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Integrated trajectory tracking control with dynamic tire limits

and balance
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(School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: To achieve stability in emergency motion control for a four-wheel independent drive and steering
vehicle, an integrated trajectory tracking control method based on Nonlinear Model Predictive Control
(NMPC) is proposed. Firstly, the steering angle and wheel vector torque are directly and collaboratively
optimized to reduce interference between steering and driving/braking actions. Secondly, tire utilization
balance and tire force reserve are considered to avoid the risk of loss of control due to overload or slip of a
single tire during maneuvering. Finally, the algorithm was validated using a MATLAB/Simulink—CarSim
co—simulation platform. Experimental results show that, under the high—speed single lane—change scenario,
the deviation peak is 0.118 2 m, and the peak of the vehicle's sideslip angle at the center of mass is 0.624 7°.
Under the high—speed double lane—change scenario, the deviation peak is 0.204 1 m, and the peak of the

sideslip angle at the center of mass is 1.012 9°, indicating that the proposed method effectively balances
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trajectory tracking accuracy and vehicle stability.

Key words: model predictive control; trajectory tracking control; Vehicle Stability Control; Four-wheel

steering independently driven vehicle
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Fig.1 Four—wheel independent drive and steering

vehicle dynamics model
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Fig. 2 Tire longitudinal force and lateral force curves under combined conditions
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Table 2 High—Speed single lane change scenario

controller data comparison
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constraints

I 1) 0 (B R 0. 316 575 2 5 J5 . 00 Ml £ 068 (M
1.012 9°, [A] i BE 9% PR IE 1. 396 km/h % 2% P 1Y
FEWE Bl o A2 5 B S 50 vl e AR E PR 2 R A
AT T A IR RO B R R, DY
NMPC fetg RIE 2 R R E S B AW . [FT,
wnE 21 Ca) i e B, 45008 o 72 4 R R G R
FH 28 08 PR IE 7 Bl A R PR A B Bl P 1) T 3
BT

R T — U DY-NMPC (9 PERE & T
— 2 I B B AR 0 T A SRS 2R S8 B AR Bk
BEHORNO0.4, BARIRERSS R 22~ 27 iR .

I FfE 5 3% i T80 F , DY -NMPC 01 11 s 22
AR T I N, AE 2 g5 M 1] i 22 AT 4K e E AR
0.5mZAf. W23E»- TMMHE T T DY-
NMPC {9 3 2 B R 1 B0 K 0 A, 0 9K 9 1)
WRZEMEAA LT AR BEE LR IF 4 km/h 2Z P9 93
FERLIE , I HLJST O 000 i 1 %) B3 KB I A b 25 48 71
K25 1 26 fE7n T IRF & T DY-NMPC 1 3 &

6000

4000

fI/N

2000

6000 [

4000

fr/N

2000

45001
4000

2000

rl/N

4000

/N

2000

’
425\ f
420
2.65 2.660

i
O.L.....-a U ] L -

0 2 4 6
S-T/s

E20 ZhEHBAMRYR
Fig. 20 Dynamic tire force limit constraints
ZYTRE T, BT R BN A, R RS B
Bl AW D O A 1) £ R SN . 53— T, FR
T B R BEAR, 5006 7 A B 2 25 e L (H iy 1B
AL, FE I B R DY -NMPC 8% RE 9% (5 3IE 46 i
e BEL R 1] 71 3 3 B0 245 29 SR A R0
Za bt KA TO0F ,DY-NMPC 1)l
[l 22008 R 0. 518 m, Il 254 0. 079 1 m;
AL 1] i 22 19 W4 L AN 34 43 03 o 2. 53771 0. 038”5



£20

Fig. 23 Actual vehicle speed and center of mass

DE/m

HE/(")

