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Nonlinear Model Predictive Control based Integrated Steer and Brake control
for Emergency Collision Avoidance
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YDepartment of Mechanical Engineering, Korea Advanced Institute of Science and Technology, Daejeon 34141, Korea
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Abstract : As the demand for active safety systems for vehicles increases, various driving assistance technologies have
been developed for driving safety. In particular, collision avoidance systems that use braking and active steering to
prevent vehicles from collapsing in emergencies are studied intensively. However, previous studies have a limitation in
that the vehicle is controlled to follow a pre-determined collision-free path where vehicle dynamics are not considered,
which stops the vehicle from making the most of the collision avoidance ability. Thus, this study presents an integrated
steer and brake controller that optimizes the control input considering the vehicle dynamics for collision avoidance
situations without a pre-determined collision-free path. A nonlinear model predictive control is utilized to handle the
nonlinear vehicle model and optimize the control input for collision avoidance, satisfying constraints that guarantee
vehicle stability. The proposed controller was verified through experiments and showed improved results in avoiding
collision compared to other methods.

Key words : Collision avoidance(%= 2]3]), Integrated steer and brake control(Z=¥F % Ho]= T Alo]),
Nonlinear model predictive control(H] 13 =2 & #|2]), Full car model( % 2} % =), Brush tire model( 2.2+ E}
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Nomenclature [ ¢+t length from CG point to front axle, m
»  :length from CG point to front axle, m

~

y - global Z‘dm“on position, m w  : half of the vehicle width, m
v ya?)v, ra 6  :steering angle, rad
B : slip angle, rad . .

directi locity, m F, ; - x-direction tire force, N
v, : x-direction velocity, m/s

L . F, . : y-direction tire force, N

a, :x-directionacceleration, m/s2 7 S
a, : y-direction acceleration, m/s2 K, j + z-direction tire force, N
m : vehicle mass, kg (, :normalized linear cornering stiffness, -
I :vehicle z-direction moment of inertia, kgm?2 @;  :slip angle for each tire



© : road friction, -

hy, : height of CG point, m
g, : front simplified coefficient of roll dynamics, -
o, : rear simplified coefficient of roll dynamics, -
N :prediction horizon
T  :sampling time
Q;, R; : stage cost weight for ¢
& : slack variable
Subscripts

fl, fr,vl,rr : front left, front right, rear left, rear right
P : path

.ME

zheke] sk A L] 7157 BlEo] T b Al
glof] ot =87t Skt A, thekdt TR 3
HZ 71eEo] #2037 = o gk} 2
2b Zpefol] Al = e 5 b Allo] AlaEle
T AE A3l A A= Aol 5 FaE 54 b g
Hell & & ota vk 53], AF AW FES
HAA 3| Folaat AHs 1F A A| = H(AEB)> %
2k 2pFe] ot A8 E 9o, o eyt 23 A
e F71e /3 W B3 Ao FE = 3T
o] 7Fe A S B ol A7 M a s A Qo 2

719 F/3 W S Alo] daelES 3|93t
= el A dre] A2 A darglFoel 87
ok AREE = A2 A WAS Attt thekebA
o AR A2 8ly] Aae] &GS 7X = A
L ) a9, 71E Aol 2ol AR YA
Sargl el Ao B4 Rdo] i A e
o] ghA|H o, o] & A AAH 3|9 A=E
FEoke A 3y THS AU B3] eH %
3= 3o Aot} Y

whebA, B Ao A MEe] PR Ay v ol
B2 8hH) ORI Aeke] Be) 2 welo] el
of Abarel % 33 SHL AH WA Y 5 Ui

Aoy 71ol A AQtgtt Alo] PHF o= A

+7 21, E-mail: kyoungsh@knu.ac.kr

A| ", E-mail: sbehoi@kaist.ac.kr

*
B ok

Fx,rl

~T A ;
Vsl I
7 PN
DY
Rear axle a Front axle

v
Z -l—.x
CGm ! y

- - —
T Fy,/r/ SIFxfr
O™

F,; AFgakn, ot
W W) $l
el &b olo
Ao} 7)ol s2ist7)
%ﬂaﬁﬁﬂ]ﬂﬂﬂﬂﬂ&ﬂ
SEREERE

)

