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Abstract: The existing methods of measuring the baler feed rate seldom consider the influence of
machine vibration on the sensor signal during field operation, which leads to the low detection
accuracy and poor stability of feeding quantity detection. We established a feed rate detection model
of a baler based on power monitoring of the pickup platform. Through the dynamic analysis of the
pickup platform, the functional relationship between the working power of the pickup platform and
the feed rate was constructed. A power monitoring system of the pickup platform was developed,
and the model construction experiment of the working power and the feed rate was performed. The
influence mechanism of different running speeds on the torque noise signal of the power input shaft
of the pickup platform was explored. The frequency of the noise signal was mainly concentrated
at 0.5-6 Hz and 9-13 Hz employing a fast Fourier transform, and the noise signal was eliminated
by the frequency-domain-filtering method. The function model of working power and feed rate of
the pickup platform was established based on signal processing, and the determination coefficient
R? of the model was 0.9796. The field experiment results show that when the feed rate of the baler

ﬁr;eé::tf:; is between 1.6 and 4.88 kg/s, the determination coefficient R? and RMSE between the actual and
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Straw is a crucial biomass resource in agricultural production. The recycling of straw
can not only promote the development of comprehensive straw utilization technology
but also effectively improve the ecological environment [1-6]. To improve the collection
efficiency of crop straw and reduce the transportation cost, balers were usually used to pick
up the scattered straw in the field and press it into a high-density bundle structure [7,8].
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Currently, the methods of crop feed-rate detection can be divided into extrusion
force measurement, oil pressure measurement, image recognition, and torque and power
measurement methods according to the principle [11-16]. Jie Zhan researched the rela-
tionship between feed rate, extrusion force and sensor signal based on the principle of
extrusion pressure measurement [17]. Gomez-Gil developed a mathematical model of the
grain-combine feed rate and running speed using GPS technology and particle weight sen-
sors [18]. Sun Yifan developed a mathematical model of power-input-shaft torque, height,
grain moisture content and feed rate of a combine harvester pickup platform based on the
PSO-BP algorithm [19]. Wang Wei predicted the straw feed rate by monitoring the power
of the screw conveyor and established a feeding amount detection model according to the
grey theory [9]. Li Ping collected the pressure value of the header lifting cylinder and fitted
the feed rate and pressure sensor signal by the least square method [20]. Liu Zhongpeng
used an image segmentation algorithm to separate the wheat from the background and
obtained the transformation relationship between the feed rate and image pixels by data
fitting [15]. To sum up, limited by the working principle and mechanical structure of
the baler’s pickup platform, the feed-rate detection method based on extrusion force, oil
pressure measurement and the image recognition principle was not suitable for the baler.
Torque can better reflect the change in feeding amount. However, it is easily affected by
uncontrollable variables, such as the angle of the pick-up mechanism in the detection pro-
cess. As a linear quantity, power has fewer uncontrollable variables that affect its detection
accuracy, which can more effectively reflect the change in machine feeding quantity [21].
In addition, the related research seldom considers the influence of machine vibration on
sensor signals in actual operation, so it is not easy to ensure detection performance in a
complex working environment.

Therefore, this study takes the square baler as the research object. Through an analysis
of the dynamics of the pickup platform, the functional relationship between the working
power of the pickup platform and the feed rate was established. A pick-up platform
working power-monitoring system was built to obtain the original torque signal, and
frequency domain analysis and filtering were performed. The specific function model of
working power and feed rate of the pickup platform was obtained based on signal analysis
and processing. Finally, field experiments tested the accuracy and stability of the feed-rate
detection model. This study can provide a theoretical reference for the research of online
detection technology of baler feed rate.

