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ABSTRACT

Precision agriculture requires accurate and efficient crop yield distribution information. However, both
traditional field-based yield measurement methods and existing combine harvester yield monitoring systems
face significant limitations. Traditional methods, such as direct weighing or sampling, are time-consuming and
inefficient, and they only provide average yield values - insufficient for large-scale farming needs. Meanwhile,
current monitoring systems often suffer from high measurement errors, low spatial resolution, and limited
generalizability. For this reason, this study designs a hew type of grain yield monitoring system, which corrects
the photoelectric sensor data through the load cell data, realizes the calibration of the photoelectric sensor,
avoids the influence of external factors, and improves the accuracy of measurement. Firstly, tests were carried
out at three rotational speeds of 10 Hz, 20 Hz and 25 Hz of the motor inverter setting, respectively, to determine
the positive proportionality coefficient between the photoelectric signal and the grain mass, and the overall
error of the system was measured to be less than 6.44%. For the load cell, a model of the relationship between
tilt angle and weighing accuracy was established and a compensation algorithm was proposed, the weighing
error data in different directions and at different tilt angles were measured and analyzed, and a mathematical
model between the corrected angle and the weighing error was established. Through the tilting experiment,
the feasibility of the modified angle compensation model is verified, and the overall error after compensation
is less than 0.25%, and the systematic error of measurement and production after the intervention of the
feedback system is less than 0.74%. The experimental results demonstrate that the system significantly
enhances the accuracy and stability of yield measurement. It holds substantial potential for widespread
application, provides strong support for the advancement of precision agriculture, and is expected to drive
agricultural production toward greater efficiency and sustainability.
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INTRODUCTION

Precision agriculture, also known as smart agriculture, is an agricultural management method that
integrates modern information technologies such as geographic information system (GIS), global positioning
system (GPS), remote sensing technology, and Internet of Things (1oT) (Luo et al., 2001; Maldaner et al., 2021,
Maldaner et al., 2022; Price et al., 2017; Sirikun et al., 2021; Wang et al., 2021; Yin et al., 2024). It realizes
precise control of the agricultural production process, including precise fertilization, irrigation, and harvesting,
through real-time monitoring and data analysis of the farmland environment, crop growth, and soil conditions.
In the process of crop cultivation and production management, obtaining the information of crop yield
distribution in the farmland in an online, real-time, and effective method is the main starting point for the
implementation of precision agriculture (Li et al., 2004; Lou et al., 2006). The traditional method of obtaining
field crop yields is through direct weighing or sampling, which is not only time-consuming and inefficient, but
also can only obtain the average yield of crops, so it is not suitable for obtaining the yields of field crops planted
over large areas. The use of remote sensing technology to collect crop images or establish crop growth
condition models are extracted crop characteristic values to establish the relationship with crop yield, but the
collected data are affected by environmental factors (Choi et al., 2018; Martello et al., 2022; Taylor et al., 2016).
In field harvesting operations, real-time information on crop yield distribution in large fields can be accurately
obtained through instantaneous yield monitoring of the combine harvester operation process. Through the
drawn spatial distribution map of farmland yield, subsequent field management, rational use of agricultural
resources, regulation of input-output ratio, improve yield, reduce pollution, is the basic guarantee of sustainable
development of agricultural production (Wang et al., 2021).

Currently, grain yield monitoring techniques mainly include impact measurement, volumetric
measurement, dynamic weighing measurement, and radiation measurement, etc. Zandonadi et al., (2009),
verified the correlation between the tension on the tension side of the bin chain, shaft torque, and yield by
setting a torque sensor in the bin of a harvester. The maximum error of the yield monitoring system designed
in this way was 4.9%. Geng et al., (2021), developed an on-line monitoring system for on-board grain yield
based on the principle of grain flow pressure, guided by the mathematical model of grain yield and grain flow
pressure. They built a grain yield monitoring test bed and investigated the effects of the number of sensors,
the sensor installation position, and the horizontal inclination angle of the monitoring device on the yield
measurement error of the grain yield monitoring system. The results showed that the indoor test error of the
grain yield monitoring system was 3.27% and the field yield measurement error was 5.28%. Fang et al., (2024),
designed a convex surface grain mass flow sensor to compare the errors of different grain types and flow rates
on the experimental measurements, and the measurement error was less than 5% after calibrating the zero
point and coefficient of the sensor. Cheng et al., (2023), constructed a corn seed yield model based on low-
potential signals by adding three pairs of photoelectric sensors to a scraper—type elevator of a corn kernel
harvester and achieved real-time monitoring of yield. The average error of the measured yield was 3.72%.
Navid et al., (2015), utilized a laser line scanner to measure material flow. In the system, the laser line scanner
measures the distance between the sensor and the object according to the time-of-flight principle. Grain flows
from a stationary bin, and a sliding door at the bottom of the bin is used to regulate the mass flow rate of grain.
The results showed that the grain flow rate and the laser scanning signal are linearly related. This method is
one of the yield measurement methods. Overall, the study shows that there is no significant difference in the
measurement errors of different yield measurement methods, and the main sources of error include: nhon—
calibration error, sensor response error, grain moisture content measurement error, and error due to uneven
distribution of grain flow.

