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Abstract

:

Subsoiling can break the compacted hardpan without turning or mixing soil layers. It has significant advantages in improving soil structure, promoting rainwater infiltration, and increasing air permeability of soil. The soil compacted hardpan will not be completely broken and more power consumption will be generated unless the desired tillage depth is obtained. However, due to uneven surface between and within each row of subsoiling shovel in the field, the existing adjustment methods, adjusting via the lifting device of the whole machine or a group of tillage components, cannot ensure each subsoiling shovel avoiding undesired tillage depth. Therefore, a tillage depth monitoring and control system for the independent adjustment of each subsoiling shovel was developed, and the methods of detecting, adjusting, displaying, and recording tillage depth were described. Field experiments were conducted to evaluate detecting accuracy, stability of tillage depth, transient response time, and advantages. The results showed that the value obtained by sensor differed from manual measurement at the speed of 3 km/h, 4 km/h, and 5 km/h averagely by 8.28%. The mean value of the coefficient of the tillage depth stability at three speeds were all greater than 94%. The mean transient response time was 0.6 s. The standard deviation of tillage depth obtained under system control was 38.31, which was less than the 51.52 obtained by only adjusting on the three-point suspension. The subsoiler equipped with this system was capable of obtaining a desired tillage depth of each subsoiling shovel in every second.
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1. Introduction


As the substrate of root-system development, soil provides nutrients, water, and air needed for the crop growth [1]. Soil suitable for crop growth has desired bulk density, total porosity, and hardness, which are important indexes affecting soil permeability as well as significant indicators evaluating tillage quality [2,3,4]. Small bulk density indicates that soil has large porosity, good aeration, and permeability, which are beneficial to the absorption and utilization of water and nutrients by crop roots [5]. However, because of rainfall impact, freeze–thaw, and sedimentation under long-term conventional tillage, soil bulk density and hardness are increased while porosity is decreased [6]. Moreover, soil-compacted hardpan has been further formed, which restrains root propagation, inhibits root penetration, and reduces physiological activity, resulting in impaired root function and loss of nutrients and water absorption, and thus leading to a decline in yield [7,8,9].



Subsoiling tillage is capable of loosening soil and breaking the compacted hardpan without turning or mixing soil layers, which are able to reduce bulk density and hardness and increase porosity and permeability [10,11,12,13]. Thanks to these obtained effects, this technology is beneficial for soil-structure improvement, water storage and conservation, and root elongation into deeper soil [14]. Desired bulk density can be obtained by subsoiling, and the bulk density shows a downward trend with the increase of subsoiling depth [15]. Benefiting from the increase of soil porosity after subsoiling, the capacity of water storage of soil is enhanced, which reduces the amount of irrigation every day [16,17]. Compared with the conventional tillage, the roots are longer and heavier in deeper soil with better permeability in both horizontal and vertical directions after subsoiling, which significantly increases the average density of root length by 13% [18]. Moreover, the physiological activity of roots is improved by subsoiling, which is mainly manifested in reducing the peroxidation degree of cell membranes and delaying the senescence of roots, and thus contributing to higher crop yields [5].



The tillage depth is a significant index affecting the subsoiling quality and energy efficiency [19], while it is also an important consideration basis for the government to conduct subsoiling subsidies in China. During subsoiling operation, the soil-compacted hardpan cannot be broken completely with insufficient depth, and thus the poor quality of the soil properties’ improvement is obtained. Meanwhile, power consumption and operation cost are increased with excessive depth, resulting in the reduction of energy efficiency. Currently, the tillage depth is mainly measured manually at selected points in the subsoiled row in China. This method is incapable of obtaining the data of continuous tillage depth changing with time and it has high labor intensity and low work efficiency; especially the measurement accuracy of it is greatly affected by human factors, so it has large measurement errors [20]. Meanwhile, the adjustment of the subsoiling depth mainly depends on the working experience of the driver, so it is impossible to accurately and timely adjust the depth to the required tillage depth. Therefore, it is of prime importance to develop the on-line tillage depth detection and control method to obtain desired tillage depth of subsoiling machines.



Subsoiling machines are divided into vibrating subsoiling machines and non-vibrating subsoiling machines. Furthermore, according to whether the excitation source requires a power drive or not, the vibration mode can be divided into forced vibration and self-excited vibration. These two kinds of vibrating subsoiling methods are unfavorable to the detection of tillage depth due to the strong vibration, and there is interference between vibration and tillage depth control [21,22,23,24]. A non-vibrating subsoiling machine mainly includes the omni-directional subsoiling machine and chisel subsoiling machine. The omni-directional subsoiling machine is capable of cutting the soil into strips with trapezoidal sections, performing better in breaking soil. However, tillage depth adjustment will make the blockage more serious in the stubble field caused by the smaller spacing between adjacent shovels [25,26]. While adjacent shovels of the chisel subsoiling machine are arranged laterally with intervals’ sizing from 40 cm to 80 cm, this kind of subsoiling machine works with smaller tillage depth and width and requires less power [27,28], which is adaptive for equipping with tillage depth monitoring and control system.



The sensor detection combined with hydraulic or electromechanical adjustment is an important method for on-line detection and control of tillage depth. At present, there are two types of sensors that are mainly used to obtain tillage depth: one for angle measurement and the other for distance measurement. The sensors for measuring the angle mainly include the inclination sensor, potentiometer, and rotary encoder, which are installed on the lift arm of the tractor to detect dip angle from the horizontal plane [29,30,31,32]. By substituting the measured value into the mathematical formula of the angle and depth, the tillage depth can be obtained. Furthermore, the lift arm of the tractor was adjusted by the hydraulic system to change the tillage depth of the whole machine [31]. In addition, the tillage depth of the individual tillage component can be obtained by installing this type of sensor on the linking arm, which was used to connect the gauge wheel and the frame to measure the rotation angle of the gauge wheel relative to the frame [33,34]. Additionally, the sensors for measuring distance include the ultrasonic sensor and laser range sensor, which are installed at the bottom of the horizontal frame to detect the distance between the frame and the surface. Because the distance between the shovel tip of the subsoiling shovel and the bottom of the frame is invariant, tillage depth can be obtained by subtracting the detection value from the invariant value [35,36,37]. Additionally, this method has been proven to have better measuring accuracy [38]. Furthermore, the undesired tillage depth is adjusted to the required value by hydraulic adjustment or electromechanical control [39]. In addition, there is also a method of measuring distance and angle simultaneously to get the tillage depth [40].



