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ARTICLE INFO ABSTRACT

Keywords: Complex field conditions in conservation tillage significantly enhance the vibration of no-tillage planters, which
Vibration model is even more intense at high velocity, limiting the development and promotion of no-tillage seeding of high-speed
MBD-DEM

precision technology. At present, it is difficult to understand the vibration characteristics of no-tillage planters,
and how to reduce the influence of vibration on furrowing quality is still a critical problem. In this study, a depth-
limiting vibration model of the no-tillage seeding unit (NTSU) was established based on the nonlinear continuous
contact force model and dynamic analysis. The cone index test was used to calibrate DEM parameters for
modeling the simulated soil, which was used to study the effect of soil compaction on the vibration of no-tillage
unit. The multibody dynamics (MBD) and discrete element method (DEM) coupled simulation technology of
coupled furrowing operation was proposed as the test vibration analysis method. The effects of the working
velocity, the spring stiffness coefficient (SSC), and the cone index on the vibration characteristics of the NTSU
were studied through orthogonal tests and analysis. The simulation and field test results show that the working
velocity is the primary influence factor of the vibration of the no-tillage planter, but it is also affected by the
downforce and soil compactness. The maximum amplitude increased as the working velocity increased, but the
main frequencies of the vibration are concentrated in a low frequency band from 2 to 10 Hz. Reasonable working
velocity and SSC (downforce) settings can effectively reduce the vibration of the NTSU and improve the quality
of seeding. To sum up, this paper proposed a new method that can effectively and precisely simulate the fur-
rowing operation, and study the influence of NTSU structure on its vibration. It would provide a theoretical basis
for the optimization design of the vibration damping system.

Furrowing operations
Vibration characteristics
Vibration damping system

Therefore, studying the vibration characteristics of the NTSUs and
reduce the influence of vibration on seeding quality is essential

In previous studies, researchers mainly obtained the vibration
characteristics of the planter during field test, then the effect of vibration

Conservation tillage is an advanced agricultural farming technology on seeding quality was studied (Badua et al., 2021; Sharipov et al., 2018;
that can reduce soil erosion and improve soil fertility and drought Virk et al., 2021; Zhai et al., 2020). Zhang et al. (2014)established a
resistance by eliminating traditional tillage, using minimal tillage, no- two-degree-of-freedom spade planter vibration model which can be used
tillage, and straw mulching (Kassam,2015; Amir Kassam,2009). The to predict and analyze the seeding performance of the spade punch
no-tillage planter could perform seeding operations without significant planter under the working operations. By testing and analyzing the vi-
soil disturbance, where soil surface undulations and crop residues could bration characteristics of the no-tillage planter during the field test,
cause significant random vibrations in the seeding unit, and the random Zhang et al. (2016) studied the influence law of vibration parameters of
vibration could negatively affect the stability of the seed implantation seed metering device on corn population movement in seed metering

and the crop yield(Cay et al., 2018; Liu et al., 2015). The no-tillage device based on DEM; Wang et al. (2019) built a test bench for vibration
seeding unit (NTSU) is a critical working part of a no-tillage planter.

1. Introduction
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Nomenclature

Symbols

C, The collision coefficient of restitution.

D The damping factor

E The equivalent Young’s modulus of colliding bodies (Pa)
E, E; The Young’s modulus of colliding bodies (Pa)

F, The contact force(N)

Fy The vertical force resistance of the ground on the GW (N)
F, The horizontal resistance of the ground on the GW (N)

g the acceleration of gravity (m/s?)

J The rotational inertia of the depth limiting device (kg-m?)
Ji The rotational inertia of the GWSA (kg~m2)

Ja The rotational inertia of the depth-limiting adjustment

handle (kg~m2)
K The Hertz contact stiffness (N/m)
Lo The length of the GWSA (m)
Ly The length of F. force arm
m The contact parameter
M The sum of external moments on O point

my The equivalent mass of colliding bodies i, j (kg)
m; The mass of the GWSA (kg)
my The mass of the GW (kg)

The mass of colliding bodies i, j (kg)

n The elastic contact index (generally 1.5 for steel)

Greek Letters

R The equivalent contact radius of colliding bodies (m)

R, R; The contact radius of colliding bodies (m)

Ve Vj The Poisson’s ratio of colliding bodies (m/s)

V1, v2i  The initial velocity of colliding bodies (m/s)

vip Vi The final velocity of colliding bodies (m/s)

a The recovery factor

S5 The relative penetration (m)

50 The penetration velocity (m/s)

.5.6(7 The initial relative normal contact velocity(m/s)
The angle between the GWSA and the frame (°)

-0 The second-order differentiation of the 0 (°/s?)

