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Software of a mobile robot for phytomonitoring

Abstract. Currently, the world is intensively expanding the areas of research and use of mobile robots — mechatronic systems
based on the latest achievements in mechanics, microprocessor technology, control and measurement systems, computer
science, and control theory. To successfully complete a wide range of tasks, robots must have both mobility and the ability
to interpret, plan, and automatically perform the resulting task using an on-board computing system. Their special feature
is the ability to achieve a given goal in an uncertain external environment, avoiding collisions with stationary obstacles
and moving objects. Now the confident functioning of mobile robots can be ensured in relatively familiar and well-structured
workspaces. Methods of controlling robots based on well-formulated models and algorithms are developed. When working in
an unfamiliar or changing environment, the mobile robot must be able to adapt to changes in the environment, respond to
unforeseen situations, and act based on previous experience. Thus, the robot needs a control system with elements of artificial
intelligence. As a control object, the robot is a multi-channel nonlinear dynamic system. Despite the fact that a number
of studies have been conducted in the field of mobile robot management to date, universal approaches to the synthesis of
automatic robot control systems have not been sufficiently developed. The purpose of the study is to substantiate the software
of a mobile robot for phytomonitoring. The methodology is an algorithm implemented by this programme, which provides
for reading and storing information about the state of plants and the value of technological parameters of the environment
in the greenhouse. The paper substantiates a flowchart of the mobile robot control algorithm for phytomonitoring in
industrial greenhouses. Given the significant area of an industrial greenhouse and, accordingly, a significant number of
plants in it, it is necessary to calculate the distance to which a mobile robot for phytomonitoring can transmit a digital
signal. The authors prove that the total power of the channel is equal to the sum of all the powers of the transmitter,
receiver, and antenna of the transmitter, the sensitivity of the system, and the loss difference of the transmission system
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INTRODUCTION

Information about the parameters of the atmosphere and
the state of plants (phytostate) in industrial greenhouses
is essential and necessary to ensure guaranteed yield [1-3].
Growing plant products in industrial greenhouse plants is
accompanied by quite large energy costs (up to 70% of the
cost of production).

In addition, the output of products should be pro-
vided in the maximum quantity with the appropriate quality.
The main factors that affect the profit of a modern indoor

Suggested Citation:

enterprise that specialises in growing plant products are
considered in [4].

Reduce energy costs for the production of techno-
logically justified volumes of products and ensure their
appropriate quality by developing the necessary strate-
gies for managing the production of plant products using
the results of monitoring the phytostate and atmospheric
parameters by an intelligent mobile robot, which would
allow getting the maximum profit of production.

Lysenko, V., Bolbot, 1., Martynenko, O., Lendel, T., & Nakonechna, K. (2022). Software of a mobile robot for phytomonitoring,
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Analysis of Recent Studies in Ukraine, the produc-
tion of the range of equipment used to assess the param-
eters of the atmosphere and plant conditions (phytostate)
in closed greenhouses is extremely insufficient. The use of
phytomonitoring [5; 6] as the main method of monitoring
the technological parameters of plant development in green-
houses is considered in the studies by Guido Fagliaa, Camilla
Barattoa, Matteo Pardoa, Massimo Maffeic, Marco Vezzolia,
Luca Boarinob, Giorgio Sberveglieria, Simone Bossic [7]. The
basis of such developments are sensors for monitoring plant
development, and their main disadvantage is their “binding”
to one plant [8-10]. The paper by Chr. Lamnatou, D. Chemis-
ana [11] primarily analyses the effect of solar radiation on
the plant. Technical means accompanying the maintenance
of microclimate parameters in a closed-ground structure
were not described.

The purpose of the study is to create software for
controlling the mobile phytomonitoring robot, which sig-
nificantly complements the existing automation systems
for vegetable production in industrial greenhouses.

RESULTS AND DISCUSSION

Based on the study results, the structure of the plant pro-
duction management system in an industrial greenhouse is
proposed, which, in addition to conventional components,
includes a mobile robot for phytomonitoring, which, moving
around the greenhouse area with technological guides, mon-
itors the parameters of the atmosphere and plant phytostate
with reference to the location, transmits the information
obtained to the existing system for the formation of strate-
gies for managing the production of plant products (Fig. 1).

The structure of the mobile robot for phytomon-
itoring is shown in (Fig. 1) and it is as follows: the con-
trol unit 1 determines the location for measuring phyto-
metric parameters and sends control commands through
the digital-to-analogue converter 2 to the actuators 3 of
the mobile platform, to move the mobile platform 4 of
the device to a given location along the guides that serve
to move between the rows of plantings and are both green-
house heating pipes and a platform for moving the ladder
trolley. After reaching the specified location, the device
stops and the control unit controls the actuators of the
tower, which drive the horizontal sliding mechanisms 5
and ensure the rotation of the tower 6, the operation of the
surveillance camera 7 and the movements of the vertical
sliding mechanisms 8, equipped with a group of phytocli-
matic and phytometric sensors 9 for conducting phytocli-
matic, phytometric measurements and plant examination
for diseases and pests. The measured values are sent via an
analogue-to-digital converter 10 to the control unit, which
then sends them to the data transmission unit 11 [12].
After the measurement, the process is repeated in reverse
order and the mobile phytomonitoring robot moves to the
next measurement point. After making measurements
at all the necessary points, the mobile robot for phyto-
monitoring returns to the starting point or to the charg-
ing point of the power supply 12 of the entire device.

Figure 1. Diagram of links of mobile robot components

A mobile robot for phytomonitoring allows assessing
the condition of plants over the entire area of an indus-
trial greenhouse, processing information, and transfering
it to the existing system to form a control action to ensure
an appropriate microclimate. All this is implemented for
the corresponding technological series, since phytometric
parameters are measured in an ordinary way, which means
that the assessment of plant development is carried out in
an ordinary way. The mobile robot for phytomonitoring is
equipped with a complex of phytometric sensors for meas-
uring the phytometric parameters of a plant, which are sent
through the data transmission unit to the data analysis unit
of an industrial computer. A general algorithm for con-
trolling a mobile robot for phytomonitoring in greenhouses
was developed (Fig. 2), and for the hardware component of
a mobile robot for phytomonitoring, a number of software
products were developed that ensure its functioning [13; 14].

All software products run in the software environ-
ment of the Raspberry operating system — an analogue of
Linux. The operating system was used to create software
links between individual software products, which, in turn,
manage the hardware components of the mobile robot for
phytomonitoring. This operating system is widely used in
software and computer engineering. In this case, its func-
tionality allows creating an environment for managing the
components of a mobile robot for phytomonitoring.

The Node-RED software environment is used to pro-
gramme individual components of the mobile robot system
for phytomonitoring (Arduino Mega controller), which has
an open license, and its interface is shown in Figure 3. This
software environment allows developing not only complex
production software products in the form of flowcharts,
which speeds up their development time for communication
with Arduino devices, but also for developing a WEB interface
for the purpose of working correctly with them.

The difficulty of developing the proposed software
was the use of several programming languages. One of them
is JavaScript (the main one for working in Node-Red). The
NPM package management system was used for this pur-
pose. This software product is installed on the basis of the
Node-Red software environment to extend the functionality
of the mobile robot for phytomonitoring. A flowchart for
content management is shown in Figure 4.
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Figure 4. Content management flowchart

Notably, the blocks shown in Figure 3 are already
ready-made programme code in JavaScript, where adjust-
ments are made to ensure the performance of the pro-
gramme as a whole.

In the developed software, the Arduino Mega con-
nects to the Raspberry controller via a USB port and tech-
nically provides data transfer. For the correct operation of
the entire system, the Arduino controller was initially pro-
grammed separately, and appropriate adjustments were made
to its programme code. This action was performed to con-
nect the Arduino Mega controller to the Raspberry control-
ler using a specific protocol, the program code is made in the
C++ programming language.m At the final stage, the out-
put of information was performed by splitting the data flow,
after which it is displayed on a specially designed WEB inter-
face and saved to a file for further use in calculations. The
WEB interface of the mobile robot control system for phyto-
monitoring in an industrial greenhouse is shown in Figure 5.

MONITORING
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co2 - MQ2 Temp DHTN1

. _0°coz2 | 0°C W
) &0 0 60
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- 0% |
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DHT11: Humid (24 Horas)
Humid DHT11 (%)

Figure 5. Interface of the mobile robot control
system for phytomonitoring

This system also provides for the output of phyto-
metric data. This information is obtained in a contactless
way as an image of plants by a camera installed on a mobile
robot for phytomonitoring. Analysis and processing of the
corresponding phytometric data takes place by using wavelet
transformations, when each photo image is decomposed
into wavelet wave functions [2; 15].

To manage and gain access to the mobile robot for
phytomonitoring, a graphical interface of the operator has
been developed as part of: interface of the robot control

Machinery & Energetics, Vol. 13, No. 1
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system (Fig. 6); interface of phytometric and phytoclimatic
parameters of plants (Fig. 7); robot settings interface (Fig. 8).

Wi-Fi technology is used to transmit the received data
by a mobile robot for phytomonitoring, since this technology

provides a high data transfer rate, and has a fairly long range,
transmitting a large amount of data within a short period of
time, and a high level of security [16-19]. The use of this tech-
nology is possible for most modern software environments.
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The wireless local area network standard is used to
transmit the received data from the mobile phytomonitoring
robot to the control system. Considering the significant area of
an industrial greenhouse and, accordingly, a significant number
of plants in it, it is necessary to calculate the distance to which

a mobile robot for phytomonitoring can transmit a digital signal:
FSL 33
1)

D= 10(W‘ﬁl"g")
where: F — transmission channel frequency, MHz; FSL (Free
Space Loss) — losses in the digital signal space, dB.
Losses in the digital signal space are defined as
FSL=Y-S 2)
where: S - channel gain margin, dB; Y- total channel power, dB.
To perform the necessary calculations, it is assumed
that the channel gain margin is 20 dB.

The total power of the channel is equal to the sum of
all the powers of the transmitter, receiver, and antenna of the
transmitter, the sensitivity of the system and the loss differ-
ence of the transmission system used

Y=Pt-Pmin+Gt+Gr-Lt-Lr 3)
where: Pt — transmitter power, dB; Gr — receiving anten-
na gain, dB; Gt — transmission antenna gain, dB; Pmin —
receiver sensitivity at the specified transmission rate, dB;
Lr - signal losses in the coaxial cable and reception clock
connectors, dB; Lt — signal losses in the connectors of the
transmission path and coaxial cable, dB.

To calculate the wireless network, input data was
used: the router’s operating frequency is 2,474 MHz, the
transmission rate is 6 Mbit/s, its sensitivity is 88 dB. Hence,
the total power of the transmission channel is determined:
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Y=18+88+5+5-3-3=110 (dB).
Accordingly, the losses in space will amount to:
FSL=110-20=90 (dB).
Then the distance to which information can be trans-
mitted will be equal to:

90 33
D = 102072079472 = 0.282 (km).

The calculated digital signal transmission distance
for the developed mobile robot for phytomonitoring ensures
reliable information acquisition, considering the design
dimensions of an industrial greenhouse.

The mobile robot for phytomonitoring in an indus-
trial greenhouse is used in conjunction with an intelligent con-
trol system for energy flows of the greenhouse, which allows the
existing control system to form appropriate control strategies
for electrical complexes to consider the spatial distribution of
phytometric parameters, and to qualitatively control and per-
form a number of additional functions necessary for produc-
tion: to control the parameters of the microclimate and conduct
plant phytomonitoring, collect and process the received infor-
mation of technological parameters in an industrial greenhouse;

to create data archives for further use; to function in auto-
matic, manual, and remote control modes of the mobile robot.

CONCLUSIONS

1. The structure of the plant production management sys-
tem in an industrial greenhouse has been developed, which,
in addition to traditional components, includes a mobile
robot for phytomonitoring.

2. A general control algorithm and software for using
a mobile robot for phytomonitoring in industrial green-
houses based on the use of Node-RED and Processing/Wiring
software environments have been developed.

3. It is recommended for hardware and software
interactions of heterogeneous technical tools that are com-
ponents of a mobile robot for phytomonitoring, using a flex-
ible ROS platform; this creates conditions for ensuring the
client-server architecture of a mobile robot and evenly
distributing computing power.

4. The maximum distance of reliable digital signal
transmission for a measuring complex in an industrial green-
house is calculated — up to 282 metres.
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MporpamMHe 3a6e3neyeHHA MO6inbHOro po6ota ana GiTOMOHITOPUHIY

AHoTauia. Huhi y cBiTi iHTEHCHBHO PO3IIMPIOIOTHCS TaTy3i JOCTIIKEHD Ta BUKOPUCTaHHS MOGUTbHMX POOOTIB — MEXaTPOHHMX
CHUCTeM, 110 6a3YyI0ThCSI HA OCTAHHIX JOCATHEHHSIX MeXaHiKM, MiKpOIIPOI[eCOPHOI TeXHIKM, KOHTPOJIbHO-BUMipIOBAIbHUX
cucreM, iHbOPMaTHKM Ta Teopii yrpasmiHHS. [1Jis YCITIITHOTO BUKOHAHHST BEJIMKOTO KOJIa 3aBAaHb POOOTM ITOBMHHI MaTH SIK
MOOITBHICTD, TaK i 3MATHICTD iHTEPIIPETYBATH, IUIAHYBATHM i aBTOMAaTUYHO BUKOHYBATY OTPMMaHe 3aBAAHHSI, BUKOPUCTOBYIOUM
GOPTOBY OOUNCITIOBANIBHY CUCTEMY. [X 0COBMMBICTD — MOXKIMBICTD TOCSTHEHHS 3aaHOI METH B HEBM3HAUEHOMY 30BHIIIHBOMY
CepenoBUILIi, YHMKAIOUM 3iTKHEHbD 3i CTaI[iOHAPHMMM TIepelIKoIaMy Ta PyXOMUMY 06’ eKTamu. 3apa3 BrieBHeHe (DYHKITIOHYBaHHS
MOGiTbHMX POOOTIB MOXKe OyTHM 3a6e3TedeHe o0 3HaitoMuX i ;o6pe CTPYKTYpOBaHMX po6OUMX ITpocTopax. PO3BMHYTO
MeTOAM YIIPaBIiHHS po60oTaMM Ha OCHOBI 106pe chopMyTbOBaHMX MOJeneil Ta airoputmiB. IIpy poboTi B He3HalioMoOMy
a60 3MiHHOMY OTOUeHHi MOOUTbHMIT pOOOT MTOBMHEH MATH 3AATHICTb afarTyBaTUCS 10 3MiH Y HABKOJIMITHOMY CepeIOBUILL,
pearyBaTy Ha HellepebaueHi cUTyallii Ta JisiTy Ha TiACTaBi MornepeHbOro 10CBimy. TakuM YMHOM, POGOT MOTPedye crucTeMu
YIIPaBIiHHS 3 e/IeMEeHTaMM HITYYHOTO iHTeNIeKTY. SIK 00’€KT KepyBaHHS pOOOT € 6araToKaHaIbHOIO HeTiHITHO0 AMHAMIYHOIO
cucreMoro. He3paykaroun Ha Te, 1110 10 TeMePilliHbOro Yacy IMPoBeieHO 1Ty HM3KY AOCTiIKeHb Y Taly3i yIIpaBiHHSI MOOUTbHUMM
poboTamu, YHiBepcasIbHi ITiIX0ay 10 CMHTE3Y CHCTeM aBTOMATMYHOTO YIIPaB/IiHHSI po60oTaMu po3pobiieHi HeroCTaTHLO. MeTa
JOCITiIZKEHHSI TOJISITAa€ B OO PYHTYBAHHI ITPOrPaMHOro 3a6e3reyeHHsI MOGiIbHOrO poboTa 1j1st hiTOMOHITOpUHTY. MeTOH0IIOoTist
€ aJITOPUTMOM, ILI0 peasTi3yeThCsl 3a3HaUeHOI0 IIPOrpaMolo, Niepenbayae 3UMTYBaHHS Ta 36epiraHHs iHdopmariii nmpo cranu
POC/IVH Ta 3HaYEeHHS TEXHOJIOTIYHMX MTapaMeTpiB HAaBKOJIMIITHBOTO CepeIOBUIIA B TETUIMIIL. B cTaTTi 00IPYHTOBAHO O/I0K-CXeMy
ITOPUTMY KepyBaHHSI MOOIIbHMM POO6OTOM [i1s1 DiTOMOHITOPUHTY Y TPOMMCIOBMX TETUIULISIX. BpaxoByioun, 3HAUHY TUIOLLY
TIPOMMCJIOBOI TeIUTMLI] i BiIMOBIZHO 3HAUHY KiIBKICTh POCJIVH Y Hilt, TOTPIOHO pO3paxyBaTH BiCTaHb, Ha SIKY MOOUIbHII POOOT
IU1s1 GiITOMOHITOPUHTY MOsKe TiepeaTy LndpPoBMii CUTHAI. ABTOpaMi IOBeeHO, 1110 CyMapHa MOTYKHICTb KaHaTy TOPiBHIOE
CyMi BCiX ITOTY>KHOCTeJ1 Ilepe/iaBayva, IpuiiMava i aHTeHM IiepefjaBaya, UyT/IMBOCTi CUCTeMM Ta Pi3HULIi BTPAT CUCTeMM Iiepeiadi

Knio4oBi crioBa: Mo6ibHMIT pO6OT, hiTOMOHITOPUHT, CHCTEMA KePYBaHHS, CIIOPYAa 3aKPUTOTO I'PYHTY, &ITOPUTM KePyBaHHSI
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Optimisation of start-up power mode of rotation mechanism
of manipulator crane with a cylindrical articulated load suspension

Abstract. The study deals with the problem of improving the efficiency of the manipulator crane by selecting the
driving modes of the rotary mechanism drive during the start-up process. When manipulator cranes operate in areas of
transients, significant dynamic loads occur, which lead to swinging of the load on the articulated suspension. This leads to
a decrease in the productivity and reliability of the crane manipulator and an increase in the energy consumption of the
rotary mechanism drive. It is proposed to reduce dynamic loads during the operation of the turning mechanism in the areas
of transients (starting, braking) of the manipulator crane by optimising the driving mode of the drive mechanism. In this
case, the manipulator crane is presented in the form of a two-mass dynamic model, where the first mass is the rotary part of
the manipulator crane with a drive mechanism, and the second mass is a load on a cylindrical hinge suspension. The purpose
of the study is to improve the efficiency of the crane manipulator by optimising the starting mode of the turning mechanism.
The methodology is optimal driving modes of crane mechanisms, which minimise the effect of dynamic loads, and provide
for optimisation criteria based on the RMS values of the driving forces of the drives. The developed dynamic model
allowed constructing a mathematical model described by a system of nonlinear differential equations. Optimisation of
the movement mode of the crane manipulator rotation mechanism is carried out by minimising the integral dynamic criterion,
which is the RMS value of the driving torque of the drive during the transition process. As a result of the optimisation carried out,
the starting mode of the crane manipulator rotation mechanism is found, which minimises power loads and load fluctuations
on the articulated suspension in the radial direction. The resulting optimal starting mode of the turning mechanism
allowed increasing the productivity and reliability of the manipulator crane, and reducing the energy costs of the drive

Keywords: tower crane, turning mechanism, optimal control, cylindrical hinge suspension, load oscillation
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INTRODUCTION

During the operation of the manipulator crane rota-
tion mechanism, dynamic loads occur in the drive elements,
which lead to the rocking of the load on the hinge suspen-
sion and, as a result, reduce the productivity and reliability
of the manipulator, and increase energy costs. These loads
are especially dangerous during the transition processes
of starting and braking the turning mechanism, when the
driving or braking forces rarely increase or decrease. At this
time, both high-frequency vibrations of the drive elements
and low-frequency vibrations of the load on the articulated
suspension are generated.

Suggested Citation:

It is possible to reduce dynamic loads in the drive ele-
ments and the manipulator structure by selecting a favour-
able mode of movement of the drive rotation mechanism
during transients. The most effective method for choos-
ing a favourable mode of movement of the crane manip-
ulator rotation mechanism is methods for optimising
driving modes and, in particular, variational methods.
Therefore, it is advisable to optimise the rotation mode of
the manipulator crane according to the selected criterion.
Since power loads are the most dangerous for a manipu-
lator crane, the optimisation criterion should reflect these

Loveykin V., Romasevych Yu., Ztoto T., Lyashko A., & Diachenko O. (2022). Optimisation of start-up power mode of rotation
mechanism of manipulator crane with a cylindrical articulated load suspension, Machinery & Energetics, 13(1), 11-17.

*Corresponding author

Machinery & Energetics, Vol. 13, No. 1

4




Optimisation of start-up power mode of rotation mechanism of manipulator crane...

loads. This criterion can be the RMS value of the driving
torque of the turning mechanism during start-up or braking.
Minimising the selected criterion would reveal the mode
of movement of the manipulator crane rotation mecha-
nism in the start-up and braking areas, which reduces the
power loads on the elements of the manipulator crane.

The efficiency of using manipulator cranes is deter-
mined by their performance, reliability, and safety of oper-
ation. The main factor determining these characteristics of
the manipulator crane is the dynamic loads that occur in its
links and drive mechanisms [1]. These loads become espe-
cially dangerous during transients (start-up, braking) [2; 3].
Dynamic loads largely depend on the control system of the
drive mechanisms of the manipulator crane [4; 5]. Dynamic
loads significantly increase when combining the work-
ing movements of the manipulator crane mechanisms [6;
7]. Especially dangerous is the combination of movements
of the rotation mechanism and the movement of the boom
system links in the process of changing the departure, where
loads increase by two or more times [8]. In [9], it was found
that a slight decrease in dynamic loads during the passage
of transients significantly improves the reliability indica-
tors of manipulator cranes. In addition, dynamic loads have
a significant impact on the accuracy of load positioning [10].
Dynamic loads can be reduced by using the fundamental
principles of mechanics, based on which methods for opti-
mising manipulators are built [11]. To find the optimal laws
of motion of crane mechanisms, mathematical methods
were used, where extreme values of control criteria were
found [10; 12]. Optimal driving modes of crane mechanisms,
which minimise the effect of dynamic loads, are given in [12;
13], where the RMS values of the driving forces of the drives
were selected as optimisation criteria. An example of opti-
mising the modes of joint movement of crane mechanisms
is found in study [14], which considers the movement of the
departure and turn movement mechanism. When solving
problems of optimising the mode of movement of the rota-
tion mechanism, deviations from the vertical suspension of
the load in the radial direction (plane of departure change)
occur, which are ignored in the studies [14; 15]. At the same
time, these suspension deviations have a certain impact on
the dynamics of turning the manipulator crane and they must
be considered when optimising the power mode of turning.
Optimal modes of movement of crane mechanisms should
be adapted to the operating conditions of cranes [16; 17].

Increase the efficiency of the crane manipulator
by optimising the start mode of the rotation mechanism.
To achieve this goal, it is necessary to develop a mathe-
matical model of the dynamics of the rotation mechanism
of the manipulator crane, choose a criterion for optimis-
ing the dynamics of the rotation mechanism, optimise the
start mode, and analyse the optimisation results obtained.

RESULTS AND DISCUSSION
To optimise the movement mode of the manipulator crane
rotation mechanism, a dynamic model has been developed,
which is shown in Figure 1. In this figure, the following des-
ignations are used: 1 - rotary part of the manipulator with

a drive mechanism; 2 - articulated boom system; 3 - cylin-
drical hinged cargo suspension; 4 — load. When the boom
system of the manipulator is rotated, all links rotate around
the fixed axis of the rotary part, and the suspension 3 and
load 4 additionally deviate from the vertical in the plane of
change of departure (radial direction). Based on the design
of the cylindrical hinge A of the load suspension, the latter
can deviate from the vertical only in the radial direction
when turning the manipulator crane. There are no devia-
tions from the vertical of suspension 3 and load 4 in the
plane of rotation of manipulator, since they are blocked by
hinge A. When constructing a dynamic model, it is assumed
that all the links of the crane manipulator are absolutely
solid bodies, and there are no gaps in kinematic pairs. Rotation
of the manipulator crane is carried out by a drive mechanism
with a driving torque M.

Based on the above, it can be stated that the pre-
sented dynamic model of the crane manipulator has two

Figure 1. Dynamic model of turning a manipulator crane
with cylindrical articulated load suspension

degrees of freedom: rotation of the entire system around
a fixed vertical axis and deviation from the vertical of the
hinge suspension with a load in the radial direction (plane
of change in the departure of the load). The angular coor-
dinate ¢ of the rotation mechanism and the linear horizon-
tal coordinate of the centre of mass of the load in the radial
direction X are selected as the generalised coordinates of
the dynamic model when turning the manipulator crane.
To construct a mathematical model of the dynamics
of rotation of a manipulator crane with a dynamic model
(Fig. 1), the Lagrange equation of the second kind is used:

dor _or _, ol
dtop 09 dg’
d 9T _"or _ _om
4t 0x ox —  ox’ (1)

where: t — time; T, P — kinetic and potential energy of the
system, respectively; M — driving moment of the rota-
tion mechanism drive reduced to the axis of the rotary part
of the manipulator.

The expression of the kinetic energy of the system,
ignoring the weight of the load suspension, has the following
form:

1 1
T==1,0%+ Em(x2 + p2x?),
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where: I, - moment of inertia of the rotary part of the
manipulator relative to its own axis of rotation; m — weight
of the load with the gripper.

The required derivatives of expression (2) are used
for the system of equations (1):

or _or
%=0;%=mq) X;
oT 5 oT
%— Iy + mx*)@; a—mx; 3)
d oT d oT

= (Iy + mx®) @ + 2mxx; Jiax = “4)

dtog

The dependence of the potential energy of the system
is found

[T=mgy=mgH(1-cos9), 5)
where: g — acceleration of gravity; H — height of the position
of the centre of mass of the load relative to the boom joint;
Y —angular coordinate of the suspension deviation from the
vertical in the plane of departure change, determined by the
following dependence:

9=(x-x, )/H. (6)
where: x, - initial coordinate of the position of the centre
of mass of the load.

The partial derivatives of expression (5) is taken from
the generalised coordinates ¢ and X, considering that y<12°
and assuming that sinv = U, and cosv =~ 1, as a result:

o1 on a9 . mg
90 = O;E = mgHasmS ~mghd = F(x —x,). (7)

Substituting dependencies (3), (4), and (7) in system
(1), a mathematical model of the dynamics of rotation of
a crane manipulator with a load is obtained, which has the
following form:

Iy + mx?®)@ + 2mxxp = M;
mx — mx(,o2 = @(x — Xg).
H ®)

A system of two second-order differential equations
(8) is reduced to one fourth-order differential equation. To
do this, from the second equation of system (8), the angular
velocity of the rotating part of the manipulator is expressed
in terms of the horizontal coordinates of the load and its
time derivatives:

. lg 1/, gh
o=l (%) ©)

Taking the time derivative of expression (9), the angular

acceleration of the rotary part of the manipulator is found

. 1k —i(t — ghy/H)

?=2 X2 (10)

Substituting expressions (9) and (10) into the first

equation of system (8), the dependence of the driving moment

of the rotation mechanism drive on the coordinate of the

centre of mass of the load and its time derivatives are
obtained . i (x B % xo)

M == (I, + mx?)

S i)

+2mxx ’% +%(x - %xo)

(11)
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To optimise the driving mode during the start-up of
the turning mechanism, the RMS value of the driving moment
is chosen as a criterion, which is presented in the form of
intelligent functionality

1 ty 1/2
M, = —f M2dt (12)
i
0
which must be minimised when ensuring the following
boundary traffic conditions:

t=0ix=x,%=0,¢=0,¢ =0;

t=t;:%x=03%=0¢=awd=0. (13)

where: t, - duration of the process of starting the rota-
tion mechanism of the crane manipulator; o — steady-state
angular velocity of the rotation mechanism.

Using dependencies (9) and (10), the boundary con-
ditions (13) is reduced to the coordinate of the mass centre
of the cargo X and its time derivatives. After that:

t=0:x=x,,%=0,%=0%=0;
—x"z x=0%=0%=0 P
(=27
g

The obtained optimisation problem (12) and (14)
cannot be solved analytically, since the integrative expres-
sion of the functional (12) is a nonlinear function of the
coordinate, velocity, acceleration, and jerk of the load move-
ment in the plane of departure change. Therefore, an
approximate method can be used for solving the optimisa-
tion problem of determining the power mode of starting the
rotation mechanism of the manipulator crane.

The essence of this method [18] is that the solution
of the optimisation problem is sought on a class of mul-
tiparametric functions that satisfy the given boundary con-
ditions and provide a minimum of the criterion represented
as an integral functional. In this form, the solution of the
optimisation problem is represented as the solution of the
following boundary value problem

L(x)=0
t=0:x=x3,%x=0,%¥=0,X=0;
t=1t/2:x=x(t1/2),% = x(t,/2);

__ %o
(1-w?H/g)’

t=t1:x=

(15)
t=t;:x = x=0,X¥=0Xx=0.

Where L(x) — operator that depends on the func-
tion x(t). The solution of the above problem (15) has two
unknown parameters x(t,/2) and x(t /2). In the given bound-
ary value problem, the operator L(x) can be represented by
a differential equation of different orders. The operator is
used as an ordinary tenth-order differential equation L(x).

As a result of solving the boundary value problem (15),
an expression of criterion (12) is developed in the form of
a functional that does not depend linearly on the parame-
ters x(t,/2) and X(t,/2) and it seems to be such a functional
dependency:

C=Cr(xt /2),x(t,/2,t,) (16)

Values of parameters x(t,/2) and x(t,/2) are found, for
which criterion (12) takes the smallest value when providing
the boundary conditions (14). To solve this problem, a modi-
fied metaheuristic method for swarming ME-PSO particles
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was used [19]. This method does not require continuity
and differentiation of the functions on which criterion (12)
depends, and also does not impose additional conditions
on the optimisation problem. After constructing the func-
tional dependency (16), the Me-PSO method can be used to
find the optimal values of unknown parameters x(t,/2) and
X%(t,/2). When solving this problem, the following parameters
of the ME-PSO method are accepted: the permissible rate of
reduction of the AR=0.005 criterion; the swarm population —
50; the number of iterations — 40 (Fig. 2). The given parame-
ters of the method allowed effectively using computational
resources to obtain a solution to the optimisation problem.

‘.
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Figure 2. Graph of changes in the C, criterion during
the optimisation procedure (depending on the
i-th iteration number)

Calculations were made for the rotation mechanism
of the manipulator crane with the following parameters:
m=500 kg; 1,=3,200 kg-m?; x,;=5.5 m; H=1.5 m; g=9.81 m/s?;
t,=2.0 s; ®=0.42deg/s.

