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Abstract

:

This paper focuses on the force and torque load of a harvester hydraulic crane employed on sloping grounds, both levelled and not levelled. Field research was conducted for this purpose and the results were compared with a dynamic analysis of the crane in MSC Adams. It was found that levelling the slewing platform of the crane is necessary for use on sloping grounds, primarily because the effect on the force and lifting torques is reduced. The research showed that when the slope of the slewing gear is up to −12°, the lifting torque reaches a higher maximum lifting force than when the slewing gear is in a horizontal position (0°). As part of the theoretical verification by a dynamic analysis of the crane and the AH6 machine, a different pressure was detected in the lifting cylinder of the crane compared to the field research. The total deviation between the simulation and the field research was 9.82%. The slewing torque of the hydraulic crane without the slewing bearing being levelled can be characterized 97.38% by a parabola whose vertex is located in front of the front part of the machine and falls as the crane moves left or right. Overall, it can be determined that when the crane rotates up a slope, whether it is from left or right, the slewing torque reaches the lowest values, and its value increases as the crane gets closer to the front of the machine (along the longitudinal axis of the machine). This change in the slewing torque is then characterized by a parabola. Furthermore, an effect was observed of the slewing gear slope on the lifting torque, which reached higher values in a tilted position than on a flat surface.
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1. Introduction


Currently, the CTL (Cut to length) technology is employed increasingly often on previously inaccessible sloping grounds, as evidenced by many studies [1,2,3,4]. Their use improves work safety and reduces financial expenses [5,6,7]. However, this technology has its limitation, which is the slope accessibility of the machine. With wheeled harvesters and forwarders, when anti-skid chains are used, it is 50% [8]. In comparison, machines with tracked undercarriages can climb even 60% slopes [9]. Currently, the slope accessibility of a machine can be increased by using an auxiliary traction winch [1]. A machine equipped in this manner is then able to work on slopes of up to 75–85% [9]. The harvesters and forwarders used are also equipped with the option of levelling the hydraulic crane and the cabin, which makes its operation more ergonomic, and better stability of the machine is ensured [1,10]. Levelling of the crane with a cab or, more precisely, of the slewing bearing, has, based on the studies [11,12], a positive effect on the productivity. Levelling also has the same effect on the structure of the crane, which is thus loaded in the same direction as when working on a flat surface. As a result, the structure is not overloaded, and thus its service life is extended [9]. However, the number of questions related to crane levelling that have not been answered yet is large. For example: How different will the slewing and lifting torques be of a levelled crane and a not levelled crane? Is there a relationship between the slope and the lifting torque? Can the slope of the crane affect the hydraulic pressure in the cylinder?



Previously, when answering such questions and verifying the correctness of a mechanism or dynamic systems of mechanisms, it was necessary to build a functional test stand or prototype. The testing was time-consuming and expensive, yielding uncertain results due to a high failure rate or possible destruction. Numerical simulations of dynamics can predict the behaviour of a machine as early as during the 3D model prototype phase, i.e., before the drawing documentation for the prototype is created.



Numerical simulation of a dynamic system of mechanisms is originally an analytic solution to systems of Lagrange’s equations of motion of the second kind using DʼAlembert’s principle [13,14]. The computational numerical model is subjected to load conditions that are set in the simulation model by commands for the movement of joints. Their timing is established along a unified time axis for the movement commands corresponding to the methodology sequence given in this paper [15,16,17]. Equations of motion have been found for each element of the system. Therefore, the simulation model should be optimised to achieve the necessary level of precision of the model since this level also affects the calculation times of the simulation [17,18,19]. Each simulation time is divided into discrete steps of a selected length. Another dependence arises here. The more steps, the longer the calculation time. The length of the simulation time is pre-set. It is constant during the solution, and the step length cannot be changed [17,20]. During the solution, the numerical solver performs 25 iterations for each calculation step [21,22], where the given task must converge to the resulting value of the solution. Convergence of tasks can also be achieved by setting the solution accuracy, which means setting the limit of error in the calculations [18,19,22]. This makes it possible to achieve shorter calculation times and, therefore, faster completion of the tasks [17].



To achieve shorter simulation times, the graphic restoration of the simulated model should be turned off during the simulations [23,24]. This does not shorten the calculation time but it does shorten the time of the simulation display when solving a dynamic task. This simulation solution is much faster and the graphic development can be viewed in the postprocessor mode of the MSC Adams numerical solver [21].



The lifting and operating devices on forestry working machines are part of a sophisticated technological sphere which has its foundation in the area of loading cranes. Hydraulic cylinders control the lifting parts of the crane, whose kinematics is different from that of regular loading cranes [25,26]. The control forces in the hydraulic circuit of this mechanism must be designed in the prototype of the machine so that they would sufficiently enable load handling as well as operation with the harvester head. These force assumptions in the hydraulic circuit can be found using a simulation in the Multibody System with a sufficiently accurate model of the machine, boundary and operating conditions [15,17]. Currently, the MSC Adams software only offers the solution of mechanical operations and mechanisms [21]. The flow in hydraulic circuits can be modelled in the software by programming the mechanical properties of the fluid [27]. The software comprises the currently used programming code to deal with both static and dynamic tasks with perfectly rigid bodies as well as elastic bodies [16,27,28]. By modelling the operation and lifting processes, a detailed behaviour can be simulated in the joints between the hydraulic cylinder and the mechanism. However, it is necessary to determine the deviation of the simulation from reality, which is the focus of this paper.




