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Summary:

This paper deals with the research into the dynamic
characteristics of hydraulic excavators i.e. natural frequencies and
movements. The way hydraulic excavators work is described by
the mathematical model of six generalized coordinates based on
the Lagrange equations of the second kind. The obtained
mathematical model of the excavator system represents the
system of six nonlinear, nonhomogeneous differential equations of
the second kind. By simulating real parameter values, we
managed to obtain the functions of movement and their natural
frequency changes within the allowed degrees of freedom, making
it possible to examine the nature and intensity of those
movements and the impacts of these parameteres on excavator
operators as well as on excavator construction optimisation.

Key words: hydraulic excavator, dynamic characteristics,
mathematical model, natural frequencies, movement.
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Introduction

Excavators are machines used for up to category four soil excavation
and for transporting the excavated soil to a landfill or to some means of
transport. They belong to the group of mobile machines. By the way they
work, they can be continuous and cyclic machines. Soil excavation can be
done both on land and under water. The research deals with the hydraulic
wheel excavator BTH-600. Excavators are primarily used for excavating
the soil with cyclic work.

The research based on both theory and experiments proved that
hydraulic excavators, especially when in an open configuration position,
behave as oscillation systems while transporting or unloading the soil. That
is why the stability of the balance system position is analysed by the
dynamic actuation of the system.

In the available reference books (Janosevi¢, 1997), (Holclajtner et al,
2010, pp.5-25), (Lazarevi¢ et al, 2008), (Frimpong et al, 2008, pp.20-29),
(Vaha & Skibniewski, 1993, pp.148-158), (Lazarevi¢ et al, 2014), the
dynamic behaviour of excavators is analysed by maximum five degrees of
freedom. However, from the construction itself, together with the way
excavators work, it is quite natural for the model space movement to be
expanded by one more degree of freedom, that is by revolving around the
transverse main central axis of the undercarriage inertia, which has been
done in this work.

Mechanical-dynamic model of excavators

A mechanical model of hydraulic excavators (Figure 1) consists of
undercarriage (1), rotary link (platform) (2) and manipulators (3, 4, 5). The
lower part of the excavator, the undercarriage, may be placed on
caterpillars, pneumatics or on a floating object. The elements of the
subsystem for transferring the power and the elements of the subsystem
for transferring the signal are placed on the rotary link (the platform). The
plane of digging and the plane of unloading are decided by rotating the
rotary link (platform) in relation to the basic undercarriage. The basic and
rotary links are connected with a joint in the shape of a radial axial bearing
and they form the basis or the excavator machine (Lazarevi¢, 2003).
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(pneumatics), 2 - rotary link (platform), 3 - boom, 4 - arm (stick), 5 - bucket
Puc. 1 — MexaHuyeckasi MoOesib 2udpasniudeckoeo akckasamopa BTH-600:
— MHe8MOKoiecHoe x00080e ycmpolicmeo, 2 — Mo8opomHasi nnamegopma
3 — cmpena, 4 — pykosimb, 5 — kosw
Cnuka 1 — MexaHu4ku moden xudpaynudykoz 6asepa BTH-600:

1 — OC/IOHO-KpemHu YnaH (MHeymamuuyu), 2 — obpmHu YnaH (nnamgopma),
3 — cmpena, 4 — pyka (Opxau4), 5 — kawuka

=

Lazarevi¢, O. et al, Determining the dynamic characteristics of hydraulic excavators, pp.41-62



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 1

When describing the movement of the observed system (Figure1 and
Figure 2) the following assumptions were taken into account:

- Dynamic model of the excavator is a non-conservative system with
stationary and ideal links,

- Small system oscillations around the stable balance position are
observed,

- Excavator backing has the elastic and damping properties,

- Parts of the excavator kinematic chain are rigid bodies,

- Due to oil viscosity and stiffness, hydraulic actuators of the drive
mechanisms are elastic and damping elements,

- Modulus of hydraulic oil stiffness is constant and independent from
pressure and temperature.