Figure 3-Figure 9 show the graphical dependences
of the kinematic, power, and energy characteristics of the
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Figure 3. Graph of movement of the centre of mass

of the load in the radial direction
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Figure 4. Graph of the velocity of the centre of mass

of the load in the radial direction

Figure 3-Figure 5 show graphs of the kinematic char-
acteristics of the movement of the centre of mass of the load
in the radial direction. The movement of the centre of mass
of the load (Fig. 3) has a smooth change character without
fluctuations, which is close to the S-shaped law of motion.
At the same time, at the beginning of the movement for
one second, the movement of the centre of mass of the load
in the radial direction was practically absent, and then it
began to grow smoothly. The greatest increase in move-
ment is observed in the section from two to four seconds,
and then it begins to gradually decrease and at the end of
the movement for 0.5 seconds remains almost unchanged.
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Figure 5. Graph of acceleration of the centre of mass
of the load in the radial direction
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Figure 6. Graph of acceleration of the centre of mass
of the load in the radial direction
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Figure 7. Graph of the angular velocity of the rotary part
of the manipulator crane

This mode of moving the load in the radial direction
is the most appropriate, since when entering the steady-
state mode of movement, there will be no fluctuations of
the load in the radial direction.

The change in the load velocity in the radial direc-
tion (Fig. 4) also has a smooth change character without
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fluctuations. Here, the speed of movement of the load grad-
ually increases to the maximum value, which is provided at
the third second of movement, and then gradually decreases
to zero. The presence at the end of the start-up of a sta-
ble value of cargo movement and zero speed confirms the
absence of fluctuations in the load in the radial direction
during the steady-state mode of rotation of the manipula-
tor crane. The acceleration of the load in the radial direc-
tion (Fig. 5) also changes smoothly, increasing from zero to
the maximum, and then decreasing to the minimum nega-
tive value and gradually increasing from it to zero.

The dynamic component of the driving torque of
the manipulator rotation mechanism (Fig. 6) changes from
the initial, almost maximum, to the final zero value in the
presence of vibrations in the middle of the start-up section.
This mode of changing the dynamic component of the driv-
ing torque indicates the presence of variable dynamic loads
in the drive of the turning mechanism during start-up.
The graph of angular acceleration of the crane manipu-
lator rotation mechanism (Fig. 7) is practically a copy of
the graph of changes in the dynamic component of the
driving torque of the drive. This is conditioned by the fact
that the dynamic component of the driving moment is
the product of a slightly variable moment of inertia of the
rotary part of the manipulator crane and its angular accel-
eration. The graph of the angular velocity of the rotary part
of the manipulator crane (Fig. 8) increases from zero in the
first half of the start-up almost according to a linear law,
and in the second part of the start-up, this increase slows
down with a slight fluctuation in the turn speed.
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Figure 8. Graph of the angular velocity of the rotary part
of the manipulator crane

The dynamic component of the drive power of
the manipulator crane rotation mechanism (Fig. 9)
increases from zero to the maximum value in the presence
of power fluctuations, and then sharply decreases to zero
within 0.5 seconds. Fluctuations in the dynamic component
of the drive power of the turning mechanism are caused by
the nature of changes in the driving torque, which also has
an oscillatory character.
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Figure 9. Graph of the dynamic power component
of the drive mechanism of the manipulator crane rotation

The obtained optimal modes of movement of
crane manipulator mechanisms should be used in real
drive designs [20]. For this purpose, control systems are
used [21]. It is possible to estimate the influence of optimal
driving modes on the strength characteristics of structures
by performing calculations for strength and reliability [22].
To assess the impact of optimal movement modes of mech-
anisms on the efficiency of manipulator cranes, it is neces-
sary to monitor them.

CONCLUSIONS

1. A dynamic model of the rotation mechanism of the manip-
ulator crane is constructed, which considers the main move-
ment of the rotation mechanism and the oscillatory move-
ment of the load on a cylindrical hinge suspension in the
radial direction (the plane of change in the departure of
the load).

2. Based on the dynamic model, a mathematical model
of the dynamics of the movement of the crane-manipula-
tor rotation mechanism is compiled, which is described by
a system of nonlinear second-order differential equations.

3. For such a mathematical model, an optimisation
problem is set and solved to determine the rotation mode of
the manipulator crane, which provides the minimum RMS
value of the driving torque of the drive mechanism when the
boundary conditions of movement are met. The boundary
driving conditions are selected from the condition for elim-
inating load vibrations in the radial direction when entering
the steady-state mode of rotation of the manipulator crane.

4. As a result of solving the optimisation prob-
lem, the law of motion of the turning mechanism is deter-
mined, which minimises the optimisation criterion and
provides the necessary boundary conditions for move-
ment. At the same time, there are some fluctuations in
the kinematic characteristics of the turning mechanism
with a fairly smooth mode of cargo movement in the radial
direction. There are also fluctuations in the driving torque
and dynamic power component of the drive mechanism of
the manipulator crane rotation.
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5. To eliminate these shortcomings of the obtained  criteria that allow eliminating fluctuations in the kine-

optimal driving mode, it is necessary to use complex opti-  matic, power, and energy characteristics of the crane rota-
misation criteria, which would include other individual  tion mechanism.
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B'suecnaB CepriitoBuu JIoBeiikin!, I0piit Onekcanaposuu PomaceBuu!, Tageyc 3710T0?,
Anacracis IerpiBua JIssmko!, Oner /IsiueHKO!

'HanioHa/IbHUI YHiBEpCUTET GiopecypciB i MpUpogoKOpUCTyBaHHS YKpaiHu
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina
MlomitexHika YecTouoBChKa
42201, Byn. Iua Tenpuka JJom6poBcbKoro, 69, M. YeHcToxoBa, Pecry6;ika ITosbia

OnTUMi3auia CUIOBOro peXXxuMy Nycky MexaHi3aMmy noBopoTy
KpaHa-MaHinynaTopa 3 uniHAPpUYHUM LUApPHiIPHMM NiaBICOM BaHTaXy

AHoTauUiq. B cTaTTi posrisgaetsest mpobieMa migBuiieHHs eeKTUBHOCTI pOOOTY KpaHa-MaHiMmy/sITopa 3a PaXyHOK
BUOOPY PEXMMIB pyXy MPUBOIY MeXaHi3My ITOBOPOTY Iif yac mpoiiecy mycky. IIpu po6oTi KpaHiB MaHiMyIsITOPiB Ha
IUISTHKAX MepexifgHMX MpoleciB BUHMKAKTh 3HAUHI AMHAMIiUuHi HaBaHTaXeHHSs, SIKi MPU3BOASATD O PO3TOMIyBaHHS
BaHTaXy Ha LIapHipHOMY MifBici. Ile MpM3BOAUTb N0 3MeHIIeHHs MPOAYKTUBHOCTI Ta HaIiITHOCTi KpaHa-MaHIMyJIsITopa,
a TaKOX IiABUIIIEHHS eHepreTMYHUX BUTPAT MPUBOAY MeXaHi3My IIOBOPOTY. 3MEHIIUTY AMHAMiuHi HaBaHTaXeHHS
npu pob60oTi MexaHi3My IMOBOPOTY Ha Ii/ISTHKAX MepeXiTHMUX MPoIeciB (MyCcK, TaJlbMyBaHHS) KpaHa-MaHimyasiTopa
3aIIPONIOHOBAHO IUISIXOM IIPOBEIEeHHSI ONITUMi3allii peskuMy pyxy pUBOLHOTO MeXaHi3my. IIpy 1iboMy KpaH-MaHIITyJsITop
MpeACTaBIeHO Y BUTJISIAI ABOMAcOBOi AMHAMIUYHOI MOJIei, ie TIepuIo Macol0 BUCTYIIA€ MTOBOPOTHA YaCTHHA KpaHa-
MaHinyssTOpa 3 MPUBOAHUM MeXaHi3MOM, a APYror Macolo € BAHTaX Ha WIiHAPUYHOMY LIapHipHOMY mifBici. MeTa
IOCJIiI)KeHHST — IiABUIIEHHS e(eKTUBHOCTI KpaHa-MaHIiMyJIsITOpa IMUISIXOM ONTUMIi3allii peskumy IycKy MexaHi3My
MOBOPOTY. MeTO/0JIOTi€I0 € ONTUMAaJbHI PeKMMM PYXy KpaHOBMX MeXaHi3MiB, SKi 10 MiHiMyMy 3BOJSTb Jil0 IMHAMIUHUX
HaBaHTaxKeHb, Ilepe0avaloTh HAsIBHICTh KPUTEPIiiB ONTUMI3allii 3a cepeHbOKBAAPATUYHMMM 3HAUEHHSIMY PYLITHUX
CWJI TpUBOJiB. Po3pobiieHa AuHaMiuHa MOIe/b JO3BOJIMIA TOGYAYBAaTH MaTeMaTUUYHY MOJIEJb, 10 OMMUCYEThCST CUCTEMOIO
HemiHiTHMX qudepeHiaabHUX PiBHSIHB. ONTUMI3alli0 peXXUMY PyXy MeXaHi3My ITOBOPOTY KpaHa-MaHIMy/lIsITopa 3/1i/iCHeHO
HIJIIXOM MiHiMi3alii iHTerpaabHOro AMHAMIYHOIO KPUTEPIiI0, IKMii IIpeicTaBlise CO600 cepeIHbOKBAAPATUUHE 3HAUECHHS
PYIIiiHOTO MOMEHTY ITPUBO/LY 32 Uac IIPOXO/IKeHHS MepeXiTHOro Mmpoliecy. B pe3yabTaTi mpoBefeHoi onTUMi3allii 3HaineHo
PEKUM ITYyCKY MeXaHi3My ITOBOPOTY KpaHa-MaHiIyssITopa, SIKMit 40 MiHiMyMy 3BOJSITb CMIOBi HABAaHTasKeHHSI Ta KOJMBAHHS
BaHTaXy Ha lIAapHipHOMY Mi/Bici B pasialibHOMY HanpSIMKy. OTpyMaHMii ONTUMalbHUI PEXKUM IyCKYy MeXaHi3My TI0BOPOTY
JIO3BOJIMB IMiABUIIUTY TPOAYKTUBHICTh Ta HaIiifHiCTh pOOOTM KpaHa-MaHIIyasITOPa, a TAKOK 3MEHIIIUTY eHepreTUYHi
BUTPATU TIPUBOAY

Knio4oBi cnoBa: 6amToBuii KpaH, MeXaHi3M MMOBOPOTY, ONITUMasIbHe KepPyBaHHS, MIIHAPUYHUI [IapHipHMiT TiaBic,
KOJIVIBaHHSI BAaHTaXy
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Methodology of development of an intelligent
energy-efficient system of control of temperature
and humidity regime in industrial greenhouse

Abstract. The cost of energy carriers affects the cost of products that are grown in industrial greenhouses. The purpose
of the study is to develop a methodology for creating an intelligent system for energy-efficient microclimate management
in industrial greenhouses operating under conditions of uncertainty, based on a combination of methods for predicting
energy consumption and minimising them through the use of artificial neural networks. Methodology - the input
parameters of the neural network prediction model are: the value of external and internal greenhouse air temperatures,
the value of relative humidity, solar radiation absorbed by the greenhouse, and the level of carbon dioxide in
the greenhouse. The outputs of the forecasting model are the values of natural gas and electricity costs. Based on the
use of fuzzy logic methods and a genetic algorithm, models for finding and using optimal parameters of PI controller
settings adapted to changes in the operating conditions of the automation system are developed and investigated.
Methods of improving the quality of regulation of technological parameters by combining various intelligent control
algorithms in one automation system are analysed, which helps to reduce energy costs by 10-13%. It is established that
for closed-ground structures, heating and ventilation systems have the highest energy consumption (on average, more
than 4,000 m3 of natural gas and almost 1,000 kWh of electricity are consumed per day for heating and ventilation in
an industrial greenhouse. Correlation analysis of the relationships between external disturbances and energy costs
that ensure compliance with a given technology for growing plant products, confirmed the hypothesis about the
presence of conditions of uncertainty in the functioning of an industrial greenhouse formed by random disturbances,
incomplete information about the biological component; while the linear correlation coefficients do not exceed
r<0.35. This creates conditions for the use of neural networks both for predicting energy costs and for forming energy-
efficient management strategies. This provides better regulation in conditions of uncertainty, the adjustment time
and overshoot are reduced by two to three times. To create an energy-efficient microclimate management system in
industrial greenhouses that operates in conditions of uncertainty, a neural network model for predicting the energy costs
of natural gas and electricity has been developed. The authors of the study have improved the structural and functional
scheme of the automation system for controlling the temperature and humidity regime in industrial greenhouses by
combining intelligent algorithms for stabilising the operation of technological equipment at the lower level of control
and optimising energy costs by predicting them at the upper level. The introduction of such a system allows to saving
natural gas for heating up to 13% and electricity — up to 10%. The study proved that the development of an intelligent
energy-efficient system for automatic control of microclimate parameters in closed-ground structures should be based
on a combination of methods for intelligent adjustment of PI controller parameters and forecasting energy consumption
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INTRODUCTION

The main problem of modern cultivation of products in
industrial greenhouses is the cost of energy carriers, which
significantly affects the cost of grown products. Thus,
the share of energy in the structure of product prices is
60-90%. Therefore, the task of developing new methods and
approaches to minimise energy losses is urgent. It is impor-
tant to take into consideration that the volume of energy
consumption in industrial greenhouses is affected by poorly
predicted natural factors, such as cloud cover, wind strength
and direction, and other factors that create the main fea-
tures of the functioning of modern industrial greenhouses:
non-stationarity, uncertainty. This is explained by the influ-
ence of natural disturbances, which are random in nature
and incompleteness of information about the states of the
biological component. At the same time, agrotechnical
standards require high accuracy of temperature stabilisa-
tion (+/-1°C), its timely change depending on the level of
photosynthetic active radiation, the phase of plant devel-
opment and the time of day. This increases the require-
ments for existing automation systems and their provision
by using modern intelligent algorithms for processing infor-
mation coming from the control object, and applying the
results obtained to form appropriate management strategies
in order to maximise production profits.

Modern economic conditions require the creation
of such a greenhouse for growing vegetable crops, which
would allow implementing energy-saving technology for
their production by minimising energy costs, while ensur-
ing the appropriate quality of products and their volumes.
Well-known strategies include regulating temperature
and humidity conditions, supply of CO, depending on the
plant growth phase and time of day, and dynamic control of
additional growth factors based on solar radiation values.

Nowadays, several types of algorithms for con-
trolling microclimate parameters have become widespread,
such as: traditional, nonlinear, p-system, based on fuzzy
logic and the use of neural networks, and hybrid algo-
rithms [1-5]. Traditional control algorithms include: propor-
tional-integral (PT) and proportional-integral-differential (PID),
which are most often used in regulating the microclimate
in industrial greenhouses due to their flexibility, simplicity,
and good control indicators [6]. M. Azaza [2] used an intelli-
gent system based on fuzzy logic to control the temperature
and humidity in the greenhouse, with ventilation and main-
tenance of plant feeding standards. They achieved 22% and
33% energy and water savings, respectively. M. Vera [7] in
their study used a fuzzy model that allows adjusting the
internal temperature inside the greenhouse, using a pro-
portional servo valve to activate the heating of the cool-
ant at night, and another drive to control the ventilation
rate during the day. K. Li [8] used a multilayer perceptron
to predict the temperature in the greenhouse. However, the
disadvantage of such a system is the need for a large set of
input data to achieve appropriate accuracy in the operation
of a fuzzy system. In addition, since the algorithm takes into
account the experience of experts in formulating the model,
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comprehensive knowledge of the functioning of the system
is required.

Thus, there is a need to create and use new intel-
ligent control systems based on a combination of modern
control methods, which would ensure the implementation of
optimal control according to the energy efficiency criterion.

The purpose of the study is to develop a methodology
for creating an intelligent system for energy-efficient micro-
climate management in industrial greenhouses operating
under conditions of uncertainty, based on a combination
of methods for predicting energy costs and minimising them
through the use of artificial neural networks.

RESULTS AND DISCUSSION
The conducted systematic analysis of the process of growing
products in industrial greenhouses determined the main
features of the greenhouse as a complex control object:

— the object identifies a structural set of subsystems
that interact with each other;

- each of the systems can be included as a subsystem
in a more complex one;

- complex systems interact with the external envi-
ronment as a whole;

- management processes are implemented both
using feedbacks and on the basis of forming a set of goals,
each of which is solved by its own method;

- complex management systems have their own char-
acteristics at each stage (information collection, analysis,
development of control actions, implementation) [9].

As already noted, an industrial greenhouse has all
the features of a complex system with the possibility of sep-
arating separate subsystems. Since each of these subsys-
tems has its own local goals, conflict situations may arise
during the functioning of the system as a whole. Thus, there
is a need for coordination of control subsystems, the solu-
tion of which is to determine the interaction of subsystems,
in which control actions that are optimal according to the
efficiency criteria for each of the subsystems are also optimal
according to the general criterion for the process in general.

The conducted studies in the greenhouse complex
confirm the non-linearity and non-stationarity of processes
occurring in an industrial greenhouse when growing vege-
table products. The hypothesis that there are conditions of
uncertainty in the functioning of an industrial greenhouse
is confirmed, the linear correlation coefficients between
the inputs and outputs of the control object do not exceed
r<0.35. This creates conditions for the use of neural net-
works that can function effectively in conditions of uncer-
tainty to predict energy consumption. A graphical rep-
resentation of the correlations is shown in Figure 1.

The correlation relationship is described by regres-
sion equations of the form:

- for gas consumption:
y,=-0.2608x+6.5303,

— for electricity consumption:
¥,=-0.2904x+1.2493.
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The greenhouse, as a control object, is multidimen-
sional with complex internal connections, which affects the
stationarity of dynamic characteristics. This leads to a deteri-
oration in the quality of control, since in typical automation
systems it depends on the dynamic properties of the object.
In turn, the analysis of the operation of the temperature and
humidity control system in a greenhouse with a PI controller,
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as it is most common in closed-ground structures, showed that
in order to maintain the progenitors of regulation at a given
level and the quality of the transition process, the parameters
of the regulator are variable. Therefore, the problem arises of
continuously determining the controller settings that adapt
to changes in the dynamic properties of the control object,
while ensuring the appropriate quality of transients [10; 11].

5,000
4,500 ?
4,000
3,500
3,000
2,500
2,000
1,500
1,000
500
0

-20.0

0.0
Ambient temperature, °C

20.0 40.0

b)

Figure 1. Correlation between gas (a) and electricity (b) consumption and external temperature

The use of various methods for controlling micro-
climate parameters allows choosing the best algorithm for
achieving energy-efficient regulation indicators. Figure 2
shows the use of regulators that implement PI-algorhythm,
but the calculation of parameters of their settings is carried
out based on the results of using fuzzy logic, a genetic algo-
rithm, and a typical engineering technique (for comparison).

The proposed approach provides the necessary
opportunities for practical use of the results for predicting
the further behaviour of the object and forming energy-ef-
ficient strategies for managing the greenhouse complex in
the future [6].

The genetic algorithm method was used to find the
optimal PI controller settings [12]. The comparison block
constantly compares the coordinates of the object’s state

Genetic

with their specified value. If there is a difference between
a given signal value and a valid one in the control object
e=X -x7# 0, then the signal is sent to the optimisation unit,
the functional purpose of which is to find the optimal set-
tings of the regulator based on the genetic algorithm.
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Figure 2. Structural and functional diagram of the
automatic control system using various methods for
determining the optimal parameters of the PI controller
settings for the temperature and humidity regime in
the greenhouse: 6_,, ¢_, — set temperature and humidity
values, kp, k. - transmission coefficient and isodrome time
of the PI controller, 6, , ¢, — output values of internal
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Figure 3. Transient characteristic of the automatic control
system for the temperature change channel (6, ) and
humidity (¢, ) with settings parameters determined based
on the use of a genetic algorithm for the PI controller
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At the first stage, the training parameters are selected
that are set by the optimisation function, which includes
the equations of the control object, regulator, and pertur-
bation. Next, the process of obtaining a solution for fixed
parameter values and comparing them with the input val-
ues takes place based on training, and the optimal param-
eters of the controller are selected. The use of a genetic
algorithm has yielded the following results (Fig. 3): optimal
settings for the temperature control channel k =74.8 propor-
tional component, k=1.8 integral component; for humid-
ity control channel k =72.7 proportional component, k=2.1
integral component for the specified values of temperature
and humidity in the greenhouse: 6, _=18°C and ¢, _,=80%.

A fuzzy expert system was also used to optimise the
settings of the local control system with a PI controller.
The rules of the fuzzy expert system are based on ensur-
ing a minimum area between the transition process and the
time axis (1): t min,
I = fto(xpv - x) dt - K.k (1)

where: x,,, X — respectively, the set value of the parame-
ter and its value at the output of the object; k , k; < [k, .,
k. .] - transmission coefficient and isodrome time of the
PI controller.

Production rules for a fuzzy knowledge base are
developed based on the expert knowledge and have the
form: if E=vid, If E=dod, then K =zero, I T=zero, where vid -
negative values, dod - positive values, ser — average values,
vel - large values, and zero - zero values (Fig. 4).
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Figure 4. Transient characteristic of the automatic
control system for the temperature change channel
(8,) and humidity (¢, ) with the parameters of the
PI controller settings determined based on the use
of a neural network expert system
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The algorithm for setting up a neural network con-
troller includes the following steps:

— collection of information about an object’s behav-
iour when it is affected by perturbations;

- development of production rules, considering tech-
nological data;

- phasification of input and output parameters;

— development of a neural network structure;

— training of a neural network expert system;

- testing of results based on modelling.

For the specified values of temperature and humidity
in the greenhouse: 6, _=18°C and ¢, ,=80% of the PI con-
troller settings for the output temperature control channel
of the fuzzy expert system were (Fig. 4): k = 73.1 propor-
tional component, k=3.3 integral component; for humid-
ity control channel k =71.2 proportional component; k=3.6
integral component.

As a reference model for comparing the obtained
modelling results, the traditional method of searching for
the parameters of the PI controller is used.

Using the traditional method of calculating the opti-
mal parameters of regulator settings, namely the Ziegler
Nichols method [13], the following values of the parameters
of the PI controller settings were obtained under constant
initial conditions (Fig. 5): transmission coefficient for the
temperature control channel k =75.2 proportional component,
and isodrome time k=3.1 integral component.
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Figure 5. Transient characteristics of an automatic
control system with a PI controller, the settings of which
are determined according to the standard method, for the

temperature change channel (6, ) and air humidity (¢, )

To solve the problem of improving the energy effi-
ciency of greenhouse enterprises, it is advisable to apply
forecasting of energy costs, namely, gas and electricity, at
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the upper level of management [14]. This allows develop-
ing energy-efficient strategies for managing microclimate
parameters in industrial greenhouses. To do this, it is advis-
able to use artificial neural networks. The structure of such
an automation system is shown in Figure 6.

The neural time series software package was used to
synthesise and study the corresponding artificial neural net-
works. Minimisation the relative root-mean-square learning

error was chosen as a criterion for stopping learning. The
Bayesian linear regression method was chosen for training
artificial neural networks, since this results in the smallest
root-mean-square error with respect to deviation [15]. The
number of hidden layers of artificial neural networks — 50.

The learning process is illustrated by a graph of the
dependence of the functioning assessment on the number
of the learning cycle (Fig. 7).
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Figure 6. Structural and logical diagram of energy-efficient microclimate management (where 0.
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Figure 7. Block diagram of neural network training

A test data array was used to determine the
degree of reliability of the results. It was checked whether
the pre-dicted values coincided with the actual data of
microclimate parameters taken directly at the production
site. Regression

analysis methods [16-18] obtained by comparing reference
val-ues with values at the network output were used to
assess the reliability of the results of artificial neural
networks. Evaluation of the developed model for
forecasting energy
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costs was carried out based on the following criteria: deter-
mination R?, root-mean-square error o, Fischer F and Stu-
dent’s t (Table 1).

According to the materials presented in the table, the
correlation and determination coefficients are within 90%,

I. Yakymenko et al.

which indicates a close relationship between the inputs and
outputs of the model. The measurement error is insignifi-
cant - 0.0013. The Student’s t indicates the significance of
correlation coefficients, which signifies the adequacy of the
neural network model for predicting energy consumption.

Table 1. Criteria for the adequacy of a mathematical model
Criteria

Sample R

0.99

Gas consumption, m?

0.0013

F t
9.39 0.98

Electricity consumption. W/h 0.99

0.0013

9.39 0.97

The methodology for developing an intelligent ener-
gy-efficient system for automatic control of microclimate
parameters in closed-ground structures is based on a com-
bination of methods: intelligent adjustment of PI controller
parameters and forecasting of energy consumption.

The practical implementation of the algorithm for
developing an energy-efficient control system takes place
according to the following sequence.

1. Conducting experimental studies.

2. Creating a database of microclimate parameters
inside and outside the greenhouse.

3. Creating a fuzzy expert system for manag-
ing groups of greenhouse coolant supply and ventilation
equipment.

4. Development of rules by experts based on the
requirements for ensuring the quality of grown products.

5. Processing of information on projected energy
consumption values.

6. Select an equipment management strategy to mini-
mise energy consumption by adjusting the regulator settings.

T T T T T T T T T
inl in2

Significant impact

Minor impact

051

Average impact

Conventional units

0
10 12 14 16 18 20 22 24 26 28 30

a) i i .. output air temperature, °C
input variable “input1

7. Determination of PI controller parameters and
simulation.

8. Synthesis of an energy-efficient control system
for microclimate parameters in a greenhouse.

To assess economic efficiency, the indicators of mini-
mising energy resources and the payback period of the imple-
mented methods were used. In the course of the study, the follow-
ing was calculated: distribution, capital expenditures, operating
costs, profit from system implementation, and payback periods.

Criteria for evaluating economic efficiency:

Natural gas consumption —» min
Electricity consumption — min (2)
Enterprise profit - max

The functions of belonging to the input parameters
of the automatic temperature and humidity control system,
which are used for technical regulation of microclimate
parameters in greenhouses, are synthesised. The following
terms are used for all input parameters: “minor impact on
energy efficiency”, “average impact on energy efficiency”,
and “significant impact on energy efficiency” (Fig. 8).
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s
5
“ 0 1 1 L= ] 1 1
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Figure 8. Functions of belonging to energy-efficient parameters of quality control
a) temperature; b) humidity in closed-ground structures

The obtained membership functions allow: predict-
ing the potential effect of the developed methods of con-
trolling technological processes in the greenhouse, taking
into account current disturbances, and tracking the qual-
itative zones of input parameters that affect the energy
consumption of the process of growing vegetable products
in closed-ground structures

CONCLUSIONS

1. Analysis of the quality of transients as a response to dis-
turbances in automatic systems with a PI controller and an
improved model of the object regarding the temperature and
humidity regime showed that the parameters of the regula-
tor settings are variable. This proves the relevance of devel-
oping methods for finding regulator settings that adapt to
changes in the operating conditions of the automation system.

Machinery & Energetics, Vol. 13, No. 1

4



Methodology of development of an intelligent energy-efficient ...

2. Based on the use of fuzzy logic methods and
a genetic algorithm, models for finding optimal param-
eters of the PI controller’s settings that adapt to changes
in the operating conditions of the automation system
are developed and studied. According to the linear inte-
gral quality indicator, the best quality of the transition
process is demonstrated by a system whose PI control-
ler is configured based on using a genetic algorithm for
the following indicators: k =74.8, k=1.8 to comply with

3. A system of intelligent automated energy-ef-
ficient control of microclimate parameters in pro-
tected ground structures and its algorithmic support has
been developed, containing: a block of neural network
forecasting of energy costs, a block of decision support,
where prices for energy resources are considered, a block
of optimisation of regulator parameters based on the use
of fuzzy logic and genetic algorithms. The introduction of
such a system allows saving natural gas for heating and

the microclimate parameters: 0.
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=18°C and ¢. _=80%. electric energy — up to 10%.
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'HamioHanbHMIT YHiBepCUTET 6iopecypciB i MpUPOIOKOPUCTYBAHHS YKpaiHM
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina
[To3HAaHCHKUIT YHIBEPCUTET HAYK MPO XKUTTS
60637, Byn. Wiyska Polskogo, 28, M. ITo3HaHb, Pecrty6itika ITosbimna

MeTogonoria po3po6neHHs iHTeNeKTyallbHOi eHeproedeKTUBHOI CUCTEMMU
KepyBaHHSl TeMNepaTypHO-BONOrCTHUM PEXXMUMOM B MPOMUCNOBI Tennunui