>~
o 5 B
Lo

32

o

R

B

N
)
lo

fiu

pAPNES= == 1=

S 23T 98] A EE AY 9% A
4 40) QgL A Ash Aol e
v eho] Hepe] AehE o) 2@t Ao

AEE dZes H ALgHE A

o U B ofy

Lo

ko
i)
o
o
o
°

HAE 2L
e 5
&, dl vt ol 2H&-3h= AES
8k Hdolth, HAteF el 2&-3sh=
)AL et 91| AF
ot o} e A

y=uv,sin(y) (D

ILy=1,((F, ,+F,)cos(8) +(F, ,+ F, ,)sin(s))
—1,(F,,,+F,,)twl(F,;—F,,)sin(5))

+w((FI,ﬂ F,,;)cos(8)+F,, —F,,))

xZ,ry

ma, =(F, ;+F, )cos(d)
—(F, ,+F,;)sin(6) +F,, +F

7l z0r


mailto:kyoungsh@knu.ac.kr
mailto:sbchoi@kaist.ac.kr

< 1
1
— HYE X|E D ——

712 #l3| Ho] Zab Ak trajectory |, s
) —

12 slm Al
Fig. 2 2] 215 39 3o} g4 A E D

a,=(F, ;+F,)cos(d)

(Fxﬂ_FFlf‘f)Sin(a)+F/1I+F/rr

o, a, %} a, = AeFe] 34 A WIS E3
ofef| &} o] H7HH T
a, =v,~v,By )
=0, (8+y)

22 Efojof =Y
7} epojolo] 2Ha-5}
e nej4] olo] malg H
olo] male eloloje] go] Epo
o) el Sl eI 8
2z, olol 9

G = flLfrolrr)
wm}. B4 g

= 7}AL

[o Fl[’

E
i
—LI
~
filo
ot o O,
9
X
R
r ol
oftt
4 7

N g
X
W
B
e
%
i)
ol
am r
X ©
filo
N
N
R
2 0
(z
i}
N
al
i)
m do X P

oft
%
_>L
41 H
e
i
)
jur]
=
A
S
Ru)
o

R

forj = fL.frovlrr
SpFZq]-)
C

F,;=ClepF,)

for |e;| < tan™'(
2
F

0l'zj, o

3 tan®(a;)

GF, tan(a;) —sgn(a;)
3
0
w
else
sgn(a;) uF,;

z] 3
+ 5-tan’(a;)

ol ], af]-(j flfrolrr) &
83 th&3 Zo] 7+ 5 St

;.
a;=ag, :,6’+U—l//*8

aa, ek e &g F, (= fLfrorr) e

Z}
Ao & §A90] HopsA el d 5F )% B
A4 ALgake] T3t o] A4S 4= Qe
F= LT
AT 5L mg— 2Lma oma, s
(&)
P I,
qur—ﬁmg 2L ma, OJ'Wla
l
_r
Fz,rl 2L 2L
Lf he,
_ G A _
oy oL g ZLWZLZI O‘TWldy

23 HIME M) YA
!

Al

FHEHOZ 2.1 -3 A Bella} 2,279
Al -3k Elolo] RS Agste] b3 22 Al
3 3H BAEAS A AT

: (6)

x(t) = f(x(t),u(t))

z=[yy, l/} B.vx]”

= [F, o Fy o By B8]

S Q% maE e g &
a4 ofels ol ol akatslel WHY wel o=
21017101] AHg-E
z(k+1) = f (x(k)ulk))
=I+f(x(k)ulk))AT

3. HIME 2 o wof7|
MY = o2 Aol 7] uaE e W
& Abgste] Ao) ekl e wde] 2pek e
£ dZahs B wEstel Aol Alo] Y
& AR o8 S A 0w RS, o9 2
.



M0 N ) el 1)) ®
U(k)l.:(] X 3 U 3
sit. x(k+i+1k)=f,(x(k+ilk),ulk+ilk)

vi glz(k+ilk)ulk+ilk)) <0

ojm, A3} M=l Ulk)+= vh&- 2ol A& gk
S UdE Fy=E Foiuh
Uk)=lulklk), - ulk+ N—1Lk)]" ©

S A E b e (il k) k 250l A ALt
& ki z=gol Mol ol Zgke omath Ao
2, U(k)S 2 HA 29 u(klk) 7t 2A Ao}
gho2 M gsm, g g o) F 77k Ful= it
BHoz Ayt

