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Abstract

The automotive industry is transforming by integrating state-of-the-art digital technology, such as Digital
Twin (DT). DT is a virtual replica of a real-life object or system that reflects its real-life counterpart in
real-time. In automotive, DT technology helps car manufacturers build virtual replicas of cars, parts, and
systems and monitor, test, and tune them in real time during a car's life span. With such technology, car
manufacturers can simulate a car or system under any scenario in real time without relying on real-life,
expensive, and time-constrained prototyping processes. The primary automotive application of Digital
Twin technology is to enhance security, safety, and performance testing. Simulating real driving scenarios,
including extreme weather, collisions, and emergency stops, helps engineers validate and tune for safety
capabilities such as traction controls and Autonomous Emergency Brakes (AEB). DT technology is also
a critical automotive cybersecurity player through attack scenario simulation and testing a car's
vulnerability to attack, with secure communications networks and information integrity kept intact. VVector
CANoe and Vehicle Spy have emerged as integral aspects of simulating Controller Area Network (CAN)
signals, with an eye on comprehensive testing and verification of automobile communications networks.
Using these tools, an automobile’s mechanical and software components can be tested, as can the
coordination of multiple control systems. Through such simulations, car manufacturers can test how
automobile systems react in various situations, focusing on making safer, efficient, and reliable
automobiles.

Keywords: Digital Twin Technology, Automotive Automation, Smart Manufacturing, Predictive
Maintenance, Real-time Simulation

1. Introduction

The automotive industry is undergoing a sea change with automation, artificial intelligence (Al), and
connected car technology emerging in its fold. With increased demand for autonomous cars, electric
driving, and more profound in-car experiences, car manufacturers are searching for cutting-edge
technology to become competitive and safe. One of the most important technologies is Digital Twin
technology. It creates a virtual model of a real car or its parts, allowing car manufacturers to simulate and
tune car systems in a virtual environment under laboratory-tested conditions even before prototypes
develop.

Digital Twins enable extensive testing, and in the automation of automotive systems, they are especially
valuable in that, instead of having to rely solely on traditional physical testing—often costly, time-
consuming, and limited by safety considerations—vehicle behavior, response to road conditions, and
complex system behavior can be tested in real-time virtual setups.
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Integrating Digital Twin technology also enhances predictive and analysis capabilities for a car's
performance, security, and safety. By fusing real-time sensor data from actual cars with virtual duplicates,
manufacturers can mimic various driving scenarios, such as urban driving and adverse weather, through
sophisticated emergency maneuvers. It can enable testing and validation of critical safety systems such as
Autonomous Emergency Braking (AEB), lane-keeping, and collision avoidance systems.

Moreover, Digital Twin simulations not only extend to testing for car safety but for performance
optimization in a car as well. With tools such as Vehicle Spy and Vector CANoe, car companies can
simulate sets of Controller Area Network (CAN) signals and analyze car system behavior in reaction to
them. With such tools, engineers can modify software and hardware integration in a car to make it more
stable, efficient, and secure. This article reviews car companies’ use of Digital Twin technology,
particularly for its application in car security, performance, safety, and real-life testing.

2. Digital Twin Technology in the Automotive Industry

2.1 What is Digital Twin Technology?

Digital Twin (DT) technology is cutting-edge and involves developing a virtual replica of a real system,
simulating its behavior and performance in real-time. The virtual model is constructed using real-life data
derived from sensors installed in the system, updated in real-time, and maintained updated and dynamic.
In the automotive industry, Digital Twin technology has been in widespread use, simulating car parts,
subsystems, and even car systems, such as the engine, braking system, suspension, and safety mechanism.
These virtual simulations can have a range of applications, such as simulating car performance, testing for
crashes, and testing for safety features before a physical prototype is ever produced. Simulating real-life
driving scenarios in a virtual environment eliminates costly testing and prototyping requirements in a big
way. Engineers can model system performance under various scenarios, such as extreme weather and a
range of types of roads, free of the constraint and cost of a real-life test track. Not only does it make the
design process go at a quicker pace, but it allows for increased testing cycles and a reduced time-to-market
for new car models.

Moreover, Digital Twin technology is imperative in predictive maintenance, and failure can be predicted
in advance. Real-time data gathered through cars can be used for real-time system wellness tracking, and
then it is possible to predict when individual parts will fail. With predictive maintenance, scheduling can
be done, and parts can even be replaced before they can cause any critical or system failure. By simulating
part aging in a virtual environment, companies can make maintenance calendars with high accuracy, and
overall, car and part life can be prolonged.