AHOTaUif. BapTicTb eHepProHoCiiB BILIMBA€E HA COOIBAPTICTh MPOAYKILii, IKY BUPOIIYIOTh B TPOMUCIOBUX TEIUIUIISX.
Merta goctimkeHHS — GOpMyBaHHSI METOZO/IOTii po3p0o6IeHH] iHTeeKTyalbHOI c1cTeMy eHeproeeKTUBHOTO KepyBaHHS
MiKpOKJIiMaToOM y TPOMUCIOBUX TEIUTUIISIX, 10 PYHKI[IOHYIOTh B YMOBax HEBM3HAUEHOCTi, HA OCHOBI MMOETHAHHS METO/IiB
MIPOTHO3yBaHHSI eHeproBUTpPAT Ta iX MiHiMi3allil yepe3 BUKOPUCTAHHS UITYyYHMUX HEJIPOHHUX MepexX. MeTomomoris —
BXiIHMMM [TapaMeTpaMu HelipoMepeskeBOoi MOzesli IPOrHO3YBaHHS €: 3HaUeHHS 30BHILIHbOI Ta BHYTPILlIHBO1 TeMIlepaTyp
MOBIiTPS TEIINILi, 3HaUeHHS BiJHOCHOI BOJIOTOCTi MOBITPSsl, TOIVIMHYTE TEIUINILEI0 COHSIUHE BUIIPOMiHIOBAaHHS Ta PiBeHb
BYIVIEKMCJIOTH B TeIINLI. Buxomamu mojieni MporHo3yBaHHS € 3HaUeHHS] BUTPAT IPUPOLHOTO ra3y Ta eaekrpoeHeprii. Ha
OCHOBi BUKOPUCTAHHSI METO/IiB HEYITKOI JIOTiKM Ta TEHETUUHOT'O aJITOPUTMY PO3PO6IIEHO Ta JOCTiIKEHO MOJIEJ MOIIYKY Ta
BUKOPUCTAHHS ONTUMA/IbHMX ITapaMeTPiB HajdalTyBaHb [1I-perynsTopa, afanToBaHuX N0 3MiHM YMOB QYHKIIIOHYBaHHS
cucTeMu aBToMaTu3alii. [IpoaHanisoBaHi MeTOIM ITOKpAIlleHHS SIKOCTi Pery/ll0BaHHS TEXHOIOTUHMX [TapaMeTPiB HIJIIXOM
MOENHAHHS B ONHIil cUCcTeMi aBTOMaTHM3allii pi3HOMaHITHUX iHTeIeKTyaJbHUX aJITOPUTMIB KepyBaHHSI, 1[0 CIIPUSIE
3MeHIIEHHIO eHepreTuYHMx BUTpat Ha 10-13 %. BcTraHOBIEHO, 1110 /1J1S1 CIIOPYA, 3aKPUTOTO IPYHTY CUCTEMM OTIaJleHHS i
BEHTWISIIii MaloTh Hait6i/bIIly eHepro3aTpaTHICTh (B cepefHbOMY 3a 0Oy Ha 06irpiB Ta BEHTU/IIOBAHHS B IPOMMCIIOBII
TeIUINIi BUTpavaeTbcs moHan 4000 m® mpupopHoro rasdy ta maitke 1000 kBrxrop, enekrpoeneprii. Kopensiuiiinuit anastis
3B’$13KiB Mik 30BHIIlIHIMM 30ypEeHHSIMM Ta €HepreTUUHMMM BUTPaTaMH, 1[0 326e311eUyI0Th JOTPMMAaHHS 3aJaHO0i TEXHOOTii
BUPOILIYBaHHS POCIMHHOI MPOAYKILii, MiATBepAMB rifnoTe3y MoA0 HAsIBHOCTI YMOB HEBU3HAUEHOCTI GYHKIIOHYBaHHS
MIPOMMCIOBO] TeTuNLi GOPMYIOTHCS BUMIALKOBMMM 30yPEeHHSIMY, HETIOBHOIO iH(bopMallieio Mpo 6ioaoriyHy CKIaLoBy; Ipu
11boMy KoedilieHTH JiHiTHOI Kopersiiii He mepeBuInyoTh r<0.35. 3a3HaueHe CTBOPIOE YMOBMU JIJIsI BUKOPUCTAHHS HeIIPOHHMX
MepeXK SIK IJIsI IPOTHO3YBAHHSI eHepreTMYHMX BUTPAT, Tak i /151 GopMyBaHHS eHeproeekTUBHUX CTPaTeriit KepyBaHHS.
3a3HaueHe 3a6e3meyvye OiblI SIKiCHE Perya0BaHHS B YMOBAaX HEBM3HAUEHOCTI Yac peryyiioBaHHs, IepeperyiIoBaHHs
3MEHUIYIOTbCS B IBa-TPU pa3u. [IJisi CTBOpeHHs eHeproedeKTUBHOI CHCTeMy KepyBaHHSI MiKpOK/IiMaTOM B IIPOMMUCIOBUX
TeIUIMLSX, 0 QYHKI[IOHYE B YMOBAaX HEBM3HAUEHOCTi, PO3PO6IEHO HeIpoMepeXKeBY MOJe/Tb TPOTHO3YBAHHS €HePreTUYHUX
BUTPAT NMIPUPOJHOTO ra3y Ta egekTpoeHeprii. B cTaTTi aBTOpU yOOCKOHAIMIN CTPYKTYPHO-DYHKI[IOHATBHY CXeMy
CUCTEeMM aBTOMaTu3allii KepyBaHHS TeMIIEPATyPOBOJIIOTiCHUM PEXMMOM B IPOMUCIOBUX TEIUIUIISIX HUIIXOM IO€THAHHS
iHTeNeKTyaTbHUX aATOPUTMIB cTabinizanii po6oTH TeXHONOTiYHOro 061aJHAHHS Ha HMDKHBOMY PiBHi KepyBaHHS Ta
ONTHUMi3allil eHepreTMUYHMX BUTPAT, LUISIXOM iX IPOrHO3YBaHHS Ha BEPXHbOMY DiBHi. YIIPOBa/I>)KeHHS TaKO1 CUCTEMM
JI03BOJISIE 3a01L@JUTY IPUPOSHNIA Ta3 Ha onalieHHs 10 13 % Ta eneKTpuuHy eHeprito — 1o 10 %. ABTopaMu f0BeeHO, 1110
pPO3pO6IIeHHS iHTe/eKTYaabHOI eHeproedeKTUBHOI CMCTeMM aBTOMAaTUMUYHOTO KepyBaHHSI ITapaMeTpaMy MiKpOKIiMaTy
B CIIOPYIax 3aKPUTOrO I'PYHTY Ma€ 6a3yBaTUCh HAa MIOE€JHAHHI MeTOiB iHTe/IeKTYaabHOIO HaJaIlITyBaHHS IapamMeTpiB
[MI-perynsTopa Ta IPOrHO3YBaHHS €HEPTOBUTPAT

KniouyoBi cnoBa: eHeproedeKTUBHICTb TTOKA3HUKIB, pecypcoedeKTUBHICTh, TapaMeTpyu MiKPOKITIMaTY, CIIOPYAM 3aKPUTOTO
IPYHTY, IPOMMCIOBA TEIUIALIS, iHTe/IeKTYyaIbHaA CUCTeMa KePyBaHHSI
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Oxidation processes of superalloys of the working layer
and interfacial surfaces of bimetallic pairs

Abstract. Most superalloy steels, especially those alloyed with chromium, tungsten, cobalt, and molybdenum, are strongly
riveted during plastic deformation by drawing. Superalloy steels with a clean, scale-free surface are susceptible to stick-slip
with the carbide tool — drag. Therefore, in case of cold deformation, it is necessary to use special lubricants with extreme
pressure components and strong lubricating coatings. After cleaning the surface from scale, a lime-salt coating is applied.
Recently, a fairly effective sub-coating of the composition (in an aqueous solution) has been used: sodium sulphate Na,SO, -
130...250 g/1; liquid glass Na,SiO, - 20...30 g/1; treatment at a temperature of 80...90°C. In some technological processes,
thin metal coatings are used as an oil coating — copper, lead-tin, and oxalate. After deformation, all types of coatings must
be completely removed, since heat treatment can lead to processes of interaction of metal with lubricating coatings. This
can lead to deterioration of the surface quality and loss of the necessary properties. The purpose of the study is to create
a methodological framework for the oxidation processes of superalloys of the working layer and interfacial surfaces of
bimetallic pairs. Methodology — thermodynamic calculations of the equilibrium of chemical reactions on the metal — gas
phase interface surfaces. The paper presents the results of experimental studies with the established dependence of the
isobaric potential on temperature for reactions on the interfacial surface “Me, - gas phase”. The authors obtained the
dependence of the isobaric potential on temperature for gaseous reaction products on the surface of superalloys. The
existence of the dependence of the isobaric potential on temperature for reactions of the formation of complex oxides on
the surface of superalloys is confirmed. Scientific significance - the adequacy of oxidation processes of superalloys of the
working layer and interfacial surfaces of bimetallic pairs has been experimentally confirmed
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INTRODUCTION

The production of high-quality bimetallic castings is pos-
sible only if a high-quality connection of the working layer
with the base is formed [1].

The development of a high-quality technological
process for the production of bimetallic castings makes it
necessary to conduct a complex of research measures to
investigate the features of their development [2]. The main
purpose of this stage is to investigate the oxidation pro-
cesses of steels and alloys of the main and working layers and
determine the chemical composition of simple and complex
oxides on the base, working layer, and interfacial surfaces [3].

Suggested Citation:

A reliable diffusion bond between alloys belonging to
bimetallic pairs can be obtained after studying the oxidation
processes of superalloys of the working layer and calculating
the composition of complex oxides on interfacial surfaces [4].

Therefore, the problem of investigating the features
of oxidation processes of superalloy working layers and cal-
culating the composition of complex oxides on interfacial
surfaces is urgent.

Investigations of the oxidation processes of car-
bon, low-alloy steels and superalloys belonging to bimetal-
lic pairs, and the content of complex oxides, were carried

Aftandiliants, Ye., & Viesturs, D. (2022). Oxidation processes of superalloys of the working layer and interfacial surfaces of
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out using the method of thermodynamic calculations of
the equilibrium of chemical reactions on the surfaces of
the metal-gas phase interface [5]. The main advantage
of thermodynamic research methods is the possibility of
conducting a theoretical analysis of the oxidation process
without its preliminary experimental implementation [6].
A special feature of the method is the preliminary system-
atisation of not only the temperature functions of the log-
arithm equation of the equilibrium constant K, but also the
functions of the enthalpy AH, changes in the entropy AS,
and changes in the thermal coefficients of the heat capac-
ities of all participants in the reaction ACp [7]. The values
of the logarithms of the reaction equilibrium constant are
calculated according to the equation given in [8].
Af(AH)
19K, = ————+ Af(AS) + ACo - Mg +
+AC, My +AC, My +AC_, - M_,

where T - temperature, K; M, M,, M,, M , - temperature
functions; AC, AC, AC,, AC , - heat capacity coefficients.

To assess the possibility of implementing the studied
reactions, the isobaric potential was determined at a given
temperature in [9]:

AZ°=-4,575-T-1(gK. 2)

The composition of complex oxides on interfacial
surfaces was studied by x-ray phase analysis on a DR-2
x-ray diffractometer [10]. Samples of cylindrical alloys with
a diameter of 20 mm and a height of 15 mm oxidised at
a temperature of 1,000°C with an exposure time of 30 hours
were used as the object of research [11]. Diffraction spec-
tra were obtained in monochromatic Cukl - radiation [12].
A single graphite crystal placed on a diffracted beam was
used as a monochromator [13].

This shooting geometry allows reducing the fluores-
cent background and recording the diffraction spectra of
iron-based alloys in copper radiation [14]. Diffragrams were
obtained by step scanning in the range of angles 20 from 10
to 90° [15]. The scanning step was 0.05°, and the exposure
time was 3-5 seconds. The scanning speed was 0.5°/min. Data
processing of the diffractometric experiment was performed
using a program for full-profile analysis of x-ray spectra
from a mixture of polycrystalline phase components pow-
der cell 2.4 [16].

During the calculation process, the periods of ele-
mentary cells of phase components [17], the half-width of
x-ray profiles [18], the background line [19], and the mass
fractions of phases [20] were specified.

The purpose of the study is to create a methodological
framework for the oxidation processes of superalloys of the
working layer and interfacial surfaces of bimetallic pairs.

)

RESULTS AND DISCUSSION
To investigate the processes of oxide formation on the sur-
faces of superalloys of the working layer of bimetallic cast-
ings, thermodynamic calculations of possible oxidation
reactions at the interfacial boundaries “Me, — gas phase”
in the temperature range of 1,100-1,700 K were performed.

Ye. Aftandiliants and D. Viesturs

On the surface of superalloys 240x16 (12% Cr -
ASTM A532 Class II Type A), 300x12g5 (300 Cr12Mn5 -
marking of Ukraine) and 260x28 (25% Cr-ASTM A532 Class
III Type A), oxidation of iron, carbon, silicon, manganese,
chromium, sulphur, and phosphorus is possible. Reactions
of interaction of iron and manganese with sulphur with
the generation of iron and manganese sulphides are also
possible. Oxidation of iron, silicon, manganese, and chromium
is carried out by reactions (3)-(9).

Fe+%20,—FeO, 3)
4Fe+30,—Fe,0,, 4)
3Fe+20,—Fe, O,, (5)
[Si],;+0,—Si0,, (6)
[Mn], ,,+O,—MnO, (7)
3[Mn], ,;+20,~Mn,0,, (8)
4[Cr], ;+30,—2Cr,0;. 9

The formation of sulphides corresponds to reactions (10)
and (11).
Fe+[S]—FeS, (10)
[Mn]+[S]—MnS. (11)
On the surface of superalloys, the formation of
a complex oxide MnSiQ, is possible by reaction:
[Mn] + [Si] + % - MnSi0s, (12)
superalloys 300X12M (GJN-HV600 (XCR11 - EN - JN3019),
300X12G3M (300Cr12Mp3Mo — marking of Ukraine),
300X12G5M (300Cr12Mp5Mo — marking of Ukraine),
300X20M2 (GJN-HV600 (XCr18) —~EN-JN3039) are oxidised
and form oxides of iron, silicon, manganese, and chromium
on the surface by reactions (3)-(9), and iron and manganese
sulphides can be formed by reactions (10) and (11). The reac-
tion (13) of Mo oxidation to MoO, is added to the above:
2[Mo]+3[0, ] -»MoO.. (13)
Alloy 300x22 (20% Cr-Mo — ASTM A532 Class II Type D)
in addition to the main elements such as iron, carbon, silicon,
manganese, and chromium contains vanadium and tita-
nium. The following oxidation reactions of these elements
were studied:

4[V]+30,-2V,0,, (14)
[V]+0,—VO,(B), (15)
2[V]+20,—-V,0,(p), (16)
Ti+0,—TiO,(rutile), (17)
2Ti+3/20,-Ti,0,. (18)

On the surface of the alloy 300X16M2 (GJN-HV600
(XCr14) - EN-JN3029), oxidation of elements by reactions
(3)-(12), and oxidation of copper to CuO and Cu,O oxides
is possible:

[Cu]+%20,—Cuo, (19)
[Cu]+¥20,—Cu,0. (20)

On the surface of a superalloy 350XH2 (GJN-HV550 -
EN-JN2029), oxidation by reactions is possible (3)-(9), (12),
and the formation of sulphides by reactions (10) and (11).
To these reactions, it is necessary to add the nickel oxidation
reaction to NiO:

NiT+140,—NiO, 1)
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Oxidation processes of superalloys of the working layer ...

Dependence of the isobaric potential on temperature
for reactions on the interfacial surface “Me, — gas phase” is
shown in Figure 1.

100
0
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Figure 2. Dependence of the isobaric potential
on temperature for reactions on the interfacial surface
“Me, — gas phase”

The most likely reactions for superalloys are
240x16 (12% Cr — ASTM A532 Class II Type A), 300X12G5
(300 Cr ,Mn, — marking of Ukraine) and 260x28 (25%
Cr — ASTM A532 Class III Type A) there are reac-
tions (9) - oxidation of chromium to Cr,0,, reac-
tion (4) oxidation of iron to hematite at temperatures
below 1,600 K, reaction (8) oxidation of manganese
to Mn,0, at temperatures of 1,400 K and below, and reac-
tion (12) - oxidation of manganese and silicon to form
a complex oxide MnSiO, at temperatures below 1,500 K.

At temperatures of 1,500-1,700 K, the reaction (16)
is unlikely, and in the range of 1,400-1,500 K, the isobaric
potential drops sharply. The reactions (13) and (18) are less
likely — oxidation of iron to magnetite and oxidation of sili-
con to SiO, reaction (7) - oxidation of manganese to MPO.
The following are unlikely: reaction (3) — oxidation of iron
to visstite, reaction (11) — formation of manganese sulphide,
and reaction (10) — formation of iron sulphide.

For superalloys 300X12M (GJN-HV600 (XCR11) —
EN-JN3019), 300X12G3M (300Cr,,Mn Mo - marking
of Ukraine), 300 Sg,,Mn.Mo - marking of Ukraine) and

300X20M2 (GJN-HV600 (XCr18) - EN-JN3039) to the
reactions discussed above, the reaction (13) — oxidation
of molybdenum to MoO, is added, which is most likely, and
the isobaric potential decreases in this temperature range
with AZL7OO=—577 kJ mol to AZI’100=—863 kJ/mol.

On the surface of a superalloy 300X22 (20% Cr-Mo-
ASTM A532 Class II Type D) to reactions (3)-(9), (10) and (11)
the reactions (14)-(16) — vanadium oxidation and reactions
(17), (18) - titanium oxidation are added.

Thermodynamic calculation of reactions (14)-(16)
vanadium oxidation revealed that reaction (14) - vanadium
oxidation to V,0;, is the most likely: AZ, ,=-1,491 k]/mol,
AZ, ,,=-1,801 kJ/mol. Reactions (15) and (16) are impossible,
since their isobaric potential is a positive value. Reactions (17)
and (18) - oxidation of titanium to TiO, and Ti,0,, accord-
ingly, they are the most likely and with a decrease in tem-
perature the potential decreases: AZ . =-1,066 k]/mol,

1,700
AZ. . =-1,218 k]/mol of reaction (16), a AZ, . =-642 k]/mol

1,100

and AZI’100:—746 kJ/mol - for reaction (17).

On the surface of a superalloy 300X16M2 (GJN -
HV600 (XCr14) - EN-JN3029), reactions (3)-(12) are added
to reactions (19) and (20) - oxidation of copper to CuO
and Cu,O. Both of these reactions are the least likely:
AZ~-12+-98 kJ/mol.

On the surface of a superalloy 350XH2 (GJN-HV550 -
(EN-JN2029) to reactions (3)-(9), (10)-(12) added reaction
(21) - oxidation of nickel to NiO, oxide. Based on the value
of the isobaric potential, it can be assumed that it is unlikely,
AZ~=-90+-142 kJ/mol.

When superalloys are oxidised, gaseous reaction
products are also formed: CO,, CS,, COS, SO, SO,, SiO, and
PO. Figure 2 shows the dependence of the isobaric poten-
tial in the range of 1,100-1,700 K reactions (22)-(28) - the
formation of gaseous products.

1,700

[C]O,—~C21, (22)
[C]+2[S]—>CSZT, (23)
[C]+ [S]+¥20,—COS?1, (24)
[S]+120,—SO01, (25)
[S]+0,—S0,1, (26)
[Si]+120,-8i01, @7)
[P[+150,—PO?1. (28)
100 - 27
0 « > 23
23 P
35 -100 g
g
:,_4 -200 ‘A\
N 300 | 26
22

-400 T‘ -
-500
1100 1200 1300 1400 1500 1600 1700
Temperature, K

Figure 2. Dependence of the isobaric potential
on temperature for gaseous reaction products
on the surface of superalloys
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The most likely reaction is (22) - carbon oxidation to
CO,7. Reactions (26) and (24) - formation of SO2 and COS
are less likely. Reactions (25), (27), and (28) — formation of
SO, SiO, and PO, respectively, are less likely. Reaction (21) —
formation of CS, in the range of 1,350-1,700 K is less likely,
and at temperatures below 1,350 K it is impossible.

The superalloys listed above have their own number
of most likely oxidation reactions. Figure 3 shows a histo-
gram for superalloys.

Ye. Aftandiliants and D. Viesturs

For superalloys 240X16 (12% Cr — ASTM A532 Class
II Type A), 300x12g5 (300 Cr12Mn5 — marking of Ukraine),
260x28 (25% Cr-ASTM A532 Class III Type A), a number of
reaction probabilities are presented in Table 1.

For superalloys 300X12M (GJNHV600 (XCr11) —
EN-JN3019), 300X12G3M (300Cr12Mn3Mo — marking
of Ukraine), 300X12G5M (300Cr12Mn5Mo - marking of
Ukraine) and 300X20M2 (GJN - HV600 (XCr18) - EN-JN3039)
a number of probabilities are shown in Table 2.
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Figure 3. Dependence of the isobaric potential on temperature for solid-phase products on superalloys:
a) temperature range from 1,400 to 1,700 K; b) 1,100 to 1,300 K
Table 1. A number of probabilities of oxidation reactions and formation of iron and manganese sulphides
on superalloys 240X 16 (12% Cr - ASTM A532 Class II Type A), 300x12g5 (300 Cr12Mn5 — marking of Ukraine),
260x28 (25% Cr-ASTM A532 Class III Type A)
T, K Number of reaction probabilities
1.700 9 5 6 4 7 3 11 10 8 -
1.600 9 4 5 6 7 11 3 10 8 -
1.500 9 4 12 5 6 7 11 3 10 8
1.400 9 4 8 12 5 6 7 3 11 10
1.300 9 4 8 12 5 6 7 3 11 10
1.200 9 4 8 12 5 6 7 3 11 10
1.100 9 4 8 12 5 6 7 3 11 10
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Oxidation processes of superalloys of the working layer ...

Table 2. A number of probabilities of oxidation Table 4. A number of probabilities of oxidation reactions
reactions and formation of iron and manganese and formation of iron and manganese sulphides
sulphides on superalloys 300X12M (GJN — HV600 on a superalloy 300X16M2 (GJN-HV600 (XCr14) - EN-JN3029)

(XCr11) - EN-JN3019), 300X12G3M (300Cr12Mn3Mo - T
. . emperature, K
marking of Ukraine), 300X12G5M (300Cr12Mn5Mo — 1100 1.200 1300 1400 1500 1.600 1.700
mal‘kil’lg Of Ukraine) and 300X20M2 (G]N - HV600 Number of reaction probabilities

(XCr18) — EN-JN3039) 9 9 9 9 9 9 9
T T St
1.100 1.200 1.300 1.400 1.500 1.600 1.700
. Py 12 12 12 12 13 5 6
Number of reaction probabilities

13 13 13 13 5 6 4

9 9 9 9 9 9 9
5 5 5 5 6 7 7

4 4 4 4 4 4 13
6 6 6 6 7 11 3

8 8 8 8 12 13 5
7 7 7 7 11 3 11

12 12 12 12 13 5 6
3 3 3 3 3 10 10

13 13 13 13 5 6 4
S S 5 S 6 7 7 11 11 11 11 20 8 8
6 6 6 6 7 11 3 20 20 20 20 10 15 19
19 19 10 10 19 16 16

7 7 7 7 11 3 11
10 10 19 19 8 - -

3 3 3 3 3 10 10
15 15 15 15 15 - -
11 11 11 11 10 8 8 " 1 1 1 e - -

10 10 10 10 8 - -

A number of probabilities for a superalloy 300x22 A number of probabilities on a superalloy 350XH2

(20% Cr-Mo — ASTM A532 Class II Type D) are presented  alloy (GIN-HV550 — EN-JN2029) are presented in Table 5.
in Table 3.
Table 5. A number of probabilities of oxidation reactions

Table 3. A number of probabilities of oxidation reactions and formation of iron and manganese sulfides on
and formation of iron and manganese sulphides on a a superalloy 350XH2 (GJNHV550 — EN-JN2029)
superalloy 300x22 (20% Cr-Mo — ASTM A532 Class II Type D)

1,100 1,200 1,300 1,400 1,500 1,600 1,700

1,100 1,200 1,300 1,400 1,500 1,600 1,700 Number of reaction probabilities
Number of reaction probabilities

14 14 14 14 14 14 14 o 2 2 K 9 9 Kl
9 9 9 9 9 9 9 4 4 4 4 4 4 5
18 18 18 18 18 18 18 8 8 8 8 12 5 6
4 4 4 4 4 4 17 5 5 5 5 6 7 7
8 8 8 8 12 17 5 12 12 12 12 5 6 4
12 12 12 12 17 5 6 5 5 5 s 6 7 7
5 5 17 17 5 6 4

17 17 5 5 6 7 7 6 6 6 7 11 3
6 6 6 6 7 11 3 7 7 7 11 3 11
7 7 7 7 11 3 11 3 3 3 3 21 21
3 3 3 3 3 10 10 21 21 11 11 21 10 10
1 1 11 11 10 8 8 11 1 21 21 10 8 8
10 10 10 10 8 14 16

14 14 14 14 14 16 - 10 10 10 10 8 - -
16 16 16 16 16 - -

Figure 2 shows a histogram of gaseous reaction prod-
For a superalloy 300X16M2 (GJNHV600 (XCr14) —  ucts on the surface of superalloys.
EN-JN3029), a number of probabilities are presented A number of probabilities of possible gaseous reac-
in Table 4. tion products are shown in Table 6.

Table 6. A number of probabilities of gaseous products of oxidation reactions
at the interfacial boundary “Me, — gas phase”

T, K Number of reaction probabilities

1,700 22 26 24 25 27 23 28
1,600 22 26 24 25 27 23 28
1,500 22 26 24 27 25 23 28
1,400 22 26 24 27 25 28 23
1,300 22 26 23 27 25 28 23
1,200 22 26 24 27 25 28 23
1,100 22 26 24 27 25 28 22
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Oxides formed on the surface of superalloys can
interact with each other to form complex oxides by reactions:

FeO+ Cr,0,—Fe0-Cr,03, (29)
MnO+Si0,—MnSiO,, (30)
Fe0+S§i0,—Fe0-Si0,. (31)

To determine the possibility formation of complex
oxides on the surfaces of alloys 300X12M (GJN-HV600

400 22 22 2 22

350
300
250 -
200
150 -
100 |

50

kJ/mol

AZ,

Temperature, K
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(XCr11) - EN-JN3019), 300X12G3M (300Cr12Mn3Mo -
marking of Ukraine), 300X12G5 (300 Cr12Mn5 — marking
of Ukraine), 300X16M2 (GJN-HV600 (XCr14) - EN-JN3029),
300X20M2 (GJNHV600 (XCr18) — EN-JN3039) thermody-
namic calculation of the isobaric potential of these reac-
tions of complex oxide formation in the range of 1,100-
1,800 K is performed.

2 22 22

1400

Figure 3. Dependence of the isobaric potential on superalloys

The dependence of the isobaric potential on tem-
perature for complex oxide formation reactions is shown
in Figure 5.

Calculations show that the following complex
oxides can form on the surface of superalloys: FeO-Cr,0,,
MnO-§i0, and 2FeO-Si0,. The most likely reaction is (29) -
the formation of a complex oxide FeO-Cr,0,. Reactions (30)
and (31) - formation of complex oxides MnO-Sio, and

50

2Fe0-Si0, - accordingly, they are unlikely due to their small
size AZ.Reaction (31) at temperatures of 1,700-1,800 K is
not possible.

In order to study the phase composition of complex
oxides, an x-ray phase analysis of oxide films formed on the
surface of superalloys was performed.

The results of x-ray phase analysis are presented in
Table 7.
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Figure 5. Dependence of the isobaric potential on temperature for reactions of formation
of complex oxides on the surface of superalloys

Table 7. Results of studying the phase composition of oxide films on superalloys

Object of research Phase composition

300X12M GJN-HV600 (XCr11) (EN-JN3019)

Fe,O, (thombohedral lattice); Fe,O, (cube); Cr,0,; Fe,0, -Mn,O,; Cr,0, -Fe O,

300X12G3M 300Cr12Mn3Mo

Fe,O, (thombohedron); Fe,0, (cube); Cr,0, -FeO; Cr,0,-Fe,0, ; Fe,0, -Mn,0,;

273

Cr,0, 3Fe 0O,

300X12G5 300Cr12Mn5

y- Fe; o- Fe; Fe,O, (thombohedron); Fe O, (cube); Fe,0, - Cr,0,; Fe,O, -Mn,0,

300X16M2 GJN-HV600 (XCr14) (EN-JN3029)

a- Fe; y- Fe; Fe,0, (thombohedron); Fe,O, (cube); Fe.O,; Fe, O, -Mn,0,; Cr,0,-3Fe,O,

374

300X20M2 GJN-HV600 (XCr18) (EN-JN3039)

a- Fe; y- Fe; Fe,0, (thombohedron); Fe,O, (cube); Fe.O

.0,; Mn,0,-Fe,0;; Cr,0, Fe,0,
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The results of the x-ray phase study showed that
complex oxides are formed on all superalloys. The largest
amount of complex oxides is formed on the alloy 300x12G3M
(300Cr,,Mn,Mo - marking of Ukraine): Cr,0O,FeO; Cr,0,Fe,O,;
Fe,0,-Mn,0; Cr,0,-3Fe,0,. Superalloys 300X12M (GJN-HV600
(XCr,,) - EN-JN3019), 300X12G5 (300 Cr,,Mn, — marking of
Ukraine) and 300X20M2 (GJN-HV600 (XCr,,) - EN-JN3039)
form two complex oxides Fe,O, each. Mn,0, and Cr,0, Fe,O..
Complex oxides Fe,O, are formed on the 300x16M2 alloy.
Mn,0; and Cr,0,-3Fe,0,. Presence of complex oxide Cr,0,-FeO
and lack of MnO-SiO2 and 2FeO-Si0, in oxide films confirm the
results of the performed thermodynamic calculations.

CONCLUSIONS

1. Tt is established that on the surfaces of superalloys of the
working layer in the temperature range of 1,700-1,100 K as
a result of oxidation reactions, the following solid-phase
oxides are formed: FeO, Fe,O,, Fe,O,, SiO,, MnO, Mn,O,,
MnSiO,, Cr,0,, MoO,, V,0,, TiO, (rutile), Ti,O,, Sio, Cu,0,
NiO. As gaseous products of reactions, Co,, SS,, COS, SO,
S0,, SiO, PO are formed.

