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ROS-based manipulator robot control system

O. Streltsov, Y. Ornovetskyi, M. Katrichenko, V. Pozdnyakov, S. Konovalov
Odessa Polytechnic National University

Abstract. In order to realize the control of the robot manipulator, the control system of the robot
manipulator was studied. On the premise of ensuring the robustness and real-time of the system, it is
proposed to build a control system based on Ubuntu system combined with Robot Operating System (ROS),
and use Controller Area Network (CAN) communication to build a robot manipulator. Finally, through the
simulation experiment and the physical robot control experiment, the application effect of the robot
manipulator control system is verified. The experimental results show that the robot manipulator control
system has the basic working ability to control the coordinated robot for path planning, and can well
establish the communication between the upper and lower machines and control the robot manipulator. At
the same time, the control system has the characteristics of modularity, high portability, clear frame, and

low delay.

Keywords: robot manipulator, ROS system, control system design, algorithm RRT, communication

interface.

Introduction

The growing popularity of robotics and the
increasing demands for precision in robotic
operations have driven the development of new
hardware and software solutions for control systems.
The proliferation of diverse robot types has led to
the emergence of a wide range of control systems,
each tailored to specific robot categories.

Despite the active efforts of numerous
companies engaged in research and development
within the robotics field, existing control systems are
predominantly designed for individual robot types
and lack universality, which limits their applicability
in the broader market. This limitation hinders the
advancement of universal control systems that could
meet market demands. Consequently, the
development of a universal control system capable
of supporting the majority of modern robots has
become an urgent market need.

In the development of control systems for
modern robots, several development platforms can
be considered, including Microsoft Visual, Matlab,
MRDS, among others. Microsoft Visual [1] is well-
suited for development within the Windows
environment and offers a comprehensive set of tools,
though the development process can be complex and
prone to errors. Matlab [2] is primarily used for
simulation experiments, but it presents challenges
when implementing control for physical robots.

© Streltsov O., Ornovetskyi Y., Katrichenko M.,
Pozdnyakov V., Konovalov S., 2025

Since these software platforms encapsulate certain
algorithms, such as OpenCV, OMPL, and others, it
is essential to identify a development platform that is
compatible with various algorithms and is easy to
use across multiple platforms.

To achieve this, a control system platform was
developed based on the Robot Operating System
(ROS) [3], and corresponding experiments were
conducted for both simulation and physical control.

1. Configuring the ROS Environment

The Robot Operating System (ROS) is a
framework for developing robotic control systems. It
includes features such as 3D reconstruction,
dynamic  modeling, real-time  environment
simulation, physical control, and other
functionalities that enhance the development
requirements for robots [4]. ROS is available for all
major operating systems, with Ubuntu being one of
the most advanced in terms of ROS support. ROS
does not handle system process management;
instead, it provides various functional packages and
establishes communication between them through a
peer-to-peer mode to create a control platform for
robot simulation and physical control. This
framework introduces key concepts such as "node,"
"topic,” "service," and "message." As illustrated in
Fig. 1, these core concepts are used to deliver data to
the control system through their interactions.

1.1 . Node

Nodes in ROS represent individual processes that
interact with each other through topics and services,

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/deed.uk)
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contributing to the system's efficiency and
maintainability. Each node is assigned a unique
name within the system, preventing name
duplication and ensuring the uniqueness of
interactions between nodes.

Nodes Nodes

Control
System

Nodes Nodes

Fig. 1. ROS management structure
1.2 .Topic

A topic in ROS serves as the primary bus for
data exchange between nodes. The publisher, who
sends the data, and the subscriber, who receives it,
do not need to be aware of each other's existence.

A topic can support multiple subscribers and
multiple publishers; however, to avoid errors,
different nodes must publish data under the same
topics.

1.3 . Service

Services in ROS are used for direct interaction
with nodes and for obtaining feedback from them.
Each service consists of two messages: one that
makes a request and another that processes and
responds to it. Services are user-defined, stored in
the srv directory, and are converted into source code
during compilation.

1.4 . Message

Messages in ROS are used to transmit data
between nodes by publishing them in predefined
topics. All data in ROS can be represented as
messages, which have a fixed type and structure,
defined as the package name/.msg file name. The
management of all processes in ROS can be
implemented using nodes, topics, services, and
messages.

2. Research methods and progress
2.1. The control system algorithm

Controlling robotic manipulators requires high-
precision control over joints to ensure smooth
motion, which in turn necessitates the use of
specialized control algorithms. In this study, the
primary algorithm used is robot trajectory planning.
The system is designed based on the input of initial

and final positions to guide the robot's movement.
Given these characteristics, the control system is
built upon the Rapidly-exploring Random Tree
(RRT) algorithm [5].

The RRT algorithm is specifically developed for
real-time trajectory planning of non-linear
mechanical systems. Unlike other well-known
sampling methods, whose effectiveness largely
depends on numerous tunable parameters, RRT
demonstrates versatility and is the most suitable
approach for solving a wide range of motion
planning problems.

RRT employs a discrete representation of the
configuration space in the form of a tree, where the
root node corresponds to the object's initial position.
This tree expands in such a way that it gradually
covers the entire permissible configuration space,
thereby increasing the accuracy of the constructed
path network.

At the core of the RRT algorithm is a random
tree used to detect collisions of sample points in the
motion space by randomly growing branches from
the root node toward the target. This algorithm does
not require 3D modeling but effectively solves path
planning tasks in a three-dimensional space with
multiple constraints. Due to its high efficiency,
accuracy, and simplicity, RRT is well-suited for
controlling the motion of robots with a large number
of degrees of freedom.

The RRT algorithm takes the initial position as
the root node and generates child nodes through
random sampling, resulting in a tree that grows
randomly. When this tree reaches the target node, a
path from the root to the target node is constructed,
thereby facilitating the robot's trajectory planning.
The following algorithm outlines the process of
robot trajectory planning using the RRT method:
Function RRTPlan: BOOL( env :environment, T
:RRTTree, S goal: node )

1. Var S target, S nearest, S new, node

# Initialization of variables: Variables S target, S
nearest i S new which represent the nodes of the
RRT tree, are declared, sixi mpencraBinsioTh By3iH
nepesa RRT.

2. While(search time/space remaining) do

# Search cycle: Within the search time or space, the
main cycle of the algorithm is performed.

3. S target = ChooseTarget ( S goal)

# Select target: The ChooseTarget function selects a
target node S target, which can be a random point or
a final target S goal.

4. S nearest = Nearest (T, S target)

# Searching for the nearest node: The closest node of
the tree T to the target node S target is found using
the Nearest function.

Computer Systems, Networks and Their Components 7
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5. IF (Distance ( S nearest, S goal) < Distance
Threshold)
6. Return true
# Distance to target check: If the distance between
the nearest node and the target node is less than a
given threshold value, true is returned, indicating
successful trajectory planning.
7. S new = Extend ( S nearest, S target)
8. IF (S new # NULL) then
9. T.AddNODE( S new)
10. Return false
# Extending the tree: If the condition of steps 5.6 is
not met, the tree is extended towards the target node
using the Extend function. If a new node S new is
created, it is added to tree T. If no new node is
created, false is returned, indicating that no path was
found.
11. Var p : real
12. p = Random(0, 1.0)
13. IF 0 < p <aim then
14. Return goal
15. Else if aim< p 1<1.0 then
16. Return RandomNode();
# Random node selection: a random number p is
generated. If it is in a certain range, the function
returns the target node. Otherwise, a random node is
selected.

An example of the RRT algorithm used in the
movement of the manipulator is shown in Fig. 2.

Fig. 2. Use of the RRT algorithm on the manipulator

To accelerate path planning, the random tree is
optimized by initially calculating the midpoint
between the starting and target positions in the
space. The robot first moves toward this midpoint
and then proceeds to the final position. This allows
the random probability to determine whether the
next point is the correct target or a random point.
The parameter aim is predefined, and a random
number bp is generated within the range of 0 to 1.
When O<bp<aim, the random number directs
movement toward the target point; when aim<bp<1,
the random number facilitates growth in a random
direction [6].

The RRT algorithm can be employed to
compute and output the rotational speed and radians
of each joint during the robot's movement, given the
initial and target positions as input.

2.2. Communication interface design

The communication interface module is utilized
to establish a connection between the main computer
and the robotic manipulator. This module facilitates
the exchange of control commands and feedback
transmission between the two entities. Traditional
ROS communication is based on ID connections,
which are typically employed for a limited number
of advanced robots, such as the UR series. However,
Controller Area Network (CAN) communication is
currently more widely adopted [7]. Thus, in this
study, only the path planning algorithm and
simulation environment in ROS are used, combined
with  CAN communication to develop a new
communication method.

CAN communication is employed to transmit
motor parameters—such as motor identifier,
rotational angle, speed, etc.—calculated by the main
computer to the control chips of each robot motor,
allowing for direct control of the robot. This
communication method does not rely on ROS
communication and directly interfaces with the
motors.  This approach  enhances existing
characteristics of robustness and responsiveness
while adding features such as simplicity in
communication, broad applicability, and high
portability, making it suitable for most robotic
manipulators available on the market.

2.3. The main process of controlling a
manipulator robot

The control process is divided into three parts:
trajectory planning operations, communication
connections, and motor control. Controlling a
robotic manipulator essentially involves managing
the rotational angles, speed, and switching time of
the motors at each joint. Thus, the steps of the
control system are as follows:

(1) Construct a 3D model of the robot, configure the
ROS environment, and set the initial position of the
end-effector.

(2) Launch the configured robot in the ROS 3D
visualization environment (Rviz), input the end-
effector coordinates via the editing interface, invoke
the RRT algorithm to compute the necessary joint
angles, velocities, accelerations, and positions
required to reach the target position, and
sequentially transmit the computed results.

(3) Establish communication between the main
computer and the robotic manipulator using CAN
communication. The calculated joint angles ando
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Fig. 3. Block diagram of the robot-manipulator control process

ther necessary parameters are sent to the robot
through the communication interface.

(4) The robot receives the data, converts it into
motor motion parameters, and sends these
parameters to the motors to control the robot's
movement.

3. Experimental results and analysis
3.1 A simulation experiment

In the simulation, a control interface is created
where the coordinates of the end-effector can be set
and modified to control the simulated robot in Rviz.

The initial position of the robot is observed
horizontally through the simulation interface, while
the target position can be adjusted by either dragging
or entering the end-effector coordinates directly into
the interface. First, the end-effector coordinates are
reset to the initial position. Second, the coordinates
of the end-effector are altered in the interface to
direct the robot towards the target position. Target
positions are assigned to move the robot in each
direction, and an appropriate path is planned
accordingly. The simulation is illustrated in Fig. 4.

Computer Systems, Networks and Their Components 9
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Fig. 4. Simulation of the robot control experiment

The simulation results demonstrate that by
inputting the target coordinates of the end-effector,
the RRT algorithm can be invoked within the
simulation software to compute the rotation angle
for each joint, which is then visualized in the
simulation interface, thereby achieving control of the
simulated robotic manipulator. The specific
coordinates used in the experiment are provided in
Table 1.

Table 1
Coordinates of the input end effector
Position points The specified coordinates
Initial state (0,0,0)
1 (0.3,0,0)
2 (0.3,-0.3,0)
3 (0.3,-0.3,0.3)
3.2 An experiment in controlling a

manipulator robot

The URS5 robotic manipulator [8] was used as
the physical robot for the experiment. The data was
transmitted from the computer interface to a
microcontroller located within the robot. The
microcontroller processes the received data and
converts it into parameters recognizable by the
motor, thus controlling the speed and timing of
motor rotations. Upon receiving a command from
the main computer, the motor controller executes the
corresponding action, completing the path planning,
and the robot performs the intended motion.

Due to hardware inaccuracies and deviations in
the ROS algorithm, the motion parameters sent were
calibrated within the control system. The robot

moved at a constant speed, with the absolute
positions of the joints being read. The results
indicated that the robot did not reach the specified
position within a 2 mm margin. After adjusting the
control parameters and refining the software, the
robot's spatial movement could be precisely
controlled via the main computer interface, ensuring
high reliability and real-time performance.

By utilizing the ROS print function, detailed
information regarding the speed, time, and
acceleration for each joint of the robot can be
effectively displayed on the output screen. This
functionality allows for monitoring the dynamics of
the robot's motion in real-time, ensuring that the
movements align with the desired trajectory. Table 2
presents the time required for the robot to reach its
specified positions after entering the end-effector
coordinates provided in Table 1. These output times
are critical for evaluating the performance and
responsiveness of the system. The recorded times
illustrate that the robot's motion is characterized by
smooth transitions, exhibiting excellent stability and
consistent real-time performance, which is essential
for precise and efficient operation in dynamic
environments.

Table 2
The time required to move the robot
to the given positions

Position points Duration (s)
Initial state 0
1 1.94
2 1.89
3 2.02

Computer Systems, Networks and Their Components 11
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Conclusion

In this study, the control of a robotic
manipulator was implemented on Ubuntu using
ROS. The path planning algorithm was optimized,
and the communication between the main computer
and the motor controllers in ROS was enhanced to
develop a communication method that is both
applicable and easy to operate, while maintaining
the original real-time performance and reliability.
The experimental results clearly demonstrate that the
control system can accomplish the primary tasks of a
robotic manipulator, indicating its practical
application value. However, the development of
additional functionalities, such as the
implementation of a machine vision system and the
design of end-effectors, requires further research to

achieve  improved  outcomes and  future
advancements.
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Cucrema ynpapJiiHHA po00TOM-MAaHIMYJISITOPOM
Ha ocHOBI ROS

0. B. Crpeasnos, 1O. B. OpnoBenskuii, M. O. Katpiuenko,
B. I'. Ilo3ausikos, C. C. KonoBajosn
Hayionanvnuti ynisepcumem «OQodecvra nonimexuixa»

Anomauia. /{ns peanizayii cucmemu KOHMpO0 pobOMOM-MAHINYIAMOPOM OO0CTIONCYIOMbCA NIOX00U
ma aneopummu ynpaeuinua. 3 memoio 3abezneuenHs HAOIUHOCMI Ma cmMabilbHOCMi cucmemu 8 peaibHoOMy
yaci, NponoHyembca cmeopumu cucmemy kepyeanus pobomom-maninyiamopom na IIK 3 OC Ubuntu,
suxopucmogyioyu ROS ma CAN-3¢'s30x. [lpakmuune mecmyeanHs cucmemu KepyeamHs pooOmMom-
MAHInYyIAmMOpOM NPOBeOeHO 3ad 00NOMO2010 IMimayitino2o excnepumenmy. Pesynomamu noxasanu, wo
cucmema KepyeawHs pPOOOMOM-MAHINYIAMOPOM GION0GIOAE OCHOGHUM HnApAMEempam I eumoz2am Ois
NIAHYBAHHSL MPAEKMOPIT pyXy poOOMa-Maninyaamopa i 30amua 6CMaHOGII08AMY 36'130K MIdC 207106HUM
Komn'tomepom ma pobomom 0ns xkepyeaunsa. Cucmema Kepy8auHs € MOOYIbHOW, KOMRAKMHOIO, 3 YIMKOWO
CMPYKMYPOI0 Ma HU3bKOI 3AMPUMKOIO PeazyanHsi.

Knwuoei cnosa: pobom-maninynamop, cucmema ROS, npoexmysanus cucmemu YnpasuinHs,
aneopumm RRT, xomynixayivinuil inmepgetic.

Otpumano 17.02.2025
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OnTumizanis 00OMOTKOBHX JAHUX ABOUIBHAKICHOIO
KOH/I€HCATOPHOI0 ABUT'YHA

JI. S1. BenikoBa, A. M. SIkimensn, C. B. Ilepnak
Hayionanenuii ynieepcumem «Odecvka nonimexnika»

Anomauia. [{na nowupenus QyHKYioHambHUX MONCIUBOCHEN KOHOEHCAMOPHUX O8USYHIE NEPCHeKmUB-
HO 3ACMOCY8AHHA 8 HUX 080X wieuokocmel. 3acmocosana 080gazHa 080UBUOKICHA 0OMOMKA, i3 nepemu-
KAHHAM KLIbKOCMI NOMIOCL8, CRIBBIOHOUEHHSL AKUX cKaaoae 2p1:2p,=4.6.

Ilpogedeni po3paxynok ma onmumizayis 0OMOMKOBUX OAHUX ACUHXPOHHO20 080UBUOKICHO20 KOHOEH-

camoprozo osuzyna JJAB-71-4/6.

Knrouoei cnosa: cxema oomomku, yucio ¢gpas, onmumizayis, oomomrosi oani, KKJJ.

Beryn

HayxoBo-TexHIYHMIA TpOTpec y Pi3HUX TaIy3sx
HApOJHOTO TOCHOAAPCTBA BHUKIMKAE 3POCTAHHS
noTpedu B EIEKTPUYHHUX MAaIIMHAX MAaJloi IMOTYXK-
HocTi. OcoOnmBe Miclie y BHPOOHHWIITBI MAaIlIWH
MaJjoi MOTY)KHOCTI 3aiiMar0Th aCHHXPOHHI KOHJEH-
caropui neuryan (AKJI), mo mmpoko 3acTocoBy-
IOTBCSL B TIPOMUCIIOBOCTI, cdepi 0OCIyroByBaHHS,
moOyTi, TOMIO.

1. ITocTanoBKa 32124 JOCTIAKEHHS

3a ocTaHHI POKH 3’SBHJIOCS KiJbKa ITOKOJIiHb
ACMHXPOHHUX MIKPOJIBUTYHIB, BHPOOHHUIITBO SIKHX
BEJIEThCSI HAa SKICHO HOBOMY TEXHIYHOMY piBHI.
Yenixu MareMaTHKH #  OOYMCITIOBAIBHOT TEXHIKU
JIO3BOJIMIIA TTO-HOBOMY pO3B’sI3yBaTH 3a/lavi MMPOEK-
tyBanHs AK/] i3 3actocyBannsm I[IEOM.

[Mpu mpoekryBanHi AKJl Benmukoro 3HaueHHs
Ha0yBae ONTHMI3alliss OOMOTKOBUX JaHHX. 3aavueto
onTuMizanii 00MoTkoBUX JaHuX AKJ] € BH3HAaYeHHS
gucia BUTKIB a3 A (MepexeBoi), B (konmeHcarop-
HOT) 1 EMHOCTI caMOoro ()a303CyBHOTO KOHJIEHCATOPA,
TIPH SAKUX JABUTYH Oy/le MaTH HaMKpaIli MOKa3HHUKH.

BupoOuunreo gBomBuakicaux AKJ i3 mo-
OpuMH poOOYMMH BIIACTHBOCTSIMH MOXIIMBO Ha 0a3i
OJTHOIIBHKICHHX 32 YMOBH iXHBOTO TEPEHpPOCKTY-
BaHHS Ha JIBi 9acTOTH 00epTaHHS Ha OCHOBI OMNTH-
Mizallii 0OMOTKOBUX AaHuX. Lle 103BONISIE OOMEKH-
THCSI MIHIMAJIEHUMH 3MiHAMH iICHYIOUUX Ta Hajaro-
JOKCHUX TEXHOJIOT1YHUX MPOIIECIB.

s CTBOpPEHHS! KOHKYPEHTOCIIPOMO>KHOI €JeK-
TPONOOYTOBOI TEXHIKH OCHOBHY YBary HEOOXIJIHO
MPUIIIATH TOJIMIIEHHIO 11 CIIOXKHWBYMX SKOCTEH.
OCHOBHHMH TEXHIYHHMH BUMOTaMH JI0 aCHHXPOH-

© benikona JI. f, SIkimers A. M.,
ITepnak C. B., 2025

ACHHXPOHHUX KOHHAeHcaTopHHX ABUTYHIB (AK]I) €
KpaTHOCTI MYCKOBOTO — K,, MakCHMaabHOTO — Kmax
MOMEHTIB Ta BEJIMYMHA HANpPyTH HAa KOHJEHCATOPI
pu xonoctomy xomi — Uko.

Bupobuunreo aomBuakicanx AKJl i3 mo-
OpvMHu poOOYMMU BIACTHBOCTSIMH MOKJIMBO Ha 0asi
OJTHOIIBHJKICHUX 32 YMOBH iXHBOTO TEPEIPOCKTY-
BaHHS Ha JBl 4aCTOTH OOCPTAHHS Ha OCHOBI ONTHMi-
3awii OOMOTKOBHX JaHUX.

VYcknagHeHHs] BUHUKAIOTh TP BUOOP1 €MHOCTI
KOHJIEHCATOpa, TOMY IIO YMOBHU ITyCKY BHMAararoTh
O1ITBIIIO] €MHOCTI, @ €eKOHOMIYHICTh YCTPOIO B HOMi-
HAJIBHOMY PEKUMi MEHILIO].

MoXIUBOCTI ONTHMI3alii # yTOYHEHHsSI Tepe-
BIpOYHUX PO3PAaXyHKIB JABUI'YHIB 3HAYHO PO3IIHPIO-
10Tk 13 3acTocyBanHsIM [IEOM.

2. Po3paxynox i onTumizaniss 00MOTKOBHX
JaHUX KOHIEHCATOPHOTO0 IBUTYHA

[TokaxxeM0O oONTUMI3AlI0 OOMOTKOBHUX IaHUX
JIBOIIBHUJIKICHOTO ~ KOHJICHCATOPHOTO JIBUTYHAa 3
BUKOPHUCTaHHSIM TIpOrpamMHoro 3a0esnedenHs. Lle
cneuiamizoBaHa nporpama «POAKJ» (po3paxyHku
Ta ONTHUMI3allisi ACHHXPOHHHUX KOHJCHCATOPHUX
JBUTYHIB), 3aXHII[EHAa aBTOPCHKUM CBiJOLTBOM [1].

Ha puc. 1 naBegeHo cxeMu 3’€THaHHA KOTYIII-
KOBHX Tpyn ABO(}A3HOI MBOMIBUIKICHOI OOMOTKH i3
CHIBBIHOIICHHIM YHCENI MOJIIOCIB 2p1:2p2=4:6 3i
cxemoro komytanii U/UU [2]; KimbKicTh ma3iB
craropa Z1=24.

Cxema KOMyTallii Ma€ 1’ATh BHUBIJIHUX KiHIIIB.
Jlis pobOTH OOMOTKM 3 YHCIOM IIOJIOCIB 2p,=6
onHO(a3He )KUBIICHHS MOJIAETHCA HA 3’ €THAHI pa3oM
3aruckaui 6C1, 6C2 i 0 (puc.l,a). Mix 3aTHUcKayeM
6C2 1 mepexero BKIOYaeTbes KouaeHcarop Cp.
KosxHa daza mae o ojjHii napayenbHii riii.

Mg pobotn obMoTkH Ha 2p1=4 onHodaszHe
JKUBJICHHST HEOOXiTHO TOJaTH Ha 3’ €IHaHI pazoM

e crarrs BigkpuToro nocryimy 3a jinensiero CC BY (http://creativecommons.org/licenses/by/4.0/deed.uk)
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Puc.1. Cxemu komyTanii ABOIIAPOBOi OOMOTKH 3 CITiBBIAHOILICHHAM YMCEN TOMIOCIB 2p1:2p2 =4:6; Z1=24

3aruckadi 4C1, 4C2 ta 6C1, 6C2, 0 (puc.1,0).
OOMoOTKa Tpu 1BOMY B KOXHIiH (pa3i Mae 1o IBi
napanenbHi TinkW. KoHaeHcaTtop, sK 1 pawiue,
BKITFOUEHUI MiXK Mepexero i (pazoro B.

PesynpTatu po3paxyHKy rapMOHIHHOTO CKJIaqy
MPC nBomapoBoi OOMOTKM Jisi KOXKHOTO YHCIIa
moItociB HaBezeHi y Tadu. 1. Kpok oomoTku y =5.

Tabumng 1
I"apmoniitanii ckraq MPC nBomBHIKICHOT 0OMOTKH

Vv I(r(p1:2) kf(P2=3) I(w( p1=2) I(w( po=3)
1 0,88 0,743 0,85 0,687
3 0,236 0,053 0,167 0,02
5 0,0 0,053 0,0 0,02
7 0,0 0,743 0,0 0,687

B 1a6i. 1 Kep=2), Krp=3) , Kw(p=2) , Kw(p=3) — K0Oeirri-
€HTH PO3MOAINTy Ta OOMOTKOBI JBOIIBHAKICHOT
OOMOTKH JUIsS TEPIIOl BUIUX TapMOHIK, BiJIOBII-
HO, IpU p1 =21 p2=3.

Oco6nuBy yBary HEOOXiZHO 3BepTaTu Ha aMIl-
JITYAH BUINUX TapMOHIK, 0COOIMBO THX, IO 00ep-
TalThCS HAa3ycTpid poOoUii rapMoHimi (s 1Boda-
3HUX MAIIUH 1€ V=3 Ta V=7), TOMy IO iCHYBaHHS
IUX TAPMOHIK MPU3BOAUTH JIO ICTOTHOTO 3MCHIIICH-
Hs IIyCKOBOTI'O €JISKTPOMArHiT-HOI'O MOMEHTY.

Po3paxyHku poBOIMIIMCS HA OCHOBI reoMeTpil
ICHYIOYOTO OJHONIBHJIKICHOTO KOHJICH-CATOPHOTO
nsuryHa JIAB-71-4.

3amayero onTUMI3allii € 3HaXO0/PKEHHS ONTHMa-
JEHUX 0OMOTKOBHX JIaHUX JBO(A3HOrO JABOIIBUJIKI-
CHOTO JBUTyHAa TIpW 3a/aHid reoMeTpii MaliuHU
JAB-71-4, TOOTO qucia BUTKIB
¢dazu A — Wa 1 onTumansHOro KoedilieHTa TpaHc-
dopmarii — kr = wa/w,.

[Ipu po3B’si3aHHI 3aa4i OyJ1eMO BUKOPUCTOBY-
BaTH HACTYIHI OOMeXyBaui, SIKi 3aJaHi 3a TeXHid-
HuMHu ymoBamu (TVY):

- KpaTHICTh ITyCKOBOTO MOMEHTY K, > 0,5;

- KpPaTHICTh MAKCHMAJIBHOTO MOMEHTY Kmax > 1,7;
- HaTpyra Ha KOHJCHCATOPI B PEXKUMi XOJIOCTOTO
xoxy — Uko < 600 B.

[Tomykx onTUMansHOTO BapiaHTa 3MIACHIOETHCS
METOZIOM MOETAIHOro mnepecopy Wa ta Kr. 3a kpure-
pifi ONTUMaNbHOCTI NPUHHATO MaKCHMAaJlbHE 3Ha-
yenHst KKJ[ aBuryHa m 3a yMOBH 3[iHCHEHHS BCiX
oOMexyBadiB.

B ocHOBY anroputmy MOUIYKY ONTHMAILHOTO
3Ha4YeHHs Kt MOKIJIaIeHO JOCIIPKEHHS 3aJISKHOCTEH:
Kn =f(Kr), Kmax = f(kr), Uko = f(kr), n ="f(kr).

B mawiii 3amaui onTuMizaliii IBi HE3aIEXKHI I1e-
pEeMiHHI: Yuclia BUTKIB (pa3u A —Wa Ta KoeQillieHT
tparchopmarrii — Kr.

HocmimkyBani XapaKTepUCTUKK (PYHKINT ITiTi:
KKJI i 0OMeXHUKH: KPaTHOCTI ITyCKOBOI'O MOMEHTY
— k.= 0,5, makcuManbHOTr0 — Kmax = 1,7 Ta Hampyru
Ha KOHJCHCATOPI B PEKUMi XOJOCTOTO XOIy —
Uko =600 B.

Jnas nBOX He3alNeKHHMX 3MIHHHX HaHOLIbII
3pydHa QopMma TPENCTaBICHHS BEIWYUH — IIiHIi
OJTHaKOBOT'O PIBHS JIOCHIPKYBAaHUX XapaKTEePUC-THK
y IIOIIKHI 3MiHHUX Wa 1 Kr.

s 1mporo 3a  JAOMOMOIOK0  MPOrpamu
«POAKIl» 3aificHEeHO  eNeKTpOMAarHiTHi  pos3-
paxynku BapianTiB AK]] i3 kongencaropamu C,= 6
MK®D nipu 2p =4 ta C,=4 Mx®d nipu 2p =6 Ta noOYy-
JIOBaHi JIiHI1 0IHAKOBOTO PiBHSI OCHOBHUX TEXHIYHUX
MOKA3HHKIB 1, Kn, Kmax, Uko Y TUTOIIHHI 3MIHHUX WA
i kr st 2p1=4 ta 2p,=6.

