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Anomauia. Y cmammi npogedeno ananiz ocobnugocmeti enepeemuxi 1ighmosux 080UBUOKICHUX ACUHX-
PDOHHUX O8USYHIG Y OUHAMIYHUX pedcumax. [ocrioxceno pexcumu pobomu npu 6apiamueHux MOMEHmMax Ha-
BAHMADICEHHS MA iHepyii, XxapakmepHux O0Jis Aipmogo2o enekmponpusody. Becmanosneno, wo obonik enexm-
POMACHIMHUX NepexioHux npoyecié iCMomHo 6NIUBAE HA eHepeeMUYHi NOKAZHUKU NYCKY, 2albMY8aAHHA Ma
pesepcy, 0cobuEo 3a HYIbOBUX NOYAMKOBUX elleKmpomazhimuux ymosax. Ilokazano, wo gopmyeanns ke-
PYIOUUX 8NIUGIE O03BOJIAE CKOPOMUMU MPUBANICIb NEPEXIOHUX NPOYECIE | SHUSUMU eHepeemUYHi 6mpamu.
Busnaueno, wjo 3menuienns nepexionux MOMenmie 3a paxyHox 3MiHHO20 Kyma 6KIIOYEHHS 6eHMUNIE MUpuc-
mMopHoi cucmemu ynpasuinHa 3HA4YHO NOKPAWYE eHepeemuKy nepexionux npoyecie y nighmosux 08UyHax.
Exonomia enepeii, wjo docseaemucs, HeNiHIIHO 3anedcumsb 6i0 0OPAHO20 3HAYEHHS KYma YNPAGIiHHS 6eHMU-
26 i mae excmpemym. Pezynomamu 3a6e3neuyroms HAyKo8y 0CHOBY OJisl pO3POOKU ANCOPUMMIE YNPAGIIHHSL,
AKI 3a0e3neqyioms 6UCOKY OUHAMIKY ma eHepeoegheKmusHicms pobomu pedyKmopHuX nighmosux 1eb6iook
MPaouyitHoi KOHCMPYKYIL 8 YMOBAX 3MIHHUX eKCHIAYAMAYIUHUX NAPAMEmpIs.

Knwuogi cnoea: enepcemuxa, nipmoguii acuHxpoHHUll 0BUSYH, eeKMPONpusio, nepexioui npoyecu,
MUPUCMOPHE KePY8anHsl, NOYAMKOBIL eleKMPOMAHIMHL YMOBU.

Humysanns cmammi. Boiiko A. O., Haiinenko O. B., 3a6pouskuii C. M., Ianos B. B., Manimescekuii C. A. (2026). Enepretnunuit
aHaJ3 TMepexiJHUX MpPOILECiB aCHHXPOHHUX NBHUTYHIB NiTIB. Ezexmpomexniuni ma komn tomepui cucmemu, 45(121), c.6-14.
doi:https://doi.org/10.15276/eltecs.45.121.2026.1

Beryn XOBI OyAHMHKH, siKi OyayBanmucs 3 movatky 70-X po-
KiB MUHYJIOTO CTOJITTSI.

TupucTopHi cucTeMH YHpaBIiHHA JeOiIKaMu
«TPaJMLIAHOT KOHCTPYKIII» 3aCTOCOBYIOTBCSA SIK
3aMiHa peJelHO-KOHTAaKTOPHUX CHCTEM YIPAaBIiHHSI.
IX OCHOBHI mepeBaru MOJATarOTh y MPOCTOTI CXEM
yOpaBIliHHS, BHCOKIM HamiiHOCTI OE3KOHTAaKTHOL
amaparypu,  JOCTaTHbOI  TUIABHOCTI  IYCKO-
raJbMIBHHUX MEPEXiTHUX MPOLECIB, NPAaKTUYHIN BiJ-
CYTHOCTI HaJlarofKyBajlbHUX POOIT IpW BBEIECHHI B
eKCIUTyaTallil0 Ta B XOAl eKCIulyartalii, MpoCTOTi

HeoOxigHuM yMOBaM THIIOBHX ONTUMAabHHX
niarpaM pyxy MiHIMaIbHO 3aJ0BOJIBHSIOTH Iaca-
KHUPCHKI M(TH 3 J1e0iIKaMu 3 YepB'STYHUMH PEIlyK-
TOpaMH, JIBOIIBHJIKICHUIMHA ACUHXPOHHHUMH JIBUTY-
Hamu (AJl) 1 HeperyJIbOBaHHUMH CHUCTEMaMH YIpaB-
minag. Taki nmidToBiI 7€0iAKM 3aBISKK IIUPOKOMY
3aCTOCYBAaHHIO XapaKTEPU3YIOThCH SIK  «JI€OIIKH
TpaauuiiHoi KoHCTpyKUii» [1]. B manmii yac, naca-
KUPCBKHMU JiTamMu 3 TOMIOHMMH JeOigkaMu B
VYkpaini MmacoBo 00JagHaHI KHUTIOBI OaratornoBep-

© boiiko A. O., Haiinenko O. B., 3abpomnpkuii C. M., [BanoB B. B., Mamnimescekuii C. A., 2026
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excrutyatauii. [Ipu npomMy B mepeBakHii OibIIOCTI
BHIIAJKIB HIETHCSA MPO HEPETyIhOBaHI THPHUCTOPHI
CHCTEMH YIIPABIIHHSI ACHHXPOHHUMH JBOILIBHIKIC-
HUMH JTiQTOBMMH ABHTYHamu [2]. 3acTocoByBaHi
TUPUCTOPHI CHUCTEMH YIPaBIiHHSA (DAaKTUUYHO BHKO-
HYIOTh (DYHKIIIT O€3KOHTAKTHUX KOMYTAIIHHUAX MPH-
CTpOIB - MyCKauiB, 0 3a0e3MeuyI0Th MYCK, TalbMy-
BaHHS Ta OOEpTaHHs JBOIIBUAKICHUX Ji()TOBUX
ACMHXPOHHHUX JIBUTYHIB B 000X HaIlpsIMKaX 3 ypaxy-
BaHHAM 33JaHUX BHMOT.

1 AnaJji3 JiTepaTypu Ta NOCTAHOBKA
npooaemMu

OcCoONHBICTIO €HEePTreTHUKH TEePEeXiTHUX Ipolle-
CiB aCHHXPOHHUX JI(TOBHX €JIEKTPONPHUBOIIB Y
HEKEPOBAHUX PEKUMAaX € HASBHICTH BUIBLHOI CKJIAI0-
BOi eJNeKTpOMarHiTHoro MomeHTy [3,4]. BimpHa
CKJIaJI0Ba 3HAYHO BIUIMBAa€E Ha e()EKTUBHICTH MeEpeT-
BOpEHHS eHeprii Ta 6aratopa3oBe KOJHMBaJbHE 3ara-
carode MEepeTBOPEHHS €HEPTii MK CTaTOPOM Ta Po-
TOpPOM acWHXpPOHHOTO ABWryHa [5]. Haituacrimre
KOJIUBAHHS E€JIEKTPOMAarHiTHOTO MOMEHTY IPH3BO-
JSITh 0 KOJHUBAIBHOTO OOMiHY €HEpriero Midk KOH-
TypaMH JBUTYHA 1 IOTiPLUICHHS €eHEPreTHYHUX ITOKa-
3HHKIB [6]. AJie, MOXIIUBI i TPOTHUICKHI BHUITAJIKH,
KOJIU JIisl eIeKTPOMAarHiTHOTO NIEPEXiTHOTO MOMEHTY
MOKpallye eHepreTuky npouecy [7]. Tomy anroput-
MU THPHCTOPHOTO YIPAaBIiHHS, 10 3a0e3MevyIoTh
3MEHIIEHHsI IHTEHCHBHOCTI €JIEKTPOMArHiTHUX IPO-
1eciB a0, HaBMAaKH, iX CIEIiATbHOTO (OPMYyBaHHS,
CHPUSIOTH TOJMIIIICHHIO K IMHAMIKH, TaK 1 eHepre-
THKH €NIEKTPONIPUBOAY Ji(TiB [8].

MerTo0 AOCHKEHb € aHalli3 0coOIUBOCTEl
EHEePreTHKN TEepPeXiTHUX TNPOIEeCiB JiPTOBUX IBO-
MIBUJIKICHUX ACHHXPOHHUX JBUTYHIB 3 THPHUCTOP-
HOIO CUCTEMOIO YIPABIiHHS.

2 OcHOBHUIi MaTepiaa J0CTaiTKeHHS

Enepeemuxa npoyecy nycky. Posrmsaemo
BIUIMB €JIEKTPOMArHITHUX IMEPEeXiTHUX MPOIEeCiB Ha
EHEePreTHKY MPSIMOro HEKEPOBAHOTO IIYCKY OOMOTKH
BUCOKOT HIBHIKOCTI Ji)TOBOr0 ACHHXPOHHOTO JIBH-
ryHa ACC 92-6/24 3 HynbOBUMH ITOYATKOBUMHU elie-
KTPOMarHiTHUIMH YMOBaMH 3 JIBOKDATHUM MOMEH-
toM iHepuii. [Ipu mycky BxosiocTy B 0OMOTLI poTopa
BUIISIETCS eHepris BTpaT AA,e, 110 OPIBHIOE
KIHETHYHIN eHeprii eIeKTPOIPHBOILY, HAKOMWYCHOT
3a gac mycky [9]. B oOmotmi craTopa 3a mei dac
BUAIMUTBCA eHepris AA,, mnpomopuiiiHa eHeprii
BTpaT B OOMOTIII POTOpa 1 BIIHOIIEHHIO OIMOpiB 00-
MOTOK

R
Aui = DAyt M

TyT i gani yncenbHi BUpa3u eHeprii BTpaT Npu-
BOJAATHCS y BIAHOCHHUX OJHMHHUILIX, € 33 OCHOBY
MIPUHHATA KiHETHYHA EHEPrisl eJIeKTPONPUBOLY TpH
CHUHXPOHHIH IIBUIKOCTI.

SKmo 3a yac MycKy NpUIHATH 4ac TOCATHEHHS
CHHXPOHHOI IIIBUAKOCTI, TO BTPaTH B OOMOTIIi POTO-
pa ctaHoBisITE 1,342, T0OTO Ha 34,2% Olnblie, Hix
TEOPETUYHO OYiKyBaHi. BTpatu B 0OMOTHI cTaTopa
3a 1et gac (1) ckmamm 1,33. CrpaBxkHi BTpatu 00-
MOTIII CTaTopa, BW3HAYEHI IHTETPYBaHHAM HOTO
KBaJpaTUUHUX CTpyMiB, ckiamu 1,735. PizHuns y
BTpaTax MOSICHIOETHCS YPaXyBaHHSAM B OCTaHHBOMY
BHITAJIKy BIJIFHOI CKJIaIOBOI CTPYMy CTaTopa i HasB-
HICTIO B HBOMY CKJIaJIOBOI CTPyMy HaMarHiuyBaHHS,
oo He BpaxoByeTbca BupasoM (1). JocsaraeHus
LIBUIKICTIO 3HAYEHHS CHHXPOHHOI, TaKOX O3HAyae
3aKiHYEHHs Tpoliecy mycky. [laii ine npouec nepe-
peryioBaHHS Ta 3aTyXaroui KOJIMBAHHS I0OJ0 CUHX-
POHHOT MIBUAKOCTI. 3a Yac 3racaHHs B OOMOTIII CTa-
TOpa BUAUIAETHCA A0AAaTKOBO mie 2..3% Ta B poTopi
1o 1% eneprii. Bka3zani undpu 30i71bIIeHHS BTPAT B
00MOTKaX ABUI'YHA MOKHA BBaXKaTH TUIIOBUMH.

3i 3pocTaHHSAM MOMEHTY iHepIlii BiHOCHE 30i-
JIBIIIEHHSI BTPAT CTa€ MEHIIe, OCKIIBKH 301JIbIIY€ETh-
cs 0a3za, 3a SIKOIO PO3PaxOBYETHCS CHEPris, Xod4a
a0CONFOTHI 3HAYEHHS BTPAT 30UIBIIYIOTHCS Maibke
MPOIOPIIHHO A0 30UIbIICHHS iHepuiiHocTI. Harpu-
KJIaJ1, Ipy cyMapHOMy MoMeHTi iHepii 8, 20 1 50 Jy,
BiJIHOCHI BTpaTH B pOTOpi CTaHOBIATH 1,23; 1,064 Ta
1,018 BimmoBigHO. TakuM YUHOM, E€NEKTPOMATHITHI
MEPeXifHl MPOLECH CHPHUSAIOTh 301IbIICHHIO BTPAT
MIPH TYCKY 1 TIOJNIMIIEHHS! €HEePreTUKH IyCKY B YCiX
BUIAJIKaX € aKTyaJbHUM 3aBJAaHHSIM, HaBITb IPH
3HaYHOMY, 710 20 - 50-KkpaTHOMY 30iJIbIIEHH] MOMe-
HTY iHepuii npuBoxy. [Ipu kepoBaHOMY IMycKy oui-
KYETBCS, 10 Y 3B'SI3KY 31 3MEHILEHHSM, a00 IOBHOIO
JMKBIAI€I0 BITBHUX CKJIAIOBHUX CTPyMYy, €Hepre-
THKa MOke OyTu noimiieHa [10].

Bimomi Tpu HaiiOinbIn mommpeHi crocodu yri-
paBiiHHs myckom AJl: Oe3ymapHWi TycK, ITyCK 3
MOCTIHHUM 3HAYEHHSM KyTa BKJIIOYCHHS BEHTHIIIB
TUPUCTOPHOTO ITycKada i MyCK 31 3MIHHHUM KyTOM
BKJIFOUEHHS. BiamosigHo a0 anroputMmy 0e3yaapHO-
ro MyCKY CIOYAaTKy MPOBOJHUTHCS BKIFOYECHHS JBOX
(a3 oOMOTKM cTaTopa Ha JiHIHHY HANPYTy 3 KyTOM
90 en. rpan. monxo wiei Hampyru, a MOTIM, 4Yepes
YBEpTh MEpioLy, KOJIM HAacTae MakCUMyM (azHoi
HaNpPYTH TPeThol (a3 Mepexi, MPOBOIUTHCS ITijIK-
JOYeHHs TpeThoi (asu odMoTku cratopa. [lpu Tta-
KOMY JI€TepMiHOBaHOMY NO(a3HOMY BKJIIOUEHHI
arnepioJiiuHa CKIIQJIoBa CTPyMy HamarHiuyyBaHHS He
BHHHUKAE, BIAMOBIAHO BIJCYTHI 1 MEepeXiaHi CKJIaJ0BI
enekTpomarHiTHoro mMomeHty [11]. Ocumnorpamu
MyCKYy JIBUT'YHA, MPSIMOTO HEKEPOBAHOro Ta Oe3yna-
pHOTO, HaBEICHI HAa PUCYHKaX 1, 2, BiATOBIIHO.

ABTOMAaTH30BaHI CIEKTPOMEXAHIYHI CHCTEMHU 7
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Puc.2 - Ocuunorpamu xoopausat AJl mpu kepoBaHoMY 0e3yIapHOMY ITyCKY,
M = 1My, Jeym = 2) 1

Mw=0,2/men
mt=0,02 ¢/gen

OcobnuBicTIO CTOCOOY € Te, MO MPOTITOM
0,005c abo uBepti mepiomy, AJl 3HaxomuUTHCS B
NBO(a3HOMY PEXUMI KHUBIICHHS, MOMEHT HOTO JO-
PIBHIOE HYJIFO, a MycK (3MiHA MIBHIKOCTI) MOYHHA-
€THCS TUTBKY MICISI MiAKIIOYEHHS 10 MEPEXi TPeThoi
¢da3u obmorok [12]. Takuii myck MOKHa Ha3BaTH
MyCKOM 3 HEHYJbOBUMH MOYATKOBUMH €JIeKTpoMar-
HiTHEMU ymoBamu (IIEMYVY). Brpatu B oOMOTKax,
IpY LbOMY 3HAYHO 3MEHIIEHI B MOPIBHAHHI 3 Mps-
MUM TyckoM. Hampuknan, asst mi¢pToBOro JIBUTYHA
ACC 92-6/24, Brpati B poTOpi 30UIBIIEH] JIMIIE HA
12,2%. B wux «Mictutbes» 5,7% BTpaTr mim 4ac
NBo(a3HOrO BKIIFOYCHHS JIBUTYHA, KOJIU MYCK IIE HE
mouyaBcs. | Bce x Takm, e ~5% BTpaT y poTopi i,
BiIMOBiTHO B craTopi AJl, siki MOXHa BBa)aTu J0-
JaTKOBUMH IO BiJIHOLICHHIO O KIACHYHOI'O BHPa3y
BTpaT. OCOOIMBICTIO CITOCO0Y € Te, Imo Jac O6e3yma-
pHOTO MYCKY, HaBiTh 3 ypaxyBaHHAM dHacy ABO¢as3-

HOTO BKJIFOUEHHS, JIJIsl JIBUT'YHIB 3 BUCOTOIO oci 100
MM TIPaKTHYHO HE 3MIiHIOEThCA. J[JIsl IBUTYHIB 3 BH-
cororo oci 160 ta 280 MM BOHO 3MEHIIIY€ETHLCS TIOPi-
BHSHO 3 MPSIMUM HEKEPOBAaHUM ITyCKOM [7].

[IpurniueHHs TepexilHUX MOMEHTIB 3a paxy-
HOK BBEJEHHS TIOCTiifHOro abo 3MIHHOTO KyTa
BKJIFOUEHHS BEHTHJIIB 3HAYHO MOKPAIIy€ SHEPTETUKY
mycKy. EkoHOMIs €HepTii, 0 ToCSATaeThest, HEeTiHIHi-
HO 3aJICKUTh BiJl OOpaHOrO 3HAYEHHS KyTa 0 1 Mae
excTpemyM. Hanpukiaza, mpu mocTifHOMY KyTi yII-
PaBIIHHS HalKpali pe3yabTaTH Ja€ o = 75 en. rpaj.
[Ipu ninidHiA 3MiHI KyTa i3 3amaHuM 4dacom 0,2 c
HaMKpall pe3yJibTaTH Ja€ BUMAMOK 3 MOYATKOBUM
3Ha4YeHHAM KyTa 60 en1. rpa.

TyT, oueBUmHO, Tpeba BUOMPATH MaKCUMAIILHE
MOETHAHHS CTYTICHS 3MEHIIICHHS NEPeXiTHUX MOMe-
HTIB 31 30UIBIICHHSAM KyTa YIIPaBIiHHSA Ta CTYICHS
BILUTUBY BHIUX TapMOHIK CTpywmiB. [Ipu mmaBHOMY

8 ABTOMAaTH30BaHi €JIEKTPOMEXaHIUHI CHCTEMHU
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MYCKY MiJ HABAaHTXXCHHSIM 4ac 3HaxomxeHHs A/l B
o0JacTi MiABHIEHNX KOB3aHBb 30UTBIIYETHCS, BTPa-
THB OOMOTKaX 3pOCTAaOTh 1 MOXYTh NEPEBUIIUTH
BTpaTH MPHU OPSIMOMY IYCKy, TOMY THPHUCTOPHHUUN
TUTaBHUI MYCK MiJl HABAHTAXKCHHSM CIiJ] 3aCTOCOBY-
BaTH 00EPEeXHO, 00 YHUKHYTH 3aiBIX BTpaT (Ta0I.
1). O4eBHaHO, BUTpAIIHUM Yy IHMX BHIIQJKaX CTa€
0e3yIapHUI TYCK.

Tabmums 1 - Enepreruka mporecy IUTaBHOTO
nycky Bxosocty asuryHa ACC 92-6/24 (Jz = 2] )

o, em. e AAyi AAyy AAy,
rpan. ’ AAy1,20 AAy1y AAyzy
70 0,2389 3,233 1,967 1,266
80 0,2915 3,348 2,136 1,212
90 0,4237 3,515 2,215 1,300
100 0,8001 3,624 2,299 1,325

Enepzemuxa npoyecy pesepcy. llpouec pesepcy
CKJIaJa€ThCsl 13 JBOX eTamiB. Y TIEpIIOMY IMPOBO-
IUTHCS TaJbMyBaHHS [0 HYJNbOBOi IIBHIKOCTI B
peXHMi TPOTHBMHKAHHA, y APYTOMY - PO3TiH abo
MycK y mnpotuiekHuii Oik. TeopeTuuHo eHepris
BTpaT B OOMOTIII POTOpa 3a Yac rajbMyBaHHS IPO-
TUBMHKAHHSM BXOJIOCTY IIOBHHHAa CTaHOBHUTH TpU-
pa3oBe 3HAYCHHS KIHETHYHOI eHeprii mpuBory. Take
ySIBIICHHS BiJIOBiZla€ MPOTUBMHUKAHHIO 3 HYJIHOBH-
MU TIOYaTKOBHMH €JIEKTPOMArHiTHUMH YMOBaMH,
X04a 3aBASKM TEPLUIOMY MKy €JIEKTPOMarHiTHOTO
MOMEHTY 1 OLIBII IHTEHCUBHOMY TrallbMyBaHHIO, Ha
MPaKTHUI, EHEPrisi BTPAT MOXE BUSIBUTUCS] MEHIIIOKO.
Hanpukinan, ans migroBoro neuryna ACC 92-6/24
NpU TPOTHBMHUKAHHI 0€3 JJ0JaTKOBOTO MOMEHTY
iHepIil mepmwuii MK MOMEHTY CTaHOBUTH 4,6My i
BTpaTd B poTopi AA: = 2,15. Ilpu Jz = 5] Bxe
AAy2 = 3,26 1 Tineku npu Jz = 20 BTpaTH B pOTOpI
HaOMDKAIOTBCS IO TEOPETUYHUX YOTHPUKPATHHX.
PosrnsHyTHIl BUNIAJIOK MPOTUBMUKAHHS 3 HYJIbOBU-
Mu IIEMVY MoxHa po3rismaté sSK TEOPETUIHHM.
PeanbHo mporiec peBepcy MOYMHAETHCS 3 He3arac-
JIUM MarHiTHUM I10JIeM, OCKIJIbKM MiHIMaJIbHa 11ay3a,
HeoOXxiaHa i 3akpuBanHs Tupuctopis TIIH oxniei
IpyNu Ta BiIKPUBAaHHS 1HIIOI IPyNU CTaHOBUTH IO-
JIOBHHY Tiepioay Hampyru mepexi ado 0,01 c. 3a mei
Yac MarHiTHUH MOTIK MPAKTUYHO HE 3racae mo adbco-
JIOTHIN BENWYUHI, aJie 3HAaYHO 3MIHIOEThCS (ha3za abo
KyT MIX y3araJlbHEHHM BEKTOPOM HANPyTd MEpexi
Ta BEKTOPOM MOTOKO3YeIIeHHs potopa. [lpu mps-
MOMY MiJKIIOYEHHI A0 Mepexi 31 3MiHEHUM HOpsiI-
KoM uepryBaHHs (a3 B AJ] 30yDKYETbCS €IEKTPO-
MAarHiTHHA MOMEHT BEJIMKOI aMIUTITY/I{, HAIPUKIIA/L
JUIl JIBUTYHA, IO PO3IIIANAETHCS, BiH CTAHOBUTDH
9,7M,. Ilpu takomy iMmmysnbci Momenty, AJl, HaBiTh
3 BEJIMKAM MOMEHTOM iHepIlii iHTEHCHBHO TajbMy-
etbest [12]. Tlpudyomy 1eit mporiec He Ma€e HI4oro

CHUIBHOTO 3 MPOLECOM MapaMEeTPUYHOIO PETYJIo-
BaHHs, TakK SK 3HaYHE 3MEHIIEHHs LIBUAKOCTI Big-
OyBa€eThCs i Ai€I0 OJHOTO IMITYJIECY MOMEHTY TpH
HE3MIHHOMY KOB3aHHI a00 KOB3aHHi, 1110 3MiHIOETh-
csl He3HauHO. B pesynpTati BTpatu B 0OMOTII pOTO-
pa A/l BUSBIAIOTECS HA0araTo MEHIIMMH 33 OYiKY-
BaHi. Tak, npu ranemyBanni ACC 92-6/24 6e3 nona-
TKOBOI iHEpLIIfHOCTI BTpaTH B 0OMOTILI poTopa AA,.
= 1,2, mo BTpWYi MEHIIE BiJl OYiKyBaHUX 1 OJHM3BKI
0 TEOPETUYHHX BTPAT MPH MYCKy. 3OUIBIICHHS
MOMEHTY 1HEpLii Jelo HiBelroe med eQexT, ame
HaBiTh 3a HOTO 3HAYHOTO 301IBIICHHS BTPATH 3aJIH-
IIAIOTHCSI MEHIIIMMH, HiK mpu peBepci A/l 3 Hymbo-
Bumu [IEMY. Hanpuknan, 3a Jx = 2; 5; 10; BTpatu y
potopi cranoBATh 1,893; 2,971; 3,563. Ananoriuna
3aJIeXHICTh 1 B 00MoTII cratopa A/l.

OCoO0NHBICTIO MPOLIECY PEBEPCY € IIBHIKE 3ra-
CaHHS eJEKTPOMArHiTHUX MEPeXillHUX MOMEHTIB,
TOMY IIiJl Yac MiAXOIy J0 HYJIbOBOI IIBUIKOCTI JBH-
T'YH (paKTUYHO TMPAIIOE CTATUYHOT MEXaHIgHOI Xapa-
krepuctuni [13]. Tomy enepreruka apyroro eramy
peBepca-po3roHy y 3BOpOTHHIA Oik Mae OyTH OIMK-
YOI 0 1I€aTbHOTO TEOPETHYHOTO BUMAJKY, HIXK Y
PO3MIIIHYTUX BHMAAKax Mycky. Crpapii, MOYHHAIO-
Yh 3 CyMapHOro MOMEHTY iHepuii Jz = 2 i Bue,
CHEepreTHKa PO3rOHY HE 3aJICKHUTh Bif MOYAaTKOBUX
€JIEKTPOMArHITHUX YMOB NMPOTHUBMUKAHHS, & BTPATH
BUABJIAIOTHCS OJIMOKYE N0 KilacuuyHol oxuHuni. Ha-
npukiazn, 3a Jz = 2; 5; 10; 20 BTpaTu B poTopi 3a yac
posrony cranouiu 1,18; 1,11; 1,019; 1,014; 1,009.
Pi3Hnng y BTpatax y BHIaIKax 3 HYJIbOBHMH Ta
HeHynboBUMHU [IEMY nposiBIs€eTbCS y TPETHOMY-
YETBEPTOMY MOPSAKY 3HaueHb. llpn Jx < 2], moun-
Ha€ MPOSBISITUCS Jisl HE3aTyXalounX eJeKTPOMAarHi-
THUX MOMEHTIB. Ile 0COOJIMBO NPOSBISIETHCS, SKIIO
peBepc A/l mounHaBCS 32 HEHYJIBOBHX MOYAaTKOBHX
€JIEKTPOMArHITHUX YMOB.

VY 1abn. 2 HaBeJeHO XapaKTepHi 3HAYEHHs eHe-
pPreTHKH NPOTHBMHKAHHA 3 HeHyIb0BUMHU [IEMY Ta
posrony EMC 3a pi3HHX CyMapHUX MOMEHTIB iHep-
mii.

Tabnuus 2 - Brpatu eHeprii i yac
MPOTUBMUKaHHs Ta po3rony nsuryna ACC 92-6/24
npu pesepci 3 HeHynpoBuMu [IEMY

CyMapHuii MOMEHT iHepIil

Pexum ITapamerp EJIEKTPOIIPUBOLY
3Ju pAM Ju
Ipotu- AAn 1,894 1,452 1,119
BKJTFOYCHHS tnp,C 0,0537 10,0322 0,0212
. AAy2 1,134 1,519 1,727
Posrin

tp,C 0,0827 10,0509 0,0402

Jani Tabauii 11e pa3 miaTBepIKyOTh, 10 Hasi-
BHICTb €JIEKTPOMArHiTHUX NEePeXiJHUX MOMEHTIB

ABTOMAaTH30BaHI CIEKTPOMEXAHIYHI CHCTEMHU 9
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MIPUCKOPIOE MPOIIEC ralbMyBaHHS MPOTHBMUKAHHIM
Ta 3MeHIIye BTpatu B AJl, ane moripirye eHepreTH-
Ky pPO3rOHY Ta 301ibIIye foro Jac.

BrpaTtu B 00MOTIII poTOpa 3a 4ac PO3roHy MpHU
PI3HUX 3HAYEHHSX MOMEHTY iHEpLii J0CATalTh Ki-
JBFKOX MaKCHMyMiB 1 MiHiMyMmiB. llpudomy wmaxcu-
MaJlbHi 3HA4YeHHS MOXKYTh Ha0arato MepeBHUILYBaTH
BTPaTH 32 OyIb-SKUX 1HIIMX PO3MVITHYTUX MpoLecax
mycky. [lpu 3miHI mapameTpiB IBUTYHA, OTOYHOTO
MOMEHTY HaBaHTAXEHHS YM MOMEHTY i1HEpIi JaHi
Tabn. 2 3MIiHATHCS, ajle 3arallbHUM XapakTep 3MiHH
SHEePTeTHKH 30epexeThes. 1likaBuM mIpencTaBiIseTh-
csi posrisi OaraHcy BTpaT y J1aHIo3i potopa A/l 3a
4ac peBepcy, He MOAUIAI0YM Horo Ha eramu. Tak,
nust midrooro aBuryHa ACC 92-6/24 nipu pesepci 3
HenynsoBumu [IEMY i cymapHuX MOMEHTax iHepitii
1; 2; 5; 10; 20; 50 peanbHa eHepris BTpaT y poTOpi
2,846; 2,971; 3,541; 3,801; 3,988; 3,977, 3aMicTh
PO3paxyHKOBOI'O YOTHPHPA30BOTO 3HAUECHHS.

KepoBanuii mporiec peBepcy MOXKHa 3iHCHIO-
BaTH 32 aHAJIOTIEI0 3 IyCKOM TPbhOMa CIIOCO0amH,
IpOTe Ha MPaKTULl LIMPOKO BHUKOPUCTOBYETHCS
TIIBKM OAMH - 3 KyTOM BKJIIOUYEHHS BEHTHIIB, ILO
3MIHIOETBCA y 4aci [7]. TlocTiiiHuii KyT BKIFOUEHHS,
X0Y 1 IOCTa0UTh Jit0 MEePEXiTHUX CKIAJOBHX MOME-
HTY Ha MOYATKOBOMY €Talli, e HaJajli JIhIIe 3aTs-
ryBaTumMe mnpouec. [Ipuuomy, sk i Ipu 3BUYaHOMY
MyCKy, icHye 3arpo3a "3actpsaranns’ apuryHa. besy-
JapHUHA pEBEpPC TEOPETHYHO MOKJIMBUH, ane s
OTO HEOOXiTHO MOCHAOHUTH aMILTITYy 3aJIAIIKO-
BOI'0 MarHiTHOTO IMOTOKY Maike B JiBa pa3u 1 3po0u-
TH MIJKTIOYEHHS IBUTYHA TIPU TIEBHOMY B3a€EMHOMY
pO3TallyBaHHI y3arajJbHEHUX BEKTOPIB MOTOKO3YEIl-
JIeHHs1 poTopa 1 Hampyru Mepexi. OcTaHHE He CTa-
HOBHUTH TPYIHOIIIB, III0 CTOCYETHCS MEPUIOTO, TO
MPUPOAHE CTIAJaHHS MarHiTHOTO MOTOKY HE 3aBXIH
NPUNAHATHE Yepe3 BEIWKY TPHUBAJICTh, a LITy4YHE
HOro raciHHs BUMaraTHMe yCKIIQJHEHHS CXEMH CH-
JIOBOT YaCTUHM eNeKTponpuBoay. Tomy parioHalb-
HHUM € BBEJICHHS Ha JIesKui yac (a3oBOro ynpasJliH-
HSl 3 METOI0 3MEHIICHHS BUJIBHUX CKJIJOBUX CTPY-
MiB 1 IIOTOKIB 3 HOJAJIBIINM ILUIABHUM IIOBHUM BiJIK-
puBaHHsAM BeHTWIiB. Yac nii ¢azoBoro ympasmiHHS
3aJICKHUTD BiJl BEJIMYMHU JBOX OCHOBHMX 1HEPIIIHHO-
CTel - eNIEKTPOMATrHITHOI Ta eJIEKTPOMEXaHiuyHol. Y
OyAb-IKOMY BUIAJKY, 31 30UIBIIEHHSM HOTYXHOCTI
Ta radapuTy ABHUTYHa LeH Yac HeoOXimHO 30iibLIy-
BaTH. J[7s aHami30BaHOrO y MpPUKIANaX BUMAIKY
nBuryHa 3 Mc = 0, 11 eeKTUBHOTO NpUAYILICHHS
MepexiTHUX MOMEHTIB JOCHThH 3alpoBaguTH (azoBe
ynpasiiHHs THM4YacoBo 1o 0,1c. JlaHi po3paxyHKiB
MIPOIIECY peBepCy HaBeaeHO y Tab. 3.

Bimomo, mo mpu MpOTHMBMHUKAHHI 3 HEHYJIHO-
Bumu [IEMY anst cyTTeBOro 3MeHIEHHS Mepexif-
HUX CKJIQJIOBHX TOTPIOHO OLIBII TIIHOOKE PETyIIto-

Tabmuus 3 - BigHoCHHU BTpaT mpu
kepoBaHoMy peBepci asuryna ACC 92-6/24
3 HeHyJaboBUMU [IEMY

HavanbHuii kyT AAyiz  AAy;  AAp e
YOPaBWiHHA  AAyioy  AAyi,  AAs P
140 9,450 5,201 4,249 0,284
100 8,893 5,013 3,880 0,243
60 8,219 4,691 3,528 0,225
0 7,516 4,059 3,457 0,193

BaHHs KyTa BKJIIOUCHHS IOPIBHSHO, HaNpUKIa, 3
myckoM. Tak, 3ampoBa/UKEHHS ITOYaTKOBOTO KyTa
120 en. Tpan. oOMexye aMIDIITYy MOMEHTY 10 4,5,
1o Oifbllle, HiXK aMIUTITYJa MOMEHTY i/l Yac MycKy.
Jluie BBIBIIM Onow = 150 e, Tpai., MOKHA HOCSTTH
3MEHIIEHHS aMILTITyAn MOMEHTY 10 2M,. 3 iHImoro
00Ky, 3HaYHE 3MEHIIEHHS IMEPeXiJIHUX CKIaJOBUX
HaOJIKae HEPreTUKY PeBepCy N0 KJIACHYHOTO BU-
MajKy, KO €Hepris BTpaT B OOMOTIII pOTOpa mpar-
HE YOTHPHUPA30BOTO 3HAYCHHS 1 30iIbIIIye Yac peBe-
pcy. 3 TpOBEACHOTO (PI3UYHOTO EKCIICPUMEHTY BH-
IDIMBAE, 0 YUM OinbIe OyIyTh MPUTHIYEH] TIepexi-
IHI CKJIaJIOBI CTPyMiB Ta MOMEHTIB, THM OiJbIie
CTalOTh Yac peBepcy Ta BTpaTu B oOMoTkax. OcraH-
HE HE 3aBXAW CIpaBeIJIMBO IIOJ0 BTpar. Hampwu-
KIajd, TIPH Ouw = 100 enm. rpam. crmoctepiraroTbes
MiHIMaJbHI MMOPIBHAHO 3 IHIIUMU BHUITaIKaAMU BTPATH
B AJl. TyT, sIK 1 pu MycKy, y HEOOXiTHMX BUIaIKaX
npu GOPMYITIOBaHHI BUMOT JIO aITOPUTMY peBEpCy,
CJIiJT BHOMpPATH KOMIIPOMICHE PillIeHHs, BPaXOBYIOUH
JIOMTyCTUMI 3HAYEHHsI TPHOX BEJHMYHMH: Yacy Mpolie-
CY, aMILTITYIM iIMITyJIbCY MOMEHTY Ta BTpaT B 0OMO-
TKaXx.

BucnoBku

Amnaiiz 0co0NMBOCTE €HEPreTHKH B JUHAMIY-
HUX peXHMax JI(PTOBUX [BOLIBUAKICHUX AaCHHX-
POHHHX [IBUTYHIB JO3BOJIUB BUSIBUTH OCHOBHI 3aKO-
HOMIPHOCTI ()OPMYBaHHSI KEPYIOUMX BIUIMBIB 3 TIO-
JATIBIIOI0 MOJJIMBICTIO ()OPMYBAHHS OINTHMAaIbHUX
MPOIIECiB N0 MBUAKOAIT Ta MiHiMi3auii BTpaT. Eie-
KTPOMArHiTHI TIepeXifiHi MPOLECH CHPUSIOTH 301JIb-
IICHHIO BTpaT npu mycky. [lokpanieHHs eHepreTu-
KM MYCKY B YCiX BHIaJKaX € aKTyaJbHUM 3aBAaH-
HSIM, HaBiTh NpH 3Ha4HOMY, 110 20 - 50 - KpaTHOMY
301IBIIIEHHI MOMEHTY iHEpIIii eleKTPONPUBO/TY.

3MEHIIEHHS MEePeXiTHUX MOMEHTIB 332 PaxyHOK
BBEJICHHS MTOCTIHHOTO a00 3MiHHOTO KyTa BKIIIOYEH-
HSl BEHTWIIB 3HAYHO TOKpAIy€ SHEPreTHKY IYCKY
IBUTYHIB. EKOHOMISI eHeprii, 1110 JoCATaeThCsl, HEi-
HIHO 3aJIeXHUTh BiJ 0OpaHOro 3HAYECHHS KyTa YII-
PaBJIIHHS BEHTHIIIB 1 M€ EKCTPEMYM.

HasiBHiCTh TallbMIBHOTO CTaTHYHOTO MOMEHTY
Ha Bally Ji()TOBOrO IBOIIBHIKICHOIO JABHUIYHA IPH
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peBepci 3MEHIIye Yac i BTpaTH Ha MEpIIOMYy eTami
peBepcy, MpH TPOTHUBMHUKAHHI, 1 30imbInye ix Ha
JIPyTroMYy eTari - po3roHi B IPOTHIIE)KHHUHN OiK.

He miaTBepmKyeThcsi MPUIYIICHHS, 110 BILTUB
MOMCHTY HAaBaHTa)KCHHS aCUHXPOHHUX JIBUTYHIB Ha
yCepeqHeHi BTPaTH 3a UK MOXe OyTH KOMIIEHCO-
BaHUM, a CHEPreTHKa PeBepCy 3 PEaKTUBHUM Xapak-
TEPOM HaBaHTaXeHHs OyJe OMu3bKa 10 EHEPreTUKU
BxoJocty. Hacripasni, B miama3oHi MOMEHTIB iHepITii
Bix 1 mo 10 J,; BTpaT B 0OMOTKaxX IpH peBepci 3
HOMIHAJILHUM MOMeHTOM B 1,5 ... 1,8 pa3iB MeHIe,
HDK TIpu peBepci Bxomocty. Yac pesepcy AJl min
HaBaHTAKEHHSM 3aBXKIH MEHIIE, Hi’K Y XOJIOCTY.

KonduiikTu intepecis

ABTOpPH 3asBIISIIOTH MPO BiZCYTHICTH KOHQIIIKTY
iHTepeciB  CTOCOBHO MOTOYHOTO JIOCIIKEHHS,
BKJIIOUaO4YM (hiHAHCOBI, OCOOMCTI, aBTOPCHKI YU
OyIb-sKi iHIII, SKI MOTJIM O BIUIMHYTH Ha JOCII-
JDKCHHSI, a TaKOXX Ha pe3yJIbTaTH, MPEICTABICHI B
i CTaTTi.

DiHaHCYBAHHA

JocmimkeHHs TPOBOIMIIOCS 32 paXyHOK 0COOH-
CTHX KOIIITiB aBTOPIB.

Cnmcok BUKOPHCTAHOI JliTepaTypH

HaaBHicTh 1aHUX

B TexcTi cTarTi moctynHi yci naHi, K y 9UCIO-
Biii, TaK i B rpadiuniii popmax.

BukopucTaHHSI IITYYHOI'O iHTEJIEKTY

ABTOpY 3asBJISIOTH PO BUKOPUCTAHHS 1HCTPY-
MeHTy mmryyHoro iHTenekty: ChatGPT model
(OpenAl GPT-5, Bepcis 2025), nomep 5.0.1. In-
CTPYMEHT IITYYHOI'O IHTEICKTY BHUKOPUCTOBYBABCS
mpu (HOpMyBaHHI CTPYKTYPHHUX €IEMEHTIiB «AHOTa-
is», «BuCHOBKMY, HalaHi IHCTPYMEHTOM IITYYHOTO
IHTEJIEKTY, 3MEHIIIMIN BIUIMB JICKCHYHUX Ta rpama-
TUYHUX TIOMHJIOK.
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Abstract. The work the article analyzes the features of the energy of two-speed elevator induction mo-
tors in dynamic modes. The operating modes with variable moments of load and inertia, typical for an eleva-
tor electric drive, are investigated. It is found that taking into account electromagnetic transient processes
significantly affects the energy indicators of starting, braking and reversing, especially under zero initial
electromagnetic conditions. It is shown that the formation of control actions allows reducing the duration of
transient processes and reducing energy losses. The results provide a scientific basis for the development of
control algorithms that ensure high dynamics and energy efficiency of gear elevator winches of traditional
design under conditions of changing operating parameters.
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Abstract. Industry 4.0 is characterized by the use of interconnected intelligent systems capable of real-
time data exchange, distributed decision-making, and automation. The electric drive is one of the main com-
ponents for the implementation of rotational and translational motion in complex electromechanical systems,
such as Cyber-Physical Systems. Modern technological innovations lead to the increasing penetration of
information technologies into various levels of electromechanical systems, including electric drive systems.
As research shows, Embedded Computer Systems are widely used in automation systems nowadays. At the
same time, the use of Digital Twins makes electric drives an object of simulation and leads to the need for
real-time communication to monitor the status of electric drives and optimize their operation. The need for
distributed decision-making when performing complex technological processes under conditions of uncer-
tainty of external influences on the system requires a transition from rigidly specified electric drive control
logic to adaptive and intelligent control systems. To this end, the current research proposes an intelligent
automatic control system for a modern electric drive using a Multi-Agent control model. The proposed ap-
proach to developing an automatic control system provides flexibility to the control system in implementing
intelligent control algorithms, adaptability to application conditions, and the possibility of continuous opti-
mization using artificial intelligence elements.
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Introduction and statement of the research
objective

The Industry 4.0 concept is characterized by the
integration of information technology into industrial
systems for real-time data exchange, distributed
decision-making, and automation. The term "Indus-
try 4.0" originated in Germany, but this concept
largely overlaps with developments that may be
called differently in other countries. According to
this concept, everything in and around the produc-
tion process is digitally connected, ensuring a highly
integrated value chain. [1].

The study [2] identifies key technologies of the
age of the fourth industrial revolution, which
include: Additive Manufacturing, Internet of Things,
Artificial Intelligence, Big Data Analysis and Cyber-
Physical Systems.

An electric drive is one of the main compo-
nents for implementing rotational and translational
motion in complex electromechanical systems, such

as Cyber-Physical Systems. Modern technological
developments lead to the increasing penetration of
information technologies into various levels of
electromechanical systems, including electric drive
systems.

As modern research demonstrates, embedded
computer systems have wide application in automa-
tion systems. At the same time, the use of digital
twins makes electric drives an object of simulation.
This leads to the need for real-time communication
to monitor the status of electric drives and optimize
their operation.

The need for distributed decision-making when
performing complex technological processes and
operating under conditions of uncertainty of external
influences on the system requires a transition from
rigidly defined drive control logic to adaptive and
intelligent control systems.

All this leads to the integration of edge
computing directly into electromechanical systems
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including electric drives. This, in turn, expands the
computing power of automatic control systems
(ACS) and leads to new opportunities in building a
programmable control algorithm for electric drives.

Therefore, the purpose of the current study is to
review the key technologies of the age of the fourth
industrial revolution and its impact on the
transformation of the modern electric drive. As well
as a description of the approach to building an
intelligent ACS of a modern electric drive using a
multi-agent control model.

The first section, “Analysis of Modern
Research,” focuses on Cyber-Physical Systems, the
Internet of Things, Digital Twins, Edge Computing,
and Multi-Agent Systems. These technologies and
systems are widely used in Industry 4.0 and are
relevant in the context of modern electric drives and
ACS.

The second section, “Description of a Modern
Electric Drive,” examines the evolution of an
electric drive from a local electromechanical system
to a cyber-physical object within a cyber-physical
system.

In the third section, “Multi-agent automatic
control system,” a model based on agents that
embody individual functional aspects of control into
a single intelligent system is proposed.

The "Conclusion" section presents the results of
the study and raises relevant questions regarding
further research directions.

1 Analysis of modern research

The intensive use of information technologies
in modern production leads to a narrowing of the
gap between the cyber world and the physical world.

Of particular interest is Cyber-Physical Systems
(CPS), which are systems that integrate computing
and communication components with physical pro-
cesses, where physical processes influence compu-
ting and vice versa. Research [3] demonstrates the
role of CPS in promoting the fourth industrial revo-
lution by improving efficiency, flexibility, and man-
agement quality. One of the applied elements that
make up CPS is embedded computer systems, with
various sensors that record physical conditions in
real time. The received data is processed by proces-
sors and influences the control of actuators through
controllers. At the same time, artificial intelligence
is widely used to improve real-time monitoring and
control of technological processes. One example is
the study [4], which analyses artificial intelligence
methods for use in selecting the optimal material for
manufacturing products in Industry 4.0 conditions.

The study [5] analysed the requirements for in-
dustrial CPS in the era of the fourth industrial revo-

lution. These include Autonomy, which ensures the
functioning of systems within the limits of defined
functional goals through Context-Awareness. This
provides a high degree of Reliability regarding
Availability and system behaviour. In the context of
maintaining system functionality under adverse con-
ditions, CPS must be Robust and Resilient to envi-
ronmental changes. At the same time, the state of the
system must be Observable and Trustworthy for
real-time decision-making. To ensure the Controlla-
bility of the system, an important requirement is the
Predictability of the system, despite its complexity.
To respond to changes and new requirements, indus-
trial CPS must be Scalable and Interoperable. At the
same time, all the above requirements must be met
taking into account the principle of Sustainable de-
velopment.

The study [6] considers the extension of mecha-
tronic systems to cyber-physical ones, reviews the
design methods of such systems, and emphasizes
their special role in the manufacturing sector. As
emphasized in the study [7], mechatronics, combin-
ing elements of electrical, mechanical, electronic
and information technologies, plays an important
role in the fourth industrial revolution by providing
the basis for communication, information pro-
cessing, actuators and human-machine interaction.
The study [8] examines the evolution of mechatronic
systems, which are based on physical components,
to information-oriented systems, where information
is at the center of the system, providing improved
interconnectivity, intelligence, and adaptability. In
such a paradigm, mechatronic systems act not only
as sensors and actuators, they become intelligent
objects, with computing and communication capa-
bilities and the ability to process data locally in real
time, adapting to environmental conditions.

Technological developments in recent years
have given rise to a trend of applying Internet of
Things (IoT) devices to industrial automation. This
helps ensure the cost-effectiveness of technological
processes, expands capabilities, and contributes to
achieving Industry 4.0 goals and standards. The arti-
cle [9] investigates the use of a programmable logic
controller to create a smart manufacturing platform
in accordance with Industry 4.0 standards. The study
[10] provides an overview of the use of inexpensive
open-source devices, such as Raspberry Pi or Ar-
duino, to extend the functional and communication
capabilities of traditional industrial automation tech-
nologies to meet the requirements of Industry 4.0
implementation. Examples of the approach to using
single-board computers for the development of pro-
grammable logic controllers and programmable log-
ic computers are the manufacturers REVOLUTION
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PI, Industrial Shields and others [11]. These devices
combine the capabilities of classic programmable
logic controllers with the operational and software
capabilities of personal computers and various
communication protocols.

