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3pocmaioui eumozu 00 npodyKkmueHocmi me-
XampouHux cucmem 3 2i0pasIIUHUM NPUBO-
doMm axmuenHux pobouux opzamie CaAMoOXiOHUX
Mawun 6uMazaoms 3ACMOCYEAHH HOBUX Ni0-
x00i6 6 npoueci po3pobKu ma npoexmyeam-
. Dyuxyionanoni napamempu mexampoHHux
cucmem 3anexcamv 6i0 pPayioHaIbHO20 6UGO-
PY pesxcumie pobomu ziopasniunoi cucmemu ma
KOHCMPYKMUBHO20 BUKOHAHHA MEXAMPOHHUX
M0o0ynie yux cucmem. Axicmv mexamponnoi cuc-
memu 3 2i0pasaiMHUM NPUGOOOM 6 OLnvuii Mipi
BUHAMAEMBCA OUHAMIMHUMU XAPAKMEPUCMUKA-
mu. [Ina noninuwenns ouHaMivHux xapaxmepuc-
mux 3anpononoeana ynigepcanivna mooenv, aKa
onucye ounamivni i cmamuuHi npouecu, wo 6io-
Oyeaiomvcs 6 eemeHmax Mexampownoi cucme-
mu. Hacoc, eiopomomop, 3anobixcnuii xaanan
ma poboua piduna posensaHymi y 63aAeM036'13-
Ky, AK €Oune uine. Yuieepcanvna modeav epa-
X08y€ 0cobaUBOCME PYHKUIOHYBANHHS | 83AEMHUTL
8NJIUB BCIX eJleMeHMi8 MeXxampoHHOi cucmemu, a
maxodc ocobueocmi pobouoi pidunu ma modxice
Oymu euxopucmana 3 0yov-aKumu 2iopomamuna-
Mmu 00'emnoi 0ii. Jocnidxcenns ounamixu 3minu
dynxyionanvrux napamempise mexamponHoi cuc-
memu 3 2i0pasiuHum nNPuoodom 30ilUCHIOBANO-
CA HA YOMUPLOX emanax podomu: posein 2iopo-
npueody (cnpaurosanns 3anobizicHO20 K1ANAHaQ);
3aKpumms K1anana; 3aeepuleHns po3eony; cma-
auil pesxcum poéomu. Iposedenumu docaioicen-
HAMU 6CMAHOBIIEHO, WO NPU NYCKY 2i0PONPUE0dY
MexampoHHOi cucmemu 3 MOMeHMY CNPAULOBY-
samns 3anodincHo20 xaanana i 00 o020 saxpum-
ms YMO8U eKCniyamayii He 6NaUBAIOMd HA 3MIHY
dynxyionanonux napamempie. IIpu cmano-
MYy pesxcumi pobomu cnocmepizalomoCs nyavca-
uii, euKauKani HepieHOMIpHICMIO nodaui Hacoca
i Koaueanuamu nasanmascenns. Taxoxc neoo-
Xi0Ho 6i03nauumu, wo Mexampowna cucmema
3 2idpomomopom, saxuii mae Oinvuuil pobdouui
06'em, mae Kpawi ounamiuni xapaxmepucmuxu,
HIJIC cucmema 3 2iopoMomopom MeHuL02o 00 'emy

Kntouosi caosa: mexamponna cucmema 3
2idpaeniunum npueodom, yHieepcaisha mooew,
Qynxuionanvni napamempu, ounamivni xapax-
mepucmuxu

u] =,

1. Introduction

Current tendencies of self-propelled machinery hydro-
fication require the development of new and improvement
of existing designs of mechatronic systems with a hydraulic
drive for their movable operating elements. Functional pa-
rameters of the mechatronic systems with hydraulic drives
depend on the rational choice of operating modes of the
hydraulic systems and embodiment of their mechatronic
modules. Quality of mechatronic systems is largely deter-
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mined by their dynamic characteristics associated with such
indicators as the time of regulation of transient processes,
frequency and amplitude of fluctuations, etc. To study dy-
namic characteristics of mechatronic systems, it is necessary
to develop mathematical models of the working processes
occurring in the hydraulic drives of these systems.

