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[bookmark: _Toc236568005]Introduction

[bookmark: _Toc236568006]Aims 
This report designs and evaluates a digital PID controller for a vehicle cruise-control system modelled in MATLAB, and investigates how practical constraints such as sampling time, communication delay, and signal quantisation degrade closed-loop tracking performance beyond ideal textbook conditions.

[bookmark: _Toc236568007]Objectives
The objectives are to implement signal encoding and decoding for the communication bus, tune PID gains for zero steady-state error with acceptable control effort, and experimentally determine the performance limits imposed by sampling time, signal delay, and quantisation bit resolution on system stability and tracking accuracy.



















[bookmark: _Toc236568008]Background

[bookmark: _Toc236568009]PID general background
PID controllers remain fundamental in industrial and automotive systems, providing robust, predictable closed-loop behaviour with minimal complexity. Digital implementation effects, especially sampling time, strongly influence stability margins and closed-loop pole locations, making sampling a critical design parameter (Astrom and Murray, 2020). The proportional term (Kp) shapes responsiveness, the integral term (Ki) removes steady-state error, and the derivative term (Kd) improves damping. Wang (2020) shows that quantisation and noise sensitivity significantly affect derivative action, requiring conservative gain selection to avoid noise amplification.

[bookmark: _Toc236568010]Cruise control standards
Cruise control systems must comply with ISO 15622, the international standard for adaptive cruise control, which defines limits on acceleration, jerk, and driver override to ensure comfort and safety. Guanetti et al. (2018) highlight that longitudinal acceleration above 0.2 g causes noticeable passenger discomfort, directly constraining how aggressive the PID gains can be without causing uncomfortable or unsafe behaviour.















[bookmark: _Toc236568011]Encoding and Decoding Signals

[bookmark: _Toc236568012]Encoding code
The controller outputs a throttle/brake command from −100% (full brake) to +100% (full throttle). As the communication bus carries only binary and cannot represent negatives, the signal is shifted from [−100, +100] to [0, 200], normalised, scaled by R = 2^N quantisation levels (65,536 at 16 bits), rounded, and converted to binary using dec2bin (Figure 1).
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[bookmark: _Toc235919373][bookmark: _Toc236561409]Figure 1 - Encoding code


[bookmark: _Toc236568013]Decoding code
The function (getRawVelocityDemand) retrieves the driver's speed demand as a raw binary string (demand_raw) representing a value between 30 to 110 mph encoded across 2¹⁶ = 65,536 quantisation levels. Using bin2dec this is converted to an integer, multiplied by the span (80 mph), divided by 65,536 levels, and the minimum (30 mph) added to recover the demanded speed (Figure 2).

[image: ]
[bookmark: _Toc235919374][bookmark: _Toc236561410]Figure 2 - Decoding code
The complete encoding and decoding implementation within the main simulation loop is provided in Appendix 10.1.









[bookmark: _Toc236568014]PID tuning

[bookmark: _Toc236568015]Method
The PID gains were first estimated using the Ziegler-Nichols ultimate-gain method. With Ki and Kd set to zero, Kp was increased until the system oscillated continuously at the ultimate gain Ku = 17. At this point the velocity swung steadily above and below the demand without the oscillation growing or decaying, and the time between two successive peaks gave the oscillation period Tu = 0.55 s. Applying the standard Ziegler-Nichols lookup table (Patel, 2020) gave the gains shown in Table 1: Kp = 10.2, Ki = 36.9, Kd = 0.7. 
As shown in Figure 3, these gains caused severe overshoot, peaking at 90.8 mph against a 70mph demand (around 30%), which is unsuitable for passenger comfort. The gains were therefore refined manually: Kp reduced for a smoother response, Ki adjusted to remove steady state offset, and Kd tested but rejected as it amplified sensor noise. Each was judged on steady state error, overshoot, settling time and control effort.
[bookmark: _Toc236561371]Table 1 - Ziegler-Nichols PID tuning calculations
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[bookmark: _Toc236561411]Figure 3 - ZN tuning velocity response

