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AR B AMA R 3 N AR Ml 1 FTs .
FERAMAREE . HEREE . 48 V BRRA S RS
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BB NN S R AL, AR B 2 e 1) 45
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1.Hopper 2.Feeding screw 3.Deceleration motor 4.Chain wheel group 5.Chassis
6.Connecting frame 7.Scraper 8. Sweeping roller brush 9.Protective cover
10.LiDAR 11.Stereo camera

B 1AM B AL A
Fig.1 Structure diagram of the feed supplement and push robot

*®1 EBREASH

Table 1 Main technical parameters
#{H Values
2 1501 000x1 300

2% Parameters
K% % x5 Lengthxwidthxheight/mm

HHLR B Total mass/kg 570
ATBH B Travel speed/(m-s ') 0~2.3
#25344% Turning radius/m 242
¥ i B Hopper storage quantity/m® 1.31
TR LEE % 600
Rated power of the feeding motor/W
R PLATE 2% 400

Rated power of the roller brush motor/W
& i HLE Battery voltage/V 48

1.2 T1E[RIE

ASCH AT FIAMAERI LA N T 2R s e g, &
7E5 KB TMR R E R & 1Bk, 48 V & M ZH N3 ML
PRAEE S, TAER ML AR A SO AR H MALE R,
FEHIALES NTEAR & | 478, BARELREN . 7F
OB R e AR R AIME T h )R, BAT B ERMENL, BEE
LA P AR AR T RL B TR, N R AR R SR B TR
JEaEEN R, HLES ANEERE 1 h AT — UoRME S HER AR,
PEMVET,  HLAS AR H AR 6 1 24 SRl X B4
FHALH YOLOVS-seg 155 714 4 HORL A A0 4 ) 45 2= T
B A AR SR . U AR SRR T 0.3 B, HLES
NFE S SRl SAr2s B, LRI A PATHERME
o BeAh, SAGRIEAMA M, T RHBUIE 1) 2 AR
BLEE ANAT HE I BE AT PID Y756

1.3 KEIEIRIT
13.1 #MIEKE

AN B R AR AR, W RS 1290 mmx
1 000 mmx1 050 mm, A & &N 1.31m°, W 3 #%
396 kg Tk}, 5 R AL IR 7 Gl B AR 5K

RS IRRE . B R %, SR A T S e H
LA NRZ ORI, ZIZERE B TR RS, B
VR AL S EEAC LIRS . AR PRI 2 4 B i M L OR 0B e
WENUEFR LI A RIS, HEMRGEE RS RS
FIESHUEDY, WEBiem A ER DA

Q 5
4TAK, Bopyr ) )
X O NIBlEsIERES), thy A NYIRILEE R, BLSS;
K, N2 58 e i BRI e, B 0.7, B, N
FMEIERE, BU1; p NYIRIAE, 03025tm’;s YA
BHERR%, B 0.4.

R PRAIE BE i H 0% BE JIAN/NT 7 th, [R5 & TMR
TRRIRL RS B K R i, IRIB BT RIS, e iR
WEM FrEAE D N 280 mme.

Wi i 7 TR B MR RS T RE ) O BE IR 2, el K
LSRR L, E SR EOEH S SR
P ARG, FENR B S RERE . e il S PR g
i ' Ny

p=(

ne_ 2
41DS Bopyr

HABPE §=0.7D, [5% 545 2458 Y 200 mm, #]
UL 5E B2 g b 3 VS LA 60~ 160 r/min, A5 S 40 E AR,
I PR AL E IR 4R -

WG TR0, W fl A T R~ B 84 mms AR K}
AV RS, 2K R L #iE N 1000 mm. BEHEM A
551G P BE ) U 400 ARG W3 e, (R BRI R 2 B
REE R, BN 5 S8R 5 BEE IR, %546
WiERCR S Rett, WitEBA 20 mms
132 HfEHEKE

k)G B B 7E 52 I R I = 28 1 [ HEE
AL T — R AR LA, AU FEAE g 2
R B R V) Rk S Rl S T RE, T R0k B U R
IHEE R E X k. RIARRAERH T REE. S#EREE
ORI RL D A REE R, R 2 kbR RIS BS e e . il
2B 2 Fros it B 5 203 S HEAR DLOR B 3Rk 72 A 11 77 2
FasE M S HERIESL R, RRIZHEINE 2 B,

(2

12 3 4 5

LIEFR I 2.8 22 58 3 R0AR 4.0 FE VTS HEAT 5. FE42L 6.0 FE PR HEAT
1.Sweeping roller brush 2.Dust shield 3.Scraper 4.Height adjustment push rod
5.Connection frame 6.Angle adjustment push rod