Effectively, Digital Twin technology enhances engineering through virtual testing and system validation
before actual physical implementation. It maximizes the overall design and performance of cars and
reduces errors in production, simplifying the finished product. With constant updates and real-time
tracking, virtual representations have a level of accuracy and dependability unobtainable through
traditional testing techniques.

2.2 Benefits of Digital Twin in Automotive Automation

The incorporation of Digital Twin technology in automotive automation boasts a variety of real-life
benefits, all of them contributing towards increased security, performance, and safety. One of the most
significant advantages of Digital Twin is its ability to make cars safer. By recreating real-life driving and
emergency scenarios in real life, engineers can evaluate the effectiveness of a variety of safety features,
such as Autonomous Emergency Braking (AEB) and anti-collision systems. Crash tests can be performed
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in virtual reality to replicate a car's reaction in the case of a car crash, testing how a variety of its
subsystems, such as seatbelts, airbags, and crumple zones, will react. All tests are performed to make cars
pass stringent security requirements and automotive standards, providing an added level of confidence for
both buyers and producers alike.

In addition to security, car performance is optimized with Digital Twin technology. By creating virtual
environments for simulating driving in a range of driving environments, such as wet, dry, and snowy
driving, engineers can assess how car subsystems, including the braking system, suspension, and engine,
will respond in such extreme driving environments. With its simulation capability for driving types and
weather, a complete analysis of a car's behavior in real driving environments can be determined.
Optimizing car systems in such simulations enables manufacturers to produce a car that will perform at
its best in a range of environments, enhancing customer satisfaction and overall car dependability.

The emergence of connected cars, with their attendant performance and convenience, has also brought
about new cybersecurity issues. Cars increasingly rely on sophisticated communications networks to
communicate with each other, with infrastructure, and with cloud-based services. However, such
communications networks open cars up to potential cyber-attack. Using Digital Twin technology, car
makers can model a variety of cyber-threats, such as data loss, DoS (denial-of-service) attack, and
unauthorized access, and use them to test and strengthen the cybersecurity defenses of car communications
networks. By virtually testing and simulating such security threats, engineers can identify vulnerabilities,
ensure that a car's systems will not be compromised, and safeguard sensitive car data. In a time when cars
contain vast amounts of private and operational data, keeping such data safe from hostile attack is
paramount.

3. Simulation and Testing Tools in Automotive Automation

3.1 Vehicle Spy and Vector CANoe

Throughout this research, Vehicle Spy and Vector CANoe are utilized as the primary simulation tools for
verifying and testing automotive system communications and analyzing critical subsystem performance
across various operational scenarios. Using these tools, individual components and whole car systems can
operate harmoniously together, and in the context of emerging automotive technology like autonomous
driving and connectivity, they are even more instrumental in facilitating such capabilities.

3.1.1 Vehicle Spy

Vehicle Spy is a powerful software tool for analyzing and testing automotive communications protocols,
specifically the Controller Area Network (CAN) bus. CAN is a standard communications protocol in
automobiles that enables dissimilar subsystems (e.g., engine management, braking, sensors) to exchange
information in real-time. Vehicle Spy's capability was used to simulate car behavior and communications
among and between multiple subsystems in the project.

Emulated a braking system when sensors detect an obstruction in the path of a car. In such a scenario,
Vehicle Spy is utilized to introduce the simulation signals of the sensors (e.g., proximity sensors, camera
sensors) into the CAN bus. Simulation monitors how a braking system responds to various stimuli, such
as an obstruction at various locations. Tools are used to visualize how the information flows between
different subsystems and gain an understanding of the types of communication failures, delays, and
unanticipated behavior in a braking scenario.

By manipulating the simulation inputs, we could witness the system's reaction under predictable scenarios
and confirm that it would respond in real-life situations according to its purpose. | could also use these
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tests to detect communication bottlenecks so that the braking system could respond promptly to real-life
obstacles without communication failure or lag.

At the same time, the system's reaction under unpredictable scenarios is crucial in understanding how the
vehicle performs when it encounters unexpected conditions. Examples of failures in these scenarios
include ADAS malfunctions, such as the unintended activation of Automatic Emergency Braking (AEB),
false ABS or brake warning lights, or powertrain issues like sudden engine failure or incorrect torque
delivery. These failures can compromise safety and performance, so testing how the vehicle system
handles such unpredictable situations is essential.

3.1.2 Vector CANoe

As a powerful tool, Vector CANoe provides a deep environment for testing and analyzing automotive
networks, such as CAN, LIN, FlexRay, and Ethernet that make up modern automobiles, particularly in
autonomous driving systems. CANoe was used in this work to simulate complex automotive networks and
evaluate how individual systems respond to one another.