As for condition monitoring, simulation of CPS
and its components, in the context of the fourth in-
dustrial revolution, Digital Twins (DT), which are a
digital representation of an instance of a physical
system, have become widely used. A key feature of
DT is real-time simulation, which is performed in
parallel with the physical system. This allows to
detect anomalies and the state of the physical system
in real time with high accuracy. This is then the
starting point for applying corrective signals to im-
prove accuracy or reduce the impact of the anomaly
on the system as a whole. In the article [12], a sys-
tematic review of the literature on the development
and implementation of DT in various industrial sec-
tors was conducted. The study [13] focuses on the
use of DT in the powertrain of electric vehicles,
analysing their application and usage scenarios. The
research [14] presents a method for assessing the
state of an asynchronous electric drive without a
speed sensor based on DT and the extended Kalman
filter. The results of the study demonstrate higher
accuracy in assessing the state of the electric drive
compared to models using the ideal inverter model.

The study [15] focuses on the role of edge com-
puting in various areas, including energy systems. At
its core, edge computing is a paradigm of computing
that is performed near the data source. This mini-
mizes latency, reduces data exchange traffic, and
increases system autonomy.

With the development of information technolo-
gy, multi-agent systems have become widely used in
various industries, including robotics, control sys-
tems, and automation. Multi-agent systems are a
collection of agents equipped with computing, learn-
ing, communication, and execution capabilities.
Such a system consists of autonomous entities, that
is, agents. These entities can be purely software or
with elements or access to artificial intelligence
technologies. Agents can work independently of
each other or under the direction of another agent.
Multi-agent systems can have different organiza-
tional structures that determine the communication
between them.

The research [16] considers the application of
multi-agent systems in smart energy networks. At-
tention is paid to agent coordination, resource allo-
cation, and system optimization. The study [17]
considers the application of a multi-agent reinforce-
ment learning system for the automation and control
of water systems.

2 Description of a modern electric drive

In the context of digitalization of production
and creation of smart, the evolution of the electric
drive from a local electromechanical system to a cy-
ber-physical object as part of the CPS is inevitable.

Let us consider a modern electric drive as a
cyber-physical mechatronic system that implements
the functions of a mechatronic motion module inte-
grated into a digital production environment, which
is hereinafter referred to as Intelligent Mechatronic
Motion Module (IMMM). This module is considered
as a stand-alone system that can be used individually
and in various combinations with other modules.
IMMM consists of the following components:

e Mechanical part — motor shaft with gearbox.

e Flectrical part — electric motor(s).

e Flectronic part — inverter, sensors, power

electronics.

e Information part — embedded computer sys-

tems, control system algorithms.

At the same time, these components are being
expanded by information technologies, namely the
Internet of Things, Artificial Intelligence, Big Data
Analysis and Cloud Computing. Some of these tech-
nologies can be applied directly to the IMMM, while
for others the IMMM will act as a data provider and
an object of optimization or condition monitoring
within the CPS component.

The concept of an Intelligent Mechatronic Mo-
tion Module in the age of Industry 4.0 is graphically
presented in Figure 1.

Artificial
Intelligence

Cloud
Computing

Fig. 1 — Components of an Intelligent
Mechatronic Motion Module in the Industry
4.0 paradigm. (Source: compiled by the author)

Table 1 presents the evolution of the electric
drive from a local electromechanical system to an
IMMM as part of a CPS.

Automated Electromechanical Systems 17
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Table 1 — Evolution of the electric drive from a local electromechanical system to an IMMM as part of a

CPS (Source: compiled by the author)

Characteristic Local electromechanical system IMMM
Architecture Local Distributed

Control Classical methods (PI, PID, etc.) Adaptive, Intelligent

Scaling Limited Modular, flexible
Data Without accumulation and analysis Accumulation and analysis

Condition assessment Minimal Multichannel, Simulated in real time
Energy efficiency Fixed Context-sensitive, capable of optimization

Safety Functional Functional, Informational

3. Multi-agent automatic control system

Growing technological requirements for CPS
lead to growing requirements for IMMM and its
components, including ACS. These requirements
can be implemented through optimization and appli-
cation of new technologies of the hardware and
software components of ACS.

Thanks to the introduction of embedded com-
puter systems as part of IMMM, the computing
power and interaction interfaces of ACS are expand-
ing. This enables flexible integration of IMMM into
CPS, data exchange and continuous optimization,
which is a necessary component of achieving energy
efficiency and sustainable development.

When implementing energy-efficient program-
mable solutions in ACS, it is necessary to consider
their impact on the accuracy and speed of the sys-
tem. At the same time, an important component is
the stability of this system in conditions of uncer-
tainty, which generates the influence of external
factors on this system, which is especially relevant
for autonomous robotic systems. In addition to the
components of accuracy, speed, energy efficiency,
and system stability, an important component is the
time spent on developing and implementing optimi-
zation or developing the system as a whole. At the
same time, using information components in ACS,
ensuring system security goes beyond the functional
one and is supplemented by the information compo-
nent. This makes it necessary to take into account
functional and information security when developing
programmable ACS.

Let's systematize and narrow down the re-
quirements for ACS into five interconnected criteria:
speed, accuracy, stability, energy efficiency, and
system security. Noting that in our case we are talk-
ing about the functional components of the ACS in
operation. Therefore, we take that the time for de-
velopment and implementation does not affect the
functionality of this system itself, therefore it is not
taken into account.

functionality of this system itself, therefore it is not
taken into account.

Let us consider the construction of a program-
mable ACS for IMMM based on the principle of a
multi-agent system. Note that IMMM can consist of
one or N-electric motors. From the point of view of
the control system, the physical system will be con-
sidered as a single system, while the control itself
will be multi-criteria in its principle. That is, each
agent represents a separate control function and per-
forms local goals, without realizing the overall sys-
tem goal. In addition to the agents for speed, accura-
cy, stability, energy efficiency, and system security,
a synchronization agent is added to ensure coordina-
tion of subsystems. Table 2 lists the agents and their
functional roles.

Table 2 — Agents of the ACS and their
functionality roles (Source: compiled by the author)

Agent Functional role

Accuracy Reducing the control error
. Energy consumption
Energy efficiency optimization
Synchronization | Subsystem state coordination
Stability System response to external
disturbances

Speed Ensuring a given speed
Safety System anomaly detection

The proposed ACS has a hybrid structure. It in-
cludes:
e Decentralized group of target agents (Accu-
racy, Energy efficiency, Synchronization).
e Centralized system stability agent (Stabil-
ity).
e Hierarchical execution relationship (Speed).
¢ Distributed security diagnostics (Safety).
The structural diagram of the hybrid multi-
agent ACS is shown in Figure 2.
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Fig. 2 — Structural diagram of a hybrid multi-agent ACS.
(Source: compiled by the author)

The multi-agent model for constructing an ACS
with a multi-motor IMMM is a system that forms,
corrects, and limits the control signal depending on
the specified criteria. In this case, the final control
signal is formed through coordination, provided that
the specified stability is observed. At the same time,
the criteria can be expanded by introducing addi-
tional agents.

The proposed approach to building an ACS
gives the control system flexibility in implementing
intelligent control algorithms, adaptability to appli-
cation conditions, and the possibility of continuous
optimization through the use of artificial intelligence
elements.

Conclusion

The Industry 4.0 paradigm leads to the digitiza-
tion and expansion of the capabilities of mechatronic
systems, including electric drives. This clearly illus-
trates the vector of development and penetration of
information technologies into automatic control
systems. Information technology enables the imple-
mentation of distributed decision-making using pro-
grammable algorithms, machine learning methods,
high-level communication, and real-time status mon-
itoring. This provides opportunities for self-
improvement of automatic control algorithms and
identification of system anomalies.

The result of the current study is a description
of the main technologies of the age of the fourth
idustrial revolution and their impact on electric
drives and their ACS. A modern electric drive in the
form of IMMM is presented. A model for construct-
ing an ACS based on a multi-agent control system
for a multi-engine IMMM is proposed and character-
ized.

The next stage of the research is the mathemati-
cal description of the proposed ACS intellectual
model and the implementation of software for con-
ducting the planned physical experiments and math-
ematical simulation.
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Hayionanvuuii ynieepcumem « Odecoka nonimexmikay

Anomauia: Inoycmpis 4.0 xapakmepuzyemuscsi 3aCMOCYBAHHAM B3AEMONOB'A3AHUX [HINENEKMY ATbHUX
cucmem, 30amHuUx 00 0OMIHY OAHUMU 8 PENCUMI PeanbHO20 4acy, PO3NOOiNeH020 NPULHAMMS PilueHb ma
asmomamu3zayii. Enexmponpugio € 00HuM 3 0CHOBHUX KOMROHEHMIG 051 peanizayii 00epmogozo ma nocmy-
NANbHO20 PYXY 8 CKIAOHUX eleKmpomexauiunux cucmemax, maxux ax Kiovep-@isuuni Cucmemu. Cyuacnui
PO3BUMOK MEXHONO02I NPU3800ums 00 6ce OLNbUl020 NPOHUKHEHHS THOOPMAYIUHUX MEXHOA02Il HA PI3HI
PIBHI e1eKMPOMEXaHIYHUX CUCMEM, 8 MOMY YUCTI cucmem eiekmponpugody. Ax demoncmpyioms 00Ci-
0oicentsl, 80Y008AHI KOMN TOMEPHI CUCEMU MArOMb UUPOKe 3ACMOCY8ANHS 8 cucmemax agmomamusayii. B
MOl Jice yac, 3acCmocy8anHs Yudposux O0SIUHUKIE pOOUMb eNeKMPonpugoou 00 €KMom MOOenr08aHH ma
npu3800UmMb 00 HeOOXIOHOCMI KOMYHIKAYIT 8 PercUMi peanrbHo20 4acy Oas KOHMPOIO0 CMAHY e1eKmponpu-
600i6 ma onmumizayii ix pooomu. Heobxionicms po3nodineno2o npuiiHamms piieHb, npu GUKOHAHHI CKIA0-
HUX MEXHONO2IUHUX NPOYeCi6 8 YMOBAX HEBUSHAYEHOCI 306HIUHIX GNIUBIE HA CUCTEMY, BUMASAE NEePexody
8i0 JHCOPCMKO 3A0AHOI NI02IKU KEPYBAHHI eleKMPONPUBOOOM 00 A0ANMUBHOI Ma IHMeNeKMydlbHOI cucmem
Kepysanus. [ yb02o 8 NOMOYHOMY OOCHIONCEHHI NPONOHYEMbCA NOOYO08A THMENeKMYANbHOI cucmemu
ABMOMAMUYHO20 KEPYBAHHA CYHACHO20 eleKMpPONpU8ood 3 3ACMOCYBAHHAM OazamoazenmHoi mooeni
KepysaHua. 3anponoHosanuil nioxio & no6yoosi cucmemu d8MOMAMUYHO20 KEPYBAHHA HAOAE SHYYKOCMI
cucmemi KepysauHs 6 peanizayii iHMeneKxmyaibHux aieopummic KepyeanHs, a0anmueHOCmi nid yMosu 3a-
CMOCYBAHHA MA MONCIUBOCMI De3nepepeHoi onmumizayii 3a805KU 3ACMOCYBAHHIO eleMEeHmMI8 WMY4YHO20
iHmenexmy.

Knrwouosi cnosa: Cucmemu Asmomamuunoco Kepysanns, Enexmponpueio, bacamoazenmua cucmema,
Inoycmpis 4.0, Mexamponixa, Kibep-®izuuni Cucmemu, Boyoosani Komn tomepni Cucmemu.
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Abstract. In the paper, a probabilistic methodology for the quantitative evaluation of the dependability
of critical electrotechnical systems operating under destructive impacts is proposed. It is shown that tradi-
tional reliability and availability indicators are insufficient for describing system conduct under partial deg-
radation, complete loss of operability, and subsequent recovery processes.

Dependability is interpreted as an integral probabilistic property reflecting a system’s ability to retain
and restore critical functions under adverse conditions. A state-based Markov model is applied to describe
the evolution of the functional state through a finite set of functional states and probabilistic transitions.
Within this framework, dependability is characterized by three complementary probabilistic components:
retention of full operability under destructive impact, recovery after partial loss of functionality, and recov-
ery after complete loss of operability.

On this basis, a normalized integral dependability criterion bounded within the interval [0;1] is pro-
posed using weighted aggregation of the probability components. The proposed approach provides a rigor-
ous and flexible tool for comparative analysis and evaluation of critical electrotechnical systems with re-

spect to resilience and recoverability.
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Introduction

Critical-purpose electrotechnical systems in the
twenty-first century have become one of the key
foundations of the functioning of modern society.
Power supply systems, communication systems, data
centers, water and gas supply facilities, transport
infrastructure, and medical institutions form an in-
terconnected network, the failure of individual ele-
ments of which is capable of causing cascading dis-
ruptions in adjacent sectors and leading to severe
socio-economic consequences [1], [2]. Under condi-
tions of digitalization and increasing interdepend-
ence of infrastructures, even a short-term loss of
power supply can result in disproportionately large
losses.

Modern electrotechnical systems operate under
conditions of a growing number of destructive im-
pacts of various natures. These include natural disas-
ters (hurricanes, floods and earthquakes), technolog-
ical accidents, as well as anthropogenic factors asso-
ciated with operational errors and equipment ageing

[3]. In recent decades, targeted destructive impacts
characteristic of armed conflicts have acquired par-
ticular significance, within which critical infrastruc-
ture becomes the object of systematic attacks. The
practice of recent years demonstrates that power
supply and communications are often regarded as
priority targets, since their disruption leads to paral-
ysis of medical, food, municipal, and governance
systems.

Traditional approaches to the analysis of elec-
trotechnical systems predominantly rely on the con-
cepts of reliability and fault tolerance, oriented to-
wards random component failures and statistically
stationary operating conditions [4]. However, under
conditions of targeted and large-scale destructive
impacts, such models prove to be insufficient, since
they generally do not take into account degradation
dynamics, the possibility of partial loss of func-
tionality, and the processes of system recovery after
severe damage. In response to these challenges, the
scientific literature has actively developed the con-
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cepts of robustness and resilience, aimed at analyz-
ing the ability of infrastructures to withstand ex-
treme events and recover after them [5], [6].

Despite significant progress in the field of ana-
lyzing the robustness and protection of critical infra-
structures, the term ‘“dependability” is increasingly
used in engineering and scientific practice, intuitive-
ly reflecting the ability of a system to ensure the
performance of critically important functions under
destructive impacts. At the same time, this term does
not have a generally accepted rigorous definition and
is not accompanied by a unified set of quantitative
indicators that would allow an objective evaluation
of the level of dependability of electrotechnical sys-
tems. The absence of a formalized and measurable
criterion significantly limits the possibilities for
analysis, design, and management of such systems,
especially in the context of critical infrastructure.

It should be noted that in the absence of a quan-
titatively defined indicator it is impossible to cor-
rectly compare different system architectures, sub-
stantiate design decisions, and develop strategies for
increasing their resistance to destructive impacts.
Thus, the problem of dependability acquires not only
theoretical but also applied significance, being di-
rectly related to ensuring energy security and the
resilience of vital societal functions.

In this regard, the aim of this study is, first, to
formalize the concept of dependability with respect
to critical electrotechnical systems and, second, to
develop a clear, interpretable, and quantitatively
measurable criterion that makes it possible to evalu-
ate the ability of a system to retain and restore the
performance of its functions under destructive im-
pacts. Achieving this aim requires an analysis of
existing approaches to the evaluation of operability
and the identification of their methodological limita-
tions, which determines the content of the subse-
quent sections of the work.

1 State of the Art

In contemporary scientific literature, the con-
cept of “dependability” reflects the ability of a sys-
tem to provide the required level of service with a
predefined degree of confidence, encompassing as-
pects of reliability, availability, maintainability,
safety, and security, as well as mechanisms of fail-
ure prevention, fault tolerance, recovery, and dis-
turbance prediction [7]. An important methodologi-
cal consequence of this approach is that dependabil-
ity is not reduced to the “probability of failure-free
operation” or to a single reliability indicator: it pre-
supposes a multicomponent description of system
conduct over time, including functional degradation

and subsequent recovery, as well as consideration of
organizational and technological operational loops.
For critical electrotechnical systems, this is of par-
ticular importance, since their systemic operability is
determined not only by equipment failures, but also
by the availability of control and communication,
the operation of automation, and the capabilities for
rapid recovery.

The contemporary literature on power engineer-
ing has traditionally developed a set of reliability
indicators (SAIDI/SAIFI, ENS/EENS, LOLP/LOLE,
etc.) and adequacy and security models, which make
it possible to formally evaluate the probability of
power supply shortages and the expected duration or
frequency of outages. At the same time, when transi-
tioning to the analysis of the dependability of critical
systems, two persistent limitations become evident.
First, a significant proportion of reliability indicators
describe the averaged quality of power supply and
do not distinguish levels of functional degradation
(complete or partial loss of operability), nor do they
consider recovery dynamics as an independent com-
ponent of dependability. Second, classical metrics
prove to be insufficiently sensitive to scenarios of
rare but high-impact events (HILF), in which the
rate of degradation, the depth of functional loss, and
the speed and probability of recovery become deci-
sive [9-12]. For this reason, in recent year, alongside
“reliability” approaches, the direction of resilience
has been actively developing as a characteristic of a
system’s ability to withstand destructive impacts,
adapt to them, and recover [9-12], [18], [20], [21].
For the dependability of critical electrotechnical
systems, what is fundamental is not the terminologi-
cal distinction, but the fact that resilience approaches
effectively bring back into focus the phase structure
of an event: the pre-disturbance state, degradation,
the minimum level of functioning, and recovery to
normal operation [9], [10], [21].

A significant contribution to the formalization
of this phase logic has been made in works propos-
ing temporal metrics of degradation and recovery
and emphasizing the need to distinguish between the
“infrastructural” and “operational” components of
power system response [9]. An important methodo-
logical advantage of such approaches is that they
facilitate the interpretation of dependability as a
probabilistic process of transitions between func-
tional states. At the same time, even advanced resili-
ence metrics often remain oriented towards aggre-
gated integral indicators of losses or recovery time,
rather than towards a probabilistic decomposition of
dependability by key events of “retention of full
functionality / recovery after partial degradation /
recovery after complete loss”, that is, they do not
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provide a direct measurable criterion that naturally
supports a Markov (state-space) interpretation re-
quired for further formal analysis.

In review works devoted to resilience metrics,
the problem of the absence of a standardized frame-
work is emphasized: there are many metrics, but
they are often incomparable, and the choice of an
indicator is determined by modeling convenience
rather than by the completeness of the description of
dependability [11], [12], [21]. This is directly mani-
fested in the fact that a significant proportion of
publications focuses on a single dominant axis—for
example, expected energy not supplied or recovery
time — and thereby lose the distinction between sce-
narios in which the same “integral damage” is
achieved through fundamentally different trajecto-
ries of degradation and recovery. For critical infra-
structure, where threshold effects and cascading
consequences are important, this constitutes a sub-
stantial limitation. Thus, even in the presence of a
wide spectrum of resilience metrics, there remains a
methodological demand for a dependability criterion
that would be simultaneously meaningfully inter-
pretable for critical infrastructure and formally
measurable through state probabilities and transition
probabilities.

An additional dimension of the dependability of
modern power systems is associated with their trans-
formation into cyber-physical systems, in which
fault tolerance is determined not only by the physi-
cal network, but also by monitoring, communication,
and control loops. In works devoted to the impact of
digitalization, it is emphasized that the integration of
information and communication technologies (ICT)
increases observability and controllability, but at the
same time creates new classes of vulnerabilities and
failures capable of reducing systemic dependability
[12], [13]. Accordingly, operability criteria that do
not take into account failures of measurement, data
transmission, and control become methodologically
incomplete for critical systems. Review studies on
the reliability of cyber-physical layers show that
traditional component reliability must be comple-
mented by models of data failures, routing errors,
and disruptions in the operation of control centers,
since it is precisely these mechanisms that are capa-
ble of transferring a system into degraded states
without “classical” damage to power equipment
[12]. The systematization of policies and models of
cyber-physical power systems further fixes the gap
between engineering reliability models and the task
of comprehensive dependability as a property of a
“system of systems” [13].

At the applied level, this is manifested in the
development of reliability models of cyber-physical

power systems that take into account random fail-
ures of measurement and remote control, which di-
rectly leads to the need to describe the system
through a set of functional states and probabilistic
transitions between them [14]. Similarly, in distribu-
tion network problems, schemes are considered in
which the reliability of the power component be-
comes dependent on the characteristics of the com-
munication channel (including modern wireless
technologies), and dependability must be evaluated
as a result of the joint dynamics of “power engineer-
ing + communication” [22]. These works confirm a
general conclusion: for critical electrotechnical sys-
tems, functional resilience under destructive impacts
is determined not by a single indicator, but by a
combination of probabilities of transition into differ-
ent functional states and probabilities of recovery.

In parallel, literature on micro-energy systems
and microgrids is developing, where the presence of
distributed generation, storage, and islanded modes
creates a natural formulation of “full/partial opera-
bility” and “recovery/reconfiguration”. It is indica-
tive that in studies where a state-space apparatus is
directly applied and cyber failures are taken into
account, the formulation almost inevitably shifts to a
probabilistic description of degradation and recov-
ery, although the final metrics are often again col-
lapsed into traditional indices [24], [15]. Some
works explicitly position the analysis in terms of the
dependability of microgrids and use Markov con-
structions (including extensions such as fuzzy-
Markov), which demonstrates the compatibility of
Markov logic with the dependability problem [23].
At the same time, the question remains open as to
which specific comprehensive measurable dependa-
bility indicator should be considered adequate for a
critical electrotechnical system — such that it 1) pre-
serves the interpretation of “retention of full func-
tionality” and “recovery from degradation”, 2) can
be parameterized through state and transition proba-
bilities, and 3) allows comparison of different strate-
gies for enhancing resilience and recovery.

A number of works attempt to eliminate this
gap by extending traditional reliability towards op-
erations and maintenance management, emphasizing
that system “availability” is determined not only by
design decisions, but also by the life cycle, mainte-
nance policies, risk management, and recovery re-
sources [16]. Such reviews are important for the
analysis of dependability, as they reintroduce the
temporal component of recovery and organizational
constraints into the model. However, they generally
do not provide an explicit formal dependability crite-
rion that would be “embedded” in a probabilistic
model of the functional states of a critical system.
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Similarly, frameworks for measuring the resili-
ence of critical infrastructure in general fix the di-
versity of existing measurement approaches and the
need for comparable metrics, but do not propose a
specialized dependability criterion specifically for
electrotechnical systems, where the key issue is the
preservation of power supply and critical functions
under targeted destruction [17].

Contemporary reviews on power system resili-
ence and strategic measures for enhancing resilience
directly use the term dependability as one of the
target characteristics of resilient infrastructure and
emphasize that metrics are needed which support
comparison of solutions both in terms of the ability
to “withstand” and the ability to “rapidly and with a
defined probability recover” [20]. In a similar vein,
works aimed at achieving conceptual consensus on
resilience emphasize that metrics should reflect not
only final damage, but also the process properties of
degradation and recovery, since it is precisely these
that determine the real dependability of critical sys-
tems under HILF events and combined threats [18].
Finally, reviews on the cybersecurity of microgrids
directly link resilience and dependability with the
need to jointly account for attacks/failures and re-
covery scenarios, since control resilience becomes a
factor in preserving the power supply function for
critical loads [25]. For critical energy infrastructure
based on renewable energy sources, it is also empha-
sized that the growing role of such facilities requires
a comprehensive view of resilience, network integra-
tion, and cyber protection as elements of dependabil-
ity, rather than as separate “add-ons” to classical
reliability [26].

Taken together, the cited sources make it possi-
ble to draw a key conclusion for the formulation of
the problem addressed in this study: the literature
has established a general framework of dependabil-
ity as a multicomponent system property [7], devel-
oped approaches to resilience metrics that introduce
degradation and recovery as central elements of
evaluation [9-12], [18], [20], [21], and relies on
results concerning the cyber-physical nature of pow-
er systems and the need to account for failures of
measurement, communication, and control [12—15],
[22], [25]. At the same time, a methodological gap
remains: there is no single, easily interpretable, and
measurable comprehensive dependability criterion
for a critical electrotechnical system that would be
directly expressed through probabilities of functional
states and transitions between them (including reten-
tion of full operability under impact and probabili-
ties of recovery from partial and complete loss of
operability) and would thereby naturally support
Markov analysis. Eliminating this gap constitutes the

substantive basis of the research objective and the
subsequent development of a formal apparatus for
the evaluation of dependability.

Thus, the conducted analysis of contemporary
scientific approaches to the evaluation of operability,
reliability, robustness, and resilience of critical elec-
trotechnical systems indicates the presence of a sub-
stantial methodological gap between the large num-
ber of existing indicators and the absence of a single,
clearly formalized, and quantitatively measurable
dependability criterion that would adequately reflect
system behavior under destructive impacts. Existing
metrics either focus on averaged indicators of fail-
ures and service losses or describe degradation and
recovery through integral temporal characteristics
that largely depend on the choice of service function
and threshold values [9-12], [18], [21]. At the same
time, the literature insufficiently represents ap-
proaches that would make it possible to directly link
dependability with the probabilistic structure of the
system’s functional states and the processes of tran-
sition between them, in particular taking into ac-
count the distinction between retention of full opera-
bility under impact and recovery after partial or
complete loss of functionality.

In this regard, the further development of the
theory of dependability of critical electrotechnical
systems requires a clear formalization of the very
concept of dependability in terms compatible with
the contemporary dependability framework, as well
as the definition of requirements for a quantitative
indicator capable of reflecting both the states of sys-
tem functioning and the dynamics of its degradation
and recovery under destructive impacts. Such an
indicator should be interpretable from an engineer-
ing point of view, suitable for comparative analysis
of alternative architectures and protection strategies,
and formally linked to the probabilistic characteris-
tics of the system, which opens the possibility for
the application of rigorous methods of stochastic
analysis.

2 Formalization and Justification of the
Dependability Criterion for Critical
Electrotechnical System

Based on the analysis of contemporary ap-
proaches to the evaluation of operability and de-
pendability of critical electrotechnical systems, de-
pendability is appropriately considered as an integral
probabilistic characteristic that reflects a system’s
ability to retain and restore the performance of its
functions in the presence of destructive impacts.
Such an interpretation is consistent with the general-
ly accepted dependability framework and makes it
possible to move from qualitative descriptions to
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quantitative evaluation, which is necessary for com-
parative analysis of architectures, justification of
design decisions, and support of critical infrastruc-
ture management [27], [28].

A key modeling assumption of this study is the
assumption of the Markovian nature of processes in
the system, according to which the evolution of the
functional state of an electrotechnical system is de-
scribed by a Markov process. Within this assump-
tion, it is considered that the probabilities of transi-
tions between states depend only on the current state
of the system and do not depend on the prior history
of degradation or recovery. This makes it possible to
represent system behavior in the form of a finite set
of functional states corresponding to different levels
of operability, and a matrix of transition probabili-
ties between them, conditioned both by destructive
impacts and by recovery processes. The Markov
formulation is well established in problems of relia-
bility and dependability analysis of complex tech-
nical systems and provides a formally rigorous and
at the same time engineering-interpretable descrip-
tion [27], [29].

Within this formulation, dependability cannot
be adequately characterized by a single scalar indi-
cator such as the probability of failure-free operation
or the availability factor. The behavior of critical
electrotechnical systems fundamentally depends on
the depth of degradation and the recovery scenario,
which necessitates the identification of several com-
plementary components. For this purpose, dependa-
bility is proposed to be characterized by three prob-
abilistic components, each of which has a clear
physical and engineering interpretation.

The first component reflects the probability of
retaining full operability of the system under the
action of a destructive impact. For electrotechnical
systems, this quantity characterizes the ability of the
infrastructure to withstand the impact without transi-
tioning into a degraded state, that is, without losing
the ability to provide nominal power supply to criti-
cal loads. High values of this probability indicate the
effectiveness of structural redundancy, physical and
cyber protection, circuit redundancy, and damage
localization, which is key to preventing cascading
disruptions in interconnected infrastructures [30],
[31].

The second component characterizes the proba-
bility of restoring full operability after a partial loss
of functionality. Partial degradation for electrotech-
nical systems implies operation in a limited mode,
for example with the disconnection of non-critical
loads, transition to islanded operation, or the use of
backup power sources. This component reflects sys-
tem adaptability, its reconfiguration capabilities, and

the effectiveness of recovery procedures. For mod-
ern distributed power supply systems, it is precisely
the ability to return quickly and with high probabil-
ity to the nominal operating mode after partial dis-
turbances that determines the practical level of de-
pendability [32].

The third component corresponds to the proba-
bility of restoring full operability after a complete
loss of system functionality, which occurs in cases
of large-scale accidents, destruction of key network
elements, or loss of centralized control. For critical
electrotechnical systems, this property is fundamen-
tally important in view of the need to ensure the
long-term provision of vital societal functions even
in the event of repeated or combined destructive
impacts. It reflects maintainability, resource availa-
bility, the effectiveness of emergency recovery strat-
egies, and organizational aspects of operation [33],
[34].

All three components are probabilities and, ac-
cordingly, take values in the range [0;1]. To form an
integral dependability indicator, it is proposed to
combine them using weighted aggregation. The
composite dependability criterion G is defined as a
weighted sum of the corresponding probabilities
with non-negative weighting coefficients that satisfy
the normalization condition:

G = wq " Pret + Wy - Prpp, + Wy * Prpy,

where wy, w,, w3 — are weighting coefficients4;

Pget — probability of retention of full operation-
al capability;

Prp; — probability of recovery after partial loss
of operational capability;

Pgrp — probability of recovery after complete
loss of operational capability.
With the imposition of the additional normalization
condition:

W1+W2+W3:1

the criterion G is a convex combination of probabili-
ties and strictly belongs to the interval [0;1].

The value G = 0 corresponds to a system that is
incapable of either withstanding destructive impacts
or restoring operability after degradation, whereas
the value G=1 corresponds to an idealized system
that retains or fully restores operability in all consid-
ered scenarios. In practice, high values of the criteri-
on are characteristic of specially protected systems
or distributed power supply systems in which the
failure of individual elements does not lead to a loss
of operability of the system as a whole [35], [36].

The weighting coefficients in this criterion have
a clear physical meaning and reflect the relative
importance of different aspects of dependability for
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a specific object or operating conditions. Their se-
lection makes it possible to adapt the criterion to the
system type, permissible levels of degradation, and
recovery priorities without changing the overall
structure of the indicator.

Thus, the proposed criterion combines formal
rigour, engineering interpretability, and configura-
tionally flexibility, which makes it suitable for fur-
ther use in stochastic analysis and optimization of
critical electrotechnical systems. At the same time,
the linear form of aggregation and the Markov as-
sumption define the limits of applicability of the
criterion, which should be taken into account when
analyzing systems with pronounced memory effects
or nonlinear interaction of degradation and recovery
processes; these limitations are considered as direc-
tions for further development of the proposed ap-
proach.

3 Discussion

The proposed composite dependability criterion
should be considered in the context of existing met-
rics that are traditionally used for the evaluation of
operability, reliability, and robustness of electro-
technical systems. Such a comparison makes it pos-
sible to clearly delineate both the advantages of the
proposed approach and its place among existing
engineering tools for the analysis of critical infra-
structure. Classical reliability indicators, in particu-
lar the probability of failure-free operation, mean
time to failure, and the availability factor, are widely
used for the evaluation of power systems under sta-
tionary operating conditions [37]. These metrics are
well formalized and have a clear statistical interpre-
tation; however, they are generally based on a binary
division of system states into “operable” and “inop-
erable”. As a result, they reflect neither intermediate
levels of degradation nor the distinction between
partial and complete loss of functionality, which is
fundamentally important for critical electrotechnical
systems under destructive impacts.

Power supply quality indices commonly used in
power engineering practice, such as SAIDI and
SAIFI, are oriented towards evaluating the conse-
quences of failures for consumers and characterize
the average duration and frequency of power supply
interruptions [38]. Although these indices are useful
for regulatory and operational analysis, they are not
dependability indicators in the strict sense, since
they are not directly linked to the internal structure
of the system, do not reflect its ability to recover
after large-scale destruction, and do not allow as-
sessment of the impact of alternative architectural
solutions.

Resilience metrics proposed in contemporary
literature represent a significant step towards ac-
counting for the dynamics of system degradation and
recovery [39]. Many of them are based on integral
characteristics of the service function over time, in
particular on the area under the recovery curve or on
the speed of return to the nominal level of function-
ing. Despite their conceptual attractiveness, such
metrics often depend on the choice of threshold val-
ues, time horizons, and the form of the service func-
tion, which complicates their comparative use and
engineering interpretation. In addition, they usually
do not distinguish between scenarios of partial and
complete loss of operability, combining them into a
single degradation indicator.

In contrast to the approaches mentioned above,
the proposed dependability criterion is based on an
explicit state-based representation of system conduct
and on a Markov model of transitions between func-
tional states. This makes it possible to directly link
the value of the criterion to physically and engineer-
ing-interpretable scenarios of retention of operability
and recovery. An important distinction is also that
the criterion is not reduced to an averaged indicator
of losses or recovery time, but is formed as a
weighted combination of probabilities of fundamen-
tally different events, each of which has independent
significance for the analysis of dependability.

Compared with multidimensional approaches to
the evaluation of dependability, the proposed criteri-
on maintains a balance between completeness of
description and practical applicability. On the one
hand, it aggregates several aspects of system con-
duct into a single normalized indicator, which sim-
plifies comparative analysis and optimization. On
the other hand, the presence of weighting coefti-
cients makes it possible to adapt the criterion to spe-
cific operating conditions, the type of electrotech-
nical system, and permissible levels of degradation,
without losing the transparency of the indicator’s
structure.

At the same time, the proposed criterion does
not claim to be a universal replacement for all exist-
ing metrics and should be regarded as a complement
to classical reliability indicators and power supply
quality indices for the analysis of dependability un-
der destructive impacts and complex degradation
scenarios.

Conclusion

In this paper, the scientific problem of formali-
zation and quantitative evaluation of the dependabil-
ity of critical electrotechnical systems under destruc-
tive impacts is solved. In contrast to traditional
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approaches predominantly focused on reliability and
availability indicators or average recovery character-
istics, the paper proposes a coherent probabilistic
concept of dependability that is directly linked to the
functional states of the system.

The key scientific novelty of the study lies in
the introduction and justification of a composite
state-based dependability criterion, which funda-
mentally differs from existing metrics in that it ex-
plicitly distinguishes different levels of system deg-
radation and the corresponding recovery scenarios.
The proposed approach does not reduce system be-
havior to a binary “operable/inoperable” model, but
formalizes dependability as a set of probabilistic
characteristics reflecting retention of full operability,
recovery after partial loss, and recovery after com-
plete loss of functionality. Such a decomposition
makes it possible to adequately describe the conduct
of critical electrotechnical systems under complex
and combined scenarios of destructive impacts.

Another significant element of scientific novel-
ty is the use of a Markov model of functional states
as the formal basis for constructing the dependability
criterion. Unlike many works in which Markov
models are applied only for calculating individual
reliability indicators, in this study they are used for
the direct determination of the components of the
integral criterion. This ensures a rigorous link be-
tween the physical interpretation of degradation and
recovery processes and the quantitative evaluation of
dependability.

The proposed aggregation rule in the form of a
weighted normalized combination of probabilities
also has methodological novelty. It makes it possible
to obtain an integral indicator bounded within the
interval [0;1], with a clear interpretation of its limit-
ing values, while simultaneously providing flexibil-
ity in adapting the criterion to different classes of
electrotechnical systems and operating conditions.
The introduction of weighting coefficients trans-
forms the criterion from an abstract theoretical
measure into an engineering tool suitable for practi-
cal analysis, comparison of architectures, and justifi-
cation of design decisions.

Comparative analysis with existing reliability
metrics, power supply quality indices, and resilience
measures has shown that the proposed criterion oc-
cupies a distinct niche within the system of indica-

tors used for the evaluation of electrotechnical sys-
tems. It complements classical approaches by elimi-
nating their methodological limitations in describing
multilevel degradation and recovery, while at the
same time avoiding dependence on the subjective
choice of time horizons and threshold values inher-
ent in many resilience metrics.

The obtained results form a new conceptual and
methodological basis for the quantitative analysis of
the dependability of critical electrotechnical sys-
tems. The proposed criterion can be used for sys-
tematic comparison of alternative architectures,
evaluation of the effectiveness of protection and
recovery measures, as well as a basic element of
stochastic models and optimization problems aimed
at enhancing the resilience and recoverability of
critical infrastructure. This determines the practical
significance and scientific promise of further devel-
opment of the proposed approach.
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NmoBIpHiCHUN KpUTEPiil OiIHIBAHHA TAPAHTO3AaTHOCTI
KPUTHYHUX €JTCKTPOTEXHIYHUX CHCTEM

. B. Creuwk, acnipanm
ORCID: http://orcid.org/0000-0002-7013-7219; e-mail: stetsyk.di@stud.op.edu.ua
Hayionanvnuil ynisepcumem « Odecvka noaimexuikay

Anomauin. B cmammi posensoaemuvcs npobrema hopmanizayii ma KiibKiCHO20 OYIHIOBAHHS 2APAHMO-
30amMHOCMI KPUMUYHUX eJIeKMPOMEXHIUHUX CUCmeM, Wo DYHKYIOHYIOMb 8 YMOBAX 0eCpPYKIMUGHUX GNIUBIE.
3 oenady ma 3pocmaioyy 6pasiueicms CyYacHOI eHepeemudHol iHppacmpykmypu 00 NPpUpoOHUX, MexHO2eH-
HUX [ YINeCnpAMOBAHUX PYUHIBHUX NOOINl NOKA3AHO, WO MPAOUYIUHI NOKAZHUKU, 3ACHOBAHI HA HAOIUHOCMI
ma 20MmoHOCMI, € HEOOCMAMHIMU 01 AOEK8AMHO20 ONUCY NOBEOIHKU CUCTEMU 3d YMO8 YACMKOB0I 0ecpa-
oayii, noenoi empamu YHKYIOHANLHOCME Ma NOOAILUUX HPOYECI8 8iIOHOBICHHS.

Tapanmoszoamuicms 3anpononosano inmepnpemy8amu K iHmezpaibHy UMOSBIPHICHY 81ACMUBICMb, WO
gidobpadicae 30ammuicmeb cucmemu 30epicamu ma GIOHOBNIOEAMU GUKOHAHHA CE0IX KPUMUUHO BANCTUBUX
@yHKyil y Hecnpuasmausux ymosax. 3acmocogaro state-based nioxio, y mescax aKoeo esonoyis (hYyHKYioHa-
JILHO20 CMAHY cUCmeMu Mooemoembest Mapkogcokum npoyecom Ha CKiHYeHHItl MHONICUHI QYHKYIOHANbHUX
cmanig. 'V yiti nocmanosyi 2apanmo30amHuicms XapaKmepusyemovcs mpboMa UMOBIPHICHUMU CKIAO0GUMU.
tmosipuicmio 30epexcelts noeHol npaye30amuocmi 3a 0ii 0eCmpPyKmMueH0o20 GNIUBY, UMOBIPHICIIO 8I0HOG-
JIEHHs. RICTA YACMKOBOI empamu npaye30amHocmi ma UMOGIPHICMIO 8I0HOGIEHHA NiCliA NOBHOI empamu
npaye30amuocmi.

Inmezepanvuuti kpumepii 2apanmo30amnocmi 3anponoHOB8AHO WIAXOM AcpPe2y8aHHs 3a3HAYEeHUX CKId-
008UX 3 0ONOMO2010 38AAHCEHOI HOPMOBAHOI NIHIUHOI KOMOIHAYIL, Wo 3abe3neuye 0bMedNceHiCMb OMPUMAHO-
20 nokasuuxa inmepsanom [0;1] i uimky inocenepny inmepnpemayiro 1020 epaHuyHUX 3HAYeHb. YeeoeHus
8a206UX Koeqhiyicnmis 3abe3neuye eHyUKiCmb Kpumepito, 0038051041 a0anmyeamu 1o2o 00 Pi3HUX KIACie
eNeKMPOMEXHIUHUX CUCTNEM, eKCHIYAMAayiiHux npiopumemis i 0onycmumux pieuie oezpadayii Oe3 3MmiHu
dopmanvroi cmpyKkmypu nOKA3HUKA..

Knrouosi cnosa: capanmosoamuicmo, NOKA3HUKU 2aPAHMO30AMHOCTI, KPUMUYHI e1eKMPOMEXHIYHI CU-
cmemu, Mapkoscuvki npoyecu, state-based mooenioganns, 8i0H08NeHHA NPAYE30AMHOCMII.
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Abstract. This paper addresses the reconstruction of transient process parameters from their oscillo-
grams in the context of critical infrastructure security. It is shown that under real operating conditions the
only available information on the dynamic state of electrical systems is often limited to recorded oscillo-
grams, while the parameters of circuit elements may be unknown or vary over time. An engineering-oriented
method for determining transient process parameters in first- and second-order circuits is proposed. The
method is based on separating the forced and natural responses, forming a time series of the natural re-
sponse, and subsequently estimating its parameters using logarithmic transformations, the least squares
method, and numerical approximation techniques. The method is implemented as specialized software devel-
oped in Microsoft Excel using VBA. Numerical testing on a first-order circuit example demonstrated exact
parameter recovery for noise-free oscillograms and maintained an accuracy of approximately 1% in the
presence of disturbances simulating measurement errors. The obtained results confirm the practical ap-
plicability of the proposed approach for non-destructive testing, diagnostics, and improving the security of
critical technical systems.

Keywords: transient process, oscillogram, natural response, forced response, least squares method,
critical infrastructures, security, VBA programming, Microsoft Excel, programmable logic controllers.

Article citation: Maevsky D. A., Maevskaya O. J., Kvitchuk V. V. and Lavrynenko V. O (2026). A method for recon-
structing transient process parameters in critical infrastructure security applications. Electrotechnic and computer sys-
tems, 45(121), pp.32-43. doi:https://doi.org/10.15276/eltecs.45.121.2026.4

Introduction

Ensuring the security of critical infrastructures
largely depends on the ability to timely detect deg-
radation processes, anomalies, and hidden defects in
technical systems under conditions of limited access
to equipment. Under real operating conditions, the
parameters of elements in electrical circuits and
systems are often unknown or vary due to aging,
temperature effects, or damage, while the only avail-
able information consists of oscillograms of transi-
ent processes recorded by measurement and data
acquisition devices. This circumstance has led to the

formation of a broad research direction in the scien-
tific literature devoted to reconstructing transient
process parameters directly from oscillograms,
without constructing a complete physical model of
the object, which confirms both the practical signifi-
cance and the complexity of this problem [1], [3].

In electric power engineering, oscillograms of
transient processes following disturbances represent
a primary source of information for assessing dy-
namic stability and analyzing the security of operat-
ing modes. Classical and recent studies demonstrate
that the parameters of oscillatory and aperiodic

© Maevsky D. A., Maevskaya O. J., Kvitchuk V. V., Lavrynenko V. O., 2026
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components reconstructed from oscillograms are
directly related to power system stability and are
used to prevent the development of hazardous oper-
ating conditions [1], [2], [5]. At the same time, it is
emphasized that real oscillograms contain noise,
distortions, and are limited in duration, which com-
plicates reliable parameter estimation and necessi-
tates the development of specialized reconstruction
methods specifically oriented toward practical oper-
ating conditions [2], [5].

A similar problem is characteristic of transmis-
sion lines and distribution networks, where oscillo-
grams of voltages and currents during fault condi-
tions are used to estimate line parameters, localize
faults, and analyze failure causes. Studies devoted to
parameter reconstruction of lines from fault oscillo-
grams show that such information is critical for im-
proving network reliability and security, since the
actual line parameters at the moment of a fault are
generally inaccessible by other means [8], [9]. In
industrial systems and electric drives, oscillograms
of start-up transient processes are used to reconstruct
parameters of electrical machines without disman-
tling them, which is of direct importance for safe
operation and equipment diagnostics [6], [7].

In automation and telemechanic systems, par-
ticularly within Smart Grid and PMU-oriented moni-
toring frameworks, oscillograms of transient proces-
ses form the basis for real-time condition assessment
and detection of hazardous deviations in operating
modes. Review studies indicate that modern modal
identification algorithms are specifically oriented to-
ward oscillogram analysis, as these data are availa-
ble in real time and can be used for security-related
decision-making [3], [5]. Furthermore, parameters
reconstructed from oscillograms are considered info-
rmative features for anomaly detection in cyber-phy-
sical systems, thereby extending their role in com-
prehensive critical infrastructure security tasks [15].

From the perspective of non-destructive testing,
the analysis of transient process oscillograms repre-
sents a typical non-invasive approach to assessing
the technical condition of objects. Review works on
non-destructive testing emphasize that modern con-
dition monitoring methods are based on reconstruct-
ing parametric characteristics of systems from
measured signals without interfering with equipment
design [11]. This is confirmed by the application of
frequency- and time-domain diagnostic methods for
transformers, such as SFRA [12], as well as Time
Domain Reflectometry techniques for cable net-
works, where the oscillogram of the reflected signal
is used to detect defects [4], [13]. Taken together,
these studies demonstrate that the ability to recon-
struct transient process parameters from oscillo-

grams is a key component of non-destructive testing
and contributes to improving the security of critical
infrastructures by enabling early detection of poten-
tially hazardous states and reducing the risk of sud-
den failures.

Reconstruction of transient process parameters
from oscillograms is also important for industrial
controllers, including programmable logic control-
lers (PLCs), distributed control systems (DCS), and
embedded control modules used at critical infra-
structure facilities. During switching operations,
fault conditions, load changes, or cyber-physical
disturbances, industrial controllers typically record
only time-domain responses of voltages, currents, or
internal control signals, while information about
object parameters or internal states may be unavaila-
ble. Analysis of such transient processes makes it
possible to indirectly determine dynamic characteris-
tics of controlled objects, such as effective time con-
stants, damping factors, and dominant modes, with-
out interfering with normal system operation. This
makes transient parameter reconstruction an effec-
tive tool for non-destructive diagnostics, verification
of controller settings, and early detection of degrada-
tion or abnormal behavior in industrial automation
systems. In security-related applications, these capa-
bilities enhance the resilience and reliability of con-
trol systems by enabling assessment of their dynam-
ic state based on recorded oscillograms.

Thus, reconstruction of transient process pa-
rameters in devices and systems of critical infra-
structures is an actual problem. The aim of this pa-
per is to develop engineering methods for recon-
structing transient process parameters from their
oscillograms.

1 State of the Art

In contemporary research, the problem of re-
constructing transient process parameters from oscil-
lograms is considered as part of a broader challenge
of analyzing the dynamic state of technical systems
under conditions of incomplete information about
their parameters and structure. For critical infrastruc-
tures, this formulation is of fundamental importance,
since under real operating conditions oscillograms
obtained from event recorders, digital measuring
devices, or embedded monitoring systems are often
the only available source of information about sys-
tem behavior during transient and emergency re-
gimes. At the same time, element parameters may be
unknown, vary over time, or differ from nominal
values, which makes the direct application of classi-
cal model-oriented approaches for security assess-
ment impractical.
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One of the modern directions for addressing
this problem is the application of compressed sens-
ing methods, in which a transient process is inter-
preted as a signal having a sparse representation in a
certain basis (exponential, harmonic, or combined).
It has been shown that due to this property it is pos-
sible to reconstruct parameters of harmonic and tran-
sient components even with a limited number of
oscillogram samples or in the presence of significant
noise [16]. For critical infrastructure security tasks,
this is an important advantage, as it enables pro-
cessing of short or partially lost oscillograms that are
typical for emergency events. At the same time, the
practical implementation of compressed sensing
methods in security monitoring systems is limited by
high computational complexity, the need to select an
appropriate basis, and the lack of guaranteed repro-
ducibility of results under varying measurement
conditions.

Another approach aimed at improving the relia-
bility of transient parameter reconstruction from
oscillograms involves explicitly accounting for the
properties of the measurement system. Studies de-
voted to the identification and compensation of fre-
quency and nonlinear characteristics of sensor
chains in broadband transient measurements demon-
strate that a significant portion of reconstruction
errors is caused precisely by distortions introduced
by the measurement path [17]. Compensation of
these distortions makes it possible to substantially
increase the accuracy of estimating damping factors,
frequencies, and amplitudes from oscillograms.
From the standpoint of critical infrastructure securi-
ty, this approach is of particular importance, since
incorrect interpretation of oscillograms may lead to
erroneous conclusions regarding system stability or
technical condition. However, the need for detailed
calibration of the measurement system and the avail-
ability of additional information about its parameters
complicate the application of this approach in field
conditions and during crisis situations.

