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Abstract

:

Real-time crop harvest data acquisition from harvesters during harvesting operations is an important way to understand the distribution of crop harvest in the field. Most real-time monitoring systems for grain yield using sensors are vulnerable to factors such as low accuracy and low real-time performance. To address this phenomenon, a real-time grain yield monitoring system was designed in this study. The real-time monitoring of yield was accomplished by adding three pairs of photoelectric sensors to the elevator of the corn kernel harvester. The system mainly consists of a signal acquisition and processing module, a positioning module and a visualization terminal; the signal acquisition frequency was set to 1 kHz and the response time was 2 ms. When the system operated, the signal acquisition and processing module detected the sensor signal duration of grain blocking the scrapers of the grain elevator in real-time and used the low-potential signal-based corn grain yield calculation model constructed in this study to complete the real-time yield measurement. The results of the bench tests, conducted under several different operating conditions with the simulated elevator test bench built, showed that the error of the system measurement was less than 5%. Field tests were conducted on a Zoomlion 4YZL-5BZH combined corn kernel harvester and the results showed that the average error of measured yield was 3.72%. Compared to the yield measurement method using the weighing method, the average error of the bench test yield measurement was 7.6% and the average error of yield measurement in field trials with a mass flow sensor yield measurement system was 16.38%. It was verified that the system designed in this study has high yield measurement accuracy and real-time yield measurement, and can provide reference for precision agriculture and high yield management.
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1. Introduction


Real-time monitoring of crop yield is a key technology to achieve agricultural intelligence. Farmers can make quantitative decisions on planting, fertilization, spraying, variable inputs and positioning implementation plans for the next season’s agricultural production management based on the distribution of yield in the field [1]. The accuracy and timeliness of crop yield measurement are important criteria to evaluate a real-time yield monitoring system. Currently, there are two methods for yield measurement systems: estimating yield before crop harvest, and directly obtaining yield data during crop harvest.



Crop yield estimation is carried out by following three main methods: (1) remote sensing [2,3,4,5,6,7], (2) UAV hyperspectral [8,9,10,11,12,13], (3) modeling of crop growth conditions [14,15,16,17,18,19]. The remote sensing method and UAV hyperspectral method use remote sensing imagery and the crop canopy spectrum to predict crop yield through vegetation index. Modeling crop growth conditions aim to simulate yield studies by simulating the physiological process from seedling emergence to maturity. This method of crop yield estimation has a very high efficacy, but there are some limitations: the size of the spatial scale of sampling affects the estimation accuracy, the model parameters are difficult to obtain accurately and they are affected by the crop variety and growth, which leads to a large influence of uncertainty.



In the process of crop harvesting, sensors can be installed on the combine harvester to obtain the current crop yield directly in the process of harvester operation, and the information of crop yield distribution in the field can be more accurate. There are currently two methods of adding sensors to harvesters: adding sensors to the inside of the grain elevator of the harvester and adding sensors to the location of the grain outlet of the harvester. Zandonadi [20] installed a torque sensor inside the grain elevator of the harvester and designed a yield measurement system based on the correlation characteristics between the tension on the tensioning side of the grain elevator chain and the shaft torque; the test showed that the maximum error of yield measurement was 4.9%. Veal [21] retrofitted tension sensors to the grain elevator chains and used the relationship between the tension on the grain elevator chains and the mass of the harvested grain for yield measurement. The method of measuring yield by adding sensors inside the grain elevator of the harvester did improve the accuracy of yield measurement, but the sensors were costly and difficult to install. To address this problem, Mcnaull [22] installed a grain flow sensor at the grain outlet of the harvester to measure the force generated by the momentum change before and after the grain impacted to achieve real-time measurement of grain quality. Shoji [23] obtained the rotational speed of the screw conveyor winch by adding a speed sensor to determine the mass of grain released each time for yield measurement. Some scholars have also added microwave sensors [24] and capacitance module sensors [25] to the location of the grain outlet of the harvester, using the sensors to measure the moisture content of the grain passing through during harvest for yield measurement. In the method employing the external installation of sensors, the installation of sensors was relatively convenient but the real-time performance of yield measurement of these methods was low or, in other cases, there was insufficient research carried out on the subject. In order to improve real-time yield measurement, Chaiyan [26] used a mass flow sensor to record the flow rate of rice at harvest, converted the flow rate into a digital signal for processing and validated the system in a field test, which had the advantage of real-time yield display. However, the yield measurement accuracy of the system was low, and its minimum yield measurement error was 12.5%. Momin [27] obtained the average yield of sugarcane per hectare in real-time by installing a weighing sensor in the auxiliary trough, but this yield monitoring method requires large changes to the granary and more time to clean the granary. At present, there are few studies on yield measurement systems that can be easily retrofitted with sensors and achieve both high yield accuracy and real-time yield measurement.



