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Design and experiment of high-speed straw cleaning unit with
double air springs
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Abstract: No-tillage planters need to be equipped with row cleaners to remove post-harvest plant residue from the seedbed.
The two-disc row cleaners cannot effectively remove the plant residue at high speed because the working depth is unstable,
which leads to poor seeding quality of the seeder. A straw cleaning unit with double air springs was designed to achieve better
straw cleaning performance at high speeds. The analysis of the mechanical characteristics of the double air spring system
showed that it enabled separate adjustment of force and stiffness. A dynamic model of the straw cleaning unit was established,
and the effectiveness of the double air spring system with adjustable stiffness in stabilizing the working depth of the row
cleaners was analyzed. Field experiments were conducted to evaluate the straw cleaning performance and consistency of
downforce against the ground of the straw cleaning unit with double air springs at different high speeds. The results showed
that the stiffness of the double air spring system for better straw cleaning performance of the straw cleaning unit was different
at different working speed, and the required stiffness increased as the working speed increased; When the working speed was 8-
12 km/h, the coefficient of variation of cleaned strip width was 6.9%-12.1%, the straw cleaning rate was 81.6%-92.2% and the
root mean square error of downforce was 19.93-28.63 N; the coefficient of variation of cleaned strip width was moderately
positively correlated with the root mean square error of downforce, and the cleaned strip width consistency was better when the
root mean square error of downforce was lower than 25.00 N.
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1 Introduction

No-tillage is the main method of conservation tillage,
characterized by reducing soil tillage and post-harvest plant residues
on the surface!". No-tillage can effectively reduce wind and water
erosion, increase soil organic matter and biological activity'**. No-
tillage seeding requires the planter to work in the environment
covered with post-harvest plant residues. The opener is easily
clogged with a mixture of plant residue and soil from the field,
which affects the passing ability of the planter and reduces the
seeding efficiency”. Plant residues affect the uniformity of the
sowing depth which can reduce the quality of the seeds®. Plant
residues in the seed furrow increase the spread of disease and
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prevent good interaction between the seeds and soil, which have a
negative impact on seed germination and crop yield”. Therefore,
removing plant residues from the soil surface and avoiding planted
seeds being incorporated into these residues is very important to
improve the efficiency of no-till planter and the quality of seeding.
Row cleaners have been developed and used as valuable
accessories for no-till planter to clean post-harvest plant residues
from the seedbed. The performance of row cleaners depended on
the amounts of the preceding crop and plant residues left on the soil
surface after harvest. The row cleaners installed at the front of the
planter can improve the penetration of the opener, avoid clogging
the opener with plant residues and improve the seeding performance
of no-till planter"”. The researchers designed different row cleaners
depending on the plants to be cultivated or the prevailing soil
properties,
optimizing the structure of the row cleaners!"¥. Among them, the

and improved their straw cleaning capacity by

two-disc row cleaners have been extensively used in no-tillage
maize planter, due to its advantages of less disturbance of the soil,
good soil moisturizing effect and low working resistance>'". To
remove plant residue from the soil strip surface, it is necessary for
row cleaner discs to penetrate the soil. Generally, row cleaners
penetrate the soil by its own weight. The row cleaner discs are
rotated by the pushing force from planter and the soil reaction force,
and pushing and throwing the straw to the sides of the seedbed"”’. In
addition, the cleaned strip width increases with the increase of the
working depth of the row cleaners when the working speed is
fixed"®. The stable working depth of row cleaners guarantees its
operational performance and clears a strip of a certain width.
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It is difficult for the row cleaners to work at a constant depth
due to the poor conditions in no-till fields, such as uneven ground
surface and high soil compaction. In the early research, the working
depth stability of row cleaners at low speed was improved by
adding a coil spring. This control method is simple, but at high
working speeds, the working depth stability of the row cleaners is
poor due to the spring stiffness and force cannot be adjusted
according to the working conditions, and resulting in missed
cleaning or inconsistent cleaned strip width!**". In recent years, the
depth stability of the row cleaners has been improved by adding an
active downforce system. The active downforce systems were
developed by replacing mechanical coil springs with hydraulic or
pneumatic cylinders or air bags. CASE (USA) developed the
Floating Residue Management System to provide active downforce
for row cleaners to improve the working depth stability of row
cleaners”'. Wang et al.”* used a S-type force sensor to monitor the
vertical force of row cleaners, and controlled the working depth of
row cleaners by using an electric pushing rod. Jia et al.” used a
force sensor to monitor the downforce of the row cleaners against
the ground and applied an air spring to keep the downforce within a
set range, which improved the working depth stability of the row
cleaners. Current research on the straw clearing performance
stability of row cleaners is limited to stabilizing its working depth
by applying a controllable force through an active control system.

