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1. [bookmark: _Toc225720815]Encoding and Decoding  
The vehicle velocity is generated within a function that outputs a 16-bit binary signal representing the vehicles speed. The velocity is decoded into real velocity from 16 bit to a range between 0 and 150 mph. Similarly, the driver demand signal is encoded as a 16-bit binary string and decoded to a physical range of 30–110 mph. 
The error is calculated as the difference between the driver demand and the real velocity. This error is used as the input to the PID controller, where the proportional, integral, and derivative components are computed. 
The control percentage is calculated, encoded into 16 bit binary and drives the throttle/break percentage which drives the real velocity. It is a closed loop system which means the system feeds back to itself and is not affected by external variables. 

2. [bookmark: _Toc225720816]PID Controller 
The PID controller calculates the control signal based on three components, proportional (P), integral (I), and derivative (D), all derived from the system error. The proportional term provides an immediate response to the current error, the integral term accumulates past errors to eliminate steady state error, and the derivative term predicts future behaviour by considering the rate of change of error. (Wang, 2020)
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[bookmark: _Toc225718942]Figure 1- PID controller driving code
2.1. [bookmark: _Toc225720817]Gain Tuning
Four separate Tuning approaches were considered to reduce the error in the system. They differ in the way they track the error which is used as the performance metric for the PID controllers tuning. In all tuning scripts, the variables were tuned individually with KP tuned first followed by KI and finally KD. K values that are not being were set to zero effectively turning them off.
The code logic, output and justification are presented below.
[bookmark: _Toc225720818]3.11. PID_Cumlative_Tuner 
4.111 Coding Logic
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[bookmark: _Toc225718943]Figure 2- PID_cumlative_Tuner Logic
Code will be displayed consistently throughout this report via screenshots that sit before and after the simulation loop in the MATLAB script as seen below. 



This coding logic was written with off the assumption that performance (tracked by cumulative error) would follow a parabolic pattern as the KP value is changed. This script tests K values increasing by increments of Kstep until the error increases when Kstep is divided by 10 and the loop starts again at n-1 from the lowest error. This repeats until 3 sweeps have been completed enforced by the while statement.
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[bookmark: _Toc225718944]Figure 3-PID_Cumlative_Tuner output
[bookmark: _Toc225720819]3.12. PID_Cumlative_Tuner_2
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[bookmark: _Toc225718945]Figure 4-PID_Cumlative_Tuner_2 logic

This logic does not have a break condition, instead it logs all the K values that were tested and the corresponding errors. Instead of a break condition, it has 3 separate sweeps where sweep 1 is fixed values set from 1-10 in increments of 1. The second and third script sweeps surround the best value found in the previous sweep (1 kstep less through to 1 kstep greater). 
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[bookmark: _Toc225718946]Figure 5-PID_Cumlative_Tuner_2 output
[bookmark: _Toc225720820]3.13. PID_Steady_State_Tuner
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[bookmark: _Toc225718947]Figure 6-PID_Steady_State_Tuner - logic

To eliminate steady state error, error was logged only in select windows when the velocity was constant.
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[bookmark: _Toc225718948]Figure 7-PID_Steady_State_Tuner output

[bookmark: _Toc225720821]3.14. PID_Steady_State_W_Percistant_error_Tuner 
All coding logic has seen a large overshoot at 45 seconds under heavy breaking. To correct this, the error was logged during this breaking period and during the steady state condition. The time of the steady state window was reduced to match the ‘persistent error’ window so that they have the correct proportional effect on the controller.
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[bookmark: _Toc225718949]Figure 8-PID_Steady_State_W_Percistant_error_Tuner  logic

At 45 seconds, a large deceleration period causes an overshoot creating a large amount of error. This is likely due to the high KP value that produced the lowest error.
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[bookmark: _Toc225718950]Figure 9-PID_Steady_State_W_Percistant_error_Tuner output

[bookmark: _Toc225720822]3.15. PID_Percistant_error_Tuner 
	[image: ] [image: ] [image: ]


[bookmark: _Toc225718951]Figure 10- PID_Percistant_error_Tuner logic

Error is considered only during 45 to 46 seconds to remove the ‘persistent error’ that has been seen across all tested logics.
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[bookmark: _Toc225718952]Figure 11-PID_Percistant_error_Tuner  output
[bookmark: _Toc225718964]Table 1- Calculated error from all controller designes tested
	Script
	Cumulative error
	Steady State error

	PID_Cumlative_Tuner
	9872
	3626

	PID_Cumlative_Tuner_2
	9844
	3619

	PID_Steady_State_Tuner
	10333
	2590

	PID_Steady_State_W_Percistant_error_Tuner
	24232
	17415

	PID_Percistant_error_Tuner
	369
	2963



All codes except PID_Percistant_error_Tuner would select a KP value that was too high leading to worse results after KI and KD tuning. 
The KP, KI and KD values from the PID_Percistant_error_Tuner were 2.07, 3.9 and 0 respectively, these values produced the lowest steady state error and the lowest cumulative error across the entire test out of the tested tuning methods.