Existing combine harvester yield monitoring systems usually employ impact grain flow sensors,
photoelectric volumetric flow sensors, or y-ray technology-based grain photoelectric yield sensors. These
sensors require continuous dynamic measurements and are affected by various factors, such as the moisture
content of grains, species, yield differences, harvesting speed, and variations in flow rate due to vehicle
adjustments at the ground level. These factors can lead to large measurement errors (De et al., 2020; Jensen
et al., 2019; Sun et al., 2022; Liu et al., 2022). At the same time, these yield detection methods need to be
calibrated before operation. Conventional calibration methods require correction by weighing on the ground
for comparison. Moreover, with the change of time and space, frequent calibration is also necessary.
Calibration difficulties cause detection inaccuracies. This system combines sensor strengths: load cells for
large masses, photoelectric sensors for small ones. It calibrates photoelectric sensors with load cell data,
improving per - unit yield measurement accuracy.
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MATERIALS AND METHODS
Yield Monitoring System Principle

The principle of yield measurement using weighing method is to add a pressure transducer directly
underneath the grain tank of the harvester and convert the weight of the grain applied to the transducer into
an electrical signal (Hong et al., 2019).

The working principle of the load cell is shown in Figure 1(b), where R{,R,,R; and R, are resistive strain
gauges. When the load cell is subjected to gravity, it undergoes slight deformation. The strain gauges also
deform under external force, leading to changes in their resistance values. These changes follow a specific
relationship with the applied force. By measuring the variation in resistance, the magnitude of the external
force can be accurately determined.

RiR3-R;Ry

- (R;+Ry)(R3+Ry) Yo (1)

where U is the DC supply voltage, and U is the output voltage. In the formula above, the resistance values of
the four resistors are the same. When the sensor strain gauge is subjected to external forces, the resistance
values change, and the output voltage will also change. Therefore, the amount of change in the voltage can
be taken as an indication of the change in the resistance values, as a way to determine the force acting on the
elastic element.

(a) (c)

Fig. 1 - Installation position of the four load cells at the bottom of the grain tank

Designed according to the volume and shape of the harvester’s grain tank, a weighing structure uses
four load cells to measure the weight of the wheat in the tank. Each load cell needs to be placed on the same
level during installation, otherwise the measurement quality will be inaccurate. Multiple load cells will output
multiple signals, in order to streamline the wiring and the controller, a weighing structure only needs to collect
one weighing signal, which can be connected to four load cells in series or in parallel (Marangoni et al., 2017).
Due to the poor stability of the series connection, the system uses the parallel connection for the 4 load cells,
as shown in Figure 1(c). After connecting the pressure sensor with the transmitter, the RS485 to USB converter
is used to connect the transmitter with the host computer, and the host computer data acquisition software
receives, displays, stores and analyzes the collected data.

The light transmitter and light receiver of the opposed-radiation photoelectric sensor are on the same
axis installed on both sides of the scraper lifter, respectively, and when the grain passes through the
photoelectric path of the sensor, the photoelectric path is blocked, which causes the output voltage of the light
receiver to change potentiometrically (Jin et al., 2022). Therefore, the thickness of the grain on the scraper is
determined by recording the duration of the output pulse signal of the photoelectric sensor, and the
measurement of the grain mass is finalized based on the bottom area of the scraper and the grain capacity
weight. The principle is shown in Figure 2(b).
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® Photoelectric sensor

mounting position

Grain movement direction

(a) (b)

Fig. 2 - Photoelectric Sensor Yield Measurement Principle

where T, is the time when the infrared rays of the opposed-beam photoelectric sensor are blocked by the

grain and the scraper, and t, is the time when the scraper blocks the sensor, and the sensor outputs a low-
level signal. By counting the time of the low-level signal output from the opposed-beam photoelectric sensor,
the yield estimation model constructed in this paper is used to obtain the weight of the grain entering the bin
in the combine harvester.

