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Abstract: The complex mechanical system of a rice combine harvester not only has various excitation
sources, but also, the vibration transmission path between each working device and the vibration
contribution characteristics to the frame are not clear, so it is difficult to perform a reduction vibration
design for the sharp vibration of the rice combine harvester frame. Therefore, based on the com-
parison and improvement of multiple classical transfer path analysis methods, this paper analyzed
the vibration transfer characteristics and transfer characteristics of each harvester by the discrete
time matrix method and operating path method. In the Experimental section, through the vibration
characteristic experiment firstly, this paper obtained the power spectrum variation and the most
needed optimized path in the transmission path of each device under each operating condition.
Secondly, through frame simulation analysis under the exciting force, we obtained the vibration
damping areas that needs to be optimized. Finally, the damping optimization experiment connected
with the vibration characteristic experiment, and the excitation force simulation analysis was per-
formed. The results of the damping optimization experiment displayed that the maximum change
value of the vibration acceleration of the cutting table decreased from 7.862 m-s~2t03.522 m-s~2,
decreasing by 55.2%, and the peak amplitude of the multipoint test in the cab was 5.4, 5.3, 1.7 and
2.0 um, respectively, which was significantly reduced, so the optimization effect was significant.
This study provides theoretical support for the vibration reduction optimization of a rice combine

harvester frame.

Keywords: vibration reduction; combine harvester; vibration transmission path; contribution charac-
teristics; excitation frequency

1. Introduction

During harvesting rice of a combine harvester, the cutting table, transportation equip-
ment, vibration screen, threshing roller, fan and engine and so on should meet the various
extremely complex movements in the design process [1-3]. However, due to the different
functions of each device, the vibration characteristics and the exciting force produced by
each device are also different [4,5]. The generation of vibrations will not only affect the
normal work of each device but also makes the mechanical harvest loss rate and impurity
content rate of the overall harvester higher and then affects the overall harvest efficiency
and harvest quality of the harvester [6,7]. Furthermore, the further superposition of the
vibration of each device may make the overall combined harvester produce stronger vi-
brations and cause machine resonance, which will cause the fatigue failure of the whole
machine and will then seriously affect the working performance and service life of the com-
bined harvester [8,9]. Adding to that, the strong vibration of each device will not only affect
the driving experience of the driver in a rice combine harvester but also affect the physical
and mental health of the driver in the high vibration environment for a long timer [10].
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In recent years, with the gradual development to higher speeds and more efficient and
higher intelligence of combine harvesters, it is extremely urgent to the vibration reduction
optimization of combine harvesters to study the vibration transfer path and contribution
characteristics [11,12].

At present, scholars at home and abroad carry out the excitation experiment to obtain
the transfer function of working devices individually by disassembling the harvester cutter
table, vibration screen, engine and other devices and structures to further study the vibra-
tion transfer characteristics of each device [13-15]. Also, some scholars, through the finite
element method and the test modal technique, analyze the influence of external excitation
on the dynamic characteristics of each device firstly. And then, the structure of each device
of a combine harvester according to the mode vibration pattern of each device on the
harvester is optimized. The result is that the vibration pattern and frequency of the devices
are optimized and the resonance problem avoided [16,17]. In the vibration optimization
design for rice harvesters of Zhang et al., they, based on the finite element analysis and the
modal solution, reduced the vibration of the machine during operation and avoided the
resonance of harvester devices by comparing the excitation frequency of the main vibration
source and the natural frequency and vibration type of the threshing drum [18]. Combining
the modal acoustic contribution calculations and using the numerical simulation technique
can establish the regression equation to reveal the relationship between the indicators and
the factors. Therefore, Tian et al. determined the comprehensive cutting performance index
that meets the cutting table, though the vibration information of the cutter during the
harvester is collected by the vibration recorder [19]. The mode analysis software method is
also commonly used for finite element mode vibration and frequency analysis of harvester
frames. Li et al. optimized the structure of a harvester frame by analyzing the natural
frequency and the external excitation frequency of the harvester frame and made the mode
frequencies of the first few lower orders of the frame avoid the external shock frequency
range [20]. For the problem of the frame having resonance with the external excitation
frequency, Lin et al. designed the frame using the multi-objective optimization method
and improved the working stability of the harvester combined with the sensitivity analysis
method by exploring the factors and order that affect the first order natural frequency and
quality of the frame [21]. For the vibration problem between the rack and the seat, Zhang
et al., through the measured frame vibration signals as the input excitation, simplified
the model of the nonlinear damping system for the cab seat-human body following the
actual structure of the cab. In addition, they used the genetic algorithm in multi-objective
optimization and input the optimization results into the model to verify the optimized
vibration reduction performance of the cab and seat for the front and rear [22]. Using the
way of the integral calculation combining analytical calculations and numerical simula-
tions method, Wu et al. acquired the conclusion that studying the vibration generation
of the vibration transmission path was an important way to explore the vibration of the
harvester [23]. The above research focused on the analysis of a single working device in
the vibration excitation response, the vibration characteristics and the vibration reduction
and noise reduction optimization and so on aspects, and these researchers optimized the
vibration of the harvester by obtaining the vibration transfer characteristics of a single part
to the whole machine in its working state. Although some scholars have studied the trans-
mission characteristics of each component of the harvester, the focus is still on analyzing the
transmission characteristics of a single component. It is rare to research the transmission
characteristics and contribution characteristics of the whole machine excitation while the
harvester devices are working.