A= R el A,
sto] /\H’— §lﬁ1-°4 7Vsd& A sek= Aot

El Dwdhﬁ}o}—b—
upebA, I Aol A= A
steb= A o w ofge} o
sharal sh= 7+ o ZAA v, o2 o] Fo] X HE-
s A
Hx(k+ilk),ulk+ilk)) (10
=Q,(yyp—y(k+ilk))*+ Q. (E(k +ilk))?
+ R (u(k+ilk))+R,, (Au(k+ilk))?
olwl, Au(k+ilk)E =7kl Wsk&ol s
st ofef e} 2ol ALk TH
fori=0
ulklk)—u(k—1)

else
wlk+ilk)—u(k+i—1lk)

(I

Au(k+ilk) =

o
o
do
2
o o
N
1o
froox

o1& S ctol E Elol ek a2

3.2 Mo =A

H|§ sHegto 2 A vAaE 2 oS Ao
715 AFFo] g AAIN R qHE 5 = Al
o] AHZE Al FA N, 2peF 22 o ¢HgA
S B FA = E3 B Ao gyse
g ol A Zpeke] QbR A S BAsE] 913 27] <] A
oF 2718 U2 A3 o] AAIgT) B Hol =
7k Aok 271 aolEh, B2l 4 ofnjo) A A
3 gt}

g(z(k+ilk)u(k +ilk) (12)

g,(
(

k
x(k+ilk),ulk+ilk))
g,(z(

k+ilk),u(k+ilk))

3.2.1 =M OEAS

3]9] Fpgol A Ab wA A o M-S
A= AR 1 9] vhE A7} 31e] 5 oo
gk Zpape] 7} glololis B A 0% HE=
FA S = v oA A T
g old o2 Efolojd] QlrtEW P& 3} Hn
A}kl 2 )L Bk szl

A, A Qe Ao 7] A = 2hake] 7} o] o]
9] 3lo] FAE Yoy =2 B Astr] e o
S5} 7o Aok 2 A o] g gt

9, (x(k+ilke)u(k+ilk)) (13)

o (e +ille) ke +ilk)) — 0.8

Ny (el ) ulk+ilk)) —0.84
- fw( (k+ilk).u(k+ilk)) — 0.8
(x(k+ilk)ulk+ilk))—0.8u

pw



Fuilxk+ilk)ulk+ilk))
et ilR)) (B, (R +ilk))?
F,(k+ilk)
forj=fl,fr.vlrr

1] Ao A 18 = gl%o], 7} Elo]ofol] A&
st 92 =Wl Al E e SRS Blof
A kA Fw, 1 AR A A 2 Rl
ZFel & 1efste] RGO E 20%TE HyHoR
AA =)

rlo Kl
rot

3.2.2 A2k K|
Agket Aol 7o) Wl g S Ak QT A
o U/ A, el 34T Ha
A obAE x|l Wl

27} AbaLR o]o] A 4= k. whabA], 111017]"1

9,,(96(16+z|k) ulk+ilk)) (14)
fory,,, = y(k)
_ y(k-i—z'\k)—yye/-i-é(k-l-i\k)
else
y(k+ilk) =y, +&(k+ilk)
CEREREDER LS EREE S
A7k b ele] AN Yrlm wel A e
aclasy OIW,%iMlﬂ%d%*@t&Zﬂ Fxx

EE R
o Ao} JAR AE BrbsEA & 5 domw,
olg WAy Sa) £ WS g8 Aok 237} v
& ol mdste] Fmef@ Ak = Jeje A
At
4. ¥

B Aol M= Ak Alo)7]e] e AEE)

g Adel Ang aoldc A9 MER A8
ZYPE= 23

tlo] A gl = AL 2p=F Ex= 24
A a7l v e Bdllo] ARgE itk Alo] 7] ] B
A9 S 2 el Ale ¥ = fmincon.m®
sequential quadratic programming (SQP) ¥2] S A}-8-

e},

Table 1 =}k =]

ik * w9l
m 1830 kg
I 3770 kgm®
L 3.05 m
L 1.64 m
l, 141 m
w 0.94 m
C, 18 -
o, 0.2 -
o, 0.2 -
1z 1 -

Table 1 Ao} 7]l AF&-% W

il ¥

N 20

T 0.05

Q, 10

Q¢ 100

R, diag([107%,107%,107¢,107%))
Ry, diag([10%,107%,10 %107 %))

