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[bookmark: _Toc204498815]Introduction
The increasing integration of automation in vehicular systems necessitates robust and responsive control strategies that can operate under uncertain and dynamic conditions. Among these, the cruise control system exemplifies a fundamental application of closed-loop control theory within modern automotive engineering. By maintaining a constant vehicle speed irrespective of gradient or load disturbances, cruise control systems enhance driver comfort, reduce fatigue, and contribute to improved fuel economy and emissions performance.
[bookmark: _Toc204498816]Aims and objectives
[image: ]This project explores the design and evaluation of a digital cruise control system using a PID controller in MATLAB. It focuses on balancing control effort and performance, analysing digital signal discretisation, and testing robustness against network delays and quantisation. Objectives include applying PID control to a vehicle model, implementing encoder/decoder functions, and assessing effects of resolution, sampling, and delays, aligned with industry standards like ISO and IEC for automotive safety and control.[bookmark: _Toc204498802]Figure 1: Continuous-Time PID Control Law Expressed in Time Domain


[bookmark: _Toc204498817]Background
[bookmark: _Toc204498818]PID general background
Proportional, Integral, Derivative (PID) controllers remain the cornerstone of industrial control, owing to their conceptual simplicity, cost-effectiveness, and reliability. The fundamental principle involves computing a control signal based on the proportional error, its cumulative integral, and the rate of change of the error. Mathematically, this can be expressed in continuous time as:

Where u(t) is the control input, e(t) is the error between desired and measured output, and Kp, Ki, and Kd are the proportional, integral, and derivative gains (Åström and Hägglund, 2006). In industry, PID controllers are favoured over more complex methods due to their effectiveness and simplicity. According to ISA, over 90% of control loops utilise PID or variants, supported by decades of validation across various sectors, including manufacturing and power. Digital implementation introduces complexity, including sampling and latency, which requires careful tuning and stability analysis. Techniques like Ziegler–Nichols assist in initial tuning, with modern approaches utilising simulation tools such as MATLAB. 

[bookmark: _Toc204498819]Cruise control standards
[image: ]Cruise control systems must adhere to strict safety, performance, and reliability standards, mainly governed by ISO 26262, which provides a safety framework for vehicle electrical systems. PID controllers should have deterministic behaviour, bounded response times, high accuracy, and fault tolerance for stability during rapid throttle changes or inclines. Standards like SAE J211/1 and ISO 11898 address sensor signal fidelity and CAN protocol requirements, focusing on signal delays and quantisation errors. Practical implementation is limited by the capabilities of the embedded processor, RTOS scheduling, and actuator saturation, emphasising the importance of evaluating controller performance under these constraints.[bookmark: _Toc204498803]Figure 2: Discrete-Time PID Control Law Using Sample Time

[bookmark: _Toc204498820]PID tuning
[bookmark: _Toc204498821]Method
The PID controller implemented in this study follows a classical parallel structure, expressed discretely using the trapezoidal rule for integration and the backwards difference method for differentiation. The controller output u[k]is defined by:


Where Kp, Ki, and Kd​ are the proportional, integral, and derivative gains, respectively, Ts​ is the sampling time (0. 05 s), and e[k] denotes the error at time step k, defined as the difference between the demanded and measured velocity.
This code uses a persistent variable to store the previous integral for accumulation across control intervals, discretised with a second-order trapezoidal method for stability (Ogata, 2010). The derivative is a finite difference suited for low sampling rates and filtered input. Gains were manually tuned with Ziegler–Nichols heuristics (Ziegler & Nichols, 1942) and refined via closed-loop tests due to the lack of a continuous transfer function. ISO 26262 mandates deterministic, bounded outputs with saturation between -100% and +100%. Currently, no anti-windup is implemented, risking integrator overload (Isermann, 2011), which could be improved.
The controller runs periodically according to the sampling time, aligning with ISO 26262-6:2018, Clause 7.4.8. While RTOS typically ensure timing via task scheduling and watchdogs, the simulation assumes perfect timing.