2. Materials and Methods


2.1. The Machine


The experiment was performed using an AH6 harvester by Agama a.s. (Figure 1). It is a small wheel harvester with a solid frame and strong axles fitted with four wheels in total. The harvester is fitted with a parallel hydraulic crane without a telescopic boom located on the right in front of the cabin. The crane is anchored to the cabin platform with a pivot bearing which enables a vertical swing of the crane to the left or right of ±20° from the perspective of the operator using two cylinders. The cabin is attached to the slewing gear of the crane. The slewing angle of the crane is ±105°. The machine is also fitted with level control of the slewing gear, which is often known as “crane levelling”. Specifically, the slewing gear can be inclined by +15° to −12°. The hydraulic crane has a slewing torque of 19.4 kNm (19,400 Nm), lifting torque of 58 kNm (58,000 Nm), and the maximum reach of 7 m from the axis of the slewing gear. The suspension joint of the crane holds a 325H head by Nisula Forest Oy, which has a cutting diameter of 340 mm and weighs 285 kg.




2.2. 3D Model


2.2.1. The Components Provided


The manufacturer of the harvester provided an incomplete 3D model consisting of a complete crane set, an incomplete slewing platform without a cabin, a complete tilting bottom plate of the slewing gear, and an incomplete (schematic) machine frame (Figure 2). The reason for not delivering the full model was the protection of intellectual property. To be able to carry out the simulation, it was necessary to make a schematic model of the axles, which have a significant function in the simulation (Figure 2, pos. 5 and 6). Both axles (front, rear) were modelled based on visual documentation with similar parameters in terms of weight and dimensions. The remaining components of the machine that were not provided were replaced in the MSC Adams programme by point masses found in catalogues or using information provided by the manufacturer. When preparing the dynamic model for the simulation, it was necessary to first create in a 3D model maker functional systems of moving units which consist of several components or break down the system into moving subsystems. The weight of the functional model system could be validated using the real machine and portable vehicle scales on which the machine was weighed before the verification during a field investigation. In total, 22 functional component systems were created for the AH6 harvester model with mutual motion connections as in reality.




2.2.2. Coordinate System


Before exporting the functional component systems and the measuring instruments (Figure 2, pos. 7) to the import files for MSC Adams, it was necessary to place the entire system of the AH6 harvester 3D model in the 3D CAD (Computer aided design) coordinate system based on the need to evaluate the dynamic analysis results. The 3D CAD coordinate system is hereditary for the MSC Adams simulation programme. If the model was slightly rotated with respect to the central coordinate system, the dynamic analysis results would have to be added as vectors in the axes, which would generate errors in the verification of values in relation to the experiment [13]. For the export from 3D CAD, and thus for the simulation as well, it was necessary to establish the direction of the main coordinate system and the origin of the coordinate system, to adhere to it, and use the same terminology in the simulation and in the experiment. The main coordinate system and the origin of the coordinate system were established as follows:



The +X axis direction in front of the harvester (the longitudinal axis of the harvester undercarriage in the forward direction). The +Y axis towards above of the harvester (perpendicular vertical direction of the harvester, direction -Y is the direction of the gravitational acceleration). The +Z axis is the direction from the longitudinal axis to the right of the harvester. The coordinate system directions are apparent from Figure 3 The origin of the 3D model coordinate system was placed in the intersection point of the axis of the tilt pin of the harvester slewing gear and the longitudinal axis of the machine (lies in the same plane as the axis of the slewing gear), see Figure 3. This location was selected to enable the control of the tilt and the position of other measured points in relation to this fixed point with respect to the structure of the harvester.



After establishing the coordinate system of the AH6 harvester model and its positioning for the origin of the coordinate system in 3D CAD, each functional component was exported to export “binary Parasolid” files with the *.x_b extension. This 3D model format has several advantages such as the heredity of the coordinate system, orientation, low demands for graphic display and file size compared with other types of file that can be imported into the simulation programme [21].





2.3. Adams—The Numerical Simulation Model


When importing the 3D model components into the MSC Adams simulation programme, it was not necessary to pay attention to any marginal conditions or measuring scales thanks to a thorough preparation of the components exported [13,27]. The 3D model components became the numerical model units. Particularly, the numerical simulation model consists of 22 moving components (Figure 4).



A so-called marker was created for each component placed in reference locations of joints, hinges, or other locations related to the ties with other components. The creation of the markers was primarily based on the geometric shape of each component and, hierarchically, a marker belongs to the component it has been assigned to [21]. Each individual marker keeps its position in relation to the component. During the simulation, it was possible to observe the shift (trajectory) or the movement (speed, acceleration) of the marker when being placed in the component (see Figure 5). Another property of the marker is that a moving joint between the numerical model components can be placed in its coordinate position. This made easier the work related to binding the components with respect to their function in the dynamic system.



2.3.1. Joints between the Components


A total of 28 moving joints between the components were created on the numerical model, two of which were cylindrical joints, 16—revolute joints, five—spherical joints, and five—translational joints (Figure 5).