Air spring has a strong bearing capacity in the vertical
direction. Changing the internal pressure of the air spring can
change its load force and stiffness®*. Generally, the stiffness and
load force of the air spring increase with the increase of its internal
air pressure. Therefore, the load force and stiffness cannot be
adjusted separately for single air spring. In previous studies, the
controllable force of the air spring has been used to improve the
performance of of row cleaners or planter™”. In vehicle
engineering, the air spring with adjustable stiffness has an active
effect in optimizing the dynamic performance of the suspension®".
The double air spring system designed in this study allowed the
force and stiffness to be adjusted separately. The double air spring
system provided additional downforce to the straw cleaning unit and
improved stability of the unit’s working depth at high speeds by
adjusting the stiffness.

In this study, a straw cleaning unit with double air springs was
designed. The adjustable force and stiffness of double air spring
system could improve the working depth stability and the straw
cleaning performance of the row cleaners at high speeds. The
dynamics model of straw cleaning unit was established and the
dynamic analysis of straw cleaning unit was carried out. Field
experiments were conducted to evaluate the consistency of cleaned
strip width, the straw cleaning rate and the consistency of
downforce of straw cleaning unit with different double air spring
system stiffness at high working speeds.

2 Materials and methods

2.1 Structural design

The straw cleaning unit (Figure 1) consists of a frame (1), a
double air spring system (2), two-disc row cleaners (3), a parallel
four-bar linkage (4), a gauge wheel (6) and two force sensors (9).
The row cleaner discs mounted on the fixing frame (5) were
staggered front and rear and tilted against each other. The gauge
wheel was mounted behind the row cleaners through the gauge
wheel fixing frame (7). The working depth of the row cleaners was
limited by the gauge wheel and could be adjusted manually. The
adjustment range of the working depth of row cleaners was 20-

50 mm. As the straw cleaning unit passed over uneven ground, the
gauge wheel and the row cleaners moved up and down with the
undulations of the ground. Considering the surface fluctuation and
field conditions before sowing, the vertical travel of the straw
cleaning unit was set to £120 mm.

1. Frame 2. Double air spring system 3. Two-disc row cleaners 4. Parallel four-
bar linkage 5. Row cleaner discs fixing frame 6. Gauge wheel 7. Gauge wheel
fixing frame 8. Gauge wheel shaft 9. Force sensor 10. Circular shaft 11. Splint
12. Upper base 13. Antifriction bearings 14. Lower base 15. Lower air spring
16. Upper air spring

Figure 1 Straw cleaning unit

The air springs were mounted inside the parallel four-bar
linkage (Figure 1b). The top end of the lower air spring (15) was
consolidated with the lower connecting rod through the lower base
(14), and the bottom end was consolidated with the right side of the
splint (11); the top end of the upper air spring (16) was consolidated
with the lower connecting rod through the upper base (12), and the
bottom end was consolidated with the left side of the splint. The
splint was connected with the upper connecting rod through the
circular shaft (10). Antifriction bearings (13) were installed on both
sides of the splint to ensure that air springs always extended and
retracted along the connecting rod. The air pressure of the air
springs was regulated by an electro-pneumatic proportional valve
(ITV2051-212BL, SMC Co., Japan)?”. The force generated by air
springs acted on splint to create a moment that turned the upper
connecting rod. This moment provided a pulling force or down
force on straw cleaning unit. The force sensors (AR-DN333,
Changzhou Allison Technology Co., Ltd, China), mounted on either
side of gauge wheel fixing frame, were used to monitor the force of
the gauge wheel against the ground by measuring the small
deformation of the gauge wheel shaft. The data acquisition card
(USB-6210, National Instruments, Inc., USA) recorded real-time
forces with a sampling frequency of 200 Hz and stored the data in
the laptop.