[bookmark: _Toc204498822]Results and analysis
This section presents a critical evaluation of two progressively refined PID tuning strategies applied to the cruise control system. The objective was to reduce tracking error, optimise throttle effort, and maintain stability within the constraints of embedded automotive systems. The two configurations analysed were:
Figure 3 (Pre-final): Kp=2.2, Ki=0.45, Kd=0.05
Figure 4 (Final): Kp=2.5, Ki=0.6K, Kd=0.05
Both simulations were executed with a controller sample time of Ts = 0.05 s and integrated within a quantised 16-bit control signal environment. Signal encoding and decoding, as well as actuator constraints, were retained throughout to preserve fidelity with embedded control deployment.
[image: A graph of a speed test

AI-generated content may be incorrect.][bookmark: _Toc204498804]Figure 3: Velocity and Control Response Using Baseline PID Gains (Kp = 2.2, Ki = 0.45, Kd = 0.05)
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AI-generated content may be incorrect.][bookmark: _Toc204498805]Figure 4: Velocity and Control Response Using Refined PID Gains (Kp = 2.5, Ki = 0.6, Kd = 0.05)


The analysis demonstrates that final tuning (Kp=2.5, Ki=0.6, Kd=0.05) significantly improved tracking, achieving rapid convergence and error reduction in line with ISO 26262 and SAE J1939-71 standards. Initial conservative gains caused slower response and residual errors up to 5 mph, especially after positive demand steps. Increasing proportional gain enhanced transient response, while higher integral gain reduced errors within 2–3 seconds without overshoot. Control efforts stayed within 85-90%, with tighter throttle and brake actuation shown in Figure 2, crucial for drivability. Derivative gain at 0.05 provided damping; filtering would be needed in real controllers. Final tuning achieved velocity errors below 1.5 mph, smooth control, and convergence in under 3 seconds. Although stable, initial settings lacked sufficient gain for high-speed or high-load scenarios, but careful tuning enables precise demand tracking within embedded limits.




[bookmark: _Toc204498823]Time step impact
In discrete-time control systems like automotive cruise control, the simulation time step (Δt) and controller sampling time (Ts) affect performance and computational load. This section reviews their effects on response, focusing on accuracy, transient behaviour, and noise sensitivity. The MATLAB setup used Δt of 0.01 s and Ts of 0.05 s, matching automotive ECU update rates of 10–50 ms (ISO 26262-6:2018; Skogestad, 2003). A smaller Δt improves model fidelity, especially with derivative actions and high gains. The analysis examines how changes in Ts and Δt impact the system’s ability to follow commands and regulate actuator effort without oscillations, delays, or instability, validated against control guidelines like the Nyquist criterion and tuning heuristics. 
[bookmark: _Toc204498824]Method
The analysis involved varying the controller sampling time, Ts, while keeping the simulation time step, Δt=0.01s, constant to ensure comparable control outcomes driven solely by changes in execution frequency. Three Ts were tested: 0.10 s (slower response), 0.05 s (baseline), and 0.025 s (high-frequency updating). All cases used identical PID gains (Kp = 2.5, Ki = 0.6, Kd = 0.05) and a standard driver demand profile with step inputs at 15 s, 30 s, and 45 s. Metrics assessed included rise time, steady-state error, maximum actuation, settling time, and control smoothness. Time series plots of velocity and control effort were analysed against ISO safety criteria, focusing on actuator saturation, stability, and transition responsiveness. Quantisation and communication delays were kept constant to isolate the effects of sampling frequency.

















[bookmark: _Toc204498825]Results and analysis
Reducing the sampling time from 0.05s to 0.025s while keeping PID gains constant at Kp=2.4, Ki=0.45, and Kd=0.05 improved velocity tracking and control smoothness (Figure 5). The velocity response exhibits less steady-state error, a faster response, and improved convergence during step transitions, without overshoot, aligning with best practices in discrete-time PID design (Åström & Hägglund, 2006).
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[bookmark: _Toc204498806]Figure 5: Effect of Reduced Sampling Time (Ts = 0.025 s) on Velocity Tracking and Actuator Effort
The control effort shows less volatility, with smoother throttle and brake commands aligning with ISO guidelines for reliability and passenger comfort. Higher temporal resolution allows finer adjustments, reduces quantisation and wind-up effects, and improves closed-loop performance by enhancing phase margin and reducing errors. While this increases computational demands, a step of 0.025s strikes a good balance between accuracy and practical implementation. Overall, reducing sample time significantly enhances control quality and compliance with automotive standards.




