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Figure 1 Vehicle model with 2-DOF
w1 AR A WK A i y B S
VIDSE RN RS WY s

ZFYZFHCOS(3+FY2; (1)

ZMZ =aF,cos & - bF,,,

K Fy Fy, TR SR 775 a b 5350 9 i Al

BV B B RS 6 MR R A
AR 6 B/, (1) T E

sz:klal + ko, )

N M, = aka, - bk,a,.

Forfr R e 00 O £ AT 2R N

ar
a, =B +— _8;
‘ (3)
br
a, :ﬁ ~ o

ok, ke, O ET G A8 G 000 D M RE 5 - O 2 AR 8
JE 3B 0 O s 6 5w AR o BT T R
PR, = R R 1) B A 43 Bl ) o T
FERR N
(k, +k,)B +r(ak, —bk,)/u —kd=m(v +ur);
(ak, = bk,)B + r(a’k, + b’k,)/u — ak,8 =1,i,

(4)

A em R B o VR ) B 1, IR
5% 2 Rl Ay 5% sh i

PR A B ) I RS AR R T S AL, g
=0.9=0,fLAX(4)71%
v(k, +k)v/u +r(ak, = bk,)/u —kS = mur;
v(ak, = bk,)v/u +r(a’k, +b’k,)/u — ak,d = 0,

S SCORE R 2 AR 5 T 1) 4 AR Y e (LA
R4 A O 2 0 g,k X (5) T A B 42 A R
i A

(5)

u
) L )
G, =~ = S 2L (6)
) 1+m(a_b)2§s
L2 kZ kl

Krp L ARG IR R  L=a+b,
1.2 EEfREEERZREELSM

RAE 1.1 (6) 4 i ARRSAT RS,
A A R G 25 R A T R AL AR R AR
SR . B BB R 2 i RN S PR R O A
K5 SH AR TR AR ] o R e, MO AS AT
FF 5 T Ak 428 A R 0 5 0 W] AR DR R Ol 2 B R T A
L2

X8 5% fA i — ARG TR G i AR AR W)
MAE LT, BT M B R 12 AR R B - R4S w 1
R E L RTES(3) , U B TR AR 32 A2 0 5 ) D
oo, 120, 25 G 2RO\ 3 g 2% KR G 1 ) g
T i (B 2) AT AT A R R R I T
Hi, A 4 AR S 5 ) T R B 0O 3, %8 R AR B E &R
B i T A A O R R T R R T, AR R
R 1.0 F1 0.8 Bk B, NG O W S R
2900 N X I T 0 58 )G 00 A ff 5 o0 b - 3.5° AN
=5.0°, A, ¥ 1 & R B0 S T8 23 X0 5 i 0
F 77 A S DT B8 A 2 £ 0 B



10 PSP PN i 3 - S QRIS )

2024 4

—= =10

220 -10 0 10 20
Dl F/(°)
B2 ERBAMIE 7% 2k

Figure 2 Tire lateral force characteristic curve
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Figure 3 Yaw rate gain with different conditions
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Figure 4 Yaw rate gain after preprocessing
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Figure 5 SO-BP neural network process
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Figure 6 Result comparison between neural network

predicted values and actual sample values

W 6 AT LLFE H, SO-BP Bt 25 [ 2% (1) Fil ] 45
RS SPRagE BAR E W, BT ERRIRE RN 2. 1% .
Wik 2% MSE M 0.000 1,34 46 % i 22 MAE K

0.054 1, [IRZEIRFOT SO-BP 2 W 2% T Il 5% 5
RIf  RE sh B BN R 2k AR B & R AT Y
1 T B 25

3 THESEEIEIEIT

3.1 THEHFEILIZITAE
ARIESCRER %A S, SRiftikfmoz

A RaE AL ) N AR

R 42 A T 1 2 R PP AN B e R SR A Y AR
o, A i) Jorm 88 4 25 T A e b e W B ) A
ARZSTT S R, AR S0 3k B 1 G 25 1 O A8 1 35 %
Bl b TR
3.1.1 EMBARENSHIHIL

