ik FISH
2020 & 8 H

Kol TR R

Transactions of the Chinese Society of Agricultural Engineering

Vol.36 No.15
Aug. 2020 47

Al g & T2 5 ML -

w5 PN DAE ik | B Lo s S e D
% A KRR BOFL B BT, RRHT REAC, BER’

(1. THAERMBHECR A 7 TR R, B 7121005
2. P E ALK T2 BE AL R s A Bt B AU H RS0 %, JEAT 100083)

& E: A AL KB S RALIR SIS 5 e A SR R I R R, A LR S SR L R LA A 4
i RN B- 37 RAMRAELIERHE, & KD IER AP AL R S8 J1 R R b, 42
HE B TR AR 25 M B ) (R S S B LB B AC 1 e AR LR e b U7 vk R LUBER PID $ai vt bk, RA] Matlab/Simulink %
TEA ST 3 MR ) E PR A ) B A 2 s B Lovol-TG1254 Bk 5 Rl oA, 8@ ALk S St dr bl
IXBhEe T R G, FRRENIT GRS, oW A EFES 7 E T R ROR, 50 IR AR 45 b4 i S0 i 2 i s
ERfaENE. R BRI 16 2.17 mys FIABHEN TH T, SHE PID £ S0, AR s M it S e Rl
IR EHEE T e R A AR B AE 0.2, FHAESHERZE R 0.008, /D T 21 27%, & RIREN 0.028, /N T 41 49%; HHE.
RS RS MAKCE 22 3] SR AR BIBN T 27%. 36%. 42%. iZAIF F0 4 HY B TV AR A8 48 My Kk 5 i s WL BR 5
VR R 7 ik ] SE I AL E ML IR B AR B de e H ARzl

KA RALAUAR; REE; EIEAL BEAMELL; FAEisdl ARSI

doi: 10.11975/j.issn.1002-6819.2020.15.006

FESES: $219.032.4; TP273+.2 XHERFRERD: A

A, AR, PR, 2. BHHEL XS DR AR B RIEH A ], RILTiEFR, 2020,36(15):47-55.  doi:
10.11975/j.issn.1002-6819.2020.15.006
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 Chinese Society of Agricultural Engineering (Transactions of the CSAE), 2020, 36(15): 47-55.

TEHS: 1002-6819(2020)-15-0047-09

http://www.tcsae.org

(in Chinese with English abstract) doi: 10.11975/j.issn.1002-6819.2020.15.006

0 31 &

PN WAL (R TR IR S e R E SR R (N A | W N
VEPD IR IR] AL 77 1) B ZOR Z304T, Hef HLOK B e 1 e fe
JE AR R R A ML AL A L A e R s o 2. B
ARERNUR G X ARG EORAMUA s R h L BEALRE
FERIA TR =, T SR TR R M i BEEh By i i
T RN FLBCRR AR AL 1 Bh b AR F 5 A )

HAT, B A SN R L A i 24 B s
RGIIW T LT AR A 5] -] 10,
SPRFTC S NI B S i 28, R A PIDP, RO
SO, ARG A K SRR VR T S R T e R I
SEAESE — B B X ] A S5 202 . AR TR RS T8 AT
BRAEAR, BB Ml I R LA BN B 13 P e R
T AR - RGERMSTER, BAARE IR
AR LR AR AE ), B R A S BTE b e e PR
FERABIUIRERE o, SZBFARAZ A () b i Y 2% 1F
SNSRI B, N2 M T B 2% AR AN BE ™ A A2 5 52

ks HIW: 2020-04-16 21T HIH: 2020-08-13

HEHH: PEELEEEE FBH (2019M653764); E o H LA R
WH (2017YFD0700403)

