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Experimental study on in—situ tilling plow in facility agriculture

based on discrete element method
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Abstract: In view of the problem that the arable plough could not be used for deep ploughing due to the
narrow space of facility agriculture and the serious soil diseases and insect pests, a method of turning soil on
the spot was put forward.Based on the reverse engineering, the reverse surface of the plough body of the
local soil turning plough was obtained. Based on the existing forming principle of the plough body, the

forward surface of the plough body of the share plough body was established by referring to the ploughing
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width, ploughing depth, installation angle of the plough body, soil cutting angle, guiding curve lifting
angle, opening and length of the plough body. The soil relative humidity was 34.57% and the soil
accumulation angle was 39°. The contact parameter range was obtained by GEMM, the contact parameter
database of EDEM software. The surface energy between soil particles was 4.19 J/m’, the collision
recovery coefficient was 0.282, the dynamic friction coefficient was 0.051, and the static friction coefficient
was 0.629.The concept of soil fall rate in original gully was introduced. The interaction model between soil
fall rate and surface parameters was established, and the optimal surface parameters of soil fall rate were
obtained. Using Design-Expert software, plackett~-Burman experimental design method was used to carry
out multi—factor and two-level significance screening test with soil fall rate as the response index. Three
significant factors affecting soil fall rate of the original ditch were obtained, namely, plow width, plowshare
installation angle and soil cutting angle. Box-Behnken experimental design was carried out for the three
factors, and the optimal design parameters of 278.392 mm plow width, 40.522°plow share installation
angle and 23.211%soil cutting angle were obtained. Based on the optimized results, the error between the
experimental results and the predicted results is 3.13% . The experimental results show that the tilling plow
can achieve the aim of tilling in situ, and provide a reference for solving the problem of soil deep tilling in
facility agriculture.
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Fig. 1 Measurement process and surface forming

process
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Fig.2 Plow forward drawing and comparison
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Fig.3 Principle of in situ tilling plough
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Table 1 Box behnken test table for soil parameter

calibration
EEES -1 0 1
X,/(Jsm™?) 4 6 8
X, 0.15 0.35 0.55
X, 0.05 0.075 0.1
X, 0.32 0.74 1.16

F2 T EERAXBZH AR

Table 2 Design scheme of soil accumulation angle test

Fe% X/(Jm?* X, X, X, HERA/C)
1 8 0.55  0.075 0.74 33.70
2 6 0.35  0.050 0.32 42.64
3 4 0.55  0.075 0.74 22.80
4 8 0.35  0.100 0.74 66.17
5 4 0.35  0.100 0.74 42.00
6 4 0.15  0.075 0.74 53.00
7 4 0.35  0.075 1.16 36.65
8 6 0.35  0.075 0.74 48.77
9 4 0.35  0.050 0.74 28.98
10 6 055  0.075 1.16 26.04
11 6 0.15  0.050 0.74 48.73
12 6 0.15  0.075 1.16 52.60
13 4 0.35  0.075 0.32 37.98
14 6 0.35  0.075 0.74 53.41
15 8 0.15  0.075 0.74 49.95
16 6 0.55  0.100 0.74 32.07
17 8 0.35  0.075 0.32 60.47
18 6 0.35  0.075 0.74 49.09
19 6 0.15  0.100 0.74 54.17
20 8 0.35  0.075 1.16 63.05
21 6 0.35  0.075 0.74 54.13
22 6 0.55  0.050 0.74 21.45
23 6 0.35  0.100 0.32 59.16
24 8 0.35  0.050 0.74 57.18
25 6 0.35  0.050 1.16 42.43
26 6 0.55  0.075 0.32 28.06
27 6 0.35  0.075 0.74 49.10
28 6 0.15  0.075 0.32 54.92
29 6 0.35  0.100 1.16 52.56

i EN Sy o

y=50.9 + 9.09X, — 12.44X, + 5.39X, —
0.82X, + 3.49X, X, — 1.01X, X; +
0.98X, X, + 1.29X, X, + 0.075X, X, —
1.60X, X, — 0.91X} — 10.21X7 —
1.46X7 — 0.33X (2)
J7 225y M 3P 7 o XA R R AT 7 22 73 By
T2 PE/N T 0. 01 F, B S 1 3%, 3% 3

