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Annotation
Introduction. The process of compaction of the soil foundation by a road vibrating roller is considered as the object of
the study. The main purpose of vibrating rollers used in road construction is to reduce the energy consumption of the
compaction process and increase the productivity of the operations performed Since the 80s of the last century, the
engineering industry has noted a tendency to abstention the production of static rollers. By reducing the amplitude of
oscillations or completely disconnecting the vibrator, you can get the same static modes, and accordingly the results
of rolling. In addition, the reduction of dynamic impacts positively affects the physical condition of an operator of the
road-building machine, stabilizes the well-being and increases productivity.
Materials and methods. The mathematical model of the dynamic system “Supporting surface-roller-operator”
is presented. The main components of the dynamic system are described in the form of ordered and interacting
subsystems. The forces acting on the dynamic system are determined; they are sources of dynamic effects. The
calculation schemes of the subsystems “Operator” and “Roller”, which are of the greatest interest from the point of
view of vibration protection, are reflected.
Results. The result of the work can be considered the compilation of generalized scheme of the dynamic system;
calculation scheme of the dynamic system; mathematical model “Supporting surface—operator-roller”; implementation
of the mathematical model in MathLab, its additional Simulink extension package.
Discussion and conclusion. The presented mathematical model allows carrying out research of the processes occurring
in the dynamic system “Supporting surface-roller-operator”. The most rational mathematical model can be used in
the development of methods and tools aimed at improving the vibration protection system for operators of road
rollers. The mathematical model of a road roller is planned to be used as a basis for creating a robotic complex with an
automated control system designed to perform operations to compact coatings and foundations in road construction.
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Introduction

An increase in the share of roads of regional and federal
significance that meet regulatory requirements, a decrease in
the share of roads of federal and regional significance operat-
ing in overload mode are the priority tasks of the development
strategy of the Russian Federation implemented within the
framework of the national project called “Safe and high-quali-
ty roads” The solution to these problems implies the need not
only to overhaul existing roads, but to build new ones as well.

One of the main factors affecting the life of roads is the
high-quality compaction of the subgrade, pavement. Road roll-
er is a common compacting machine with versatility and devel-
opment prospects [1].

Vibratory rollers are most effective for lowly cohesive ma-
terials [1, 2] because compaction occurs through energy puls-
es. In addition, in vibratory rollers, the dynamic load is com-
bined with the static load from the rolls. Vibration significantly
eliminates internal friction in the mixture and improves the

compaction effect, even if rollers with relatively low static lin-
ear loads are used [3].

Positive vibration effect, from the point of view of the com-
paction process, negatively affects the health of an operator.
The conducted studies have shown that prolonged vibration
exposure leads to increased operator fatigue, an increase in the
number of errors made, reduced labor productivity, and leads
to the development of vibration disease in the long term [1, 4].

Research objective

It is possible to increase the performance of a road vibra-
tion roller by reducing the vibration effect on the operator’s
workplace, or by creating a robotic machine - a road roller. The
method of mathematical modeling allows significantly simpli-
fying the solution of these problems. Existing mathematical
models were created, as a rule, to study the process of com-
paction or movement of the roller, and they do not include an
operator model. Therefore, to solve some problems of vibration
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protection, it is necessary to develop new mathematical mod-
els that take into account the biomechanical characteristics of
an operator.

Materials and methods

Using the decomposition method allows us to represent
the dynamic system “Supporting surface-roller-operator” in
the form of orderly interacting subsystems: “Supporting sur-
face”, “Roller” and “Operator” (Fig. 1). In turn, the dynamic
subsystem “Roller” can be divided into a number of simpler
subsystems: “Internal combustion engine”, “Vibration exciter”,
“Metallic structure of a roller”. The subsystems “Internal com-
bustion engine” and “Vibration exciter” are sources of dynam-
ic impact. The subsystems “Metallic structure of a roller” and
“Supporting surface” contribute to further vibration from the
source to the object of vibration protection: “Operator” sub-
system [1, 5].

When performing work operations, the roller operator
is in a sitting position on a specially equipped chair having
an elastic-viscous suspension [4, 6]. The analysis of previous
works has showed that a single-mass mathematical model can
be used for solving problems of reducing dynamic effects (in-
cluding at the operator’s workplace) with its mathematical de-
scription (Fig. 2).

