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Cruise control systems have become increasingly common in modern vehicles, especially across developed regions such as the United Kingdom and the European Union (Burns and Delucia, 2017). These systems are primarily designed to automatically maintain a set vehicle speed without continuous input from the driver. By doing so, they offer several benefits, including reduced driver fatigue on long journeys, better fuel efficiency, and enhanced vehicle safety (Rajamani, 2012; Duffy, 2020). One of the most important mechanisms behind the operation of cruise control systems is the Proportional Integral Derivative (PID) controller, which is widely used across numerous feedback control applications in this case cruise control. (Ogata, 2010; Dorf and Bishop, 2017).
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PID controllers play a crucial role in maintaining a vehicle’s speed by continuously adjusting throttle inputs based on real-time feedback from sensors. This allows the control system to respond effectively to external disturbances such as changes in road gradient, vehicle load, or environmental factors like headwinds (Franklin, Powell and Emami-Naeini, 2019). This assignment explores the application of PID control in automotive cruise control systems, focusing on the roles of each PID component, tuning strategies, and the alignment of the control system with key British and international standards, including ISO 26262 and ISO 15622.
PID control is a widely used feedback mechanism that reduces the difference between a desired target value and the actual system output—in this case, the vehicle speed (Nise, 2015; Kuo and Golnaraghi, 2003). The controller works by constantly evaluating the error between the set speed and the measured speed and then adjusting the throttle accordingly to correct that error (Ogata, 2010). It consists of three components. The proportional (P) term responds to the current error by applying a correction proportional to the size of the deviation (Franklin, Powell and Emami-Naeini, 2019). The integral (I) component addresses accumulated errors over time, gradually eliminating persistent discrepancies that might arise due to constant slopes or minor calibration issues (Åström and Hägglund, 2006). Meanwhile, the derivative (D) component predicts future error trends by analyzing the rate of error change, providing a damping effect that helps stabilise the system response (Bennett, 1993; Dorf and Bishop, 2017). These three terms work together to deliver a fast, stable, and accurate control response. In modern vehicles, the PID algorithm is implemented in the engine control unit (ECU), where it continuously adjusts throttle input based on speed sensor feedback (Kuo and Golnaraghi, 2003; Rajamani, 2012).
In the context of cruise control, the PID controller modulates throttle input to match the speed set by the driver. When the vehicle encounters an incline, the controller increases throttle to maintain speed, and in the case of a decline, it reduces throttle or, in more advanced systems, activates braking functions (Heisler, 2002; Guzzella and Sciarretta, 2013). The proportional gain plays a critical role in determining how aggressively the system reacts to speed deviations. If the gain is set too low, the controller responds sluggishly; if too high, it can lead to overshooting or system instability (Franklin, Powell and Emami-Naeini, 2019). The integral gain is essential for correcting long-standing errors, such as when the vehicle climbs a continuous incline. However, excessive integral action can lead to integrator windup, causing the system to overcompensate and oscillate (Åström and Murray, 2010; Dorf and Bishop, 2017). The derivative term helps dampen the response and reduce overshoot, but if not properly filtered, it can amplify sensor noise, degrading performance (Kuo and Golnaraghi, 2003; Åström and Hägglund, 2006). Achieving optimal cruise control performance requires careful tuning of these parameters, and simulation platforms like MATLAB/Simulink are commonly used to test and refine these settings in a safe, controlled environment before implementation in actual vehicles (MathWorks, 2023).
Safety and compliance are central to cruise control design. ISO 15622:2018 outlines performance and safety requirements for Adaptive Cruise Control (ACC), including conditions for safe following distances and appropriate response to other road users (ISO, 2018). While traditional cruise control is simpler, many of the fail-safe design principles still apply. ISO 26262 is another critical standard that governs the functional safety of automotive electronics, ensuring that hazard analysis and risk assessment are addressed through the Automotive Safety Integrity Level (ASIL) framework (ISO, 2018; Rajkumar et al., 2012). Additionally, BS EN 61508 provides a more general framework for electronic safety systems and is often used alongside automotive-specific standards during system development (BSI, 2010). Ensuring the system is intuitive and provides clear feedback to the driver is also essential. BS EN ISO 9241 provides guidance on human–machine interface design, ensuring that cruise control indicators and functions are communicated clearly through the vehicle’s dashboard (ISO, 2019).
