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Abstract The main objective of this work is the development and testing of
a waypoint tracking controller for autonomous vehicles. The waypoint tracking
controller is developed in Python and tested using CARLA Simulator, an open-
source simulator for autonomous driving research. The waypoint tracking controller
is developed by implementing a PID controller for longitudinal control and a pure
pursuit controller for lateral control. The PID gains are tuned to precisely track the
reference speed profile. The pure pursuit controller is implemented to accurately
follow the desired path. The developed controller is tested in CARLA Simulator and
the simulation results indicate that the vehicle tracks 100% of the waypoints speci-
fied in the trajectory. The waypoint tracking controller also performs well in closely
tracking the reference speed profile. The developed waypoint tracking controller
is precise and suitable for application in autonomous vehicles for urban driving
environments

Keywords Waypoint tracking controller - Autonomous vehicles - Autonomous
driving simulation + CARLA simulator

Nomenclature

v Actual speed

vd  Desired speed

u Acceleration

KP  Proportional gain
KI  Integral gain
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KD Derivative gain

TP  Throttle position

BP  Brake position

d Steering angle

1d Look-ahead distance

1 Introduction

Autonomous vehicles are the future of mobility and they are changing the way people
think about travel. They can bring about a significant improvement in road safety and
provide mobility for everyone while drastically reducing the cost of driving. A fully
autonomous vehicle requires the automated driving system (ADS) to entirely perform
the dynamic driving task (DDT) [1]. The driving task consists mainly of three sub-
tasks namely perception, motion planning and vehicle control. Perception involves
perceiving the driving surroundings including tracking and predicting a vehicle’s
motion, recognizing various elements such as road surface, road signs, vehicles and
pedestrians. Motion planning contributes to defining the path or trajectory which can
be tracked to reach the destination successfully. Finally, vehicle control is responsible
for taking the appropriate steering, acceleration and braking decisions to control the
vehicle’s position, orientation and velocity.

Atany point in time, the appropriate driving behaviour is decided by interpretation
of the estimated vehicle pose and information on the current scene, obtained from the
various on-board sensors such as GPS/IMU units, odometry, cameras and LIDARs.
The driving behaviour which needs to be accomplished in the current situation is
translated into a path or a trajectory, defined by a sequence of future waypoints
that the vehicle should track. The generated waypoints can be tracked precisely
by implementing a waypoint tracking controller. The waypoint tracking controller
includes longitudinal and lateral control of the vehicle. In the developed waypoint
tracking controller, a PID controller and a pure pursuit controller are implemented
for longitudinal and lateral control, respectively.

A robust control system allows for safe and precise execution of the planned move-
ments. For specified path waypoints and reference speed specifications, the vehicle
should be able to track the specified path with minimum error. Vehicle dynamics,
feasibility and comfort must be considered by the controller to precisely track the
waypoints and follow the required trajectory. The objective of this work is to develop
and simulate a waypoint tracking controller for autonomous vehicles. The developed
waypoint tracking controller is programmed in Python [2] and tested using the hyper-
realistic CARLA Simulator [3], an open-source simulator for autonomous driving
research.
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2 Controller Design

Navigating an autonomous vehicle to a specified destination requires motion plan-
ning and vehicle control. Currently, many applications such as OpenDRIVE [4]
and OpenStreetMaps [5] provide the tools for the effortless creation of maps for
navigation. Route planning provides a path to a specific destination that should be
tracked by the path tracking controller for successfully reaching that destination. A
vehicle state estimator uses a GPS-based positioning system, inertial measurement
unit (IMU) and wheel odometer to estimate the current position, orientation and
velocity of the vehicle. The role of the controller then is to regulate these states of the
vehicle by generating appropriate actuator signals based on the desired and currently
estimated states (Fig. 1).

A waypoint tracking controller obtains a set of path waypoints and reference
speed specifications along with the estimated state of the vehicle as inputs and
generates the vehicle control signals as outputs. The waypoint tracking controller is
further comprised of two controllers, a longitudinal controller and a lateral controller.
The longitudinal controller regulates the vehicle’s longitudinal motion via throttle
or braking whereas the lateral controller regulates the vehicle’s lateral motion via
steering.

