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This study proposes a path-tracking algorithm based on feed-forward (preview distance control) and feedback (LQR, linear
quadratic regulator) controllers to reduce heading angle errors and lateral distance errors between a predefined path and
an autonomous vehicle. The main objective of path-tracking is to generate control commands to follow a predefined path.
The feed-forward control is applied to solve heading angle errors and lateral distance errors in the trajectory caused by
curvatures of the road by controlling the steering angle of the vehicle. An LQR was applied to decrease the errors caused
by environmental and external disturbances. The proposed algorithm was verified by simulating the driving environment of
an autonomous vehicle using a CARLA simulator. Safety and comfort were demonstrated using the test vehicle. The study
also demonstrated that the tracking performance of the proposed algorithm exceeded that of other path-tracking algorithms,
such as Pure Pursuit and the Stanley Method.
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1. Introduction

NOMENCLATURE
C, = Cornering Stiffness of Front Wheel A& 71t Aol g wet gelketar ks,
C, = Cornering Stiffness of Rear Wheel ARt =9 J5E 2= AT 71l gt Zaido] tiF
L, = Distance between Mass Center and Front Wheel Center S5l oot AREF A 912 mhef B v, <A, AR A
A] 4l O nmlo £E S 135+ ] = A
L, = Distance between Mass Center and Rear Wheel Center g S AloRh 22 W2 VeSS ERshal o] 1% 4=
e . S0 BEL WA A2E ueh A42FY A4S shs
.= Vehicle Moment of Inertia j j ) )
b atact Soced AAe 2GS QJeste] Mol nje] YoE ARE uet §7
C en o 4 Q== Kol Ao} HHE YAH AolTi2. A=
= Vehicle Mass N
T 2 Ao 72 A gl 2A &JEs] ol Al

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://crossmark.crossref.org/dialog/?doi=10.7736/JKSPE.024.007&domain=http://jkspe.kspe.or.kr/&uri_scheme=http:&cm_version=v1.5

436 / June 2024

MA BRI ARpe] muYo] YA GOW BAVL BT
cH3). olsh 2 BAR Qlo) W oxjok A A 23]
AV} Bt Aol A el W ol e A
TR 1 FE 5 AP FY BAINS TG 48T
@ Aol PuLZE Aol M7l TN FAG AN W7
He w2 el 73 %@*301 FAsP gastel, 1 23

Mo Y BN Lo
o l‘.?L' 01?{\-14 o il

o

Ly o
N
> oo
> 32
e 0ok
ftlo W
r{o No%‘
_0|_15

r]r

£”.=

g

!

rr

_\1

2 7
rr
zj
h)
s
ok
oot
r>~l
r i
A=)
mM
rlo
d
m
oﬁ
LU
N
(N
=
34

2 @ ox
_.1
fu
1B
H
S
()
c
St
o,
il
L

rr
i
ox,
ofr
o
iz}
2
a3
)
it
_\1
g =

2o Aol FFofor & BRYS AL, o] BEYS I

227} AR
QI3 Stanley &3]
x}au g 4y 2ad

A P ARl s Helth 3%]”& Stanle 2
o] YAk ]H}—E 517] ool o %ﬂ‘% P%kfﬂ
A B4 el wigshr] oYtk AV EARIT) ol
=E317] 918l LQR &are]Eo] 7id= it LQR Yale|&e A
2”lo] A5 Ao wdgsial, Alo] fdes Fal el &

o|& F|axslsto] Hrt AUt Aloj7t 7St 11]. LQRE &4
S} o 2 RIskE BF A E 4 Q7] whzol thdt Al
U oA 3k A5 Helth olgdt AR 5 dalgEo]
BN AsS ASsl fI8l ROS g4 e] CARLA
SimulatorE AF&k= ATL50| 2715kl Qo 12-14].

2 wmRolA A g Aol Fu VI TS ST
2 2% duelEL Astalch. Aol 17 7 A 7
g AR A %J#f% ‘IH 715 —TUH 5 XJEQP A &

}.,

0O
0O

35}17] 9%t Preview Dlstanceg @,%OH Curvature-based Feed-
forward Control2 ATl Curvature-based Feed-forward
Control& 3] 4% AX 37+ wE &2 313 o, A
sre] w2 ARhe sjelela Aol Zakg vle] e W Alofr
b= Zﬁjﬂ orA Al BFARS- 213l Feedback Control = A3

Ao} 0|22 7|HFo & 3= LQR (Linear Quadratic Regulator)
S ARSI ow, Curvature-based Feed-forward Control}

=

Feedback (LQR) Control =3 23S gHAkelo] A28 2155

2 st AR A2 F5 A0 A5 Sl
CARLA SimulatorS 2-83}9it}. CARLA Simulator= A5
3 A+E 945} QT AEE ol o, tefRl =meb
FoS A FIITH1S5]. AFRAIE Thokelr Ajekn IS A
sfoj whEAo @ AEHoHS WBT 4 AUct. ol 715
g ade] AT 548 Wlela Agels | &
5171 ulgol AH5A QAR ofujeh chore slxje} o o)
o)A Wol AREE AL Qlrk. 523 7 2+= CARLA Simulator
oA A WL ALgalgom, sheke AN 7k 9 G
A8 7k 298 98] We] Waypoints: ALgsto] 1z H2E
st i = A=E Alsslsto] A4 dE= AME-SH
tt. CARLA Simulator®] x5 RElT}l zjo] Girg]=9o] Ho
s malo] oiet WE Aol BUT T Asigion, =
249] Side Slip Angle (8)1} Yaw-rate (]/)—‘ H| 2 3l= A4S
A, AR 2F AGS T £ W 28| =70
et W 03 % G A oxje] FA7 aghow B
= A9 715A FE Q2 A4 R 2 Preview Distance 4
5 2] S8 Y k5L 2Rek] ABe WS ©
zke] 24:gk 2Hele 913l RMS (Root Mean Squareyg AR8-5ho
A9 7152 A Q9 4= R ¢ Preview Distanceof gl
W oA1E Telsic. A Wk Hestel AL Asiele
o, 71 AT dE|Ee] A W zjeko] Z=a) olRAS Bholst
Q13it}. E3t Pure Pursuit?} Stanley MethodE 3ot 374

ol
~
’7

op flo & EI

i)