B2 EARELEME
Fig.2 Structure diagram of pushing device
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Table‘ '2 Roller brush structural param?ters v, v,siné
24 Parameters Bl Values V= —— = (6)
VR FZ Roller brush length/mm 1020 cosy cosy
Jill % & & Bristle length/mm 112 ML)y, B v )
VR 4 H 42 Drum diameter/mm 110

Jil %5 Number of bristle grooves//™ 6 vy =3.14Dn, 7

1.4 f@f}]ﬁ'ﬂ'ﬁ' 4% Vf’ft}\ﬁ 7 f%":
141 AMa a2 M _ S coso ()

N M ANAHERIPLE: NAMA AR R R, TR
£ N RHETEAE N M sh i 0L, A SO 152 58]
S IRAR R ARHBURL (K132 BT AT A K DR fif
WO, AR R v [N 52 B R e - v 1992 e £
JI5EEE Ty, HoA s s e 1) 5 D) 1A o A
T e MBSIRTE A ERVRL XA 2 20, RIS RE 5 4 5
LI R . R H B R A 2k R AL ROPRL B A m DR 23 M
MR, H2I5IEFH I 3 .

W e £

Helical axis |
™,
™
™
.
.,
’ N,) A,
| F(v) Fv,)
N, —— \\
v, R N
M .
J
N ! ,
m F(v)

F s, WRJE TR
“. Helical surface

e 6 AP m FAEAL B RIRIETH A, (0): N AIBRE T R X B A A ik ) 4
71, Ns FABRS mZ2ME), Ny FOAFSBTZRI Y71, N FoR
JRAFTZRIE S 1, Ns v NS m BISEBRIESELE, mes™: v, Jflim
S, mesTs v, NRARSEE, mesT v, 5 m W BT VLR T
R, ms'.

Note: ¢ is the helix angle at the position of particle m, (°); N is the normal thrust
applied by the helical blade to the particle, Nj; F is the resultant force acting on
particle m, N; F. is the axial component force on the particle, N; F, is the
tangential (circumferential) component force on the particle, N; v,, is the actual
velocity of particle m, m's™; v, is the axial velocity component, m's™; v, is the
tangential velocity component, m's™; v, is the velocity of particle m along the
normal direction of the helical surface, m-s™.

B3 AR EANFHENF LN

Fig.3 Material particle mechanics and kinematics analysis
RAEE 3 JUTRRA:

tand = (3)

3.14D
G HCH TR R T T R A
{Eszmrm) w
F.=Fcos(y+0)

Ml (3) ~ (4) "WH, § 5EHRE D ENMERR,
26 ORI, Bhim 7)oy & FAHRCS, e 0y & F,
FEEERN; F, 38 EYkhz SR ES #6489 LR ) e %
NE, ERAEEIFE, BRRENL TR R,

RIEHIEN TS KRR

{v, =V, 8in(0 +7y) = v,.(sindcosy +cosd siny) (5

Vv, =V, €c08(d +7y) = vy (cosdcosy—sindsiny)

cosy
U 2% R T Hf 2 sind fllcos s, fRAFN (8), 15:

)= Sny(u+S/6.28R)
1+(S/6.28R)*

) :‘Snﬁl—uS/628Rf

) 1+(S/6.28R)

o RS M e 18] EE 5 R

BT (9) WIHI, TE BB il S B bR B0 1)
AT, PRLE R v, BRI EE B R 3K 2005
InJE AR RS, iR v, MIFEE R 38 KHrs: b
Fts FEEER R ANE AL B B K AE
142 Ao

TR T 2 A oLl 3k 2 ) B 5 UK () B A S T AR 2R
Hefplie) . AMAHERILES ANATHERS, MREBVLE LT R
55 B (B [ FHARE SR RE . R e 7 T 3 PR s
FERIFE AN AR}, [ I R HEAT R T R 2 DAk
RS

YIRHER HEE AR R R B LLR IRIERH: BER
Fil e 262 1) A A= A2 RV 7 N il B 5 ARDRHRIORE 1] 1)
EEET) frn DLEBEGATIERMEZN T Fn REmMYIENR )5
W R B T £, DUEYIELE S E ) mg.

TENEIERE b, SRR 1 I FUIR S HBEAT 52 F1 08T
(SRS HIESESE YL SYR 1S L VA AP = I

9

e ap IRV SRR A, () pARBIELR IR A, (°).
Note: a; is the angle between the tangential direction of the bristles and the
ground, (°); £ is the deflection angle of the roller brush during operation, (°).

