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Abstract. A theoretic-experimental approach to computatidndigging force in arbitrary chosen points from
implemented tool trajectories of earthmoving maehins proposed. The approach allows automatic otlte of
statistical information for digging forces and diggprocesses in real operating conditions. lisisdd on the developed
original algorithms for position and static forcaadysis of corresponding operating equipment ad aglon the
obtained experimental data for pressure (force)wwoiking stroke of chosen driving hydrocylinders Ateractive
MathCAD program is developed for computation ofgiig force parameters in backhoe operating equiproén
hydraulic excavator. The necessary forces and estrok bucket and stick hydrocylinders for real apedl hydraulic
excavator BEN 195 are measured and digging forcenpeters are calculated.
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1. Introduction and problem description and expensive and their application is very limited
Accurate determination of the digging force The control systems of the modern
parameters, acting to the implemented tools ofarthmoving machines allow easy measurement,
earthmoving machines has a fundamentaregistration, processing and visualization of the
importance for their optimal design and intelligentforces and displacements in driving hydraulic
exploitation. devices (hydrocylinders and hydromotors), which
Some theoretical, simulation and experimentalare a function of the applied to the operating
approaches for determination of the digging forceequipment external forces. The unique dependence
parameters are known. The obtained results byetween the measured forces and the digging force
theoretical [1] and simulation [2, 3] approaches ar can be used for determination of the digging force
approximate because: 1) they do not consider witfparameters — its value and direction.
sufficient accuracy the random character of the  The purpose of the present work is to propose
cutting resistance; 2) the real digging process ifin easy applied theoretic-experimental approach by
idealized and schematized; 3) the geometry anavhich with sufficient for the engineering practice
other characteristics of the operating equipmeat araccuracy to determine the digging force parameters
simplified and theoretical dependencies usingn real operating conditions and to allow automatic
empirical coefficients are used. The experimentakollection of the statistical information for digg
determination of the digging force leads to forces and digging processes.
considerably more realistic results. It is perfodme The presented approach will be demonstrated
by appropriate laboratory equipment and stands obn one of the most typical earth-moving machine —
by specialized, unique for every single case, devica backhoe hydraulic excavator.
in real operating conditions. The working principal
of the widely used portable dynamic densitometer2. Theoretic-experimental approach to
[4] does not coincide with the principles of real  computation of digging force
cutting and digging soil process, which is whyahc  2.1. Selection of dynamometric links from the
be used only for qualitative categorization of the cinematic chain
soils without defining the values of digging force Direct measurement of the excavator digging
parameters. The portative manual Christov's devicdorce is extremely difficult and practically
[5] imitates more accurate the real cutting processinapplied in the real operating conditions of the
and makes possible to obtain the cutting forcemachine. More appropriate away is to measure
values, but only for the surface of the soil and fo forces in different links of the cinematic chain of
lower soil categories. As well, more complicatedoperating equipment, caused by the digging force.
laboratory stands are known by which is possible tarhe easiest for realization, theoretically proved a
measure more precisely the cutting and diggingnsuring sufficient sensibility and accuracy, i th
forces [6], but their running is labour consuming measurement of pressure (force) and displacements
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of driving hydrocylinders. For these purposes arehydrocylinder;

used pressure and position sensors additionally b) it must be measured reactive pressure in the

mounted or factory built-in as a part of the cohtro dynamometric hydrocylinder and not active.

system of the modern excavators. Considering the above and the fact, that the real
The presence of several driving hydrocylindersdigging process is performed by sequences of stick

at operating equipment (in common case - threeand bucket movements (more than 80% of the

gives an opportunity to realize several differentworking cycle is implemented by the stick), the

variances of the system for measurement of forcesuccessful decision is to measure the pressufesin t

and displacements. The most appropriate variancleucket hydrocylindep, or/and the pressure in the

can be selected by the following two considerationsstick hydrocylinderps — figure 1. Of course, other

a) it is searched the shortest force way from thealecisions are also feasible.
digging force applied point to the dynamometric