To remain compliant with these safety standards, practical features are incorporated into cruise control systems. These include automatic deactivation of the system when the brake or clutch is pressed, throttle limits to prevent unsafe acceleration, and system shutdown protocols if sensor errors or excessive deviations from the target speed are detected (Heisler, 2002; Rajamani, 2012). Modern vehicles are also equipped with built-in diagnostic functions, such as watchdog timers and self-check routines, that detect faults early and log errors in the system memory. If necessary, the system disengages to prevent unsafe driving conditions (Franklin, Powell and Emami-Naeini, 2019).
In summary, PID controllers are essential in enabling accurate and responsive cruise control by continuously managing throttle inputs based on sensor feedback. By carefully tuning the proportional, integral, and derivative terms, engineers can create systems that maintain desired speed with minimal error and acceptable actuator effort. Compliance with ISO and BS standards ensures that these systems are not only functional but also safe and user-friendly, meeting the rigorous demands of modern automotive design.
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PID tuning is essential to achieve a stable and efficient cruise control response. One of the most commonly used approaches is the Ziegler–Nichols method, where P,I and D​ are initially set to zero, and P is gradually increased until the system exhibits sustained oscillations. These parameters are then used to calculate suitable gains for all three terms (Ziegler and Nichols, 1942; Bennett, 1993).
As can be seen from the image below, with high randomly generated values of P, no integral or derivative, the driver demand is followed. However, the control and throttle response is completely unrealistic. It is showing a car going from zero miles per hour to the desired speed every second. Therefore, the error is not overshooting and following the driver demand, but the velocity is unsafe and erratic.
It looks like that we want the error to be as low as possible, but an error of zero I fell is impossible to achieve in reality. There would be sensor interference or noise, also this error doesn’t take into account a change in inclination, rolling resistance of tyres on different surfaces and wind resistance.
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[bookmark: _Toc204622578]Figure 14  - PID tuning loop with set points
The series of simulations conducted to evaluate different PID parameter combinations for cruise control clearly demonstrates the critical role that tuning plays in system performance. Throughout all tests, a proportional gain of Kp=2.5K_p = 2.5Kp​=2.5 was maintained to provide a consistent baseline responsiveness, aligning with the recommendations in BS EN 61131-2 (BSI, 2017). This ensured stable initial behavior without introducing significant oscillation or instability.
The results showed that excluding the integral component (Ki=0K_i = 0Ki​=0) led to a persistent steady-state error, with the system consistently failing to reach or maintain the target velocity set by the driver demand. This confirmed the importance of the integral term in eliminating long-term offset. As the integral gain was increased to moderate values (between 0.5 and 1.25), the system exhibited much better tracking performance and the error margin was significantly reduced. However, higher integral values such as 1.5—began to introduce oscillatory effects and control saturation, which could pose reliability concerns under ISO 26262 for automotive systems where stability and predictability are essential for safety (ISO, 2018).
The derivative gain also had a significant influence on system behaviour. With no derivative action (Kd=0K_d = 0Kd​=0), overshoot and instability during rapid changes in demand were more apparent. Introducing moderate derivative gains (e.g. 0.2 to 0.45) improved damping and helped reduce overshoot without dramatically affecting throttle smoothness. However, when the derivative gain was set too high (e.g. 0.8), the control response became excessively sharp, as seen in abrupt throttle and brake control efforts. These sharp spikes could overstress the actuators, which would be inconsistent with BS EN 60204-1 recommendations regarding safe operation of electrical control systems (BSI, 2019).
Overall, the best performing configuration was observed when Kp=2.5K_p = 2.5Kp​=2.5, Ki=1.25K_i = 1.25Ki​=1.25, and Kd=0.625K_d = 0.625Kd​=0.625. This combination offered the most balanced performance, with accurate velocity tracking, minimal steady-state error, and smooth throttle/brake control effort. This result aligns with established control theory which suggests that well-tuned PID controllers can deliver fast, stable, and accurate responses in systems with changing demands (Åström and Murray, 2010; Dorf and Bishop, 2021). The findings reinforce the importance of rigorous PID tuning in automotive applications and support the need to comply with relevant safety and control standards to ensure optimal system functionality.
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%% MAIN FILE FOR CRUISE CONTROLLER SYSTEM %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% This script simulates a simple cruise control system using a PID 
% controller. It consists of five main stages:
% (1) Initialisation of parameters and housekeeping
% (2) Setup of signal encoding/decoding and control parameters
% (3) Definition of simulation environment
% (4) Main simulation loop executing control logic
% (5) Plotting and analysing system response
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (1) INITIALIZATION SECTION %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clc
clear
close all  % Clear command window, workspace, and close all figures