Vs The hysteresis damping factor

-5 the second-order differentiation of the & (m/s%)

Abbreviations

RecurDyn Recursive Dynamic
DEM Discrete Element Method

GWSA  Gauge wheel support arm
DLAH  Depth-limiting adjusting handle
NTSU No-tillage seeding unit

SSC Spring stiffness coefficient

seeding, which analyzed the effect of the field vibratory excitation on
the finger-clamped seed metering device. The planter vibration
increased linearly with increasing working velocity, but a reasonable
selection of downforce size could attenuate seeder vibration. Zhai et al.
(2020) quantified the effects of working velocity and seeding unit vi-
bration on seeding quality by monitoring vibration at different working
velocities and measuring plant spacing after emergence in a field test.
Badua et al. (2021) investigated the variation coefficient of seeding
depth at different working velocity and downforce settings (620 N and
980 N), and found that the target seeding depth could be achieved with
reasonable downforce settings. In summary, vibration has a severe
impact on seeding depth, which directly affects the seeding quality
(Kirkegaard Nielsen et al., 2017), and the furrowing operation of “
furrowing — depth limitation — profiling ” process is a crucial factor
affecting the seeding depth. However, there is a lack of research on the
impact of the NTSU on vibration, especially the contact collision
behavior between the gauge wheel support arm (GWSA) and the
depth-limiting adjusting handle (DLAH) in the process of depth-limiting,
which produces a violent impact force and intensifies the vibration of
the NTSU. Therefore, it is necessary to understand the interaction
mechanism between soil and the NTSU.

The simulations have already been used to analyze soil-agricultural
tool interaction with passive vibration. Pasthy et al. (2024) developed
a two-way coupled DEM-FEM simulation procedure that can be applied
to model the interaction between deformable tillage tools and the soil, as
well as modeling the passive vibration of tillage tools in the soil.
Galibjon M. Sharipov et al. (2017) developed a sensor frame for
obtaining field surface profiles during seeding operation. They assessed
and optimized the dynamic response of a no-till seeder and thus devel-
oped a mathematical model of the coulter assembly with the semi-active
MR damper system. To date, however, based on our review of the
literature, there have been no examples of the application of MBD-DEM
simulations to passive vibration, which caused soil-agricultural tool
interaction.

In this study, an MBD-DEM coupling simulation model was con-
structed to analyze the vibration characteristics of the NTSU based on
the working velocity, spring stiffness coefficient (SSC), and cone index
during the furrowing operation. The specific objective was to investigate

the vibration characteristics of the NTSUs. A depth-limiting vibration
model of NTSU was established based on the nonlinear continuous
contact force model and dynamic analysis. The cone index test was used
to calibrate DEM parameters for modeling the simulated soil. The MBD-
DEM simulation test of coupled furrowing operations was conducted to
analyze the effects of working velocity, SSC, and cone index on the vi-
bration of the NTSU. Furthermore, the feasibility and effectiveness of
coupling model were verified through comparisons between simulation
and field test.

2. Materials and methods
2.1. Depth-limiting vibration model of the NTSU

2.1.1. Structure and working principles

The center of mass of the simplified no-tillage unit is in the frame as
shown in Fig. 1, which is mainly composed of the four-bar profiling
device, the stubble breaking and trenching device, the fertilizing device,
the frame, the suppression device, the GWs, the double disc furrow
openers, and other devices. The structure of the NTSU was moderately
simplified, and the power transmission system, the seed metering device
were removed.

During the operation of the no-tillage seeding unit, the stubble
breaking and trenching device cuts through the stubble and soil. The
double disc furrow openers are driven into the soil by their weight and
the profiling spring downforce, and the two discs roll forward to furrow
open the soil and form the seed furrow. The parallel four-bar profiling
device realizes the up-and-down profiling function due to the uneven
ground surface, straw, and soil resistance change. The depth-limiting
device mainly utilizes the frame and DLAH to constrain the rotation
angle of the GWSA, and adjusts the height of the DLAH by adjusting the
position of the DLAH to achieve the limiting function and improve the
adaptability to different soil height changes, and suppression device
carry out soil backfilling and covering of the straw.

2.1.2. Nonlinear continuous contact force model
The most common behavior in mechanical systems is the contact
behavior, which is essential for the relevant analytical calculations in
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Fig. 1. Structure of no-tillage seeding unit. (a) Schematic diagram of the assembly position of no-tillage unit; (b) (c) (d) Structure of four-bar profiling device, depth-

limiting device, and suppression device, respectively.

mechanical systems. The regularization method is applied in RecurDyn
(Recursive Dynamic, FunctionBay, Korea) to describe the collision body
contact behavior, which considers that each contact region of a contact
body is covered with several spring damping elements dispersed on the
surface (Rodrigues Da Silva et al.,2022). The magnitude of the de-
formations and stiffnesses of the elements depends on the geometric and
material properties of the collision body as well as on the relative depth
of penetration (Skrinjar et al., 2018; Zhang et al., 2022).

