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Introduction
[bookmark: _Toc199756829]Aims
The aim of this assignment is to develop and evaluate a MATLAB cruise control system that maintains the speed requested by the driver of a vehicle. The controller should provide stable tracking, near zero steady-state error and appropriate throttle or braking action while demonstrating understanding of closed-loop control and practical implementation constraints. 
[bookmark: _Toc199756830]Objectives
The objectives are to decode binary velocity and demand signals, design and tune a PID controller, encode actuator commands, and analyse system performance. The investigation will compare sampling time, communication delay and signal resolution, considering their effects on tracking accuracy, stability, overshoot, control effort and overall controller suitability.


[bookmark: _Toc199756831]Background
[bookmark: _Toc199756832]PID general background
According to Wang (2020) proportional, integral, derivative controllers are used because they combine three forms of feedback to achieve the desired setpoint. Figure one, demonstrates each function, proportional action responds to the present error, integral action accumulates past error to remove steady state offset, and derivative action reacts to the rate of error change to improve damping (Liuping Wang, 2020). Their simple structure and effectiveness make them suitable for automated systems to manage continuous variables. However, figure two shows gains must be tuned carefully because aggressive settings can increase overshoot, oscillation and actuator effort, while conservative settings can produce slow responses.
[image: What is a PID Controller?]
[bookmark: _Toc236674903]Figure 1. Makeup of a PID Controller. (https://www.digikey.ch/en/maker/projects/introduction-to-pid-controllers/763a6dca352b4f2ba00adde46445ddeb?srsltid=AfmBOoqyLZp689C1yRBXFpqwmDfoAUfdmi4UPqmbPJv12OcYTldIeg5w)
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[bookmark: _Toc236674904]Figure 2. Graphical response to tuning variables. (https://www.eurotherm.com/auto-tuning-pid-control-in-a-plc/)

[bookmark: _Toc199756833]Cruise control standards
ISO 15622:2018 provides a useful benchmark for longitudinal control, including stable speed regulation, controlled acceleration and deceleration, driver interaction and fault response. In this assignment, these principles support assessment of overshoot, settling time, steady-state error and actuator saturation. Because the MATLAB model excludes vehicle detection and full adaptive functions, it demonstrates alignment with the standard rather than full compliance (ISO - International Organization for Standardization, 2018). 

Encoding and Decoding Signals
Encoding converts a sampled physical value into a binary for transmission and processing. Decoding interprets the received code and changes it to an approximate physical value. Because a finite bit count provides only a limited number of levels, digital communication introduces quantisation error (IBM, 2025). Nair et al. (2007) explain that reducing the available bit rate increases quantisation within a feedback loop, creating a trade-off between communication efficiency and control accuracy.
Encoding code
The controller output is encoded before being sent to the actuator through the communication bus. The decimal control value, ranging from minus one hundred percent braking to positive one hundred percent throttle, first scaled to the available digital range and then converted into binary using ‘dec2bin’ function. The resulting binary string is passed to the actuator.
Decoding code
The sensor and driver demand signals are received as binary values and must be converted into physical units before use by the controller. The ‘bin2dec’ function converts each binary string into decimal, after which linear scaling converts the result into mph. Driver demand is mapped between 30 and 110 mph for feedback comparison.


[bookmark: _Toc199756834]PID tuning
[bookmark: _Toc199756835]Method
A structured trial-and-error approach was used to tune the PID controller. This method is supported by Borase et al. (2020), who describe this method as a practical way of balancing response speed, stability and tracking accuracy. For each trial, MATLAB automatically calculated maximum overshoot or undershoot, settling time, steady-state error, root mean square error (RMSE) and maximum control effort. These results were transferred to an Excel tuning log, where consistent PASS/FAIL criteria allowed performance trends to be compared objectively before the final gains were selected shown in figure three.
[image: ][image: ]
[bookmark: _Toc236674905]Figure 3. Initial versus final tuning graph.

[bookmark: _Toc199756836]Results and analysis
Proportional
Increasing proportional gain improved responsiveness and reduced tracking error. Beyond , however, the controller became more aggressive, RMSE increased and the actuator reached its limit. Consequently,  was kept as the strongest proportional setting before the balance between velocity response and control effort deteriorated.
Integral
Integral action removed the residual offset left by proportional control. A value of  produced near-zero steady-state error without unacceptable target crossing. Further increase caused excessive undershoot, showing that accumulated error could continue driving the actuator after the immediate tracking error had reduced.
Derivative
A small derivative change improved damping. Larger values produced severe excursions and poorer RMSE, consistent with derivative action being sensitive to rapid error changes and quantised measurements. The value  therefore provided the best measured compromise.
Overall tuning, meeting standards, automation