Based on the equilibrium equation of the rice combine harvester and correlation anal-
ysis of the vibrational signals, this paper calculated the transfer matrix and analyzed the
passing path for each device of the rice combine harvester by combining the discrete time
matrix method with the OTPA analysis method. In addition, the sound pressure level
distribution of different devices was obtained by carrying out the vibration characteristics
of combined harvesters under field conditions and analyzing the power spectral density
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function and power spectrum of each operating device. In order to provide a theoretical
basis for the whole machine vibration reduction treatment, the vibration transfer path
and contribution characteristics of each device were explored in different working condi-
tions. The vibration damping area to be optimized during the transmission process of each
working device was obtained by the simulation analysis of the frame excitation force and
vibration characteristic experiment. Finally, after damping optimization treatment of the
obtained optimization area, the results of the vibration characteristics and vibration reduc-
tion optimization and vibration optimization were verified by comparing the vibration
acceleration and amplitude of each device after vibration reduction processing and before
processing.

2. Material and Methods
2.1. Research Method of Vibration Transmission

Combine harvester vibrations can be regarded as the result of the superposition
and coupling of the excitation force generated by each excitation source through the
vibration isolation element and the connection point of each working device along different
transmission paths. The main steps of a system vibration transfer paths analysis include
identifying the working load, acquiring the transfer function and contribution analysis
known through Xu et al.’s cab vibration measurements under multiple working conditions
and the vibration contribution characteristics research of the seat [24].

Operational Transfer Path Analysis is an accurate and effective method to diagnose the
machine vibration and noise problem [25]. The product of the working load and the path
frequency response function represents the path contribution in the TPA method, and the
TPA method can further be divided into a single-reference TPA versus the multi-reference
TPA method according to the number of incentive sources, which is shown in Figure 1.

Steps of the classical TPA mode Steps of the OTPA mode

Identify the main vibration |

l Main working load identification | I excitation sources

4

l Structure transfer load acquisition | l Obtain the response target signals |
Transfer function of the incentive Calculate the transfer rate by
point to the target point relying on the heavy datas
The contribution of each incentive The contribution of each path is
source and transfer path to the target obtained from the transfer rate and
response is calculated the data of each working condition

Figure 1. A comparison of the OPA and OTPA analysis methods.

The OTPA method, which directly measures the vibration response data under the
working conditions without the decoupling of the excitation source, is a rapid TPA method.
Therefore, the testing method of OTPA is more efficient. Because the vibration of the
whole machine can be regarded as a time-varying nonlinear multi-body vibration system,
according to the field conditions of the combine harvester being complex and the external
incentives changing over time, the OTPA method is more suitable for combine harvester
transmission path analysis.

In the analysis of the harvester, if we assume that the harvester vibration system is
linearly unchanged, the transmitted target response can be expressed as

Y(jw) = X(jw)H(jw) 1)
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In the formula, Y (jw) is the selected output response at the target point, X (jw) is the
selected input reference point response at the excitation source and H(jw) is the transfer
function corresponding to the path.

The transfer rate calculated only based on the working condition data will have errors
due to the changes in the data of different working conditions of the combine, so the
analysis results of the OTPA method are often not accurate. At the same time, because
the vibration system of the harvester has time-varying nonlinear factors, it is necessary to
combine the discrete time matrix method to optimize the calculation of the analysis transfer
characteristics, so as to improve the accuracy of the results.

In the dynamic equations of the joint harvester, there are mainly unknown quantities,
such as speed, acceleration and high-order items. If the free vibration of the whole multi-
body system is regarded as a linear time-invariant system, the state vector meets

z =76z = iwZe i = —w?Ze ()

In the formula: z is the quantity in the physical coordinates, and Z is the quantity in
the corresponding modal coordinates.

Due to the interactive superposition of the external excitation and the excitation force
of the combined harvester, the kinetic equation of working devices needs to be linearized
firstly to build the transfer matrix for each device. The linear function can represent the
positional coordinates of the velocity z and the acceleration z:

z(t;) = A(ti—1)z(t;) + Bx(ti—1) 3)

2(ti) = C(ti_l)z(ti) + Dx(ti—l) 4)

In the formula: A, By, C and Dy are the simplification of the known functions at time
t;_1. If the variables such as speed and acceleration are segmented with AT as the step size,
the nonlinear equation can be expressed linearly in terms of the motion parameters.

Based on the Newmark-3 method, x(t;) is expanded by Taylor at t;_; through intro-
ducing <y and B as the correction parameters and reduced to the second derivative term:

x(t,-) = x(t[,l) + X(ti,l)AT + @ATZ (e [t,‘,l,t,’]

X(¢) = (1 =2p)x(ti1) +2x(t) ®)
The velocity term is expanded by Taylor with the same principle:
x(t;) = x(ti1) + X(0)AT

X(0) = (1= 7)x(ti1) + vx(t) (6)

The solution can be obtained by calculating

1 . 1 )
A= W,Bx =A|—=x(ti—1) — x(ti_1)AT — (E — B)i(ti_1)AT?
€= ,BALT'DX =x(ti1) + (L= 7)x(ti—1)AT + yBxAT )

In the step length AT time, both the velocity and the acceleration can be expressed
linearly by the motion parameters in this condition. If < is greater than 0.5 and S is greater
than or equal to half of 7, the linear system is unconditionally stable, and the increasing of
(3 will reduce the calculation accuracy.

Inspired by the principle of calculus, as long as the time step is small enough, the
relationship between many physical parameters can always be considered to be approxi-
mately linear in the physical process corresponding to each time step of the time-varying
system. Therefore, the linearization of the movement parameters by using the stepwise
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time integration method can be used to solve the steady-state response of the nonlinear
system subsequently [26].

2.2. Analysis of the Vibration Transfer Characteristics

Since the complete machine is a nonlinear system, when the system motion parameters
are subjected to a linear conversion, the space coordinate transformation also needs to
be expressed by linearization when the transfer matrix of working devices is derived by
regarding the harvester as a spatial combination. As shown in Figure 2, although the
movement of each device is different, the movement of a working device is basically no
more than three degrees of freedom. Therefore, the movement of each device on the
harvester can be regarded as spatial movement under the device fixation.