Hdus 2p=4 ui ninHii noka3aHi Ha puc.2.
AmHanoriui po3paxyHKH Oylo TpPOBEIEHO 1 s
MOJIFOCHOCTI 2p = 6.
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r) n=f(kr)
Puc.2. Jlinii omnakoBoro pisas st JJAB-71 4/6 nipu 2p =4, C, = 6 Mx®D
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Ha puc. 3 y mronuni 3MiHHAX Wa Ta Kt HaBe-
JIeHi JIiHIi OJHAKOBOTO PIBHS OCHOBHHMX TEXHIYHHX
MOKa3HUKIB T Kmax = 1,7; Kk, = 0,5; Uko =600 B mpu
EQDl =4;

a) TIpU BUKOPHCTaHHI B SKOCTI poOOYOro KOH-
neHcaropa emHocti BenmmunHoo C,=6 MkD Ta i3
MOJIFOCHICTIO 2p2 = 6;

0) Ipu BUKOPHCTAaHHI B SIKOCTI poOOYOT0 KOH-
neHcaropa eMHOCT BenmnauHOI0 Cp, =4 MKOD.

TyT xe nokasani JiHii ogHakoBoro piBHs KKJ]
- 1 Ta Koe(illieHTa MOTY>KHOCTI COSQ.

KosxHa 3 miHIi 0THAKOBOT'O PiBHS, IO BiIIOBI-
JTa€ TEXHIYHOMY TIOKa3HUKY, AUIMTH TUIONUHY Ha JIBi
obnacti. Y onHiel 3 o0nacTell 3HAXOIATHCS 3HAYCH-
Hs OOMOTKOBHX JIaHUX, IIIO 33I0BOJBHSIOTH TEXHIU-
HuM ymoBaMm (TVY), B iHImIMiA — m0 HE 330BOJBHHS-
0Tb.

Criory4eHHs JTiHIi OTHAKOBOTO PiBHS yTBOPSITH

r
XNA

OMyKJIy JOMYyCTHMY O00JIACTh OOMOTKOBHX JaHHUX,
MIpU SKUX BUKOHYIOTHCS BCi 3amaHi 3a TY moka3HU-
KH,100TO: Kmax = 1,7; ks > 0,5; Uko < 600 B.

Ha pwuc.4 300paxeni JiHii OXHAKOBOTO PiBHA
TeXHIYHUX [TOKa3HUKIB Ta II0Ka3aHa JIOMyCTUMa
00J1acTh OOMOTKOBUX AaHUX ABOIIBUAKICHOro AKJI
TiCIIs TOEAHAHHS JiHIM pH p1 =2 Ta ipu p2=3. Tyt
Mae Mmiciie neperrHanHs oonacteit. LITpuxyBaHHIM
BufineHa pomycrtuma oOmacts (HO) oOMOTKOBHX
JAHWX JUTS IBOIIBUIKICHOTO JBHUTYHA.

B chinbhili pomyctumiii 00macTi 0OMOTKOBHX
JaHUX Ha puc.4 HEOOXiTHO 3HAWTU YMCIIO BUTKIB
¢asu A Tta xoedimieHT Tpanchopmarii Kr, Ipu AKX
ACMHXPOHHUI KoHAeHcaTopHmi auryH J(AB-71-
4/6 Oyme MaTH MaKCHUMAaJlbHO MOXKIIUBE 3HAYCHHS
KKJI Ha 000x uactorax oOepTaHHs mIpu 3abe3re-
YeHHI BCiX 3amaHux 3a Y  TIOKa3HHKIB.
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a)2p=4, C,= 6 Mmx®
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Puc. 3. JIiHii 01HAaKOBOTO PiBHSI OCHOBHHMX TEXHIUYHHUX MOKa3HKKIB st JIAB-71-4/6 ipu 2p =4 ta 2p =6
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Puc. 4. Jlinii oHaKOBOTO PiBHS OCHOBHHMX TEXHIYHUX ITOKA3HUKIB 1 CIijIbHA JorrycTrMa o0acth (J1O)

oomotkoBux nanux AK/] JIAB-71-4/6, 3 nBOMIBHUIKICHOO JBOIIAPOBOI OOMOTKOIO

C,= 6 Mx® nipu 2p =4 ta C, =4 mMx® nipu 2p =6
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I3 puc. 4 BumHO, MmO BeaWYMHA KoedirieHTa
Tpancgopmarii Kr mpaBopyd oOMeKeHa BETHIMHOO
Hampyrd Ha KOHAEHCATOPI B PEXHMi XOJIOCTOTO
XOAy TpH 2p>=6, MiBOPYY — KPATHICTIO ITYCKOBOTO
MOMeHTY TipH 2p1=4. Yucno BUTKIB ¢a3u A HE MOXKe
OyTH MEHIIE IEBHOIO YMCla, TOMY LIO IPH LBOMY
3MEHIIY€ETHCSI KPaTHICTh IyCKOBOTO MOMEHTY IIpH
2p1=4 1 He MoXxe OyTH OLIBIIIE IEBHOTO YHCIIA, TOMY
0 TPY IBOMY 30UTBITY€ETHCS HAIpyra Ha KOHJCH-
caropi y peXuMi XOJIOCTOrO XOAy Hpu 2p.=6 Ta
3MeHInyethest 3aadennst KK/ npu 2p1=4.

KoedimienT xopucHoi aii AK/ 1 36imbpnryeTsest
npU 3MEHIIeHHI KoedilienTa Tpanchopmarii Kr, sk
npu poOoTi Ha HWKYiH, Tak 1 mpu poOOTI HA BUILIH
gacToTax obepTaHHA. ToMy OnTHMaibHI OOMOTKOBI
naHl mepeOyBaloTh Ha MEXi AOIMycTHMOi o0iacTi, a
came y310Bxk Jinii K, > 0,5 (2p1=4).

3HaYeHHS] ONTUMAaIBHOTO KoedirieHTa TpaHc-
dopmarii  mepebyBae B MeXax  3HAYCHD
kr=1,65...1,75. OntumanbHe YHCIIO BUTKIB (asu A
nepeOyBae B giama3oni Wa = 720...790 npu 2p1=4.

Pesynbratu po3paxyHkiB nsuryna JIAB-71-4/6
3a mporpamoro «POAKJI» Ta mouryk onTuMaabHOTO
3a KKJI Bapianty HaBeneHo y Taou. 2.

V miit Tabauri KpiM 0OMOTKOBHX JTaHUX HaBe-
neHi HoMiHaneHI 3HadueHHa KKJ[ - 1, xoedirienta
MOTY>KHOCTI COS(, & TAKOXK KPATHOCTI MycKOBOTO Ky,
MaKCHUMAaTbHOTO K MOMEHTIB, HAlIpyTa Ha KOHICH-
caropi Uko, Ta xoedirtient tpanchopmarii Kr.

KpamuM BapiaHTOM MOXXHa BBa)XKaTH BapiaHT
Ned, nyist IKOTO BUKOHYIOTBCS BCI TEXHIYHI TOKa3HU-
KU TIpu poOOTi Ha 000X YacToTax oOepTaHHS 1 Ma-
FOTh MicIie MakcuManbHi 3HaueHHsT KK ]I Ta cos.

Tabnus 2

Pesynbratu po3paxyHkiB BapianTiB JIAB 71-6/4 i3 qTBOMIBUAKICHOIO JBOMIAPOBOK OOMOTKOIO

C, =6 Mx® npu 2p1=4, P, 2,=4=180 BT,

C, =4 mx® nipu 2p2 =6, Py 2p=6=80 Bt

Ne | p Wa Wg Q4 Os n Cos¢p kn K Uxo Kt
- BUT BUT MM? MM? % B.O. B.O. B.O. B
2 744 1296 63,9 0,965 0,539 2,18 533
1 0,125 0,0707 1,74
3 | 1488 2592 45,6 0,964 0,76 1,8 614
2 750 1260 65,2 0,967 0,497 2,09 520
2 0,125 0,0707 1,68
3 | 1500 2520 47,9 0,957 0,712 2,1 587
2 756 1272 65,1 0,974 0,497 2,07 524
3 0,125 0,0707 1,68
3| 1512 2544 47,6 0,964 0,72 2,09 594
762 1260 65,8 0,971 0,505 2,09 512
4 0,125 0,0707 1,65
3 | 1524 2520 48,5 0,964 0,7 2,05 584
2 768 1272 65,6 0,979 0,504 2,04 517
5 0,119 0,0707 1,66
3 | 1536 2544 48,0 0,972 0,706 2,03 592
TV >52 | >085| >0,5 | 21,7 | <600
BucHoBkn CrnHcox BUKOPHCTAHOI JIiTepaTypu

HaBenenuii anroput™ po3paxyHKy OOMOTKO-
BHX JIaHUX i3 JOITyCTUMOI 00JIacTi 103BOJIsE BHOpa-
TH ONTUMAJIbHI OOMOTKOBI JaHi JBOIUBUIKICHOTO
AKJI npu 6yap-axux 3agannx 3a TY moka3HUKax.

ITpu HEeoOxinHOCTI 301IbIIEHHS TyCKOBHX Bila-
cruBocteit AKJl Ha 2p1=4 Bapro 30UILIIHTH €M-
HICTh pOOOYOro KOHIeHCaTopa. AJle CIliji Ham’TaTH,
o Koe(imieHT KOpUCHOI Aii MpH LbOMY 3MEHIIY-
€THCSL.

1. benixosa JI. 4., CwmipuoB C. Bb.
Kowmm’rotepHa porpama «Po3poxyHkoBa-
ontuMizamniiiHa mporpama «POAKJl». Po3zpaxynox
ACHHXPOHHUX KOHJICHCATOPHUX JIBUTYHIB Ta OI-
TUMi3allis OOMOTKOBUX JaaHuX». CBiIONTBO IPO
peecTpaliiro aBTOPChKOro mpasa Ha TBip Ne 25526
Bijg 29.08.09.

2. bemikosa JI. SI. CrenianbHi OOMOTKH acHH-
XpoHux JOBUryHiB. MoHorpadis. C-167, 2024p.
http://dspace.opu/ua/jspus/handle/123456789/14545
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Optimization of winding data of a two-speed capacitor motor

L. Ya. Belikova, A. M. Yakimets, S. V. Pernak
Odessa Polytechnic National University

Abstract. To expand the functional capabilities of capacitor motors, it is promising to use two speeds. A
two-phase two-speed pole-switching winding with a pole ratio of 2p1:2p2=4:6 is used.
Calculation and optimization of winding data of the asynchronous two-speed capacitor motor

DAV-71-4/6 are performed.
Keywords: winding diagram, number of phases, optimization, winding data, efficiency.
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Ouinka mo3u JIOJAUHHA B IHTEJEKTYyaJIbHUX CHCTEMAX
BII€OCIIOCTEPEKEHHS: CYYACHI MiAX0AM Ta BUKJIUKHI

P. B. KoBaaesuy, /1. /I. Kypinsko, B. 1. Kpusaa
Hayionanenuii ynieepcumem «Odecvka nonimexnika»

Anomauin. Y cmammi npedcmagieHuii 0271510 CyU4ACHUX MemoOi8 OYIHKU NO3U JHOOUHU 8 THmeleKmya-
JILHUX cucmemax gideocnocmepedcents. Posenanymo 2D ma 3D nioxoou, exnouaroyu sk KIACU4Hi Memoou,
mak i moodeini Ha 0cHO8I 21boKko20 Hasuanus. IIpoananizosano ocobausocmi top-down i bottom-up cmpame-
2il, ix nepesazu ma obmedsiceHHs. BusHaueno oCHO6HI GUKAUKU, NOG A3AHI 3 PEANbHUMU YMOBAMU COCHepe-
JICEHHS, 30KPeMA OKNIO3ISAMU, 3MIHOK OCBIMIEHHS Ma 00MedceHo0to aKicmio 300pajicenb. OKpeciieno nepcne-
KMUU po3eumxy 2any3i, 30Kkpema UKOpUCmants 6D oyinKu no3u, Mya1bmuceHCOPHUX OAHUX | CAMOHABYATb-

HUX Mooenell.

Knrouoei crnosa: inmenexmyanvhi cucmemu, 6i0€0CHOCMEPEHCEHHS, AHAI3 NOBEOIHKU, OYIHKA NO3U,
HeUPOHHI Mepedici, menio6i Kapmu, 6a2amoKamepHi cucmemu, OKI03ii.

Beryn

VY cy4acHOMY CBITI BiJIcOCIIOCTEPEIKECHHS CTAJIO
HEBiJl'€MHOIO CKJIQJIOBOK) CHCTEM Oe3IleKH, yIpaB-
JHHS MICBKOIO 1H(QPACTPYKTYPOIO, MOHITOPHHTY
TPOMaJICEKOTO MOPSIKY Ta KOHTPOJIIO AOCTYILY.

Tpamuiiifini  CUCTEMH  BiJCOCIIOCTEPEIKESHHS
31e0LTbIIIOr0 BUKOHYBAIHM MacWBHY (DYHKIIIO — Ha-
KOTNMYCHHS BiZICOaHUX JJIS IOAATBIIOTO TePErIs Ty
orepatopoM. [IpoTe 31 CTPIMKHM PO3BUTKOM TE€XHO-
JIOT1# KOMIFOTEPHOT0 30py Ta TTHOOKOr0 HABUAHHS
BUHHKJIA HOBA MapajyrMa — iHTeNIEKTyalbHi CUCTe-
MU BiJICOCIIOCTEPEKECHHS, 3/IaTHI 0O aBTOMaTH30Ba-
HOI iHTeprpeTalii ciieHu B peajabHoMy vaci [1].

OJHUM 3 KITIOYOBUX HAIPSIMIB PO3BUTKY TaKHX
CHUCTEM € OILlIHKA TO03M JIIOJUHK (aHrI. human pose
estimation) — mporec BU3HAYCHHS MPOCTOPOBOTO
MOJIOXKEHHS KJIIOYOBUX TOYOK JIFOJCHKOTO Tijla Ha
OCHOBI 300pakeHHs a00 Bieo MmoToky [2].

Iadopmaris po mo3y € OCHOBOIO Ui OiIBII
CKJIQJIHHX 3aBJIaHb, TAKUX SK PO3II3HABAHHS AKTHB-
HOCTI, BHSBJIEHHS aHOMaJbHOI IOBEIIHKH, BiacTe-
XKEeHHs1 0ci0, iHTepdeiicn «JIIoAMHA-MalInHAY Ta
HaBITh NIEPEAVKTUBHA aHATITUKA y cepl Oe3mekH.

Cy4acHi METOJU OIIIHKY TIO3H MOJAUISIOTHCS Ha
JIBa OCHOBHI Kjlacu — JBoBuMipHa (2D) ta TpuBu-
MmipHa (3D) ominka. 2D-metonu nependavarTh Jo-
KaJlizalito KIFYOBUX TOYOK TiIa Ha TUIOIIMHI 30-
OpaskeHHS 1 3a3BHYail peaizyloThCs 3a JOMOMOTOI0
3TOPTKOBUX HEHPOHHUX MEpEX, SKI MPOTHO3YIOThH
KOOPJIMHATHA OCHOBHUX CYTJIO0iB y miKcelsx [3].

© Kosanesuu P. B., Kypinsko . ., Kpusna B. L.,
2025

BoHu € MeHII pecypc BTpaTHHMH Ta IIHPOKO
3aCTOCOBYIOThCS B peajlbHOMY Haci y BijeocmocTe-
PeKEHHI.

Bognowac 3D-omiaka mo3u Hajae TauOIIe po-
3yMiHHS TpocTopoBoi KoHpirypamii Tijia, K03BOIISE
BpPaxOBYBAaTH MEPCIEKTUBHI CIIOTBOPEHHS Ta OTPH-
MyBaTH TOJIOXKEHHS YacTHH Tila y (i3MIHOMY TIpOC-
topi. [IpoTe Taki MeToau 3a3BHYail BUMararoTb abo
BUKOPUCTaHHs TIIMOMHHUX CEHCOpiB, a00 CKJIAAHUX
MoOJIeTIell PEeKOHCTPYKIIi Ha OCHOBI OJHOTO 200 Ki-
JBKOX 300paKeHb.

Hes3Baxkatoun Ha axkTUBHUN Hporpec, 3ajava
OLIIHKY 103U B YMOBaX peaIbHUX CHCTEM BiJIcOCIIO-
CTEpeKEHHS 3AIIMIIAEThCs CKiagHo. Ha pesynbra-
TH HETaTHBHO BIUIMBAIOTh TaKi YMHHUKH, SIK 3MIiHHI
YMOBH OCBITJIGHHS, IIIyM, YacTKOBE IEPEKPUTTS
00'eKTiB, pi3HI paKypcH Kamep, OOMEXKEHHS pO3-
IUTBHOT 3MaTHOCTI Tomo. B yMoBax myOmigyHOTO
cepe-IIOBHIIA  JIOJIATKOBY  CKJIAJHICTh  CTBOPIOE
HasBHICTh KUIBKOX JIFOJIE y Kaapi Ta IMOCTiliHA
nuHamika cuenu (puc. 1) [4].

B peanbHuX ymoBax BHSBJICHHS JIOJIEH i Mpo-
THO3YBaHHS TI03U CTHUKAIOTHCS 3 PI3HUMH IMEPEIIKO-
JaMM: 3aJli3HWYHI KoJii, kabexni enexTpomepenad i
TpaMBai, IO PyXaloThcs, OJOKYIOTh Pi3HI YacTHHH
300pakeHHS; KyT HAXWJITy KaMepH CTBOPIOE PO30iXK-
HOCTi B pO3Mipax JIIOAUHH [4].

3 ormsamy Ha aKTYalbHICTh MPOOJIEMAaTHKH, Y
HAyKOBIi#l CIIJIBHOTI 3pOCTae iHTEpPEC 0 CHCTEMaTH-
3arii 3HaHb y il Tay3i, MOPiBHAHHS HAasBHUX ITijI-
XOZiB, aHaM3Y iX e(eKTUBHOCTI, a TAKOK BU3HAYCH-
HsI BEKTOPIB MalOyTHIX AOCIIIKCHb.

MeTor JaHol CTaTTi € CUCTeMaTh3allis cydac-
HUX MiJIXOJiB IO OILIHKH O3 JIOJAWHU B IHTEIEKTY-
QIBHUX CHCTEMax BiJCOCIIOCTEPEKEHHS, aHalli3

Ile crarta Bimkpuroro moctymy 3a jinensiero CC BY (http:/creativecommons.org/licenses/by/4.0/deed.uk)
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Puc.1. PeanbHi yMOBY BUSBICHHS JIIOJICH 1 NPOTHO3YBaHHS I103H.

ocHOBHUX MeToiB 2D ta 3D oninku mo3u, ix mepe-
Bar, HEAOJIKIB Ta cjep 3acTOCYBaHHSA, a TaKOX
OKpECJICHHS aKTyaJlbHUX BHUKJIMKIB 1 TEPCIEKTUB
MOIAJIBIIOTO PO3BUTKY IIi€T 00JIACTI JTOCIIKEHb.

1. 3arajgbHa mocTaHOBKA 3aAay4i

Oninka no3u (HmojoXeHHs Ta KoH(irypauii Ti-
7a) JOAWHU € OJIHIEI0 3 KITIOYOBHMX 3aJ]ad y ramysi
KOMIT FOTEPHOTO 30Dy, 30KpeMa B KOHTEKCTI iHTeje-
KTyaJIbHUX CHCTEM BifieocriocTepexeHHs. MeToro
TaKol 3a/1a4l € aBTOMAaTU4YHE BUSBJIEHHS Ta Biacre-
JKEHHsI MPOCTOPOBOIO IMOJIOKEHHS KIFOYOBUX TOUOK
Tija JIOOUMHU Ha OCHOBI BXIJHHUX BiJI€OJaHHUX.

Bxioni oani. Po3risiHEMO BIJCOMOTIK, SKHIA
MPEJICTABIISIETHCS SIK TIOCHIIOBHICTD KaJIPiB:

I={i_1,i 2,...0 t}, i teRAHxWx3), (1)

ne t — kinbkicTs KaapiB, H Ta W — Bucora Ta mupu-
Ha KaJ[py BIAIOBIIHO, iy — KOJLOPOBE 300payKEHHS B
MOMEHT 4acy t.

3adaua. JIns KOXKHOTO Kaapy i HEOOXiTHO BH-
3HAUUTH  HaA0ip  KIIOYOBUX  TO4YOK  K; =
{ky, k5, ..., k,}, SKi BiOIOBiIAIOTH OCHOBHUM aHATO-
MIYHUM OpIEHTHpAM Tijia JIFOJWHU: T'OJIOBA, ILICYI,
JIKTI, KACTI, Ta3, KOJiHa, cTomu Toimo. KoxkHa Touka
k; 3amaeTbcs KOOpAMHATAMH Ha IUIONIMHI 300pa-
KECHHSI:

ki = (xi'yi)'xi € [0, W]ryi € [0' H] (2)

VY BUMAAKy TPUBUMIPHOI OLIHKU IO3U BHKOPH-
CTOBY€ETHCSI IPOCTOPOBE MPEACTABICHHS:

ki = (x,yiz), (X, y02) € R3, (3)

ne z; BimoOpaxkae rmUOMHY TOYKH B IpocTopi abo
BIJICTaHb JI0 KAMEPH.

VY BUMajKy, KOJIH Ha 300payKeHHI MPUCYTHI Je-
KIJIbKa JIFOJEH, 110332 KOXKHOI JIFOAWHN BU3HAYA€THCS
okpemo. Toni BuximHuii Habip mo3 IUIA Kaapy Mae
BUTJIS:

(kD @ )
P ={K kP, . kMY, @)

ne M, — KijbKicTh JroAed y Kaapi B MOMEHT yacy t,
Kt(] ) _ Ha0ip KIFOYOBUX TOYOK JUIS j-Oi JIFOJUHH.
Mema — 3HaiiTH BiOOpaXKEeHHS:

fil > {P, Py, ..., P}, (5)

SIKE JIJIL KOXKHOTO Kajpy i, 3a0e3rneuye TOYHE i
CTiiKe BH3HAYEHHS IPOCTOPOBOTO  ITOJIOKEHHS
KIJIFOUOBHX TOYOK YCiX JIFOJIEH Y CIIeHI.

Bumozu 0o cucmemu posnisnaganms nosu.

To4HiCTP — BHCOKa BIJIMOBIJHICTH OIIHEHHX
KOOPJAMHAT KJIFOYOBUX TOUOK iCTHHHUM (pedepeHt-
HUM) 3HaYCHHSAM. MOXKE OIIHIOBATHUCS, HANPUKIIA/,
3a  merpukoro PCK (Percentage of Correct
Keypoints), sk BiICOTOK NPaBUIBHHUX KIFOUOBHX
TOYOK [5]:

N ~
1 [[Fei = ki,
PCK@a—N;]I ——2<al, ()

ne k; — mporHo3oBaHa MoO3MIlis TOYKH, k; — ICTUHHA
MO3MLis TOYKH, d — HOPMAaIi3yIOUWMi KoeQilieHT
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(HampuKIam, BiICTaHh MK TUICYMMA), & — 3aJIaHUH
Mopir.

CriiikicTh — cHCTeMa MOBHHHA KOPEKTHO Ipa-
I[IOBaTH B YMOBaX YaCTKOBOTO MEPEKPUTTS, Pi3HOTO
OCBITJICHHS, PI3HUX MAacIITa0iB Ta PaKypciB.

[TpoyKTHUBHICTh — QITOPUTM ITOBHHEH HPAIlo-
BaTH B PEXHMI PeaJbHOr0 yacy abo OJM3BKOMY 10
peabHOro, 3 MIiHIMAJIBLHOI 3aTPUMKOI0 O0OpOOKH
(manmpukan, ve meHmre 15-30 kaapiB 3a ceKyHAY).

MacmraboBaHICTh — MOXKJIMUBICTH OJHOYACHOI
00pOOKH KIJIbKOX JIFO/ICH B Kapi.

2. IpoBuMipHa Ta TPUMBUMIPHA OLiHKA MO3H
JIIOIMHH B iHTEJEeKTYaJbLHUX CHCTeMaX Bizeocrmo-
cTepesKeHHs

Y KOHTEKCTI 1HTEJIEKTyalbHUX CHCTEM Bimeoc-
MOCTEPEXXEHHSI, SIKi MPU3HAYEH] 111 aBTOMAaTH30Ba-
HOTO aHaji3y TIOBEAIHKUA IIIOJMHHU, KIOYOBUM
€TallOM OIIIHKM I03M JIIOAMHU € JIOKaji3amis Ta
IHTepOpeTalis HO3d y IBO- abo TPUBUMIPHOMY
MPOCTOPI.

Jleosumipna oyinxka nozu. Y OUIBIIOCTI TpaK-
TUYHUX 3aCTOCYBaHb BiJIEOCIIOCTEPEKCHHS BUKOPU-
CTOBY€EThCSl [IBOBHMipHa omiHka mno3u (2D pose
estimation).

Lle moB’si3aHO 3 BiACYTHICTIO IPOCTOPOBOI iH-
¢dopmauii npo rMOMHY CHEHM Y CTaHAApTHUX
BiJjeokamMepax Ta BHMOTOIO JIO pEalbHOro 4acy
00poOKku. JIBOBMMipHA OI[iHKA MOJISITa€ y 3HAXO-
JUKeHHI KoopAauHaT N KIIIOYOBUX TOYOK JIFOACHKOTO
Tijla Ha TUIOIIHHI 300pa)KeHHS:

K@P) = {k; € R?|k; = (x;,y;),i = 1,2,..., N}. (7)

Kito4oBi TOUKM MOXYTb BKJIIOYATH: BEPXiBKY
TOJIOBY, IIWIO, IIEYl, JIKTi, KUCTi, Ta3, KOJiHA Ta
IUKOJIOTKY. BU3HAYEHHS TaKMX TOYOK YaCTO peai-
3YETBCS 3a JIOMOMOTOI 3TOPTKOBHUX HEHPOHHHUX
Mepex, SIKi IPOTHO3YIOTh TerioBi kaptu (heatmaps):

Puc.2. Imoctparnis 3amadi JBOBUMIPHOT OI[IHKH ITO3H

[6]

Hi:RPY 5 001], i=12.,N, (8)

ne 3uadenus H;(x,y) xapakrepusye WMOBIPHICTH
HasBHOCTI i-01 ToukH y mikceni (x,y). HaifimoBip-
Hillle MTOJI0KEHHSI TOUYKU BU3HAYAETHCSA SIK:

k; = arg max H;i(x, y). (9)

JIBOBUMIpHA TI03 € 1HBapiaHTHOIO JO aOCONIOT-
HOTO MacmTaly CIEHH, OJHAK HE JO3BOJISE TOYHO
BU3HAYUTH TIUOWHY 00’€KTa a0 MPOCTOPOBI KyTH
CyrJIo0iB.

Tpusumipna oyinka nosu aroounu. Ha BimMiny
BiJl IBOBUMIpPHHMX IiJXOMiB, TPUBUMIpDHA OIliHKa
no3u (3D pose estimation) nepeabdavae peKOHCTPYK-
IiI0 TPOCTOPOBOTO MOJIOKEHHS KIIFOYOBHX TOYOK:

K ®={p ieR"3 |p i=(x iy iz i),i=1,2,....N}, (10)

Jie KOOpAWHATa Z; BinoOpaxae rauOuHy (BiACTaHb
BiJl KaMepH a0 BEpTHKaJIbHY KOMIIOHEHTY Yy CBIiTO-
Biif cucTeMi KoopauHar) (puc. 3).

Puc.3. Imroctpanis 3anavi TpUBUMIipHOT
OLIHKH 103U [7]

V cucremax 3 0/JJHI€I0 KAMEPOIO OIIIHKA Z; € He-
OJTHO3HAYHOIO 1 MOTpedye ab0 HaBYCHOT MOJIEI JUIst
«BIJTHOBJICHHS» TJIMOMHU 3 IBOBUMIPHHUX JIaHUX, 200
JI0IATKOBUX CEHCOPIB (HANpHUKIAJA, CTepeoKamep,
TIIMOWHHKUX KaMmep a00 MYJIbTUKAMEPHUX CHCTEM).
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[Tpu HasBHOCTI KanmiOpoBaHOi kKamepu (TOOTO 3
BIZIOMOIO MATPHUICIO BHYTpilIHIX mapamerpiB K)
MOJKHA 3fiiicHuTH nipoekiito 3D Todok y 2D 300pa-
JKCHHS 3a JIOTIOMOTOFO MPOCKTUBHOTO
MIePETBOPECHHS:

Xi
Wil _ Yi
1 1
ne (u;, v;) — KOOpJMHATH TOYKH Ha 300paxkeHHi, R €
R3*3 _ wmarpuns obepramms, t € R® — Bekrop
TpaHCHALii, A — MacTaOHuA KOoeilieHT.