The selected gains were ,  and . The final response achieved limited overshoot, rapid settling, negligible steady-state error and the lowest RMSE of the tuning trials, as shown in Figure 4. For the driver, this represents accurate speed holding without sustained oscillation.
The command however reached 100%, meaning that full throttle or braking was requested and no additional actuator capacity remained. This is important because satisfactory velocity tracking should not be judged independently of control effort. Conditional integration anti-windup stopped the integral term increasing when the actuator was saturated and the error would have driven it further into saturation. This reduced the risk of prolonged recovery and excessive target crossing. However, acceleration, deceleration and jerk would require direct measurement before passenger comfort or conformity with ISO requirements could be claimed.
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[bookmark: _Toc236674906]Figure 4. Final tuning setup


[bookmark: _Toc199756837]Time step impact
The simulation time step determines how frequently the vehicle model, and PID controller are updated. A smaller time step normally provides greater numerical resolution but requires more calculations, whereas a larger time step improves computational efficiency but may reduce accuracy, introduce oscillation or miss rapid changes in the response (Dimitris Tsamatsoulis, 2013). The objective was therefore to identify the largest stable time step that maintained acceptable tracking performance when compared with a stable reference case.
[bookmark: _Toc199756838]Method
The final PID gains were held constant while only the simulation time step was varied, ensuring a fair comparison. Time steps were tested using the same driver-demand profile, vehicle model, quantisation and actuator limits. The results were transferred to Excel, where consistent PASS/FAIL limits were applied. 
[image: ]Results and analysis[bookmark: _Toc236674907]Figure 5. Time Step Results


[bookmark: _Toc199756840]The two smallest tested steps produced unexpected instability, indicating that changing the implementation step affected the controller and emphasising the need to scale the integral and derivative calculations correctly. 
The intermediate time steps retained similar closed-loop behaviour, whereas the largest test introduced an unacceptable excursion. A time step of 0.05 s was selected because it maintained stable tracking and comparable RMSE while substantially reducing the number of simulation calculations. It therefore represented the best tested compromise between numerical accuracy and computational efficiency. In a physical controller, the final choice would also depend on processor speed, sensor update rates, and the fastest significant vehicle dynamics (Söderlind, 2002).
Signal delay impact 
Signal delay introduces a time gap between the PID controller calculating a command and the actuator applying it. This means the controller acts on outdated conditions, increasing lag and reducing stability. Because the gains were tuned for zero delay, adding delay changes the effective closed-loop behaviour and can produce excessive undershoot, slower settling, larger errors and instability (Emerson, 2020).
[bookmark: _Toc199756841]Method
The final gains and the 0.05 s time step were held constant while actuator delay was increased from 0 to 1.0 s. MATLAB calculated the response metrics for each test, and Excel compared them with the zero-delay reference using consistent PASS/FAIL criteria.
[image: ]Results and analysis[bookmark: _Toc236674908]         Figure 6. Signal Delay Results


The zero-delay case produced the best response because the gains had been tuned under that condition. The first non-zero test, equivalent to one simulation step, caused excessive undershoot and a marked increase in tracking error. Longer delays produced increasingly unstable behaviour because commands were applied after the relevant vehicle condition had changed.


[bookmark: _Toc199756843]Number of Bits impact
Emerson (2026) states the number of bits determines how many discrete values can represent the sensor, driver-demand and actuator signals. A higher bit count provides finer resolution and lower quantisation error but increases data and communication requirements. Reducing the bit count makes each digital step larger, which can reduce tracking accuracy and produce coarse control action. 
[bookmark: _Toc199756844]Method
The sensor, demand and actuator signals were assigned the same resolution and reduced together. PID gains, sampling time, zero delay, demand profile and actuator limits remained constant. Each response was compared with the 16-bit baseline to determine the minimum common bit count that retained stable and accurate performance.[image: ]
[bookmark: _Toc236674909]Figure 7. Signal bit testing.
[bookmark: _Toc199756845]Results and analysis
The higher-resolution tests were almost indistinguishable from the baseline. Twelve bits retained comparable RMSE, settling behaviour and excursion and remained within the selected accuracy limits. Eight bits was the first failing test because the larger quantisation increments produced excessive steady-state error. Further reductions caused progressively slower and less accurate responses.
Twelve bits was therefore selected as the minimum reasonable common resolution. It substantially reduced the number of representable levels without causing a meaningful loss of closed-loop performance. This demonstrates the expected trade-off: high resolution provides accurate measurements and fine actuator commands, while lower resolution reduces digital requirements at the cost of control quality (Emerson, 2026).