When the combine harvester is operating under normal working conditions, the wheat yield M; is
measured by the photoelectric yield monitoring system. Once it reaches the preset threshold, the load cell
weighs the wheat in the grain tank to obtain M5, and the feedback unit calculates the calibration coefficient K.

N (2)

where: K is the photoelectric metering calibration coefficient: M is the mass measured by the photoelectric

sensor; M, is the mass measured by the load cell. After the load cell weighs the grain in the tank, it calculates
the new photoelectric metering coefficient. The system then updates the old coefficient with the newly
calculated one and stores it for use in the next yield measurement.

Calibration
coefficient
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» Photoelectric sensor quality M1
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Pressure sensor Reaching the
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Fig. 3 - Workflow of the yield monitoring calibration system
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Yield Monitoring System Hardware Selection

The yield monitoring system is installed on the grain combine harvester, which mainly collects crop yield
information in real time. It mainly includes main control module, sensor module, data transmission module,
digital signal processing and model conversion module, power supply module, data storage and display unit,
etc., as shown in Figure 4.

4 I
{ 7 N/ N/ » r N/ N
‘@9 v o :
. %
g rp—
Laser beam sensor Temperature and humidity Temperature and humidity Serial 10 controller
s sensor P transmitter 7 o
7 7/ AN /7 X
1= s ] 5,
- /; — b 4
N - g .
Hall speed sensor Weight transmitter USB -RS485

. / \, e s \, 7
‘o / ~ J
— N e e e e s . e e -, e ‘\
( : ) (" \ | “mnnAnARAnATR |
f i T &l : |

| | |
I I | 4 ! [ :
| | | | ] " i
| = | Weighing unit and photoelectric signal processing |
| Store data and generate yield maps ) | Model conversion and yiekd caicutation | \ J
\ 4 N R e /
. J

Fig. 4 - Schematic diagram of the harvester yield monitoring system

After passing through the harvester cleaning device, wheat grains are conveyed by a screw conveyor
at the harvester's bottom to a scraper - type elevator. The scraper elevator, composed of a scraper, chain, and
shell, uses the chain - moving scraper to lift grains to the harvester's grain tank. To study grain quality in the
tank and the relationship between photoelectric sensor output and grain quality, a yield monitoring test bed
was designed based on the 4YZL - 6S harvester elevator (Figure 5). The test bench includes a bottom screw
conveyor, scraper elevator, top screw conveyor, grain tank, drive mechanism, and control system. The elevator
is at a 72° angle to the ground. During operation, harvested wheat reaches the scraper elevator after cleaning.
Photoelectric sensors at the elevator bottom estimate grain quality by recording pulse - signal durations from
wheat shading, combined with scraper parameters. Pressure sensors under the grain bin convert grain weight
to electrical signals, and data is sent to the host computer. When the photoelectric yield monitoring system
reaches a set threshold, the pressure sensor weighs, calculates calibration coefficients, calibrates the
photoelectric sensor, and generates yield information for real - time crop yield monitoring.
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Fig. 5 - Yield monitoring system test bench structure
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In order to obtain the relationship between the duration of photoelectric signal and the quality of grain,
as well as the load pressure of the grain box on the counterweight sensor, this paper carries out the selection
of hardware for the test bench. Two counter-reflective photoelectric sensors, specifically the E2F-20C2 (NPN)
type, were selected and placed at the bottom of the scraper lifter. These sensors, manufactured by Wenzhou
Mingxun Electronics Co., Ltd. (Wenzhou, China), have a supply voltage range of 6 - 36 V and a response time
of < 2 ms. The photoelectric sensors’ data transmission module is selected to be the serial 10 controller of
LangHande, with a supply voltage of 9—24 V, and adopts the standard Modbus- RTU protocol of the relay. The
load cell used is the SLLF-74 spoke-type load cell, manufactured by Shenglong Machinery Co., Ltd. (Wenzhou,
China), with a measurement range of 1 T and a power supply requirement of 5-12 V. The load cell transmitter
is the XSF4-channel digital transmitter from Bengbu Zhongnuo Sensors Technology Co., Ltd. (Bengbu, China),
which operates with a 10-30 V power supply, has a sampling frequency of 500 Hz, supports the Modbus-RTU
protocol, and offers an accuracy of 0.0003%. The transmitter is connected to the host computer via an RS-485
to USB converter. The power supply unit provides 12 V through a transformer to power both the sensors and
the transmitters.

