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Abstract: Horizontal feeding devices and plate hob chopping devices are the key component of silage maize harvester. To
solve the problem of feeding blockage, reduce energy consumption, and improve the chopping quality of the chopping device a
horizontal different diameter five-rollers device (HDDFD) was designed and the plate hob chopping device was simultaneously
optimized and analyzed. Through the dynamic analysis, the feeding conveying speed was determined to be 2.0-4.5 m/s. The
distance equation of the actual and theoretical cutting-edge curve and the position of the fixed blade were finally obtained.
Single factor and response surface orthogonal tests in the bench site were carried out with feeding speed, rotating speed of
chopping cylinder, feeding amount, and feeding direction as influencing factors, standard grass length rate (SGLR), and energy
consumption per unit mass (ECPUM) as evaluation indexes. The optimal working parameters for chopping performance could
be concluded as a feeding speed of 3.39 m/s, rotating speed of the chopping cylinder of 1016.17 r/min, feeding amount of
8.04 kg/s, and feeding direction of 52.2°. In addition, the SGLR and ECPUM were obtained as 95.35% and 37.63 kl/kg,
respectively. The relative error between the experimental results with round parameter combination and the predicted value was
verified to be less than 5%. Field tests verified the reliability of the optimized feeding and chopping device. It can be seen that
the HDDFD and optimized plate hob chopping device can meet the requirements of mechanized silage harvesting which
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obviously improves the working quality and reduce the energy consumption of chopping.
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1 Introduction

Silage maize is known as the “king of feed” because it is rich in
crude protein, sugar, carotene, and other nutrients. It is an
indispensable feed source for the production of dairy and meat
worldwide!"”. The quality of field mechanized harvesting directly
affects feed palatable and commodity value®. However, there are
some problems in China's self-contained silage maize harvester,
such as feeding blockage, high energy consumption, and poor
quality of chopping, which seriously affect the quality and
efficiency of harvesting!”. Therefore, it is urgent to optimize and
develop the horizontal feeding device and plate hob chopping
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device.

In the aspect of improving feeding technology, taking the
horizontal four-rollers feeding device as the research object, the
researches mainly focus on the selection of roller diameter, roller
tooth, and optimal design of roller speed””), the matching of the
speed characteristics of the front, middle and rear feeding rolls"*".
However, the research on structural innovation of feeding devices to
solve the problem of blockage has not been found.

In the aspect of improving chopping technology, the researches
tend to be aimed at the sliding cutting angle theories!*"), cutting
mechanism!"®, cutter shaft structure!'”, and other research methods
of the rotary cutting device!"®. The effects of working parameters
such as harvester forward speed and cutting device speed on cutting
performance and power consumption are also studied"”. There are
few researches on the structure optimization of the plate hob
chopping device.

In this case, a horizontal different diameter five-rollers feeding
device (HDDFD) was designed to increase the feeding interval with
the diameter of the up roller larger than the low roller, as well as the
moving and fixed blade of the plate hob chopping device was
rearranged to make the actual cutting-edge curve closer to the
theoretical cutting-edge curve which can help to reduce the cutting
energy consumption and improve the cutting quality. The reliability
of the optimized feeding and chopping device was verified by bench
test and field test, and the best working parameters were obtained.
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2 Mechanism analysis of HDDFD

2.1 Structure of HDDFD

The scheme of horizontal five-roller feeding device of different
diameters is shown in Figure 1, including the up-grabbing roller, up
feeding roller, low feeding roller, intermediate conveyor roller, and
low grabbing roller (five-rollers). Among them, in order to improve
the ability of grabbing crops without increasing the gravity center of
feeding device, the diameter of up grabbing roller is larger than that
of low grabbing roller and inclined arrangement vertically.

Note: Oy, Oz, Os, Oy;, Oy are centers of up grabbing roller, low grabbing roller,
intermediate conveyor roller, up feeding roller, low feeding roller, separately; S,
Sy, and S; are the grabbing, intermediate conveying, feeding region of feeding
device, separately.
1.Up grabbing roller 2.Up feeding roller 3.Low feeding roller 4.Intermediate
conveyor roller 5.Low grabbing roller 6.Silage maize

Figure 1 Schematic diagram of horizontal five-rollers feeding

device of different diameters

In order to adapt to the fluctuation of feeding amount and
increase the residence time of crops in the feeding device, an
intermediate conveying roller is added to balance the space
generated by the difference between up and low rollers. According
to the different functions of each roller, the feeding device is
divided into grabbing, intermediate conveyor, and feeding region. In
particular, the up grabbing roller and up feeding roller were floating
spring designs.

The structure of the feeding device is shown in Figure 2.
According to the different functions of each part, the up grabbing
roller was triangular blade, the low grabbing roller was trapezoidal
tooth, the intermediate conveyer roller and up feeding roller were
groove tooth roller, and the low feeding roller was light roller.

2.2 Dynamic analysis of grabbing process

In the grabbing region, the function of up and low-grabbing
rollers is to grab the silage maize continuously sent by the header to
the feeding device with preliminary flattening and crushing, so as to
improve the grabbing ability of disorderly crops and avoid the
blockage phenomenon due to feeding failure. Crops have no thrust
and only rely on the force of grabbing rollers in the process of
grabbing!?. Therefore, mechanical analysis is needed to determine
the parameters of each mechanism meeting the grabbing conditions.
The coordinate system is established and the force analysis was
carried out on silage maize in the grabbing region, as shown in
Figure 3. Therefore, the mathematical calculation model of the force
acting on silage maize along the x-direction F',, was as follows:

Fro= [ Fu=pd7+ [ (Fy- ) dr (1)

The up grabbing roller was set as a floating roller to avoid
clogging due to silage maize feeding too much. At this point, the
forces of up grabbing roller and silage maize are balanced in the y-

1. Hitch mechanism 2. Rack 3. Upper suspension mechanism 4. Transmission
system 5. Feeding inlet 6. Copying institutions 7. Low grabbing roller 8. Up
grabbing roller 9. Up feeding roller 10. Intermediate conveyor 11. Low feeding
roller
Figure 2 Structure of horizontal five-roller feeding device of
different diameters

