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Design and Test of Transport Vehicle for Hillside Orchards Based on
Center of Gravity Regulation

HAN Zhenhao'?> ZHU Licheng® YUAN Yanwei’ ZHAO Bo’ FANG Xianfa'? WANG Decheng'

(1. College of Engineering, China Agricultural University, Beijing 100083, China
2. State Key Laboratory of Soil — Plant — Machine System Technology, Chinese Academy of Agricultural Mechanization Sciences,
Beijing 100083, China)

Abstract: To further improve the adaptability of hillside orchard transporters to complex terrain, a
hillside orchard transport vehicle based on center of gravity regulation was designed. Firstly, the overall
design of the vehicle and the basic working principle were described according to the actual environment
characteristics of hillside orchards. Then, based on the design requirements, the crawler chassis, the
movable loading platform, and the control system were designed. The control strategy of the machine’s
center of gravity was formulated for three cases of straight driving on slopes, crossing obstacles on slopes,
and crossing trenches on slopes. Secondly, a virtual simulation of the vehicle was built based on the
multi-body dynamics analysis software RecurDyn, the rationality and feasibility of the design scheme and
control strategy were verified. Finally, the prototype was tested, and the performance test was conducted.
The test results showed that under the slope angle of 10° and the load of 0 kg, 50 kg, 100 kg, and
150 kg, after the position of the center of gravity was adjusted, the maximum combined traction force of
yawing 45° were 1 897.87 N, 2 139.48 N, 2 328.92 N and 2 425.24 N, which were increased by
21.11% , 20.65% , 26.40% and 26.93% , respectively, compared with the initial state. The maximum
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tilt angle of the transport vehicle downhill were 45°, 43°, 42° and 40°, which were increased by
7.14% , 13.16% , 13.51% and 14.29% , respectively, compared with the initial state. The maximum
tilt angle of the transport vehicle cross slope were 40°, 38°, 35° and 35°, which were increased by
8.11% , 8.57% , 12.90% and 20.69% , respectively, compared with the initial state. The maximum
heights of the transport vehicle over the obstacle uphill were 210 mm, 200 mm, 200 mm and 190 mm,
25.00% , 33.33% and 46. 15% , respectively, compared with the
initial state. The maximum widths of the transport vehicle over the trench downhill were 450 mm,
480 mm, 510 mm and 520 mm, which were increased by 7.14% , 14.29% , 21.43% and 26.83% ,

Under different load conditions, the movable loading

which were increased by 10.53% ,

respectively, compared with the initial state.
platform and the machine’s center of gravity control strategy proposed in this paper could effectively
improve the slope driving performance of the transport vehicle and had good terrain adaptability in the
actual operating environment of hillside orchards.

Key words: transport vehicle; hillside orchard; crawler chassis; slope driving; center of gravity
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Sketches of hillside orchard transport vehicle
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3 (hE#HH

R PRI UE R T SRR A A S AT
BT ZAR BN 1 2 50 7 B4 RecurDyn 5 32 iy 45 i
PUREAL % b B0 I8 4 100 ) 32 B 2 il o v R e
DA B e
3.1 EUMpE

T AR L E O AR R SRR AL Y 38 2ot
RE , X AHE B AT B0 0 R SRR LG I — AR TR
BUEE O 7 0] 547 35 7 1] AH B2 R /0N 328 W 48 R 1 52 1)
BHL 3, 24 S 1) BHL 7 32 i 14 K 28 J2 L BHL 1k 32 i 2 1E
FrE I, G0 SR IZAH , A K ) o B i A R
5177,

B A RO E N 9 FR o Az AT B
FEBE R 0.1 m/s, &S AL ARl 9 L 2R el
TR — e /N T 25°, {5 bR R 3R R B N
100, Sy 7 [7) B G 6 8 9 1) 00 7 8 DR A 800 i
B AT B O A AR R 450, RE B 628 H
Hy49.89 kg XF LA [E] 01 HORAS T, HO AL B 45
LI ER RN T D