For the analysis of complex, nonstationary, and
nonlinear transient processes, adaptive signal de-
composition methods are widely used, including the
Hilbert-Huang Transform and related empirical
mode decomposition algorithms. These methods
allow an oscillogram to be decomposed into a set of
intrinsic mode functions, each characterized by its
own instantaneous frequency and amplitude [18].
Such an approach is attractive for critical infrastruc-
ture security applications because it does not require
assumptions about linearity or stationarity and can
be applied to real emergency oscillograms with rap-
idly changing structures. At the same time, the de-
composition results strongly depend on algorithm

parameters and oscillogram quality, and the absence
of unified criteria for selecting modal components
complicates the use of the obtained parameters as
formalized security indicators.

A separate group of methods comprises auto-
matic detection of disturbance onset moments and
reconstruction of step changes in transient oscillo-
grams. These approaches are used to accurately de-
termine the start of an event, which is critically im-
portant for correct reconstruction of transient param-
eters and subsequent analysis of incident causes
[19]. In the context of critical infrastructure security,
such methods enhance the reliability of post-event
analysis and localization of hazardous events. Their
limitations are related to sensitivity to noise and
measurement artifacts, which may lead to incorrect
detection of disturbance onset and, consequently, to
biased estimates of transient process parameters.

An important direction directly related to non-
destructive testing is represented by methods for
reconstructing transient processes from indirect
measurements, in particular estimating currents from
voltage oscillograms. Such approaches make it pos-
sible to recover hidden dynamic parameters of a
system without installing additional sensors, thereby
reducing the invasiveness of monitoring and increas-
ing the reliability of operation of critical facilities
[20]. For security applications, this constitutes a
significant advantage, as it expands the information-
al basis for analysis without physical intervention in
the system. At the same time, these methods usually
rely on physical models and computationally inten-
sive processing algorithms, which limits their ap-
plicability in real-time regimes.

Finally, theoretical and applied studies of tran-
sient processes in power supply systems demonstrate
that a substantial portion of hazardous operating
conditions is associated with transient currents in the
medium-frequency range, whose parameters are
difficult to determine using standard analysis meth-
ods [21]. Oscillograms of such processes contain
information that is critically important for assessing
electromagnetic ~ compatibility, reliability, and
equipment security. Nevertheless, existing methods
are often oriented toward specialized scenarios and
do not provide a unified engineering toolkit for sys-
tematic reconstruction of transient process parame-
ters from oscillograms.

Thus, the analysis of contemporary studies
shows that existing approaches to reconstructing
transient process parameters from oscillograms cov-
er a wide range of methods — from optimization-
based and time-frequency techniques to adaptive and
model-oriented approaches. However, for critical
infrastructure security applications they share com
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mon limitations related to sensitivity to noise, com-
plexity of tuning, dependence on oscillogram quali-
ty, and insufficient unification of procedures. This
substantiates the need for the methods proposed in
this paper, which are aimed at robust, reproducible,
and engineering-oriented reconstruction of transient
process parameters from oscillograms, taking into
account the requirements of non-destructive testing
and the assurance of critical infrastructure security.

2 Characteristics of Transient Process

Determination of transient process parameters
based on oscillograms has a number of fundamental
features that directly affect the accuracy and reliabil-
ity of the obtained results and therefore must be
taken into account in engineering analysis and in the
assessment of technical system security. By its na-
ture, an oscillogram represents a graphical or discre-
tized depiction of a continuous process, in which the
values of the measured quantity and time are pre-
sented with limited resolution along the x- and y-
axes. This implies that any transient process parame-
ters identified from an oscillogram are inherently
approximate, since the source data consist not of
exact instantaneous values but of discrete samples or
visually read estimates.

Limited resolution along the time axis leads to
errors in determining characteristic moments of the
transient process, such as the disturbance onset, rise
time, oscillation period, or decay time. Even when
digital oscillograms are used, time quantization er-
rors are governed by the sampling frequency and
synchronization algorithms, while analysis of graph-
ical oscillograms additionally introduces errors asso-
ciated with visual reading and scaling. As a result,
parameters related to time derivatives, frequencies,
or roots of the characteristic equation are particularly
sensitive to inaccuracies along the x-axis, which
may cause systematic bias in the estimated damping
factors or natural frequencies.

Similar limitations apply to the y-axis, which
corresponds to the amplitude of voltage or current. A
real oscillogram represents signal values with lim-
ited vertical resolution determined by the bit depth
of the analog-to-digital converter or by the accuracy
of graphical rendering. This leads to errors in deter-
mining initial conditions, integration constants, and
amplitudes of both forced and natural components of
the transient process. These effects become especial-
ly pronounced at low signal levels, where the rela-
tive measurement error increases, or under saturation
of the measurement chain, which distorts the oscil-
logram shape at peak values.

A further important feature is that an oscillo-
gram typically contains a superposition of forced

and natural responses, as well as noise and parasitic
disturbances. Under conditions of limited accuracy
along the x- and y-axes, this complicates correct
separation of the components, since even small er-
rors in estimating the steady-state level or the pa-
rameters of sinusoidal excitation may lead to signifi-
cant errors in reconstructing the natural response.
Consequently, measurement errors tend not only to
propagate into the identification results but also to
accumulate and mutually reinforce each other during
mathematical processing of oscillograms.

Another characteristic feature is the dependence
of parameter estimation accuracy on the selected
segment of the oscillogram. In real transient pro-
cesses, the initial segments often contain steep fronts
with large derivatives, where the influence of quan-
tization and noise is maximal, whereas at later stages
the signal may approach the noise floor. This creates
a trade-off between using an informative but noisy
part of the oscillogram and a cleaner but less in-
formative segment. The choice of the analysis inter-
val under such conditions directly affects the stabil-
ity and reproducibility of the estimated transient
parameters.

An additional important aspect is the influence
of oscillogram scaling and a priori assumptions re-
garding the system order and the type of excitation.
Since an oscillogram does not contain direct infor-
mation about the structure of the electrical circuit,
any parameter reconstruction is performed within
the framework of a chosen mathematical model.
Given the limited accuracy of the input data, oscillo-
gram errors may mask a mismatch between the
adopted model and the real object, which compli-
cates the physical interpretation of the identified
parameters.

Thus, determination of transient process param-
eters from oscillograms always represents an inverse
and ill-conditioned problem, in which the accuracy
of the results strongly depends on the resolution and
quality of the oscillogram along the x- and y-axes,
the noise level, the correctness of component separa-
tion, and the adequacy of the adopted model.

At the same time, modern digital oscilloscopes
provide not only on-screen visualization of oscillo-
grams but also the ability to store transient processes
in the form of time series suitable for further numer-
ical analysis. For example, Tektronix TBS2000B
series oscilloscopes support saving oscillograms in
SPREADSHEET/CSV format to a USB device,
enabling acquisition of a discrete time series of the
transient process [22]. Similar functionality is de-
scribed in the documentation of SIGLENT
SDS1000X-E series oscilloscopes, which explicitly
indicates the possibility of saving waveforms in
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CSV files for subsequent off-instrument processing
[23]. RIGOL DS1000Z series oscilloscopes also
support saving oscillograms in CSV format, which is
a standard tool for transferring data into the Excel
environment [24].

Awareness of these features is a necessary con-
dition for the correct application of identification
methods in engineering practice, especially in tasks
related to reliability analysis and the security of
complex technical systems and critical infrastruc-
tures.

3 Method for Determining Transient
Process Parameters

Let the oscillogram of a transient process be
represented as a time series of discrete points.
{t;,a(t)},i=1,..,N, where t — time instants, a
a(t) — the measured quantity (voltage or current). In
a linear system, the total process is represented as
the sum of the forced component as(t) and the natu-

ral component a,, (t):
a(t) = ap(t) + a,(t).

Subsequently, the parameter identification procedure
is expediently organized into three sequential steps:
first, the forced component as(t) is estimated from
the oscillogram; next, the time series a, (t) is nume-
rically formed as the difference between the total
process and the estimated forced component; finally,
the parameters of the natural component are deter-
mined with explicit consideration of errors in the
discrete data.

Determination of the parameters of the forced
component under constant excitation is based on the
fact that in the steady state af(t) is a constant value,
that is,

as(t) = t11—>r£10 a(t).

In practice, af(t) is estimated from the final
segment of the oscillogram, where the exponential
natural component has already decayed to a level
comparable with the noise floor and the signal fluc-
tuates around a steady value. To improve robustness
with respect to noise and quantization along the
amplitude axis it is advisable to apply averaging
over the interval [t, ty] where t; is chosen such
that the process is visually close to the steady state:

N
1
af(t) = N——k-l-l ' le a(tl-).

In this expression, N — denotes the total number of
discrete samples (data points) of the time series ob-
tained from the oscillogram.

Under sinusoidal excitation, the forced compo-
nent in the steady state is harmonic and can be ex-
pressed as:

as(t) = Ap - sin(wt + y),

where w is known from the excitation conditions (or
can be determined from the oscillogram based on the
period T'), while the amplitude Ay and the phase 1
are estimated from the steady-state portion of the
oscillogram. The amplitude Af is determined from
the peak values in the steady-state oscillation inter-
val, for example as one half of the difference be-
tween the averaged estimates of the upper and lower
extrema over several periods. The initial phase ¥ is
conveniently determined from the time shift At be-
tween the instant at which the signal crosses zero (or
another fixed phase reference) and the correspond-
ing instant of the sinusoidal excitation, that is, Yy =
w - At To reduce the error in determining t it is ad-
visable to apply interpolation between two adjacent
discrete samples between which the zero crossing
occurs. In cases where the oscillogram contains
noise or a significant natural component, estimation
of A¢ and 1y should be performed on a segment
sufficiently far from the switching instant, where the
influence of the natural component is minimal, since
any error in estimating the forced component direct-
ly propagates into the error of the reconstructed nat-
ural component.

After estimating the parameters of the forced
component, the natural component is numerically
isolated as the difference between the total signal
and the reconstructed forced component evaluated at
the same time instants. The resulting time series
{t;,a(t;)} serves as the basis for determining the
parameters of the natural component. It is important
to emphasize that errors in discrete time (limited
sampling frequency, trigger or synchronization inac-
curacies, rounding during data export) as well as
amplitude errors (ADC quantization, noise, scale
error, and nonlinearity of the measurement chain)
introduce uncertainties into the values of the natural
component. Therefore, the parameters of the natural
component are not determined from individual data
points but are obtained as the result of approximat-
ing a model to the entire data interval, which makes
it possible to reduce the influence of random errors.

For a first-order circuit, the natural component
has an exponential form:

t

a,(t)y=A-e, (D

where 4 — is the integration constant and T — is the
time constant of the transient process.
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For discrete values of a,, (t) the model is linear-
ized by logarithmic transformation (1):

t.
Inla,(t)] = hﬂAI—~§-

By introducing z; = In|a,(t;)|, a linear regres-
sion model is obtained

Ziza+p-ti,

where a = In[A], and p = 1/; — is the root of the
characteristic equation of the circuit.

Estimation of @ and p can be performed using the
least squares method, which ensures physically con-
sistent linearization. Once a and p, are obtained, the
exponential parameters are determined as

1
T=—,A=+e",
p

with the sign of the integration constant chosen to be
consistent with the sign of the natural component in
the initial segment of the process.

This procedure is more robust than determining
the time constant using a tangent-based method,
since it averages random errors along the amplitude
ax a nd partially compensates for time-axis errors by
exploiting the entire set of samples.

For a second-order circuit, the natural component
in the general case is represented either as the sum
of two exponentials (for the aperiodic regime) or as
exponentially damped oscillations (for the oscillato-
ry regime). In the aperiodic case,

a,(t) = A, -ePit + A,, - eP2t

and direct logarithmic transformation no longer
yields a linear relationship. Therefore, in this case
the parameters of the natural component are deter-
mined numerically as a nonlinear approximation
problem by minimizing the squared residual be-
tween the measured and model-predicted values.
From a practical standpoint, it is expedient to em-
ploy iterative nonlinear least squares algorithms,
such as the Gauss—Newton or Levenberg—Marquardt
methods, in which the parameters are updated at
each iteration based on linearization of the model
around the current estimate.

Thus, the practical procedure for identifying tran-
sient process parameters from an oscillogram con-
sists of sequentially reconstructing the steady-state
parameters from the steady portion of the record (a
constant level for DC excitation or harmonic param-
eters for sinusoidal excitation), forming the time
series a,(t) as the difference between the measured
signal and the reconstructed forced component, and
subsequently determining the parameters of the nat-
ural component with explicit consideration of errors

in the discrete data. For first-order systems, this can
be efficiently implemented via logarithmic transfor-
mation of the exponential response followed by line-
ar approximation, whereas for second-order systems,
represented by a sum of exponentials or damped
oscillations, numerical methods of nonlinear para-
metric identification are required to consistently fit
the model to the oscillogram under measurement
uncertainties. the model to the oscillogram under
measurement uncertainties.

4 Practical Implementation of the Method

For the practical implementation of the method
for determining transient process parameters from
their oscillograms, specialized software was devel-
oped in the Microsoft Excel environment using the
VBA programming language. The choice of Mi-
crosoft Excel as the implementation platform is jus-
tified by a combination of accessibility, functional
adequacy, and engineering convenience. Modern
digital oscilloscopes directly export oscillograms in
CSV or XLSX formats, which makes it possible to
work with time series data in Excel without addi-
tional data conversion. Built-in spreadsheet tools,
graphical visualization capabilities, and standard
mathematical functions provide clear verification of
each stage of oscillogram processing, which is criti-
cally important for engineering interpretation of the
results. The use of VBA enables automation of pa-
rameter estimation algorithms, implementation of
the least squares method, and numerical approxima-
tion techniques without relying on external software
packages, while preserving transparency and repro-
ducibility of the computations. In addition, Excel is
a widely adopted standard in measurement and oper-
ational practice, which facilitates the integration of
the developed software into tasks of analysis, diag-
nostics, and security assessment of critical technical
systems without the need for specialized proprietary
software. The appearance of the Microsoft Excel
worksheet is shown in Fig. 1.

The software is designed for engineering analy-
sis of experimental time series and operates directly
on oscillograms represented in tabular form, which
ensures straightforward integration with measure-
ment results obtained from modern digital oscillo-
scopes.

The input data consist of columns containing
the time series, including time instants and the corre-
sponding values of the investigated process. The
number of samples is not fixed in advance and is
automatically determined based on the actual num-
ber of populated cells, which allows the software to
handle both short and long oscillograms without
prior data preprocessing. This eliminates the need
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for manual specification of array sizes and reduces
the risk of errors during the processing of experi-
mental data.

The type of the forced component of the transi-
ent process is specified by the user via interface
control elements. A choice between a constant and a
sinusoidal forced component is provided through.

The software is designed for engineering analy-
sis of experimental time series and operates directly
on oscillograms represented in tabular form, which
ensures straightforward integration with measure-
ment results obtained from modern digital oscillo-
scopes.

A B C D E F G H I
1 Calculation of the parameters of the free component of the first-order transient process
2

Complete values of the Parameters of the forced component Parameters of the free

3 transition process ® Constant  Sinusoidal component
4 t a(t) Amplitude |Ang. frequency| Initial phase A P
5 0 10 0 0 0 10,06866765| -1011,16468
6 0,0005 6
7 0,001 35 Calculate parameters
8 0,0015 2.3
9 0,002 13
10 0,0025 0,8
11 0,003 0,5
12 0,0035 0,25
13 0,004 0,3
14 0,0045 0,08
15 0,005 0,06
1A

Fig. 1 - Software for determining the parameters of transient processes

The input data consist of columns containing
the time series, including time instants and the corre-
sponding values of the investigated process. The
number of samples is not fixed in advance and is
automatically determined based on the actual num-
ber of populated cells, which allows the software to
handle both short and long oscillograms without
prior data preprocessing. This eliminates the need
for manual specification of array sizes and reduces
the risk of errors during the processing of experi-
mental data.

Radio Button controls. In the case of constant
excitation, the forced component is interpreted as a
steady-state level, whereas under sinusoidal excita-
tion it is represented by a harmonic function with
known excitation parameters. This approach ensures
consistency between the oscillogram processing
algorithm and the physical nature of the investigated
process.

After selecting the type of the forced compo-
nent and preparing the input data, the user initiates
the computation by pressing the “Calculate” button.
In response, the program automatically executes all
stages of the algorithm: it estimates the parameters
of the forced component from the oscillogram, nu-
merically isolates the natural component as the dif-
ference between the total signal and the reconstruct-

ed forced component, and determines the parameters
of the natural component based on its time series.

For this purpose, logarithmic transformations
and the least squares method are applied for first-
order circuits, while numerical approximation pro-
cedures are used for more complex models, ensuring
robustness of the results with respect to discretiza-
tion errors and measurement noise.

The program outputs numerical values of the
integration constant and the characteristic equation
root, which describe the dynamic properties of the
circuit or system and can be used for analysis, diag-
nostics, or security assessment. The interface sup-
ports English and Ukrainian languages, and the
software provides a transparent and reproducible
implementation of the method, combining the clarity
of the Excel environment with automated numerical
processing for real experimental data.

To verify the proposed method for determining
transient process parameters from their oscillograms,
numerical testing was performed using a first-order
electrical circuit as an example. A circuit imple-
mented in the Multisim environment was used as a
reference model, which made it possible to obtain an
oscillogram of the transient process with a priori
known circuit element parameters and, consequent-
ly, with precisely known theoretical values of the
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transient process parameters. The circuit used for the
study is shown in Fig. 2.

1€
| |
—_—
uc(0)
5; Rl Rz
LT * [
—_—
Upz
E (“\"l} R3 Ra
L/

Fig. 2 - Circuit used for testing the method

For the parameter values R; = 20.,R, =
150,R; =250,R, =104, C, = 100 uF,
uc(0) =10V, E =100V,
the voltage across resistor ug, is given by
Upy = 23,077 — 42,86 - 71383t 1,

The oscillogram of the transient process was
generated using time-domain simulation and export-
ed as a tabular time series, which was subsequently
used as input data for the analysis (Fig. 3).

At the first stage of testing, the analysis was
carried out for the case of exact oscillogram values,
that is, without taking into account discretizationer-
rors, noise, or distortions of the measurement chain.
For this purpose, the forced component of the transi-
ent process was determined from the oscillogram,

First-order electric circuit
Transient Processe

_—
>
S
0]
o
@
=
0
>

Fig. 3 - Oscillogram of the transient process

corresponding to the steady-state operating condition
of the circuit after completion of the transient. Then,
based on the known value of the forced component
and the initial signal values, the integration constant
of the natural component was calculated, and the
time constant of the transient process was determi-
ned. The obtained parameter values fully coincided
with the theoretical values calculated directly from
the circuit parameters, which confirmed the correct-
ness of the algorithm under ideal conditions and its
consistency with the analytical solution of the linear
nonhomogeneous first-order differential equation.

At the next stage of testing, the performance of
the method was investigated under conditions of
approximate oscillogram values that simulate real
errors in experimental data acquisition. For this pur-
pose, artificial disturbances were introduced into the

exact time series to model errors in both the time
axis and the amplitude of the transient process. Such
disturbances are typical of real oscillographic meas-
urements. Under these conditions, direct graphical
determination of transient process parameters leads
to significant discrepancies, making it impossible to
obtain reliable results without the use of specialized
data processing methods.

To improve the accuracy of estimating the pa-
rameters of the natural component in the presence of
approximate data, the least squares method was ap-
plied, which makes it possible to fit the exponential
model of the natural response to the entire set of
experimental oscillogram points. The application of
this approach ensured stable estimation of the inte-
gration constant and the root of the characteristic
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equation even in the presence of noise and discreti-
zation errors.

Using the proposed method and the developed
software, the following parameter values were ob-
tained: the forced component of the transient process
Upy 5y ~ 23V, the integration constant A = —42,8 V,
and the time constant 7 = 0,000722 s (correspond-
ing to the characteristic equation root p =
—1385s71).

Comparison with theoretical values shows that
the relative error of the reconstructed transient pa-
rameters does not exceed 1%, confirming the high
accuracy and robustness of the proposed method
under conditions close to real experimental prac-
tice.The results demonstrate complete reconstruction
of first-order transient parameters for exact oscillo-
grams and preservation of high accuracy in the pres-
ence of measurement-like disturbances due to ap-
proximation techniques and the least squares meth-
od. This substantiates the applicability of the method
to real oscillograms obtained in both simulation
environments and physical measurements, as well as
its suitability for engineering diagnostics and dy-
namic analysis of first-order electrical circuit.

5 Conclusions

In this work, a method for determining transient
process parameters from their oscillograms is pro-
posed and verified, with a focus on practical applica-
tion in engineering problems related to the analysis
of electrical circuits and systems. The method is
based on decomposing the complete transient pro-
cess into forced and natural components, followed
by reconstruction of the parameters of the natural
component from a time series formed on the basis of
the oscillogram. Numerical experiments in the Mul-
tisim environment for a first-order circuit showed
error-free reconstruction of transient parameters for
exact oscillograms and a relative error not exceeding
1% under simulated measurement disturbances, con-
firming the robustness and practical applicability of

the method. Future work includes extending the
approach to higher-order circuits and complex exci-
tations, automating oscillogram interval selection,
improving noise-robust filtering, and enhancing
numerical identification and uncertainty estimation,
thereby broadening its use in analysis, diagnostics,
and security assessment of technical systems.
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Anomauia. Cmammio npucesueno 3a0aui 8i0HOGIEHHS RApaAMempie nepexionux npoyecie 3a ix ocyuno-
epamamu 6 Konmekcmi 3abe3neuents 6e3nexu KpumuuHux ingppacmpykxmyp. Akmyanvnicme pobomu 3ymo8-
JIeHa MUM, WO 8 PealbHUX YMOBAX eKCNLyamayii eneKmpomexHiuHux cucmem napamempu el1emMeHmis 4acmo
€ HegidoMuMu ab0 3MIHIOIMbCS BHACTIOOK CIMAPIHHS, NOUWKOONCEHb YU 308HIWUHIX 8NUGI8, MOJI K 0OCHIYN-
HOIO TH(HOPMAYIEI 3aTUMAIOMb s TUUle OCYUI0SPAMU NEPEXIOHUX NPOYECis, 3aMIKCO8AH] GUMIPIOBATTLHUMU
3acobamu. [lokazano, wo 6ioH08eHHA napamempie nepexionux npoyecie be3nocepeonbo 3a OCYUIOSPamamu
ma no2ano 0byMOoGIeHoI0 3a0auer0, MOYHICIb PO38 SI3AHHS AKOI 3a1edXHCUMb 6i0 NOXUOOK Ouckpemusayii 3a
uacom i amnaimyoor, a makodiC 6i0 KOPEeKMHO20 PO30INeHHSA SUMYUIEHOI ma GilbHOI CKIA008UX npoyecy.
3anpononosano indcenepHuli Memoo BU3HAYEHHS NApPAMEmpie nepexionux npoyecis, skuil 6a3yemvcs Ha
NOCIO06HOMY GIOHOBGNEHHI BUMYUEHOT CKIA0080I 3a YCMANEHOI0 YACMUHOIO OCYUI0SPAMU, POPMYSAnHI ua-
€06020 pAOY GIILHOI CKIAA060T Ma NOOANLULOMY OYIHIOBAHHI i napamempis i3 GUKOPUCMAHHAM 102apUPMi-
YHUX NepemBOpeHb | Memoody HAUMEHWUX Keaopamis abo 4UCeaibHUX memooié HeniHitiHol anpoxcumayii.
Po3spobneno cneyianizosane npocpamme 3abesneuenns 6 cepedosuwyi Microsoft Excel i3 euxopucmanusam
mosu VBA, wo 3abe3neuye agmomamuzogany 00pooKy ocyunrocspam, eKCnopmosanux y maoaudHomy ueisioi
3 yughposux ocyunoepais. Ilpogedeno uucenvne mecmyanus mMemooy, sike NOKA3AI0 NOGHe 8I0OMBOPEHHS
napamempie 3a MOYHUX OAHUX OCYUNOSPAMU MA 30epexceHHs MOYHOCMI Ha pieHi bausbko 1 % 3a nasgnocmi
30ypens, o Mo0enoioms peanbhi noXudKu eumiproeans. Ompumari pe3yiomamu niOmeepolCcyIomy egex-
MUBHICMb | NPAKMUYHY NPUOATNHICIL 3ANPONOHOBAHO20 NIOX00Y 0151 3A0aY HEPYIHIBHO20 KOHMPOTIo, dide-
HOCMUKY Ma niosuujenHs Oesnexu KpUmudHux mexHiuHux ingppacmpykmyp.

Knwuogi cnosa: nepexionuii npoyec, oCyunocpamd, GilbHA CKIA008d, GUMYWEHA CKIA008d, MEmoo
HatMeHwux Keadpamis, Kpumuuni ingppacmpyxmypu, besnexa, npocpamysanns na VBA, Microsoft Excel,
NpocpamoBani 102iuHi KOHMpPOoaepu.

42 Theoretical Electrical Engineering



ISSN 2221-3937 (Online) Electrotechnic and Computer Systems. 2026. Ne 45 (121)
ISSN 2221-3805 (Print)

Llumyeanns cmammi: Maescokuii [. A, Maescpka O. 10, Ksitayk B. B, JlaBpunenko B. O. (2026). MeTox BiTHOBICHHS HapaMeT-
PiB mepeximHuX HpoLeciB B 3a1a4ax Oe3MeKn KpUTHYHUX iIHPpacTpyKTyp. Exexkmpomexuiuni ma komn tomepui cucmemu, 45(121),
pp-32-43. doi:https://doi.org/10.15276/eltecs.45.121.2026.4

About the authors (ITpo aBTopiB)

Dmitry Maevsky, Dr. of Science, Professor, Professor of the Department of Electromechanical
Engineering, Odessa National Polytechnic University; 1, Shevchenko Ave., Odessa, 65044,
Ukraine.

E-mail: Dmitry.A.Maevsky@op.edu.ua; ph.: +380 48 705 8454

MaeBcebkuii JIMuTpo AHApioBHY, JOKTOP TEXHIYHHX HayK, mpodecop, mpodecop xadenpu
eJIleKTpoMexaHiqHoi imkeHepii, Harionanpuuii yHiBepcureT «Onecbka MONITEXHIKa»; MPOCIH.
[leBuenka, 1, Oneca, 65044, Ykpaina.

E-mail: Dmitry.A.Maevsky@op.edu.ua; ten.: +380 48 705 8454

ORCID: http://orcid.org/0000-0003-0666-6199

Elena Maevskaya, Candidate of Technical Sciences, Associate Professor, Associate Professor
of the Department of Electromechanical Engineering, Odessa National Polytechnic University;
1, Shevchenko Ave., Odessa, 65044, Ukraine.

E-mail: e.j.maevskaya@op.edu.ua; ph.: +380 48 705 8454

Maescbka Ogena FOpiiBHa, HaionanpHAN yHIBepcuTeT «Oechka MOMITEXHIKaY, KAaHIUAAT
TEXHIYHHUX HAyK, JOLCHT, HOICHT KadeapH elneKTpoMeXaHiqHo1 irmkeHepil , HamioHanbHuii
yHiBepcureT «Onecbka momiTexHikay; npoctr. [lleBuenka, 1, Oneca, 65044, YkpaiHa.

E-mail: e.j.maevskaya@opu.ua; Tenm. +380 48 705 8454

ORCID: http://orcid.org/0000-0001-6297-4255

Kvitchuk Vitaliy Volodymyrovych, postgraduate student of the Department of Electrome-
chanical Engineering, Odessa National Polytechnic University; 1, Shevchenko Ave., Odessa,
65044, Ukraine.

E-mail: kvithuk7@stud.op.edu.ua; ph.: +380 63 490 3883

KgiTuyk Bitaniii BosonumupoBu4, acmipanTt xadeapu erekrpoMexaHivuHoi imkeHepii, Harri-
OHaJBHHY yHiBepcuTeT «Omeckka noiiTexHikay; npocir. lllesuenka, 1, Omeca, 65044, YkpaiHa.
E-mail: kvithuk7@stud.op.edu.ua; Ten.: +380 63 490 3883

ORCID: http://orcid.org/0009-0009-3989-6493

Lavrynenko Vyacheslav Olegovich, postgraduate student of the Department of Electrome-
chanical Engineering, Odessa National Polytechnic University; 1, Shevchenko Ave., Odessa,
65044, Ukraine.

E-mail: lavrviach@stud.op.edu.ua; ph.: +380 67 690 2204

JlaBpunenko B’siuecnaB Ouerosuy, actipant kadeapu erxekTpomexaHignoi imkeHepii, Hari-
oHabHUH yHiBepcuteT «Oneckka nmomirexHikay; npoc. [llesuenka, 1, Oneca, 65044, Ykpaina.
E-mail: lavrviach@stud.op.edu.ua; temn.: +380 67 690 2204

ORCID: http://orcid.org/0009-0005-5173-050X

Theoretical Electrical Engineering 43



ISSN 2221-3937 (Online)
ISSN 2221-3805 (Print)

Electrotechnic and Computer Systems. 2026. Ne 45 (121)

UDC 004.942, 336.71

DOI: https://doi.org/10.15276/eltecs.45.121.2026.5

Categories of Uncertainty Affecting Project Management
Information Systems

Anatolii Savin !, Postgraduate Student
ORCID: http://orcid.org/0009-0009-6641-5333; e-mail: 9042853 (@as.op.edu.ua
Valerii Sytnikov !, Dr. of Technical Science, Professor
ORCID: http://orcid.org/0000-0003-3229-5096;e-mail: sitnikov@op.edu.ua;

Scopus Author ID: 57190377358

! Odesa Polytechnic National University

Abstract. The article is devoted to the analysis of categories of uncertainty affecting project manage-
ment. The authori examine ontological, epistemic, and aleatory uncertainty, revealing their impact on differ-
ent phases of the project life cycle and performance outcomes. The work highlights the limitations of modern
project management information systems (PMIS) in overcoming uncertainties and lays the foundation for the
development of more effective systems and approaches to managing complex and dynamic project environ-

ments.

Keywords: project management, uncertainty, ontological uncertainty, epistemic uncertainty, aleatory
uncertainty, project management information systems (PMIS).

Article citation: Savin A. A., Sytnikov V. S. (2026). Categories of Uncertainty Affecting Project Management Information Systems.
Electrotechnic and computer systems, 45(121), pp.44-60. doi:https://doi.org/10.15276/eltecs.45.121.2026.5

Introduction

Uncertainty in projects arises from unclear ob-
jectives, changing requirements, insufficient
knowledge of project teams, external disruptions,
and unpredictable risks, which often lead to delays,
cost overruns, and inefficiency. Modern project
management information systems (PMIS) focus on
structured data and deterministic models, but they
struggle to provide dynamic adaptability in envi-
ronments with high uncertainty.

The authors aim to develop a more adaptive,
data-driven, and intelligent PMIS framework that in-
tegrates advanced analytics, real-time decision sup-
port, and scenario modeling to reduce uncertainty.

This article focuses on the analysis of catego-
ries of uncertainty affecting project management,
namely the classification of sources of uncertainty
according to the project life cycle, as well as the
definition of uncertainty categories — ontological,
epistemic, and aleatory — for building a relevant
analytical foundation.

1 Purpose and Objectives of the Study

The purpose of this study is to:
1. systematize the challenges and impact of
uncertainty on project planning and execution, with

particular emphasis on the limitations of modern
PMIS;

2. identify specific categories of uncertainties
and investigate how PMIS can be improved for more
effective management of these uncertainties.

In doing so, the study aims to contribute to the
development of more robust project management
strategies and systems capable of anticipating, miti-
gating, and adapting to uncertainties.

To achieve this goal, the research covers the
classification of categories of uncertainty depending
on their impact on project management processes
and tools.

A three-level uncertainty breakdown structure
(UBS) is proposed, linked to the stages of the project
life cycle.

It is also proposed to introduce a new unit of
measurement for total uncertainty on a scale from
0.00 to 1.00, ranging from the ideal but unattainable
complete confidence and determinism to the oppo-
site extreme of total ignorance and chaos.

2 Challenges of Uncertainty in Project
Management

Challenges of uncertainty in project planning
and execution arise from the inherent unpredictabil-

© Savin A. A., Sytnikov V. S., 2026
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lity and complexity of projects, which can lead to
various project elements. In project management,
uncertainty is divided into two main types — varia-
bility risks and ambiguity risks [1]:

1. Variability risks include uncertainties re-
garding key characteristics of events or operations
and can be managed using methods such as Monte
Carlo analysis for quantitative assessment of poten-
tial outcomes.

2. Ambiguity risks, where imperfect knowledge
affects project objectives, can be reduced by involv-
ing external experts, conducting simulations, and
employing incremental development.

Modern PMIS models often face limitations in
addressing uncertainty issues due to their determin-
istic nature. These models are typically designed to
adhere to linear processes, which may not account
for the dynamic and complex nature of real projects
[1]. For example, traditional PMIS may insufficient-
ly support decision-making processes required under
significant uncertainty and complexity.

Moreover, risks may emerge that can only be
identified after their occurrence, necessitating a re-
silience-oriented approach to project management.
This requires flexible processes, reserves, and em-
powered teams to adapt to unforeseen changes, thus
aligning with more robust risk management capable
of handling unforeseen risks [1].

This reveals a gap where probabilistic appro-
aches could be more useful, incorporating flexibility
and adaptability into project management practices.

Thus, the gaps in modern PMIS models and
methods mainly lie in their ability to integrate and
manage uncertainty. Addressing these challenges
requires an evolution toward systems that can inte-
grate uncertainty quantification (UQ) methodolo-
gies, support adaptive management strategies, and
leverage new technologies to improve decision-
making processes under uncertainty [1].

2.1 Case Study

Below are some examples from the practice
guide of the Project Management Institute “Naviga-
ting Complexity” [2] and the PricewaterhouseCoop-
ers study “Correcting the Course of Capital Projects”
[4], where project outcomes were negatively affect-
ed by uncertainties exacerbated by shortcomings in
project management information systems (PMIS):

* Natural uncertainty of technological pro-
gress and innovative projects. PMIS often struggle
to manage natural uncertainty in projects involving
new technologies or innovations, such as advanced
construction projects or information and communi-
cation technology projects. These projects face a
high level of change and instability in assumptions,

increasing risk and potentially leading to resource
shortages affecting critical paths [2].

o [Inadequate risk management in large pro-
jects. The assessment of numerous industrial pro-
jects showed that very few achieved optimal predict-
ability in terms of cost and schedule. This indicates a
widespread issue with PMIS in effectively managing
complexity and uncertainty in such large-scale un-
dertakings, often due to insufficient risk assessment
and management [3].

o Communication and stakeholder misalign-
ment. Projects often suffer from poor communica-
tion between stakeholders and project teams. This
lack of clarity and transparent reporting leads to
project delays and budget overruns, as seen in a con-
struction project delayed due to postponed equip-
ment procurement caused by indecisive contractor
selection [3].

e [nability to anticipate risks in complex envi-
ronments. High-profile projects, such as infrastruc-
ture developments, can be severely affected by un-
foreseen political changes or legislative shifts, lead-
ing to scope disruptions and schedule delays. PMIS
may fail to account for such emerging risks without
robust forecasting tools and flexible methodologies
[2].

These examples highlight some areas where
PMIS can be improved for more effective uncertain-
ty management, emphasizing the need for enhanced
adaptive and predictive capabilities in project man-
agement systems.

3 Research Methodology

The methodological framework adopted in this
research is founded upon principles and tools from
several scientific and management domains, ensur-
ing a comprehensive approach to the analysis of
uncertainty in project management information sys-
tems. The study utilizes uncertainty quantification to
systematically identify, measure, and address differ-
ent types of uncertainty inherent in project environ-
ments. Chaos theory and systems theory, with a
particular emphasis on partially observable systems,
provide the foundational perspective for modeling
complex, dynamic, and often non-linear interactions
within projects. Stochastic processes from probabil-
ity theory enable the representation and simulation
of randomness and variability, which are vital to
capturing aleatory and epistemic uncertainties.

Decision theory is employed to support the
analysis of choice under uncertainty, facilitating the
assessment of alternative strategies and their poten-
tial outcomes. The research develops and describes
models with a focus on real-world constraints, such
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as limited resources, high environmental volatility,
and the scalability and adaptability within PMIS.

Throughout the research, iterative prototyping
and feedback loops are used to refine models and
ensure their relevance and usability for project man-
agement practitioners. The selection of methodolo-
gies and tools aligns with the contemporary needs of
project-oriented organizations facing increasing
complexity, digital transformation, and the demand
for real-time decision support. In sum, the research
methodology combines scientific foundations with
practical project management techniques to deliver
scalable and actionable recommendations for ad-
vancing PMIS capabilities in the face of deep and
multi-faceted uncertainty.

4 Categories of Uncertainty

Unfortunately, there is no single definition of
the term “uncertainty”. The best definition the au-
thor of this article has found was proposed by Doug-
las Hubbard in the book “How to Measure Any-
thing”: Uncertainty is the lack of complete certainty,
that is, the existence of more than one possibility.
The “true” outcome/state/result/value is not known
[4].

That is, uncertainty is the absence of certainty,
a state of limited knowledge, when it is impossible
to accurately describe the existing state, the future
result, or when more than one possible outcome
exists.

In most literature and research, two categories
of uncertainty are distinguished — aleatory and epis-
temic — but for project management this is insuffi-
cient. Roman Hansch and Ahmad Adee in their work
“System Theoretic View on Uncertainties” [5] de-
fine three categories of uncertainty, which together
cover all aspects of project management:

o Ontological (existential) uncertainty, which
can be defined as a state of complete lack of under-
standing of the existence and purpose of the model
of the relevant aspect of the system.

o FEpistemic (knowledge) uncertainty, which is
related to the lack of knowledge about the system
odel and the inaccurate encoding of the physical
system in the model.

o Aleatory (randomness) uncertainty, which
can be considered as the randomness of the process
represented by the system model.

In PMBOK, epistemic uncertainty is called
“ambiguity risk,” and aleatory uncertainty is referred
to as “variability risk” [1], but such terminology
shifts the focus from the essence and source of the
problem to dealing with its symptoms.

4.1 Mathematical Perspective

In mathematics, uncertainty can be described
using probability distribution. Ontological uncertain-
ty means that we cannot choose a direction of
movement and/or a system model at all. Epistemic
uncertainty means that we do not know exactly
which probability distribution to use. Aleatory un-
certainty, on the other hand, means that we cannot
predict what the random sample from a known dis-
tribution will be.

For example, with homoscedastic uncertainty
(Fig. 1), the expected value or mean € [o] in the data
remains unchanged. This can be seen in the simple
linear regression model y = f(x) + &, where € corre-
sponds to the normal distribution (u, 6?) and does
not depend on the variable x (p is the mean of the
distribution, ¢? is the variance). This means that the
randomness remains unchanged at different levels of
x, demonstrating constant variance [6].
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Fig. 1 - Homoscedastic Uncertainty

Conversely, heteroscedastic uncertainty (Fig.
2) arises when the variance 6(x) changes depending
on the variable x. This can be assessed using meth-
ods such as Monte Carlo modeling or predictive
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Fig. 2 - Heteroscedastic Uncertainty

machine learning algorithms. In this case, ran-
domness and noise vary depending on different lev-
els of observed data, for example, when planning or
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control errors increase at higher levels of stress [6].
Heteroscedastic uncertainty can be found in re-
al-life scenarios such as turbulence in fluid model-
ing, whereas homoscedastic uncertainty can be illus-
trated by rolling a die and calculating the statistics of
the results, where the variance remains constant.
However, to cover all scenarios, one should al-
so consider a kind of “pure” uncertainty (Fig. 3),
where the output y is purely random and completely
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Fig. 3 - “Pure” Uncertainty

independent of the input x, that is, y = €, where € is a
random variable drawn from a probability distribu-
tion. This setup illustrates a situation in which the
input variable x has no predictive power over the
output variable y, emphasizing the essence of pure
randomness or complete uncertainty. This scenario
highlights a purely stochastic process, where the
absence of any regularity embodies total uncertainty.
Since this scenario does not have a specific
clear name similar to “homoscedasticity” or “hetero-
scedasticity”, we will call it “pure randomness”,
assuming that the random values come from the
same probability distribution and are statistically
independent. This characterizes a situation of maxi-

mum entropy, when there is complete unpredictabil-
ity in the relationship between variables.

4.2 In Project Management

In project management, heteroscedastic uncer-
tainty may arise in budgeting processes, when costs
differ significantly depending on the phases or con-
ditions of the project, for example, increased ex-
penses during complex project stages. Conversely,
homoscedastic uncertainty can be observed in pro-
jects with stable, predictable costs, such as routine
technical implementation tasks where costs remain
unchanged over different periods. This reflects situa-
tions where the variance or unpredictability of out-
comes (financial, resource, or time-related) depends
on specific project variables or remains constant.

In the context of project management, each
stage of the project life cycle is primarily associated
with different categories of uncertainty (Fig. 4):

1. Pre-project and initiation. This phase in-
volves a high level of ontological uncertainty, as
fundamental questions about the existence, purpose,
and objectives of the project are determined. This
often requires clarification of such project aspects as
“why” and “for what purpose,” aligning the project
with these existential questions. This phase also
deals with broader existential issues regard-
ingwhether the project aligns with the organization’s
strategic vision and goals.

2. Organization and planning. Here, the focus
shifts to epistemic uncertainty. This involves gather-
ing detailed information, developing plans, estimat-
ing resources and timelines, and making assump-
tions based on existing knowledge. At this phase,
uncertainty is related to gaps in information and
understanding, which can often be reduced through
analysis and research.

Closing &

Pre-Project & Organization
Initiation and Planning

Execution,
Monitoring &
Control

Post-Project

Ontological
uncertainty

"What are we
creating and
why?"

Complete uncertainty
about the purpose,
needs, existence, or
alignment of the
project with the
organization's
strategy.

Epistemic Aleatory
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"What do we "What could
know and how happen

well do we know  unexpectedly?”
ir?"

Related to chance,
variationsin
resources, external
events, technical
failures.

Related to knowledge
gaps, inaccurate
estimates,
assumptions, lack of
data.

Ontological +
Epistemic
"What have we

achieved? What
remains unclear?"

Determining long-
term impact,
strategic alignment,
identifying knowledge
gaps based on
retrospectives.

Fig. 4 - Correlation of Project Life Cycle Stages with Categories of Uncertainty
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3. Execution, monitoring, and control. Aleato-
ry uncertainty becomes more prominent at this stage
due to the inherent variability and randomness that
arise during project execution. This includes dealing
with discrepancies in resource availability, unex
pected project changes, and real-time fluctuations
that affect progress and outcomes. The project team
must account for these uncontrollable variables
through continuous monitoring and adaptive control.

4. Closure and post-project. Although most
uncertainties should already be resolved at this
stage, some ontological uncertainty may remain,
especially regarding the long-term impact and stra-
tegic alignment of project outcomes. In addition, the
analysis of lessons learned may reveal epistemic
uncertainty that arose during execution and how it
may affect future projects.

Such alignment helps to determine the appro-
priate strategies for each stage, ensuring effective
management and elimination of uncertainties inher-
ent to each phase.

5 Decomposition of the Uncertainty
Categories

The study of uncertainty is of high importance
for understanding and managing the complex and
unpredictable nature of various phenomena that af-
fect a wide range of fields, from philosophy to prac-
tical decision-making. This section delves into the
intricate landscape of uncertainty, classifying it into
three main categories: ontological (existential) un-
certainty, epistemic (knowledge) uncertainty, and
aleatory (random) uncertainty. Each category repre-
sents different dimensions of uncertainty, reflecting
the diverse nature and origins of unknowns that
challenge understanding and predictability.

Within these categories, various subcategories
further detail specific types of uncertainties that may
influence understanding and decision-making in
different disciplines. By outlining these categories
and subcategories, this section establishes a compre-
hensive uncertainty breakdown structure (UBS) for
assessing the diverse manifestations of uncertainty
(Fig. 5), enhancing the ability to recognize and sys-
tematically address issues related to uncertainty.

5.1 Ontological Uncertainty

The term “ontological” comes from the Greek
words “ovrog,” meaning “being” or “that which ex-
ists,” and “loyog,” meaning “study” or “science.”
Ontology, therefore, is the study or doctrine of be-
ing, encompassing the philosophical investigation of
the nature, essence, and fundamental problems of
existence. It is a core branch of philosophy that

seeks to clarify the essential aspects of reality, the
nature of entities, and the frameworks through which
existence is understood.

Ontological uncertainty arises from the uncon-
scious use of inappropriate methodologies or belief
systems. It is unrecognized, not subject to quantita-
tive measurement, and involves scenarios where the
entities and interactions of concern are not fully
known or understood. This category of uncertainty
creates significant challenges, as it involves navi-
gating and identifying new or previously unrecog-
nized elements, domains, or contexts. Thus, it re-
quires categorization, dealing with fundamental
questions about existence, and understanding of
entities and their relationships. The complexity of
ontological uncertainty lies in its deeply rooted con-
nection to the essence of what is being studied and is
often not amenable to direct measurement or quanti-
tative assessment.

In project management, ontological uncertainty
implies doubt regarding the fundamental purpose,
role, and existential impact of the project. This re-
quires consideration of why the project is being im-
plemented and what its ultimate goals are beyond
immediate practical execution. This category of
uncertainty compels project managers to align pro-
ject objectives with strategic visions and long-term
consequences, often involving profound existential
and strategic considerations that go beyond short-
term goals and frequently beyond the authority of
project teams. It demands a fundamental understand-
ing of the project’s meaning and its place within the
broader organizational context, necessitating en-
gagement with complex decision-making processes
concerning the very nature and purpose of the initia-
tive. This reflection on the existential dimensions of
the project ensures that it is not only feasible but
also meaningful within its broader organizational
and societal structure.

Through analysis of publications and materials,
as well as consultations and discussions with ex-
perts, the authors of this article has decided to dis-
tinguish six subcategories of ontological uncertainty:

5.1.1 Truth Uncertainty. Truth uncertainty en-
compasses the difficulties in determining the accu-
racy or veracity of assumptions and propositions
invarious contexts. This uncertainty arises when it is
unclear whether the foundational beliefs or data are
accurate, leading to challenges in verifying the as-
sumptions underlying decisions and strategies. The
main issue of truth uncertainty lies in ensuring that
actions are based on reliable and validated infor-
mation, as relying on questionable premises can
result in ineffective or erroneous outcomes. Address
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Fig. 5 - Uncertainty Breakdown Structure.

ing this uncertainty requires rigorous verification
and evaluation processes to confirm that assump-
tions and propositions accurately reflect reality,
thereby reducing the risk of significant errors or
strategic misalignments in various fields [5].

In project management, truth uncertainty can
significantly affect how strategies are formulated
and implemented. It requires project managers to
critically analyze the assumptions underlying their
plans and establish robust verification processes to
assess their reliability. Decisions must be continually
reviewed to ensure alignment with validated truths,
and it may be necessary to develop contingency
plans to address potential discrepancies between
assumptions and actual conditions. Such vigilance
promotes informed decision-making and increases

project resilience by reducing the risk of basing
strategies on unverified or inaccurate premises.

5.1.2 Attributional Uncertainty. Attributional
uncertainty involves ambiguity in assigning or un-
derstanding the roles, identities, and responsibilities
of various objects or agents within a system or do-
main. This category of uncertainty may arise when
there is a lack of clarity regarding who or what is
responsible for specific outcomes, changes, actions,
or decisions in the system. Issues associated with
attribution uncertainty include potential confusion
about accountability, difficulties in coordinating
actions, and challenges in effectively evaluating
performance or results. Addressing attributional
uncertainty requires clear communication, well-
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defined roles, and agreement among stakeholders to
ensure proper allocation and effective management
of responsibilities [7].

In project management, attributional uncertain-
ty can lead to ambiguity regarding the roles of team
members, stakeholders, or organizational units. This
ambiguity may result in overlaps or gaps in respon-
sibilities, affecting communication, coordination,
and accountability. To cope with this uncertainty,
project initiators must ensure that roles and respon-
sibilities are clearly defined and communicated to all
involved parties, particularly sponsors and project
owners. Effective solutions may include the creation
of detailed project role descriptions, the establish-
ment of clear authorities, and the creation of forums
for ongoing clarification to prevent misunderstand-
ings.

5.1.3 Semantic Uncertainty. Semantic uncer-
tainty arises from ambiguity and lack of clarity in
meanings and definitions during communication.
This uncertainty occurs when different participants
assign different meanings to the same terms,
phrases, or actions, often due to differences in expe-
rience or perspectives. The issues it presents include
potential misunderstandings and misinterpretations,
which can hinder effective communication and col-
laboration. Addressing semantic uncertainty in-
volves improving terminology, ensuring shared un-
derstanding, and fostering clear communication
among participants to avoid discrepancies in inter-
pretation [7].