2.2 Mechanical properties of double air springs

Diaphragm type air springs were used in this study. It is a non-
metallic spring consisting of two sealed cover plates and one rubber
air bag. The air spring achieves the spring function by compressing
the gas inside the air bag. The gas in the air spring is assumed to be
an ideal gas. The force F, generated by the air spring at any moment
can be expressed as®':

F,=(P+P)A, (1

where, F, is the force generated by the air spring, N; P is the
relative pressure in the air spring, MPa; P, is atmospheric pressure,
MPa; 4, is the effective cross-sectional area of the air spring, m®.

In the process of air spring vibration, the 4, can be expressed as
a linear function of the air spring length®, and the volume of air
spring can be expressed as:

V: VO_AL)S (2)
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where, V is the volume of the air spring, m’; ¥}, is the initial volume
of the air spring, m’; s is the vertical deformation of air spring, m.

The air spring was stretched or compressed during straw
cleaning unit work. Assume that the change in its internal gas is an
adiabatic process. According to the ideal gas state equation, the
following equation can be obtained:

(Po+P)Vy=(P+P)V 3)

where, P, is the initial relative pressure in the air spring, MPa; y is
the adiabatic exponent of gas.
According to Equations (1)-(3), F, can be expressed as:

,
Fo=[eorra(G) -n] A )
The air spring stiffness K can be expressed as:
3 Vo)’ dA, vy dv
K=[rro(3) P GomraePagh S )

The ground surface of the field is continuous fluctuation of
small amplitude, so the length of air springs in the straw cleaning
unit has little change. There is less variation in the effective area of
the diaphragm type air spring®. To simplify calculation, assume
that the effective area of air spring is A, during movement.
Equation (5) can be expressed as:

pa)

_ YA% ( Vo )
K=(P,+P,) v \Vioas (6)

Equation (6) shows that the stiffness of air spring is mainly
related to pressure, initial volume, vertical deformation and initial
effective area. The initial volume and initial effective area of an air
spring are determined. Therefore, the force and stiffness of the air
spring can be changed by adjusting the pressure.

Define the air spring displacement as negative during tension
and positive during compression. The isobaric characteristic curve
of the air spring is shown in Figure 2a. The slope of the force curve
is the stiffness of the air spring. The stiffness of the air spring and
the force it produces increase with compression when the pressure
is certain. The nonlinearity of the air spring is not obvious when the
deformation of the air spring is =15 mm, so the stiffness of the air
spring can be linearized. The relationship between air spring
stiffness and air pressure is shown in Figure 2b.
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a. Force curves of air spring b. Stiffness of air spring

Figure 2 Force and stiffness of air spring

The force F generated by the double air spring system can be
expressed as:

F=F —-F,=K(sy)+As)—K,(s)—As) = (K, — K,)sy + (K, + K,)As
(7)

where, F is the force generated by lower air spring, N; F), is the
force generated by upper air spring, N; K| is the equivalent stiffness
of lower air spring, N/m; K, is the equivalent stiffness of upper air

spring, N/m; s, is the initial deformation of air springs, m; As is the
change in length of the air springs relative to sy, m.
The double spring system stiffness K, can be expressed as:

K=K +K, (8)

According to Equations (6), (7) and (8), £ does not change
when the pressure difference between the two air springs is
constant; however, K, is the sum of the two air springs stiffness and
increases as the air springs pressure increases.

2.3 Operation principle and dynamics model of straw cleaning
unit

As shown in Figure 3, when the straw cleaning unit was
working, the row cleaners overcame the resistance F, and
penetrated the soil relied on the gravity G of the unit and the force
generated by the double spring system. The target working depth 4
was the height difference between the row cleaners and the gauge
wheel. The ground generated the force F; on gauge wheel when the
working depth of the row cleaners reached 4. Considering the fact
that the horizontal forces have a minor effect on the vertical motion
behavior of the straw cleaning unit, the draught forces F, were
neglected when analyzing the vertical motion of the straw cleaning
unit™, When the straw cleaning unit worked steadily at a constant
speed v on a flat surface, the equation of the straw cleaning unit
motion can be described as follows:

FL +GL,=F,L;+F{(L,+L,) 9)

F = GL,+FL,-F,L;

' L+L, (19)

Figure 3 Working diagram of straw cleaning unit

To ensure a stable working depth of the row cleaners, it was
necessary to ensure that the gauge wheel was in close contact with
the ground, i.e. that | >0. F, was affected by soil physical and
chemical properties and working speed. Under different working
conditions, the double spring system provided the downforce for the
straw cleaning unit to be able to make F; >0.