Photoelectric Sensor Yield Measurement Model

Since the photoelectric sensor cannot directly obtain the grain quality, it is necessary to construct the
relationship between the photoelectric signal and the quality model. For NPN-type sensors, the transmitter
emits light, and when an object enters the detection area to block the light, the amount of light received by the
receiver changes, and the detection circuit produces an electrical signal change according to this change.
When there is no obstruction, the sensor outputs a low level; when an object blocks the light, the sensor outputs
a high level, thus realizing the detection of the object. Thus, the relationship between wheat volume and the
photoelectric signal can be established by calculating the cumulative generation voltage time. In order to avoid
the large error data generated by a single sensor, two photoelectric sensors were selected for the experiments
in this paper. However, in the process of photoelectric sensors being blocked by wheat, the scraper of the grain
bin will also block the photoelectric sensors at the same time, which will have an impact on the results of yield
calculation, so the time of shielding wheat particles during the accumulation of photoelectric sensors eliminates
the influence of the scraper on the total accumulation time, the calculated formula is:

Tan+Tbn
) ®

™=y

The time at which photoelectric sensor No. 1 accumulates the generated potential is denoted as T, ,
and the time at which photoelectric sensor No. 2 accumulates the generated potential is denoted as T,,. The
time at which the photoelectric sensor monitors the accumulation of each scraper is represented as t, .
Additionally, T signifies the average accumulated time during which the photoelectric sensor monitors the
wheat. These time parameters are critical for analyzing the sensor's response and the accumulation process
of the wheat. Looking at the analysis of the accumulation of wheat on the elevator by EDEM 2022.2 software,
it can be approximated that the accumulation pattern of wheat on each scraper is close to a trapezoidal shape,
as shown in Figure 6.
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Fig. 6 - Relationship between wheat volume and potential

Since the scrapers are rigidly connected to the elevator chain, the spacing between each scraper is
nearly identical. Given that the length and width of each scraper are fixed, a linear relationship exists between
the volume of grain on each scraper and the stacking height of the grain. Therefore, the mass of grain on each
scraper can be estimated by monitoring the duration for which the wheat obstructs the photoelectric sensors
and combining this information with the elevator's speed. The volume of grain on a scraper is calculated as:

4)

Ly, tana Lanztan(x)
- 1

V= LabLmn + < 2 2

where Ly, is the width of the scraper, L is the length of the scraper, L, is the photoelectric sensor monitoring
line, which can be understood as the effective length of the grain that can be monitored by the photoelectric
sensor during the scraper lifting process. L,, is the length from the sensor monitoring line mn to the upper
edge of the scraper, L,y is the length from the sensor monitoring line mn to the lower edge of the scraper, a is
the angle of the top of the grain pile relative to the scraper. From Equation (5), it can be seen that there top of
the grain pile relative to the scraper. From Equation (5), it can be seen that there is a linear relationship between
the stacked volume of grain and the measured value of photoelectric sensor L, under the ideal model.
However, the yield monitoring system in this paper is calibrated to the thickness of the scraper after idling,
when L, is 0 the volume V of the grain is also 0, and the value of the constant term in Equation (4) is 0.
Therefore, the mass m of the grain measured in the system is positively proportional to the cumulative voltage
time corresponding to L, and the mass of the wheat is given in the Equation (5):

m = kL, (5)
where Kk is the coefficient of positive proportionality of the cumulative voltage generation time to m.

