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Control Strategy of AFS Based on Estimation

of Tire-road Friction Coefficient
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Abstract; Considering the impact of tire-road friction coefficient on the yaw motion of vehicles, an ac-
tive steering control strategy based on the estimation of tire-road friction coefficient was designed. In order
to obtain the real-time tire-road friction coefficient, observer was established based on the Unscented Kal-
man Filter theory, and the co-simulation method with Carsim and Simulink shows that the Unscented Kal-
man Filter observer is effective. Based on the control of conventional active front steering, a sliding mode
controller was designed addressing the tire-road friction coefficient as the input. The simulation analysis by
Simulink shows that the sliding mode controller can improve the stability of the vehicle handling and the i-
deal trajectory tracking ability on slippery and opposite roads.
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Fig. 1 Three-DOF vehicle model
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Fig. 2 The characteristic of tire lateral force
under different tire-road friction coefficient

Fe TR AL THAY B 177 % 2 2 R O
[ AL A R A UL AR 25 Al 3. R R 2 g o —
P LY RPIR A T R — N R R S
X HOPR 25 5 2 Bk A Al T I 75 2 e v WL
LR IR SR PCRY JE R R S0P TARLE R 5
FETHRA 25 BN A2 JE I R IR S BB R AT JL AR %
A g — T A9 AR LA A T O ik, By R vE A R
ISP )32 B T 45 U A ORI =
FI P R AR LR R A R Y S ST T R R D W I %
Al it i i Y AR A

SR B e 4 — K AT I A e B T B R K
By ACE R

Lo ol ] ®

A s i 53 931 2 B R AR A — B S 8O — B
s w, AT YIERY T 15l T 2 B+ 21 %
AR LA T BT A5 B A SO R AT A Al TR

() = (@) sult)) +wlp) (6)
RGN TR
yv() = h(x(@) ,ult)) + o) D)

Kt x(O) = [Bowrspsp ]’ HIREZH: vy =
[wrsa, |" IR s w() = 60,00 Ry 45 1 A8 &
w() F o) 4351 K F G0 W 7 I & e 7S L R
HHNEHMEAEMES, HE A Bl A H (UT
A4 2 TCE R R 2 Y8 U SR A O AL, UT AR
e 11 SRR - AE AR DR ORI (E & FPR 5 25 P (G £
T PR — 4] Sigma g K AR LM AR B TR
FERY BEAS Sigma g, 15 B JEL M5 1 i 48 v F
P, 275 Sigma MG E.

i ] UKF B3k i, T B0 E 217 e . A
HR A% SCHR LS 42 s 00 (B B8 £ 07 W AR A AR i iR 22
T 220 PRGNS T 2 5 Q LA R i M S 25 [
R 47 W AIH.

UKF Bk & 3 .

Carsim VE Ry BLEA Y W B BAT il s
K B = a7 RS A5 B SRR AL AR SR Carsime-Simu-
link B¢A 05 Bk 50 E UKF Ak 11 4% 1 B 5 2 500 A 34
PE. 7€ Carsim FE$E B-class, B8 9K s 580, 15 SO 1
EHSEGHEATUT . FAEE AN KL 4 PR,

PiE TR EMT 354 A 60 km/h (13 B2 7E
R BM 25 B TG C e = 0.3 ) X 43 % ThT (3 18 Bk 6 22 %
M0, 85 545 0. XTI FE 1~1.5 s #£47 90°RHI
Wy B2 160 o {15 BLZ5 SR 8] 5 B R, f LU H A8 AN [R5 1
B 2 E T TCI R IR =2 08 5 35 R %) % 1 B R B
PEAT SEEHAS T Al TR 25 7E v] $E2 JE L =2 .



%4 J 56 R T I 1 B AR ARG T IR AFS 3 8 55 s fF 19

RGURA SRl
WAl T
x 0=[0,0,0,0]" > 23
P (0)=E(x~(0)") SeBAEvH TT 2

Y

B 1 & Al A IO T
1A =ZZ("A =xe)(x, —xk) +0,,
i=1

AT
J"\k :L ) ;k ’
WA, R 20
y=[a,0,] l BT P TT %=

125 A A AG A T
1’,=—Z(yk =Y —¥) R
=

A
ARSI SE B
128 A0 A~ A &
Py=7z(xk —x)(Ve _YE)T
i1

REAEHE R th
0= {ﬁ, b, ﬁ,ﬁ}

K =P,

g xi =xi+ K, (V= ;)

B'=R"- KkuKkT

B3 REFRZRMEIEER
Fig. 3 The block diagram
of Unscented Kalman Filter algorithm

Carsim S-function

B 4 Carsim-Simulink B 417 AE B
Fig. 4 The block diagram of co-simulation
method with Carsim and Simulink

