202643 A &k LAk 2= i 557 % 4 6 1

doi:10.6041/]. issn. 1000-1298. 2026. 06. 038

H [ AR ZEREEA S BIREh e hr 5% B
118 43 B #22 ) 3R B

mER A K EM FEP
(LMK A2 T2 B, 5 210031 2. 4l ¢ b RST St L BUB AL BFE B , 1 5% 210014)

S 51 x4 A 2 IR 0 FBL 3h Ha B WL 2 A 2 5 TV B SR S0 ot R 4 R P A B R B 1 8h e 1 il
ST, A% SCAR T — o R U R 5 T R R A R S 0 R R 4 R RS 3 oL O 170 32 g 4 o B
B FR G R ULV S 7 Ve AR SR R B 4 TR 4 S S K T IR DRI A X 1T T £ 3K )
343 BRI | I SR FH U 10K A 5 0 4 TR 1 S T A 25 52 2% T, B9F 9 T 40 308 B AR 1) 6 B T
Bt ) S G L /0 B 922 1 R 16 90 0 S8R ATL 10 5 0 o S 6 0 4 ) SR W 0 A 8 L IR R T 0 EORD A SR R R 8 5
UE o I 4 SR U B R TR R A v SR W S R L O 2316 Nem, JBEIRBEIR  1LS s, B P4 i 4 1
1% 14. 48% 44. 44% ARAE T 3R HLAE B R T 00T 1930 1 704 3278 T 28 G0 B 5 ot JF o 1T T80, 4 43 ) 946 wis T 2
B Z GE N SR T USRS T K W 2645 B0k 0,121 7,0 111 9 0. 140 3 0. 136 8, 5 ¥ 450 0 AT LL , 48 16 0 22
~0.25 ~ 0. 25 m, (A HL LA FI bR 7% 00T B0 0 ) 24t 1577 B0 600, 80 T 40 B LATE S 2 1 77 0 R
X IR, SRS B AT s KD BT Ao AT 25 R T A
mESFES: S219.4 SERFRIRAS: A XERS: 1000-1298(2026)06-0401-14 OSID . ,.'.'

Torque Coordination Allocation Control Strategy for Distributed Electric
Drive Tractors on Left and Right Differential Road Surfaces

LAI Guoliang' ZHOU Jun' SUN Chenyang” QI Zezhong'

(1. College of Agricultural Engineering, Nanjing Agricultural University, Nanjing 210031, China
2. Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China)

Abstract; Aiming to address the problem of excessive slip of the driving wheels in a distributed drive
electric tractor operating on split-u road surfaces, which adversely affects vehicle stability and traction
performance, a torque coordination and distribution control strategy aimed at reducing wheel slip ratio and
enhancing overall vehicle stability was proposed. A longitudinal motion controller was designed to
calculate the required system output torque, while a traction anti-slip controller and a yaw moment
controller were developed accordingly. At the torque allocation layer, driving force distribution models
were established for both the wheel-extrication condition and the split-u road condition, and the optimal
torque distribution was obtained by using quadratic programming. For complex operating conditions such
as split-u roads, a wheel coordinated steering strategy based on the pure pursuit model was further
investigated to mitigate the effects of yaw moment and heading angle variations on the tractor. To validate
the effectiveness of the proposed control strategy, both simulation studies and field experiments were
conducted. Experimental results demonstrated that under wheel-extrication conditions, the proposed
control strategy achieved an output torque of 23. 16 N-m and an extrication time of 1.5 s, representing
reductions of 14.48% and 44.44% , respectively, compared with conventional PI control. These
improvements ensured sufficient power reserve during extrication and significantly enhanced system
responsiveness. Under split-u road conditions, the proposed strategy enabled active regulation of system
torque output, yielding average driving wheel slip ratios of 0. 121 7, 0.111 9, 0. 140 3, and 0. 136 8.
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Compared with sliding mode control, the lateral deviation was maintained within - 0.25 m to 0.25 m,

allowing the tractor to track the desired speed while maintaining the intended trajectory.

