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ABSTRACT

Given the need to reduce greenhouse gas emissions, new energy-efficient solutions can be adopted for
construction and agricultural machinery. Such a solution is a digital hydraulic cylinder that uses several active
areas and a constant pressure supply with which a gradual variation of the driving force can be obtained.
Traditional hydraulic systems have high energy losses due to the need to direct and throttle the flow through
different valves. The article presents simulations in the AMESim environment and laboratory experiments of a
digital hydraulic cylinder with three active areas. Through numerical simulations, the authors aim to highlight
the energy efficiency of a digital hydraulic cylinder compared to a hydraulic cylinder in a conventional drive.

REZUMAT

Avand in vedere necesitatea reducerii emisiilor cu efect de sera, se pot adopta noi solutii eficiente energetic
pentru utilajele de constructii si agricole. O astfel de solutie este un cilindru hidraulic digital care utilizeaza mai
multe suprafete putandu-se obtine o variere in trepte a fortei de actionare cu presiune de alimentare constanta.
Sistemele hidraulice traditionale au pierderi energetice mari din cauza necesitatii de a directiona si strangula
debitul prin diferite valve. In articol se prezinta simulari in mediul AMESim si experimentari de laborator ale
unui cilindru hidraulic digital cu trei arii active. Prin simularile numerice autorii isi propun sa scoata in evidenta
eficienta energetica a unui cilindru hidraulic digital fata de un cilindru hidraulic dintr-o actionare clasica.

INTRODUCTION

Reducing fuel consumption and implicitly carbon emissions in the atmosphere requires the adoption
of energy efficient solutions for mobile machinery. In order to reduce unnecessary energy consumption in
hydraulic actuations, throttling losses that occur when using proportional valves must be avoided.
For mobile machines, solutions have been adopted to reduce energy consumption, such as load sensing
systems (LS) through which hydraulic actuators can be controlled depending on the load variation or secondary
control systems (SCS) where the output unit (secondary) is connected to a constant pressure pipeline. The
system operates in a high pressure network coupled with a hydraulic accumulator. The purpose of the hydraulic
accumulator is to store the energy supplied to the network by the secondary unit when it is reversed (e.g.
decelerating a load). When operating under load, the accumulated energy is used to compensate for
consumption peaks. While the primary actuations work with an interface through volumetric flow, the systems
with secondary control are connected through the specific operating pressure. Systems with secondary control
are only suitable for actuations with rotating loads, and for linear actuators other solutions must be used in
order not to introduce excessive throttling. One solution is the switching control of hydraulic cylinders with
multiple chambers, which can be used to achieve force control by discretely varying the area of the hydraulic
cylinder. This solution regarding the parallel connection of the chambers of a digital hydraulic cylinder (DHC),
is part of the revised digital hydraulic technologies by Zhang, Q. and Kong, X. (Zhang et al., 2020). Heemskerk,
E. and Bonefeld, R. studied a semi-binary hydraulic four-chamber cylinder with the aim of improving the force
resolution to obtain a more precise control of the cylinder (Heemskerk et al., 2015). For this, one of the cylinder
chambers is not connected to the pressure source through a switching valve but with a proportional valve. A
study on the use of a multi-chamber cylinder, discretely controlled on/off valves and three pressure lines as
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well as a series of useful examples to reach a new level of efficiency in construction machines were outlined
by Heybroek and Norlin, 2015.

Heybroek and Sahlman developed a highly efficient hydraulic hybrid system for an excavator that uses
a multi-chamber cylinder and secondary control, a detailed energy analysis was carried out that explains the
energy flow in the hybrid system (Heybroek et al., 2018).

Another solution to minimize or completely eliminate the need for proportional valves, thus avoiding
throttling losses associated with metering, is through the use of hydraulic transformers, fed from a common
pressure line that operates both the working mechanisms and rotary drives from the propulsion system of a
front loader (Heybroek et al., 2012).

A team from Tampere University of Technology and Aalto University, Espoo in Finland designed,
simulated and tested a digital hydraulic multi-pressure actuator with high energy saving potential. It contains a
piston pressure accumulator and 4 pressure converters, and the system allows 6 different supply pressure
levels that can be connected to the cylinder chambers through on/off valves (Huova et al., 2017).

Makela J. determined the traditional, total and regeneration energy efficiencies of the digital hydraulic
multi-pressure actuator (DHMPA) used in load-lifting applications in his thesis (Mékela J., 2020). The efficiency
values were determined experimentally. The results showed that DHMPA is feasible to be used in load-lifting
applications. Pedersen proposed an energy-efficient hydraulic cylinder concept with three pressure lines,
which allows reducing throttling losses compared to conventional solutions while maintaining accuracy and
control. The final design of the concept was implemented in simulation models to investigate the performance
of the developed control system (Pedersen et al., 2018).

Changlin, M. and Feng, L. modelled and simulated the mechanism of a variant of DHC, a digital
hydraulic cylinder with screw feedback and stepper motor control in order to optimize DHC performance
(Changlin, M. et al., 2020).

For each machine actuation application, following a complex analysis, modern solutions can be
adopted to minimize energy losses. The energy losses of inefficient hydraulic installations lead to the excessive
heating of the hydraulic fluid, a fact that can lead to the premature failure of the machines, in addition to the
emission of greenhouse gases.

MATERIALS AND METHODS
Digital hydraulic system

A series of laboratory experiments were carried out with a DHC with three active chambers that
highlighted the 7 stages of force and speed that can be achieved by connecting the cylinder chambers in
parallel. The diagram of the stand can be found in figure 1, and in figure 2 it can be seen the block with 4
valves for connecting the DHC chambers according to the command stages. The surfaces of the active
chambers of the cylinder are: 5 cm?2, 13.5 cm?, 14.7 cm?, the rod backward chamber having 20.6 cm?2. A pump
with a maximum flow rate of 20 I/min and a fastening device for the DHC and the hydraulic load cylinder were
used, connecting the rods by means of a force transducer.

1

2 - Electric motor
3-Pump

4 - Filter

5 - Relief valve
6

7

8

El

- Directional valve 4/2 Size 10
- Flow meter

8 - Manometer
- Pressure transducer

10,11,12,13 - Dir. valve 212
14 - Digital hidraulic cylinder
15 - Stroke transducer

17 - PC & software

18 - Force transducer

18 - Load cylinder

20 - Prop. pressure relief valve
21 - Check valve

Ethernet LAN

e —— Programmable
Logic
) Controller
1K)
24 Vee

Fig. 1 - Scheme of the test stand for
DHC with three chambers

Fig. 2 - Block with 4
valves for connecting
DHC chambers
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A programmable logic controller was used to control the solenoid valves and to acquire data. The tests
were carried out with a virtual instrument application made in the LabView environment. The application
communicates with the programmable logic controller through the Modbus TCP/IP protocol, each solenoid of
the directional valves, the proportional valve and the transducers having each assigned an address in the
programmable logic controller. The test method consisted in the successive command of the electrovalves in
order to realize the combinations of the cylinder chambers to obtain a successive increase in the active surface
of the DHC. The switching of the stages was done in short times so that the 250 mm stroke of the hydraulic
cylinder did not end until all the control stages were achieved. On the diagrams recorded for the force and
stroke of the hydraulic cylinder rod, one can see the 7 stages that the three-chamber DHC can achieve.
Summing up the combinations of areas of the chambers of the hydraulic cylinder with several lines of pressure,
the number of force stages that a DHC can achieve, can be increased. Dell-Amico, A. and Carsson, M.
investigated an actuation system with a multi-chamber hydraulic cylinder for an excavator arm. The aim of the
work was to investigate a cylinder with four chambers with three pressure lines with the generation of 81 force
levels, applied to an excavator arm. The different control strategies showed that there is a compromise
between accuracy, smoothness of the arm movement and the switching frequencies (Dell’Amico et al., 2013).
Figure 3 shows the graphs recorded for the force from the DHC rod for a maximum load set to the load cylinder
of 1000 daN. In order to create a gap between steps, the control was deactivated for a short time between
steps.

1200

1000

Cil_ stroke [mm)]
3

0 g
12:00:11.305 PM 12:00:21.1

Fig. 3 - Graphs with the variation of the force and stroke of the DHC

In order to determine the energy consumption of the DHC, an actuation system with a digital cylinder
with 3 active chambers for advance and a chamber for retraction of the rod was designed and modelled in
Amesim (Figure 4). The diameters of the pistons for forward stroke are &50 / @90 / &125, and for backward
stroke &125. The simulation scheme contains 5 blocks: 1 - ECU, 2 - motor-pump group, 3 - block with valves,
4 - modelled DHC and 5 - load unit. The ECU block: electronic unit control, ensures the command cycle (Figure
5) for obtaining the power levels at the DHC rod. During the simulation, it performs the sequence of the 7
command steps according to Table 1.

Table 1
Energized valves solenoids for different DHC stages
Valve DHC Stages
solenoid Backward | Forward 1 | Forward 2 | Forward 3 | Forward 4 | Forward 5 Forward 6 Forward 7
El
E2
E3
E4

An important issue is related to the structuring of the hydraulic scheme and the appropriate sizing
of valves and pipes because in certain situations, e.g. when the cylinder rod is withdrawn and the flow
from all the other 3 chambers must be evacuated, high pressure drops may occur. Similarly, when feeding
the piston with the smallest area, the speed of the fluid that is evacuated from the other chambers is high
and large power losses can occur. The appropriate dimensioning of the exhaust routes to the tank must
be taken into account, possibly each valve should have a pipeline directly to the tank or if it is connected
to a main pipeline, it should have an increased size.
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In the case of conventional actuation systems, there is the situation in figure 6 where the unused power is
transformed into heat and eliminated in the environment.
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Fig. 4 - The simulation scheme for a drive unit with DHC Fig. 6 - Effective power and wasted power

1 — electronic control unit ECU; 2 — motor — pump group;
3 — block with valves; 4 — modelled DHC; 5 - load unit

The hydraulic power P of the actuation system can be calculated from the operating pressure po and the
operating flow rate Qo provided at the outlet of the pump according to formula (1).
P=1po-Qo (1)
Hydraulic power can also be obtained from the mechanical parameters of the hydraulic motor (DHC), i.e. force F,
displacement x or speed x according to the formula (2)

F-x .
P=""=F-% )

The estimation of the energy consumption E of the actuation system is carried out from flow Q and pressure p,
according to the formula (3)

E=/,Q® - p(®)dt (3)

To determine the total efficiency of the system nt, the ratio between the output power Poutand input power Pin, can
be calculated as follows:
POU
Ntot = ?ﬂt 4)
At the same time, the total efficiency can be calculated as the product of the volumetric efficiency nva and the
mechanical-hydraulic efficiency nmn according to (5).
Ntot = Nvol “ Nmh ()

Conventional hydraulic system

In order to evaluate the energy losses from a conventional actuation system with a servo valve, a system
like the one in figure 7 was also modelled and simulated. The system is composed of an electric pump that supplies
57 I/min, the system pressure being limited to 250 bar, a servo valve, a hydraulic cylinder with a bilateral rod with
bore diameter 100 mm, rod diameter 50 mm and a stroke of 1100 mm. The cylinder rod is coupled with a friction
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mass. A speed sensor was also placed in the diagram to measure the speed of the cylinder rod. At the running
parameters of the simulation, at additional computations, those for power and energy were checked.

