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Abstract. The aim of the work is to design a robust hybrid active-passive magnetic field shielding
system created by overhead power lines with a triangular arrangement of phase wires, designed to
increase the shielding efficiency of the initial magnetic field in residential premises to the level of
sanitary standards and reduce the system's sensitivity to changes in system parameters. To achieve this
goal, the following tasks were solved: the structure of a hybrid system of active-passive shielding was
developed, and the synthesis of a system consisting of a double-circuit active and multi-circuit passive
parts was performed. The synthesis of the system is reduced to solving a vector game, in which the
vector payoff is calculated based on the solutions of the Maxwell equations in the quasi-stationary
approximation using the COMSOL Multiphysics software. The solution of a multicriteria game is
found on the basis of algorithms for optimizing a multi-swarm of particles from Pareto optimal
solutions, taking into account binary preference relations. The most important results are theoretical
and experimental studies of the effectiveness of the synthesized hybrid active-passive shielding system
for the magnetic field created by overhead power lines with a triangular arrangement of phase wires in
the shielding zone. The significance of the results obtained lies in the fact that in the course of
designing a hybrid active and multiloop passive screens, the parameters of passive and active screens
were calculated; as well as practical recommendations are given on the reasonable choice of the spatial
arrangement of a multi-loop passive shield and two shielding windings of a robust system of hybrid
shielding of the magnetic field created by overhead power lines with a triangular arrangement of phase
wires.
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Ecranarea hibrida activ-pasiva a cimpului magnetic al liniilor electrice aeriene cu un aranjament
triunghiular de fire de faza
Kuznetov B.I., Kutenko A.S., Nikitina T.B., Bovdui I.V., Ciunihin K.V., Dobrodeev P.N.
Institutul pentru Probleme de Inginerie Mecanicd A.N. Podgorny Academia Nationala de Stiinte din Ucraina,
Harkiv, Ucraina
Rezumat. Scopul lucrarii este de a proiecta un sistem robust hibrid activ-pasiv de ecranare a campului magnetic,
creat de linii electrice aeriene cu dispunerea triunghiulara a firelor de faza, conceput pentru a creste eficienta de
ecranare a campului magnetic initial din spatiile rezidentiale pana la nivelul sanitar si reduce sensibilitatea
sistemului la modificarile parametrilor sistemului. Pentru atingerea acestui scop, au fost rezolvate urmatoarele
sarcini: a fost dezvoltata structura unui sistem hibrid activ-pasiv de ecranare si a fost realizata sinteza unui sistem
format dintr-o partea activa cu doud circuite si partea pasiva cu mai multe bucle. Solutia jocului multicriterial se
bazeaza pe algoritmii de optimizare a unui multi-roi de particule din solutii optime Pareto, tindnd cont de relatiile
binare de preferintad. Cele mai importante rezultate sunt studiile teoretice si experimentale ale eficacitatii
sistemului robust hibrid activ-pasiv de ecranare a campului magnetic creat de liniile electrice aeriene cu o
dispozitie triunghiulara a firelor de faza in zona de ecranare. Semnificatia rezultatelor obtinute consta in faptul
ca, in cursul proiectarii unui ecran hibrid activ si pasiv cu mai multe bucle, au fost calculate coordonatele
aranjamentului spatial a 16 circuite de ecrane pasive si doud infasurdri compensatoare, precum §i curentii si
fazele din aceste infasurdri ale ecranului activ, la fel sunt propuse recomandari practice cu privire la alegerea
rezonabila a aranjamentului spatial a unui ecran pasiv cu mai multe bucle si a doud infasurari de ecranare a unui
sistem robust de ecranare hibrida a campului magnetic creat de liniile electrice aeriene cu un aranjament
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triunghiular de fire de fazd. Se arata posibilitatea reducerii inductiei cdmpului magnetic initial la nivelul
standardelor sanitare.

Cuvinte-cheie: linii electrice aeriene, aranjarea triunghiulara a firelor de faza, cAmp magnetic, sistem robust
hibrid activ-pasiv de ecranare a cAmpului magnetic, studii teoretice si experimentale.

I'ubpuaHoe aKTUBHO-NIACCHBHOE IKPAHUPOBAHHE MATHUTHOTO IOJIs1 BO3AYIIHBIX JIMHUIi
3J1eKTpoIepeaun ¢ TPeYroJbHbBIM PacnoJioskeHueM (pa3HbIX NPOBOJIOB
Kysneunos b.U., Kyuenko A.C., Hukutuna T.b., Boayii U.B., Uynuxuun K.B., Jloopoaees I1.H.
Wucrutyt npobiiem MammHoctpoenust uM. A.H.IloxropHoro HaloHansHOM akageMuy HayK Y KpanHbI
XapbKoB, YKpanuHa

Annomayusn. 1ensio paboThl SABISETCS MPOEKTUPOBaHUE POOACTHON I'MOPUAHON aKTUBHO-TTACCUBHON CHCTEMBI
SKpPaHUPOBAaHMUSI MAarHUTHOTO MOJIS, CO3/JaBaéMOE€ BO3AYLIHBIMH JHHUSAMH 3JEKTPONEpENaud ¢ TPEYroNbHbIM
pacrioyio)keHreM (a3HbIX TPOBOJIOB, IPEJHA3HAYEHHOW J/JIs TMOBBINICHUS 3((GEKTHBHOCTH AKPAaHHPOBAHUS
UCXOJHOTO MAarHUTHOTO MOJS B KHJBIX IOMEIIEHUSX JO YpPOBHS CAaHUTAPHBIX HOPM U YMEHBIICHUS
YyBCTBUTEIBHOCTH CHCTEMBI K H3MCHEHHSIM [TapaMeTPOB CUCTEMBI. /Il JOCTH)KEHHS MOCTABICHHOH eIn ObLTH
pelIeHBl CIEAYIONIME 3aJadd: pa3paboTaHa CTPYKTypa THOPHIOHOM CHCTEMBl AaKTHBHO-TIACCHBHOTO
SKpaHUPOBAHUS, U BBINIOJHEH CHUHTE3 CHUCTEMBI, COCTOSLIEH M3 IBYXKOHTYPHOM aKTHBHONW W MHOTOKOHTYPHOMH
nmaccuBHOM yacTe. CHHTE3 CHCTEMBI CBOAMTCS K PEIICHHIO0 BEKTOPHOW HIPHI, B KOTOPOI BEKTOPHBIN BRIMTPHIII
BBIUMCIIACTCS HAa OCHOBAaHWM pEUICHWH ypaBHEeHMH MakcBeula B KBa3HUCTAIIMOHAPHOM NPHONIMKEHUH C
noMoIsio porpaMMHubIX cpencte COMSOL Multiphysics. Pemenrie MHOTOKpHTEpHaIbHON HTPHI HAXOIUTCS HA
OCHOBE QJI'OPUTMOB ONTUMU3AINU MYJIBTUPOEM HYaCTUL U3 HapeTo OIITUMAJIBHBIX pemeHMﬁ C Yy4e€TOM
6I/IHapHI)IX OTHOIIICHUH MpCAnoOYTCHU . HaunbGonee BaxxHbIMU pe3yabTaTaMu  ABJIAIOTCA TEOPCTUYECKUC U
9KCIEPUMEHTANIbHBIE HCCIeoBaHUsT I(P(EKTUBHOCTH CHHTE3UPOBAHHOW THOPHUIHONW aKTUBHO-NACCUBHOMN
CHUCTEMbI JKpaHHUPOBAHUA MArHMTHOI'O TIOJIA, CO3JaBa€MOro BO3AYHIHBIMH JIMHUAMU DBJICKTponEepeaadn ¢
TPCYTOJIbHBIM  PACIIOJIOKCHUEM q)aSHLIX IIpOBOAOB B 30HC OKpaHUPOBAHMUA. 3HAaYNMOCTh TMOJTYYCHHBIX
pE3yJIbTATOB COCTOMT B TOM, YTO B XOJE NPOEKTHPOBAHHMA THOPHUIHOTO AKTUBHOTO M MHOTOKOHTYPHOTO
MAaCCHUBHOTO KPAHOB BBIYMCIICHBI KOOPAMHATHI MPOCTPAHCTBEHHOTO PACIIOJIOKEHUS 16 KOHTYpPOB MacCHBHOTO
9KpaHa M JBYX KOMIICHCAIIHOHHBIX OOMOTOK, a Takke TOKM M (Da3bl B 3THX OOMOTKaxX aKTHBHOTO JKpaHa; a
TaKke TPUBOMAATCS MPAKTHYECKHE PEKOMEHIANMK 110 OOOCHOBAaHHOMY BBIOOPY IPOCTPAHCTBEHHOTO
pacroyioXeHHss MHOTOKOHTYPHOTO NTaCCUBHOTO 3KpaHa U ABYX SKPAaHHPYIOMIHMX OOMOTOK pOOAacTHOH CHCTEMBI
THOPUIHOTO 3KPAaHUPOBAHHUS MarHUTHOTO MOJIS, CO3/7aBa€MOT0 BO3IYNIHBIMH JHMHHUSMHU 3JEKTPONEPEAadn C
TPEYTOJFHBIM PACIONOKeHHEeM (ha3HBIX MpoBOJOB. Iloka3aHa BO3MOXKHOCTh CHIDKEHHS MHAYKLIHH HCXOJHOTO
MAarduTHOI'O IOJIA 10 YPOBHSA CAaHUTAPHBIX HOPM.

Kniouegvie cnosa: BO3myLIHBIC JTMHUM 3JIEKTPONEPENAdU, TPEYTOJIBHOE PACHONOXEHHE (ha3HBIX MPOBOJIOB,
MarHUTHOE ToJie, podacTHas CHCTeMa THOPHAHOTO aKTHBHO-TIACCHBHOTO AIKPAaHUPOBAHMSA, TEOPETHUECKHE U
SKCIIEPUMEHTAIbHBIE UCCIICTOBAHMS.

BBEJEHUE

Pemenne  mpoOieMBl  3aOTUTHI  3I0POBBS  OpraHU3M denoBeka [1]. 3HauuTenbHOE MECTO B
HACCJICHUS OT OMOJIOTHYECKOTO BO3JICHUCTBUS  YKa3aHHBIX WCCIIEZIOBAHUSX MOMHUMO
TEXHOTCHHOTO ANEKTPOMArHUTHOTO MoJIs  BHICOKOYACTOTHOTO W3IIyU4EHUS OT CTaHIUH

00BEKTOB 3JICKTPOIHEPTCTUKH HMMEET BBICOKYIO
COIMANBHYIO 3HAYUMOCTh u SIBIISICTCS
Ype3BbIYANHO aKTyallbHOM M Ba)KHOU 3amauyeil B
VIYUIICHAN KadecTBA W TIPOAOJDKUTECIIEHOCTH
KM3HM  HaceneHws. [IpHopHTeTHOCTH ISt
YeIIOBEYECTBa MPOOJIEMbl YMEHBIIICHUS BIIUSHUS
TEXHOT€HHOI'0 AIEKTPOMArHUTHOTO OJIs
TIOJTBEPKICHA BceemupHnoii opra"usaiuei
31paBOOXPAHEHUS, KOTOpas B YHUCIE MHOTUX
BCEMHUPHBIX MPOEKTOB (Hapsy ¢ W3MEHEHUSMHU
KJIHUMarTa, HOHU3UPYIOLIEN paauanuen,
xumudeckoit O6ezomacHoctero . COVID-19),
OoTKpbUIa U ¢ 1996 roga peanusyer B HacToOsIIEE
BpeMs NOCTOSIHHO JIEUCTBYIOILIAN
MexayHapoaHbII IIPOEKT o
3JEKTPOMATHUTHOMY IIOJIO, HAIlpaBiICHHBIA Ha
U3Yy4YE€HUE BIUSHUA 3JIEKTPOMArHUTHOIO MOJIS Ha

COTOBOM CBSI3M, 3aHUMAET JJIEKTPOMATrHUTHOE
MOJIE NPOMBIIJICHHON YacTOThl, CO3J4aBacMOE
muHusIMA dnekTporepenayn JISIT (MII).
BricokoBonbTHBIE BO3mymHbIe JIOII, pacmo-
JIO’)KCHHBIE B 30HAX KWION 3aCTPOMKH, SBIISIOTCS
OCHOBHBIMH HCTOYHHUKAMH MArHUTHOIO IIOJISI
MPOMBIIICHHOW YacTOThI, YTO HETaTHUBHO JEH-
CTBYET Ha HACEJICHHE XWIBIX JIOMOB, KOTOPHIC
pacnonoxens! BIoab Tpacc JIDII. OcHoBol mis
000CHOBaHUS STHX BBIBOJIOB CTAJIO BBISBICHHE B
KOHIIE XX-TO CTOJIETHS KAaHLIEPOT€HHBIX CBOMCTB
BozzeiictBus MII mpu ero cimabom, HO moiTO-
BPEMEHHOM BO3JIEHCTBUH Ha deioBeka [2]—[3] u
pa3pabotka skcniepramu BO3 pexoMeHmamuii mo
MaKCUMaJIbHO  BO3MOXKHOMY  YMEHBIICHUIO
ypoBHS HHAYKIMH MII B pacionoxeHHbIX 0Jri3n
JIDII xupIx goMax, A YMEHBIIEHUS BEpPOST-
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HOCTH BO3HHMKHOBEHHUS PAKOBBIX 3a00JICBAaHUM Y
HaCeIICHUS.

BrisiBieHHE  KAHLEPOTEHHBIX CBOMCTB U
CMepTeNbHOM OMmacHOCTH JieiicTBuUs cimaboro MIT
¢ uHAyKIued Menbiie 1 Mk77 Opu €ro AIUTEIb-
HOM BO3JICMCTBUU Ha JIOJIEH, MPUBEJIO K MOCTE-
IICHHOMY BBEJICHHIO ¢ Haudajga XX-ro CTOJETHS,
U K HACTOSAILIEMY BpPEMEHHU, KECTKUX CaHUTAp-
HBIX HOPM IO YPOBHIO MHAYKIIMM MarHUTHOTO
MOJISI ¥ TOCTOSIHHOTO Y>KECTOUYCHHS ITHX HOPM
10 TPAHUYHBIM YPOBHSAM UHAYKIIMU MArHUTHOTO
nonst ¢ yactorod 50+60 [y, 10 peKOMEHIOBaH-
noro BO3 yposus 0,2+0,6 MxT7 [4]-[6].

MHorue Xuible 3MaHUS U COOPY>KCHHS pac-
MOJIOKEHBI B HEMOCPEACTBEHHOW OJIM30CTH OT
BBICOKOBOJIBTHBIX JIMHUI 3JEKTponepeaayuu, Tak,
YTO ypOBEHb MHAYKIIMM MAarHUTHOTO TOJIS BHYT-
pY 3TUX COOPYXKEHUH CYIIECTBEHHO IPEBBIIIACT
COBpPEMEHHbIC CAHUTApHbIE HOPMBIL. Tak, Halpu-
Mep, KaK 3TO MOKAa3aHO Ha pHC. 1, Ha ynuIe C
CHMBOJIMUECKMM Ha3BaHMEM «BBICOKOBOJIBT-
Has», >KUIIbIE JOMa PacHoJIOKEHbl B HEMOCPEI-
CTBEHHOW OJM30CTH OT MAarucCTPaJbHOW IBYX-
nenuoit JIDII 330 kB ¢ paciierieHHBIMU IPOBO-
JTaMH 110 2 KA B KaKJIOM IICTIH.

Puc.1. /Kusbie qomMa, pacnosiokeHHbIE B
HeNnocpeACTBEHHOM 0JIM30CTH OT MATHUCTPAJILHOM
asyxuennoii JIIL. !

MHOro4uciIeHHbIE TEOPETHYECKUE U DKCIIe-
pUMEHTaNbHbIE UCCIEIOBAaHUS MOKAa3bIBAIOT [7]—
[10], uTo mpenenbHO AOMYCTUMBIA YpOBEHb WH-
nykr MIT (0,5 mx777) MOXKeT MpeBHIIaThCSA Ha
MOPSIIOK, U 0oJiee, YTO CO3MAET Yrpo3y 3I0po-
BBIO COTEH THICAY TpaxkgaH, MPOKUBAIOIIUX
ommxe 100 v ot Bo3aymuberx JIDII. Kpowme Toro,

12 Appendix 1

B CBSI3M C IOCTOSHHBIM IMOJIOPOKAHUEM 3EMEITb-
HBIX YYaCTKOB ISl 3aCTPOMKH, MPOIOIHKAETCS
CTPOUTENBCTBO JKHJIBIX, aAMHUHHCTPATUBHBIX W
JIPYTHX OOIECTBEHHBIX 3[IaHUA, M COOPYKEHHM
B MeCTaX MPOXOXKIEHHS CYIIECTBYIOIIUX BBICO-
koBOJbTHBRIX JIDII. Tak, Hampumep, Ha yiHIle
«ACTPOHOMHYECKASD) COBPEMEHHBIH IBYXATaXK-
HBI KOTTEIDK TMOCTPOCH B HEMOCPEICTBEHHOW
OsimzocTy OT omopkl oxHorenHod JIDIT 110 kB
500 A4, Kak 3TO MOKAa3aHO Ha puc. 2.

Puc.2. CoBpeMeHHBIH KUI0H KOTTEIK, PacnoJio-
SKeHHbIH BOIM3H onopsl JIDII. 2

Takoe cOCTOSHHE XapaKTEpPHO AJISI MHOTHMX
Bexymux crpanax mupa — CHIA, Uzpauns, Ura-
nuu, McnmaHum W MHOTMX APYrHMX M TpeOyeT
OPUHATHA CPOYHBIX MeEp II0 CHIDKEHHIO B
3+5 pa3 MII peiictByromux JIDIL. IlosTomy BO
MHOTHX BEAYIIUX CTpaHaX MHpPa WHTCHCHUBHO
BeAyTcs pa3pabOTKU METOAOB U CPEACTB HOpMa-
JM3allMd MarHUTHOIO MOJISI B DHEPreTHYECKON
MHPPaACTPYKType, 0OIIECTBEHHBIX COOPYKEHUSIX,
U B XKWJIBIX JIOMaX, a TaKKe MPOBOJUTCS MX IIH-
poKoe BHeApeHue JaHHbIX cpencts [11]-[15].

HaunbGonee 3ppekTHBHON TEXHOIOTHEH SIBIIs-
etcs pekoHcTpykuusa JIOII myrem ee nepemerte-
HUSl Ha 0€30MacHOE PACCTOSIHHE OT KHIIBIX JI0-
MOB, WM 3aMeHa Bo3aymiHo# JIDII Ha kabelnb-
Hyto JuHHI0. OHaKO0, MOA00Hast PEKOHCTPYKIIUS
TpeOyeT OrpOMHBIX MaTepuaabHbIX cpencts. [o-
3TOMy OoJee mpuemMiIeMbl MEHee JOPOrOCTOSIINE
METO/IbI SKPAaHUPOBAHHUS MArHUTHOTO TOJIS JeH-
creytomux JIOII, m3 koTophix Hambonee yHU-
BEpCaIbHBl M1 OTHOCUTENBHO JIETKO peain3yeMBbl,
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METO/BbI aKTUBHOT'O KOHTYPHOTO 3KPaHUPOBaHUS
MarHATHOTO TIOJISI, U TIPU 3TOM JaHHBIE METObI
00eCIeYnBalOT HEOOX0AUMYI 3(P(HEKTUBHOCTS.
B Hacrosimee Bpemsi BO BceM MHPE WHTEHCHUBHO

B xunbIx 1omax cTapoi 3aCTpOMKHM 4acToO B
HETIOCPEACTBEHHOM OJIM30CTH TMPOXOIAT BO3-
IOYUIHBIE JIMHUM 3JIEKTpOIepenadyn ¢ "Tpeyroib-
HBIM" pacmoyioKeHreM (a3HbIX IMPOBOJIOB, KO-
TOpOE SIBIISICTCA OJHMM M3 HauOoJee OIMacHBIX
BAapUAHTOB PACHOJIOKEHHUs] MPOBOMOB ISl HC-
TouHukoB MII. MaruutHoe 1moje, co3gaBacMoe
BO3IYIIHBIMH JIMHUSIMH ~ 3JICKTPOIIEpEaayn ¢
"TpeyroibHEIM" pacronokeHneM (a3HbIX Mpo-
BOJIOB, HWMEET NPOCTPAHCTBEHHO-BPEMEHHYIO
xapaktepuctuky MII B opme okpykHocTH [9].
Jmst  aKTUBHOTO JKpaHUPOBAHHS MarHUTHOTO
MOJISL C TAKOM MPOCTPaHCTBEHHO-BPEMEHHOH Xa-
PaKTepUCTUKOM, HEOOXOIMMO, HE MeEHee JBYX
KOMITEHCAIIMOHHBIX 00MOTOK B cocTaBe CAD.

AKTHBHOE SKpaHHpOBaHHE TPeOyeT HCIIONb-
30BaHUSl BHEIIHUX HCTOYHHKOB THUTAHUS IS
(opMHpOBaHUSI TOKOB COOTBETCTBYIOIICH BEIHU-
YUHBI U a3kl B KOMIICHCUPYIOIIUX OOMOTKaX,
JUTSL CO3/TaHUSI MarHUTHOTO TIOJISI HAITPABIEHHOTO
MPOTHUBOIIOJIOKHO HCXOJHOMY MAarHUTHOMY IIO-
mio JIDII, yTo HEOOXOIUMO ISl peau3alnu Ke-
maemoro 3¢ddexra sxpannpoBanus. Takum obpa-
30M, CHUCTEMBI aKTUBHOTO 3KPaHUPOBAaHUS CIIO-
COOHBI 00€CTIeYnTh CUIIBHOE OCJIA0JIeHNEe UCXOI-
Horo MarautHoro mojs JIDII [16]-[18], ogHako,
IUTsE 9TOTO TpeOyeTcs AOCTAaTOYHO CIIOXKHAS CH-
CTeMa aBTOMATHYECKOTrO YIpaBJeHHUS, B KOTO-
poH, MOMHMO JAaTYMKOB MAarHUTHOTO IIOJI,
HEO0OXOJMMO YCTAaHOBHTH JOPOTOCTOSIIEe 000-
pyAoBaHHE OOJBIIOW MOIIHOCTH, TaKO€ KaK —
WCTOYHUKM NUTAHHS, CUIIOBBIE TPeoOpa3oBaTenn
W CHCTEMa yTpaBieHus, (popMupyromas moaaBa-
€MBbI€ B KOMITEHCUPYIOIIHEe OOMOTKH TOKH, AJIS
JOCTIDKEHHS TPpeOyeMOoro MoJIaBICHUs] UCXOIHO-
TO0 MarHUTHOTO TOJiA. VIMEHHO 1O STHUM TpHYH-
HaM, JaHHOE peIIeHHe SBISIETCS 3HAYUTEITHHO
Oonee goporuM B pa3pabOTKe, YeM NAaCCHUBHBIC
metonsl [7]-[10].

[Tpu maccMBHOM SKpaHHPOBaHUU OcialieHue
WCXOAHOTO MarHWTHOTO TMOJIS JOCTUTaeTcs 3a
CYeT TeHEepUPOBaHUs corjacHo 3akoHy Dapanes
KOMIIEHCHPYIOLIETO TOJIA C MOMOIIbIO MacCHB-
HOro sKkpaHa. J{1s moBbImieHUS 3PGHEKTUBHOCTH
OKPaHUPOBAHUS HCXOJHOTO MArHUTHOTO MOJIS
9acTO MPUMEHSIOT MHOTOKOHTYPHBIE TIACCUBHBIE
skpansl [8]. OmHaKo, MACCUBHBIE SKPAaHBI UMEIOT
3HAYUTENILHO MEHbIIHHA KOI((UIMEHT SKpaHu-
pOBaHMA, YE€M AaKTHUBHBIE "3KpaHbl", MO3TOMY
MaCCHUBHBIC 3KpaHbl YacTO HCHONB3YIOTCS B Ka-
yecTBe fgonosiHeHus kK CAD, Tak, 4TO TUOpUIHBIE

MIPOBOJATCS MCCIENIOBaHMUsS M BHEAPSAIOTCA pas-
JUYHBIE CHUCTEMBI aKTUBHOIO JKPaHMPOBAHHSA
TEXHOT€HHOTO MAarHWTHOTO TIOJI TPOMBIIIJICH-
Hoit yactoTsl (CAD) [16]-[18].
AKTHBHO-TIACCUBHBIE  DKPAaHbl  OJHOBPEMEHHO
HCIOJNIB3YIOT KaK CHUCTEMY aKTUBHOTO SKPaHHUpPO-
BaHUS, TaK M TIACCHBHBIE SKpaHbl Pa3nUIHON
KOHCTpyKIuu [19].

Ieanto pabdoThl SBIAETCS CHHTE3 POOACTHOM
THOPUIHON aKTUBHO-TIACCHUBHOM CHUCTEMBI, CO-
CTOSAILEH M3 aKTUBHOW M MHOTOKOHTYPHOW mac-
CHUBHOH 4acCTH, KOTOpas 00eCHEeYUT MOBBILICHUE
3QPEKTUBHOCTH HKPAHUPOBAHUS MArHUTHOTO
MoJIs, CO37aBaeMO€ BO3AYIIHBIMH JIMHUSAMHU
UIEKTPONEPENAaYN C TPEYTOIbHBIM PacIONIOKe-
HUeM (Da3HBIX IIPOBOOB B JKMWIIBIX JOMax CTapoit
HACTPOMKH, TpPHU OJHOBPEMEHHOM CHW)XEHUU
YyBCTBUTEJIBHOCTH CHCTEMBI K M3MEHEHHUSIM I1a-
paMeTpPOB CUCTEMBI.

I. HTOCTAHOBKA 3AJJAYM CUHTE3A

POBACTHOM 'MBPUIHOM AKTUBHO-

MACCUBHOM CUCTEMBI AKTUBHOI'O
SKPAHUPOBAHUS

MarautHoe TIOJIe, CO3/laBacMoOe JIMHUCH
3JIEKTpoTiepesad HeoOXOAWMO YMEHBIIUTH 0
Oe3omacHOro ypoBHS. [lpn rTHOpHIHOM aKTHBHO-
MACCUBHOM 3KPaHUPOBAaHUM C TIOMOIIBI0 MHOTO-
KOHTYPHBIX OOMOTOK ITacCMBHOT'O 3KpaHa U
KOMIICHCAIIMOHHBIX OOMOTOK aKTHBHOI'O 3KpaHa
HEOOXOJMMO CO3/1aTh MAarHUTHOE II0JIe, HAPaB-
JICHHOE TPOTHB WCXOJHOTO MarHWUTHOTO IIOJIA,
co3maBaemoro JIOIL. 3amageit mpoexkTHpoBaHUS
CUCTEMBl  THOPHUIHOIO  aKTHBHO-TIACCHMBHOI'O
SKpaHUPOBAHWH SBIISIETCS pacdyeT KOOpIUHAT
MPOCTPAHCTBEHHOI'O PACIIOJIOKEHUS MHOTOKOH-
TYpPHBIX 0OMOTOK ITACCHBHOTO 3KpaHa U KOMIICH-
CAI[MOHHBIX OOMOTOK aKTHUBHOT'O 3KpaHa, a Tak-
)K€ BEIMYUH TOKOB, M UX (a3, B KOMIECHCHPYIO-
X OOMOTKAaX.

IIpu TIpOEKTHUPOBAHWH THOPUIHOW CHCTEMBI
AKTUBHO-TIACCUBHOT'O 3KPAHUPOBaHUS, B TICPBYIO
ouepellb, CIIPOCKTUPYEM MPOTPAMMHBIN Peryiis-
TOp B BHJE Pa3OMKHYTOrO KOHTypa TIpyOoro
yIOpaBJeHUS HAa OCHOBE KBa3HCTATHYECKOW Ma-
TEeMaTUYECKOW MOJIeTd MarHuTHoro moiss [20]—
[22]. 3aTem cmpoekTUpyeM CTaOMIN3HUPYIOLIHIA
TOYHBIA PETYJATOP B BHJE 3aMKHYTOI'O KOHTYpa
YIpaBJeHHS, OCHOBAHHOTO Ha YpPaBHEHUSX JIH-
HAMUKHU 3aMKHYTOW CHCTEMBI C YU4E€TOM MOJIeeh
UCIIOJHUTEIBHBIX U U3MEPHUTEIBHBIX YCTPOMCTB,
BO3MYIIIEHU W IIYMOB HM3MEPEHUH M TpeaHa-
3HAYEHHOTO ISl TIOBBIIICHUS TOYHOCTH YIPaB-
JICHUSI TI0 CPABHCHHUIO C PA30MKHYTBHIM yIIpaBJie-
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HUEM, OCHOBAHHBIM Ha KBa3HCTAaTUYECKOU MaTe-
MaTUYECKON MOJIETIN MATHUTHOTO TOJISL.

PaccMoTpuM  KBa3HCTAaTHYECKYI0  MOJEIH
MII, co3gaBaemoe Bo3mymHbIMA JIDII. MaTtema-
TUYECKOE MOJEIUPOBAHUE 3JICKTPOMATHUTHOTO
moJisi B OOIIEM ciydae CBOIAUTCS K PEIICHHIO
KpaeBo# 3ajauu JUisl CUCTEMbl YpaBHEHUN Makc-
BeJlIa B YaCTHBIX Mpom3BOAHEIX [10]—[11].

rotH = j+0,D+ j,, (D)
rotE =—0,B 2)

31ech: E — HaNpsHKEeHHOCTDH AIIEKTPHUYECKOTrO I0-
ns, H — HamlpsHKEHHOCTh MATHUTHOTO MO, D U
B — BEKTOpPBI 3JEKTPUUECKOW M MarHUTHOW HH-
OyKIAH, j— TUIOTHOCTh TOKa IPOBOAMMOCTH,

jex — INIOTHOCTH CTOPOHHUX TOKOB, CO3JaBac-

MBIX HCTOYHUKAaMHU BHE paccMaTpuBaeMoii o0Jia-
CTH.

IlepBoe ypaBuenue (1) sBmsercs 0000MICH-
HBIM 3aKOHOM AMITEpa — MMOJIHAS TUIOTHOCTH TOKa
MPEJICTABISIET COOOW BUXPh HAIMPSIKEHHOCTH
MarHuTHOTO Tojs. Bropoe ypaBHeHue (2) siBIsI-
ercs auddepeHnalIbHON (HOPMYITUPOBKOH 3a-
koHa apanes, YTO W3MEHEHHE BO BPEMEHHU
MArHUTHOW WHIYKIIMU TOPOXIAET BUXPEBOE
JNEKTPUUYECKOE TIO0JIE.

B YaCTHOCTH, MHAYKIHA MAarHuTHOIrO I10JId B
HETNOCPEICTBEHHOW OJIM30CTH OT IMPOBOJIOB 3a-
BHCHUT OT JIBYX MPOCTPAHCTBEHHBIX ITEPEMEHHBIX
U M3MEHSIETCS 10 T'apMOHUYECKOMY 3aKOHY BO
BPEMEHH W, CIIEAOBATEIBHO, YIOBIETBOPSET JII-
JIMIITUYICCKOMY YPaBHCHUIO BTOPOTO MOpsAAKa

o(1eBY o(10B) . > \m
2 a3 oo o

[IpoMexyTouHOE MONOKEHNE MEXITY MOCTO-
SHHBIM IIOJIEM M OBICTPO MEHSIOIIUMCS TOJIEM
3aHUMAeT TaK Ha3blBa€MOE KBa3UCTALMOHAPHOE
MOJIE — TAKOE 3JIEKTPOMAarHUTHOE TOJ€E, IPH HC-
CJIEIOBaHUH KOTOPOTO TOKaMM CMEIEHUS MOXK-
HO TIpeHeOpedh M0 CPaBHEHUIO C TOKAMHU MPOBO-
JUMOCTH. J[71s1 KBa3UCTAIIIOHAPHOTO OIS YpaB-
HeHUs1 MakcBesia UMEIOT BU

rotH = j+ j,. 4)
rotE =—0,B . ®)
N3 mepBoro ypaBHeHUs (4) 3TOTO MPUOIIHIKE-

HUA CICAYCT, YTO KBA3UCTAllUOHAPHOC MArHuT-
HOC IIOJIC B Ka)KI[BIﬁ I[aHHHﬁ MOMCHT BPCMCHU

MOJIHOCTBIO  OMpEENSIETCS  PacHpeeICHUEM
3JIEKTPUUYECKUX TOKOB B ATOT K€ MOMEHT BpeMe-
HU ¥ MOXeET ObITh HalICHO M3 3TOr0 pacipeje-
JICHUS TOYHO TaK JK€, KaK 3TO JeJaeTCs B MarHu-
TocTaTuke. J{J1si O1leHKH BO3AEHCTBYSI MAarHUTHO-
ro nojs JIDII Ha okpyxarllyr cpemy, 00ib-
IUHCTBO pacyeToB [13]-[15] BwimonHseTcss Ha
ocHoBe 3akoHa buo-Camapa-Jlammmaca nnsa sie-
MEHTapHOIr'0 TOKa

dH(r)= 4; (;)3 (dIxR) (6)

31ech BEKTOp R HampaBlCH OT AJIEMEHTap-
HOTI'O OTpe3Ka d/ C MOJHBIM TOKOM /(f) K TOYKE

HaOmoneHust Q. Torma BEKTOp CyMMapHOH
HANPSsHKEHHOCTH TIOJIS PaBeH:

Hig)= 018 )

L

Orta ¢opMyna MUPOKO HCIOIB3YETCS IS
pacuera MarHUTHOT'O TIOJNS BO3AYIIHBIX JIHHUH
JJIEKTpoIepeiad BMECTO CHCTEMbl YpaBHEHHI
Makcsemna (4) — (5).

Takum 00pa3oM, 3aBUCUMOCTh BEIUYHHBI
WHAYKIIMA MarHUTHOTO TOJIS OT TOKA SIBJIAETCS
CTaTHYECKOW U ONHUCHIBaeTCs ypaBHeHHEM (7).

B 3aknrouenue, npuseaeM emie oaHy Gopmy
3aMMCH KBAa3UCTAIMOHAPHOW MOJIEIH DJIEKTPO-
MarHUTHOTO TIOJISl, U3MEHSIOIIErOCsl BO BPEMEHHU
M0 CHHYCOUIaJIbHOMY 3aKOHY

H(Q,t)=A(Q)exp j(wt), (®)

rae A(Q)— aMIUINTy[a HANPSOKEHHOCTU MarHuT-

HOTO TIOJIS.

PaccMoTpuM mocTpoeHHUE MaTeMaTH4YeCKOn
MOJICNId UCXOJHOI0 MAarHUTHOTO MOJIsI, CO3/1aBa-
€MOro JIMHHUEH 3JeKTponepenayu. 3agaiuM am-
WIMTyAsl A; 1 $a3bl @; TOKOB MPOBOAOB IPO-
MBIIIUIEHHON YacTOTHI (O JIMHHUH 3JIEKTpOIepena-
yy. 3anuiieM BbIpaXeHHs IJi1 TOKOB [;(f) B

npoBoaax JIOII B kommiekcHoi hopme
I(t)= 4 exp j(ot +¢;) )

B pab6orax [12]-[15] mapameTpsr TokoB JIDII
(9) cumTaroTCs W3BECTHBIMH W HE MEHSIOTCS CO
BpeMeHeM. OpHako BeauuyuHsl TOKOB JIOII
UMEIOT CYTOYHbIC, HENCIbHBIC U CE30HHBIC H3-
MEHEHWS. [ToaTomy, B OTIINYNE oT
pabot [12]-[15], BBemeM BEKTOp MmapamMeTpPOB
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UCXOJHBIX HEONpEAEICHHOCTEH & 3aJaud Ipo-
EKTUPOBaHUsl THUOPUIHON aKTUBHO-TIACCHBHOMN
CHUCTEMBI 3KpaHUPOBAHUS, KOMIIOHEHTaMU KOTO-
pOro SBIJIAIOTCS HEONPEIEIECHHOCTH 3HAYCHUS
ToKOB U (ha3 B mpoBogax JIDII, a Taxxke mpyrue
napaMeTpbl HEONPEIEIIEHHOCTEN 3JIeKTpoMar-
HUTHOTO  THOPHOHOTO  aKTUBHO-TIACCHBHOTO
JKpaHa, KOTOpBIE, BO-IIEPBbIX, W3HAYAJIBHO H3-
BECTHBI HETOYHO, U, BO-BTOPBIX, MOT'YT MEHSTHCA
B IIpOIIECCE dKCIUTyaTaruu cucteMsl [23]-[25].
Torpa BekTOp BL(QI-,ES,t) WHIYKIUU HUCXOM-
HOTO MAarHUTHOTO TOJIS MOXKET OBITh PacCUUTaH
no 3akoHy buo-CaBapa Ha ocHoBanuu (7) B BUIE
CYMMBI BEKTOPOB B,; (Q,.,S,t) UHIYKIUU MarHuT-

HOTO TIOJIA, CO3/1aBa€MO€ BCEMH IIPOBOJIAMHU
JISII B Touke (; MPOCTpaHCTBA JKPaHHPOBA-

Hus [9]

B,(0,,8,t)=>B,(0,.5.1) (10)

PaccMoTpuM mocTpoeHHME MaTeMaTU4YeCKON
MOJIENTd MAarHUTHOTO TOJsI, CO3/IaBAEMOTO KOM-
MEHCAIIHOHHBIMA OOMOTKaMH aKTUBHOW YacTH
THOpPUIHOTO dKpaHa. 3afgaauM BeKTop X, mpo-
CTPAaHCTBEHHOI'O PACIIOJIOKECHUS U T'€OMETpUYe-
CKHX pPa3MEpOB KOMIICHCAIIMOHHBIX OOMOTOK
AKTUBHOM YacTH THOPWIHOTO JKpaHa, a TakkKe
aMIITyael A, ¥ $asel ¢, TOKOB B KOMIICHCA-
IMMOHHBIX 00MOTKax [26]-[28]. 3amumem BwIpa-
JKEHUS JJI1 TOKOB B IMPOBOJAX KOMIICHCAIIMOH-
HBIX 0OMOTKaX B KOMILJICKCHOU (hopme

[ai(t):AaieXPj((Dt"'(Pwi) (1)

Torma BexTop Ba(Qi,X ,t) WHIYKIIMU Mar-
HUTHOT'O IIOJISI, CO3JaBA€MOE BCEMH ITPOBOJAMHU
KOMIIEHCUPYIOIMX OOMOTOK aKTMBHOM 4YacTh
rubpuaHoro skpana B, (0, X,.t) B Touke O,
IIPOCTPAHCTBA JKPAHMPOBAHUSA TAKIKE MOMKET
OBITH paccyMTaH Ha OCHOBaHMH (7), 1O 3aKOHY
buo-Casapa [6]

B(0. X.1)=) B, (0. X,.t)  (12)

Torma BexTop BRa(Qi,Xa,S,t) pe3yAbTHPYIO-
LIET0 MAarHUTHOTO IIOJIA, CO3[aBaeMOE€ BCEMH
NpOBOAAMHU JIMHUU DJIEKTPOIEpENadyd U BCEMU

00MOTKaMH aKTHBHOI 4acTH FI/I6pI/IZ[H01"O OKpaHa
BBIYUCIACTCA B BUC K CYMMBI

BRu(QiﬁXaﬂaﬂt)zBL(QHBJI)JFBa(Qi’Xa’t) (13)

PaccMoTpuMm mocTpoeHHMEe MaTeMaTU4eCKON
MOJIENTA MAarHUTHOTO TIOJIS, CO37aBaeMOr0 MHO-
TOKOHTYPHBIM TIACCHBHBIM 3KPaHOM, SBIISIOIIC-
rocs 4acThi0 THOPUIHOTO aKTUBHO-TIACCHBHOTO
skpana [19]. B pabotax [13]-[15] mapameTpbl
MACCHBHOTO DJKpaHa CYMTAIOTCS 3aJJaHHBIMU.
®dakTU4eCKH 3TH TapaMeTpbl HEOOXOIMMO BBI-
YUCIIUTh B XOJI€ MPOEKTUPOBAHUS CHCTEMBI aK-
THBHO-IIACCUBHOT'O 3KpaHupoBaHus. Ilostomy, B
otimuue ot pador [13]-[15], 3amagmm BEKTOP

X p HaYaJbHBIX 3HAYCHUM TCOMCTPUUICCKUX

pa3sMepoB, TOJIIMHBI M Marepuana MHOTIOKOH-
TYpPHOTO IIACCHBHOIO 3KpaHa. Torma /i 3ajgaH-
HOI'0 BEKTOpa Bp, (Q,-,X a,6,t) HHIYKIUH PE3yJib-
TUPYIOIIET0 MAarHUTHOTO IO/, CO3JaBaeMoe
JMHHUEH DIIEKTponepesad M TOIbKO OOMOTKaMu
aKTUBHOM  4YacTM  THOPHIHOTO  aKTHBHO-
IIACCHBHOIO 9KPaHa, a TAKXKE 3HAYEHUU BEKTOpa

X, TEOMETPHYECKHX Pa3MEPOB TACCHBHOTO

KOHTYpHOTO 3KpaHa MOXXET OBITb BbIYUCIIEH
MarHuTHe moTok ®@,(X,,X ,,d,7), IpOHU3bIBA-

IO [ —TbIi KOHTYp MHOTI'OKOHTYPHOI'O Tac-
CHBHOTO dKpaHa

(X, X,.8.0)= [ Br,(X,.8,00dS  (14)

Tox 1p(X,,X,,8,t) B KOMIUIEKCHOH (opme,

UHAYLIUPYEMBI B /—TOM KOHTYpE MHOTOKOH-
TYpPHOI'O INACCUBHOI'O 3KpaHa, BBIYUCISETCS II0
3akoHy OMa u uHTerpanbHoi opme 3akona da-
paznes [9]:

Ip(X,. X, 8,t)= = jo®d(X,, X ,,8,0)/ ...

15
MRY(X )+ oL (X ) (13)

3ech akTUBHOE compoTuBieHue R,(X,) u
MHIYKTHBHOCTb L;(X,) [-TOr0o KOHTypa MHO-

TOKOHTYPHOI'O IMaCCHUBHOI'O OKpaHa BbIYHCIIACTCSA
JJIs 3HAYCHUHN BCKTOpa Xp TCOMCTPUUICCKUX

pasMepoB MacCHBHOT'O KOHTYPHOTO SKpaHa.
Torma /IS BBIYHUCICHHBIX 3HAYCHWH TO-

KOB Ip/(X,,

KOHTYpPHOIrO mMaccuBHOro 3kpana [13]-[15] wu
3HAYEHUH BEKTOpa X, I€OMETPUYECKHX pazMe-

X,,8,t) B [—TbIX KOHTYypaXx MHOTO-

POB MACCHBHOTO KOHTYPHOT'O dKpaHa MO 3aKOHY
buo-CaBapa MokeT OBITh BBIYUCIICH Ha OCHOBa-
uuu (7) Bektop B,(0;, X,, X ,,0,1) MHAYKIMH

MAarHUTHOTO TI0JIs, CO3JaBaeMoOe BCEMU [ — KOH-
TypaMUu MHOTOKOHTYPHOTI'O IMAaCCHUBHOI'O0 3KpaHa.
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EcrectBenHo, uTto Ha ocHoBaHuM 3akoHa dapa-
Aesi, BEKTOp B, 0, X,,X p,S, t) WHAYKIUU 3TOTO

II0JIs1 MIACCUBHOTI'O JKpaHa HANPABIEH IPOTHUBO-
IIOJIO)KHO HCXOJHOMY IIOJIIO, TE€HEPUPYEMOMY
JUHHUEH 3JeKTporepesad U TOIbKO OOMOTKaMH
aKTUBHOM  YacTh  THOPWUAHOTO  aKTHUBHO-
MmacCMBHOTO 2KpaHa. CleaoBaTeNbHO, C TOMO-
b0 TACCUBHOW YacCTH THOPHHOTO aKTHUBHO-
IMACCUBHOI'O 3KpaHa dKpPaHUPYETCs Pe3yJIbTUPY-
FOIIIEE MAarHUTHOE ITOJIE, OCTaBIIEECs] HEKOMIIEH-
CHUPOBaHHBIM IIOCIIe PAa0OTHI TOJBKO AKTHUBHON
YaCTH TMOPUIHOTO aKTHBHO-TTACCUBHOTO SKpaHa.

Torma MoxkeT OBITh  BBIYHCICH  BEK-
TOp BR( .. ¢ p,S,t) HHAYKIHAK PE3YIbTUPY-
IOIIETO MarHWTHOIO IIOJI B BUAE CYMMBI BEKTO-
pa B; (Qi,é‘),t) WHAYKIUUA MarHUTHOIO MOJIs, CO-
37aBa€MOE€ BCEMH IIPOBOJAMM JIMHUHU JJIEKTPO-
repenadu, BEKTOP Ba(Q,-,X a,t) WHAYKIAW Mar-
HHUTHOTO TIOJIS, CO31aBAEMOE BCEMU IIPOBOIAAMU
KOMIIEHCHPYIOINX OOMOTOK aKTHBHOM dacTu
THOPHUIHOTO JKpaHa, u BEK-
TOp Bp(Qi,Xa,X p,8, t) UHAYKIUA MarHUTHOTO

MoJIsl, CO3JaBa€MOe€ BCEMHU KOHTYpaMu IMacCHUB-
HOW 4aCTH THOPUAHOTO DKpaHa B TOUke (O, , MPo-

CTpaHCTBa KPaHUPOBAHMUS

Bol0. X, X, 8,)= B,(0,8,0)+ .. )
ot B, (0, X, 1)+ B,(0,, X,. X, 8,)

II. METOJ PELIEHU AL

BBenem BexkTop X HMCKOMBIX IMapamMeTpoB 3a-
Jla9d TIPOCKTUPOBAHUSI THOPUIHOW CUCTEMBI aK-
TUBHO-TTACCUBHOT'O SKPAaHUPOBAHUS, KOMIIOHCH-
TaMH KOTOPOTO SIBJISIFOTCS BEKTOp X, 3HAYCHUH

FEOMETPUUECKUX PAa3MEPOB KOMIIEHCALIUOHHBIX
00MOTOK, a TaKkxke aMIuuTyq 4, u ¢a3 ¢,, To-

KOB B KOMIIEHCAIIMOHHBIX OOMOTKaX aKTHBHOM
qaCTH THOPHUTHOM CHCTEMBI aKTHUBHO-
MACCUBHOTO DJKPAHMPOBAHUS, a TaKXKe BEK-
TOp X, T€OMETPUYECKUX PA3MEPOB, TOJIIMHbL 1

MaTepHaia dKpaHa MACCHBHOTO YacTH THOpHUI-
HOM CHCTEMBbI aKTHBHO-TIACCUBHOI'O 3KPaHUPO-
Bauwms [29]-[30].

Torma nnsg 3amaHHBIX HAYaAJIBHBIX 3HAUCHHUH
BEKTOpa X HCKOMBIX NapamMeTPOB M BEKTOpaA o
MapaMeTpoOB  HEONPEACICHHOCTeH THUOpUIHON
CHCTEMBl AKTHUBHO-NACCUBHOTO SKPAHUPOBAHUS
10 BEKTOPY BR( s Xy X p,8, t) MTIHOBEHHOTI'O

3HAUCHHS HWHIYKIUH Pe3yJIbTHPYIOIIET0 Mar-
HUTHOTO TIOJSI MOXKET OBITh BBIYHCICHO B MPO-
rpammHOi cpene COMSOL Multiphysics 3¢-

(bexTUBHOE 3HaueHue B,(X,5,F) BEKTOpa HH-

OYKLIUU PE3yJbTUPYIOIETO MarHUTHOTO IOJIA B
TOYKE MIPOCTPAHCTBA SKpaHUPOBaHUS ;.

B pa6otax [16]-[18] 3amaga mpoeKTHPOBAHMS
CHUCTEMBl OJKpPAaHHPOBAHHS MAarHUTHOTO TOJS
CBOJIUTCSL K 3aJlaye ONTHUMH3AIMKM OJHOTO CKa-
JSPHOTO KpPUTEPHS, KOTOPBI BBIYHCISETCS B
BUJIE JIMHEWHON CBEPTKU 3HAYEHUM MHIYKLIHUHU B
Pa3IUYHBIX TOYKaX MPOCTPAHCTBA 3KPaHUPOBA-
Hus. OIHAKoO, 3a/1a4a KOPPEKTHOTO BBIYUCIICHUS
BECOBBIX MHOXHTEJEH, C IOMOIIBI0 KOTOPBIX
(hopMupyeTCs CKAISPHBIA KPUTEPHA ONTHMH3A-
U B OOIIEeM BHUJE SBISETCS HEKOPPEKTHO TIO-
CTaBIICHHOW 3amauell W ee pelieHue TpedyeT
crienuaibHBIX oax00B [26]-[30]. Kpome Toro,
B TIOCTAHOBKaX 3aJlaud MPOCKTHPOBAHUS CHCTE-
MbI DKPaHUPOBAHWS MAarHUTHOTO TOJIS BOOOIIE
HE YYHUTHIBAINCH HEOMNPEAENCHHOCTH MOoJenei
UCXOJHOTO MAarHUTHOTO TIOJISI U TIApaMETPOB CH-
crembl yrpaBieHus. [loatomy, B oTnmume OT
pabor [16]-[18] 3amauy npoOeKTHPOBaHUS TH-
OpuIHOW CHCTEMBI POOACTHOTO AKTUBHO-
MACCUBHOTO DKPAaHUPOBAHUS CBEJEM K BBIUHCIIE-
HHUIO pELICHUSI BEKTOPHOU Urpsl [31]-[32]

Bp(X.8)=(By(X,8,0))  (17)

B aT0if BEeKTOpHOW UTpe HEOOXOAMMO HANTH
MHUHAMYM BEKTOpa BBIUTpHIA Urphl (17) 1o
BEKTOpPY X HCKOMBIX IMapaMeTpoB 3ajadd IMpo-
eKTHPOBaHUSI THOPUIHOW CHCTEMBI aKTHBHO-
MACCHUBHOTO 3KPaHUPOBAHUS, HO MAKCHUMYyM 3TO-
ro XK€ BEKTOpa BeIMIphIma Urpsl (17) mo BekTo-
py & mapaMeTpOB HEONPEACICHHOCTEH THOpHI-
HOW CHUCTEMBI aKTHBHO-IIACCUBHOTO DKPAaHUPO-
BaHUS.

Komnonenramu Bekropa urpsl (17) sBisrores
a¢¢exTuBHbIC 3HaUCHUS Bg(X,d,0;) MHIYKLUU

PE3YIBTUPYIOMICTO MArHuTHOI'O IIOJIA BO BCEX
paccMaTpuBacMbIX TOYKaAxX Qi MMpoCTpaHCTBa

SKpaHUPOBAHUS.
IIpu sTOM, ectecTBEHHO, HEOOXOAWMO YUH-
ThIBaTh orpanuyeHust [33]-[35] Ha BekTOp X
HMCKOMBIX MapaMeTpOB U BEKTOpP & MapaMeTpoOB
HEONpEeEICHHOCTEH 3aJauyd  MPOCKTUPOBAHUS
THOPUIHON  CHCTEMBI  aKTUBHO-TIACCHBHOTO
SKpaHUPOBAHUS B BHJIE BEKTOPHOTO HEPABEHCTBA

1, BO3MOYXHO, BEKTOPHOT'O PAaBEHCTBA
G(X,8)<G,

max >

H(X,8)=0 (18)

3aMeTHM, 4TO KOMIIOHEHTHI BEKTOPHOH WI-
pet (17) u BekTopHBIX orpannueHuit (18) sBmus-
I0TCS HEJIMHCHHBIMH (YHKIMSAMH BEKTOpa X
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MCKOMBIX [TapaMeTPOB M BEKTOpa & MapaMeTpoB
HEONpeAeTICHHOCTEH 3aJauyll  MPOSKTHPOBAHUS
THOPUIHOM ~ CHCTEMBI  AKTHBHO-TIACCHBHOTO
JKpaHupoBaHus [19] U pacCUYNTHIBAIOTCS B IIPO-
rpammuoil cpene COMSOL Multiphysics.

II1. AArOPUTM PELIEHUSA

PaccMoTpuM anroputM BBIYUCIIEHHS peLie-
HUAS BekTopHOW wurpel (17) ¢ orpaHudcHUS-
mu (18). B pabotax [31]-[32] paccmaTpuBaroTcs
pa3IuyYHbIe TOAXOABI K BBIYMCICHUIO PELICHUI
BEKTOPHBIX UI'D Ha OCHOBE Pa3IMYHbIX 3BPUCTU-
YECKUX TOJX0A0B. B ormmume ot pador [31]-
[32] B manHOU paboTe Ui HAXOXKIACHHUS €I[UH-
CTBEHHOTO PEIIEHUS BEKTOPHOH WIPBHI M3 MHO-
s)kectBa IlapeTo-onTUManbHBIX pELIEHUN MOMU-
MO BEKTOpPHOTO BBIMIphIA (17) 1 orpaHMYeHUN
(18) Oynem Takke UCTIONB30BaTh HHPOPMAIIHIO O
OMHAPHBIX OTHOIICHUSAX MPEIANOYTCHUS JIOKANIb-
HBIX pEelIeHHH ApPYr OTHOCUTENBHO Apyra [29]-
[30].

Jlns HaxoKOEeHMs TAKOro €AMHCTBEHHOIO OII-
TUMAJbHOTO pEIIeHHd HEeoOXOANMO CHavana
pa3paboTarh aJropuTM MOCTPOCHUs! Bced obOma-
cti [lapeTo-onTUMaNnbHBIX peleHU. 3aTeM Ha
OCHOBE aHaJIM3a BCETO0 MHOYKECTBA BO3MOXKHBIX
ONTUMAJIBHBIX PELIEHUI HMCXOAHOW BEKTOPHOU
UTPBl Cy3UTh 00JaCTh paccMaTpUBaEMbIX pellie-
HUH M, CJIEeNOBATEIbHO, YMEHBIIUTh TPYIOEM-
KOCTb JIMIIA, IPHHUMAIOIIETO PEIlIeHHE B BHIOOpE
€AMHCTBEHHOI'0 BapHaHTa ONTHMAJIBHOTO pelle-
HUSL.

OCOOCHHOCTBIO paccMaTpUBAEMOM  3adayu
HaXOXKJIEHUSI pPEelIeHHs SBISETCS MHOTOIKCTpe-
MaJBHOCTH BEKTOPHOTO BBIUTpHImIA (17), Tak 4TO
paccMaTpuBaeMasi 00JacTb BO3MOXKHBIX peLle-
HUI CONEP)KUT JIOKAJIbHbIe MHUHMMYMBI M Mak-
CUMYMBI. DTO CBSI3aHO C T€M, YTO MPU MUHUMH-
3alMM  YPOBHS HMHIYKIMH Pe3yJIbTUPYIOIIEro
MarHUTHOTO TOJIA B OJIHOM TOYKE MPOCTPAHCTBA
SKpaHUPOBAHUS YPOBEHb HMHIYKIMS B Jpyroi
TOYKE 3TOr0 IMPOCTPAHCTBA YBEJINYMBACTCS 32
CYET HEAOKOMIICHCAIIMM WM MEPEeKOMIICHCALUI
UCXOAHOTr0 MarHuTHOro noJjs. Ilostomy ains BbI-
YUCIEHUS PEIIeHUsI paccMaTpUBAaeMOW BEKTOp-
HOH HWIpBI 11€J€cO00pa3HO HCIOJIb30BaTh AJIIO-
PUTMBI CTOXaCTHUYECKON MyJNbTHAreHTHOM ONTH-
Mmzarun [31]-[32].

PaccMoTpuM OuH M3 BO3MOXKHBIX alTOpUT-
MOB  HaxOxiaeHus  MHoxectBa  Ilapeto-
ONTHMAJbHBIX PELICHUH BEKTOPHOM HIpPHl Ha
OCHOBE CTOXaCTMYECKOM MyJIbTHAareHTHOH oOr-
TAMH3aIN — anroput™ PSO, OCHOBaHHBIH Ha
uzee KOJUIEKTUBHOI'O pasyMa pos 4acTul] AJs
HaXOKACHUS TII00aIbHO ONTUMAIBHOTO 3Haue-

nue y;(¢) — gbest PSO, maiinennoe Bcemu wua-

CTHIAMH POSl, U JIOKAJILHO ONTHMAILHOTO 3Ha-
dennst y; () — lbest PSO, maiizenHoro omHoii

yactuieit pos [33]-[34].

Jns BBIUMCIEHUA PEUIEHUH BEKTOPHBIX HUIP
WCTIOJB30BaHUE CTOXACTUYECKUX MYJIbTHAreHT-
HBIX 3BPHUCTUYECKUX METOJIOB ONTHMHU3ALMU BbI-
3BIBACT ONpEAEICHHBIE TPYIHOCTH, OJHAKO 3TO
HaIpaBJIeHUE TMPOOIDKAET MHTEHCHUBHO pa3BU-
BaTbCS C UCIOJIb30BAHUEM Pa3NUYHbIX 3BPUCTHU-
YecKHX MpuemMoB. PaccMoTpuM croxacTHyecKuit
MYJBTHATEHTHBIA aNTOPUTM ONTHUMH3AINH IS
BBIYMCIIEHUSI PELIEHUS] MCXOJHONH BEKTOPHOM
urpsl (17) ¢ orpanmuenusimu (18) Ha ocHOBe
MHOECTBA POEB YAaCTHI], KOJIUIECTBO KOTOPBIX
pPaBHO KOJIMYECTBY KOMIIOHEHT BEKTOPHOTO BBI-
urpseima (17).

B mpocreiimem anropurme pacdera ONTH-
MalbHOIO MONOKeHMs x;(t) u cxopoctn v(¢)

JIBIDKCHUS YaCTHUIBI i POS j CKOPOCTH JIBHIKE-
HUS BBIYUCIISIOTCS IO JTUHEHHBIM 3akoHaM [31]—
[32]. B otnuume OT 3TUX alrOPUTMOB, B TaHHOMN
paboTe IS MOBBITICHUS CKOPOCTH HAXOXKICHHS
T100aTBHOTO PENICHHSI HCIIONB3YETCSI CIICTIHAITb-
HbI HEMMHEHHBIA aNrOpUTM CTOXACTUYECKOM
MyJIbTHAareHTHOW ontumuzanuu [35]-[36]. B
9TOM aJTOPUTME JUIS TEPEKITFOUCHUS ABYKCHIS
YaCTHUIBI COOTBETCTBECHHO C JIOKAJBLHOTO OITH-

Myma y;(t) Ha rmoGaneHsli y)(r) ncmonssyercs
(dbynakus Xepucaiina H . JIBIbKeHUE YaCTHIBI i
posi j B OTOM HEJIMHEHHOM aJTOPUTME OMHCHI-
BaeTCS CICAYIOIUMHU BEIPAKCHUSIMHI

vij(t+l) wv()
..+cljr1»(t)H(plj slj(t)
[ 0, )]+ (19

..+czjrzj( t)H(p,

Dm0
X (t + 1) =X (t)+

rae ¢, ¢, — HNOJOXHUTCIIBHBIC KOHCTAHTHI, OIIpe-

vy (t+1) (20)

JIeNSIONIME Beca KOTHUTHBHOM M COLMATbHOM
COCTABJISIONMMX CKOPOCTH JIBM/KEHHS HaCTHIIB;
r(t), n,(t) — cmyuaiinbie uncna w3 auanaso-

Ha [0, 1], ompenensromue CTOXaCTHYECKYIO CO-
CTaBJISIONIYIO0 CKOpocTH dacTuimbl. [lapamerpsl

MEPEKIIIOUEHNs] KOTHUTHBHON p, ; W couHaib-
HOM p,; COCTABISIONIMX CKOPOCTH [BHXKEHHS

YJacTull B COOTBCTCTBHU C JIOKAJIBbHBIM H TJIO-
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OaynbHBIM ONTUMYMOM; CIIyYaiHbIE YHCEN &;; (t)
v &) (t) onpemenuTh MapaMeTpHl MEPEKTIOUCHHS

JBIDKEHHSI YacTHULIbI 110 JIOKAJIbHOMY U I7100ab-
HOMy ontuMmymam. Ecim  py; <g j(t) u
Pa2j <&;(t), TO CKOPOCTE JIBIKCHUS YACTHIIBI i
posl j Ha Iare He MEHSETCs M YacTUla ABMKET-
Csl B TOM )K€ HAIIPaBJICHUH, YTO U Ha NpPEIblay-
IIeM LIare ONTUMHU3ALIH.

[Ipu BBIYUCIIEHUM OIHOTO €IUHCTBEHHOI'O
r100aJIbHOTO pelieHus] BeKTOpHOU urpbl (17) ¢
orpanuueHussMA (18) ¢ MOMOIIBIO OTAENBHBIX
POEB BBIUHUCISIIOTCS PEIICHUS CKaSIPHBIX HIP,
SIBIIAIOIINXCST  KOMIIOHEHTaMHM  BEKTOpa  WrI-
pet (17). Anst BBIYMCIEHHUS OIHOTO E€OUHCTBEH-
HOTO TJIOOATBHOTO pEMIEHHUs] BEKTOPHOW Wr-
ps1 (17) ¢ orpannuennsmu (18) oTaensHBIE pon
oOMeHMBaloTcsl HHQOpManueil Apyr ¢ Ipyrom B
XOJIe BBIYMCIICHHS ONTHUMAJbHBIX PEIICHUH JIO-
KaJbHBIX Hrp. MHpOpManus o riiobanbHOM OIl-
TUMyME, MOJIYYEHHOM YacTULAMH APYroro pos,
UCIIONB3YETCA ISl BBIYUCIIEHUS CKOPOCTH JIBH-
JKEHHUSI YacTUIl JPYroro posi, YTO U TO3BOJSET
BBIUMCINTE BCce NoOTeHIUanbHele Ilapeto-
ONTHMAJIbHBIE PEIICHUSI.

IIpu »ToM, B oTimuaue ot padot [36]-[37], Ha
KaX/IOM lIare ¢ IBWKCHMUS YacTHLBI [ PO j
UCTIONIB3YIOTCA (PYHKIMHM OMHAPHOTO IpEero-
YTEHHS JIOKAJIbHOTO PEIICHHS (¢), monyuenno-

ro OAHOW yacTULEd pos M II00aNbHOrO pelle-
HUSA y; , IOJTy4eHHBIX BCEMU posMu. Pemenue
X'(t), nonyueHHOE IpH ONTHMH3ALMH PEIICHUS
HATPEI B(X (t),Pj) C IIOMOIIBIO POSA j JIy4YIlE, YEM
peuenue X, (t), MOJIy4€HHOE TIPY ONTUMH3ALUU
PCUICHUS HIPBI B(X (t),Pk) C HCIOJIb30BAHHUEM
pos k, T. e. Xj-(t)» X,f(t) €CJIM  BBINOJIHAETCS
yCJIOBHE
maxB(Pi,X_;(t))< maxB(F},X;(Z)) 21
i=l,m i=l,m
I'moGanbHoe pemeHue XZ(z), MIOJTYYEHHOE
poeM k HCHONB3yeTcs KakK I00allbHOE OITH-
MajabHOE PELICHUE X;(t) post j, KOTOpOE SBIISI-
eTcsl Jy4IlIMM O OTHOLIEHUIO K IJI00aIbHOMY

*
pemtennio X, () pos k Ha OCHOBE OTHOIIEHMS

npeamnouTeHus (21).

OcHOBHasi wjes TOCJEOBATEIBHOIO CYxKe-
HUs ~ obmactu  kommpomuccoB  I[lapero-
ONITUMAJILHBIX PENICHUI COCTOUT B TOM, YTO BCE,

YTO HE MOXET OBITh BHIOPAHO B COOTBETCTBHH C
uMeronieics uHpopmaimelr 00 OTHOLICHHUIX OH-
HApHBIX MPEATIOYTEHUSX, TOCIEJOBATEIHHO ya-
JISIETCS U3 HAYaJbHOTO MHOXKECTBA BO3MOXKHBIX
pemeHnii Ha ocHOBe HMH(popManuu 00 OTHOCH-
TEJIbHOW BaXKHOCTH JIOKaJbHBIX pElIeHUH. Y aa-
JIeHHE BBITIOJNHACTCS A0 TEX MOp, MOKa He Oyzaer
NOJIY4YE€HO  TJ00albHO-ONTHMAIBHOE  pelle-
Hue [33]-[34].

Ha ocHOBaHnM OWHApHBIX OTHOIIEHUH TIpel-
noyreHuit (21) mpu MUHUMH3ALUK YPOBHS WH-
IYKUUU PE3yJIbTUPYIOIIETO MAarHUTHOTO MO B
OTHOM TOYKE MPOCTPAHCTBA SKPAaHWPOBAHUS U
YBEIUYCHUH YPOBHS MHIYKIMS B JAPYTrOd TOUYKE
3TOr0 MPOCTPAHCTBA 3@ CYET HEJOKOMIICHCAINH
WIH TIEPEKOMIIEHCAIIMA MCXOJHOTO MAarHUTHOTO
MOJIS MOXKHO BBIOpaTh Takoe pelieHue, Mpu Ko-
TOPOM MHUHHMH3HPYETCS MaKCHMalbHOE 3Hade-
HUE YPOBHS WHIYKIIMW TI0 BCEM paccMaTpuBae-
MBIM TOYKaM MTPOCTPAHCTBA SKPAaHUPOBAHHS.

IV. PE3YJBTATHI MOJEJTAPOBAHUS

B mporecce pa3zpaboTku THOpUAHOTO SKpaHa,
ObUIN BBIYUCIICHBI KOOPAMHATHI IPOCTPAHCTBEH-
HOTO pACITOJIOKCHHUS 16 TPOBOJHUKOB MHOTO-
KOHTYPHOTO TaccUBHOTO 3kpaHa. Kpome Toro,
ObUIM TaK K€ BBIYMCIICHBI KOOPAUHATHI IPO-
CTPAaHCTBEHHOTO PACIIOJIOKEHUSI ABYX KOMIICH-
CallMOHHBIX OOMOTOK, a TakXe, TOKM U (a3bl B
9THX OOMOTKaxX CHUCTEMBI aKTHBHOTO 3KPaHHPO-
BaHUsl.

B otnuuume ot pab6ot [13]-[15], B HacTosmei
paboTe KOOpAMHATHI NPOCTPAHCTBEHHOTO PacIIo-
JIO)KEHUS] KOHTYPOB MHOTOKOHTYPHOI'O TacCHB-
HOTO 3KpaHa BBIYHCIICHBI B XOJE pEIIeHUs] MHO-
TOKPUTEPUAIIBHOW  AHTarOHUCTUYECKON  UTpBI
(17) ¢ orpannuenusmu (18) u mas SKpaHUpOBa-
HUSI HCXOJHOTO MarHUTHOTO IOJI UCIIOJIB3YETCs
JJEKTPOMAarHUTHBI ~ TUOPUIHBIH  AKTUBHO-
MaCCUBHBIN AKpaH.

Cxema pacnonoxxenus JIOII, komnencupyro-
MKUX OOMOTOK aKTHUBHOTO 3KpaHa W NPOBOAHU-
KOB MHOTOKOHTYpPHOTO ITaCCHBHOTO 3KpaHa To-
Ka3aHa Ha puc. 1.

Ha puc. 4 nokasaHo pe3yibTHpYIOLIEE Mar-
HUTHOE T0JIe Ipu paboTe TOJIBKO MHOTOKOHTYP-
HOTO NTAaCCUBHOTO YKPaHa.

YpOoBEHb MarHMTHOIO IIOJII B LEHTPAJIBHOMN
YaCTH NMPOCTPAHCTBA 3KPAHUPOBAHUS COCTaBIIS-
er 1,1 mx77, B TO BpeMsl KaKk ypOBEHb UHAYKLIHU
UCXOJHOTO MAarHUTHOTO TMOJI B LEHTpPaIbHOMN
YacTU MPOCTPAHCTBA 3KPaHUPOBAHUS COCTABIIA-
er 1,7 Mx7Tn. PacderHoe 3HaueHme (akropa
OKPaHWPOBAHHA B IIEHTPAIBHOW 4YacTH Ipo-
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CTPaHCTBAa JKpaHUpPOBaHUS cocTaBiusieT 1,54
€VHHULIBL.

[Ipu pabore TOJIBPKO MHOTOKOHTYPHOI'O Ilac-
CHUBHOIO DJKpaHa HaOJIOAAIOTCsl XapaKTepHbIE
METJIEBOTO MACCUBHOI'O 3KpaHa, pAaCCUNTAaHHBIX B
Ipolecce MPOEKTUPOBAHUS IKpaHa.

Ha puc. 5 nokazaHo pe3yJbTUpYIOIllEe Mar-
HUTHOE II0jJie NpH padoTe TONBKO AKTHUBHOIO
sKkpaHa. YpoBeHb MII B ueHTpanbHON dYacTu
MPOCTPAHCTBA  JKPAaHMPOBAHHSA  COCTABJISAET
0,2 MmxT7. PacueTHoe 3HaueHue ¢akTopa 3Kpa-
HUPOBAHUS B LIEHTPAJIbHON YaCTH NMPOCTPAHCTBA
SKpaHUPOBAHHS COCTABISET 8,5 €AMHHUIIBI.

Ha puc. 6 nokasaHo pe3yibTHpYIOLIEE Mar-
HUTHOE TI0JIe TpH paboTe THOPUAHOTO aKTUBHO-
MacCUBHOIO 3kpaHa. YposeHb MII B nieHTpans-
HOW 4YacTH MNpPOCTPAaHCTBA 3KPaHUPOBAHUS CO-
crapnsier 0,17 mxTn. PacuetHoe 3HaueHue (ak-
TOpa SKPaHUPOBAHMS B IIEHTPAILHOM YacTH MPO-
CTpaHCTBa SKpaHUpoBaHUs cocrasisier 10 enu-
Hunbl. [IpuMeHeHne ruOpUIHOTO 3KpaHa Mo3BO-
JISeT CHU3UTh YPOBEHb MCXOJHOTO MarHMTHOTO
NOoJsl B CYIIECTBEHHO OOMbIIeH 0ONAacTH Ipo-
CTPaHCTBA 3KPAaHUPOBAHUS 110 CPABHEHUIO C HC-
MOJIb30BaHUEM TOJIBKO aKTHBHOTO IKpPaHa.

V. PE3VJIbTATBI 3KCIIEPUMEHTAJIbHBIX
HCCJEJIOBAHUMA

PaccMoTpuMm Temepb pe3ynbTaThl AKCHEPHU-
MEHTAJBHBIX MCCIIETOBAHUH SIEKTPOMArHUTHOTO
TUOPHUHOTO aKTUBHO-TTACCHBHOTO YKPaHa.

Ha puc. 7 moka3aHbl KOMICHCAIIMOHHAS 00-
MOTKa W MHOTOKOHTYPHBIM MAaCCHUBHBIM 3KpaH
SKCIEPUMEHTAIBLHON YCTaHOBKH.

Ha puc. 8 mokazaH MHOTOKOHTYpPHBIH IIac-
CHUBHBIM 3KpaH HKCIIEPUMEHTANBHOU YCTaHOBKH

ym /w
14-

1 1 >
-0.5 0. 05

obmactu KOHIOCHTpAIun HaHp}I)KGHI/Iﬁ B
16 Toukax PaCIOJIOKCHUS MPOBOAHUKOB MHOI'O-

FI/I6pI/IZ[H01"O AKTUBHO-ITACCUBHOI'O 3KpaHUPOBA-
HUA.

PaCCMOTpI/IM PE3YyJIbTaTbl 3KCHCPUMCHTAJIb-
HBIX I/ICCJ'IC,Z[OBaHI/If/i FI/I6pI/IZ[HOI>i CHUCTCMBI aKTHB-
HO-ITAaCCUBHOT'O 3KPAHUPOBAHUS.

Ha puc. 9 BmMecTe ¢ pacueTHBIME 3HAYEHUSIMHU

MOKa3aHbl M SKCIEPUMEHTAIbHO HU3MEpPEHHBIC
3HAQUEHUs] ~ MHAYKIMM  MarHUTHOTO  MOJS,
cOo3/7aBaeMoe JIDII, Hu UHIYKIUU
PE3YNBTUPYIONIETO MAarHUTHOTO  TOJISI  TIPH
BKIIIOYCHHOH CHCTEME aKTHBHO-ITACCHBHOIO
SKpaHUPOBAHUS.

DKCMEPUMEHTAILHO U3MEPEHHOEC MUHHUMAITh-
HOE 3HAYCHUE MHAYKIIMH B MaJIOH 30HE DKpaHU-
POBaHUS TPU BKIIOUEHHOW THOPUIHOIN cUCTeMe
AKTHUBHO-IIACCUBHOI'O 3KPaHUPOBAHUSA COCTABIISI-
et 0.1 mx7n. UHIyKIKS UCXOMHOTO MarHUTHOTO
MoJii B PAacCMaTpUBaeMOM IIPOCTPAHCTBE CO-
craBisgeT 2 MKI7, a TPU BKIIOYEHHOH THOPHI-
HOM CHCTEMBl aKTHBHO-TIACCUBHOTO DJKPAaHHUPO-
BaHMSI YPOBEHb MATrHUTHOTO TOJISI BO BCEU 30HE
3KpaHUpoBaHUs He npebimaeT 0.28 Mx 7.

CpaBHEHHE pEe3yJbTAaTOB PACUETHBIX U DKC-
MEPUMEHTAIBHO U3MEPEHHBIX 3HAUYCHUN WHIYK-
U UCXOJHOTO U PE3YIHTUPYIONIETO MarHUTHO-
ro TONIA C BKIIOYEHHON THOPUIHON CHCTEMOW

AKTUBHO-ITACCHUBHOT'O SKPaHUPOBaHMSA, MOKAa3aH-
HBIX Ha puc. 9, ommuaroTcs He Oojee 4eM Ha
20 %.

Puc.3. Cxema pacnonoxenus JIIII, 00MOTOK aKTHBHOTO IKPaHA U MHOTOKOHTYPHOTO
NacCMBHOIO JKpaHa.®

10
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Puc.4. PesyabTHpylomee MAarHUTHOE 10JIe IPH padoTe TOJBKO MHOTOKOHTYPHOIO
NACCHBHOIO JKpana. *
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Puc.5. Pe3yabTHpyIOLIee MATHUTHOE 110JIe IPH PaGoTe TOJbKO AKTHBHOIO KpaHa.

11
45 Appendix 1
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Puc.6. PesyabTHpyIomee MArHUTHOE 10JIe IPH pa0oTe THOPUIHOr0 AKTUBHO NACCUBHOTO
IKkpana.

Puc.7. Cxema pacnoJioxxeHHs 0OMOTKH Puc.8. MHOrOKOHTYPHBIIi ACCUBHBIH
AKTHBHOI'0 IKPAaHA H MHOTOTOKOHTYPHOI0 IKPaH IKCNEPUMEHTAILHOI YCTAHOBKH
NaCCMBHOrO KpaHa. ’ rUOPUIHOr0 AKTHBHO- NACCUBHOTO

JKpaHupoBaHus.

678 Appendix 1
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2 'H-H__H_'H_
T initial magnetic field
Rh~~_~h;=(hmc><cmHoe MIT)
157 T
— |
—
— 1
]
0.57
experimental )
- (SKCI'IepMMBHTEIJ'IbHOBl ComTT TS
0 TS Sooooooo=E ‘T’c’alEuIate (mogenbHoe) |
1.9 2 2.1 2.2 2.3 24
X,m

Puc. 9. CpaBHeHHe MHAYKIIMH HCXOJHOT0 MATHUTHOTO MOJISl  MATHUTHOTO MOJS MPU BKJIIOYEHHOMH
ru0OpUIHOIi CHCTEMe AKTHBHO-TIACCHBHOIO0 JKPAHMPOBAHHS. °

OCHOBHOE TIPEUMYIIECTBO HCTOIH30BAHUS
3JIEKTPOMAarHUTHOTO  TUOPUIHOTO  AKTUBHO-
MACCHBHOTO JKpaHa 3aKIII0YaeTcs B TOM, YTO C
€ro MOMOIMIbI0 MOXKHO CHU3UTH YPOBEHb HCXOJI-
HOTO MarHUTHOTO TOJII Ha 3HAYUTEIHHO OO0JIb-
el IIoImaay SKPaHUPYIOMIEro MPOCTPaHCTBA
MO0 CPaBHEHMIO C WCIIONB30BAHHWEM TOJIBKO aK-
THBHOT'O DKpaHa.