[bookmark: _Toc199756846]Conclusion
This assignment demonstrated the design, tuning and evaluation of a PID-based cruise-control system under realistic control limitations. A structured trial-and-error approach was used to tune the proportional, integral and derivative gains, with MATLAB calculating performance metrics and Excel monitoring the progression of each test. The final controller gains produced low tracking error, limited overshoot, rapid settling and the lowest recorded RMSE. Conditional anti-windup reduced the effect of integral accumulation during actuator saturation, although the repeated 100% control effort showed that the controller occasionally demanded the full available throttle or braking, further investigations would be needed to assess if the acceleration and deceleration would pass the required standards of ISO 15622.
A 0.05 s time step provided the best balance between computational efficiency and stable tracking. Delay testing showed that the controller was sensitive to communication lag because it had been tuned for zero-delay operation, while the bit-resolution study identified 12 bits as the minimum acceptable resolution. Overall, the investigation demonstrated the practical trade-offs between sampling, delay, quantisation and closed-loop performance.
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Appendices 
Code (control function with anti-windup)

function [controlout,error] = Controller(demand,velocity,e_vec,P,j,Ts,sim_step,control,I,D) 

%% Error

% Positive error means the vehicle is too slow.
% Negative error means the vehicle is too fast.
error = demand - velocity;


%% Proportional part

% React to the current speed error.
P_part = P * error;


%% Integral part

% Remember the integral value between controller updates.
persistent Previous_I_Part

% Number of simulation steps between controller updates.
sample_gap = round(Ts / sim_step);

% Start using the current actuator command to avoid a sudden change.
if isempty(Previous_I_Part) || j == 1
    Previous_I_Part = control;
end

% Get the error from the previous controller update.
if j > sample_gap
    prev = e_vec(j - sample_gap);
else
    prev = error;
end

% Add the current error to the stored integral value.
I_New = Previous_I_Part + ...
    I * ((error + prev) / 2) * Ts;


%% Derivative part

% React to how quickly the error is changing.
% When D = 0, the controller acts as a PI controller.
D_Part = ((error - prev) / Ts) * D;


%% Controller output

% Combine the proportional, integral and derivative parts.
unsaturated_control = ...
    P_part + I_New + D_Part;


%% Actuator limits

% -100 is maximum braking and +100 is maximum throttle.
m_ControlSig = -100;
M_ControlSig = 100;

% Keep the controller output within the actuator limits.
controlout = max( ...
    m_ControlSig, ...
    min(M_ControlSig, unsaturated_control));





%% Anti-windup

% Only update the integral when it will not increase saturation, || is or
% statement
if (unsaturated_control >= m_ControlSig && ...
        unsaturated_control <= M_ControlSig) || ...
        (unsaturated_control > M_ControlSig && error < 0) || ...
        (unsaturated_control < m_ControlSig && error > 0)

    Previous_I_Part = I_New;

end

end


Code (Main body with additional code)

%% MAIN FILE FOR CRUISE CONTROLLER SYSTEM %%%%%%%%%%%%%%%%
% (1) initialize
% (2) set implementation parameters
% (3) set simulation parameters
% (4) simulation loop
% (5) plot results
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% (1) Initialize %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clc
clear
clear Controller
close all

close all % house keeping
P = 2.8;
I = 4
D = 0.002;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (2) set implementation parameters %%%%%%%%%%%%%%%%%%%%%

% sampling time must be an integer multiple of sim_step
Ts = 0.05;  
% number of bits used to encode velocity sensor signal. velocity sensor
% range in mph [0,150]
m_velocityS =0;
M_velocityS = 150;
n_bits_sensor_signal = 12;
% number of bits used to encode velocity demand signal. demand
% range in mph [30,110]
m_demand = 30; M_demand = 110;
n_bits_demand_signal = 12;
% number of bits used to encode throttle/brake actuator signal. actuator
% range in mph [-100,100] where [-100,0) is percentage of braking and
% (0,100] is percentage of throttle
n_bits_actuator_signal = 12;
R = 2.^n_bits_actuator_signal;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% (3) set simulation parameters %%%%%%%%%%%%%%%%%%%%%%%%%

sim_step = 0.01; % simulation time step in seconds
sim_time = 70; % simulation time length in seconds
T = 0:sim_step:sim_time; % simulation steps vector
% initialize vector where to store results for plots
[d_vec,u_vec ,y_vec,e_vec,Th_vec] = deal(nan(size(T)));
throttle_setting = 50; % initialize control action (throttle/brake setting)
% communication delay between controller and actuator in seconds.
% must be an integer multiple of sim_step
actuator_signal_delay = 0.00;
%% remove when in function
m_ControlSig = -100;
M_ControlSig = 100;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
[u, control] = deal(50);
%% (4) simulation loop %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
velocity_real = 60;
for j = 1:length(T) % for every simulation step
    
    loops_remaining = length(T)-j; % display progression
    disp(loops_remaining)
    % get vehicle raw velocity sensor measurement from the communication bus
    [velocity_raw, velocity_real,throttle_setting] = getRawVelocity(n_bits_sensor_signal,velocity_real,throttle_setting, sim_step,u);
    
