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Abstract: The research analyzes the behavior and performance of a
control law that has been validated in a previous study in a 3D
simulation program. Now, it will be evaluated in a Mazda 6 vehicle with
the objective of driving along a previously designed trajectory. This is
possible thanks to the use of a GPS sensor as well as additional sensors
that allow to know the direct kinematics of the vehicle at each instant
of time. Experimental tests were carried out with the use of a Raspberry
pi 3 b+ which is responsible for receiving the information from the
sensors and then processed this information so that the control law
allows sending the control actions to the actuators. Finally, the results
are presented in order to be used for future research that will allow the

implementation of a fully autonomous driving system.
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1. Introduction

or decades, the Global Positioning System GPS
has allowed the triangulation of countless
objects on the planet Earth, triggering the proliferation of
several applications. Autonomous driving systems in the last
decade have had an important role and have been one of
the main research topics, especially focused on the reliability
when interacting with the environment, even more so when
there are several static and dynamic objects involved in real
traffic [1]. One of the relevant points when talking about
reliability, are the sensors, and specifically the GPS sensor

that allows knowing the location at every instant of time, but
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many times it is affected by interference when passing through closed places such as infrastructure

of considerable heights that weaken the reception and on repeated occasions the signal can be lost

[2]; causing the vehicle to lose information about its location [3-4]. The development of more robust

GPS sensors with better techniques to improve their accuracy is booming, especially for applications
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in autonomous driving. However, when the GPS signal is affected, the fusion of sensors such as a

LIDAR, 3D vision camera, etc., comes into play to compensate for vehicle disorientation and avoid
accidents on the road [5][6].

Among a diversity of GPS sensors that exist today in the market that offer different
performances, most of them are limited at the time of acquiring them because of their high economic
value and hindering research in research groups [7]. An alternative is to use 3D simulation programs
that allow shortening research times and through emulation validate proposals for applications in
autonomous driving before taking them to the real world [8-9]. In this article, we evaluate the proposal
developed in previous research that was carried out in a Webots 3D simulation program and that
will now be tested in a Mazda 6 vehicle with an electromechanical system that allows to take action
on the vehicle. The proposal proposes a control law for tracking the vehicle in a desired trajectory
previously defined through a GPS sensor, then the performance of the GPS sensor is validated by
analyzing its accuracy error when the vehicle travels over the trajectory. It is important to highlight
that the control law does not consider obstacles on the road nor does it allow the vehicle to interact
with its environment, for this reason the tests are performed on a track for driving applications located
at the Rumifiahui Institute, Pichincha Province, Ecuador. In addition, the experimental tests are
conducted with a driver inside the vehicle, with the objective of taking control of the vehicle when an
emergency arises and above all the driver has an emergency button that allows to turn off and
disconnect the entire system.

This research is divided into 5 sections. Section 1 is the Introduction; section 2 explains the
design of the controller and the control law. Then, section 3 describes the system structure with the
description of each of the blocks. Section 4 shows the scenario where the experimental tests are
performed and the characteristics of the vehicle. Section 5 presents the results of the vehicle behavior
with the GPS sensor. Finally, section 7 presents the conclusions.

2. Kinematic design of the controller

The kinematics of the controller starts from the simplified kinematic model, which uses Acker-
man steering at the front wheels and creates a center of rotation at some point along the axis of the
rear wheels[ 10]. Figure 1. illustrates the simplified kinematic model.
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Figure 1. Geometric Model of a car-like robot
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The kinematics of the controller starts from the simplified kinematic model, which uses Acker-

man steering at the front wheels and creates a center of rotation at some point along the axis of the
rear wheels [10]. Figure 1. illustrates the simplified kinematic model.

