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PYXy elemenma ONOpPAOdNCeHHs, 2IOpONpusio MAaHinyis-
mopa, Memoou UPIULeHHs ONMUMI3AYIUHUX 3A0ay

Purpose. Development of the mathematical model
for justification of rational parameters of translational
motion of tunnel lining machine manipulator.

Methods. Solving of optimization problems by de-
fining the class of test functions; calculation of some of
the features of this class; and confirmation of the
uniqueness of the solution. Application of mathematical
modeling methods for calculation of the motion of the
fluid in the hydraulic systems in laminar and turbulent
flows.

Findings. We have developed the mathematical model
of the hydraulic drive arm allowing us to find the hydraulic
control valve spool motion control law under any law of
motion of the block. The results of the simulation show that
to decrease the control signal anticipation the area of the rod
end should be increased under given line pressure.
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Originality. It is proved that: when acceleration rate
value is limited, the U-shaped motion law provides the
fastest lifting of the block to certain height; if necessary,
to decrease the control signal anticipation over the time
of movement speed change the area of the rod end should
be increased under given line pressure.

Practical value. The mathematical model of the hy-
draulic drive lift has been developed. Its application allows
determining of the rational parameters of the tunnel lining
machine manipulator on order to create the tunnel lining
machine manipulators of reduced weight, increased
strength and durability, competitive at the world market.
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IIVIOHMUHHE TA ITPOCTOPOBE MATEMATHUYHE
MOJAEJJIOBAHHA PYXY KAP’EPHOI'O ABTOTPAHCIIOPTY

The article presents the mathematical simulations of dump truck linear motion along a straight road segment as a

motion of multimass system with eight degrees of freedom.

Purpose. To analyze the results of the study of dump truck dynamic and traction-speed performance in the course of

motion.

Methodology. General scientific and special study methods, including scientific generalization, methods of inte-
grated assessment of technical level, mathematical modeling and linear programming were used. To solve the problem
we have formulated differential equations of motion, using the Lagrange equations of the second kind and the corre-
sponding expressions of kinetic and potential energy as well as dissipative function.

Findings. By mathematical calculations in the Wolfram Mathematica software, the traction and dynamic character-
istics calculation method for the dump truck moving along the road with longitude inclination was received.

Originality. A planar and spatial design diagrams and motion equations of the vehicle in the course of straight-line
motion were made, considering elastic and dissipative characteristics of elastic constraints, longitudinal slope and road
profile, changes of design characteristics which can provide a near real picture of motion dynamics.

Practical value. The method of calculation of the dump truck dynamic characteristics in motion has been devel-
oped. Based on the analysis of the dump truck design parameters presented, one may provide recommendations on re-

duction in capital expenditure for development of a quarry.

Keywords: design diagram, dump truck

Introduction. Study of the vehicle dynamic as a
complex multimass system requires considering different
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level of influence of mechanical characteristics of indi-
vidual vehicle elements in the different motion modes.

A significant contribution to the development of the
theory and practice of vehicle use in the open pit min-
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ing was made by M.V. Vasylyev, A.A. Kuleshov,

AN. Kazarez, N.V. Melnikov, M.G. Potapov,
V.V. Rzhevsky, V.P.Smirnov, I.M. Tsyperfin,
V.D. Shtein, B.Ya. Yakovenko, I.V. Zyryanov,

A.V. Bunyakin, G.A. Smirnov [1, 2, 3], etc. They set up
mathematical models to study the dynamic processes of
open pit mining vehicles that take into account opera-
tional characteristics (in particular road irregularities
and impact from excavator loading). Compiled motion
equations are presented in this case as a system of non-
linear differential equations, which are solved with giv-
en initial conditions in a given integration interval with
the use of specially developed iteratively-differential
type algorithm with determination of the point of dis-
continuity for the right members of equations [1-3].