VI. 3AKJIIOYEHUE

1. [IpemnoskeH MeTox MPOEKTUPOBAHUS dJIEK-
TPOMAarHUTHOTO THOPUIHOTO aKTHUBHO-
MACCUBHOI'O AKpaHa, COCTOALLIEIO U3 aKTUBHOU U
MHOTOKOHTYPHOM NAacCHBHOM 4acTeil, KOTOPBIN
XapakTepU3yeTcsl TOBBIMICHHONH () deKTUBHO-
CTHIO CHWXEHHUSI MArHUTHOTO TMOJS MPOMBIII-
JIEHHOM 4YacTOThI, CO3[aBaeMO€ BO3AYLIHBIMU
JTUHUSMA  DJIEKTPOIIEpeiadl ¢  TPEYTOJIbHBIM
pacnonoxeHueM (a3HBIX TMPOBOJOB B IKUJIBIX
JIoMax CTapoil 3aCTporKH.

2. 3amaya IPOEKTUPOBAHUS BIEKTPOMATHUT-
HOTO THOPHIHOTO aKTUBHO-TIACCUBHOTO JKpaHa
CBElICHA K PEIICHUIO BEKTOPHON HWTPHI, B KOTO-
pO¥l BEKTOP BBIUTPHINICH BBIYUCIACTCA C MOMO-
B0  MPOTPAMMHBIX  CPEACTB  CHUCTEMBI
COMSOL Multiphysics. PemieHue 3ToH Hrpbl
BBIYMCIIAETCS HA OCHOBE AJITOPUTMOB MYJIBTHPO-
€BOM MYJIbTHAr€HTHOM CTOXAaCTUYECKOM OINTH-
MH3aIuy u3 MHoKecTBa [lapeTo-omTmMalibHBIX
pelIeHni C ydYeToM OWHApPHBIX OTHOIICHHH
MPEANOYTEHUHN PELIEHUH JIOKAJIBHBIX UIP.

3. B xozie mMpoeKTUpOBaHUS AIEKTPOMArHUT-
HOr0 THOPHIHOTO AKTHBHO-NIACCMBHOI'O 3KpaHa
JUISL CHUKEHUSI MAarHUTHOTO TIOJS TIPOMBIIIIICH-

? Appendix 1 13

HOH YaCTOThI, CO34aBacMOC€ BO3YIIHBIMU JIMHH-
SMH DJIEKTPOTIEpEIaull C TPEYrOJbHBIM PAaCIIo-
JJOXKECHUEM (1)33HLIX IMPOBOAOB B JKHJIBIX JOMax
CTapod 3acTpOMKM, BBIUYMCIEHBl KOOPIMHATHI
MPOCTPAHCTBEHHOTO PACMOJOXKeHUs 16 KOHTYyp-
HBIX TIACCHBHBIX DKPAaHOB W KOOPIAWHATHI IIPO-
CTPAHCTBEHHOT'O PAacIOJIOKEHUSI JBYX KOMIICH-
CAIMOHHBIX OOMOTOK, a TaKXke TOKA U (has3el B
3TUX 0OOMOTKaX aKTUBHOI'O 3KPaHa.

4. OCHOBHBIM TPEUMYIIIECTBOM HCIIOJIb30Ba-
HUA SJICKTPOMArHUTHOT'O I‘I/I6pI/II[HOI‘O AKTHBHO-
MACCUBHOTO 3KpaHa, COCTOSINEr0 U3 aKTUBHOU U
MHOTOKOHTYPHOM NAacCUBHOM 4YacTell, ABIAETCS
BO3MOKHOCTb CHUKCHHA YPOBHA HayaJabHOU HH-
IYKITUM MAarHUTHOTO TIOJIS B 3HAYMTEIHHO OOJIb-
e o0acTu MPOCTPAaHCTBA SKPAHUPOBAHUS TI0
CpPaBHEHHIO C WCIONB3YS TOJIBKO aKTHBHOTO
JKpaHa.

5. IlpakTHueckoe HCIHOIB30BaHHE pa3pado-
TaHHOTO D3JIEKTPOMArHUTHOTO THOPUIHOTO aK-
TUBHO-TIACCUBHOTO JKpaHa I[O3BOJIUT CHHU3HTH
YpPOBEHb MAarHMTHOTO TOJsI, CO3/aBa€MOE€ BO3-
IyITHBIMA JIMHASMH DIIEKTPOIIEpeladnl C Tpe-
YTOJIBHBIM PACIIOIOKEeHNEM (ha3HBIX TPOBOJIOB B
JKUIIBIX JIOMax CTapol 3aCTpOMKH 10 Oe30macHo-
ro ypoBHs 0,5 Mx77n nns HacelneHUs, MPOKUBA-
tomero Bomu3u JIOII.

APPENDIX 1 (ITPUJIOKEHHUE 1)

'Fig. 1. An example of residential buildings located in
close proximity to the main double-circuit power
transmission line.

%Fig. 2. A modern residential cottage located near a
power line pylon.
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3Fig. 3. The relative position of the 110 kV overhead
power transmission line with a triangular arrangement
of phase wires, two compensation windings and a
shielding space.

“Fig. 4. The resulting magnetic field when multi-loop
passive shield only.

SFig. 5. The resulting magnetic field when active
shield only.

SFig. 6. The resulting magnetic field during operation
of the hybrid active-passive shield.

Fig. 7. The layout of the winding of the active shield
and multiloop passive shield.

8Fig. 8. Multiloop passive shield of the experimental
installation of hybrid active-passive shielding.

Fig. 9. Comparison of the induction of the initial
magnetic field and the magnetic field with the hybrid
active-passive shielding system switched on.
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Intelligent System of Relay Protection of Electrical Network 6-10 kV with
the Implementation of Automatic Correction of the Operation Set Point

Shilin A.A., Dement’ev S.S., Dikarev P.V.
Volgograd State Technical University
Volgograd, Russian Federation

Abstract. The purpose of the study is to develop the architecture and working algorithm of intelligent
relay protection of an electrical network with an isolated neutral. “Intellectualization” of relay
protection is necessary to increase its sensitivity and reliability. This problem is relevant due to the
accident rate of overhead power lines and incorrect operation of traditional relays. This is due to the
fact that the set point is not adjusted according to the deviation of the line parameters with changing
environmental and load conditions. The purpose of the study is achieved by solving the following
problems: the concept of supplementing an electronic relay with a mechanism for correcting the
operation set point is proposed. The use of the digital shadow of the electrical network is substantiated.
The digital shadow interrogates the sensor system. The advantage of using a digital shadow as part of
relay protection has been proven. This allows emulating faults and estimating currents to correct the
setpoint. The most significant result of the study is an example of the implementation of intelligent
relay protection using a digital shadow in the form of an artificial neural network. The application of a
neural network for approximating the current function of a two-phase short circuit is demonstrated.
The significance of the results lies in the improvement of the sensitivity and selectivity of current
protection due to the digital shadow for working out emergency modes. The convenience of operating
and reproducing a digital shadow in the form of a neural network is noted.

Keywords: power supply reliability, relay protection and automation, digital shadows, artificial neural
networks, adaptive systems, smart grid.
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Sistem inteligent de protectie cu relee a retelei electrice 6-10 kV cu implementarea corectirii automate a
setarii de preluare
Silin A.A., Dementiev S.S., Dikarev P.V.
Universitatea tehnica de Stat din Volgograd
Volgograd, Federatia Rusa

Rezumat. Scopul studiului este de a elabora arhitectura si algoritmul de lucru al unui sistem inteligent de
protectie cu relee ale retelei electrice cu neutru izolat. ,,Intelectualizarea” protectiei cu relee este necesara pentru
a creste sensibilitatea si fiabilitatea acesteia. Aceasta problema este relevanta din cauza ratei de accidentare a
liniilor electrice aeriene si a functiondrii incorecte a releelor traditionale. Acest lucru se intampld din cauza
incapacitatii de a regla curentul de setare a releului in conformitate cu abaterea parametrilor primari ai liniei de
alimentare atunci cand se schimba conditiile de mediu si puterea transmisa. Scopul studiului se realizeaza prin
rezolvarea urmiatoarelor probleme: se propune conceptul de conceptul de completare a protectiei clasice de
curent, realizatd pe baza unui releu electronic, cu un mecanism de corectare adaptiva a punctului de referinta de
declansare. Este fundamentata utilizarea umbrei digitale a retelei electrice. Umbra digitala interogheaza sistemul
de senzori. Avantajul utilizarii unei umbre digitale ca parte a protectiei releului a fost dovedit. Acest lucru
permite emularea defectiunilor si estimarea curentilor pentru a corecta valoarea de referintd. Cel mai
semnificativ rezultat al studiului este un exemplu de implementare a protectiei releului inteligent folosind o
umbrd digitala sub forma unei retele neuronale artificiale. Este demonstratd aplicarea unei retele neuronale
pentru aproximarea functiei curente a unui scurtcircuit bifazat. Semnificatia rezultatelor constd in imbunatitirea
sensibilitatii si selectivitatii protectiei curentului datoritd umbrei digitale pentru elaborarea modurilor de urgenta.
Se remarcd comoditatea operatiunii si reproducerii unei umbre digitale sub forma unei retele neuronale.
Cuvinte-cheie: fiabilitatea sursei de alimentare, protectia si automatizarea cu relee, umbre digitale, retele
neuronale artificiale, sisteme adaptive, retele activ-adaptative.
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HHTennexTyaabHasi cHCTEMA pesleifHOM 3aIUThI dJIeKTpHieckoii cetn 6-10 kB ¢ peanuzanunei
aBTOMATHYECKOH KOPPEKIUH YCTABKH CPAdaThHIBAHUSA
Muaun A.A., lementbeB C. C., luxapes I1.B.
Bonrorpaackuil rocyaapcTBEHHBIM TEXHUYECKUN YHUBEPCUTET
Bonrorpan, Poccuiickas ®enepauns

Annomayus. 1enp uccienoBanns 3aKII0UACTCA B pa3padOTKe apXUTEKTYPHl U alropuTMa (yHKIHOHUPOBAHUS
MHTEJJIEKTYaJIbHOM CUCTEMBI PEJIEHHON 3aIUThI AIEKTPUIECKON CETH ¢ U30JIMPOBAHHON HelTpanbio. BaxxHoCTh
«MHTEIUICKTYaJIN3aIi» PeIeHHON 3aIIUTHl OOBACHACTCS HEOOXOANMOCTHIO TIOBBIIICHUS €€ YyBCTBUTECIBHOCTH
1 Ha&KHOCTH cpabarbiBanms. JlaHHas mpobiema He TepseT CBOIO aKTyalbHOCTh BBHJY BBHICOKOW aBapUHHOCTH
BO3JYLIHBIX JIMHUM 3JEKTpOIepeaadd W YacThIX CIydyaeB HEKOPPEKTHOH paboThl penelHON 3allyThl
TPaAUIHOHHOW KOH(UTYpaluu. DTO MPOUCXOJUT BBHIY OTCYTCTBHS BO3MOXXHOCTH HACTPOMKH TOKa yCTaBKH
pelie B COOTBETCTBUU C OTKJIOHEHHEM IIEPBHUYHBIX MapaMEeTpPOB JIMHUM 3JEKTpolepefaud MpU H3MEHEHHH
YCIOBUH OKpy’Karollel cpeibl U IepenaBaeMoil MOIIHOCTU. [locTaBieHHas Iielb MCCIIENOBAaHUS JOCTUraeTcs
pelIeHreM CIeIyOUHX 3aau: B CTaThe MPEeJIo’KeHa KOHLENIHS JOTOJIHEHHs KIaCCUUeCKOM TOKOBOM 3alllUTHI,
BBITIOJIHEHHOI Ha OCHOBE 3JICKTPOHHOTO peJie, MEXaHW3MOM aJaNTHBHON KOPPEKIMH YCTaBKH CpaOaTHIBAHHUS.
Jus peamm3anmuyi JaHHOTO MeXaHM3Ma OOOCHOBAHO MpPHMEHEHHWE NHU(POBOM TEHH DICKTPHUUECKOW CeTH,
«cnenyoouen» 3a HeW HCXOAs W3 pe3ylbTaToOB ONpoca paclpele€éHHOM CHUCTEMBI NAaT4YMKOB. JlokazaHO
MPEUMYIIECTBO HCIOJIB30BaHUS MHU(POBOI TEHHM B COCTaBEe CTPYKTYPHI PENCHHOI 3amIuThl, YTO MO3BOJIACT
SMYJIHPOBATEH JTIOOBIC BUIBI MEPEXOTHBIX IPOLECCOB C YIETOM TEKYIIUX ITapaMeTPOB CETH M OICHHBATH TOKH
KOPOTKOTO 3aMBIKaHHWA ISl OTCTPOWKH cpabaTeiBaHus pene. Hambonee CyIIECTBEHHBIM pPE3yIETaTOM
WCCTIEOBAHUS SIBJISIETCS MPUMEpP TEXHUYECKON pealin3alliyd WHTEJJIEKTYaJlbHOM CUCTEMBI PEJICMHON 3alllUThl,
HCTIONB3YIONICH TUPPOBYIO TCHb IEKTPHUYCCKON CETH B BUJE UCKYCCTBCHHOM HelpoHHO# cetu. [Ipu momornu
HEeWpOoCHMYJIATOpa NPOAEMOHCTPHPOBAHbI BCE OTambl NPUMEHEHUs HEHPOHHOW CeTH: BHIOOp KOJMYECTBa
HEWPOHOB B CKPBITOM CJIOE MEPCENTPOHa, MOArOTOBKA JAHHBIX JUIsl 00y4eHHs, Ipolecc 00y4eHHs HEHPOHHOM
ceTd M €€ TPEHHMPOBKH C LENBI0 ANNPOKCHMAIlMM MHOTOMEPHOW (YHKIMH TOKa JABYX(a3HOTO KOPOTKOTO
3aMbIKaHHs. 3HAYUMOCTb NOJYYEHHBIX PE3YJIbTaTOB 3aKJIIOYAETCSI B BOBMOXKHOCTH CYIIECTBEHHOTO YIYUILEHUS
YYBCTBUTECIHLHOCTH M OOCCIICUCHUS CEIEKTHBHOCTH TOKOBOHM 3aIIUTHI SJCKTPHUUECKOM CETH MOCPEICTBOM
npUMeHEeHUsT MU(POBON TeHW A OTPabOTKH aBapUUHBIX pexXUMOB. OTMedaeTcss yZOOCTBO ONECPUPOBAHUS
UQPPOBOI TEHBIO U JETKOCT €€ BOCIIPOM3BEICHIS TIPH PeaTH3alii BUIE HEHPOCETH.
Knroueevie cnosa. HaEEKHOCTh DICKTPOCHAOKEHUS, pelieiiHasl 3allMTa W aBTOMaTHKa, IH(pOBBIC TEHH,
HCKYCCTBEHHbIE HEPOHHBIE CETH, aIANITUBHBIE CUCTEMBI, aKTUBHO-aJAlITUBHBIE CETH.

BBEJIEHUE @:ﬁ
PaccmotpuMm cucreMy peneHONM TOKOBOM K

3aIUThl MarkCTPaIbHON JIICKTPUICCKOH CETH C Puc. 1. Cxema cucTeMBbl peJieiinoii 3amuThL '
M30JINPOBAaHHON He#Tpanbio (puc. 1) oT Bcex
BUJIOB MHOTO()a3HBIX KOpOTKUX 3aMbikanuii (K3)
K (B ToM uncie c 3aMbIKaHMEM Ha 3EMIIIO).
[Mpoananu3upyem abCONIOTHO  CENECKTHBHYIO
3amuTy (cpabaThiBacMyr0 0€3 3aJepKKd -
TOKOBYIO OTCEUKY — HCKJIIOYUTEIbHO Ha
3alIMIIAeMOM  YYacTKE CETH), OCHOBHBIM
WM3MEPHUTETBbHBIM OPraHOM KOTOPBIX SIBIISIETCS
opran Toka TA. BxogHas Bo3aeHCTBYrOLIas

[MonoOHBIIT  peXUM WMEeT MeCTO MpH
KOPOTKOM 3aMbIKaHuH aByX (a3 K@ B camom
KOHIIE 3aIIHIIAEMOr0 y4acTKa, KaK 3TO MMOKa3aHO
Ha puc. 1. Ilpu »>TOM ;AN yIydiieHUs
YyBCTBUTEIIBHOCTH B  KadecTBe TOKa, OT
KOTOpPOTO OTCTPaMBaeTCsl CHUCTEMa 3allHTHI,
Oymem  paccmarpuBaTh TOK  JBYX(]a3HOro
KOPOTKOTO 3aMbIKaHHs C 3aMblkaHueM (a3 Ha
3emi0. T.e. ydT€M IepexoqHOE COIPOTUBIICHUE

BEJIMYNHA - TOK MU3MEPHUTEIBHBIX 0.1 0
METAJIJTNYECKOTO CMBIKAHUS MTPOBOIOB M

TpancopmaropoB  Toka TA.  Ilapametp posoz1os (0, ):
a TaKXKe NEePEeXOAHOE COIIPOTUBIIEHUE 3eMJIU (HE

cpabaTeiBaHMs — TOK cpabaTbIBaHUs pene — PEXOL P (

O6onee 5 OM), YTO, COMIACHO CTATUCTHYCCKUM
JTAaHHBIM TPUBOIUMBIM B [2], nmeeT mecto B 80 %
ClIy4aeB aBapuid, CBSI3aHHBIX C MaJCHUEM
MTPOBOJIOB Ha 3EMITIO.

He MeHee 04YeBHIHBIM SIBIISICTCS U (aAKT TOTO,
YTO TOYHOCTh BbIUMCIIEHUS Toka K3 Hampsmyro
BJIMSCT HAa YyBCTBHTEIBHOCTH U TOYHOCTH
cpabaThiBaHUsl  3alUTBl. B KIaccHYecKoM
BapUAHTE MCIIOJIHEHUS 3alllUThI, OMHUCHIBACMOM B

HavMEHbIlIee 3HAUYEHHE TOKa B OpraHe, Ipu
KOTOPOM OH YCTOWUYNBO cpadaTsiBaeT [1].

OueBUOHO, YTO TOK  YCTaBKH  pele
BEIOMpAeTCS MCXOAs M3 HanOoJee «THKEIOroy»
JUIsE  WASHTH(HUKAIMM  PEeKUMa  KOPOTKOTO
3aMBIKaHUS, OTJIMYAIOMICTOCS  HAUMEHBIITUM
TOKOM.
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[3, 4], Tox K3 paccumThiBacTCSl SIUHOMNKABI Ha
OCHOBaHWM TaOJIMYHBIX JAaHHBIX, KaCAIOIIMXCS
MOTOHHBIX TapaMETPOB MPOBOAOB. Mexay TeM,
Kak 9To0 ObLIO TMMOKasaHo panee B [5, 6],
MPOAOIHHBIE ¥ IMOTIEPEYHBIE MMapaMeTphl JIMHUU
OpsIMOMl M HYJIEBOHM  MOCJIEA0BATEIBLHOCTEU
JIOCTaTOYHO M3MEHYMBHI, U3MEHYMBA U Harpyska
3JIEKTPUYECKONM CETH — BCE 3TOM B KOHEUYHOM
cuére 00ycIaBIMBaeT M M3MEHYHBOCTH TOKa K3,
WCTIONB3YEMOTO ISl OTCTPOWKH 3aIlIWTHI, T.€.
JIOBOJBHO CHJIBHO BIMSE€T Ha TOYHOCTh €€
¢byHKIOHUpOBaHUA. Vcxons W3 3TOro MOKHO
MPUATH K BBIBOAY O TOM, HYTO YJIYYIIUTH
Ka4ecTBO pabOThl pesieiiHOM 3aIIUTHl BO3MOXKHO
3a CuéT NMHAMUYHOHN YCTaBKH, OOHOBIISEMOW C
3alaHHBIM TIPOMEKYTKOM BpPEMEHH C Y4ETOM
aKTyaJM3UPOBAHHON MOJIEIH JTUHUU.

Bcé CKa3aHHOE HAaTaJKUBAET Ha
HEOOXOMMOCTh MCIIOIB30BaHuUs TUGPOBOY TeHU
anekrpudeckoit cetu. Kopmopamus Microsoft
ompenenseT UUPPOBYIO TeHb O0BEKTa Kak
«CUCTEMY CBs3Ei u 3aBUCUMOCTEH,
OTIMCHIBAIOIICH TTOBE/ICHUE (hmznueckoro
00BeKTa, OTY4aeMOH C PealbHOTO 0OBEKTA MPH
nomomt [oT» (ceTn Qu3HYECKHX YCTPOUCTB,
KOTOpPBIC TTOJIKITIOYEHBI K JPYTUM yCTPOUCTBAM U
cimyxx0aM depe3 MHTepHET WM IPYTyIO CETh H
oOMeHHWBAIOTCA ¢ HUMHU jAaHHbIMHM) [7]. Ha
MPaKTHKe IUPPOBas TeHb 3JIEKTPHUUECKOW CETH
(mogo6HO TOMY, Kak JaHHas TEXHOJOTHS
peanusyercs B mnpombinuieHHocTH [8-13] m
ropojackom xossiictee [14]) MoxeT ObITH
co3/1aHa MTOCPEICTBOM orpoca
YCTaHaBIMBAEMBbIX Ha Tpacce JWHUHM JaTYNKOB
(Temmepatypsl IPOBOJIOB, TOJIOIET000pa30BaHUS
U T.J.), wuHKOpnopupoBaHHeIXx B SCADA-
cuctemy. CrnemoBaTenbHO, MOXHO C TIOJTHOH
YBEPEHHOCTBIO  CKa3aTh, YTO IPUMEHEHHE
muppoBOll  TEHH  «UHTEIUICKTYaIH3UpyeT»
CHUCTEMY pelleifHON 3aIUThl, & UMEHHO HaJeNseT
e CIIOCOOHOCTBIO K a/IalITABHOMY
«IIOBEICHUIO. JlaHHbIH OJIXO0JI
NPUHIMIIMAIEHEIM ~ 00pa3oM  OTIMYAaeTcss OT
u3nokenusix B [15, 16, 17] u psima apyrux
My OTUKATIHIA KOHIISIIAN 3aIUT  HOBOTO
NOKOJIGHUS, HE  MoJpadyMeBaroImux  cOop
ornepatuBHOM HH(popMarmu 00 H3MEHEHUH
JNEKTPUYECKHX  TapamMeTpoB  3al[UINAaeMOH
JTUHUH.

Ha puc. 2 nokazaHa 01ok-cxema anropurma
(GYHKIIMOHUPOBAHUST TIPEJIaraeMoil  CHCTEMBI
peneriHol 3amuThl. Kak BUAHO, JeBas 4acThb
OJIOK-CXEMBI OIMCHIBAET CTAHAAPTHBIA MOPSIIOK
JecTBUIl TIpu cpabaTbIBAHWU TOKOBOTO pelie:
€ClIi  TOK, (HUKCHPYeMbIi C  IIOMOIIBIO
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TpaHchopmMaTopoB Toka TA MPEBBIIAET YCTaBKY
peite, TO IPOMCXOANT OTKIIIOUeHKE TnHuH [3, 4].

Hauano
(Start)

Onpoc TA
(TA interrogation)

I

i/

Ma (Yes) @ Hem (No)
Ja Hem
¥

l Onpoc 1aTYMKOB dIEKTPUUECKON CeTH
(Interrogation of electrical
network sensors)

OTKIIOYHTH JTHHHIO
(Disable line)

Kownent
(End)

AxTtyanuzauus unQpoBoil TeHH
(Digital shadow update)

7

MogpenupoBaHie KOpOTKOro
3ambikanus (Short circuit simulation)

!

AKTyalnu3anus ToKa yCTaBKH 3alllUTHOTO pelie
(Actualization of the set point
of the protective relay)

Puc. 2. AroputmM QyHKIHOHHPOBAHHUS CHCTEMBbI
3ALMTHI ¢ KOPPEKIHeil TOKA YCTABKH
cpadaTbiBaHusl.

MexaHi3M  KOPpEKIMH YCTaBKH IIOKa3aH
CrpaBa: C 33/IaHHBIM TIPOMEXKYTKOM BpemeHH At
BBITIOJTHSIETCSL  OTPOC  JIATYMKOB  JIEKTPHUYECKOH
CETH, BBITIOJIHACTCS aKTyaIn3alys HU(poBol TeHU
(TeM caMbIM  OOECIICUMBAETCS  «IBIDKCHHUE)
mdpoBOl TEHW 32 peabHBIM  OOBEKTOM),
MOJICITUPYETCS] MHTEPECYIOIINIA PEKIUM KOPOTKOTO
3aMBIKaHUs — JBYX(a3HOTO C 3aMBbIKaHHEM Ha

3eMIII0  —  pEe3yJIbTaTOM  4Yero  CTaHOBUTCH
nojiyueHue 0oJiee TOUHOro 3HaueHus Toka K3 s
KOppPEeKIH YCTaBKH; CKOPPEKTUPOBaHHOE

3HaueHue ycraBku (Set point — SP) mpunnmaercs B
Ka4eCTBE OMOPHOTO 3HAUCHUS lsp.

Takum 00pazoM, MPOMEKYTOK BpeMeHH At ecTh
HUYTO MHOE, KaK TOT OTPE30K BPEMEHH, B TEUCHHUE
KOTOpOTO OMepaTop CEeTH CYUTAECT COCTOSHHUE
JMHAM W e€ Harpy3Ky HEU3MEHHBIMH (YCIIOBHO
TOBOpSI, 9TO «CPOK TOXHOCTH» C(HOPMUPOBAHHOMN
MOJICJI! CETH, MPOMEXKYTOK BPEMEHH, B TCUCHHUE
KOTOPOTO JIaHHAas MOJIeNb aKTyalbHa WM KE —
1I1ar, Ha KOTOPBIA peanbHbIi OOBEKT yAAIIETCS] OT
cBoeli HUQpPOBOI TeHH).

ArmmapatHoe BOILIOIIIEHHE CHCTEMBI,
peamsyromell JaHHBI alropuTM, IOKA3aHO Ha
puc. 3.

[IpencraBnenHas cxema emié pa3 yKa3bIBaeT
Ha TOT (aKT, 4YTO HU(PPOBas TEHb AIEKTPUIECCKON
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CeTU <«CKUBET» B  BUIE  MOANPOTPaAMMEI,
HCIIOJIHSIEMOW LIEHTPAIbHBIM KOMIIBIOTEPOM; B
[[EJIOM MPOTpaMMHOE OOecIiedeHrne KOMIIbIoTepa
MoJIpasyMeBaeT BBITIOJIHEHHE JICUCTBUH,
CBSA3aHHBIX C aKTyann3anued mudpoBoil TeHH,
MOJCIIMPOBAHUE HA HEW MEPEXOJHOTO PEexXUMa,

3HAYCHUA

MOJIHOLICHHOU

¢ynaamenTanbHO MoHOorpadun ®aaxe n Topna
[18].

Uro Ha NpakTHKe NpeAcTaBasieT Hu3 cels
nudpoBass TeHb, KaKUM OOpa3oM OHa MOXKET
ObITh peanu3oBana? Hampumep, nudpoBas TeHb

MOXET OBITh 3aJaHa B  BHJAEC  MOJICIH
oIpeziefieHHe TOKa YCTaBKU U Mepejaud JaHHOTO  3JCKTPUUYCCKOM CeTH, CO3JaHHOU B cpeae Matlab
Ha oanekTpoHHoe pene. Tawke  Simulink (puc. 4). Ilpoananmsupyem e
BO3MOYKHA M pealin3alys Ha anmnapaTHOM ypPOBHE OCHOBHBIE JJIEMEHTEIL.
WCIIOJIHUTEJIbHON YaCTH JAHHOUW CHCTEMBI B BUJE
KOMIIBIOTEPHOU penenHou
3aIUTHI, TOIOOHO TOMY, KaK 3TO ONMHUCHIBAETCS B
TpanchopmaTopsl TOKa
(current transformers)
LlenTpanbHbiit
Pacrnipenenéunas KOMIIBIOTEp
CcucTeMa JaT4ymKoB (central computer) 3H€KTPOH-
3JTCKTPPI‘-I€CK0171 cern | I-h-” :])}—)(;B_a; o ] - HOS PRI N Aktyarop
(d:smbu.ted system of ! i : (electronic (actuator)
elec;relﬁsr:)i;\;vork i (digital shadow ofi relay)
\  the network) I

Puc. 3. CTpykTypHasi cxeMa CHCTEMBI 3alIUTHI ¢ KOPPEKIHEed TOKA YCTABKH ¢ MEXaHM3MOM aJanTHBHOM
KOPPeKIHH TOKA YCTABKH.

[ul

abc
Als alA ale alA labc AHanusaTop Toka
KOPOTKOrO 3aMblkaHUA Ovicrneii 1
I”—@ Ble alB % bl alB a (short circuit current analyzer) (display 1)
b
- alc Y D11 |a =
Clp—alc 7 c ac ]
OHeprocucTema MoHItKaloLLWA Bnok namepuTensHbIX 3meputens =
(power system) TpaHcdopmarop 110/10 kB TpaHChOpMATOPOB ToKa hasHoro ToKa Avcrned 2
(step-down transformer 110/10 kV)  (block of measuring (phase | .. (display 2)
current transformers) current meter) T
RMS
RMS
al A afe a(A ale al A a a A als
aB—{ 7t }bje—=B{ = Jble | — E bls ]
5 = - a alc ¥ D11 a
—alC c C c C c c c s < m o] Tpéxdasmes
BI_cekums 1 BI_cekyua 2 BI_cexumna 3 TTOHIDKAIOLLAR RL-Harpy3ka
(OHL_section 1) (OHL_section 2) (OHL _section 3) TpaHcdopmarop (three-phase
10/0.4 xB RL-oad)
(step-down = (cos9=0.9)
transformer 10/0.4 kV)
C [~

| |

Briok ynpaeneHua

KOpOTKO3aMbIKaTernem

KopoTkosaMmbikaTers
(short-circuiter)

(short-circuiter control unit)

Puc. 4. Mopean 3jieKTpH4ecKoii ceTu B cpefe Simulink a5t 3MyJIsiuu nepexoHbIX PeKUMOB.*
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Peanbhas JIMHUS 3JIEKTpOIIEpENaun
MPENICTABISIET CO00N HEOTHOPOTHYIO JIHHHIO,
MpPOJIOJBHBIE WM  IONEPEYHbIE  MapaMeTphl
KOTOPOM € pacCTOAHUEM MOTYT MU3MEHATHCS
(Hampumep, BCJIEICTBHE Pa3HOTO  Harpesa
MPOBOJIOB M CTETIEHH TOJI0IEN000pa30BaHUs U3-
3a Pa3IMYarolINXCs YCIOBUM BHELIHEW CpEnbl,
penbedba W T.JA.), YTO TEM HE MEHee TNpHU

WH)KEHEPHOM  aHalM3€  IPAKTUYECKH  He
YUUTBIBAETCS.

[loBblmieHHEe  TOYHOCTH  CpabaTHIBAHUS
peneitHOi  3amuTHl  TpeOyeT MaKCHUMaJbHO

BO3MOXKHOTO y4€Ta NEpEeUYHCICHHBIX (haKTOPOB,
00yCIaBIMBAIOIIUX HEOAHOPOAHOCTD JINHUH.
Jns  Oonee TOJNIHOTO TPHOMMKEHUS K
pealbHOMY 00BEKTY JIUHUIO MOXKHO
NPEICTAaBUTh B BUIE COBOKYMHOCTH HECKOJIBKHX
YCIOBHO OJHOPOJHBIX YYacTKOB — B JaHHOM
ciayuae Tpéx cexumii (BJIL cexmus 1, BJI cexnus
2, BJI cexknus 3), kaxxaas u3 KoTopbix umeet I1-
00pa3Hyro cxeMmy 3aMelIeHAS c
COCPEOTOYCHHBIMU napaMeTpamH.
KOpOTKO?,aMI)IKaTCJH) YOpaBJIICTCA  BHCIIHUM
CHUTHaJOM TreHepaTopa (OJOK  ympaBieHHUS
KOPOTKO3aMBbIKaTels1) 1 HACTPOCH HA 3aMBbIKAHUE
da3 A, B u® 3emim ¢ mepexXOAHBIM
conpotusieHueM 0,1 Om Mexay npoBogaMu U 5
OM 1pu 3aMBIKaHUH TIPOBOJIOB HA 3EMJIIO.
CrnenoBaresibHO, OOHOBIISIL C MPOMEKYTKOM
BpeMeHH Al mapamerpbl Mojaenn — HUQPOBOIi

2

TeHH (3a7aBas OTKJIOHEHHUS OTHOCHUTEIHHO
cpemHuX (HAYallbHBIX WM  HOMHHAJIBHBIX)
MapaMeTpoB aKTUBHBIX COIPOTUBJIEHUH,

WHIYKTUBHOCTEM M €EMKOCTEN TpEX CEKUMH
OpsIMOM M HyJEBOM mMociaedoBaTeNbHOCTEH, a
TAaKXKe TOKAa HArpy3kd) W OMYJIHpYs 3areM
KOPOTKOE 3aMbIKaHHE B KOHIIE 3allluIIaeMoit
JUHUM, MOXHO TIoJlyyaTb Oojiee TOYHBIE
3Ha4yeHus Toka K3, ncnonszyemoro amst 3aganust
YCTaBKU CpadaThiBaHUs, T.€. KOPPEKTHPOBAThH
YCTaBKy 3JeKTpoHHOTO pene (cMm. puc. 2, 3)
UCXOJl W3 M3MEHEHHs YCIOBUH OKpYXaroueH
Cpelpl, & TAKXKE MEKTPONOTPEOICHUS B CETH.
IToBTOpMIMCsI, UTO, Kak u3BeCTHO u3 [5, 6],
W3MEHEHUS] YCJIOBHHA OKPYXKAIOMIeH  Cpeabl
NPUBOJAT K OTKJIOHEHUIO MapaMeTpoB JIMHUH,
BCJIE/ICTBUE 4ero, BBINOJIHSAA orpoc
COOTBETCTBYIOIIIX JaTINKOB, BO3MOJXKHA
KOpPpEKLUsl MapaMeTpoB KaXJIOW M3 TpEx
CEKIIMHM, COCTABJIIOIMIMX  JIMHHIO. Takum
o0pa3oM, TIpUMEHEHHE TEXHOJIOTUH IH(PPOBOI
TEHH CHOCOOCTBYET aJalTHBHOCTH CHCTEMBI
peneiiHoM 3aIUTHI, MOBBILICHUIO eé
YYBCTBUTEJIBHOCTH U CEJIEKTUBHOCTH.

21

Mexay TeM HeoOXOIUMO OTMETHTh, YTO
OMEepPHUPOBaHNE MOJICNBIO, TPEJCTABICHHOW Ha

puc. 4, Tpebyer OCTaTOYHO  BECOMBIX
BBIUMCIHUTEIBHBIX ~ pecypcoB. [lpum  3tom
¢dakTdeckn  mmdpoBas  TeHb  IpH3BaHa

peann30BbIBATh MHOIOMEPHYIO (DYHKIMIO TOKa
K3 (short circuit — SC) I (8R;, dR,, dR;, oL, ,
8Ly 8Ly, Ly, Ly, Blyy, 8Cy. 3Cp, 8C,,,
3C,, 08C,,, 0Cyy, Ol ), THe R, OR,, OR, —
OTKJIOHEHHS (B %) aKTUBHBIX COMPOTHUBICHHN 1-
3 cekuMi COOTBETCTBEHHO (CUMTas pPaBHBIMH
OTKJIOHEHHSI aKTUBHOT'O COIIPOTHUBIICHUS MPSIMOM
¥ HyJIeBOH nocienosarenbHocted), dby;, 6C; —

oTKIOHeHus (B %) WHAYKTUBHOCTEH U EMKOCTEH
COOTBETCTBEHHO I-ii cekuuu mpsmoi (j=1) wiu

HyneBoi (j=0) mocmemoBatenbHOCTEH, Ol

otkionenue (B %) toka Harpysku (load) ot
HOMHHAIIBHOTO.

JanHas QyHKOMS MOXKET OBITH C JIETKOCTHIO
anMpoOKCHMHUPOBaHA c UCIIOJIb30BaHUEM
WCKYCCTBEHHOH HEWpPOHHOW ceTh — Omaromaps
3TOMY, IIPEACTABIISS UPPOBYIO TEHb B KAUECTBE

oOydeHHOW HeWpoceT (HA MHOXECTBE W3
mopsiaka 1000 mpumepoB — KOMOMHAIAN
3HAYEHMs] BBIXOJHOrO napamerpa |l

3HAQUCHUH BXOJHBIX
U T.J0.), JOCTUTACTCS

COOTBETCTBYIOLIUX €My
napameTpoB OR, OR,
3HaYUTENbHAsl  SKOHOMHS  BBIYMCIUTENBHBIX
PECYPCOB IIEHTPAJILHOTO KOMIIbIOTepa (pHc. 3)
VIOPOLICHWE HCHOJHAEMOW Iporpammsl  0e3
CYUIECTBEHHOM MOTEPHU TOYHOCTH.

CnegyeTr  OTMETUTB,  4YTO
anmnpokcuManus QyHKIUHA

B LEJIOM
. BO3MOXHA Ha
OCHOBAaHUU CIICZICTBUS u3 TEOPEMBI
Konmoropoa — Apnonbna — Xexrt-Hunbcena,
COTJIaCHO KOTOPOMY BO3MOXHA IPEJICTABUMOCTh
mo00ii MHOroMepHON (YHKIIMH HECKOJIBKHX
MEPEMEHHBIX C IIOMOLIBIO HEHPOHHOH ceTH
¢dukcupoBanHoit pasmeproctu [19, 20]. Teopus
HCIIOJIB30BAaHUSI HEHUPOHHOM CeTH C MpsMOM
CBA3BI0 B KAauecTBE AaIIPOKCUMATOpPa CKOJb
YrOJTHOH CIIOKHBIX (DYHKIMH M3JI0’KeHa B padoTe
Jxopmka Lpioenko [21].

PaccmoTpuMm  peanmzanuio MCKYyCCTBEHHOM
HEHPOHHON CETH, a HMMEHHO MHOTOCIIOHOIO
NepCenTpoHa, B MPOrpaMMHOM Hakere Statistica
Neural Networks (SNN). KitoueBbiM MOMEHTOM
MpH TPOSKTHUPOBAHUH TIEPCENTPOHA SIBIAETCS
BBIOOp KOJIIMYECTBA BHYTPEHHHX CIOEB W yHCIa
HEHPOHOB B HUX.

Hecmotpst Ha TO, 9TO CTPOrOW METOAMKH
moabopa KoOJHMYECTBA CIOEB B CETH HE
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CYHICCTBYCT (HpeﬂHOHaFaeTCH OMITUPUYCCKAA

OllCHKa —  3aJlaHue  CceTed  HEeCKOJIbKUX
KOHQHTYpaluif, TMociae Yero WCXOoAs W3
MOTPEIIHOCTA  HAa  TECTOBBIX  BHIOOpPKAx
BEITIOJTHSECTCS BBIOOP OINTHMAJILHOM), OIICHHUTH
KOJIMYECTBO HEWPOHOB B  CKPBITBIX  CIOSAX
BO3MOXHO.

Hampumep, aHaIn3 KOJIMYECTBA

HEe0o0X0MMOro YUCia CHHANTUYECKUX BECOB L,
B MHOTOCJIOMHOM CETH € CUTMOHIAIHHBIMH
MEPUOANYCCKUMH (PYHKIUSAMHU Peal3yeTcs I10
crnenyromieit popmye [20, 22]:

mN N
———— <Ly <m:| —+1[-(n+m+D)+m, (1)

1+log, N m
rne n - PasMEpPHOCTL BXOJHOI'O  BEKTOpa
3HAYEHUH, M — pa3sMEpPHOCTb BBIXOJHOTO

BekTopa, N — d9ucio 3meMeHTOB oOydaromeit
BBIOOPKH.

OueHnB HEOOXOIMMOE YUCIO BECOB, MOXHO
paccunTarb 4MCJIO HeﬁpOHOB B CKPBITBIX CJIOSAX.
CkaxkeM, JUISl CETH C OJJHIM CKPBITBIM CIIOEM 3TO
yucio L cocrasur [20]:

b 0)
n+m

B [20] mpuBoaATcs M Apyrue aHaJOTHYHBIE
COOTHOILICHHUS:

L=

2(n+L+m)<N<10(nh+L+m),

(3)
(4)

N N
—-nNn-m<L<—-n-m.
10 2

B nroGoM ciydae, MOBTOPUMCSI, 4TO BHIOOD
BHYTPEHHEH  apXHUTEKTyphl  MHOTOCIIOHHOTO
MepCenTpoHa SBISAETCA 3ajadeld, perraeMoi
SMIIUPUYECKH, MyTEM aHaIM3a M moadopa, T.K.
CTPOTOH TEOpPHUH OTHOCHUTEIBHO MOCTPOSHUS
MOJOOHBIX CETEH Ha CETOMHAIIHUN qeHb HeT [19-
23].

IIpum strom maker SNN mpemsaraer OTIIHIO
«coBera» (advise), coriacHo KOTOPOMY, IIO
MHEHHUIO MIPOTrpaMMBbl, ONITHMAIBHOM Ul Hallei

3amaynn (16 BXomHBIX mapameTrpoB u 1
BBIXO/IHOI) TIPH MCTOIB30BAHUHU TMEPCENTPOHA C
OJIHUM BHYTPEHHUM CJI0EM SIBIIICTCS

KOH(UTYpalus ¢ 8-Mbl0 HEHPOHAMH B CKPHITOM
cnoe (puc. 5). CTOMT OTMETHTh, YTO JaHHAs
KOHQUTYypausi  HEWpPOCeTH  COOTBETCTBYET
AMIUPUIECKOMY «TIpaBUITY MUPAMHUJIBIY,
yIIOMUHaeMoMy B [22].

IIporiecc 00OyueHHS] HEHPOHHOH CETH 110
«yueOHUKY»  (Talbum. 1), cocTtaBiIcHHOMY
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MOCPEACTBOM SMYIALMU HHTEPECYIOIIEro Hac
Buma K3 ma momenm Simulink mpu pa3audHbIX
3HAUCHUSAX OTKIOHEHUH IapaMeTpoB JIMHUU M
Harpy3kd, MNPOMCXOAUT JOCTaTOYHO OBICTPO:
yxke ¢ 20-i1 «moxm» OoO0ydeHHs 1O METOIY
obpartHoTO pacrpocTpaHeHUs OITHOKH
MOTPENTHOCTH CTA0MIBHO omyckaetcst Hioke 0, 1.

Puc. 5. Muorocaoiinslii nepcentpon (MLP) mis
annpokcumManuu ¢pynxuuu asyxdgaznoro K3 ¢
3aMBIKAHMEM HA 3eMJII0 B KOHIE JuHum.’

Tabmuma 1.8
Tpu mnpumepa u3 oOyuaromeil  BBIOOPKH
HelpoHHoM ceTn.’
[Tapametp 3HaueHue
(parameter) (value)
Bxox (input)
oR1, % 4,93 13,49 8,41
dR2, % 2,07 7,76 18,80
dRs, % 12,84 13,33 14,94
oL, % 2,75 8,64 21,39
dL1o, % 1,65 14,07 12,45
oLo1, % 9,79 13,77 12,64
dLo, % 8,40 12,42 15,32
dLa1, % 6,43 16,11 14,09
dLzo, % 7,25 14,31 5,09
0Cu1, % 2,71 17,07 6,51
0Cu0, % 11,20 13,64 17,95
0Ca1, % 12,49 18,67 16,21
0Ca0, % 13,16 15,92 10,70
0Cs1, % 4,85 15,02 13,29
0Cs0, % 2,35 9,73 19,34
Jlioad, %0 11,88 9,59 7,65
Beixox (output)
Isc, A | 1482 | 1414 | 1407
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OOyyeHHass HEWPOHHAS CETh JEMOHCTPUPYET
MHHUMAJIbHYIO morpenHocts (e 6osee 0.17 %)
Ha TPEHUPOBOYHOW BBIOOpPKE (MPEIBIBISIEMOM
HelpoceTH BBIOOpKE, HE BXOAMBIIEH B COCTaB

yae0HO).
Hcnonw3ys nmporpammublid makeT NeuroPro,
MOXEM 3aiaTh Ty JKe  KOH(UTypaluio

HEHPOHHOM CETH M MOCJIe 00YYCHUS CETH Ha TOM
K€ ydeOHHKe OLEHUTHh 3HAYMMOCTh KaXKIIOTO M3
¢€ BXOJIOB.

Kpome  Toro, mporpamma  NeuroPro
MO3BOJISIET BepOATM3NPOBATh CO3/1aHHYIO
HelipoHHyI0  ceTh. Ommus  BepOanbHOTO
OINMCaHUS HEUpOHHOM ceTn SIBJISIETCA
Ype3BbIYAHO LEHHOW, T.K. TIO3BOJISIET C
JErKOCTHIO MEPEHECTU MaTEeMaTUYECKOE

ONHUCaHUE HEUPOHHOU CETH, CTEHEPUPOBAHHOMN U
00y4YeHHOW Ha IMEPCOHATBHOM KOMIIBIOTEpE, B
MPOrPaMMHBIA  KOJ, HCIIOJHSIEMBIA  JTFOOBIM
JPYTUM MaJIOMOLIHBIM YCTPOMCTBOM, Oyab TO
OJTHOTIJIATHBIM KOMITBIOTEPOM WIH
MUKPOKOHTPOJIJIEPOM, HAJENAs 3TO YCTPOMCTBO
(YHKIIMOHAIOM  HeWpoceTeBO  00paboTKu
JAHHBIX.

3AK/IIOYEHHUE

IIpocreiimass TOKOBasl pelelHas 3alluTa,
BBINIOJIHEHHAsA Ha OCHOBE 3JIEKTPOHHOTO pele,
MOET OBbITh YCOBEPIICHCTBOBAaHA MOCPEICTBOM
BHEJIPEHUS aIAITUBHOTO MEXaHN3Ma KOPPEKIIHH
YCTaBKM  Cpa0aThlBaHUS  JUIS  YJIYYIIEHUS
YyBCTBUTENBHOCTU pearupoBanus npu K3 Ha
CaMBIX JTAIBHUX pyOekax 3aluIlaeMoi JMHUU.
910 pocturaercsa mytéM mozaenupoBaHus K3 na
muppoBOil  TEHW  JNEKTPUUYECKOW  CeTH,
«CHEeAYIUIEN» 3a peallbHOM CeTbl0 MyTEM
akTyanuzanuu uHGopMauu 0 e€ COCTOSHHHU 32
c4éT ompoca JaTYNKOB CeTH (T.K. BIHSHUE
OKpy>Karolei cpenbl, pukcupyemMoe JaTIuKaMH
TeMIIepaTypsl MPOBOJA, FOIOIEN000pa30BaHUS U
T.Jl. OKa3bIBa€T HEMOCPEACTBEHHOE BO3JCHCTBHE
Ha KoJieOaHWs TIPONONBHBIX W TOMEPEYHBIX
MapaMeTpoB JIMHUH, HE TOBOPS O €CTECTBEHHOM
W3HOCE TMPOBOJIOB M JIMHHA B IIEJIOM) U
OTCTPOMKHU 3aIIUTHI oT HETIPEPHIBHO
OOHOBIIIEMOTO C 3aJaHHBIMH IPOMEXYTKOM
BPEMEHHU 3Ha4yeHUs aBapuilHOro toka. Ilpu sTom
u¢poBasi TCHb MOXKET OBITh BBIIOJIHEHA B BHJIE
HCKYCCTBEHHON HEMPOHHOW CETH, pealu3yIoIeH
B COOTBETCTBUM C Teopemoir Kommoroposa —
Apnonbna — Xext-Huibcena ¢ goctaTodHo
BBICOKOH TOYHOCTHEO MHOTOMEPHYIO (DYHKIIHIO -
B JIaHHOM ciiydae (pyHKIMIO 3aBUCHMOCTH TOKa
nByx¢aznoro K3 c¢ 3amplkanmeM Ha 3eMIII0O B
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KOHIIC JIMHUH OT OTKJIIOHCHUH 3HAYCHUH

apaMeTpOB CETH OT HOMUHAIbHBIX.
Hcceneoosanue 6binoneHo npu (uHaHco8ou

noooepoicke  Bonel TY 6  pamkxax Hayunoeo

npoexma No 38/468-22.

APPENDIX 1 (IPUJIOKEHHME 1)

!Fig. 1. Relay protection system diagram.

2Fig. 2. Functioning algorithm of the protection sys-
tem with correction of the tripping current.

3Fig. 3. Structural diagram of a protection system
with setpoint current correction with a mechanism for
adaptive setpoint current correction.

4Fig. 4. Electrical network model in the Simulink
environment for transient emulation.

SFig. 5. Multilayer perceptron (MLP) for approximat-
ing the function of a two-phase short circuit with an
earth fault at the end of the line.

67Table 1. Three examples from the training set of
the neural network.
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Reduction of Overvoltages under Connection on a High-Voltage Cable Line
Due to Optimal Controlled Switching

Lobodzinskiy V., Buryk N., Spinul L., Chibelis V., Illina O.
National technical university of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
Kyiv, Ukraine

Abstract. The purpose of the work is to develop a mathematical model of a cable transmission line,
which allows modeling and choosing the optimal conditions for controlled switching to limit
overvoltage at the development and design stage. The goal is achieved by solving the problem of
determining the initial angle of each phase, so that each phase has an initial switching angle equal to
zero with a time delay. A high-voltage cable line for a voltage of 330 kV, implemented using Matlab,
has been chosen as the object of study. The most significant result is the method of numerical
simulation of the cable line that allows you to analyze transients when each phase of a three-phase
cable line is connected to a three-phase source with a time delay, the switching angle of all phases is
zero. This, in turn, makes it possible to limit switching overvoltages. The significance of the results
obtained lies in the possibility of the proposed technique to choose the optimal conditions for
controlled switching, which makes it possible to use it in the design of switching nodes, as well as the
use of controlled switching to eliminate unwanted electrical transients during planned switching. The
simulation results showed that the greatest effect of using numerical simulation is when each phase of
a three-phase cable line is connected to a three-phase source with a time delay of 1/150 second, then
the switching angle of all phases is zero, which makes it possible to limit switching overvoltages.
Keywords: three-phase cable line, switching overvoltage, transient processes, controlled switching,
theory of multipoles, modeling of electrical engineering objects.
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Reducerea supratensiunilor la pornirea unei linii de cablu de inalti tensiune datoritii comutirii controlate
optime
Lobodzinskii V., Burik N., Spanul L., Cibelis V., Illina O.
National technical university of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
Kiev, Ucraina

Rezumat. Scopul lucrarii este elaborarea unui model matematic al unei linii de transmisie prin cablu, care sa
permita modelarea si alegerea conditiilor optime de comutare controlata pentru limitarea supratensiunii in stadiul
de elaborare si proiectare. Scopul a fost atins prin rezolvarea urmatoarelor probleme: determinarea unghiului
initial al fiecarei faze, astfel incat fiecare faza sa aiba un unghi initial de comutare egal cu zero cu o intarziere de
timp. Ca obiect de studiu a fost aleasd o linie de cablu de inaltd tensiune pentru o tensiune de 330 kV,
implementata cu ajutorul Matlab. Cele mai semnificative rezultate sunt metoda de simulare numerica a liniei de
cablu care permite analiza proceselor tranzitorii la modificarea unghiului initial de comutare al fiecérei faze,
pentru a lua masuri de limitare a supratensiunilor de comutare. Semnificatia rezultatelor obtinute constd in
posibilitatea utilizarii metodologiei propuse pentru alegerea conditiilor optime de comutare controlatd, ceea ce
face permite utilizarea acesteia in proiectarea nodurilor de comutare, precum si utilizarea comutatiei controlate
pentru a elimin tranzitorii electrici nedoriti in timpul comutarii planificate. Rezultatele simularii au aratat ca cel
mai mare efect al utilizarii simularii numerice este atunci cand fiecare faza a unei linii de cablu trifazate este
conectata la o sursa trifazata cu o intarziere de 1/150 secunde, atunci unghiul de comutare al tuturor fazelor este
de 1/150 secunde, atunci unghiul de comutare al tuturor fazelor este zero, ceea ce face posibila limitarea
supratensiunilor de comutare.

Cuvinte-cheie: linie de cablu trifazat, supratensiuni de comutare, tranzitorii, comutare controlata, teoria
multipolului, modelarea obiectelor electrice.

CHuKeHMe NepeHanpsizKeHN il MPU BKJIIOYEHHH BbICOKOBOJILTHOM Ka0eJbHOI JUHUHM 32 CUeT
ONTHUMAJILHOM yIIPaBJIsieMO KOMMYTaUMU
Jlodom3unckuii B.1O., bypuk H.II., Ciinny.a JLIO., Yu6enuc B.U., Unauna O.A.
HanuonaneHelil TeXHUYECKUH yHUBEPCUTET YKpauHb! “KnueBCKuil MoJMTEXHUUECKUI HHCTUTYT

umenu HUropst Cukopckoro”, Kues, Ykpanna

Annomayun. llenvio paboThl  sBIsSETCS pa3paboTka MaTeMaTW4ecKoW MoJeny KaOenbHOW JIMHHUH

ANIEKTPOTIepEeiauy, MO3BOJIAIONIAs MOJAEIMPOBATE M BBHIOMPATh ONTHUMAJBHBIE YCIOBHS  YHPABIIEMOU

KOMMYTAIlM{ JJIsI OTPAaHWYEHUS TEePEHANPSIKEHUS Ha CTaJAWM pa3pabOTKH M MpOoeKTHUpoBaHMA. llocTaBneHHas

© Lobodzinskiy V., Buryk N.,
Spinul L., Chibelis V., llina O. 2023 25
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LeJIb JIOCTHTaeTCsl pelIeHNEeM 3a/laudl ONpe/esICHHs] HauyallbHOTO Yrila Kax1od (as3bl, Tak 4yToObl Kaxas Qasa
uMesra HayaJbHBIH YroJl BKJIIOYEHHUs pPaBHBIH HYJI0O C 3aJepKKoil 1o BpeMeHH. B kauecTBe 0oOBeEKTa
HCCIieIoBaHus ObUTa BBIOpaHa BBICOKOBOJIBTHAs KaOenbHas nuHUS Ha HampspkeHue 330 kB. [l pemenwus
MPaKTHIECKUX 3a]ad MPH MOJESIUPOBAHNH KaOECIbHOM JIMHUM 3JIEKTpONEpenadn B paboTe Uil HCCIeIOBAHMS
KOMMYTAallMOHHBIX MEPEXOAHBIX IPOIECCOB MCIHONB3YETCSl CXeMa 3aMCIICHUS JUHWH, COCTOsIas u3
CHMMETPHYHOTO MHOTOIIOJIOCHHKA, peanusyemas ¢ ucroiabp3oBanneM Matlab. HaumGonee cymectBeHHBIM
pe3ysNbTaTOM SIBISIETCS METOAWKA UHCICHHOTO MOJCIMPOBAaHMSA KaOENbHOH JIMHUM, 4YTO II03BOJSET
aHATM3MPOBATh IIEPEXOAHBIC TNPOIECCH NPH W3MEHECHWM HAYaIbHOTO YITa BKIIOYCHHS KaKAOW (asbl, Ui
MPUHATHS MEp OTpaHUYCHHUS KOMMYTALMOHHBIX MepeHanpskeHuil. Pe3ynpraTel MOENMPOBaHUS MOKa3ald, 9TO
NpU BKIIIOUYCHHH KaxJoW (asbl TpexdasHoil kabenbHOW JHMHUM B Tpex(]asHbIH HCTOYHHMK C 3aJEep)KKOH BO
BpPEMEHH, yroj BKJIIOYEHHUS BceX (a3 paBeH HYJIO, 5TO JAeT BO3MOXKHOCTh OTPaHUYUBATH KOMMYTallIOHHBIC
nepeHanpspkeHuss. CHUHXPOHU3ALUS TPOLECCOB KOMMYTALMM OCYILECTBISIETCS C HampspkeHus ¢assl A u
npousBomuTcs B mocienoBatenbHoctH A—B—C mpu kommytanum TpexdasHol KaOenbHOW JIMHUM K
reHepaTopy. Takue IMocieJOBaTelbHOCTH OOYCIOBIEHBl CTPEMJICHHEM K MHHUMHU3AIMU IIOJHOTO BPEMEHH
KOMMYTanuy. 3HAaYUMOCTb ITOJIydEHHBIX PE3yJIbTaTOB COCTOUT B BO3MOXKHOCTSIX C IOMOILIBIO ITPEAJTIOKEHHOM
METOJMKH BBIOMPATh ONTHMAJIbHBIC YCIOBHUS yNPaBIIEMON KOMMYTAIMH, YTO MO3BOJSET MCIONB30BaTh €€ MpH
MPOEKTUPOBAHUN KOMMYTAlMOHHBIX Y3JIOB, YIPaBIIEMbIX KOMMYTALUH JUI1 YCTPaHEHHS HEKeIaTelbHBIX
3NEKTPUUECKUX MEPEXOAHBIX MPOLECCOB MPH 3aINIAHUPOBAHHBIX NMEPEKITIOYCHUSX. Pe3yapTaThl MOAETHPOBAHUS
MOKA3aJIM, 9TO HanOOIbIINK 3 PEKT MPUMEHEHHS YUCICHHOTO MOJICIMPOBAHMS MPU BKIIOUCHUH KXIO0H (a3bl
Tpexda3Hol KabenbHOW JIWHUH B TpeX(a3HBIH HCTOYHHK C 33/ICP’KKO BO BpeMeHHU paBHOM 1/150 cexyHmpI, TO
yroj BKJIIOYEHHUs BceX (a3 paBeH HYIIO, YTO JaeT BO3MOXKHOCTb OIpPaHUYUBATH KOMMYTAIMOHHBIE
HepeHanpsHKeHuUs.

Kniouegvie cnosa: tpexdaznas xabenbHas TUHUSA, KOMMYTAI[HOHHbIE IIEPEHANPSIKCHUS, IIEPEXOIHbIE IPOLIECCHI,
ynpasisieMasi KOMMYTAIHsl, TEOPHsT MHOTOIIOJIFOCHUKOB, MOJIETHPOBAHHE 3JIEKTPOTEXHUUECKHX OOBEKTOB.

INTRODUCTION research of high-voltage cable power lines. Both
simulation mathematical models and physical
prototypes of ultra-high-voltage cable lines were
developed [19-24]. In works [25, 26, 30] studies
of electromagnetic processes in a powerful
power transmission system, in which a cable line
of ultra-high voltage is used, different modes of
operation are analyzed. Models have been
developed to estimate the transient process when
ultra-high voltage cable lines are turned on [27—
29]. However, the scientific community pays
little attention to the study of transient processes
when changing the initial phase of switching on
a high-voltage cable line.

This work is distinguished by the fact that
elements of the theory of multipoles and
numerical methods of mathematical modeling,
implemented in the Matlab program, were used
in the development of the high-voltage cable line
model. This significantly simplifies both
conducting numerical calculation studies and
obtaining generalizing results.

On the basis of modeling and analysis of
transient voltages and currents in three-phase
circuits of the type of long cable power
transmission lines, which have distributed
parameters and interphase mutual inductive and
capacitive couplings, it is possible to determine
the features of the appearance of inherent
electromagnetic  oscillations under complex
boundary conditions and commutations.

One of the modern methods of increasing the
reliability and safety of high and ultra-high
voltage power transmission cable lines is the use
of cables with cross-linked polyethylene
insulation, which is characterized by increased
operational characteristics, especially in areas
with  dense construction and extensive
communications.

When using ultra-high voltage cable lines, it
is necessary to take into account the high-
frequency transient processes of current and
voltage, which arise as a result of commutative
switches. It is extremely important to take into
account the influence of this transitional process
on the design requirements for the entire power
transmission system [1-5].

Controlled  switching, or  synchronous
switching, allows to reduce the load on the
power line and switch during switching and
minimize interference in the system. Thanks to
this, the cable line lasts longer and wears out
less. A smaller number of damages in the system
(for example, repeated insulation breakdowns)
increases the operational readiness of the power
system. The switching operation (on and/or off,
depending on the task to be performed) is carried
out phase-selectively at predetermined switching
angles [6-18].

It should be noted the great interest of the
scientific community in the development and

26
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The setting of such a scientific task is
justified by the modern tendency in theoretical
electrical engineering to consider multiphase
electric circuits as a series-parallel connection of

various n-poles, which ensures an increase in the
efficiency of the calculation of transient
electromagnetic processes.

- Multipole o
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=) a 12 Screen A
3 gk 3

Phase B » /Mﬁ} S
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Fig. 1. The electrical equivalent circuit in the form of equivalent multiport network.

MATERIALS AND METHODS OF
RESEARCH

In the work, a simulation model of a high-
voltage cable power transmission line has been
developed. This model consists of an equivalent
circuit and is implemented in Matlab/Simulink.
Such an implementation makes it possible
simulate and analyze electromagnetic transients
in normal and emergency modes of cable line
operation. Depending on the desired result and
the accuracy of solutions for simulation may be
chosen rational method for solving partial
differential equations, and the method of
changing the simulation time (fixed or variable
pitch). During the simulation, it is possible to
follow the processes occurring in the electrical
circuit.

When studying low-frequency transients in a
three-phase cable power line, transient analysis
is usually performed on the basis of a P- or T-
shaped equivalent circuit with  lumped
parameters. The longitudinal and transverse
parameters R, L, C of the line equivalent circuit
are functions that depend on the frequency. At
the same time, if one characteristic frequency
can be distinguished for the investigated
transient process, then the parameters at this
frequency are used in the calculations. If the
transient process is characterized by a wide
range of frequencies, then for each of the

27

parameters an additional equivalent circuit with
lumped parameters is synthesized, which
implements its frequency response. To calculate
the transients in a long line, it is possible to use
the calculated method of dividing this line into
short sections of such a length that allows the use
of an equivalent circuit with lumped parameters
for each section.

The electric circuit of the equivalent section
of the length Lieters, is implemented in the form
of an equivalent multiport network on the Fig. 1,
taking into account the mutual inductive
connections existing between the inductances of
the cores and screens.

In terms of analysis, the line is a six-wire
system (three cores and three screens) with an
additional seventh wire — ground.

The described model is simplified because it
does not take into account the dynamic
characteristics of energy sources and loads.
However, using the user-friendly Simulink user
interface, the open structure of the model allows
you to quickly change its topology and block
parameters depending on the specific task. In
particular, the topology of the constructed model
can be used in the future to study two-phase,
three-phase and other complex short circuits in
the cable transmission line. This model also
allows for a comprehensive study of the readings
of virtual instruments when including in the
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model of parallel nodes and loads with
dynamically changing parameters, which allows
calculations of various modes of operation of the
power system of this type in the initial stages of
design.

The investigated high-voltage power line has
a power supply of 330 kV, the length of the line
is 3000 m. The parameters of the line
replacement scheme are calculated taking into
account the geometric parameters of a single-
phase cable (Fig. 2) ri=17.4 mm, r,=42.8 mm,
rs=46.5 Mmum, r4=52.5 mm.

1* conductor, r; [mm]:—>!
1% insulator, r, [mm
1 2[MmM] —
2" conductor, rs [mm]——! |
2" tinsulator, r, [mm] ———>

Cable dimension

Cable XY co-ordinates

Fig. 2. Cable geometry.

The calculation expressions for the
parameters of a single-phase cable are obtained
from the known formulas for the linear active-
inductive resistances of a multi-wire wire-ground
system, which are presented in [31]. When
calculating the capacitive parameters of the
cable, it is assumed that the cable is laid
underground (the depth in this case does not
matter).

The matrix of cable parameters, voltage drops
along the conductors U. and screens Us, related
to the currents in them, is represented by the
matrix equation:

U,] [z, z., 0 0 0 o] [I,
Ua| [Z. z, 0 0 0 of [I,
Ug| |00 202, 0 0 1y gy
Ug| |0 0 2z, 2z, 0 0] |l
Ues| [0 0 0 2z Z.| |le
U] [0 o 0z, z| [lc]

where la, g, Ic — are the currents of the cable
cores; lsa, Isg, lIsc — cable shield currents; Z¢, Zs —
linear internal resistances of the core and screen;
Zcs — is the linear mutual resistance between the
core and the screen of the same cable. The
calculation of the parameters was carried out

using the geometric mean distance between the
axes of the phases of the cables A, B, C.

To accurately calculate the electrical
parameters of cables Z, taking into account the
mutual influence of phases and circuits on each
other, as well as taking into account the
frequency dependences of these parameters, the
following assumptions were made:

« the cable line consists of metal conductors,
the axes of which are mutually parallel and
parallel to the ground surface;

» the line is homogeneous along its axis;

» for the lines under consideration, we neglect
the propagation of the electric field in the radial
direction in the earth.

Calculation formulas for the parameters of
the cable line, taking into account their
dependence on frequency and actual geometric
location in the ground:

L. =2 +2,+7,+1,+Z,+7,-2Z,
2, =2,+7,+7,
. =2+2,+2,-1,

Linear longitudinal parameters  are
represented by resistances Zi...Z7, the formulas
for calculating which in the range of relatively
low frequencies are presented in [31].

RESULTS AND DISCUSSION

The oscillograms of the transient process of
voltage and current in the shields of single-phase
cables when the cable line is connected to the
source in the idle mode are shown in fig. 3 and 4.
From the given oscillograms in fig. 3 shows that
the overvoltage on the cable shields at the

moment of switching will be 4 kV.
2
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|
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Fig. 3. Oscillograms of the transient process of
voltage in screens of single-phase cables.
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This is explained by superimposing the form
of oscillations of different frequencies, caused by
the effect of the mutual induction of the cores of
all phases of the cable on the screen. Rapid
attenuation of transient phenomena in screens of
a three-phase cable line of single-phase
execution is observed due to the presence of
active components of all elements.

The appearance of currents is caused by the
grounding of the screens at the end and at the
beginning of the cable line. Since at the moment
of switching, due to the magnetic connection
between the core and the screen, the EMF of the
mutual induction increases, which contributes to
the flow of currents in the screens of about
280 A.

After the attenuation of the main components
of the switching transient process in the cores of
the cable, induced in the circuit due to mutual
inductance, the emf of each core decreases,
which leads to the attenuation of the voltage and
current curves in the cable shield to minimum
values.

400
200
< rﬁ
J |
= 0 HV’M
200
| Inl
Ak ASD AR L
qj{ 00 l'l‘: W WY vy -
=
-200 I
200|
1 I
‘::5 Ul "I‘I'I'|I I \‘ 1
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200 |
0 0.001 0.003 0.005

t.s

Fig. 4. Oscillograms of the transient process of the
current in the shields of single-phase cables.

To limit the switching voltage, the principle
of selecting favorable initial conditions of the
transition process, in which the amplitudes of
free oscillations have minimum values, is used,
for example, control of the switching moment by
changing the initial angle of each phase.

Let us consider the oscillograms of the
transient processes of currents and voltages in
the shields of a three-phase cable line of single-
phase execution when the cable line is turned on
to a three-phase voltage source when the initial
angle changes.

The switching of each phase took place at
different moments of time, so that each phase
had an initial switching angle equal to zero. At
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the angle of inclusion ¢=0°, the phase amplitude
has a nominal value, which can be seen on the
oscillograms of Fig. 5.

Analyzing the oscillograms of Fig. 5, we can
conclude that if each phase of a three-phase
cable line is connected to a three-phase source
with a frequency of f=50 Hz with a time delay
equal to 1/150 sec, then the angle of inclusion of
all phases will be zero, which will lead to a
limitation of the switching voltage.

Ua Us

Us Uc

U, p.m.
(=]

0 0.005 0.01

t,s

0.015

Fig. 5. Oscillograms of voltage and currents in a
three-phase cable line at the moment of connection
to the power source: with phase shift (a); at the
switching angle ¢=0° (b).

Changing the initial angle of each phase
during switching does not affect the increase in
voltage on the cable screen (Fig. 6), but at the
same time, induced currents appear in the
screens (Fig. 7), the transition process curves of
which are subject to investigation in order to
understand the processes, happening in cable

screens.
100

Uas, V

100

b Op ' Jo— ~_ P
é—lOO

—

[«
D =50 : h
t \t2 |

0 0.01

50

= o

[}

002
t.s

0.03

Fig. 6. Voltage curves in the screens of each
phase when changing the initial angle.

From fig. 6, 7, it can be seen that at the first
moment of time at t1, phase A is turned on and a
current begins to flow through the conductive
core, as a result of which a variable magnetic
field is created around the conductor, which
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leads to the appearance of a current in the screen
of Fig. 7. The current in the screen causes a drop
in the voltage of its phase, under the action of
magnetic induction, causes a drop in the voltage
on the screens of phases B and C (Fig. 6).
Similarly, the voltage on the screens of phases B
and C, which are not turned on, is due to the
capacitive and electromagnetic connection with
phase A.

100

0

cf. -100
i

-200 _—

0.02

Fig. 7. Transient current curves when the
initial angle changes.

At the moment of switching on one phase,
induced currents begin to flow in all screens of
each phase. Since only the voltage of phase A
acts, the transposition of the screens does not
compensate for the EMF of the mutual induction,
which leads to a strong increase in the current.

At the moment of time t;, phase B is
connected, which leads to an increase in the
EMF of the mutual induction on the phases. This
can be seen from the oscillogram (Fig. 6), the
voltages Ua and Ug have a large initial amplitude
compared to the disconnected voltage Uc.

The appearance of voltage on phase B, as a
result of the transposition of the screens,
compensates for the longitudinal currents
flowing through the screens, but does not lead to
a balance of phase voltages.

At the moment of time ts, all three phases are
connected to the line, and therefore the EMF of
the mutual induction, which is shown in the
screens of the three sections of the transposition,
due to the phase shift by 120° and 240°, is zero.
Therefore, the currents induced in the screens,
after a slight transient process, take values close
to zero.

Oscillations caused by the connection of each
phase at times ti, t2, t3 by the recharging of the
capacitors, and by the electromagnetic
connection between the cores and shields of the
three-phase cables.

CONCLUSION

Optimal conditions of controlled switching
when switching on a three-phase cable line
prevent the appearance of an aperiodic current
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component, which allows limiting switching
overvoltage.

It is convenient to analyze the switching
processes of each phase by bringing the initial
conditions to zero. Given that the very principle
of controlled switching rids the current in the
line of free components, the analysis of
controlled switching can be carried out in the
schemes of the established mode.

Synchronization of switching processes is
carried out with the voltage of phase A and is
carried out in the sequence A—B—C when
switching the three-phase cable line to the
generator. Such sequences are due to the desire
to minimize the total switching time.

The oscillograms of the transient processes of
currents and voltages in the shields of a three-
phase cable line of single-phase execution when
the cable line is turned on to a three-phase
voltage source when the starting angle is
changed are considered. When each phase of a
three-phase cable line is connected to a three-
phase source with a time delay equal to 0.006(6)
(1/150) of a second, the angle of inclusion of all
phases is zero, which makes it possible to limit
switching voltages.

The significance of the obtained results lies in
the possibilities of the proposed method to select
optimal conditions of controlled switching,
which allows it to be used in the design of
switching nodes, as far as in controlled switching
to eliminate unwanted electrical transients during
planned switching.

Changes in the initial angle of each phase
during switching does not lead to an increase in
the voltage on the cable shield, but at the same
time, induced currents appear in the shields, the
transition process curves of which are subject to
additional research to analyze the processes
occurring in the cable shields.
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Reduction of High-Voltage Cable Line Capacity
Caused by Implementation of Magnetic Field Shielding Techniques
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Abstract. The paper deals with a capacity of high-voltage cable line made of three single-core
cross-linked polyethylene insulated power cables. We consider three cases. First is a single-point
bonded cable system when no magnetic field shielding technique is implemented and the capacity
achieves maximum values. Second is a solidly bonded cable system when a thermal effect of induced
shield currents causes a capacity reduction. The third case under study is a single-point bonded cable
system covered by the passive loop. The passive loop mitigates the cable line magnetic field as well as
the solidly bonding does, but also the thermal effect of passive loop currents reduces the capacity.
The goal of the paper is to evaluate the relative change of cable line capacity when implementing
magnetic field shielding techniques comparably to unshielded case. To achieve the goal we use
a standard IEC 60287 when calculating the cable line capacity in the first and the second cases, and
a thermal field simulation in the third case. The capacity is evaluated by successive approximations.
Iterations are stopped when the conductor reaches the maximum operating temperature. We show that
the increase in cable spacing does not guarantee the capacity increase when the solid bonding of cable
shields or the passive loop is used. The most significant result is the substantiation of the advantages
of passive loop, which provides the greater capacity in comparison with solid bonding at equivalent
magnetic field shielding efficiencies. The obtained results can be used when choosing the type of
bonding and the technique of cable line magnetic field mitigation.

Keywords: cable line, capacity, magnetic field, shielding, passive loop, bonding.
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Reducerea capacititii liniei de cablu de inalta tensiune prin ecranarea cimpului magnetic al lui
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Harkiv, Ucraina

Rezumat. Lucrarea trateaza o capacitate de linie de cablu de nalta tensiune formata din trei un singur conductor
cabluri de alimentare cu izolare din polietilena reticulat. Luadm in considerare trei cazuri. Mai intai este un sistem
de cabluri conectate intr-un singur punct cand nu este implementata nicio tehnica de ecranare a campului
magnetic si capacitatea atinge valorile maxime. Al doilea este un sistem de cablu solid legat atunci cand un efect
termic al curentilor indusi de ecranare determind o reducere a capacitatii. Al treilea caz studiat este un sistem de
cabluri conectate intr-un singur punct acoperit de bucla pasiva. Bucla pasiva atenueaza campul magnetic al liniei
de cablu, asa cum o face legatura solida, dar si efectul termic al curentilor buclei pasive reduce capacitatea.
Scopul lucrérii este de a evalua modificarea relativa a capacitatii liniei de cablu atunci cand diferite tehnici de
ecranare a campului magnetic sunt implementate in mod comparabil cu carcasa neecranatd. Pentru a atinge
obiectivul, folosim un standard IEC 60287 atunci cand calculam capacitatea liniei de cablu in primul si al doilea
caz si folosim o simulare de camp termic atunci cand este utilizatd bucla pasiva. Cel mai semnificativ rezultat
este fundamentarea avantajelor buclei pasive, care oferd o capacitate mai mare a liniei de cablu in comparatie cu
legaturile solide la eficiente echivalente de ecranare a campului magnetic. Rezultatele obtinute pot fi utilizate la
alegerea tipului de legare si a tehnicii de atenuare a cdmpului magnetic al liniei de cablu.

