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Abstract: Aiming at the slipping problems caused by the articulated structure and multi-wheel configu-
ration of virtual track trains, a three-module distributed anti-slip control model was proposed, including
driver control, anti-slip control and torque coordination control modules. The driver control was based on
fuzzy control algorithm. With the speed errors and the change rate as the inputs, the pedal opening degree
was output to achieve precise tracking of the vehicle’s target speed. The anti-slip control adopted the PID
algorithm based on slip rate deviation to adjust motor driving torque and effectively suppress wheel slip-
page. To solve the problems of steering deviation caused by torque differences, the “coaxial low selection”
principle was proposed to achieve the coordination of torques of coaxial wheels and ensure driving stability.
The simulation results show that the errors of this model are less than 0. 5% in speed control. Without the
application of anti-slip control, the slip rate of the vehicle wheels and the driving torque show obvious fluc-
tuations, verifying the necessity of anti-slip control measures. Under the conditions of low adhesion coeffi-
cient and mating road surface, the system may achieve stable control of slip rate and improvement of accel-
eration performance. Compared with sliding mode control, the results of experiments show that the PID
control performs better in terms of control accuracy and system stability. Under the conditions of open road
surfaces, the torque coordination module unifies the torque of coaxial wheels through the “coaxial low selec-
tion” strategy, effectively avoiding steering deviations and enhancing the vehicle’s handling stability.

Key words: virtual rail train; distributed drive; driver model; drive anti-slip control; slip rate; torque
coordination control
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Tab.1 Basic vehicle parameters
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Fig.1 Schematic diagram of a three-module virtual rail

train model
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Fig.2 Road surface creation schematic
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Fig.3 Drive motor external characteristic curve
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Fig.5 Flow chart of anti-slip control model
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Tab.2 Optimal slip rate for different road surfaces
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-6 X0 925 B 2R AR SCR TR T R AL
IO R AIE () 28 36 8 G J7 WA PID S RGHEAT I E .
B 2R GE A SR 00T B B BRI R, 454 A 9 L
Th i 1] B A5 25 0 22 S 4R AR B A PR B L] B K
W ZH MR G AR 5T S RE AL AL
Pl Py ELAE R AR AR 1T RS RO A R
A RE .
2.2 HEHIEES

TESE PR 4 i AT B B oh A AR P
Aab 4 S T JBE 42 TR RORT BE AN ], 5 BURE A 4R B Y B
LS R WA REAF A 22 5 . WERIEA G R A
¥ N 2 X R HE AT PR B W A . 2 B
W5 AT RE 2 S BOR [ 42 58 a1 A9 ) 0™ A=
22 5 5 R I AT BE L — 00 4 4 A 4K Sl g U D)
113 75— 4 4 1) 9K 8l ) A8 A B/ B L AN A2 1 1
Do XN B A A4 0 AR O T T RE 23 A ORI AR
SOVER R 432 0 R L 2 TS MR A A B 1) L L R RE
BRI AR . R 5 R P R 90 42 o SR
B O ) Bl 4 0 i L1 D REAR R] . Bl a4 8 By
71N A5 B A 2R TR Al A0 2 7 A 0 L R 3
5[50 79 000 2 6 1) A/ i e g R L R 0 4
B B i 1 7 — B sl O o H ML Y B R TR
T A 250 24 45 2 4 4 R 1

)l e )

(R ) 2

] 2

S LR | | R R R |
B8 e i Hl R 2 E

Fig.8 Flow chart of torque coordination control

3 BRI

3.1 B RERGIE
T 0 UE 2 B 53 AR 4 ) R TR RE A HE LA
- 2347 -



hE LM T AR 28 37 B 2 9 ] 2026 4F 9 H

2 0 5y R L 38 ORS B B R R B T 20,
30,50, 70 km/h ¥E 2 H #5 3 B, IF )& 05 B 55 9
TAE,
M EL 9 H R % 75 BT b 0 2 2] 4 4 7 3 3 4 11
TR, TR 35 A9 5 s P9 . 4 5 RE i 1
% 20km/h A1 30km/h, B J5 §o a2 4 F5 78 12 08
TP R B M R 1 3R R A P 5 7E 10 s P AR A A
Dy ) 70km/h, FE R T e . BT
X 44 H AR (B 20,30.50,70 km/h) , 52 FR
JE5 B bn o B 2 ] 5 25 43 IR 2 0.1% . 1.3% .
0.16%.,0.02% . @b/ Za HuEH T2
i D3RS Y A T ) b EL A W RS R L e 8
Fi HE2 e 5% P S R A

