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Abstract

:

In the realm of high-speed precision broadcasting, the existing seeder opener proves inadequate for the speed of the seeding operation. We focus on the duckbill opener and employ the quadratic regression orthogonal rotation combination test design method to optimize the structural parameters of the opener. Throughout the experiment, the primary performance metrics encompassed the opener’s working resistance and the side dumping distance. The selected experimental factors comprised the penetration angle, the angle of soil entry gap, the shovel body width, and the shovel length. The optimal arrangement of structural parameters has been determined: a penetration angle, a soil entry gap angle, a shovel body width of 21 mm, and a shovel length of 142 mm. These parameters contribute to increased velocity, reduced operational resistance, and minimal soil disturbance. Under this combination, the relative deviations between the recorded measurements and the theoretical outcomes for working resistance and the side dumping distance stand at 4.24% and 1.06%, respectively; these confirm the credibility of the optimization results. We performed adaptability testing and conducted a comparative analysis under various operational conditions to assess the innovative opener’s ability to reduce force, minimize soil disruption, and maintain depth stability. The findings are as follows: At a depth of 5 cm and velocities ranging from 6 km/h to 8 km/h, an average working resistance reduction of 19.73%, a 5.64% decrease in the side dumping distance, and an average depth stability of 89.5% were observed. When operated at a speed of 7 km/h with a depth ranging from 3 cm to 5 cm, an average reduction of 19.66% in operational resistance, a 2.59% decrease in the side dumping distance, and an average depth stability of 91.1% were recorded. These results illustrate the innovative opener’s capacity to significantly reduce working resistance and side dumping distance while satisfying the depth stability requisites.






Keywords:


trencher; optimization; working resistance; side dumping distance; trenching depth stability












1. Introduction


Conservation tillage technology represents a sophisticated, advanced, and mature fusion of agricultural machinery and expertise. A no-tillage planter is a pivotal tool in implementing conservation tillage, culminating in heightened field yield efficiency while enhancing aeration, transparency, and the utilization rate of organic matter. The core of conservation tillage development is to adopt no-tillage technology, which can enhance the planter’s seeding operation uniformity, diminish tractor working resistance, and carry a significant commitment to promoting related technologies. As a critical device in the seeding process, the performance of the opener directly determines the quality of the ditch it creates, subsequently having the potential to impact the outcomes of both the seeding and the growth of crops [1,2]. With the rapid progress in seeding techniques, characterized by high speed, precision, and automation, the alignment between the exceptional operational velocity of the opener and the seeding speed becomes a pivotal factor that constrains planter development.



Currently, the operational speeds of planters in China typically range from 5 km/h to 9 km/h [3]. The disc-type ditcher is commonly employed as a trenching component [4,5,6]. Although it exhibits robust adaptability and blockage resistance, challenges such as limited soil return and the potential for creating dry soil coverage exist. Additionally, increased weight is often necessary to ensure the stability of ditch depth, thereby limiting its practicality. Zhao et al. [7] discovered through their research that an increase in the diameter and angle of the double disc opener disc leads to a linear increase trend in trenching resistance. Other commonly employed openers include sliding blade openers, core share openers, and duckbill openers. The sliding blade openers [8,9,10,11] exhibit effective speed synchronization (6.28 km/h~8.28 km/h), can create V-shaped seed ditches, ensure sowing accuracy, maintain high seed bed quality, compact the seedbed, and foster favorable seed germination conditions. However, their design and manufacturing display substantial arbitrariness, resulting in inadequate soil penetration and blockage susceptibility. The core plow-type opener features a simple structure and commendable soil penetration performance, forming a neat seed furrow. However, the lateral width of the furrow is substantial, leading to increased resistance during trenching. The front end exhibits a symmetrically curved surface (employing a one-way plowing method), contributing to significant lateral soil displacement. Its appropriate speed range is constrained (3 km/h~5 km/h) and inadequate to meet the demands of sowing after speed augmentation. Cao [12] improved the core plow’s design by changing its surface from concave to convex, significantly reducing soil disturbance while promoting both seed germination and growth. Duckbill openers [13,14,15,16,17] exhibit minimal soil disturbance, facilitate easy penetration, effectively resist blockages, and demonstrate relatively low resistance. However, these openers are currently most suitable for operation at relatively low speeds (4 km/h), rendering them incompatible with sowing speeds. Consequently, a compelling demand exists to design seeder openers that combine high speed and low resistance. Research has demonstrated that openers with a narrow width and no turning angle [18,19,20,21] can significantly diminish the working resistance of the opener, decrease soil disturbance, and enhance trenching and soil returning benefits. Furthermore, these openers can maintain effective operating performance even after speed augmentation, thereby enhancing sowing speed [22,23,24,25].



After a comprehensive analysis of the structure and performance of the openers above, we select the duckbill opener for trenching and sowing operations due to its distinct advantages. However, current research on duckbill openers is predominantly centered on employing biomimetic technology to reduce drag under low-speed (1.8 km/h) conditions. Nevertheless, a conspicuous deficiency exists in the research concerning the opener’s ability to reduce drag and soil disturbance at higher speeds.



The duckbill ditcher is suitable for wheat flat crop planting patterns with a planting depth of 3 to 5 cm. It provides loose seed bed conditions for crop growth, ensuring that the soil is loose underneath and on both sides of the seed. The duckbill ditcher mainly comprises a shovel body and handle, as shown in Figure 1. The shovel handle is a hollow rectangular tube, matching the width of the shovel body while additionally functioning as a guide for seeds and fertilizers. The shovel body constitutes a crucial opener component, inserting, cutting through the soil, and creating the seed trench. Its construction primarily encompasses the shovel blade, the upper and lower surfaces of the shovel body, and the two cheek surfaces.



