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Abstract
In this paper, a Proportional-Integral-Differential (PID) controller that facilitates track maneuvering for self-driving cars is
proposed. Three different design approaches are used to find and tune the controller hyper-parameters. One of them is “WAF-
Tune”, which is an ad hoc trial-and-error based technique that is specifically proposed in this paper for this specific application.
The proposed controller uses only the Cross-Track-Error (CTE) as an input to the controller, whereas the output is the steering
command. Extensive simulation studies in complex tracks with many sharp turns have been carried out to evaluate the perfor-
mance of the proposed controller at different speeds. The analysis shows that the proposed technique outperforms the other ones.
The usefulness and the shortcomings of the proposed tuning mechanism are also discussed in details.
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1 Introduction

Increasing safety, reducing road accidents, improving energy
efficiency and enhancing comfort and driving experience are
the major motivations behind equipping modern cars with
Advanced Driving Assistance Systems (ADAS) [1–5]. In the
past couple of decades, major car manufacturers introduce
many sophisticated ADAS functions like Lane Departure
Warning (LDW), Lane Keep Assist (LKA), Electronic
Stability Control (ESC), Anti-lock Brake System (ABS), etc.
Both LKA and ESC functions are examples of how important
for the car to follow and track the lane or road boundaries
accurately and on time.

Future ADAS functions like Collision Avoidance,
Automated Highway Driving (Autopilot), Automated Urban
Driving [6], Automated Parking, Connected Vehicles [7] and
Cooperative Maneuvering requires more and more fast and
reliable road boundaries follower functionalities, which
should be designed to maintain the control over the vehicle
in extreme circumstances, and being very effective at high

speeds [8]. The road boundaries follower functionality re-
quires the localization of the road, the determination of the
relative position between vehicle and road/lane centerline,
and the analysis of the vehicle’s heading direction. The men-
tioned systems represent incremental steps toward a hypothet-
ical future of safe fully self-driven vehicles [9, 10].

There are two categories of vehicle control [11]. The
first category is the longitudinal control which deals with
the movement of the vehicle in the forward and backward
directions (responsible for regulating the vehicle cruise
velocity) [12]. The second one is the lateral control which
deals with sideways movements perpendicular on the ve-
hicle’s heading, in other words, the steering of the vehicle
to follow a given trajectory [13]. Usually, two separate
controllers are employed to deal with each of them. The
focus of this paper is on the second category with the
objective of minimizing the tracking error.

In previous literature, various studies have been carried out
to explore different hypotheses and techniques. These studies
incorporate the PID control strategies [14, 15], the predictive
control paradigms [16] and the model reference adaptive con-
trol methods [17, 18].

Moreover, some of these studies focused on intelligent
approaches like fuzzy control techniques [19, 20] and
neural-network based control strategies [21, 22]. In addi-
tion to that, some unpopular techniques are also been
exercised such as the SVR (support vector regression)
method [23], the fractional-order control method [24], etc.
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However, even though, as mention above, there are a variety
of control techniques with good performance, still, the PID con-
trol is the most popular as still attracting attention. The PID
control has several points of strength such as a straightforward
structure, overall good control performance, robust design and
simple implementation [25]. Moreover, the control methods in-
troduced above do not consider the real-time environment of the
driving, the constraints of the automotive applications and deals
with it as a hypothetical problem. The controller performance
should be fast enough in real-time without much overhead that
consumes computational resources (big software footprint) and
may suffer from stability problems, therefore, offline-tuning
methods are advantageous in this regard than adaptive or intelli-
gent techniques.

However, the PID method needs supportive algorithms to
find and fine-tune its hyper-parameters. It is challenging to
find good optimized values for these hyper-parameters that
well fit the environment caused by the complexity of vehicle
dynamics, uncertainty of the external disturbances and the
non-holonomic constraint of the vehicle [9].

Here in this paper, a further step towards the prospects of
autonomous driving is presented. The main objective is to attain
a car capable by itself of following a pre-defined trajectory or
route generated by the prospected path planner of the autono-
mous car, in both highway and urban traffic with the highest
comfort level. Accordingly, the developed PID controller is suit-
able to be employed at level of autonomy of three and above.

The proposed control system uses sensors to provide the ac-
tual speed of the controlled car and the relative position of the car
with respect to the supplied trajectory. The controller then calcu-
lates the optimized actions on the steering wheel. These actions
are controlling the direction of the vehicle, and a Proportional-
Integral-Derivative (PID) control algorithm is employed to com-
pute them.