Figure 1. Measurement of the pressure and displerceim bucket and stick hydrocylinders

For concrete soil properties, the digging forcesuggested mechano-mathematical model are the
can be considered as conservative in relationeo thalgorithms for position and static force analysis o
trajectory of the bucket tips [5]. The force hasthe excavator operating equipment.
approximately a constant angle along the trajectory
and variable value. Its application point is acedpt 2.2. Position analysis of the operating equipment
concentrated on the teeth tips [1]. In generalhéf For the considered mechanical system it is
geometric configuration of the operating equipmentpossible to use the well-known classical graph-
is known, the measured hydrocylinders pressures oanalytic methods for position analysis [7, 8], aslw
the following equation could determine the vaRie matrix methods [9-12]. In the present study,
of digging force and its anglg of inclination transformation matrices are wused for the
towards the trajectory: determination of the position of any point from the

(P,y) = f(p3, p2) (1)  cinematic chain [9].

For the purpose, it is necessary to develop "€ working equipment is treated as planar
mechano-mathematical model, by which to definginkage, which links are driven by hydrocylinders.
the interdependence between the measuredne stick and the bucket form an open cinematic
hydrocylinders pressures (respectively forces)chain. The driven links (bucket and stick) and the

current geometric configurations and digging forcedriving hydrocylinders make locally closed loops —
parametersP and y. The main elements of the tWO rocker mechanisms and a four bar mechanism.
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The cinematic chain is presented in figure 2. Iteach joint byn, wherei =0, 1, ...,r, ..., S, ..., 6,
consists of seven rigid bodies, which areandn=1,2,...p,...,q, ..., 9. The fixed link has a
interconnected by nine joints. Each body is denotechumberi = 0.

by consecutive numbeiin the cinematic chain, and
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Figure 2. Cinematic chain of the operating equipimen
0 - boom; 1 - stick; 2 - bucket hydrocylinder; &ick hydrocylinder; 4 and 5 - links of four bar chanism; 6 - bucket

There is a fixed Cartesian coordinate system
{0}, attached to the point 3 with vertical and
horizontal axes. To each body is attached local
Cartesian coordinate system,{which location and
orientation is shown in figure 2. The position of a
arbitrary chosen point g from a body in its local
coordinate system, attached at the pagmt is

denoted by vectof\/r',‘_q} (see figure 3a):
Vgt ={Xq Yo 1} ?)
Cartesian coordinates of the poing,

respectively X('q‘

and Yq", are determined by vy

L .
parameterd.pq andopq:

L _ L . yL— oL
Xq =LpqCostpg; Yq =Lpgsinapg 3
With Lpq is denoted the distance between b)
pointsp andqg, and with O‘Iﬁq - angle between line Figure 3: a) position and orientation of the local
_ ] ' ] coordinate system; b) components of the transfoomat
pg andX; axis of the local coordinate system. matrix
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The stick inclination angles;stowards the axis atan2y,x), through which the angle can be
Xo depends on boom inclination angig towards calculated in the interval 5+ =n]. For the studied
the same axiX, and is determined by the following mechanical system can be written:

relation: d g1 = atar2(Yg, Xg),

¢3.8 = Aq)b.s —0Up, (4) ¢ B5 — atanZ(Ylo _Y81 XlO - X8) . (10)
whereAgys is the current angle between the boom  Tpe length of the hydrocylinder depends on the
and the stick. current inclination angle of the corresponding hody

connected by joint bodies, which form an openc|culated by the following equation:

cinematic chain, following transformation matrices

are used (see figure 3b): Lpi =\/(Xgi —Xgi)2 —(Ygi —Yq?)2 ) (11)
_ CosPi—yj —sSindiy;j Lpj-1qi—1 According to (11) the lengths of the stick and
[T/} =] singi_y; cosdj_q; 0 , (5) bucket hydrocylinders are:
0 0 1 |-83:\/(Xg—Xf))z‘(Yzo‘YlO)2 ; 12)

where ¢;_ j is the angle between linksL andi.
For the operating equipment under
consideration (figure 2), the open cinematic chsin Lcenters in the fixed coordinate system {0} are

formed by bodies 0, 1 and 6. Position an]c ¥ £ th i d orientat £ 1h
orientation of all other bodies depends on them unctions of the pasition and orientation ot theop