R IR AR E R AU T IR e
PE L 2.2 548 SO-BP ol 25 48 HUAY 78 B 22 ff 3ok 3
1 5 AR % e 1 4R R B g IR B L,
T

G;=r/5; (9)
G, =1/8,, (10)
24(8) A
u
G’ L
i=" (11)

- L
G, 1+Ka’ G
. G S DI HE 5% £ 30 VR 2 B4 A 1 B 4 A R

Wit



12 PSP PN i 3 - S QRIS )

2024 4

3.1.2 W& mik ¥ A AE S

ARSI 5 WA 32 000 i o 3 38 34 4 AN A2 e it
AL L, £ A B BR T 00 T B0k A5 25 28 g i ) £
BT AR SO BB 1) 4 T A B 9 4 R A A )
T Jon i 2 344 4 15 o e AL, U

Gy =—"=cC,, (12)

I
BT 1L R MR A
U 576 0 10 25
Gy = (13)

25 (8) (12) L (13) , W0 pi o sk J3E 346 45 4% 8 Lo ol
TN

u
Gy n 1
i=— =y N (14)
S a 1 + Ku C,
8 ¥

3.2 TiEHREDEHE

TE SBW RSG5, 25 W By 5 2 5% 1) 85 B 9
SR T BT AL Bl e SR X VL 1 B A
B SR ) 1) HLHIL & HE AR AT S g A e AL
IR Bh 145 56 15 A5 R A5 MR X A2 B, F 1T S B H AR 9 R
G ARV 2 9 BN R AT

{7 Fh S 8 2 T 455 B A TR Sy

T =J&5 +B& +k 6 +T,., (15)

Aoy TN FG I B T, e ) B LS R B
i B A 1) 485 B SR E R Bk, A T
SERUCHLE W 5 T, Bt 1) 5 6 100 45 A00BE 48 T

[ 1) L ML sl B R R BEL G ST T AL
Bl J) AR Ny
T,= J.0, +B.0, +k,(0, -g.x/r) +T,. (16)
X T, e L R A T, R ) B ALES B
Wi B, R m LB R AL 0, N 1) f bLES
s by R T AT R SR NI 5 o, G 1 H
WL SR L 5 v, 0 SR AL RS 5 ) /NI 40 B
B4 5 T, k7 1) FEBLE 488 T

V5 147 2% T 1) 45 8 1 2 A ALl
mi, + B, + (T“ +T"’) = k"‘zg'“(gm - x"g'“) . (1)

L, L, r, r,
Krbeom, WG R TE; B, Wik 4 KIH)E R
B, T,.T, AL B8 FIE M, 1., WEH
R I R K

3. 1 5 AT ) ) i R B 5 A% Bl L W
E AR C, RS0 MATLAB 32 /6 553k TR

IR G el e A GV R i (K R A S
B O ke i B R, R (15) .,
(16) F1(17) , ¢ Simulink 7 SBW R G A SR
JE B IZEE AR 5 CarSim F PN B 0 BL B K 1) R B
HEAT RS e, $5 H SBW K AR AY | 35 s A ) o 2R 4
AL LR ER A 60 km/h XU L T4 F
X C, BEATIRALER ENE RS €, WS, 25 m/s”,
IH B 458 NS PR VT 45 B 18 S5 /0N, OV S e AR (AL AR
AT (14 B 7 ) 1oy Jon 38 32 35 25 A% Bl L

Ryl VRS AR R S R AR E I B 1]
oK, 8 L 0~30 km/h HARH B, 120 km/h & DL 1
Ry e R B R Z R A% B L R e (E, AR R /N i i
2 (18) 20 HIAE 4 1M 30,120 km/h B9 E(E AR & .
30~120 km/h B B Y A% 3l b il 2 i DR 7 R Y A2
AR B LU UE A7 0 8% -0 2028, 0K 3. 1 1 BT Y
PG B ot — @ Hu B2 B AR AL 3l ke, B