[bookmark: _Toc204498826]Signal delay impact 
In embedded automotive control systems, signal delay from computation, communication, or actuators can impair stability and responsiveness. In cruise control, even minor delays cause phase lag, overshoot, and comfort issues (Rajamani, 2011). Adjustments in simulation studied actuator signal delay effects on closed-loop performance.
Signal delay is critical in discrete-time PID control, where outdated information hampers real-time corrections. ISO standards emphasise managing delay for safe vehicle responses (ISO, 2018).
This section examines how incremental control signal delays to the throttle or brake impact velocity accuracy and control smoothness.
[bookmark: _Toc204498827]Method
The MATLAB codebase includes a configurable parameter for actuator delay:
actuator_signal_delay = 0.00;
To evaluate the impact of signal delay, this value was systematically increased in discrete steps: 0.00 s (baseline), 0.025 s, and 0.05 s. The implementation uses the sendControlCommand function, which incorporates the delay using a buffer aligned with the simulation step:
u = sendControlCommand(control_raw, n_bits_actuator_signal, actuator_signal_delay, j, sim_step, u_vec);
This architecture simulates communication or actuation lag by delaying control effort relative to the controller’s decision point. During each simulation, parameters like PID gains (Kp=2.5, Ki=0.6, Kd=0.05) and sampling interval (0.025s) were constant, ensuring response variations were due only to the introduced delay. Velocity tracking was evaluated by comparing actual velocity to the driver’s demand, while throttle/brake effort was assessed for smoothness and stability, aligning with ISO 26262 standards for delay-tolerant automotive control (ISO, 2018).













[bookmark: _Toc204498828]Results and analysis
The effect of introducing actuator signal delays of 0.025 ms and 0.050 ms was evaluated against a baseline scenario with no delay, using consistent PID gains of Kp = 2.4, Ki = 0.45, and Kd = 0.05. As shown in Figure 6 (0.00 ms delay), the system maintained a high level of responsiveness with minimal steady-state error and stable throttle operation, aligning closely with the driver’s velocity demand. This confirms that under ideal conditions, the chosen PID parameters produce optimal control behaviour.
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[bookmark: _Toc204498807]Figure 6: Actuator signal delay 0.00 (Baseline)

Introducing a 0.25 ms delay (Figure 7) caused a slight overshoot and phase lag in velocity response. Throttle and brake efforts showed minor oscillations, indicating beginning destabilisation due to timing issues. While still functional, system responsiveness declined.
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[bookmark: _Toc204498808]Figure 7: Actuator signal delay of 0.025
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[bookmark: _Toc204498809]Figure 8: Actuator signal delay at 0.050ms
With a 0.050 ms actuator delay (Figure 8), the system's performance deteriorated, exhibiting increased deviation in velocity, erratic control actions, greater overshoot, longer recovery times, and fluctuating throttle signals. This indicates reduced phase margin and degraded transient response, aligning with classical control theory and ISO 2018 safety guidelines. 
This analysis highlights that closed-loop cruise control systems are susceptible to actuator delay. Even minor delays can impair control accuracy, especially in high-precision settings, resulting from sensor filtering, network latency, or mechanical lag. To counteract this, robust control strategies like Smith predictors, feedforward, or adaptive gains are crucial. While baseline tuning works well without delay, its effectiveness drops as delay increases. Future designs should focus not only on gain optimisation but also on incorporating delay-tolerant strategies to maintain stability and safety standards.

[bookmark: _Toc204498829]Number of Bits impact
Digital control systems in automotive embedded applications use finite word-length representations for sensor readings, controller outputs, and actuator commands. The number of bits impacts control resolution and precision. Limited bit resolution introduces quantisation noise, causing chattering, delayed convergence, or instability, especially in systems needing fine throttle or brake control like adaptive cruise control. Standards like ISO 11451 and ISO 26262 address these issues, emphasising robustness under digital precision limits.
[bookmark: _Toc204498830]Method
The simulation was modified to study how bit resolution affects control performance by quantising the PID controller output using different bit lengths in MATLAB. Resolutions of 4, 8, and 12 bits were tested, affecting the control signal granularity. PID gains were kept constant (Kp=2.4, Ki=0.45, Kd=0.05), with a fixed timestep of 0.025 s. Performance was evaluated based on velocity tracking accuracy, transient response, signal smoothness, and steady-state error. Output plots comparing vehicle velocity and control effort were generated to assess performance differences.
[bookmark: _Toc204498831]Results and analysis
The simulation results demonstrate a significant correlation between the number of bits used to encode signals and the accuracy and stability of the velocity response. At a 4-bit resolution (Figure 9), the control system exhibits extreme velocity overshoot, instability, and noise, rendering the vehicle’s response completely unrealistic and non-compliant with automotive control requirements, such as ISO 26262 and ISO 21448 (SOTIF). This is due to severe quantisation error, where only 16 discrete levels are available across an extensive signal range, amplifying rounding errors in both the velocity feedback and actuator commands.
[image: A screenshot of a graph

AI-generated content may be incorrect.]
[bookmark: _Toc204498810]Figure 9: Simulation response at 4 bits.