K9 iz ki 4 Oy 1
Fig.9 Simulation of transport vehicle trafficability
B ERRELG AR NE2 s, N#
Rl BEE OB N, 02 a4 R OR AR T ) S B
HOOR A e B RGN ) T A AR T B G B
KA G| JJ 3G A0, 38 3 VAR 45 BT B 1A AR T
x2 BAESNFEER

Tab.2 Simulation of maximum tractive force N

o P YA 172/ ke

syl 0 50 100 150
FS Tk 2507.42  2818.93  2956.13  3086.32
PomEEE 2684.51 3022.62  3194.15  3383.86
BmEeE 2551.56 0 2978.55 3038.79  3271.81
12 A8 4% 2754.51 3089.88  3353.85 3514.76

3.2 BEMME

B R E M AN 10 TR o 2R Sk ) 43
B R ) . BT RS A RS2 M R
AL RTINS 810 B Ny N S S E ol 1 2
FH AL L RH AT 1, PR 0k A S A 38 i 42 7 A BR 8
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A TR o s A AL EO O B A X SR AT, T
SR BT o AT, R ML ) B £ A AR )
2, AN 1] B3 E 1R 7 LI B X R B s BORE L
SUREAULIE 3 JE 390 1 6 R 1, B B 5 i 4
Ak 6 FEAS ) SR AR T, O A3 B 9 A T 32
BB R 2 1 Al PR A 10 £

K10 sk R e i ]
Fig. 10 Simulation of transport vehicle stability

1z R O ) Al B R BT A 7 L SR AN SR 3 4
Ji7n o AR 3.4 RIS 400 B8, 328 el 4 f) B
N 1 5% IR 0 1050 A 522 8 ¥ 0 /N ) HA, R ) 0 2
B2 VS RN ) A% IR B A 1, A E P AR XS
PR T A SR T .

x3 HEMRBHEAGTELER

Tab.3 Simulation of maximum longitudinal tilt angle

*)

O R WY B kg

B3] 0 50 100 150
SR 43 40 38 37
ENGRGES 47 46 45 44

x4 HERARRBERTEER

Tab.4 Simulation of maximum lateral tilt angle

(*)

O MR WY B kg

By 0 50 100 150
E S EE 39 36 33 32
o 1 8 4 41 39 37 36

3.3 MEMHE
3.3.1  Riyobps

AR A7y LR DL AN P 11 i s, v s g
Ao sl B BN 0.1 m/s, U 3y ) # B, M B
W BB E D 100 [ EUBLAUURE , 65 B i 2 Ak g
10 mm , B #1325 4% T vk § 8 1k, 6 LA A B3k
WA, HO A7 B 45 BT s A R B FR MR
o

12 B AR R LA R AN S Fras . ERS
AR BB GBI 0 3 A i PR e g R R
Vo /)N 14 e B, T O 7 ' e R A i A R B
1 JSE 3 B P AT T R 4 AR B T A R T

BT 3l o ) L

Simulation of crossing obstacle on slope

Fig. 11

£S5 HRHBESERESER

Tab.5 Simulation of crossing obstacle on slope  mm

Gy ki BB kg
e 0 50 100 150
i 210 180 160 150
Y10 230 220 210 200
3.3.2 RYpsE

LY s O LB 1 12 Frow, Hob s ke 4
P70 B 3 o 0.1 m/s, b JE 3 B % R 10°,
38 5 45 4 L E O 7 B AR O SRR, R e 4 3k
B 5 R A S50, R B ) O A R A R e BB
B, R eI SO L R AL 59 B
JE AR RN 10 mm , B B 55 B 4 0Tk B R R ok X
R N = 0 N7 N TN A B ol 1) == TR )
e PR B85 95 B 3

P12 b s 50
Fig. 12 Simulation of crossing trench on slope
B ER S R MEL 6 i, K6
HrORT L B TR N Az G A PR 5 E R
AN Y\ ) T B Lk PR AR R B PR 5 v v
T 7R B R T R A AR B T A R T

x6 MWEEZEREER

Tab.6 Simulation of crossing trench on slope mm
O BB kg
A 0 50 100 150
A 440 440 440 430
ENERES 480 510 530 540

i 5 7 ERALL AT, W] A% s ) 5 5 O R
W RERS A R Tz i A2 i ad 1 A P L SRRt
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4 MEREIIEIKLE

