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Lateral Stability Control for Four—Wheel Steering Vehicles Based on

Piecewise Affine Identification of Tire Cornering Characteristics
Cui Longyuan, Sun Xiaoqiang, Tang Haoran, Huang Chen
(Jiangsu University, Zhenjiang 212000)

[ Abstract]To address the lateral stability control problem of four—wheel steer—by—wire vehicles, a control strategy based
on Piecewise Affine (PWA) identification of tire cornering characteristics is proposed. The PWA identification method is
employed to model the nonlinear tire cornering characteristics, based on which a Global Fast Terminal Sliding Mode (GFTSM)
lateral stability control strategy is developed. The proposed strategy adopts a coordinated active steering architecture: the front—
wheel controller aims to track the desired yaw rate and calculates the active front—wheel steering angle, while the rear—wheel
controller considers the tracking errors of both yaw rate and sideslip angle and generates the active rear—wheel steering angle
through a weighted fusion approach. Co—simulation results using MATLAB/Simulink and CarSim demonstrate that, under the
low—adhesion double-lane—change condition, the proposed method reduces the maximum sideslip angle by 57.6%, 73.5%, and
98.2% compared with the PWA-based Linear Quadratic Regulator (LQR) control, linear tire model-based GFTSM control, and
proportional control, respectively. Under the high—adhesion large—steering—angle condition, the peak sideslip angle is reduced
from 4.852 3° to 0.065 9°, while the peak yaw rate is decreased from 19.53 (°)/s to 16.07 (°)/s. These results verify that the
proposed method can effectively suppress vehicle lateral state fluctuations and improve the lateral stability of FSV under
extreme operating conditions.

Key words: Four—wheel steer—by—wire vehicles, Lateral stability control, Piecewise affine
identification, Nonlinear tire cornering characteristics, Global fast terminal sliding mode
(31 A=) 4 Jeon, PhEsR, mab ok, 55 . 36T 58 M0 00 R 5 B O S IR0 28 42 D0 66 2 1) 2 0 05 1) G A R (D). 92 4

K, 2026(9): 9-18.
CUI'LY, SUN X Q TANG H R, et al. Lateral Stability Control for Four—Wheel Steering Vehicles Based on Piecewise Affine
Identification of Tire Cornering Characteristics[J]. Automobile Technology, 2026(9): 9-18.

BT H . E K E AL TR H (2023YFB2504502) ;37 MM i BHE 155 B (YZ2025015) .
20264F 59 -9-



FETETG, 45 TR A O (R 23 B D7 SR R 0 2 P DU RS 4 1) 4 st 1 A e 1 ol

1 "5

]]Il

FE R v RS P A T AR e T i A ) R A A
g RIS 222 ) AR T A AT B A R T R 2 8
L RG R A A HEE X GG ] 4
WIAH LE , 245 DU 56 5% 1) 424 (Four—wheel Steer—by—wire
Vehicles, FSV) GE#5 [F] I 42 I 1T 5 56 5% /A, it — 2048
THAE R RoE PR R PERESR A T A RORR

BT FSV i P RE A 1] A2 5 42 ) SR 2 24 T 52
Mo Zhang S T —FE A OB koS S R LS
ER I A 1R 455 1) R I 5 Tramacere PR HE AR A R R 5
JGARLAE M i 1~ , FETTETT T 8 I etk — R
P BB BT 5856 97 5 Zhao 5°1R FH w42 1 Ak e X
SOTER 5 Co 0 Al £ RV 458 4 T A R B ), — AR
PETF T AR E M Zho SRR AR 1R 2 R R

X i AL AU R E X, LAt B s FE 5% £ -5 B n e 422

TR Z AP o ol T A AR 1) AR R A ) AR G AR
PR R A SRR AT B AT Ak, R, B R AR 2
M A AN 20 . SR, B I I OGRS I, &
ARG RS T Z IR

BRI E—REWMARG N N FEEM RN
WA RO R (AR R 6 g — A0S ) g
AR IR IRARZNE 12T (B R A R R T A
ot P A BN . B TR AR
Bt WK S B HE LR O B8 IR T A R R BR A TR S
43 B 475 51 (Piecewise Affine, PWA ) #EH )7 vk 55k 24
SRR G BERS TR A RGE TR IR AR LM (i 5P 7Y
(7] o PRASFAS AT 2 A8 T T Y, Ay S s o SR 11128
ERETUELRE o

TEMER A 2 420 R G 8l 1 " ARt |, 3 22 5k
PR BRSO N T R G Bet, et — A B L
1" (Linear Quadratic Optimal Control, LQR) . %% 1 75 ]
P RO R A . L MR R R
Wi 1 PR, (LA AT SRR 3 A | R s DR A ] R
42 JRy PR 23t ¥ 5L (Global Fast Terminal Sliding Mode,
GFTSM )4 ) 5 1 A Ay T A4 ) U Y e 0 At s
TEARZ M R G Al v e B Hh AR D034 L 38 H T DR i)
TN e B R T A B b

