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Abstract

:

As a critical component of the sugarcane harvester, the primary function of the crop dividers is to lift the lodged sugarcane (LS) and reduce the loss rate of the sugarcane harvest. In this study, a rigid-flexible coupling simulation method is proposed to improve the lifting efficiency of the crop dividers on severely LS and analyze the nature of interaction between the sugarcane stalk and the crop dividers. The model’s accuracy was verified using field experiments, and the operational performance of the crop dividers on sugarcane in different lodging postures was investigated. The results showed that the curve of the vertical height of the center (VHC) fluctuated more and slipped with highest frequency during the lifting process of side and forward LS. The speed of VHC was fastest during the lifting operation of side LS. The effect of side angle on the lifting effect of sugarcane was significant; the qualified values of the VHC of sugarcane being lifted in different lodged postures were: side and reverse lodged > side lodged > side and forward lodged. The coupling method and experimental results described in this paper can provide guidance for the optimal design and field operation of the crop dividers.
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1. Introduction


As the primary raw material for sugar production, sugarcane is mainly grown in tropical and subtropical regions [1,2,3,4] and is an essential economic pillar industry in many countries and regions [5,6]. The use of mechanized sugarcane harvesting can greatly improve efficiency and, with the rapid development of smart agriculture, the development of intelligent harvesting machinery has become a focus for research in recent years. For sugarcane harvesters, Kallaya et al. provide a reasonable reference method for planning the driving route of harvesters to reduce the loss rate of sugarcane mechanical harvesting [7]. In [8], the required power requirements and field performance of sugarcane harvester components in operation were quantified. Lucas et al. evaluated the quality of mechanically harvested sugarcane by three different cropping methods using statistical methods [9].



The planting area of sugarcane in China ranks third globally, mainly in provinces such as Guangxi, Guangdong and Hainan [10,11]. The planting of sugarcane in this area is mainly based on slopes and hills. Due to the influence of typhoons and the monsoon climate every year, sugarcane will lodged to different degrees during the growth process, as shown in Figure 1 [12,13]. It is worth noting that lodged sugarcane (LS) brings difficulties to mechanized harvesting and increases the loss rate of mechanical harvesting, bringing economic losses to farmers. In the mechanized harvesting process, if the LS cannot be raised to a certain height, this will cause the knife to cut the sugarcane multiple times and increase the root damage rate [14,15]. More importantly, this will reduce the yield and seriously affect the sugarcane’s sprouting growth in the coming year [16,17]. Therefore, the design of the crop dividers of the sugarcane harvester is particularly important.



As an essential component of the sugarcane harvester, the sugarcane supporting mechanism is mainly used to lift the sugarcane to a certain height to facilitate the work of the cutting mechanism. It is mainly divided into spiral and finger chain types [18]. Many scholars at home and abroad have carried out research on this. For the finger chain type, Mou et al. carried out simulation analysis and bench test research on the problems of missing support and lift lodging angle parameters [19]. At present, sugarcane harvesters on the market mostly still employ the installation of spiral crop dividers, and interested scholars have carried out a series of studies into this [20]. In [18,20], the effects of different lodging angles, forward velocity (FV), scrolls speed and the ground clearance of the crop divider toes on lifting performance were investigated in a field experiment. It was concluded that it is necessary to improve the operational performance of the crop divider for different inversions of sugarcane. Gao et al. established a mechanical model of sugarcane growth in the field and analyzed the interaction process between the lifting scrolls and the sugarcane [21,22]. Song et al. designed a test device for the crop divider. They discussed the influence of the spiral scroll speed, the crop divider’s FV, and the helical inclination angle on the sugarcane lifting effect, and the impact of friction and lifting performance [23,24,25]. In [26], unequal pitch crop dividers were designed, and a physical model was constructed to verify their feasibility through computer simulation. Xie et al. created combined crop dividers consisting of a spiral scroll and a finger chain and conducted an experimental study in a soil trough [27]. The above shows that most of the research on the spiral crop dividers explores the influence of different structural parameters and motion parameters on performance, which provides a basis for improving the operational performance of the crop dividers. However, most of the above studies have focused on moderately LS. Severely LS presents problems, such as being close to the ground, difficulty in lifting, and low efficiency compared to medium lodging, which are the main reasons for the high rate of cut breakage [23]. Therefore, harvesting severely LS is still an unsolved problem; analysis of the law governing interaction between sugarcane in different lodged postures and the crop dividers is key to solving this problem.



