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[bookmark: _Toc204349464]Aims 
The aim of this report is to provide a detailed analysis of a digital cruise control system designed and implemented in MATLAB. This system leverages a PID controller to regulate vehicle speed in response to changes in driver demand (Franklin, Powell and Emami-Naeini, 2015). It also incorporates digital encoding and decoding techniques to simulate real-world signal transmission constraints between sensors, actuators, and controllers. The analysis focuses on tuning the controller, evaluating system performance under varying digital conditions, and understanding the associated engineering trade-offs.
[bookmark: _Toc204349465]Objectives
This report aims to explore practical and theoretical aspects of digital control systems through a MATLAB-based cruise control model. It begins by implementing encoding and decoding techniques for sensor, actuator, and demand signals, representing real-world quantisation processes (MathWorks, 2023). A PID controller is then tuned to ensure accurate velocity tracking and stable behaviour, following industry practices (Ogata, 2010; Franklin, Powell and Emami-Naeini, 2015). Further analysis considers how sampling time impacts responsiveness and stability (Kuo and Golnaraghi, 2014), and examines the effects of communication delays and bit resolution on control performance (Zhao and Li, 2019). The broader implications of these constraints are discussed in the context of standards such as ISO 15622, ISO 11270, and ISO 22179.
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[bookmark: _Toc204349467]PID general background
PID (Proportional-Integral-Derivative) controllers are one of the most widely used control algorithms in industrial and embedded systems (Ogata, 2010). A PID controller continuously calculates an error value as the difference between a desired setpoint and a measured process variable. It applies a correction based on proportional, integral, and derivative terms. The proportional term responds to the current error, the integral term accounts for the accumulation of past errors, and the derivative term predicts future error trends. When tuned correctly, a PID controller can provide a stable and responsive control action with zero steady-state error and minimal overshoot (Kuo and Golnaraghi, 2014).
In digital systems, PID controllers are implemented in software and executed at discrete time intervals. This introduces additional considerations such as sampling rate, quantisation, and transmission delays, all of which can influence control accuracy and system stability (Bennett, 1993; Kuo and Golnaraghi, 2014).
[bookmark: _Toc204349468]Cruise control standards
Cruise control systems are standard in modern vehicles, offering consistent speed control to reduce driver fatigue and improve fuel efficiency. Key performance expectations include fast response to driver commands, robustness to disturbances, and smooth actuator transitions to enhance passenger comfort (Zhao and Li, 2019).
Digital cruise control implementations must address practical constraints such as quantised sensor feedback, actuator delays, and limited communication bandwidth. To ensure functional safety and regulatory compliance, many systems follow standards like ISO 15622 for Adaptive Cruise Control (ACC) systems, ISO 11270 for forward detection, and ISO 22179 for full speed ACC. While our MATLAB simulation models a simpler, non-adaptive cruise control system, the methodology reflects core performance requirements outlined in these documents (ISO, 2018; ISO, 2012; ISO, 2011).
Using MATLAB as a simulation platform offers insight into these implementation challenges and supports early-stage testing of control algorithms (MathWorks, 2023).
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The MATLAB model simulates a closed-loop cruise control system using a digital PID controller with gains set to Kp = 3.7, Ki = 1, and Kd = 0.5. The controller operates at a 0.01-second sampling interval, ensuring responsiveness by matching the simulation step.
Digital encoding and decoding are applied to the velocity sensor, demand input, and actuator signal to replicate quantisation effects (MathWorks, 2023). The plant model generates the vehicle's real velocity, quantised into a 16-bit binary signal, and decoded by the controller. The PID algorithm calculates the control effort based on the error between the actual and desired velocity, encodes it, and transmits it to the actuator to adjust the throttle or brake accordingly.
The real vehicle velocity was generated by the plant model and measured using a simulated velocity sensor. This value was quantised and transmitted as a 16-bit binary string. The controller decoded this binary signal into a floating-point velocity value. The driver’s desired velocity (demand) was similarly encoded and decoded. The PID controller computed a control effort based on the error between the actual and desired velocity. This control signal was then encoded and sent to the actuator model to update the throttle or brake setting.
[bookmark: _Toc204349471]Results and analysis
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AI-generated content may be incorrect.]The output of the system simulation is shown in Figure 1, which illustrates the velocity tracking and throttle/brake control signal throughout the simulation. The controller enabled fast velocity tracking with minimal steady-state error. The proportional gain ensured rapid response, the integral gain corrected residual offsets, and the derivative gain reduced overshoot (Franklin, Powell and Emami-Naeini, 2015).Figure 1