[bookmark: _Toc236568016]Results and analysis
Table 2 summarises the performance of four controller configurations tested during manual tuning. Each was run against the full 70-second demand profile and assessed on steady-state error, settling time and peak control effort.
[bookmark: _Toc235919392][bookmark: _Toc236561372]Table 2 - PID Controller gains
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[bookmark: _Toc236568017]Proportional
With only proportional control (Kp=2, Ki=0, Kd=0), the car responded to demand changes but always settled around 20 mph below the target (Figure 4). As Alfaro and Vilanova (2022) explain, proportional control requires a non-zero error to produce output, so a permanent steady-state offset is unavoidable and cannot be eliminated without integral action.
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[bookmark: _Toc235919375][bookmark: _Toc236561412]Figure 4 - P Controller

[bookmark: _Toc236568018]Integral
Adding integral action (Ki=3) eliminated the steady state offset entirely (Figure 5). The integral accumulates error over time, growing the output until it matches the throttle needed to hold the demanded speed. Alfaro and Vilanova (2022) confirm that integral action is the only mechanism guaranteeing zero steady-state error against constant disturbances like drag and rolling resistance.
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[bookmark: _Toc235919376][bookmark: _Toc236561413]Figure 5 - PI Controller
[bookmark: _Toc236568019]Derivative
Adding derivative (Kd=2) significantly degraded performance (Figure 6). Borase et al. (2020) note the derivative reacts to how fast the error changes, but because the sensor reads in digital steps, it interprets each step as a sudden change and overreacts. This caused the throttle to oscillate between full acceleration and braking, destabilising the system. Kd was set to 0.
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[bookmark: _Toc235919377][bookmark: _Toc236561414]Figure 6 - PID Controller
[bookmark: _Toc236568020]Overall tuning, meeting standards, automation
The final gains Kp=2, Ki=3, Kd=0 deliver zero steady-state error, no overshoot, and 0.42 s settling while keeping peak effort at 85%, meaning the actuator retains spare capacity for disturbances. This stable and controlled response satisfies the functional safety principles of ISO 26262, the functional safety standard for road vehicle electronics, which Debouk (2019) explains requires automotive control systems to behave predictably without sudden unexpected outputs. The moderate throttle changes also keep passenger acceleration comfortable. One practical concern is that during large demand steps the output can briefly saturate at ±100%, causing the integral to accumulate error the actuator cannot respond to, known as integral windup. If unchecked this causes overshoot on recovery. Through research into digital PID implementation, integral clamping was identified as the standard solution (Borase et al., 2020) and implemented by preventing the integral from growing whenever the output saturates (see Appendix 10.2).




















[bookmark: _Toc236568021]Time step impact

[bookmark: _Toc236568022]Method
With the tuned gains fixed (Kp=2, Ki=3, Kd=0), the sampling time Ts was increased from the baseline of 0.05 s in steps (0.1, 0.2, 0.3, 0.4 s) and the simulation re-run at each value. The point at which the response became oscillatory or unstable was recorded.
[bookmark: _Toc236568023]Results and analysis
At Ts = 0.05 s the car tracks the demand accurately. At Ts = 0.2 s tracking remains acceptable with only a slight lag during demand steps. However, at Ts = 0.4 s the response becomes oscillatory and unstable, with the velocity swinging violently around the demand after 40 seconds (Figure 7). This happens because a slower sampling rate means the controller works with outdated information; between samples the car drifts without correction, so each correction is based on stale data. Beyond a critical point these delayed corrections amplify error rather than reducing it. Li (2023) confirms that insufficient sampling frequency directly erodes closed-loop stability margins in digital PID controllers, consistent with the instability observed at Ts = 0.4 s.
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[bookmark: _Toc235919378][bookmark: _Toc236561415]Figure 7 - Sampling time variables