100
— 20km/h - 30 km/h
50km/h  ——70 km/h
_80f
=
L 60f /
=
= 40 F
2
'w//
0 10 20 30 40 50
i ] ¢/s

MY EEEHELE
Fig.9 Speed control changing diagram
32 EMERYERE(BREIHELER
DA I 1T B 488 TR0 =04 f 1% B 25 2R 500 Thd
(&R 1) R 9, 2240 )5 2h B L H B e K 3K 3 77
PEAT AT B8, I 4 e 1) 2 2578 A i o O B L
G A5 WLEE L e 1 ) R A A R I e AR Al (L I

10.E111),
3500

3000
2500

2000

g M;/(N * m)

—_

W

S

=]
T

1000

o1 2 3 4
i ] ¢/s
10 FEREFHAETLHL
Fig.10 Changing curve of wheel driving torque
AR 7 B4 RA - T B P R AR 2 B
BER AL 5 R HH RN S 2 A8 i 32 9K 5l ) A
Wesh i, L BRI G R R R
I ZUAE AR L B AR A T AT . XN
M 40 1) 3R 8 280 L 3 23 s B AT Bl AR E M L LA
e UMK S 2 A KU B . DA I R Bl B A
SRS AEAR B A B o0 AT R
+ 2348 -

i ] ¢/s
11 FERBHEETUHE
Fig.11 Changing curve of wheel slip rate

Kl 12~& 18 7 75 EE S R 40y 0.4 1Y i T
(I D 1) b St B 3 48 1 J5 00 0 BLRCAR . I,
P A v A B X B L TR RS iR w5 . R 4k
TE 0T 42 1% T RS T B T 07 25 2R v i 1 49 44 7
KIRFF— 3. BT =W 405 B RA L M
SCLAT A ) SR 4

3500
— Mgy
— Ma
’g 3000 F
E’ 2500 F
=
k2
= 2000}
1500 1 1 1 1
0 1 2 3 4 5

15 ] t/s
E12 BEEFRAETLHZEGKE LD
Fig.12 Changing curves of first car wheel torque
(road surface 1)

3500

w
(=3
(=3
S

5]
W
(=3
S

2000

JIHEM/(N * m)

B2 3+
15 ] t/s
13 FEEERNETHHE ML)

Fig.13 Changing curves of middle car wheel torque

(road surface 1)

15 ] t/s
E14 BHEFRBEETHHLGETLD)
Fig.14 Changing curves of first car wheel slip rate

(road surface 1)

12 FE I3 AT, S 00 i A48 4b T A
[R) % W 25T B BN S R A L i 4



=AY A R B S B A R IR S B i —— R A B

WOCHE 4

1.0
i
b 0.5
g
0 1 2 3 4 5
15 ] t/s

15 HEFEFERBERTHMEGKT L)
Fig.15 Changing curves of middle car wheel slip rate

(road surface 1)

B — #hE
~ 50} — Fsl
=
© 45t
E s}
=
o 351
® 301
30 25 30 35 a0 45 50

i ) ¢/s
16 ZEAHYN 1 3 24K i 2 (F A 1)
Fig.16 Changing curves of vehicle longitudinal velocity
(road surface 1)
— My
— Mgy,

3000 F Mgs
— My

TIFEM/(N = m)

H i) /s
(a) PIDF ]

3500

W
(=]
(=
S

H 4 MIN * m)
[N}
g

2000

1500

2 3 4 5
i 1 /s

(b) W BRI
E17 ARAEZEHNEAETHMEKm D

Fig.17 Torque changing curves after control by

0 1

different algorithms(road surface 1)

FMEIL PRSI T HEH RS M — 2
Mo AESI AW 6 RS S L R IR B I AR
0.5 s Bf iR B s T AR S0 T AR s s WA, 2
Ve R B ) R TR B 1 SR A I B R
BRSO S IO EE %, E2s)5.9K38))
PR TR, X MR EEEHTE
o U R TE i sl AL SR W . AR
FLATL A 1R P TR B 5 B Y 38 s Pl PIL R 0
HH A 5 K R R O 9 /0 5 AT 5 B0 By ) R R B

i — 20 L5 g i R A A il 4k (T 14 AT 15)

i) t/s
(a) PID#%

I 4] s
(b) W ALAE ]
18 AEAEEEHEERBERTHME(HE D)
Fig.18 Wheel slip rate changing curves after control by

different algorithms(road surface 1)