Cuvinte-cheie: linie de cablu, capacitate, cimp magnetic, ecranare, bucla pasiva, legare.
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CHHKeHMe TPONMYCKHOM cOCOOHOCTH KaldebHOM JUMHUN BHICOKOT0 HANPSIAKEHUSI
NPH IKPAHUPOBAHMH €e MATHUTHOTI'O MOJIsI
I'punyenxo B.C. !, Tkauyenko A.O. 2
' UactutyT 06meii sHepreTrky HaunoHanbHOM akageMuu Hayk Ykpaussl, Kues, YkpanHa
2 MuctutyT npobieM MamuHocTpoeHus uM. A.H. Tloaroproro HanuoHansHOM akageMul HayK Y KpauHb
XapbkoB, YKpanuHa

Annomayus. B crathe uccienoBaHa MPOITYCKHAs CHOCOOHOCTh KaOeNbHOW JMHUU BBICOKOTO HANPSKEHHS,
COCTOSIIIICH M3 TPeX OJHOKHMIBHBIX CHJIOBBIX KaOeliel CO CHIMTO-TIOIMITUICHOBON H30Jisiueld. PaccMoTpeHsl
Tpu cityuyasi. B mepBoM cityuae, Koria BBIIOJHEHO OAHOCTOPOHHEE 3a3eMJICHHE dKPaHOB Kabenel, a MarHUTHOE
nosie KaOeIbHOW JIMHWM HE DKPaHUPYETCs, MPOIYCKHAs CIOCOOHOCTh JOCTHUTaeT MaKCHMaJbHBIX 3HAuCHHH.
Bo BTOpOM, KOIZla BBIOJIHEHO JIBYCTOPOHHEE 3a3eMJICHHE, TEMJIOBOE NEHCTBUE TOKOB, HaBEJEHHBIX B AIKpaHaX
Ka0erel, BBI3BIBACT CHIDKCHHUE MPOIYCKHOI criocoOHOCTH. B TpeTthem ciydae paccMoTpeHa KaOenbHast JTHHHS
C O/IHOCTOPOHHHMM 3a3eMJICHHEM JKpaHOB KaOesel, Ha KOTOPOW pacIojioKEH MAacCHBHBIA KOHTYPHBIH JKpaH.
KoHTypHBI# 3KpaH, KaK U JIBYCTOPOHHEE 3a3eMJICHHE COOCTBEHHBIX 3KPAHOB Kalelyel, MO3BOJISIET YMEHBIIUTh
MarHUTHOE TI0JIe KaOeNbHOW JTMHUHN, HO TETUIOBOE ACWCTBHE €T0 TOKOB TAaK)Ke BBI3BIBACT CHMIKEHUE TPOITYCKHON
cnocoOHocTH. Llemplo CTaTbM SBISETCS OLEHKAa OTHOCHUTEIHHOTO WM3MEHEHHUS IPOITyCKHON CIIOCOOHOCTH
KaOeNbHON JIMHUHM TIPU JKPaHUPOBAHWU €€ MATrHUTHOTO IIOJIA IO CPaBHEHUIO CO CIydaeM, KOTJa CHIDKCHUS
MAarHMTHOTO 1oJi He nmpoBoAuTtcs. IlocTaBiaeHHast Henb AOCTUraeTcs myTeM npuMmenenus ctanaapra IEC 60287
UL ONpENCNICHUS IIPOITYCKHOH CHOCOOHOCTH B TIIEPBOM H BTOPOM CIIydasX, a TaKKe YHCICHHOTO
MOJICITUPOBAHUs TEIUIOBOTO TOJNS KaOeNbHOH JIMHWUM TPH HWCHONB30BaHUM KOHTYPHOTO dSKpaHa. [Ipm sToMm
MIPOITYCKHAs! CITIOCOOHOCTh HAaXOJUTCS METOJIOM MOCIEI0BATENbHBIX MPUOMIKEHUH, a UTEPALMOHHBIN MPOLIECC
NpeKpaIiaeTcsi Npu JOCTHKEHUH B XKWIax kabeyieil MakcumaibHOM paboueil Temnepatypsl. [Ipu uccienoBanuu
MPOIYCKHON CITIOCOOHOCTH BaphHPYIOTCS CIETYIONIHe TapaMeTphl: YAEIbHOE TeIJIOBOE CONMPOTHBIICHHUE TPYHTA,
paccrosiHUE MEXIy KabOemsMHu, ceueHHe >KWIbl Kabenedl u ceueHue 3kpaHOB. IlokasaHo, 4TO yBeIMUYeHHE
paccTOsIHUS MEXAY KaOeslsiMU He TapaHTHPYET YBEIMYCHHUS MPOIMYCKHOH CIIOCOOHOCTH Kak MPH ABYCTOPOHHEM
3a3eMJICHHU JKPaHOB KalOelel, Tak W WCIOJh30BAHWM KOHTYpHOTO 3KpaHa. Hambonee cymiecTBeHHBIM
pe3yIpTaToOM SBISAETCS OOOCHOBAaHWE MPEUMYIIECTBAa IMPHMEHCHHUS KOHTYPHOTO HKpaHa, O0CCIICYHBAFOIICTO
OOJNBITYI0 TPOMYCKHYIO CIOCOOHOCTh KaOEThHON JTHMHHM B CPAaBHCHHH C JIBYCTOPOHHUM 3a3eMIICHHEM MpHU
SKBHUBAJICHTHBIX 3((EKTUBHOCTIX IKPAaHUPOBAHHUS MATHUTHOTO IMOJISA. 3HAYUMOCTH IOJIYYCHHBIX PE3YJIhTATOB
COCTOMT B BO3MOXKHOCTH HX HCIIOJBb30BaHMs TIPH BHIOOpE THIA 3a3€MJICHHMS M CIOC00a 3KpaHWPOBAHUS
MarHUTHOTO TTOJIS1 KaOeJIbHOM JINHUY.

Knrwouesvie cnoea: xabenpHas THHNSA, IPOIYCKHAs CIIOCOOHOCTH, MAarHUTHOE TOJIe, SKPAaHUPOBAaHUE, KOHTYPHBIH
JKpaH, 3a3eMJICHUE.

L. INTRODUCTION

The most advanced means of electrical It is shown in [6-8] that 110 kV overhead line
energy transmission in urban areas are  magnetic field exceeds the referred above
underground high-voltage cable lines. The  reference level for living spaces outside its right-
economic reason is an important one, as the  of-way. Therefore, the impermissible level of
cable line does not require significant land  magnetic field is observed in high-rise buildings.
allocation when a power line route crosses  This information can be represented on
residential area. For example, according to the  geoinformation maps [9-11]. In contrast, the
Ukrainian regulations [1] the border zone is 20 m  cable line magnetic field could exceed the
for 110 kV overhead lines and only 2m for reference level for living spaces only on the
110 kV cable lines. As well the electromagnetic ~ ground floor [12]. In the right-of-way the cable
safety reason becomes important for last line magnetic field could exceed the reference
decades. The potential risks of long-term  level for residential areas. The magnetic field
exposure of a power frequency magnetic field to  highest level is observed in junction zones where
human health are discussed in [2-4]. The the cable spacing reaches 0.5 m[1].
problem is studied by the World Health A typical high-voltage cable line consists of
Organization within the “The International EMF  three single-core, cross-linked polyethylene
Project”. In Ukraine, the maximum permissible =~ (XLPE) insulated power cables. Fig. 1 shows
level (so-called reference level) of the power  main elements of 110 kV power cable, namely
frequency magnetic field is 0.5 uT for living  aluminum or copper conductor, XLPE
spaces and 10 uT for residential areas [1].  insulation, and copper shield (a.k.a. shield of
In general, the reference levels in Ukraine  cable). Shields of cables require earthing. For
correspond to the current global trend towards  this they are bonded and earthed at one or
stricter standards [5]. several points.
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Fig. 1. Power cable for rated voltage 110 kV
(1 — conductor, 2 — XLPE insulation, 3 — shield).

Different types of bonding are known
[13-15], but the common ones are as follows [1]:
single-point bonding, cross-bonding, and solid
bonding. Single-point bonding and cross-
bonding provides no circulating shield currents
and consequently no extra heating of cables.
This allows achieving the highest cable line
capacity. However, single-point bonded and
cross-bonded cable systems require additional
protective devices. The solidly bonded cable
system is free of this disadvantage, but another
one appears. Thus, the thermal effect of shield
currents leads to the cable line capacity
reduction. On the other hand, the magnetic field
of induced currents mitigates the total magnetic
field of the cable line. This technique of
mitigation of the cable line magnetic field is
included to [16], but its effect on the cable line
capacity is not studied.

Another way to mitigate the magnetic field of
single-point bonded or cross-bonded cable
system is to use an extra shield. Traditionally
electromagnetic shields made of aluminum
[17-20] and magnetic shields with high
permeability [19-22] are used. Usually these
shields are plane, U-shaped, H-shaped or they
enclose the cable line. Neglecting the hysteresis
loses, the magnetic shields do not produce heat.
Thermal effect of Joule heating of
electromagnetic shields on the cable line is
negligible as the shield is distant by 200 mm
from the power cable. So electromagnetic and
magnetic shields do not reduce the cable line
capacity. But they have two disadvantages,
namely the quantity of metal is relatively high
and the solid construction makes it difficult to
access the cable line.

Shields made of passive loops are free of
these disadvantages. There are single-loop
shields [23-25], double-loop shields [25-27], and
multi-loop shields [26, 27]. It is shown in [23]
that a single-loop shield with an asymmetric
magnetic coupling efficiently mitigates the
magnetic field in the junction zone of cable line,
and it does not lead to the cable line capacity
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reduction. Similar passive loops covering long
sections of high-voltage cable lines are shown in
[28] and [29]. However, the single-loop shield
covering the long section of cable line is not
discussed and its thermal effect on the cable line
capacity in such case is not studied.

The goal of the paper is to evaluate the
relative change of cable line capacity when
implementing magnetic field shielding techniques
comparably to unshielded case.

Namely, the capacity reduction caused by
solid bonding of the shields of cables and the
reduction caused by usage of the long single-
loop shield with an asymmetric magnetic
coupling (hereinafter referred to as the passive
loop) are under study. To assess the capacity
reduction, we find the capacity of single-point
bonded cable system and the capacity reduced by
the thermal effect of closely located shielding
conductors. These shielding conductors are the
shields of cables (when the cable system is
solidly bonded) or the conductors of passive loop
(when it covers the cable line). To evaluate
the cable line capacity, we use both the standard
IEC 60287 “Electric cables — Calculation of
current rating” and the technique based on the
numerical simulation.

II. CALCULATION OF CABLE LINE

CAPACITY BY IEC 60287 STANDARD

The IEC 60287 standard makes it possible to
calculate the cable line capacity when the system
is single-point bonded or solidly bonded. We
examine the capacity of 110 kV cable line for
two conductor sizes. As well two sizes of cable
shield cross-section and two variants of cable
spacing are under study.

The parameters of the cable line and the
ambient are as follows:

— load factor is 100%;

— cable line is flat and cables are buried 1.5 m
deep;

— distance between axis of adjacent power
cables (so-called cable spacing) equals two or
four diameters of the cable;

—soil thermal resistivity psoii takes on the
values from 0.6 K-m/W to 1.2 K-m/W with the
step of 0.2K-m/W, and 3.0 K-m/W as an
extreme case;

— temperature at ground surface is 6,~20°C.

We model the power cable as a cylindrical
conductor coated with three layers, namely the
XLPE insulation, the shield, and the jacket as an
outer layer. At that the parameters of 110 kV
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single-core XLPE-insulated power cables are as
follows:

— conductor size is 240 mm? or 500 mm?;

— conductor is aluminum,;

—maximum  operating
conductor is 90°C;

— cable insulation thickness is 16 mm,;

—thermal resistivity of cable insulation is
3.5 K-m/W;

— the shield size is 100 mm? or 200 mm?;

—jacket (PVC-insulation) thickness
4.0 mm;

— thermal resistivity of jacket is 6.0 K-m/W.

According to the subsection 1.4.1.1 of
IEC 60287-1-1 standard [30], the permissible
current rating is calculated by the following
expression:

temperature  of

18

, AO—W,[0,5T+m(T,+T,+T,) |
N\ RT4mR(142,) T4mR(14+4,+4, ) (14T, )

(1

where A0 is the permissible temperature rise of
conductor above the ambient temperature 6,, K;
R is the alternating current resistance of
conductor at its maximum operating temperature,
Q/m; Wy is the dielectric losses per unit length
per phase; Ti is the thermal resistance per unit
length between conductor and shield, K-m/W;
T, is the thermal resistance between shield and
armour, K-m/W; T3 is the thermal resistance of
cable jacket, K-m/W; T; is the thermal resistance
between cable surface and soil, K-m/W; m=1
is the number of conductors in the cable; A; and
A2 is the ratio of total losses in shield and armour
respectively to total conductor losses.

As the power cables under study have no
armor, then parameters 7> and A, are equal to
zero. We find the parameters 71, 73, and 74 using
subsections 2.1.1, 2.1.3, and 2.2.3.2.2 of the
standard IEC 60287-2-1 [31].

In the single-point bonded cable system there
are no currents in the shields of cables.
Correspondingly A;=0. Calculating the capacity
of cable line with solidly bonded shields
according to (1), we use the loss factor A; for
the outer cable. It is bigger than the loss factor
for the middle cable. By-turn, the bigger loss
factor gives the less permissible current rating.

Table 1 shows the calculation results for the
cable line capacity when the conductor size is
240 mm?. It covers two variants of cable spacing,
two variants of shield size, and both types of
shield bonding. Similar Table 2 shows the
capacity when the conductor size is 500 mm?.

36

As expected the single-point bonded cable
system provides more capacity compared to the
solidly bonded one. The capacity does not
depend on the shield size when the single-point
bonding is used. To increase the capacity, cables
with greater conductor cross-section can be used.
Comparing first lines from Table 1 and Table 2,
we find the one and a half times growth of the
capacity. Another way to increase the capacity is
to distant cables one from another reducing the
mutual heating.

According to [1] the cable spacing of two
cable diameters is regular, but its four-time
increase is permitted by [16]. Comparing lines
no.1 and no.4 from Table 1, we find the
capacity increase by 3.9...6.3% depending on
soil thermal resistivity. The similar analysis of
Table 2 shows the capacity increase by
4.6...6.8%.

The solid bonding of shields of cables
reduces the cable line capacity. Comparing the
Ist line of Table 1 with 2nd and 3rd ones, and
4th line with 5th and 6th, we find the capacity
reduction by 11.6...18.8%. The similar analysis
of Table2 shows the capacity reduction by
20.9...30.4%.

Obviously the usage of cables with greater
conductor cross-section increases the cable line
capacity. Comparing lines no. 2 and no. 3 from
Table 1 with corresponding lines from Table 2,
we find the capacity growth by 27.4...34.8%
depending on soil thermal resistivity and shield
size. However, the increase of cable spacing
does not guarantee the capacity increase because
of two competitive effects.

The increase of cable spacing reduces the
mutual heating of cables and improves the heat
transfer to soil. On the other hand, the increase
of cable spacing leads to greater induced currents
in shields [32] and correspondently to the more
intense Joule heating. Comparing line no. 2 of
Table 1 with line no.5, we find a minor
reduction of capacity when the shield size is
100 mm?. And comparing the line no.3 of
Table 1 with the line no. 6,
we find the minor increase of capacity when
shield size is 200 mm?. The similar analysis of
Table 2 shows the same. This means that the
competitive effects of capacity increasing and
capacity decreasing cancel each other.

Therefore, we obtain that the solid bonding of
shields of cables reduces the cable line capacity
by 10...30%, and the increase of cable spacing
and shield size does not significantly affect
the capacity.
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Table 1
Cable line capacity calculated by IEC 60287 when conductor size is 240 mm?>.
Cable | Shield T f LA
No. |spacing,| size ype o
: > ; cable system psoil=0-6 psoil=0.8 psoil=1.0 psoil=1 2 psoil=3.0
mm | mm K-m/W K-m/'W K-m/'W K-m/W K-m/W
1 - single-point 507 462 428 400 271
bonded
2 120 100 solidly bonded 448 405 372 346 231
3 200 solidly bonded 441 398 366 340 226
4 - single-point 527 483 448 420 288
bonded
5 | 240 100 | solidly bonded 446 403 371 346 231
6 200 solidly bonded 450 408 375 350 234
Table 2
Cable line capacity calculated by IEC 60287 when conductor size is 500 mm?>.
Cable | Shield LA
No. |spacing,| size Type of
: > ; cable system psoil=0-6 psoil=0.8 psoil=1.0 psoil=1.2 psoil=3.0
mm | mm K-m/W K-m/W K-m/W K-m/W K-m/W
1 - single-point 764 693 638 594 397
bonded
2 135 100 solidly bonded 604 540 493 456 298
3 200 solidly bonded 587 524 478 442 288
4 - single-point 799 728 672 628 424
bonded
5 270 100 solidly bonded 585 524 478 443 290
6 200 solidly bonded 594 532 486 449 295

IT1. CAPACITY EVALUATION VIA CABLE

LINE THERMAL FIELD SIMULATION

Another way to evaluate the cable line
capacity is to use the thermal field numerical
simulation. We assume the cable line thermal
field to be plane-parallel. Therefore, a
computational domain is a rectangle and includes
cross-sections of cable line, passive loop, and
soil. Since the cable line runs in a steady-state,
the temperature distribution 6(x,y) does not
change over time, where x and y are Cartesian
coordinates of the observation point.
The distribution satisfies the stationary heat
equation. We take some value of the cable line
current rating and find a thermal field
distribution around the cable line using the finite
element method. This gives the temperature of
cable conductor. If it is bigger than the maximum
operating temperature of 90°C, we repeat the
numerical simulation with a less current rating.
Otherwise, we increase the current rating for the
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next simulation. Repeating the cycle, we find the
cable line capacity by successive
approximations.  This  technique  allows
evaluating the capacity of single-point bonded
and solidly bonded cable systems as well as the
capacity when the passive loop is used.

Table 3 and Table4 show the results of
capacity evaluation when the conductor size is
240 mm?> and 500 mm? respectively. They
correspond to Table 1 and Table2 in lines
dedicated to single-point bonded and solidly
bonded cable systems. There is some difference
in results obtained by different calculation
techniques. When the conductor size is 240 mm?,
the difference in capacities of single-point
bonded cable system is negligible. The
difference reaches 3.5% when the conductor size
is 500 mm?>. We attribute this to the non-
uniformity of current density in conductors,
which is taken into account in numerical
simulation. For the solidly bonded cable system,
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the difference in capacities calculated in different
ways is bigger. It lies within 3.3...7.1% when
the conductor size is 240 mm?, and 5.7...11.1%
when the conductor size is 500 mm?. We explain
this by precise expressions for shield currents
used in numerical simulation, while the
expression given the maximum current is used
for every of three shields when calculating by
IEC 60287. This also explains the higher values
of cable line capacity obtained via numerical
simulation. However, the results from Table 3
and Table 4 show the same trends as the results
from Table 1 and Table 2. Namely, the solid
bonding significantly reduces the cable line
capacity, and the increase of cable spacing and
shield size almost do not affect the capacity.

Another way to mitigate the cable line
magnetic field is to use the passive loop covering
the outer power cables. Fig. 2 shows the sketch
of arrangement of cable line and passive loop.
We consider passive loops having 100 and
200 mm? copper conductor and 4 mm thick
PVC-insulation. The current in the loop provides
an extra heating of cable line and reduces its
capacity. We assume that the loop current is
equal to the B-component obtained as a result of
the Clarke transformation [33,34] applied to
the shield currents of the solidly bonded cable
system.

ground surface temperature 6 = 20°C

passive loop

10m
0=u2/oQ

20m

Fig. 2. Sketch of arrangement of cable line and
passive loop covering the outer power cables.

This allows equalizing the magnetic field
shielding efficiencies in the solidly bonded case
and when the passive loop is used.

Analyzing Table 3 and comparing in pairs
lines no. 2 and 3, lines no. 4 and 5, lines no. 7
and 8, and lines no. 9 and 10, we find that the
implementation of the passive loop ensures more
cable capacity than the solid bonding. For
example, the solid bonding reduces the capacity
by 9.3% and the passive loop reduces the
capacity by 5.8% when cable spacing is 120 mm,
shield size is 100 mm? and soil resistivity
psoi=1.0 K-m/W. In general Table 3 shows that
the capacity is 3.4...9.3% higher when the
passive loop is used.

Table 3
Cable line capacity calculated by numerical simulations when conductor size is 240 mm?.
Cable | Shield LA
No. |spacing,| size Type of
) > ; cable system psoil=0.6 psoil=0-8 psoil=1.0 psoil=1.2 psoil=3.0
mm | mm K-m/W K-m/W K-m/W K-m/W K-m/W
1 - single-point 508 464 430 403 277
bonded
2 solidly bonded 466 423 390 363 247
100 - .
3] 120 with passive 482 438 405 378 257
loop
4 solidly bonded 459 416 383 357 242
200 . .
5 with passive 482 438 404 377 256
loop
6 - single-point 529 485 451 423 293
bonded
7 solidly bonded 465 422 390 363 247
100 . -
8 | 240 with passive 497 452 418 391 267
loop
9 solidly bonded 465 422 389 363 247
200 . -
10 with passive 501 456 422 394 270
loop

38



PROBLEMELE ENERGETICII REGIONALE 3 (59) 2023

Table 4
Cable line capacity calculated by numerical simulations when conductor size is 500 mm?.
Cable | Shield Type of LA
No. |spacing, | size, || 1 stem psoi=0.6 | psoi=0.8 | psoi=l.0 | psi=l.2 | psoi=3.0
mm | mm K-m/W K-m/W K-m/W K-m/W K-m/W
B single-point
1 e 772 701 647 604 411
2 solidly bonded 650 584 535 496 331
100 . .
3| 135 with passive 694 624 572 531 355
loop
4 solidly bonded 631 567 518 481 320
200 . .
5 W‘thlpasswe 690 620 569 528 353
00p
6 - single-point 807 736 681 636 436
bonded
7 solidly bonded 630 562 516 479 320
100 . .
8 | 270 with passive 701 631 579 538 359
loop
9 solidly bonded 628 564 516 479 319
200 . .
10 with passive 713 643 590 549 368
loop

The similar analysis of Table4 shows the
same trend when the conductor size is 500 mm?’.
Namely, the cable line with passive loop
provides 6.8...15.4% more capacity than the
cable line with solidly bonded shields. The
excess depends on soil thermal resistivity, cable
spacing, and shield size.

The increase in cable spacing and the
corresponding increase of width of passive loop
covering the cable line do not guarantee
the capacity increase because of two competitive
effects mentioned before in Section II. Analyzing
Table 3 and Table 4 and comparing in pairs lines
no.3 and 5, lines no.8 and 10, we find that
the competitive effects of capacity increasing
and capacity decreasing cancel each other and
the change of cable line capacity is minor.

IV. CONCLUSIONS

1. Using the IEC 60287 standard and the
numerical simulation, we show that 110 kV
cable line with solidly bonded shields provides
10...30% less capacity than the single-bonded
cable system. The capacity reduction is caused
by the thermal effect of currents induced in
shields of cables. The rate of reduction depends
on power cable parameters, cable spacing, and
soil thermal resistivity.

2. The solid bonding of shields of cables
leads to the mitigation of cable line magnetic
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field. However, the passive loop covering
the outer power cables is preferable, as the cable
line provides up to 15% more capacity in
comparison with solid bonding at equivalent
magnetic field shielding efficiencies.

3. We show that the increase in cable spacing
does not guarantee the capacity increase when
the solid bonding of cable shields or the passive
loop covering the power cables is used.
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Reduction of Voltage Fluctuations in Electrical Networks Supplying Motors
with a Rapidly Changing Load by Installing Longitudinal Compensation
Batteries

Basmanov V.G., Kalinina E.A., Cherepanov V.V.
Vyatka State University
Kirov, Russian Federation

Abstract. The article deals with the reduction of voltage fluctuations in electrical networks of industri-
al enterprises with the help of longitudinal compensation batteries. The purpose of the article is to de-
velop a method for calculating the optimal parameters of the longitudinal compensation installation,
which makes it possible to perform calculations using numerical characteristics of the range of chang-
es in the voltage and flicker dose. To achieve this goal, it is necessary to solve the following tasks: to
develop a method for selecting the parameters of reducing voltage fluctuations, taking into account the
random nature of the change in the parameters of network modes; using the proposed method, to de-
velop a calculation method that allows choosing optimal parameters of capacitor units. The most sig-
nificant result is the experimental and theoretical confirmation that the proposed method for selecting
the parameters of longitudinal compensation batteries, taking into account the random nature of the
change in the flicker dose, makes it possible to effectively apply longitudinal compensation to reduce
voltage fluctuations in electrical networks of industrial enterprises with a rapidly changing load. The
significance of the results is proved by the fact that the proposed method makes it possible to select a
longitudinal compensation installation to limit voltage fluctuations at the design stage, thereby ensur-
ing the quality of electric energy in networks with consumers having a rapidly changing load. The re-
sulting calculation method is planned to be used in distribution electrical networks when performing
technical measures to ensure the quality of electrical energy.

Keywords: asynchronous motors, rapidly changing load, voltage swing, flicker dose, active power,
reactive power, longitudinal compensation installation.
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Reducerea fluctuatiilor de tensiune in retelele electrice care alimenteazi motoare electrice cu o sarcini
semnificativ variabila prin instalarea bateriilor de compensare in serie
Basmanov V.G., Kalinina E. A., Cerepanov V.V.
Universitatea de Stat din Veatka, Kirov, Federatia Rusa

Rezumat. Articolul examineaza reducerea fluctuatiilor de tensiune in retelele electrice ale intreprinderilor
industriale cu ajutorul bateriilor de compensare longitudinala. Scopul articolului este de a elabora o metoda de
calculare a parametrilor optimi ai instalatiei de compensare longitudinala, care sd faca posibila efectuarea
calculelor folosind caracteristici numerice ale intervalului de modificari ale tensiunii si dozei de palpaire. Pentru
a atinge acest obiectiv, este necesar sd se rezolve urmatoarele sarcini: sa se elaboreze o metoda de selectare a
parametrilor de reducere a fluctuatiilor de tensiune, tinand cont de natura aleatorie a modificarii parametrilor
modurilor de retea; folosind metoda propusd, pentru a elabora o metoda de calcul care sd permitd alegerea
parametrilor optimi ai unitatilor de condensator. Cel mai important rezultat este confirmarea experimentala si
teoretica ca metoda propusa pentru selectarea parametrilor bateriilor de compensare longitudinala, tindnd cont de
natura aleatorie a modificarii dozei de palpaire, face posibild aplicarea eficientd a compensarii longitudinale
pentru a reduce tensiunea fluctuatii in retelele electrice ale intreprinderilor industriale cu o sarcind in schimbare
rapida. Semnificatia rezultatelor este dovedita de faptul ca metoda propusa face posibila selectarea unei instalatii
de compensare longitudinala pentru limitarea fluctuatiilor de tensiune in faza de proiectare, asigurand astfel
calitatea energiei electrice in retelele cu consumatori cu sarcina in schimbare rapida. Metoda de calcul rezultata
este planificatd a fi utilizata in retelele electrice de distributie atunci cand se efectueazd masuri tehnice pentru
asigurarea calitatii energiei electrice.

Cuvinte-cheie: motoare asincrone, sarcina semnificativ variabila, variatie de tensiune, doza de palpaire, putere
activa, putere reactiva, setare de compensare in serie.
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YMeHb1IeHHe KoJIe0aHHIT HANPSIZKeHHUS B JJIEKTPUYECKHX CeTAX, MUTAIIINX 3JIeKTPOABUIaTe ! ¢
pe3KkonepeMeHHOM HATPY3KOii, MyTeM YCTAHOBKH 0aTapeil Npoa0JibLHONH KOMIIEHCALMHT
Bbacmanos B.I'., Kanununa E.A., Yepenanos B.B.

BsiTtckuii rocy1apcTBEHHBIN YHUBEPCUTET
Kupos, Poccuiickas @enepanus
Annomayusa. Pabota TOCBSIMIEHA YMCHBIICHHIO KOJNCOAaHWH HANpSDKEHWH B 3JIEKTPUYECKHX — CETIX
MPOMBIIIICHHBIX TPEANPHUATHNR C TOMOIIbI0 Oarapell MPOJONbHOW KOMIICHCAIMH. AKTYaJbHOCTh PabOTHI
MOAYEPKUBACTCS TEM, 4TO MpobOiIeMa 00ecedeHNsI KauecTBa IMEKTPUIECKON SHEPTUU B SIEKTPUUECKUX CETAX
NPOJOJDKAET OCTaBaThCd OJHUM M3 BAKHEUIINX, ONPEICSAIONIMX HAIe)KHOCTh U 3(PPEKTUBHOCTH
anekTpocHaOxeHuss notpeduteneld. llenplo manHON paboTel siBIseTCs pa3paboTka crocoba pacdera
ONTUMAJIBHBIX MapaMeTPOB YCTAHOBKM IPOJOJBHON KOMIIEHCALMHM, IO3BOJISIOIIEIO BBIINOIHATH PpacueTsl,
UCIIONIb3YSl YHCIIOBBIE XapaKTEPHCTHKH DPa3MaxOB HM3MEHEHWS HalpsOHKeHUs CeTH M 1103bl (uukepa. Jlns
JOCTHKEHUSI TIOCTABJICHHOH eI HEeOOXOAMMO PEIINTh CIEAYIOIIMe 3aadd: pa3padoTaTh METOAMKY BBIOOpa
apaMeTpoB CPEACTB U1 YMEHBIIEGHUS KoJeOaHUI HampsyKeHHs, YYHUTBHIBAIOLIYIO CIy4alHBIH Xapaktep
W3MEHEHHS MapaMeTPOB PEXMMOB CETH, MCHONB3Ys MPEATIOKEHHYI0 METOJUKY pa3paboTaTh criocod pacdera,
MO3BOJISIOIIMH BBHIOMpPATh ONTHMAaJbHBIE MMapaMeTPhl KOHAECHCATOPHBIX YCTAaHOBOK. B CBf3M € 3THM aBTOpamu
OBLTH BBITTOJTHEHB! MCCIICIOBAHMS NCTOYHUKOB KOJICOAaHWH HANpSOKEHHS, KOTOPBIE IIPUMEHSIOTCS ISl CO3/IaHMs
MOJIMTOHOB MAaTEMaTHYECKOTO OKHIAHMSA M CPEIHEr0 KBaJIpaTHIECKOTO OTKIOHEHMS, a TAKXKe IOJydCHHUS WX
OCHOBHBIX YHCJIOBBIX XapaKTEPUCTUK 0 aKTHBHOW W PEAKTHMBHOW Harpys3ke 00CIEIOBaHHBIX 3JIEKTPONPUBOIOB.
Hawubornee cymmecTBeHHBIM pe3yIbTaTOM SIBISIETCS] SKCIIEPUMEHTAIBHOE U TEOPETHIECKOE MTOATBEPKACHHUE TOTO,
YTO TPEIUIOKEHHBIH croco0 BHIOOpa mapamMeTpoB Oarapeil MpoJONbHONW KOMIIEHCALMH C Y4eTOM CIydaifHOro
XapakTepa WU3MEHEHHMsl JO3bl (UIMKepa MO3BOJSET 3(PPEKTUBHO MPHUMEHATh NPOJOJIBHYIO KOMIICHCALUIO IS
CHIDKEHUsI KOJICOAHMH HANpsHKeHUs B DIICKTPHUYECKHX CETAX IPOMBIIUICHHBIX MPEINPHATHH C Pe3Ko
MEpEeMEHHBIM XapaKTepoM Harpy3kd. 3HAYUMOCTh MOJIYYEHHBIX pe3yJIbTaTOB COCTOMT B TOM, YTO
HpeILJIO)I(eHHbIﬁ METOA TO3BOJIACT MNPOU3BOAUTH BI)I60p YCTaHOBKH HpOI[OJII)HOfI KOMIICHCAllUM  JJIsd
OTpaHWYEHUs KOJicOaHWH HampsDKEHWS Ha CTaIUM TPOSKTHPOBAHMS, M, TEM CaMbIM, OOECICYUTH KauyecTBO
3JIEKTPUUECKOI SHEPTUH B CETAX C IMOTPEOMTENISIMH, UMEIOIINX PE3KO IEPEMEHHYI0 Harpys3ky. IloimydeHHbIH
CIoco0 pacueTa INTAHUPYETCS! WCIIOJIB30BATh B PACIPENCIUTEIbHBIX JICKTPHUECKUX CETAX IPU BBITOJHEHUH
TEXHUYECKUX MEPOIPHUATHI MO OOECIeYeHHI0 KauyecTBa SJIEKTPUYECKOH HSHEPrhH, a TaKXKe B MPOEKTHBIX

OpTaHM3aIMAX [IPU IPOSKTHPOBAHUHT HOBBIX OOBEKTOB.
Knrouegvie cnoga. acHHXpOHHBIE JBUTATENH, PE3KO NMEpEMEHHAs Harpyska, pa3Max W3MCHEHHS HAIpsOKEHUS,
J03a (meKepa, AKTHUBHasg MOIMHOCTb, pCAKTUBHAA MOIIHOCTH, YCTAHOBKA HpO[[OHLHOﬁ KOMIICHCAIlUU.

BBEJIEHHUE moTpedIsieMol U3 MUTANOMIEH ceTH, U OObIIas
YacTOTa dTUX U3MEHEHUM.

[Io creneHu BAMSHUS PE3KO NEPEMEHHBIX
Harpy30K Ha KoJie0aHWS HANpPSDKCHHUS |
pacmpocTpaHeHHe JTHUX KoJeOaHW MOXHO
BBIJICJIUTH JIBE TPYIIIBI TAKUX MTPUEMHUKOB:

- NPUEMHUKH  CPEJHEro  HalpsLKEHUS
HOMUHAJIBHOM MOIIHOCTBIO B HECKOJBKO COT
KHJIOBAaTT MW  OOIbIle, TpUMEHSEMbIE B
MPOMBIIUICHHOCTH, HalpuUMeEp, AYTOBbIE I€YH,

[IpoGiiema kauecTBa ANEKTPUIECKON SHEPTHH
ObllIa M Ha CETONHAIIHUKM IE€Hb OCTAeTCS OIHOM
u3 HaunbOoee Ba)KHBIX pobiemM
aneKTpodHepreTuxu [1-16].

B mocinennue pecarunetds OOJBIIMHCTBO
MPOMBIIUICHHBIX  TPEANPUATHH  OCHAIAETCS
3JIEKTPOHHBIM 000pyIOBaHUEM,
MUKPOIIPOLIECCOPHON H BBIYMCIUTEIHHOM
TEXHHMKOW, KOTOPbIC HAM0OJIee UYBCTBUTEIbHBI K

CTaJIeINTCHHEIC Ic4yu, SJICKTPOABUTATCIIN
OJICKTPOMAarouTHbBIM IIOMEXaM, K H3MCHCHUAM
o NMEPEMCHHOI0 TOKa C€ 4YaCTbIMH IIyCKaMU H
Ka4yeCTBa DJJICKTPUYCCKOU DHCPIHU. H3meHeHue P e
Apyrue;

Ka4yecTBa BBI3BAHO 3HAYMTENBHBIM YBEINYCHUEM
YCTQHOBJICHHOM MOIIHOCTH HEJIUMHEWHBIX W
PE3KO mepeMeHHbIX Harpy3ok [4-10].

K 4uncmy ocHOBHBIX MoOKa3aTenel KayecTBa
AIIEKTPUYECKON PHEPrUM OTHOCATCS KoyeOaHus
HaTPSKEHMSI. Kounebanust HaTPSHKEHUS
BBI3BIBAIOTCSI TIOTPEOUTENSIMHI  3IIEKTPOIHEPTHH,
UMCIOIIUMH  JIEKTPUYECKYI0 Harpy3Ky pes3Ko
nepeMeHHoro xapaktepa [12,13,17-20]. Hdus
9THX TPUEMHHKOB XapaKTepHBIM  SIBISIETCS
ObICTpBIE M3MEHEHHUS! aMIUTUTYIbl aKTHBHOW H
peaKTUBHON MOLIHOCTH Harpy3KH,

-  TNPUEMHHMKM  HM3KOTO  HAaINpsHKEHUS
HOMHMHAJIbHOM  MOIIHOCTBIO B  HECKOJIBKO
JIECSITKOB KWJIOBAaTT M MEHBIIE, TIPUMEHSIEMBIE B
MPOMBIIIIEHHOCTH  (CBapOYHBIE MaIlIHHBI,
CTaHbl) U B KOMMYHAaJIbHO-OBITOBOM XO3SIHCTBE
(madTeI, dnekTponpuOOpEl W anmapathl B
JIOMAIITHEM XO3SIIICTBE C 3JIEKTPOMEXAHUYECKUM
U DJEKTPUYECKUM YIPABICHUEM IOTPEOICHUS
MOIITHOCTHU U JPYyTHE).

[Ipu pe3ko mepeMeHHBIX Harpy3kax HH3KOTO
HampsoKeHUsT  Ha  BENMYMHY — KojeOaHui
HaNpsOKEHUsl BJIMAIOT aMIUIATYJbl HW3MEHEHUH
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AKTUBHBIX U PEAKTUBHBIX COCTABIISIOLUINX TOKOB
npueMHuKoB.  [lpm  pe3ko  mepeMeHHBIX
Harpy3Kax CpeIHEero HANpsDKCHHS B OCHOBHOM
BIMSHUE  OKAa3bIBAIOT  TOJBKO  W3MEHEHUM
aAMIUTATYIBI PEaKTUBHBIX COCTaBIISIOIINX
Harpy3oK 3THX MpueMHUKoB [13,14].

K wcrounmkam KkoneOaHWN — HANPsHKCHHS
OTHOCSITCS: [JYTOBBIE CTaleIUIaBUIbHBIC TI€UYH
(ACID), PYZIHO-TEpMUYECKUE MeyH,
WHIyKIMOHHBIe Tieun [17,18,21]; nmyroBas u
KOHTakTHas cBapka [15,17,18,20]; xpaHbl u
neOefKy;  yOpaBisieMble  BBHIIPSIMUTEIBHBIC
YCTaHOBKH; CTAHBI TOpSYei MPOKATKHU; ITPHUBOIBI
MPOKATHBIX CTAHOB: OJFOMUHTH, CISIOMHTH; ITyCK
MOIIHBIX 3NEKTpOABHTaTENeH (nacocos,
KOMIIPECCOPOB); KOMMYHaJIbHO-OBITOBAS
Harpyska (xyxoHHOE o0opynoBaHue,
CTHpallbHblE ~ MAIlMHBI,  BOJOHATPEBATEINH,
TQTHL, KOHJTUIIMOHEPBHI); PEHTI€HOBCKHE
anmapatsl u apyrue [15,17,18,22].

Konebanus HanpspKkeHUs, BOSHUKAIOIINE TIPU
pE3KONEepeMEHHOM Harpy3Ke, paclpoCTPaHIIOTCS
MO BCEH CETH, BBI3BIBAs KOJICOAHUS HAMPSIKEHUS
Ha 3QKMMax BCEX, B TOM YHCIIE, TOTpeOHTENeH
CO CIIOKOWHOM  Harpy3Koi, —OTpULATEIbHO
CKa3bIBAlOTCSl Ha 3pEHHM 4YeJIOBeKa U Ha
MPOTEKaHUE TEXHOJIOIMYECKOTO Mpoliecca.

[Ipu xomebaHmsIX HAMpPsDKEHUS HAOIIOJAeTCS
HOracaHue Tra30pas3psAHBIX JIAMI, OTMAJAI0T
KOHTaKThl MarHUTHBIX ITyCKaTenel, BBIXOIST W3
cTposi OaTaped KOHJCHCATOPOB U BEHTHJIH
npeoOpazoBaTenbHbIX arperatos [4,8-10]. Takke
OTpHIIATeIEHOE BIIMSIHUC UCTIBITHIBAIOT
OOJBIIMHCTBO TOTpeOUTENEH 3JIEKTPOIHEPTHH.
Kpome  Toro,  koseOaHuMsi  HampsHKEHUS
CUMTAIOTCS OCHOBHOH TPOOJIEMOH KadecTBa
AJIEKTPO’HEPTUH,  BBI3BIBAIOIIECH  TOBBIIICHUE
TeMIIepaTypsl, Meperpy3Ky TIeHepaTopoB U
JIIBUraTele M BIUSIOWIEH Ha JIOJAEH dYepes
pasapaxaromee Mepranne csera [17]. Hamo
TaKKe OTMETUTh, YTO B HACTOSIEe BpeMs

pasButue  obopyaoBaHHs ¢  [H(POBBIM
yIpaBjieHHeM TpeOyeT TMOBBIIICHUsS KauecTBa
anekTpodHepruu. OpHAaKO HE  CYIIECTBYET
KOHKPETHOM UH(PACTPYKTYPHL, KOTOpast
MOTHBHPOBaJIA OBl MPOEKTHPOBAHHE
JHEPrOCUCTEMBI TSt JOCTHKEHHS
OIPEJICTIEHHOTO YpPOBHS KadecTBa
anektposHeprun  [18]. B aT0it  crarhe

paccMaTpuBaeTCd MEXaHM3M HMHTEPAKTHBHOTO
JTUHAMHYECKOTO KOHTPOJIS KayecTBa
UIEKTPOIHEPTUH ISl KOHLENITYyaIN3aluy 3aTpaT
U BBITOA OT KaydecTBa  3JIEKTPOIHEPIHUU.
OcHOBHasg 1EeTb COCTOMT B TOM, HYTOOBI
o0ecrneunTh WH)XEHEPHYI0 HHQPACTPYKTYpy H
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MIpoLEnypy, KOTOpble '"MOAAIOT MpaBUJIbHBIC
CHUTHaNBI" TOCTABIIMKY DJEKTPOIHEPTHH U
MMOTPeOUTENI0, YTOOBI COATaHCHPOBATH KAUECTBO
AIIEKTPOIHEPTHH U CTOUMOCTh. B mpeanmaraemoit
MH(PPACTPYKTYpE UCTIONB3YETCsI BEKTOP MHIEKCA
YPOBHS Ka4eCTBa dJIEKTPOIHEPTUH.

B craree [19] moka3aHo, YTO MOXKHO
WCTIONIb30BaTh MHACKCHI KOJeOaHUH HAPSHKEHUS
JULSE 3¢ PEeKTUBHOTO OTpe/IeTIeHUS
MECTOIIOJIOKEHUSI BO3MYIIAIOIINX HAarpy3oK B
pamualibHBIX 3eKTpoceTsX. [IpencTaBieHHBIN
cnoco® OTIpeeNICHUS MECTOTOIOKEHHS
BO3MYIIAIONINX HATPY30K M OIIEHKH MapaMeTpOB
OCHOBaH Ha HWHJEKCaX KOleOaHWH HaNpsHKEHUS.
Ho B nanHO# paboTe He mpearatoTcsi CriocoObl
YMEHBIICHUS dTHX KoJcOaHNH.

B pabGorax [23,24] mpemnaraeTcsi HOBBIH

aITOPUTM OoOHapyKEeHUS KoseOaHuit
HanpsHKEHUS Ha OCHOBE BeHBIIET-
npeoOpazoBaHus, MpeIHa3HaYCHHBIN JUTST
oOHapyxeHHs ObICTPBIX U3MEHEHHH B CHUTHAIAX
HaNpsDKEHUSL. Hcnonb3oBanue  BEWBIETOB
obecrieynBaeT  OJHOBPEMEHHYIO  Tepelnady
YaCTOTHO-BPEMEHHOH WH(OpManuy O CHTHAIE,
YTO TIPENCTABISACT OCOOBI HHTEpeC NpH
00paboTKe COOBITHI HATIPSKEHUS.

B CTaThe [25] MpeIOKeHA
YCOBEPIICHCTBOBAHHAS ~ CXE€Ma  YIpaBICHUS
HaNpsHKEHHEM C  TIPOTHO30M Uit PaboThI

perymnsaTopa HanpsHKCHUSI B pacTpeleuTeIbHON
cucTeMe, YTOOBI MHUHHMH3UPOBATH OYKUJIAEMBI
PHCK HapyllIeHHs HanpshkeHus. B npemnaraemoit
CXeMe TPOIIoe KPATKOBPEMEHHOE OTKIOHEHUE
HaNpsDKEHUS alllPOKCHUMUPYETCS, a MPOTHO3HBIE
3HAUCHHUS HANPSDKEHUS B MECTAaX PACIOJIOKECHUS
JaTYAKOB  OIEHMBAIOTCA 1O  TEKyLIeMy
BTOPUYHOMY HaTPSHKEHUIO perynsTopa
HanpsokeHus. Takum oOpa3oM, mpeaaraemast
cXemMa  SBISIETCS ~ aBTOHOMHOH  CXEMOW
yhpaBlieHHsI U He TpeOyeT H3MEpeHHUs] 3HaYeHUH
HaNpsDKEHUS B peXKUME PEallbHOTO BPEeMEHH, KaK
B JIDYTHX CXEMax YIpaBJICHHS HANPSHKEHUEM.

B pabore [26] mpeanaraercs METOI OLEHKH

JIMHUU u BBIOOpA MECTOIOJIOKEHHUS
YyBCTBUTENILHON HAarpy3ku [UIsI YMEHBIIECHUS
NMaJcHUd HalpsDKEHUS Ha  YyBCTBUTEIBHBIX
Harpyskax.

s ceTeBoM CTOpPOHBI MIPEIIOKEH
SHEePreTHYECKUI WHEKC M3MEHEHUS
HaNpPsDKEHUS.

Hnst  CTOpoHBI  Harpy3ku Ipeanaraercs
GyHKUMS ~ CTENEHM  BIMAHUS  M3MEHEHUS
HanpsokeHus.  IIpemnokeHHble — TOKasaTenn

MOTYT OIICHHBATh CHUCTEMY DIJICKTPOCHAOXKEHUS
0oJiee KOMIUIEKCHO U 00OCHOBAHHO.
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CyIecTBYIOT pa3INyHble HANpPABJICHUS 10
YIIyYIIEHHIO noKazaresei KayecTBa
JNEKTPUYECKOM D3HEpPruH, B T.4. CHWKEHHUE
Kosiebanuil HampsbkeHus. K 4mcny, KOTOpBIX
MOXHO  OTHECTH IPHUMEHEHHE  YCTPOMCTB
npomonbHON KommeHcarmu  (YIIK), xotopsre
SBIISIFOTCS TPagUIUOHHBIM TEXHUYECKUM
CPEICTBOM, NPUMEHSEMBbIM, JUIS IOBBIILICHUS
MIPOITYCKHOM CIIOCOOHOCTH, obecrniedeHus
¢ ¢dexTuBHON 3arpy3kd U paboOTBl B IIEIIOM
muaui. YIIK sBnsercs Hanbosaee 3KOHOMUYHBIM
crocooom YBEITUYEHUS HPOITYCKHOMN
CIIOCOOHOCTH BHYTPHUCUCTEMHBIX u
MEKCUCTEMHBIX CBS3€i, OJHOBPEMEHHO OHH
MOTYT MPUMEHSTHCS TUIst YITyYIIeHUS
MOKa3aTesiel KauecTBa ANEKTPO3Hepruu. Apyrum
HaNpaBJICHUH 10 YMEHBIICHUIO KoJjcOaHui
HanpsHKEHUS SIBIISICTCS NpUMEHEHHUE
YHU(UIUPOBAHHBIX KOHIWLMOHEPOB KayecTBa
SIICKTPOIHEPTHU (UPQC). [Iupokoe
MIpUMEHEHNE UPQC JULS YITy4LIeHUS
IIOKa3aTeNell  KauecTBa  JJICKTPOIHEPTUU B
MOCJIETHUE TOABI 00YCIOBICHO BO3MOXXHOCTSAMHU
OJIHOBPEMEHHOW KOMIIEHCAIMH KaK CO CTOPOHBI
MUTAIOUICH CETH, TaK U CO CTOPOHBI MMOTPEOUTENS
[27-32]. Ho u3-3a BBICOKO# CTOMMOCTH BOIIPOC O
pasmemennn UPQC B cucreme pacnpeaeneHust
JOJDKEH pemarbesi ¢ OOJIBIIONH OCTOPOKHOCTBIO
U TIPEeINOYTUTENBHO pelaTbes Kak mpodiiema
ONTUMM3ALINY. OnrumMu3zanys 3a7auu
pasmenienuss UPQC B KOHKYpeHTHO#H cpene
3aKJIIOYaeTcsl B~ MHMHHUMM3AUUM  TIOTEPb
MOLIHOCTH, MUHHMU3ALAN MOJHBIX
rapMoHnyeckux uckaxenuit (THD), ynmyumenun
npoduisi  HampsDKEHHS W YMCHBIICHUH
aucOanaHca B HOPMAJbHBIX — YCIOBUSIX U
YCJIOBHSX MPOBUCAHUS HanpsbkeHus [29].

Eme onHuM HampapieHHEM 10 YMEHBIICHHIO
KoJIeOaHUI HaNpSOKEHUS SIBISIETCS NPUMEHEHHE
KOMIIEHCATOPOB THIA CTATKOM, rae
UCIIOJIB3YIOTCS yTIpaBisieMble NpeoOpa3oBaTesu
HanpspkeHus. [IpuHnun paboThl KoMIleHcaTopa
CTATKOM ocHoBaH Ha (HOpPMHUpPOBAHUH
JKeJlaeMbIX MTHOBEHHBIX 3HAYECHUI HaNpsHKEHUH
U TOKOB, MOTPeOIsIeMbIX Ha BXOJIE YCTPOMCTBA,
3a CYeT MPUMEHEHHs BEKTOPHOTO YIPaBICHHUS U
HMIUPOTHO-UMITYJIbCHOM Moayisiuuu [31, 33-35].
Jns  yMeHbIICHWsT KOJeOaHWH  HaNpsKCHUS
bosee 3¢ heKTUBHO MIPUMEHEHHNE
CHEUUAIN3UPOBAHHOTO  YCTPOICTBA, KOTOpOE
HaseBaercst JJCTATKOM.

K uumcny  ycrtpoiictB s
KOJICOAHUI  HAINPSHKEHUST TaKKe OTHOCHUTCS
JUHAMUYECKUH  KOMIICHCATOpP  HMCKaXCHUH
Hanpspkenust  (JKWH DVR) [36,37].

CHMIXXCHHA

45

[Ipumenenne DVR B Hacrosmee
SIBIISIETCSL OJIHOM u3
paclpoCTpaHEHHBIX  TPOLEAYP
nepenanoB Hampsbkenus [36]. B mporecce
paboTHI DVR mojaeT HaIpsDKCHIE
MOCJIEIOBATENIFHO C HANpPSDKEHHEM CHCTEMBI, a

JACTATKOM mnomaeTr TOK B CHCTEMY JUJIs

BpeMs
Haubolee
CMATYECHHUS

yCTpaHCHUsI npoOiiemM c Ka4eCTBOM
aneKkTposHepruu [37].

AHanu3  MHOTOYHCIICHHOH  JIUTEpaTypsbl
HOKa3ajJ, 4TO BONPOC OOECICUCHUs KadecTBa
JNMEKTPUYECKOW  SHEPrUM B CETAX  C

NOTPEOUTENISIMU, UMEIOIUX PE3KO NEPEMEHHYIO
Harpy3Ky, BECbMa aKTyaJleH U TpeOyeT pelieHus
KOMITJIEKCa METOIMYECKUX, OPTaHNU3al[IOHHBIX H
TEXHUYECKUX Meponpuatuidl. HyKHO OTMETHUTb,
YTO  YacTO  O3TH  PEWCHHUS  SBISAIOTCS
JIOpOTOCTOSIIIMMH, M BO MHOTHX Clydasx
pacxo/pl MPUXOAUTCSA HECTH 3aKa3uuKy. Takum
o0pa3oMm, mepel MPUMEHEHHUEM PpEIeHHs IS
obecrieueHus KayecTBa JIEKTPOIHEPTUI
HEOOXOAMMO  JAETaJbHO  NPOAHAIU3UPOBATH
npobjeMy M TaKKe pacCUuTaTb COOTHOLICHHUE
3aTpaT U Beirod. Kpome Toro, Hy>KHO OTMETHTb,
910 3((HEeKTUBHOCTh MPUMEHEHHUS YCTPOWCTB

JUIS  CHW)KEGHUS  KoNeOaHWH  HampsHKCHUS
OTIpeIeNIsIeTCS] METOMUKON BBEIOOpa MapaMeTpoB
YCTPOMCTB A1  YMEHBIICHUS  KOJICOaHHI
HaIpsHKEHUSL.

B JIETEPMUHUPOBAHHOMN IIOCTAaHOBKE

METOJMKH BBIOOpA MapaMeTpOB YCTPOMCTB ISt
YMEHBIIIEHUS KOJICOaHNH HAMTPSHKEHHS M3BECTHEI
W OMHCaHBI B JUTeparype, Hampumep, [4,38]. B
TUX METOAMKAX B KayecTBe IOKa3aTels,
XapaKTEepU3YIOIIEro KoJeOaHusi — HAMPSUKCHUS
NPUHAT pa3Max HW3MEHEHHWsS HampskeHus. B

HacTosiee BpeMsl IOKazarejgeM KoyeOaHui
HampsDKeHUs  sBIsieTcs  jo3a  (hmkepa,
M3MEHSIONAsiCI BO  BPEMEHH  CIy4ailHbIM

obpaszom [12]. AHanu3 TuTepaTypsl OKa3aj, YTo
METOJIUKH BBIOOpa IMapaMeTpoB MEPEUNCICHHBIX
BEIIE YCTPOMCTB C Y4YETOM CIY4YailHOTO
xapakrepa W3MEHEHUSI  JI03bI dnukepa
otcyTcTBYIOT. [IpH ux pa3paboTke HEO0OXOAMMO
WCIIONB30BaTh METOMABI pacyera J03bl (hIUKepa,
YUUTBHIBAIOIINE CTOXaCTUYCCKHI Xapakrep ee
n3MeHeHus. VcXois M3 BBIIICIIEPEYUCICHHOTO,
aBTopaMu  OBUIO  TPUHATO  pEIIGHHE O
MPUMEHEHUH I yYMEHBIICHHS KoJjeOaHui
HaIPSHKESHUS YCTaHOBOK MIPOIOJILHON
KoMIieHcanuu peakTuBHON MomHoCcTH (YIIK).

|. LIEJIM M1 3AJTAYM

Lens maHHOW pabOTHI COCTOUT B pa3paboTKe
crnocoba pacueTa ONTHMAIBHBIX IapaMeTpOB



PROBLEMELE ENERGETICII REGIONALE 3 (59) 2023

YCTaHOBKU MPOI0IBHON KOMIICHCALIUH,
MTO3BOJISTFOIIETO BBITIONMHATH PACUETHI, HCIOIB3YS
YHUCIIOBBIC XapaKTePUCTUKH pa3MaxoB

W3MEHEHUS HAIIPSHKEHUS CETH U 103bI (IHKepa.

B cooTBeTcTBUH C 1IENBbI0 OBUIH OTIPEeNCHB
CIEeAYIOLIUE 3aa4u:

- pa3paboTKa METOIHUKH BBIOOpA ITapaMeTPOB
CpeAcTB I yYMEHbLICHHA  KoyieOaHuit
HaNpsDKeHU, YUMUTHIBAIOIEH CIIy4alHbIN
XapakTep HW3MEHEHHUs MapaMeTpoB pPEeXUMOB
CeTH;

- HUCHONB3ys METOAHKY, YYHUTBHIBAIOIIYIO
CIIy4alHBIM XapakTep H3MEHEHHs MapaMeTpoB
PEKMMOB ceTH, pa3paboraTh crmocol pacuera,
MTO3BOJITIOIUI BBIOMpATH ONTHMAaJIbHbIE
apaMeTpbl KOHACHCATOPHBIX YCTaHOBOK.

I1. METOAbI HCCJIEJOBAHUSA

Jns  pemieHuMs — TOCTaBICHHBIX  3a1ad
HCIIOJIH30BAICH METO/IbI SKCIIEPHUMEHTAIIBHBIX H
TEOPETHYECKUX HCCIICTOBAHHN.

3KCHCpHMeHTaHLHBI€ Huccie10BaHusg
BBINIOJIHSUINCh HA TIPEINPUATHH, AEATEIBHOCTD
KOTOPOTO HaIlpaBJieHa Ha 00pabOTKy IPEBECHHEI

W Tpou3BOACTBO  QaHepbl.  OCHOBHBIMH
3JEKTPONPUEMHUKAMH,  YYaCTBYIOIIUMH B
TEXHOJIOTHYECKOM nporecce, SIBIISIFOTCS
3JIEKTPO/BUTaTeNIM,  UMEIOIIMEe  IOBTOPHO-
KpaTKOBPEMEHHBIN peXUM paboTh c
PE3KONEPEMEHHON  HAarpy3kod  ciy4ailHoro
xapaktepa. lMccnenoBaHusi BBIIONHSJIMCH  C
MOMOIIBIO TPHOOPOB:

- @HANM3aTOp KauecTBa 3JIEKTPUYECKOU

sHeprun «PQM-701»

- aHANM3aTop AeKkTporoTpedbneHus AR.5.

Pemienne moCTaBIEHHBIX 33j1a4 JOCTUTAIOCh
IyTeM NPHUMEHEHHs METOJIOB MaTeMaTHYeCKOM
CTaTHCTHKH, TEOpUH BeposiTHocTel [38], Teopuu
Clly4ailHbIX HMIyJbCOB [39], ¢ mpumeHeHHeM
TEOPETHYECKUX OCHOB  OJJIEKTPONPHBOJIA U
anekTpocHaOkenus [40].

Ha nepeBooOpabaTsIBaronieM NpeaAnpusiTia B
XO0JI€ IKCIIEPUMEHTAIBHBIX HCCIIEOBAHUN ObLTH

MOJIY4EHbl 3aBUCHMOCTH aKTHUBHOU P(t) u

peaktuBHOU Q (t) MOIIHOCTEN 1T MEXaHU3MOB

C  PE3KONEPEMEHHOM  Harpy3Koi. Bena
BBITIOJTHCHA MaTeMaTH9IeCKas obpabortka,
KOTOpasi MO3BOJIMJIA IIOJyYUTb YCpPEIHEHHBIE
CTaTUCTHYCCKHUEC Harpy3o4yHbIC JuarpamMmmal.
JlaHHple AgWarpaMMBI  TIPENCTaBISIOT  COOOM
COBOKYITHOCTh HamOoJiee BEPOSATHBIX 3HAYECHUI
XapakTepHBIX TOYEK HArpy304HBIX KpPUBBIX

P(t) u Q(t)
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BepositHoCcTHBIH XapakTep H3MEHCHHUS
Harpy3Kd BBI3BaH BO3JCHCTBHEM HECKOJIBKIX
CIIy4aiiHbIX (H)aKTOPOB: M3MEHEHHEM IJIOTHOCTH
JIPEBECUHBI, BKpAaruICHUsSMHU CYUKOB,
HEPaBHOMEPHOCTHIO CKOPOCTH TIOJMAYM  CHIPHSI,
CIIy9aiiHbIM TuamMeTpoM (haHEPHOTO KpsIKa.

[Tpumep MOJTYYEHHBIX YCpPEIHEHHBIX
CTATUCTUYECKUX HATPY30YHBIX JUArpaMM II0
aKTUBHOM W PEaKTUBHOM MOIIHOCTAM ISt

OTHOTO W3  OOCJENOBAaHHBIX  MEXaHHU3MOB
puBeeH Ha puc. 1.

Ha puc. 1 TpPUMEHSIOTCS  CIEAyIOIIHE
obo3zraueHus: Py, Q,y - (hakTUyecKue

3HAYEHUs1 aKTUBHOM M PEaKTUBHOW MOILHOCTEM;
P Q. w - CpenmHsAsS aKTHBHAS M PEaKTHBHAS

av.w.?
MOIIHOCTH 3a BpeMmst paboTsI 1, .

[lomyueHHBIE yCpEeTHEHHBIE CTATHCTUYECKHUE
Harpy304HbIe JAarpamMMebl MOJKHO
paccMaTpuBaTh KakK THUIIOBBIE. Nx
WCTIONIb30BaHNE BO3MOKHO JIJISl TPOSKTUPOBAHUS
AQHAJIOTHYHBIX ~ TPOW3BOACTB TpHU  BBIOOpE
3JIEKTpOJIBUTATENEH 3JIEKTPOTIPUBOJIOB
TEXHOJIOTHYECKOTO  000pymoBaHMs, BhIOOpE
kabenel, mpu pacdere KoueOaHWN HAMPSDKEHUS
1 10361 priukepa.

B Xxoze BbINOJNHAEMBIX  HCCIEIOBaHUM
YCTaHOBJIEHO, 4YTO U3y4aeMble IPOLECCHI,
MPOUCXOSIINE TIPU padOTe DIEKTPOIIPUBOAOB C
pPE3KO TMEpPEMEHHBIM XapaKTepoM Harpys3KkH,
SIBJSAIOTCS ciiydailHbiMU. [lo3TOMy mHpeniokeHo

paccmatpusath rpaduku P(t) u Q(t) xak

UMIyJIbCHBIE  CIIy4alHble  TPOLECCHl  CO
CIy4yallHOM aMIUIUTYyAOM, BpEMEHEM IHUKJIa U
MPOJOIKUTENBHOCTHIO BKJIIOUEHUS ot
Harpysky.

Juis uccnenoBaHusi KoneOaHU HANPSHKSHUS
1 10361 (hIIMKepa 3HaYeHHSI UMEIOT TOJIBKO TOUKH
9KCTpeMyMa rpa)uKOB aKTUBHOW M PEaKTHUBHOM
MOITHOCTH, TO3TOMY TPEAIOKEHO TpapuKH
Harpy3oK paccMaTpUBaTh COCTOSALIMMU U3 TOUEK,
COOTBETCTBYIOIIMX  3KCTPEMyMaM  JaHHBIX
rpavKoOB, COEIWHEHHBIX MPSIMBIMH JHHASAMU.
Takme rpadukm TpeIaraeTcsi ONUCHIBAThH
peleTyaTbiMi MOAEISMH M HMHTEPIIOJIHPOBATH
CIUIaH-(QYHKUMSMH NIEPBOM CTETICHU.

Jus npumepa Ha puc. 2 TIPUBEICHBI
MIOJINTOHBI MozeIen MaTEMaTHYECKOTO
OXHMIAHWSA U CPEJHEro  KBaJpaTHU4ECKOro

OTKJIOHEHHS AaKTMBHOH MOIIHOCTH TJaBHOTO
NpUBOJA OJHOTO M3 MEXaHHU3MOB (DaHEPHOTO
TIPOM3BOICTBA.

Tpennoxkeno rpadukuQ(t), Takke Kak u
rpaduxu P (t) ,

OIIMCBIBATH pemeTanoﬁ
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MOACIIBIO, HHTepHOJ’IHpOBaHHOfI CILTaiiH-

(GyHKIHEH TepBOTO MOPSIKA.
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Puc. 1. Ycpennennble cTaTuCTHYECKHE HATPY304YHbIe AnarpamMmmbl P (t) u Q (t) AJIS JJIeKTPOoNnpHuBoAa

MeXaHH3Ma CIHPAJIbHOH pyouTeabHoii Mamunbl «Kopopy0ka» (panepHoro mpoussoacrna.’

Cornmacuo [41], xonebaHusl HANpPsDKCHUS
XapaKTePU3YIOTCS TOJbKO OJHUM IOKa3aTeleM -
nosoii  amkepa [42]. Kak wu3BecTHO, j03a
¢diukepa  pacCUUTHIBACTCS IO  3HAYCHUSIM
pasMaxoB M3MEHEHHS HampsukeHus ceth oU,,

%,
ouU

t%

(AP-r+AQ-x)/U?-100 Q)

rae U — HanpspkeHue Ha HCTOYHUKE TIHTAHMS;
AP, AQ — pa3max W3MeHEHHWs aKTHBHOW |
pEeaKkTUBHON MOIIHOCTEH, KBT, KBap;

r, X — AKTHUBHOE U  pPEaKTUBHOE
CONPOTHUBIICHUS CETH.

Hcnonb3ys IIOJIMTOHBI MoJieJIed
MaTeMaTUYeCKUX  OXHIAHUH W CPeaHHUX
KBaJpPaTUYECKUX OTKJIOHEHUH AaKTUBHOM U
pPEaKTHBHOM MOIITHOCTHA, MOXXHO IOJIYYHUTh

pa3Maxu W3MEHEHMs aKTUBHOM W PEaKTUBHOU

! Appendix 1
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MOIIHOCTEH, M TIOACTaBUB UX 3HAYEHUS B
ypaBHeHue (1) paccumrath pasmMax HU3MEHEHUS
HaTpsHKEHUS CETH.

OOGecrieueHrie  KadecTBa  DIEKTPHUECKON
SHEPTHH B CETIX C MOTPEOUTENIMHU, UMEIOIINX
PE3KO TepEeMEHHYIO Harpy3Ky, TpeOyeT perieHus
KOMILJIEKCa METOIMYECKUX, OPTraHU3a[IOHHBIX U
TEXHUYECKUX MEPOTIPHUSITHIA.

OmHuM W3 CHOCOOOB  OrpaHUYEHHS
KoJeOaHW  HampsDKEHHWs, OTHOCSIIMMCS K
TEXHUYECKUM MEPONPHUSITHAM, SABISIETCS BBIOOD U
YCT@HOBKA CPEJICTB KOMIICHCALIUM PEaKTUBHOMN
MOIIHOCTH.

TpaguunoHHO
KOMIIEHCAIIHH:

- TIOTIEpeYHast KOMIICHCAIIHS;

MPOJObHAs KOMIIGHCAI[USl PEaKTHBHOM
MOIIIHOCTH.

NPUMEHSIOTCST  JIBAa  BUJA
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b 1]

Puc. 2. [Ipumep nosurona Mojeseii MaTeMaTH4eCKHUX OKMAAHUI U CPEAHUX KBA/IPATHYECKHX
OTKJIOHECHUI1 AKTMBHON MOILIHOCTH IIABHOI0 NPHBOJA MeXaHN3Ma CUPAJIbHONH PyOUTEIBbHONH MAIIUHBI
«Kopopy0ka» ¢ganepHoro npoussoacrsa.’

HonepeqHa;I KOMIICHCAlA Halljla HNIMPOKOC

IMPUMCHCHUC, IMOCKOJIBKY IIO3BOJIACT!
YMCHBUIUTL IIOTEPU aKTUBHOM MOIIMTHOCTHU IIpHU
COXpaHCHUN BCJIIMYHHBI nepenaBaeMoﬁ
MOIITHOCTH; YBCINYUTDH IMPOITYCKHYIO

CIIOCOOHOCTH CETH; IOBBICUTH II€PEIABACMYIO
MOIIHOCTb.

Ecim  ectp  konebaHua — HampsOKeHUS,
MIPUMEHAETCS MIPOAOIbHAS KOMIIEHCALUs
PEaKTUBHON MOIIHOCTH.

I'maBHOEe €€ HazHayeHMEe — YacTH4YHAs
KOMIIEHCAllUd HMHIYKTHUBHOTO COMPOTHUBIEHUS
Y4acTKOB 3NEKTPUIECKON Lenu Ui
YMEHBILIEHUS] TIOTEpPH HANpsDKeHUs B HUX. llpnm
MPOAOIHHON  KOMIICHCAIlMM  KOHJIEHCATOPHI

BKIIIOYAIOTCSI B CETh IOCIIENIOBATENILHO, Yepes3
HUX MPOXOHUT MOJIHBIA TOK JTUHHH.

Ha pumc. 3 mnpuBeneHa npuHIUNHATLHASL
CXeMa BKIIIOYCHMsI YCTAaHOBKHM IPOIOIBHOMN
komneHcanuu (YIIK) B anekrpuueckyo cers.

RetXe
AP+HAQ
R
APHAQ  ILC

Puc. 3. [IpuHUMNAAIBLHAS CXeMa BKJIIOYEHHs
VIIK B 3/1eKTPUYECKYIO CeTh.’
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Ilpu npumenennn YIIK ypaBaenue (1)
[PUMET BH/T:

Uy, = (AP -1 +AQ- (X=X, ))/U?-100, (2)

rae X COTIPOTHBIICHHE  YCTaHOBKHU

MPOAOJbHOW KOMIIEHCAIINH.
Hwxe aBTopamu mpemioxeH crnocod pacuera

COTIPOTHBIICHUS YCTaHOBKHU MPOAOIBHON
KOMIIEHCAIIHH.
ConpoTHBIIEHHE  YCTAHOBKHM  IPOJOJIBHOM

KOMIICHCAIIUHU MOXXHO OIIPEACINUTD 110 HW3BECTHOU
dhopmye:
Xic :(Auch 'Ub)/AQv

©)

roe AU,
KOTOPYIO
CYyILIECTBYIOLIUN
nomoipo YIIK;
AQ Opocok (MMITyJBC) PEAKTUBHOI

MOIITHOCTH;

BCIIMYHMHA HaHpS[)KeHI/ISI, Ha
HEOOXOUMO

pa3zMax

YMCHBIIUTDH
HaIIPsKCHU S C

U, — 06a3ucHoe HanpsKeHUeE.

[IpeanaraeTcs BBIYUCIATH MaKCHUMaJbHOE
3HayeHHe 1036l (amkepa P Ha HHTepBaie

ocpeanenus 10 MuH., Mcnionb3ys ypaBHeHue (4):
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Ps;nax =M [l)stlo]_i_ﬁ\’D[Pstlo]

:M[Pstlo]"'ﬂ'o'[[)stlo]’ (4)

rae [ — xo3ddunmeHT, 3aBUCAIIMIA OT 3aKOHA
P .

pactipeneneHus 10361 haukepa Py ;

M{[Py]

o036l (MKepa Ha HMHTepBane ocpeaneHus 10
MUH.,

D[Py
uHTepBajie ocpeaHenus 10 MuH.;
O-[Pstlo]

OTKJIOHEHHE  JO3BI
ocpenuenus 10 MuH.

MATEMATHYCCKOC OXHIAAHUC

— JUCIICPCHA OO03bI (bnm(epa Ha

cpeaHee KBaApaTU4ICCKOC

(bukepa Ha HWHTEpBale

Hanee omnpenensercss CpenHMil  pasmax
U3MCHCHUSI ~ HANpsDKCHHS, TPU  KOTOPOM
nocruraercst Py . IIpu 3TOM, MOYKHO 3aIIUCATh:

max __ 3 3
Pst - \ln : Pstav. ' (5)
rae P, ., — cpelqHee 3HaUYCHHE MMILYJIbCA JO03bI
¢dnmkepa;

N — KOJMYECTBO MMITYJIbCOB HA MHTEpBaJC
10 MuHyT.

U3 ypasuenus (5) cremyer:

1 max 8 1 max
Pst.avzs_'(Pst ) =3—-R. (6)
n n
Eciu B ypaBHenue (6) mojcraBuTh

HOPMAaTHBHOE 3HAYEHHE KPATKOBPEMEHHOMU JI03bI
dmukepa P =138 [41], TO ompexenum
JOIyCTHMOE 3HAYEHHWE pa3Maxa HalpsHKEHHS
d Opy KOTOpPOM J103a (inkepa He Oyaer

IPEBOCXOJUTh  yKa3aHHOE B  CTaHAApTe
3HauYeHHUE, 110 GopmyIie, mpuBeaeHHOM B [11].

adm. »

(7)

rie R, — xoddduument skpuBaneHTHOCTH,

3aBUCAIUH OT (HOPMBI KOeOaHWH HATIPSHKCHUS
[11];
dO
HaIPsHKCHHUS.
Benmuunna AU . Beaucisiercs mo Gopmyiie:

JMIOTTYCTUMBIN  pa3Max KoJjeOaHwmid

|dav. - dadm |
100

AU ILC ‘U (8)

nom*
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PasmMax  W3MEHEHHMS  HAMPSHKCHUS  CETH
BBIYHUCIISICTCS TI0 M3BECTHOMY ypaBHEHHIO (1).

VunteiBasg, 9Tr0 AaxkTWBHAs W pPeaKTHBHAS
MOIITHOCTH U1 ACHHXPOHHOTO IBHTaTels C
KOPOTKO3aMKHYTHIM poTopoM CBSI3aHBI
AQHAJUTHYECKH, TO C yYETOM 3TOrO, YpaBHEHHE
(1) MoxHO 3amKcaTh B CIIEAYIONIEM BH/E,

AP-r+L,-AP?.x
2

100%,  (9)

t% ~
rie L, — numeiinbie omepaTopbl aKTHBHOH M

PEaKTUBHOM MOIIHOCTH.
Takum o6pa3zom, ypaBaenue (7) IpuMeT BUI:

-100%,

AP, -r+L, -AP? - x
= 2 (120)

av.
rne AP, , AQ, — cpeanee 3HaueHHe pa3maxa
W3MEHEHUS] aKTHUBHOM M PEAKTUBHOM MOIIHO-
creit, kBT, kBap.

[lpn pemieHUH KBaAPATHOIO YypaBHEHHUS,
ypasuenue (10) npumet Bua:

2

_ri\/r2+4.|_Q.X.daV-'U
AP = 100

= 11
T (11)
Orcroma
AQ,, =L, -AP; =
2
rzir-\/r2+4-LQ-x-daV- v
_ 100 N
2Ly -%
2. LY.
Lo 100

.
2:L,- %
[MoxcraBuB ypaBuenus (11) u (12) B ypaBHe-
nue (10), onpenensiercs BenmuunHa X, .

111. PE3YJBbTATBI UCCJIEJOBAHUSA U
X OBCYXJIEHHUE

[anee mnpuBOAWTCS TpUMEp pacyera I0
NPEJIOKEHHOMY aBTOpaMH CHocoOy Ui TpyI-
Bl 1epeBO0OpadaThIBAIOIETO 000PYIOBAHUSI.

Pacuer BBIMONHSIETCS JJISI TIECTH DJIEKTPO-
JIBUTATENIeH: JIBa JYIIWIBHBIX CTaHKa, KOPOpyO-
Ka, OapabaHHas pyOuTenbHas MammHa «J{po-
OWiKa WIOHA», OKOPOYHBIA CTaHOK M THJIA.
JlaHHBIE DJEKTPONPUEMHUKHU SIBISIFOTCS HCTOY-
HUKaMH PE3KONEPEMEHHON Harpy3KH, IMOJIy4aroT
NUTaHUE OT OAHOM CeKUMM IIMH TpaHCcQopma-
TOPHOM MojacTaHImu (puc. 4).
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T™MI'® @)
(TOAF)
1600
) Cexuns 2 (Section 2) 6/0.4
¢ — .
® ® ® ® ® ®
D25B BAS1-39 % BA51-39 4 BAS1-39 s BAS1-39 =& BAS1-39 #BAS1-39 | P
(E25R) (SA51-39)¢ (SA51-39) £ (SA51-39)f (SA51-39) £ SAS51-39  f(SAS51-39f SENTRON
2500 630 630 630 630 630 630 2500
2500 320 400 500 400 320 320 2500
c . ) 000/5
30075 100/5 600/5 400’5 300/5 300/5 ¢
1500/5
p)
| é V
Jymupnsusii  Jymsnsii Apoduixa Y Oxopounpiit
CTaHOK CTaHOK umouna  Kopopybka  cramox

(Veneer

(Peeler)
crusher)

(Peeler)

(Corrugator) (Debarker)

(Saw)

Puc. 4. Cxema MNOAKJJIOYCHUS INIABHBIX IPUBOI0B MEXaHU3MOB, ABJIAKIINXCA UCTOYHUKAMU

Pe3KOINePEeMEHHOM HATPY3KH.

3amava 3aKIFOYAETCS B ONPENEICHUU COMPO-
TUBJICHUS YCTAHOBKH IIPOJOJIEHON KOMIIEHCA-
IIUU, BKJIIOYa€MOW B CETh IOCIEAOBATEIBHO WU
MpeIHA3HAYCHHYIO JUIS CHIDKCHUS KojeOaHui
HanpspkeHus. Hanpsoxenne cetn U = 400 B, ak-
tuBHOE compoTuBieHne cetu I = 0,0015 Owm,
peaktuBHOe comportusieHue cetm X = 0,0079

M(P), kW
320
300
280

260

240

220 ‘

200

180
170

M

4

OM, KOJHMYECTBO UMIIYJIhCOB Ha HHTEepBaie 10
muHyT N = 118 wT., L, =1,97-10°, B/BT.

Ha puc. 5 npuBenen ¢parMeHT Mojenu Ma-
TEMaTU4YEeCKOr0 OKUAAHUS IPYNIIOBOTO rpaduka
AKTUBHOM 3IIEKTPUYECKONW HArpy3KH TJIaBHBIX
MPHUBOJIOB MEXAaHU3MOB, MOIYYAIOIIUX MUTAHUE
OT BTOpPOW CEKUUHM IIHH TpaHCHOPMATOPHOMH
MOJICTaHIIHH.

20 40 60 80 100

120 140 160 180 200

Puc. 5. (I)pal"MeHT MO1e/IM MATEMATUYECKOT0 OKHTAaHUS IPyNImoOBOro rpaq)mca AKTUBHOM 3.11e1chn!{ec1c0i71

HArpy3KH.