Takum 4MHOM, 3a/a4y MOYKHA TOJATH 5K 3BO-
pPOTHY 10 MpOEKIii: 3a Bijomumu 2D TOukamu Ta
napaMeTpaMyd KaMepu — BiTHOBHTH IOJIOXKEHHS B
MPOCTOPI.

B tabnuui 1 HaBeneHa HOpPIBHAJBHA XapakTe-
pHUCTHKA 33734 ABOBUMIPHOI Ta TPUBUMIPHOI OLIHKH
MI03H JIFOJIMHHU B IHTEJICKTyaIbHUX CHCTEMaX BiJleoc-
MOCTEPEKECHHS.

TakuM YHMHOM, Yy THIIOBHUX IHTEIEKTyaIbHHX
CHUCTeMaX BiJICOCIIOCTEPEKEHHS, J€¢ TOJOBHOIO
METOI0 € BHUSBIICHHS, BIJICTeKEHHS Ta 0a30BHi
aHaJli3 aKTMBHOCTI JIIOAWHH, BUKOPHCTOBYEThCS 2D
OLIIHKA 103M uepe3 ii o0uncIoBaabHy eheKTHBHICTD
Ta BiJICYTHICTh BUMOT JI0 CIeliani3oBaHOrO o0iaj-
HaHHS.

[Ipote y Bunagkax, Kojau NOTpiOHa OUIbII TJIH-
0oka MpOCTOpPOBa IHTEpHpeTalis (HanmpUKIam, s
BUSIBJIGHHS TIaJliHb, arpecii ado CKIaJHUX MaTEPHIB
MOBETiHKH), TOUIILHIM € BUKOpUCTaHHS 3D orinku
03, 32 YMOBU HAsSBHOCTI BiJIIOBIJHUX TEXHIYHUX
3aco0iB.

Tabmums 1
[MopiBHsITEHA XapaKTepUCTHKA 3219
2D T1a 3D OmiHKHY 03U JIOAUHA

Xapakrtepuc- . .
p p 2D ominka 3D ominka
THKa
Buximgai
X X,V,Z
KoOpHHATH (x,y) (xy,2)
I'nmubunna,
3BUyaiina cTepeo
OO0nagHaHHA peo,
KamMepa OaraTokamepHa
cucreMa
OO0unciroBaIbHA
. Hmxua Bumia
CKJIaJHICTD
. V peansHHX
TounicTs B mexax p
METPUYHIX
TOJIO’KEHHS 300paKeHHS
OJIMHHIIAX
besneka, Meauyuni
3acToCyBaHHA |CHOCTEPEXEHHSI, | CHCTEMH, CTIOPT,
aHaIIITHKA poboToTexHika

3. BUKIUMKH Ta mepemKoau 3aadi OWiHKH
103U JIOAMHHU

O1iHKa 1034 JIIOJUHY IiJ] Yac BiJeoCrocTepe-
JKEHHS € CKIIaJHUM 3aBnaHHsAM. Ha BimMmiHy Bin na-
00opaTOpHUX YMOB, KaMepa Beae Oe3nepepBHy 3HoM-
Ky BJICHb 1 BHOUI 32 Pi3HUX MOTOAHUX YMOB IPOTS-
IOM YCBOT'O POKY. BiiTKy BinOUTTS Bifg MOOiIBHOTO
TeneoHy MOXKE YacTKOBO 3aTYJISITH KaMepy, 3ajli3-
HUYHI KOJIii, [0 3aBaKalOTh JIIOJCBKUM (Qopmam,
Pi3KH TiHi, sIKi MOXKYTh TPHU3BECTH JI0 XUOHO TO3U-
TUBHHX CIPaIlbOBYBaHb, SIK TIOKa3aHO HA PUCYHKY 4.

Puc.4. Ilpuxnaayu cioTBOpeHHs KaMepH [ 8]

[8], ocBiTIIEHHS B ME)KaxX OJIHIET 1 TI€T %K CIICHH MOXKE
CWJIBHO BIJIPI3HATHUCS, K ITOKA3aHO HA PUCYHKY 5, a
[8]. Kpim Toro, depe3 mpHpoJy BiJcOCIIOCTEPEIKEH-
Hs1 300paXKeHHS 4acTO CHIBLHO CIIOTBOPEHI, a KaMepH
31€01IBIIOr0 BCTAHOBIIEHI HAa BUCOTI Ta i HaXU-

oM, 1mo0 3a0e3meuuTH BENMKE Toje 30py. Taka
MIEPCIIEKTHBA KaMepH MiJIKPECIIIOE 3aTiHeHHS 1HIIH-
M o0'ektamMmu abo camuMm co00r0, a iHOZI HaBIiThH
BIIACHOIO TiHHIO, SIK TTOKA3aHO Ha PHCYHKaxX 5, a i 5,

6 [8].
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a) JIFOH, SKI YaCTKOBO a00 MMOBHICTIO
3aTiHEHI TIHAMH HABKOJIMIITHBOT'O CEPEIOBHUIIA

0) ckJIa/iHi, 3aIUTyTaHi 1 3aKPUTI 103U

Puc.5. Imoctparist mpobiem peaabHUX CICHApIiB

AHali3 HayKOBHX pOOIT, NMPHUCBSYCHUX BUPI-
IICHHIO 3a/1a4l OLIHKM 103U JIIOJMHU B IHTEJIEKTYya-
JBHUX CHCTEMax BilEOCIIOCTEPEKEHHS, HT03BOJIUB
BU3HAYMTH TaKi MEPEIIKOIA Ta BUKITUKH:

— OKJIIO311 — KOJIM YacTHHA 00'€KTa MPUXOBaHA
abo 3a0JIOKOBaHA IHIIUM O00'€KTOM, II€ CTBOPIOE
3HAYHI TPYIHOIII JJISi TOYHOI OIliHKK To3H. Y Oara-
THOX pEaJbHUX CLEHAPIAX YaCTHHU Tijda MOXYTb
OyTH 3aKpUTI, 0 YCKIIAIHIOE TOYHE MPOrHO3YBaHHS
MOJIOKEHHSI MPHUXOBaHUX cyrnobiB. s mpobiema
0c00JIMBO MOIMIMPEHA B CLIEHAX BEJIMKOTO CKYIMUEHHS
Jo/ie, Je KiIbKa JIIoJIed MOXYTh 3aKpHUBATH OJIUH
oxuoro [9];

— Bapiallii 30BHIIIHLOTO BUIJISAAY — OILIHIOBAaH-
HS1 TIO3U TaKOX YCKJIaJHIOETHCS 3MIHOIO TOUKH 30Dy .
30BHILIHIA BUIIIA 00'€KTa MOXKE KapIUHAJIBLHO 3Mi-
HIOBATHUCS, SIKIIO JWUBUTUCA HA HBOTO MiJX PI3HUMHU
KyTaMH, [I0 MOXK€ YCKJIQAHUTH TOYHY OLIHKY IO3H.
Lle ocobnuBo cknamno npu 3D-omiHIl mo3u, ne me-
TOI0 € omiHka 3D-koopauHar cyrino0iB, Ha SKi
MOKYTh CYTTEBO BIUIMBATH 3MiHU TOUYKH 30Dy [9];

— BIJICYTHICTh aHOTOBAaHMX HABYAJIbHUX JaHUX
— e(eKTUBHICTh 0araTb0X ANTOPUTMIB OL[IHIOBAHHS

o3, 0COONMMBO THX, MO 0a3yrOThCsS Ha TIUOOKOMY
HaBYaHHI, 3aJ€)KUTh BlJ HAasSBHOCTI BEJIMKOI KIJIBKO-
CTl aHOTOBaHUX HaBYANBHHX NaHuX. OJHAK CTBO-
PEHHS TakuX HaOOPIB AaHUX € TPUBAJIHMM 1 TPYIOMi-
CTKUM TIporiecoM. BincyTHiCTh HOCTaTHBOI KITBKOC-
Ti QHOTOBAaHMX HABYAJIBHHUX [IAaHUX MOXKE CYTTEBO
O0OMEXHTH NPOAYKTHBHICTB uX anroputmis [10];

— 00poOKka B peabHOMY Yaci — OIiHKAa 03U B
pearbHOMY 4Yaci, KOJH MO03y MOTPIOHO OIiHIOBATH B
peampHOMY dYaci i 4ac 3HOMKH BiJieO, CTBOPIOE
3Ha4YHI MPOOJIEMH 3 TOYKU 30py OOUHCIIIOBAIBHUX
pecypciB 1 MBUAKOCTI 00POOKH;

— PO3MUTTA PYXy Ta SIKICTh 300pa)KEHHS — MPH
OIIIHIII TIO3W HA OCHOBI BiJICO, PO3MUTTS PYXy MOKE
CYTTEBO BIUIMHYTH Ha TOYHICTH OLIHKH mo3u. I1IBu-
IKI pyXH MOXYTh IPHU3BECTH 10 PO3MHUTTS 300pa-
KEHHS, 10 YCKJIAJHIOE TOYHY iAeHTH(]iKamioo mo-
JIOXKEHHsI Cyrio0iB. AHANOTIYHO, HU3BKOSIKICHI 30-
OpakeHHsT a00 Bizeo, SKIi MOXYTb MaTH IIyM abo
HU3bKY PO3AUIBHY 3IaTHICTh, TAKOX MOXYTb CTBO-
proBaTH poOeMu T TOYHOT o1iHku no3u [10];

— Bapiauii TOYKH 30py — OLIHIOBAaHHS MO3U Ta-
KOX YCKJIaTHIOETHCSl 3MIHOIO TOYKH 30py. 30BHill-
Hill BUTTISIA 00'€KTa MOXKE KapAUHAIBHO 3MIiHIOBATHU-
csl, SIKIIO JUBHUTHUCS Ha HBOTO MiJ PI3HUMH KyTamH,
10 MO’KE YCKJIaTHUTH TOYHY OLIIHKY IO3H;

— 3MiHa OCBITJICHHSI — 3MiHa OCBITJICHHSI MOXeE
KapJWHAJIHHO BIUIMHYTH Ha 30BHIMIHIN BUTIIAL 00'e-
KTa, L0 YCKJIQJHIOE TOYHY OLIHKY no3u. TiHi Mo-
KYTh TPUXOBYBATH YACTWHH Tijla, a CHJIbHE OCBIT-
JICHHS MOX€ NPU3BECTH IO IMepe OCBITIEHHS Iif-
HOK, 1 o0u1Ba i (aKTOPH MOXYTh MEPELIKOKATH
TOYHOMY BU3HAUEHHIO YaCTHH Tijia Ta iXHBOTO TIO-
noxenns [11].

4. Orasia HayKOBMX PoOiT B 00JjacTi ouiHKH
MO3HU JIOAUHU

B cydacHux iHTeNeKTyaJbHUX CHCTEMax BiJleo-
CIOCTEpPEKEHHA 33/1ada OLIHKM 103U JIIOJUHH
(Human Pose Estimation, HPE) Bigirpae kmo4oBy
pOJIb y pO3Mi3HABaHHI aKTHBHOCTI, MOBEIIHKOBOMY
aHai3i Ta o6e3rerr.

HayxkoBi mociipkeHHS y LiK Tamy3i OXOILTIO-
I0Th SIK IBOBUMIPHY, TaK i TPUBUMIPHY OIIHKY TI03H,
i3 3aCTOCYBaHHSM KIIACHYHHUX METOJIB, TIIMOOKOTO
HaBYaHH Ta riOPUIHUX PilICHB.

4.1 /lsosumipna ouinka nosu

Po3minieHHs KIFOYOBUX TOYOK y JIBOBUMIpHO-
My IIPOCTOPi BIIHOCHO KaJpy 300pakeHHs a0 Bigeo
MOYKHA JIETKO OI[IHUTH 32 JIOTIOMOTOI0 JIBOBHMIipPHOI
OLIIHKM 103H. BOHA Iparffoe nUIsIXOM BUSIBIICH HA Ta
aHamizy koopauHaT X Ta Y cymio6iB IrOACKKOrO
Tija Ha 300pakeHHi. 2D omiHkKa mo3u — 1e mpouec
BH3HAUCHHS PO3TalllyBaHHSA CyrJIoOiB Tijia Ha 30-
OpakeHHi (y MIKCEIbHUX 3HAYCHHSX).
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Tpaouyitini memoou oyinku nosu aoounu y 2D
BKITIOUAIOTH Taki migxomau, sk HOG, Edgelet ta mo-
nenb mikTopianeHuX crpyktyp (PSM) [12], sxki
MPEICTABIISIFOTh YaCTUHH TUJIa y BUIJISI T€OMETPH-
gHuX (iryp (HanmpukiIaa, MMTHIPIB) Ta MOAETIOI0TH
MIPOCTOPOBI B3a€MO3B’I3KH Mik HUMHU. PSM, 3ampo-
noHoBana ®inuiepom [13], BUKOpUCTOBY€E YacTHUHH,
BH3HAYCHI 32 MKCEIHHOO TUIOMICIO Ta HAIPSIMKOM, 1
MOXe e(PEeKTHBHO OOPOOISITHCH 32 TOTIOMOTOI0 TH-
HaMi4HOTO TIPOTrpaMyBaHHS

Memoou oyinku nosu na 6asi eMuOUHHO2O HAB-
yanns. TpanumiifHi METOIM OIIHKHU TI03H JIFOJWHH B
2D maroTh 0oOMeXeHy BHpa3HICTh, HE BPaxOBYIOTbH
rI00AaNbHUA KOHTEKCT Ta 0a3ylThCS Ha PYYHHUX
O3HaKaX, IO 3HIKYE TOYHICTb Ta ©(EeKTHBHICTH.
Uepes 11i 0OMexeHH HaOyIH TOIYJIIPHOCTI MOJEIi
Ha OCHOBI I'TMOOKOTO HABYaHHs, SKi 3a0€3M1e4Yy0Th
Kpally TOYHICTb 1 JIO3BOJISIFOTH MPAIIOBATH 5K 3 OJI-
HI€I0, TaK 1 3 KIIbKOMA JTF0JIbMHU Ha 300pakeHHI.

Memoou oyinku nosu oouiei moounu (SPPE).
MeTroau OLIHKH IMO3U OXHIE] JIOAUHW BH3HAYAIOTH
o3y KOHKPETHOI JIIOJIMHU Ha 300pakeHHi. SIkmio Ha
300pakeHHI € KiTbKa JIIOJIei, TO 300pakeHHs 00pi-
32€ThCSA TaKUM YUHOM, 1100 Ha HHOMY 3aJIMILIUIACS
TIJBKH OJJHA JIIOAMHA. J[ETEKTOp BEpXHLOI YaCTHHU
Tina [14] abo merexTop Bchoro Ttinma [15] moxe BU-
KOHATH 1I¢ 3aBJIaHHS aBTOMAaTHYHO. MeTOH METO/IiB
JUIS OaHIel JIIOAMHUA € BHU3HAYEHHS MICIE3HAXO-
JDKEHHSI KJIFOUYOBUX TOYOK Y IiH 0OJIaCTi HA OCHOBI
3ajaHol iHdopMarllii 1mpo MO3UIli0. 3ale)KHO BiJ
TOTO, SIK BOHU IPOTHO3YIOTh KJIFOUOBI TOYKH, METO-
muku SPPE moninstoTeCcs Ha JBi KaTeropii: miaxomn
Ha OCHOBI perpecii KIIFOYOBHX TOYOK 1 MiTXOAW Ha
OCHOBI TETIOBUX KapT:

— METOJM Ha OCHOBI perpecii KJIFOUOBHX TOYOK
HaMpsAMY TPOTHO3YIOTh KOOPJAWHATHA KOXKHOI TOYKH,
aye 1s 3aj7a4a € CKJIaIHOI0 Yepe3 HeOOXiAHICTh TO4-
HOT BIJINOBIIHOCTI O3HaK. [[Jsl OKpaIleHHs TOYHOC-
Ti BHUKOPUCTOBYIOTBCS MOJETl 3 3BOPOTHUM
3B’s3K0M, Hampukian, Iterative Feedback, LCR
Network a0o kackaani perpecopu [16];

— METOJIX Ha OCHOBI TEIUIOBUX KapT MPOTHO3Y-
I0Th WMOBIPHICTh HAsBHOCTI KJIFOYOBOi TOYKH B KO-
xkHOMY Tikceni. Lle#t miaxix mo3Bosise Kpaiie JoKa-
JMi3yBaTH 4YacTWHU Tima. Bimomi wmomem —
Convolutional Pose Machines, Stacked Hourglass
Network, a Takox HOBiTHI MeToau SAHR i WAHR,
AK1 aJanTyroThCcs 10 MaciuTaly i Bar MiKcesiB, 3Ha-
YHO IiJIBUIIYIOYU TO4YHICTH [17]. Takoxk BHKOpHC-
TOBYIOThCSI rpadoBi  Momeni s BpaxyBaHHS
3B’S3KIB MiXK YaCTHHAMHU TiJa.

— [Ipsme perpecyBaHHsS KOOPAWHAT CYTJIOOIB €
HEHIAHUM 1 CKIAIHUM I HaBYAHHS, a TAKOXK HE
MMAXOMUTE JUIA BUIIAJKIB 3 KIJIbKOMA JIOALMU. Bog-
HOYAC TEIIOBI KapTH Kpallle MepeatoTh MPOCTOPO-

B KOHTEKCT 1 MAXOMSITH Ul CKIIATHUX CIIEHAPIiB.
[IpsiMme perpecyBaHHs TPOCTE, MBHIKE Ta MOXKE
3actocoByBaTHCh y 3D. TeruioBi kapTu B O€qHAHHI
3 BEJIMKHMHU 3TOPTKOBUMH SIPAMH Ta TIUOOKUMHU
MOJICJISIMU TTOKPAIIYIOTh TOYHICTh 32 PaxyHOK IIHU-
pIIOTO KOHTEKCTY. Y TpoIleci HaBYaHHS MOJEIh
MOCTYIOBO MPHUTHIUY€e MOMMIIKOBI BiJMOBiAlI Ta TO-
cutoe mpaBmwibHI. OT)ke, oOMaBa MAXOAW MAaIOTh
CBOI TlepeBard Ta HEIOJIKH, 1 YHIBEPCAJIBHOTO pi-
IICHHS HE ICHYE.

Memoou oyinku no3u  OeKiibKox Jooell
(MPPE). OckinbKH TIOJIOKEHHS Ta 00'eM Jrofeil Ha
300pakeHHI € HEBU3HAUYCHUMH, OILIIHKA MO3H KiJTbKOX
JIIOJEN € CKIAIHIIION, HIK OLIHKA MO3HM OIHIET JIFO-
IUHA. Y OUTBIIOCTI BHITQIKIB IF0 MPOOIIEMy MOXKHA
BHPIIIATH OJHUM i3 TBOX CHOCOO0IB:

— HaWTPOCTIMWH METOJ TOJSATaeE B TOMY, 00
MMOYaTH 3 BHUABJICHHS JIOAWHH, ITOTIM OIUHHMTH 11
YaCTHHU 1, HApPEIITi, OOYMUCIUTH TO3Y A KOXKHOI
ocobu. BiH 3a0e3rnedye BHCOKY TOYHICTH 3aBISKU
noeranHid o6podui. Cy4yacHi Mojemni, HanpukiIaj,
Mask R-CNN, GlobalNet i aBoeramHa MOJENb
Papandreou, mokpainyroTh pe3ysibTaTH 3a PaxyHOK
OaraTopiBHEBHX O3HAK i CErMEHTallii. 3acTOCyBaHHs
ToF-300paxens Ta BuaineHas ROI mixBuiye To4-
HICTh a1 ckiuamuux oOmacredt [18]. Ileit mimxix
HA3MBAETHCS IMTIIX0I0M «3BEpXy-BHU3» (top-down);

— IHIM MeTon Tojsrae B imeHTudiKamii BCix
YacTUH Ha 300pakeHHi (TOOTO YacTWH KOXKHOI JItO-
JUHH), a TIOTIM TPYIyBaHHI YacTHH, AKi Halle)KaTb
pisHEM JogsaM. Lle Ha3WBaeThCs BUCXITHUM MiAXO-
nom (bottom-up). Mogemni, nHanpukiag, PRN Ta
DeeperCut, mokpaniytoTb TOYHICTh 3aBJASKH TJIHO-
MM MepeXaM 1 KOHTEKCTHUM 3B’si3KkaM [19], a min-
Xig , mpeacrasieHuii B podoti [20], moeaHy€e OLMiHKY
MO3H 3 BIJICTEXKEHHSM, MiIBUIIYI0YN €EKTUBHICTb.

[linxin «3Bepxy-BHU3» 3a0e3ledye BHIY TOY-
HICTh 3aBJASKH OOpOOIl KOXHOI IFOJUHH OKPEMO,
aJie BiH MOBUIBHININHN, OCKIJIBKY BUMAarae TOBTOPHO-
IO OI[IHIOBAHHS IO3M JJISI KOXKHOT'O BHSIBICHOTO
00'ekTa. BucXimHui miAXia MMIBUAIIAK, OCKUIBKH
00po0IIsie BCiX JIIOJIeH 0JIHOYACHO, aJie YacTo MOCTY-
MAEThCsl B TOYHOCTI 4Yepe3 HUKUYY PO3JUTBHY 371aT-
HICTh OKPEMHX OCI0 i CKJIAJHICTh y BUJIIJICHH] JieTa-
neit. ['muOoki HeHpoHHI Mepexi 3acCTOCOBYIOTHCS
IUIsT 000X ITIXOMIB, OJHAK HEMOXKJIHUBO OJHO3HAYHO
CKa3aTu, KWW 3 HUX Kpallud — yce 3aJIeUTh BiJl
3aBaaHHsA. Bubip Mixk HUMH 0a3yeTbcsi HA KOMIIPO-
Mici MiK TOYHICTIO Ta NIBUIKICTIO.

4.2 Tpusumipna oyinka no3u

3D ouinka no3u (3D HPE) Bu3Hauae mosnosxeH-
HSl CYTJI00iB JIFOJIMHA Y TPUBHMIPHOMY IIPOCTOPI
(X,Y,Z) 3a 300paxenusm abo Bimeo. OCHOBHa MeTa
— 00YHMCIUTH KOOPAMHATH KJIIOYOBHX TOYOK Tijia Ha
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ocHOBI RGB-300paxkenns. Ha Bimminy Bix 2D, 3D
OIliHKA € CKJIQIHIIION Yepe3 HeOAHO3HAYHICTh, BH-
i BUMOTH J0 OOYHMCIIOBAILHUX PECYpCiB 1 BILIMB
30BHIIIHIX (akToOpiB (TEKCTypa, KOJip WIKipH, TIO,
oKITF03i1 To110). OIIHIOBaHHS TaKOX YCKIIAJTHIOETHCS
BHOOpOM siKicHOTO mataceTy (Habopy manmx). Ilicms
BU3HAUEHHsI CYyrJjo0iB MOJeNi aHali3ylTh pyX
JOUHY Y cepii KaapiB.

Knacuuni nioxoou oo 3D oyinku no3u BKIIOYA-
I0Th PO3IIMPEHHS MIKTOPiaIbHUX CTPYKTYPHUX MO-
nenerr (PSM), siki 3aCTOCOBYHOTBCSI SIK JUIS OJHI€T,
TaK i g Kinbkox oci6 [21]. Jis mokpartieHHs Tou-
HOCTI BUKOPHCTOBYIOTBbCS CTPYKTypoBaHi SVM, 1m0
HABYAIOTHCSA Ha BIAMIOBIAHOCTI MDK CErMEHTALIMHU-
MH 03HaKaMH Ta TOJOXKEHHIM Cyra00iB [22]. Tximmii
migxin — sukopuctanHs HOG-o3Hak i JmiHIHHOT pe-
rpecii g oriHku 3D 1mo3u, 3 MOJANBIIUM 3MCH-
IIeHHSIM po3MipHOCTi 3a monomororo PCA [23]. Ilew
METO/T MTOKa3aB BHUCOKI pe3yJbTaTd, 3J00yBIIN Tep-
me micue y COCO 2016 keypoints challenge Ta
MepEeBEpUINBIIY TIONEPEeNHI peKkopA Ha JaTaceTi
MPII.

Monoxynapra 3D oyinka nosu a00uHu € cKiia-
JTHUM 3aBJIaHHSM 4Yepe3 HEOAHO3HAYHICTh TJIMOMHU
Ta okimo3ii. [lompu e, MOHOKyIIsIpHA KaMepa € Haii-
6inpmn momuperuM 3acobom st HPE. Metoan Ha
OCHOBI IMIMOOKOrO HaBYAHHS IOAUISAIOTHCS HA OTHO-
kamepHi (single-view) Ta OaraTokamephi (multi-
view) [24]. Single-view migxoau mpairorOTh i3 30-
OpakeHHSMH 3  OJIHI€T KaMepW, HampuKIajI
EpipolarPose BukopucroBye smiie 2D KIHOYOBI
TOYKH Ta EIMIIOJIAPHY TeoMeTpito mis modyxosu 3D
6e3 HeoOxinHocTi y 3D anoramisx. baratoxamepni
METOJIU TIOKPAIIYIOTh OI[IHKY TIMOWHHU Ta TOYHICTD,
HaBiTh 13 HECHHXPOHI30BAHWMH BiJ[€0 IOTOKAMH.
Hatinommpenimwii migxin — crepury Bu3Hadata 2D
KITIOYOBI TOYKH, a MOTiM TpaHchopmyBaTh ix y 3D.
Taki momeni, sk PostNet, HRNet, Mask R-CNN Tta
Cascaded Pyramid Network, 3a6e3neuyioTs xopoury
TOYHICTh 1 MIBUAKICTH POOOTH B PEATLHOMY 4aci
[25].

Oyinka 3D nosu oowici noounu. BinpmiicTs
pOOIT IS OIIHKK TO3U JIFOJMHU BUKOPHCTOBYIOTH
oJiHe 300pakeHHs/Bigeo. He3Baxarounm Ha HEOTHO-
3HAYHICTh BUMIpY IMTMOWHH, MOJeNi, HaB4YeHi Ha 3D-
€TaJIOHHUX JaHUX, MOKa3yloTh OCUTH XOpoUIi pe-
3yJIBTATH JIJIs BUIAJIKY OJHI€T JTFOAMHU 0€3 OKJIFO3iH.

Ouyinka 3D-no3uyii’ kinbxox arodetl. OCHOBHOIO
npobaemoro npu ouiHmi 3D-mo3unii neKinbKox ocid
€ okJo3ii. Yepes oOMekeHy KUIBKICTh BiAMOBIIHUX
Ha0OpiB JaHMX Mporpec B omiHii 3D-mo3umii aeki-
JTBKOX 0Ci0 € oOMmexkenmM. Kpim Toro, Ha »xaib,
Maibke He iCHye aHOTOBaHMX HaOopiB manux 3D-
MO3UIlIN KIIBKOX JIFOJCH, MOMIOHMX 10 Habopy Ja-
HuX Human3.6 [26]. Bineuricte HaOoOpiB JaHHX 3
KiJIbkoMa ocobamu ab0 HE MarOTh XOPOIINX STAJIOH-

HUX JaHuX, abo He € peamicTnaauMu. OmHIEO 3
BiIOMHUX poOIT B maHii obmacTi € podota [27], B sKiit
JUIst OIiHKK 3D-mo3uIliii KiTbKOX JIFOJCH BHKOPHC-
toByeTbesi PandaNet (Pose Estimation and Detection
Anchor-based Network).

5. TenaeHmii Ta MepcneKTUBH 3aaa4i OMIHKH
M03HU JJANHU

TenaeHmii 3a1a4i OIIHKN O3K JIIOAUHU JIEKATh
B IUIOIIMHI ITIIXO/1B INIMOOKOr0 HaBYaHHS, OCKUIbKHU
MOJKHA TIOMITHTH, IO I[i METOAU TJIHOOKOr0 HaB-
YaHHS JIOCATAIOTh KPamoi MPOIYKTHBHOCTI IMMOPiB-
HSHO 3 {HIIMMHW CyYaCHWMH MiAXOAaMHu. Y CIiX Mij-
X0/1B rnOokoro HaBuaHusa 10 3agauyli HPE mosmsrae
B JIOCTYIHOCTI BEJIMYE3HOI KUIBKOCTI JaHUX, IO €
OTHUM 3 OOMEXEeHb 3aCTOCYBaHHS TIHOMHHOTO Ha-
BYyaHHd. He3Baxkaroun Ha Te, IO 9 00'€KTHUBHOI
ominku HPE Oynu cTBOpeHi pi3Hi 0a3u JaHuX, 10jaa-
TKOBI HA0OpH JaHUX 3 aJeKBATHIMH METOIOJIOTiIMU
0o0CTe)XEeHHSI Bce Ie OaxkaHi. Y HOBrOCTPOKOBIH
MEPCHEeKTHBI MOXXHA BHKOPHCTOBYBATH JOAATKOBI
JATYUKKA TiIa IS 3aluCcy HEeoOpOOJICHWX JaHUX 3
pi3uux mo3 [28].