B 4 4G R 2k B AL 6% oA
Fig.4 Force analysis at the contact position between feed and
bristles
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F,, = frsinary — Nycosay
X F RN 52 B S ENLESATER ), Ny Fy N
TRRHRORL 52 BIEALES BT HE T W 77, No

TE R B 5 BURLFZ b R b, 9 AR BORE T 48 7 2E
IKFRLRE,  HLAHEIR T 20005 2 -
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B 24 7K Pk it RRORSE 5 2 i T 1) £ JBE B 7 1
Yokl AR I R S e B VR M i v 2 SRR O
IR, 5 RS FEUC R ek . S TR A
FUIRA R AN R TR 5 3 155 1l #1125 580 ARORE 31 25 1 figh
BT RS, SRR B TAESHO R R R

2 TMR {ARHEMSENE

SR AT B IR B v AR R AR TR R R b s Pl
ELSZ TMR Gl (A B, A X L 35 A 4 4 1 2 ik
SHGAT T SR E .

2.1 iRIER R

I FH e UG 48k BH T M 82 [X 22 R0 A TR 2 7] 1 TMR
SR A BRI OB R 5, %\ 8 A A R
NWAFRREAN T Z A AR A R, HEFRARA
HREM. HEERS NEEILEN 6:1:3 1IH T HEL
M BRI ERORR R, B2 H 1) 4% ) oAl i 78 s
ITHERAT, e LAY BRI S 4
22 ARMFESENE
221 AKE

SKFH HES3 B4/K 23 I 52 3G AT B K il e o 36 Y
SghEET 105 °C FIEEM T 2EE ., 40855
175 IKERME, 45RIIME, RANSEREFEK
R T2.47%, MEEFELEIKE 10.28%, T ARG KR
13.62%.

222 % E

MR T EHBOoc B, REER TR A
BRI BT ERHORL 1 T AR AN R, AR SR HE
AR, e A5 ORL 55 N 627.83 kg/m®, e
7 BRI N 272.30 kg/m®, KKy BE W) BORL %
1250.23 kg/m®. HE A3 AR 95 iR 2 SRR ELE AT 5
TS TMR Gl RHERI B A 302.5 kg/m’s
223 B¥EZEHK

SR P AR T ¥ A B < A & TMIR 1l k) 4% 40 4y
i) DA S 55 J& e R 2 0] (1) 3 i B 8 R 40, Ao FH AR B3]
SEVPRT U6 30 5 AR B B A BEAE,  FFid s DR kL
RENBEE, HoCER ) ik AT 5
224 SERAMZ

Xf TMR G R S B 4y (IRl e B
TR YD BT E R AR, SR A% 100 mm
) 5 A7 3R AT HEAR AR5, LA 0.05 m/s A3 B 22 12 4R T [
i, I g R S frR, B4R BIH AR HERR
N 36.89°, Mz HAFIYHERIAM Y 38.56°, KKK A
FIHERR M 35.26°,

225 WA AHEEER@ERE

7f EDEM H 4 ARDRH ORI A R I, 5 B2 R K 4 ot
IO 2 (8] AH ELAE FH s, 0K 2 8] 7T B2 tH BIORG 45 0
FIERIN %, FItiES: Hertz-Mindlin with JKR 3y

N A B BRI R HE R 2 B DR R 2 TR
FEAEF, X6 3 Bl kL URL 2 TH B8 AT bR e, B I
Plackett-Burman 1536 Hffi & AR 580 2 [6] i Bl BE #8220
WE AR R R TH RS 3 AR R AT AR e 5, @it i
B € 3 58 wfE 3 AN R YEE, 2 )5 Wit Box-
Behnken iR 5%, JF CAYIEARLS (K HERU M MR AEAE, SR

RS INATS S ANV B
RN 3 PR

EEH RBGRIEAE, 45

a. TR
a. Silage

b. R

b. Oat grass ¢. Corn crushed

e. A LRI £, TR
e. Oat grass particle model f. Corn crushed particle model
B S A4 AR A MK
Fig.5 Test of feed particles pellet angle of repose
®3 ARBRHER A EIRR

Table 3 Simulation test on the angle of repose of feed pellets

d. H TR Bk AR
d. Silage particle model

H5#MshE  SMMRE ®T

A Kinetic friction Coefficient of

Particle type coefficient  restitution ( J_mg% of repose/(°)
against steel  against steel

