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[ Abstract |

trajectory tracking control of unmanned vehicles during formation driving was devised and executed. An algorithm for multi-sensor

In the context of unmanned multi-vehicle formation guided by manned vehicles, a system for vehicle recognition and

fusion moving target detection was proposed, leveraging data from lidar, camera, and mmWave radar sensors. The algorithm utilizes
Euclidean clustering, deep learning, and kinematic reasoning techniques for target detection. Additionally, a fusion methodology was
introduced to integrate detection outcomes from various sources for precise identification of vehicles in the vicinity. Paths were
anticipated based on the trajectories of preceding vehicles, and a Kalman filter was developed to smooth and filter these paths. A
vehicle dynamic model, vehicle road error model, and the robust Hee controller was established for vehicle trajectory tracking control
simulation. Outcomes from simulation and real vehicle validation show as follows. The average recognition accuracy of preceding
vehicles in test scenarios exceeds 95% . The mean squared error and average trajectory deviation rate of real-time anticipated paths
decrease by 17.3% and 48. 6% respectively pre and post filtering. Lateral control position error and yaw angle error decrease by 29%
and 41% correspondingly compared to PID control. Vehicle formations attain stable working at speeds of up to 54 km/h.

multi sensor data fusion; multi vehicle formation; autonomous driving; trajectory tracking; robust control
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Fig. 1 System architecture diagram
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Fig. 9  Simulation results of trajectory tracking control

MERIAEE A TR LR WA 10 (a) Frow , AT
FAFEEHLATI AT AR E S
85 B B S RE T R A I R B A
WK T A, SC G 4 AR N A, R
FIEH BT, A SO AR 450 R 55 2 4
ENE N O

B 10(b) s 192 Gt A 42401 7 9 28 45 e 1) i
AR M 4 5058 B ol 30 km/h, S (505 B B Ry
R R0 BAR ARG, e LA 1 MTERRE
5 ID, 55 2 AT EAE SR A i AL B
5 TE AL XA AL Y Y S AR E 1 NG (B 2
Ze) AT DA S B o 4 RS 8 A R A AR U A 4 17 B
I Rl S B A B3 A0 4 00 Ty B S Y K €5
LETR  REE N AR, % m FIRERE
/INF0.1 m,

10 () o 12 4 BA 2240 B2 AT 3 i (132 47
ORI A 50 km/h, 1558 T2 K S
TR, ZEAHAILIC 1k L4 31 11T 2 1Y) i B L1 B
T, AlARR AT ARSI S R T4 4 Sk w5 AR B R
I e, N RERE T —E ML 204, [
It DT 45 FIAS A2 R B 36 fh 28 Sk B, A B 7 B T B
AR ARWICSS, B0 E T i g A S

B 10(d) T iR AL 3 G WL 2 42 4 1 10
T A R T R B A AT AR, I A R
20 km/h, AL E K B F5 B, ZE W ET 5 B A 0
180° 35 FBl B 14 45 25 1T A R0ORG I AL 11T 7 424,
WET RGN H bR ) 5825 1. (0 i T 5525 1 il %
K S EOREE R 22 WA TR, Wi &= T i
I ERER TR ZE/NT 0. 25 m,

ZE BR RGP T AT EE 150. 0°/60 m, it
#H 14.0°/100 m 365 [P H A 0 o B A 00 7 42 49 1)
S, AlA A5 20 AT 2 B9 15 B ELE W AP, 7R A
BRI R T, W B\ LA 8 54 km/h B 3 58
S IE S I A A S B T I ) R R

6 it

BT —FZ ERINME ST 5 F A HZ A%
TR A5 A ) R 2 0 AR B G ) 2 SR AT
Bk IR RN RS, w2k,
YOLOvSs Fliz g2 8 5 vk ot & ik AHPLR 2
KR IR SR AT B AR R, LR R H 2 AT R
ARG TN 3 PP B R UEA T Al RS R
Y HBRAS I 25 5 AR 5 R K I 2 1 H AR Bl AT
SV A B B AR I A A Bl ) AR R
T IR ZERIR RIS Hoo 32536l 28 X I 22 B0 647
WERER . X R G AE B bR IR BIMER R RUE BT

¥ Mk . www. stae. com. cn



B R 5 TR

40214

Science Technology and Engineering

2025,25(10)