Some of the basic controllers such as proportional integral and derivative (PID)
controller [6] or a combination of feedback and feedforward controller [7] can be
employed for longitudinal control. For lateral control, the most popular controllers
are the geometric ones such as pure pursuit [8] and Stanley [9] controllers. Also,
advanced applied control strategies like model predictive control (MPC) [10] can
be incorporated for joint longitudinal and lateral control. In the developed waypoint
tracking controller, a PID controller and a pure pursuit controller are employed for
longitudinal control and lateral control, respectively.
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Fig. 1 General navigation architecture of an autonomous vehicle
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2.1 Waypoints and Reference Speed Profile

The RaceTrack map in CARLA Simulator is chosen for the deployment of the
waypoint tracking controller. A starting point and destination are selected in this
track and the roadway between these two points is taken as the path that must be
tracked. This path is defined by equally spaced waypoints that are stored in a sorted
list. In this track, a total of 1724 waypoints are defined which are equally spaced at
1 m apart along the path. Each of the waypoints includes their positions defined by
the x and y coordinates, as well as the speed which the vehicle should attain. Hence,
the waypoints become the reference signal for the waypoint tracking controller and
navigating through all the waypoints effectively completes the full path.

The set of waypoints is updated as the vehicle progresses on the path by finding
the nearest waypoint. The controller directly uses the next waypoint in the path
for implementing vehicle control. At higher speeds, the controller performs better
with a continuous path. Since the waypoints are discrete, interpolating between each
waypoint will reduce the spacing between each waypoint and provide a finer reso-
Iution path. The linear interpolation method is adopted to generate a smoother path
and reference speed profile (Fig. 2).
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Fig. 2 Track used for simulation: a path waypoints b reference speed profile
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2.2 Longitudinal Control

The longitudinal controller regulates the vehicle’s longitudinal motion by applying
throttle or brake. A well-known example of longitudinal control is cruise control. A
cruise control system performs the function of maintaining a fixed reference speed
as well as accelerating or decelerating to a new desired speed using throttle and
brake commands. A typical longitudinal controller can be split into two levels, an
upper level controller and a lower level controller. Based on the speed error, i.e., the
difference between the desired speed and the vehicle’s actual speed, the upper level
controller determines the acceleration needed at each time step to match the desired
speed. The lower level controller generates the throttle or braking actuation to track
the desired acceleration (Fig. 3).

The developed waypoint tracking controller uses a PID controller for longitudinal
control. The desired speed is fed to this PID controller as a reference and it outputs the
throttle and brake commands for actuation. In urban environments, assuming that the
desired speed is reasonably low and stable, the lower level controller is completely
overridden (Fig. 4).

The PID controller includes three gain terms. First, a proportional gain term K p
multiplies the acceleration of the vehicle with a magnitude proportional to the speed
error, ensuring that the vehicle accelerates in the right direction. Second, an integral
gain term K; considers the previously accumulated speed errors to make certain the
steady-state errors are removed in the output. Finally, the derivative gain term Kp
reduces the settling time by damping the overshoot caused by the integration term
based on the rate of change of speed errors. The acceleration of the vehicle given by
the PID controller output is,

d(vg —v)

I (D

t
u=Kp(vd—v)+K1/(vd—v)dt+KD
0

Proper selection of the PID gains is critical for precise tracking of the desired
speed.

A good PID controller response should have minimal overshoot and steady-state
error with a low rise time and settling time. The comparison between the response of
a P, PD and PID controller is shown in Fig. 5. The P controller has a higher overshoot
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Fig. 3 Longitudinal control system
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Fig. 5 Longitudinal controller response: a P controller b PD controller ¢ PID controller

and a longer settling time than PD and PID controllers. But the PD controller has a
slightly larger steady-state error than the PID controller. Hence, the PID controller
performs better in precisely tracking the desired speed.

Finally in the longitudinal controller, the PID controller output, i.e. the obtained
acceleration value is converted into throttle and brake commands. To generate the
throttle and brake actuation signals, the throttle and brake outputs are clamped
between 0 and 1. The positive acceleration outputs correspond to throttle and nega-
tive acceleration outputs correspond to brake. The throttle and brake outputs of the
longitudinal controller can be written as,

IfMZOITPZM,BPZO 2)

Ifu<O:Tp=O,Bp=—u (3)

2.3 Lateral Control

The lateral controller regulates the vehicle’s lateral motion via steering. A type of
lateral controller is the geometric path tracking controller. Assuming the no-slip
condition is true at the wheels, the geometric path tracking controller ignores dynamic
forces on vehicles. This controller depends on a kinematic bicycle model to create
and regulate the steering commands for path tracking. However, this approach cannot



A Waypoint Tracking Controller for Autonomous Vehicles ... 203

&%

e
<%

fd Look Ahead Distance

Fig. 6 Pure pursuit method for geometric path tracking

be applied for aggressive driving and manoeuvres with high lateral acceleration as its
accuracy declines once the no-slip assumption doesn’t hold true. Hence this controller
is more suitable for driving in urban environments.