Two cylindrical joints were created between kinematics X and kinematics Y of the loading crane (Figure 6) and between kinematics 1 and kinematics 2 (Figure 6) of the loading crane near the control cylinders. This type of joint was used because, considering the kinematics design, the statistical determination of the joint system had to be preserved. Five translational joints were created mainly between the components between which there is translational movement (Figure 6). A secondary reason was preserving the statistical determination of the related joint system. All the five translational joints were used in the piston–piston rod joint in all the five cylinders, i.e., two for controlling the loading crane, one for tilting the slewing platform, two for tilting the crane at the base (Figure 6). Five spherical joints were created only for hydraulic pistons. More precisely, it is a joint fixing a hydraulic piston to the pivot of the mechanism (Figure 6). The reason was again the preservation of the statistical determination of the related joint system of the cylinder mechanism.



The prevailing type of joints used for the numerical model mechanisms is the revolute joint, which has the same properties as the revolute joint, i.e., one rotational degree of freedom; the other translational and rotational degrees are blocked. The number of the revolute joints used was 16 for all the other rotary moving components as a substitute for the revolute joint (Figure 7) [28].



In the next step of the numerical model, markers were created at reference points on which point masses were subsequently created to add weight to the incomplete model (Figure 7). The centre of gravity of the other components was assumed at these points, and their weight was derived from the values obtained in the field research on the experimental prototype. To reach the operating weight of the machine, eight point masses were used. Four point masses were used for the cabin, the machine (accumulators, hydroelectric generating sets, etc.), the crane (the hydraulics, small components), a substitute for the harvester head and hydraulic rotator. Furthermore, four point masses were located at the ends of the axles where the wheels were fixed (Figure 7). Weight was added to the wheels based on the data obtained in the field research.




2.3.2. Types of Attachment of the Dynamic System


The AH6 prototype belongs to the class of small-size wheeled harvesters [10]. The chassis frame is fitted with two swinging axles whose transverse slope and blocking can be controlled. The MSC Adams programme enables the modelling of simulation tasks using tyres that are part of the libraries and solvers in the programme in terms of the model and calculation [21]. Their usage in the model was quite unstable in the first simulation attempts and caused some solutions to finish prematurely due to the loss of stability. This is why the whole simulation numerical harvester model was built upon elements such as a spring and a damper instead of the simulation element of a tyre (Figure 7) [29]. The whole dynamic system then became stable. When a wheel was lifted and the contact with the ground broken, the solver calculation was not interrupted. However, the simulation calculation detected the opposite effect and it was possible to assess the behaviour of the system although both the dynamic action and the condition were impossible in reality [19,23,26,29].



Each of the harvester tyres was replaced by three springs and dampers whose parameters corresponded to the strength and damping in the axis. The reference spring and damper were on the Y axis representing the vertical properties of the tyre. The parameters were defined based on the type of tyre and pumping, on the previously established parameters, and the parameters in the element library of the MSC Adams programme. The strength was determined based on the theory of Wong [30] as k = 2810 N·mm−1 and the damping as b = 100 N·s·mm−1 for the vertical direction of the tyres. For the horizontal direction of the tyres, the strength was determined as k = 2000 N·mm−1 and the damping as b = 100 N·s·mm−1. The horizontal direction of the tyres has a stabilizing effect on the model, and their reduced value, in relation to the vertical direction, corresponds to the function of the tyres in transverse directions [13,22,26].





2.4. Validation of the Experiment


2.4.1. Determining the Lifting Torque


To validate the results, the AH6 harvester was placed in two different positions. Specifically, in position 1, it was on a +12° slope (operating up the slope), and the slewing gear was not levelled, which means it was tilted backwards at −12°. In position 2, the machine operated on the same slope as in the previous position; however, its slewing gear was levelled with the horizontal plane, i.e., making an angle of 0°. Both the positions are shown in Figure 8. In each position, six ground control points were defined on three axes (one axis, two points), where the reference axis (0°) was parallel to the longitudinal axis of the machine and another axis formed an angle of −36° with it, so it was an axis located to the left of the longitudinal axis (Figure 8). The third, last, axis formed an angle of +22° with the longitudinal axis of the crane; thus, the axis was on the right. On each of these axes, two points were marked. The first one was 7 m away from the axis of the slewing gear and the other one was 5.3 m away from the same axis. The measurement was then performed at the thus defined points, see below.