RALTF A 0. 0713, K F 0. 05, F& BA [a] Y545 70 ] 5
P06 B2 3R B T 5 I IR DR E R B R, 0. 8326,
2 W T O 5% DR 3R 0 45 AR5 ) AT LA B 83. 26 %6 ik
B, Hor, — kI X 3R R X R R 2R B
HEFR A 00 52 M SRy B B 2, X B TR 4 DR KRR HE AR
(9 52 ) hy d 35 2 B AR B OR D OR EEIE ] A
DA 2R 58 AR 6T S LA 52 Wi AS K5 R X 6 M
FEUSf 0 52 T 8 25

& H Design-Expert # 4 #) Optimization #&
B Ke B H AR R 397, Hifh S 8k b
FE TR EHESERERESE . RERER
4.19 1/m?, i f 1 52 R ALK 0. 282, B BEHE I R
0. 051, #5 B8 #8280, 629 BF, 3E AR A 0 107 {E e
Wi 4539,

B UL 2 HOR A EDEM 81 15 45 J 45 3,
WE 7R . {5 HEBUA O 37,757, 5 5L bR
WM BHORE N 3. 2% i S HORTUA P .
1.2.4 Rl AUM R 25

3/ L0 T e R N 2 P e
Yo S 0 i Sk 7 EE, — 3 P T S 4 SR 1Y 65 Min
AR AL AL M AL B 4 R F Q275 A, B
Be SCHk [23 )75 2 MR S BOARA LR 0.3, % B2
7850 kg/m®, B YI B4t Ky 7. 910" Pa, [ 3
k[ 24 ] 4 MBS R 5 + 19 45 fih 2 30l 18 K 52 3R 8K
0.3 B 1 e F FEE 2L 0.5 ALK 5 - 1 )
JEE 2 %1 0. 05,

1.3 EMERLE LRIt SHERE

i e A 1 a3 v S e — AR Y
28 06 L VT3 A ) 300 i A 1, kAL RE i 1T L
fu] 8505 H P+ AL M T 22 1) A OC R AR A F
GEHEME o A SC LA L 3 B T 5 ALK S 0] 1

THAER.
1.3.1  AURBEEIE 9

Bt ARl P T 2% AR AR B AR T
0~200 mm fy + 48 2077 25 gl + T, + ek
B 200 mm £ )2 TR B RIS, X
BUHETE B BE R ) R 52 R BB 5E 5 R IR
Fooh 1. 14~1. 56, & CAUARE5E 0 228~312 mm.,
1.3.2 B4emE

AUAE R + )5 B v R, AL RS A 0,
591 4 £ e 9 BUE A B 2 2% R MU T -0 BT
b 28 B+ ALK 0,=40°~45",e=20"~30", &l
- BIAAK 0,=35°~40°,e=15"~25", AHF 5% AL !



1158 - THRKRKRFFHR(OT F RKR) % 54 %

R3ERABHRBRITAESH

Table 3 Analysis of variance of stacking angle experimental design

Y=+ 3 -5 A F ¥y Ff8 PE g
LY 3977.01 14 284.07 10.95 <20.0001 o
X, 992.08 1 992.08 38.23 <0.0001 ok
X, 1856.30 1 1.856.30 71.54 <0.0001 ok
X, 349.06 1 348.06 13.45 0.0025 *
X, 8.17 1 8.17 0.31 0.5836
XX, 48.65 1 48.65 1.87 0.1925
XX, 4.06 1 4.06 0.16 0.6984
XX, 3.82 1 3.82 0.15 0.7069
X,X, 6.71 1 6.71 0.26 0.6191
X,X, 0.023 1 0.023 8.671E-004 0.9769
XX, 10.21 1 10.21 0.39 0.5406
X? 5.34 1 5.34 0.21 0.6571
X3 676.45 1 676.45 26.07 0.0002 *
X2 13.75 1 13.75 0.53 0.4787
X? 0.70 1 0.70 0.027 0.8719
5% 2% 363.26 14 25.95
KA 335.47 10 33.55 4.83 0.0713
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Fig. 10 Measurement of soil falling rate of original ditch
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Table 4 Range of parameters to be determined for plow

