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Abstract — Although extensive research has been conducted to 

design path-following algorithms for automated vehicles, the cross 
comparison between different path-following controllers is still 
weakly-analyzed. Therefore, we benchmarked five path-following 
algorithms to evaluate their performance according to various 
disturbances like gust wind, drop of road friction coefficient and 
inaccurate GPS localization. The comparison was carried out in 
simulation environment between geometrical-based, path 
controller with preview, LQR, linear MPC and observer-based 
controller with integral action approaches. 

Keywords — lateral control, path following algorithm, 
benchmarking, disturbance, simulation  

I. INTRODUCTION 
Over the past three decades, considerable research on 

automated vehicles (AV) has been conducted. The extending 
capability of automation is making autonomous driving a reality 
in the near future. Three important basic functions of automated 
driving system are Perception, Planning and Control. 
Automation starts perception function to perceive the 
availability of the space to drive in. Based on the input from 
perception layer, automation can generate feasible reference 
trajectory for the vehicle to follow. Then the controller 
calculates the command to the executive parts to follow the 
reference path.  

Extensive research on controlling car-like robotics have laid 
the foundation for controller development in AV. Recently, 
several surveys [1-5] have overviewed the developments over 
the years. With the usage cases of self-driving car developing 
from highway/rural to urban environment, the requirements of 
the controllers become higher due to the necessities of more 
accurate and robust path tracking for collision avoidance and 
driver/passenger comfort. However, not many research have 
thoroughly compared performance of different controllers [4]. 
This paper focuses on the developments and comparison of 
controllers for the lateral motion. 

Several representative controllers commonly used in 
automated vehicles path tracking were summarized by several 
surveys. For tracking based on geometrical model, Stanley 
method developed by Stanford won the second DARPA Grand 
Challenge in 2005 [6]. Linear Quadratic Regulator (LQR) 
control as a basic optimal control method has been widely used 
in automotive path tracking [2]. Model Predictive Control 
(MPC) is also being adopted in automotive domain taking 
advantage of the increasing computing power from the hardware 
[7-8]. Moreover, an innovative controller Observer-Based 
Control with Integral action (OBCI), developed by the authors, 
uses the observer for estimating the internal states to update the 
controller dynamics [9]. These controllers mentioned above will 
be used to compared against each other. 

Besides testing the tracking accuracy of different controllers 
in a perfect environment, we also introduced disturbances to 
evaluate performance of the investigated path-following 
controllers.  

II. VEHICLE SIMULATION MODEL 
The 9 DoF simulation model consists of three rigid bodies 

representing the sprung body, front and rear axles. This model 
is developed in MATLAB/SimMechanics. The tire dynamics is 
modelled using Delft-Tire 6.2 with a Magic Formula steady-
state slip model describing nonlinear slip forces and moments. 
The relaxation behavior is linear using empirical relations for the 
relaxation lengths. The steering dynamics is simplified and 
represented by a second-order transfer function with time delay 
and includes Ackerman geometry. 

To parametrize and validate the simulation model,  
experimental tests were conducted using the test platform based 
on Toyota Prius Gen 3. The test platform is equipped by Spatial 
Dual Inertial Navigation system from Advanced Navigation and 
CAN interface for longitudinal/lateral control and data 
acquisition. The experimental tests cover steady-state and 



transient lateral vehicle behavior. The experimental tests were 
carried out on mixed tarmac/concrete surface.  

 
Figure 1 – Steady-state cornering of the vehicle: 

blue – simulation, red – experimental data 

 
Figure 2 – Transient Step Steer Test 

The result of steady-state testing is shown in Fig.1. The 
experimental data covers left and right cornering with two 
repetitions for each direction. The steering control was 
performed by a driver keeping a constant turn radius of 50 m and 
speed was controlled via CAN interface (slowly increasing from 

standstill with the longitudinal acceleration of 0.07 m/s2). Due 
to a limited test area, the maximum speed reached was around 
60 km/h. 

The transient lateral behavior was evaluated using Step Steer 
Tests at 60 km/h with several repetitions. The results of the 
simulation, GPS and CAN data are shown on Figure 2. 

The main vehicle parameters are summarized in Table 1. 

Symbol 
Table 1 Vehicle parameters 

Parameter Value Units 

ms Body mass 1590 kg 

mus Front/rear axles (w/o tires) 85 
65 kg 

Ixx Body inertia around x-axis 623 kgm2 

Iyy Body inertia around y-axis 2728 kgm2 

Izz Body inertia around z-axis 2830 kgm2 

lf distance from front axle to CoG 1.123 m 

lr distance from rear axle to CoG 1.577 m 

hcg CoG height above road 0.535 m 

B Front/rear track width 1.519 
1.509 m 

hr Front/rear roll height 0.06 
0.15 m 

Kr Front/rear roll stiffness 75200 
48800 N/rad 

Dr Front/rear roll damping 3300 
2000 Ns/rad 

Kz Front/rear vertical stiffness 52000 
48000 N/m 

Dz Front/rear vertical damping 4000 
3200 Ns/m 

Tire 225/50 R17 (tire property file) 

III. CONTROLLER DESCRIPTION  
In this section, the path-following algorithms will be 

described. 

