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ABSTRACT: Modern vehicles are rapidly evolving into intelligent systems that integrate electronics,
communication, and embedded control to enhance safety, efficiency, and user experience. Traditional
vehicle control systems rely heavily on isolated modules with limited monitoring and manual diagnostics,
which reduces reliability and scalability. This paper presents the design and implementation of an
Intelligent VVehicle Control and Monitoring Unit (IVCMU), a layered embedded system that integrates real-
time control, monitoring, security logging, and wireless communication. The proposed system uses a
microcontroller-based architecture to monitor critical vehicle parameters such as speed, temperature, and
system status, while also enabling remote data access and control through wireless interfaces. The modular
layered architecture improves fault isolation, expandability, and system reliability. The IVCMU
demonstrates how embedded systems combined with communication technologies can provide a cost-
effective and scalable solution for next- generation intelligent vehicles.
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1. Introduction vehicle systems aim to integrate sensing, control,
communication, and analytics into a unified

The automotive industry has undergone a major )
architecture that enhances safety and performance.

technological transformation over the past two

decades. Modern vehicles incorporate numerous The proposed Intelligent Vehicle Control and
Electronic Control Units (ECUs) to manage Monitoring Unit (IVCMU) addresses these
engine performance, braking systems, climate challenges by introducing:

control, infotainment, and safety mechanisms.
However, most conventional architectures are
distributed and operate independently, leading to e Modular layered architecture
increased wiring complexity, limited centralized
diagnostics, and higher maintenance costs.

o Centralized real-time monitoring

e Integrated wireless communication
e Secure logging and diagnostics
With the rise of smart transportation and

connected vehicles, there is an increasing demand e Scalable embedded design

for centralized monitoring, predictive

maintenance, and remote accessibility. Intelligent
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This work focuses on designing a compact and
efficient embedded framework that can serve as a
foundation for future connected vehicle platforms.

2. Related Work

Several research efforts have explored l10T-based
vehicle monitoring systems. EXisting systems
typically focus on either:

e GPS tracking and location monitoring
e Engine parameter logging
e Driver behavior analysis

However, most systems lack a unified layered
framework integrating  control,  security,
telemetry, and wireless communication within a
single embedded unit.

Conventional vehicle monitoring approaches
suffer from:

e Limited scalability

e Poor modularity

e Lack of centralized data processing
e Minimal security mechanisms

The proposed [IVCMU overcomes these
limitations through a structured layered
architecture and multi-mode embedded design.

3. System Overview

The Intelligent Vehicle Control and Monitoring
Unit (IVCMU) is designed as a centralized
embedded platform responsible for controlling
and monitoring multiple vehicle subsystems. The
system collects data from various sensors,
processes the information using a microcontroller,
and transmits relevant data to external devices or
cloud platforms.

The architecture follows a layered design
approach, where each layer performs a specific
function. This design improves maintainability,
simplifies debugging, and allows easy expansion
of the system. The IVCMU can be adapted for
different vehicle types by modifying sensor
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interfaces and control logic without altering the
core system structure.

4. Layered Architecture of IVCMU
4.1 Device Layer

The Device Layer consists of sensors and
actuators interfaced with the vehicle. Sensors such
as temperature sensors, speed sensors, and
proximity sensors provide real-time data about
vehicle conditions. Actuators such as motors,
relays, and indicators respond to control
commands generated by the system. This layer
directly interacts with the physical environment of
the vehicle.

4.2 Control Layer

The Control Layer is responsible for processing
sensor data and executing control algorithms. A
microcontroller acts as the core of this layer,
handling tasks such as signal conditioning,
decision-making and actuator control. Embedded
firmware written in C is used to implement real-
time control logic. This layer ensures timely and
reliable operation of vehicle functions.

4.3 Security and Logging Layer

The Security and Logging Layer provides system
reliability and traceability. It logs important
events, sensor readings, and fault conditions for
future analysis. Security mechanism sensure that
only authorized commands are executed,
preventing unintended or malicious control
actions. This layer plays a critical role in system
diagnostics and fault detection.
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Layered Architecture of IVCMU

Device Layer
(Sensors, Motors, LEDs)

Control Layer
(STM32F407)

Security & Logging Layer
(RFID, RTC, EEPROM)

Communication Layer
(UART, SPI, 12C, CAN)

Telemetry Layer
(ESP32 Cloud)

4.4 Communication Layer

The Communication Layer enables data exchange
between the vehicle and external devices. Wireless
technologies such as Wi-Fi or Bluetooth are used
to transmit real-time data to mobile applications or
cloud servers. This layer allows remote
monitoring, firmware updates, and user interaction
with the vehicle system.

4.5 Telemetry Layer

The Telemetry Layer presents collected data in a
meaningful format. It supports visualization of
parameters such as speed, temperature, and system
status on dashboards or mobile interfaces. This
layer enhances user experience and helps in
analyzing vehicle performance over time.

5. Hardware Implementation

The hardware implementation of the IVCMU is
based on a microcontroller platform suitable for
real-time embedded applications. The
microcontroller interfaces with multiple sensors
using analog and digital input pins.

Communication modules are connected through
standard interfaces such as UART, SPI, or 12C.

Power management circuits ensure stable
operation of the system under varying vehicle
voltage conditions. Proper isolation and protection
components are used to safeguard the
microcontroller and peripherals from voltage

spikes and noise commonly present in automotive
environments.