Overall, the

proposed control strategy effectively improved the driving stability of the tractor under complex road

conditions.
Key words: electric tractor; distributed drive;
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Fig.2 7-DOF distributed electric drive tractor model
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Fig. 6  Pure tracking model of electric tractor
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Fig. 8 Simulink model of electric tractor
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Fig. 11  Torque change curves of driving wheel
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control
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Fig. 18 Test soil moisture content and firmness
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Tab.6 Comparison of wheel slip rate under split

road surface

JC A ]
B e
0.0906 0.0772
0.0817 0.0786
0.1985 0.1381
0.1889 0.1125

SMC
i i 22
0.0925
0. 096 2
0.1030
0.090 3

Blr i 53 e 45 il
WE bR
0.1217 0.0798
0.1119 0.066 4
0.1403 0.0737
0.1368 0.0798

hit

¥ {H
0.1210
0.123 1
0.1262
0.1307

ZEHT R
VK
A1 i 58
fiJa e

Zf b P AE BU R R B 32 B S e 4T
QRS E PR E o TR B FE P A 23 T2 T 4 B BL I
AR B 3 I T80 I AT DR A R R, 5 P42 i B e
A, A 2 U U . H AR B AL T 3L
T XF T S T A 0TI A R e R R N O R R
Pl B 7 AT BLRRE M Y[R I RAE T8 Sk .

5 Hit

(1) 2773 A UK B 6 B AL 5T 1 — Foft 8 4 b
oy B 1 7 3, 38 23 R o3 A K Sl & 42 kS

KB RE 1 MR A 25 4 0 W IR A, 0 3K Bl B 4 3R AT 5
WS, A RO R TR A A R
Qb T 25 S B TH S E R MR IR G e Ao B e AT B AR
JE T 2% [n)

(2) 1£ Matlab/Simulink H#42& T a7 L 30 11 2%
B, JF BT e FE U o Fo A il 4 o O ELA5 SRR
FE LR T30 55 6 F 6 T T T a2 8 i 4% e O Ak 3K
SR IC, B R4 pg#EHI PR RE , SE 3 1 3 B AL
R 5 3K B By o

(3) SR I 25 SR SR W, >R o 6 3 ] 03 T 45
il R HLAT RS E A . BN TR BRI AL
AIAE 1S s PR LI, b A, IR SRR o X
TFEST T AL, 45 7 38938 5% 53 0 oy 0121 7
0.1119.0. 140 3.0. 136 8, A 2Ll 45 g5,
TR o) e e R A o BE AR [ IRE YV R RS
R RS2 R G R AL ) T AT B A K A
ZPEHRITE - 0.25 ~0.25 m, £ 0E 4 3 A [A) I 42 1 1
HihLHL3h Sy M AAT Bl AR E

[7]

(8]

[9]

[10]

Z £ x
b, AP, B BR . RS LS R R R IR SRR [T ] RV %4 ,2018,49(8) .1 - 17.