VY Toif yac sk 3ajJa4a JBOBUMIPHOI OI[IHKH MO3HU
JIFOJTUHY JOCSTIIa JOCTAaTHBOTO PIBHSA TOYHOCTI, TPH-
BHMipHa OIliHKa MoTpedye 0aratboX 3yCHIIb, SKIIO
He Oyne po3pobiieHo OB 30alaHCOBAaHUX MOJIe-
JIeH, 0COOJMUBO IS 1HTEpHpeTallii 3 ogHoro 300pa-
JKeHHd 1 0e3 nerajeil TIInOuHM.

IMepcniekTHBY 3a/iavi OLIHKK IMO3HM JIIOJUHU €
BEJIMUE3HUMHU, OCKIJIbKM 3ajiaya Ma€ BEJIMKY chepy
3aCTOCYBaHHS, SKa BaKJIMBA B HAIIOMY ITOBCSKICH-
HOMY KHTTI. ICHYe TaKoX MOMIIUBICTh JOCSTTH
XOPOIIIMX PEe3yJbTaTiB Ha HAOOpax JaHWUX BHUIIOT
po3miprocTi (Bumie 2D/3D), Takux sk oiiHka 6D-
I103, 5IKa OIIIHIOE TOJIOKEHHS 1 HanpsiMok 6D-mo3. Li
03U KOPHCHI B pOOOTOTEXHIYHMX moaaTkax. He-
3BaXXAIOUH Ha Te, IO 1IeHTH(IKAIT JFOACHKHX 1103 3
Bizieo abo ¢ororpadiii mpucesiueHO Oarato 3ycHIIb,
iCHye 3Ha4YHUN PO3PUB MK TEOPETUYHHMH JIOCIIi-
JOKCHHSIMU 1 peaIbHUMU 3aCTOCyBaHHIMH [29].

Bucnosku

B crarti mpencraBieHO cHcTEMaTH30BaHUN
O] Cy4YacHMX METOJIB OIIIHKHM 103U JIIOAWHU B
THTETIEKTYIbHIX CHCTEMaxX BiJIEOCIIOCTEPEKEHHS.
PosrnsnyTo nBoBumipHi (2D) ta TpuBHMIipHi (3D)
MiAXO0H, 30KpeMa SK KJIaCH4Hi aITOPUTMH Ha OCHO-
Bi PYYHHUX O3HAaK, TaK i Cy4acHi TJIMOMHHI MOJEJIi.
2D olliHKa 3aJIUIIAETHCS JOMIHYIOUOI0 Y BiJICOCIIOC-
TEepEKEHHI 3aBISIKH IIBUIKO/IIT Ta MPOCTOTI peaiza-
1ii, Tomi sik 3D orinka 3a0e3neuye rimoIny MpocTo-
POBY IHTEpIIpETallilo, ajic BHUMAarae CKJIAIHIIINX
MoOJIeJIeH Ta anapaTHUX PECypCiB.

[IpoananizoBano top-down i bottom-up miaxo-
I 10 OIIIHKH 1031 KiTbKOX 0¢i0. Top-down 3a6e3-
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IleYy€ BHUILYy TOYHICTh, OMHAK € TOBUIBHIIIUAM 1
MEHII MacmTadoBaHuM. Bottom-up mo3Bosie mpa-
LIIOBAaTH 3 BEJIMKOIO KIJIBKICTIO 00'€KTIB OJHOYACHO,
X04a TOCTYMAEThCS Y TOYHOCTI. MeTou Ha OCHOBI
TIHOOKOTO HAaBYAHHS, OCOOHMBO Ti, IO BUKOPHCTO-
BYIOTh TEIUIOBI KapTH i TpadoBi CTPYKTYPH, TEMOH-
CTPYIOTh BUCOKY €(DeKTUBHICTh, OJTHAK 3aJICKATh BiJ|
HasiBHOCTI SKICHUX 1 pENPe3eHTAaTUBHUX HaBYATbHHUX
TaHWX.

OCHOBHI BUKJIIMKH Y MPAKTUYHOMY 3aCTOCYBaH-
Hi HPE moB’s3ani 3 nepekpuTTsM 00’ €KTIB, 3MiHOIO
OCBITIIEHHSI, TIHAMH, IITyMOM, HA3BKOIO SIKICTIO BiZIeO
Ta BUMOTaMH JI0 peajbHOro uacy. [lojgonaHHs 1ux
npobaeM notpedye CTIHKMX, alalTHBHUX MOJEJeH
Ta BHKOPHICTAHHS JOAATKOBUX ceHcopiB. [lepcmek-
THBU TOJANBIINX JOCIIIKEHb OXOILTIOIOTH Oararo-
MOJaIbHI Migxoau, 6D OIliHKY MO03U Ta PO3BUTOK
CaMOHABYAIIbHUX CHCTEM, 3IaTHUX aJaNITyBaTHUCS JI0
3MIHHHX YMOB PEaJbHOTO cepeAoBHUIa. Takum dUmu-
HOM, OIIIHKA TI03H JIFOJIUHU 3TUINAETHCS KIIFOYOBUM
HaIpsMOM Y PO3BUTKY IHTEJICKTYaJIBHOTO BijJcOaHa-
Ti3y.
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Human posture estimation in intelligent video surveillance
systems: modern approaches and challenges
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Odesa Polytechnic National University

Abstract. The article presents an overview of modern methods for estimating human pose in intelligent
video surveillance systems. 2D and 3D approaches are considered, including both classical methods and
models based on deep learning. The features of top-down and bottom-up strategies, their advantages and
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limitations are analyzed. The main challenges associated with real-world surveillance conditions, such as
occlusions, lighting changes, and limited image quality, are identified. Prospects for the development of the
industry, including the use of 6D pose estimation, multisensory data, and self-learning models, are outlined.

Keywords: Intelligent systems, Video surveillance, Behavioral analysis, Pose estimation, Neural net-
works, Heatmaps, Multi-camera systems, Occlusions.
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Comparison of mathematical models of power generation
equipment in transient process simulation in energy systems

K. V. Beglov, V. I. Kryvda, O. A. Klymchuk, V. R. Zhukovkyi, O. V. Yavorsky, G. lo. Galanter
Odesa Polytechnic National University

Abstract. The aim of this study is to develop approaches for improving the efficiency of transient char-
acteristic modeling of a nuclear power plant (NPP) unit by approximating dynamic processes using first-
and second-order functions. This will reduce the simulation time for combined energy systems, which include
power generation sources with different physical operating principles (NPPs, thermal power plants, hydroe-
lectric power plants, wind farms, etc.). This work is aimed at ensuring the selection of a simulation model of
equipment that best meets the goals of future research, including the development of new approaches to
controlling the structure and parameters of power generating sources, which will contribute to the efficient

operation of power systems.

Keywords: automatic control system, identification, classification, efficiency criteria, mathematical

model.
Introduction

In energy systems, accurate modeling of transi-
ent processes is crucial for ensuring system stability
and reliability. One of the key aspects of such mod-
eling is representing power generation equipment
using mathematical models. Different types of
equipment, such as synchronous generators, wind
turbines, and solar panels, require specific models to
capture their dynamic behavior during transient
processes.

When comparing mathematical models of pow-
er generation equipment, it is important to consider
factors such as accuracy, computational efficiency,
and ease of implementation. For example, detailed
physical models can provide a high level of accuracy
but may be computationally intensive, making them
less practical for real-time simulations. On the other
hand, simplified empirical models may offer faster
computation times but can compromise accuracy
under certain operating conditions.

Thus, the selection of mathematical models for
power generation equipment in energy system
simulations is a critical decision that can impact the
accuracy and reliability of transient process model-
ing. By carefully evaluating the trade-offs between
accuracy and computational efficiency, researchers
and engineers can choose the most suitable model
for their specific application.

The research object is a simulation model of a

© Beglov K. V., Kryvda V. I, Klymchuk O. A.,
Zhukovkyi V. R., Yavorsky O. V., Galanter G. lo.,
2025

nuclear power plant unit. This study addresses the
problem of adequately describing and analyzing
transient processes in models of thermal and electri-
cal equipment to improve power management
methods and energy system stability. The primary
objective is to approximate the dynamic characteris-
tics of a nuclear power plant unit using first-, sec-
ond-, and third-order differential equations, which
allows for optimization of the control process and
ensures accurate system dynamics representation.
This will contribute to enhancing the efficiency of
power plants, ensuring stable electricity supply to
consumers, and improving methods for analyzing
reactor system performance.

The study includes a simulation of a nuclear
power plant unit at various load levels, allowing an
investigation into how the order of the differential
equation describing the dynamic properties of the
control object affects the quality of power genera-
tion/consumption balance maintenance in the energy
system. The obtained results indicate that first-order
equations provide a fast and simplified system
analysis; however, such models are unsuitable for
describing certain operating modes of the equip-
ment, such as short-circuit conditions in the electri-
cal grid. For emergency conditions, high-order
nonlinear models must be used. This paper considers
only transient processes corresponding to the normal
operation of energy systems.

During the study, the effectiveness of approxi-
mation was evaluated by comparing the actual
reactor characteristics with simulation results. Crite-
ria for assessing approximation accuracy were

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/deed.uk)
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developed, considering indicators such as system
response speed, regulation stability, and model
consistency with real data. The research results
indicate that at high power levels, second-order
functions provide a more accurate representation of
dynamic processes, while for medium and low
power levels, first-order functions are more effec-
tive.

The obtained research results can be applied to
optimize the power regulation process in energy
systems, improve the accuracy of modeling the
dynamics of power plants, and enhance energy
system management strategies. The use of first- and
second-order function approximations allows for a
balance between analysis speed and system descrip-
tion accuracy, which is essential for ensuring the
reliability and efficiency of power plants under
modern conditions.

Obijectives for achieving the research goal:

e Obtain NPP unit acceleration curves for the
"setpoint — electrical power" channel at different
load levels.

e Compare the accuracy of approximation
using first- and second-order functions.

e Develop criteria for evaluating
approximation efficiency to determine the optimal
power regulation method.

e Provide recommendations for using first-
and second-order functions in reactor system
modeling.

These objectives aim to ensure the selection of
a simulation model that best meets the needs of
future research, including the development of new
approaches to managing the structure and parame-
ters of power generation sources, thereby contrib-
uting to the efficient operation of energy systems.

1. Statement of the problem

One of the key tasks in analyzing the stability,
reliability, and efficiency of modern energy systems
is their adequate simulation modeling. In this con-
text, understanding the principles of building such
models, their accuracy, and efficiency in represent-
ing the system's dynamic behavior under external or
internal disturbances is crucial.

Mathematical models of power generation
equipment are developed to represent the processes
of electricity generation, transmission, and distribu-
tion while considering the physical, chemical, and
mechanical properties of the equipment. The most
common models include synchronous generators,
asynchronous machines, renewable energy sources,
energy storage systems, and other energy system
elements. Each model is tailored to a specific level

of detail and the problem it aims to solve. For exam-
ple, models of synchronous generators are typically
based on equations of electromagnetic induction,
rotor dynamics, and control systems [1].

Transient processes in the power system, such
as short circuits, load changes, or reserve activation,
require high modeling accuracy to adequately pre-
dict their consequences. Both simplified linear
models, which allow for a quick assessment of
system Dbehavior under minor disturbances, and
nonlinear models, which account for complex inter-
dependencies among system elements, are used for
this purpose. Nonlinear models, such as state equa-
tions that consider magnetic circuit saturation,
enable highly accurate process modeling but require
more computational resources [2].

The increasing demand for energy-intensive
equipment and the uneven energy consumption
throughout the day necessitate more precise power
regulation methods that consider the dynamic
changes in reactor system parameters. Additionally,
modern energy systems face challenges related to
equipment aging, which limits their ability to re-
spond quickly to load changes. Insufficient model
accuracy or incorrect approximation methods can
lead to power regulation errors, oscillations, and, in
some cases, emergency situations in the power
system. Therefore, selecting an appropriate model is
crucial for ensuring the stability of the energy sys-
tem's operation.

Model comparisons are conducted based on
several key criteria: accuracy in representing physi-
cal processes, computation speed, versatility (i.e.,
the ability to model various scenarios), and compati-
bility with other energy system models. For exam-
ple, models of electrical equipment, such as trans-
formers and power transmission lines, need to ac-
count for transient oscillatory processes caused by
the simultaneous presence of inductive and capaci-
tive properties. On the other hand, the large masses
of metal, water, and technological limitations on the
rate of power changes in power units act as low-pass
filters for these transient processes, complicating the
overall model [3].

Another aspect of model comparison is their
ability to work with real-world data. Energy systems
increasingly use machine learning-based models to
analyze real-time data, such as load indicators,
voltage, or frequency. At the same time, classical
physics-based models remain relevant due to their
transparency and the ability to conduct precise
engineering analyses [4].

2. Materials and Methods
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2.1. Application Areas of First- and Second-
Order Mathematical Models

In the field of energy systems, the use of simu-
lation models is crucial for understanding and pre-
dicting the behavior of complex systems. One com-
mon approach is to model these systems using
differential equations of various orders. By compar-
ing simulation models based on differential equa-
tions of different orders, researchers can gain valua-
ble insights into the dynamics of energy systems. [5]

Higher-order differential equations allow for a
more detailed representation of system dynamics,
accounting for nuances that might be overlooked in
lower-order models. However, these models can be
more computationally intensive and may require
more data for accurate parameter estimation. On the
other hand, lower-order differential equations pro-
vide a more simplified representation of the system,
making them easier to analyze and implement.
Although they may not capture certain complexities,
they can still offer valuable information about the
overall behavior of the energy system. By compar-
ing simulation models based on differential equa-
tions of different orders, it is possible to determine
the most suitable approach for a specific application.
[6] This comparative analysis is essential for deep-
ening the understanding of energy system operations
and improving the accuracy of predictive models.

First-order models are widely used for rapid
and simplified system response analysis. They
describe the transient process using a transfer func-
tion of the form:

K
Ts+1

w(s)=

where K - is the gain coefficient, and T - is the
system time constant. These models are quite effec-
tive for describing systems with homogeneous
dynamic characteristics; however, their accuracy
may decrease when modeling complex or multifac-
torial processes. They are applied when the system
dynamics are characterized by:

1. A single dominant storage element (e.g.,
boiler water temperature or steam pressure).

2. The absence of significant oscillatory
processes.

3. An exponential transient process without
oscillations.

Advantages of First-Order Models:

o Simplicity of calculations.

e Useful for rough system estimation when
precise behavior is not critical.

e Suitable for stable, slow-changing processes
[7].

A system described by a first-order differential
equation under random disturbances has the follow-
ing characteristic features:

1. Application area:

e Suitable when the system dynamics under
random disturbances are determined by a single
dominant storage process, such as the thermal inertia
of a boiler.

e A weak influence of random disturbances on
system parameters (up to 10%) allows neglecting the
interaction of complex processes.

2. Stability:

e A first-order system is always stable if the
time constant T > 0.

¢ Small-amplitude random disturbances decay
rapidly according to an exponential law.

3. Frequency Response:

e A first-order system exhibits low-pass
filtering properties: disturbances with frequencies
higher than 1/T are effectively attenuated (their
amplitude  decreases),  while  low-frequency
disturbances pass almost unchanged.

e Frequency response:

H (jo)] = ——
Tw +1
Second-order models provide a more accurate
description of reactor system dynamics by consider-

ing a greater number of parameters. They use a
transfer function of the form:

) 1)
w(s)=—,
> T +Ts+1

where T, and T, are time constants characterizing
different aspects of the system dynamics [8]. If the
condition T1<2T, is met, the system exhibits oscilla-
tory properties; otherwise, it behaves as an inertial
second-order system. For convenience in analyzing
the properties of an oscillatory system, its transfer
function is rewritten in the form:

K

w(s)=————.
T's+2(Ts +1

The parameter ¢ is called the damping coeffi-
cient. If { > 0, the system behaves as an inertial
system [9].

By incorporating second-order dynamics, these
models are better suited for analyzing complex
transient processes, though they require more
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computational resources. Second-order models are
used when the system exhibits:

e The presence of two interacting storage

elements.

e Oscillatory dynamics or damped transient

processes.

e A significant influence of the damping
coefficient  on the nature of the transient process.

Advantages of Second-Order Models:

o Accounts for complex dynamic processes.

e Suitable for systems with oscillations or
inertia.

e Provides a more accurate model for control
optimization.

A system described by a second-order differen-
tial equation under random disturbances has the
following characteristic features:

1. Application:

e Used when the system has two interrelated

e Important in the presence of interactions
between accumulation processes or when oscillatory
dynamics are present.

2. Stability:

o Stability depends on the damping coefficient
{ and the signs of the roots of the characteristic
equation.

e When 0<C<I, the system exhibits damped
oscillations, which may be amplified under random
disturbances (resonance effect) [10].

3. Transient process:

e If the condition 0<{«1 holds, the system
exhibits damped oscillations; if (=0, oscillations do
not decay; when (>1, oscillations are absent.

e In the presence of random disturbances, a
second-order system may experience frequency
resonances if the disturbance matches the natural
frequency wn.

4. Frequency characteristics:

dynamic variables (e.g., pressure and turbine e A second-order model filters random
rotational speed). disturbances more effectively depending on
damping.
Table 1
Comparison of First- and Second-Order System Properties
Characteristic First Order Second Order

System Complexity One dominant process Two interrelated processes
Oscillations None Presence of oscillations depends on system

parameters and external influences

Control Objectives
parameters

Maintaining slowly varying

Controlling processes with inertia or
oscillations

Examples of Steam pressure after a

Technological Equipment

boiler, steam temperature

Turbine rotational speed, power converters

Table 2

Comparison of First- and Second-Order Transfer Function Criteria

Criterion First-Order Transfer Function Second-Order Transfer Function
Depends on the ratio between coefficients T1
Stability Always stable (T>0T > 0) and T2 (damping coefficient {). Resonance is

possible.

Suppresses high-frequency

Noi nsitivit ]
o1se Sens y random disturbances

May amplify noise at frequencies close to the
resonance frequency

Suitable for low-frequency

Frequency Filtering disturbances

Suitable for tasks with resonances and a broad
frequency spectrum

Transient Response Exponential

Damped oscillations or critical damping (£=1)

Application

Systems with a single accumula-
tion process (e.g., thermal inertia)

Systems with two interacting processes (e.g.,
pressure and velocity)

Effectiveness with

Random Disturbances |amplitude noise (<10%)

Effectively suppresses small-

Requires consideration of resonance frequencies
when filtering random disturbances
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e Frequency characteristics:

H (o)) = <

\/(24%))2 +(1-1%0) |

e Resonance frequencies (wr) may amplify
random disturbances if the disturbance frequency is
close to the damped natural frequency.

The main principle of using these models is to
determine the parameters K, T, T1, and T2 to ensure
the best match between the approximation model
and the data obtained from real-world or simulation
experiments. Numerical approximation methods,
such as the least squares method, are used for this
purpose.

3. Results and Discussions

To obtain the dynamic characteristics of a nu-
clear power plant (NPP) unit, this study utilizes a
simulation model [11]. This model enables the
simulation of transient processes at various load
levels and serves as a reference for analyzing ap-
proximation using first- and second-order functions.
The model parameters were selected according to
the typical characteristics of a VVER-1000 NPP
unit, and the simulation time was set to 24 hours,
allowing for the consideration of both short-term and
long-term parameter variations.

During the simulation, the impact of different
load levels on transient processes was studied, the
accuracy of the approximation was analyzed, and the
effectiveness of each method was evaluated. First-
order models proved effective for rapid analysis of
systems with low parameter variability, while

second-order models provided a more accurate
representation of complex processes due to the
greater number of parameters taken into account.

The obtained results allow conclusions to be
drawn regarding the feasibility of using different
approximation methods depending on the operating
conditions of reactor systems and the required level
of accuracy. This forms the basis for developing
optimal strategies for managing the dynamics of
energy systems, improving their efficiency and
stability [12].

The reference simulation model describes the
main processes occurring during power changes and
allows for the study of the system's response to
external disturbances, specifically the given electri-
cal power of the power unit.

The developed model includes the following
key components:

1. Power Input Subsystem:

o Specifies the power level as a percentage of
the nominal value.

e Generates a control signal that determines
the power level the system needs to reach.

2. Reactor Unit Subsystem:

e Accounts for reactor parameters, including
inertia, time delays, and behavior under variable
load conditions.

e Includes the dynamic properties of the
turbine and circulation pipelines between the reactor
and steam generators, as well as steam pipeline
characteristics.

e Incorporates key technological regulators
that maintain critical operational parameters of the
reactor unit within normal operating conditions.

simout

i

E PIDis) C borl
Subsysiem1
Grounat L g
3 o
]
op =
ut!
Hil

t=mpert

Fig. 1. Simulation model of a power unit from a WWER-1000 reactor
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3. Measurement Module:

e Records the reactor's output power (as a
percentage of the nominal value).

e Monitors other system characteristics, such
as settling time, maximum deviations, and
operational stability.

The model was built considering real operating
conditions of reactors, with its parameters adjusted
to match the typical characteristics of reactor sys-
tems.

For the study, load levels ranging from 80% to
100% of nominal power were selected, allowing for
an assessment of system behavior across a wide
range of operating modes. The simulation time was
set to 24 hours to account for both short-term fluctu-
ations and long-term dynamic changes.

To ensure adequate modeling, the following as-
pects were considered:

1. The system’s response to a sudden increase
or decrease in load.

2. The system’s ability to stabilize after exter-
nal disturbances.

3. The settling time required to reach the speci-
fied power level after changes in the system.

The model also includes the capability to simu-
late external disturbances, such as sudden load
changes. This enables the study of the system’s
response under real operating conditions. Special

N - output electric power

attention is given to how the system reacts to these
disturbances, how quickly the power stabilizes, and
how accurately the model represents the reactor’s
dynamic processes.

Due to its structure and capabilities, the Sim-
ulink model serves as a powerful tool for studying
transient processes in a reactor system. To run the
reactor simulation in Simulink, multiple power
levels were defined using the Zpow block. These
levels range from 80% to 100% of nominal power,
allowing for an assessment of system behavior under
different load conditions. Each level is set as an
input signal that simulates real-world operational
conditions of the energy system.

The simulation time is set to 24 hours to enable
the analysis of both short-term fluctuations and long-
term power variations. During the simulation, the
output parameter Nel (electrical power) is recorded
as a function of time, allowing for the evaluation of
the system’s dynamic characteristics. After running
simulations for each power level, the results are
analyzed to construct transient response characteris-
tics of Nel over time. These graphs form the basis
for approximating dynamic processes using transfer
functions.

Fig. 2 illustrates the transient response corre-
sponding to a step change in load from 100% to
80%, both in the direction of decrease and increase.

| | | | | |
Ne, %
100
95 Bl
90 Bl
85 ml
Ne - electric power
---------- Z - power setpoint

80 ml

s
I I I I I I I I
0 0.5 1 1.5 2 2.5 3 3.5 4
<104

Fig. 2. The process of changing the power unit capacity depending on the task
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For the approximation procedure, the given
process was divided into separate segments, which
were approximated using first-order transfer func-
tions, second-order transfer functions without delay,
second-order transfer functions with delay, and
third-order transfer functions.

The simulation and approximation results are
presented in Fig. 3 and Fig. 4. A summary of the
comparison results is provided in Table 3.

1.20 AN, % Kpuga posrony
———————

1.00
0.80

- - = 80-85%
0.60 |- 85-90 %

- = =90-95%

- = =95-100 %
0.40 ——100-95 %

—95-90 %
0.20 90-85 %

—85-80 %

i ts
0.00 : 5
0 50 100 150 200 250

Fig. 3. Step response of a NPP power unit when changing the load controller task
at AZne =15 % for different load levels

As can be seen from the acceleration curve
graphs, even when the load regulator is in operation,
the power unit, as a power control object, has non-
linear properties depending on the load level at
which the disturbance occurs. However, the pres-
ence of an automated power unit control system
allows us to minimize these nonlinearities.

All eight acceleration curves were approximat-
ed by four types of models: 1st-order inertial link

T,s
32

with delay, 2nd-order inertial link without delay,
2nd-order inertial link with delay, and 3rd-order
inertial link without delay. The results of the approx-
imation are shown in Fig. 4 and Fig. 5 and summed
up in Table 3.

Depending on the power, the time constant of
the approximated model ranges from 18 s at maxi-
mum load to 30 s at minimum load. This depend-
ence is shown in Fig. 4.

30 o

28 ¢~

26 \‘

24 C\ 2

22 .\'

\
20 o
\Q
18 .
16 N, %
80 85 95 100

Fig. 4. Dependence of the time constant of the approximated model on the power level
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Fig. 5 shows two extreme cases, the worst and
the best, of the acceleration curves. In the worst
case, even a second-order model describes the
properties of the control object with a large error. In
the best case, the 1st order model describes the
properties with sufficient accuracy. In this case, the
difference between the models is observed only in
the initial part of the graph. Later on, the graphs
practically coincide.

The approximation models are compared with
each other using the sum of squared deviations
between the simulation model and the approxima-

tion model:
s=2(y-v.)".

Table 3 shows the numerical values of the sum.
The number of the acceleration curve corresponds to

the number of the graph in Fig. 3.
1.20 1.20
1.00 . 7 1.00 m—
l.'/" p /
w [ ]
0.80 , 0.80
0.60 0.60
040 | | 040 |
n
n
0.20 + 0.20
n | J
0.00 = 0.00
0 50 100 150 200 250 0 50 100 150 200 250
1-st order 2-nd order 1-st order 2-nd order
3-rdorder ® 95-100 3-rd order ® 85-80
a) b)
Fig. 5. The result of approximation of the worst (a) and best (b)
step response of a NPP power unit
Table 3
Comparison of Approximation Results for the Power Unit step responses
Sum of Squared Deviations S
Ramp Response | First-Order Model Second-Order Second-Order
Curve Number | \yith Transport Model without Model with Third-Order Model
Delay Transport Delay Transport Delay
1 0,144 0,193 0,109 0,081
2 0,140 0,194 0,089 0,085
3 0,144 0,183 0,087 0,074
4 0,104 0,145 0,079 0,052
5 0,107 0,160 0,063 0,052
6 0,110 0,176 0,070 0,067
7 0,130 0,217 0,097 0,097
8 0,152 0,226 0,104 0,112
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This table summarizes the approximation accu-
racy for different transfer function models by evalu-
ating the sum of squared deviations for each ramp-
up curve. As expected, the best result in terms of
approximation accuracy is obtained with the 3rd
order model. On the other hand, it turned out that
the2nd order model without delay describes the
object even worse than the first order model with
delay. In addition, in the worst case (curve 8), the
2nd order model approximation was more accurate
than the 3rd order model. Based on the calculation
results and the practice of calculating industrial
regulators, we can conclude that there is no signifi-
cant difference between the 1st, 2nd, and 3rd order
models considered. That is, the decision on the
structure and order of the model should be made
based on the degree of detail of the system being
modeled.

Conclusion

In the modeling of regulation processes in
thermal and electrical power systems, the choice
between first-order and second-order differential
equations plays a significant role. First-order differ-
ential equations describe systems where the rate of
change of the state depends only on the current state
and external influences. These equations are rela-
tively simple and allow for analytical solutions,
which facilitates the analysis and synthesis of con-
trol systems. Such models are particularly useful in
the early stages of design when there is a need for a
quick evaluation of the system's basic dynamic
properties and preliminary calculations. The applica-
tion of first-order models is also justified when the
system's dynamics are straightforward and do not
require consideration of inertia or oscillatory pro-
Cesses.

On the other hand, second-order differential
equations take into account not only the rate of
change of the state but also acceleration, allowing
for the modeling of systems with more complex
dynamics, including oscillatory processes and inertia
effects. These models are necessary for the accurate
description of systems where significant delays or
oscillations are present, such as in modeling syn-
chronous machines in electrical power engineering.
However, the use of second-order equations compli-
cates the mathematical model, requires more com-
plex solution methods, and increases computational
costs. Additionally, the identification of parameters
for such models may be complicated due to the need
for precise experimental data and complex calibra-
tion procedures.