5.1 Power Management

Since automotive environments experience
voltage fluctuations (12V-14.4V), the system
includes:

e Voltage regulators

o Filtering capacitors

e Reverse polarity protection

e Transient voltage suppressors
5.2 Interfacing

e Analog sensors connected via ADC
channels

¢ Digital sensors via GPIO pins
e Communication modules via UART/SPI

Isolation components are added to protect
sensitive electronics from automotive noise.

6. Software Implementation

The software for the IVCMU is developed using
embedded C programming. The firmware follows
a modular structure corresponding to the layered
architecture of the system. Interrupts and timers
are used to handle time-critical tasks, while
polling mechanisms manage  non-critical
operations.

The software includes routines for sensor data
acquisition, control decision-making,
communication handling, and data logging. Error
detection and handling mechanisms improve
system robustness. The modular design allows
easy modification and future enhancements.

7. Experimental Results and Performance
Analysis

The IVCMU prototype was tested under multiple
conditions.

7.1 Performance Metrics
e Sensor sampling time: < 50 ms

e Wireless latency: <200 ms
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e Power consumption: Low (< 2W)
e Fault detection accuracy: High
7.2 Observations
« Real-time control execution was stable.

e Wireless transmission showed minimal
packet loss.

e« Modular architecture

debugging.

simplified

o System scalability allowed addition of new
sensors without redesign.

7.3 Comparative Advantages

Compared to traditional distributed ECU systems,
the proposed IVCMU provides:

o Centralized monitoring
e Reduced wiring complexity
o Improved fault isolation
o Remote diagnostics capability
7.4 Applications
The IVCMU framework can be applied in:
« Smart passenger vehicles
o Fleet monitoring systems
o Electric vehicles
« Autonomous vehicle prototypes
e Academic automotive laboratories
8. Results and Discussion

The proposed IVCMU was tested under various
operating conditions to evaluate its performance.
The system successfully monitored sensor
parameters and executed control commands in real
time. Wireless communication enabled reliable
data transmission to external devices with minimal
latency.

The layered architecture proved effective in
isolating faults and simplifying debugging. The
system demonstrated scalability, allowing
additional sensors and features to be integrated
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without major design changes. These results
validate the effectiveness of the proposed
intelligent vehicle control and monitoring
approach.

9. Sample Output

IVCMU Telemetry Graph

Speed (km/h)

W COM3 (115200 baud - 0 X

Vehicle Speed: 45 kn/h
Engine Temp: 78.5 °C

‘ RFID Status: Access Granted
PIR Sensor: Driver Detected
} Obstacle Alert: No Obstacle
| Mode: Auto Mode

| Data Sent to Cloud: OK

| Log Entry Saved: 12.45:30 PM
\

10. Conclusion

This  paper presented the design and
implementation of an Intelligent VVehicle Control
and Monitoring Unit using layered embedded
system architecture. By integrating sensing,
control, security, communication, and telemetry
into a single platform, the proposed system
enhances vehicle safety, monitoring, and user
interaction. The modular design ensures
scalability and adaptability for future automotive
applications. xperimental validation confirmed
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reliable real-time performance and low-latency
wireless communication. The modular design
ensures easy scalability and adaptability to future
automotive technologies. The IVCMU provides a
cost-effective and practical solution for next-
generation intelligent transportation systems.

References

1. Hu Lingling; Li Haifeng; Xu Xu; Li Jian, Year:
2011, “An Intelligent Vehicle Monitoring System
Based on Internet of Things”, IEEE, pp. 231-233.

2. Robert Bosch GmbH, Year: 2018, “Automotive
Handbook”, Wiley.

3. Nicolas Navet; Frangoise Simonot-Lion, Year:
2009, “Automotive Embedded Systems Handbook”,
CRC Press.

4. S. Rajasekaran et al., Year: 2020, “loT - based
Vehicle Monitoring System”, IJER.

5. K.E. Batcher, Year: 2019, “Embedded Systems
Design for Automotive Applications”, IEEE.

6. M. S. Hossain; H. A. Hossain; M. Atiquzzaman,
Year: 2021, “A Survey on loT-Based Smart

Transportation: Frameworks, Enabling Technologies,
and Applications”, IEEE Communications Surveys &
Tutorials.

7. S. Zeadally; R. Hunt; Y.-S. Chen; A. Irwin; A.
Hassan, Year: 2020, “Intelligent Transportation
Systems: A Review of Traffic Monitoring and Control
Methods”, IEEE Communications Surveys &
Tutorials.

8. A. S. Almobaideen; M. S. Alam, Year: 2022,
“Vehicle Monitoring and Diagnostics using IoT for
Smart Transportation”, [EEE Access.

9. Z. Baig; Q. U. Khan; S. Igbal. Year: 2019, “IoT-
Based In-Vehicle Data Acquisition and Monitoring
System”, IEEE Sensors Journal.

10. P. Fortino; W. Russo; M. Savaglio, Year: 2019, “A
Cloud-Based Architecture for Vehicle Diagnostics and
Predictive Maintenance”, 2019.

11. J. W. S. Liu, Year: 2020, “Real-Time Embedded
Systems: Design Principles, Optimization, and
Applications in Automotive Industry”, IEEE

Embedded Systems Letters.

Page | 92