[F[QT
FERLHERR A NN
Surface Virtual angle X%

Relative error/%

HIE 0.17 0.43 0.12 36.61 0.76
M 0.13 0.39 0.04 39.62 274
EP'S
B 0.09 0.38 0.03 36.20 2.67

3 XESHEBAMAEMKL

R BAA [F] 45 1) 5 18 Bl 2 H0o6 #2585 1R L P
RerI s, A CF:T EDEM-RecurDyn 28 H A4 B &
HAT AT, @R R R R 5 IE AR e R e Rl . AT
. WRRIEEE R A S S B RIS .
3.1 HMEAERKEHERBEEN SARKM

RREERE, BIRMEA DI L, I
F R e B AN R B ) G A M AT B I, W BN
JIFRAIE 6 Frn. Efi 7ot fEd, #HERES
FMEASE E 2 BB R NN AT R, R E
Z A EAGZA, DR AW 5 AR R 2 B M 2 Oy
BT R, e THERIEE B N0 B, 25 DU E
BLAT 30 3805 AT R 256 B A 05 3, P L 15 3 2
R

] HIH M
Rolling brush Scraper Connecting piece SRR [inpes 9 pEREN
Feed guide plate Conveying screw Feed hopper
a. R E b. #hERE

a. Pushing device

B6 5 AR
Fig.6 Dynamics simulation model
o T A R BRI SRR, D T HEm A
LR 5 0RL 2 (B AR AR, BRI RIR L JE e A At
H A3 2 LA . 78 RecurDyn 3% £ HJ Material

b. Supplementary feed device
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Property 5  #1, 73 i 6] i steel A1 Nylon P Ff #4 K},
H 2 HE A 2% SCRRPY 15 B0 Py B AR S JE TR T A L
PO JE k. steel M RL 3 FE B E N 7800 kg/m®, JHFA L
9 0.30, BIYIALE N 310 GPa; Nylon # B2 B & A
1150 kg/m®, AR LL N 0.34, BIYIREE N 0.97 GPa. fE
FFlex AR o TR AT e VAL IS R 435 A de /N RS
N 3mm, Z5EAEFCE R ITECN 134 500, P
T ABER 132300 (7). MR AN AR 2SN B S
Brigshi o, o &4 a8 g sh gl LLsE &4 2 18] )
FXHZEENER .

|7 Fi
Fig.7 Meshing results of the flexible rotating brush

IR PR AR 425 R

3.2 ‘%’*SUT:#EEL_T
3.2.1 AMAIEFE E B RO AARA

EDEM-RecurDyn # & 1/ 5L I RecurDyn #1136 &
A G O EDEM AT LLIR G * Wall SCHF, R KIS
A% EDEM 1,
322 FAHIEAEAE S

FE T A B RBURL S AR R 3R AT S R 5 AR L 1
A, MRAE R PE I T 5 R, BT SR R
FH AR 25.6 mmx8.2 mmx2.0 mm, #E3F F 18.6 mmx
6.2 mmx4.5 mm, LK BEY 5.4 mmx5.3 mmx5.8 mm,
43 A N ) URL AR Y, a8 BT, Bk S Bk 4
FiR o

| S |

\rr————
a. T A R

a. Silage model

b. MEFFLY . TRB I
b. Oat grass model c. Corn crushed model
B8 AAAtmkty AAEA

Fig.8 Feed particles simulation model

3.3 RBEHESHEIIIE
33.1 #BerAAAR

EDEM #2U 3| RecurDyn 4 i) zh #4558, B
RIS E . BB, Rl A T ORME A, ARt
SEAMASERL S B S R 2 TR R A . ORI
N2 A S B A R, FHERE B LR E TR
&35 %8 RecurDyn 84 H, AT 25 A7 4R 2 B A 4Rk
e, w9 Fim.
332 ARAKIEXE

SN IR R ) S A7 AR R D RO AR Y (1) HE
PE, 0/ RUBE B B 51 Rl R 4 3R 50 5 7 B 56
TR EE,  DAAS[R e i A HE K] S AN [F GaDRHRORL R 467 72
febs, IHHEYHERE S50 R RRM®ZE, Kid R
K10 fis, REEs LK 11 fios.