[bookmark: _Toc236568024]Signal delay impact 

[bookmark: _Toc236568025]Method
Further to the gains set at (Kp=2, Ki=3, Kd=0), the actuator communication delay was increased from 0 s to 0.25 s and 0.5 s and the simulation re-run at each value. The point at which the response became unstable was recorded, and whether reducing gains could tolerate larger delays was investigated.
[bookmark: _Toc236568026]Results and analysis
At zero delay the system tracks perfectly. At 0.25 s delay it begins to overshoot and undershoot repeatedly, with the velocity swinging around ±15 mph either side of the demand. At 0.5 s these swings grow to ±40 mph, making the system unusable (Figure 8). This occurs because the controller's commands arrive after the car has already moved, so each correction overshoots and the next overshoots in the opposite direction. Tognetti and de Oliveira (2022) show that communication delay progressively degrades stability until closed-loop control is lost. Larger delays could be tolerated by reducing the gains (e.g. Kp=0.6, Ki=0.8) but at the cost of much slower response.
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[bookmark: _Toc235919379][bookmark: _Toc236561416]Figure 8 - Signal delay variables





[bookmark: _Toc236568027]Number of Bits impact

[bookmark: _Toc236568028]Method
Using the previously established controller gains, the bit depth of all three communication bus signals (sensor, demand, actuator) was reduced from 16 bits to 8 bits and 4 bits. The simulation was re-run at each value to observe the effect on velocity tracking and steady-state accuracy. 
[bookmark: _Toc236568029]Results and analysis
At 16 bits the velocity tracks the demand so closely that no difference is visible (Figure 9), and at 8 bits only minor roughness appears with tracking still acceptable. At 4 bits the response is clearly degraded, sitting above the demand with a visible ripple throughout. Zhao et al. (2025) explain that coarse quantisation introduces a resolution limit below which the controller cannot distinguish adjacent signal levels. With only 16 levels at 4 bits, the actuator step size becomes 12.5%, too large for precise control. The controller then alternates between adjacent levels, producing the sustained ripple. This confirms a minimum of around 8 bits is necessary.
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[bookmark: _Toc235919380][bookmark: _Toc236561417]Figure 9 - Number of bits variables




[bookmark: _Toc236568030]Conclusion

This report successfully designed and implemented a digital PID cruise controller achieving zero steady-state error, no overshoot, and 0.42s settling time with peak control effort of 85%. Integral action was shown to be essential for eliminating the offset that proportional-only control cannot remove, while derivative action was deliberately excluded as it amplified quantised sensor noise and destabilised the system.
The three implementation experiments revealed clear practical limits. Reducing bit resolution below 8 bits caused the controller to hunt between quantisation levels, producing a permanent ripple as the actuator could no longer make fine enough corrections. Increasing sampling time beyond 0.4s meant the controller worked with outdated information, causing corrections to amplify error rather than reduce it. Communication delay above 0.25s caused the system to overshoot and undershoot repeatedly as commands arrived after the car had already moved.
These findings demonstrate that a controller which performs ideally in theory is constrained in practice by finite word length, sample rate, and communication latency. These factors must be considered together during design, not in isolation. Reducing controller gains can improve delay tolerance but at the cost of response speed, confirming the fundamental trade-off between performance and robustness in digital control.
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[bookmark: _Toc236568034]Code (PID controller function)
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929 % --- Encode control signal (percentage -> binary string) ---
100 control_raw = dec2bin(round((control - m_Controlsig) ...
101 ./ (M_ControlSig - m_ControlSig) .* R));
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% --- Decode raw signal (binary -> mph) ---
demand_raw = getRawVelocityDemand(n_bits_demand_signal, sim_step, 3);
demand = (bin2dec(demand_raw).*(M_demand-m_demand)) ./ (2.~n_bits_demand_signal) + m_demand;
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Controller | Gains (Kp, Ki, Kd) | SS error (mph) |Settling time (s) Peak effort (%)
Ponly 2,0,0 20.57 - 72
Pl (Final) 2,3,0 0.001 0.42 85
PID (added Kd) 2,3,2 0.031 6.37 100
Higher gains 4,5,0 0.001 1.00 100
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1 %% MAIN FILE FOR CRUISE CONTROLLER SYSTEM XXXXAKXAIANNIAR%
2 [ % Digital PID cruise controller for a virtual vehicle.