The simulation consisted in obtaining several speed steps at the hydraulic cylinder rod by using a signal
source configured in 5 stages according to figure 8.

T
i 200 kg
100,50 1100 [sscoonvonses]

‘ = user defined duty cyce output [null]

[null]

15 mm 0
m —
Al 1B 1
10 4
PI(T
5 stages 1
25mm TL

20 -
0.5m @
250bar 1y -

________ Q) |

45cc . -40 T T T T T 1
1500 rev/min 0 2 4 3 8 10 12 14
(L] X: Time [s]
Fig. 7 - Scheme of conventional hydraulic system Fig. 8 - Signal for control the servo valve during
simulation

RESULTS

The results of the simulations for the digital hydraulic cylinder system and the conventional actuation
system are presented below.

Digital hydraulic system
Figure 9 shows the diagrams for the control signals to the solenoids of the block with electrovalves. The shape
of the signals corresponds to a typical sequence of the binary states for a 3-bit system.

— E1 input signal [null]
null null )
[4: _l —— fractional spool position [null] [ u' ‘; [:: J

—— E2 input signal [null]

[null]
1.0
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[ 1 2 3 4 [ 1 2 3 4
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Fig. 9 - Input signals for valves solenoids and fractional spool position
a — E1 solenoid signal / spool position; b — E2 solenoid signal / spool position;
¢ — E3 solenoid signal / spool position; d — E4 solenoid signal / spool position
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Figure 10 shows the pressure variation diagrams in the DHC chambers. The pressure variation in the
three active chambers also corresponds to the binary states of the 3-bit system. The pressure variation in
chamber A4 is due to a pressure drop that reaches a maximum of 6.4 bar on the hydraulic fluid discharge

route to the tank, in correspondence with the movement speed of the DHC piston or the flow rate of hydraulic
fluid discharged from the chamber.
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Fig. 10 - Pressure for DHC chambers
a — Al DHC chamber; b — A2 DHC chamber; c — A3 DHC chamber; d — A4 DHC chamber

%: Time [s]

The graphs with the variation of the DHC parameters during the simulation can be found in figure 11.
In figure 11(a) one can see the movement of the DHC rod. The DHC speed depending on the control step
is in figure 11(b). The force exerted on the DHC rod depending on the control stage can be found in figure
11(c), the force obtained being dependent on the level set in the load block by the command transmitted to
the valve. In figure 11(d), one can see the DHC acceleration when switching the control stages.
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Fig. 11 - The response diagrams of the DHC during the simulation
a — DHC displacement; b — DHC acceleration; ¢ — DHC velocity;
d — Force exerted by DHC
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Figure 12 shows the diagrams with shaft speed and torque of the pump. It can be seen that the torque
at the pump shaft is constant throughout the simulation, in correspondence with the maximum pressure in the
system of approximately 195 bar. Figure 13 shows the graphs with the useful power provided by DCH and
the energy consumed during the simulation. The power graph is useful for calculating the efficiency of the
DHC drive system. By averaging the power used on each DHC control stage, a useful power of 18.5 kW is
obtained. Drive power is 22 kW taking into account also the total efficiency. Using formula (4) results in an
efficiency of DHC drive system of 84%, which varies very little with the command stage of the valves block.
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Fig. 12 - Pump shaft speed and torque
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Conventional hydraulic system

In the case of the conventional hydraulic system, the simulation was carried out to obtain speed steps at
the rod of a servo cylinder that moves a mass with friction. In order to obtain distinct speed steps during the 1100
mm stroke, the servo valve command was limited to 30%. This fact allowed a precise metering of the flow, which
feeds the cylinder, but with the disadvantage of additional throttling losses. After the simulation, the pressure and
flow variation at port A of the servo valve was obtained (figure 14). The flow steps obtained for the command stages
were 15, 29, 43 and 57 I/min, and the pressure level was at 125 bar. In figure 15, the graphs for the stroke and
speed of the piston of the hydraulic cylinder were obtained. Each speed step is found in segments with different
slopes on the displacement diagram up to the maximum stroke of the cylinder.
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Fig. 14 - Pressure and flow at port A
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Fig. 15 - Piston stroke and speed
of hydraulic cylinder
Figure 16 shows the power and energy dissipated during the simulation by the servo valve. One can
see the correspondence with figure 17 in which the power dissipated by the relief valve is in inverted
magnitude to the power dissipated by the servo valve.

w1
x10?
30

— power of hydraulic dissipation (valve) [W] m
10’
- 200

w1
xio’
25—

— power of hydraulic dissipaton (servo) [W] 0}
x10®
180

— energy of hydraulic dissipation (servo) [J] — energy of hydraulic dissipation (valve) [J]

- 160

Fig. 16 - Energy and power dissipated by the servo

140
120

=100

= L

2 4 3 8 10 12 14
%: Time [s]

valve at different control stages

19

Fig. 17 - Energy and power dissipated by the valve

25
20

- 150

100

2 4 6 8 10 12
X: Time [s]

at different control stages

0



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

When the metering section from the servo valve is small, the excess flow is discharged through the
relief valve, and at maximum command, the power dissipated by the servo valve is maximum, and that
dissipated by the relief valve is minimum. Considering the simulation scheme from fig. 7 the maximum
efficiency obtained after the simulation was 42.5% for last stage of the simulation.

CONCLUSIONS

Conventional actuation systems involve large power losses of a mechano-hydraulic and volumetric
nature. In order to increase the energy efficiency, the linear actuators can be provided with secondary control
by using some hydraulic cylinders to which the nominal area can be discreetly adjusted. These actuation
systems can be fed at constant pressure by pumps with fixed nhominal volume which can be gear pumps
that have a low price. The simulation carried out for an actuation system with DHC showed a much better
energy efficiency compared to a conventional actuation system. Digital hydraulic cylinders in combination
with digital on/off valves and controllers with specialized software can lead to an increase in energy efficiency
in actuation systems for construction or agricultural machines. Future work will consider using more pressure
lines for DHC and obtaining a greater number of force control steps.
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ABSTRACT

The core of intelligent and accurate plant protection of pests is the accurate identification of pest monitoring
and early warning model, and the quality of pest sample image is crucial to the model identification accuracy.
To solve the problem of complicated background and low contrast colour image samples, in this paper it is
proposed a pest accurate segmentation method based on critical point nonlinear enhancement. The
segmented image is used as the sample image of the Faster R-CNN model, which can improve the accuracy
of the recognition model. Firstly, the original image is segmented by a strong classifier and the image of pest
cells with calibrated grids is obtained. Secondly, the Spline adjustment curve is fitted according to the core
gray scale range and critical point, and the contrast between pest and mesh in pest monomer image is
enhanced based on the Spline adjustment curve. Finally, there are some operations for the enhanced image
such as threshold segmentation, contour extraction, morphological transformation and others to obtain the
pest image without background interference, and some segmentation experiments are performed to the pest
image based on different segmentation methods. The experimental results show that the proposed method
can accurately segment the pests in complex background, and the comprehensive evaluation indexes such
as recall ratio and precision rate are greater than or equal to 91.5%, which is better than the traditional
segmentation method.
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INTRODUCTION

In the process of planting crops, they are susceptible to various pests. Insect pest has seriously
threatened the yield and quality of agricultural products, and spraying pesticide is an important means of
effective pest control. How to apply pesticides reasonably and avoiding overuse of pesticides have become
an important research content to improve yield and quality (GuoPing Wen, 2020). It is a key measure for
reducing pesticide waste to construct pest identification model, monitor and warn about pest and assist
pesticide spraying. Traditional intelligent pest monitoring lamp can judge and monitor the insect situation by
collecting the number and size of insects, but the types of insect pests cannot be accurately detected in this
way. However, the monitoring and warning model based on Faster R-CNN can accurately monitor the type
and quantity of insect pests. A large number of high-quality sample images without background interference
are required to train this model. The quality and quantity of pest sample images directly affect the identification
accuracy of the pest monitoring and warning model. At present, due to the lack of high-quality sample images,
removing complex background interference and accurate segmentation are crucial to improving the quality of
pest sample images. The images studied in this paper are collected by intelligent pest monitoring lamp. Since
the traditional intelligent pest monitoring lamp judges the size of the insect body through the calibration grid,
insect catching plate needs to be equipped with the calibration grid, which will reduce the image quality. The
enterprise has arranged a large number of such equipment and acquired a large number of images. In order
to solve the shortage of high-quality sample images in the training of pest model without updating the
equipment, the algorithm in this paper starts from dealing with the existing images, and then amplify the pest
image samples.

At present, traditional image segmentation methods include threshold segmentation, edge method,
artificial neural network method, watershed method, etc. Peng Huang et al, (2020), and different segmentation
methods adapt to different segmentation conditions. Chenxi Liu et al, (2019), segmented rice pests through
improved level set algorithm. Rong et al, (2022), proposed a method for identifying and counting pests in field
yellow plate based on Mask R-CNN, which solved the problem of inaccurate pest identification and counting
by improving the feature pyramid network. Guanggiang Diao, (2014), segmented pests and diseases images
through the study of Region of Interest detection and background segmentation. Scholars both at home and
abroad have also conducted a series of studies on low-contrast image segmentation. In foreign countries,
Sarabpreet et al, (2016), improved image contrast by combining multi-scale top cap filter and H-maximum
value, and proposed a curve initialization level set method to extract the nucleus and cell boundary of contact
cells. Mohammad et al., (2018), improved the histogram segmentation technology and normalized the whole
image to avoid the entropy loss in the process of image enhancement. In China, Shuangxi Liu et al., (2016),
segmented corn grains dyed longitudinally through the multi-segment threshold segmentation method and
obtained images of corn keratin endosperm and farinaceous endosperm. Chenghui Han et al., (2018),
proposed a flame image enhancement and segmentation algorithm combining Retinex and CV (Chan-Vese)
model, which accurately extracted low-contrast flame images in complex background environment and
retained the irregular information of target edge.

The gray scale range of the insect body region extracted in this paper overlaps with the gray scale range
of the calibrated grid region, resulting in low contrast. Traditional pest segmentation method has non-ideal
segmentation effect. In terms of processing low contrast image, the image segmentation method based on
deep learning is not ideal because of the lack of original samples. We often enhance its contrast firstly, and
then segment it. So, in this article, we put forward a pest accurate segmentation method based on critical point
nonlinear enhancement.

Contrast between insect region and calibration grid region is improved by non-linear enhancement
method based on critical point, and complete insect pest image without accurate grid background can be
extracted from complex background, which reduces the background grid interference to the shape feature
extraction, finally the high quality sample image of insect pest is obtained. Thus, the precision of pest
monitoring and early warning model is improved, which lays the application foundation for the research of
intelligent spray and precise pesticide application.