x4 BHRUMESH

Table 4 Discrete element simulation parameters

X4 Object 24 Parameter H{H Value
TARALL 0.38
= A5
ﬁ;ﬁ:ﬁj* T B /Pa 3.08x10
& =R/ (kgm™) 627.83
. TARALE 0.438
aﬁ BY YA B /Pa 1.37x10°
W/ (kgm ) 1250.23
— MEY/N=# 0.4
d;éis B YIBE e /Pa 1.7x10°
P (kgm>) 272.30
Y e L 0.30
HI-HE N "
Silage-silage f%gj%/%ﬁ 0.60
RN RE 0.20
. W R 0.25
E'Eﬂr—v_ n Sy g
- SR 2 053
RHNEBE R 0.22
HIAR ey 0.33
Silage-;at grass éﬁ BRI 0.68
RN R 0.20
. W R 0.43
2 4K
S PSR 2 0.62
RN 0.17
. WE A 0.17
e
S, A 0.50
RN ZR 0.20
. , WE ZE 0.18
FOTeN B M 0.56
RN R 0.18
e st W R 0.26
ER AR e 041
Corn-oat grass VST B K 0.30
, WE FH 0.38
éﬁﬁﬂl R EEE A 0.43
RN R 0.19
, N W R 0.50
A e R 050
RHNEE R 0.09
VS .
REFMER Vgt 0es
Oat grass-oat grass TR AR SN :
RN R 0.24
™ WE ZE 0.39
I B PR 2 052
RHNEE R 0.13
- N W R 0.27
AR e 0.45
Oat grass-nylon RN R A 0.07
AMHE R B EDEMA
EDEM model of supplementary
feed and pushing device
B EDEM
S R S e Rt P
MRS B RecurDyn ki Y REH IS
RecurDyn model of supplementary |  Body force || Kinetic equation parameter
feed and pushing device

A RECUADY R

B 9 EDEM-RecurDyn #5415 A it42
Fig.9 EDEM-RecurDyn coupling simulation process

ML AT, 3 b G RERURL AL AS [R] VR il e 1
B 5 O SO 2 A R KR ZE 2 50 7.33%

8.90%- 6.51%, % BRI VEMR S 1R LR 1 b5 i 28
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BOaEws, REs i 2 07 IR K.

o IR b. i STk

a. Physical test b. Simulation test

B 10 ZHER IS

Fig.10 Flexible roller brush verification test

nor = M) FH A5 Physical test .
60 | 4 AHXF iR % Relative error
= o 1Jj B 56 Simulation test .
2 50F -
5 :
§ 40 +
=
30| :
=) a
B 20t .
E 2 A
10 N “
0
200 300 400 500 600 700
7 Speed/(r-min")
a. HIC LR
a. Silage model
S V)EER % Physical test .
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Fig.11 Verification test of model
3.4 HERKE
341 5 AREIFNEAT

IRGEHL A N BAE L 75K, BURDRHERL R p o HEE L
Ry, (FNTEAHER B MR RE PR SR bR, DAAMARLE y,
ANEMAL I y, AF AN B VERE PP O FE AR -

20

20

20

AR % Relative error/% AN Z Relative error/%

KR Z Relative error/%

HERL R R 5E T, % DR B 2 5 VIR
RS IR AN ADRE TR EU AR, HEIS R R T HEIX 1A
RSB E SR AT T I R E A, HERLSE y AR R
» % (12) Al (13) .

M 100% (12)

=

my —ni

y, = x 100% (13)

A my EHESNA RS R, kg my FHHEIE 58 5 R
ARERLE R, kg TOAMERSERIT R s.

MR R Dy BEASE I ] PA 2 A S TR £ A o
[F) I A S i A2 7 AR HOR IR A SRR s 29 0, B
o7 I 18] P9 AR 78 TR (b 22 5 P (B2 TR (9 AL . 4
Ry MM SN p, %50 (4) A1 (15) 5.

M
= x100% (14)

1

y4=(1—%%)x10@% (15)

Ao MoK TR SRR, kg o N B[] P Kb TR
HIVE LB EARAEZE, kg: MO TE] 9 #b 78 fRDRLH
B, kg Ty NIRRT, s.

342 ApAHEE A7 LAE

SEAMERIEE B S ST, BURRR A 4 TEH
9 10°~50°, HRI¥EIE By Fl 9 150~750 r/min, 173
M CYEREN 0.2~1 m/s JFEAT HL R ARG, &R gmtis
25 Fiw, UM EAREG R 2, AR ELE 4 K
HIPEFPIIE, & F 0 HER 2R AR R I B R 3R
RIGLE R wE 12 s
343 AR E R

ghA R ARG S5 T E 3 MR F I IR IR IR -
Tl ff 30°~40°, R ll%% 4 450~ 750 t/min, FEHLAT
HEHERE 0.4~0.8 m/s. IEXIRIE N KWL UWIE 6 iR,

K H] Design-Expert13.0 % ff & it Box-Behnken 1E4Z
WG, R R R 7 PR

K H] Design-Expert 13.0 3K {F X3¢ 6 il 0 45 Rt 17
ZItEAMA, FTESNERWE 8 5K 9 Fin.

