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Abstract

Autonomous vehicle consists self-learning process consists recognizing environment, real time
localization, path planning and motion tracking control. Path tracking is an important aspect on
autonomous vehicle. The main purpose path tracking is the autonomous vehicle have an ability to follow
the predefined path with zero steady state error. The non-linearity of the vehicle dynamic cause some
difficulties in path tracking problems. This paper proposes a path tracking control for autonomous vehicle.
The controller consists of a relationship between lateral error, longitudinal velocity, the heading error and
the reference yaw rate. In addition, the yaw rate controller developed based on the vehicle and tyre model.
The effectiveness of the proposed controller is demonstrated by a simulation.
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1. Introduction

Intelligent vehicles played an important role in the development of intelligent transport
systems that were being developed in recent years. Many research and industry institutions
have conducted research on intelligent vehicles. Some of the latest vehicles have also been
equipped with some intelligent devices that have been developed earlier. For example, the
antilock braking system (ABS), electronic stability program (ESP), traction control system (TCS),
electric power steering (ESS), electronic braking system (EBS), and automatic braking system
(ABS) [1]. There are also several new technologies developed to support the realization of
automatic driving. These new technologies that can be founded include adaptive cruise control
system (ACC), automatic parking system (APS), anti-collision system (ACS) and advanced
driver assistance system (ADAS).

Automatic driving is a complicated process that requires a self-learning process
including environmental recognition, real time localization, path planning and motion tracking
control. Some control strategies for this case can be found in many literatures such as the
output feedback self-tuning controller proposed for lateral motion control of the vehicle [2].
Ref [3] provides an explanation for the use of the widely used H« controller for path tracking
based on the loop shape procedure for control. PID controller is a classical control algorithm
used in various fields because it is easy to apply.

Ref [4] described that sliding mode controller is widely used in solving trajectory track
problems. The fuzzy logic controller is also used for track tracking by using the skid steering
vehicle method [5]. Also knowing the neural network controller used in vehicle steering and
widely used in machine learning for nonlinear patterns. These methods implemented individually
provide some shortcomings. Neural network requires both online and offline training and high
computational cost that is associated to that training [6]. The combination of such methods in
the control of the system is widely used in practical application, and the combination of methods
gives better results [1].

Osman [7] presented cruise control performance of linear and non-linear systems using
several control approaches including PID, state space and fuzzy logic. Development was then
recorded for adaptive cruise control using machine learning approach. Technique called
cooperative adaptive cruise control which aims to maintain the distance of the host vehicle to
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another vehicle [8]. Hamid [9] proposed model predictive control combined with vehicle collision
avoidance system that its performance compared to geometrical path tracking for collision
avoidance provides significant results for several scenarios.

The researcher employed a feedback control to determine the vehicle’s future position
with respect to path and adjust the steering input to reduce the future error [10]. The control law
consists of the heading error, lateral error and vehicle velocity, in a somewhat similar strategy
as Stanley control law. The study is then enhanced in a later publication where spike detected
to avoid erratic behaviour by controller due to GPS signal lost [11]. Ref [12] has reviewed
several path tracking controllers based on geometrical approach that are widely used for
autonomous vehicles.

However, many type of controller requires proper tuning to work efficiently.
The adjustable controller can only work with certain types of trajectories, specific vehicle speed
ranges and cannot perform on sharp cornering. The presences of the model uncertainties and
external disturbances increase diffulties in path following control for autonomous vehicle. Model
uncertainties may arise from the variations of the vehicle/environment parameters and the
vehicle state. Contribution of the paper describes the application of the Stanley steering control
law combined with vehicle dynamic control to extend the autonomous performance on severe
maneuvres such as sharp turns and adverse driving condition. Designed controller based on
vehicle yaw rate is actively controlled to achieve trajectory tracking and adverse conditions.

2. Research Method

Dynamic and kinematic vehicle’s behaviour modelling approaches can be used to do
designing a lateral controller. The vehicle’s weight, centre of gravity, cornering stiffness, wheel
slippage and others were takes account into dynamic modelling. Equation of motion for
kinematic and dynamic vehicle model for bicycle model show in (1-6) [13].