Increasing the resolution to 8 bits (Figure 10) provides modest improvements, with the vehicle velocity response beginning to approximate the demand signal. However, evident oscillations and clipping remain, indicating persistent quantisation effects. These mid-level artefacts would still be unacceptable in real-world embedded control systems, as they compromise both ride comfort and energy efficiency.
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[bookmark: _Toc204498811]Figure 10: Simulation response at 8 bits.

At 12 bits (Figure 11), the response closely tracks the driver demand, with significantly reduced error and actuator smoothness. The control effort is more stable and consistent with the expected throttle response envelope. This level of resolution enables adequate fidelity for accurate proportional–integral–derivative (PID) control and aligns with industry practices where 10–16 bits are typically required for closed-loop control of powertrain components (Bosch, 2014; ISO 8855).
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[bookmark: _Toc204498812]Figure 11: Simulation response at 12  bits.

This simulation validates the importance of sufficient bit-depth in digital control applications. Low-resolution quantisation degrades control accuracy and may introduce instability, whereas higher resolutions improve dynamic tracking and system safety. Designers must balance computational load with the required fidelity; however, a minimum of 12 bits appears necessary for robust cruise control implementation, as mandated by automotive safety and performance standards.










[bookmark: _Toc204498832]Conclusion
This assignment critically analysed a digital PID-controlled cruise control system in MATLAB, referencing ISO 26262 and ISO 15622. Optimal PID tuning (Kp = 2.5, Ki = 0.6, Kd = 0.05) and a reduced sampling time of 0.025 s enhanced stability, reduced error, and improved actuator behaviour. Introducing actuator delay and quantisation highlighted vulnerabilities in digital control: delays ≥25 ms degraded response, and resolutions below 12 bits caused instability. These effects aligned with known control limitations and underscored the need for latency-tolerant, high-fidelity control design in safety-critical systems. The study confirms that effective digital cruise control requires not only accurate gain tuning but also careful attention to temporal and resolution constraints. Future work should address anti-windup and delay compensation strategies to improve robustness. Overall, the findings provide a standards-aligned foundation for implementing reliable, embedded automotive control systems.
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[bookmark: _Toc204498835]Code (control function)

%% MAIN FILE FOR CRUISE CONTROLLER SYSTEM %%%%%%%%%%%%%%%%
% (1) initialise
% (2) set implementation parameters
% (3) set simulation parameters
% (4) simulation loop
% (5) plot results
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% (1) Initialize %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
clc 
clear 
close all % house keeping
P = 2.4;
I = 0.45;
D = 0.05;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

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

% sampling time must be an integer multiple of sim_step
Ts = 0.025;  
% 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 = 16;
% 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 = 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
n_bits_actuator_signal = 12;
R = 2.^n_bits_actuator_signal;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

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

sim_step = 0.005; % simulation time step in seconds
sim_time = 70; % simulation time length in seconds
T = 0:sim_step:sim_time; % simulation steps vector
% initialise vector where to store results for plots
[d_vec,u_vec ,y_vec,e_vec,Th_vec] = deal(nan(size(T)));
throttle_setting = 50; % initialise control action (throttle/brake setting)
% communication delay between controller and actuator in seconds.
% must be an integer multiple of sim_step
actuator_signal_delay = 0.050;
%% 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 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) == 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; % CODING FUNCTION INSERTED
        
        %% calculate control signal and error (range of control [-100,100])
        [control, error] = controller (demand,velocity,e_vec,j,Ts,sim_step,control,P,I,D); % CONTROL ALGORITHM INSERTED
        
        %% encode control signal into x-bit binary number
        control_raw = dec2bin(((control-m_ControlSig)/(M_ControlSig-m_ControlSig)).*R); % ENCODING FUNCTION INSERTED
        
        %% 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')
supersizeme(1.5)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

[bookmark: _Toc204498836]Controller (Code)

function [controlout, error] = controller(demand,velocity,e_vec,j,Ts,sim_step,control,P,I,D)
%UNTITLED Summary of this function goes here
%   Detailed explanation goes here
error = demand-velocity;
%% P part
P_part = P*error;
%% 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

image1.png
Prifysgol Cymru

Y Drindod Dewi Sant
University of Wales
Trinity Saint David





image2.png
&

L(E) = pe@) + =i [ e (DA 4 lea 255

“o





image3.png
A
e re ) SEESTScl.- o L Uy SO - (R Y
=0

s





image4.png
Velocity (mph)

% throttle/brake pedal

) N A O ®
S o & © & o

100

50

Velocity response

Kp = 2.4 Ki = 0.45 Kd = 0.05
T |

T T T
~— Driver Demmand ||
- Real Velocity =
- U ] error
- — S
I l
| 1 | | L |
10 20 30 40 50 60 70
Time (s)
Throttle/Brake control effort
T T T T | T
—— Control %
~ Throttle position
| I |
| 1 | | L |
10 20 30 40 50 60 70