B Z W d Rar s, HER SR F=40.42, £
ZEA R E; P<0.01 onBR IR EE, Hp 4. C.
AB. CPXPHERL R B A BT, R R B F=
1586.17, RIPIZHAEE; P<0.01 RonBA TR R,
Hr 4. C. BC. A*. B*. C*P XIHERIBCR B A B0,
LRI y o HEIERE v, 5ERBIWA 4. R E B.
ITHERE C Z AR TR
yi =35.76+1.79A +2.62B +44.87C — 0.05AB—
0.02AC - 0.23BC — 0.02A4> — 0.04B> — 39.00C> (16)

Y2 =429.47-18.51A-33.69B+667.50C +0.11AB+
3.08AC +9.24BC +0.28A% + 1.21B> - 312.79C* amn

3.4.4  vREHHT

RIRTEEAE N S H 2 18] (28 BAE F S HE R 2 AR
BRI, B Design-Expert 3144 5 ma 7 il T A5 78
e 13 Fiw.
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E 60 —— eed push rate y, ﬁ E 8 —— £} Feed push rate y, Ei E 92 ,,,";?ﬁ*:ﬁ‘_il:eed push rate y, ﬁ
/o RS Feed push efficiency y, {200 & - Rl 2% Feed push efficiency y, 200 3¢ -+ HERIE Feed push efficiency y, =
50 = 80 z 90 200 =
10 20 30 40 50 & 150 300 450 600 750 @ 0.2 0.4 0.6 0.8 0 &
VR £ Brush deflection angle/(°) V& Rl %% 3% Brush rolling speed/(r'min™") 17 HE# 5 Moving speed/(m-s™')
a. R £ b. R c ATk
a. Brush deflection angle b. Brush rolling speed c. Moving speed
B2 EHERFRRLER
Fig.12  Single-factor test results of feed pushing
- 8 HNESENTLER
*s5 BREFRREAF Table 8 Pushing rate analysis of variance results
Table 5 Single factor test level e SEAA EHEE .
T R £ 2 o e Ak Variation Sum of  Degree of MearI square P
Level Brush deflection Brush rolling Moving speed C/ source squares freedom q
angle A4/(°) speed B/(r-min ") (ms™ B8 Model — 37.50 9 4.17 4042 <0.000 1
1 10 150 0.2 A 15.74 1 15.74 152.66 <0.01
2 20 300 0.4 B 0.86 1 0.86 8.32 0.02
3 30 450 0.6 C 7.92 1 7.92 76.84 <0.01
4 40 600 0.8 AB 1.33 1 1.33 12.94 <0.01
5 50 750 1.0 AC 0.002 1 0.002 0.0196 0.89
BC 0.05 1 0.05 0.4911 0.51
i £ 0.58 1 0.58 5.60 0.05
F 6 IEXAIWERRmIGRIKF B 022 1 022 2.17 0.18
Table 6 Orthogonal test factor codes and levels c 10.25 1 10.25 99.44 <0.01
% Code AC) B/(rmin ) Clms ) FR%E Residual - 0.72 7 0.10
1 30 450 0.4 Lj‘gu;éf 0.49 3 0.16 2.74 0.18
0 35 600 0.6 Lack ot fit
1 40 750 0.8 i#Z% Error 0.24 4 0.06
SN Total 38.22 16
e REFEF (P<0.0D); 23 (0.01<P<0.05). FHE.
% 7  Box-Behnken iﬁgﬁgt% Note: Extremely significant (P < 0.01); significant (0.01 < P < 0.05). The same
- below.
Table 7 Box-Behnken test results -
- - — 9IRS ESER
No. 4/¢°y  B/(r-min ") Cl(m-s ™) W% (kg.nz,infl) Table 9 Pushing efficiency analysis of variance results
1 30 450 0.6 94.74 348.47 A sy S5 H e
2 40 450 0.6 99.14 381.58 Variation Sumof  Degreeof A1 P
3 30 750 0.6 96.35 34737 source squares  freedom can square
: 40 730 06 oAt 38598 B Model  8.17x10° 9 13x10° 158617 <001
> 30 600 04 95.58 229.72 4 2936.46 1 293646 51311 <0.01
70 e 08 o oo 5 Lo Lo 019 067
' ' ' c 7.76x10°* 1 7.76x10'  1.37x10'  <0.01
8 40 600 0.8 96.05 468.03
AB 7.56 1 7.56 7.56 0.29
9 35 450 0.8 96.48 254.41
AC 38.01 1 38.01 6.64 0.04
10 3 730 0.4 97.56 242.04 BC 85.29 1 85.29 14.90 <0.01
11 35 540 0.8 94.62 441.55 N : : ’ :
12 35 750 0.8 9505 447.65 A 201.98 1 201.98 35.29 <0.01
13 35 600 0.6 97.73 352.29 B 239.76 1 239.76 41.89 <0.01
14 35 600 0.6 97.84 349.4 c 659.11 1 659.11 115.17  <0.01
15 35 600 0.6 98.00 353.46 % 7% Residual 40.06 7 5.72
16 35 600 0.6 97.90 352.64 Hefpl 2
17 35 600 0.6 97.37 349.10 Lack of fit 24.20 3 8.07 2.03 0.25
%7 Error 15.86 4 3.97
X 25 s > v s 4
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Fig.13 Response surface analysis