P =ci, ¥ ey, o (18)

ZRHIE B 4R T, 3.1 7T AT AR R A A
8 55 1% B Lo 4 A B e 1 K a0 1y A i A 1)
T 8 25 A% Bl L il 2 B 2 AR T R AR R
AR AL 3 FETE 30 ~ 120 km/h 38 B By 555K |, i 1t £y
HIRE AL AE ¢, .c, FTES 50 0. 65 F10. 35, #
LAWY IG5 45 B o

i, u<30km/h;
i = J0.651, +().35i01, 30 km/h <u < 120 km’h; (19)

i, u=120 km/h,
K, WIRHEBAZZ i, IR BRI,
4 {FEWIE

REGUE bR TAE A B ROE B SRR AL S
S 2 AR R S 2R AR B L (I 4R HIR R 0.33 s7) Al
AR SCBETE AL 1 35 4% 3l b A7 X% e, a5 CarSim Al
Simulink B¢ & 15 B &, 43 58 WUBE 26 | A B BK L B
A [l 6 R ) (8] E 00 T X e A R i AT 4 A, O
HEWBHSHME 1 s, EHRinish
215/55 R17,

®1 FHEBH

Table 1 Vehicle parameters

S A

B m/kg 1 341
JROL R BE by, /m 0. 540

Ja ZERIEEES o/m 1.015

Jat Z R WS b/m 1. 895

M L/m 2.910
ML W R T, / (kgem?) 1537

5 56 00w WU BE &, k. /(N-rad™") -105 014




%5 W

R A G ORI I ) R 1A O 7 i 1% B Lt 13

4.1 WBEKIR

LB CarSim F PN B 19 XUAS 26 T 00 o 248 18 35 1%
SRS BT I UE . 2 % IE R AT 30 I K i
I B & R B E R 0. 8, W E AN 60 km/h, i H
IFE] A 12 s, RAEERFE] 4 0.01 s, fF EL&E L an i 7 A
K 8 B,

AL /m

8 10 12

6
[/
7 HEmEALEX
Figure 7 Comparison of lateral displacement

30

20 A

<10

&

#® 0

b

& -10

:ﬁz 7
20 st
30 - — WA

0 2 4 6 8 10 12
i 18/s
B8 HmERKAILL

Figure 8 Comparison of steering wheel angle

M7 AT LU Y R 8 3 25 4% 3l L 4 5 g
0% AR 4 b B R A BR AR AT B BLE e 1Y 4R 1R D)
P A i 22 TR FFAE 39% LA, 3R W18 1 15 % 3 Lk
By R R RAF 8 W, R X E B AR AL B L, R
FH 8 3% 45 4% 2l o 242 0 e 1) B A T R B &t
SR A R T 9. 1% , UG AR 4 25 14 Bh e E
DRAIE 6 A% B ORS BE 09 [R) B o IR T 22 b B 45
NVIEiEN
4.2 AMERIR

B UE BT A% Bl L FE AR B B AR B T b iR
PUAE O B I T FEE R B0 0.2, 78 Simulink Wik
SEJ7 [ BEHE £ 0 30° B BRH A, A B E Dy IR A
(40 km/h) I 4655 (90 km/h) WG Fh A% &, 17 B
BFIE A 10 s, RAEEF RIS 0.01 s, f5 H 45 R an &l 9
K10 s o X He & B, AH X T 2 428 R Y 4k 1%
Bl L, 728 1 45 1 Bl bE 42 0 0E A RS 25 e L T R I
[i) ARG, O LA 428y 3 32 e {1 RS (B 2 A T T B
FE 40 km/h T 00T WE(E R K T 24. 6% , Fa 5 A K%
8T 22.3%; 7E 90 km/h T F, W& {5 &K T
10. 8% ,Fa SR T 6. 6% , X % WIEAR I 35 2 5L

