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[bookmark: _Toc236060337]Introduction  
[bookmark: _Toc236060338]Aims 
The aims of this report are: 
· Research tuning a PID controller and reverent safety standards involved with safe operation.
· Experiment with different tuning methods for cruise control vehicles. 
· Investigate impacts of changes made when PID tuning and the effects they have on control.

[bookmark: _Toc236060339]Objectives  
The aim of this report is to: 
· Research background on PID
· Analyse PID controller tuning and its effects.
· Tune PID controller to experiment with changes.
· Analyse time step impacts
· Analyse signal delay impacts 
· Analyse number of bits impact 
· Conclusion of PID tuning
[bookmark: _Toc236060340]Background 
[bookmark: _Toc236060341]PID general background 
A PID system is made up of three parts and is used to control automated systems such as food processing and water treatment facilities. 
Proportional – Proportional responds to the current error found also known as KP. This is adjusted to the size of the error. 
Integral – Integral works by eliminating consistent errors by using past errors and integrating them to remove them, also known as KI.
Derivative – Derivative works by attempting to remove future error based on previous trends in the system, this is known as KD.
(Montbrizon, 2024 )








[bookmark: _Toc236060342]Cruise control standards 
Two stands are essential for Uk cruise control, they are; 
[image: ]ISO 26262 –  This standard ensures safety systems identify hazards and faults through safety using an ASIL classification listed below.  (ISO, 2018)Table 1 - Automotive Safety Levels  (Teklabs Inc, 2025) See Appendix 1


ISO 15622 – This standard defines characteristics such as performance, fault handling and testing requirements for adaptive cruise control in road vehicles.  (ISO, 2018)
[bookmark: _Toc236060343]Encoding and Decoding Signals 
[bookmark: _Toc236060344]Encoding code 
· Encoding code is used to convert analogue signals such as MPH from a car into a binary code for the PID controller to read. 
· ADC sample is converted into bits for the controller to read. 
· Number of bits depends on accuracy of MPH conversion to controller. 
(Pawar, 2025)

[bookmark: _Toc236060345]Decoding code

· Decoding code is used to convert digital signals to a voltage signal for use.  
· Signal is used to command actuator to increase or decrease speed to meet desired level. 
· This is fed back to improve system over time; number of bits could affect accuracy of controller.
(Pawar, 2025)


[bookmark: _Toc236060346]PID tuning 
[bookmark: _Toc236060347]Method 
1. Set Kp to 1, Ki to 0 and Kd to 0 to allow for KP to be tuned to near correct level without interference.
2. Increase or decrease Ki until near demand.  
3. Once Kp near to target, Adjust Ki to help remove consistent errors bringing closer to target and Kp for further improvement. 
4. Once Ki close to target, adjust Kd to help remove future error to fine tune to set input.
5. Add time step impact to further improve PID.
6. Add Signal delay to further improve PID. 
7. Adjust signal time delay to improve PID.
[bookmark: _Toc236060348]Results and analysis 
[bookmark: _Toc236060349]Proportional 
Tuning Kp and investigation of changes 
[image: ]
Image 1- Kp = 1 Ki = 0 Kd= 0 See Appendix 2
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Image 2 - Kp = 2 Ki = 0 Kd = 0 See Appendix 3
[image: ]
Image 3 - Kp = 2.5 Ki = 0 Kd = 0 See Appendix 4
[image: ]
Image 4 - Kp = 3 Ki = 0 Kd= 0 See Appendix 5
Kp Analysis and explanation  
As you increase Kp, the strength of the response to the error increases as seen in testing. This is due to the percentage change being multiplied by a persistent error. This is seen in testing where increasing Kp reduces steady state error. If set too high, it will overshoot so must be kept low enough to not cause oscillations or overshoot. Level has been set close to not overshoot and cause problems with further tuning. 
Benefits = 
· Faster response time 
· Faster rise time 
Drawbacks = 
· High responsiveness can cause instability. 
· High Kp can cause overshoot.
· High Kp can cause oscillation.
(Rodriguez, 2023)









[bookmark: _Toc236060350]Integral 
Tuning Ki and investigation of changes 

[image: ]
Image 5 - Kp = 3 Ki = 0.25 Kd = 0 See Appendix 6
[image: ]
Image 6 - Kp = 3 Ki = 0.5 Kd = 0 See Appendix 7
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Image 7 - Kp = 3 Ki = 0.75 Kd = 0 See Appendix 8
[image: ]
Image 8 - Kp = 3 Ki = 0.9 Kd = 0 See Appendix 9








Ki Analysis and explanation 
As you increase Ki, the controller responds to error over time faster, looking at testing, this made it much more accurate by reducing the error found over time. This is because Ki helps the controller reach the exact speed by removing the error that Kp cannot remove itself. Too little Ki as shown will not allow vehicle to meet set speed over time. Too much ki can increase the settling time of the cruise control making it unsuitable for use.
Benefits = 
· Reduction of steady- state error 
· Better removal of offset error.