The equation describing the behavior of such a model has
the form [7]:

mg+bg+cq=Q, (1)

where m is the mass of an operator participating in the

oscillations; g,4,q§ - respectively, the generalized coordinate,
speed and acceleration; b is the damping coeflicient; ¢ is the
stiffness coeflicient; Q - disturbing force.

The values of coefficients of differential equation (1) for
the average operator of road-building machines can be equal
to: m =70 kg, c = 5,63 x 10*N/m, b = 523 (N x s)/m [8]. Since
the roller operator is in a sitting position, the chair accounts
for 75% of its body weight, and 25% of the body weight must
be taken into account when modeling the part of the roller on
which its legs rest [8, 9].

Sources of dynamic effects of the vibratory roller are an in-
ternal combustion engine and a vibration exciter. The internal
combustion engine is a source of a periodic signal, therefore, a
source of periodic vibration. Such a signal can be represented
in the form of Fourier series [1, 10]:

F= Z,;A' ~cos(o, -t +@,).

The vibration exciter of the vibratory roller generates
monoharmonic vibrations, the frequency of which is directly
proportional to the number of revolutions of the motor shaft.
The kinematic scheme of the roller provides a rigid connection
between the output shaft of the engine and the shaft of the ex-
citer. So,

DVS
= UPR >
nVV
where n_  is the engine speed, rpm; 7, - speed of the shaft of

the vibrating agent, rpm; U, — transmission ratio of the drive
of the vibrating exciter.
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Figure 1. Block diagram of the dynamic system “Support sur-
face-skating rink—operator”.

PucyHok 1. Briok-cxema gnHamuyeckon cuctembl «OnopHas no-
BEPXHOCTb—KaTOK—omnepaTop».

Figure 2. Calculation scheme of the subsystem “Operator”.
PucyHok 2. PacyeTHas cxema nopgcuctembl «OnepaTtop».
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Figure 3. The calculation scheme of the dynamic system “Sup-
port surface—skating rink—operator”.
PucyHok 3. PacyeTHas cxema AMHamuyeckon cuctembl «Onop-
Hasi NTOBePXHOCTb—KaToOK—onepaTop».
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A diverse fleet of rollers is used in the construction in-
dustry. Currently, vibratory rollers with smooth metal rolls
are widely used [4, 11]. As some tests showed, the vibration in
the longitudinal and transverse directions is much less than in
the vertical. Based on this, a flat design scheme [2, 12] can be
used to solve the problems posed. When compiling a gener-
alized calculation scheme of a dynamic system, the following
assumptions were made:

- a roller is a flat multi-link chain with elastic-viscous
bindings superimposed on it;

- bindings imposed on the system are holonomic and sta-
tionary;

— elastic viscous properties of bindings are represented by
Voigt’s bodies;

- mass of the links are concentrated in the centers of mass;

- links of the calculation scheme are presented as abso-
lutely rigid;

- external influences are represented by concentrated
forces;

— there are no clearances in hinges [13].

The generalized calculation scheme of the dynamic sys-
tem “Supporting surface-roller-operator” (Fig. 3) is a system
with three masses:

- mass m, includes the mass of drive rolls, frame and en-
gine. The center of mass of the first link is at point O ;

- mass m, includes the mass of the rear roll, frame, rotat-
ing gear, part (25%) of the mass of an operator. The center of
mass of the second link is at point O,;

- mass m, includes the mass of a seat, part (75%) of the
mass of an operator. The center of mass of the third link is lo-
cated at the point O, [10, 13].

The dynamic system “Supporting surface-roller-oper-
ator” is considered in the right inertial coordinate system
O,X Z, associated with a non-deformable base.

The position of the system links in the inertial coordinate
system is determined by the following local coordinate sys-
tems:

- coordinate system O X Z is connected to the frame of
the front vibrating rolls;

- coordinate system O,X Z is connected to the rear vi-
brating roll frame;

- coordinate system O,X,Z_is connected to the operator’s
seat.

The origin of coordinates coincide with the centers of
mass [2, 14].

To describe the movement of links in a dynamic system,
the following coordinates are taken:

Z, - displacement of the center of mass of point O, along
axis O,Z,;

Z, - displacement of the center of mass of point O, along
axis O,2,;

Z, - displacement of the center of mass of point O, along
axis 0,7, [2].