Generalized coordinates of the mechanical
system of the hydraulic excavator

The description of a dynamic excavator model (Figure 2) is defined by
the generalized coordinates:

dl=t.00aByj (1)
where:

z.- is the vertical displacement of the mass centre of the
undercarriage,
@ - is the angle of rotation around the longitudinal main central axis
of inertia of the undercarriage,
6 - is the angle of rotation around the transversal main central axis
of inertia of the undercarriage,
« - is the angle of manipulator boom rotation around the axis Oy,
of the joint to which the rotary link is attached;
p - is the angle of manipulator arm rotation around the axis O, y, of
the joint in the end of the boom, and
y - is the angle of manipulator bucket rotation around the axis
O,y of the joint in the end of the arm.

It is assumed that the generalized coordinates of small size are
measured from the position of the stable balance of the system. The
critical excavator positions are analysed when the manipulator plane forms
the right angle with the undercarriage longitudinal plane (Figure 3).
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Figure 2 — Dynamic model of the hydraulic excavator. The platform and the kinematic
chain have been rotated by y = 90"
Puc. 2 — fluHamuyeckas modesnb audpasnuyeckozo skckasamopa. Tnamgopma u
KuHeMamu4yecKasl uerlb 3Kckasamopa o0 yaiiom rnogopoma yy = 90°
Cnuka 2 — [JuHamu4dku moden xudpaynuykoe bazepa. lMnamgopma u KuHeMamu4ku
naHau 6azepa 3a0KpeHymu cy 3a y2ao y = 90°

Coordinate systems

The position of the excavator is defined in relation to the absolute
coordinate system Oxyz. The coordinate beginning O of the absolute
system is in the undercarriage mass centre for the whole system
(undercarriage, rotary link, boom, arm and bucket). The Ox axis is directed

Lazarevi¢, O. et al, Determining the dynamic characteristics of hydraulic excavators, pp.41-62

=



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 1

towards the longitudinal axis, while the Oy axis is directed towards the

main transversal central axis of inertia in the position of static balance of
the whole system, and the Oz axis is directed vertically downwards. To
determine the positions of the excavator kinematic chain parts, local
coordinate systems have been set up (Figure 2).

Oy
Lo
0, - ,
1 5
Ly o D
—[I[1l i,

Zc
P

z
x

Figure 3 — Accepted generalized mechanical system coordinates
Puc. 3 — lNpuHsimbie 0606weHHble KOOPOUHamMbl MexaHuU4ecKol cucmemsl
Crniuka 3 — YceojeHe eeHeparnucaHe KOOpOUHame MexaHU4yKoe cucmema

1. O,x,y,z, - mobile coordinate system accepted for the undercarriage
mass center O,. The Ox, axis is parallel with the longitudinal axis,
the Oy, axis is parallel with the transverse main central axis of the
undercarriage inertia in the position of balance and the Oz, axis is

directed vertically downwards.
2. O,x,y,z, - mobile coordinate system connected with the center of

the radial axial bearing O, .

3. O;x,y,z, - coordinate system connected with the joint center O,
and redirected by the generalized coordinate « in relation to the
coordinate system O,x,y,z, .

4.0,x,y,z, coordinate system connected with the joint center O, and
redirected by the generalized coordinate £ in relation to the
coordinate system O,x,y,z,.
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5. O;x,yzcoordinate system connected with the joint center O, and
redirected by the generalized coordinate y in relation to the
coordinate system O,x,y,z, .

Transformation matrices

To determine the speeds of the characteristic points with such
complex mechanical systems, the method applied is the one based on
setting up and transforming the adequate mobile coordinate systems.

To determine vectors of the characteristic points’ position in relation to
the absolute coordinate system, we determined the matrices of elementary
rotations around the axes Ox,0y and Oz and the transformation matrices

of the immobile coordinate system Oxyzinto the mobile coordinate
systems O,x,y,z, where i=1-5 as well as the matrices of mobile coordinate

system transitions from one into another.