Drawbacks = 
· Can cause instability in controller. 
· Too much Ki can cause oscillations
(Rodriguez, 2023)

[bookmark: _Toc236060351]Derivative 
Tuning Kd and investigation of changes

[image: ]
Image 9 - Kp = 3 Ki = 0.9 Kd = 0.25 See Appendix 10
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Image 10 - Kp = 3 Ki = 0.9 Kd = 0.5 See Appendix 11

[image: ]
Image 11 - Kp = 3 Ki = 0.9 Kd = 075 See Appendix 12







Ki Analysis and explanation 
Kd changes depending on the size of the error changing. If the error is changing quickly, Kd works to reduce this to prevent overshoot.  Kd is used to predict braking to allow for better accuracy over time.  Addidng Kd has improved overall accuracy, but noise has also increased on throttle control, will increase further. This is seen in the testing where oscillations in the throttle start to occur as Kd increases. Further increases would make the throttle control unstable. 
Benefits = 
· Increased smoothness
· Improved signal damping
· Slower response time if too high
Drawbacks = 
· Can reduce stability if too low
· Higher noise sensitivity.
(Rodriguez, 2023)

[bookmark: _Toc236060352]Completed PID controller tuning prior to Step delay, time step and number of bits adjustments.  
[image: ]
Image 12 - Kp = 3 Ki = 0.9 Kd = 075, Ts =0.05, Actuator signal delay = 0.01, Number of bits = 16 See Appendix 13




[bookmark: _Toc236060353]Time step impact 
[bookmark: _Toc236060354]Method 
· Adjust time step settings to change data rate. 
· Increase and check change. 
· Decrease and check change. 
· Investigate change time step has on system. 
[bookmark: _Toc236060355]Results and analysis 
Ts = 0.05 = basepoint
[image: ]
Image 13 - Ts =0.05 See Appendix 14
Ts = 0.06, system becomes more unstable due to high oscillation in response, this is due to the system taking longer to react to changes. 
[image: ] 
Image 14 - Ts =0.06 See Appendix 15
Ts = 0.04 Reduced step time increase rate of change for system to react. 
[image: ]
Image 15 - Ts =0.04 See Appendix 16
Increasing the time step reduces the responsiveness of the controller as seen in testing this also caused oscillations in the velocity.  Reducing it increases responsiveness of the controller which benefits the throttle response. The timestep determines how often the controller calculates error. This can also be increased to increase the amount of lag on the system making it less responsive but will need to be tuned to counteract increased oscillation. 
(Blachuta, 2021)















[bookmark: _Toc236060356]Signal delay impact 
[bookmark: _Toc236060357]Method 
· Signal start delay = 0.0 
· Raise value and investigate changes made in 0.01 increments.
· Discuss effects found.
· Conduct research and analysis on signal delay impact.


[bookmark: _Toc236060358]Results and analysis 
Starting signal = 0.00 basepoint 
[image: ]
Image 16 - Ts = Signal delay = 0.0 See Appendix 17









Signal delay = 0.01 as the signal delay increases, the overshoots become larger slightly due to reacting to older information Oscillation increases. 
[image: ]
Image 17 - Ts = Signal delay = 0.01 See Appendix 18
[image: ]
Image 18 - Ts = Signal delay = 0.03 See Appendix 19

[image: ]
Image 19 - Ts = Signal delay = 0.05 See Appendix 20
[image: ]
Image 20 – Signal delay = 0.06 See Appendix 21 


Signal delay = 0.06 Raising the signal delay beyond 0.05 makes the system unstable. 
Keeping the signal delay at 0 – 0.05 is the best option to keep the system stable. Once the signal delay is greater than0.06. the controller becomes very unstable. This is due to the system reading the older date and overcorrecting on that information. It then reduces the throttle to correct this becoming a permanent loop of overcorrection.   
Benefits = 
· Low signal delay reduces oscillation.
Drawbacks = 
· High delay causes oscillation and hunting
· Reduced stability at higher delay. 
(NI, 2025)



















[bookmark: _Toc236060359]Number of Bits impact 
[bookmark: _Toc236060360]Method 
· Start at Number of bits= 16 
· Decrease in increments of 4 and investigate changes
· Increase in increments of 4 to investigate changes. 
· Compare to previous results for change and discuss changes. 

[bookmark: _Toc236060361]Results and analysis 
Starting number of bits = 16 
[image: ]
Image 21 – Number of bits = 16  See Appendix 22
[image: ]
Image 22 – Number of bits = 12 See Appendix 23

[image: ]
Image 23 – Number of bits = 20 See Appendix 24
When looking at the testing for changing the number of bits for the controller. It directly affected the performance. The amount of bits affects how much information it can use at once. Increasing the amount of bits allows higher accuracy and lower amount of bits reduces it.  This can increase the accuracy due to increasing the accuracy of the data that the controller can collect reducing the error faster.  (Latya, 2025)
Due to the tuning of the controller being made for 16 bits. Any change made to the number of bits have made it unstable. It would have to be re-tuned to allow for these changes to be made and for it to continue to work. 