PEF A SR, e, PR, RN FEEMRRAES. B AR & A
KM 5T, Email: zhangshuo@nwafu.edu.cn

MOBfEMEE: 5%, ML, 8l EEMNFRWARE BT i, UKk
H 3% 6 9. Email: zhenli@cau.edu.cn

http://www.tcsae.org

ERGF RIS T, Wehfem o KA B . 1
WA, K2 DLW EIEURRIERAL. BiRE
R GEAE ML P AEZRVERE, 3000 R AR PR A
WA TR B, i A,
A B W T STAE AL ZH H 2= AR DL R B FH A 2 1 4%
J7 VT R B R i I SR Sh e M e A ], (R IRRA A
R RN E LA R R B oA LR PR AE, 451
FE EEIRAK o

W AR 5 Fy 5 (Sliding Mode Variable Structure
Control, SMVSC) ABUCZEHIHEE i —F By A AR
LR P ) R0, e AL U 1 Bl ) AR A kR
AR ShIRARN L B AR R s SR [ B S
eyl i i, $25 7 RGP € S HE s Ak
TR e O H RRAE PRI
#P RSB A5 2] T BRI R . ARSCRL “HE
FINL-R -8 RGN R, FERSAR AL AEZR
YRGS SRR A b, $RH T — R i AR A
R R 34 R HLAL B b SR Bl 6 i e 4 1) O v S B0 TG
) ZEHE Y T R LIRS R B i ], DU K
VAR EOR IR TS E R IR N TR (B & 1P 5:5 i

1 RO hiEfil RiRSEELHN AN NFER

NS DAk T ARG R RS X = L (BNIAVIRAER e g U U
th, BB R LE R 2 O iz g), HALT7 7R
i XL SRR P 4E R L feT A D i e A LA i 7



48 Ll THE2AH (http:/www.tcsae.org)

2020 4

EWELIZZ), AT R R s
MFiazh. w1 pos, DRG0 O mOAER
Ji s AL A CE EE VR M LALIZ B A B 2R X0-0-yo-
e RS SR R S HA R LN LA R E sh R i 2
e — o NHERIALBE S £ O WRTHEDT [ LR iE
g, i AR LS ENUA S 5 O L shiss),
I AR HLLE 7K P AT B N PR AR 7 B Ok R R Rk 4
PN TS AN AL B o WA T B 2 1 A B
WATAD, W THE R SN AT 1 1 %% F2 25 1

gy, JLINE R v RIE AL S O W 5% SR O
2% 20y i i 1) K B R

Sy & E BT MR TIE I F T, AR RHE R AL

FEEN MBI FE LR, HP, JERIRSIER LI
AECH L o 1 (1D PR

5 = Vo _ To®k ~T1k @ :l—ri

Vo To Wy 7

A Vo vo 2 BN BRSNS KT B 3 ) A EE i 38 R A

BRI EE, m/s; rov re 2N IRBNES I T LA A2 A 5] 7

Vo

Q)

HE W RIENIZE S O LT A EREERSY B2, m o AWEEAERE, radls.

A
Yo

A

K1

1 x0-O-yo FHBRNLIZEN IR R : O NJGHHIL: O R HIC: A NIRTHBERIL SR UINEER R, M. B3 3A B TR SHERIIBE R, C ik
FHREGLIG ZEAT RS, Dy E NSRS, N OARTFHBERL IR, G VARER R, PATHR I, wr RO, W
REAFUL; ar NIGRALIENSA, rad; fo v GV ELEEETT MR, rad; rois ro Nl JEERMJUITEAR, ms ras i NHT JERIIBIIEE, ms zon
2o ATEEEATSRMFT 5L LR R, m: ks ke S HUONRT. EREIAIOBERIE, Nmm™s cxiv e AR SRR IS 2% N-(ms™) s
Jr NHER U RO B SIRR, Nem?; Jy AR AR BTG SR, Nem?s mrg AHERHLIIE ST, Ns mpg AREMIES, N; Yoo Xk Fa 43514
SRR B BT AR R J3s ACHREIBLIAIERBN ), Ni Yios X Fia 23 BU9RTC T2 A0SR BT SAE A 0. KCTRRSIREIAIEKE) 77, N Rus Ry 43l
AR BALKT AR BT 7] B2 3% ), No