Time (s)




image5.png
Velocity (mph)

% throttle/brake pedal

Velocity response
Kp =2.5 Ki =0.6 Kd = 0.05
T T

70

80 T T ]
~— Driver Demmand ||
60 ik:[ ~ Real Velocity [
error
40 .
20 .,
) T = 1
_20 | | | | | |
[0] 10 20 30 40 50 60
Time (s)
100 Throttle/Brake control effort
T T T T | T
~— Control % |
~ Throttle position
0 _
| | | | | |
[0] 10 20 30 40 50 60

Time (s)

70




image6.png
% throttle/brake pedal

Velocity (mph)

80

40

Velocity response
Kp =2.4 Ki=0.45 Kd =0.05
T T

60

T T T
~— Driver Demmand ||
e — r - Real Velocity H
error
I R i
| 1 | | L |
10 20 30 40 50 60 70
Time (s)
Throttle/Brake control effort
T T T T T
——Control %
N N | -~ Throttle position| |
R
| 1 | | L |
10 20 30 40 50 60 70

Time (s)




image7.png
% throttle/brake pedal

Velocity (mph)

N A O ®
o ©o o o o

Velocity response

Kp = 2.4 Ki = 0.45 Kd = 0.05
T |

Time (s)

T T T
~— Driver Demmand ||
I — r - Real Velocity [
ﬁ error
@ A e e iy e
M I ]
| 1 | | L |
0] 10 20 30 40 50 60 70
Time (s)
Throttle/Brake control effort
T T T T T
——Control %
»—J—th ,,,,, _ ~ Throttle position| |
R R
| 1 | | L |
0] 10 20 30 40 50 60 70




image8.png
% throttle/brake pedal

Velocity (mph)

80
60
40

Velocity response
Kp =2.4 Ki=0.45 Kd =0.05
T T

Time (s)

T T T
~— Driver Demmand ||
——— - ~Real Velocity m
/ \’ error
i f 1
| 1 | | L |
10 20 30 40 50 60
Time (s)
Throttle/Brake control effort
T T T T I T
——Control %
——l—h SN C—— Throttle position| |
| 1 | | L |
10 20 30 40 50 60

70




image9.png
% throttle/brake pedal

Velocity (mph)

80
60
40

Velocity response

Kp = 2.4 Ki = 0.45 Kd = 0.05
T |

70

T T T
~— Driver Demmand ||
ﬁp I/\—‘ B ~Real Velocity m
B = 9\# error
| ,, - J |
I - ~ )
| 1 | | L |
10 20 30 40 50 )
Time (s)
Throttle/Brake control effort
T T T T I T
——Control %
Hh&i—hw‘ v—ThrottIe position | |
| 1 | | L |
10 20 30 40 50 )

Time (s)

70




image10.png
Velocity response

70

5 x10° Kp = 2.4 Ki = 0.45 Kd = 0.05
T T T T T
~— Driver Demmand

S15- _ PRealVelooty |

E

2 1 B

‘S

k=]

Lo5- 2

0 | 1 | | L |
0 10 20 30 40 50 60
Time (s)
Throttle/Brake control effort
a 100 ]| Il NELAREREERRTRRR R AU ERR AR RN R RARRRRARENY
8 ——Control %
o ~ Throttle position
o {0]
X
o
Qo 0
()
=
e -50
<
2 100 ! .
0 10 20 30 40 50 60

Time (s)

70




image11.png
10000

Velocity (mph)
N B )] [o]
o o o o
(=] (=] (=] (=]
o o o o

% throttle/brake pedal
o

Velocity response
Kp =2.4 Ki=0.45 Kd =0.05
T T

1 L L 1

~— Driver Demmand
~Real Velocity
——error

10

20 30 40 50
Time (s)

Throttle/Brake control effort

60

70

—— Control %
~ Throttle position

10

20 30 40 50
Time (s)

60

70




image12.png
Velocity response
Kp =2.4 Ki=0.45 Kd =0.05
T T

800 T T ]

~— Driver Demmand !
— Ll | - Real Velocity il
'é 600 - WWWWW% — orror
:_.; 400 - (I —
6 LRI AR AR
o
© L i
2 200

Time (s)
Throttle/Brake control effort

a 100 Il 1l M T
8 ——Control %

o ~ Throttle position
o {0]
X

o
Qo 0
()

=

e -50
<

o

100 .

0 10 20 30 40 50 60 70

Time (s)