For calculating kinetic energy, it is necessary to calculate the speed of
the mass centres of some hydraulic excavator parts. To be able to do this,
we need the system characteristic points vector positions (Figure 4). The
absolute coordinate system, the undercarriage coordinate system and the

undercarriage mass center are placed together in one point, i.,e. O =0, .

Figure 4 — Radius vectors of the characteristic system points
Puc. 4 — Paduyc-eekmophbl xapakmepucmu4ecKux moyek cucmembl
Crniuka 4 — Padujyc seKmopu Kapakmepucmu4HUX mayJaka cucmema
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Mathematical excavator model

Mathematical excavator model is based on general mechanical
theorems or on applying Lagrange equations of the second kind. These
are the starting assumptions taken into account when creating the
mathematical model:

1. The backing and the parts of the excavator kinematic chain are

modelled with rigid bodies,

2. During its manipulating tasks, the excavator work is stable with no
possibility for the movements in the zero joint to appear,

3. Excavator kinematic chain is observed as an open configuration
chain with its last part — the bucket — being affected by the
technological resistance of digging, and

4. During its manipulating tasks, the excavator kinematic chain is
affected by the forces of gravity, inertia and some external forces —
digging resistance.

The excavator model space is determined by the absolute coordinate
system Oxyz . The excavator backing lies in the horizontal plane Oxy of
the absolute coordinate system, while the vertical axis Oz is parallel with
the kinematic pair seen as the undercarriage and the rotary part. Each
excavator part is determined in its local coordinate system O.x,y.z,
(Figures 1 and 2). The coordinate beginning of the local coordinate
system is parallel with the center of the joint connecting that particular
part with the previous one, while some axis are directed in such a way

that they are parallel with the joint axis, and as for manipulators (boom,
arm and bucket), they are parallel with the kinematic longitude of the

part. For the bucket, the local coordinate system axis O,x, goes through

the joint center O and through the center of the bucket cutting edge.

Differential movement equations are based on Lagrange equations of
the second kind:
d OE, | OE, +5Ep
dt\ o0gq, oq, 0q

where:
E, - is system kinetic energy,

= Q:vaqr = anwa eaa, ﬂa V.r= 15273,47556 (2)

r

E, -is system potential energy,

OV -is generalized forces.

r
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Resolving the systems of differential equations

The presented mathematical model represents the system of six
nonlinear, nonhomogeneous differential equations of the second kind that
was resolved by using discrete numerical methods and packets in the
MATLAB program. The Runge-Kutta Method applies perfectly well to
these systems of differential equations so it is necessary to write the
equation in the matrix form:

A-g+C-g+B-gq=D (3)
where the correspnding matrices A, B, C and D are the functions of the

generalized coordinates and speeds. The matrix A is the mass (inertia)
matrix,

A= 4)

The elements of the mass (inertia) matrix are symetric because the
condition has been fulfilled:

a; =4aj; (5)

The matrix B is a rigidity matrix.

(b, b, b, 0 0 0]
by, b, b, 0 0 0
p_|bw bo by 000 ©
0 0 0 b, 0 0
0 0 0 0 b, O
(0 0 0 0 0 by

The matrix D is an actuation forces matrix.

=
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The matrix C is a damping matrix and it is hard to form it because
z.,9,0,a, ﬂ and y are close-coupled and they are also close-coupled

with z_,9,0,a,f and y making them almost impossible to split up. It is

possible to make the systems of differential equations linear, and being
taken as given, it would be possible to find out the matrix C. However, this
does not have to be done, because resolving nonlinear equations is
provided by MATLAB. Because of applying the MATLAB programme
package it is necessary to write the equation in the matrix form:

4-§=—(C-g+B-q—D) 8)
where it comes that:
A-G=-S
a4y ay ay ay ay ag | [Ze] [y
dy Ay Ay A, dy dy Q Sa1
A= a3 dzp Ay Ay Ay Ay 0 _ S31 )
Ay Ay Ay Ay Ay Ay a S
s ds; ds3 dsy Qg5 dgg B Ss1
|61 Gsr Qg3 Ggy Qg5 Ao | |V | | Se