2. Materials and Methods
2.1. Dynamics Analysis of Pickup Platform

As shown in Figure 1, the overall structure of the pickup platform of the square baler
is mainly composed of a power input shaft, picker shaft, pickup elastic teeth, screw con-
veyor and its shaft, which mainly completes the functions of straw pickup and centralizes
backwards conveying. The working power of the pickup platform comes from the power
input shaft. The power is transferred to the screw conveyor through the belt and drives
the screw conveyor to rotate and then the power is transferred to the picker shaft through
the chain. During continuous rotation, the picker shaft drives the elastic teeth to throw the
ground straw to the screw conveyor. The screw conveyor squeezes the straw to the feeding
mechanism during continuous rotation to complete the pick-up operation. According to
the pitch diameter of the pulley and the transmission mode of each shaft, the transmission
ratio among the power input shaft, screw conveyor shaft, and picker shaft is 1. Through
the analysis of the operational characteristics of the pickup platform, it can be seen that the
rotational speed of each shaft is consistent when the pickup platform works.

The power input shaft provides the working power for the square baler pickup
platform, and the power input shaft power is the pickup platform power when the square
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baler is working. From the mathematical relationship of power, torque, and rotational
speed, the total power of the pickup platform when the power input shaft is working is

P = Tn/9550 1)

where P is the total power of the power input shaft in kW; T is the total torque of the power
input shaft in N-m; 7 is the rotational speed of each shaft of the pickup platform in r/min.
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Figure 1. Structure diagram of square baler pickup platform: (1) flywheel; (2) pickup elastic teeth;
(3) pickup plate; (4) screw conveyor; (5) power input shaft; (6) screw conveyor shaft; (7) picker shaft.

The pickup platform mainly consisted of a picker and a screw conveyor. Accord-
ing to the energy conservation theorem, the total power of the pickup platform can be
decomposed into

P:P0+Pi+P]' 2)

where P is the total loss power of the transmission mechanism in kW, P; is the total power
of pickup in kW, and P is the total power of screw conveyor in kW.

(1) Torque analysis of picker shaft

The total torque T; of the picker shaft can be decomposed into no-load torque T;; and
working torque T}, in which the no-load torque is related to its gravity. The working torque
is mainly due to the torque produced by the gravity of the straw. Because the length of the
elastic teeth extending out of the retaining ring is short, it can be considered that the straw
is approximately concentrated at the end of the elastic teeth of the pickup, and thus

Til = mlgR
{ T» = pLhvogR ®)
q = pLhvy (4)
T; = (m; +9)gR @)

where m; is the weight of the picker in kg, p is the natural laying density of straw in kg/ m3,
L is the pickup width in m, & is the natural laying thickness of straw in m, vy is the running
speed of the baler in m/s, g is the acceleration of gravity in m/s?, R is the radius of gyration
of pickup elastic teeth in m, and g is the theoretical feed rate of straw in kg/s.

(2) Torque analysis of screw conveyor shaft

The total torque T; of the screw conveyor shaft can be decomposed into no-load torque
T and working torque Tjp, and the no-load torque is related to its gravity. The working
torque is mainly caused by the extrusion force F. perpendicular to the surface of the spiral
blade and the tangential friction resistance Fy along the spiral blade under the action of
extrusion and the conveying of the straw by the spiral conveyor, which is not only affected
by the extrusion force F, perpendicular to the surface of the spiral blade. The friction
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resistance Fy is proportional to the extrusion force F; of straw on spiral leaves. Assuming
that the friction coefficient between the straw and screw conveyor is f, then

{ B Deor, ©)
Tj = Dqg + DFy
Ff = f'Fr (7)

where D is the radius of gyration of the picker elastic teeth in m and m; is the weight of the
screw conveyor in kg.
According to [22-24], the extrusion force F; is related to the degree of straw extrusion,

and thus
N

By = Ky (21 ®

O L —
A+ A)pVew]

where K, is the coefficient, Cyy,y is the natural laying thickness of non-grain materials
in mm, J is the clearance between spiral blade and intaglio in mm, N is a real number, A is
the mass ratio of fruit and seedlings, Vs is the average linear velocity of straw in screw
conveyor in m/s, and w is the width of the screw conveyor in m.