Up grabbing roller

Low grabbing roller

Note: Rz, Ry are the radius of up and low grabbing rollers, mm; wy;, wy are the
angular velocity of up and low grabbing rollers, rad/s; a is the angle between the
line of up and low grabbing rollers, (°); M, N, are the initial contact point
between five-rollers and silage maize; M}, N, are the separation point between
rollers and silage maize; G is the gravitational force of up grabbing roller, N;
G G, are the component gravitational force of up grabbing roller along x- and
y-axis, N; Gy, Gy; are the component gravitational force of up feeding roller
along the x-, y-axis, N; G is the gravitational force of silage maize in grabbing
region, N; G, G, are the component gravitational force of G along x-axis and y-
axis, N; F;, F; are the force of up and low grabbing rollers on silage maize, N;
Fyi, Fzj are the component force of F;, F; along the x-axis, N; Fz,, F;, are the
component force of F;, F along the y-axis, N; fz, f5 are the frictional force of
five-rollers on silage maize, N; f3;; f3; are the angle between the tangent direction
of up and low grabbing rollers on silage maize along the x-axis, (°); L, is
thickness of silage maize layer leaving grabbing region, intermediate conveyor
region, feeding region, mm.
Figure 3 Force analysis diagram of silage maize between up and
low grabbing rollers

direction, and the equilibrium equations in y-direction are

Fyy = Gysina

FZj_v = FZiy + GZ_v

2)
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Gz =myg
. 3)
G, =mygsina
Substituting Equation (2) into Equation (3), the following
equations can be obtained.

Fz, = mygsina

Fyi, = (g +my) gsina @
Fzic = Fzycotfy
Fy, = Fy cotfy
fzi = ﬂLiniy (5)
S = A Fz,

G, = mzgcosa

Substituting Equation (5) into Equation (4), the following
equation can be obtained.

Fu= [ B fuddT+ [ (o= fu)dT-Gy, =
f: (mWig sina” cotd,, — dwimy;g sin a") dT+
J:; [(mWi + my) g sina@” cotdy; — Ay (My; + my) g sin o/’} dT-
mygcosa”’ = mygsina” fors (cotSy; — Aw)dT + (my;+

my)gsina” LIJ (cotdy; — Aw)dT —mygcosa”
(6)

From Equation (6), it can be seen that the force acting on silage
maize along the x-direction is related to the mass of up grabbing
roller my; and silage maize in grabbing region m,, the angle between
the line of up and low grabbing rollers a, angle between the tangent
direction of up and low grabbing rollers on silage maize along x-
axis B and B, their coefficient of friction A and 4.
2.3 Dynamic analysis of grabbing process

In the intermediate conveying region, the function of the
intermediate conveyor roller is to lengthen the feeding space so that
the silage maize can stay long enough to prevent blockage and
balance the space generated by the difference between large up
grabbing roller and small low grabbing roller. Therefore, the
mechanical analysis was carried out on silage maize to determine
the parameters of the intermediate conveyor roller in the
intermediate conveying region, as shown in Figure 4. Therefore, the
mathematical calculation model of the force acting on silage maize
along x-direction F|, was as follows:

Fu= [ (Fo= f)dT -G, (M

The force of intermediate conveyor roller and silage maize was
balanced in y-direction, the equilibrium equations are:

Fs, = Gs, = Gssina’ = mggsina’ ()

Fs, = Fsycotys

o= AF )

F, = j; (msgsina’ cotys — Agmsgsina’)dT —msgcosa’  (10)

When #=0, that is after the silage maize is sent to the
intermediate conveyor area, Equation (10) becomes

F,, = Fscosys — fs — Gscosa’ (11)

Equation (11) shows that with the rotation of the intermediate

Intermediate conveyor roller

Note: Ry is radius of intermediate conveyor roller, mm; wy is angular velocity,
rad/s; @' is angle between the line of intermediate conveyor roller with horizontal
direction, (°); Ps, P are initial and separation contact point between intermediate
conveyor roller and silage maize; Gy is gravitational force of silage maize in
intermediate conveyor region, N; Gy,, Gy, are component gravitational forces of
G, Gy along x-axis and y-axis, N; F is force on silage maize, N; Fy, Fg, are
component forces of Fg along x-axis and y-axis, N; fs is frictional force of
intermediate conveyor roller on silage maize, N; L, is the thickness of silage
maize layer leaving grabbing region, mm; Ly is the thickness of silage maize layer
entering feeding region, mm; yg is the angle between tangent direction of
intermediate conveyor roller on silage maize, (°).
Figure 4 Force analysis diagram of silage maize on the
intermediate conveyor roller

conveyor roller, yg gradually decreases, so the acting force in the
conveying direction of silage maize gradually increases.
2.4 Dynamic analysis of feeding process

In the feeding region, the function of up and low feeding rollers
is to compress the silage maize further and feed them into the
chopping device smoothly and reliably to ensure the quality of
chopping. Therefore, the mechanical analysis is shown in Figure 5.
Therefore, the mathematical calculation model of the force acting
on silage maize along x-direction F, was as follows:

Fuo= [ Fuc= f0dT+ [ (Fuo= fu) dT -G (12)

Up feeding roller

Ow ix Low feeding roller

Swi

Note: Ry;, Ry; are radius of up and low feeding rollers, mm; @y;, wy; are angular

velocities, rad/s; o'’ is angle between line of up and low feeding rollers with
horizontal direction, (°); Oy, Sy are initial contact points; Qj,, S}, are separation
points; Gy; is gravitational force of up feeding roller, N; Gy;,, Gy; are component
gravitational forces of up feeding roller along x-, y-axis, N; Gy, is gravitational
force of silage maize in grabbing region, intermediate conveyor region, N; Gy,
Gy, are component gravitational forces of Gy along x, y-axis, N; Fy,;, Fy; are
forces of up feeding roller on silage maize, N; Fy;,, Fy;, are component forces of
Fy;, Fy; along x-axis, N; Fy;, Fy;, are component forces of Fyy;, Fy; along y-axis,
N; fiwi fwj are frictional forces of five-rollers on silage maize, N; Ly is thickness of
silage maize layer entering the feeding region, mm; Ly, is the thickness of silage
maize layer leaving feeding region, mm.
Figure 5 Force analysis diagram of silage maize between up and
low feeding rollers



May, 2023

Chen M Z, etal. Optimization design and experiment on feeding and chopping device of silage maize harvester

Vol. 16 No.3 67

Because the up feeding roller fluctuates during the feeding
process, the forces on the up feeding roller and silage maize were
balanced in y-direction. Therefore, it can be obtained that:

Fy,, = Gy;sina”

e (13)
Fij = FWiv +GWV
Gwi = my;

Wi wid - (14)
Gy, = mygsina’

Substituting Equation (14) into Equation (13) to get Equation
(15).