PRI, A SR H — ol B 75 T 000 i P4 PWA B R
FY FSV L [ S PE R S o SR PWA BRRU IR S
RN AR LA i o AL, 4 TR R T 00 R ORS 2 5
i BT GFTSM [ B 45 i 48, SE B AT e 5 5
& F S ) ) T REAEAE 5 BRI AL

-10 -

2 EWHAhFEE

2.1 HEEBSEER

AR SCEEN A T A B ) Bl g AR AR N ] 1
o ARHEAR IS T A, 4 0 AR A ) SR RS
Bl B TR A0 8 RS B 5 #f 6, /N, mT A BLIA
Heosd, = 1.cosd, ~ 1, MHESB) J12f 07 RE N,

mv(B+w,) = Fo+ Fo+ Fu+F,

(1)
Iw:a(F)ﬂ+F )_b(Fyl+F~)

AP em BT, v, R N 1] T“ﬂjv L]
w0, IRARAEL  F o F, o FF, 500 0 B 2 i
%\ﬁﬁﬁ%\ij}:i"\ﬁ}:i"ﬁﬁ?‘ﬁnmllﬁﬁ,Ij\ﬂﬁﬁ%i%
BB, @ b 235 i -5 A 2 O Y

SR e U P 2 R
REBRAT ST IL T 56 IR 0 2 B S
A SO PWA IR D 4 B A S M R
fH A",

Fjv.,ﬂ =f1’\>LA(aﬂ 2 /‘Lt)

F i = fowalagF )
(2)

F)l fP\w(a F. 1a/~’q)

Y., _.fl\x—\(a F lu’(>

Xy \a,,.\ar,\a,rﬁj\ﬁﬂﬁiwﬁu NEE ¥R P I
(i j e U }) SR 2% HE AT 1) AT e A o TR R 2R 50
A AR RE IR £ A RN -

aﬂzaﬁ:B-‘-%_Sf
- (3)
o, =, =B - bi -0,
SR T 1) B A AR A ] IR
F . _ mgb _ ma),hgb
- 2L LT
Fo= mgb . mayhgb
=i 2L LT
(4)
P mga ma),hga
SEY) LT
poo-mea ma h,a
= 2L LT
"o OB AR



BETETG, A5 TR N G54 23 B S B 2 2 DU % 1) At o AR 1422 W

LB, TR FEHE , b, R 0 5 B L o, S )
B
2.2 BRRMIREFIE PWA SEDERY

SRy Y A LS WA T Al 6 P 0 i g 2 R 1 3
Blls, TR TR IR S SRR & L RS
T RAEFIRTE 1900 N .4 900 N7 800 N, 11 000 N,
14000 N .16 000 N 6 >3 i) £ , 56 1600 0 £71 722 £k
Bl —-10°~10° CREE I BE A 0.1°) , % 1 B 25 22 45053 3 Ry
0.34 F10.8, JIfi i A 240 kPa 55 T-0L T (1958 16 00 f 47 P 3K
o B

ARAIE PWA BER AR , 38 F MATLAB Curve Fitting
Toolbox #ffi {H 77 X R 145 — & £ ik 19 7% 2L 24 i (1 900~
16 000 N) &l o 150 v, 38 48 5T 41 AR BLLLUAS ] 1Y
R TR AR AR B BT N R RS MR R R 2 Hbs
AR A 1) o AN ] 7 3 1] 28 A7 [) R S VR AR
D 0 R s 5 iy, BV AT AR [ 4 e 00 0 £ XoF 12 7
KE TR T g o 2 T i T B AR BT R0 i AR e 0
TR IR IR 25 SR A 1B 2 IR, A G © A T U8 i
M FIALL A5 b 3

”l’ll”"”””l Il
Attty g
Wl/"’lllllll”"llllllllllll”"”””""

gttty
:,',’,',l,llnnul'l'l':”’”’,’,”lll'llll'lll'/,'/,’
il

(a) (GRS THT

ittt
l?”"lll:"’”llll

n
it
i

it
iy g}
it

SRR F1/KN

T~ 5 o
1

AN

o 10
ﬁiEI%E#’?"/I(]\;

5
(b) 5 B i
12 AN [ i T B R A5 e G 00 g e
TR MR ARG g 27 Rt e 5 s o e R 40
PWA HHH AR, PWA RGnHiA N
20264 ZEoly

'I’IT[%}, % e,

(5)

% = (yjf1’)/./'*2""’yffn"uj*1’uj*2"”’uj*",,)T
Ky, HRGH V(0= 1.2,.) B HFRIE S
Bl xS I LR L, o, 550 B PWA 0
T H AT, RGBS LB G = 1.2, )
g a1 25 (] T A A X e, s S X3 (i )y A
),

K X3k H, 3 ™ 2wk X, AT R OR O H, =
{Fix; + g, <0}, F, g o Pl RBOERE . 20, =
LF, g 1 W 2R X I ] i — 2 Rk

H={Jls 11<0) (6)