To validate the dynamic analysis and thus answer the question about the lifting torque, it was necessary to enter the maximum values of the force acting on the end of the hydraulic crane during lifting and weight down the wheels to balance the model. For this purpose, field research was first carried out including the previously defined positions and ground control points. In the first step, the loading of each wheel was measured at the given ground control points on the axis parallel to the longitudinal axis of the machine (further on also referred to as 0°). Dini Argeo DFWKR portable vehicle scales by Dini Argeo with a loading capacity of 8000 kg were used for this purpose. After acquiring the data on the loading of each wheel, a measurement was performed of the maximum force that the crane is able to exert in the given distances when lifting a load. The forces were recorded using a U2A tension and compression load cell by Hottinger Baldwin Messtechnik GmbH, which can measure a load of up to 5 tons. The tensometer was attached to the suspension joint of the hydraulic crane by a textile cord with a strength of 5 tons so the harvester head frame could not be damaged by an excessive load. The tensometer was also attached to a fixed anchor on the ground by a textile cord with the same strength. Subsequently, five attempts were made to exert the maximum lifting force of the crane at each point. The forces detected were also used in the dynamic analysis, which made it possible to calculate the pressure at the theoretical level necessary to exert the given force. The theoretical results yielded by the dynamic analysis were then verified in practice since the hydraulic system was monitored during the measurement using a HySense QT 100 turbine flowmeter and a MultiHandy 3020 data logger by Hydrotechnik GmbH. The measurement frequency was 33 Hz. The flowmeters were placed in the open hydraulic circuit of the crane. A flowmeter was installed between the hydraulic switchboard and the lifting cylinder of the crane (see Figure 9). Specifically, it was attached to the branch in which fluid ran during the attempt to exert the maximum lifting force affecting the torque theorem. For the purposes of the measurement, the one-way flowmeter had to be protected from getting destroyed by the down-pressure check valves using a spring. The valves used a safety pressure of 1 bar.




2.4.2. Determining the Slewing Torque


Besides investigating the dependence of the lifting torque of the crane and the slewing gear slope, including the subsequent comparison of the hydraulic pressures in the MSC Adams programme, a comparison was also made of the slewing torque size with the slewing gear levelled and not levelled. This means that the same model was used with the same positions and distances of the ground control points from the axis of the slewing gear as for the lifting torque. Considering the problems observed in relation to the stability of the machine and safety of the operator during the operation tests, this research remained at the theoretical level. Therefore, to verify this, only a dynamic analysis of the crane was used, in which, instead of the given torque, the surface resistance that had to be overcome for the crane to move was monitored for each component in and out of the slewing bearing. The torque values then correspond to the inverse resistance values.



The theoretical determination used, as has already been mentioned, the distances given for the reach of the crane and the positions as in the measurement of the lifting torque. However, in this case, the axes were not used. For the purposes of the research, only the maximum slewing angle of the slewing gear was defined, which was ± 105°. This slewing angle was marked by electrical sensors but the end maximum slewing angle was actually ± 110°, which was determined by mechanical stops. This is why the slewing angle of the slewing gear selected in the dynamic analysis was ± 108°.



The actual measurement was performed as follows. Besides the weight of the head, the load was also included in the suspension joint. At a distance of 7 m, a 300 kg load was selected, and in each of a total of five attempts, 20 kg were removed. The same was true at a distance of 5.3 m, but the starting weight here was 500 kg. The loaded crane was always moved to the starting position, which was at −110° (on the left). Then, it was rotated to +110°, and then the crane returned to the starting position. After the crane was stopped at −110°, the weight of the load was reduced and the whole process was repeated. It should be added that, for the measurement, only the slewing angle of ±108° was monitored since, in this section, the rotation speed was constant the entire time.





2.5. Statistical Analyses


The sections of interest to the research were selected from the datasets acquired. They were the data sections related to the exertion of the maximum lifting force of the crane or the rotation of the crane with a given weight within the range of ±108°. Specifically, a comparison was made of the data obtained during the field research and from the dynamic analysis at the same points and positions of the machine when measuring the lifting cylinder of the hydraulic crane. It was also investigated whether the lifting and slewing torques of the crane were affected by the slope of the slewing bearing. To evaluate the data correctly, the Shapiro–Wilk test was performed with the level of significance p (further on also referred to as the p-value) being 0.05. If the result of the dataset tested was greater than this selected value, the data were, according to Student’s distribution, regarded as normally distributed, and vice versa.



If two sets were compared whose data were normally distributed, the test performed subsequently was the t-test. If one of the sets being compared contained abnormally distributed data, the Mann–Whitney U test was performed. The same statistical test was also performed if all the sets being compared contained abnormally distributed data. The level of significance was established at 0.05, the same for all the tests. The datasets were not different if the result of the statistical analysis exceeded the p-value specified.



The data obtained by measuring the slewing torque of the crane, more precisely, the values of resistance in the slewing gear during the rotation of the hydraulic crane, were subjected to a regression analysis. The aim of this test was to verify whether the resistance in the slewing mechanism when its slope is −12° is affected by the angle formed at that moment by the crane rotating from left to right and back in relation to the longitudinal axis of the machine. First, the data for each movement were plotted in a scatter plot, which was then used to evaluate the linear regression function, and the coefficient (index) of determination designated by R2 was calculated showing the level of quality of the regression model. If it is 1, the prediction can be made with a confidence of 100%. However, if the result is 0, the regression model and its precision will have a 0% confidence.





3. Results


3.1. Lifting Torque of the Crane


The field research investigated the maximum lifting force a hydraulic crane can use with the reach distances being 7 and 5.3 m and the slewing bearing being levelled and not levelled. The results are shown in Table 1.



Table 1 shows an apparent difference in the maximum forces used when the slewing bearing is in the horizontal plane (0°) or copies the slope but in relation to its axis, the value is negative, i.e., not +12° but −12°. It is quite apparent, even from these data, that the slope affects the lifting torque in favour of the slewing gear not levelled. This statement has been verified by statistical analyses showing that the tilt of the slewing gear affects the lifting torque of the hydraulic crane since all the values shown in Table 2 were lower than the specified level of significance (0.05).