{FWU = my;gsina”

Fy;, = mygsina” + mygsina” = (my; +my)sina”

(15)

From Figure 4, it can be seen that the force of the up and low
feeding roller on silage maize in x-direction can be expressed as
follows:

Fyi. = Fyi, COtdy; = my; g sina” cotdy, (16)
Fyj. = Fy;j, cOtdy; = (My; + iy )g sina” cotdy;

Jwi = AwFyy = Aymygsina”

Swi = AwFwiy = Aw(imy; + my)gsine” (17)

Gy, = mygcosa”
It is obtained by Equations (15)-(17):

szfww—mwnﬁhwfmwrﬂmz
j: (my;gsina” cotd,; — Adwmy;gsina”)dT+
f: [(my; + my)gsina” cotd,,; — Ay (my; + my)gsina”)]dT—
imymM:mMmmjnmww%wﬂ+mm-
My )gsina” f: (cotdy; — AwdT —my)gcosa”
(18)

where, Az, Az, As, Awi, Aw; are the friction coefficient of five-rollers,
separately.

It is obtained by Equations (6), (10) and (18) that the resultant
force of silage maize in the x-direction is:

F.=Fy+F,+Fy, 19)

where, Fis the resultant force of silage on in x-direction, N.
According to theorem of momentum,

F .t =myv, —myv, (20)
F.t
v, = e Vo 21)

Substituting Equation (19) into Equation (21) to obtain
Equation (22), the speed of silage maize in conveying direction of
the feeding device can be expressed as,

t
v, =(Fz+ Fio+ Fy) — =, (22)
my

According to Equation (22), under the horizontal different
diameter five-roller feeding scheme, the theoretical feeding speed
range of the low feeding roller was 2.0-4.5 m/s. The optimal feeding
speed range still needs to be determined by bench test. It can be
seen that the feeding speed is very important to grab, transport, and
transport of silage maize to the chopping device.

3 Optimization of plate hob chopping device

3.1 Analysis of moving blade trajectory

The chopping device is the key link of silage maize harvesting
and determines the operation performance and power consumption
of the whole machine. In view of the current problems of high
energy consumption of silage harvesting and uneven straw cutting,
it was necessary to analyze the moving blade track and fixed blade
position configuration. In order to realize automatic grinding of the
moving blade and facilitate the adjustment of the moving and fixed
blade gap, the moving blade was flat type, and the fixed blade was
straight.

The rotary surface of the moving blade should be cylindrical.
Only in this case, the gap between the moving blade and the fixed
blade could be the same at each cutting point. The mechanical test
of Gorochin shows that sliding cutting saves more effort than
tangent effort. In the condition of ensuring the quality of cutting to
reduce chopping power consumption, moving blade installation
needs to have a certain angel and a larger slip-cutting angle is more
likely to push crops to the side™. The theoretical track of the
moving blade should be a segment on the elliptic curve. When the
moving blade is titled, the rotary axis of the moving blade and the
axis of the rotation cylinder should not be on the same plane.

The theoretical track of the rotary cylinder and flat plate
moving blade was designed as shown in Figure 6a. In xz, plane, the
theoretical blade edge should be an elliptic curve, and its equation
was as follows:

2
§+%=LQRS%SM (23)
where, a is the half of the short axis, mm, R; c is the half of the long
axis, R/sinf, mm; R is the radius of the moving knife turning
cylinder, mm;

For silage maize with more than 60% moisture content, if the
moving blade had the ability to chop and throw chopped crops
everywhere, the throwing angle should be satisfied®':

57° < < £60° (24)

Thus, the actual length of the moving blade is as follows:

sing, —sing, )*

Lyy =R 2-2(cosgp,cosp, +sing,sing,) + <M)
tana

(25)

Assuming that the distance between point C (x,, z.) on the
theoretical curve and the actual cutting-edge curve of the moving
blade was the maximum, the slope at point C was as follows:

—2x (26)

’ —_—
ZO(z::() - Xz
Rsinay/1- R—‘z

Also, the line of the actual moving edge should be tangent to
the theoretical edge curve, and pass through point 4 of the moving
edge, then the equation of the actual cutting-edge line can be
expressed as follows:

Rsimp _ -2x,

sine 2
Rsina (1—ﬁ>
RZ

(xo—Rcosg,) 27

The maximum distance between the actual and the theoretical
cutting-edge curve is:
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Edge surface Rotary surface of knives

Actual edge  Knife

Theoretical edge

a. Moving knife trajectory

P
,i/ /"g). /) N .
2N R " Feeding direction
/ Moving knife L =
| trajectory !

\

SN
.“ Fixed blade

b. Fixed blade position configuration

1. Pulley drive

2. Rack

3. Self-grinding device
5. Moving blade 6. Clearance adjustment 7. Fixed blade 8. Articulated device

4. Chopping cylinder

c. Structural diagram of chopping device

Note: A(A") and B(B') are the point on the edge of the moving blade; R is the radius of chopping cylinder, mm;  is the angular velocity of the chopping cylinder, rad/s; 6

is the angle inclination of the moving blade, (°); y is the edge angle of moving blade, (°); ¢,(¢,) is the installation angle of moving blade, (°); z is the coordinates of point 4

along the long-axis, mm; / is the length of moving blade, mm; £ is the angle of chopping angle of moving blade, (°); v is the angle between fixed blade plane and

horizontal plane, (°).

Figure 6 Analysis and determina

2x° N 2x.Co8¢p N Rsing
) X “ _ X sinf
., Rsiné 1_ﬁ sin6 l_ﬁ
2x2 {
Rsin’ "
2 2
X2
- (28)
I:; +sin’0

According to the analysis of the actual moving blade trajectory
above, a mathematical model of the distance from the actual cutting-
edge straight line to the theoretical cutting-edge curve was
established. Combined with the study of the mechanical properties
of the whole silage maize, the installation of the plate hob chopping
device can be rearranged to reduce the cutting energy consumption
and improve the cutting quality.

