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Abstract: This paper deals with creation of a dynamic model, which
describes wheeled undercarriage of earthmoving machine, namely
the mobile articulated machine, in order to develop elements for
steering mechanism. There are implemented in this dynamic model
the real forces acting on the undercarriage during driving through
the defined testing corridor. The computational part of this article
presents the basic mathematical description of the undercarriage
dynamic behaviour and it enables to perform simulation of driving
process.

Keywords: dynamic model, wheeled undercarriage, articulated
wheel loader, control of drive direction.

1. INTRODUCTION

Research in the dynamics of mobile working machines, especially
the earthmoving machines, uses dynamic model simulation with
concentrated mass. Mass is concentrated in the center of gravity of
those vehicle parts that can perform mutually independent
movements.

Mobile working machines or the earthmoving machines with an
articulated frame comprises two parts, which are interconnected by
an articulation joint with two degrees of freedom.

The use of the horizontal joint that enables independent movements
of the individual machine sections in relation to its longitudinal axis
of symmetry makes the frame statically determinate. At the same
time, however, the joint causes an increase in the number of
independent coordinates, which describe the system’s position and a
reduction in the stability of travel on the slope.

Both axles are rigid, unsuspended and they have the identical track
widths. Two linear hydraulic motors mutually control steering of
both sections around the articulated joint. During linear motion, the
back axle wheels move in the front wheel axle track, which
decreases rolling resistance and thus also power consumption
necessary for travel.

Since the axles are unsuspended, tires are the only suspension
elements, which are affected by the kinematic excitation caused in
the system by traveling on uneven surfaces. To perform a detailed
solution to concerns over steering stability and to analyze the
dynamics of cornering performance, it would be beneficial to also
consider the stiffness of linear hydraulic motors and the hydraulic
power circuit (pipe and hose stiffness, hydraulic fluid characteristics
and so on), which would however considerably complicate the
resulting dynamic model.

2. UNDERCARRIAGE OF ARTICULATED LOADER

In order to design the undercarriage, drive and steering system or to
investigate the dynamic undercarriage properties, it is necessary to
know the nature and magnitude of the acting forces.

To create a dynamic model, we follow the requirements for the
structure of the machine and the valid technical standards.

The conditions for verifying the properties of the undercarriage
control mechanisms in the earthmoving machines are defined by the
STN EN 12643 [10].

The required dimensions of the test track for building machines and
agricultural machines are presented in Fig. 1, where:

A = 1.1-times of the turning circle or 14 m, the larger value of the
two is used,

B = 1.75-times of the turning circle or 22 m, the larger value of the
two is used,

C = 2-time of the maximum wheelbase or 15 m, the smaller value of
the two is used.
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Fig. 1 Shape of a standard test corridor

It is suitable to choose the shape of the test track for movement
simulation during the investigation of loading forces. The vehicle
performs a manoeuver along the designated course at a constant
speed of 16 km.h? + 2 km.h™.

The articulated wheel loader model (Fig.2) was created using the
software product SolidWorks to preserve the weight and the position
of the centers of gravity for the individual structural groups.

Fig. 2 Three-dimensional model of an articulated wheel loader

In terms of the physical and mechanical properties that significantly
affect its properties, the wheel loader model comprises the
following:

=  solid physical bodies,
= suspension elements,
=  speed control system,
= steering system.

2.1 Dynamic model of an articulated loader undercarriage

During design, the model involved 35 main structural elements. It,
however, proved too extensive and placed great demands on
computer performance, operation memory and solution time. It is
suitable to replace it with adynamic model with concentrated

masses (Fig.3). Weight characteristics can be defined by means of
a suitable CAD software product.

Fig. 3 Dynamic model of an articulated loader with concentrated
masses

Suspension elements in the model include tires and the steering
system. It is suitable to choose a cylindrical tire shape, which
adequately characterizes the interaction between the wheel and the
track surface. Replacing the tire shape with a torus could cause a
discontinuity during networking, which induces additional harmonic
excitation in the undercarriage during ride simulation. For this
reason, atire is often replaced by a suspension ring with aset of
radial linear springs and viscous dampeners installed in parallel.
(Fig.4) The magnitude of the force in the springs is proportional to
the magnitude of deformation and the magnitude of the damping
force is proportional to the deformation speed.

|
Fig.4 Alternate dynamic wheel model

2.2 Steering

There are many structural design variants of the steering
mechanisms. Their selection depends on the need to position the
vehicle precisely, but mostly on the value of forces, which affect the
undercarriage. Control systems are described in greater detail in [1]
and [4].

The simplest steering principle involves using two 2-stroke linear
hydraulic motors and a vertical joint (Fig.5).
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Fig.5 Scheme of hydraulic interconnection between the linear
hydraulic motors
VK - vertical joint, SV — return valve

This particular structural solution, however, causes a statically
indeterminate coupling, which the computational simulation
program does not accept. We can resolve this concern by
introducing a virtual linear hydraulic motor steering system. Once
the required breakaway torque, which is needed for a change of
direction, is detected, it is possible to perform a reverse
transformation to the forces acting in the individual real-world
hydraulic motors. At the same time, we assume that the magnitude
of forces is proportional to the active surface area of the piston.