X = v, cosy — v, siny (1)
Y = v, siny + v, cosy 2)
=y 3
v, = =+ vy 4)
v, =2 — v (5)
= Lo (6)

Iz

Looking at that equations, the main contributing external factor in this model is the tire forces
which is the main source of external disturbance as well as the traction governing the vehicle
motion. Tire forces arise from the deformation of the tire during different manoeuvring in both
the longitudinal and lateral directions as the interaction between tire and road surfaces. Bicycle
model and its kinematic and dynamic properties as shown in Figure 1.

If the wheel angle & is small, the tire forces can be considered linear with the
longitudinal and lateral slip angle. This linearization has been carried out on a full vehicle
dynamic model and bicycle model. Linearization of lateral and longitudinal forces are shown
respectively in equation [14].

E,=C(ya (1)
Here C, and C, are defined as longitudinal and lateral cornering stiffness of the tire, s is the
longitudinal slip angle and « is lateral slip angle. The equations for force and moments at the

vehicle can be expressed as [13].

Fy= Fyq cos 8g-Fy 5in 8g+Fyp €OS 8= Fi SIN O + Fypy COS 8y-Fypy SIN 81y Fypy €OS 8y- Fypp5IN S5 (8a)
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Figure 1. Bicycle model and its kinematic and dynamic properties

In that equations, 0« is the steering angle of a given wheel, with the first subscript representing
front/rear and second subscript right/left. The tires are very impact on the dynamics of the car
because of the components that generate outside forces. Tire longitudinal forces, lateral force
and aligning moment are complex nonlinear functions. These forces were as function of tire
normal force, slip, slip angle and tire-road friction coefficient. The longitudinal tire slip is defined
as [13].

5= WyyiRi-Vyi _ WyyiR; -1 9)
Vsi Vsi

Where w,,,; is wheel rotational speed along wheel Y axis, V,; is the longitudinal speed, and R; is
the tire effective radius. The slip angle for each tire can be calculated as [13].

-7 V},+r]f

ag=-0g+ tan = (10a)
1,
=6+ tan L (10b)
xtis
_7 Vyriy
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@, =-8,+ tan’ jTrIS (10d)
The normal forces on each tire can be calculated using the equation [13].
_ mygly (11a)
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The main purpose in the path tracking control are provide sufficient steering input as
well as throttle and braking input to control the direction and speed of the vehicle to guide the
controlled vehicle along a predefined path. There are several type controllers for path tracking
problems that are geometric, kinematic and dynamic. Geometric controller was most popular
used in autonomous steering control due to its simplicity and stability. Stanley method was a
geometric controller developed by Stanford University that won DARPA Grand Challenge in
2005.

The overall architecture of the vehicle was described by Thrun et al., (2006) [15] and
steering control for path tracking controlled was detailed by Hoffman et al. (2007) [16].
In [17] showed a line tracking system for autonomous high speed vehicles. By adding the
intersection location, this embedded system shows an accuracy of over 98% at 200km / hour.
Ref [18] presents a concept of platoon movement of autonomous vehicles that vehicles have
Adaptive or Advanced cruise control (ACC) system. Ref [19] presented the proposed
autonomous mobile robot navigation scheme for several cases are designed and modeled in
Simulink and MATLAB in unknown environment with obstacle avoidance is based on using
fuzzy logic and wavelet network. The path tracking system employed a nonlinear geometric
controller considering heading error and lateral error.

5(t) = 6, + tan™" “L2 (12)

Where 6.the heading error between path direction and vehicle direction of motion, ey, is the
lateral error and v is the instantaneous velocity and k is the tuning gain of the vehicles as
illustrated by Figure 2. The gain value of k is determined by the trial and error method. This
method is performed to determine the best gain value k which gives the lowest RMSE value.
The desired effect achieved with this control law as eqincreases, the wheels are steered further
towards the path.