2.1t is established that complex oxides are formed
on the surfaces of superalloys due to oxidation reac-
tions: Cr,0,-FeO, Cr,0,-3Fe,0,, 3Cr,0,-2Fe,0O,, Cr,0,Fe,0,,
Fe,0,-Mn,0..
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'HatioHanbHMI YHiBepCcUTET 6iopecypciB i MPUPOIOKOPUCTYBAHHS YKpaiHU
03041, Bysn. I'epoiB O6oponu, 15, M. Kuis, Ykpaina

2JIaTBiiCbKMI YHIBEPCUTET HAYK PO KUTTS
LV-3001, Byx. Velika, 2, m. €nraBa, JIaTBist

Mpouecu oKUCNeHHA BUCOKONEroBaHUX cnnasiB po6oyoro wapy
i MbkdasHMUX noBepxoHb 6iMeTaneBux Nap

AHOTaUiq. BiblIicTh BMCOKOIErOBaHKX CTaJeit, 0COOIMBO JIETOBAHNUX XPOMOM, BOJbhpaMoM, KO6aabTOM, MOJTiGIeHOM,
CWJIBHO HAKJIENYIOThCSI TP TIACTUYHIN gedopmaliii BomoviHHSIM. BucoKoneroBaHi ctasi 3 yMcTolo oBepxHero 6e3 oKaaIuHu
CXWITbHI O CXOTUTIOBaHHS -HAIMITAHHS 3 TBEPILOCIUIaBHMM iHCTPYMEHTOM — BosiokaMu. ToMy IIpu X0NoHiit medopmariii
HeoOXiJTHO 3aCTOCOBYBATH CIelliaabHi MacTuIa 3 TPOTU3aTUPHUMIU KOMIIOHEHTAMM Ta MilTHi MiAMAaCTUIbHI TOKPUTTSI.
[Ticst ounIeHHs TOBEPXHI BiJi OKaIMHM HAHOCSITh BalTHSIHO-CO/IbOBE MOKPUTTS. OCTaHHIM YacoM I1oYaiy 3aCTOCOBYBAaTU
IOCUTb e)eKTUBHE IiaMacTUIbHe MOKPUTTS CKIaay (Y BOGHOMY po3umHi): cynbdar Harpiro Na,SO, - 130...250 r/x; pinke
cki10 Na,SiO, - 20...30 r/1; 06po6ka rpu Temnepatypi 80...90 °C. B 0kpeMMX TeXHOJIOrYHMX IPOLIecaX BUKOPUCTOBYIOTh
SIK TIAMACTMIbHI TOKPUTTS MeTaIeBi TOHKI TOKPUTTS — Mi/IHi, CBMHIIEBO-0JIOB’SIHI, @ TaKOX okcasaTHe. ITicist medopmarii
BCi BUIM TTOKPUTTIB MOBMHHI OYTY IMOBHICTIO BUAA/EHI, TaK SIK IIPU TEPMOOOPOOL MOKYTh IIPOTIKATH MPOIEeCH B3aEMOLi
MeTaty 3i 3MallyBaIbHMMM TOKPUTTIMU. Lle MOyKe TPMU3BECTH 10 MOTipLIEHHS SIKOCTi TOBEPXHi Ta BTPAaTU HeOOXiTHUX
BJIACTMBOCTE. MeTa cTaTTi — CTBOpPEHHSI MeTOA0JIOTiYHOrO0 anapary MpoleciB OKMC/IeHHS BMCOKOJIETOBAaHUX CIIaBiB
pobouoro mapy i mixkdaszHux MOBepxoHb OiMeTaneBux map. MeTogo/orist — TepMOAMHAMIUHI pO3paxyHKU PiBHOBATK
XiMIUHMX peakIliii Ha MOBePXHSX PO3Liay “MeTasn — ra3osa (asa”. B cTarTi mpeicTaBieHO pe3ylnbTaT eKCIiepUMeHTaTbHUX
JIOCTiIKeHb i3 BCTAHOBJIEHA 3a/IeXKHICTh i306apHOTr0 NOTEHIIiaNy Bif TeMriepaTypu AJsl peakiiii Ha MibkdasHiii moBepxHi
“Me2 - ra3zoBa ¢a3a”. ABTopamMu OTpuMaHa 3aJIesKHiCTh i306apHOro MOTEeHIIiaay BiJ TeMIepaTypu AJis ra30moLi6HMX
TIPOAYKTIB peaxiliit Ha ITOBepPXHi BMCOKOIEroBaHMX CIuiaBiB. [TigTBepIKeHO iCHYBaHHSI 3a/IEKHOCTI i306apHOTO MOTeHIiaTy
Bij TemmepaTypu [Jis1 peaklili yTBOpeHHSI KOMIIJIEKCHUX OKCU/IiB Ha MOBEPXHi BMCOKOIeropaHux criapis. Haykosa
3HAYMMICTb — eKCIIepMMeHTaIbHUM LUISIXOM MiATBepIyKeHa afleKBaTHICTh IIPOLIeCiB OKMCIEHHS BMCOKO/IETOBaHUX CIIaBiB
pobouoro mapy i Mi>kdasHUX TOBEPXOHb GiMeTaneBux rap
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Determination of forecast indicators of electricity quality
in the mode of synchronised vector measurements

Abstract. New electrical technologies apply real-time synchronised vector measurement technologies to improve the
reliability of power supply systems based on the use of synchrophasors to monitor and analyse the functioning of the
network in real time. This was an important milestone in the implementation of the goal of developing the country’s
energy system through the use of sophisticated innovative control and measuring devices. The new technologies are based
on the use of synchronised vector measurement devices (phasor measurement unit — PMU) to collect data from more
than 344 installed devices at a frequency of 30 times per second. This significantly distinguishes new technologies from
traditional ones, which allow recording measurement data every 4 seconds. This data has GPS timestamps, which allows
synchronising measurements at different points and combining the results obtained for a detailed and comprehensive
assessment of the state of the system over a wide geographical area. Having such data at your disposal creates more
opportunities for detecting, diagnosing, and preventing network disruptions, which means it makes it smarter. The
integration of these technologies into a real-time network monitoring system significantly increases our situational
awareness of network functioning and contributes to its modernisation. Synchronised vector measurement technologies
provide unique data that can significantly improve reliability. Due to these devices, it is possible to expand the possibilities
for dynamic monitoring of the state of the power system. The purpose of the study is to summarise research on determining
the forecast indicators of electricity quality in the mode of synchronised vector measurements. The authors substantiated
the block diagram of the technology for diagnosing the quality of electricity. As a result of analytical approaches, a graphical
interpretation of the order of receiving packets through a given communication method at a frame rate of 50 frames/s
is reproduced. Conclusion - four programme codes simultaneously generate real-time indicators and are written to
the MySQL database, these indicators are used to calculate voltage and frequency deviations. Scientific significance - the
adequacy of modelling electricity quality data in synchronised vector measurement mode using the Google Colab service
and implementation in Pytpon language is confirmed

Keywords: electricity production, quality, diagnostics, synchronised vector measurement devices, forecasting methods,
dynamic database, web application
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INTRODUCTION
In the last 2 years, due to the covid-19 pandemic, there has
been a need to make adjustments to the operation of vari-
ous technical systems [1]. One of the most important com-
ponents of providing hospitals, in particular, infectious dis-
eases, is high-quality power supply for the uninterrupted
operation of medical equipment, in particular, artificial

Suggested Citation:

ventilation devices [2]. There are cases when patients con-
nected to a ventilator died due to an emergency power out-
age in the hospital [3]. In particular, such a case occurred in
the Lviv Oblast of Ukraine [4]. According to the state emer-
gency service of Ukraine, in the city of Enerhodar, Zapor-
izhzhia Oblast of Ukraine, rescuers on Sunday, June 27, 2021,
in the evening provided assistance to the hospital during an
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emergency power outage [5]. Other similar cases are also
known: rescuers helped doctors of the Alchevsk Hospital of
the Luhansk Oblast of Ukraine by connecting generators to
artificial ventilation devices.

The relevance of scientific research and develop-
ment, which is devoted to this study, is conditioned by the
unresolved problem of creating an automated system for
diagnosing the quality of electricity of consumers using
renewable energy sources [6]. Currently, some customers
of energy companies use devices for generating electricity
(solar panels, wind installations, etc.) [7]. And to save costs
or generate revenue, they also return energy to the grid [8].
Since an electric power company is legally required to buy
electricity produced by consumers [9], it wants to make sure
that it does not damage the grid [10]. Now there is a need
to measure and control the quality of electricity to make
sure that the power supplied to the network from other
sources has the same quality and standards that customer
equipment expects from it [11].

Many publications are devoted to the study of
the quality of electricity. Researchers from the National
Technical University of Ukraine “Igor Sikorsky Kyiv Poly-
technic Institute” studied the system of monitoring the
quality of electric energy in decentralised power supply
systems [12]. Researchers of the Institute of Electrody-
namics of NASU have developed a recording device “Regi-
na-H”, which in its technical and functional characteris-
tics is not inferior to the best foreign analogues [9]. The
device provides recording of instantaneous values of cur-
rents and voltages [13], storage and processing of mea-
surement results [14]; their display in the form most infor-
mative for personnel text messages, graphs, tables,
waveforms [15], and transmitting information to any level
of the control hierarchy with its binding to exact time
signals [16]. These devices are an integral part of a tran-
sient mode monitoring system integrated into a local area

Microgrid
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Vector data Quality parameters
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network that combines measurement converters or other
lower-level monitoring devices and a 100 Mbit/s TCP/IP Fast
Ethernet data acquisition server [17]. A top-level remote
computer is installed in the control centre of the united
energy system of the National energy company Ukrenergo
and the corresponding electrical system to receive informa-
tion from the switching server [9].

Intelligent electronic devices ENIP-2 manufac-
tured by Energoservice Engineering Centre LLC [10] mea-
sure synchronised vectors of synchrophasors of currents
and voltages by PMU Phasor Measurement Unit [18]. Syn-
chronised measurements of the parameters of the power
system mode by the current and voltage values and by
the main harmonic are also performed [19]. Further, param-
eters are transmitted to automated technological con-
trol systems via a digitally galvanically isolated Ethernet
interface [20].

These devices are intended for use in monitoring
systems of transient modes WAMS and in automated tech-
nological control systems of the new generation WACS, in
automated process control systems of substations and auto-
mated dispatching control systems, in automatic techno-
logical control systems of active adaptive networks, mode
automation [21]. ENIP-2 devices can transmit data directly
when connected to the local network of a substation or
power plant, and through data collection and transmission
devices for synchronised PDC measurements.

The purpose of the study was to predict quality in
a distributed information and control system for diagnosing
electricity quality using renewable management sources and
web applications.

RESULTS AND DISCUSSION

The process of diagnosing electricity quality by synchro-
nised vector measurements is summarised in the form of
a block diagram (Fig. 1).

Diagnosis

le—

Quality control

Data collection Data processing
server

Data for evaluation

Figure 1. Block diagram of electricity quality diagnostics technology

The standards establish the following indicators of
the quality of electric energy [1; 2]:

- voltage deviation oU,;

- voltage change range oU;;

— flicker dose P,;

- sine wave distortion coefficient of the voltage curve K ;
- coefficient n-th harmonic component of voltage K, ()
- reverse sequence voltage unbalance coefficient K2 ;
- zero-sequence voltage unbalance coefficient KO ,;

- frequency deviation Af;
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- voltage failure duration At ;
- pulse voltage U, ;

- temporary overvoltage coefficient K .

The input information will be an array of measured
electrical parameters related to the measurement and val-
ues of the vector format of electrical parameters that were
extracted from the online system of indicators obtained
from the ENIP-2 device (Fig. 2) [22]. This electricity data
were collected primarily for scientific purposes. The data
relate to the measurement of electricity parameters and
were extracted from the online electricity indicator system.

% f 1 433385
E l ['r"l nll‘ll | "flM |M 33.38
g NI L

T

0 05 1 15 2 25 3 35
Relative Timestamp (s)

Figure 2. Procedure for receiving packages -
preset communication method, frame rate 50 frames/s

1.t, s (countdown, s).

2. f, Hz (frequency per minute).

3.1, A (Current 1, A).

4.U,V (voltage, V).

5.1, A (Current 1, A).

For further statistical processing and forecasting,
a dataset will be created containing 100 rows and 6 col-
umns (Table 1).

Table 1. Fragment of the generated data set

Table 2. Statistical characteristics
of the measured parameters

Statistical

No. f.Hz LA Uu.v 12. A.
1 49.9803 2.0511 230.705 33.374
2 49.9669 2.0512 230.694 33.375
3 49.9942 0.0513 230.661 33.371
4 49.9982 2.0507 230.629 33.374
5 50.0154 2.0506 230.596 33.375
6 49.961 2.0508 230.552 33.373
7 50.0107 2.051 230.535 33.375
8 49.9887 2.0509 230.508 33.3735
9 49.9905 2.0512 230.469 33.3745
10 49.9715 2.0514 230.442 33.3735
11 49.9701 2.0512 230.42 33.369
12 49.9611 2.0514 230.409 33.375
13 49.9822 2.0513 230.381 33.372
14 49.9847 2.0513 230.359 33.3745
15 49.9821 2.0511 230.337 33.379

The calculated statistical indicators for frequency,
voltage, and current are shown in Table 2.

characteristics Frequency Voltage Current
Average values 49.992 33.378 228.884

Median 49.992 33.377 229.318
Maximum value 50.024 33.386 230.705

Columns (1) and (2) will predict the values of col-
umn (3) using two methods: KNN and Ridge regression.

The matrix for processing Predict data is shown in
Table 3.

Table 3. Matrix for data processing

f.Hz u.v

50.0228 228.569
49.9793 228.492
50.0041 228.404
50.0248 228.332
50.0233 228.272
49.9803 228.195
49.9734 228.113
49.9666 228.041
50.0249 227.926

Features of the software implementation include:

1. Data reading and primary processing using the
Pandas library.

2. Plotting graphs using the Matplotlib and Plotly
Express libraries.

3. Building a correlation table using the Seaborn library.

4. Standardisation of data, division of the training set
into a training sample and validation sample, and implemen-
tation of classification models using the Scikit-Learn library.

Initially, the data was normalised for the highest cal-
culation accuracy. An example of calculation based on nor-
malised data is shown in Figure 3, without normalisation for
Ridge regression — in Figure 4.

In [288]: from sklearn.linear_model import Ridge
model = Ridge()
model.fit(X_train_norm, Y_train)
model.score(X_train_norm,Y_train)

Out[2@8]: 0.4774677178673772

Figure 3. Programme code snippet
and calculation based on normalised data

In [209]: model.fit(X_train, Y_train)
model.score(X_train,Y_train)

Out[209]: @.45478502803711784

Figure 4. Programme code snippet
and data calculation without normalisation

Evidently, the accuracy of the model is higher for
normalised data.
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Columns (1), (2) frequency and voltage, respectively.
Predicted column (3) - current. The results of forecasting
using the k-nearest neighbour algorithm KNN method and
the accuracy of calculating the method are shown in Fig-
ure 5, and the predicted model is shown in Figure 6.

In [206]: model.score(X_train_norm, Y_train)

Out[206]: @.6012872304007943

Figure 5. Programme code snippet and prediction
results using the nearest neighbour method

In [207]: model.predict(X_prednorm)

0ut[207]: array([33.3764, 33.3723, 33.3761, 33.3794, 33.383 , 33.38

33,3798, 33.3815])

, 33.3798,

Figure 6. Predicted model using
the nearest neighbour method

The Ridge regression method and the accuracy of
the calculation method are shown in Figure 7: the pre-
dicted model is shown in Figure 8.

In [208]: from sklearn.linear_model import Ridge
model = Ridge()
model.fit(X_train_norm, Y_train)
model.score(X_train_norm,Y_train)

Out[2@8]: @.4774677178673772

Figure 7. Code snippet of the ridge regression method
and method calculation accuracy

In [21@]: model.predict(pred)

Out[21@]: array([33.38373138, 33.38404514, 33.38446656,

33.38480939, 33.38508349, 33.3853977 ,
33.38576735, 33.38608706, 33.38666182])

Figure 8. Predicted model using
the comb regression method

Analysing the resulting forecast graph (Fig. 9),
according to the normalised data, the accuracy of the Ridge
regression model is higher by 10%-15%.

33.39
33.385
33.38

33.375

Voltage U, V

33.37
—¢=— base == knn Ridge

1 2 3 4 5 6 7 8 9
Measurement Number

33.365

Figure 9. Graphical representation of output and
predicted data using KNN and Ridge regression methods
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A web-based software application for displaying syn-
chronised vector measurements in the analysed system is
described in [13]. Input information is represented by the
readings of 4 electricity indicator recorders (PMU devices),
which are located in 4 different locations in Ukraine:

— Central PMU, Kyiv Oblast;

— West PMU, Lviv Oblast;

— East PMU, Slovyansk city;

- South PMU, Kherson city.

Data modelling is performed using the Google Colab
service and implemented in the Pytpon language. Four
programme codes generate real-time metrics in parallel
and are written to a MySQL database. These indicators are
used to calculate the voltage and frequency deviation. This
web interface should provide the ability to view readings
from measuring devices connected to the power grid in dif-
ferent locations. These indicators should be presented both in
tabular form and in a more user-friendly form - graphically.

The system uses the following tables: Locations,
PMUS, Indicators, Quality. Next, an analytical system was
constructed for determining the quality of electricity using
a mathematical apparatus, which is implemented using
the Google Colab service in Python. A fragment of the pro-
gram results with dynamic data in the Indicators table is
shown in Figure 10. The main page of the web interface is
shown in Figure 11.

indicator_id ¥ pmu_id
10 000
30 000
20000
10001
40 000
30001
20001
40 001
10 002
30002
20002
40 002
10003
30003
40 003
20003
30004
10004
40 004
20 004

frequency voltage amperage

datatime

Figure 10. Dynamic data in the Indicators table
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Figure 11. Home page of the web interface
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In the future, it is planned to develop this project
as follows:

- connecting multiple types of PMU devices, inte-
grating them into the system, and collecting information
at various facilities;

— application of optimisation and decision-making
methods for managing the quality of electricity at the con-
nection points of renewable generation sources;

- conducting tests in various objects of electricity
consumption, in particular, the electrical complex of an
industrial greenhouse, described in [23];

- investigation of information security methods and
tools for transmitting data from the measurement source
to the server.

CONCLUSIONS

1. To determine the quality of electricity, the following
parameters are presented: frequency, voltage, and cur-
rent strength, which are used to diagnose the quality of
electricity.

2. A web interface for interactive interaction and
visualisation of indicators with tables and graphs was
designed and developed. This information is used for fur-
ther analysis, graphical representation, and output of power
quality results.

3. The developed software application allows quickly
analysing the quality of electrical energy, and detecting
power outages at an early stage.
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Muxkoia Onekcanaposuu Kikres!, [TaBen O6cTaBChKi?

'HarioHasbHMIT YHiBEpCUTET GiopecypciB i MpupomoKopuCTyBaHHS YKpainm
03041, Byn. T'epoiB O6oponnu, 15, M. Kuis, Ykpaina
’BapIiaBCbKMit yHiBEpCUTET MIPUPOIHNUMX HAYK
02787, Byn. HoBoypcuHOBChbKa, 166, M. Bapiasa, Pecriy6sika ITonbia

BuU3Ha4yeHHSA NPOrHO3HUX NOKa3HMUKIB AKOCTi eneKTpoeHepri'l'
Yy pe)KVIMi CMHXpOHiBOBaHMX BEeKTOPHUX BMMipIOBaHb

AHoTauida. HoBi esleKTpOTeXHOJIOTii 3aCTOCOBYIOTH TEXHOJIOTII CMHXPOHI30BaHNMX BEKTOPHUX BUMipIOBaHb Y PEXUMI
peasbHOTO Yacy JIJis MigBUIeHHS] HAailiHOCTi eHeprocucTeM, 3aCHOBAHY Ha BUKOPUCTaHHI cMHXpoda3sopis, oist
MOHITOPMHIY Ta aHaji3y GyHKI[IOHYBAHHS MepeXi B pesKuMi peajsbHOro vacy. Lle cTaso BaXK/IMBOK BiXOI0 Ha ILJISIXY
peasisaliii MeTy 100 PO3BUTKY eHeprocucTeMy KpaiHu 3a J0MOMOI0I0 3aCTOCYBaHHS CKJIaJHMUX iHHOBaLiliHUX
KOHTPOJIbHO-BUMIipIOBIbHUX MPUCTPOiB. HOBi TexHOOTIi 6a3YI0ThCSI HA BUKOPUCTAHHI MPUCTPOIB CMHXPOHI30BaHUX
BEeKTOPHMX BMMipIOBaHb (phasor measurement unit — PMU) st 360py AaHuX Bif, 617bI Hisk 344 BCTAHOBIEHUX ITPUCTPOIB
i3 yactoroio 30 pa3iB Ha ceKyHAy. Lle 3HaUHO Bifgpi3HsSI€ HOBi TeXHOJOTII Bif TpagUIlifiHUX, 10 JO3BOJISIIOTh PEECTPYBATHU
IaHi BUMiploBaHb KOXHi 4 cekyHM. Lli maHi MaioTh TumMuacoBi miTku GPS, 1110 703B0JISIE CMHXPOHI3yBaTU BUMipIOBaHHS
Ha Pi3HMX TOUKaX Ta KOMOIiHYBaTM OTPUMAaHi pe3y/lbTaTH IS eTaabHOI Ta BCe6IUHOI OLIHKY CTaHY CMCTEMU Ha IMPOKiit
reorpadiuHiit TepuTopii. Marounu B CBOEMY PO3IIOPSIIKEHHI TaKi JaHi, BUHMKAE GiJibllle MOKIMBOCTEN [T BUSBJIEHHSI,
JIiaTHOCTMKM Ta 3aro6iraHHs mopyueHHsIM y GyHKI[IOHYBaHHI Mepexi, a 3HauUuTh, POOUTH ii po3ymHilIow. IHTerpaiiis
LIMX TEXHOJIOTil y CMCTeMY MOHITOPMHIY MepeXi B peXXMMi pealbHOro yacy 3HaYHO MiJBUILYE HALly CUTYyalliliHy
noiHdopMoBaHicTh PO GYHKITIOHYBAHHS Mepeski Ta crpusi€ ii MomepHisaiiii. TexHOMOTii CMHXPOHI30BaHMX BEKTOPHUX
BMMipIOBaHb HaAIOTh YHiKa/IbHi JaHi, 1110 JO3BOISIOTh CYTTEBO MOKPAIIUTY HAiMHICTb. 3aBASKU UM MIPUCTPOSIM
iCHY€ MOX/IMBICTh PO3IIMPUAN MOXIUBOCTI LIOA0 IMHAMIYHOTO MOHITOPMUHTIY CTaHy eHeprocucteMu. Mera cTaTTi —
y3araJbHUTU JOCTiI)KeHHS 3 BU3HAYeHHS IPOTHO3HUX MTOKa3HMKIB SIKOCTi e/leKTpoeHeprii y pesxMMi CMHXPOHiI30BaHMX
BEKTOPHMX BUMIpIOBaHb. B CTAaTTi aBTOPM OGIPYHTYBAIM CTPYKTYPHY CX€MY TE€XHOJOTI] JiarHOCTUKY SIKOCTi e/IeKTpOeHeprii.
B pe3ynbTaTi aHAMITUYHUX MiOX0AIB BifTBOpeHO rpadiuHy iHTepIpeTallio MopsAKy MPUifoMy MakeTiB uepes 3aaHuit
MeTO[, 3B’S13KY B UacTOTi KaapiB 50 Kafapis/c. BUCHOBOK — YOTMPM MPOTPaMHi KO MapasebHO TeHepyIoTh MOKa3HUKU
B peaqbHOMY yaci i 3ammcyioTbes B 6a3y gannx MySQL, 3a iuMu MOKa3HMKaAMM PO3PaXOBYETHCS BiIXWIEHHS HATIPYTH
Ta yacToTu. HaykoBa 3HaUMMICTh — HiATBepIyKeHa afleKBaTHICTb MOJIe/IIOBaHHS TaHMX SKOCTi e/leKTpoeHeprii y pesxumi
CMHXPOHiI30BaHMX BEKTOPHMX BMMipIOBaHb 3a JoroMorolo cepicy Google Colab Ta peanizaiiieto moBoio Phyton

Knio4oBi cnoBa: efieKTpoeHeprii, SKicTh, JiarHOCTMKA, IPUCTPOI CMHXPOHI30BaHMX BEKTOPHMX BUMipIOBaHb, METOAM
MIPOTHO3Y, IMHAMiuHa 6a3a JaHKX, Be6-10JaTOK
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Typology of means of technical control of physiological
and ergonomic indicators of machines for forestry works

Abstract. Nowadays, during logging and timber transportation operations, most of the equipment that is used was put
into mass production at the beginning of the millennium. Due to the lack of own funds at the enterprises of the forest
complex in recent years, there is no renewal of machines for forestry works, and the worn-out equipment is re-introduced
into the same devices as replaceable parts and other fragile elements. In the structure of the existing machinery fleet,
80% is occupied by fully amortised equipment that needs to be upgraded or written off, and the disposal rate is 10 times
higher than the renewal rate. The existing repair policy was developed in pre-market conditions with appropriate ratios of
prices for raw materials and machinery. At that time, the concept of technical control of machines for forestry operations,
which is still in force today, was created: admissions, regulations, standards, etc. In the current economic conditions, new
approaches to the development of a methodology for technical control and repair of machinery for forestry operations are
needed. Technical support for the operation of machines for forestry operations can be considered as a tool for managing
the stock of their potential capabilities laid down during manufacturing and restored during technical control and repair.
Determining the time to carry out work to restore the technical condition of the machine depends on various factors,
which often contradict each other. The goal is to perform analytical and experimental studies to confirm the existence
of typological means of technical control of physiological and ergonomic indicators of machines for forestry operations
by modelling the processes of their functioning. Methodology — to test the means of a systematic approach and a systematic
analysis of the typology of technical control tools for physiological and ergonomic indicators of machines for forestry
operations. The paper presents the generated result in the form of a recording algorithm of the module for technical
control of machines for forestry operations. Based on the results of experimental studies, the authors present a graphical
interpretation of Integral noise levels at the workplace of a forward driver in a loaded state, in an empty state. Conclusion —
the conducted research allows suggesting the optimal placement of elements on the vehicle’s instrument panel in terms
of information perception and reading time. Scientific significance - it is confirmed that when analysing the impact of the
frequency of performing technical control operations of forestry equipment on the listed indicators, it is advisable to use
a pair correlation analysis, which consists in determining the relationship between the frequency of performing technical
control operations and the amount of total unit costs, reliability indicators, and functional properties indicators

Keywords: ergonomics of timber road trains, typology of technical control tools, reliability indicator, forestry equipment,
technical control and repair
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INTRODUCTION
The issue of improving the use of the suitability of machines  their technical condition and reliability with the economic
for forestry operations is multifaceted [1]. This multiplicity = processes of using them for their intended purpose [2].
is a direct consequence of the close connection of the advan- The content of the scientific foundations of the
tages and disadvantages of machines as objects of managing  organisation, technology of technical control and repair
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of machines for forestry works is mainly aimed at studying the
dynamics and identifying the causes of changes in their con-
dition [3], assessing and predicting further changes in the
technical condition of parts, components, and the machine
as a whole to develop optimal methods [4] and ways to man-
age the technical condition of machines [5].

In accordance with this, the main research areas were
formulated, dictated by the need to improve the organisa-
tion, technology of maintenance and repair of machines for
forestry operations.

Adjustment of technical control modes of machines
for forestry operations consists in clarifying the list of main-
tenance operations [6] and the frequency of their implemen-
tation to achieve modes that are optimal for these operating
conditions of machines for forestry operations [7].

In this regard, when adjusting the modes, both spe-
cific costs for technical control and repair of machinery for
forestry operations, and reliability indicators were consid-
ered [8]. Thus, the task under consideration is to determine
the numerical values of the list of technical control oper-
ations and the frequency of their maintenance [9], which
ensure not only the necessary reliability of the forestry
equipment in operation [10], but also the minimum costs
for maintenance and repair of the forestry equipment [11],
which fall on a unit of mileage or transport work [12].

MATERIALS AND METHODS
For each group and homogeneous elements, the task of
adjusting the frequency of technical control of the forestry
equipment to find | ; - the optimal frequency of technical
control operations of one group of elements [13] is formu-
lated in the form of an objective function as follows:

Cun=fdl,)—min,
provided that:

P =01(l) =P, 2y, =1 ) =7, )

P =omlo) =Py, Zi, = ¥rlo)) = Zy,
where: [, — optimal frequency of technical control oper-
ations of one group of forestry equipment elements,
years [14]; C., — total specific reduced costs for technical
control of a homogeneous group of forestry equipment ele-
ments, UAH/1,000 km [15]; P,,...,P, - indicators of reliability
of forestry equipment elements, to be taken into account
when determining the frequency [16]; Pi,..., P;, - standard
values of reliability indicators of forestry equipment ele-
ments to be taken into account [17]; Z,...,Z; — indicators of
functional properties of forestry equipment elements for-
estry equipment, which must be taken into account when
determining the frequency [18]; Z,,..., Z; — normative values
of indicators of functional properties of forestry equipment
elements [19]; ¢,(l ),...,¢,(I,) — dependence of reliability
indicators of forestry equipment elements on the frequency
of technical control [20]; y,(l ),...,v, (I.) — dependence of
indicators of functional properties of forestry equipment
on the frequency of technical control [21].

L. Titova and H. Sobczuk

A second-degree polynomial was used to approxi-
mate these dependencies (1) [14]. Therefore, the considered
dependency models have a form:

P=a+a l+a,l*,|Z=b_+b I+D,*. )
where: a, a,, a, b, b,, b, - coefficients of the polynomial.

Then the objective function:

C,=C+C I+C,*>min, P=a,+a, I+a, I’=P; 3)
P=a, +a, I+a,mP=Py;
ZI=b01+blll+b21l2:Z;

ZK=b0K+b1Kl+b2KI2=7K' 4)

To obtain sufficiently objective data when adjusting
the technical control modes, the number of controlled vehi-
cles for forestry operations was 15...20, and the duration of
follow-up was 3...6 months [22].

When analysing the influence of the frequency of
performing technical control operations of forestry equip-
ment on the listed indicators, a pair correlation analysis
was used, which consists in determining the relationship
between the frequency of performing technical control
operations (X) of the amount of total unit costs, reliability
indicators, and indicators of functional properties (Y) [23].

The correlation ratio is used as an indicator of the
tightness of the connection:

N E{(9)
SaY (5)
where: 1
i) = mzi\’ e =% (6)
1
Sy(Y) = mzi\'()’j -y (7

where: §(y) - variance of the regression line deviation from
the overall average; S%(y) - total variance of the dependent
variable specific costs, reliability indicator, functional indi-
cator; N - scope of observation.

Variable costs are the cost of paying staff C , for
spare parts and materials C_:

CV€Y=CYS+CSI7+ENKO (8)
Determining the cost of spare parts and materials:
C,~3".P, )

where: P, - cost of j-th detail or materials, UAH; j - the
number of materials and parts that are replaced at the con-
sidered mileage interval of forestry equipment.

Staff labour costs are determined by:

C =C_>t, (10)
where: C, - average staff rate, UAH.; Yt - total labour
intensity of maintenance and repair of forestry equipment
at the mileage interval, person-hour.

Determination of capital investments for technical
control and repair of forestry equipment:

K=mN, (11)
where: N - rate of capital investment per production worker,
UAH; m - the number of workers required for technical
control and repair of the controlled forestry equipment at
the mileage interval.

Value m is calculated using the equation:

Xt
m===

T, (12)
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where: ¥t - total labour intensity of technical control and
repair in a given mileage interval, person-hour; T, - time
fund of repair workers for this period, h.

To get unit costs, the resulting value C_ is divided by
the mileage interval of forestry equipment [24].

After determining the values of functional indica-
tors [25], reliability indicators, and unit costs for each con-
trolled unit of forestry equipment, the information obtained
can be provided in the form of a matrix:

X1, P11, Poty s Pmas 211,221, 0 Zia
(13)
xn'Pln'PZn'---'Pmn' Zln'ZZn'---'an

where: x, X,,...,x, — the value of periodicity in controlled
forestry equipment, h; P, , P,,,...,P, — values of reliability
indicators of controlled forestry equipment; Z,, Z ...,.Z, -
the value of functional indicators of controlled forestry
equipment.

The output data matrix (13) is used to find the
regression coefficients of models included in the objective
function (4). The task is to determine the regression coeffi-
cients of the equation:

y=b_+b x+bx*. (14)

In this case, the task of b, evaluation is to find
a curved regression using the least squares method. Using
Chebyshev system of orthogonal polynomials, equation (14)
can be represented as follows:

Y=C,HC O HC0,(). (15)

For this equation, the formulas for calculating Cheby-
shev polynomials will have the form:

1
P10) =x— X1 x5,

TSIy x2yx 2
9200 = x2 = T (x - 1 2x) 5

sz_%(ZXZ) N (16)

The values of the coefficients included in equation (15)
are determined by:

1 —
o= ;2?:17”1‘3’]', 17
EJS‘=1‘/’1@"1/‘3’_/‘
= 2P Y 1
° Zf:ﬂﬂf(@mj ’ ( 8)
S NV
¢, = e 0:GDm7] 19

S 2 ’
Xj=1 P2 (M

where: S - the number of intervals for changing the fre-
quency of performing operations of technical control of for-
estry equipment; xj, yj — average value of values x and y in
j interval; m; - the number of machines for forestry opera-
tions, in which the frequency is in the j interval.

Checking the adequacy of the constructed equation
is performed using the F-criterion:

SE)

F= 5200 > By (fo fres)
where: §2 (y) - residual variance, which characterises the
scattering of experimental points relative to the regression
line; S}(y) - total variance, which characterises the scattering
of points near the general average.

The adequacy hypothesis is accepted.
Value S? (y) (v) is final and S}(y) is determined by

res

the equations:

(20)

1
Srzes(y) = Nek-1

M-y 1)

SFO =S50+ Sfes() = £ ZL 0 = F) + S%es ) 2D)
where: k — the number of parameters of machines for forestry
operations wheny; f - number of degrees of freedom, f =k-1.

Value f, and f, are calculated using the formula
f7N-1, f,,=N-k-1.1f the equations are adequate, the con-
structed objective function is used to calculate the optimal
frequency of technical control of forestry equipment
[26-28]. If the adequacy condition is not met, then
additional terms are introduced into the polynomials,
after which regres-sion coefficients are calculated again
and the adequacy of the refined model is determined.
This process is repeated sequentially until models that
satisfy the adequacy condition are obtained.

When adjusting the list of technical control opera-
tions for mechanisms that ensure traffic safety, the condi-
tion for including the operation in the corresponding type
of technical control is determined at the value of the repeat-
ability coefficient that satisfies the following ratios:

a) for TC-1 - 1> k,>0.26;

b) for TC-2 - 0.26>k,>0.12.