MATERIALS AND METHODS
Acquisition and preprocessing of original images

The original image samples used in this paper are taken from the intelligent pest monitoring lamp
developed by Jinan Xiangchen Technology Co., LTD. The whole machine structure is shown in Fig.1, which
is mainly composed of light trap, industrial camera, electronic control unit and insect catching plate. Among

22



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

them, the insect receiving plate adopts the background plate with calibration grid, which aims to facilitate the
identification and calibration of pest sample size.

i A

T

=

Ty

Fig.1 - The overall structure of intelligent pest monitoring lamp
1. Light trap; 2. sex induced core; 3. Insecticidal unit; 4. Electrically controlled turnover board; 5. Industrial camera;
6. Electronic control unit; 7. Oven; 8. Insect catching plate; 9. Driving mechanism

During operation, pests are trapped through light trap and sex induced core, the sex induced core
contain insect pheromones. Firstly, pests fall into the pest control unit, and then after being dried in the oven,
drop to the electrically controlled turnover board. The electronic control unit controls its turnover, and at the
same time, the driving mechanism drives the insect catching plate to rotate, so that the pests randomly drop
onto the insect catching plate. Industrial cameras collect pest photos, and upload them to the pest monitoring
and early warning model through 5G module for monitoring and warning, which can assist in making pesticide
application decisions. Among them, the industrial camera is MV-CE120-10GC plane array camera. The fixed
lens is used to collect pest images during operation, with a resolution of 3264x2448.

Original image acquisition

Intelligent pest monitoring lamp has a fixed camera position, and the fixed light source and focal length
are adopted to avoid the influence of illumination and sensor on the image gray scale. The images collected
by intelligent pest monitoring lamp include the apple pests extracted in this paper: cutworms, cotton bollworm,
armyworms, etc., as shown in Fig.2. As can be seen from Fig.2, the collected single photo contains complex
background, calibration grid and multiple types of pest samples, and the pest samples are different in size,
orientation, position and posture, with little difference in colour and calibration grid, and insects overlap.

Fig. 2 - Original pest image

Initial Segmentation of Single Pest Image

A strong classifier is generated by Haar-like features and AdaBoost learning algorithm to initially
segment single pest and single pest samples containing calibrated grids are obtained. Haar-like feature is a
common feature descriptor in the field of computer vision. It is a digital image feature often used in object
recognition. Haar-like feature value represents the gray level change of the image. By changing the position
and size of the feature template, the image sub-window can list a large number of features to identify the target.
As for pests’ recognition and segmentation based on Haar-like feature, firstly, Haar-like feature extraction
should be carried out on the image, and then the pest feature set and background feature set should be trained
to establish a classifier. In order to take into account, the richness and recognition speed of feature sets, four
types of Haar-like feature rectangles are set in this paper: A for edge feature, B for linear feature, C for central
feature, and D for diagonal feature.
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N 0 0 e 0 ’/;
(a) Edge feature (b) Linear feature (c) Central feature (d) Diagonal feature
Fig. 3 - Haar-like feature rectangle

When extracting Haar-like features, the samples are normalized to the same scale of 24 * 24 pixels.
Then, the number of Haar-like features is calculated according to Equations (1) ~ (3), and 51664 features are
generated for each group of Class A feature rectangles, 28056 features for each group of Class B feature
rectangles, 9985 features for each group of class C feature rectangles, and 37600 features for each group of
Class D feature rectangles.

XY[W+1-WX%1] [H+1-h%l (1)
XY[W-FI-ZX%l] [H—f—l-z%l (2)
z=w+h (3)

Where W*H is the image size; w*h is the characteristic size of rectangle; X=["W"/"w"] is the maximum
amplification scale coefficient of the rectangular feature in the horizontal direction; Y= f'H" /" h"/is the
maximum amplification scale coefficient of the rectangular feature in the vertical direction.

After the rectangular features being obtained, in order to improve the calculation speed and strengthen
the real-time performance of the algorithm, the integral graph algorithm is introduced to calculate the
eigenvalues so as to realize the rapid extraction of Haar-like features. The extracted Haar-like features are
input into Adaboost to train and learn.

The Haar-like eigenvalues extracted from the samples to be identified are taken as the input of the
strong classifier, and according to the weight of the eigenvalues, the strong classifier gives an evaluation value
H to judge whether the samples are insects or not. If H=1, it indicates that the classification result is insect
body, which will be segmented and extracted. If H=-1, the detected sample is not insect body. The original
image is segmented based on the final generated strong classifier, and the results are shown in Fig.4. It can
be seen from Fig.4 that the image after initial segmentation contains not only complete insects, but also the
calibration grid, which affects the accuracy of the monitoring and warning model, so the calibration grid needs
to be removed.

Critical Point Nonlinear Enhancement
Taking the cutworms as an example, the image after initial segmentation is processed by grayscale
processing, gray histogram extraction and watershed algorithm segmentation, and the image shown in Fig.5

is obtained.
;m E ! ‘
0
0 5 100 150 200 250 o

(a) Original pest image (b) Grayscale image (c) Gray histogram (d) Watershed segmentation image

4 3

Fig. 5 - Original pest image, Grayscale image, Gray histogram, Watershed segmentation image
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Among them, Fig. 5b is a gray image, Fig. 5c is a gray histogram, and Fig. 5d is a watershed algorithm
segmentation diagram. As can be seen from Fig. 5c, in the pests gray histogram, the image has bimodal
characteristics, and the pixel level of the valley bottom and the peak is significantly different. However, after
being segmented by watershed algorithm, due to the low contrast between the calibration grid and the insect
body, only the insect body and the calibration grid of the image can be separated with the background, but the
insect body and the calibration grid cannot be separated. Therefore, a contrast enhancement method is
needed to enhance the contrast between the calibration grid and the insect.

Core Grayscale Range Calculation

The nonlinear enhancement method based on critical point is to increase the dynamic range of gray value
by nonlinear adjusting curve, so as to enhance image contrast. According to the gray histogram shown in Fig.
5C, the image gray value after initial segmentation is full of the whole dynamic range, so the image contrast
cannot be improved solely by increasing the dynamic range of gray value. The core gray range contains a
large number of pixels in the region to be enhanced, and the dynamic range of gray value is small.

Therefore, the dynamic range of gray value is compressed by processing pixels in the core gray range,
and then the dynamic range of gray value is increased by nonlinear adjustment curve, finally, the contrast can
be enhanced.

Histogram extraction is carried out for the grid region and the insect region respectively, and gray
histogram of the grid region and the insect region are obtained as shown in Fig. 6. By analysing the distribution
of pixels, it can be seen that pixels in the grid area and the insect area in the gray histogram are concentrated
in the middle segment, while less pixels distribute at both ends, and the distribution law is similar to normal
distribution. The core of gray level range of grid region and insect body region calculated by the probability
density function of normal distribution are (30, 90), (45,130), respectively. Secondly, by gray overlap
calculation, the both core grayscale level range is (45, 90). Finally, through nonlinear extension of core
grayscale range, contrast between insect body area and calibration grid area is enhanced.

7

&

4 8 Number of pixels
£ 4 #t Number of pixels
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% R {LGray value
(a) Gray histogram of grid area (b) Gray histogram of insect region

Fig. 6 - Gray histogram of insect body and grid area

Critical Point Gray Value Calculation

The single method of nonlinear gray scale expansion for core gray scale cannot achieve the desired
enhancement effect, which will result in weak enhancement or over-enhancement phenomenon. In terms of
over-enhancement, the gray values of the pixels in the target area and the calibration grid area decrease at
the same time, which will lose the features of the target object. However, in terms of weakly-enhancement, the
weakening degree of the pixel value of the calibration grid area pixel cannot separate the target object from
the background. As shown in Fig.7, threshold segmentation is performed on the enhanced images
respectively. It is found that when over-enhancement occurs, however, leading to serious insect region loss at
the same time. When weakly-enhancement occurs, the calibrated grid region cannot be separated from the
insect region completely, as shown in Fig.8.

Fig. 7 - Over-enhanced image and its threshold segmentation diagram
Note: A1 is the over-enhanced image, and B1 is the threshold segmentation diagram of the over-enhanced image.
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Fig. 8 - Weakly-enhanced image and its threshold segmentation diagram

Note: A2 is a weakly-enhanced image, and B2 is a threshold segmentation diagram of weakly-enhanced image.

In order to reduce weakly-enhancement, the gray value of critical point is required to be within the core
gray value range. The nonlinear enhancement of image based on this critical point can maximize the
enhancement degree of the insect region features and the suppression degree of the calibrated grid region
features, and then achieve the best enhancement effect. In other words, when the gray value of the insect
area is less than the critical gray value, the ratio of the total number of enhanced pixel points to the total number
of pixel points in the insect region P is obtained; when the gray value of the insect area is greater than the
critical gray value, the ratio of the total number of weakened pixel points to the total number of pixel points in
the calibrated grid region P is obtained; It is required to maximize the average of P and Q, and the formula is:
P+Q
5 (4)

At the same time, in order to prevent over-enhancement in one of the regions and affect the enhancement
effect, the critical point should lead to balanced enhancement of the insect region and the grid region, that is,
the difference Y between P and Q is the minimum.

X:

Y= P-Q| (5)
The comprehensive evaluation index Z is defined as the evaluation index of image enhancement. The
larger the Z value is, the better the image enhancement effect is and the higher the contrast is:
7=0.5X+0.5(1-Y) (6)
By calculating the evaluation index of image enhancement, the maximum Z-value is 0.826 when the gray
value is 80. The critical gray value is finally determined as 80, and its coordinate point in the curve adjustment
function is (80, 80).

Spline Curve Fitting

The final Spline nonlinear adjustment curve is generated by Spline curve fitting the critical point
coordinates (C, C), origin coordinates (0, 0), (a, 255), (b, 0) and the right-most coordinates of the curve (255,
0), where a is the minimum gray value of the core gray scale range, b is the maximum gray value of the core
gray scale range, and c is the critical gray value. The non-linear adjustment curve of Spline is shown as follows:

S={0'00003 #4-0.00473+0.13741>+6.7948r-10.623 <90
0 r>90

Where S is the gray value of pixel points after adjustment, r is the gray value of pixel points before
adjustment.

After the image is enhanced by Spline adjustment curve, threshold segmentation is performed on the
images before and after the enhancement respectively, as shown in Fig.9. It can be seen from Fig 9b and 9c
that, after threshold segmentation of images enhanced by Spline adjustment curve, there is an obvious
boundary between the insect area and the calibration grid, while there is no obvious boundary between the
calibration grid and the insect of the image without adjustment curve enhancement.

(7)

o7l ‘.5“
o . e’

(a) Enhanced image (b) Threshold segmentation (c) Non-enhanced threshold segmentation

Fig. 9 - Enhanced image and its threshold segmentation diagram and
non-enhanced image threshold segmentation diagram
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Accurate Segmentation of Pest Samples

In the process of different pest sample images, the core gray scale range and critical point of insect area
and calibrated grid area are different due to the different gray scale range of insect area. Therefore, in order
to achieve better segmentation effect, the gray values at the left and right ends of the core gray scale and
critical point gray values should be calculated during the segmentation of different pests. The final Spline
nonlinear adjustment curve is generated by Spline curve fitting through (0, 0), (a, 255), (c, c), (b, 0), (255, 0).
Finally, the Spline nonlinear adjustment function is used to enhance the contrast between the insect region
and the background region, and a high-contrast image is generated for subsequent segmentation.