2.2. [bookmark: _Toc225720823]Velocity response Vs control 
The ideal velocity response is it follows the demand as closely as possible whilst remaining comfortable for the occupants of the vehicle. This includes both the acceleration and the Delta acceleration or jerk. These values are set by governing bodies, Recommended limits for acceleration is below 2m/s^2 and below 2m/s^3 for jerk as discussed in Standards for passenger comfort in automated vehicles: Acceleration and jerk (de Winkel et al., 2023).
	[image: ]


[bookmark: _Toc225718953]Figure 12- graphs showing error for varying velocity responses and proportion gain factors
The first 1.5 seconds of the simulation was plotted to show the initial response with varying proportional gain factors.
The proportional gain factor (KP) is the driving variable for response times as it controls the size of each ‘step’ which can be seen as the ‘gradient’ of the curves displayed in figure 12.  
Higher KP values produced aggressive responses, after 0.05s or 1 sim step, there is an increase in control output from all the PID’s. The larger KP value cause larger control output and throttle percentage which creates a larger acceleration towards the demand which is 60 mph. This is positive but this higher acceleration causes an overshoot and oscillation. If KP is too large it can lead to acceleration and jerk values that exceed the recommended 2m/s^2 and 2m/s^3.

3. [bookmark: _Toc225720824]Number of Bits
1 bit refers to 1 binary digit. This means that more bits allow for a higher resolution and more accurate representation of the signal. This corresponds to how accurately the demand represents the velocity demand and how accurately the how accurately the throttle % represents the control % when encoding. This is extremely visible when looking at the figure 13 and figure 14 which show the output using 4 and 16 bits.
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[bookmark: _Toc225718954]Figure 13- error when encoding and decoding with 4 Bits
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[bookmark: _Toc225718955]Figure 14- error when encoding and decoding with 16 Bits
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[bookmark: _Toc225718956]Figure 15- error when encoding and decoding with 8 Bits
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[bookmark: _Toc225718957]Figure 16- error when encoding and decoding with 10 bits



[bookmark: _Toc225718965]Table 2- Table showing the effect number of bits used for encoding and decoding has on error
	Number of Bits 
	Steady State error 
	Cumulative error

	4
	23739
	27211

	6
	5868
	8526

	8
	1793
	4306

	10
	687
	3264

	12
	434
	3028

	14
	380
	2975

	16
	369
	2963



The ideal number of bits for encoding and decoding for this PID controller from the tested values is 10 bits. When using 8 or more bits when encoding and decoding, the velocity output is smooth. When using 8 bits, the throttle response is not smooth, in this scenario this does not affect the velocity but in a higher-powered vehicle, the throttle response would cause a less stable velocity response which is undesirable. 10 bits also creates a slight throttle oscillation, but its amplitude is less than 1% which has a small effect on the velocity. 
4. [bookmark: _Toc225720825]Varying simulation parameters 
Sampling time refers to the frequency that data is collected from the sensors. A low sampling time will result in the demand and throttle % accurately representing the real velocity and control% respectively resulting is less error. However, increasing the sampling time will increase the computational load on the controller and demand faster processing from the PID. 

[bookmark: _Toc225720826]Graphical results 
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[bookmark: _Toc225718958]Figure 17- graph showing error when using a sample time of 0.1
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[bookmark: _Toc225718959]Figure 18- graph showing error when using a sample time of 0.01



[bookmark: _Toc225718966]Table 3- table showing error when using varying sample times
	Sample time 
	Steady State error 
	Cumulative error

	0.01
	369
	2963

	0.02
	791
	2888

	0.03
	1125
	2884

	0.04
	1465
	2874

	0.05
	934
	1696

	0.06
	1815
	2835

	0.07
	1926
	2807

	0.08
	2058
	2775

	0.09
	2092
	2739

	0.1
	1070
	1530



When the sample time is increased, the PID controller has less frequent data signal inputs and produces change in control less frequently resulting in a visible lag after deceleration and acceleration events. The trend observed in table 3 is that a lower sample time results in less error with sampling time with some anomalies. The result from sampling time of 0.05 can be marked as an anomaly because of its error results and graphical trends. As shown in figures 19 20 and 21, The PID controller behaves more aggressively at a sample time of 0.05 than it does at both 0.04 and 0.03. 
		[image: ]
[bookmark: _Toc225718960]Figure 19- graph showing error when using a sample time of 0.03
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[bookmark: _Toc225718961]Figure 20- graph showing error when using a sample time of 0.04

	[image: ]
[bookmark: _Toc225718962]Figure 21- graph showing error when using a sample time of 0.05





5. [bookmark: _Toc225720827]Communication network delay 

Communication delay refers to an offset in data collected and data processed by the controller resulting in the controller operating on outdated values. This mean that the control output and throttle response at 1 second was calculated from the sensor input of velocity at 1second – the delay. If the delay is too large, the PID controller is unable to accurately operate.
	[image: ]


[bookmark: _Toc225718963]Figure 22- graph showing the relationship between gain factors, signal delay and error
Cumulative error was calculated across a range of Signal delay times (s) whilst using a balanced PID controller as well as a P, I and D dominant set up. All combination of K variables performed best with a no signal delay. 
Signal delay affected the derivative dominant setup significantly more than the other 3 set ups. The Proportional dominant performed the best across the 5 tested signal delays tested. The maximum signal delay that would be acceptable is 0.05 seconds provided that the PID controller is not Derivative dominant.