The analysis method using rigid-flexible coupling can accurately describe the interactions between components and has been applied in many fields. For example, Duan et al. used a rigid-flexible coupling simulation method to analyze the transmission error of gear meshing at the system level [28]. Xia et al. studied the interaction effect between the rigid open mechanism and the flexible ordinary multi-layer fruit paper bag. They provided valuable guidance for the operating parameters of the rigid mechanism [29]. Liu et al. conducted simulation experiments on the proposed 3-5R parallel mechanism using the rigid-flexible coupling method and verified the feasibility of the mechanism [30]. During contact between severely LS and the crop dividers, the sugarcane will be deformed by the collision force, so the interaction between the LS and the crop divider mechanism relates to the study of rigid-flexible coupling dynamics. Based on the above analysis, this paper proposes a rigid-flexible coupling dynamics approach based on interaction analysis between the severely LS and the crop dividers of the harvester.



In this paper, a rigid-flexible coupling dynamics simulation method of LS and crop dividers is proposed. A coupled simulation model of the spiral crop dividers and LS based on ADAMS software is established, and the accuracy of the model is verified using field tests. Taking LS as the research object, simulation experiments of different forward speeds were carried out, and the speed and height change relationships of sugarcane in the lifting process with different postures were analyzed. In addition, the slipping frequency and maximum vertical height of centroid (VHC) of the sugarcane during the lifting process were compared. The experimental results provide a reference for the operation mode between the harvester and the LS.



The remainder of this paper is organized as follows. Section 2 briefly analyzes the kinematic characteristics of the spiral crop dividers. Section 3 describes the establishment of the simulation model of the crop dividers and sugarcanes and explains the experimental design plan and evaluation index. Section 4 first verifies the accuracy of the simulation model, based on which the interaction between LS/spiral crop dividers is analyzed and the experimental results are discussed. The Conclusions section is presented in Section 5.




2. Working Principle of Spiral Crop Dividers


2.1. Working Principle and Components


The sugarcane harvester is mainly composed of topper, crop dividers, base cutter, feed rollers, chopper rollers, extractor and collection bin, as shown in Figure 2. During the harvester’s operation, the topper cuts the top of the sugarcane, the crop dividers lift the LS to a certain height, the base cutter cuts the sugarcane roots then conveys it to the feed devices. The chopper rollers cut the whole sugarcane into segments. Finally, the extractor device removes impurities, and the sugarcane segments are put into the collection bin [31].



The crop dividers are mainly comprised of the bracket, lifting scrolls, divider scrolls, divider toes, hydraulic motor, etc. Lifting scrolls and divider scrolls are the main components of the crop dividers, which are usually conical in shape, both with spiral guide tubes and spiral guide plates. Each harvester is installed with two crop dividers, on the left and right sides of the inlet, in a symmetrical installation, as in Figure 3.



During operation, the lifting scrolls and the divider scrolls rotate around their central axes. As the harvester progresses, the LS gradually rises along with the lifting scrolls and gathers in the middle of the crop row. The function of the divider scrolls is to lift and branch the adjacent rows of LS. After the LS is lifted to a certain height, the base cutter cuts sections from the root of the sugarcane and then transports it to the feed rollers [5].