In this study, the experimental object is crop straw, and A approximates it to infinity;
thus, Formula (9) can be simplified as

©)

q
Crax = 10
max p‘/sw ( )
From Equations (6)—(10), it can be seen that the total torque of the screw conveyor

shaft is
N

1
T]-:Dqg+D[mjg+I<p(W) aN(f—1)] (11)

From Equations (2), (5), and (11), it can be seen that the total torque T of the power
input shaft of the pickup platform is

1 N
T=To+ (mi +q)gR + Dag + Dlmjg + Ky ((5mr5) 47 (f ~ 1)) (12)

(3) Power analysis of pickup platform
After excluding the torque caused by the gravity of the picker and screw conveyor,

the working torque T’ of the pickup platform is
1 N

N
Viws 5) 4 (13)

T' = To+qg(R+ D) + DfK,(

From Equations (1) and (13), it can be seen that the working power T’ of the pickup
platform is

1 1 1 1 Ny

/ -
P = G550 T + G550 (R + P)gna + g DKy (Cp05) 4 19

It can be seen from the above formula that when other parameters are constant, and
the baler is fed stably and evenly, the working power of the pickup platform is linearly
related to the feed rate. The above formula can be simplified to

P’ = Ko + K1q + Kpg" (15)

where Ky, K1, and K> are all constant coefficients.
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2.2. Field Test Method
2.2.1. Test Equipment and Materials

To explore the specific function model between the working power of the pickup
platform and the feed rate, the power-monitoring system of the pickup platform was
built, and the system structure is shown in Figure 2. The system consists of a sensor unit
and a data-management unit. The sensor unit converts the torque and rotational speed
signals of the power input shaft of the pickup platform into voltage signals and pulse
signals, respectively. The built-in module of the acquisition instrument converts the two
signals into torque and rotational speed data. Following this, it is transmitted to the vehicle
data-management unit for display and storage through the RS485 bus. Finally, the power
data of the pickup platform are calculated according to Equation (1).

r a |
| orque : : display i
|
| | | |
| | |
| Transmitter Acquisition |!RS48500USBI " On_board i
| and transmitter instrument i i computer ||
| |
[ ! ! [
[ ! ! 1
i| Rotational speed - i || Data stor age ||
: Pulse signal : | and analysis ||
| | |
Sensor unit Data management unit

Figure 2. Structural block diagram of a monitoring system.

A DYN-200 torque and rotational speed sensor (Bengbu Dayang Sensing System
Engineering Co., Ltd., Bengbu, China) is the test sensor. The torque and rotational speed
data of the power input shaft of the pickup platform are collected synchronously through
the supporting data management software. Its main parameters are as follows (Table 1):

Table 1. Main parameters of the sensor.

Parameters Value
Range of torque +500 N-M
Range of rotational speed 10,000 RPM
Error of measurement <0.1%
Voltage DC24 V

To accurately collect the torque and rotational speed data of the power input shaft, a
separate power input shaft was designed. The sensor was installed between the power end
and the load end of the power input shaft by two couplings and fixed on the rear protective
plate of the pickup platform by an installation bracket. The installation diagram is shown
in Figure 3.

In October 2022, the model construction test was conducted in the Xiaotangshan
National Experiment Station for Precision Agriculture, Changping District, Beijing. The
test equipment and materials are shown in Figure 4. Dry wheat straw is the test ob-
ject. The torque and rotational speed sensor was installed on the power input shaft
of the pickup platform of the 9YFQ-2.2 baler (Tianjin Xuanhe Agricultural Machinery
Manufacturing Co., Ltd., Tianjin, China). The Lovol Oubao M800-D tractor (Weichai Lovol
Heavy Industry Co., Ltd., Weifang, China) pulls the baler and provides operating power.
In order to ensure the picking quality of the baler, AMG-300 tractor automatic driving
navigation (AgChip Science and Technology (Beijing) Co., Ltd., Beijing, China) was adopted
to control the tractor to drive automatically according to the planned path. In addition,
other test materials include signs, stopwatches, tape measures, and electronic scales, which
were used to divide the test site and accurately measure the working time of the baler.
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Figure 3. Sensor installation diagram: (1) rear protective plate of the pickup platform; (2) separate
power input shaft; (3) coupling; (4) installation bracket; (5) torque and rotational speed sensor;
(6) transmission gear.
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Figure 4. Test equipment.