3.2 Analysis of fixed blade position configuration

The position of moving blade and fixed blade plays an essential
role in the chopping quality and energy consumption, and a feeding
and chopping prototype system was designed as shown in
Figure 6b. The chopping device moves anticlockwise during the
chopping process. Actually, when the fixed blade plane and the
rotary axis of the moving blade are on the horizontal plane, it is the
optimal chopping state point. Through the force analysis, it can be
seen that the moving blade tends to push crops outward up from this
point, while it tends to drag crops inward down from this point.
Therefore, the fixed knife should be configured in the second
quadrant, and the thickness of the crop layer should not exceed the
plane where the axis of the chopping device is located, so as to
ensure that the moving blade does not hinder the feeding of the crop
layer in the chopping process, otherwise, the pushing force will
increase the chopping power consumption.

tion of moving and fixed blade position

When =0, that is, fixed blade is inclined configuration, at this

point, p=p.
T cosy
X _R
|R| N {x cosy 29)
% = siny y=—-Rsiny

From Equation (29), the optimal position configuration
parameters of the fixed blade were {M,(Rcosy, —Rsiny), w#0,
@=0.}.Through the analysis of the position relation and structure of
the moving and fixed blades, the chopping device with a moving
blade zigzag inclined arrangement was designed, as shown in
Figure 6¢.

4 Materials and methods

4.1 Test materials and equipment

The test silage maize was “Zhengdan 958”. To simulate the
mechanical harvesting process, the silage maize plants were cut
from the roots manually, leaving the ears and bracts intact. Some
characteristics of its plant are listed in Table 1. The test collection
site is shown in Figure 7. When the bench test was carried out, the
average moisture content of maize straw, grain, and cob was
respectively 65.8%, 38.9%, and 68.2%.

Table 1 Silage maize Parameters

Parameter Minimum value Maximum value Average value
Plant height/mm 2000 2472 2236
Maize ear height/mm 800 1024 912
Ear length/mm 164 220 192
Ear large diameter/mm 44 64 54
Root culm diameter/mm 26 40 33
Plant quality/kg 0.65 0.95 0.8
Maize ear quality/kg 0.28 0.42 0.35
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Figure 7 Test material collection site

4.2 Test equipment
In order to verify the feeding and chopping performance of the

Feed Chop

The silage corn after chopping

optimized feeding and chopping device, a test bench was built, as
shown in Figure 8.

Sampling

1. Conveying device 2. Feeding device 3. Chopping device 4. Spilling device 5. Aggregate box 6. Torque and speed acquisition system 7. Chopping motor

8. Feeding motor

Figure 8 Bench test site

The experiment was carried out at Shandong Guofeng,
Machinery Co., Ltd, Jining City, Shandong Province, China in June
2021. Test equipment included the bench site, moisture meter
(MA100, China), tape measure, electronic scale (JM-85003, China),
stopwatch, steel ruler, vernier caliper, storage bags, label, and other
tools.

The control and data acquisition system scheme of the bench is
shown in Figure 9, which consists of an inverter A (SPD990-
G15KW-H3-D, China) controlling the feeding motor, another
inverter B (ZK880-30KWG-3, China) controlling chopping motor, a
feeding moto (YE2-20CL1-1, China), a chopping motor (YE2-
20CL1-2, China), a dynamic torque transducer (JN-DN3,
Germany), a measuring and control instrument (MCK-DN, China)
and an up computer for human-machine interface (HY-eVision27.0,

Germany). Inverter A was used to realize the stepless adjustment of
feeding speed and inverter B was used to realize stepless adjustment
of the rotating speed of the chopping cylinder. The dynamic torque
transducer was mounted between a pair of transition sprockets for
the chopping motor and chopping cylinder, which can measure the
torque from 0-2000 N m with an accuracy of +0.5% F.S. (Full
Scale) and speed from 0-3000 r/min with an accuracy of +0.05%
F.S. The measuring and control instrument adopts an external 24
DC power supply, and the sampling period is 1000 m s. Data
transmission adopts custom protocol or Modbus-RUT protocol with
the communication of RS485 half-duplex master-slave mode. The
value and curve of rotating speed and torque can be displayed in
real-time on the human-machine interface.



70  May, 2023 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 16 No. 3

Inverter A

Inverter B

Control

JN-DN3 dynamic
torque transducer

Transducer

Data storage
and analysis

1
1
|
i MCK-DN measuring

1 and control instrument

Data acquisition

Figure 9 Components of the feeding and chopping data control and acquisition system

4.3 Test methods

In order to reduce operating energy consumption and improve
the quality of chopping, feeding speed, rotating speed of the
chopping cylinder, and feeding amount were selected as
experimental factors. In addition, because the radial shearing in
different directions has a significant influence on the shearing
power consumption of whole silage maize, the feeding direction
was also selected as the experimental factor.

Because the silage maize harvester is not stable in field
operation, the theoretical section length of silage maize is usually
inconsistent with the actual section length. Therefore, the theoretical
and actual section lengths were selected for comparison to analyze
whether the influencing factors of the experiments had a significant
impact on the actual section length.

According to the performance requirement of feeding and
chopping device and the evaluation requirement of harvesting
quality of silage maize by self-walking maize harvester. The SGLR
Y, and ECPUM Y, were selected as the evaluation indexes, and the
method was carried out according to the Green Fodder Harvester
(DG/T052-2019). The SGLR was a key index to describe the
chopping effect, while the ECPUM was a key index to describe
energy consumption of chopping®.

The theoretical section length is calculated as follows:

I, = 6000 x 2 (30)
nk

where, vy, is the feeding speed of the feeding roller, m/s.

The SGLR is calculated as follows:

Y, = %XIOO% 31)

where, , is the theoretical section length, mm; G, is the total mass
of standard length maize, kg; The standard length maize is grass
whose cut grass length is in the range of (0.7-1.2) /,.