In this study, a real-time grain yield measurement system based on photoelectric sensors was designed. For the problem of difficult and costly sensor installation, we adopted the method of installing sensors on the outside of the corn kernel harvester elevator and used low-cost photoelectric sensors. To improve the accuracy of yield measurement, we obtained a computational model of the cumulative low-potential time of grain blocking the photoelectric sensors with grain mass by building a simulated elevator bench. Finally, the operating tracks of the harvester were obtained in real-time through the positioning module of the system. Compared with the existing real-time grain yield monitoring systems, the system in this study was low cost, simple and possessed a stable installation structure, achieving high yield measurement accuracy and real-time yield measurement.




2. Materials and Methods


2.1. Grain Yield Monitoring System Development


2.1.1. Grain Yield Monitoring Principle


The overall structure design of the grain yield monitoring system designed in this study is shown in Figure 1. It mainly consists of photoelectric sensor, signal acquisition and processing module, positioning module and visualization terminal. Three pairs of photoelectric sensors are installed on both sides of the elevator of the corn kernel harvester in a horizontal arrangement, as shown in Figure 1b. The grain is transported to the silo by the scrapers inside the grain elevator; using the scrapers to transport the grain will block the infrared light of the photoelectric sensors. The sensor output signal potential from high to low is measured according to the principles of real-time yield measurement. As shown in Figure 1c, Tn, Tn’ and Tn’’ are the output time of low-potential signals by the sensors when the infrared of the three pairs of photoelectric sensors is blocked by the grain and the scrapers. T4 is the output time of low-potential signals by the sensors when the scrapers are blocked by the sensors. The weight of grain entering the granary in the combine harvester is obtained by measuring the duration of low-potential signals’ output from the photoelectric sensors, using the yield estimation model constructed in this study.




2.1.2. Grain Yield Monitoring System Design


The grain yield monitoring system mainly consists of signal acquisition and processing module and positioning module. The signal acquisition and processing module mainly consist of ADC acquisition unit, data processing unit, communication unit, power supply unit, etc. The response time of the system is 2 ms, in which the ADC acquisition unit collects the signals of the photoelectric sensors with the acquisition frequency of 1 kHz. The response time of the photoelectric sensor is 2.5 ms with the selection of E3F-20C/L-type (NPN-type) infrared sensor. The data processing unit can calculate the collected data by yield model and the communication unit will display the calculation results on the page. The power supply unit is powered by a 12 V battery, which is stepped down to 5–3.3 V by the signal acquisition and processing module for powering the ADC acquisition system circuit, data processing unit, communication system circuit and other peripheral circuits. A filtering circuit is introduced to protect all unit circuits. The positioning module adopts Beijing Beidou Xingtong C200-AT-S model (positioning accuracy is 2.5 cm), which is used to obtain information on the trajectory and operating speed of the harvester in the field. The schematic diagram of the yield monitoring system is shown in Figure 2.