Image enhancement is performed on the pest samples by nonlinear enhancement method based on the
critical point, and threshold segmentation operation is performed on the nonlinear enhanced images and the
unenhanced images at the same time. The results are shown in Fig.10. A1~A4 are the images enhanced by
Spline nonlinear adjustment curve, B1~B4 are the threshold segmentation images enhanced by Spline
nonlinear adjustment curve, and C1~C4 are the threshold segmentation images not enhanced by Spline
nonlinear adjustment curve. By comparing B1~B4 with C1~C4, it can be found that, in the image B1~B4
through enhanced threshold segmentation, the pest region is separated from the calibration grid region, while
in the image C1~C4 directly through the threshold segmentation, the calibration grid region is not separated
from the pest region.

Fig. 10 - Image before and after enhancement and its threshold segmentation results
Note: The first row is a nonlinear enhanced image, and the second row is a threshold segmentation image of the first row.

The third row image is the threshold segmentation image without nonlinear enhancement.

Due to different core gray scale range of each insect pest body, different segmentation functions should
be created according to the pest species during the creation of segmentation model, that is, different Spline
nonlinear adjustment curves should be established. In order to improve the applicability of the segmentation
method and meet the requirements of accurate extraction of all kinds of pests, strong classifier will be used to
classify the insect images, and different kinds of insect images will be separated by different segmentation
models.

Accurate Extraction of Insect Body

The precise pest segmentation process based on critical point nonlinear enhancement is shown in Figure
11. Firstly, through Haar-like feature extraction and strong classifier generated by Adaboost, the pest monomer
samples are segmented from the original image and the pest monomer image containing the calibrated grid is
obtained. The segmented monomer pest images are classified according to species. Secondly, after being
processed by each nonlinear adjustment function, each pest is processed by threshold segmentation. Through
comparing the obtained image and the threshold segmentation result, it is found that binary image through
piecewise nonlinear enhancement can separate insect body with the calibration grid, which is convenient for
subsequent morphological processing. The image segmented by threshold still has a small number of noise
interference points, so it is necessary to conduct contour statistics and the images are arranged according to
contour size, and only the largest contour, namely the insect contour, is retained at last. For the noise
interference inside the pest image, the cavity filling method is used to remove the interference and finally the
complete pest binary image is obtained. Finally, the original image is combined with the binary image of insect
pest to obtain the sample image only containing insect area. The background and calibration grid are
completely removed to achieve accurate segmentation of pest samples.

Since the core gray scale range of each pest is different, different segmentation models should be built
according to the pest species when establishing segmentation models, that is, different nonlinear Spline
adjustment curves should be built according to the core gray scale range and critical points of images of
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different pests. In the process of insect extraction, strong classifier is used to preliminarily classify insect
images, and the segmented insect monomer images are classified and screened according to species. Insect
images of different species are separated by different segmentation models to improve the applicability of the
segmentation method and meet the requirements of accurate extraction of various insect bodies.

v
v

:

Fig. 11 -Segmentation flow chart
Note: from the top to the bottom, a single sample image Ai, a nonlinear enhancement image Bi, a threshold segmentation image Ci, a
two-value image containing the insect contour Di, and no background image at all Ei and Fi (this method and manual segmentation),
i=1+6.

RESULTS
Test Design

In order to test the accuracy of the method proposed in this paper, manual segmentation is used as a
reference standard to conduct comparative tests on the same pest image with different segmentation methods.
Based on the method proposed in this paper, segmentation tests are carried out on different pest images, and
then traditional segmentation methods such as Otsu threshold method, watershed method and regional growth
method are used for segmentation tests on the same pest sample images, so as to compare and analyse the
performance advantages of the proposed method in pest image segmentation.

Results of Pest Segmentation under Different Segmentation Methods
The proposed method is used to segment the images of 200 samples, including the main apple pests
such as cutworms, cotton bollworm, armyworms, and common deer moth. In order to quantitatively evaluate
the segmentation effect of pests, two indexes, global recall ratio (Gr) and global precision ratio (Gp), are
introduced to evaluate the segmentation effect. Original image | is divided into N area, and its algorithm
2 N

segmentation results are Mseg={m§eg,mseg,---,mseg. The reference segmentation image is

Hseg={hfeg,hfeg, ---,h?ég}, and recall rate r is the area percentage of the overlap of the region mseg obtained by
this algorithm and the matching region h:’g in the reference segmentation region hffg. The accuracy p is the
area percentage of the overlapping part of the region msy obtained by segmentation in this paper and the
matching region Msq in the reference segmentation. The calculation formulas of recall rate, recall rate p, global
recall rate Gy, global recall rate Gy, and comprehensive evaluation index F; are:

i m(i)

ri=—"”’7§2(ﬁrg' 100% 8)

seg
a1 00% (9)

! ‘msegl
Gr=2N w;r; (10)
Gp=2Y, w; p, (11)
Fi=2rp/(r+p) (12)
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i . -th . . i i) - . . -th .
Where my,, is the i"™ region segmented by the algorithm; h;f’eg) is the matching region of the i" region
segmented by the algorithm in the reference segmentation graph; ri is the recall ratio of region i; piis precision

ratio of region I; w; is the weighting coefficient, which is defined as:

Wizlméegl/lll (13)

Recall ratio is an index to judge whether the segmentation result contains most features of the target
region. The more features of target region the segmentation results contain, the higher recall ratio will be.
Precision ratio is an index to judge whether the segmentation result can separate the target region from the
background region. The less background features the segmentation results contain, the higher the precision
ratio will be.

In order to further verify the advantages of the segmentation method in the segmentation of pest
background in this paper, 200 pest sample images are taken as the research object, and different
segmentation methods such as text method, Otsu threshold segmentation method, watershed method and
regional growth method are used to segment the pest images. The results are shown in Fig.12.
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Fig. 12 - Processing results of different segmentation methods

Note: A1 ~A6, B1 ~B6, C1 ~C6, D1 ~D6, E1 ~E6 and F1 ~ F6 are the original drawing, Otsu threshold method,
watershed method, regional growth method, this method and manual segmentation results respectively

In the pest image, the RGB colour of the insect body and the calibration grid is similar. When the Otsu
threshold method is used to segment the image, the insect body region and the calibration grid region are
seriously adhered, which makes it impossible to segment the insect body and the calibration grid. The
watershed algorithm considers the insect region and the grid region as the same region, which can separate
the calibration grid and the insect from the background, but cannot separate the calibration grid from the insect.
The segmentation effect of the region growth-based segmentation method is basically the same as that of
Otsu threshold segmentation method and watershed algorithm, which cannot separate the calibration grid from
the insect. In terms of Otsu threshold method segmentation, although the pest area is extracted, it also
mistakenly mistook the grid area with similar colour as the insect body, so the target image could not be
accurately segmented. The final result obtained by the proposed method has a high similarity with the manual
segmentation result, which can accurately segment the image with low contrast between the insect and the
calibration grid, and the segmentation effect is more accurate than the traditional segmentation method.

In order to quantitatively evaluate the segmentation results of pest images processed by different
segmentation methods, recall ratios, precision ratios and comprehensive index F1 of pest images processed
by different segmentation methods are counted respectively, and their average values are shown in Table 1.
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Table 1
Quantitative evaluation of pest image segmentation results based on different segmentation methods
R Otsu threshold Watershed Regional growth
Evaluation index method method method Paper method
recall ratio 96.99% 92.24% 79.01% 93.21%
precision ratio 78.87% 86.31% 50.48% 91.74%
F1 87.93% 89.28% 64.74% 92.47%

Test Analysis

According to the analysis of the test data in Table 1, although the watershed algorithm has a high recall
ratio and can separate the pest from the background, it cannot separate the calibrated grid from the pest,
resulting in a low precision ratio. The F1 values of Otsu method and watershed algorithm are both below 90%,
which could not separate the calibration grid from the pest. The accuracy of Otsu method is lower than that of
the present method by 5.43% since the calibration grid area is regarded as the insect area. The recall ratio
and precision ratio of the region growth method are very low, and it is impossible to separate the background
from the pest. Traditional segmentation methods cannot segment the calibrated grid from the insect. The recall
ratio, precision ratio and F1 value of the proposed method are all above 91%, which can separate the insect
from the background and grid, and the segmentation effect is the best. Traditional segmentation methods can
not accurately distinguish the low-contrast insect region from the calibrated grid region. The segmentation
accuracy from low to high is region growth method, Otsu threshold segmentation method, watershed method,
this method.

The above pest image segmentation experiments show that the method can accurately segment the pests
and low contrast image. Different methods of pests and low contrast image segmentation results show that,
the method for low contrast image, and the image with serious gray level range overlap between the target
area and interference region, can enhance the contrast, and high contrast image is obtained. Its segmentation
effect is superior to the traditional segmentation method with higher segmentation accuracy.

CONCLUSIONS

(1) In order to segment low-contrast insect image accurately, an image segmentation method based on
critical point nonlinear enhancement method is proposed. Based on the core gray scale range and critical
point, the nonlinear enhancement function is fitted by Spline function to realize the image enhancement of the
insect region and the grid region. The enhanced image is processed by threshold segmentation to extract the
insect image accurately.

(2) The segmentation effect of the proposed method is compared with that of the traditional segmentation
method for low-contrast pest images. The results show that the recall ratio and the comprehensive index of
the segmentation results obtained by the proposed method are both above 91%, which is the closest
segmentation method to manual segmentation and has the best segmentation effect. Although the
segmentation accuracy of region growth method, Otsu method and watershed method is improved
successively, but none of them can accurately segment the insect and the background grid, and the final image
still has grid interference.

(3) The pest images segmented by the method in this paper without background and grid can be used as
the original samples for subsequent deep learning, which can greatly improve the accuracy of identification
model, and contribute to subsequent pest identification research and provide high-quality raw materials for
intelligent identification.
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ABSTRACT

RockyDEM is used to simulate the conveying and soil-removing device to determine its optimal structural
parameters in order to solve the problem of low soil removal rate and high straw loss rate of the conveying and soil-
removing device of the corn stalks picking and pelletizing machinery. Single-factor and multi-factor simulation tests
were conducted with soil removal rate and corn stalks loss rate as evaluation indexes, and blade shell clearance,
sieve aperture and pitch as influencing factors. The experimental results show that the soil removal rate and the
loss of corn stalks have better consistency with the simulation data. Therefore, the procedures of this study can be
used for the design and optimisation of conveying and soil-removing device.
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INTRODUCTION

Pelletizing molding is one of the effective ways to improve the comprehensive utilization of corn stalks
(Huo et al, 2019; Wang et al, 2017). Most of the domestic corn stalks pelletizing equipment is fixed, has high
operating costs and low efficiency, so the development of field corn stalks picking and pelletizing technology
is an important trend in the comprehensive utilization of corn stalks in the future. Therefore, it is important to
design and optimize a kind of conveying and soil-removing device which is suitable for corn stalks pelletizing.