In the context of thermal power systems, where
processes often exhibit relatively slow dynamics and
can be approximated without considering high-

frequency oscillations, first-order models simplify
the analysis and development of control systems.
This helps reduce development costs and simplifies
the implementation of control algorithms. However,
when it is necessary to account for more complex
dynamic effects, such as resonance phenomena or
interactions between different subsystems, the use of
second-order models becomes inevitable to ensure
the adequacy and accuracy of the modeling.

Thus, the choice between using first-order or
second-order differential equations in modeling
regulation processes in thermal and electrical power
systems depends on the required accuracy, the
complexity of the system's dynamics, and the avail-
able resources for developing and implementing the
models.
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IopiBHSIHHS MaTeMaTHYHUX MOJAeJIel
€HEeProreHepyrvoro 00JaJHAHHA MPH MOJAEJTIOBAHHI
NepexiTHuX MpoueciB B eHeprocucreMax

K. B. Beriios, B. I. Kpupna, O. A. Knumuyk, B. P. Kykoscbkuii, O. B. SIBopcbknii, I'. . Tanantep
Hayionanenuii ynisepcumem « Odecoka nonimexuixay

Anomauisn. Memoro pobomu € po3podxa nioxooie 00 nidGUUICHHS epeKMUBHOCTNT MOOETIOBAHHS Nepe-
XiOHux xapaxmepucmux enepeoonoxky AEC wnsxom anpoxcumayii OuHAMIMHUX npoyecié QyHKYIAMU nepulo-
20 1 Opyeo2o nopsokis. Lle 003601ums smMeHwUMU YaAC MOOETIOBAHHI KOMOIHOBAHUX eHeP2OCUCTEM CUCTEM,
SKI CKNA0AIOMbCSL Y MOMY HUCTL 3 eHEeP2O2EHePVIOUUX Oxcepel 3 PIZHUMU DI3UMHUMU NPUHYURAMU POOOMU
(AEC, TEC, I'EC, BEC, mowo). Lle 0o360aump 3abe3neyumu Hadiinicms ma cmabiibHicmb pobomu enep-
2ocucmemu, a MaKoiC ONMUMI3Y8amu YRPAasiiHHs Oxcepeiamu elekmpudnoi enepeii. L poboma cnpsamosa-
Ha Ha 3a6e3neuenns ubopy maxoi iMimayiiunoi Mooeni 001a0HaNHSA, AKA HAUOITLUO MIPOIO 3A0080IbLHAC
Memi MatOymHix 00CRiOdCeHb, Yy MOMY YUCTL po3poOyi HOBUX Ni0X00i6 00 YNPABAIHHA CHMPYKMYpPOIO mda
napamempamiu eHepeo2eHePYIOYUX 0dicepe, Wo CHpusmume epexmueuomy PYHKYIOHYBAHHIO eHepeemUiHUX
cucmen.

Kniouosi cnoea: cucmema asmomamuunozo Kepyeanusa, ioenmuixkauisa, knacughpixayis, Kkpumepii
edhexkmuenocmi, mamemamuiHa Mooes.

Otpumano 18.02.2025
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Yupap/iiHHA TeNJIOBUM HABAHTAKEHHSAM KOTJIA
NPH CHAJIBAHHI TBEPAUX MOOYTOBUX BiAXO0diIB

T. . Mapkoaenko, . I'. [Ipoganos, 1. 1. berJios
Hayionanenuii ynieepcumem «Odecvka nonimexnika»

Anomauia. Y cmammi po3enanymo numanHs YAPAGLIHHA MENIo8UM HABAHMANCEHHAM KOmd Npu
cnanto8anti meepoux nobymosux 6ioxodis (TIIB). Busnaueno ocrosHi mexuonoziuni ocobnusocmi npoyecy,
BKAIOUAIOYU HEeOOXIOHICMb NIOMPUMKU BUCOKUX meMnepamyp ONs MiHiMi3ayii wKIOIUeuUx euxudie ma
3anobicanusa wnakygaunio. Onucano asmomamu3o8any CUCMeMy KepySauHs YCMAHOBKOI0, WO 6KI0YAE
pezynsimopy ROMYICHOCHI, MeMnepamypyu KUnIa4020 wapy, eKOHOMIYHOCmI npoyecy ma pieHs uUKUOie
wikionueux  pevosud. Ilposedeno  imimayitine MOOen08anHsA, sKe NIOMEEPOUlo  eheKmusHicmo
3anponoHOBAHOI cucmemu Kepy8aHHus, 30Kpema ii 30amHicms KOMNEHCY8amu 3MIHU CKAAOY NATUBHOI CyMilii
ma 3abe3nevwyeamu cmadiibHy pooomy YCMAaHOBKU.

Knrouoei cnoea: meepoi nobymosi 6i0xoou, KUnIAHUL wap, AemomMamu308aHa CUCMeMA KepyBaHHS,
menio8e HABAHMANCEHH, MOOCTIOBAHHSL.

Beryn ra300YMIICHHS TEMIEpaTypu IMMOBUX Ta3iB Ha
Buxomi 3 komiaa (3asBuuait  180..200 °C);
3aCTOCYBaHHSIM OaratocTyneHeBoi CUCTEMHU
razoouuieHss [3].

Jns  TepMiYHOTO 3HEIIKO/KEHHS BiIXOIiB
OIMPOKOTO  TIOMIUPEHHS  Hal0ynum  mewi 3
MICEeB03PiDKEHUM (KUILUITYMM) 1apoM [4]. V medax
3 KUIULIYUM IIApOM  TPOAYKT TIEPEXOIUTH Y
3aBUCIMHA CTaH Yy Kamepi 3TOpsiHHS MOTOKOM
MOBITPS, IO MPOXOAUTH 4Yepe3 MIap CHIIKOTO
(nmopormikonoaioHoro adbo moPiOHEHOr0) MaTepiaty,
HE TMEePeMIlalouich Yy HANpsMKy IIbOTO MOTOKY.
[IBuaKicTh ra30BOro MOTOKY Ma€e OyTH JOCTATHBOIO
Iis Toro, 100 dYacTUHKM  mepeOyBanu B
MiJBIIIEHOMY CTaHi i BHXPOBOMY TYypOYJIEHTHOMY
pyci, mo Haraaye NOTIK KUIUISHOi piauHH. Y
HarpiToMy  KWIUIT4OMY  mapi  BigOyBaeThcs
IHTEHCHUBHHI TETJIOOOMIH MiXK YaCTUHKAMHU 1 Ta30M.
Terutonepenaya B KUIUITIOMy Imapi B 4 pasu BHIIA,
HiXK Y HEPYyXOMOMY.

[lin vac cnamoBaHHS BiJIXOMIB Y BHUXPOBOMY
KAIUITYOMY MIapi OcOONMMBa yBara NPHUIUIIETHCS
HEJIOMYIICHHIO TAaKUX MOPYIIEHb TEXHOJIOTIYHOTO
mporecy:

— y posmominm abo BHUTpaTi TMEPBHHHOIO
(0XO0JIOKYBAJIBHOTO) TIOBITPS;

— y po0OTI KOHTYPY 3OBHILIHBOI MHUPKYJIALIT
MaTepiany mapy;

— TMOB'sI3aHi 3 BIAXWJICHHSM TEMIIEpaTypH LIapy
3a BCTAHOBIIEHI MEXKI;

— BUKJIMKAHI MOTPAIUISTHHAM 1 HAKOTTMYCHHSIM

EHeprorexHomoriyHi  yCTaHOBKH, OCHOBHUM
MaJMBOM SKHX € TBEpAi MOOYTOBI BIIXOIH, €
HaWJAOCTYIHIIIMM 1  €KOHOMIYHO  JIOIIBHUM
MTOHOBJIIOBAaHUM JDKepenoM eHeprii. HuHi Timbku B
€Bporri 3a paXyHOK TEepPMIYHOI yTHIi3amii BiTXOiB
BUPOOJISIETHCS OHAJT 28 MJIpA. kBT'rog
enekTpoeneprii i npubmuzno 70 mupa. kBT-rop
TeruioBoi eHeprii [1, 2]. Ilpu npoMy cimiz 3a3HaYNTH,
0 KpIM €HEepro3ade3eyeHHs IUITXOM TePMIYHOI
nepepoOKH  BiIXOMiB  BUPILIYETBCS  BAXKIIMBA
comiaigbHa pobiaemMa — OUHIIEHHs BEIUKUX MICT BiJl
TIIB.

OCHOBHMM CIIOCOOOM TepMIiUHOi TIepepoOKU
TIIB Ha chorojHi € iX mpsme cramoBaHHsA. Crierm-
(hika KOTENBHHUX YCTaHOBOK, IO CIAJIOIOTH TBEPIi
moOyTOBI  BIJIXOJM, IOPIBHAHO 3 TPAAUIIIHHUMU
KOTJIAaMH, 3yMOBJICHa HEOOXiHICTIO CIIAIIIOBATH iX 3
BEITMKUMHU HamumkamMd moBitps (a~1,8) uepes
NIMPOKUK Jiara3oH 3MIiHM TEIUIOTH 3TOPSHHS Ta
eJIeMEHTHOro ckiany kommoHeHTiB TIIB; oGop's3-
KOBUM BHUTPHUMYBAHHSAM Ta30MOAIOHUX MPOAYKTIB
3ropsiHHs 3a TemiepaTtypu noHan 850 °C mporsarom
2 ¢ 1 OinbIe JuIst IECTPYKIIiT OpraHiuHUX 3a0pyTHIO-
BayiB, HacaMIepes Hodi XJIOpoBaHi JUOEH30Ji10KCH-
HU 1 QypaHu; OOMEXEHHSIM TeMIIEpaTypH IUMOBUX
ras3iB Ha BXOJll JO KOHBEKTHBHUX IIOBEPXOHb (HE
oinpin sk 750 °C) 3a ymoBaMu MiHiMi3awii nuiaky-
BaHHsS LHMX IOBEPXOHb; MIATPUMKOIO ONTHMAJIBHOI
111 poOOTH CUCTEMU

BCJIIMKHX MaTCpiaJ'IiB, HacaMIiepe] MCTAJICBUX
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i BiZXWICHHA TEXHOJNOTIYHUX  PEKUMIB
MOXYTh BHUKJIMKATH [UIAKYBaHHS KUIULIYOTO IIApy,
IO MPHU3BOAMTH 1O TPHUBAJIOTO 3YMUHEHHS BCi€l
€HEePTOTEXHOJIOTTYHOI yCTaHOBKH.

Bemuka yBara TpUIUIAETBCS  BU3HAYCHHIO
JOMYCTUMHX TEMIEPaTyp y 30HI KHIUITIOTO Iapy.
Bimomo, mo 3a Ttemneparypu nonan 700 °C ichye
BEeMKa HWMOBIPHICTh [UIAKyBaHHS Iapy Ta
IHTEHCHBHOTO YTBOPEHHS HAIlapyBaHb Ha CTiHax
tonku. CHamioBaHHS BiAXOMIB 3a TeMIEpaTypu
Hwkde HiK 550 °C BimOyBaeTbcsi 3 HENOBHUM

3TOPSIHHAM ~ OKpeMux KommoneHTiB TIIB, mo
3pEeIITO0  COPUYMHSIE  3aBal  TOAY  TOMKH
HETNPOTOPUTUMH BiIXOJIaMH.

Jnst  perymioBaHHS — IIi€i  TemIepaTypu

3aCTOCOBYIOTh Pi3HI CIIOCOOM: MUISIXOM CHAJTFOBaHHS
JOJaTKOBOTO TMallMBa B MalbHUKAX, PO3MIIIEHUX Y
30HI KHUIUITYOTO Iapy, MO0 TIPU3HAYEHi s
pO3NAIOBaHHS, 3aBISKH  YIIOPCKYBAaHHIO  BOJIH,
3MIHOK0 BUTpAaTH Ta MEPEpO3MOIIIIOM MOBITPS, IO
MOJJAETHCS TiJ] PEIIiTKY, Ta 1HIIIi.

[TpoGemu OIITHMAJILHOTO CTITIOBAHHS
OpTaHIYHUX CIIONYK 3aBXKAM TPUAIISIIACS BeJIHKa
yBara. CrucTremMa KOHTPOJIO TOPiHHA € OJHI€l0 3
OCHOBHHUX CHCTEM YNIPAaBIiHHS MY4Yi0 ab0 KOTJIOM.
3a wac ekcIDIyaTalii KOTENBHOTO OOJIaJHaHHS
pPO3pO0JICHO BEIMKY KUIBKICTh CXEM KEpyBaHHS
pi3HUMH BHJaMH TanuBa (TBEpAMM, PIIKUM 1
ra3omnofiOHUM), SKi BXKE CTalld CTaHAAPTHUMH.
Opnak nipu po3poOiri oo0nagnanus Ta CAK 1o Hboro
nepenoavaeThes, M0 B MPOIEC eKCILTyaTallii CKial
nanuBa Oyne  3MIHIOBaTUCS B HEBEJIUKOMY,
3a3/1aJeriap 3aaHOMY Jiarma3oHi.

3 mpoBejieHOrO OISy Jokepen iH(opmaii
MOKHA 3pOOHTH HACTYITHI BUCHOBKH:

— CHaJeHHs TBEpAUX IMOOYyTOBUX BiIXOMIB Y
CMITTSI-CTIAIIOBAHUX ~ YCTAHOBKaX MPAKTHKYETHCS
JIOBOJTi aKTHBHO Ta JIOCTATHBO JIOBTO;

— OJTHUM 3 CIOCO0IB CHAJICHHS € BUKOPHCTaHHS
TOTIOK KUILISYOTO HIapY;

— KEpyBaHHS KOTJIAMH, SIKi CIIaJIOIOTh CMITTS,
BUKOHYETBHCS 32 TPAAULIHHUMHU CXeMaMU KepyBaHHS
sKa BUKOPHCTOBYETHCS [UIsl CIAIEHHS TBEPAOTO
nanuBa (ByTiUIs);

— KOJNIMBaHHA CKJaxy MalMBHOI cyMmim, sKi
BUKJIMKAIOTh 3MiHY TEIUIOTBOPHOI 3JaTHOCTI Ta
KIUJIBKOCTI TOBITpSI, 110 TMOAAETHCSA HA CHATIOBAHHS,
HE KOMIICHCYIOThcs. [Iporiec mpoBomuThCS 3
BEITMKUM HAJUIMIIKOM TIOBITPS Ui 3amoOiraHHs
YTBOPEHHIO IIKIJTUBUX BUKHUIIB;

— ICHYIOTh CHCTEMH KepyBaHHS SKi 37aTHi
KOMIIGHCYBAaTH  KOJHMBaHHS  CKJIaay  MaluBHOL
CyMillli, ajie BOHH BUKOPHUCTOBYIOTHCS IIPU CHAJICHH]
ra30omnoiOHuX cyMilei.

1. ITocTaHoBKA 3a1a4i KepyBaHHS
HABAHTAKEHHSAM AP0 reHepyIYoro
yCTAaTKYBaHHA

O0’ekTOM KEpyBaHHS € YCTaHOBKA CIaJICHHS
TBepaux moOyroBux Bimxomis (TIIB) 3 wmertoro
OTPUMAHHS TEIIOBOI €Hepriil y BTl Meperpitoi
napu abo raps4oi Boau.

TexHOMOTIYHMIA nporec roJsirae y
HactymHoMy. Ilompibueni TIIB (mammBHa Cymir)
MOJAETBCS B TOMKY. Y TOMNII PO3TAalIOBaHHUMA
KUIUIIYMNA ap, SKUH CKIAJaeTbcsl 3 MAJIUBHOI
cymimri, iHepTy (TCKy, BAamHSKY, TOIIO). 3aBISKH
pobo4oi Temmeparypu Liapy NajiWBHA CyMill
OCYIIYEThCS, MiAIrPIBAETHCS Ta CHATIOETHCS. Takok
y TOMII pO3TalllOBaHi pajiamiifHi TOBEpXHI HArpiBy,
SIKi CTIPUIMAIOTh BUITPOMIHIOBAaHHS BiJl MaTepiais,
oo CcHamoeThesl. [licns TONMKH — BCTaHOBJICHHIA
LUKJIOH, IO YJIOBJIIOE Ta TOBEPTA€ Ha3aJ YaCTHKH
mapy. Yepes MmoIoBy 4acTHHY TOIKH BiIBOAWUTHCS
YacTUHA HIMXTH, sika a00 BUIAISATHCS Ha 30J10BiBAJ,
a00 HANPAaBJSAETHCS Y BUHECCHUH TEIIOOOMIHHMK. B
HBOMY IIHXTa OXOJIO/KYETHCA JO HEOOXiTHOI
TEMIIepaTypd 1 3HOB TOJA€ThCS JO TONKW. Jlis
3B’SI3yBaHHS CHONYK CipKH (OKCHIB Ta JIOKCHIIB)
Ta XJOpy (3a3BWYail BUMAPIB COJITHOI KHUCIIOTH) Y
TOIIKY JOMNAIOTHCS BalHO Ta coia. s CTBOpEHHS
KHIUITYOTO IIapy Y HIDKHIO YacTHHY TOIKH, i
pO3MOAINBYY PpEIIiTKy, MiABOAUTHCS TOBITps. Lle
MOBITPsI HA3UBAETHCS MEPBUHHUM. YacTuHa MOBITPS
MIJIBOJUTHCSA HAJ IIAPOM 1 CIIY>KUTh IS [TOBHOTO
OKHMCHEHHS TOPIOYHX CIIOJyK MalMBHOI cymimi. Lle
MOBITPSI HA3UBAETHCSI BTOPUHHUM.

OcobnuBicTIO POOOTH  CMITTECTIAIIOBAIBHUX
YCTAaHOBOK € PI3KO 3MIHHUH CKJIa] TO0YTOBHX
BIIXOJiB, IO MOJAIOTHCA Ha mepepoOky. Takox
0COOJIMBOIO BIAMIHHICTIO CHAJIFOBAHHA CMITTS €
PU3UK YTBOPEHHS IIKIJJIMBHX CIIOJNYK, TaKAX SIK
TIOKCHUAM CIPKH, OKCHUAM a30Ty, CHOJYKH XJIOpY,
miokcuan 1 (ypanu. J[ns 3amoOiraHHsS yTBOPEHHS

TaKUX CIONYK JyXe BaXKJIMBO MIATPUMYBATH
TEMIEPATyPy KHUILISTIOTO IIapy.

Jis  miOBUIIEHHS TOYHOCTI  MiJTPUMAaHHS
TEXHOJIOTTYHUX napameTpiB MIPOTIOHYETHCS
JOTIOBHUTH  INTATHI ~ CHCTEMH  PETryJIOBaHHS
MIPUCTPOEM BU3HAYCHHS OPyTTO-POPMYIIH MaTHUBHOI
CyMilIi.

TakuM YUHOM METOI0 pOOOTH € Po3podka Ta
JTOCTI IKEHHS CHCTEMH aBTOMAaTH30BaHOT'O
KepyBaHHS TEILIOBOIO MOTY>KHICTIO

CMITTECTIAIOBATILHOT YCTAHOBKM 3 KOMIICHCAIIIEI0
30ypeHb HaBaHTAXXCHHS Ta 3MIHHM CKIaay IajuBa
LOUISIXOM  BU3HAYCHHS CKJIaly NaJUBHOI CyMimn
METOAOM BH3HA4YeHHS 11 OpyTTO-QOpMYyNIH LIS
3a0e3neyeHHs HEOOX1THUX napameTpiB
TEXHOJIOTIYHOTO TIPOIIECY.

44 ABTOMAaTH3aLlisl IPOLECIB YIPaBIiHHS



ISSN 2221-3805. EnekrpoTexHiuni Ta KoMIT 1oTepHi cuctemu. 2025. Ne 42 (118)

2. ImiTauiiina moaeas CAK Tennosoio
NMOTYKHICTIO CMITTECTIAJIIOBAJILHOI yCTAHOBKH

ImiTanifina MoJenb CKIaNaeTbesi 3 YOTHPHOX
TIJISTHOK:

— MOJeNni TOIKH HHU3BKO TEMIIEpaTypHOIro
kurstgoro mapy «Low Temp Fluorized Bed»;

— Mojzeni TeIIo0OMIHHUX TIOBEpXOHb «heat
transfer surface model»;

— MOJENi TeTNIOOOMIHHHUKY JUIS OXOJOJKEHHS
umxtu «Inert Cooler»;

— Mozeni 3B’s3yBaHHS CHONYK cipku «sulphur
absorption model».

Koxna 3 mogeneii Oyna oTpumana y pe3yibTaTi
MOTePeIHIX TOCTiKeHs [5, 6, 7, 8, 9, 10].

TakuM dYwHOM B 00'€KTI pEryIbOBaHUMHU
napamMeTpamu €:

— HaBaHTKEHHA (BUMIPIOBAaHMM MapaMeTpOM
MOJKe OYTH THCK TapH TICISA KOTJIa);

— TeMIepaTypa KUIUITIOro mapy;

— KOHIICHTpAIlis MIOKCHUAY CIpKA B JUMOBHX
razax;

—  EKOHOMIYHICTh MIPOIIECY CraJleHHS
(BEMipIOBaHUM MapaMeTPOM € CKJIa]] TUMOBHUX).

Kepytounmu BruinBamu €:

— BuTparta manuBHoi cymimi (TIIB);

— BUTpATa BOAM Ha OXOJIOKEHHS LINXTH;

— BHTpATa BaIHSKY;

— BATpATa BTOPUHHOTO MOBITPSL.

30BHIIIHIMHU 30ypEHHAMU Ha 00'€KT €:

YCTaHOBKH;
— cxian nanuBHOi cymimi (TIIB).
Cxemy imitanirinoi mozeni ACK ycraHoBku
quist cnanenus TIIB mokazano Ha pucysky 1.
Ha pucynky 3actocoBaHO Taki TO3HAYEHHS:
Boiler — 06'exT kepyBaHHs;

Power Contr — perymarop NOTYXHOCTI
YCTaHOBKH;
Air Contr — peryasarop €KOHOMIYHOCTI

(BUTpaTH MOBITPA);

Fl Bed Temp Contr — perynsrop temnepaTypu
KHIULTIOTO IIapy;

Lime Flow Contr — perynsitop BUTpaTH BarHa;

Waste Composition Disturb  — npucrpiit
MOJIETIFOBAHHS CKJIay MAIUBHOI CyMIIIi;

Load, Flows, Bed Temp, Sulfur — O6moku
BUBeeHHs rpadiki (Scope);

Setpoint — 6;10k cUrHATY 3aBIaHHS TOTY>KHOCTI.

[lporionoBaHa  cucTeMa  KepyBaHHS  Mae
HACTYITHI 0COOJIUBOCTI.

Hns xomrieHcanii BIUIMBY CKJIQAY TaTUBHOL
cymimi (TIIB) Bukopuctanmii 3acid BH3HAUEHHS
OpytTo dopmynu nanusa [10]. BuznaueHust 6pyrro
(dopMyJIM TAJIMBHOI CyMillli Ja€ MOXJIHUBICTh 3
BUIIEPEPKCHHSIM BU3HAYUTH TEIUIOTBOPHY 3/aTHICThH
MajvBa Ta BHU3HAYWUTH TEOPETHYHY KIUIBKICTh
MoBiTpsI, sike Hae Ha cnaneHHa. Llg indopmamis
MOJAETBCS  HA  PETYNATOP HABaHTAXKEHHS  Ta
PEryIsITOp EKOHOMIYHOCTI, BiJIMTOBITHO.

— 3aJaHe  HaBaHTWKEHHA  (TIOTYXXHICTb)
) Load
Setpoint Ref
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PowerContr BN CiLe Load
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Puc.1. Cxema imitarniinoi mogeni CAK ycranoku cnantoBanus TIIB
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OnHak AOCHIJPKEHHS IIOKa3ajad, IO TOIKa 3
LKIII mae noBomi BeNWKY IHEPHIWHICTB, SK 3a
BUTPATOI0 MallMBa TaK W BUTPATOIO MOBITPSA, TOMY
pi3ka 3MiHa BHTpaTH MAJIMBHOI CYMilli MOXe
NPU3BECTH JI0 «3aBally» TONKM 1 BHHHUKHEHHS
aBapiitHoro ctany. Tomy Oyno mpuitHATE pilIeHHS
BiTMOBUTHCH BiJl BBEJICHHS B PETYJISTOP MOTYKHOCTI
CHTHAIy TIPO TEIUIOTBOPHY 3[aTHICTh MAaJIHBa,
3aNMIIUBION [ CHUTHAN TUIBKH [UII KOHTPOIIO.
Takum umHOM mpu cnanenHi TIIB auHamiuyni
XapaKTePUCTUKU KOTJIa BU3HAYAIOTHCA
XapaKTepHUCTHKAMH TOIIKH.

| HaBnaky, BBEACHHS CUTHAILY MPO TEOPETHUHY
KUTBKICTD MOBITPS JTO3BOJHIIO 301NBLIMTH TOYHICTb
HiATPUMAHHS TaKOTO CKJIAay NUMOBHX Ta3iB, SIKHI
BIJIMIOBiJa€ MIHIMAJIBHUM BTpaTaM TEIDIOTH Bif
XIMIYHOTO HEJOMATy Ta 3 ra3aMu, IO BiIXOASATh. A
TaKOXX 32 PaxyHOK 301UBIIEHOI KITBKOCTI IMOBITPA

BropunHe peryiroBaHHS TeMIIEpaTypH IIapy
Bi/I0YBa€THCS 32 PaXyHOK BHHECEHOTO TPyO4acTOTrO
TEmI00OMiHHOTO amapary. TemnooOMiHHI TpyOH
3aHypEHi Y LHUPKYIIOI0YY HIUXTY. 32 PaxXyHOK 3MiHH
BUTPAaTH BOAM CKpi3hb IeH  TEIOOOMiIHHHK
PETyIIOETHCS TemIeparypa LIUXTH, 110
MOBEPTAETHCSA Y TOMKY. Taka cxema peryatoBaHHS
JO3BOJIAE MIATPUMYBATH TEMIIEpPATypy INUXTH 3
OLITBIIIOI0 TOYHICTIO Y MEPEXiAHUX PEKUMax poOOTH
YCTaHOBKH.

[Iponiecn  perymoBaHHS TOpud  HaHECEHHI
30ypeHp 3HAYEHHSM HEOOXiAHOT TMOTYXHOCTI Ta
CKJIaJOM TaJMBHOI CyMillli, MOKa3aHi Ha PUCYHKaX
2-5.

Ha pucynky 2 HaBezeHO 3MiHEHHS 3aBIaHHS 110
HABaHTAXXCHHIO Ta BIAMOBigHE 3MIHEHHS 3HAYCHHS
HaBaHTaXEHHS ycTaHOBKU. Kpim Toro Ha rpadiky
HaBaHTaXeHHA y MoMeHTd 4acy 5000 ¢ ta 7000 c

JIO3BOJISIE 3MEHITUTH TEMIEpaTypy TOPiHHSA NaliBa MOXXHA T00AYWTH HEBENHWKI BIIXWIEHHS, SKi
B KHIUISTYOMY mmapi. Lle Mo)kHa BBa)kaTH MEPBHHHUM  BIJMOBIJAIOTh  HAHECEHHIO  30ypeHb  CKJIAZAOM
peryoBaHHAM TeMIIEpaTypy KUILISTYOTO [Iapy. MAJIMBHOI CYMIIIi.
Load of boiler
T T T T T T T T T
Set Point
100 Load
E'G - -
= o l
& 40t .
20t .
0 - -
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (seconds)
Puc. 2. I'padix HaBaHTaXeHHS ycTaHOBKH cniasieHHs T1IB
Buxomsium 3 rpadixy, ™oxkHa 3pobutu 3HaueHHa 800 °C. MomeHTH  BiAXHUIEHHS
BUCHOBOK, IIO CHCTEMa KEepyBaHHS 3aJOBOJIbHSE TEMIEparypu  Bil  HOMIHaJbHOTO  3HA4YEHHS

BAMOTaM, IOJO0 IiJITPUMAaHHS 33J]JaHOTO TETLIOBOTO
HaBaHTaXeHHS. 30ypeHHS  CKJIaJOoM  MaluBHOL
cymini KOMIIEHCYIOTBCS MOBHICTIO.
Crioctepiratlotbest He3HauHi, MeHII 1 %, BIIXUIICHHS
MOTY>KHOCTI,  SIKIi ~ TIOBHICTIO  KOMIIEHCYIOThCSI
MPOTATOM 2-3 XBWJIHH.

