize energy losses and improve cooling
effectiveness.

Environmental concerns have also
influenced recent developments in mini vapor
compression systems. Earlier systems used
refrigerants such as CFCs and HCFCs, which
were phased out due to their ozone depletion
potential. Modern systems are increasingly

adopting eco-friendly refrigerants such as R-134a,
R-290 (propane), and R-600a (isobutane), which
have lower global warming potential (GWP).
Many experimental studies compare the
performance of these refrigerants in small-
capacity systems, analyzing parameters such as
cooling capacity, COP, discharge pressure, and
energy consumption to determine the most
suitable alternative for sustainable cooling.
Recent literature also discusses the
integration of smart control systems and variable
speed technology in mini air conditioners. The
use of inverter-driven compressors allows the
system to operate at variable speeds based on
cooling demand, thereby reducing power
consumption and improving part-load efficiency.
Electronic  expansion valves and digital
temperature controllers further enhance system
stability and performance. Overall, the reviewed
studies indicate that continuous research in
compressor design, refrigerant alternatives, heat
exchanger optimization, and intelligent control
strategies is contributing to the development of
more efficient, compact, and environmentally
friendly mini air conditioning systems based on

vapor compression refrigeration.

Methodology:

The vapor compression refrigeration cycle
is the most widely used cooling technology due to
its high efficiency and reliability. It consists of
four main components:

Compressor:

The compressor compresses low-pressure
refrigerant vapor into high-pressure, high-
temperature vapor. It is the primary energy-
consuming component of the system.

Condenser:

The condenser dissipates heat from the

refrigerant to the surroundings, converting it from

vapor to liquid state.
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Expansion Device:

The expansion valve reduces the pressure
of the refrigerant, causing a drop in temperature
before it enters the evaporator.

Evaporator:

The evaporator absorbs heat from the
surrounding air, producing the cooling effect. The
refrigerant evaporates and returns to the

compressor, completing the cycle.

System Design of Mini Air Conditioner:

The mini air conditioner is designed by
integrating all components into a compact
enclosure. Key design considerations include:
Selection of a low-capacity hermetic compressor
Use of compact heat exchangers (condenser and
evaporator) Proper insulation to minimize thermal
losses
Integration of a fan system for air circulation
Lightweight and portable structure
Refrigerants such as R134a or eco-friendly
alternatives are commonly used due to their

favourable thermodynamic properties

Working Principle:

The system operates on a closed-loop
vapor compression cycle:
Refrigerant enters the compressor as low-pressure
vapor. It is compressed into high-pressure vapor.
Heat is rejected in the condenser, converting
vapor into liquid.
The liquid refrigerant passes through the
expansion valve, reducing its pressure and
temperature. The cold refrigerant absorbs heat in
the evaporator, cooling the air.

The cycle repeats continuously.

System Block Diagram:

Refrigeration Cycle Diagram:

-

-

Performance Analysis:

(A) Coefficient of Performance (COP):

COP = Cooling Effect/Work Input Where:
(Q_L) = Heat removed from the cooled space
(W) = Work input to the compressor

A higher COP indicates better system efficiency.
(B) Cooling Capacity:

Cooling capacity depends on compressor
size, refrigerant type, and heat exchanger
effectiveness. Mini AC units typically provide
limited cooling suitable for small areas.

(C) Energy Consumption:

Energy consumption is directly related to
compressor power. Efficient component selection
and system design can reduce overall power

usage.

Advantages And Limitations:

(A) Advantages:

Effective cooling compared to other mini cooling
technologies

Reliable and widely used system

Suitable for small room applications
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(B) Limitations:

Higher energy consumption compared to
evaporative coolers

Noise due to compressor operation

Requirement of proper ventilation for heat
rejection Size constraints limit performance

optimization

Applications:

Personal cooling devices
Small rooms and offices
Portable cooling systems

Automotive and camping applications

Future Scope:

Future developments in vapor
compression-based mini air conditioners may
include:

Use of eco-friendly refrigerants Integration with
renewable energy sources

Improved compact compressor design Noise
reduction technologies

Smart control systems for energy optimization

Result and Discussion:

The Mini Air Conditioner project,
although still under development, has produced
initial results that validate the basic working
principle of the system.

The observed results indicate that the
system is capable of producing a noticeable
cooling effect in a small enclosed area. A slight
reduction in temperature was achieved near the
outlet of the device, confirming that the
thermoelectric cooling mechanism is functioning.
However, the cooling performance is currently
limited due to incomplete optimization of heat
dissipation and airflow management.

Since  the project is  ongoing,
comprehensive data collection and performance
analysis are yet to be completed. Future work will

involve measuring exact temperature differences,

improving  insulation, enhancing  energy
efficiency, and integrating all components into a
fully functional compact unit.

Overall, the current results demonstrate the
feasibility of the Mini Air Conditioner concept,
while the discussion emphasizes the need for
further development, testing, and refinement to

achieve optimal performance.

Conclusion:

The mini air conditioner developed using
the principles of the Vapor Compression
Refrigeration Cycle successfully demonstrates an
effective and compact cooling solution suitable
for small-scale applications. The system operates
by circulating a refrigerant through the four main
components compressor, condenser, expansion
device, and evaporator enabling heat absorption
from the surroundings and release to the

external  environment. The project
confirms that even at a reduced size, the vapor
compression system maintains its efficiency and
reliability in cooling confined spaces such as
small rooms, cabins, or electronic enclosures. The
use of compact components and optimized design
contributes to lower power consumption while
still achieving noticeable temperature
reduction. Furthermore, the mini AC unit
highlights key engineering advantages such as
portability, cost-effectiveness, and ease of
maintenance. However, its cooling capacity is
limited  compared to  conventional  air
conditioners, making it more suitable for
localized cooling rather than large areas. In
conclusion, this project successfully validates the
practical implementation of vapor compression
refrigeration in a miniaturized form. It serves as
an excellent model for understanding refrigeration
systems and offers potential for further
improvements in energy efficiency, eco-friendly

refrigerants, and smart control integration.
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Abstract:

The sustainable energy-based electric vehicle (EV) charging system presented in this study
combines static wireless power transmission with piezoelectric road energy collection. In order to capture
mechanical energy produced by vehicle movement, the suggested system makes use of piezoelectric sensors
buried beneath road surfaces. The piezoelectric effect transforms this mechanical stress into electrical
energy. A localized energy storage system is created by rectifying, regulating, and storing the produced
electrical energy in a rechargeable battery. The stored energy is then utilized to run a wireless charging
station that uses inductive coupling between transmitter and receiver coils to charge electric cars in a static
state. This increases durability, safety, and convenience by doing away with the necessity for direct physical
connections. The need for effective and environmentally friendly charging infrastructure is rising quickly
due to the growing popularity of EVs. While this technology uses renewable energy from otherwise wasted
mechanical vibrations of traffic, conventional charging systems rely largely on grid electricity. Despite the
relatively low power output of piezoelectric sensors, the system may be used for auxiliary support and low-
power charging applications, helping to build intelligent, sustainable, and energy-efficient transportation
infrastructure.

Keywords: Energy Storage Systems, Smart Charging Stations, Inductive Coupling, Electric Vehicles,
Wireless Power Transfer, Static Charging, Piezoelectric Energy Harvesting, Renewable Energy.

