Simulation of simple headland turnings for mobile farm machinery
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ABSTRACT 
A method for simulation of simple turnings as a part of field machinery motion is presented. Calculations are automated by spreadsheets in a man-machine interactive system. Change of motion direction is usually between 0 and 180 degree and rarely on 270°. The machinery trajectories include straight lines, clothoids and circles. Criteria of field motion are ratio between turnings length or turnings time and run length or run time, ratio of turn strip area and field area. Some of main turnings are compared.
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INTRODUCTION
It is a known fact that the need to change the direction of movement at the end of the arable field directly leads to a loss of time. For turnings made without any processing of plants or soils the losses in time increase twice for field lengths in range of 1000 to 100 m. Proper combination of type of movement and type of turning can improve the effectiveness of the agricultural machinery. The simplest way is to decrease the turning time using turnings over the shortest trajectory. It can be represented as combinations of straight lines, transitional curves, for example clothoids and circles. In order to evaluate possible ways for shortening the distance and time of turning, we need to set out targets first. The big number of turning conditions requires the ideal trajectory to be defined at least for the common forms of fields for crop production – polygons, usually modeled with trapezoids, rectangles and triangles. Most researchers represent the fields with the following properties: points of entering and leaving the turning, length of the turning way, trajectory (direction of the movement during entering, leaving and in between), speed of movement – [3], [5], [6], [11], etc. For evaluation of different types of turnings most often are used L21 – length of the turning way, B21 — distances between the points of turning entering and leaving and the most distant point of the turning trajectory, D21 – distance between the points of turning entering and leaving. Unfortunately, when their values are available, most often they are in the range of the possible values, but not always – [3], [11]. Usually the information is for angles between directions of turning entering and leaving 90, 180, rarely 270° - [5], [6]. Formulas used for calculation of L21 and B21 are derived with simplified representation of movement trajectory, for example with straight lines and circles – [3], [11]. Determining the points of turning trajectory using integrals requires numerical integration with our simplifying the calculations. - [10]. Other ways for determining these parameters use intermediate values, which are calculated with the same level of difficulty. Also they increase incorrectness, for example in [11]. From all operating parameters only for the speed is proposed linear dependency with the real turning radius and only for wheel tractor – [10]. This incompleteness of the data does not allow comparison of different technological solutions including these related to the type of movement and turning. One possible solution for the problem described above is in two steps. First is developed an algorithm for modeling the movement during the turning. When simplified and fast calculation is needed, from the resulting data it is possible to make mathematical models, regressional for example. After that with the help of experiments the models are clarified, for example by using empirical coefficients. In the present work is described the first part of the answer for the question on obtaining data for the parameters of the turnings which follow trajectory close to circle.

METHOLOGY
The movement of the agricultural machinery is represented with the method of the kinematics. This assumption requires to look at the movement of the articulated mobile vehicles separately for each part of the agricultural aggregate.

For the simulating research electronic spreadsheets was used. They are applicable because for the calculation of L21, B21 and D21 can be employed repeating calculations. By changing only the input data can be produced many results, which can be visualized with XY diagram for example.

As long as visualization of a straight line and circle in Cartesian coordinate systems simple, we will not cover it. For representation of transitional lines among the curve types above we choose clothoids. We mean single side or double side clothoids and constituent curve of two single side clothoids connected with their starting points. In the general case the latter is with different parameters and different final points (end) of this movement.

On figure 1. is shown sample curve of the turning trajectory for angle between direction of work leaving and entering Alfa =  150°.


Among the large number of methods for representing clothoids, the one shown in [7] is precise enough.

There are evidences that it is the shortest path between straight line and circle at gradually decreasing turning angle, i.e. constant angle speed – [2].

It is known that clothoid is described with equation

R* S = А² = const,

where R is the current radius of the turning,


S is the length of the path,


A — parameter of the clothoid

Numerical representation of the clothoid in x-y (Cartesian) coordinate system can be represented with 
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For the calculations are used the Fresnel integrals
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Satisfactory accuracy is accomplished with 22.  members of the series.

Formulas used for the design of automobile roads are not suitable in this case – [8] и [9].

The control variables for the electronic spreadsheet are: minimal radius of the turning, maximum radius of the turning, the linear speed, the angle between the direction of leaving before the turning and after the turning, calculation step.

Next necessary step is connecting the straight lines and curves of the trajectory. This is accomplished with translation and rotation. When necessary the lines are mirrored against abscissa, ordinate or other straight line perpendicular to the tangent in the last point of the trajectory.

At last step the trajectory is visualized. It makes the verification of the result simpler.

RESULTS AND DISCUSSIONS
The distance between points of entering and leaving D21 determine possibilities for turning at one or another kind of motion for the given type of turning. For example during turning at180° this distance is determined by the width of the machines in one aggregate Ba for continuous pattern type of movement. at turning of 180°, but during straight alternation pattern movement this distance is 2*Ba. Unfortunately in the literature there are no dependencies for this parameter. Using the algorithm above were obtained the necessary data, part of which are shown on the figure 2.
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Fig.2. Relation of angle between directions of movement Alfa, and the distance between the entering and leaving points of the turning D21, at minimal turn radius Rmin 2,8m, at different turning speeds:  1 – 3,06 m/S, 2 – 2,50 m/S, 3 – 1,94 m/S, 4 – 1,39 m/S

It can be seen that the vehicle goes most far from the starting line at 135° During movement with turning the direction of work with 180° the width of the turning strip is determined by the biggest D21, For example for trapezoid form of the field and angles of angles 45° and 135° at speed 3.06 m/S it will be about 10m, at 90°, i.e. rectangular field – about 8m. This result confirms the advantages of the rectangular fields, processed by aggregates with small operating width.