The energy consumption of chopping cylinder is calculated as
follows:

H
DT
W, =Twtx 107 = 21tnz'gTM %107 (32)

where, n is the angle of corresponding to the feeding direction, (°);

T; is the instantaneous torque of chopping cylinder collected at i,
N-m; 7 is the torque of chopping cylinder, N-m; y is the number of
torque data collected in a single test.

m=w-t (33)

where, ¢ is the test time, s; w is the feeding amount, kg.
The ECPUM is calculated as follows:
_W-W,

m,

8 (34)
where, W, is the total chopping energy consumption, kJ; W, is the
idling chopping energy consumption, kJ; m;, is the total mass of test
sample, kg;
4.3.1 Single factor test

In order to observe the feeding, conveying, and chopping
performance of silage maize and obtain the best working parameters
of the optimized feeding and chopping device, it is necessary to
conduct a single factor test to determine the best range of working
parameters of each device. Based on the theoretical analysis of each
experimental factor, preliminary experimental study, and reference
to the field operation parameters of silage maize harvesters at home
and abroad®', the test level of each factor is listed in Table 2. The
combination of single factor test center level was as follows:
feeding speed 3.5 m/s, the rotating speed of chopping cylinder
1000 r/min, feeding amount 8 kg/s, and feeding direction 90°.
Among them, 90° is the main direction of crop entering the feeding.
During the test, the other experiment factors were fixed as the
center level, and each group was repeated 3 times, and the average
value was taken as the test results.

Table 2 Factors and their levels of single factor test

Factors
Levels  Feeding  Rotating speed of chopping Feeding Feeding
speed/m-s™ cylinder/r'min™ amount/kg's”  direction/(°)
1 2.0 700 4 0°
2 2.5 800 5 45°
3 3.0 900 6 90°
4 35 1000 7
5 4.0 1100 8
6 4.5 1200 9
7 10
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4.3.2 Orthogonal test

In order to further explore the interaction and influence factors
on the evaluation indexes, the orthogonal test of feeding and
chopping operation parameters of silage maize was carried out™?*.
On basis of single-factor test results, four-factor three-level
response surface tests were carried out, and the factors and levels
are listed in Table 3.

Table 3 Factors and levels of orthogonal factor test

Factors
Levels Feeding  Rotating speed of chopping Feeding Feeding
speed/m-s™ cylinder/r-min™ amount/kg-s'  direction/(°)
-1 3 800 6 0°
0 35 1000 8 45°
1 4 1200 10 90°

4.3.3 Field test

The cutting table cannot realize the feeding of plants in specific
directions, for the self-propelled silage maize harvester is still a new
type. The cutting quality should be tested in field operation, and the
SGLR was selected as the evaluation index. The optimal

combination of feeding amount, feeding speed, and rotating speed
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of chopping cylinder in bench test was only tested and verified.

During the test, a total of four trips were determined, two for
each trip, and the test data were averaged according to China Local
Standard DB13/T23388-2016 (General technical requirements for
self-propelled green feed harvesters). SGLR is calculated according
to Equation (30). The field test was conducted in a professional
planting cooperative in Zibo, Shandong Province in September
2021. The silage maize varieties tested in the field were consistent
with those tested on the bench. The row and planting spacing were
600 mm and 200 mm respectively. The test site was 200 m in length
and 50 m in width. The average height of silage maize “Zhengdan
958” was 2322 mm, the average diameter of root stalk was 34.2 mm,
the height of maize ear was 945 mm, and the moisture content of
silage maize was 62.1%, and the plant grew well without lodging. It
was the same variety and planting batch as the silage maize in
bench test.

5 Results and analysis

5.1 Single factor test
5.1.1 Influence of experimental factors on evaluation index

The influence of experimental factors on SGLR and ECPUM is
shown in Figure 10, respectively.
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Figure 10 Changing law of evaluation index with experimental factors

As can be seen from Figure 10a, with the increase of feeding
speed, the SGLR increased first and then decreased, while the
ECPUM decreased. When the feeding speed was 3.5 m/s, the SGLR
reached the peak and then decreased rapidly, while the ECPUM also
decreased rapidly. The results showed that the feeding speed had a
great influence on the evaluation indexes. If the feeding speed was
too high, the SGLR might be reduced because the crops were not
cut in time. In order to improve the qualified rate of straw cutting

and reduce the energy consumption of chopping, the feeding speed
range was determined as 3-4 m/s.

As can be seen from Figure 10b, with the increase in rotating
speed, both the two evaluation indexes showed an upward trend,
which showed that the rotating speed had a great influence. In
particular, when the rotating speed was less than 800 r/min, the
SGLR was less than 95%. Therefore, the range of rotating speed of
the chopping cylinder was selected as 800-1200 r/min.
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As can be seen from Figure 10c, with the increase in feeding
amount, the ECPUM increased uniformly, and the SGLR increased
first and reached a peak with the feeding amount of 8 kg/s, and
then decreased. When the feeding amount exceeded 8 kg/s, the
cutting force of the moving blade increased and the chopping
effect deteriorates due to the thickness of the feeding layer,
resulting in a decrease in the SGLR. When the feeding amount was
less than 6 kg/s, the SLGR was less than 95% which cannot meet
the design requirements. In order to meet the demand for large
feeding amounts, the range of feeding amount was selected as 6-
10 kg/s.

As can be seen from Figure 10d, with the change of feeding
direction from 0° to 90°, the evaluation indexes both showed an
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Figure 11

As can be seen from Figure 11la, with the increase in feeding
speed, the actual section length was larger than the theoretical
length, the ratio between them was smaller and smaller, and the
ECPUM decreased with the increase in straw section length.
Therefore, proper selection of large feeding speed can ensure the
quality of chopping and reduce energy consumption.

As can be seen from Figure 11b, the higher the rotating speed
was, the closer the actual section length was to the theoretical
section length. As the section length decreased, the frequency of
chopping silage maize increased and the energy consumption
increased significantly. Therefore, considering that chopping
precision and energy consumption cannot be taken into account at
the same time, it is necessary to choose the appropriate rotating
speed.