Analysis of the earlier studies. Further design im-
provement of the dump truck, operating in particularly
difficult environment, and assessment of their perfor-
mance requires involvement of more structural and tech-
nological factors in compiling the design scheme, which
will allow determining their effect on the vehicle perfor-
mance and its reliability. Therefore, the study of the ve-
hicle dynamics and obtaining the amplitude-frequency
characteristics depending on the physical and mechanical
characteristics of elastic constraints and masses of the
vehicle parts may be considered as a relevant objective.

The investigation of dynamic of the linear vehicle
motion without side slope of the road is presented below.

The purpose of the study is to draw the design dia-
grams and formulate the motion equations describing the
straight vehicle motion, considering the characteristics of
its elastic constraints and cross-section of road.

The planar design diagram and motion equations
drawing up. In drawing up the planar vehicle design dia-
gram assume that the mechanical characteristics of the
wheels, located at one axis of the respective double-
reduction axles, are equal. In this case, the dump truck
can be represented as a system of bodies (Fig. 1), con-
nected by elastic and inelastic constraints; provided that
the functions describing the interaction of the vehicle
wheels with the road simulate various motion conditions.

At Fig. 1: a, b, ¢ are dimensions determining the
position of the vehicle center of mass relative to the
wheel axes and the road surface, axle spacing (dump
truck base) — L = (a + b); d is dump truck wheel track;
Curr My are stiffness and damping factors of the front
and rear wheels; c;, ¢, i, U, are stiffness and damp-
ing factors relative to the vehicle suspension and
wheels; Z is relative movement of the sprung body
mass perpendicular to the vehicle direction; Z;, Z, are
moving axes relative to the front and rear wheels and
perpendicular to the vehicle direction; X is the vehicle
center of mass moving at the vehicle direction; ¢ is
body rotation angle relative to the axis passing
through the center of mass and perpendicular to
X0Z-plane; ¢;, ¢, are rotation angle of the wheels rela-
tive to the axis; y is rotation angle of the body around
X-axis; o is road slope angle by the vehicle direction;
my, my, mg, GI, G2, G are mass and weight relative to
the front and rear wheels and the dump truck body. In-
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teraction with the road surface is expressed through
Rpr, Rp normal reactions, and F; and Fj, rolling re-
sistance.
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Fig. 1. Design diagrams of the open pit dump truck
motion: a is planar design diagram of the open pit
dump truck; b is spatial vehicle design diagram

Consider the vehicle motion in the X0Z subspace,
passing through the longitudinal axis of the vehicle. To
compile the motion equations we use the Lagrange equa-
tion of the second kind. In the preparation of kinetic T’
and potential P energy expressions of D dissipative func-
tion we used m;, m,, J;, J, values of mass and moment of
inertia of the front and rear wheels, m;, J; body mass and
moment of inertia, (Z;, Z,, Z3, x, ¢; taken as generalized
coordinates) for the planar design diagram, as well as m,,
m,, mp, Jyg, Jxz, Jyi, Jy> used as values of mass and mo-
ments of inertia. X, Z;, Z,, Z, ¢;, ¢,, ¢, w were taken as Qi
generalized coordinates for spatial design diagram.

The kinetic energy of the system (planar design dia-
gram)
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The potential energy of the system (planar design di-
agram)
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The kinetic energy of the system (spatial design dia-

gram)
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The potential energy of the system (spatial design di-
agram)
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Dissipative function (spatial design diagram)
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where Ai,Aiare motion and velocity of the dump truck
body mass center respectively in the motion at a given truck
profile; di, §i- respectively motion and velocity of mass
center of the dump truck wheel at the front and rear suspen-
sion in the course of motion along given road profile.

After substitution and solution of the kinetic and poten-
tial energy expressions, and dissipative function, consider-
ing constraints (1-5), as well as related transformations in
the Wolfram Mathematica software, we obtain the system
of six differential equations of second order for planar de-
sign diagram and the system of seven differential equa-
tions of second order for spatial design diagram.

The solutions of equations describe the changes of
generalized coordinates which allow us to estimate the ve-
hicle dynamics, taking into account the nature of the road.
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Fig. 2-3 shows graphs of the main dynamic parame-
ters variance for the dump truck moving along the road
segment with i = 7% longitudinal gradient of the road,
given small irregularities for 10 and 20 seconds for pla-
nar and spatial diagrams respectively.