After a basic statistical description of the maximum force exerted by the hydraulic crane at the given reach distances and with the given slope of the slewing gear and axis, it was found that the average difference on the −36° axis (i.e., the one above the front left wheel of the machine) at the reach of 5.3 m was 2212.38 N in favour of the slewing gear with a slope of −12°. However, at 7 m on this axis, it was the opposite. The difference here was only 390.30 N in favour of the levelled slewing gear. The same result was obtained on the 0° axis both at the reach of 5.3 m and 7 m. A greater force was detected here, always with the slewing gear with a slope. Specifically, the difference at 5.3 m was 2712.52 N, and only 441.30 N at 7 m. The last axis on which the maximum force that the hydraulic crane can exert was measured was the +22° axis. On this axis, the result of the comparison of forces was identical to that on the −36° axis, i.e., at the distance of 5.3 m, the crane exerted a greater force with the slewing gear being at −12°, and at 7 m, it was the other way around. The difference between the slewing gear levelled (0°) and at the angle of −12° was 2270.24 N at 5.3 m and 358.92 N at 7 m.



When measuring the maximum force possible that the hydraulic crane can exert, a flowmeter recording the data from the hydraulic circuit during the measurement was attached to the cylinder enabling the lift of the crane. Since the set of the data from all the measurements was very large, this paper only presents the data for the point of 5.3 m on the 0° axis, which fully represents the results obtained. Figure 10 shows the flow, pressure, and temperature of the hydraulic oil during the measurement on the 0° axis at the point 5.3 m distant from the centre of the slewing gear positioned at the angle of −12°. Five pressure peaks can be observed. They are sections in which the maximum force of the crane was measured. The first peak corresponded to the force in Measurement 1 (Table 1).



The average hydraulic pressure when measuring on the 0° axis at the 5.3 m point with the slewing gear not levelled (−12°) was 190.71 bar. The maximum pressure was reached at 8345.46 N. It was the first peak out of five. Its value was 194.85 bar, which was 5.76 bar more than the pressure minimum. The most frequently reached pressure value was 190.58 bar. At the same point and on the same axis but with the slewing gear levelled (Figure 11), the average pressure reached was 190.05 bar, which was almost the same as when the slewing gear was at −12°.



Figure 11 shows a high maximum pressure (213.25 bar) in the second measuring attempt. Such high pressure is preceded by a very high flow reacting to a decrease in the pressure to 183.70 bar, the minimum value recorded. This divergence, lasting only 0.30 s, can be explained by the function of the directional valve, where the hydraulic spool could have been disengaged from its position or the control signal voltage could have dropped. Such an occurrence was very rare during the measurement. Overall, it can be stated that the same pressure was reached in both the positions of the slewing gear but the maximum forces of the crane were different.



The trend detected during the field research related to the hydraulic circuit was verified by a dynamic analysis in the MSC Adams software, where the same maximum forces recorded in the field research were entered and the pressure acting on the specific part of the cylinder piston was calculated. Figure 12 shows the pressure condition for each of the forces acting in the simulation on the 0° axis at the 5.3 m point with the slewing gear not levelled (−12°). When comparing the pressure with Figure 10, it is apparent that with the force being the same, the pressure is different, which confirms the result of the statistical test in Table 3. Based on the calculation made by the programme, the pressure of 183.73 bar was needed to exert the particular forces, which is 6.98 bar less than what was measured. The maximum pressure provided by the calculation was 186.86 bar and the minimum was 181.71 bar. The most frequently calculated value was 183.55 bar.



Figure 13 shows the theoretical behaviour of pressure at the 5.3 m point on the 0° axis with the slewing gear levelled (0°). Again, in comparison with the field measurement (Figure 11), a difference between the pressures is apparent. This is also confirmed by the result of the statistical analysis in Table 3. The average pressure, according to the dynamic analysis, was 154.54 bar. Thus, the difference was 35.50 bar in comparison with the measurement. The maximum pressure calculated in the simulation was 158.45 bar and the minimum was 151.87 bar. The most frequently reached pressure value was 154.46 bar.



When comparing the field measurement and the dynamic analysis, their percentage difference was monitored, which is shown in Table 4. The smallest differences, and thus the highest precisions, at the 5.3 m point occurred on the 0° axis with the slope of the slewing gear being −12° (parallel to the slope of the ground). The model and reality only differed at this point by 3.66%. In contrast, the highest inaccuracy, 23.50%, was observed on the −36° axis with the slewing gear levelled (0°). Furthermore, at the 5.3 m distance, a certain trend could be noticed of higher inaccuracy between the model and the reality, always with the slewing gear at 0°. The total deviation at the given distance was then 14.64%.



The smallest difference at the 7 m distance was 0.23%, which was on the +22° axis with the slewing gear making an angle of −12°. The highest inaccuracy between the model and the reality occurred in the pressure values recorded on the axis parallel to the longitudinal axis of the machine (0°) with the slope of the slewing gear being 12°. Specifically, the difference here was 7.88%. At the 7 m distance, the same trend could be seen as at 5.3 m, except for the 0° axis, on which the differences were almost identical. The total inaccuracy at 7 m was only 5.01%, which is 9.63% less than at the 5.3 m distance. Overall, the dynamic analysis data differed from the real measurement by 9.82%.