A B AR B A A R AR R IR R R
DEARL A RUGHE S 1 3K Sl 4T 3 B, 58 730l 2 B 1 42
)Xo B0 ) £ E 5 A g [P RE IR

e A 38 3 1 16 v A SR A Akl e T
225 By 4 ) S B A s A R e T A
AT RO BT 22505 (4 in s g L E— 2B e T B
T ) SR s R PR S AR 0 T 0 A R AR

bYW PID 5 ) 53 vk B 00 1 L AR ST LA
A4 1) SR DR R LR G AT 5 LS T R4
JrkZ %R 22] . LS — 15 R o S X 4 Xt
VPR 92 o) B 12 ) 2 o ROR R AT X L 20 T 1 L 4
RAE 17 FE 18 Frs .

Hi 81 17 0] DU Y, AR AT o B ] PID 45
il T A 9K S S AR RS . TR 1.8 s I, PR E
i 77 3% 0 O AR R B AR E s BAE 1.8~3.7 s
T A T Y 0 A Sl B G O R B — E AR
FaE . dE— 20255 K 18 43 Hr i e AR Ak vl L
T 4 1 AR 2 B 9 B e R R AR S B
T PID £ il W R AR L A f e . Bk g 2Rk,
PID $5 il 76 AR B 5 28 K i T80 T R B & iy
P TR BE T IR E 1
33 MERE(EE2)HFESER

AR YA 5T 2R 1 X 22 6 11 37 5 L 0 B A 7 4
i) 35k R O 4 T ) 7 FCHGIE o O 43 B T A A T
B I B B Ak T B 45 TR B = 0.4 1Y T L AT 3 — Bt
FRES IS B DB p=0.2 R BT . 7R At A
W AR 2 LU BIL R OR ) R R AT IR AT Bk, LR
TR B 07 FLAE SR A

F P 19 L 18T 20 AT L3S B UL 2 31, &5 4 4 42

+ 2349 -



hE LM T AR 28 37 B 2 9 ] 2026 4F 9 H

A p=0.2 (IR B & B% B, K Bl 07 34 9
HENE, XRWNRG N T 5 545 0T 5 A
18, <3 F 2 8 #& 5K 2 7 56 DLl N AR b /Y % 1 A%
P, BRI S 7 1.8 s, 45 — M 4 i s A
KB 25 8% 1 s P S AE 2.5 5.2.9 s fl1 3.5 5. 50 .50
BV HLEHER RIS PN Y3

3500

3000}

2500 F

JH MIN = m)
= B
g 2

1000
0
i 1 ¢/s
E19 BEEERNETHHZE (M 2)
Fig.19 Changing curves of first car wheel torque

(road surface 2)
3500
3000 F

2500 F

JIHEM/(N = m)
o 8
g 8

1000

o1 2 3 4
Il ¢'s
20 HEZEER NN LR (HI2)
Fig.20 Changing curves of middle car wheel torque

(road surface 2)

455 K 21, [ 22 1 3 e A AR AR 3 BRI RL L AE
p=0.4 B BT b 4258 W e AR R A RS TE R A

1.0p
<
@ 0.5
£
0 1 2 3 4 5
Fif ) /s

21 EHEERBEERTHUMHEGNE2)
Fig.21 Changing curves of first car wheel slip rate

(road surface 2)

i ) /s
E22 HEFEERBEERTMHEKT2)
Fig.22 Changing curves of middle car wheel slip rate

(road surface 2)

+ 2350 -

0.4 LN s M ZERE A p=0.2 By BK 18 J . BLAR W 55 %
R HARPRAR E £ 0.35 LAF , R R
G BE % K i 157 A8 AL 7 S8 2E R R4 00 A2 51 R e
ST E .
HE— 2 WL R] 23 f14 3 3 A8 1k il £, RVl 7 52
21 1A X 22 B T T 0T o 2 A 2 I 4 U AT S B
TREE M AR . X TS BRI TR R A By
) TR AN TR B 3 A% 1F T B SO S R
R AR AR B A B T BRI TP 2 A AR R s
Fre it 1 I SRR
S0r

+ -
S W
T T

— EHE
— JeEH

30 25 30 35 40 45 50
i ) ¢/s
B 23 ZFHHYPEEET UL (Hmm2)