PWA FEH AL & 3R 5 R i 5 Rl
SR T LA B o3 ST 22 BOH B R i o
22,1 FllE RIS TR SHUN T

A A RCR S BRI , AR SCR Rk
HEATECHE TR ISR S F AR S H Ak T

TR S R B A R A AT 3R Dy

z, = {x”} eR"’, kel2 N (7)
Y
K N FEARECR 0 W RS T ) & v, HERE p N R
Sk iy, YRR

T R B A N A R SRR R €, BN G
A5 n, AN BCE AL BB A RS A () 5 AR 1Y
(n, = 1) /NECHE S R C R

I -5 <lw -2l YGHec, (8
O R BT A R G A v 0 R S B )
U0 57 B e 375l
¥, =(d,d,) ' $Y,
o= lix; B2 e x;:p]T o)
1 1 N 1
Y. =ly, y - xT
o)y 0 B R AR 4R €, RS A 1 e A
iy Hh T A

i IR BB AT N RS i1 ¢,
K530 s DASHHSE BRI BA R S8 ) i 1 S5 R
P, = ie

|

~
1l

(10)

N
r,=
1

1
N 1
220w 0<é<t

i=1"pj=

=

-11 -



FETETG, 45 TR A O (R 23 B D7 SR R 0 2 P DU RS 4 1) 4 st 1 A e 1 ol

A E MR R REL
I BBRBAE RN R TR S E ] i, AT BOE B (E o
BEAT B
o =min(P) + 7(max(P) - min(P))

(11)
PelP,P,P,P,], 0<7<1

LR EAT foe s B SR i S B i, R HoE SO
AR [ R A A

4 "
- -

P, &P~ Ple”
N
r,= N;;T?ff,, (v -l

T8 I R AE AR B s SRy AL A I
) 4 o, AT HE 5 S R L ) 2508, I8 B/ ME Y
J7 20K Wl T ) Sy B ERE D,
argmin(P'[ %, 1]"—y,), i=12--s (13)
T3 XA R S50 & M EEHFTIEIE,
TE IR s S v B v 1 R S B B AR R AR 2 SR
sl MR HE . RIS D REDLE SRS
B ) AR BN SR

(12)

4 L2
I -
P, P, -Pie" (14)

P W PRI kAR MOHHAE
222 Sy S RBOERER

3 BT F B B SR e 5 0 P AR SRR D, F
D, 4 BB R0 4 S I 0 R b1 5 4% 0 L
(Density—weighted Proximal Support Vector Machine,
DPSVM) J5 iE#EAT AR SCOR AR, 15 5, IS AHAR SR ]
il R AHRA

{Di,Dj} = min

D, M DA ARAR RS LB
5 (o ) AR 5 BE SR B A -

{||lji‘D,-||2} (15)

_"_j) (16)

/MU FBR R, LKA o i R BOERELF, - g, ]:

1
min | M2, |+ S (F'F, + g?)
(Fge)er "' 2 ' (17)

st. W(F.x,—eg,)=¢ - &,
Kee, HIRIZ M, e g BANLIA] ik, W, %) A R
M3 )27 B - # 7 (Karush—Kuhn-Tucker, KKT) 254,
W H bR e AL RS B H ek
LFgem) =0 e+ 3 FIF v gd) =
N (W(Fx —eg)-e+e)
- 12 —

b ks H A1

TSRS Y R A B AR, AR 4 X (18) 2 X

F. g & AmsRA SR 32250 3808 0,155 -

Fi =W,
g = —le,-,TWmi (19)
&= (M%)
PRI, FAs B H 3+ m, iR h
N, =e,(W(xxWn, +eleWmn,)+ % (M=)
(20)

223 PWA BFRBIRUE RE 4307

XF 58 G 00 O 5 P PWA B JRSEBLRG FE JE 4T 56 0IE
DA s B 2 2 B it o 9], B A4 BEDS B S B0 1
7R 5 A [6) 6 T B R ECT S0 16 004 g 09 4005 4
W3 TR o FEAR e BB B A5 1R, A AT SE bR
B TG0 ) g W, A {E DL 1R 25 BN, 43 ) R 110 N
150 N, BEHZ B ALA 200k .

F1 PWABHIERBSH

TR Wi f Z A | T E A R AL R
%5 a; b; ¢
1 -2 506.1 0.237 019 -2 575.89
2 -1101.9 0.479 37 -2223.86
3 -2925.1 —-0.156 30 2019.29
4 -259.31 0.690 76 -988.35
5 40.34 -0.657 43 -1378.7
6 -1244.1 0.017 325 -78.904
7 3.463 9 0.710 01 469.276
8 -507.13 -0.618 64 1467.8
9 -1536.3 -0.403 34 2591.8
10 -13.69 -0.764 76 -9.3189
5
4
3
Z2
R 1
E 9
a
& -1
82
-3
:: -10
2 5
4 5 5 ) \Q
I, 101y X N
zj‘ﬁfﬁ‘]‘/]f N 1 14 10 &Qj&’\\
F RO 340 A 25 R
WOE AR