The physical processes occurring in mechatronic sys-
tems with a hydraulic drive of movable operating elements
are associated with movement of the working fluid through
the pipelines and channels of hydraulic devices [1-5]. In




addition to the main flows of the working fluid, which are
necessary for the system functioning, there are additional
flows in clearances between the parts of mechanisms and
components of the hydraulic devices. When working out a
mathematical model of the work processes occurring in a
mechatronic system of the hydraulic type, various hydrome-
chanical and dynamic phenomena must be considered. These
phenomena characterize flows of the working fluid which are
accompanied by appearance of pressure and flow rate fluctu-
ations caused by compressibility of the working fluid, effect
of fluid flows on the mechatronic system elements, etc. [5].

Mathematical description of hydromechanical processes
is based on general equations of continuum motion known
from the liquid and gas mechanics. Experimental values of
the coefficients of hydraulic resistance, flow rates and hydro-
dynamic forces are used [5]. The use of general equations and
dependencies of hydromechanics in the study of dynamic
characteristics of mechatronic systems is determined by the
principle of action, design and operating modes of these sys-
tems. The mechatronic systems feature dynamic processes
in which motion of working fluids is non-stationary, that is,
pressure, velocity and density of the working fluid depend
on time in any point of the flow cross-section. In most cas-
es, quasi-stationary values of the coefficients of amount of
movement, kinetic energy, hydraulic resistance, and flow
state are assumed in mathematical description of non-sta-
tionary flows of the working fluid.

Thus, the study of dynamics of the mechatronic system
for actuators of movable operating elements of self-propelled
machinery on the basis of a universal mathematical model
including elements of the hydraulic drive and working fluid
is a topical issue.

2. Literature review and problem statement

The growing requirements to performance of complex
mechatronic systems used in self-propelled machines of an
ever-increasing technological significance require application
of new design methods in the process of their development.
A mechatronic system with good dynamic characteristics
ensures the possibility of estimation and optimization of dy-
namic characteristics of the entire system at the early design
stages. An analysis of published studies has shown [6] that it
is not enough to concentrate solely on optimization of subsys-
tems. It is necessary to optimize the mechatronic system in
general. Papers [6, 7] have considered the methods for optimal
design of complex mechatronic systems. However, nothing
was said about construction of physical and mathematical
models of the processes occurring in the mechatronic systems.

Analysis of the evolutionary trend of the models used in
the design and development of mechatronic products (robots)
indicates the necessity of integration of the design character-
istics and requirements in various fields of technology [8]. An
integrated model for the design and development of mecha-
tronic products in a context of flexible production systems was
proposed but no consideration was given to the drive types.

Much attention is paid currently to development of dy-
namic models of manipulators [9-12]. Oscillation control
algorithms were developed on the basis of dynamic models
of mechatronic systems [9]. Numerical simulation has been
carried out to study the effect of joint elasticity and pertur-
bations as well as the parameters of structure and motion on
variation of the oscillation power flow [10]. Dynamic effect

of the drive motor on operation of manipulators was studied
[11]. The problem of modeling dynamic mechatronic systems
including industrial robots was presented. Analysis stages and
basic mathematical interrelations were shown [12]. However,
the issues related to the study of dynamic properties of the
mechatronic systems used for actuators of movable operating
elements of self-propelled machinery remain open so far.

The developed mathematical model of a semiautomatic
block with an amplifier based on a hydraulic accumulator [13]
has enabled study of its static and dynamic characteristics.
Mathematical models of the work processes occurring in pumps
[14] and hydraulic motors [15] of the drive of movable operat-
ing elements of self-propelled machinery were offered but their
interrelations and mutual influence have not been considered.

Mathematical models reflecting influence of the working
fluid temperature on the moment of friction in gear pumps
with internal gearing were proposed in [16]. Influence of
pump operating modes on the leakage flow characteristics was
investigated and a mathematical model for calculating leakage
flow was proposed [17]. However, features of the working flu-
id were not considered.

The developed mathematical models of the work processes
occurring in the safety valves of direct [18] and indirect [19]
action have made it possible to study static and dynamic
properties of safety valves. However, nothing was said on the
use of these valves in hydraulic drives of mechatronic systems.

A design diagram and mathematical model of a hydrostat-
ic transmission [20] including a pump, a valve and a hydraulic
motor made as a single hydraulic block were considered. The
working fluid was not considered as an element of the hydrau-
lic system. The developed model was not intended to study
output characteristics of each element of the hydraulic unit
during operation of the hydrostatic transmission.