RecurDyn and EDEM used the Hertz contact force model to express
the contact between two objects(Rodrigues Da Silva et al., 2022; Tsuji
et al., 1992) , where the contact force F, is a nonlinear function of the
amount of deformation:

Fc = Ké" (€]

where § is the contact deformation; n is the energy index, which depends
on the geometry of the contact material, and for metal contact, the value
of n is taken as 1.5 (R. Ramirez et al.,1999); K is the Hertz contact
stiffness (N/m), which is related to the elastic modulus of the two con-
tacting materials, the contact radius and the Poisson’s ratio (Wang &
Liu,2020), and its expression is:

K= gE*\/ﬁ @

3

EE;

E =
E(1 —vi) + E(1-)

@

where E* is the equivalent Young’s modulus of colliding bodies (Pa), E;
and E; are the Young’s moduli of the colliding bodies, R is the equivalent
contact radius of colliding bodies (m), R; and R; are the radius of the
colliding bodies, and v; and v; are the Poisson’s ratios of the colliding
bodies.

In order to describe the energy dissipation during the collision,
Kelvin and Voigt created the K-V model in 1960 (Machado et al., 2012);
while considering the shortcomings of the K-V model, Hunt and Crossley
proposed a new model related to the relative velocity at the moment of
collision in 1975 (Hunt and Crossley, 1975):

Fc = K&" + 46" (5)

where m is the contact parameter, generally taken as 1.5; y is the hys-
teresis damping factor; and & is the penetration velocity.
The hysteresis damping factor is:
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where C, is the collision coefficient of restitution, .6(7 is the initial
relative normal contact velocity (m/s).
The collision coefficient of restitution is:

Vij — Vy 5
LU= @)
Vii — Vai 50

C=-

where vy; vy; is the initial velocity of colliding bodies (m/s), vy;, v2;is the
final velocity of colliding bodies (m/s).
The vibration equation for nonlinear collision behavior is:

- . 3
myS+D5+Ké2 =0 (€)]

where --8 is the second-order differentiation of the & (m/sz), my is the
equivalent mass of colliding bodies (kg), and D is the damping factor (N/
m), which are expressed as:

my = m; +my 9
m;m;
11
D = a(moK)254 10

where m; and m; are the mass of colliding bodies (kg), and « is the re-

2 . .
covery factor, a = ,/”fﬂnﬁ:’c , Therefore, the nonlinear continuous con-
A
tact force model based on Hertz theory is:

3 1.
Fc = Ké2 4+ ay/moKé46 an

2.1.3. Vibration model of depth limits

During the operation of the depth limiting device, due to the in-
homogeneity of the soil, the load on the depth limiting wheel was mainly
due to the downforce and the horizontal resistance. In the kinetic study
of the “furrowing — depth limiting — profiling” process, the vibration of
the depth limiting device in the vertical direction was mainly analyzed,
which was manifested in the contact collision behavior between the arm
of the wheel and the depth limiting adjusting handle directly. In the
contact collision modeling of the depth limiting device, ignoring the
friction at the articulation on the movement of the GWs. The collision
behavior was equivalent to a single degree of freedom spring-damping
model, whose stiffness coefficients and damping coefficients were
recorded as K and D, respectively. So that the depth-limiting vibration
model of NTSU was shown in Fig. 2.

According to the combined moment theorem, the sum of the external
moments on point O is:

1
M = Fglocosf — F,L; — F,Lysing — <m2 + %) gLocosd (12)

where M is the sum of external moments on O point; F, is caused by the
collision of the GWSA and the DLAH; F; and F, are the vertical and
horizontal resistance of the ground on the GW (N), Ly is the length of the
GWSA (m), m; is the mass of the GWSA (kg), my is the mass of the GW
(kg), ¢ is the angle between the GWSA and the frame (°), g is the ac-
celeration of gravity (m/s?).

According to the momentum moment theorem, the kinetic equation
is established:

JO+KSL, +DéL; =M (13)

where J is the rotational inertia of the depth limiting device (kg-mz), Ly
is the length of F, force arm (m).
The moment of inertia J is:

Computers and Electronics in Agriculture 230 (2025) 109877

Fig. 2. Vibration model of depth limits.