Introduction:

The transition from conventional fuel-
based cars to electric vehicles (EVs) has
accelerated due to the fast expansion of
transportation and growing environmental
concerns. EVs are seen to be a viable way to
lessen reliance on fossil fuels and greenhouse gas
emissions. Nevertheless, despite their benefits,
there are still a number of obstacles to EV
adoption, including as low battery capacity,
lengthy charging periods, and inadequate
infrastructure. These drawbacks emphasize the
necessity of creative and environmentally friendly
charging options.[1]

The main source of electricity used by
conventional EV charging systems is the grid,

which may not always be adequate or sustainable

to fulfil future energy demands. Furthermore,
mechanical connections in wired charging
systems are subject to maintenance problems,
wear and tear, and safety hazards. An efficient
substitute that provides contactless charging via
inductive coupling is wireless power transfer
(WPT). This technology is appropriate for
contemporary transportation systems as it
increases user convenience, boosts safety, and
lowers maintenance needs.[2]

At the same time, traffic movement
causes constant mechanical stress on roads, which
leads to a large waste of energy in the form of
pressure and vibrations. Piezoelectric materials
are an excellent way to capture this lost
mechanical energy. Piezoelectric sensors are

perfect for embedding under road surfaces like
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speed breakers, freeways, and parking lots
because they produce electrical energy when
mechanical force is applied. This method
contributes to the production of renewable energy
by converting otherwise lost energy into electrical
power that may be used.

For future transportation infrastructure,
the combination of wireless EV charging with
piezoelectric energy harvesting offers a unique
and sustainable option.[3] The mechanical energy
produced by cars passing over piezoelectric
sensors is transformed into electrical energy in
this suggested system, which is subsequently
rectified, controlled, and stored in a battery.
Using inductive coupling between transmitter and
receiver coils, this stored energy powers a
wireless charging station where EVs may be
charged under static circumstances.

The suggested static charging solution is
less complicated, more affordable, and simpler to
install than dynamic wireless charging systems,
which demand expensive infrastructure. [4]It
works especially well in places where cars are
immobile for a certain amount of time, such
parking lots, toll booths, and charging stations.
Despite having a lower power output than
traditional energy sources, piezoelectric devices
are adequate for low-power applications and
additional charging. The suggested system shows
how energy harvesting and wireless charging
technologies might be used to create intelligent,
environmentally friendly, and energy-efficient
transportation systems. This strategy promotes the
growth of smart cities and advances green energy

alternatives.

Literature Review:

The technique described in the paper
"Wireless Charging of Electric Vehicle using
Piezoelectric Energy" uses electrical energy
generated from vehicle motion by piezoelectric
sensors implanted in highways to charge EVs

wirelessly. In order to provide a sustainable
charging solution, it emphasizes the combination
of energy harvesting, storage, and inductive
power transmission mechanisms. However, the
research also points out that for practical
application, issues like low power output and
efficiency must be resolved.[4]

A technology that combines wireless
power transfer and piezoelectric energy
harvesting to charge electric vehicles. It describes
how inductive coupling transforms mechanical
energy from vehicle motion into electrical energy
for contactless charging. Additionally, the
analysis identifies constraints including poor
power generation and efficiency issues,
highlighting  the need  for  additional
optimization.[2]

For charging electric vehicles, Sivaraj et
al. [3] suggested a wireless power transfer (WPT)
system combined with piezoelectric sensors. The
study shows how mechanical energy from
moving vehicles may be transformed into
electrical energy, stored in a battery, and sent
wirelessly via inductive coupling. But the authors
also draw attention to issues with system losses,
power efficiency, and the realistic execution of
large-scale deployment.

By combining wireless power
transmission and piezoelectric energy harvesting,
the work in[5] offers a revolutionary method for
charging electric vehicles (EVs). The technology
uses inductive coupling to transform the
mechanical energy produced by vehicle motion
into electrical energy, which is then stored and
wirelessly delivered. Despite its potential, the
study points out drawbacks such low power
output and efficiency issues that need to be
resolved for real-world use.

A method that combines wireless power
transmission and piezoelectric energy harvesting
for EV charging is suggested by the study in [6].
It shows how inductive coupling may be used to
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transform mechanical energy produced by vehicle
motion into electrical energy, store it, and send it
wirelessly. However, the work draws attention to
issues that impede large-scale implementation,
such as poor energy production and efficiency
constraints.

For electric vehicle (EV) charging
applications, the authors in [7] describe a system
that combines wireless power transmission with
piezoelectric energy harvesting. The suggested
method uses inductive coupling to transform
mechanical energy from vehicle motion into
electrical energy, which is then wirelessly stored
and delivered. The paper also addresses important
issues that impact practical implementation, such
as low power generation and efficiency
constraints.

The authors in [1] propose a system that
integrates piezoelectric energy harvesting with
wireless power transfer for electric vehicle (EV)
charging. The system converts mechanical energy
from vehicular motion into electrical energy,
which is stored and supplied to a wireless
charging unit using inductive coupling. However,
the study highlights limitations such as low power
output and efficiency challenges that affect
practical implementation.

A method for charging electric vehicles
(EVs) by combining wireless power transmission
and piezoelectric energy harvesting is presented
in [8]. The technology uses inductive coupling to
transform mechanical energy from vehicle motion
into electrical energy, which is then stored and
sent to a wireless charging unit. However, the
study also identifies drawbacks that impede
practical application, such as poor power output
and efficiency issues.

A system that combines wireless power
transmission and piezoelectric energy harvesting
for electric vehicle (EV) charging applications is
shown in the paper in [9]. It illustrates how

inductive coupling may be used to transform

mechanical energy produced by vehicle motion
into electrical energy, store it, and transport it to a
wireless charging device. Nevertheless, the paper
also reveals obstacles that prevent practical
application, such as poor power output and
efficiency restrictions.

In order to improve sustainability, recent
research also highlights the integration of
renewable energy sources like solar and
piezoelectric harvesting into charging systems
utilizing standard DC bus topologies and energy

management systems.[10]

Methodology:

The methods used in the Piezoelectric
Roads with Wireless Electric Vehicle Charging
system is as follows
e Piezoelectric Energy Harvesting Method:
Piezoelectric energy conversion is the process of
employing piezoelectric materials to transform
mechanical stress or vibrations, as those caused
by driving cars on roadways, into electrical
energy. Because of their intrinsic crystalline
structure, these materials produce an electric
charge when they are under pressure. Because
constant mechanical loads may be used as a
renewable energy source, this technique is very
helpful in transportation infrastructure.
e Power Conditioning Method: Power
conditioning is necessary to make -electrical
energy useful after it has been created.
Piezoelectric materials usually produce an
alternating current (AC) output that is erratic.
This energy is transformed into a steady direct
current (DC) output via power conditioning
circuits, which include rectifiers, voltage
regulators, and filters. This guarantees that the
electricity produced may be stored or used
directly in electrical systems.
e Energy Storage Method: Maintaining a
steady power supply depends heavily on energy
storage. Storage devices like batteries or
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supercapacitors are employed to collect and store
the energy produced by piezoelectric sources
because it is not continuous and depends on
outside influences. The system's dependability
and efficiency may then be ensured by using this
stored energy at times when energy generation is
minimal or non-existent.