Analysis of published data has shown that the studies were
conducted specifically for some element of the mechatronic
system. Development of the mathematical models did not take
into account features of functioning and mutual influence of
all elements of the mechatronic system as well as the working
fluid features. Also, hydraulic elements and working fluid
were not considered as a single whole. Mutual influence of all
hydraulic elements and working fluid on dynamic character-
istics of the mechatronic system of the drive of movable oper-
ating elements of self-propelled machinery was not studied.

Thus, in order to improve dynamic characteristics of
mechatronic systems with a hydraulic drive for movable
operating elements, it is necessary to develop a universal
model. This model should take into account features of func-
tioning and mutual influence of all hydraulic elements and
the working fluid.

3. The aim and objectives of the study

The study objective was to improve dynamic characteris-
tics of the mechanically driven mechatronic system by study-
ing dynamics of change of functional parameters based on the
developed universal model. The proposed model should take
into account features of operation and mutual influence of all
elements of the system as well as the working fluid features.

To achieve the objective, the following tasks had to be
solved:

- to develop a universal model which would make it possi-
ble to study dynamics of change in functional parameters of a
mechanically driven mechatronic system;



- to study dynamics of change in functional parameters
of a mechanically driven mechatronic system without taking
into account the influence of operating conditions;

- to study dynamics of change in functional parameters
of a mechanically driven mechatronic system in operating
conditions.

4. Materials and methods used in the study of a
mechanically driven mechatronic system

The following assumptions are usually made when con-
structing mathematical models [4, 5]:

- no working fluid leakage;

- zero dry friction;

- no wave processes in pipelines;

- constant temperature of the working fluid (that is, con-
stant coefficients of kinematic viscosity and frictional forces);

- neglect of frictional losses;

- zero pressures in the exhaust, suction and drain lines;

- sharp working edges;

—large cross section and short length of the connected
channels;

- constant elastic modulus of the working fluid.

To study dynamics of change in functional param-
eters of a mechanically driven mechatronic system of
movable operating elements of self-propelled machinery,
mathematical models of the work processes occurring in
the pump, the hydraulic motor and the safety valve were
considered. These models were constructed based on the
equations of continuity, advance of movable parts of the
mechatronic system elements and equations of flow in
hydraulic devices [3, 4].

Fig. 1 shows the design diagram of the mechanically
driven mechatronic system [4] representing a set of con-
nected hydraulic devices, that is, the pump, the hydraulic
motor and the safety valve. All elements of the mechatronic
system are interconnected by the forms of interaction and
interdependence with the help of the working fluid and form
a single whole.
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Fig. 1. Design diagram of the model of the mechanically
driven mechatronic system: Qy is the pump feed; @, is the
flow rate of the working fluid fed to the hydraulic motor;

@ is the flow rate through the safety valve; Qg is the
geometric pump feed; @y is the geometric flow rate of
the hydraulic motor; pg is pressure in the suction line, at
the pump inlet; py is pressure of the working fluid in the

injection line of the mechatronic system; p; is pressure in
the drain line of the mechatronic system; M; is torque on
the pump shaft; M, is torque on the hydraulic motor shaft;

1 is angular velocity of the pump shaft; w, is angular

velocity of the hydraulic motor shaft

The proposed universal model of the work processes
occurring in the mechanically driven mechatronic system
features consideration of all its elements and the working
fluid as a single whole. It is considered as the model enabling
the study of dynamic characteristics of the mechanically
driven mechatronic system and the use of various hydraulic
machines of volumetric action. A mathematical description
of the work processes occurring in the pump, the safety
valve, the hydraulic motor and the working fluid based on
the equations of flow rates, motion of elements and continu-
ity is given in more detail in [4, 14, 17, 18].