BETETG, A5 TR N G54 23 B S B 2 2 DU % 1) At o AR 1422 W

A . A =[-2506.1 0237019 -2575.89], B, =
[-13.69 -0.76476 -9.3189],

[15.0573 -0.000 1 1.0537
c, = 189.452  0.000 1 -0.536 8
0 0.0001 -1.569064 |’
1-33.334 -0.0001 -0.1732 |
0 -0.0001 0.196 1337
D = 57.2957 0 -10
! 0.63025 0.0001 -0.9654 |

-0.20
15\\ —5~ 10 -163866 00001 09146 |
10
ﬁ"‘ ) 35 v{/

0 Q)
1 N - NN
Hiiny, 010 e 3 B mAATE M SR IR T
SRR ) iR 22

FEF 516 00 fR R P PWA BEIL, 57 A R 1) 3l
“EPWA R it i ) FSV RS [ £ 5 g ) SR
DA REURS 430 A B 5 2 O I O 0 A R B H A L R
GFTSM B3, ) HTRA 28 £ 3015 g 22 26 R E S T4 5% o
TEJT AR 20 Jol B T R 28 £ o B2 5 50000 s 7 IR
BRZETHE 2 ML 5 #85% # I8 o [ 5 A A R
TR E A o T A 1 SR ek () R SR AL A 18] 4 T s, H:
Fh B 1) 25 A 5% A A R CarSim Y B2 B 5 AR AR His
TR AR A
31 SEER

RO T MR R B R 2R BT A A B LA

L v,

8 L(1+ kyf, )G..,
ST 1A ' ' (22)

m ,a b
=G s

(o) R BA B T

.0, WEE IR BT A, 6] WS R SRN ko3
S RIS I ) S A P L K O AR E P IR, G R
TE R R A B R 1

TR B BRI FSV S TR R 10 IR 4 AT
— SR B , AR £ A R

wy = min{ ,‘ 0-83ug ‘

v
PR T AEE BRI R RE , AN SR BRAELTT O i A

v

X

L(1 + Ko?)

sen(8;)  (23)

x

A PNER)
S LA 0 BP0
- 32 RS TSR ERIER
Pl 3 T e T B R B e 0 i DL 5 3.2.1  BLFEXFRAEA
TE LR E A5 2058 6 00 O 7 P PWA B TR A A 2235k PW A FEIEAS 2 A5 B 1) o7 5 H e X 22 1)
M RREC R AT RN
y, = Al[xji' Cl|:x/] <0 Fyﬂ =Agag + BﬂFz,ﬂ + Gy
1 1 F):,fr =Aa, + B F  + C, (24)
(21) Foo=A,+B,F +C,
X X F)',n' = Arrarr + Brer.rr + Crr
Y10 Bl|: '7:'7D1[']:|<0 - ey n ML 2 1] TR
1 1 Bt 1) ) ) 2 B AR RS 2 DB A

20264F 59 - 13 -



BETETG, A5 TR N G54 23 B S B 2 2 DU % 1) At o AR 1422 W

1]’6

EEE CLaske, L

TS ff fe Bl b SH R FRACRS 122 £ 32 B2

v‘c

@y = 2y Of
N L(1 + Kv?) Ly

By=0

2 i A

Fe |

CarSim S-Function

CarSim ﬁﬁ E

|5, =P5,, + (1= P)o, et |

K4 FSV R R P 2844

X=AX+BX+C, i=12,:10 (25)
£ X =(Baw,~)T, u =(6f75r)rlv» A = |:(Y;11 (Y;j:l’ B, =
5 el
-Y, v, Y,

R PR S AW T A kI DA Sy R
FHAH DI 45 3] «

B=G,B+ Gw, -G8~ G5, + G,
G, _(Ag+ A+ A +A)
(m-D)v,
CalAg+AL) = b(A +A))
i (m - D)v?
— Aﬂ +Aﬁ- — Ar] +An — E
P (m=D)w,” "t (m-D)v,” 7 (m=-D)uy,
B (Byb + B,a — Bb - Br,a)mhg
N LT
b(B, +B,)+a(B,+ B
E:( (B, )+ alB, .))mg +Cy+ Cy+
2L
C,+C,
(26)
w, =Y B+ Yw - Y6+Y,5 + Y
a(A;+A,)—b(A, +A,)+ Fv.G,
Y, = -
IZ
a*(Ag +A,) + (A, +A) + F2 (G, + 1)
Y, = :
IZUX
a(A, + A,) + Fv,G,
Y, = /
’ (27)
b(A,+A,) - FvG, H + Fv Gy
Y, = Y. = 3
1. 1.
P (B, = By + B, - B,.)mabh,
LT
B,+B. -B,-B b
H=( fl fi il .)mabg +a(Cy+C,) -
2L
b(C,+C,)
- 14_