Weighing System Correction Model
To address errors from uneven terrain in field operations, a mathematical model between tilt angle and

weighing error is established. Nonlinear regression fits experimental data, and a compensation algorithm for
tilted grain bins is proposed. The photoelectric sensor data model is better calibrated by enhancing load cell
stability. When the grain box is stationary on the ground (0°), the sensor output equals the actual wheat mass.
When the grain box is tilted, the load cell is in a tilt - weighing state. As shown in Figure (7), the force on the
sensor at this time is:

F, = W, cosa

{F3 =Wy sina 6)
where F, is the load of the load cell along the vertical direction of the grain tank, and F; is the load of the load
cell along the horizontal direction of the grain tank, F, is the main direction force of the load cell, which is
perpendicular to the pressure sensor and has a good linear relationship, while F3 is the parallel direction force
of the load cell, whose output is affected by the tilt direction of the grain tank, the mass of the wheat W, the
angle of inclination a and other factors. From equation 7, the output of the load cell at this time is:

Wy =F, + f(F;) = W,,cosa + f(W,,*sina) )
where: W is the output value of the pressure transducer, f(F3) is the nonlinear function that affects the output

of the pressure transducer. According to equation (6) and (7), it can be inferred that:
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W, = W,, — W, = W,,(1-cosa) — f(F;) ®)

(a) (b)

Fig. 7 - Grain box force analysis

When the grain bin is at a certain angle to the ground, Equation (8) is decomposed by the Taylor’s
equation:

1
W, =W, (5 a2+o(a2)) — f(F;) 9)

In this equation, o(az) represents the second order infinitesimal quantity of a. Since the effect of o(az)

in Equation (9) on the load weight value is very small, it can be neglected. Based on this, the weighing error
compensation equation can be derived:

, 1
W, =W, +W, =W, (1+§a2) — f(F5) (10)

where Wr'n is the weight compensated according to the algorithm. Due to the complexity of the change of the
force plane of the load cell and the insensitivity of the force F5 in the horizontal direction of the sensor to the
action of the load cell, Equation (11) can be simplified as follows.

W, =K, W, -a>+B (12)

where K is the tilt compensation coefficient, B is the model correction value. Due to the insensitivity of the
weighing pressure sensor to lateral stress. In this paper, simplifying the model, correcting the tilt direction
according to the change of tilt angle of the load cell caused by the load of the grain tank, and then compensating
the weighing accuracy according to the corrected tilt angle are considered.

RESULTS
Determination of the coefficient of proportionality

To get the positive coefficient k between cumulative potential generation time and wheat quality,
experiments were done on a designed bench. Shandong Luzhong's Qimin 13 hulled wheat (moisture 12 - 14%,
purity 98%) was used. Instruments included Yingheng T1 scale, Shandong Huali motor, and Shandong
Shenchuan inverter. Test photos are shown in Figure 9.

(b)

Fig. 8 - Indoor bench experiment site
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To determine the proportionality coefficient under different scraper lifter speed conditions, 30 sets of
tests were conducted at motor frequency converter settings of 10 Hz (approximately 150 r/min), 20 Hz
(approximately 300 r/min), and 25 Hz (approximately 375 r/min). For each test, the system recorded the
accumulated photoelectric signal duration along with the actual grain mass measured by a bench scale. The
results are shown in Figure 9.
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Fig. 9 - Fitted straight line between cumulative time and mass at different rotational speeds

Since the experiment has been calibrated for the cumulative time of the scraper pair in the unloaded
state of the scraper lifter at each frequency, each frequency has the constraint that the constant term of the
fitted curve is 0. Based on the experimental results, the cumulative time was fitted to the actual weighing mass
of the grain by linear regression using Origin2024 software, and the following positive scale factors were
obtained, respectively:

The positive proportionality coefficient at 25 Hz (approx.375 r/min) is:

M = 1.370(T,+Ty) (12)
The positive proportionality coefficient at 20 Hz (approx.300 r/min) is:
M = 1.362(T,+T,) (13)
The positive proportionality coefficient at 10 Hz (approx.150r/min) is:
M = 1.349(T,+T,) (14)
Positive scale factor for global model:
M = 1.355(T,+T,) (15)

where T; +T, represents the total duration of the output signals from the two photoelectric sensors. Based on

this relationship, the positive scale factor k is determined to be 1.355. The fitted model achieved correlation
coefficients of 0.998, 0.992, 0.994, and 0.994.
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Weighing error compensation
To study the impact of load cell weighing errors in the grain bin under different tilt angles, this research

adjusted the yield test stand using a manual forklift to angles of 0.5°, 1°, and 1.5°. A total of 1000 kg of grain