The universal model of the work processes occurring in
the mechanically driven mechatronic system including the
pump, the hydraulic motor and the safety valve can be repre-
sented by a system of equations:
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where Q; is the amount of the working fluid coming from
the pump to the hydraulic motor; Q5 is the amount of the hy-
draulic fluid fed to the hydraulic motor; Qsis the rate of flow
through the safety valve; Qy¢ is the geometric pump feed,;
Q1 is the leakage rate (into the drainage line) of the
pump; Qqsis the flow-over rate (into the suction line) of
the pump; Qq3is the pump flow rate caused by compression
of the working fluid; Q4 is the deformation flow rate of
the pump;Qsy is the geometric flow rate of the hydraulic
motor; Qo is the flow rate of hydraulic fluid leakages of the
hydraulic motor (into the body);Qys is flow-overs of the
working fluid in the hydraulic motor;Qs3 is the hydraulic
motor flow caused by compression of the working fluid,;
Qo is the deformation flow rate of the hydraulic motor;
Qo5 is the amount of the hydraulic fluid to the drain line
from the hydraulic motor; C; is the coefficient of pro-
portionality in the pump; Cyy, Cio are the coefficients of
leakages and flow-overs in the pump; C, is the coefficient
of proportionality in the hydraulic motor; Cyq, Cys are the
coefficients of leakages and flow-overs in the hydraulic
motor; Vi is the working volume of the pump; Vg is the in-
active volume of the pump; Vi is the volume of the working
fluid in the injection cavity of the pump; Vs, is the working
volume of the hydraulic motor; Vs is the inactive volume of
the hydraulic motor; Vay is the volume of the working fluid
in the injection cavity of the hydraulic motor; py is the pres-
sure in the suction line, at the pump inlet; py is the pressure
of the working fluid in the injection line of the mechatronic
system (numerically equal to the pressure at the pump out-
let and the pressure at the hydraulic motor inlet); py is the
pressure in the drain line of the mechatronic system; py' is
the pressure in the drain line of the mechatronic system;
J is the moment of inertia of the rotating masses; M, is the
moment of resistance; M; is the moment of inertia; M is the
torque on the pump shaft; M, is the torque on the hydraulic
motor shaft; wy is the angular velocity of the pump shaft;
w, is the angular velocity of the hydraulic motor shaft;
N is mechanical efficiency of the hydraulic motor; p is the
density of the working fluid; p is the flow coefficient; p' is
the coefficient of dynamic viscosity of the liquid; E is the
modulus of elasticity of volume of a two-phase working flu-
id; d is the ram diameter; x(¢) is the ram displacement from
its closed position; S is the effective area of the ram; K is
the polytropic exponent; A and B are the parameters of the
working fluid depending on the type of oil and operating
temperature of the system; m, is the content of undissolved
air in the working fluid, relative units.

The proposed universal model of the working processes
occurring in the hydraulically driven mechatronic system
describes dynamic and static processes occurring in its ele-
ments. The pump, the hydraulic motor, the safety valve and
the working fluid are considered interconnected in a single
whole. Moreover, this model takes into account operation
features and mutual influence of all elements of the mecha-
tronic system as well as the working fluid features and can be
applied for any hydraulic device of volumetric action.

5. Analysis of the results obtained in simulation of
operation of a mechanically driven mechatronic system

The mathematical model of the work processes occurring
in the mechatronic system of hydraulic type was studied

on a PC using the VisSim visual simulation package. This
package makes it possible to integrate a system of nonlinear
differential equations of high order at any given time under
various conditions of operation of the mechanically driven
mechatronic system. Therefore, it was used to determine the
change in functional parameters of the mechatronic system
taking into account interaction of the pump, the motor, the
safety valve and the working fluid.

Let us assume the following initial conditions to simulate
dynamics of changes in functional parameters of the me-
chanically driven mechatronic system of movable operating
elements of self-propelled machines [21]:

—the pump: fixed displacement gear type with con-
stant geometric feed Q19=100 1/min; angular shaft velocity
=125 s7'; control parameter e=1; coefficient of proportion-
ality C=8.5; coefficients of leakages and flow-overs Cy;=1.5
and C,=3.5, respectively;

- the hydraulic motor: planetary, PRG-22 model, working
volume V»=160, 200, 250, 320, 400, 500, 630 cm?; constant
moment of resistance M.=360, 450, 560, 715, 900, 1,120,
1,430 N-m; inertia moment of rotating masses_/=3.6; volumet-
ric efficiency n,=0.95, mechanical efficiency 1,,=0.9; pressure
at the outlet p»=0; proportionality factor Cy=1; coefficients of
leakages and flow-overs Cy1=1.5 and C3,=12.99, respectively;

- the valve: safety type, spring stiffness C=200 kg/cm;
preliminary spring compression xp=0.125 c¢m; positive slot
overlap x,=0.53 cm;

- the working fluid: polytropic exponent K=1.2; param-
eters depending on the oil type and operating temperature
of the hydraulic system A=12.62 and B=1740; content of
undissolved air my=0.925 rel. un.

The initial parameters of the pump, the motor, the valve
and the working fluid are set by block A (Fig. 2).