K G ~G, Y ~Y, Ry Fidh B AR rp R A 2R 5
AT L GFTSM 45 il R VR A AT L5 56 3 3 % )
P . R, TR AT S
s=pe+ye” +é (28)
e MIRERIRZE
3.2.2 ik B
W SEBREAR A w0, 5 S H A w, 1R 2EAE R R
SERERIR2E N T BRER BARRE R AR R LA R
2 By T AT -
s, =me, +nel +é
m,>0,n,>0,p, >q, (29)
K S8 m, o, P @ B IEATEL
X TR T AT — B ok S, Sl ol 5 ks A S P
JESR B, PR EOB I S, =K sgn(s,) = ks,
Hr K, >0, k>0, SCH: TR 42 A7 3 B2 O 22 1) AR
m%%ﬁ%ﬁﬁgﬁ:

me, + nlﬂe”' e +Y B+ Y,w,
P

8 = :

+
Y, (30)
Y,86, +Ys—w, + K, sgn(s,)+ ks,
Y,

3.2.3  JakeFE s m

BAR A ) o A S M DU IR R L 7
FFE 32 5% ) i B b, R A AR A R RSO
ﬁlE*H%EE*E{EIEHE@ﬁ%i}ﬂémﬁnﬁ@l‘iﬂim%ﬁl
ol 128 TP R B 05 2 4 S DR 4% it T A 1T A B 3
ﬁ“ﬂ”j‘]:

9
s, =m,e tn,e>+é, my,>0n,>0p,>q,
$, ==K, sgn(s,) — kys,, K,>04k,>0

:T:tl:’j :%ﬁmz NP P2 \qu/}jj‘:’IEﬁﬁo

(31)

ISR /S



FETETG, 45 TR A O (R 23 B D7 SR R 0 2 P DU RS 4 1) 4 st 1 A e 1 ol

X RS THEA T — ok

Ly
§, = mye + n2%efz ¢+ Y B+ Yw - V8, + YV, +
2

Ys - wd
(32)
TE A A AR T R A 22, THA R R R R

0
. q, E_l .
—-m,e, — n, e e -
o 2]’2 ' -/ K, sgn(s,) = kys,
6r7w = -
! Y, Y,

f=Y.B+Y,w - Y0+ V50,

(33)
T8 ST Ml 7 Al 22 | 4 Jmy PRI 2 s D A T D
€s =B _Bd’éﬁ :B _Bd?éﬁ :B-
53 = myeg + n3eﬂﬁ + éﬁ (34)
5, =—K;sgn(sy) — kys,
K,>0,k,>0,p, > q,
ﬁq:' :%%&m} NI P3 \q’ii/}:]ﬂ‘jIEﬁﬁo
T RETH Y — i AT RN

Ly
$y = (mz + mﬂeﬁ"‘ )(CIB + Gyw, — G6, -
P

3 (35)
G, + G5 — By) + &
RS T 5T OO0 0 71 O 22 1) S 8 6 A0 D
8,5 = G\B+ Gyw, _Gcsar + G5 - By n
éﬁ"'Ks Sgn(s3)+ ks, (36)

LERES
G4(m3 + nz%eﬁp‘ %%)

L35 75 1B AR R 12 A R R 5 OO0 i £ 1) I e e
4
6,=P6,_M'+(1 —P)5,_B (37)
7 BB AR HE S A S B sgn(s), 51
B PRl REH BLEHR . S 1B Ik BHIR  FAR AT R
PR sgn(s) ki %, 155

|
e

s<-1

fuu = -1<s<1 (38)

- =

s> 1
KA MDA RIRE

i1 F 34> GFTSM # il 5 BT #4) 1 (1) Lyapunov bR ECH
AHHFE X, BRI SR —8, F, A s,
S X GFTSM P R4 il 22 40 04 i e e PEIE A 5, A1
s (A TE B 2 72 0] [5) BE4E S o B Lyapunov B8 5UE SUN
V, = 0.5, 0V, I RIS E08 -

20264F 591l

-K||s,| = ks3<0, |s,|=A
Vi=s5(=K fo —kis)) = K,s?

A - k;s1<0,

[s,|<A

(39)
XFK, >0, kb >0.]s,1>0, s7>0, Kk, ol iEMH
BRI RG i et

4 EHIEREAEST

R 5 E A BR T8 F FSVORY E 1a) BR e M £
CarSim—Simulink 55 {5 £ , #1472 Fp THLI L. T8 1
SRy P AT R B B TED L SR AR T 5 T 2 Sy b
v BRI D R A T RIS, A 4 g o R g AT
XTI S

a. CO: A SCHE I WS

b. C1: T4 PWA FHRBRLA LQR #54H1

c. C2: T LMAC IR GFTSM 45

d. C3: Hufl ™,

LR R AR Y RIVE 5 000 i 3 42 e 0 s DI 2 5

000 O 71 AR SRS 10 BRSO LA S AN R 2 s .
®2 BAGEEFHRSH
28 HfE ZH WU

AR m/kg 1 870

28 SRR 1 kg - m?| 3 234
S0 T/m 1.88 || %00 s ]I £ e /N - rad ™ 138 080

B EIRTEE R a/m | 14 |FHIOIRAIE /N -rad ™' 117 984
JEOENEHEER bim | 1.65

41 TR1BESH

PLISO 3888—1:1999 FL i M AT AU £ T AE K T
B 12 238 BT, CarSim A 3% 18 FfF 25 22 500 0.34,
TR R E R 20 m/s, [ ELRTHCO 10 s BRA (7 FLEY
SFEANE S Fs .

