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Abstract : The advanced driver assistance system for autonomous vehicles is being researched and developed for driving stability
and driver convenience. Autonomous driving systems, such as adaptive cruise control(ACC), lane keeping assistance(LKA), and
lane change system(LCS), have been developed, and they are being applied to many vehicles. The most important goal of these
advanced control systems is to improve safety. In this paper, we propose an optimal lane change controller while considering the
crash risk by using the information of the preceding vehicle and the side lane vehicle for a safe lane change. The optimal controller
for the lane change is designed by using the vehicle state space model. Furthermore, the time-to-collision(TTC), which is a risk
index, is applied to the optimal controller. We compared the simulation result of the TTC-based optimal controller with that of the
optimal controller by using a constant weighting factor. The optimal controller was developed in Matlab/Simulink, and the vehicle
dynamics simulator, CarSim, was used for controller verification and comparison of results.

Key words : Autonomous vehicle(AH&3 A"5-=}), Advanced driver assistance system(3d &+ &} B2 A]2~Hl) Vehicle
dynamics(X} % 5 <13}, Adaptive cruise control(%]-5-3 =& #]©]), Lane keeping assistance(X}4] -+#| }3.Z), Lane change
control(XF4 W7 A o)), Optimal control(Z 2 A1), Time-to-collision(Z& A2 A|7F)

Nomenclature 1. M E
C,s+ C,, : cornering stiffness front and rear HT AAA o2 s T8 AbsApell tigk Halo] =
I, : vehicle front, rear length o}=x]H A ADAS(Advanced Driver Assistance System) 7]
Ve, : subject and preceeding vehicle speed Toll ek A7E 2e] & 5 otk A& el il
A : vehicle moment of inertia 7I'eo T Ao A12=HI]l ACC(Adaptive Cruise
. Control), AEB (Autonomous Emergency Braking control) 7}
T : time gap _ _
) . . glom, ek Alo] Alx~Elo R LKA(Lane Keeping
¢ ¢y : clearance and desired distance )
. Assistance), LCS(Lane Change System) 72 7]l t 3t
Yo : lateral position error . 12
A7} A Folr)
Y. :yawangleerror g Sl AEA APAEES AR bt A
’ +steering wheel angle o8 e e FH ATE st Ak 58 F
A}

3
Y F e} Bt Al & S| & oo R = uF

*Corresponding author, E-mail: hclee@hanyang.ac.kr

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.

627


https://crossmark.crossref.org/dialog/?doi=10.7467/KSAE.2019.27.8.627&domain=http://journal.ksae.org/&uri_scheme=http:&cm_version=v1.5

s Fol7] A% A o dare] 5ol o] 385t
AL, 5 AFelAE 2021 o] F frollA] FA]E]
T WE ARl AEB7] 52 EE A s = & ke
I Fe7g0] A5 wobAlaL gl

Sl wER ARl A ZIG20] 94 %= A
Hol 2 Qg AbaLelth, 71 ARAL AT 239 %
o) el Abal= AWM o = kA SEGl A, T o] 79

AR At v o 2 WAy Ek Aparel 2abE ik
xw W7 Al AR AaLE Fo]7] 918l uE AbaL
& 725 213 LDW(Lane Departure Warning) A] =%l <1

T7F olFo] AHrk E3F AAWAES Hg Al=FR]

LCS(Lane Change System) ¢} 241 W78 7 = A3/ ol o gF

ATE B x}AE HAF LA} 5= A AFe] H oA 1)

obdA] S 98 Aot Ra HJE? B e

]o
il

B3 3 $712e] WY S o] FAbol Xt bz
w9} QS 2P a 0w mel g Ao e A A5

2=¥l(Lane Change System)°ll $1& %= A3 <] TTC(Time
To COHISIOH)T—E' gt HA Ao7E A, 84
HAsetaat ghet o] & 98l A 58k o] 8-
Eﬁh,]_ §] \:ﬂ—‘o‘]: p=s alg 24_&—]./\}\_,_ o] Et‘i:]% 7]