Ulantuya et al, (2016), studied the factors affecting the performance of screw conveyor, and concluded
that the influence law of factors, the primary spin velocity and secondary feed into the speed factors were
identified and the best combination of parameters. Fu Qiankun et al, (2018), designed a vibrating sieve to solve
the problem of high soil content after corn stalks picking and baling, taking the soil removal rate and corn stalks
loss rate as the test index, which provided a theoretical reference for the design optimization of conveying and
soil-removing devices. In summary, the main research methods for screw conveying and screening at home
and abroad are discrete element simulation, but there are fewer studies that combine screw conveying and
screening.

This study takes the conveying and soil-removing device of corn stalks picker and pelletizer as the
research object, combines the screw conveying and sieving, and conducts discrete element simulation
analysis: using the blade shell clearance, sieve aperture and pitch as factors, and the soil removal rate and
corn stalks loss rate as indicators, the single-factor and ternary quadratic regression orthogonal rotation
combination test is designed to determine the optimal structural parameters. A test bench was built for test
verification to provide a theoretical basis for the design of the cornstalks picking and pelletizing machine
conveying and soil-removing device.

MATERIALS AND METHODS
Test materials and equipment

Simulation and experimental design of the conveying and soil-removing device for the self-propelled
ring die granulator, and analysis of the movement pattern of corn stalks and dust in the conveying and soil-
removing device by the discrete unit method were carried out.

32



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

In order to facilitate the analysis of the influence of the structural parameters of the device on the
conveying and dust removal, a single-factor simulation test was conducted using RockyDEM software, and
the device was reasonably modified and simplified to be divided into two parts: the casing and the screw
conveying shaft. After the introduction, the material properties of the two parts were set, the casing was fixed,
the motion of the screw conveyor shaft was set to rotation, and the working speed of the conveying and soil-
removing device was set to 1600 r/min based on the working speed of the self-propelled ring die granulator.

The optimal solution of the structural parameters of the conveying and soil-removing device was
obtained through the simulation test, and the model of the conveying and soil-removing device test bench was
designed according to the optimal structural parameters, and the test bench test was conducted.

Device structure and working principle

The corn stalks picking and pelletizing machine is powered by 117 kW diesel engine, which can
complete the functions of corn stalks picking and crushing, conveying and removing soil, and compressing and
forming at one time to realize the function of moving dense pellets in the corn stalks field, as shown in Figure
1. The machine can produce about 1.5t of corn stalks pellets per hour, the pellet forming rate reaches 95%,
and the pellet density is between 800~1200kg/m?3. In order to improve the corn stalks pellet forming rate and
corn stalks pellet density, the corn stalks soil rate needs to be reduced, so the conveying and soil-removing
device is optimally designed.

Fig. 1 - Corn stalk granulator
1. Cab 2. Picking Device 3. Conveying and De-Soiling Device 4. Walking Device 5. Molding Device 6. Stock Bin

The structure of the conveying and soil-removing device is shown in Figure 2.

Straw particles movement direction s

Z (m) s z 2
¥ poron Dust particles movement direction e

%008
“- Inlet
o

Outlet

R LR ——— T
o Y |

Fig. 2 - Schematic diagram of conveying dust removal device

The corn stalks scattered in the field will be picked up by the picking device with soil, and after being
sent into the conveying and soil-removing device, axial movement, tumbling and throwing movement will occur
due to the external force exerted by the spiral blade. In the process of movement, the corn stalks and soil are
in constant contact with the screen, and the soil is screened out through the screen holes, and the corn stalks
are conveyed to the paddle plate, which then throws them to the pelletizing device.

Simulation model and parameter setting
The 4 nodes and internodes of the samples were selected, and the effect of the moisture content of
samples on the critical shearing strength was examined at a shearing speed of 15 mm/min.
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Samples from different sections of the whole stalk were selected, and the moisture content of each
sample was adjusted to 45%+2%, and the effect of the sampling location on the critical shearing strength was
examined at a peeling speed of 15 mm/min. The moisture content of the sample in the 4" nodes and internodes
were adjusted to 45%+2% to study the influence of the shearing speed on the critical shearing strength. The
test was repeated 5 times at each test level, and the variance analysis F value tests were performed at the
level of P=0.05.

There are interactions between corn stalks, soil and soil removal device, and the conditions of
instantaneous contact and no significant plastic deformation after contact are met in the process of interaction,
so the hard sphere contact model is chosen for corn stalks particles and soil particles (Wang et al, 2017).

In RockyDEM, the normal force model is set to the Hertzian spring-dashpot model. The normal force

model is shown in equation (1).
3 1

Fn = KyS? + CySiS, )
Ry = gE*\/F @)

In Equation (1): F,is the normal force, N. Ky is the stiffness coefficient. Cn is the damping coefficient; Sy is the
contact overlap. £*is the equivalent Young's modulus, Pa. R*is the equivalent radius, mm.
The equivalent Young's modulus and equivalent radius are shown in equations (3) and (4).

1 _1-vf | 1-v} 3
E*  E E,
2 2
1 )Ly L
L

In the Equation (3) and Equation (4): £, E-is the Young's modulus of the particle-particle or particle-
boundary contact; vi, V2 is Poisson's ratio; Lz, L is the size of the two particles when the particle is in contact
with the particle; L is the size of the particle when the particle is in contact with the boundary.

The damping factor can be found as shown in equation (5).

Cy = 2y m Ky (5)
In Equation (5): m*is the effective mass. rjxis the damping ratio of the Hertzian spring-dashpot model.
The effective mass m can be found as shown in equation (6).

2 2
- = (6)
L
In Equation (6): Lz, Lz is the size of the two particles when the particle is in contact with the particle; L
is the size of the particle when the particle is in contact with the boundary.

According to the analysis of Antypov and Elliott's study, the damping ratio 7 is shown by equation (7).

exp[ \/__n(n—arctan A )] (0 <n S%)
= U 2ny1l-n® L
&= exp( ﬂarctan P ) (ﬁ <n< 1) )
exp (— nz_lant‘Z;l) m>1

In the Equation (7): € is the recovery factor.
In RockyDEM, the tangential force model is set to the Coulomb limit model as shown in equation (8).

Fr = —pF, == 5 (8)

In the Equation (8): F; is the tangential force; u is the friction coefficient; and Sris the tangential
component of the relative velocity.
SolidWorks software is used to simplify and model the conveying and soil-removing device.
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The simplified device mainly consists of two parts: the casing consists of screen and baffle plate, the
screen is 1915 mm long and wrapped around the spiral conveying shaft in a positive octagonal shape, and the
round hole screen is arranged in a T-shaped arrangement; the baffle plate is divided into front and rear baffle
plate, support plate and upper baffle plate; the outer diameter of the spiral blade is 304 mm, the spiral shaft is
114 mm in diameter and the shaft length is 2400 mm. The diameter of the spiral blade is 304 mm, the diameter
of the spiral shaft is 114 mm, and the length of the shaft is 2400 mm. The speed of the screw conveyor shaft
is set to 1600 r/min by reviewing the literature (Tian et al, 2018) and combining with the actual situation.

The material model settings are shown in Table 1 (Schulz et al, 2019; Kovacs A et al, 2017).

Table 1
Material model settings
Project Model Type Vertical Horizontal Number of Length range
Name Aspect Ratio | Aspect Ratio surfaces
Soll Irregular 1.5 1 24 1~2 mm
Polyhedra
Corn stalks Cylindrical 10 1 - 50~100 mm

Referring to the relevant literature, the material property parameters and material contact parameters
between the conveying soil removal device casing, soil particles and corn stalks particles were determined as
shown in Table 2 (Li et al, 2019).

Table 2
Material contact parameters
Rolling
) Recovery Static friction friction
Interaction factor / coefficient / coefficient /
e S Kk

Corn stalks-corn stalks 0.3 0.3 0.01
Corn stalks-soil 0.5 0.5 0.05
Corn stalks-casing 0.3 0.45 0.01
Soil-casing 0.6 0.6 0.05
Soil-soil 0.5 0.4 0.4

D Straw pellet presence range

D Dust pellet presence range

Simulation time 0.3s Simulation time 3s

Simulation time 0.13s

Fig. 3 - Simulation situation under different time steps

The corn stalks-soil mixture feeding time is set to 2 s, and the data collection frequency is 100 points
per second. It is known that the machine to be optimized can pick up 1.5~2 t of corn stalks per hour, and the
weight ratio of soil to corn stalks is about 1:4. Assuming that the machine picks up 1.8 t of corn stalks per hour,
the feeding amount of soil particles is 0.36 t/h, and the feeding amount of corn stalks particles is 1.44 t/h.
Figure 4 shows the simulation situation under different time steps, and it can be seen from Figure 3 that the
mixture is delivered completely when the total simulation time is 3 s.
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Simulation test factors and indicators

In order to study the working performance of the conveying and de-soiling device under different
structural parameters, after reviewing the literature, the aperture diameter of the sieve, the pitch and the gap
between the blade and the casing were used as the test factors, and the corn stalks loss rate and the de-
soiling rate were used as the evaluation indexes of the working performance (Fu Qiankun et al, 2018).

According to DB21T 2786-2017 "Technical conditions of biomass solid forming fuels", the corn stalks
loss rate of the conveying and soil-removing device should be less than 15% and the soil removal rate should
be more than 60%, and the single-factor simulation test was conducted based on this standard. The test results
are shown in Figure 4.

[ —a= Dust removal rate 80| ~a~ Dustremoval rate 21 BOL -A~ Dust removal rate 5
80 o Corn stalk loss rate 2 2 ~#~ Com stalk loss rate | =®= Com stalk loss rate
t A 75 - [
a7 18 & 5 18
N 75 /‘/ die - _ A 1 v £ | Clearance between blade and shell (mm) =
£ A—A o | 3 £ 70 a1 B < 70 o—o—0 1| PS
s 70k =] 12 /‘_,A>‘/. o 4]‘15 2 g | / 115 8
B o £ o = 3 / | &
g - ‘// " g L 7 /0 i g é 55[ ‘/‘/l\A<rCA,—-A-A 1€ -
Z 60 A 1 i3 g 2/4"./. 19 = E [ at / 1° g
= < 55 55 b /
5 ./o -9 | [ o—o—e- o—*—o—o |
. | 50 1e 50 l 16
.l &2 g oo g e mag s oy ]
L " i J 120 140 160 180 200 220 240 15 20 25 3.0 35 40 45 50 55 60 65 7.0
9 10 11 12 13 14 15 16 17 18 Serew pitch (mm)
Mesh size (mm)
a. Effect of sieve aperture size on b. Effect of pitch on the rate of soil c. Effect of blade and casing clearance
soil removal rate and corn stalks removal and corn stalks loss on soil removal rate and corn stalks
loss rate loss rate

Fig. 4 - Single factor simulation test result

When the simulation is completed, calculate the soil removal rate according to Equation (9).
y1 = (1-3) x 100% ©)
M¢

In the Equation (9): My is the mass of remaining soil particles, kg; M;is the total mass of input soil
particles, kg.