1L2 .
J:(J2+m2Lg+J1+m4 ")e 14

where J; is the moment of inertia of the GW (kg~m2), J; is the moment of
inertia of the GWSA (kg~m2), --0 is the second-order differentiation of the
6 (/s?).

The product of the second-order differential of contact deformation
and the force arm F, is:

6 =51, 5)

This can be obtained by substituting equations (12), (14) and (15)
into equation (12), which is a second order differential equation. It is a
typical single degree of freedom vibration equation, which provides a
theoretical basis for the MBD-DEM simulation:

mlL?

(JZ +m2L2 +J1 + >$L1 + DbLy + KoLy = FgLocos — F.L;—

1
F,Lysing — (m2 + %) gLocoso

(16)

Associative (11), (16) that is, the depth limiting device vibration
model, the contact force F. will be affected by the relative collision
speed, the vertical resistance Fy on the GW, and the weight of the NTSU.
However, the vertical resistance Fg is mainly derived from the dead-
weight of the NTSU and the downforce exerted by the profiling spring,
so it is necessary to analyze the effect of working velocity and the
profiling SSC on the vibration characteristics of the seeding unit. The
impact of cone index as a measure of soil compactness affects plant
growth and crop yield. At the same time, cone index, as an indicator of
the degree of soil compactness, affects plant growth and crop yield.
Therefore, its influence on the vibration characteristics of the NTSU
should be further studied.

2.2. Calibration of the DEM parameters of soil

2.2.1. Properties of soils
The experimental field was loam soil on the soil bin performance test
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bench of China Agricultural University. Five samples of soils were taken
from the area that would be used for the no-tillage seeding test, and their
physical properties were listed in Table 1. All sampling locations were
on the sowing row, as this was about to be the subsequent crop row and
the main source of the vibration for the seeding unit. The water content,
the bulk density, and the dry density were measured from the cylindrical
samples in their original state. The cone index was measured by a SC-
900 cone penetration meter with a vertical velocity of approximately
30 mm/s, where the cone had a top angle of 60° and a diameter of 12.83
mm. For considering that maize seeds would be sown at a depth of
50-80 mm, the cone index of each sample area was measured up to a
depth of 100 mm and sampled at a depth interval of 25 mm. All cone
indexes were measured as shown in Fig. 3.

2.2.2. DEM soil modeling

EDEM_v2020 was used to model the soil in the field test, where the
base model between all the simulated materials was set as Hertz-Mindlin
(no slip). The additional model between the particles was set as Hertz-
Mindlin (no slip) with Bonding for mapping the physical properties of
the field soil.

The cone index test was used to calibrate DEM parameters for
modeling the simulated soil, which is an important index used to eval-
uate the soil compactness (Woldeyohannis et al., 2024; et al., 2000). As
shown in Fig. 4, the simulated cone index test was established by using a
cone with the same geometric dimensions and vertical velocity of 30
mm/s, following the ASAE standards (ASAE S313.3 FEB04/ASAE
EP542), as it was in the field experimental test. A soil bin with a height of
280 mm and a total particle number of 15523 was generated in a 300 x
300 x 600 mm box in which the DEM parameters used were listed in
Table 2 (Chen et al., 2024; Wang et al., 2023; Wu et al., 2021). In the
simulation, the cone index value was obtained by dividing the vertical
resistance of the cone by the area of its base. And the cone index when
the cone was just completely submerged into the surface of the soil bin
was considered to be the cone index of the soil bin at the depth of 0 cm.

The simulated cone indexes were recorded in the same way as for the
field tests, with cone indexes recorded at a depth interval of 2.5 cm in
depths of 0-10 cm. The parameters of the contact model were then
iteratively updated until the simulated cone index had an acceptable
error concerning that recorded in the field tests. It was found that
generating the particles with a fixed radius was not a realistic approach
for either particle packing or particle movement but this was able to be
overcome by randomly generating particles in a size range of 0.95-1.05
times the nominal particle size (Ucgul et al.,2014). The calibrated pa-
rameters are listed in Table 2.

A 3000 x 600 x 210 mm soil bin was created for seeding simulation
where the DEM parameters were used as listed in Table 2. In addition,
two linearly scaled contact model parameters were used to model soils
with different cone indexes, where the scaled parameters are listed in
Table 3. The particle arrangement and total number of particles in these
three soil bins were consistent because they were derived from the same
DEM project file and differed only in the contact model parameters. The
cone indexes of these soil bins are shown in Fig. 5.

2.3. Vibration analysis simulation test based on MBD-DEM coupling

During the operation of the no-tillage planter, the double disc furrow
openers and GWs were rotated passively under the action of the soil,

Table 1
Physical properties of the soil sampling from the experimental
field.

