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RESUMO

Muitos dos mecanismos usados na industria contém links de entrada e saida conectados por longas
linhas de forca. Aumentar a eficiéncia e a vida Util dos sistemas mecéanicos com longas filas é de grande
importancia para a economia do pais. Para um uso mais racional desses dispositivos, € importante manter
esses modos de operagdo com a maxima precisdo, geralmente incluindo a velocidade necessaria do atuador e
a tensdo nas linhas. Tais parametros podem mudar espontaneamente, dependendo das condi¢cdes de
operacdo do sistema. Na presenca de varias influéncias, tarefas semelhantes para determinar os regimes e
parametros marcados, indicando a necessidade de sua mudanga, s6 podem ser resolvidas com a ajuda da
teoria e dos métodos de pesquisa correspondentes. O artigo apresenta os problemas e o método de estudar
sistemas mecénicos de duas camadas com um numero infinito de graus de liberdade com base nas equacdes
de momento e momento de momento em forma diferencial. S&o propostas transforma¢des com o uso de
equacdes de ondas conhecidas, que possibilitam levar explicitamente em consideracdo as oscilacbes das
velocidades de movimento e tensGes nas linhas de forca dos sistemas mecénicos ao descrever processos
dinamicos. A solucao de sistemas de equacgdes diferenciais parciais € dada usando a transformada de Laplace,
gue possibilitou obter equacfes gerais de movimento e, apés algumas simplificacdes, proceder a equacdes
diferenciais ordinarias que levam em consideracdo as caracteristicas dindmicas de sistemas com parametros
distribuidos. O método Runge-Kutta modernizado obteve solucdes e realizou simulagdo numérica de processos
transitérios no acionamento hidraulico, cujos resultados tém boa convergéncia com experimentos em larga
escala.

Palavras-chave: equacbes diferenciais, pardmetros distribuidos, sistema mecénico, atuador hidraulico,
caracteristicas de frequéncia.

ABSTRACT

Many of the mechanisms used in industry contain input and output links connected by long lines of
force. Increasing the efficiency and service life of mechanical systems with long lines is of great importance for
the country's economy. For a more rational use of these devices, it is important to maintain these operating
modes with maximum accuracy, usually including the required speed of the actuator and the voltage in the lines.
Such parameters can spontaneously change depending on the operating conditions of the system. In the
presence of various influences, similar tasks to determine the marked regimes and parameters indicating the
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need for their change can be solved only with the help of the corresponding theory and research methods. The
article presents the problems and the method of studying two-tier mechanical systems with an infinite number of
degrees of freedom on the basis of the equations of momentum and moment of momentum in differential form.
Transformations with the use of well-known wave equations are proposed, which made it possible to explicitly
take into account the oscillations of the speeds of motion and stresses in the force lines of mechanical systems
when describing dynamic processes. The solution of systems of partial differential equations is given using the
Laplace transform, which made it possible to obtain general equations of motion and, after some simplifications,
proceed to ordinary differential equations that take into account the dynamic features of systems with distributed
parameters. The modernized Runge-Kutta method obtained solutions and carried out numerical simulation of
transient processes in the hydraulic drive, the results of which have good convergence with full-scale
experiments.

Keywords: differential equations, distributed parameters, mechanical system, hydraulic drive, frequency
characteristics.