A. Stanley 
The overall design of the autonomous racing car is presented 

by Thrun [6], as well as the steering control of it. The steering 
control is defined as: 

 atan yke
e

uψδ = +  (1) 

As can be seen on Figure 3,  is the steering angle of the front 
tires, ey is the error of distance from the centre of the front wheel 
to the reference path, u is the speed of the car, k is the gain 
parameter, and e  is the difference between the orientation angle 
of the vehicle and the angle of the reference path. 

B. Path control with preview (PCFF) 
Focusing on the minimization of lateral error and heading 

error, the control input is defined as [10]: 
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Figure 3 – Stanley model 
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where tla is the look-ahead time; Kus is the understeer 
gradient; L is the wheelbase. 

The feedforward contribution is calculated based on the 
desired yaw rate desψ : 

 ff us des
L K u
u

δ ψ= +  (3) 

C. LQR 
The error dynamics model based on the bicycle model is: 

 1 2 desx Ax B Bδ ψ= + +  (4) 

where state vector ( , , , )y yx e e e eψ ψ= , and eψ  is the error of the 
yaw angle of the vehicle compared to the reference path.  is the 
steering input. A, B1 and B2 are defined [2] as 
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in which m is the vehicle mass m, Iz is the yaw inertia, lf is the 
longitudinal distance from c.g. to front tires, lr is the longitudinal 
distance from c.g. to rear tires, cf is the cornering stiffness of 
front tires and cr is the cornering stiffness of rear tires. 

With full state feedback, the control law is defined as: 

 Kxδ = −  (5) 

To get the optimal *, K can be achieved in : 

 1( )T T
d d d dK R B PB B PA−= +  (6) 

 Minimizing the objective function: 
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D. MPC 
By discretizing the model in discrete space as: 

 1 1, 2, ,k d k d k d des kx A x B Bδ ψ+ = + +  (8) 

To ensure smooth tracking of the reference, the objective 
function is introduced to minimize: 
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where Hp and Hc are prediction and control horizons [7-8]. 

E. OBCI 
Considering a linear parameter-varying system [10] 

 
( )x A x Bu Dw

y Cx Ev
ρ= + +

= +
 (10) 

by introducing an observer 
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 (11) 

and a feedback controller, as shown on Figure 4: 
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 ˆ( ) ( ) ( )refu K x M y yρ ρ= − − −  (12) 

 
Figure 4 – Schematic overview of OBCI controller 

The objective of the controller is to determine the L( ), K( ), 
M( ) by solving sufficient LMI conditions to satisfy the H  
criterion ensuring the stability of the close loop system. 

Transferring a model (4) to (13) to match system format 
(10): 

 1x Ax B
y Cx

δ= +
=

 (13) 

where 
1 0 0 0

0 0 0 1
C = , 

 1 1
1 1 1 1 1 2( ) ( )T T

desB B B B B Bδ δ ψ− −= −  (14) 

IV. SIMULATION RESULTS 
The simulations are carried out using a track profile (Figure 

5) and a speed profile (Figure 6). The velocity profile is obtained 
using an AI driver with following acceleration limits: max. 
longitudinal acceleration – 1.5 m/s2; max. longitudinal 
deceleration – 4.0 m/s2 and max. lateral acceleration – 5 m/s2 
(linear tire response except friction drop area). The longitudinal 
velocity for path-following controllers is tracked by a PID 
controller generating drive and brake torques.  

The controllers were tuned to have the best tracking 
performance of lateral position and heading angle. Their 
performance is summarized in the Table 1. 

Table 1 Path tracking performance 

Criteria 
Path-following controller 

Stanley PCFF LQR MPC OBCI 
Mean (SD) of 
lateral error, m 

0.11 
(0.17) 

0.06 
(0.10) 

0.10 
(0.15) 

0.09 
(0.13) 

0.03 
(0.04) 

Max of lateral 
error, m 1.17 0.38 0.80 0.73 0.17 

Mean (SD) of 
heading, deg 

1.4 
(2.0) 

0.7 
(1.0) 

0.6 
(1.0) 

0.8 
(1.1) 

0.9 
(1.3) 

Max of 
heading, deg 6.4 4.2 4.0 4.2 4.2 

Mean steering 
angle, deg 24.4 24.3 24.4 24.4 24.3 

To investigate the performance of the different path-
following controllers, the following disturbances are introduced 
in sections of the track (see Fig 5&6): 

- section 1 (red color): gust wind of 15 m/s generating a 
side force acting on the vehicle CoG; 

- section 2 (blue color): drop of road friction from dry 
asphalt (1.0) to wet asphalt (0.6); 

- section 3 (yellow color): random noise with mean of 
0.25 m in lateral position representing inaccuracy in 
GPS localization. 