Apart from above research works, some agricultural machinery enterprises, such as Topcon, John Deere, and CASE, have developed tillage depth monitoring and control systems, applying them on tillage machineries. The NORAC tillage depth detection system is designed by Topcon, which depends on four ultrasonic sensors to respectively detect the tillage depth of four disc gangs [41]. Its characteristic is that it is capable of adjusting the tillage depth of each disc gang independently according to the surface changes. The TruSet monitoring system and AccuDpthTM hydraulic system and the AFS (Advanced Farming System) tillage depth intelligent monitoring system and the supporting hydraulic system have been respectively developed by John Deere and CASE [42,43]. These monitoring and control systems are capable of accurately detecting tillage depth and precisely adjusting the tillage depth to the required value. Meanwhile, algorithm optimization and response surface optimization are capable of further improving the performance of the control system [44,45]. All the above studies are aimed at adjusting the tillage depth of the whole machine or a group of tillage components of the combined scarification equipment. However, due to uneven surfaces between and within each row of subsoiling shovel in the field, the current methods cannot ensure each subsoiling shovel avoiding undesired tillage depth, leading to soil-compacted hardpan of some rows incompletely broken or increased power consumption and operation cost. Therefore, it is necessary to develop the tillage depth monitoring and control system for the independent adjustment of each subsoiling shovel to obtain the desired tillage depth of each row. Some tillage depth detection and control methods around the world are discussed in Table 1.



In this paper, we provide a design of the tillage depth monitoring and control system for the subsoiler with subsoiling assemblies to ensure each subsoiling shovel avoiding undesired tillage depth and to improve tillage depth stability of each row. The tillage depth of each subsoiling shovel was obtained by an ultrasonic sensor and adjusted by the hydraulic system. Meanwhile, the tillage depth data were displayed via an interactive touch screen and recorded in a timely manner in a mobile hard disk. The performance of the tillage depth monitoring and control system was evaluated by the detecting accuracy, stability of tillage depth, transient response time, and advantages.




2. Materials and Methods


2.1. Description of the Single Subsoiling Assembly


The single subsoiling assembly is composed of a lifting assembly, a supporting frame of the ultrasonic sensor, and a subsoiling shovel, which is capable of independently adjusting the tillage depth of a single row and was selected for this study. Its structure is shown in Figure 1. The lifting assembly is fixed on the subsoiler frame, and the sensor-supporting frame and the subsoiling shovel are respectively mounted on one side of it. The elongation or shortening of the hydraulic cylinder is converted into the vertical movement of the subsoiling shovel through the four-bar linkage and the hydraulic link mechanism, so as to adjust the tillage depth. The structure parameters were as follows: The subsoiling shovel used in this study had a curved handle with a vertical height of Hh = 800 mm, of which the suitable tillage depth ranged from 250 mm to 450 mm; the width of the shovel tip was Lw = 40 mm and the length was Ll = 155 mm; the diameter and rod diameter of the hydraulic cylinder, respectively, were Dh = 32 mm and Dr = 20 mm; the stroke of hydraulic cylinder was S = 200 mm; the length of the horizontal section of the support frame was Lh = 700 mm; the vertical height between the horizontal plane of the support frame and the bottom of the shovel tip was L = 1150 mm.




2.2. Design of the Tillage Depth Monitoring and Control System


2.2.1. Tillage Depth MONITORING and Control System


The tillage depth monitoring and control system was designed for the subsoiler with single subsoiling assemblies, which were capable of independently detecting, displaying, recording, and adjusting the tillage depth of each subsoiling shovel at the same time. The monitoring and control system consisted of ultrasonic sensors (NU175F30TR-I-2000, China), an analog input module (S7-200SMART EM AI04, SIEMENS, Nanjing, China), a programmable logic controller (S7-200SMART, CPU ST40, SIEMENS, Nanjing, China), an interactive touch screen (MT6071iP, WEINVIEW, Beijing, China), magnetic exchange values (DSG-03-3C60-DL-DC24, YOUYAN, Wuxi, China), and a storage, as shown in Figure 1. The ultrasonic sensor used in this study was a three-wire system sensor. Its performance parameters were as follows: The measuring range was 100~2000 mm with an accuracy of 0.1 mm; the output signal was an analog signal from 4 mA to 20 mA; and the working voltage and temperature, respectively, were 10~30 VDC and −20 °C~+60 °C. The analog input module had four groups of positive and negative input addresses and the PLC had 40 I/O points. The magnetic exchange value with three positions and four ways was used in this study, which was able to control the hydraulic cylinder lengthening, shortening or unchanging. The on-board battery of the tractor, which was charged automatically during field operation, provided a 24-V power supply for the tillage depth monitoring and system.



The block diagram of the tillage depth monitoring and control system is shown in Figure 2. The analog signal output by an ultrasonic sensor was converted into digital value by the analog input module. Then, it was analyzed, processed, and output by the PLC to control the driving circuit of the left or right switch belonging to the magnetic exchange valve to complete the corresponding operation. Meanwhile, the tillage depth was displayed in a timely manner on the interface of the interactive touch screen, which communicated with the PLC via the RS485 serial port, and the tillage depth was recorded in a timely manner in the storage.