Fig.23 Changing curves of vehicle longitudinal velocity

HERE v/(km B
v

w
. =)
T

[Se]
S

(road surface 2)

TR 45 B T T 00 O ik — 20 B iE PID 54
SRR AR AR SOy i 4 ) 2R 8 b AR e S L DU
B WAL IR T 5B ST I ]
SEH A5 R 24 AR 25 s . BRI 24 FT 0L FE
HREBE A p=0.2 B ARRT & B 2 B (29 1.8 s i) »
PR 42 1 SR T B 3K Bl ) R AR AR R E . B
1.8~2.5 s, W A5 42 il 1) ) il 2 % ) R e 5l il o
KT PID S . ik — 2D U W4 ROR L 455
3500
3000}
2500 F

2000 F

JI%E M/(N + m)

1500

1000
0

s} 1) t/s
(a) PID#E ]
3500

3000 F
2500 F

2000 F

JI%E MI(N + m)

1500 F

1000
i i) o/s
(b) P4 )
24 REEFREHENETL LK 2)
Fig.24 Torque changing curves after control by

different algorithms(road surface 2)



AP A RS M BB A A R SRS B R —— PR S Wi &

1.0
< 05
@
—
£ of —
A3
— A
-0.5 - : : - -
1 2 3 4 5
i i /s
(a) PIDFE
1.0
< 0sf
@
—
g 0 — Ai
A3
— /14
-0.5 . : : s )
1 2 3 4 5
s} 1) t/s
(b) WL )

25 AEEZFEHEFERBRET UL (HMm2)
Fig.25 Wheel slip rate changing curves after control

by different algorithms(road surface 2)

25 73 M B R T B R ) AR AR 0L . BUARAE W) B 4
) B P A B A L Bk 3 L (AR PR TR
SE 5 FARETE 1.8~2.5 s I o Al LAWLEE B 9 452 4% 46 J
19 4 e T B AR 3 1 35 T PID #4145 ) RS 2
SREWHR 2, XEUE T PID 45 6l 78 X5 42 5 m
BT A G Y A R R AR E
34 XMAE@(BE3I)FESR

AR YA T 3R £ T T e I 00 A 7 B
P B O LA . ) T B T A R R A AT B
FF 79 000 = e e Ak g T AR 0 AS R L B AR T 1A 26 B
7N BRI FE AT B0, A B v PR A IR =02, 72
0] 5 T FEE 4 PR =04

6

26 X FF B H R I E

Fig.26 Schematic diagram of split road surface

BT AR W AT T BEAEHL T T,
20 T X BT T 6 TR )17 0 BT PR A A IR
o AR VR R UK Bl ) REAFAE —E M), TR D []
Bl T 0 4 A T A S T PR A D RCOAS TR A 2RA L
B R D B — PR B AR AR AT RE 5 BIR] b Y 4 A
T3S — B R A B 6] PERE L A
AT ) A A s ) A E T

F P 27 TR AR it o 2 P R 47 4 A 4

M, Fl My, T3 FE AR X RN 15 4258/ 3
5 ZE A A R A DR ERORE (D ) B TR 5 T M, R M,
AR ER K2R T 1S ERM25 4
o A ] — il b LT A B TR A FEE A TR RO [
X B 7 M 25 S b SR 43 X6 A i I 1) 7 A SRR

3500

— Mg
3000 — Mg,
- M
g d3
E 2500 —
£ 2000
=
@ 1500
= 1000 F
500 1 1 1 1 J
0 2 4 6 8 10

I ] /s
27 ZEENEIEGRS NETLE
Fig.27 Driving torque changing diagram without
torque coordinated control
28 1 e S P A IS Y O A 2R A A 28 R .
PO 44> A5 1 ) O P IR — B OF BBV,
X 58 AT A A I SR v Y (]l P 2 O
o K b T A R PR B T A X T B TR A T B
FO RS RE P L T8 0 32 . 1 B I R4 Al 7 52 2% i T
AR X YRS RS RE A8 AT B B

1500,

— My
— Mg

’é\ 1300H Mgy

. — My

2

= 1100H

=

&

R 900

700 L
2 4 6 8 10

I ¢'s
E28 BHEENBARINNETHE
Fig.28 Driving torque changing diagram with torque

coordinated control

AR SCERXE HE 0020 5 G PR B G R N £ e
Bc 51 K W FT 1 () B0, 42— Fh 42 25 3 53 4 361 L By
Vi 4 ] 5 T U VR A R — AR ) = A e o) A U
MR, EELESR

