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1. [bookmark: _Toc225721960]Introduction 
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[bookmark: _Toc225721945]Figure 1: PID controller block diagram (Zhao and Xi, 2020)
Proportional–Integral–Derivative (PID) controllers (figure 1) are widely used in engineering systems due to their ability to provide stable and accurate control of dynamic processes. A PID controller operates by adjusting a control signal based on the error between a desired setpoint and the measured output, using proportional, integral, and derivative terms to influence system behaviour. These controllers are extensively applied in industrial and automotive systems where precise regulation is required (Miguel‐Escrig and Romero‐Pérez, 2020).

This report investigates the implementation of a digital PID controller applied to a cruise control system modelled in MATLAB. The aim is to evaluate how controller tuning, signal resolution, sampling time, and communication delay affect system performance. The analysis is based on simulation results, focusing on velocity tracking, system error, and control behaviour.

Both manual tuning and automated optimisation methods are considered. The study highlights how theoretical control principles translate into practical performance and demonstrate the importance of balancing responsiveness, stability, and implementation constraints in digital control systems (Liu et al., 2025).

2. [bookmark: _Toc225721961]System Overview 
The system is a closed-loop cruise control model designed to regulate vehicle velocity based on a driver-defined demand input. In this configuration, the demand signal represents the desired speed, while the actual vehicle velocity is measured and fed back into the controller. The difference between these signals defines the control error, which is used to determine the corrective action (Foley, Julien and Copeland, 2005).

The PID controller generates a control signal based on three components. The proportional term reacts to the current error, the integral term accumulates past error to remove steady-state offset, and the derivative term predicts future error based on its rate of change. These combined actions allow the system to track the desired velocity while maintaining stability (Alkrwy et al., 2021).

The system operates in discrete time, meaning signals are updated at fixed intervals rather than continuously. Additionally, encoding and decoding functions are used to represent signals using a finite number of bits. This introduces quantisation effects, where signal precision is limited by resolution. These implementation features reflect real-world digital control systems, where sampling and signal representation directly influence performance. The closed-loop structure ensures continuous correction of system error, enabling the output to converge towards the desired setpoint (Ding et al., 2023). 




3. [bookmark: _Toc225721962]Baseline 
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[bookmark: _Toc225721946]Figure 2: System Response Showing Demand, Actual Velocity, and Error (Baseline/manually tuned PID values)
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[bookmark: _Toc225721947]Figure 3: acceleration and jerk (Baseline/manually tuned PID values)
The baseline system configuration, results in figures 2 & 3,  is defined using a fully implemented PID controller with gains P = 1.50, I = 2.5, and D = 0.06. These parameters were obtained through a manual tuning process, where each gain was iteratively adjusted based on observed system response to achieve a stable and accurate performance.

With all three control terms active, the system demonstrates improved performance compared to proportional-only control. The integral component reduces steady-state error by accumulating past deviations, while the derivative term provides damping, reducing oscillations and improving overall stability. As a result, the system is capable of closely tracking the desired velocity with minimal steady-state offset.

The system response is stable and demonstrates a smooth convergence towards the desired velocity without overshoot. This indicates that the derivative action is providing sufficient damping, preventing oscillatory behaviour while allowing the system to settle efficiently. Although the response is well-controlled, there is still a finite settling time, meaning the system does not reach the setpoint instantaneously. This highlights the balance achieved through manual tuning, where stability and smoothness are prioritised while maintaining acceptable responsiveness (Miguel‐Escrig and Romero‐Pérez, 2020).









4. [bookmark: _Toc225721963]PID Development 
The PID controller was developed through an iterative tuning process to achieve a balance between responsiveness, stability, and accuracy. Starting from an initial set of gains, the proportional, integral, and derivative terms were adjusted based on observed system behaviour to improve performance.

Increasing the proportional gain improves system responsiveness by reducing the magnitude of the tracking error. However, higher proportional gains also lead to overshoot, as the controller applies stronger corrective action that can exceed the desired velocity. This demonstrates the trade-off between responsiveness and stability in control systems (Ding et al., 2023).

To eliminate steady-state error, an integral term was introduced. The integral component accumulates error over time, allowing the controller to correct persistent deviations from the setpoint. As a result, the system is able to converge more accurately to the desired velocity. However, the addition of integral action introduces oscillations, as accumulated error can cause excessive correction if not properly controlled (Alkrwy et al., 2021).

The derivative term was then added to improve system stability. By responding to the rate of change of error, the derivative component provides damping, reducing oscillations and limiting overshoot. This results in a smoother and more controlled response, with improved settling behaviour (Miguel‐Escrig and Romero‐Pérez, 2020).

A key consideration during tuning was the trade-off between velocity response and control effort. Increasing controller gains improves tracking performance but results in more aggressive throttle and braking actions. This can lead to oscillations and reduced smoothness. Conversely, reducing control effort improves stability but slows the system response. The final tuning therefore represents a balance between fast response and controlled behaviour, ensuring stable and realistic system performance (Foley, Julien and Copeland, 2005).

5. [bookmark: _Toc225721964]Auto-Tuning Method
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[bookmark: _Toc225721948]Figure 4: System Response Showing Demand, Actual Velocity, and Error (auto-tuning method)
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[bookmark: _Toc225721949]Figure 5: acceleration and jerk (auto-tuning method)
Manual tuning of PID controllers can be inefficient and relies heavily on trial-and-error. To address this, an automated tuning method was implemented using MATLAB’s fminsearch function.