Ha pucynky 3 HaBeneHO NepexiIHUH mporiec
peryiioBaHHA TEMIEpaTypu KHIUIAYOrO  LIapy.
HaBeneno sk BiAXWIEHHA BiI HOMIHAJIBLHOTO

BIJIMOBIaI0Th MOMEHTaM 3MIHEHHS TOTY)KHOCTI
(1500 ¢, 3000 ¢ ta 4500 c) Ta MOMEHTaM 3MIHCHHS
cxiany nanusHoi cymimi (5000 ¢ Ta 7000 c).
Buxomsium 3 rpadiky, MoKHa 3pOOHTH
BHUCHOBOK, III0 CHCTEMa KepyBaHHS 3aJI0BOJILHSE
BAUMOraM  IOJO  MIATPUMAHHS  TeMIIEpaTypH
kurutyoro mapy. [pu anamnisi rpadiky nepexigHoro
MPOTIECY BApTO BIAMITHUTH, IO TPH OJHAKOBOMY
30ypeHHI MOTYXHIcTIO y 15 %, ane mpu pi3HHX
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Fluidized Bed Temperature
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Puc. 3. Ilepexinauii mporiec peryIroBaHHS TEMIIEPATypH KUTUITIOTO MIapy

3HAYeHHSX MOTY)XHOCTI (IWB. pHUC. 2), BETUYHHA
BIIXWJIGHHS TemreparypHu pi3Ha. Lle mosicHIoeThCs
HeTHITHIMHA XapaKTePUCTHKAMH 00’exTa
KepyBaHHS. TakoX BiAPI3HAETHCS SK BETMYMHA TaK 1
dbopMa TmepexiHOro Tporecy mpu 30LIbIICHHI

oOMeXeHHS Ha BeIMYHMHY 30ypeHHs, SKy MOXKe
KOMIIEHCYBATH CHCTEMa KepyBaHHs. Buxonmduu 3
pe3ynbTaTiB iMiTaritHOTO MOJICTFOBAaHHS
PEKOMEH/IOBAHO HE  TIEPEBUIIYBAaTH  BEIUYUHY
30ypenHs y 15 % moTy>KHOCTI.

Ha pucynky 4 HaBeleHi 3HA4YCHHS BUTpaT

MOTY>KHOCTI.
Takum YUHOM SIKICTB KepyBaHHA TaJWBHOI CyMillli, TOBIiTPS Ta ANMOBHUX Ta3iB.
TEMIEPATypol0  KHIULSIYOTO  [Iapy  HaKIaaae
) . . Flor.n.'s of Fluel. Airl, Smolfe Gasnlasr . .

G, ka/s

[ == Fuel Flow |
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Puc. 4. I'padix 3HaYeHb BUTpAT MAJIMBHOI CyMIillli, IIOBITPS Ta TUMOBHX T'a3iB
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Amnamiz TpadikiB TMOKa3ye IO BIIXMICHHS
TEXHOJOTIYHUX  TapaMeTpiB  3HAXOHAThCSI Yy
PO3paxyHKOBHUX  MeXax. Perymowodi  opraHu
MepeMillyIoThCsl Y poOOUHX Hiana3oHax, 0e3 BUXOLY
Ha OOMEKEHHSI.

Ha pucynky 5 HaBegeHno rpadiku mepexigHoro
mpolecy  peryjiioBaHHS  OKCHIIB  cipku. Ha
BepXHbOMY  Tpadiky  HaBeJeHO  BiAXWICHHS
koHneHTpanii SOX y 1uMoBHX razax. Ha HIbKHbOMY
rpadiky — KOHLEHTpalis CIpKH Yy TOYaTKOBIH
CHPOBHHI, SIKa OJA€THCS Ha CIIATIOBAHHS.

o wmomenty uwacy 7000 ¢ MomemroBaIOCh
TUTIOBE 3HA4YeHHA KOHIeHTpamii cipku y TIIB, Ha
piBHi 0,5 — 0,8 % 10 5000 ¢ ta 1 — 1,5 % Bix 5000 ¢
1o 7000 c. Iounnarodi 3 7000 ¢ Oyio 3MoenBOBaHE
BMicT cipku y ckmani TIIB go 10 %. [dns tunosoro
BMICTy CIpKM KOHIIEHTpalis okcumay cipku SOxX y
JVMOBHX Ta3ax 3HAXOAMTHCH Y MeXKaxX AOMYCTHMHUX
cepennbpo000BuX 3HadeHb 0,05 Mr/™M3, mis 3HaYHO
301JBIIEHOTO 3HAYEHHS — Yy MEXaX JIOIMYyCTHMOTO
pazoBoro Bukuay y 0,5 mr/m3 [3].

<103 Sulfur Concentration
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (seconds)
Puc. 5. I'padixu nepexiHOTO MpoIecy peryIrOBaHHs OKCHJIIB CIPKH
BucHoBku

Y po6oTi po3risiHyTO TpoOIeMy KepyBaHHS
TEIUIOBMM HaBaHTAKEHHSM KOTJIA TIPU CHATOBaHHI
TBEpAUX MOOYTOBHX BiOXOMIB y KUIUITYOMY LIapi.
CuHTE30BaHO aBTOMATH30BaHY CHCTEMY KEpyBaHHS
ycTaHoBKOI0. Ilpu 1bOMy oO3HaueHi peryJjabLOBaHi
TEXHOJIOTIUHI 3MiHHI, Kepyloui BIUIMBH. Buaineno
YOTHPH OCHOBHHX PETYJSATOPA, a cCaMe MOTYKHOCTI,

TEMIEpaTypu Iapy, EKOHOMIYHOCTI, Ta BUKH/IB

IIKIJUIMBUX  PEUOBHH. [IpoBemeHo  imiTarliiiHe
MOJIEJIFOBAHHS CUCTEMH.
Po3pobnena aBTOMaTU30BaHa cucreMa

KepyBaHHsI JJ03BOJISIE cTabi1i3yBaTH MpOLeC TOPiHHS,
MiHIMI3yBaTH BUKWAHM LIKIJIMBHX PEYOBUH Ta
MiABUIIUTH €(pEeKTUBHICTH BUKOPHCTAHHS €HEPTIi.

[IpoBeneHe MOAETIOBaHHS MOKa3ajo, IO
3aIpOIIOHOBAHA CHCTEMA:
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—  3abe3neuye M ITPAMKY cTabTBHOT
TEMIIEpaTypyd KHIDIYOTO Imapy, IO KPUTHYHO
BaXJHMBO i edekTuBHOTO crnamoBanHs TIIB Ta
3armo0iraHHs yTBOPEHHIO LITAKY.

— ABTOMaTHYHO aIanTYeThCS M0 3MIHHOTO
CKJIany TajuBa, KOPWUTYIOUHM IOJady TWOBITPS Ta
MaJTbHOTO 3 YpaxyBaHHAM JIUHAMIKU TIPOIECY
TOpIHHS.

— Jlo3BoIIsIE 3MEHIITUTH PiBEHL BUKUIIB OKCHIIB
CIpKM Ta IHINIMX IIKi[UIMBUX PEYOBUH 3a PaXyHOK
ONITUMi3amii peXHMiB TOPiHHS.

— Ilokpamrye eKOHOMIYHI  TOKa3HHKH
YCTAHOBKH IIISXOM 3MEHINEHHS HA[TMIITKOBOT
BUTpaTy nanmea Ta masuiieHHs KK/ nporecy.

OtpuMmaHi  pe3ynbTaTH  MOXYTh Oyt
BUKOPDHCTaHI U1  TOJANBIIOI  ONTUMI3ali
MPOMHUCIIOBUX  yCTaHOBOK  cnamoBanHs  TIIB,

30KpeMa B YaCTHHI PO3POOKH IHTENEeKTyaTbHHX
CHCTEM KEepyBaHHS 3 BHKOPHCTAHHSM MAIIUHHOTO
HaBYaHHS Ta IMPOTHO3yBaHHS apaMeTPiB MPOIECY B
peanbHOMY 4Yaci.
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Boiler thermal load control during the combustion
of solid household waste

T. Markolenko, D. Prodanov, Y. Beglov
'Odessa National Polytechnic University

Abstract. In modern conditions of increasing volumes of solid household waste (SHW) and the need for
its environmentally safe disposal, particular attention is paid to fluidized bed combustion technologies. This
approach significantly reduces waste volume, generates additional thermal energy, and minimizes the
negative impact on the environment. However, effective SHW combustion in a fluidized bed requires precise
control of combustion parameters, as fuel composition variations and temperature fluctuations can lead to
decreased process efficiency, the formation of harmful emissions, and emergency situations.

This study addresses the issue of automated control of the SHW combustion process in a fluidized bed,
aimed at ensuring the stability of the temperature regime and the optimal air-to-fuel ratio. A control system
using adaptive regulation algorithms has been proposed and developed to maintain the required process
parameters. The primary focus is on developing a mathematical combustion model in a fluidized bed that
accounts for dynamic changes in fuel composition, bed temperature, and air supply rate.

The simulation results showed that the proposed control system significantly improves SHW combustion
efficiency, reduces SOx emissions, and minimizes the formation of residual combustion products. The
proposed control strategy can be implemented in industrial facilities to enhance the environmental safety
and energy efficiency of waste disposal processes.

Keywords: solid household waste, fluidized bed, automated control system, thermal load, modeling.
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Improvement of automation in managing thermal destruction
of municipal solid waste through software recovery from failures

K. Kirkopulo!, V.Tonkonogyi', M. Maksymov?
'0desa Polytechnic National University
*National University «Odesa Maritime Academy Institute of the Naval Forcesy

Abstract. The article presents the results of improving automation in managing the thermal destruction
of municipal solid waste (MSW) through software recovery after failures. A functional structure and selected
technological parameters (as controlled coordinates) for a hierarchical automatic control system (ACS) for
MSW thermal destruction were proposed. A homogeneous Markov chain was used to model the failure and
fault parameters of cyclic software operation. The application of the ACS with the proposed recovery struc-
ture ensures software reliability by adjusting the threshold number of failures. This recovery implementation
reduces environmental pollution in stationary modes with known raw material composition, in dynamic
modes with material composition changes, and during pyrolysis plant start-up. The proposed approach
enhances the accuracy of controlling key technological parameters, operational reliability, and economic

performance.

Keywords: automation, automatic control system, thermal destruction, municipal solid waste, recovery,

software, failure, Markov chain, environment.

Introduction

Environmental pollution is one of the most
pressing modern issues, caused by rapid industrial
development and urbanization in many countries.
Among the most effective solutions is a fundamen-
tally new technology for municipal solid waste
MSW utilization that produces alternative fuel,
generally known as thermal destruction. This utiliza-
tion technology combines circulation pyrolysis and
thermally stable gasification into a single process,
allowing complete MSW utilization in environmen-
tally safe and energy-efficient modes. This technol-
ogy also produces gaseous fractions of alternative
fuel, which are suitable for use in energy facilities
without additional purification [1].

To implement such technology, specialized
technological complexes are used, which are com-
plex multicomponent technical objects requiring a
specialized hierarchical computerized automatic
control system (ACS) [2]. Comprehensive automa-
tion of technological complexes for MSW utilization
is impossible without highly reliable software, which
significantly improves operational efficiency and
economic performance.

Addressing the task of improving automation
for managing the thermal destruction of MSW
should be based on analyzing the main properties

© Kirkopulo K., Tonkonogyi V., Maksymov M.,
2025

and technical characteristics of the technological
process with the selection of technological meas-
urement parameters for control adjustments. On the
other hand, the complex formalization of chemical-
technological process control tasks necessitates
increased reliability of ACS software. Despite
significant efforts to improve software reliability,
such as automated software design systems, libraries
of standard procedures, and improved diagnostic
tools, errors in software persist. It is believed that
completely eliminating software errors is impossible
due to the inherent complexity of software systems.
The main groups and sources of errors are analyzed
in [5], while the consequences of errors are de-
scribed in [5,6].

An alternative approach to increasing software
reliability involves recovering software after failures
by utilizing reserves in processing time and compu-
tational resources [6].

The goal of this article is to enhance the relia-
bility of ACS software for managing MSW thermal
destruction using recovery during the processing of
selective measured parameters when adjusting
control actions for the input material composition
and evaluating the impact of recovery on process
efficiency.

1. Fundamental Diagram of a Thermal De-
struction Plant for MSW [7].

A typical plant (Figure 1) allows:
In stationary operational modes, where the

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/deed.uk)
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composition of the processed raw material is known,
to completely gasify its organic components by
calculating the minimum required amount of air and
adjusting its supply;

— During operation, to monitor the composi-
tion of the input material and adapt to changes in
control actions by switching to a mode of identifying
the composition for restoring management stability;

— In dynamic modes, when the composition of
the input material changes, and during the plant's
startup, to determine the current composition and
enthalpy of the input material.

The schematic of the plant's main part — the Re-
actor Il — is shown in Figure 1. Its operation princi-
ples and the values of certain parameters for station-
ary operation modes correspond to the descriptions
provided above. Through Collector I, the input mate-
rial is supplied to the reactor at a flow rate of G1.

Through Collector I, the hot product gas exits
the reactor at a flow rate of Q2, entering the main
system and splitting into two streams: Q4 — to the
consumer; Q3 — via the recirculation line back into
the reactor at point V for drying and heating the
input material.
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Fig. 1. Schematic diagram of a pyrolysis plant

Through Collector 1V, the necessary amount of
air is supplied at a flow rate of Q1.

In stationary operational mode and complete
gasification of the organic component of the input
material, the gross formula of the gas matches that
of the input material. The gas composition and its
stability are controlled using Device VII, based on
the method [8] of determining the gross formula of
combustible gas mixtures during their combustion in
a specialized device [9]. This process involves
measuring the flow rates of the gas mixture, air, and
exhaust gases under varying flow rates of the mix-
ture. The gas mixture may include non-combustible
gases as well.

If a change in the product gas composition is
detected, the plant shifts from the gasification mode
to combustion mode. This is achieved by increasing
air supply through Collector IV to ensure the input
material with an unknown altered composition is
completely converted into gaseous products. Subse-
guently, Device VII determines their gross formula
and the new composition of the input material.
Based on this data, the plant transitions back to
pyrolysis (gasification) mode by adjusting air supply
to match the new batch composition.

For the technological implementation of this
process, the plant is equipped with approximately
1500 information-measurement channels transmit-
ting no fewer than 20000 individual signals, each
carrying parameter values.

2. Development of data collection algorithm

The hardware implementation of the control
system for the thermal destruction chemical-
technological complex of MSW includes data col-
lection modules and data output interfaces, as well
as programmable logic controllers for control. The
data collection modules receive analog signals from
various sensors and convert them to digital data,
which is transmitted to the ACS via RS485 network
using the DCON protocol at 115200 baud. Pro-
grammable logic controllers perform the functions
of automatic regulation of specified values of con-
trolled variables in the chemical-technological
process of MSW thermal destruction, as well as
transmission to the operator interface implemented
on a personal computer.

The output modules, in turn, implement the
conversion of digital control signals from program-
mable logic controllers into analog signals, which
directly go to the control elements of the installa-
tion's technological parameters.

To receive signals from different types of sen-
sors in this control and monitoring system, the
following types of data collection modules are used:
thermocouple data collection modules, current
output sensor data collection modules (4...20 mA),
and discrete input modules. To implement the con-
version of digital control signals from PLC to analog
signals that directly go to the control elements of the
installation's technological parameters, analog output
modules are used.

For example, ICP DAS data collection modules
have the following operating algorithm (Fig. 2) [10].

The system operation begins with a configura-
tion check procedure, which determines the compo-
sition of modules and their addresses. Based on the
verification results, appropriate changes can be
made. According to the specifics of the tasks being
solved, the configuration of each module is deter
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Fig. 2. Block diagram of ICP DAS data acquisition modules

mined, which is controlled through the user inter-
face.

Depending on the system operating conditions,
a decision is made about using the watchdog timer
(WD) and setting its parameters. After configuring
the modules, a data collection and processing pro-
gram is developed. When using WD, the watchdog
timer is reset in each cycle of current command
execution.

Command processing by the module includes
sequential verification of the following parameters:
RS-485 interface exchange rate; operation code;
module address; checksum analysis, if provided,

operation execution correctness; frame completion
correctness.

To increase information reliability, «Set Valuey»
and «Check Value» commands are used. However,
with increased speed requirements, such checks can
be minimized.

Monitoring the WD trigger flag helps prevent
system «hanging». Depending on the algorithm's
specifics, data processing can be performed after
executing each command and/or at the end of the
information collection procedure (for example, when
building graphs).
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Input information reading from modules can be
performed in asynchronous or synchronous modes.
Synchronous mode is used when it is necessary to
temporarily fix input parameter values in several
modules.

To implement synchronous mode, a synchro-
nized sampling command should be used, by which
modules supporting this mode store input infor-
mation in internal registers. Then, information from
these registers is read asynchronously.

The hardware for measuring basic technical pa-
rameters of the ash utilization technological complex
includes various sensors of the complex's operating
parameters, including: temperature sensors - ther-
mocouples of two types: TXK - for measuring
temperatures in the range of -40...600°C, and TXA -
for measuring temperatures in the range of -
40...1050°C; level sensors - float type - for level
measurements, and radar type - for measuring raw
material level in the pyrolysis reactor; pressure
sensors; gas and liquid flow sensors and others.
Analysis of the implemented software architecture
(TRACE MODE 6) showed satisfactory values of 3
to 5 failures per eight-hour operator shift. Subse-
guently, the task arises to develop a methodology for
calculating such a value.

3. Method for Improving the Reliability of
ACS Software for the Thermal Destruction of
Solid Waste

A failure is understood as a disruption in the
functionality of the software for a duration shorter
than a threshold value. Conversely, a fault refers to a
disruption in software functionality that exceeds this
threshold. If no recovery actions are taken, all fail-
ures effectively become faults. The threshold recov-
ery time is determined by the nature of the Automat-
ic Control System (ACS).

Let us consider the organization of the software
structure of the ACS for the thermal destruction of
solid waste. This software operates in a cyclic mode,
meaning that the following sequence of actions is
repeatedly executed (see Figure 2): polling sensors
and receiving commands from the operator or other
systems; analyzing and processing sensor readings
and generating control actions; and finally, execut-
ing the control actions.

Sensor readings and operator commands serve
as input data. Operator commands and signals from
other systems are usually strictly formalized and
undergo verification before execution, allowing
invalid commands that could disrupt the software's
functionality to be discarded. However, sensor
readings are subject to inaccuracies from the sensors
themselves and their converters, as well as random

noise in communication channels, which can lead to
significant distortion of readings.

During the development of ACS software, de-
bugging and testing are performed. The most critical
software functions undergo a verification procedure
that defines the process for conducting checks and
documenting identified deviations. However, verifi-
cation is carried out on a limited set of initial data
selected during software design and cannot guaran-
tee absolute fault-free operation. Therefore, debug-
ging and testing are conducted on a finite set of
initial data—control examples. Based on the results
of debugging and testing, one can confidently assert
the software’s fault-free operation for these control
examples, but its reliability for other initial data
remains uncertain.

Meanwhile, during software operation, input
data combinations that were not included in the
control examples may occur, leading to failures. In
most cases, software functionality can be restored by
simply skipping the cycle in which the failure occurs
and processing new data in the next cycle. However,
if failures occur in several consecutive cycles, this is
classified as a fault. The maximum allowable num-
ber of failures before a fault occurs, N, is determined
by the nature of the ACS and the available time and
processing speed reserves within a single software
cycle and can be derived from the threshold recov-
ery time.

A fault is defined as the consecutive occurrence
of failures over n execution cycles of the program.
The threshold time that distinguishes a fault from a
failure is equal to the duration of n processing cy-
cles. For software without recovery, which will be
used for comparison, n = 1.

Experience shows that the operation of the
software in each cycle is independent of the results
of previous executions, and the input data are updat-
ed in each cycle. Let us assume that the probability
of failure in a single execution cycle of the program
is constant and equal p. We will calculate the proba-
bility of software failure over a sufficiently large but
finite number of cycles.

For this calculation, we use a simple homoge-
neous Markov chain, as shown in Fig. 3.

Qe

Fig. 3. Homogeneous Markov Chain, n > 1

The state So corresponds to the normal execu-
tion of the current software operation cycle. If the
first failure occurs at Ny, the system transitions to
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state S;1. The probability of this transition is p. In the
next cycle, a second failure may occur with proba-

bility p (transitioning to state S»), or with probability
1 - p, no failure will occur, and the system will re-
turn to state So. A fault corresponds to state S,
which the software reaches after n consecutive
failures. Transitions from state S, to other states are
not pos-sible. We assume that once the software
reaches state Sy, it remains in that state with proba-
bility 1. For the case where n = 1 (software without
recovery), the Markov chain has the structure shown

.. e\

Fig. 4. Homogeneous Markov Chain, n =

The transition probabilities between states in
these Markov chains are described using transition
probability matrices. The matrices for the cases n =

1, n=2,n=3,and n =4 are provided below.
1 —
R, = P p:
0 1
l-p p 0
R,=l-p 0 p
0 0 1
l-p p 0 0
] - 0 0
R, = P P ;
S fl=p 0 0 p
0 0 0 1
l-p p 0 0 0
lI-p 0 p 0 0
Ry=[l-p 0 0 p 0
I-p 0 0 0 p
o 0 0 0 1

The initial probability is PSO0 = 1. For all other
states, the initial probabilities are zero.

The software failure probability P represents
the probability of transitioning from the initial state
So to state S;. This corresponds to the conditional
probability P, which is found in the last column of
the first row (the upper-right corner of the transition
probability matrix). At the beginning of the software

operation (in the «zero» cycle), this probability is
zero. To determine the probability of failure at the
N-th cycle, the transition matrix must be raised to
the N-th integer power Rs.

For practical calculations, instead of using 1, a
probability value of P(So)° = 0.999 can be used. This
probability is reached at a certain critical cycle
number Ncit, meaning that a software failure will
occur at a cycle number less than or equal to Nerit.
The calculations were performed for N = 10% inde-
pendent cycles.

The calculation of Markov matrices allows for
the construction of dependencies between the soft-
ware failure probability, the cycle number, and the
failure probability per cycle. For practical applica-
tions, it is more convenient to use inverse dependen-
cies of failure probabilities leading to a fault as a
function of the cycle number.

For the considered cases, Table 1 provides the
values of the coefficients (aand b) forn =1,n =2,
n = 3, and n = 4, using the inverse dependency
equation of the form: p(n) = a(n)N + b(n)

Calculations using this equation allow for de-
termining the probability of failure in a single cycle,
which is required to achieve the desired maximum
number of execution cycles N before failure.

Table 1 shows the values of the coefficients (a
and b) for predicting the maximum number of soft-
ware execution cycles N before failure depending on
the probability of failure per cycle p and the maxi-
mum permissible number of failures n before failure.

Table 1
Values of the coefficients for predicting the
number of software execution cycles

n a b

1 -7,69E-03 1,50E-01
2 -7,76E-04 1,15E-01
3 -9,54E-05 1,05E-01
4 -1,25E-05 1,02E-01
5 -1,67E-06 1,01E-01

To increase the number of failure-free software exe-
cution cycles, it is necessary to either reduce the probabil-
ity of failure per cycle or increase the maximum allowa-
ble number of failures before a fault. Table 1 presents the
case for n = 5, obtained through an approximation of the
calculated results.

To convert the number of cycles into program
execution time and mean time to failure (MTTF), it
is sufficient to multiply the cycle number by the
cycle duration. The ACS software for thermal de-
struction of solid waste employs a recovery mecha-
nism with a maximum allowable number of failures
n = 3. The duration of a single cycle is 0.1 seconds.
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During software operation, individual failures
occurred at the following cycle numbers: 54, 106,
156, 208. The average interval between failures is N
= 52. The average probability of failure per cycle is
p = 0.192. Using the given formula and values from
Table 1, we find that Ngit = 9 x 10°, which corre-
sponds to 25 hours of software operation.

This significantly increases the maximum fail-
ure-free operation time of the software with recov-
ery, compared to software without recovery.

Conclusions

The application of a recovery mechanism
makes it possible to develop software with a speci-
fied level of reliability by adjusting the maximum
allowable number of failures before a fault occurs.

The implementation of software recovery sup-
port is most conveniently achieved through the use
of a dedicated library. Such a library serves as an
intermediary between application software, the
operating system, and automation hardware. At the
library level, the processing cycle is organized,
including the reception of input data and the issu-
ance of control actions.

In addition, the library may contain auxiliary
functions, such as archiving and logging, which
provide solutions to two important tasks.

First, it enables the identification of specific in-
put data combinations that lead to failures, which in
turn facilitates the correction of errors in the soft-
ware.

Second, it allows for the determination of the
failure-free operating time of the software, making it
possible to take preventive measures to eliminate
detected errors before a fault occurs.
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Anomauia. Y cmammi npedcmasieti pe3yibmamu 600CKOHANEHHS A8MOMAMU3ayii ynpasiinH npoye-
COM MEPMIYH020 ZHUUEHHS Meepoux nooymosux 8ioxodis (TIIB) wiisaxom 8iOHOGNEeHHs NPOSPAMHO20 3a0e3-
neuenus nicis 300i6. 3anpononosano yHKYIOHATLHY CIMPYKIYPY Ma 00paHo mMexXHOoAo2iuHl napamempu (K
KepogaHi Koopournamu) 015 icpapxiunoi agmomamuunoi cucmemu ynpaeninus (ACY) npoyecom mepmiunozo
sHuwenna TIIB. [lna moodeniosanns napamempis 300i6 ma 8i0M08 ¥ YUKIIUHOMY (DYHKUIOHYBAHHI npo2pam-
HO20 3abe3neyenHs sUKOpucmano o0Hopionutl Mapxoscokuii nanyoe. 3acmocysanna ACY i3 3anpononosa-
HOIO CIPYKIYPOIO 8I0HO6IeHHS 3a0e3nedye HAOIHICIb NPOSPAMHO20 340e3NeUeHHs UWLIAXOM Pecyi08aHHs.
NnOP0206020 3HAUEHHA Kilbkocmi 300i8. Bnpoeadcenns ybo2o nioxody 3meHulye 3a0pyOHeHHs OO0BKILIA Y
CMAYIOHAPHUX pedcumax i3 8i00MUM CKIAOOM CUPOBUHU, Y OUHAMIYHUX PeXrCUMax i3 3MIHOI0 cKlady mame-
pianie, a maxoxc ni0 yac 3anycky RNIPOAIZHUX YCMAHOBOK. 3aNpOnoHOSaHull nioxio niosuwyye moyHicmo
KOHMPOJI0 KIHOYOBUX MEXHOJIOLTUHUX NaApaMempie, HaAOTHICMb pobomuy ma eKOHOMIUHY eqheKmuHicmb.

Knrouoei cnoea: asmomamusayis, agmomamuyna cucmema ynpasninHs, mepmiyHe 3HUWeHHs, meepoi
nobymosi 8i0xo0u, 8i0H0GIEHHS, NPocpamue 3abesneuenns, 30iu, Mapkoecokuil 1anyioe, O0BKLLIAL.
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Computer-integrated system for controlling the wear resistance
of heat exchange tubes of solid fuel boilers with the distribution
of coal flows between control influences

M. V. Grishyn, O. S. Tarakhtiy, G. lo. Halanter
National University "Odesa Polytechnic

Abstract : This article presents the development of a computer-integrated control system for optimizing
the wear resistance of heat exchange tubes in solid fuel boilers. The proposed model accounts for the quality
and abrasiveness of solid fuel, which significantly impacts boiler efficiency and maintenance costs. The
system integrates two independent monitoring channels: one assessing the chemical composition of the fuel
and the other analyzing the abrasive content in flue gases. By dynamically adjusting fuel distribution, the
system minimizes erosion of heat exchange surfaces, prolongs the operational lifespan of boiler components,
and reduces downtime. Simulation results confirm the system’s effectiveness in enhancing thermal efficiency
and operational stability. The proposed approach offers a viable solution for improving the reliability and

sustainability of solid fuel energy systems.

Keywords : solid fuel steam boiler , quality of solid fuel , computer-integrated control system , wear re-
sistance of heat exchange surfaces , abrasiveness of solid fuel

Introduction

Coal is the second largest source of primary en-
ergy after oil and occupies almost 26% of the world
energy market. In addition, coal is of primary im-
portance in the production of electricity, cement and
steel. Approximately two-thirds of the world's coal
production is spent on electricity production and
about 15% is used in the metallurgical industry [1-
2].

The total annual world coal production is 7,813
million tons. The main world leaders in coal produc-
tion are: China, India, the USA, Indonesia and
Australia. The top ten largest coal consumers are
also headed by China, followed by India, the USA,
Germany, Turkey and South Africa. The main
feature of this type of fuel is that approximately 80%
of the coal produced is used in the country of its
production, in contrast to natural gas — 68% and oil —
42%. This fact can be explained by the lower energy
density of coal compared to gas and oil, as well as
significantly higher costs for its transportation [3-5] .