The flow chart of the main program is shown in Figure 3. After the tillage depth monitoring and control system was powered on, the values of set parameters could be entered on the interactive touch screen, including the minimum set value of tillage depth (m), the maximum set value of tillage depth (n), the vertical height between the signal transmitting end (receiving end) of the ultrasonic sensor and the bottom of the shovel tip (L), the system error (Δλ), and the delay time (t), which were all displayed on the interface of the interactive touch screen. Meanwhile, the current tillage depth of each subsoiling shovel, obtained by the sensor detection and controller process, was also displayed on the interface of the interactive touch screen. During the subsoiling operation, the ultrasonic sensor was used to detect the vertical height between the signal transmitting end (receiving end) and the field surface, which was represented by a. The analog quantity output by the ultrasonic sensor was converted into the physical quantity representing the distance by two conversions. Then, it was analyzed and processed by the controller according to the program written by the established mathematical model of tillage depth; thus, the current tillage depth of each subsoiling shovel, represented by H, was obtained and displayed on the interface of the interactive touch screen. If the current tillage depth was less than the minimum set value, the drive circuit of the left value belonging to the magnetic exchange valve would be controlled to be connected, and, thus, the hydraulic oil circuit corresponding to the left value would be opened to make the hydraulic cylinder shortened, so as to adjust the tillage depth increasing to be within the set range. If the current tillage depth was more than the maximum set value, the drive circuit of the right value belonging to the magnetic exchange valve would be controlled to be connected, and, thus, the hydraulic oil circuit corresponding to the right value would be opened to make the hydraulic cylinder lengthened, so as to adjust the tillage depth decreasing to be within the set range. If the current tillage depth was within the set range, the magnetic exchange value would automatically remain in the neutral position, and, thus, the subsoiling shovel would not be adjusted. The tillage depth of each subsoiling shovel was detected, displayed, recorded, and adjusted by the tillage depth monitoring and control system at a period of 1 s.



The response time of the tillage depth monitoring and control system included the sample time of the ultrasonic sensor, the execution time of the PLC, the response time of the intermediate relay and magnetic exchange value, and the performing time of the hydraulic cylinder. Because sensor sampling and PLC execution were completed within the scanning period of the control system, which was 2 ms, these times could be negligible to analyze the response time of the control system. As obtained in Section 3.3, the speed of the hydraulic cylinder was 0.54 m/s and the response time of the control system was 0.46 s. The forward speed of the tractor generally was 3~5 km/h. Thus, the advance distance of the subsoiling shovel within the response time of the control system ranged from 380 mm to 640 mm, which was less than the horizontal distance between the subsoiling shovel and the ultrasonic sensor that was described in Section 2.1. Thus, the delay time was given by the Equation (1).


  t =   3.6  L 0   v  −  t 1   



(1)




where t is the delay time, L0 is the horizontal distance between the subsoiling shovel and the ultrasonic sensor, v is the forward speed of the tractor, and t1 is the response time of the control system.




2.2.2. Tillage Depth Detecting by Ultrasonic Sensor


The ultrasonic sensor applied in this study was used to detect the vertical height between the signal transmitting end (receiving end) of the ultrasonic sensor and the field surface, which was installed on one side of the horizontal section of the sensor-supporting frame and was located in front of the subsoiling shovel along the forward direction of the subsoiler. It was described in Section 2.1 that the distance between the sensor-mounted position and the other end of the horizontal section of the sensor-supporting frame was 500 mm. As shown in Figure 1, the sensor-supporting frame and the subsoiling shovel were fixed on the same component in a single subsoiling assembly, so the vertical movement of the subsoiling shovel and the sensor-supporting frame was synchronous. More specifically, the elongation or shortening of the hydraulic cylinder was converted into the vertical upward or downward movement of the subsoiling shovel and sensor-supporting frame through the four-bar linkage and the hydraulic link mechanism during the tillage depth adjustment. Therefore, the vertical height between the horizontal plane of the sensor-supporting frame and the bottom of the shovel tip remained unchanged. Thus, given the vertical height between the signal transmitting end (receiving end) of the ultrasonic sensor and the field surface, and the vertical height between the horizontal plane of the sensor-supporting frame and the bottom of the shovel tip, the tillage depth at a certain distance in front of the subsoiling shovel could be calculated. The method for detecting tillage depth by the ultrasonic sensor used in this study was a method for detecting surface changes in front of the subsoiling shovel. Based on the output signal of the ultrasonic sensor, the tillage depth adjustment of the subsoiling shovel was controlled by the monitoring and control system. This method avoided the problem of a large distance between points of tillage depth detection and tillage depth adjustment caused by profiling lag. The schematic diagram of the detection method is shown in Figure 4, and the tillage depth was given by the Equation (2).


  H = L − a + Δ λ  



(2)




where H is the tillage depth, L is the vertical height between the horizontal plane of the sensor-supporting frame and the bottom of the shovel tip a is the vertical height between the signal transmitting end (receiving end) of the ultrasonic sensor and the field surface measured by ultrasonic sensor, and Δλ is the system error.



In order to present the analog quantity output by the ultrasonic sensor in the form of a physical quantity representing the tillage depth displayed via the interactive touch screen and stored in the storage, two conversions were adopted to convert the analog quantity into the physical quantity in this study. Firstly, the analog quantity output by the ultrasonic sensor was converted into the digital quantity by the analog input module, and then the digital quantity was converted into the physical quantity by the signal conversion program. Finally, the physical quantity representing the distance measured by the ultrasonic sensor was analyzed and processed by the controller according to Equation (2) to obtain the current tillage depth, which was displayed via the interactive touch screen and stored in the storage.



The linear relation between the digital quantity and the physical quantity was:


  X =    (   A m  −  A 0   )  ×  (  Z −  C 0   )     C m  −  C 0  +  A 0     



(3)




where Z is the real-time digital quantity, X is the real-time physical quantity,    C 0    and    C m   , respectively, represent the minimum value and maximum value of the digital quantity converted from the analog signal output by the ultrasonic sensor, and    A 0    and    A m   , respectively, represent the minimum value and maximum value of the physical quantity corresponding to the analog signal output by the ultrasonic sensor.