2 Overview of PID Control

The Proportional Integral Derivative (PID) control technique
[24] is a mechanism widely used in various industrial control
applications. As an example, one of these uses is in robotics,
where its main function is to smoothen the robot’s movement
inputs in a way that it allows the robot to reach its objective state
with as little vibration or jitter as possible.

The output of a PID depends on three hyperparameters, one
for each term of the controller abbreviation (P-I-D). These
hyperparameters are specific to each application, which in
our case is driving a car smoothly around a test track.

The Proportional Term The proportional term [25, 26]
produces an output value that is proportional to the
current error value. The proportional response can be
adjusted by multiplying the error by a constant Kp,

called the proportional gain constant. The proportional
term is given by:

Pout ¼ Kp*Error ð1Þ

Ahigh proportional gain results in a large change in the output
for a given change in the error. If the proportional gain is too
high, the system can become unstable. In contrast, a small gain
results in a small output response to a large input error, and a less
responsive or less sensitive controller. If the proportional gain is
too low, the control action may be too small when responding to
system disturbances. Tuning theory and industrial practice indi-
cate that the proportional term should contribute to the bulk of the
output change. The chart in Fig. 1 shows how different values of
Kp would impact the system response.

The Integral TermThe contribution from the integral term [26] is
proportional to both the magnitude of the error and the duration
of the error. The integral term contribution is the sum of the
instantaneous error over time and gives the accumulated offset
that should have been corrected previously. The accumulated
error is then multiplied by the integral gain (KI) and added to
the controller output.

Iout ¼ KI*∫Error dt ð2Þ

The chart in Fig. 2 shows how different values of KI would
impact the system response.

The Differential Term The derivative of the process error is
calculated [25, 26] by determining the slope of the error over
time and multiplying this rate of change by the derivative gain
KD. The magnitude of the contribution of the derivative term
to the overall control action is termed the derivative gain, KD.
The derivative term is given by:

Dout ¼ KD*
d
dt

Errorð Þ ð3Þ

The chart in Fig. 3 shows how different values of KD would
impact the system response.

In vehicle control, the velocity and steering set-points are
picked up by the vehicle’s low-level PID controllers. Separate
PID loops for speed and heading control are implemented in
the current vehicles platform. The steering PID controller deter-
mines the steering angle based on the input heading angle in
human-driven vehicles or the cross track error in self-driven ve-
hicles. While two separate PID controllers for the accelerator and
the brake works together to maintain the desired velocity.
Additionally, all low-level hardware controller PID’s are written
in C/C++ languages with an average update rate of around
100 Hz.

The overall control action is shown in Fig. 4 can be given as

PIDout ¼ Pout þ Iout þ Dout ð4Þ
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3 The Vehicle Model

In this paper, the Kinematic Bicycle Model [9] is used to
simulate the behavior of the self-driving car. The nonlinear
continuous time equations that describe a kinematic bicycle
model shown in Fig. 5 in an inertial frame are:

x˙ ¼ v * cos ψþ βð Þ ð5aÞ

y˙ ¼ v * sin ψþ βð Þ ð5bÞ

ψ˙ ¼ v
lr
*sin βð Þ ð5cÞ

v˙ ¼ a ð5dÞ

β ¼ tan−1
lr

l f þ lr
*tan δ f

� �� �
ð5eÞ

where x and y are the coordinates of the center of mass in an
inertial frame (X, Y) [21]. ψ is the inertial heading and v is the
speed of the vehicle. lf and lr represent the distance from the
center of the mass of the vehicle to the front and rear axles,
respectively. β is the angle of the current velocity of the center

Fig. 2 The KI effect in the system
response [27]

Fig. 1 TheKP effect in the system
response [22]
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of mass with respect to the longitudinal axis of the car. a is the
acceleration of the center of mass in the same direction as the
velocity. The control inputs are the front and rear steering
angles δf, and δr. Since in most vehicles the rear wheels cannot
be steered, we assume δr = 0.

Compared to higher fidelity vehicle models [28], the sys-
tem identification on the kinematic bicycle model is easier
because there are only two parameters to identify, lf and lr.
This makes it simpler to port the same controller or path plan-
ner to other vehicles with differently sized wheelbases.