The obtained systems of five and of eight equations
(6) and (7) respectively, describing straight movement of
vehicle, taking into account the influence of the trans-
verse and torsion vibrations (Fig. 2, 3) that may occur
during destabilization or in transient regimes, we can
recommend for research of the dynamics of quarry vehi-
cles for natural and disturbing vibrations source. Value of
natural frequencies and amplitudes of the oscillations are
the parameters of evaluation of movement smoothness,
and vehicles reliability.

Conclusions. A mathematical model of the dump
truck motion has been built, as well as the dependences
for assessing the impact of the road profile on major dy-
namic and operational characteristics of the trucks have
been received. The calculation results of characteristic
curves shown at Fig. 2-3, allow us to estimate the offset
value of the front and rear wheel suspensions as well as
of the center of the body mass. Furthermore, we have re-
ceived corresponding acceleration values, allowing us to
estimate the inertial load on the vehicle structure parts
when passing the obstacles, movement smoothness, and
vehicles reliability. The obtained characteristic curves
can be used in the process of design of operational and
technical parameters of the individual mechanisms of
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dump truck. This allows us to give recommendations for
design institutes concerning methods determining power
dissipation (Fig. 2, a, ¢, e, g, Fig. 3, a, ¢) and the maxi-
mum speed in the process of moving along the road with
the longitudinal inclination and irregularities of 0.2 m.
The received mathematical dump truck motion simu-
lations will allow estimating the impact of isolated road
irregularities, as well as structural dump truck parameters
on major dynamic and operational tractive characteris-
tics. The results presented at Fig. 2-3 show that natural
vibrations affect the value of dissipation essentially.
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Fig. 2. Graphs of motion parameters on a road segment
with i=7% longitudinal gradient of the road, given
small irregularities for 20 seconds: a is vertical
movement of the center of dump truck mass consid-
ering function P(x); b is angular movement relative
to the axis center of the dump truck mass (longitudi-
nal pitch); c is acceleration, d is dump truck accel-
eration by motion direction with i=7% slope; e is
dump truck angular acceleration relative to Y trans-
verse axis, passing through the center of dump truck
mass; fis angular acceleration of the front axle rela-
tive to the center of mass, g is angular acceleration
of the rear axle relative to the center of mass, h is
dump truck angular acceleration relative to X longi-
tudinal axis, passing through the center of mass
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Fig. 3. Graphs of the motion parameters on a road
segment with i=7% longitudinal gradient of the
road, given small irregularities for 10 seconds: a is
vertical acceleration of the front dump truck axle; b
is vertical acceleration of the rear dump truck axle,
c is vertical acceleration of the center of the dump
truck mass; d is angular acceleration relative to the
axis of the center of the dump truck mass

Using the obtained values of displacement of front
and rear suspensions, and the center of mass of the vehi-
cle moving along the road with the longitudinal inclina-
tion, we can define external disturbing vibrations of body
parts and the vehicle in general. By choosing the values
of the arguments influencing the movement smoothness
and speed we can adjust the value of dissipation using
the mathematical models (6-7), and thus correct the
stroke of suspension and body of the dump truck.

References / Cincoxk Jiteparypu
1. Zyryanov, L.V. (2006), “Improved effectiveness of sys-
tems career vehicles in extreme conditions”, Abstract of
Dr. dissertation, Mining Machines, St. Petersburg, Russia.

3bipsiHoB 1.B. TloBbimenue 3¢ (GeKTUBHOCTH CUCTEM

KapbepHOTr0 aBTOTPAHCIIOPTa B 3KCTPEMAaJIbHBIX YCIIOBH-
X JKCILTyaTaluu: aBToped. ITUcc. Ha COUCKAHUE Hay4YH.
CTENeHH JI-pa TexH. Hayk / 3pipsinoB 1.B. — CI16, 2006. —
40 c.
2. Bunyakin, A.V. (2004), “Complex evaluation and pre-
diction of dump truck exploitation quality”, Abstract of
Cand. Sci. (Tech.) dissertation, Mining Machines, Keme-
rovo, Russia.