The operation remains under current repair if k<0.12.

For other mechanisms, the condition for including
troubleshooting operations of forestry equipment during
a particular period of technical control is determined from
the ratio:

a) for TC-1 - 1>k >0.30;

b) for TC-2 - 0.30>k,>0.13.

The operation remains in the current process of
technical control of forestry equipment if k<0.13.

The purpose of the study is to perform analytical and
experimental investigation to confirm the existence of typo-
logical means of technical control of physiological and ergo-
nomic indicators of forestry equipment by modelling the
processes of their functioning.

RESULTS AND DISCUSSION

The study presents a methodology for assessing the relia-
bility of drivers of forestry equipment vehicles of the for-

warder type.
To assess the driver’s level of reliability, it is sug-
gested to use the reliability criterion:
K=K¢K KK, K,

Q" “E~EC”'BM’

(23)
where: K, - criterion of safety for performing forestry oper-
ations by machine; K - criterion of productivity of timber
transportation by car; K, - criterion of cost-effectiveness
of performing forestry operations by machine; K, . - crite-
rion of extreme conditions for performing forestry oper-
ations by machine; K, - criterion of knowledge of the
basic mechanics by the driver of forestry equipment.

It is proposed to determine the safety criterion for
performing forestry operations by a machine:
Kpp+KunmytKunm
K= % 24)
where: K - criteria for evaluating driver behaviour,
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Kpp = :

(1 Her(ob) Her(o0.b) ] (1 ] Her(M))
Ts )12 J 7T s
er(o.b) Jadm(o.b)
3
Her(M) Her\ Her ’
H1+—SF
Tgr(M)'jadm(M) ( S JTervrazr

where: H, - number of errors during acceleration and
braking; H,, - number of errors when performing trans-

verse manoeuvres; T, = — time of movement of the for-
warder with longitudinal acceleration, s;j,, ., ,, — Permissible
value of longitudinal accelerations, m/s*; K., K - crite-
ria for the degree of uniformity of movement along the lon-
gitudinal and transverse axes of forestry equipment.
Transportation productivity criterion:

v,
K, =22

vavb

(25)

where: v - average movement speed by the test driver,
km/h; v,,, - the basic speed of forestry equipment, km/h.
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Cost-effectiveness criterion:
Lop . |NEn=Nen,| of
41— b =F
Lq NEny, Q

K ]
E 3 )

(26)

where: E,, - standard value of the number of rotations of
the engine crankshaft; Q, - standard value of fuel consump-
tion, cm?; Q — actual fuel consumption when traveling along
the route, cm?®.

Indicators that characterise the assessment of driver
behaviour in extreme conditions K. and the driver’s knowl-
edge of basic mechanics K, were determined using the
simulator programme.

On-board recording equipment (Figure 1) was
equipped with: fuel consumption sensor, motion sensor,
transverse acceleration sensor, crankshaft speed sensor,
driving speed sensor, longitudinal acceleration and decel-
eration sensor.

220V
SENSORS |
PERSONAL
speed of forest COMPUTER
equipment v TECHNICAL
9| CONTROL | |speed of forestry
MODULE equipment
engine
crankshaft speed engine
crankshaft speed
transverse
accelerations COUNTERS linear
time of accelerations
. rectilinear
centrifugal movement centrifugal
accelerations accelerations
number of wheel -
rotations engine
fuel . crankshaft
consumption rotation marks
number
start of of engine hydrostatic
rectilinear Crankghaft transmission
movement rotations gear marks
| * 12V
POWER SUPPLY F—m

Figure 1. Correlation between gas (a) and electricity (b) consumption and external temperature

Test algorithm:

1. Checking the serviceability and technical condition
of indicators and control and measuring devices of forestry
equipment.

2. Determination of the test route with a length of
one hour drive at a speed of 40...80 km/h.

3. Synchronisation of data acquisition, calibration of
channels of measuring and recording equipment.

4. Determination of standard speed values va,,, fuel
consumption on the route Q,, the weighted average value
of the gearbox gear ratio i', .

5. Performing 39 runs by 20 test drivers along a given
route on forestry equipment machines, equipped with

a complex of the module of technical control of forestry
equipment with measurement of the duration of movement
of forestry equipment D,,, the number of rotations of the
crankshaft N,

6. Processing of results and conclusion about the
level of reliability of the driver of a timber road train.

Based on the criteria K, K, K, K, and K, an inte-
gral driver reliability criterion is defined K. Moreover, if the
driver’s reliability is high, then K, K, K, K., K, , K. >1.0. If
the driver’s skill is not sufficient, the values of the indicators
K, K, K, Ky, Ky, and K, <1.0. The developed technique
improves the handling of forestry equipment. The position

of the model of the oscillating system of a forestry machine
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with two controlled axles and independent wheel suspen-
sion is determined by generalised coordinates: the angle
of rotation of the wheels of the first axle around the pivot
axis — Q,, deg.; the angle of rotation of the wheels of the sec-
ond axle around the pin axis - Q,, deg.; the angle of rotation
of the wheels (body) in the transverse vertical plane ¥, deg.

Equation of motion by coordinates ¢,=Q,, Q,, ¥
is compiled in the form of the second order Lagrange
equations:

d 0E, 0E 9E,

L(qk'qk't)a'@_aqk ay

28)

where: E, - kinetic energy of the system, J; E, - potential
energy of the system, J; R, — generalised reactions of elastic
wheel connections with the road.

After the transformations, the equation of motion of
the two-bridge model is obtained. When solving the system
of equations (27) on a PC, the physical parameters were rep-
resented by their electrical counterpart —voltage. Physical
differential equations were transformed into machine
equations. Where: Q, - real-time variable; Q_- variable
in machine time t and M=5:

ae, a6 d*6, _ %6,

0, =6 =5 = .
¢ T at dr’ dt? dzt

29)

Value of scale coefficients: M =1,000 r/rad;
M¢=1,000 r/rad; M,=1,000 1/rad; M,=2,000 r/rad. Physical
variables expressed in terms of machine and time scales:

_ 1y, ax, _ M, adx; d’x, _ M} d’X;
X = My T ar T My dr’ dt2 M, dr?’ (30)

where: t - index of physical quantities; t — index of machine
variables.

Then a system of machine equations is obtained
describing the motion of a two-bridge model with three
basic degrees of freedom (Q,, Q,, V). For testing, a machine
for forestry operations was allocated, which has a factory
setting of the parameters of steerable wheels. The technical
condition of forestry equipment met the requirements of the
factory instructions. Recording and measurement of oscilla-
tion parameters was carried out using a measuring complex,

which was developed considering the specifics of the exper-
iment and the conditions of its conduct.

Operational tests of the timber road train were car-
ried out to determine reliability, operability, compliance
with safety and ergonomics requirements in the general
technological cycle in two shifts in LLC “European tim-
ber processing group” of Zhytomyr Oblast. Export of forest
products was carried out on three types of haul roads: forest
tracks, roadways, highways in the amount of 20 thous. km
of mileage. The actual load ranged from #10% of the rated
load. Timekeeping observations were carried out during
15 control runs in each season (winter and off-road).

Studies to determine the effect of wheel convergence
on self-oscillation have shown little effect. In general, there
is a tendency to slightly decrease the intensity of self-oscil-
lations with a change in convergence towards negative val-
ues. At small values of the angle vy, the effect of convergence
is greater than at large positive values.

Self-oscillations for forestry equipment exist when
v<-1.9°, that is, the stability of movement of the steered
wheels is ensured when setting the angle y within the range
of -1,5° to -9°. At angles vy less than -9° aperiodic instability
occurs. Stability of the steered wheels is also possible at other
values of angle y — with large positive results. The move-
ment will be stable even when y>13°. The greatest inten-
sity of fluctuations is observed at y=3°...5° and v=45 km/h.

If there are no gaps in the power steering mounting
hinges (=0 ) the movement of the steered wheels is stable
when setting the angle of the longitudinal pin y<-1.5°. Con-
sidering the operational gaps, the pins must be installed
with a slope of y=2°...3°. If there are gaps in the system of
the order §26 mm, the movement of the steered wheels
becomes unstable at any negative angle values y. The inten-
sity of vibrations is the lowest at y=-4°, that is, the lowest
required damping energy of reservations at y=-4°.

When considering the working conditions of driv-
ers, the study used a noise-vibration measuring equipment,
a luxmeter, and a thermometer. The external noise spectra
are shown in Figure 2.

db
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63 125 250
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Figure 2. External noise spectra of the forwarder: 1 - on the left; 2 — on the right
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The noise spectrum in the cabin is shown in Figure 3.  external noise, and it meets the ISO requirements for noise
The forwarder does not meet the ISO requirements for  at the driver’s workplace.
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Figure 3. Integral noise levels at the forwarder driver’s workplace:
a) in the loaded state; b) in the empty state. 1, 2 — speed in 7-th gear

The average operating fuel consumption per shift  operational tests was carried out by registering failures. At
was carried out by refilling the fuel tank during daily refu-  the same time, the average time to failure separately for the
elling. The regular load of each road train was checked tractor and semi-trailer and the complexity of eliminating
by control weighing using a dynamometer. Identification failures were determined. Tests were carried out to determine
of the reliability and operability of the road train during  the speed characteristics (Fig. 4).

V, km/h
70

60

T
=
A

2

50

40 ~

30

20

10

<
>I\IH
\

100 200 300 400 500 600 S, m

10 20 30 40 50 60 TS

Figure 4. Speed characteristic of acceleration in direct transmission
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To improve the ergonomics of timber road trains,
a different layout of display elements on the instrument
panel is offered. The best layout option was determined based
on consideration of the load of the driver’s visual analyser.
There are 4 options for placing indicators, from which the
best option was selected. When modelling the informa-
tion display elements of the instrument panel of a tim-
ber road train, indicators of various car brands were used.

When processing the findings, an assessment scale
of psychophysiological indicators of drivers was used. The
conducted research offers the optimal placement of ele-
ments on the vehicle instrument panel from the standpoint
of information perception and reading time: place the speed
sensor in the centre of the driver’s field of view; place the
water temperature and oil pressure indicator to the left of
the speedometer; place the fuel level sensor and ammeter
vertically to the right of the speedometer; place the tachom-
eter to the left of the temperature indicator; place the indi-
cator system at the top of the field.

A set of measures has been developed to improve the
organisation and technology of maintenance of machinery
for forestry operations, which reduces downtime in routine
repairs and improves the quality of maintenance. Savings
from the implementation of the proposed measures amount
to 523,572 UAH/year in December 2021 prices.

CONCLUSIONS

1. A methodology for assessing the reliability of driv-
ers and operators has been developed, which allows

determining measures to improve traffic safety on forest
roads. The effectiveness of implementing measures is deter-
mined by reducing traffic violations, reducing physical and
psychological injuries from road accidents, reducing the
degree of danger to the driver’s profession, and improving
the reliability of timber removal. Reduction of accidents
occurs by increasing the professional skills of drivers and
reducing fuel consumption.

2. The developed analytical dependencies allow calcu-
lating an integral criterion that characterises the reliability
of the driver of forestry equipment based on the data of
recording equipment.

3. The developed method of improving the han-
dling of forestry equipment allows determining the per-
missible value of wheel imbalance for any model of for-
estry equipment. Self-oscillations for forestry equipment
exist when y<-1,9°, that is, the stability of movement of the
steered wheels is ensured when setting the angle y within
the range of -1,5° to -9°. At angles y less than -9° aperiodic
instability occurs. The movement will be stable even when
y>13°. The greatest intensity of fluctuations is observed at
y=3°...5° and v = 45 km/h.

4. Different placement of control and measuring
sensors on the instrument panel of a forestry machine
affects the speed and accuracy of information perception.
The compact pairwise-symmetrical vertical arrangement
of control and measuring sensors on the instrument panel
reduces the time of reading information and the number
of errors.
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JIrogmwta JleodigiBua TiToBa', F'enpix Co6uyK?

'HarrioHasbHMIT YHiBEpCUTET GiopecypciB i MpupomoKOpUCTYBaHHS YKpainu
03041, Byn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina
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TunonoriyHicTb 3aco6iB TexXHIYHOro KoOHTponio disionoriuHMx
i @ProHOMiYHMX NOKAa3HMKIB MaLUMUH ANd NicCOTeXHIYHUX pobiT

AHoTaUif. Ha cboroHilHii AeHb Mmif yac JicociuHmX, 1iCOTPaHCIOPTHUX PO6OTAX, B GIIBIIOCTI, EKCIUTYaTYEThCSI TEXHIKA,
SIKY 30U Ha cepiliHe BUPOOHUIITBO HA TOYATKY TUCSUOITTS. Yepe3 BifCyTHICTh BIaCHUX KOIITIB y MiAMPUEMCTB JIiICOBOTO
KOMIUIEKCY B OCTAHHI POKM He TTPOBOAMUTHCSI OHOBIEHHS MalllMH JJIsI JTiICOTEXHIYHMX POOIT i yCTaTKyBaHHS, B SIKMX 3a TEPMiH
iX CTy>kO6M 3HOIIYIOTHCS He TiIbKY BUXi[IHI 3pa3Ku, a i Linit KOMIIEKC TOBTOPHO BBOAMUTHCS Y Ti 3K MallMHY 3MiHIOBAHUX
JeTaseii i iHIIMX HETPUBKMX e/IeMeHTiB. Y CTPYKTYPi Aitouoro napky TexHiku 80 % 3aiiMae IOBHICTIO aMOPTHU30BaHa TEXHiKa,
sIKa MMOBMHHA OyTM MozepHi3oBaHa abo criycaHa, a KoedinieHT BUOYTTs B 10 pasiB nepesuinye KoedilieHT OHOBIEHHS.
IcHyIOUa peMOHTHa ToiTHKa chopMyBaacs B JOPMHKOBUX YMOBAX MPU BiATIOBIJHMX CITiBBIJHOILIEHHSIX [iH Ha CMPOBMHHI
pecypcu i MmamHu. Y TOi repiof i 6ysia cTBOpeHa fifoua 10 CbOTOAHIIIHbOTO JHS KOHIIETIisSl TEXHIUHOTO KOHTPOJTI0 MaIIH
IJIS1 TICOTeXHIUHUX POOIT: NOMYyCKHM, perVIaMeHT!, HOPMAaTUBH i T. 1. Y HMHIITHIX eKOHOMiUHMX YMOBaXx MOTPi6HI HOBI
miaxonu 1o GopMyBaHHSI METOAOJIOTII TEXHIYHOTO KOHTPOJIIO i pEMOHTY MAIIVH AJIS1 JIiICOTeXHIYHUX Po6iT. TexHiuHMi
CYIIPOBiJ ekcIuTyaTalii MauImMH AJisl JIiCOTeXHIUHUX POOIT MOXKHA PO3IVISIATH SIK iHCTPYMEHT YIIPaBJIiHHS 3a11acoM ix
MOTeHLIJIHMX MOX/IMBOCTEIA, 3aKIaleHMX 1P BUTOTOBJIEHHI i TOHOBIEHMX (BiJHOBIIOBAHMX) IIPU TEXHIYHOMY KOHTPOIL
Ta peMOHTi. BU3HAaUeHHSI MOMEHTY J1Jisl IPOBeJeHHS POOIT 110 BifHOBIEHHIO TEXHIYHOTO CTaHy MAIllMHU 3aJI€KUTh Bif,
Pi3HMX UYMHHMKIB, 4aCTO CyllepevyaTb OOMH OZHOMY. MeTa — BUKOHATH aHaJliTUUHI Ta eKCcllepUMMeHTalbHi JOCTiI)KeHHS 3
MiJTBepIyKeHHS iCHYBaHHS TUTIOOTIYHOCTI 3aC06iB TeXHIUHOTO KOHTPOIO (i3ioNoriyHMX i eproHOMIYHMX MTOKa3HUKIB
MAalIVH AJIS1 TiICOTEeXHIUHUX POOIT MIJIIXOM MOZEIIOBAHHS MPOLeciB ix QyHKIIOHyBaHHS. MeTomooris — anpobyBaTu
3ac00M CMCTEMHOTO ITiAXOAY Ta CUCTEMHOTI'O aHaJIi3y TUITOJIOTIUHOCTi 3aC06iB TEXHIUHOTO KOHTPOJIIO (i3iomoTiuHmX i
€pPrOHOMiUHMX MTOKA3HMKIB MalIVH IJIs JIiCOTeXHIYHMX POOIT. B cTaTTi mpecTaB/ieHo 3reHepOBaHMii pe3y/bTaT y BUNISIII
PEECTPYIOUOro AJITOPUTMY MOJY/ISI TEXHIYHOTO KOHTPOJISI MAILMH JIJIs1 JIICOTeXHIYHMX POOGIT. ABTOpamMu 3a pe3y/ibTaTaMu
eKCcIepyMeHTalbHUX JOC/iIKeHb IIpeficTaB/ieHa rpadiuHa iHTepripeTallist iHTerpaabHUX PiBHIB IIyMy Ha pO60YOMY Miclii
BoZis1 popBapmepa B HABAHTAKEHOMY CTaHi, B TOPOKHbOMY CTaHi. BUCHOBOK — ITPOBeIeHi JOCTiIsKeHHSI JaI0Th MOK/IMBICTb
3aMpOIIOHYBaTH ONTUMAaJIbHE, 3 TOUYKY 30py CIIPUITHATTS iHdopMallii i uacy 3uMTyBaHHS, pO3MillleHHSI eJleMeHTiB Ha
TaHesTi MPUIajiB TPAHCIIOPTHOTO 3aco6y. HaykoBa 3HaUMMICTh — MiATBEPIKEHO, 1110 TIPY aHai3i BIUIMBY MepioguyHOCTi
BUKOHAHHS OTIepalliii TeXHIYHOT0 KOHTPOJII0 MalllMHH JIJIs1 JIICOTeXHIUHMX POOIT Ha MepepaxoBaHi MOKa3HUKM TOIITbHO
BUKOPUCTOBYBATY MApHUI KOPeSILiiHWIT aHaMi3, SIKMii TTO/IITae y BU3HAUEHH] 3B’513Ky MiK MepioAMYHICTIO BUKOHAHHS
orepalliil TeXHiYHOTO KOHTPOJIIO i BEIMUMHOI0 CYMapHUX MUTOMMX BUTPAT, TIOKa3HMKaMM HaJliliHOCTI i TOKa3HUKaMU
(byHKITiOHAIBHUX BIACTUBOCTEM

KnoyoBi crioBa: eproHomika JIicOBO3HMX aBTOIOI3/1iB, TUITOMIOTIUHICTh 3aC06iB TEXHIYHOTO KOHTPOJTIO, MTOKA3HMK HaiifHOCTI,
MalyHa AJIs TiCOTeXHIUHMX POOIT, TEXHIYHMIT KOHTPOb T2 PEMOHT
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Feasibility study of the efficiency of carbon sorbents
based on pine sawdust for removing oil products

Abstract. Oil pollution of the environment in many ways stands out among others. It is known, for example, that a litre
of oil deprives oxygen of 40 thousand litres of water, and a tonne of oil pollutes 12 km? of the water surface. The content

of petroleum products in water above 0.1 mg/1 gives fish meat an overwhelming taste and a specific smell of oil during
any technological treatments. A wide variety of sorption materials for oil spill response are available on the domestic
and global markets. Sorbents are created based on various organic and inorganic materials. Many of them are quite efficient
and have a high sorption capacity, but the energy and material costs of their production determine the high cost of the
product, which often does not meet consumer requirements. At the same time, promising and cost-effective sorbents can
be produced from local secondary raw materials. In recent years, the development of oil sorbents for collecting hydrocarbon
leaks based on forest and agricultural industry waste has been actively underway, the use of this type of raw material is
conditioned by the rather high absorption capacity of the obtained sorbents, their low cost, availability as a local material,
and the possibility of further use. The purpose of the study is to summarise experimental data on the effectiveness of carbon
sorbents based on pine sawdust for cleaning petroleum products. The paper presents tabulated data on the structural and
sorption characteristics of various fractions of pine sawdust at a humidity of 50-60%. The authors proved experimentally the
existence of a dependence of the oil capacity of carbon sorbents from different pine fractions on the duration of carbonation
at different temperatures. The paper presents results on the absorption and sorption characteristics of carbon sorbents from
different fractions of pine sawdust. Conclusion — at each temperature when carbonation processes were studied, an optimal
duration value was obtained at which the oil capacity of the sorbent from different fractions of pine sawdust was the highest,
and the yield of the sorbent was maximum. Scientific significance — the authors proved that the carbonation temperature
of more than 350°C for pine sawdust of various fractions is not recommended, and for fractions smaller than 1 mm above
300°C, which have a small size and significant burnout and degradation due to the possibility of fire, as a result of which the
quantity and quality of carbon sorbent decreases

Keywords: indicators of carbon sorbents, environment, economic indicators, carbonation, petroleum products, sorption
capacity, pine fractions
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INTRODUCTION

Petroleum products are a fairly common source of environ-
mental pollution [1]. As indicated in [2], almost 2% of the
total amount of fuel and lubricants produced is released
into the environment. Both the petroleum products them-
selves and the impurities they contain are dangerous [3].
In addition, when ingested in soil and water, petroleum
products, as a result of physicochemical reactions and

Suggested Citation:

biological interactions, turn into toxic substances that
cause harmful effects on biota [4]. Water and soil purifica-
tion from fuel and lubricants by sorption is organisation-
ally, technologically, economically, and environmentally
relevant today [5]. Carbon sorbents based on raw materi-
als of the woodworking industry are particularly important
and widespread [6]. The study of the essence of carbonation

Kalivoshko, O., Romaniuk, W., & Kalivoshko, M. (2022). Feasibility study of the efficiency of carbon sorbents based on pine
sawdust for removing oil products. Machinery & Energetics, 13(1), 49-53.
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processes, physicochemical, absorbing, and structural sorp-
tion properties of carbon sorbents, when the raw material
is a by-product of the woodworking industry, namely, pine
sawdust, the processes of sorption of petroleum products
by them, their environmental and economic substantiation
and analysis, requires further study and evaluation.

Petroleum products entering the water and soil
environment cause significant environmental changes in
them [7]. There is a significant and dangerous pollution
of the environment with petroleum products and their
decomposition products [8]. Sorbents are effective and
widespread means for cleaning soil and aquatic ecosys-
tems [9]. Sorbents are known for their absorption proper-
ties in cleaning from various kinds of contaminants [10].
In recent decades, sorbents have become increasingly used
in all sectors of the national economy, including for soil
and water purification from petroleum products [11]. Car-
bon sorbents obtained on the basis of by-products of agri-
cultural production [12] and the woodworking industry dif-
fer significantly in their properties and characteristics [13].
The technology and processes [14] that occur in the pro-
duction of carbon sorbents have a significant influence on
the sorption parameters of sorbents [15]. Carbon sorbents
obtained on the basis of sawdust have better sorption and
absorption properties, compared to sorbents obtained from
tree leaves and straw [16]. The structure [17], properties [18],
ways of obtaining [19], and the use of carbon sorbents based
on plant raw materials are investigated [20]. However, the
nature, properties, sorption characteristics, physicochemical
properties and processes of transformation of by-products
of the woodworking industry, namely, sawdust, into carbon
sorbents, their complex use for cleaning water and soil eco-
systems, environmental and economic assessment, are not
thoroughly investigated.

The purpose of the study was to investigate: phys-
icochemical, structural, sorption, and absorption proper-
ties of pine sawdust and carbon sorbents obtained from it;

technological processes, technologies, and transformations
in the production of carbon sorbents from pine sawdust; the
degree and completeness of purification, environmental and
economic feasibility, and advantages of using carbon sorb-
ents obtained from pine sawdust in the purification of the
aquatic environment and soils from petroleum products.

RESULTS AND DISCUSSION

Pine sawdust accumulated in the woodworking industry has
the best physical, chemical, structural, sorption, and absorp-
tion characteristics and properties among other sorbents of
plant origin. According to the results of our research, sor-
bents have good efficiency when their absorption capacity
of petroleum products is 2-3 g mg-eq/g or more. They can
be directly used to clean the soil and water environment
in case of contamination with petroleum products. Pine
sawdust, at natural humidity, has an absorption capacity of
petroleum products in the range of 2.6-2.8 mg-eq/g, which
fully meets these requirements, and therefore, it can be used
for sorption in case of contamination. The studies (Table 1)
show that the physicochemical, structural, absorption, and
sorption properties of various fractions of pine sawdust at
a humidity of 60% do not significantly differ from each other.
The exception is non-sifted sawdust, the absorption capac-
ity of which is slightly lower compared to other fractions,
which is conditioned by the presence of small impurities
of wood and bark in it, which have low sorption indicators.

When using pine sawdust at a humidity of 60% for
cleaning the water or soil environment from petroleum prod-
ucts, it is not advisable to divide it into fractions. It is enough
just to install 5-7 mm sieves directly on sawmills, which will
separate the smallest particles of wood and bark from sawdust.

However, such sawdust during long-term stor-
age (even when all requirements are met), due to inten-
sive microbiological processes in a humid environment, can
quickly deteriorate, and therefore, requires careful and correct
storage conditions.

Table 1. Structural and sorption characteristics of various fractions of pine sawdust at humidity 50-60%

Fraction size SEC. mg-eq/g Vs (C.H)). g/cm® Vs (H,0). g/cm® :
<1mm 2.5 2.4 0.07 1.0 8.4
1-3 mm 2.8 2.7 0.07 1.0 8.4
>3 mm 2.6 2.5 0.07 1.0 8.4
0-5 mm 2.7 2.6 0.07 1.0 8.4

not sifted 2.3 2.2 0.06 0.09 8.0

The structural, physicochemical, absorption and
sorption properties of pine sawdust can be improved by the
carbonation process.

Carbonation is a method of obtaining carbon sorb-
ents from plant raw materials during heat treatment, which
begins when the raw material is heated above 110-120°C. It
was established that the carbonation of pine sawdust begins
at a temperature of 120-130°C.

Since the hydrocarbon part of pine sawdust consists
of cellulose and hemicellulose, and the complex of aromatic
compounds - lignin, then during carbonation there are com-
plex processes of destruction of their polymer chains with the

release of both resinous substances of complex structure and
a large number of volatile compounds. The carbonation pro-
cess was studied every 50°C, in the range from 100 to 400°C.

It was established that the process of carbonation of
pine sawdust begins at a temperature of 120-130°C. Within
the temperature range of 200-300°C, the main decomposi-
tion reactions of hemicellulose, cellulose, and lignin take
place, resulting in the release of simple carbon compounds
(carbon dioxide and carbon monoxide), a liquefied mix-
ture, and resins. At different stages of the carbonation pro-
cess, the intensity and energy of activation of destructive
transformations varies significantly, because at different
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temperature ranges, various components of pine sawdust,
hemicellulose, then cellulose and lignin decompose. There-
fore, the results obtained indicate the complexity of the pro-
cess of pine sawdust carbonation.

The study of the process of carbonation of pine saw-
dust fractions allowed establishing that at each studied tem-
perature of the carbonation process, for each fraction, there
is a certain optimal value of its duration, at which the oil
capacity of carbonate is the maximum, which is graphically
shown in Figure 1.
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Figure 1. Diagram of links of mobile robot components

The appearance of maxima in Figure 1 is conditioned
by changes in the porous structure of sorbents and chemical
transformations of the surface of pine sawdust during car-
bonation. Thus, at the initial stage of the process of carbon-
ation of pine sawdust and its fractions, due to the extraction
of moisture, the release of gases, volatile simple substances
and resinous compounds, pores are formed, which leads to
an improvement in physicochemical and structural parameters,
an increase in its sorption capacity of petroleum products
to a certain maximum value. This improves the porousity of
the carbon material.

O. Kalivoshko et al.

According to the studies, the obtained carbon sorb-
ents, due to carbonation of various fractions of pine saw-
dust, have several times higher oil capacity to petroleum
products, better sorption, physicochemical and structural
indicators, compared to the initial product (Table 2). Car-
bon sorbents from sawdust of 1-3 mm fractions have the
highest sorption capacity for petroleum products and reach
almost 12 g/g. Slightly lower sorption values (almost 10 g/g)
for sorbents from sawdust of 0-5 mm fractions. Carbon sor-
bents made from sawdust fractions larger than 3 mm have
a sorption capacity of 8 g/g, while fractions up to 1 mm have
a sorption capacity of about 7 g/g. Carbon sorbents made
from non-sifted sawdust had the lowest oil capacity, which
is conditioned by the presence of small particles of wood
and bark in it, which have low sorption properties. After
analysing the study results, which characterise carbon sor-
bents obtained from different fractions of pine sawdust, it
can be concluded that sorbents from sawdust fractions of
1-3 mm have the best sorption properties.

However, the oil capacity of the feedstock of sawdust
of different fractions did not differ much from each other.
The maximum value of the oil capacity of carbon material
from pine sawdust of the 1-3 mm fraction is conditioned by
the presence of the maximum number of pragmatic centres,
since other structural and sorption characteristics for all
sorbent fractions are approximately the same.

Special attention should be paid to the analysis of
carbon sorbents obtained from different fractions of pine,
in matters of their practical use, for cleaning water and
soil media from petroleum products (they can be used for
cleaning other pollutants). After analysing the sorption,
environmental, and economic feasibility and efficiency of
carbon sorbents obtained from different fractions of pine,
it was concluded that in practical use for cleaning the envi-
ronment, it is necessary to use carbon sorbents obtained
from (without dividing into fractions) sawdust (0-5 mm),
from which only wood and bark impurities were separated.
That is, sawdust in which all fractions are present (ordinary
sawdust). To do this, sawdust on sawmills should be sifted
on a sieve of more than 5 mm (up to 10 mm), from which
small remnants of wood and bark are removed).

Table 2. Absorption and sorption characteristics of carbon sorbents from various fractions of pine sawdust

Fraction size. mm a.g/g SEC. mg-eq/g Vs(CH)).g/cm®* Vs(H,0).g/cm®* S ..m%*g Number of PMCs. spin/g
<1 6-7 34 0.11 0.07 14 10.3-10%8
1-3 10-12 3.6 0.12 0.09 13 13.9-10%8
>3 7-8 3.5 0.11 0.08 12 12.810%
0-5 9.5-10.5 3.5 0.11 0.08 12 13.1.10"
not sifted 5-6 3.2. 0.10 0.06 11 9.2:10'8

Carbon sorbents obtained from sawdust (without
division into fractions), to a certain extent, are inferior in
sorption indicators to carbon material obtained from a saw-
dust of 1-3 mm fraction. However, these advantages do not
compensate for the cost of dividing sawdust into fractions,
given that the very separation of raw sawdust into frac-
tions is very difficult due to the clogging of the sieve, which
requires additional equipment and technology.

Indicators of sorption capacity of sifted pine sawdust
and carbon sorbents presented in Tables 1 and 2 indicate
that during heat treatment it increases by almost 1.5, and
oil capacity by almost 4 times.

At each temperature of carbonation process, an opti-
mal duration value was obtained at which the oil capacity
of the sorbent from different fractions of pine sawdust was
the highest, and the yield of the sorbent was maximum. The
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carbonation temperature of more than 350°C for pine sawdust
of various fractions is not recommended, and for fractions
smaller than 1 mm above 300°C, which have a small size and

significant burnout and degradation due to the possibility of
fire, as a result of which the quantity and quality of carbon
sorbent decreases (Table 3).