The elastic-viscous properties of the soil are characterized
by stiffness coefficients ¢, ¢, and viscous friction coefficients
b, b,. The elastic-viscous properties of the traction system are
characterized by stiffness and viscosity coefficients ¢, and b,.
The elastic-viscous properties of the suspension of the oper-
ator’s seat are characterized by stiffness and viscosity coeffi-
cients ¢, and b, [15].

In the gravitational field, the masses form gravity shown

in the design scheme by vectors m.g ( 13'2 , E , E ) [1].
From the motor and vibration exciter side, the driving
force acts on the first link
F=F+El
From the front rolls, gravity acts on the compacted soil

I:‘z. The impact of the internal combustion engine, the vibra-
tory roll and the mass of the links on the treated surface leads

to the appearance of reactions 1:"5, 136 The magnitude of each
of these reactions is the sum of two components: static and
dynamic [2], 1. e.
cT I T s
E=E +ESF =E +E.

The static component depends on the gravity of the corre-
sponding part of the roller [1]:
E' = mgE =mg+m.g.

5
Dynamic components depend on the parameters of the
supporting surface and are determined by the formulas [1]
E' =-KEE =-K,FE.

The system of equations describing the behavior of an oscillatory dynamic system has the form:
mZ +(b +b)Z +(c, +¢)Z, ~bZ —cZ =F+F +F;
(m, +m)Z, +(b,—b,~b,)Z, +(c,—¢c,—¢,)Z,~bZ —cZ +bZ +CZ =F —F —F;

m323 + b323 + c3Z3 —b3Z'2 -c¢Z, =F.

To solve the system of differential equations, we get rid of coefficients of the highest derivative. To do this, we divide the first
equation of the system by m, the second - (m, + m,), the third - m,, and as a result we get the canonical system of differential

equations [16]:

.. b +b)) . + b . F+F +F
Zl+(1 4)Zl+(c1 C4)Z1——4Z2—C—4Z2=M;
ml ml ml ml m
+(b2_b3_b4)z' +(CZ—C3—C4)Z _ b4 _ ¢, 7 4 ba + G =(1:(’—}:;—]i)'
(m, +m,) (m, +m,) (m, +m,) (m, +m,) ' (m, +m,) (m, +m,) (m, +m,)

. b . c b, . c F
Z+—Z+>7Z -7 -7 =",

‘ m} m3 m3 m} m3
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Results

The analytical solution of this system of differential equations is a very difficult task, therefore, the solution of the system of

equations was performed by numerical methods [17-19]. The model of the “Supporting surface-roller-operator” system imple-
mented in MathLab, the Simulink extension, is shown in Fig. 4.
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Figure 4. System model “Support surface-roller—operator” implemented in the MathLab, extension of Simulink.
PucyHok 4. Mogenb cuctembl «OnopHas NnoBepXHOCTb—KaToOK—onepaTtop», peanusoBaHHas B MathLab, pacwmpenuun Simulink.

Discussion and conclusion

Thus, the problem posed by the authors was to compile a
mathematical model of a road vibrating roller, which allows us
studying the processes occurring in the dynamic system “Sup-
porting surface-roller-operator”. Accordingly, it is advisable to
use a mathematical model to solve problems on improving the

vibration protection system of a road machine operator. It is
also planned to use the mathematical model of the road roller
as a basis for creating a robotic complex with an automated
control system designed to perform compaction of coatings
and foundations during road construction.
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MaremaTtnyeckasli MOAEAbD AOPO>XKHOIO KaTka

MaBen AnekcaHgpoBud KOPYATUH'
UpuHa AnekceeBHa TETEPUHA"
Enena AHatonbeBHa KOPYATUHA