3 EEEEEEHRRE

AR AN E 6 Bt s 1Y 32 30 i 1) 45 i R m L f
05 ] B 5% S0 05 5 R0 Dy b A% St I A 1 6 it 4t 2 2 4
RS 2% » DT AR A5 4 0 A2 2 1 o 22 1 X UL {1
B H 5 B % BN B 1 AR 2 % — B AR
il R GE. WAk W 2 22 e A A ] ATFS
BLFE AL ™ A2 09 B I 5% #5728 Bk 03 0t fin 1) 7 1
B AR B AR R A e e B R A A [ AR
e EE s EE THESEE.
3.1 BESEER

ZERAT Bl sk R v, 2 T O N e A A S A
1 AR R 50 A0 s £ S5 I 7 6 [) % 1] i A A 2R
PR R X B Z M ¢ 2R B 45 72 30 D3 T 4 1Y 72 B ek
S AT R . 2k A B A AR RDIR
SAERTBIT

0.6
0.5¢ b

o | -

03

0.2F

BTN

0.17 b

1 5 10 15
t/s
()60 km/h i B 5 % 10

o
=N
.

R THIFE AR
[=}
B

0 5 10
t/s
(b) 60 km/h X422 i
B 5 AR IIUT %@ E R AT
Fig. 5 Tire-road friction coefficient estimation
under different conditions

77 AL A tf’ SEFR
o ZE4R
¥

B% &
e T g}%gm{g m
> %
4 | AFS i
i | Sl
T RS e
T Tl
TR |-
B 6 EahiEmdnh Kok
Fig. 6 Active steering control strategy
& = Ax + Bo; (8
*kl_’_kg aklibkzil
mu mvz
A= 2 2
akl {7/82 a‘lirb /32
L 1. I.v
[ k1
mou
B =
ak
I.




20 WG A2 2 1 AR B2 O 2017 4
A x = [Bowd ] HEFREERE: & AL 25 ko 1116 355 L0 A U AT AR A5

LY SRSV 15 T -
SRR JE 5 R0 i T %% a5l (18)

Sk = [Beira ]" = O 75 AR R4S £1 2

o Ak,

-, m a b N =y ¥
Ao K= s (= ) B RRE R

(ELRE X AE AR AT (9 00 B T AN 22 4, DR O 2 i 0 i )
e R A0 e i B 2R RO 5% o i L BHLARLARE 428 Ay o T AT
TE L RRAE

wy, < 0.85 45 (10)
U

e e iy T B AR
3.2 BEEHRRIEIT

N R G e — DI IR AL A E R
RNk R G ARMEGE N — A HERA () B AR X i 2
BE TR () 45 1) 7 ¥ AR E R AT I dn. AR SOk R
AR T A B4 Tl g o T A4 ) L A i oy DR %of 2
A K AR BN AS 7R LS TR FRL ) R L

e WA 1 1% 22 DAy 92 B R 428 A 3R R B AR R 2 £
WL 7

e = w, — wq (11)
s o B S R DU AT I R 42 AR R 5 g S FEAR
B AR T SRR U4 R B

s= e+ J'emdf (12)
Ko A MIERY AR %L
XF(12)5K T W] 13
S‘:é—i—/\e:a)r*u’)d#—/\(wr*wd) (13)
= (8) AT 4%,
. akl 7bk2 azkl +b2kg _akl
w= I: ﬁ+ Ii‘U (€% T { (14)
KR ADRAKX A1,
o by — bk, | a’k + b6k
s:eJrAe:aII:)zp+a II;U w, —
ak .
T@f—wd 4+ Alw, — wq) (15)
A5 = 0 19 3 o il A
81’7e(1u -
7L[7dk17{7/€2 7a2k1+62k2 +
a/e, I: I:v Wr
Cl')d*/\o((u,*wd)] (16)

N T R GAEAFAE I S S B € T3 g
TR 254 SCINR s il e

Ot = Ot cqu — kosgn (s) 17
K kg KR RGN 12 3l 5 T D) 4 0 0 B, &
ey IR : O A (E R Il O 2 e R N
sgn(e) NF5 L.

it:qj o ﬁflzgg’%l
R T 25T B A R A B e R Bl R AR
F PR B AR AT 5 bR B sgn () L]

S , 1

sat(x) = sgn (x) | x| > (19)
Zs x| <1

R B R e

Ot = Ot cqu — kosat(s/e) (20)

e WILAZIEIE.
4 HESH

# MATLAB/Simulink 1 57 %% ZE 58, 1%
VS SCBCTT B 5 T B A 2R O T 07 12 0 2 Bl B 1) 4 o)
SRS EAT A1 B4R BT, IR 1 L4 b A PID 4% i 2 47
X L.