As can be seen from Figure 11c, with the increase in feeding
amount, the actual section length decreased first and then increased,

Actual section length

upward trend. In the 0° direction, the energy consumption was the
lowest, but the straw quantity satisfying the qualified section length
was small. While in the 90° direction, the straw meeting the
qualified section length was the largest, but the energy consumption
was also high. In order to further study the interaction between
feeding direction and other experimental factors on the evaluation
indexes, the directions of 0°, 45°, and 90° were selected for further
study.
5.1.2 Relationship between theoretical and actual section length
and ECPUM
Figure 11 showed the relationship between actual and
theoretical section length as well as the relationship between them
and ECPUM, based on the single factor tests.
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Effects of experimental factors on section length and ECPUM

but was larger than the theoretical section length, while the ECPUM
increased gradually. When the feeding amount was 7 kg/s, the
actual section length was closest to the theoretical section length,
and the coefficient of variation was 3.2%. In particular, when the
feeding amount was large, the thickness of the feeding layer
increased, and the section length of the lower crop was increased
because the section length of the upper silage maize was not as
good as the lower silage maize. In conclusion, the feeding amount
had a certain influence on the section length of silage maize straw.
As can be seen from Figure 11d, the feeding direction had a
significant effect on the section length. The ideal feeding condition
was 90° when feeding in 0°direction, the difference between the
actual section length and theoretical section length was significantly
greater than that in other directions. Although the moving blade
rotated along the helical line and formed shearing action with the
fixed blade, the straw was easy to tear along the fiber direction in
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this direction, resulting in the increase of the actual section length,
but the energy consumption was minimum. While in the 45°
direction, the variation coefficient of the section length was small,
and the consumption was also in the middle level. Therefore, the
optimization of the cutting table conveying structure in the future
can focus on 45°, and the consumption can be reduced as much as
possible on the premise of meeting the requirements of the section
length.

Combined with the single factor test results, the actual section
length and ECPUM data were fitted as shown in Figure 12 and the
fitting function was obtained as:

Y = (78.692 +7.682 37) - [ 02100223 35)

43
0t °®
41t
40
39t
38t
37t
36 |
35t

34 I I I I I I I I
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e Energy consumption per unit mass
— Fit curve

Energy consumption per unit mass/(kJ-kg™")

Figure 12 Fitting relationship between actual section length
and ECPUM

The fitting coefficient of Equation (35) was 0.742 79,
indicating that this function can better fit the relationship between
actual section length and ECPUM, and can be used to estimate the
impact of section length on the power consumption of the chopping
device.

Based on the above analysis, the section length will affect the
power consumption of the chopping device. The longer the section
length, the lower the power consumption, which was consistent with
the empirical Equation deduced®. The actual section length was
directly proportional to the feeding speed and inversely proportional
to the rotating speed of the chopping cylinder, which was similar to
and always higher than the theoretical section length. In this
structure, the clamping force of the feeding roller can increase the
material layer thickness by adjusting the pre-tightening force of the
feeding roller spring or increasing the feeding speed.

5.2 Orthogonal test
5.2.1 Establishment of regression model and significance analysis
of evaluation index

Design Expert 10.0.3 (Stat-Ease Minneapolis, MN, USA) was
used for variance analysis of the test results, and a quadratic
polynomial impact surface regression model was established with
SGLR (Y;) and ECPUM (Y,) as response functions and the feeding
speed (X)), rotating speed of chopping cylinder (X,), feeding
amount (X;) and feeding direction (X;) as independent variables,
and its significance was tested!”. The regression equations are
shown in Equations (36) and (37), the significance tests of
regression equations are listed in Table 4.

Y, =95.04 + 1.29X, +2.88X, + 1.14X; + 2.54X, — 0.17X, X,
1.88X, X, +0.021X, X, + 0.47X,X; — 0.18X, X, —
0.88X,X, —0.74X* - 0.077X - 231X - 115X’ (36)

Table 4 Variance analysis of regression equation for each
evaluation index

Items  Sources Sum of  Degree of Mean F- p-
squares freedom square values values
Model 279.81 14 19.99 41.62 <0.0001
X 20.05 1 20.05 41.74 <0.0001
X, 99.79 1 99.79 207.80  <0.0001
X3 2391 1 2391 49.80 <0.0001
X 77.65 1 77.65 161.69  <0.0001
XX, 0.11 1 0.11 0.23 0.6363
XX 14.12 1 14.12 29.40 <0.0001
XX, 1.806e-003 1 1.806e-003 3.761e-003 0.9520
Y, XX 0.90 1 0.90 1.87 0.1931
XX, 0.13 1 0.13 0.26 0.6164
XX, 3.06 1 3.06 6.38 0.0242
Xl2 3.55 1 3.55 7.40 0.0166
X% 0.039 1 0.039 0.08 0.7809
Xg 34.70 1 34.70 72.25 <0.0001
X3 8.54 1 8.54 1778 0.0009
Residual 6.72 14 0.48
Pure error 1.17 4 0.29
Model 174.19 14 12.44 81.40 <0.0001
X 27.51 1 27.51 180.00  <0.0001
X, 69.22 1 69.22 452.83  <0.0001
X; 19.74 1 19.74 129.13  <0.0001
Xy 39.97 1 39.97 261.48  <0.0001
XX, 0.60 1 0.60 3.93 0.0674
XiX;  2.500E-003 1 2.500E-003 0.016 0.9001
XX, 0.37 1 0.37 243 0.1410
Y, XX 0.28 1 0.28 1.84 0.1967
XX, 0.11 1 0.11 0.69 0.4198
XX, 1.48 1 1.48 9.66 0.0077
X3 143 1 143 933 0.0086
X% 13.78 1 13.78 90.16 <0.0001
Xg 2.86 1 2.86 18.70 0.0007
XE 0.76 1 0.76 4.98 0.0425
Residual 2.14 14 0.15
Pure error 0.32 4 0.08

Note: p<0.01(highly significant); 0.01<p<0.05(significant); p>0.05 (not significant).

Y, = 3743+ 1.51X, +2.4X, + 1.28X, + 1.82X, + 0.39X, X, +
0.025X,X; +0.3X,X, +0.27X,X; —0.16X, X, + (37)
0.61X,X, +0.47X> + 1.46X2 +0.66X> +0.34X"

As can be seen from Table 4, the response surface models for
SGLR (Y}) and ECPUM (Y,) indicated that the fitting degree of the
model was significant (p<0.05). As for the SGLR, the regression
terms X, X5, X3, Xy, X3, X;, and the interaction term X;, X; had a
highly significant effect (p<0.01). The impacts of X.X,, X\ X,, X,X,
X,X,, X2 on the SGLR(Y)) were not significant (»>0.05). As for the
ECPUM, the impacts of terms X}, X, X3, Xy, X7, X3, X3, X; and the
interaction term X3;X, had a highly significant effect (»p<0.01), but
the interaction terms of XX, X.X;, X X,, XoX; and XoX, were not
significant (p>0.05).