41 48 74

Aol AFE A% 8okmh o2 A x18)
1 Ao &L 3| str] Yl R ko] o=
4m Bl bAZ T o] FAM ez tfF sk Al
Ul o= war 3us A Fsls 728 ko)
=AM, g A S 7Ee

o] 4§53 Aheko] T

fi

H
A

1.,

F1

Aol7]19] AdsS Hrtslr] flet AR A x=Ee
314804 AF3% DE Alitsle] #2413tk D] =
717V 8 A Y55 ALaL g9 9] THsd o] AA S

Axw] 5 7ER) 9] vl at@) A A ks 11]0i7].4

o] AU Aol AMEHE A AY

Table 19} 7211, Ajo] 7o) A}-&¥ WS+ Table 29]-

K=
4.1.1 H[W@ 1

A AA B0l AL 3] 3] T of| A 7} vl B



Position

s

Steer
Steer+Fx

Y Position [m]
L\

L]

k= 20 25 kg 35 48

] 3 G
X posiion Im}
(a}
Fxfl
o I -
= 2600 F
£, 5600 §
-BACO I | ) ]
0 5 10 15 20 25 3¢ 3 4n
Fxfr
= -2000
£ 4500 :
-BA00
] 5 10 15 20 25 30 3 40
Farl
9 !
—.,zﬁm i
£ 4500
0 5 10 15 20 25 30 3B 4n
Fxor
9 |
—v,zﬁm - -
=4000
5060 i
4] 5 i0 i5 2 25 36 35 40
Steer
10 \ ; \ ; : ' .
g Gw J
=

3] 5 10 15 20 25 3G 35 A0
X posttion fm]
(B

Fig. 3 2% A7} : ¥l 1 (a) 2H $1A] (b) Alo] )&
gloj=¢] Heta} gatel] thafA A7) 913 A

ot} #z¢tak A|oj7|e] Heola FutE FA 57
g M T O T ofe) A3 2ol 0.4 EG
o] Alo] Qleigto.w W4w Fejoln, ulg Fe}
Aok 27 e] e 2A AR AT

2(t) = f (2 (t),u(?))

z = lyw.p. Bz

u=lo]" 15)

412 H|IZ 2

T WA= Ak Ao} 7] 9] F3 AT Y AR
= 243817 §13 vlalgtoln) Abar 39 = 9]%k d
wo] A AN AN H2 FFA 0 o] Do

Ay

G 5 i i5 28

% 30 3B 4
X position [m]
(e}
Alpha fi fr
5 v P r v v
=
-E}J O\-_/\- M B
’_‘75 T i L A L "
[ 5 hiH 15 20 25 30 35 49
Alphadmr
5 T v T e T T it
g Gw 4
=
5 n . : " L "
1] d

(@
Grip s

Srip e

3] 5 18 1%n 24 25 30 35 40
X position [m]

[e)
20 WS AR o) HEWMAFo] el vh)
ot 3elE 9 @ olge BA BES 4gE
o] & Ao R et ofefe} 2t
yp(x[,) ax2+bxi+cxp+d (16)
d%y,/dx*
curvature : u L ) 0.8%(7
(1 + <dyﬁ/dxp)2) e

¥,(0) =y(k), y,(end) = 4

B QAo A= Aleka Aol 77} ¢]e] s} )



Position

IS
f
|
|
|
|
|
|
|
|
|
|
|
|

Y Position [m]
N

Path
Steer+Fx |

o

0 5 10 15 20 25 30 35 40
X position [m]
Fig. 4 4% A3 v 2
watel P A x9 De| oA 33 5ol

=4 = A

43 A5 Zo
Fig. 37} Fig. 42 2 ¢ Z¥E YER, Fig. 32
A QESE A o] 719} H] W 18, Fig. 42 A9tgh Ao
71€F vl alat 25 WLk A dfo| )
WA, Fig. 3(a)ollA &Qleh 5= Sd5col, 23Rt
Aol ¥ o w ek vyt 13 A J <k
Ao} 7] ] Aol A D7F oF 1.7m=°]
o= 39 dso] FFASS I Ak
ARFEE Ao} o] Byeo]la H3te] Ei= Fig.
3(e)ell Al Sk Etolof o] 37t A% ]
A ghQlEt =l sid Al el A siak e
Fst5 7] flal ApFe] adlo|lEE A
sk, vlalat 19] -9 23S 3 2
FAZ oL A 3E o 7 39 "é
, AT Ao 7] o] -4
IR QJ]