4 The Proposed PID Tunning Method

In order to design and implement the proposed Proportional-
Integral-Differential (PID) controller for an autonomous vehi-
cle to successfully maneuver around a complex track which

has lots of sharp turns, the following measurements are re-
ceived by the controller:

1) The CTE (the cross track error) which represents the mis-
alignment of the vehicle with respect to the center of the
track at a given instance and can be given by:

CTE ¼ desired position−vehicle position ð6Þ

2) The vehicle speed at the given instance.
3) The instantaneous vehicle orientation angle (−ve for left

and + ve for right).

The PID controller then uses some of the above informa-
tion to produce a steer (angle) command to the vehicle in
addition to a throttle command (speed) if required.

Fig. 3 The KD effect in the
system response [24]

Fig. 4 Stucture of the PID
controller
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The steering command is produced after applying propor-
tional, integral and differential control to it in terms of Kp, KI

and Kd coefficients respectively. Therefore, the main design
effort is to carefully tune these three coefficients to get the best
possible performance. The performance can be simply defined
as to let the vehicle to follow the track centerline as closely as
possible with the lowest aggregated CTE throughout the entire
trip. Therefore, the main goal of the controller is to minimize
the aggregated CTE (the objective function) as given by eq. (7):

Objective Function ¼ mininmize MSEf g

¼ min
1

N
∑i¼N

i¼0 CTE
2
i ð7Þ

The PID coefficients are tuned using a proposed tuning
method given the name “WAF-Tune”. The following proce-
dural steps illustrate this method:

1) The tuning will be done through the ad hoc technique
“trial and error” which makes it a transparent procedure,
unlike other automating algorithms like “Twiddle” [29]
(will be described later) that is considered a kind of
opaque approach (it is not known exactly, how each
change in a hyperparameter affects the performance).
This manual transparent approach incorporates the intu-
ition as well as the experience in the tuning process.

2) The time span at which the objective function is evalu-
ated is selected to be considerably big (N = 10,000). Ten
thousand samples (individual CTE measurements) are
used to evaluate the performance indicator (given in
eq. (4)). The number of samples is big enough to get a
sufficiently accurate evaluation. It represents the mea-
surements from the vehicle while going around the

designated track more than once (several times in case
of the high enough speeds).

3) At first, the throttle value is kept constant throughout the
performance measurement.

4) The tuning process starts by setting the throttle value at a
low value (= 0.1 in our case) and the controller coeffi-
cients as follows (Kp = 0.1, KI = 0.0 and KD = 0.0).

5) The simulation for several iterations (at least two) in
which each iteration produces an individual measure-
ment of the objective function has been run. Then, the
average of these measurements is taken to produce the
designated performance indicator (average Mean
Squared Error “MSE”).

6) In the next set of iterations, the Kp has been then
incremented small amounts based on intuition while
keeping the other coefficients constant. Afterward, the
new performance indicator is then calculated. If the per-
formance gets better, Kp is kept incremented, otherwise;
return back to the previous value and move on to the
next coefficient KI by incrementing it a small amount
(based on intuition as well).

7) After the performance stops improving with the increment
of KI, then KD will be picked and getting step by step
incremented until the performance indicator stops
improving.

8) After tuning the three coefficients for the throttle value =
0.1, their reached values will be the starting point of the
next throttle increment iteration.

9) The next throttle value iteration: the throttle value got
incremented to say (=0.15), and steps from 5→ 8, got
repeated while holding the throttle value constant at 0.15.

10) Keep repeating steps 5→ 9 while incrementing the
throttle value (= > 0.2, 0.25, 0.3, 0.35, 0.4 … etc.).

Fig. 5 The Kinematic Bicycle
Model
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11) The tuning stops when PID coefficients fail to control the
vehicle (the vehicle jumps out of the track) at an upper
throttle value and the performance indicator shows a large
unacceptable value of MSE.

12) The final stet of coefficients {Kp, KI and KD} that keep
the vehicle within the track and an utmost reached value
of throttle are considered the accepted tuned design of
the PID.

13) These values are then used at all levels of throttle up to
the utmost reached value.