3
=
Ll
Z] A #| 1 7191 LQR(Linear Quadratic Regulator) #1| ]
<
Ll
s

>
i

IA 5 ) 23-26) 33 AA1E LQR 48 Alo)7](F
@ Alel)e] Ale] e Aol FHFTTCE, A4
1% LQR A0} 7]¢] 7} o= Fua TTCE
Atk Aol FneEL A AT A FeolA
2 Mathlab/Simulink 2} Carsim©o. 2 4= A}, &
oA ASksH= A A WA LaeZel g
e selshs] Sis), Qe A WA Avkel 2o
QR Alo}7] 5 A& -9} TTC7F ¥H3 ¥ LQR Al
12 88 A7HE vl askich

) il 1-m 09;
i

)~

.LL4

=

o FHr'oﬁoﬁoﬁ‘.ilOoﬁEml

031 oo b o

0;

—

ﬂl

N

2
>
o
Ho
ML

I}
h
e
o

[3S)

9

0
oY T
T
20

82 2

[y &N
b

g X

| o 2
Moo
oo olo 2
O
> ol

o
2
>,
U i)
> ot

ol o
oft
rﬂo{-ﬂél&

N
)
off o
o g
.ﬂ

o

2
i

2}

ot rlo
lo

N

b

k

©

&
_SQ

rr

> |o

2
ot
1o
N
N
4
kil

27,28)
o] 1:]-
T long =4 longxlong + Blong,l at Blong,Z a

_ {8_01]x+ [_01]u+ [I a,

14

(M

628 sSH=EXSAEEE =2 M7 H8E, 2019

STODEES

= Alat Tigt + Bl(n‘,,l 6+ Bl(n‘,,2 ¢

o, el W 2, E Q) 2, =

Cq =TT,

des

= [1’.31’.41’.51’.6] T= [ye yez we 12}5:] ’

1 0
2C,,+2C,.  2C,+2C,,
mvs m
0 0
20,G,—20,C, 2,6, ~2,C,,
L, L

0
20,
m
0
2,C,,
L
2C
—u,— flf m" T
mu,
0
20, 13+2C,, 12
Iu,

AANA ¢, 9 ¢, 42t A

£ Aol el

ARG S A5 T

A2 2 F A5 A 2R ¢, 9 Time gap 7, v, %

77} 55 olo]



HSY g0 oM IF= 7t AR

(Xdes' Ydes)

T W Center line of lane

X

Fig. 2 Vehicle lateral scheme with bicycle model

o) =197 Aol m

et F5o] & IO]*WW o4 ] o=

2 2 A, L= A B EHlEo|t

3. A HA gme|E
3.1 AN HA H=2
AR Z Y 2 A7 Al 228 AR A b W
7B AE S A AU el gka, okt B S
g3k 2 M A 27T A o] Skt SR T 2 AT
T 5AE g&4ola QPR A WA AR Ao
olbd xbd W17 Al AR EE 183 A Alo] darEls
o] Mol =, A¥} vlue] A& 98l wheshE 24
w7 A 2E 4 genx st
Yes (t) = Road Width < %arctan(t) (6)
Fig.3:& 101 352 LCS 101719 S1ef sl 240 2
A& nolEtt o= 2 (6)9] AHhetaro ;2 & vhe}
VB E ALgalel AR BeslE A4 WA A zold
2 :

-

Lateral distance [m]
A o

-2
10 15 20 25 30

Time [s]

Fig. 3 Simplified lane change path

3.2 XM H4AH LQR H|0{7]
2 41017191 LQR #°1715 HAIs7] 918l 4] (1)7

/;1l (4)94 %’ u k g?ﬂ—o] qug &l (7)_4 ALEHHPXJN

Wz H=xof YTalFo| chet 7

2 AHgSHn,

= Az+ Bu+ Bw

_ [Al(mq 0 o [Bl(mg,l

u+
0 Ay B

w
Blat‘Q

Blrmg.Q] (7)

oju el W z ok A u, 7 w2 242 A (8), (9)
olth.