As described in Section 2.2.1, the analog signal output by the ultrasonic sensor used in this study ranged from 4 mA to 20 mA. Converting the analog quantity into the digital quantity, the obtained digital quantity ranged from 0 to 27,648 [46]. The measuring range of the ultrasonic sensor was 100~2000 mm. Substituting the corresponding values into the Equations (3) and (4) we obtained:


  X =    (  2000 − 100  )  ×  (  Z − 0  )    27,648 − 0 + 100    



(4)







Therefore, the signal conversion program could be established according to the Equation (4) [47]. Thus, the analog quantity output by the ultrasonic sensor was presented in the form of the physical quantity representing the measured distance between the signal transmitting end (receiving end) of the ultrasonic sensor and the field surface.



The nonlinearity and sensitivity of the sensor are important indexes that should be taken into consideration to determine whether the performance of the sensor meets the requirement in this study. The nonlinearity represents the deviation degree between the calibration curve and the fitting line, of which the smaller the value is, the better the linear characteristics of the sensor are. The sensitivity is the ratio of output increment to input increment. The nonlinearity  δ  and sensitivity S are respectively given by Equations (5) and (6).


  δ =   Δ  Y  max      Y  F s     × 100 %  



(5)






  S =   Δ y   Δ x    



(6)




where   Δ  Y  max     is the maximum deviation between the calibration curve and the fitting line,    Y  F S     is the full-span output range, and   Δ y   and   Δ x   respectively represent the output increment and input increment.



The nonlinearity and sensitivity of the ultrasonic sensor used in this study were evaluated by the preliminary test and statistical analysis. The test was conducted in the Conservation Tillage Research Centre, MOA, of China. The ultrasonic sensor was lifted vertically and its signal transmitter, also the receiver, was positioned successively at 100 heights from the ground, which were determined by manual measurement. These 100 height values formed an arithmetic sequence with a tolerance of 19 mm from 100 mm to 2000 mm. The signal output by the ultrasonic sensor was processed by the PLC and, finally, the corresponding digital quantity (0~27,648) was displayed via the interactive touch screen. Regression analysis was conducted using statistical software (IBM SPSS Statistics 25, IBM, New York, NY, USA) on the relationship between the measured height and the corresponding digital quantity. The results showed that the nonlinearity and average sensitivity of the ultrasonic sensor, respectively, were   9.0365 ×   10   − 3     and 14.554, which indicated that the ultrasonic sensor was reliable in detecting surface changes and was capable of outputting the correct signal even for small surface changes. Therefore, this type of ultrasonic sensor was selected to be applied to the tillage depth monitoring and control system in this study.




2.2.3. Tillage Depth Displaying via Interactive Touch Screen


Human computer interface is the medium of interaction and information exchange between system and users. In this study, the human–computer interactive touch screen was used to enter values of set parameters and display tillage depth of each subsoiling shovel in a timely manner. As described in Section 2.2.1, the human–computer interactive touch screen (MT6071iP) was selected to be applied to the tillage depth monitoring and control system, which communicated with the PLC via RS485 serial port. Before subsoiling operation, values of set parameters were entered on the interface, including L, Δλ, t, m, and n. To be specific, L was the vertical height between the horizontal plane of the sensor-supporting frame and the bottom of the shovel tip, Δλ was the system error, t was the delay time, and m and n, respectively, were the minimum and maximum set values of tillage depth. During subsoiling operation, the signal output by each ultrasonic sensor was firstly converted into the physical quantity representing the distance, and then the tillage depth of each subsoiling shovel was obtained through the analysis and process of the PLC. Finally, the tillage depth of each subsoiling shovel was displayed on the interface through the communication of the interactive touch screen with the PLC via RS485 serial port. The program design of the interactive interface was completed via the configuration software (EasyBuilder Pro, Beijing, China).





2.3. Evaluation Experiments


2.3.1. Test Arrangement


To ensure the detecting accuracy, each ultrasonic sensor was the key to obtaining the desired tillage depth of each subsoiling shovel. Therefore, a test was conducted to compare tillage depth obtained by sensor detection and manual measurement. The minimum set value of tillage depth was 320 mm and the maximum set value of tillage depth was 450 mm, which were entered via the interface of the interactive touch screen. From the start to the stop of the system, the forward time of the subsoiler was 55 s at the speed of 3 km/h, 4 km/h, and 5 km/h, respectively. When the operation was finished at the current speed, the subsoiler was powered by the tractor turned around, and then changing the forward speed to start the operation again in the adjacent area. During subsoiling operation, the tillage depth of each subsoiling shovel was displayed and recorded in a cycle of 1 s. After the subsoiling operation, the tillage depth of points selected equidistant were measured manually, referring to China Machinery Standard NT/T 2845-2015 [48]. The distance between two selected contiguous points was equal to the product of the forward speed and 1 s; thus, this value corresponding to 3 km/h was 0.8 m, corresponding to 4 km/h was 1.1 m, and corresponding to 5 km/h was 1.4 m. Twenty points with the same interval within 10~30 s of the forward time were selected for manual measurement in each subsoiled row, and a total of 12 rows of tillage depth were measured. Comparing and analyzing tillage depth obtained by the sensors with that measured manually we evaluated the accuracy of detecting tillage depth by sensors.



The coefficient of tillage depth stability is an important index to evaluate the subsoiling quality. Adding the variation coefficient of tillage depth to this value was equal to 1, and the calculation of the variation coefficient of tillage depth was the premise to obtain the coefficient of tillage depth stability. The smaller the variation coefficient of tillage depth is, the more the actual tillage depth is consistent with the set tillage depth. Along each route subsoiled by the subsoiler at three speeds in the above test to evaluate accuracy of detecting the tillage depth by sensors, a total of 20 points in one row with an interval of 1 m was selected to measure the tillage depth manually within the forward distance of 10~30 m away from the starting position. The variation coefficient of tillage depth was derived by the Equations (7)–(9), and the coefficient of tillage depth stability was given by Equation (10).


  a =    ∑   a i     n   



(7)






  S =      ∑     (   a i  − a  )   2      n − 1      



(8)






  V =  S a  × 100 %  



(9)






  U = 1 − V  



(10)




where a is the average value of the tillage depth,    a i    is the tillage depth of each point by manual measurement, n is the number of measured points, S is the standard deviation of tillage depth, V is the variation coefficient of tillage depth, and U is the coefficient of tillage depth stability.