5 The Twiddle Algorithm

The Twiddle algorithm [30] is a search algorithm that tries to
find a kind of optimized selection of the hyper-parameters
values of the PID controller based on the returned track error.
The pseudo code for the implementation of the Twiddle algo-
rithm is as follows:

6 The Ziegler–Nichols Algorithm

The Ziegler-Nichols tuning method [31] is a heuristic method
of tuning a PID controller. This method requires to set KD and
KI to 0 and gradually increase KP until it reaches the ultimate
gain Ku before the vehicle runs with stable and consistent
oscillations as shown in Fig. 6. KP and the oscillation period
Tu are used to set the KP, KI, and KD gains based on the type of
controller used as shown in Table 1.

7 Tuning and Testing Results

The tuning of the PID controller is carried out using the upper
three algorithms by driving the car (simulated using the
presented model in Section III) around the test track shown
in Fig. 7. Table 2 shows samples of the endeavors of the
“WAF-Tune” (Section IV) to reach fine-tuned values for the
controller coefficients {KP, KI and KD}.

The final tuning of PID controller is given in trial #39
where (Kp = 0.35, KI = 0.0005 and KD = 6.5). Using these co-
efficients the controller is tested under different throttle values
and the performance results are showing in Table 3 below.

To tune the PID using Twiddle (Section V), the hyper-
parameters have to be tuned manually at first. This was nec-
essary because the narrow track left little room for error, and
when attempting to automate parameter optimization it was
very common for the car to leave the track, thus invalidating
the optimization. Once the initial preliminary parameters were
found that were able to get the car around the track reliably,
Twiddle is then implemented. It was necessary to complete a
full lap with each change in parameter because it was the only
way to get a decent “score” (total error) for the parameter set.
For this reason, the changes in each parameter are allowed to
“settle in” for 100 steps and are then evaluated for the next
2000 steps. In all, Twiddle is allowed to continuously run for
over 1 million steps (or roughly 500 trips around the track) to
fine tune the parameters to their final values {KP: 0.134611,
KI: 0.000270736, KD: 3.05349} with an MSE of 0.1823.

Furthermore, to tune the PID using the Ziegler-Nichols
method, the PID is initialized with hyperparameters values
that just allowed the car to drive around the track even with
a lot of wobbles. ThenKp is getting increased till the car makes
approximately full swings between the borders (lane lines) of
the track at which the value of Kp is captured and set to given
the nameKu, while the period of the oscillations at this point is
called Tu. The experimentations with different values of Ku &
Tu is shown in Table 4 below to arrive at the final optimal
values of {KP : 0.09, KI : 0.00144, KD : 1.40625}.
Unfortunately, the PID controller with resulted parameters
was able to drive the car around the track but with a still lot
of wobbling. That is why parameters should further tuned
manually by a trial-and-error process. The same process is

# Choose an ini�aliza�on for the parameter vector ζ = [KP, KI, KD]
ζ = [0, 0, 0]
# Define poten�al changes
∆ζ = [1, 1, 1]
# Define Drive_CTE(ζ) as the func�on that returns the ∑ for driving 

for the track with parameter vector ζ 
# Calculate the error
best_err = Drive_CTE(ζ)

threshold = 0.001

while sum(∆ζ) > threshold:
for i in range(length(ζ)):

ζi = ζi + ∆ζi
err = Drive_CTE(ζ)

if err < best_err:  # There was some improvement
best_err = err
∆ζi = ∆ζi * 1.1

else:  # There was no improvement

ζi = ζi - 2*∆ζi # Go into the other direc�on
err = Drive_CTE(ζ)

if err < best_err:  # There was an improvement
best_err = err
∆ζi = ∆ζi * 1.05

else  # There was no improvement
ζi = ζi + ∆ζi
# As there was no improvement, the step size in either
# direc�on, the step size might simply be too big.
∆ζi = ∆ζi * 0.95
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applied for different speeds (throttle values), so different PID
parameters were found for different speeds. However, the
overall performance is still inferior to that of the “WAF-
Tune” and the “Twiddle” algorithms.

Table 5 summaries the performance comparison among the
three algorithms showing the best performance is achieved by
WAF-Tune.

8 Discussion

The following are some conclusive remarks on the proposed
controller and the work done:

1. The PID controller has a very simple structure,
however, it very effective in many control problems.
Therefore, it is the most widely used approach by
far in the industry (>90%).

2. The main problem with the PID is its tuning. There
is no theory or criteria that proves that the optimal
value for the coefficients {Kp, KI and KD} have
been reached. All the methods of tuning are mainly
based on an extensive search with the incorporation
of intuition and experience.

3. From the author point of view, using transparent methods
based on extensive “trial and error” endeavors guided by
numerical performance indicators is the best approach; as
it lets the problem at hand been understood much deeper.