\ i 1 rdinate= The rotation of
| ‘ tem 5 3 the threshing drum
The rotation of Up and down of the = - =t
th itchwheel | transportation equipment

Z

42 Coordinate
system 2

Coordinate }; =

system 1 :
X Coordinate

system 4

The swings l%p
and down o
the switchwheel

£, Coordinate

system 3 The reciprocating

movement of the cutter

Figure 2. Space coordinates and motion mode of the rice combine harvester.

During the linearization of the coordinate transformation matrix, the fixed point three
degrees of freedom rotation can be realized by three times the rotation around three spatial
fixed axes. Therefore, as shown in Figure 3, the principle of transforming the spatial
coordinates of each device on the harvester is that the coordinate transformation matrix
from connecting the system to the inertial system can be expressed by the trigonometric
function of the angles of rotation, 0x, 0y and 0z, which spin around the iy, i, and i, and are
fixed around the space of the inertial coordinate system.

Figure 3. Spatial coordinate conversion.

Complex motions in the multi-space coordinate system of each device were trans-
formed into the motion of the spatial triaxial x-y-z inertial frame by the linearized coor-
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dinate transformation matrix. The triangular function form of the linearized coordinate
transformation matrix is

CyCz  SxCyCz — CxSz  CxSyCyz + SxCz
A = AzAyAx = |CySz  SxSySz +CxCz  CxSySz — SxCz (8)

In the formula:

1 0 0 cy 0 sy c; —s; O Sy = sinb,
Ay =10 ¢y —sy Ay=10 1 0 A, =|s; ¢ O ¢y = cosO,
0 sy oy -sy; 0 ¢y 0 0 1 (r=xy,2)

The vibration transmission path of each device also needs to be analyzed when
analyzing the vibration transfer characteristics of the harvester. As a complex multi-
body system, the combine harvester has numerous incentive sources, and the vibration
transmission paths of various incentives are also extremely complex. The cutting table,
transportation equipment, threshing roller and engine device are the main devices that
produce the vibration in the x-y-z three-axis transfer direction. In addition, different
devices can transfer vibrations to each other through a chassis device frame or threshing
device frame.

The vibration transmission path can be divided into five paths according to the device-
level observation that each device corresponds to a vibration transmission path. Therefore,
the vibration transmission path model as shown in Figure 4 of the rice combine harvester
can be obtained.

Te Jl Multi-termin{ i} Tthe'drum dof
g output : entranc VO

— I . e
e A RS il
il R e il
/ 'k : L
I

the'Tnput

\
SN 0 2 N A 3 T
N Transportation rapping Cutting Threshing ’
equipment device - table roller
| L L | |
XY Z XY Z XY Z XY Z
1 | | I
— Harvester Rack
(Threshing Roller Frame and Chassis Device Frame)

v /7 7,
Path 1 Path 2 Path 3 Path 4

Optimize the Target Point
Dri Operations Seat
Tiver Area Guide Rail

Figure 4. The model of the rice combine harvester vibration transmission paths.

2.3. The Transfer Matrix of the Working Device

The discrete time transfer matrix method of the multi-body system, combining the
transfer matrix of a linear multi-body system and the numerical integration methods, can
utilize the rigid body dynamics equation established in the triaxial x-y-z inertial frame to
derive the transfer equation and the transfer matrix of the system and the device following
the way of stylization [27]. In addition, the derivation method of the discrete time transfer
matrix method also needs to consider the input and output situations under the rigid body
structure of each working device, as shown in Figure 5.
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-==1

entrance

Figure 5. Input and output types and spatial coordinate system of each working device.

The transfer matrix describes the physical connection between two devices (it can be
an actual mechanical connection, such as a bolt, or a medium that transmits vibration, such
as air or liquid, etc.), thus converting the vibration from one device on the harvester to the
vibration from the other device. By calculating the transfer matrix between each device of
the harvester, the frequency response characteristics of the system can be understood, which
provides an important theoretical basis for optimizing the system design and improving
the signal processing technology.

When analyzing the working mode of the main device of the combine harvester, as
shown in Figure 5, each device is classified according to the input and output situations.
For the slot device, the grain by the front slot cut sets beats the dragon feeding conveyor
feeding port through the chain upward transportation. The grain is gathered into a feed
inlet by collecting with a screw conveyor. Therefore, the grain can be seen as a whole at
this time. When transported upward inside the transportation equipment, the grain can be
regarded as a whole from feed inlet to discharge hole, because the grain does not disperse.
Consequently, the transfer matrix of the transportation equipment is derived by regarding
the transportation equipment as a spatially moving rigid body system of one end input
and one end output.

Because a vibrating screen device has step-by-step input and step-by-step output,
although the assumption that the load on the screen surface is evenly distributed, the
vibration screening device distinguished from the transportation equipment with only
unique input and output terminals is difficult to regard as a one-end input. Vibrating screen
devices have multiple output terminals, because grains are not evenly distributed on the
sieve face at the output end of the vibrating screen device.

Crops are firstly fed into the machine through the reel and then are cut by the cutter.
Finally, crops are transported to the conveyor trough when they are gathered from the
screw conveyor to the transportation equipment. Therefore, crops are fed in, and cutting
can be seen as the input side, while the process of transporting can be seen as the output
end. In conclusion, the cutting table can be regarded as a one-end input and one-end
output system.