The kinematic model configuration is defined by the following equation:
x| [cos(¢) -—asin(g)
3| =|sin(¢) acos(g) M(l)
¢ 0 1

The compact form of writing equation (2) is defined by:

h(t)=J3(¢)v(¢?) ()
Therefore, h(t)=[x j]" e R’, represents the vector of Cartesian velocities at some point of interest

defined by the distance a; J(¢) e R** defines the Jacobian matrix and v(f)=[u ] is the vector of
control and maneuverability with and as the angular and linear velocity of the car-like vehicle
respectively. The angle of the front wheels sets the direction the vehicle takes and is defined by:

w =tan”' [%j (6)
y

The controller design starts from the simplified kinematic model defined in equation (2), where the
control vector is defined by:

v (1) =" ()h(1) a)
Equation (4) defines the control law that allows the vehicle to adjust its motion to follow a previously
configured trajectory. Therefore, J™'(¢) it represents the inverse Jacobian matrix h(t)z[)'cd yd]r, it

is the vector of velocities and will now be defined by h,()=[%, 7] as the vector of desired

velocities, then a new parameter ﬁ:hd —h is defined that allows quantifying the position error, where
h, it represents the desired position vector and h the current position of the vehicle. Finally, the
control law is defined in equation (5), where K, is a diagonal matrix that allows to compensate the

position error K, and is a diagonal matrix that allows to fine tune the control actions.

v.(£)=97"(#)(, (1)+ K, tanh (K, "K,h(7))) )

3. System structure

The full-scale implementation of the proposal, where the control law can be validated in the
real world, is possible thanks to the configuration illustrated in figure 2, with the following blocks: (i)
Mazda 6, is a conventional vehicle that has been instrumented with an electromechanical system to
take control over the steering wheel, accelerator and brake, it also has sensors such as a GPS and
a compass that allow to know its position and orientation, on the other hand are the sensors for
reading about its speed and position of the steering wheel at every instant of time; ii) Raspberry pi
3 b+, is a low-cost small board computer, being in charge of reading the input signals from the
sensors that will be processed to perform control actions through the actuators and iii) Power stage,
is the block in charge of isolating and amplifying the output signals from the computer to the actuators.
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Figure 2. Driving structure
4. Scenario

An important point to validate the proposal is the consideration that the vehicle does not have
an obstacle avoidance system and will not be able to interact with pedestrians or other vehicles, for
which it will be validated in a suitable scenario for autonomous driving tests at the Rumifiahui Institute
in the province of Pichincha. The dimensions of the scenario are 177 meters long and 60 meters
wide. The scenario is illustrated in figure3.

Figure 3. Experimental Scenario

4.1 Mazda 6 vehicle

The vehicle is a 2008 Mazda 6 model, which has an electromechanical system for the
actuators and sensors. The control actions are sent to three servomotors that control the accelerator,
brake and steering wheel respectively; while four sensors are read to know the position of the
steering wheel with a potentiometer of ten turns, the TPS sensor (Throttle Position Sensor) to know
the position of the accelerator, the VSS sensor (Vehicle Speed Sensor) to read the vehicle speed,
the compass sensor 1o know the vehicle orientation and finally the GPS sensor to know the vehicle
location. The input signals are read through a digital and analog 1/0O module that allows the
parameterization and sending to a Raspberry Pi 3 b+ to process these signals and then be sent to
a power module to control the servomotors. Figure 4. lllustrates the Mazda 6 vehicle.
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Figure 4. Mazda 6 vehicle

5. Results and discussion

After making some adjustments and testing the controller on the Mazda 6 vehicle, the control
law (5) is established with the following parameters: the desired route is defined by
ﬁd(t)=[0.1t 0.5sin(0.1t)][m] with the respective transformation of the geodesic coordinates to
Cartesian coordinates in order to facilitate the calculations in the controller, gain matrices
K, =diag[0.52 0.6] and K, =diag[0.9 0.92]. The Iinitial starting points of the vehicle are:
p(0)=[27 -14 -1.12]"[m].