Method:

Electrical energy may be transferred wirelessly,

e Wireless Power  Transfer
especially through resonant or inductive coupling,
without the need for physical connections. When
coils are positioned close to one another,
inductive coupling allows energy to be
transmitted between them via electromagnetic
fields. By adjusting the transmitter and receiver to
the same frequency, resonant coupling improves
this process and enables effective energy transfer
across a little longer distance. Electric car
charging systems make extensive use of this
technology, which allows for dynamic and easy
charging without the necessity of wires.

e Smart Road Integration Method: In
transportation networks, smart infrastructure
integration entails integrating all of these
technologies into a single system. When
combined with energy storage devices and
wireless charging systems, roads embedded with
piezoelectric materials can build self-sufficient
infrastructure that can produce, store, and
distribute energy. This connection helps create
intelligent and sustainable transportation systems
by supporting cutting-edge applications like
dynamic EV charging, smart lighting, and real-

time monitoring.

iezoelectric AC-DC Rectifier DC-DC
Sensors Circuit Converter

Controller Unit

r ATMEGA328P

Rectifier Circuit

Storage Battery

3

Transmitting Coil

3 Mutual Induction

Receiving Coil

Fig 3.1: Block diagram of piezoelectric roads

system with wireless EV charging

Working Principle:

The figure shown 3.1 is Piezoelectric
sensors buried beneath the road surface are the
first part of the system. These sensors receive
mechanical pressure from passing cars, which
transforms the mechanical energy into AC
electrical energy. An AC-DC rectifier circuit is
used to transform this generated AC voltage into
DC power. A DC-DC converter is used to further
process the DC output, boosting and regulating
the voltage to an appropriate level. The charge
controller unit then regulates this power,
guaranteeing safe charging conditions like current
and overvoltage protection. After that, the energy
is kept in the storage battery for a steady and
uninterrupted power supply.

A high-frequency (HF) inverter receives
DC power from the storage battery and
transforms it into high-frequency AC. An
alternating magnetic field is produced by feeding
this AC power onto the transmitting coil. This
energy is wirelessly sent to the receiving coil
within the electric car using the mutual induction
concept. A rectifier circuit is then used to
transform the incoming AC power back into DC,
which is subsequently used to charge the EV
battery. In order to ensure effective and secure
operation, the ATMEGA328P microcontroller is
utilised to monitor and operate the system,
including the wireless power transfer process and
charge controller.
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Fig 3.2: Circuit diagram of piezoelectric power generation

The circuit shown in figure 3.2 is an
example of a full energy harvesting and
conditioning system that transforms vehicle
mechanical energy into electrical energy that may
be used and stored for later use. The piezoelectric
sensor grid, which is created by connecting many
piezoelectric devices to create an array, is where
the process starts. These sensors experience
mechanical stress and vibrations as a car travel
over the road surface; the piezoelectric effect
causes these sensors to produce electrical energy.
However, because the applied force fluctuates
constantly with vehicle movement, the output
generated by these sensors is unstable; it is an
alternating (AC) signal with low magnitude and
an uneven waveform. This mechanical stress
caused by driving may be efficiently transformed
into electrical energy, according to research on
piezoelectric road systems, despite this, the output
is still somewhat tiny and varies.

The AC signal is routed through a bridge
rectifier circuit made up of four diodes (D1-D4)
in order to render this produced energy useful. By

permitting current to flow in a single direction

regardless of the input polarity, this step
transforms the alternating voltage into a pulsing
DC signal. Nevertheless, there are still ripples in
this corrected output, making it unsuitable for
direct storage or application in electronic devices.
As a result, the circuit has a boost converter
portion, which is essential for raising the voltage
level. Piezoelectric sensors can't directly charge a
battery since their voltage is usually quite low.
The boost converter raises the low DC voltage to
a higher, more stable level using a switching
transistor (MOSFET), an inductor, a diode, and a
capacitor. The output voltage is raised by the
inductor, which stores energy while the switch is
ON and releases it when it is OFF. The output is
further smoothed by the capacitor, which lessens
oscillations and guarantees a constant DC supply.
Ultimately, a battery serves as an energy reserve
for the electrical energy that has been handled.
Under static conditions, this stored energy may be
utilized to power an electric car wireless charging
station. All things considered, the circuit
combines generation,

effectively energy

conversion, voltage improvement, and storage to
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provide a workable system for collecting

renewable energy from traffic and applying it to

environmentally

friendly

transportation
applications.

Car Unit

HF Inverter Circuit (Transmission Coil)

Fig 3.3: Circuit diagram of wireless power transfer

The figure 3.3 as the shown a static
wireless power transfer (WPT) system with a
transmitter section, reception (car unit), and
control/display unit is represented by the circuit.
The high-frequency inverter circuit receives the
input power, which in your project is derived
from the stored energy produced by piezoelectric
sensors. MOSFETs like the IRFZ44N MOSFET,
together with related resistors and diodes, are
used in the construction of this inverter to
transform the battery's DC supply into high-
frequency AC power. An alternating magnetic
field is created around the transmission coil
(15+15 turns) by feeding the produced high-
frequency AC into it.

Using the theory of -electromagnetic
induction, this magnetic field causes voltage to be
induced in the reception coil (15 turns) installed
in the automobile unit. A rectifier circuit made up
of diodes (D7-D10) is then used to convert the
induced AC voltage in the receiver side back into

DC. By lowering ripples, capacitors like C2 and

C3 are utilized to filter and stabilize the output
voltage.

Additionally, by preserving resonance
between the transmitter and reception coils,
inductors (L2 and L3) are utilized to adjust and
enhance the efficiency of power transfer. The
electric car battery is subsequently charged under
static circumstances using the regulated DC
output. In order to track variables like voltage and
current and show them on the LCD, the Arduino
Uno is incorporated into the system. All things
considered, the method facilitates -effective,
frictionless energy transfer from the charging
station to the car.

Calculations:

e Data & Calculation of Piezoelectric Power
Generation:

Total Sensor — 30 Arranged in 3 Group

Each group = 10 Sensors Connected in parallel
Each sensor output = 15 V(V,—) & 0.5 A

e Voltage of one group (10 in series):

Current adds up, voltage remains the same
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Vgroup=15V(Vp—p)
lgroup = 0.5x10 =5 Amp Results and Discussion:
e 3 group in series: The figure 4.1 shows a piezoelectric
Voltage add up , current remains same energy harvesting device combined with a power
Viota= 15%3 =45 (Vpp) ltotat =5 Amp conditioning and storage circuit is depicted in the

e Data & Calculation of Wireless Power
Transfer:

Assumption Used:

Tx: 15 turns, Rx: 15 turns (identical coils). Mean
coil radius (r) = 0.05m (5 cm).

Coil axial length (1) = 0.02m (2 cm).

Wire: copper, area (A) = 0.518 mm? (approx.
AWG-20). Target resonance frequency (f) =
85kHz Coupling coefficient (k) = 0.2 (moderate-
depends on spacing/alignment).

Copper resistivity (p) = 1.68x10 -8 Q.m.