According to Figure 3, it can be observed that during the interaction between the LS and the lifting scrolls, the contact position is a moving point that rises along the spiral guide tubes. The tangent velocity of the moving point along the lifting scrolls is:


   v n  = ω    r m     



(1)




where    v n    is the tangent velocity of the contact point, with the unit of m/s, ω is the angular velocity of the lifting scrolls, with the unit of r/min, and    r m    is the radius of the lifting scrolls, with the unit of m. The moving point moves in three-dimensional space, and its position equations at different moments are:


   {      X =  v n  t c o s β c o s δ −  v m  t       Y =  v n  t c o s β s i n δ       Z =  v n  t s i n δ        



(2)




where X is the displacement of the contact point in the X-axis direction, with the unit of m,  t  is time, with the unit of s,  β  is the angle between the lifting scrolls and the horizontal plane, with the unit of °,  δ  is the inclination angle of the spiral guide tubes, with the unit of °, Y is the displacement of the contact point in the Y-axis direction, with the unit of m, and Z is the displacement of the contact point in the Z-axis direction, with the unit of m. Due to the radius of the lifting scrolls being variable, with the rotation of the lifting scrolls and the operation of the harvester, the velocity equation of the contact point is:


   {       v x  =   d X   d t   =  v n  c o s β c o s δ −  v m         v y  =   d Y   d t   =  v n  c o s β s i n δ        v z  =   d Z   d t   =  v n  s i n δ        



(3)




where    v x    is the movement velocity of the contact point in the X-axis direction, with the unit of m/s,     v y    is the movement velocity of the contact point in the Y-axis direction, with the unit of m/s,    v z    is the movement velocity of the contact point in the Z-axis direction, with the unit of m/s. According to the analysis of Figure 3 and Formula (3), the key factor that affects the lifting of sugarcane is velocity    v x   . To successfully raise the LS, it is necessary to satisfy the velocity    v x    < 0. Studies have shown that a reasonable speed for the lifting scrolls is 160 r/min [32], and the FV of the harvester is usually 1~3 km/h under the condition of sugarcane lodging. In addition, the relative position of the LS and the crop dividers lifter may also be a key factor affecting the quality of sugarcane [31].




2.2. Sugarcane Lodging Levels


The relative position of the crop dividers and the LS is shown in Figure 4, where α and θ represent the side angle and the lodging angle, respectively. The side angle α is the angle between the LS and the forward direction of the crop dividers, and the lodging angle θ is the angle between the sugarcane projection on the YOZ plane and the horizontal plane. Based on the values of side angles, the sugarcane lodging can be divided into five categories: forward lodging (α = 0°), side and forward lodging (0° < α < 90°), side lodging (α = 90°), side and inverse lodging (90° < α < 180°), and reverse lodging (α = 180°). Based on the values of lodging angle, the sugarcane lodging can be divided into three categories: slight lodging (θ ≥ 60°), medium lodging (30° ≤ θ < 60°) and severe lodging (0° ≤ θ < 30°) [18]. The actual lodging forms of sugarcane in the field are mainly side and forward lodging, side and inverse lodging, and side lodging. It has always been a difficult issue in sugarcane research to improve LS smoothly [23].





3. Establishing System Dynamics and Simulation Design


3.1. Rigid-Flexible Coupling Modeling


To make the simulation test close to the real operating state of the mechanism, it is crucial to carry out digital dynamics modeling [33,34,35]. We used the rigid-flexible coupling method to build a simulation model, which can accurately predict the motion characteristics between the crop dividers and the sugarcane. The sugarcane model is built as a flexible body, and the crop dividers model is built as a rigid body. Building the flexible sugarcane creates hybrid coordinates to describe the position change and elastic deformation of the sugarcane. We can obtain the flexible generalized coordinates on the sugarcane model:


  ξ =    {  X , Ψ , q  }   T  =    {  x , y , z ; α , θ , γ ;  q m   }   T   



(4)







The position vector of any node p on the sugarcane is expressed as:


   r i p  =  r i  + A  (   s i p  +  u i p   )   



(5)




where  A  is coordinate transformation matrix;    u i p    is the elastic deformation of node  p ;    r i    is position coordinate matrix of floating base node;    s i p    is position in Cartesian coordinate system of node  i .