Table 3. Weight loss by various fractions of pine sawdust during carbonation

No. Tk. °C 7. min. Weight loss. %
1 250 9.5 55
2 300 9.5 60
3 350 7.0 70
4 400 4.5 75
5 450 4.0 80

The optimal carbonation temperature for all pine
sawdust fractions is 300°C with a process duration of
9-9.5 minutes, and for fractions — up to 1 mm 250°C with
a duration of 10-10.5 minutes.

CONCLUSIONS

1. Carbonation of pine sawdust should be carried out at
a temperature of 200-300°C, for 8-10 minutes, which
increases the structural, sorption, and absorption charac-
teristics of carbon sorbents.

2. Carbon sorbents obtained in the process of car-
bonation of pine sawdust (without admixtures of wood and
bark) have a sorption capacity of almost 1.5 times, and oil

capacity is almost 4 times higher compared to the corre-
sponding indicators of the initial product.

3. Carbon sorbents obtained from the 1-3 mm pine
sawdust fraction have the best physicochemical, structural,
sorption, and absorption characteristics.

4. For cleaning water and soil from petroleum prod-
ucts, it is economically and practically advisable to use car-
bon sorbents obtained directly from pine sawdust without
dividing it into fractions (ordinary sawdust from 0-5 mm
from which wood and bark impurities are removed). Such
sorbents are somewhat inferior in sorption characteristics
to sorbents obtained from pine sawdust of 1-3 mm fractions,
but they are much cheaper.
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Osekciit MukonaitoBunu KasiBomko!, BamyiaB PomaHiok?, Mukosia ®egorosuu KaniBoiko!
'HauioHanbHMIT yHiBepcuTeT GiopecypciB i mpupomokopucTyBaHHs YKpaiHu
03041, By:n. T'epoiB O6oponu, 15, M. Kuis, Ykpaina

[HCTUTYT TEXHOJOTTUHMX i MpupomHMX HAayK HallioHaIbHOTO JOCTiAHMUIIBKOTO iHCTUTYTY
05-090, annes I'pabebka, 3, c. PanenTtu, Pecrry6itika ITombima

TexXHiKo-eKOHOMiUHe O6I'pyHTYBaHHS e peKTUBHOCTI Byr/ieLueBux
cop6eHTIB Ha OCHOBI TUPCU COCHU AN OUULLEHHS HadToNpoAyKTiB

AHoTauiqa. Hadrosi 3a6pygHeHHs TOBKi/UIs 6araTo B YOMY BUIUISIIOTBCS cepefl iHmmx. Bimomo, Hanpukiia, mo JiTp
HadTy mo36asssie KucHIo 40 TUCAY AiTPiB BoAM, ToHHA HadTU 3a6pynHIoe 12 KM? BOAsIHOT moBepxHi. BMmicT y Bomi
HabTonpoaykTiB Bume 0,1 Mr/in Hagae M’sicy pub HerepeObOpHMIT MPY SKOTHMUX TEXHOIOTiYHNX 06p0OO6KaX MPUCMAK i
crienyiivunmit 3anax HagTU. Ha BiTUM3HIHOMY Ta CBiTOBOMY PMHKAaX € BeJIMKa Pi3HOMaHITHICTb COpOLifiHNX MaTepiasiB
118t mikBiganii HadhToBMX po3yBiB. COPOGEHTHM CTBOPIOIOTHCS HA OCHOBI Pi3HUX OPraHiYHMX Ta HEOPTAHIYHMX MaTepiasiB.
BaraTo 3 HUX € 1OCUTb e)eKTUBHMMMU i MalOTh BUCOKY COPOIIifiHy EMHICTh, IPOTe eHepreTUYHi Ta MaTepianbHi BUTpATU
Ha iX BUPOGHUIITBO BM3HAYAIOTh BYCOKY BapTiCTh MPOAYKTY, IIO YaCTO He 3aI0BOJIbHSIE BUMOT CITOXKMBauiB. BogHouac
MePCIeKTMUBHI Ta eKOHOMIYHO BUTiIHI COPOEHTM € MOKIVBUM BUTOTOBJISITY 3 MiCIIeBO1 BTOPMHHOI CMPOBMHM. B ocTaHHi
POKM aKTUBHO BEAYThCSI PO3POOKY 3 OTpMMaHHSI HAdTOBMX COPOEHTIB JIJIst 300pYy ITPOTOK BYIJIEBOHIB HA OCHOBI BiiX0/iB
JIiCOBOI Ta CiJIbCbKOTOCITOAAPChKOI MTPOMMCIOBOCT, BUKOPUCTAHHS 1IbOTO TUITY CUPOBMHY 0OYMOBJIEHO TOCUTh BUCOKOIO
MOIMHAIOYOIO0 3JATHICTIO OeP;KYBAHMX COPOEHTIB, iX HM3bKOK BapTiCTIO, JOCTYITHICTIO SIK MiCII€BOTO MaTepiany Ta
MOXK/TUBICTIO TIOZAIBILIOTO 3aCTOCYBaHHS. MeTa CTaTTi — y3araJbHeHHSI eKClIepUMeHTaTbHUX TOCTiIkKeHb 3 e(eKTUBHOCTI
BYIVIELIEBUX COPOEHTIB Ha OCHOBI TUPCYU COCHM /ISl OUMIIIeHHSI HadTONPOAYKTiB. B cTaTTi mpescTasieHi TabyboBaHi qaHi
PO CTPYKTYPHi Ta COPOIIiitHI XapakTepucTuKy pisHux dbpakiiiit Tupcu cocHu mpu Bosorocti 50—60 %. ABTopaMii JOBeIeHO
€KCIIePYMEHTATIbHUM IIISIXOM iCHYBaHHST 3a7IeXKHOCTI BeTMUMHY HaQTOEMHOCTI ByI/ielieBUX COPOEHTIB i3 pi3HUX (pakiriii
COCHM BiJi TpuBasIoCTi KapboHi3allii mpu pisHKUX TeMIiepaTypax. B cTaTTi mogaHo pe3yinbTaTyl PO MOTIMHAIBHI Ta COPOIIiiiHi
XapaKTePUCTUKH BYTIELleBUX COPOEHTIB i3 pisHMX dpakiliii TMpCU COCHU. BMCHOBOK — IIpY KOKHiii TeMIepaTypi, Ko
IOCTiIKYyBTMCS TIPOLieCy KapOoHi3allii, MaeMo ONTUMa/IbHe 3HAUEHHSI TPUBAIOCTI, TPU SIKOMY HaTO EMHICTh COPOEHTY
3 pi3HMX dpaKLiii TMPCHU COCHU € HAMBUILOIO, @ BUXiJ, COPOEHTY MaKCMMaIbHMIL. ABTOpaMu 10BeJeHO, 1[0 TeMIlepaTypa
KapOoHi3allii Tupcu cocHu pisHux dpaxkiiiit 6inbire 350°C He peKOMeHIYeThCs, a AJis dbpaxiii meHie 1 mm moxaz 300°C,
sIKa Ma€ MaJli po3Mipyu Ta 3HaYHe BUTOPSIHHS i leTpajallito, Yyepe3 MOK/IMBICTh 3arOpsSIHHS, BHACIITOK YOTO 3HUXKYETHCS
KiJIbKiCTh Ta SIKiCTh BYIJIEIIEBOTO COPOEHTY

KrnouoBi crioBa: MOKa3HUKY BYIJIELeBUX COPOEHTIB, OBKIJI/ISL, eKOHOMIUHI MOKa3HMKM, KapboHizallisi, HabTOTIPOAYKTH,
cop6iiiiiHa eMHiCcTb, Ghpakiiii cocHM
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Principles of development of occupational safety business games

Abstract. According to modern researchers, the professional qualities of employees and their social orientation are formed
in socially significant labour activities, which are collective in nature. Therefore, for the development of independence,
activity, and other important qualities, it is necessary to give the opportunity to participate in a holistic work process.
This means analysing the labour task, identifying the goal, drawing up a plan and organising its implementation, current
and final control, and self-assessment. As practice shows, these tasks can be most fully implemented by implementing
business games. The relevance of the study is determined by the existing contradictions between: the requirements of
the labour market for the quality of labour and the weak preparation of employees for work in the new socio-economic
conditions; conservatism of forms and methods of professional training of employees and the need to activate labour
training; the needs of employees in social protection through employment and the low level of establishment of basic
professional knowledge and skills necessary for the performance of occupational safety professional functions. The goal
is to present the basics of developing business games in occupational safety disciplines, adapting them to the problems
of occupational safety, and evaluate the effectiveness of their application in the educational process. Methodology - the
business game was considered as a simulation of the real activity of an employee in various created occupational safety
situations. The paper structures the results of the morphology of stages and the sequence of conducting an occupational
safety business game. The authors substantiate the structural representation of the functions (tasks) of the head
of a business game. Analytical research is presented in the form of a synthesis of the function of occupational safety
business games with criteria for evaluating their effectiveness. The existence of a correlation between the average scores
of responses from the training module on a 100-point system for different methods of teaching the discipline against the
background of the overall score of academic groups for the academic year is confirmed: control (training in the form of
lectures and practical works); research (training in the form of lectures and business games)

Keywords: active training methods, occupational safety business game, modelling of production situations, occupational
safety, industrial safety
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INTRODUCTION

The relevance of this study is conditioned by the need to
search for new methodically appropriate ways to train spe-
cialists when students study the disciplines of the “occu-
pational safety” complex. In particular, the use of occu-
pational safety business games in the educational process
is promising [1].

Educational business games involve modelling
a certain organisational activity in the presence of prob-
lematic situations at the enterprise, the solution of which

Suggested Citation:

during the game lesson develops practical thinking in stu-
dents, allowing them to develop the ability to analyse
the conditions and consequences of decisions made [2].
The main goal of the occupational safety business game is
to prepare students to solve technological and organisa-
tional situations related to the safety of work at the enter-
prise [3]. At the same time, the principles on which occu-
pational safety business games are developed are not yet
sufficiently substantiated.
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Currently published developments in the field of
business games on occupational safety concern only cer-
tain occupational safety topics [4], and their application
does not sufficiently contribute to the development of
a logical approach among students to coordinate the use of
normative occupational safety documents of various lev-
els [5]. It also does not create a consistent transition from
some sections of “occupational safety” to others [6]. There-
fore, it is relevant to introduce the study of individual sec-
tions of “occupational safety” in the form of business games.
The most common are business games that are designed for
the construction industry and fire safety [7].

In particular, the development of occupational safety
business games for industrial situations in agriculture, as one
of the most traumatic sectors of the economy, is relevant [8].

But the main attention is now paid to the introduc-
tion of computerised occupational safety games into the
educational process, which is advisable for training work-
ers [9]. It is business games, in which workers are introduced
in a playful way to the main dangers in the workplace and
occupational safety requirements, that account for the main
number of publications [10]. To improve the skills of enter-
prise officials, it is useful to use business games of the organ-
isational plan [11], when game participants model algorithms
for actions of officials of various levels of management [12].

The cornerstone laid down for the functioning of
the occupational safety management system at the enter-
prise [13] should be the participation of all employees in
occupational safety work [14]. Under this condition, the
occupational health and safety management system will
be effective [15], because the majority of employees of the
enterprise will be involved in maintaining a proper high
level of occupational health and safety [16], and not just

O. Voinalovych et al.

a few officials [17]. This substantiates the possibility of join-
ing the occupational safety business game in various roles
of many of its participants [18], such as all students of indi-
vidual subgroups [19], who must perform separate labora-
tory and practical work (tasks) on occupational safety [20].

Purpose of the study. Present the basics of developing
business games in occupational safety disciplines, adapting
them to the problems of occupational safety, and evalu-
ate the effectiveness of their application in the educational
process.

RESULTS AND DISCUSSION

The introduction of business games of the organisational
plan to occupational safety training leads to the fact that the
student must work out (analyse) various sources of infor-
mation related to the activities of the enterprise to gain
the necessary knowledge. The student’s participation in the
occupational safety business game leads to the activation
of their thinking, forces (even regardless of their desire) to
be active during the lesson for a long time. This contrib-
utes to independent decision-making, increases the degree
of motivation of the student and their emotionality. In occu-
pational safety business games, it is possible to combine
collective and individual forms of assimilation of occu-
pational safety principles, considering information about
the state of production based on previously obtained theo-
retical generalisations.

An occupational safety business game should be
based on simulation and game models that can be charac-
terised by a certain sequence (Fig. 1). As the subject of the
occupational safety business game, it is necessary to con-
sider a certain order of activity of participants in accordance
with a given professional activity.

Stage I. Introduction
to the business game

(-

Stage II. Assigning
roles to students

-

Stage III. Analysis
of the problem situation

-

Stage IV. Conducting

=
: =
[¢)
0Q
Qo
B
[¢)

4

SStage V. General
discussion

-

Stage VI. Game results

BRI

Participants should get acquainted with the purpose, content, and
individual tasks of the game, the procedure for its implementation. The
teacher should advise the participants on their participation in the game

Subgroup size of 4-5 students is considered optimal. In each subgroup,
participants consider a certain problem situation in production, distribute
individual roles among themselves, which are interrelated in the game

Participants of the game must analyse a given production problem
situation

Participants of the game offer various possible solutions, discuss them,
considering the consequences of the proposed actions. It is advisable
to develop a collective solution and develop an algorithm for its
implementation

Participants must substantiate their proposed decisions. The teacher
and participants from other subgroups evaluate the results of the game
and the activity of individual students

The teacher considers the awarded incentive and penalty points,
identifies the most competent and active players

Figure 1. Stages and sequence of conducting the occupational safety business game
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The development of the occupational safety busi-
ness game of an organisational plan involves the use of the
following research methods:

- modelling of production situations;

- structuring materials of the occupational safety
regulatory framework;

- search for information

The simulation and game models used in the occu-
pational safety business game are characterised differ-
ently. The simulation model should determine the content
of activities on occupational safety issues of officials of the
enterprise, as a certain part of occupational safety work.

A simulation model is considered as a prototype of a model
or an object of simulation. The game model should describe
the activities of participants in a business game according
to the simulation model. The game model shows the actions
of participants in accordance with the duties of occupational
safety officials of the enterprise. During the occupational
safety business game, the teacher can allow participants to
suggest their own (even erroneous) actions to solve an indus-
trial problem related to occupational safety, and give a cer-
tain freedom of action to the participants of the game. The
task of the teacher, as the head of the occupational safety
business game, is shown in the form of a diagram (Fig. 2).

1. Must monitor the conduct of individual stages of the business game and
provide participants with the necessary training (reference) materials

2. Must not influence the decisions made by the subgroup, but it is allowed to
provide additional information (training materials) and certain suggestions
regarding the progress of the game

Head of the occupational

safety business game: in the game

3. May represent officials who are not represented by the participants involved

4. Must monitor compliance with the duration of individual stages of the game
and whether the content of the game corresponds to real production situations

5. Must act as an intermediary if the participants have violated the rules of the
~—— business game or certain conflict has arisen

Figure 2. Structural representation of the functions (tasks) of the business game manager

The analysis of the possibilities of game technol-
ogies for solving occupational safety issues at the enter-
prise, which will increase the effectiveness of occupational

1. Model various production situations, suggest ways
of actions of participants in the conditions of given
models, demonstrate the degree of systematisation
of occupational safety theoretical knowledge for

practical solution of a given production situation

3. Train game participants to offer
joint solutions in the form of practical

safety training of officials, identifies the following functions
of business games (Fig. 3) and offers criteria for evaluating
their effectiveness.

2. Model the production activities
of individual officials whose interests
do not always coincide

4. Analyse a given
production situation in its

measures of occupational safety
at the enterprise

\

of occupational safety
business games

development (in the course
of events and decisions)

Functions

6. Allow participants of the game during the lesson
(a fairly short period of time) to acquire skills and
abilities that are difficult to achieve in the case

of using traditional methods of occupational safety
training

7. Due to the more interested attitude of the game

T, and safety management systems to bring

5. Apply models of occupational health

occupational safety training closer to the
activities of managers and specialists
of the enterprise

8. Provide greater content of training

A

participants, promote intensive memorisation
and assimilation of information related to the
professional training of specialists

9. Develop professional knowledge of occupational
safety issues in the game participants

compared to traditional methods, maintain
feedback between participants and the
teacher

10. Ensure control of the acquired
knowledge of the game participants during
the game

Figure 3. Functions of occupational safety business games with criteria for evaluating their effectiveness
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The complex of occupational safety business games
should provide for the transfer of game functions between
participants, so that each participant (student of the sub-
group) can perform duties in each of the multi-level posi-
tions of the enterprise — head, occupational safety engineer,
head of the division, chief specialist, insurance expert of the
Social Insurance Fund of Ukraine, State Labour inspector,
inspector of fire supervision, etc. The variety of topics on
occupational safety, on which occupational safety training
is conducted, allows implementing such a distribution and
interchangeability of the functions of participants.

During the occupational safety business games, stu-
dents will be able to:

- get acquainted with the occupational safety duties
of the company’s officials;

— acquire the ability to interact with managers and
subordinates, and use the regulatory documents on occu-
pational safety used at the enterprise;

- learn how to find out the hidden causes of injuries
and occupational diseases based on the analysis of dangerous
and harmful factors at work;

— learn how to offer effective measures to prevent
occupational risks in the workplace.

The results of evaluating the work in the game classes
of participants of occupational safety business games allow
the teacher to get an objective idea of the acquired pro-
fessional knowledge of the participants of the game, about
the readiness for further occupational safety management
activities, in particular, regarding the practical solution of
complex industrial situations related to occupational safety.

Research on the effectiveness of business games
on occupational safety is characterised by certain meth-
odological difficulties. But as a result of the analysis of the
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academic performance of students, for whom certain sec-
tions of the discipline “Occupational safety” were taught
in the form of occupational safety business games, allowed
drawing a conclusion about a significant increase in the level
of academic performance, and therefore, the professional
readiness of future specialists

Before introducing occupational safety business games
into the educational process, it is necessary to substantiate
their place and scope in the curriculum, and formulate rec-
ommendations for their implementation. First of all, the
occupational safety business game should become a practical
embodiment of the previously mastered educational material.
In the structure of a business game, it is necessary to adhere
to the following main stages: a) preparatory; b) conduct of
the game; c) analysis and summarisation of its results. Con-
sidering two aspects of the goal of a business game (motiva-
tional and didactic), the success of a business game depends
on the participants’ awareness of the goal and objectives of
the game, and the requirements for each of the participants.

To find out the degree of effectiveness of conduct-
ing occupational safety business games, the results of mod-
ular control of experimental groups of students from game
classes were compared with the results of similar certifi-
cation of students of control groups for whom traditional
practical classes were conducted. The study compared the
average response scores on a 100-point system for experi-
mental and control groups, considering the overall perfor-
mance score of the groups for the academic year.

The obtained data showed that the level of knowl-
edge of students in the groups where practical classes were
conducted in the form of a business game was significantly
higher compared to the results of students in the con-
trol groups (Fig. 4).

89.22

86.67 86.07

| | |6, |

75.17

Group numbers

Figure 4. Comparison of average scores of responses (left columns) from the training module on a 100-point system
for different methods of teaching the discipline against the background of the overall score of academic groups (right
columns) for the academic year: groups 1, 2, 3 — control (training in the form of lectures and practical works);

groups 4, 5,6 —

research (training in the form of lectures and business games)
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Comparing the data of averaged response scores
from the student control module on a 100-point system
with the overall group performance score for the academic
year, a direct correlation was established between the two
data sets. The strength of the correlation was 0.708, which
according to the scale is a strong relationship, as evidenced
by the level of significance.

CONCLUSIONS

1. Methodological approaches to the use of occupational
safety business games are described, which would allow acti-
vating independent creative activity in the case of train-
ing students and improving the occupational safety skills
of officials of agro-industrial enterprises. The application
of the formulated principles allows acquiring the ability
to make optimal decisions on occupational safety in pro-
duction conditions and in case of non-standard situations.

2. Insufficient attention of researchers to substan-
tiate the theoretical foundations of business games on

occupational safety is noted. It is also important to improve
the practice of using business games as an active occupational
safety method of training. The structure of business games
is proposed, which concerns the detection of violations of
occupational safety at the enterprise and other issues, which
allows modelling elements of future professional activity.

3. The described principles of preparing and con-
ducting the occupational safety business game can be used
as one of the active teaching methods that allow students
to act independently for a certain time in a simulated situ-
ation. Analysis of the development of the situation, various
ways to solve it, actions, methods, and ways out of critical
situations regarding labour safety improves the quality of
the educational process and contributes to the accumulation
of experience.

4. On the example of the use of business games in
the educational process on certain topics of the “Occupa-
tional safety” discipline, their effectiveness is shown, eval-
uated by the results of the following testing.
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OnexkcaHzap Bomoaumuposuu BoiinamoBuu!,
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'HamioHasibHMIT YHiBepCUTET 6iopecypciB i MpUPOIOKOPUCTYBAHHS YKpaiHM
03041, Bysn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina

YVHiBepCUTET HAyK PO KUTTS B JIF0OTiHi
20400, Bya. Cranictasa JlenHcbKoro, 7, M. JIro6:tiH, Pecrry6ika IMobiia

3acagm po3po6bneHHa NpaLeoXopPOHHUX OINTOBUX irop

AHoOTaUif. SIK 3a3HAYAIOTh CyYacCHi HOCTigHMKY, TpodeciiiHi IKoCTi mpaliBHNUKIB, iIXHSI TpOMaZChKa CIIPSIMOBaHICTh
dbopmyioTbcs y coliaabHO 3HAUYLIiN TPYOOBii AisSIBHOCTI, KOJEKTUBHI 32 cBOiM xapakTepoM. TOMY AJisT pO3BUTKY
CaMOCTiIfHOCTi, aKTMBHOCTI, & TAKOX iHIINX HEOOXiTHMX SIKOCTei MOTPiOGHO JATU MOXKIMBICTb 6PATY YUACTh Y I[iiCHOMY
npoieci npaii. MaeTbcs Ha yBasi aHasli3 TPyJOBOIO 3aBaHHs, BUSIBJI€HHS METH, CKIaJaHH IIJIaHy Ta opraHisanis
/10T0 BUKOHAHHS, IOTOYHMIA Ta MiICYMKOBMI1 KOHTPOJIb, CAMOOILiHKA. SIK TTOKa3y€e MPaKTHKa, HaliMOBHillle 11i 3aBJaHHS
MO>XKHa peasli3yBaTy LUISIXOM BIPOBAJKeHHS NiIIOBUX irop. AKTYalbHICTh JOC/iI)KEHHSI BU3HAYA€E€ThCS iCHYIOUMMU
MPOTUPIYUSIMU MiK: BUMOTaMM PUHKY IIpalli 0 SIKOCTi po60uoi cmiy Ta ¢/1abKolo MiJrOTOBKOIO MPalliBHUKIB 10 TPYLOBOL
LisUTbHOCTI Y HOBMX COIlia/IbHO-eKOHOMIUHMX YMOBaX; KOHCepBaTM3MOoM GHOpM Ta MeTO[iB IpodeciiiHOro HaBUaHHS
TMpalliBHUKIB Ta HEOOXiqHICTIO aKTMUBi3allil TPYIOBOI MiATOTOBKM; MOTpe6aMu MpaliBHUKIB Y COLIiaIbHOMY 3aXMCTi MUITIXOM
TMpalleBIalITyBaHHS Ta HU3bKUM piBHeM chOpMOBAHOTO 6a30BUX ITPOodeciitHIX 3HaHb Ta YMiHb, HEOOXiJHMX JI/IS1 BUKOHAHHS
NpaleoXopoHHUX mpodeciitnmx GyHKLii. MeTa — mpeacTaBUTH 3acafy PO3pOOIeHHS JiTOBUX irop 3 MpareoXopoOHHMUX
IOUCLIUIUTIH, aJanTyBaBIIM iX 7o mpobieMaTuKy 6e31eky mpaili, Ta OLiHUTK eDeKTUBHICTD iX 3aCTOCYBaHHS Y HABUATIbHOMY
npotieci. MeTonosiorist — AioBy Ipy pPO3MISIAAAN SIK MOAETI0BaHHS PeasbHOI MisTbHOCTI MpalliBHMKA B Pi3HUX CTBOPEHUX
MpareoXOpoOHHMUX CUTYAIisIX. B CTATTi CTPYKTYpOBaHO pe3ynbTaT Mopdosorii eTarmiB i mOCaifOBHOCTI TpoBeneHHS
MIPale0XOPOHHOI 1i7I0BOI rpyu. ABTOpamu 06IPYHTOBAHO CTPYKTYpHE MpecTaBaeHHs GYHKIIil (3aBgaHb) KepiBHMKA IiTOBOI
rpu. AHaITMYHI JOCTiIKeHHS TIpeICTaB/eHi Y BUITISIAI CMHTe3y QyHKIIiT mpareoXoOpOHHUX OiIOBUX irOp 3 KpUTepisiMu
oliHeHHS iX edpeKTUBHOCTI. [TinTBEpPAKEHO iCHYBAHHS KOPEJISIiIHOIO 3B’I3KYy yCepeHeHMX OLIiHOK BiJIIOBimeli 3
HaBYa/JIbHOTO MozyJis 3a 100-6a/IbHOI0 CHCTEMOTO 3a Pi3HMX METOAMK BUKJIAJaHHS IUCUMUIUTIHM Ha (POHI 3arajibHOTO 6amy
YCIIIIHOCTI HABUAIbHMX TPYII 32 HABYAIbHUI PiK: KOHTPOIbHI (HABUAHHS Y BUIVISIAL JIEKITif Ta MPaKTUMYHMUX POBIT); JOCTiAHI
(HaBUaHHS Y BUIVISIAI JIEKIIil Ta AiTOBUX irop)

Krnio4oBi cnoBa: akTUBHI METOIM HaBUaHHSI, IPalleOXOPOHHA [i/I0Ba Ipa, MOJETI0BAHHS BUDOOHMUMX CUTYalliil, 0OXOPOHA
npaiii, BUpo6HIYa 6e3mnexa
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Aspects of expert system of engineering management
of technical condition of combine harvesters

Abstract. Ensuring the country’s food independence is one of the most important tasks, the successful solution of which
depends on the effective functioning of the agro-industrial complex. The main condition for solving the issues of technical
support of agricultural enterprises is the high quality and competitiveness of Ukrainian agricultural machinery, in particular,
combine harvesters. Engineering management plays an important role in improving the efficiency of using combine harvesters,
timely detection and prevention of technological and technical failures. In practice, when using complex harvesting
equipment, one of the most important tasks is the technological regulation of the machine in the field. This task belongs
to the class of time-consuming engineering problems. Basically, the solution of the problem of engineering management
of combine harvesters is assigned to the operator and depends on their qualifications. Difficulties in solving the problem of
technological regulation are associated with the uncertainty of information about the factors of the external environment
in which the combine operates and the complexity and insufficient study of the relationships between harvesting factors,
regulatory parameters, and indicators of the quality of the combine. Therefore, special attention should be paid to the
development of information support systems for the operator’s intellectual activities, which help it during harvesting
operations. One of these promising areas is the development of expert systems for the subject area under consideration. The
purpose is to substantiate aspects of engineering management of the technical condition of the combine harvester and the
functions of practical application in information technology. Methodology — an expert system of engineering management
of the technical condition of combine harvesters can operate in two modes: acquiring knowledge and solving problems.
The paper presents the results of communication synthesis in the system “combine harvester — combine operator — master
diagnostician”. According to the results of production tests, failures of hydraulic equipment and electrohydraulics of
combine harvesters of the Slavutych model were tabulated. Conclusion - the use of an expert system has reduced the time
spent on collecting and analysing information about the technical condition and making decisions — they are more than four
times less than the time spent on troubleshooting. Scientific relevance — the validity of existence at the level of significance
a=0.05 of the null hypothesis that the duration of technical diagnostics is equal to the duration of repair has been proven,
and the competing hypothesis that the duration of diagnostics of a combine harvester is less than the duration of repair
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INTRODUCTION
The efficiency of agricultural production is largely deter-
mined by the degree of mechanisation of technological
operations and the technical level of machines [1]. A means
of mechanising the harvesting of grain, sunflower, corn,
and other crops is a combine harvester, one of the most
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complex machines in modern agricultural production [2].
The majority, namely 83%, of grain harvesting equipment
in Ukraine is made up of John Deere, Class, New Holland,
and Slavutych combines [3].

Management of the technical condition of machines,
in particular, combine harvesters, can be considered in

Mozharivskyi, D.M., Titova, L.L., Nadtochiy, O.V., & Dasic, P. (2022). Aspects of expert system of engineering management
of technical condition of combine harvesters. Machinery & Energetics, 13(1), 60-66.
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three aspects [4]: informational, intellectual, and physical
(Fig. 1). In the information aspect, this is the collection
and processing of data on the technical condition of
the machine. Information about the technical condition can
be obtained by the organoleptic method [5] or with the help
of technical diagnostic tools - built-in control and mea-
suring devices or standard diagnostics [6], special measur-
ing devices, information and measuring diagnostic com-
plexes [7]. Intellectual aspect — development of a diagnostic
algorithm, analysis of information about the technical con-
dition, and making a management decision [8]. Physical

aspect - implementation of the control effect of technical
service, regulation, and inclusion of backup elements [9].
Intellectual
A
\y\,
(8) (b\poﬁe & 0@(’]
.2\\.\ \s\,‘a 00&12 «S’]O

Informational Physical

Technical
condition

Figure 1. Operator in coordinates:
O - operator; TDT - traditional diagnostic tools; IMS —
information and measurement system; ES — expert system

The security and professional level of machine oper-
ators, driver managers and specialists of the engineering
and technical service of agricultural enterprises are the most
important factors for the effective use of equipment and,
unfortunately, current problems of the industry [10]. The most
qualified and active specialists left the village in the 1990s [11].
Currently, the situation is not improving [12]. The number
of machine operators is reduced by 3-5% annually [13]. The
share of machine operators of the first and second classes in
their total number decreases and is less than 60% [14]. Young

stage 1
Concept of
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people entering the agricultural sector of the economy are
not only not professional machine operators, but also in the
vast majority are poorly trained and cannot conduct tech-
nological processes in conditions adequate to the environ-
ment [15]. Of the total number of employees of the engineering
service of agricultural enterprises, 70-75% have professional
education, and only 30-35% have higher education [16].

In the absence of a centralised system of train-
ing and improving the effectiveness of qualifications,
the main means of maintaining the competence of special-
ists engaged in maintenance is the availability and constant
updating of technical documentation at the level of individ-
ual agricultural farms [17]. Technical documentation mainly
comes with a new machine, or with new equipment [18].
Considering the specifics of the work carried out, method-
ological manuals, route maps, and user manuals made in the
form of printed publications quickly fall into disrepair [19].
This explains the insufficient amount of necessary technical
documentation [20]. On the other hand, printed publications
(books, posters, etc.) do not provide ease of editing and add-
ing knowledge [21]. At the same time, the technical docu-
mentation required for the organisation of maintenance is
practically absent for free sale [22].

In this regard, it is necessary to provide support for
the operator in information and intellectual aspects, or even
exclude it from these areas of technical condition manage-
ment [23]. That is, it is necessary to automate the process
of generating information about the technical condition
and provide support for making managerial decisions [24].