Cnbupcknin aBToMoOUNBHO-JOPOXHBIA YHUBepcuTeT, Poccns, Omck

AHHoTaums
Beedenue. B xadecTBe 06beKTa NCC/IEIOBAHIA PACCMOTPEH IIPOLIeCC YIVIOTHEHM S TPYHTOBOTO OCHOBAHM S I0P O>KHBIM
BUOpanMOHHbIM KaTkoM. OCHOBHOe Ha3HayeHMe BMOPOKATKOB, MCIIONb3YeMBIX B JOPOXXHOM CTPOMUTEIbCTBE, —
CHIDKEHVE 9HeProeMKOCTH IIPOollecca YIVIOTHEHUA U YBe/IMYeHe IIPOV3BOANUTEIbHOCTY BBIIIOTHAEMBIX OIepaLinil.
C 1980-x IT. B MalIMHOCTPOUTENBHON OTPACIU OTMeYeHa TEeHAEHUMs OTKa3a OT IPOU3BOACTBA CTATUIECKUX
Ba/IbLIOBBIX KAaTKOB. YMEHBIINB aMIUIMTYAY KO/MeOaHUI MM COBCeM OTK/IIOYMB BMOPATOp, MOXKHO IOTYYUTbH
Te Ke CTaTM4YeCKyue PeXXVMBbI, a COOTBETCTBEHHO 1 Pe3y/IbTaThl ykaTKu. Kpome aToro, CHIKeHUe AMHAMMUYECKUX
BO3JIEIICTBUI TIOMOXKUTEIPHO CKa3bIBaeTCss Ha (U3MYECKOM COCTOSIHUU OIEPaTopa CTPOUTENbHO-TOPOXKHOI
MalVHbI, CTAOMIN3MPYeT CAMOYYBCTBYE I IIOBBIIIAET IIPOVN3BOANTEIBHOCTD.
Mamepuanviumemodvi. IpencraBnena MaTeMaTyeCcKast MOJIe/Ib AMHAMUYECKOI cUcTeMbI «OMOpHasi TOBEPXHOCTh—
KaTOK-orneparop». OCHOBHbIE COCTaBJIAIOIINE AVHAMUYECKON CUCTEeMbl OIMCAHbl B BUME YIOPAJOYEHHBIX U
B3aJIMOJIEVICTBYIOLINX MEXAY co60it nmogcucreM. OnpefeneHbl CUIbL, AEICTBYIONIVE Ha IMHAMIYECKYI0 CUCTEMY U
SIBJISIIOLIMECS] MUCTOYHUKAMMY JUHAMIYECKIX BOo3HeicTBuil. OTpajkeHbl pacueTHbIe CXeMbl ToficucTeM «Omeparop» 1
«Kartok», mpeacTaBasonux HanbOIbIINIT MHTEPeC C TOYKM 3PeHNs BUOPO3aIUTHI.
Pesynvmamut. Pe3ynbraToM TpOAeNaHHON pPabOTBI MOXXHO CUUTAThb COCTaBjIeHNe OO0OOIIEeHHON CXeMbl
OVHAMUYIECKON CUCTEMbBI; PACUYETHON CXeMbl AMHAMUYECKONl CHUCTeMbl; MaTeMaTndyecKoir mopmenu «OmopHas
MMOBEPXHOCTh—OMEPATOP—KATOK»; peann3alnio MaTeMaTndeckot Mmozienu B MathLab u ero gononHuTtebHOM makeTe
pacummpenus Simulink.
O6cyncoenue u 3axmouenue. [IpencraBneHHas MareMaTuvecKas MOJeNb MO3BOMsET MPOBOAUTH UCCIENOBAHMS
MPOLECCOB, MPOUCXOMAALMX B AUHaMM4YecKoit cucteMe «OIOpHas MOBEPXHOCTb—KAaTOK-omepaTop». Haubonee
palMOHANIbPHO MaTeMaTu4decKass MOfie/Ib MOXKeT ObITh WCIONb30BaHa INPU pa3pabOTKe MeTOIOB U CPEJCTB,
HAIPaBJIeHHbIX HA COBEPIIEHCTBOBAaHME CUCTEMbI BUOPO3AIIUTHI OMEPATOPOB HNOPOXKHBIX BajIbIIOBBIX KATKOB.
MaTtemMaTnueckyl0 MOJe/Nb JOPOXXHOTO KaTKa IUIAHMPYETCS MCIIONIb30BAaTh B KauecTBE OCHOBBI IS CO3[aHMA
pOOOTU3NPOBAHHOTO KOMIUIEKCA C aBTOMAaTMU3MPOBAHHON CHUCTEMOI YIIpaBeHNA, IPeJHa3HAYeHHOTO I
BBIITOJTHEHISI OIIePALVIi 10 YIVIOTHEHNIO IIOKPBITUIL ¥ OCHOBAHMII IIPYU CTPOUTEIbCTBE HOPOT.

Kmouesvie cnosa: CTPOUTE/IbHO-JOPOKHbIE MAUIMHBI, KaTOK ]IOPO)KHBIIZ, MaTeMaTn4eCcKoe MoIe/nnpoBaHue,
BI/I6PO3aHH/ITHI)I€ CUCTEMBI, B]/I6paIH/IFI.
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