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Torque Vectoring Control of Rear—Wheel-Independent—Drive

Vehicle for Cornering Efficiency Improvement
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Abstract : For distributed drive electric vehicles, less attention is paid to the inhibition of lateral torque distribu—
tion on wheel slip ratio and its improvement on cornering performance. To solve this problem,taking the advantage of
the independently controllable torque ,a torque vectoring control method based on tire longitudinal stiffness estimation
and optimal slip ratio identification was proposed to reduce the average slip ratio of the driving—axle. According to the
simplified adhesion characteristics of the tire and the road, the impact of torque vectoring on the average slip ratio of
the driving—axle was theoretically analyzed. An estimator based on Recursive Least Square method (RLS) was de—
signed to estimate the tire longitudinal stiffness in real time. On the basis of the estimated tire longitudinal stiffness
and identified optimal slip ratio,an torque vectoring control method was developed. The simulation results show that,
the proposed torque vectoring control method not only can obviously decrease the average slip ratio of the driving—axle
by more than 10% ,but also can reduce the steering wheel angle input by about 14% , which achieves the dual purpose
including the improvement of cornering efficiency and the enhancement of steering maneuverability.
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Fig.1 Tire adhesion characteristics and simplified model
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Fig.5 Tire longitudinal stiffness estimation results

Hittih

0 0.2 0.4 0.6 0.8 1.0
B 6 3~6kN & AHATAAME R B
Fig.6 Comparison of longitudinal stiffness of tires

under vertical load of 3 ~ 6 kN

3 FEIETE [@) 5 B i I SR A

s (3) Bz, %k NS NSIR SIS HEA T2 A 1] 23 E
Pl REAS CEATHZ IR Sl ) P I e R AR T DL, 7
FERGIZRIEIX BN, AN RERII A N E )
Oy LR S22 SR AE AT B T2 ) F-45 M e R



12 4]

TR AR S R A S KR i AR B AR O 13

AR, HBK SR A8 . K, e 22l AT -
AT = 2min (S:_So).ko.rwa% +Ta(](]'q (13)

Krp s MANIK B EE A I S A B 7 32 55, AR
R Y HTI 2 B RS BT R k, AN SRR AR R Y
WIRIEE s T, R TG SRIK BN HE 5 T g N 2ZEBN5EHE AT
IR, H g Sh— AN L a Sl 5 e )53
Be= i SRR R T RS . R T o B A 2
ARG IR0 1, T WFFIEIEREL, ZERYE
TR FE IR DN I W B2 5 Ze M DX N e i B 25 Rk it
LARLRMZERTE , AT K, Pl THEIE
A E IR S T

N A MR Sl 8 T A 43 T A A O 42 30 Y BT SR
ORI AN BRI AR R

T.=T,+T, (14)

AT=T,-T (15)
Krp: T, HHMNRENEFE R BRS A , T S K B 4e ) 5K
SIS, SO ANIR S IR Sl R 5 R -

TO:;—(TrﬁAT) (16)

_ 1
Ti—?(Tre—AT) (17)

SRR B B G RE [0 3 LA ) RGBT X S 4
RS T, Rt A R B O 1) SR A B
URSHAS R TAETEA SRR X TR, R &R AT
BRGSO R R/ 00 1) s 1) A5 LD 3.
HPRARE R AR & 7 BT, FEREAT A 2 1043
Beas il AT X A A T iR Ak i &, RSN Bh 5
SR 5o SR ENEE FE BRI NI &, TRAIE.
A AT ) o B R AR O, AR
V 5 I #E A 6., IRENEE A o PSRBT 5

G ARG FIMOR A T B AL B S, T
R AR AN E Sl 1) S B i R G5 5 0
FRPE A1) TG M e R, Bl A S rad
i) RLS S A AR sl i Ae e A NI EE &,, I8
TG R A R U CR A SR 14T iR R 1 o
FEW RN Bk T, AFRIT). 5 KW Y wr
W2, SR A 15 & A 3T A IR % RS
A, KRG 220 (13) THA3 N AMIN K Bl 6 22 [ 14 22 3
B AT, S, FRIE AR (16) (17) 1B N S K 5
SRR IR B R I

<
2

Bl v,8,,0,T

e

s = 0= w*r,

max(v“,a)'r“)

'

W RLS B AG A B m K
A G B AR T B R R s B

RS FeTT

PRSI IR B SE T, T

:

UK SIFEAE T,, T

Iz o]