A multi-subsystem scenario was simulated to analyze the behavior of the engine control unit (ECU),
braking system, and sensor suite. These subsystems participated in an autonomous driving feature where
the car reacts to changing environments (e.g., obstacles and changing road conditions). With CANoe, a
virtual testing environment was used to manipulate data streams between these subsystems. These
subsystems participated in an autonomous driving feature in which the car will react to changing
environments (e.g., obstacles and changing road conditions). With CANoe, a virtual testing environment
is used to manipulate data streams between these subsystems.

This allowed us to simulate real-world situations like emergency braking, where the vehicle has to react
in a timely fashion in the event of a crash. We observed how the various subsystems responded to an
environmental change by monitoring the simulated CAN network data flow. The simulation helped detect
performance errors, such as a lack of timely communication between the sensors and the braking system.
CANoe also helped to verify whether the controls in the car performed at an optimum level in varying
conditions and examined their fail-safe operation when the communications network was subjected to
faults like loss of signal or noise.

One notable simulation included testing an autonomous driving system's behavior in case of a sensor
failure. With CANoe, a failure in a suite of sensors (e.g., a LIDAR sensor failure) was simulated, and the
ECU and braking system can be observed to determine how the loss of critical information is handled.
This simulation played a key role in assuring that the system could work in degraded mode and that if one
or several critical sensors failed during autonomous driving, the car would enter a safe state.

3.1.3 CAN Network Communication Test
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Figure 1: Role Of Simulation Tools In Automotive Network Testing
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The following figure visually represents the role played by simulation tools in automotive network testing.
It describes how individual modules, such as the braking module, ECU, and sensors, pass information
through the CAN network. The simulation tool watches for information flow between them, identifying
failures and performance degradation that can arise in real life.

This flowchart illustrates the automotive vehicle design and testing process, starting with the
Requirements and Specifications stage. In this initial stage, critical information is collected on the vehicle's
anticipated functionality, safety, and performance requirements like ADAS and infotainment systems.
These specifications form the basis of the vehicle's design and drive architectural, system, and component
decisions. After determining these specifications, the Initial Vehicle Design stage is next, in which the
engineers develop the initial version of the vehicle through digital means such as the application of Digital
Twin technology. This digital model of the vehicle enables early verification and optimization before the
creation of physical prototypes.

The next step in the flowchart is Simulation and Testing, where tools like Vehicle Spy and CANoe
simulate real-world driving conditions, testing how the vehicle's systems interact under various scenarios
such as extreme weather, sensor failures, and system malfunctions. This phase helps identify weaknesses
and refine designs before physical testing. Refinement based on Test Results follows, where engineers
analyze simulation results and adjust the vehicle’s design, software algorithms, or sensor configurations.
Finally, after ensuring the virtual model meets performance standards, the process moves to Physical
Prototyping and Validation, where the vehicle is physically constructed, and real-world tests are conducted
to validate the design. This iterative approach ensures that the final vehicle is safe, reliable, and optimized
for performance across a range of conditions

3.2 Cybersecurity Testing

As vehicles become increasingly interconnected, cybersecurity in communications networks is a critical
concern for them. In my work, I combined Digital Twin technology, Vehicle Spy, and Vector CANoe in
a simulation of various types of cyberattacks on automotive communications networks, which are most
susceptible to vulnerabilities such as data spoofing, DoS attacks, and unauthorized access.

3.2.1 Cybersecurity Testing with Vehicle Spy and CANoe

I used both Vector CANoe and Vehicle Spy to simulate a variety of cybersecurity attack scenarios, each
one attacking a portion of the car’s communications system. Perhaps the most significant of these tests
involved a simulation of a data spoofing attack in which an attacker puts spurious messages onto the CAN
bus. That attack could result in malfunctions and unpredictable behavior in the car’s controls.

Vehicle Spy was used for this exercise to manipulate information shared between the engine control unit
(ECU) and the braking system. Spurious messages were added to the network to simulate how the braking
system could react to false information, such as incorrect speed or distance data from sensors. This allowed
for evaluating how well the system could detect mismatches and respond appropriately to protect the car
from cyber attacks.

Additionally, a denial-of-service (DoS) attack simulation was completed with CANoe, overloading the
CAN network with an inordinate level of information, potentially making it unresponsive, even to the
point of a system crash. For this, many irrelevant messages were generated to assess how the system
handled a high loading level. The goal was to confirm whether such an attack could overload the car's
network and affect its safety-critical operations, such as emergency braking or collision avoidance. With
CANoe, the system's response to a high loading level was observed, including whether real-time failover
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processes were triggered to protect the car.

