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Abstract

:

The study was devoted to the analysis of feller buncher platform leveling systems. The widespread use of these systems in the design of modern feller-buncher machines makes the study relevant to assess operational efficiency. The analysis was conducted in five stages using analytical and stochastic mathematical modeling methods. In the first stage, the existing layouts of alignment systems were analyzed from the position of force on the hydraulic cylinder rods of the platform tilt drive. The three-cylinder layout scheme, where the force on the hydraulic cylinder rod was 50…60% less than that on the two-cylinder layout, appeared to be the most expedient. In the second stage, a mathematical model for determining changes in the position of the center of mass of the feller-buncher depending on the inclination angle of the platform was derived. In the third stage, a mathematical model was derived for determining the limiting angle of slope of the terrain when the feller buncher moved up the slope. For this purpose, two calculation schemes were considered when the machine moved up the slope without and with a tilted platform. Zero support reaction on the front roller was taken as the stability criterion. In the fourth stage, a mathematical model for determining the limiting angle of slope of the terrain during the roll of the feller-buncher machine was obtained. In the fifth stage, the efficiency of the application of leveling systems was evaluated. A graph of the dependence of changes in the terrain slope angle on the platform slope angle was plotted, and a regression dependence for an approximate estimate was obtained. A regression analysis was also carried out, and dependencies were obtained to determine the weight of a feller-buncher with a leveling system and the added pressure on the ground caused by the increase in the weight of the base machine. The analysis of platform leveling systems showed the effectiveness of their application in the designs of feller-buncher machines, as it allows the machines to work on slopes with an inclination of 50…60% more than without them.
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1. Introduction


The use of tracked feller-buncher machines is still one of the most popular means of mechanized tree felling. The reasons for such a decision are their low ground pressure (about 38–75 kPa) [1] and high shift productivity (4–5 times higher than that of the harvester) [2,3] compared to wheeled logging equipment.



Forest machines are often operated on flat terrain and difficult terrain with various kinds of micro-irregularities or hilly terrain. In order to increase stability as well as operator comfort, tracked feller-buncher machines are equipped with a platform leveling system. About 55% of all modern machines are equipped with a leveling system, which indicates a high demand among loggers for this design element. This raises the problem of optimal design of the leveling system and the analysis of both positive and negative aspects of using such systems.



The subject of the research was a system of platform leveling—a hydraulic mechanism that converts the translational motion of the hydraulic cylinder rods in the rotational motion of the platform around the hinge axis. The platform can be rotated both in the longitudinal and transverse planes. Two-cylinder and three-cylinder assemblies are the most widespread.



John Deere (Moline, IL, USA), Tigercat (Cambridge, ON, Canada), and Komatsu Forest (Umeå, Sweden) are all equipped with a two-cylinder leveling system. In general, the two-cylinder leveling system consists of two hydraulic cylinders hinged to the rear frame of the machine, each of which is connected to a balancing valve designed for load retention and cross-pressure relief [4]. Cylinder rod heads are secured by pins in eyes welded to the leveling unit. The equalizing unit consists of two mutually hinged plates. The lower plate is mounted on the front frame, which in turn is mounted on bearings in the machine hull. The upper plate is hinged to the lower plate and the hydraulic cylinders. The platform is bolted to the top plate. The dual-cylinder leveling system works as follows: To tilt the platform left/right, the left/right hydraulic cylinder compresses, and the right/left extends, with the platform rotating transversely relative to the leveling unit plate joint. For forward tilting, both hydraulic cylinders expand, and for backward tilting, the longitudinal rotation is relative to the front frame bearing axis.



In works [5,6,7,8], the studies aimed to investigate the influence of the added dynamic load acting on the elements of technological equipment, base, and power unit of the feller-buncher machine. The research results showed that introducing the platform leveling system into the design of the feller-buncher significantly increases the dynamic load on the machine in the process of its technological operations. In [9], a study aiming to assess the impact of the platform leveling system on the vibration load of the feller-buncher machine operators was presented. There are known studies [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28] on the practical use of feller buncher machines with different leveling systems when harvesting timber on steep slopes.



It should be noted that these [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28] papers did not evaluate the design features of the leveling systems. Our work aimed to analyze the design features of the leveling systems, as well as to analyze the stability of feller-buncher machines with a leveling system to determine the limiting angles of static stability (when driving up a slope and in a transverse roll) without the use of auxiliary equipment such as winches or additional outriggers.