In project management, semantic uncertainty
can lead to misunderstandings and misalignment of
objectives if team members interpret key terms or
project requirements differently. This can affect
everything from goal setting to task execution and
outcome evaluation. To mitigate semantic uncertain-
ty, project management offices (PMO) and project
managers should prioritize establishing a common
language and mutual understanding within the team.
Methods such as glossaries, standardized documen-
tation, and alignment meetings can be helpful. Addi-
tionally, ongoing communication and feedback cy-
cles help ensure that all team members interpret
terms and concepts consistently, reducing the risk of
errors and inefficiency due to misinterpretation.

5.1.4 Narrative Uncertainty. Narrative uncer-
tainty revolves around the use of storytelling and
narrative structures to comprehend complex, unpre-
dictable situations. It recognizes that in the face of
unforeseen outcomes, embedding decisions and
processes within coherent narratives can provide
direction and context, helping individuals and teams
navigate uncertainty. This form of uncertainty ena-

bles the understanding of complex interactions that
cannot be immediately anticipated, and supports
focus and adaptability by creating stories and ideas
that make sense in changing circumstances. The
main challenge with narrative uncertainty lies in
ensuring that narratives accurately reflect reality and
provide meaningful guidance amid inherent unpre-
dictability [7].

Narrative uncertainty uniquely affects project
management by shaping how projects are explained
and understood through storytelling. It allows pro-
ject managers to use descriptive structures to ensure
coherence and alignment within teams, especially
when facing uncertain outcomes or complex situa-
tions. By developing stories that encompass project
goals, strategies, and actions, business analysts and
project managers can maintain team focus and
adaptability. These narratives help translate abstrac-
tions or project details into an understandable and
interconnected context, ensuring that all stakehold-
ers remain informed and aligned with the project’s
direction, fostering resilience and shared understand-
ing of the project’s path despite uncertainty.

5.1.5 Description Uncertainty. Description un-
certainty relates to issues associated with the inter-
pretation and representation of the fundamental
nature or form of models or phenomena. It arises
when there is a lack of clarity or knowledge about
the underlying science or mechanisms governing
data and system behavior. This uncertainty becomes
particularly evident when the available data do not
clearly indicate a single model or when multiple
potential models exist, each offering different inter-
pretations. The main challenge of description uncer-
tainty lies in accurately developing mechanistic un-
derstandings and causal explanations, which influ-
ence the fundamental comprehension and interpreta-
tion of observed phenomena [7].

Description uncertainty affects project man-
agement by complicating the precise definition and
modeling of project goals and systems. It arises
when there is no clarity regarding fundamental pro-
cesses or when multiple interpretations of the same
data or phenomena exist. This influences how pro-
ject objectives are set and strategies are determined.
Project managers must be flexible and open to revis-
ing models and strategies as new data or interpreta-
tions emerge. This adaptability is crucial for ensur-
ing that the project remains aligned with its ultimate
objectives, despite changes in understanding. Ad-
dressing this uncertainty requires iterative assess-
ments and diverse perspectives to refine project
plans and improve the understanding of system
complexity.
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5.1.6 Interpretational Uncertainty. Interpreta-
tional uncertainty arises when there are inconsisten-
cies in extracting meaning from data or models due
to unclear or inconsistent decoding methodologies.
This category of uncertainty is related to the accura-
cy and consistency in interpreting known infor-
mation, rather than the discovery or definition of
new entities. The main issue associated with inter-
pretational uncertainty is ensuring that data or model
outputs are understood in the same way by different
interpreters, minimizing discrepancies that can lead
to inconsistent interpretations and incorrect deci-
sions. This category of uncertainty highlights the
importance of establishing clear, consistent method-
ologies for data interpretation [7].

In project management, interpretational uncer-
tainty can affect how project inputs and reports are
understood and acted upon. If team members apply
different methodologies or criteria for interpreting
project information, discrepancies in understanding
may arise, potentially leading to inconsistent actions
and decisions. Project managers can mitigate this
uncertainty by standardizing interpretation method-
ologies, providing clear guidance on data analysis,
and ensuring thorough training and communication
regarding these standards. By applying a consistent
approach to interpretation, project teams can reduce
errors and inefficiencies and ensure that all partici-
pants have a shared understanding of project data
and outcomes.

5.2 Epistemic Uncertainty

The term “epistemic” comes from the Greek
word “emornun,” meaning ‘“knowledge” or “sci-
ence.” It is fundamental in ancient philosophy, re-
flecting the pursuit of understanding, cognition, and
systematic investigation of what is known. Episte-
mology is the branch of philosophy that studies the
nature, origin, and limits of human knowledge.

Epistemic uncertainty, also known as systemat-
ic uncertainty, refers to aspects that could, in princi-
ple, be known but are currently unknown. This un-
certainty arises from incomplete models or deliber-
ately concealed data. It reflects the gaps and limita-
tions in our current understanding of or information
about a phenomenon or system. Addressing epistem-
ic uncertainty involves identifying and filling these
knowledge gaps through better data collection and
improved models. The task is to acknowledge and
recognize these gaps and actively work to reduce
uncertainty by increasing the reliability of the data
and models used to understand complex systems.

In project management, epistemic uncertainty
significantly affects decision-making and strategic

planning processes. It arises from a lack of
knowledge or incomplete information, which direct-
ly impacts how projects are conceived, planned,
executed, and evaluated. Managing epistemic uncer-
tainty requires project managers to be clearly aware
of knowledge gaps and to continuously seek im-
provement and refinement of their models and as-
sumptions. This may involve gathering additional
data, enhancing analytics, and revising project as-
sumptions as more information becomes available.
Project managers should also employ flexible ap-
proaches that adapt to new insights, ensuring that
changes in knowledge do not derail the overall pro-
ject objectives. Successfully overcoming epistemic
uncertainty involves utilizing learning processes and
iterative improvement to make more informed and
resilient project decisions.

Through analysis of publications and materials,
as well as consultations and discussions with ex-
perts, the authors of this article have decided to dis-
tinguish nine subcategories of epistemic uncertainty:

5.2.1 Model Uncertainty. Model uncertainty re-
fers to doubts and issues related to the selection and
validation of the correct model for accurately repre-
senting a real-world system. This category of uncer-
tainty arises when there is uncertainty about whether
the chosen model is appropriate or sufficient to cap-
ture the complexity and dynamics of the system
under study. Issues of model uncertainty includepo-
tential inaccuracies in predictions and decisions
based on these models, as they may not fully or cor-
rectly reflect system behavior. It is important to rec-
ognize that model uncertainty encompasses the en-
tire process of selecting, implementing, and validat-
ing models, so it is crucial to ensure regular review
and updating of selected models to reflect new data
and insights [8].

In project management, model uncertainty can
significantly affect decision-making and schedule
development. Choosing an inappropriate model can
lead to suboptimal strategies, erroneous forecasts,
and misallocation of resources. To manage model
uncertainty, project managers should engage in thor-
ough model selection processes, ensure ongoing
model validation, and remain open to incorporating
new findings and technologies into existing models.
Collaborative processes that incorporate diverse
knowledge and perspectives can help assess model
adequacy. Additionally, applying flexible methodol-
ogies that allow the model to be adapted as more
information becomes available can help mitigate the
effects of model uncertainty, resulting in more ro-
bust and adaptive project execution.
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5.2.2 Structural Uncertainty. Structural uncer-
tainty refers to inadequacy or bias in models that
arises from incomplete or inaccurate knowledge of
the underlying physics or phenomena they attempt to
represent. This uncertainty occurs when models are
unable to capture the complexity or true nature of
real-world systems, often due to simplifications or
assumptions made during the construction of the
model structure. Issues related to structural uncer-
tainty include potential inaccuracies in predictions
and insights provided by the model structure, as
these may not fully account for all variables or pro-
cesses affecting the system. Since models are ap-
proximations of reality, this uncertainty highlights
the need for continuous improvement and validation
of models to enhance the representation of complex
systems [9].

In project management, structural uncertainty
can affect how projects are planned and executed,
especially when structural models or simulations are
used for decision-making. If the underlying project
models are biased or misrepresent actual conditions,
this can lead to incorrect strategies and/or inefficient
execution. To manage structural uncertainty, project
managers should engage in ongoing model valida-
tion and adaptation, incorporating new data and in-
sights to better align models with reality. This often
involves interdisciplinary collaboration and leverag-
ing advances in computational techniques for con-
tinuous model improvement. Ensuring that models
accurately reflect the systems they are intended to
represent helps project managers make more in-
formed and reliable decisions, ultimately improving
project outcomes and reducing the risk of strategic
errors.

5.2.3 Method Uncertainty. Method uncertainty
is related to the selection and implementation of
computational methods used for parameter estima-
tion and forecasting in models. This uncertainty ari-
ses when the chosen methods and their implementa-
tion potentially introduce variability or inaccuracies,
affecting the reliability of the results. The main issue
with method uncertainty is its direct impact on anal-
ysis outcomes, as the methodological choices made
can significantly influence the reliability of forecasts
and estimates. Ensuring the correct selection and pr-
oper application of computational methods is crucial
for achieving accurate and trustworthy results [8].

In project management, method uncertainty can
affect how decisions are made, especially when
analysis or forecasting relies on certain methodolo-
gies. If the chosen method is unsuitable for the con-
text or poorly implemented, this can lead to biased
or inaccurate results, impacting project strategies

and outcomes. To address this uncertainty, project
managers should carefully assess the suitability of
different methods for the needs and objectives of a
particular project. Regular review and validation of
methods, as well as incorporating expert opinions
and benchmarking against other standards, can help
ensure the integrity and reliability of project analy-
sis, ultimately leading to more informed and effec-
tive decision-making.

5.2.4 Limited Data Uncertainty. Limited data
uncertainty arises from insufficient or absent data,
which restricts the ability to make accurate and well-
substantiated conclusions about the system. This
category of uncertainty is particularly challenging
when dealing with new or exploratory fields where
comprehensive datasets have not yet been devel-
oped. The main issue with limited data uncertainty is
that it can hinder the accuracy and reliability of
models and analyses, leading to less confident deci-
sion-making. Incomplete data may result in models
failing to capture the full complexity or variability of
the system, making conclusions less reliable [10].

In project management, /imited data uncertain-
ty can affect planning, resource allocation, and risk
assessment. When data are scarce, project managers
may face challenges in forecasting project outcomes
or accurately estimating timelines and costs. To
mitigate this uncertainty, project managers should
prioritize data collection, encourage iterative cycles
of data gathering and analysis, and use expert judg-
ment or proxy data when necessary. It is crucial to
employ adaptive management strategies that allow
for adjustments as new data become available. By
proactively addressing limited data uncertainty, pro-
ject managers can improve their ability to make in-
formed, flexible decisions and enhance overall pro-
ject execution and outcomes.

5.2.5 Algorithmic Uncertainty. Algorithmic
uncertainty arises from numerical approximations
and errors introduced by computational algorithms
used in models. As numerical and statistical models
become increasingly complex to realistically repre-
sent real-world systems, it is often necessary to
compromise between computational cost and model
accuracy. This may involve using simpler algorithms
with lower computational expense, which can intro-
duce errors into the modeling process. The challenge
with algorithmic uncertainty is to balance accuracy
and computational efficiency, ensuring that errors
from numerical approximations do not significantly
affect the accuracy or reliability of the model [8].

In project management, algorithmic uncertainty
can impact project outcomes, especially when pro-
ject decisions rely on simulation models or computa-
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tional forecasts. Decisions made using models that
overlook important details due to numerical errors.
To address this issue, project managers can imple-
ment verification processes to assess and minimize
the impact of algorithmic errors on outcomes. It is
crucial to choose appropriate computational meth-
ods, such as Monte Carlo, that balance accuracy and
computational efficiency. Additionally, integrating
more robust verification and sensitivity analysis
processes can help identify and mitigate significant
algorithmic uncertainty, thereby increasing the relia-
bility of model-based decisions in projects.

5.2.6. Parameter Uncertainty. Parameter un-
certainty! arises when the values of model parame-
ters are specified with inaccurate knowledge or lack
of direct measurements. This category of uncertainty
pertains to the specific values required for model
parameters, which may be unknown, poorly estimat-
ed, or derived from insufficient data. Issues related
to parameter uncertainty include potential inaccura-
cies in model predictions and decisions made using
these models. Without accurate parameter values,
models may not accurately represent reality, leading
to errors and inefficiencies in various applications.
Reducing parameter uncertainty usually involves
obtaining more precise data, improving measure-
ment methods, and using statistical techniques for
better estimation [9].

In project management, parameter uncertainty
can significantly affect the accuracy of forecasts,
resource allocation, and strategy development. Inac-
curate parameter values can lead to errors in budget-
ing, planning, and risk assessment. Project managers
can reduce parameter uncertainty by ensuring con-
tinuous data collection and refinement processes,
employing advanced statistical methods to improve
parameter estimation, and engaging subject matter
experts to validate parameter assumptions. This may
also include conducting sensitivity analysis to un-
derstand the impact of parameter variability on mod-
el outcomes.

5.2.7 Data-Induced Uncertainty. Data-induced
uncertainty is a category of uncertainty that arises
from decisions made during the selection, cleaning,
and transformation of input and output data. This
uncertainty affects the clarity, consistency, and reli-
ability of the data used in models or analyses. The

! Do not confuse with “parametric uncertainty.” Although
both categories relate to uncertainties associated with
model parameters, parameter uncertainty is epistemic and
concerns the accuracy of known parameters, whereas
parametric uncertainty is aleatory, dealing with the natu-
ral variability inherent in the system’s input variables.

involve algorithmic approximations may sometimes
problem with data-induced uncertainty lies in ensur-
ing that these data processing decisions do not inad-
vertently introduce bias, errors, or inconsistencies
that can distort results and conclusions. Maintaining
data integrity and accuracy throughout the entire
lifecycle requires careful data management practices
[8].

In project management, data-induced uncer-
tainty and poor data handling practices can lead to
inaccurate project assessment and strategy develop-
ment. To manage this uncertainty, project managers
should implement rigorous data governance frame-
works, ensuring transparent and consistent processes
for data selection, cleaning, and transformation. This
may involve using standardized protocols for data
handling, training team members in best practices,
and conducting ongoing validation checks to ensure
data quality and reliability. By addressing data-
induced uncertainty, project managers can enhance
the credibility of their analyses, leading to more
informed and effective project strategies and deci-
sions.

5.2.8 Interpolation Uncertainty. Interpolation
uncertainty arises when missing data in a model
simulation or experimental dataset are filled using
interpolation algorithms, which can introduce errors
or noise. This category of uncertainty is associated
with the challenges of accurately predicting or esti-
mating values for data points that have not been
directly observed or measured. The main issue lies
in the potential inaccuracies that may result from
using algorithms to estimate these values, which
may not fully capture the complexity or variability
of the real-world system being modeled. Cons-
quently, interpolated data may contribute to biased
or unreliable model forecasts [8].

In project management, interpolation uncer-
tainty can affect the reliability of forecasts or anal-
yses when datasets are incomplete. Decisions that
depend on interpolated data may be based on esti-
mates that do not adequately reflect actual condi-
tions, leading to potential errors in planning or exe-
cution. To manage interpolation uncertainty, project
managers should ensure robust data collection pro-
cesses to minimize the need for interpolation.

Additionally, they should carefully select and
validate interpolation algorithms, using sensitivity
analysis to understand their impact on project deci-
sions. By recognizing the limitations of interpolated
data and implementing validation checks, project
managers can improve the accuracy and reliability of
project insights and strategies.
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5.2.9 Subjective Judgment Uncertainty. Sub-
jective judgment uncertainty arises from biases and
variability originating from human decisions andex-
pert opinions during modeling or decision-making
processes. This uncertainty results from personal or
expert influence rather than technical or data-driven
factors and can affect the outcomes of models or
strategies through bias or variability. Two subtypes
of subjective judgment uncertainty include moral
uncertainty and rule uncertainty [11]:

o  Moral uncertainty involves situations where
applicable moral rules are absent, prompting deci-
sion-makers to rely on broader, generalized moral
principles to guide their choices. These scenarios
often lead to decisions that may not fully satisfy or
resolve the specific ethical dilemmas encountered.

® Rule uncertainty pertains to decisions made
based on intuition rather than established rules.
Here, choices are guided by internal moral beliefs
and experiential knowledge, sometimes resulting in
actions shaped by intuition in the absence of clear
rules or guidelines.

The main issue with subjective judgment uncer-
tainty is that it can lead to inconsistent or biased
conclusions that rely on individual interpretation
rather than standard frameworks [10].

In project management, subjective judgment
uncertainty can influence decision-making process-
es, especially where expert opinions and judgments
guide project strategies. This can result in variability
or bias, affecting the consistency and reliability of
project outcomes. To counter this uncertainty, pro-
ject managers can incorporate diverse perspectives
and foster an environment where critical evaluation
and validation of expert opinions are standard prac-
tice. Establishing a decision-making system that is
transparent and supported by documentary justifica-
tion can reduce bias. Additionally, awareness of
moral uncertainty and rule uncertainty enables man-
agers to effectively incorporate ethical discussions
and intuitive ideas, ensuring that personal biases do
not affect project objectives and the objectivity of
decision-making.

5.3 Aleatory Uncertainty

The term “aleatory” comes from the Latin word
“alea,” meaning “chance” or “dice,” and refers to
the concept of risk or randomness inherent in games
of chance. In the context of uncertainty, “aleatory” is
associated with random processes, emphasizing the
inherent variability and unpredictability of certain
phenomena. It highlights the randomness of process-
es whose outcomes cannot be precisely determined
or reproduced due to intrinsic variability.

Aleatory uncertainty, also known as stochastic
uncertainty, chaotic uncertainty, or uncertainty of
inherent variability, describes a category of uncer-
tainty that arises from the intrinsic randomness pre-
sent in natural processes. It encompasses unknowns
that change with each repetition of an experiment or
observation due to factors such as environmental
conditions, equipment performance, human behav-
ior, or natural fluctuations. This uncertainty is often
characterized using probability distribution func-
tions, reflecting its irreducible nature — it cannot be
eliminated even with more precise measurement
tools. The challenge of aleatory uncertainty lies in its
inherent unpredictability, which requires probabilis-
tic modeling and analysis methods, where decisions
are made based on statistical probability rather than
deterministic outcomes.

In the field of project management, aleatory
uncertainty affects phases where inherent variability
and unpredictability are paramount, such as during
the execution or operational phase. Project managers
must account for this randomness in their plans and
forecasts, knowing that certain aspects of the project,
such as timelines, resource availability, or environ-
mental conditions, may change unexpectedly. To
manage aleatory uncertainty, project teams often
employ various risk management strategies, using
statistical and probabilistic models to anticipate po-
tential deviations and develop contingency plans for
likely and unforeseen circumstances. While precise
control over random variability is impossible, under-
standing and preparing for its impact can help miti-
gate its effects on project outcomes, maintaining
flexibility and the ability to respond to unforeseen
changes.

Through analysis of publications and materials,
as well as consultations and discussions with ex-
perts, the authors of this article have decided to dis-
tinguish nine subcategories of aleatory uncertainty:

5.3.1 Natural Uncertainty. Natural uncertainty
represents the inherent randomness and variability of
natural, social, and economic processes. This catego-
ry of uncertainty is caused by spatial and temporal
heterogeneity, highlighting how natural systems and
phenomena inherently fluctuate in unpredictable
ways. Natural uncertainty is considered irreducible,
meaning it cannot be eliminated through additional
data collection or improved equipment, although it
can be better understood through enhanced quality
and quantity of observations. The main issue associ-
ated with natural uncertainty is the inability to accu-
rately predict or control these stochastic fluctuations,
which requires strategies that account for and adapt
to such unpredictability [12].
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In project management, natural uncertainty can
significantly impact projects sensitive to social, en-
This compels project managers to incorporate flexi-
bility and adaptability into their plans, considering
the inherent unpredictability of natural systems. This
may include developing robust risk management
strategies that incorporate contingencies for likely
circumstances, such as changes in weather condi-
tions or economic fluctuations. By recognizing and
planning for natural uncertainty, project managers
can enhance the resilience of their projects, ensuring
operational effectiveness and the achievement of
objectives even in the face of unpredictable external
variables.

5.3.2 Intrinsic Variability Uncertainty. Intrin-
sic variability uncertainty concerns natural fluctua-
tions and inherent variabilities present in the state of
a system. This category of uncertainty arises due to
factors such as variations in material properties or
economic conditions, such as market demand and
interest rates. These fluctuations are an integral part
of the system’s state, making them uncontrollable
and inevitable. The main issue lies in their unpre-
dictability, which can lead to significant fluctuations
in outcomes even under unchanged conditions [9].

In project management, intrinsic variability un-
certainty affects how projects deal with unpredicta-
ble social or economic factors. For example, in in-
dustries such as finance or manufacturing, where
market conditions or consumer behavior can vary
greatly. Project managers can manage this uncertain-
ty by incorporating flexibility into their planning
processes, allowing for adaptive responses to these
variable states. This may include developing contin-
gency plans, establishing adaptive performance indi-
cators, and ensuring that supply chains or schedules
can account for changes.

5.3.3 Event Probability Uncertainty. Event
probability uncertainty focuses on the inherent ran-
domness associated with the dynamics of system
events, such as the occurrence of natural disasters or
sudden economic changes. This uncertainty high-
lights the fact that the probability of such impactful
events is inherently unpredictable and cannot be
determined or reduced through additional infor-
mation or data collection. This especially compli-
cates the planning of rare but destructive events, as
these events can drastically change the system’s
dynamics when they occur [9].

In the field of project management, event prob-
ability uncertainty requires a proactive and robust
approach to risk management, especially in indus-
tries or regions vulnerable to unexpected disruptions.
Project teams should develop comprehensive risk

vironmental, political, or economic conditions, such
as construction, agriculture, or energy production.
mitigation strategies, such as creating disaster recov-
ery plans or implementing insurance schemes to
minimize the impact of such events. By maintaining
flexibility in project schedules and resource alloca-
tion, project managers can enhance the resilience of
their system, ensuring rapid recovery after disrup-
tions.

5.3.4 Statistical Randomness Uncertainty.
Statistical randomness uncertainty refers to the in-
herent randomness observed in data due to the fun-
damental probabilistic nature of the phenomena
being measured. This uncertainty is modeled using
probability distributions and highlights the variabil-
ity that naturally arises in data sets obtained from
processes that are fundamentally stochastic. The
main issue of statistical randomness is its impact on
data analysis and interpretation, as it requires careful
consideration to separate true patterns from random
noise. Effective management of this uncertainty
involves the use of statistical methods that account
for and correctly interpret such variability, avoiding
misleading conclusions [9].

In project management, statistical randomness
uncertainty affects how data are analyzed and inter-
preted, influencing decision-making and strategy
development processes. Projects that rely on statisti-
cal analysis should use robust analytical methods
that can properly account for randomness in data
sets, ensuring the accuracy and reliability of infor-
mation. Project managers can mitigate this category
of uncertainty by using advanced statistical tools and
methodologies, including regular data reviews and
maintaining transparency regarding the limitations
of the analysis.

5.3.5 Sampling Uncertainty. Sampling uncer-
tainty is the variability that arises when conclusions
about a large population are drawn based on a ran-
dom sample. This uncertainty occurs due to the pos-
sibility that the sample may capture effects that are
spatially or temporally transient, may overemphasize
or omit certain phenomena, and may inaccurately
represent the broader population. This variability
typically appears in the term of statistical analysis
error. The key issue of sampling uncertainty is to
ensure that conclusions drawn from sample data are
valid and suitable for generalization to the larger po-
pulation, which requires careful sample design and
analysis methods to minimize bias and errors [12].

In project management, sampling uncertainty
can affect the reliability of project estimates and
decision-making processes, especially when project
decisions depend on data obtained from samples
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rather than the entire population. To manage this
uncertainty, project managers should ensure robust
sampling strategies aimed at representativeness and
minimizing bias. This may include using stratified
(by focus groups) or random sampling methods and
conducting sensitivity analysis to understand how
sample variability may affect conclusions.

5.3.6 Parametric Uncertainty. Parametric un-
certainty? is associated with the variability inherent
in the input variables of models, arising from natural
or production inconsistencies that may occur. This
category of uncertainty reflects the inherent ran-
domness or variability observed in the modeled
components, for example, the dimensions or proper-
ties of a manufactured part. This variability can
cause significant differences in model performance
or system behavior. The problem of parametric un-
certainty lies in its irreducibility, as additional data
or improved measurements cannot completely elim-
inate it. It is usually modeled using probabilistic
methods to effectively account for this stochastic
nature [9].

In project management, parametric uncertainty
can affect project planning and execution, especially
when it comes to precise specifications or quality
standards. This uncertainty can impact cost estima-
tion, resource planning, and risk management strate-
gies. To manage parametric uncertainty, project
managers can apply robust design practices, includ-
ing variability analysis at the planning stages and
using probabilistic modeling to predict potential
impacts. By understanding and planning for parame-
ter variability, project teams can better align execu-
tion with project requirements, ensuring improved
quality control and risk mitigation, thereby increas-
ing project resilience and efficiency.

5.3.7 Measurement Uncertainty. Measurement
uncertainty refers to the inherent imprecision and
inaccuracy in determining input and output variables
due to the limitations of measuring instruments and
methods. All measurements depend on unpredictable
fluctuations in the measurement process itself. This
category of uncertainty can be divided into two
types [13]:

o Type A uncertainty, which is assessed using
statistical methods, and

2 Not to be confused with “parameter uncertainty.” While
both categories relate to uncertainties associated with
model parameters, parameter uncertainty is epistemic and
concerns the accuracy of known parameters, whereas
parametric uncertainty is aleatory, dealing with the natu-
ral variability inherent in the system’s input variables.

e Type B uncertainty, which is assessed by
other means, such as assigning a probability distri-
bution.

The main task of measurement uncertainty is to
ensure the accuracy and reliability of data, which is
crucial for modeling and decision-making processes
[12].

In project management, measurement uncer-
tainty can affect the accuracy of project estimates,
quality control, and outcome evaluation. This uncer-
tainty can lead to potential errors in data interpreta-
tion, which may result in incorrect strategies or re-
source allocation. To address measurement uncer-
tainty, project managers should prioritize the use of
high-quality, calibrated measuring instruments and
methodologies, implement regular verification pro-
cedures, and incorporate allowable errors into esti-
mates.

5.3.8 Experimental Uncertainty. Experimental
uncertainty is the variability observed during repeat-
ed measurements under identical conditions, arising
from the inherent [limitations and randomness of
experimental methods and instruments. It reflects the
inevitable fluctuations in results, even when experi-
ments are conducted multiple times with the same
settings. This category of uncertainty highlights the
random variability that may occur in experimental
processes, making it essentially impossible to reduce
through additional knowledge or improved meas-
urements. The main issue of experimental uncertain-
ty is to ensure that the collected data are reliable and
accurately reflect the phenomena being studied,
despite the limitations of the experimental setup [9].

In project management, experimental uncer-
tainty can significantly affect projects that rely on
testing and prototyping stages, where repeated
measurements are crucial for verification and valida-
tion. To address this uncertainty, project teams
should implement various experimental designs that
can account for variability. This can be achieved
through multiple assessments of the same function at
different review meetings, allowing for a compre-
hensive understanding of potential variability. Addi-
tionally, incorporating statistical analyses that evalu-
ate and account for experimental variability can help
derive meaningful insights from test data.

5.3.9 Human Behavior Uncertainty. Human
behavior uncertainty concerns the unmpredictable
variability of human actions and decisions, which
can often be irrational, cause cognitive dissonance,
or deviate from expected behavioral patterns. This
type of uncertainty stems from the inherent com-
plexity of human nature, where actions may not
correspond to stated intentions or standard behavior.
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Issues related to human behavior uncertainty include
difficulties in predicting how individuals or groups
will react in certain situations, which can lead to
unexpected outcomes and complicate the planning
and execution of strategies [10].

Human behavior uncertainty significantly af-
fects project management, influencing team dynam-
ics, stakeholders engagement, decision-making, and
overall project execution. Discrepancies in individu-
al behavior and decisions can result in unpredictabil-
ity in project progress, potentially causing delays or
conflicts. This variability prompts project managers
to maintain cohesion and focus within the team, as
different reactions to tasks or stress can hinder stable
operation. Effective communication and leadership
are crucial for mitigating these effects, as they en-
sure alignment and understanding despite behavioral
fluctuations. Additionally, fostering a strong team
environment is of great importance, as it helps re-
duce uncertainty arising from human interaction,
ensuring that projects stay on track despite the in-
herent unpredictability of human behavior.

6 Depth of Uncertainty

To effectively manage uncertainty during pro-
ject decision-making, it is crucial to recognize the
full spectrum of uncertainty levels, ranging from the
ideal yet unattainable complete confidence and de-
terminism to the opposite extreme of total ignorance
and chaos. Historically, the definition of the range
of uncertainty levels from “known knowns” to “un-
known unknowns,” and their challenge for decision-
makers, is attributed to US Secretary of Defense
Donald Rumsfeld [14]. This framework is based on
philosophical and practical discourses, from ancient
Greek epistemology to modern decision theory, em-
phasizing the complexity and breadth of uncertain-
ties.

In this context, it is proposed to introduce a new
unit of measurement for total uncertainty — I
Trump. Each level denotes a progressive increase in
uncertainty on a scale from 0.0 to 1.0 Trump:

e Complete confidence and determinism (0.0
Trump): This denotes a state where everything is
known precisely, providing the basis of absolute
determinism. This is an ideal practically impossible
to achieve in real scenarios, but it serves as a limit-
ing characteristic at one end of the spectrum.

o Uncertainty Level 1 (0.0-0.2 Trump): This
level acknowledges minor uncertainty but does not
require detailed measurement. These situations typi-
cally involve short-term decisions where there is
sufficient historical data to predict outcomes. They

represent simple “known unknowns” and are close
to complete confidence on the Trump scale.

o Uncertainty Level 2 (0.2—0.4 Trump): Here,
systems and input data can be assessed probabilisti-
cally, or future scenarios can be determined with
sufficient accuracy and corresponding probabilities.
This level includes “known unknowns,” where risks
can be quantified using probabilities, and risk man-
agement methods can be used for decision-making.

o Uncertainty Level 3 (0.4-0.6 Trump): At this
stage, although numerous probable future cases are
recognized, exact probabilities cannot be assigned.
Decisions are made using scenario analysis, explor-
ing various possible future worlds without definitive
probability, indicating increased uncertainty and,
thus, a higher position on the Trump scale.

e Uncertainty Level 4: Divided into 4a and 4b,
this level captures deep uncertainty:

o 4a (0.6-0.8 Trump): Many probable future
events can be outlined, but the exact models
and probabilities of these futures are un-
known due to limited data or understanding
of the mechanics.

o 4b (0.8-1.0 Trump): We only know that we
do not know—this relates to unpredictable
events, also known as “black swans,” which
cannot be predicted by analyzing past data
and are only recognized retrospectively [15].

o Total ignorance and chaos (1.0 Trump):
Representing the opposite end of the spectrum from
complete confidence, this level denotes a state of
complete unawareness of future possibilities or im-
pacts, constituting total randomness, unpredictabil-
ity, and chaos, where participants have no way of
knowing the full extent of their ignorance.

A similar gradation scale is presented in the
work “Defining Uncertainty: A Conceptual Basis for
Uncertainty Management in Model-Based Decision
Support” [10], where the limits from determinism to
total ignorance are established. However, instead of
numerical uncertainty levels, the authors proposed
subjective-terminological levels with corresponding
explanations: determinism, statistical uncertainty,
scenario uncertainty, recognized ignorance, and total
ignorance, and it is considered that this scheme of
characteristics provides a complete logical structure
of uncertainty levels for its analysis.

7 Justification of Relevance and Feasibility
of the Research

With the increasing complexity of projects,
globalization, and the radical acceleration of techno-
logical progress, uncertainty has become a critical
challenge in project management. Traditional project
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management information systems often rely on static
models that are poorly equipped to account for real
uncertainties, leading to inefficiency in dynamic
project environments. It is necessary to fill this gap
by employing data science methods, artificial intelli-
gence, and quantitative uncertainty assessment to
create next-generation project management infor-
mation systems.

The relevance of this research is justified by:

o The growing complexity of projects in such
fields as IT, construction, and engineering, where
uncertainty significantly affects performance.

o Technological advancements such as artifi-
cial intelligence, machine learning, and real-time
data processing, which offer new opportunities to
enhance the capabilities of project management in-
formation systems.

e Practical demand from industries facing un-
predictable project challenges that require more re-
silient, adaptive, and data-driven solutions for pro-
ject management.

By improving the models and methods of pro-
ject management information systems, this research
will contribute to reducing uncertainty, enhancing
decision-making, and increasing overall project suc-
cess indicators, aligning with current industry needs
and scientific advancements.

8 Conclusion

As project management information systems
continue to evolve, academic research plays a cru-
cial role in enhancing their capabilities to meet the
demands of modern project management. By inte-
grating artificial intelligence, advanced data analyt-
ics, and automation, future project management in-
formation systems can provide greater efficiency,
accuracy, and adaptability, ultimately improving
project success indicators. These research directions
offer valuable contributions both to the academic
knowledge base and to practical applications in real
project environments.

9 Prospects for further research

The ongoing evolution of project management
information systems (PMIS) represents a dynamic
landscape for academic research, especially in ad-
dressing the complex challenges of modern project
environments. As projects become increasingly data-
intensive and dependent on advanced technologies,
there is a growing demand for innovative solutions
that enhance efficiency, productivity, and adaptabil-
ity in PMIS.

9.1 Specific Research Questions Aimed at
Reducing Uncertainty in Project Management

1. How can the current architecture of project
management information systems be redesigned to
improve flexibility and adaptability in managing
project uncertainties, such as risks and resource
availability?

2. What specific methodologies and tools can
be integrated into project management information
systems to enhance their ability to accurately esti-
mate time and costs under uncertainty?

3. In what ways can predictive analytics and
machine learning be utilized in project management
information systems to forecast and mitigate risks
and issues affecting project outcomes?

4. How do different categories of uncertainties
impact project performance, and how can optimized
project management information system models
better distinguish and address these uncertainties?

5. What role can improved communication and
stakeholder engagement within project management
information systems play in reducing project uncer-
tainties?

6. How effective are existing project manage-
ment information system functions in managing
uncertainty, and which critical areas require im-
provement to support strategic decision-making in
complex projects?

7. Can case studies of past project failures due
to uncertainty provide insights into specific optimi-
zations of project management information systems
that could prevent similar issues in future projects?

8. How do dynamic modeling approaches in
project management information systems enhance
real-time decision-making under uncertain project
conditions?
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Anomauin. Y cmammi y medicax cucmem onepamugHoc0 Kepysanus ma 6i00aieH020 KOHMpOIo MoOi-
JILHUX NIAM@OpM pO32TAHYMO NpobiieMy GU3HAUEHHS KIIbKOCMI KOHMEUHepis 0Jii meepoux nooymosux 6io-
X00i8 8 yM08ax OuHAMIYHUX Oemoepaiunux smin. [lokaszano, wjo 6UKOPUCMAHHA MPAOUYITIHUX CIATRUYHUX
nioxo0ig 00 NIAHYBAHHSA KOHMEUHEPHO20 20CRO0APCMEd, KL IDYHIMYIOMbCSL HA 3ACMApiiux abo HeCUHXPOHI-
308AHUX OAHUX NPO HUCETbHICMb HACENEHHS, NPU3800umb 00 OUCOANAHCY MIdNC akmuuHumu oocseamu
YmEopenHs 8i0X00ie ma napamempamu ix 30UupamHHs i GUGE3EHHS.

Memoro docnidxcennsn € po3pobiaeHHs ma OOTPYHMYBAHHA NiOX00Y 00 iHmezpayii OUHAMIYHUX OeMo-
epagiuHux 0aHux 6 OpeaHizayiuHo-iHGOPMayYiiHUL KOHMYDP KEePYSaHHs 3 MEmOoW NIOSUWEHHS MOYHOCHI
NIAHYBAHHS. A A0ANMUBHOCE CUCTHEM 30UPANHSA | MPAHCROPMYBAHHS 8i0X00i8. /][5l 00CsAeHeHHA NOCmas-
JeHol Memu y pobomi 8UKOPUCMAHO CUCTEMHUL RIOXI0, MEMOO HOPMAMUBHO20 MOOETIOBAHHS, eleMEHMU
nPOYECHO20 ONUCY MA MEMOO OUHAMIYHO2O NEPEPAXYHKY NAPAMEMPIE KepySaHHsL.
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0epIHCABHUX T MYHIYUNATLHUX YUDPOBUX peecmpis, AKa 3a0e3nedye asmomMamu308anull nepepaxyHox KilbKo-
cmi KonmeliHepis, epaghikie sueezenHs ma 6XiOHUX napamempis 01 (QOPMYBAHHA 3A60AHb ONEPAMUBHO20
YNpaeninia  MoOinbHuMU  naamgopmamu. Modenv  po3ensioacmvcs K - eleMeHm  OpeaHi3ayiliHo-
iH(hopMayitino2o KOHMYPY YNPAGHIHHA MA HAEHCUH 00 KAACY CUCHeM NIOMPUMKU NPUUHAMMS PilieHb.

Tlokazano, wo euxopucmants akmyanizo8anux 0emocpapivnux OaHUX 00380JE NIOSUWUMU MOYHICb
NIAHYBAHHST KOHMEUHEPHO20 3a0e3neueHHsl, GUAGTSIMU NPUYUHU GIOXUTEHb 610 HOPMAMUBHO20 PIGHS 3aN06-
HeHHsl KOHMeUHepis, OnmuMizyeamu Mapupymu pyxy MoOLIbHUX nAamgopm, 3MeHuumy exCcniyamayitini
sumpamu ma 3abe3nevumu a0anmueHiCme CUCmemMu 8 ymMogax demozpagiunux xkonusanb. Ompumani pe-
3YAMAMU MONCYMb OYMU GUKOPUCIAHT 01 NIOGUWEHHS AKOCMI HAOAHHS NOCIy2 V chepi NOBOONCEHHA 3
noOYMoGUMU 8i0X00AMU MA NOOATLULO20 PO3GUMK) THIMELEKMYATbHUX CUCTHEM ONEePAMUBHO20 KePYBAHHSL.
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Beryn KinbKicTh KoHTelHepiB A TIIB, sika Bu3Havae
HaBaHTa)XEHHsS Ha MOOUTRHI 1aTdopmu, rpadiku
BHBE3EHHs Ta MapupyTu pyxy. BomnHouac y Oinb-
IIOCTI MPAaKTHYHUX peajtizalliid 1eil mapameTp pos-
PaxOBYETbCSA CTAaTUYHO - HA OCHOBI HOPMATHBIB 1
3aCTapiIuX JaHHUX PO YUCEIbHICTh HACETCHHS.

B crarTi HaBeneHuil onuc AUHAMIYHOI Moae i
BHU3HAYeHHsl KilbKocTi KoHTeiiHepiB ans TIIB,
IHTErpOBaHOI B CHCTEMY ONEPATHBHOTO KEPYyBaHHS
Ta BiAJAJICHOTO KOHTPOJIO MOOUIBHHX IaTdopm,
0 BPaxoBYE aKTyalbHi Jemorpadiuni nasi 3 odi-
HIHHUX JDKEpeNT Ta 1HII BIUTUBOBI (akTopu [1-4].

CyuacHi ciucTeMH YIpaBJIiHHS TBEPAUMH MOOY-
toBumH Biaxonamu (TIIB) pyHKIiIOHYIOTE B yMOBax
JUHAMIYHOTO MICBKOTO CEPEIOBHINA, OOMENKEHHX
pecypciB Ta MiABUIICHHX BUMOT JO E€KOJIOTIYHOI
epeKTHBHOCTI. Y IBOMY KOHTEKCTI OCOOJIMBOTO
3Ha4eHHs HaOyBae 3aCTOCYBaHHS MOJIEJIeH omneparu-
BHOTO KEPYBaHHS Ta BiJJIAJIEHOTO KOHTPOIIO MOOi-
JBHUX TUIaTGOPM, sIKi 3a0e3medyroTs 30ip, TpaHCHo-
pTyBaHHA Ta 00pOOKY BiAXOAIB.

OpnHuM 13 KIIOYOBHX MMapaMeTpiB, 1o Oe3mnoce-
PenHBO BIUIMBAE Ha €()EKTUBHICTh TAKUX CHUCTEM, €
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HaykxoBa HOBHM3HA pOOOTH TOJATAE Y 3aMPOIIO-
HyBaHHI MOJENI IHTEerpamii Ta akTyami3amii JaHux
PO YUCENBHICTh HACEJICHHS K eJIeMeHTa iHpopMa-
HIHHOTO 3a0e3MeYCHHS ONEPAaTHBHOTO KEpyBaHHS
MOOUTEHUMH ITIaT(GOpMaMu, IO TO3BOJISE aJaNTHB-
HO KOPHT'YBaTH KiIIbKICTh KOHTEHHepiB, rpadiku Ta
Mapmpytu BuBe3eHHs TIIB B ymoBax auHaMi4HHX
neMorpadiyHuX 3MiH.

1 MeTa pociipkeHHs

MeTor0 AOCTIKEHHS € pO3pO0IIEHHS Ta 00Tpy-
HTYBaHHS MiIXOy JI0 1HTerpallii JTMHAMiYHUX JIEMO-
rpadiyHNX MaHWX B OpraHizamiitHo-iH(GOpMaIifiHui
KOHTYp KepyBaHHS CHCTEM OIEpAaTHBHOTO KEepyBaH-
Hs 1 BIIJJAJIEHOTO KOHTPOJIKO MOOUTBHUX TUIATHOPM 3
METOI TIJBHUINEHHS TOYHOCTI IUIAHYBaHHS, ajar-
TUBHOCTI Ta €()eKTUBHOCTI MPOIIECiB 30MpaHHS 1 BH-
BeseHHs TIIB, 30kpema muIIXOoM BH3HA4YeHHS 00-
IPYHTOBAHOT KiJIbKOCTi KOHTEHHEPIB.

2 3agavi focaixKeHHsa

i mOCSITHEeHHS NOCTaBJICHOI METU Yy CTaTTi
BUPIIIYIOTHCS TaKi 3a/1a4i:

1. TlpoanamizyBaTH iCHYOYi IMiJXOAH IO BHU-
3Ha4YeHHs KinbKocTi kKoHTehHepiB mist TIIB Ha oc-
HOBi1 HOPMATHBIB HAKOTIMYEHHS Ta CTATUYHUX JaHUX
PO YUCETbHICTh HACEIICHHSI.

2. OOrpyHTYBaTH JOIIBHICTE BUKOPHCTAHHS
aKTyaJli30BaHUX JieMorpadivHIX JaHUX SIK BXiJTHOTO
napaMerpa 3ajiad OICPAaTUBHOIO KepyBaHHsS MOOi-
JBHUMU MJ1aT(HOpMaMH.

3. 3anporoHyBaTu AWHAMIYHY MOJAEJIb iHTEr-
pamii Ta akrtyamizamnii gemorpadiunoi iHpopMarii 3
oinifHNX nepKaBHUX 1 MyHIUMATBHAX IH(QPOBUX
peecTpis.

4. BusHauMTH MiCIIe 3aIIPOIIOHOBAHOI MOJIEI B
KOHTYpI OMEpaTUBHOTO KEpyBaHHS Ta BiIJIaJICHOTO
KOHTPOJTI0O MOOUTEHUX TIATGOPM SIK eIeMEHTa CHC-
TEMU MiATPUMKH MPUHHSTTS PillleHb.

5. OUiHWTH BIUIMB BUKOPUCTAHHS aKTyali3o-
BaHUX JeMorpadiuyHux JaHUX Ha IJIAHyBaHHS KOH-
TeHHEepPHOTO 3a0e3NeUYeHHs, KOPUTYyBaHHS MapIipy-
TiB Ta aJIAITHBHICTh CHCTEMH B YMOBax jemMorpadi-
YHHX 3MiH.

3 Teoperuuni 3acaau

V Mexax KoHNENnuii mooeneu i memooie one-
PAmueHO20 Kepyeanus ma 6i00anieHo20 KOHMPOIIO
MOOGINbHUX nAAME@POPM, OTHUM 13 KIIIOYOBUX eJeMe-
HTIB € (OpMyBaHHS NMapaMeTpiB KEpyBaHHS Ha OC-
HOBI 3MiH 30BHIIIHBOTO cepepoBuia [1,10]. 3aramnb-
HI TIAX0U 10 MOOYJI0BU CHCTEM OIEPATUBHOTO Ke-
pYyBaHH Ta BiAJAJIEHOTO KOHTPOJIIO MOOUIBHUX TIa-

ThopM, BUMOTH A0 iH(popMaliifHOro 3ade3ne-4eHHs
TaKHUX CHCTEM JIETAIBHO PO3TIISHYTI B pOOOTI.

s xoMmyHanbHOI cepd TakUM KIIOYOBUM
(hakTOpOM BHCTYIA€ YHCEIbHICTH HACEJIEHHS, Bij
sKoi Oe3nocepennbo 3anexuth oocsar TIIB ta mot-
peba B KOHTeHEpHOMY 3a0e3MeUeHHi.

BonHouac B cyyacHHX yMOBax Jep)KaBHOI MO-
TMTHKA YKpaiHu, COpsAMOBaHOI Ha LU(POBI3ali0 Ta
TUDKATAITIZAMII0 YIPaBIIHCHKUAX TporeciB [9, 13],
0COONMBOTO 3HAa4YeHHA HaOyBae oOIUQpyBaHHS ¥
CJIEKTPOHHUHN OOJiK AaHWUX MPO YHUCEIbHICTh Hace-
JICHHS, MICIle TPOKUBAHHSA Ta PEECTPAI0 TpoMa-
ISIH, @ TakoX (POpPMYBaHHS W y3TOIUKEHHS €IUHUX
JepKaBHUX PEECTPIB. 3arajbHOAEP)KaBHE IMparHeH-
Hs 10 © inTerpauii Takux iHQOpMaLiiHUX pecypciB
3YMOBITIOE€ HEOOXIHICTh HAIATO/KCHHS MIiKCUCTE-
MHOI B3a€MOJIT JJIs HaJlaHHs AKICHUX KOMYHaJIbHHUX
MOCIYr 3 ypaxyBaHHSAM ycie€i HasBHOI iH(opmarii,
BKJIFOUAIOYH JaHi MPO BHYTPIIIHBO IEPEeMillleHIX
0ci0, THMYacoOBO BiJICYTHIX Ta CE30HHHUX MEIIKaH-
1iB. 3a BiICYyTHOCTI PEryIsipHOTO OHOBIICHHS i CHH-
XpOHi3allii 1UX JNaHUX y NPaKTHYHIN JisUTbHOCTI
orepaTopiB MOXKe BUHHKATH CYTTEBHUI IucOanaHc,
3a SIKOTO B OJJHHX paiOHax CHOCTEepIracThCs HaJIu-
IOK KOHTEWHEPiB 3 HU3bKMM DiBHEM 3allOBHEHHS,
TONI K B 1HIKX iX AeiIWT i cucTeMaTHYHE TIepe-
MTOBHEHHSL.

Tak y Meax HaceleHUX IMyHKTIB KiJbKICTh KO-
HTeitHepiB s 30upanns TIIB tpaaumilino Bu3Ha-
YaeThCs 32 HOPMAaTUBAaMH HAKOIMUYEHHS BiIXOAIB Ha
OJIHY 0c00Y, sIKi 3aTBEP/KYIOThCS OpraHaMu Miclie-
BOro camoBpsinyBaHHs. Lli HopmatmBu [11, 12]
BCTaHOBIIIOIOTH PO3PAXYHKOBI 0OCATH yTBOpPEHHS
BIJIXO/IB 1 BUKOPUCTOBYIOThCS IS TUIAHYBaHHS KO-
HTEHHEPHOTO TOCIIOIAPCTBA Ta TpadikiB BUBE3CHHS.
[Ipore dhakTryHi AaHi MO0 KiTBKOCTI MENIKAHIIIB Y
HACEJICHOMY ITyHKTI HEpPIJKO BiJIPi3HSIIOTBCS BiJ
oimiiHNX uepe3 HECHHXPOHHICTh JpKepen iH(op-
Mallii: aJMiHICTPaTUBHUX PEECTPiB, NaHUX AEPrKaB-
HOi cratucTuky, Bitomocter OCBB, 6a3 KHUTIOBO-
KOMYHAIILHUX ITiJIPUEMCTB TOIIIO.