Calculated results:

Coil inductance (Wheeler approx, single-layer
circular coil) L15 ~34.07 uH (i.e. L =3.407 x 107
SH)

DC resistance of the winding (approx)

Total wire length = 4.71 m (15 turns X mean turn
length) Rcoil = 0.153 Q

Q-factor (idealized, at 85 kHz) Q= oL/ R, ®
=27*f

Q= 119 (ideal estimate - real Q will be lower due
to skin effect, proximity loss, connectors).
Resonant capacitance (for 85 kHz) C = 1/(2nf)2L

simulation. A grid structure of many piezoelectric
sensors is placed beneath the road surface in this
configuration. These sensors use the piezoelectric
effect to produce an alternating voltage when
moving cars apply mechanical force. The output
from the sensors is initially routed through a
rectifier circuit made up of diodes (D1-D4),
which transforms the AC signal into DC voltage
because it is irregular and in AC form. A boost
converter circuit including a switching transistor
(Q1), inductor (L1), diode (D5), and capacitor
(C1) receives the rectified output. This stage's
goal is to raise the low voltage produced by the
piezo sensors to a higher, practical DC voltage
level. A 12V battery, which serves as an energy
storage device, stabilizes and stores the increased
voltage. Later, this stored energy can be utilized
to power external loads, like an electric car
charging station. All things considered, the
system effectively harvests lost mechanical
energy from traffic, transforms it into electrical
energy, raises the voltage level, and stores it for

useful uses in sustainable energy systems.

Bo(_gst 'Converter

IRFZ44Z.

5y

100u

D5
s mi60zs5

Peizo Grid

.[I..

Fig 4.1 Simulation of piezoelectric power generation

32



I[JAAR

Vol. 7 No. 42

ISSN - 2347-7075

The figure 4.2 shows how an inductive
coupling-based wireless EV charging system
operates. To determine input power, an AC power
source is first supplied, and its voltage and current
are monitored. A source rectifier is then used to
convert this AC supply into DC. After being
filtered, the rectified DC is sent over a DC link,
which keeps the system's power flow steady and
stabilizes the voltage. A high-frequency inverter
is then used to transform the DC power back into
high-frequency AC. For effective wireless power
transfer, this high-frequency AC is necessary. A
transmitter coil receives the energy and produces
a magnetic field. Power is wirelessly transmitted

over an air gap by means of mutual inductance

between the transmitter and receiver coils. To
increase efficiency, the induced AC voltage on
the receiver side (vehicle side) is collected by the
receiver coil and routed through a compensation
network. After that, it is given to the lithium-ion
battery after being rectified once again into DC
via a vehicle rectifier. In order to assess charging
success, the system also keeps an eye on battery
metrics including voltage, current, and state of
charge (SOC). All things considered, this
simulation shows effective contactless energy
transmission from the source to the EV battery,
which is the fundamental idea behind your

wireless charging station

Wireless Power Transfer for Electric Vehicle Applications

Souroe_Scope

V.DC Lk [ I

Dc Link Current

DC Link Power

nput Reactive Power  Input Active Power

<Voltage (V)>

Bat_Scope

Bat_Input_Powt

HF Inverter

Fig 4.2 Simulation of wireless power transfer

The figure shown 4.3 is the suggested
method uses piezoelectric sensors implanted in
the road to successfully convert mechanical
energy produced by vehicle movement into
electrical energy. Using a DC-DC converter and
charge controller unit, the produced AC signal is
efficiently transformed into steady DC power
through rectification and voltage regulation. A
high-frequency inverter is then powered by the
battery's stored energy, allowing wireless

transmission via the transmitting coil. Through

reciprocal induction, the system efficiently
transfers energy to the receiving coil, where it is
rectified once more and utilised to charge the
electric car battery. The total operation
demonstrates that wireless power transmission in
conjunction with piezoelectric energy harvesting
is theoretically possible for smart road
applications. From a conceptual standpoint, even
while the system works well under regulated
circumstances, the power output from individual

piezoelectric sensors is rather modest, making it
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more appropriate for auxiliary applications and
partial EV charging than full-scale charging. Coil
alignment, distance, and operating frequency are
some of the variables that affect wireless power
transmission efficiency and can impact real-world
performance. Practical issues include
incorporated piezoelectric materials' durability

and installation costs. The system is a viable

option for sustainable infrastructure, nevertheless,
as the cumulative energy produced may be
with  high traffic

applicability for smart transportation systems may

substantial density. Its

be improved in the future through advancements

in material efficiency, system optimisation, and

large-scale application.

|
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Fig 4.3 Results of wireless power transfer

When exposed to mechanical vibrations
in simulation, the piezoelectric sensors behave
similarly to transducers, producing an electrical
output. After that, the output is rectified to
provide a DC voltage that may be used to charge
batteries. An array of 30 piezoelectric sensors
linked correctly may theoretically give an
estimated output of 30 V, assuming that each
sensor generates about 1 V. This assumption,
however, is utopian and does not fairly reflect
real-world circumstances. It is not possible to
provide a consistent and synchronous mechanical
force to every piezoelectric sensor in practical
applications. Voltage generation is considerably
reduced and irregular as a result of the applied
force, which is usually irregular and non-uniform.
As a result, it is difficult to reach the theoretically
anticipated voltage levels since the real output

voltage is significantly lower than the simulated

value.

Conclusion:

Wireless electric vehicle (EV) charging
on piezoelectric highways offers a creative and
sustainable method of producing and using
The

mechanical stress from moving cars into electrical

renewable energy. device transforms

energy, which is then utilised to charge EVs
the

growth of environmentally friendly transportation

wirelessly. This technology encourages

and lessens reliance on traditional charging
Additionally, it

environmental

stations. encourages

sustainability = and  reduces
greenhouse gas emissions. All things considered,
this initiative is a promising step toward more
intelligent, energy-efficient, and sustainable road

infrastructure.
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Future scope:

This project's future focus is on enhancing
the scalability and efficiency of wireless charging
and piezoelectric energy harvesting technologies.
Power output may be greatly increased by
developments in piezoelectric materials with
improved energy conversion efficiency. For
improved performance, hybrid charging stations
can be created by integrating various renewable
energy sources, such solar power. Additionally,
energy storage and utilization may be optimized
through the use of IoT-based monitoring and
smart energy management systems. By extending
this technology to parking lots, roads, and smart
cities, it can promote environmentally friendly
mobility and lessen reliance on traditional grid-

based charging infrastructure.
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Abstract:

Stock market prediction is a complex and dynamic problem influenced by multiple economic,
technical, and behavioral factors. Traditional statistical approaches often fail to capture non-linear
relationships and short-term fluctuations present in financial data. Although machine learning techniques
have shown promise in stock prediction, many existing systems lack robust feature engineering, time-series
awareness, and real-world evaluation mechanisms.

This paper presents Athena, an intelligent stock trend prediction framework that integrates
advanced feature engineering, an XGBoost-based classification model, and a backtesting module for
realistic trading evaluation. The system utilizes technical indicators such as moving averages, Relative
Strength Index (RSI), lag returns, and volatility to enhance predictive performance. A time-series aware
chronological split is employed to prevent data leakage and ensure realistic model validation.

Experimental results demonstrate that the proposed model achieves high predictive accuracy and
effectively generates Buy/Sell signals aligned with market trends. The backtesting module further validates
the practical usability of the system by simulating trading strategies and evaluating profitability.

Keywords: Stock Prediction; XGBoost; Machine Learning; Technical Indicators; Time Series;
Backtesting; Financial Analytics.