The sensors are installed in the trunk of the vehicle at the height of the axle of the rear
wheels and from this point the control point is established a=2.725[m]. The sampling time set for
the controller on the Raspberry pi 3 b+ is of 100[s] with total vehicle travel time of 30[s]. The
characteristics of the Mazda 6 vehicle are listed in Table 1:

Table 1. Performance, dimensions, weight and capacities

Prestaciones, dimensiones, peso y capacidades

Top speed 214 km/h
Acceleration 0-100 km/h 99s
Type of bodywork Turismo
Number of doors 4
Length 4735 mm
Width 1.795 mm
Height 1.440 mm
Wheelbase 2./25 mm
Front track 1.550 mm
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Rear track 1.550 mm
Weight 1.370 kg
Combustion Engine
Purpose Vehicle drive
Fuel Gasoline
Maximum power 147 CV / 108 kW
Revolutions maximum power 6.500 rpm
Maximum torque 184 Nm
Revolutions at maximum torque 4.000 rpm
Location Transverse front
Number of cylinders 4
Cylinder arrangement Online
Displacement 1.999 cm?3
Compression ratio 10 a1

Transmission

Drive Front
Gearbox Automatic
Number of gears 6

The characteristics of the sensors used in the instrumentation of the Mazda 6 vehicle are illustrated
in Table 2.

Table 2. Sensors equipped in the vehicle.

Position on the

, Sensor Model Specifications/Inputs Values
vehicle
ProPak- ) -
sensors slot rear GPS Horizontal position accuracy 0.35m
V3TM
Resolution 0.04 m
Speed Resolution 0.03 m/s
Velocity maximum 515 m/s
Compa .
sensors slot rear NEO-M8T XAXis True
SS
yAXis True
ZAXis True
Resolution 5 milli-gauss
vehicle steering Potenti  3590S-2- Resistance Range:
10 kOhm
wheel ometry 103L
Standard Tolerance +/ - 5%
Linearity 0,20 %
Power 2 Watts
Number of Turns 10
Shaft Diameter 6,35mm

The path of the vehicle along the previously desired trajectory is illustrated in figure 4 and shows the
Cartesian positions of the vehicle h as it travels along the desired trajectory h, .
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Figure 4. Definition of the trajectory

The control actions sent from Raspberry pi 3 b+ to the actuators versus the dynamic behavior
performed by the vehicle is illustrated in figure 5.

[rad/s]

[rad]
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0 5 10 15 20 25 30

Time[s]

Figure 5. Control actions from Raspberry pi 3 b+ to the actuators versus the dynamic behavior performed by
the vehicle.

In figure 5 three control actions are shown, among which is the desired linear speed u, versus what
the vehicle u is dynamically performing, then there is the desired angular speed w, versus what the
vehicle is dynamically performing @, and finally there is the angle w that the front wheels should

take versus what the vehicle is actually performing ..
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Figure 6. Errors of both latitude and longitude

Figure 6 shows the errors ﬁ:[ﬁx ﬁy]of both latitude and longitude, once these values have been

transformed to Cartesian coordinates. It can be observed that at the beginning the error between the
desired trajectory and the trajectory of the vehicle for the case of the axis and the axis has a value
of 4 and 6 [m]respectively, this is due to the fact that at an initial point the vehicle is positioned at a
certain distance from the desired trajectory, then at a later point it is observed that the error oscillates
between +1 [m], this result is mainly due to the accuracy error generated by the GPS sensor and
on the other hand by the dynamics of the MAZDA 6 vehicle itself.

In future research, experimental tests will be carried out with a new controller that on the one hand
considers the dynamic compensations and on the other hand takes into account the avoidance of
obstacles in the trajectory of the vehicle.

6. Conclusion

This article is the continuation of the proposal that has been previously validated in a 3D simulation
program and now tested experimentally on a Mazda 6 vehicle instrumented with an electromechanical
system that allows the guidance of a vehicle in a trajectory previously designed for autonomous
driving applications. Errors between the vehicle position and the desired trajectory over time range
between 1.5 meters of accuracy.
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