Our study aimed to evaluate the effectiveness of the existing platform leveling systems, taking into account the metal consumption of the equipment. The novelty of our study consists of the developed mathematical model, which allows the solving of the problem of determining the limiting angles of static stability of the feller-buncher with the platform leveling system in a general form. The study results can be used both in evaluating the stability of existing feller-buncher machines and in designing new models.




2. Materials and Methods


The study consists of five consecutive sections. Let us shortly examine what each of the sections is about and what their purposes are.



Section 3.1 discusses the two most common designs of platform leveling systems for tracked feller bunchers. In the first case under consideration, the platform is tilted by two hydraulic cylinders, and their action forces are directed to the platform center (Figure 1a). In the second case, the platform is tilted by one hydraulic cylinder, and its force is directed to the edge of the platform (Figure 1b). The purpose of this section is to determine in which of these two schemes the force on the hydraulic cylinder rods will be less and by how much.



Section 3.4 presents a diagram that shows the change in position of the center of mass of the feller-buncher when its platform is tilted (Figure 2). A mathematical model shows how the position of the center of mass of the feller-buncher will change as a function of the angle of inclination of its platform. This section also gives a mathematical equation showing how the position of the center of mass of the base machine would change along the ordinate axis if a platform leveling system were to be incorporated into its design.



In Section 3.3, we consider two computational diagrams that show the forces acting on the feller buncher while driving uphill. The first diagram (Figure 3) shows the uphill motion of the feller-buncher without platform tilt, while the second diagram (Figure 4) shows the uphill motion of the feller buncher with platform tilt. For each design case, mathematical expressions for determining the limiting angle of ascent were compiled. The purpose of this section is to obtain a mathematical model to determine how much the marginal angle of lift will change when the platform is tilted.



Section 3.4 presents a calculation diagram showing the forces acting on the feller buncher when it tilts (Figure 5). The purpose of this section is to obtain a mathematical model to determine how much the roll angle will change when the platform is tilted sideways.



Section 3.5 presents graphs and regression equations showing: how would the marginal slope angle change depending on the platform tilt angle (Figure 6); how the weight of the base machine would change if a platform leveling system were introduced into its design (Figure 7); how would the ground pressure that a machine would create with a platform leveling system change as compared to the base machine (Figure 8). The regression equations in this section were obtained from the data presented in Table 1 (source of information: official websites of John Deere, Tigercat, Caterpillar) [4,29,30,31,32,33,34,35,36,37]. This section’s graphs and equations were obtained in Microsoft Excel according to the data presented in Table 1. Significance levels of t-criterion and F-criterion for all three equations are less than 0.05, i.e., equations and their coefficients are 95% reliable.



To reproduce the results of the study, it is necessary to know the geometric and mass-dimensional parameters of feller-buncher machines. Some of the information can be found on the official websites of the companies producing the feller-buncher machines. The missing data can be obtained by direct measurements on the existing machine or set to design a new machine.




3. Results


3.1. Analysis of the Optimal Design of the Leveling System


The main parameters of the optimal layout of the leveling system can be taken as the force on the hydraulic cylinder rod of the platform tilt and the reaction of the pivot joint support. Let us consider the two most common layouts in the longitudinal plane, with the maximum tilt angle of the platform and the hydraulic cylinder rods fully extended (Figure 1).



The force on the hydraulic cylinder rods can be determined by the following equations:


  ∑  M A  = 0 :   2  P 1   h 1  −    G m   a 1    sin  φ 1    = 0 ;  



(1)






  ∑  M B  = 0 :  P 2   h 2  −    G m   a 2    sin  φ 2    = 0 ,  



(2)




where P—the force on the hydraulic cylinder rod, kN; h—the lever arm on the hydraulic cylinder rod, m; Gm—the machine gravity force, kN; a—the arm of the equalizing force of gravity relative to the rotary joint axis, m; φ—the angle of inclination of the hydraulic cylinder relative to the horizontal at the fully extended rod, deg; 1, 2—indices corresponding to two- and three-cylinder systems of alignment, respectively.



Converting expressions (1) and (2), we obtain:


   P 1  =    G m   a 1    2  h 1  sin  φ 1    ,   kN ;  



(3)






   P 2  =    G m   a 2     h 2  sin  φ 2    ,    kN  .  