2.2. Yield Calculation Model


2.2.1. Model Construction for Yield Calculation


In order to facilitate the establishment of the relationship between the signal duration of the grain obscuring photoelectric sensors and the grain mass, a grain elevator test bench was built in this study, as shown in Figure 3. According to the actual measured data of Zoomlion 4YZL-5BZH combine harvester grain elevator, the length and width of grain elevator bench are 14 cm and 21 cm, respectively. The grain elevator scraper is installed on the grain elevator chain; its length, width and depth are 11 cm, 7 cm and 1.5 cm respectively. The interval of adjacent scraper is 14 cm, the tilt angle of bench is the actual measured tilt angle of 26°. The side wall of the lift conveyor is installed with photoelectric sensors. The motor drives the sprocket to rotate and the scraper to follow the operation to simulate the operation of the actual combine harvester. The front and side of the grain elevator are made of transparent panels, and the i-SPEED high-speed camera (shooting frequency of 150,000 frames/s) is used to shoot the shape of the grain pile during the operation of the elevator. The pictures of the pile were converted to HSV (color space) to set the grain color threshold and to obtain the shape and area of the grain pile profile in the state of being lifted and transported, as shown in Figure 4a.



Different masses of corn were poured from the grain inlet, and after 50 shots of the bench simulation test, the contour map of the grain pile after image processing was obtained partially, as shown in Figure 4a. In the process of being lifted, the shape of the grain pile was mostly prisms with right-angle trapezoidal profile on its side. Its volume can be calculated from the side area of the grain pile and the length of the scraper (Figure 4, L). The side area of the grain pile can be calculated from the width of the scraper (Figure 4, W) and the height (Figure 4, H) corresponding to when the photoelectric sensors were blocked by the grain pile. Since the length and width of the scraper are fixed values, the volume of the grain pile is only related to the height corresponding to the photoelectric sensor when it is blocked by the grain pile. However, during the process of the photoelectric sensors being blocked by the grain pile, the scraper of the grain elevator will also block the photoelectric sensors at the same time, which will have an impact on the yield calculation results. Therefore, the value of time T4 of output low-potential signal of sensors blocked by the scraper are measured in advance and the yield calculation model is corrected; that is, the Formula (1) is processed:


   T x  =   ∑    (   T  xn   −  T  4 n    )     



(1)




where Tx is the total time of photoelectric sensors’ low output for eliminating the effect of the scraper (x = 1, 2, 3), Txn is the total time of photoelectric sensors’ low output when the photoelectric sensors are blocked by the grain pile and the scrapers (x = 1, 2, 3) and T4n is the total time of photoelectric sensors’ low output low the photoelectric sensors are blocked by the scrapers.



In order to obtain a more accurate formula for calculating the volume of the grain pile, this paper compares two ways of calculating the side area of the grain pile: the first one uses the corresponding heights H1 and H3 when the grain pile blocks photoelectric sensor 1 and photoelectric sensor 3 for trapezoidal area calculation. The second one uses the corresponding heights between H1, H2 and H3 when the grain pile blocks photoelectric sensor 1, 2 and 3 for segmented trapezoidal area calculation, which is divided into two segments, H1–H2 and H2–H3, between the areas (H1, H2, H3 as shown in Figure 4a). The side profiles in Figure 4a were processed according to the two area calculation methods, and the area values of the side profile we re extracted by the image processing method. The area results obtained from the calculation are compared with the area results obtained from the image processing; the results are shown in Table 1. The difference between the segmented calculation of the side areas compared with the whole profile calculation was smaller, so the segmented trapezoidal area calculation was used in the yield calculation model to reduce error in this paper. For the grain pile volume in the lift state, the calculation formula is:


   V   =     v 4       ×   ( T   1       +   2 T   2       +   T   3   )   ×   L   ×   W   



(2)




where V is the volume of the grain pile,  v  is the speed of the hoist scraper running and L and W are the length and width of the scraper, respectively.