This study focuses on a duckbill ditcher as the subject and employs a quadratic orthogonal regression rotation combination test at an operating speed range of 6 to 8 km/h. The leading performance indicators encompass the working resistance and the side dumping distance of the ditcher. Experimental factors encompass the ditcher’s penetration angle, clearance angle, shovel body width, and shovel length. The structural parameters of the ditcher are then optimized, and the performance in terms of resistance reduction, soil disturbance, and depth stability of the new ditcher is validated.




2. Analysis of the Speed Increase Performance of the Trencher


2.1. Test Platform


We experimented with the Intelligent Soil Machine Plant System Laboratory of China Agricultural University, as shown in Figure 2, to optimize the structural parameters of the opener. The experimental equipment mainly involved a soil tank (specification: 46 m × 2.0 m × 1 m, with a soil depth of 0.6 m), a TC2.0-45 test bench, a traction part (capable of infinitely variable speed within the range of 0–10 km/h), a power output shaft, a six-component suspension part, a hydraulic suspension part, and an electronic control system. The tested unit interfaced with the trolley using a six-component gantry, with sensors recording the opener’s three-dimensional force and torque during operation. The hydraulic suspension component provided three operational modes—raised, lowered, and floating—thereby facilitating depth adjustment.



During the assessment of the opener’s operational resistance, a reduction in trolley stability was noted with the escalation of operating speed while employing a single suspension system (the sensor and door panel in the gantry are actively connected). However, an increase in opener suspensions demonstrated that the simultaneous suspension of three openers yielded positive testing outcomes (Figure 2). To enhance measurement precision, optimizing the opener’s structural parameters incorporated the simultaneous suspension of three openers, each featuring identical structural specifications.




2.2. Preparation of Soil Conditions


Soil moisture and compactness relate to the adhesion properties of soil and ploughing components as well as the soil’s anti-destructive strength. These factors are crucial in determining the working resistance of the furrow opener, making it necessary to maintain consistent environmental conditions, including soil compactness, during sub-testing.



We employed a rotary tiller to treat the soil one day before the experiment, simulating actual operating conditions and enhancing the comparability of results. Subsequently, a trolley-mounted watering device was utilized to sprinkle water evenly and moisten the soil. Finally, the soil underwent compaction using a roller to guarantee uniformity in soil moisture content and compactness.



At the start of the experiment, ten distinct sites were selected in the soil trench, evenly spaced along the working direction and measured several times with the American SPECTRUM TDR300 portable soil moisture tester (10.5 cm × 7 cm × 1.8 cm, with four different lengths of measuring probes, 3.8 cm, 7.5 cm, 12 cm, and 20 cm, with ±3.0% accuracy) and SPECTRUM SC900 soil firmness meter (measurement range 0~7000 kPa, accuracy ±103 kPa) to assess moisture content and soil firmness. The results of the soil condition measurements are shown in Table 1. When the soil’s moisture content and firmness conditions were in concurrence, the trench test commenced.



As indicated by the table, there was no significant difference of more than 5% between the soil moisture content and compactness values, suggesting that the experiment was conducted with consistency and agreement. Therefore, it can be concluded that the soil moisture content and compactness were suitable for conducting the experiment.




2.3. Test Indicators


	(1)

	
Working resistance







The operational resistance of the opener is correlated with the power consumption and influences the power consumption of the traction component. Therefore, the operational resistance of the opener serves as a crucial parameter that indicates the performance of the opener.



	(2)

	
Side dumping distance







Soil disturbance is correlated with the amount of soil after employing the trenching device, which impacts the thickness of soil cover for crop seeds, subsequently influencing the seed germination rate. Thus, soil disturbance is essential as an indicator of ditch quality.



The side dumping distance indicates the span between the dispersed soil on either side of the seed ditch and the center of the seed ditch during the trenching phase of the opener. As shown in Figure 3. The opener can be simplified as a dual-sided wedge structure. The trenching process spreads soil in a fan-shaped pattern ahead of the shovel body. Consequently, the side dumping distance denotes the magnitude of soil disturbance caused by the opener during trenching.




2.4. Analysis of the Speed Increase Performance of the Trencher


The initial structural parameters of the opener consist of a penetration angle of 30°, a soil entry gap angle of 6°, a width of 30 mm, and a length of 180 mm. We undertook a comparative analysis concerning the operational resistance and lateral soil scattering distance across varying operating speeds to evaluate the performance of the original opener under increased speed. These evaluations were conducted at a depth of 5 cm.



We illustrate the change in operational resistance of the opener concerning speed. Then, employ quadratic polynomial nonlinear fitting, obtaining a fitting coefficient that reaches 0.97856. The functional relationship between them is obtained as follows:


  y = − 119.02285 + 119.51028 x − 1.28683  x 2   



(1)







The data presented in Figure 4 indicate a pronounced nonlinear upsurge in resistance as the working speed escalates, occurring within a working speed range of 5 km/h to 9 km/h.



Table 2 shows the comparison between the opener’s resistance and soil disturbance before and after the speed increase. The data reveal that elevating the operational speed significantly increases both opener resistance and soil disturbance. This amplifies the traction mechanism’s power consumption, diminishes soil backflow during trenching, and ultimately leads to suboptimal performance and inadequate speed synchronization of the opener. Thus, optimizing opener parameters becomes a critical necessity to enhance operational efficiency.