AHHOTALIUA

MHorve n3 ucnosnb3yemblx B MPOMBbILLNEHHOCTU MEXaHU3MOB cofepXaT BXOAHblEe U BbIXOAHbIE 3BEHbS,
COEOUHEHHbIE ANMMHHLIMW CUMOBBLIMU JIMHUAMU. Takue MexaHW3Mbl LUMPOKO MUCMONb3YITCA B TEXHOMOMu
rnmyboKoro cBepneHust B KOMmekTopax TennoobMeHHUKOB, rpebHbIX BanoB, TypGO-CBepnubHbIX BaroB C
ONVHOW OTBEpPCTMN OO0 CeMU METPOB W APYIMX KPUTUYECKMX KOHCTPYKUMI, a Takke B npoueccax OypeHus
HedTHAHbIX M rasoBbIX CKBaXXWMH ANWHOW BpaLLAloWMXCH NWHUIA 3nekTponepeaad, OOCTUraroLmMX HECKOSbKMX
kunomeTpoB. [loBbiweHne 3MMEKTUBHOCTN U CPOKa CNyxObl MEXaHWYECKMX CUCTEM C ASMHHBLIMA JIMHUSMM
nveet 6Gonblioe 3HadYeHue Ans SKOHOMMKW CTpaHbl. [na 6onee pauMoHanbHOro WCMNONb30BaHWA 3TUX
YCTPOWCTB BaXHO NOAAEPXMBATb 3TU peXMMbl paboTbl C MaKCUManbHOW TOYHOCTbK, OOBIYMHO BKMtO4Yas
Tpebyemyto CKOPOCTb NpPMBOAA U HaMPsKEeHWE B NUHUAX. Takve napameTpbl MOryT CaMONpPON3BOSIbHO MEHATHCS
B 3aBMCUMOCTM OT YCrnoBui paboTbl cuctemsbl. [1py Hanu4mMm pasnuyHbiX BO3AENCTBUA aHanornyHble 3agayu no
onpegeneHnio OTMEYEHHbIX PEXMMOB M MapaMeTpoB, yKa3blBatoLMX HA HEOBXOONMOCTb UX U3MEHEHUS, MOTYT
ObiTb pelleHbl TOMbKO C MOMOLLbID COOTBETCTBYHOLEA Teopuum U MEeTOAOB uccregoBaHud. B cratbe
npeacTaeneHbl Npobnembl U MeToAMKa M3YYeHWs OBYXYPOBHEBbIX MeEXaHWYECKMX cucTemM C 6GeCKOHeYHbIM
4YMCNoM cTeneHew cBoboAbl HA OCHOBE YpaBHEHWI MMNynbca M MOMEHTa MMmnynbca B AvddepeHumansHONn
dopme. lMNpeanoxeHbl npeobpasoBaHWs C WCMONb30OBAaHWEM W3BECTHbIX BOSIHOBbLIX YpaBHEHWW, KOTOpble
MO3BOMNWMM NPU y4eTe QUHaMUYECKMX NPOLLECCOB SABHbIM 06pa3om yynThiBaTb konebaHnsa cKopocTen ABMKEHNS
N Hanps>KeHUn B CUNOBLIX NMHUAX MeXaHN4eckux cuctem. PelueHune cuctem andpdepeHumnansHbiX ypaBHEHN B
YaCTHbIX MPOM3BOAHbLIX OAeTcs C MOMOLWbI MnpeobpasoBaHuda Jlannaca, 4TO NO3BONMO MOMyYNTb obLLme
YPaBHEHUS ABWXEHUA M MOCMe HEKOTOPbIX YMNPOLEHUA neperiTun K OBbIKHOBEHHbIM AuddhepeHumanbHbIM
YPaBHEHUSM, Y4YUTbIBaOWMM AMHAMUYEeCKne OCODEHHOCTM CUCTEM C pacnpefeneHHbIMM napameTpamu.
MopgepHusmpoBaHHbln  mMeTod PyHre-KyTTel no3Bonum  nonyyntb  peleHus U NPOBECTU  YUCIIEHHOEe
MoAenupoBaHMe MepexoiHblX NPOLEeCcCOB B ruaponpusoge, pesynbTaTbl KOTOPOrO XOPOLIO CXOAATCs C
nonHoMacLTabHbIMK 3KCMEPUMEHTaMM.

Knrodeebie criosa: JdughghepeHyuarnbHble ypasHeHus, pacripedesieHHble napamMmempal,
cucmema, sudpasnudeckuli npueood, YacmomHbIe XapakKmepucmuku.