21 RBEMAERMRERE

Fig. 21 Tire utilization and vector torque

4.0
3.5
3.0
2.5
g
1.5
1.0
0.5
0.0

—Z%E
- - -DY-NMPC

S-T/s
22 BEREREME

Fig. 22 Lateral tracking position

120

—— B

---DY-NMPC

0o 12 3 4 5 6
S-T/s

E23 FEERIRREHROMER

0.5r

sideslip angle

S-T/s

24 #EE KM ERERIRE

Fig. 24 Lateral and heading tracking error

- 1182 - FHRRFFROL F R) % 56 %
1.0 Bty R 5 — 4
e AR A _ X
& —e-fr N R gl } 52
0.5F -6 -1l Qe o4 ‘i\ < 0f -~ /¥
e | B N
0.0 _.;."q l‘,q! ‘\'/# ‘!§ \\ =5t
0 ! 2 %a) 4 3 6 0 1 2 3 4 5 6
300+ 10
22 PN TR S b Z o} -
* - i’ : \\\,,x/ ‘:\ N . é ! _iilﬁgj;ﬁ
2 imea INAD 8 . o
= - K - &~ TR —10 . L
= . B T 0 1 2 3 4 5
20055 1 2 3 4 5 6 S-T/s
sg)/s E25 FEREAEMEABAERENSAR

Fig. 25 Steering angle and dynamic yaw
rate constraints

25001 1460 t

2000

N

= 1000

2500r S-T/s

2000

fr/N

1000 |

1500

1000

rl/N

500

1500 1

1000

/N

500 F

S-T/s
26 EHERERAMBRLAR

Fig. 26 Dynamic tire force limit constraints



WEE,F RSB AIR L P A 0 F R XA id SRR 32 4

1183

% 54
Lor ¥ i3
- “Wﬁﬂm& ﬁ'fK
- - - fr H ‘Ill / \I'l ,"f b
zost STa i 8 I/
- - _ 1
g |
0.0 Lttt M1 . it} -
0 1 2 3 4 5 6
200 @
2TR ss s
= TN e FTT s
‘.g‘ 100 F ‘r___e__-& » _—:-‘Q"’:Q':;, '
z ! e SRNP NN
0-%‘ A -k fl - - fr
\ “Oarl - grr

0 1 2 3 4 5 6

S-T/s
(b)
27 BBRFARMEEHEE

Fig. 27 Tire utilization and vector torque
BB O Bl £ AR 1. 0157 A B A B ik —
AR AE T DY-NMPC A8 9 75 5 2 AR B 2 10 3 BR
BN M 5 M ¢ U B R AT 55, OF BE RS DR R
TR R E

4 ZEUE

Bt X DU R S Kl A ) A ) 3 R SR
P, B T — gl 2 8 i A R 24 TR AR iR A ]
A7 A AL 14 8 R U NMPC %30 B 45 1 4%
77 58 1 ELAEAU AR 5 R R il
TR/ m ARG T teAh il S A S A EE
154 A2 BIR 249 55 ) - AL, By 1k B 4 )i
HHRE S A BRI 7 AR 9 S AR AR ol ELRUE T
R BN SR STERIIBEE B 7E S
B, g g R R, B AU NMPC 42 i 4% BE %
A 2t B R R /2B 1 o T I ) 2 R A A B
2R e AR AL R 5T — B4R T T B K
A ) g A A5 RS R R 2 A R R D T B R E

SR A FEAS AT AE — 52 19 s BRAE, I 2 B AR
WE S . KRR ITR B TAEZ LS
S, 2 A R B AR U, DLk 31 B A 95
PERE .

S E UMk

[1] Stano P, Montanaro U, Tavernini D, et al. Model
predictive path tracking control for automated road ve-
hicles: a review[J]. Annual Reviews in Control,
2023, 55: 194-236.

[2] Peng H, Wang W, An Q, et al. Path tracking and di-
rect yaw moment coordinated control based on robust
MPC with the finite time horizon for autonomous inde-

pendent drive vehicles[J]. TEEE Transactions on Ve-

[10]

hicular Technology, 2020, 69(6): 6053-6066.