3. Optimization Experimental Design of Trencher Parameters


3.1. Test Factor Level


During the experiment (with a depth of 5 cm and a speed of 7 km/h), it was observed that the penetration angle, the soil entry gap angle, shovel body width, and shovel length of the opener exhibit close correlations with the working resistance and the side dumping distance. The amount of the penetration angle influences the depth of soil penetration and the upward movement of soil along the upper surface of the shovel. The angle of the soil entry gap is linked to the support and reaction forces generated by the soil at the ditch bottom on the trencher, impacting soil reflux. The dimensions of the shovel’s width and length determine the contact area between the soil and the opener, consequently affecting soil flow behavior and the influence of the trenching region on the shovel handle. Consequently, considering all factors, the following were selected: the horizontal range of the penetration angle, 30°~50°; the horizontal range of the angle of soil entry gap, 3°~9°; the horizontal range of the shovel body length, 135 mm~165 mm; the horizontal range of the shovel body width, 20 mm~30 mm. See Figure 5.




3.2. Quadratic Regression Orthogonal Rotation Combination Experiment


With the condition of 5 cm depth and 7 km/h speed, employing the working resistance and the side dumping distance as the indicators, utilizing quadratic regression orthogonal rotation combination test method, optimizing the parameters group of the soil penetration angle, soil entry gap angle, shovel body width, and shovel length of the opener, and the levels of factors are indicated in Table 3.





4. Parameter Optimization Test Results and Analysis


4.1. Regressive Analysis


We designed the experiment following the quadratic regression orthogonal rotating combination test criteria. The experimental design layout and results are shown in Table 4.



4.1.1. Regression Equation


By performing multiple regression fitting on the experimental results, the regression equation for encoding work resistance of each factor can be obtained as follows:


    Y 1  = 661.7475 − 31.9664  X 1  − 1.2838  X 2  + 15.8574  X 3  +    57.3179  X 4  + 26.5209  X 1    2  + 16.1441  X 2    2  + 11.9898  X 3    2  +    18.3715  X 4    2  − 1.6  X 1   X 2  + 0.725  X 1   X 3  + 0.725  X 1   X 4    



(2)






    Y 2  = 385.9164 + 4.6330  X 1  + 0.0965  X 2  − 0.2430  X 3  +    5.1256  X 4  − 0.1322  X 1    2  − 0.2265  X 2    2  − 0.3089  X 3    2  +    2.3427  X 4    2  + 0.8750  X 1   X 2  + 0.3750  X 1   X 3  + 1.6250  X 1   X 4    



(3)







Here, X1, X2, X3, and X4 are the penetration angle, soil entry gap angle, shovel body width, and shovel length, respectively.




4.1.2. Regression Model Analysis of Variance


The results of the variance analysis for the regression equation are shown in Table 5, and    F  12   = 21.82  ,    F  22   = 5.66   (both values are more significant than    F  0.05    (  10 , 11  )  = 2.85  ), indicating that each factor significantly influences the indicators, establishing a distinct relationship with working resistance. We observe that any poorly fitting items are not remarkable, because    F  11   = 1.00  ,    F  21   = 0.82   (both values are less than    F  0.05    (  5 , 6  )  = 4.39  ). This phenomenon illustrates the efficacy of the established equation, rendering it suitable for indicator analysis.





4.2. Analysis of the Primary and Secondary Impacts of Various Factors


We analyze the regression model again after removing insignificant elements from the equation. The resulting regression equation of working resistance encoded by the factors is as follows:


    Y 1  = 661.7475 − 31.9664  X 1  + 15.8574  X 3  + 57.3179  X 4  +    26.5209  X 1    2  + 16.1441  X 2    2  + 11.9898  X 3    2  + 18.3715  X 4    2    



(4)






   Y 2  = 385.9164 + 4.6330  X 1  + 5.1256  X 4  + 2.3427  X 4    2   



(5)







Here, X1, X2, X3, and X4 have the same meanings as those in Formulas (2) and (3).



4.2.1. Intuitive Analysis


After encoding processing, each structural parameter has interval consistency, which can analyze the disturbance results of each parameter on the index under the same conditions.



In the regression model concerning work resistance, the order of the influence for the primary term is X4 > X1 > X3 > X2, while for the secondary term, it follows: X1 > X4 > X2 > X3. In the case of the regression model concerning side dumping distance, the order of influence for the primary term is X4 > X1 > X3 > X2, and for the secondary term, it is X4 > X2 > X3 > X1. However, the primary and secondary terms do not influence the indicators in a consistent order, and the monotonicity of the factors is not uniform within the coding intervals, so direct execution of the cumulative effects analysis is not feasible.



The variance analysis outcomes for working resistance and lateral soil throwing distance reveals the absence of interactions among the different factors. As shown in Figure 6. When the remaining factors are held constant at zero level, the disturbance curve for each structural parameter’s effect on the index can be derived. The curve’s slope signifies the extent of the impact that factor adjustments induce on the indicator. A steeper slope indicates a more pronounced influence, while a gentler slope signifies a less significant effect.



Fix other factors at the zero level and obtain the disturbance curve equation of the angle of penetration on the index as follows:


   Y 11  = 661.75047 − 31.96392  X 1  + 26.51415  X 1    2   



(6)






   Y 21  = 385.9162 + 4.63257  X 1   



(7)







The disturbance curve equations of shovel body width on indicators are as follows:


   Y  14   = 661.74938 + 57.31325  X 4  + 18.36691  X 4    2   



(8)






   Y  24   = 385.9167 + 5.12528  X 4  + 2.34217  X 4    2   



(9)







The curvature of curve    Y  11     at the soil penetration angle coding level of 0.6 is zero, indicating minimal impact on the indicator around this point. The curvature of the curve    Y  14     at encoding level −1.56 is zero, and the curvature of curve    Y  24     at encoding level −1.13 is zero. Consequently, the disturbance caused by the shovel body width adjustment on the index remains relatively limited at these junctures.