From the previous it comes that:
j=—-A"-8

<>
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N
a
e

=A"- (10)

S e P SHEEN P SH
=

YV Se1 |

where the matrix S is the column

It is possible to resolve accelerations and speeds prepared in this way
with the MATLAB programme package with variable changes done
beforehand as following:

X, =Zpy Xy =Zey X3=0, X, =@, X;=0, X, =0
: , , (11)
X, = Xy =0, Xg=p, Xg=0, X, =y, X, =7
The form of the system of differential equations looks like this:

Zc

Az,.0.0.0.8.7)| " |\=Slcop.0.a. oy 20 0.0.0.5.7)  (12)

P A o S

/4

and is transformed into the system of twelve differential equations of the
first kind making it suitable for numerical resolving by applying the
MATLAB programme package.

o
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Determining the dynamic behaviour
of hydraulic excavators

Resolving equation systems (3) used for describing the dynamic
behaviour of the hydraulic excavator can be divided into:
 determinig natural frequencies and oscillation types

« determining the vectors of mobility ¢,(¢;, = z,, 9,8, a, 8,7).

Determining natural values

Vibration issues are mostly connected with resonance, where one or
more forms of vibration are activated by work power forces. Vibration
forms lying among dynamic work forces’ frequency levels are always a
potential threat to cause problems. The modal analysis makes it possible
to determine frequencies that may cause resonance to appear. The modal
analysis is the process of determining all modal parametres sufficient for
formulating a mathematical-dynamic model. The modal parametres are:
modal frequencies, modal dampings and modal shapes. One of the very
important mode properties is that any forced or free structure response
may be brought together in one set of modes (Batini¢, 2013), (Den Hartog,
1972).

Natural system values, i.e. natural frequencies and the corresponding
vectors — modal forms — will be obtained through the free vibration system
analysis while considering the homogeneous part of equation (3):

A-G+B-q=0 (13)

For the purpose of mathematical modelling of the free system
vibrations, the aim of which is to determine their own values, it could be
assumed that damping C within the system is negligible. According to the
well-known procedure for determining the equation system own values (3),
the dynamic matrix U is formed together with its characteristic determinant,
i.e. a characteristic system equation:

det(A-71-U)=0
where:

- U=A4"-B - the dynamic system matrix where A and B are the
inertia matrix and the system rigidity matrix,
- unit matrix,

<>



| .
- A=— -ie. o is the system natural frequency.

0]

The observed hydraulic excavator is described by means of the
system of nonlinear differential equations meaning that the system
dynamic properties cannot be taken as constants. It applies in the same
way to both rigidity and damping coefficients and their matrices
coefficients. In such cases, it is not possible to make any separations
based on their characteristic forms, by means of the vertical coordinates
into a set of independent equations. A possibility of a step-by-step
numerical integration is used for this kind of analysis — for certain time
interval, the system is cosidered as linear with the characterisitcs it had at
the beginning of that time interval. So, a nonlinear analysis is
approximated by the series of variable gradual system analyses (Batinic,
2000).

The matrix U own values are zeros of the matrix U characteristic
polynomial i.e. the roots of the characteristic equation (13). In order to
obtain own values and their corresponding vectors, we considered the
system parametres at a certain point of time, taken from the results of the
numerical system analysis of differential equations at a certain point of

time, for example at a point of time #=0.100 s, i.e. in iteration n =19999

at a small initiative system motion. This is a necessity because the mass
matrices and the system rigidities are subordinate to the generalized
coordinates and their speeds, and as such they cannot be used for
obtaining dynamic system matrices. The matrices of rational values were
obtained by this procedure (Jovanovi¢ et al, 2004). The system state
vector is shown in Table 1.