The coupled motion process is a composite motion of rigid body motion and elastic deformation. Therefore, the basic theory of multi-rigid body dynamics and the basic theory of flexible body dynamics are combined to obtain the system dynamics equations of rigid-flexible coupling as:


   {       d  d t    (    ∂ L   ∂  ξ ˙     )  −   ∂ L   ∂ ξ   +   ∂ Γ   ∂  ξ ˙    +    [    ∂ Ψ   ∂ ξ    ]   T  = Q       Ψ = 0        



(6)




where  Ψ  is constraint equation,  λ  is a Lagrange multiplier of  Ψ ,    Q g    is the generalized force projected onto   ξ ,   L   is Lagrange term,    T   is kinetic energy,  W  is potential energy,  Γ  is energy loss,  ξ  is generalized coordinates of flexible bodies,  M  is flexible mass matrix,  K  is generalized stiffness matrix of generalized coordinates, and  D  is generalized damping matrix of generalized coordinates.



The kinetic energy of the flexible body is:


  T =  1 2    ξ ˙  T  M  ( ξ )   ξ ˙   



(7)







The potential energy of the flexible body is:


  W =  W g   ( ξ )  +  1 2   ξ T  K ξ  



(8)






  L = T − W  



(9)







The gravity of an object is:


  G =   ∫  0 V  g ρ  r i  d V =   ∫  0 V  g ρ    [  x + A ( A  (   s  i 0  p  +  u i p   )   ]   T  d V  



(10)







The generalized forces generated by gravity is:


   Q g  =   ∂ G   ∂ ξ    



(11)




where  G  is gravity of object, V is volume of object, g is the acceleration of gravity, A is the acceleration of gravity, and  ρ  is the material density. Combining the above equations yields.


  M  ξ ¨  +  M ˙   ξ ˙  −  1 2     [    ∂ M   ∂ ξ    ξ ˙   ]   T   ξ ˙  + K ξ +  f g  + D  ξ ˙  +    [    ∂ Ψ   ∂ ξ    ]   T  λ =  Q g   



(12)







Before establishing the rigid-flexible coupling simulation model, the crop dividers were appropriately simplified, the lifting scrolls, the crop divider toes and the bracket were retained, and CATIAV5R20 (Dassault Aviation, Biard, France) software was used to establish a three-dimensional model, saving it in .stp format. The .stp file was imported into the ADAMS2019 (MSC.Software, Newport Beach, CA, USA) software, three flexible sugarcane stalks were selected, and the root contact set with the ground as a spherical hinge. In addition, the motion attributes were set for the crop dividers model. The model building process is shown in Figure 5, and the relevant input parameters are shown in Table 1 [32,36,37].




3.2. Simulation Design


Consistent with the analysis of LS in Section 2, this article takes severe LS (0° ≤ θ < 30°) as the research object and chooses a lodging angle of 15°. Sugarcane stalks with forward lodging and reverse lodging have no contact with the crop divider during the harvesting operation, so they are outside the scope of the study [25]. The lodging postures of sugarcane were selected as side and forward lodging, side lodging, side and inverse lodging, and the side angles were respectively 30°, 60°, 90°, 120° and 150°. Referring to the relevant studies conducted by [12], the FV of the harvester was selected as 1 km/h, 2 km/h, and 3 km/h, and the experimental analysis under different conditions was carried out.



According to practical needs and existing research, sugarcane height variation is an important indicator for describing the lifting efficiency [23]. To clearly observe the height variation pattern of LS during the lifting process, the change trend and average maximum value of the VHC in the process of sugarcane lifting were selected as evaluation indicators. The VHC of the sugarcane is shown in Figure 6. The sugarcane was set to be homogeneous, with the midpoint coinciding with the centroid. The calculation is as follows:


  h =  H 2  sin θ  



(13)




where h is VHC of sugarcane, with the unit of mm, and H is total length of the sugarcane, with the unit of mm.