(4)







The following equations can determine the bearing reactions in the joints:


   R A  =    G m  −  P 1  sin  φ 1    sin  φ 1    ,    kN  ;  



(5)






   R B  =    G m  −  P 2  sin  φ 2    sin  φ 2    ,    kN  .  



(6)







By comparing schemes (a) and (b) (Figure 1), the following patterns can be presented: h2 > h1; a2 < a1; φ2 > φ1 или h2 = k1h1; a2 = k2a1; φ2 = k3 φ1, where k1 ≈ 1.5…2.0; k2 ≈ 0.3…0.6; k3 ≈ 1.4…2.0.



Then, by transforming expressions (3) and (4), we obtain:


   P 2  =  (  0.5 … 0.6  )   P 1  ,    kN  .  



(7)







Thus, from the point of view of forces on the hydraulic cylinders rods, at the stage of design, it is more reasonable to choose scheme (b) (Figure 1), as although, at this configuration, only one hydraulic cylinder makes the platform tilt in the longitudinal plane, the force on its rod is about 50…60% less than those on each of the two hydraulic cylinders of scheme (a).




3.2. The Mathematical Model for Determining the Changes in the Position of the Center of Mass of the Feller-Buncher Depending on the Angle of Inclination of the Platform


Evaluating the forces on the hydraulic cylinder rods, we can see that it largely depends on the center of mass of the feller-buncher. There is a need for a mathematical description of its change depending on the platform inclination angle in this connection.



The change in the center of mass of the feller-buncher is caused by the tilting of a part of the machine mass (Figure 2) located on the platform (swivel section), which includes the cabin with the engine and the hydraulic compartment, the boom, and the gripper-cutting device, while the center of mass of the undercarriage is not displaced.



Changing the position of the center of mass of the swivel section of the feller-buncher depending on the inclination angle of the platform occurs on an arc of a circle with the center on the axis of the rotary joint, the chord of which is the distance between the initial and the final position of the center of mass, and it is described by the expression:


   l x  = 2 R sin  ψ 2  ,   m ,  



(8)




where R—the distance between the axis of the rotary joint and the initial position of the center of mass, m; ψ—the angle of inclination of the platform, deg.



Usually, feller-bunchers equipped with the levelling system are designed on the basis of models similar in their characteristics, but without levelling (Table 1). Therefore, when designing such systems, it is important to determine the change in center of mass position resulting from their addition to the design.



The greatest change in the center of mass will be on the vertical axis, as the overall height of the machine increases, as well as its mass. The shift along the horizontal axis can be considered insignificant, as there is no increase in the length of the machine, and the change in its mass falls on the lower elements of the structure (frame, hull, platform, etc.).



The added mass of the metal structure of the leveling system shifts the center of mass downward and its height upward. The position of the center of mass along the ordinate axis of the base machine is determined by the expression:


   y 1  C O M   =    m  u n d    y  u n d   +  m  c a b    y  c a b   +  m  m b    y  m b   +  m  o b    y  o b   +  m  f h    y  f h      m m    ,    m  ,  



(9)




where mund, mcab, mmb, mob, mfh and yund, ycab, ymb, yob, yfh—masses and coordinates of centers of mass on vertical axis of the undercarriage, cabin, boom, arm, and gripper-cutting device, respectively, kg and m; mm—mass of the base machine, kg.



The position of the center of mass on the axis of ordinates of the feller buncher with the leveling system is determined by the expression:


   y 2  C O M   =    m  u n d    y  u n d   +  m  c a b   (  y  c a b   + H ) +  m  m b   (  y  m b   + H ) +  m  o b   (  y  o b   + H ) +  m  f h   (  y  f h   + H ) +  m  l v l    y  l v l      m m  +  m  l v l     ,   m ,  



(10)




where H—height of the leveling system, m; ylvl—coordinate of the center of mass along the vertical axis of the leveling system, m; mlvl—mass of the leveling system, kg.



Converting expression (10), we obtain:


   y 2  C O M   =    m  u n d    y  u n d   +  m  c a b    y  c a b   +  m  m b    y  m b   +  m  o b    y  o b   +  m  f h    y  f h   +  m  l v l    y  l v l   + H  (   m m  −  m  u n d    )     m m  +  m  l v l     ,    m  .  