3.2. Slewing Torque


In addition to the research on the dependence of the lifting torque of the crane and the slope of its slewing gear, including the subsequent comparison of the hydraulic pressures in the MSC Adams programme, a comparison was also made of the slewing torque with the slewing gear levelled and not levelled. Considering the issues related to the centre of gravity of the machine when the hydraulic crane is rotating, a field investigation could not be carried out for safety reasons. The results of the initial experimental field measurements proved the instability of the prototype AH6 machine, which was also confirmed by simulations. Therefore, only a dynamic analysis of the crane was performed. Instead of the given torque, this analysis monitored the surface resistance that had to be overcome for the crane to move each component in and out of the slewing bearing. The torque values then correspond to the inverse resistance values.



Figure 14 shows the development of the resistance while the crane with the slewing gear levelled is moving from left to right and back with a reach of 5.3 m. When the angle was negative, the crane was on the left side of the machine from the driver’s point of view. If the angle was positive, the crane was on the right side. The 0° axis was the axis of the crane parallel to the axis of the machine (as in the other measurements). The negative resistance values conformed to the same rule as the angles, only with inverse signs. However, in terms of a comparison of the left and right sides, they could be regarded as positive in all the cases. This rule also applied to the speed. Considering the large amount of data, only the measurement at the distance of 5.3 m from the axis of the slewing gear is presented.



Figure 14 clearly shows an even resistance throughout the rotation of the hydraulic crane from left to right and back at a constant speed, i.e., in the range from −108° to +108°. In the first rotation cycle, the crane was weighted, besides the weight of the rotator and the harvester head, at its end, which was 5.3 m away from the centre of the slewing gear, using a 500 kg load. In each of the following four cycles, the load was always reduced by 20 kg.



The average resistance that had to be overcome and was calculated during the movement from the angle of −108° to 0° was 5762.63 Nm. During the subsequent movement from 0° to +108°, it was 5751.61 Nm. As the crane was returning from +108° to 0°, it was determined to be −5753.99 Nm. The resistance detected from 0° to −108° was 5761.25 Nm. These are very even values of friction in opposing motion. Specifically, the differences only ranged from 437.20 Nm up to 551.90 Nm. The same trend of even resistance with the slewing gear levelled was also observed at the 7 m distance.



Figure 15 shows the development of resistance when the slope of the slewing gear was −12°, the reach of the crane was 5.3 m, and the load was the same as with the slewing gear levelled. It is quite obvious that it is affected by the slope, which was also confirmed at the 7 m distance. When the crane was moving from the angle of −108° to 0° (i.e., ascending), the average resistance was 5523.71 Nm. After crossing the zero angle towards +108°, an opposite situation occurred when the crane was descending. The average resistance during the descent was 5538.87 Nm. In the opposite case, when the crane was rotating from left to right, the average resistance during the ascent was 5540.82 Nm. During the descent, this value was −5519.60 Nm.



It is quite evident even from these data that the resistance is affected by the slope of the slewing gear, which is also confirmed by the result of the statistical tests comparing the distances of 5.3 m and 7 m, which was <0.001. The level of significance was 0.05; therefore, the dependence of the slewing torque (resistance) and the position of the slewing gear were ascertained. However, what must also be considered is the angle at which the crane operates at the given moment since, when the crane gets closer to the 0° axis, the slope gradually decreases, and vice versa. This is why for each movement from one side to the other, a regression model was made to plot the dependence (Figure 16).



Figure 16 shows a detailed view of the first movement of the crane from −108° to +108°. The blue dots are data from the dynamic analysis. After their display, a parabolic regression function was selected based on their distribution. After the basic equation was calculated, the coefficient of determination (R2) was also evaluated. Its value and the parabola equation can be seen in Figure 16 (the parabola is marked in red). In this case, the coefficient was 0.9848, which means that the parabola represents, with a precision of 98.48%, the resistance values that must be overcome when the crane rotates from left to right with a 500 kg load. The other movements repeated in the measurements with a different load suggested that the overall parabolic regression function at the 5.3 m reach corresponded with a precision of 98.32% (R2 = 0.9832). The same trend in the resistance of the slewing gear not levelled and the regression function was also detected at the 7 m distance, where the maximum load weight was 300 kg (20 kg less in the next movement). The average coefficient of determination in this case was 0.9645, which means that the shape of the parabola corresponded to the resistance with a precision of 96.45%. The graphical solution and the numerical values cannot be published here due to the large amount of the data.



After the parabola is plotted (the red dots), Figure 16 clearly shows the dependence of the resistance and the angle at which the crane operates, which, to a certain extent, confirms the dependence on the position of the slewing gear. Overall, the behaviour of the resistance that must be overcome for the crane to rotate up and down a slope corresponds, in terms of shape, to a parabola with a precision of 97.38% (R2 = 0.9738). This suggests that the slewing torque of a hydraulic crane corresponds to a parabola inverse to the resistance, and therefore the relations confirmed for the resistance also apply to it. If the slope of the slewing gear is −12° (tilted backwards) when the crane moves up a slope, the slewing torque is smaller than when the crane is levelled. The largest values of the torque are reached in front of the machine, i.e., at the 0° axis.