% PID controller gains (tune as needed)
P = 80;    % Proportional gain
I = 5;     % Integral gain
D = 5;     % Derivative gain
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (2) CONTROL SYSTEM AND COMMUNICATION PARAMETERS %%%%%%%%%%%%%%%%%%%%%%

% Sampling time (controller executes every Ts seconds)
% Must be an integer multiple of sim_step for consistent simulation
Ts = 0.05;  

% Velocity sensor range in mph [0, 150]
m_velocityS = 0;
M_velocityS = 150;

% Number of bits for encoding sensor output (velocity reading)
n_bits_sensor_signal = 16;

% Driver demand signal range in mph [30, 110]
m_demand = 30; 
M_demand = 110;

% Number of bits for encoding driver demand
n_bits_demand_signal = 16;

% Number of bits for actuator signal (range -100% braking to +100% throttle)
n_bits_actuator_signal = 16;

% Total possible encoded values from actuator resolution
R = 2.^n_bits_actuator_signal;  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (3) SIMULATION PARAMETERS %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Time step for internal simulation accuracy (in seconds)
sim_step = 0.01;

% Total simulation time in seconds
sim_time = 70;

% Time vector from 0 to sim_time in steps of sim_step
T = 0:sim_step:sim_time;

% Preallocate vectors for data logging (improves performance)
[d_vec, u_vec, y_vec, e_vec, Th_vec] = deal(nan(size(T)));

% Initial throttle/brake setting (0 = idle, +ve = throttle, -ve = brake)
throttle_setting = 50;  

% Communication delay between control output and actuator (set to 0 for now)
actuator_signal_delay = 0.00;

% Define control signal encoding range
m_ControlSig = -100;   % Minimum control output (full braking)
M_ControlSig = 100;    % Maximum control output (full throttle)

% Initial control signal and command
[u, control] = deal(50);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (4) MAIN SIMULATION LOOP %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
velocity_real = 60;  % Initial vehicle speed in mph

for j = 1:length(T)  % Run simulation step-by-step
    
    loops_remaining = length(T) - j;  % Display how many steps remain
    disp(loops_remaining)
    
    % Simulate raw velocity sensor data transmission
    [velocity_raw, velocity_real, throttle_setting] = ...
        getRawVelocity(n_bits_sensor_signal, velocity_real, ...
        throttle_setting, sim_step, u);
    
    % Decode sensor signal from binary to mph
    velocity = ((bin2dec(velocity_raw) * (M_velocityS - m_velocityS)) / R) + m_velocityS;

    % Execute control logic at defined sampling time
    if mod((j - 1) * sim_step, Ts) == 0  
        
        % Get driver's raw velocity demand in binary format
        demand_raw = getRawVelocityDemand(n_bits_sensor_signal, sim_step, j);
        
        % Decode demand from binary to mph
        demand = (bin2dec(demand_raw) * (M_demand - m_demand)) / R + m_demand;

        % Run controller to calculate control signal and error
        [control, error] = ControlerA(demand, velocity, P, I, e_vec, j, Ts, sim_step, control, D);
        
        % Encode control signal to binary for actuator communication
        control_raw = dec2bin(((control - m_ControlSig) / ...
                      (M_ControlSig - m_ControlSig)) * R); 
        
        % Send control command to throttle/brake system
        u = sendControlCommand(control_raw, n_bits_actuator_signal, ...
            actuator_signal_delay, j, sim_step, u_vec);
    end
    
    % Store data for later plotting and analysis
    e_vec(j) = error;             % Speed tracking error
    d_vec(j) = demand;            % Driver-set target speed
    u_vec(j) = control;           % Control output (%)
    y_vec(j) = velocity_real;     % Actual vehicle speed
    Th_vec(j) = throttle_setting; % Current throttle input from actuator
end  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (5) PLOTTING SYSTEM RESPONSE %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

% Top subplot: actual vs desired velocity
subplot(2,1,1)
plot(T, d_vec, 'g-'); hold on     % Desired velocity (driver demand)
plot(T, y_vec, 'b-');             % Actual vehicle velocity
plot(T, d_vec - y_vec, 'y');      % Error between demand and response
grid;
title('Velocity response');
subtitle(['Kp = ', num2str(P), ' Ki = ', num2str(I), ' Kd = ', num2str(D)]);
ylabel('Velocity (mph)');
xlabel('Time (s)');
legend('Driver Demand', 'Real Velocity', 'Error');

% Bottom subplot: control signal and actual throttle/brake actuator action
subplot(2,1,2)
stairs(T, u_vec, 'g-'); hold on
plot(T, Th_vec, 'r-'); 
grid;
title('Throttle/Brake Control Effort');
ylabel('% Throttle / Brake Pedal');
xlabel('Time (s)');
legend('Control %', 'Throttle Position');

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% OPTIONAL: CONVERT TO M/S AND CALCULATE ACCELERATION %%%%%%%%%%%%%%%%%%
% This conversion is used for tuning with ISO standards which 
% often define limits in SI units (e.g. m/s^2 for acceleration)

acc = diff(y_vec / 2.237) ./ sim_step;  % Convert mph to m/s, then diff
figure;
plot(T(1:end-1), acc)
title('Vehicle Acceleration');
xlabel('Time (s)');
ylabel('Acceleration (m/s^2)');
grid on;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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