Pacyer MakCcUMaJIbHOTO 3HAUCHUS O3Bl (IIU-
Kepa Ha UHTepBaye ocpenHeHus 10 MUHYT, BO3-
HUKAoIeH Tpu padoTe TPYHIBI AIIEKTPOIPHBO-
70B (puc. 4) BBHINONHSAETCS NPU MOMOIIM IIPO-
rpaMMbl JUISl pacdyeTa KPaTKOBPEMEHHOH 03Bl
¢Gukepa TPH  CTOXAaCTUYECKOM  Xapakrepe
Harpys3ok, KOTopas pa3paboTaHa M ONHCaHa B
Oonee paHHHMX padoTax aBTOPOB cTaThH. B pe-
3yJIbTaTe pacdyeToB noiayumwmn P =1,61.

45 Appendix 1

5

P,. -

st.av

’ 1
3—-1,61=0,32. 12
118 . (12)

Torna no ypaBuenuto (7):

Wcnons3ys ypaBaenue (6), Hailnem

P

st.av

. 0,32:2,75

=191.
0,46

av
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Hcnonesys ypaBHenue (6) Hailnem P, .. -

Py o = s/i 1,38=0,28.
- 118

it =1,38 — HOpMa 3HAUYCHUs KPaTKOBPE-
e P/ =138 opMa 3Hade aTKOBpE

MEHHOM 10351 (hrKepa cormacHo [41].
ITo ypasuenuto (7):

0,28:2,75
norm 0’ 46

Bemnumaa AU, BpMHCISETCS TIO ypaBHe-
auto (8):

=1,67.

1,91-1,67
100
OnpenenuM CpefHUE 3HAYCHUS pa3Maxa W3-
MeHeHHs akTHBHOHU (BT) u peakTHBHON MOIITHO-
creil (Bap):

AU, = -400 = 0,96.

AP, = -0,0015 4
2:1,97-10°-0,0079

1,91- 400

\/0,00152 +4-1,97-10°-0,0079-
100

+

2-.1,97-107°.0,0079
Otcrona

AQ,, =1,97-10"°-135393,4° = 361128.

ComnpoTHUBIIEHHE  YCTAHOBKM  MPOJOJIBHOI
KoMneHcanuu, OM:
o= 2040 6 0011,
361128
1V. 3AKJIIOYEHUE
B pesymbrare  mpoBeJeHHOH — pabOTHI

MIOJTYY€HBI CIICAYIOIINE Pe3yIbTaThI:

- pa3paboTaHa MeTOJIKa BEIOOpa MmapamMeTpoB
CpeACcTB Uil yMEHbIICHHA  KosieOaHui
HanpsHKEHUs, YUUTHIBAIOILAS CITy4JaiiHbIi
XapakTep W3MEHEHHUS MapamMeTpoB PEXUMOB
CeTH;

- paspaboTan croco0 pacuera,
UCTIONIB3YIOIIMH  METOJMKY,  YYMTHIBAIOLIYIO
CIy4yalHBIM XapakTep HM3MEHEHHUS I1apaMeTpOB
PEKMMOB CETH, KOTOPBIH MO3BOJISIET BHIOMPATH
ONTUMAJIbHbIE napameTphl YCTaHOBOK
NPOJIONILHONW  KOMTICHCAIUN CHIDKCHHS
KoJIeOaHuil HanpsDKEHUS.

JUTS

APPENDIX 1 (IIPUJIOKEHHE 1)

IFig. 1. Averaged statistical load diagrams P (t) and

Q(t) for the electric drive of the mechanism of the
spiral chipper "Kororubka™ of plywood production.

=135393,4.

51

2Fig. 2. An example of a polygon of models of
mathematical expectations and standard deviations of
the active power of the main drive of the mechanism
of the spiral chipper "Kororubka" of plywood
production.

SFig. 3. Schematic diagram of the inclusion of the
LCU in the electrical network.

Fig. 4. Wiring diagram of the main drives of
mechanisms that are sources of rapidly changing load.
SFig. 5. Fragment of the mathematical expectation
model of the group graph of active electrical load.
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Study of the Efficiency of Heat-Supply Systems with Steam Turbine CHP
Plants, Taking into Account Changes in the Temperature
of the Delivery Water during Transportation

Suvorov D.M., Tatarinova N.V., Lyskova E.A.
Vyatka State University
Kirov, Russian Federation

Abstract. The aim of the work is to study the efficiency of steam turbine CHPPs in heat-supply sys-
tems, taking into account changes in the temperature of delivery water during transportation for vari-
ous initial and extended heating regulation schedules. To achieve this goal, the following tasks were
solved: calculation of the dependences of the delivery water cooling in the supply and return pipelines
on the air temperature, construction of temperature and flow rate schedules of delivery water adjusted
for heat losses during transportation, calculation of energy efficiency indicators for the operation of a
model CHPP with various options for correcting schedules of delivery water. The most significant re-
sults are the following. Firstly, for the first time the method of the degree-by-degree calculation of heat
losses during transportation and their distribution between pipelines of heating networks was used.
Secondly, the dependences of the delivery water cooling in these pipelines on the outside air tempera-
ture are calculated. Thirdly, it has been established that the specific reference fuel consumption for
electricity supply significantly decreases when switching to more efficient temperature schedules for
heating regulation, but changes slightly when switching from natural regulation by flow rate to regula-
tion by the temperature of the delivery water. The significance of the obtained results lies in the possi-
bility of their use for an accurate assessment of the efficiency of heat supply systems with different
heating control schedules and for determining the feasibility of correcting temperature schedules in
order to take into account the cooling of delivery water during transportation.

Keywords: heat-supply system, heating load, heat-transfer agent transportation, temperature schedule,
CHPP, delivery water cooling.

DOI: https://doi.org/10.52254/1857-0070.2023.3-59.06
UDC: 697.34

Studiul eficientei sistemelor de alimentare cu cildura cu centrale de cogenerare cu turbine cu abur, tinind
cont de modificarile temperaturii apei din retea in timpul transportului
Suvorov D.M., Tatarinova N.V., Lyskova E.A.
Universitatea de Stat din Veatka, Kirov, Federatia Rusa

Rezumat. Scopul lucrarii este de a studia eficienta CHPP-urilor cu turbine cu abur in sistemele de alimentare cu
caldura, tindnd cont de schimbarile de temperaturd de livrare a apei in timpul transportului pentru diverse
programe initiale si extinse de reglare a Incilzirii. Pentru atingerea acestui scop, au fost rezolvate urmatoarele
sarcini: calculul dependentelor de ricire a apei de livrare in conductele de alimentare si retur de temperatura
aerului, construirea graficelor de temperatura si debit al apei de livrare ajustate pentru pierderile de caldurd in
timpul transportului, calculul indicatori de eficientd energetica pentru functionarea unui model de CET cu
diverse optiuni de corectare a programelor de livrare a apei. Cele mai semnificative rezultate sunt urmatoarele. in
primul rdnd, a fost utilizatd pentru prima datd metoda de calcul grad cu grad al pierderilor de caldura in timpul
transportului si distributia acestora intre conductele retelelor de incalzire. in al doilea rand, se calculeazi
dependentele de ricire a apei de livrare in aceste conducte de temperatura aerului exterior. In al treilea rand, s-a
stabilit ca consumul specific de combustibil de referintd pentru alimentarea cu energie electrica scade
semnificativ la trecerea la programe de temperatura mai eficiente pentru reglarea incélzirii, dar se modifica usor
la trecerea de la reglarea naturala prin debit la reglarea prin temperatura apei de livrare. Semnificatia rezultatelor
obtinute constd in posibilitatea utilizarii lor pentru o evaluare precisd a eficientei sistemelor de alimentare cu
caldura cu diferite programe de control al incalzirii si pentru determinarea fezabilitatii corectdrii programelor de
temperaturd pentru a tine cont de racirea apei de livrare in timpul transport.

Cuvinte-cheie: sistem de alimentare cu céldura, sarcind de incalzire, transport lichid de racire, grafic de
temperatura, cogenerare, racire cu apa din retea.
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JIsickoBa E.A., 2023
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Hccnenosanue 3¢ pexTHBHOCTH PadOTHI CHCTeM TemjIocHa0xkeHns ¢ naporypounabiMu TIII npu yuere
HW3MeHEeHHs] TEMIIEPATYPHI CeTeBOii BOABI MPH TPAHCIOPTHPOBKE
Cysopos /.M., Tatrapunosa H.B., JIsickoBa E.A.
Bsarckuil rocynapcrBensblil yausepcuret, Kupos, Poccuiickas ®enepauns

Annomayus. llensio qanHON pabOTHI ABISETCS UCCeT0BaHe YPPEKTHBHOCTH pabOTH mapoTypOouHHEIX TOL] B
CHCTeMax TEIIOCHAOKEHHS MPU ydeTe M3MEHEHMSI TEeMIICpaTyphl CETEBOH BOABI NMPH TPAHCIIOPTHPOBKE Kak B
MOJAOIMINX, TAK ¥ B OOpaTHBIX TPyOONPOBOAAX TEIUIOBBIX CETEH U PasMUYHBIX MCXOJHBIX M PACIIMPEHHBIX
rpaKOB pPEeryaupOBaHHsA OTOIICHUS. [l DOCTIDKEHMS MOCTABICHHOHN IIEHM PELICHBI CIEAYIONINE 3aatdu:
pacder 3aBHCHMOCTEH OCTHIBAHUS TEINIOHOCHUTEINSI B MOJAIONINX U 00paTHBIX TPYOOIPOBOIAX OT TEMIIEPATYpPHI
BO3JlyXa; IMOCTPOCHHE CKOPPEKTHPOBAHHBIX C YYETOM TEIUIOBBIX IIOTEPh INPH TPAHCIIOPTHPOBKE TI'padUKOB
TEMIIEpaTyp M pacxo/J0B CETEeBOM BOJIBI; pacyeT IOKa3aTeled HHepreTHueckod IPQPEeKTUBHOCTH PabOTHI
mozenpHol TOL mpu pa3inyHBIX BapuaHTax KOPPEKIMH I'paMKOB TEMIIEpaTyp W PacXoJOB CETEBOW BOIBIL.
HccnenoBanue BBINOJIHEHO Ha aJEKBAaTHBIX MaTEMaTHYECKMX MoAeNax TypOoycraHoBok TOIL[ m cuctem
TeryiocHa0keHnsl. OCHOBHBIM TIOKa3aTeleM SHepreTHyeckodl 3((eKTHBHOCTH SBIAETCS YIEIbHBIA pPacxon
YCIOBHOTO TOIUIMBA HAa OTIYCK 3JEKTPOIHEPTUH, PACCUMTAHHBIM B COMOCTaBHMBIX YCIOBHAX. lIpum 3TOM
YUUTBHIBAJINCH 3aTPaThl AIEKTPOIHEPTHMM HA IPUBOJ CETEBBIX HACOCOB, TEIUIOBBIE NOTEPU B TEIUIOCETAX H
BBIPA0OTKA 3JIEKTPO’HEPTHH Ha TemIoBoM mnortpednenun TOLl. Hambomee cymecTBeHHBIMH pe3ylibTaTaMH
SABJISIIOTCSL CIIEAYyIONe. Bo-TepBEIX, BHEPBBIC HCIOJIB30BaHA METOJMKA MOTPaXyCHOTO pacdera TEMIOBBIX
MOTEpPh IIPH TPAHCHOPTHPOBKE M WX PACHpPENEeNICHHE MEXIy MOAAIIMMH M OOpaTHBIMH TPYOOIpOBOIaMHU
TEIIOBBIX ceTedl. Bo-BTOPHIX, paccunTaHbl 3aBHCHMOCTH OCTHIBAHUS CETEBOH BOJBI B 3THX TPyOOIpoBOAax OT
TEeMIlepaTypbl Hapy>KHOTO BO3AyXa. B-TpeThHX, YCTaHOBIEHO, YTO YJAENBHBIN Pacxo]l YCJIOBHOTO TOIUIMBA Ha
ormyckaemyto TOLl 3JeKkTpH4YecKyl0 3HEpPrui0 CyIIECTBEHHO YMEHbBLIAeTCs IpU IepexoJe Ha Ooiee
a(deKkTUBHbIE TeMIepaTypHble IpaQUKH PETYJIMPOBAHUS OTOIUICHHS, HO HE3HAYUTEJIbHO HW3MEHSETCS NpH
nepexoje OT CTECTBEHHOI'O PEryIUPOBAHUS IO PACXOAY K PErYIHPOBAHUIO MO TEMIEpaType TeIUIOHOCHTEL.
3HAYUMOCTh TNMOJYUYCHHBIX PE3YJILTATOB COCTOUT B BO3MOKHOCTU HX HCIOJB30BaHUA JIA TOYHOHU OLICHKH
3¢ ¢dexkTHBHOCTH pabOTHl CHCTEM TeIIocHaOXeHnss ¢ maporypOmHHBIMH TOL| mpm pasnuuHbIX Tpadukrax
PETYNHUpOBaHUs OTOIJICHUS W JUI ONpEAEICHHS IeJIeCO00Pa3sHOCTH KOPPEKLUH TeMIEPaTypHBIX IpadHKOB C
IIETIBI0 YYETa OCTHIBAHUS CETEBOH BOABI IPU TPAHCIIOPTHPOBKE.

Kniwouegvle cnoea. cucremMa TEIIIOCHAOKEHNUS, OTONMMTENbHAs HArpys3ka, TPaHCIIOPTHPOBKA TEIUIOHOCHTES,
TemneparypHsIi rpaduk, TOLI, ocTEIBaHHE CETEBOM BOHI.

BBEJIEHUE KOMILIEKCBI, KOTOPbIE MO3BOJSIOT IIPOBECTH JE-
TaJIbHBIE PACYETHl MOCIEACTBUN CHUKCHUS TEM-
MEepaTypHOro YPOBHS B TETUIOBBIX CETAX U Y IO-
tpedureneit [8-11]. B pabote [12] o6ocHOBbIBA-
€TCsl BO3MOXXHOCTh CYILECTBEHHOI'O CHIDKEHUS
TeMIIepaTypHOro rpaduka 3a c4eT HCIIOIb30Ba-
HUS TOTEHIIMAaNa 3aBbIIIEHHOTO 3HAYEHHUS Ipo-
€KTHBIX TETJIOBBIX ITOTEPh 3AaHUM.

OTu 00CTOATENBCTBA MPEAONPEACIISIOT Lelie-
C000pa3HOCTh IOCTENEHHOrO Iepexoja CHCTEM
TEIIOCHAOXKEHHSI Ha TeMIepaTypHble TpaduKH C
WCTIOJIb30BaHUEM KOJINYECTBEHHO-
Ka4eCTBEHHOTO  PEeryJIMpOBaHUS  TEIJIOBOM
Harpy3ku 1o ee (aKkTUYEeCKOH BEJIMYWHE, W B
MEPBYIO OYEpeb Ha paclIpeHHbIe IpaduKh pe-
rynupoBaHus 1o Harpyske ortoruteHus (PI'P),
KOTOpBIE SBISIOTCA Hanbomnee dHeprodddekTus-
HeiMa [13-23]. Pe3symprarel pacdeToB WHTE-
rpaibHON (32 OTOMUTENBHBIN Tepuox) 3¢ dek-
TUBHOCTH DPa0OTBHl CHCTEM TEIUIOCHAOKEHHS B
YCIIOBUSIX TIOHMKEHHBIX TEMIepaTypHbIX Tpadu-
KoB B ycioBmsix TOLl mpuBenens! B padore [24].

OcTbIBaHNE BOJSHOIO TEIUIOHOCUTENS B TEl-
JIOBBIX CETSAX MPOUCXOIUT BCIIEICTBHE TETIOBBIX
MOTEPh Uepe3 TEeIJION3ONALMOHHBIE KOHCTPYK-
mun. [Ipu cobmroenun TemmnepaTypHoro rpadu-

B cucremax ternocHaOXXeHHS TOPOAOB U
HaCEJIEHHBIX IMyHKTaX roCyAapCcTB, PacloN0KeH-
HBIX Ha IMOCTCOBETCKOM IIPOCTPAHCTBE, B IIO-
cieaue 2-3 necsATUIIETHs] BCe OTUYETIIMBEE MPo-
SBIIAIOTCA TEHICHIIUH, BO-TIEPBBIX, K IOHHXKe-
HHUIO MaKCHMAaJIbHOM TeMIlepaTypbl TeMIlepaTyp-
HBIX TPaQUKOB BOJSHBIX CHCTEM TEIJIOCHa0XXe-
HUsI, B KOTOPBIX TEIJIOHOCUTEJIEM SIBIISIETCS Ce-
TeBas BOJa; BO-BTOPBIX, — K aBTOMAaTH3aIlH pe-
TYJIMPOBAaHUS TEIUIONOTpeOeHnsT aOOHEHTOB C
YYETOM THIPABIMYECKUX XapaKTEePUCTUK Kak
CHCTEM OTOIUICHHUS] M TOPSYEro BOJOCHAOKEHUS
a0OHEHTOB, TaK U CAMHUX TETIJIOBBIX CETEH.

ApPTryMEHTOM B TONB3y MOHWKEHHS pacdeT-
HOW TeMIlepaTypbl IpsAMOIl CETeBOI BOJBI aBTO-
psI [1-3], HanmpuMep, CYUTAIOT CHIDKEHHE TIOTEPh
MIPH PAacIpeNeleHny TerJIoTh.. ABTOPBI paboT
[4-7] cuurTaroT HEOOXOAMMBIM peanu3almo 00-
Jiee CIO0XKHOM CTpAaTeruy YIpaBJICHUS CHCTEMOU
TeIJIOCHAOKEHUs, KOTopasi OOeclednBacT Tpe-
Oyemble ycioBus KoM$opTa B MOMEIICHHUAX, a
TaKXXe CHIDKEHHE TOJI0OBOTO IOTPEOJIEHUs TOII-
nuBa [4-7]. Jdns nmocTwKeHUs 3TOH LeNu co3a-
IOTCS MaTeMaTUYECKHEe MOJEIH U MPOrpaMMHbBIE
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Ka, KOTOpPBI yCTaHaBIMBACTCS I WCTOYHUKA,
TO ecTh Iy KoiuiekTopoB TOLI, 3a cuer ocThIBa-
HUs B IIOJAIOIIEM TPYOONPOBOAE ceTeBas BOJa
NPUXOAUT B TEIJIOBBIE IyHKTHI MOTPEOUTENS C
MEHBILIEH TeMIepaTypod, YeM COOTBETCTBYET
rpaduKy, a 3a c4eT OCTBHIBAaHHUS B OOPAaTHOM TPY-
0onpoBOZiE OHA MPUXOIUT C MEHBLICH, YeM IO
rpaduKy, TeMnepaTypoil Ha caM HUCTOYHHK. Jlist
Hesneil ycTaHOBIEHHs Tapu(oB HA TEMIIOBYIO
SHEPTUI0 MPOU3BOIUTCS PACUET U yTBEPKACHUE
HOPMATUBHBIX OTEPH TEIJIOBOW SHEPTHU H Tell-
JIOHOCHUTENISl, OCHOBHOM 4YacTbl0 KOTODPBIX SIBIIS-
IOTCSI IMEHHO TNIOTEPH TEIUIOBOM DHEPTUM Yepes3
TEIIOM30JIIHUOHHYIO0 KOHCTPYKIHIO TpyOompo-
BogoB. Hanpumep, B Poccuu, 3to genaerca Ha
OCHOBAaHUH JOKYMEHTa, YTBEPKICHHOTO IpUKa-
30M Ne325 Mumnnnepro [25]. OgHako METO0I10-
THYECKUN MOAXOJ 3TOT0 JOKYMEHTa JaeT BO3-
MOXKHOCTb ~ ONPENENUTh YKa3aHHbIE IOTEPH
TOJIbKO MHTETPAIBbHO 3a TOJ WX 33 OTONHTEINb-
HBIH TIEpUOJ] ¥ HE JaeT BO3MOKHOCTH HAIIPSIMYIO
paccuuTaTh UX B 3aBUCUMOCTH OT TEMIIEPATYpPbl
Hapy>KHOTO BO3[yXa M PAaCHpPEACIUTh MEXIY
TOIAIOIINM U 0OPAaTHBIM TPYOOIIPOBOIaMHU.

B pabote [24] npu pacyere MHTETPaTbHBIX
VIENbHBIX TMoKa3arened 3()(EKTUBHOCTH TIpU
OoTHycKe sJaekTpudyeckoil sneprun TOL[ ¢ wuc-
MOJIb30BaHUEM METOJUKH, W3JIOKEHHOU B [25],
ObUTH OIIpeJIcTICHBl HOPMATHUBHBIE TEIIOBBIE TIO-
TEpU TEIUIOHOCHUTEJIS B LIEJIOM 32 OTONUTENIbHBIN
NepuoJ], KOTOpPBIE Ui MOJEJIBHONW CUCTEMBI TEll-
JnocHaOKeHUsI TMpH HaJIUYUH TPYOOIPOBOOB,
MOCTPOEHHBIX paHee 1997 ropa, cocTaBuiIM OT
5.5 mo 7.8% OT BeNMWYMHBI OTIYCKa TEITJIOBOH
SHEPTUHM B CETh 3a TOT K€ MEPHOJ, OJHAKO pe-
KUMBI paboThl arperatoB TOL] Obun paccuura-
HBI 0€3 y4yeTa U3MEHEHHs NapaMeTpPOB TEIUIOHO-
cuTens, OOYCIOBJIEHHbIX 3TUMH moTepsMu. [lo
JAHHBIM psiZia aBTOPOB, PEATbHBIC TEILUIOBBIE MO-
TEpU B TEIUIOBBIX CETAX 3a CYET M3HOLICHHOCTU
TEIUIOBOM M30JIALMH  TPYyOONPOBOJIOB MOTYT
ObITh B 2-3 pasa BbIllle HOPMATHBHBIX, U HAN0O-
Jiee JCWCTBEHHBIM CIIOCOOOM CHIDKEHHS TeIIo-
BBIX IIOTEPb NPH TPAHCIIOPTHUPOBKE SBISETCS
nepexo/l Ha TOHW)KEHHBIE TeMIIepaTypHbIe Ipa-
(GUKH ¥ HU3KONOTEHIUAILHBIE CUCTEMBI TEILIO-
cHabxenus B 11e1oM [26-30].

Pacuer oOCTBIBaHHMS TEIUIOHOCUTENS HPHU
TPAHCIIOPTUPOBKE MOXKET MPOU3BOJIUTHCS JIMOO
JUTSL CPETHUX 32 TIepUoJl 3HAYEHUH pacxoja Ter-
JIOHOCUTENSI U €ro TeMmIepaTyp B HOJAIOLIEM U
oOpaTHOM TpyOoIpoBoax, MO0 AJsl TUCKPET-
HBIX 3HAYEHWH pPacxof0B M TEMIIepaTyp, COOT-
BETCTBYIOILIMX OIPEICIICHHBIM TeMIIepaTypam
Hapy>KHOTo Bo3ayxa (mo ux rpagpukam). [Ipume-
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HUTEJIBHO K JaHHOMY HCCJIEJOBaHUIO MPEIIoia-
TaeTcs TPOW3BECTH pacdeThl APHEKTUBHOCTH
paboter TOL[ morpamycHO M HMHTErpajbHO 3a
OTONHUTENLHBIN MEPHOJ (C YUETOM IIUTEIbHOCTH
CTOSIHHMSI HapYKHBIX TEMIIEpaTyp), IO3TOMY Tpe-
OyeTcsi pacyeTHOE OIpEAEICHUE IOTEePh IpH
TPaHCHOPTUPOBKE pa3AeibHO B MOJAMOIIEM U B
o0paTHOM TpyOOITPOBOAAX JUIS Ka)JIOTO IIEl0-
YHCJICHHOT0 3HAY€HMs HapyXKHOM TeMIlepaTypbl
(TO ecTh MOTPaayCHO), U HA OCHOBaHHH STOTO —
pa3fesbHbli pacueT TOTPagyCHOTO OCTHIBAHUS
CETEeBOW BOJIBI B TIOJAIOIIEM B 00OpaTHOM Tpy0o-
npoBogax. [y 3Toro Moxker ObITh HCHOJIB30Ba-
Ha Kak aJanTUpOBaHHAas METOJIWKA pacuera
HOPMAaTUBHBIX [IOTEPb, OCHOBaHHAs HA JOKYMEH-
Te [25], Tak M MEeTOAVKA pacyeTa yAEeNbHBIX TeTl-
JIOBBIX TIOTEPh, YYMUTHIBAIOIIAsE HOPMAaTUBHOE
TEPMUYECKOE COMPOTUBICHHE TEIUIOM30JISINOH-
HOTO CJIOSl ¥ TEMIIEPATYPHBIA HAIop TEIIonepe-
JlauM ¥ U3JI0KeHHas B padore [31].

Henbro naHHOW paOOTHI SBISETCS HCCICHO-
BaHHEe Ha MareMmaTudeckod moaenu TOLl u cu-
CTEMBI TeTUTOCHA0XKEeHUsT IPPEKTUBHOCTH pado-
ThI TapoTypOuHHEIX TOLl mpu ydere n3mMeHeHus
TEeMIIepaTypsl CETEBOW BOABI MPH TPAHCIIOPTH-
POBKE Kak B MOJAIOIINX, TaK U B 00OPaTHBIX TPY-
00omnpoBOAax TEIJIOBBIX CETeH Ui Pa3IHMYHBIX
(Mo MakcUMaJbHON TeMIepaType CeTEeBOW BOJbI)
UCXOJIHBIX M PAaCIIMPEHHBIX I'pa)uKOB peryiu-
POBaHUsI OTOTICHHSI.

Hns monenupyemoit TOL nmpu 3TOM y4MTHI-
BaeTcs pealbHO BO3MOXKHAsI KOH(GUTYpalus Terl-
JIOBBIX CETEH, COOTBETCTBYIOIIAs JUTMHAM, JHa-
METpaM M Coco0y MPOKIAIKU TETJIONPOBOAOB.
IIpu sToM pemaroTcs cienyrouye 3agadd. Bo-
MEPBBIX, 3TO BbIOOp HauOOJIee MOAXOISIISH A
pacuera OCTHIBaHUSI TEIIOHOCUTENS METOJUKH
pacueTa HOPMaTHBHBIX TEIUIOBBIX MOTEPh U Ipa-
HUYHBIX YCIIOBHI JUIsl MTOTPAJyCHOTO €€ MpHMe-
HeHHs. Bo-BTOpBIX, 3TO pacdeT 3aBUCHMOCTEH
OCTBIBaHUS TEIVIOHOCHUTENS B MOJAIOIIUX M 00-
paTHBIX TPyOOIpOBOJAaX NPU Pa3HBIX TEMIIEpa-
TypHBIX Tpadukax. B-TpeTpux, 3T0 mocrpoeHue
CKOPPEKTUPOBAHHBIX C YYETOM TEIUIOBBIX IIO-
TEpb NPU TPAHCHOPTUPOBKE Irpa)uKOB TEMIIEpa-
Typ U PacxoJOB CETEBOM BOJbl. B-ueTBepThIX,
3TO pacyeT MOoKa3aTesiell JHepreTHdeckoil 3¢-
¢dexTuBHOCTH paboTel MonenbHoW TOLL B xapak-
TEPHBIX PEKUMAax TPH PA3IUYHBIX BapHaHTaX
KOPPEKIINK TI'padUKOB TEMIepaTyp M pPacxoJloB
CETEeBOI BOABI NP yUeTe Kak MOTepb TEIIOBOM
SHEPTUU NPU TPAHCHOPTHUPOBKE, TaK W 3aTpaT
SHEPTUU Ha MPUBOJ] CETEBBIX HACOCOB. B-TIATHIX,
HaKOHEL|, 3TO COINOCTABJICHUE Pa3JIMYHBIX Bapu-
AQHTOB KOPPEKLUUH I'padMKOB TEMIIEpaTyp U pac-
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XOJIOB CETEBOM BOJBI C TOUYKH 3pPEHHUS SHEPTo3(-
(heKTHBHOCTH MEXIy COO0OH M C W3MEHEHHEM
9HEProdGHEeKTUBHOCTH TIPH TIEpexojae Ha MOHU-
JKCHHBIC U pacIIUpeHHbIe IpadUKH peryarupoBa-
HUSI [I0 HArpy3Ke OTOTJICHHSI.

METOAOJIOT'Us UCCJIEJOBAHUSA 1
I'PAHUYHBIE YCJOBUS PACHETOB
Pacuer pexxnuMoB paboOThI arperaToB MOJEINb-
Hoit TOILl BhIMONHSETCS HA OCHOBAaHUHU MPO-
rpammbl pacueta TypboycranoBku T-50-12.8
[24]. HccnemoBanne MpOWU3BOIUTCS IS KIUMa-
THueckux ycnouid T. Kupoa. ['panuunble
YCIIOBUSL MOAEIMPOBAaHUS HArpy30K M PEKHMOB
pabotsl arperatoB TOL[ cOOTBETCTBYIOT MpHHS-
THIM B TPEIBIAYIIEM PACUETHOM HCCIICIOBAHUU
[24], a uMeHHO: BeIMYMHA PACUETHON TEIUIOBOM
Harpy3Kd TOTpeOuTeNnedl TMpuHSTa paBHOM
220 MBT, ueMy COOTBETCTBYET ABa BO3MOMXHBIX
BapHaHTa COCTaBa OCHOBHOIO 00OpYyJOBaHUS
TOL ¢ omHO# U ¢ nByMs TypOWHAMHU, KOTOPHIM
COOTBETCTBYIOT XapaKTepHbIC 3HAYCHUS KO-
¢unmenta Terodukaruu o: o=0.5 (ma TOL]
paboraet onuH TypOoarperat) u 0=1.0 (pabota-
0T ABa TypOoarperara JaHHOTO THIIOpazMepa)
COOTBETCTBEHHO. 3a CUET TEIUIOBBIX MOTEPh MPHU
TPAHCHIOPTUPOBKE TEIUIOHOCUTENSI M HA UX BEJH-
yuHy TemioBasi Harpy3ka TOIl yBenuuuBaertcs,
npUYeM JJIs pacueTa U3MEHEHHS PEKUMOB pado-
TbI TOL] 3TH MOTepU pacCUMUTHIBAIOTCS AJS KaX-
JIOTO 3HAYCHUS TETUIOBOI HArpy3KH, TO €CTh IS
KaXJIOT0 IIEJOYMCICHHOI0 3HAYeHHUsl TemIlepa-
TypBl HapyKHOTO Bo3Ayxa (morpagycHo). B ten-
JIOBbIE TOTEPH TMPH TPAHCHOPTHUPOBKE BKIIOYA-
IOTCSl TOJBKO IIOTEPHU Yepe3 TEeIIOM30JIILUOH-
HYI0 KOHCTPYKLHIO TEIUIONPOBOAOB M HE BKIIIO-
YarTCs MOTEPH C YTEYKaMH TETUIOHOCHUTENS
BBUJY UX HE3HAYMTEIBHOCTH U HEONPEIEIeHHO-
CTH.
3a ucxonuslil Temnepatypueiid rpagux (UTT)
cereBoi BOAael MojaensHOM TOIl  mpuHST
150/70°C; npu TemrepaType NpsIMOH CETEBOI
Bozbl T10=150°C, cooTBEeTCTBYIOIIEH pacueTHOI
JUISL TIPOSKTHPOBAHUSI CHUCTEM OTOIUICHHUS ISt
r. Kuposa Temneparype Bozmyxa —33°C, npous-
BOAWTCS cpe3ka. [IoHMKeHHBIN TemnepaTypHbII
rpapuk npunat 130/70°C, taxxke co cpe3koi
npu temneparype —33°C. Pacmmpennsie rpadu-
ku perynupoBanus (PI'P) paccuuransl Taxke co
CPE3KOH MNpU JBYX MaKCHUMAJIBHBIX TeMIepaTy-
pax rtermonocutens — 110=150°C u 110=130°C.
Bce rpadukn paccuMTaHbl TOJIBKO TIO OTOIH-
TEJIbHOW Harpyske 0e3 CHpsIMIIEHHs BIUIOTH 0
TeMIlepaTypsl BKIIOUeHus otoruienus +8°C [24].
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st mccnemyeMol CUCTEMBI TeIUIOCHa0Xe-
HUA, KaKk U B pabore [24], BRIOpaHBI 1BE OCHOB-
HbIE TEIUIOBBIE MATUCTPAIU JJIUHON 7 KM, OTXO-
nsmue oT TOLI, u Mo 5 OTBETBACHUM OT KaXKAOM
W3 3TUX OCHOBHBIX MarucTpajei, IIuHOW 1Mo 3
KM Kakaas (puc.l).

Maructpany BBINOJIHEHBI MPU TOJ3EMHOMN
KaHAJIBHOM Mpokiaake. X UCXoaHbie TUaMeTPhI
MNPUHATHL IO ONTUMAIBHOM CKOPOCTU TEIUIOHO-
CUTEJSL U COCTABISIIOT ISl BCEX HUCCIEAOBAHHBIX
TeMIeparypHbix rpagukoB 600 MM JUIs OCHOB-
HBIX Maructpaiei u 250 MM 1711 OTBETBIEHUHN OT
Maructpaiei (puc. 1).

1-5 — omeemeanenuss om kaxcoou uz 08yx
ocHogHbIX Macucmpanei,; D, L — onuna u
Juamemp ocHosHoti mazucmpany, d, | — dnuna u
ouamemp Kaxico020 OMeemeieHust O OCHOBHO

mazucmpanu
Puc. 1. Cxema aBYXTpYOHOH CHCTEMBI TeMJIO-
cHa0KeHUs1 UccjieyeMoii MoieJIbHOI I

PacyeTsl mpoBOAMINCH TOTPATYCHO 1O Kaxk-
JIOM TEJIOYMCIICHHOW TeMIlepaType HapyKHOTO
BO3/IyXa B OTOMUTENbHKIH NIepro. OnpeneneHue
WHTETPAIBHBIX 32 OTOMUTEIBHBIN MTEPHOJ Xapak-
TEPUCTHUK BBITIOJIHSIOCH C YIETOM JIUTHTEILHOCTH
CTOSTHHSI TEMIIEPATYp B KaXKIOM OJHOTPATyCHOM
WHTEpBaJie, IPH 3TOM HCIOIb30BAIKCh JaHHBIC,
npuBeJIeHHBIE B pabote [14].

Pacyer runpaBnmyeckux mnoreps B TpyOOmpo-
BOJIaX TEIUIOBBIX CETeW MPOW3BOIMICS IO CTaH-
JAPTHOH METOJAMKE C Y4eTOM TOTEeph MO JIIHHE
TpyOOIIPOBOIOB NPH W3BECTHOI CKOPOCTH TeTl-
JIOHOCHTENSI B KaXJIOM U3 HUX U MOTEPh B MECT-
HBIX COMNPOTHBJICHUSX, AHAJOTMYHO TOMY, Kak
3TO OBLIO clienaHo B pabote [24].

Pacuer ocCTbIBaHMS TEMJIOHOCUTENSI MOXKET
MPOM3BOJAUTHCS 1I0 HOPMATHBHBIM HIIM IO (ak-
TUYECKAM 3HAYCHUSM TEIUIOBBIX IOTEPh MpHU
TpaHcnoptupoBke. C y4eTOM MOJENBHOTO Xa-
pakTepa HCCIEJOBaHUs, BEJIMYMHA OCTHIBAHHUS
TEIUIOHOCUTEJISI B TIOAAIOMIMX M OOPaTHBIX Maru-
CTpaJIIX MOXeT OBITh 3aj1aHa Jr00oi (B pasyM-
HOM JIMaIla3oHe), HO JJIsl TOCTHXKEHHsSI LIEIH HC-
CJIEZIOBAaHMSI BAXHO MOJYYUTh IPaBUJIbHBIE 3a-
BUCHMOCTH BEJIMYMH OCTHIBAHUS OT TeMIlepaTy-
PBI HAPYKHOTO BO3/yXa IPH 3aJ]aHHOM TeMIIepa-
TypHOM TpaduKe, a TaKKe IpU NPOBEICHUN pac-
YEeTOB IMPAaBUWIBHO paclpeieNiTh CyMMapHbIe



PROBLEMELE ENERGETICII REGIONALE 3 (59) 2023

TEIUIOBbIE TOTEpU (M COOTBETCTBYIOIIEE UM
OCTHIBaHHME TETIOHOCHUTENS) MEXIY IOAAoIIeit
1 oOpaTHOW MarucTpaasiMd. IDTO TPUBOAUT K
HEOOXOJMMOCTH HCHOJh30BaTh JJIs PacuyeToOB
HOPMATHBHYIO JIOKYMEHTAI[MI0 W PE3yJbTaThl
paHee BBIIOJHEHHBIX HCCIEIOBAHUNA B JAHHOU
obmacT.

st onpeneneHuss HOPMATUBHBIX TETUIOBBIX
MOTEPh B TEIUIOBBIX CETIX, CIIPOCKTUPOBAHHBIX U
MOCTPOEHHBIX B PoccMn W HAa TOCTCOBETCKOM
MPOCTPaHCTBE (OCHOBHAs YacTh OTHUX CeTeH
CTpoMjiach emie B TEPHOJ, CYIIECTBOBAHUS
CCCP) MOXeT HCIIOIB30BaThCI MeToamka [25].
OpnHAaKO WCIIONB30BaHUE ATOM METOIMKHU Hamps-
MYIO paclpOoCTpaHAETCS TOJIBKO Ha pacydeT Teml-
JIOBBIX TIOTEPh MPHU CPEAHUX 3a IEPHOoj IMapa-
MeTpax TEeTUIOHOCHUTENS, U ee MPUMEHUMOCTH (B
YacTU YJIENbHBIX BEJIMYMH TEIUIOBBIX IOTEPh
yepe3 TEIUIOBYIO HM30JIAILMIO) IS PacueToB IIpH
mo0OH TeMIeparype Hapy>KHOTO BO3qyXa HE
JokazaHa. Takke 3Ta METOJAMKa HE IO3BOJISICT
MPH COBMECTHOM MPOKJIAJKE IMOJAOUIET0 U 00-
paTHOTO TPyOONPOBOJOB PACIIPENEIUTH TETLIO-
Bble TIOTEPH MEXIy HHMH, 332 HCKIIOUYCHHUEM
TpyOOmpoBOIOB, TOCTpOEHHBIX a0 1997 roja,
YTO TPUBOJUT K JOTOJHUTEIBHOW MOTPEIIHO-
ctu. Kpome Toro, B 3T0il METOIUKE MIPHU NOA3EM-
HOW KaHaJIbHOW TPOKIAIKEe TPYyOOIPOBOIOB
TeMIIepaTypHBIN HAIOp TEIUIOTepeIay PacCcuu-
THIBAETCA MEXIy CpeAHEW TeMmIepaTypod Tel-
JIOHOCHUTENIEH W TeMIepaTypod TpyHTa Ha TITy-
OMHE 3aJI0KEHUs TPYOOIIPOBOJOB, YTO TpeOyeT
JIOTIOJTHUTENBHBIX IKCIIEPUMEHTATbHBIX JaHHBIX,
KOTOpBIE NI MOJETHHOTO HCCIEeTOBAaHUS HEHO-
CTYIIHBI. B TaHHOM HCClIeIOBaHUU TPUHSTO, YTO
TeIJIoBasi ceTh moctpoeHa mocie 2004 ronxa, 9ro
OTPaHUYMBAET HCIOIb30BAHUE METOOUKH [25]
TOJIBKO OTIPEICTICHIEM WHTErPATbHBIX MOTEPH 3a
OTOMUTENHHBINA TIEPUO/I.

B macrosmiee Bpems B Poccum cormacHo
«[IpaBui TEXHUYECKOHN DKCILTyaTalliy TETUIOBBIX
SHEPrOyCTaHOBOK» B CHCTEMBI OTOIUICHHUS 3/1a-
HUM U3 TEIJIOBOM CETH JOJIKEH MOCTYNAaTh TETl-
JIOHOCUTENb C JOMYCTUMBIM OTKJIIOHEHUEM £3%
OT YCTaHOBJIIEHHOTO (YTBEPKJICHHOTO) TeMIlepa-
TypHOTO TpadrKa, 3aJaBAEMOTO MPH MMPOCKTUPO-
BaHWU CHUCTEM OTOIUICHUS 37aHWUW. BennunHbl
CPEIHET0 OXJIAXKICHUS TCIUIOHOCUTENS U MOTEPh
B CETH JOJDKHBI OIPEIEISITHCS pacuyeToOM I10 Me-
tomuueckuM  ykasammsam  [32] (CO  153-
34.20.523-2003 Meroanueckue yKa3aHHS 110
COCTaBJICHHIO JHEPTEeTUYECKUX XaPaKTEPUCTHK
JUISL CHCTEM TPAHCIIOPTa TEIUIOBOM SHEPTUN) IS
XapaKTePHBIX TEMIIepaTyp HapyKHOTO BO3/ayXa
Ha OCHOBE CPEIHErOJIOBBIX HOPMATHUBHBIX HITU
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(haKTHUECKNX TEIUIOBBIX MOTEPh U yTEYEK, CO-
rnacHo CII 61.133330.2012 «TemnnoBas u3omns-
s 00opymoBaHus u TpybompoBomoB» [33]. B
COOTBETCTBHM C 3THMH JOKYMEHTaMH, HOpMa-
THBHBIE TEIUIOBBIE MOTEPH TPYyOONPOBOIOB MO-
TYyT OBITh pAacCYMTAHBI NS JIOO0W 3amaHHOMN
TEMIIepaTypsl TEIUIOHOCHUTENS B MOJAIOIIEM M
o0paTHOM TpyOONpPOBOAAX U IS JHOO0OH TeMrie-
paTypbl Hapy>KHOTO BO31yxa. Meroauka pacde-
TOB COTJIACHO JIBYM BBINICTIPUBEICHHBIM HOpMa-
TUBHBIM JIOKYMEHTAM WU METOIWKAa pa3felicHUs
HOPMAaTHBHBIX TEIUIOBBIX ITOTEPh MEXKTY IOja-
IOIUM B OOpaTHBIM TpPyOOIpOBOJAMH TPHU KX
COBMECTHOM IMPOKJIaJKe MpecTaBlieHa B padoTe
[31]. CornacHo 3Toii METOHMKE, TEMIIEPATYPHBIN
HAIop TeIUIoNepe1aun MpH MOA3EMHOM KaHab-
HOW MpOKIaJKe TPUHUMAETCS Kak pa3HOCTb
cpennell (MeXAy MOJNAIOIIUM U OOpaTHBIM TpPY-
00mpoBOIaMHU) TEMMEPaTyphl TEIIOHOCHUTENS U
TeMITepaTypoll Hapy»XKHOTO BO3/1yXa, a pacrpe-
JIelIeHe  HOPMATHUBHBIX  (COOTBETCTBYIOILIUX
CpPEeIHETOIOBBIM 3HAYCHUSIM TEMIIepaTyp B MO-
JaroIeM 1 00paTHOM TpyOOIPOBOJaX U CpeaHEH
TeMIIepaType BO3/AyXa 3a OTONMHUTEIbHBIN MIEPUOT
u ompenensieMbix 1o [33]) TemioBBIX MOTEPH
MEXIy MOAAIUM B 00paTHBIM TPYOOIIpOBOIa-
MU NPOU3BOAUTCA UCXOAA U3 paBCHCTBA TECPMU-
YeCKHX COINpPOTHUBJICHUHU Termyonepeaadn s
3TUX TPyOOIpoBoI0B 1o dhopmynam (1, 2) [31]:
JUTS TIoJiato1ero Tpyoornposoaa, Br/m:

T L,
anl.Hp = qn.Hp - i K' (1)
z-l.l-xp + TZ.Hp - 2 ’ tn
JUTst o0paTHOTO TpyOOoTpoBoaa, Br/Mm
anZ.Hp = K ’ qH.Hp - anl.Hp ! (2)

riae anl‘Hp, qup — HOPMBI yAEIbHBIX JIMHEU-

HBIX NOTCPL AJId MOAAroUICro U 06paTHOl" 0 TpYy-
60Hp0BO,I[OB TEIUIOBBIX CETeH COOTBETCTBCHHO,

qn.ﬂp

CPEIHETOIOBBIX TEMIIepaTypax TEeTUTIOHOCUTENS
Tiup/T2mp (Timp — JUIA TIOIAIONIETO TPYOOTIPOBOJIA,
Tomp — A7 0OpaTHOro Tpy6onposoaa); t' — pac-
4yeTHas HapyXHas OTONUTENbHAs TEeMIIepaTypa;
K =1.15 — k03¢ pureHT NONOTHUTENBHBIX TO-
Tepb Uepe3 Kpenexku u onopsl [25, 28];

B  panpmeimemM Oymer  MCHOJIB30BAaTHCS
MMEHHO 3Ta METOJKA.

Bo Bcex pacueTHBIX moaxojax Juisl Ompene-
JICHUsI OCTBIBaHMsI TEIJIOHOCUTENS NPHU JaHHOW

— HOPMATHUBHBLIC JIMHCHHBIC noTepu Ipu
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TEeMIIEpaType HapyKHOTO BO3AyXa IpU H3BECT-
HBIX YAEJbHBIX NOTEPSAX B Mojaromield u B 00-
pPaTHON TEIUIOBBIX MAarucTpajsix B IJAHHOM HMC-
CJIEIOBaHUM HCIIOJIB3YIOTCSl CIEIYyIOIUe Ode-
BUJIHBIE COOTHOILIEHUS.

s kaxzmoro ywactka TpyOoIpoBona IpHU
1100011 Temmeparype HapyKHOTO BO3IyXa BENH-
YMHA TIOTEph B MoJaroleM Tpybomposoze, BT,
orpenenseTcs Kak:

Qr[orrrp = qn.Tl : L ' (3)

rae L — nmuHa uccnegyeMoro TpyoompoBoa, M;
0,1~ YACIbHBIE TEIUIOBBIE MOTEPH MOAAIOIIETO

TpybomnpoBoaa, Br/m.
AHanoru4dHo, uis 00paTHOTO TPyOOIpOBOIA,
Brt:

QHOT.06p = qn.TZ : L ’ (4)

rae (), 1, — YACIbHBIC TEIUIOBBIC IOTEPH 00paT-

HOTO TpyOoIpoBoaa, BT/m.
TennoBwie IMOTEPHU TCIIJIOHOCUTECIIA B TCII-

JIOBBIX MATMCTpalIsaX B JaHHOM pexume Q

CKJIaJbIBAIOTCSI W3 MOTEph B HpsMOU (mo-

naromei marucrpanu) Q U IIOTEph B 00par-

TOT.Ip

Ho#t Maructpaim Q Brt:

1oT.00p ?

Qn0T = QHOT.Hp + Qnm.o6p ! (5)

Temnepatypa ceteBoii Boapl y norpedurens, °C:

' QHOT.np

T =7, ——
1 1
c-G

: (6)

rje 7, — TeMIeparypa NpsAMON CETEBOM BOJBI Ha

BX0Jie TemioByio ceTh, °C; G — pacxoj ceTeBoi
BOJBI, KF/C; ¢ — yA€lbHas TCIJIOEMKOCTb BOJEI,
Jx/xr-K.

BenmuunHa ocThIBaHHS TETUIOHOCUTENS B I10-
nmaromert muauu, °C:

dr

’
norap =T,

(7)

Temmneparypa cereBoil BOJbI B OOpaTHOW JIH-
HUM Ha BXOJie B ceTeBbie noporpesarenu TIL, °C:
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’ QHOT.O6p

7, T2+—c-G

: (8)

rae 7, — TeMIrepaTrypa oOpaTHON ceTeBOil BOJIbI

Ha BEIXOJE U3 TeI1oBoi cetu, °C.
BennuuHa OCTBHIBaHHS TEIIOHOCUTEIS B 00-
patHo# nmuauH, °C:

!

7

dr

nor.o6p (9)

Ty,

IIpuMeHUTENBHO KO BCEH CHUCTEME TEIUIO-
cHaO)KEeHUs! TEIJIOBBIE IOTEPH HA BCEX €€ Y4acT-
Kax CKJIA/IbIBAIOTCS, @ OCTHIBAHUE TEIUIOHOCHUTE-
JIl Ha MOCIIE0BATENIbHO PACIIONOKEHHBIX yYacT-
Kax cymmupyercsi. B nmaHHOM ciydae 3a cuer
CUMMETPUU KOHQUIypaluu TEIJIOBOW CETH Ha
BCEX OKOHEUHBIX y4YacTKax OTBETBJICHUH 1-5
(puc.1) Temmeparypa TEIJIOHOCHTEINS C Y4ETOM
OCTBHIBaHUS OyJeT OJTMHAKOBOH.

IIpy BbIMOJIHEHUH HCCIIEAOBAHUS HCIONbB30-
BAIMChH CIEIYIONNE KPUTEPUHU IS OLEHKH (-
(eKTUBHOCTH PabOTHl CHUCTEMBI TEIJIOCHAOXKeE-
Husl. OCHOBHBIM TapaMeTpoM (KpHUTEpHeM)
sHepreTHdeckoil  A((EeKTUBHOCTH  SBISAETCS
YAETBHBIA PacXoJ] YCIOBHOTO TOIUIMBA HA €IU-
HUILY OTILyCKa 3JIEKTPUYECKOH SHEpruu B COIO-
CTaBUMBIX YCJOBHUSX. JTO INpenrnojaracT Heu3-
MEHHOCTh OTmycka oT TOI] 3a oTomuTenbHBIN
MEepHUO KaK TEIUIOBOW SHEPTHH, TaK M JJIEKTPH-
YeCKOIl SHEepruu, ¢ y4eToM HM3MEHEHHs 3aTpaT
3JIEKTPOIHEPTUHU Ha TPUBOJ CETEBBIX HACOCOB, a
TaK)k€ HEM3MEHHOCTh YAEIbHBIX 3aTpaT Ha OT-
MYCK TEIUIOBOM SHEepruu. PacueTsl npou3Be eHbI
IPY UCTIOJIB30BAaHUU (PU3MUYECKOr0 METOJa pas-
JIeJIeHHs 3aTpaT TOIUIMBA IO BUAAM DHEpreTude-
CKOM MPOAYKIMH, YTO B HPHUHSITHIX IPAHUYHBIX
YCIIOBUSIX 00€CIeunBaeT KOPPEKTHOCTh MOTyda-
€MBIX PE3YJbTaTOB.

Benmnunna ynenpHON BBIPAOOTKH AJIEKTPO-
SHEPTrUU Ha TeIUIoBOM mnotpebiennu Et B maH-
HOM MCCIIEIOBAaHUM OIPEENAIach A Kaxa0ro
pekuMa paboThl TypOOYCTAaHOBKH JUISI KaXKIOTO
WCCIIETyeMOro TeMIepaTypHOro Tpaduka 1o
¢dopmynam, npuBeneHHBIM B cTatbe («Pacmu-
pPEeHHBI TpaduK pEryJupoBaHMs OTOIJICHUS:
OlleHKa BJIMSHUA Ha 3()(EKTUBHOCTH MapoTyp-
ounnabix TOLl», [latun A.A., Cysopor /.M.
«I[IpobnemMbl peruoHaIbHOM SHEpreTuKu», Ne3
(47), 2020, c. 40-55).

WHTerpanbHelil yAeNbHBIA PACXOX TOIUIMBA
Ha BBIPaOOTKY OBIIEKTPOdHEPTHH, T y.T./KBTu,
ompe/elieH 1Mo u3BecTHor Gopmysie (10):
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122.8-N
by, = 2 . (10)
771( ’ 77Tp ) ((Qos + QHBK ) o QT)
rac N3 — KOJHNYECTBO BLIpa6OTaHHOﬁ OJICK-

TPOSHCPIUU 3a BECh OTOMNUTECIIHHBIN nepuong (I/IH-

terpansHo), MBt-u; 77 — KIIJ| kotna, npunu-
maem 0.92; 7. — KIIJl Tpancniopra TeIuioTsl,

npuaumaem 0,98; Q. — 3aTpaThl TEmIOTH Ha

TypOOYyCTaHOBKY 3a BECh OTONUTENbHBIN IIEPHOI,
MBrt4; Qi — TEIUIOBas SHEPrus, OTIyCKae-

Masi  [UKOBBIMH
MBTtu.

WHTerpanbHelil yAENbHBIA pPAacXol TOIUIMBA
Ha OTIIYCK 3JIEKTPOIHEpruy, T y.T./KBT-4, ompe-
nensiercs o (11):

BOJIOTPEUHBIMU  KOTJIAMH,

_ 122.8-N"
e My '((Qos +QHBK)_QT)

(11

20T
byT

rre N — KONMYECTBO OTIIYLICHHOM 3JIEKTPO-
SHEPIMHU 3a BECh OTONUTENBHBIN nepuoa, MBT-u.

[IpoueHT TEmIOBBIX MOTEPHh MPHU TPAHCIOP-
TUPOBKE, %, paccunTthiBaeTcs o ¢popmyine (12):

H

QHOT
™I ’
T

@ =100-

(12)

™ o o
rre Q. " _ kommuectBo OTIYLIEHHOW TETUIOBOI
sHepruu oT MoaenbHoi TOLI 3a nmepuon, MBT-4;
QH

noT
T€Ph B MAaruCTPalbHBIX TEIJIOBBIX CETIX 3a Ie-
puon, MBt-u.

— BCJIMYMHA HOPMATUBHBLIX TCILJIOBBIX II0-

PE3YJIbTATBI PACUETA
OCTBIBAHUSA TEIIJIOHOCUTEJISA B
HOJAIOHINX U OBPATHBIX
TPYBOIIPOBOJAX ITPU PA3HBIX
TEMIIEPATYPHBIX TPA®UKAX

CpaBHeHUE pe3yJbTaTOB pacyeTa OCTHIBAHUS
TETUIOHOCHTEIISI TTOJIAI0IIEM TpyOOoIpoBoJie Jua-
meTpoM 600 MM mimmHOM 7 kM (puc.l) mus UTT
150/70°C o metoaukam [25] u [31] BIONHEHO
B pabore amtopoB (JIeickoBa E.A., CyBopom
JA.M. ComocTaBUTENbHBI aHANM3 OCTHIBAHHS
TETUTOHOCHUTEJISI TIPU TPAHCIOPTHPOBKE MO TPY-
0ONpOBOZIAM TEIUIOBBIX CETEH MpHU pacyere Io
pa3iauyHBIM MeTonukaM // Bompockl ¢yHmameH-

2 Appendix 1
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TaJIbHBIX M TPUKJIAJHBIX HAayYHBIX HCCIIEIOBaA-
aHuit. — 2023. C. 39-43). Ilo pesympraTtam 3TOTO
pacdera B yKa3aHHOH BbIlIe paboTe OBUIH Cre-
JaHbI CIeAyIOIne BBIBOABL. Bo-mepBbIX, pacyer
C HCIOJbh30BAHUEM HOPMATHBHBIX JAHHBIX II0
[25] B OCHOBHOM YaCcTH OTOIHUTEIHHOTO TIEPHOIA
JIaeT yIOBICTBOPUTEIbHBIC PE3yIbTAThl, OJHAKO
XapakTep 3aBUCHMOCTH OCTBIBaHMS TETIOHOCHU-
TeJNS OT TEMIEepaTypbl HApYXKHOTO BO3JyXa B
3TOM Cllydae MMEeT UCKAKEHHBIN XapakTep, 4To
OOBSICHAETCS PAcyeTOM YAENBHBIX TETJIOBBIX
norepp 0e3 ydera HM3MEHEHHS TeMIEpaTyphI
Hapy>KHOTO BO3ayXa (3a7aeTcs CpelHss 3a OTO-
MUTEBHBIA CE30H TeMIepaTypa TpyHTa M IO
OTHOILICHUIO K HEH paccUMTHIBACTCS TeMIlepa-
TypHBIA Hamop Teruionepeaadn). Bo-BTOpHIX,
NpU pacyeTax OCTHIBAHUS TEIUIOHOCHUTENS KaK B
MOJAIoIIEeM, TaK M B 00paTHOM TPyOOIIpoBOAax
NpU Pa3UYHBIX TEMIEpaTypHbIX rpadukax B
JANTBHEHIINX HMCCICIOBAHUSIX CIIEAYET HCIONb-
30BaTh METOJVMKY, U3JIOKEHHYIO B pabore [31], ¢
WCTIOJIb30BaHUEM Y/ICIBHBIX MapaMeTpOB TEIJIo-
BBIX MOTEPH cornacHo [33].

B HacToseM WcclIeOBaHHH YCTaHOBJICHO,
YTO METOJMKa [25] mpu pacdere HHTETrpabHBIX
MOTEPh UYepe3 TEIUIOBYIO HM3OJIALHUI0 TEILIONpPO-
BOJIOB 32 OTOIMHTENBHBIA CE30H JaeT MpaKTUye-
CKU TOT K€ Pe3yJIbTaT, YTO U MpPU HCIOIB30Ba-
HUM METOAWKH, TpeacTaBienHoir B [31]. Dto
MOJTBEPXKIACT  aICKBATHOCTh  BBIMOJIHEHHBIX
pacueToB M 3aJIaHHBIX B HUX TPAHUYHBIX YCIIO-
BHIA.

Ha puc.2 m 3 mpencraBieHbl pe3yibTaThl
pacuyeToB OCTHIBAHUS CETEBON BOJbI, BBIMOJIHECH-
HBIX 10 (dopmynam (1-9) mis cucTeMsl Terio-
cHa0XKEHUs, MPEJICTABICHHON Ha puc. 1.

OC ATnoo

1,2

0,8

A
A
\
\
\
\
\
v
\
\
\
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\
\
\

A |-

=1 =
g -
- -
L~ -
-
- L~
i ]

- | I | |
=
- |

04

=

-

Zo -~

- 1
-

0 -24

1 - PI'P 150/70°C; 2 — UTI" 150/70 C;
3— PI'P 130/70°C; 4 — UTI" 130/70 °C
Puc. 2. 3aBHCHMOCTH CYyMMApHOTO OCTHIBAHHS

TeMJIOHOCUTEJIS ATno;[ B MOAAIOIINX TPYGONMPOBO-

aax D=600 MM m d=250 MM oT TemmepaTypsl
HAPYKHOTO BO3AyXxa.



PROBLEMELE ENERGETICII REGIONALE 3 (59) 2023

I'paduxu mnpencraBieHbl AN HOAAIOLIMX
(puc.2) n s o6patHBIX (puc.3) TpyOOIpoOBOIOB
(cyMMapHO 1O OCHOBHBIM MarucTpajsiM IuaMeT-
pom 600 MM U OTBeTBIEHUAM auameTpoMm 250
MM).

°C

Atuﬁp

0,5

/

04

A\

0,3

0,2

0,1

-16 -24 -32 t,°C
1- PI'P 150/70°C; 2 — UTT" 150/70 C;

3—PI'P130/70°C; 4 — UTT" 130/70 <C
Puc. 3. 3aBHCHMOCTH CYMMAPHOT0 OCTHIBAHHS

TeNJIOHOCHUTEJIS Aroﬁp B 00paTHBIX TPyOONpPoOBO-

pax D=600 MM um d=250 MM oT TemmepaTypsl
HAPYKHOT0 BO3ayxa.

Pesynbratel, mpencTraBlieHHbIEe HA puc.2 U 3,
BIIOJIHE OXKUIAEMBI U OTPAXKalOT €CTECTBEHHBIE
00CTOSITENBCTBA: OCTHIBAHUE LIS TPA(UKOB MPH
MAaKCUMAQJIBHOW TEMIIEpaType CETEBOM BOJBI
150°C Bcerma Gompire, yem mpu 130°C (3a cuer
MEHBIIIET0 Pacxoja CETeBOM BOABI MPU MPOUHX
paBHBIX ycioBusx), a npu PI'P octriBanue He-
ckoibko Oombime, yeM mpu UTD mpu Toil ke
MaKCHUMaJIbHOM TEeMIlepaType CETeBOM BOJBI
rpaduka, TaKk Kak MpaKTHYECKH BO BCEM JHaria-
30HE TEeMIIEpaTyp Pacxolbl CETEBOW BOABI IPHU
PTP menbme, uem mpu WUTI. Oto pasnuume
NPaKTUYECKU HUBEIUPYETCs Ui Tpaduka OCThI-
BaHUsI B 00paTHOM TpyOOIpOBOJIE 3a CUET TOTO,
yTo oOparHas cereBas Boja mnpu PI'P umeer 60-
Jiee HU3KYIO TeMIIepaTypy M MO3TOMY TeMIlepa-
TYpHBI HaIop TEIUIOOTAAa4d, KOTOPOMY IIpO-
MOPIUOHAIBHBI  YAENIbHbIE TEIUIONOTEPH, IS
obOpatHoro Tpyoomnposoaa npu PI'P Heckombko
MeHnblue, yeM npu UTT. IIpu stom cymMMmapHsbie
BEJIMYMHBI TeIIonoTepsb npu rpadukax 150/70°C
BBIIIE MIpUMEpHO Ha 7—8%, uem mpu rpadukax
130/70°C, 3a cueT Oosee BEICOKOW TeMIepaTyphl
CeTeBOW BOABI B MOJAIONIEM TEIUIONPOBOJE, a
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npu nepexone ot UTI" Ha PI'P tennoBeie notepu
YMEHBIIAIOTCS, B CpeAHEM, Ha 5—6%.

COIIOCTABUTEJ/IBHBIE
PE3YJIbTATBI PACUETOB
SHEPTETUUYECKOM Y®POEKTUBHOCTHU
MO/JIEJIGHOM T311 TP PA3JIUYHBIX
BAPUAHTAX YUETA UBMEHEHUA
TEMIIEPATYPBI [TIPSIMOM U
OBPATHOM CETEBOM BOJIbI

Ha puc.4, 5 npencraBieHsl pacCYUTaHHBIC HA
OCHOBAHUH IPEICTABICHHBIX BBIIIE METOIUYE-
CKUX TIOAXO0J0B M TPAHUYHBIX yCJIOBUH IpaduKu
TEMIIEPATYP U PACXO/I0B CETEBOW BOJBI JUISI BCEX
WCCIIeTyeMbIX TeMIlepaTypHBIX TpadukoB (Ha
puc.4 — nna UTT, a Ha puc.5 — mas PI'P). Ilpu
PI'P c pacxomom cereBoi BOABI IJII CHUCTEM
OTOIUIeHUs aDOHEHTOB TIPH CMEHE crocoda pe-
ryaupoBaHust 40% OT pacdeTHOro Iepexox K
KOJINYECTBEHHOMY PETYJIMPOBaHHIO /sl aDOHEH-
TOB CHUCTEM OTOIUICHHMS, KaK 3TO BUJHO MO puc.o,
MPOMCXOANT NPHU TEMIEpaType HapyKHOIro BO3-
nyxa —24°C, korna temneparypa T30 mocturaer
cBOeH npenenabHou BenuuuHbl 95°C.

o

T10(150°C)

T10(130°C) |

130

I

|

|
LI I I B A |
NOORAWN =

90

Temnepatypa ceTeBoii BOAbI

kg/s 3
50 == =T 1000 &
/’/// 6 (13070°C) »2
____________________ %
10 800 é
L6 (15070°C) —A g
____________________ 3
600 &

8 0 -8 -16 -24 -32 t,°C

1, 2 — memnepamypa npsamoii cemegou 800bl HA
omonnenue Tlo ona UTI" 130/70 °C;

3, 4 — memnepamypa npsmoii cemesoti 600bl HA
omonnenue Tlo ona UTI 150/70 °C;

5, 6 — memnepamypa obpamnou cemegoil 600vl

nocie omanausaiowux ycmpoticmg T20;
T — memnepamypa 600bl Ha 8X00€ 8 CUCMEM)
omonaenus 130,
G — pacxo0 cemesoti 600bi

Puc. 4. OtonutenbHblii Tpaguk CHCTEMBI
oromuenus ast UTT 150/70°C u 130/70°C (myHk-
THPHBbIE JUHHHM COOTBETCTBYeT rpadguky ¢ ckop-
PEKTHPOBAHHBIMH TeMIepaTypamMu ceTeBoil BoO-
abr).*

IIpu cpaBHEHMH pHC.4 U pUC.5 OUEBUAHO, UTO
npu PI'P B TeueHHne OCHOBHOH 0 BpEMEHM 4Ya-
CTH OTONUTENBHOTO TepHofa 00ecTeunBaeTCsI
CYIIECTBEHHO MEHBINas TeMIepaTypa oOpaTHON
CETEBOM BOJbI, BCIEICTBHUE YETO PACXOJIbl CETe-
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BOW BOABI B 3TOH 30He rpaduxoB npu PI'P, B
cpennem, Ha 20% menbiie, uem pu UTT.

°C = ‘ T10(150°C) |
=" s
3 |7 Thotra0c)
2 130|-==== g } ! 1 idelc}
g e O— 7‘;’{7//:7 ]
5 = =1 T30
@ B
g 2 /./
Q
= B o s ] ka/s
oy adll B
2 50 = Em—— : g
: T Aooo |
e i B [ = 1 Gl{130/7.T_‘C) —==" 800 g
e i i A | 3
" | G\mso/;'be) ’4/ 600 g
—_———————t —== | g
E xX
o
! 400 &£
8 0 8 16 24 -32 t°C

1, 2 — memnepamypa npsmoii cemegoi 800bl HA
omonnenue Tlo ona PI'P 130/70 °C;
3, 4 — memnepamypa npsimoil cemegoil 600bl HA
omonnenue Tlo ona PI'P 150/70 °C;
5, 6 — memnepamypa obpamnou cemeeoii 600vl
nocie omanausarowux ycmpoticmg T20;
T — memnepamypa 600bl Ha 8xX00€ 8 CUCEM)
omonaenus T30,
G — pacxoo cemesoii 800vl
Puc.5. OtonutenbHblii rpapuk cucTeMbl
oromnnenuss pas PI'P 150/70°C m 130/70°C mnpu
A0JIe OTHOCHTEJIbHOro pacxoaa 40% (MyHKTHpHBIE
JIMHUM COOTBETCTBYET rpauKy C CKOPPEKTHPO-
BAHHBIMH TeMIEPATYPAMH CeTeBON BOAbI).>

IIpu pacuere rpaduKOB, MPEACTABICHHBIX Ha
puc.4, 5, pacuetHas TeruioBas Harpyska TOI[
Obula yBeNMYeHa Ha BEIMYMHY HOPMATHBHBIX
TEIUIOBBIX TIOTEPh TMPH TPAHCIIOPTUPOBKE, CO-
cTaBsioILyl0 okoyno 5 MBT mnpu pacuerHoit
temneparype t= —32°C. B peanbHBIX YCIOBHSX
NpY HE3HAYUTEIBHOM OTKJIOHEHUH TeMIepaTyphl
pacyeTHON TETJIOHOCHUTENSI B TOAAOLIEM TpyOo-
NpoBOAE [UIA TEIJIOBBIX IHOTpeduteneil ot
NPEAyCMOTPEHHON TeMIlepaTypHbIM Trpadukom
(menee 3—4°C) mia GonpIIMHCTBA IOTpeOUTENEH
pacxo/ipl CEeTEBOW BOJIBI MOTYT HE H3MEHHUTHCS 32
CYET yMEHBIIEHHS TEIUIONOTPeOICHUsI MIPU HC-
MOJIb30BAaHUM 3amaca 10 PACcUeTHOH Harpyske
OTOIUICHUSI MPH NPOCKTUPOBAHMU MJIM 3a CYET
HAJIM4Msl BHYTPEHHUX TETUIOBBIICIICHUH, HO TIPU
MOJICITUPOBAHNN MBI JIOJDKHBI CUHMTATh, YTO BCE
NOTPEeOUTENN HAXOAATCS B OIMHAKOBBIX yCJIOBU-
AX ¥ 4TO BCE OHM 3a CUET ACHCTBUS YCTPOWCTB
aBTOMATHYECKOTO PEryJlupoBaHusl obOecrednBa-
I0T 3aJJaHHOE TEIUIONOTpeOJIeHne MpH 000
Hapy>KHOH TeMIiepaType Bo3ayxa. B atux ycio-
BUSIX M3MEHEHHE TPaQUKOB TEIJIOBBIX HArPy30K
B CTOPOHY YBEJIMYCHHUS HA BEJIMYMHY HOPMATHUB-
HBIX TEIJIOBBIX IOTEPb BBI3BIBAET HEOOXOMIU-
MOCTh HMX KOPPEKUUH WIM IYTeM YBEIUUCHHS
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pacxoJoB CEeTEeBOH BOABI, YTO OCYIIECTBISETCS
YCTPOHCTBaMH aBTOMAaTHUYECKOI'O PEryIrpoBa-
HUS TeruionorpebieHns abOHEHTOB, OO0 TTyTEM
W3MEHEHUS] TeMIepaTypHBIX rpadruKoB, KOTOpOE
ocymecteisiercst Ha TOL (mpu aToM Temmepary-
pa IpsMOM ceTeBOM BOJBI YBEIMYMBACTCS Ha
BEIMYMHY €€ OCTHIBaHWS B MOJAIOIINX TPYOO-
MpoBOJAx N0 MOTpeduTeneil, a Temmneparypa o0-
paTHOM CETEBOW BOJBI CHIIKACTCS HAa BEIHYUHY
ee OCTBhIBaHUS B OOpaTHBIX TpPyOOmMpoBOJaxX OT
abonentoB no TOLI). Ha puc.4, 5 crmiomHsiMu
JIMHUSMH TI0Ka3aHbl 3HAYCHUS TapaMeTpoB (pac-
X0Jla U TEeMIIEpaTypbl CETEBOH BOABI) IIPU yBe-
JUYEHUH pacxofia TEIIOHOCUTENsT (KOppeKuus
M0 pacxofy), a MyHKTUPHBIMH — IPU U3MEHEHUH
TEeMIIEpaTyp MpsIMOH U OOpaTHOHW CETEBOW BOIBI
B COOTBETCTBHH C JAaHHBIMH, MPEICTABICHHBIMU
Ha puc.2,3, mpu pacxogax CETEeBOW BOABI CO-
TJIACHO MCXOMHOMY Tpaduky 0e3 ydeTa Terio-
BBIX MOTEPH (KOPPEKLIHUS 110 TEMIIEPATYpE).

Amnanuzupyst rpaduku puc.4, 5, MOKHO 3a-
KIIIOYXTh, YTO BO BCEM JHana3oHe H3MECHEHUsI
TeMIIepaTyp BO3[AyXa KOppeKIHs IpaduKOB IO
pacxoly IPUBOIUT K POCTY PACXOAOB TEIJIOHO-
cutens mpuMepHo Ha 2% 10 CpaBHEHHIO C HC-
XOAHBIMH TpadUKaMH, YTO COOTBETCTBYET JI0JIE
TEIUIOBBIX MOTEPH TPYOOIPOBOIOB B CyMMAapHOM
TEIUIOBOM Harpys3ke, KOTopasi MPakTHYECKH He
WU3MEHSIETCSl TIPY W3MEHEHWW Hapy)KHOW TemIie-
parypsl. IlonyueHHble maHHBIE faniee ObUIM HC-
MOJIb30BaHBI IIPU pacyeTe pexXKUMOB PabOTHI MO-
nenbHOM TOLI, pe3ynbTaThl KOTOPBIX MpPECTaB-
JICHBI HUXKE.

IIpu pacuere pexuMOB pabOTHI MOAETBHOM
TOIl comocTaBiaeHUIO MOAJIEKAIH KaK HHTeE-
rpaJibHbIE TIOKa3aTeld 32 OTOMUTEIBbHBIA IMepu-
0], TaK W TIOKa3aTenu paboThl MPH Pa3TUIHBIX
TeMmIieparypax HapykHoro Bo3ayxa. Hemocpen-
CTBEHHOMY CPaBHEHHIO IIPH STOM OBLIH MOJBEPT-
HYTBI pe3yJIbTaThl pacyeTa PeXKUMOB C KOPPEKIIH-
eil rpadukoB Mo TemIiepaTrype TEIUIOHOCUTENS C
PEKUMaMH [IPU IPOYHX PABHBIX YCIOBHUSIX M KOP-
pekiuei TpaduKoB 1O PacXoay TETUIOHOCHUTEISL.
Ha puc.6, 7 npuBeaeHsl pe3ysbTaThl pacueTa Mmo-
kazatens Et g UTT u PT'P npu pabore TOL] ¢
ko3 durrenTom terodpukaruu 0.5.

[Mpu ananmze 3THX TrpadUKOB yKaKeM, YTO
IpHU TemnepaTypax Bo3ayxa Beime +5°C umeer
MeCTO paboTa HpU OTKPBITOW MOJHOCTBHIO PEry-
TUpyrolien quadparMe 4acTd HU3KOTO JaBIICHUS
(PI YHMI) mpu 3apbiTOi MOJHOCTHIO 3aBHKKE
Ha BepxHUH cereBoil noxorpesatens BCII (mpu
OJTHOCTYNIEHYaTOM II0/IOTPEBE CETEBOM BOJbI)
MyTEM YaCTHYHOTO OOBOJA BOJBI TIOMHMO HIK-
Hero ceteBoro nojorpesarens HCII, 3atem npu
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MOHWKEHUM TeMIeparypsl Bo3ayxa a0 —1°C
IPOMCXOANT ABYXCTYIEHYATHIM MOJOTPEB IIPHU
00Bosie yactu ceteBoi Boawrl momuMo BCII, u
TOJIBKO TMIPH JANbHEUIIEM MMOHWKEHUH TeMIiepa-
Typsl BO3AyXa HMEET MECTO peryJupoBaHHE
TEIUIOBOI Harpy3ku Ipu paboTe MO JIeKTpUde-
ckoMmy rpadpuky mytem mnpukpeitus P UH/I,
KOTOpasi MOJIHOCTBIO 3aKpPBIBAETCS MPHU TEMIIEpa-
Type Bo3ayxa okoio —7°C, mocie yero TypouHa
paboTaer mo TeroBoMy TpaduKy ¢ MaKCHMallb-
HOH TEITOBOM HArpy3KOH.

E; ‘
0,51 \&ﬁ;\\
N 1 ~
™\
\\\\ \\\\
0,49 N N
N
N \\\
NUENE
\\>§ i
\\
045 | —— — 1 \
¢ W
-——-— 4
043 L+

-8 -16 -24 -32 t,°C
1-130/70°C (G’); 2— 130/70C (1);
3-150/70C (G); 4 — 150/70 <C (1)
Puc. 6. YaeabHasi BbIpadoTKa 3J1eKTPOIHEPTHH
Ha TemjaoBoM mnotpedjenun E: xna UTI npu ko-
s¢ppunuente Temaopuxanun o papaom 0,5 ¢ kop-
pekuueii no pacxony (G) u remneparype (1) Temn-
JIOHOCHUTEJIS.

E:

0,51

0,49

0,47

0,45

0,43

-8 -16 -24 -32 t,°C
1-130/70C (G’); 2— 130/70<C (1);
3-150/70°C (G); 4 — 150/70 <C (1)
Puc. 7. YaeabHas BbIPaG0oTKa 3J1eKTPOIHEPrUU
Ha TemjoBoM norpedaenuu E: nas PT'P npu ko-
rpdunmnente Temwopukanuu o pasuom 0,5 ¢ kop-
pekumeii mo pacxoxy (G) u temneparype (1) Ten-
JIOHOCHTEs.
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C 5TUMH HM3MEHEHHSIMH PEKUMOB pabOTHI
TypOHWH U CBA3aHBI KoJeOaHus BeTMUnHBI E; pn
Temreparypax Bo3ayxa Beime -7°C. Cyme-
creeHHoe otnnuue PI'P ot UTI o sTomy noka-
3aTelt0 UMEET MECTO B OCHOBHOM IIpU paboTe 1o
TeruioBoMy rpaduky c 3akpsitoir P/l UH/ (ipu
Oosiee HU3KUX TeMIlepaTypax BO31yxa), YTO CBS-
3aHO TIPEXkJAe Bcero, ¢ 0ojiee HU3KOM TeMIepaTy-
poit 00paTHO# ceTeBOl BOABI M BCIICICTBUE 3TO-
ro c¢ Oojee HU3KUM [ABICHUEM B HIDKHEM OTO-
nuTeabHoM oTOope TypOuHsl pu PI'P. Taxoke u3
rpaduKOB OYEBUAHO, TpadUKH C MaKCHUMAaJTLHOM
pacdeTHOW TemmepaType cereBoil Boasl 130°C
oonee addextuBubl, yem 150°C, BcieacTBue
OOJNBIINX PAacXOOB CETEBOM BOJBI W MEHBIIMX
ee temmnepatyp Ha Bbixoge u3z BCII, nmpu nmpouux
PaBHBIX YCIOBHSIX, YTO U TPUBOJHUT K MEHBIIUM
JABJICHUSIM B OTONMTENLHBIX OTOOpax M OOJb-
LIMX TemJIonepenanax B NPOTOYHON 4acTd Typ-
ounbl 1uist rpadukoB mpu 130°C.