4. Discussion


Currently, the CTL technology is used increasingly often on previously inaccessible sloping grounds, which has been shown by many studies [1,2,3,4]. Its employment increases the work safety [6,7]. According to Visser and Stampfer [1], these machines are equipped with the option of levelling the hydraulic crane and cabin, which enhances the operating ergonomics and makes the machine more stable. Levelling the crane with a cabin, or more precisely their slewing bearing, affects the productivity, according to the empirical studies conducted by Schiesse et al. [11]. These statements about the productivity, stability, and ergonomics of the machine can be, by virtue of the results presented in this paper, considered incomplete but not incorrect.



The results confirm a relation between the lifting torque of a hydraulic crane and the slope of the slewing gear. Specifically, when operating up a slope not being levelled, it reaches higher lifting torque. However, the slewing torque is lower, or rather, it behaves 97.38% parabolically, where the vertex of the parabola corresponds to the maximum value detected in front of the machine (i.e., on the 0° axis). The minimum is then located the furthest from the 0° axis. In this case, the minimum was detected at the angle of ±108°, where the speed was constant. Considering the data acquired, it can be stated that: “Levelling the slewing gear of a hydraulic crane primarily maintains the force characteristics it has in a horizontal position and, secondarily, the operating ergonomics and the machine stability are maintained.” What can also be taken into account is the rationalization of the structure of the crane, which makes it possible to level the slewing gear.



When measuring the lifting torque and the maximum force it can exert, the hydraulic pressure and its flow were also monitored. It was found that the pressure, within the slope of the slewing gear of the crane, remains the same unlike its maximum lifting force. Subsequently, after substituting the maximum forces measured into the dynamic analysis of the lifting torque, pressure value differences were detected between the slewing gear levelled and not levelled as well as between the field research and the model. Table 4 shows the average pressures at the specific distances and on the selected axes. For example, on the 0° axis, with the slope of the slewing gear being −12°, it was 183.73 bar and, with the slewing gear at 0°, it was 154 bar. With this lower pressure value, a weaker force was exerted ranging from 2530.12 to 2892.96 N. However, in the field research, with the slope of the slewing gear being −12°, the pressure was 190.71 bar and, with a slope of 0°, it was 190.05 bar. A comparison yielded a difference of 3.66% with the slewing gear being at −12° and 18.68% when the slewing gear was in a horizontal position (0°).



The small difference between the model and the measurement with the slope of the slewing gear being −12° could, to a certain extent, be accounted for by the resistances in the hydraulic circuit since the software only works with the pressure it calculates from the known area of the hydraulic cylinder and does not include the hydraulic fluid. However, this explanation does not apply to a deviation of 18.68%. Therefore, a question should be asked what has caused this deviation and why was it not also detected at the 7 m distance. The answer could be provided by a more long-term research. If, even despite these inaccuracies, the total deviation was determined to be only 9.82%, it can be said that using a dynamic analysis to determine the basic lifting torque is appropriate but a deviation of up to 10.00% must be expected. This deviation could theoretically be improved by adding more numerical calculations and refining the boundary conditions as the field survey can have many factors that cannot be predicted in the simulation. The question for further research is also whether increasing the numerical calculations will not increase the deviation.




5. Conclusions


Overall, it can be stated that levelling the slewing gear of a crane is necessary on a sloping ground, especially since the effect on the lifting and slewing torques is reduced. It has been found that when the slope of the slewing gear is −12°, the lifting torque reaches a higher maximum lifting force than when the slewing gear is in a horizontal position (0°). The research has confirmed a relation between the slope of the slewing gear and the lifting torque. As part of the theoretical verification by a dynamic analysis of the crane and the AH6 machine, a different pressure was detected in the lifting cylinder compared to the field research. The total deviation of the simulation from the field research was 9.82%, which can be considered acceptable; however, it must be taken into account when designing lifting loaders.



The paper was also concerned with determining the effect of the slewing bearing slope on the slewing torque. The research has shown that, with the slewing bearing not levelled, the slewing torque can be characterized 97.38% by a parabola, whose vertex is located in front of the front part of the machine and goes down when the crane moves to the left or right. It follows that when the crane is not levelled and is moving up a slope from left or right, the slewing torque is significantly lower than with the crane levelled. Overall, it can be determined that, when the crane is rotating up a slope, whether it is from left or right, the slewing torque is lower and it increases as the crane gets closer to the front of the machine (along the longitudinal axis of the machine). The behaviour of the slewing torque is then characterized by a parabola.