F P 5 AT A2 P Sa R Sh rh, CO 5 s A4 8 12 £ 5ok
JEE DA (T S5 /N, JO0C 00 i 7 B A A2 AE O BRI, SRR A
PWA R COF5 il 70 Aok T FRE i, C1~C3
SR 1 O I D A U6 43 5 Dy 0.085° L 0.136° FlI
1.972° , v, C3 e mg 2 T A 2504 i 5l s £ 17
CO Mg T iU (H i />, AR 0.036° , A [E C1~C3 5%,
COZr S T 57.6% .73.5% 11 98.2% F B, 743 B UE
T PWA BEEL 5 GFTSM 44 il 5 P [ VR FH 78 A 1) A2
Ek e e /v T

FEE Sc FIEL S, 4 FR il R wiFe 5 £ 2 1 o
T AR B, A AR T CLLC2 B 4 ) S S e

- 15 —

BhEE L/m 3.05

JFL ) b Jm 0.53




BETETG, A5 TR N G54 23 B S B 2 2 DU % 1) At o AR 1422 W

CO 2 SEAN-F- ¥ , L L4942 1 R s FE 5% f e (i ok
ISR T CO SRR I PWA $8 ISR 34 7E T, R
W HE i AR 2o T i [ i 3k A () 5 S5 465 28 1] ) 7
e 1/ S AT A TSRS IO 1 L 1 AR S A

15

-
| --c3

—_
(=]
T
N

B E/C) 57!
(=]

/s
(a) B 12 F T B2

N —C0

&
g .
QD -10}t =
&3\(
-2.0 EO 6.0 6.5 Y
I5Ffa]/s
sl
0 1 2 3 4 5 6 7 8 9 10
1) /s
(b)) B Co il f £

/s
(c) Wk H% M

I ] /s
(d) e £
s o1 EEE R
Ry S HE PP AN (7] 42 1) SR WS 0T 4 3 Ak 1 A M RDIR
ASEREAVERERYSENE 45 A APTRE A2 AR T 5O i £ ) 248
- 16 —

XHE A R RAE AN TR P 5, 25 2R A2 3 P
®3 IRIPEFRERS

KA g I

P i) S ek
lw, [ [)s | IBHCY | lw, 1) s IBIN)
Co 8.90 0.04 5.57 0.012
C1 9.50 0.09 5.69 0.03
C2 9.83 0.14 5.59 0.06
C3 11.29 1.97 5.58 0.57

42 TR2{FESH

g 2 B UE A S5 B AR R AR B T SRR T A
RRE T, 00 2 B S5 Bl i A DL 6, 1 B 5 R AL
BEE R 0.8, 44 T3 BE N 25 m/s , {5 ELAF ] 10 s, AN [FH]
P SR R 7 LA BN R 7 TR

y/m

0 2‘0 4‘0 66 86 160 12‘0 14‘10 160
x/m
K6 T2 %Hm

17 AT, FE P Ta b FE C3 E ISR IS T, 420 ok
TEAA P I R KL TR 3 T 19.53 (°)fs, CO 45l A R 122 £
R W Fie b AR 16.07 (7)/s, 8 FM ) Jonn ik B T 00
TR ME B A GFTSM $4 il 3 2% 1E 4 i A8 42 1 M i 45
PEELAG S AEE Th H, C3 4 5 s 38 ok 5 48 % 1 45
09 S5O s £ AR S 28805 AHASE T C1 RN C2 SR, CO %
Tl AR 23 1 3 T 16.9% F1130.6%

FEVE Te FEL 7d H, L4 T FiSS e ff (34 )
17.6° 45 ¥4 7 3 B4R 0 . AR CLLC2 8B R
FSV (14 48 1] A2 8 Pk 2 BUBUF (8 LR 58 e A 0 (E
13.38°F1 11.09°, 117 CO 45 il 4 ZCKs iR A6 B 22 9.77° . [+
B, CO SR M T3 UK i 5 -1

—CO0
— -Cl
—--C2
-=C3

S W
T

B A /()57
1

Lol
w O
-

|
353
(=)

g [i) /s
(a) A5 A B JEE
PRV SO S A N



FETETG, 45 TR A O (R 23 B D7 SR R 0 2 P DU RS 4 1) 4 st 1 A e 1 ol

— CO

3

A - — -l
[ —- 2

| !

0

B /)
|

3t
4l
5t
-6 .