Introduction: learning models can analyze historical stock

Financial markets play a crucial role in prices and extract patterns that are not easily

economic development, investment planning, and
wealth generation. The stock market, in
particular, is characterized by high volatility,
uncertainty, and

non-linear behavior, making prediction a
challenging task. Investors rely on various
techniques such as fundamental analysis and
technical analysis to forecast stock trends.
However, these methods require domain expertise
and often fail to capture hidden patterns in large
datasets.

With the advancement of machine
learning, data-driven approaches have gained
significant attention for their ability to model
complex relationships in financial data. Machine

identifiable through traditional methods.

Despite these advancements, existing
stock prediction systems face several limitations.
First, many models use random data splitting,
which violates time-series properties and leads to
unrealistic ~ performance.  Second, feature
engineering is often limited, reducing model
effectiveness. Third, most systems do not include
a mechanism to evaluate predictions in real-world
trading scenarios.

To address these challenges, this paper
proposes a comprehensive stock prediction
system that integrates feature engineering, time-

aware modeling, and backtesting evaluation.
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e Cl: A feature engineering pipeline using lag
returns, moving averages, RSI, and volatility
indicators

e (C2: A time-series aware machine learning
framework using chronological data splitting

e (C3: An XGBoost-based classification model
for accurate stock trend prediction

e (C4: A backtesting module for evaluating real-

world trading strategies

Literature References:

e Machine Learning in Stock Prediction:
Several machine learning models such as
Decision Trees, Support Vector Machines (SVM),
and Neural Networks have been used for stock
prediction. These models leverage historical data
to identify patterns and trends. However, their
performance is often limited by insufficient
feature representation.

e Technical Indicators: Technical indicators
such as RSI, moving averages, and volatility
measures are widely used in financial analysis.
These indicators provide insights into market
trends, momentum, and risk levels. Studies show
that combining multiple indicators improves
prediction accuracy.

e Ensemble Learning: Ensemble models like
Random Forest and XGBoost combine multiple
learners to improve prediction performance.
XGBoost, in particular, is known for its

efficiency, scalability, and high accuracy.

Limitations of Existing Systems:
e Lack of time-series awareness
e Limited feature engineering
e Absence of trading evaluation
The proposed system addresses all these

limitations.

Methodology:
System Architecture:
The system follows a modular pipeline:
e Data Collection
e Data Preprocessing
e Feature Engineering
e Model Training
e Prediction

e Backtesting

Dataset: The dataset consists of historical stock
price data including:

e Date

e Open, High, Low, Close prices

e Adjusted Close

e Volume
Feature:
Engineering Lag Features.

Previous day returns are calculated as:
ReturnO = (Priced — Priced-1) / Priced-1 (1)

Moving Averages:

SMAO = (1/n) X Price over n days (2)
Short-term and long-term averages capture trends.
Relative Strength Index (RSI):

RSI=100—-(100/ (1 +RS)) (3)
Where RS = Avg Gain/ Avg Loss
Volatility:

Volatility is calculated using rolling

standard deviation:
o=V(1/nZ (- pp? @)

Target Variable: Binary classification:
e 1 — Buy (price increases)

e (0 — Sell (price decreases)

Model: XGBoost. The XGBoost model predicts
probability:
¥ =X fO(x), where fO € decision trees (5)

Time-Series Split: Data is split chronologically:
Training — Past data , Testing — Future data
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Backtesting: Feature Importance: Important features include:
Backtesting simulates trading: e RSI

e Buy when prediction = 1 e Moving averages

e Sell when prediction = 0 Profit is e Lag returns

calculated over time. e Volatility

e Backtesting Results:

Results and Discussion: e Improved trading decisions
Model Performance: The XGBoost model e Higher returns than random strategy
achieves high accuracy and strong classification e Reduced risk
performance.

Metrics used: Discussion:

e Accuracy The system demonstrates:

* Precision e Effectiveness of feature engineering

* Recall e Importance of time-series validation

¢ Fl-score e Practical usability via backtesting
Results:

Configuration
»~~ Athena: Intelligent Stock Prediction Engine

Athena dashboard. This application uses machine learning to predict stack trends and provide actionable buy/sell recommendation:

JSON) "

il Dashboard

Strategy Performance (2022-2023)

¥ 11.09% 0.33 $40,531.54

© Portfolio (all ticker

Today's Recommendations

The model leverages machine learning algorithms to identify patterns and generate buy/sell signals with

improved accuracy.

L Strong Buy/Buy @ Sell/ Consider Shorting

Configuration

nals today.

Hold / Neutral

50%

The system was evaluated on real-world stock datasets, demonstrating its effectiveness in capturing short-

term market trends.
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Configuration

Q@ Stock Analysis

Visualizations illustrate predicted versus actual trends, highlighting the model’s capability in supporting

data-driven investment decisions.

Conclusion:

This paper presented a machine learning-

based framework for stock trend prediction. The

integration of feature engineering,

XGBoost

model, and backtesting makes the system both

accurate and practical.

Future Work:

Deep learning (LSTM, Transformers)
Sentiment analysis
Real-time trading system

Portfolio optimization
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Abstract:

The rapid advancement of concrete technology and prestressed structural systems has ushered the
construction industry into a new era of innovation. Prestressed concrete is now a cornerstone in the design
of diverse structures, ranging from residential and commercial buildings to hydraulic, roadway, nuclear,
and marine facilities. Among these techniques, post-tensioning has proven especially effective in enhancing
the performance of concrete floor slabs and masonry elements. This review focuses on optimizing post-
tensioned slabs, with particular attention to reducing slab thickness and overall weight while maintaining

structural integrity and efficiency.

Keywords: Prestressed, post-tensioning, behaviour of post tensioned slab.

Introduction:

Post-tensioning is a technique for
reinforcing concrete or other materials with high-
strength steel strands or bars known as tendons.
Post-tensioning is only a process of fabricating
prestressed concrete and other structural parts.
The word prestressing refers to the technique of
putting internal forces (or stress) into a concrete
during the construction process to counteract the
external loads delivered after the structure is put
into operation (known as service loads). Internal
forces are applied by tensioning high-strength
steel either before or after the concrete is placed.
The process of tensioning steel before to the
placement of concrete is known as pre-tensioning.
Post tensioning is the process of tensioning steel
after it has been placed in concrete. On-site post-
tensioning is accomplished by inserting post-
tensioning tendons into the concrete formwork in
the same manner as rebar is inserted. (11) The
tendons are tensioned after the concrete
surrounding the strands and rebar dries to a

specific strength. Post tensioning is similar to

"pre-tensioning," in which the tendons are
stressed prior to pouring the concrete and then
released after it has cured. Post-tensioned slabs
are a good example since they allow for a
significant reduction in slab thickness by
maximising spans and assisting in raising the
number of floors, which is very crucial in high
rise buildings. (03)

S50t POCREt FOrmer

. Anchorage Canting /
7

/

Fig 1. Schematic layout for post tension system

Advantages of Prestressed Concrete:
e  Prestress concrete members provide better
resistance to shearing forces due to effect of
compressive  stresses  developed by

prestressing the tendons.
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e Dead load is counter balanced by eccentric
prestressing in prestressed concrete member
whereas in RCC dead load are of great
importance.

e Use of high strength materials reduces
cracks and improve durability under
aggressive environmental condition.

e Long span structures are achievable in
prestressed concrete, resulting in significant
material savings, whereas RCC requires
relatively heavy sections.

e [t only requires a minimal amount of
construction materials.

e The joints are the primary source of
weakness in concrete buildings, fewer
joints result in cheaper maintenance costs

during the structure's design life.