Similarly, the disturbance curves for the shovel length and the angle of the soil entry gap can be obtained, facilitating an analysis of the index disturbance caused by the slope analysis factors.



As shown in Figure 6, our observations reveal that, for the angle of penetration values below the 0.6 horizontal, the resistance response exhibits a negative correlation with the angle of penetration, indicating a substantial disturbance on the indicator. Conversely, when the angle of penetration surpasses 0.6, the resistance response displays a positive correlation with a relatively minor disturbance. The angle of penetration demonstrates linear variation to the side dumping distance—greater angles correspond to increased side dumping distances. Shovel body width positively correlates with resistance response, with disturbance amplifying as the coding level rises. Soil disturbance response varying correlation relationship with shovel body width (confined within −1.13 levels). In contrast, the shovel body length and soil entry gap angle into the soil minimally disturbs the side dumping distance. Simultaneously, the working resistance exhibits a positive correlation with the shovel body length, whereas the angle of soil entry gap into the soil reveals both negative and positive correlations (restricted by the 0.1 level). The disturbance alteration remains comparatively slight. Despite the minimal disruption to indicators near coding levels of 0.6, −1.56, and −1.13, the penetration angle and shovel body width emerge as prominent disturbance sources across the entire coding level spectrum. The primary and secondary influence orders of these factors on indicators cannot be conclusively determined.




4.2.2. Main Effect Analysis


Considering the multiple nonlinear characteristics of the regression model, we employ the contribution rate to ascertain the relative importance of each factor, assessing the significance of different trencher parameters on working resistance. The results are shown in Table 6.



The data in Table 6 reveal a consistent influence of each factor on the two indicators, following the sequence: shovel body width, penetration angle, shovel length, and the angle of soil entry gap. Consequently, the effect of shovel body width on the index outweighs penetration angle, thereby establishing a foundation for optimizing trencher parameters.





4.3. Analysis of Factors Influencing Effects


4.3.1. Analysis of the Effect of Parameters on Resistance


We select three significant factors in the order of influence based on the regression model obtained above. Subsequently, a four-dimensional slice chart is employed to depict these factors’ effects on work resistance visually. Figure 7 illustrates the impact of penetration angle, shovel body width, and shovel length on the working resistance. The horizontal value aligned with the darker blue region represents the configuration of trencher structural parameters during the diminished working resistance.



Figure 7 reveals a consistent trend in the influence of the three factors on working resistance: as the penetration angle approaches the horizontal coding range of 0–1 significantly, the width and length of the shovel body decrease, leading to a reduction in working resistance. This can be attributed to reduced shovel body length, decreasing contact area between the ditch opener’s cheek surface and the soil, diminishing the friction and adhesion forces, and decreasing working resistance. A decrease in shovel body width diminishes the cutting resistance of the blade, shrinks the ditch’s area, amplifies the soil-building capability of the opener, reduces soil accumulation ahead of the shovel body, enhances soil fluidity, and reduces working resistance. With an increase in penetration angle, the upward movement of soil along the upper surface of the shovel body moderates, leading to reduced resistance. However, with a further increase in the angle, the initial cutting damage inflicted by the shovel body to the soil transforms into compression damage by the upper front surface of the shovel body. This transformation results in heightened resistance. Simultaneously, the impact of the soil on the shovel body increases, leading to an increase in working resistance.




4.3.2. Analysis of the Effect of Parameters on the Distance of Lateral Soil Throwing


Figure 8 illustrates the impact of the penetration angle and the shovel body width on the side dumping distance. The graph depicts a comprehensive trend regarding the influence of diverse parameters on the indicators: an escalation in the angle of penetration leads to an increase in lateral soil throwing distance. With an increase in the width of the shovel body, the side dumping distance undergoes a notable acceleration following a brief initial decrease. This phenomenon can be attributed to the diminishing cutting impact of the shovel blade as the penetration angle increases, causing a shift in soil damage from cutting failure to compression failure. This transformation intensifies the shovel’s impact on the soil and augments the side dumping distance. In the initial stage of widening the shovel’s body width, its effect on the side dumping distance remains relatively modest. Nevertheless, with further widening, the accumulation of soil in front of the shovel body escalates, leading to heightened soil expulsion after impact and subsequent augmentation of the side dumping distance.





4.4. Optimization of Structural Parameters of Ditch Opener


4.4.1. Parameter Optimization Analysis


In the context of sowing operations, it is imperative for the trencher to exhibit both low working resistance and minimal soil disturbance, ensuring an adequate volume of soil is restored during trenching. Consequently, we employ a comprehensive evaluation approach, overlaying the regression model of working resistance and side dumping distance based on a balanced weight ratio of 0.5:0.5 to derive the functional association between the comprehensive evaluation value and diverse structural parameters, as shown in Equation (10).


   Y = 0.242 + 0.0172  X 1  + 0.0150  X 3  + 0.1232  X 4  + 0.0283  X 1    2  +    0.0099  X 3    2  + 0.0475  X 4    2  + 0.0051  X 1   X 3  + 0.0194  X 1   X 4    



(10)







Setting the angle of penetration and the angle of soil to zero degrees horizontally yields response surfaces for each parameter with respect to the evaluation value, as shown in Figure 9.




4.4.2. Parameter Optimization Results


By adopting the minimum comprehensive evaluation value as the optimization objective, the response surface of the comprehensive evaluation value in Figure 9 is analyzed. We execute the conversion from the coding value to the actual value based on the correspondence between the coding value and the actual value during experimental design, refer to Equation (11). As shown in Table 7. It is feasible to obtain the optimal coding range and corresponding actual range for the trencher’s entry angle, shovel length, and shovel body width.