Note: xo-O-yo is the tractor motion coordinate system; O is the axis of the rear wheel; O is the axis of the front wheel; 4 is the hinge point between the lifting hydraulic
cylinder and the tractor; M, B is the hinge point between the upper and lower pull rods and the tractor; C is the end of the piston rod of the lifting hydraulic cylinder; D, £
is the hinge point of the lift lever; N is the lifting shaft axis of the lifting hydraulic cylinder; G, V' is the upper and lower contact of the plough; P is the tip of the
five-furrow plough; Wr is the centroid of the tractor; ¥ is the center of mass of agricultural tools; o is the pitching angle of tractor, rad; f¢ is the angle between GV and
the vertical direction, rad; o1, 7o are the geometric radius of the front and rear wheels, m; 7k, 7k are the power radius of the front and rear wheels, m; zo1, zo are the soil
subsidence caused by vertical loading at front and rear wheel locations, m; ki, kx are the spring stiffness of the front and rear tires respectively, N-mm’l; ck1, ck are the
damping coefficients of front and rear tires, N-(m-s'l)'l; Jris the moment of inertia of the tractor around the center of mass, N-m?; Jy is the moment of inertia of the
plough around the center of mass, N-m?; mrg is the force of gravity on the tractor, N; myg is the force of gravity on the farm tools, N; Yk, Xk, Fx are the vertical ground
reaction force, horizontal rolling resistance and driving force of the rear wheel respectively, N; Yxi, Xki, Fx; are the vertical ground reaction force, horizontal rolling
resistance and driving force of the front wheel respectively, N; Ry, Ry are soil resistance of farm tools in horizontal and vertical directions respectively, N.
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Fig.1 Simple diagram of kinematic and dynamic analysis for high-power tractor
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Fig.2 Control principle diagram of driving wheel sliding control
based on sliding mode variable structure control
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Simulation model of driving wheel sliding control system of high-power tractor for ploughing
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Fig.4 Simulation results of driving wheel sliding control of high-power tractor for ploughing
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Fig.6 Experimental results of driving wheel sliding control of high-power tractor for ploughing
X EEAT FLAIRIR 45 SR A i, AEBHAR 20 em (A ()2 5 % ¥ &

; = B - 7 | N ‘ = : X -
ﬁ%%};gf ;fgﬁg ff"{;?f Eig &j@f?iﬁ;ﬁ (] RIH, B0, G PR KXt
= % 3 7 1% : 5 . s
BV ARy, ER A s B 984 R A8 B W OB S S 0], A AR 88
B BRI B AR 0.2 SBEBY PID #h7 AR i 2019, 28012), 24642472
e, SEIRIRRCRD, SARREE BR (R 224, Zhang Xiangqgian Yz;ng Wenfei ).(u Yunji. Effects of main
PRV R BRI A B ), d RS BRI E M S . ' L L

tillage methods on soil structure, nutrients and
5 & it micro-ecological environment of upland in China: A

D i AABHEL TO,  BOKS AL e R R
B AT 5, 558 RNl R -3 BI RS
fraRARLe PERRAE, AL TIEH T RS i R ML Eh B
TR AR L R GEah Sy 2 FEXS B 2 o 7 R4

RV E R G HEAT A B RE Rl b, 3% BCER TR 5L
Jios P9 I 2 T A N R I, K TR R AR 4 ) 2 o

WTE T IS5 AR R s i ik

2) DU ARIEEE 0.2 ¥l Hon, DUERI PID #H)
VX EbaE, N Matlab/Simulink #E47 33 b B %
AN T BT B AT R T I S R4 H A
K ra, JFRARDSHERHLEBHE L OR 26 i i 45 il
mﬁwﬁ%omﬁﬁmmﬁ%a%%%,g?@ﬁﬁﬁ
P 0 IR Sh e 18 e 1 ) T iE I HR Z N, R
FEFIRR S T

TZOCHRE R T IR AR 2 R i (1) K 5 g Ha R AL A
HHEN IXShFe T S d il ik, 70 SE e # R At B brka
SEE BRI, HERHL R R RGO RR RN, 1E
ik R BT AR, T4 v TR AR o A K
RAF—EMLbrAdr~ 48558 .

review[J]. Ecology and Environmental Sciences, 2019,
28(12): 2464-2472. (in Chinese with English abstract)
KEha, MR, AILEG, 55, fedb sty s bk 5
O SR AN B [T]. b AR AR AR,
2019, 27(11): 1663-1672.