In the physical aspect, technical condition manage-
ment can be carried out by low-skilled personnel [25]. But
even in this aspect, the technical condition can be man-
aged automatically, for example, by enabling backup ele-
ments [26]. However, this approach is unlikely to be widely
used in agricultural machinery.

Thus, it is necessary to “shift” the operator to the
origin along the “axes” of the intellectual and information
aspects [11], transferring its functions to intelligent and
information-measuring systems (Fig. 2). Diagnostics of the
technical condition of the combine harvester and its com-
ponents as objects of technical diagnostics during operation
are in various technical conditions [6]. The change in tech-
nical condition is characterised by an external feature [21].
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Figure 2. Communication scheme in the system “combine harvester — combine operator — master diagnostician”
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Next, the study considers the process of generat-
ing information about the technical condition of the com-
bine in the “combine harvester - combine operator — master
diagnostician” system. The information generation process
can be divided into two parts: collecting a priori informa-
tion (stages 1 and 2 in Fig. 2) and actually diagnosing it
(stage 3 in Fig. 2).

At the first stage, the operator informs the master
diagnostician of their complaints about the machine [9].
Complaint is a description of a deviation perceived by the
operator in the behaviour of the machine, or a clear sign
of failure [3]. Examples of complaints: the header does not
rise, the harvester valve does not close, instead of turning
the discharge screw, the header is lowered, oil leaks along
the hydraulic cylinder rod [16]. This is a clear sign of failure.

At the second stage of diagnostics (Fig. 2), the diag-
nostician analyses the operator’s complaint and begins
to collect additional information about the condition of
the machine [7]. First of all, the diagnostician must make
sure that the deviation recorded by the operator is caused
by an objective failure of the machine, and not by subjective
reasons [1]. For example, a deviation of the unloading device
drive that does not turn on has been recorded, in order to
recognise it as a manifestation of a combine failure, it is
necessary to verify the truth of the following statements:

- the engine is running;

— the inclined discharge screw is in the working position;

— the power button of the discharge device drive is
in the ON position.

At this stage of diagnosis, it is also necessary to link
the external manifestations of deviations with specific ele-
ments of the object [20]. At the same time, object elements
are understood as components of the object parts, assembly
units, aggregates, the object as a whole and the rules for
their installation, adjustment parameters, parameters of the
state of components (if in specific conditions it is advisable
to separate them from the corresponding parts).

The external failure sign is input information for the
third stage (Fig. 2) — determining a non-working element with
the required depth [14]. This stage involves the implemen-
tation of the traditional diagnostic procedure for elements
whose failures may cause the appearance of an external sign.

The purpose of the study - to substantiate aspects of
engineering management of the technical condition of the
combine harvester and the functions of practical application
in information technology.

RESULTS AND DISCUSSION
The authors of this study have developed and are improving
an expert system that implements the following functions:
description of the design of the combine harvester; prelim-
inary configuration of the working bodies of the machine;
adjustment of technological parameters; troubleshooting in
the units and systems of the machine; explanation of the
results obtained; addition and editing of knowledge; assis-
tance to the user when working with the expert system. The
expert system can work in two modes: acquiring knowledge

and solving problems. In the knowledge acquisition mode,
the knowledge engineer forms a knowledge base together
with an expert. In problem solving mode, the user commu-
nicates with the expert system. The dialogue box for enter-
ing information provides a natural language interface for
the user. The interface is one of the most complex compo-
nents of any software product designed for wide application.
The main problem with interface development is related to
the user’s lack of computer skills. Thus, the organisation of
qualified help tips becomes a key issue from an additional
service. In addition to traditional static information, the
expert system uses multimedia elements that significantly
increase visibility and make it easier for users who are not
familiar with using computers.

The updated version of the expert bounce search
system has a number of features. When used in the expert
advisor mode, the expert system provides the maximum
amount of information about the technical condition of the
combine harvester based on the external features observed
by the operator. Moreover, the expert system allows the
operator to move from passive observation to setting up
“experiments” to obtain new external features. For exam-
ple, when registering an external feature, the “lifting/low-
ering of the harvester” button is in the lifting position
and the motor is running and the harvester is not in the
topmost position and the harvester position relative to
the ground has not become higher than it was, the expert
system can ask the operator to move the key to rotate the
discharge auger to the transfer position to the working
position and then ask: “Is the inclined discharge auger
being transferred to the working position?”. The answer
to this question would allow the expert system to adjust
the list and sequence of elementary checks, and therefore,
increase the effectiveness of diagnostics.

Figure 3 shows the view of the prototype window of
the expert system for a situation in which the operator com-
plains about the combine: they chose the interested unit
from the list on the left side of the programme window, the
unit can be selected by pointing to the corresponding area
on the 3D image of the combine: not all combine operators
know the names of the units; from the list of deviations
proposed by the system, the operator indicated a failure to
rise, although the combine lift is a function of the hydrau-
lic system, but many combine operators in the text of the
complaint prefer to mention the element that visualises the
failure, and such features must be considered when develop-
ing the programme interface); after indicating deviations in
operation the expert system starts interviewing the operator
to establish external manifestations of the technical condi-
tion of the combine. As a result of communication with the
expert system, the operator will receive a list and sequence
of basic checks and necessary explanations.

During the period of harvesting grain and legumi-
nous crops in 2021 in the Bilotserkivskyi District of the Kyiv
Oblast, data were collected on failures of Slavutych KZS 9-1
(18 vehicles), John Deere (21 vehicles), and Claas (3 vehicles)
combine harvesters.
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[El==———————Model of the calculation of the specific fuel consumption by combine harvesteris =———— O
ics of the Field and material characteristics
Brand of the combine [y 7c or E Humidity.% 14.00 =
Passport capacity of the combine, kg/s 9.00 = Contamination.% 3.00 ]
Grain weight.%
Passport power of the engine, hp oy 2 = 300 =
Specific gravity of fuel, kg/l 086 =
Specific fuel consumption of the engine 165.00 = .
at rated rpm and power, g/hp*h The average area of the field, ha | 200,00 =
o . Grain specific gravity, t/m3
The volume of the grain bin of the combine, m3 6.00 ] =
B - . A ge yield. t’ha 330 =
Grain unloading rate. kg / s 42.00 (]
‘Working width of the reaper. m 6.00 (] Lenathioih=lniiln
- The ratio of the non-grain
Transport speed of the combine, km/h. part to the unit mass of
grain :
Characteristics of running time
Average time per turn at the end of the rut, s Q.00 (]
Average time for the harvester to move place of unloading. s [gp =
Average distance to the parking lot [ i ]
[night storage). km 9.00 | |
Average time of main work per day, hours Q.00 ]
Average distance from field to field. km 9.00 [~]

Figure 3. Interface of the expert system window

The following data was registered:
- complaint;

- technical diagnosis;

— duration of diagnosis;

— duration of repairs.

indicator of the effectiveness of the technical diagnostics
process. Generally speaking, the time spent on completing
work can be considered as a complex indicator of its com-
plexity, labour intensity, and responsibility.

In this paper, only failures of hydraulic equipment

The expert system described above was used for  and electrohydraulics of combine harvesters of the Slavu-

diagnostics and repairs.

tych model are considered. During the observation period,

The duration of diagnostics was adopted as an 21 failures of these systems were recorded (Table 1).

Table 1. Failures of combine harvesters of the Slavutych model

No. Complaint Diagnosis T, hours 7, hours
1 “The entire hydraulic system does not work” Clogged overflow valve seat 0.12 0.13
2 The discharge auger is not removed and No “mass” on HEC 0.10 0.08

unloading is not turned on”

3 “The speed of the reel is falling”

Failure of the valve of the shut-off device of the CVT control

section of the reel 5PE 0.02 0.17

4 “Steering failure”

Failure of the steering unit AR-125 0.10 2.50

5 “When the header drive is turned on, the

Closing of the control circuit for switching on the drive of

electrohydraulic fuse blows” the header part 3PE to “ground” . (08
7  “The entire hydraulic system does not work” Failure of SOV 0.28 1.12
8  “Slow lowering of the header” The r{sks on the spindle and the disc mower housing are not 0.05 0.02
combined
9  “The threshing drum speed does not increase” CVT hydraulic cylinder failure 0.18 1.30
“ . » Failure of the locking device of the lifting/lowering section of
10 “Spontaneous lowering of the header the header part SPM 0.02 3.00
11 “Uploading is not enabled” D_O— 13-1 sensor fall.ure blocking switching on of the 0.12 0.08
discharge device drive
1. Open circuit of the control section for switching on the
12 “The header drive does not turn on” drive of the header part of 3PE. 0.38 0.43
2. Mechanical part failure
13 “The entire hydraulic system does not work” Failure of HEC 0.27 0.45
14 “The entire hydraulic system does not work” NSH-32 pump drive failure 0.22 1.90
15 “The discharge auger cannot be removed” The hole of the seat O.f the elgctrqmagnet needle of the 3PE 0.08 0.25
discharge screw rotation section is clogged
16 “Uploading is not enabled” Incorrect connection of wires on 2PE 0.18 0.02
17 “The speed of the threshing drum is falling” Failure of the valve of th_e shut-off device of the threshing 0.03 0.17
drum speed control section of 3PE
« . » Failure of the valve of the shut-off device of the lifting/
18 “Spontaneous lowering of the header lowering section of the header part of SPE 0.02 0.17
“When lifting the header, the discharge auger is Worn rubber ring of the seat of the electromagnet of the
19 » : : - 0.10 0.13
removed section of rotation of the discharge screw of 3PE
20 “The header and reel do not rise/fall” 5PM failure (worn parts) 0.38 3.05
1.DO-13-1 sensor failure blocking the activation of the
21 “Uploading is not enabled” discharge device drive 0.25 0.48

2. Mechanical part failure

Machinery & Energetics, Vol. 13, No. 1
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In Table 1, the following abbreviations are applied:
2PE, 3PE, 4PE, 5PE - electro-hydraulic distributors of 2-, 3-,
4-, and 5-sections; 5PM — muscle distributor; SOV - safety
overflow valve (pressure hydraulic valve); HEC — hydraulic
valve with electromagnetic control (flow control distributor).

3500 Duration, h

During the observation period, not a single diagnostic
error was registered, that is, the effectiveness of diagnostics
is maximum.

For clarity, data on the duration of diagnostics and
repairs are presented as a diagram in Figure 4.
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Figure 3. Interface of the expert system window

Based on the obtained data, the average values of
the duration of diagnostics and repair of the combine har-
vester were determined, which amounted to t,= 0.17 hours
and 7= 0.76 hours.

For a comparative assessment of the duration of
diagnosis and repair, a statistical hypothesis about the
equality of average normal general populations was tested.

The considered hypothesis has the form:

H,:M(z,)=M(T)H,:M(z,)<M(1)), (¢=0.05) (1)
that is, at the level of significance ¢=0.05, the null hypothe-
sis that the duration of technical diagnostics is equal to the
duration of repairs is considered. A competing hypothesis
is that the duration of diagnosis of a combine harvester is
less than the duration of repair.

As a criterion for testing the null hypothesis (1), the
value of: o

— Td—Tr
KI = ToGooay 2)
where D(t )+D(t) - variances of arithmetic mean diagnostic
and repair durations, respectively.
The criterion value calculated by equation (2)
Z, =-2,72, a critical point Z_=1,64, that is Z , <-Z_, there-
fore, the null hypothesis is rejected. At the significance level
of 0.05, it can be argued that the duration of diagnosis is
less than the duration of repair. Diagnostics of machines
is mostly related to the information and intellectual aspects
of managing the technical condition, while repair is related
to the physical one. The results obtained indicate that the
use of an expert system has reduced the time spent on
collecting and analysing information about the technical

condition and making decisions — they are more than four
times less than the time spent on repairs. Data on the dura-
tion of diagnostics of a combine harvester without the use
of an expert system are given in [7, 19]. Moreover, as prac-
tice shows, combine operators are often not able to inde-
pendently diagnose the machine at all, especially in terms
of electrical equipment and hydraulics.

Therefore, the use of an expert system significantly
expands the range of tasks solved by the combine operator,
without increasing the information load on them.

CONCLUSIONS

1. The proposed expert system contains aspects of engi-
neering management of the technical condition of the com-
bine harvester and implements the following functions:
description of the design of the combine harvester; prelim-
inary configuration of the working bodies of the machine;
adjustment of technological parameters; troubleshooting
in the units and systems of the machine; explanation of the
results obtained; addition and editing of knowledge; assis-
tance to the user when working with the expert system.

2. The expert system can work in two modes: acquir-
ing knowledge and solving problems. In the knowledge
acquisition mode, the knowledge engineer forms a knowl-
edge base together with an expert. In problem solving mode,
the user communicates with the expert system.

3. It was established empirically that the average
values of the duration of diagnostics and repair of a com-
bine harvester of the 2021 season were t,= 0.17 hours and
7=0.76 hours.
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Hennc MukonaiioBuu MoxkapiBcekuii!, Jliommuia JleoniniBua TiToBal,
Onekcauzap BacuaboBuu Hagrouiii!, ITetp daciu?

'HamioHasibHUIT YHiBEepCUTET 6iopecypciB i MpUpomOKOPUCTYBaHHS YKpaiHu
03041, Byn. TepoiB O6oponu, 15, M. Kuis, Ykpaina

’Buira TexHiyHa IIKOJIa MeXaHiKu
21000, Bya1. llIkinbHa, 1, M. HoBuit Can, Cepbis

ACNeKTU eKCnepTHOi CUCTEMU iHXXKEHEePHOIro MeHeA)XMEHTY
TeXHIYHMM CTaHOM 3epHO36UpaNbHUX KOM6GaMHIB

AHoTauiqa. 3a6e3neyeHHs TPOLOBOIbUOI HE3ATEXKHOCTI KpaiHM — OfHE 3 HAaBAK/IMBILIMX 3aBaHb, YCITIIIHE BUPIIIEHHS
SIKOTO 3JIESKUTH Bif epekTMBHOrO QyHKI[IOHYBaHHS Taly3eit arpormpoMmUcIoBOro Komriekcy. OCHOBHOIO YMOBOIO Y
BUpillleHHi MUTaHb TEXHIYHOTO 3a6e3TeUeHHsI arpapHUX MiAIIPUEMCTB € BUCOKA SIKICTh Ta KOHKYPEHTOCIIPOMOXKHICTh
YKPaiHChKOI CiTbCbKOTOCTIONAPCHhKOI TeXHIKM, 30KpeMa 3epHO361MpanbHUX KoMbaliHiB. V nmigBuileHHi eeKTMBHOCTI
BUKOPUCTaHHS 3€pHO30Mpa/ibHNX KOMOaiHiB, CBOEUaCHOMY BUSIBJIEHH] Ta 3a1mo6iraHHi TEXHOJOTTYHUM i TEXHIYHUX
BiJIMOBaM BeJIMKa POJib HATEKUTh iHKeHepHOMY MeHe)KMeHTY. Ha TpakTuili npm BUKOPUCTAHHI CKIaIHOI 36MpaabHOi
TeXHiKM OJHMM 3 HaliBOK/IMBILIMX 3aBJaHb € TEXHOJIOTiYHE peryIl0BaHHsI MallHU B ITOJIbOBMUX YMOBax. lle 3aBmaHHs
HaJIeXXNUTD J0 KJIACy TPYAOMICTKUX iH)KeHepHMX 3aBaHb. B OCHOBHOMY BUpillleHHS IIPo6ieMu iHsKeHepHOTO MeHeIKMeHTY
3epHO30MpabHUX KOMOAHIB ITOK/IaLa€ThCS Ha OMepaTopa Ta 3a/IeXKUTh Bif fioro kBamidikarii. TpygHOII 3 BUPiLIeHHSIM
3aBJIaHHS TeXHOJIOTIUHOTO PETYITIOBAHHSI MIOB’sI3aHi 3 HeBM3HAUeHicTIO iHpopmalii mpo (hakTopy 30BHIIIHBOTO CepeIOBUIIA,
B SIKiii QyHKIIIOHY€E 3epHO36MpaTbHMIT KOMOAiH, & TAKOK CKIAIHICTIO TA HELOCTATHBOIO BUBUEHICTIO B3AEMO3B’SI3KiB MiXK
daxTopamu 36MpaHHs, peryaoBaJIbHUMY IIapaMeTpaMy Ta MOKa3HMKAMU SIKOCTi po60Tu KombaiiHa. Tomy Ha 0COOGIUBY
yBary 3acjyroBylOTh MUTaHHS PO3POOKM cucTeM iHOOpMaIifiHOI MiATPUMKM iHTeIeKTYaJIbHOI AisNIbHOCTI omeparopa,
SIKi IormoMaraloTh oMy Mpu MpoBeAeHHi 36upanbHUX Po6iT. ONHMM 3 TaKMX MePCIeKTUBHUX HAIIPSIMIB € po3pobKka
eKCIIepTHUX CUCTeM JJIs TIPeIMETHO] ramysi, 10 po3r/siiaeThesl. MeTa — OOIpyHTYBATH aCIeKTH iHKeHEPHOTO MeHeIsKMEeHTY
TeXHIYHMM CTaHOM 3epHO036MpaIbHOTO KoMOaiiHa i GYHKIIii MpakTMYHOTro 3aCTOCYBaHHS B iHbopMaliiiHiit TexHoMIOri.
MeTo0/10ris — eKCIIepTHa CUCcTeMa iH)KeHepHOTO MeHeKMEeHTY TEXHIUHUM CTaHOM 3epHO30MpanbHIX KOMOaitHiB MOsKe
MpaIffoBaTy B JBOX peskuMax: HabyTTs 3HAHb Ta pillleHHs 3a7a4. B cTaTTi mpefcTaBaeHo pe3yabTaTi CUHTe3Y CITiIIKYBaHHS
B cuCTeMi “3epHO30MpasIbHIIT KOMOAitH — KomMbaitHep — MaiicTep AiarHocT”. 3a pe3ynbTaTaMu BUPOOHUUYMX BUTIPOOYBAHHS
Taby/IbOBAHO BiIMOBU Iipo06IaHAHHS Ta eJIeKTPOTiApaBIiky KombaitHiB cimeiicTBa CaByTi4. BUCHOBOK - 3aCTOCYBaHHS
€KCIIePTHOI CMCTeMM 103BOIMI0 CKOPOTUTY BUTPATH Yacy Ha 36ip Ta aHamii3 inpopmarlii mpo TexHiuHMii cTaH i MPUIHATTS
pillleHHS — BOHM O1/IbIII HiXX B YOTUPU pa3y MeHIlle BUTPAT Yacy Ha YCyHeHHSs HeclipaBHOCTe# . HaykoBa 3HaUMMIiCTh —
[IOBeJleHa MpaBMipHiCTb iCHyBaHHS Ha piBHi 3HauyocTi a=0,05 HyJIbOBOI TiIOTE3M PO Te, 1[0 TPUBAJIICTh TEXHIYHOTO
IiarHOCTYBaHHSI JOPiBHIOE TPMBAIOCTI PEMOHTY, Ta KOHKYPYIOUOI IiI10Te31 — TPUBATICTh JiarHOCTYBaHHS 3€PHO30MPATbHOTO
KoMOaitHa MeHIla TPMBaIOCTi pEMOHTY

KniouoBi cnoBa: inTenekTyaabHMit acleKT, iHkKeHepis, JiarHOCTyBaHHs, po60Ta KombaitHa
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Analyticity of non-stationary processes of change in diagnostic parameters
of hydrostatic transmissions of harvesters

Abstract. The creation of competitive agricultural machinery on the world market is an urgent task. And the solution of
this problem is primarily related to the issues of improving reliability. This is especially relevant for complex and therefore
expensive agricultural machinery. It becomes an unacceptable luxury to operate combine harvesters where 50% of all
working time is spent on downtime. These downtimes are associated with insufficient technical level and low reliability.
Especially noteworthy is the low reliability of the drive elements. One of the ways to increase the energy saturation of
complex agricultural machines is to replace mechanical gears for driving working bodies with hydraulic ones. The increase
in the initial cost of the machine due to this can be compensated by reducing the cost of spare parts in further operation and
reducing downtime. In the designs of Ukrainian and foreign manufacturers of agricultural machinery, a promising area today
is the creation of a multifunctional hydro-mechanical drive. The purpose of the study is to confirm the existence of analytical
approaches to describing non-stationary processes of changing the diagnostic parameters of hydrostatic transmissions of
combine harvesters. The methodology is based on the Lagrange principle, developed elements of the fundamental provisions
of the mechanics of continuous media with movable boundaries in relation to hydraulic drive systems of hydrostatic
transmissions of combine harvesters, which allow expanding the field of research and modelling of diagnostics of these
systems. The paper proves that in the field under study, the Bless method is a more effective method for numerically solving
such systems of equations. It is shown that for one-dimensional motions of incompressible liquid media moving in the channel
and bounded by mobile boundaries, the calculation is reduced to solving the equation a(x, t) x=b(x, t) X2+c(x, t). Where x=x(t)
is the coordinate of the anterior or posterior boundary of the liquid medium moving in the channel. The authors of this study
prove that this equation is a generalised Bernoulli equation for the case of motion of incompressible liquid media with moving
boundaries. The proposed method allows calculating the dynamics of starting an ampulised hydraulic drive system for
hydrostatic transmissions of combine harvesters with minimal volumes of 1...10% of gas cavities for storing the drive working
fluid. The elements of the theory described above and the developed calculation methods allow expanding the field of research
of dynamic modes of operation of hydraulic systems of the power drive of hydrostatic transmissions of combine harvesters
in the process of filling the working fluid of hydraulic system channels with branches and hydraulic supports

Keywords: methodology, transmission, hydrostatics, efficiency, hydraulic systems

Article’s History: Received: 13.10.2021; Revised: 10.01.2022; Accepted: 23.02.2022

INTRODUCTION

The operation of hydraulic systems of hydrostatic trans-
missions of combine harvesters in severe operating condi-
tions is accompanied by complex high-speed hydrodynamic
processes caused by the movement of liquid and gas-lig-
uid media in the hydraulic channels and working cavi-
ties of hydraulic machines of these systems [1]. One of

Suggested Citation:

the most complex phenomena is the processes caused by
the movement of these media, which have mobile bound-
aries [2]. These phenomena are mainly associated with the
removal and filling of hydraulic channels and working cav-
ities of hydraulic drive systems of hydrostatic transmis-
sions of combine harvesters with working fluid [3]. They

Rogovskii, I., Lyubarets, B.S., & Borek, K. (2022). Analyticity of non-stationary processes of change in diagnostic parameters
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are typical for dynamic modes of operation of hydraulic
systems: during overloads, during transient modes, during
adjustment, refuelling, starting, and stopping [4]. They con-
stantly accompany the operation of volumetric hydraulic
units of hydraulic drive systems of hydrostatic transmis-
sions of combine harvesters [5]. In general, these processes
are typical for the operation of hydraulic systems of hydro-
static transmissions of combine harvesters operating on the
principle of displacement of working fluids [6].

Complex problems of hydromechanics of lig-
uid media with moving boundaries arise when studying the
phenomena of not complete, but partial filling with work-
ing fluid of the cavities of hydraulic cylinders of volumetric
units of hydraulic systems of hydrostatic transmissions of
combine harvesters [7]. These phenomena take place during
cavitation, which occurs due to a decrease in fluid pressure
anywhere in the channel [8]. They can appear, for example,
when the gas pressure drops in the gas cavities of tanks
for storing working fluids of hydraulic systems [9]. They
occur when starting the hydraulic pump drive or in tran-
sient modes of their operation, when the speed of rotation
of the pump shaft exceeds the calculated values [10]. In this
case, the liquid does not have time to fill the channels of the
hydraulic cylinders due to the high speed of rotation of the
cylinder block or the low pressure at the pump inlet [11].

The considered processes of hydraulic systems of
drives of hydrostatic transmissions of combine harvesters are
characterised by a sharp release of gases dissolved in liquid,
flow continuity breaks, they are accompanied by the phenom-
ena of incomplete water hammer, flow separation from the
walls of the main channels and their incomplete filling [12].

In general, the study of the processes of motion of
liquid and gas-liquid media with moving interface of media
such as: “liquid-gas” or “liquid-solid”, “liquid-piston”
refers to the tasks of hydromechanics with contact breaks
of media [13]. The main content of these tasks is to deter-
mine the laws of motion of mobile boundaries of disconti-
nuities [14]. After that, the calculation of other flow param-
eters does not cause significant difficulties [15]. As already
noted [16], the phenomena and processes described above
significantly affect the technical condition of hydrostatic
transmissions of combine harvesters, but they are poorly
understood. This is conditioned by their physical complexity,
difficulties in calculating and modelling them, and limited
possibilities for observing the features of these phenomena
and measuring their physical parameters [17].

In addition, the scope of setting and solving prob-
lems of hydromechanics with moving boundaries of media
for hydraulic drive systems is limited by the Euler princi-
ple traditionally used in hydraulics [18]. Studies show that
here, along with the Euler principle, it is necessary to apply
the Lagrange principle, which is more general in physical
and mathematical terms, since it allows setting and solv-
ing problems of hydromechanics with moving boundaries
of the medium [19]. Its use would allow developing the fun-
damental provisions of the mechanics of continuous media
with moving boundaries in relation to dynamic problems of

changing the diagnostic parameters of hydrostatic transmis-
sions of combine harvesters [20]. This would significantly
expand the areas of research and solving problems of hydro-
mechanics of changing the diagnostic parameters of hydro-
static transmissions of combine harvesters, improve the qual-
ity, accuracy and reliability of calculations, and the adequacy
of modelling real processes that accompany their work [21].

The purpose of the study is to confirm the existence
of analytical approaches to describing non-stationary pro-
cesses of changing the diagnostic parameters of hydrostatic
transmissions of combine harvesters.

RESULTS AND DISCUSSION

The study considers the problem of calculating the charac-
teristics of processes of one-dimensional unsteady motion
of liquid media with moving boundaries in channels of
complex geometric shapes. It is assumed that the area
o(s) of the channel cross-section is a given function of the
curved coordinate s counted along the channel axis. A lig-
uid medium moves in the channel, bounded by two moving
surfaces and the side surface of the channel: the boundaries
of the medium. The areas of moving surfaces are equal to
o, (H)=ol[s,(t)] and o,(t)=0[s,(1)], the area of the side surface of
the channel is equal to () (Fig. 1).

Figure 1. Movement of liquid media with movable
boundaries in the channels of pipelines of hydraulic systems
of drives of hydrostatic transmissions of combine harvesters

It is assumed that the pressure of a liquid medium
on moving surfaces is given. Since the liquid medium con-
sidered here consists of the same liquid particles, and the
boundary conditions of the problem are set at the moving
boundaries of the medium, the Lagrange approach can be
used as the most appropriate research principle in such cases.

The position of moving surfaces in the channel is
determined by Euler curved coordinates s (t)=s(&,, t) and
s,(t)=s(&,, 1), where & and &, — Lagrange coordinates indi-
cating the state of the surfaces under consideration at the
initial time t=0. The movement of the liquid is carried out
under the action of mass and surface forces. The main rela-
tions describing the patterns of movement of these surfaces
in these channels are obtained. It is assumed that the pres-
sure p =p(s,, t) and p,=p(s,, t) on the surfaces of these bound-
aries are known functions of Euler coordinates s, and s,,
and time t.
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The theory and calculation methods are based
on general integral relations expressing the basic laws
of mechanics of continuous media with moving boundaries
(Fig. 1), namely, the laws of change: masses m(t) of medium,
its kinetic energy E(t), the amount of movement K(t) of envi-
ronment, and the moment L(t) of its quantities of motion

are represented as equations
am

_ad _ _
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where: v — vector of the absolute velocity of movement of
a given particle of the medium, m/s; p, kg/m? - density of
the medium; f, m/s? and p=p +p_, N/m? - respectively, vec-
tors of stresses of mass and surface forces acting on the
particle of the medium and its surface; 3, i, ,, kg/s, 3,
E, , W - the sum of the capacities of additional sources
and effluents of mass and mechanical energy, respectively,
located inside the moving medium; ¥, K, , kg-M/s*, ¥, L. .,
kg-m?/s? - the sum of the capacities of additional sources
and drains and the moment of the amount of movement,
respectively, located inside the moving medium; r - radi-
us-vector drawn to a given point of the medium from point
O* — the centre of its rotation (Fig. 1).

Notably, the integration region is mobile and
depends on time t, s. Integral relations (1)-(4) will be used
in deriving equations describing the processes of motion of
incompressible liquid media with moving boundaries in the
channels of hydraulic drive systems by vane and volumetric
hydraulic machines, and with jet devices.

In the one-dimensional case for movement in the
channel of a compressed liquid medium bounded by mobile
surfaces o,(t) and o,(t) (Fig. 1), the above relations will take

the form:
sz dp(s P

“

o(8)ds+p(sy, ) v(s,,t)0(sy)-
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where: Y(s, t), m/s — the average absolute velocity of liquid
particles in section s at time t; p(s,, t), p(s,, t), Pa —average
pressure on moving surfaces; D, W - the rate of dissipation
of mechanical energy of the medium due to friction and
eddy formation, equal to:

_1 S, (t) ds
D =303 00 [ 7aam Sl v )

where: A — coefficient of fluid energy loss in the Darcy-Weis-
bach equation; §(s) — channel diameter, m.

Equation (9) can be used for all currents satisfying the
condition A=A(Re,A, /3), where Re - the Reynolds criterion,
AW, m - height of the roughness bumps of the channel walls.

Notably, the form of writing conservation laws in the
above form (5)-(8) is general, both in the Euler approach
and in the Lagrange approach. The difference is as follows.

If the liquid medium moving in the channel has mov-
able boundaries with coordinates s=s,(t) and s=s,(t), and con-
sists of the same particles (Lagrange approach), then in this
case v (s;t) = %, v (syt) = %2. If the area of the channel
through which the liquid moves is bounded by fixed bound-
aries with coordinates s =const=I, and s,=const=I, (Euler
approach), then v(s,, (t)=v(l , t) and v(s,, (£)=v(l,, t).

This form of notation is also valid in the case of
the movement of a liquid medium bounded on one side by
a stationary surface with a coordinate s =const=I (v(s,, )=v,
(1,, 1)), and on the other side — a movable surface w1th a coor-
dinate s, (t), (v(sz, t) = —) This case corresponds to filling
in the channel.

This recording form is also valid if the channel is
empty. In this case, the liquid medium is bounded, on the
one hand by a mobile surface with a coordinate s,(t), (v(s,,
D=1 ), and on the other - a fixed surface with coordinates
const=1,(v(s,, H)=v,(l,, 1)).

For one-dimensional problems with moving bound-
aries of media s,() and s,(t) the relations for conservation
laws, written as (6)-(8), can be obtained by formal time dif-
ferentiation of the values m(t) of the mass of a liquid, its
kinetic energy E(t), and the amount of motion K(¢) of lig-
uid, and the moment L(t) of its number of movements, rep-
resented, respectively, in the form of:

m(e) = ) p (s, )a(s)ds (10)
E()) =3[ p (5, 0)v3(s, Do (s)ds (1)

Machinery & Energetics, Vol. 13, No. 1

4



Analyticity of non-stationary processes of change in diagnostic...