The change in amount of the working fluid fed to the
hydraulic motor and passing through it which, as deter-
mined by expressions (1) and (9), is represented by block B

(Fig. 3).
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Fig. 2. Block of initial data of the hydraulic motor pump, the
valve and the working fluid

Joint solution of the pump, the hydraulic motor and the
safety valve flow equations (4) makes it possible to obtain
a pressure change in the injection line of the mechatronic
system determined from expression (5) and described by
block C (Fig. 4).

The change in torque and inertia moments described by
expressions (7) is represented by block D (Fig. 5).



Fig. 3. Block of simulation of the change in the working fluid amount supplied to
the hydraulic motor and passing through it
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Fig. 4. Block of simulation of pressure change in the injection line of the
mechatronic system

The change in the angular
velocity (rotation frequency) of
the hydraulic motor shaft de-
termined from the equation of
moments (8) is described by the
block F (Fig. 6).

Operation of the mechani-
cally driven mechatronic system
was simulated on the example of
two planetary hydraulic motors
with working volumes V,=160
and 630 cm?, respectively. This

simulation was made without taking
into account the influence of operating
conditions at constant pump feeds Qqo=
=100 1/min (for both motors) and con-
stant resistance moments M,=365 and
1,430 N-m, respectively.

The results of simulation of dynamics
of the changes in functional parameters of
the mechatronic system without consid-
eration of operating conditions are rep-
resented by corresponding dependences
(Fig. 7-11). The obtained curves deter-
mine characteristics of the mechatronic
system as a whole: dynamics of change in
pressure in injection line of the mecha-
tronic system, p; (Fig. 7), torque on the
motor shaft, M, (Fig. 8), the motor shaft
rotation frequency, ny (Fig. 9), and rates
of the working fluid flow through the
safety valve Q3 (Fig. 10) and the hydrau-
lic motor Q, (Fig. 11).

At actuation of the hydraulic drive
of the mechatronic system (1=0...0.02 s),
pressure in the injection line sharply in-
creases (Fig. 7) with its peak p;=84 MPa
for a hydraulic motor with working volume
V»=160 cm?® (curve 1) and p;=63 MPa for
a hydraulic motor with working volume
V5=630 cm?® (curve 2). The pressure peaks
exceed the nominal value (pnom=16 MPa)
5.2 times for a 160 cm® hydraulic motor
and 3.9 times for a 630 cm® pump which
is explained by the safety valve actua-
tion lag.

With further acceleration (¢=0.02...
0.78 s, the safety valve open), pressure in
the injection line of the mechatronic sys-
temwitha 160 cm?hydraulic motor practi-
cally does not change remaining
at about 27 MPa (Fig. 7, curve 1).
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The pattern of change in torque, M», on the shafts of
hydraulic motors with working volumes of 160 ¢cm? (curve 1)
and 630 cm?® (curve 2) completely repeats the pattern of
pressure change in the injection line at all stages of operation
(Fig. 8). In the steady-state operation of the mechatronic
system, the torque values are 365 N-m and 1,430 N-m, re-
spectively.
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Fig. 7. Dynamics of pressure change in the mechatronic
system with a 160 cm? hydraulic motor (1) and a 630 cm?
hydraulic motor (2)
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Fig. 8. Dynamics of the torque change on the shaft of the
hydraulic motor operating in the mechatronic system:
160 cm? working volume (1); 630 cm3 working volume (2)

Dynamics of change in rotation frequency of the 160 cm?
hydraulic motor shaft (Fig. 9) shows that when the hydraulic
drive accelerates (¢=0...0.78 s) with the safety valve open,
rotation frequency changes linearly (curve 1). In the period
of acceleration completion (¢=0.78...0.9 s), rotation frequen-
cy smoothly reaches its nominal value of 600 min™ and a
steady-state operation takes place at ¢>0.9 s. The mecha-
tronic system with a 630 ¢cm?® hydraulic motor (curve 2) en-
ters the steady-state operation mode in the period t=0...0.2 s
and the value of rotation frequency reaches its nominal value
of 150 min™ at £>0.2s.