— a
x = (@ z 357 257)
_ : cr ®)
- [cd —C Up VY Ye we ¢des]
A
T a
u= ", w=|." 9
u ¢des

2% 4017191 LQR A°17] 2AE 913} 4 (10)¢] 7}
AG5E BAFSTE. ol AFA Qs R 22t A
(1), (127} o] eI se.

o[
R= [(1) (ﬂ (a1
J:/ju&VQﬂﬂ+MﬂﬁMMMt (12)
minimize, , Ja (1), u(t)) (13)

LQR #HZ Ae]7]9] &<l A3 u(t) & 75
21 (13)3 2ol HAst A7) = A& B3R gt ol @
oF RS 242t e et ol tigk 7t A 2 7H| g
T, 5 A Aor]e] EAS AR =T REE G
Q-E— ARESE 7ER g A T A E RS E Eof Ao
= A 1, QF T Q¢ QoA E
T IFEAE VHAE HWHSE 2 HEeR Folaxt
gk zlo|th,

°] LQR Alo17] A& 913l 2] (14)¢] 27| %7g 4]
o] SiQlP & -&taL, 4] (15)°] A& AF&Se] Alojol=
K= Arkstazt akqiek Alofo] = Aliks 913 Matlab 9]
Contol System Toolboxol| A A|-F3}= care F5 A3}
Atk whEbA] g 2he] Aloji g o] F u(t) = Ao o]
5 K2 B8] 4 (16) 0.2 el ).

iy

AP+ PA— PBR'B P+ Q=0 (14)
k=R 'B'P (15)
u(t)=—R 'BPz(t)= — Kz(t) (16)

A% 4 02 LQR Ao 7] 9] Alo] o] 5 4] (172 Ael
Ak

Transactions of the Korean Society of Automotive Engineers, Vol. 27, No. 8, 2019 629



Wonbin Na « Jinwook Kim * Hyeongcheol Lee

e (17)

3.3 TTCE 1E{8 A A LQR H[0{7]
Fig. 4¢] 292 & =l A Aljtsl= TTCE aLedgh

£ A¥stel, 44 WA ol Tbse 4FAA Badch 2
Aol Fsd A9, TTCE 483 LQR Alo) & B4
AR SR o 2R 6% s e W
Ak ek

TTC= % (18)

oluf, 21 (18)°ll AF-&-¥ d, 7} v, & 217} 2] (19), (20)°] T
d, ;=i W A, v, =i ] & ol

d’!‘: V dr,12+d7xy2 (19)

v,= /v, 2+uv. ? (20)

T T Ty

Start
Driver’s Lane Change Demand
(Turn Signal in Straight Lane)

Surrounding Vehicles
Recognition

Relative Distance & Velocity

TTC-Based Danger !
Lane Change

Decision

Calculate
TTC; (Front Vehicle’s)
&
TTC; (Side Vehicle’s)

TTC; & TTCs

A

Get LQR Gain
K = f(TTC;,TTC;)

Desired Acceleration

W& Desired SWA v
Adaptive Cruise Control
Lane Change System &
Lane Keeping Assistant
la ]
<

Fig. 4 TTC-based lane change system flowchart

630 E=ASASEE=EE M7 H8SE, 2019

Ties :T(1+1/TTCf) (22)

21 2ol A rof Al AHE-E A (22)9] 7, = ]
AE=rt SV 17O, 7 s, AapHes, %
A W7 Ao Al 0 A ¢, 7 S8 |
t} o] & Fall 2 WA Al AW ApFte] b S

[e)
Al At

2% o

=
SERS

W, Feke] YRS we e XX WA H A Ao
719] AAIE Qa4 32004 ARE-gE 2] (7)2] el g 2
S AR, fE s a8 /M E ARSI
A= AARJTTCE L& te] TS b gk 2 4 A 0] 7]
£ AAE] 913, 2 (10)9] 7FeA] @ thal e 913
T (77TC)7F 1 E 4 (23)9] Q.5 A&k
0. = nga QMOT TCJ (23)

webA] 2] (12)9] 7EK 94 dial 2 (24) 9] TTC7F At
A A §5E DG Aol 7190 s

¢]l_

es T

[ 0 (@ TTC a0+t @

Zukataate] 91¥ st AASE 77O, = 00 717
Al 7Faghe), ol upe} 74X gl A 4EE Qo I
B Aol 7HEA(Q,., TTC,) B3 o5 Atk =,
SAbe] AR Tt ol A=, bl
TR 7t 7F AT} webA] Fig. 39 2 W
A =g A kel A MAS 9
el 48 71515 Fo Alo] & gl