(Xg. Yg)

Figure 2. Stanley method geometry

The system control scheme used can be seen in Figure 3. The reference paths are x
and y positions, then the path orientation is calculated. The error block calculates the error value
of the lateral, longitudinal and orientation errors with the position input of the vehicle and the
desired position.Furthermore, the results of calculations in the form of lateral error and
orientation into the Stanley block controller to generate steering value. The yaw control block
calculates the moment value with the desired yaw input with yaw generated by the vehicle
model block.
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Figure 3. The control system model.

3. Results and Analysis

The development of the control system has been carried out for tracking of trajectories
on autonomous vehicles. The development of the controller in this study used a vehicle model
with 7 DOF. In addition to using kinematic and dynamical models of vehicles, tire models are
also used which consider the slip on the wheel and moment on the wheel. Tire forces were
longitudinal force, F,, lateral force F,, and tire self-aligning moment, M, on each of the wheels.
Table 1 is a vehicle parameter used in the simulation.

Table 1. Vehicle parameter for simulation
mkg) L(m) Il(kgm?) It Ir V(m/s)  Width(m) C, (N/rad) Cyx(N/rad) Ri(m)
1350 278 13201 114 1.64 10,1520 1.55 40200 62800 0.3

Proportional-differential controller is used to control the yaw rate and moment on the
wheel. Figure 4 shows trajectory tracking result of the vehicle on global trajectories.
The controller used gives significant results for path tracking with a maximum speed of 10 m/s
(36 kph). The vehicle could follow the desired reference trajectory with sharp turning.
Figure 6 shows a decrease in longitudinal speed at the start of a turn. A decrease in the
longitudinal velocity is performed to adjust the curvature of the curve. For sharp turns as
showed Figure 5 the lowest speed drops at 4.95 m/s. Heading error from the controller is also
shown in Figure 5. The controller can track well the heading path, but when the autonomous
vehicle starts to turn a heading error of 10 degrees. Then the heading error vehicle oscillates
until finally the autonomous vehicle is stable again. This is seen by decreasing the heading error
value until it reaches zero at 10 seconds.

The comparison between the desired yaw rate and the yaw rate generated by the
controller can be seen in Figure 5. The controller still generates a substantial error even though
the vehicle can still follow the desired path.This exists because the yaw rate generated by the
controller is only based on the calculation of position error between the current position of the
vehicle with the desired position.

“ehicle Path Tracking Yaw Rate
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Figure 7. Path tracking response at different

Figure 6. longitudinal and heading angle error
vehicle speed

for vehicle speed 10 m/s

Figure 7 is a comparative result of the simulation of paths simulation for several speeds of the
vehicle. From Figure 7 can beseen that path tracking can be performed well for vehicle speed
10 m/s. The larger the vehicle speed the greater the lateral error generated by the controller.
Larger lateral errors occur when the autonomous vehicle turns sharply.

Table 2 show three test with differents speed 10 m/s, 15 m/s and 20 m/s. RMSE is the
value root mean square error of the Stanley controller for that variation speed vehicle. Speed
20 m/s has the biggest error tracking that is 1.87. This suggests that tracking paths using a
20-vehicle speed have not produced good results. In this study, the Stanley controller gives the
smallest error value when the velocity of 10 m/s is 0.75 m.

Table 2 Performance of Stanley controller with speed vehicle variation

Vehicle speed (m/s) RSME
10 0.75
15 1.25
20 1.87

4. Conclusion
This paper describes a path tracking controller for autonomous vehicle. The controller

designed based on yaw rate and interaction vehicle/tire dynamic model. A simple kinematic
model can suffice when vehicle drive with slow speed. The simulation has been done for 10
m/s, 15 m/s and 20 m/s vehicle speed.

The simulation shows the good performance of the control tracking on desired trajectory
for 10 m/s vehicle speed. At that speed, the tracking path controller can follow the desired path
successfully. However, for vehicle speeds above 10 m/s, tracking path controller shows an
increase in mean square error value. This occurs is due to the gain was tuned at the speeds of
10 m/s. For future work, this controller will be combined with an adaptive control approach to
adopt the variations of speed to achieved desired trajectory.
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