0 2 4 6 8 10

I} 18] /s
(b)) JET Lol s £
10 ¢

—C0
- -c1
—- 2
-=C3

RS AAC)

fif ] /s
(e)Rr4eHs £

78 L
0 1 2 3 4 5 6 7 8 9 10
I 6] /s
(d) e £

7 T2 s
SR 7 VA AN [ 2 ) SR R A A 1] A58 7 1 AR
A HRERTERE A RZNA , AR SO0 HCAE A 422 A T 82 R o
Ui #0119 260 L Fre R AR L S 8 05 IRAEA R A PR R, 4

ML 4%
F4 TR2HPEFHKERS
R KA By miE
Lo 1 /C)s™ | 1B | lw [ 1C)s" | 1BIC)
Cco 16.07 0.06 6.96 0.01
Cl1 16.70 0.07 7.04 0.02
Cc2 17.05 0.09 7.29 0.02
C3 19.53 4.85 6.26 1.32
5 Z5FIE

AN SCEF R IR TR FSV A [ £ e P4 il o) 1, %
FH PW A HE R T 5 B 37 0 06 L MR 0 O R A AR 2 g
20264 HHo

TR 1] g AR E DA 1 R A o B PR A AR
TUBLRT . 7 FLA5 RIS IE IR Y RE A AT SRR Fe R IF 2k
PEM G Fr e o ARG HERL |, 50T 7T GFTSM BE 1Y
T e 2 0 e 4 o SR e A DS RC AR [ 47 51 A
AR DI A 2 ) 280, ST 2 B B e b I A A
CarSim—Simulink B¢ & 7 ELZ5 R R W, e $2 Hh i) 48 1) 5K
M RE 08 A R 1) 42 B R IR S Dl gl R IR T AL
FSV Ay o) A 1k

Ak A kDT R LA IR B Ik, R 25 i 25
NI RE MRS Al B PR X R ST T Sl ] R e
MRS TR N AR T

& £ X B

[1] LEE J E, KIM B W. Improving Direct Yaw—Moment Control
via Neural-Network—Based Non-Singular Fast Terminal
Sliding Mode Control for Electric Vehicles[J]. Sensors, 2024,
24(13).

(2] FHERMG, 4% 50 A, Al . 53 A 2R B 3l R 42 AR E P
L ATIR R FA AR (AR ERRD, 2024, 45(5): 521-527.
TIAN S P, CAI X X, YANG C. Yaw Stability Control of
Distributed Electric Vehicle[J]. Journal of Jiangsu University
(Natural Science Edition), 2024, 45(5): 521-527.

(3] Do 2, SPnfeah, W, &6 . S FERE R T M R 50 E

SR 1 o R0, 55 2 B TR A4, 2023, 44(6): 155-
162.
MA R L, GUO W H, YAO J M, et al. Vehicle Lateral Control
Strategy Based on Steer-By—Wire Four-Wheel Steering
System[J]. Journal of Qingdao University of Technology,
2023, 44(6): 155-162.

[4] 5K T, PR R, WA . T /5 8 bk i 32 Sl % ) 640 000 AR
SEPED HL S BRI, 734 A2, 2016, 38(7): 857-864.
ZHANG B Z, AMIR K, XIE H. Simulation and Test of
Rollover Stability Based on Rear Wheel Pulsed Active
Steering[J]. Automotive Engineering, 2016, 38(7): 857-864.

[5] TRAMACERE E, CASTELLANOS L. M M, AMATI N, et al.
Adaptive LQR Control for a Rear-Wheel Steering Battery
Electric  Vehicle[C]// 2022 IEEE Vehicle Power and
Propulsion Conference (VPPC). Merced, USA: IEEE, 2022.

[6] ZHAO W Z, QIN X X, WANG C Y. Yaw and Lateral
Stability Control for Four—Wheel Steer-By—Wire System|[]].
IEEE/ASME Transactions on Mechatronics, 2018, 23(6):
2628-2637.

[7]1 ZHU S P, WEI B X, LIU D, et al. A Dynamics Coordinated
Control ~ System for 4WD—-4WS Electric Vehicles|]].
Electronics, 2022, 11(22).

[8] PACEJKA H B. Tire and Vehicle Dynamics[M]. New York:
Elsevier, 2006.

(9] ZRALIE, 32 B3, A% . UniTire 5 FR SRR 156G T 00

-17 -



FETETG, 45 TR A O (R 23 B D7 SR R 0 2 P DU RS 4 1) 4 st 1 A e 1 ol

T BE FIHFFEI]. ¥4 AR, 2006(6): 565-568.

GUO K H, YUAN Z C, LU D. A Study on the Prediction
Capability of UniTire Model for Combined Slips Mode[J].
Automotive Engineering, 2006(6): 565-568.

[10] BARBOSA B H G, AGUIRRE L A, BRAGA A P. Piecewise

Affine Identification of a Hydraulic Pumping System Using
Evolutionary Computation[J]. IET Control Theory &
Applications, 2019, 13(9): 1394-1403.

(V1] FE e, 2 I, 8481 T 1) 25 1 AT 19 1 20725 Sk 2= )
BT 42 ) [0, VLI5S 22 i CH AR B2 i), 2025, 46(2):
132-139.

TANG X F, LI R X, CAO Z. Roll Control of Autonomous
Vehicle Based on Sea Crossing Bridgel[J]. Journal of
Jiangsu University (Natural Science Edition), 2025, 46(2):
132-139.