When the simulation is completed, calculate the corn stalks loss rate according to Equation (10).

y, = ’;—] x 100% (10)

In the Equation (10): M;s is the lost corn stalks mass, kg; M; is the total input corn stalks mass, kg.
The simulation analysis of the conveying and soil-removing device shows that: the soil removal rate and corn
stalks loss rate increase gradually when the sieve aperture increases; the soil removal rate and corn stalks
loss rate increase gradually.

When the pitch increases; the blade shell clearance and the casing increases, and the soil removal
takes the lead in increasing and then decreasing. According to DB21T 2786-2017 "Biomass solid forming fuel
technical conditions", the range of values is 12~16 mm for the sieve aperture, 150~200 mm for the pitch, and
3~5 mm for the clearance between the blade and the casing.

RESULTS
Results and analysis of single factor test

According to the single-factor simulation test results, the ternary quadratic orthogonal rotating
combination test method was used for the characteristic analysis and parameter optimization of the conveying
and soil-removing device, and the factor level coding table is shown in the table, and the sieve aperture Xj,
pitch X, and blade shell clearance X3 are the actual values of the factors.

Table 3
Coding table of factor level
Code Sieve aperture / x1 | Pitch / x2 | Blade shell clearance / x3
mm mm mm
+1.682 12 150 3
+1 12.8 160 34
0 14 175 4
-1 15.2 190 4.6
-1.682 16 200 5
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Experimental results and analysis

The results of the ternary quadratic regression orthogonal rotated combination test are shown in Table
5, with X1, X2, and X3 as factor coded values.

Significance test and regression equation building

The significance test and ANOVA were performed at a=0.05 significance level using Design-Expert
data analysis software, and the corn stalks loss rate ANOVA is shown in Table 4 and the soil removal rate
ANOVA is shown in Table 5.

Table 4 Table 5
Analysis of variance Analysis of variance
Degree Degree
Source |Variance| of Mean F- P-value Source |Variance| of Mean P P-value
Square|value Square| value
freedom freedom
Models | 392.32 9 43,59 |10.91 (<0.0001 Models | 910.30 9 101.14 | 14.94 |<0.0001
X1 78.92 1 78.92 [19.76 | 0.0007 X1 632.95 1 632.95| 93.50 |<0.0001
X2 71.32 1 71.32 |17.86| 0.0010 X2 39.40 1 39.40 | 5.82 | 0.0313
X3 137.82 1 137.82| 34.50 |<0.0001 X3 144.05 1 144.05| 21.28 | 0.0005
X1 X2 19.03 1 19.03 | 4.77 | 0.0480 X1 X2 3.08 1 3.08 | 0.45 | 0.5121
X1 X3 0.13 1 0.13 |0.031| 0.8623 X1 X3 | 35.28 1 35.28 | 5.21 | 0.0399
X2 X 3 31.60 1 31.60 | 7.91 | 0.0147 X2 X3 6.02 1 6.02 | 0.89 | 0.3628
X1? 3.62 1 3.62 | 0.91 | 0.3584 X1? 31.77 1 31.77 | 4.69 | 0.0494
X2 30.13 1 30.13 | 7.54 | 0.0166 X22 1.78 1 1.78 | 0.26 | 0.6172
Xa? 20.34 1 20.34 | 5.09 | 0.0419 X3? 15.63 1 15.63 | 2.31 | 0.1526
Residuals| 51.93 13 3.99 Residuals| 88.00 13 6.77
miss 1 10,77 5 2.15 | 0.42 | 0.8236 miss 1 620 5 1.24 | 0.12 | 0.9837
drafting drafting
Error 1 4115 | 8 | 514 Error | g180 | 8 |10.23
term term
Total | pp05 | 22 Total 1 99830 | 22
error error

As can be seen from Table 4, P<0.0001 and F=10.91> F 0.01(9,13)=4.19 for the corn stalks loss rate
model indicate that this model is suitable; F=0.42< F 0.05(5,8)=3.69 and P=0.8236>0.05 for the misfit term of
this regression equation model, so the model fits well The correlation was high. Among the terms of the model,
all of them were significant except for the interaction term Xi1Xs of the sieve aperture and the blade and blade
shell clearance and the quadratic term Xi2 of the sieve aperture. The order of the factors affecting the corn
stalks loss rate was blade shell clearance > sieve aperture > pitch.

The regression model of corn stalks loss rate Y obtained after excluding the insignificant term 1 is shown
in equation (11).

Y, =9.52 + 2.4X; + 2.29X, + 3.18X; + 1.54X, X, + 1.99X,X; + 1.38X2 + 1.13X2? (11)

As can be seen from Table 5, P < 0.0001 and F = 14.94 > F 0.01(9,13) = 4.19 for the soil removal rate
model indicate that the regression is highly significant; F = 0.12 < F0.05 (5,8) = 3.69 and P = 0.9837 > 0.05 for
the misfit term indicate that the misfit term is not significant and the model is a good fit.

Since the P-values of sieve aperture (X1), pitch (X2), and blade shell clearance (X3), interaction term of
sieve aperture and blade shell clearance (X1X3), and quadratic term of sieve aperture (X12) all satisfy P<0.05,
it is obtained that X1,X2,X3,X1X3,X12 has a significant effect on soil removal rate. According to the F-value
analysis, the influence on the soil removal rate from the largest to the smallest is the sieve aperture, blade
shell clearance and pitch.

The regression model of soil removal rate Y obtained after excluding the insignificant term 2 is shown
in equation (12).

¥, = 60.63 + 6.81X; + 1.7X, + 3.25X; + 2.1X, X5 + 1.41X2 (12)
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Response Surface Analysis

Stalk loss rate (%)
Stalk loss rate (%)
Stalk removal rate (%)

® (340 7 1280 g

a. The effect of X;and X, interactions on b. The effect of the interaction of X, c. The effect of X; and Xz interactions on Y,
Y, and Xz on Yy
Fig. 5 - Response surface of corn stalk loss rate

As can be seen from Figure 5. When the sieve aperture was fixed, the corn stalks loss rate Y shows a
gradually increasing trend with the increase of pitch. When the pitch was fixed, the corn stalks loss rate Y
shows a gradually increasing trend with the increase of sieve aperture. When the blade shell clearance was
fixed, the corn stalks loss rate Y shows a gradually increasing trend with the increase of pitch. When the pitch
was fixed, the corn stalks loss rate Y shows a gradually increasing trend with the increase of blade shell
clearance. When the pitch was fixed, the corn stalks loss rate Y shows a gradually increasing trend with the
increase of blade shell clearance. When the clearance between the blade and the casing was fixed, the soil
removal rate Y gradually increases with the increase of the sieve aperture. When the sieve aperture was fixed,
the soil removal rate Y gradually increases with the increase of the blade shell clearance and sieve aperture,
and the results are consistent with the single-factor test, and the interaction effect of the two factors is obvious.
The response surface diagram shows that the corn stalks loss rate is small and the removal rate is high in the
range of sieve aperture 12.8~15.2 mm, pitch 160~190 mm, and blade shell clearance 3.4~4.6 mm..

The model is solved optimally using the Optimization-Numerical module in the optimization design
software Design-Expert, and the target actual variables are optimized with the constraints as shown in equation
(13).

minY;
maxY,
128 < x; <15.2 (13)
160 < x, <190
34<x3 <46

Applying Design-Expert software to optimize the optimal working parameters: sieve aperture was 15.2
mm, pitch 160 mm, blade shell clearance was 4.6 mm, at this time the corn stalks loss rate is 12.4%, the soll
removal rate is 72.8%. Combined with the actual situation to take the sieve aperture was 15 mm, pitch 160
mm, blade and blade shell clearance was 4.5 mm for simulation test verification, simulation results corn stalks
loss rate is 13.8%, soil removal rate is 70.3%.

Test bench test verification

The test was carried out with Danyu-311 corn stalks from Heihe County, Jinzhou City, Liaoning
Province, with a length of 50-200 mm and a width of 3-15 mm. Portions of corn stalks were randomly selected
from the materials to be tested, each with 50012 g. The corn stalks were weighed after full burning, and the
soil content was calculated according to equation (14), and the average soil content was 38%.

According to agricultural machinery test conditions, the average moisture content was measured as
19%.

M
T = —x100% (14)

Where:
T'is the soil content of corn stalks, %; M is the total mass of corn stalks ash and soil after burning, g.
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The test apparatus includes: conveying and soil-removing device test bench, optical type tachometer,
moisture content measuring instrument, electronic balance (accuracy of 0.01 g), vernier calliper, and timer.
The test bench developed by combining the simulation model parameters and simulation optimization results
is shown in Figure 6, and its power is provided by a diesel engine.

i

Scre conveyor shaft

._,3“’(;-"\ ﬂmm”

T oo

Tals a
ving device
=

|

Fig. 1- Conveying dust removal test device

In order to reduce the error, three repetitive tests were conducted and the test results were averaged.
The results are shown in Table 6.

Table 6
Experimental value of evaluation indices at optimal condition
Projects Corn stalks loss rate/% | Soil removal rate/%
Average value of simulation test 13.8 70.3
Test bench test average 13.2 69.7
Relative Error 4.5 0.8

As can be seen from the table, the error between the test bench verification test results and the
simulation test results is small, which proves that the structural parameters optimized by using the discrete
element method are reliable and meet the working requirements of actual production.

CONCLUSIONS

(1) Using RockyDEM to establish a discrete element model for simulation tests, the test results show
that: screen aperture diameter, pitch and blade and casing clearance have a significant effect on the corn
stalks loss rate; the main order of corn stalks loss rate is blade shell clearance > sieve aperture > pitch.

(2) Apply Design-Expert software to optimize the model solution, and get the optimal working
parameters: when the sieve aperture was 15.2 mm, the pitch was 160 mm, and the blade shell clearance was
4.6 mm, the corn stalks loss rate was 12.4%, and the soil removal rate was 72.8%.Combine with the actual
situation to select the appropriate parameters for simulation verification test: When the screen aperture was
15 mm, the pitch was 160 mm, and the blade shell clearance was 4.5 mm, the corn stalks loss rate is 13.8%,
and the soil removal rate is 70.3%.

(3) Based on the simulation and optimization results, a test bench of a conveying and soil-removing
device was developed for test verification, and the results showed that when the sieve aperture was 15 mm,
the pitch was 160 mm, and blade shell clearance was 4.5 mm, the corn stalks loss rate was 13.2%,and the
soil removal rate was 69.7%, which were similar to the simulation test results and the simulation results were
reliable. The results of this paper provide a theoretical basis for the selection of structural parameters of the
conveying and soil-removing device on the corn stover picking and pelletizing machine.
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ABSTRACT

Aiming at the problems of large vibrations and noise of a working stalk rubbing machine, this paper took the
9R-60 rubbing machine as the research object and used the B&K modal test system and the vibration test
system to analyse the modal and no-load conditions of the whole machine. Through analysing modal test data,
it was concluded that the first five natural frequencies of the machine were 95.262 Hz, 144.386 Hz, 288.198
Hz, 313.719 Hz and 326.140 Hz. The results showed that spindle rotation had a more significant effect on the
vibration than the feed chain rotation; the maximum vibration acceleration occurred at the small motor frame
at a spindle speed of 1700 r-min? and a feed chain speed of 0.65 m-s, which was 135.539 m-s2. The
distribution of the amplitude statistical characteristics of the vibration signals follows the normal distribution
and belongs to the stationary random process. The vibration was a self-excited vibration of the rotating
machinery caused by the rotation of the main shaft and a forced vibration excited by the rotation of the same
shaft. The research provides a direction for further research on the vibration characteristics of the rubbing
machine under load conditions, and provides a theoretical basis for the subsequent vibration reduction design.