(11)








3.3. The Mathematical Model for Determining the Limiting Angle of Slope of the Terrain When the Feller-Buncher Moves Up the Slope


Knowing the initial position of the center of mass of the feller-buncher with the leveling system and the law of its change from the inclination angle of the platform, it is possible to estimate the main task of the leveling system—increasing stability of the machine while working on a slope. The problem is reduced to finding the change in the terrain slope limit angle when tilting the platform by a certain angle. Figure 3 shows the calculation scheme for determining the limiting angle of inclination of the terrain when the feller-buncher moves up the slope (without platform leveling).



The stability criterion can be taken as a zero reaction (RB = 0), acting on the front support of the body [38]. The equation of moments with respect to the tilt point A will be of the form:


   R B  l +  G m   h  c o m   sin  α  c r i t   c o m 1   −  G m   l  c o m   cos  α  c r i t   c o m 1   −  P 0   (   r  d . s .   −  r  t . r .    )  cos γ +  P 0   l  d . s .   sin γ +  P 0   r  d . s .   = 0 ,  



(12)




where l—distance between reactions of supports acting on the front and rear parts of the hull, m; hcom—distance between center of mass and tipping point by height, m;    α  c r i t   c o m 1    —slope angle limit in the absence of center of mass displacement, deg; lcom—distance between center of mass and tipping point by length, m; P0—tensioning power of tracks, kN; rd.s.—radius of the leading sprocket, m; rt.r.—radius of the track roller, m; γ—angle of inclination of the rear track branch, deg; ld.s.—distance between the center of the sprocket and the tipping point, m.


   P 0  =  G m  f cos  α  c r i t   c o m 1   +  G m  sin  α  c r i t   c o m 1   ,    kN  ,  



(13)




where  f —coefficient of resistance to movement of the machine.



Substituting expression (13) in (12), we obtain:


       G m   l  c o m   cos  α  c r i t   c o m 1   +  G m  f  (   r  d . s .   −  r  t . r .    )  cos  α  c r i t   c o m 1   cos γ +  G m   (   r  d . s .   −  r  t . r .    )  sin  α  c r i t   c o m 1   cos γ =       =  G m   h  c o m   sin  α  c r i t   c o m 1   +  G m  f  l  d . s .    (   r  d . s .   −  r  t . r .    )  cos  α  c r i t   c o m 1   sin γ +  G m   l  d . s .   sin  α  c r i t   c o m 1   sin γ +       +  G m  f  r  d . s .   cos  α  c r i t   c o m 1   +  G m   r  d . s .   sin  α  c r i t   c o m 1   .      



(14)







Expressing   tan  α  c r i t   c o m 1     from Equation (14), we obtain:


  tan  α  c r i t   c o m 1   =   f  l  d . s .   sin γ + f  r  d . s .   − f  (   r  d . s .   −  r  t . r .    )  cos γ −  l  c o m      (   r  d . s .   −  r  t . r .    )  cos γ −  h  c o m   −  l  d . s .   sin γ −  r  d . s .     .  



(15)







Expression (15) can be simplified by discarding insignificant parts, which will cause an error of no more than 5%; the equivalent expression is as follows:


  tan  α  c r i t   c o m 1   =    l  c o m   − f  r  d . s .      h  c o m   +  r  d . s .     .  



(16)







When the feller-buncher moves up a slope with a tilted platform (Figure 4), the center of mass will shift (Figure 2), and considering expression (15), it is necessary to determine the shift in the center of mass both in height and length relative to the tipping point.



As can be seen from Figure 4, it is most appropriate to place the center of mass of the swivel section above the axis of the rotary joint because when the platform tilts forward/backward, the center of mass shifts closer to the top of the slope, which increases the stability of the machine both uphill and downhill. Thus, the displacement of the center of mass of the turning part can be reduced to the problem of finding the cathetuses of a right triangle COM1COM2C. Considering triangle BCOM1COM2, and seeing that it is isosceles, angle β is equal to:


  β =   180 − ψ  2  ,    deg  .  



(17)







Then, the displacement of the machine’s center of mass relative to the tipping point along the length and height, respectively, taking into account the masses of the turning part and the machine mass, is defined by the expressions:


  Δ l =    m  s . s .        m m     l x  sin β ,    m  ;   Δ h =    m  s . s .        m m     l x  cos β ,    m  ,  



(18)




where    m  s . s .      —the mass of the turning part, kg;    m m   —the mass of the machine, kg.