body

EES i A (=) mARFE()
HFR/mm X, 200 250
BRI $E /mm X, 228 312
RHEZR A/ () X, 35 45
it/ X, 25 30
Sl AET A /() X, 19.52 29.06
JEEE/mm X 140 190 1 BEBEASR
AR /mm X 9256 642.4 Fig. 11 Plough simulation test

% 5 Plackett—-Burman i 1§ &
Table 5 Plackett Burman test table

F X/mm X,/mm X,/C) X,/C)  X,/() X/mm  X,/mm  X/(kmh ) X, X, X, F@ELER/Y

1 250 312 35 30 29.06 190 525.6 4.5 —1 1 —1 80.67
2 200 312 45 25 29.06 190 642.4 4.5 —1 —1 1 78.12
3 250 228 45 30 19.52 190 642.4 7 —1 —1 —1 79.48
4 200 312 35 30 29.06 140 642.4 7 1 —1 —1 78.44
5 200 228 45 25 29.06 190 525.6 7 1 1 —1 81.69
6 200 228 35 30 19.52 190 642.4 4.5 1 1 1 79.89
7 250 228 35 25 29.06 140 642.4 7 —1 1 1 81.20
8 250 312 35 25 19.52 190 525.6 7 1 —1 1 83.65
9 250 312 45 25 19.52 140 642.4 4.5 1 1 —1 77.53
10 200 312 45 30 19.52 140 525.6 7 —1 1 1 73.45
11 250 228 45 30 29.06 140 525.6 4.5 1 —1 1 80.55
12 200 228 35 25 19.52 140 525.6 4.5 —1 —1 —1 83.48

& 6 Plackett—-Burman it 3¢ i% i+ & & 2= 28 3 4y

Table 6 Effect evaluation of factors in Plackett—Burman experimental design

% QI B4 bR 22 STk {E RE T RE
e 79.85 0.22

X, 1.34 0.67 0.22 6.26 5.35 7
X, —2.40 —1.20 0.22 20.31 17.35 2
X, —2.75 —1.38 0.22 26.58 22.72 2
X, —2.20 —1.10 0.22 16.97 14.50 2
X, 0.53 0.27 0.22 0.99 0.85 7
X, 148 0.74 0.22 7.64 6.53 7
X, —1.47 —0.74 0.22 7.60 6.50 7
X, —0.39 —0.19 0.22 0.53 0.45 %
X, 0.89 0.45 0.22 2.79 2.39 %
X, —1.55 —0.77 0.22 8.42 7.19 %
X —0.74 —0.37 0.22 1.91 1.64 %
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I 22 6 W 25 43 B 4 B 2R X ) 7 A 1Y 5% i), BT
ik i & 78, X, (Tillage width) 53 #k {5} 20. 31% .
X;(Plowshare mounting angle) 5T #k{E A7 26. 58 % .
X, (Cutting angle) ST#KH M 16. 97 %, B & & F 3
il PR ZR ) 3 3 A 3R O 5 e e N7 Y
5 g8

i 5 R R B RO A A X, X X AR
B #0217 85, ik B BR324 Ok 9 800, B 3 K
B2 A M3 R U)K S R v AR R
(S SN P I A T sl i W ol VO G N e 1
GRS UL AA 3 MEAE R o X X0 X0 HE U
L2 X5 It ) v 30y 52 m fH 4 B ol 2. 790 .
8.42% .1.91% , M1 F X0 19 8.42% b X, . X5. X;
X X X X BME K, SR W Ze AR AT LA T o
2252 R 3R A0 BT L A5 R e A A 45 2R R ] e
Ty