As it was mentioned above the performance of the mobile equipment largely depends on the length of the turning L21. Regarding the turning speed, most often it is assumed to be equal to the one during the work. In this case no time is lost for the gear downshifting from work to the turning, and for deceleration and acceleration respectively. Although that draughtbar force during the turning is usually less than the one during the work, movement with higher speed is not desirable due to the appearance of forces acting across the direction of movement of the equipment.

Results of the calculations at these assumptions are shown on figure 3.
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Fig. 3. Relation of angle between directions of movement Alfa, and length of turning L21, m,  at minimal turn radius Rmin 2.8 m, at different turning speeds:  1 – 3,06 m/S, 2 – 2,50 m/S, 3 – 1,94 m/S, 4 – 1,39 m/S

Unfortunately complete comparison with literature data is not possible, because such data are present only for 90° и 180°. For last cases the ranges of expected parameters for turnings reach for example 50% compared to the minimal values of the turn length.

The distance between the straight line of entering and leaving to the most far point of the turning trajectory B21 determine necessary width of the turn strip. During turn of aggregate with mounted machine the turn strip is at least sum of B21 and half of the track width of the energetic vehicle.

In case of symmetric pull-type aggregate the width of the turn strip is at least sum of B21 and Ва/2.

When there is no free space beyond the borders of the field for turning, for example wide enough road or field with no crops on it, then the turns are done in the field. This leads to destructuring and stuffing of the soil and decreasing the vintage to up to two times. This width of the turn strip is bigger due to the need to process it after the processing of the main part of the field (without the turn strips). 

The distance determined in such a way is shown on figure 4.
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Fig. 4. Relation of angle between directions of movement Alfa, and distance between entering and leaving points and most far point of the turn B21, m,  at minimal radius of turn Rmin  2,8 m, at different turn speeds: 1 – 3,06 m/S, 2 – 2,50 m/S, 3 – 1,94 m/S, 4 – 1,39 m/S

At trapezoid form of the field and continuous pattern of movement for turnings at 180°, if it first turns at angle Alfa, and on return at 180 – Alfa. From the figure it is seen for example, that for angles of trapezoid 30° and 150° B21 are approximately equals. At angles of 60°and 120° B21 increases with about a meter. For movement with turnings of 90°, for example with roundabout B21 is slightly greater, compared to the one at 180°. In return the total length of the turning is with 1/3 less – please see figure 3. Such comparisons allow to choose the most appropriate type of movement and turning for the given agricultural operations

Below, on figures 5, 6, and 7, is shown the relationship between D21, L21 и B21 at at maximum angle of turning  αmax 45° with the speed of turning at other Rmin for two of the most frequently used types of movement at rectangular form of the fields and Alfa 90° - figure movement  180° - continuous pattern, headland movement with passing one width, razor and crest. The dependencies are close to the linear, which is confirmed with the conclusions in [11].    

For these most frequently used types of movement the parameter  D21 differs insignificantly. 
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The straight lines on figure 6. show, that the trends for increasing the length of the turning are preserved. Coefficient of the proportionality is greater at greater angle between the directions of entering and leaving for work.
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On figure 7, it is seen that with increasing the speed of movement the values of the distance between the entering and leaving points and the most far point of the turning B21 are getting closer. It is so, because the transitional part of the trajectory of the turning (clothoid) is taken in shorter time.

An important parameter for the maneuverability of the energetic vehicles is the minimal radius of turning Rmin. It was found that it impacts insignificantly the two angles in question between the directions of entering and leaving for work over B21, and much more for the other parameters. On figure 8. and 9. are shown dependencies of the length of the turning L21 and length between the entering and leaving points of the turning  D21 of Rmin.  
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It is observed a slight increase of the length of the turning with increasing of the minimal angle of turning Rmin. The difference in the same distance, and therefore the time for turning is 1/3 up to 1/2 for the two angles..
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The dependencies for D21 are differing. At minimal radii of turning the difference is insignificant, but with increasing of Rmin it increases significantly – Fig. 8. This fact proves the conclusion that the energetic vehicles having greater Rmin are more effective at headland types of motion.

CONCLUSIONS
Employing electronic spreadsheets allows to represent the kinematics at turning with straight lines, clothoids, and by circle. The graphical illustrations are appropriate for visual control of the calculations.

Using the results of the calculations for the trajectory of the turning can be compared trajectories with shorter length for the various angles between the directions of the entering and leaving for work, speed of movement, minimal radius of turning and maximum angle of turning.
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Fig. 1. Turning trajectory for angle between direction of work leaving and entering Alfa =  150°. 


1 is turning left starting over the  clothoid, and after reaching the maximum angle of turning – over Rmin = 2.8m.


2 is a symmetric curve to the first one





Fig. 7. Relation between the length between the entering and leaving points of the turning D21, m, at minimal radius of turning Rmin 4,0 m, by the speed of turning : V, m/S, at angle between the directions of entering and leaving Alfa 90° and 180°








Fig. 6. Relation between the length of the turning L21, m, at minimal radius of turning Rmin 4,0 m, by the speed of turning : V, m/S, at angle between the directions of entering and leaving Alfa 90° и 180°





Fig. 5. Relation between the distance between the entering and leaving points and most far point of the turning B21, m,  at minimal radius of the turning Rmin  4,0 m, by the speed of turning V, m/S, at angle between the directions of entering and leaving Alfa 90° and 180°





Fig.8. Relation between the length of the turning , L21, m, and minimal radius of the turning Rmin by the speed of the turning : V, m/S, at angle between the directions of the entering and leaving Alfa  90° и 180°











Fig. 9. Relation of the distance between the entering and leaving points of the turning D21, m, and minimal raduus of turning Rmin by the speed of turning : V, m/S, at angle between directions of entering and leaving Alfa 90° and 180°