When measuring T4 in advance, the output potential of the photoelectric sensors will change from high to low after the scrapers block the photoelectric sensors. Therefore, the duration of a single high level is the time when the sensor is not blocked in the adjacent scraper. Thus, the running speed of the scraper in the grain elevator can be calculated by the distance L1 of the adjacent scraper and the time T5 of a single high-potential time. Since there is a positive proportionality coefficient between the mass and volume of the grain pile as ρ of the linear relationship, Equation (2) is converted as follows:


   m = ρ ×     L 1     T 5       × ( T   1     + 2 T   2     + T   3   ) × L × W   



(3)




where m is the grain mass,  ρ  is the grain density, L1 is the distance between adjacent scrapers and T5 is the duration of a single high-potential time in the photoelectric sensor output potential.



There is, therefore, a proportional relationship between the grain mass and the cumulative low-potential time T of the three photoelectric sensors, calculated as:


     m = k × ( T   1     + 2 T   2     + T   3  )  



(4)




where k is the ratio of the photoelectric sensors output value T to the grain mass.




2.2.2. Determination of Model Coefficient Fitting for Yield Calculation


In order to determine the model coefficients (values of k) for yield calculation, this study fitted the proportionality coefficient in Equation (4) by collecting the sensors’ data during the operation of the elevator and the actual weight of the corn at the grain outlet. The bench test was carried out with corn kernels with a moisture content of 15%. The weighing device used for the calibration was a ZZ-02 bench scale with a weighing range of 0–150 kg and a division value of 20 g. During the test, the corn was poured in from the grain inlet at a rate of 0.5 kg/s. The motor drove the chain shaft and, thus, the scraper, and the corn was poured into the grain box through inertia after rising to the highest point. The actual combine harvester will work at different harvesting speeds and different numbers of rows, resulting in differences in the amount of grain fed during harvesting, so the bench test was divided into 4 kinds of grain input amount: 0 kg, 5 kg, 10 kg and 15 kg. The 0 kg of grain is used in the calibration group to eliminate the effect of the scrapers’ thickness blocking the photoelectric sensors. The 4 feed rates were tested 30 times each.



Based on the data from the bench tests, we obtained the accumulated low-potential time of the output of the three photoelectric sensors in each set of tests after eliminating the influence of the scraper; this result was represented on the horizontal axis. The actual weight of the corn at the corresponding grain outlet was represented on the vertical axis. We obtained the discrete distribution of data points as shown in Figure 5, where the data points can be more evenly distributed near the positive proportional auxiliary line. It can be concluded that the photoelectric sensors’ output low-potential accumulation time T and the actual weighing quality is a positive proportional relationship. Therefore, in the SPSS 23 software regression analysis, a linear regression fit without a constant term was used and the fitted k value for the measured data under the three amounts of grain fed was 0.202. The effect of the fitted linear relationship was significant, with R2 of 0.988. Based on this, the value of k in the grain yield calculation model can be considered as 0.202. Therefore, a proportional relationship between the mass of grain in the lift and the cumulative low-potential time T of the three pairs of photoelectric sensors is obtained as follows:


     m = 0     . 202 × ( T   1     + 2 T   2     + T   3  )  



(5)









2.3. Validation of Yield Measurement Model Accuracy


The actual harvesting operation of the maize seed harvester may vary in terms of harvesting speed, number of rows harvested and the undulation of the ground in the field, resulting in different grain feed, hoist sprocket speed and elevator tilt angle. Therefore, three working conditions were set up in this paper to verify the accuracy of the yield calculation model.



Working condition 1 was when the motor speed was 150 r/min and the tilt angle of the elevator was 26°. We verified the accuracy of the yield measurement with 3 grain input amounts (5 kg, 10 kg, 15 kg).



Working condition 2 was when the grain input amount was 10 kg and the elevator was tilted at an angle of 26°. We verified the accuracy of the yield measurement with 3 motor speeds (120 r/min, 150 r/min, 190 r/min).



Working condition 3 was when the grain input amount was 10 kg and the motor speed was 150 r/min. We verified the accuracy of the yield measurement with 3 tilt angles of the elevator (20°, 26°, 30°). Each variable condition was tested 5 times in each working condition, for a total of 15 tests.




