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Abstract

The rapid growth of electric vehicles (EVs) demands sustainable and intelligent charging infrastructure. This paper
presents the design and successful implementation of a solar-powered EV charging station integrated with Internet of Things
(IoT) monitoring. The implemented system employs an automatic solar tracking mechanism using three Light Dependent
Resistor (LDR) sensors oriented in East, Center, and West directions to maximize solar energy harvesting. An Arduino Uno
microcontroller serves as the central processing unit, interfacing with dual voltage sensors, a temperature sensor, and an LCD
display. The collected data is transmitted to a cloud-based IoT dashboard via an ESP8266 Wi-Fi module, enabling real-time
remote monitoring of solar voltage, battery voltage, state of charge, and temperature. Experimental results confirmed a 27%
improvement in charging efficiency over fixed-panel installations and reliable safety monitoring, establishing this system as a

practical and cost-effective solution for green EV charging infrastructure.
Keywords: Electric Vehicle (EV) Charging, Solar Energy, loT, ESP8266, Solar Tracking, LDR Sensor, Arduino Uno,

Battery Monitoring, Renewable Energy

I. INTRODUCTION

The global energy crisis and rising environmental
concerns have accelerated the transition toward electric
vehicles (EVs) as a cleaner alternative to fossil fuel-based
transportation. As the number of EVs on the road continues to
grow, the demand for reliable, efficient, and eco-friendly
charging infrastructure has become increasingly critical.
Conventional EV charging systems draw power from the
utility grid, which is largely dependent on non-renewable
energy sources, thereby diminishing the environmental benefit
of EVs.

Solar energy presents a promising solution to this
challenge. By integrating photovoltaic (PV) panels with EV
charging stations, it is possible to harness renewable energy
directly at the point of use, reducing both carbon emissions
and operational costs. However, static solar panels suffer from
reduced efficiency due to changing sun positions throughout
the day and across seasons. Automatic solar tracking systems
can significantly improve energy capture by continuously
orienting the panel toward the sun.

The integration of Internet of Things (IoT) technology
enables remote monitoring and smart control of the charging
station. Real-time data on solar power generation, battery
status, and environmental conditions can be accessed from
anywhere using cloud platforms, enabling proactive
maintenance and optimal energy management.

This paper presents the successfully built and tested
smart EV charging station that combines solar tracking using
LDR sensors, a DC gear motor,voltage and temperature
sensors, and IoT-based monitoring through the ESP8266 Wi-
Fi module. The system is managed by an Arduino Uno
microcontroller that coordinates all modules for efficient and
safe charging operation. The complete hardware prototype
was assembled, programmed, and validated under real-world
operating conditions.

II. LITERATURE SURVEY

Several research works have been carried out in the area
of solar-powered and IoT-integrated EV charging systems. A
comprehensive review of notable contributions is presented
below.

A. Solar and IoT Integration

Dr.Priyanka Jain [1] proposed an loT-based wireless EV
charging prototype that integrates mutual induction charging
with solar energy harvesting and real-time cloud monitoring.
The system demonstrated reduced dependence on grid power
and improved charging convenience. Pulugam Rahul Charith
[2] extended this concept by incorporating a Battery
Management System (BMS) for safe operation alongside solar
wireless charging. The proposed architecture offered state-of-
charge monitoring and overvoltage protection.

B. Smart and Adaptive Charging Systems
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Grant Ruan and Munther Dahleh [3] addressed the
challenge of charging in cold climates by proposing a
temperature-controlled smart charging system that uses solar
energy to pre-heat batteries before charging, improving round-
trip efficiency. Dr.Zuhaib Baig [4] designed a hybrid IoT and
solar EV charging station featuring auto-switching between
solar and grid power and slot pre-booking via a mobile
application.

C. loT Infrastructure and Energy Management

Rutuja Rajole and Rutika Pawar [5] presented a
networked IoT architecture for EV charging that enables
remote control and energy metering. Tripti Kunj and Kirti Pal
[6] surveyed the role of IoT in smart charging systems,
highlighting benefits in monitoring, fault detection, and
energy optimization.T.Y. Ma [7] reviewed EV charging
scheduling methods and infrastructure planning strategies,
underscoring the need for intelligent management systems.

The literature review confirms that combining solar
tracking, IoT monitoring, and intelligent control significantly
enhances the efficiency and reliability of EV charging
stations. The proposed work in this paper addresses these
aspects in an integrated and cost-effective manner.

II1. PROPOSED SYSTEM

The implemented system is a standalone solar-powered
EV charging station with automatic solar tracking and IoT-
based remote monitoring. The system was fully built,
integrated, and tested. Unlike conventional static solar
installations, this system maximizes energy harvesting by
continuously adjusting the panel orientation to follow the
sun's position. The implemented features include:

Automatic Solar Tracking: Three LDR sensors placed
at East, Center, and West positions detect the intensity of
sunlight from different directions. The Arduino Uno compares
the LDR readings and controls a 10 RPM DC gear motor
through a 2-channel relay to rotate the solar panel toward the
brightest light source. The tracking mechanism was tested
over full-day cycles and confirmed accurate sun-following
behavior.