WHE
FA TS FIERPLIRE) A e A9 187, Ll OR-60 I HI NTFF N 52, M B&K BLA i F 4 SR 500
1RGNS RIS 5 55 L IHAT T o AN RS I E I 57 75 H BT 27 BT A0 77 4 4 95.262 Hz
144.386 Hz, 288.198 Hz. 313.719 Hz #/326.140 Hz. Z5HEEH], THFEZIHIL TN GEFHSI0 B HRS)
TEENE R R 35 1700 r-min't, BEA G4 0.65 m-sL /i, D FLHIZEIRZ) 1 /E 4R A, 7 135.539
M-s2. JREN1E S HINE/E LT FF AT R IEZS 7747, BT T REBEHIL . IRZ)AE HY = FIEFE 51 [ BEFE L e
H BARE) R [  BE 12 R AL IR o iZ T I — 2 I E SR LT Bt 5 1 T HI RSN FF IEFEE T T I, HE %
ST BEHIMEHRE i v PR TR 1

INTRODUCTION

As one of the three main grains in China, maize is produced in considerable amounts annually. After
harvest, a large number of stalks, which are rich in nutrients, remains. Stalks are an ideal source of feed. In
the process of stalk forage, the stalk rubbing machine plays an important role. The rubbing machine can rub
maize stalks into filaments, which are closer to the fodder, and have better palatability for cattle and sheep,
which is beneficial to the feeding of ruminant livestock. However, the stalk rubbing machine currently on the
market generally has problems with large vibrations and high noise, which restricts the popularization and use
of the rubbing machine. At the same time, the vibration and noise generated in the feed production process
not only pollute the environment but also cause physical and mental harm to workers (Chen, 2020, Dobie et
al., 2008; Li, 2017). In addition, long-term vibration of the machine causes fatigue damage to the vibrating
parts, loosening of screws and other problems (Lu, 2019).

Currently, many domestic and foreign studies on the vibration of rubbing machines mainly focus on the vibration
characteristics of the main components and parts (Wang et al., 2018; Lan et al., 2020), the structure design and test
of the machine (Kakitis et al., 2016), the modal simulation analysis and the vibration test (Wang et al., 2010; Yan, 2018),
and suggestions for improvement are put forward based on the test and simulation results. In terms of vibration
reduction of other agricultural machinery, domestic scholars have conducted research on the direction of vibration
reduction through methods such as vibration tests (Gao et al., 2017; Zhu et al., 2018; Xu et al., 2014), modal tests
(Yao et al., 2017; Yao et al., 2018; Zhang et al., 2018) and modal simulations (Zhu et al., 2014; Yao et al., 2016; Sun
et al., 2014), and proposed vibration reduction directions such as resonance and dynamic balance. Among foreign
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researchers, Tanas et al. obtained the natural frequency and damping parameters of a grain crusher machine through
modal tests and combined these parameters to optimize the structure dynamics, thereby reducing the noise value of
the whole machine (Tanas et al., 2018); Evandro P. da Silva and others carried out modal simulation of a coffee
harvester in the empty state and full state and obtained its 20th-order modal frequency. Combined with the stress and
displacement simulation results, it was concluded that the main motor of the coffee harvester may cause the fracture
of the vibrating parts (Evandro et al., 2018). Hoshyarmanesh et al. used experiments and simulations of olive trees to
obtain the natural frequency and other related parameters to obtain the best operating parameters, thereby improving
productivity (Hoshyarmanesh, et al., 2017). This research conducted modal research and experimental exploration
from the perspective of the research object, analysed vibration phenomena from multiple angles and used them to
provide ideas and theoretical support for subsequent research.

Currently, there are few studies on the vibration of rubbing machines, and the existing research is
mostly limited to earlier types of research. Modal test research on large-scale livestock machinery such as
rubbing machines is mostly focused on key parts, but modal test research on the whole machine is limited. It
is not easy to analyse the response after the system as a whole is subjected to excitation during operation.
Based on these results, this paper took the 9R-60- type rubbing machine as an example, carried out a modal
test to explore it, and obtained the first five natural frequencies of the whole rubbing machine. Furthermore,
vibration tests under no-load conditions were carried out, and the vibrations under different speeds of the
spindle and feed chain were analysed by using time domain and frequency domain analysis methods.
Combined with the results of the modal test, the vibration characteristics of the rubbing machine under different
excitations were obtained.

MATERIALS AND METHODS
Method principle analysis

In physical coordinates, a set of coupled second-order ordinary differential equations is often used to
describe the motion of a multi-degree-of-freedom linear vibration system. The physical coordinates are
transformed into modal coordinates by using the vibration mode matrix; the ordinary differential equation can
be transformed into a set of mutually independent motion equations, each of which has the same structure as
a single degree-of-freedom vibration system. This analysis method is called modal analysis.

In modal coordinates, modal parameters (natural frequency, mode shape, modal stiffness, etc.) are
usually used to describe the dynamic characteristics of the system. The modal parameters of the system can
generally be obtained by analytical calculations or dynamic testing methods.

The differential equation of motion of a damped system with multiple degrees of freedom is then

[M]{x} + [C]{x} + [K]{x} = {f} (1)

In the formula, [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {x} is the
response vector, and {f} is the force vector.

Under the action of an external force, the motion equation in the form of the state vector of the system

is:
C Mjfx K 071 _(f
[M 0 {x}+ [o —M] {x} - {o} (2)
It is assumed that the external force acting on the system is simple and harmonic, that is,
{f} = {F}e'" (3)

Then, the response of the physical coordinates and modal coordinates of the system is also simple
and harmonic, namely,

{x} = {X}et 4)
aj = [ISI l\(/)[] elot (5)

(e My ¥
Where ai_{si‘Vi} [M 0 {Siq’i}'

The matrix expression of the frequency response function of the multi-degree-of-freedom damped
system is derived by the state space method as

1T | 1 e
[H(w)] = Zp, (2L, 2 i) ) ®)
. _ aj _ lpi T K 0 l{Ji . .
Then, the complex frequency is s; = _b_i’bi = {Silpi} [0 —M] {Siq’i}' {¥;} is acomplex modal vector.

In addition, the relevant theories of the modal assurance criterion (MAC) are also used. The MAC
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matrix is the dot product of the vibration mode vectors and is a tool for evaluating the spatial correlation of the
modal vectors. Its calculated variable values are between 0 and 1. Its expression is

T .N\2
ij = (¢'ir:,q:l>4:]ijT¢j> (7)

Where ¢; and ¢; are the i-th-and j-th-order vectors of the vibration mode matrix, respectively.

If ¢;and ¢; are estimates of the same vibration mode by the same parameter identification method,
i=j. The two modal vectors can be converted to each other according to a certain scale factor, so the values
should be close in theory; therefore, the value of the ratio MAC;; should be close to 1. If different vibration
modes are estimated, theoretically, the value is relatively low, and the ratio MAC;; value should be close to 0.

MAC

Modal test

The rubbing machine test bench is composed of a frame, throwing port, spindle rotor, feed inlet, and
tooth plates, as shown in Fig. 1. The spindle rotor is located in the rubbing cavity, including the cutter structure,
hammers, hammer rack and throwing mechanism; the rubbing chamber, frame, feeding part and throwing port
are welded and fixed.

Fig. 1 - Structure diagram of rubbing machine test bench
1. Frame; 2. Lower throwing port; 3. Upper throwing port; 4. Throwing mechanism; 5. Hammer;
6. Tooth plate; 7. Feeding inlet; 8. Cutter structure; 9. Spindle

Due to the large mass and volume of the rubbing machine, the modal test was carried out by adding
air spring cushions under the support feet of the machine. The cushion is an elastic element composed of an
air chamber, a rubber elastic diaphragm, and a support plate. It is a flexible sealed container with compressed
air, which provides resilience and support force by the restoring force of compressed air. As shown in Fig. 2(a),
the model chosen is ALJ-51006 of An Lijing ® Company. The five supporting points were arranged on the
cushions. At the same time, to make the rubbing machine as free as possible, a rubber pad was added between
the machine and the cushions, as shown in Fig. 2(b). During the test, the height of each air spring cushion was
measured, an air compression pump was used to inflate the cushions and ensure that each of the cushions
had the same height change after inflation, which was 10 mm.

4=-080

a

Fig. 2 - Structure and working diagram of air spring cushion
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To obtain the vibration characteristics of the machine, a force hammer was used to excite the structure.
In the pre-tests, better results were obtained when aluminium hammer was used. Therefore, the modal test
used an aluminium one.

The test used equipment from the Danish Company B&K, and the MTC Hammer module in the B&K’s
PULSE 16.0 software was used to collect and analyse data. The relevant models of the test equipment are
shown in Tab. 1.

Test Instruments Table 1
Instrument Type
Aluminium hammer 8206-002
Triaxial acceleration sensor 4507Bxyz
Data acquisition instrument 3050-B-060
Data acquisition software PULSE 16.0
Data post-processing module Reflex

The test used the single-input single-output method to process the input and output analogue signals
through the data acquisition instrument. Here, the input signal was the excitation signal generated by using
the roving hammer to knock the measuring points at different positions of the machine, and the output signal
was collected by the three-axis acceleration sensor arranged at the fixed point. The data acquisition instrument
and PULSE operation software sampled the analogue signal collected by the sensor at a certain time interval,
namely discretization was performed. Then, each instantaneous analogue quantity of the discrete-time signal
was converted into a digital quantity by an A/D conversion device, that is digitizing the signal, and finally the
discrete-time digital signal was obtained. PULSE converted the received time domain digital signal to the
frequency domain by FFT and other methods to obtain the frequency response function. The modal parameters
of the structure were obtained by the modal parameter estimation algorithm.

Before the test, the data acquisition instrument was connected to the computer through a network
cable, and the force hammer and the triaxial acceleration sensor were connected to the acquisition card to
complete the hardware connection of the mould test system.

The model used in the test was a three-dimensional wireframe drawing, which compared to its outline
is more conducive to analysing data and modal formation in the modal test. Since the test adopted a single
reference measurement method and used a roving hammer to excite each measurement point, the theoretical
vibration mode was analysed and calculated by finite element software before the reference point was selected,
and the position of the node was observed. When placing the sensor, to avoid the modal nodes, select the
main connection points, centre points, and boundary points of each part to mark and tap. A total of 48 points
were selected for tapping with the hammer icon, as shown in Fig. 3. At the hitting point, the sensor was selected
at a connection point on the rack, which is labelled 1 in the figure. The triaxial acceleration sensor was fixed,
and the hammer was moved to strike each measuring point to complete the modal test.