4. Results and Discussion


4.1. Validation Test


To verify the accuracy of the simulation model, a field verification experiment was carried out during the sugarcane harvest season in 2020, in Daxu Village, Laibin City, and Guangxi Province, as shown in Figure 7. Ratoon sugarcane was selected for the experiment, variety Guiliu 136. The average height was about 2860 mm, and the planting density was 8 roots/m. In the field validation test, it was difficult to obtain the position change of the sugarcane centroid at different times. Therefore, the maximum height average value of the midpoint of the sugarcane in each group of tests was selected as the evaluation index. During the test, the FV of the harvester was selected to be 2 km/h, and the sugarcane was selected to be in severe lodging. The side angles were approximately 30°, 60°, 90°, 120° and 150°. The experimental results are shown in Table 2. It can clearly be seen that the maximum error rate between the simulation and experimental results was 8.84%, and the minimum error was 3.53%. Errors in the test were unavoidable, including random errors caused by parameter settings, uneven ground in the field, and variable speed control of the harvester driver. After calculation, the average error rate was 5.41%. We believe that the simulation model established by the rigid-flexible coupled method is accurate.




4.2. Analysis of the Lifting Process of LS


To observe the lifting change of the sugarcane stalk, the FV was 2 km/h and the sugarcane posture was side lodged (α = 90°). The interaction screenshots at different moments were analyzed, as shown in Figure 8. According to the contact sequence of the sugarcane and the lifting scrolls, the three sugarcanes were numbered #1, #2 and #3, respectively.



It can be seen from Figure 8 that over 1.6~2.5 s, with the operation of the crop dividers, the LS first contacts the crop dividers toes, and is slightly lifted, and then moves to the spiral guide plate under the rotation of the scrolls. The sugarcane gradually moves along the spiral guide plate to the spiral guide tubes. In 2.8~3.8 s, the sugarcane rises along the spiral guide tubes, and the LS height gradually increases. It can also be observed that, during this time period, #2 sugarcane had the lowest height during the lifting process due to the interaction between the sugarcane and the divider. From 4.5 to 5.1 s, it was found that with continuous operation of the crop dividers, the posture of the LS gradually changed from side lodging to side and forward lodging. When the three sugarcanes were gradually lifted to the upper end of the lifting scrolls, they stayed on the upper end of the scrolls for a time. During this period, the height of the sugarcane did not change significantly, which is more conducive to the cutting of the sugarcane by the cutter. The sugarcane bends during the whole process of being lifted, which is consistent with what occurs during field operations.




4.3. Change in VHC of LS


Figure 9, Figure 10 and Figure 11 show the change curve of VHC during the lifting process of the LS under the conditions of FV 1, 2 and 3 km/h, and side angles of 30°, 60°, 90°, 120° and 150°. The slope of the rising trend of the curve in the figure indicates the rising speed of VHA during the lifting process.



Figure 9 shows the change curve of sugarcane VHC during the process of being lifted under conditions of side and forward lodging. The curve presents a fluctuating trend that first rises and then falls, and the curves of each group of experiments have concave points, which all indicate that the sugarcane is prone to slipping during the lifting process. It can also be observed in Figure 9a that as the FV increases, the time for the LS to reach the maximum height gradually shortens, and the maximum lifted height gradually decreases. When the FV is 2 km/h, the uniformity of the maximum VHC is improved.



Figure 9b shows the change curve of the VHC during the lifting process under different FV with a slip angle of 60°. As the FV increases, the value of the maximum VHC gradually decreases. When the FV is 1 km/h, the speed at which the VHC is raised is relatively slow, and when the VHC rises to about 700 mm, the curve will fluctuate. When the FV is 2 km/h and 3 km/h, VHC will descend after reaching the first wave crest, and most of the sugarcane will slide when it is lifted about 720 mm, and then slowly lifted again.