Entity Display

(o) BL AT B ZEMEATROR
& 10

—

REGistT

Entity Display

(d) MIHLZE K H AR AT ROR

LR YUEHOR

Fig. 10 Actual vehicle verification effect of system operation

Perk DL St Pk AR5 T AL TR AN T A K
T, 6 HT G A IR HER 5 5 T 95% , AH X T
AOCTR IR FHHURN 2 K 7R T4 A5 SR o 1) 1A 5
IPIHRTE T 19% 12% F146% ; [R]85 B o 4 ol
U5 BL25 AR SE T Fris - il 2 AR XL 48 PID ik
AP0 ) s A R 2 R ) R 22, M T
L5594 11 PID #2H  FEAIR T 29% F141% 5 7
GAE RS TR, L 54 km/h 98 SC 0 T 4
BAES AR e AT I, S AR SL 96 R T R G % kia
Fr A S A TR fiE

o

=

%z x B

[1] ke, AR, Biak, 5. TR 075 gt R BF 53 30 e
(1], HotS#H, 2023, 30(3) : 78-85, 106.
Ma Zhiyan, Shao Changsong, Yang Guangyou, et al. Research pro-
gress of SLAM technology[ J]. Electronics Optics & Control, 2023,

30(3) ; 78-85, 106.
INAE, MR, KT, & —MeBER A LA S
HAS[)]. B2, 2023, 44(S2) : 3543.

Su Zhibao, Xiang Shen, Yu Xuewei, et al. A simulation system for

(2]

cooperative control of autonomous convoy[ J]. Acta Armamentarii,

2023, 44(S2) : 35-43.

[3] JGEhah, TJ1, #83C, 5. 3T KDTree i R SRS I T
N AT N BIBAF5E [J]. K% T, 2019, 41 (12);
1410-1415.
Fan Jingjing, Wang Li, Chu Wenbo, et al. Research on pedestrian
recognition in cross-country environment based on KDTree and eu-
clidean clustering[ J]. Automotive Engineering, 2019, 41 (12) .
1410-1415.

[4] Qiao J C. Component-based 2-/3-dimensional nearest neighbor

search based on Elias method to GPU parallel 2D/3D Euclidean
Minimum Spanning Tree Problem[ J]. Applied Soft Computing,
2021, 100(1). DOI. 10.1016/j. asoc. 2020. 106928.

[5] Lang A H, Vora S, Caesar H, et al. PointPillars; fast encoders for

¥ Mk . www. stae. com. cn



2025,25(10)

PEWIEE | 45 < T 160 5 0 N 22 2 2 A ) 4 R0 B 42 1l 2R 4

4215

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

object detection from point clouds[ C]//IEEE/CVF Conference on
Computer Vision and Pattern Recognition ( CVPR). Long Beach:
IEEE, 2019 12689-12697.
Shi S, Wang X, Li H. PointRCNN: 3D object proposal generation
and detection from point cloud [ C]//IEEE/CVF Conference on
Computer Vision and Pattern Recognition ( CVPR). Long Beach:
IEEE, 2019 770-779.
Zhou Y, Tuzel O. VoxelNet: end-to-end learning for point cloud
based 3D object detection[ C]//IEEE/CVF Conference on Compu-
ter Vision and Pattern Recognition. Salt Lake: IEEE, 2018 . 4490-
4499.
Redmon J, Divvala S, Girshick R, et al. You only look once: uni-
fied, real-time object detection [ EB/OL]. (2015-06-08) [ 2023-
10-08]. https: //arxiv. org/abs/1506. 02640v5.
Redmon J, Farhadi A. YOLO9000: better, faster, stronger[ EB/
OL]. (2016-12-25)[2024-01-28]. https; //arxiv. org. libyc. nudt.
edu. cn; 80/abs/1612.08242v1.
Redmon J, Farhadi A. YOLOv3: an incremental improvement
[EB/OL] (2018-04-08) [2024-01-28 ]. https; //arxiv. org. libyc.
nudt. edu. cn: 80/abs/1804.02767v1.
Bochkovskiy A, Wang C Y, Liao H Y M. YOLOv4: optimal
speed and accuracy of object detection[ EB/OL]. (2020-04-23)
[2024-01-28]. htips; //arxiv. org. libyc. nudt. edu. cn; 80/abs/
2004.10934vl1.
BOLTE, MG, B, F0E, S BASHILSR0LHEBMH
FrA N BRER SO )]. R (FEREND) |, 2024,
49(6) : 945951.
Huang Yuanxian, Li Bijun, Huang Qi, et al. Camera-LiDAR fu-
sion for object detection, tracking and prediction[ J]. Geomatics
and Information Science of Wuhan University, 2024, 96(6) ; 945-
951.
BWTR, R, 2T, L MPLS 0BT ARG IE R B
FRAIMBEFEL ], T PURHEOR 274, 2024, 35(1) : 84-93.
Zhao Zhedong, Zhang Chengtao, Li Xikan, et al. Research on
road target detection based on the fusion of camera and LiDAR
[J]. Journal of Guangxi University of Science and Technology,
2024, 35(1) : 84-93.
MR, e, IR ETROCA S S5EBRERME 2L
PR [T]. AR, 2019, 40(12) ; 143-151.
Zheng Shaowu, Li Weihua, Hu Jianyao. Vehicle detection in the
traffic environment based on the fusion of laser point cloud and
image information[ J]. Chinese Journal of Scientific Instrument,
2019, 40(12) . 143-151.
FHe, AU, RTC, % BT UG AT WORERLA Bk B
AN BT SE[T]. K I 548 AW, 2024, 49 (1) 111-
117, 123.
Wang Feng, Li Kaixuan, Zhu Ziwen, et al. Research on path
planning based on improved A ™ ant colony fusion algorithm[ J].
Fire Control & Command Control, 2024, 49(1) . 111-117, 123.
WG, SREAAG. JET Frenet Abbr N it A THGER T AL
JRTRER AR T]. SR T4, 2024, 45(7) : 2097-2109.