Substituting Equations (8) and (17) into expression (18), we obtain:


  Δ l = 2 R    m  s . s .        m m    sin  ψ 2  sin  (  90 −  ψ 2   )  ,   m ;  



(19)






  Δ l = 2 R    m  s . s .        m m    sin  ψ 2  sin  (  90 −  ψ 2   )  ,   m .  



(20)







Thus, the expression for determining the limiting angle of slope of the terrain when the platform is inclined will look like:


  tan  α  c r i t   c o m 2   =   f  l  d . s .   sin γ + f  r  d . s .   − f  (   r  d . s .   −  r  t . r .    )  cos γ −  (   l  c o m   + 2 R    m  s . s .        m m    sin  ψ 2  sin  (  90 −  ψ 2   )   )     (   r  d . s .   −  r  t . r .    )  cos γ −  (   h  c o m   − 2 R    m  s . s .        m m    sin  ψ 2  cos  (  90 −  ψ 2   )   )  −  l  d . s .   sin γ −  r  d . s .     .  



(21)







Then, the expression for the change in the slope limit angle will be as follows:


      Δ tan  α  c r i t       =  [  2 R    m  s . s .        m m    sin  ψ 2   (   h  c o m   sin  (  90 −  ψ 2   )    −  (   r  d . s .   −  r  t . r .    )  sin  (  90 −  ψ 2   )  cos γ +  l  d . s .   sin  (  90 −  ψ 2   )  sin γ          +  r  d . s .   sin  (  90 −  ψ 2   )  − f  l  d . s .   cos  (  90 −  ψ 2   )  sin γ − f  r  d . s .   cos  (  90 −  ψ 2   )         + f  (   r  d . s .   −  r  t . r .    )  cos  (  90 −  ψ 2   )  cos γ +  l  c o m   cos  (  90 −  ψ 2   )  ]        /  [         (   r  d . s .   −  r  t . r .    )   2    ( cos γ )  2  − 2  h  c o m    (   r  d . s .   −  r  t . r .    )  cos γ − 2  l  d . s .    (   r  d . s .   −  r  t . r .    )  sin γ cos γ −       − 2  r  d . s .    (   r  d . s .   −  r  t . r .    )  cos γ +  h  c o m     2  + 2  h  c o m    l  d . s .   sin γ +  h  c o m    r  d . s .   +       + 2 R    m  s . s .        m m    sin  ψ 2  cos  (  90 −  ψ 2   )  (  (   r  d . s .   −  r  t . r .    )  cos γ −  h  c o m     −  l  d . s .   sin γ −  r  d . s .    )  +       +  l  d . s .     2    ( sin γ )  2  + 2  l  d . s .    r  d . s .   sin γ +  r  d . s .    h  c o m   +  r  d . s .     2       ]       



(22)







Similarly, the change in the limiting angle of the terrain when the feller-buncher descends the slope is determined.




3.4. Mathematical Model for Determining the Slope Angle Limit When the Feller-Buncher Is Tilting


Figure 5 shows a calculation diagram for determining the limiting angle of slope of the terrain when the feller-buncher is tilting.



Point A is the tipping point. The tipping condition is RB = 0, so:


   G m   h  c o m   sin  α  c r i t   c o m 1   =  G m   l  c o m   cos  α  c r i t   c o m 1   .  



(23)







Converting expression (23), we obtain:


  tan  α  c r i t   c o m 1   =    l  c o m      h  c o m     .  



(24)







When the platform tilts and, consequently, the center of mass shifts, expression (24) taking into account Equations (19) and (20) will take the form:


  tan  α  c r i t   c o m 2   =    l  c o m   + 2 R    m  s . s .        m m    sin  ψ 2  sin  (  90 −  ψ 2   )     h  c o m   − 2 R    m  s . s .        m m    sin  ψ 2  cos  (  90 −  ψ 2   )    .  



(25)







Then, the change in the limiting angle of slope when the machine tilts will be:


  Δ tan  α  c r i t   =   2 R    m  s . s .        m m    sin  ψ 2   (   h  c o m   sin  (  90 −  ψ 2   )  +  l  c o m   cos  (  90 −  ψ 2   )   )     h  c o m     2  − 2  h  c o m   R    m  s . s .        m m    sin  ψ 2  cos  (  90 −  ψ 2   )    .  