PrE AL 1 38 Bl 5 iR Y 6 T B R
= 0.8 . Jo Bl &8 iR 0 160 B R e = 0.4, LAY R
— AR L 25 LA, LA 60 km/h £E AR B
i Cp=0.3) BATHE, 1~2 s 455 10 3006 0 90° 4k
W R 4 A

B 25 A& 7 iR . 0] LA B 7R 0 e AR B 5
PR AT RO A AFS 2 5] i) 42 G R 12 A 3 e
A iy ¢ B B L ARURSEARY I A0 i £ s 28 0 455 7 458/
fE. TG AFS 42 i 1 22405 . Bl 128 A B 52 R HOIR L U6
R F R RE. K5I A UKF fliif o WA S
FEAEAR I & B AL Tk B RS AR AR
WA S it AFS fiil . 75 WKk B 6 72 4 1
IR BH & B TET AR i U A B AR

PFETH 2.5 E 3N 60 km/h, 1~2 s F 7]
FEHE N 90° R4 By BR 5% . U E A4S % 1 B A R AL
A ELFF UG 5~5.5 s BFE 0. 85 WiZs 3k 0.5, )5 6 B
T [ 5 22 B ) E SR ¢ = L/, [ EEH 0. 85 #i7s
0.5 FE UL ZE 5 N T U T I AT s ) B0
THT I 6% T B 2R IO A kT 45 VR R 1 1) 5

L R E 8 frw . A ] LUE A AFS 4%
T P 2 A AR T 3 I 0 B T 2% B R P AR R YL
oM ) 0 24 R 15 FE B /MEL. T ATFS 451 1 2250
o 5 OSSR L I I AR £ 78 AL R R T
5 T Y AR O BUAR S 2 (AN R s 2 &
TR BRI A Bl R K P AR R AR AE L R
TSR

EL 7 FEL 8 BT LLF H 18 A5 il 78 0 o 3k
A RS BE B3 T AL e iy PID 45 . H el 28 15 5



4

AL PID 28807 SEE 0T 8 5E » A4 o 1) 5 R

W F PID F76.
09 - ' ' '
— — W
sk PID 4l
— - — %8 u EAE
— NS 1 HERARE
ol —— Ffl
= 0.6 | |
Z o5
%
;517'—\ 04
2
# 03
02
01 .
o . : - 3 10
t/s
Ca) T 2 ffy T
0.02
04 @p;.,..----—--—-—-—-—-—--‘—““““
-0.02 T\ |
oy
1 <
004 b \&\Q": —
7 | ~
& 006 b |
Z
= |
2 -0.08 [ |
= t
-0.10 | |
T B
— - —-PID #%il
-012 l — #AAE ]
—— Ffaihl
3335 ¢ 7 § 9 10
t/s
Cb) 5z 0 it £71

HRNLE /m

T

— - — 8 u AR
— — AR IR AR

| —— el

JA S A B R B 2 R AT AFS 5 4 5 s F 5 21
0.09 A S A, S S S
!
008} ( AR |
. *==xe PID f7f]
007} i — - —
I
0.06 ! J
!
B oos} ! .
& |
% 004} ; 1
2 :
003} .
0.02f - E
001 :
09 2 3 4 5 6 7 8 9 10
t/s
(DAl 46 5% A
B7 MwE%aidsidan
Fig. 7 Oversteer on low adhesion road
0.90 :

— ikt
of———— | e 5 |l
0.80f .

& 075 .
&
g 0.70f .
=
= 065t .
0.60f _
055t .
001 2 3 4 6 7 8 9 10
t/s
Ca) (% 1 it 5 2R B0
050
045
040
035
é 030
B 025
b
g‘§ 0.20
=
0.15
— TR
010f ¢ |- PID 57l
— - = %8 p EAE
0.05 —O— ANy [ EIARAY
— et ‘ .
05 2 3 4 5 6 7 8 9 10
t/s
(b) f 2 A B