Real-Time Monitoring: Two voltage sensors
continuously measure the solar panel output voltage and the
battery terminal voltage. The battery percentage is calculated
by the microcontroller based on the measured voltage relative
to the rated battery voltage range, achieving measurement
accuracy within £0.2V.

Safety Features: A temperature sensor monitors the
battery and charging circuit temperature. When temperature
exceeded the preset threshold of 45°C during testing, the
buzzer was triggered and charging was halted automatically,
confirming correct safety operation.

IoT Connectivity: The ESP8266 Wi-Fi module
successfully transmitted sensor data to a cloud IoT platform in
real time, enabling users to monitor system parameters
remotely via a smartphone or web browser. The live
dashboard was validated with stable data updates every 15
seconds.

Local Display: A 16x2 LCD display provides on-site
visualization of solar voltage, battery voltage, battery
percentage, and temperature, all confirmed functional during
hardware testing.

IV. SYSTEM ARCHITECTURE

A. Architecture Description

The overall system architecture consists of five
interconnected modules. The solar panel generates DC power
from sunlight. The LDR-based tracking mechanism feeds
signals to the Arduino Uno, which commands the relay to
drive the DC gear motor. The generated power charges a 12V,
7Ah lead-acid battery, whose voltage is continuously
monitored. The Arduino processes all sensor data and routes it
to the LCD for local display and to the ESP8266 for cloud
upload. The EV is connected to the charging output through a
controlled relay that enables or disables charging based on
battery status and temperature. The complete hardware
prototype was assembled on a structured mounting frame and
tested under outdoor solar conditions.

B. System Modules

Module 1 — Solar Energy Generation & Tracking:
Comprises the solar PV panel, three LDR sensors, and a 10
RPM DC gear motor with 2-channel relay. The LDRs sense
light intensity differentials to determine sun position. The
Arduino activates the relay to rotate the motor East or West
until the center LDR receives maximum illumination. Full-
day tracking tests confirmed correct and stable panel
orientation.

Module 2 — Energy Storage & Voltage Monitoring: A
12V, 7Ah lead-acid rechargeable battery stores harvested solar
energy. Two voltage divider circuits with analog sensors feed
voltage readings to the Arduino's ADC ports. The battery state
of charge is estimated using a voltage-SOC lookup table,
validated against a calibrated reference instrument.

Module 3 — EV Charging & Safety Control: The relay
module connects or disconnects the charging output based on
battery level and temperature. Overvoltage, under voltage, and
over temperature protection were all tested and confirmed
operational. The buzzer provided audible alerts during
induced fault conditions.

Module 4 — Display & IoT Monitoring: A 16x2 LCD
with 12C interface successfully displays system parameters.
The ESP8266 module transmitted data packets to the cloud
IoT platform at 15-second intervals over Wi-Fi, and remote
access was validated via smartphone.

Module 5 — Central Control (Arduino Uno): Acts as
the master controller. It reads sensor inputs, executes the solar
tracking algorithm, calculates battery percentage, manages
charging relays, updates the LCD, and sends data to the
ESP8266 via serial communication. Full integration of all five
modules was completed and tested successfully.

V. HARDWARE COMPONENTS
A. Component Specifications
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Table I summarizes the key hardware components used
in the proposed system along with their roles and
specifications.

TABLE I HARDWARE COMPONENTS AND SPECIFICATIONS

Component Specification Function
Arduino Uno ATmega328P, Central microcontroller
16MHz
Solar Panel 12V, 10W Poly | Power generation from
sunlight
LDR Sensors (x3) GL5528 Sun position detection
DC Gear Motor 12V, 10 RPM Panel rotation for tracking

Relay Module 2-channel, 5V Motor and charging control
Voltage Sensor 0-25V DC Solar and battery voltage
Temperature Sensor LM35/ Thermal safety monitoring
DS18B20
ESP8266 Wi-Fi NodeMCU IoT cloud data transmission
ESP-12E
LCD Display 16x2 with 2C | Local parameter display
Battery 12V, 7Ah Energy storage
Lead-acid
Buzzer 5V Active Fault alert

VI. SYSTEM IMPLEMENTATION

A. Solar Tracking Algorithm

The solar tracking algorithm implemented on the
Arduino Uno operated as follows. The analog readings from
the three LDR sensors (East, Center, West) were sampled
every 500 ms. A dead-band threshold was applied to prevent
unnecessary motor oscillations due to minor light fluctuations.
When the East LDR value exceeded the West LDR value by
more than the threshold, the relay activated to drive the motor
Eastward. Conversely, when the West LDR value was higher,
the motor drove Westward. The motor stopped when the
Center LDR reading was within the threshold of both East and
West readings, indicating optimal panel orientation. This
algorithm was validated over multiple test cycles with
accurate and repeatable tracking behavior.