Transformation matrices between the Iocalcinematic chain bodies and can be calculated by

; ; . equation (13). It is presumed, that the gravity
coordinate systems of bodies 0, 1 and 6 are: centers are situated it the middle of the

Leo ={(X§ - X§)? ~(vd -Yf)2.
The coordinates of hydrocylinders gravity

0 C(_)S%'S ~sin¢zg 0 hydrocylinders.
[T1']=| sing3g cospzg O, {ng} {X2}+[ROHL82/2}
0 0 1 o = 5 ,
- (6) Y32) Y7 0
coshgip ~Sindgip Lag . ; (13)
[T]=|sindg1o cosbgro O |. {XS3}:{X§}+[R§HLB3/2},

~ The joint coordinates and the body charactefwhere [RY ] and [R] ] are the rotation matrices of
points at the fixed coordinate system {0} arethe hydrocylinders local coordinate systems in

determirged by tge eﬂuationzo oo relation to fixed coordinate system:
{Vp.gt =[Ti KVpgqt ={Xq Yq1} " . (7) [RO] _ cospgy, —sindpgy |
For considered mechanical system, the 2 sinpgy COSPgy |’
following relations are valid: _ (14)
- for body 1: (R = {0094) B3 ~Sing BS}
(Ve =[PV, (VEa} =[TH Vi), SiNggs  COPB3

When the lengths of the bodies and the

0 _ 10y L 04 _ 10y L
{Vast =[ KVast, {Vas} =[T1 K Vas}, ®)  coordinates of the joints 5 and 9 are known, than t

{st_JGl} =[T10]{V3'_‘Gl}; current geometric location of the four bar
- for bodv 6: mechanism is defined by the coordinaXesand Y-
y o 0 Orredyes s L of the joint 7 in the fixed coordinate systexs.and
{Vgo} =T l[Te{Vgo} . Y; can be calculated from the following system of
{Vgiot =[N TeK Veao} (99  nonlinear algebraic equations:
' ' 0_vO0\2 .0 _v0y2_
{VSOGG} :[Tlo][Tiil]{VsLGG} _ ‘(Xg —X7)"+(Yo —Y7)" =L7g (15)
The inclination angle of each body towatxis ‘(XE - X2 +(YS -¥9)? = Ls7

is determined with the coordinates of two paints,
which belongs to the body, in the fixed coordinate
system {0} by standard function of two arguments

Thus, the relations from (7) to (15) define the
coordinates of all bodies in the fixed coordinate
system, also other geometric parameters — lengths
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of the hydrocylinders and inclination angles of theessential cases for indirect determination of the
bodies. digging force:

The performed position analysis is used for a) Determination of the digging force value if its
definition of the current geometric configuratioh o direction is known. It is performed by measurement
the operating equipment and is used in theof the forceP, in the bucket hydrocylinder (figure

following-up static force analysis. 4a). This case is applicable when the properties of
the working environment are known;
2.3. Static force analysis of the mechanical system b) Determination of the digging force value and

The goal of the performed static force analysisits direction by simultaneous measurement of the
is to set up the relation between measuredstick and bucket hydrocylinder forcé% and P,
hydrocylinder forces and the digging force (figure 4b). This approach is used when it is
parameters — its value and direction. Also could benecessary to perform full identification of the
determined the joints reactions in different digging force — its valu® and inclination angle
geometric configurations. towards the trajectory tangent line.