AHasoruuHbele pe3ynapTaThl MO BenuuuHe Eg
MoJy4eHsl i rpadukoB npu padote TOLI c
ko3 purmentom teropukanuu 1.0 (puc. 8, 9).

HoBBIM U3 TIONMy4YeHHBIX pe3ynbTaToB (puc.6—
9) siBiAE€TCS TO, YTO BBISBJICHO JIMIIb OYEHb Ma-
JI0€ OTJIMYME IO JAaHHOMY IOKa3aTeNio MEXIY
rpadukamMu ¢ KOPPEKIHEH 1Mo pacxoxy (CIUIom-
HBIC JIMHUM) U C KOPPEKLHUeH Mo TemIeparypam
(TTyHKTHUpPHBIEC JTMHUM), TIPHYEM JJIsl Bcex rpadu-
KOB KOpPpPEKIUs MO TeMmIeparypam TNPUBOJUT K
HECKOJIbKO MEHBIIMM 3Ha4eHusIM E; B TeueHue
OCHOBHOM YacTH OTONMTENILHOTO IEepuoja
(TyHKTHUPHBIC JIMHUH HIYT 4YyTh HIKE CIUIOII-
HBIX), YTO OINpPEAEISIETCS MPEUMYLIECTBEHHO He-
CKOJIbKO MEHBIINMH PAaCXOJaMH CETEBOH BObI
4yepe3 TypOUHBI B 3TUX CITydasiX.

=
0,50
0,46

A\

N

\\
0,42 N—
0,38 —_—

-16 24 32 t,°C
1-130/70<C (G); 2— 130/70°C (1);
3-150/70°C (G); 4 — 150/70<C (t)
Puc. 8. YneapHasi BbIpadoTKa 3J1eKTPOIHEPTHH
Ha TenjoBoM notpediaennn E: nas UTI nmpm ko-
s¢punmente Temiopuxkanmun o pasuom 1,0 ¢ kop-
pexumeii no pacxoxy (G) u remneparype (1) Ten-
Jaonocurensn.®
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E
0,50
0,46
N\ | I
\\
042 - \\
0,38 J
8 0 -8 -16 -24 -32 t,°C

1-130/70%C (G"); 2 — 130/70°C (t);
3-150/70°C (G"); 4 — 150/70 «C ()
Puc. 9. YaeabHasi BbIpadoTKa 3J1eKTPOIHEPTHH
Ha TenjoBoM norpediaenuu E: pas PI'P npu ko-
3¢ dunnente Temiopukanmuu o pasaom 1,0 ¢ xop-
pekuueii no pacxony (G) u remneparype (1) Temn-
Jaonocures.’

ITpu 3TOM Takke MOXHO OTMETUTbh, UTO pa3-
Huta no napametpy E; mexxmy UTT u PI'P B 00-
JIaCTH OTPHULATEIBHBIX TEMIIEPATYp BO3IyXa MpU
koad¢uimente teruropukamun 0.5 cyriecTBeH-
HO OOJjbIIe, YeM TpHu KodQduImenTe Termiohn-
kauuu 1.0. Hannuue ropu3oHTaIbHBIX YYaCTKOB
B rpadukax puc.§ u puc 9. B 001acTH HU3KUX
TeMmIeparyp oOyCIOBIEHO TEM, YTO MPU TEMIIe-
parype —22°C mis rpadukos 150/70°C u npu
temneparype —30°C s rpaduxos 130/70 mo-
CTHUTaeTcs MpelesIbHOE IABICHUE B BEPXHEM OT-
oope 245 xlla (temmeparypa ceTeBod BOIBI Ha
Bbixose u3 BCII mpu 3TOM cocTaBiseT OKOJIO
124°C), uTo u omnpezenseT NOCTOSHCTBO MOKa3a-
tenst Er. B atom ciydae PJ] UHJ ma TypOmHax
3aKpbIiTa HE MOJHOCTBIO, a Ui JalbHEeHIero
HarpeBa CETeBOW BOJBI /0 HEOOXOJUMOH IO
rpaduKy TEeMIlepaTypbl BKIIIOYAIOTCS ITHKOBBIE
BojorpeitHbie KoTis! (IIBK).

CpaBHEHUE SKOHOMHH TEIJIOTHl TOIUIMBA Ha
TOLI mpu nepexoje ¢ rpaduka ¢ KOPPEKIKEH 110
pacxoy Ha aHAJIOTMYHBINA TpaduK ¢ KOppeKIHen
N0 TeMIIepaType TEIIOHOCUTeNsT ObLIO paccuu-
TaHO KaK WHTETPAIBHO, C YYETOM JUTUTEIBHOCTH
Ka)JIOTO OJTHOTPaJlyCHOTO MHTEPBaJa Hapy>KHBIX
TEMIIEpaTyp, TaK U U K&KAOTO LEeIOYUCICHHO-
ro 3HAYCHHS TeMIIEpaTypbl HAPYKHOTO BO3IyXa.
B aToM mociieHeM citydae Tpu mepexojie ¢ rpa-
¢uka c Koppekuueil mo pacxoay Ha rpaduk c
KOppeKUueil Mo TeMiepaTypaM CeTeBOH BOJBI
pacuer TNPOU3BONWICS B CIUHHIAX TEIUIOBOH
MOIIHOCTH (KHUJIOBAaTTaX) MO cCleayrommumM ¢Gop-
MyJIaM.

ITpupocrt otmycka snexrposneprun AN, kBT

® Appendix 1

64

AN, =N, —N_, (13)

rae N, — OTIyCK 31EKTPOSHEPTHHU B PEKUME C

N

JIEKTPOIHEPTUU B PEXUME C KOPpPEKLIHEH I10
pacxony.
[Ipupoct 3arpar TeminoTsl TomnuBa Ha TOIL]

KOppEKIIMeH M0 TeMIepaTtype; — OTIYCK

G’

(Bkirouas sHepreTyeckue korsl u IIBK) AQ,,

kBT:

A(?0 = Qot' _QOG’ ! (14)

rae Qot, — 3aTpaThl TEIJIOTHI TOILUIMBA B PEXUME
¢ Koppekrueii o temmeparype; Q . — 3aTpaTs
TEIUIOTHI TOIUTMBA B PEXHUME C KOppEKIHeH o
pacxony.

Pacuer 3xoHOMUHU TeIIOTHI ToILikBa B, kBT,
BBITIOJIHAJICA TPpU YACJIBHOM pPacXxoJ€ TEIIOThL
Ha 3aMelniaronied TypOoycTaHoBkKe (,=2.5 mo
¢dopmyiie (15), ananoruuno padote [14]:

B:q3 ANa _AQO’ (15)

I'padmyeckast 3aBHCHMOCTH BENWYHHEI B oT
TeMIIepaTypbl HAPy>KHOTO BO3yXa JUIs pabOThI C
HauboJiee COOTBETCTBYIOIIMM pEaIbHBIM YCJIO-
BUSIM SKCIUTyaTauyd KO3(PQGUIUEHTOM Terodu-
kauu 0=0.5 npuBeneHa Ha puc.10.

U3 puc.10 oueBugHO, 9TO B LEIOM IIPH Tpa-
¢ukax 130/70°C nepexoj Ha KOPPEKIMIO II0
temmneparypam Oonee addextuser (s UTL B
Oonpmeii crernenu, Hexenu s PI'P), tak kak
BEJIMYMHA SKOHOMHUH TETUIOTHI TOIUIMBA BO BCEM
TEMIIEPaTypHOM  JHalla3oHe MOJOXKHUTENIbHA),
toraa kak npu rpadukax 150/70°C stoT mepe-
XOJI C TOYKH 3peHHs dHepreTudeckoro 3¢pdexra
HEBBITOAEH. B TO e BpeMsi cpelHssl BEIWYMHA
storo 3¢ dekra (ot 100 no 200 xBt), cocTasnser
mernee 0.1% ot pacxoma TEIIOTH TOIUIMBA Ha
TOIL] (170-250 MBT), TO ecTh OTpakeHHbBIN Ha
puc.10 addekr sBusieTcss BecbMa MaJIbIM U COIO-
CTaBHM C TIOTPEIIHOCTHIO TMPOBOJMMBIX Ha Ma-
TEMaTU4YEeCKON MOJIENI PacUETOB).

PesynbTatThl, aHANIOTHYHBIE TPEICTABICHHBIM
Ha puc. 10, umenu MecTo u mpu paboTe ¢ Ko3(h-
¢unmenTom terodukanuu o=1.0, 3a uckIrOUe-
HUEM JHMana3oHa HU3KHX TeMIepaTyp Hapy»x HO-
T'O BO3yXa.
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1- HUTI 130/70°C; 2 — PI'P 130/70 °C;
3—HUTI" 150/70°C; 4 — PI'P 150/70 «C
Puc. 10. Dxonomus Tomiua Ha TII npu me-
pexojie Ha TeEMIIEPATYPHYI0O KOPPEeKIHIO rpaduKoB
BMECTO PacXoJHOil npu kodpdunuenre temnaodu-
Kkanuu o papaom 0.5.2°

[Ipu pabote ¢ koapPummenToM TerIopIKa-
i 0=1.0 OyayT UMETh MECTO OTpHIATEIbHEIC
3HavyeHmMs BeawdnHBl B (mo 1500-2000 xBt) B
001aCTH HU3KUX TEMIIEPATyp Hapy>KHOTO BO3AY-
xa (menee —12°C), 4o 00yCIOBJICHO OOIBIIUMU

pacxomaMu TernoTsl TormuBa Ha [IBK B pexu-
Max C KOppeKLHeH M0 TeMmIepaTypaMm 3a CueT
MEHBIINX TEIUIOBBIX HArpy3oK TypOuWH Ipu
HAJIMYMU OTPaHUYEHUsSI IO JaBJICHUIO B BEPXHEM
otbope, HO pabora TIIl mpu 3HadeHMsIX 0=1.0
ropa3io MeHee XapakTepHa IJisi pabOThl COBpe-
MeHHBIX TOI1, geM mipu 0=0.5.

Wuterpanbhblii 32 ron (B JaHHOM Clly4yae 3TO
OTOMUTENBHBINA Tepuon) 3hdexT A Bcex rpa-
(UKOB PErynupoBaHUS HpPU IMEPEXoJe OT KOp-
PEKIHH 10 pacxoAaM K KOPPEKIHHU M0 TeMIepa-
Typam TEIIOHOCHTEJIS 33 OTOMUTEIbHBIN MepUoI
C Y4YETOM [UIMTEIBHOCTH CTOSIHUSI Hapy>KHBIX
TEMIIepaTyp PacCCUUTAHBI IO BHIIICIIPUBEICHHBIM

-32 1, °Gpopmymnam u npusesens! B Tadme 1.

HauGonee BaKHBIM U3 INPEICTABICHHBIX B
eh
Tabmuuax 2,3 semsercs Bemmumba D) (DY),

KOTOpasi yYUTHIBAET U YAEIbHYIO BBIPAOOTKY
3JIEKTPO3HEPrHH E;, W JOMI0 TEIUIOBBIX MOTEPH
IpH TPAHCIIOPTHPOBKE @, %, U pacxox 3iek-
TPO3HEPIUH Ha MPHUBOJ CETEBBIX HACOCOB. AHa-
JIM3 BApPUAHTOB 110 TAHHOMY TOKa3aTelto yI00HO

NPOM3BECTH TaKKe W B TIpadUuecKoM BHIE
(puc.11, 12).

Tabmuma 1.

UurerpanbHblii 3Q(PEKT OT KOPPEKIMH TEMIIEPATYPHBIX rpaguKoB 12

[Ipupoct ronosoro ot- Tpupoct ronosbix satpar | I'ogosast dKoHOMS TOII-
I e etk T T
tricity supply), fuel heat), MBT4 (Ty.T.)
MB1-1 (MW-h) MBTt-9 (MW-h) (MW-h, tc.e.)
a=0.5
UTT (ITS) 150/70°C 89.4 137 209.7 (~25.8)
UTT (ITS) 130/70°C 415.4 10.3 1028.1 (126.5)
PI'P (ERS) 150/70°C 1782 241 4215 (-51.8)
PI'P (ERS) 130/70°C 79.2 18 196.3 (24.1)
0=1.0
UTT (ITS) 150/70°C 3289 659.5 14816 (-182.2)
WTT (ITS) 130/70°C 73.2 131.0 52.1 (6.4)
PI'P (ERS) 150/70°C 619.0 692.1 22395 (-275.5)
PI'P (ERS) 130/70°C 107.4 112.2 ~380.7 (-46.8)
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Tabnura 212.

HHTerpanbHble OKa3aTeln HCCIeayeMbIX rpagukoB nmpu kodpduimente Temwiodukanun a=0.5

Bun rpaduka, MakcuManbHas
Temriieparypa, °C

b;r , TY.T./KBT'1

b;:T ,Ty.T./KBT1u

: E: ,%
(Schedule type, mgxmum (b; g c.f/KW-h) (b;efh g £/ kW-h)
temperature, °C)

UTT 150 (ITS 150) G’ 0.502 198.2 200.6 2.295
UTT 150 (ITS 150) t’ 0.499 198.4 200.7 2.295
UTI 130 (ITS 130) G’ 0.509 195.9 199.8 2.134
WUTT 130 (ITS 130) t’ 0.511 195.8 199.5 2.134
PI'P 150 (ERS 150) G’ 0.507 196.8 198.4 2.201
PI'P 150 (ERS 150) t’ 0.505 197.0 198.5 2.201
PI'P130 (ERS 130) G’ 0.512 195.1 197.5 2.039
PI'P130 (ERS 130) t’ 0.513 195.1 197.5 2.039

[pumeuanue k Tadnuue 2. [Tapamerp G’ B nepBoM cTo6LIE — KOPPEKIIHUS MO PACXOLY CETEBOM BOJIBI,
napametp t' - KOppekIys Mo TeMIeparype ceTeBOM BOJIBL.

Tabmuma 3%°.

UHTerpajibHble NOKa3aTeIn UCCileqyeMbIX TpaduKoB npu kodpduimente teropukanuu 1.0

Bun rpaduka, makcumanbHas
TeMiieparypa, °C

b} ,ry.r/kBru

yr°

b;fT , Ty.T./KBTu

(Schedule type, maximum Bt (b g et/ kW-h) (b g ./ kW-h) @,%
temperature, °C) of » 9= of » 9

UTT 150 (ITS 150) G’ 0.491 274.7 276.3 2.295
WUTT 150 (ITS 150) t’ 0.493 275.0 276.5 2.295
WTI 130 (ITS 130) G’ 0.502 270.1 272.6 2.134
WTI 130 (ITS 130) t’ 0.505 270.2 272.6 2.134
PI'P 150 (ERS 150) G’ 0.494 273.8 274.9 2.201
PIP 150 (ERS 150) t' 0.493 274.3 275.2 2.201
PI'P130 (ERS 130) G’ 0.504 269.5 271.1 2.039
PI'P130 (ERS 130) t’ 0.507 269.6 271.2 2.039

Ipumeuanue k Tabmuue 3. [Tapamerp G’ B mepBom cTonbIe — KOPPEKIHS TI0 PACXOLy CETEBON BOJIBI,
napametp t’ - KOppekuus Mo TeMrepaType ceTeBOM BOJIbL.

13,14,15,16 Appendix 1
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ge.f/
kW-h

201

199

197

195

1— HTT 150/70°C (GY): 2 — MTT" 150/70 °C (t):
3~ UTI 130/70°C (G); 4 — MTT 130/70°C (t):
5 PI'P 150/70°C (G); 6 — PI'P 150/70C (t):
7 - PI'P 130/70°C (G); 8 — PP 130/70 °C (t)
Puc. 11. YaeabHblii pacxo/ ycJIOBHOTO TOILIMBA HA
OTIYCK 2JIEKTPOIHEPTHH NpH Ko3(uuuente
Temodukanun a paguom 0.5,

o ¢.f./ [ peh
iwh I

274

272

270

268

266

1-HUTI" 150/70°C (GY); 2— UTT" 150/70 C (t);
3—HUTT 130/70°C (G"); 4 — UTI" 130/70 °C (t);
5— PI'P 150/70°C (G); 6 — PI'P 150/70 °C (t);
7—PI'P 130/70°C (G"); 8 — PI'P 130/70°C ()
Puc. 12. YaeabHblii pacxoa yCJI0OBHOTO TOILIH-
BAa Ha OTILYCK 3JIeKTPOIHEPruM Npu Ko3pdunueH-
Te TemiopuKanuu o pagaom 1.0.18

PasHuiia B ypoBHE BEJMYMHBI IOKa3aTess
by (b)) B TaGmumax 2,3 u ma puc.11, 12

(oxono 200 r y.1./kBtu u Gomnee 270 ry.1./kB14)
Opy JIByX DPa3HbIX 3HAYCHUSAX O OOYCIIOBJIEHA
teM, uto npu 0=0.5 TOIl paboraer GoibIryIO
4acTh OTONMHUTENHHOTO IMEpPHOJia TI0 TEIJIOBOMY
rpaduky, a npu 0=1.0 — MO BIEKTPUIECKOMY
rpa¢uky. Takke MOXHO OTMETHTb, YTO €CIIH
npu nepexoae ¢ UTI" va PI'P ans Bcex uccneno-
BaHHBIX BapHaHTOB POCT 3(PQPEKTHBHOCTH OT-
MyCKa 3JIEKTPOIHEPTHH COCTAaBJISIET HE MeEHee
lryT./kBT1'y, a mpu mnepexome ¢ TpaduKOB
150/70°C  wa rpapux  130/70°C oT
1ry.1./kB1u pu 0=0.5 mo 4 ry.1./kBT'u 1pn
o=1.0, To mpu nepexone ot rpaguKOB PEryIupo-
BaHWUsI 110 pacxoly K rpadukam c peryJupoBaHU-

17,18 Appendix 1
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€M TI0 TeMIlepaType TEeILUIOHOCHUTENS — He Oolee,
geMm Ha 0.3 T y.1./KBT "4, mpuaem 3T0T 3QdeKT B
pszie ciTydaeB MOJOXKHUTEIICH, a B psijie — OTPHIIA-
TEJICH, U OH 3aBHCUT OT KOHKPETHBIX OTrpaHUYEC-
HUll B pabote TypOoarperaroB TOLl B ocHOBHOI
YacTH BPEeMEHHU WX pabOTHl B OTOMHUTEIBHBIN T1e-
pHOL.

3AKVIIOYEHUE

1. B crarbe uccnenoBana paboTa MOACIHHON
TOIl mpu pabore MO0 WCXOTHBIM H PACIIUPEH-
HBIM TemrepaTypHbiM rpadukam  150/70°C,
130/70°C ¢ y4yeroM mOTEpb MpHU TPAHCIOPTH-
POBKE TEIUIOHOCHUTENS M CBSI3aHHOTO C 3TUM
OCTBHIBaHUSI CETEBOM BOJbI B IOAAIOIIMX U 00-
PaTHBIX TPyOOIPOBOAAX TEIJIOBBIX CETEH.

2. B xozme paboTBl yCTaHOBJIEHO, YTO HAUOO-
Jiee MOAXONAIIeH /Ui pacueTa OCTHIBAHUS Tell-
JIOHOCUTENS SIBJISIETCS METOAWKA IOTPagyCHOIO
pacueTa HOPMaTHBHBIX TEIUIOBBIX IOTEPH B TPY-
OompoBojax, NpeacTaBieHHas B cratbe [31],
KOTOpasi JaeT BO3MOXKHOCTb Pa3feiUTh OOIIUe
TEIUIOBBIE OTEPU MEXIY IMOAAIOIINMHU U 00pat-
HBIMU TpyOompoBonamu. B nannoii pabote amns
pacuera TeMIepaTypHOI'O Haropa Teruionepesa-
YH HCHOJB30BANACh TEMIIEpaTypa Hapy>KHOTO
BO3/IyXa; MPU 3TOM JIOJS TEIUIOBBIX MOTEPh OT
BEJMYMHBI TEIUIOBOM Harpy3ku OKazajach Ipak-
TUYECKU HE 3aBUCSILICH OT Hapy>KHOH Temmepa-
TYpBI M COCTaBMIIa OKOJIO 2% BO BCEM AMaIia30He
UCCIIEIOBAHHBIX IPaUKOB.

3. Tlpu pacuere 3aBHCHMOCTEH OCTBHIBAHHSI
TEIUIOHOCHUTEJISI B TPyOONpoBOIax IMpH pas3iiny-
HBIX TEMIIEpaTypHbIX rpadukax ObUIO yCTaHOB-
JICHO, 4TO MpH rpadukax ¢ OOJbIICH pacueTHON
TEMIIepaTypoll OCThIBaHWE OOJbIIE, a B TMOAAI0-
mwx Tpyoonposoax mpu UTI oHo Gonbiie, uem
npu PT'P. TIpu sTom 65—70% 0011ero ocTeIBaHUS
MPOMCXOJUT B TOAAMONIMX TPyOONpoBOIaX Terl-
JIOBBIX CETEM.

4. YCTaHOBIEHO, YTO IPH COXPAHEHUH CyM-
MapHOH TETUIOBOW Harpy3KH MOTpeOuTeneit mpu-
POCT TEIJIOBOM HArpy3KH MCTOYHHUKA HA BEIUYH-
HY TOTEph NpPU TPAHCIIOPTHPOBKE MOXKET OBITH
KOMIIEHCHPOBaH HJIM €CTECTBEHHOW KOpPEKLHUEH
MO0 PacxoJy TEIUIOHOCHUTENS (C POCTOM, HPSAMO
MPOTMOPIUOHAIBLHBIM  JIOJIE TEIUIOBBIX IOTEPh
IpU TPAHCHOPTUPOBKE), OO KOPPEKUHUEH 10
TeMIiepaType MmpsMoi U 0O0paTHOHM TeMmIiepaType
ceTeBOM BOABI Ha McToyHUKE. [Ipu 3Tom Temme-
parypa npsMoii ceTeBOI BOJIbI YBETUUMUBAETCS, a
00paTHON — HECKOJILKO yMeHbIIaeTcsi. B padote
OBLIM TIOCTPOCHBI IpadKy TEMIEpaTyp U pac-
XO/IOB CETEBOM BOABI JUIsl 000MX BapUaHTOB KOP-
PEKITHH.
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5. Ipu pacuete nokasareneit 3pPpekTuBHOCTH
pabotsr MmopensHOU TOI] ¢ yueToM Bcex yUWTHI-
BaEeMBIX BIHSIONMX (DAaKTOPOB OBLIO Ompemee-
HO, YTO OCHOBHOW M3 O3THX IIOKazareinen —
YIENBHBIA PacxXo]] YCIOBHOTO TOIUIMBA Ha OT-
IyCKaeMyI0 JJIEKTPHUUYECKYIO DHEPTHI0 — CyIIle-
CTBEHHO YMEHBIIAETCsl MpU Mepexofe Ha Oonee
a¢exTuBHbIN TemuepatypHsii rpadux 130/70°C
U TIPU TIEPeX0Jie ¢ UCXOJHOTO Ha PACIIMPEHHBIN
rpaguK peryaupoBaHUS MO HArpy3ke OTOILIe-
HUsI, HO HE3HAUYMUTENLHO M3MEHSETCS MpH Mepe-
XOJIe OT PEeryJIHPOBAHUS MO PacXoay Ha peryiH-
pOBaHHE MO TEMIIEPaType TEIJIOHOCUTEIIS.

6. B menom mo pesynbTaTaM HpPOBEAECHHOTO
WCCIIEIOBAHUSI MOXHO 3aKJIIOYUTb, YTO YyYeT
OCTBIBaHUS TEIUIOHOCHTENSI TPH TPaHCIOPTH-
POBKE J1aeT BO3MOKHOCTH 0o0Jiee TOYHO PacCcyH-
TaThb PeXHUMBI PadboThl obopynoBanus TOL u
3¢ (GEKTUBHOCTH MPOU3BOJICTBA M OTIyCKa TeTl-
JIOBOM M 3neKTpuyeckoi sHepruu. Ilpu otHOCH-
TEJIbHO HEOOJBIION JI0J1e MOTePh MPH TPaHCIIOP-
TUPOBKE, XapaKTEPHOW Il KPYIHBIX TETJIOBBIX
Maructpaiged cymmapHol amuHoil 1o 10 kwm,
OCTHIBAaHUE TEIUIOHOCUTENS KaK B IOJAIOIICH,
TaKk ¥ B 00OpaTHOW MarucTpaisix He MpPEeBbIIIAET
1-2°C, 4TO HE NPHUBOJUT K HEOOXOAMMOCTH
KOPPEeKIMU TEeMIIepaTypHBIX I'paduKoB MO TeM-
nepaType TEeIJIOHOCUTENS MPH HAIWYUU TerJIo-
BBIX IIYHKTOB JIFOOOTO THIIA (C YyUETOM 3amaca ux
MOITHOCTH TPH MPOEKTUPOBAHUH ).

APPENDIX 1 (IPUJIOKEHHUE 1)

Fig. 1. Diagram of a two-pipe heat supply system of
the investigated model CHPP.(1-5 - branches from
each of the two main heat pipelines; D, L - length and
diameter of the main line; d, | - length and diameter of
each branch from the main line).

2Fig. 2. The dependence of the total cooling of the
heat-transfer agent in the supply pipelines D=600 mm
and d=250 mm on the outdoor air temperature (1 —
ERS 150/70°C; 2 - ITS 150/70°C; 3 — ERS
130/70°C; 4 —ITS 130/70°C).

3Fig. 3. The dependence of the total cooling of the
heat-transfer agent in the return pipelines D=600 mm
and d=250 mm on the outdoor air temperature (1 —
ERS 150/70°C; 2 - ITS 150/70°C; 3 — ERS
130/70°C; 4 — ITS 130/70°C).

“Fig. 4. Heating schedule of the heating system in
using the ITS 150/70°C and 130/70°C (dotted lines
correspond to the chart with corrected delivery water
temperatures) (1, 2 — the supply water temperatures
for heating T1o in using the ITS 130/70°C; 3, 4 — the
supply water temperatures for heating Tlo for ITS
150/70°C; 5, 6 - the return water temperature after
space heaters T20; 7 - the water temperature at the
inlet to the users' heating systems T3o; G - the flow
rate of delivery water).

68

SFig. 5. Heating schedule of the heating system in
using the ERS 150/70°C and 130/70°C (dotted lines
correspond to the chart with corrected delivery water
temperatures) (1, 2 — the supply water temperatures
for heating T1o in using the ITS 130/70°C; 3, 4 — the
supply water temperatures for heating Tlo for ITS
150/70°C; 5, 6 - the return water temperature after
space heaters T20; 7 - water temperature at the
entrance to the heating system T3o0; G - the flow rate
of delivery water).

®Fig. 6. The specific electricity generation based on
heat consumption Et in using the ITS at the district
heating coefficient a equal 0.5 with correction for
flow rate (G) and temperature (') of the heat-transfer
agent (1 — 130/70°C (G’); 2 — 130/70°C (t); 3 —
150/70°C (G"); 4 — 150/70°C (t)).

"Fig. 7. The specific electricity generation based on
heat consumption Et in using the ERS at the district
heating coefficient a equal 0.5 with correction for
flow rate (G) and temperature (t) of the heat-transfer
agent (1 — 130/70°C (G’); 2 — 130/70°C (t); 3 —
150/70°C (G"); 4 — 150/70°C (t)).

8Fig. 8. The specific electricity generation based on
heat consumption Et in using the ITS at the district
heating coefficient a equal 1.0 with correction for
flow rate (G") and temperature (t) of the heat-transfer
agent (1 — 130/70°C (G); 2 — 130/70°C (t); 3 —
150/70°C (G'); 4 — 150/70°C (t)).

%Fig. 9. The specific electricity generation based on
heat consumption Et in using the ERS at the district
heating coefficient a equal 1.0 with correction for
flow rate (G") and temperature (t) of the heat-transfer
agent (1 — 130/70°C (G); 2 — 130/70°C (t); 3 -
150/70°C (G'); 4 — 150/70°C (t)).

©Fig. 10. Fuel savings at CHPP in using the
switching to temperature correction of schedules
instead of flow rate correction at the district heating
coefficient a equal 0.5 (1 — ITS 130/70°C; 2 — ERS
130/70°C; 3 — ITS 150/70°C; 4 — ERS 150/70°C).
1112Table 1. Integral effect from the correction of
temperature schedules.

1314Table 2. Integral indicators of the studied sched-
ules at the heat supply coefficient a equal 0.5 (The
parameter G in the first column is the correction for
flow rate of delivery water, the parameter t" is the
correction for the temperature of the delivery water).
1516Table 3. Integral indicators of the studied sched-
ules at the heat supply coefficient a equal 1.0 (The
parameter G in the first column is the correction for
flow rate of delivery water, the parameter t" is the
correction for the temperature of the delivery water).
7Fig. 11. Specific consumption of equivalent fuel for
electricity supply at the district heating coefficient o
equal 0.5 (1 — ITS 150/70°C (G’); 2 — ITS 150/70°C
(t); 3—ITS 130/70°C (G'); 4 — ITS 130/70°C (t); 5 —
ERS 150/70°C (G); 6 — ERS 150/70°C (t); 7 — ERS
130/70°C (G"); 8 — ERS 130/70°C (t)).

8Fig. 12. Specific consumption of equivalent fuel for
electricity supply at the district heating coefficient o
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equal 1.0 (1 — ITS 150/70°C (G); 2 — ITS 150/70°C
(t); 3 — ITS 130/70°C (G); 4 — ITS 130/70°C (t); 5 —
ERS 150/70°C (G); 6 — ERS 150/70°C (t); 7 — ERS
130/70°C (G); 8 — ERS 130/70°C (t)).

Jlutreparypa (References)
[1] Chicherin S., Junussova L., Junussov T. [Mini-
mizing the supply temperature at the district heat-
ing plant — dynamic optimization]. 2019 4th In-
ternational Conference on Advances in Energy
and Environment Research (ICAEER 2019), vol.
118, 02004. doi: 10.1051/e3sconf/201911802004
Tunzi M., Boukhanouf R., Li H., Svendsen S.,
lanakiev A. Improving thermal performance of
anexisting UK district heat network: a case for
temperature optimization. Energy and Buildings,
2018, wvol. 158, pp. 1576-1585. doi:
10.1016/j.enbuild.2017.11.049
Lauenburg P. Temperature optimization in dis-
trict heating systems. Advanced District Heating
and Cooling (DHC) Systems, 2016, pp. 223-240.
doi: 10.1016/B978-1-78242-374-4.00011-2
Guelpa E., Barbero G., Sciacovelli A., Verda V.
Peak-shaving in district heating systems through
optimal management of the thermal request of
buildings. Energy, 2017, vol. 137(C), pp. 706—
714. doi: 10.1016/j.energy.2017.06.107
Schweiger G., Larsson P., Magnusson F., Lauen-
burg P., Velut S. District heating and cooling sys-
tems — Framework for Modelica-based simula-
tion and dynamic optimization. Energy, 2017,
vol. 137(C), pp. 566-578. doi:
10.1016/j.energy.2017.05.115
Arce 1, Lopez S., Perez S., Rimd M., Klobut K.,
Febres J. Models for fast modelling of district
heating and cooling networks. Renewable and
Sustainable Energy Reviews, 2018, vol. 82(P2),
pp. 1863-1873. doi: 10.1016/j.rser.2017.06.109
Romanchenko D., Odenberger M., Géransson L.,
Johnsson F. Impact of electricity price fluctua-
tions on the operation of district heating systems:
A case study of district heating in Goteborg,
Sweden. Applied Energy, 2017, vol. 204(C),
pp. 16-30. doi:10.1016/j.apenergy.2017.06.092
Bischi A., Taccari L., Martelli E., Amaldi E.,
Manzolini G., Silva P., Campanari S., Macchi E.
A detailed MILP optimization model for com-
bined cooling, heat and power system operation
planning. Energy, 2014, vol. 74, pp. 12-26. doi:
10.1016/j.energy.2014.02.042
Ovchinnikov P., Borodin A., Strelets K. Utiliza-
tion potential of low temperature hydronic space
heating systems: a comparative review. Building
and Environment, 2017, vol. 112, pp. 88-98. doi:
10.1016/j.buildenv.2016.11.029
[10] Lauenburg P. Temperature optimization in dis-
trict heating systems. Advanced District Heating
and Cooling (DHC) Systems, Elsevier Ltd., 2016,
pp. 223-240. doi: 10.1016/B978-1-78242-374-
4.00011-2.

(2]

(3]

[4]

(5]

[6]

[7]

(8]

(9]

69

[11] Stevanovic V., Zivkovic B., Prica S., Maslovaric
B., Karamarkovic V., Trkulja V. Prediction of
thermal transients in district heating systems. En-
ergy Conversion and Management, 2009, vol.
50:9, pp. 2167-73. doi:
10.1016/j.enconman.2009.04.034

[12] Petrushchenkov V.A. Raschet rezhimov raboty
centralizovannyh sistem teplosnabzheniya v
neproektnyh usloviyah [Calculation of operating
modes of centralized heat-supply systems in
nonproject conditions]. Thermal Engineering,
2022, vol. 69, no. 5, pp. 384-392.

[13]Pyatin A.A. Novaya model' regulirovaniya — te-
oreticheskaya  osnova  vysokoeffektivnogo
otopleniya [New control model — The theoreti-
cal basis for high efficiency heating]. EKO-TEK
— ECO-TECH, 2019, no. 1(70), pp. 15-30. Avail-
able at: http://lwww.energy-
saving.ru/uploads/files/eko-tek_itog_70.pdf  (in
Russian).

[14] Pyatin A.A., Suvorov D.M. An Extended Heating
Regulation Schedule: Definition and Assessment
of Its Efficiency in Heat-Supply Systems. Ther-
mal Engineering, 2021, vol. 68, no. 4, pp. 310-
323. doi: 10.1134/S0040363621040068

[15] Novitsky N.N., Shalaginova Z.l., Tokarev V.V.,
Grebneva O.A. Technology for the development
of operating modes of large heat supply systems
based on methods of multilevel thermohydraulic
modeling. Izv. RAS. Energy, 2018, no. 1, pp. 12—
24,

[16] Shalaginova Z.l., Tokarev V.V. Applied Prob-
lems and Methodological Approaches to Plan-
ning and Implementation of Operating Condi-
tions at District Heating Systems. Thermal Engi-
neering, 2019, vol. 66, no. 10. pp. 714-729. doi:
10.1134/S0040601519100057

[17]Wang Y., You S., Zhang H., Zheng W., Zheng
X., Miao Q. Hydraulic performance optimization
of meshed district heating network with multiple
heat sources. Energy, 2017, vol. 126, pp. 603—
621. doi:10.1016/j.energy.2017.03.044

[18] Guelpa E., Toro C., Sciacovelli A., Melli R.,
Sciubba E., Verda V. Optimal operation of large
district heating networks through fast fluid-
dynamic simulation. Energy, 2016, vol. 102, pp.
586-595. doi: 10.1016/j.energy.2016.02.058

[19] Vesterlund M., Toffolo A., Dahl J. Optimization
of multi-source complex district heating network,
a case study. Energy, 2017, vol. 126, pp. 53-63.
doi: 10.1016/j.energy.2017.03.018

[20] Vesterlund M., Dahl J. A method for the simula-
tion and optimization of district heating systems
with meshed networks. Energy Convers. Man-
age, 2015, vol. 89, no. 89, pp. 555-567. doi:
10.1016/j.enconman.2014.10.002

[21] Guelpa E., Sciacovelli A., Verda V. Thermo-fluid
dynamic model of large district heating networks
for the analysis of primary energy savings. Ener-


https://doi.org/10.1051/e3sconf/201911802004
http://dx.doi.org/10.1016/B978-1-78242-374-4.00011-2
https://ideas.repec.org/a/eee/energy/v137y2017icp706-714.html
https://ideas.repec.org/a/eee/energy/v137y2017icp706-714.html
https://ideas.repec.org/a/eee/energy/v137y2017icp706-714.html
https://ideas.repec.org/s/eee/energy.html
https://ideas.repec.org/a/eee/energy/v137y2017icp566-578.html
https://ideas.repec.org/a/eee/energy/v137y2017icp566-578.html
https://ideas.repec.org/a/eee/energy/v137y2017icp566-578.html
https://ideas.repec.org/s/eee/energy.html
https://ideas.repec.org/a/eee/rensus/v82y2018ip2p1863-1873.html
https://ideas.repec.org/a/eee/rensus/v82y2018ip2p1863-1873.html
https://ideas.repec.org/s/eee/rensus.html
https://ideas.repec.org/s/eee/rensus.html
https://ideas.repec.org/a/eee/appene/v204y2017icp16-30.html
https://ideas.repec.org/a/eee/appene/v204y2017icp16-30.html
https://ideas.repec.org/a/eee/appene/v204y2017icp16-30.html
https://ideas.repec.org/a/eee/appene/v204y2017icp16-30.html
https://ideas.repec.org/s/eee/appene.html
https://www.sciencedirect.com/science/journal/03601323
https://www.sciencedirect.com/science/journal/03601323
https://doi.org/10.1016/j.buildenv.2016.11.029
http://dx.doi.org/10.1016/B978-1-78242-374-4.00011-2
http://dx.doi.org/10.1016/B978-1-78242-374-4.00011-2
https://www.sciencedirect.com/science/journal/01968904
https://www.sciencedirect.com/science/journal/01968904
https://doi.org/10.1016/j.enconman.2009.04.034
https://doi.org/10.1134/S0040363621040068
https://dx.doi.org/10.1134/S0040601519100057
https://www.sciencedirect.com/science/article/pii/S0360544217311428#!
https://www.sciencedirect.com/science/journal/03605442
http://dx.doi.org/10.1016/j.enconman.2014.10.002

PROBLEMELE ENERGETICII REGIONALE N (NN) 2021

ay, 2017, vol. 184, pp. 33-44.
doi:10.1115/IMECE2015-52315

[22] Gabrielaitiene 1., Bshm B., Sunden B. Modelling
temperature dynamics of a district heating system
in Naestved, Denmark — A case study. Energy
Convers. Manage, 2007, vol. 48. no. 1, pp. 78—
86. doi: 10.1016/J.ENCONMAN.2006.05.011

[23] Gvozdenaca D., UroSevi¢ B.G., Menke Ch.,
Urosevi¢ D., Bangviwat A. High efficiency co-
generation: CHP and non-CHP energy. Energy,
2017, wvol. 135, pp. 269-278. doi:
10.1016/j.energy.2017.06.143

[24] Suvorov D., Tatarinova N., Lyskova E. The ef-
fectiveness of extended schedules of heating reg-
ulation at CHP plants with decreasing normative
design temperature of the supply water.
Problemele energeticii regionale, 2021, no.
4(52), pp. 99-114.

[25] Order of the Ministry of Energy of the Russian
Federation of December 30, 2008 N 325 "On ap-
proval of the procedure for determining the
standards for technological losses in the trans-
mission of thermal energy, heat-transfer agent"
(as amended) (Minregion Rossii, Moscow, 2008)

[26] Guelpa E., Capone V., Sciacovelli A., Vasset N.,
Baviére R., Verda V. Reduction of supply tem-
perature in existing district heating: A review of
strategies and implementations. Energy, 2023,
vol. 262, part B. doi: 10.1016/j.energy.2022.125363

[27] Sandvall A., Karlsson K. Energy system and cost
impacts of heat supply to low-energy buildings in

Sweden.  Energy, 2023, vol.268. doi:
10.1016/j.energy.2023.126743
CgeeHusi 00 aBTOpax.
Cysopos JAmuTtpuii
MuxaiijioBu4, KaHguaaT
TEXHHYECKUX HaykK,
JIOLICHT, 3aBeIyIONINH

Kaenpoil TeIIOTEXHUKN
Y ruzipaBiuku Batl'y.
Hayunble wuHTEpECHl -
ONTHMU3ALNS  PEKUMOB
paboThI TOL,
3HEprocoepeeHme

E-mail: dmilar@mail.ru

TarapnnoBa Hartanes
BaagumupoBHa,
KaHIUOAT  TEeXHUYECKUX
HayK, JOUEHT Kadenapsr
TEMIOTEXHUKHU u
ruapaBiavky Batl'y.
HayuHsble unTEpECH! -
MaTeMaTHIeCcKoe MoJie-
JMpoBaHue TypboycTaHo-
Bok TOIT

E-mail: nvt_s@mail.ru

70

[28] Werner S. International review of district heating
and cooling. Energy, 2017, vol. 137, pp. 617-631.
doi: 10.1016/j.energy.2017.04.045

[29] Benakopoulos Th., Vergo W., Tunzi M., Salen-
bien R., Kolarik J., Svendsen S. Energy and cost
savings with continuous low temperature heating
versus intermittent heating of an office building
with district heating. Energy, 2022, vol. 252. doi:
10.1016/j.energy.2022.124071

[30] Tunzi M., Benakopoulos Th., Yang Q., Svendsen
S. Demand side digitalisation: A methodology
using heat cost allocators and energy meters to
secure low-temperature operations in existing
buildings connected to district heating networks.
Energy, 2023, vol. 264. doi:
10.1016/j.energy.2022.126272

[31]Pyatin A., Rubleva V. Prakticheskoe uravnenie
rezhimov otopleniya. Chast' 2. Sposoby effek-
tivnogo regulirovaniya . [Practical equation of
heating regimes. Part 3. Accounting for losses in
the heating network]. EKO-TEK — ECO-TECH,
2017, no.3(64), pp. 44-52. Available at:
http://www.energy-saving.ru/uploads/files/eko-
tek_itog_70.pdf (in Russian).

[32] SO 153-34.20.523(3)-2003 Guidelines for com-
piling an energy characteristic for thermal energy
transport systems in terms of "Heat Losses"
(Minregion Rossii, Moscow, 2003)

[33]SP 61.13330.2012. Designing of thermal insula-
tion of equipment and pipe lines (Minregion Ros-
sii, Moscow, 2012)

JIbickoBa ExaTepuna
AJlekceeBHA, MarUCTPaHT

Barl'V.
Hayuynpie  wHTEpecH -
MaTeMaTHYECKOE

MOJICIUPOBAHUE PEKUMOB
pabOThl TEMJIOBBIX CETEH,
sHeprocOepexeHue.
E-mail:
liskova.eka@yandex.ru



https://doi.org/10.1115/IMECE2015-52315
https://doi.org/10.1016/J.ENCONMAN.2006.05.011
https://www.sciencedirect.com/science/journal/03605442
https://www.sciencedirect.com/science/journal/03605442
https://www.sciencedirect.com/science/journal/03605442
https://www.sciencedirect.com/science/journal/03605442
https://www.sciencedirect.com/science/journal/03605442
mailto:dmilar@mail.ru
mailto:liskova.eka@yandex.ru
mailto:nvt_s@mail.ru

PROBLEMELE ENERGETICII REGIONALE 3 (59) 2023

The Method of Selecting Boiler Houses under Technical Re-Equipment in a
Mini-CHP

Myshkina L.S., Frolova Y.A., Ivanova E.M.
Novosibirsk State Technical University
Novosibirsk, Russian Federation

Abstract. The development of the energy sector is aimed at improving the energy efficiency of heat
and electricity. One way is to use cogeneration technologies. A large number of boiler houses created
the preconditions for the creation of a mini-CHPP through their technical re-equipment. The purpose
of the work is to develop a methodology for selecting and ranking boiler houses for transformation
into a mini-CHPP. To achieve the goal, the following tasks were solved: the effects of the formation of
a mini-CHP in the energy district were revealed; a system of criteria has been developed that deter-
mines the feasibility of transforming a boiler house; a ranking coefficient was proposed that reflects
the potential for improving efficiency; the methodology was tested. The difference of the work is the
complexity of the methodology, which takes into account both the advantages of cogeneration tech-
nologies and energy balances, as well as individual features of each boiler house. Multi-criteria selec-
tion of boiler houses is based on the purpose, fuel used, heat output and functions in heat supply sys-
tems. The technical condition, prospective balances of production and consumption of electricity in
the energy district of a mini-CHPP are taken into account. The significance of the results lies in the
fact that the proposed methodology makes it possible to increase the validity of decisions when trans-
forming a boiler house into a mini-CHPP. The use of the selection results will lead to an increase in
the economic efficiency of the heat supply system.

Keywords: cogeneration, mini-CHPP, energy efficiency, boiler house transformation, distributed
energy, efficiency, reliability, environmental friendliness, economy.
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Metoda de selectare a centralelor termice la reechipare tehnica intr-o mini-CET
Mischina L.S., Frolova Ia.A., Ivanova E.M.
Universitatea Tehnica de Stat din Novosibirsk, Novosibirsk, Federatia Rusa

Rezumat. Dezvoltarea sectorului energetic are ca scop imbunatatirea eficientei energetice a energiei termice si
electrice. O modalitate este utilizarea tehnologiilor de cogenerare. Un numar mare de centrale termice au creat
preconditiile pentru crearea unui mini-CET prin reechiparea lor tehnicd. Scopul lucrarii este dezvoltarea unei
metodologii de selectare si ierarhizare a centralelor termice pentru transformare intr-o mini-CET. Pentru
atingerea scopului, au fost rezolvate urmatoarele sarcini: au fost dezvaluite efectele formarii unei mini-CET 1n
districtul energetic; a fost elaborat un sistem de criterii care determina fezabilitatea transformarii unei centrale
termice; a fost propus un coeficient de clasare care reflectd potentialul de imbunatatire a eficientei; metodologia
a fost testatd. Diferenta lucrarii este complexitatea metodologiei, care ia In considerare atit avantajele
tehnologiilor de cogenerare si bilantele energetice, cat si caracteristicile individuale ale fiecdrei case de cazane.
Selectia cu mai multe criterii a cazanelor se bazeaza pe scopul, combustibilul utilizat, puterea termica si functiile
din sistemele de alimentare cu caldura. Se ia in considerare starea tehnica, bilanturile prospective ale productiei
si consumului de energie electrica in raionul energetic al unei mini-CET. Semnificatia rezultatelor consta in
faptul ca metodologia propusa face posibild cresterea validitatii deciziilor la transformarea unei centrale termice
intr-o mini-CET. Ultilizarea rezultatelor selectiei va duce la o cresterea eficientei economice a sistemului de
alimentare cu céldura.

Cuvinte-cheie: cogenerare, mini-CET, eficientd energetica, reechipare tehnicad a centralei termice, energie
distribuita, eficienta, fiabilitate, ecologic, economie.
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Merton 0T00pa KOTeJbLHBIX IPH TEXHUYECKOM NepeBoopyxkeHnH B MUHH-T 1]
Msbiuknna JI.C., ®poaosa S.A., UBanosa E.M.
HoBocubupckuit rocyapcTBeHHbBIN TEXHUUESCKHA YHUBEPCUTET
Hosocubupck, Poccutickas @eneparus

Annomayua. Pa3zBuThe 53HEPreTHKM HANPABICHO HAa IIOBBINICHWE JSHEProd(PEKTUBHOCTH IPOU3BOACTBA
TEIJIOBOW W 3NEeKTpHUeckoil »Hepruw. OOHMM W3 CIOCOOOB JOCTHMKEHHS SIBISETCA HCIIOJIb30BaHUE
KOTCHEPAIIMOHHBIX TeXHOJOTHH. OIHAKO 10 HACTOAIIEr0O BPEMEHM HMMEET MECTO pa3/esIbHOE HPOU3BOJCTBO
TETJIOBOW 3HEPTHU Ha KOTEJIBHBIX IPH MPOM3BOACTBE MIEKTPUIECKON SHEPTUH Ha TEIUIOBBIX 3IEKTPOCTAHIUAX B
KOHJICHCALlMOHHOM ~ peXMMe. YKa3zaHHOE CO3Jaj0 IPEeINoChUIKM  co3jaHus MuHU-TOLl Ha  Gase
KOTEHEpAI[OHHBIX YCTAHOBOK, YTO BO3MOXKHO ITyT€M TEXHHUYECKOTO IEPeBOOPYKEHHsI KOTENbHBIX. llembro
paboThl sBIslETCS pa3padOTKa METOJAMKH OTOOpa ¥ PAaHKUPOBAaHHMS KOTENBHBIX JUI  IOCJEIYIOIIETO
TCXHUYCCKOTO IMEPEBOOPYIKCHUA B MI/IHI/I-TSH. ,Z[J'Iﬂ JOCTUIKCHHUA LCJIN PCIICHBI CICAYIOMINE 3a/la4U: BbISIBJICHBI
a¢dexTsl oT cozaanus MUHU-TOL] B oHepropaiione; pazpaboraHa cucTeMa KpUTEPHEB BbIOOpA KOTEIBHOW IS
TEXHUUYECKOTO MEepeBOOpYX eHHs B MUHU-TOLl; mpenioxkeH MHAEKC, OTPaXKAIOUUN TMOTEHIMaN TMOBBIIICHHUS
3¢ GEKTUBHOCTH IS ONIPEACICHHS TPHOPUTETHOCTH PEKOHCTPYKIIMH. MHOTOKPUTEPHATIbHBIA OTOOP YIUTHIBAET
TEXHHYECKOE COCTOSHHE W PEXHUM pPabOThl CHIIOBBIX TpaHC()OPMATOPOB IEHTPA INHTAHUSA, IEPCHEKTHBHBIC
0ayaHCHl NPOM3BOJCTBA M IMOTPEOJCHUS JIICKTPHUYECKON 3HEPrMHM M MOIIHOCTH B 3HEPropaioHe, B COCTaBe
koToporo Oyner paborars muHH-TOLl. Hambornee BaXHBIM pe3yiabTaTOM SIBISETCS KOMIUICKCHAS METOAWKA
0TOOpa, YIUTHIBAIOIIAsE HE TOJIBKO JOCTOMHCTBA KOTCHEPALMOHHBIX TEXHOJIOTHH, HO M MCIIOIb3yeMO€E TOILIHBO,
Ha3Ha4YeHHEe KOTEJIbHOW M BBIMOJHSEMbIE €10 (DyHKIUH, OaJaHChl SHEPIHH. BBINOIHEHNE pacyeToB MO METOIUKE
Ha npuMepe HoBocuOupckoil armoMepannu mo3BoanIO ONPeAeTnTh KOTEIbHbIE U 04epPeHOCTh UX MEePEeBoaa B
MuHH-TOLl, pexkoMeHIOBaTh COOTBETCTBYIOIIME pEIIEHHS TpH pa3paboTKe CXeM TeIUIOCHAOKEHUS
MYHHUIHUIIAJIBHBIX O6paSOBaHHI7L HOHy‘IeHHLIe PE3YIbTAThl ABJIAIOTCA 3HAYUMMBIMHU TIpU PEHICHUU 3aja4
HOBBIIIEHHS YHEProd(Q(HEKTUBHOCTH U IKOJIOTUYHOCTH OTIEIBbHBIX TEPPUTOPHMA, YTO MPUBEAET K HMOBBILICHHIO
9KOHOMHUYECKON A(PPEKTUBHOCTH (DYHKIMOHHPOBAHHS CHUCTEMBI TEILUIOCHAOKEHMS. 3HAYUMOCTH Pe3yJIbTaTOB
3aKJIFOYaeTCsl B TOM, YTO IPEUIOKEHHBIH METO/] TI03BOJISIET HOBBICUTH 3 ()EKTUBHOCTh NPUHUMAEMBIX PEIICHUH
TIPY TEXHUYECKOM IIEPEBOOPYKEHUH KOTEJILHBIX B MUHH-TI1] 1 pu pa3BUTHH CHCTEM TETUIOCHAOXKEHUSL.
Kniwouesvie cnosa: xorenepaumsi, MuHU-TOLl, sHeprosddexTHBHOCTb, TEXHUUECKOE IEPEBOOPYKEHHUE
KOTEJIBHOH, pacnpe/ieieHHast SHepreTHKa, 3 (HeKTUBHOCTD, HAZEKHOCTh, 9KOJIOTHYHOCTD, SKOHOMHUYHOCTb.

BBEJEHUE
N N OcHOBHOM MuHHA-TIL] SIBJISIFOTCS
AKTyaJIbHOHM 3a7auell DHEPIeTUKH SIBIIICTCS
COBPEMEHHBIC KOT'CHEpAI[MOHHBIC YCTaHOBKH,
MTOBBIIIICHHE 3Heprod(HeKTUBHOCTH

o0OecrevnBaONMe  HAWIy4dlINe  IOoKa3aTelln
3¢ ekTuBHOCTH UCIIOJIb30BaHUS
YTIEBOJIOPOIHOTO TOIIMBA TIPH TPOM3BOJICTBE
TETIOBOM u 3JIEKTPUUYECKOUN SHEPruu.
CnenoBaTenbHO, co3gaHue MUHU-TOL] moryt
o0ecreynTh TOBBIIICHUE YHEProdPPEeKTHBHOCTH
MPOU3BOJICTBA TEIUIOBOM M 3JIEKTPUYECKON
sHepruu. Ilpm stom mosenenne mMuHH-TOL| n
BKJIIIOYEHHE B  PETHMOHAIBHYID  CHUCTEMY
SHEPTOCHAOKEHHS OKAa3bIBACT TIOJOKUTEIHHOE
BJIMSIHUE HAa CBOMCTBA, OMNpPENECISAIOIINE €e
3¢ (HeKTUBHOCTH - SKOHOMUYHOCTb,
SKOJIOTHYHOCTH ¥ HAJIe)KHOCTb.

®dopmupoBanne MHHH-1O1] BO3MOXHO B

MPOU3BOACTBA  JHEPTrUM JIsi  oOecredeHus
MOTpeOUTENe HETOPOTOCTOSAIIEH W YHUCTOM
sHeprueil. B mupe HaOmomaercs TEHACHITHSL
pocta BBOJOB OOBEKTOB  pacCIpeJeIeHHOMI
OHEPTCTUKHU U BKIIIOYCHHUE IIPOMBIIIJICHHBIMU,
KOMMCEPUYCCKUMMU, CEJbCKOX03IMCTBEHHBIMU
MOTPEOUTENSIMA PACTIPEICIICHHON TeHepaluu B
CUCTEMBI COOCTBEHHOT'O 3JICKTPOCHAOKEHUS H B
KOMMYHAJIbHYIO HHPPACTPYKTYPY It
SHEPTOCHAOXKEHUS KOMMYHaJIbHO-OBITOBBIX
noTpeduTeneii [1, 2].

Ilo o3kcmepTHBIM  OLEHKaM  CyMMapHas
YCTaHOBJICHHAS MOIITHOCTh 00BEKTOB
pacmpefieneHHol  SHepreTuku B Poccuu

pesyibTaTe HOBOTO CTPOUTELCTBA u
coctaBimsieT okono 23-24 I'Br, mpu 3TOM N

PEKOHCTPYKIIMM KOTEJIBHOW C TIEPEBOJIOM B
€XeroJHple TEMITbI BBOJA COCTABIISIOT OKOJIO

muan-TOII,

1TB[3,4].

B  kauwectBe omHoro U3  OOBEKTOB
pacrupeneNneHHOW  DHEPreTHKH  BBIICISIOTCA
muHU-TOL, NpeaHa3HaYeHHbIE IS
COBMECTHOTO  IPOU3BOJICTBA  TEIUIOBOW U
JJIEKTPUYECKON SHEPTUH.

[loTennpan peKOHCTPYKIUK KOTENBHBIX B
MuHUA-TOLl 3amo)keH B CTPYKTYpE CHCTEM
TETIOCHA0XKEeHNUS Ha JIEHCTBYIOLUX
OTONHUTENBHBIX W TPOMBIIUICHHBIX KOTEIBHBIX
[5]. K mnpumepy, B Poccum, KOIHMUECTBO
KOTEJIBHBIX PAa3JIMYHON MOIIHOCTH COCTaBJIAET
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okoio 76,7 Teic. IX TpaHcdopmanus B MHHH-
TOL[ mno3BOAMT O00ECIEYUTh MaKCHMAJIbHO
BO3MOJKHO€ HCIIOJB30BaHHE TETUIOBBIX HArpy30K
JUTSE OpraHu3anuu KOMOWHHUPOBaHHOM
BBIPAOOTKH  TCIDIOBOM M DJICKTPUICCKOM
SHEPTUH, YTO IMOBBICHT 3HEProdPPEKTUBHOCTH
MIPOU3BOICTBA YHEPIHH.

B cBs3M ¢ yKa3aHHBIM BHIIIEC AKTYaJIbHBIM
CTAaHOBUTCS  BOINPOC  BBIOOpA  KOTENBHBIX,
MepeBO  KOTOPHIX B MUHHU-TOL[ mo3BOIHT
MOBBICUTH 3HEPTro3(PPEKTUBHOCTH MPOU3BOJICTBA
SHEPTrUM ¥ TIONYYHTH IIOJIC3HBIE CHCTEMHBIC
addextr. OmHako, Ha CETOAHANIHWKA JCHB
OTCYTCTBYIOT METObI, MO3BOJISIONINE BBHIOPATh
pekoHcTpyupyemble B MUHU-T L] KoTenbHYI0 U

00OCHOBAaTh BapHaHT TpaHCPOPMAIMH  JIJIS
MOBBIIIEHHA  9()(PEKTHBHOCTH  MPOM3BOJICTBA
SHEPTMM M TOJYYEHHsl JAPYI'HX CHCTEMHBIX
a¢dekroB. B pabore [6] mnpemnmararorcs
TEXHUYECKUE pEIICHUs, TNPHUMEHSEMBIE TpH

PEKOHCTPYKIIMH, HO OTCYTCTBYET OOOCHOBaHWHE
BEIOOpa KoTenpHOU. B mccnemoanmsx [7, 8, 9,
10] pemenue o TPOBEACHUH TpaHCHOPMAILIUH

00BsACHAETCS Ppa3siIMYHbIMHA JOCTOMHCTBAMH
KOI'CHEp aHHOHHOﬁ TCXHOJIOI'NH, HO HC
YUYUTBIBAOTCA OTACIBbHBIC XapaKTCpPHBIC

0COOCHHOCTH Kaxkjoro oObekta. B paGore [11]
NEepeBos, KOTEIbHBIX B pexuM MHHH-TOL]
paccMaTpuBaeTCsi Kak CIIOCOO  IOBBILICHUS
HAJIe)KHOCTH DIIEKTPOCHAOKEHHSI COOCTBEHHBIX
Hyk7 KotenbHo#. B [11, 12] yka3siBaercs, 4To
YCTaHOBKY MuHu-TII] 1eJIecoo0pa3Ho
MIPOBOJUTH MPHU HEJOCTATOYHBIX BO3MOYKHOCTSIX
CYIIECTBYIOLUX MCTOYHUKOB 3JIEKTPOIHEPTUU U
Temia. Bo MHOTMX €BpOHNEMCKHX CTpaHax,
MCCIICIOBAHUS B 3TOM YacTH HE MPOBOAMIIKCH B
CWIy ODIMYMN  HM3HAYaJbHOIO  MPHUHIHMIIA
MOCTPOCHUSI CHCTEMBI TerutocHaOkenus [13].
OTcyTcTByeT ~ KOMIUIEKCHBIH — MOAXOA K
U3MEHEHUIO CHCTEMbl  TEIUIOCHAOXEeHUs |
BBIOOPY  KOTENBHBIX i  TEXHUYECKOTO
HEPEeBOOPYKEHHS , TI€ BCE ITalbl METOJUYECKH
00OCHOBAaHBI W BBIBEPEHBI ISl JTOCTHXKEHHS
HaWTy4qux 3QQeKToB.

Lenbto uccnenoBaHust sBIsiETCS pa3padOTKa
METO/a, IO3BOJISIIOIIEIO  CAENaTh  BBIOOD
KOTEJIbHBIX, PEKOHCTPYHUPYEMBIX B MUHHU-TOL] 1
o0ocHOBaTh BapuaHT TpaHcQopmanuu. s
JIOCTHKEHUS LIENH PELEHBI CIEAYIOLIUE 3a1a4un:

e BBIIBJICHUE IIPU3HAKOB, OIPEICIISIOIINX

11eJ1ecoo0pa3HoCTh TpanchopmaIu
KOTEIIbHOM B MUHH-TOIL];

e (opMupoBaHHME  METOAMKH  BBIOOpA
KOTEJIBHBIX,  TpaHc(hopMaiusi  KOTOPBIX
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MpUBEACT K TMOBBIMECHUIO 3(H(PEKTHUBHOCTH
CUCTEM SHEProCHAOKEHUS;

e ampolamus METOJUKU  Ha
MYHHUIIMTIAIGHOTO  00pa3oBaHus,
coCTaBe CUCTEMBI
JIEHCTBYET MHO>KECTBO
KOTEJIBHBIX.

npuMepe
rie B
TEIJI0CHA0KEHNS
pa3IMYHBIX

METOAbI

Bribop Tpanchopmupyemoir B MuHH-TIL]
KOTEJIbHOH MPOU3BOAUTCS C YUETOM Pa3IHYHBIX
(hakTOpOB, KOTOPBIE MOTYT PACCMAaTPHUBATBLCS KaK
npuszHakd.  MccnenoBaHwe — OCHOBAaHO — Ha
METOJIOJIOTUM MHOTO(AKTOPHOIO aHaIn3a, 4TO
NPEAIOoJIaraeT BBIMOJIHEHHE IOCIEeI0BATEIbHBIX
HpoLexyp:

® IIOCTPOCHHUE JIETEPMUHUPOBAHHOMN

MHOTO(aKTOPHOH MOJIEIH;

e  BBIOOp MpueMa (HaKTOPHOTO aHAIIN3A;

o pcajim3anyd BEIYUCIIUTCIIBHBIX NPOLUEAYP,

e (opmMmynupoBaHue BBIBOJIOB u

PEKOMEHIAIMIA TIO pe3ybTaTaM aHaJIn3a.

Pemenne mocTaBIeHHOW 3alauyd CBA3aHO C
NPUMEHEHHEM  METOoJa  IPYNIUPOBOK
BBIACJICHUEC cpeaun N3y4acMbIX O6’bCKTOB
XapakTepHBIX TPYNN W HOATPYNII IO TEM HIU
HWHBIM IIPpU3HAKAM.

s BbIOOpa TpanchOpMHPYEMOH B MHHU-

TOIl koTenbHOW  OOOCHOBaHBI — MPU3HAKH,
OTpaXkalIllMe €€ Ha3HaueHWs, T.e. pOJb B
CHUCTEME TEIUIOCHA0KCHHMS, a TaKKe

YUUTBIBAKOTCA TEXHOJOTHYCCKHUE OIrpaHUYCHUSA
Ha BbIJa4y IEKTPUUYECKONM MOIIHOCTU IIPU €€
Tparcopmanuu B MuHA-TIL1.

Od4eBHIHO, YTO BAXHYI pPOJb HUTPaET
WHCTUTYLIMOHAJIbHAS  Cpela,  OIpelelsaroIas
MpaBwiia M periJaMeHTsl paboTel MUHU-TOL] Ha
OTITOBOM W PO3HMYHOM PBIHKE DIIEKTPOIHEPTHH,
NpaBWiIa TEXHOJOTMYECKOTO TMPHCOCTUHECHUS
TeHEepalul K CeTH W JApYrHe HOPMaTHUBHO-
MIPaBOBEIE aKTHI.

PabGota Ha pO3HMYHOM pBIHKE MO3BOJACT
3aKII0YaTh JABYXCTOPOHHHE JOTrOBOpa KYIUIU-
MPONaXH  dJJEKTpodHeprun  MUHH-TOL[ ¢
KOMMYHaJTbHBIMA " KOMMEPUYECKUMHU
OpTraHu3alusIMHU, YTO CONPOBOXKIAETCS POCTOM
TOCTYITHOCTH  dJeKTpodHeprun. OOBICHICTCS
3TO BO3MOXKHOCTBIO COKpAaTHTh 3aTpaTbl Ha
OIIaTy CETEBOM COCTaBISIOMIEH B IIeHE Ha
3IIEKTPOIHEPTHIO, YTO BAXKHO JUISI TOTPEOUTENEH,

HaxXOSIIMXCSI B OJHOM DJHepropaiione ¢
KOTEJIbHOM. B 3TOM  Cilyyae MOXHO
KCIIONIb30BaTh CYIIECTBYIOILIYIO
pacipeaenuTeNbHyI0 CeTh CpEeIHero
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HaNpsDKEHUsS,  KOTopas — mpeoOpasyercs B
mukporpun. llpp  sTomM  mosBiIeHWE B
SHepropaiione HOBOT'O HUCTOYHHKA
JJIEKTPOPHEPTUU  TOBBIMIAET  THOKOCTh U
HAJIEKHOCTh AIIEKTPOCHAOKEHHS.

B Poccum Kk po3HUYHBIM TeHEpaTopam

OTHOCATCS MCTOYHHKHU, HE MPEBBIIIAIONIUE IO

Momuoctd 25 MBt, uro omnpenenser

MaKCHMAaJbHYI0 MOITHOCTh MUHHU- T,
[Ipennaraercss MeToAKMKa BhIOOpA KOTEIbHBIX

s TpaHchopmaumd B MuHH-TOL  u
COOTBETCTBYIOIIHN €l aJITOPUTM.
HNCCIEAOBAHUE U PE3YJIBTATDBI
IIpennocbliku PEKOHCTPYKIUH
KOTEJBHBIX ¢ mepeBogoM B MHUHH-TOL n
cucteMHble 3(¢PeKTbl 0T TEeXHHYECKOro
NepeBOOPYKEHHUS

OOIIeN3BECTHEIM SIBIISIETCS TO, YTO IPOIIECC
KOMOMHHPOBAaHHOI'O MPOM3BOACTBA TEIIOBOH M
JNEKTPUYECKOW  BHEPrUU  XapaKTepu3yercs
BBICOKOW  3HEProd((eKTHBHOCTHIO:  PAaCXOJ
TOIUIMBAa TmpuMepHo B 1,5 paza Humxe
OTHOCUTENIBHO  Pa3leNbHOrO  NPOU3BOJACTBA
SHEPTMM  Ha  KOTENBHBIX W TEIJIOBBIX
aneKTpocTaHuusX [14].

UzBecTHO, uTO KO3(PPUIUEHT MOIE3HOTO
HCIONB30BaHMsA  TormmmBa  Ha  TOI c
MapOCWJIOBBIMU yCTaHOBKaMHU jpocTturaer 70—
75% [15], wdro O0OYyCIOBHJIO  pa3BHTHE
TEXHUYECKOW MOJIMTUKM TEIUIOQUKALUK Ha
tepputopun  CCCP. Wnes  mmpokoro
OPUMEHEHUS] KOMOWHMPOBAaHHOH  BBIPAOOTKH
AIIEKTPUYECKONH ¥ TEIUIOBOW SHEpruuM Oblia
3aJ0KEeHa B l'ocynapcTBeHHOM IUIaHe
anekrpudukamun Poccun (I'ODJIPO).

Opnako 3a MOCHeAHHE MAECATUIETHS pPOJb
TOIL] B cucTeMax TEIIOCHAOKEHUS U3MEHUIIACK.

CHmxeHwne TEIUIOBO Harpy3Ku TOL
o0OycnoBiieHO psigoM mpwuuH [16, 17], The
IJIaBHasT — OTO COKpallleHHe MOTpeOiIeHus

TEIUTOBOW DJHEPTrUH W Tlapa MPOMBIIUICHHBIMA
npennpustusiMu. KoHeyHo, CBOW BKJIaJ BHECIO
CTPOUTEILCTBO COBPEMEHHBIX 3JIaHUH ¢ BEICOKOH
Terion3oisueil. B cucreme TemmocHaOxeHUs
Poccun ¢ 2005 roma Ha 16,8 % yBenuumiaock
KOJIMYECTBO  Ta30BBIX  KOTEIbHBIX, npu
CHIDKEHUHU CpEeJIHEW YCTaHOBJIEHHOM MOIIHOCTH
¢ 9,6 1o 8 MBT. 310 pe3ynpTar mepexoaa 4acTu
norpeduTeneld W3  [EHTPaJIN30BaHHBIX  HA
COOCTBEHHBIE CHCTEMBI TCEIUIOCHAOKCHUSA, TJIE
OCHOBHBIMH HCTOYHUKAMHU CITy’)KaT KOTEJIbHBIE,
YTO OKa3aJoch 3KOHOMHUYECKH 3(DQeKTHBHEE B
YCIIOBUSIX TOTAJIBHOW ra3u()MKaluu TEPPUTOPUN
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W TOSIBIICHHS Ha PBIHKE JIOCTYIIHOTO |
3¢ (GEeKTUBHOTO  KOTENBHOro  00OpyHOBaHUS,
paboratoriero ¢ Ko3((OUIMEHTOM TIOJIE3HOTO
HCIIOJIb30BaHUS TOILTMBA OKOJIO 95%.

Ha ceropmsiiuHuMii J€Hp B CTPYKType
MIPOM3BOACTBA TEIUIOBOM 3Hepruu B Poccun Ha
KOIEHEPALMK U KOTEIBbHbIE  IIPUXOAUTCS

npumepro o 50%. IloTeHrman KoreHeparuu
UCIIOJIb30BaH TOJBKO B KPYMHEWIIHMX TOpOAax
(puc. 1). [TapamnensHo Habmronaercs
CYIIECTBEHHBI POCT KOJIMYECTBA KOTENBHBIX:
ceifyac Ha UX JOJI0 MpUXOauTcs 69% TETIOBBIX
MOILIHOCTEN B CTpaHe. O IUHAMUKE
KOTEJIbHU3AIMH MOXHO CYJHUTh II0 PUC. 2, TJIE C
koHna 1990-x mpociexuBaeTcsl TEHICHIUS
YBEITYCHHS KOJIMYECTBA KOTEJbHBIX.
AHanornyHasi cuTyanus HaOmojaercs  Ha
tepputopun crpan CHI' [18]. B Kazaxcrane
BEJETCS aKTHBHOE CTPOMTEIBCTBO  HOBBIX
KOTENIbHBIX B KPYMHBIX H MallbIX TOpojax.
Hampumep, B ActaHe CTposITCS ABE Ta30BEHIC
KOTEJIbHBIE, MOIIHOCTh KOTOPBIX TPOEKPATHO
MPEBBIIIIAET MOIIHOCTh  CYMIECTBYIOIIETO B
ropojie HMCTOYHHKA KOMOWHHUPOBAHHOM
BeIpaboTku [19]. B Mambix ropomax BBOJST B
paboty JIOTIOJTHUTEILHOE KOTEJIbHOE
obopynoBanne Ha TOIl wmm cTposT HOBBIE
WCTOYHUKH TETIOBOH SHEPruH, HE
npeAroaranme KOMOWHHPOBaHHYIO
BbIpaboTky. B benopyccuu B 2015 romy okomo
35,7% TennoBoii sHEPruu ObLIO IIPOU3BEAEHO Ha
KOTeNbHOM o0opynoBanuu, Kk 2021 romy nons
Bo3pocina a0 37,2% [20]. OmHako B cTpaHe
CYIIECTBYET  TEHJACHLMS  BO3BpAIICHHS K
TernmouKkamuk, O YeM  CBHJCTEIBbCTBYET
yBenuuenue yuciaa Muau-1I1] [21], B Tom uucie
Ha 0a3e TpaHchopMaluH KOTenbHbIX [22,23].

K Hambonee pacnpocTpaHEHHBIM THIIAM
KOTE€HEPAIlHOHHOTO 00OPYAOBaHMS OTHOCSTCS
sHeproapdexkTuBHbIC ra30MOpIIHEBbIE u
ra3oTypOMHHBIC YCTaHOBKH [24],
XapakTepu3yeMble BBICOKHM KO3 (HUIIMEHTOM
MOJIC3HOTO HCIOJBb30BaHUs TOILIMBA, 3HAUCHHS
KOTOpOTO AoCTUraroT 85-89%.

Tpanchopmanus KOTETbHBIX B MHHH-1IL]
MO3BOJIUT YBEJIWYUTH IO KOMOWHUPOBAHHOMN
BBIpaOOTKH  TEIUIOBOM W BAJIEKTPUUYECKOM
SHEPTHUH, 9TO obecriednt MTOBBIIIICHHE
9HeprodpPeKTHBHOCTH TMPOU3BOJCTBA SHEPTUU
W, CIIEOBaTEIbHO, B OINpPENENCHHON CTeleHH
pecypcocOepexenns. Hambonpmuii uHTEpEC B
Poccun mpu stom mpenctasnstor moutu 2600
KOTEJIBHBIX YCTAaHOBJICHHONH MOITHOCTBIO OT 20
1o 100 MBr.
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100 , Hons,%
(Share, %) O10714 B IPOH3BOACTBE TEILIA
80 (share in heat production)
60 B 1015 KOreHepalul
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Puc. 1. los1s KoreHepanyuy npu LEeHTPAJIU30BAHHOM IPOU3BOACTBeE TEII0BOI YHepruu B Poccun.
Fig.1. Share of cogeneration in centralized heat production in Russia.
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Puc. 2. /luHaMuKa H3MEeHEHHUs YHCJIA KOTeJIbHBIX HA (pOHe MPOU3BOACTBA JIEKTPHYECKOI M TenJI0Boii
IHEPIrUH TeIUIOBBIMH JIEKTPOCTAHIMIMH.
Fig.2. Dynamics of changes in the number of boiler houses against the background of the production of
electrical and thermal energy by thermal power plants.

Coznanue MIPUCOEIUHEHUE K
CYIIIECTBYIOIINM pacrpeaeIuTeIbHBIM
JJIEKTPUIECKUM CETSAIM DHEpropaiioHa MUHHU-
TOL mo3BoJISIET MOBLICUTH HAJICKHOCTH [25, 26],

)54

3KOHOMHUYHOCTb, AKOJIOTUIHOCTD u
JHEeprocHa0xeHus B menom [27, 28, 29].
Poct HaJICKHOCTH SHEPTrOCHAOKECHUS

obecreurnBaeTCs MOBBIICHIEM:
OecriepeOOMHOCTH 3IEKTPOCHAOKEHUS 32
CYET MHOTOCTOPOHHETO TTUTAHHUS;

® JIONITOBEYHOCTH  DJIEKTPOCETEBOTO U
FEeHepUPYIOUIEro 00OpyIOBaHMsS 3a CUeT
BO3MOXXHOCTH (HDOPMHPOBAHUS 00JIETYEHHBIX
PEXUMOB PabOTHI;

YIPaBIAEMOCTH W HAOIIOAaeMOCTH 32
cueT nuppoOBU3AINMU SHEPrOpaioHa ¢ MUHH-
TOL ams obecrmeueHuss COrIACOBAHHOCTHU
B3aUMOJICHCTBUSL  [ICHTPAJIM30BAHHOW U
JICIICHTPAIN30BAHHBIX CUCTEM YITPABJICHUS;
9HEproOe30MacHOCTH CHUCTEMBI
TEIUTOCHAOXEHUS 3a CYET CHIDKEHHS DPHCKa
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HapyLIECHUs AIEKTPOCHAOKECHUS

COOCTBEHHBIX HYX] IpH KPYIIHBIX

BO3MYILIEHUSAX B SHEPrOpaioHe.

IloBblICHME SKOJOTUYHOCTHU
o0OecrieunBaeTcsi  CHIDKEHHEM  YTJIEPOJHOTO

cilefla TpU TPOM3BOACTBE DJHEPIHMH 3a CUET
COKpAIlleHHsI BBIPAOOTKH BIIEKTPOSHEPTHH Ha
YTOJIbHBIX AneKTpocTaHiusx [30].