1) 225 3 53 AR IR IR~ ASORA 4 o 2 A ok s o)
b F P LB, 5% 20,30,50,70 km/h 8 B bR B
SIS H 1R 22 /N T 0.5 %4 ALK il S 0 51

2) By e 47 S B R H BE T 1 80 22 19 PID
] BEAE EARBR % B 1 (=0.4) F SL B 3l J1 Hi
75 0.5s P o it T B R A8 A S P AR O
G B T 4 ) B 2 T B 2 R D U B W L R )
TS BE RN AT 30 RS M L 0 IE T B I A A a5

- 2351 -



hE LM T AR 28 37 B 2 9 ] 2026 4F 9 H

Bk,

3) FE X 4 1 T AR R AR B (=
0.4) 3 A F KM 5 (1=0.2) B T I, R 55 0] [ 3h
VA IR B S R AR B A R R 2 T 035 LR, &
9 AT R R S B PR PR B Y R E
PR

4) 5518 AR R X He Sk B PID 5 ) 16 4K T 25
R X 42 6 1T T LA TR A N 3 L T /N
Vi A %6 U B0 RO G 1 R AR S M L T A AR ST
Pt H 0 7 o SR s oK

5) T R I VRS B R [l AU 3 7 5RO
Ivi) 0 2 50 T R — B0, kG TP AR R e R o
A i B B D 22 . 00E T R R E .

e S TAR R AP, W SR R 2 B A R
15 R B LR S0 R 4 B AR A A A
W RFESI R 55 2R FEREE T30 i PR . S 3L
TEZAMMOE SRS TR B RE55 5 H B
Wk U S R G iR 22 . R M PR — ), TR o
WOk HME AL B SRS TR AR R 2k
205 s 4 308 7 B DA 4 A N SR L B ARk
TR B A T A A R R R IR S U IR A 5 4 T
T BB R . R ok T Al X e A S AR g
S TR R T SR BB S R A

S0k

[1] &R (Phileas)——JF B L - s 2838 (BRT) Hi i RLC I/
PR P A AT Sk 4 . L. 2005:106-110.
Phileas — Ushering in a New Era of BRT [C]// China
BRT Action Conference. Shanghai, 2005:106-110.

[2]  MHEG . AN TE 91 42 B HOOCHEH R WP E D], Jbat. b
A R AL 2019.
SUN Bangcheng. Research on Virtual rail Train and its

Key Technologies [D]. Beijing: Beijing Jiaotong Universi-
ty, 2019.

[3] MICHLER O, WEBER R. FORSTER G. Model-based
and Empirical Performance Analyses for Passenger Position-
ing Algorithms in a Specific Bus Cabin Environment[ C]//
2015 International Conference on Models and Technologies
for Intelligent Transportation Systems (MT-ITS). Buda-
pest, 2015: 200-208.

[4] WA, H&, MW, Faepidtuz RE1]. w6 51E
BEHA, 2020(1): 1-12.
FENG lJianghua. XIAO Lei, HU Yunqing. Autonomous-
rail Rapid Transit[J]. Control and Information Technology
2020(1): 1-12.

[5] #5, Fuot. e, & 8Pk 48k 5 Rt
LI #3565 SR . 2020(1) : 32-37.
YANG Yong. LI Xiaoguang, YIN Yingshi, et al. Overall
and Lightweight Design of Autonomous-rail Rapid Tram
[J]. Control and Information Technology, 2020 (1) :
32-37.

[6] RAh. M9 B 9038 s R % (SRT) HF 2R I M 4
Mr——LA R AT oA BT ] TR RS . 2021, 6(5) -
40-41.

2352

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

XU Wei. Characteristics and Adaptability Analysis of Su-
per Virtual Rail Express System (SRT) : a Case Study of
Yancheng City [J]. Engineering Research, 2021, 6 (5) :
40-41.

BZR T o An IR SR IS By i wF s (DL Ik
PH . ZRAERA%, 2019,

LYU Dongyu. Research on ASR of Distributed Drive Elec-
tric Vehicle [D].
2019.