maxy,; (A, B,C)
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30°<<A<<40° (18)
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K H Design-Expert 13.0 33K i 43 B0 45 N -
w400, RIS E 450 r/min. AT 355 FE 0.68 m/s,
I R B R R R HE R R B A 23 T 98.25%
A1 418.94 kg/min.

3.4.5 AMAF AXE

BT HERL A B0 H A 1S B 1) s LA N AT
0.68 m/s, LA T RHER e o i 56 R 21 3E 4T 5 DF 25 47 R
5, DIAMARCR yy FIAMASZSINE p, R PE TR, T
RHIZfE % EAE 60~ 160 r/min JEH 2N 5 NKF, HER
ek R 14 Fros.
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Fig.14 Screw speed single factor simulation test results
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Fig.15 Feed movement speed under optimal parameter
conditions
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AMAERILES N B E i AMA E . R E . A
P RGE A G WA 16 B, 1R 58 T Bt 44 RH
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Fig.16 The feed supplement and push robot physical
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DA AR B S 1 5 1 S B0 AT HERME M AR LR SE
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a. HERIAT

B 17 AREksoR
Fig.17 Feed pushing operation effect

F10 R GITHER
Table 10 Feed pushing test statistical results

o T AR e S i -
J#5 No. Total feed mass/kg Unreturned feed mass/kg /% y/kg:min )
1 79.22 2.06 97.40 321.32
2 75.10 1.54 97.95 304.61
3 76.37 1.27 98.34 309.76
Ai’J{E 76.90 1.62 97.90 311.90

verage

MRPEARIEVEAN T bR, BT B Il AN A R AL 25
MNEM R, PR RIL R 97.9% it HiE%
B2 e 2 HE RS 1K 90% 1z 5 2 RE R B 1) 94.6% A
L, B TE T %) 8.8% 1 3.5%. 4/i EAR I HERL R B A
18 98.25% SHEHLRIGIRZE N 0.38%, RUMGTHEHALA —2
el SEdE. PiE 2 P AR EZ N RRNETF, Bk, WK
e Er R TH OV A K, PR AR T B, TR

Fol v B R v, S ECHA T R M AR AR AR E s K,
05 B TRPRLURE Bk Z A, MEM S S, TMR 14
R K R AE ) & B A BT 22 5, JRBERT A PEAR; 7E
RecurDyn [J FFlex ZE LR B, SARRERPLRI B
AR, HARFEAMEER, SChrfElad st T e
o Rl B AU A Hb TR B ol 2 R T EE A, B 3R SRR
KT
4.3 #MEIRIE

DA AR B0 A i 1 B P S B0 A T AN AR LIRS
RIG B HLE U S AR 3 Bk, Bk} X
K 10m, 43 AGeit-d K B ko & A ME Fr @ ), T
B3 BRI 4E RIOFEME . aMAEL SRR E 18 Fiaw,
RIGLE R WL 11 fror.

b. AMA{EAL S
b. After supplementary feed
operations

a. ML
a. Before supplementary
feed operations

B 18 AMaAAE kil 2l

Fig.18 Comparison of supplementary feeding operation effect

Rz 11 AMARBHEITER

Table 11 Supplementary feeding statistics results
= FeL R B o
75 %iﬁgﬁi? P bRz SR
No. meter/kg Average/kg Standard deviation (kg'min™')
1 34.37 3.437 0.22 139.2  93.60
2 31.56 3.156 0.16 1272 94.90
3 34.85 3.485 0.29 141.0  91.68
ESLiEs
Average 33.59 3.359 0.22 135.8  93.39