With the insignificant factors eliminated, the second-order
multiple regression equations for experimental factors are shown in
Equations (38) and (39). The P values of the optimized response
surface models for SGLR (Y;) and ECPUM (Y,) were all less than
0.0001, indicating that the optimized models were very reliable.
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5.2.2  Analysis of interaction results

It can be known from Table 4 that the order of influencing the
SGLR (Y;) was X,>X,>X5>X,. The response surface diagram was
obtained after data processing so as to intuitively analyze the
relationship between various experimental factors and chopping

performance SGLR as shown in Figure 13.

=
N
=
=
s
g
<
5
=
2
v
v
B
b
&b
)
-
<
3
=
<
s
7]

Standard grass length ratio/%

e. Y, (35,X,8,X)

Figure 13  Influence of different factors on SGLR

In Figure 13a, at the same rotating speed of chopping cylinder,
the SGLR increased first and then decreased as the feeding speed
increased; at the same feeding speed, the SGLR showed a marked
upward trend as the rotating speed of chopping cylinder increased.
When the rotating speed was small, the effect of chopping was
obviously affected by feeding speed. The faster the feeding speed
was, the more crops entered per unit time, and it was difficult to
chop thick crop layers by moving blade, while the slower the
feeding speed was, the smaller the theoretical chopping length was,

and longer straws that did not meet the requirements lead to a lower
SGLR. In addition, the faster the rotating speed was, the easier it
was to chop off the straw, and the chop section was neat.

In Figure 13b, at the same feeding amount, the SGLR increased
first and then decreased as the feeding speed increased; at the same
feeding speed, the SGLR also increased first and then decreased as
the feeding amount increased. The interaction between the two fac-
tors was obvious. When the feeding amount and feeding speed were
small, the crop layer was thin, and the clamping force of the feeding
roller on the crop was small. When the moving blade chopped the
crop, it was easy to slip, resulting in the increase of SGLR.

In Figure 13c, at the same feeding direction, the SGLR also
increased first and then decreased slowly as the feeding speed
increased, at the same feeding speed, the SGLR increased gradually
as the feeding direction increased. SGLR was significantly lower in
0° direction than that in other directions, the reason may be that in

£, (35,1000, X;, X,)

this direction, longer straw sections were easily pulled out by
moving blade at chopping sections. While in 90° directions, the
change of section length was minimal. However, the straw entering
the chopping device was chaotic due to the structural influence of
the harvesting platform and conveying device during actual field
harvesting.

In Figure 13d, at the same feeding amount, the SGLR increased
quickly as the rotating speed of chopping cylinder increased, and at
the same rotating speed, the SGLR also increased first and then
decreased as the feeding amount increased, and when the feeding
amount was 8 kg/s, the SGLR achieved maximum value. When the
rotating speed of chopping cylinder was lower and the feeding
amount was larger, the chopping effect was worse.

In Figure 13e, at the same feeding direction, the SGLR
increased gradually as the rotating speed of chopping cylinder
increased and achieved maximum when the rotating speed was
1200 r/min. At the same rotating speed, the SGLR increased
gradually as the feeding direction changed from horizontal to
vertical and achieved maximum in 90° direction. Although 0°
direction was not conducive to chopping, once the rotating speed is
over 1000 r/min, it also can get better sections.

In Figure 13f, at the same feeding direction, the SGLR
increased first and then decreased gradually as the feeding amount
increased, and the SGLR increased first and then decreased as
quickly as the feeding direction changed from horizontal to vertical.
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When the feeding amount was small, the effect of feeding direction
on the SGLR was more obvious. The lowest value occurred in the
0° direction, which was less than 90%.

To sum up, the rotating speed of chopping cylinder and feeding
direction had significant effects on the SGLR. In addition,
increasing the feeding amount and feeding speed appropriately can
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Figure 14

In Figure 14a, at the same feeding speed, the ECPUM showed a
clear upward trend as the rotating speed of chopping cylinder, and
at the same rotating speed of chopping cylinder, the ECPUM
showed a relatively slow upward trend as the feeding speed
increased. According to the empirical Equation of the power
consumption of the chopping device, the rotating speed had a square
or cubic influence on the consumption of accelerating crop
transportation, overcoming the friction between the crop and the
chopping drum, and transporting the chopped crop backward.
Therefore, the greater the rotating speed, the greater the power
consumption. Therefore, the power consumption was very high
even when the feeding amount was low. The faster the feeding
speed was, the more crops need to be cut per unit time, and the
greater the chopping force required. Therefore, the ECPUM
increased with the feeding speed.

In Figure 14b, at the same feeding amount, the ECPUM
increased gradually as the feeding speed increased, and at the same
feeding speed, the ECPUM showed an upward trend as the feeding
amount increased. The thickness of chopped crop layer per unit time
was similar at low feeding amount with high feeding speed or high
feeding amount with low feeding speed, so there was a certain
interaction between these two factors. At the same time, the
influence of the two factors on the SGLR can provide a theoretical
basis for reducing the power consumption of chopping and
improving the chopping quality.

In Figure 14c, at the same feeding direction, the ECPUM

e. Y, (3.5, X,8,X,)

improve the SGLR.

It can be known from Table 4 the order of influencing the
ECPUM (Y,) was X,>X>X;>X; The response surface diagram was
obtained after data processing so as to intuitively analyze the

relationship between various experimental factors and chopping
performance ECPUM. As shown in Figure 14.
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Influence of different factors on ECPUM

increased gradually as the feeding speed increased, and at the same
feeding direction, the ECPUM showed a clear upward trend. The
feeding direction had an obvious influence on ECPUM, mainly
affected by the structure and mechanical and physical characteristics
of the straw. When feeding at 3 m/s in 0° direction, the minimum
ECPUM was achieved.