The crops are fed from transportation equipment to the input port of the threshing
roller, and the front end of the threshing roller connects to the transportation equipment.
Rice grains are detached in the threshing roller and then fall into the vibrating screen device
under the threshing roller. Therefore, the threshing roller can also be regarded as a one-end
input and one-end output system. The transfer matrix, as follows each working device
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of the combine harvester, can be obtained following the principle of spatial coordinate
conversion and the above analysis:

I3 Y10 O3x3 Osxz P(ti—1)lo
O3x3 I3 O3x3 O3x3 Ozx1
Up=| Uz Usz I3 Uz Uss )
—mAI3 —mAlF]C O3><3 13 U45
O1x3 O1x3 O1x3 O1xz 1
[Up, U Ogxiz -+ Oex13 Osx13 Oex1z -+ Opxi3]
U, Osx1iz U -+ Ogx13 Oex13 Oex1z -+ Osx13
Upn, Oex1z Osxiz -+ U Oex1z Osx1z -+ Osx13
Ups = |Uo;;;, Osx13 Oex1z -+ Osx1z U Oex1z - Oex13 (10)
Uo,;; Oex13 Osx13 ++ Osx13 Oex1z Uy -+ Osx13
UOZII1 06213 06213 E 06213 06213 06213 1{411
Uy, U e U U, Us, o Up, |
[ Uy, Uy, Opx13 "+ Osx13 Oex13 ]
Upy, Oex13 U, -+ Oex13 Osx13
u3,4 —_ . . . . : . (11)
U, 1, Osx13  Oex13 e uy, O6x13
Uoill Oéz 13 061 13 X Oéi 13 uil
L ull uIz U13 T uln uol i
Uo, 1, Uy, Osx13  + Osx13
Uo,;,  Oex13 Uy -+ Oex13
Uys = : : : : (12)
UOZI1 06213 06213 e l{lll
u, Us U, - U,

The harvesting machine transfer matrix of each working unit can describe the harvester
vibration transfer path up of a device connected to the next device vibration relationship,
which will reap the vibration of the machine into a harvest machine to optimize the
vibration system, and the vibration transfer provides an important theoretical basis.

2.4. Vibration Experiment of Each Device under Different Working Conditions

In order to study the vibration transmission of each device in the combine, the vibration
characteristics of each device in the harvester should be measured first. The vibration
characteristics of each device are obtained though the vibration detection of each device of
the harvester. Therefore, the transfer characteristics of each device can be gained based on
the vibration characteristics.

The vibration acceleration signals, as shown in Figure 6, under no-load and multiple
working conditions of each device can be gathered though the experiment that used
the DH5902 signals collector of DongHua (China, JangSu). The measuring parameters
of the DH5902 signals collector are that the measuring range is from 30 to 300,000, the
measurement accuracy is less than 0.05% =+ 1 rpm, the number of pulses per turn is 1~4096
and the rotary axis ratio is 0.01~100.
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Figure 6. Vibration test instrument and the processing of multi-working conditions. (a) No-load and

multi-working condition test process. (b) Vibration test instrument.

To obtain the vibration signals of each device and study the transmission character-
istics, four sensors are installed on two adjacent working devices of the harvester in the
vibration measurement experiments. Each sensor can measure the acceleration of the x-y-z
three axes of each device. Therefore, the vibration acceleration signals for twelve channels
can be obtained through the vibration experiment in total. The vibration conditions of two
devices are measured each time under different working conditions. Therefore, the vibra-
tion signals of each working device can be obtained under multiple working conditions.

The position of each measuring point and the direction of the device corresponding to
the three axis channels of the sensor are shown in Table 1.

Table 1. Measuring point locations and three axis channel directions of each sensor.

Measurement Point Position X Axis Channel Y Axis Channel Z Axis Channel

Curb plate of cutting table

Combine harvester forward

Perpendicular to harvester
plane

Perpendicular to curb plate
of cutting table

Baseboard of cutting table

Combine harvester forward

Perpendicular to curb plate
of cutting table

Perpendicular to harvester
plane

Supero-inferior Wallboard of

Down along transportation

Parallel to Supero-inferior

Perpendicular to

transportation equipment equipment Wallboard Supero-inferior Wallboard
Right-and-left Wallboard of Down along transportation Parallel to right-and-left Perpendicular to
transportation equipment equipment Wallboard right-and-left Wallboard
Frgg’:vileii(ﬁ’;}rﬁ cgﬁzzztlllon Perpendicular to land Radial direction of the Axial direction of the
P P threshing roller threshing roller

equipment and threshing roller

Middle section of the connection

between transportation

Perpendicular to land

Axial direction of the

Radial direction of the

equipment and fhreshing roller threshing roller threshing roller
Exterior panel of the front of P dicular to land Radial direction of the Axial direction of the
threshing roller erpendicuiar to fan threshing roller threshing roller
Side panel of the front of Perpendicular to land Axial direction of the Radial direction of the
threshing roller erpendic © threshing roller threshing roller

The vibration signals caused by the interaction between the rice grain and the device

need to be regarded as fault signals in the processing of the obtained signals.
To distinguish the effective signals interval of the acceleration signals under this
channel from the signals interval under the feed volume perturbation, follow-up data
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processing the need to choose a suitable smoothing factor following the mean of the
vibration acceleration were obtained experimentally.

The vibration experiment obtained the vibration acceleration signals of the connection
between the cutting table and transportation equipment firstly and then obtained the
vibration acceleration signals of the connection between the transportation equipment and
threshing roller. Finally, the strong vibration signals of the four measuring points on the
threshing roller were obtained. To obtain the smooth curve of each signal, the signals need
to be processed with noise reduction.

2.5. Analysis of the Device Vibration Contribution

The autocorrelation function can fully express the energy distribution of the statistical
quantity and random vibration at each frequency point. In order to obtain the power spec-
tral density, the autocorrelation function needs to be transformed by Fourier transformation.
When the combine works, the total power of a group of signals is constant in both the time
domain and frequency domain, so the power spectral density in a random process can
be obtained.

The power spectrum is a tool to represent the energy distribution of the signal in the
frequency domain, which can show the change in the vibration amplitude of the signal
under different frequencies. Then, the attenuation divergence or power enhancement of
the corresponding vibration energy signal is studied.