Furthermore, it allows the incorporation the intuition and
experience of the designer which reduces a lot of the
search space; and consequently allows the designer at
the end to be more effective.

4. The problem at hand is a tracking problem in which the
set-point (the track center position) keeps changing con-
tinuously with time. In such kind of problems, the differ-
ential controller (KD) proved to be very effective and it is
designed in principle to track changes. In the presented
case, it played the dominant role. The differential compo-
nent counteracts the tendency for oscillation or overshoot
around the track center line. By properly tuning KD, it will
cause the vehicle to approach the center line smoothly
with much lower oscillations, which interns results in
lower CTE values as presented in Table 2.

5. The proportional controller (Kp) is necessary to feedback
the error to the controller with corrective action but it is
not playing the principal role in improving the perfor-
mance in this problem. The proportional component had
the most directly observable effect on the vehicle’s behav-
ior. It causes the vehicle to steer back to the track trying to
reduce the CTE.

6. However, the integral controller (KI) shows to be
ineffective is our case (due to the continuous change

Fig. 7 The test track

Table 1 Ine tuning the PID using “Ziegler–Nichols”

Ziegler Nichols Method

Control Type KP Ti =KP / KI Td = KD/ KP

P 0.5Ku – –

PI 0.45Ku Tu/1.2 –

PD 0.8Ku – Tu/8

Classic PID 0.6Ku Tu/2 Tu/8

Fig. 6 Fine tuning the PID using
“Ziegler–Nichols”
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of the setting point) and in many scenarios, it has a
detrimental effect. The integral component in gener-
al counteracts any bias in the CTE and speeds up
the approach to the center line, however, in our
case, the center line keeps moving with respect to
the vehicle which in many cases may cause the
integral controller to produce oscillations.

9 Suggested Improvements

The following list summaries the suggested improvements:

1. Adding another PID controller to control the throttle in
such a way to reduce the speed in sharp curves and to
allow full thrust in straight portions of the track. This

Table 2 Fine tuning the PID
controller using “WAF-Tune” Trial # Throttle Kp KI KD Average

MSE
Comments

1 0.1 0.18 0.00005 0.36 0.246889

2 0.1 0.18 0.00005 0.5 0.243526

3 0.15 0.18 0.00005 0.5 0.280253 MSE jumps higher due to the increment
in throttle value.

4 0.15 0.18 0.00005 0.6 0.270583

5 0.15 0.18 0.00005 0.7 0.277959

6 0.15 0.18 0.00005 0.9 0.246081

7 0.2 0.2 0.00005 1.0 0.293409

8 0.2 0.2 0.0001 1.0 0.253787

9 0.25 0.2 0.0001 1.0 0.531351 MSE jumps higher due to the increment in
throttle value.

10 0.25 0.2 0.0000 1.0 0.509472

11 0.25 0.2 0.0000 1.25 0.335846

12 0.25 0.2 0.0000 1.5 0.300634

13 0.25 0.2 0.0000 1.75 0.280235

14 0.25 0.2 0.0000 2.0 0.269807

15 0.25 0.3 0.0000 2.0 0.209112

19 0.25 0.4 0.0000 2.0 0.489602 An increment in KP that caused big loss
in performance.

20 0.25 0.4 0.0000 2.5 0.314796

21 0.25 0.4 0.0000 3.0 0.227320

22 0.25 0.4 0.0000 3.5 0.192307

23 0.25 0.4 0.0000 4.0 0.159206

25 0.25 0.4 0.0000 4.5 0.146784

26 0.25 0.4 0.0000 5.0 0.129811

27 0.25 0.4 0.0000 5.5 0.119762

28 0.25 0.4 0.0000 6.0 0.123671 Major improvements of performance after
several increments of KD

29 0.3 0.4 0.0000 6.0 0.161787 MSE jumps higher due to the increment in
throttle value.

30 0.3 0.4 0.0000 6.5 0.166268

31 0.3 0.45 0.0000 6.5 0.165845

32 0.3 0.35 0.0000 6.5 0.147639

33 0.3 0.30 0.0000 6.5 0.156575

34 0.3 0.4 0.0000 6.0 0.150308

35 0.3 0.4 0.0000 7.0 0.154149

36 0.3 0.4 0.0000 6.0 0.166513

37 0.3 0.35 0.0001 6.5 0.116793 Adding a bit of KI at this stage helped
improve the performance significantly.