Y=79.85—1.2X,—1.38X,—1.10X, (4)

ANOVA B8 53 1 £ i Prob (P) >F {H h
0. 0354, Ut B [l 19 5 72 4 & 5 BLA JE R-Squared
BB ] T 1, BEWIXT 2% 48 PR 3R 406 AR BE B AT T
A EE A LG B R 0. 6386, TiE B 12 A5 7Y i
ZEIX PG AT s M IE TR E R X RA,=0. 5030, %
WY 5 B A S B) 5 X8 T BT A 5 R ARG A B, T A
S FRE(CLv)Rs  BUEBRAR AR B bk =y, C
vAH S 2.46 %, UE B I g B AT g AT 6 B RS
Wz .
2.3 Box-Behnken LB FEHMIEFEGZ L ZE
2.3. 1 [E1AT7 B 2 P oy B

T BT, B E N EH S (mm) BLHEL
2 C) W COX TR E % R R A,
TR b i A5 98/ 34> TR 28 2 B0, DA 3 7%
+ % (Soil falling rate of original ditch) 7 i ¥ & ,
X TE X, B R o X, W) o X AT AR,
Box-Behnken {5 5 11 UL 3 7.

% 7 Box-Behnken {1k 5t B BU&E

Table 7 Value of Box—-Behnken optimization range

SN -1 0 1
X,/mm 240 260 280
X,/() 38 40 42
X,/(%) 23 25 27

X F IR I HT AN B2 3R 44 BEPFER 200 mm,
5Ol £k 3R TF S0 267, JF F 180 mm, FLAK K
584 mm, A 20 AL Bk 2 B Ll 4. 5~7 km/h,
Wil 6 BB VR 3 BE R 5. 75 km/h, Ry 858 280, ¥4

LR S AT 05 B B L A5 e 45 SR 0 B UL 3R 8.
% 8 Box—Behnken i3t &
Table 8 Box Behnken test table

5 X/mm  X,/(°)  X,/(°)  JREIELRY
1 240 38 25 78.87
2 280 38 25 80.21
3 240 42 25 80.18
4 280 42 25 80.52
5 240 40 23 80.63
6 280 40 23 80.87
7 240 40 27 79.12
8 280 40 27 80.21
9 260 38 23 80.59
10 260 42 23 81.75
11 260 38 27 79.11
12 260 42 27 80.14
13 260 40 25 81.25
14 260 40 25 81.17
15 260 40 25 81.32
16 260 40 25 80.91
17 260 40 25 81.29
HRAR % 8, X0V 7 - 3G AT [ U400 4 40T
CEIEPIE R

Y =281.19 — 0.38X, + 0.48X, — 0.66X; —
0.25X, X, + 0.21X, X; — 0.032X, X; —
0.72X7 — 0.53X; — 0.26X7

(5)

T 22 AT iR 9 s : 4 P{E/NF 0. 01, B 7Y
Fy 2 2R PAE R AN 0. 2602, KT 0. 05,
2 W 90 % [l )3 RS R AT AR S R IE T E R AL
R0 0.9441, 3% B BT FF 5% LR BF 9 | AL 488 20 %
£ P A X 34 PR E 6 Bk b 5V P 3R A 5 )
AL RE 94. 41 % 150 . o, — kI X B
X REE A X U) A R VR R
M) 35 A A Wb 2 5 28 BT HUA XX X A 3 1 R
52 3 T XX, XoX, X VR 7% R 5
Wi I AN S R X X T v R
AP ETE I EP U ELE S E-A 1o RTE
2.3.2 W R T 43 Hr

R % Model Graphs %5 i #f 58 AL HE 22 %6 £
Yl 4 A 34 Z A B8 I R 052 5 R R B S
e 7 ity TR P A3 Ak 3 PR I AE HOOG &R L AL 12
JI7R o