The results of the research show the necessity to equip hydraulic cranes with CTL technology because of the growing trend of them being used on sloping grounds. Levelling the lifting equipment is the only way of reducing the force and torque load, which is a promising aspect to the integration of levelling into CTL technology machines and their automation or programmability with regard to the operating conditions of the machine. Levelling reduces the weight of some parts of the machine bringing down the energy consumption with additional ergonomic benefits for operation. In the future, the force and torque parameters can be calculated in advance using numerical models in software of the MSC Adams type.
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Figure 1. Harvester AH6 by Agama a.s. 
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Figure 2. The basic components of the 3D harvester model: 1—harvester crane, 2—slewing gear without the cabin, 3—tilting bottom plate of the slewing gear, 4—frame, 5—front axle, 6—rear axle, 7—measuring instruments for distances of 5.3 m and 7 m. 
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Figure 3. Coordinate system of the AH6 harvester 3D model. 
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Figure 4. Numerical simulation model. 
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Figure 5. Markers and free joints between components. 
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Figure 6. Types of joint: cylindrical joint (on the left), translational joint (in the middle), spherical joints (on the right). 
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Figure 7. A revolute joint and a spring with a damper as a substitute for a wheel unit. 
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Figure 8. Measurement of the lifting capacity of the crane. 
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Figure 9. Hydraulic circuit of the crane with flowmeters. 
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Figure 10. Illustration of the hydraulic circuit during the lift on the 0° axis at the 5.3 m point with the slewing gear not levelled. 
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Figure 11. Illustration of the hydraulic circuit during the lift on the 0° axis at the 5.3 m point with the slewing gear levelled. 
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Figure 12. Pressure calculated in the simulation acting on the lifting cylinder of the crane on the 0° axis at the 5.3 m point with the slewing gear not levelled. 
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Figure 13. Pressure calculated in the simulation acting on the lifting cylinder of the crane on the 0° axis at the 5.3 m point with the slewing gear levelled. 
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Figure 14. Illustration of the surface resistance of the slewing gear levelled at a reach of 5.3 m. 
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Figure 15. Illustration of the surface resistance of the slewing gear not levelled at a reach of 5.3 m. 
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Figure 16. Detailed resistance of the slewing gear not levelled when moving from left to right with a 500 kg load. 
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Table 1. Maximum lifting force of a crane with a harvester head.
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Reach (m)

	
Axis (°)

	
Slope of the Slewing Bearing (°)

	
Maximum Lifting Force (N)




	
Measurement 1

	
Measurement 2

	
Measurement 3

	
Measurement 4

	
Measurement 5






	
5.3

	
−36

	
−12

	
5246.56

	
5315.20

	
5285.78

	
5285.78

	
5236.75




	
0

	
7423.63

	
7413.83

	
7492.28

	
7570.73

	
7531.51




	
0

	
−12

	
8345.46

	
8561.21

	
8335.65

	
8286.62

	
8208.17




	
0

	
5452.50

	
5893.80

	
5521.14

	
5629.02

	
5678.05




	
+22

	
−12

	
7374.60

	
7433.44

	
7423.63

	
7413.83

	
7404.02




	
0

	
5099.46

	
5021.00

	
5099.46

	
5109.26

	
5109.26




	
7

	
−36

	
−12

	
2843.93

	
2745.86

	
2971.41

	
3020.45

	
2971.41




	
0

	
3255.81

	
3324.45

	
3314.65

	
3285.23

	
3324.45




	
0

	
−12

	
3589.23

	
3648.07

	
3559.81

	
3746.14

	
3726.53




	
0

	
3373.49

	
3246.00

	
3334.26

	
3255.81

	
3314.65




	
+22

	
−12

	
2794.90

	
2853.74

	
2892.96

	
2873.35

	
2902.77




	
0

	
3177.35

	
3246.00

	
3206.77

	
3196.97

	
3285.23
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Table 2. Results of the statistical testing of the lifting torque.
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Reach (m)

	
Axis (°)

	
Slope of the Slewing Bearing (°)

	
Result of Statistical Analyses






	
5.3

	
−36

	
−12

	
˂0.001




	
0




	
0

	
−12

	
˂0.001




	
0




	
+22

	
−12

	
0.012186




	
0




	
7

	
−36

	
−12

	
0.000071




	
0




	
0

	
−12

	
0.000045




	
0




	
+22

	
−12

	
˂0.001




	
0
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Table 3. Results of the statistical tests comparing the pressures of the hydraulic crane.
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Reach (m)

	
Axis (°)

	
Slope of the Slewing Bearing (°)

	
Result of Statistical Analyses






	
5.3

	
−36

	
−12

	
<0.001




	
0

	
<0.001




	
0

	
−12

	
<0.001




	
0

	
<0.001




	
+22

	
−12

	
<0.001




	
0

	
<0.001




	
7

	
−36

	
−12

	
<0.001




	
0

	
<0.001




	
0

	
−12

	
<0.001




	
0

	
<0.001




	
+22

	
−12

	
<0.001




	
0

	
<0.001
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Table 4. Accuracy of the dynamic analysis of the lifting torque.
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Reach (m)

	
Axis (°)

	
Slope of the Slewing Bearing (°)

	
Mean Pressure (Bar)

	
Deviation (%)




	
Reality

	
Model






	
5.3

	
−36

	
−12

	
193.25

	
174.35

	
9.78




	
0

	
190.84

	
149.43

	
21.70




	
0

	
−12

	
190.71

	
183.73

	
3.66




	
0

	
190.05

	
154.54

	
18.68




	
+22

	
−12

	
192.04

	
171.87

	
10.51




	
0

	
191.68

	
146.64

	
23.50




	
7

	
−36

	
−12

	
192.54

	
195.72

	
1.65




	
0

	
192.14

	
204.70

	
6.54




	
0

	
−12

	
189.48

	
204.40

	
7.88




	
0

	
189.52

	
204.41

	
7.86




	
+22

	
−12

	
191.41

	
190.96

	
0.23




	
0

	
191.32

	
202.62

	
5.90
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