Prestressing Systems Pre-tensioning:

In the pre-tensioning method, high-
strength steel tendons are stretched using
hydraulic jacks before the concrete is cast. These
tendons are anchored against fixed abutments,
and fresh concrete is then poured around them. As
the concrete gains the required strength, the
applied tension in the tendons is gradually
released. This release transfers compressive stress
to the concrete through bond action between the
steel and concrete. Pre-tensioning is commonly
used in precast elements such as beams, sleepers,
and slabs, where controlled factory conditions
ensure better quality and efficiency.

Prestressing bed

(c) Transferring of prestress

Fig 2. Pre-tensioning

Post-tensioning:

In post-tensioning, the concrete is first
cast with ducts or sleeves embedded within the
slab to accommodate the tendons. After the
concrete reaches sufficient strength, the tendons
are tensioned wusing hydraulic jacks. The
prestressing force is transferred to the concrete
through end anchorages. Depending on the
system, the ducts may then be grouted (bonded
system) to provide additional protection and
bond, or left ungrouted (unbonded system) where
tendons are protected by grease and sheathing.
Post-tensioning is widely used in in-situ
construction of slabs and beams, offering greater
flexibility in design, longer spans, and improved
structural efficiency.

(d) Tensioning of tendons

—
gt

IR A P A S e e s 3]
2 Wt S T e T Tl
) s A ot Anchor
A b, S A o ety L vy

(€) Anchonng ™he tandon at the stretching end

Fig 3. Post-tensioning

Literature Review:
A wide range of studies have examined
the flexural behavior of post-tensioned slabs
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under different parameters such as slab
dimensions, tendon type (bonded or unbonded),
and the use of admixtures. The following section
highlights key contributions from researchers on
optimizing slab thickness and performance
through post-tension design.

Torok I. et al. (2019), The main purpose
of this paper is to describe the post-tensioning
methods possible to use for flat slabs of public
buildings. Their analysis followed the structural
design process and emphasized the advantages of
post-tensioning for spans exceeding 7 meters.
While common internationally, the technique
remains underutilized in Romania due to limited
expertise in design and execution. Although post-
tensioning of flat slabs is common in other
countries, it is still avoided in the realization of
reinforced concrete slabs in Romania due to a
lack of understanding in the design and execution
of post tensioned slabs. (12)

Abd-El-Mottaleb H. E. and Mohamed H.
A. (2018), Post tension floors (PT) are one of the
most widely used system which are very effective
method regarding ultimate and serviceability limit
states. RAM software is used to examine a
numerical model for discretized two-way
reinforced concrete flat slab with diverse systems.
The effects of different parameters are
investigated in this study. Concrete strength, flat
slab thickness, varied values of jacking force (P) /
area of strand (A), and also examine the flat slab
with opening by varying the values of P/A are
among the parameters investigated. The results
showed that the PT system had a substantial
influence on the flat slab by reducing deflection.
Also, the magnitude of the bending moment is
reversed at one internal column by increasing the
value of P/A for large thickness.(02)

Hymans M. et al. (2018), A case study is
provided that is currently under construction and
uses some of the methodologies addressed in this

research to demonstrate its practical use. Through
a numerical comparison, material quantity
savings are demonstrated when compared to
conventional design methods. This research is
presented as an extension of previously developed
methods and intends to explore new opportunities
for enhancement both in the identification of
vertical tendon profiles for tendon plan layouts
and the rapid assessment of rebar requirements
when designing post-tensioned systems.(05)

Bednarz K. (2018), The paper presents the
results of the computational analysis of several
types of cross-sections (full, with internal
relieving inserts and ribbed) in the application to
a post-tensioned slab with a span of 15.0m. Based
on the results presented, appropriate conclusions
were drawn.(03)

Imran M. et al. (2017), In the present
study the regular Block type layout of plan is
taken into consideration with two types of slab
system i.e. A flat slab and a post tensioned slab
are compared. Considering earthquake zones 2
and 3 according to Indian codes Buildings with
G19, G+11, G+14, G+19, and G+24 stories are
considered, with differences in geometrical and
material features. The method used for analyzing
the model is Linear Time history analysis
considering Locc-North seismic condition using
software namely ETABS 2015. And conclusions
are formed from many elements about each
structural member's behaviour during the action
of forces on them, with differences
highlighted.(06)

Mohammed, A. H. et al. (2017),
Optimization approaches may be useful in
identifying alternative designs for posttensioned
slabs in order to enhance their mechanical
performance, notably in lowering bending
moments. Post tensioned (PT) concrete one-way
slabs are one of the most commonly utilised slabs
due to its high performance and low cost when
compared to other slab types. The interface
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between PT tendon and the surrounding concretes
was also modelled, allowing the tendon to keep
its shape during slab deformation. The design
variables are the area of the PT tendons, the
starting stress in the tendons, and the eccentricity
of the tendon profile, whereas the constraints are
the normal stress in concrete, the stress in steel
tendons, the shear stress in concrete, and the
displacement at the slab's mid-span. The
optimization results indicate that the area of PT
tendons may be reduced by approximately 38%
using an appropriate optimization algorithm. We
conclude that optimizing the area of the PT
tendons of the post tensioned slab is critical
because it allows us to identify the optimal area of
the PT tendon at a reasonable cost and under
adequate service circumstances. (07)

Sarkisian, M. et al. (2017), Topology
optimization is an optimization method which
determines optimal load paths in a finite element
continuum. Thus, it has been demonstrated that
by orienting PT tendons along the ideal load
routes recommended by topology optimization,
PT quantities can be lowered by 25% or more
while maintaining the same mild steel
reinforcement. Many of the observed layouts do
not adhere to standard uniform/banded patterns.
Furthermore,  deflection  performance  is
substantially more consistent because tendons
resist stress in a manner compatible with load
needs. This can help to mitigate frequent concerns
with thin flat-plate gravity systems, such as
uneven floor flatness caused by PT system
warping and inconsistent deflection at the
external wall. For efficient application, this
innovative design process was implemented to
three buildings and coordinated with construction
teams.(10)

Szydlowski, R and Barbara Labuzek, B.
(2017), Slabs prestressed by unbounded tendons
are successfully used worldwide for several
decades. Many recommendations about geometry

and prestressing, dimensioning, and erection
technology were given at the time. In recent
years, prestressed slabs with span and slenderness
significantly surpassing specified limits have been
successfully constructed and installed in Poland.
During the slab’s erection and in two years of
their using, the deflection of three oversized slabs
was monitoring. Despite the fact that the slabs
were built to be substantially larger and slender
than the specified maximum value of span and
span to depth ratio, the deflection of the slabs is
clearly far from the limit value. The study
illustrates the geometry, characteristics, and
deflection of built slabs, as well as the conclusion.
This study presents a description of a very big
span slab (21.3m) that was designed based on
information received from the previous
realization. (11)

Reddy, R. K. and Pradeep A. R. (2017),
The current study compares the economic
effectiveness of post tensioned flat slab systems
to that of reinforced concrete flat slab systems.
Based on the design methodology, both systems
are assessed using RAPT and ETABS,
respectively. The results show that post-tensioned
flat slabs are less expensive than RCC slab
systems.(08)