Soil Properties (Unit) Value

Sampling depth (mm) 0-100

Water content (%)
Wet density (kg-m™>)

6.79 + 1.66
1180.98 + 46.23
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Fig. 3. Measurements of the cone indexes from the field experimental test.

which needs to be analyzed by the discrete element method. The total
downforce of the NTSU was mainly provided by the deadweight and the
downforce which exerted by the profiled springs. These forces are
counteracted by vertical reactions force from the soil, applied to the
double disc furrow openers and GW (Brune et al., 2018), and the
interaction force is analyzed by the simulation of the furrowing process
of the NTSU through the RecurDyn. However, the process of “ furrowing
— depth limitation — profiling” cannot be accomplished by single
discrete element software and multibody dynamics software. Therefore,
the coupled simulation of RecurDyn-EDEM was used for the relevant
analysis.

2.3.1. Simulation model of coupled furrowing operations

The core of the RecurDyn-DEM coupled model was the construction
of the coupled furrowing operation, which included the process of
“furrowing — depth limitation — profiling.”.

The virtual prototype model of the NTSU was first imported into the
RecurDyn software. The Joints, Springs, and Contacts were carried out
to implement the process of “ furrowing — depth limitation — profiling.”
The Revolte and Fixed joints were added to the NTSU, which was used to
realize the passive rotation. The Translate joint was added to the four-
bar profiling device, and its direction along the z-axis was used to
realize the linear motion of the NTSU. The Spring force was added to the
four-bar profiling device to simulate the real mechanical spring. The
spring parameters were selected based on the no-till planter in the field
test. Then, the GeoSur contacts were added to the DLAHs, the GWSAs,
and the compaction spring connecting frame, which was used to
describe the contact collision. The stiffness and damping coefficient
were calculated through the theoretical analysis in Section 2.2. Finally,
the MBD model was imported into the DEM.

The material (steel, rubber) parameters were unified as listed in
Table 4. The time steps of EDEM and RecurDyn were setto5 x 10 — 5s
and 1 x 10 — 3 s, respectively;, and the total time was 2.5 s. The NTSU
begins to fall as the model runs, overcoming the trenching resistance
through deadweight and downforce, thus achieving the process of
furrowing — depth limitation — profiling.” The working process diagram
of the NTSU simulation model was shown in Fig. 6.

2.3.2. Test design

According to the previous theoretical analysis, the interaction was
understood through a three-factor, three-level orthogonal test. The
working velocity(X;), SSC(X3), and cone index(X3) were selected as
factors. The factors and levels were shown in Table 5. A single factor test
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Fig. 4. (a) The simulated cone index test by using the discrete element method, (b) the penetration test tools (dimensions in mm).

Table 2 . . . 05

DEM parameters used in the simulated cone index test. —e— Scaled 1
Properties (Unit) Value
Physical radius of the soil particle (mm) 5 04 | Calibrated
Contact radius of the soil particle (mm) 6
Density of the soil (kg~m’3) 1898 P
Shear modulus of the soil (Pa) 7.9e + 5 Q«j Scaled 2
Poisson’s ratio of the particle 0.38 E 03
Density of the steel (kg-m~%) 7850 - Experimental /
Shear modulus of the steel (Pa) 7.78e + 10 >
Poisson’s ratio of the steel 0.3 .g
Restitution coefficient of the soil-soil 0.1 X E 02
Static friction coefficient of the soil-soil 0.268 )
Rolling friction Coefficient of the soil-soil 0.2 =
Restitution coefficient of the soil-steel 0.5 8 0 1
Static friction coefficient of the soil-steel 0.5 .
Rolling friction Coefficient of the soil-steel 0.4
Fixed time step (s) Se-5
Normal stiffness per unit area of s0il-soil(N-m ) 9e + 5 0
Shear stiffness per unit area of soil-soil (N-m~3) 9e + 5
Critical normal stress of soil-soil (Pa) 3e +5 0 25 5 75 1 O
Critical shear stress of soil-soil (Pa) 3e+5 Penetration depth (cm)

Fig. 5. The cone indexes of the simulated soil bins and field experimental tests.