In fact, the surface of the field was uneven. The fluctuation of
the ground affected the motion of the straw cleaning unit in vertical
direction and caused a change in the row cleaners' working depth.
The vertical motion of clear straw monomer was analyzed. To
reduce the complexity of the analysis, the assumptions were as
follows:

(1) The influence of friction at articulation on the motion of
straw cleaning unit is ignored;

(2) The gauge wheel is thought a spring with a stiffness of
K

(3) The stiffness of the mechanical structure of straw cleaning
unit is Kp;

(4) The resistance generated by the interaction between the row
cleaners and the soil is considered as a damping force, and the
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damping coefficient C is related to the soil rheological
characteristics";

(5) The double air spring system is considered as a spring with
adjustable stiffness of K;

(6) The gauge wheel always follows the contour of the ground,
and there is no soil subsidence.

Based on the above assumptions, the dynamic model of straw
cleaning unit is shown in Figure 4.

Figure 4 Dynamic model of straw cleaning unit

The absolute displacement of the cleaning unit barycenter is
x(f). The surface profile is x,(¢). The absolute position of the frame
X, remains unchanged. The variation in working depth of the row
cleaners /(f) can be described as follows!":

h(t) = x,(1) — x() (1)

The motion equation of straw cleaning unit can be described as
follows:

mi(t) + K,.x(t) + Kpx(t) — Ch(t) — K, h(t) = 0 (12)
According to Equations (11) and (12), the following can be
obtained:
() + 2L h() + W2h(E) = X, (1) + wWi(0) (13)
K +K +K K, +K, C
2 _ L 1 D 2 _ t D _
e SR W= TS g (19)

The dynamic model of straw cleaning unit can be approximated
as single-degree-of-freedom damped vibration system. Apply the
Laplace transform to Equation (15), and the transfer function
obtained is as follows:

§*+ W

H)= ——7F——
(s) 2+ 20w,s + w?

(15)
The surface profile of the field can be described as follows?"

x,(f) = Asinwt (16)

OO

) =
Row cleaners

G
compressor

‘ ; ik = Gauge wheel

v
w—2n7 a7

&

where, A4 is the height of the surface profile relative to the datum
plane, m; v is the working speed of straw cleaning unit, m/s; T, is
the wavelength in the forward direction of the straw cleaning unit, m.

When straw cleaning unit works, the damping of the unit makes
the transient vibration of the unit quickly attenuated to zero, and
finally only the steady-state vibration is retained. The steady-state
vibration of the unit can be described as follows:

Aw? - w? 2
h(t) = (@ - “) sin (wt— arctan %) (18)
V(@ = wd) + 402w W, —w;

As can be seen from Equation (18), the working depth of the
row cleaners is influenced by the field environment (soil rheological
characteristics, field surface profile), the working speed, and the
stiffness and damping of the straw cleaning unit. The variation in
working depth A(f) can be reduced by decreasing(w; — w?*). Equation
(17) shows thatwincreases with the increase of surface roughness
and working speed. Equation (14) shows thatw,increases with the
increase of the double air spring system stiffness. The stability of
the working depth can be improved under different working
conditions by adjusting the stiffness of double air spring system.

In addition, the dynamic load of the gauge wheel can be
expressed as

Fo(t) = K.h(t) + Ch(t) (19)

It can be seen from Equation (19) that the dynamic load is
affected by the working depth of row cleaners, and can reflect the
variation in working depth. In this study, the interaction force
between the gauge wheel and the ground was regarded as the
downforce of straw cleaning unit to the ground and recorded by
force sensors.

2.4 Field experiments

Field experiments were implemented in agricultural field
(125°13E, 44°14N) in Nong’an County, Changchun City, Jilin
Province, China. The climate was monsoon climate of medium
latitudes. The soils in the fields belonged to typical black clay in
Northeast China. Field experiments lasted from 24 to 28 October,
2022, with the daily average temperature of 9°C-16°C and no
significant precipitation. The field was a maize field after
mechanical harvest. Straws were crushed and thrown on the surface
of the field. The range of straw lengths after crushing was 8-12 cm.
The soil compaction was 0.931 MPa, the soil bulk density was
1.16 g/em’ and the moisture content was 13.6% at soil depth 0-
100 mm in the test plots. During the experiment, the straw cleaning
unit was towed by a tractor (Figure 5).