(26)








3.5. Assessment of Efficiency of Application of Leveling System in Feller-Buncher Machine Design


Based on the data given in Table 1, let us estimate the effect that the introduction of leveling systems into the design of feller-buncher machines has on the weight of the machines and the pressure on the ground. Tracked feller-bunchers without a leveling system are used on terrain with a slope limit angle of not more than 8–10° [39].



Figure 6 shows a graph of the change in the terrain slope limit angle vs. the angle of inclination of the platform.



As can be seen from Diagram 6, the application of platform leveling systems in feller buncher designs allows the working on slopes with a slope angle 50…60% more than that without leveling. A regression equation was derived for a simplified, approximate estimate of the change in terrain angle depending on the platform slope angle:


  Δ α = 0.2 ψ + 0.75 ,   deg .  



(27)







The coefficient of determination R2 of the presented dependence is 0.91, which indicates the linear nature of the equation with a probability of 91%. Significance levels of the t-criterion and F-criterion are less than 0.05, i.e., equation and its coefficients are 95% reliable. The correlation coefficient was   r = 0.95  .



Thus, the application of platform leveling systems increases the stability of feller-buncher machines. However, it should be taken into account that when adding such systems, the weight of the machines inevitably increases (Figure 7) and, consequently, the pressure on the ground (Figure 8).



The introduction of leveling systems into the designs of feller-buncher machines increases their weight and, consequently, the pressure on the ground by 15…20%. For the approximate estimation of the weight of the designed feller-buncher with the leveling system, the equation of regression was received:


   m m  l v l   = 0.745  m M  + 12750 ,   kg ,  



(28)




where    m m  l v l    —the mass of the feller-buncher with a leveling system, kg; mm—the mass of the base machine, kg.



To roughly estimate the added ground pressure caused by adding a leveling system to the feller-buncher design, a regression equation was obtained:


  Δ P = 0.0024  m  l v l   − 2.289 ,   kPa ,  



(29)




where ΔP—the additional pressure on the ground, kPa; mlvl—the mass of leveling system, kg.



Dependencies (28) and (29) are linear with determination coefficients of 0.61 and 0.92, respectively. The significance levels of t-criterion and F-criterion are less than 0.05 for both equations. The correlation coefficients were 0.76 and 0.96, respectively.





4. Discussion


Our study analyzed the effectiveness of using platform leveling systems in the designs of tracked feller-buncher machines. The analysis revealed a positive effect of using such systems when working on slopes, as the stability of the machines, achieved by changing the position of the center of mass when the platform is inclined, is increased. Mathematical models, presented in this work, allow the estimation of the limits of the slope angle depending on the inclination of the platform; however, it is necessary to take into consideration several limitations, which also have a significant impact on the stability of the machine and which were not taken into consideration in our proposed model, namely:




	
the weight of the gripper-cutting device;



	
parameters of the cut tree (center of gravity, weight, crown area, height, etc.)



	
arm’s reach at which the machine is working;



	
the strength of the wind impact on the cut tree;



	
soil and ground conditions.








The effect of these parameters on the stability of feller-buncher machines when working on slopes may be an essential issue for further research.



It is also worth noting that forestry machines working on steep slopes often do not develop sufficient traction to reach the limiting angle at which the machine will tip over [13]. This issue is also quite interesting for further research related to finding an adequate mathematical model for determining the limiting angle of lift of the windrow buncher, limited by engine power and traction of the tracked mover with the soil.



The variation in values of the terrain slope parameter can be partially explained by the skillful operator’s control of technological equipment. Thus, the Tigercat LH845C tracked harvester was able to move up the slope with a slope up to 67% [10]. Such an effect was achieved due to the extended boom of a manipulator, playing the role of counterweight, and skilled control of the machine in general. In our study, the primary role in determining the slope angle limit of the terrain was played by the design parameters of machines. The role of the operator in controlling the machine was not taken into account.



Sessions et al., 2017 [17] considered the case of tethered feller-buncher motion to derive theoretical stability models with the assumption that both feller-buncher tracks are parallel to the slope and equally loaded. Our methodology adopts a similar assumption. In the real world, however, ideal flat slopes and equal loading of the tracks are rare. Solving the stability calculation problems in such cases will make it possible to design feller-buncher machines that are more resistant to rollover.



In cases when the operation of this type of machinery is supposed on steeper slopes (with a slope of more than 60%), the most expedient and safe solution is the use of a winch or chain, installed on one side to the machine chassis, and on the other to the growing trees, stumps, or auxiliary machine (bulldozer, excavator) [11,14,16,17].