\ Y\

Fig. 3 - Diagram of test points

To ensure that the signal was not distorted after acquisition, the appropriate sampling frequency should
be selected before the signal acquisition. Combined with the pre-tests and the working conditions, the sampling
frequency was selected as 400 Hz, Lines was set as 400 Hz, and Span was 400 Hz, and Linear was selected
as the average method. After the above arrangement and setting, each measuring point was tapped three
times in the direction of the plumb weight. Throughout the calculation, a total of 144 taps were made.
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Vibration test

After the modal test, the vibration under no load condition was studied. The vibration test instrument
used the PULSE system and sensors produced by B&K. One triaxial acceleration sensor and three uniaxial
acceleration sensors were arranged on the system to collect vibration data; the data collector received the
data collected by the sensor. After analogue-to-digital conversion, it was transferred to the analysis and
processing software; PULSE data acquisition analysis and processing software was used for parameter setting
during the test process, online signal acquisition, and spectrum analysis of the collected data. The specific
parameters of the equipment are shown in Tab. 2.

Equipment parameter table Table 2
Instrument Accuracy Range
4506-B triaxial acceleration 10mV/m-s-2 700 m-s-2
sensor 0.3-3.5k in X,Y and Z directions
4507 single axial acceleration 700 m-s-2
sensor 10mV/m-s-2 0.3-6k in each directions
LAN-XI data acquisition front end
PULSE software

To fully reflect the overall vibration as much as possible, the three-axis sensor was arranged on the
outer sidewall of the machine, namely channels 1, 2, and 3. Channels 1-3 represent the z-direction, x-direction
and y-direction where the machine was placed in the Cartesian coordinate system at the angle shown in Fig.
4. The other three single-axis acceleration sensors were arranged above the feed inlet, the small motor frame
and the upper part of the rack, which were, channels 4, 5, and 6, as shown in Fig. 4. The uniaxial acceleration
sensor and the triaxial acceleration sensor were connected to the data acquisition instrument, and the
corresponding channel number was recorded.

Fig. 4 - Diagram of sensor layout

Before testing, the parameters of the test system were set in the Labshop module of PULSE software.
After the setting was completed, the no-load vibration test could be carried out. Referring to the general rules
for the design of the rubbing machine rotor in the "Agricultural Machinery Design Manual" and the rotor
specifications of this test system, the spindle speed was set to be 1200-1800 r-min-! during the test, and the
interval was 100 r-min-', for a total of 7 groups . The feed chain speed referred to the productivity and other
requirements in NY/T509-2015 "Technical Specification of Quality Evaluation for crop Straw rubbing filament
Machines", set in the range of 0.35-0.65 m-s-', with an interval of 0.05 m-s™', a total of 7 groups. The vibration
of the system was tested when the main shaft and the feed chain worked separately and when the two motors
drove the main shaft rotor and the feed chain to rotate. Through analysis of single factor test results, it was
concluded that when the spindle speed was 1600 r-min-' and the feed chain speed was 0.65 m-s™, the
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frequency of the occurrence of vibration amplitude was higher than for other speeds. Therefore, under the
condition of the two motors working separately, when the spindle speed changes, the feed chain speed was
set to a fixed value, here 0.65 m's-!; when the feeding chain speed changed, it would be set to a new fixed
value, here 1600 r-min-1. The spindle speed change values were selected as 1400 r-min-', 1500 r-min-', 1600
r-min-', 1700 r-min-' and 1800 r-min-', and the feed chain speed changed values for 0.45 m-s™, 0.50 m-s™,
0.55 m's', 0.60 m-s-'and 0.65 m-s™!, then 9 sets of tests were performed. In this test, the rubbing machine
was placed on the softer soil.

RESULTS
Modal test results
The signal collected after exciting the measuring point was processed by the PULSE Reflex module in
PULSE, and the frequency response function diagram is shown in Fig. 5.
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Fig. 5 - Frequency response function
The frequency response function was analysed, and only 40-360 Hz of the test frequency band 0-400

Hz was selected for data analysis to extract modal frequency bands of each order. The test results are shown
in Tab. 3.

First 5 natural frequencies Table 3
Order Frequency /Hz Damping /%
1 95.262 3.154
2 144.386 2.483
3 288.198 1.899
4 313.719 0.851
5 326.140 2.521

Vibration test results

After the vibration test, statistical parameters were used to describe the time domain results of this
vibration test. The statistical results of the maximum vibration acceleration in the time domain data obtained in
the single factor test are shown in Tab. 4.

Statistical results of time domain maximum of single factor test Table 4
Test Spindle Feed cham_ Channel 1 | Channel 2 | Channel 3 | Channel 4 | Channel 5 | Channel 6
speed / speed / m-s - > 5 - > -
number romint 1 /'m:s /m-s /'m-s /'m-s /'m:s /'m-s

1 1200 0 23.851 78.602 27.336 -24.409 21.574 21.574
2 1300 0 -20.88 -62.516 -22.475 -29.443 79.971 19.723
3 1400 0 -27.587 75.221 -23.082 25.81 -116.811 22.55
4 1500 0 -25.011 -86.79 -31.289 -39.398 -99.567 -26.439
5 1600 0 32.412 -96.549 -34.579 36.393 -123.116 31.627
6 1700 0 -30.761 94.271 35.942 53.027 120.495 36.63
7 1800 0 30.002 92.155 -27.344 -43.764 121.135 38.489
8 0 0.35 9.014 -28.494 11.809 22.392 36.733 -3.89
9 0 0.4 18.85 42.342 12.972 -21.782 26.615 -3.406
10 0 0.45 -10.378 41.784 -13.411 -18.082 35.128 5.056
11 0 0.5 10.533 36.888 -12.17 20.776 35.75 4.419
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Test Spindle Feed chaln_ Channel 1 | Channel 2 | Channel 3 | Channel 4 | Channel 5 | Channel 6

speed / speed /m-s 2 > 2 2 2 2

number rmin- 1 /m:s /m-s /m-s /m-s /'m:s /m:s
12 0 0.55 -11.381 -32.805 -13.059 21.417 35.864 4.298
13 0 0.6 9.42 -45.715 -15.354 24.382 -41.672 -4.965
14 0 0.65 -10.389 -41.186 -14.786 -28.905 44.724 5.109
15 1600 0.45 23.533 102.668 -35.177 41.628 109.148 -32.37
16 1600 0.5 26.434 111.687 41.484 37.658 117.004 37.259
17 1600 0.55 -28.548 79.407 33.541 -44.993 -104.56 37.306
18 1600 0.6 -28.901 -89.006 38.5 46.305 -107.899 31.49
19 1600 0.65 -31.946 86.377 29.376 40.35 113.535 32.008
20 1400 0.65 -33.875 87.619 28.401 50.823 108.875 -28.539
21 1500 0.65 30.836 -74.062 -30.025 -44.825 116.421 -30.548
22 1700 0.65 -35.942 -90.691 -30.159 -53.123 135.539 40.101
23 1800 0.65 38.483 -104.983 37.778 29.902 122.071 35.296

Fig. 6(a) of the stacking histogram shows the amplitude of the corresponding frequency of each

measuring point under 23 working conditions. And the distribution of amplitude is shown in Fig. 6 (b).
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Fig. 6 - Frequency domain results stacking histogram

The correlation of the model was analysed and its MAC matrix was obtained (Yao et al., 2017; Su et al.,
2021; Sayahkarajy et al., 2018). It can be seen from Fig. 7 that the MAC value on the main diagonal element
of the matrix is equal to 1, while the values outside the element were much less than 1. The MAC value of the
same mode shape was 1, indicating that the theoretical mode shapes were correlated; for the smaller values,
other than the non-diagonal elements of the matrix, it indicated that the calculated modes of each order were
more independent, and the correlation was small, indicating that the test was more effective in extracting the
modal parameters of the structure, and the test results had high credibility.
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Fig. 7 - MAC matrix chart
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By analysing and processing the time domain signal (Liao et al., 2021), the result is shown in Fig. 8.

It can be seen from Fig. 8 (a) that the vibration acceleration at each measuring point of the machine
when only the spindle rotated (Test No. 1-7) is significantly higher than that when only the feeding chain worked
(Test No. 8-14). The results show that the maximum vibration acceleration of the machine is -123.166 m-s2
and the minimum is 19.723 m-s2 when only the spindle rotates. The maximum vibration acceleration is -45.715
m-s-2 and the minimum is -3.89 m-s2 when only the feeding chain rotates. It can be seen from Fig.8 (b) that
with the increasing spindle speed, the vibration acceleration basically presents a trend of first increasing and
then decreasing. It can be seen from Fig. 8 (c) that when two motors work at the same time (Test No. 15-23),
the difference between the vibration acceleration value of the rubbing machine and the value when only the
spindle rotates is small. Therefore, the influence of the feeding chain rotation on the vibration is less than that
of spindle rotation, and spindle rotation is the main vibration cause of the vibration. It can be seen from Fig. 8
(d) that the maximum vibration acceleration (135.539 m-s-2) occurs at the small motor frame under the
condition of spindle speed 1700 r-min-! and feeding chain speed 0.65 m-s-'. On the one hand, the mass of the
small motor is larger, on the other hand, the cantilever of the motor frame is fixed on the frame, and the bottom
does not contact the ground and other supports, which makes the external force have a longer action torque,
so the vibration acceleration at this point is larger than that at other points, and the fatigue and other damage
caused by vibration are relatively large.
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Fig. 8 - Time domain amplitude analysis diagram

By analysing the vibration acceleration data collected from the first three channels, we can get that,
as far as the point on the wall of the rubbing chamber is concerned, when the spindle rotates and the feed
chain rotates, the vibration of the left and right direction of the machine is obviously stronger than that of the
front and rear directions and the up and down directions.

According to the frequency domain results (Yao et al., 2015), the range of amplitude frequencies is
shown in Fig. 9(a). The frequencies corresponding to the amplitude fall in the centre of the range, which are
125 Hz, 225 Hz, 325 Hz and 75 Hz, account for approximately 0.681% of the total statistical data.
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Combined with the results of the modal test, the natural frequencies are 95.262 Hz, 144.368 Hz and
313.719 Hz, which fall in the histogram of 75 Hz, 125 Hz and 325 Hz. It can be inferred that one of the reasons
for the vibration of the rubbing machine is the self-excited vibration caused by the rotation of the main shaft.
The frequency corresponding to the other amplitudes is 4-21 times the spindle speed frequency under the
corresponding working conditions. It can be concluded that spindle rotation is the main cause of forced
vibration.

It can be seen from the analysis in Fig. 9(b) that the random vibration signal obeys the Gaussian
normal distribution, which is the expected curve form. Therefore, the distribution of the amplitude statistical
characteristics of the vibration signals of the six measuring points of the machine approximately obeys the
normal distribution, and it can be considered that the vibration under each no-load condition belongs to a
stationary random process.
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