The transient response time represents the time required for the system to reach a new stable state. In this study, this response characteristic indicated when the subsoiling depth changed out of the set range, and the time taken by the monitoring and control system from the beginning of adjusting tillage depth until the tillage depth was adjusted to the set range and remained almost constant. The monitoring and control system took 1 s as a cycle to detect, display, record tillage depth, and adjust undesired tillage depth to be within the set range. Therefore, a test was conducted to determine the transient response time, and, thus, to evaluate the output response performance of the control system and further verify whether the control system was able to control the tillage depth within the set range in 1 s when the actual subsoiling depth was less than the minimum set value or greater than the maximum set value of tillage depth. A clean soil surface was obtained by removing straw in front of the first subsoiling shovel. By measuring and determining the height from the signal transmitting end (receiving end) of the ultrasonic sensor to the field surface with a tape, the tillage depth was adjusted to 100 mm and 600 mm successively to simulate tillage depth less than the minimum set value and greater than the maximum set value, respectively. The minimum set value was 250 mm while the maximum set value was 450 mm, which were entered on the interface of the interactive touch screen. The test program and the response time was written and timed by the Step7-Microwin SMART software, and the PLC was also used for synchronously timing.



To evaluate the effectiveness of the monitoring and control system in improving the stability of tillage depth of a single subsoiling shovel and to demonstrate whether it was advantageous to apply this system to obtain desired tillage depth, a comparative test was carried out between independent adjustment of a single row and unified adjustment of each row. During the subsoiling operation, the independent adjustment of a single row was accomplished under the running state of the tillage depth monitoring and control system, while the unified adjustment of each row was accomplished by only adjusting on the three-point suspension without running system. The tillage depth was set from 250 mm to 450 mm via the interface of the interactive touch screen, and the operation distance was 50 m at the forward speed of 5 km/h under running state and non-running state of the monitoring and control system, respectively. Manual measurement of the tillage depth was conducted at selected points along the subsoiled route of the second subsoiling shovel. The first point was 16 m away from the starting position, and 10 points were selected to be measured manually, of which the interval between each two points was 2 m.



Apart from the above test arrangements, to evaluate whether the stability of tillage depth of the subsoiling shovel with tillage depth adjustment was better than that without tillage depth adjustment, the fourth subsoiling assembly was set as the control group without adjustment, of which the tillage depth was only detected, displayed, and recorded throughout the experiments. The first subsoiling assembly, the second subsoiling assembly, and the third subsoiling assembly were equipped with the complete monitoring and control system, which was capable of detecting, displaying, recording, and adjusting tillage depth throughout the experiments. As shown in Figure 5, the subsoiler with four subsoiling assemblies was powered by the Levo TG series M1254-G tractor to conduct experiments.




2.3.2. Test Conditions


Evaluation experiments were conducted in Shijiazhuang, Shenze county (    38  °   7 ′  ~   38  °  1  7 ′    N  ,     115  °        4 ′  ~ 115   °  2  1 ′    E  ), situated in central and southern Hebei province, North China. Shenze is located in a warm and semi-humid region and has a continental monsoon climate. The average amount of sunshine is 7.4 h per day. The average annual temperature is 12.4 °C with 188 frost-free days. The average annual rainfall is 489.8 mm and 54% of the rainfall occurs during July–August. The soils are defined as loam according to international soil classification systems (USDA, AASHTO). The average soil moisture content is 15.4% and the average soil bulk density is     1.45   g  /    cm  3     . The surface of the field is uneven, and the difference in height between the upper and lower surface ranges from 10 cm to 20 cm. After the maize harvest, there is straw covering the field with stubble retention. The straw yield is about 3255 kg/ha and the stubble height ranges from 5 cm to 20 cm.






3. Results and Discussion


3.1. Accuracy in Detecting Tillage Depth


According to the soil conditions and tillage depths obtained by sensors and measured manually of 20 points in each row at three speeds, the data of two points were eliminated to get the difference value between the tillage depths obtained by these two methods at each remaining point (Figure 6), as well as the mean value of the tillage depths obtained by sensors and measured manually in each row at three speeds (Table 1). These two points included the fifth measurement point in the third row at the speed of 3 km/h, and the 14th measurement point in the first row at the speed of 5 km/h. The source of this was that the detection position of the ultrasonic sensor was in front of the subsoiling shovel. The tillage depth obtained by ultrasonic sensors at these two points was outside the set range, and, fortunately, they were adjusted in time by the control system. Therefore, the manual measurement values of these two points were all within the set range. Thus, the corresponding tillage depth data of these two points were eliminated.



As shown in Figure 6, the tillage depth obtained by sensors was larger than that measured manually at any point at three speeds, with a maximum difference of 38.8 mm and a minimum difference of 3 mm. The difference value between the mean tillage depths obtained by sensors and that measured manually at all points in each row was about 30 mm, with a maximum difference of 32.15 mm and a minimum difference of 29.37 mm. Thus, the errors between sensor detection and manual measurement at the speed of 3 km/h, 4 km/h, and 5 km/h, respectively, was 8.35%, 8.1%, and 8.38% (Table 1), which were possibly caused when the acoustic wave sent by the ultrasonic sensor met the straw, generating the echo. However, there was a certain thickness between the soil surface and the straw surface that made the tillage depth obtained by sensors slightly greater than that measured manually. Yang et al. [49] stated that the accuracy of detecting the cutting-table height of the combine harvester by ultrasonic sensors was slightly influenced by the crops in the field. Mouazen et al. [35] also found that compared to the soil covered with straw, the ultrasonic sensor had higher detection accuracy in soft, sandy, loam soil. The manual measurement results illustrated that the tillage depths of each row operated by subsoiling assemblies equipped with the complete tillage depth monitoring and control system were all within the set range and the errors were acceptable. Therefore, the method of applying ultrasonic sensors to obtain the tillage depth was reliable.