Pw(e/”) can be obtained after X[k] is calculated by fast Fourier transform of the N
points to signal x[n]:

Pw (ej“’> = |X(k)[? (13)

The relationship between the power spectrum Px(f) of the input signal and the power
spectrum Py (f) of the output signal is as follows:

Py (£) = [HL(f) *Px(f) (14)

H(f) is the transfer matrix in the formula.

The sound pressure contribution level and power spectral density are two important
indicators often used when analyzing the characteristics of signal or noise. The acoustic
pressure contribution level and the power spectral density can build a connection based on
the relation of the sound pressure level and the power, and the calculation formula of the
sound pressure level is as follows:

Lp = 20logh, (15)

In the formula, P is the measured sound pressure.

In order to obtain the vibration transmission characteristics of different working
devices, it is necessary to further compare the sound pressure contribution of each device
under different working conditions. In Matlab 2022b, the vibration data set is calculated
and analyzed according to Formula (15) and other principles, so as to compare the transfer
path contribution of each path of different working devices of the harvester.

2.6. Simulation Analysis of the Excitation Force Transfer of the Frame

The optimal position of damping is obtained by constructing a 3D model of the
whole frame of the combine harvester. After structural decomposition, mesh division and
constraint addition of the harvester frame, the static simulation analysis of the excited force
of the frame was carried out to obtain the change in the model vector principal stress and
the stress intensive distribution area. The distribution of the exciting force transfer was
observed from the whole vector distribution of the frame, which provided support for the
subsequent vibration transfer damping optimization experiments of each device. In the
simulation analysis, the attributes of the frame material are shown in Table 2.
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Table 2. Main properties of the grain combine harvester frame material.
Density kg/mm3 Young Modulus MPa Poisson Ratio Bulk Modulus MPa
7.85 x 1076 2.0 x 10° 0.30 1.67 x 10°
Shear modulus MPa Thermal expansivity 1/°C Stretch limit strength MPa Stretch yield strength MPa
7.69 x 10* 12x107° 460 250

In order to balance the solution accuracy and computational efficiency, the way that
the solid unit combines with the shell units is used in the simulation analysis. The frame
model eventually formed 1,087,287 nodes and 426,533 units with a grid 12 mm in size.

The simulation still needs to add constraints and the harvesting machine structure
vibration force, based on the measured vibration acceleration signal of each device of
the exciting force. The stress range is obtained by way of the working device installa-
tion connection. The calculation method of the exciting force as shown in the following
formula is

F=ma1 + fo (16)

In the formula: m; is the quality of the working device, 4; is the vibration acceleration
and fy is the external exciting force of the device.

According to the calculations, the resultant force of the threshing roller frame in-
stallation location, by gravity of the frame and exciting force when working, is 4450 N.
Owing to only the forces of the rice granary side and cab having gravity being taken into
consideration, the forces of rice granary side and cab are 3400 N and 2800 N. The resultant
force of the engine device subjected to gravity and exciting force when working is 3081
N. According to the above analysis, the forces are added to the installation location of the
threshing roller frame.

The resultant force of the threshing roller frame, subjected to the resultant external
force of the cutting table and threshing roller, is 5175 N when the cutting device is acted
on by the working vibration and gravity. The resultant force of the gravity and working
vibration force at the threshing roller is 2194 N.

The frame of the rice combine harvester was split into the threshing roller frame and
chassis frame. After adding materials, dividing grids and exciting force conditions, the
harvester threshing cleaning frame and chassis frame can simulate the exciting force. The
specific process is shown in Figure 7. Then, according to the simulation results of the frame
excitation force transfer and vibration characteristic experiment, the main area of the frame
damping and vibration reduction optimization of the rice harvester can be obtained.

2.7. Principle and Method of Damping Optimization

The vibration of the combine harvester has three basic vibration elements of the vibra-
tion source, transmission path and controlled objects. As shown in Figure 8, the measures
for vibration reducing of three basic vibration elements include reducing vibrations in the
vibration source, reducing vibrations between the vibration source and controlled objects
in the transmission path and reducing vibrations by installing the power vibration isolator
or improving the structural damping.

Reducing vibrations should consider eliminating or reducing vibrations in the vibra-
tion source. Therefore, the way to arrange the vibration isolator between the vibration
source and the installation node can eliminate or reduce the vibration transfer based on the
principle of increasing the damping coefficient. However, rice combine harvesters have
many uncontrollable vibration sources, such as the vibration of grounds, rice grain collision
and device operation. Therefore, this way is complicated, because a vibration isolator needs
to be installed before the complete machine assembly is completed or every device needs
to be dismantled from the combine harvester.
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Figure 8. Basic principle of the vibration control method.

The method of reducing the energy of the vibrations in the damaged layer of vibrating
objects is damping vibration attenuation, shown in Figure 9. The frame of the rice combine
harvester, which has many complex vibration sources, is multiple support beams composed
of rectangular pipe profiles.

For a combine with multiple excitation sources, the frame consists of rectangular tube
profiles forming a plurality of support beams. The damping performance of mechanical
structures can be improved by additional damping materials, which is the main form of
vibration reduction for beams, plates and shells [28].
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Figure 9. Principle of constrained damping.

2.8. Identification Method of the Vibration Reduction Path

Although the vibration phenomenon of the connection between the transportation
equipment and the threshing roller is not strong, the transmission contribution quantity is
notable. Therefore, the connection between the transportation equipment and the threshing
roller is the main problem area of the vibration transmission. As shown in Figure 10, at
the intersection of the support beams at the connection of each device of the chassis frame,
the intersection of the threshing and cleaning frame conveying device with the transverse
beam and the location of the transverse beam where the threshing drum device is installed
is a more significant incentive transfer, which is the main optimization area of the vibration
reduction path of the combine.

Problem Area

(b) (c)

Figure 10. The problem area of vibration transmission paths. (a) The problem area of the cutting

table. (b) The problem area of the connection. (c) The problem area of the frame.