Table 1 — System State Vector
Tabnuua 1 — Bekmop cocmosiHusi cucmemb|
Tabena 1 — Bekmop cmara cucmema

z, zZ, ®» @ 0 0
-0.0022 0.0913 -0.0010 -0.9068 -0.0013 0.0105
a a Jij B /4 4
0.0049 -0.1762 -0.0903 -3.2058 0.0398 8.7507

The inertia matrix A and the rigidity matrix B of the system at the

determined point of time are:

G
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A=1.0e+0.04-

B=1.0e+0.08-

[ 1.0633
0.9423
—0.2444
—1.5645
—0.2090

| 0.0080

" 0.600

0

—-0.6120

0
0
0

0 -0.6120
1.6869 —0.9890

—-0.9890 2.4970

0 0
0 0
0 0

0.9423 -0.2444 -1.5645
6.6536 —0.3062 -5.8923
-0.3062 4.1787  0.4836
—5.8923  0.4836  9.1443
-1.8336  0.0661 1.3128
0.8307 —0.0009 -0.3437

0 0
0 0
0 0
0.1169 0

0 0.0056 0

0 0

—0.2090  0.0080 |

-1.8336  0.8307
0.0661 —0.0009
1.3128 —0.3437
0.8656 —0.3928

—0.3928  0.4432 |

oS o o O

0.0038 |

Applying the function [V,D]: eig(U ) from the MATLAB programme

package will make it possible to obtain the diagonal matrix D containing
own values on the main diagonal. We also obtained the full matrix V
whose columns are the corresponding matrix U vectors.

D =1.0e+0.04-

[1.4791

0

S O O O

[—0.1588 —0.8613
-0.5614 0.2806
0.1679  0.1327

-0.2906 —-0.0266
-0.7119  0.2957

| 0.2004  —0.2715

0 0
0.8468 0

0 0.2449

0

0 0

0 0
—-0.6478 —0.0059
-0.3303 -0.0034
-0.4723 -0.0027
-0.2479  0.1243

-0.4279 -0.6816
0.0603 -0.7210

=

0
0
0

0
0

oS O O

0 0.0281 0

0.0130
0

-0.0169

-0.0115

—0.0082
0.2179
0.1570
0.9630

S O O O

0
0.0041 ]

0.0071 ]
0.0088
0.0051
—0.0655|
—0.7386
0.6708




The range of natural frequencies was obtained by finding the square
root of the diagonal matrix D solution and dividing it by 27z (Table 2).

Table 2 — Natural frequencies
Tabnuua 2 — EcmecmeeHHbIe Yacmombl
Tabena 2 — ConcmeeHe ¢hpekseHyuje

Natural

frequenci @, @, @, a, Wy ,
es

rad/s 121.6164 | 92.0227 49.4916 16.7553 11.4087 6.4191

Hz 19.3558 14.6459 7.8768 2.6667 1.8158 1.0216

The natural frequencies for the state vector of equal system activation
with the time of ¢ =0.025s and the iteration of 4999 were calculated as
shown in Table 3.

Table 3 — Natural frequencies
Tabnuua 3 — EcmecmeeHHbIe Yacmombl
Tabena 3 — ConncmeseHe hpekseHyuje

Natural
frequencies O @, @, a, 2 ,
rad/s 0+131.90i 96.16 78.41 47.39 14.12 8.62
Hz 0+20.9918; | 15.3041 12.4792 7.5420 2.2474 1.3718

Determining motion vectors on the generalized
coordinates

Differential equations were resolved by applying the MATLAB packet
programme, and the generalized coordinates of free oscillation models and
their derivatives for the time ¢=0.1s were obtained as well. The
simulation of the observed hydraulic excavator behaviour was done at the
beginning of moving the soil away, after the excavation of the soil had

been finished with the angles of «, =-35", B, =-80" and y, =160’

together with the angle y =90° regarded as the most unfavourable for

excavator operations. The initial movements were very near zero. The
simulation results are shown in Figures 5 — 10.