    % decode raw bus signal (from x-bit binary to mph)
    velocity = ((bin2dec(velocity_raw).*(M_velocityS-m_velocityS))/R)+m_velocityS;

    if mod((j-1)*sim_step,Ts) == 0 % every sampling time   
        
        % get driver's velocity demand raw signal from the communication bus
        demand_raw = getRawVelocityDemand(n_bits_sensor_signal,sim_step,j); 
        
        %% decode raw signal (from x-bit binary to mph)
        demand = bin2dec(demand_raw)*(M_demand-m_demand)/R +m_demand; % INCORRECT DECODING! INSERT YOUR DECODING FUNCTION HERE
        
        %% calculate control signal and error (range of control [-100,100])
        [control, error] = Controller(demand,velocity, e_vec, P, j, Ts, sim_step,control, I, D); % INCORRECT CONTROL! INSERT YOUR CONTROL ALGORITHM HERE
        
        %% encode control signal into x-bit binary number
        control_raw = dec2bin(((control-m_ControlSig)/(M_ControlSig-m_ControlSig)).*R); % INCORRECT ENCODING! INSERT YOUR ENCODING FUNCTION HERE
        
        %% send control command to throttle/brake actuator via communication
        % bus (record the control signal instance as u)
        u = sendControlCommand(control_raw,n_bits_actuator_signal,actuator_signal_delay,j, sim_step, u_vec);
    end 
    
    % store values for plotting
    e_vec(j) = error;
    d_vec(j) = demand;
    u_vec(j) = control;
    y_vec(j) = velocity_real;
    Th_vec(j) = throttle_setting;
end  

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

%% (5) plot results %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

figure

% plot velocity response
subplot(2,1,1)
plot(T,d_vec,'g-');hold on
plot(T,y_vec,'b-'); 
plot(T,d_vec-y_vec); grid;
title('Velocity response'); 
subtitle([' Kp = ', num2str(P),' Ki = ', num2str(I),' Kd = ',...
    num2str(D)]); 
ylabel('Velocity (mph)'); xlabel('Time (s)');
legend('Driver Demmand','Real Velocity','error')

% plot throttle/brake actuator effort
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')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%


%% PERFORMANCE METRICS FOR EACH DEMAND CHANGE

% Settling tolerance
settling_band = 1;                 % ±1 mph

% Duration used to measure steady-state error
steady_window_seconds = 1;         % final 1 second of each demand period

% Find samples where demand changes
change_indices = find(abs(diff(d_vec)) > 1e-6) + 1;

% Number of demand changes
number_of_steps = length(change_indices);

% Create storage arrays
upward_overshoot = zeros(number_of_steps,1);
downward_undershoot = zeros(number_of_steps,1);
settling_time = nan(number_of_steps,1);
steady_state_error = zeros(number_of_steps,1);
step_RMSE = zeros(number_of_steps,1);
maximum_control = zeros(number_of_steps,1);

%% Print headings in Command Window

fprintf('\n');
fprintf('================ STEP PERFORMANCE RESULTS ================\n');

fprintf('%-5s %-8s %-8s %-12s %-12s %-12s %-12s %-12s %-12s\n', ...
    'Step', ...
    'Demand', ...
    'Type', ...
    'Overshoot', ...
    'Undershoot', ...
    'Settling(s)', ...
    'SS Error', ...
    'RMSE', ...
    'Max Control');

fprintf('-------------------------------------------------------------------------------------------------\n');

%% Analyse each demand change

for step_no = 1:number_of_steps

    % First sample after the current demand change
    start_index = change_indices(step_no);

    % Last sample before the next demand change
    if step_no < number_of_steps

        end_index = change_indices(step_no + 1) - 1;

    else

        end_index = length(T);

    end

    % Demand before and after the change
    old_demand = d_vec(start_index - 1);
    new_demand = d_vec(start_index);

    % Select data for this demand period
    segment_velocity = y_vec(start_index:end_index);
    segment_demand = d_vec(start_index:end_index);
    segment_control = u_vec(start_index:end_index);