MexaHu4yeckas

1. INTRODUCTION

Used in industry, many mechanisms are
mechanical systems containing input and output
links interconnected by long force lines. Such
mechanisms are widely used in the technology of
deep drilling of holes in the headers of heat
exchangers, propeller shafts, turbodrill shafts with
hole lengths up to seven meters and other
responsible structures, as well as in oil and gas
well drilling processes when the length of rotating
force lines reaches several kilometers. The given
examples show that the increase in efficiency and
service life of mechanical systems with long lines
is of great importance for the country's economy.

For more rational use of these devices, it
is important to maintain the specified (target)
modes of operation with maximum accuracy,
usually including the required speed of movement
of the executive body and the voltage (pressure)
in the lines. Such parameters may spontaneously
change depending on the system operating
conditions. In the presence of various impacts,
similar tasks by definition of the noted modes and
parameters, indicating the need for their changes,
can be solved only with the appropriate theory
and research methods (Yasnitskii, 1989). While
designing such structures, the dynamic properties
of the system can be assessed using traditional
methods, for example, frequency analysis.
However, for the implementation of technological
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operations, it is important to know the regularity
of the movement of the executive body (cutter,
cutting part of the drill, etc.), as well as stresses
arising in structural elements (Kondratenko and
Mironova, 2018a). In addition, for their more
effective application, it is necessary to maintain
rational modes of operation with maximum
accuracy, for example, maintain the required
speed the executive body at given loads.

The design of two-link mechanisms often
constitute the input link, which is the engine, and
the output link is the executive body (the cutting
part of the drill, chisel, mill, etc.), rigidly
interconnected by force lines. Such simple
mechanisms Babakov I.M. refers to systems with
an infinite number of degrees of freedom
(Babakov, 1958). The study of processes in the
long force lines of mechanical systems usually
described using differential equations in partial
derivatives, has been the subject of a number of
papers, for example, (Sirazijeva et al., 2004,
Kondratenko and Mironova, 2018a; Kondratenko
and Mironova, 2018b; Kondratenko and
Mironova, 2018c; Babakov, 1958; Popov, 1977;
Sedov, 1970; Voronov, 1981; Frolov, 2000;
Markin, 2010; Kondratenko, 2005, Vlasova et al.,
2016). However, only in (Kondratenko and
Mironova, 2018a); Popov, 1977; Kondratenko
and Mironova, 2018c), the authors take into
account the presence of a load on the output.
Traditionally, the description is constructed using
partial differential equations.

Due to the fact that significant oscillatory
phenomena occur in systems with long lines, it is
very important to find a way to calm the
oscillations. This path is associated with
overcoming serious difficulties. To solve
problems of this kind, it was proposed in
(Berezyanskij and Kondratev, 1988) to use the
expansion theory in the form of an infinite family
of commuting self-adjoint operators with the
corresponding projection spectral theorem. With
this approach, theorems of representation of
positive definite functions of an infinite number of
variables in a layer are established and the
infinite-dimensional problem of moments is
studied. The role of operators is played by a
countable family of differentiations with respect to
various variables, infinite families of shifts, etc.
However, the application of this theorem very
often gives negative answers. The main question
was investigated only in certain particular cases
when in this way the values of optimal control
actions were obtained, both for the problems of
program control and for certain problems of the
synthesis of systems with feedback. In addition to

the above-mentioned studies related to the use of
results relating to the problem of moments,
problems are known about controlling linear
parabolic and hyperbolic systems (Godunov and
Ryabenkij, 1977). However, such decisions are
justified so far only for individual special cases.

In some cases, similar problems are
solved by an approximate method with the
replacement of the corresponding functional
equations by  suitable finite-dimensional
difference schemes. As a result, the problem of
optimal control of an approximating system
described by equations in finite differences or by
a system of ordinary differential equations is
obtained. Wherein, for a finite-dimensional
system, it becomes necessary to consider the
maximum principle and estimate the convergence
of approximating controls. However, the
questions of substantiating such a finite
difference approximation have not been studied
enough. In mechanical engineering, it is quite
rare to find situations when the calculation of
oscillations (vibrations) of a particular structural
element can be carried out accurately. As a rule,
technical calculations are approximate. The main
assumptions are made when choosing a
calculation scheme. At the same time, the
insignificant features of the system are ignored
and only its main parameters that determine the
nature of the phenomenon are highlighted,
although in some cases minor features can have
a great influence on the operation of the
mechanism. n many cases, systems with
distributed masses are replaced by systems with
concentrated masses, parts of complex
geometric shapes (springs, crankshafts, etc.) are
usually reduced to an equivalent straight beam,
nonlinear elastic elements are often replaced by
equivalent linear ones, etc. Simulation of such
systems is also possible with the help of analog
machines. However, the complexity of creating a
model, low accuracy of results, and low mobility
of machines significantly limit the spread of this
method.