Ha mpakTumi TOYHICTh TaKUX PO3paxyHKIB 3Ha-
YHOI0 MIpOI0 3aJeKUTh BiJ] JOCTOBIPHOCTI JaHWX
PO YHUCETbHICTh HacelleHHs. [IpoTe peanbHi 3Ha-
YeHHsI 4YacTO HE BIJNOBiNalOTh ODIIiHUM uvepe3
HECHHXPOHHICTh JiKepen iHpopMalii: agmiHicTpa-
TUBHHMX PEECTPIB TEPUTOPiaJbHHUX TpoOMaj, JaHUX
JepkaBHOT cTatucTukH, Bitomocteir OCBB, 6a3 xu-
TJIOBO-KOMYHAJIBHUX MIATPHEMCTB TOIIO. Y pPe3yiib-
TaTi BUHMKae aucOanaHc MK (akTHYHUM 0OCIToM
HAKOMWYEHHS BiIXOMIB 1 MOKJIIMBOCTSIMU CHCTEMH 1X
36upanns [3].

Jis migBUIIEHHS TOYHOCTI IJIaHyBaHHS 3aIpo-
[TOHOBaHO CTBOPEHHS IMHAMIYHOT MOJIeNi iHTerpaiii
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nemorpadivyHuX JaHuX, SKa 3a0e3MeuyBaTHME aBTO-
MaTHUYHE OHOBJICHHS PO3PaXyHKOBOI KLIBKOCTI KOH-
teiiaepiB 1 TIIB Ta rpadikiB ix BHBe3eHHS 3aiie-
JKHO BiJ 3MiH YHCENBHOCTI HaceleHHs [2, 4, 6].
KnrodoBoto 0coOnuBiCTIO MOJIeNi € BUKOPUCTAHHS
oQimiifHNX yIOBHOBaXKEHUX JKepen iHdopMariii,
Takux sk JlepxaBHa ciy:k0a CTaTUCTUKU YKpaiHu,
peecTpu TepUTOpiabHUX TPOMaJ], 8 TAKOXK ACpKaBHi
nudposi mmarpopmu (nanpuxnao, “/lia”). Hani
MalOTh OHOBJIIOBAaTHUCS 3 BU3HAUCHOIO IEPIOUYHIC-
TIO, @ CUCTeMa — 3[iHCHIOBATH aBTOMAaTU4HY BEpH-
(hixartiro OTpUMaHUX BiTOMOCTEH.

B ocHoBi Moxeni mepembadeHO MOMKIUBICTH
aJlanTHBHOTO pearyBaHHs Ha nemorpadiuHi 3miHH,
IO JO3BOJIMTH ONTUMI3yBaTH CTPYKTYPY KOHTEH-
HEPHOTO TOCIOJIAPCTBA, 3MEHIINTH TPAHCIOPTHI
BUTPATH Ta MiABUIIUTH PiBeHb €KOJIOTTYHOI Oe3MeKH
MicbKoro cepeoBuina [7, 8]. Taku#i miaxia crBoproe
MepelyMOBH TSI TIEPEXOAY BiJl CTATUYHOTO TUIAHY-
BaHHS, SIKe 0a3ye€TbCs HA PAa30BHX PO3paxyHKaXx, J0
JMHAMIYHOTO YIpaBIiHHS 1H(PpacTpyKTyporo 300py
BIJIXOJIiB Y PEXKHMMI PEATLHOIO Yacy.

TakuM 9rHOM, TEOPETHYHI 3acaau MO Bpa-
XOBYIOTHb B32€MO3B’SI30K MiX JleMOorpadiuHUMH TO-
Ka3HUKaMH, HOPMaTUBaMU HAKOIUYCHHS BiIXOMIIB 1
napaMeTpaMH KOHTelHepHOTO 3abesmeueHHs. 1i pe-
amizalis BiIKpUBAE MOXIJIHMBICTH iHTerpamii 3 iH}o-
pManiiHUMHU CUCTEMaMH OIEePaTUBHOTO KEpyBaHHH,
0 CTaHe OCHOBOIO I MOOYJOBH CydYacHHX mu(-
POBHX €KOCHCTEM Y cepi KOMyHaTbHUX TOCITYT.

st BupinieHHs 1iei mpobiaeMu 3anpornoHOBaHO
CTBOpPEHHS TMHAMIYHOI Mojei iHTerpauii 1anux,
sIKa B aBTOMAaTH30BAaHOMY PEXHMi OHOBIIIOE PO3pa-
XYHKOBY KIUTBKICTh KOHTEHHEpIB 1 rpadiku BUBE3CH-
Hs BIJIXOJIIB BIAMOBIAHO /IO aKTYaJIbHOI YUCEIbHOCTI
HACEJICHHS, OTPUMAHOI 3 YITOBHOBaXXEHUX J[KEPEIL.
Taka Mozens po3rsAgacThCs SIK CKJIAZ0Ba CHCTEMHU
OIMEPAaTUBHOTO KEpPyBaHHSA MOOUIBHHMH ILIATHOp-
MaMHu (30KpeMa, CMITTEBO3aMH), IIO0 BUKOHYIOThH
¢dyHKIiT 30upanHs Ta TpaHcnoptyBaHHs TIIB.

4 MeTtoaosoriuni miaxoau

VY wMexax maHoi poOOTH BHKOPHCTAHO KOM-
IUIEKC B3a€MOIIOB’SI3aHUX MOJEJEH Ta METOIB, IO
BiJITIOBIZIAl0Th KOHIIEMIIii ONEpaTHBHOTO KEePYyBaHHS
MOOUTBHUMH TUIATGOopMamMu. MeTo0JI0TIYHOK OC-
HOBOIO OCJIDKEHHS € CUCTEMHMI MIAX1J, IKUH J10-
3BOJISIE€ PO3MIIAAATH MPOLEC HAJAAaHHS MOCIYT 3 BUBE-
3€HHS TBEPAUX TMOOYTOBUX BIAXOJIB SIK CKIAQJHY
JVMHAMIYHY CHUCTEMY 3 MHOXHHOIO  B32€EMO-
MOB’SI3aHUX €JIEMEHTIB, iHpOpMalUiiHUX MOTOKIB Ta
3BOPOTHHX 3B’ SI3KiB.

Onwuc B3aeMojii cy0’€KTiB, JKepel NaHWX Ta
MOCHIIOBHOCTI YNPaBIiHCBKUX Iill IPYHTYETbCA Ha
npolecHiil Mozeni, mo Moxe Oytu QopmanizoBaHa

3acobamu BPMN a6o UML-niarpamM akTHBHOCTEH.
[Ipu mpoMy MoJIeNb aKkTyali3amii YuceTbHOCTI Hace-
JIEHHS PO3TIIIAETHCS K OKPeMU iHhOpMaITiHHHIA
MiANpoLec y 3aralbHOMY KOHTYPi KepyBaHHSI.

3 TOUYKHM 30py JIOTICTUYHOTO 3a0e3neucHHs, 3a-
MIPOTIOHOBAHUH IMiAXi MICTHTh €JIEMECHTH JTHHAMId-
Hux mogeneit tuny Vehicle Routing Problem (VRP),
OCKIUIBKHM 3MiHa KIJTBKOCTI KOHTEHHEpIB Ta piBHA iX
HAIOBHEHHS 0€3M0CEepeJHBO BIUTMBAE HA CTPYKTYPY
MapIIpyTiB, YacTOTy OOCIYrOBYBaHHS Ta HaBaHTa-
JKEHHS Ha MOOUIBHI M1aT()opMHu.

Kpim Toro, Momens mMoxe OyTH BigHeceHa IO
KJIaCy CHCTEM MiATPUMKH MPUHHATTA pimens (Deci-
sion Support Systems), OCKibKH 3a0e3neuye (hop-
MyBaHHS aHAJIITHYHOI iHPOpMaLii Ta peKoMeHaaIii
JUTSL oTIiepaTopa MO0 KOPWUTYBaHHS KiTBKOCTI KOH-
TeitHepiB, TpadikiB i mMapmpyTiB 0e3 MOBHOI aB-
TOMaTH3alii yPaBIiHCHKHUX PilllCHb.

Po3paxyHok HE00XiTHOT KITBKOCTI KOHTEHHEPIB
JUTSE TBEPAUX MOOYTOBUX BIIXOJIB MOBUHEH IPYHTY-
BaTHCS Ha TOEIHAHHI JeMorpadivyHUX, HOPMAaTHB-
HUX Ta TEXHIYHUX MapamerpiB. Y TpaauLiidHINA
NPAKTHII [i MOKa3HUKH BU3HAYAIOTHCS BPY4HY, Ha
OCHOBI1 CTaTUCTHYHHUX JAHUX i BCTAHOBJICHUX HOPM.
[Ipote B ymoBax nu¢poBoi Tpanchopmariii KoMyHa-
JFHOTO TOCTIOAApPCTBA JOIIBHUM € (OpMyBaHHS
aBTOMATH30BAHOI PO3PAXyHKOBOI MoJesi, sKa
JUHAMIYHO pearye Ha 3MiHH YHCEIBbHOCTI HaceIeHHs
Ta 00CATIB BiIXOMIB.

Jlns BuzHaueHHs oOcsriB HakonuueHHs TIIB na
OCHOBI 3aTBEp/UKCHUX HOPMATUBIB Ha OJHY 0COO0Y
Ta (GOopMyBaHHS 0a30BHX PO3PaXyHKOBUX 3aJIEKHOC-
Tell BUKOPHCTOBYETHCS MeTOJ HOPMATHBHOIO MO-
JeTI0BAHHS.

OCHOBOIO METOJIOJIOTII € 3aeXHICTh KIJTBKOCTI
KOHTeiHepiB K BiJl KIJTPKOX KIFOYOBUX MapaMeTpiB:

* YHCENbHOCTI HaceJeHHs P,

e HOPMH HAKOIIMYCHHS BIJAXOJIIB HA OIHY OCO-
6y M p>

e MICTKOCTI OJTHOTO KOHTeiHepa Vi,

® YacTOTH BUBE3CHHS (KUIBKOCTI CIIOPOKHEHb
Ha 100y abo THXKICHB, F.

3aranpHa hopMysa pO3paxyHKy Ma€ BUTIISL

PN,
A

ne K - po3paxyHKoBa KiUIbKICTh KOHTEHHEpIB, He-
00XiTHHX UL 00CITyTOBYBaHHS IIEBHOI TEPUTOPIT;

P - 4HceNnbHICTh HAcCelleHHS, IO MPOXUBAE B
MeXax BIJIOBIIHOrO paiioHy abo 00’ekTa 00CIyro-
BYBaHHS;

N, - Hopma HakonuueHHs TIIB Ha ogHy 0coOy
(M3/100y);

V; - 06’em KoHTeliHepa (M?);
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F - KIIbKICTh LMKIIB BUBE3EHHS 334 OJMHUILIIO
qacy (HampuKiaj, pa3iB Ha 100Y).

3aJie)KHO Bi OIWHHUIIL BHUMIPIOBAHHS MOJKE
BBOJUTHCS KOCQII[IEHT mepepaxyHKy kz, 10 3a0e3-
nedye Y3ro/PKEHHS MK MacOBHMH Ta 00’ €MHUMH
MOKa3HUKAMH.

VY pa3i HasBHOCTI ONEPAaTHBHOTO AOCTYIY O
o(inifinnx gemorpadiunux ganux (P) MOIeIb MOXKe
BHUKOHYBaTH aBTOMAaTHYHHUI NEpepaxyHOK KiTbKOCTI
KOHTCHHEPIB 3 IIEBHOIO IEPIOAWYHICTIO - HAMpH-
KJIaj, pa3 Ha KBapTaia abo Micias KOXKHOTO OHOBJICH-
Hsl peecTpoBUX AaHuX. Lle mo3Boisie cBoeuacHo pea-
TyBaTH Ha JeMorpadivHi 3MiHA: MIirpamiiHi MOTOKH,
MOSIBY HOBOI XHUTJIOBOI 3a0yJOBHU, 3MiHY KiJIBKOCTI
3apEECTPOBAHUX MEIIKAHIIIB.

JomaTkoBo B MOJENb MOXYTh OyTH BKIIOUYEHI
KOpHUTyBalIbHI KOeillieHTH:

e k. - KoedillieHT CE30HHUX KOJMBaHb (Ha-
MIPHUKIIA]], Y KypOPTHHUX a00 CTYyIEHTCHKUX MiCTax);

e k3 - KoedillieHT MIITBHOCTI 3a0yMOBH (I
BiJOOpa’keHHsI Pi3HUII MK HMPUBATHAM CEKTOPOM 1
0araTonoBepXOBUMH PaliOHAMH);

o k4 - xoedimieHT MOXUOKHM y BUMAIKY HETIOB-
HHUX 200 HETOYHHX JaHUX.

Toni posmupena Gpopmyna HaOyBae BUTIISAY:

o PN, ks ky
Vi-F '

JI71s1 aBTOMATHYHOTO OHOBJIEHHS KIJIBKOCTI KOH-
TeHHepiB 1 MOB’sA3aHUX MapaMeTpiB y pa3i 3MiHH Yu-
CEJIEHOCTI HAaCeIeHHS a00 MepioIUIHOCTI BUBE3EHHS
3aCTOCOBYETHCS METO/ JUHAMIYHOTO NMEepepPaxyHKy
napameTpis.

Po3pobniena mopens mependadae CTBOPEHHS
MOAYJIsl aBTOMATHYHOT0 OHOBJICHHS IaHUX, SKAN
B3aeMoi€e 3 6aszamu jemorpadiunoi iHGopmarii dye-
pe3 APl-intepdeiicu a06o odimiiiHi BIIKpUTI JaHi.
OnoBneHHs BiOyBa€eTbCS Yy BU3HAYEHUH HPOMIXKOK
Yacy, TICIsl YOro CHCTeMa BHKOHYE aBTOMATUYHUI
nepepaxyHoK KiTBKOCTI KOHTEHHepiB i popMye aHa-
JMITUYHUN 3BIT NI AMCIIETYEPCHKOTO IIEHTPY abo
BiJIMTOBITaJIbHOTO OTIepaTopa.

3acTocyBaHHS TakOi METOAWKH JTO3BOJISIE MiHi-
Mi3yBaTy BIUIMB JIIOACHEKOTO (akTopy, 3abe3neunTn
Y3rOIKEHICTh MOKa3HUKIB, a TAKOX JOCATTH aAar-
THUBHOTO IUIAHYBAHHS KOHTEHEPHOTO rocrnoaap-
CTBA BIJIMOBIAHO 10 peajbHOI AeMorpadiuHol cuTy-
armii [3, 5, 6].

s OLiHIOBaHHS BIUIMBY MOKJIMBUX 3MiH UH-
CENIbHOCTI HaceleHHs (Mirparisi, ce30HHI KOJMBaH-
HSl, TAMYacOBe NepeMillleHHs1 0oci0) Ha mapameTpu
KOHTEHHEepHOro 3a0e3neueHHs Ta HaBaHTaXCHHS Ha
MOOUTBHI MIaTGOpMH 3aCTOCOBYETHCSI METO[ Clie-
HAPHOTO aHAJi3y.

5 Mogeab ONepaTUBHOIO KepPyBaHHSI Ta
Bi/1/1aJIEHOr0 KOHTPOJII0 MOOiTbHUX MIaTdopM

5.1 3arajpHa xapakTepucTHKa MoaeJi

3amponoHoBaHa MOZEIb OIUCYE TPOLIEC OIepa-
TUBHOTO KepyBaHHSI MOOUIbHUMH TIaTOpMaMH, 110
BUKOHYIOTh 3aBlIaHHA y cdepi noBomkenHs 3 TIIB, 3
ypaxyBaHHSM AMHAMIYHUX 3MiH YMOB CEpEAOBHINA,
00MEXEHOCTI pecypciB Ta BHUMOT JO EKOJOTIYHOI
edexTuBHOCTI. OCHOBHA METa MOJETI - 3a0e3ImeUucH-
HSl aJalTUBHOTO PO3MOJLTY MapupyTiB pyxy MoOi-
JMEHUX 00’€KTiB (CMITTEBO3IB) 1 CBOEYACHOTO 300py
JAHUX 13 CEHCOPHMX HPUCTPOiB, BCTAHOBICHUX Y
KOHTEHHEepax JJis BiIXO/iB.

Mogens 0a3zyeThCsi Ha TIOEAHAHHI Oi3Hec-
npouecnoro miaxoxy (BPMN) mns ommcy mnoriku
B3a€EMO/IIi €IEMEHTIB CHCTEMH, TUHAMIYHOI Moaesi
mapuipyrusauii (DVRP) nansg onrtumizamii pyxy
MOOUTPHUX TUIAT(HOPM Ta AreHTHO-OPi€HTOBAHOL
CTPYKTYPHM UL MOJICJIIOBAaHHSI NTOBEIIHKH OKPEMHUX
KOMIIOHEHTIB CHCTEMH (KOHTEHHEPIB, TPAaHCIIOPTHUX
3aCc001B, TUCTIETYEPCHKOTO IICHTPY).

5.2 Crpykrypa moaei

Mogenb cKIagaeThCs 3 TAKUX OCHOBHUX IiACH-
cTeM:

e [limcucrema 300py JaHUX - CEHCOPH PIiBHA
3amoBHeHHS KoHTeiHepiB, GPS-moxymni ta RFID-
3YNTYBayi, pO3TAIIOBaHi Ha TPAaHCIIOPTHHUX 3aco0ax.

e [lizcucrema nepenadi JaHUX - BUKOPHUCTAH-
HSl KaHaJIIB MOOITBHOTO 3B’SI3KYy JJISl TepelaBaHHS
TeNeMeTpil y JUCHEeTYEPChKUI LEHTpP Y PeXuMi pea-
JBHOTO Yacy.

e [lincucrema 0OpoOKHM JaHUX - CepBEp aHAIi-
TUKH, KA BUKOHYE arperairo JaHuX, PO3paxyHOK
CTaHIB 3aloOBHEHHS KOHTEHHEpiB, (HOpMyBaHHS
MpiOpHUTETIB 00CITYrOBYBaHHS.

e [lizcucrema MPUUHATTS PILICHb - aJITOPHT-
MU omnTuMizamii MapmpyTiB Ha ocHoBi DVRP-mo-
JIeJTi 3 ypaxyBaHHSM IMOTOYHHUX CTaHIB KOHTEHHEPIB,
BiJICTaHeW, 4acy 10OW Ta TPAHCIIOPTHOI CUTYAITii.

o [HTepdeiic ympapmiHHSA - Bi3yasi3allisi CTaHy
CHCTEMH ISl IUCTIETYEPiB Ta ONepaTopiB.

5.3 ®opmanizanis mogei

[lpouec omnepaTMBHOrO KEpyBaHHS MOXKHA
NPEICTaBUTH SK 3a/ady TUHAMIYHOT MapipyTu3amii
TPaHCIOPTHHX 3aCO0iB:

n
min ZCi (R;,1)
i=1
ne C; - BUTpaTH HA BUKOHAHHS MapuipyTy R; y MO-
MEHT 4acy ¢;
R; - MHOXXHHA TOYOK 00CITyroByBaHHS (KOHTEMH-
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HEpiB), IO BXOIATH A0 MapUIPYTy i-Ir'O TPaHCIIOPT-
HOTO 3ac00Y;
t - MOMEHT 4acy, KOJH 3IIHCHIOETHCS OITHUMI-
3a11is1.Jlo1aTKOBO BPaXOBY€EThCS OOMEKEHHS:
V.(t)<v,, MOEN

X 2 limit >

ne Vi(f) - motounuit obcAr 310paHUX BiIXOIiB,
Si (¢) - 3amac manbHOTO/HAIIOBHEHICTh OYHKEPY
abo pecypc 4acy.

5.4 BzaeMojisl areHTIiB

Y wMopjenmi BUAUISIOTBCA TPU TUNH  arcH-
TiB: KOHTeliHep-areHT - reHepy€e CUTHAIM MPO CTaH
3aII0BHEHHS.

e MobOiibHa miaargopma-areHT - TpuiiMae
3aBJaHHS, PYXaeTbCs MO MapIIpyTy, Mepelae aaHi
PO MiCIIe3HAXOIKEHHS.

o Jlucneruyep-areHT - KOOPAUHYE B3a€MOZIIO,
BUKOHY€E OINTHMI3aIlil0 Ta pearye Ha 3MiHU Cepelio-
BUIIIA.

ATEHTHO-OPi€EHTOBaHAa CTPYKTypa J0O3BOJISIE
BpaxyBaTH HerependauyBani nogii (3mMiHa Tpadiky,
HECTIPaBHICTh, HOBI 3alKTH), 3a0e3Meuylodyn ajaar-
TUBHICTb CUCTEMH.

5.5 Bizyaaizanis npouecis

st popmaizanii B3aeMoIii Mix mifcucTeMa-
MU Ta MITPUMKH MPOIECiB NPUHHSTTS YIPaBITiHCh-
KUX DillIeHb y CHCTEMaX OIEePaTUBHOTO KePYBaHHS
MOOUTBHUMH TUIATGOPMAMH JIOLIITHHO BUKOPUCTO-
BYBATH MOETHAHHS TPOLIECHUX 1 (YHKIIIOHATBHUX
MOJIEIIEN.

30Kpema, 3aCTOCOBYIOTHCS:

e UML-nmiarpamMu axkTUBHOCTEH - IS BijoO-
OpaxxeHH JIoTiku 00poOKH Ta TpaHchopMallii qemMo-
rpadiyHUX, HOPMATUBHUX i TEJIEMETPUYHUX JAHUX Y
MeXax OKpeMHUX QYHKI[IOHAILHUX MOJYJIIB;

e BPMN-mMozens OizHec-niporiecy - JUIs mpe-
CTaBJICHHs Yy3arajJbHEHOTO LUKy (DyHKIIOHYBaHHS
cucteMu «30ip AaHuUX — aHamiz — (opMyBaHHS
YIPaBIiHCHKUX aJbTEPHATHB —> TPUHHATTS pillleH-
HSl — BHKOHAHHS — KOHTPOJIb PE3yJIbTaTiBy.

Y Mexax 3alpoIOHOBAHOTO MiIXOAY 3a3HaueHI
MPOLIECHI MOZIEJIi JIOIIOBHIOKOTHCS €JIEMEHTaMU CHC-
TEeMH MiATPUMKH NpuiHATTS pimens (Decision Sup-
port System, DSS), sixa 3a0e3neuye iHTerpaito aa-
HUX 3 PI3HOPIHUX JPKEPEN, BAKOHAHHS aHAJIITH-
YHHUX PO3PaxXyHKIB Ta (GopMyBaHHS peKOMEHIAITiH
1t oniepatopa. DSS He 3xilicHIOE aBTOMaTHYHOTO
KepyBaHHsI MOOUIBHUMH TUIATPOPMaMH, a BUKOHYE
(YHKIIIO THTEJIEKTYITbHOT i ITPUMKH, HAJIAI0YH
0OIpyHTOBaHI BapiaHTH KOPUTYBaHHS MapaMeTpiB
KOHTelHepHOro 3a0e3neueHHs, rpadikiB BUBe3eHHS
Ta MapIIpyTiB 0OCITyTOBYBaHHSI.

TakuM 9MHOM, Bi3yaii3alis IpOLECiB OXOILTIOE
HE JINIIIE MTOCIiJOBHICTE i, a i (YHKI[IOHATbHY
cTpykTypy DSS, B3aemonito ii aHamiTHIHUX, iHDOP-
MaIiifHUX Ta iHTeppeHCHUX KOMIIOHEHTIB 3 orepa-
TOPOM 1 CHCTEMOIO OIIEpaTUBHOIO KEpyBaHHs. ¥Y3a-
TaJIbHEHY JIOTIKY (DYHKITIOHYBaHHS CHCTEMH ITi/IT-
PUMKH MPUHHATTS PillIeHb Y KOHTYPi OIepaTUBHOTO
KepyBaHHsI MOOLTBHUMH TUIATQOpPMaMHU HABEACHO Ha
puc. 1.

Ha ¢yHKIiOHANBHINA CX€Mi CHCTEMH MiATPAMKH
MPUAHATTS PillIeHb 300paKeHO JIOTIKY aHANITHIHOL
00po0OKHu meMorpadivHrX Ta eKCIUTyaTaliiHuX aa-
HUX y mporieci ((opMyBaHHS yIPABIIHCHKUX PillIEeHb
LI0A0 KOHTEHHEPHOTO 3a0e3MeueHHsI Ta PESKUMIB
poOOTH MOOITBHUX TUIATHOPM.

Dxepena pganux

¢ [lemorpadivi peectpu
* PeecTpy rpomag

« |C oneparopa

* Tenemerpis

AHaniTUYHUIA MOaYNb

+ PozpaxyHoK KinbKocTi
KOHTEHHEpIB

+« Hopmaruenmit aHanis

» KopuryBansHi koeditjeHTi

Mogynb oLiHku
BIAXWNEHb

I‘-

Mopynb peKomeHaaLLi

o KopurysarHs Kinskocti |

o AHani3 sigxunenb ‘

* 3miHa rpadikis

* [TopigHaHHA 3 hakTom
P ¢ A 4 ¢ Mporxo3 pusnkie

A

Oneparop / Qucneryep

[MpUIAHATTA pilleHHs

Cucrema kepyBaHHa MobinbHMMK NnaTpopmamu

* BAKOHaHHA pileHb
* KopuryBanHs MapLpyTie

3BOPOTHMM 3B'A30K

Puc. 1 - dyHKIioOHATIBHA CXeMa CUCTEMHU
iATPUMKH TPUHHSTTS pimeHsb (DSS)
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Cxema BigoOpaskae MOCTiJOBHICTh (DyHKIIOHA-
JFHUX €TAalliB, MOYNHAIOYH 3 HAJXOKEHHS aKTyalTi-
30BaHUX JeMorpadivHIX JaHUX 3 YIOBHOBAKEHUX
JepKaBHUX 1 MyHIIHUMAIBHUX PEECTPIB, X Bepudi-
Kallii Ta y3roJKSHHS, MICJI YOTO 3iHCHI0EThCS
aHaTiTHIHa 00poOKa BIAMOBIAHO A0 YMHHUX HOpMa-
THUBIB HAKOIIMYEHHS B1AXOIB.

VY Mexax aHaiTHYHOTO MOAYJIS BAKOHY€ETHCS
PO3paxyHOK HEOOXiTHOI KITBKOCTI KOHTEHHEPIB,
OIIIHIOBAHHS BiIXMJICHb MK PO3PaxXyHKOBHMH Ta
(aKTHUYHIMH TTapaMeTpaMy eKCILTyaTallii, a TaKoX
(hopMyBaHHS pEKOMEHAIIIH 1010 KOPUTYBaHHS
KUTBKOCTI KOHTEHHEpIB, TpadikiB BUBE3CHHS Ta Ha-
BaHTa)XCHHS Ha MOOLUTBHI TUIATGOPMHU.

Oxkpemo Ha cxeMi BULICHO POJIb orepaTopa
(mucnieTdepa), SIKUH 3AIMCHIOE PO3TIIA CPOpMOBa-
HUX PEKOMEH/alliil Ta mpuiiMae OCTaTOYHE yNpaBIIi-
HCbKe pitneHHs. [IpuitHATI pilleHHs mepeaaroThes
JI0 CUCTEMH OTIEPATHBHOTO KEPYBAaHHSI MOOITEHUMU
iatopmMaMu s IX MPaKTHYHOI pearizarii.

TakuMm yrHOM, cXeMa BifoOpaxae (yHKI[IOHA-
JIbHY CTpYKTYpy DSS sK iHCTpyMEHTa MiATPUMKH
MIPUIHATTS PillleHb Y KOHTYP1 OTIEPATUBHOTO KEPY-
BaHHS Ta BIIJAJIEHOTO KOHTPOJII0 MOOUILHUX ILIAT--
¢dopm Oe3 neTamizalii KOHKPETHHX aJrOPUTMIB OII-
TAMIi3aIii.

5.6 IlpakTHuyHe 3HAYEHHS MOJeJIi

Peani3zawist Takoi Mozieni 103BOJISE:

e 3MCHIIUTH BHTPATH 4acy Ta MaIbHOTO 3a-
BJIIKH OTITUMIi3aIlii MapuIpyTiB;

e 3a0e3MeYUTH MPO30PICTh KOHTPOIIO MPOIIe-
ciB 300py TIIB;

e CTBOpHUTH 0a3y ISl BIPOBA/UKEHHS 1HTEIEK-
TyaJIbHHX CEpPBiCiB 1 MPOTHO3yBaHHS HABAHTAXCHHS;

e MIJBHUINUTHA EKOJOTIUHY pe3yJbTaTUBHICTh
MICBKHX CHCTEM YIIPaBIIiHHS BiIXOIaMHU.

6 InTerpauisi MmoaeJii B cucTeMy onepaTus-
HOI'0 KepyBaHHSI MOOUIbHUMH I1aTdopMaMu

JuHamiuHa po3paxyHKOBa MOAEIb BU3HAYECHHS
KIJIBKOCTI KOHTEHHEPIB BHUKOPUCTOBYETHCS ISt (o-
PMalti30BaHOTO OIMHUCY 3aJIEKHOCTI MiXK YHCENBHICTIO
HACEJICHHS, HOPMaTHBAMHU HAKOIUYEHHS BIJIXOJIB 1
napameTpaMd KOHTEHHEpHOro rocrmoaapctsa. Mo-
JIellb Ma€ 4acoBY 3aJICKHICTh Ta JJO3BOJISE aBTOMa-
TUYHO OHOBIIIOBATH PE3yJbTATH PO3PAXYHKIB y pasi
3MiHH BXIJHHUX NApaMeTpiB.

3amponoHoBaHa MOZETIb HE € 130JIbOBAHOIO, a
THTETPY€EThCSI B 3aralilbHy CHCTEMY OIEpPATHBHOTO
KEpyBaHHS Ta BiJJAJIEHOTO KOHTPOJIK MOOLIBHHX
m1athopmM (CMITTEBO3IB).

3anponoHoBaHa MOJIENb PO3TIISAAETHCS HE SIK
CaMOCTIMHHMI THCTPYMEHT IUIAaHYBaHHS, a SIK JKepe-

JIO aKTyaJli30BaHUX BXIIHUX MapaMeTpiB IUII MoJe-
JIel OIepaTHBHOTO KepyBaHHS MOOITPHUMHE ILIaT-
dhopmamu, 10 BU3HAYAIOTH PEXKUMH POOOTH, MapIIl-
PYTH Ta HaABaHTAKEHHS TPAHCIIOPTHUX 3aCO01B.

3MiHa KIJTBKOCTI KOHTEHHEpIB Oe3rmocepeiHbO
BIUIMBAE HA!

¢ rpadiku BUI3/iB TPAHCIIOPTHHX 3ac00iB;

¢ KIJIBKICTh KOHTEHHEPIB Ha MapluIpyTax;

e TIEpIOAWYHICTH BUBO3Y;

* MaplupyTH pyXy;

e HABaHTAXCHHS Ha KOXXHY MOOINBHY IUIAT-
dopmy;

e BUTpAaTH yacy Ta NaJbHOTO.

Ha puc. 2 mpencraBneHo ysarajabHeHY CTPYKTYpHY
CXeMy BHU3HAUEHHA Ta MEPIOJUYHOI aKTyamizamii
KITBKOCTI KOHTEHHEpIB IS TBEPAUX TOOYTOBHX
BIIXOIB SK €JIEMEHTa OpraHi3amiiHOr0 KOHTYPY
OTIEPAaTUBHOTO KEpyBaHHS MOOUTBHUMH 1atdo-
pmamu. llpomec iHIMIOETHCS OTPUMAHHIM JIEMO-
rpadiyHUX JaHUX 3 JepKaBHUX 1 MYHIIUITaTbHUX
UUPPOBUX PEECTPIB, MICIS YOTO 3AIHCHIOETBCS iX
Bepudikalisi Ta arperyBaHHsS 3 METOI YCYHEHHS
HEY3TOKEHOCTEH MK pI3HUMU JpKepenamu iHpop-
Martii [14, 15].

Ha ocHOBI akTyani30BaHUX JaHUX BUKOHYETHCS
PO3paxyHOK HEOOXimHOI KiJBKOCTI KOHTEHHepiB
BIJIMOBITHO /0 YMHHWUX HOPMATHBIB HAaKOMTUYCHHS
BIIXO/IB, @ TaKOX aHali3 BIAXWIEHb (AKTUYHOTO
piBHS 3allOBHEHHA KOHTEWHEPIB BiJf HOPMAaTHBHUX
3HAa4YeHb. 3a pe3yiabTaTaMH aHallizy (opmyeThes
yIpaBIIiHCHKE PIICHHS II0JI0 KOPUTYBaHHS IapaMe-
TpiB 00CITyrOBYyBaHHsI, 30KpeMa rpadikiB BUBE3ECHHS
Ta MapUIPyTiB pyXy MOOITBHUX TIATHOPM.

[Mopaneie BHKOHAaHHS PIlIEHb CYNPOBOMXKY-
€ThCS BIJJAJICHUM KOHTPOJIEM i3 BUKOPHUCTAHHSIM
nanux GPS-moniTopuHry Ta Tememerpii, a Takox
iH(opMarlii BiJy CEHCOPiB 3alIOBHEHHSI KOHTEHHEPIB.
OTtpumaHi 3BOPOTHI JaHi BHKOPHCTOBYIOTBCS JUIS
OIIHKN €()eKTUBHOCTI MPUAHATHUX PillleHb, HAKOIIH-
YEeHHSl CTaTUCTUKM Ta MOAAIBIIOI aKTyawmizamii ma-
pameTpiB MOJEIi, 10 3a0e3Meuy€e aaanTUBHICTh CH-
CTEMHU OIEPATUBHOTO KEPyBaHHS B yMOBAaX 3MiHHOI
YUCENFHOCTI HaCelleHHS Ta HEePiBHOMIPHOTO YTBO-
PEHHS BIIXOIIB.

Mogenp iHTerpamii JaHuX 3 YHOBHOBaKCHUX
JDKeped HaJla€ MOXKJIMBICTH B3a€MOJIl MK JeMo-
rpagiuyHUMH peecTpamy, iHQOpMaliHHUMH CHCTe-
MaMH oOmepaTopa Ta JUCIETYEPCHKHM IEHTPOM Y
MeXax €JIMHOTO 1H(QOpPMAMiiHOTO KOHTYPY YIpaB-
JHHAL.

3MiHa MapaMeTpiB KOHTEHHEpHOTro 3abe3re-
YyeHHs1 (PopMye HOBI BXiJJHI YMOBH JUIS 3a/1a4 MapIil-
pyTu3zanii MoOUTbHUX TardopM, y TOMy 4ucii ix
JUHAMIYHUX BapiaHTiB, 1[0 PO3TIIAJAIOTHECS B MEXaX
CHCTEM ONIepaTUBHOI'O KEPyBaHHSI.
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Puc. 2 - CtpykrypHa cxema iHTerpanii
neMorpadiyHuX JaHUX y CHCTEMY ONEPaTHBHOTO
KepyBaHHsI Ta BiJ[1aJICHOTO KOHTPOJIIO
MOOUTEHUX TUIATHOPM.

CucteMa BiJIaeHOr0 KOHTPOJIIO, 10 BUKOPU-
croBye GPS-MOHITOpUHT i1 TelneMeTpu4Hi jaaHi, 3a-
Oe3neuye 3BOPOTHHIA 3B 30K MK (haKTUUHUM CTa-
HOM KOHTEHHEPIB 1 pe3yibTraTaMi pO3paxyHKIB MO-
neini [1, 3, 6]. TakuM YMHOM peami3yeThcs aganTH-
BHHH KOHTYP KepPyBaHHSl, XapakTepHUH LI Cy-
YaCHUX MOJEJIeH ONepaTUBHOTO YIPaBIiHHSL.

3anponoHoBaHa MOJENb PO3ISAAETHCA HE SK
CaMOCTIHHUI IHCTPYMEHT TUIaHYBaHHS, a K JpKepe-
JI0 aKTyaji30BaHUX BXiJHUX HapameTpiB JUIS Mojie-
Jie omepaTuBHOIO KEpyBaHHS MOOINBHUMH IJIaT-
(dbopMamMu, 0 BU3HAYAIOTH PEKUMH POOOTH, MapI-
PYTH Ta HABaHTAXKEHHSI TPAHCIIOPTHUX 3aCO0IB.

3amponoHOBaHUM MiAXiZ MOXXE BUKOPHCTOBY-
BaTHCA SIK 1HCTPYMEHT KOHTPOJIO BiAMOBITHOCTI
(aKkTHYHUX YMOB HOPMATHBHUM IIOKa3HMKaM Ha-
JTaHHA TOCIIYTH.

7 ®opmanizanis npomecy ynpasBJIiHHS

OpranizaniitHo-(hyHKITIOHATPHA MOJEH ONepa-
TUBHOTO KEpPyBaHHs MOOUIBHMMH IUIaThOpMaMu
3aCTOCOBYETBCS IS OMHUCY MPOLECIB NPUHHATTS
pIlIeHb MIOA0 KOPUTYBAaHHS KiJBKOCTI KOHTEHHEPIB,
rpadikiB BUBE3CHHS Ta HABAHTAXXCHHS HA MOOLUIBHI
1aThOpMH Ha OCHOBI aKTyaJIbHUX JAHHUX MPO YHCe-
JIBHICTh HACEJICHHL.

OnepaTUBHICTH 3aITPONOHOBAHOTO MIAXOMY TO-
JsiTa€ He JIMIIE y 3MiHI KUTBKOCTI KOHTEHHEpIB sIK
(hi3mgHUX 00’€KTiB, @ # Y MOXKIHUBOCTI IIBHIKOTO
KOPHUTYBaHHS PEXUMIB 0OCIyroByBaHHSI 03 BTpY-
YaHHs B iHQpacTpyKTypy.

Mogenb BioOpaxkae B3a€EMO3B 30K MiXK JIEMO-
rpadivHUME TTOKa3HUKaMH, KOHTEHHEpHO iH(pa-
CTPYKTYpPOIO Ta TPAHCIIOPTHHUMHU pecypcaMu Oe3 Jie-
TaJli3allii KOHKPETHUX aJITOPUTMIB ONITUMI3aIlii.

[Iporiec QyHKIIOHYBaHHS MOJENI MOXE OyTH
npencraBiennii 'y Burisngi BPMN- a6o UML-
JiarpaMu akKTUBHOCTEH 1 BKJIIOYAE TaKi eTaru:

1. OTpumaHHS aKTyadbHHX JAeMorpadidHuX
JaHUX.

2. Bepudikaris ta arperyBanHs iHpopmarii.

3. Po3paxyHOK KiJIBKOCTI KOHTEHHEPIB.

4. AmnHami3 BIIXWIEHb BiJl MOTOYHUX ITapameT-
piB.

5. ®opMmyBaHHS YHpPaBIiHCHKUX PillIEHb IOJIO
rpadikiB i MapmIpyTiB MOOLTHHHX TIIATHOPM.

6. KoHTposib BUKOHAHHS Ta HAaKONWYEHHS CTa-
TUCTHKH.

Y KOHTEKCTI JIUCEPTAIifHOIO JIOCIIDKEHHS
MOJIeTIb BiTHOCHUTKLCS [0 OpraHizamiifHuX mojaesei
ONepaTUBHOIO KEPYBAHHS, III0 OMUCYIOTh MPOLIECH
NPUAHATTS pilieHs Oe3 jaeramizalii KOHKPETHHX
ANTOPUTMIB ONITHUMI3aIlii.

BucnoBku

BukopucTaHHS aKkTyali30BaHOi Ta IHTETPOBaHOT
iH(opMaIlii Ipo YUCENBHICTH 1 CTPYKTYpPY HACEJICH-
HSl, y TOMY YHCHi 3 ypaxyBaHHSIM THMYacOBO Iepe-
MIIIEHUX OCI0 Ta THMYACOBO BiJICYTHIX IPOMaJIsH,
Jla€ 3MOT'Y TIOSICHATH TIPUYUHU BLIXUIIEHD BiJl HOP-
MaTHBHOTO PiBHsI 3alI0OBHEHHsI KOHTEHHEPIB Y OKpe-
MHX JIOKAI[isIX. 30KpeMa, BiJCYTHICTh a00 HaIJTUIIIOK
(haKTUYHOTO HABAaHTAKEHHS Ha KOHTEHHEPH HE 3aB-
KM CBITYUTH TIPO TIOMUIIKH B OpTaHi3allii BHBE3¢H-
HS BIAXOZIB, a MOXKe OyTH HACIIIKOM BUKOPUCTAHHS
3acTapiinx ado HEMOBHUX JieMorpadiqHuX JaHUX.
3acrocyBaHHs Takol iH(QopMaIlii B Mekax 3alporio-
HOBaHOI MOJIEJTi 103BOJISIE HE JIMIIE OTPUMATH O1JIbII
IMOOKE PO3YMIHHS MPOIIECIB HAJAHHS MTOCIYTH 3
yIpaBIiHHS TO0OYTOBHMH BiIXOJaMH B LIJIOMY, ajie
it 3a0e3meuye MOXKIIMBICTD ONIEPATUBHOTO KOPUTY-
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BaHHs MapUIpyTiB 30MpaHHs, onTUMi3anii rpadikis
00CITyroByBaHHS KOHTEWHEPHHX MailaHYHKIB Ta
IIPOTHO3YBAHHSI MOJANBLINX KOJMBAaHb OOCSIIB Ha-
KOIMYCHHS BIAXONIB. Y CBOI 4Yepry, Ii¢ CTBOPIOE
MIAIPYHTS JUIS MiJBUIICHHS SKOCTI IMOCIYyTH T4 BH-
KOPHCTaHHS MOJIENI SIK IHCTPYMEHTY KOHTPOJIIO BiJi-
MOBITHOCTI (aKTHYHHMX TOKA3HUKIB HOPMAaTUBHUM
BUMOTaM i IPUIHATUM YIPaBIiHCHKUM PIILICHHSIM.

VY crarTi 3amponoHOBaHO MOJETbh BU3HAYCHHS
KiTbKOCTI KoHTelHepiB mist TIIB Ha ocHOBI AuHAMI-
YHHUX AeMOrpadiyHuX JaHUX, BPaXxOBYIOUH Koedili-
€HT CE30HHOCTI, IHTETPOBAHY B CHCTEMY OIEPATHB-
HOTO KE€PYBAaHHA Ta BIATAIEHOTO KOHTPOIO MOOLIb-
HUX IIaTQOPM.

[TokazaHo, M0 BUKOPHUCTaHHS aKTyaJIbHUX Ja-
HUX IPO YUCENBHICTh HACEJEeHHS I03BOJISE IIiJBU-
IIMTH TOYHICTH IUIAaHYBaHHS KOHTEHHEPHOTO TOCIO-
JapcTBa, ONTHMI3yBaTh poOOTY MOOUTBHHX ILIaT-
(hopM Ta 3MEHIITUTH EKCILTyaTalliifHi BUTPATH.

3anpormoHOBaHU MiAXiJ CTBOPIOE METOJIOJIOTI-
YHY OCHOBY ISl TOJAIIBIINX JOCTIKCHb Y HAMpsMi
iHTerpalii MPOrHO3HUX MOJENel, CEHCOPHUX CHC-
TE€M Ta IHTENEeKTYaIbHUX 3aCO0iB MiATPUMKHU MIPHUHA-
HATTA pillieHb Y KOMYyHaJbHINA cdepi ans 3abesrie-
YeHHS! HaJaHHS SIKICHOI MOCIYTH HaceJeHHIO, Bpa-
XOBYIOUH JEpXKaBHY IOJITUKY YKpaiHH, CIpsIMOBa-
Hy Ha nudposizamito Ta onudpyBaHHS yIPaBIiH-
CHKHUX TIPOIIECIB.

HayxoBa HOBM3HA poOOTH ToNATae y dopmalti-
3anii JMHAaMIYHOT MOIEell BU3HAYEHHS KIJIbKOCTI KO-
HreitHepiB s TIIB sik enemeHTta opraHizaiiiiHOro
KOHTYPY OIICPAaTUBHOI'O KEpyBaHHS MOOLIBHUMHU
iardopmamu, o 0a3yeTbes Ha iHTErpallii Ta mepi-
OJIMYHIN aKTyasizamii geMorpapiyHux JaHuX 3 Jep-
KaBHUX 1 MYHIUMNaIbHUX HUPPOBHUX PEECTPIB Ta
3a0e3redye amanTaimilo MapaMeTpiB cucTeMu 0e3
3MiHH ii (hi3HIHOT CTPYKTYpH.

Konduaikr inTepeciB

ABTOp mi€i cTaTTi 3asMBisIE MPO BiACYTHICTH
KOH(JTIKTY 1HTEpEeCiB MO0 ILOTO JOCIIJKCHHS,
BKJIIOYaloYM (PiHAHCOBi, OCOOHUCTI, aBTOPCHKI YH
OyIp-sIKi 1HMI, AKi MOTJIM O BIUIMHYTH Ha JOCTIiJ-
JKEHHSI, a TAKOXK Ha Pe3yJIbTaTH, MPEACTABICHI B il
CTATTI.

DiHaHCyBaHHS

Hocmimkenns npoBommiiocss 6e3  QinancoBoi
MiATPUMKH.

HaaBHicTh JaHHUX

VYci gani gocTymHI B 4uCioBid abo rpadiuHii
(hopMi B OCHOBHOMY TEKCTi JOCIIIKCHHSI.

BukopucTaHHs IUTYYHOI0 IHTEJIEKTY

ABTOp MiATBEPUKYE, IO BiH BHKOPHUCTOBYBAB
TEXHOJIOT1] MITyYHOTO IHTENEKTY Ul TOUIYKY Ta
orysANy 3aranpHOAOCTYnHOI iHgopmanii. [lim gac
MMITOTOBKH CTaTTI BUKOPUCTOBYBANHCSA IU(PPOBI
THCTPYMEHTH 11 MOBHOCTWIIICTHYHOTO peJaryBaH-
HS Ta CTPYKTypH3amii Tekcty. HaykoBwuii 3mict, Mo-
JieNTb, METOJIOJIOTISI Ta BHCHOBKH € PE3yJIbTaTOM
aBTOPCHKOTO JOCIIHKESHHS.

Buecok aBTOpa

ABTOpOM CaMOCTIHHO c(hOpMYJILOBAaHO HAYKO-
BY iICf0 JIOCII/DKEHHS, PO3POOJICHO KOHIICTIIII0 Ta
CTPYKTYpY CTaTTi, BU3HAYCHO Ta 3aCTOCOBAHO METO-
J1 JIOCJIIJDKCHHS, BUKOHAHO (hopMatizalliro Mojei
iHTeTpamii AMHAMIYHUX JeMorpadiyHUX JaHuX ¥y
CHCTEMY OIEPATUBHOTO KEPYBaHHSI MOOUTBHUMHU
mwiatopmamu Ta chopMyIbLOBAaHO BUCHOBKHU.
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Determining the Number of Solid Waste Containers
Based on Dynamic Demographic Data
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Abstract. The article, within the framework of operational management systems and remote control of
mobile platforms, considers the problem of determining the number of containers for solid household waste
in conditions of dynamic demographic changes. It is shown that the use of traditional static approaches to
planning a container economy, which are based on outdated or unsynchronized data on the population,
leads to an imbalance between the actual volumes of waste generation and the parameters of their collection
and removal.

The purpose of the study is to develop and substantiate an approach to integrating dynamic demograph-
ic data into the organizational and information management circuit in order to increase the accuracy of
planning and adaptability of waste collection and transportation systems. To achieve this goal, the work uses
a systems approach, a normative modeling method, elements of process description, and a method of dynam-
ic recalculation of control parameters.

A dynamic model of integration and updating of demographic information from official state and mu-
nicipal digital registers is proposed, which provides automated recalculation of the number of containers,
removal schedules and input parameters for the formation of tasks for the operational management of mobile
platforms. The model is considered as an element of the organizational and informational control circuit and
belongs to the class of decision support systems.

It is shown that the use of updated demographic data allows to increase the accuracy of container sup-
ply planning, to identify the causes of deviations from the normative level of container filling, to optimize the
routes of mobile platforms, to reduce operating costs and to ensure the adaptability of the system in condi-
tions of demographic fluctuations. The results obtained can be used to improve the quality of service provi-
sion in the field of household waste management and the further development of intelligent operational man-
agement systems.