2021 4F 7 H, T I AR BUBR AL B 2 F 5T B
THMYI G REHAEREALRE JTRE
WHEDLTE RE 46 IR il 5, R RT3 8 & &
oAb a2 A4S 35 AT Bk 1k AR R, R as
oS AT B RE X B ) 7l T AR P R
4.1.1 " BIHEY G EOMETHAR

TFE R % s 8 & oAl T B B e
A CREE L) AT (L8 2) Zeh (L8 3) A (fu
BA4) e (AR S) A e (A2 E 6) 70 Bl il 80 kg
A C B AT R, HEAT T RS Bl & EOAG T, R =%
brifE GB/T 3871. 14 347 n] ¥ B #4) & F0 I &, X
FedC Al T 5 O I A Y DR 22 A5 R U B g

4.1

K13 flos o

13 LA

Fig. 13 Test of gravity core estimation

s EY G EOoMITH KRR T R
HE A B4 Y 5 1 B O Al R 22, R 8 iR
R AT (A Bl 25 I B, o ] A5 E O S Al T H R 22, T
ik 8 W, AT RS B ) 0 R EO B A TR
22N =29 mm, FEAS WL AT RS B A & O Al T

®7 EOMGHARBRER

Tab.7 Estimated value in gravity core estimation test

mm

Ak 1 (A {7 E 2 7 E 3 i H 4 i E S 17 8 6
it WEE fHHE WEE frE WeEd fHE WEE Sl WEE MtE WEE
X -202 -220 218 195 -211 -219 209 210 -215 -199 217 193
Y 477 489 496 494 -21 -24 1 -6 - 444 - 473 - 486 - 466
zZ 471 492 489 495 494 481 469 483 498 474 513 494

*8 EElLMitiKERZE
Tab.8 Estimated error in gravity core estimation test

mm

NehRT T AL 1 fiE 2 fuE 3 fuE4 {UES {UEG6
X -18 -23 -8 1 16 -24
Y 12 -2 -3 -7 -29 20
A 21 6 -13 14 -24 -19
4.1.2 ik AT I AR IR 06

(1) 38 i P35

AT AL 3 Jt B AR [) , 3 2o 7 ) £ S D
TE 12 il e KA 51 I, KA AL X HEE O I B R i
i A PR R R AN BT 14 BT o

A 14

12 i A 5 P
Fig. 14  Test of transport vehicle trafficability
BRI 40 T, $ 0 4% 2 e — Sl i 4 R 02 g
TR e S A, U5 — i i o 4 R S M T E

M MR IGA ST, TR G PGk
TR A I 2 IR AP O 58 0 5 s 8 i 2k 4 65 K
RAIVAN S U L LN S E Gl e I DTy
0.1 m/sf73f, B 2B W & AFT W, id sl o 72 rp
P AL RS B B 7 VB, W S D SR BIME . i
I 2% R S Sy ks S R h R AR R Y, RN
5000 N, K24 0. 05% . {7 ELAE S 3t 4% 1 —
B, - AN TR E R 100, 47 3 e A £ 1 BN
45°, X LU [A B 251 i i 47 o O o B A 4
JE R KA G 1, MRS R an 2 9 ~ 12 fim,

x99 HFHOkgRKESAMKER

Tab.9 Test result of maximum tractive force
with 0 kg load N
KT 5 E R PmiEsE BEEEE B
1 1549. 68 1751.61 1771.33 1949.08
2 1621.70 1817.90 1700. 99 1920. 40
3 1512.08 1778.13 1743.95 1 885. 44
4 1603. 18 1819.96 1 684.95 1 888.39
5 1 548. 88 1852.17 1 770. 55 1 846. 02
-4 1E 1567.10 1803. 95 1 734. 36 1 897.87