Desai, M. V. G. and Shaikh M. J. (2016),
This thesis investigates the analysis and
behaviour of post-tensioned flat slabs. Modelling
and analysis of flat slab and PT flat slab is done
using SAFE. In assessing the PT slab, 12.7 dia
and 9.5 dia 7 ply high tensile steel strands are
employed for post-tensioning. Slab panel of 8m
by 12m is modeled for different cases and
respective properties are assigned. The slab is
separated into two sections: the column strip and
the middle strip. Drops are provided along
column strip in flat slab and PT flat slab. Results
are compared with flat slab and PT flat slab with
respect to deflection, punching, moment and
stresses. The quantities of reinforcing steel, post-
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tensioning steel, concrete required for the slab is
calculated for the same and cost per square meter
are presented in graphical form. Overall study on
PT flat slab proves that PT flat slab could be a
better option compared to flat slab, in respect of
cost of project.(04)

Aalami, B. O. and Jurgens J. D. (2003),
This article presents a set of guidelines intended
to assist designers in routine post-tensioning
design, begins with a discussion of the
preliminary decisions that must be made in order
to construct post-tensioned floor members. We
then present a series of recommendations based
on industry practise that have resulted in cost-
effective  designs with good in service
performance. We based the guidelines on ACI
318 02 and IBC 2000 when applicable. We have
assumed for the purposes of this article that the
design engineer is familiar with the concept and
application of post tensioning. There are several
useful references on the subject of post-
tensioning. 3-5 We have further assumed that the
design engineer knows both the geometry of the
structure and the loading; this article discusses the
design process that follows the determination of

the structure’s geometry and loading.(01)

Methodology:

This study considers four beam
specimens, including two reinforced concrete
(RC) beams and two prestressed beams. The
design of all specimens follows the provisions of
IS 456:2000 and IS 1343:2012, while the concrete
mix is prepared using M30 grade in accordance
with IS 10262:2019.

The specimen details are summarized below:

Notation | Clear Total Beam
Span (m) | Span(m) Size(m x m)
S1 1.5 2 0.6 x0.075
S2 1.5 2 0.6x0.1
Table 1

Structural analysis was performed using
the finite element-based software ETABS 18,
while experimental validation was carried out
through a two-point loading test setup. This dual
approach ensured both numerical accuracy and
practical verification of beam behaviour under

applied loads.

Conclusions:

From the literature review, following conclusions

can be drawn:

e  Stressing improves the flexural strength of
the slab significantly. The tensile stress
created in the slab balances the structure's
loads and keeps it strong.

e Due to large spans utilized in the slab,
which  require considerable steel

reinforcement to save the deflection in the
slab, the usage of post tension in the slab
for improving the function of the slab is
increasing nowadays.

e As compared to reinforced -concrete,
prestress concrete structures are more
economical of material usage and economic
span range.

e  Most researches have used admixture usage
criteria and software analysis for
comparison, which provides us with a
method to optimize post tension of concrete
floor slab to identify the post-tensioning
slab thickness and weight of slab may be
minimized.

e The stiffness and strength of a concrete
structure, using PT Slab will be greater than
that of a structure made with R.C.C Slab.
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Abstract:

The considerable research attention drawn to the advantages of copper indium gallium selenide
(CIGS) thin-film solar cells, such as high absorption coefficients, tuneable bandgaps, and prolonged
durability, is somewhat curbed by the issues of pathway recombination, parasitic optical losses, and poor
carrier selectivity at the back contact. The versatility of SCAPS-1D as an optimization tool is attributed to
its capacity to analyse and systematically optimize absorber thickness, band alignment, defect density, and
back-surface-field (BSF) architecture prior to empirical testing. This study provides insights into the
growing body of research utilizing SCAPS pertaining to CIGS and other chalcogenide-based photovoltaics,
concerning device architectures with BSF layers (of PEDOT:PSS, Sb2Se3, NiO, and Cu20O) and
unconventional buffer layers (3C-SiC, MoS2, and ZnMnO) [1-7]. Temperature dependence, defect state
modelling, and back contact work function studies assist in better understanding absorber physics and
charge transport at interfaces [8-17]. The studies’ findings conclude that wide bandgap transparent buffers
and engineered BSF layers lead to lower recombination losses, superior carrier selectivity, and improved
open circuit voltage (Voc), fill factor (FF), and enhanced overall conversion efficiency as a fusion of prior
studies. This study provides a broad scope of essential performance data, numerical analysis, and the
principles of optimization to guide our focus to the imminent improvements of high-efficiency CIGS devices.

Key Words: CIGS, Thin-film Solar cell, SCAPS-1D, Back-surface-field (BSF)

Introduction: the molybdenum-CIGS interface, recombination

Having strong broadband absorption, activity leads to a net voltage drop, which is a

flexibility in composition, and compatibility with problem. These challenges have inspired

various substrates make the CIGS solar cells one
of the most advanced thin film technologies for
photovoltaics. CIGS has the capability to modify
the gallium-indium ratio and optimize the band
gap, thus improving the voltage-current
relationship. This is why CIGS is suitable for both
tandem and  single-junction  applications.
Nonetheless, standard CIGS - cadmium sulphide
buffered architectures have some disadvantages,
such as the environmental toxicity of cadmium,

and absorption of photons in the blue range. At

advanced computational studies using SCAPS-
ID. These studies have focused on one or several
of a controlled range of parameters, such as the
thickness of the absorber layer, the concentration
of mobile charge carriers, the distribution of
defects, and the type and thickness of the
auxiliary layers. To gain a thorough insight into
the operational features of CIGS, numerous
authors have focused on the performance of
specific modified device architectures through

numerical simulations [1-7]. At the same time,
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many authors have focused on the thermal
behaviour, defect behaviour, contact barriers, and

layered absorbers in tandem arrangements [8-17].

Simulation Framework and Device Physics:

In CIGS solar cells, the majority of the
light absorption occurs in the p-type absorber
layer. This leads to the generation of electron-
hole pairs. The inherent electric field within the
space charge region causes the separation of these
electron-hole pairs. Separation of charge carriers
and the effectiveness of carrier collection depend
on several factors, including the magnitude and
spatial distribution of the electric field, the
diffusion length of minority carriers, the
recombination rate at the hetero interfaces, and
the charge transport properties of the adjacent
buffer and contact layers.

Regarding typical simulations of the
SCAPS-1D performance, SCAPS-1D integrates a
solution of Poisson's equation with the coupled
continuity equations of electron and hole
batteries, heterojunction thermionic emission, and
Shockley-Read-Hall recombination at the barrier
defect states for thin film heterojunction devices.
With these calculations, we can estimate the
performance of the devices and the IV
characteristics. Previous SCAPS studies have
reported that the voltage-current response of solar
cells is influenced by the thickness and bandgap
of the active layer's, selective absorbing layer.
Back surface reflection and back contact
reconfiguration lead to a further increase in the
fill factor (FF) as they reduce rear surface
recombination. A layer's thickness, the so-called
absorbing layer, is comprised of multiple layers,
and an increase in the total number of layers is
required for recombination. Studies have reported
that an increase in temperature can lead to a
decrease in the voltage at which current is

maximum (Voc) of a cell due to an increase in

saturation current and an increase in the rate of

recombination.