Keywords: mobile platforms, routing, digital registers, operational management, solid household waste,
population.
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JocaigkeHHs1 TEPMOXIMIYHOI KOHBEPCil OpraHiyHuX pevyoBUH
Yy KOMOiHOBAaHOMY ra3oreHeparopi

O. 1. BpyHerkin !, 10kTOp TeXHIUHUX HayK, Tpodecop
ORCID: http://orcid.org/0000-0002-6701-8737; e-mail: brunetkin@op.edu.ua;
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€. T. ®iainnos !, acnipanm
ORCID: http://orcid.org/0000-0002-9034-176X; e-mail: 10488154@stud.op.edu.ua
A. M. IBanees !, acnipanm
ORCID: http://orcid.org/0009-0001-7618-3769; e-mail: 10161115@stud.op.edu.ua
B. B. Tadiii !, cmyodenm mazicmpamypu
ORCID: http://orcid.org/0009-0004-6556-8964; e-mail: n-nait@ukr.net
! Hationaneuuii ynisepeutet «Oechka MoiTexHikay

Anomauia. Y cmammi po3enioaemscsi MoOeNb PIBHOBANCHUX XIMIUHUX NpoYeci8 y KOMOIHOBAHOMY 2a-
302eHepamopi. 3anexicrHo 6i0 CKAady ma 601020Cmi BUXIOHOI 0epesHOT CUPOBUHU PO3PAXO8YIOMbCSL napame-
Mpu ma CKaad 2a3060i CyMii, o YMEOpEMbCa nio yac pobomu KOMOIHOBAHO20 2A302eHePAMOpPA 3aNpPo-
nonosanoi cxemu. IlopieHsanHs pe3yibmamie po3paxyHKie 3 OAHUMU eKCHePUMEHMANbHUX O0CTIONCeHb NOKA-
34710, WO 3anPONOHOBAHA MOOETb A0EKEAMHO 8I0MEOPIOE nepebie npoyecis eazugikayii ma nipoaizy.

3anpononosana moodenv cazugixayii depesnoi cuposuUHU 3 BUKOPUCAHHAM KUCHE8020 VMM 003805€
PO3UUPUMU NEPENiK MONCTUBUX XIMIUHUX peaKyill, 8i0Kpusae nepcnekmugy 00CIi0NCeHHs 8 €OUHOM) Memo-
0onoziuHomy niodxooi 0o npoyecie 2opinHs, niponizy ma 2azugixayii. B pamxax yiei modeni moxcyms epaxo-
8Y8AMUCS PI3HI OKUCTIOBAYL: NOGIMPS, KUCEHb, NAPONOSIMpsIHe, NApOKUCHese Ma napose OYmms, a maxKoic
PIi3HI cnocobu nodayi 000amKo8oi 308HIUHbOT eHepeii: uepe3 020po0IHCY8ANbHI KOHCMPYKYIT (Men1000MiHHU-
Ku) abo pazom 3 naposum Oymmsm.

Hooanvuwuii pozsumok ma demanizayisi Mooeni npuszgede 00 30LNbULeHHs KLIbKOCMI HeHIUHUX aneeopa-
[uHUX PIGHSIHb, WO ORUCYIOMb XIMIUHI Npoyecu 8 KOMOIHOBAHOMY 2a302eHepamopi, 8i0N0GIOHO, 00 YCKAAO-
HEeHHs npoyedypu ix po3e'sisauus, aie 3abe3neuumsv OLIbWL NOGHUN MA MOYHUL ONUC PEAIbHUX NPOYecie y
KOMOIHOBAHUX 2A302eHEPANOPAX.

Knrouoei cnoea: mepmoximiuna KoH8epcis, 0peaniuHa pevosund, PiBHOBANCHA MOOEb, KUCHese OYmmA,
KOMOIHOBaHUIL 2a302eHepamop.

Lumyeannss cmammi: bpyrertkin O. 1., ®ininmos €. T'., IBanees A. M., Tadiit B. B. (2026) ocnijkeHHs: TepMOXiMiYHOT KOHBEpCii
OpPraHiYHMX pEYOBMH y KOMOIiHOBaHOMY rasoreHepatopi. EnekrporexHiuni Ta Komm’rotepHi cucrtemu, 45(121), c.71-81.
doi:https://doi.org/10.15276/eltecs.45.121.2026.7

Beryn B CIJTLCHKOTOCIIO/IAPCHKOTO0 BUPOOHHUIITBA, OpraHi-
YHOT YaCTUHU MOOYTOBHX BiIX0iB, HapTOMPOAYK-
TiB Ta iHmIOro). HasBHICTh B mporeci mipoizy 00-
MeKEHOI KUTbKOCTI KUCHIO (TIepIl 3a BCe B CKJIAJI
MOBITPsI) MPU3BOAUTH JO MiJABHINEHOTO0 BHXOJY Ia-
30B0i (pa3W 3a paxyHOK 3MEHIIEHHS BYTJICIIEBOTO
3aJIMIIKY B Mpoleci #oro rasudikaiii ado, HaBiTh,
110 1oBHOT ra3u@ikailii BUXIJHUX OPraHiYHUX PeUo-
BUH (32 BUHATKOM iX MiHepaibHOI ckianoBoi). Taki
MPUCTPOI BiTHOCATHCS 10 ra30Te€HEPATOPiB.

VY Haimumpmomy ceHci miJl mipoji3oM po3yMi-
I0Th PO3KJIaJaHHS OyIb-SIKMX CIOJYK Ha CKJIaIO0Bi
MEHIII BaKKi MOJIEKYJIH ab0 XiMiUHI €JeMEHTH I
JIEF0 TiJIBUINIEHOT TeMITepaTypy. Y IIMPOKOMY CeHCi
i MipoNi30M PO3YMilOTh BHCOKOTEMIEPATypHHH
TEPMOJTi3 OPraHiYHHUX CIONYK. Y BY3bKOMY CEHCI —
PO3KJIQJIaHHsl OpPTraHIYHUX TPHUPOJHHUX CHOJYK TPHU
BiJICYTHOCTi 200 HECTaui KHCHIO (JlepEeBUHH, BiJIXO-
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HonaBaHHs B mpoleci rasoreHepanii B peax-
LiHHY 30HY Mapy BOIW MPU3BOAUTH 0 30UTBIICHHS
B ra3oBiii (a3i gacTku cumHTe3 ra3y. Taka razosa
CyMIlll € IPUBAOIMBOIO 3 TOUYKU 30py €HEPTEeTHYHOI
LIHHOCTI, 3 TOYKH 30py BUKOPUCTAHHS B SKOCTi BH-
X1THOT CHPOBHHHM TSI XIMIYHOTO CHHTE3Y, 3PYIHOIO
JUIs. TPaHCIIOPTYBaHHS (TpyOONpOBOAN), 3 TO3UIIIH
3MEHIIICHHs] HABAaHTA)KCHHSI HA HABKOJIHIIHE CEPEaO0-
BHIIIC BHACNIIOK MOKJIUBOCTI MEPEPOOKH OpraHid-
HUX BigxomiB. IlepepaxoBaHi MOXJIHBI MO3UTHBHI
CTOPOHH MpOIECY Ta3oreHepalnii € OCHOBOIO [Is
aKTyasizamii po3poOKH paimioHANBHAX CXEM razore-
HEpaTopiB 3 HAATYBOM KHCHEM, TIOBITPSM a0O TOBi-
TpsM, 30aradeHUM KHCHEM.

1 Amnani3 JiTepaTypHHUX AaHUX | NOCTAHOBKA
npoodJjaeMu

3a yac iCHyBaHHsS ra30reHEepaTopiB IHTEPEC J0
X 3acTOCyBaHHSI HEOJHOPA30BO BiIPOIKYBaBCS — B
Pi3HI Mepio i 3 pi3HUX MPUYHH.

Crioyatky ra3oreHepaTopu CTBOPIOBAIHCS JUIS
OTpPUMaHHS TOPIOYHX Ta3iB 3 JEPEBUHH, IEPEBHOTO
BYTULISI T2 HU3BKOSKICHOTO TIAJIMBA, TAKOTO SIK TOP(.
OTtprMaHi Ta3u BUKOPHCTOBYBAJIHCS K €HEPrOHOCIT
B TEXHOJIOTIYHUX MpoIecax i SK MaluBO Ui Tep-
IIMX JIBUTYHIB BHYTPIIIHHOTO 3TOPSHHSI.

VY Ham dac iHTepec 10 TeXHOJOTiH rasudikarii
3HOBY 3pocTae. [[boMy CHIpHSIOThH JIBI OCHOBHI IPH-
YHHHU: TIO-TIEpIlle, 3pPOCTaHHsI CIIOKUBAHHS BYTJICBO-
JTHEBOi CHPOBHHH TPU OJHOYACHOMY CKOPOYCHHI Ii
3araciB 1 MiIBUIICHHI I[iH; MO-JPYTe, MIBHJIKE HAKO-
MUYCHHS TTOOYTOBUX 1 MPOMHUCIIOBUX BiJXOJiB Opra-
HIYHOTO MOXO/KeHHs. ["a3udikaliisi Takux BiAXO[IB
HE TUIBKM 3a0e3Meuye J0JaTKOBE OTPUMAaHHS rOplo-
YHX ra3iB 1 XiMi4HOI CUPOBHHHU, ajie ¥ iCTOTHO 3HU-
KY€ 00CHT 1 MIKITUBICTh BIAXO/IIB.

3a poKM PO3BUTKY Ir'a30reHepaTopiB OyJIo CTBO-
peHo Oe3miu iXx KoHCTpykiii. Koxxna HOBa cxema
Mparfyyia yCyHYTH HEJONIKH TOTepeaHiX, OJHaK
IpY bOMY HEMUHYY€ BUHHKAJIM W HOBI IPOOJIEMH.

[Iponecu razudikanii opraHiuyHUX pe4OBHH MO-
JUISIFOTHCS Ha JIB1 OCHOBHI TPYIIH:

1. rasudikariss B ICEBIO3PIIPKEHOMY (KHILIS-
qoMy) mmapi;

2. razudikariis y mMigpbHOMY MIapi.

VYcTaHOBKH 3 TICEBAO3PIIKEHUM 1mapom [ 1] Bi-
JPI3HSIOTECS 3HAYHO OUIBILIOIO MOTYXKHICTIO - BOHH
30aTHI PO3BUBATH TEIUIOBY HPOLYKTHBHICTH, IO
MepeBepIIye YCTaHOBKH IIIJIBHOTO IIapy AECATH i
Oinpiue pasiB. OgHAK Taki CUCTEMH MalOTh 1 CYTTEBI
Heponiku. OnepKyBaHUH ra3 MiCTUTh OaraTo cMouI i
30JIM, TOMY BHMAarae JIOJIATKOBOTO ouunIieHHs. Kpim
TOTO, JIO BUXIJTHOI CUPOBHHH BHCYBAIOTBHCS CYBOPI
BUMOT'H — HEOOXiHO 3a0€3MeYUTH OJHAKOBUH PO3-
Mip YaCTUHOK Ta HU3BKY BOJIOTICTb.

Pobota Ha 3HIKEHUX MOTYKHOCTAX HEMOKIIHU-
Ba, OCKUIBKH MIATPUMKHN KUIUITIOTO MIapy MOTPiOHO
MIOCTIHHUHN MOTIK AYTTS MeBHOTO 00csTy. KoHCTpyK-
Lisl YyCTAaHOBOK CKJIaJHA, II0 MOTpedye BHCOKOKBA-
nidikoBaHOTO 0OCITYroByBaHHS. TakoX BHHUKAIOTh
JIOTICTUYHI TPYIHOII: IIJIsl YCTAHOBOK IMOTY>KHICTIO
100 MBT i Bumie motpiOHa BeJIHMKa KUIbKICTh CHPO-
BUHH, 1 ii JocTaBKa (HaIpUKIa, CLIbCHKOroCmoaap-
CHKHX BIIXOZIB) CTa€ BHUTPATHHUM Ta OpTaHi3aIliifHO
CKJIaJJHUM 3aBAAHHSIM.

VYcTaHOBKH, IO MPALIOIOTH 33 MPUHIUIIOM Ta-
3udikamii B MIPHOMY IIapi, 3a3BUYail MAarOTh TeTl-
JIOBY MOTYXXHICTh y Mexax 3—5 MBT, goro mocrar-
HbO OLIBIIOCTI BUPOOHMUMX MOTped. IX BHKOpHC-
TaHHS BUPIIIY€E JIOTICTUYHI IMPOOJIEMH, OCKUIbKU
MOTpiOHA MEHIa KiTbKiCTh cupoBuHU. Lli mpucTpoi
3'ABUJIMCSL paHillle 3a iHII THIIM ra3oreHeparopis i
BIJIPI3HSAIOTHCS MPOCTOTO KOHCTPYKIIIi Ta eKCILTya-
Tamii.

OpHak i BOHM MaloTh HENOJIKH. Y ra3oreHepa-
topax (I'T) miineHOrO mAapy TepMmiuHa KOHBEPCIS
OpTraHiYHUX PEYOBHH BIAOYBA€TBCA Yy pe3yNbTaTi
TPHOX B3a€EMO3ANIKHHUX TPOIECIB — Mipomi3y, ra-
3ucikanii Ta ropiHag. CxeMu poOOTH TaKUX yCTaHO-
BOK BIJIPI3HSIIOTHCSI HampsSMOM pPyXy CHPOBHHH Ta
MIPOJYKTIiB PEaKIlii, a TaKOX IMOCIiAOBHICTIO TIepedi-
I'y 3a3Ha4€HHX MPOLIECIB.

Haiioi1bI1 OIIMPEHUM THITOM € Ta30reHEPATOP
npsaMoi mii. Bin mpocTuit Ta HamiiHWHN, CTIHKUN 10
3MiH HaBaHTA)XEHHs Ta 3JaTHUI MpauoBaTH Ha CHU-
POBHHY 3 BHUCOKOIO BoJjioricTio (10 60%). 3aBusku
UM TIepeBaraM Taki TeHepaTOpH BUKOPHUCTOBYIOTS 1
cporofHi [2].

OCHOBHHM TX HE/IOJIIKOM € 3yCTPiYHUH PyX IO-
TOKIB: CHPOBHHA TIOAA€THCS 3BEPXY, a MPOAYKTH
rasudikamii pyxarmTbcs 3HU3Y Haropy. lle mpusso-
IUTH 0 YTBOPEHHS BEUKOI KUIBKOCTI CMOJI Y BEpX-
Hill 4YacTUHI TeHeparopa J¢ BiJ0OyBa€ThCS MipOIi3.
Bracnizok 1poro ofiepKyBaHUN Ta3 MICTUTh 0araTo
JOMIMIOK, 110 POOUTH HOro HeNmpHIATHUM UIsl TPaH-
CIIOPTYBaHHS Ta 0OMEXy€e BUKOPHCTaHHS - BIH MOXKE
CHAJTFOBATHCS JIMIIE TOOJU3Y MicClist BUPOOJICHHS a00
BHUMarae JJOPOroro OYMIIEHHS.

[HIMM THIIOM yCTAaHOBOK, IO HAJIEXKATh [0
rpynu razudikaiii B OUIFHOMY IIapi, € Ta3oreHepa-
Top 3BoporHOi mii [3]. ¥ HbOMY MpOTiKalOTh cami
OCHOBHI IPOIIECH — MipOJi3, TOPIHHA 1 BiJHOBJICH-
HA, — aJie y iHmoMy nopsaky. CHpoBHHA OJA€ThCS
3BEpPXY 1 pyXa€eThCsl BHU3 MiJ| €I CHIIU TSOKIHHS, a
ra3onofiOHi MPOAYKTH peakuil CHpsSMOBYIOTHCA B
TOMY CAMOMY HalpsMKY.

VY BepxHill YacTHHI YCTaHOBKH BiJOYyBa€ThCS
mipoi3, y SKOMY YTBOPIOETBCS 3HAa4YHa KUIBKICTb
cMon. [ToTiM MPOJIYKTH MPOXOMSATH Yepe3 30HH TO-
PIHHS Ta BiIHOBJICHHS 3 BUCOKHMH TEMIIEPaTypPaMHu,
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Jie CMOJIM 3TOPSIIOTH 200 PO3KIAAAI0ThCS Ha MPOCTI
3'eqHaHHS. 3aBISKH [[FOMY BMICT CMOJ y KIHIIEBOMY
ra3i B IECATKH Ta COTHI pa3iB HMKYWH, HIXK Yy Ta30-
re’eparopiB npsimMoi aii. OuumieHHs rasy abo mort-
peOye MiHIManbHHUX BHUTpAT, abo 30BCiM HE MOTPid-
HE, 1[0 PO3MIMPIOE MOKIMBOCTI HOTO BUKOPHCTAHHS.

TuM He MEHII, Taki yCTAaHOBKH MaroTh 1 HEIO-
Jiku. IX KOHCTpyKIIis CKIajHiIIa, HiX y FeHepaTopis
IpsAMOT [Tii, a 10 BUXiTHOI CHPOBHHHM TPE SIBISTIOTh-
Csl IIIBUINEHI BAMOTH — BOJIOTICTh HE ITOBHHHA
nepesuintyBatu 25%. KpiMm TOro, raszoreneparopu
3BOPOTHOI il 4yTJIMBI A0 3MiHM HaBaHTAXKEHHS Ta
MarOTh HIDKYHH KOe(ilieHT KOPUCHOT Iii.

3 MeTor 00'eIHATH MEpeBaru ra3oreHepaTopis
MpsIMOi Ta 3BOPOTHOI Aii Oyja po3polieHa cxema
rasoreseparopa momepeunoro mpouecy [3]. Horo
OCHOBHOIO TIEPEBarol0 € MOXJIHMBICTH pOOOTH Ha
MaluxX NOTyX)HOCTAx. OnHaK yepe3 HU3bKY eekTu-
BHICTh 1 BUCOKHI BMICT CMOJI B Ta3i TaKi yCTaHOBKHA
HE OTPUMAJIH IIUPOKOTO 3aCTOCYBAHHS.

BpaxoByroun mepeBaru Ta HEIOJIKA iICHYFOUUX
cxeM, y Qinnsguzii Oylio 3amporoHOBAHO TEXHOJO-
rito rasudikamii “ENTIMOS” [4]. V Hill BuKOpuHC-
TOBYETBCSl Ta3oreHeparop mnpsamMoi aii, ame BinOip
TOPIOYMX ra3iB 3AIHCHIOETHCS 13 IBOX 30H:

— micas obxacTi ropiHHS Ta rasudikarii, 70 30HU
MipoJIi3y, ¢ BMICT CMOJI MiHIMAJILHUM;,
- y BepXHill YacTHHi, MiCIs Mipoi3y.

Takuii minxiz 103BOJIIE OTPHUMYBAaTH YacTHHY
rasy 3 HU3bKHUM BMICTOM CMOJI, ajie TIpH LbOMY 00-
MEXY€E MOXKIIMBICTh PETYJIIOBaHHS 00'€My Ta CKJIaay
ra3y. KpiM Toro, npu 3MiHI BJIaCTHBOCTEH BHXIIHOT
CHUPOBUHH 3MIIIYIOTBCSA MEXi BiIOOpY, M0 BILIUBAE
Ha CKJIaJl KIHIIEBUX MPOAYKTIB.

Ines, 3akmagena B texmomorii “ENTIMOS”,
BUKOPHCTOBYETBCSI 1 B YCTAaHOBKAX 13 KHIUITYAM
IapoM Tpu ABOCTyMiHYACTiH rasudikamii. [Ipukia-
JIOM TaKol peaiizallii € razoreneparopu SilvaGas [5]
1 ;pBocrymiHvacTuil raszoreneparop ¢ipmmu Choren
[6]. He3Baxarouu Ha Te, 10 I 1iXi1 HE TTOBHICTIO
yCyBae HENONIKM razudikaiii B KUIUITIOMY IIapi,
BiH BiJ10Opakae TEHJCHIIIO J0 IMPOCTOPOBOTO IMOi-
Jy 30H HipoJIi3y 1 TOpiHHS U MiJBUILEHHS SKOCTI
OJIEP)KYBaHOTO ra3y.

B [7] mpencraBnena cxema KOMOIHOBaHOTO Ta-
30reHepaTopa, B SIKid 00'€eqHaHI MepeBaru ycTaHo-
BOK HIIJIBHOTO IIapy mpsMoi Aii. Taka KOHCTpyKILis
3a0e3rneuye MOXKIUBICTh PETYIIOBaHHS TPOYKTHB-
HOCTI y LIMPOKOMY Miarla3oHi, AOIYCKa€ BHKOPHC-
TaHHS CUPOBMHH 3 BHCOKOIO BOJIOTICTIO Ta HE MOT-
pedye peTenbHol PpakIiiHOT MiArOTOBKH.

Sk 1 B 3BOPOTHHMX Tra30reHEpaTopax, TYT MOXKHA
OTPUMYBATH Ta3 i3 HU3BKUM BMicToM cMmoi. [lpu
IILOMY, 32 aHAJIOTi€r0 3 TexHonoriero SilvaGas, pea-
JII30BaHO TPHWHIIMI JIBOCTYITHYACTOI rasmdikamii -

30HH MipoJIi3y 1 TOpiHHA po3aijeHi B mpocrtopi. Ho-
JTATKOBO Tepe0adeHo peKymnepariiio Teruia: YacTHHa
eHeprii MPOJYKTOBOrO ra3y IMOBEPTAETHCS B 30HY
peakuii. OqHak y poOoTi [7] IO KOHIIEMIIiI0 Tpe-
CTaBJICHO JIMIIE SIK BayKJIWBa cXxeMa, 0e3 IMpaKTHYHOI
pearizarii.

[ligBuieHHss 3a CydyaCHHX yMOB iHTEpecy M0
BukopucTanHs I'T" 3a BiICyTHOCTI KOHCEHCYCY OO0
Kpalioi CXeMH BH3HAYA€ aKTYalbHICTh MMOMAIBIIOL
pO3pOOKH CXeM MPUCTPOIB Ta30TreHepartii.

2 Meta Ta 3aaa4i J0CTiKeHHS

MeTo10 JaHOTO IOCIIPKEHHS € CTBOPEHHS Me-
TOMY BU3HAYEHHS CKJIAJy Ta30BOi CYMIIlIi, IO YTBO-
PIOETHCS TPU POOOTI KOMOIHOBAHOTO Tra30TeHEPATO-
pa B 3aJIeKHOCTI BiJl CKJIaAy 1 BOJOTOCTI BUXiJHOT
CHPOBHHH.

Hns peanizauii moctaBieHoi METH HEOOXiIHO BHpI-
IHUTH HaCTyHHi 3aBJaHHA:

* OOy TyBaTH MOJEIH MPOIlecy ra3oreHepartii B
KOMOIHOBaHOMY Ta30T€HepaTopi TpH BIIOMOMY
CKJIaJli BUX1IHUX BYTJIEBOJHEBUX KOMITOHCHTIB;

* PO3pOOUTH HA OCHOBI IIi€l MOJENI METOIUKY
PO3paxyHKy CKJaay TMPOAYKTIB peakmii y BHUIIIAIL
CyMiIli rasig.

3 Moaeasb i MeTOa JOCTIIKEeHHA

Cxema ycraHoBku (puc. 1) npuiiHiTa y BUTIIS-
I, mojganomy B [7].

Tpunyun pobomu 2azoeenepamopa.

Ha pucynky 1 moka3aHo NpPUHLIUIIOBY CXEMY
ra3oreHepaTopa, 3ampolOHOBAHOTO MJSl PO3IIISAY.
KoHCcTpyKIliss KOPIyCy BKJIIOYAE JIBI B3aEMO3AJICHKHI
yacTHHU. Y mepii (Mo3Ha4eHi sk la) po3mimry-
€ThCsI 30HA TOPiHHA 1 Ta3udikaii, a B npyriit (1b) —
30Ha MipoTi3y.

BuxijHe nmajauBo mojgaeTbes 3 OyHKepa 2 uepes
KJanaH 3 B 30HY mipoii3dy. B mporeci mipomizy yT-
BOPIOIOTHCS TAa30MOII0HI MPOIYKTH, K1 32 TOTIOMO-
o0 BeHTWIATOpa (AmMococa) 4 MPOXOmITh 4epe3
TEIUIOOOMIHHUK 5 1 HaAXOJSATh B HWXKHIO YaCTHHY
30HH 6 TOpiHHA 1 razudikarii.

[Momava okucimroBaya MoOXKe 3JIHCHIOBATHCS B
Ppi3HI 00JACTI CHCTEMH - AUISHKH 7 1 8 30HU TOPiHHS
i ra3udikarii, a TaKOXX B HIKHIO YaCTHHY 30HU Ii-
pomizy (minsaka 9). 1li Touku mojadi € MOKIMBUMH
BapiaHTaMH, a Y4 HE 00OB'SI3KOBUMHU.

I"a3u, siKi yTBOPIOIOTBCS y BEpXHil 4acTHHI 30-
Hu raszudikanii 10, 4acTkOBO NpsAMYIOTH Haszal y
30HY MIpOJi3y, A¢ OepyTh y4acTh Yy MOIAIbIIOMY
nepebiry mpouecy. Pemra rasiB mpoxoauTs depes
TEIUIOOOMIHHUK 5 1 BHUBOJUTHCS Yepe3 BHUXIJTHUN
otBip 11 1o crioxxuBaua.
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Puc. 1 - [Ipunnunosa cxema I'T [7]

PosrnsiHeMo mpWHIUI POOOTH YCTAaHOBKH 3
NPUKJIAJy BUKOPHCTaHHS JEPEBHUX BIIXOMIB SIK
BUXIJHOT CHPOBUHHU.

YcraHoBKa mMpariiioe y 3aJaHoMy pexumi. Bu-
COKa TeMIlepaTypa JepeBHOI0 BYTLLIA B 30H1 la
MiATPUMYETHCS PI3HUMHU CIOCO0aMu:

* 32 paxyHOK HOro MOJANBIIOr0 TOPIHHS NpHU
o/1avi OKKCJIFOBAYa Yepe3 KaHa §;

* 3a paXyHOK YaCTKOBOTO CHaJFOBaHHS (OKHC-
JICHHs1) YaCTHHU MipPOJI3HUX Ta3iB, sIKi y 30HY 6, IpH
oJia4yi OKHUCIIOBajIa Yepe3 KaHay 7, MiCJIs Yoro mpo-
IOYKTH TOPIHHA NPOXOJATH Yepes 1iap By,

* a00 3 BHKOPHCTaHHSIM KOMOIHAIl IUX JTBOX
CH0COo0iB.

VY Mipy nepeTBOpeHHs AEPEBHUX BiIXO/iB y BY-
riust (kapOoHi3allii) TOTOBE JAepeBHE BYTILIS HIXK-
HBOTO cermMeHra 1b 3a momomMoror mexaHizmy 12
nepemimmaeTbest B 30Hy la. OpHouacHo 3 OyHKepa 2
4epe3 KianaH 3 31iHCHIOETHCS TIoJaya CBIKUX Jepe-
BHUX BiXOJIB B MipOJi3HY YacTuHY 1b.

VYnpasimiHHS POIIECOM POOOTH razoreHeparopa
(I'T") Mo>xe BUKOHYBaTHCS 32 paXyHOK:

* PETyJIIOBaHHS NPOIYKTUBHOCTI TuMococa 4;

* 3MIHM TOYKHM I10J1a4i OKHCIIOBaua (depe3 7, 8
abo 9, iX moegHaHHS) Ta OOCATIB OKHCIIOBaYa, IIO0
MOJAETHCS;

* peryJrOBaHHS INBHIKOCTI IMOAa4i BYTiLIA 3
HIWKHBOI YaCTHHU cerMeHTa 1b B 30Hy la, a Takox
IIBUIKOCTI TI0ja4i BUX1IHOI CHPOBHHU 3 OyHKepa 2.

Monenb, METOJT TOCIiPKeHHs onucaHi y [8].

Ocobnusocmi piwieHHs.

OnuH 3 MAXOMIB IO BUPIMIESHHS CHUCTEM HEi-
HiHUX anreOpaiyHUX PiBHSHB MOJArae B ix JiHea-
puzamii Ta TOCIHiAOBHOMY YTOYHEHHI MIyYKaHHX
3minHuX. [lpm mineapuzamii HEOOXITHO OOYHMCIUTH
TTOX1/THI WICHIB HEMHIHHNX BUpa3iB. Y po3poOieHiit
MOJIeT Tepen0avaeThCsl, IO KOHIICHTpAIlis TapiB
BYTJIEIIEBOTO 3AJIMIIKY B MPOIECI iTepamiifHOTO T0-
IIyKy HaOIMKEHOTO pillieHHs npHu (hiKCOBaHIN TeM-
reparypi 3aauiaeThcs He3MinHow. OTxe, ii moxin-
Ha JIOpiBHIOE HYJ0. 11 ocoOnuBicTh 30epiraeThbes i
I OYIb-KUX 1HIIMX PEYOBHH, 110 3HAXOIATHCS B
KOHJICHCOBaHiN (ha3i, SKIIO MOJAEIh 3MIHIOETHCS.
CamMe 11e BiApi3HSIE PO3PAXyHKH, 110 BUKOHYIOTHCS
Ha OCHOBI 3aIIPOTIOHOBAHOT MOJIEIT.

MeTtomuka po3paxyHKy TOJsTae B mimbopi Ta-
KO TeMIepaTypu i BiIIOBIAHOTO CKJIaay MPOIYKTiB
peakuii, Ipyu SKAX CyMapHa EHTAJBIIS MPOAYKTIB
OyIe MOpIBHIOBATH CYMapHid EHTaNbITi BUXITHUX
KOMIIOHEHTIiB — BUXIJHOTO MaNKBa 1 OKUCIIOBAYa.
VY nmiTeparypHuX Kepenax 3a3BUYail HaBOISTHCS
3HAYEHHS EHTANBMIl U1 Ta3omofiOHMX 1 piAKHX
pedoBuH. OfHAK AJIs1 TBEPAUX TOPIOYMX MaTepialis,
HaIPUKIIAJ] JICPECBUHM PI3HOT BOJIOTOCTi, 3aMiCTh
SHTAJIBIIi 4YacTillle BKa3ylOTh TEIUIOTBOPHY 3/aT-
HICTh. Y TakKWX BHIIAJKAX EHTAJBINI HEOOXIIHO
MOTNEPETHHO OOYNCITUTH.

4 Bu3zHaueHHS BUXITHUX JaHUX 1S
PO3PaxyHKy CKJIa1y NPOAYKTIiB razoreHepaii

XiMIYHUH cKIa]l TOPIOY0T YaCTUHH JCPEBUHU Pi3HUX
MOPiJT B IIIJIOMY MaJIO BiAPI3HSAETHCS, TOMY IIPH Tell-
JIOTEXHIYHUX PO3paxyHKax 3a3BHYail BUKOPHCTOBY-
IOTh yCEpEAHEH! 3HAYeHHS EJIEMEHTHOrO CKJaxry:
Byrmentb — 51%, Bomenr — 6,1%, kucenp —
42,3%, a30T — 0,6%. Ockibku BMICT a30Ty He3Ha-
YHUH, HUIM YacTO HEXTYIOTH NPH HAOIMKEHHX PO3-
paxyHKax.

Buxozsiun 3 1MX JaHUX, MOXKHA TPEJICTABUTH
OpraHiuHy YacTHHY CYXHMX COCHOBUX BiaxoxiB (0e3
ypaxyBaHHS BOJIOTOCTi) Yy BHUIJISIIII y3arajlbHEHOL
OpyTTO-hopMyIH, 110 Bif0Opaxkae CIiBBIAHOIICHHS
OCHOBHHUX €JIEMEHTIB.

CiosHeo 504 - ey
[Ipu npoMy eHTaNbIIisl CTAHOBUTD

I=-6516 xJIx/kr.

JJist cripoleHHs MOJANBIINX PO3PaxyHKIB BU-
pa3 (1) MmoxHa mpeacTaBUTU B OIbLI 3pyuHiit dop-
Mi:

74 ABTOMAaTH3aLlisl IPOLIECIB YIPaBIiHHSI



ISSN 2221-3937 (Onaiin)
ISSN 2221-3805 (JIpyk)

EnextpoTexniuni Ta komn totepHi cuctemu. 2026. Ne 45 (121)

C42.5 H60 O

42.5 '%25 26'%2.5

[Ipu pOMy MoOISpHA Maca MAHOTO CKJIaTy CTaHO-
BUTH

= CH, ,0,

e = 0,0233 kr/monsb ,
a SHTAJIBITISI OJTHOTO MOJISI PEYOBHHU JTOPIBHIOE:
Iy = —152,1 xJIx/MOJIb.

HaBeneni nmaHi CTOCYIOThCSI aOCONIOTHO 3HE-
BOJIHEHOI JepeBMHUA. HeoOXiaHO BU3HAUUTH CKIAJ
(OpyTTO-hopmymy) Ta EHTANBIIIO AEPEBHUX BigXO-
IIiB COCHU TIPH Pi3HUX 3HAYCHHSIX BiJTHOCHOI BOJIOTO-
cTi. B sfikOCTi BUXIZHOTO IMOJIOKEHHS MPUHMAETHCS
BU3HAYCHHS BIHOCHOI BOJIOTOCTI, IO BUPAXAEThCS
gyepe3 Macy BOJIU Ta MOJISIPHY Macy abCOJIOTHO 3He-
BOJIHEHOI JIEPEBUHMU:

X

B+

e e — MOJIApHA Maca abCOJIOTHO CYXOl JIepeBH-
HU COCHH,

X — Maca 3B'S3aH0i BOJIH.

3 1aHOT0 BUpa3y BUILIUBAE 3aJICKHICTh:

OCKiNbKH MOJSpHA Maca BOAU JIOPIBHIOE Ll =
0,018 Kr/mMoib, 3 OTPUMAHOTO CITIBBIAHOIIICHHS MO-
YKHA BI3HAYWTH BIATIOBIAHY KiJBKICTH MOJIB BOIH,
1o BiAMoBifgae 3aaaHiii Bonorocti. Hampuknan, npu
BigHOCHI# Bomorocti ¢ = 0,2 (20%) Ha oAWH MOJb
a0COJIIOTHO 3HEBOJHEHOI IE€PEBUHM Ma€ IpUIanaTH
6mu3pko 0,32 Mot Bogu. Y TakoMy BHIAAKY OpyT-
To-popMyNa NEpEeBUHH 3 ypaxyBaHHSM BOJIOTOCTI
MaTHMe BUIISL

CH1,4200,62 +0.32-H,0=
= CH1,42+0.32-200,62+0.32 = CH2.0600.94

SK1mo npuitHATH TaONIWYHE 3HAYCHHS eHTANbITI]
Bou I, = —285,8 k/[x/Momb, TO €HTANbIIISI ICPEBUHA
npu BojorocTi 20% Oyne BU3HAYaTHCA SIK CyMa €H-
TaIbIil aOCOJIOTHO CyXOi JEPEeBHHU Ta BHECKY, IO-
B'13aHOT0 3 BOJOIO, 10 MICTUTHCS B HIH:

1, =1,+0.32-1, =-243.6 x/{oic/ monv

Po3paxyHKku, BUKOHaHI 3a UM aJTOPHTMOM,
JO3BOJISIIOTH  BH3HAYUTH OPYTTO-(QOPMYNH BOJIOTOi
JICPCBHHHU Ta BIAMOBIIHI 3HAUEHHS 11 SHTAIBMIT TpU
PI3HHMX 3HAUYSHHSIX BIJIHOCHOI BoJiorocTi @. Pe3yib-
TaTH MPEJCTaBJICHI B TabuIi 1.

¢
X=—>"U,
1~ K.
Tabmuns 1 - Bpyrro-hopmyiu Ta eHTaNbIIi JEPEBUHU COCHHU PI3HOT BOJIOTOCTI
0} 0 0.2 (20%) 0.4 (40%) 0.6 (60%)
Bpyrtro-dopmyna CH 1 ,4200.62 CH 2.0600.94 CH 3.1 501 48 CH 5.302.56
IuTanemis (kxK/MoJIb) -152.1 -243.6 -398.8 -706.6

VY po3paxyHKkax, BAKOHAHHX Ha OCHOBI MOJei
[8], kpiM BpaxyBaHHS pi3HUX 3HAaYeHb KoeQilieHTa
HQIJIMIIKY OKHciroBana o (0<l) 1 pi3HMX BEIHYUH
BOJIOTOCTI (, MOXKIIUBO TaKOX BPaxOBYBaTH YaCTHHY
€Heprii, 0 MOBEPTAEThCS B 30HY PEaKIIii 3a paxy-
HOK TeIriooOMiHHMKa (1m03. 5 Ha puc. 1). Takuit 00-
JIK 3IACHIOETHCS 32 HACTYITHUM aJITOPUTMOM.

Crnioyatky 3 ychOro ckiany HpOIYKTiB rasore-
Hepaiii BUIUISIOTHCS TIIbKH Ta3010110HI KOMITOHE-
HTH, BUKIIIOYAIOYM BYIJICHICBHIA 3aiauinok. J{is miei
ra3oBoi CyMillli BU3HAYAEThCSl eHTalbMmis I, mpu Te-
MIIepaTypi npoiecy rasorenepaiii. I[ToTiM aus To-
rOX CKJIaJy OOYHUCIIOEThCS EHTANbINS loc IPU TEM-
neparypi HaBKOJIHMIITHLOTO CEPENOBHINA, IPU I[EOMY
nependavaeThes, Mo Bojia 30epiracThesl B MapoOIIoi-
OHOMY CTaHi (aHAJIOTIYHO TOMY, SIK 1€ BPaXOBYEThCS
MpU BU3HAYEHHI HIKHBOT TEIUIOTBOPHOI 3/1aTHOCTI
MaJInBa).

Pizanms Al=(I—loc) xapakTepusye mMakcumalb-
HO MOXKJIMBY KUIBKICTh €HEprii, sika MoXe OyTH

OTpUMaHa TIPU OXOJIO/KEHHI Ta30Ioi0HOI CKIIam0-
BOT MpPOJYKTiB ra3oreHepariii. [leBHa yactuHa i€l
eHeprii (y BiICOTKOBOMY BHpaXKEHHi) J0JAa€ThC JI0
EHTaJIbIIi BUXIAHOI PEUYOBHHH, 110 MO3HAYAETHCS SIK
(8). Iicns poTO B iTEpamiiHOMY MPOIEC] MTYKAETh-
Cs1 pIllICHHSI BUX1IHOT MOJIEIII.

SkicTh Ta30101I0HOT YaCTUHU MPOYKTIB ra3o-
reHepatii, 0 OTPUMYIOThCS NPHU PI3HUX IMO€JHAH-
HSIX MapaMeTpiB o, @ 1 Al, OLIHIOETBCS 32 CYyMapHOIO
TETUIOTOX0 3TOPSIHHS MPOCTUX Ta3iB (3a TAOJINIHUMHU
JaHWMH), 10 BXOIATH A0 ix ckiany. IIpu mpomy
Ba)XXJIMBO BPaxOBYBAaTH, IO MpH 30epiraHHi razore-
HEPaTOPHOTO ra3y B Tasrojbplepax abo Tpu HOro
TPaHCIOPTYBaHHI M0 TPyOONpPOBOAax rapsdi Mpoay-
KTHU ra3oreHepaii, K MpaBuiio, OXOJOIKYIOThCS J10
TEMIIepaTypyd HaBKOJIMIIHROTO cepefoBulia. Bwi-
IICHI B HUX MMapH BOJM TPAKTHYHO MOBHICTIO KOH-
JEHCYIOTbCS, TOMY NPH BHU3HAYEHHI TEIUIOTH 3rO-
pPSHHA BOHM HE BpaxoBYIOThCS. B pesynprati y
CKJIaJli 3aJUIIAIOTHCS TUTHKH TOPIOYi Ta3d — OKCH]T
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Byraero (CO), Bonens (H), meran (CH,) — a Ta-
kox Byraekuciuii raz (CO;), SKAHA BHUCTyHae SK
6amact. CriBBiTHOIIEHHS 00CATIB IMX KOMIIOHEHTIB
BU3HAYAIOTLCS 3 PE3yJbTAaTiB PO3PaXyHKY CKIAmy
MPOIYKTIiB ra30reHepaItii.

5 AnaJi3 pe3yJbTaTiB po3paxyHKiB

AJZIEKBAaTHICTh OTPUMaHUX PO3PAXYHKOBHX pe-
3yJIBTaTiB OLIHIOETHCS NIISIXOM iX MOPIBHSIHHS 3
JAHUMH €KCIIEPUMEHTAIBHUX AociimkeHb. OHaK B
obmacTi rasudikariii opraHiYHIX PEYOBHH B JIiTEpa-
Typi BiI3HA4Ya€eThCA ICTOTHUH PO3KUA EKCHEpPHUMEH-
TaJbHUX JaHWUX Pi3HUX aBTOpiB [9—10]. ¥V 3B'13Kky 3
LIUM TIPEJICTABIISIE IHTEPEC MOPIBHATH PE3YNbTaTHPO-
3paxyHKiB 3 Jliana3oHaMH BapilOBaHHS eKCICpUMEH-
TaNbHUX 3HAYEHb OKPEMHUX XapaKTEPUCTHK MPOIIECY.

VY po6orti [9] HaBOAUTHCS XapaKTepHe 3HAUSHHS
HaWHIDKYOI TEIJIOTBOPHOI 3IaTHOCTI MipONi3HHUX
ra3iB y mianazoni 13—15 MJx/m?. Crig BpaxoByBa-
TH, MO OUTBIIICTh €KCIIEPUMEHTATBHIX JTOCIIHKEHb
BUKOHYETBHCS Ha 3pa3Kax IE€PEBUHH MOBITPSHO CyXO-
ro crany (¢ = 0,15-0,2) abo kiMmHaTHO cyxoro (¢ =
0,08-0,1). Ha puc. 2 npeacraBieHi pe3ynbTaTu po3-
paxyHKy HaWHMKYOI TEIUIOTBOPHOI 3[aTHOCTI Mipo-
J3HUX Ta3iB 32 BUKOPUCTAHOIO MOJIEIIIIO TIPH Pi3Hiit
BOJIOTOCTI JICPEBUHU. 3 aHAJI3y OTPUMAHHUX 3aJIeHK-
HOCTeW BUIUIMBaE, 1o mpu Bosorocti ¢ = 0-0,2 B
nianasoni Temmeparyp 800-900 K pospaxyHKoOBi
3HA4YEHHS J0Ope Y3rO/KYIOThCS 3 €KCIIEpUMEHTAIb-
HUMH JaHUMH. 3a3HAYEHUH iHTEpBaJl TeMIeparyp y
0araTbOX BUIIAKaX € XapaKTEPHUM JJIsl TOCIIIKEHb
mpoliecy MOBUTLHOTO MipOIi3y.

31 30iMblIICHHSM TeMIEepaTypy i BOJIOTOCTi BU-
XiIHOi CHPOBMHHM 3pOCTAa€ YacTKa BOJHIO B CKIAi
MipoJi3HUX Ta3iB. BolieHb XapakTepu3yeThesi BUCO-
KOI0 TPaBIMETPHUYHOIO TEMJIOTBOPHOIO 3aTHICTIO,
poTe HOro TEIIOTBOpPHA 3IaTHICTh, BiTHECEHA 0
OIMHUII 00'eMy, BiTHOCHO HeBenwka. B pesymprarti
3pocTaHHsl 00'€MHOI YaCTKH BOJHIO B CyMillli TOPIO-
YUX Ta3iB MPHU3BOJIUTH JI0 3HWKEHHS ii 00'eMHOT
TEIUIOTBOPHOI 31aTHOCTI. Jlanuii eekT Takox BiJo-
OpakeHMid B pe3ylbTarax po3paxyHkis (puc. 2). [Ipu
IBOMY CJIiJI 3a3HAYHTH, IO 3arajJbHUN 00CST MipoJTi-
3HUX Ta3iB 3pOCTAE 332 PaXyHOK NMPOTIKAaHHSA peakiiil
KOHBepCii mapiB BOJAM 1 BYTJIELIEBOrO 3aJUILKY (Ie-
PEBHOTO BYTIJLIsA).

Y pob6ori [10] 3a3Ha4a€eThes, MO PSIT JOCTIiAHH-
KiB (iKCYIOTh 301JIbIIEHHS BUXOAY a3y 1 OqHOYACHE
3HIDKEHHSI WOTO TEMJIOTBOPHOI 3/aTHOCTI 3 POCTOM
TeMIIepaTypy He TUTBKH MPH Mipoisi (o miaTBep-
JDKY€ETBCSl JTAaHUMHU pHUC. 2), aje 1 npu rasudikarii.
[lpu Oimbmr BHUCOKHMX TeMmIepaTypax rasudikarii
CIIOCTEPIracThCsi 3MEHIIEHHS KUTBKOCTI TBEPIUX
YaCTUHOK y MPOAYKTaX, IO Y3TOMKY€EThCS 3 1HTEH-
cu@ikaIfiero JiI09nX TePMOXIMIYHAX TIEPETBOPCHB.
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Puc. 2 - HaiiHmk4a TemioTBOpHa 34aTHICT
MIPOJTI3HOTO Ta3y B 3AJIEKHOCTI
BiJl BOJIOTOCTI JICPCBUHU

BukoHanuii aHani3 mokasaB, IO PO3TIISAHYTUH
eeKT MIMCHO Mae Miciie, MPOTe MPOSBISIETHCSA BiH
JIWIIE 32 HEBHHX YMOB IPOBEIEHHs mpomecy. Mmo-
BiIpHO, caMe IIi YMOBH 1 Majiu Micie B poOoTax THUX
JOCIITHUKIB, SIKi EKCIEPHUMEHTAJIbHO 3adikCyBan
3a3HayeHe SBUINE. 3TiTHO 3 pe3yabTaTaMH pPo3paxy-
HKIB, 3HIDKEHHS HAaWHWKYOI TETUIOTBOPHOI 34aTHOC-
Ti TEHEPaTOPHOTO ra3y CIIOCTEpPIraeThCsl TIIBKH B
00MeXeHOMY JIiara3oHi 3MiHH TeMIIepaTypHu B 30HI
peakuii. IIpu BimcyTHOCTI TifBeneHHS 30BHIITHBOL
eHeprii ado Mpu MmiBEJCHHI eHeprii MOCTIHHOI Be-
JUYUHA TeMIepaTypa razudikaimii 3MiHIOETBCS TO-
JIOBHAM YHHOM 32 paxyHOK 3MiHH Koe(imieHTa HajI-
JIMIIKY OKHCIIoBaya o. [1pu 301nbIIeHHi o 3pocTae i
TeMIeparypa peakiii. ¥ 3B'SI3Ky 3 UM KOpEKTHIiIle
TOBOPUTH TIPO 3AJISKHICTh TEIUIOTBOPHOI 34aTHOCTI
TeHepaTOPHOTO Ta3zy BiA KoedillieHTa HaIJIHUIIKY
OKHCJIFOBaua MpH MIEBHUX YMOBaxX MPOTIKaHHS peak-
uii rasudikarmii. Ha puc. 3 1 4 npencrasieni pe3yb-
TaTH PO3PAXYHKIB Ui BUIAJKYy, KOJU 30BHIIIHE
iJIBEICHHS €HEPrii BiJICyTHE.
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Puc. 3 - 3anexHicTh HUKYOI TEMIIOTBOPHOT
3IaTHOCTI T€HEPATOPHOTO Ta3y
BiJ| TeMIIepaTypH B 30HI peakiiii
3a BiZICYTHOCTI 30BHILIIHBOTO
IiIBEICHHS €HEepril
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Puc. 4 - 3anexxHicTh HAHHIKYOT TETIIOTBOPHOT
3IaTHOCTI TEHEPATOPHOTO ra3y
BiJl KoeilieHTa Ha/UTHIIIKY OKHACIIOBaYa
B 30HIi peakiiii 3a BiJICYyTHOCTI
30BHIITHKOTO MiABEICHHS €HEePTii

VY mpoMy pexxumi HarpiBaHHsS 30HH pEakIiii 3a-
0e3nedyeTbcss BHUKIIOYHO 3a PaxyHOK TETUTOBHII-
JICHHSI IPH OKHCJICHH1 YaCTUHH BUXiJHOI CUPOBHHHU.
Ha puc. 3 moka3zana 3aje:KHICTh HUKYOI TETIOTBOP-
HOI 37JaTHOCTI T€HepaTOPHOTO ra3y BijJ TeMIepaTypu
B 30HI peakilii, a Ha puc. 4 — Bix KoedillieHTa Haj-
JIUIIKY OKUCITIOBAYA.