Rubber, as a viscoelastic polymer material, has reversible deformation when subjected
to external forces. The energy of the external force is converted into internal energy by
a rubber damping sheet. Therefore, the rubber damping sheet is used to optimize the
frame damping characteristics and is installed along with covering the vibration reduction
treatment on the main optimization areas, as shown in Figure 11.
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Figure 11. The selection and optimized installation of damping sheets. (a) Damping sheets were
installed according to the experimental results. (b) Transfer paths damping installation.

In order to reduce the vibration transmission between devices, it is also necessary
to optimize the selected problem path of the vibration transmission by covering it with
the same damping material according to the above damping optimization method. At the
same time, a strong regional vibration transfer added damping materials to a harvester to
reduce the vibration force of each device for the frame to reduce the vibration of the frame
as a whole.

In order to compare the vibration characteristics and the vibration reduction results of
each working device before and after adding the damping material, the vibration signals
of each device and cab need to be measured again, as shown in Figure 12. In order to
remeasure the vibration before and after the optimization of the harvester device and the
cab, four measuring points are installed on the side plate and bottom plate from left to right,
four measuring points are also installed on transportation equipment in a counter-clockwise
direction and four measuring points are installed on the external plate and curb plate of
connection position.

b..-“? Al
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the cutter table unit & of the delivery device

‘ . Senso K ]
; T P

D i
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of the threshing device
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(a)

Figure 12. Path optimization and the installation of the optimization measurement point. (a) Mea-
surement positions of each device. (b) Measurement positions of the seat and cab.

The measuring positions of the seat and cab after optimization treatment are, respec-
tively, the floor plate of the cab (measure point 1), the curb plate of the cab (measure point 2),
the guide rail of the seat installation position (measure point 3) and the shot bottom plate
of the seat (measure point 4).
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3. Results and Discussion
3.1. Optimization Processing of the Vibration Signal

The vibration acceleration signal of each four measuring point channels of stronger
vibrations can be obtained through the vibration experiment of one-quarter the cutting
width, half the cutting width, the full cutting width and no-load working condition. Com-
bine harvesters have vibrations of devices before harvesting, and the vibration impact will
be produced through the interaction between rice grains and working devices with the rice
grains in the working devices. Because of the vibration impact, the vibrations of the work-
ing devices are non-stationary. Therefore, the vibration response signals obtained through
the vibration experiment are based on the external random excitation disturbance. The
noise reduction smoothing curves of the cutting table, transportation equipment, thresh-
ing roller and the connection between transportation equipment and threshing roller are
obtained through noise reduction. The noise reduction smoothing curve of the vibration
strong channel is shown in Figure 13.
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Figure 13. Noise reduction smooth curve of the main working devices. (a) Noise reduction smoothing
curve of the cutting table. (b) Noise reduction smoothing curve of the transportation equipment.
(c) Noise reduction smoothing curve of the threshing roller. (d) Noise reduction smoothing curve of
the connection between the transportation equipment and threshing roller.

The cutting machine and conveyor trough channel signal are put in a bigger difference
interval, and the feed rate disturbance range is wide but joint with threshing roller channel
vibration signal difference is smaller, so the conclusion that the perturbation interval of
the feeding quantity being wider can be gained. The rice grain fed to the cutting table
was not symmetrical because of the effect of the terrain and planting density. Therefore,
the disturbance of the feeding quantity is more obvious. Because the feeding quantity is
symmetrical after rice gain gathered into the transportation equipment, the noise reduction
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smooth curve of the connection between the transportation equipment and threshing roller
is closer to the actual signal.

It is difficult to see the effective vibration signals of the channels, because the vibration
signals under the different working conditions have large fluctuations. Therefore, to reduce
the influence of sharp interference signal fluctuations on the signal analysis under external
disturbances, as shown in Figure 14, effective excitation signals of every channel were
obtained through enveloping the root mean square (RMS) value.
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Figure 14. RMS enveloping curve of the main working device. (a) The RMS enveloping curve of
the cutting table. (b) The RMS enveloping curve of the transportation equipment. (c) The RMS
enveloping curve of the threshing roller. (d) The RMS enveloping curve of the connection between
the transportation equipment and threshing roller.

According to the results of the enveloping root, mean square (RMS) value, the main
impact value of the cutting table’s vibration acceleration is 24.06 m/s?, the main impact
value of the transportation equipment’s vibration acceleration is 55.71 m/s?, the main
impact value of the threshing roller’s vibration acceleration is 45.51 m/s* and the main
impact value of the connection between transportation equipment and threshing roller is
6.775m/s?.

3.2. Power Spectrum under Different Working Conditions

The power spectrum of the vibration signals needs to be analyzed to obtain the area of
stronger vibrations. The signals of each device obtained by the test are imported into the
Signal Analyzer of Matlab for the signal analysis. The sampling time resolution is 663, with
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a RBW reference frequency of 0.007820 x PIr/sample, after the abscissa of the normalized
frequency and the ratio of the reference frequency. The result of the analysis, as shown in
Figure 15, the abscissa is the ratio of the frequency normalized to the reference frequency,
and the ordinate is the value of the power spectrum. In the figure, the positive values of
the power spectrum represent a power increase, the negative values of the power spectrum
represent the power decay and if there is a greater number of spectral lines under the same
original signal frequency, then the corresponding energy of each spectral line is smaller.
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Figure 15. The power spectrum of every working device under no-load. (a) Power spectrum of

02 03 04 05 06 07 08 09 1.0 0 0.1 02 1.0

Frequency after Normalization ( 7t)

the cutting table. (b) Power spectrum of the transportation equipment. (c) Power spectrum of the
connection between the transportation equipment and threshing roller. (d) Power spectrum of the
threshing roller.