XIE Bin, WU Zhongbin, MAO Enrong. Development and prospect of key technologies on agricultural tractor[ J]. Transactions of
the Chinese Society for Agricultural Machinery,2018,49(8) :1 —=17. (in Chinese)
VAEZ S,JOHN V I,RAHMAN M A. Energy saving vector control strategies for electric vehicle motor drives[ C] // Proceedings of
Power Conversion Conference,Nagaoka,1997.
o WAL HL S R LR B R GE AR ST [ D 1. 7 L« A ARl K %, 2008.
GAO Huisong. Research on drive system of electric tractor[ D |. Nanjing: Nanjing Agricultural University,2008. (in Chinese)
FA A BRBW T A R AUUR B R B R BUR SR [T]. ROPALAL 4 ,2021,52(8) =1 - 15.
WANG Weiwei, CHEN Liqging, YANG Yang, et al. Development and prospect of agricultural machinery chassis technology[ J].
Transactions of the Chinese Society for Agricultural Machinery,2021,52(8) :1 - 15. (in Chinese)
Bk, i Ze e A RE A S0 AL m LA R G 2 ) SBR[ T ] ARl BLAR 4 4, 2023 ,54(8) 1110 - 121,192.
BI Song, HAN Yifei. Real-time estimation method of tire dynamics parameters for sliding steering robots in orchards [ J].
Transactions of the Chinese Society for Agricultural Machinery,2023,54(8) ;110 —121,192. (in Chinese)
AR 3, IR B A, S R T IR R AR XU AL XU R Bl A R A A L) ] A0k T AR A4 4R ,2018,34(15) 166 - T76.
WU Zhongbin, XIE Bin, CHI Ruijuan,et al. Active modulation of torque distribution for dual-motor front- and rear-axle drive type
electric vehicle based on slip ratio[ J]. Transactions of the CSAE,2018,34(15) :66 —76. (in Chinese)
IMEDE BRSSO Bkl i mE LIRS B i R gt SB[ T] . RO AL A iR ,2024,55(5) ¢
158 - 166.
SUN Tiantian,MAO Enrong,FU Liangqi,et al. Design and experiment of spray machine drive anti-skid system based on variable
motor control[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(5) ;158 - 166. (in Chinese)
PRBRIN, TRRR 0, SR 50, A Bk Tt A% 30 1) H 0 O B VR A il L6 O ) SR [ 7] R AL 2412, 2017 ,48 (7 ) <361 - 367.
CHEN Liqing, TAN Yudian, WU Rong,et al. Torque distribution control strategy of electronically controlled four-wheel drive axle
based on genetic algorithm[ J]. Transactions of the Chinese Society for Agricultural Machinery,2017,48 (7) :361 - 367. (in
Chinese)
WAL TR AR UL, X o A R U 4 BK gl H 2 H B PR R S AN [ . T R R A (A AR AR R L 2017,
38(3) :80 - 86.
XU Liyou,ZHANG Junjiang, LIU Mengnan. Torque distribution strategy of extended range electric tractor[ J]. Journal of Henan
University of Science and Technology ( Natural Science Edition) ,2017,38(3) :80 —86. (in Chinese)
JE AR AR A X e A DU EE Sy 3K 2l F 2 Mo LA B AR R R Ay B ST [T ] R s ARl R % 4 i, 2018 ,41(5) ¢
962 -970.
ZHOU Huadong, LU Zhixiong, DENG Xiaoting, et al. Study on torque distribution of traction operation off our wheel independent
driven electric tractor[ J]. Journal of Nanjing Agricultural University,2018,41(5) :962 - 970. (in Chinese)



414 P AT S 2026 4

[11] WANG M,NING P,SU K, et al. Slip-draft embedded control system by adaptively adjusting the battery position for electric
tractors[ J ] . International Journal of Agricultural and Biological Engineering,2023,16(5) ;155 - 164.

[12] ZHANG S,XIE B,WEN C,et al. Intelligent ballast control system with active load-transfer for electric tractors[ J]. Biosystems
Engineering ,2022,215:143 - 155.

[13] ZHANG S,WEN C,REN W et al. A joint control method considering travel speed and slip for reducing energy consumption of
rear wheel independent drive electric tractor in ploughing[ J]. Energy,2023,263.:126008.

[14] WER 5k, 88,5 AT R0 e 20 v 3 2 9K 3l By i 42 i S ms [ 1] R0l T 224 ,2015,31(8) 1119 - 125.
FENG Yanbiao, YANG Jue,JI Zhiyi,et al. Fuzzy anti-slip control based on optimal slip control[ J]. Transactions of the CSAE,
2015,31(8) :119 - 125. (in Chinese)

[15]  JAfAE I 25, 25 hode , 55 WO DU BIRISE 25 HUASORA B 8 4 ) R ot e i S [0 ] RO AL 41 ,2020,51 (47 2) 283 - 288.
ZHOU Qiangian, WEN Haojun, LI Zhongxiang, et al. Design and test of fuzzy anti-skid control of four-wheel drive hydraulically
driven sprayer[ J|. Transactions of the Chinese Society for Agricultural Machinery,2020,51 ( Supp.2) :283 - 288. (in Chinese)

[16] sk, R Ao, BRZE, 5. BLAHE L K5 Dy R UL aK S 56 i 5% 4 7 1 [ T]. Alk T/ %4 ,2020,36 (15) :47 - 55.
ZHANG Shuo, WU Zhongbin, CHEN Jun, et al. Control method of driving wheel slip rate of high-power tractor for ploughing
operation[ J | . Transactions of the CSAE,2020,36(15) :47 —55. (iin Chinese)

[17] BRRGTRA, P EW, 5. Wil bl 28 37 65 20 A5 XK Sh 13 oz B i 2l [T]. R0l TR 2= 40,2024 ,40(10) :85 - 96.
CHEN Feng,DING Junjie, LUO Zhitao, et al. Distributed drive adaptive skid control of facility horticulture mobile platform[ J].
Transactions of the CSAE,2024,40(10) :85 —96. (in Chinese)

(18] /NP, Zofa. T Ak 2 M B Tt 4 o) 1) 48 30 v BR B &% 3R B B i SR [ J] . B 2R ,2018 (1) :12 - 17.