3.2. Tillage Depth


The coefficients of the tillage depth stability at forward speeds of 3 km/h, 4 km/h, and 5 km/h are provided in Table 2. The coefficients of the tillage depth stability for each row at three speeds were all above 90% (Table 3). The mean value of the coefficient of the tillage depth stability of the first three rows at each speed, respectively, was 97.5%, 97.9%, and 94.9%, which were all far greater than 85%. Therefore, the subsoiler equipped with the monitoring and control system was proven to meet the standard requirement of subsoiling machines. While the coefficient of the tillage depth stability of the fourth row at three speeds, respectively, was 97.7%, 91.5%, and 97.4%. The coefficient of the tillage depth stability of the fourth row was much less than that of the other rows at the speed of 4 km/h. This was because there was a large bump on the surface belonging to the operation row of the fourth subsoiling shovel when the subsoiler advanced at the speed of 4 km/h. However, due to a lack of the function of tillage depth adjustment, the tillage depth changed greatly and the tillage depth stability became worse. Meanwhile, the actual tillage depth was far greater than the maximum set value, also leading to an increase in power consumption. By comparing the coefficients of the tillage depth stability at the speed of 4 km/h with those at the speed of 5 km/h, it showed that with the increase of the forward speed, the coefficient of the tillage depth stability decreased. This was similar to the relationship between the variation coefficient of tillage depth and the forward speed obtained by Wang [33], which showed that the variation coefficient of tillage depth became larger with the increase of the forward speed. Therefore, the coefficient of the tillage depth stability of the first row being less than that of other rows at the speed of 5 km/h was possibly caused by the increase of the forward speed and very uneven surface belonging to the operation row of the first subsoiling shovel at this speed. Thanks to the control system, the tillage depth of the first subsoiling shovel was adjusted to the set range in time, and, thus, the desired tillage depth was obtained and the stability of the tillage depth was ensured.



It was proven in Section 3.1 that the method of obtaining the tillage depth by ultrasonic sensors was reliable. The subsoiler with subsoiling assemblies advanced for 55 s under the operation of the monitoring and control system at the forward speeds of 3 km/h, 4 km/h, and 5 km/h, respectively. The tillage depth was recorded on the storage in the cycle of 1 s. Therefore, a total of 660 values of tillage depth detected by four ultrasonic sensors were recorded on the storage. Figure 7 shows changes of the tillage depth of each row at the forward speeds of 3 km/h, 4 km/h, and 5 km/h, with the x-axis representing the forward time of the subsoiler and the y-axis representing the tillage depth, which indicated that the surface of the experiment field had relative height differences along the transverse direction and forward direction of the subsoiler. According to the tillage depth obtained by sensors at the starting point of every subsoiling shovel, the difference of tillage depth between two adjacent subsoiling shovels was 10~35 mm. The tillage depth adjusted on the three-point suspension by the driver showed a trend of decrease (Figure 7a), increase (Figure 7c), and increase first and then decrease(Figure 7b) from the first subsoiling shovel to the fourth subsoiling shovel. The maximum differences of tillage depth between any two subsoiling shovels corresponding to the above trends were 65 mm, 82.5 mm, and 51.4 mm, respectively. The first two values were the difference of tillage depth between the first subsoiling shovel and the fourth subsoiling shovel, while the third value was the difference of tillage depth between the first subsoiling shovel and the third subsoiling shovel. Although the tillage depth of each subsoiling shovel obtained was within the set range at that moment, there were great differences of tillage depth between some subsoiling shovels. If all subsoiling shovels were adjusted simultaneously via the three-point suspension, some shovels obtained more undesired tillage depth, which made soil properties of each subsoiled row different and led to lower yields. Mu et al. [50] found that a difference of 15 cm in tillage depth would result in a 6% reduction in wheat yield. Therefore, tillage depth of each subsoiling shovel needs to be measured and adjusted independently to obtain their respective desired values.



The surface of the experiment field along the forward direction of the subsoiler was relatively flat, with bumps or depressions in some areas (Figure 7). In the period of tillage depth throughout the set range at the speeds of 3 km/h, 4 km/h, and 5 km/h, the field subsoiled by each subsoiling shovel in 1 s was relatively flat, and the maximum difference of tillage depth between two adjacent areas within a row was about 30 mm. When there was a bump or depression in one section of the row that was subsoiled in 1 s at the three speeds, the difference of tillage depth between two adjacent areas became larger, of which the maximum values belonging to the field with bumps or depressions were all nearly 100 mm. Additionally, these greatly changed tillage depths were less than the minimum set value or greater than the maximum set value. Thanks to the hydraulic cylinder extending or shortening, controlled by the monitoring and control system to lower or lift the subsoiling shovel about 100 mm, the tillage depth was adjusted to be within the set range in time. Thereafter, the tillage depth was almost the value after adjustment with a small change. On the contrary, due to a lack of adjustment, the stability of the tillage depth was poor when there were bumps or depressions on the surface of the subsoiled row, and the desired tillage depth could not be obtained. Celik and Raper [51] stated that soil conditions of adjacent fields could vary greatly even on the same lot. The uneven surface in the field caused different changes in the tillage depths of each row. The subsoiler equipped with the tillage depth monitoring and control system designed in this study was capable of adjusting the undesired tillage depth of each row to be within the set range in a control period at these three forward speeds.