An analysis of dynamics of the safety valve operation
change (Fig. 10) shows that the safety valve in a mechatronic
system with a 160 c¢cm? hydraulic motor triggers at the ini-
tial moment and completely opens at ¢=0...0.02 s (curve 1).
The rate of the working fluid flow through the valve reach-
es its maximum value Q3=100 1/min. Further, the valve
is smoothly closed during the period =0.02...0.78 s and
completely closed at ¢>0.78 s. When the mechatronic sys-
tem with a 630 cm?® hydraulic motor is operating, the safety
valve is also actuated at the initial moment of time and is
completely open at t=0...0.02 s (curve 2). At this moment of
time, the working liquid flow through the valve is maximal:
Q3=100 I/min. Then the valve starts pulsating and closes in

the period ¢=0.02...0.05 s and a steady-state operation of the
mechatronic system takes place.
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Fig. 9. Dynamics of change in hydraulic motor rotation
frequency: 160 cm® working volume (1); 630 cm3 working
volume (2)

Dynamics of the change in the working fluid flow rate
(Fig. 11) shows that filling of the 160 ¢cm? hydraulic motor
with a working fluid occurs at £=0...0.78 (curve 1) due to the
opening of the safety valve. The flow rate smoothly reaches
its nominal value and makes Q,=98 1/min after closure of the
safety valve (¢=0.78...0.9 s). Filling of the 630 cm? hydraulic
motor occurs at t=0...0.05 s (curve 2) due to activation of the
safety valve at the moment of acceleration of the hydraulic
drive. Further, the flow rate smoothly reaches its nominal
value Q=98 1/min at t=0.05...0.2 and the steady-state oper-
ation of the mechatronic system is observed at £>0.2's.
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Fig. 10. Dynamics of the change in the rate of flow through
the safety valve operating in the mechatronic system
with the hydraulic motor working volumes of 160 cm?

(1) and 630 cm3 (2)
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Previously, ideal operation conditions for the mechan-
ically driven mechatronic system were taken, that is, con-
stant pump feed and load. However, the pump feed and load
are uneven during operation of the mechatronic system.
Unevenness of the pump feed described by the block G
(Fig. 12) was simulated by summing up the half-sinusoids
with a time shift [5], i. e.

Q,(t)=Q, sinot+Q, -sinw(t-1), a1
where T is the time shift, t=0.05 s, and the load change
described by block H (Fig. 13) was simulated through the
moment of the resistance, Mc, which varies according to
exponential and sinusoidal laws with a lag of £=0.05 s:

(t=0.78 s), pressure started to be significantly fluctuat-
ing (the amplitude up to 15 MPa) with the fluctuation
frequency equal to the set fluctuation of the pump feed
Q10 (Fig. 12). At the same time, the mean pressure value
changed according to the sinusoidal law brought about
by fluctuation of the moment of resistance, Mc (Fig. 13).
Pressure in the injection line of the mechatronic system
with a 630 cm® hydraulic motor was significantly fluctu-
ating (Fig. 14, curve 2) after the valve closure (¢=0.11 s)
with fluctuation amplitude up to 15 MPa like in the sys-
tem with a 150 cm® hydraulic motor.

The curves of torque M? change (Fig. 15) on the shafts
of hydraulic motors with working volumes of 160 cm?
(curve 1) and 630 cm?® (curve 2) fully repeated the pattern

¢ of pressure change in the injection line at all operating
MC:Mco-(1—e 7'J+Mm-sinwt. (12)  stages. Moreover, the steady-state torque (¢>0.78 s) for
the mechatronic system with a 160 cm? hydraulic motor
was characterized by a sinu-
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T = ===~ soidal curve fluctuating with
' G litude of ab
I i an amplitude of about 3003 N-m
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| Nem! o & ot =182 curve . For a ¢ y
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I - b = » Eioo | torque (¢>0.11 s) on the shaft
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I Mz | dal curve fluctuating with an
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% om S .
I = | (curve 2). In this case, the aver-
|

Fig. 13. Block of load change simulation

Dynamics of the change in functional parameters of
the mechanically driven mechatronic system taking into
account operating conditions (simultaneous simulation of
the change in pump feed (Fig. 12) and load (Fig. 13)) is pre-
sented in Figs. 14-18.

When the hydraulic drive of the mechatronic system
was actuated (¢=0...0.02 s), an “overshoot” of pressure p1 in
the injection line of the mechatronic system was observed
because of the lag of the safety valve actuation (Fig. 14).
The peak pressure of 88 MPa (curve 1) for the mechatron-
ic system with a 160 cm? planetary hydraulic motor and
57 MPa with a 630 cm® hydraulic motor (curve 2) was ob-
served. That is, the pressure peak increased by 4.5 % with
a 150 ¢cm?® hydraulic motor and decreased by 9.5 % with a
630 cm? hydraulic motor compared to the ideal simulation
conditions (Fig. 7).