[bookmark: _Toc236060362]Overall tuning, meeting standards, automation  
When comparing the PID controller to cruise control standards such as iso standards 15622 (ISO, 2018) and 26262 (ISO, 2018) 
They require a good settling time and good speed control which the controller meets. Overshoot does not happen removing the issue, but the system does run around 0-3MPH below target. This would require further tuning to meet that part of the standard. This would be done by slightly increasing Kp and Ki to increase gain but could also require slightly higher Kd to ensure further errors are resolved to bring closer to target speed. 



[bookmark: _Toc236060363]Conclusion 
This report has investigated the performance of a PID cruse control system through simulation using different tuning methods and researching these methods and the effects on the system and it responding to changes. 
When tuning the PID part of the system, this drastically changes the performance of the controller. Increasing Kp increases the response but can become unstable if set too high, Ki reduced error over time becoming steady state but can lead to oscillations in the controller if too high. Kd is used to remove the future error for the system for higher stability and reduced overshoot. 
Further experimentation in different time steps reducing the responsiveness, the signal delays causing the system to react to older data and a different number of bits greatly affect the controller’s ability to operate effectively by changing the accuracy of the information the system. All changes greatly affect the system operating under different conditions. 
The investigation into different tuning methods show that a successful cruse control system must be carefully balanced using different tuning methods to meet current driving standards for cruse control systems such as accuracy, steady state error, operator smoothness and safety systems to operate when required. 
The findings in this report confirm that small changes to tuning methods can have a great impact on overall performance and must be carefully considered when creating a standard compliant and effective cruise control system. 
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[bookmark: _Toc236060366]Appendix 1 -10 
[image: ]Appendix 1Table 1 - Automotive Safety Levels  (Teklabs Inc, 2025) 
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Image 1- Kp = 1 Ki = 0 Kd= 0 
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Image 2 - Kp = 2 Ki = 0 Kd = 0 
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Image 3 - Kp = 2.5 Ki = 0 Kd = 0 
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Image 4 - Kp = 3 Ki = 0 Kd= 0 
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Image 5 - Kp = 3 Ki = 0.25 Kd = 0 
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Image 6 - Kp = 3 Ki = 0.5 Kd = 0 
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Image 7 - Kp = 3 Ki = 0.75 Kd = 0 
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Image 8 - Kp = 3 Ki = 0.9 Kd = 0 
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Image 9 - Kp = 3 Ki = 0.9 Kd = 0.25 
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Image 10 - Kp = 3 Ki = 0.9 Kd = 0.5 
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Image 11 - Kp = 3 Ki = 0.9 Kd = 075 
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Image 12 - Kp = 3 Ki = 0.9 Kd = 075, Ts =0.05, Actuator signal delay = 0.01, Number of bits = 16 
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Image 13 - Ts =0.05 
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Image 14 - Ts =0.06 
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Image 15 - Ts =0.04 
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Image 16 - Ts = Signal delay = 0.0 
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Image 17 - Ts = Signal delay = 0.01 
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Image 18 - Ts = Signal delay = 0.03
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Image 19 - Ts = Signal delay = 0.05 
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Image 20 – Signal delay = 0.06 
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Image 21 – Number of bits = 16  
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Image 22 – Number of bits = 12 
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Image 23 – Number of bits = 20 
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[bookmark: _Toc236060394]Code (control function) 
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Code Set 1  – Implementation Parameters 
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Code Set 2  – Simulation  Parameters 
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Code Set 3  – Simulation  Loop 
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Code Set 4  – Data conversion
[bookmark: _Toc236060395]Code (any automation work etc) 
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Code Set 4  – Code for plotting Graph 
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Code Set 5  – Code for plotting results
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%% (2) set implementation parameters KXXANXXKXINHNKAKIKIK

% sampling time must be an integer multiple of sim_step

Ts = 0.02;

% number of bits used to encode velocity sensor signal. velocity sensor
% range in mph [0,150]

_velocityS =0;

Lvelocitys = 150;

_bits_sensor_signal = 16;

number of bits used to encode velocity demand signal. demand

range in mph [30,110]

_demand = 30; M_demand = 110;

_bits_demand_signal = 16;

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

_bits_actuator_signal = 20;
2.7n_bits_actuator_signal;

=3

EE T

n,
%
%
%
n,
R
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%% (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 = 0.05;
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%% (4) simulation 1oop KRRRRKIHIIHEHXXNIIIIIIIIHKKKIANTTITD
velocity_real = 60;
for § = 1:length(T) % for every simulation step

loops_remaining = length(T)-3; % display progression
disp(loops_remaining)

% get vehicle raw veocity 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) == @ % every sampling time
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%% 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] = Controllerrrss(demand,velocity,P,j,I,e_vec,Ts,sim_step,control,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);
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end

% store values for plotting
e vec(j) = error;

d_vec(j) = demand;

u_vec(j) = control;

y_vec(3) = velocity_real;
Th_vec(j) = throttle setting;

end
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%% (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)1);
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')
0
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