2.2.2. Test Methods

In this study, the torque and rotational speed sensors were used to measure the baler’s
power input shaft’s torque and rotational speed data at different running speeds under
the field test conditions, and the working time and feed rate of the baler were obtained by
manual measurement. To obtain sufficient experimental data and reduce the experimental
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cost, the size of the field experiment plot was determined to be 20 x 1.8 m. According to the
actual yield and economic coefficient [25-28] of wheat in this experimental field, it can be
calculated that 1.5 kg straw should be laid on each square meter of land. In order to ensure
the uniform laying of straw, a plot with a length of 20 m was divided into ten sections. The
straw was manually weighed and 5.4 kg straw was laid at each interval. The test site is
shown in Figure 5.

Figure 5. Test site.

Considering the influence of ground height on sensor data acquisition, this study
determined through many no-load tests that the appropriate height for picking up elastic
teeth from the ground of the baler is 50 mm. Before each test, the pickup elastic teeth
were adjusted to the appropriate height, and the sensor was cleared. The tester used a
stopwatch to measure the working time of the baler and inserted signs at the starting
and ending positions of the test plot. The tester starts timing at the moment when the
pickup platform of the baler touches the start sign and stops timing at the moment when
the pickup platform touches the end sign. During data acquisition, a vehicle-mounted
data-management software is used to measure the torque and rotational speed of the baler’s
power input shaft under no-load and load conditions. The difference between the average
torque of the power input shaft under load and the average torque under no load is taken
as the working torque of this test, and the rotational speed is the average value of the

rotational speed data under load.
M

Q= T (16)
where Q is the actual feed rate of the baler in kg/s, M is the total amount of straw harvested
in kg, and ¢ is the operation time in s.

2.3. Signal Processing Method

In the process of sensor signal acquisition, the vibration caused by the mechanical
transmission of the baler and ground bumping greatly influences the sensor signal’s
stability [29]. In this study, the frequency domain information of the original torque signal
of the power input shaft was obtained by Fourier transform, the concentrated frequency
band of the noise signal was found, and the torque noise signal was eliminated by frequency
domain filtering.

A discrete Fourier transform is a discrete form of Fourier transform in the time domain
and frequency domain, which is the sampling of the Fourier transform of time domain
signal in discrete time [30-32]. The main idea is to establish the function-mapping relation-
ship between the signal’s frequency spectrum with time as the independent variable and
frequency as the dependent variable from the finite points of the Fourier transform in an
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ordered long sequence. The continuous Fourier transform formula of an analogue signal
x(t) is as follows

X(w) = / ¥ (e ivtdr (17)

—00

x(t) becomes X(nT) after T sampling periods. If X(nT) is an B point finite-length
sequence, then DFT is:

X(k) = DFT[x(n)] = YN x(m)yWk = YNV x(m)e 1% k= 0,1,--- ,B—1  (18)

Because the computational complexity of the DFT algorithm increases with the increase

in ordered length signal, it does not meet the needs of practical engineering applications.

The FFT algorithm transforms a long DFT operation into several short DFT operations

employing periodicity Wik = WZ(VH TNk symmetry WK,JFN 2 = —WY{;, and reducibility
W}f,k = Wr%’f]k of the DFT algorithm.