FRYFRIE VP F8 AR, BT M HERL 2 A AR
MAEN R, PIIRMA SR T 93%, TR TS
I e 3T R A1 90%.  FENLIIE (A WG /N T Hk 4R,
SE RN FE ML N AN i R e e S AN a2, 3 B0
AR A RN AR AT 2 R IR, R A BT R . #b
TR R Rk 2] 135.8 kg/min,  HE 5 2 PR A 4l B TR M 5 5K

5 & 1

R ILA HERL S B A IR SR R, I
RWAMNMEEEES, Wit T —MEH T /N5
AMAERIHLEE A, R EDEM 5 RecurDyn [ # & 1/
B 7 306 A AR ML FE AT 05 M. T
RHEEE, DR FIHERL R VPN R e, I IR Rl i
. R ERANLZE BN S T RER S Bl &R
Ge o A T R3S B 4 W R1IZ B 2 B0 R BE ) RZ
YT AMASEE, TR R HERMERE I RTEE T, X LB e
BORAT R RGBT EEFF LRI

1) KA Design-Expert {4} AL 56 B 4544 A1z 5))
AT, B RIRIRSEAH S B A 400,
VR il #3450 r/min. B2 JiE % 7 160 t/min AT 3 5 B
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H1418.94 kg/min, AMAMIE IR T 96%, ML
N 120.6 kg/min.
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Design and experiment of supplementary feeding pusher robot for
cowshed based on DEM-MBD

ZHAO Wenjie'? , WU Xiaozhe'? , ZHAI Liang"? , ZHU Hengxu'* , ZHANG Hongming? ,
SUN Pengpeng’ , WANG Tianben? , LI Wei'**

(1. College of Mechanical and Electrical Engineering, Northwest A & F University, Yangling 712100, China; 2. Shaanxi Engineering
Technology Research Center for Agricultural Equipment, Yangling 712100, China; 3. College of Information Engineering,
Northwest A & F University, Yangling 712100, China)

Abstract: To address the feed arching phenomenon that occurs during the feeding process of beef cattle and to satisfy the
individualized feeding requirements of beef cattle, a roller-brush type supplementary feeding and pushing robot was designed
in this study, which consists of a roller-brush pushing device, a screw-type supplementary feeding device, and an Ackermann
chassis. The structural design of the feeding screw and the pushing roller brush was completed, and the motion behavior of feed
particles was analyzed. In order to investigate the influence of the motion parameters of the supplementary feeding and pushing
robot on the feeding and pushing performance, a simulation analysis of the robot’s motion process was carried out based on the
EDEM-RecurDyn coupling method. First, the contact parameters among total mixed ration (TMR) particles as well as between
the feed and the mechanical components were determined. Subsequently, dynamic models of the supplementary feeding device
and the pushing device were respectively constructed in RecurDyn, and a flexible mesh was generated for the roller brush.
Finally, a feed particle model was built in the EDEM software, and the device models were imported to complete the coupled
simulation. In the study of feeding performance, the screw rotation speed and the robot’s travelling speed were taken as
experimental factors, while feeding uniformity and feeding efficiency were used as evaluation indicators. In the study of
pushing performance, the roller brush rotation speed, the roller brush deflection angle, and the robot’s travelling speed were
taken as experimental factors, and the pushing rate and pushing efficiency were used as evaluation indicators. Single-factor and
orthogonal experimental methods were adopted for the simulation tests. The simulation results showed that when the screw
rotation speed of the supplementary feeding and pushing robot was 160 r/min, the robot travelling speed was 0.68 m/s, the
roller brush rotation speed was 450 r/min, and the roller brush deflection angle was 40°, the feeding uniformity exceeded 96%,
the feeding efficiency reached 120.6 kg/min, the pushing rate was 98.25%, and the pushing efficiency was 418.94 kg/min.
Prototype tests were carried out under these optimal parameters, and the obtained results were as follows: feeding uniformity
greater than 93%, feeding efficiency of 135.8 kg/min, pushing rate of 97.90%, and pushing efficiency of 311.90 kg/min. The
designed robot exhibits good working performance and can meet the auxiliary feeding requirements of small- and medium-
scale cattle barns.

Keywords: robot; beef cattle; supplementary feeding; push feeding; coupling simulation
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