Guan Jiexi, Chen Suying, Shao Liwei, et al. Soil tillage

(2]

practices affecting the soil characteristics and yield of winter
wheat and summer maize in North China[J]. Chinese Journal
of Eco-Agriculture, 2019, 27(11): 1663-1672. (in Chinese
with English abstract)

R R AL A R T PR R B S R
ZUD]. dbnt: PELALKY, 2015,

Zhao Jianjun. The Design and Characteristics Research of

B3]

Proportional Control Valve for the Electro-hydraulic Hitch of
Heavy Tractor[D]. Beijing: China Agricultural University,
2015. (in Chinese with English abstract)

T, ], AR, R sURTE A AT A X AR g
FESEAE I T[], ARl CRE2A4R, 2020, 36(5): 10-18.

Ding Zhao, Li Yaoming, Tang Zhong. Compaction effects of
and tracked on farmland soil[J].

(4]

wheeled vehicles



54

A TFE2A3 Chttp://www.tcsae.org)

2020 4

[7]

(9]

[10]

[11]

[12]

Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2020, 36(5): 10-18.
(in Chinese with English abstract)

IR, Mg BIT. BRI RGBT HAR S5 Ak e
BT AHUEBETE, 2R, HEI EANKD)
F AR HUBT BT G544 FUR R 3 BB T[], R BB
Ft, 2007, 1: 25-27

Ni Xiangdong, Mei Weijing. Research on the new structure
and technology of the development trend for the foreign large
power tractor[J]. Journal of Agricultural Mechanization
Research, 2007, 1: 25-27. (in Chinese with English abstract)
AL R LG SRR R AT A[D]. MR i
JRIE TR, 2012,

Li Li. Research on the Electro-hydraulic System in Tractor
Rear Suspension[D]. Harbin: Harbin Institute of Technology,
2012. (in Chinese with English abstract)

FEoW], bk, B, & R LRSS EN B )
RG] ARWHRFAIR, 2006, 37(10): 42-45.
Wang Huiming, Hou Jialin, Zhao Yaohua, et al. Study on
automatic control system for hydraulic hitch equipment of
tractor[J]. Transactions of the Chinese Society for
Agricultural Machinery, 2006, 37(10): 42-45. (in Chinese
with English abstract)

Chanchal Gupta, Tewari V K, Ashok Kumar A, et al.
Automatic tractor slip-draft embedded control system[J].
Computers and Electronics in Agriculture, 2019, 165: 1-11.
HRAL, ALIEE, SREAE, S5 RRIRSIRDIESERNLA 5]
J3-18 e BB BB, R TR AR, 2016,
32(12): 47-53.

Zhang Shuo, Du Yuefeng, Zhu Zhongxiang, et al. Integrated
control method of traction & slip ratio for rear-driving
high-power tractors[J]. Transactions of the Chinese Society
of Agricultural Engineering (Transactions of the CSAE),
2016, 32(12): 47-53. (in Chinese with English abstract)
Foeie, B, 5K, SF T RKERILKE)
77 T A PID 1 S0 00 EL 3 0], P A4 4R, 2012,
9: 146-149, 156.