[oBbIlIeHHE DKOHOMUYHOCTH OOYCIIOBICHO
CIEIYIONIMMU (pakTOpamHu:
3Hepro3(HHEeKTUBHOCTHIO  POU3BOJICTBA
TEIJIOBOH M DJCKTPUUECKOW  DHEPruu B
KOTCHEPAIlMOHHOM DPEXHME Ha YCTaHOBKaxX C
BBICOKUMHU k03 purenTamMu MOJIE3HOTO
WCTIOJIb30BaHMsl TOIUIMBA M DJIEKTPUUECKUM
KILI;

COKpallleHHWeM T[OTeph M 3aTpar Ha
nepenady — SHEPTUM  W3-3a  PACIIOJIOKCHUS
SHEPrOMCTOYHHKA B HETOCPECTBEHHO
0sin30CcTH K moTpedurensm [3, 31];
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o COKpallleHHeM 3aTpaT Ha pa3BUTHE
3NIEKTPOCETEBOTO  KOMIUIEKCA, CBSI3aHHOE C
TEXHUYECKUM TIEPEBOOPYKEHHUEM u
PEKOHCTpYKIHEH, OCOOCHHO B JC(HIUTHBIX
3HEpropaloHax;

o CHIDKEHHEM pAacXOJ0B Ha TEXHHYECKOE
obcy)kKuBaHNE 0bopynoBaHMI CETEBOTO

KOMILJIEKCA M3-32 IOBBIIIEHUS JOJIIOBEUYHOCTH
o0opynoBaHus MpU obecriedeHnH 00JICTYCHHOTO
pexuma paboThl Onarojaps PperyJiupoBaHUIO
BBIJJAYX MOITHOCTH MUHH-TDILI;

o NOBBILICHUEM  HaOmromaeMocTd  IJist
KOHTPOJIA TEXHUYECKOTO COCTOSIHUS
000pYIOBaHHUS M OCYLIECTBICHHUS MEPONPHUATHI
mo oOeclieyeHHI0  ToKa3aTelell  KadecTBa
anexTposnepruu [32, 33].

Metoguka 0oT0Opa  KOTeJIbHBIX
TpaHcpopmauun B MUHN-TIL]

Kax n3BecTHO, CyIIEeCTBYeT HECKOJIBKO CXeM
TEXHOJIOTHYECKOTO MPUCOSTUHEHUS] KOTEILHON K
3NEKTpUYECKOH ceTH. Bo MHOTOM 3TO 3aBUCHT OT
TpeOOBaHMI K  KaTeropud  HaAEKHOCTU
TEINIOCHAOXEHUSI W KATEerOpUu HaJIC)KHOCTH
JNEKTPONPUEMHUKOB  KOTelIbHOH.  OOBIMHO
KOTEJIbHbIC MPUCOCAUHSIOTCA K AJIEKTPUUYECKOM
CeTH COTJIACHO TpeOOBaHMSIM K
ANEKTPONPUEMHUKAM nepBoi KaTeropuu
HaJleKHOCTH. TakuMm o00pa3oM, 3JIeKTpUUYEcKast
ceTb HU3KOTO HaIPSHKEHUS, BKITIOYast
TpaHCc(OpPMAaTOpHBIE  MYHKTBI, OOecreyrBaeT
IBYCTODOHHEE HE3aBHCHUMOE IHTAaHHE, [I7e
OecriepeboitHOCTh ANEKTPOCHAOKEHUS
MO3BOJIIET  00ECHeYnTh  (QPYHKIMOHHUPOBAHUE
KOTEJIbHBIX, KaK OOBEKTOB IEPBOI KaTeropuu
HaJeKHOCTH TemocHaOkeHus. Ha KpymHBIX

IS

KOTEJIbHBIX  TEIUIOBOH  MOIIHOCTBIO  Oolee
100 MBt 3a4acTyro npeycMaTpuBaeTcs
YCTAaHOBKA  PE3epBHOIO  TeHepaTopa  Juis
oOecrieueHus: COOCTBEHHBIX HYK]I.

Takum  oOpazowm, cXemMa  BHEIIHETO
3HeKTp00Ha6)KeHI/Iﬂ CpCILHI/IX OTOIIUTCJIIBbHBIX

KOTENILHBIX MomHOCTRI0 oT 20 mo 100 MBT
00BIYHO M30BITOYHA, YTO TMO3BOJSET MPU OTKa3e
mroboro ogHOrO dneMeHTta (KpuTepuit n-1)
00eCneunTh 3JIEKTPOCHAOKEHUS COOCTBEHHBIX
HYX7. 3arpy3ka CHCTEMBI JJIEKTPOCHAOKEHUS
KOTEJIbHOM J1a’ke€ MPU MaKCUMAJIbHOW TEIUIOBOM
Harpy3ke He mpeBbimaer 50%. DTo mo3BONSIET
NP MHUHUMAJIBHBIX 3aTparax Ha TEXHUYECKOE
MEPEBOOPYKEHHE CETH HHU3KOTO HAIPSDKEHUS
OCYIIECTBUTh  HA  KOTEIBHOW  YCTaHOBKY
TeHEepaToOpoB, NPEIHA3HAUYCHHBIX 00ECIeYnTh
COOCTBEHHBIC HYXIBI M BBIIATY JJICKTPHUICCKOM
MOII[HOCTH, JIBYKPaTHO MIPEBBITIAOIICH
Harpy3Ky COOCTBEHHBIX HYXK]I.
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Od4eBHIHO, YTO TIPH YCTAaHOBKE T'€HEpaIiH
TPEXKPAaTHO IMPEBBIMIAIONIYI0 0 MOIIHOCTH
MaKCHUMaJbHYI0 Harpy3Ky COOCTBEHHBIX HYXI
TpeOyeTcs peKOHCTPYKIIHSI CETEBOrO KOMILIEKCa

JUIsL  BBIIAYM  DJIEKTPUYECKOM MOIIHOCTH B
pacripeaeauTeNbHYIO ceTb CPEIHEro
HaIPSDKEHUSL. OpHako B 3TOM CiydYae

BBIZIaBaeMasi MOIITHOCTh MUHHU-TOL] orpanndeHa
BEIMYMHOM MUHUMAJIBHOM 3arpy3kd LEHTpa

MIUTAHUS. C 4\ TpeGoBaHHe IO3BOJISET
UCKIIIOYNTDh  PEBEPCUBHBIA  peXHM  pabOThHI
pailloHHONl  moACTaHUWH, KOTOpas  OOBIYHO

NPOCKTHPYETCA U CTPOWTCS AJsl BBINOJIHEHUS
(YHKUIWHY TOHMKECHUS HATIPSKCHUS.

Cnenyer OTMETHUTH aKTyaJbHOCTh
TpaHchOpMalUK KOTEIbHbIX B MUHH-TOLl s
CyOBEKTOB, BBINOMHSIOMUX (YHKUUH €IUHOM
terutocHabOxaromeit opranuzanuu (ETO).

Hcxons w3 TpebOBaHMH K  HAJACKHOCTH
3NEKTPOCHA0KEHUS, 3KOHOMHUYECKHX u
9KOJIOTHUECKUX 3(PPEKTOB MOKHO BBIJCITUTD JIBE
JeTePMUHUPOBAHHBIX MHOTO(paKTOPHBIX
Mojeneil, 1O  BBIOOPY ~ KOTENBbHOW W
UCIIOJIB30BaHNUIO KOT€HEPALMOHHBIX YCTaHOBOK
MuHU-TOLI.

Kaxnmas w3 Mopmeneil omnpeaemnsieT yciIOBUS
NPUCOCAMHEHHS KOTCHEPAMOHHBIX YCTaHOBOK K
ANMEKTPUYECKOM CeTH Mpu  TpaHcHOpMaLUH
KOTEJIBHBIX (pHC. 3):

1 modenv: OOGecrneueHne TOTPEOHOCTH B
ANIEKTPO’HEPTUH  CHUCTEMBI  TEILUIOCHAOKEHHS,
BKIIF0Uasi COOCTBEHHBIE HYXIBl KOTENbHOH. B
3TOM Ccly4ae JOCTaTOYHO IPHUCOCTUHEHUS
reHepatopoB K cetu Hampsibkenue 0,4 kB,
BbIJJa4a MOIIHOCTH CETh CPEIHETO HaNpsLKEHUS
ocymiecTBisieTcs: 0€3 pEeKOHCTPYKIMH 3TOH CETH.

2 mooens: ObecriedeHre PacTyIIEro Crpoca
Ha JJIEKTPOSHEPTHIO B 3HEpropaiione, B sToMm
cllyyae MpearonaraeTcsi PeKOHCTPYKLHUS CETH
cpennero Hanpspkerus 10(6) kB, B Tom uymcrne

IS BBIgAYM  MoImHOCTH MHMHH-TOL.  OT0
anbTepHATUBA  PAa3BUTHI0O CETH  BBICOKOTO
HaANPSHKEHUS.

[Ipu oTOOpe KOTENBHBIX MOSIBISICTCS 3a1ada
WX OIEeHKH (pamxupoBanus). [loMuHUpYIOIIEH B

TEOpUU OPUHSITHUS petieHui SIBJISICTCS
MHOTOKPHUTEPHAIBEHBIA BHIOOP.
Pemrenne TmocTaBieHHOW 3amadm  O0TOOpa

KOTENBHBIX IS TpaHcQOpMannyd OCHOBAHO Ha
JETEPMUHUPOBAHHOM (haKTOPHOM aHAIN3E.
IIpoussoautcs nomnapHoe CpaBHEHHUE
agbTEpPHATUB W JajbHEHIIee YCTAHOBJICHHE
MOpsiZIKA Ha OCHOBE CpPaBHEHUS 3HAYEHUH
MHOTOKPHUTEPHUATHHBIX (QYHKITHI.
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LleHT nuTaHnA 10 KB
(Power center10 kV)

———

el
—

PacnpegenutenbHbIv

nyHkT 10 kB .
(Distribution :
point 10 kV) |
Y 2
OHeprobnok 10 kB
TpaHcdopmaTopHbIA (Unit 10 kV)

nyHkT 10/0,4 kKB
(Transformer
point 10/0.4 kV)

-

1

AHeprobnok 0,4 kB
(Unit 0.4 kV)

-

BHepaus ¢ MuHu-T3L
(energy from mini-CHPP)

Puc.3. Moaenu ucnoab3zoBanuss MmuHu-TIL]
npu TpanchopManuy KoTeJIbLHOM.
Fig.3. Models for the use of mini-CHPP in the
transformation of the boiler house.

MHoXxkecTBO KOTCJIIbHBIX, KaK BO3MOXXHBIX

00BEKTOB Tpanchopmarm 3a1aeTCs
MHOKECTBOM A
n
A= {ai }izl (1)
MHOXECTBO  KPUTEPUEB U OICHKH
3¢ ekTuBHOCTH  TpaHchopMalMK  3adaeTcs
MHOXecTBOM B:
m
B={b,| ()
j=1

Janee mus orbopa KakJIoW KOTEIHHOU a; 10
BCEMY MHOXECTBY KPUTEPUEB BBICTABISIOTCS
OIICHKH paMKax HEUYEeTKOU JIOTUKH:

®  YJOBIETBOPSET KpUTepuio = 1

e  HE YAOBIETBOPSET KpuTepuio =0

B Ka4yecTBe KpUTEpHEB OLICHKH
3¢ PeKTUBHOCTH TpaHCHOPMALUN KOTEIbHBIX B
JaHHOH  paboTe  mpeanaraeTcss  aHaJIU3

MHOXXCCTBA UCXOOs U3 4 KpUTCPHUCB.

Kpumepuii b;: naznauenue komenbHotl

CymecTByroT OTOIUTEIbHBIC u
MPOU3BOACTBEHHBIC KOTENbHBbIE. (OCHOBHBIMU
MPOAYKTaMH OTOMUTEIHHOMN KOTEJIbHOU
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SIBJIAIOTCS  TOpsYas BOJAa W TEIJIOHOCHTEINb.
[IpowmblnieHHBIC KOTEJIbHBIC SIBTISIFOTCS
HUCTOYHUKOM napa JUTS peanu3amnun
TEXHOJIOTHYECKOT0 TpOIlecca MPOU3BOJCTBA H
Ul  HUX OTONMTEIbHbIE (DYHKIIMH HMEIOT
BTOPUYHOE 3HAYCHUE.

O06BI9HO OTOIUTEHHBIE
SIBJIFOTCS AJIEMEHTOM KOMMYHaJIbHOH
UHPPACTPYKTYPHI MYHHIIATIATBHOTO
obpazoBanms. MX TpaHchoOpManus TO3BOJIUT
IIOMUMO  Teljla  OCYIIECTBISATh  OTIYCK
KOMMYHAIbHBIM ~ MOTPEOUTENIM  HEZAOPOroro
3JIEKTPUYECTBA, KOTOPOE BO MHOTHX CTpaHax
JIOTUPYETCS B COOTBETCTBHMHM C COI[MAJIbHOU
moJIMTUKOM. Takum 0O6pazom,

KOTCJIBHBIC

b] =1, eciu KomenbHas OMONUmeIbHas

b1 =0, ecu KomeabHasA He OMONUMENbHAA

Kpumepuii b;: ucnonwvzyemoe monnueo

OpueHTanisi  Ha  Ta30NOpPIIHEBbIE |
ra3oTypOMHHBIE  YCTAaHOBKM  C  TO3HWIHN
TEXHOJIOTHYECKON  JOMyCTHMOCTH  TpeOyer

COOTBETCTBYIOIIEH PECYPCHOM JOCTAaTOYHOCTH.
[Toatomy TpaHchopMaius KOTSIBHOH B MHHH-
TOL ¢ I'TIY u I'TY Bo3MmoxHa npu ee paboTe Ha
NPUPOJHOM Tra3e, 4YTO IpEANoNiaraeT ee
MPHUCOEINHEHNE K CHCTEME Ta30CHA0KEeHHS.
ITocnennee co3zaer OnaronpusTHbIE
MPEINOCBUIKM  MOJIY4YEHHUS  JIOTIOJHHUTEIBHOTO
o0bemMa TMPHUPOAHOTO Trasza AOCTATOYHOTO ISt
pabotsl Muan-TOL.

Ilo wMHEHMIO aBTOpOB, TIpu  BEIOOpE
TEXHUYECKUX peIIeHnH M cxeMmbl MUHHU-TOLI,
C0371aBacMOi B KOMMYHAJIbHOM IHEPreTU4EeCKON
UHQPACTPYKType NPUOPHUTET CIEAYET OTAaBaTh
I'T1Y, T.x. ux anexrpuyeckuii KIIJ[ mpaktruueckn
HE 3aBUCUT OT TEMIIEPaTypbl, OKpYKaromei
cpeny B orinmume ot I'TY. Kpome storo, mx
anektpuueckuil KIIJI He HuXe, a y OTOENbHBIX
Mojeneili W BblIE, YeM Yy HapOCUIIOBBIX
ycraHoBOK. ['TIY Gonee peMOHTONPUTOIHBIE, HE
TpeOYIOT  cCIelMalbHBIX  YCIOBHH  3aBOja-
mzrotopurenss kak I'TY, He HyxknaoTca B
JIOTIOJIHUTENBHBIX 3aTpaTax Ha MOBBIIICHHE
IIyMO3aIllUThl, YTO BaXXHO JUI1 HAaCEJIEeHHBIX
MyHKTOB [34], cepoBaTensHo,

b, =1, ecau monaugo 2a3

b, =0, ecnu monaugo He 2az

Kpumepuit bs: omnowenue xomenvhou K
obvekmam eo0uHoll meniocrhaboicarouell
opeanuzayuu
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Enunas TtemocHaOxaromass —OpraHu3aIus
(ETO) — 5T0 OCHOBHOW IIOCTaBIIWK TeIia B
omnpenenEHHON ~ CHCTEME  TEIUIOCHAOXKCHWS,
00513aHHOCTBIO KOTOPOTO SIBIISIETCSI 00ECIICUCHUE
TEIUIOBOM DHEpPruel BCeX MOTPEOHUTENCH B 30HE
CBOEH JESITeNbHOCTH.

Y UCTOYHMKOB TEIJIOBOM HSHEPTUM B 30HE
nerictBust ETO cymiecTByeT BbICOKas TEIIOBas
Harpy3Ka W MepeBoJ] TaKOW KOTEIhbHOW B MHHU-
TOIl mo3BomuT 00ECIEYNTs TMPOU3BOACTBO
TETUIOBOY HEPTHU B KOTCHEPAIIMOHHOM PEXHUME
[35], cHM3UB ee  CTOMMOCTb,  OTHOCS
3HAYUTENbHYI0 YacTh pacxoja TOIUIMBAa Ha
OTITyCKaeMYIO JIEKTPOIHEPTHIO.

3ayacTyio MOIIIHOCTh Harpysku
3NIEKTPONIPUEMHHUKOB CHUCTEMBI
TEINIOCHAOXKEHUsI,  BKIIOYass  COOCTBEHHBIE
HYXKIBl KOTenbHOM, mpeBbimaer 10% ot

TEINIOBO M TpeOyeT BBICOKOW HAAEKHOCTU
anekTpocHaokeHus. CieoBaTeNbHO,

b; =1, ecnu komenvHas omuocumces k ETO
b; =0, echu komenvHas e omuocumces k ETO

Kpumepuii by: 6ananc snepeopationa

B  nmedwmmrHBIX =~ SHepropaiioHax I
MO IKITIOYCHHUS HOBBIX norpeduTenei
OTCYTCTBYIOT CBOOOJHBIE MOIIIHOCTH Ha IEHTPE
nuTaHus. JlJis CHATHUSL OrpaHMYEHUN Ha HOBOE
TEXHOJIOTUYECKOE MIPUCOEIUHEHNUE
norpedurenen TpedyeTcs MIPOU3BONTH
PEKOHCTPYKIMIO MOACTAHIIMHA WA yBEITUYHNBATH
MPOMYCKHYIO  CIIOCOOHOCTh  MOAXOMASAIINX K
MOJICTAHIIMH JIMHUNA. DTO CBSA3aHO C OOJBIIUMHU

KanuTajlbHBIMU  3aTpaTaMd, 4YTO BEAET K
MOBBINICHUIO CETEBOTO Tapuda W CHIDKCHUIO
JOCTYIIHOCTH  JJIEKTPOOHEPIHUH W3  CUCTEM
LEHTPAIIN30BAHHOIO ANEKTPOCHAOKEHUSI.
TTossBnenue MuHHA-TOL] B JIehUIUTHOM
SHEpropaiioHe CHIDKAET YKa3aHHOE
orpaHMuYeHHe, He TpeOysd  CYIIEeCTBEHHON

PECKOHCTPYKIHU CCTU BBICOKOT'O HAIIPAKCHUS.

b, =1, ecnu 3Hep2opaiion Oeuyummnbiii
b, =0, ecnu 3Hep2opation u3OLIMOUHbL

OOBIYHO YKa3aHHbIM IIpU3HAKAM OTBCYACT

HCCKOJIBKO KOTCJIbHBIX nus3 MHOXXCCTBA,
HaxoasAmuxcss B MyHUIIUITIAJIbHOM O6p330BaHI/II/I.
Pe3y.HBTaTI>I BBIHCCCHUA OIICHOK

NPEJICTABIISIOTCS KaK MaTpHIla pElICHU BUJA,
MIPEICTABIICHHOTO B Tabmiie 1.
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Tabnuna 1.
Martpuna penmeHui.
Table 1.
Decision matrix.
a; X1 X12 X713 X4
a X21 X22 X23 X24
az X371 X32 X33 X34
a, X1 Xn2 Xn3 Xng

lanee Ui KOTENBHBIX, YIOBICTBOPSIOUIHX
YCIIOBHIO:

Xpp =Xy = X3 =% =1 3)

BBIUNCIISICTCS pasr, OTIPEICISIOINX
MIPHUOPHUTET PEKOHCTPYKITHH (R).

OueBUAHO, 4YTO  pPaHT  3aBHUCUT  OT

XapaKTEePUCTHK dHepropaiioHa. Cyauts 00 3ToM
MOXHO MO0 COOTHOIICHHIO MOITHOCTH IEHTpa
nutanust ¢ ydetoM kputepust n-1(Pyu oon) ©
3NEKTPUUECKOMN MOIIHOCTH co3/1aBaeMon
reHepaluy, KoTopas MpsMO MPOMOPIMOHATbHA
TETJIOBOM MOIITHOCTH KOTENbHOH (W):

R=V,
/P14n700n

UeM Bbllle 3HAYEHUWE paHra, TEM BBIIIE
IPUOPUTETHOCTh TpaHC(HOPMALUU KOTEIbHOH C
no3uruu  dpdextuBHoctn. Co3gaHne Ha HX
ocHoBe MuHH-TOL| moBeicHT 3¢ddekTuBHOCTD
CHCTEM TEIUIO- U 3JIEKTPOCHAOKEHHUS, YTO BAYKHO
Ul COLMAJIbHO-)KOHOMHUYECKOIO  Pa3BUTHUS
TEPPUTOPUIL.

“

ITPUMEP
Bpi0Op KOTEJBHBIX [IJf TEXHHUYECKOro
NePEeBOOPYKEHUA B HoBocudupckoii
arjiomepauuu
B kadecTtBe mpuMepa peanmu3aiiuu aaropuTMa
MIPEJICTABJICHBl PE3YNIbTaThl OTOOpa KOTEIBHBIX
JUTsL TIOcJenyrolield TpaHcopMmanud B MUHH-

TOL wa  tepputopun  HoBocubGupckoit
arJoMepanyH, TJIe €CTh ONbIT YCIEUIHON paboThl
MuHU-TOLI.

B T. Hoocubupck npeoOnagaer

LEHTPAIM30BaHHOE TemiocHa0xenue ot TOLl u
KpYNHBIX KoTenbHBIX. Ilo cocTognuio Ha 2023
rog, or TOIl obecmeumBaeTcs oxono 60 %
moTpeOuTeNe, OT  KPYMHBIX  KOTEIBHBIX
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TEIUIONPOU3BOAUTEIBHOCTRIO Oosee 20 MBT —
35,4 %.

B MYHHLIUTIATBHBIX 00pa3oBaHUsX,
dhopmupyronux HoBocrOUpeKyto arjaoMepanuto,
OTCYTCTBYIOT WCTOYHHKH KOMOMHHMPOBAaHHOM
BBIPAOOTKH, BCA TEIUI0Bas SHEPrust
BbIpa0aThIBaeTCA Ha KOTENbHBIX, 49TO
ompeleNsieT  aKTyaJbHOCTh  Iepexoja  Ha
KOT€HEPaIIMOHHBIE TEXHOIOTHH.

B TomnmuBHOM ~ OanmaHce — KOTEJBbHBIX
npeobagaeT IpUPOAHBIN ra3, 4To 00YCIOBICHO
rasuukanueii  permona. B pesynbrare
UCCleIoBaHusl OblIa copMHpOBaHA MaTpHIA
pemennii st 360 kotenpHBIX. OTOOpaHo 134
OTOTIUTENFHBIX TA30BbIX KOTEILHBIX MOITHOCTHIO
or 25 no 416 MBT, BoInonHAIOUIMX (YHKIUH
ETO wu nHaxomsmmxcs B 30HE JACQUIIMTHBIX
LEHTPOB IMUTaHHUS.

Jlanee  oroOpaHHBIE  KOTEJIbHBIC  OBUIH
MPOPAHKUPOBAHBI 10 TMPHOPUTETHOCTH, IYTEM
pacueta panra, 10 KOTeTbHBIX, OO0JATAIOIINX
MaKCHUMAaJIbHBIM PaHTOM OTOOpa)XeHBI Ha pHC. 4.

(P-254 |
ML Nel, 2x40 (Sg
I Ne3,
GO 225
® HoBocudupck
Ne2, Novosibirsk

2%40
@OHHM% 2x25

8(1'[ Ne§, 2x25 @

)

I Ne6, 2x40

Q_[IT Ne7, 2x16

HIT - ueHTp MuTaHU
(PC - power center)

(@)

B paccmarpuBacMoM mnpumepe Ha IMEPBOM
MecTe CTOMT KoTenbHas No§, a 3areM ciemyet
OCYIIECTBIIATh TpaHC(HOPMAIIHIO KOTEIBHBIX Ne9
n Ne7 Haxonsamuxcs B OJHOM DJHEPropainoHe.
CnepyomMu 1O MPHOPUTETY  SBJISIOTCS
kotenbHble Nel, Ned4, Ne6. 3ambIkaioT peHTHHT
kotenbHbIe No2, Ne3 1 Ne 5

Ckopee BCETO, TIOMHMO YCTaHOBKH
KOT'€HEPallMOHHOT'O o0opymoBaHUs Ha
BBIOpaHHBIX KOTEJIbHBIX norpedyeTcs

pexoncTpykius cetu 10 xkB.

Tpanchopmarust korenpHOM Nel() mo3BomuT
MONTyYUTh MaKCHMaJIbHBIN ad ekt oT
MOBBIICHUS JHEProd(PPEeKTUBHOCTH, HO Ha ee
0a3e MOXXKHO CO3[aTh WCTOYHUK MOILIHOCTBIO /0
25 MBT s 3neKTpocHaOKEHUs BTOPOH II0

MOIIHOCTH B r.HoBocubupcke CHUCTEMBI
LEHTPAIM30BAHHOTO  TEIUIOCHAOXKEHUSI.  DTO
nmo3BonuT MuHH-1OL[ ocrathcsi cyOBEKTOM
PO3HUYHOTO PHIHKA AJIEKTPO3HEPIUU.
Teroropax
No Korems Hag MOTITHOCTE, MBT
- Boiler house Thermal power,
MW
1 KoreneHad 1o yir. boponnHa 257
Boiler house on Borodina streef >
2 Korempran mo yin. Hrckas 26.2
Boiler house on Inskava street >
3 KorenmsHad o ym. 3re3gHag 26.3
Boiler house on Zvezdnaya street >
KoreneHad Ha 1mp. [2epiHCKOrO
4 | Boiler house on Dzerzhinsky 26,3
Avernie
KotempHas 1o yI. JKCKaBRaTOpHBIT
TIEPEYKIIOK
J Boiler house on the lane £l
Exkovetorny
Korempran no yi. Tomiauercxan
6 |Boiler house on Tolmachevskayva 39,5
street
KorenpHaa B moc. IRapaettckrit
7 |Boiler house in in the village of 45,0
Gvardeisky

KoremsHaa o ym. 2-4 JlecHas

10 |Boiler house on 2nd Lesnaya 415,9

street

Puc. 4. [lecsiTh NPHOPUTETHBIX /ISl TPaHC(OPMANUH KOTeJbHBIX B HoBocHOMpCKOIi arjioMmepanuu.
Fig.4. Ten top-priority boiler houses for transformation in the Novosibirsk agglomeration.

Tpanchopmarnus OTOOPaHHBIX KOTEIBHBIX
obecreuuT MOBBIIIICHHE 3¢ (HEeKTUBHOCTH
HECKOJBKMX CHCTEM TEIIOCHAOKEHHS, OKAXKET
MOJIOXKHUTENILHOE BIMSHIE Ha AJICKTPOCHAOKEHHE
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B SHEpropaiioHax, MOBBICHB CBOMCTBa
SKOHOMUYHOCTH, HaZIe)KHOCTh ¥ 3KOJOTHYHOCTb.

IToydeHusie B paboTe pe3ynbTaThl MOTYT
CIY)XHTh PEKOMEHIAIUSAMH TpH pa3paboTke
PErHOHANIBHBIX TpOrpaMM «DHEprocoOepeKeHHe
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M IIOBBINICHUC 3H€pFeTH‘{eCKOI>’I 3(1)(1)6KTI/IBHOCTI/I

HoBocubupckoi obmacTmy, «Cxema m
nporpaMMa  pasBUTHSI  3JEKTPOIHEPTETHKH
Hosocubupckoit o0mactn, «Cxema

TermocHaOkeHuss ropoma HoocmOupck», dTo
MPUBENET K TMOBBIIIEHUIO HWHBECTUIMOHHOMN
MPUBJIEKATEILHOCTH OCYILECTBICHUS
MEpONPUATUI 110 IIOBBIIICHHIO
KOTCHEPAIIMOHHON  BBHIPAOOTKH TEIUIOBOH W
3JIEKTPUUECKON SHEPTUH.

3AK/IIOYEHUE

[loBeIIEHME 5HEepro3hHeKTUBHOCTH
MIPOM3BOACTBA SIBISETCS AKTyaJIbHOM OTpacieBOi
3amadeit. OOHO W3 CPEACTB  pEUICHHS
UCIIOJIb30BaHNE KOT€HEPALMOHHBIX TEXHOJOTUI
u cozganne MUHH-TOLl. OnmHMM M3 BapHaHTOB
cozmanuss MUHU-TOIl sBIseTCS TEXHUYECKOE
MIEPEBOOPYKEHUE CYIIECTBYIOMUX KOTEIbHBIX.
B wuccnenoBaHuM IpeniokeHa KOMIUIEKCHAS
METO/IMKa O0TOOpa M PaH)KUPOBAHMS KOTEIBHBIX
JUISL TIOCJenyIomero cosmaanus MuHu-131l, gro
noTpedyeT pPeKOHCTPYKLHMH paclpeaeuTeIbHON
CEeTH CpPEIHEr0 HaIpsDKEHUs, HO MO3BOJUT
COKPATUTh KAITUTAJIOBIIOKEHHS B MOJAEPHU3AINIO
CeTH BBICOKOTO HampsbkeHus. PaspaboranHas
METOJMKAa OCHOBaHA Ha aHalu3e KOMIUIEKCa

KPHUTEPHUEB, YUHUTHIBAEMBIX Ha3zHa4YeHHE
KOTEJIbHBIX, HCIIOJIb3yeMOoe TOILIMBO,
YCTQHOBJICHHYIO  TEIUIOBYIO  MOILHOCTH U
BBINOJIHSIEMYIO ¢byHKLIUIO B cucreMax

TEINIOCHAOXKEHUsI, TEXHHYECKOE COCTOSHHE U
pPEeXHUM pabOTHI TEKTPOCETEBOTO O0OPYIOBAHHUSA,
MEPCIIEKTUBHBIE W OANaHCHI MIIEKTPOIHEPTHH U
MOIIHOCTH B SHEPropaioHe, B COCTaBe KOTOPOTo
Oynet pabotars MuHH-TILI.

HpI/IMeHeHI/IC IMMOJTY4YCHHBIX PE3YIbTATOB
WCCIICIOBAHUS MPH PEIICHUN 3a7a4 TOBBIIICHUS
9HeprodpPeKTHBHOCTH M IKOJIOTUYHOCTHU
OTJENBHBIX TEPPUTOPHIA MOBBICUT
3¢ (PEKTUBHOCTh MPUHUMACMBIX PEIICHUH TP
Pa3BUTHU CHCTEM TETNIOCHA0KECHUSI.

JanpHeiime Hay4yHbIE WUCCIENOBaHUS OYIOyT
HanpaBJICHbI Ha  pa3paboTKy METO0B
000CHOBaHUS CTPYKTYPHI u cocrapa
KOT€HEpaIMoOHHOTro 00opynoBanust MUHU-TIIL,

BJATOJAPHOCTD
HccnenoBanue BBINIONHEHO 3a CUET TpaHTa
Poccuiickoro nayynoro ¢onma Ne 23-29-10171,
https://rscf.ru/project/23-29-10171/ u rpanTa Ne
p-57 IlpaButenscTBa HOoBOCHMOMpPCKOH 00IacTH B
HoBocubupckom rOCyJapCTBEHHOM
TEXHUYECKOM YHUBEPCHUTETE.
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Methodology for Determining Heat Losses through Translucent
Construction

Malyarenko V.!, Alyokhina S.2, Orlova N.?
'0.M. Beketov National University of Urban Economy in Kharkiv, Kharkiv, Ukraine
University of Applied Sciences Technikum Wien, Vienna, Austria,
3 Anatoly Pidhorny Institute of Mechanical Engineering Problems of the National Academy of
Sciences of Ukraine, Kharkiv, Ukraine

Abstract. The purpose of this work is to determine the heat transfer coefficient of translucent fences,
considering the number of storeys of buildings, climatic factors, such as wind velocity and outdoor
temperature. To achieve this goal, the following tasks were solved: analysis of heat transfer in
translucent enclosures as a quasi-stationary process; analysis of heat transfer processes in translucent
barriers, which are a combination of solid transparent plates and air gaps connected by a frame
structure; determination of the heat transfer coefficient on the glass surface depending on climatic
factors and the radiant component. The most important result is the empirical dependence of the heat
transfer coefficient on the outer surface of the window block on the Reynolds criterion, the
dependences for determining the heat transfer coefficient of window blocks are improved, considering
climatic parameters. The heat transfer coefficient of the window block as a whole is presented in the
form of analytical ratios, considering the location of the building and its height, changes in wind
velocity and outdoor temperature. This methodology was tested on the example of a civil
administrative building, for which the heat transfer coefficients of window structures of non-standard
series were evaluated. The significance of the research results lies in the possibility of using the
obtained dependencies to assess the thermal characteristics of window structures of non-standard
shapes. The dependences of the heat transfer coefficient on wind speed and outside air temperature
given in the paper can be used in the energy audit of buildings.

Keywords: heat losses; heat transfer coefficient; Nusselt number; Grashof number; window; wind,
external disturbances.
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Metodologie de determinare a pierderilor de cildura prin structuri de constructie translucide
Maliarenko V.!, Aliohina S.2, Orlova N.?
! Universitatea Nationald de Economie Municipald din Harkov, numiti dupd UN. Beketova, Harkov, Ucraina
2Universitatea de Stiinte Aplicate Technikum Wien, Viena, Austria
Institutul pentru Probleme de Inginerie Mecanica, A. N. Podgorny Academia Nationald de Stiinte a Ucrainei,
Harkov, Ucraina

Rezumat. in cladirile moderne, aria structurilor de ferestre de fatada variaza de la 55% la 85% din total, astfel
incét sarcina de a imbunatati metodologia de determinare a coeficientului de transfer de caldurd al structurilor de
ferestre este urgentd. Scopul acestei lucrari este de a determina coeficientul de transfer termic al structurilor
translucide, avand in vedere numarul de etaje ale cladirilor, factorii climatici, precum viteza vantului si
temperatura exterioard. Pentru atingerea acestui scop au fost rezolvate urmatoarele sarcini: analiza transferului
de caldurd in structurile translucide ca proces cvasi-stationar; analiza proceselor de transfer de caldurd in
structurile translucide, care sunt o combinatie de placi solide transparente (ochelari) si goluri de aer conectate
printr-o structurd de cadru; determinarea coeficientului de transfer termic pe suprafata sticlei in functie de
factorii climatici si componenta radianta. Cel mai important rezultat este dependenta empirica a coeficientului de
transfer termic pe suprafata exterioarda a blocului de ferestre de criteriul Reynolds, dependentele pentru
determinarea coeficientului de transfer termic al blocurilor de ferestre sunt imbunatatite, ludnd in considerare
parametrii climatici. Coeficientul de transfer de céldura al blocului de ferestre in ansamblu este prezentat sub
formd de rapoarte analitice, luand in considerare locatia cladirii si indltimea acesteia, modificarile vitezei
vantului si ale temperaturii exterioare. Semnificatia rezultatului cercetdrii constd in posibilitatea utilizarii
dependentelor obtinute pentru a evalua caracteristicile termice ale structurilor ferestrelor de forme nestandard.
Cuvinte-cheie: pierdere de cildurd; coeficient de transfer termic; numarul Nusselt; numarul Grashof; fereastra;
vant, tulburari externe.

© Malyarenko V., Alyokhina S., ]3
Orlova N., 2023
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MeTomoJiorus onpeeieHAs TEMJIOBBIX MOTEPh Ye€pPe3 CBETONMPO3PaYHbIe OTPAKIA0IINE KOHCTPYKIIHA
Maasipenko B.!, Anéxuna C.2, Opsiosa H.?
X apbKOBCKMIl HALMOHANILHEINA YHUBEPCUTET TOPOJACKOro Xo3siicTea uM. A.H. BeketoBa, XapbkoB, YKpanHa
2YuupepcuteT npuknagaeix Hayk Technikum Wien, Bena, Asctpus
SUuctutyT npobneM MamuHocTpoenus uM. A. H. ITogroproro HAH Ykpaunsl, XapsKkoB, YKpauHa

Annomayun. B COBpeMEHHBIX 3MaHUIX TUIOMAIL (PacagHBIX OKOHHBIX KOHCTPYKIMH cocTaBiseT oT 55 % mo
85 % ot o0mel, Mo3TOMY aKTyaJlbHOU SBISETCS 3a/ladya yCOBEPIIEHCTBOBAHUS METOJOJIOTHH IO OIIPEIeIICHUIO
K03 HIMEHTa TeIUTONepeaud OKOHHBIX KOHCTpYKIHiA. L{enb nanHoit paboTel — onpenencuue ko3 duuueHToB
TEILIONIEPEIa4X CBETONPO3PAYHBIX OTPAXKICHHUI C YISTOM ITAKHOCTH 3/IaHUH, KITUMATHICCKUX (PAKTOPOB, TAKUX
KaK CKOPOCTh BETpa, TEMIIEpaTypa HapyKHOTO Bo3ayxa. JJisi JOCTHXKCHHUS MOCTABJICHHOW IENU OBLTH PEIICHBI
CIICAYIOIIME 3aJa4yd: aHAJIU3 TEIUIONEPEHOCA B CBETOMPO3PAYHBIX OTrPAXKICHUAX KaK KBa3HCTAIIHOHAPHOTO
mpoliecca; aHallM3 MPOLECCOB TEILUIONEPEHOCA B CBETOMPO3PAYHBIX OTPAXKICHHUAX, KOTOPHIC MPEICTABISIOT
co00¥i KOMOWHAIMIO TBEPBIX MMPO3PAYHBIX IUIACTUH (CTEKOJ) W BO3AYIIHBIX MPOCIOCK, COCAUHCHHBIX PaMHOU
KOHCTpYyKIHeH; ompeneneHne kod3dduimenTa TEIUIOOTAAYN Ha IMOBEPXHOCTH CTEKIa B 3aBHCHMOCTH OT
KIMMaTHIeCKuX (haKkTOpOB, M IJIyYHUCTOW cocTaBisttonmeil. Hawmbomee BaXHBIM pe3yibTaTOM  SIBISTIOTCS
SMIOUPUYECKHE 3aBHCHMOCTH KOd(D(HUIIMEHTa TEIIO0TAaYrd Ha HApY)KHOHM MMOBEPXHOCTH OKOHHOTO OJIOKa OT
Kputepus PeitHonbaca, ycOBEpIIEHCTBOBAHBI 3aBUCHMOCTH ISl OTpeACIeHUs KOG UINeHTa TeIUIonepeIadn
OKOHHBIX OJIOKOB C YYE€TOM KJIMMATHYECKUX TMapamMeTpoB. KoapduimenT termionepenadyd OKOHHOTO OJioka B
IIEJIOM TIPEJICTABICH B BUJE AHAJUTUYECKUX COOTHOIICHHH, C YUIETOM DPACIOJOXEHUS 3IAHUS M €r0 BBICOTHI,
W3MCHCHHUS CKOPOCTH BETpa W TEMIICpaTyphl HAPYXKHOTO BO3ayxa. JlaHHAs METOIOJOrHs ampoOuWpoBaHAa Ha
OpUMEpe TPaXIAHCKOTO aIMUHHCTPATUBHOTO 34aHUs (00mias IUIOIAAb CBETONPO3PAYHBIX OTPAKICHUN
cocraBisieT 70 % oT oOried MIoaau 3MaHus), Ui KOTOPOTO OLCHUBAIUCH KOI(PPHUIUEHTHI TEILIONepeIauu
OKOHHBIX KOHCTPYKIIMHA HECTAaHAAPTHBIX CEpHil. 3HAYMMOCTH pe3yjbTaTa HCCIICOBAHUI 3aKIII0YacTCs B
BO3MOXKHOCTH HCIIOJIb30BaHUs, MOJYYCHHBIX 3aBHCHMOCTCH Ui OLCHKU TEIUIOTEXHHYCCKHX XaPaKTEPHUCTHUK
OKOHHBIX KOHCTPYKIIMH HecTaHmapTHod ¢opwmbel. [IpuBeneHHple B paboTe 3aBUCUMOCTH Kod(dduimeHTta
TEIUTOTIepeladd OT CKOPOCTH BETpa M TEMIEpaTypbl HapyKHOTO BO3AyXa MOTYT OBITh HCIIOJNB30BaHBI IMPH
JHEproayauTe 3JaHUi C OONbIIMM KOIPPHUIIMEHTOM OCTEKICHHS (acajoB 3HaHHS IS ONpPEICIICHUS
TEIUTOTIOTEPH U Pa3pabOTKH MTOKa3aTee YHeProcOepeKeHNUS.
Knwuesvie cnosa: TemoBsle MOTEepH; KodpHUIMEHT Teruronepenadn; uncino Hyccenpra; umcno I'pacroda;
OKHO; BeTep, BHEITHNE BO3MYINAIOMINE BO3IEHCTBHS.

ycnoBui.  Ecnmu  mpu paspaboTke  3maHus

BBE/IEHUE OCHOBHOEC  BHUMAaHHWE  yIIEJSACTCS ero
B macrosmee  BpeMsA  COBpEMECHHAsA  3HEpProdpdekTHBHOCTH K02 dHULUEHT

CTPOMTENbHAsT HMHIYCTPHs OPUEHTHPYETCA Ha  TEIUIONepeNayd OKOH JIOJDKEH OBITh YETKO

co3nanue 3HeprodddeKkTuBHbIX 3maHuit [1], [2],  ompenenen.

[3]. TToaTomy wmcciaemoBaHus TEIIOQU3MUCCKUX B oOmeli mnomanu cTekiomakera Ha

[NapaMeTpoOB  OrPaXIAIOMIMX  KOHCTPYKUHMH  CBETONpOIYCKAIOMHE KOHCTPYKIUH  (CTEKIIa)
aKTyallbHBI, ~ TIOCKOJIBKY  HampaBlieHBl  Ha  mpuxomutca okoio 70 %, um 30 % Ha paMHy¥O.

MIOBBILICHHUE MX TEIUIO3AIIUTHBIX KauecTs [1]. Ilpu stom B 06wl croumoctn 1 M?> OkHa
B macrosmee BpeMs CyIIECTBYIOT METOJUKM  CTOMMOCTh CTekionakera coctaBimser 70 %,
OTIpeIeJICHUS 6a3oBoro ypoBHA  ctomMocTh pambl — 30 %. Takum oOpasom,

SHEPronoTpeOeHys, COAepXKaIlUe MPOUENYPY  MHHHMHU3UPOBATH IIOTEPU pPa3syMHEE 3a CUET
NOCTPOEHUS ~ MHOTOGAaKTOPHOW  MOAENM W NPUMCHCHHS KOHCTPYKTHBHBIX pereHuid. Jlis
OmpezeNAloIne ee InepeMeHHble [4], and  paspaboTku TaKUX 3HEeprocOeperarImux
KOTOpOI HEOOXOAMMO YTOYHEHHE MapaMeTpPOB  peIleHHH HEOOXOAUMa METOAMKA OINpPEIEIIeHHs
OrpaXJAIOIIUX KOHCTPYKLHUH, (OPMHUPYIOIMX  KodhpHUUMEHTA TEIUIONEPENAYH C  Y4ETOM
OCHOBHYIO TEIUIOBYIO HArpy3ky. J[nsd OLEHKM  [IMPHWHBI, TONIIMHBI W BBICOTHI CTEKJIOMAKETa,
MEpONPUATUH, HANpPaBICHHBIX HA CHIDKEHUE  HalpaBJICHHS BETPA, 3alI0JIHEHUS CTEKIIONAKETA.
SHEPTrOMOTPEOICHUS [IEPBOOYEPETHBIMA Koaddurnuentsr TeIionepesaun
ABJIAIOTCA  3a/la4d  Pa3pabOTKU  MHIKEHEPHBIX CBETONPO3PAUHBIX KOHCTPYKIIUN OINpeestOTCs
METOJI0OB IO  OLEHKE  TEIUNIOQU3MYECKMX  HECKOJNBKUMH  crocobamu [5]:  4YHCIIEHHBIM

[1apaMeTPOB OTPAKIAONIMX KOHCTPYKIIHH. MoaenupoBanueM [6], [7]; ompeneneHue

B mo0oM 31aHMM OKOHHBIE KOHCTPYKIMH  KOO(GQHIMEHTOB TEIUIOOTAAYM II0 METOUKE,
ABJISIOTCS HE TOJBKO 3JIEMEHTOM CaMOIO 3[aHMs,  OMHMCaHHOW B [8], WU MO TaOJMYHBIM JaHHBIM
a cucreMoil  oOecreueHuss  KoMGOpTHRIX  [9]. B rpakmaHCKuX  3JaHUSX  4AaCTO
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MPUMEHSIOTCS HECTaHJapTHBIE OKOHHBIEC
KOHCTPYKITUH, KOTOpBIE TpeOyroT
WHANBHUyaJTbHOTO TOAXOMA MJIS OIEHKH WX
YPOBHSI SHEPromoTpeONicHUss W TMPOBEACHUS
MEPOTPHUITUH 110 SHEPTOCOSPEKEHUIO.

OKyIaeMoCTh 3Heprod3(hHeKTUBHBIX
CTEKJIOMAKETOB o CPaBHEHUIO c
TpaAUIIMOHHBIMU oLieHuBaeTcs B [10].

B psine paboT mpuBOAWTCS UCCIEAOBAHUE 110
pa3paboTKe OKOH C MOBBIMIEHHON TETUIO3AIIUTOMN
U TePMETUYHOCTBIO ISl PAHlOHOB C XOJIOJHBIM
knuMatoMm [11], [12], nas KOTOpBIX aKTyajabHO
OIIEHKa KaK KJIMMAaTHYECKHUX MapaMeTpoB, TaK U
WHIUBUYaJIbHBIX MTAPaMETPOB.

B paborax [13, 14] mnpencraBneHbl
3KCIIEPUMEHTAIbHbIE u TEeOpeTHIECKHe
WCCIIEIOBAHNS HOBBIX OKOHHBIX KOHCTPYKIHH C
TETUTOBBIICTICHHEM B BO3AYIIHBIX 3a30paX, C
9KpaHAMH W JKallO3U C TEIJIOOTPAKAIIUMHU

TNOKPBITUSIMH, C  BEHTWIALMEH  BO3AYIIHBIX
3a30pOB.

OpHako IpencTaBICHHBIE WCCICAOBAaHUS He
MO3BOJISIOT OIICHUTh 3¢ EKTUBHOCTD

MEPOIPUATUIN 110 PEKOHCTPYKLIUU C YTOUHEHUEM
K03(UIMECHTOB TEIUIONEPeaayd B 3aBHCUMOCTH
OT KJIMMAaTHYECKUX (haKTOPOB.

Hdnss  Oonmee  KOPPEKTHOTO  ONpEACIeHUs
TEXHUKO-I)KOHOMHYECKHX noKazaTesei
NPUMEHEHUSI OKOHHBIX CHCTEM C BBICOKUM
YPOBHEM TCIIO3alIUThI AHAJIM3UPYIOTCA
MEPCICKTHUBLI COBCPHICHCTBOBAHUA OIICHKU HX
TEIUIOTEXHWYEeCKNX TmapameTpoB [15], [16].
OpHako, MpencTaBieHHAsT METOAMKA HE MOXKET
OBITh TIPUMEHEHA ISl OLEHKH MEPONPHUSITHH IO
HHEPrOCOEPEKEHUIO C YIETOM METeO(paKTOPOB.

OCHOBHBIMHM ~ TTapaMeTpaMH TpPH  OICHKE
3HeprodHPEeKTUBHOCTH  3MaHUN  SBISIOTCS
TETUIOBBIC CBOWCTBA MaTepHajoB.
CymecTByromune METOJIBI oTpeIeIICHHSI
TETUTOBBIX CBOICTB COBPEMEHHBIX
CBETOIPO3PAYHBIX KOHCTPYKITHI

aHanmm3upyores B paborax [17], [18]. Ommcan

KOMIUIEKCHBII METOJ OTpeeIeHUS
(akTHueCcKOro 3HAUEHUS MIPUBEJIEHHOTO
COIIPOTHUBIICHHUS  TEIUIONEpeJadye  OKOHHBIX
CHUCTEM, KOTOPbIi OCHOBaH Ha H3MEPEHUH
cpenHei TeMIIepaTyphl BHYTpEHHEN

MOBEPXHOCTH KOHCTPYKIIMM U  ONPE/ICICHUU
¢dakTryeckoro koddduimeHTa TeIionepeaayn.
OnHaKo MaHHBIA TMOAXOJ TPEeOYET MPOBEACHHUS
OONBIIOr0  KOJNWYECTBA U3MEPEHHU, YTOOBI
n30€XaTh BHICOKOH MOTPEIITHOCTH.

B pa6ore [18] mpoBeneH aHann3 pa3IAIHBIX
C1oco0oB MOBBINICHHUS COTPOTHBIICHUS

85

TeIIonepeade CTEKIIOMaKeToB. B pesyibTaTte
OBbLJIa TpeNIoKEeHa 3aBHCUMOCTD COMIPOTHBIICHUS
Terionepeaade 3HeProdpPEeKTUBHBIX OKOHHBIX
CHUCTEM OT pa3IMYHbIX (DAKTOPOB, TaKUX Kak
OKOHHOE€ 3aIlOJIHEHUE, SMUCCHOHHOE TMOKPBITHE.
OnHako BETPOBOE BO3JICHCTBHC HE
VUUTHIBAJIOCh, YTO  CYIIIECTBEHHO CHHXAeT
3¢ HEKTUBHOCTH METOIUKH.

B paGore [19] mpencraBieHa MeTOAWKa

yTOUHEHHs KO3 HUIMEHTa  TeIulonepenadu
CBETOIIPO3PAaYHBIX OTPAXICHUU 110 4Hcly Pases
C  Y4eTOM  YMEPEHHBIX  KJIMMAaTHYECKHX
(hakTopoB.

Ha ocHOBe MeTOna KOHEYHBIX PAa3HOCTEH
YTOUHSIETCSI KOHBEKTHUBHBIM  TEMJIOOOMEH B

BEPTHKAIIBHBIX CIIOSX BO3[yXa, aHATU3UPYIOTCS
W30TEPMBI M B PE3YJIbTATE MPUBOAATCS CPEIHUC
3HaueHus yucia HyccensTa mo Beptukamu [20].
OpHako A 3MaHWH, pPACIONOXEHHBIX B
YMepEeHHO-KOHTHHEHTAIEHOM KJIMMaTte, Ba)XHOU
COCTAaBJISIIONICH SIBJISIFOTCS CKOPOCTh BETpa U
TeMIIepaTypa Hapy>KHOTO BO3/TyXa.

Takum oOpa3oM, HeoOXomuMa METOAHNKA
OIICHKH KO3 puIeHTa TerIonepeayn
OKOHHBIX KOHCTPYKITUI Pa3IUYHOM
KOH(QUTYpallid C YYeTOM BBICOTHI 3/[aHUH, a
TaKKe KIMMAaTHYCCKUX (haKTOPOB.

Ilensro JIaHHOU
KO3 GHUIUSHTOB TeIIonepeIaun
CBETONPO3PAYHBIX ~ OTPAXKIEHHH C  y4eToM
STaXXHOCTH 3/IaHUM, KIMMATHYECKUX (PaKTOPOB,
TaKMX Kak CKOpPOCTb BeTpa, TeMIeparypa
Hapy>KHOTO BO3/yXa.

ITo W3BECTHBIM JTAHHBIM aBTOPOB
aHAJIOTHMYHBIE UCCIICOBAHUS HE IPOBOIMIINCH.

INOCTAHOBKA ITPOBJIEMbI

B Hacrtosmee BpeMs akTyambHOHN mpooOieMoit
SIBIISICTCSI  OTPEJCIICHUE IMOTEeph Temia 4Yepe3
CBETOINPO3payHbIE KOHCTPYKITHH JUTS
QIMUHUCTPATUBHBIX  3JAHUM, KOHCTPYKLHH
KOTOPBIX UHIUBUYAJIbHEI.

OIpCACICHUC

Jns  pa3pabOTKM METOIUKHA  OTPEICICHIS
ko3 unmenrta TeIionepeaadn yepes
CBETONPO3pPAYHBIC KOHCTPYKIIMH
paccMaTpUBANIOCh aJMHHUCTPATUBHOE 3JIaHHE,
pacrooXeHHOe B I'. XapbKOB, Y KpauHa.

3nanne umeeT (opMy mapaiienenunesna.
OxHa TpsIMOYTOJIbHBIE, OJTHOKaMepHBIE, Pa3HOMH
BBICOTHI U IIIMPUHBIL.

KoHcTpykiust ogHOH M3 OKOHHBIX CHCTEM
NOKa3aHa Ha puc. 1
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Puc. 1. Cxema cTeHbI ¢ OKOHHBIM IPOEMOM.
Fig.1. Scheme of a wall with a window opening.

OkoHHast KOHCTPYKIHS pPaccMaTpHUBaeMOTO
3MaHMs  TPEACTABISIET CcO00H  KOMOWHAIIHIO
CIUTONIHBIX MPO3PavYHbIX TIACTHH (CTEKIISHHBIX),
MPOCTPAHCTBO MEXIYy KOTOPHIMH 3aIOJIHEHO
ra3oM M COEJMHEHHBIX PaMHON KOHCTPYKIHEH.
Ternmonepenaya 4Yepe3 OKOHHBIE KOHCTPYKIIUU

MPOUCXOAUT JIOCTATOYHO OBICTPO, IMOITOMY
MOXKET paccMaTpuBaThCs KaK
KBa3UCTAIMOHAPHBIA TIporecc. Teruionepeaada
yepes OKHO OCYIIECTBIISACTCS
TEIUIONPOBOIHOCTHIO, U3IyYCHHEM 5
KOHBEKITHECH.

OOTekanne 3MaHWi BO3AYIIHBIM ITOTOKOM
MMEET CIIOKHBIN XapaKTep, COMPOBOXKIAIOIINNCS
(hopMHpOBaHHEM U B3aMMOJCHUCTBUEM 0O0acTei
OTpbIBA C IHMPKYJSIIHEH BO3MyXa B HHX.
HaBetpennoit  mpuHUMaeTcsi  CTOpOHa, Ha
KOTOpYI0 TOTOK HAaTEKAaeT HUMIIAKTHO H
oOpa3oBbiBaeTcsi  00JacTh  3aTOPMOXKEHHOTO
MOTOKa, B KOTOPOH CKOPOCTH IBMKEHUS BO3IlyXa
Onu3Kka K HyJIEeBOM, M TI'PaJAMEHTHOTO TEYEHUS,;
OOKOBOI1 COOTBETCTBEHHO 00JIaCTh 00pa30BaHUs
OTPBIBHBIX 30H TpU OOTEKAaHWH YTJIOB 37aHUSI.
BHyTpu HaBeTpeHHOH 30HBI AAaBJICHHE IAJacT B
cBsizu ¢ jgedopMmanmeili W pasaelcHUEM
BETPOBOTO TOTOKA, MOCKOJBKY TYpOYJICHTHBIC
BUXpH, orubas 3maHMe depe3  OOKOBBIE
MOBEPXHOCTH, IMEPEHOCAT BO3IYLIHbIE MACChl B
3aBETPEHHYIO BUXPEBYIO 30HY
A’POJTUHAMHUYECKOTO CIIe/Ia.

METOJOJIOI'UA

3a cuer pasHOCTM TeMIepaTyp, TeIIo
nepexoaur B HaIrpaBJICHUN naacHuA
TEMIEpaTypel, UIsl aHamu3a Kodd¢uiueHTa
TerIonepe adn HPOLIECCHI TEeII000MeHa
pasrpaHUYMBAIOTCS ¥ aHAIU3UPYIOTCS OTIENBHO.
Koaddurment TeruIonepeaadn OKOHHOM
CHCTEMBI PaBeH
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1

K= . . (D

i—1 i—1
Rin +zRgl +szin fil +Rout
i=1 i=1
1 Ogl 1
Rip =—, Rgl =——, Rwinﬁl = >
Xin Agl Xair
Rout = - TEPMHUYECKOE CONPOTUBIICHHE: HA

out
BHYTPCHHEH MOBEPXHOCTH OCTEKJICHUS, CaMOro
OCTEKJICHUS, BO3IYIIHOTO 3a30pa M Ha BHEUIHEH
MIOBEPXHOCTH OCTEKJICHUS] COOTBETCTBEHHO.

Koa¢ppuuumeHT TemionpoBoHOCTH OKOHHOTO
CTEKJIa MOYKHO HPHUHATH paBHBIM A=0.74+0.001-t
W/(m?°C), ToammHa OKOHHOTO cTekna & =3; 4;
5 mMMm. B 1mama3oHe M3MEHEHHUS TEeMIIEpaTyphl
Hapy>XHOTO BO3IIyXa -35 °C< tow <10 °C
KOO(Q(GHUIUEHT  TEIUIONPOBOJAHOCTH  CTEKJa
nu3Mensercs He 6onee yem £3.14 %.

s onpeAeIeHUs koadduumenrta
TeruIonepeaun TeMreparypa CTEKJIa,
PAacIIONIOKEHHOTO BHYTPH OMEIIEHHSI CYUTACTCS
Cpe/Hei 1Mo TOJIIMHE, T.€. IPUHUMAETCS PaBHOI
t1, a ms BHEmmHero tp. [To ganasiM DkkepTa [19]
JUTS BO3/IyXa MEpeXoJl OT JAMUHAPHOTO PEKHMa
TEUCHHUs] K TypOYJICHTHOMY Ha BEpPTHKAILHOMN
HOBEPXHOCTH MPOUCXOIMT mpH uuciie ['pacroda
108-10° u npupasuuBaercs Gr= 10°, ¢ yuetom
(t), g Vv, momy4aeM 3HAa4YCHHE KOOPIMHATHI
nepexoza K TypOyJIeHTHOMY PEKUMY TCUYCHHS B
MOTPAaHUYHOM CIIO€, B pe3ylbTaTe IOIydaeMm
3aBHCUMOCTb

2/3 At
X =1+0.007636-¢ | = 2
er ( ) (273+f] ( )
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Hna =20 °C u t,=10 °C, BenuuumHa Xx
KOOpAMHATA, OTCUATHIBAEMAs [ISI TIOBEPXHOCTH
CTeKJa OT BEepXHEro Kpas, OymeT B AMana3oHe
xo~0.883 M. H-x,= 0467 ™ Oymer
TypOYJICHTHBIM. Cpennee 3HauYCHUE
KO3 GUIMEHTa KOHBEKTUBHOW TEIUIOOTIA4YM Ha
BHYTPEHHEW NOBEPXHOCTH IMPO3pPayHOM dYacTu
OKHA MOYXHO TIPUHSATH KaK

Ain :(O‘I "X+ ay '(H_xcr))/H 3

Kosgpgpuyuenm menroomoauu, Bm/(M2 OC)'

rme H - BbicoTa  CBETOMPO3PAYHOTO
OCTEKJICHUS
Ha puwc. 2 mokazaHo pacmpezaencHue

ko3 duimenTa Temnonepesaun Ha BHYTpPEHHEH
CTOPOHE CTEKJIONIaKeTa B 3aBUCUMOCTH OT
TEMIEPATYpPBHI.

E.
mEESS — ) 20 6,8
* r Heat coefficient on the inside, W/im C)
— .
o -
[~ 4 =n - 2
UT
4“-\____“-\ -~ -~ g
""--..._____-‘\_-‘- - . ‘
F——— ﬁ
e 56
Temnepamypa napyacHozo 6030yxa, Yc —_—
I T gt Y
Outside air temperature, ~C T —
Y I 5 ™
-20 -15 -10 -5 0
Pacuemnvie Coenacno [8]
Calculation According to [8]

Puc.2. Pacnpenenenue ko3¢ punmnenTa TenjaI00TAa41 Ha BHYTPeHHeH CTOPOHE CTeKJI0NaKeTa.
Fig.2. Distribution of the heat convection coefficient on the inside of the double-glazed window.

Kak BumHo w3 rpaduka B JHana3oHe
TEeMIEpaTyp HapyKHOro Bozayxa or-5 °C mo -20
°C, k03 (pUIUEHT TEemI00TAaYN Ha BHYTPEHHEH
MMOBEPXHOCTH OCTEKIICHUS Bapbupyercs oT 5.05
10 6.1 Br/m?-°C. CnegoBaTenbHo, KO3(p(UIUEHT
KOHBEKTHBHOW TEIUIOOTHA4YM Ha BHYTPEHHEH
MOBEPXHOCTH MOXET OBITh NMPHUHSAT KaK cpenHee
3HaYeHHEe B JJAaHHOM JHara3oHe TeMIepaTyp
Hapy>KHOTO BO3/IyXa.

TemnooOMeH B BepTHKAJIbHOM T'€pMETUYHOM
3a3ope (B JAHHOM CTEKJIOTAKeTa 3allOJHEHHE -
BO3/1yX)  3aBUCUT  OT  TEMIepaTyp  Ha
IIOBEPXHOCTSAX CTEKOJN t;, t2 H IIHPUHEI
MIPOCIIONKHN b. OOmmit MIPUBEICHHBIN
KOA(GUITUCHT TETUTOOT/Aaul paBeH

(4)

CQred = %con t Arad

B oxonnom IIpo€EME B 3aBUCUMOCTU OT €TO

IIHUPUHBI MIPOUCXOJIUT KOHBCKTHUBHBII
TEIIOO0OMEH,  OOYCIIOBJICHHBIM  IepernagamMu
TeMIeparyp Ha MOBEPXHOCTSIX
CBETONPO3PAaYHOTO  OTpaXkJcHHUS  (CTEKia).
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JIBI>KeHNe BO37yXa MOKET OBITh JaMUHApHBIM
WIN TypOYJNEHTHBIM. YCJOBUS TeIooOMeHa
TaK)KE€ 3aBUCAT OT pa3MEIIeHHs OTOMHUTEIBHOIO
nmpubopa B TOMemleHMH. B Bo3mymHOM
MPOCIIONKE MEXKAYy CTEKJIaMH, MPOUCXOAUT
cB0O0OOIHAsA KOHBEKIIHSI.

BOmm3u BHemHero crexia QopMupyercs
JIAaMUHAPHBIN MIOTPaHUYHBIN CJIOH, Ha
BHYTPEHHEH MOBEPXHOCTH - TYpOYJICHTHBIN.
CxeMa KOHBEKTHBHOTO TEIJIOOOMEHA BHYTPH
OKOHHOTO IpoeMa NpeJCTaBIcHa Ha pHC. 3.

CocTosiHHE BO3AyXa B OKOHHON Te€pMETHYHOM
MPOCIIONKE XapaKTepU3yeTcs MEeXaHHYeCKUM
paBHOBECHEM U  OTCYTCTBHEM  TEIUIOBOTO
paBHOBecHs (KOHAYKTHBHBIM TEIIOOOMEH) H
TeruooOMeHa €CTEeCTBEHHOM KOHBEKIMEeH MpH
JaMUHAapHOM H  TypOYJIEHTHOM JABHXXCHUHU
BO3JyXa M MOXET OBITh O00O0OIIEHO YHCIOM
I'pacroda (5)

tyy b
2

v

Grep=g-p- (5)
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Puc. 3. Cxema KOHBeKTHBHOI0 TeILIO00MEHA BHYTPH OKHA.
Fig. 3. Scheme of the convective heat transfer inside the window.

Kputnueckoe 3Hauenme uymcia ['pacroda,
COOTBETCTBYIOIIEE BO3HUKHOBEHHIO
KOHBEKTUBHBIX ~ TEUEHHH B  TPOCIOHKE,
coctaBisieT Gr.,=1400 [21]. Ecnu ectecTBeHHOM
KOHBEKIIMH B MEXCTEKOIFHOM MPOCTPAHCTBE

HET, TO  TEIIOOOMEH  OCYIIECTBISETCS
TEIIONPOBOTHOCTHIO u U3Ty4YeHHEM,
TeMmIieparypa 1O [IMPUHE HPOCIOWKH b
u3MeHdgercss JuHeiHo. IlpenenbHoe 3HauYeHuUe
IIMPUHBL  TPOCNOWKKW  b*,  mpu  KOTOpOi
KOHBEKIIMS HE NPOMCXOAWUT, B HHTEpBaje

temneparyp -20 °C

13
b <3,00-107-(1+7,64-107,, ) [ﬂ] (6)

L=t

TermnoBoi MOTOK 3a CYET TEIIOMPOBOHOCTH
paBeH

0=2-(c1-72)- B (7
rae A — Ko3(hGHUIUEHT TEIUIOMPOBOIHOCTH
BO311yXa IIPH fay.

Ecnmu umcimo I'pacroda Oosnpme 1400, B
MpOCIoiike 00pa3yroTCsl TOTPaHUYHBIE CJIOU
[19]. BozaymiHslii OTOK y TEIUIOH MOBEPXHOCTH
MOJHUMAETCS, Yy  XOJNIOOHOHM  IOBEPXHOCTH
omyckaercsi. Bocxondmmii W HUCXOASUIUH
NOTPAaHUYHBIE CIOM MOXHO YCJIOBHO Pa3leiIUTh
Ha MPHUCTEHOYHBIE CIIOU C 00JaCThI0 U3MEHEHUS
ckopoctr oT Hyns (U=() Ha TOBEPXHOCTH JI0 €€
MakcUMaIbHOTO 3HauYeHUS (U=U,q) B SIpOM
TedeHusl, (GOPMHUPYEMBIM B LEHTPAJbHOH 4YacTu
MPOCIONKU
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Bo3moxHBI JiBa cirydast
MOTPAHUYHBIX CJIOEB HA CTEHKAaX:

* eclli IIMPUHA TPOCIOWKUA b BelWKa, TO
CBOOO/IHBIE  €CTECTBEHHBIE  KOHBEKTHBHBIE
TedeHus (MOorpaHUYHBbIE CJIoN) (HOPMHUPYIOTCS
HE3aBHCHUMO JIPYT OT JApyra Ha XOJOJHOH f; W
TEIUIOH {; TIOBEPXHOCTAX, UX B3aUMO/ICHCTBHEC HE
HabmogaeTca. TemmepaTypa Bo3ayxa B IIEHTpE
MPOCIIONKK (sIpe) TOCTOSHHA TI0 BBICOTE H
paBHa tcp, a cymMMa TOJIIIUH TOTPAaHUYHBIX CIIOCB
Ocold (XOJIOTHOTO) U Ojor (TETLIOTO) Ocoid + Onor<h;

* TOJIIIWHBI TOTPAHUYHBIX CIIOEB Oold B Ohor
B3aMMOJICHCTBYIOT Jpyr C JApYyroMm, T.C.
Ocoldt Ohor>h. Tlpn 3TOM B TIEHTpAIIBLHON 00JaCTH
MPOCIONKKA  BO3HUKAIOT  ITUPKYJISIIIMOHHBIC
BUXpH, KOJWYECTBO KOTOPBIX 3aBHUCUT OT
repemnana remieparyp to - ti.

Ananu3 AKCIIEPUMEHTAIEHBIX pabor,
MpeACTaBICHHBIX B [21], [22], mOKa3bIBaEeT, YTO B
JnuanazoHe u3MeHeHus uwcna ['pacroda ot
1.4-10> mo 107 B BO3mymHON mpOCIOiiKe
HAOMIOJaeTCad JAMHHAPHBI PEXUM TEUCHHS, a
pu Gr>10"  typOynenrtneni. Ilupuna
MPOCIIONKH, COOTBETCTBYIOIIAS TIEPEXOAY OT
JAMUHAPHOTO K  TYpOYJCHTHOMY  PEXKUMY
TEYCHHS, PaBHA

pa3BUTUA

. 72 2
b 257781072 (1476410 314, || x

X[rav+273J1/ 3

-t

®)

Ilpu pacuere TemnonoTeps dYepe3 OKHA
MpHUBEICHHBIH  KOY(DOUIMEHT  TETUIOOTAAYU
BO3AYIIHOM TMPOCIOMKH Ompenensercs Kak
cpeJHee 1Mo ee mHuprHe U BeicoTe. Ha ocHOBaHWM
SKCHEPUMEHTAIbHO IOJYYCHHON 3aBUCHUMOCTH
JUISL BO3AYITHOTO 3a3opa [23]
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03

Nuy=0.231- Gry 9)

a-x
rae uucno HyccenmpTa Nu = ;

air
(1)

V2

Cpennee 3Havyenue yncna Hyccenbra MOXHO
peacTaBuTh B BuC [20]

a 4HucJio

I'pacroda Gr=g- -

Nuy = (10)

! H
— | Nu,.dx
H I X
0

B [6] mpuBeaeHO KpHUTEpHATHHOE YpaBHEHUE
JAMUHAPHOTO TCUCHHS BO3/yXa B

MEKCTEKOIBHOM HPOCTPAHCTBE, npu
5<(H/b)<20, 1,4-10°<Gr<10° B BHOE

0.1
Nup =O.119-Gr0'3(%j (11)

rae b - mupuHa BO3AYIIHOTO 3a30pa.

COOTBETCTBEHHO HCCIIEIOBAHUIO [9]
MPHUBEICHHBIA KOA(D(QUIIUCHT TEIUIOOTIAYH IS
BO3YILIHON MPOCIONKHU B JUaria3oHe U3MEHEHUS
uhucna I'pacrodpa or 10° to 10 u (H/b)>5
pexomenayercs dpopmyia npu Pr=0.71

rlg).ZS

B pesynbrate npuBeAcHHBIH KO3(QHIIMEHT
TEIUIOOTAAaYM B BO3JYIIHOW MPOCIOWKE A
IIMPHUHBL b TIpeoOpasyeTcs K BULY

Nugy =0.165-G

Ared :1.086-(1—2.8910_4 -tava

x[(e1 -2 W eay + 273)]

(12)

JlyaucTeiii  TemmooOMeH B OKOHHBIX
KOHCTPYKIMSIX TPOUCXOAUT OT BHYTPEHHHUX
OTpaKJeHHUI (ITOTOJIOK, TIOJI, IIEPETOPOIKH U JIp.)
K BHYTPEHHEH TMOBEPXHOCTU  OCTEKIICHHUS.
Temneparypa Ha BHYTPEHHEH IOBEPXHOCTHU
OCTEKJIEHHSI B  XOJOAHYIO TIOTONy  HIDKE
TEMIIEPaTypbl  OKPYXKAIOIIUX IOBEPXHOCTEH.
BremrHAs TOBEPXHOCTH OKOHHOTO OCTEKJICHHSA
OTJIAeT JIyYUCTOE TEIUIO B OKPYXKAIOIIYIO CPELy.
JlyuucTerii  TEmIOOOMEH B MEXKCTEKOJIHLHOM
MPOCTPAHCTBE MEXIY OOpAIEHHBIMU JIPYr K
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JIpyTy HMOBEPXHOCTSMM OCTEKJIEHHS, KOTOpBIE C
y4eTOM JAHMaTepPMHH Cpeibl, CTAI[IOHAPHOCTH
npoiiecca, a TaKxe MIPUBEIEHHOTO
koopdummenta  m3nmydenuss  £=0,8815 wu
MOCTOSTHHOM Credana-bonpumana JUTS
a0COJIIOTHO YEpPHOTO Tela MOXHO OIPEACIIUTD
110 YPaBHEHUIO

O1_p = 4.998- (if —(T—ZT (13)

100 100

CyMMapHBI TEIUIOBOW TIOTOK OIpPEHeseTCsS B
pe3ynbTate neifcTBus MEXaHHU3MOB
KOHBEKTHBHOTO M JIyYHUCTOTO TEIJIO00MEHa,
MOCTIEAHAN T1eNIecO00pa3HO MPECTaBUTh B BHIE
drad = %ad -1 —t2). Bemm ¢, w3mensercs B

npeenax KoMQOpPTHON TeMrepaTypbl BO3ayXa B
nmoMemeHun t,=20-22 °C, a t, HapyKHOTO
Bo3ayxa ot -40 °C mo 10 °C, xo3ddummeHt
TYYUCTOM TEIUIOOTIa9N MOKHO
anmpPOKCUMUPOBATH 3aBUCUMOCTHIO
Arad=4.548+2.25-1) (14)

Ha ocHoBaHuu aHanu3a yCJIOBUM HaTE€KaHUA
BO3JlyXa Ha HABETPEHHYK CTEHYy MOXKHO
OTMETUTh, YTO 3HAYUTENBbHASS YacTh OKOH
MoTagaeT B 00J1aCTh 3aTOPMOKEHHOT'O TIOTOKA, B

KOTOpOMH MIPOUCXOIUT ¢dbopmupoBaHHe
ko3 duimeHTa TEmIOOTHaYM  NPH  BIHMSHUH
IyJIbCUPYIOLIEH  COCTaBIAIOIIENH MNPOAOIBHOU
ckopoctu U’

Agec=A-U' (15)
rae BemuunHa A=23.85 MOXXHO B3SITh U3
pe3yJbTaTOB HCCIIEIOBAaHUI HAaTEKaHUsS MJIOCKOU
CTpyH Ha nperpany [23] - [26].
Ilynbcupyromass cocTaBisionIasi CKOPOCTH
BETpa paBHA

5p.1 'O
U’=0_3.U0.{ﬂJ .
ho

rac UO — CKOPOCTb OCHOBHOI'O BO3AYIIIHOTO

n
Op.l.

P (16)

MOTOKa Ha BBICOTE /g, A - BBICOTA, HA KOTOPOH
ompeaensieTcs ckopoctb U', 8p ;] — TONIIMHA
MMOTPAHUIHOTO CJIOSA, 7 — IOKAa3aTellb CTETICHH,
3aBUCALIMN OT TUIA MECTHOCTH, ISl KOTOpOM
paccuuThIBaeTCS CKOPOCTh, ng — IIOKa3aTellb

CTCIICHU, 3aBHUCAINNI OT THIA MCCTHOCTH, Ha
KOTOpOﬁ PACIIONIOKCH (bmorep METCOCTAaHIIUHN.
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Cxema HaTekaHus Bo3ayxa Ha 3manue  ¢Gopmysie (19) mo BBICOTE OMpeaeNnseTcs o
npeactarieHa Ha puc. 4. CkopocTh Bo3ayxa B rpaduky (puc. 5).

|
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Puc. 4. Cxema o0TexkaHus 31aHUA BO3AYLIHBIM OTOKOM.
Fig. 4. Diagram of the airflow around the building.

Buvicoma, h, m ; § o [A‘ )f: |XB bICOMA 30aHUIL:
Height, h, m f ¥ ‘- J Height bziildings:
s i, A
/ Af// va xx’ —:A_ from 18 m
30 y 3 » S *’X * fO 7m
ye | P T
15 : Ckopocmy, U, m/c —
Velocity, U, m/s
0 | | |

0 6 12 18 24 30 36 42

Puc. 5. U3meHeHHe CKOPOCTH BeTPa MO BHICOTE 3aHUS.
Fig. 5. Wind velocity changes by the height near the building.