Bk o3 A RS B R K Sl B o SR F SR LD .
Jemt bt # Tk, 2016,

LUO Hao. Research on Anti-skid Control Strategy of Dis-
tributed Drive Electric Vehicle[D]. Beijing: Beijing Insti-
tute of Technology, 2016.

SRAE . B AL ALK S Bl VRS B Sl B i R B A 5D .
F A AR R, 2019.

ZHANG Lun. Research on Anti-skid Control of Electric
Vehicle Driven by Wheel Edge Motor[ D ]. Nanjing: South-
east University, 2019.

HWOUME SRS, Oy AT SR T R B0 00 3 A 2 UK
B SEibG et RN MIPNE =5 QR Y =
). 2024(2) : 65-76.

CHANG Jiujian, WU Jiahao, FANG Jianping. Research on
Acceleration Slip Regulation Strategy Based on Road Sur-

Shenyang: Northeastern University,

face Recognition Algorithm[J]. Journal of Chongqing Uni-
versity of Technology (Natural Science) , 2024(2) : 65-76.
GO L 43 3 K B 2 R A4S 9 AR ISl B S A B
R EIRFSELD ] A HE W AR A Tl B . 2023.

JIN Yonghui. Research on Drive Anti-slip and Torque Co-
ordination Control of Distributed Electric Drive Semi-truck
Train[D]. Shiyan: Hubei University of Automotive Indus-
try, 2023.

VIRV BRI, A5 AR . BT S T 5 1 D 4 K Sl H 7
FIK P W [T]. ERE TR MOAREIS),
2012, 26(7): 17-21.

JIANG Zhenjiang, CHEN Xu, LI Dawei. Anti-skid con-
trol of Four-wheel drive Electric Vehicle Drive based on
Road Surface Recognition [J]. Journal of Chongqing Uni-
versity of Technology (Natural Science) , 2012, 26 (7) .
17-21.

SAVITSKI D, SCHLEININ D. IVANOV V, et al. Im-
provement of Traction Performance and Off-road Mobility
for a Vehicle with Four Individual Electric Motors: Driving
over Icy Road[J]. Journal of Terramechanics. 2017, 69.
33-43.

SRANE, s . KR T B 3 IE B4 43 A K Bl L B i A
FoE PE I [T ]. o [OHLAR T2 . 2018. 29(15) : 1780~
1787.

ZHANG Xizheng, ZHENG Liang. Vehicle Stability Con-
trol of Distributed-driven Electric Vehicles Based on Opti-
mal Torque Allocation[J]. China Mechanical Engineering
2018, 29(15): 1780-1787.

el TR D e 2R U 1 2 v UK Bl & AR UK Bl B
W7D A ATk R, 2017.

QIN Jian. Research on Driving Anti-skid of Electric Wheel
Driven Bus Based on Optimal Slip Rate Recognition [D].
Hefei: Hefei University of Technology, 2017.

B /NI A SCRE L 2RI, A5 R T Sl 2 M AR R T 4
153 A0 IR B WL SR 4 2 H AR HLAE PR I L], o AL
TR, 2025, 36(5): 1123-1131.

KAN Xiaobo, ZHAO Youqun, LI Danyang, et al. Multi-
objective Torque Coordination Control for Distributed
Drive Electric Vehicles Based on Nonlinear MPC [J]. Chi-
na Mechanical Engineering. 2025. 36(5): 1123-1131.
FRES, TR, Sk . DUSE A BB UL B i SR 4B B



SRR A K S M U B A IR S B R —— PR Al WS

B 3 4 1) OGS B AR LR (7], HLAR TR 2 4z . 2019, 55
(12): 99-120.

WANG Zhenpo, DING Xiaolin, ZHANG Lei. Overview
on Key Technologies of Acceleration Slip Regulation for
Four-wheel-independently-actuated Electric Vehicles [J].

Journal of Mechanical Engineering, 2019, 55 (12) -

99-120.
[18] M. KERGH AL EIM]. ot EHEF Tk
AL . 1997.

LEI Yucheng. Vehicle System Dynamics and Simulation
[M]. Beijing: National Defense Industry Press, 1997.

(197 X 3Cks . JET ADAMS 975 7E ABS 8 7 45 il 5 AR 9 5%
[D]. H#: vEAER, 2007
LIU Wenting. Research on ABS Vehicle control Technolo-
gy Based on ADAMS [D]. Chengdu: Xihua University,
2007.