3.3. Transient Response Time


When the tillage depth of the first subsoiling shovel was outside the set range, the tillage depth was changed with time under the monitoring and control function of the system within 1 s, as shown in Figure 8. The red curve represents the change of tillage depth with time when the tillage depth was less than the minimum set value, and the blue curve represents the change of tillage depth with time when the tillage depth was greater than the maximum set value. During the operation, the signal input to the controller from the ultrasonic sensor was analyzed and processed. Then, the controller connected the corresponding value drive circuit of the magnetic exchange valve to make the hydraulic cylinder elongate or shorten. Accordingly, the tillage depth was reduced by lifting the subsoiling shovel or increased by lowering the subsoiling shovel.



As shown in Figure 8, no matter if the tillage depth was less than the minimum set value or greater than the maximum set value, the adjustments of tillage depth almost all started from 0.27 s; this period was the time taken by the monitoring and control system before the hydraulic cylinder began to shorten or elongate. When the tillage depth was 100 mm, the transient response time of the control system was 0.58 s, after which the tillage depth was adjusted to about 425 mm, and almost constant in the remaining 0.15 s. When the tillage depth was 600 mm, the transient response time of the control system was 0.62 s, after which the tillage depth was adjusted to about 325 mm, and almost constant in the remaining 0.11 s. Therefore, the speed of the hydraulic cylinder was 0.54 m/s, and the response time of the hydraulic cylinder was 0.19 s when its adjustment length was 100 mm. Thus, the response time of the control system was 0.46 s. Comparing the obtained results between the tillage depths of 100 mm and of 600 mm, the transient response time of the control system belonging to the former was slightly smaller than that belonging to the latter. This might be because, in this study, the tillage depth was increased via controlling the hydraulic cylinder, shortening to lower the subsoiling shovel. At this time, the drive circuit of the left valve belonging to the magnetic exchange valve was connected, and the hydraulic oil was not impacted, whereas the tillage depth was reduced via controlling the hydraulic cylinder, elongating to lift the subsoiling shovel. At this time, the drive circuit of the right value belonging to the magnetic exchange valve was connected, and the hydraulic oil was impacted. Therefore, the transient response time of the control system was slightly different for the above two tillage depth adjustments. This was similar to the results obtained by Wang [18], that the working-pressure response characteristic of the hydraulic cylinder, which was the excitation source of the vibrating subsoiler, presented different trends with the increase and decrease of pressure. The larger the amplitude of boosting pressure was, the worse the working-pressure response characteristic of the control system was, while the differences of working-pressure response characteristics were small under any amplitude of decreasing pressure. Therefore, the control system developed in this study had good output response characteristics, by which the tillage depth was adjusted to the set range within a control period and remained almost constant, including two tillage depth limits of 100 mm and 600 mm. It was demonstrated that each subsoiling shovel was capable of obtaining the desired tillage depth in every second.




3.4. Advantages of the Control System


Changes in tillage depth of 10 points respectively selected along the second row of these two operations are shown in Figure 9; the tillage depth represented by the blue dot was obtained under the running state of the monitoring and control system, while the tillage depth represented by the red dot was obtained by only adjusting on the three-point suspension without running system. The mean value and standard deviation of tillage depth at 10 points in blue, respectively, were 290.27 and 38.31, and the mean value and standard deviation of tillage depth at 10 points in red, respectively, were 308.01 and 51.52. It was obvious that the discreteness of the tillage depth data belonging to the latter was greater than that of the former, so the tillage depth data obtained by applying the monitoring and control system developed in this study were more concentrated.



As shown in Figure 9, the tillage depth at the fifth measuring point in blue was 221.5 mm, which was less than the minimum set value of tillage depth, while the tillage depth at the sixth measuring point in blue was 317.5 mm, which was within the set range. It indicated that the monitoring and control system was capable of adjusting the tillage depth to the set range in time. The cause of the tillage depth at the fifth measuring point in blue being outside the set range was that this point was within the forward distance obtained by the product of the speed of 5 km/h and the time taken by the system before the hydraulic cylinder began to shorten from 17 s to 18 s. More specifically, the tillage depth was detected and controlled by the system in the period of 1 s; so, when the forward speed was 5 km/h, the advanced distance of the subsoiler was about 1.4 m in 1 s. Thus, the subsoiler was about 23.8 m away from the starting position when it went forward for 17 s and about 25.2 m away from the starting position when it went forward for 18 s. When the fifth measuring point in blue was 24 m away from the starting position, and it was located before the starting adjustment point of tillage depth between 23.8~25.2 m, the tillage depth of this point was outside the set range. For the subsoiling operation only adjusting on the three-point suspension without the running system, the tillage depths at the first and second measuring points in red, respectively, were 207.4 mm and 243.1 mm, which were less than the minimum set value of tillage depth. It illustrated that the tillage depth was not adjusted timely or accurately by this means. In addition, the change of tillage depth among each point was great, indicating that the stability of tillage depth was worse. Moreover, as shown in Figure 10, the partial profiles of tillage furrow selected from each of the 10 points demonstrated that the depth difference of tillage furrow belonging to the unified adjustment of each row was bigger than that belonging to the independent adjustment of a single row. Therefore, it was proven that, compared with adjustment via the three-point suspension, applying the monitoring and control system developed in this study was capable of improving the stability of tillage depth of a single subsoiling shovel and had advantages in enabling each subsoiling shovel to obtain desired tillage depth.





4. Conclusions


This study developed an electric-hydraulic control system to ensure that each subsoiling shovel was capable of acquiring desired tillage depth in every second. To improving tillage quality, the tillage depth of each row was independently detected by the ultrasonic sensor and adjusted by the hydraulic system. Meanwhile, the detected tillage depth data were displayed via the interactive touch screen and recorded on the storage in a timely manner. Evaluation experiments were conducted in the field. The conclusions were drawn as follows.