Table 3
The scaled parameters of contact model from the calibrated result.
Properties Parameters Scaled 1 Scaled 2 Table 4
Soil-Soil (Hertz-Mindlin Normal stiffness per unit 5 % 10° 17 x MBD-DEM parameters used in the vibration analysis simulation test.
with Bonding) area (N-m ™) 10° Properties Value
Shear stiffness per unit area 5 x 10° 1.7 x
(N-m~3) 106 The stiffness coefficient of GeoSurContact 300,000
Critical normal stress (Pa) 2.0 x 5.0 x The damping coefficient of GeoSurContact 30
10° 10° Density of the rubber (kg-m~3) 1130
Critical shear stress (Pa) 2.0 x 5.0 x Shear modulus of the rubber (Pa) 7.966 x 10°
10° 10° Poisson’s ratio of the rubber 0.475
Restitution coefficient of the soil-rubber 0.55
Static friction coefficient of the soil-rubber 0.88
Rolling friction coefficient of the soil-rubber 0.18

was used to validate the model, and the test factor was working velocity,
which was consistent with the field test.

The seeding intensity, vertical force, and amplitude were selected as The seeding intensity was obtained from the relative position of the
tests in indicators. The data could be collected during the stabilization double disc furrow opener and the GW, and the trenching depth was
phase of the vibration analysis simulation. obtained by the height difference. Trenching depth decreased with the
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(b)

Fig. 6. The process of the vibration analysis simulation including the initial position (a), the stable operation (b), and the end position (c).

Table 5
Test factor levels and code table.

Levels  Working velocity Spring stiffness coefficient X,/  Cone index X3/

X1/(m-s™1) (N-mm™) (MPa)
-1 1.39 2 0.12
0 1.94 6 0.18
1 2.5 10 0.25

seeding intensity, but the collision was caused by the collision of the
DLAHs and the GWSAs. At the same time, the maximum seeding depth is
reached. Therefore, the seeding intensity was selected as the test indi-
cator to reflect the possibility of collision.

Meanwhile, mechanical tillage resistance affects crop seeding
emergence and root growth (Hosseini et al., 2016), and some studies
have found that the downforce can reflect the changes in soil tillage
resistance to a certain extent (Brune et al., 2018). The total downforce
are the deadweight of the no-tillage unit and any superimposed me-
chanical force from the profiling springs, these forces are counteracted
by ‘up-force’ reactions from the soil (Brune et al.,2018). Additionally,
the force balance considers only vertical forces. Therefore, the vertical
force was calculated by the reaction force between the soil-engaging

(a)

Fig. 7. (a) The no-tillage unit used in the field experimental test, and (b)the accelerometer glued on the frame of one of the no-tillage unit.

components and the soil.

Moreover, the simulated frame displacements were recorded in the
same way as for the field tests, and the Fast Fourier Transformation
(FFT) technique was applied to the displacement data to isolate the
frequency components for analysis. The amplitude and main frequency
were obtained using Matlab R2023a software.

2.4. Field test of the vibration

A no-tillage unit was used in the field experimental test, as shown in
Fig. 7a. The test soil type is loam soil, with a moisture content of 6.79 %
for 0-100 mm soil and a wet bulk density of 1.18 kg-m ™3,

It was necessary to measure the vibration parameters of the seeding
unit during the field tests to serve as a comparison term for the results of
the coupled DEM-MBD simulations. A vibration test and modal analysis
instrument (China Orient Institute of Noise & Vibration, Beijing, China)
was used to measure the vibration characteristics of the seeding unit
under operating conditions. This instrument was connected to 4 accel-
erometers, which were glued on the frames of the seeding units on both
sides of the planter, as shown in Fig. 7b. Field tests at operating speeds of
5,7, and 9 km/h were realized, at the accelerometer sampling frequency
of 1000 hz. The data was processed by low-frequency filtering(0 ~ 50hz)

Acceleration

Seed metering sensor

device

(b)
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through the system’s software, which was selected from the stabilization
stage. The main frequency and amplitude data of the no-tillage planter
were obtained using Matlab software.

3. Results
3.1. Validation of the MBD-DEM coupling model

The simulation results of the working velocity for the MBD-DEM
coupling model validation were shown in Fig. 8. It could be observed
that the measured and simulated results closely match at the working
velocity of 1.39 and 1.94 m/s, the maximum amplitude error was 1.42
and 3.49 mm, respectively. However, the error was 13.20 mm for the
working velocity of 2.50 m/s. This was probably due to the fact that the
total weight of the no-till seeding monomer was reduced after simpli-
fication, and the downforce of the no-tillage unit was not enough to
reach the ideal furrowing depth. In addition, the vibration frequencies of
simulation results concentrated mainly in a low frequency from 4 to 10
Hz, which was consistent with the actual results. It meant that the
completeness of the MBD-DEM modeling of the no-tillage unit that re-
flected the real-scale agricultural working environment could be
implemented with a meaningful level of accuracy.

In summary, the coupled simulation technology based on MBD-DEM
could analyze the vibration characteristics of no-tillage seeding units,
which was a completely new approach.