   X S  =    X B  ⋅  (   X  jr   −  X   - jr     )  + γ ⋅  (   X  jr   +  X   - jr     )    2 γ    



(11)




where    X S    is the actual value,    X B    is the encoded value,  γ  is the asterisk arm length, Xjr is the actual value of the factor upper limit, and    X   - jr      is the actual value of the factor lower limit.



The above comprehensive evaluation model was optimized and analyzed. The optimization constraints were minY1 (X1, X2, X3, X4), minY2 (X1, X2, X3, X4), and the variable interval was −1.682 X1 1.682, −1.682 X2 1.682, −1.682 X3 1.682, −1.682 X4 1.682. The optimal structural parameter combination of the trencher shovel body was obtained through optimization, as shown in Table 8.



It is found from the table that the optimum values for shovel length and width fall within the horizontal coding range of each parameter linked to the least working resistance, which demonstrates strong consistency. Conversely, the optimal penetration angle does not match the obtained optimal range. To avoid excessive pursuit of the target optimum caused by the parameter value deviation from the actual, we fully consider the realistic factors and chose the penetration angle of 40° within the parameter’s optimal range, conducting multiple tests under identical conditions. The outcomes were compared with the test results attained under the optimal combination conditions, revealing relative errors of 3.67% and 1.2% for working resistance and side dumping distance, respectively, showcasing minimal disparity. Consequently, this study regards the optimal combination as the conclusive outcome in optimizing the trencher’s structural parameters.



Under the optimal combination conditions, the theoretically optimized result for the regression model on the working resistance of the ditch opener is 613.42 N, while the corresponding theoretical optimization result for the regression model regarding the lateral soil throwing distance stands at 389.12 mm.





4.5. Parameter Validation


As shown in Table 8, the parameter optimization test plan does not present the optimal parameter combination achieved through optimization. To verify the reliability of the response model and the derived optimal combination plan, the optimal parameter configuration obtained above (rounded to facilitate actual processing) is employed: penetration angle of 45°, soil entry gap angle of 6°, shovel body width of 21 mm, and shovel length of 142 mm. We executed three repeated tests and adopted the average outcome of these trials as the final test value. The experimental outcomes yielded a working resistance of 587.74 N and a side dumping distance of 385 mm. The relative deviations from the theoretical results of the regression model stood at 4.24% and 1.06%, respectively. This affirms the credibility of the derived theoretical regression model and the dependability of the optimal combination acquired through parameter optimization.





5. Performance Analysis of New Trencher


We conducted trenching experiments at various operating speeds and depths to assess the adaptability of the optimized new trenching device across diverse operational settings, facilitating the comprehensive comparison and analysis of the new trenching device’s drag reduction performance, soil disturbance impact, and trenching depth stability.



5.1. Analysis of Drag Reduction Performance of Trencher


The working resistance of the trencher, soil disturbance, and stability of the trenching depth are essential factors that affect the traction device’s power consumption and the trenching’s quality. Consequently, to authenticate the operational efficiency of the optimized trencher, trenching experiments were systematically executed across various operating speeds (6 km/h, 7 km/h, 8 km/h) and depths (3 cm, 4 cm, 5 cm). This comprehensive approach facilitated the evaluation and analysis of the trencher’s drag reduction capabilities, the impact of soil disturbance, and the stability performance.



5.1.1. Analysis of Drag Reduction Performance under Different Operating Speeds


At a depth of 5 cm and operating speeds of 6 km/h, 7 km/h, and 8 km/h, experiments were conducted on the original trencher and the optimized new trencher. Through a data collection and transmission system, the working resistance results of the two sets of trenchers at different operating speeds were obtained, as shown in Figure 10.



As shown in Figure 10. Experiments were conducted at a depth of 5 cm and operating speeds of 6 km/h, 7 km/h, and 8 km/h using both the original trencher and the optimized new trencher. The working resistance outcomes of the two sets of trenchers under diverse operating speeds were obtained through a data collection and transmission system.



When operating at 6 km/h, 7 km/h, and 8 km/h, the resistance of the new trencher decreased by 19.86%, 19.58%, and 19.76% compared to the original trencher. This finding suggests that the new trencher’s proficiency can significantly reduce working resistance compared to the original. A decrease in operating speed from 7 km/h to 6 km/h reduced working resistance by 14.05% and 13.72% for the new and original trenchers, respectively. Conversely, increasing the operating speed from 7 km/h to 8 km/h led to an elevation of the working resistance for the optimized trencher and the original trencher by 11.42% and 11.67%, respectively. This phenomenon can be attributed to the increased (decreased) operating speed, leading to a quicker (slower) loading velocity of the cutting force as the trencher interacts with the soil. As a result, there is a rapid increase (decrease) in load. Simultaneously, the increase (decrease) operating speed corresponds to an increase (decrease) in soil strength. Consequently, this leads to an increase (decrease) in the trencher’s working resistance. This observation underscores the commendable capacity of the new ditch opener in terms of drag reduction performance, particularly concerning operating speed.




5.1.2. Analysis of Drag Reduction Performance under Different Operating Depths


As shown in Figure 11, we conducted trenching tests with two sets of trenchers at a working speed of 7 km/h and depths of 3 cm, 4 cm, and 5 cm, acquiring the working resistance outcomes of the trenchers at varying depths.