Bynsixun A.B. KommnekcHas oLieHKa U MPOrHO3MPOBA-
HHE TOKa3aTeNel KayecTBa SKCIUTyaTallii KaphepHBIX aBTO-
CaMOCBAJIOB: aBTOped. IUcC. HAa COUCKAHUE HAy4H. CTENCHH
KaHJI. TeXH. Hayk / bynsikua A.B. — Kemeposo, 2004. — 25 c.
3. Smirnov, G.A. (1990), Teoriya dvizheniya kolesnykh
mashin [Wheeled Vehicles Motion Theory], Mashi-
nostroyeniye, Moscow, Russia.

CwmupnoB I'.A. Teopust IBUKEHNS KOJIECHBIX MAIINH /
Cwmuphos I''A. — M.: Mammnoctpoenue, 1990. — 352 c.
4. Basmanov, S.V. and Voronov, Yu.Ye. (2007), “Math-
ematical optimization model of the open pit dump truck
parameters”, Izvestiya vysshykh uchebnykh zavedeniy.
Gorny zhurnal, Yekaterinburg, no. 8, pp. 58—62.

64

Bacmanos C.B. Maremarnueckast MOAEIb ONTHMH3a-

UMM TapaMeTpoB  KapbepHBIX  aBTOCAMOCBAIOB  /
C.B. Bbacmanos, 10.E. Boponos // M3Bectust BbICHIMX
yueOHbIX 3aBeneHni. ['opHblii xypHan. — 2007. — Ne 8. —
C. 58-62.
5. Mokin, B.I. and Mokin, O.B. (2008), “Mathematical
simulations of the multimass distributed dynamic sys-
tems for optimization purposes”, Visnyk Vinnytskoho
Politekhnichnoho instytutu, no.6, pp. 55-58.

Moxkin b.I. Marematu4dHi MoJieni 6araToMacoBUX po-
3MOAUIEHNX AUHAMIYHUX CHUCTEM IUIA 3a7ad ONTHMI3aIii
(gactuna 1) / B.I. Mokin, O.b. Mokin // Bicauk Binau-
IBKOTO TOJITeXHIgHOTO iHCTHUTYTY. — 2008. — No 6. —
C. 55-58.

VY crarTi HaBeJeHI MaTeMaTHYHI MOJEIi MPsIMOJiHIH-
HOTO PyXY Kap€epHOTO aBTOCAMOCKHIa SIK 6aratoMacoBol
CUCTEeMHU 3 BICbMOMa CTYIIEHSMH CBOOOAM Ha MIPSMOJi-
HIAHIA AUISHII JOpPOrH 3 YpaxyBaHHSIM CTaHy JOPOXK-
HBOT'O TOKPHTTSL.

Mera. AHaniz JOCHIDKEHHS IMHAMIKM Ta TSTOBO-
LIBUJIKICHUX XapaKTePUCTHK Y MPOIIECi PyXy aBTOCAMOCKH-
pic:

Metoauka. I[Ipy BUKOHaHHI pOOOTH BHKOPHCTOBYBa-
JIUCh SIK 3arajJbHOHAYKOBI, Tak 1 CIIeIiajdbHI METOIU IOC-
JJDKeHb, BKIIOYAlOYM HAyKOBE Y3aralbHEHHS, METOIH
KOMIUIEKCHOI OIIHKM TEXHIYHOTO pIBHS, MaTeMaTHIHE
MOJICTIIOBAHHS Ta amapar JiHIIHOTo mporpamyBaHHS. Pi-
IICHHS JaHOi 3a/1a4i 0a3yeThcsl HA CKIaJaHHI TU(EpeHIri-
QTLHOTO PIBHSHHS PYXY, ISl 4OTO OyJIH BUKOPUCTaHI PiB-
HsHHs Jlarpanka Ipyroro poxy, a TakoX BiJIOBiJHI BH-
pa3u KiHETHYHOI, MOTCHINHOT eHeprii Ta JMCHUIIATHBHOI
GbyHKIl.