SR T W R R AE H I AR A R il U S R
B 98 R 220~300 mm , B #E % %6 ff Ry 36°~45°, V]
TR 17°~29", K 12(a) Y1+ M [ & 257, #F v
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Table 9 Effect evaluation of various factors in Box—-Behnken experimental design

7 28 AR -5 Al A i B ¥595 F{H P{a 5
el 10.82 9 1.20 31.04 <£0.0001 ok
X, 1.13 1 1.13 29.25 0.0010 K
X, 1.81 1 1.81 46.87 0.0002 K
X, 3.46 1 3.46 89.33 <20.0001 *k
XX, 0.25 1 0.25 6.46 0.0386 *
XX, 0.18 1 0.18 4.67 0.0676
X, X, 0.013 1 0.013 0.11 0.7508
X/ 2.16 1 2.16 55.83 0.0001 *x
X, 1.17 1 1.17 30.15 0.0009 K
X2 0.29 1 0.29 7.58 0.0284 *
k% 0.27 7 0.039

AR 0.16 3 0.054 1.97 0.2602

15 22 T 0.11 4 0.027
JEgi| 11.09 16

R 12 %

()X X232 H.

(X R H

20 @®

O

()X X3 H.

12 36 B 35 % [ 34 7% o 22 A 2 M B D SE B T

Fig. 12 Response surfaces of test factor on Soil falling rate of original ditch

55 RUHE e A 22 B, BF 98 AE 230~290 mm i [ Y
H A e 22 f AE 37°~43. 5"V Bl N S5 i Lk R A &
RA g i il 1w 2N BRIA U SR A A e KA
P R 22 B, B A BE S i B, SR A VR - R EUE AT
B T v ), B 5E R 275 mm BRI 35 £ Rk
2 TR0, S8 96 KT 275 mm i) JEA 78+ R IF IR
TR AR G ff TR AR R L 36°TT B 3 B, iR
Wk RAIEE G B YR LA
IR EN A2, 57, R I8 VK ARGk B T, 2 A e 2 g
KT 42, 50, O VE £ R IF IR N R H AR AL R
JEE RS- 2%, R B D) A+ A R 257, BF 96 275 mm,
RUHE 2% Ry 42. 5 0 R I8 v R A R 12
(b) 2y BL AL 22 5 £ [ 22 407, #E 98 5 Y1 L A28 | L8t
i 7E 230~290 mm 74 Bl 4 H VI + ff1 7E 18°~28°1
Pl PN 46 v 28 S R 10 A 45 R o) 7l T 22 0 L DR
W% - RAFAE e KAE, PR R 28 1, B e 3 m, i
W LR BN E R SRR TR P

Sy 270 mm I L P& B AR B T, 2 5 508 7%
RS SN ATl e o
22. 5°B JE VA ¥ b BRIk B TIN5 (5 5 0] R R
B 12(c) B 58 [ 5 260 mm, BLHE 42 3 A
FU M E, U)o 18°~28" H AL 22 % fy
T 38. 25°~44°3 Fil N A% iR 2k 22 3 {0 I O 1) 45 Rk
A, () s ey Rz gty T O DA T R AR R K
(B, PR PRI 3R B2 5L, U0 0 AR O, Dty 9 4 AR 0 5
SeH I B U1 A ok 2370 JE 8 Y 4 R A B T
W, KT 23° 2 )5, i i - R 2 a8 T,
RUHELZ R A 36°IT IR S 2218 BT #  JF1E 40.5°
BF 53 7 1 AR 0K B Tl e | b 5 i S 2 18 T R R
me) o7 it T BT S AR RS O 25 AL gy A W
—H

F i Design—Expert 2% {4 # ##) Optimization #
P SR A S, 1 x50 P R AT BR i 5E <4
VR Ve 2 B AR i KAE L TG 15 B S 8
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R HESE M 278. 392 mm , BL 220 1 2l 40. 522°,
Yl Aok 23, 2111, [ U545 70 mg 7 1 i 94 7% + R
Wi o7 (L A e KA, SR AV % R 81. 166 % .