In Figure 14d, at the same feeding amount, the ECPUM
increased rapidly as the rotating speed of chopping cylinder
increased, and at the same rotating speed, the ECPUM increased
gradually as the feeding amount increased. Even when the feeding
amount was low, the higher rotating speed would lead to a higher
ECPUM. Therefore, on the premise of guaranteeing the SGLR, the
operation power consumption of the chopping device can be
reduced by appropriately reducing the rotating speed of the
chopping cylinder.

In Figure 14e, at the same direction, the ECPUM increased
rapidly as the rotating speed of chopping cylinder increased, and at
the same rotating speed, the ECPUM increased gradually as the
feeding direction increased. The effect of feeding direction was
more obvious when the rotating speed of the chopping cylinder was
lower.

In Figure 14f, at the same feeding direction, the ECPUM
increased gradually as the feeding amount increased, and at the
same feeding amount, the ECPUM increased gradually as the
change of feeding direction from transverse to longitudinal. The
ECPUM was most significantly affected by feeding direction at the
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feeding amount of 10 kg/s. The ECPUM achieved the minimum
value at the feeding amount of 6 kg/s in 0° direction.

To sum up, the increase in feeding speed, rotating speed of
chopping cylinder, and feeding amount had positive correlation with
the ECPUM, and negative with ECPUM when the feeding direction
changed from transverse to longitudinal. Therefore, it was helpful to
reduce the working energy consumption of chopping device when
properly reducing the feeding speed, rotating speed, and feeding
amount, and feeding in a 0° direction.

5.2.3 Parameter optimization and test verification

Through a Box-Behnken simulation test, the optimal
combination of the parameters influencing the feeding and chopping
of silage maize was determined, thereby achieving the best
performance of self-working silage maize harvester feeding and
chopping device, improving the qualified rate of chopping section
and reducing operation power consumption. Because of the
influence of the various factors on the target value, a global multi-
objective optimization was necessary”'. The optimal constraint was
as follows:

max Y,

min Y,
3.5nﬂs§Xls4nﬂs (40)
800 r/min < X, < 1200 r/min

"N e kg/s < X, <10 kg/s
0°<X,<90°

Through the solution of the Design-Expert software, the best
combination was found. When the feeding speed, rotating speed of
the chopping cylinder, feeding amount, and feeding direction were
3.39 m/s, 1016.17 r/min, 8.04 kg/s, and 52.2°, SGLR and ECPUM
were 95.35%, and 37.63 kl/kg.

To verify the accuracy of the optimized model, the parameters
of the optimized factors were tested on the bench site. Considering
the practical application of the bench, the above parameters were
taken as follows: the feeding speed was 3.4 m/s, the rotating speed
of chopping cylinder was 1015 r/min, the feeding amount was
8 kg/s, and the feeding direction was 50°. The experiment was
repeated 10 times with the optimized parameters, and the results are
listed in Table 5.

Table 5 Comparison between model optimization and
validation test value

Evaluation index

Item

Y1/% Y,/kJ kg
Model optimization value 95.35 37.63
Validation test value 94.55 38.75
Relative error/% 0.94 2.97

In the comparison of the predicted result and experimental
result, the relative errors of all property indexes were less than 5%,
which showed that the established model was reliable and could be
used for prediction and optimization. From the data in Table 5, it
can be found when the feeding amount was 8 kg/s, the SGLR was
94.55%, and the ECPUM was 38.75 kJ/kg, which can meet the
operation demands of large feeding amount of domestic self-
propelled silage maize harvester. Huang et al.? developed a
combined device of four-rollers feeding and plate moving blade
cutter, and when the rotating speed of the chopping cylinder was
1000 r/min. the SGLR was only 90.3%. Shen et al developed a
chopping device for silage maize harvester, and when the rotating

speed of the chopping cylinder was 1200 r/min, the SGLR was
93.1%, and the energy consumption ratio was 7.85 kW -h/t".

In conclusion, by optimizing the structure and working
parameters of the feeding and chopping device of the traditional
silage maize harvester, the chopping energy consumption can be
significantly reduced and the chopping quality can be improved,
which provides a reference for the optimization and improvement of
the key device of the silage maize harvester.

5.3 Field test

Field test was made with working speed of 5.4 m/s, and the
corresponding feeding amount reached 8 kg/s. The test would start
after the silage maize harvester run smoothly, as shown in Figure 15.

Figure 15 Field test

The measurement process was shown in Figure 16. The
maturity of the silage maize was not consistent, there were many
furrows in the field, the walking speed was not stable and other
factors led to the fluctuation of the silage maize harvester feeding
amount, the average SGLR was 93.28%.

1. Sampling 2. Qualified samples 3. Unqualified straw 4. Unbroken grains
Figure 16 Test results measurement process

In field operation, the different diameter five-rollers feeding
device and plate hob chopping device run smoothly. The flow of
silage maize was smooth and there was no clogging phenomenon.
The field test showed that the feeding device and chopping device
could realize the functions of grabbing, evenly conveying, feeding
and chopping off the feeding, which improved the field adaptability
of the silage maize harvester and could meet the working
requirements of the silage maize harvester with a large feeding
amount.

6 Conclusions

A horizontal different diameters five-rollers feeding device
(HDDFD) was designed to solve the problem of feeding blockage
with the diameter of the up roller larger than the low roller. The
moving and fixed blade was rearranged to make the actual cutting-
edge curve the closer to the theoretical cutting-edge curve which
can help to reduce the cutting energy consumption and improve the
cutting quality.

The single factor test determined the optimal range of feeding
speed, rotating speed of chopping cylinder, feeding amount, and
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feeding direction, compared and analyzed the relationship between
actual section length and ECPUM. Using the Box-Behnken design,
the response surface regression model of the SGLR and ECPUM
was established. Through variance and response surface analysis,
the effects of factors were studied. When the feeding speed was
3.39 m/s, the rotating speed of chopping cylinder was 1016.17 r/min,
the feeding amount was 8.04 kg/s, and the feeding direction was
52.2°, the SGLR and ECPUM were 95.35%, 37.63 kJ/kg. Field tests
have verified the reliability of the optimized feeding and chopping
device. All the indexes were better than the relevant national
standards and existing silage maize harvesters made in China.
Therefore, the research results of this paper can be used to optimize
the feeding and chopping device of silage maize harvester.
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