This approach uses the Nelder–Mead simplex algorithm, a numerical optimisation technique that searches for optimal controller gains by minimising a cost function (error). The algorithm iteratively adjusts the PID parameters and evaluates system performance, moving towards a solution that produces the best response (Fajfar, Bűrmen and Puhan, 2018).

The cost function is based on an Integral of Time-weighted Absolute Error (ITAE) formulation. This prioritises rapid error reduction by penalising errors that persist over time. Additional penalties are included for steady-state error and excessive control effort, ensuring that the system achieves both accuracy and smooth operation (Liu et al., 2025).

During optimisation, the system is repeatedly simulated with different parameter values until the cost function is minimised. This allows the controller gains to be determined automatically without manual intervention (Niegodajew et al., 2020).

The results in figures 4 & 5 show that the auto-tuned controller performs similarly to the manually tuned controller, with only miniscule differences in system response. However, the automated method significantly reduces development time, making it a practical and efficient approach to controller design (Ding et al., 2023).



6. [bookmark: _Toc225721965][image: ]System Effects Analysis [bookmark: _Toc225721950]Figure 6: System Response Showing Demand, Actual Velocity, and Error (8 bits resolution)


[image: ][bookmark: _Toc225721951]Figure 7: acceleration and jerk (8 bits resolution)

[image: ][image: ][bookmark: _Toc225721952]Figure 8: System Response Showing Demand, Actual Velocity, and Error (12 bits resolution)
[bookmark: _Toc225721953]Figure 9: acceleration and jerk (12 bits resolution)

Bit resolution has a significant impact on system behaviour. At low resolutions (8–12 bits), the system exhibits a consistent steady-state error, with both demand and control signals appearing as straight lines, displayed in figures 6, 7, 8, & 9. This indicates that reduced resolution prevents small changes in the demand signal from being represented, effectively removing dynamic variation. As a result, the controller cannot respond appropriately, and the persistent offset suggests the integral term is no longer effective, meaning the system would require re-tuning for lower resolutions (Miguel‐Escrig and Romero‐Pérez, 2020).
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[bookmark: _Toc225721954]Figure 10: System Response Showing Demand, Actual Velocity, and Error (18 bits resolution)
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[bookmark: _Toc225721955]Figure 11: acceleration and jerk (18 bits resolution)
The 16-bit configuration corresponds to the baseline tuning and is therefore used only for comparison. At 18 bits, the response shape is similar but incorrectly scaled, shown in figures 10 & 11. Reduced responsiveness suggests the proportional gain is no longer suitable, while steady-state error and oscillations indicate that the integral and derivative terms are also no longer correctly tuned. At 20 bits, the system becomes unstable, with demand values increasing unrealistically (e.g. exceeding 500 mph). This is caused by scaling errors in encoding and decoding, where exponential growth is not correctly compensated, producing excessive error and unstable behaviour.
[image: ]
[bookmark: _Toc225721956]Figure 12:System Response Showing Demand, Actual Velocity, and Error (time sampling 0.01 seconds)
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[bookmark: _Toc225721957]Figure 13: acceleration and jerk (0.01 seconds time sampling)
Sampling time also affects performance shown in figures 12 & 13. Smaller sampling times produce aggressive responses due to amplification of the derivative term, while larger sampling times result in delayed system response.
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[bookmark: _Toc225721958]Figure 14: System Response Showing Demand, Actual Velocity, and Error (0.3 seconds delay)
[image: ]
[bookmark: _Toc225721959]Figure 15: acceleration and jerk (0.3 seconds delay)
Time delay introduces instability by causing the controller to react to outdated information. At small delays the system remains stable, but increasing delay leads to oscillations and eventual instability shown within figures 14 & 15, with a maximum acceptable delay observed at approximately 0.3 s (Miguel‐Escrig and Romero‐Pérez, 2020)







7. [bookmark: _Toc225721966]Performance Evaluation 
System performance was evaluated using acceleration and jerk to assess response smoothness. Jerk, defined as the rate of change of acceleration, provides an indication of how abruptly the system responds to control inputs.

Smoother controller behaviour results in lower jerk, indicating gradual changes in acceleration. In contrast, aggressive control actions, such as those observed at high resolution or low sampling time, produce high jerk values. This corresponds to rapid changes in acceleration and reduced system smoothness.

Minimising jerk is desirable, as it leads to a more stable and refined system response. In practical applications, lower jerk is associated with improved passenger comfort and reduced mechanical stress, highlighting the importance of balanced controller tuning (Ding et al., 2023).











8. [bookmark: _Toc225721967]Conclusions 
The implementation of a PID controller significantly improves the performance of the cruise control system compared to the baseline proportional-only configuration. The addition of integral and derivative terms reduces steady-state error and enhances transient response, resulting in accurate and stable velocity tracking.

Automated tuning using numerical optimisation provides an efficient alternative to manual tuning, achieving comparable performance with reduced effort. However, the results demonstrate that system performance is strongly influenced by practical factors such as signal resolution, sampling time, and communication delay.

Overall, effective PID control requires careful balancing of controller parameters and implementation constraints to achieve optimal system behaviour.
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