2.4. Field Test


2.4.1. Testing Conditions


A field test of the cereal yield monitoring system was carried out at the Anhui Agricultural University’s Wanbei Comprehensive Experiment Station from September to October 2021. The area of corn planted in the experimental station is 5 hm2. The variety of corn planted in the field was “Anong 591”. The highest yield of the variety was 11.249 (t/hm2). The average temperature during harvest was 28 to 32 °C. As shown in Figure 6a, the grain yield monitoring system was installed on a Zoomlion 4YZL-5BZH combine harvester with 129 kW power, 2.93 m cutting width and 3.2 m3 granary volume. The Beidou positioning receiver of the grain yield monitoring system (the signal acquisition and processing module) was mounted on top of the harvester cockpit. The positioning signal processor and the display were mounted in the cockpit; the scenarios are shown in Figure 6.




2.4.2. Field Harvest Tests


The test scenario of the cornfield harvesting test is shown in Figure 6b. When the field harvesting test conducted, the display showed, in real-time, the current weight of grain, the current total yield and the current driving route calculated by the signal acquisition and processing module. When the harvester’s granary was full, the system was suspended and the weighbridge weighed the harvester before unloading operation. After each full granary, the current system model calculated mass data; actual weighing mass data and harvester driving track data were recorded. In the harvest test, the combine harvested at a speed of 5 km/h.





2.5. System Real-Time Validation Tests


To verify the real-time performance of the real-time grain yield monitoring system in this paper, as shown in Figure 6c, harvesting areas were divided into yield grids, according to the harvester width. These rows were about 3 m wide with a straight-line distance of 1 m of driving. The aim was to compare the accuracy of yield measurement within the yield grid to verify the real-time performance of the feedback data of the system at harvest. During the test, grain storage bags were positioned at the corn harvester’s grain outlet. The harvesting operation was suspended when the path data transmitted by the Beidou differential positioning module in real-time reached 1 m. The grain storage bag was unloaded and weighed, and the calculated quality data and the actual weight of the system model were recorded. The experiment was conducted 10 times with a total of 10 yield grids.





3. Results and Discussion


3.1. Validation Results of Yield Measurement Model Accuracy


The data obtained in the three working conditions are substituted into Equation (5) for yield calculation, and the relative error of their actual grain weighing mass is shown in Figure 7 below.



In working condition 1, the average relative errors between the model’s calculated mass and the actual mass were 4.8 %, 4.4 % and 3.9 % for the grain feed of 5 kg, 10 kg and 15 kg, respectively, with an overall average error of 4.36%.



In working condition 2, the average relative errors between the model’s calculated mass and the actual mass were 4.4%, 4.5% and 4.7% for the motor speed at 120 r/min, 150 r/min and 190 r/min, respectively, with an overall average error of 4.53%.



In working condition 3, the average relative errors between the calculated mass of the model and the actual mass were 4.7%, 4.6% and 4.4% for the tilt angle of the elevator at 20°, 26° and 30°, respectively, with an overall average error of 4.56%. We can conclude that the errors of the yield monitoring system model, using the bench constructed in this study, are less than 5%. The accuracy of yield measurement can meet the requirements of real-time yield monitoring.




3.2. Field Trial Test Results


We used Equation (5) as the calculation model function of the real-time grain yield monitoring system. Using the monitoring system in the field harvest experiments, six groups of model-generated mass and actual mass data were acquired, as shown in Figure 8. The calculated mass of the system in groups 2, 3 and 5 was greater than the actual weighing mass; the error rate of yield measurement in the 6 field harvest tests were 6.6%, 2.6%, 3.15%, 5.08%, 2.7% and 2.16%; the maximum relative error rate was 6.6% and the average relative error rate was 3.72%, with small error fluctuations. According to the results of our study, the grain yield monitoring system possesses advantages for crop yield detection in large areas.