3.2.2 Cybersecurity Testing with CANoe

The flowchart of Cybersecurity Testing with CANoe Simulation starts at the Initial VVehicle Design stage,
where the overall design and system configurations are determined, including hardware and software
aspects. This phase provides the baseline for all future cybersecurity testing by determining how the
vehicle will function and communicate. After the initial design is finished for the vehicle, the next step is
to simulate cyberattack scenarios with CANoe. In this phase, different probable cyberattacks, like spoofing
of data and Denial of Service (DoS) attacks, are simulated to determine the response of the vehicle's
systems under these attacks.

After the simulation, the flow proceeds to Analyze System Vulnerabilities, where the vehicle's reactions
to the cyberattacks are studied in detail. This analysis identifies vulnerabilities in the system that actual
attackers can potentially exploit. Upon identification of vulnerabilities, the flow proceeds to Identify
Cyberattack Weaknesses, where particular components of the vehicle's system that are most vulnerable to
attack are pinpointed. The flow ends with Implement Security Enhancements, where required security
features, such as enhanced encryption or communication protocols, are incorporated into the system to
address identified vulnerabilities. This flow guarantees that the vehicle is secure against cyber threats,
improving its safety and resilience.

4. Impact of Digital Twin on Software Features

The integration of car software development with Digital Twin technology revolutionized the way
engineers can design, validate, and tune present car systems. Digital Twins enable a virtual environment
in real-time in which many car subsystems can simulate a range of scenarios in an attempt to assess
performance. This is most beneficial in terms of testing for safety features, performance refinement, and
cybersecurity so cars can meet industry requirements in advance.

4.1 Autonomous Driving and Safety Systems

ADAS (Advanced Driver Assistance Systems) includes a range of technologies designed to improve
vehicle safety by helping drivers avoid potential accidents. These systems enhance the vehicle's ability to
detect hazards and react quickly to prevent collisions. ADAS features include Adaptive Cruise Control
(ACC), Lane Departure Warning (LDW), and Automatic Emergency Braking (AEB). AEB is a key
subcategory of ADAS, which specifically aims to automatically apply the brakes in emergencies to prevent
or mitigate a collision. The performance of ADAS, including AEB, can be tested in Vspy simulations,
ensuring that these systems function correctly under various driving conditions and failure scenarios.
The simulation environment integrates environmental variables like fog, rain, snow, and other weather
factors to simulate weather conditions and ensure realistic results. To mimic real-world challenges, these
conditions are modeled by adjusting the vehicle's sensor parameters, such as radar, lidar, and cameras. For
instance, simulations help identify sensor inaccuracies or failures to detect obstacles when visibility is
reduced due to weather conditions. These tests ensure that vehicle systems remain functional and safe
even in adverse conditions.

Autonomous driving technology integrates sensor data, control algorithms, and real-time decision-making
processes to deliver safe and efficient driving. One of the most significant safety features in modern cars
is Autonomous Emergency Braking (AEB), a system capable of detecting obstacles in the vehicle's path
and applying brakes in case the driver fails to respond on time. The performance of the AEB system
depends on various factors, such as road conditions, vehicle speed, and the reliability of the sensors used
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for detection.

To thoroughly assess the AEB system's effectiveness, simulation and Hardware-in-the-Loop (HIL) testing
were employed. Initially, Vector CANoe simulated emergency braking on different road surfaces,
including dry, wet, and snowy conditions. This evaluation measured the system's response time and
braking distance in the presence of obstacles, such as pedestrians or vehicles. The simulation aimed to
observe the impact of road traction and surface friction changes on the braking system's response.

In parallel, HIL testing was developed to validate the performance of the AEB system with actual vehicle
hardware components. The HIL rig integrated absolute sensors, i.e., radar and cameras, and the braking
control system into the simulated environment. This provided a more realistic perspective of the system's
behavior in the real world by validating the software and hardware interaction. The HIL system was
validated on the same road conditions (dry, wet, and snowy). However, in this instance, the actual sensor
data and braking components were involved in the decision-making process.

4.1.1 Simulation Results: AEB Performance in Different Conditions

The results of simulation in AEB showed definite variation in system reaction with regard to types of
terrain. In snowy and wet environments, reaction time and braking distance increased appreciably, and it
can be concluded that the system could not apply quick stopping force when traction was reduced.