BOmm3u OOKOBOW IOBEPXHOCTH 3MaHMS Ha

3HAYUTEILHON 4acTu HaOmonaeTcs 5 ng n
peLupKyIsuus TeueHuil, T.e. BONM3M yria aqy =15-p-Ug [ﬂj [%_lj 19)
3laHUs ~ HMMEeTcs  y4yacToK, B  KOTOPOM ho h
IPOUCXOJUT cOpPOC BO3MYLUIHOTO IOTOKA C
HaBeTpeHHOﬁ CTOPOHBI. B 3TOM ciry4dac B KadyecTBe npuMepa paccMoTpuM
3Ha4CHU  KOOQQUIMEHTOB  TEIUIONMEPENAYH  pacrpeeleHHe K03 DHUIHEHTOB
OIpeeIsOTCs cormacHo [21], [27] TEIUIonepeayd OKOHHBIX KOHCTPYKLHMH (THUI
s YO s\ CTEKJOIAaKeTa — OJHOKAaMEpHbIH, puc. 1).
grad _ b. 1. b. 1. _
Aoy =3:066-Ug (h_J [TJ (17)  Temnepatypa HapysxHoro Bosayxa-20 °C; U= 5
0 M/C, BO3IYLIHBIM IOTOK HAaTEKaeT IOJ YIJIOM
Cpennee 3Ha4CHHC KOdGQUIIEHTa  90°. Ecnn TeMreparypa t, IpuHUMAaeTcs paBHON
TEIJIOOTAAYM Ha  OOKOBOM  NOBEPXHOCTHU TemmepaType HapykHOro Bosayxa -20°C,
OCTEKJICHUS I OKOH MOXKHO HPUHSTH PaBHBIM KOO(QDULUMEHT JIydHCTO TEIIOOTAAYH paBeH
Apad =4.098 B1/(M*°C) B COOTBETCTBHH C
— NpUBEACHHBIMU BBILIIE dhopmynamu.
@av =11 pair -U (18) TepMudyeckoe CONMPOTHBIEHUE CTEKOJ pPaBHO
Rg=0.00418 (M*-°C)/Br.
Pesynbratel pacuera ko3 Punmenrta
WJIM YYUTBIBasi CKOPOCTh OTPhIBA BO3AYIITHOTO TEIJIOOT/aYd HAa  HAPY)KHOM  IOBEPXHOCTH
IIOTOKA U €e M3MEeHeHHe 1o BbicoTe [25], [28] OCTEKJICHUS paccMaTpuBacMoOro 31aHuA

90
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npeactaBieHsl Ha puc. 6, 7. Kosddunment
TETUIOOTIAYH C BBICOTOW yBEIHYHMBAETCS,
MOCKOJIbKY BO3IYIIHBIA MOTOK y MOBEPXHOCTH
3eMiId  3aTOpPMaXHMBaeTcs, a  CKOPOCTh
BO3JYIIHOTO TOTOKa pacteT. [lpu 3TOoM T1IpH
CKOPOCTH BO3IYIIHOTO MOTOKa OT 1 M/c 70 5 M/c
U3MCHCHHE KOI(P(HUIMEHTa TEIUIOOTIAYd OT
9Ta)ka K 3TaKy He3HAUUTEIBHO.

Amnanmus W3MEHEHUS koadurmenrta
TEIIOOTNAYd B O0NAacCTH  TOPMOXEHHS U
TPaJlMCHTHOTO TEYCHUs IMOKA3bIBaCT, YTO HPHU
YBEJIIMYCHUH CKOPOCTH BeTpa OT 8 M/c 10 15 M/c

BBICOTC 31aHHS. TemmooomeH B
CBETOMNPO3PAYHBIX KOHCTPYKIHUAX
OCYIIECTBIISIETCS. OJHOBPEMCHHBIM JIEHCTBHEM
TEIJIONPOBOJAHOCTU U KOHBeKUuU. [Ipu stom y
HapY>KHOM MOBEPXHOCTH OKOHHOM KOHCTPYKLIMH
Ha0JIr01aeTCs BBIHYKJICHHAS KOHBEKIM,
BBI3BaHHAs BO3JIEHCTBHEM BHEIIHUX (DaKTOPOB.
Temnonepenaya OpPOUCXOOUT B TOHKOM CIIOE,
KOTOPBIH  HEMOCPEJCTBEHHO TPUMBIKAET K
Hapy>KHOH MOBEPXHOCTH.

Takum oOpa3oM, HEOOXOIUMO YTOYHHTH
3aBucuMocTh KTO He TONBKO OT CKOpPOCTH

KTO yBenuuuBaercst Oojee uem B 2 pa3a IO  BeTpa, HO M OT TeMmeparypsl, puc. 8, 9.

Kosghgpuyuenm mennoomoayu, B /gw OC) _4
Heat convection coefficient, W/(?:/ q) Obna cm m op Hl s | —+
120 Degelerqtion drea -

I paouenmuas opnacmo 13 m/s

Gradlient area 15 / s, P

90 F e | }‘EW s - 1
15m/s g =~ .-

|,
[

,"/
8777

5 m/s
- -’

@S, m

12

15 18

12 15 18

Puc. 6. U3menenne ko3 ¢unnenTa Tennonepesadn B 3aBUCHMMOCTH 0T CKOPOCTH BeTpa MO BBICOTE.
Fig. 6. The change in the heat convection coefficient depending on the wind speed in height.

Kos¢ppuyuenm mennoomoauu, Bm/(n/:2 OC)

| 1
20 l B
Heat convection coefficient, W/(m™~ C) L
100,00 e b
' A L, ’/EF
e /(—;’;d
L= iy e
; - LT

= e

50,00 — 775 -

s et } R
/ = L3 I
= = |
/f S o CROpoCHIs Gempd, W/c
= \ Wind speed, m/s
0 4 8 12

I'paouenmunasn conacmo
Gradient area -=—
Obnacmo mopmodiceHus

Deceleration area

h=3m h=

=3m , =6 msch=9m s h=I2m - h=15m —h=18m— h=21m
om + h=9m

h=12m h=18m ~*

h=15m

Puc. 7. U3menenne k03¢ puuneHToB Tenaonepeaavu B 3aBUCUMOCTH 0T CKOPOCTHU BeTPa MO BbICOTE.
Fig. 7. Change in heat convection coefficients depending on the wind speed in height.
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Kosgpduyuenm mennoomoauu, Bm/(n/:2 OC)
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BBICOTE MPH Pa3IHYHBIX TeMIepaTypax.
Fig. 8. Change in heat convection coefficients depending on the wind speed in height at
different temperatures.

Koadduumentsl TemnooTnaum omnpenaeneHbl
JUIS TEMIIEpaTypsl HapyKHOTO Bo3myxa S5 °C, -5
°C, 0 °C, -10 °C, -20 °C.

U3 rpaduka cremyer, YTO YeM HIDKE
TeMIieparypa u CKOpOCThb, TeM OOJIbIle BIHSIHUAE
TEeMIIepaTypsl Hapy»KHOTO BO3ayXa, pHC. 8.
Amnanus 3aBUCUMOCTH ko3 punmenta
TETUIOOT/IA4X TTOKa3all, YTO TPU BHICOTE 3IaHUS
Oornee 18 M HEOOXOAMMO yYUTHIBATH HE TOJBKO
BJIMSIHUE CKOPOCTH BETpa, HO M TEMIEpaTyphbl

(puc. 10).

Ha pumc. 11 mokazana  3aBHCHMOCTH
ko3 duimenTa TEmIOOTHAYM OT  KPUTEpHs
Peiinonpaca.  CormacHo — pacueTaM — peXHM

JIBUKCHHS BO3[yXa TypOYJISHTHEIH.

Kax Bumno w3 puc. 11, MOXHO MOTYyYUTh
3aBUCHMOCTh KO3((UIMEHTA TEIUIOOTIAYMd Ha
OOKOBOIl  CTOpPOHE 3HaHUS OT KpUTEpHUs
Peiinonpaca, T.., B KOHEYHOM CYe€TE, OT
W3MEHEHHUS TapaMeTPOB HAPYKHOTO KJIIMMAaTa

241070 -Re+0.848- U

aRe =—6-1071 .Re

3aBUCUMOCTh KO3((UIMEHTa TEIUIOOTAAYH
OT TEMIIEpaTypbl HApYKHOTO BO3JIyXa CIEIyeT
paccMaTpuBaTh Ha BbICOTE Oomee 15 M ot
MOBEPXHOCTH 3€MJIH , B 3TOM CIIydae

TI0 TeMIepaType

Aoyt = o qy(=0,0038 14, +0.9772)

o yucity Re
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@Re = Eav(z 1078 . Re+ 0.4173j

[ToydeHHass 3aBUCUMOCTh HMMEET HPOCTOMH
BUJ, (PM3MUYECKU 00OCHOBaHA U TIOATBEPKIACTCS
HAMEIOIUMMUCS pe3yibTaTaMu TIPYTHX
ncciaenonarenaei. Ee MOXHO HMCIOIB30BaTh IS
OIICHKM DJHEPromnoTpeOJICHNs, OICHKH Kiacca
3HeprodhHeKTUBHOCTH 3HaHUMN, Pa3pabdOTKU U
OIICHKHA MEPOIPHATHI M0 3HEProcOEepeKCHHUIO B

3aBUCHUMOCTHU oT napamMeTpoB Hapy>XHOTO
KiiuMarta.

= -5 2

k=k-[=5-107 15,1 —0.0046 - 1, +0.9776

Ha ocHoBaHMM TONyYeHHBIX PE3YJIHTaTOB
paccuuTaHbl  KO(QQUIMEHTHl TEeIUIoNepeadun
OKOHHOW KOHCTPYKIIMH C  HCIIOJIb30BAaHHEM
ONHMCaHHOTO BHIIIE Toaxoa (puc. 12- puc.17).

Kak Bumno u3 rpaduka, Ha K03)UIMEHT

TEIIO0TAaYN CYLIECTBEHHOE BIMSHHIE
OKa3pIBa€T CKOPOCTh BETpa, HO M 30HA
Hatekanus. Ko>dduuueHt Temnoormaum B
rpaJMeHTHO 00JacTH Ha BBICOTE 6 M
M3MEHSETCS oT 1.82 Br/(m*°C) 10
2.8 Br/(M*°C), B 30He TOPMOXEHHS OT

2.05 Bt/(M*°C) to 2.83 Br/(M*°C), Ha GOKOBOM
IIOBEPXHOCTH 1.15 Br/(m*-°C) 10
2.64 Br/(M>-°C). Takum 00pa3oM, CKOPOCTb
BETpa OKa3bIBAET CYIIECTBEHHOE BJIUSHHE Ha

TEIJIOBOM pEeXUM TMOMEIICHUs, B CiIy4ae
WCTIOJB30BAHUS YCpPEIHEHHBIX 3HaYEHUI
MIPOUCXOAUT HEZO0TpeB WIH Meperpes
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INOMCIICHUS, B I000M CjIyqac 3TO IPUBOAUT K YBCIMYCHUIO DOHEPTrO3aTpar.
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Fig. 11. The heat convection coefficient on the side cell depending on criterion Re.
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Fig. 12. . The heat transfer coefficient of the window in the gradient area.
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Fig. 13. . The heat transfer coefficient of the window in the deceleration area.
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Fig. 14. . The heat transfer coefficient of the window on the side.
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Fig. 15. The heat transfer coefficient in the gradient area considering changes in outdoor temperature
of the window.
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Fig. 16. The heat transfer coefficient in the deceleration area considering changes in outdoor
temperature of the window.
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TeMIepaTypbl HAPYKHOT0 BO3/1yXa
Fig. 17. The heat transfer coefficient on the side considering changes in outdoor temperature of the
window.

Hdns ydera Bcex mMmapaMeTpOB Hapy>KHOTO
KIuMaTa HEOOXOANMO KOPPEKTHPOBaTh
ko3 uumeHT Temnonepenaun B 3aBHCHMOCTH
OT METEOIapaMeTPOB.

B pesynerare uccnenoBaHWi YCTaHOBIICHO,
YTO C HABETPEHHOW CTOPOHBI 3/IaHUS Ha BBICOTE
Oomee 15 M OT TIOBEPXHOCTH 3EMIIH, IIPH
ckopocTH Bo3ayxa 11 M/c u Temmeparype
HapykHoro Bo3znyxa 10 °C B 30HE TOPMOKCHHUS
ko3 pupenT Temwnoornaun 2.9 Br/(m>°C), B
rpaguenTHoit  obmactu 2.8 Br/(M*°C), Ha
00KOBOIt 2.6 Br/(M*°C). CornacHo
MIPEJICTABICHHBIM 3aBUCUMOCTSIM MPH CKOPOCTAX
BeTpa A0 5 M/C 3TaKHOCTH 3/1aHUs UMeeT ciadoe
BIMsAHUE Ha KO3(duuuenT temnonepeaayn. [Ipu
3TOM KOPPEKTUPOBKY ko3 PuImeHToB
TEIUIOOTJAYd IO TeMIepaType Hapy>KHOTO
BO3/lyXa PEKOMEHAYeTCs AenaTh A 3AaHui
Oonee 15 M OT MOBEPXHOCTH 3EMIIH.

BbIBO/IbI
[TosnydeHsl sMOMpUYECKHE 3aBUCUMOCTH IS
OIpeACICHUSA TEIUIO3AIUTHBIX CBOICTB

COBPEMEHHBIX CBETONPO3PAYHBIX KOHCTPYKIIUH
OT TEKYIIUX IapamMeTpoOB HApYKHOTO BO3JayXa.
3aBUCHUMOCTh MMEET NPOCTOH BHI, (U3NYESCKU
000CHOBaHA M MOITBEPIKAACTCA HMECIOIUMUCS
pesylbTaTtaMu Jpyrux uccienosareneil. Ee
MOJKHO HCIIOJIE30BaTh I 00Jee TOYHOM OICHKU
TOJIOBOIO 3HEPTONOTPEOICHUS 31aHUH U OLICHKH
sHeprocOepekeHusi, B clydae HCIIOIb30BaHUS
COBPEMEHHBIX CTEKJIOMIAKETOB.

IpencraBieHHBIC OIMIUPHUICCKHE
3aBHCUMOCTH KO3(UIIMEHTa TeIionepeadn OT
CKOPOCTH BETpa W TEMIIEPATYPbl HAPYKHOTO
BO3/IyXa IMO3BOJISIFOT OICHUTH TEIUIO3AIUTHBIC
KAaueCTBa OKOHHBIX KOHCTPYKIHUH B IpPOLECcCce
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SKCIUTyaTalluy C YY€TOM M3MEHEHUS BHEIIHUX U
BHYTPEHHHUX BO3MYIIICHUI.

Kak crnenyer w3 monydeHHBIX B paboTte
pe3ynbTaToB, K0d()(PHUIMEHTH! Terionepeayn B
3aBUCUMOCTH OT CTOPOHBI 3[IaHUS Pa3IMUaIOTCS
Ha 15-20 %, 4To cymiecTBEHHO, TaK Kak MOTepU
TEIUTa 4Yepe3 CBETOMPO3padHble KOHCTPYKIIHU
COCTaBJIIIOT 55-65 % oT cymmapHsIx [29].

Temnodpusnyeckre mapamMeTpbl  OKOHHBIX
KOHCTPYKITUI OKa3bIBAIOT CYIIIECTBEHHOE
BIUSHAE HE  TOJNBKO HA  MHKPOKJIMMAT
IIOMEIICHUM, HO M Ha JOJTOBCYHOCTH 3JaHMIM,
MO3TOMY  TaK  BaXHO HX  KOPPEKTHOE
ompezeneHue.
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Energy-Efficient Modes of Dehydration of Pome Fruits during Microwave
Treatment in Combination with Convection

Popescu V., Visanu V., Balan M., Melenciuc M., Volconovici O., Balan T.
Technical University of Moldova
Chisinau, Republic of Moldova

Abstract. The aim of the work is to significantly increase the efficiency of the dehydrating process of
fruits with seeds, by treating it with microwaves in combination with convection. To achieve the
purpose, an electrical installation was designed, produced, tested, optimized and implemented, which
applies the combined technological treatment method in the dehydration process. Pears were selected
as the object of the research in particular, because currently the production of these seeded fruits is not
fully exploited, but they are of an increased interest for the agricultural producers and for specialized
enterprises, and their dehydration by the methods currently used is difficult, especially because of the
browning effect that occurs in the heat treatment process. The essential results obtained based on the
research carried out, regarding the application of the elaborated installation, are: reduction of electricity
consumption and treatment duration, increase in productivity and quality of dehydrated fruits. At the
same time, the developed installation is simple in construction, has low cost and is easy to use, and
during fruit processing it allows strict monitoring of the technological parameters, and researches
demonstrated a high level of safety in operation. The significance of the obtained results lies in the
solution to a series of problems, which are currently faced by the enterprises specialized in fruit
processing, in particular by significantly increasing the efficiency of the process of dehydration of pears,
based on the proposed method of combined treatment, predominantly with increasing the speed of
dehydration, energy efficiency, quality of final products and profitability.
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convection.

DOI: https://doi.org/10.52254/1857-0070.2023.3-59.09
UDC: 664.8.047.38:634.25

Regimurile energoeficiente de deshidratare a fructelor cu seminte prin tratarea cu microunde in
combinatie cu convectia
Popescu V., Visanu V., Balan M., Melenciuc M., Volconovici O., Balan T.
Universitatea Tehnica a Moldovei, Chisinau, Republica Moldova

Rezumat. Scopul lucririi consta in determinarea regimurilor eficienti ai procesului de deshidratare a fructelor cu
seminte, prin tratarea cu microunde in combinatie cu convectia. Pentru atingerea scopului propus, a fost proiectata,
elaboratd, testatd, optimizata si implementata o instalatie electrica, care aplicd in procesul de deshidratare, anume
procedeul de tratare tehnologicd, care combind microundele si convectia. Au fost selectate in calitate de obiect al
cercetdrilor in mod special perele, deoarece, actualmente, productia de aceste fructe semintoase nu este
valorificata pe deplin, dar ele totusi prezintd un interes sporit pentru producatorii agricoli si pentru intreprinderile
din industria de procesare, iar deshidratarea lor prin metodele utilizate in prezent este dificila, indeosebi din cauza
efectului de brunificare, care apare frecvent in procesul de tratare termica. Rezultatele esentiale obtinute in baza
cercetarilor realizate, privind aplicarea instalatiei elaborate la deshidratare perelor, sunt: reducerea consumului de
energie electrica si a duratei de tratare termica, cresterea poductivitatii si a calitatii fructelor deshidratate. Instalatia
elaborata este simpla din punct vedere constructiv, are cost redus si este usor de utilizat, iar la procesarea fructelor
permite monitorizarea stricta a parametrilor tehnologici si pe durata cercetarilor a demonstrat un nivel inalt de
siguranta in functionare. Semnificatia rezultatelor obtinute consta in solutionarea la o serie de probleme, cu care
se confruntd actualmente intreprinderile specializate in prelucrarea fructelor, in deosebi prinvind cresterea
semnificativa a eficientei procesului de deshidratare a perelor, in baza procedeului propus de tratare combinata,
preponderent cu sporirea vitezei de deshidratare, a eficientei energetice, a calitatii produselor finite si a
rentabilitatii.

Cuvinte-cheie: instalatie electrica, proces de deshidratare, fructe cu seminte, eficientd energetica, microunde,
convectie.
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JHeprodddeKTUBHBIE Pe;KUMBI 00€3BOKHBAHMS CEMEYKOBBIX IJ10/10B Npu 00padorke CBY B coueranuu ¢
KOHBCKIHEH
IHonecky B., Bumiany B., basan M., Meaenuyk M., Boikonosuu O., banan T.
Texanueckuil yHuBepcuTeT MOJIIOBBI
Kummnes, Pecrrybnmnka Momnmosa

Annomayun. llensio nmaHHON pabOTHl SBISETCA 3HAYUTENBHOE IIOBBIIICHHE J(PQPEKTHBHOCTH IIpoIecca
00€3BOXKMBAHMS IUIOJIOB C CEMEHAMH, ITyTeM 00pabOTKH MX MHUKPOBOJHAMH B COYETAHUH C KOHBEKIMEH. [l
JIOCTHKEHUS IIOCTaBJICHHOMW LIeJIN OblIa CIPOEKTHPOBaHa, pa3paboTaHa, UCTIBITaHa, ONITUMU3UPOBaHA 1 BHEAPEHA
JJIEKTPOYCTAaHOBKA, NPUMEHseMasi B nporecce 00e3BOXKHMBaHHUS (PYKTOB, & UMEHHO METO]| TEXHOJIOTHYECKOH
00paboTKy, coueTalomuii MUKPOBOJHBI U KOHBEKIMIO. B KauecTBe 00ObekTa HCCieOBaHUS OBLIM BHIOPAHEI
MMEHHO TPYIIH, TaK KaK, Ha JaHHBIII MOMEHT, IIPOU3BOJICTBO 3TUX CEMEUYKOBBIX IIJIOIOB OCBOECHO HE B IOJIHOM
Mepe, HO OHHU IO-TIPEKHEMY INPEJCTaBIAIOT IOBBINICHHBI WHTEpEC ISl CEeNbXO3MPOU3BOJAMTENCH M IS
CTEUAIN3UPOBAHHBIX MPEINPHUATHI B 00J1acTH NiepepabaThiBalolIeii IPOMBIIIIIEHHOCTH (PYKTOB, ¥ MX CYIIIKA
UCTIONB3YEMBIMH B HACTOSIIEE BpeMs croco0aMy 3aTpyJHEHAa W IPOOJIeMaTHYHA H3-32 HEOJIArONpHATHBIX
3((exToB, KOTOPHIE YaCTO BO3HUKAIOT B IIpOIlecce TePMUIECKO 00paboTku, 0cobeHHO 3¢ dekTa moTeMHeHHs,
KOTOpBII HENW30eXHO BO3HMKAaeT B mponecce. CymeCTBEHHBIMH pe3yibTaTaMH, IMOIYYEHHBIMH Ha OCHOBE
MPOBEICHHBIX HCCIEIOBaHWN MO TPHMEHEHUIO pa3paOO0TaHHOW YCTAaHOBKH [UIS CYIIKH TPYIIH, SBISIOTCS:
CHIDKEHHE HEPro3aTpar U MpOoJ0JDKUTEIEHOCTH TEPMUIECKOH 00pabOTKH, OBBIIEHHE IIPON3BOIUTEIIEHOCTU U
KayecTBa CyIIEHBIX IIOAOB. [Ipwm 3TOM pa3zpaboTaHHas yCTaHOBKA HMPOCTa ¢ KOHCTPYKTHBHOW TOYKH 3pPEHHMA,
MMEeT HEBBICOKYI0 CTOMMOCTh M yIoOHa B DKCIUIyaTallMd, a IpH HepepaboTKe IUIOJOB IMO3BOJISIET CTPOTO
KOHTPOJIMPOBAaTh TEXHOJOTHYECKHE IapaMeTpbl W B XOJe HCCIEAOBaHUI IOKa3aja BBICOKHH YpOBEHb
0e301acHOCTH TPU  HCIOJIBb30BaHUU. 3HAYMMOCTH pE3YyJIbTAaTOB, IOJYYEHHBIX Ha OCHOBE IPOBEACHHBIX
UCCJICJIOBAaHMH, 3aKJIIOYaeTcsl B PELICHUH psiJa HACyIIHBIX HpoOJieM, C KOTOPHIMH B HACTOSIIEE BpeMs
CTAJKHMBAIOTCS CIELUUAIM3UPOBAHHBIE TPEIIPHUATUS B 00JacTH InepepaboTku (PYKTOB, OCOOEHHO B YacTH
3HAYNUTEIBHOTO TIOBBIMECHUS 3(PQPEKTUBHOCTH IIpomecca O0E3BOKMBAHUS IUIOJOB C CEMEHAaMH, HAa OCHOBE
MpeAIaraeéMoro MeTony o0paboTKH ITyTeM COYCTaHHsS MHUKPOBOJIH M KOHBEKIMH, YTO B OCHOBHOM MOBBIIIACT
CKOPOCTBH 00€3BOXKMBAHUS, JHEPTrod3PPEKTUBHOCTH, KAUECTBO TOTOBOH MPOAYKIIMN U PEHTA0EIbHOCTD.
Knrwouegvle cnoea: >neKTpoyCTaHOBKA, IIpoLiecc 00€3BOKUBAHMA, (PPYKTHI C CEMEHAMH, SHEProd(P(EeKTHBHOCTS,
MHKPOBOJTHBI, KOHBEKIIHSL.

Introducere literatura de specialitate [10-12, 17-22, 29-33, 35-

In prezent, instalatiile de deshidratare a 36]

produselor agricole sunt bazate pe tehnologii cu
eficienta scazuta, care necesitd in prim plan un
timp indelungat pentru tratarea termica.

Acest fapt influenteazd negativ asupra
calitatii produselor finite si contribuie nemijlocit
la sporirea consumului de energie electrica.
Astfel, pentru eficientizarea procesului de
deshidratare, este nevoie ca in cadrul
intreprinderilor ~ specializate din  domeniul
industriei de procesare a produselor agricole, de
implementat instalatii bazate pe noi metode de
prelucrare tehnologica [4-8, 12-14, 21-24, 28, 37].

Trebuie de mentionat faptul ca
perfectionarea instalatiilor de procesare, tot
timpul a fost in vizorul cercetdtorilor din
domeniu, atat din tara cat si din strdindtate, iar
problemele ftintite mereu au fost cresterea
productivitatii, a calitatii produselor finite, a
eficientei energetice, a simplitatii constructive, a
sigurantei de functionare a utilajului, etc.

Toate aceste probleme descrise au ramas
incd nesolutionate definitiv si sunt si in prezent
abordate in multe exemple de studiu si in

Problemele mentionate se evidentiaza in
cazul deshidratarii in rondele a fructelor
semintoase cu continut bogat in fier, cum sunt si
perele, deoarece viteza redusd si durata mare a
procesului, in baza metodelor de tratare aplicate
la moment, provoaca efecte adverse, cum este
brunificarea, preponderent cu oxidarea stratului
superficial si reducerea calitatii produselor finite
[2-5, 23-27,30-34].

Dupd cum remarcd multi savanti din
domeniu  repectiv, cresterea vitezei de
deshidratare si reducerea duratei procesului de
prelucrare tehnologicd, nemijlocit impiedica
aparitia efectelor adverse, care afecteaza calitatea
producelor finite [1-3,7-9,11-13, 15-18].

Studiile efectuate pana acum nu au evaluat
in mod suficient eficienta procesului, privind
performantele sau avantajele si dezavantajele
uscarii  fuctelor semintoase in rondele, cu
combinarea convectiei si a microundelor, cu atat
mai mult nu a fost abordat exemplul perelor, care
sunt extrem de sensibile, atat la procesul de
prelucrare, ct si cel de pastrare. Indeosebi nu sunt
studiate particularitatile de procesare tehnologica
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a acestor fructe prin metoda propusa si nu sunt
stabilite regimurile eficiente de tratare, cu
indicarea parametrilor tehnologici optimali pentru
asigurarea calitatii rondelelor de fructe prelucrate
[26-29, 32-36].

In primul rand, cercetirile realizate pana la
moment, au scos in evidenta unele contradictii cu
referire la indicatorii de calitate a rondelelor de
fructe uscate prin diverse metode. Unii cercetatori
afimd cd fructele deshidratate prin convectie au
calitate mai ridicata fatd de cele procesate prin
tratarea cu microunde, insa altii remarca ca la
convectie predomind frecvent efectele adverse
precum carbonizarea, in cazul cresterii
temperaturii pentru sporirea vitezei procesului si
pentru reducerea efectului de oxidare a
substratului, iar la microunde procesul de
deshidratare la viteze mari se transforma in
preferbere [22-24, 31-34]. Din acest punct de
vedere nu se asigura indicatorii de calitate,
conform cerintelor impuse de piata si necesitatile
consumatorilor cu referire la proprietatile
organoleptice corespunzatoare pentru
comercializare si consum, cum ar fi: aspectul
rondelelor, culoare, miros si gust.

Astfel, dupa cum remarca multi savanti din
domeniu respectiv, cresterea eficientei procesului
de deshidratare a fructelor, poate fi realizata
numai prin studii ample, din punct de vedere
cantitativ si calitativ, in vederea eficientizarii
procesului, ceea ce ar permite evitarea efectelor
adverse, sporind stfel calitatea produselor finite
[14-18, 30-32, 34-36].

Asadar, cercetarile realizate 1n cazul acestei
lucrari au fost focusate spre atingerea scopului de
identificare a solutiilor cu privire la sporirea
eficientei procesului de deshidratare a diferitor
specii de fructe sensibile si cu dificultati la
prelucrare, cum sunt ca exemplu perele in cazul
respectiv, selectate ca obiect de cercetare in acest
studiu. Pentru atingerea acestui scop a fost
proiectatd, elaboratd, testatd si implementatd o
instalatie experimentald pentru uscarea perelor in
rondele, cu aplicarea tratarii prin combinarea
microundelor si a convectiei, in baza careia au
fost realizate cercetdrile si au fost stabilite
regimurile optime de tratare tehnologica.

Instalatia experimentala a fost elaborata ca
rezultat al colaborarii dintre cercetatorii din cadrul
Departamentelor Inginerie electrica, Ingineria
fabricatiei si Inginerie mecanica, a Univeristatii
Tehnice a Moldovei, preocupati de problemele
descrise in realizarea cercetarilor comune in
directia identificarii solutiilor privind
eficientizarea procesului de deshidratare a
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fructelor cu sensibilitate mare si cu dificultati la
procesare.

Cercetarile au fost realizate pe exemplul
mai multor specii pomicole de fructe semintoase,
insa preocupdrile principale, dupa cum s-a
evidentiat, au fost axate pe exemplul perelor,
deoarece aceste fructe la moment prezinta interes
si dupa cum s-a mentionat, sunt mult mai sensibile
la prelucrare, iar in procesul de deshidratare prin
metodele aplicate traditional, apar inevitabil
efecte adverese care reduc considerabil calitatea,
cum este ca exemplu frecvent anume efectul de
brunificare.

Rezultatele obtinute in baza instalatiei
elaborate, au demonstrat cd, aplicarea metodei

propuse cu combinarea convectiei si a
micoundelor la deshidratarea perelor in rondele,
permite:  cresterea  vitezei  deshidratarii,

micgorarea timpului de prelucrare tehnologica,
sporirea eficientei energetice, cresterea calitatii
rondelelor de fructe ca produse finite si reducerea
costurilor de procesare.

Atingerea acestor rezultate a fost posibila
prin sporirea eficientei procesului de tratare
tehologica, cu majorarea ratei de evacuare a
umiditatii din produs in timpul tratarii termice,
prin intensificarea aportului de incalzire a
produsului, atat din interior, cat si din exterior,
prin aplicarea tratarii cu microunde in combinatie
cu convectia. Acest fapt a permis de a creste
esential viteza deshidratarii si de a reduce
semnificativ durata prelucrarii termice, cu
asigurarea temperaturii si incalzirii uniforme in
fiecare punct al zonei de tratare si prevenirea
efectelor adverse.

Mai mult decat atat, instalatia propusa de
autori este simpla constructiv, are cost redus si se
utilizeaza usor.

Totodata, instalatia permite monitorizarea
riguroasa a parametrilor tehnologici ai procesului,
jar pe parcursul cercetdrilor realizate, atat in
conditii de laborator, cét si in conditii reale la
implementarea in cadrul unei Iintreprinderi
specializate din domeiu, a demonstrat un nivel
inalt de siguranta in functionare.

Astfel, se poate de evidentiat faptul, ca
rezultatele obtinute in baza cercetarilor efectuate,
au contrubuit nemijlocit la solutionarea unor
probleme actuale stringente, cu care se confrunta
intreprinderile din domeniul industriei produselor
agricole, prin sporirea eficientei procesului de
deshidratare in rondele a fructelor de specii
pomicole sensibile cum sunt perele, preponderent
Cu cresterea eficientei energetice, micsorarea
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cheltuielelor de procesare si cresterea calitatii
produselor finite.

MATERIALE SI METODE

In aceastd lucrare, metodologia de
cercetare este bazatd pe metode standard de
analiza si studiu.

Initial, seriile de experimente realizate la
primele etape ale cercetarilor, au fost efectuate in
conditii de laborator, iar ulterior au fost continuate
in conditii reale, in cadrul unei intreprinderi
specializate, pentru a estima eficienta instalatiei
elaborate privind implementarea ei in practica.

Asadar, seriile de experimente privind
cercetarea procesului de deshidratare au fost
realizate in baza instalatiei experimentale
elaborate, care este prezentata in figura 1.

Aceasta instalatie experimentald elaborata
de autori, ofera posibilitatea de a cerceta procesul
de deshidratare a fructelor atit dupa metoda
clasica, cat si dupa metoda propusa — cu aplicarea
tratarii prin combinarea microundelor si a
convectiei.

Pentru a monitoriza toti
tehnologici  caracteristici

parametrii
procesului  de

deshidratare a fructelor semintoase, la instalatia
elaborata este prevazuta conexiunea la calculator,
care aplica softul specializat IgiCOM&UTDryer—
V.2.0.2, pentru inregistrarea si prelucrarea datelor
experimentale.

1 - blocul convectiv; 2 - blocul de microunde.
Figura 1. Instalatia experimentala elaborati pentru cercetarea procesului de deshidratare a
fructelor cu seminte.

1 - the convective block; 2 - the microwave block.
Fig. 1. The experimental plant developed for the research of the process of dehydration of fruits
with seeds.

Astfel, calculatorul conecat la instalatie,
receptioneaza si prelucreaza informatia primita de
la traductoarele instalatiei, care monitorizeaza
parametrii procesului tehnologic.

In calitate de obiect al cercetirilor au fost
selectate anume perele, deoarece dupa cum s-a
mentionat, aceste fructe semintoase sunt extrem
de sensibile la procesul de deshidratare, cauzand
aparitia efectelor adverse cum este brunificarea,
iar la momentul actual ele prezinta interes pentru
multi producitori agricoli si pentru intreprinderile
specializate din domeniul industriei prelucratoare.
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La efectuarea experimentelor, perele
supuse deshidratarii au fost tdiate in rondele cu
diverse grosimi in diapazonul 2-10 mm si au fost
deshidratate pentru comparatie, atat dupa metoda
clasica, cat si dupa metoda propusa — cu aplicarea
tratarii prin combinarea microundelor si a
convectiei, iar fructele au fost supuse procesului
deshidratarii de la valoarea maximala initiala de
89 + 0,5%, pana la cea finala minimala de 19 % +
0,5%, stabilitd ca optimald pentru pastrare si
comercializare.
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Asadar, pentru fiecare metoda examinata,
au fost urmadriti urmatorii parametrii: viteza
deshidratarii, timpul de procesare tehnologica,
consumul de energie electrica si calitatea
produselor finite.

REZULTATE SI DISCUTII

Astfel, in baza experimentelor realizate, s-
a constatat ca, pentru a creste viteza deshidratarii
si pentru a reduce durata prelucrarii fructelor, este
necesar de a spori rata de evacuare a umiditatii din
produs in timpul procesarii tehnologice. Acest
fapt s-a dovedit de a fi posibil doar prin
intensificarea aportului de incilzire a produsului,
atat din interior, cat si din exterior, iar acest
mecanism a fost posibil numai prin aplicarea
tratarii cu microunde in combinatie cu convectia.

Astfel, pentru stabilirea parametrilor
tehnologici optimali ai procesului cu eficienta
maxima, s-a examinat procesul de deshidratare a
perelor cu aplicarea metodei clasice si a celei
propuse, realizindu-se multiple serii de
experimente repetate, efectuate pentru: diferite
regimuri de temperatura ale aerului in diapazonul
30-90°C, diferite viteze ale aerului in diapazonul

0,800
0,700
0,600
0,500

0,400

(0u/9r), (%/min)

0,300

0,200

Viteza deshidratarii, Dehydration rate,

0,100

0,000

15,00 25,00 35,00 45,00

55,00

0,5-3,0 m/s, diferite grosimi ale rondelelor in
diapazonul 2-10 mm si diferite regimuri ale
microundelor 50-500 W.

In timpul experimentelor realizate, s-a
evidentiat faptul, ca, eficienta prelucrarii si
calitatea produselor finite sunt intr-o strinsa
dependenta de viteza deshidratarii si durata
procesarii, care la randul lor depind de procedeul
de deshidratare aplicat si de intensitatea
parametrilor tehnologici.

Asadar, in figura 2 se prezinta, curbele de
viteza a deshidratarii prin metoda clasica, pentru
perele cu grosimea optimald a rodelelor stabilita
de 4 mm, la viteza optimala a aerului de 2,0 m/s,
pentru 5 regimuri de temperatura selectate pentru
exemplificare — 50°C, 60°C, 70°C, 80°C, 90°C,
din seria celor examinate.

Astfel, analizidnd cinetica deshidratarii
perelor prin metoda clasica, pentru diferite
regimuri de temperatura, s-a observat o reducere
uniforma a umiditatii Tn timp, iar durata
deshidratarii de la valoarea maximala initiald pana
la cea finald optimald, variazd in functie de
regimul de temperatura examinat.

—@— 50°C
—@— 60°C

70°C
—@— 80°C

90°C

]

65,00 75,00 85,00 95,00

Continutul de umiditate, Moisture content (%)

Figura 2. Curbele de viteza a deshidratarii prin metoda clasica.
Fig. 2. Dehydration velocity curves by the classical method.

Ca exemplu, pentru grosimea optimala a
rondelei stabilitd de 4 mm s-a observat ca: pentru
regimul termic de 50°C — durata deshidratérii este
de 259 minute, pentru regimul cu intensitatea de
60°C — durata deshidratarii este de 216 minute,
pentru regimul de 70°C — durata este 173 minute,
pentru 80°C — durata este 152 minute si respectiv
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pentru regimul cu intensitatea maxima de 90°C —
durata deshidratarii este 108 minute.

In baza studiilor de cinetica realizate, s-a
evidentiat faptul ca durata deshidratarii este invers
proportionald cu intensitatea regimului termic si
variaza in limitele 108 minute si 259 minute.

In camera temperatura este uniforma. Mai
mult ca atit, S-a observat ca la viteze mici de
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deshidratare pentru regimurile cu intensitate
redusd si darata mai mare a procesdrii termice,
apar efecte adverse evidente de brunificare, iar la
cresterea vitezei deshidratarii cu scopul de a
combate efectul de brunificare, pentru regimurile
cu intensitate sporita si cu duratd mai mica de
prelucrare, apar defecte pronuntate de carbonizare
a stratului superficial al produsului si astfel nici
un regim nu s-a evidentiat ca fiind eficient din
punct de vedre a calitatii finale obtinute, insa, se
poate de mentionat ca rezultate mai satisfacatoare
obtinandu-se pentru regimul de 60°C.

Asadar, s-a confirmat ca, la majorarea
temperaturii pentru cresterea vitezei procesului si
pentru evitarea efectului de brunificare, apare ca
rezultat alt efect advers precum carbonizarea
stratului  superficial, fapt ce inrdutateste
semnificativ calitatea produsului final.

Totodata, analizand procesul de uscare cu
diferite viteze ale aerului in diapazonul 0,5-3,0
m/s, s-a confirmat cd, odatd cu crestertea vitezei
aerului, creste si viteza de deshidratare, insa
valoarea optimald a vitezei aerului pentru
deshidratarea eficienta, constituie 2,0 m/s, pentru
cd la viteze mai mari, are loc scdderea calitatii
produselor prin deformarea rondelelor si totodata
se reduce efienta energeticd a procesului, din
cauza intensificarii evacuarii energiei termice din

0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10
0,00

Viteza deshidratarii, Dehydration rate,
(0w@T), (%/min)

0,0 10,0 20,0 30,0 40,0

camera de uscare odatd cu evacuarea umiditatii
din produse.

Examinand procesul de uscare pentru
diferite grosimi ale rondelelor in diapazonul 2-10
mm, s-a confirmat ci, cu cat grosimea rondelelor
este mai redusa, creste viteza deshidratarii si se
reduce timpul de prelucrare tehnologicd, insa
grosimea optimala s-a dovedit a fi cea de 4 mm,
pentru cd la grosimea mai mica, are loc reducerea
calitatii produselor si aparitia reactiilor adverse,
precum preuscarea si carbonizarea stratului
superficial.

Pentru identificarea solutiilor privind
ameliorarea problemelor mai sus mentionate, la
urmatoarele etape ale cercetarilor realizate, s-a
examinat cinetica deshidratarii perelor, cu
aplicarea metodei propuse de tratare cu
microunde in combinatie cu convectia.

Asadar, in figura 3 se prezinta, ca exemplu,
curbele de vitezd a deshidratarii perelor, cu
aplicarea metodei propuse, pentru 5 regimuri
selectate pentru exemplificare — 180W, 225W,
270W, 315W, 360W, din seria celor examinate in
diapazonul 50-500W.

Ceilalti parametrii tehnologici stabiliti ai
procesului cu eficienta maxima in cazul dat au
constituit: viteza optimalda a aerului 2,0 m/s,
temperatura optimala a aerului 60°C, grosimea
optimala a rondelelor de 4 mm.

360 W
——315W
270 W
A\ —0—225W
180 W
50,0 60,0 70,0 80,0 90,0

Continutul de umiditate, Moisture content (%)

Figura 3. Curbele de viteza a deshidratarii prin metoda propusa.
Fig. 3. Dehydration velocity curves by the proposed method.

Astfel, examinand cinetica deshidratarii in
baza metodei noi, s-a constatat cd, durata
deshidratarii perelor de la umiditatea initiala de 89
+ 0,5%, pana la cea finald de 19 + 0,5%, depinde
de regimul tehnologic de tratare in felul urmator:
pentru 360W — durata deshidratarii este de 72
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minute, pentru 315W — este 113 minute, pentru
270W — 152 minute, pentru 225W — este de 194
minute, iar pentru 180W - durata deshidratarii este
de 251 minute.

Asadar, la deshidratarea prin tratarea cu
microunde in combinatie cu convectia, conform
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studiilor de cineticd realizate, s-a evidentiat faptul
ca durata deshidratérii este invers proportionala
cu intensitatea regimului si variaza in diapazonul
72 si 251 de minute, fiind semnificativ mai mica
fatd de metoda clasica, datorita sporirii vitezei
deshidratarii prin metoda propusa.

S-a observat ca, la intesificarea regimului
de tatare pentru cresterea vitezei procesului apar
efecte adverse precum preferberea si modificarea
structurii poroase, fapt ce inrautateste calitatea
produsului  final, iar regimul optim al
microundelor pentru prelucrarea eficienta s-a
stabilit cd este 315 W.

Astfel, in urma realizarii a mai multor serii
de experimente si examinand mai multe regimuri
pentru ambele metode de tratare, s-au stabilit
regimurile cu eficientd maximald si parametrii
tehnologici optimali ai procesului: grosimea
optimala a rondelelor — 4 mm, viteza optimald a
aerului — 2,0 m/s, temperatura optimald — 60°C,
puterea optimala a microundelor — 315 W, durata
optimala de procesare —113 minute.

Mai mult decét atat, comparand consumul
de energie electrica la deshidratarea perelor prin
ambele metode examinate in baza instalatiei
elaborate, s-a stabilit experimental, ca, utilizand
metoda clasica la uscarea probelor de fructe de la
umiditatea initiala de 89 + 0,5%, pana la cea finala
de 19+ 0,5%, pentru regimul cu eficientd maxima
(cu grosimea optimala a rondelelor de 4 mm, la o
viteza optimald a aerului de 2,0 m/s si la
temperatura optimala de 60°C), consumul de
energie electrica este cu circa 37% mai mare ca si
in cazul uscarii acelorasi probe similare, cu
aplicarea metodei de tratare propuse, pentru
parametrii optimali stabiliti ai regimului cu
eficienta maxima (grosimea optimala a rondelelor

— 4 mm, viteza optimala a aerului — 2,0 m/s,
temperatura optimala — 60°C, puterea optimala a
microundelor — 315 W).

Consumul mai redus de energie electrica, in
cazul metodei propuse pentru uscarea fructelor, a
fost confirmat de toate experimentele realizate si
se datoreazd eficientizarii procesului de tratare
termicd, cu sporirea ratei de evacuare a umiditatii
din produs in timpul pocesarii tehnologice si prin
intensificarea aportului de incilzire a produsului,
atat din interior, cat si din exterior, datorita
aplicarii tratarii cu microunde in combinatie cu
convectia.

Totodata, pentru analiza comparativd a
calitatii produselor finite, perele deshidratate prin
ambele metode cercetate, au fost examinate din
punct de vedere a indicatorilor de calitate si a
proprietatilor organoleptice.

Asadar, probele de pere deshidratate, atat
prin metoda clasica cat si prin metoda propusa, au
fost examinate in prim plan, din punct de vedere
al proprietatilor organoleptice principale, ca:
forma si suprafata produselor finite, culoarea,
mirosul si gustul perelor procesate.

Astfel, ca exemplu, in figura 4, se prezinta
analiza comparativa a probelor de perere
deshidratate prin ambele metode examinate:
metoda clasica () si metoda propusd — cu
combinarea microundelor si a convectiei (b).

Asadar, examinand multiple probe de
produse finite, s-a constatat cd, metoda propusa
sporeste calitatea perelor deshidratate in raport cu
metoda clasicd, cu ameliorarea indeosebi a
proprietatilor organoleptice principale, ca:
culoarea produselor finite, forma, suprafata,
mirosul si gustul.

a) Proba procesata prin metoda clasica.
a) Sample processed by the classic method.

b) Proba procesata prin metoda propusa.
b) Sample processed by the proposed method.

Figura 4. Analiza comparativa a produselor finale procesate prin ambele metode examinate.
Fig. 4. Comparative analysis of final products processed by both methods examined.

In baza rezultatele obtinute in acest studiu
S-a constatat ca, utilizarea instalatiei elaborate la
deshidratarea perelor cu aplicarea tratdrii cu

microunde in combinatie cu convectia, reduce
gradul de oxidare a stratului superficial a
rondelelor, deoarece creste viteza procesului si
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reduce durata de prelucrare termica, contribuind
la cresterea productivitatii si a calitatii produselor
procesate.

Totodatd, dupa cum s-a evidentiat,
tehnologia propusa permite reducerea consumului
de energie electrici cu circa 37% fata de
tehnologia clasica, fapt ce ofera posibilitatea de a
micsora costurile de procesare.

Reducerea consumului de energie electrica,
la procesarea prin metoda propusa, in raport cu
aplicarea metodei clasice, se datoreaza faptului
ca, In procesul de prelucrare tehnologica, aportul
convectei la prelucrarea termica este suplinit cu
aportul microundelor, fapt ce sporeste eficienta
procesului, iar prelucrarea necesitd un timp mai
mic pentru atingerea umiditatii finale.

Aceasta are loc gratie faptului ca, anume
prelucrarea rondelelor sub actinea combinatd a
agentilor de tratare termicd, permite esential
eficientizarea procesului tehnologic, cu sporirea
gradului de intensificare a deshidratarii, ceea ce
contribuie nemijlocit la cresterea vitezei si
reducerea duratei procesului.

Mai mult decat atat, instalatia propusa de
autori pentru deshidratarea fructelor, este simpla
constructiv si este usor de utilizat, are cost redus
si permite realizarea monitorizarii riguroase a
parametrilor tehnologici ai procesului de
deshidratare, iar pe durata experimentelor
realizate, atat in conditii de laborator, cat si in
conditii reale de exploatare 1n cadrul unei
intreprinderi  specializate  din  domeniul
deshidratarii fructelor a demonstrat un nivel inalt
de siguranta in functionare.

CONCLUZII
Rezultatele cercetarilor efectuate au
demonstrat ca instalatia elaboratd pentru

deshidratarea fructelor semintoase cu aplicarea
tratarii cu microunde in combinatie cu convectia,
permite eficientizarea procesului tehnologic cu
cresterea vitezei deshidratarii si reducerea duratei
de procesare.

Totodata, tehnologia propusa permite
cresterea calitatii produselor procesate in
comparatie cu tehnologia clasica si in afara de
aceasta, instalatia elaboratd este simpla
constructiv, este usor de utilizat, are cost redus si
permite monitorizarea strictd a parametrilor
tehnologici ai procesului de deshidratare, iar pe
durata experimentelor realizate atat in conditii de
laborator cat si In conditii reale de exploatare in
cadrul unei intreprinderi specializate 1in
deshidratarea fructelor, a demonstrat un nivel
inalt de siguranta in functionare.
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Asadar, datorita eficentizarii procesului de
deshidratare, cu sporirea vitezei de deshidratare si
reducerea duratei de prelucrare tehnogica,
consumul de energie electrica la uscarea fructelor
cu aplicarea metodei propuse, este cu circa 37%
mai mic fatd de cel al metodei clasice, iar acest
fapt permite reducerea semnmificativa a
cheltuielilor de prelucrare tehnologica si a
costului produselor procesate.
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Development of a New Approach to the Problem of Detecting the Integrity
Violations of a Digital Image

Bobok I., Kobozeva A.
Odesa Polytechnic National University
Odesa, Ukraine

Abstract. The energy sector is an integral part of the critical infrastructure of any state and is particu-
larly sensitive to the quality of information security systems. Due to the diversity of activities of vari-
ous organizations in the energy industry, almost all threats to information security are relevant to
them, in particular, unauthorized changes in information content. The aim of the work is to develop
the new approach to the examination of the integrity of images, which will provide the possibility of
building universal methods for detecting its violations, effective regardless of the strength and type of
influences that change them. The aim was achieved by: introducing the concept of “frequency index”
for the singular vector of the image matrix, and study of the properties of the dependence of the fre-
guency index of a singular vector on its number. The most important result of the work is the almost
constant rate of increase the trend of the studied function, which results in the linearity of the frequen-
cy index of singular vectors for digital images, the integrity of which is not violated. This characteris-
tic is sensitive to any changes in the image matrix. The significance of the obtained result lies in the
fact that the use of the established properties for the function of the dependence of the frequency index
of singular vectors on its number makes it possible to develop universal integrity examination methods
that are effective regardless of the strength and type of disturbances that violated the integrity of the
image.

Keywords: digital image, integrity violation, singular vector, frequency index, sensitivity.
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Elaborarea unei noi abordari a problemei detectirii unei incilcari a integrititii unei imagini digitale
Bobok 1., Kobozeva A.
Universitatea Nationala Politehnicd din Odesa, Odesa, Ucraina

Rezumat. Sectorul energetic este o parte integranta a infrastructurii critice a oricdrui stat si este deosebit de
sensibil la calitatea sistemelor de securitate a informatiilor. Datorita diversitatii activitatilor diferitelor organizatii
din industria energetica, aproape toate amenintarile la adresa securitatii informatiilor sunt relevante pentru
acestea, in special modificarile neautorizate ale continutului informatiilor. in aceasta lucrare, imaginile digitale
sunt considerate continut informational. Metodele experte devin extrem de relevante astazi, a caror eficacitate nu
depinde de specificul influentei perturbatoare utilizate, inclusiv de puterea acesteia. Cu toate acestea, metodele
universale sunt practic absente in domeniul activitatii expertilor, ceea ce se datoreaza complexitatii semnificative
a sarcinii in sine si lipsei unei baze matematice universale. Scopul lucrérii este de a elabora o noud abordare a
examindrii integritdtii imaginilor, care sa ofere posibilitatea construirii unor metode universale de detectare a
incdlcarilor acesteia, eficiente indiferent de puterea si tipul de influente care le modifica. Scopul a fost atins prin:
introducerea conceptului de ,,indice de frecventd” pentru vectorul singular al matricei imaginii si studiul
proprietatilor dependentei indicelui de frecventa al unui vector singular de numarul acestuia. Cel mai important
rezultat al lucrdrii este rata aproape constantd de crestere a tendintei functiei studiate, ceea ce are ca rezultat
liniaritatea indicelui de frecventa al vectorilor singulari pentru imagini digitale, a cdror integritate nu este
incélcata. Aceasta caracteristica este sensibila la orice modificari ale matricei imaginii. Semnificatia rezultatului
obtinut consta in faptul ca utilizarea proprietatilor stabilite pentru functia de dependentd a indicelui de frecventa
al vectorilor singulari de numarul acestuia face posibild elaborarea unor metode universale de examinare a
integritatii care sunt eficiente indiferent de puterea si tipul de tulburari care au incélcat integritatea imaginii.
Cuvinte-cheie: imagine digitala, incélcarea integritatii, vector singular, indice de frecventa, sensibilitate.
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H300paxKeHust
boook .., KodozeBa A.A.
Hammmonansusiit yauBepcuret «Opecckas moauTexaukay, Onecca, YkpanHa

Annomayun. DHEpreTryeckas chepa - COCTaBHAs YacTh KPUTHUECKOW MH(PACTPYKTYPHI JIFOOOTO TOCYapCTBa,
ABJISIETCS OCOOCHHO UYBCTBHTEIBHOM K KadeCTBY CHCTEM 3aluThl MH(opManuu. B cBsi3u ¢ pasHooOpasnem
JEATCIIFHOCTH Pa3INYHBIX OPraHU3alMi IHEPreTHYECKOH OTpaciy Ui HUX AaKTyalbHBl NPAKTHYECKH BCE
yrpo3sl HHGOPMAIIMOHHOHW 0€30MacHOCTH, B YaCTHOCTH HECAaHKIMOHHPOBAaHHBIE M3MEHEHUS MH(POPMAIIMOHHBIX
KOHTEHTOB, B KauecTBE KOTOpHIX B pabore paccMmaTpuBaroTcsi IudpoBeie n3o0paxkeHus. Kpurnuecku
aKTyaJIbHBIMU Ha CETOAHSIIHUMA JEHb CTAHOBSTCS SKCIEPTHBIE METObI, S(PPEKTUBHOCTh KOTOPHIX HE 3aBHCHUT OT
KOHKPETUKH HCIIOJb30BAHHOTO BO3MYIIAIONIETO BO3ACHCTBUS, B TOM YHCIE €ro CHJBl — YHHBEPCAJIbHBIC
METOJIbl, KOTOPBIE MPAKTHYECKH OTCYTCTBYIOT B IIOJI€ JESATEIBHOCTH 3KCIIEPTOB, YTO CBSI3aHO CO 3HAUYUTEIBHOU
CJIOKHOCTBIO CaMOM 33/1a4i, OTCYTCTBHEM YHHBEPCAILHOIO MaTeMaTHyeckoro 6asuca. Llenbro paboThl siBisieTcst
pa3paboTka HOBOTO MNOAXOAa K NpoOJieMe BBISBICHHS HApyIICHUs LEIOCTHOCTH H300paKeHWi, KOTOPBIH
o0ecreynT BO3MOXKHOCTD HMOCTPOCHHSI YHHBEPCAIBHBIX SKCIIEPTHBIX METOIOB, 3()()EeKTHBHBIX HE3aBHCHUMO OT
CHJIBI ¥ BUJa H3MEHSIOMNX H300paxeHust Bo3aeicTBuil. [locTaBineHHas 1enb ObllIa JOCTUTHYTA ITyTEM PEIICHHS
CJIEAYIONINX 3a7ad. BbIOOpa ISl CHHTYJSIPHOTO BEKTOpPAa MAaTpHUIBl M300paXEHUs] TaKOTO KOJIMYECTBEHHOTO
rapaMeTpa — 4YacTOCTH, KOTOPBIH JaeT BO3MOXKHOCTH ydeTa IOBEICHUS BCEX CHHIYISIPHBIX BEKTOPOB IIPH
9KCIEPTU3C LEIOCTHOCTH HW300paKCHMS; HCCICNAOBAHUS CBOMCTB (PYHKIMH 3aBUCHMOCTH YacTOCTH
CHHTYJIIPHOTO BEKTOpa OT ero HoMepa. Hanbonee BaKHBIM pe3ysbTaToM pabOTHI ABISETCS YCTAaHOBJICHHAS B
XOJle HCCIEeNOBaHHUsA IPAKTUYECKH MOCTOSHHAs CKOPOCTh BO3pAaCTaHUs TpeHIA YIOMSHYTOH (yHKLUH,
CJIC/ICTBHEM HYEro SIBJISIETCSl JIMHEWHOCTh YaCTOCTH CHHIYJISIPHBIX BEKTOPOB Uil IU(POBBIX HM300pa)KEeHUIA,
I[EIOCTHOCTh KOTOPBIX HE HapyiueHa. JlaHHAs XapaKTepPHCTHUKA SBISCTCS YYBCTBUTEIBHOW K JIFOOBIM
HU3MCHCHUAM MaTpHUIIbI 1/1306pa>1<eH1/1;1. 3HAYMMOCTh TMOJYYCHHOro pe3yjibTaTa 3aKJII04YacTCd B TOM, YTO
HCIIOJIb30BAHUC YCTAHOBJICHHBIX CBOMCTB JUISL (I)yHKL[I/II/I 3aBUCUMOCTH 4YaCTOCTHU CUHIYJIAPHOTIO BEKTOPOB OT €ro0
HOMEpa TO3BOJISIET pa3paboTaTh YHUBEPCATIBHBIE METOABI AKCIIEPTH3bI LENOCTHOCTH, 3((eKTHBHBIE,
HE3aBUCHMO OT CHJBl M BHAA BO3MYLIAIOMIMX BO3ACHCTBHUI, TOBJICKIINX HAapyHIEHHE IETOCTHOCTH
N300paKeHHUS.

Kniwouegvie cnosa. nudposoe M300pakeHne, HapyLICHHE LEIOCTHOCTH M300paKeHMS, CHHTYJSIPHBIA BEKTOD,
4acTOCTbh, YyBCTBUTEIHHOCTb.

BBEJIEHUE OgauM W3 caMbIX  PacHpOCTPaHEHHBIX
crocoboOB  mpeAcTaBleHWs HWHGQOpMAanuu B
COBPEMEHHOM  MHpE  sBJIsIeTCS  IUQpPOBOE
nzoopakenue  (I[IM).  CymectByromue U
paspabaTeiBaeMble  TIPOTPaMMHEIE  CpPEICTBA,
WCIIOJIb3yeMbIE CErOHs B MPOILIECCE N3MEHEHUS
IIH, craHOBsATCS BCe O0o0Jiee COBEPIICHHBIMH,
TaKWMH, JJI BBISIBICHUS PE3YJIhTaTOB KOTOPHIX
UMEIONINICS apCeHaN JKCHEPTHBIX METOJIOB
SBISIETCSl  HepocTaTouHbiM  [3-5]. Hapymenue
nenoctHocTH [[U, B kauecTBe KOTOpOTO B padore
paccMmarpuBaeTcs  J000€  HM3MEHEHHE  €ero
MaTpHULbl, MOXXET TNPOUCXOAUTH B PE3yNbTaTe

Ha cerogmsimauii 1eHb OMHUM W3 TJIABHBIX,
HanboJiee JOPOTUX pPE3yJNbTaTOB YeJIOBEYECKOM
JeSITeTbHOCTH BO BceX ee cdepax sBISIETCS
uHpOpMaIMs, a 3a7a4a 3auliuTel HHPOPMAIUH OT
HECaHKITHOHUPOBAHHOTO JIOCTyTIA,
HECaHKITHOHUPOBAHHOTO M3MEHEHHUS! CTAHOBHUTCS
Bce OoJiee CIIOKHOW, KpUTHUECKH BaxxHOU [1,2].
OueBumHO, 4YTO OJHepreTwueckas cdepa —
COCTaBHAs YaCTh KPUTHUECKON MHDPACTPYKTYPbI
MO0OT0  TOoCyAapcTBa, SBISAETCS  OCOOEHHO
YYBCTBUTEJIBHON K KadeCTBY CHCTEM 3allUThI

nHpOpMAaIUH, BBICOKAs IeHa OLINOKU 7 N
Pa3IMUHBIX BO3MYILAOIIIX BO3IEUCTBUH:

3aCTaBsieT MOJAXOAUTh K BONPOCAaM 3alllUThI
" HAIOXKEHUS IIymMa, (QUIbTparuM, CXKaTUs C

JIAHHBIX 371€Ch C MaKCUMAaJILHOMN
MOTEepPsIMH, CTEraHonmpeoOpa3oBaHWs ©  T.A.,

OTBETCTBEHHOCTHIO. B CBsi3u ¢ pasHOOOpasuem
N KOTOpBbIE  OCTaBJSIFIOT  CBOM  «YHHUKaJbHBIC

JIEATENBHOCTU Pa3IUYHBIX OpraHu3aiui

OTII€YaTKW» Ha OPUT'MHAJIBHOM I/I306pa)KeHI/II/I.
Bompocsr, Kacaroluecs JKCIIEPTHU3HI
nenocTHocTH LM, akTHMBHO pemaroTCst CEeroHs
YUCHBIMU. Bce OKCIIEPTHBIE METOJbI HPHUHATO
pasneniaTth Ha JBE TPy aKTUBHBIC,
TpeOyromme wuHMOpMaIUio 00 OpPUTHHAIHLHOM
u, HCIIOIB3YIOIIHNE, KaK MIPaBuUIIo,
JIEKTPOHHYI0  IUGPOBYK  HOANUCH  WIIK
nuppoBble BOJASHBIE 3HAaKW, M MaCCHBHbBIC

SHEPreTUYECKOW OTpaciM IS HUX aKTyaJIbHBI
MPaKTHYECKH BCE YIpo3bl HHPOPMAMOHHON
0€e30I1aCHOCTH, B YaCTHOCTH
HecaHKHI/IOHI/IpOBaHHBIe N3MCHCHUS
WH(POPMAITUOHHBIX KOHTEHTOB, CBOCBPEMEHHOE
BBIABJIICHHUC KOTOpI)IX B TaAKUX KOMIIAHHUAX
SIBJISICTCS JKM3HEHHOUW HEOOXOIUMOCTBIO.
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(«cnembliey), ANsg  KOTOphIX wWH(pOpManus o0
OpPHUIMHAILHOM H300pakeHHH He HyXHa [6,7].
Ha cerognsmuuii AeHb MMEHHO NACCUBHBIE
9KCIEPTHHIE METOJbl 3aHUMAIOT MPHOPUTECTHBIC
nmosunuu [5,7], Ilpu 3Tom, B CBOIO OdYepenn, B
3aBUCHUMOCTH  OT  WH(OpPMAIHH,  KOTOpas
NPUCYTCTBYET Y SKCHEPTA, UX MOXKHO Pa3leiUTh
Ha HanpaBJICHHbIE (HacTpoeHHBIE Ha
KOHKpPETHbIE  BO3MYIIAIOIINE  BO3ICHCTBHA,
YYUTHIBAIOIIINE OCOOCHHOCTH, CBOIiCTBa
BO3MYILEHHUH, KOTOPBIE SIBIACTCS PE3yJbTaTOM
TaKMX  BO3JIEHCTBHI) ©  yHWUBEpCaJIbHBIC
(HacTpoeHHBIE Ha BBISBICHHS HAJIHYUS OTIHIUI
UCCIIEAYEMOr0o KOHTEHTa OT OpHUTHMHAIBHOTO
HE3aBHCHMO OT TOrO, KakuM o00pa3oM OTH
W3MEHEeHUs OBUTH TMoNydeHbl). HampaBrneHHBIE
METO/ABI, KaK TMpaBWJO, SBISIOTCS  Oonee
3¢ GEKTUBHBIMHU MIPH BBISIBICHUH TOTO JIEHCTBUS,
Ha KOTOpOe OHH HACTPOEHFI, qeM
VHUBEpCAIbHBIE B  TeX K€  YCIOBHSX
npumenenus. OTHAKO Ha MPAKTHKE OYEHb YacTo
OCHOBHOW  SBNISIETCA  3a/Jada  OTHENICHUS
opuruHaisHoro Il OT Takoro, LEIOCTHOCTH
KOTOpPOTO  HapylleHa, 0e3  ompeleleHus
KOHKPETHOTO HCTOYHHKA, CII0c00a H3MECHEHHUSI
M300paKEeHHUS. Tak  gns  BO3MOXKHOCTH
HCIIOJIb30BaHUs o B CyaeOHBIX
pacciefioBaHUSAX B KadecTBE BELIECTBEHHBIX
JIOKA3aTeNlbCTB, B CPEICTBAX  MAacCOBOU
nHpOpMAITUH TUTST (hopmupoBaHus
OOIIECTBEHHOTO MHEHHS W T.JI. KPUTHUYECKUM
ABIISIETCS ~ BOmpoc  opuruHaibHOCTH LU,
YCTaHOBJIEHUsI (aKTa OTCYTCTBHA KaKOH-ITHOO
ero 00paboTKH. Kpome  Toro, npu
OCYIIECTBJIEHUH 3KCIEepTU3bl HenoctHoctu U
9KCIIEPT, KaK MPaBWIIO, HE WMEET JOCTOBEPHOMH
uHpOpMAIIMK O XapaKTepe, CHIle, KOHKPETHKE
BO3MyIIaromiero Boszaeicteus (BB), xoTopomy
OHO ToOABeprIoch. M naxxke Hamuuue Takoi

nH(pOpMAaIIH, C y4eTOM OECKOHEYHOT 0O
MHOT000pa3us  Pa3jInYHbIX  BO3MYIIAIOIIMX
BO3JCHUCTBUNA, HO KOHEYHOCTH HMMCIOIIUXCS
OKCHEPTHHIX  (MPOTPpAMMHBIX,  amllapaTHBIX)

CPEJICTB, Ha MPAKTUKE HE FapaHTHUPYeT HaIHMIUe
y 3KCIepTa TaKOro CpeAcTBa, KOTOpoe Oyaer
OpUEHTHPOBAHO Ha BBISBICHUS pPE3YyIbTAaTOB
KOHKPETHOTO  IPOM3OLIEANIEr0  BO3JACHCTBHUS.
Bce BBINIEN3TI0)KEHHOE TOBOPUT O KPUTHUYECKOM
aKTyaJIbHOCTH Ha CETOAHSIIHUI JICHb
9KCTIEPTHBIX METOJOB, CIIOCOOHBIX 3((PEKTHBHO
BBISIBIIATD HapyIIeHne LEJIOCTHOCTH
M300pakeHNs HE3aBHUCHUMO OT  CHEU(pUKH
npumenenHoro BB, 3adukcupoBate pesynbrar
HECOOTBETCTBUS IapaMeTpoB H3MeHeHHoro [N
ux COCTOSTHHIO JUTST OpPUTHHAJIHLHOTO
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n300paKeHUsI — YHHUBEPCANbHBIX MeToaoB. U
XOTA pa3pabOTKH B 3TOM HAINpPaBICHUW BEIYTCS
[8], mpu osTOM wame Bcero — B Tpemenax
creranoananu3a [9,10], Ha ceromHAMIHUN IEHb
YHHUBEpCAITbHBIE METO/IBI BHISIBIICHHSI HAPYIIICHHN
uenoctHoctd I mpakTUYECKH OTCYTCTBYIOT,
9TO OOBSCHSIETCSA KpailHEeH CII0KHOCTBIO 3a7ayM
WX pa3pabOTKH, OCOOCHHO O0OECIEUYCHUS UX
3¢ (}EeKTHBHOCTH B YCIOBUSX HE3HAYUTEINHHBIX
W3MEHEHUI KOHTEHTAa, a YCHJIUS yYEHBIX dYarle
BCETO BCE K€ HAampaBleHbl Ha BBISBICHUE
pe3ynbTaTOB  KOHKPETHBIX  BO3MYIIAOIINX
BO3JICUCTBUM, TOHCKA HUX  «YHUKAJIBHBIX
ormeyatkoB» [11-13]. Tak, B [14] npemyoxeH
OKCHEPTHBIM METOJ, OpPUEHTUPOBAHHBIA Ha
BBUIBJICHUE PE3YyJbTaTOB HaloxeHuss Ha LU
MYJIbTUTUINKATUBHOTO nryma 4acTo
UCTIOJIB3YEMOTO BO3MYIIAIOIIETO BO3JCHCTBUS
npu HEaBTOPU30BaHHBIX W3MEHEHUSIX
n300pakeHrus. MeTom OCHOBaH Ha aHau3e
BBICOKOYACTOTHBIX KO3 PUITMCHTOB
MUCKPETHOTO KOCHHYCHOTO  TpeoOpa3oBaHUS
OJIOKOB, MTOJTyYE€HHBIX B pe3ynbTaTe
CTaHJapPTHOTO pa3oueHus MaTPHIIBI
nzobpakenus [15], a WMEHHO, Ha aHaIU3e
pasHocTH MEXITy MaKCHMAaJTbHBIM u
MUHHMATbHBIM 3HAYCHUSIMH TaKuX
KO3 UITUEHTOB. AJTOPUTMUYECKAs PeaTu3aIus
MeToj1a MOTBEPIKIAET ero BBICOKYIO
3¢ (eKTUBHOCTD, HO YCIIOBHS €r0 IMPHUMEHEHUS
OTpaHUYEHBl  MYJIBTUIUTMKATHBHBIM  [IYMOM.
DKcnepTHBI MeTof, paspaboTaHHblii B [16],
OpUEHTHPOBAaH Ha BBISBICHHE PE3YJIbTATOB
npumeHenuss k I myma Ilepnuna, KOTOpBIM
NIMPOKO HCTONB3YEeTCs JUIS CO3JAaHHMS TaKHX
BU3YQIBHBIX J(PQEKTOB, KaK JbIM, O00JlaKa,
TyMaH, OTOHb H T. JI. MeToJl, TIPeAIO)KEHHBIA B
[17], nampaBiieH Ha BBISBIICHHE UCKYCCTBEHHOTO
MOBBIIIICHUS PE3KOCTH HM300pKEHUS IyTeM
aHanm3a ONM3KWUX Tap [IBETOB W  SBISETCS
HE/eecrocoOHpIM B ciiydae jpyroro BB.
CymiecTByeT Tenbld  psijg  METOAOB, KOTOpBIE
npuMenstoTes st skcneptussl UU B popmarte
Jpeg , OCHOBAHHBIX Ha BBIIBIEHHH <« dekTa

JIBOMHOTO KBaHTOBAHUS», KOTOPbIA BO3HUKAET B
TUCTOTPAaMMaX  YacTOTHBIX KO3 (HUIIMEHTOB
M300paKeHWsT  TpH  TIEPBOHAYAIBHOM |
MMOBTOPHOM €ro coxpanenun B Jpeg. [lamubie
METOABl  UMEIOT  CErOJHS  3HAUUTEIBHOE
pacrpocTpaHeHUE B CUITY LIUPOKOTO
MCIIOJIb30BaHUs 3TOr0 (opmara JUisl XpaHEHHUs
1 [18,19], HO 0YEBHUTHO, 4TO
OpUEHTHPOBAHHOCTh Ha (popmar Jpeg, a Takke
3aBUCUMOCTD HUx 3¢ dexTuBHOCTH oT
COOTHOILIECHUS KO3 UITEHTOB KadecTBa
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NEPBUYHOTO M TMOBTOPHOTO CXATHUSI C MOTEPAMHU
3HAYUTEIHEHO OrpaHNYUBAET obnacth
NPUMEHEHUS! TAKUX METOHOB ISl DKCIICPTH3EI
LEJNIOCTHOCTH W HE JAeT BO3MOKHOCTU OTHECTH
UX K TPYIIE YHUBEPCAIbHBIX.

OnmanM u3 HEMHOTOYHCIICHHBIX
CYIIECTBYIOIUX CeromHs 3¢ HheKTHBHBIX
YHHUBEPCaIbHBIX METO/IOB BBISBJICHUS
Hapymenus: uenoctHoctu LU sBnsercs meron,
paspaborannsiii B [8]. OcHOBO# Meromda
SBJISCTCA JOKazaHHoe uisi OonbmmHCTBa | X|-
O0mokoB  opuruHaibHOro LM, momydeHHBIX
CTaHIApTHBIM  pa3OMeHHeM ero  MaTpuIlbl,
COOTHOILICHHE!

11O

Auo)x Avo)~ £re), @

roe U,V OPTOHOPMUPOBAHHbIE JIEBBIA U

mpaBblil cUHTYIsIpHBIE BekTophl (CHB) Omoka,
KOTOpBIE COOTBETCTBYIOT €ro HanOOJIbIIEMY

CHHIYJISIDHOMY 4YHCIy O, c_$=6/ ||G , Trae

.
62(61,62,...,(5') ,6,20,2..206,20

cunryssipasie yncia (CHY) Gioka; G” - HOpMa

BEKTOpa G ;

n =/ YY) R @)

— N-oOTUMAaJbHBIA BEKTOP MPOCTPAHCTBA R',
4(u1,0), 4(v1,(7), L(n",el) — BEJIWYHUHEI YIJIOB

o

MEXIY BEKTOpamMH U, U o, V; U 0, N° H

BEKTOpPOM cTaHmapTHoro Oasuca € =(1,0,...,0)

MPOCTPAHCTBA R' COOTBETCTBEHHO.
Cootnomenue (1) napymaerca mia LU, nHe
SBJISIONINXCS OPUTHHAIBHBIMU. [IpeioskeHHbIi
METOJ] XOpOIIO 3apeKOMEHJOBan cels TpH
BbISIBJICHUHU PE3YIbTAaTOB Pa3IMYHBIX
BO3MYIIAIOMINX  BO3JACUCTBUI  (HAJIIOXKECHUE
myma, (QUIbTpanus, pasMbITHE H T.1.), B TOM
Yycle W B KA4eCTBE CTETAaHOAHAIHTUYECKOTO.

Omnako B CITyJasx BO3MYIIAIOIIETO
BO3JICHUCTBUSA HE3HAUUTEIHHOU CUJIBL
3¢ peKTUBHOCTH MeTo/1a CYIIECTBEHHO

CHIDKAETCS, YTO OCTAaBJISIET aKTyaJlbHOW 3amady
MIOWCKA U Pa3pabOTKKU HOBBIX MOJIXOA0B, HOBBIX
MaTEMaTHYECKUX peteHnit poOIIeMBI
BBUIBJICHUS HapyweHuid 1nenoctHoctn U,
JIeecriOCOOHBIX HE3aBHCUMO OT KOHKPETHKH H
cunsl BB.

Llenvio  HacTosmeidl  paOoThl  sBIsETCA
paspaboTka HOBOTO TOOX0Ja K Mpodieme
BBUBJICHUSI HapylleHus HenoctHoctu 1A,
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KOTOPBI 00eCeYnT BO3MOXKHOCTH HOCTPOCHHUS
YHHUBEPCATbHBIX HKCIIEPTHBIX METO/IOB,
3 (PEeKTHBHBIX HE3aBUCHMO OT CHJIBI W BHAA
BO3MYULIAIOLIETO BO3ICHCTBUS.

METO/bL, PE3YJBTATHI U
OBCYXJIEHUE
YHHUBEpPCaTLHOCTD HCKOMOT'O oaxoaa

o0s3aHa 0a3upoBaThCS HAa YHUBEPCAITBHOCTH
MaTEMaTHYECKOTO TPEJCTABICHUS HApPYIICHUS
LIEIOCTHOCTH 1, CcBOOOHOTO oT
OPHECHTHPOBAHHOCTH/HEOOXOTUMOCTH ydera
KaKuX-JIM00 0COOCHHOCTEH TOro WK MHOro BB.
C y4eToM 3TOTO pe3yabTar JIF000TO M3MECHCHUS
n3obpakeHnss c nxn-Matpunieii F  Oymem
MIPEJICTABIATh B BUE:

F =F +AF, 3)

rne F,AF - nxn-matpunsr usmenennoro U u

BO3MYILAIOLIETO BO3JEUCTBUS COOTBETCTBEHHO,
IpU ATOM KOJHMYECTBEHHOH OLICHKOH cuibsl BB

AF :  |AF.