With further acceleration (¢=0.02...0.78 s) with open
safety valve, pressure in the injection line of the mecha-
tronic system with a 160 ¢m? hydraulic motor practically
did not change remaining at about 27 MPa with minor
variations (Fig. 14, curve 1). After the valve closure

age torque values on the shafts
of hydraulic motors were about
370 N-m and 1450 N-m, respec-
tively. The torque fluctuation
frequency was determined by
the set value of fluctuation of

the pump feed Qiy (Fig. 12)
and the sinusoidal fluctuations
were determined by fluctuation
of the resistance moment, M,
(Fig. 13).

Dynamics of the change in

rotation frequency, ny, on the
shafts of the hydraulic motors
(Fig. 16) with working volumes
of 160 cm? (curve 1) and 630 cm? (curve 2) repeated the pat-
tern of change in the rotation frequency, n?, without taking
into account the operating conditions (Fig. 9). However,
the steady-state operation was characterized by fluctua-
tion of the rotation frequency of the hydraulic motor shaft
with an amplitude up to 30 min™ for the 160 cm? hydraulic
motor and up to 50 min™ for the 630 cm? hydraulic motor.
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Analysis of dynamics of the change in operation of the safe-
ty valve (Fig. 17) has shown that the safety valve in a mecha-
tronic system with a 160 cm? hydraulic motor was triggered at
the initial moment of time and completely open at £=0...0.02 s
(curve 1). At this moment, the rate of the working fluid flow
through the valve reached a maximum value of Q3=100 1/min.
Further (1=0.02...0.78 s), flow through the safety valve be-
gan to fluctuate, decreased and approached zero (curve 1) at
t=0.78 s. The nature of the change in the rate of flow through
the valve in the mechatronic system with a 630 cm? hydraulic
motor was characterized by two peak-like surges (curve 2), up
to 100 1/min, and the valve was completely closed at t=0.11 s.
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Fig. 17. Dynamics of the change in the rate of flow through
the safety valve operating in the mechatronic system with the
hydraulic motor working volume 160 cm3 (1) and 630 cm? (2)

Dynamics of change in the working fluid flow rate, Qo,
of the hydraulic motors taking into account operating con-

ditions (Fig. 18) was similar to the change in the flow rate of
the working fluid under ideal operating conditions (Fig. 11).
Except that the steady operation (¢>0.78 for the 160 cm?®hy-
draulic motor (curve 1) and £>0.11 for the 630 cm? hydraulic
motor (curve 2)) was characterized by insignificant fluctua-
tions of flow rate with an amplitude up to 5 1/min.

When analyzing the obtained dependencies character-
izing dynamics of the changes in functional parameters of
the mechanically driven mechatronic system, it is neces-
sary to note two unfavorable phenomena that impede its
normal functioning. The first phenomenon is the pressure
"overshoot" in the initial period of acceleration (z=0...0.02 s)
caused by inertial loads and the second phenomenon is the
fluctuations caused by the set operating conditions, that is,
the fluctuations of the pump feed and the moment of resis-
tance (in the steady operation).
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Fig. 18. Dynamics of change in the flow rate of hydraulic
motor operating in the mechatronic system: 160 cm® working
volume (1); 630 cm® working volume (2)

The conducted studies have resulted in construction of
the universal model of the hydraulically driven mechatronic
system which has made it possible to study dynamics of the
changes in functional parameters of this system and its ele-
ments taking into account the working fluid features.

6. Discussion of results obtained in the simulation of
operation of the hydraulically driven mechatronic system

As a result of the conducted studies, the universal
mathematical model was proposed. It describes the working
processes occurring in the hydraulically driven mechatron-
ic system. The proposed model makes it possible to study
dynamics of changes in functional parameters of the mecha-
tronic system which includes the pump, the hydraulic motor,
the safety valve and the working fluid during operation.
Any hydraulic device of volumetric action can be used as the
pump and as the hydraulic motor. Also, the model enables
the use of safety valves, both of direct and indirect action.

Dynamics of the changes in functional parameters of the
mechatronic system was studied on the example of planetary
hydraulic motors of the PRG-22 series with working vol-
umes of 160 cm? and 630 cm?,

Operating conditions were simulated by simulating un-
evenness of the pump feed and load. Unevenness of the pump
feed was obtained by summing half-sinusoids with a time
shift and the load fluctuations were obtained according to
the exponential and sinusoidal laws with a time delay of 0.05 s.