3.3. System Real-Time Validation Test Results


The system model calculated the quality of the data of the actual weights of 10 yield grids in the experiment, as shown in Figure 9. The overall yield grid model’s calculated quality is 34.785 kg, the overall actual weighing quality is 34.953 kg and the overall relative error rate is 0.4%. Among these, the quality of the system calculated by the model in the 3rd, 6th, 7th and 9th yield grids is higher than the quality of the actual weight. The highest relative error rate of yield measurement in the 10 yield grids is 3.08% and the average relative error rate is 1.79%. The relative error rate is low, and it can be concluded that the system designed in this study demonstrates strong real-time performance.




3.4. Discussion


In this study, we developed a real-time yield monitoring system for combine harvester grain. We constructed a computational model of the accumulated low-potential time when the photoelectric sensor is obscured by the grain and fitted the model coefficients. The yield measurement accuracy and real-time performance of the system was measured through a bench test and field test. In this study, the real-time yield monitoring system for combine harvester grain was compared with the mass flow sensor-based system [26], the weighing-type yield measurement method [27] and the one pair of photoelectric sensor-based yield monitoring system [28] to evaluate the accuracy of the yield measurement system in bench tests and in field tests. Scholars [26] developed a monitoring system for rice yield that can display the yield of rice in real-time, but the accuracy of yield measurement of the system in this paper is much higher than the previous yield monitoring system. According to the research [27], the weight-based yield measurement method adds a load cell to the grain outlet of the harvester. However, scholars only built a simulated bench and only tested under bench conditions using wheat and corn at different environmental moisture levels, whereas this study carried out bench and field tests, which are more practical. In the literature [28], scholars used only one pair of photoelectric sensors and used the model for yield calculation. In the model constructed in this study, however, we used three pairs of photoelectric sensors, built a simulated bench and used a high-speed camera to capture the grain pile’s operation status, which can make the yield calculation model more accurate.



To verify the superiority of the system used in this study, we built a test bench based on the weight-based yield measurement method, as shown in Figure 10, using the method shown in the literature [27]. The yield accuracy of the yield monitoring system was compared under the bench test and the field test, and real-time validation was illustrated. In terms of yield measurement accuracy, the results of bench tests and field tests are shown in Table 2.



In the bench test, under different working conditions of grain input amount, the errors of yield measurement in this study were: 5.1%, 4.4% and 4.5%. The errors of yield measurement by the weighing yield measurement method were 8.2%, 7.9% and 6.8%. At the bench motor speed of 150 r/min and 190 r/min, the measurement errors of this study were 4.6% and 4.5%, and the measurement errors of the weighing method were 7.2% and 6.9%. The yield measurement error in the research [28] is 6.76% when the motor speed of the bench is 190 r/min.



In field tests, the average error of yield measurement in this study was 3.72% and the average error of yield measurement in the literature [28] was 3.83%. The above results showed that the yield measurement error rate of the system designed in this study was lower than that of the other yield measurement methods, regardless of whether it was measured in a bench test or a field test. In terms of real-time yield measurement, the system we developed, and the systems developed in [26] and [28] have real-time capabilities, but only this study verified the strong real-time capability of the proposed system by verifying whether the yield monitoring system possessed high yield measurement accuracy in a short harvest.



The results show that the yield monitoring system in this study is superior than the above three yield measurement methods, because this study adopts three pairs of photoelectric sensors whose signal acquisition units have a high acquisition frequency. In order to improve the accuracy of the yield calculation model, we constructed the yield calculation model by capturing the state of the grain pile when it was lifted in the grain elevator with a high-speed camera to ensure that the grain yield can be calculated accurately. Meanwhile, the system in this study was verified in real-time to ensure that the yield data could be fed back in real-time at the time of harvesting.



In summary, the real-time grain yield monitoring system designed in this study achieved high yield measurement accuracy in real-time. This enables field managers to ascertain the regional harvesting situation of field crops during the harvesting process in real-time and achieve accurate management of the field.