)
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x10"

0 0.01 002 003 004 005 006 007 008 009 01

tls]
Figure 5 — Vertical motion of the
undercarriage mass center - z,

Puc. 5 — BepmukarnbHoe nepemeweHue
ueHmpa mMacchl OropHO-x0008020

ycmpoucmea - Zc

Cnuka 5 — BepmukarnHo rnomepare
cpeduwma mMace OCIIOHO-KPemHoza

YraHa — Zc

-0.01r

-0.021

-0.03-

= —0.04

O[deg]

-0.05-

-0.06

-0.07r

-0.081

-0.09,

0 0.61 0.62 0.63 0.64 0[6? 066 0.67 0.68 0.69 0.1
t[s

Figure 7— Angle of the undercarriage

rotation around the transversal main

cental axis of inertia 0,y,-0

Puc. 7 — Yeon nogopoma onopHo-
Xx0008020 ycmpolicmea 80Kpye
rornepeY4Hol enasHoul yeHmpasbHoU ocu
uHepyuu Q,y, — 0
Cnuka 7 — Yeao o6pmar-a 0Cr1I0HO-
KpemHoe 4YraHa OKO MornpeyHe 2rnasHe
ueHmparHe oce UHepuyuje 0,y, -0

0.61 0.62 063 0.64 O[‘O]'; 0.66 067 0.68 069 0.1
t|s]

Figure 6 — Angle of the undercarriage
rotation around the longitudinal main central
axis of inertia Ox, — ¢
Puc. 6 — Yzon nogopoma 0rnopHo-x0008020
ycmpoticmea 80Kpye npodoribHOU anagHol
yeHmparnbHOU ocu UHepYUU O, x, — ¢
Cnuka 6 — Yeao obpmaHa 0C/I0HO-KpemHoa
yriaHa oKo y30yXXHe 2rasHe yeHmparsiHe oce

uHepyuje O,x, — ¢

0.4

0 001 002 003 004 005 006 007 008 009 01
tls]

Figure 8 — Angle of the boom rotation of the
manipulator around the axis 0.y, -«

Puc. 8 — Yeon nogopoma cpersibi
MaHUurynsimopa 6okpye ocu O,y, —a

Cnuka 8 — Yeao obpmar-a cmperne
MaHuryamopa oko oce O, y, — a

56



v[deg]

0 001 002 003 004 005 006 007 008 009 01

e _12 . . . . . . . . .

[ 0 0.01 002 003 004 005 006 007 008 009 01
t[s]

Figure 9— Angle of the arm rotation of the Figure 10— Angle of the bucket rotation of
manipulator around the axis O Vs of the  the manipulator around the axis 0,y of the

joint in the end of the boom - g joint in the end of the arm - y
Puc. 9 — Yeon epaujeHusi pykosmu Puc. 10 — Yaon epaweHus koswa
MaHurynamopa 8okpya ocu O, y, MaHurlynsimopa eokpye ocu Oy, wapHupa
wapHupa Ha KoHue cmpeJibl - Yij Ha KOHUe pyKosimu
Crniuxka 9 — Y2ao o6pmarba pyke Cnuka 10 — Yz2ao obpmarba Kauluke
MaHurysiamopa oKo oce 04y4 3275106a MaHurilynamaopa OKo oce Osy5 325106a Ha
Ha Kpajy cmperie — g Kpajy pyke —y

Results analysis

The observed hydraulic excavator system was activated by a very
small initial value of one of the generalized coordinates. This possibility is
allowed by the simulation programme package. That way, the system is
exposed to free oscillations. This state is described by homogeneous
nonlinear differential equations.

The natural frequencies obtained by the mathematical model based

on the generalized coordinate z have the values of @, =19.3558Hz and

w,. =0+20.9918i. These frequencies on the z axis have the biggest

impact on the excavator operator. When compared with some resonant
frequencies [3-20HZ] it is possible to claim that, for some human organs,
they partially overlap. This could cause problems to the operator in case of
being in action over a longer period of time.

By analyzing the previously described numerical experiments, it is
clear that some kinds of movement freedom, i.e. generalized coordinates,
generate free oscillations of certain frequencies that do not allow the
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system to easily calm down after the initiative activation time. It was even
proved that, with only one activation, within the observed time interval, at
one iterration only, the system has free oscillations of one degree of
freedom, and that at the second iterration it has free socillations of another
degree of freedom. All these facts clearly indicate that the system is
dynamically unstable or at least on the very edge of the stability reference
values. The described fenomenon of free oscillation is proved on the
generalized coordinate z.