B 7 #HEZGeiiss KRz

Fig.7 Flow chart of torque vectoring control strategy
4 BERRESHERR

4.1 BEEFHFER

AR SCHFIE 2 TR A 25 I A 4 5 1) 0 T 32
X AEAHPERE OS2I, DR L, AR SCEESE T ARl 8 R Y
& ZEAR R RE B )32 B S Bl DA K A
TEMBERZ 80 7 A B 44058 sl 2 0 B AL
HAE Bz s anat(18) % (20) iR,

B8 78 WEFMEL
Fig.8 7 degree of freedom vehicle model



14 R R AR (A AR BE R

2020 4

m(it —vw,) = Fycos 8,+ Fgcos 8 + Foy + Fo —

FnySinéo_ RﬁSinéi_EV (18)
m(d + uw,) = Fycos 8,+ Fcos 8 + F,, + Fi +
Fy, sin é,+ Fy;sin 6; (19)

Iw, = (Fy,cos 8, — Fy,sin 8, — Fgcos 5 +
F sin 8,)B/2 + (Fysin d, +
F,cos 8,+F; sin 8+ F; cos &)L+
(Fxm—Fxn-)B/Z—(Fym+Fyn-)Lr (20)
K m WEEL i, 6 WINATECRE AA 56, AT HE
b2 Y Mo o T i S SR e i N )
HHRIEE RS B NHEIE; o, IR EREM T ;0 IR
1) TR 50 VRGN L 5 F  Fy F F 5351
JJEWEE TSRS R AN AT AN B sz 30 04 0 1
3 F F Fo Fo, 53 010G NES CHTINGS 5SS
RSN FTZ B YN JT 5 F, RGP sz B 9k 1) =5
SBE.
X TR RIS A L SR AL, 2 PR FR K
S IR B Fg = Fy, = 0,F,; = Fy, = F,{RAAT
(20) 755
Iio,=(Fsin §—F,sin 8,)B/2+
(Fycos 8,4F5c0s 8 )Li—(F,+ Fyi )L, (21)
MTENINIRSFE (B 5 | A 28565 AT 5, ISR

SISk sh 11430 -
AT
Fu=p- A (22)
Fo=F+ ng (23)

BERFAF(20) s 212 S i T R AR R -
lo, = (Fyﬁ sin 0; — Fy;,sin 8,)BI2 +
(Fyfocos 0, + Fyicos 0, )L, -

(Fo+ F)L,+ QTTB (24)

HY BT L, SR 3R A ) ) 43R 432 A o 3, 76 22
AR AT WVERTT , 4240 O s/ N R RS 3% f , B
20 B3 (05 I G RSN, 2 B RE A A
VN, DTS 5 4 0 T LBt
4.2 FESH

AR SCHFFE 043 205 e ST 3R sh i SR 42 1 &=
BESHUNE 1 .

W 38 4 5 J1 RSB IR RS R, T
T AR T B ELRALE.

*1 ERBEIRIBIHRETESH
Tab.1 Main parameters of rear—wheel—

independent- drive electric vehicles

e L4 A
LT m kg 1300
B B RTAIEE BS Lo m 1.2247
Bt B E RS L, m 1.4373
BE B m 1.4375
FLL B H, m 0.49
TRIESE Z B S bt 1 kg m’ 1808
ZEfp L B 1, kg+m? 1.85
REIERT 5L HA A m’ 2.0
RIRRBEAE 7, m 0.285

42.1 4% EFRAGARXE

R TH . K4 LL 60 km/h AJ EEE EATHE 2 s
Ja i AR 80 m MYIEITE B Arif HaE A 75 5] )
o Ao —E s g BAniE . B 9 Won TATK
B 1] 43 TE (TV) 4580 (43 0 F wiTV Fl woTV 3
7)) HIA TR T E B, DN IETRT L, AR il T 42
T A AH ).

woTV
150 —4—wiTV
100 [
4
501
0 L 1 1 1
=50 0 50 100 150

x/m
B9 A73k4hig 2tk

Fig.9 Comparison of driving trajectories

B 10 /R TA/JG TV #5551 T 545 9K shie iY i
R SO U0 T - B e 3. rba] UL et
T TV FEEE IR ST R BRI, SMR S 1Y
TG R TR B Sk ) - X P S R it m TV
TR 11%.