Under operating depths of 3 cm, 4 cm, and 5 cm, the new trencher demonstrated reductions in resistance of 20.24%, 19.29%, and 19.44%, respectively, compared to the original trencher. The new trencher experienced a relative reduction in working resistance by 25.72% and 7.94% as the operating depth decreased from 5 cm to 4 cm and 3 cm, respectively. In comparison, the original trencher displayed a relative reduction in working resistance by 24.61% and 7.77% under the same conditions. While the sensitivity of working resistance to operating depth remains relatively insignificant for the identical trencher type, the new trencher distinctly manages to reduce working resistance at equivalent depths when compared to the original trencher. This phenomenon can be attributed to multiple factors. The original trencher’s more considerable length and width primarily resulted in increased soil cutting and a larger trencher–soil contact area, consequently escalating resistance during trenching. However, the new trencher features an augmented soil penetration angle compared to the original. As the operating depth increases, the degree of shovel body sinking (or completely sinking) diminishes, weakening the soil’s upward movement along the shovel body’s upper surface. Additionally, the narrower width of the shovel body enhances the trencher’s soil-building capacity, leading to a reduction in working resistance.





5.2. Analysis of Soil Disturbance of Trencher


5.2.1. Analysis of Soil Disturbance at Different Operating Speeds


Different operating speeds have a certain impact on the distance of lateral soil throwing, as shown in Figure 12.



At operating speeds of 6 km/h, 7 km/h, and 8 km/h, the new trencher reduces side dumping distance by 5.4%, 5.64%, and 5.87%, respectively, compared to the original trencher. Elevating the operating speed from 6 km/h to 7 km/h augments the side dumping distance by 4.62% and 4.88% for the new and original trenchers, respectively. Similarly, when the operating speed increases from 7 km/h to 8 km/h, the gap between the two side dumpings expands by 4.16% and 4.41%, respectively. Multiple factors can illustrate this phenomenon. Firstly, the increased operating speed intensifies the shovel’s impact on the soil, expanding the fan-shaped area and augmenting the side dumping distance. Additionally, the new trencher boasts a narrower width than the original trencher and has an increased penetration angle, promoting soil fluidity and mitigating soil blockage in front of the shovel body. Therefore, there is a relative decrease in the volume of impacted soil, reducing lateral soil throwing distance and mitigating soil disturbance.




5.2.2. Analysis of Soil Disturbance at Different Operating Depths


Different operating depths have a certain impact on the distance of lateral soil throwing. See Figure 13.



At operating speeds of 6 km/h, 7 km/h, and 8 km/h, the new trencher achieves reductions in the side dumping distances of 2.62%, 2.72%, and 2.43%, respectively, compared to the original trencher. Increasing the operating speed from 6 km/h to 7 km/h results in a 4.58% increase in the side dumping distance for the new trencher and a 4.72% increase for the original trencher. Similarly, the gap between the two side dumpings widens by 3.35% and 3.51%, respectively, as the operating speed escalates from 7 km/h to 8 km/h. Two primary factors can explain the observed phenomenon. Firstly, with the augmentation in trenching depth, the soil disturbance area expands horizontally and vertically, resulting in an amplified momentum of soil disturbance. Therefore, the impact of the shovel body triggers a wider fan-shaped spreading area, ultimately increasing lateral soil throwing distance. Secondly, the trencher’s optimized parameters, characterized by a narrower width than the original and increased soil entry angles, foster enhanced soil fluidity. In conjunction with the reduced soil rising along the upper surface of the shovel body and alleviating soil blockage in the front of the shovel body, this results in a relatively decreased volume of impacted soil. Consequently, this reduces lateral soil throwing distance and minimizes soil disturbance.





5.3. Stability Analysis of Trenching Depth


The stability coefficient of trench depth indicates the uniformity of trench depth, which affects the accuracy of seed placement during crop sowing and subsequently influences the growth and development of crops. Therefore, the stability coefficient of trench depth serves as a crucial parameter that highlights the trench opener’s efficacy and influences sowing quality. We remove the floating soil in the trench, select 10 measurement points at equal intervals along the working direction to measure the trench depth, and calculate the stability of the trench depth at the end of the experiment; refer to Equation (12). The stability of trench depth is shown in Table 9.


  U = 1 −         ∑   i = 1  n     (   h i  −  h _   )   2    n − 1       h _    



(12)




where  U  is the stability of trench depth,   h _   is the mean value of trench depth,    h i    is the trench depth value for the ‘i’ measurement point, and  n  is the measurement point.



As shown in Table 9. The stability coefficient of trench depth diminishes with the increase in operating speed and depth across varying operating conditions. Notably, the stability coefficient of trench depth decreases significantly with heightened operating speed, indicating that changes in operating speed wield a substantial influence over trench depth. Under the same conditions, the stability coefficient of trench depth demonstrates minimal variance. This effect can be attributed to the narrower width of the new trench opener’s shovel body, which reduces soil cutting. Consequently, this diminishes the volume of failed soil blocks when subjected to stress wave effects. Such alterations influence the soil failure state within the stress concentration impact zone, thereby enhancing the overall stability of trench depth.





6. Conclusions


	(1)

	
Through conducting a thorough examination of the trencher’s operational performance after a speed increment, a nonlinear escalation in working resistance became evident as the operating speed increased, notably within the range of 5 km/h to 9 km/h. Simultaneously, the heightened speed induced an expansion in the side dumping distance, consequently augmenting power consumption within the traction mechanism, diminishing the amount of soil replenished by the trencher, and resulting in poor matching between the trencher performance and speed.




	(2)

	
Employing the quadratic regression orthogonal rotation combination test method, the optimal structural parameter combination for achieving low working resistance after the speed increase was determined using working resistance and side dumping distance as indicators. The resulting configuration comprised a soil penetration angle of 45°, soil entry gap angle of 6°, shovel body width of 21 mm, and shovel body length of 142 mm.