The main problem of coal use is slag formation
and ash deposition, as well as the process of dust
erosion of the tube surfaces of steam boilers and
auxiliary thermal equipment [6,7] .

However, despite the above-mentioned "disad-
vantages"”, the role and significance of coal in global
industry remains very significant.

© Grishyn M. V., Tarakhtiy O. S., Galanter G. lo.,
2025

1. Problem justification

The problem of wear resistance of the surfaces
of heat exchange tubes of solid fuel steam boilers of
domestic thermal power plants is very important,
since it determines the reliability and duration of
uninterrupted operation of power equipment.

Premature repair of elements of this nature re-
quires considerable time and, especially in today's
conditions, can significantly affect the stability of
the power system of our country [8,9].

To date, computer-integrated control systems
(CICS) of power units of thermal power plants use
models that take into account the condition of the
surfaces of heat-exchange tubes of steam boilers.
The arguments of the model are the characteristics
of the quality of solid fuel provided by the supplier
of this fuel. However, in fact, the service life of
screen and heat-exchange tubes differs significantly
from the term obtained during modeling. This fact
can be explained by the discrepancy between the
abrasive component of coal at the time of unloading
to the warehouse and its amount formed during coal
combustion [8,9].

The solution to this problem is possible by im-
proving the load control system of a solid fuel steam
boiler with two independent channels for monitoring
the condition of the surfaces of the heat exchange
tubes of the boiler unit. In this case, one channel will
detect the compliance of the chemical composition
of the fuel with the specified one, and the other will
detect the abrasive component in the flue gases after
coal combustion.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/deed.uk)
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Therefore, the purpose of this article is to im-
prove the computer-integrated control system for the
wear resistance of heat exchange tubes of a solid

Table 1
Solid fuel consumption at TPPs

fuel steam boiler by introducing the distribution of Electrical Fuel con- Consgmptlon
: ) TPP | power, sumption, million
solid fuel flow between control influences, unload- MW Ka/s tons/vear
ing conditions, and solid fuel quality analysis . g y
2. KISU model of wear resistance of heat A 3600 290.32 9.16
exchange surfaces Az 3600 290.32 9.16
The first and main problem of wear resistance As 2400 193.55 6.10

of heat exchange surfaces is the fact that the actual
quality of solid fuel and the quality characteristics
specified in the transport documents do not match.
The lack of proper coal quality control forces the
personnel of thermal stations to use fuel of inade-
guate quality, which leads to such negative conse-
guences as abrasive wear of the surfaces of heat
exchange pipes.

Previous studies show that it is possible to con-
trol the wear resistance of heat exchange surfaces by
timely accounting for the abrasive impurity con-
tained in the solid fuel. Such a system can be based
on the distribution of the solid fuel flow between
control influences and unloading conditions, as well
as checking the quality of coal received from suppli-
ers [10].

2.1. Transport problem of solid fuel supply

To construct the transport problem, Zaporizhia,
Vuglehirska, and Burshtynska TPPs were selected,

which operate on solid fuel and are respectively
designated A, A, and Aas.

Suppliers are mines of the Donetsk coal basin
(except Volynvugol and Lvivvugol ). The case of a
coal shortage on the domestic market was also taken
into account. In this case, South Africa was chosen
as the coal supplier.

The distances from the ports of the Odesa re-
gion (TIS port and Pivdenny port ) to the selected
TPPs are, respectively: to Zaporizhzhia - 555 km, to
the city of Svitlodarsk (Vuglehirska TPP) - 845 km,
and to the city of Burshtyn - 764 km.

The cost of transporting coal from the mines of
the Donetsk Basin is shown in Table 2. Taking into
account the relative cheapness of coal from South
Africa (2,724.96 UAH per ton), as well as the loca-
tion of the port of Pivdenny in relation to the select-
ed thermal power plants, the scheme of importing
coal from South Africa turns out to be cheaper and
more profitable in terms of procurement.

The transport problem was solved taking into
account the annual needs of the thermal power plant
and the annual production of the selected mines [11].

Table 2

Cost of transporting coal per year from each mine, million UAH.
127.1801847 45.53740265 25.05064244 0.525 B: | Volyn coal
744.1657721 733.8540063 112.856549 2.9655 B> | Lviv Coal
66.7066685 19.85776548 242.3418564 0.998 Bs | Myrnograd-coal
101.2467087 34.75224867 350.532524 1.4165 B, | Selydiv-coal
185.097695 65.47338679 610.4285685 2.5483 Bs | Dobropillya town
62.04281552 6.4617811 8.502343553 0.2515 Bs | Sosnivka
61.55068896 19.52414327 221.7148473 0.8565 Bz | Vugledar town
71.45735598 80.15046498 156.475962 0.9 Bs | Alexandria city
628.2408455 585.0998432 3084.581662 13.9575 By | Pavlohrad city
A A, As Z SAn=2B n=24.42

The assessment of coal transportation for three
selected TPPs  (Zaporizhzhia, = Vuglehirska,
Burshtynska) showed that coal imports from South
Africa, despite its lower quality and transportation
time, can be a significant support in case of fuel
shortage. The study shows that even taking into ac-

count the additional costs of coal enrichment to re-

duce ash content, it is still economically beneficial
due to savings from reduced equipment wear. In
addition, the optimal transportation plan determin-
esthe most efficient distribution of coal from differ-
ent mines and the South African supplier to the TPP.
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2.2. Mathematical model of the parametric
scheme of a solid fuel boiler

The mathematical model is built on the basis of
equations (2.1) and a parametric scheme (Fig. 1).

[ W = Wenricn (Ad' VpurCh)
L= Llog (x; VpuTCh)
C = Crpp(Ad, Toquip)

T = Tequip (Ad: Vpurch)
V= Vpurch (Ad)

ZTPP = (2.1)

where Wenrich (Ad, Vpurch ) — a function describing the
costs associated with the fuel enrichment process,
depending on Ad and the purchase volume Vpurch ;

Liog (X,Vpurch ) — @ function describing the costs
associated with logistics, depending on the volume
of purchase (Vpurch );

Vpurch (Ad) — function of determining the re-
quired volume for purchase taking into account the
abrasiveness of the fuel;

Crep (Ad, Teqip) — a function describing the
costs of a thermal power plant associated with
environmental pollution, repair and replacement of
equipment due to the operation of highly abrasive
fuel, depending on the operation time before an
urgent stop for repair;

Tequip (Ad, Vpurch ) is a function for calculating
the time of current operation before repair.

Taking into account the system of equations
(2.1) and the CISU scheme, the system of equations
of the mathematical model took the form:

Msl = Mfa1 + Mfaaz + MAda3;

Mioss = Mgby + Mg by + Mygbs;

Vies = Mfcl + MyesCy + Mepc3;

TOp = Mfdl + Mfadz + MAdd3 +
+Myesdy + Mepds;

LN = Mfe1 + Mresez + Mene3.

(2.2)

where are ap, by, ¢,, dpy,, epconstant coefficients,n =
1,3; m = 1,5;

Fuel enrichment

Abrasive component __, Coal flow separation -

|
|
| 4th level of control
—

|

|

control unit control unit —  regulator unit
P g i lecsesdd==s=== I
" B |
' Coal combustion ' 3rd level of control
4
1, control unit .
! |
|
Fuel quality control ! 2nd level of control
|
Coal batch planning Logistics task Backup stock
umit control unit control unit - 1st level of control

| Main control
umit

»

.

Level 0 control

Fig. 1. Scheme of the KISU wear resistance of heat exchange surfaces of a solid fuel boiler
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M; — fuel consumption, kg/h;

M,,,— consumption of enriched fuel, kg/h;

M,..— reserve fuel consumption, kg/h;

M; - ash consumption, kg/h;

M ad — fuel ash content, %;

Mg;— consumption of the total amount of ash-slag
pulp, kg/h;

Top— operating time before replacing heat ex-
changer tubes, hours;

M,,ss— carbon losses due to the discrepancy
between the declared and actual ash content, which
necessitates enrichment or use of reserves, kg/h;

V;.os— fuel stock in reserve warehouse, t;

N — power of the station, MW.

The parametric diagram of a solid fuel steam
boiler is built based on three main indicators: the
current volume of solid fuel reserves, the operating
time of heat exchange surfaces before repair or
replacement, and the current flow of fly ash (Fig. 2).

Ad

Mfuel
M pulp ash.
MTES
Merichm
I
Ty
e P

Vre 5

Texp.

A J

Fig. 2 Adapted parametric diagram of a solid fuel steam boiler

According to the parametric diagram of the
boiler unit shown in Fig. 2, the system of equations
(2.1) will take the form:

My o = Mg — Fy o(My, Aq)
Vies = Vo — Fen(Mf:Ad: Men)
Top = To — Fr(M;, A%,)
Mgsh — Mg =0
where M is the total ash consumption.
To study changes in the system over time, dif-

ferential equations were constructed based on sys-
tems (2.2) and (2.3), which are given below:

(2.3)

am
( d:d = (Mash + dMash) -
_(Msl + dMsl)
dMa,
ar dMgsp — dMg;
Thus, the presented mathematical model of a
steam boiler describes the relationships between the
main parameters that characterize the wear re-
sistance of heat exchange surfaces, namely: solid
fuel and ash consumption, reserve stocks of solid
fuel, and operating time before repair of heat ex-
change surfaces.

(2.4)
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2.3. Fuzzy controller for controlling the wear
resistance of heat exchange surfaces

To build a fuzzy controller for controlling the
wear resistance of heat exchange surfaces, the fol-
lowing classification of solid fuel according to its
guality was adopted (Table 3). Coal quality classes

Based on the defined coal quality classes, con-
trol influences were established that correspond to
the defined solid fuel quality classes (Table 4).

Table 4
Correspondence of control influences to
coal guality classes

are divided according to the conditional clustering coal quality L
presented in [12] and can be classified as "Ideal”, | class controlling influence
"Good" or other based on test results.
Ideal Transfer to reserve warehouse.
Table 3 -
Classification of solid fuels by degree Good Use for burning.
of abrasiveness Partially enrich or mix with
Normal
Ad Fuel quality class reserve. : -
Unsatisfied Enrich, or enrich and mix with
0-5% |deal nsatistie reserve.
5-9% Good Bad Mix with the reserve, or use only
the reserve.
9-16% Normal - ] i
5 — Based on the defined solid fuel quality classes
16-30% Unsatisfied and their corresponding control influences, the pro-
30+% Bad posed regulation scheme is shown below in Fig. 3.
1 3
N —*  Reserve stock _| )/\:_:MCI.,A'L
N
Mc:, A Y *
Mc, A 1 : Yo MICEAa
_.%._, Fuel enrichment | H\><}-——P Boiler _i\:
* :
MCz, Az
g
P
1 2 3 4
L
-
L T N L

Material flows (coal)

Information flows (coal consumption, amount of ash, capacity)

Fig. 3 Scheme of regulation of wear resistance of heat exchange surfaces

The next step was to build a fuzzy controller
control system block, which is shown in Fig. 4.

The input values for the fuzzy controller were
selected as the abrasiveness of coal (Ad) and the
fullness of the reserve warehouse. As the control
influence of the controller, the distribution of the
coal flow by fractions in the following directions
was taken: replenishment of the reserve warehouse

(store) directly for burning (burning), enrichment
(concentrator) and rejection of the current coal and
use of the reserve (reserve _ out). The fuzzification
of the variables Ad and the volumes of the reserve
warehouse is shown in Fig. 5.

The control problem condition presented in Fig.
5 corresponds to the coal classes given in Table 3
and will influence the choice of control influence.
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Storage In

flow opening level of storage

in M out flow opening level of burning
flow opening level of concentrator

flow opening level of reserve
Fuzzy Logic
controller
—

[ ]

Mux >

i Coal Pipe
.
Ad PI(s) Concentrator In
5 storage

A
S
1 | Power

D
o
A
Storage Out
Z_Power| 2 .

Fig. 4 Scheme of the control unit of the fuzzy controller
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Fig. 5 Fuzzification of variables Ad and reserve stock volumes
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The flow distribution rules are programmed as
follows:

1. if (Ads is ideal (0-5)) and (store is full) then
(store is small)( burning is large)(concentrator is
small)(reserve_out is small);

2. if (Ads is ideal (0-5)) and (store is norm) then
(store is normal)( burning is normal)(concentrator is
small)(reserve_out is small);

3. if (Ads is ideal (0-5)) and (store is empty)
then (store is large)( burning is normal)(concentrator
is small)(reserve_out is small);

4. if (Ads is good (5-9)) and (store is full) then
(store is small)(burning is large)(concentrator is
small)( reserve_out is small);

5. if (Ads is good (5-9)) and (store is norm)
then (store is small)(burning is large)(concentrator is
small)( reserve_out is small);

6. if (Ads is good (5-9)) and (store is empty)
then  (store is  normal)(burning is  nor-
mal)(concentrator is small)( reserve_out is small);

7. if (Ads is norm (9-16)) and (store is full) then
(store is small)(burning is large)(concentrator is
small)( reserve_out is small);

8. if (Ads is norm (9-16)) and (store is norm)
then (store is small)(burning is large)(concentrator is
small)( reserve_out is small);

9. if (Ads is norm (9-16)) and (store is empty)
then (store is small)(burning is large)(concentrator is
normal)( reserve_out is small);

10. if (Ads is unsatisfied (16-30)) then (store is
small)(burning is normal)(concentrator is normal)(
reserve_out is normal);

11. if (Ads is bad (30-40)) then (store is
small)(burning is small)(concentrator is normal)(
reserve_out is large).

And the condition of the problem shown in Fig.
6 and Fig. 7 will affect the degree of replenishment
and use of the TPP reserve.

small
1
narmal
=
2
2
i)
2
b=
B
2 05
(=
St
(=]
Q
a
B
a
o
0 !
0 01 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
"store"
1 wrmall nodmal lasge
=
=]
2
i=
.3
h]
E
2 05
(=
et
=]
a
a¥)
B
[=¥]
o)
0
0 01 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1
"burning"

Fig. 6 Defuzzification of the control influences “store” and “burning”
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Fig. 7 Defuzzification of the control influences "concentrator" and "reserve_out"

Using “ Rule Viewer ” the settings of the pro-
grammed rules were checked. The results of the
check are presented below:

- at Ad = 5%, and the reserve warehouse oc-
cupancy is 74.7%: the reserve warehouse occupancy
rate is 0.438; burning — 0.561;

- at Ad = 0.238%, and the reserve warehouse
occupancy is 26.1%: the reserve warehouse occu-
pancy rate is 0.501; burning — 0.5;

- at Ad = 7.2%, and the reserve warehouse oc-
cupancy is 71.8%: the reserve warehouse occupancy
rate is 0.0161; combustion — 0.814;

- at Ad = 8.81%, and the reserve warehouse
filling rate is 10%: the reserve warehouse filling rate
is 0.418; combustion — 0.511; enrichment — 0.35;

- at Ad = 15.8%, and the reserve warehouse is
100% full : the reserve warehouse filling degree is
0.0146; combustion — 0.36; enrichment — 0.285;

- at Ad = 39.1%, and the reserve storage is
100% full : the reserve storage filling rate is 0.0175;
combustion — 0.0183; enrichment — 0.331; reserve
fuel use — 0.673.

2.4. Simulation of the operation of a fuzzy
controller at different degrees of fuel abrasiveness

The developed fuzzy controller works by frac-
tional distribution of solid fuel flow directions. Of
significant interest is the operation of the controller
at different levels of abrasive materials contained in
coal.

Modeling of the regulator operation was carried
out for cases when Ad = 35% at a warehouse occu-
pancy of 90% and when Ad continuously increases
from 14% to 35% at a warehouse occupancy of
100%.

The case with a constant value of Ad = 35%
(Fig. 8 and Fig. 9) shows that most of the solid fuel
flow to the furnace will come from the reserve,
while the delivered coal will be distributed between
the furnace and enrichment.

For the case of a variable value of Ad , namely
a constant increase from 14% to 35%, the scheme
and results are shown in Fig. 10 and Fig. 11, respec-
tively.
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Fig. 8 Coal flow control scheme with a constant abrasive component of 35%
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Fig. 10 Coal flow control scheme with increasing abrasiveness from 14% to 35
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Degree of flow distribution

Time

Fig. 11 Results graph for the scheme from Fig. 10

The results from Fig. 11 can be commented on
as follows:

- At the initial Ad = 14% (system operating
time t o= 0 s), almost the entire fuel flow is directed
to combustion.

- With the system operating time t 1 =50 s, Ad
changes to 24%. As a result, the following distribu-
tion of the fuel flow will be the controlling influence
- half of the thermal coal is sent for combustion,
mixing with reserve fuel, and the rest for enrich-
ment.

- At the end of the experiment ('t , = 100) at
Ad = 35%, the largest share of the burned fuel will
be thermal coal from the reserve. In this case, coal
from the supplier will be partially burned and par-
tially sent for enrichment.

From the results of the simulation, it can be
concluded that with a consistent increase in the
content of abrasive material in solid fuel, the flow
rate of reserve fuel increases, and the flow rate of
ash fuel decreases. Thus, this fact can contribute to
reducing the erosion rate of heat exchange surfaces
of the steam boiler from the flow of abrasive materi-
al during fuel combustion.

Conclusion

This article considers the problem of wear of
heat exchange tubes of solid fuel steam boilers and
proposes a method for improving their wear re-
sistance using a computer-integrated control system.
The developed mathematical model allows taking

into account variable parameters of fuel quality, in
particular its abrasiveness, which significantly
affects the duration of operation of boiler equipment.

The simulation modeling confirmed the effec-
tiveness of the proposed system, which allows to
reduce wear of heat exchange surfaces, optimize fuel
consumption and reduce operating costs. The use of
two independent fuel quality control channels con-
tributes to more precise regulation of the combustion
process and minimizes the negative impact of low-
quality fuel.

The results obtained can be used to further im-
prove automatic control systems for boiler units,
which will contribute to increasing the efficiency of
thermal power plants and reducing their environ-
mental impact.
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Komm’roTepHo-iHTerpoBana cucreMa ynpaBJliHHSA 3HOCOCTIHKICTIO
MOBEPXOHb TENJI000MiHHMX TPY0 TBepaAONAJIMBHUX KOTJI0arperarTis
3 PO3MOiJIOM MOTOKIB BYT'UIJIAA Mi’K KEPYIOUYMMH BILNIMBAMU

M. B. I'pimnn, O. C. Tapaxriii, I'. . I'anantep
Hayionanenuii ynisepcumem «Odecvka nonimexnixay

Anomauia. Y cmammi posensuymo npooaemy 3H0COCMIUKOCMI Menio0OMIHHUX MPyO MmeepOOnanusHUX
napogux KOmiuie, W0 € 8aANCIUGUM ACNEKMOM NIOBUWEHHS eheKMUBHOCTNI MA HAOTUHOCII eHepeemUuiH020
obnaoHanus. 3anponoHO8AHO KOMN IOMEPHO-IHMEeZPOGaHy CUCMeEMY YNPAGIIHHA, AKA 6PAX08YE 3MIHHI napa-
Mempu AKOcmi naauea, 30Kpema to20 XiMiuHull ckiad ma abpasuenicme. Bukopucmanns makoi cucmemu
00360.715€ 30ILCHIO8AMU MOHIMOPUHE SIKOCHT NAIUBA 8 PENCUMI PEANbHO20 HACY, WO € KPUMUUHO 8ANCTUBUM
0 MiHIMi3ayii npoyecise eposii ma nPoo0BICeHHs MePMIHY eKCHIYamayii KomeabHo20 001a0HAHMHS.
OchosHo10 0CcOoOMUBICMIO 3aNPONOHOBAHOT MOOENI € GUKOPUCAHHA 080X HE3ANEHCHUX KAHANIE KOHMPONIO
axkocmi meepdozo nanusa. llepuwiuii kanan 8ionogioae 3a GU3HAYEHHs 8i0N0BIOHOCI XIMIUHO20 CKIA0Y NANU-
64 3a58NICHUM XAPAKMEPUCIMUKAM, WO 00380JIE NPOSHO3YEAMU PIGeHb YIMBOPEHHS BIOKIA0CHb | 3A0PYOHEHb.
Lpyauii kanan 30iticnioe ananiz emicmy abpasuGHUX YACMUHOK ¥ OUMOBUX 2a3aX NICs CRATIOBAHHS GY 2,
wo be3nocepeoHbo BNIUBAE HA WBUOKICMb 3HOUIEHHS MENIO0OMIHHUX NOBEPXOHb. 3a60aKU iHmezpayii yux
060X nioxo0dig cucmema 3abe3neyye mourne ma adanmuene pecyiio8anHs pelcumie pooomu Komaa, MiHimi-
3YI04U 6NIUG HUZLKOAKICHO20 NANUBA HA 3A2ATIbHY NPOOYKMUGHICIE KOMA0ASpe2amy.
3anpononosana cucmema maxodic 6KIIOUAE MAMEMAMUYNY MOOeNb O OYIHKU 008208IYHOCI MENI00OMIH-
HUX mpy06 3a1eJ4CHO 8I0 XapaKmepucmuxk namea ma ymoe ekcniyamayii. Peanizosano ancopumm pos3nooiny
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NOMOKI8 NANUBA MINC OCHOBHUMU KEPYIOUUMU BHAUBAMU, WO OdE 3MO2Y ONMUMI3Y8AMU Npoyec 20PiHHA,
SMEHWUMU 301bHICb 8i0X00168 MA NIOSUUMU eqheKMUBHICIb GUKOPUCTNAHHS eHep2emMUYHUX PecypCis.
Pesynomamu imimayitinoco mooenoeants niomeepounu ephekmusHicms po3podieHol cucmemu: 80an0cs
CYMmMeEBO 3MEHWUMYU WUOKICMb epo3ii meniooOMiHHUX mpyo, OnmuMizyeamu CHOJNCUBAHHS NAAUBA MA
SHU3UMU SUMPAMU HA MeXHiuHe 00Cny208y8anHs. Bukopucmanua makozo nioxody oae 3mo2y 3smeHuumu
npocmoi KomenbHo20 00NAOHAHHA, NIOBUWUMU CMAOIILHICMb POOOMU eHepeeMUUHUX CUCTNeM [ 3HUSUMU
He2amusHUll eKo02IYHULL 6NIIUE.
3anpononosana cucmema ynpasninHa Modxice OYmu UKOPUCMAHA SIK OCHO8A Ol NOOAIbULO20 80OCKOHAIECH-
HA A8MOMAMU308AHUX PilleHb V chepi KOHMPONIO 3HOULYBAHHA MaA e(eKkmusHocmi pobomu meepoonaiue-
nux komaie. Ii enposadaicenns 003601umo 3HaUHO NIOBUWUMU HAOIIHICMb eHEPeMUYHUX YCMAHOEOK, 3Hl-
3UMU eKCNYAMAYitiHi UMpamu ma nPoOOBXHCUMU MEPMIH iIXHbOI CyHcoU, Wo € aKmyarbHuUM 3A80aAHHAM
OJ151 CYHACHOI eHepeemuKu.

Knrouoei cnosa: meepoonaiunuii naposuii Komej, SKiCmMb meepoo20 RAIUBO, KOMN TOMepHO-
iHmezposana cucmema YNpAaeiiHHs, 3HOCOCMIUKICIb MeNni100OMIHHUX NOBEPXOHb, AOPA3UBHICMb MEEPO020
nanusa.
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Ouinka MOKIMBOCTEHN 3aPSAKAHHA BAHTAXKHUX €JIeKTPUYHUX
aBTOMOOILIIB BiJ (OTOCJIEKTPUUYHMX MaHeJel

0. M. becapa0, B. 5. /lepeBenko, C. B. 'opkoBcbKuii
Hayionanenuii ynieepcumem «Odecvka nonimexnika»

Anomauia. B pobomi nagedeHo oCHOBHI eeKMPOMexXHiuHi XapaKmepucmuky aHMmMaiCHux eleKmpuy-
HUX asmomobinié 018 €8PONEUCcbKO20 PUHKY, IX 3apAOHUX CMAHYIN, d MAKOMC 8I00MOCMI WO000 cepedHb-
000008020 npobicy. 3anponoHosano eapianmu onmumizayii npoyecy 3apa0NCAHHA eNeKMPUUHUX BaH-
MANCIBOK, PO32NAHYMO NEPCHEKMUSHUU eKONOSTUHULL CNOCIO 3apA0iCaAHHA WISAXOM BCIAHOBNEHHSA Pomo-
enekmpudHoi cmanyii Ha rocicmuynomy 00 ’ekmi 6 Himeyuuni 3 6UKOHAHHAM PO3PAXYHKY 8 OHAQUH-NPOSPAMI
€sponeticbkoi KOMICII 015 aHANI3Y COHAUHOIL eHepaii ma NpoeKmy8aHHs POMOoeNIeKMPUYHUX CUCTEM.

Knrouoei cnosa: erekmpuuna enepeis, ¢pomoerekmpuuni naneni, 3apsiona CMaHyis, eieKmpuyHi 6aH-

MAadiCHI agmomoobini, cepeoHbo000608Ull NPooie.

Beryn

[loBHICTIO eNmeKTpUYHI BaHTaXHI aBTOMOOLII
CTalOTh BXKE 3BUYaHUMHU 3ac00aMH IOCTaBKU OY/b-
YOro B CBITi, 3 KOKHUM POKOM 3pOCTa€ KUTBKiCTh
BHPOOJICHNX aBTiBOK. Llell Twm mpuBOIy BiKE OXO-
IUTIOE Y€1 MOXKITMBI  KaTeropii BaHTaXiBOK, TOMY
BUHUKA€ HEOOXIMHICTh PO3POOJATH  KOMILIEKCI
MiIXOAW IS 3pYyYHOTO, TOBHICTIO a00 YacTKOBO
eKOJIOTIYHOTO 1X 3apsyDKaHHS Ui JIOTPUMAaHHS
Cy4YacHHUX Ta MaiOyTHIX BUMOT 10 €KOJIOTIi.

MeTa gocaigKeHHs

BusHaunt MOXIHMBOCTI COHSYHUX (DOTOEIEK-
TPUYHHX TTaHEeJIed BUKOHYBATH 3apsAKY BaHTAXKHHX
€JIEKTPOMOOIIIIB Pi3HUX KIIACiB Ta PEXKUMIB pOOOTH.

Marepiaju Ta pe3yabTaTH J10CTiIKEHHS

Iadopmanis npo cyyacHuit craH iHdpacTpyk-
TYpH U BaHTQXXHHUX EIEKTPOMOOLUTIB PO3TJIsIIA€Th-
cs st kpain €C, a came @pantii Ta Himeuunau.

3rigno [1] Tineku 3a 2 kBaptan 2024 poky Oyio
npuabaHo 335 BaHTaxiBOK Macow Bix 12 TOH B
Himeuunni ta 149 y ®panmii. VY xnaci Bix 3,5 mo 12
ToH 728 Ta 412 OOMHMIG BiANOBITHO. A CcepelHb-
opiuHuit mpoOir [2] cknagae y xmaci 3,5-12 Ton 20—
40 THC. KM., a y Ki1aci Bij 12 ToH, ipu J0Ope po3BU-
HyTii iHpacTpykTypi 60—100 Tuc. kM.. KinbkicTb
IUKITIB 3apsiIKU MOXKE CKJIaJaTd y MaJloMy Kiiaci
300-700, a y Benmukomy 300-500. Yac 3BuuaitHuX
norictuaHuX omepariit [3] ckmanae Bix 30 XBUIMH
0 2 TOAWH TijJ 4Yac SKUX aBTiBKa 3HAXOAWUTHCSA Y
BUMKHEHOMY cTaHi. OTXe, JOLiTbHO BUKOHYBAaTH

© Becapab O. M., [lepesenko B. 4.,
l'opkoserkuit C. B., 2025

LWKITY Tia3apspkanas abo MOBHOT 3apsAaKy i 9ac
nux omepariii. J{ominpHO HaBECTH OpPi€HTOBHI TOKa-
3HHMKH Yacy Ta MOTYXHOCTI cTaHuid [4,5] mis aBTi-
BOK, paIliOHATBHUN THI 3apsSAKH, 1€ BiJ MIBUIKOI
3apsAnaKd A0 yibTpamBuakoi. [lotyxHocTi mepmroi
Big 50 mo 150 xBrt, yac 3apsinku 01m3bK0 2—3 TOAMH,
nOpyruit Tan notpedye Big 350 kBt ansg manoTtonHa-
*KHUX Ta Bix 1 MBT s cepeTHbOTOHAKHHUX EIIeK-
TPOMOOITIB, aJie 3apsIKa MOXKEe TPUBATH JI0 TOMHIL.