3. INFLUENCE OF UNDERCARRIAGE CONTROL
ON RIDE DYNAMICS

A curved travel of the vehicle is a motion of the vehicle on the
curved trajectory around the instantaneous centre of the wheel
loader rotation O1. The point O1 is a cross point of the prolonged
axles according to Fig.6.

Fig.6 Curved travel, horizontal projection

Explanation of the symbols used in Fig.6 are as follows:

01 - instantaneous centre of the wheel loader rotation;
SP — centre of the front axle;

SZ — centre of the rear axle;

VK - vertical hinge;

L1, L2 - distances of axles from the vertical hinge;

B — wheel track;

RZ - instantaneous turning radius;

@, - angular speed relating to the centre of rotation

z

Thus, the vehicle turning is caused by a mutual turning of the front
and rear part of the wheel loader around the vertical hinge VK.

In a case of the constant travelling speed Vp , the circumferential

speed of the wheels on both sides of the vehicle will be different
during a curved travel.

Let the circumferential speed of the wheel, which is situated on the
internal side of curve, is signed VpP and the circumferential speed

of the wheel rotating on the external side of curve is signed VpL it

is evident that V) Vp.
The travel speed of the loader can be expressed as follows

Vo = o, R, , (69)

@, - is the angular speed relating to the centre of rotation,

RZ - is the instantaneous turning radius.

Then the circumferential speed V , of the wheel, which is situated
on the internal side of curve, can be written in the form

B
Vop = a’z-( Ry = 0 @
and the circumferential speed I/pL of the wheel on the external side
of curve will be
B

In the case of the cranked loader configuration, the turning angle
between the front and rear part of the vehicle is }/ (Fig.6), whereas

V=NtV 4)

¥, - is the turning angle of the loader front part,

¥, - s the turning angle of the loader rear part.
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According to the right triangles A(O1,SP,VK) and A(O1,SZ,VK) the
L Ly

siny siny,

length of hypotenuse H is H = aswellas H =

see Fig.3.

By comparison of the both relations, which are valid for the value H
of the hypotenuse length, there is obtained the equation

L L
L -2 )
SIny1 SNy
and from this equation (5) it is
: Ly .
Siny, =—=sinyq, (6)
L

Since y =y, + Y, g then ¥, =% — J, and the equation (6) is
modified as follows

] Ly .
sin(y —y1) = —2siny;. 0
L

The relation (7) can be rewritten by means of the well-known
goniometric rule  Sin(e — ) =sin @ cos f —cosa sin S
into the next form

sin y cos y; —cos y sin ylz%sin - 8)
1

After an adjustment of the equation (8) there is

ﬂ —CoSy = ﬁ . 9)
g1 Ly

The relation, which is valid for the tg}/1 , is obtained from the (9)

[‘gyl = % . (10)
2 +COSy
L

Simultaneously, according to Fig.6, from the triangle A(O1,SP,VK)
it follows,

tg71=Ri-

Z

(1)

By comparison of the left sides from the equations (10) and (11)
there is obtained the next relation

ﬂ: . siny 12
Rz 22 L cosy
L

and from the equation (12) it can be determined the value of the
instantaneous turning radius RZ

L, + L, cos
RZ = M . (13)
siny
From the equation (1) it is following
Vo
W, = R_ . 14)

The circumferential speed VpP of the wheel, which is situated on

the internal side of curve as well as the circumferential speed VpL

of the wheel on the external side, can be obtained after setting of the
relation (14) into the equations (2) and (3), as follows

N B.siny a5)
PP 2(L, + Lcosy) )
B.siny
v, =V, |1+ . 16
Pt ”( 2L, + Llcos;/)j =

At the same time it is valid that

Vop =l Wpp and V, =l @,
I, —is the dynamic wheel radius.

Thus, the values of the angular speed @ e of the of the wheel,

which is situated on the internal side and the angular speed Wy of
the external side wheel are

y .
o p _Yp(q_ Bsiny ’ an
re " 2(Ly + Ly cosy)
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y .
pr:_p 14 Bsiny
ne\" 2(Ly+ Ly cosy)

(18)

According to the above-mentioned equations (17) and (18), there is
evident a significant difference between the angular speed values of
the wheels rotating on the both sides of axle.

This fact corresponds to the function of the axle differential of the
given wheel loader, whereas the relations (17) and (18) are
representing analytical description of its function.

4. CONCLUSION

There is presented in this article a methodology, which is applied for
development of a dynamic model of the wheeled undercarriage for
the earthmoving machine, namely the articulated wheel loader. This
methodology creates assumptions for simulation and analysis of
mobile vehicle driving abilities.

The analysis of kinematic relations occurring during the driving
process is a basic assumption, which is necessary for creation of the
resulting dynamic model of the wheeled undercarriage for a mobile
working machine [4].

The equations (17) and (18) are the final result of the performed
kinematic analysis of the loader travel in a curve. These equations
are useful for the next process of vehicle travel simulation.

This paper was elaborated in the framework of the projects VEGA
1/0198/15 Research of innovative methods for emission reduction of
driving units used in transport vehicles and optimisation of active
logistic elements in material flows in order to increase their
technical level and reliability and KEGA 021TUKE - 4/2015
Development of cognitive activities focused on innovations of
educational programs in the engineering branch, building and
modernisation of specialised laboratories specified for logistics and
intra-operational transport.
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