3. Results and Discussion
3.1. Signal Analysis and Processing Results

In this study, the test results of a baler working at 5.57 km/h are taken as an example.
The time domain diagram of its original torque and rotational speed signal is shown in
Figure 6. As seen from the figure, when the baler works, the mechanical vibration and
ground turbulence significantly impact the torque sensor signal. The data variability and
overall smoothness were poor. The rotational speed signal was relatively stable, and the
overall distribution was about 278 r/min. The standard deviation was 6.18 r/min. In this
study, we will analyze the causes of torque signal noise.

50 1300

20 1250 £
g 1200 =
Z 30 3
u 1150 &
Z 20 =
10 Torque 150 €
Rotational speed P

0 1 1 1 1 1 1 0

0 2 4 6 8 10 12 14

Time (s)

Figure 6. Time domain diagram of original torque and rotational speed signal.

The frequency domain information of torque signal under different running speeds
was obtained by fast Fourier transform to explore the influence mechanism of running
speed on the torque noise signal. Figure 7 is a spectrum diagram of the torque signal of the
baler in the static and working state under different running speeds. As seen from Figure 7,
under different running speeds, the amplitude of the torque noise signal when the baler
works is more prominent than when it is at rest. With the baler’s increased running speed,
the noise signal’s amplitude when the machine works gradually increases. The reason is
that when the baler is running at a low speed, the vibration of the machine produced by
the power system is the primary source of the noise signal, and the amplitude of the noise
signal in the two states is equivalent. With the increased running speed of the baler, the
bump caused by ground fluctuation becomes the primary source of the noise signal, and
the amplitude of the noise signal increases with the increase in running speed.

As shown in Figure 7, the torque noise signals were mainly concentrated at 0.5-6 Hz
and 9-13 Hz. In this study, the noise reduction of the original torque signal was conducted
by the frequency-domain-filtering method. The torque signal collected by the baler at the
running speed of 5.57 km/h was taken as the object. Figure 8 is a time domain diagram
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of working torque signals before and after processing. After filtering, the variability of
torque data was reduced, and the overall smoothness of the data was improved. Data
fluctuation was due to the change in torque caused by an uneven straw feed rate during
baler operation.

10,000 R 10,000 -
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Figure 7. Spectrum diagram of torque signal at different running speeds: (a) 3.17 km/h;
(b) 4.14 km/h; (c) 5.57 km/h; (d) 7.13 km/h.
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Figure 8. Time domain diagram before and after signal processing.

3.2. Construction Results of Feed-Rate Detection Model

In this study, we used the frequency-domain-filtering method to process all the original
torque data in the above tests. According to Equation (1), the average working power of
the pickup platform for each group of tests was calculated, and the test results are shown
in Table 2.

In this study, the multivariate linear regression method was used to establish a specific
functional model of working power and feed rate, and the performance of the model was
evaluated by R? (efficient of determination) and RMSE (root mean square error). R? was
used to evaluate the correlation degree between the actual value and the predicted value
of the feed rate. The closer R? is to 1, the better the correlation degree between the actual
value and the predicted value of the feed rate. RMSE was used to evaluate the prediction
ability of the model. A smaller RMSE indicates a better generalization ability of the model.
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In this study, the relationship curve between the working power of the pickup platform
and the feed rate fitted by SPSS26 is shown in Figure 9.

Table 2. Test results.

Test

Running Speed

Working Torque  Rotational Speed = Working Power

Harvest (kg) Feed Rate (kg/s)

(km/h) (N-m) (r/min) (kW)
1 3.17 30.4 6.23 292.7 0.1909 1.34
2 424 32.28 8.66 393.3 0.3566 1.90
3 7.13 20.29 7.23 375 0.2839 2.01
4 5.57 30.61 11.97 345.8 0.4334 2.37
5 6.46 28.57 12.05 342.1 0.4317 2.56
6 5.78 32.81 15.6 365.5 0.5970 2.64
7 7.07 31.06 16.85 338.9 0.5980 3.05
8 8.41 29.63 17.95 391 0.7349 3.46
9 9.35 30.18 26.77 347.4 0.9738 3.92
10 10.64 32.02 33.79 384.3 1.3597 4.73
11 10.53 32.93 29.05 386.2 1.1748 4.81
12 10.48 36.13 40.38 379.9 1.6063 5.26
6
R?=0.9796
— 5 r
2
23f
B
= oL

1
0.0 0.3 0.6 0.9 1.2 1.5 1.8
Power (kW)

Figure 9. Fitting results of working power and feed rate.