Ly

ST T L

Figure 5 Straw cleaning unit with double air spring system
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2.4.1 Experimental design

For all experiments, the working depth of row cleaners was set
at 30 mm. Before the experiment, the air pressure difference
between the two air springs was adjusted so that the downforce of
the straw cleaning unit’s gauge wheel against the ground reached
400 N, which ensured the row cleaner discs penetrated the soil to
reach the target depth™. Referring to Table 1, there were 3%
5 groups of experiments, including 3 levels of working speed and 5
levels of the double air spring system stiffness. The correspondence
between the double air spring system stiffness and the air springs
pressure is listed in Table 2. The experimental field was divided
into 15 plots. Each plot was 200 m long with 20 m start and stop
zones. One plot was corresponding to one treatment.

Table 1 Level settings of the experimental arrangement

Variable
Levels
A: Working speed/kmh B: Double air spring system stiffness/N-m'
1 8 2893
2 10 3938
3 12 4982
4 6027
5 7071

Table 2 Correspondence between the double air spring system
stiffness and the air springs pressure

Double air spring system

Pressure of upper air Pressure of lower air

stiffness/N-m™ spring/MPa spring/MPa
2893 0.100 0.250
3938 0.175 0.325
4982 0.250 0.400
6027 0.325 0.475
7071 0.400 0.550

2.4.2 Evaluation Index

(1) The coefficient of variation of cleaned strip width

The cleaned strip width varied with the working depth of row
cleaners when the working speed of straw cleaning unit was
constant™. The coefficient of variation of cleaned strip width
(WCV) is used to evaluate the consistency of the strip width cleaned
by the straw cleaning unit. Larger WCV indicates poorer cleaned
strip width consistency. After each group of experiments, 20
sampling points were randomly selected from each plot, and the
cleared strip width of the sampling points was measured with steel
ruler (Figure 6b). The coefficient of variation of cleaned strip width
is expressed as follows:

WCV:%wa6 (20)

21

(22)

where, o is the standard deviation of cleaned strip width, cm; W is
the average of cleaned strip width, cm; w; is the ith values of
cleaned strip width, cm; # is the number of sampling points.

(2) Straw cleaning rate

The ratio of the straw mass in the strip before and after
operation is the straw cleaning rate of straw cleaning unit. The

amount of residue on the surface was measured before the
experiment. The sampling method is shown in Figure 6c. Ten
quadrats (1 mx0.65 m, the row spacing of corn planting in
Northeast China is 0.65 m) were randomly selected within each plot
and the residues were collected from each quadrat. The residues
were oven-dried at 55°C for 72 h and weighed to determine the dry
mass of straw residues in each quadrat.'!. The average value of the
measurement results was taken as the unit mass of the residues
before the tests, and was recorded as M. After each experiment, the
residues mass of 10 quadrats (1 mx0.65 m) was collected and
weighed by the same method. The average value of the results was
taken as the unit mass of the residues after the experiments, and was
recorded as M. The straw cleaning rate is expressed as follows:

CR= (1_%> X 100% 23)

where, M is the unit mass of the residues before the experiments,
kg; M, is the unit mass of the residues after the experiments, kg.

(3) Consistency of downforce

The responses of the straw cleaning unit to the profile
undulations could be expressed by the consistency of straw cleaning
unit’s downforce against the ground™”. The root mean square error
(RMSE) of downforce was used to evaluate the consistency of
downforce. RMSE increases with the degree of variation in
downforce. Larger RMSE indicates poorer ability of the straw
cleaning unit to follow the profile undulations. RMSE is expressed
as follows:

(24)

where, F| is the target force of the gauge wheel against the ground,
N; F; is the actual force of the gauge wheel against the ground, N; N
is the number of data points.
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Figure 6 Field surface and the measuring method of straw
cleaning performance