3 % Structure:

a % (1) initialise gains

5 % (2) set implementation parameters (bits, sampling time, delay)

6 % (3) set simulation parameters

7 % (4) simulation loop (decode -> control -> encode -> actuate)

8 % (5) plot results

9 %

10 % Author : Mathew Soroka

1 % Student : 2406846

12 % Date  : July 2026

13 % Module : ACMAGOO1 Control Technology

14 % Version : 1.0

15 % Description: Digital PID cruise controller with encoding/decoding,
16 % tuned for zero steady-state error (Kp=2, Ki-3, Kd-0).
17 % Includes Integral anti-windup for real-world robustness.
18 BRI I HIIIHIHIIIIIIIIGHIHIK,

19

20 %% (1) Initialise KARREKIRIAIRIIHIIAIAIIIIIIIIIIIIIIIIIHIKs

21 clc

2 clear

23 close all % house keeping

2

25 [ % ---- Tuned PID gains -

2 % Gains tuned manually: Kp increased for a fast response, Ki added to
27 % remove steady-state offset, and Kd tested but rejected as it amplified
28 % quantised sensor noise. Ziegler-Nichols was trialled but produced

29 % excessive overshoot, so manual tuning was preferred.

30 % proportional gain

31 % integral gain (removes steady-state error)
32 % derivative gain (not required for this plant)
33 B e e S e e e

34

35 %% (2) Set implementation parameters WKEKAKKIKIKIAIIIIIHINK

36 % Sampling time (must be an integer multiple of sim_step)

37 Ts - 0.05;

38

39 % Velocity SENSOR signal, physical range [0,150] mph

20 m_velocityS = @;  M_velocitys - 150;

1 n_bits_sensor_signal - 16;

22

a3 % Velocity DEMAND signal, physical range [30,110] mph
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a3 % Velocity DEMAND signal, physical range [30,110] mph

a4 n_demand = 30; M_demand - 110;

a5 n_bits_demand_signal - 16;

26

a7 % Throttle/brake ACTUATOR signal, physical range [-100,100] %
28 % [-100,0) - % braking, (9,100] - % throttle

49 m_ControlSig = -100; M _ControlSig - 100;

50 n_bits_actuator_signal - 16;

51 R = 2.7n_bits_actuator_signal; % number of quantisation levels
52 BRI IIHHIIIIHIHIITs

53

54 %% (3) Set simulation parameters WEKBKRIIKIHEIIIIIIIIIKINK

55 sim_step = 0.01; % simulation time step (s)

56 sin_time = 70; % simulation length (s)

57 T - @:sim_step:sim_time; % time vector

58 N = numel(T); % total number of steps

59

60 [d_vec, u_vec, y_vec, e_vec, Th_vec] = deal(nan(size(T)));

61 throttle setting = 50; % initial actuator setting

62

63 % Communication delay controller -> actuator (integer multiple of sim_step)|
64 actuator_signal_delay = 0.0;

65

66 [u, control] - deal(50); % initial control action

67 BRI IIIHHHIHIIIIIIHIGTs

68

69 %% (4) Simulation loop KAEKERARKIHKIHIAIIIIIIIIIIIIIIIIIKIIK

70 velocity_real = 60; % initial true velocity (mph)

71 integral = 0; % PID integral accumulator

72 prev_error = ©; % previous error (for derivative term)
73 error = 0; demand = 30; % pre-declare for plotting on non-sample steps
7

75 for j = 1:N % every sinulation step
76

77 % --- Read raw velocity from the communication bus ---

78 [velocity_raw, velocity_real, throttle setting] = ...