9512 1 TS R R S KSR i R R A RO 15
0.010 4 T 350
—— s, /woTV .
0.009 —— 5,/woTV || 300 = TwiTV | |
0.008 [ —&= 54, /woTV | ] == T, /woTV
i —— 5, /wiTV 250 —— Ty/wolV | |
0.007 1 —— 5, /wiTV |1 & —— T/wiTV

— Sa/WiTV | |

N

- 0.006 [
%‘g 0.005 |
% 0,004
0.003 |
0.002
0.001

A []/s
A 10 FHFaik

Fig.10 Comparison of slip ratio

B 118 12 4351 R T A TE TV 356F 077 )
BN IR IR SR A, vl LB Y TEAH R 5%
FER, BT TV S0 LA T 1) B R AR
N, N AL 5 ) 355 i AH 22 50, A AR TV
Pty S AN T 14%. v UL, 18 B A UK 5)
BEAEARFIRORTEE B, 8 TV 2555109 4550 Ha s /N 7
Tia) 5 AR R R S8 BUAH ) A 25, X Ry 2 38 D e ] Ff
J7 ) B A 3 I BA A TR A 23 (B) 5 L nT Rhiga 2
Fhes il T (A7 ) 2520 SRR TR, SR FH TV 46 9 42
EE 2R o s S N WD WL = 2 S RIS = N )
TV EHG, ARSI -1 5 R SRR AR, X
XN IR N BRI e f2, fE—E TR
ERTUARE I F4 5

50

— wolV | |

40

30T

T | 5 £ 5.,1(°)

5 10 15 20 25 30 35 40
s []/s
B 11 Fedsfstt

Fig.11 Comparison of steering wheel angle

4.2.2 £ ek E A A4y AR

R T B R E RECH 0.7, 954524 30 km/h
B G Re e T B — B Rl DA 1.7 mes? (R 8
AT INEGZ )y, IRl 7 B A 60° B e A .

0 5 10 15 20 25 30 35
A ] /s
B 12 IEshiE4EAIL

Fig.12 Comparison of drive torque

B 13 R4 /78 TV FEF IR FE T L &L 7T DA
Fih 7R 12,5 s BETE TV & #ilR E N IR side T &
I, HIKSEAE I TR A TV 55610 K 5l
FMRIH AT B B g

800 T

700

600 [
500
400
300

RS T/(N-m)

200
100

——T,/woTV | |

8 10 12 14 16 18 20
A ] /s
B 13 Rahib4ExTL

Fig.13 Comparison of drive torque

2 4 6

Bl 14, B 15 35l 5oR TA/7C TV #5461 14
MR AL 13 FIE 14 WA A 7E 12.5 s
A, T TV B MR E T AL B, Tikdks:
SERGRES T, 1A TV #551 T BRI H PR R 4
P fE.

HT ] 16 73 2 20 Ry ORI T Tl I, H ok
FH TV #5361, N BRh 5 A 5 R R R IR, SR sh4e
PV B 2T BT R v, T Y T A R Y B I 3
TESS 12 s B, I 3080 N T 29 18.6%. W31
TR AR T IR M AR BRI



16 R R AR (A AR BE R

2020 4F

_e—il@ig( wiTV)

_ilsﬂjig( woTV)

150 *il‘ﬂ‘i@( wiTV+)
—— Hp 4 # (wolV)

I8 l‘0 1I2 1I4 1I6 1I8 20
i fl/s

14 Figsfik
Fig.14 Comparison of vehicle speed

2 4 6

G-
@

2

== 5., /woTV
08T |—e— s, /woTV
0.6 |~ sae/woTV
—a— s, /wiTV
04T | o— s, /wiTV
w 021 — Sa/WiTV

0 2 4 6 8 10 12 14 16 18 20
iy 1)/
B 15 HiEFaht

Fig.15 Comparison of slip ratio

0.07

0.06

0.05

2 3 4 5 6 7 8 9 10 11 12
Hif[a]/s
B 16 wHFERIFZKA

Fig.16 Partial zoom—in view of the slip ratio

TEMEEA L, HAB SR AR AE % H T
DURTIE BED 2m s (FEIR] 14 R H] wiTV+31R)
TR T EARES R FH TV il I RERS TE AR

FRAE T, DA & B S st 2. mp O TV 42 il

R BR S V-S40 T 2R A, T T G0 1) B 2

JIPERYE I A — 8 MR BE T AE— 5@ 14 i

1 A K Ay R R A A A A B e Ao R

e B 17 MATE TV #5561 B TR, 7] L

i A TV SR RS AR N REfS

TE s 0 o2 B AR T, SR I TV #2251 1
R EA B BREE S RE .