	(3)

	
An assessment of the trencher’s drag reduction efficacy and soil disturbance across diverse operating speeds and depths revealed substantial reductions in working resistance and side dumping distance by the new trencher. Under different operating speeds, the drag reduction rate reached 19.86%, with a 5.87% relative reduction in the side dumping distance. Similarly, under distinct operating depths, the resistance reduction rate achieved 20.24%, coupled with a 2.72% decrease in the side dumping distance.




	(4)

	
Examination of trench depth stability across various operating speeds and depths revealed that the change in the stability coefficient of trench depth is minor under the same conditions. Conversely, the stability coefficient of trench depth experiences a more pronounced decrease with heightened operating speeds across differing conditions, indicating the substantial influence of operating speed changes on trenching depth.







This study is still in the basic research stage, and the results of the study still have certain deficiencies:



	(1)

	
When the operating speed is large, the soil disturbance is aggravated, and the side throwing distance is too large, which will affect the actual sowing effect. Therefore, it is necessary to continue to explore the problem of soil disturbance, and further optimize the structure of the opener to weaken the effect of soil disturbance on the basis of structural optimization.




	(2)

	
Further research is needed on the physical characteristics of the seed bed created by the furrow opener, including soil water content, compactness, and crop growth characteristics at different periods of soil conditions.
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Figure 1. Structure diagram of the opener. 
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Figure 2. Soil bin test. 
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Figure 3. The diagram of lateral spill throwing distance. 
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Figure 4. The operation performance of the opener. 
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Figure 5. Opener structure parameters. 






Figure 5. Opener structure parameters.



[image: Actuators 13 00016 g005]







[image: Actuators 13 00016 g006] 





Figure 6. Perturbation graphs of structure parameters; (a) working resistance disturbance diagram; (b) disturbance diagram of side dumping distance. 
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Figure 7. The effect of test factors on working resistance. 
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Figure 8. The effect of test factors on side dumping distance. 
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Figure 9. Response surface of evaluation value. (a) Response surface of soil entry angle and shovel length; (b) response surface of soil entry angle and shovel body width; (c) response surface of shovel length and shovel body width. 
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Figure 10. The results of different operating speed on working resistance. 
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Figure 11. The results of different operating depth on working resistance. 
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Figure 12. Lateral soil throw under different working speeds. 
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Figure 13. Lateral soil throw under different working depths. 






Figure 13. Lateral soil throw under different working depths.



[image: Actuators 13 00016 g013]







 





Table 1. The result of soil moisture content and compaction.






Table 1. The result of soil moisture content and compaction.





	
Categories

	
Soil Moisture Content/%

	
Soil Compaction/Kpa






	
Measurement depth/cm

	
3.8

	
7.6

	
12

	
20

	
2.5

	
5

	
7.5

	
10




	
Measurement

Serial number

	
1

	
12.6

	
16.3

	
20.8

	
24.9

	
102

	
151

	
172

	
241




	
2

	
13.5

	
16.6

	
21.3

	
25.5

	
103

	
165

	
193

	
237




	
3

	
12.3

	
16.5

	
20.9

	
25.4

	
103

	
220

	
186

	
237




	
4

	
12.7

	
15.9

	
20.3

	
24.7

	
104

	
151

	
177

	
241




	
5

	
13.9

	
17

	
20.6

	
25.6

	
107

	
137

	
181

	
267




	
6

	
13

	
16.9

	
21.1

	
24.8

	
101

	
141

	
193

	
254




	
7

	
13.3

	
16.5

	
20.9

	
24.8

	
105

	
175

	
185

	
270




	
8

	
12.9

	
16.4

	
20.6

	
25.4

	
104

	
179

	
190

	
272




	
9

	
13.1

	
16.7

	
21.2

	
24.6

	
109

	
148

	
187

	
231




	
10

	
13.8

	
16.1

	
20.7

	
24.9

	
103

	
165

	
179

	
257




	
Standard deviation

	
0.52

	
0.34

	
0.31

	
0.37

	
2.38

	
11.63

	
6.98

	
15.25




	
Coefficient of variation/%

	
3.96

	
2.05

	
1.47

	
1.48

	
2.28

	
7.52

	
3.79

	
0.68











 





Table 2. Opener performance comparison.
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	Index
	3 km/h
	4 km/h
	5 km/h
	6 km/h
	7 km/h
	8 km/h





	Working resistance/N
	286.9
	315.4
	391.3
	615.5
	713.4
	796.7



	Side dumping distance/mm
	323
	340
	356
	389
	408
	426










 





Table 3. Coding of factors and levels.
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	Level
	Angle of Penetration

X1/°
	Angle of Soil Entry Gap X2/°
	Shovel Length

XX3/mm
	Shovel Body Width X4/mm





	+1.682
	50
	9
	165
	30



	+1
	45
	7.5
	157.5
	27.5



	0
	40
	6
	150
	25



	−1
	35
	4.5
	142.5
	22.5



	−1.682
	30
	3
	135
	20










 





Table 4. Experimental design layout and results.
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	Number
	Angle of Penetration X1/°
	Angle of Soil Entry Gap X2/°
	Shovel Length X3/mm
	Shovel Body Width X4/mm
	Working Resistance Y1/N
	Side Dumping Distance Y2/mm