3 an”amizy mux rpadikiB BUTUIHBAE, M0 B PO3T-
JSIHYTHX yMOBax i3 MiJIBUIICHHSIM TEMIIEpaTypu B
30HI peakiii 3HWKEHHS TEeIJIOTBOPHOI 3JaTHOCTI
ra3y MOXIIMBE, 30KpeMa, IpH 1mepepooIli aOCOTOTHO
Cyxoi BHXiZHOT CHPOBHHH.

Ha puc. 5 1 6 nmoka3ani rpadiku 3MiHU HAWHWK-
40i TEIUIOTBOPHOI 3JaTHOCTI TI'€HEPaTOPHOI'O Trasy
JUIsl BUIIAJIKY, KOJIM YaCTHHA €Heprii J0JaTKOBO MiJ-
BOJUTBCS Y BHYTPILIHIO 30HY peakiii, HaIpuKIaa 3a
JIOTIOMOTOI0 TeIUI000MIHHMKA 5 (puc. 1).
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Puc. 5 — 3mina HAHWKYOT TETUIOTBOPHOT
3IaTHOCTI TAJINBa 3aJI€KHO BiJl
TEeMIIepaTypy B 30H1 peakuii
3a HassBHOCTI 30BHIIITHHOTO
TiIBEICHHS SHEePTii.

Q,
(M a3
10
A 1

& '/—0 2

. 0=0,
8.5 LA

8 ///\a
15 — >

0.3 0.35 0.4 0.45 0.5 0.55

Puc. 6 — 3mina HIXKYOT TETIIOTBOPHOT
3IATHOCTI MaJIMBa 3aJICKHO
BiJl KoeillieHTa HaUTHIIKY OKHACITIOBaYa
B 30Hi peaxilii 3a HasBHOCTI 30BHIITHBOTO
IiIBEACHHS €Hepril

VY posrnsHyTiii cxemi mepeadavyaeThCcs MOBEp-
HEHHS B 30HY peakuii 25% eneprii razis 11 (puc. 1),
110 BUXOJSITH 3 YCTAHOBKH.

3 anaumi3y rpadikiB Ha puc. 5 1 6 BHIHO, 1110 3a
TaKUX YMOB, Y MIpy 3pOCTaHHSI TEMIIEPaTypH B 30HI
peaxiii, 3HIKEeHHS TeIJIOTBOPHOT 37IaTHOCTI TeHepa-
TOPHOTO ra3y MOXe MaTu Miclie MpH TepepoOli
BHXIHOI CHPOBHHH 3 BUCOKOIO BojoricTio (¢ = 0,4).

TouHe KiNbKiCHE TIOPiBHSAHHS PO3PaXxOBaHUX 3a
MOJICJUTIO TIapaMeTpiB mpolecy razudikariii 3 ekcre-
PUMEHTAIFHUMHU JTAHUMHU YCKJIQAHEHE 4epe3 3Hau--
HUH po3kun octaHHiX. Tak, y pobori [11], Ha ocHOBI
OTJIAY Pe3yJIbTaTiB PSIYy aBTOPiB, HABOASATHCS TaKi
Jiana3oHu O00'€MHUX KOHIICHTpAIliii KOMITOHCHTIB
re"eparopHoro razy: aisi CO — 9-35 06.%; mis Hy
— 2-35 00.%; nmna CHy — 1-5 00.%; ams CO, —
9,5-1500.%. VY [10](Tabn.5) HaBeAeHO CKaJ
TeHEepaTOPHOIo ra3y Npu KUCHEBOMY IYTTi 1 BKa3aHO
HOro HaWHIWK4YY TEIJIOTBOPHY 3HaTHICTh, IPOTE
XapaKTepUCTUKU CaMOTo TMpoliecy He onucani. Tomy
napamMeTpH, IpH SIKMX OTPUMAaHO HaBeJleHI TaM 3Ha-
YEeHHS, MOKYTh OYTH BCTaHOBJICHI JIMIIE OPi€HTOB-
HO. ByemMo BUXOAMTH 3 MPUITYLIEHHS, 110 B POOOTI
[10] posrsmaerbes mpotiec ra3udikaiiii 6e3 qoaat-
KOBOro miaBeneHHs eHeprii. Kpim Toro, y 6aratbox
JOCIIDKEHHIX BHUXIIHY CHPOBHHY mepen razudika-
LI€I0 MOTePEeIHBO CYIIATh, TOMY Jalli TPUIAMAaEMO,
0 TpOoleC 3IIHCHIOEThCS UIS abCONIOTHO CyXOi
JEPEBUHU COCHH.

OCKNBbKH KiJTIBKICTh OKHcOBaua B [10] sBHO
HE BKa3aHa, PO3rIITHEMO BUIAJIOK KoedillieHTa Hal-
UKy okucioBaua o = 0,35. J{nst uux ymoB B TabII.
2 HaBeJeHO NOpiBHAHHA AaHuX [10] 3 pe3ynpTatamu
pPO3paxyHKy, BHKOHAHOTO 32 TIPOIIOHOBAHOI MO-
JEIUTIO.
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Tabmuug 2 — Cxinag npoAyKTiB razudikanii mpu KUCHEBOMY IyTTi

Jzxepeio KomnonenTu ( % 00bema) Qu
AaHHX H» (60) CO; CH, N, M JTx/m®

[12] 32 48 15 2 3 10.4

Po3paxyHox 35.5 48.4 16.1 0 - 10.7

PosrissHyTOMYy BapiaHTy TpoIlecy BiOIOBiIa€E
po3paxynkoBa Temmeparypa 1205 K (932 °C). ani
Tabn. 1 MoKa3yroTh, IO 3a 3a3HAYCHUX YMOB 3Ha-
YeHHsI, OTPUMaHI eKCIIEpUMEHTaJIhHO, J00pe Y3ro-
JDKYIOTBCSL 3 pe3ylbTaTaMH pPO3paxyHKiB. Bimcyt-
HicTh N B pO3paxyHKOBHX JIaHUX TOB'sI3aHa 3 MPUK-
HSTOIO MOJIETUTIO: Yepe3 Malluii BMIiCT a30Ty B BHXi-
THIl CHpPOBWHI WOTO MPHUCYTHICTh HE BPaxOByBaja-
cst. HynmboBHit BMICT MeTaHy TOSICHIOETECSI BUKOPHC-
TaHHSM DPiBHOB&)KHOI Mozeni. B pamkax Takoi mo-
Jeni mependadacTbea, M0 BCi MOXJIMBI TpoIecH
TEPMIYHOI JAECTPYKIii MOBHICTIO 3aBepieHi. Y pea-
JHHOMY €KCIIEpUMEHTI dYac mepeOyBaHHS Tra30BoOl
CyMillli B peakiiliHiii 30HI 0OMEXEHH, TOMY PO3K-
JIJaHHS BUXIIHOI OPTaHivHOI CHPOBHHH MOXKE OyTH
He3aBepuieHUM. [losBa Merany B mpoaykrax (Io
CIIOCTEpPIracThes B 0araTbox, Xo4a i He y BCiX JOCIi-
Jax) SKpa3 MOXe CIy>)KHTH 1HIUKATOPOM HEMTOBHOTO
MPOTIKaHHS MPOIIECIB TEPMITHOTO PO3KIAaHHS.

Tabmums 3 - Cxirag mpoIyKTiB ra3oreHepaiii

VY TOii ke 9ac po3paxyHKH 32 PIBHOBRKHOIO
MOJIETUTIO TTOKa3yIOTh, IO TIPY TIEBHIX KOMOIHAIISIX
mapamMeTpiB MpoLEeCcy MeTaH BCe K MOXKe OyTH Ipu-
CYTHIM y MIPOAYKTaX MipoJIi3y i ra3oreHepartii.

[Ipuknanu Takux po3paxyHKOBHUX JaHUX HaBe-
JIeH1 B Ta0nuIi 3, ie Ha BiJIMiHY Bijg TabmuIl 2,
MIPEJICTaBJICHI 3HAYCHHS KOHIICHTpPAIIiil BCiX KOMIIO-
HEHTIB Ta30TeHepallii, 1o BpaxoBYIOTECS B po3pa-
XYHKaX, BKIIOUAIOUH BOJSHY Mapy 1 ByTiIeleBUHA
3aJUIIOK.

3a yMOBaMH METOy CyMapHa KiJIbKiCTh Ta30-
MONi0HUX KOMIIOHEHTIB Y KO)KHOMY BapiaHTi AOPiB-
HIO€ oHOMY MoJTtO. Li ra3onoaiOHI MPOAyKTH CIIi-
JIBHO 3 BYTJICLIEBUM 3JIMIIKOM YTBOPIOIOTHCS 3 IIEB-
HOT KUTBKOCTI BUXIJTHOI CHPOBHHH, TTO3HAYEHOT SIK
Mr. [TapameTp Al xapakTepusye 4acTKy eHeprii
ra3ornoiOHMUX MPOIYKTIB peakllii, sika yepe3 Teruio-
oOMiHHUK 5 (puc. 1) moBepTaeThCs HA3aM y peak-
LifHY 30HY.

AL 0 " T.K] KinbkicTs moJeit Quux .
Mr co | CO, | CH, Cyo H> H,0 | Mx/m
P 0.25 | 1040 | 0.74 | 0.29 | 0.19 | 0.004 | 025 | 035 | 0.17 9.9
0.3 1110 | 0.67 | 036 | 0.16 | 0.001 | 0.14 | 0.33 0.14 10.3
0 0.35 900 045 | 0.05 | 025 | 0.007 | 0.15 | 024 | 0.45 7.3
04 0.4 980 042 | 0.10 | 024 | 0.001 | 0.08 | 027 | 0.39 7.7
0 0.2 1010 | 0.79 | 0.25 | 0.20 | 0.008 | 034 | 036 | 0.18 9.9
40% 0.25 | 1075 | 0.71 033 | 0.17 | 0.002 | 0.21 035 | 0.14 10.3
0.4 0.35 940 0.44 | 0.07 | 024 | 0.004 | 0.12 | 027 | 041 7.7
0.4 1010 | 0.41 0.11 0.24 | 0.001 | 006 | 028 | 0.37 8.0

6 BucHoBkM Ta NMEPCNIEKTUBH

1. B pamkax BUKOpPHCTaHOI MOJENI PiBHOBaX-
HUX XIMIYHHX PeaKiliii BUKOHAHO PO3PaxyHOK Iapa-
METpIB Ta CKJIaAy ra30BOI CYMIlIll, [0 YTBOPIOETHCS
npu poOOTi KOMOIHOBAaHOrO Tra3oreHepaTopa IpH
pI3HOMY CKJIaJi Ta BOJIOTOCTI BHXIJHOI JepeBHOI
CHPOBHHH.

[lopiBHSHHS pPe3yNbTaTiB PO3PAXYHKY 3 JAaHUMHU
EKCHEPUMEHTAIbHUX JOCII/KEHb 1HIIMX AaBTOPiB
MoKa3ano, M0 3alpOIOHOBaHA MOJIENb aJIeKBaTHO
BiATBOPIOE TepeOir mporeciB razudikarii i mipomisy.

BuxopucranHs migxoidy, 3aCHOBaHOTO Ha PiB-
HOB@KHUX XIMIYHHMX PEaKIlisfxX, JO3BOJISE KOPEKTHO
3aCTOCOBYBaTH OTpPUMaHI pPe3yJbTaTH JJIsi OIHUCY
MPOLIECIB, 10 MOBUILHO MPOTIKAIOTh.

Otpumani pe3ynbTaTH AOIIHHO PO3IIISIIATH SIK
IpaHuYHi, TOOTO TaKi, MO XapaKTePU3yIOTh MaKCHU-
MaJbHO MOXIIMBI 3HAYCHHSI ITAPaMETPiB CHCTEMHU.

2. IloOymoBana mojenb Tasudikarii aepeBHOT
CUPOBUHH 3 BUKOPHUCTAHHSIM KHCHEBOI'O AYTTS MPO-
JEMOHCTPYBaJla  MOXIJIMBOCTI  3allpOIIOHOBAHOTO
TiIXOY.
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PosmmpenHss mepeniky MOXIUBHX —XIMiYHHX
peakiiii BiIKpUBAE MEPCHEKTUBY MOCTIKEHHS Y
€IMHOMY METOAWYHOMY MiJXOJIl MPOIECiB TOPIHH,
nipouizy Ta razugikarii.

B pamkax miei Mmogeni MoxXyTh OyTH BpaxoBaHi
pi3HI OKHCIIOBaJIbHI areHTH, 30KpeMa, IOBITpsHE,
KHCHEBE, MapoIOBITPsIHE, MapOKUCHEBE Ta IMapoBe
nyTTs. Takok MOKyTh OyTH BpaxoBaHi pi3Hi CIIOCO-
OW TiaBeIeHHS MOAATKOBOI 30BHINIHBOI €HEpii,
HaNpUKIAJ, dYepe3 OTrOpOKyBaIbHI KOHCTPYKIIT
(TernooOMiHHUKH) 200 pa3oM 3 MapOBUM TyBaHHSM.

[Moganpmnii pO3BHTOK 1 meTamizamiss MO
MpU3BeAe /10 30UTBIIEHHS KUTBKOCTI PIBHAHD y CHC-
TeMi HeNiHIHMUX PiBHSHb anreOpu i, BiANOBIAHO, 10
YCKIIQJIHEHHsI TIPOLEypH iX BUPILICHHS, MpOTe 3a-
0e3neunTh OUTHII MOBHUM 1 TOYHUH OIMUC PeaThbHUX
MPOIIECiB Yy KOMOIHOBAaHUX Ta30TeHEPATOPaX.

KonduaikTn inTepecis

ABTOpH 3asBISIOTH MIPO BiCYTHICTh KOHPIIKTY
IHTepeciB CTOCOBHO IBOTO JTOCIIKEHHS, BKJIFOYAIO-
4y (HiHAHCOBHH, OCOOMCTHH, aBTOPCHKUN YU OyIib-
SIKUH 1HIIUH, SKWIA MIiT OW BIULTMHYTH Ha JTOCIiKEH-

Hs, @ TaKOX Ha pe3yJIbTaTH, MPEICTaBJICHI B i
CTaTTI.

DiHaHCyBaHHS

HocnimxenHs mnpoBoauiocs 0Oe3  ¢iHaHCOBOT
MiATPUMKH.

HasiBHicTh 1annx

Yci maHi gocTymHI B 4UCIOBiH abo rpadiuHiit
(hopMi B OCHOBHOMY TEKCTi pyKOITHUCY.

BukopucTaHHs IITYYHOTO iHTEIEKTY

ABTOpH MiATBEPIKYIOTh, 10 BOHU HE BHKOPUCTO-
BYBaJIM TEXHOJOTi INTYYHOTO IHTENEKTY i dYac
CTBOpEHHS i€l poOOTH.

BHecok aBTOpiB

O. 1. Bpynemxin: HallMCAHHA TEKCTY — OpUTiHA-
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B. B. Taghiu: wumncenvHi po3paxyHKH, aJMiHICTPY-
BaHHS TPOEKTY.
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Abstract. The article considers a model of equilibrium chemical processes in a combined gas generator.
Depending on the composition and humidity of the initial wood raw material, the parameters and composi-
tion of the gas mixture formed during the operation of the combined gas generator of the proposed scheme
are calculated.

Comparison of the calculation results with the data of experimental studies showed that the proposed model
adequately reproduces the course of the gasification and pyrolysis processes.

The proposed model of gasification of wood raw materials using oxygen blast allows you to expand the list
of possible chemical reactions, opens up the prospect of research in a single methodological approach to the
processes of combustion, pyrolysis and gasification. Within the framework of this model, various oxidants
can be taken into account: air, oxygen, steam-air, steam-oxygen and evaporation, as well as various methods
of supplying additional external energy: through enclosing structures (heat exchangers) or together with a
steam blast.

Further development and detailing of the model will lead to an increase in the number of nonlinear algebra-
ic equations describing chemical processes in a combined gas generator, respectively, to a complication of
the procedure for their solution, but will provide a more complete and accurate description of real processes
in combined gas generators.

Keywords: thermochemical conversion, organic matter, equilibrium model, oxygen blowing, combined
gas generator.
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AyIUT pOOOTH €JIEKTPUYHOI0 00J1aJHAHHS
PO3NOALILHUX TA FTEHEPYIOUHMX MepPex

B. O. PazinkoB, doxmop ¢inocoghii
ORCID: http://orcid.org/0000-0003-0934-0426; e-mail: razinkov.v.o@opu.ua
Hayionanenuii ynieepcumem « Odecvka nonimexuikay

Anomauin. Y cmammi po3ensoaemovcsi MeniogizitiHa 0iaeHOCMUKA 1K THCMPYMEHM MEXHIYHO20 021510Y
eeKMPOOONAOHAHHS @ CUCMEMAX eleKmpONnoOCmMAadanHs. 3a3HAYAEMbCS, WO CbO2OOHT MENna08I3itiHullL
KOHMPOAb € O0OHUM 3 HAUedeKMUBHIUUX MemOoOi8 Oe3KOHMAKMHO20 GUSBIEHHS 0ehekmie KOHMAKMHUX
3'€0HaMb, eleKmpoOmexHiUHUX Npucmpois, 3'cOnyganvHux enemenmie ma cunosux xabvenis. Ocobnusa ysaza
npUOiAEMbCsl  aHANizy Nepesas SUKOPUCMAHHA MENN0GI3IUHOI  OldeHOCMUKY 6 NpO@IIAKMUYHOMY
00cny208y8anHi, 30Kkpema ii 30amHocmi 6usgnamu HeOe3neuni OLIAHKU HA PAHHIX CcMAOdisX PO3GUMKY
nowkoodceHv.  Tennogizitinutl KOHMPOIb 0036014€ WBUOKO BUABUMU NOMEHYIUHI NOPYUIeHHS DeXCUMi6
POOOmU, ZHUNCEHHST AKOCMI eIeKMPUYHUX 3'€0HANb, TOKATbHULL nepespié ma iHwi Oeghexmu, sKi MOICYMb
npuzgecmu 00 HAOMIPHUX @mpam eHepeii, nepedyacHo2o 3HOCy 0ONAOHAHHL ab0 HAGIMb 00 ABaAPIiHUX MA
noowcedxce Hebesneynux cumyayiu. Ha eiominy 6i0 mpaouyiiinux memooie Oia2HOCMUKU, MenI08I3iUHUL
aHaniz He GUMA2ae 3YNUHKU OOAAOHAMHS, WO podumv 1020 HAO36UHAUHO 3PYUHUM O BUKOPUCMAHHS 8
yMmosax beznepepsHoi pobomu 06'ckmise enepeemuynol inghpacmpykmypu.

Tokazano, wo 6npo8adNCeHHs CUCMEMAMUYHO20 MENN08I3IIH020 MOHIMOPUHSY NIOBUWYE DIBeHb
HAOIUHOCMI eHepeOnOCMAaiaHts, O00NoOMdA2ae 3anobiemu NPOCMOAM, 3HUNCYE GUMPAMU HA asaApitiHe
00CY208Y8aHHS MA PEMOHM, A MAKONIC 00360I8€ CEOECUACHO GUAGTAMU NOMUIKU MOHMANCY ab0 8UPOOHUYL
Oepexmu. Kpim moeco, maxuii nioxio cnpusie NIOBUWEHHIO  3A2ANbHOI  eHepeoeheKmuUeHoCmi
eneKmpooONAOHAHHSA, WO O0COOIUBO AKMYAIbHO 6 YMOBAX 3POCMAHHA GUKOPUCTNAHHS BiOHOBNIOBAHUX
Ooicepenl enepeii, 0eyeHmpanizo08anol 2eHepayii ma iHMeLeKmyaibHUx Mepedc. Y3acanvHenHs pesyaibmamis
00CHI0JCEHHST  NIOKPeCaoe  OOYIIbHICMb  GKIIOUEHHS. MENA0GIZIUHO20 MOHIMOPUHZY 00 pecyisipHo20
00C1Y208Y8AHHS eHepeeMUYHUX 00'€KMIB, A MAKONC AKMYANIbHICIb NOOATLULO20 PO3BUMK) MEMO0i8 aHALi3y
ma 00pobOKY Meniosi3itiHUX OAHUX 3 MEMOI0 A8MOMAMU3ayii 0iacHOCMUKY ma nioeuwerHs ii moyHOCHIL.

Knrouosi crnosa: mennosiziiine obcmedicents, eekmugnicmos poOoOmu, MemMnepamypHull pexcum,
HAOIUHICMb eeKMPONOCMAYAHH S, A8APIUHI CUMYAYil.

Lumyeanna cmammi: PaziakoB B. O. (2026). Ayaut poO0TH €IeKTPUIHOTO OOJIAJHAHHS PO3MOMUIBHUX Ta TCHEPYIOUHX MEPEK.
Enexmpomexniuni ma xomn romepui cucmemu, 45(121), ¢.82-88. doi:https://doi.org/10.15276/eltecs.45.121.2026.8

Beryn

HapiiiHicTh €neKTpOonocTauyaHHsl 3HAYHOK Mi-
POIO 3aJIEKUTH BiJl TEXHIYHOTO CTaHYy €IeKTPOTEXHi-
YHOTO 00JIaJHAHHS, K€ eKCIUIyaTYEThCS B YMOBax
3pOCTAI0UMX HABaHTAKEHb Ta YCKIAJHEHHS iH(pa-
CTpYKTypH. He3Bakaroun Ha IMPOKE BIPOBAJKEH-
HSl iHAyCTpiaJdbHHUX MeETOAIB OyIiBHHIITBA PO3IO-
JUIBYUX TIPUCTPOIB, IO CIPHUSIOTH CTaHIAPTH3AII]
Ta MiJABUINEHHIO TEXHOJOTIYHOCTI MOHTAXY, MUTaH-
HSl €(EeKTUBHOTO KOHTPOJIO IXHBOTO TEXHIYHOTO
CTaHy 3aJMIIA€THCS BIAKPUTHM.

OHUM 13 IEPCIIEKTUBHUX HAMPSMIB JIIarHOCTH-
KU € TEIUIOBI31MHE 00CTEXEHHS, IKE T03BOJISIE OIIe-

pPaTUBHO BUSBIISTH IIEPETPIBH EIEMEHTIB, OB’ A3aHi
3 nedextamu 3’€HaHb, TEPEBAHTAKEHHAM, Jerpa-
Jariero i3oms1ii. BogHoyac, mpakTrka 3acTOCYBaHHS
TEIUIOBI31ITHOTO KOHTPOITIO BCe Ie 0OMEXKEeHa, 0C00-
JIUBO Ha HEBEIIMKUX AUISTHKAX eJEKTPUYHUX MEPEK,
TaKUX SIK PO3MOJIIBHI IIUTH, MaJli TpaHchopMaTop-
Hi MiJIcTaHLi] Ta BHYTpilIHi aDOHEHTChKI Mepexi. Lle
CTBOPIOE JIOJIATKOBI TEXHIYHI PH3UKH Ta YCKJIATHIOE
BYACHE BUSIBIICHHS TIOTCHIIITHO aBapiifHUX CTaHIB.
AKTyaJbHICTh TEIUIOBI3iHHUX 0OCTEKEHD €JIeK-
TPUYHOTO OOJaZHAHHA 3YMOBJEHA HEOOXiJHICTIO
MIBUIICHHST HAIIHHOCTI, O€3MeKH Ta e(heKTUBHOCTI
eKCIUTyaTallii eJeKTpUYHUX Mepex. binmpmiicts ne-
(EKTIB y ENEKTPOTEXHIYHUX MPUCTPOSX, TAKHUX SIK
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Lle ctarTs Bigkputoro moctymy 3a jginensiero CC BY (http://creativecommons.org/licenses/by/4.0/deed.uk)

82 EneprozoepexeHHs 3acod0aMy CydacHOI eIeKTPOTEXHIKH



ISSN 2221-3937 (Onaiin)
ISSN 2221-3805 (JIpyk)

EnextpoTexniuni Ta komn totepHi cuctemu. 2026. Ne 45 (121)

ocla0JieHi KOHTAKTH, IEPEBAHTAXXCHHSI, TIOTiPIICHHS
cTaHy i3oimii abo MOpPyMIEHHS TEIUIOBOTO PEKUMY,
MPOSIBIISIIOTECS. Y BHIIIAI JIOKATBHOTO TIEPErpiBy
3aJJ0Br0 J0 HAaCTaHHA aBapiiHOI curyamii. Termiosi-
3iifHa JIarHOCTHKA JI03BOJIIE CBOEYACHO BUSBIISATU
Taki pedextn Oe3 3HECTpYMIICHHS OOJIAHAHHSA, IO
poOuTh ii HaI3BUYANHO LIHHUM IHCTPYMEHTOM IS
npo¢iIaKTUIHOTO KOHTPOJTIO.

Ha BimMiHy Bix TpaguIliifHIX METOMIB, TEIUIOBI-
3iitHe 0OCTeXEHHS € OC3KOHTAKTHHM, ONEPATHBHUM
Ta Bi3yaJbHO HAOYHUM, II[0 3HAYHO CIIPOIILYE BHSIB-
JICHHS] aHOMAJIi{f HaBiTh y CKIIQJHUX TEXHOJIOTIYHUX
yMOBaxX. 3acTOCyBaHHS I[LOTO METOAY JIO3BOJISE
3HM3WTH PU3UKH aBapiif, 3MCHIIUTH BUTPATH Ha
PEMOHT 1 IPOCTOI, & TAKOXK TMOJIOBXKUTH TEPMIiH CITy-
K01 001aTHAHHA.

TerutoBi3iiHl 00CTEKEHHA MAOTh Aeaayl OuIb-
e CTaBaTH HEBiJl'EMHOI CKJIAJOBOI0 CY4YacHOI
CHUCTEMH TEXHIYHOTO 0OCIyrOBYBaHHS Ta MOHITOPH-
HTY CTaHy €JEeKTPOYCTAHOBOK, OCOOJIMBO B YMOBax
MIJBUIICHUX BUMOT JI0 CHEProe(heKTUBHOCTI, HaIiH-
HOCTI Ta O€3MeKH eIeKTPOIIOCTauaHHs.

1 MeTa pociigkeHHs

Mertoto maHoi poOOTH € aHami3 e(peKTUBHOCTI
3aCTOCYBaHHS TEIUIOBI3IMHOTO OOCTEKEHHS EJICKT-
POTEXHIYHOTO OOJNIATHAHHSA PO3MOIIIBHUAX TPUCTPO-
iB Ha OCHOBI MPAKTHYHOI'O JOCIIKEHHS, CIIPAMO-
BaHOTO HAa BUSBJICHHS TPUXOBAHUX JePeKTiB Ta
aHOMaJIil, SIKi MOXXYTh NPU3BECTH 10 HOPYLIEHb Y
poboTi cucremun enekTpornocradaHus. OcoOiuBa
yBara HpWIISETHCS OLIHIN XapakTepy Ta CTYIEHs
MOTCHIIMHUX PHU3MKIB, MOB’S3aHUX 3 BUSBJICHUMU
TEIUIOBUMHU BIAXWJICHHSIMH, a TaKOX BH3HAYEHHIO
JIOIJIBHOCTI BITPOBAJDKEHHS TEILJIOBI3IHHOIO KOHT-
pOJIO SIK eNeMEHTY NpPO(]iTaKTHYHOTO TEXHIYHOTO
00CITYyrOBYBaHHS B MQJIMX 1 CEpEAHIX ENEKTPUIHHIX
MeperKax.

2 Marepiaju Ta pe3yJbTaTH JOCTiIZKEHHSA

Juis mpoBemeHHs nMoCHipKeHHS Oyno oOpaHo
CJIEMEHTH CHUCTEMHU EJIEKTPOIIOCTA4YaHHs: PO3MOJIi-
JIBYMX MEPEK, CHCTEM I'eHepallil eJIeKTPUIHOI eHep-
rii, CHCTeM HaKOIUYEHHs eleKTpoeHeprii. Terioni-
31iHI 0OCTEXEHHS 3/A1HCHIOBAIUCS B Pi3HI MOMEHTH
4acy 3a JOBUIbHUX PEKHUMIB poOOTH 00jaqHaHHs. B
yCiX BHITIQJIKAX HABAHTAKEHHS HE JIOCATANO0 MAaKCH-
MaJIbHUX 3Ha4€Hb, 10 JO3BOJIWJIO OLIHUTH CTaH 00-
JaJHaHHA y 3BHYAHHHUX EKCIUTyaTaliiHUX yMOBaX,
OJIM3bKHX JI0 THIIOBOT IMOBCSIKICHHOT pOOOTH.

[Ipu TennoBi3iiHOMY 00CTe)KEHHI pyOMIbHUKA
tuny PIIb-411 Gyno 3adikcoBaHO MiABUIIEHY TeMIIe-
parypy Ha ioro kopiryci, maiixe 120 °C (Puc.1)

Puc. 1 - Terutorpama BBiTHOTO pyOMITBPHHKA
PIIB-4IT 400 A

Y MOMEHT TEIUIOBI3IMHOTO OOCTEKEHHS 4epe3
pyOmiIbHHK misiB cTpyMm 217 A, TII0 CTAaHOBUTH TPOXH
OiIpILIe TIONIOBHHU Bi HOTO HOMiHAJIBHOI'O 3HAYCHHS
400 A. 3rigHo HOPMAaTUBHUM BHMOTraM,
TeMIeparypa KOHTaKTHUX 3’€HaHb 3 Miji, AKa He
Ma€e TOKpUTTS, He MoBWHHA mepepuiryBatu 80 °C
(oytu Oimpmioro Ha 45°C  3a  Temmeparypy
HABKOJIMIIHBOTO cepefioBHIIa). Bapro 3a3HaumTy,
[0 TEIUIOBI3iifHe BHMIpIOBAaHHS MPOBOIMIOCA Ha
MMOBEPXHI KOpIyCy pyOMIIBHHMKA, a CaMi KOHTaKTHI
HOXI1 PO3MIIICHI BCEepeauHi MpUcTpor. Bpaxopyto-
9YH 3MEHILICHHS MOTOKY BHIIPOMIHIOBAHHS TETIOBOI
eHeprii B KOpIyci arapaty MOXHA MPUIYCTHUTH, IO
TeMmIeparypa BCepelliHi KOpITycy € IIe BHIIO, IO
0e33anepeyHo CBiUUTH MPO HASBHICTH NMPUXOBAHO-
ro nedexry B pyomashnky PITB-4I1 400 A. HMoro
PO3BHTOK MOXE TPU3BECTH [0 BTPATU EJIEKTPO-
nocradaHHs 00’€KTy, B pe3yJbTaTi YOro MOXKIIHBI
(biHaHCOBI  30WTKM 32 PaxXyHOK IIOpPYIIEHHS
HOPMAaJIbHOI JISUTBHOCTI OOJIaiHaHHSI, 10 3aliMaHHs,
B pe3yjbTaTi 4oro Oyje TMOIIKO/DKCHe W iHIIe
o0naiHaHH, IPOTE B HAMMEHIII TIOTAHOMY BHIIAJIKY,
(hiHaHCOBI1 30UTKH CKJIAIyTh BapTICTh 3aMiHH JAHOTO
o0aHaHHS.

OxpiM  MOXIMBHX  (DIHAHCOBHX  PHU3HKIB
MiIBUIIEHa TEeMIeparypa CIPHYHHSE JOAATKOBI
BTpaTH ENEKTPUYHOI eHeprii, sKi 3a pik MOXHa
OLIIHUTH 32 JIOTIOMOT0r0 (POpMYITH

Iz, —1
AW, 28,7612M,KBT-FOH (D)
sa (2, —1y)
ne [ — crpym, mo mgie depe3 IUISIHKY, IO

neperpiBaeThes, A;
£ — THUTOMUH omp Marepiagy 3 SKOro
3po0JeHa AiNsHKa, o neperpisactbes (OM-Mm?)/M;
| — nOBXWMHA JIISHKH, 10 IEPErPiBaEThCs, M;
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§, — IUIOIIA TIONEPEYHOro ITEpepisy MiISAHKH,

1[0 TIEperpiBacThCs, M2,

t, — TeMieparypa neperpiroi AuisHk, °C;

t, — TEMIIEpATypa AUISHKH, 10 M€ HOPMAJlb-
HUH HarpiB, °C;

¢, — TeMIeparypa OTO4yro4oro mnosirps, °C;

3a pesynpraramu obuucneHns mo (1) opien-
TOBHI BTpaTH EJICKTPUYHOI €HEprii s JaHOTo
pyOmiIbHHKA CKIIaayTh O1m3pK0 35 KBTTON 32 piK.

[Ipu TemnoBi3iiHOMY OOCTEKEHHI €JIEeKTPO-
TEXHIYHOrO OO0JIaqHaHHS OYyJI0 BUSBJICHO JIOKAIbHE
TeperpiBaHdsl B 30HI OONTOBOro 3’€mHaHHSA (Da3u
aBTOMATUYHOTO BHMHKa4da 3 OJHIEI0 13 IIHH.
[ligBumena TemmepaTypa crocTepiranacsi OezHoce-
peaHbO B 00NacTi KpIIUIEHHS, IO CBIMYUTH IIPO
MOJKJIUBE TIOCITA0JIeHHS 3’ €IHaHHSA a00 HEeIOCTATHIO
CHITy 3aTiAryBaHHS KOHTakTHoro Bysna (Puc. 2).
[loniOHI nmedeKTH € TUMOBMMH MPUYUHAMH 3pOC-
TaHHS KOHTAKTHOTO OIOpY, HAJMIPHOTO TEIJIOBH-
JIIJICHHS HABITh 32 HOMIHAJIBHOTO PEXKUMY POOOTH.

67.65C . k.

Puc. 2 - Terutorpama neperpiBaHHs IIMHU B
MICIII KPITUICHHS JI0 aBTOMAaTHYHOI'0 BUMUKa4a

ITocmabneHHs KOHTAKTHUX 3’ €IHAHB € IOCHTH
MOIIMPEHUM SIBUIIIEM B €KCIUTyaTallii eleKTpoycTa-
HOBOK. Taki Je()eKTH MOXKYTh BUHUKATH SIK YHACITi-
JIOK TEPMIYHOTO PO3HIMPEHHS METAJICBHX EJICMEH-
TiB TiJ] Yac TPUBAJIOTO IUKJIIYHOTO HaBaHTAXKEHHS,
TaK 1 yepe3 HEJAOCTATHIO SAKICTh 3aTAryBaHHsS KOHTA-
KTiB Ha erami MOHTaxy. PeryispHe NpoBeIeHHS
TEIUIOBI3IMHOI JIIarHOCTUKH Ja€ 3MOTY CBOEYACHO
BUABJIATA IMONIOHI BigxwieHHS 0e3 HeoOXiJTHOCTI
JIEMOHTaXy oOOJagHaHHsg a00 IepepuBaHHS HOro
pobotu. Lle mo3Bonsie He nMiIe MiHIMI3YyBaTH €KC-
IUIyaTaliiiHi BUTpaTH, ajlé W CYTTEBO MiJABUIIMTH
3arajbHUN PIBeHb HAMIMHOCTI Ta OE3MEKH CHCTEMHU
€JIEKTPOTIOCTAYaHHSI.

IIpn TemnoBi3iiiHOMY OOCTEXEHHI KOHIEHCA-
TOpHUX Oarapeil Takok Oyno 3adikcoBaHO Tmepe-
TpiBaHHA PO3PSAAHMX OIOPIB X OaTapeil. B ymoBax
HOPMaJIbHOI eKCILTyaTalii i pe3ucTOPH MatOTh OyTH
BigKIIOUeHUMH B pobodomy pexkumi KKY, ogHak ix
HarpiBanHs 10 Temnepatypu 120 °C (Puc. 3) cBin-
YHUTH TPO iX MOCTilHE BKIIOYECHHS, TOOTO MOXKIUBHUMA
TIe(eKT.

Puc. 3 - Terutorpama neperpiBaHHs pO3psITHIX
onopie koHaeHcaTopie KKY

[TocriiiHe HaBaHTa)XECHHS Ha PO3PSAHI OMOPHU
MOKE TPHU3BECTH 1O TIPHUCKOPEHOro 3HOCy abo
BHUXOJy 3 JIay CaMUX PE3UCTOPIB W TOB’S3aHUX 3
HAMHU KOHJeHcaropiB. HacmigkomM mporo Moxe
CTaTH TUMYACOBE 3HIKCHHS e(DEKTUBHOCTI KOMIICH-
carlii peakTHBHOI IMMOTYXHOCTI B MepPeXi, 110 y CBOIO
yepry mpusBene 10 (piHAHCOBHX BTPAT y BHIJISII
IUTATEXIB 32 CIIOKUTY PEAKTHBHY €HEPTil0.

OxpiM PO3NOAUILYMX MEpex OyJIo HPOBEACHO
TEIUIOBI3iifHE OOCTEXKEHHS ENEMEHTIB eJeKTPO-
oOaiHaHHS COHAYHMX EJNEKTPOCTaHLii. B pe3ynb-
TaTi BUSIBJICHO CiM KOHeKkTOpiB Tuny MC4 (ski 3’€e-
HYIOTh MiXK COOOI0 COHSYHI TaHewi) 3 TeMIepary-
poro noHaz 100 °C. Lle cyTTeBO NMepeBUILy€E Xapak-
TEpHI 3HAYCHHS JJIsl aHAJOTIYHUX 3’€qHaHb (1HIIUX
KOHEKTOpIB) y TOMY X CTpiHTY, TeMIeparypa sSKuxX
He nepesuntyBaia 55 °C.

MakcumanbHa — 3adikcoBaHa — TeMIieparypa
cranoBmia 160 °C (Puc. 4), mo Bka3zye Ha 3HAYHE
3pOCTaHHS  MEPeXigHOro OHopy B  OKPEMHX
3’€[IHAHHAX. 3a yYMOBH, 110 HOMiHAJIBHUN
MEepexiTHIi  Oomip cIpaBHOro KoHTakty MC4
CTaHOBHUTH Onm3bko 5 MOM, a Temmeparypa MpH
HOpMalibHIM poOoTi He mnepesumye 60 °C, Take
MeperpiBaHHs  MOXeE  BINOBITATH  301NIBIICHHIO
nepexigHoro onopy npubimuzno Ha 40 % i Oibime.
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Puc. 4 - Terutorpama neperpiBaHHs KOHEKTOpa
coHsuHUX naneieit MC4

[lonibHe TemoBEe NEpEeBaHTAXXEHHS CBIIYUTH
PO Jerpajauio KOHTAKTHOI MOBEpXHI a00 HEMOBHE
3’€JIHaHHS, 1110 CTBOPIOE MOTEHIIIHHY 3arpo3y BHXO-
Iy 3 Jagy 3’€AHyBaya, BTpaT BHPOOITKY EIEKTpo-
€Hepril Ta HaBiTh PU3HKY 3aiiMaHHS.

3a po3paxyHKOM, uepe3 Takuii eeKT Ha OHO-
My KOHEKTOpi, 32 poOOUHii I€Hb COHSYHOI ENeKTPO-
CTaHLii B cepeIHbOMY BTpadaeThcst Onm3bpko 70 Br
CJIICKTpOCHEprii. 3 ypaxyBaHHSM TOro, W0 IIpH
0OCTEe)KEHHI COHSYHOI eNeKTpocTaHmi OyJjo BH-
SBJICHO Je(eKTH Ha ChOMH TaKMX KOHEKTOpaXx,
CyMapHi BTpaTH eJIeKTpoeHeprii 3a o0y mpu co-
HSAYHIA oroai Moxke ckiagaty 0amssxo 500 Brroxn.

JlocuTh MOKa30BUMH BHUSIBUIIMCS TAKOX PE3YIlb-
TaTH TEIUIOBI3IMHOTO OOCTEXXEHHS UISTHKH TPHEM-
HaHHS COHSYHHMX 30ipok Oe3rmocepesHbo 10 iHBEp-
Topa. 3’€qHaHHs 3/1IHCHIOETHCS 32 JIOTIOMOTOI0 CTa-
HAApPTHOro KoHekTopa Tuiy MC4, onHak TepMorpa-
Ma BHSIBUJIa HEPIBHOMIPHICTh HarpiBaHHs HOro vac-
tuH (Puc. 5).

Puc. 5 - Terutorpama HarpiBaHHs MiCIlb
NPUEHAHHS COHSYHUX 301pOK

30KpeMa, yacTHHA 3’€JHaHHS, 110 BCTAHOBJICHA
Ta 3aKpiruieHa 6e3mocepeHkO B KOPITyCl iHBepTOpa i
IIOCTAYaETHCS B 3aBOACHKIA KOMIUIEKTALlll, TOKa3aia
Ttemneparypy Ao 82 °C, y Toii 4ac sIK iHIIa 4acTHHA
LBOTO K 3’€THYBaya, sIKa MPUEAHYETHCS 31 CTOPOHH
COHAYHOI 301pKH, Majia TeMIlepaTypy Ha piBHI THUIO-
BUX 3HA4YCHb AJISl CIpaBHUX KoHekTopiB MC4, Gnu-
3pK0 55 °C.

[loniOHa pi3HUI y TeMIlepaTypHUX IMOKa3HH-
Kax B Me€XXax OJHOTO 3’€IHAHHS CBIAYUTH MPO MOXK-
JIUBI JEeEKTH 3aBOJICKKOTO CKJIaJaHHs a00 HEKOHT-
pONBOBaHI BIOXWJEHHS y TIpoIleci BHPOOHHIITBA
COHSYHMX 301pOK, OCKUTHKH IIi 3’ €THAHHS HE 3MIHIO-
BaJHMCh y TPOLIEC MOHTAXY COHSYHHX EJIEKTPOCTa-
HIH 1 3aMMIIal0TECS Y IEPBICHOMY BHTJISIII 3 MOMe-
HTY IIOCTa4yaHHs eJIEMEHTIB 00J1alHaHHS.

BusiBiieHHs1 oIiOHMX aHOMAJIH BKa3ye Ha J0-
LIJIBHICTh BIIPOBA/HKCHHS TOMEPEIHIX BUMPOOYBaHb
KOHTaKTHOT'O OTIOPY 3aBOJCHKUX 3’ €AHAHb 1O MOMe-
HTY BBEIICHHS COHSYHOI €IEKTPOCTAHII] B eKCILTya-
Talito. 3 orIsAAy Ha Te, 10 3a3HaueHi YaCTHHU 1H-
BEpTOpa MiCIs MOHTaXy 4acTO CTalOTh BaXKOJOC-
TYIHUMH 711 Ooryisigy abo oOCIyroByBaHHsSI, HasiB-
HICTh JIe()eKTiB KOHTAKTHUX 3’€IHaHb B CAMUX KOM-
IUIEKTYIOUUX €JIeMEHTaxX eJeKTpooOaHaHHs COHS-
YHUX EJIEKTPOCTAHII MOXXE 3aJUIIUTHCS HEMOMi-
YEeHOI. A [l€¢ HEraTWBHO BIUIMBAE HA HAIINHICTH
poOOTH BCi€i CHCTEMH €IeKTPONOCTaYaHHs, CTBO-
PIO€ MOTEHUINHI PU3UKHU BUXOLY 3 JIady €JICMEHTIB
COHSTYHOI €JIeKTPOCTaHLii Ta MOXXE MOTIPIINTH SIK-
iCTh BUPOOJICHOT eJIEKTPOCHEPTii.

Cepenl BHSBICHHUX TEMIIEPATypHHUX Je(EKTiB
TaKOX NPHUBEPHYJIO yBary IeperpiBaHHs kaOenbHOI
MIEPEMHYKH, KA 3 €HYE B MOCTII0OBHY 301pKY BHUCO-
KOBOJIBTHI aKyMYJISITOpHI 0arapei y CKjiajai CUCTeMHU
HAKOMUYEHHS €Heprii, 0 MPAaLIoE pa3oM 13 COHsU-
HOIO enekTpocTaniieto (Puc. 6).

Puc. 6 - Terutorpama HarpiBaHHs KaOeabHOT
nepemuuku AKb
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[Tig gac TemnoBizifiHOro 0OCTEXKECHHS OYyIIO 3a-
(hikcoBaHO JTOKAIHUH TIEPEerpiB y MICIl TpH€EIHAH-
HS KaOeJro 10 KIIeMH aKyMYJIATOpa 3 TEMIIEpaTyporo
120 °C.

BoaHouac TerioBi3iiiHuiA aHaNli3 caMUX aKyMy-
JMATOPHUX OaTapeil He MoKa3aB O3HAK MEperpiBy, IO
BUKJIIOYa€ WMOBIPHICTh BHYTPIIIHBOI HECHPABHOCTI
eJIeMeHTIB XuBJIeHHA. Kpim Toro, 3a Temmeparyp-
HUM PEKAMOM aKyMyJIATOpPIB Yy peaTbHOMY dHaci
MOCTIHHO CTeXUTh BOynmoBaHa BMS-mutara, sika aB-
TOMAaTHYHO BiJKJIFOYA€E aKyMYJIATOPHUH OJOK y pasi
MepEeBHIIEHHS KPUTUYHUX TeMmeparyp. Bpaxosyro-
9u 111 (aKTOpH, BUABJICHE TEPETPiBAaHHS 3 BEIIMKOIO
WMOBIPHICTIO € HACJIiJTKOM HEAOCTaTHbO HAIIIHOTO
KOHTaKTHOTO 3’€JJHaHHS, 3yMOBJICHOTO 3aBOJCHKHM
nedexToM abo BIACYTHICTIO HAJIE)KHOTO KOHTPOITIO
sikocTi. Lle mpumyiieHHs: moOyI0BaHO HA TOMY, IO
Ka0enpHI mepeMuyKkd noctadanucst pazom 3 AKB y
CKJIaJli CTAaH/IAPTHOTO KOMIUIEKTY 1 HE 3MiHIOBAJIUCH
TTi]] 9aC MOHTaXXy COHSYHOI €NIEKTPOCTAHIII].

BucHoBku

[IpoBeneHe TerioBiziitHE OOCTEXEHHS PI3HHUX
THUTIB €JIEKTPOTEXHIYHOTO oOyamHaHHSA B
CHCTEMaxpO3MOAIICHOTO €JIEKTPOIIOCTaYaHHS,
BiJIHOBJIIOBa-HUX JDKEPEN CHEPrii Ta cucremMax
HaKOTTMYEHHS eHeprii M ATBEPIHIIO, 1o
TEIUIOBI3iHHUN KOHTPOJIb € eEeKTHBHUM, HaHAiHHUM
1 TOCTYITHUM METOJIOM JIIarHOCTHKH, SKUU JT03BOJISIE
BUSBIISITH aBapiifHO HeOe3NeuHi MIISHKY Ha PaHHIX
CTalisgx X pO3BUTKY. BUsBIIEHI BHUIIAJKU TIEperpiBy
CBilYaTh MPO HASBHICTH MPUXOBAHUX JAE(EKTIB, MO
HE MAaloTh 30BHIIIHIX TIPOSIBIB, aje MOXYTb
NPU3BECTH 10 CEPHO3HMX MO3AITATHUX CHUTYaIii,
TakuX SK aBapii, moxexi abo BIJAMOBU CHCTEM
€JIEKTPOTIOCTAYaHHSI.

TemnosiziiiHa JTIarHOCTHKA JI03BOJISIE
3armo6iraTé MOpyIIeHHSAM Yy PoOOTi OONagHaHHS 0
MOMEHTY iXHBOTO KPUTHYHOTO PO3BUTKY, THM
CaMUM 3HAYHO 3HIKYIOUM PU3UKH TPOCTOIB, BTPAT
reHeparlii 4u MomKopKeHHs iHPpacTpykTypu. Kpim
MABUINEHHS  TEXHIYHOI  O€3MeKH, CBOE€YacHE
BUSIBIICHHS JIE()EKTIB CIPHSE ONTUMI3AIi PEKUMIB
poOOTH, 3MEHILIEHHIO BTpaT EHeprii, a TaKoX
3a0e3reyye CKOHOMIIO BHUTpar, sKi B IHIIOMY
BUTIQJIKY Oyiu O CIpsSMOBaHi Ha PEMOHT, 3aMiHy YH
MOJIepHi3allito 00IaTHaHHSI MiCJIsl HACTaHHS aBapii.