Because of the existence of the cutting reel, knife and screw conveyor, the vibration
source of the cutting table is complicated, and the spectral lines are promiscuous, because
vibrations are transmitted to other structures. Three obvious paths, corresponding to
their own vibration excitation and excitation transmissions of adjacent devices posting
to the devices, exist for the spectral lines of the transportation equipment and threshing
roller because of fewer vibration sources. When unloaded, vibration excitation is mainly
generated by rotating parts and reciprocating parts in each device. Each connecting plate
bear vibration carrier and multiple source transmission interfere with each other between
the sheets, and the energy transfer is divergent.

The vibration transmission of the working device tends to be stabilized in harvesting,
because the working device is constantly filled with cereal grains. As shown in Figure 16,
the power spectrum lines of each device no longer appear as disorderly phenomenon,
because rice grains act as a carrier of energy dissipation during transmission. Due to
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massive sheet metals in the connection of the transportation equipment and the threshing
roller, the power spectrum lines are more divergent.
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Figure 16. The power spectrum of every working device under the working conditions. (a) Power
spectrum of the cutting table. (b) Power spectrum of the transportation equipment. (c) Power
spectrum of the connection between the transportation equipment and threshing roller. (d) Power
spectrum of the threshing roller.

As can be seen from Figure 16, the spectral lines of the transportation equipment and
the threshing roller are more concentrated. Therefore, the spectral lines corresponding to
the vibration energy are also relatively more concentrated, and the decay divergence or
power enhancement are also more obvious.

3.3. The Analysis of the Vibration Contribution Characteristics

For different working devices of the vibration transfer characteristics, further com-
parisons of each device under different working conditions in the Matlab calculations and
analysis of the vibration data compare the harvesters of the paths of the working equipment
of different transmission path contribution amounts.

The transportation contribution results of the response point channels and multiple
working conditions are shown in Figure 17. The X1-X3 measuring points are located on the
header device, the X4-X6 measuring points are located on the transportation equipment,
the X7-X9 measuring points are located on the connection position of the transportation
equipment and the threshing roller and the X10-X12 measuring points are located on the
threshing roller.
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Figure 17. Comparison of the response point channel contributions under multiple working condi-
tions. (a) Comparison of the different channel contributions at the response points. (b) Comparison
of the response contributions of different measurement points under multiple working conditions.

Comparing the transportation contributions of different working devices, the three
channels of the same response point of the different working devices have the same sound
pressure levels. In the conveying groove and drum coupling, the contribution amounts
to the strongest sound pressure level at 25 dB for a long time and the weakest level at 20
dB. The cutting machine, transmission channel and threshing cylinder contributions to the
sound pressure level are first shown enhancing the weakening trend, as the weakest sound
pressure level is about 45 dB.

It can be seen from the comparison results that the three response points at the cutting
table device contribute the highest sound pressure levels with small fluctuations, all of
which are about 10 B. Different slot device response points contribute to the sound pressure
level difference, weakening the trend overall. The sound pressure level of the X7 response
point on the connection position is the highest and up to about 20 dB. According to the
results of the sound pressure level distribution, the vibration contributes to the connection
between the transportation equipment and threshing roller. These conclusions provide
theoretical support for reducing the vibration of the harvester.

3.4. The Conclusion of the Combine Harvester Frame Simulation Analysis

The conclusion of the combine harvester frame simulation analysis can provide theo-
retical support for reducing the vibration of the harvester. The isometric vector distribution
result of the frame excitation force is obtained based on the action of each excitation force.
Therefore, the maximum principal stress distribution and key stress area of the combine
harvester frame are shown in Figure 18.

As shown in Figure 18, there are three areas of dense excitation force on the frame of
the threshing roller. The first area is the connection position of the central installation beam
of the threshing roller, the second area is the connection position between the cutting table
and transportation equipment and the third area is the connection position installation
beam of the threshing roller. The areas with a dense excitation force of the chassis frame
are mainly located in the interchange area of the transverse and longitudinal beams. The
corresponding acceleration change can be obtained by a change in the excitation force,
so the transmission of the vibration can also be indirectly obtained by the transfer of the
excitation force.
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Figure 18. Isometric vector distribution of the rice combine harvester frame excitation force. (a) Long
vector distribution of the excitation force of the threshing and cleaning rack. (b) Equal length vector
distribution of the chassis frame.

3.5. Vibration Characteristics Comparing the Damping Optimization Experiments

According to the damping optimization principle and the vibration characteristic anal-
ysis results, connected to the simulation results of the frame excitation force, the damping
sheets installed on the corresponding location need to be optimized. Vibration amplitude
curves of the channels with the most obvious changes in the vibration acceleration among
the four measure points’ 12 channels of every device are obtained though FFT calcula-
tions. The results of the vibration amplitude of the devices before and after the damping
optimization are shown in Figures 19 and 20.
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Figure 19. Vibration amplitude before the damping optimization experiments. (a) The amplitude of
measure point 1. (b) The amplitude of measure point 2. (c) The amplitude of measure point 3. (d) The
amplitude of measure point 4.
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Figure 20. Vibration amplitude after the damping optimization experiments. (a) The amplitude of
measure point 1. (b) The amplitude of measure point 2. (c¢) The amplitude of measure point 3. (d) The
amplitude of measure point 4.

As shown in Figure 19, the maximum amplitude occurs at point 1 with 5.482 um, the
excitation frequency is 268.6 Hz and the top ten peak points have multiple high-frequency
amplitude. The minimum amplitude occurs at point 3 with the amplitude at 1.720 um,
the excitation frequency is 35.16 Hz and the peak points are mainly concentrated in the
middle-band interval. The vibration amplitude curves after the damping optimization are
shown in Figure 20, and the changes in the frequency range and amplitude of the major
peak points can be obtained from the figure.