As seen from Figure 9, the feed rate increases with the increase in power, and there is
an excellent linear relationship between them. The determination coefficient R? was 0.9796,
and the functional relationship between the working power of the pickup platform and the
feed rate is shown in Equation (19).

Q= —1.0433P"* + 4.5791P' + 0.5859 (19)

3.3. Field Verification Test Results

In order to verify the accuracy and effectiveness of the model in the field operation
of the baler, 11 groups of field verification experiments were conducted according to the
above test methods and signal processing methods. The test site is shown in Figure 10.

In the experiment, the running speed of the baler ranged from 4.14 km/h to 10.37 km/h,
and the feed rate ranged from 1.62 kg/s to 4.88 kg/s. The feed-rate detection model calcu-
lated the predicted value of the feed rate of each group of tests. The relationship between
the actual value and the predicted value of the feed rate in each group was compared and
analyzed. Figure 11 shows the distribution of actual and predicted values of baler feed
rate in each group of tests. According to the test results, the determination coefficient R
between the actual value and the predicted value of the baler feed rate is 0.989, the RMSE
is 0.2, and the relative error range of the feed-rate prediction is —9.37-8.77%. Therefore, the
results of field experiments prove that the model has high accuracy and good effectiveness,
and meets the needs of monitoring the baler feed rate in the field operation.
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Figure 10. Field experiment.
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Figure 11. Field test results.

4. Conclusions

The existing methods of measuring the baler feed rate seldom consider the influence
of machine vibration on the sensor signal during field operation, which leads to a low
detection accuracy and poor stability in feeding-quantity detection. In this study, we
established a model for measuring the baler feed rate based on the power monitoring of
the pickup platform. We verified the accuracy and effectiveness of the model’s predictions
through field experiments. The conclusions of this study are as follows:

Through the dynamic analysis of the baler pickup platform, the functional relationship
between the working power of the pickup platform and the feed rate was obtained. A
power-monitoring system for the baler pickup platform was developed, which realizes
the real-time collection of torque and rotational speed data of the power input shaft. The
influence mechanism of the baler running speed on the torque noise signal was analyzed,
the main frequency distribution range of the torque noise signal was determined, and the
torque noise signal was eliminated by the frequency-domain-filtering method. Finally,
a mathematical model of the working power and feed rate of the pickup platform was
constructed, and a field experiment of model performance verification was performed.

Noise signal analysis results showed that when the sampling frequency of the system
was 200 Hz, the frequency of torque noise signal was distributed in the ranges 0.5-6 Hz and
9-13 Hz. The results of the feed-rate detection model construction showed that the R? of
the model was 0.9796 when the baler feed rate was between 1.34 and 5.26 kg/s. The results
of field experiments showed that the R? between the actual and predicted values was 0.989,
the RMSE was 0.2, and the relative error range of model prediction was —9.37-8.77%. The
feed-rate detection model has high accuracy and stability.
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Currently, we have only established a model to detect the baler feed rate, but the
model still needs to be integrated into the feed-rate monitoring device and has yet to be
verified in field trials. In future research, we will develop a control system for the pickup
operation of the baler based on feed-rate monitoring. The model in this study will be
integrated into the control system. The real-time and accurate control of the baler feed rate
in field operation may solve the problem that the control object (such as running speed and
pickup height) does not match the feed rate due to the poor monitoring effect of the feed
rate in the current baler feed-rate control system, which leads to a low operating efficiency
of the baler and easy failure of the transmission mechanism. This study can provide a new
technical scheme for the research and development of the feeding-monitoring system of
the baler.
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