In most cases, mechanical systems
operate under the action of variable external

influences in the presence of various
nonlinearities,  including  significant  ones
(backlash, pressure and displacement

restrictions, dead band). Periodic effects can be
approximated by harmonic functions, the
response of the system to which is conveniently
described by frequency characteristics. Often the
impacts are sporadic. For example, during deep
drilling, getting a carbide particle under the
cutting blade will cause a sharp change in the
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moment of resistance, which in turn may distort
the hole trajectory or disturb the surface layer. It
is very difficult to describe the behavior of the
system in such cases using frequency methods.
It requires calculations that take into account
fluctuations in the time domain. Therefore, the
study of issues of dynamics and the
determination of the actual values of speeds and
voltages, characterizing the features of power
transmission, is very important for developing
solutions to improve the efficiency of these
devices. An attempt to solve the noted problems
was undertaken in the proposed article.

2. MATERIALS AND METHODS

In this question, the performance of the
devices in question is determined by the
transmitted power, i.e., the speed of movement of
the executive body and the stress in the force
line. When these parameters deviate from
rational values, there is a need to study the
Equations 1, 2 (Kondratenko et al., 2018;
Babakov, 1958). Here Q is the speed of
movement of the technological object; t is the
time; & is the coordinates of the system; f; is the
speed of change of coordinates. In this case, the
study is reduced to solving Equation 3. Usually, in
the study of dynamic processes in mechanical
systems, the tasks of determining changes in
coordinates, vibration shapes (Kolovskij, 1989;
Ualiev and Ualiev, 2006; Vulfson, 1990) are
solved. For this purpose, the methods of the
theory of elasticity are used, for example, they
use the Equation 4 (Kondratenko et al., 2018;
Frolov, 1995; Yavorskij and Detlaf, 1974) the
solution of which is sought in Equation 5.

Here v, E is the mass and elastic
characteristics of the mechanical line; fy is the
section area; Q, is the intensity of the external
load; Hy, 6« px ak is constants determined from
the initial conditions. In the case of using the
Lagrange equation of the 2nd kind (Equation 6)
considered are the kinetic (T) and potential
energy (U) oscillations, taking into account
Equation 7 where q is the generalized coordinate.

The parameters of the movement of the
mechanism from this equation are determined
after some transformations. The indicated
equations that underlie many papers on the
dynamics of machines, for example (Babakov,
1958; Kolovskij, 1989; Ualiev and Ualiev, 2006;
Vulfson, 1990), allow, for given boundary
conditions, to estimate the change in the
displacements of the elementary volume of a bar,
column, and other parameters in time and space.

However, such information, if it is necessary to
take into account the interrelationship of a large
number of factors, is, on the one hand,
redundant, since it is often enough to know under
what conditions self-oscillations occur of the
rotation frequency of a technological object
(executive body), i.e. stability is lost, and under
what conditions the system is stable. On the
other hand, without explicitly taking into account
the second variable (stress), complete
information about the dynamics of the stress
state in the course of work cannot be received,
which makes it difficult to estimate the likelihood
of a part breaking or disrupting the mechanism. In
the case of using systems with long force lines,
there is also the problem of describing the
behavior of the mechanism under standard
disturbance (impacts), for example, step
disturbance.