H1 9 ~ 12 A1, 75 %145 0,50 ,100 150 kg 1%
CUT REMLTR O G 10 o7 B 28 5 8 45 05, 18 4 R R
K # 5] J1 4> % J91803.95,2038.76, 2 141. 08
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R10 HHSOkg ZAFESNWRER

Tab.10 Test result of maximum tractive force

with 50 kg load N

KPS WRIRES s s B
1 1785.92 2 107. 80 1952.55 2 196. 94

2 1 858.20 1975.87 1973.52 2 138.25

3 1778.32 2111.63 1943.11 2095.91

4 1671.52 1997.79 2 045.98 2162. 68

5 1772.24 2 000. 70 2 032.04 2 103. 64
S 1773.24 2 038.76 1 989. 44 2 139.48

R 11 513 100 kg KX EFE5| AMIKER

Tab.11 Test result of maximum tractive force
with 100 kg load N
KPS ks AmiEsE  BwEEsE AR
1 1 802.53 2103.97 2 037.35 2407.30
2 1909. 67 2224.10 2014.92 2282.91
3 1 823. 46 2 147.07 2041.75 2331.61
4 1877.56 2101.29 2 039. 46 2327.73
5 1798.93 2 128.95 1992.98 2295.04
SE ¥ 1842.43  2141.08  2025.29  2328.92

F12 53150 kg HFREFS|HMWIKLER

Tab.12 Test result of maximum tractive force

with 150 kg load N

KBTS WRRES HmiEE B EYRE
1 1969.60  2292.96  2229.21  2503.52

2 1898.83  2331.39  2217.94  2365.93

3 1860.06 2278.13  2192.71  2408.32

4 1969.39  2302.49  2342.79  2451.48

5 1855.21  2223.61  2143.67  2396.95

F ¥l 1910.62  2285.72 222526  2425.24

2285.72 N, K [ 8 £ R4 9 B T 15. 1% .
14.97% 16.21% 19. 63% ; ¥ ML 004 [7) {37 B 25 1t
WG, B 0 R KA 5] J1 41 3 1 734,36,
1989. 44 2 025.29 .2 225.26 N, ] o i £ 77 4 B 336
T 10.67% 12.19% .9.92% .16. 47% ; & #L 5 .L>
REYN I A7 B3 PR 45, 38 i 4 0 B K A2 51 40 il
o 1897.87 .2 139.48 2 328.92 2 425. 24 N, 4l i
PO 4 W OBG N T 21.11% . 20.65% . 26.4% .
26.93% .

XFHAG B4 AT LU B, LR AL R 5]
IR N K o = N ) [ W S o a5 = R 2
W BB T S80S SR A B AR TR T O 25 57

(2) FaE Ml 5

38 3 AT A R Y 4 T 15 ok IS 4 I R AL
[ A2 e PERE, Qi & 15 iR o IR T A AT, K is
FEEEVE L, 886 M0, 43k 58 m 55 5
RGN R ) . W] RS S & AL T L 3O R BR A

(2) DA FENE (b) i [ F e P
B1S as ki 4R e Tk e
Fig. 15 Tests of transport vehicle stability
B WP MALL 108 BRI, 53z
b 2 RIK e A WA 1k o X HEOR ] R B R AR L s
i 2 O R TS A A 1 A B R TA 3K
SRR 13 14 Fios

®13 HEBpRBERLKEER

Tab.13 Test result of maximum longitudinal tilt angle

()
O BB R kg
eyl 0 50 100 150
KA 42 38 37 35
NN 45 43 42 40

F14 HERRBERLBER

Tab.14 Test result of maximum lateral tilt angle

()
L WY B A ke
FA 0 50 100 150
Pk 37 35 31 29
i fi] 8 4 40 38 35 35

12 13 .14 nJ 1, E 6745 0 .50 ,100 150 kg 1%
DUT B HLEC G0 A B 220 PR 328 i 4 B9 9k n)
A FR B A1 20 31 Dy 45° 43° 42° 40° A LE IR 5 Hir o
I T 7.14% (13.16% .13.51% ,14.29% ; 3§,
FO A 1) 7 B 0 R R 3 i A 0 R 1) A R R
143 40°.38°.35° . 35° A L 9 £5 A 0 ) T
8.11% .8.57% .12.90% .20. 69% |,