Figure 5 shows the nature of the vertical movement of the
undercarriage mass center. It is clear that the oscillation amplitudes are
within the tolerable limits and that they gradually go down with the system
tending to calm down.

Figure 6 shows the nature of the rotation angle change ¢ around the
undercarriage longitudinal axis. The oscillation amplitude is tolerable, but
there is no evidence of its going up or down within the observed interval of
simulation.

Figure 7 illustrates the rotation angle change 6 around the transversal
undercarriage axis O,y,. The oscillation amplitude is within tolerable limits,

but like in the previous case, there is no evidence of the amplitude tending
to go up or down within the observed interval of simulation.
The change of the rotation angle of the manipulator boom a around

the axis O,y, —a inside the joint connecting the manipulator and the

undercarriage is described in Figure 8. The oscillating nature of this
angle's change within the observed time interval is obvious, but with the
amplitude tending to go down.

Figure 9 shows the change in the rotation angle of the manipulator
arm B around the axis O,y, of the joint in the end of the boom. The

displayed change is not oscillatory, in the observed time, and it has a
tendency to grow up to unacceptable values. This tendency is conditioned
by free oscillation of the excavator in the generalized coordinates z.

Figure 10 shows the change in the bucket rotation angle of the

manipulator y around the axis O,y of the joint in the end of the arm. The

displayed change has the oscillatory character with an increased
amplitude value. In the observed simulation time, the tendency to a
reduced or increased amplitude cannot be estimated.

The graphics of the generalized coordinates in Figures 9 and 10 do
not show the system calm down within the observed time interval because
the system is within the unstability area or on the very edge of the stability
reference values, which was caused by free system oscillation on one of

<>



the generalized coordinates. Because of this, immediately after the time of
t=0.1 s the system gets into resonance with a significantly increased
oscillation amplitude. In order to get the system calm down, i.e. to make
the oscillation amplitudes on all generalized coordinates reach lower
values, preferably zero, all real parts of the characteristic system equation
square roots ought to be negative. This precondition for the observed
excavator has not been met.

Conclusion

This paper deals with the analysis of the dynamic behaviour of
hydraulic excavators. By applying the dynamic-mathematical model, we
determined the level and nature of dynamic motions and natural
frequencies. An excavator operator is a person who is seated in the
rotating platform. System vibrations reach him via the excavator backing.
This predominantly refers to the vibrations on the generalized coordinate
Z;, which is a longitudinal direction, i.e. the direction of the operator’s
backbone and that is why exposure to these vibrations was addressed to
with special attention. Besides these vibrations, the operator is exposed to
the vibrations on the generalized coordinates ¢ and 6 which additionally
makes the situation more complicated and increases possible harmful
impacts on the operator's health. The hydraulic excavator natural
frequency values, derived from analytical calculations, prove the intensity
so high that it might cause serious problems to the operator’s health. By
comparing the natural frequency intensity values on the generalized
coordinates 6, ¢ and 6 with the resonance frequencies for some human
organs, the possibility of serious harmful effects is obvious.

Describing the hydraulic excavator dynamic behaviour by the system
of nonlinear, nonhomogenous differential equations made it possible to
improve the analytical-mathematical model by which a simulated situation
is almost like a real life situation of an excavator in operation.

By applying the modal analysis, it was possible to determine certain
system frequencies and their corresponding vectors which might cause
resonance to appear and thus spoil the operator's working condition
comfort.

The numerical analysis was carried out for the BTH-600 excavator
structure. The obtained results indicate that the structure was not
composed at its best and that a dynamic analysis should be used to
improve the dynamic characteristics of the observed system.