Studies show, for example (Postnikov,
1974; Reiner, 1958), that an intermediate variable
(stress) is not always linearly related to
displacement. However, the described methods
do not take this feature into account. In addition,
depending on the stresses, the position of the
executive body may change, which will result in
changes in indicators boring of aperture, drilling
of wells for oil and gas. In this regard, there is a
need to develop a method where the oscillations
of both speeds and stresses, as well as the
influence of various nonlinearities, are explicitly
taken into account.

3. RESULTS AND DISCUSSION:

3.1. The Conclusion of the Original Equations

To solve this problem, when considering
longitudinal oscillations in a straight solid rod in
the absence of mass forces, the equation of
momentum in differential form was used
(Equation 8) (Sedov, 1970) and the equation of
longitudinal vibrations (Equation 9) where
Equation 10; u is moving along the x axis; o is
longitudinal (normal) voltage; p is the density of
the material; E is the modulus of elasticity. From
Equations 8, 9 the Equation 11 is obtained.
Integrating Equation 3 over x, assuming that for
x =0, o =const, and then differentiating over t
the result obtained, the expression is arrived at
Equation 12 (Kondratenko, 2005).

Denote the current value of the stress o
by o. Given that the surface forces acting on
each point of the cross section of an elementary
volume are directed in the opposite direction from
the direction of the speed of movement,
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Equations 8, 12 are rewritten in the form
Equations 13, 14. When considering torsional
vibrations, the deplanation of sections is
assumed to be absent. Then the elastic
oscillations are described by the Equation 15
(Kondratenko, 2005; Kondratenko et al., 2017hb)
where ¢, x is the angle of rotation of the section
line and the coordinate with zero in the center of
the driving link; G is material shear modulus.
From the equation of angular momentum for a
finite volume of a continuous medium in the
absence of viscous friction in the material (Sedov,
1970), after the known transformations
(Kondratenko, 2005; Kondratenko et al., 2017hb),
it is possible to obtain for the elementary volume
of the rod with an outer radius r with p = const the
equation of angular momentum in the differential
form Equation 16 where Q is rotation speed,
Equation 17; 1 is the maximum tangential
stresses in torsion. From Equations 14, 16 the
Equation 18 is arrived at. After integrating
Equation 18 along the x coordinate and
subsequent differentiation by t, the Equation 19 is
gotten. The system of Equations 16, 19 makes it
possible to describe the changes in the tangential
stresses on the outer cylindrical surface in an
elementary volume and the speed of movement
of the elementary sections of the trunk.

Assuming that G = const, p =const and
performing the  one-dimensional Laplace
transform of these equations with zero initial
conditions (lvanov et al., 1971), Equation 20 is
obtained (Equation 21) where s is a complex
variable, Equation 22, o is the frequency of
circular oscillation. Suppose that the process of
transferring motion during a shift is similar to the
process of transferring motion during longitudinal
vibrations. In this case, following the
phenomelogical Zener model (Reiner, 1958) for
the elementary volume, the equation of motion
can be written in the form Equation 23 where 6, n
is deformation and viscosity; Gi, G, is isothermal
and adiabatic shear modulus. If Equation 23 is
rewritten in operator form and then using the
Laplace transform with zero initial conditions,
then Equation 24 can be obtained where a; is the
relaxation constant (Equations 25, 26). From here
for the generalized modulus of elasticity can be
written (Equation 27). Here G,, G, are,
respectively, the ordinates of the complex
function G, (jw) along the real and imaginary
axes.

It is further assumed that the features of
the interaction of transverse waves with the
interface are similar to the interactions of
longitudinal waves and are largely determined by

the wave resistance (Equations 28, 29) (Yavorskij
and Detlaf, 1974) where a, is the speed of
movement of the transverse waves. If to consider
the harmonic oscillations propagating along the
line, it can be introduced into consideration the
wave resistance in operator form — impedance
Zy(jo) (Equation 30) (Kondratenko and Mironova,
2018c; Kondratenko et al., 2017a). Assuming the
material density is constant with regard to
Equations 27-29, the transformed Equation 30 is
written in the form Equation 31. Here are the
following ratios (Equation 32) where vy (o) is the
generalized function of internal friction. Internal
friction y in solids can play a significant role. It is
known, for example, that magnesium alloys and a
number of other materials have very good
vibration-insulating properties, largely due to
internal friction. At the same time, for steels,
because of the smallness, this value is often
neglected. Then Equation 33, v (®) = 0. Dynamic
features of force line with parameters distributed
along the length are characterized by the
operator coefficient of wave propagation, which,
based on Equation 20 in Laplace images with
these assumptions, can be written in the form
Equation 34.