was loaded into the test stand, with sampling points set every 200 kg to calculate the error at each point. Before
the experiment, the grain box was leveled using the HWT901B tilt angle sensor from Witte Intelligent
Technology Co., Ltd. (Shenzhen, China). The motor frequency was set to 20 Hz, and 200 kg of wheat was
added to the bottom grain bin. The cumulative time of the potential generated by the photoelectric sensor was
recorded to determine the actual mass of wheat using a model conversion factor. After the wheat was
transferred to the top grain bin, the mass measured by the load cell was collected. Due to gaps between the
scraper elevator and screw conveyor, the measured mass was less than 200 kg, requiring manual
replenishment until the load cell reading reached 200 kg.

Right tilt

Fig. 10 - Schematic diagram of the adjustment direction of the laboratory bench

In practice, grain distribution in the bin is non-uniform. When the harvester tilts, the thickness of the grain
pile and the position of the center of gravity shift in the left, right, or forward/backward directions. These
variations, along with the mechanical structure of the harvester and sensor placement, influence the
measurements. The harvester's structure may exhibit varying stiffness and flexibility in different directions,
leading to differential deformation around the load cell when tilted. Additionally, despite precise mounting, slight
variations in the sensitivity or response characteristics of the load cells in different directions may persist.
These combined factors contribute to discrepancies in readings when tilted in various directions.

To address this, a forklift was used to fill the test stand from all four directions, adjusting it to the
appropriate angles to collect weight and angle data from the grain bin. The weighing error under tilted
conditions was determined by comparing the sensor-measured mass of wheat with the actual mass loaded.
After completing the experiment at one sampling point, the process was repeated for the remaining points.
The experimental results are presented in Figure 11.
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The experimental results show that the weighing error of the bin is almost negligible when the tilt angle
is 0.5°. However, when the tilt angle reached 1.5°, the weighing errors in the four directions increased

significantly, far exceeding the error levels of 0.5°and 1°. The analysis shows that the weighing accuracy of
the bin under the left tilt condition is slightly higher than that of the other directions, which may be related to
the inhomogeneity of wheat distribution in the bin. When the grain bin is tilted to the right, the grains on the left
side may become more densely packed due to gravity, while the right side remains relatively loose. This causes
the force on the right-side sensor to increase. Conversely, when the bin is tilted to the left, the inlet located on
the right side promotes a more uniform grain distribution within the bin, thereby reducing the measurement
error. For forward and backward tilts, the feeding port remains aligned with both directions, resulting in relatively
similar errors in both cases. To improve weighing accuracy under inclined ground conditions, this paper
proposes a corresponding error compensation algorithm for the grain bin.

To determine the tilt compensation coefficient K, and the model correction value in Equation (11), and
to correct for the influence of inclination on the model, this study utilizes load cell weighing data collected under
tilted conditions. The model parameters are fitted using the least-squares algorithm.

5= (vfee))’ (16)
i=1

where S is the sum of squared errors, representing the total of the squared differences between the model's
predicted value y; and the true observed value f(X;). The objective of the least squares method is to minimize
S in order to determine the optimal parameters of the model. Here, y; is the observed value of the i-th sample,

based on the model function f, when the input is the independent variable Xx; of the i-th sample.
Considering that the measurement error is small and close to the accuracy error of the load cell itself

when the tilt angle is 0.5%°and 1°, this paper only compensates the weighing error for the weighing data with

tilt angle of 1.5°under single-axis tilt condition. Where K,= 0.44, B=--1.93. The fitting accuracy is 0.818. In

addition, the error plots for both corrected and uncorrected tilt angles are compared in this paper, as shown in
Figure 12.
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Fig. 12 - Plot of uncorrected model vs corrected model

From the comparison, it can be observed that the compensation accuracy and consistency of the model
without tilt angle correction decrease as the loading load increases. In contrast, the compensation performance
of the model with tilt angle correction improves progressively with increasing load. The overall error after
compensation remains below 0.25%, and the accuracy of the corrected model consistently surpasses that of
the uncorrected model. Overall, the compensation effect of the corrected model is significantly better than that
of the uncompensated approach.
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Experimental Results of a Self-Feedback Labor Monitoring System

In order to verify the accuracy of the model based on the improved photoelectric yield monitoring system,
this paper simulates the harvester field operation by indoor bench test. The data of the photoelectric yield
monitoring system and weighing system were obtained by manually inputting wheat into the bottom grain bin,
and the test was conducted by inputting in batches of 200 kg into the grain inlet of the test stand. The calibration
accuracy of the pressure sensing was set to 200 kg, and the yield quality corresponding to the global fitting
coefficients was used to measure the yield. The excellence with the self-feedback system was contrasted, and
the results of the experiments are shown in Table 1.