The vibration reduction of the cab can reflect the effect of the damping optimization
on the vibration reduction of the frame, because cab is at the top of the frame. As shown
in Figure 20, the amplitude of point 1 was weakened significantly, with the excitation
frequency lowered to about 35-170 Hz, and the maximum amplitude appearing at point 2
was 1.571 um, the excitation frequency 122.1 Hz. The minimum amplitude still occurred at
measurement point 3 with the amplitude 0.052 um, the excitation frequency 35.16 Hz and
the excitation frequency interval did not change too much.

According to the comparison of Figures 19 and 20, this is the conclusion: from the
range of the y-axis interval, the amplitude of each point is significantly weakened, and the
selected region is the excited frequency of a stronger amplitude. The amplitude distribution
areas of measuring points 1 and 2 are obviously wide, but the amplitude is no longer
apparent in the distribution areas after the damping optimization experiments, and the
maximum amplitudes are significantly concentrated in the middle and low frequency
intervals. The peaks from measure point 1 to the four test points are 5.4 pm, 5.3 um,
1.7 um and 2.0 um, respectively, before the damping optimization experiments. After the
optimization experiments, the peaks are significantly reduced to 0.81 um, 1.5 pm, 0.6 pm
and 0.6 um.
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In order to further clarify the damping situation of each device for damping optimiza-
tion, the experiment also needs to compare the vibration acceleration situation of each
device under each working condition, as shown in Figure 21.
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Figure 21. Vibration characteristics changes of working devices before and after damping optimiza-
tion. (a) Optimize the acceleration before and after the acceleration of the cutting table. (b) Cut
optimized before and after amplitude. (c) Optimize the front and rear acceleration of the delivery
tank. (d) Optimize the before and rear amplitude of the delivery tank. (e) Optimize the before and
after acceleration. (f) Optimize the before and after amplitude of the threshing drum.
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According to the comparison of the vibration acceleration and amplitude before and
after the optimization of each device, the difference in acceleration change in the working
conditions of half the cutting width and the full cutting width is higher. In the full cutting
working condition, the vibration acceleration and amplitude of the cutting table both
appeared weakened. Compared to the vibration accelerations and amplitudes of measure
point 2 of the transportation equipment, measure points 1 and 3 of the threshing roller
were enhanced to different degrees. Therefore, the damping optimization does not have
the effect of global reduction vibration.

The maximum change of the vibration acceleration before and after optimization
occurs at measuring point 2 of the cutting table, and the vibration acceleration decreased
from 7.862 ms~2 to 3.522 ms 2 by 55.2%. The reason is that measuring point 2 is arranged
in the bottom plate of the cutting table, and the bottom plate has a large area of damping
sheets arranged near the feed inlet, so the vibration reduction effect is significant.

The difference value curve and percentage curve of the vibration acceleration and
amplitude of each device before and after optimization were plotted as shown in Figure 22.
Working conditions 1, 2 and 3 correspond to the quarter, half and full cutting working con-
ditions, respectively. The 1-12 of abscissa indicate the four measuring points of the cutting
table, the transportation equipment and the threshing roller, respectively. The horizontal
coordinates 1-12 represent the four measuring points of the cutting table, conveying the
trough and threshing drum, respectively.
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Figure 22. Vibration acceleration change and amplitude change of each device before and after
damping optimization. (a) The change difference of the three working conditions of each test point.
(b) The percentage difference of the three working conditions of each test point.

Because measure point 2 is located on the damping sheets, the changes in the vibration
signals are evident. The percentage of the change difference value is about 10% in measure
point 2. If the influence of damping sheets at two measuring points on the vibration
signal is excluded, the mean change is 6.56%. The amplitude change fluctuates a little,
but the percentage of the change difference fluctuates significantly, and the change in
vibration acceleration is not synchronized with the amplitude change. The reason is that
the acceleration at the measurement point will change under the influence of the exciting
vibration force, while the amplitude will change with the vibration transmission of the
whole machine.

4. Conclusions

(1) The transfer matrix is obtained by the discrete time matrix method, and the transfer
path of the combine harvester can be analyzed by OTPA. Because each device is not
decouped, crosstalk exists between excitation sources, and mutual coupling may occur
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between different transfer paths, which leads to the reduction of the OTPA method’s
error. This method can efficiently calculate the transfer matrix of each device of the
harvester and easily transform the nonlinear system of the whole machine, which is
conducive to further research on the vibration transfer characteristics of the whole
machine and each device of the harvester.

(2) Through the experiment of vibration characteristics, the main influence values of the
vibration acceleration of cutting table, conveying the trough and threshing drum,
are 24.06 m/s?, 55.71 m/s?, 6.775 m/s? and 45.51 m/s?, respectively. Through the
analysis of the power spectrum and transmission contribution, it was found that
the three response points at the cutting table device had the highest sound pressure
levels, but the fluctuation was small, all of which were about 10 dB. The contribution
sound pressure level at different response points of the conveyor trough device
generally showed a weakening trend. Among them, the X7 response point at the
connection between the conveyor groove and the threshing drum had the strongest
sound pressure level, reaching about 20 dB. It can be concluded that the cutting device
and transmission channel and the vibration of the threshing roller connection place
are important contributions.

(3) Through the simulation analysis of the exciting force transmission of the harvester,
it is concluded that the main optimization areas are the intersection of the support
beam at the connection of the chassis frame, the intersection of the threshing and
cleaning frame conveying device and the transverse beam at the installation of the
threshing drum device. By adding the damping patch in the main optimization area,
the maximum vibration acceleration value of the measuring point in the front middle
section of the side plate of the cutting table device decreased from 7.862 m-s~2 to
3.522 m-s~2, which was 55.2%. After damping optimization, the amplitude peaks of
test points 1 to 4 in the front cab were 5.4 um, 5.3 pm, 1.7 um and 2.0 um, respectively,
which decreased significantly to 0.81 pm, 1.5 um, 0.6 pm and 0.6 um after optimization,
indicating a significant optimization effect.
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