140""""'

120

100 1

80

£ 60

40

201

ol

=201

woTV
—&—wiTV

TL150  —110 =70 -30 10 50 90
x/m

B 17 A734hig st

Fig.17 Comparison of driving trajectories
5 & it

DASCRUR S0 A7 SRSl L SR A I BETE R &
Xt A AR 75 ot 3R 50 2l - 220 1 e R g A B e
SE [ BCHAREAT T 3 122 AL A, BE Lk ]
R 18 73 B T AR Al P 4 T e R AR
PLHL

2)FE T I /N IRIE (RIS BEit T 28 g il
WIBEAS T , X HA R AT T 05 B3R E, ik 1
BIT PRI KIE R ER L.

3 ) 368 3k ) 5 P RELRE 1] I 47 T SR, X 20 e [
JE A IHE R AR 5 TR T T 05 A [ A
BB, AR A HETAE AR WU ) e
SE [ B 78, AMUBESAEDEAT HAR L B R
I A SN2 B % %0 5 o BB A, DB
SURYBERRRIA T ELRES A St/ NSl 4=l ) °F-
PWT R AR T REARAE IR 3R e - e m HLzh



12 4]

TR AR S R A S KR i AR B AR O 17

S 3k

(1]

(2]

(3]

(4]

[5]

(6]

ZHANG S W,LUO Y G,WANG J M,et dl. Predictive energy man—
agement strategy for fully electric vehicles based on preceding vehi—
cle movement [J]. IEEE Transactions on Intelligent Transportation
Systems,2017,18(11) :3019—3060.

TANG Z ,XU X,JIANG X W,et al. Optimal torque distribution
strategy for minimizing energy consumption of four—wheel indepen—
dent driven electric ground vehicle [J]. Journal of Applied Science
and Engineering,2018,21(3):375—384.

ZHAI L,HOU R F,SUN T M,et al. Continuous steering stability
control based on an energy—saving torque distribution algorithm for
a four in—wheel-motor independent—drive electric vehicle [J]. En—
ergies,2018,11(2):350—368.

X3 H BV GERRE MEA TR B AR A A DT, AR PROR
M AE TR, 2018 :45—52.

ZHAO D. Lateral stability control and optimal torque distribution for
electric vehicles [D].Changchun:College of Communication Engi—
neering, Jilin University,2018:45—52. (In Chinese )

FNTS BRBKGT, B, S T FNN A9 H 3R 3 D A )
Fag ML) 1T R 2 4 AR BRF ) , 2019, 46(8 ) : 98—
104.

YUAN X F,CHEN Q Y,HUANG G M, et al. Adaptive lateral stabil—
ity control of electric vehicle based on FNN [J]. Journal of Hunan
University(Natural Sciences ) ,2019,46(8):98—104. (In Chinese )
OH K,JOA E,LEE J,et al. Yaw stability control of 4WD vehicles
based on model predictive torque vectoring with physical constraints

[J]. International Journal of Automotive Technology,2019,20(5):

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

923—932.
ZHANG L P,LI L, LIN C,et al. Coaxial-coupling traction control for
a four—wheel—independent—drive electric vehicle on a complex road
[J]. Proceedings of the Institution of Mechanical Engineers Part D:
Journal of Automobile Engineering,2014,228(12):1398—1414.
AR, B BT, 2R . PUAR Ik ST B UK B e s g m ) Ak
I T ) B AR (A RBIERT) ,2009,49(5) : 719—
722.

ZOU G C,LUO Y G,LI K Q. Tire longitudinal force optimization
distribution for independent 4WD EV [J . Journal of Tsinghua Uni-
versity (Science and Technology),2009,49 (5):719—722. (In
Chinese)

ISERMANN R. Fahrdynamik-regelung [M]. Berlin: Vieweg teubner
Verlag, 2006 : 323—329.

ISERMANN R. Driving dynamics control[M]. Berlin: Vieweg teubn—
er Verlag,2006:323—329. (In German)

AHN C,PENG H,TSENG H E. Robust estimation of road frictional
coefficient [J]. IEEE Transactions on Control Systems Technology,
2012,21(1):1—13.

GUSTAFSSON F. Slip—based estimation of tire —road friction [J].
Automatica,2013,33(6) : 1087—1099.

KARL B. Joint wheel—-slip and vehicle—motion estimation based on
inertial,GPS, and wheel —speed sensors [J]. IEEE Transactions on
Control Systems Technology,2016,24(3) :1020—1027.

HAYKIN S. Adaptive filter theory [M]. 5th ed. Upper Saddle River:
Prentice Hall, 2014 : 469—490.

WANG J] N,WANG Q N,JIN L Q,et al. Independent wheel torque
control of 4WD electric vehicle for differential drive assisted steer—

ing[]] Mechatronics,2011,21(1) :63—76.