K(t) = fssf((f)) p (5, 8)5(s, )o(s)ds (12)
L(t) = f:ll((tt)) [7(s, )x p(s,0)7 (s, t)]o(s)ds (13)

Here the property of the derivative of the integral
is used, which depends on the parameter t, when the inte-
grand and the integration limits depend on this parameter:

d s,(t) Sz (t) df (s,t)
Efs (t) f(s,t)yds = fs ) dt ds

L2 (5,6, £) = 2O f(5,(6), 1)
For incompressible liquid media, the law of conservation and
energy conversion, considering the viscosity of the medium
and the mobility of its boundaries, can be written in the
form:

(14)

1 t) dv3(s,t) 1
2 j::lz((t)) vdts G(s)ds+—p[1;2(52_t)g(5)v(52_t)_

v3(s1,00(s)v(s1)] = p 7 cos(@, X)
£ (6) + cos(F, V) fy (t)+cos (7, 2) f,()]v(s, t)a(s)ds+
p(s1,)v(s,t)a(s1) — p(s2,)v(sz, t)a(s,) +

1 S,(t) ds .
ZanNis =32 L e @ Osignv

For this case, the relations are valid:

(15)

fsz ) dvz(s t)

s,(t) d [Q(t) dQ (t) s,(t) ds_
o 0ds =[] _[ ] @ Jsi

s1(8) dt Lo(s) 51() U(s)(16)
Provided that mass forces manifest themselves only
in the form of gravity forces:

A0 18

[ lcos(s, 2y £ v(s )a(s)ds=glZ(s)-Z(s)1Q(t) (1)
where [Z(s,)-Z(s,)] - the difference in the heights of the cen-
tres of the surfaces of movable borders above an arbitrary
horizontal plane (Fig. 1). Considering the above ratios:

1 dQZ fsz (t) ds_

1 1 .
2 s1(t) o(s) p [02(52) - Fsl)
)= [p(sl.t) p(Sz.t)]' () + gplZ(s1)—

7

(19)

26100 ~2p [ 20 8t
Z(k) ] Q (t) +Z(l}) Nlj

where {, - in general, the time-dependent coefficient ofk-th
local hydraulic resistance located at some point in the chan-
nel. For Q(t)%O

sp(t) ds | 1 [ T .
dt s1(8) o(s) 02(sy)  02(sy)
Q*(®) =p(spt) - p(Sz.t) +9plZ(s1)—

s2(t) __ds (20)
Z(SZ)] - _p[ f1(t) a2(s)o(s) +
Yo _z] Q%) + X1, Apyj
where X,/ APy = Z(t]) Ni;.
Counting (for certainty) in this equation Q = —= a(sz)
and given that
S0(sy) = ol (O] = o' (s) 52,0/ (5,) = s = 5, 2D
and also that:
dl d [d
i =il o] =GR oD + o DD gy

obtain:

S, (t) ds $§
(t) a(s) 2 + pO' (52)

[ 1 _[ 1 a (sz) fsz(t) ds
0%(sz) 02(51) 02(52) 51(t) a(s)
$5=p(s1,)—p(s2, ) +pglZ(s1)~ Z(s)]-

L) S,(t) ds
U (SZ)[ f1(f) a2(s)a(s)

pa(s z)f
(23)

o %]szz sign $,+AP

If it is accepted that Q(¢£) = —*0(s1), then the equa-

tion written above will have the form

S, (t) ds §
pO'( l)f Z(t) a(s) §+- pO' (51)
[ i1 0(51)f52(f) ds _. _
e 76 T 2 n® ae

p(s1,t) — (s, )+ pglZ(s1) — Z(s;)] - (24)

2 S, (t) ds [V .
_a (s 1)[ fl(t) oz(s)o(s)+2(k)o—ﬁ] $isign $,+AP

From equation (1) for the law of conservation of mass
of a moving medium, in the absence of sources and drains
of mass inside the liquid:

d.
510( 1) —_0(52) (25)
In this case, the acceleration of the boundaries of
the moving medium is related by the equations:

d?s , ds d?s. , ds
dtzl o(sy) +o (51)(11_;)2 = dtzz o(sy)+o (52)(01_;)2

Relations (11) and (12) allow switching in equation
(10) to a single variable, for example, x(t)=s,(t). The coordi-
nate of the movable border is indicated by a lowercase let-
ter x, in contrast to the X-axis designation, which is capi-
talised in Figure 1.

It follows from (11) that o(s,)ds,= o(s,)ds,, hence,
after integrating the left side of this equation within the
range of {, to s, and the right one - within the limits of up
to {, to s,, obtain:

s )=C) (s, (26)
where:
=Ty, y=5,, 5, G, (27)
Equations (13), (14) determine the relationship
between the coordinates s1 and s2 in the form of:
5,75,(5,)=5,X) (28)
or
5,75,(5)=8,(X)- (29)

In case of a minor change in the area o'(s) of
cross-section of the channel, components containing the
derivative of the area along the coordinate, i.e., the value
of 6'(s), can be ignored. In the case of filling or emptying
tanks with a spherical or conical surface, the value of o(s)
should be considered.

Now equation (10) can be written for a single varia-
ble, for example, x(t)=s,(1), i.e., relative to the coordinate x
anterior fluid boundary'

Po(OAE+3p[1 - 0+ 2/, ()0 ()] ¥2=
pls: (), t]= p(x. )+ gp{Zs, ()]~ 2(x)} ~

%pa2 (x) [Afz x)+Y o_,i] X2+ Ap

o2(x)

(30)

where:

das
fikx) = fs (x)o(s) fo(x) = fsl(x)m
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_ (x ds_ _x ds
f(x) = J-sl(x) o(s)’ f00) = J‘sl(X) a2(s)58(s) - (31)

If equation (31) uses the independent variable
x(t)=s (t) using relation (30), which establishes the relation
5,=5,(s,)=s,(%), then the equation with respect to the coordi-
nate x posterior fluid boundary is obtained:

. 1 a2(x) l
Pok ()T +5p [575 — 1+ 2k ()0’ ()]

1 =p(x,t) —pls2(0), t] + pg{Z (x) —
205,01} ~ 3007 () My () +8 | #2sign i + 4
where:
k() = [0 7%

x a(s)’

(32)

ds (33)

_ (520
ko () = fx 02(5)8(s) "

In the case when one of the intersections s, or s, is
stationary (for example, when liquid is released through
cross-section s,=I of channel), x=s should be taken as the
desired variable x=s (t), that is, the coordinate of the pos-
terior boundary. In this case, the equation (32) should use

s,(X)=l: o 1[02() :
po (D ka (x Dt T 1420 (Do (D)
P=p(x,0-p(, D+pglZD-ZD)-5p0* (D) (34)
[}\kz (% I)+E% X%signxt+Ap
where: ’
ki(x, 1) = xl% ky(x,D) = f;%- (35)

In this general form, equation (34) can be used to
determine the function p=p(l, t). This function can be used
to calculate the time change in pressure at an arbitrary (sta-
tionary) point 1 of the channel filled with working fluid. To do
this, the expression for p=p(l, t) is used, defined by equation
(30), substituting the value x(t), x(t), ¥(t), found as a result
of solving general equations, for example, (28) or (29).

Thus, the calculation of parameters that character-
ise the dynamics of motion of liquid media with moving
boundaries in channels of complex geometric shapes can be
reduced to solving the Cauchy problem for some ordinary
nonlinear second-order differential equation with respect
to the coordinate x(t) one of the movable boundaries and
allowed relative to the highest derivative. This equation can
be reduced to the form:

X=flx, %, 1) (36)

It can be shown that the calculation of parameters
that determine the dynamics of motion of liquid media
with moving boundaries in branched channels with the
number of moving boundaries equal to n+1 for example,
when filling hydraulic lines with working fluid, it is reduced
to solving the Cauchy problem for systems n of ordinary sec-
ond-order differential equations with respect to coordinates
xi of movable borders: X =f(x, x, t) i=1...n.

The equations obtained here are generalisations
of the Bernoulli equation for the case of motion of lig-
uid media with moving boundaries in channels of com-
plex geometric shapes. Here is an example of using the
Lagrange approach to calculate the motion characteristics
of liquid media with moving boundaries in spherical coor-
dinates. This approach is applied to constructing a model
of the dynamics of a gas bubble in a gas-liquid medium. It

L. Rogovskii et al.

was shown above that the main dynamic characteristics of
the processes of one-dimensional motion of incompressi-
ble liquid media with moving boundaries in the channels of
hydraulic lines, elements, and aggregates of hydraulic drive
systems are described by ordinary nonlinear second-order
differential equations of the form (34).

This type of equation allows directly determin-
ing the coordinates of the moving boundaries of a lig-
uid medium, for example, the liquid flow front, the bound-
aries of the medium with a moving piston of a hydraulic
cylinder, and the position of the surface of any other mov-
ing element bordering the liquid. The appearance of these
equations also allows using the efficient methods specif-
ically adapted to solve them.

The equations used in this paper, however, also have
a specific feature due to the presence of discontinuous coef-
ficients in them. The presence of such coefficients is deter-
mined by the need to consider (in the calculation process) in
these equations additional terms that appear or “disappear”
from the composition of this equation at a certain time. In
this system of equations, new equations may appear or “dis-
appear”. This can be caused by the opening of valves, abrupt
changes in the cross-sectional areas of hydraulic distributor
channels during adjustment, and during transient modes
of operation of hydraulic systems. Additional equations
appear, for example, when starting injectors, vane, or volu-
metric pumps, and in other similar cases, when calculations
need to take into account new sources or drains of mass,
energy, amount of movement, or moment. This also hap-
pens when branches from the main lines of hydraulic sys-
tems are filled with liquid, in cases where new local hydraulic
supports appear.

These features make it difficult to use standard pro-
grammes for solving systems of ordinary differential equa-
tions, for example, in the currently widely used Math-
Cad mathematical environment. This is explained by the
following.

The presence of discontinuous coefficients in the
right-hand sides of ordinary differential equations writ-
ten in Cauchy form makes it inefficient to apply many well-
known methods for numerical integration of these equa-
tions. Thus, the use of one-step Runge-Kutta methods
implies sufficient smoothness of the right-hand sides of
equations and their derivatives. In addition, in these meth-
ods, to calculate the desired functions in the next step, it is
necessary to calculate the value of the right side of equa-
tion (20) several times. This significantly increases the
calculation time, since the right-hand sides of the equa-
tions described by the processes under study usually have
cumbersome expressions. The Euler method is applica-
ble in this case, but requires small integration steps, while
providing little accuracy. The so-called k-step methods,
which include methods based on finite-difference schemes
of the Milne method, are not convenient in these cases,
since when the coefficients of these equations are abruptly
changed, it is necessary to calculate the beginning of the
integration table fairly accurately each time, while, as a rule,
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one-step methods of the Runge-Kutta type are used. Evi-
dently, all this significantly complicates the algorithm and
the numerical calculation process itself, while increasing
the calculation time.

The requirements for the device of mathematical
support of CAD hydraulic drive systems lead to the need to
search for such methods of numerical integration of equa-
tions that would have sufficient simplicity and efficiency in
solving the problems described above. It is known that in
the formal approach to the question of numerical integra-
tion, the Cauchy problem for equations of order above the
first and their systems is reduced to the Cauchy problem for
systems of first-order equations. However, methods specif-
ically adapted to solve higher-order equations often turn
out to be more rational.

These problems have led to the need to look for new
ways and methods for solving systems of differential equa-
tions with ordinary derivatives containing discontinuous
coefficients. Studies have shown that the Bless method was
quite effective here. Its advantages are as follows. Firstly,
this method is specifically designed for solving second-order
differential equations. Secondly, this method has a very high
accuracy: its error is about 0(h°). Thirdly, in this method, at
each step of numerical integration, it is enough to calculate
the right-hand side of the differential equation only once,
and only at the fifth step is refinement performed with high
accuracy.

The essence of this method is explained by the exam-
ple of solving a system of equations of the form (20). The
essence of the method is to calculate in the next step (at the
point t,,,) of the desired vector function x(t) and its deriva-
tives x(¢) and x(t) using relations:

T(tiesr) = 26 + hE(0) + 0> %6,
X(try1) = X(t) + hx(ty).
i(tk+1) = f_(i(tk+1)'§(tk+1)'tk+1)'
where t,, =t,+h; h - integration step.

In order to avoid a significant accumulation of errors
in the calculation process, this method provides for updat-
ing vector functions every 5 steps x(t) and x(t) with high
accuracy (about 0(h%)). This is done using inequalities:

F(tiers) ® F(tiys) + 5 B33 (9% (bers) + .
20% (tipy — 29°%(ty) ) G7)

X(tiss) ~ X(tgss) + i h (11'§(tk+5) +
5%(tsr) — 167(t))

Thus, in the calculation process, at each step of cal-
culating the values of coordinates and velocities of move-
ment of the moving boundary, the right-hand sides of the
system of equations (37) and (38) are calculated only once.
This significantly reduces the calculation time compared to
other methods, where it is necessary to calculate the right-
hand sides of the system of equations several times before
taking the next step in time.

As already noted, this circumstance is very large
with cumbersome expressions for the right-hand sides of

(38)

the above system of equations. Given the importance of
this circumstance, it is the latter feature that is character-
istic of systems of equations describing the dynamics of the
hydraulic systems under study.

A comparative analysis of the known methods for
numerically solving ordinary second-order differential
equations shows that the most widely used method for solv-
ing them, the Runge-Kutta method, is a method of only the
fourth order of accuracy, it gives an error of the solution of
order O(h*). Here, to take the next step in time, it is neces-
sary to calculate the value of the right-hand side of the sys-
tem of equations (38) four times. Although the Runge-Ku-
tta method meets the most demanding requirements for the
accuracy of numerical methods, its use, however, implies suf-
ficient smoothness of the right-hand sides of equations and
their derivatives. It is these conditions that are not met when
calculating the characteristics of the processes studied here.

Comparison with other methods of numerical inte-
gration of second-order differential equations, for exam-
ple, with the “polyline” method, shows the disadvantages
of this method, since it also requires sufficient smoothness
of the obtained solutions. Therefore, it is the Bless method
that meets the highest requirements for the accuracy of
calculation and the cost of machine time. It also has clear
advantages over other methods in terms of universality and
applicability to solving systems of second-order equations
with discontinuous coefficients.

All these arguments allowed recommending the
Bless method for numerically solving problems of dynamics
of one-dimensional motion of incompressible liquid media
with moving boundaries in the channels of hydraulic lines
and machines of the hydraulic systems under study. A deeper
and more comprehensive analysis of this method would
allow applying it in the future for CAD of promising hydraulic
systems as the most accurate, simple, and effective method.

In the introduction, it was noted that when filling
channels with narrowing and branches with liquid, phenom-
ena occur in the liquid that significantly affect the dynamics
of the filling process of these channels [106, 108]. These phe-
nomena are mainly associated with a narrowing of the fluid
flow when filling these channels. When studying these phe-
nomena, difficulties arise in determining the compression
ratio ¢ of the liquid jet in these channels. For local hydraulic
resistances of complex geometric shapes with narrowing of
channels, this value is necessary to determine the pressure
increase at the time of water hammer associated with flow
inhibition due to narrowing of the channel when it is filled.

For local hydraulic resistances of complex geometric
shapes, difficulties are determined by the fact that the value
of the abrupt decrease in the fluid velocity due to impact
when filling a channel with this resistance is unknown.
The value of the compression ratio of the jet formed at
the moment of incomplete hydraulic impact is also not
known (Fig. 2). These circumstances do not allow the Zhu-
kovsky formula for incomplete hydraulic shock to be used
directly for this case. The simplest scheme of the process
under consideration is shown in Figure 2.
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Figure 2. Calculation scheme of incomplete
water hammer when filling a channel with a narrowing:
a — before the impact, liquid parameters with the number 0;
b - after the impact, parameters with the numbers 1 and 2

Figure 2 shows a vector of the speed of a water ham-
mer sound wave. The area of fluid after impact is bounded
by sections 1 and 2.

Next, the study considers the basic physical pic-
ture of the process under study and builds its mathe-
matical model. The necessary relations are obtained for cal-
culating the value ¢ of the compression ratio of the liquid jet,
and the value AP of the shock pressure increase when filling
a main line with hydraulic resistance in the form of narrow-
ing of the channel with a gas-liquid medium. It is assumed
that when filling a compressed liquid or gas-liquid medium
of a channel with local hydraulic resistance (in the form of
a sharp narrowing of the channel, see Figure 2) the flat front
of the liquid flow (before it hits the local hydraulic resist-
ance) moves at a speed of v, (Fig. 2a; cross-section 0-0).
The pressure of the medium, in this case - air, in front of
the liquid flow front is equal to p,. When the liquid front
hits the local hydraulic resistance under study, an increased
pressure wave occurs in the liquid p, (Fig. 2b; cross-section
1-1). This wave begins to propagate against the current at
the speed of sound a. In this case, the speed of movement of
liquid particles behind the shock wave decreases by a jump
to the value of v,. Shock pressure increase Ap=p,-p, in this
case, is determined by the Zhukovsky formula for incom-
plete hydraulic shock:

Ap=pa(v;-v,), (39)
where p - liquid density, kg/m?.

Speed v, is not known. It is known that due to the
short duration of the impact, the flow of compressed fluid in
the obstacle area with a good approximation can be consid-
ered non-viscous and weightless (Re—o, Fr—). Therefore,
its flow through the narrowing of the channel can be consid-
ered in a one-dimensional approximation as a jet with a flat
front (Figure 2b, cross-section 1-1, 2-2). The speed v, of the
flow front is determined by the fluid parameters R, and v, by
the compression wave in Figure 2b this area is more dark-
ened, and also - the value of the coefficient ¢ of jet compres-
sion and pressure R, on the free surface of the jet. Therefore,
in the region of a compressed liquid, the energy equation
can be used in the form of the well-known Bernoulli rela-
tion, which here is an expression of the law of conservation
and transformation of energy for an ideal liquid:

I. Rogovskii et al.

D,-p,=p(V;-v})/2. (40)

Speed v, and v, are related here by the ratio of conti-
nuity of the liquid flow in the form of equality:

V,0,=€V,0,, (41)
where ¢, and o, - the area of the corresponding cross-sec-
tions of the channel.

The latter relation is the law of conservation of
the mass of the liquid flow for the case under consideration.
It should be noted, however, that the front of the fluid fill-
ing the trunk is usually frothy and blurry. In addition, with
strong geometric narrowing of the channels in local hydrau-
lic resistances at the flow front, even before the impact,
a gradual increase in pressure is observed, due to the fact
that (as the front approaches the obstacle) the gas in front
of the flow front is compressed. These features of the filling
process can significantly smooth out impact phenomena.
Here, however, for the sake of simplicity of consideration,
this is ignored and it is considered that p,=p,.

To calculate the value ¢ of the compression ratio of
the jet (liquid or gas-liquid flow) at the moment of impact of
the flow front on the resistance, and to determine the value
Ap in the above cases, the results of experimental studies
of ordinary operation of combine harvesters can be used.

Here, the value ¢ of the compression ratio of the flow
jet at the time of incomplete hydraulic impact is proposed to
be calculated using the speed values established experimen-
tally from the experiment v, at the moment when the front
approaches this local hydraulic resistance, and the value
Ap of incomplete hydraulic shock. The calculation of the
value ¢ here is proposed to be performed using the equa-
tion obtained from the equality, which expresses the well-
known laws of conservation of energy and mass, written
above. Equation for calculating ¢ has the form:

_ 20p -1 42
e= o1+ 21, (42)
where: Mo(1=4p)*
=_ bp | PN
Ap—pavo,Mo—a,)L—(S2 D™ 0=01/0,

Studies have shown that if the value of ¢ is known in
advance (for example, when it is already predefined visually
or becomes known from at least one reliable experience,
and obtained theoretically or calculated in the above way
from experimental data), then it can be used in the future
to determine the value Ap of hydraulic shock in a reasonably
wide range of changes in full-scale conditions and the above
values M, and e.

In this case, the calculation Ap can use the equation:

_ A i 1
Ap=1 +M_0 -1+ M_O)Z —1]» (43)
_ (@ -1
where 1 = G-D™

Evidently, the above equation is a converted Zhuk-
ovsky formula to a form that makes it possible to determine
the impact pressure increase Ap in the main line at known
values of the flow front velocity v, at the moment of impact,
the speed of sound a in a liquid, the geometric characteristic
of the resistance c=c /o, of coefficient ¢ of jet compression.
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Additional studies have shown that the method
described above and the calculation equations (42) and (43)
can also be used to determine the parameters of incom-
plete hydraulic shock in the event of a sudden partial

direction

o

of channel narrowing

[ Y
Q
=
Q

o

overlap of a channel already filled with liquid or gas-lig-
uid medium, for example, by a hydraulic distributor of the
working fluid of a volumetric one (Fig. 3).

Figure 3. Diagram of fluid movement when the channel is partially blocked:
a — before the overlap (before the impact); b — after the overlap (after the impact)

It is important to note that the coefficient ¢, accord-
ing to the calculation, can be determined using any values
of M, and Ap taken from a single experiment for a given local
resistance. However, in this case, the question arises about
the possible dependence & from the change of M, and Ap.

The studies described in this paper have shown that
the values of ¢ determined experimentally by the equation (42)
for washers, practically do not depend on the change of M,
and Ap. At the same time, the most significant circumstance
for practice is that the definition of ¢ in this way, can be per-
formed on small-sized laboratory models. For example, the
value ¢ obtained for throttle washers with geometric char-
acteristics 6=3.04 and 6=3.31 did not differ by more than 5 %
from the above value £=0.64.

These circumstances allowed determining experimen-
tally (at the second stage of research) the values of ¢ for com-
plex geometric resistances such as small-sized axial pumps or

Ap-100

vane turntables of flow meters. In particular, the value ¢ for
two different types of pumps were determined for small-size
laboratory models. They turned out to be equal to 0.50 for
the pump with 6=2.53 and 0.56 - for the pump with 6=2.26.

Studies have also shown that the value of the coef-
ficient ¢ and for small-sized pump models, are practically
independent of M, and Ap, and can be taken as constant
values for the studied values R . The values of the jet com-
pression coefficients obtained in this way were used for the-
oretical calculations of shock pressure increases in various
cases of filling with ordinary liquid and liquid containing
undissolved gas bubbles.

Using values g=const, dependencies were also calcu-
lated for Ap=Ap(M,), which were compared with experimen-
tal values Ap. Analysis of these comparisons indicates that
the accuracy of calculations of shock pressure increases, in
this case, is acceptable for practice (Figure 4).

2 m

-/
R

B

5
0

a 0 2~
O

2
3.5 40 45 5.0

M, 10°

Figure 3. Calculation and experiment data
Note: ®— pump, 6=2.53; O — pump, 6=2.26; O — washer, 6=3.31; ® —washer, 6=3.04; 1 — calculation for augers; 2 — calculation

for washers.

Thus, as a result of the research described above,
elements of the theory were developed and a method
for calculating the processes of incomplete water ham-
mer that occurs when filling channels with local hydrau-
lic resistances of complex geometric shapes with liquid

or gas-liquid media was created. The developed method
allows determining the coefficient ¢ of liquid jet compres-
sion and value Ap~ of relative impact pressure increase
in case of incomplete hydraulic impact on local hydraulic
resistance of complex geometric shape.
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CONCLUSIONS

1. Coefficient ¢ can be defined using any values of M, and Ap
taken from a single experiment for a given local resistance.
However, in this case, the question arises about the possible
dependence & from the change of M, and Ap.

2. The most significant circumstance for practice is
that the definition of ¢ in this way, can be performed on
small-sized laboratory models. For example, the value ¢
obtained for throttle washers with geometric characteris-
tics 6=3.04 and c=3.31 did not differ by more than 5% from
the above value £=0.64. These circumstances allowed deter-
mining experimentally, at the second stage of research, the

I. Rogovskii et al.

values of ¢ for complex geometric resistances such as small-
sized axial pumps or vane turntables of flow meters. In par-
ticular, the value ¢ for two different types of pumps were
determined for small-size laboratory models. They turned
out to be equal to 0.50 for the pump with 6=2.53 and 0.56 —
for the pump with 6=2.26.

3. A method of engineering calculation is proposed.
The method allows determining the coefficient ¢ of liquid
jet compression and value Ap of relative impact pressure
increase in case of incomplete hydraulic impact on local
hydraulic resistance of complex geometric shape hydrostatic
transmissions of combine harvesters.
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IBaH JIeonigoBuu Poroscbkuii!, borman CearociaBosuu JIro6apens’, Kinra Bopexk?

'HamioHanbHMI YHIBepCUTET 6i0pecypciB i MPUPOIOKOPUCTYBAHHS YKpaiHU
03041, Byn. l'epoiB O6oponnu, 15, M. Kuis, Ykpaina

THCTUTYT TEXHOJOTIYHMX i IPUPOOHMX HayK HallioHa/lbHOTO JOCTiHUIIBKOTO iIHCTUTYTY
05090, Grabska Alley, 3, c. ®anentn, Pecriy6irika ITombIa

AHaniTMYHICTb HecTauioHapHUX NpoLueciB 3MiHU AiarHOCTUYHUX
napaMeTpiB rigpocTaTUYHUX TPaHCMicCii 3epHO36UpPaNIbHUX KOMGaMHIB

AHoTauig. CTBOpeHHsI KOHKYPEHTOCIIPOMOKHIX Ha CBITOBOMY PUHKY CiJTbCbKOTOCIIOAAPChKUX MAIMH € aKTyaTbHUM
3aBIaHHsIM. | BUpillleHHs LIbOr0 3aBJaHHSI HacaMIlepes, OB’ si3aHe i3 MMTaHHSIMU MiABUIeHHS HafifiHoCTi. Oco61MBO
1le MOIIMPIOETHCS HA CKIAAHY, a OTXKe, i JOPOTY CiJIbCbKOTOCOAaPChKy TexHiKy. CTa€ HeJ03BOJIEHOIO PO3KillIIII0
eKCIUTyaTyBaTu KombaitHu, y sikux 50 % BcbOTro pobouoro yacy nmpumangae Ha npoctoi. Li mpocToi moB’si3aHi 3 HeZOCTaTHIM
TeXHIYHMM piBHEM Ta HU3bKOIO HaAiliHicTI0. OCOGIMBO CJTiJT 3a3HAYMTY HU3bKY HaliiiHICTh €JIeMEeHTiB IPUBOIiB. OIHUM
i3 HanpsIMiB MiJBUILIEHHSI €HePrOHACMYEeHOCTi CKIaJHMUX CiIbChKOTOCIIOapPChbKMX MAIllMH € 3aMiHa MeXaHiuHMX epefady
IS IPUBOJLY POOOUYMX OpPraHiB Ha rizpasiiuHi. 36i/blIeHHS MTePBiCHOT BAPTOCTI MalllMHM 32 PAXyHOK LIbOTO MOsKe OyTHu
KOMITEHCOBAHO 3MEeHIIEeHHSIM BUTPATU 3allaCHMUX YaCTUH Y MOJAJbIIil eKCcIuTyaTallii Ta CKOPOYeHHSIM yacy MpocToiB. Y
KOHCTPYKIIiSIX YKPAiHCbKUX Ta 3apYOIKHMX BUPOOHMKIB Ci/IbCbKOTOCTIONAPCHKOT TeXHIKM IMepCIeKTUBHUM HalpsSIMOM
Ha ChOTOJHIIIIHI} NeHb € CTBOPEeHHS 6araToPyHKIIiOHAIBHOTO TiApOoMeXaHiYHOTO MPUBOLY. MeTa LOC/TiIKeHHS —
MiATBEPAUTY iCHYBaHHS aHAJIITUYHMX MTiAX0iB ONMCY HeCTalioHapHMUX NIPOLIeCiB 3MiHM AiarHOCTUYHMX [TapaMeTpiB
TiPOCTaTUYHMX TPAHCMICIii 3epHO36MpaTbHIX KOMOATHiB. MeTOm0I0Tis OCHOBaHa Ha MpUHIMII JIarpaHska, po3BMHEHUX
eneMeHTiB QpyHIaMeHTaIbHKX MOJIOKeHb MeXaHiKM CYLITbHMX CepeloBMUIIL 3 PyXOMUMM MesKaMM CTOCOBHO TiJIpaBlIiyHMX
CUCTeM MIPUBOJIB TiIPOCTATUYHMUX TPAHCMICiit 3epHO36MpaTbHMX KOMOaHIB, 1[0 JO3BOJISIOTh PO3UIMPUTHU 06aCTh
IOCJTiIKEeHDb i MOJeTFOBaHHSI AiarHOCTYBAaHHS 3a3HAYEHMX CUCTEM. B cTaTTi JOBeIeHO, 1110 B OCTIKyBaHiii 061acTi 6ibIi
edeKTMBHUM METOJOM UMCEIbHOTO PillleHHSI TAKMX CUCTeM PiBHSHB € MeTo[ Biiecca. [TokasaHo, 1110 51 OGHOBUMIiPHUX
PYXiB HECTMUCKYBAHUX PiIKUX CepeOBUII, 10 TIepeMilllaloThCsI B KaHaIi i 06MesKeHUX PyXOMMUMU MeXKaMy, PO3PaxyHOK
3BOJIUTHCSI 1O BUPIiLlIeHHS PiBHSIHHA a(X, t) X=b(X, t) x%+c(X, t). TyT x=x(t) — KOOpAMHATA IMepegHbOTO ab0 3aHHOTO
KODPJIOHY PiIKOTO cepeloBMUINa, 1[0 MTepeMilllaeThCs B KaHasi. ABTOpaMu O6I'PYHTOBAHO, 1[0 1ie PiBHSHHS € y3araJbHeHUM
piBHSHHAM BepHyIIi Ha BUMaIOK PyXy HECTUCKYBAaHMX PiAKMX CepelOBUIL 3 DyXOMUMM MeXXaMy. 3alIpPOIIOHOBaHMIi METO[,
J03BOJISIE 3[II/ICHUTY PO3PaxXyHKM AVMHAMIKM 3aITyCKy aMITyJ1i30BaHOI TiJpoOCUCTeMY IPUBOY TifPOCTaTUYHMUX TPAHCMICiii
3epHO36MpaabHMUX KOMOAliHiB 3 MiHiMabHUMM 06csiraMu 1...10 % ra3oBuX MOPOXKHUH 1S 36epiraHHsI po6ovoi piguHu
npuBony. OnucaHi BUlle eleMeHTH Teopii i CTBOpeHi MeToaM PO3PaxXyHKY JO3BOJISIIOTh PO3MIMPUTHU 00IACTh JOCTiIKeHHS
OUHAMIYHUX PEsKMMIB pOOOTH IiIpoCHCTeM CUIOBOTO IIPMBOAY TiAPOCTATUYHMX TPAHCMICii 3epHO36MpambHIX KOMOaiiHiB
B IIpoIieci 3aII0BHEHHS pO60YOI0 PiMHOI0 KAHAIIB TiJpOCUCTEM 3 BiAramyskeHHSIMM i TizpaBaivHMMM OIIOpamu

KniouyoBi crioBa: MeTo10/10Tis, TpaHCMicis, rizpocraTika, eeKTUBHICTD, riIpaB/iuHi cucTeMu
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