3 AR

SEYR B 0 BB 5 T T L B SE
PR AL W AR T e B R 2 —
AR 43t 5 2 06 UE 5 B A AL BB A AR i AR M 58 B
A, N5 35f b, 6 4 B0 2 75 38 2ok AR 1 i RN 45
PR R 1, LA B X H 56 i ) B 52 56 45
3.1 RKENE

T30 M A5 HE T LU AR A T T T AR R Bl A R A
YEAE(118°27'57"E,36°50'31") , it PN + 1 &
34.57% , 145 % 2 300 mm -+ HE BE A BH 0 K
270 N, 0 3E FH 2l 7y 46 B (%8 1L -804F A) & =X Hi $ir
Bl R 4% B (11L-560 #9) AL H: AN (11L-220) AL 48 ;
N2 2 Ay 5 I A T RN AR R . B AL Bh
RUABHE G A B BHERCR % + 2700 &
W AR ZE Ry — A = A, R o = M8 i
FOR 5 BEAR I AR . 19 R v R 4
BT 0 LA RIAT 350 o
3.2 Ko

HIVERE T 278. 392 mm | BL4EZE % £ 40. 522°
Yl 4 f 23 2117 ALK il R 4R T A 267 LT
180 mm B A B 584 mm [ 5k Hb #1 1- BLREHL, LA
A 6 HLAT 2 R O R AR A R R 1 B A T
5. 75 km/h, #F 1 VR BE 2t P AL R = A
By, YN 0~35 em. LR BIE BEE N
25~28 cm. I ANE] 13 FiR .

E13 R
Fig. 13 Plough body test

TR ST #E AT 3 1l , L Wil g i

i P EA T AR AT, AR R BRI 507 %

TR L B LR AL B SR AT, £ B R

28 FURE A I B AR e i R S e D

A A R 2B R AR A A AR R 25 2B AR Oy A 7

FARAR B v b ACRUR LS PR B R O I8 ¥ £
o RN R I 1 A0 78,6200 , 45 R WAL
BERIER 22 0 3. 1300, 45 Hh 2598 O 2 T I v £+ %
BV RO A 455 5 BERT A 1, Ik B o A Ak T
PATE B2 AR b 23 8] /N o B 47 B A () i) ORI
AN 23 9 K Bt A 37 AR AR E P L ] M A B AR
HEAT o LU B T

4 55 ik

(1) 3 33t b B+ 7 2 0F 5% A e 188 it AR Al
B H ) R A A B AL AU = B
IR A 2 B 2R AT AR A5 30 36 ) ity T AR A K OF
BG5S A ol 2 vk X gt gy il 2R AT NG AR
TF, 22 2 B0RT T 9 I 1) AL RS 5 04535 it
PN A X B K R Ry 34,579, TR R 4 4
TR 397, e HE B A U0 1 1A g - 38 0K 1] 3%
T RE R 4. 19 J/m* B8 PR 2 R ECR 0. 282 B FE 4
K 0. 051 i B 45 PR B Ry 0. 629, X6 ik 80 +
BB B S B R i SRR I, BE T AL R 3 13K
B9 Je 22 56 U i3k, AR BUSE H B+ AL B UR LB E
RUEER A W+ SRR T BUA T AL
K BE BRVE R & SR A

(2) % T EDEM % 4 J5 &b ¥ % Ht Grid Bin
Group, 5| A BRIV + FAME A&, A8 2 i 1 V% + R
#5835 ] Plackett-Burman i 2% i 3 43 7 5
M) Jir 70 9 1 e 2 R O o R e M )
+ ffi ; Box-Behnken il 5 1L S B AR BN T < BF
$i o 278. 392 mm FLHEL R A1 O 40. 522° U] 4
h23.211°,

(3) 1l 3 AR RN , 47 5 b i 50 75 1 5L 3
+ R G WA AR 2200 3. 13 %, il 3 B0 £ 5k 2R B
8, k1t A Ml g e - g HUE )RR A T — 5%
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