7 getRawVelocity(n_bits_sensor_signal, velocity_real, ...
80 throttle_setting, sim_step, u);

81

82 % --- Decode sensor signal (binary -> mph) -

83 velocity = (bin2dec(velocity_raw).*(M_velocityS-m_velocitys)) ...
81 ./ (2."n_bits_sensor_signal) + m_velocitys;

85
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85
86 if mod((j-1)*sim_step, Ts) == @ % every sampling instant
87
88 % --- Decode raw signal (binary -> mph) ---
89 demand_raw = getRawVelocityDemand(n_bits_demand_signal, sim_step, j);
9 demand = (bin2dec(demand_raw).*(M_demand-m_demand)) ./ (2.°n_bits_demand_signal) + m_demand;
91
92 % --- Compute PID control signal (output range [-100,100])
93 [control, error, integral] = pidController(demand, velocity, ...
94 Kp, Ki, Kd, Ts, integral, prev_error);
95 prev_error = error;
96
97 % --- Encode control signal (percentage -> binary string) ---
98 control_rau = dec2bin(round((control - m_ControlSig) ...
99 ./ (M_ControlSig - m_ControlSig) .* R));
100
101 - Send control command to actuator via bus (with delay) ---
102 u = sendControlCommand(control_raw, n_bits_actuator_signal, ...
103 actuator_signal_delay, j, sim_step, u_vec);
104 end
105
106 % --- Store values for plotting ---
107 e_vec(j) = error;
108 d_vec(j) = demand;
109 u_vec(j) = control;
110 y_vec(j) = velocity_real;
111 Th_vec(3) = throttle_setting;
112 end
113
14
T115 %% (5) Plot results %% %%
116 figure
117
118 % Plot velocity response
119 subplot(3,1,1)
120 plot(T, d_vec, 'g-'); hold on
121 plot(T, y_vec, 'b-'); grid on
122 title("Velocity response’);
123 subtitle(['Kp = *, num2str(Kp), ' Ki = *, num2str(Ki), °© Kd = °, num2str(kd)]);
124 ylabel( Velocity (mph)'); xlabel('Time (s)');
125 legend('Driver Demand’, 'Real Velocity', 'Location’, 'best')

126
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% Plot tracking error (zoomed)

subplot(3,1,2)

plot(T, d_vec - y_vec, 'r-"); grid on
title('Tracking error’);

ylabel('Error (mph)'); xlabel('Time (s)');
legend('Demand - Velocity’, 'Location’, 'best’)

% Plot control effort
subplot(3,1,3)

stairs(T, u_vec, 'g-'); hold on

plot(T, Th_vec, 'r-'); grid on

title('Throttle/Brake control effort’);

ylabel('% throttle/brake’); xlabel('Time (s)');
legend("Control %', "Throttle position’, 'Location’, 'best’)

% Scale figure fonts for report readability (provided)
supersizene(1.4);
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1 [function [ControlOut, errorOut, integral] = pidController(demand, velocity,| ...
zE Kp, Ki, Kd, Ts, integral, prev_error)

3] % pidController Discrete PID controller with anti-windup.

a %

5 % Implements a position-form PID with rectangular integration and
6 %  backward-difference derivative. Output is saturated to [-100, 100]
7 % with integral clamping (anti-windup) to prevent accumulator growth
8 % during saturation.

9 %

10 % Inputs:

1 % demand - desired velocity (mph)

12 % velocity - measured velocity (mph)

13 % Kp, Ki, Kd - proportional, integral, derivative gains

12 % Ts - sampling time (s)

15 %  integral - accumulated integral from previous step

16 % prev_error - error from previous sampling instant

17 %

18 % Outputs:

19 % ControlOut - control signal in range [-100, 100] (% throttle/brake)
20 % errorOut - current tracking error (mph)

21 - % integral - updated integral accumulator

2

23 % Tracking error

2 errorQut = demand - velocity;

25

2 % Integral term (rectangular integration)

27 integral - integral + errorOut * Ts;

28

29 % Derivative term (backward difference)

30 derivative = (errorOut - prev_error) / Ts;

31

32 % PID output

33 ControlOut = Kp*errorOut + Ki*integral + Kd*derivative;

34

35 % Actuator saturation with anti-windup (integral clamping)

36 if ControlOut > 100

37 ControlOut - 100;

38 integral - integral - errorOut * Ts; % undo accumulation
39 elseif ControlOut < -100

a0 ControlOut - -100;

a integral - integral - errorOut * Ts; % undo accumulation
a2 end

43 L end