Examining Device Designs Based on SCAPS:

In order to move beyond the traditional
limits of performance of CIGS devices, new
architectures have been suggested. Zouache et al.
modeled a structure ZnO/3C-SiC/CIGS/PEDOT:
PSS/Mo. The 3C-SiC layer acts as a wide-
bandgap buffer layer with better optical
transparency. Furthermore, using PEDOT: PSS as
a hole-selective back surface (BSF) lowers back-
interface recombination and enhances carrier
extraction [1]. Al-doped CIGS with a Sb.Ses BSF
was studied by Ashok et al. by appropriately
balancing the bandgap and thickness of the
absorbers; they made a remarkable improvement
to both Voc and FF [2]. Hamdaoui et al. used
Spiro-OMeTAD as a hole-transport material and
demonstrated improved hole selectivity and
reduced interfacial recombination, achieving
expected efficiencies surpassing 31% under
optimal conditions [3].

In an experiment conducted by Sikder et
al. with Cu20 at the back contact and ZnMnO at
the buffer layer, Cu20 enhanced quantum
efficiency across the entire visible spectrum by
offering electron-blocking functionality at the
back contact [4]. Chowdhury aimed for better
control of recombination to increase Voc by
AZO/MoS2/CIGS/NiO
heterostructure that contained NiO as a back-

implementing an

surface reflector (BSF) and replaced the
conventional CdS buffer with a cadmium-free
MoS: [5]. Rahman et al. studied the effect of
absorber thickness and interface band alignment
on carrier transport and collection in Sb2Ses/Sb2S;
devices with WS: transport layers and CdTe/FeSiz
dual-absorber configurations [6,7].

Beyond CIGS-specific research, several
SCAPS studies in interface engineering and
absorber optimization also have merit. Saidani et
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al. and Islam et al. examined defect modelling in
tin-based and mixed-cation perovskite devices.
These studies have provided a basis for
recombination and defect tolerance within
chalcogenide photovoltaics [8, 9]. To frame
carrier-transport limitations in earth-abundant
absorber materials, Islam et al.

Copper-tin-sulphide (CTS) based cells
were also examined [10]. The systematic study by
Sebastian et al. on the interactions of thickness-
bandgap-temperature during CIGS [11] showed
quantitative confirmation of the voltage-current
optimization  trade-off. = Rear-surface  band
alignment and reduced minority carrier
recombination have been improved by Hindustan
et al. with molybdenum-tungsten alloy back
contacts with tailored work functions [12].

The  computational  studies  about
cadmium-free sputtered device structures by
Meyer et al. and Upreti et al. [13, 14], examined
the effects of contaminants and interlayer barriers
on interface quality and device performance.
Hassan and Ahmad, through the SCAPS method,
studied the relation of interactions with
heterojunctions, dielectric properties and CdS
buffer layer thickness in CIGS cells [15]. At the
same time, the coupled effects of temperature and
thickness on polycrystalline CIGS absorbers were
studied by Erbey and Tumen-Ozdil [16]. For his
CIGS/CGS

configurations, Nassour et al. demonstrated that a

rescarch on  dual  absorber
simultaneous adjustment of thickness and
bandgap on both absorber layers improved
efficiency [17].

Comparative Study:

Analysis of these different works shows
some common themes in enhancing device
functionality. The use of BSF layers, whether
they are inorganic (Sb2Ses, NiO, Cu20) or organic
(PEDOT:PSS), uniformly increase the electric
field at the rear interface. Minority -carrier

transport to the back contact is impeded. Voc and
FF increase as aresult [1, 2, 4, 5, 6, 7]. Utilization
of transparent wide bandgap buffer materials such
as 3C-SiC, ZnMnO, and MoS: reduces the
parasitic absorption of photons at short
wavelengths. Jsc increases and so does
transmission of photon flux to the absorber layer
[1,3,4,5,15].

Absorber thickness optimization studies
consistently find a performance maximum that
corresponds to the opposing effects of greater
optical absorption from thicker films and higher
recombination probability from increased lengths
of carrier transport [1, 11, 17]. This behaviour is
consistent with semiconductor device theory and
depends critically on the scaling of defect density
with minority-carrier diffusion length. Bandgap
engineering studies confirm expected relations
that larger bandgap compositions increase Voc
due to enhanced built-in potential and decrease
Jsc due to reduced spectral absorption range [2,
11].

Defect density studies reveal that both
bulk trap states and interfacial defects
significantly reduce carrier lifetime and
consequently, device efficiency, due to increased
Shockley-Read-Hall recombination [8, 9, 11, 12,
14]. The presence of defects is especially evident
at hetero-interfaces, where lattice mismatch and
chemical incapability lead to high defect-state
density.  Temperature-dependent ~ modelling
consistently predicts efficiency loss due to high
operating temperatures, and this is largely due to
increased saturation current and recombination
rates [11,16]. For this reason, practical application
in  high-insolation  regions is  especially
challenging given temperature sensitivity.

Future Scope:
Although SCAPS-1D provides useful
predictive capability for device design, it is

limited by a one-dimensional framework which
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does not account for microstructural phenomena
such as grain boundary effects, compositional
grading profiles, and spatial non-uniformities that
arise from large-area deposition techniques.
Future work should aim for more
advanced models that include realistic defect
states to simulate more sophisticated interfacial
defects at wvarious scales, especially grain
boundaries, as well as models that synergistically
integrate SCAPS outputs with experimental data.
Extensive modelling frameworks will enhance the
reliability of simulations and accelerate the
translation of computationally refined device
architectures into commercially viable, high-

efficiency CIGS products.

Conclusion:

This review shows that the application of
transparent wide-bandgap buffer layers to reduce
optical losses, the integration of engineered BSF
structures to suppress back-contact
recombination, and the methodical optimization
of absorber thickness and bandgap to balance
voltage and current generation are all important
design principles that are consistently identified
by SCAPS-guided optimization of CIGS solar
cells. The combined results from the reviewed
literature [1-17] demonstrate that the main
mechanisms behind anticipated efficiency gains
are increases in optical utilization, decreases in
recombination pathways, and improvements in
carrier selectivity. Future experimental efforts to
create next-generation CIGS devices that can
successfully compete with crystalline silicon
technology will have a solid scientific basis,

thanks to these computational insights.
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Abstract:

The safety of vulnerable grou@cluding women, children, and senior citizéisas become a
major global concern, calling for advanced technological solutions. Traditional safety tools such as simple
panic buttons or standalone mobile applications often fail to provide timely help during emergencies. To
overcome these challenges, this study introduces ShieldHub, @métled smart safety platform designed
to deliver faster and more reliable protection. ShieldHub combines several advanced features, including
real-time GPS tracking, geofencing, SOS alerts, and health monitoring, to ensure rapid emergency
response. Through GPS tracking, the exact location of the user can be monitored at any time, enabling
quick assistance. The geofencing feature allows users to define saf®iamehild or elderly person
moves outside these zones, the system automatically notifies the guardians. In emergency situations, tt
SOS alert can be triggered using a button, voice command, or specific gesture, immediately sending alerts
along with the userds location to trusted contacts and nearby authorities.

Keywords: IoT (Internet of Things), Real-time GPS Tracking, Geofencing, SOS Alerts, Al (Artificial
Intelligence), Machine Learning, Health Monitoring, Mobile Application

Graphical Abstract:

Figure 1: Proposed System Architecture.
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