XF H Al B4 R AT DLk B, SRR HILRE N ) B BR
AT a2 SR L O I A /0N 2 D A T S
Py RERLI T, A B 0 R 2> S BUB BRI B, % 18 2] 4
PEN BRI B 7 1 22 4, S8 0 504 25 Lo iy A PR %K
/NS

(3) e pa P 1 5

e 2o 7 A A0 AT 9 o Y R F 3 R ik
W B ERE T AL 16 TR

BB TT LR A, K1 15 1 4 A7 3k 0 S AR
B LR A B, F 55 B 120 ~ 360 mm A3, +
Hehm N T8 Sy 10°, 38 By 4200 b3 5 ) R
RS B AT L R AT IR
T Bl P il iz i AT B 0. 1 m/'s i FE 2 B
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2022 4

P16 I B e
Fig. 16  Test of crossing obstacle on slope
fiF, UG A b P 5 B DL 10 mm S 22 AR VOB B,
HEZ AR BB ko X AR T,
12 i 4 O VA A T R A8 B BIR R [ B O,
IG5 R 15 Fios,
F15 MREEFTEMNLLER

Tab.15 Test result of maximum crossing obstacle height

mm
ERIVR L Y6 TR kg
KM 0 50 100 150
ENEE 190 160 150 130
R 210 200 200 190

R Hf 3 56 45 SR AT, 7R 7028 0,50 ,100 150 kg
AE LT AL O YN T 7 B 2l IR s R
AR A0 S e v 43531 kg 210,200,200 190 mm, 4H
Fb I 9 BT 4 B4 T 10, 53% 25, 00% ,33.33%
46.15% .

it A7 45 SR AT A S B, SRR AL G A B Al bk
7ol I v BE LU A LIRS N, R R AE T SEA AR LI
TR, 40 SR i 2 WG 2 s B ML W R B AR, % i F 45
VBN BRI 5 19 22 4, S0 I AR 0 2 Lo D 500 KR 5040
BN,

4.1.3 R EAR

A g R b A T A I 3 O I a2 e

% R B g5 A T BT 17 R

B17 el
Fig. 17  Test of crossing trench on slope
B T 4R A, 8 A T A2 ey AR AT BT ) iR
A R IR SEE 09 400 mm NI M T
O 10°, 38 B AR R OT MBS . AT K s B

PIaa A T ARSI 2 R BT O 4 S SR W R I 2

BATALE o ST IR, T2 75 8 AT g

B 0.1 m/s Hil 2 FL 2 5 05 , i 1 AR P s

$E L LA 10 mm D ZE MR Ui Y, B F 2 i A A RE A

BTS04 3 € S N R B QN VA L

HIFJ 14 358 A B i85 5 B ), 2 SR AN 36 16 R
16 WMREEEENALR

Tab.16 Test result of maximum crossing trench width

mm
EIR R W 7k kg
F A 0 50 100 150
EURGRINGS 420 420 420 410
E MR 450 480 510 520

R 1 6 295 2R T, R L O o) 7 B 2R 0
P, 32 Ha A 0RO PR 155 05 9 BE 7351y 450,480
510,520 mm, A FE 98 5 87 20 B0 8 T 7. 14% |
14.29% 21.43% .26.83% , Wik T 0l B sh ¥ &
AR 5 5 L A T SR WS 11 5 B o

Xb HE A7 FLZ5 R a] LUK B, S0 R AL A AR 38 A PR
5 05 50 JEE LU BCRE R /DN 32 R A T R B
TeCE A b S S S PR IR S A A Ry 25 5, S
RERLIN IR , 358 78 BT 15 A LG 07 SCER 5 58 5) B B , a2
e S I B 0 U E 2 LUy LR B TE L /N o

= NI EAR R A SR T s &
IR LB 45 1) 5K WS BE 06 A 00 T Lt 2R el as g
F8 308 o e AR R A
4.2 HERE