An analysis of dynamics of the changes in functional
parameters of the mechanically driven mechatronic system



has shown that operation of its hydraulic drive can be divided
into four stages determined by the safety valve operation
time. The first stage of operation of the mechatronic system
(¢=0...0.02 s) is characterized by acceleration of the hydrau-
lic drive and actuation of the safety valve. The second stage
(t=0.02...0.78 s; a mechatronic system with a 160 cm® hydrau-
lic motor and £=0,02...0.05 s with a 630 cm® hydraulic motor)
is characterized by the safety valve closure. The third operat-
ing stage (¢=0.78...0.9 s for a 160 ¢cm? hydraulic motor volume
and £=0.05...0.3 s for a 630 cm® hydraulic motor volume) is
characterized by completion of the hydraulic drive accelera-
tion. The fourth stage (£>0.9 s for the 160 cm? hydraulic motor
and £>0.3 s for the 630 cm?® hydraulic motor) is characterized
by the steady operation.

The conducted studies have established that the operating
conditions did not affect the change in the functional param-
eters of the mechatronic system from the moment of actuation
of the safety valve up to its closure during the start of the hy-
draulic drive. However, fluctuations caused by uneven pump
feed and load variation were observed in the steady operation.
It should also be noted that the mechatronic system with a
hydraulic motor of larger working volume had better dynamic
characteristics than the system with a hydraulic motor of
smaller working volume.

As a result of the performed studies, negative phenomena
impeding normal functioning of the mechanically driven
mechatronic system were revealed. Such phenomena include
the pressure "overshoot" at the initial stage of acceleration
(=0...0.02 s) caused by inertial loads. Also, fluctuations of
functional parameters of the mechatronic system (in a steady
operation) caused by operating conditions, that is, fluctua-
tions of the pump feed and the moment of resistance also had
an adverse effect.

The proposed universal model of the mechanically driven
mechatronic system represents the simplest scheme of the
hydraulic power drive for movable operating elements of
the self-propelled machinery. Therefore, further studies are
supposed to be carried out to further develop the proposed
model through a sequential addition of hydraulic elements to
the design diagram (distributor, hydraulic cylinder, throttle,
hydraulic lines, etc.). To this end, it is necessary to compile
a library of the constructed models of hydraulic elements
that take into account structural features of these elements.
In order to improve the universal model under consideration
and the subsequent variants of its further development, it is
supposed that experimental studies will be carried out by
confirming adequacy to the investigated process. To carry
out experimental studies, it is necessary to develop a study

conduction procedure and a bench corresponding to the de-
sign diagram.

7. Conclusions

1. A universal model of the mechanically driven mecha-
tronic system consisting of the pump, the hydraulic motor
and the safety valve has been developed. The proposed model
enables simulation of operation of the mechanically driven
mechatronic system taking into account the features of func-
tioning and mutual influence of all its elements as well as
the features of the working fluid. This model can be used to
study dynamics of the change in functional parameters of the
mechatronic system for driving movable operating elements of
self-propelled machinery with the use of any hydraulic devices
of volumetric action.

2. Analysis of dynamics of changes in the functional pa-
rameters of the mechatronic system without taking into ac-
count the influence of operating conditions has shown that
the changes in torque on the shaft of the hydraulic motor
completely repeat the changes in pressure in the injection
line. These changes are valid at all stages of operation of the
hydraulic drive of the mechatronic system determined by
the safety valve operating time. When starting the hydraulic
drive of the mechatronic system, pressure and torque values
increase sharply and exceed their nominal values more than
4 times because of lag of the safety valve actuation. Dynam-
ics of the change in the rotation frequency of the hydraulic
motor shaft and the flow rate of the working fluid is virtu-
ally linear.

3. An analysis of dynamics of the changes in functional
parameters of the mechatronic system taking into account
operating conditions shows that when the hydraulic drive is
accelerated, operating conditions do not affect the changes
in torque and pressure. These changes in functional pa-
rameters take place at the time of operation of the safety
valve. After the valve is closed, pressure and torque values
significantly fluctuate with amplitude equal to 70...80 % and
with frequency of the pump feed fluctuation. At the same
time, the mean value of parameters varies according to the
sinusoidal law brought about by fluctuation of the moment
of resistance. Dynamics of the change in rotation frequency
of the hydraulic motor shaft and the flow of the working
fluid is analogous to the change of values under ideal oper-
ating conditions. The values of these parameters have minor
deviations (up to 0.5 %) in the steady-state operation of the
mechatronic system.
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