Bai Xuefeng, Lu Zhixiong, Zhang Guangqing, et al.
Simulative analysis of fuzzy PID control algorithm for
antiskid driving system of tractor based on slip ratio[J]. Acta
Agriculturae Jiangxi, 2012, 9: 146-149, 156. (in Chinese with
English abstract)

FOBTZR, Gt JET TR DR IR BB R L T AR
HIFHEOTEBE ] A& S M TR, 2010, 12: 6-10.
Yin Xindong, Lu Zhixiong. Simulation research on
acceleration slip regulation system for four-wheel drive
tractor using fuzzy control method[J]. Agricultural
Equipment & Vehicle Engineering, 2010, 12: 6-10. (in
Chinese with English abstract)

Mirko Simikic, Nebojsa Dedovic, Lazar Savin, et al. Power
delivery efficiency of a wheeled tractor at oblique drawbar
force[J]. Soil & Tillage Research, 2014, 141:32-43.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

RIRK, RHEE WAUR. IREECTE TR S R A2 5 M RE
HIFZmI]. ALECRMEHLRAL AR 24, 1984(3): 4-27.
Gao Dashui, Yu Qun, Yu Guyuan. Research of slip-sinkage
of tractor driving wheels and its effect on tractor
performance[J].  Journal of  Beijing  Agricultural
Mechanization College, 1984(3): 4-27. (in Chinese with
English abstract)

Portes P, Bauer F, Cupera J. Laboratory-experimental
verification of calculation of force effects in tractor's
three-point hitch acting on driving wheels[J]. Soil & Tillage
Research, 2013, 128: 81-90.

MEH, INER. ERARS P I KA S
JE[I]. R SR, 2007, 24(3): 407-418

Liu Jinkun, Sun Fuchun. Research and development on
theory and algorithms of sliding mode control[J]. Control
Theory & Applications, 2007, 24(3): 407-418.

gk W IR G5 b s ) B8 AR AE 2 M R G b i R [D].
VEPH: JLFHELTORZ:, 2013,

Zhang Feng. The Application of Sliding-Mode Variable
Systems[D].
Shenyang: Shenyang Ligong University, 2013. (in Chinese
with English abstract)

A%, BEE, BRI, BHRANBEEERFERAL
B sem[)]. R TFEFH, 2015, 31(7): 24-32.

Cheng Jian, Chi Ruijuan, Mao Enrong. Influence of hanging

Structure Control Theory in Nonlinear

farm implement on vibration of tractor with electro-hydraulic
hitch system[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2015,
31(7): 24-32. (in Chinese with English abstract)

g, M, MEE, SF ST RS P KR
EWA R BIHLA N BRI ER)]. ARk TRE#4), 2013,
29(2): 9-16.

Niu Xuemei, Gao Guoqin, Bao Zhida, et al. Path tracking of
mobile robots for greenhouse spraying controlled by sliding
mode variable structure[J]. Transactions of the Chinese
Society of Agricultural Engineering (Transactions of the
CSAE), 2013, 29(2): 9-16. (in Chinese with English abstract)
AR, Mk, TKOCH], R R AR A L R
BRI EAL)]. R TAEFHR, 2015, 31(10): 198-203.
Zhao Xuan, Yang Jue, Zhang Wenming, et al. Sliding mode
control algorithm for path tracking of articulated dump
truck[J]. Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2015, 31(10):
198-203. (in Chinese with English abstract)

s, W, IRERIE, A% JE T AR AR AL XU BE
FIEFHEFE A TEI]. R TR, 2018, 34(15):
66-76.

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 Chinese Society

of  Agricultural Engineering



% 15 3] BB AUBHEAL K S R R LR SR I B SR i A 55

(Transactions of the CSAE), 2018, 34(15): 66-76. (in Chinese mode[J]. Transactions of the Chinese Society for Agricultural

with English abstract) Machinery, 2015, 46(2): 307-311. (in Chinese with English
[21] AR, FfLT, Mok, . B TIEEARE MR %) abstract)

%gﬁ@ﬁ;z}%ﬁﬂj[” T2, 2014, 35(10): 1707-1715. [23] TRAT. BTV RAR S5 M 1) Y S b LA B b e R s

Huang Yuxin, Wang Tongyu, Lin Lin, et al. Slip ratio control JHEBFAD]. dbst: HEARRT:, 2018,

of locomotion system based on sliding mode variable Zhang Shuo. Study on Slip Rate Control of Heavy Tractor for

structure control[J]. Acta Armamentarii, 2014, 35(10): Ploughing Based on Sliding Mode Variable Structure