T AR

oM de< 7\L°“0P°ﬂ°ﬂ1 & =2ollA Algkshe darelEt
B 3% daEEe vaske W, 8 9 4 Aol '
the s Rlskinh & =29 S v Zrk 248l
© AR 35S A% AT e 2o dis ARttt 33
A B Aol darelsel tisf distal, 4ol = *lgﬂﬂ
ol Ad A¥E HojEnh 7 v AIjkd dale|ge] 8of
A & AFE AYste AES solA tET

2. State Space Model of Vehicle and Validation

2.1 Vehicle Dynamics based Error Model
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Fig. 1 Lateral bicycle model of the vehicle for lateral dynamics
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Table 1 Main vehicle parameters

Definition symbol Value [unit]

m 1,800 [kg]

I, 2,800 [kg-m?]
Ce, C, 55,000 [N-rad™']

L¢ 1.15 [m]

L, 1.55 [m]

Input Steering [rad]
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Fig. 3 Input steering angle

0.02
0.015
0.01 1
0.005 -
0

-0.005 +

Slip Angle [rad]

-0.01

-0.015 A

-------- CARLA Model Slip Angle

-0.02

I
+
I
|
4
I
I
|
| ’ Bicycle Model Slip Angle
i
0

o
[,
o

1000 1500 2000
Data Points

Fig. 4 Compare side slip angle for validation
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Fig. 5 Compare yaw rate for validation
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3. Lateral Control System

3.1 Feedback (LQR) Control
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3.2 Curvature-based Feed-forward Control
3.2.1 Preview Distance
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4. Simulation

4.1 CARLA Simulator

ROS 3#-74<9] Ubuntu 20.04 OSolA] CARLA Simulator 2!
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4.2 Control System Architecture
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4.3 Simulation Method
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(b) Global path at CARLA Town05
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Fig. 12 Creation of a driving path using waypoints in CARLA
Town05
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(b) Heading angle error for path tracking algorithm at 30 kph

Fig. 13 Heading & lateral distance error with steering at a vehicle
speed of 30 kph in Town05

Table 2 Heading & lateral distance error RMS at vehicle speed of

30 kph in Town05
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(b) Heading angle error for path tracking algorithm at 60 kph

Fig. 14 Heading & lateral distance error with steering at a vehicle
speed of 60 kph in Town05

Table 3 Heading & lateral distance error RMS at vehicle speed of
60 kph in Town05

Lateral distance Heading angle Lateral distance Heading angle
30 kph (PP) 0.197 [m] S,fgé [[32‘;]] 60 kph (PP) 0.351 [m] 3’82521 [[:122]]
30 kph (Stanley) 0.412 [m] g'g ?31 [[crli‘;]] 60 kph (Stanley) 0.576 [m] 2.';) 57 2 [[(rlig]]
30 kph (85,) 0.021 [m] ot [[32‘;]] 60 kph (3, ) 0.128 [m] s [[(riig]]
30 kph (8, + 8¢) 0.011 [m] g:??i[g:g]] 60 kph (8, + ) 0.01 [m] 8:2288 [[;eg]]
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Fig. 15 Odometry of the path tracking algorithm and heading &
lateral distance error at 30 & 60 kph over curvature in
Town05
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Fig. 16 Creation of a driving path using waypoints in CARLA
Town04
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Fig. 17 Heading & lateral distance error with steering at a vehicle
speed of 30 kph in Town04

Table 4 Lateral distance error and heading angle error RMS at
vehicle speed of 30 kph in Town04

Lateral distance Heading angle
30 kph (PP) 0.161 [m] ?gig [[32;”1
30 kph (Stanley) 0.295 [m] 239668 [[crlig]]
30 kph (8, ) 0.016 [m] 8332 [[criig]]
30 kph (35, + 85¢) 0.008 [m] (())..8271 [[crleg]]
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(b) Heading angle error for path tracking algorithm at 60 kph

Fig. 18 Heading & lateral distance error with steering at a vehicle
speed of 60 kph in Town04

Table 5 Lateral distance error and heading angle error RMS at
vehicle speed of 60 kph in Town04

Lateral distance Heading angle
60 kph (PP) 0.276 [m] 2406 [[SZZ]]
60 kph (Stanley) 0.433 [m] 22351 [[(rizc:]
60 kph (3,) 0.103 [m] 057 [[r(?:;]
60 kph (8¢, + 3¢ ) 0.009 [m] (())24(1)36 [[SZZ]]
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Fig. 20 Creation of a driving path using waypoints in CARLA
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Fig. 21 CARLA TownOS5-inner map curvature and vehicle speed

Table 6 Vehicle speed according to value of curvature

Curvature Vehicle speed
0.05-0.086 [rad] 20 [km/h]
0.016-0.05 [rad] 30 [km/h]
0.005-0.016 [rad] 45 [km/h]
0-0.005 [rad] 60 [km/h]
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Table 7 Lateral distance error and heading angle error RMS at
vehicle speed of 20-60 kph in Town05

Lateral distance Heading angle
20-60 kph 0.033 [rad]
) 0-131 [m] 1.89 [deg]
20-60 kph 0.013 [rad]
(8, +8¢r) 0.041 [m] 0.744 [deg]
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