3 Results and discussion

3.1 Cleaned strip width
The data of 15 groups of cleaned strip width in the field



94 August, 2024 Int J Agric & Biol Eng

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

Vol. 17 No. 4

experiment were collected and the coefficient of variation of each
group was calculated. The box plots for the cleaned strip width and
the line plots for coefficient of variation were produced using
Origin 2019b (Figure 7). When the working speed was 8 km/h, the
smaller coefficient of variation of cleaned strip width belonged to
the stiffness B1 (2893 N/m) and B2 (3938 N/m) with a 25th
percentile of 23.1 cm, 23.8 cm, a 75th percentile of 25.5 cm, 26.8
cm, a median of 24.3, 24.9, respectively. Conversely, the stiffness
B4 (6027 N/m) and B5 (7071 N/m) indicated the larger coefficient
of variation of cleaned strip width. When the working speed was 10
km/h, the smaller coefficient of variation of cleaned strip width
belonged to the stiffness B1, B2 and B3 (4982 N/m) with a 25th
percentile of 26.4 cm, 28.6 cm, 27.5 cm, a 75th percentile of 30.3
cm, 31.7 cm, 30.9 cm, a median of 28.0 cm, 30.7 cm, 29.1 cm,
respectively. Conversely, the stiffness B4 and B5 indicated the
larger coefficient of variation of cleaned strip width. When the
working speed was 12 km/h, the smaller coefficient of variation of
cleaned strip width belonged to the stiffness B3 and B4 with a 25th
percentile of 29.5 cm, 29.4 cm, a 75th percentile of 33.7 cm, 36.6
cm, a median of 31.3 cm, 32.2 cm, respectively. Conversely, the
stiffness B1, B2 and BS5 indicated the larger coefficient of variation
of cleaned strip width.

The experimental results showed that the range of double air
spring system stiffness that minimizes the coefficient of variation of
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Figure 7 Cleaned strip width and the coefficient of variation

cleaned strip width at different speeds was different. When the
stiffness was too high, straw cleaning unit was easy to impact the
ground, which led to a sharp increase in cleaned strip width. When
the stiffness was insufficient, straw cleaning unit was easy to
bounce, which led to a sharp reduction in cleaned strip width. When
the working speed was 8-12 km/h, the double air spring system
stiffness corresponding to the smaller WCV increased with the
increase of the working speed. The adverse effect of ground shape
on straw cleaning unit increased with the increase of working speed.
Increasing the double air spring system stiffness improved the
stability of the working depth and cleaned strip width. In addition,
the cleaned strip width increased with the increase of working
speed, and Kristina et al. have established that the working speed
significantly influences the cleaned strip width"®. The rotation
speed of row cleaners increased as the working speed increased,
which increased the interaction force between the row cleaner discs
and the straw and the straw throwing distance.
3.2 Straw cleaning rate

The effect of working speed and double air spring system
stiffness on the straw cleaning rate is shown in Figure 8. The
experimental results showed that the range of double air spring
system stiffness that maximizes straw cleaning rate at different
speeds was different. At the same speed, there was a range of
stiffness that made the straw cleaning rate better. When the working
speed was 8 km/h, the straw cleaning rate of the stiffness B1 and B2
was no less than 81.6% and significantly better than the stiffness
B3, B4 and B5. When the working speed was 10 km/h, the straw
cleaning rate of the stiffness B2 and B3 was no less than 86.1% and
significantly better than the stiffness B1, B4, and BS5. When the
working speed was 12 km/h, the straw cleaning rate of the stiffness
B3 and B4 was no less than 92.2% and significantly better than the
stiffness B1 and B2.

100 f mmB1 £IB2 WmB3 B4 mmB5
cAbC—

80

60

Straw clcaning rate/%

40

8 10 12
Working speed/km-h™'
Note: At the same working speed, columns labeled with same lowercase letters
are not significantly different at 95% confidence interval. At the same stiffness,
columns labeled with same capital letters are not significantly different at 95%
confidence interval.
Figure 8 Effect of working speed and double air spring system
stiffness on the straw cleaning rate

Straw cleaning rate represents the straw mass in the quadrat
after straw cleaning unit operation. When the working speed was 8-
12 km/h, the working speed significantly affected the straw cleaning
rate. The cleaned strip width increased as the working speed
increased, which made the straw mass in the quadrat decreased and
the straw cleaning rate increased. The increase of the coefficient of
variation of cleaned strip width led to the decrease of straw cleaning
rate at the same speed. In conclusion, the straw cleaning rate of the
straw cleaning unit was better at high working speeds when the
cleaned strip width was stable.