Differentiating Equation 16 with respect to
the x coordinate, then eliminating the derivative
dQ(s)/dx wusing Equation 19 and applying
Equation 34, Equation 35 is obtained
(Kondratenko, 2005; Kondratenko et al., 2017b).
This equation is a 2nd order differential equation
with constant coefficients. Its solution after the
introduction of hyperbolic functions (Kondratenko,
2005; Kondratenko et al., 2017b) under boundary
conditions for x = 0 (Equations 36, 37), has the
form Equation 38. Having solved the system of
Equations 16, 19 in the manner described above
with respect to Q(s, x), Equation 39 is obtained
and for the boundary conditions for: x=0
(Equations 40, 41) finally, there will be Equation
42. If in the process of oscillation, the output link
does not miss the angular momentum that is
supplied to this link, then disturbance waves are
reflected from the end of line. The case of a
matched load will be considered when there are
no reflected waves in the system. In this case,
the boundary conditions are the following
relations (Equations 43-45) (Kondratenko, 2005;
Kondratenko and Mironova, 2018c). Here, W, is
the geometric polar moment of the resistance of
the section of the line of the executive body with
the moment of inertia J; h,, M, is the coefficients
of friction loss and moment of resistance acting
on the executive body; | is the length of the line.
The coefficient hy takes into account only friction
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losses proportional to the speed of the load.

Jointly solving Equations 38, 42 taking
into account the specified boundary conditions,
the equation of motion of the executive body of
the system is obtained (Equations 46, 47).
Having performed similar transformations as
applied to longitudinal vibrations in solid lines,
Equations 11, 12, the equation of motion is
obtained (Kondratenko, 2005; Ivanov et al.,
1971), which has almost the same form as
Equation 46.

If to carry out transformations similar to
those described for a volumetric hydraulic
actuator (Popov, 1977; Kondratenko, 2005), then,
assuming that the leakage through the hydraulic
motor is significantly higher than the leakage
through the pump, the equation of motion can be
obtained (Equation 48) (Kondratenko et al.,
2017a; Rabinskiy and Tushavina, 2019a;
Rabinskiy and Tushavina, 2019b; Kamke, 1959;
Nikitin et al., 2019). Here are the following ratios
(Equations 49, 50) where z is tightness criterion
of volumetric hydraulic actuator; $%s is the
coefficient of elasticity; Eg(s), ¥(s) are
polynomials obtained during transformations; w is
the volumetric constant of the hydraulic motor; Q
is pump flow rate; 6,.(s) is the operator coefficient
of wave propagation in the pressure line; J is the
moment of inertia of rotating parts; ¢ is the
coefficient of friction loss proportional to the
pressure differential; h is the coefficient of friction
loss proportional to the speed of movement; oy,
is the density and bulk modulus of elasticity of the
liquid; 2 is the frequency of rotation of the output
shaft; M, - the moment of resistance; L is the
length of the hydraulic line; K, is coefficient
leakages in the volumetric engine. In this case,
the boundary conditions were determined by the
balance of the flows rate fluid entering the
pipelines and resulting from them.

3.2. Solving Systems of Equations

Since the mechanisms usually have
nonlinearities, including substantial ones, the
solution of such problems is possible only by a
numerical method. Considering the similarity of
equations describing the dynamics of mechanical
and hydraulic systems (Kondratenko, 2005), as
well as a simpler fixation of oscillations in the
hydraulic drive, the development of a method for
numerical simulation of dynamic processes in
mechanical systems was based on comparing
simulation results with field tests of hydraulic
drive. To solve this problem, the Equation 48 has
to be algebraically decomposed into Equations

51, 52. Here p is the differential pressure on the
hydraulic motor. The correctness of the
decomposition is checked by the reverse
decision. From the Equation 31 the transfer
function of the influence of oscillations of the
pump flow rate is obtained on the pressure drop
at M, =0 (Equation 53). The complex functions
Y(s) and 3(s) in Equation 32 will be replaced by
their real parts ¥ (o) and 3 (o) (Equation 54).