2021 4R 10 A, T RA T8 2 X8 2 At
Aol AL el O 8 T () 3, MG v R el R g A 40 ~
27°Z 18], R AT BRIE 3 m e Ay SR el 3 1 9 S
4 m Ze Ay 1l AR B o e 4 T TA] 56 B A A AT 18
JrR

& 18 iz i 4 H ] i 0
Fig. 18 Field test of transport vehicle
HEAT A2 i 4 B2k AT Bl B 0, S0 0 e A AT
BRI EEN O ~4. 1 km/h, JEA7 I8 i 45 /N 25 21 42
I, P oK U8 e L e Y 38 - g% i 34 RT S B 22
1) o AT R RS Sl 2R e R B I X, S I
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KR EHEE R 0 ~7 mm/s, ST BhE Y
B A AT B A, S2 I B B B B AT R
570 mm , i (7] B 2017 k300 mm, HEAT 35 i AR L
R[]0 5, 52 0 3 g 4= 22 T I B) O 2.7 h, 5 e 0
Fo sl R Tih S el ol HEAT AL R AN T o 28 T IR) U i)
L 2 el o i 2 AT B RN R AR BB
H0 I 1 D) RE 1 BE % 96 1 g 1Lt 2R ] B 35 v f) 552
PRAE L BESR o (H 2 1 M R Bl i 4 4 S 0 i 1] 75
— 5T, — PR AR A i i [ i, 2
AU 7 58 %0 3 i 4 i v 2 R AT et et

FET ] 38 60 45 0 3R 10T, 7R SCHR H A 2 T 0 F O
7 4% 114 L 2R el 3 g 4 3 b A B R RE R £ A
[l 7 B 2% A AT R 1 M TR 3 N 1, R A3 T
L1 3 5 e 52 B A Ml PR 05T

5 it

(1) 2 7k — 2548 Th Lt 2R el 32 g 4 19 52 2%
FERE M BT T — R T G [ 3 R 5 A
el iz i A 30 e 2 I Y AL O L AR T Ll
Kb iz i AR B AT B PERE . R I T RN RS
B FRE 5 78 3 M i O 14 B ML O A SR O
JE& TR REL TR S A R G AL
it BiE T IR s & B0 TR, e T
X R Sk FRL AL R A A AR A TR 0 S RO
AER

(2) WG BT T7 58, 2 T 24 3 Jg 2 70 W 1k
RecurDyn #4712 iy 4% K URE HL & 22, 50 S 1 X i
R R E A B R 3 R AT B R T R ()
GrdT o 2 ST, AR SO A T RS 3 )
15 55 T 2 ) ORI B 08 A7 00 T i A Y 3 AT
BhPERE

(3) HEATREDLI ] A T, TF 8 A AL BE 46k it
%o, U5 45 AR WL, A8 i Ay 10°, 5128 0,50 100,
150 kg BAFOLT ML H O B 20 W55 , 18 4
A 45° /) B AT B fe KA 51 0103 51 0 1 897. 87,
2139.48 2 328.92 .2 425.24 N, A [ 4 £ i 43 51 38
T 21.11% .20.65% .26.4% .26.93% ;35 i 4 T
SBOA PR B A1 23 331 Dy 45° ,43° 42° 40° A HE IR 4 I
SRR T 7. 14% (13.16% (13.51% \14.29% ; iz
i 7 1) A R SBHABT A 23 O 40° 387 35° .35°, AT LM
PR 4 MBS O T 8.11% ., 8.57% . 12.90% .
20. 69% ; 3z i 4= b OB B R R T 43 i Ol 210
200,200,190 mm , ] H I8 42 A 43 5138 0 T 10. 53% |
25.00% 33.33% .46. 15% ;15 75 (1 F W 15 45 i K
Wi 73531 g 450 480,510,520 mm , A b I 4% i 23531
Wil T 7.14% (14.29% 21.43% ,26.83% . 1i R
) DL F R A SCHR ) T S B ) £ LA R AL
L S ) SR W B 0 AT AR T i A B 3 AT 1
AE 78 L 3t 2R Pl 52 P AR Il B0 58 B AT R4 19 MR
VA8

2 £ x W
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