3.2. Effects of parameters on seeding intensity

The seeding intensity increased with the decrease in seeding depth,
which reflected the change in sowing depth and the possibility of
collision. At the same time, the maximum seeding depth was obtained at
the minimum seeding intensity. As shown in Fig. 9, the seeding intensity
increased with the increase in working velocity, which may be due to the
higher collision incidence between the GWSA and the DLAH at high
velocity. In other words, the higher seeding intensity produced a high
vibration, which means that a higher rate of seeding depth variation will
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be generated.

When the working velocity was the lowest (Fig. 9a), the seeding
intensity increased as cone index increased, which indicated that soil
compaction had a more significant effect on the seeding intensity.
However, when the working velocity is high (Fig. 9b, c), the low cone
index performed better, indicating that in the case of more compact soil,
it was necessary to provide a sufficiently large downforce to reduce the
seeding intensity and thus improve the seeding quality.

The coordinates of the double disc furrow openers and the GW in the
Y-direction were obtained by numerical modeling, which better simu-
lated and described the change of seeding intensity in the “ furrowing —
depth limitation — profiling ” process of NTSU. The test scheme and
results were listed in Table 6.

3.3. Effects of parameters on vertical force

The vertical force mainly depended on cone index. When cone index
was low, the vertical fluctuated little and remained at a low level, but
unreasonable operating parameters will lead to large fluctuations in
trenching resistance as shown in Fig. 10. This was probably due to the
fact that the double disc furrow opener relies on the unit’s deadweight,
and the downforce of the profiling springs was not enough to reach the
ideal furrowing depth. In addition, the difference between the average
vertical force was smaller (Fig. 10a); this may be due to the need for
more significant unit deadweight and downforce to overcome furrowing
resistance in the case of high soil compactness (Sharipov et al.,2018),
which may otherwise result in shallower seeding depths (Fig. 10c). The
constant total downforce is insufficient for the opening disc to cut to the
desired depth, then the seed would be planted too shallow, which is an
undesirable agronomic outcome (K. E. Lamb & Johnson,2004).

The fluctuation of vertical force was small (Fig. 10a), which indi-
cated that in the case of lower soil compactness, the working velocity
and SSC (downforce) had less influence on it, and it could be stabilized
in a reasonable range. It could be seen that the fluctuation of the fur-
rowing resistance of test_13 (2.5 m/s, 6 N/mm, and0.25 MPa) was more
significant (Fig. 10b), which indicated that in the case of more
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Fig. 8. The comparison of simulation and actual with a working velocity of 1.39 m/s, 1.94 m/s, and 2.50 m/s, respectively.
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Fig. 9. The effect of working velocity, spring stiffness coefficient and cone index on seeding intensity. (a) The green, blue, cyan, carmine, and yellow line is the test
10, 12, 15, 16, and 19, respectively; (b) The green, blue, cyan, carmine, yellow, deep yellow, navy blue, purple, and wine red line is the test 1, 2, 4, 6, 7, 8,9, 11, and
14, respectively; (c) The green, blue, cyan, carmine, and yellow line is the test 3, 5, 13, 17, and 18, respectively.

Table 6
Design and results of tests.

Test Working velocity X1/ Spring stiffness coefficient X5/ Cone index X3/ Average seeding intensity Vertical force Y,/ ~ Maximum amplitude Y3/
No. (m-s™h) (N-mm) (MPa) Y1/mm N mm

1 1.94 6 0.18 36.44 998.68 8.76
2 1.94 6 0.18 36.80 995.36 9.69
3 2.50 6 0.12 55.60 984.99 1.68
4 1.94 10 0.12 52.86 989.48 2.51
5 2.50 10 0.18 37.51 1020.66 2.82
6 1.94 6 0.18 36.80 995.36 9.69
7 1.94 6 0.18 36.80 999.54 9.15
8 1.94 6 0.18 36.47 1004.11 9.49
9 1.94 2 0.25 17.34 994.81 9.88
10 1.39 10 0.25 39.76 1015.91 9.71
11 1.94 2 0.15 52.91 988.09 0.97
12 1.39 6 0.25 21.57 991.45 11.32
13 2.5 6 0.25 13.80 939.82 11.48
14 1.94 10 0.25 17.58 1000.59 9.40
15 1.39 6 0.12 58.98 989.41 7.65
16 1.39 2 0.18 40.26 1009.76 9.69
17 2.5 2 0.18 37.79 1011.60 3.26
18 2.5 6 0.18 36.88 1019.28 3.49
19 1.39 6 0.18 39.85 1012.74 6.89

significant cone index, it was necessary to choose the working velocity
and downforce reasonably.