[bookmark: _Toc225720828]Conclusions
This report has demonstrated the tuning and analysis of a closed loop PID cruise control system
Four tuning strategies were evaluated, each minimising error using a different performance metrics. The persistent error tuner, which targeted a specific period of high error during a heavy braking event, outperformed all other approaches producing the lowest steady-state error and cumulative error across all tested scripts with gain factors of Kp = 2.07, Ki = 3.9 and Kd = 0.
Signal encoding resolution was shown to have a diminishing effect above 10 bits. Eight bits produced smooth velocity tracking but introduced undesirable throttle oscillation that would be problematic in higher powered systems.
Sampling time analysis confirmed that lower sampling rates generally produced higther error with the exception of anomalies (ST=0.05)
Communication delay analysis demonstrated that delays above 0.05s degraded performance for all gain configurations, with derivative-dominant setups being particularly sensitive.
The tuning approach taken in this report considered P, I and D separately and did not re-evaluate. The optimal KP value when KI and KD are 0 will be different from when Ki and KD have been tuned.
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%% calculate error
error = demand-velocity;
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%% integrator
Integrator_error = Integrator_error + error * Ts;

¥ derivative

Velocity_old = velocity_real;

velocity_dot = (velocity - Velocity_ old) / Ts;
Derivative = -D * velocity_dot;
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%% calculate and encode control signal into x-bit binary number
control_physical = (P * error) + (I * Integrator_error) + Derivative;
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while Kstep > 0.0099
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cumlative_error;
sueep_num;

) Tog(end+1)

5 cunlative_error < min_error
nin_error = cumlative_error;
best.p - 7;

17 cumlative_error < best_error.
best_error - cumlative_error;

ens

b= P+ Kstep;

else
bresk |

end

best._p - Kkstep;
max(a, P);

Kstep = Kstep / 10;
Sucep_num = sneep_num + 1;

nd
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For sweep_nun

% build p_values for this sweep
1F suesp_num == 1

P_values - 0 : Kstep ¢ 18;
else
kstep = kstep / 16 % refine step
P_values = max(e, bestP - Kstep'1o) : Kstep : best_P + Kstep'io;
ens
nin_error = Inf;

For 0 = 1:length(p_values)
® = puslues(idn;
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P_log(end+1)

s _log(ende1) = cunlative_error;

1F culative_error < best_error.
best_error - cumlative_error;
bestp - 73

end

end
end
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for sueep_num = 1:3

| iF sueepum == 1
P_values - 0 : Kstep ¢ 18;
else
Kstep = kstep / 16 % refine step
P_values = max(e, bestP - Kstep'1o) : Kstep : best_P + Kstep'io;
ens

nin_error = Inf;

for 1ax

Length(_values)
© - p_values(idx);
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ens
end

P_log(end+1) = P;
(enge1) = Steady_state_error;
(enge1) = sueep_num;

1¢ steady_state_error < min_error
in_error = Steay_State_error;
bestp - 7y

ens

1¢ steady_state_error < best_error
best_error = Stesdy_state_error;
ens
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Velocity response after P, | and D tuning
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For sweep_num = 1:3

% build p_values for this sweep
1F suesp_num == 1

P_values - 0
else

Kstep = kstep / 16 % refine step

P_values = max(e, bestP - Kstep'1o) : Kstep : best_P + Kstep'lo;

Kstep : 103

ens
nin_error = Inf;

for 1ax
-

Hlength(p_values)
P _values(ign);
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‘test_error = percistant_error + steady_state_test_error;
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end

P_log(ends1) = P;
log(end+1) = cumlative_error;
Steady_state_errorlog(end+1) = Steady_State_error;
percistant_error_log(end+1) = percistant_error;
Test_error_log(end+1) = test_error;

p_Log(ence1) = sweep_num;

1 test_error < best_error
best_error - test_error;
=5

end

end
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For sueep_nun

3

% build p_values for this sweep
1F suesp_num == 1
PLvalues - 0 : Kstep ¢ 18;
else
Kstep = kstep / 16 % refine step
P_values = max(e, bestP - Kstep'1o) : Kstep : best_P + Kstep'io;

ens
nin_error = Inf;

for 10 = 1:length(p_values)
© - p_values(idx);
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P_log(end+1) = P;

Cimlative_error_log(end+1) - cumlative_error;
Steady state_error;

percistant_error;

1F percistant_error < best_error
best_error = percistant_error;
bestp - 73

end

end
end
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