Figure 1 shows the calculated ratios of the
modules of real and imaginary parts of the
functions 9(im), ¥(im). The calculations were
carried out for hydraulic 1ID. It can be seen from
the graphs that the real parts of the functions
significantly exceed their imaginary parts in
modulus in almost the entire frequency range.
Turning to the originals of Equations 51, 52,
Equations 55, 56 are obtained. Simulation was
carried out for electrohydraulic drive with
parameters: J =34 N*cm*s?, w=11.3 cm?®/ rad;
h = 17N*cm’s; a =1.4*10°MPa; po = 870 kg / m?;
f,=f,=3.13 cm? 1=0.05(N*cm*s)?; a,,=5,36*10
2s: apm=5,76*10"c% K., =0.021/(B). Safety
valves in both lines are set to a pressure of
p=15MPa. The length of each of the two
hydraulic lines was | = 22 m. For example, taking
into account Equations 55, 56 for the hydraulic
drive, a system of Equations 57-60.

Here U (), aim, axm IS respectively, the
control voltage, the coefficients of the control
mechanism; y is angle of rotation of the control
mechanism roller; pi, p. is respectively, the
pressure in the pressure and make-up lines; Ap is
pressure differential on the hydraulic motor,
Equation 61; Q is theoretical maximum flow rate
of the pump; Q1, Q. is leakage through valves;
V, is volume of fluid in the line. The Equation 35
was solved using the 4th order Runge-Kutta
method (Kondratenko et al., 2018; Kamke, 1959).

3.3. Simulation Results

Modeling was carried out using a PC with
counting steps H = 10™; 2*10™ sec. The error did
not exceed 10%. The control signal was changed
according to the law (Equation 62). For each
settable frequency o with Uy =10V, U, =5V for
10 sec. the counts calculated the values of the
input coordinate U, as well as the liquid flow Q
supplied to the system and the values of the
other variables. After analyzing the obtained
numerical values, the amplitude of the oscillations
of the pressure differential A, and the phase shift
¢ of forced oscillations the differential pressure
relative to the oscillations of the flow were
determined. Then calculated the value of
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Equation 63. In addition, the frequency response
was calculated from the transfer function
(Equation 53) using complex functions. Also for
the marked hydraulic drive, experimental
frequency characteristics were obtained. The
results of all calculations and natured
experiments are shown in Figure 2. It can be
seen from them that the numerical simulation
performed by the method described above very
accurately reflects the processes in the system
with distributed parameters of elastic lines
(Kondratenko and Mironova, 2018c).

4. CONCLUSIONS:

The proposed method for solving systems
of nonlinear differential equations that take into
account the distributed parameters of the power
lines of the mechanisms allows us to conduct
various numerical experiments to study the
parameters of motion and the stressed state in
various mechanical systems and obtain adequate
results. Here, with a constant counting step each
of the four stages of the -calculation cycle,
nonlinear factors were taken into account
(friction,  unidirectional  rotation,  pressure
limitation). For each input frequency of forced
oscillations ® was recalculated the values of a
and the functions ¥ (), 95 (o). If to consider that
during the operation of virtually any mechanism
oscillations are generated, the frequency of which
depends on the speed of movement of the
executive body, then the proposed method can
be used to obtain not only frequency
characteristics but also oscillograms of transients
in the considered systems.
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Figure 1. The ratio of the modules of the real (1) and imaginary (2) parts of the functions $ (iw),

¥ (iw) for the 11D hydraulic drive
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Figure 2. Logarithmic amplitude (L) and phase (¢) frequency characteristics of the ghydraulic drive:
curves 1, 2 is calculated curves of the simulation model; curves 3, 4 is curves obtained by experiment
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