3.4. Effects of parameters on the maximum amplitude of the unit

The Post Result of RecurDyn was used to output the frame vertical
coordinate data, which was analyzed using the FFT spectrum by Matlab.
The results are shown in Fig. 11. There was a close correlation between
sowing intensity and amplitude, as shown in Figs. 9, and 11. At low

working velocity, the maximum amplitude increased as the working
velocity increased. However, the maximum amplitude can be reduced
effectively due to reasonable operation parameter settings, which
include the SSC and cone index.

According to previous research, the main frequencies of the vibration
were concentrated in a low frequency band from O to 10hz(Zhai et al.,
2020). The main vibration frequencies of simulation test were not
increased with the increase in working velocity but remained at 1.56,
2.34, and 3.13hz (Fig. 11a, b, and c). In specific, maximum amplitudes
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Fig. 10. The effect of working velocity, spring stiffness coefficient and cone index on vertical force. (a) (b) (c) the cone indexes of 0.12, 0.25, and 0.18 MPa,

respectively.

under 1.39 m/s were 9.71, 11.32, 7.65, 8.58, and 9.46 mm, which did
not change significantly. Compared with the other treatment groups, the
maximum amplitude of test_4, and test_11 (Fig. 11b) was significantly
lower than that of the others. This phenomenon is explained by the
current total downforce is sufficient to meet the needs of trenching.
Moreover, compared to the other treatment groups, the maximum
amplitude was significantly lower under 2.5 m/s (Fig. 11c), which is
inconsistent with the previous results. Therefore, the higher working
velocity should be avoided when the downforce is insufficient in the case
for no-tillage seeding. Alternatively, it can be solved by replacing the
mechanical spring with a higher stiffness coefficient or using an active
downforce control system to increase the underground downforce.

4. Discussion

In this study, a vibration model of the depth-limiting device was
established, and a coupled dynamic simulation of MBD-DEM was
established based on it; we analyzed the effects of working velocity,
profiling SSC, and cone index on the vibration of the unit. The main
novelty value of the research is the development of a coupling simula-
tion combining the DEM and the MBD for the analysis of the vibration
characteristics of no-tillage seeding unit. It is a completely new approach
that can be used for vibration analysis of other mechanical systems.

It has shown that planter downforce has the potential to meaning-
fully describe distributions of soil strength in agricultural fields (Brune
et al.,2018). These indicated vertical force had the potential to mean-
ingfully describe the magnitude of soil strength in the simulation test.
Under the condition of low soil compactness, the fluctuation of vertical
force was smaller (Fig. 10). However, the cone index had no significant
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effect (P > 0.05) on the amplitude of the no-tillage unit. Therefore, the
larger amplitude in no-tillage fields may be caused by soil surface
roughness (Mohammadi et al.,2023). Furthermore, as the study was
carried out only in loam soil, in order to better understand the interac-
tion between passively vibrating tillage equipment and the soil, different
velocities, different soil surface roughness, and downforce control sys-
tems could also be investigated in future studies.

5. Conclusions

In this study, the soil-machine interaction (no-tillage unit) was
modeled based on working velocity, soil cone index, and spring stiffness
coefficient using the MBD-DEM coupling method to analyze the vibra-
tion characteristics during furrowing operation, and verified by com-
parison with field measurement data. Moreover, based on the following
conclusions can be drawn:

Soil strength was an influential quantity in determining agricultural
outcomes. The cone index test was used to calibrate DEM parameters for
modeling the simulated soil, which was used to study the effect of soil
compaction on the vibration of the no-tillage unit.

In the simulations, it was observed that working velocity was the
main factor influencing the vibration of the no-tillage unit. However, it
would also be affected by the downforce and the compactness of the soil.
The maximum amplitude increased as the working velocity increased,
but the main frequencies of the vibration were concentrated in a low
frequency band from O to 10hz. Reasonable working velocity and
profiling SSC (downforce) would be the main factors influencing the
vibration of the no-tillage planter, which could effectively reduce the
vibration of the seeding unit and improve the seeding quality.
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Fig. 11. The effect of working velocity, spring stiffness coefficient and cone index on maximum amplitude of simulation test. (a) (b) (c) the working velocity of 1.39,

1.94, and 2.50 m/s, respectively.

The MBD-DEM coupled simulation technology was used to analyze
the vibration characteristics of no-tillage seeding units, as the coupled
MBD-DEM simulations showed good agreement with the results from
actual measurements.

This study provided a method for analyzing the vibration charac-
teristics of no-tillage seeding units based on the MBD-DEM coupling, and
provided a theoretical basis for the optimization design of the vibration
damping system.
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