1707-1715. (in Chinese with English abstract) Control[D]. Beijing: China Agricultural University, 2018. (in
22 R @5, WAL, G TR S (;th?e W{t‘f;g“;h ;}’;ﬁgﬁgl L e, fie

T GEL dy ] A 24] JHEIL, LA, R H 5 ZIM]. dbET: RS

W 7 9 S WS (], A WU ZE AR, 2015, 46(2): (24] AL, 75 S RIETFML B B

307-311 R4, 2010.

Zhou Bing, Xu Meng, Yuan Xiwen, et al. Acceleration slip [25] R, w777 HERHLE LA 51 J7# M), dE5T:

regulation based on extremum seeking control with sliding B A AU H ks 1985,

Control method of driving wheel slip rate of high-power tractor for
ploughing operation

Zhang Shuo?, Wu Zhongbin?, Chen Jun’, Li Zhen®*, Zhu Zhongxiang?, Song Zhenghe?, Mao Enrong?

(1. College of Mechanical and Electronic Engineering, Northwest A&F University, Yangling 712100, China; 2. Beijing Key Laboratory of
Optimized Design for Modern Agricultural Equipment, College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract: In north China, the ploughing operation of high-power tractor based on electro-hydraulic suspension system is the
most common and important agricultural process in the field agricultural production. Due to the complex field working
environment, the change of tillage depth and the fluctuation of soil specific resistance, the working load of tractor unit
fluctuates greatly during ploughing operation, which is easy to cause excessive sliding of driving wheel, and seriously affects
the traction efficiency and traction of the operation unit. In order to solve the problem of excessive driving wheel slip of
high-power tractor for ploughing, taking the high-power tractor ploughing unit with electro-hydraulic hitch system as the
research object, a sliding rate control method based on sliding mode variable structure control was proposed.this paper. Firstly,
in view of the strong nonlinear characteristics of the complex system of “tractor-farm tools-soil”, the nonlinear dynamics
model of tractor driving wheel sliding for ploughing was established based on tractor motion characteristics and the theories of
vehicle dynamics. Then, the exponential reaching law was used to design the sliding rate nonlinear control algorithm based on
sliding mode variable structure control theory. Especially, taking the hydraulic pressure of hydraulic cylinder as the equivalent
control quantity, the control law of sliding mode variable structure control was derived after simplifying the hydraulic system.
Through MATLAB/Simulink simulation, the reliability of the nonlinear dynamic model and control algorithm in the step
change of soil specific resistance was verified. According to the soil data obtained from a specific site, the soil specific
resistance was set as pulse signal, and the stable value was 30 000 N/m”. At the beginning of the simulation, a soil specific
resistance with an amplitude of 8 000 N/m?, a period of 10 s and a duty cycle of 50% was added to block the impulse signal.
The results showed that the slip rate of the driving wheel was always near the sliding surface, the steady-state error was 0.002,
and the control overshoot was 0.008. Furthermore, the field test platform for automatic slip rate control system was built on
Lovol-TG1254 tractor, and the field comparison tests between SMVSC control and Fuzzy PID control were carried out under
the tractor speed of 2.17 m/s. The test results showed that compared with the fuzzy PID control, the mean absolute deviation of
slip rate under the SMVSC control decreased by 27%, the maximum deviation decreased by about 49%, and the fluctuation
range and control deviation of slip rate were smaller. The change of depth was 5.26 cm, which decreased by about 27%
compared with that of the fuzzy PID control, the change of hydraulic cylinder displacement was 1.15 cm, which decreased by
about 36%, and the adjustment change of traction was 1 293.35 N, which decreased by about 42%. The control deviation of the
driving wheel sliding control method proposed in this paper was small, it can provide theoretical basis and technical support
for improving the quality of ploughing operation.

Keywords: agricultural machinery; experiments; tractor; ploughing operation; slip control; sliding mode variable structure
control