The waypoint tracking ontroler uses a pure pursuit controller which is a geometric
path tracking controller for lateral control (Fig. 6). In the pure pursuit method, the
centre of the rear axle in the vehicle is taken as the reference point and at a fixed
distance from this point, a target point is determined on the path. This fixed distance
is termed as the look-ahead distance (/). The angle between the line connecting these
two points and the heading of the vehicle is called as alpha («). Based on this the
constant steering angle required to meet the target point is calculated. This steering
angle is then finally converted into steering commands that must be followed by the
vehicle to accurately track the path. While the vehicle heads towards the desired path,
the target point also shifts ahead on the path and thus gradually reduces the steering
angle. This allows for a safe and gentle manoeuvre of the vehicle towards the path
that needs to be tracked.

For precise tracking of the trajectory at all vehicle speeds, the lateral controller
should also take into account the forward velocity of the vehicle. Hence, the look-
ahead distance (/) is assigned as a function of the vehicle forward speed (vr) by
adding a proportionality constant (K 4;) with its units in seconds. This constant can be
tuned to change the stability and tracking performance of the pure pursuit controller
for a particular course.

ld = Kddvf (4)

The steering angle output from the pure pursuit controller is given by Eq. 5. For
practical purposes, this steering angle is limited from —1.22 rad to 1.22 rad.

_12L sina _1 2L sina
§=tan | ——— | =tan" | ————— (5)
la Kaqvy
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Fig. 7 Snapshots of the simulation in CARLA Simulator

Finally, in the lateral controller, the steering angle output is bound to —1 to 1
range limits to generate the steering command for steer actuation.

3 Simulation

A realistic simulation environment is essential for the development of an autonomous
vehicle because it enables testing of the autonomous vehicle under various condi-
tions and scenarios without even stepping into it. The simulation allows monitoring
the vehicle’s performance to ensure that the vehicle operates safely before deploying
it on actual roads. One such highly realistic simulator used by a large number of
researchers is CARLA Simulator. CARLA is an open-source simulator built using
the Unreal game engine solely for autonomous driving research. It features highly
detailed virtual worlds with vast selectable maps, numerous vehicle models, pedes-
trians, buildings and traffic signs including a wide range of adjustable environmental
conditions (Fig. 7).

To test the accuracy and precision of the developed waypoint tracking controller,
a path tracking simulation is carried out in CARLA using the specifications listed
in Table 1. The PID controller is tuned to improve its performance in tracking the
reference speed profile and the best resulting gain values K p, K; and K, are chosen
as 2.5, 1 and 0.225, respectively for the simulation. The value of K 4, is chosen as 1
for this path to accurately track all the waypoints in the test bench.

4 Results and Conclusion

The throttle, brake and steer outputs from the waypoint tracking controller are shown
in Fig. 8. The throttle and brake outputs range from 0 to 1, corresponding to the accel-
eration output from the PID controller. These throttle and brake outputs function as
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Table 1 Simulation

. ; Parameter Value
specifications

Processor Intel i5-7300HQ @ 2.5 GHz
Simulator resolution 640 x 480
Simulator Frames Per Second | 30
(FPS)
Proportional Gain (Kp) 2.5
Integral Gain (K) 1
Derivative Gain (Kp) 0.225
Proportional constant (Kgq) 1

the actuation signals for adjusting the throttle and brake pedal position of the vehicle
to accelerate accordingly. The steer output ranges from —1 to 1, corresponding to
the steering angle output from the pure pursuit controller. This steer output actuates
the steering of the vehicle to turn the vehicle accordingly.

The test results indicate that the vehicle tracks 100% of the specified waypoints
in the trajectory. Further, the waypoint tracking controller performs well in closely
tracking the reference speed profile (Fig. 9).

This work discussed the development and simulation of a waypoint tracking
controller for autonomous vehicles. The waypoint tracking controller is devel-
oped by implementing a PID controller for longitudinal control and a pure pursuit
controller for lateral control. The PID gains are tuned to precisely track the refer-
ence speed profile. A pure pursuit controller is implemented for lateral control to
accurately follow the desired path. The developed waypoint controller is deployed
in CARLA Simulator. The simulation results indicate that the vehicle tracks 100%
of the waypoints specified in the trajectory. The waypoint tracking controller also
performs well in closely tracking the reference speed profile. The developed waypoint
tracking controller is precise and suitable for application in autonomous vehicles for
urban driving environments.
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Fig. 8 Waypoint tracking controller outputs: a throttle b brake c steer
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Fig. 9 Simulation results: a vehicle trajectory b vehicle speed profile
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