X
ﬂ
rr

>~

N

%

105“
HUFEL
o

P

N oo
&
¥
:L
rlr
2‘1
aQ
w
»
&
2°
_>L

w© ¥ B T
e

LS
oz oo M
N
o
N
N

N

i‘r%% # ATH o] =M,
l 74143& el
o] s}

J aﬂ olEE A=
)T} T3 Fig. 3(a)%} Fig. 3(d)E 1
<

Ak A f 2 E50] Ao &

=

)
B
il
9
)

o

o)
32
H
o N
o =
=
A
=R
JZi [11
o
3F
o
o
2
Lo r

o+
X
ol
Lon
)

s Mo
rO [‘2
ol st
Mooy
to mlo %0

R o o 2 o oo W BN S
z o 2 fu '

oo

! rﬂ
_OL
rr

H
ﬂ&

s
1o

1
AL
2o
B
e
o

kel
4,
>
[viel

o

y
N

M

A7 I}t el A, AR Al o] 7] ol A
& melo] 1w R17] el

EEEEE

a
Q
4
2
>
"
o0l !
of
i
)
i
&
=
2
4

o
B

2

1w N o

23

f
pOs)
|z
=
o
4 U il

Ak Ak, A wel
AgHa Al 2~El 1 ok
& )3 Aok oS
HA g o= Aol 7|7}
=dro A=Z }@xé ].
b Qon, 4

fko] AlrkE = A 01
gk Aol 7] ¢] Ao Aol

w g om el 7

eI

3
i

(o]
=
oo

= 0 ol 2N fn g omo N

o 4 &

R |

=

2
=
N
2
o,
K

S

L
i
32
o X Qo oy

éoéim?:m

o
i &t

& o s
Bl o o Xy
2 o 1o @ W

A u

kY

o
R

B

}mﬂa.g
2

U
)

o

M

B

A5 A

é

7}

2

37|

o] A= WEH A AT A o] 4THA 7
h21 AP AT BR21 AFSY) 408] %<, 4§ 7]
’“6‘“1404 NN WA Y AEME TEANAZHF
8] 2] 91(20014983), A7 748 E] 2
01%6& ZAEE FEHAGER ] 7 AEAL 7

Ry s A F4 7]
Hl Z]-°rJ(2020111/&21351301001531) 20219 % A S
AR 9 21753 7] QU(KEIT) 9 7+H] A
£1(20010263), FH-(FA FAAA LR E 471 &H
7hel )] Ahow A&F =LY
ko] %] 91(20018181), 20211 %= Ak} =429 5 &

O%JHNI

o

L

=
St Abd 7| EE 7 A(KEIT)  A7H A
(200141211 2]t A5+,
References

1) Hajiloo, Reza, et al. "Integrated steering and
differential braking for emergency collision
avoidance in autonomous vehicles." IEEE

Transactions on Intelligent Transportation Systems

22.5(2020):3167-3178.

2) Katriniok, Alexander, et al. "Optimal vehicle



dynamics control for combined longitudinal and
lateral autonomous vehicle guidance." 2013
European Control Conference (ECC). IEEE, 2013.

3) Hu, Xuemin, et al. "Dynamic path planning for
autonomous driving on various roads with
avoidance of static and moving obstacles."
Mechanical systems and signal processing 100
(2018): 482-500.

4) Ji, Jie, et al. "Path planning and tracking for vehicle
collision avoidance based on model predictive
control with multiconstraints." IEEE Transactions
on Vehicular Technology 66.2 (2016): 952-964.

5) Rajamani, Rajesh. Vehicle dynamics and control.
Springer Science & Business Media, 2011.

6) Pacejka, Hans. Tire and vehicle dynamics. Elsevier,
2005.

7) Lee, Jonghyup, and Seibum Choi. "NONLINEAR
MODEL PREDICTIVE CONTROL FOR PATH
TRACKING IN HIGH-SPEED CORNER ENTRY
SITUATIONS." International ~ Journal  of
Automotive Technology 23.5 (2022): 1373-1381.

8) Lee, Hwangjae, and Seibum Choi. "Development of
Collision Avoidance System in Slippery Road
Conditions." IEEE Transactions on Intelligent
Transportation Systems (2022).