BTN R AL 1 45 4% 3 LA 1) R G KA SR
(AT REVE R [ A RCHE R 1 ICAE E AR RRE A AR B i
IbECS N d

12

;; IS m e ———— -

<81

=

b

&4

L

& — LBt
- — WL

0 4 6 : 10
B i) /s

9 40 km/h TR 158 f 3% B M R
Figure 9 Yaw rate response for 40 km/h condition

5
\

Z4N
‘E 3
%,
B
B 1f — W AAEF
- = ML
0 2 10

4 6
I [ /s
B 10 90 km/h T 5% 42 5 i3 & N K

Figure 10 Yaw rate response for 90 km/h condition

4.3 BEEFEIR

FERRAS WUEE TOLT W 2R FH 78 34 25 4% 20 L 4247
(RN 40 km/h #J5) ini# 5] 80 km/h, % ] & %
FVE O [ GE A 40°, B 18 B R AR 0.4, 05 FLAT
] 20 s, RAEMSH] R 0.01 s, 07 EL 45 5 & 11
No BB 1L AT LAE ) o T 72 B X JE] Py A S
TH% Bl LU K A8 A 28 A S0 1 25 5 000 o o 3k 25
Fi LA e [ 43 ), PRI AE ) 5 #A R e A= AR AR
o 12 A ol 2 S 4 SR T 24 e /0N d L ) o
A G G DR T B O R 4 R R AR
MR RN R T T IR AR AR G R 1 L 5%
R AR TAT R A

B <
E %
& B
= =
. — R |

.7 ~~ WA |

1910 50 60 70 80

ZE58/(km-h)

11 FHEBITSH A
Figure 11 Vehicle operating parameter response

4.4 FHEEIEIR
48 GB/T 6323—2014 #L7E , & B 3 I

i

S



14 MK 2E R (T %% M)

2024 4

P 87 1) [ T T 00 0f R AE 75 45 Dl R 1k O 31 1 4647
Gt WL R FEARER M IE AR, ER AN
15 m B 15 JE A A T RS AT Bl 9 35 24 ol o) s o sk
H(4.0+0.2) m/s®, [ 2 5 ] #5555 A, R 4R OF
THIRIC S, FF 3 s J5 PR TR [ 8 il sk TR
4 s PR IS Sk B 10 S [] P o i A 7
B TR, 23R 110 km/h,
B By B e A0 ) R B GA B (2.0£0.2) m/s?,
FR BB R R AN AR R B AR A I IE] o 0Bk R R 4R
F L BE Ar VB R 5 1) 18] IE M B DE A 8 AR, 05 B )
910 s, R AERF ] 0.01 s, 05 Bk 5 45 3 o K
12 & 13 5K 2 iR,

BRERMISE/(°) )

6 8 10

4
I [A]/s
B 12 R TR T 8 f i B i R gh 2%

Figure 12 Yaw rate response curve under low-speed

operating conditions

B AP /(°) ™)

0 2 4 6 8 1‘0
IR 1R/
B 13 53 TR TR R 0 A i 2%
Figure 13 Yaw rate response curve under high-speed
operating conditions
*2 EEEERBER

Table 2 Result of steering return

& A ] /s AHE/((°)s™")
fREE T 00 0. 950 0.714
T 1.330 0.317

H IR 25 SR TT LU 728 1 25 1% 30 Lb 42 4 e IR
B MOE T8 R M sk R OBE A W R
0.714 (°)/s, 1§ # £ 3 B 2] 35 52 2 0 8 [
0.95 s, i B ] 0] 1 T 00 T (4 5% B3 B 122 A o B R
0.317 (°)/s, = TALARE B E 2 1,330 s, PR
BT Bk R R 4R A R YN T E AR ORI