Table 1: Simulation Results of AEB Performance in Different Conditions

Road Condition Braking Distance (m) Reaction Time (s)
Dry 30 2.8
Wet 45 3.2
Icy 60 4.5

The findings verify that performance in an AEB is most sensitive to road conditions. On a dry road, the
system braked the car with minimum hesitation, in tune with a well-functioning braking system. On wet
roads, a 50% rise in a dry-road scenario in terms of braking distance exhibited loss of traction and delayed
stopping power. On an icy road, twice the distance for braking and a reaction time of 4.5 seconds

These findings highlight the present shortcomings of AEB systems in severe weather conditions. Failure
to stop in time on snowy and wet roads suggests AEB must incorporate road condition detection
technology to modulate real-time braking force dynamically against real-time traction data. Machine
learning algorithms could also be incorporated to allow the system to learn from previous environments
and develop predictive braking strategies.

Graph 1: AEB Performance in Different Conditions

AEB System Performance under Different Road Conditions

Braking Distance (m)
Reaction Time (s)

Wet
Road Condition

IJFMR250137342 Volume 7, Issue 1, January-February 2025 7



https://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

The graph illustrating AEB performance on various terrains highlights how braking effectiveness reduces
as road conditions deteriorate. This illustration calls out the requirement for the development of adaptive
braking technology, especially in conditions where road traction is not uniform.

4.2 Performance Testing and Optimization

Vehicle performance optimization is critical in allowing for effective handling, acceleration, and braking
in a range of driving environments. With Digital Twin models, car manufacturers can simulate car
behavior in various environments and identify areas where software can be optimized to enhance
performance. In my project, | used Vehicle Spy to simulate acceleration and braking performance in
various environments, including dry, wet, and icy roads and gravel.

The objective was to assess traction, braking performance, and acceleration in such environments and
understand how car-driving algorithms can best be optimized for real driving.

4.2.1 Simulation Results: Vehicle Performance across Terrains

The simulation results showed significant differences in vehicle braking efficiency and acceleration
response depending on the terrain type.

Table 2: Vehicle Performance across Terrains

- . . Acceleration  Time  (0-100
Road Condition Braking Distance (m) km/h) (s)
Dry 30 4.5
Wet 45 6.0
Icy 60 7.8
Gravel 50 6.5

The results clearly indicate that cars perform poorly in acceleration and braking when driving over low-
traction roads. On a dry road, its braking performance was best at 30 meters with a quick acceleration of
4.5 seconds. With a drop in traction, its braking distance increased incredibly, with wet roads taking 50%
more and snowy roads almost doubling their stopping distance over a dry road.

Similarly, acceleration performance degraded on loose and slippery roads. On gravel, 100 km/h took 6.5
seconds, and tire traction was not uniform, decreasing traction. On snowy and icy roads, acceleration
performance degraded most, taking 7.8 seconds for 100 km/h, most of it due to wheel slipping and loss of
traction.

Graph 2: Braking Distance vs. Road Conditions
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The graph of differences in braking distances on road surfaces illustrates the need to adjust traction control
and braking force algorithms to the surface conditions. The results suggest that vehicles need dynamic
traction control adaptation to maximize grip and braking performance on slippery roads.

4.3 Cybersecurity Testing and Protection Mechanisms

With modern automobiles increasingly becoming web-connected, cybersecurity weaknesses threaten car

security and information privacy. In the work, simulations of scenarios for a car’s CAN network were

performed using Vector CANoe, with a view to testing for weaknesses in the system and susceptibility to

attack.

The cybersecurity tests focused on two primary attack types:

e Data Spoofing Attack: Injecting false CAN messages to manipulate vehicle behavior (e.g., displaying
incorrect speedometer readings).

e Denial-of-Service (DoS) Attack: Flooding the network with excessive CAN traffic to disrupt real-time
communication between vehicle subsystems.

4.3.1 Simulation Results

The simulated attacks produced concerning findings regarding vehicle security vulnerabilities. The data

spoofing attack manipulated vehicle speed readings, causing the speedometer to display false information.

The DoS attack caused delays of up to 2.5 seconds in vehicle response times, potentially leading to safety-

critical failures in an autonomous driving system.

5. Conclusion

Digital Twin technology is transforming the automotive industry, specifically in car automation, by
offering a platform for testing and simulating systems in a virtual environment, creating a cost-effective
and efficient mechanism for car security, performance, and cybersecurity improvement. Software tools,
including Vehicle Spy and Vector CANoe, play a key role in the simulation of CAN networks and
cybersecurity testing, and with the use of Digital Twin models, engineers can simplify optimizations of
safety features and predictive maintenance systems.

The simulation output discussed in this report, including the performance of AEB, testing of a car's braking
system, and predictive maintenance, reflects the real-life application of Digital Twin technology in driving
cars safely and reliably. With the increased application of Digital Twin technology in automobiles, future
development will make car development, testing, and security even safer and better, working towards
shaping automotive automation.
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