4. Conclusions


Most existing real-time grain yield monitoring systems uses sensors, which are limited by factors such as yield measurement accuracy and insufficient real-time yield measurement. This study designed a real-time grain yield monitoring system for combine harvesters. The system achieved a high yield measurement accuracy and can obtain the current yield of the field area in real-time during the operation of the harvester. Firstly, after simulating the grain elevator bench test, the coefficient of the yield calculation model of this study was 0.202, according to the test data of different grain feeding amounts. Secondly, the yield calculation model was applied and the bench yield measurement test was conducted for three working conditions. The results showed that the average errors of yield measurement were 4.67%, 4.54% and 4.45%. Finally, field tests and real-time yield measurement verification were conducted, and the average yield measurement error of the system was 3.72%. The results show that the system in this study can be advantageous in large-area crop yield detection and can provide real-time crop yield distribution data for field managers.
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Figure 1. Grain yield monitoring principle: (a) overall structure diagram of yield monitoring system; (b) photoelectric sensors mounting position; (c) changes in sensor potentials. 
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Figure 2. Schematic diagram of yield monitoring system. 
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Figure 3. Physical diagram of the grain elevator bench: (a) elevator simulation bench; (b) high speed shooting; (c) acquisition sensor signal. 
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Figure 4. Different grain input feeding amount tests: (a) outline of grain pile shapes; (b) Sensor feedback signals. 
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Figure 5. Fitted line between bench test data and low-potential accumulation time at different feed rates. 
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Figure 6. Field test scenes: (a) elevator position; (b) harvest scenes from field tests; (c) yield grids; (d) mounting position of the sensor; (e) BeiDou signal receiver; (f) display mounting position; (g) data processing side. 
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Figure 7. Relative error value of calculated mass and actual weighing mass. 
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Figure 8. Field harvesting test data. 
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Figure 9. System real-time validation test data. 
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Figure 10. Test bench for weighing method of yield measurement. (a)actual view of the bench;(b) load cell calibration; (c)weighing method yield test. 
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Table 1. Area values of the side profiles.
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Area Values in Image Processing /(cm2)

	
Calculated Values for Area in Method 1

	
Calculated Values for Area in Method 2

	
The Difference Between the Area Value in the Image Processing and the Calculated Area Value/(%)




	
Calculation Formula: (L1 + L3) × L/2

	
Calculation Formula: (L1 + 2L2 +L3) × L/4

	
Method 1

	
Method 2






	
Side profile1 1

	
71

	
73.4

	
71.6

	
3.3

	
0.85




	
Side profile1 2

	
75

	
77.6

	
76.1

	
2.1

	
0.93




	
Side profile1 3

	
81

	
79.1

	
80.2

	
2.3

	
0.94
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Table 2. Comparison of test results.
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Comparison of Bench Test Results under Different Working Conditions of Grain Input Amount






	
Grain input amount/(kg)

	
The average error of the tests in this study/(%)

	
Average error in weighing tests/(%)

	
The research [26] did not carry out

bench test

	
The research [28] did not carry out

bench test




	
5

	
5.1

	
8.2

	
/

	
/




	
10

	
4.4

	
7.9

	
/

	
/




	
15

	
4.5

	
6.8

	
/

	
/




	
Comparison of bench test results at different motor speeds




	
Motor speed of the bench/(r/min)

	
The average error of the tests in this study/(%)

	
Average error in weighing tests/(%)

	
The research [26] did not carry out

bench test

	
Average error of tests in the research [28]/(%)




	
150

	
4.6

	
7.2

	
/

	
/




	
190

	
4.4

	
6.9

	
/

	
6.76




	
287

	
/

	
/

	
/

	
7.74




	
Comparison of field test results




	
Average error of field tests in this study/(%)

	
Weighing method of yield measurement without field tests

	
Research [26] average error in field tests/(%)

	
Research [28] average error in field tests/(%)




	
3.72

	
/

	
16.38

	
3.83
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