6 (°)/s, B A2 25 B I A) B¢, 2 WA ST e 31
4 A 18 £ 1 20 L A2 0 e 1o [ T BE R4

5 g

(1) A SCHR H — b 5l 25 0 IBURE 128 £y 380 2 184 5 1Y
i, i TR T BT N R N R %
5 BRI e 428 A TR 1 4 A I BE 8 B R 22 BOR
KR iR RSB A LR TR A EES d D0
R SR SE R DR T IR A PR

(2) >R FH T 248 A 52 A R 49 £ 55 00 e o s R 4
i 45 A T R BT SBW B s B S L #E A T Car-
Sim 45 Simulink B¢ & F B &, #F AR T T XA
14 45 4% 2 He B9 A RO AT T 05 L RAE

(3) D5 BRI 45 R R B - 1 W W AR Bk, ok
JHZAZ 384 25 4% 2y Lo 1Y) 242 50 R 0% O o I 70 B B hS 32
T e Pt 7 30 i oy, AV PR A 2R 006 T, A LU A e
] {5 20 e, R 78 1 4 1% 30 be 42 e R [ 42 3 1Y
A A (B S X B AR, B SR FR 2 B s 1Y
I H) R R, 32 im0 A A0 A A B AR RO T b AT e
LA PE AR U A SCBETH T A BT A7,

SE A

[ 1] MORTAZAVIZADEH S A, GHADERI A, EBRAHIMI
M, et al. Recent developments in the vehicle steer-by-
wire system [ J]. IEEE Transactions on Transportation
Electrification, 2020, 6(3): 1226-1235.

(2] k=)0, mege ], DR . 55 T 2Kk ol 3R VR 4 hi

Prs w2 e Wik (1], MM KRFEEM (T M),
2020, 41(6); 13-18.
ZHANG S C, YE J M, SHI Y J. Design of vehicle for-
ward collision warning system based on millimeter wave
radar[ J]. Journal of Zhengzhou University ( Engineering
Science) , 2020, 41(6); 13-18.

[ 3] BR&EW, $hil, 23T, 55 BT RO AL L i m A2

AL S LU F ) A% et ()] HKH TR 4l
(ARBE) , 2022, 36(12); 41-49.
CHEN Z M, ZHONG C, LI H Y, et al. Design of the
fuzzy controller for variable angle transmission ratio of
steer-by-wire system through particle swarm optimization
[J]. Journal of Chongging University of Technology
( Natural Science) , 2022, 36(12); 41-49.

[4] WA, MR, 2%, % ETEEHILHSREE
em R H, B TR A ()]t E A
i, 2021, 34(9): 133-145.

XU F X, ZHOU C, WANG J, et al. Extension H_ con-
trol method for all-wheel steer-by-wire vehicles based on

variable transmission ratio[ J]. China Journal of High-



%5 W

5 K R

VR R R 1 R G A I BRI A5 1% 3 Lt 15

[6]

[7]

[9]

[10]

[11]

way and Transport, 2021, 34(9) . 133-145.
TR, BAEAE, SBAERE, 5. Bm R G AL R B O
FERIRRAL S LI [J]. WL R4 (L),
2016, 50(7) . 1276-1283.
CHENG Z, LU Z X, GONG ]J H, et al. Transfer func-
tion of steering system and acquisition method of ideal
steering ratio[ J]. Journal of Zhejiang University ( Engi-
neering Science) , 2016, 50(7) . 1276-1283.
AR, BRTR, ER, 5. 5T AR LR
s ()], BLARC TR A4, 2019, 55(2):
126-134.
ZHAO L F, CHEN W W, WANG J, et al. Research on
steering-by-wire control strategy based on Extension slid-
ing mode control[ J]. Journal of Mechanical Engineer-
ing, 2019, 55(2) . 126-134.
I, Ak, &L, 4. HET CarSim HYZ A5 #4 17]
HAEBAES LRI R[], TR EM (A
RELEML) |, 2018, 43(6) : 2122-2132.
FENG X Z, SHI P L, CAO F, et al. Research on ideal
transmission ratio design of Steer-By-Wire car based on
CarSim[ J]. Journal of Guangxi University ( Natural Sci-
ence Edition) , 2018, 43(6) . 2122-2132.
LIU Z Y, XU X, XIE J, et al. Variable transmission
ratio design of a steer-by-wire system for intelligent vehi-
cles[ J]. Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering
Science, 2022, 236(16) : 9341-9353.
SR, B, BITE. WS LR n
o L R B B ()], ML TR A4, 2020, 56
(10) : 172-180.
JIN Z L, LIANG W H, ZHAO W Z. Multi-gains ratio of
steer-by-wire system and anti-rollover control for vehicle
[J].
(10): 172-180.
JAEe, B, BT, EINATRRE R G ook B AR 1%
b LB [J]. T EALR TR, 2014, 25(20) .
2813-2818.
ZHOU B, FAN L, LYU X N. Design of modified variable