BER AR, PR . R BE G I A B A e 4 5y i
M RFFET]. TR, 2011 (5): 382-387.

Zhao Xi—jun, Chen Hui-yan. A study on lateral con-
trol method for the path tracking of intelligent vehicles
[J]. Automotive Engineering, 2011 (5): 382-387.
Elbanhawi M, Simic M, Jazar R. Receding horizon
lateral vehicle control for pure pursuit path tracking
[J]. Journal of Vibration and Control, 2018, 24(3):
619-642.

Hu C, Wang R, Yan F, et al. Output constraint con-
trol on path following of four-wheel independently ac-
tuated autonomous ground vehicles[J]. IEEE Trans-
actions on Vehicular Technology, 2015, 65(6): 4033-
4043.

BB, FE, &S, L R UE R ] I
] 20 K 1) 8 RE A 0 BR B AR R [T]. AR SR A
T2, 2024, 54(3): 620-630.

Xie Xian-yi, Wang Yu-han, Jin Li-sheng, et al. In-
telligent vehicle trajectory tracking control based on
adjusting step size of control horizon[J]. Journal of Ji-
lin University (Engineering and Technology Edition),
2024, 54(3): 620-630.

Zhang L., Ding H, Huang Y, et al. An analytical ap-
proach to improve vehicle maneuverability via torque
vectoring control: theoretical study and experimental
validation[J]. IEEE Transactions on Vehicular Tech-
nology, 2019, 68(5): 4514-4526.

Jeong Y, Yim S. Path tracking control with four-
wheel independent steering, driving and braking sys-
tems for autonomous electric vehicles[J]. TEEE Ac-
cess, 2022, 10: 74733-74746.

Liang Y, Li Y, Zheng L, et al. Yaw rate tracking—
based path—following control for four-wheel indepen-
dent driving and four-wheel independent steering au-
tonomous vehicles considering the coordination with
dynamics stability[J]. Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of Automobile
Engineering, 2021, 235(1): 260-272.

YuZ, Luo R, Ma H, etal. Yaw rate and roll motion
control of 4IWMD/4WS vehicle based on active rear
steering and torque coordination[C]//2024 TEEE Intel-
ligent Vehicles Symposium (IV), IEEE, 2024: 1470~
1475.

Xie J, Xu X, Wang F, et al. Coordinated control
based path following of distributed drive autonomous
electric vehicles with yaw-moment control[J]. Con-
trol Engineering Practice, 2021, 106: 104659.



1184 FHRXFFR(OD FR) % 56 %

[12] Falcone P, Eric Tseng H, Borrelli F, et al. MPC- [15] WuY, LiB, Zhang N, et al. Rear-steering based de-
based yaw and lateral stabilisation via active front centralized control of four-wheel steering vehicle[J].
steering and braking[J]. Vehicle System Dynamics, IEEE Transactions on Vehicular Technology,
2008, 46(S1): 611-628. 2020, 69(10): 10899-10913.

[13] Wang G, Liu L., Meng Y, et al. Trajectory tracking [16] Pacejka H. Tire and Vehicle Dynamics[M]. Oxford:
control combined with steering and torque vector con- Elsevier L.td Oxford, 2005.
trol based on holistic MPC[C]//2021 5th CAA Inter- [17] Bakker E, Pacejka H B, Lidner .. A new tire model
national Conference on Vehicular Control and Intelli- with an application in vehicle dynamics studies[J].
gence (CVCI), IEEE, 2021: 1-6. SAE Transactions, 1989: 101-113.

[14] Li Z, Chen H, Liu H, et al. Integrated longitudinal [18] Wang G, Liu L, Meng Y, et al. Integrated path

and lateral vehicle stability control for extreme condi-
tions with safety dynamic requirements analysis[J].
IEEE Transactions on Intelligent Transportation Sys-
tems, 2022, 23(10): 19285-19298.

tracking control of steering and braking based on holis-
tic MPC[J]. IFAC-Papers OnlLine, 2021, 54(2):
45-50.