TakuM YMHOM, BHPOBAKEHHS PETYIAPHOTO
TEIUIOBI3IHHOTO KOHTPOJIO B CHUCTEMY TEXHIYHOTO

00CIIyTOBYBaHHSI €JIEKTPOTEXHIYHUX KOMILIEKCIB €
JOUUTFHUM, €KOHOMIYHO OOIPYHTOBAaHUM Ta KpH-
TUYHO BKJIMBUM 3aXOJOM, IO HAIMpPSIMY BIUINBAE
Ha HaAidHICTh, e€Heproe(eKTUBHICTh 1 JIOBrOBiY-
HICTh €JICKTPOCHEPTeTUYHOI 1HPPACTPYKTYpPH, 0CO0-
JIUBO B YMOBaX aKTHBHOTO BHUKOPHCTaHHS PO3IOJi-
JIEHOT TeHepaIlii Ta BiJHOBIIOBAaHUX JHKEpETT CHEprii.

Kouduikr inTepeci

ABTOD 1i€i HAYKOBOI CTATTI 3asBISIE TIPO BIACY-
THICTh OyAb-AKOTO KOHQIIKTY iHTepeciB: (piHaHCO-
BUX, MalHOBHUX, NpodeciiHux, ocoOucTuX abo iH-
ITUX 0OCTaBUH, SIKI MOTJIH O MPSIMO M OTIOCEPEIKO-
KOBaHO BIUIMHYTH Ha TPOIEC  JOCIiHKECHHS,
00’€KTUBHICTh aHaJi3y, 1HTEPIpPETALI0 OTPUMAHUX
pe3ysbTaTiB a0 BHUCHOBKH, INPEACTABJICHI B JaHii
poboti. Yci marepiany mogaHO HEYIIEPEIKEHO Ta
BIJINIOBITHO JIO MPHUHIIUIIIB HAYKOBOT JIOOPOYECHOCTI.

DiHaHCYBaHHS

Jane mocmimkeHHS mpoBOAMIOCS 0e3 30BHIII-
HBOTO (piHAHCYBaHHSI, BCI BUTPATH OB’ 5I3aHi 3 MPO-
[IECOM BUKOHAHHS NOCII/PKEHHS, OYyJIM TOKPUTI 3a
PaxyHOK BJIACHUX KOIITIB.

HasiBHicTh 1aHnXx

VYci ocHOBHI, HaOIBII 3HAYYII pPe3yabTaTH
JOCITIDKEHHS. HA JYMKY aBTOpa, MPeJCTaBjcHI 0e3-
ITOCEPETHBO B TEKCTi CTATTI.

BuxopucTaHHs IITYy4YHOI0 IHTEJIEKTY

HITy4ynuii iHTeNneKT OyB 3ay4eHUH BHKIIOYHO
JUTSL TIONIEPETHROTO TIONIYKY iH(opMarlii, Bci HaBe-
JeHl aHami3u, (OPMYIIOBaHHS Ta BUCHOBKH € BH-
KJIFOYHO BJIACHOKO JYMKOIO Ta MO3UIIIEI0 aBTOpa 1 He
MalOTh HiSIKOTO BIJHOIICHHS JI0 JiSIBHOCTI IITYYHO-
rO IHTENIEKTY.

Buecok aBTOpa

Paszinkoe B. O.: TlpoBeneHHsl iHCTpYMEHTAJb-
HOro OOCTEXEHHS, aHaJITHYHI BHCHOBKH, BHCBIT-
JICHHS Pe3yJbTaTiB U1 LIMPOKOTO Koja (axiBLiB,
(axoBa OIlIHKA MOXJIMBUX TPHUYUH BUHUKHEHHS
nedeKTiB Ta HaJaHHS PEKOMEHJIAI 1010 HEeIOITy-
meHHsT a00 TIONEPe/DKCHHST BUSBJICHUX B JOCIHI-
JOKCHHI TIPOOJIEM B €JICKTPUYHHUX MEpEexKax.
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Abstract. The article considers thermal imaging diagnostics as a tool for technical inspection of
electrical equipment in power supply systems. It is noted that today thermal imaging inspection is one of the
most effective methods for non-contact detection of defects in contact connections, electrical devices,
connecting elements and power cables. Particular attention is paid to the analysis of the advantages of using
thermal imaging diagnostics in preventive maintenance, in particular its ability to detect hazardous areas at
the early stages of damage development. Thermal imaging inspection allows you to quickly detect potential
violations of operating modes, a decrease in the quality of electrical connections, local overheating and
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other defects that can lead to excessive energy losses, premature wear of equipment or even to emergency
and fire-hazardous situations. Unlike traditional diagnostic methods, thermal imaging analysis does not
require stopping the equipment, which makes it extremely convenient for use in conditions of continuous
operation of energy infrastructure facilities.

1t has been shown that the implementation of systematic thermal imaging monitoring increases the level
of reliability of energy supply, helps prevent downtime, reduces the cost of emergency maintenance and
repairs, and also allows for timely detection of installation errors or manufacturing defects. In addition, this
approach contributes to increasing the overall energy efficiency of electrical equipment, which is especially
relevant in the context of increasing use of renewable energy sources, decentralized generation and smart
grids. The generalization of the research results emphasizes the feasibility of including thermal imaging
monitoring in the regular maintenance of energy facilities, as well as the relevance of further development of
methods for analyzing and processing thermal imaging data in order to automate diagnostics and increase
its accuracy.

Keywords: thermal imaging inspection, work efficiency, temperature regime, power supply reliability,
emergency situations.
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Onrumizanis NOTYKHOCTI BTPAT ABUT'YHA MOCTIMHOT0 CTPYMY
PeryJlOBaHHAM CTPYMY 30y/1:KEeHHH
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! Hayionanvnuii ynieepcumem «Qdecoka nonimexnixay

Anomauia. Ha niocmasi mamemamuunoi mooeni 08U2yHa NOCMIUHO20 CMPYMY 3 HEe3ANeHCHUM
30Y02CEHHAM OMPUMAHO DIGHAHHA 3ANIEHCHOCE CYMAPHOI NOMYICHOCMI 8mpam eleKmpudHoi enepeii Ha
AKMUBHOMY ONOPI 0OMOMKU SAKOps i 0OMOMKU 30Y0%HCeHHA O8USYHA NOCMINIHOZ0 CMPYMY 610 3HAYEHHS
cmpymy 30y0xcenHs i 6I0 3HAYEHHs eNeKMPOMASHIMHO20 MOMeHmY, AKU possueac O08ueyH. Takodic
ompumano @QopMyny, AKa GUHAYAE ONMUMANbHE 3HAYEHHS CMpYMy 30V0uCeHHs, NpU SAKOMY OBUSYH
NOCMIUHO20 CMPYMY 3 He3aNeHCHUM 30VONUCEHHAM PO36UBAEC NOMPIOHE 3HAYEHHA eNeKMPOMASHIMHO20
MOMEHMY NPU MIHIMAALHOMY 3HAYEHHI CYMAPHOI NOMYICHOCMI 6Mpam eleKmpuydHoi enepeii Ha aKmueHoMy
onopi obmomxu saxops i obmomxu 30y0dcenus. [lobyoosano diazpamy 3anedlCHOCMI ONMUMATLHO2O
SHAYEHHA CMPYMY 30VONUCEHHS B6I0 3HAUEHHS eNeKmpOMAcHImHOo20 Momenmy. Ompumano dopmyny sxa
BUBHAYAE 3ANEIHCHICTNG 3HAYEHHS CYMAPHOI NOMYAHCHOCE 8MPam eleKmpUdHol enepaii Ha aKMUeHOMy Onopi
00MOMKU AKOPA | HA AKMUBHOMY ONOPI 0OMOMKU 30Y0HCEHHS 08USYHA NOCMIUHO20 CMPYMY Gi0 3HAYEHHS
€/1eKMPOMASHIMHO20 MOMEHMY, AKULL PO36UBAE O8USYH, NPU HOMIHATLHOMY 3HAYEHHi CIpYMY 30Y0HCeHH |
npu ONMUMATLHOMY 3HAUEHHT cmpymy 30y0xcennst. I1o0y0osano diazpamu 3anelcHOCmi 3HAYEHHA CYMAPHOT
NOMYJHCHOCMI 6mpam eleKmpuyHoOi eHepeli Ha aKMUGHOMY ONnopi 0OMOMKU AKOPA i HA AKMUGHOMY ONOPIL
06MomKu  30y0dcenHs 08USYHA NOCMIUHO20 CMPYMY 6i0 3HAYEHHS eleKMPOMASHIMHO20 MOMEHMY npu
HOMIHATIbHOMY 3HAYEHHi CmpyMy 30VOXUCEHHSA [ Npu ONMUMANbHOMY 3HAYEHHI Ccmpymy 30Y0HCceHMs.
Ilobyoosano mexawniumi xapakmepucmuxu 08USYHA NOCMIIHOZ0 CIPYMY 3 HE3ANEHCHUM 30V0ICeHHAM npu
HOMIHANLHOMY 3HAYEHH] CIMPYMY 30YOHCeHH | nPpU ONMUMANLHOMY 3HAYEHHI CIMPYMY 30Y0X4CEeHHSL.

Knwuogi cnosa: osucyn nocmiino2o cmpymy, He3anedcHe 30y0)ceHHsl, NOMYAICHICIb, BMPamu e1eKmpuiHol
eHepeil, akmusHull onip, 0OMOmMKa, AKIp, ONMUMATLHUL CIMPYM, MEXAHIYHI XAPAKMEPUCTIUKU.

Lumyeanna cmammi: Botitenko B. A., Boxiues B. A., Kaninin O. I'. (2026). OnTuMizaiiist HOTYy>KHOCTI BTpaT ABUTYHA ITOCTIHOTO
CTpyMy  peTyJIOBaHHSAM CTpyMy 30y/keHHA.  Enexmpomexwiyni ma  xkomn'tomepni  cucmemu, 45(121), ¢.89-98.
doi:https://doi.org/10.15276/eltecs.45.121.2026.9

Beryn €JEKTPUYHOI eHeprii, AKY CIIOXKUBAE
MPOMHCIIOBICTh. B YKpaiHi el MOKa3HUK - MOHA]
60% eneKkTpoeHeprii, CHOXHUTOI MPOMHCIOBICTIO
[2]. ToOTo enexkTpU4HI MABUTYHH € TOJOBHHMH
CTIIO)KMBaYaMU €IIEKTPOCHEPTii B CBITI 1 B YKpaiHi.
€pporeiickka aupextusa 640/2009/EC nis Bu-
POOHHMKIB 1 KOPUCTYBaUiB €NEKTPOIBUTYHIB Ta 3aC0-
01B KOMyTaIlii 1 3aXUCTy KOMIIOHEHTIB Halyla YuH-
HocTi B ciuHi 2015 poky, a 15 Bepecust 2021 poky
[locranoBa Ne 157 Kabinetry MinicTpiB YkpaiHu
«IIpo 3arBepmkeHHs TeXHIYHOTO peryIaMeHTy o0
BHMOT JI0 €KOJIM3alHy JUIS €JIEKTPOABUTYHIBY [3].

B Vkpaini i B ychOMy CBITI TpPUAINISETHCS
BEJIMKA yBara IiJIBUICHHIO €HEPreTHYHOI eheKTHB-
HOCTI eJIEKTPOOOJIQIHAHHS, SIKE MacoBO 3aCTOCO-
BYETHCS B TIPOMHUCIIOBOCTI, OYIIBHUIITBI, TPAHCIIOP-
Ti, CIILCBKOMY TOCITIOJIaPCTBI.

B 2014 poui Bech CBir cnoxup Mmaiike 21,78x10!2
kBr'rong enektpmunoi emeprii  [1]. VYxkpaina
BrpogoBx 2020 poky cmoxuwia —MpHOINU3HO
0,151x10"* kBT'rox €NeKTpU4HOI eHeprii, 3 sAKOi
38,1% mnpumana Ha mpomwuciosicte [2]. B Csiri
CJIEKTPUYHI JBUTYHU CIOXHBalOTh Onmu3pko 70%
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i pimeHHs crpsMOBaHI Ha 3MEHIICHHS CHO-
JKUBaHHS €JIEKTPOCHEPTil Ta 3MEHITICHHS IIIKiITHBO-
O BIUIMBY Ha HABKOJIMIITHE CEPEAOBHIIIE B YKpaiHi.

3rigHo 3 TeXHIYHUM PEriiaMeHTOM BCi eJIEKTPO-
IBUTYHH, SIKi MAarOThb HOMiHaJbHY TOTYXXHICTH Bif
0,75 kBt no 375 xBT noBuMHHI MaTH HOMIiHAJbLHUI
koedilieHT KopucHOi nii He Hikue piBHs [E3. Li
BUMOT'H CTOCYIOTHCS B OCHOBHOMY ABHTYHIB 3MiH-
HOTO CTpyMy. AJie B HapOAHOMY TOCIIONAPCTBi i B
moOyTi  BUKOPHUCTOBYETHCSA  0araTo  IBUTYHIB
nocriitnoro ctpymy (JAI1C), siki TakoX CIIOKUBAIOThH
OaraTo enexTpoeHeprii. J[BUTYHH MOCTIHHOTO CTPY-
My BHKOPHCTOBYIOTBCS TaM, J¢ HEOOXIITHO 3a0e3Ire-
YUTH TOYHE PETYIIOBaHHS IIBUAKOCTI (METaaoo0-
poOHiI BepcTaTH, MPOMUCIOBI POOOTH), a TAaKOX B
€JIEKTPOTPAHCIIOPTi, 1 B MIAHOMHMX MeXaHi3Max. B
VYkpaiHi ABUTYHH MOCTIHHOTO CTPyMy BHKOPHCTO-
BYIOTh TNEPEBAKHO B EIEKTPOTPAHCHOPTI (Tpoiei-
Oycu, TpamBai, METPOIIOJNITeH) Ta B CIeNU(IIHIX
MTPOMHUCIIOBUX yCTAaHOBKaX (MPOKATHI CTaHH, KPO-
Kylo4i ekckaBaTopH). TouHy riiobanbHy Ta yKpaiH-
CbKY CTaTHUCTHKY CIIOKHBAaHHS €JIEKTPOCHEPTrii came
JIBUTYHAMH TIOCTIHHOTO CTPyMy 3HAWTH CKJIaIHO,
OCKIUJIbKM OCHOBHI JIaHi 30CepeKeHI Ha aCHHXPOH-
HUX JBUT'YHaX, sIKi JIOMIHYIOTb Y TPOMHCIIOBOCTI.
Opnak, JAIIC TakoX CHOXHBAIOTh 3HAYHY YaCTUHY
enekTpuyHoi eHeprii. Tomy mpobnema migBUILICHHS
eneproedexruBHocTi AI1C € BakarBOIO POOIEMOIO
Cy4acHOI CBITOBOI EKOHOMIKH.

1 Meta gocaimkeHHst

[pu onTuMizalii eneKTpONpPUBOIIB MOCTIHHOTO
CTPYMy BUKOPHCTOBYIOTH, SIK IIPAaBHUJIO, JBa Hampsi-
Mmu. llepimnii HanpsM — e ToAaJbIIe BAOCKOHAIEH-
HSl KOHCTPYKIIii IBUTYHIB MOCTiMHOTO cTpyMmy. Jeski
aBTOPHU TPOMOHYIOTh BHKOPHUCTOBYBAaTH €JICMEHTH
MAarHiTHOI CUCTEMH E€JIEKTPHYHMX MAIIWH ISl MPO-
BelleHHS cTpyMmy [6]. IHII aBTOpM MPOMOHYIOTH
BUKOPUCTOBYBAaTH YacTUHY OCEpEeJisi TOJIOBHOTO
MOJIFOCA SIK €JeKTPUYHI JAPOTH KOMITEHCAIlIHOI 00-
MOTKH [7].

Jpyruii HampsiM — 1€ ONTHMI3allisl PEKXUMIB
pOOOTH NIBUTYHIB MOCTiHOTO cTpyMy. Tak B CTATTI
[8] po3risimaeTbCsi MUTAHHS YOPABIIHHSA TATOBUM
EJIEKTPOTIPUBOJIOM TOCTIHHOTO CTPYMY €JIEKTpPO-
moi3ga, sKe J03BOJIAE MIiHIMI3yBaTH EHEPreTHYHI
BUTpATH IIpH Po3roHi noizaa. B pobotax [9], [10] Ha
0a3i MareMaTHYHOI MOJEIi PO3MIIHYTO 3aAady OIl-
TUMI3alii eJEeKTPONPHUBOAA TpamBasi IPU CTAIOMY
HaBaHTaxkeHHi. B poOoti [11] po3risHyTO yMOBH
ontuMizauii ragpMiBHUX pexxumis AI1C.

[Ipote, B mux poOOTax HE MPHUAUIAETHCS 0-
CTaTHbO yBaru JOCIIPKECHHIO 3B’SI3Ky MIDK 3HAYCH-
HsM noTysxHocTi Brpat eneprii B JAI1C i 3HaueHHs MU
CTpyMiB B oOMoTkax 30ymxenHns i sikops HAIIC, a

TAaKOXX 3HAYCHHSIM CJIEKTPOMArHITHOIO MOMEHTY,
sikuid possuBae JIIC. Ile 1 BU3HAYMIO HAPSIM JO-
CITIJDKEHHSL.

OTxe, METOI0 1aHOi POOOTH € MiHiMi3alig cy-
MapHOi MOTY>KHOCTI BTpAaT EJNEKTPUYHOI eHeprii Ha
AKTUBHOMY OIIOpi OOMOTKH SKOpSI 1 HA aKTHBHOMY
ormopi 0OMOTKHM 30Yy/UKCHHS JBHTYHa TOCTIHHOTO
CTpYMy 3 HE3aJIeKHHUM 30Y/KEHHSAM TIpH Oy.b-
SIKOMY 3HA49€HHI €JIeKTPOMAarHiTHOIO MOMEHTY, SKHHA
pPO3BUBAE IBUTYH, 3aBISKH ONTHMI3allii 3HAYCHHS
cTpymy 30ymxenns AI1C.

2 Marepiaau Ta pe3yJbTATH AOCTiTAKECHHS

OnTuMmizariiss cTtpymy 30y/KEHHS JBUTYHA
MOCTIMHOTO CTPYMYy 3 HE3aJISKHUM 30y UKCHHSIM
MOJISITaE B PETYJIOBaHHI CTPYMY 30Y/KCHHS TPH
3MiHI 3HaUEHHS eNeKTPOMArHiTHOTO MOMEHTa, STKAN
po3suBae [AIIC Tak, mo0 3a0e3meuuTH MiHIMaJbHE
3HA4YEHHS CyMapHOI MOTYXXHOCTi BTpaT €NEKTPUIHOL
eHeprii B oOMOTIII 30y/KEeHHS Ta B OOMOTII SKOPS

HAIIC. B pesynpTari [e Mae TMPHUBECTH 10O
migsuiienHs KKJI  ngeuryna. OpHak, HaJMipHO
BEJMKE 3HAYCHHS CTPyMy 30y/DKCHHS MOXKe

MPU3BECTH JIO TieperpiBy OOMOTKH 30y/KEHHS
JBUTYHA 1 1O HacW4YeHHs MarHiTHOI cuctemu JI1C.
Tomy B 3aranbHOMy BHIAIKy MaKCHUMajbHE
3HaueHHs cTpyMmy 30ymkenHs [IIC wmae Oyrtum
00OMEXEHO Ha JOMyCTUMOMY PiBHI. 3aHajTO Malie
3HA4YEHHS CTpyMy 30Y/DKEHHSI MOXKE TPUBECTH JI0
TIOTIpIICHHS] KOMMYTAIlii KOJIeKTopa ABUTYyHA. Tomy
MiHiMallbHEe 3Ha4YeHHs cTpymy 30ymxenHs [IIC
TaKOXK Mae OyTH OOMEXEHO Ha JOMYCTUMOMY PiBHi.
Jaui 0ynemo BBaxkaTH, 1110 MarHiTHa cuctema JI1C
€ HeHaCHYEHOIO.

CymapHa TMOTYXKHICTh BTpaT eJIEKTPUIHOL
eHeprii Ha akTUBHOMY oropi ooMoTku sikopst AT1C i
Ha aKTHBHOMY omnopi oomotku 30ymkenas HIIC
BH3HAYAEThCA PiBHAHHIM (1):

APZ = Apﬂ + AP3B, (1)

[loTyxHicTh BTpaT eNeKTpUYHOI eHeprii Ha

aKTUBHOMY  omopi  oOmotku  sikops  JIIC
BU3HAYAETHCS PIBHAHHIM (2):

APy = I%Rﬂa (2)

ne lg—crtpym B oOMmortui sixkops AI1IC;
Ry — axTuBHU# onip oomoTku sxkops AIIC.
[MoTyXHICTh BTpaT eJNEKTPUYHOI eHeprii Ha
aKTUBHOMY omopi oOmotku 30ymxenHs JIIC
BU3HAYAETHCA PIBHAHHIM (3):

AP = I%BR3E3 3)
ne Isg — ctpym B oomori 30ymxenns JI1C;
R3s — akTuBHMI omip OOMOTKH 30yIDKEHHS

AIIC.

90 EneprozoepexenHs 3acodaMu cy4acHOl eJEeKTPOTEXHIKN



ISSN 2221-3937 (Onaiin)
ISSN 2221-3805 (Jpyx)

EnextpoTexniuni Ta komn 1otepHi cuctemu. 2026. Ne 45 (121)

EnexrtpomMarHiTHUEL MOMEHT, SKHH pO3BHBAE
AIIC, Bu3Hava€eThCs PiBHIHHSIM (4):

Mgy = kg®lg, 4)

ne kg — KOHCTpYKTMBHHH KoedilieHT sKipHOT
oomotku JI1C;
@ — marHiTHHH MoTiK 30ymkenHs JII1C.
Bynemo BBaxaru, mo maruitHa cuctema JI1C €
HEHACUYEHOI0, TOMY 3Ha4eHHS MarHiTHOT'O MOTOKY €
MPOTOPIIHHUM 3HAYEHHIO CTpyMy 30ymKeHHS 1
BH3HAYAETHCS PIBHIHHSIM (5):

o= k¢I3B’ (5)

ne ko — xoedimieHT 3’ 53Ky MK 3HAUYEHHSIM CTPYyMY
30yMKeHHs 1 3HAa4YeHHSM MAarHiTHOTO IOTOKY
30ymxenns AI1C.

[Micnsa migcranoBku a0 piBHAHHS (4) 3amicTh O
MpaBOi YacCTWHU DPiBHSIHHA (5) OTpUMAEMO pPiBHSIHHS
(6), sixe Bu3Hauae enexrpomarnitauii moment AIIC:

Mgm = KeKolsglg. (6)

Ha mincTaBi piBHSHHSA (6) OTpUMAaEMO PiBHSHHS
(7), sixe BU3HAYA€ 3aNEXKHICTh 3HAYCHHS CTPYMY B
o0MOTIII SIKOPS HIIC BIiJ[ 3HAYCHHSA
CJICKTPOMArHiTHOTO MOMeHTa, sikuii po3suBae JI1C i
BiJl 3HAYEeHHS CTpyMy 30ymxenns AIIC:

Mgm

Ig = . 7

A7 kekolss )

Ho piBHsiHHS (2) 3amicTh lg migcTaBuMo mpaBy

yactuHy piBHsSHHS (7). B pesynbrari oTrpumaeMo

piBHsHHS (8) TIOTYXXHOCTI BTpaT eIEKTPUIHOL
e”eprii B oomoti sikopst AI1C:

_ Mgm 2
APy = (kEk¢135) Ry. (8)

Ho piBasaHs (1) 3amicte APgq migcraBumo
npaBy dYacTuHy piBHAHHS (8), a 3amicte AP3g
micTaBUMO TpaBy dactuHy piBHsHHS (3). B
pe3ynbrati oTpuMaemo piBHsSHHA (9) cymapHOi
MOTY>KHOCTI BTPaT €JEKTPHYHOT eHeprii B 00MOTKax
skopst 1 30ymkenns AI1C:

AP =(MEM )2R + 2R (9)

z kEkCDISB 5| 3b 3b-
BuszHauumMo 3HAY€HHS CTPyMy 30YIKEHHS
(Issont.), mnpu sxomy JIIC Oyae po3BuBatu

noTpiOHe 3HAYCHHS €JIEKTPOMAarHiTHOrO MOMEHTY
MpU MiHIMaJIBHOMY 3HaY€HHI CyMapHOi MOTYXHOCTI
BTpaT EJNEeKTPUYHOI eHeprii Ha aKTHBHOMY OMOpi
OOMOTKM SIKOpsl 1 Ha aKTHMBHOMY OIOpPi OOMOTKH
30y mkeHHs. st iboro TpeOa B3ATH MEpLIy NOXiAHY
Big piBHsHHA (9) MO crpymy 30ymkeHHs (Isg) i
HNPUPIBHATH 11 HYJIO:

dAPs.

dlzg

(10)

= 0, npu I35 = Isp.onr.

BusznaunMo moxigHy Big TpaBoi
piBHsAHHS (9) IO CTpyMy 30y I>KEHHS:

YaCTUHHU

dAPy ., (Mgm 2 -3
aie = ~2( ) Ralif +2lgsRas. (11

[ligcraBumo mpaBy yactuny piBHsHHS (11) mo
piBasHHS (10). B pesympraTi mpu onTuManbHOMY
3HA4YeHHI CTpyMy 30yMKEHHS Ma€ BHKOHYBaTHChH
piBasHHA (12):

—z(MEM)ZR 153007 + 21 Ry = 0. (12)
keko A43B.0IIT. 3B6.0IIT.N3B .

[Ticna meperBopens piBHsHHA (12) oTpuMaeMo
piBasHHAS (13), sIKEe BU3HAYA€ ONTHMANIbHE 3HAYCHHS
ctpymy 30ymxenns JIIC, ax ¢yHKIil0 3HaueHb
napamerpie JIIC i1 3HaueHHS €JICKTPOMArHiTHOIO
MOMEHTa, sikuid po3BuBae JIIC:

(13)

[lincTaBumo mpaBy wactuHy piBHsSHHES (13) 1O
piBasHHS (3). B pe3ynbTaTi OTpUMaeMO piBHSHHS
(14), saxe BU3HAYA€ MOTYXHICTh BTPAT €IEKTPUIHOT
eHeprii Ha aKTUBHOMY OMOpi OOMOTKH 30YKEHHS

I _ (_MEM )2 Ra
3B6.0I1T. keko Rsg .

ATIC  mpu  onTUMalbHOMY 3HA4Y€HHI CTPYMY
30y KEHHS:

_ 2| Mgn \? Rq _ Mgy 2
AP35 = () o2 Ry = o2t 3 /RaRag. (14)

[lincraBumo mpaBy yactuHy piBHSHHS (13) 10
piBHsHHS (8). B pesynbTaTi OTpUMaEeMO piBHSHHS
(15), sike BU3HAYAE TMOTYXKHICTH BTPAT EJICKTPHUYHOI
eHeprii Ha akTHUBHOMY omopi oomotku sikopst AIIC
[IPY ONITUMAJIbHOMY 3HAYCHHI CTPYMY 30Y/PKEHHS:

APy omy. = (ZZ)ZZ LRy (15)
M R
(ko) 7

[Micnst meperBopenHst piBHAHHS (15) oTpuma-
emo piBHsIHHA (16):
Mg

_ M 2
APgonr. = Yake RgR3.

(16)

[pu nopiBusHHI piBHsAHHSA (14) 1 piBHsAHHS (16)
BUJIHO, IO TIPY ONTHMAJIBHOMY 3HA4Y€HHI CTPyMY
30ymkenHs JIIC mnoTyxHicTe BTpaT eHeprii B
oOMoTII 30y/pKeHHs 1 B oomorii sikops ATIC Oyne
OJTHAKOBOIO.

Ha mincragi piBusuasb (1), (14) i (16) 3anummmo
piBHsHHA (17), sike BU3HAYa€ CyMapHY MOTYXXHICTb
BTpaT eHeprii B oOMoTI 30y/pKEHHS i B OOMOTII
skopst JAIIC npu onTuManbHOMY 3HAu€HHI CTPyMy
30y IKEHHS:

M
APz opr = 2 ﬁ 2\/ RgR3. (17)
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[oxinemo piBusHHA (9) Ha piBHstHHA (17). B
pe3ynbraTi orpuMaeMo piBHAHHSA (18), sike BU3Havae
CHIBBITHOIIEHHS CyMapHOi TOTYXHOCTI BTpar
eHeprii B 0OMoTHi 30yIKeHHS 1 B OOMOTLI sIKOpS
AIIC mpu noTOYHOMY 3HA4Y€HHI CTPYMY 30YKEHHS
1 TIpY ONITUMATEHOMY 3Ha4YeHHI CTPyMYy 30y KCHHS:

AP 1 1 2|R M 1 1
E_—_ . EMZ + - . (18)
APsont. 2 kgko \|R3p  (3p) 2_1 2 /R_H . MEM_

keko VR35 - (135)°

Jis mpukiiamy po3riITHEMO JBHUTYH ITOCTIHHOTO
crpymy tuny [1H-205, TexHiuHi mapaMeTpu SKOTO
HaBeseHO B Tabmumi 1.

Tabmumst 1 — OcHOBHI TeXHIYHI TapameTpu
IBUTYHA TocTiiiHOTO cTpymy Tumy [1H-205
(mxepeno: [12])

HaiimenyBaHHs napameTpa 3HaueHHs
HomiHanbHa MOTYXHICTh JBUTYHA 35 kBt
HominanbHa Hanpyra siKipHOi

220 B
obmoTtku aBuryHa, Ugy
HowminanpHul CTpYM SIKipHOT OOMOTKH 174 A
JBUTYHA, Igqy
HominanpHa Hanpyra 0OMOTKH 220 B
30ypxeHHs nBUryHa, Usgy
Howi §

OMiHaJIbHA 9acTOTa 0OEpTaHHS BalLy 1580 06/xEb.

JBUTYHA, Ny
CyMapHUii akTHBHHH OIp SIKIPHOTO
KoJia Ipu poOOTi JBUT'YHA B 0,0855 Om
HOMIHAJIEHOMY peXXuMi, Rg
AKTUBHUII omip 0OMOTKH 30y IKEHHS
NpH poOOTi ABUT'YHA B HOMIHAJILHOMY 143,52 Om
pe)KI/IMi, R3B

Pospaxynkosi napamerpu AI1C tumy [TH-205:
1) HowminanpHe 3HAYEHHS KYTOBOi IIIBHIKOCTI
BaJIy JBUTYHA:

wy = =28, (19)
Wy = % = 165,37 pazg/c.

7€ Ny — HOMIHAJIbHE 3HAYCHHS YacTOTU OOEpTaHHS
Baiy nuryHa tumy [TH-205.

2) 3a dopmyinor (20) koedilieHT 3B’ I3Ky Mk
3HaueHHsAM KyToBoi mBuakocti Bamy [IIC i
3HaueHHsAM enekTpopymwiiiHoi cumn  (EPC), sxy

HOMiHAJIbHE MarHiTHe Tmone 30y/pkeHHs (Dr)
reHepye B sikipHiid oomoTi JI1C:
Cey = kgPy = m, (20)
H
220 —-174-0,0855

= = 1,2404 Bc.
Cen 165,37 2404 Be

ne Ugy — HOMiHanmbHa Hampyra SIKipHOI OOMOTKH
JIBUTYHA;

Igy — HOMiHaNBHHMH CTPyM SKIpHOI OOMOTKH
JIBUTYHA;

Rgq — cymapHWMii akTHBHHHN OTip SKipHOTO KOJa
IBUTYHA TpU poOOTI JABUTYHA B HOMIHAJILHOMY
pexuMi (Ipr HOMiIHANBHOMY 3HAYSHHI TEMIIepaTypu
IBUTYHA).

3) HominanbHe 3Ha4YeHHS CTpyMy 30y KEHHS
IBUryHa 3a popmynoro (21):

Usp.n.

e, =30 21
3b
220
I =——=1,533A
8BH. ™ 14352 ~
ne Uzgy — HOMIHaJIbHa Hampyra OOMOTKH
30yIKEHHSI IBUTYHA;
R3g — cymapHuii akTMBHWI omip 0OMOTKH

30y/UKeHHSI TIpU PoOOTiI ABUTYHa B HOMiHAJILHOMY
pexuMi (ITpH HOMIHATEHOMY 3HaYeHHI TeMITepaTypH
JBUTYHA).

4) Ha mincrasi piBHsHHS (4) 1 piBHsSHHA (6)
JOJTATOK KOHCTPYKTHBHHUX KOe(Dili€HTIB OOMOTKH
SIKOpS 1 0OMOTKH 30yPKEHHS IBUTYHA 32 (POPMYIIOI0
(22):

Cen
kgke = —,

(22)
I3p.n.

11,2404

kEkQJ = R = 0,809 BC/A

5) Ha miacraBi piBHsAHHS (6) HOMiHAJIBHE
3HA4YEHHS €JIEKTPOMArHiTHOTO MOMEHTa JIBUTYHA 3a
thopmyoro (22):

Memnb, = Cenlans (23)

Mgmy = 1,2404 - 174 = 215,8 Hwm.

6) Ha mincrasi piBasss (1), (2) i (3) cymapHa
MOTYKHICTb ~ BTpaT  €JEKTPUYHOI €Heprii  Ha
AaKTUBHOMY OIOpi OOMOTKH 30Y/KEHHSI i OOMOTKH
skopst JAIIC mpu HOMiHAaNBHOMY 3HAYECHHI CTPyMy
30y/KeHHsT 1 Tpd  HOMIHATBHOMY  3HAYeHHI
enektpomarditHoro Mmomenra JII1C tumy I[TH-205:

APsy; = 1742%-0,0855 + 1,5332 - 143,52,
APsy; = 2588,6 + 337,3 = 29259 Br. (24)

7) Ha mincrasi piBHsiHHS (17) cymapHa nOTyX-
HICTh BTpaT €Heprii B 00MOTKaX 30yIHKECHHS 1 SIKOPSI
ATIC Ttumy TTH-205 nmpu onTHManbHOMY 3HAYEHHI
CTpyMy 30ymxeHHs lsgy 1 Tpu HOMiHaTBHOMY
3HAYEHHI eJIEKTPOMArHiTHOrO MOMEHTa

HIIC:

MEM.H.

215,8
0,809

APs onrh. = 2 ,/0,0855 x 143,52,

APE.OHT.H. = 1868,8 BT. (25)

Ha puc. 1 3a piBasnusaM (21) noOyaoBaHo agia-
rpamy | 3aeXHOCTI HOMIHAJILHOTO 3HAYCHHS CTPY-
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My 30ymkenHs [AIIC tumy ITH-205 Bin 3HaveHHs
eJleKTpoMartiTHoro MoMeHTy Izgp=f(Mgy), a 3a

3HAYCHHS CTpyMy 30y/KCHHSA Bil  3HAUCHHS
eJleKTpoMarHiTHoro MomMeHty, Izgont. = f(Mgm)-

(13) - miarpamy 2 3anmeXHOCTI ONTHMAIBHOTO
BE. A4
4
2 2
2
1 1
=300 -200 -10:0 0 100 200 300

Puc. 1 — [liarpamu 3ane>KHOCTI HOMiHATBHOTO 3HAUYEHHS CTPYMY 30yIDKEHHS 1 ONTUMATIbHUX 3HAYCHHSIX
ctpymy 30ymxerns IIIC [TH-205 Bix 3HaueHHS €J1eKTPOMAarHiTHOTO MOMEHTa

Ha puc. 2 3a piBasHHEAM (9) oOynoBaHo miar-
pamy 1 3ameXHOCTI CymMapHOi TMOTYKHOCTI BTpar
CJIEKTPUYHOI eHeprii Ha aKTUBHUX OIMopax 0OMOTOK
30ymkenHs Ta sikops AI1C tuny ITH-205 npu HOMI-
HaJTbHOMY 3Ha4eHHI CTpyMy 30ymKEHHS BiJ 3Ha-

f(Mgy), a 3a (17) - miarpamy 2 3aieKHOCTI
CyMapHOi MOTYKHOCTI BTpAT eIeKTPUIHOI eHepTii Ha
AKTUBHUX OIOpax OOMOTOK 30Y/DKCHHS Ta SIKOPS
ATIC Ttumy ITH-205 mpu onTHManbHOMY 3HAYEHHI
CTpyMy 30y/DKeHHS Big 3HAa4eHHA  EIIEKTPO-

YeHHS  €JIEKTPOMAarHiTHoro  MomeHTy, APy = wmarnitnoro momenra JIIC, APs ont = f (Mgym).
1 APs Brj 1
4000
2 2
2000
-300 -20:0 -1 0 100 200 }sim.rjnf{:

Puc. 2 — Jliarpamu 3anexHOCTI CyMapHOT MOTYKHOCTI BTPAT €JIEKTPUYHOI €Heprii Ha aKTUBHUX OMOpax
obmoTok 30y mkenHs 1 sikopst JITIC TTH-205 Bix 3HaueHHSsI €1eKTPOMarHiTHOrO MOMEHTY

Ha puc. 3 3a piBasaHsaM (18) moOynoBaHo miar-
pamy, siKa BU3HAYae CIiBBiTHOLICHHS CyMapHOI IO-
TY>KHOCTI BTpaT eHeprii B 0OMOTKax 30y/DKEHHs i
sxopst AT1C tumy [TH-205 npu HoMiHaIEHOMY Ta
ONTUMAJIBHOMY 3HAUEHHSIX CTpyMy 30y/DKEHHS Bia

3HaYeHHs enekTpomarHiTHoro wmomenty JIIC,
APy

—=— = f(Mgm).

AP onr. f(Mew)

Mexaniuna xapakrepuctuka [AIIC Ttumy ITH-
205 mpu HOMIHATBLHOMY 3HAYEHHI CTpymy 30yi-
KEHHS onUcyeThest popmynoro (26):

Ugn.  MgmRg
=== 26
o (26)

Mexaniuna xapakrepuctuka JAIIC Ttumy ITH-
205 mpu onTUMaTLHOMY 3HAau€HHI CTpyMy 30ya-
KEHHS ONUCYEThCs hopmyioto (27):

U R

w= AH = A —. 27
JMgmkeke X /—ﬂ kgk /—”
EMRERD R3B ER® R3B

Ha puc. 4 3a piBasHHsIME (26) 1 (27) moOynoBa-
HO MexaniuHi xapakrepuctuku JIIC tumy ITH-205
MPH HOMIHAJIBHOMY 3Ha4YeHHI CTpymy 30y/KEHH:
(miarpama 1) 1 Ipu ONTUMAJIIBHUX 3HAYEHHSIX CTPYMY
30y KkeHHs (aiarpama 2).
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AP:
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Puc. 3 — CniBBimHOLIEHHS! CyMapHOI MOTY>KHOCTI BTpar eHeprii
B 00MoTKax 30ymxenns i sskops AIIC ITH-205
MIPY HOMIHAJTFHOMY 1 ONTHMAaIbHUX 3HAYCHHAX CTPYMY 30y/IKEHHS
BiJl 3HAYECHHS EJIEKTPOMAarHITHOTO MOMEHTY

w, &
pam'e
300
200

1

100 2

0 100 200 300 il

- Mz, Hu

Puc. 4 — Mexaniuni xapaktepuctuku JI1C ITH-205:
1 - mpu HE3MIHHOMY HOMIHAJILHOMY 3HA4Y€HHI CTPyMY 30y I>KEHHS;
2 - IpY ONTUMAIBHUX 3HAYEHHSX CTPYMY 30y DKESHHS

BucnoBku

1. Ha mincragi piasHHS (13) 1 puc.1 (miarpama
2) BUAHO, IO ONTHUMaJbHE 3HAYCHHS CTPYMY
30y/DKEHHS € TIPOIIOPIIIITHAM KOPEHIO KBaIPATHOMY
BiJl 3HAUEHHS EJIEKTPOMArHiTHOTO MOMEHTY, SKHM
po3euBae [AIIC. Hnsa AIIC I[IH-205 3HaueHHs
ONITUMATBHOTO CTpyMy 30y IKeHHS Oyne
JOPIBHIOBATH HOMIHQJIBHOMY 3HAYEHHIO CTPyMY
30y/UKeHHS TpU 3HA4YCHHI  EJIEeKTPOMAarHiTHOTO
MOMEHTa, sike AopiBHIOE mpudnm3Ho 80 Hw. Ile €
npubmuzno 37% Bil HOMIHAJIBHOTO 3HAYCHHS
enekrpomardiTHoro momenra [IIIC ITH-205. Ilpu
OUTBIIMX 3HAYCHHSX EJIEKTPOMArHiTHOIO MOMEHTY,
skuit  po3suBae  HIIC  IIH-205, 3HadeHHA
ONTUMAJBHOTO CTpyMy 30ymkeHHA Oyne Oinblie
HOMIHQJIBHOTO 3HA4YeHHS CTpyMy 30ykeHHA. [lpu

MEHIIUX 3HAYEHHSX eJIeKTPOMArHiTHOTO MOMEHTY,
skuil po3suBae JIIC ITH-205, 3HaueHHs onTHMAab-
HOTO CTpyMmy 30y/UKeHHsS OyJie MeHIle HOMiHalb-
HOTO 3HAYEHHsI cTpyMy 30y mkeHHs. [Ipu HyIb0BOMY
3HAYEHHI EJEeKTPOMAarHiTHOr0O MOMEHTa, SIKHH
posBuBae JIIC, onTumanpHE 3HAYEHHA CTPyMy
30y IPKEHHSI IOPIBHIOE HYJIFO.

OnHak, HarazaeMo Iie pas, 1o 3aHaJTO BEIHKe
3HAYEHHS CTpyMy 30Y/DKEHHS MOKE NMPHU3BECTH JI0
neperpiBy oOMOTKM 30yJDKEHHsI NBUTYHA. ToMmy B
3araibHOMY  BUMAJKy MaKCUMaJbHE 3HAYCHHS
ctpymy 30ymkenns JIIC mae Oytu oOMexeHO Ha
JIOMycTUMOMY piBHI. Pasom 3 TuM 3aHaaTro Mmaie
3HAYEHHS CTPyMy 30Y/DKEHHSI MOXKE TPUBECTH JIO
MOTIiPILIEHHS] KOMMYTalii KoJIeKTopa ABUryHa. Tomy
iHiManbHEe 3HaueHHS crpymy 30ymxkenns JIIC
TaKOXK Mae OyTH OOMEXEHO Ha JIOMYCTHMOMY PiBHI.
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2. Ha mincraBi po3paxyHkiB (24) i (25) BugHo,
0 TpH HOMIHAJFHOMY 3HAuY€HHI eleKTpoMar-
HitHoro wmomenty JIIC mnpum onTumambHOMY
3HA4YeHHI cTpyMy 30yIUKEHHS CyMapHa MOTY)KHICTb
BTpaT eHeprii B 00OMoTKax 30ymkeHHs 1 sixopst AI1C
[TH-205 3menmyetses Ha 1057 Bt B mopiBHAHHI 13
CYMapHOIO TOTYKHICTIO BTpaT €JIeKTPUYHOI eHeprii
MPY HOMIHAJIILHOMY 3HAYCHHI CTPpyMy 30YJKCHHS.
ILle mo3BOISE€ MMIIBUINMTH HOMIHAJIbHE 3HAYCHHS
KK/ nBuryna ua 3%.

3. Ha mincraBi giarpam, mokasaHux Ha puc. 2 i
puc.3, MOXHa 3pOOWTH BHCHOBOK, IIO CyMapHa
MOTY>KHICTh BTpPAT €JIEKTPUYHOI €Heprii B aKkTUBHUX
ormopax oOMmoTok 30ymkeHHs 1 skops HIIC mpu
HOMIHIIBHOMY 1 ONTHUMAalTbHOMY 3HAUCHHAX CTPYMY
30ymKeHHs Oyne Maike OJHAKOBOIO MPH 3HAYEHHI
€JIEKTPOMArHiTHOTO MOMEHTY, sikuii po3BuBae JII1C
IMTH-205, Bix 60 Hm mo 100 Hwm. Ile nopisHioe
28%,....,46%  Big  HOMIHAIBHOTO  3HAYCHHS
EIeKTPOMAarHiTHOTO  MOMeHTy. llpm  iHmmx
3HAUYCHHSIX EJIEKTPOMArHiTHOTO MOMEHTY, SIKH
possuBae JI1C [TH-205, cymapHa MoTyXHICTb BTpaT
EJIEKTPUYHOI €Heprii B aKTHBHHUX OIOpax OOMOTOK
30ymkenHss 1 skops AIIC mpu HOMiHAIBHOMY
3Ha4eHHi cTpyMmy 30y/okeHHs (miarpama 1 Ha puc.2)

CYTTEBO TIePEBHIILY € 3HAYCHHS cyMapHOi
MOTY>KHOCTI ~ BTpaT e€JEKTPUYHOI eHeprii mpwu
ONTHUMAJbHOMY 3HA4YCHHI CTpyMy 30YIKEHHS

(miarpama 2 Ha puc.2).

4. Ha mincrasi piBHsHB (260) 1 (27), a Takox Ha
MiJCTaBl puc. 4 BUAHO, IO MPH ONTUMAIBHOMY 3Ha-
YeHHI cTpyMmy 30y/DKEHHs MeXaHiuHa XapaKTepuc-
THKa JBUT'YHAa TOCTIHHOTO CTPYMY 3 HE3aJIC)KHUM
30y/keHHsIM HaOyBae (opMH MeXaHIUHOI XapakTe-
PUCTHKH JIBUTYHA TMOCTIHOTO CTpyMy 3 ITOCIiIOB-
HOI0 00MOTKOI0 30ymkeHHs. Lle yckmamHioe 3acto-
CYBaHHS PO3TJISIHYTOT'O CHOCOOY ONTHMIi3allii cTpy-
My 30y/UKEHHS B 3aMKHEHUX CHCTEMax pPeryJoBaH-
HSI IBUAKOCTI, OCKUTBKH 3aCTOCYBaHHS PEryJisiTopa

CnHcok BUKOPHCTAHOI JIiTepaTypH

LIBUIKOCTI 3 TOCTIHHUMH NapaMeTpaMy He MOXKe
3a0e3neynTr CTabibHY SKICTh PEryJIIOBaHHS IIBU-
KOCTI TIpH 3Ha4Hii 3MiHI CcTpymy 30y/KEHHS 1
mar"itHoro motoky JIIC. Il 3amauy MoxxHa
pPO3B’s13aTH LUIAXOM 3aCTOCYBaHHS aJalTHBHOTO
perymsropa mBuakocti [13], [14] abo yHiBep-
cajgpHOTO peryistopa [15].

Kouduiktu inTepecin

ABTOpH 3asBISIOTH MPO BiACYTHICTH KOHQIIKTY
IHTEpeCiB CTOCOBHO IBOT'O JAOCIIKEHHSI, BKIIFOYA0-
yn (hiHAHCOBH, OCOOMCTHI, aBTOPCHKUN 4n OyIib-
SIKUH 1HIIWH, SIKUH MIT O BIUIMHYTH Ha JOCIIKEeH-
Hf, @ TaKOX Ha pe3yNbTaTH, IMPEICTaBIeHI B Wi
CTaTTI.
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(hopMi B OCHOBHOMY TEKCTi PYKOITUCY.

BukopucTaHHs IITYYHOI'O iHTe1EKTY

ABTOpH MiATBEPIKYIOTh, 10 BOHU HE BHKOPUCTO-
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CTBOPEHHS 1Ii€1 poOOTH.
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Abstract. Based on the mathematical model of a DC motor with independent excitation, an equation
was obtained for the dependence of the total power of electrical energy losses on the active resistance of the
armature winding and the excitation winding of a DC motor on the value of the excitation current and on the
value of the electromagnetic torque developed by the motor. A formula was also obtained that determines the
optimal value of the excitation current at which a DC motor with independent excitation develops the
required value of the electromagnetic torque at the minimum value of the total power of electrical energy
losses on the active resistance of the armature winding and the excitation winding. A diagram of the
dependence of the optimal value of the excitation current on the value of the electromagnetic torque was
constructed. A formula was obtained that determines the dependence of the value of the total power of
electrical energy losses on the active resistance of the armature winding and on the active resistance of the
excitation winding of a DC motor on the value of the electromagnetic torque developed by the motor, at the
nominal value of the excitation current and at the optimal value of the excitation current. The dependence
diagrams of the total power of electrical energy losses on the active resistance of the armature winding and
on the active resistance of the excitation winding of a DC motor on the value of the electromagnetic torque
at the nominal value of the excitation current and at the optimal value of the excitation current have been
constructed. The mechanical characteristics of a DC motor with independent excitation have been
constructed at the nominal value of the excitation current and at the optimal value of the excitation current.

Keywords: DC motor, independent excitation, power, electrical energy losses, active resistance,
winding, armature, optimal current, mechanical characteristics.
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