Pe3yabraTn. 3a 10MOMOrol0 MaTeMaTHYHHX pO3pa-
XYHKIB Y IPOTpaMHOMY ITPOIYKTi MaTeMaTHIHOTO aHai-
3y Ta po3paxyHKy — “Wolfram Mathematica”, oTpumana
METOJIMKa PO3PaxXyHKy TSATOBUX 1 AWHAMIYHUX XapakTe-
PHCTHK aBTOCAMOCKH/a Y TpOIeci pyXy 1o 0po3i 3 Mo3-
JIOBXKHIM YXHUIJIOM.

HayxoBa HoBu3HAa. CKl1aieHI po3paxyHKOBI CXeMH Ta
PIBHSHHS pyXy IpH NPSIMOJIiHIHHOMY PYCi MaIlliHU 3 ypa-
XYBaHHSAM TIPY)KHHX 1 PO3CIIOBAIIBHUX XapaKTEPUCTHK
MPY)KHKUX 3B'S3KiB, MO3I0BKHBOTO YXUIY Ta IPOdIIO I10-
pOTH, 3MiHH KOHCTPYKTHBHHUX XapaKTEPHUCTHK, IO 103BO-
JIUTH AaTH ONMU3BbKY 10 peanbHOl KapTHHY JUHAMIKH PyXY.

IIpakTHuna 3HaunMicTs. Po3pobieHi MeToIMKH po-
3paxyHKy ITUHAMIYHHX XapaKTEpPUCTHUK aBTOCAMOCKUAA Y
mpoLeci pyxy, a TaKoXK BUKOHAHWI aHali3 mapaMeTpiB
KOHCTPYKIIi aBTOCAMOCKHUJIB, Ha IiJICTABI YOTO MOXHA
JaTH peKOMeHJaNii M0/10 CKOPOYECHHs KalliTaJbHUX BH-
TpaT Ha po3poOKy Kap’epiB.

KunrouoBi ciioBa: pospaxynkosa cxema, agmocamockuo

B crartbe mpuBeneHsl MaTeMaTHYECKHE MOJEITH TIPS-
MOJIMHEHHOTO JBMKEHMSI KapbepHOTO aBTOCaMocBaja
KaK MHOTOMAacCCOBOM CHCTEMBI C BOCEMBIO CTEIEHSIMH
cBOOOIBI Ha MPSIMOJIMHEHHOM yJacTKe JOPOTH C YIETOM
COCTOSITHHUST JOPOYKHOTO TTOKPBITHS.

Iean. Ananu3 HcclieIOBaHUS THHAMHUKHA M TSTOBO-
CKOPOCTHBIX XapaKTEpUCTUK B IMPOLIECCE IBIKEHUS aB-
TOocamocBaa.
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Metoauka. [Tpy BeIIOITHEHNN pabOTHI HCTIOIB30BAINCH
Kak OOIIEHAYYHBIC, TaK U CHEIMAIbHBIE METOJBI HCCIIEO-
BaHWM, BKJIIOYasl HaAy4HOE 0000IIEHHE, METO bl KOMILIEKC-
HOIl OIIEHKM TEXHHYECKOTO YPOBHSI, MaTeMaTH4eCKOe MO-
JINTMPOBaHKME W arapar JIMHEHHOrO IMPOrpaMMHPOBaHMSL.
Pemienve nanHOW 3amaum OaszMpyeTcss Ha COCTaBJICHUH
i epeHIMABHOTO YPAaBHEHHUS JBHKCHHUS, JJISL Yero Obl-
JIM WCTIONB30BaHbI ypaBHeHUs Jlarpamxka BToporo pona, a
TaKKe COOTBETCTBYIOIINE BBIPKCHUS KMHETHYECKOH, I10-
TEHINAIFHOW SHEPTUH U JUCCUTIATUBHOHN (DYHKIHH.