Table 1
Photogrammetric production data without the addition of a calibration system
Frequency
Quality of Inputs/kg
/Hz
200 400 600 800 1000
Time Mass Errors Time Mass Errors Time Mass Errors Time Mass Errors Time Mass  Errors
/s / kg ! % /s /kg ! % /s /kg ! % /s /' kg ! % /s / kg ! %
10 146.92  196.88 156  306.66  410.92 2.73  466.71 625.39 423 629.34 843.32 542 79429 106435 6.44
20 14751 197.67 1.17  305.46 409.32 2.33  463.72 621.39 3.57 625.16 837.72 472 785.27 1052.26 5.23
25 146.40 196.17 191 306.00 410.04 251 46442 622.33 3.72 625.98 838.82 485 78825 1056.26  5.63
Table 2
Photometric data added to the calibration system
Frequency
Quality of Inputs/kg
/Hz
200 400 600 800 1000
Time Mass Errors Time Mass Errors Time Mass  Errors Time Mass  Errors Time Mass Errors
/s /kg ! % /s /kg ! % /s /kg ! % /s /kg ! % /s /'kg ! %
10 146.92 196.88 156 299.50 401.33 033 44899 601.65 0.28 599.56 803.42 043 750.16 1005.21 0.52
20 14751 197.67 117  299.21 400.94 023 449.25 602.00 0.33 598.78 802.37 0.30 749.38 1004.17 0.42
25 146.40 196.17 191 299.60 40147 037 44836 600.80 0.13 599.01 802.68 0.34 751.77 1007.37 0.74

The yield monitoring system with the addition of the self-feedback module is clearly shown by the
experimental results to have a certain compensation effect at all three frequencies, and the before and after
comparison with the error without the feedback module is shown in Figure 13.
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Fig. 13 - Comparison of yield data with and without calibration system

As shown by the results, the error is relatively large when the input is 200 kg. This is because the load
cell’s calibration accuracy is set for 200 kg, and the threshold for calibration had not yet been reached, meaning
the feedback module had not been activated. At this stage, the photoelectric measurement coefficient remains
at its initial value. Once the input reaches 400 kg, the system’s self-feedback module begins functioning,
correcting the photoelectric measurement coefficient. Observations from the 2nd to 5th tests show that the
system’s yield measurement error gradually stabilizes, with errors ranging from 0.23% to 0.74%. The optimal
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calibration occurs at a frequency converter setting of 20 Hz, where the overall error remains below 0.42%,
indicating strong accuracy and stability of the system. In contrast, the standalone photoelectric yield
measurement system exhibits a larger error fluctuation range, between 1.17% and 6.44%, with a tendency for
errors to increase over time. The self-feedback calibration system effectively performs dynamic calibration,
keeping the error within a stable range. This significantly reduces system fluctuations and measurement errors,
thereby ensuring the accuracy and stability of the system.

CONCLUSIONS

In this study, a multi-sensor fusion-based yield monitoring system for grain harvesters was successfully
designed and validated, and a series of results of significant value were obtained. The positive proportionality
coefficients between the photoelectric signal and the grain mass at different rotational speeds were determined
through experiments, and the overall error of the system was less than 6.44% in the initial test. The established
model of the relationship between tilt angle and weighing accuracy and the compensation algorithm were
effective, with the overall error less than 0.25% after compensation and less than 0.74% after system
intervention. The self-feedback calibration system played a key role in keeping the system error low under
different loads, and the best calibration effect was achieved at 20 Hz, with the overall error less than 0.42%.
The system provides an efficient and reliable yield monitoring solution for agricultural production, which
strongly promotes the development of precision agriculture and helps to improve resource utilization efficiency
and economic benefits. However, considering the complexity of practical applications, more field trials are
needed in the future to further optimize the adaptability of the system to different environments and crops, and
to improve the sensor parameters and algorithms, so as to give full play to the potential of the system in
agricultural production and help agriculture achieve higher quality development.
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