33191332004 ek o o Q. 2 A&, 319 HA
Aozl AA HHE A e TTCE 83 24
W7 LQR Alo)7]3= 2} (25) 2.2 A, 45k

o=
ol
o
£l
of\
oZ
otk
2
2

Apes = — [(1 (Clr;s‘ - C) - [(2 (Up - Us)
(TLSing Tl('s) (25)

6
6109 == E ‘[()‘Z‘] (USan QICS)
Jj=3



Study on TTC-based Optimal Lane Change Algorithm in Adaptive Cruise Control

R R LR ST SR
o) Aol we} AA7ko 2 el gholth, 9@ el uf
2} "ehA = LQR Alo] o5& Alol7]el] 48317 ¢l

/7’//7/ 0 o 1<Cs

(a) TTC-based LQR gain A

07//7/ 0 o 1’(0 s

(¢) TTC-based LQR gain A

(d) TTC-based LQR gain A
Fig. 5 TTC-based LQR controller gain map

A Aolol 5 K= AAZtom Aiks|ojof st} s} wk

LQR Ao}7]= e A4S B A w2 Ao]7]
g Wel2 918 Aloj7] o] 52 ozmepel o e

Aikste] A gahgck

SFEe] sl G WA k= T Alo] o5
=

~ Ka% Fig. S(a) ~(d)¢]
7150 A1= Matlab/Simulink
9] Look-up table-S- AF-&-3}o] A|o] 7)ol 285191t}

4. T AlLE|2
4.1 T8 AlLl2|2 L A|SE[o|M 7N
Q= 7)uk A WA HA Aol 7= A=) Y8
124 =2 9]0 A Fig. 6] U] 71A] 24 WA Ayl &
o}""EP A S B Ao} xbee] B oA 9)E

T3S 3h= A S-olth = Alo]xpEFe] 9]
7}77}%4x] Z8 S 5= o—rEO]E‘r AL}
T Sk Aol A st A Ao
o] HZsta, A eBE Aukxleka) 34 =4k
o] 7F&3lm Aoj kel HZEakE A $-olth Ay
QC= Tl A S Abeke] 7hEeb ek g
AUE] 9DE C9] AF3o| A Aulx)ake] 7HEslm A
3l 492 molEt) Fig. 69 Ul7kA] 48 B 24
WA Al 9138 43S wolsta gloh AlvE] 9BE
WA e S A Y B o fE T A %QEE
k= Ao] g A ¢l gto] & H ot}

% Al=Z2{0|M Zz}

mlmﬁr

N
T
WHﬁT

1

>
fr

E.&:ﬂﬁmlm FoR
oﬁoﬁ,l-o

l

¢
o

=]

o
T
o
o w
ol
A

>
°
L)
to
)
r lr
_).41
_L
o
1-0
o]
;9
o
e
N g
A2
fiu
ofN g
T
999

o

o

do H1 %

o 1
° oy

U
N
)

il

i

i

o
o
By
b}
|o
p
=
il
2

‘W"mﬁ%%ﬁﬁ_&r
no2 o B
| $ o7
Lli L
o
( —>~l [4_?1,
il v
% 2 e b
o o=
fr fﬁ%
_10
© £
4 B
o
o
ool
s
.
)
N
ol
9

> 3
ﬂiﬂ o op
= o\
L o
ES
o O
N

o
ftlo
)
oY
offt ol

< 913l Fig. 77 2ol Ao x|}z
et =23 CarsimS AH-8-31]
o Hol & S8 S A=
A AlvbE] e 0] £ xeatds
0%7]% TAdATE 3 TTC AL 2 2;
S R T S PURE B R S P
Matlab/Simulink 2 -4 3tk 52 $1 ol A o] AlE

do] A Az v aE 218l Fig. 49 913 %= 7|9k 2p4l
et 3} A(TTC-based lane change decision) & =

NE ol Aol| A THslA Y= 3

QL
3R
=
i)
A
o
o}N

T T N
o oZ oX

2

o

b

e,

rio

2

>~

7

Sl r}E
Lo

Transactions of the Korean Society of Automotive Engineers, Vol. 27, No. 8, 2019 631
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Fig. 6 Vehicle driving scenarios for lane change
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