For the engineering practice, there are two

b)
Figure 4. Structural schemes of the mechanicaésyst

In order to apply the conditions for static The direction of the digging force in both cases
equilibrium of the bodies (figure 4) it is necessar is considered as conservative in relation to
the number of the degrees of freedbrio be equal trajectory. The force makes approximately a
to zero for both cases. The Chebishev's formulaconstant angle with the trajectory tangential line.
(16) applied to the first (17) and the second (18) The normalP, and tangentialP, components of
case has following form: the digging forceP are defined in the coordinate

h=3n-2ps - ps =0, (16)  system $}. This coordinate system is attached to
the tip of bucket tooth, itg andy axes are normal

hy =35-27-1=0, 17)  and tangential respectively to the trajectory (fegu
h, =34-26-0=0, (18) 5a). The following relations are valid:
wheren is the number of linksps andp, are the y=atanf,/R) =atanf , (19)
(r:lgr:sl’).ers of cinematic joints from fifth and fourth a =ataan/Py) = atark, (20)
Tr_\e applied external forces are: gravity f_orces; K= cos@a1of +Sin@sz;9 21)
experimentally measured ford® — for the first sin@z;of —COSP310

case (figure 4a) or measured forégsand P; —for
the second case (figure 4b).
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o @ e el
3 o)~ \{/Sgt;r{:l gf inPtI;ayr}na?rf‘:r(fs;;3 _{0 extctaalr.zltl f:rrceeslt: )
and gravity forcesG, in the fixed coordinate
[RB]{C?S(ps'lO —sincps,lo}’ (24) System: MF-i-p:{Fl.p.q}T[Ai]t/Fl)_-q}- the moments
SNPs10  COP310 of internal forces; Mp_i_p:{Pl}T[Ai]{\/Fl)__q}' the
moments of external forces;

Mgi.p ={Gi}T [Ai]{\/[';_q} - the moments of gravity
forces in the local coordinate systems.
The matrix[Ai] has the following form:

[A]:{_Sinq)Bi _COS¢Bi] 27)

cospgi —Sindp;

In the figure 6 are shown free body diagrams
for the first considered case.

For the second case, the body 3 does not
participate in the conditions of static equilibrium
and in joint 2 of the body 1 unknown reactions are
replaced with projectionsPs; and P3 of the
measured forc®;. A half of hydrocylinder gravity
forceGsalso should be added in vertical direction.

The conditions of static equilibrium are
composed by application of equation (26) to each
body for both cases. The solution of the obtained
system of linear algebraic equations ((15) in et f
case and (12) in the second case) gives the reactio
in all joints and the searched components of the
digging forceP.

3. Numerical example
The developed theoretic-experimental approach
is used for determination of the digging force in
operating equipment of backhoe hydraulic excavator
BEN 195. The digging process is realized with stick
hydrocylinder by constant angle between the stick
b) and the bucket. The hydrocylinder ford&sandPs
Figure 5: a) digging force and its componentsy&f  are measured and presented (figure 7) as a function
body diagram of the bodyand applied to it internal and  of the body 3 stroke (stick hydrocylinder, figure 6
external forces An interactive Mathcad program is developed
The conditions for static equilibrium of the fOF computation of digging force parameters based
bodies are obtained by removing the joints and®n the developed original algorithms for position
application of internal and external forces on thedNd static force analysis. The digging force parame
bodies (figure 5b). ters are identified in real operatl_ng'condltlo'ns. I
the figure 8 are presented the digging foR;eits
on for equilibrium of bodyi with applied planar Component$x andp,, and also the ratibbetween
forces is: P, and P, The cinematic scheme of the working
{ } equipment at the particular geometric configuration
1.p.q

R N {R} N {c} o, (26) IS Vvisualized by means of MathCAD (figure 9).
MF.i.p MP.i.p MG.i.p ’

As known, the necessary and sufficient conditi-
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Figure 6. Free body diagrams for the first congdarase
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Figure 8. Graphical visualization of the cinematbeme
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Figure 9. Digging force parameters
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