The VHC curve of side angle 60° can be compared with side angle 30°: the curve fluctuation is smoother, the frequency of sugarcane slipping in the process of lifting has significantly reduced, and the speed of fallen sugarcane in the process of lifting has increased. When the FV is the same, the time to lift the VHC of the fallen sugarcane to its maximum value decreases and the height increases.



Figure 10 shows the change curve of VHC during the lifting process of side LS. As the FV increases, the maximum value of VHC is gradually reduced, which is significantly higher than that of side and forward lodging. According to the curve, the crop dividers can quickly lift the LS, and as the FV increases, the time to be raised to the maximum height gradually decreases. In addition, the sugarcane can be maintained at the maximum height for a long time, and no slipping occurs during the lifting process.



Figure 11 shows the change curve of VHC during the raising process of the sugarcane in the side and reverse lodging posture. According to Figure 11a, at the lateral declination angle of 120°, it can be seen that the difference of the maximum value of VHC at different FV is small. At an FV of 1 km/h, the VHC is lifted slowly and smoothly, reaches its maximum height with the operation of the crop dividers, maintains it for a period of time, and then gradually drops. At FV of 2 and 3 km/h, the time taken for the LS to be lifted to its maximum height was comparable. At a FV of 2 km/h, the change in VHC is close to the same for the three sugarcanes during the rising process.



In Figure 11b a side angle of 150° can be obtained, with increase in FV the time sugarcane is held up is gradually increased, the time to reach the maximum height gradually becomes smaller, while the difference in the maximum value of VHC is minimal. The change curve of VHC gradually smooths out with increase in FV, which indicates that the increase in FV was conducive to the rapid and smooth lifting of sugarcane in the side and reverse lodging posture.



The interaction between the variation pattern of VHC and the side angles is significant, as can be observed from Figure 9, Figure 10 and Figure 11. There are two sugarcanes with more similar trends for different side angles. The interaction between the variation pattern of VHC and the side angles is significant. The time for VHC to be lifted to the maximum height tends to decrease as the FV increases. From the trend of slope change of VHC curve during lifting of LS, the magnitude of lifting speed during lifting of sugarcane with different lodging postures is: side lodging > side and inverse lodged > side and forward lodged. When the side angles are 90°and 120°, the change curve of fallen sugarcane VHC is smoother than other side angles, indicating that the sugarcane can be lifted more smoothly and not easily slip. The frequency of sugarcane slipping in different lodged postures was: side and forward lodged > side and inverse lodged > side lodged.




4.4. Analysis of the Average Value of the Maximum VHC


Shown in Figure 12 are the average values of the maximum VHC lifted by the spiral crop dividers for three severely LS (θ = 15°) under different FV and different side angles. The X-axis in the figure is the FV, the Y-axis is the side angles, and the Z-axis is the average value of the maximum VHC for each sugarcane.



Figure 12 shows that when the FV is 2 km/h and 3 km/h, the VHC of the sugarcane being lifted gradually increases as the side angles increase. Under the exact condition of FV, the average maximum value of VHC is the lowest when the side angle is 30°, and the variation range of the maximum value is the smallest.



The available literature has not found a clear distinction as to when the height of the sugarcane lift meets requirements. To measure whether the height of LS being lifted meets the requirements, this paper takes the lodging angle of 45° as the dividing line; when the lodging angle is greater than 45° this indicates that the lifting height meets the performance requirements and the lifting height of sugarcane is qualified. According to Equation (13) calculation, the critical value of lifting qualified sugarcane VHC is 1.06 m.



It can be determined from Figure 12 that the maximum average height of sugarcane VHC lifted at different FV is significantly higher than the qualified value with side and inverse lodging. When the sugarcane was side lodged, the average value of maximum VHC was 1068.53 mm at the FV of 3 km/h, which was slightly higher than the qualified value. When the sugarcane is in side and forward lodging, only when the side angle is at 60° and the FV is at 1 km/h and 2 km/h, does the average value of maximum VHC reaches the qualified standard.