38 0.3 0.35 0.0002 6.5 0.115610

39 0.3 0.35 0.0005 6.5 0.116543 This set of coefficients are considered
the final tuning.
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controller should take the vehicle angle as an input and
produces the “throttle value”.

2. Use of Adaptive PID control approaches to accommodate
the wide range of vehicle speed. One of the popular ap-
proaches is the Gain Scheduling (GS) adaptive control,
where we use several gain sets (3 or 4 sets), each will be
used at a specific speed range.

3. Applying “Twiddle” algorithm to the results of the pro-
posed “WAF-Tune” to further optimize the hyper-param-
eters. However, caution should be taken in in order not to
overfit the results to specific test tracks.

4. Investigating the incorporation of the state-of-the-art con-
cepts of optimized adaptive tracking of micro-robotic sys-
tems [32–34] that can enhance the maneuvering capabil-
ities of autonomous cars.

5. Exploring the real-world connected vehicles data [35]
(such as Safety Pilot Model Data (SPMD)) to be used
for validating the controller and fine-tuning its parame-
ters. The majority of the required data are available in the
SPMD through vehicle On-Board Units and sensors.

10 Conclusion

In this paper, a PID controller is designed to efficiently steer an
autonomous car following a pre-calculated track from a path
planner. Three different methods are presented as design

Table 4 Experimentation with
KU& TU to find OptimizedKP, KI

and KD

Ku Tu Comments

2.0 100 Wheels turn very fast, very fast response

1.0 100 Completes a lap but response still very fast

0.5 100 Better than previous but still fast response

0.5 75 Better than previous but still fast response

0.25 75 Better than previous but still can be improved

0.25 60 Bigger oscillations but completes a lap

0.15 75 Completes a lap but needs to reduce oscillations

0.15 80 Much better but 0.25/0.75 still the best so far

0.25 80 Can still reduce oscillations

0.25 80 Increased speed (60 mph) with the same previous settings.
High oscillations but still goes through a complete lap.

0.25 90 Several Laps without crashing but still needs to reduce oscillations.

0.25 100 Several Laps without crashing but still needs to reduce oscillations.

0.20 100 Better than previous, but can damp oscillation further.

0.19 110 Better than previous, but can damp oscillation further.

0.17 110 Better than previous, but can damp oscillation further.

0.15 110 Better than previous, but can damp oscillation further.

0.14 110 Better than previous, but can damp oscillation further.

0.14 115 Still, need to try and get inside lines with turn 3

0.13 115 Goes out of the lane

0.14 120 Completes laps. Try and get to drive inside lane on turn 3

0.14 125 Completes laps. Try and get to drive inside lane on turn 3

0.145 125 Completes laps without a problem but can damp oscillations further

0.15 125 Final solution

Table 3 Testing results for the PID controller at different speeds

Throttle Kp KI KD Average MSE Comments

0.1 0.35 0.0005 6.5 0.062864 ~ 12 miles/h

0.15 0.35 0.0005 6.5 0.072709 ~ 17 miles/h

0.2 0.35 0.0005 6.5 0.080815 ~ 23 miles/h

0.25 0.35 0.0005 6.5 0.098465 ~ 28 miles/h

0.3 0.35 0.0005 6.5 0.1165430 ~ 34 miles/h

0.35 0.35 0.0005 6.5 0.148176 ~ 39 miles/h

0.4 0.35 0.0005 6.5 0.160981 ~ 44 miles/h

0.45 0.35 0.0005 6.5 0.207031 ~ 49 miles/h

0.5 0.35 0.0005 6.5 0.331020 ~ 55 miles/h

Table 5 Comparison between the three techniques

Technique KP KI KD MSE

WAF-Tune 0.35 0.0005 6.5 0.116543

Twiddle 0.134611 0.00027 3.05349 0.1823

Ziegler-Nichols 0.09 0.00144 1.40625 0.3845
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approaches, one of them is newly proposed in this paper. The
proposed controller uses on the cross-track-error as an input
and outputs the steering commands. The method used to tune
and minimize the suggested objective function is described in
details. The performance of testing the PID controllers at dif-
ferent vehicle speeds (throttle setting) is also shown in details.
A comprehensive discussion and analysis regarding the de-
sign of the PID as well as suggestions for improvements and
future work are presented.
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