Pe3yabrarsl. C MOMOIIBI0 MAaTEMaTHYEeCKUX pacye-
TOB B MIPOTPAMMHOM HPOJIYKTE MaTEMAaTHIECKOTO aHAJH-
3a u pacueta — “Wolfram Mathematica”, mony4eHa me-
TOJWKA PacyueTa TATOBBIX M IMHAMHUYECKUX XapaKTepH-
CTHK aBTOCaMOCBaJa B MpOLECCe NBIKSHUS MO JOpOre ¢
MIPOJIOTBHBIM YKIOHOM.
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Hayuynasi HoBu3HA. CoCTaBJIeHBI PacUeTHBIE CXEMBI U
YpaBHEHUS JBVKCHUS TIPY NPSIMOJIMHEHHOM JBIKCHHN Ma-
HIMHBI C YYETOM YHPYTUX U PACCEHUBAOIINX XapaKTEPUCTUK
YIPYTHX CBSI3H, MPOAOIBHOTO YKJIOHA U MPOGMIIS JOPOTH,
W3MEHEHUs] KOHCTPYKTHBHBIX XapaKTEPUCTHK, YTO MO3BOJIUT
JIaTh OJM3KYIO K pealbHON KapTHHY JIMHAMUKH JIBHKCHUSL.

IMpakTHyeckasi 3HAYAMOCTh. Pazpaboransl MeTou-
KU pacueTa JUHAMHUYECKUX XapaKTEpUCTUK aBTOCAMOCBa-
J1a B TIpOIIeCCe IBHKEHMS, a TAKXKE BBINIOJHEH aHAIH3 T1a-
paMeTpoB KOHCTPYKIIMHM aBTOCAMOCBAJIOB, HA OCHOBaHUH
Yero MOXHO JaTh PEKOMEHJAINH 0 COKPAIIEHHIO Kallu-
TaJbHBIX 3aTpaT Ha pa3pabOTKy KapbepoB.
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MNOBHUM OBEPTAIOUUI MOMEHT JJI5I CTATUYHO
HEBPIBHOBA’KEHOI'O POTOPA 3 IIPY’KHUM BAJIOM

Purpose. Study of total rotational moment components for statically unbalanced system of the “rotor — supports”
type with a bent elastic shaft.

Methodology. In this paper, theoretical approaches of classical mechanics were used to study a process of unbalanced
rigid body rotation. These approaches are based on a methodology to determine axial moments of inertia of statically un-
balanced system of the “rotor — supports” type with a rigid (non-deformable) shaft and an elastic (deformable) shatft.

Findings. The conducted researches show that a statically unbalanced rotating system of the “rotor — supports” type,
with an elastic shaft, is a system with variable moments of inertia that depend on the rotor’s rotation velocity. There-
fore, moments that impede the rotor’s rotation occur in the system. The obtained general equation of moments makes it
possible to find total rotational moment of the drive in each particular case. Total rotational moment is defined as the
sum of rotational moments needed to ensure the “rotor —supports” system’s rotation and the production process.

Originality. The equation of rotation for the “rotor — supports” deformed system, which is given in the paper, re-
flects the behavioral features of a statically unbalanced rotor with a bent elastic shaft at different rotation velocities,
such as the bent shaft’s middle line position with respect to the rotational axis, the rotor’s center of mass position with
respect to the bent shaft’s middle line and the rotational axis, and the rotor’s angle of turn around the shaft’s middle
line. The equation of total rotational moment, which is obtained in this paper, confirms and explains why the rotational
moment, with rotor’s shaft bend, exceeds the rotational moment sufficient for rotor rotation with no shaft’s bend.

Practical value. The equation of total rotational moment can be used as a master equation in computer software to
calculate required rotational moment of the drive or to process experimental results.

Key words: moment of inertia; “rotor — supports” system,; damping forces, deformed system; total rotational moment

Introduction. Various rotating assemblies and parts
are widely used in the up-to-date mining machine de-

signs. Even a small unbalance of the rotating assemblies
and parts (rotors) may lead to the occurrence of undesir-
able vibrations, which are sometimes hazardous to the
whole machine integrity. Hazardous vibrations cause in-
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