CHENG Xiaoping, QIN Jian. ASR research of wheel side electric drive bus based on nonlinear model predictive control[ J]. Bus
Technology,2018 (1) :12 = 17. (in Chinese)

[19]  FBFSE, m¢HE , Bk 8. JE T BEAR " WA G 3 J1 205 B AT (1] ML S 1L 77,2012(9) 116 - 20.

ZHENG Xiangmei, GAO Xingwang, ZHAO Zhizhong. Simulation analysis of tire dynamic based on “Magic Formula” [ ] ].
Mechanical and Electronic,2012(9) :16 —20. (in Chinese)

[20]  Z=NI, E5F, 58K E . AR SR HLH IR EATRORS AT LT]. V2% 12,2018 ,40(2) : 150 - 155.

LI Gang, WANG Ye,ZONG Changfu. Driving state estimation of electric vehicle with four-wheel-hub-motors [ J]. Automotive
Engineering ,2018 ,40(2) :150 - 155. (in Chinese)

[21]  SBFLHE, B R, RER 5% AHE TN S SRPER UniTire RAGBBI[ T]. & MO 222 3R (T2 1) ,2023,53(12) 13305 -
3313.

GUO Konghui, HUANG Shiqging, WU Haidong, et al. UniTire tire model including in-plane dynamic characteristics[ J]. Journal
of Jilin University ( Engineering Edition) ,2023,53(12) ;3305 - 3313. (in Chinese)

[22]  ERHUBACRE A O 5E BE R AL T T LMD Jb s o E gl B2 HOR A ,2007.

[23] AREALREIIEIM]. 6 . Jbat HUAE Tl i At ,2019.

(24] st HL s 71 16 3 R GE kR M % J7 1% - T/NJ 1256—2021[S]. 2021.

[25] Ak, HET7 f, Sh 80K, . ROV AT I sh B SRR OF R SR 5 R [T ] R HLLF 4z ,2024,55(8) -1 -20.
DU Xiaoqiang, HONG Fangwei, MA Zenghong, et al. State-of-the-art and prospect on sliding identification and control of
agricultural machinery[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(8) ;1 —20. (in Chinese)

[26] FMRFH, R i 5. 2T ASTUKF B9 31 2 A0l 42 i 1 2 8O3 U L [T ] RO AL % 412 ,2024,55(2) 1401 - 414.
SUN Chenyang,ZHOU Jun, LAI Guoliang. Road parameters identification method for distributed agricultural vehicle based on
ASTUKF[ J]. Transactions of the Chinese Society for Agricultural Machinery,2024,55(2) :401 —414. (in Chinese)

[27] KRR, EREA AT AR B O i M X 42 R M2 m B RIS [T ] 354 1 # ,2011,33(4) 1277 - 282.

ZHANG Chenchen,XIA Qunsheng,HE Le. A study on the influence of sideslip angle at mass center on vehicle stability[ J].
Automotive Engineering,2011,33(4) ;277 —282. (in Chinese)

(28]  JE/NGE, Wi 25500 , 55 . A 3 AT RR AL I A% BR B 2R e A S8 MO F5 DAk D i [T ] AL BLBR 27 41, 2018,49 (1)
29 -34.

TANG Xiaotao, TAO Jianfeng, LI Zhiteng, et al. Fuzzy control optimization method for stability of path tracking system of
automatic transplanter J ]. Transactions of the Chinese Society for Agricultural Machinery,2018 ,49 (1) :29 —34. (in Chinese)

[29] BER,HR, REEFE. UK SR BR300 R M B AT 5 [T]. wp B R R 4 41,2017 ,22(2) : 129 - 134,

MAO Jiawen,ZHOU Jun,LIANG Yangyang. Research on slip rate sliding mode control of electric drive high ground clearance
vehicles[ J]. Journal of China Agricultural University,2017,22(2) :129 — 134. (iin Chinese)