Based on the analysis in Section 4.2 and Section 4.3, the recommended FV for harvesting at different side angles when the sugarcane is severe lodged, taking into account the speed of VHC lifting, the uniformity of the maximum height and the frequency of slipping, is as follows: when the side angle is about 30°, it is more appropriate to choose an FV of 2 km/h; when the side deviation angle is about 60° and 90°, it is more appropriate to choose an FV of 1 or 2 km/h; when the FV is 120° and 150°, it is more appropriate to choose an FV of 2 or 3 km/h. This can also inform the selection of the proper operating speed for unmanned sugarcane harvesters to reduce the loss rate during harvesting of LS.



To improve the lifting efficiency of severe LS, it is also essential to choose a reasonable sugarcane lodged position during harvester operation. According to the experimental analysis in this paper, the preferential selection of sugarcane’s lodged posture is in the following order: side and reverse lodged > side lodged > side and forward lodged.





5. Conclusions


This paper introduces different categories of sugarcane lodging by side angles and lodging angles, establishes a simulation model of LS and spiral crop divider using the rigid-flexible coupling method, and verifies the accuracy of the model by field tests.



The test results showed that with increase in FV the time of sugarcane being lifted to the maximum height showed a decreasing trend. The slipping frequency was greatest during lifting side and forward LS, especially when the side angle was about 30°. When the side angle was about 90°and 120°, the LS lifted most smoothly and rapidly. According to the analysis of the lifting speed and passing rate of VHC, the recommended choice of LS posture during the operation of the harvester is: side and reverse lodged > side lodged > side and forward lodged.



This coupled simulation approach can be applied to many applications to analyze mechanical systems to improve the efficiency and reliability of the system. Finally, as possible future work, we anticipate further optimizing the design of crop dividers to explore more precise operating parameters, providing initial conditions and parameter configurations for future coordinated operation between unmanned harvesters in smart agriculture.
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Figure 1. LS after typhoon. 
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Figure 2. Sugarcane harvester component parts. 
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Figure 3. Working principle and components of spiral crop dividers. 
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Figure 4. Schematic diagram of sugarcane lodging angle. 
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Figure 5. Rigid-Flexible Coupling Simulation Model. 
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Figure 6. Calculation of VHC. 
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Figure 7. Field validation tests. 
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Figure 8. LS lifting process. 
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Figure 9. Change of VHC in side and forward LS. 
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Figure 10. Change of VHC in side LS. 
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Figure 11. Change of VHC in side and inverse LS. 
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Figure 12. Average value of maximum VHC. 
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Table 1. Types and values of simulation model parameters.
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	Parameters
	Values





	Length of lifting scrolls/mm
	1300



	Pitch/mm
	250



	Inclination angle between lifting scrolls and horizontal plane/°
	60



	Length of sugarcane stalk/mm
	3000



	Diameter of sugarcane stalk/mm
	30



	Distance between adjacent sugarcane/mm
	125



	Poisson’s ratio
	0.33



	Elastic modulus/(N·mm−2)
	1195.44



	Distribution density/(kg·mm−3)
	1.1 × 10−6



	Stiffness/(N/mm)
	2855



	Force exponent
	1.1



	Maximum damping N/(m/s)
	0.57



	Penetration depth/mm
	0.1



	Static coefficient
	0.30



	Dynamic coefficient
	0.25



	Stiction transition velocity/(mm/s)
	0.10



	Friction transition velocity/(mm/s)
	10.00
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Table 2. Comparison of simulation and field test results.
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	Side angles
	30°
	60°
	90°
	120°
	150°



	Test values/mm
	757
	1082
	1263
	1401
	1417



	Simulation values/mm
	810
	1145
	1342
	1463
	1467



	Error rate/%
	7.00
	5.82
	8.84
	4.43
	3.53
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