20 40 60 80 100 120 140
A 37/ m
Co) ZE 5 47 b 78



22 VPN = SRS ) 2017 4F
002 : : : : B R WL TSR TR BB R N T R
: BOE R IR JE it T T IC I R R = R Y B T
/4 \ . B 22 B0 2%, 938 1 Carsim-Simulink B¢ 4 {f5
o2 s ] VS FURE T AV O B BT T L 2 %
2 004 \ I o I TR P S R 8O0 FRAEL 2 2 (1 g5 R B BR 1 5 05 )5
£ o Voo 16 MATLAB/simulink 137 7 {7 BB, 7675 [
g' \ ; TBL T ST B 25 AR WY, 3 Bl e 1) 4 1 SR 1 %
i 008 R.\ J 1 JE I TR B R B R R AE S [ ) B T B A SRR T
f ] TR ] A S RE IR BIAR G A I ROCR 48 = T AW
-0.10 \ f
N2y -pZate| .
_______ o, \ F 7 B 2 4 R S B
012 7 ey \/ -
—— Tl S % Bk
-0.14 - . ; .
0 2 4 6 8 10 [1] 23 MR A3t % 5 W 0 R 5 BLAR 5 e 2
t/s (7], 957% T .2009,31(7) :629—633.
Co S A 4 £ LI Qiang,SHI Guobiao, LIN Yi,et al. Status quo and prospect of
120 y b ) L i L the research on active front steering control technology[ ] . Automo-
tive Engineering,2009,31(7) :629—633. (In Chinese)
100l ] [2] CHAO-CHUN Y, LONG C,SHAO-HUA W, et al. Robust active
front steering control based on the mu control theory[ C]//Electrical
and Control Engineering (ICECE). Wuhan,2010. 1827 —1829.
8ol . | [3] MOUSAVINEJAD I, KAZEMI R, KHAKNEJAD M B, Nonlinear
£ o o controller design for active front steering system[ C]//International
E;d Conterence on Mechanical , Industrial and Manufacturing Engineering.
& 60 1 Cape Town . South Afica.2012:6—11.
E [4] SONG ]. Design and evaluation of active front wheel steering system
> 0 model and controller [ J]. SAE International Journal of Passenger
I T 1 Cars-Mechanical Systems, 2014, 7(1). 367—374.
oy = ST She > - 12 o
Ml 5 [5] W HkB. R UKE S0k A BN R, 10 Tl
20 1| = - — 58 p fRIARLY J 224 ,2013,45(7) : 115—120.
—O—RERE u EARMY] % LIN Fen, HUANG Chao. Unscented Kalman filter for road friction
JedE] coefficient estimation[ J]. Journal of Harbin Institute of Technology .
0 P ? 2013,45(7):115—120. (In Chinese)
0 10 20 30 40 50 60 70 | ) g s N .
BT 8 /m (6] ZEA3C, SRR A . BE T4l 43 IO i 32 3l Ay 48 2 Sr % 1] 22 40 5%
() % 445 B L i fARFALT]. PEBL LA 2015,26((9) :1243—1250.
0.09 YUAN Xiwen WEN Guilin,ZHOU Bing. Road wheel angle distribu-
' ' ; — T T tion algorithm for road vehicles with AIFS based on control allocation
0.08 § ] [J]. China Mechanical Engineering, 2015, 26 (9) ;1243 — 1250. (In
: Chinese)
0.07 ‘ . (7] JRS= 58 0Bk, ARBR 5 0% 1r el sl ) e s SR ). 9w oK
Sl HARBLSERR, 2015,42(2) 29— 34,
0.06 1 ZHOU Bing, XU Meng,FAN Lu. Control strategy for electric pow-

S/
2

5

er steering on low friction coefficient roads [J] Journal of Hunan Uni-
versity: Natural Sciences,2015,42(2) :29—34. (In Chinese)

e TR BT A A5, FE T4 s RS LI 23 1) B% 1 B 5 R
BRG] A HLEAE AR - 2010,41(8) :6—9,15.

YANG Fuguang, LI Yibin, YUAN Jiuhong.et al. Real-time estima-
tion of tire road friction coefficient based on extend state observer[ J].

(el

Transactions of the Chinese Society for Agricultural Machinery,2010,
41(8):6—9,15. (In Chinese)

b

=R

TR
""'PH)?’:E%'J'
D v <-4
6 7 8 9 10
t/s
Ce) il 4 % ffy
B8 s#Emi#d i

Fig. 8 Steer on opposite roads

i#

ARSCBET T — T %5 5 S i R 2 IO i) ) 3 5l

(9]

[10]
[11]

[12]

RAJAMANI R, PIYABONGKARN N, LEW ], et al. Tire-road
friction-coefficient estimation[ J]. IEEE Control Systems, 2010, 30
(4): 54—69.

SIMON D. Optimal state estimation Kalman H lafinity and nonlinear
approaches] M. Hoboken, NJ:Wiley-Interscience,2006;121—135.
RAJAMANI R. Vehicle dynamics and control[ M]. Boston, MA;
Springer US, 2006:45—52.

X3 WARAE S H] MATLAB ff M. dbat 354 K2
#,2012:25—31.

LIU Jinkun, Sliding mode control design and MATALB simulation
[M]. Beijing: Tsinghua University Press,2012:25—31. (In Chinese)