When the working speed was 8 km/h and the double air spring
system stiffness was lower (B1, B2), the straw cleaning unit
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performed better in straw cleaning (CR>81.6% and WC1<6.9%). At
a working speed of 10 km/h, the straw cleaning unit had a better
straw clearing performance (CR>86.1% WCV<9.1%) with double
air spring system stiffnesses of B2 and B3. When the working speed
was 12 km/h, the straw cleaning performance of the straw cleaning
unit was better (CR>92.2%, WCV<12.1%) at higher double air
spring system stiffness (B3, B4). In conclusion, different stiffness
ranges of the double air spring system were required at different
high speeds to optimize the straw cleaning performance of the straw
cleaning unit, and the optimal stiffness range increased with the
increase of working speed.

3.3 Consistency of downforce

The downforces of the straw cleaning unit are shown in
Figure 9. When the working speed was 8 km/h, the dynamic
performance of the stiffness B1 and B2 was better and the worst
(RMSE=35.86 N) when the stiffness was B5. At lower working
speeds, the higher stiffness of the double air spring system reduced
the sensitivity of the straw cleaning unit to surface fluctuations, and
therefore the unit was prone to impact the ground, which led to a
sharp increase in downforce and RMSE. When the working speed
was 10 km/h, the best downforce consistency of the straw cleaning
unit (RMSE=19.37 N) was achieved with a double air spring system
stiffness B3; however, it was the worst with stiffness B5
(RMSE=37.30 N). When the working speed was 12 km/h, the best
downforce consistency of the straw cleaning unit (RMSE=26.46 N)
was achieved with stiffness B3; however, it was the worst with
stiffness B1 (RMSE=38.32 N). The effect of surface fluctuation and
soil resistance on the downforce consistency of straw cleaning unit
increased with increasing working speed. When the stiffness was
insufficient, straw cleaning unit was easy to bounce, which led to a
sharp reduction in downforce and a sharp increase in RMSE.

3.4 The effect of downforce consistency on the coefficient of
variation of cleaned strip width

The relationship between the coefficient of variation of cleaned
strip width and the root mean square error of downforce is shown in
Figure 10. The correlation between two datasets can be expressed
by Pearson correlation coefficient (7). The closer the absolute value
of r is to 1 the stronger the correlation between the two variables,
and the closer it is to 0 the weaker it is*’. The coefficient of
variation of cleaned strip width was significantly correlated with the
root mean square error of downforce (P<0.01), and both were
positively correlated. The coefficient of variation of cleaned strip
width and the root mean square error of downforce were moderately
related (#=0.69).

The correlation analysis showed that downforce consistency
could reflect the stability of straw cleaning performance. Reducing
the root mean square error of downforce could improve the straw
cleaning performance of straw cleaning unit. When the root mean
square error of downforce was less than 25 N, the width consistency
was better (WCV<10%).

4 Conclusions

This study designed a high-speed straw cleaning unit with
double air springs. The double air spring system, with separately
adjustable force and stiffness, was used to improve the stability of
the straw cleaning unit working depth, thereby improving the straw
cleaning performance.

(1) A dynamic model of the straw cleaning unit was developed.
The dynamic model of straw cleaning unit can be approximated as
single-degree-of-freedom damped vibration system. The dynamic
analysis showed that adjusting the stiffness of the double air spring
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Figure 9 Downforce recordings of straw cleaning unit

system could improve the working depth stability of straw cleaning
unit.

(2) The results of field experiments showed that the adjustable
stiffness of the double air spring system facilitated the straw
cleaning performance of the row cleaning unit, and the stiffness of
the double air spring system, which enabled better straw cleaning
performance, increased with increasing working speed. When the
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Figure 10 Relationship between the coefficient of variation of
cleaned strip width and the root mean square error of downforce

working speed was 8-12 km/h, the coefficient of variation of
cleaned strip width was 6.9%-12.1%, the straw cleaning rate was
81.6%-92.2% and the root mean square error of downforce was
19.93-28.63 N.

(3) The coefficient of variation of cleaned strip width and the
root mean square error of downforce were moderately positively
correlated. Reducing the root mean square error of downforce could
improve the straw cleaning performance of straw cleaning unit. The
coefficient of variation of cleaned strip width was less than 10%
when the root mean square error of downforce was lower than 25.00
N.

Since the straw cleaning unit’s downforce consistency can
reflect the straw cleaning performance, future research should be
focused on developing different control techniques, such as real-
time adaptive PID and fuzzy hybrid controller, to optimize straw
cleaning performance by stabilizing downforce. Further field
experiments are required to evaluate the effect of straw cleaning
unit on the working performance of the planter.
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