The error of lateral position, the error of heading angle and 
the lateral acceleration  are shown in Figure 7. 

 
Figure 5 – Track configuration 

 

 
Figure 6 – Longitudinal Velocity profile 
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Figure 7 – Tracking performance for the path-following controllers 

 

The tracking performance is summarized in Table 2 for the 
whole track with three different disturbances scenarios. The key 
performance criteria were selected to represent tracking 
performance for lateral and yaw motion as well as required 
control input. 

Table 2 Path tracking performance with disturbances 

Criteria 
Path-following controller 

Stanley PCFF LQR MPC OBCI 

Whole track 
Mean (SD) of 
lateral error, m 

0.12 
(0.19) 

0.07 
(0.10) 

0.10 
(0.16) 

0.10 
(0.14) 

0.03 
(0.05) 

Max of lateral 
error, m 1.17 0.38 0.72 0.71 0.33 

Mean (SD) of 
heading, deg 

1.4 
(2.0) 

0.7 
(1.0) 

0.6 
(1.0) 

0.8 
(1.2) 

0.9 
(1.3) 

Max of 
heading, deg 6.3 4.2 4.0 4.2 4.2 

Mean  
SW angle, deg 24.6 24.6 24.7 24.6 24.8 

Section 1: Gust wind 
Mean (SD) of 
lateral error, m 

0.18 
(0.21) 

0.10 
(0.13) 

0.13 
(0.16) 

0.09 
(0.12) 

0.06 
(0.07) 

Max of lateral 
error, m 0.51 0.29 0.36 0.29 0.17 

Mean (SD) of 
heading, deg 

0.5 
(1.9) 

0.3 
(1.1) 

0.4 
(0.9) 

0.3 
(1.2) 

0.2 
(1.7) 

Criteria 
Path-following controller 

Stanley PCFF LQR MPC OBCI 
Max of 
heading, deg 2.2 1.4 1.1 1.4 2.0 

Section 2: Drop of road friction coefficient 
Mean (SD) of 
lateral error, m 

0.15 
(0.19) 

0.04 
(0.05) 

0.09 
(0.12) 

0.08 
(0.11) 

0.02 
(0.02) 

Max of lateral 
error, m 0.58 0.14 0.38 0.37 0.06 

Mean (SD) of 
heading, deg 

1.2 
(1.6) 

0.3 
(0.4) 

0.4 
(0.5) 

0.4 
(0.6) 

0.7 
(0.9) 

Max of 
heading, deg 5.3 1.0 1.4 1.7 2.6 

Section 3: GPS inaccuracy 
Mean (SD) of 
lateral error, m 

0.21 
(0.31) 

0.08 
(0.10) 

0.14 
(0.18) 

0.13 
(0.19) 

0.05 
(0.08) 

Max of lateral 
error, m 1.17 0.33 0.72 0.71 0.33 

Mean (SD) of 
heading, deg 

2.3 
(2.9) 

0.7 
(0.8) 

0.7 
(0.8) 

0.9 
(1.0) 

0.9 
(1.1) 

Max of 
heading, deg 6.3 3.2 2.7 3.2 4.2 

 

In addition, the tracking performance is evaluated for each 
specific section where the disturbance presents. 

The pure kinematic-based path-following controller 
demonstrates the largest deviation from the reference path and 



is sensitive to any kind of disturbance, specifically, GPS 
inaccuracy. 

The path-following controller based on trajectory with 
preview and feedforward part based on understeer gradient 
performs well even in the case of disturbance except gust wind. 

The path-following controllers based on LQR and linear 
MPC are capable to provide a sufficient tracking performance; 
meanwhile, variation of friction conditions (no part of controller 
system model in the presented study) significantly affect their 
performance. 

With the same model of system dynamics as used in MPC 
and LQR, The path-following controller based on OBCI 
demonstrates the best performance as well as the lowest 
sensitivity to different kinds of disturbance compared to others. 
Moreover, due to the difficulties of measuring the heading angle 
and lateral velocity, the OBCI developed does not require full 
state feedback with the compensations from observer. However, 
generating feasible solutions of LMI depends on the system 
dynamics. 

V. CONCLUSION 
The proposed study is focused on the benchmark of different 

state-of-the-art path-following algorithms to evaluate their 
performance in the case of the different kinds of disturbance like 
gust wind, drop of road friction coefficient and inaccuracy in 
GPS localization. 

The comparison was carried out in simulation environment 
between geometrical-based, path controller with preview, LQR, 
linear MPC and observer-based controller with integral action. 
To evaluate controllers’ performance, a 9 DoF vehicle model 
validated with experimental tests was used. 

Based on the simulation results, it can be concluded that 
observer-based controller with integral action demonstrates the 
best tracking performance and less sensitive to different kinds of 
disturbance compared to other investigated path-following 
algorithms. 

Further work will include experimental tests with the 
considered path-following controllers. 
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