    % Tracking error
    % Positive means vehicle is below demand
    % Negative means vehicle is above demand
    segment_error = segment_demand - segment_velocity;

    %% Determine step direction

    if new_demand > old_demand

        step_type = 'Up';

        % Overshoot only exists if velocity crosses above demand
        crossing_point = find( ...
            segment_velocity >= new_demand, ...
            1, ...
            'first');

        if isempty(crossing_point)

            upward_overshoot(step_no) = 0;

        else

            upward_overshoot(step_no) = max( ...
                0, ...
                max(segment_velocity(crossing_point:end) ...
                - new_demand));

        end

        downward_undershoot(step_no) = 0;

    elseif new_demand < old_demand

        step_type = 'Down';

        % Undershoot only exists if velocity crosses below demand
        crossing_point = find( ...
            segment_velocity <= new_demand, ...
            1, ...
            'first');

        if isempty(crossing_point)

            downward_undershoot(step_no) = 0;

        else

            downward_undershoot(step_no) = max( ...
                0, ...
                max(new_demand ...
                - segment_velocity(crossing_point:end)));

        end

        upward_overshoot(step_no) = 0;

    else

        step_type = 'None';

        upward_overshoot(step_no) = 0;
        downward_undershoot(step_no) = 0;

    end

    %% Settling time

    % True where response is within ±1 mph of demand
    inside_band = abs(segment_error) <= settling_band;

    % Find the first point where the response remains inside the band
    for point_no = 1:length(segment_error)

        if all(inside_band(point_no:end))

            settling_time(step_no) = ...
                T(start_index + point_no - 1) ...
                - T(start_index);

            break

        end

    end

    %% Steady-state error

    % Number of samples in final steady-state window
    steady_samples = round( ...
        steady_window_seconds / sim_step);

    % Prevent window exceeding demand-period length
    steady_samples = min( ...
        steady_samples, ...
        length(segment_error));

    steady_start = ...
        length(segment_error) ...
        - steady_samples + 1;

    % Signed steady-state error
    steady_state_error(step_no) = mean( ...
        segment_error(steady_start:end), ...
        'omitnan');

    %% RMSE for current demand period

    step_RMSE(step_no) = sqrt( ...
        mean(segment_error.^2, ...
        'omitnan'));

    %% Maximum control effort for current demand period

    maximum_control(step_no) = max( ...
        abs(segment_control), ...
        [], ...
        'omitnan');

    %% Convert settling time into text

    if isnan(settling_time(step_no))

        settling_text = 'Not settled';

    else

        settling_text = sprintf( ...
            '%.2f', ...
            settling_time(step_no));

    end

    %% Print current step results

    fprintf('%-5d %-8.0f %-8s %-12.2f %-12.2f %-12s %-12.3f %-12.3f %-12.1f\n', ...
        step_no, ...
        new_demand, ...
        step_type, ...
        upward_overshoot(step_no), ...
        downward_undershoot(step_no), ...
        settling_text, ...
        steady_state_error(step_no), ...
        step_RMSE(step_no), ...
        maximum_control(step_no));

end

fprintf('-------------------------------------------------------------------------------------------------\n');

%% Calculate overall results

maximum_upward_overshoot = max( ...
    upward_overshoot);

maximum_downward_undershoot = max( ...
    downward_undershoot);

worst_steady_state_error = max( ...
    abs(steady_state_error));

overall_RMSE = sqrt( ...
    mean((d_vec - y_vec).^2, ...
    'omitnan'));

overall_maximum_control = max( ...
    abs(u_vec), ...
    [], ...
    'omitnan');

% Find longest valid settling time
valid_settling_times = settling_time( ...
    ~isnan(settling_time));

if isempty(valid_settling_times)

    longest_settling_time = NaN;

else

    longest_settling_time = max( ...
        valid_settling_times);

end

%% Print overall results for Excel spreadsheet

fprintf('\n');
fprintf('================ OVERALL RESULTS ==========================\n');

fprintf('Maximum upward overshoot    : %.3f mph\n', ...
    maximum_upward_overshoot);

fprintf('Maximum downward undershoot : %.3f mph\n', ...
    maximum_downward_undershoot);

if isnan(longest_settling_time)

    fprintf('Longest settling time       : Not settled\n');

else

    fprintf('Longest settling time       : %.3f s\n', ...
        longest_settling_time);

end

fprintf('Worst steady-state error    : %.3f mph\n', ...
    worst_steady_state_error);

fprintf('Overall RMSE                : %.3f mph\n', ...
    overall_RMSE);

fprintf('Maximum control effort      : %.1f %%\n', ...
    overall_maximum_control);

fprintf('==========================================================\n');
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