However, the control effort showed large peaks after sudden changes in driver demand. This trade-off between responsiveness and actuator smoothness could lead to jerky motion or mechanical wear in a real system. A key issue was the abrupt braking observed during rapid deceleration, where the control signal sharply dropped to simulate full braking. Such behaviour would be uncomfortable and unsafe in practice. Real-world systems typically apply actuator constraints or smoothing filters to address this (Ogata, 2010).
Overall, the selected gains delivered good digital performance and highlighted the importance of balancing tracking accuracy with physical system limitations. under ideal digital conditions. The tuning process demonstrated the importance of engineering judgement in balancing system responsiveness with physical constraints such as actuator dynamics and passenger comfort.
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To explore the impact of the controller’s sampling interval, simulations were repeated with varying sampling times: 0.01 s, 0.05 s, 0.1 s, and 0.2 s. All other parameters were held constant, including PID gains and signal resolution. Performance was assessed in terms of response speed, tracking error, and control effort smoothness.
[bookmark: _Toc204349474]Results and analysis
With a sampling time of 0.01 s, the controller closely tracked the demand velocity, with minimal overshoot or delay. At 0.05 s, the system remained stable, but minor delays and overshoot began to appear. At 0.1 s, the controller struggled to keep up with rapid demand changes, resulting in increased error and some oscillation. At 0.2 s, the system response was poor, with excessive delay and significant tracking error.
These results show that sampling time directly affects control loop responsiveness. Faster sampling enables more frequent updates and better disturbance rejection, but increases computational load and power consumption. In embedded systems, selecting a sampling time involves balancing control accuracy with processor capabilities and communication latency. The optimal value must ensure stability while avoiding unnecessary computational overhead (Kuo and Golnaraghi, 2014).
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To simulate communication network delays, the actuator signal was delayed by fixed intervals of 0.00 s, 0.05 s, 0.1 s, and 0.2 s. The controller’s gains and sampling time remained unchanged. System performance was assessed by analysing the velocity response and control effort for each delay value.
[bookmark: _Toc204349477]Results and analysis
In the zero-delay case, the system showed near-perfect tracking. With a 0.05 s delay, a slight lag and mild overshoot were observed. At 0.1 s, the delay induced oscillations in both velocity and control signals. When the delay increased to 0.2 s, the system became unstable and failed to follow the demand accurately.
Delays in digital control systems cause phase lag, which can degrade performance or destabilise the loop. Although increasing the derivative gain can counteract delay effects to a certain extent, this also amplifies noise sensitivity. Beyond a certain threshold, delay compensation through PID tuning is insufficient. Advanced methods such as model predictive control or delay-compensated algorithms would be necessary for robust operation (Zhao and Li, 2019).
These findings highlight the importance of minimising network delays in embedded systems. Techniques such as priority messaging, faster communication protocols, and real-time operating systems can help reduce end-to-end latency.
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Signal quantisation was evaluated by changing the bit resolution used for sensor, demand, and actuator signals. Simulations were run with 16, 8, 6, and 4 bits. The effect on velocity tracking, control effort, and system stability was recorded.
[bookmark: _Toc204349480]Results and analysis
At 16 bits, quantisation errors were negligible. Velocity tracking was smooth and accurate. With 8 bits, minor artefacts emerged, but the system remained stable and effective. At 6 bits, control signals became coarse, introducing jitter and tracking error. At 4 bits, the system failed to maintain the desired velocity.
The minimum acceptable resolution was found to be 8 bits, offering a balance between performance and data efficiency. Lowering bit depth reduces bandwidth and memory use but compromises precision, especially in systems requiring fine control. Designers must weigh hardware constraints against control accuracy (Franklin, Powell and Emami-Naeini, 2015).
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This study evaluated a MATLAB-based digital cruise control system using a PID controller under quantised, delayed, and discretely sample conditions. The controller successfully tracked the desired velocity when gains were properly tuned.
Key findings highlighted the importance of selecting an appropriate sampling time, maintaining communication delays below 0.1 seconds, and ensuring bit resolution does not drop below 8 bits. Each factor introduced trade-offs between control performance, responsiveness, and implementation cost.
While the simulated system performed well under idealised conditions, further work should explore physical limitations such as actuator constraints and more complex driving scenarios. The control strategies align with ISO 15622 standards, supporting their relevance in automotive control design.


[bookmark: _Toc204349482]References
ISO (2018b) ISO/TR 21959-1:2018 - Road vehicles — Human performance and driver interaction with intelligent transport systems — Part 1: Framework and models. Geneva: International Organization for Standardization.
Bennett, S. (1993) A History of Control Engineering 1930–1955. London: Peter Peregrinus Ltd.
Franklin, G.F., Powell, J.D. and Emami-Naeini, A. (2015) Feedback Control of Dynamic Systems. 7th edn. Boston: Pearson.
ISO (2011) ISO 11270:2011 - Intelligent transport systems — Lane keeping assistance systems (LKAS) — Performance requirements and test procedures. Geneva: International Organization for Standardization.
ISO (2012) ISO 22179:2012 - Intelligent transport systems — Full speed range adaptive cruise control (FSRA) systems — Performance requirements and test procedures. Geneva: International Organization for Standardization.
ISO (2018) ISO 15622:2018 - Intelligent transport systems — Adaptive cruise control systems — Performance requirements and test procedures. Geneva: International Organization for Standardization.
Kuo, B.C. and Golnaraghi, F. (2014) Automatic Control Systems. 9th edn. Hoboken: Wiley.
MathWorks (2023) Control System Toolbox™ User’s Guide. Available at: https://uk.mathworks.com/help/control/ (Accessed: 20 July 2025).
Ogata, K. (2010) Modern Control Engineering. 5th edn. Boston: Prentice Hall.
Zhao, D. and Li, K. (2019) ‘Design and evaluation of cruise control system in embedded environment’, International Journal of Vehicle Systems Modelling and Testing, 14(1), pp. 45–59.


[bookmark: _Toc204349483]Code

function [controlout, error] = Controllerzz...
    (demand,velocity,P,I,e_vec,j,Ts,sim_step,control,D)
%This is a PID controller 
%   controlout = control signal phys
%  error = diff between demand and vel (phys (mph))
error = demand-velocity;
%% P part
P_part = error*P;
%% I part
persistent Prev_I_part
if j>1
    prev = e_vec(j-(Ts/sim_step));
else
    prev=control;
    Prev_I_part = prev;
end
I_part =(((error+prev)./2).*(Ts)+Prev_I_part).*I;
%% D part
D_part = ((error-prev)/Ts)*D;
%% output
controlout = P_part+I_part+D_part;
%% Limits
m_ControlSig = -100;
M_ControlSig = 100;
if controlout<m_ControlSig
    controlout=m_ControlSig;
end
if controlout>M_ControlSig
    controlout=M_ControlSig;
end
end
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