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[bookmark: _Toc195242420]Introduction
Braking efficiency and vehicle stability are crucial factors in automotive safety, with the Anti-lock Braking System (ABS) playing a vital role in preventing wheel lockup and maintaining control during sudden braking. The operation of ABS systems will be explored in this report, with regards to the system’s architecture, software, and how timing delays can affect the system’s effectiveness. Future trends and enhancements will also be considered.

[bookmark: _Toc195242421]1: Anti-lock Braking System
The anti-lock braking system is a staple on modern cars. In 2004, where use of ABS was already common, the European Union passed legislation to make ABS a legal requirement on all new vehicles, which has remained to this day (AXA, 2020). The control of these systems is imperative to uphold safety in the event of an emergency. Maximising the effectiveness of ABS systems thus aids in keeping these stopping distances short, resulting in better safety and better performance.
An ABS system will automatically modulate the brake pressure to each individual wheel to prevent locking and minimise stopping distance based on the grip available to the tire. In order to do this, surface friction is predicted by the system, and a control algorithm controls brake pressure individually based on this friction, the brake demand from the driver, and the monitored brake response. Vehicle yaw is also monitored, and the system makes an effort to ensure the vehicle’s yaw remains controlled. This is particularly important in situations where the left and right side of the vehicles experience surfaces with different friction, or low grip surfaces like heavy snow. In these situations, an ABS system can reduce brake pressure on one side of the car to ensure yaw stability is conserved (Shi, et al., 2023). When braking in snow, ABS can often increase braking distances compared to without the system, however the system can still be helpful to allow for the retention of steering control of the car. This is considered preferable despite the slightly increased distance, and is a high priority in all cases of ABS usage (Denton, 2004).
[bookmark: _Toc195242422]1.1: System Architecture
A typical ABS system utilises wheel speed sensors on each wheel to detect if a wheel indicates a speed that is significantly slower or faster than the other wheels. This information is relayed through the ECU, which, when the condition is satisfied, reduces or increases brake pressure to the specified wheel in order to bring it in line with the other wheels. This works on the principle that a wheel experiencing significantly increased retardation in comparison to the other wheels is a likely indicator of impending locking. Small differences in wheel speed are ignored by the ABS system, as this is often simply due to the effect of turning where the outer wheels must travel faster than the inner wheels in order for the vehicle to follow a curve.
The act of changing brake pressure is carried out by an electronically controlled valve in the brake system. On modern ABS systems, brake pressure can be applied to each wheel individually due to the increased complexity of the braking system. This requires the use of a micro-controller to manage the system.
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The ABS sensor reads as a square wave, in relation to the teeth of the reluctor ring entering the range of the sensor. Therefore, the frequency of the wave directly relates to the speed of the wheel’s rotation. The control system sample rate is however the rate at which this data is polled for use in the ABS system. Given the system concerns the use of wheel speed sensors, an excessively high sample rate is unnecessary as fine oscillations in speed is not expected to be seen, as it would be when working with for example suspension displacement. On the other hand, sample rate is still important as the system must be able to react quickly to sharp changes in demand or in differences of surface friction, where aquaplaning or uneven roads means the response must have the ability to react in real time in order to ensure vehicle control is maintained and stopping time is minimised (Denton, 2004). If the system operates too slowly, stopping distance will be suboptimal. A delayed response means the system may not intervene quickly enough to prevent skidding, increasing stopping distances and reducing traction, especially on slippery surfaces. In extreme cases, delayed ABS activation can lead to wheel lockup, negating the system’s intended benefits and heightening the risk of losing control of the car.
[bookmark: _Toc195242424]Data communication protocol
The data is communicated across the car using the vehicles CAN bus network. This system facilitates the data transmission across the system without the need for every part of the system to directly connect to the ECU. In a CAN bus system, the wheel speed sensors are connected to a microcontroller, which can communicate via the central wire bundles with the other ECUs on the vehicle in order to co-ordinate an appropriate response. 
[bookmark: _Toc195242425]Development and Analysis Software
The development of ABS control software integrates simulation tools, embedded programming, and real-time testing to ensure precise braking modulation and system reliability. MATLAB and it’s Simulink plugin facilitates ABS modelling (Abdulkareem, Humod, & Ahmed, 2022), allowing engineers to simulate braking dynamics and optimize control algorithms. Bosch RaceABS software fine-tunes performance for motorsport applications, while LabVIEW supports ABS module testing. Testing methods, including Hardware-in-the-Loop (HIL) simulations, validate ABS functionality under diverse conditions, ensuring accurate sensor responses and fault tolerance. 

[bookmark: _Toc195242426]1.2: Future Trends
The natural evolution of the ABS system is integration with Electronic Stability Control. ESC is an advanced safety system designed to enhance vehicle stability by detecting and reducing loss of traction. It continuously monitors factors such as wheel speed, steering angle, and lateral acceleration to assess the vehicle’s movement. When ESC detects a potential loss of control – such as a slide or oversteer – it can selectively apply braking to individual wheels or adjust throttle position to help the driver regain stability and maintain control. By integrating with ABS and other systems driver aid systems, such as active steering, torque vectoring, and rear wheel steering ESC significantly reduces the risk of accidents, particularly in difficult conditions (Chindamo, Lenzo, & Gadola, 2018). Emerging trends, such as AI-driven braking optimization and cloud-based diagnostics, also aim to further improve safety by developing predictive braking, vehicle stability, and remote monitoring capabilities. 
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[bookmark: _Toc195242428]Conclusion
In conclusion, the ABS systems play a critical role in enhancing vehicle safety by preventing wheel lockup during braking, thereby improving stability and control. Through efficient data communication protocols, ABS control systems rapidly process sensor inputs to make real-time adjustments and ensure optimal braking performance. As automotive technology continues to evolve, ABS systems are becoming more sophisticated, integrating seamlessly with other safety features such as Electronic Stability Control (ESC) to provide a more comprehensive approach to vehicle dynamics. The ongoing advancements in ABS architecture, data transmission, and algorithmic optimization will further refine braking efficiency, contributing to safer road conditions and improved driver confidence.
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