[20] =W, XK. BOMIECE O ik R JER HIEM . i . 42
PR A A, 2006.
XIE Jijian, LIU Chengping. Fuzzy Mathematical Method
and Its Application [M ]. Wuhan: Huazhong University of
Science and Technology Press, 2006.

[21] R&Ws. B . fedm o X sh sl AR LM ] db
A HUAR Tl BiRE . 2022.
ZHU Shaopeng, LYU Chao. Distributed Drive Control

(E##%E 23427

[13] BB, JEHEPE. PhR M, A S el s i 26 52 5 bk

b R S A BT T]. P E AL LR, 2020, 31
(2):221-226.
SHAN Zhongde, FAN Congze, SUN Qili, et al. Re-
search on Additive Manufacturing Technology and Equip-
ment for Fiber Reinforced Resin Composites[ J]. China Me-
chanical Engineering. 2020, 31(2): 221-226.

[14] TAO Wang., SU Xuan, CHEN Yanbin, et al. Joint For-
mation and Fracture Characteristics of Laser Welded
CFRP/TC4 Joints [J]. Journal of Manufacturing Pro-
cesses, 2019, 45: 1-8.

[15] ¥, BRI, XIE1EE, % CFRP/TC4HOLER T 2 K
B AGUMPERELT]. PB4, 2024, 38(7): 166-170.
GONG Hao, CHENG Donghai, LIU Zhaoze, et al. Study
on Laser Bonding Technology and Microstructure and Prop-
erties of CFRP/TC4 Joint[J]. Materials Reports, 2024,
38(7): 166-170.

[16] ZHANG Yu. WANG Fuji, WANG Qi. Effect of Interfa-
cial Temperature on the Bonding Morphology and Fracture
Mechanism of TC4-CFRTP Laser Bonding Joints with
Polymer Interlayer[ J]. Optics &. Laser Technology, 2025,
184. 112463.

[17] ZHANG Bowen, MA Yunwu, YU Feilong, et al.
Strengthening Flat-die Friction Self-pierce Riveting Joints
via Manipulating Stir Zone Geometry by Tailored Rivet

Technology of Hub Motor[ M ]. Beijing: China Machine
Press, 2022.
[22] Ferk . 43 A 20K 2l o gl 74 3K 3l B 1 5 A Bin o 42 1) A
D] mE AR AR, 2020.
KANG Sheng. Acceleration Slip Regulation and Torque
Distribution Coordination Control for Distributed Drive
Electric Vehicle [D]. Nanchang: East China Jiaotong Uni-
versitys 2020.
(mE IR

fEEB N % B .5, 198144, IE @9 TR £ A .
WEgedy s s AR, 2 & CGHfEES) . J,19814F
ARV B W BRSO A 1 EE AR . E-mail: Vie
tualtrack2024@163. com

ARSI

WRI 2t B Ll SO 25 =B A UK Bl S 41 A A 3K
S HILT]. AL T R, 2026, 37(9) : 2343-2353.

CHEN Yong. ZUO Jianyong, CAO Wenxiang, et al. Drive Anti-
slip Control of Three-module Distributed Drive Virtual Track
Trains [ J]. China Mechanical Engineering, 2026, 37 (9) : 2343-
2353.

Structures[ J]. International Journal of Machine Tools and
Manufacture, 2024, 203: 104223.

[18] LIU Yunpeng. MA Yunwu. LOU Ming. et al. Effects of
Rotation Speed on Microstructure and Mechanical Proper-
ties of Non-prehole Riveting Process for High-strength Alu-
minium Alloys [J]. Materials &. Design, 2025, 249.
113539.

(HE EEIH)

EEBN 4k 4.9, 2000 404 8L BFGE A . BFFE 05 10 9 AR
BZ MR AR %R T2, E-mail: 11109_zhu@sjtu. edu. cn,
L& & CGEAEER ) H 1990 4R A4 Al #UEZ I WF 90 A 0l .
FEI7 1) A R AL R R 5 HOR . E-mail: myw3337@sjtu.
edu. cn,

ARSI

i AT R B SR BT AR CFRP/BRG G BRI AR T
ERAEI T EAT IR T ], R LA TR L 2026, 37(9) : 2334-
2342.

ZHU Feng, YU Feilong,ZHOU Entao,et al. Effect of Rivet Struc-
ture on Friction Riveting Process and Mechanical Behavior of
CFRP/Titanium Alloy Joints[J]. China Mechanical Engineering,
2026,37(9):2334-2342.

+ 2353