)
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OBNACTb: MalLUMHOCTpOEHne
BWO CTATbW: opuruHansHas Hay4Has ctaTbs
A3bIK CTATbW: aHrnunckun

Pe3some:

B OdanHOU pabome npedcmasneHbl uccriedogaHuss OuUHaMUYeCcKUX
napamempos  2uOpaes/iIU4ecKkoe0  3KCKasamopa:  ecmecmeeHHble
yacmombi U OsuwxeHue. Paboma 3Kckasamopa onucaHa ymem
Mamemamu4eckux moderneli ¢ wecmbto 0606w eHHbIMU KOopOUHamamu,
Mo/1y4eHHbIMU Ha OCHOB8aHUU ypasHeHul JlaepaHxa emopozo poda.
PaspabomaHHasi Mamemamu4eckasi MoOeslb cucmeMbl 3KcKagamopa
npedcmaenssiem  cobold  cucmemy — HeUHeUHbIX  HEeOOHOPOOHbIX
OugbhbepeHyuansbHbIX ypagHeHuUl emopoz2o poda. C nomouwbto
MOOefIuUpo8aHUsi C peasibHbIMU 3Ha4YeHUSIMU rapamMempos osTyYeHb!
QyHKYUU U3SMeHeHUl O8UXeHUsT U ecmecmeeHHoU Yacmombl rpu
dornycmumbix cmereHsix c8oboldsl, brnazodapsi 4eMy MOXHO rposecmu
aHanu3 xapakmepa u UHMeHcusHOCmU O8LKeHUs, 8030elicmausi 3mux
fMapamMempos Ha MawuHucma U OfNmuMU3UpPo8amb KOHCMPYKUUIO
9KCKagamopa (U3MeHeHUe Maccehl, xecmkocmu U OemrghuposaHusi).
Kntoyesbie crnosa: audpasnudeckuli 3aKckagamop, OuHamuyeckue
Xapakmepucmuku, Mamemamu4yeckasi MoOeslb, €eCMmeCmEeHHbIe
yacmomal, O8UXXeHUe.

OOPEBUBAHE ONHAMUNYKNX KAPAKTEPNCTUKA
XWOPAYIIMYKNX BATEPA

Oneuya X. Nasapesuh?, opo M. Nasapesuh®
@ YnusepauteT ogbpane y beorpaay, BojHa akagemuja,
KaTeapa BojHOMaLLMHCKOT MHXehepcTBa, beorpaa, Peny6nvka Cpbuja
5 China Communication Construction Company, Beorpag, Penybnuka Cpbuja

OBNACT: MawwmnHCTBO
BPCTA YJIAHKA: opuvrMuHanHn Hay4YHu YnaHak
JE3UK YJIAHKA: eHrnecku

Caxemak:

Y pady cy npukazaHa ucmpaxusar-a OUHaMUYKUX Kapakmepucmuka
xudpaynuykux bazepa: coricmeeHe hpekseHyuje u romeparba. Pad
bazepa onucaH je Mamemamuykum  ModesioM ca  wecm
2eHepanucaHux  KoopduHama Koju je  dobujeH  MPUMEHOM
JlaepaHxesux jeOHayuHa Opyze epcme. [obujeHu Mamemamu4ku
moden cucmema bazepa npedcmass/ba cucmem 00 wecm
HernuHeapHUX HexoMoz2eHUX OugbepeHyujanHux jedHadyuHa OJpyaoe
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peda. Cumynayujom ca peanHum epedHocmuMa rnapamemapa
OobujeHe cy cbyHKUuUje pomMeHe romMepara U CcorcmeeHe
¢pekseHuuje o 00380/bEHUM cmeneHuma criobode, WMo
omoeyhaea ucnumueare Kapakmepa U UHMeH3umema mux
rnomMepara, ymuuaja napamemapa Ha pykogaoua bazsepa U
onmumu3auyujy KoHcmpykuuje bazepa (npomeHe Maca, Kpymocmu u
npuaywersa).

KrbyyHe peuu: xulpaynudku 6azep, OUHaMUYKe Kapakmepucmuke,
Mamemamuyku Modes1, corncmeeHe peKkseHyuje, noMepare.
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