	1
	1
	1
	1
	1
	782.8
	397



	2
	1
	1
	−1
	−1
	621.3
	386



	3
	1
	−1
	1
	−1
	673.5
	383



	4
	1
	−1
	−1
	1
	751.4
	395



	5
	−1
	1
	1
	−1
	727.3
	378



	6
	−1
	1
	−1
	1
	811
	385



	7
	−1
	−1
	1
	1
	853.9
	384



	8
	−1
	−1
	−1
	−1
	692.4
	381



	9
	−1.682
	0
	0
	0
	784.3
	378



	10
	1.682
	0
	0
	0
	676.7
	396



	11
	0
	−1.682
	0
	0
	697.8
	386



	12
	0
	1.682
	0
	0
	704.5
	385



	13
	0
	0
	−1.682
	0
	673
	386



	14
	0
	0
	1.682
	0
	705.8
	387



	15
	0
	0
	0
	−1.682
	618.8
	383



	16
	0
	0
	0
	1.682
	796.1
	405



	17
	0
	0
	0
	0
	668.4
	387



	18
	0
	0
	0
	0
	660.8
	379



	19
	0
	0
	0
	0
	631.2
	390



	20
	0
	0
	0
	0
	661.9
	384



	21
	0
	0
	0
	0
	690.3
	383



	22
	0
	0
	0
	0
	679.1
	387



	23
	0
	0
	0
	0
	655.2
	388










 





Table 5. Variance analysis of regression equation.
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Index

	
Sources of Variation

	
Sum of Squares

	
Freedom

	
Mean Square

	
F Value

	
p Value






	
working resistance

	
    X 1    

	
10,149.3

	
1

	
10,149.3

	
34.08

	
<0.01 **




	
X2

	
16.37

	
1

	
16.37

	
0.06

	
0.819




	
X3

	
2497.55

	
1

	
2497.55

	
8.39

	
0.015 *




	
X4

	
32,630.83

	
1

	
32,630.83

	
109.56

	
<0.01 **




	
    X 1 2    

	
8127.52

	
1

	
8127.52

	
27.29

	
<0.01 **




	
    X 2 2    

	
4037.66

	
1

	
4037.66

	
10.11

	
<0.01 **




	
    X 3 2    

	
3011.68

	
1

	
3011.68

	
5.58

	
0.037 *




	
    X 4 2    

	
1661.15

	
1

	
1661.15

	
13.09

	
<0.01 **




	
X1X2

	
14.89

	
1

	
14.89

	
0.05

	
0.827




	
X1X3

	
3.06

	
1

	
3.06

	
0.01

	
0.921




	
X1X4

	
3.06

	
1

	
3.06

	
0.01

	
0.921




	
Regression

	
84,850.35

	
11

	
7713.67

	
F12 = 25.8980

	




	
Residue

	
3276.32

	
11

	
297.85

	

	




	
Misfitting term

	
1169.51

	
5

	
233.90

	
F11 = 0.6661

	




	
Error

	
2106.82

	
6

	
351.14

	

	




	
Sum

	
88,126.68

	
22

	

	

	




	
Side dumping distance

	
X1

	
213.1933

	
1

	
213.1933

	
17.0548

	
<0.01 **




	
X2

	
0.0925

	
1

	
0.0925

	
0.0074

	
0.9330




	
X3

	
0.5863

	
1

	
0.5863

	
0.0469

	
0.8325




	
X4

	
260.9371

	
1

	
260.9371

	
20.8741

	
<0.01 **




	
    X 1 2    

	
0.2018

	
1

	
0.2018

	
0.0161

	
0.9012




	
    X 2 2    

	
5.0716

	
1

	
5.0716

	
0.4057

	
0.5372




	
    X 3 2    

	
1.1029

	
1

	
1.1029

	
0.0882

	
0.7720




	
    X 4 2    

	
63.4192

	
1

	
63.4192

	
5.0733

	
0.046 *




	
X1X2

	
4.4545

	
1

	
4.4545

	
0.3563

	
0.5626




	
X1X3

	
0.8182

	
1

	
0.8182

	
0.0655

	
0.8028




	
X1X4

	
15.3636

	
1

	
15.3636

	
1.2290

	
0.2912




	
Regression

	
777.7118

	
11

	
70.7011

	
F22 = 5.6559

	




	

	
Residue

	
137.5056

	
11

	
12.5005

	

	




	
Misfitting term

	
55.7913

	
5

	
11.1583

	
F21 = 0.8193

	




	
Error

	
81.7143

	
6

	
13.6190

	

	




	
Sum

	
915.2174

	
22

	

	

	








‘’*’’represents the 5% significance level, ‘‘**’’ represents the 1% significance level.













 





Table 6. Importance of factors effecting the test indexes.
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	Factor
	Angle of Penetration/°
	Angle of Soil Entry Gap/°
	Shovel Body Width/mm
	Shovel Length/mm





	Working resistance
	2.3132
	1.3426
	2.3334
	2.2233



	Side dumping distance
	0.9414
	0
	0.9521
	0.1863










 





Table 7. Opener structure parameters superior range.
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	Factor
	Angle of Penetration/°
	Shovel Length/mm
	Shovel Body Width/mm





	Encoding range
	−0.4~0.2
	−1.2~0
	−1.682~−1



	Actual range
	38~41
	141~150
	20~22.5










 





Table 8. Opener structure parameters optimal combination.
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	Factor
	Angle of Penetration/°
	Shovel Length/mm
	Shovel Body Width/mm





	Optimal encoding value
	1.1946
	−1.0653
	−1.5408



	Actual optimal value
	45.973
	142.01
	21.148










 





Table 9. Ditching depth stability analysis.
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Furrower

	
Index

	
Operating Speed/km/h−1

	
Working Depth/cm




	
6

	
7

	
8

	
3

	
4

	
5






	
Optimize

	
Mean value/mm

	
48.9

	
48.3

	
47.1

	
29.4