[12] FR1y, TR . T2 R4 BT 8 0 MPC U i B
PRI VLI R 24 (A SRR ), 2023, 44(3): 270~
275.

GUO P, YU L Y. Trajectory Tracking Control of Driverless
Vehicle Based on Road Adaptive Model Predictive
Control[J]. Journal of Jiangsu University (Natural Science
Edition), 2023, 44(3): 270-275.

[13] A1, X R4, XTH I . e 4%l ShALBR 5l 18 R 5 1) 4= 49K
B I FERII] TLAR R 4 CH AR BRI, 2023, 44(3):
254-261.

FU X, ZHAO X J, LIU D Y. Driving Force Control of
Wheel Motor Drive Skid Steer Vehicle[J]. Journal of
Jiangsu University (Natural Science Edition), 2023, 44(3):
254-261.

[14] YANG M F, TIAN J. Longitudinal and Lateral Stability
Control Strategies for ACC Systems of Differential Steering
Electric Vehicles|[J]. Electronics, 2023, 12(19).

[15] Z= o), GG AR, FEIREE, 45 . LTI A1) A4 PO 48 il 7
Bl 1) A AR PRI )], BRAR R 3 TR, 2025(12): 67—
75.

LIZ L, TAN Z H, YAN X H, et al. Research on Stability of
Four-Wheel Independent Steering Vehicle Based on
Sliding  Mode  Control[J].  Modern
Engineering, 2025(12): 67-75.

[16] 25 49, FEdll . T 2 WL 43 0 2 o 7 A5 1) 2 5 9 1)
PRI VLI R 24 R SRR, 2024, 45(5): 513-
520.

HUANG Y S, ZHUANG D. Vehicle Longitudinal Control

Based on Disturbance Observer and Terminal Sliding

Manufacturing

Mode[J]. Journal of Jiangsu University (Natural Science
Edition), 2024, 45(5): 513-520.

[17] ZHANG J H, LIU C Y, ZHAO J B, et al. Research on

Stability Control of Distributed Drive Vehicle with Four—
Wheel Steering[J]. World Electric Vehicle Journal, 2024,

- 18 -

[18]

[19]

[20

—

21

—

[22]

(23]

[24]

[25]

[26]

15(6).
IhBesm, TAEM, TG AR, 45 . 25 JRER IR M w1k i ¥ 4
2 A7 e ) 2% G RS B A A8 T DT IR D) IR TR, 2025,
47(11): 2238-2249.
SUN X Q, DING J W, TANG H R, et al. Front Wheel Angle
Estimation Method for Automotive Steer—By—Wire System
Considering Tire Cornering Characteristics|J]. Automotive
Engineering, 2025, 47(11): 2238-2249.
CHIN S. An Efficient Method for Extracting Fuzzy
Classification Rules from High Dimensional Datal]].
Journal of Advanced Computational Intelligence and
Intelligent Informatics, 1997(1): 31-36.
LASSOUED Z, ABDERRAHIM K. A New Clustering
Technique for the Identification of PWARX Hybrid
Models[C]// 2013 9th Asian Control Conference (ASCC).
Istanbul, Turkey: IEEE, 2013.
HAZARIKA B B, GUPTA D. Density—Weighted Support
Vector Machines for Binary Class Imbalance Learning|J].
Neural Computing and Applications, 2021, 33(9): 4243—
4261.
N0, et AR5, A5 . T EANAR AL Bl ey 3T
e 1 BT, PR EOR, 2019(6): 47-52.
LI X, SHI X H, LI R C, et al. Sliding Mode Control of
Active Front Wheel Steering Based on Ideal Variable
Transmission RatiolJ]. Automobile Technology, 2019(6):
47-52.
ZHANG L, DING H T, SHI J P, et al. An Adaptive
Backstep Sliding Mode Controller to Improve Vehicle
Maneuverability and Stability via Torque Vectoring
Control[J]. TEEE Transactions on Vehicular Technology,
2020, 69(3): 2598-2612.
ZEIEEE, IARAR . TR T F A A ARG RE IR A
00 3 0300 PR BER A Ah SR (J). VLR R R (SRR
f2), 2024, 45(3): 249-256.
LI S Q, XING J Q. Trajectory Tracking Control Algorithm
of Lane Changing for Intelligent Vehicle Based on Model
Prediction and Angle Compensation[J]. Journal of Jiangsu
University (Natural Science Edition), 2024, 45(3): 249-256.
SUN X Q, WANG Y L, QUAN Z Q, et al. DYC Design for
Autonomous  Distributed ~ Drive  Electric ~ Vehicle
Considering Tire Nonlinear Mechanical Characteristics in
the PWA Form[J]. TEEE Transactions on Intelligent
Transportation Systems, 2023, 24(10): 11030-11046.
XU F X, LIU X H, CHEN W, et al. Improving Handling
Stability Performance of Four—Wheel Steering Vehicle
Based on the H2/Ho Robust Control[J]. Applied Sciences,
2019, 9(5).

(LS B B
kR H 9128 2026 46 A 1 H .

TR R S S/ N