B. Voltage and Battery Percentage Calculation

The voltage sensors used a resistive voltage divider to
scale the 0-25V input to the 0—5V ADC range of the Arduino.
The raw ADC value (0-1023) was converted to voltage using
the formula:

V= (ADC val/1023) x 5.0 x Divider Ratio

Battery percentage was estimated by mapping the
measured battery voltage to a 0-100% scale based on the
battery's discharge curve. For the 12V lead-acid battery used,
12.7V corresponded to 100% and 11.6V to 0%. A linear
interpolation was applied within this range, and the calculated
values matched reference measurements within +2%.

C. IoT Dashboard Integration

The ESP8266 module communicated with the Arduino
Uno via UART at 9600 bps. The microcontroller packaged
sensor readings as a comma-separated string and sent them to
the ESP8266, which published the data to a ThingSpeak cloud
channel over HTTPS. The IoT dashboard displayed live
graphs of solar voltage, battery voltage, battery percentage,
and temperature with a 15-second update interval. Remote
monitoring was successfully demonstrated via smartphone
and web browser from outside the laboratory.

D. Safety and Protection Mechanisms

Three layers of protection were implemented and
validated. Over temperature protection triggered the buzzer
and opened the charging relay when the temperature exceeded
45°C, confirmed by heating the sensor artificially.
Overvoltage protection disconnected the solar input when the
battery voltage exceeded 14.4V, preventing overcharging.
Under voltage protection disabled EV charging when the
battery dropped below 11.8V, preventing deep discharge. All
three protection features operated correctly during controlled
fault-injection testing.

VII. RESULTS AND DISCUSSION

A. Module Validation Results

Table II summarizes the implementation and testing
outcome for each module. All five modules were fully
completed and integrated. The solar tracking module
confirmed accurate sun-following with a motor response time
under 2 seconds. The voltage monitoring module achieved
measurement accuracy within 0.2V compared to a reference
multimeter, and battery SOC estimation was accurate within
+2%.

TABLE I MODULE IMPLEMENTATION AND TEST RESULTS

Module Status Test Outcome

Solar Tracking Complete Tracking verified, response
<2s

Voltage Monitoring Complete Accuracy £0.2V confirmed

EV Charging & Safety | Complete All safety triggers validated

Display & IoT Complete Remote monitoring
confirmed

Central Control Complete Full integration tested

B. Measured Performance Outcomes

Outdoor testing of the fully assembled prototype
demonstrated a solar tracking efficiency improvement of 27%
over a fixed-panel installation under clear sky conditions,
measured over a 6-hour test window. The 10W solar panel
and 12V, 7Ah battery stored approximately 82 Wh of energy
in a full charge cycle, sufficient to provide a slow charge to a
small EV or e-bike. The IoT cloud dashboard maintained a
stable 15-second data update rate with no observed packet loss
during a 2-hour continuous monitoring session.

C. Comparison with Existing Systems

Compared to conventional fixed solar EV chargers, the
implemented system delivered real-time IoT wvisibility,
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automated multi-level safety shutoffs, and active solar
tracking in a single integrated unit. The total hardware cost
was significantly lower than comparable commercial systems,
making it suitable for rural and semi-urban deployments
where grid power is unreliable. The system achieved a
charging efficiency of approximately 82%, which compares
favorably with similar works in the literature [1], [4].

VIII. CONCLUSION

This paper presented the successful design, development,
and experimental validation of a solar-powered EV charging
station with IoT monitoring. The system leveraged LDR-
based automatic solar tracking to achieve a 27% improvement
in solar energy harvesting compared to a fixed-panel
installation. An ESP8266 Wi-Fi module enabled real-time
cloud-based monitoring of solar voltage, battery voltage,
temperature, and state of charge. An Arduino Uno served as
the central controller, integrating all five hardware modules
into a fully operational prototype.

All system modules were completed and tested. Solar
tracking response time was under 2 seconds, voltage
measurement accuracy was within 0.2V, all safety protection
mechanisms operated correctly under fault-injection testing,
and remote [oT monitoring was demonstrated successfully via
smartphone. The system achieved an overall charging
efficiency of approximately 82%.

The implemented prototype demonstrated strong
performance in outdoor conditions and offers a cost-effective,
scalable solution for renewable EV charging, particularly
suited to rural and off-grid deployments. Future enhancements
may include integration of MPPT (Maximum Power Point
Tracking) for further efficiency gains, bidirectional V2G
(Vehicle-to-Grid) capability, and a dedicated mobile
application with push notifications for fault alerts.
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