5. Conclusions


Analysis of platform leveling systems showed the effectiveness of their application in the designs of tracked feller-buncher machines. These systems allow the machines to work on slopes 50…60% higher than without them.



The analysis of the layouts of tracked feller-buncher leveling systems has shown that, in terms of forces on the hydraulic tilt cylinder rods, preference should be given to the system with the greatest force leverage on the rod and the angle of inclination of hydraulic cylinders relative to the horizon. Thus, at the design stage, it is preferable to use a three-cylinder leveling system where one hydraulic cylinder, which works for tilting the platform in the longitudinal plane, meets the above requirements and the other two hydraulic cylinders work for transverse tilting of the platform.



Based on the proposed mathematical expressions, the optimal position of the center of mass of the rotary part is above the pivot, perpendicular to the axis of rotation and as low to the ground as possible from the position of stability. In this initial position, the center of mass shifts closer to the top of the slope as the platform tilts forward/backward. In this case, according to expressions (19) and (20), the greater the distance from the hinge axis to the center of mass, the greater its displacement to the top of the slope and, consequently, the higher the stability.



The mathematical expressions (22) and (26) allow us to determine changes in the limiting angle of slope of the terrain depending on the angle of inclination of the platform. The regression Equation (27) was obtained for approximate estimation.



The obtained regression expressions (28) and (29) make it possible to determine the weight of the designed feller-buncher with the leveling system based on the weight of the base machine and the added pressure on the ground caused by adding the leveling system to the design of the feller-buncher.
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Figure 1. The leveling system layout: (a) with the two-cylinder system; (b) with a three-cylinder system. 
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Figure 2. Diagram of changes in the position of the center of mass of the rotary part of the feller-buncher from the angle of inclination of the platform. 
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Figure 3. Calculation scheme of forces on a tracked feller-buncher when driving uphill. 
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Figure 4. Calculation scheme of the shifting of the center of mass when tilting the platform. 
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Figure 5. Calculation scheme of center of mass displacement when the feller buncher is tilting. 
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Figure 6. Diagram of change in the slope of the terrain from the angle of inclination of the platform. 
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Figure 7. Changing the mass of the base machine when adding a leveling system to the design. 






Figure 7. Changing the mass of the base machine when adding a leveling system to the design.



[image: Inventions 06 00096 g007]







[image: Inventions 06 00096 g008 550] 





Figure 8. Diagram of the change in ground pressure vs. the weight of the leveling system. 
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Table 1. Comparative technical characteristics of tracked feller-bunchers of one model line with and without platform leveling system [29,30,31,32,33,34,35,36,37].
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Company

	
Model

	
Mass, kg

	
Max. Angle of Platform Tilting Forward, deg.

	
Max. Angle of Platform Tilting Back, deg.

	
Max. Angle of Platform Tilting Sideways, deg.

	
Ground Pressure, kPa






	
John Deere

	
853M

	
30,170

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
57.7




	
859M

	
35,450

	
26

	
7

	
14

	
68.0




	
953M

	
33,210

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
63.5




	
959M

	
37,740

	
26

	
7

	
14

	
72.6




	
Tigercat

	
845E

	
26,760

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
57.1




	
L845E

	
34,925

	
20

	
6

	
17

	
74.5




	
855E

	
27,600

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
58.8




	
L855E

	
35,600

	
20

	
6

	
17

	
75.9




	
870C

	
31,300

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
66.7




	
L870C

	
35,600

	
20

	
6

	
15

	
75.9




	
LX870C

	
35,600

	
20

	
6

	
15

	
75.9




	
Caterpillar

	
521

	
27,084

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
46.5




	
522

	
30,410

	
20

	
Not Applicable

	
11

	
52.1




	
532

	
31,620

	
20

	
Not Applicable

	
11

	
54.2




	
541

	
30,191

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
49.5




	
Caterpillar

	
552

	
35,680

	
20

	
Not Applicable

	
11

	
58.5




	
541-2

	
30,826

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
50.5




	
552-2

	
35,816

	
21

	
Not Applicable

	
11

	
58.7




	
521B

	
27,501

	
Not Applicable

	
Not Applicable

	
Not Applicable

	
47.2




	
522B

	
32,528

	
21

	
Not Applicable

	
11

	
55.8
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