[HdopMarris 111010 MapKH 1 MOZIEITi BAHTAXKIBKU
Ta JaHi MIOAO 3apsaHOI CTaHIii HaBelneHO B Tal-
muni 1. 3amas OUTbII AETaNbHOTO OTISAY Y3ATO yci
MOXIIMBI 332 BaHTAKOMIAHOMHICTIO THIIH aBTIBOK,
sIKi, 3a3BUYail, BUKOPUCTOBYIOTBCS y KOMEPIiHHHX
MePEeBE3CHHSIX.

[lin wac aHamizy IOLUILHO PO3AUIATH aBTO-
MOOiTI Ha JIBI KATETOPii «JIETKi» Ta «BAXKKI».

[Moxin 3apsimHUX CTAHLIN AJISL «JIETKHX)» €JIEKT-
pomobiiiB (Hanpukian, Renault Kangoo, Mercedes-
Benz Sprinter, To6To Ti siKi BUKOPHUCTOBYIOTBCS JIJIsI
poOIT 10 HaceIeHOMY IYHKTY) i OLJIBIINX «BAYKKUX)
BaHTaXXIBOK (MaricTpalibHi IIepeBe3eHHs) MOXe OyTH
KOPUCHHM 3 KiIBKOX TOYOK 30Dy, ajie Iie 3aJIeKUTh
BiJl KiIbKOX (hakTopiB. Po3risiHeMO mirocu Ta MiHy-
CH TAKOTO MiAXOIY.

[epeBaramu oty 3apsyIHUX CTAHIIIH €:

1) onrtumMi3zartist iHppacTpyKTypH;

2) MOJUT CTaHIIH JOTIOMOXKE YHUKHYTH KOHKYPEHLIT
3a pecypcH Ta TapaHTyBaTH, IO KOXKEH TPaHCIOPT-
HUI 3aci0 OTpUMYyE HEOOXiJHY IIOTYXKHICTH 0e3
3aTPUMOK;

3) crpowIeHHSs MPOLIECIB 3apsKaHHS;

4) MpUCKOPEHHS MPOLECY 3apsKaHHS.

Jlerki xomepiiiiHi aBTOMOOIMI, Taki sk Kangoo
ta Sprinter, 3a3Buyaii MaroTh MeHIn Oarapei (Ha-
npuknan, 33—50 kBt'rox) 1 MOXyTh 3apsKaTHCS

Lle crarrs Bigkpuroro goctymy 3a jinensiero CC BY (http://creativecommons.org/licenses/by/4.0/deed.uk)
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Tabnuns 1
OCHOBHI JjaHi Ta XapaKTEPUCTUKU BaHTAKHUX €JIEKTPOMOO1LTIB
3asBieHu [MoTyxHicTh PexomennoBana Crpym 110, A
Ne Mapka Ta Mozienb mpoOir Ha 1 3apsTHOT Hampyra 10, B (DC) ’
3apsiii, KM cTaHuii, KBT (DC)
1 | Volvo FH Electric 300-345 250 750 330
2 | Mercedes eActros 300-400 160-400 800 500
3 | Scania BEV Truck 250-300 375 750 500
4 | MAN eTruck 500 1o 500 1000 500
5 | Renault Trucks E-Tech T 300 250 800 300
6 Mercedes-Benz eSprinter 150-400 115 400 288
7 | Renault Master E-Tech 200 130 400 325
8 | Renault Kangoo E-Tech 265 22 400 55
9 | Ford E-Transit Custom 380 125 800 156
10 | Citroén é-Berlingo 280 100 400 250
11 | Volkswagen ID. Buzz Cargo 400 170 800 213

3 MeHIUMH ToTyx)HocTaMu (7,4 kBt mma AC abo
50-150 kBt mms DC).

Benuki Bantaxisku (nanpukiaan, MAN eTruck,
Mercedes-Benz eActros) BumararoTh 3HaYHO OiNlb-
ol MOTYXHOCTI A7 3apsypkanHs (o 350 kBt Ta
BHIIIC).

st nerkux aBTOMOO1IIB MOKHA BUKOPUCTOBY-
BaTH CTaHIli 3 MEHIIMMHU IMOTYXHOCTSMH, SIKI MO-
XKyTh OYTH BCTaHOBJECHI Ha MEHIIUX MPOCTOpax,
HaIPUKIIAJ, Ha CKJIagaxX ado B MICHKHX 30HaX, y TOU
Yac sIK JiJIs BEJIMKUX BaHTa)KiBOK HEOOXIJIHI MOTYX-
HIIT 3apsAHi CTaHIIl 3 BEIUKOIO KiJIBKICTIO MPOCTO-
Py JAJIs MiJKITFOYCHHS T4 OXOJOKCHHS CHCTEMH.

MaiiiaHymKy, crieniajabHO MPU3HAYCHI JJIs JIeT-
KHX MalllH, MOXYTh OYTH OCHAICHI 3apsIHUMH
CTaHIIISIMH 3 TTiIXOSIIO0 MTOTYXHICTFO, IO MTPUCKO-
PUTB TIpOIIeC 3apsKaHHS IS TAKAX aBTOMOOLITIB.

Henosiku nojiny 3apsiHUX CTaHIIIN:

1) BuTpartu Ha iHPPACTPYKTYPY;

2) 30UIBIIECHHS CKIIaTHOCTI YIIPaBIIiHHS;

3) HEOOXiMHICTh y JOAATKOBUX MaiiTaHINKaX.

[onin 3apsaHUX CTaHIIA MOXe OyTH TOpOTHM,
OCKUIBKM TIOTpeOye T0aTKOBOTO OOJIaHAHHSA, Ha-
MPUKIIA] PI3HUX THIIB 3apsSIHUX MIPHUCTPOIB 1 JOTMO-
MixHOI iHppacTpykTypH. Lle 30inbmye BapTicTh OY-
JIBHUIITBA 3apsIHUX CTAHIIIN Ta X 00CITyrOByBaHHSI.

HasBHICTh KIIBKOX THINB CTAHIIM BHUMAarac BiJ
OIIEPaTOpIB CKJIQIHINIOTO YIPaBIiHHSA 1HQPACTPYK-
TYpPOIO i MOXE YCKIIQHUTHU JIOTICTUKY JIJISi KOPHUCTY-
BayiB, SKUM MOXK€ 3HAJIOOUTHUCS MEPEMIIATUCT MiXK
PI3HUMH THITAMH 3aPSIIHAX CTAHIIH.

st oty Moske 3HagO0OMTHCS OLIbIIe TUTOLII
JUIST BCTAHOBJICHHSI 3apsITHUX TPUCTPOIB, IO 0OMe-
KY€ MPOCTip, 0COOIMBO y MICTax i3 BUCOKOIO MIiJTb-
HICTIO 3a0Y/IOBH.

JouinbHo po3AinATH cTaHLii TakoX KOJIH Ha
OIIHIN TepuTOopii 0a3yITHCS 00MIBa TUIIH aBTOMOOI-
7B ab0 poOUTH OKpeMi MaliIaHYUKH 33 TEPUTOPIEIO.

HactynHuM nUTaHHSIM € OTpUMaHHS MPUOITU3-
HUX BiZIOMOCTEH 11010 MOXKIIMBUX IOJIEHHUX TPO0i-
riB. OCKINBKH IDIAaHYEThCA 3aMiHAa aBTOMOOLTIB 3
JBUTYHAaMH BHYTPIIIHBOTO 3rOPaHHS, TO EICKTPUYIHI
aBTIBKM TMOBMHHI BUKOHYBATH Ti X cami o0csTH po-
6otu. Buxomsun 3 BimoMocTeil moo podoTH Kiacu-
YHUX BaHTAXIBOK [6-8] B Tabmwmii 2 HaBeAEHO AaHi
Mpo cepeHii J0O0BUit MPoOir aBTiBOK.

Taomuws 2
Bimomocrti monxo mpoGiry
C Cepenniii
BanTaxomaiioMHICTb, . .
Ne J000BHUH POOIr,
TOHH
KM
1 Jo 3,5 40-100
2 3,5-12 150-300
3 Binpme 12 500-800

OTxe, NuIlIe BETUKOTOHHAKHUM MalllHaM, 1110
BHKOHYIOTh MaricTpallbHi IepeBe3eHHs HeoOXimHa
MiJ3apsiKka 3a YMOBH MaJioi EMHOCTI aKyMYyJISTOPIB.
JloLinbHO CyMICTHTH TIepepBY BOJIsl 3 3apsKaH-
HSIM, TOMY IIi CTaHIii JOIIEHO OyayBaTH OiNis 30H
BIJIOYMHKY JAJIEKOOIMHUKIB.

KisbKicTh aBTIBOK y KOXXHOMY Trapaxi MOXKe
CYTTEBO BINPI3HATUCH, aje NPUOIU3HE 3HAYEHHS,
sIKE MOYKHA Y35TH JIJIsl BAKOHAHHS POOIT 3 TECTOBUX,
MPHUOJIM3HUX PO3PaxyHKiB, BPaxoBYHOUHW naaHi 3 [9]
MOXyTh KosmBatuch Big 10 go 50 omuHuUIE B 3a-
JISKHOCTI BiJ po3MipiB MicTa Ta 00CsriB poOoTH.

CraH1ii ctij po3AiINTH 3a:

1. Tuniom KOpHUCTYBaHHSL:

a) 3arajJbHOTO KOpHUCTyBaHHA. ToOTO CKOpHCTaTHCA
MOJKe OY/Ib-SIKHi aBTOMOO1JIb;

0) ¢pipMoBOro KopucTyBaHHS. [laHHWi THIT PO3TAIIO-
BYEThCS Ha TepUTOpil (ipMH mepeBi3HUKA Ui
BJIACHOTO aBTOMAPKY.

2. XKuBjieHHIM:

a) TUIBKY BiJl COHSYHUX IMaHeeii. Pobora MoxkimBa-
JIUILIE 32 YMOB HasBHOCTI HEOOXiIHOI KUTBKOCTI CO-
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HAYHOI pafiariii, mpu HAIBHOCTI HAKOIIHIyBaviB
EHeprif,
0) koMOiHOBaHi. 3 OJHUM YU JCKiIBKOMa JKEpea-
MU KUBJICHHS K1 IMOBHICTIO YM YaCTKOBO MOKpPHUBa-
10T MOTPeOM TMOTyKHOCTI. JlaHi mKeperna MOXYTh
OyTH KJIACHYHOTO >KABIIEHHSI BiJl MEpEeXi omeparopa
CUCTEMH PO3MOJIUTY TaK i BiJ iHITNX BiJTHOBIIOBAIIb-
HuX oKepen eneprii (BJE);
B) TibKH iHII Buau BIE;
) «KJIACHYHI» BiJl MeEpexXi omepaTtopa CHCTEMH
po3noniny (po3risAaloThCs Ui HOPIBHIAHHS).

3. Turmom BCTaHOBIJICHHS:
a) CTaliOHAapPHI;
0) mepecyBHI/MOOLIBHI;
B) JUTSI )KUBJICHHS MEPEK THHAMIYHOI 3apsIIKH.

Posrnsaemo TexHiuHUI Oik peaizarlii mpoexTy
y JoKaJIbHOMY (hopMaTi. OCKUIBKU IUJIKOM JIOT19HO,
0 JIOKAJBHI MEPEXi CTBOPIOIOTH iHIIUH (opmar —
MicreBuil. Po3mimeHHs GoTOeNeKTpHIHNX MaHeren
Ha JIOTICTUYHUX 00’€KTax — II¢ CyYacHHH Ta KO-
JIOTIYHO CTIMKHMIA CHOCIO 3a0e3Me4nTH CHEPTiero
3apsAHi CTaHIMil /UId BaHTAKHUX EIEKTPOMOOLITIB.
Jlane pilmieHHs cTa€ Bce OUIBII MOIMYJISIPHAM Ta
C€KOHOMIYHO BWTIJHUM 3 PO3BUTKOM €JICKTPOTPAHC-
MOPTY, 30KpeMa BaHTAXKHUX aBTOMOOLIIIB Macor0 BiJl
3,5 no 12 ToH 1 Oigplue, sIKI BUMararoTb 3HAYHOI
KUTBKOCTI eHeprii ans 3apsiaku. JloricTuiHi meHTpH,
SK TPaBWJIO, MAlOTh BEJIMKI JaxH, IO 1AeaJbHO
MiIXOAATh JUIA PO3MIIIEHHS COHSYHUX ITaHENeH.
Taka iH(pacTpyKTypa J03BOJISIE HE JIMIIE 3HU3UTH
BUTPATH Ha EJIEKTPOCHEPTilo, a i CKOPOTUTH BYTJIe-
LIEBUH CIij, BIATIOBIIAI0YM CYYaCHUM €KOJIOTTYHUM
cTanmapraM. Maibke KOXEH IIOTICTUYHHH 00’ €KT
Ma€ KpUTY CIOpYyIy: CKJaj, mex Ttomo. Ha naxy
OymiBmi, e € BUTbHA IUIOHIA BiJ PO3MIIIEHOTO
oOnagHaHHA (CHCTEMH BEHTHIIALI1, KOHIUIIIFOBAaHHS,
OMMaJICHHsI TOIO), MOXKe OyTH palliOHAJIBHUM PO3-
Mictutu otoenekTpuyHi naxeni. CydyacHa TpOMH-
CJIOBICThH BHITYCKA€ TAHEIi 3 BUXIAHOIO MOTYXHICTIO
6mu3pko 500 BT Ta rabapuTHUMH po3MipaMu MO
JIOBXHHI 2—2,5 MeTpa Ta mupuHowo 1-1,2 MeTpwu.

PosrnsHeMo mpukiaa JOTiCTUYHOrO 00’€KTa 3
naxoMm mpubau3HuM po3mipom 200 Ha 100 meTpiB.
[Tnoma naxy cranoButh 20000 M%, 1m0 103BOJISIE
BctaHoBUTH  Omu3pko 8000  doToenekTpuaHuX
nanenei moryxkHictio 500 Bt koxxHa 3 ornsay Ha
HEOOXITHUN TPOCTIp /sl 0OCITyTOBYBaHHS Ta ONTH-
MAJIBHOTO PO3MIlIeHHs. 3 ypaxyBaHHSIM CTaHIapT-
HOi e(eKTHBHOCTI Ta MOXJHMBHUX BTpaT, Taka ycra-
HOBKa 3JIaTHa BUPOOJIATH MIKOBY MOTYXHICTh Bij 2,8
10 3,2 MBT. 1{p0ro 10ocTaTHBO IS 3apSAIKH KiJTbKOX
CJIEKTPOBAHTAXXKIBOK a00 MiATPUMKH POOOTH BCi€i
EHepreTHYHOI iHppacTpyKTypH 00'eKTa.

Constuni maHeni notyxHicTio 500 Bt Maroth
po3mipu 6sn3bko 2,3-2,5 M2, KoxkHa 3 HUX BUPOOJISE
Hanpyry 6mu3eko 35-40 B i ctpym 12-15 A B ymo-

oBax cranmapTHoro tectyBanus (STC). Jlns cTBO-
PEHHSI CHCTEMH, 10 3a0e3Meuye 3apsaHy CTAHIIIO 3
napamerpamu 800 B i 250 A, maneni MokHa 3'e1HA-
TH B MIOCITIJIOBHI CTPiHTH 10 20 MITYK JUIS TOCSITHEH-
Hs HeoOximHol Hampyru. lloTiM Taki cTpiaru 3'en-
HYIOTh TapajelbHO ISl OTPHUMAaHHSA IOTPiIOHOTO
cTpyMy. B nanomy Bumaaky motpiOHO 25 CTpiHTiB,
mo exBiBateHTHO 500 maneneii. lle mpuxman rayd-
KOi KOoH(irypariii, o T03BOJISIE aJaNTyBaTH CUCTMY
JI0 TOTpeOd KOHKpeTHOI 3apsaHoi craHiii. ToOTO Ha
LIBOMY KOMIUIEKCI € MOXKJIMBICTh BCTAHOBJICHHS JI0
16 3apsIHUX TTOCTIB.

[Tpy 1bOMY COHSIYHA EHEpris, 10 BUPOOISIETCS
MPOTSITOM JHSI, MOYKE€ BUKOPHCTOBYBATHUCS HE TiTbKH
JUIsT 0e3MOCepeTHBOTO 3apsHKaHHS eIIEKTPOMOOITIB,
aze i i iHmuX 1tei. Hagmumok eneprii crpsiMo-
BY€ETBCS B aKyMYJISITOPH [Tl HAKOTIMYCHHS Ta 30epi-
rasss abo 3arajipHy ejekTpoMepexy. HakonuueHHs
BaYKJIMBO JIs 3a0€3MeUeHHs CTa0lIbHOCTI CHCTEMH Y
MOXMypl JIHI YM BHOYI, KOJM COHSYHA TeHepallis
BifcyTHsA. Barapei Benmukoi emHOCTI, SKi 3a3BHYaid
3aCTOCOBYIOTbCA B TaKMX CHCTEMax, JO3BOJISIOTH
HAKOMUYyBaTH JOCTaTHI 00’eMu eHeprii Ta edekTu-
BHO 11 pO3NOALISTH.

Enepris, otpumana Bix (hOTOENEKTPUYHUX MMa-
HeJel, Moke OyTH KOHBEpTOBaHA y MOTPiOHI mapa-
METpU 3a JIomoMororo iHBepTopiB Ta MPPT-
KOHTpoJiepiB. [HBepTOpH NEpEeTBOPIOIOTH MOCTIHHUIA
ctpyM (DC) Bin naneneit va 3minani (AC), sKkio e
HEOOXITHO IS )KMBJICHHS OyJiBJIi a00 0OJIaHAHHS.
MPPT-koHTpOJIEpH ONTUMI3YIOTH POOOTY COHSIYHHX
MaHeJeH, O3BOJIAIOYN CUCTEMI 3aBXKAM MPALIOBATH
Ha TOYI[i MAKCHMaJIbHOI TTOTY>KHOCTI.

Ille omHi€ro mepeBaror BHKOPUCTaHHS (OTO-
CJICKTPUYHMX [aHeJed Ha JOriCTUYHHX 00 €KTax €
iXHs iHTErpauis B icHytouy iHppacTpyKTypy. 3aBas-
KM KOMITAKTHUM PO3MipaM NaHejel iX BCTaHOBJICH-
Hsl HE MOTpeOye 3HAYHUX 3MiH KOHCTPYKIIT Aaxy 4u
iHmmx gacTuH OyxiBii. e pobuts doroenexkrpuyHi
MaHeli yHiBepcalbHUM DIIICHHSM, K€ MOXKHA 3a-
MPOBAIUTH MPAKTHYHO HA OYb-IKOMY JIOTiCTHYHO-
My 00’ €KTi.

TakuMm ynHOM, (HOTOENEKTPUYHI MMaHeN Ha Ja-
Xax JIOTiCTUYHUX 00’€KTiB € ePeKTUBHIUM CIIOCOOOM
3a0e3MeUeHHs] €HEPTi€l0 3apsAAHMUX CTAaHLIHN AJs ere-
KTpOBaHTaXiBOK. lle m03BOJsiE CYTTEBO 3HUBUTH
3aJIeKHICTh BiJ 30BHIIHIX JPKEpeN eHeprii, MiHiMi-
3yBaTH BYTJICIEBI BUKWIN Ta OJHOYACHO ITiJIBUIIUTH
€KOHOMIYHY €(EeKTHBHICTb MiANPUEMCTBA. 3 ypaxy-
BaHH;IM 3POCTAIOYOT0 TOMHUTY HA €KOJIOTIYHO YHCTI
TEXHOJIOT1, MOMIOHI PIIICHHS CTalOTh HEBII'€MHOIO
YaCTUHOIO CTAJIOTO PO3BHUTKY JIOTiCTUKH.

[lepeBipuMo Halni MOYaTKOBI MPHUOJIN3HI poO3pa-
XyHKH. OCKUTBKU BUPIIIEHO PO3MIISJATH 3 aHATITHY-
Hoi Toukn HimMewunny Ta @paniiio, ToMy 3HalIeMO
B LILOMY PETiOHI CHOPYAY BiIMOBITHUX PO3MIpiB Ta
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npu3HaveHHs. Hampuknaln, JOTICTHYHHNA KOMILIEKC
cnopya Kyp’epcekoi pipmu UPS B Himewuuni Oins
Mmicta Byrnoax noomuzy ®panii. (Puc. 1).

3a J0moOMOroro OHJAiH cepBicy €BpomnenchKol
KOMICIi JJIsl aHaji3y COHSYHOI eHeprii Ta MPOeKTy-
BaHHA (hoToenekTpuyHux cucteM [10] po3paxyemo-
MO0 MicALSAX KiNBKICTh €Heprii, L0 T'eHepyeThCs,
BPAaXxOBYIOUH BHUKOPHCTaHHS MOHOKPUCTAIIYHUX
(hOTOENEeKTPUIHYX TTaHeIe! 3aralbHOI0 TOTYKHICTIO
3 MBrT. Bennuuna Brpat npuitasata 14% (3anporo-

HOBaHO CHCTEMOI0). BuXinHi AaHi Ui po3paxyHKy
HaBeJieH] Ha puc. 2. a i puc. 2. 0.

OtpumaHi pe3yibTaTd pPO3paxyHKy, HaBeJICHI
Ha puc. 3, CBiYaTh, 10 CyMapHa MIOMicsS4YHa TeHe-
pailist eleKTpoeHeprii POTOSIEKTPUIHOIO CTaHIIIETO,
PO3TANIOBAaHOIO HA JaXy JIOTiCTHYHOTO KOMILIEKCY,
ckimagae 100400 tuc. kBt rona. HaliHmkunii mokas-
Huk — 100 Trc. KBTTO/ B3UMKY Y TpY/IHI, HAHO1Th-
i — 400 trc. KBTTOA BIITKY Y YepBHI Ta JIAITHI.
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Kypcop: BukopHCcTOBYIHTE TiHi MicLIEBOCTI :
BubpaHo: 50,477, 8,643 PoapaxyHKoBMiA ropragHT m
Bucora (m): 260 ] B Bribepure hain  Bain He BolbpaH
PVGIS ver 53 3aBaHTaxuTh (ann ropuaoHTy
MepeiiTh Ha Bepcilo 5.2
MEPEXA NIOKMNIOHEHA -
: B EoExkTMBHICTE OO MEPEXI NB )
BUICTEIEHHS PV Basa laHnx COHAYHOTO MBrC-CAPA3 v
BUNPOMIHIOBAHHA ~
OFF-GRID L
PV TexHonoria KpucTaniyHwii kpemHii w
MICSHHI IAHI BcraHosreHa nikosa OTOBNEKTPUUYHA NOTYXHICT [KBT] © 3000
CUCTeMHI BTpaTH [%] *
LUOAEHHI JAHI

Craui "

AAHI NOTOAMHK MotTae nonomenHa

Haxun [7] "

AzamyT [7]"

™Y

HonaHo nax [ IHTerposaqa dbyaiena v
O ontumiayire Haxun

() OnTumizyiTe Haxun | asumyT

[J Uina doToenekTpnyHoi eHeprii
BapTicTs (hoToenekTpu4HOT CUCTEMU (Ballia BanoTa)

Biacotku [%/piK]

TpueanicTs XUTTA [poku]

® Bisyanisyiite pesynktati

EXEEDE

Puc. 2. Buxinai mapameTpu

E®EKTUBHICTE OEHETMB, mﬂ'w no MEPEXI : PE3YNIBTATH ® PVeiwdl @ BMNpOMiHIOBAHH Oluqmpuaum BPDF
Pesiome Ljomicsynmit BUXiA eHepril Big i cucTemm 3 dil KyTOM KoHTyp ropusouty
: 3 n
— -—
m?um [wwparal 504778643
Topu3oHT Pospaxosato - ,
BuropucTana a3a ganmx MBrIC-CAPA3
PV TexHonoria Kpucraniusmi —
KPEMHI 3
PV scraHosnesuit [KWp]: 3000 f 300K
CucTems Brpam [%] 1% S
3
& w E
KyT Haxuny [ 35 >
AsumyTansHuA gyT [°) 0 -
Piute BupobHMLTEO dhoToenekTpirHOT 314375374
eneprii [kBTrop] 100 N
PiuHe QnpoMiHenHsa 8 niTaky [kBT-ronm 2 | 135971 '
Piuna MirnusicTs [kBT-roa]: 15836029 5
Sutien y BMMYCKY Yepes 0k I Horizon height
KyT napjues [%] 305 Jan Feb  Mar  Apr Mgy  Jun Jul Aug  Sep oct Nov  Dec == Sun height, June
Crexpansi edierm 4] 175 Manth = Sun height, December
Taamepmypa Ta HU3bKA OCBITNEHICTL. -815
3aransHi sTpaTm [%] -2293

Puc. 3. lllomicsiuHa reHeparis eJIEKTPOSHEPTil Bil POTOEIEKTPHYHOT CHCTEMU

TakuM 4rHOM, 3amporOHOBaHA (OTOENEKTPUY-
Ha CTaHIlsl B3UMKY 3a MICAIb JO3BOJISIE BUKOHATH
npubu3Ho 2000 HOBHMX 3apsjiOK, 1€ CTaHOBHTH
npubnu3Ho 6 aBTIBOK Ha 100y. BiiTky mpoTsrom
100U € MOXKJITUBICTD 3apsIUTH 10 24 aBTIBOK.

BucHoBkn

PO3BUTOK 1 PO3MOBCIO/PKEHHS CICKTPUUHUX Ba-
HTa)XKHUX aBTOMOOLITIB € HE3BOPOTHIM IPOIIECOM, IO
norpedye po3poOKHM HOBHX KOMIUIEKCHUX TiIXOJIB
JI0 TX 3apsDKAaHHS 3 ypaxyBaHHSIM €KOJIOTIYHUX BH-
MOT.

ITepcneKTHBHUM EKOJIOTIYHUM CIIOCOOOM  3a-
0€3MeUNTH CHEPricl0 3apsHi CTAHI I BaHTaX-
HUX €JIEKTPOMOOLTIB € po3MillieHHS (POTOSICKTpUY-
HUX MaHelel Ha JOTiICTHYHUX 00’€KTax, 1eXax, Top-
FOBHX LIEHTPAx Ta IHIIMX 00’€KTax 3 3HAYHOIO BiJb-
HOIO TUIONICIO JIaXy. 3alpolOHOBaHy CUCTEMY He00-
XIJIHO JIOTIOBHUTH IHIIMMH JKEPEIaMH JKUBJICHHS
BHACITIJIOK 3HAYHOTO KOJHMBAHHS MOTYXKHOCTI, IO
TeHEPYETHCS, Yepe3 3MiHy MOTOTHIX YMOB.

Po3poOka KOHKpETHHX TEXHIYHUX pilIeHb 3
BIIPOBQ/KCHHST 3alpONOHOBAHMX CHUCTEM 1 BH3Ha-
BU3HAYEHHSI 1X TEXHIKO-€KOHOMIYHUX MOKAa3HHKIB €
aKTyaJIbHUM HAIPSMKOM TOJANBIINX AOCIIIKEHb.
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Assessment of the possibilities of charging electric trucks
from photoelectric panels

O. Besarab, V. Derevenko, S. Horkovskyi
Odessa Polytechnic National University

Abstract. The work examines the potential of using solar photovoltaic panels to charge freight electric
vehicles of various classes and operating modes. It delves into the key electrical characteristics of freight
vehicles manufactured for the European market, including: range per charge, charging device power, volt-
age, and current as recommended by the manufacturer. To facilitate a comprehensive analysis, the study
categorizes vehicles based on their carrying capacity, ranging from small commercial vans to semi-trailers
designed for long-haul transportation. The research proposes several strategies for optimizing the charging
process, highlighting both their advantages and drawbacks. One approach involves dividing the charging
time for large vehicles during the day and smaller vehicles at night. Another strategy suggests allocating
separate charging areas for different vehicle types. The study presents a theoretical case study involving the
installation of a charging station at a logistics facility belonging to the UPS courier company in Germany.
This case study utilizes the European Commission's online program for solar energy analysis and photovol-
taic system design to perform relevant calculations. It is shown that photovoltaic panels on the roofs of
logistics facilities are an effective way of providing energy to charging stations for electric trucks. This
makes it possible to significantly reduce dependence on external energy sources, minimize carbon emissions
and simultaneously increase the economic efficiency of the enterprise.

Keywords: electricity, photovoltaic panels, charging station, electric trucks, average daily mileage.
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