	(1)

	
Comparing the tillage depth obtained by ultrasonic sensors and measured manually in the field with straw mulching, the errors at the speeds of 3 km/h, 4 km/h, and 5 km/h, respectively, were 8.35%, 8.1%, and 8.38%, which demonstrated that the errors were acceptable and the method of applying ultrasonic sensors to detect the tillage depth was reliable and accurate.




	(2)

	
The mean value of the coefficient of the tillage depth stability at the speeds of 3 km/h, 4 km/h, and 5 km/h, respectively, were 97.5%, 97.9%, and 94.9%, which were far better than the standard requirement of a subsoiling machine, and indicated that higher stability of tillage depth was obtained by equipping with the tillage depth monitoring and control system.




	(3)

	
The tillage depth monitoring and control system had good output response characteristics. The response time of the control system was 0.46 s. No matter that the tillage depth was less than the minimum set value or greater than the maximum set value, the system was able to accurately detect the change of the tillage depth and timely adjust the tillage depth to the set range within 1 s.




	(4)

	
Compared with the unified adjustment of each row via the three-point suspension, applying the system was more advantageous to obtain the desired tillage depth and improve the stability of the tillage depth of each subsoiling shovel. The standard deviations of tillage depth obtained by the independent adjustment of a single row and unified adjustment of each row, respectively, were 38.31 and 51.52.







This study also provided a new detection and control method for improving the stability of tillage depth and obtaining the desired tillage depth of some kinds of tillage machines. Additionally, future comprehensive experiments should be conducted in fields with different soil properties for further clarifying the working performance of the monitoring and control system and improving its applicability in different areas, thus, promoting its application in agricultural production.
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Figure 1. The single subsoiling assembly equipped with the tillage depth monitoring and control system. 
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Figure 2. Block diagram of the tillage depth monitoring and control system. 
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Figure 3. The flow chart of the main program. 
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Figure 4. The method for detecting tillage depth. 
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Figure 5. Components of the subsoiler equipped with the tillage depth monitoring and control system in the field experiments. 
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Figure 6. Difference value between tillage depths obtained by sensors and measured manually at forward speeds of (a) 3.0 km/h, (b) 4.0 km/h, and (c) 5.0 km/h. 
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Figure 7. Results of tillage depth obtained by sensors at forward speeds of (a) 3.0 km/h, (b) 4.0 km/h, and (c) 5.0 km/h. 
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Figure 8. (a,b) respectively represent changes of tillage depth with time controlled by the system when the tillage depth was less than the minimum set value and more than the maximum set value within 1 s. 
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Figure 9. The tillage depth of the selected 10 points. 
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Figure 10. Partial profiles of tillage furrow selected from each of 10 points. (a,b) respectively belong to an independent adjustment of a single row and unified adjustment of each row. 
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Table 1. Comparison of different kinds of tillage depth detection and control methods.






Table 1. Comparison of different kinds of tillage depth detection and control methods.












	Type of Tillage Machine
	Sensor Type for Tillage Depth Detection
	With or without the Function of Automatically Adjusting Tillage Depth
	Mechanism for Adjusting Tillage Depth
	Adjustment Type





	Single tillage machine [41]
	Ultrasonic sensor
	Without
	/
	/



	Combined tillage machine [42]
	Multi-sensor fusion
	With
	Hydraulic cylinder
	Adjusting the tillage depth of a group of tillage components of the combined machine



	Combined tillage machine [43]
	Prescription map combined with stroke detection sensor
	With
	Hydraulic cylinder
	Adjusting the tillage depth of a group of tillage components of the combined machine



	
	H.Wark@cern.ch
	
	H.Wark@cern.ch
	



	Single tillage machine [34]
	Rotary encoder
	Without
	/
	/



	Single tillage machine [39]
	Potentiometer
	Without
	/
	/



	Single tillage machine [32]
	Potentiometer
	With
	Stepping motor
	Adjusting the tillage depth of the whole machine



	Single tillage machine [35]
	Ultrasonic sensor combined with displacement sensor
	Without
	/
	/



	Single tillage machine (this study)
	Ultrasonic sensor
	With
	Hydraulic cylinder
	Adjusting the tillage depth of each subsoiling shovel independently
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Table 2. Mean tillage depths obtained at forward speeds of 3.0, 4.0, and 5.0 km/h.
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At Forward Speed of 3 km/h

	
Errors (%)

	
At Forward Speed of 4 km/h

	
Errors

(%)

	
At Forward Speed of 5 km/h

	
Errors (%)




	
Mean Tillage Depth Obtained by Sensor (mm)

	
Mean Tillage Depth Measured Manually (mm)

	
Mean Tillage Depth Obtained by Sensor (mm)

	
Mean Tillage Depth Measured Manually (mm)

	
Mean Tillage Depth Obtained by Sensor (mm)

	
Mean Tillage Depth Measured Manually (mm)






	
First row

	
417.09

	
387.04

	
7.8

	
385.65

	
354.98

	
8.6

	
381.70

	
352.23

	
8.4




	
Second row

	
402.48

	
372.05

	
8.2

	
400.92

	
371.55

	
7.9

	
402.48

	
370.39

	
8.7




	
Third row

	
396.40

	
365.62

	
8.4

	
421.37

	
389.22

	
8.3

	
427.61

	
397.79

	
7.5




	
Fourth row

	
379.31

	
348.13

	
9.0

	
429.10

	
398.81

	
7.6

	
370.06

	
339.78

	
8.9




	
Mean

	

	

	
8.35

	

	

	
8.1

	

	

	
8.38
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Table 3. Results of the coefficient of tillage depth stability at forward speeds of 3.0, 4.0, and 5.0 km/h.
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Coefficient of Tillage Depth Stability (%)

	
5.0 km/h




	
3.0 km/h

	
4.0 km/h






	
First row

	
97.1

	
97.6

	
91.0




	
Second row

	
97.9

	
97.6

	
96.2




	
Third row

	
97.4

	
98.4

	
97.4




	
Mean

	
97.5

	
97.9

	
94. 9




	
Fourth row

	
97.7

	
91.5

	
97.4
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