Ji Peng, Guo Minghao. Local path planning for unmanned vehicles

[17]

[18]

[21]

[22]

[23

[24

[25

]

]

]

[26]

[27

[

based on improved artificial potential field method in frenet coordi-
nates[ J]. Acta Armamentarii, 2024, 45(7) ; 2097-2109.
HHG, KT BT I B A6 PR T 5 2 43
BOE[T]. BRAEOR S TR, 2024, 24(9) : 3526-3532.

Dong Taotao, Song Yubo. Ground point cloud segmentation algo-
rithm with cyclic growth based on adaptive threshold[ J]. Science
Technology and Engineering, 2024, 24(9) : 3526-3532.

TR, XIEW. 2T LQR I PID % REZF Bt Bt i s th o vs
W STEL)]. RIBH TR, 2022, 53(5) : 877-885.
Xu Mingze, Liu Qinghe. Design and simulation of intelligent vehi-
cle trajectory tracking control algorithm based on LQR and PID
[J]. Journal of Taiyuan University of Technology, 2022, 53(5) .
877-885.

Altan A, Hacioglu R. Model predictive control of three-axis gim-
bal system mounted on UAV for real-time target tracking under ex-
ternal disturbances[ J]. Mechanical Systems and Signal Process-
ing, 2020, 138. DOI. 10. 1016/j. ymssp. 2019. 106548.
Rasekhipour Y, Khajepour A, Chen S K, et al. A potential field-
based model predictive path-planning controller for autonomous
road vehicles[ J]. TEEE Transactions on Intelligent Transportation
Systems, 2017, 18(5) : 1255-1267.

BKTR, BEE, BEE, F ESTHFET PID+ LQR &
ERH SRR RS At (1], R RS TR,
2022, 22(30) ; 13490-13496.

Yu Misen, Qian Yubao, Huang Huabao, et al, Lateral and longi-
tudinal coupling control of autonomous vehicle based on PID +
LQR algorithm under continuous conditions[ J]. Science Technol-
ogy and Engineering, 2022, 22(30) : 13490-13496.

SR, AL A Hoo B RRIEMIG BT[], BRBOR,
2016(1): 66-71.

Shao Yue. Design of high voltage inspection robot Hee robust con-
troller[ J]. Electrical Engineering, 2016(1) ; 66-71.

Jing H, Hu C, Yan F, et al. Robust He output-feedback control
for path following of autonomous ground vehicles[ J]. Mechanical
Systems and Signal Processing, 2016 (70/71) ; 414-427.

Chen C, Shu M, Liu R, et al. Robust Heo trajectory following of
autonomous vehicles with delay and packet dropout-all databases
[EB/OL]. [2024-02-01]. https: //webofscience-clarivate-cn-s.
libyc. nudt. edu. en/wos/alldb/full-record/ WOS; 000569985300-
114.

Emam M, Fakharian A. Robust path following of a car-like robot
in the presence of sliding effect based on LMI formulation[ C]//
Artificial Intelligence and Robotics ( IRANOPEN ).
IEEE, 2017 121-126.

Zhang X, Xu W, Dong C, et al. Efficient L-shape fitting for vehi-

Qazvin

cle detection using laser scanners[ C]//IEEE Intelligent Vehicles
Symposium (IV). Los Angeles: IEEE, 2017 54-59.

B, FET T IRALIR 23-HC (4 A AU 1) e 5228 9t Rl 45 422 il
WrEID]. KA FHARE, 2023.

Dai Changhua. Research on planning and control of human-ma-
chine lateral shared driving based on game authority allocation

[D]. Changchun; Jilin University, 2023.

¥ Mk . www. stae. com. cn