Journal of Mechanical Engineering, 2020, 56

steering ratio curve for active front steering system [ J ].
China Mechanical Engineering, 2014, 25 (20). 2813
—-2818.

BT, TRIE, ARIAE, G R REEREA

R[], RELXES5WEE¥HM, 2021, 12(1): 18
-34.

ZHAO W Z, ZHANG H, ZOU S C, et al. Overview of

vehicle steer-by-wire system control technologies [ J].

[12]

[13]

[14]

[15]

[16]

[17]

[19]

Journal of Automotive Safety and Energy, 2021, 12(1):
18-34.

s 2L 2

AR WAy RN E RECNE R M AFS AJ AR

fegh b Bt [J]. WA % &5 1 R4, 2020, 11
(3): 329-336.

LI X Y, ZHANG J. Design of AFS variable steering ratio
considering road adhesion coefficient and vehicle speed
[J]. Journal of Automotive Safety and Energy, 2020, 11
(3): 329-336.
T, SRS, JETARLME = A B R i) 8 45 e 1)
R ML RIT[)]. BRI RS M (AR
B2E), 2018, 32(9): 6-13.
SHANG G G, ZHANG J. Design of variable angle steer-
ing ratio for steer by wire system based on nonlinear vehi-
cle model of two degrees of freedom [ J]. Journal of
Chongqing University of Technology ( Natural Science)
2018, 32(9): 6-13.
WM, BBk, L& BIH—orkesaRy]. it
SHLT RS R, 2023, 59(3): 13-22.
YANG H Y, ZHAO X Y, WANG L. Review of data nor-
malization methods [ J]. Computer Engineering and Ap-
plications, 2023, 59(3) . 13-22.
HASHIM F A, HUSSIEN A G. Snake Optimizer: a novel
meta-heuristic optimization algorithm [ J ]. Knowledge-
Based Systems, 2022, 242, 108320.
PO, RIGEAR. SR o] 42 590 nT AL A 4L 2y L kR B
W5 1], HLE TFE, 2019, 36(4) : 422-427.
LI W Q, WU X D. Variable steering ratio characteristics
for steer-by-wire vehicle[ J]. Journal of Mechanical & E-
lectrical Engineering, 2019, 36(4) . 422-427.
Frp, BT, B, % ORERELRE 53 1%
FERBARL)]. WAEZ2 5%, 2020, 11(2):
143-160.
LI L, WANG X Y, CHENG S, et al. Technologies of
control-by-wire and dynamic domain control for automo-
tive chassis[ J]. Journal of Automotive Safety and Ener-
gy, 2020, 11(2) . 143-160.
TIAN Y T, ZHAO Y B, SHI Y R, et al. The indirect
shared steering control under double loop structure of
driver and automation[ J]. TEEE/CAA Journal of Auto-
matica Sinica, 2020, 7(5) . 1403-1416.
ZHAO B, FAN X B, QI G X. Variable transmission ratio
and active steering control for steer-by-wire steering[ J].
International Journal of Vehicle Systems Modelling and
Testing, 2022, 16(4) . 290-312.

(#5529 TT)