Heo0XomuMo OTMETHTh, YTO PAcCMOTPECHHUE B
KauecTBe (opManbHOro npenacrapienus U
ONHOM Matpuilbl F HHMKaKk HE OrpaHUYMBacT
OOIIHOCTh  TOCNEAYIONUX PacCyKJCHU: B
cilyyae I[BETHOTO H300paXkeHUs B KauyecTBe F
MOXXET BBICTYIaTh IPOM3BOJIbHAS IIBETOBAs
cocrapmstomiast (cxema RGB) mu6o wmarpuma
spkocTH (cxema YUV).
IlycTh

BBICTYIIA€T HOPMa MAaTPHLBI

(4)

HOpMaJIbHOE

n
F=UZV' =) ouv,
i=1
OIpeaciiaeMoc

OJITHO3HAYHO
cunryisipuoe pasnoxenue F [20], e U,V —

OpPTOTOHAIILHBIC NXN-MaTpumpl,  CTOJOIBI

KOTOpPBIX U;,V; , i =1,n, - nesbie u npassie CHB

F  coorBerctBenno, mpu srom nesie CHB
JTOTIOJTHUTENIBHO SIBIISIOTCS JIEKCUKOTPahUIeCKH

nonoxurensapiMu [20]; X = diag(csl,..., G, )

G,2>..206,>20- CHY F ; mpaBas wacts (4)

JTaeT TIPeICTaBlIeHNEe CHHTYIISIPHOTO Pa3I0KEeHUS
B (hopMe BHEmHWX MpousBeneHn. Hapymenue
nenoctHocTd LIV npuBener kK BO3MYIIEHHAM Kak
CHUY, tak u CHB marpunpl F . Panee agropamu
MOKAa3aHO, YTO Pe3yJbTaT J000T0 W3MEHEHUS
U moxeT OBITH (POpMaIILHO NpEACTaBICH B
BHJIe coBOKymHOCTH Bo3mymieHnit CHB n CHY
€ro MaTpullbl, @ B KauecTBE XapaKTePUCTHK
BO3MYIIAIOLIETO BO3/IEMCTBHS MOTYT
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paccMaTpuBaTbCA ~ XapakTepHBIE  CBOMCTBa
nmomydeHHbIX Bo3mymennit CHY wu CHB;
YCTaHOBJICHO COOTBETCTBHE MEXKTy

CUHTYIIIPHBIMH TPOHKaMHU (Gi Ui, Vv, ),i =1n,

matpuubl L[, omnpenensiomumMu  MaTpHIBL
T

€IMHMYHOro panra ouVv; (4), m ero

YaCTOTHBIMU COCTABIISFOIIIAMHU: TPOUKH,

OTBEYAFOIIHEC MaKCHUMaJTbHBIM/ CpeTHUM/

muauManbHeiM CHY HecyT, rmaBHBIM 00pa3oM,
WHPOPMALIUIO 0 HU3KOYACTOTHBIX/
CPEIHEYACTOTHBIX/BBICOKOUACTOTHBIX

cocrasisitoniux LY, umest pa3nuuHble CBOWCTBA,
B YAaCTHOCTH, PA3JIMYHYI0 YYBCTBUTEJIBHOCTb K
BO3MYIIAIONIMM BO3JEHCTBHAM, B Ipelenax
onHoM Marpuubl. [Ipu 3TOM 4YyBCTBUTEIBHOCTH

h
(Gi Ui Vi ouV; )

OMpeaAcIdCTCA YyBCTBUTCIIBHOCTBIO BXOAAIIUX B

TPOUKH (MaTpuIBI

Hee CHB, mnockonsky Bce CHY sBustorcs
Xopormro 00yCIIOBIIEHHBIMHU [21].
YyBCTBUTENBFHOCTD, OMpENeNsonas CTeleHb
peakiuu 000 cucrembl Ha BB, sBisgercs
OJTHOM u3 KITIOYEBBIX XapaKTEPUCTUK
(dopManbHBIX ~ TapaMeTpoB  JUIA  33jJauH,
paccMaTpuBaeMoi B pabore. OnHako
yyBcTBUTENbHOCTE CHB B mpenmenax onHo#
MaTpULbl  SIBISETCS  XapakTepUCTUKOW, He

KOHTPOJIHMPYEMON CHCTEMAaTHUECKH, IMOCKOIBKY
ansa CHB u; onpenensercs cootHomennem [21]:

sin20; < 2|AF||, /svdgap(i,F), (5)
rie 0, — yrom mosopora U, B pe3ymbTare

AF 3),

G; _Gj‘ - OTACJICHHOCTH

BO3MYIIAIONIETO  BO3ACHCTBUS

svdgap(i,F )= min
i=j

CHY o,;. [eiicTBuTensHo, cooTHomenue (5)
JTAeT TPAKTHYECKU LEHHYIO OIEHKY CBEpXY IS
yrna 0, TOJBKO TOTJa, KOTJa €ro Ipasas 4acTh
MeHbIe b0 paBHa 1. B mpoTtuBHOM citydae
HOBEJEHHE BEKTOpa U; IOC/IE aTakh HENpes-
CKa3yeMo, 4TO WJLTIOCTpHpyeT puc.l (3amernm,

MpHu O4YeHb He3HauuTenbHOM BB), Toe kpacHbIM
[[BETOM BBIJICTICHA YacTh Tpaduka, oTBevaromas

CHB, a1t KOTOpPBIX 2||AF||2/svdgap(i : F)S 1,
u.

9TOM ;

npu BO3MYIIICHHUC BCKTOpa

OIIpeaCIsIeTC KaK: P = Hui — UiH, rae Ui - i-bIid

CHB 111 nocne BB AF .
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P ; ;

0sr

04F

0zr

odd
100

300 400 §00 600 700
Homep CHB

Singular value mumber

200 a0o

Puc. 1. 3aBucHMOCTB BeJINUMHBI BO3MYIIEHHS P
CHB ot ero Homepa npu Hajno:xxeHun Ha IIA
MYJIbTHILIMKATHBHOTr0 myma (D=0.000005).

Ha  mepBelii  B3DUIALA, peleHus
MTOCTaBICHHON 3aJa4n HE00X0IUMO
OCHOBBIBaTbCS Ha AaHAIM3€ HEYyBCTBUTEIBHBIX
napaMeTpoB, T.. TeX, KOTOpble aJeKBaTHO
pearupyoT Ha BB, ux peakuus cpaBHHMaA C
cwioit BB, uto u Obuto peanm3oBano B [8], Tme
ananu3zy noxasepramuck CHY u Haumenee

ISt

gyyBcTBUTENbHBIE K BB mnepseie CHB U,V

O6nokoB Matpunbl. OJHAKO, Kak CIEAyeT W3
BBIILIECKA3aHHOTO, TAaKOH aHalu3 HE JaeT
OKOHYATENIFHOTO pEeIIeHUs] paccMaTpUBaeMOi
npoOJeMbl,  YTO  SIBISIETCS  OXKHUIAEMBIM,
MOCKOJIBKY M3 PAacCMOTPEHHUs] M aHalu3a
UCKIoyaercs: Oonpmias yacTh mapamerpos LU,
KOTOpasi OJIHO3HAYHO ONpEEINsIeT ero BMECTe C

CHY u Bexropamu U, V;, KpoMe TOro, 3I€Ch

HCEYYBCTBUTCIIBHOCTDb HEKOTOPLBIX

aHAJIM3UPYEMBIX I1apaMeTPoB, a UMeHHO U, V,,

peaknus KOTOPBIX IIpH ||AF||zO MOJKET

NPAaKTUYECKH  OTCYTCTBOBATb, OKa3bIBaeT
HETaTUBHOE BJIMSHUEC Ha PE3YJbTaT pEIICHHS
paccMaTpuBacMOW  TPOOJIEMBI. OTO  HENB3s
Ha3BaTh MPUHIHUIAAIEHBIM HEJOCTATKOM METOa
[8], mockobKy, Kak H3BECTHO, HAIIPABJICHHBIC HA
KOHKpeTHoe BB  Meronmpl, kak mpaBuio,
SIBIIAIOTCSA Oonee 3 PEeKTUBHBIMU pH
BBISIBJICHUH pE3yJbTaTOB TOTO JIEHCTBUS, Ha
KOTOPOE OHH «HACTPOEHBI», YeM YHHUBEPCAIbHbBIC
B TEX CAMBIX YCIIOBHSX MPUMEHEHHS, OJJHAKO 3TO
HE JelaeT HEBO3MOXXHBIM TOWCKM MYTeH
NOBBILIEHUS 3(PQPEKTUBHOCTH YHUBEPCATBHBIX
MOJIXOJIOB.

C yderom BhBIIIECKa3aHOTO, B paboTe
pemaercsi 3ajaya IOMCKa MapaMeTpa, KOTOPBIA
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OBl CHCTEMATHUYECKU KOHTPOJIMPOBAJICS IS BCEX
CHB, nman BO3MOXHOCTh y4eTa MOBEACHHS BCEX
CHB 11 npu 3KcriepTH3e ero IEIOCTHOCTH, BEI
cebst OTHOCUTEIBHO CTaOUIBLHO npu
rmociietoBaTebHOM Trepexozae oT ogHoro CHB k
CIEAYIOLIEMY, a TAK)XKE ¢ TOUKU 3PEHUS PEaKLHU
Ha BB mns Bcex CHB wmartpunel. Ilpu stom

BEJIMYMHA TaKOoro mnapameTpa miasd U, (Vi)

JIOJDKHA KOPpENHpOBAThH c 4acTOTOH,
uHpOpMaIUsi O KOTOPOH  COHNEpXKHUTICH B
COOTBETCTBYIOLLEH CHUHTYJISIPHOU Tpoiike

(Gi UiV, ), T.K. HMMEHHO KJIaCC YaCTOTHOIO

MOKa3aTeNs (BBICOKOUYACTOTHBIH,
HU3KOYACTOTHBIA, CPEIHEYACTOTHBIN) SBIISCTCS
yKazareleM Ha HeoOXOIMMbIE OPHUEHTHUPBI IS
peructpauun usMeHenus LM, ecim TakoBoe
HUMEET MECTO.

Hns pemieHuss — ynoMsHyTOM — 3agadyu

nocMoTpuM Ha npoussonbHeId CHB U, (v;) LU

KaKk Ha pe3yiapTaT IUCKPETHU3alUUd HEKOTOPOM
by T, (X) Ha MPOMEXKYTKe [1,n]. Ucxons

3 TpeOOBaHMIA, HAKIAIbIBAEMBIX Ha HCKOMBII
nmapaMerp, B KayecTBe HEro paccMOTPUM
4acTocTh [22] JAuCKpeTHOW (QYHKIMH, elie
HUKOTJa HE pacCMaTpUBAEMyl0 B KauyecTBE
KOJIMYECTBEHHOU XapaKTEPUCTUKH CHB,
KOTOpasi B cCllydyac TapMOHHYECKOW (YHKIUH
MPOCTO COBMAJAET C YaCTOTOW, a U1 B HAlEM

ClIydace HeFapMOHquCKOﬁ OIIPEACIIACTCA KakK
[22]:

, ecliu M —uemHoe

(6)

y €CNIU M — HeYemHoe

r7€ M - YUCJIO W3MEHEHHWH 3Haka (YHKUUM Ha

paccmarpuBaemoM mpomexyTtke. M xors CHB
IpU UX PACCMOTPEHHH B KAa4ECTBE AMCKPETHBIX
GyHKUMIT HE UWMEIT Takoro MPUPOAHOrO
COOTBETCTBHSI TapMOHHKaM, Kak, HalpuMep,
¢ysakmm Yonma [22], 9To, BUAUMO, U SBISETCS
MPUYUHON TOTO, YTO IO HACTOSIIETO BPEMEHU B
HAyyHOM TIOJI€ [JJIsi HHAX HE BBOJWIACH
XapaKTepucTUKa (6), MOXHO MPEANIOIOKUTH, YTO

gactocte CHB u; (V;) Benmer ceba ana LU

COOTBETCTBCHHO qacCToOTE, OTBEYAIONICH

(6,09, )
(OTHOCI/ITCHBHO MOHOTOHHO, 4YTO yTO‘IHSIeTC?I
HI/I)KC) Ha BCCX yHaCTKax € YBCINYCHUCM HOMEpaA

CHB, u4ro mnoarBepxkaaercs pe3yibTaTaMu
BBIUMCIIUTEIBHOTO OJKCIEPUMEHTa, THUITHIHBIN

CUHTYJISIPHOM TpoOMKe BO3pacras
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BUJ KOTOpBIX st KoHKpeTrHoro LM pasmepom
800x800 nukcenel npuBeAEH Ha puc.2.

T 320 ‘ , , , ‘ , ,

300

250

200

150

o0

a0

. . ‘ . .

M0 40 SO0 BO0 700
Homep CHB

Singular value number

il I I
1} 100 200 a0o

Puc.2. 3aBucumocts yacroctu CHB ot ero nomepa
i opHraHaabHoro 1M .2

Paccmorpum nopoOHO CBOMCTBa
JIUCKPETHOM byHKIMA fl’(i), i=1n,
oTpaxkaromeid 3aBucumoctb vactoctu CHB

u; (Vi) OT ero HoMepa i Ays opuriHansHoro L.
Kak mokaszano aBTropamu panee, mepsbiii CHB
MaTPUIIBL 1141 u, (Vl), MOJTy4EHHBIN
HOPMAaJIbHBIM CHHTYJISIPHBIM paslioxeHueM (4),

UMeeT BCE IOJIOKUTENbHBIE KOOPIUHATHL |
YCJIOBHO OJIM30K K N-ONTHMAILHOMY BEKTOPY (2)
COOTBETCTBYIOIIEIO MpOCTpaHCTBa R", T.e.
HaxoIUTCSd B IIEPBOM KOOPAWHATHOM OPTaHTE

R", umes HyseByro wactocth. Bropoit CHB He
MOJKET OCTaThbCi B 3TOM K€ KOOPIWHATHOM
OpTaHTe, TOCKOJIbKY OPTOTOHAJIEH NTEPBOMY, YTO

OPUBOAUT K TMOSABIEHHIO Yy U, KOOpAMHAT
pasHbIX 3HAKOB, T.6. K YBEIMUYCHHIO YaCTOCTH
s U, 1O CpaBHEHHUIO ¢ U, . DTa 4acTocTb, B
cwry u3MeHeHuwsa HanpasieHus CHB U,, mo
cpaBHEHHMIO ¢ U, , Ha 90 rpamycoB, BO3pacTeT, HO
o0ecrieunBaeTcs
U,
KOODIMHATHOM OpPTaHTE, pAaCMOJOXEHHOM B
Omm3ocTH oT MIEPBOTO OpTaHTa.
OproronansHocts U, ¢ U
BO3MOXHBIX JUISL €r0 PAacIOJIOXKCHHUS TePBbBII
KOOP/JMHATHBIM OPTaHT, a OPTOTOHAILHOCTh U, €

HC3HAYUTCIIBHO, 4qTo

r€OMETPUUCCKUM PacCIioIOKCHHUEM B

HUCKIIIOYHUT U3

U, HCKIIOYUT 17 U; OpTaHT, B KOTOPOM

PacIoIoXeH u,, u T Iomapnas

oproroHansHocTs CHB mpuBoaut k Tomy, 4TO
KaXJIblil KOOPJIMHATHBI OpPTaHT HPOCTPAHCTBA
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R" Moxer conepxath He Gonee oanoro CHB,
T.K. B IIpeJieJiaXx OJJHOTO KOOPAUHATHOTO OpTaHTa
TeOMETPUUYECKHU HEBO3MOKHO obecneyuThb
OpPTOTOHATFHOCTH BEKTOPOB (C y4eTOM, HTO
nepBeiii CHB u, (Vl) F€OMETPUYECKU AAlEK OT

KOKIOH W3 KOOPIWHATHBIX IUIOCKOCTEH). DTOT
BBIBOJI MOJTBEPIKIACTCS TAK K€ W CIEIYIOIUM

.
ob6pasom. Ilycte BekTOpHI U; = (u1i JUy; ,...,uni) ,

.
u, :(ulj,uzj,...,unj) - pasmuuaeie CHB F.

Ecnn IIPETOJIOKUTD, 4TO BEKTOPbI
MIpUHAJUIEKAT OJHOMY KOOPJAUHATHOMY OpPTaHTY,
TO

Sign(uki):Sign(ukj )’k =1n, ()

U3  4Y€ro BBITCKACT, 910 HUX  CKaJLIpHOC

n
NPOU3BEICHHE (ui U ): Z:ukiukj >0, a B cury
k=1
(7) MoxeT OBITH PaBHO HYIIIO TOJNBKO B CITydae,
xoraa Uyl =0 mms VK=1,n. Dro, B cBoro
ouepens TpeOyeT TOro, 4TOOBI B KaXKIOW Tape
Uy, Uy XOTS OBl oaMH 3eMEHT ObL1 paBeH 0,

T.€. B JBYX BeKTOpax U;,U;,

KOOpJMHAT, B COBOKYITHOCTH N KOMIIOHEHT, Kak
MHUHHMMYM, Ha J1Ba BeKTOpa Oblau paBHbl 0 (M 310

UMEIIHUX o N

s KaXKJI0i apbl CHB, KOTOpBIE
MPEANOIOKUTETPHO  OKWKYTCS B OJHOM
KOOPJAMHATHOM  OpTaHTE), T.e. COBOKYITHOE
KOJIMYECTBO HYJIEBBIX 3JEMEHTOB B NXN-
marpurie U (V) momkHo ObITh He MeHbIe N (B
MPENOJOKEHUN  CYIIECTBOBAHUS  XOTSA OBl
omHot  mapel  Takmx  CHB,  xotopsle

ynoBieTBOPSIIOT (7)), YTO HE COOTBETCTBYET
HAOJIOJJacMOMY  Ha  TMpPAKTUKE, CyIsd 10
pe3yJbTaTaM BBIYUCIMTEIBHOTO 3KCIEPUMEHTA,
B KOTOPOM OBUIO YCTaHOBJIEHO, YTO HYJIEBBIE
3JIEMEHThl ~ NPAKTHYECKH  OTCYTCTBYIOT B
marpumax U (V) — mrs 1T pasmepom 800x800
WX KOJMYECTBO MaKCHMAaJIbHO HE IMPEBOCXOUIO
350 »33eMeHTOB TII0 BCEH MaTpHIlEe, YTO
UCKJIFOYAET BO3MOYKHOCTH (ui ,u j;J:O, TEM

campiM ormpenenssi i kaxaoro CHB csoro
YHUKaJIbHYIO MOCJIE0BATENBLHOCTD
MOJIOKHUTENIBHBIX U OTPULATENILHBIX KOOPIUHAT.
3Oro He 3aBucuT ot hopmarta [{U (c/6e3 morepsp),
HE 3aBUCUT OT BeIWYMHBI KO3 duimenTa
kagectBa ;g LI B dopmare ¢ morepsimu. B
JAHHOM CIIydae »dTO SBJISAETCA CIEACTBHEM
teopembl ®DpobOeHnyca, yKa3bIBAOLIETO  Ha

6au3ocTh U, (V1 K N-ONTUMalIbHOMY BEKTOPY

115

(2), m CBOWCTB HOPMAJIBLHOTO CHHTYJISPHOTO

pa3JoKEHUss, a HWMEHHO, OPTOrOHAIBHOCTH
marpurr U, V, xoropeie  ocrarorcs
HEN3MEHHBIMH HE3aBHCHUMO oT

OpUTHHATBHOCTH/HeOpUruHAbHOCTH 11U,
dbopmara, pazmepa.

€ro

[IpakTH4ecKuM HOATBEPKACHUEM IIOJIyYCHHOTO
BBIBOZIA SBUJINCH PE3YJbTAaThl BHIYUCIUTEIHHOTO
SKCIIEPUMEHTa, B KOTOPOM OBLIO 3a/1eiiCTBOBaHO
450 1IN u3 6a3er NRCS [23], 700 IIU u3 6a361
img_Nikon_D70s [24], 500 11V, moay4eHHbIX
HenpodeccHoHaTbHBIMU BUAECOKaAMEPAMHU.

ITo Mepe  yJajleHus  OT  IIEpBOrO
KOODIWHATHOI'O  OpTaHTa, KoOTopoe  Oyxaer
npoucxoauts 111 CHB no mepe Bo3pacTaHust ux
HOMepa, OyJeT He YMEHBIIAThCS U UX YacTOCTb.
310 HCYMCHBIICHUC HCJIB3d HAa3BaTb CTPOIro
MOHOTOHHBIM, T.€. IPOUCXOISIINM IPH Ka>KAOM
nepexoze ot U; K U;,, (puc.2).

JlefiCTBUTEIIBHO, HE3HAYUTEIbHBIC
nepepacnpeaeieHus KOJINYECTB
TMMOJIOKUTCIIBHBIX U OTPUIATCIIbHBIX 3JICMCHTOB B

U;,, TIO CPAaBHEHHMIO C U; MOKET NMPUBECTH KaK K

YBEJIMYEHHUIO, TaK M K HE3HAUYHUTEIbHOMY
YMEHBIIEHUIO MM HEU3MEHHOCTH YacTOCTH
BEKTOpa, YTO MPOAEMOHCTPUPOBAHO Ha pHC.3,
1ocjIe TPeNBAapPUTENBFHOTO BBOJA CIEAYIOLIMX

0003HaYeHH1 IS HATJISIAHOCTH:
sign . . . \T

u; :(3|gn(u1i ),S|gn(u2i ),...,slgn(uni )) -

BEKTOD, OTBEYAIOIIMI CHB

.
U, :(Uli Uy, ,...,uni) U OYEBHJHO MMEIOIIMU Ty

sign
i

4acTOCTh 1T]= 2 (puc.3(a)), koTopas B Cliy4ae

XK€ 4acToCTh, 4To U U; . [lus Bekropa U, (u

U3MCHCHHUS 3HaKa JIMIIb O,Z[HOI7[ KOMIIOHCHTBI

o sign
MOXKET CTarb paBHOM I U, U1 g)

n=3,1,2 (puc.3(0,8,r) COOTBETCTBEHHO), HTO
MO3BOJISIET BEPHYTHCA K TUTIOTE3€ O MOHOTOHHOM
HeyObIBAHMH IS TPEHZA fr(i),i =1,n (Be3me
HIKe — THrore3a A), KoTopoe OyAeT HMeTh
MECTO KaK JUIsl OpUTHHAIBHBIX, Tak U i 1[U,
KOTOpBbIE OBLITM TIOABEPIKEHBI BO3MYIIAIOIIEMY
BO3/IEMICTBHIO.

OnHako XapakTep STOH MOHOTOHHOCTH JUIS

OpPUTHHAIILHBIX u HEOPUTHHAIBHBIX
M300pakeHHUH, Kak II0Ka3aHO HWXKe, Oynuer
pasiuyeH.
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Puc.3. MiunocTpanys BO3MOKHbIX BADUAHTOB
usMeHeHnus yacrocru CHB (n=8) ¢ Bo3pacranuem

sign
ero Homepa: a — BeKTop U, 9.6, B, r — BexTOp
sign
ui+1 '
K runoreze A MOXHO Takke IPUNTH,
UCTIONB3YS MTOJIX O, AHAIIOTUYHBII
npemioxeHHoMy Ko6o3eBoii A.A. u coaBTopamu
B cTathe, omnyOmukoBanHoW B 2022 romy B
HACTOSAIEM HayyHOM O KypHaime. W3 (4)
BEITEKAET:
T
>=UFV. (8)
Jnsa ynpoueHus NMOHMMaHUS NPUHIUIIMATBHON
cessu  vactoctu CHB ¢ 4dactoTHRIMU
cocrapmsiorumu LI mpennonoxum, urto F o -
JuaroHajpHas  MaTpula C  DJIEMEHTAMH

fi0,] =1,n . CooTHOMIEHHE (8) mpencraBuM B

BHJE:!
c,0..0
0oc,..0 |
0 0..c
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T
u |(f,0 ..0
T
u, [0 f,..0
= (Vl Voo Vi ) =
u' \O 0 .. fon
ull fll u21 f22 l"lnl fnr‘l Vll VlZ . Vln
_ u12 fll u22 f22 un2 fr‘lr‘l V21 V22 " V2n
uln fll u2n f22 " unn fnn an Vn2 " Vnn
Yacrocte  Bektopa U,, K=1n, He
u3MeHuTCs B pesyibrare ymuoxerns U T F | T.e.
npy  npeoOpa3oBaHUM  €ro K BHAY

(u1k f, . u, . ), gyro ompexensercs K-oit

v T )
crpokoit U ' F, T.K. KaxIplii €ro »IeMEHT
YMHOXKQeTCST Ha HEOTPUIATEIBHOE YHCIIO
JMaroHalbHbIH 51eMeHT F . Takum oOpa3om:

Gy = ((ulk f11 unk fnn )’Vk )’ k = ﬁ* (9)

re. CHY o,
MMPOU3BCACHUCM BEKTOpa, 4YaCTOCTb KOTOPOI'o

paBHa 4acTocTu U, , U BekTopa V|, . [IockoibKy,

ONPECACTACTCA  CKAJSIPHBIM

Kak IoKa3aHo aBTopamu panee, CHB v, Onn3ox

K N-ONTHUMAILHOMY BEKTOPY HPOCTPAHCTBA R",
a marpuma V WMeeT Te K€ CBOWCTBA, YTO H
marpuna U, To 9actocTd BEKTOpOB U, H V,

OyZnyT CpaBHUMBI MEXAY COOOH, KaK M YacTOTHI

COOTBETCTBYIOIIUX AM rapMOHHYECKUX
GyHKIMIA, 410 MIOATBEPKIACTCS
BBIYHCIUTEILHEIM 9KCIEPUMEHTOM,
WITIOCTpanueit THIIMYHBIX pe3yIIbTaTOB

kotoporo uisi koHkpetHoro LU (dpopmar Tif)
pasmepom 800x800 siBisieTcst puc.4.

VYuuTeIBas BhINIE YINOMSHYTOE, a HMEHHO,
CBA3b MEXAY CHHTYJSPHBIMH TpPOWKAMH U
YaCTOTHBIMU COCTAaBJISIOIIUMHU 1,
cootBercTBre Mexay CHB u rapmoHmuecknMu
(GYHKUMSIMH, COOTBETCTBHE MEXIY 4YacCTOCTHIO

CHB u, (v;,) wu 4acToTOH YacTOTHOM
cocTaBisloNedl  M300paXkeHUsl,  OTBEYAIOIIEH
(Gi Ui,V ), u3 cooTHomeHus (9) MOXKHO

ceNaTh BBIBOJ, YTO OOECIIEYCHHE TOBBIIICHUS
YacTOThl B YacTOTHOM cocrtapistomed [N
MOXKET  OBITh  OOecre4eHo  yBEITMYEHHUEM
yactoctu cooTBercTBytommux CHB Bwmecte ¢
YBEITMYCHUEM HX HOMEpa.
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I I
100 200 a0o

300 ; ; ; ; ; ;

280

200

150

100

50

1 I 1 1 1 1 1
100 200 300 400 500 600 700 a0o

Howmep CHB
Singular value mumber
0

250

= — o
o m =
= [=] =]

Komiecteo CHB

Number of singular vectors
2

EICHETS]
B

15 25 30 35 40 45

Puc.4. 3aBucumoctnb yacroctu CHB ot ero Homepa
14151 konkpeTrHoro LIU: a — neBsie CHB; 0 —
npasbsie CHB; B — rucrorpamma a6coTl0THBIX
3HAYeHUH Pa3HOCTH YacTocTeil COOTBETCTBYIONIUX
JeBbIx U npaBbix CHB.*

BrigBuHyTas rumote3a A Hamia  CBOe

MOATBCPIKACHUC HA IIPAKTUKE.
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O603Ha9MM ﬁ(ui) - gacrocte CHB u;,
A(ui) - wm3MeHenue dactoctu CHB mpu

nepexone (i—1)—>1i,Te.

n(Ua )_ 1'l(ui—l)v i=2n.

(10)

C y4eToM BBIIICCKA3aHHOTO, ISt
opurnHaiasHOro 111 m3menenune gacroctu CHB ¢
YBEIUYCHHEM HOMepa OyJeT MPOUCXOJUTh Ha
HEKOTOPYIO ~ «YCJOBHYIO  KOHCTaHTy» (B
npesieNiax  HE3HAYMTENIbHO  OTJIMYAIOIIUXCS
rpaHuil (KaKk TIOKa3bIBaC€T BBIYMCIUTEIHHBII
IKCIICPUMEHT, B MOJABISIONICM OOJIBIINHCTBE
[-20,20])
(THIMYHBINA TpUMep TpUBeNeH Ha puc.5(0) ms
1 (puc.5(a)) B dopmare Tif (kpacHbIM
BBIJICJICHA JIMHCHHAs aNMpOKCHMAIIUs A(Ui) c

OTH rpaHulbI COCTaBJIAIOT

MPaKTHUYECKU HYJICBBIM YTJI0BBIM
koad¢urmerTom -0.0002 1 cBOOOIHBIM YIEHOM
0.6927). OTO0 TOBOPUT O  MPAKTHUYECKH
MOCTOSTHHOM CKOPOCTH BO3pacTaHUs Ui TPEHIA

(GYHKIUHM 3aBUCHMOCTHU n(ui) OT i, T.e. O TOM,

910 (PYHKIHSA fr(i),i =1,n, Jo/KHA XOpPOLIO
armpOKCUMHUPOBATHCS JIMHEHHON (pyHKIMEH amst
opuruHanpHoro I[M ©0e3 moTepp, UYTO U
HaOJroaeTcsl Ha MpakTHKe (pHUc.5(B) — KpacHBIM

BEIJIETICHA JIMHEHHAs anmpOKCUMAIIHS fr(i)).

HazoBem 9TO CBOWCTBO JIUHEUHOCMbIO
yacmocmu CHB.
BBeI[eM TIOHATHUC OTHOCHUTCIIBHOT O

V3MEHEHUH YaCTOCTU S(Ui) P TIEpPeXojie OT
npenpigymero  CHB MIOCIIETYIOIIEMY
((i —1)—> i) ¢ yuetom (10) B COOTBETCTBHHU C

6(ui ) = |A(ui M/T_](ui—l) .

OTHOCHUTENIPHOEe W3MEHEHHE YacTOCTH OyaeT
MakcuMainbHeIM it CHB ¢ HavanbHBIMH

HOMepaMu: Juis U, yacTocTsb B jiro6om LU paBHa

K

(dhopMmyJoii:
(11)

HYITIO,
CPaBHEHUIO C HyJeM i U,, nanee — s U; |

€€ HC3HAYUTCIIBHOC YBCIWYCHUC 110

A (mmm CHB ¢ wMansiMu HOMepaMu) B
OTHOCHUTEITFHOM CMBICIIC OyIeT MaKCHMalbHBIM,
MOCKOJIbKY MaJloi Oy/eT cama UX 4acTOCTh, HO C
poctom Homepa CHB »53T0 oTHOCUTenbHOE
W3MEHEHUE JOJDKHO (TPEHIIOBO) MOHOTOHHO
3aMeUIATh CBOIO CKOpPOCTh, T.K. a0COJIOTHOE
BO3pACTAHUE YACTOCTH OCTaeTCA B Ipeaesax
HE3HAUNUTEIHHO OTJIMYAIONIUXCS TpPaHMIl, Kak
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MOKA3aHO BBIIIE, @ CaMa YaCTOCTh YBEIMYHUBACT
cBoe 3HadeHwe (puc.5(r) - HE TNpeacTaBICHO

S(Ul) = +00 B coorBercTBHH ¢ (11)).

Bce paccmoTpenHble  BbIIlE  CBOMCTBa
gactoctu CHB npucymu opurnnansaomy LU B
tdopmare Oe3 morepb. OXHUTACMBIM SIBIISICTCS
H3MECHEHHE 3THX CBOKCTB IS 1,
MOJIBEPTHYTOTO BB. B wuacTHOCTM OY€Hb
crnenn(UIecKol W O0XHIAEMO YYBCTBUTEIBHOM
XapaKTepUCTUKOW opuruHaibHoro [ aBisercs
YCTAaHOBJICHHAsI BBIIIE JIMHEWHOCTh YaCTOCTH
CHB. [etictutensno, CHB I[W, wuckmrovas
HECKOJIBKO MEPBBIX, SIBJISIEOTCS
YyBCTBUTENBHEIMH K I0ObIM BB, mnpuuem
KOHTPOJIb 3TOM YYBCTBUTEJIIBHOCTH B
COOTBETCTBHHU ¢ (HopMyIoil (5) MPUHIUITHATEHO
MOXET  OBITh  OCYIIECTBIEH JIAIIb  JIJIS
HECKOJBKMX TMepBbIX. s OOJBIIMHCTBA XKe

nle;)

350 T T T T T T T

0 100 200 300 400 500 GO0 700 8OO
Howmep CHB
Singular value number
B

CHB wmatpuusl [IH yron ux mosopora npu BB
MOJKET OBITh BIUIOThH 0 Pa3BEPHYTOro, IPUYEM,
YTO OCOOEHHO Ba)KHO, 3TO IPOUCXOOUT U IPHU
oueHb He3HauntenbHOM BB (puc.l), uro
OYEBHIHO 3HAYUMO H3MEHAET HUX YacTOCTh
BCIECTBHE TME€pexoAa He B Onu3nexaiuil
KOOPJMHATHBIA  OPTaHT, CJEJICTBUEM  YEro
SBIIETCS HapylIeHHE JUHEHWHOCTH YacTOCTH
CHB weopurunamsHoro I[M, moTeHIIHATBHO
oOecrieunBas BO3MOKHOCTB OTJIEJICHUS
opuruHansHoro L[ oT HeopUruHanbHOTO NpHU
MOMOIIM y4yeTa JIMHEHHOCTH 4YacTOCTH, B
YaCTHOCTH B YCJIOBUAX MaJibix BB.

IlomydeHHBIN TEOPETUYECKH BBIBOJ, HAILEN
cBOE MIOITBEPIKACHHUE Ha MIPAaKTHKE,
WJUTFOCTpaLKs Yero npuseaeHa Ha puc.6 qs LA,
MPEJICTAaBICHHOTO Ha puc.5(a).

Al,)
2 . . . . . . .

20

100 200 300 400 500 BOD 700 80D
Homep CHB
Singular value numnber

0

.

i 100 200 300 400 500 GO0 700 8O0
Homep CHB

Singular value number

r

Puc.5. CpoiicrBa yacroctu CHB matpunsi IIU: a — tectoBoe LIU; 6 — 3aBucUMOCTb A(ui ) 0T HOMepa

CHB; B — 3aBucumoctb yactoctu CHB ot ero Homepa; r — 3aBUCHMOCTh S(Ui) ot nomepa CHB.®

5 Appendix 1
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Puc.6. Hapymenue suneiiHocTn yactoctd CHB nis IIU, 1e10CcTHOCTH KOTOPBIX HAPYLIEHA B pe3yJbTaTe
BO3MYIIAIOIINX BO3EHCTBHIl: a — cikaTud ¢ norepsimu (QF=75); 6 — Ha/l02eHNs rayCCOBCKOro Iyma ¢
HyJeBbIM MaTokuAaHueM u D=0.0001; B — Ha0:keHMs] MYJIbTHILINKATHBHOTO myma ¢ D=0.001; r —
MeAnaHHOH GuabTpanum ¢ Mmackoii 3x3; 1 — creranonpeodpa3oBanus Mmeroaom LSB ¢ nponmyckHoii
CNOCOGHOCTHIO CKPBLITOro Kanaa (.25 GUuT/NMKcellb; € — HAJ0KeHHs ITyacCOHOBCKOro myma.®

& Appendix 1
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UccnenoBanuss OTHOCUTENBHOTO HM3MEHEHUS
gactoctn CHB 5(ui) Ju1st opuruHaneHeix U u

TaKWX, IEJOCTHOCTh KOTOPHIX OblIa HapyIleHa,
HE Jlald Ha JaHHOM DJTale pe3yibTaToB,
UCIIOJb30BaHUE  KOTOPBIX  IO3BOJIMJIO OBl
OTHEIATh W300pPKCHUS HE3aBUCHMO OT CHIIBI
BB, B yacTHOCTH, B YCIIOBUSIX HE3HAUUTEIbHOU
AF (3). BenenctBue 3TOro 0OCHOBHO#M yIiop mpu
pa3paboTKe COOTBETCTBYIOIIUX  JKCIIEPTHBIX
METOJIOB aBTOpaMH OyJeT cHeJaH Ha aHaIu3
ymHernocty yactoctd CHB.

BbIBO/bI

B pabGore mnpeasiokeHbl OCHOBBI HOBOTO
MoJaxoja K MpoOJieMe BBIABICHHUS HapyIICHUH
nenoctHoctu IIM. B xone ucciaenoanus:

° Hns CHB wmatpuust U BBeneHo
MOHATAE YAacTOCTH BEKTOpa — MapaMmerpa,
KOTOpPBIH, B OTJIMYHE OT YyBCTBUTEIHBHOCTH

CHB, paer BO3MOKHOCTh MCIIOJIB30BaTh BECh
Habop CHB mpu skcneptuse nenoctHoctu UL
VYuer xapaktepuctuk noseneHus Bcex CHB,
oAHO3HauyHO onpenensaommx [, mno3Boani
pacIipuTh o0BeM aHAIIM3UPYEeMOit
nHpOpMAITUN 0 HaJTMYUN/OTCYTCTBUN
m3MeHennit LM, 4Yro [OOMKHO NPUBECTH K
YBEJINYEHUIO YyBCTBUTEJILHOCTH
COOTBETCTBYIOIINX YHUBEPCAJIBHBIX 3KCIEPTHBIX
METO/IOB, 0COOEHHO B YCIIOBUSIX
HE3HAUUTEIbHBIX BO3MYIIAIOIINX BO3IEUCTBU;

e UccrnemoBanbl  cBoiicTBa  (PYHKIUH
3aBucuMoctu yactoctu CHB ot ero Homepa, B
XO0JI€ YEro YCTAaHOBJICHO, YTO ISl OPUTMHAIBHBIX
OW  nOpakTUYecKH  MOCTOSHHOM  sIBIsETCA
CKOPOCTh BO3pacTaHMs Ui TPEHIAa YIOMSHYTOMH
¢byHKIHH, CJIEICTBUEM Yero SIBJISIETCSI
muHerHocTh  4vactoctu CHB  gma U,
LEJIOCTHOCTh KOTOPBIX HE HAPYILICHA;

o  JluneitHocte uwactoctu CHB sBisiercs
XapaKTEPUCTUKON, YyBCTBUTEIBLHONH K JFOOBIM
BO3MYIIAIONIAM BO3JEHCTBHSIM, B TOM YHCIIE
He3HauuTelnbHbIM. Hapymenue  nmHelHOCTH
4acTOCTU AJisi HeopuruHaibHoro W mo3Bossier
OTJENSITh €ro OT H300paXKEeHHs, IENOCTHOCTb
KOTOPOTO HapyllieHa He ObLia.

Hcnone30BaHuE  yCTAHOBIEHHBIX CBOWCTB
it GyHkim 3aBucumoctr dactroctu CHB or
€ro HoOMepa JIacT BO3MOXKHOCTH JJIsl pa3paboTKu

YHUBEPCAIBbHBIX JKCIEPTHBIX METOJIOB,
3¢ (EeKTUBHBIX HE3aBUCHMO OT CHJIBI U BHJA
BO3MYIIIAIOIIET0  BO3JIEUCTBUM,  MOBJIEKIINUX

HapyweHnue nenoctioct .
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APPENDIX 1 (IPUJIOKEHHE 1)

!Fig. 1. Dependence of the perturbation value p of a
singular vector on its number when superimposing
multiplicative noise on a digital image (D=0.000005)
2Fig. 2. Dependence of the frequency index of singu-
lar vector on its number for the original digital image
SFig. 3. Illustration of possible options for changing
the frequency index of singular vector (n=8) with
increasing number: a — vector U,"""; b, ¢, d — vector

sign
ui+1 ’
“Fig. 4. Dependence of the frequency index of singu-
lar vector on its number for a specific digital image: a
— left singular vectors; b — right singular vectors; ¢ —
histogram of the absolute values of the frequency
index difference of the corresponding left and right
singular vectors
SFig. 5. Frequency index properties of singular vec-
tors of digital image matrix: a — tested digital image; b

— dependence of A(ui) on singular vector number; ¢
— dependence of the frequency index of singular vec-
tor on its number; d — dependence of 8(ui) on singu-

lar vector number

®Fig. 6. Violation of the linearity of the frequency
index of singular vectors for digital images, the integ-
rity of which is violated as a result of disturbing influ-
ences: a — lossy compression (QF=75); b — overlaying
Gaussian noise with zero mean and D=0.0001; ¢ —
overlaying multiplicative noise with D=0.001; d -
median filtering (mask 3x3); ¢ — LSB stegano trans-
formation (0.25 bpp); f — overlaying Poisson noise
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Congestion Management Using an Optimized Deep Convolution
Neural Network in Deregulated Environment

Dhanadeepika B.%, Vanithasri M.?, Chakravarthi M.
L2Annamalai University, India, Tamil Nadu
SVasavi College of Engineering, Telangana, India.

Abstract. The technical issue of congestion, which is predominantly found in deregulated power
systems, is caused by the failure of transmission networks to satisfy load power demands. This failure
is primarily caused due to an increase in loads or loss of transmission lines or generators in modern
restructured power networks. This work introduces a CM approach using Deep Convolution Neural
Network (DCNN) for minimizing congestion and supporting Independent System Operators (I1SOs).
The purpose of the work is to generate enhanced prediction outputs for congestion management with
reduced error values. These objectives were achieved through the actual power rescheduling of
generators. The proposed work adopts DCNN which is optimized using an Improved Lion Algorithm
(LA) and aids in providing significant outcomes for congestion management with reduced error. By
implementing customized IEEE 57-bus, IEEE 30-bus, and IEEE 118-bus test systems, the suggested
approach has been successfully verified for its performance on test systems of varied sizes. This analysis
incorporates restrictions such as line loads, bus voltage influence, generator, line limits, etc. The most
important results for the test system indicating convergence profile, congestion cost, and change in real-
power and voltage magnitude are obtained by the simulation in MATLAB, and on the basis of the
obtained simulation outcomes, it is evident that the proposed Improved Lion Algorithm optimized Deep
Convolution Neural Network displays phenomenal computation performance in minimizing congestion
losses at minimum congestion costs. When compared to several contemporary optimization techniques,
the suggested technique performs better in terms of congestion cost and losses by generating improved
prediction outputs with reduced errors.

Keywords: congestion management, DCNN, ISO, improved Lion Algorithm, deregulated power.
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Controlul congestiei folosind o retea neuronali de convolutie profunda optimizata intr-un mediu
dereglementat
Dhanadeepika B., Vanithasri M.2, Chakravarthi M.

Universitatea Annamalai, India, Tamil Nadu, ?Vasavi College of Engineering, Telangana, India.
Rezumat. Problema tehnicd a congestiei, care se gaseste predominant in sistemele de energie dereglementate, este
cauzata de esecul retelelor de transport de a satisface cerintele de putere a sarcinii. Aceastd defectiune este cauzata
in primul rand din cauza cresterii sarcinilor sau a pierderii liniilor de transport sau generatoarelor din retelele de
energie restructurate moderne. Scopul lucrdrii este de a genera rezultate de predictie imbunatatite pentru
gestionarea congestiei cu valori reduse de eroare. Aceste obiective au fost atinse prin reprogramarea efectiva a
puterii generatoarelor. Lucrarea propusd adoptd DCNN, care este optimizat folosind un algoritm Lion (LA)
imbunatatit si ajuta la furnizarea de rezultate semnificative pentru gestionarea congestiei cu erori reduse. Prin
implementarea sistemelor de testare personalizate IEEE 57-bus, IEEE 30-bus si IEEE 118-bus, abordarea sugerata
a fost verificatd cu succes pentru performanta sa pe sisteme de testare de dimensiuni variate. Aceastd analiza
incorporeaza restrictii, cum ar fi sarcinile de linie, influenta tensiunii magistralei, generatorul, limitele de linie etc.
Cele mai importante rezultate pentru sistemul de testare care indica profilul de convergenta, costul de congestie si
modificarea puterii reale si a marimii tensiunii sunt obtinute prin simulare in MATLAB si pe baza rezultatelor
simularii obtinute, este evident ca Reteaua neuronald de convolutie profunda optimizata cu algoritmul imbunatatit
Lion afigseaza performante de calcul fenomenale in reducerea la minimum a pierderilor de congestie la costuri
minime de congestie. In comparatie cu mai multe tehnici de optimizare contemporane, tehnica sugerati are
performante mai bune in ceea ce priveste costul de congestie si pierderile prin generarea de rezultate de predictie
imbunatatite cu erori reduse.

Cuvinte-cheie: controlul congestiei, algoritm leu imbunatatit, putere dereglementata.

© B. Dhanadeepika, M. Vanithasri, M.
Chakravarthy, 2023
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YrnpapieHue neperpy3kaMi ¢ HCIOJIb30BAHHEM ONTHMU3HPOBAHHOI HEliPOHHOI ceTH IiIy00Koil CBepTKH
B JieperyJupyemoii cpeae
Oxananeenuxa b.!, Banurxacpu M.2, Yakpasaprxu M.°
1YHI/IBepCI/ITeT Annamanau, Unaus, Tamun Hany, 2Bacasu WNuxenepnslil komnenx, Muaus, Tenanrana

Annomayua. TexHudeckas mpobieMa Ieperpy3kd, KOTOpas B OCHOBHOM BCTPEYAcTCsl B HEPETYIHPYEMbIX
9HEProCUCTEMAaX, BBI3BAHA HECIIOCOOHOCTHIO IEPENAIOIINX CETEH yHOBIETBOPHTH HOTPEOHOCTH B MOIIHOCTH
Harpy3ku. OTOT cOOH B EPBYIO OUYEPEb BBI3BAH YBEIMUCHNEM HArpy3KH WM MOTEPEH JIMHUN 3JIEKTPONEpEaatdn
WM TEHEPATOPOB B COBPEMEHHBIX PECTPYKTYPHUPOBAHHBIX 3JIEKTPUIECKUX CETAX. TakuM 0Opa3omM, ympaBieHHUE
neperpy3skamu (YII) cunraercst He3aMEHUMBIM acIIEKTOM B HBIHELITHIOKO STIOXY JI€peryIUpOBaHUsl, HOCKOJIBKY OHO
obecrieunBaeT OecnepeOoitHy0 paboOTy cucTeMbl Tepenadyd. B a3roit paborte mpencraeinen moaxon YII ¢
UCIIONIb30BaHUEM HEHpOHHOHU ceTu TiayOokoi cBepTku (DCNN) Ui MUHMMU3aUUH TEPErpy3KH U MOAJIEPIKKU
He3aBUCHMBIX cucTeMHBbIX onieparopoB (HCO). Liens paboTkl COCTOUT B TOM, 4TOOBI T€HEPHPOBATH PaCIIMPEHHbIC
BBIXO/IHBIE JaHHbIE TPOTHO3UPOBAHUS JUIS YIIPABICHUS IIEPErPy3KaMHU C YMEHBIICHHBIMU 3HAUYSHUSIMH OIIHUOOK.
OTH 1eny ObUTM JOCTUTHYTHI 32 CHET (haKTUUECKOTo NepepacipeaesIeH st MOITHOCTH reHeparopos. [Ipeanaraemas
pabota ucronszyer DCNN, KOTOPBIH ONTIMU3UPOBAH C MCIOIb30BAHUEM YIYYIIEHHOTO JIbBHHOTO aJIl'OpPUTMa
(YJIA) u momoraer obGecreynTh 3HAYUTEIBHBIC PE3YIBTATHI IS YIIPABJICHUS TEPETPY3KOi ¢ YMEHBIICHHON
ommoOkoi. Ilyrem peanmzannu HacTpamBaeMbix cucteM tectuposanus ¢ muHoi IEEE 57, IEEE 30 u IEEE 118
MPEeTIOKEHHBIH MOAX0J OBII YCHEIIHO NMpOoBepeH Ha 3(Q(EKTUBHOCT HA TECTOBBIX CHCTEMaxX pa3JIMUHBIX
pa3MepoB. DTOT aHaNIN3 BKIIIOYACT B ce0s TaKMe OTpaHUYCHHUS, KaK Harpy3Kka Ha JIMHHIO, BIMSIHUE HAIIPSHKCHUS HA
IIMHE, TeHepaTop, OTPaHWYCHUS Ha JUHUIO U T. 1. Hamboiee BaKHbIE Pe3yabTaThl IS TECTOBOW CHCTEMBI,
YKa3bIBaronye Ha HpO(i)I/IJ'H) KOHBEPICHIUU, CTOUMOCTb MNEPETPY3KU U HU3MCHCHHUC peaﬂbHOﬁ MOIIHOCTH H
BEJIMYMHBI HANPSDKEHHUS, TTONTydeHb! TyTeM MojenupoBanus B MATLAB, u Ha 0OCHOBE TOTy4eHHBIX Pe3yIbTaTOB
MO/JICIUPOBAHMS CTAHOBUTCSI OYEBUIHBIM, UTO MPEUIOKEHHAS YIIydllleHHass HeHpOHHAsl ceTh ITyOOKOH CBEPTKH,
ONTHMU3UPOBaHHas1 ¢ moMouiblo YJIA, neMoHcTpupyeT (eHOMEHATbHYIO IPOU3BOJUTEILHOCTD BEIUUCICHUI IPH
MHUHHMMAaJIbHBIX TOTEPSAX H3-3a IMEpEerpy3Kd MpU MUHUMAJIBHBIX 3aTpaTax Ha neperpy3ky. Ilo cpaBHeHuio c
HECKOJILKUMH COBPEMEHHBIMH METOJaMH ONTHMH3ALNH TIPEUIaraeMbelii METOA paboTaeT JIydIle ¢ TOUYKU 3pEHUS
CTOMMOCTH NEpPErpy3KH U MOTEPh 3a CYET CO3JaHUS YNy4IICHHBIX BBIXOAHBIX JAHHBIX NPOTHO3HPOBAHUS C
MEHBIIINM KOJIMYECTBOM OIITHOOK.

Knruegvie cnosa: ynpapieHue neperpy3kaMu, yIyqlIeHHBIH JIbBUHBINA aITOPUTM, HEPETYIHPYEMasi MOIHOCTb.

INTRODUCTION controlled by a common institution, instead
different organizations manage these companies
and the establishment of coordination between
these companies is left to an ISO. The transactions
made by the DISCOs and GENCOs are
unpredictable, abrupt and ahead of time, resulting
in transmission line congestion [5, 6]. The issue
of transmission line congestion mainly occurs due
to rise in load demand, generation outages and
equipment failure. The vital task of relieving this
congestion and ensuring a safe and secured
working of power system, is entrusted to 1ISO. The
major techniques followed by ISO to relieve
handled by the government [1-3]. However, the congestion are cost free and not cost-free methods

. ; : [7]. The former involves Flexible AC
excessive demand for power in recent times Transmission (FACTS) devices, transformer taps
effectuated the deregulation and privatisation of . . ’ . Ps,
electric power system. This in turn has network reconfiguration, phase shifters or

contributed to the restructuring of the power gon?(f;é'ﬁ nlillgne(?urc::ﬁ-ri%?:tn%f Tgae ds!attegn:rr;i?(l)lrsl
system with the inclusion of numerous smaller PP ' 9

generation plants, comprising of sustainable prioritization and generation rescheduling. In

power sources to meet the booming number of cgrtam hS|tuat|o_?_s, II.SO mform_s the é:ofnsqlr_ners
loads [4]. As a result of excessive power ? OdUI t d'e SPeCITIC. m.% conhges'i!oq an faC| ltate
requirements, transmission systems are operating oa a_Justment Inside the |m|t§ 0 §ystem
beyond their thermal and stability limits, placing constraints. In severe cases, the CM is carried out

strain on the current power system architecture. ?r)rles zng‘/lgglfht/he irnes;rr:sggﬁe ncg][?) cogsgﬁqa:rt;o[g’
Moreover, in a deregulated environment, the P '

DISCOs, GENCOs and TRANCOs are not 9]. FACTS devices are regarded as technology

Electric energy is the driving force behind the
functioning of the modern world and its rise in
prominence is mainly because of
industrialization, urbanization and enhanced life
style. Consequently, the overdependence and
ever-increasing demand for electric energy has
led to several rapid advancements in the power
sector. Previously, vertically integrated utilities
were used to operate the power grids, and the
government mostly controls this regulated power
system. Thus, both incurred expenditure and the
resultant revenue of the power system are both
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that, lowers transmission congestion and
improves grid infrastructure use. The usage of
FACTS controllershas some  drawbacks,
including challenges with placement, size, cost,
and modelling that are ideal. In order to manage
congestion in reorganized electricity markets, this
article discusses the application and ideal position
of the FACTS device series [10, 11]. Through the
creation of an algorithm to improve working
measure of contingency analysis as well as
positioning and control of Thyristor-Controlled
Series Compensator (TCSC) [12], and operation
of TCSC for transmission line optimization and
congestion is explored. The best location
for TCSC [13] in terms of increasing power
transmission efficiency, limiting steady-state
instability, and preserving power system voltage
stability. TCSC is used in power systems to
enhance transient response and congestion
control. The explanation of the objective models
for minimising expense and load shedding
involved optimising welfare of society, limiting
load shedding, as well as increasing load served.
Two generators and bus sensitivity factors were
presented along with  Particle  Swarm
Optimization (PSO) technique. However, PSO
exhibits demerits including sensitivity to
parameters, lack of diversity and premature
convergence leading to inaccurate outputs [14]. In
[15], Genetic algorithm is engaged for finding
best generation schedule for CM in an
unregulated power system but shows challenges
in the improvement of congestion management
performance. The Grey Wolf Algorithm (GWO)
is employed for congestion management due to its
ability of enhanced convergence speed yet gets
trapped on local optimum value [16]. Firefly
Algorithm (FA) is another metaheuristic
algorithm employed for handling congestion
management but exhibits inability in handling
optimization problems with constraints [17]. The
line overload problem during congestion
management is eliminated in power system by
grasshopper algorithm (GA), however, the
inappropriate selection of parameters may lead to
premature convergence of the algorithm [18]. The
differential algorithm is adopted the hourly
congestion management but demands increased
consumption of resources leading to resource
shortage [19]. Bat algorithm is also deployed for
the congestion management in power systems but
faces issues related to computational complexity
[20]. Several studies introduce deep neural
networks together with metaheuristic algorithms
for congestion control in response to these

124

problems. In [21], glow worm swarm
optimization is adopted for the optimization of
DCNN which in turn adjusts the weight
initialization. Anyway, with the increase in data
size, slight fluctuations occur in memory usage of
the algorithm.

In [22], atrous convolution algorithm is used for
the optimizing of DCNN but the accuracy results
attained are not high. In [23] swarm intelligent
based algorithms are adopted for the optimizing
of DCNN. However, these algorithms face issues
related to convergence and accuracy. Considering
these shortcomings, the novelty of the work
engages a DCNN network with Improved Lion
Optimization, which is a recent optimization
strategy showing remarkable performance
towards congestion management.

Contributions of the study are,

e An Improved LA optimized DCNN is
proposed for relieving congestion in a
deregulated environment.

The presented CM approach is tested for
its effectiveness in IEEE 118-bus, 57-bus,
and 30-bus systems.

The proposed methodology is effective in

minimizing congestion cost and losses.

PROPOSED SYSTEM MODELLING.

A. Problem Formulation

The primary goal is to lower the systems z cost,
which is taken into account.

Minimize " ¥, C7 (AR") AR (1)

From above equation, rescheduling power cost in
accordance with price bids at interval n is
represented asc; ,as incremental adjustment of
generators active power is given by AR for
intervaln. N, represent the number of buses
used and the generation of maximum and
minimum limits is denoted as P™ and P™
Subject to the limitations are listed as follows

—Fy :ZWJ IVie 1Y [c0s(8; =0, —6y) (2)

k=1

ng

Qu =Qy = 2V, Vi 1Yy 1€0s(8, =5, =0, ), (3)
k=1
j=12,..,n
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min max
P <Py <Py

Q" <Qu <Qi*k =1,2,..., N,

(4)
()

Here, V, .V, denotes the voltage for j*"bus andk"

bus respectively, Ydenotes the shunt admittance,
6, represents the admittance angle between j"

bus andk™ bus, &,.5, denote bus voltage angle of
thei” bus andk™ bus, P, Q,denote the real and
reactive powers for j bus while, P, Q, indicate a
real and reactive load powers for j bus, N, denote
,Pi", Qi denote the
minimum value of real and reactive power of k"
bus, P, Qg™ represent the maximum of real and

1 Pgk
reactive power of k"bus. The following
additional limits are taken into account once the
bus is linked to pumped storage units for lowering
the system's congestion costs:

the number of generators

en — einitialn — O,en — efinalr.| — 24 (6)

en+1 :en+t(77p) (7)
Pot" < pp, < P (8)

RI" <PL <P (9)

e <e"<e

(10)

Here, P, P™and P™,PT™ represent the

minimum and maximum values of power.

B. Bus Sensitivity Factor (BSF)

BSF is defined as ratio of incremental changes
occurring in  m"power of thebus to an
incremental change in real power flowing through
bus "i" which is linked to buses "j"and "k," as
shown below. On the basis of greatest negative
sensitive indexes, BSF offers the best location for
pumped hydro storage unit deployment.

APy,
Ap,

BSF! = (11)

From the expression above, the degree to which
the amount of real power changes in accordance

with amount of real power injected at bus m in a
transmission line is represented by BSF,.AP,

indicates the incremental changes in real power
that flows in bus i which is connected between j
and k buses, A, represents an incremental

change in m" power of the bus.
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Equation (12) is used to derive BSF, as shown
below

Py Py P, oP,
AP, = AS; + Ao, + AV, + AV,

00, 00, oV, ;
(12) AP, =a, AS, +by AS, +C, AV, +d AV,

(13) AP, =2, AS, +b, A5, +C, AV, +d, AV,  (14)

From Equation the expression fora, b, andc,
IS given by,

a, =V, sin@, +5,-5;) (15)

by =V V.V, sin(@, +5,-5,) (16)

Cy =V, Y, cos(6, +6, —5;) -, Y, cosd, (17)

d, =V,Y, cos(6, +5,—-5,) (18)

jlk

Here,V;,V, denotes the voltage across the j and k
buses, Y, represents equation (19) provides the
Jacobian Matrix using Newton-Raphson (NR)

e )

25 =[2,]*[4P]=[M][aP]
(20)

AP
AQ

AS
AV

‘]ll
‘]21

J12
‘]22

AS
AV

] (19)

Here,

AS; = ZlelePJ =12,...,n,j#s
(21)
Hence, the expression of BSF becomes

BSF, =a,m, +b;m, (22)

The Improved LA-optimized DCNN is
employed for congestion management in this
work and the presented approach is shown in
Figure 1.

C. Optimized DCNN with Improved Lion
Algorithm (LA) for classification

In this work, DCNN is adopted in which the
automatic optimization of hyperparameters is
carried out by improved LA. In Figure 2, the
general flow diagram of DCNN with optimization
is indicated. Here, back propagation is used for
the learning process. The obtained prediction
output from the fully connected layer is compared
with an actual value and subsequently, the loss
function calculates the error value. The Stochastic
Gradient Update (SGD) function is used in the
training procedure of DCNN. Consider, the n
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samples of the training dataset and assume f;(x)
as the loss function in which i denotes the index

POWER LIMIT
VIOLATION IN LINE

1

CONGESTION |

TOVLNO

and x denotes the parameter vector. The objective
function is given by,

VALIDATION OF
CONGESTION COST

SA

RSM

A\ 4

PSO

FA

ILA

MINIMIZATION OF
CONGESTION COST BY
RESCHEDULING

PROPOSED IMPROVED LION
ALGORITHM

NO POWER LIMIT VIOLATION

NO CONGESTION

3 y 3

CONSTRAINTS

POWER LIMITS | POWER BALANCE

RESCHEDULING COST

BEFORE ILA

Fig.1. Congestion management using Improved LA-optimized DCNN

1 n
FO=22100 (29
i=1
The following expression denotes the
objective function gradient at x.

VE () = %ivri )  (24)

The computational cost for each
independent variable iteration, if gradient descent
is used, is given by O(n) An indexi e {1, .n}is
uniformly sampled at each iteration of SGD for
updating x by computing Vf, (x) .

X < X—nVf (X) (25)
Here, n indicates the learning rate.

The DCNN structure used in the proposed work
is AlexNet which is an updated architecture
generating improved accuracy with less
computational time. Table 1 represents the
Alexnet DCNN layer architecture used in the
proposed work.

The convolutional layer extracts the features
from the data and is normalized by ReLU.
Subsequently, the pooling layer of size 3x3
reduces the number of sizes thereby minimizing
the complexity. In this DCNN, categorical cross-
entropy is adopted as the loss function DCNNSs are
trainable architectures with biological inspiration
that acquire on invariant aspects. Filter banks,
certain non-linearities, and feature pooling layers
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are present in all stages of a DCNN. Multiple-
stage multilevel hierarchical features are learned
by a DCNN. The combined input features fe in
DCNN are characterised by a function as shown
in Equation (26), where fe is given a size of
m,Xm,and A indicates the 8-bit channel ranging

from {0,......... , 250} .
Table 1
Alexnet DCNN layer architecture
Layers Filters | Filter | Strides
size
Convolutional 96 11x11 4
layer 1
Max. pooling 3%x3
Convolutional 256 5x5 1
layer 1
Max. pooling 3%3
Convolutional 384 3%x3 1
layer 1
Max. pooling 3x3
Convolutional 384 3x3 1
layer 1
Max. pooling 3%3
Convolutional 256 3x3 1
layer 1
Max. pooling 3%3
Img, :{1,...m }x{L...m} >AcR,(i,j)>fe, (26)
(Considering ~ filter L e %% where the

discrete convolution (*) w h filter H is specified
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by Equation (27) for the best image features fe.
L is modelled as per Equation (28),

g
( fe * L = Zv 0 ZUZ —0, LV u p+v r+u (27)
CONVOLUTION [, PooLING ~ FULLY !
CONECTED SOFTMAX
INPUT GENERATED
- - W - = OUTPTS
FIND NEW —
HYPERPARAMETER | = MELT‘J(‘;HO%“}E\TIIC - E‘{ﬁlﬁé‘s}-\
AND TRAIN AGAIN ’ L
Fig .2. Deep CNN.
L‘gl gz. L—gp—gz
Loo (28)

91,-92 91,92

A commonly used smoothing filter is the discrete

Gaussian filter L, ,, , which is shown in Eq. (29),

where o stands for "standard deviation of
Gaussian distribution".

1
(LH(G))“ B 270° exp(

Assume convolutional layer with feature maps
n®and output dimensions an{®Xn{® The ith
feature map of s layer is illustrated in expression
30. The bias matrix and filter dimensions are
given byw,® and L{*) that links ith and jth feature

map of s and (s — 1) layer.

XO =W+ " LY (30)
The output feature map retains a dimension by
utilising discrete convolution at specific locations
on input feature maps and is expressed as

nt? —2g° =nPand n{™ -2g; =n®  (31)
The convolutional layer with its membership
function including multilayer perceptron is

expressed as
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(X7),, =), + 20, (L =x ) (32)

CTRDINES SIS SR i (L9

(), (),

The position (p, ) achieved by output
computation unit is illustrated in Equation 33.
The trainable weight of network is represented as
L andw, indicates bias matrix. Consider fully

connected layer as s. If s-1 is also fully
connected s takes as input feature map n®™ with

size n{YXn{and is given by,

" (33)

X® = f(\/s)withvs =

(1)

1 2y

(34)

nis D

B  We **

ijr

(Xfil)p,r

We= . clarifies the weight which links unit at

ij,p.r
position(g,h) in layers—1 feature map and ith

unit in s. The weights are updated with the
backpropagate of error in the network after the
calculation of network error. The optimization
algorithm updates the weights till the minimized
value of error is obtained and the error does not
get reduced further. For better prediction
outcomes, it is preferable to make the values ideal
rather than generating some random evaluation
values. However, the automatic finding of
hyperparameters of DCNN is crucial and requires
the involvement of metaheuristic algorithms. The
tuning in this work is done using the optimization
idea, specifically, a novel tuning approach is
presented.

Solution Encoding and Objective Function
s

Figure 3 shows the solution provided by the
suggested algorithm, where nu represents total
number of weights. An objective function (OF)
of research that is being presented is described in
Equation (32), where Er denotes error.

Wel Wez

We,,,

Fig. 3. Solution encoding.

OF = Min(E,)

L, a go
—ﬁzi(L L")

(35)
(36)
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From the above expression N indicates
the number of samples, and actual and predicted
outcomes of the ground truth table are specified
asL*and L”

Proposed Improved LA.

The Improved LA model is used in the work
is presented to optimise a weight of DCNN. Here,
the current LA method is enhanced so that it is

INPUT
IMAGES
| LAYER1: CONVOLUTION

I

PRIDE GENERATION

1}
.4

| LAYER2:SUB-SAMPLING l *'[ FERTIL

ITY EVALUATION ]

!

| LAYER3: CONVOLUTION |

!

I LAYER4:SUB-SAMPLING l

<UB GROWTH

MATING

NEW TERRESTRIAL

LION

INPUT LAYER’S WEIGHT AND

BIASES |41'—

1 [

ERRITORIAL TAKEOVER UPDATES
smal AN sfem

)

I

CALCU LATE TIIE ESTI\!ATED

up

SURVIVAL FIGHT

o
IS NOMAD
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i DEFEATED?

DATE NOMAD

COALITION

1
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l (Al(llAll‘ llll‘ ouTPUT

Iﬁ
|
|

IS cuB
MATURED ?

IS CUB
ELIGIBLE TO
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PRIDE?

RETURN
THE
STRUCTURE

IS MAXIMUM

GENERATED

TERMINATE

Fig. 4. Adopted Improved LA Flow Diagram.

capable of handling the difficult optimization
problems. Self-improvement has generally been
shown to be promising in conventional
optimization techniques. The live nature of lion
species served as the basis for LA model. It
consists of four stages, including "mating, pride-
generating, improved territorial takeover and
territorial defence”. The proposed Improved LA
adopts the improved territorial takeover phase in
which the lions are updated based on the
maximum age of cubs. In contrast, conventional
LA do not have specific updating process. The
solution vector of Improved LA is referred as
s=[s,.s,,

Pride Generation.

The pride formulation is initiated by nomadic
lion, territorial lion, and lioness which are
indicated  as s™ s"Wands®™the  vector

components are specified ass®™' s and, s" with
len=1,2,3,...., Len; that lies within the limits of

random integers, whenri)1.The length of lion is

specified asLen and variables are denoted byn

and m .Simultaneously, when fi =1 ,the
expression forVv (S, ) is written by,
; 1
Len:{ m,m>. (37)
n; otherwise

V(Slen ) = (Slrenr:n , S|r::x) (38)

n%2=0 (39)

V(Slen ) = ZILei\ilS (40)

Ienz[%nilen)
Fertility Estimation.

Ifs® ands™ become saturated, they may have
reached a local or global optimum and so failed to
find the ideal solution. In the proposed technique

I3

S if len=d
S otherwise

len

fem+
len

(41)
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Sem = min[S(j“ax , max(S(j“ax,Vd )]
(42)

The process of mating is performed when s™™ is
considered ass™". From the expressions above
d™and len'™™ component vectors ofs*™ is
specified as S;"and s .

en

Vy =[SEm 4 (0r, ~0.08) (S —rsem)] (43)

The random constraints are specified by variables
r.,r,and d, which are produced and lie between [

[0.1]and[L Len], respectively. Also, female
update process is indicated as Vv .

Matching

Gender-based clustering occurs as a result of the
crossover and mutation processes that occur
during mating. Cubs are generated by mutation
and crossover process and are referred as, s™*
which are produced by cross over process and
s"™" by mutation process. Thus, a lioness gives
birth to four cubs when it is pregnant, and another
four cubs are created through the crossover
process. These four cubs are used to carry
out mutation procedure in order to create four
further cubs.

Lion Operators.

The territorial defensive and coalition
developments are covered in survival fight. If the
conditions in Equation (44 to 46) is satisfied is
S* " selected.

h (se'“d )<h (sma' )
(44)

h(s*)<h(s™-= ) (45)

laggardness, laggard is specified as L, ands™
,whileh(sma') beyond h’
reference. The sterility ratest,  indicatess™

fertility. While St,)St™ tolerance, the expression
becomes

specifies the fitness

h(s"™)<h(s""™) (46)

The nomadic coalition upgrade happens after the
failure of s™, while a pride update happens
after failure of s™" .

Territorial Takeover.
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The process of upgradings™ ands™ based on
maximum cub age A, takes place in this phase.
In the proposed work, the territorial takeover uses
the algorithm to upgrade s™ and s " as mentioned
in (47) and (48) which is absent in conventional
LA. In other words, the territorial updating is
based on size of male and female cubs and a
random variable called rann.

sm™ :[Sma'wb +(Sfe”"~‘“b xran n(size(Sfe”‘“b )))J (47)

g _ [Sfemm +(sma'm xran n(size(Sma'“b )))J (48)

Termination.

The design gets terminated only when
Equations (49) and (50) are satisfied.

(49)

it> it

h(5™)-h(s) <er, (50)

Figure 4 shows the flow chart for the suggested
Improved LA model. From the expression above
count of generation is indicated by it, which is set
to zero at initial and further increased to 1, during
the territorial takeover.it,, and er, stands for

maximum generation and error threshold,
respectively. The list of hyperparameters for the
evaluation selected with the help of improved LA
is mentioned in Table 2.

Table 2
List of hyperparameters.
Hyperparameters Range Optimal
Value
No. of epoch [1-200] 100
No. of filters [1-400] 16
Batch size [10-100] 32
Pooling size [1x1- 2%2
7X7]
Filter size [1x1- 3%x3
11x11]

RESULTS AND DISCUSSION

In this study, an Improved LA optimized DCNN
is used for resolving congestion issue in
unregulated environment. The optimized Deep
CNN facilitates the active power rescheduling of
generators with reduced congestion cost. Around
500 loading scenarios are being generated among
which 78% of patters are adopted for training and
22% of patterns are adopted for testing. Out of the
390 loading scenarios of training set, the number
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of congested scenarios identified is 378 while the
non-congested cases is 12. Among 110 loading
scenarios of testing set, the number of congested
loading scenarios is identified as 100 whereas the
number of non-congested loading scenarios is
identified as 10. An apparent power load, active
power load and reactive power load are applied as
inputs to DCNN in which the dimension of the
input layer is given by 3x21x1.

In order to apply power load, active power load
and reactive power load as inputs, data requires
pre-processing. Initially, the data has to be
collected at regular intervals and further pre-
processed which involves removal of outliers and

conversion of data into time-series format. The
data could then be formatted into a tensor or array,
where each row represents a time step and each
column represents a feature, such as active power
load. Finally, the formatted data can be fed as
input to the DCNN.The proposed work is verified
by implementing in MATLAB and is tested under
variety of networks including IEEE 30-bus, IEEE
57-bus and IEEE 118-bus. An upper voltage of
the load bus is 1.1 p.u, while the lower voltage of
the load bus is 0.9 p.u. Table 3 lists the test
systems  considered for evaluating the
performance of Improved LA optimized DCNN
for CM, while the congestion line details are
presented in Table 4.

Table 3
Test System details
Test system | Modified IEEE 30-bus Modified IEEE 57-Bus IEEE 118-bus
Test case 1A 1B 2A 2B 3
Considered | Line outage | Line outage Reduction of line Reduction of Line outage
Contingency | between 1 between 1 and | capacity from 50-35 | line capacity between 5 and
and 2. 7. MW and 200 to between lines | 8.
175MW between 6- | 2 and 3 from
12 and 5-6. 85 to 20 MW.
Table 4
Congestion line flow details of test system

7% 1A 1B 2A 2B 3

o ©

= O

5

2 3

S = £ 1-7 | 7-8 1-2 |28 |29 5-6 6-12 | 2-3 16-17 | 30-17 | 8-30
O aod

o
S s 147 | 140.2| 314 | 978 | 103.6| 188.7| 495| 36.6| 209.2| 580.2

% m O 5

Ty

2i8s

-3 <0 130 | 1235| 130| 61.4| 6439| 1684 | 16.8| 16.7 97.6 | 496.8

§ E . 130 | 130 130 | 65 65 175 35 20 175 500 175
g3

GE2
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IEEE 30-Bus Test System

For comprehending the potential of proposed DCNN
based CM approach, a revised version of IEEE 30-
bus system that comprises of 24 load buses, 6
generator buses and 41 transmission lines is
considered. The two different cases considered here
are: Case 1A — power outage causes congestion

between lines 1-7 and 7-8; Case 1B — load rises to
50% at every bus and the lines 1-2, 2-8 and 2-9 are
congested. Table 3 gives the details about the
obtained results from which it is noted that the
proposed work generates improved outputs of
18.707 for caselA and 161.14 for case 1B.

Table 5
Test system results
Techniques TC,$/h | ARy, AR, APy, AR, APy APy TRRG
SA [24] 719.86 | -9.076 3.133 |3.234 | 2968 |2.954 | 2.443 23.809
< RSM [24] 716.25 | -8.808 2.647 | 2953 |3.063 | 2913 | 2952 23.33
— PSO [24] 538.95 | -8.61 10.4 3.03 0.02 0.85 -0.01 22.93
% FA [25] 511.87 | -8.778 15 0.106 | 0.065 |0.1734 | -0.618 | 24.74
O Proposed 421.58 | -8.596 7.57 0.352 | 1.096 | 0.568 | 0.5228 | 18.707
SA [24] 6068.7 | - - - - - - 164.53
RSM [24] 5988 - - - - - - 164.5
0 PSO [24] 53355 |- - - - - - 168
- FA [25] 5304.4 | -8.579 75.99 |0.057 |42.99 |23.83 |16.51 167.9
§ Proposed 5238.9 |-9.001 62.9 34.24 | 2.059 |29.45 | 23.47 161.14
TRRG-Total Real power Rescheduling Generator, TC-Total
2500 T T T T 800 T T T T T
& 2000 - -
E 1500 %5"”
E E 400 |
E 1000 |- '%3"0 |
= w00 b E 200 |
100
UO S‘IJ 160 NFFEg 1‘;0 260 e 2 SA RSM PSSO FA DUNN
(a) (b)
20 T r T
CASE 1A SA 115 = n
15 - = [Il::(\}l L1 MAXIMUM VALUE
1 I='_ 1!;2'\'\ Los ]

a

. Real power rescheduled (MW)
n

=

Voltage magnitude (p.u)

0.95

0.9

085
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Fig. 5. Case 1A simulation outcomes (a) Convergence profile (b) Congestion cost (c) change in real-

power and (d) Voltage magnitude.

The simulation results for case 1A are provided in
Figure 5. On analyzing the figure, it is detected that a

congestion cost is minimum for the proposed CM
approach using Improved LA optimized DCNN.
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Further, real-power losses are significantly reduced to
1265 MW from 16.13 MW, indicating the

effectiveness of the proposed methodology. The
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Fig. 6. Case 1B simulation outcomes (a) Convergence profile (b) Congestion cost (c) change in real-
power and (d) Voltage magnitude.

From Figure 6, which gives the simulation outcomes
for case-1B, deduces that the congestion cost is
comparatively lower for the proposed DCNN based
CM approach. In this case, increase in load along
with the outage of line between 1 and 7 results in
overloading Moreover, the system losses are also
reduced to 14.59 MW from 37.24 MW after CM
using Improved LA optimized DCNN.

IEEE 57-Bus Test System

Next, a revised topology of IEEE 57-bus test system
considered for CM is made up of80 transmission
lines, 50 load buses and7 generator buses. Its reactive
and real power values, 336 MVAR and 1250.8 MW
respectively. Moreover, the details and results of the
two cases coming under this test system is provided
in Table 6.

Table 6
Test system results.
. TC,$/h

Techmques AP, AP, APR;, APR;, AP, AP, AP, TRRG

SA [24] 7116.8 | 764 |0 -2.64 1998 |-87.3 |0 0 172.9
< RSM [24] 7876.4 | 59.3 0 38.7 | -48.6 | -63.7 | 0 0 197.3
o | PSO [24] 6735.2 | 24.7 135 |854 |-649 |-823 |0 39.7 164.4
§ FA [25] 6214.4 | 5.72 275 | 063 | 021 |-39.2 |-35.1 | 62.2 146.82
O | Proposed 5324.6 |-0.05 |-11.7 |-5.81 | -45.2 | -51.3 | -34.8 | -0.53 | 144.57

SA [24] 42743 | - - - - - - - 98.74

RSM [24] 41236 | - - - - - - - 89.67
0 PSO [24] 3856.1 | - - - - - - - 76.43
N FA [25] 2987.9 | 0.37 -275 [ 314 | 044 |-232 |-187 |-0.63 | 65.87
§ Proposed 2012.3 | 0.76 0.08 | 220 |0.17 |-10.5|-0.00 | 16.07 | 49.583

44
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The simulation outcomes for case 2A are
illustrated in Figure 7, In case 2A, for lines 6-12
and 5-6, line limits are lessened from 50 MW to
35 MW and 200 MW to 175 MW respectively.
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With the occurrence of congestion, there is an
overloading between lines 6-12 and 5-6. After
CM using the proposed methodology in case 2A,

the system loss is signifi
MW from 69.64 MW.

cantly reduced to 24.558
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Fig. 8. Case 2B simulation outcomes (a) Convergence profile (b) Congestion cost (c) change in real-
power and (d) Voltage magnitude.

whereas simulation outcomes for case 2B are
illustrated in Figure 8. In case 2B, line overloading is
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created by reducing line limit to 20 MW from 85 MW
between lines 2-3. From analyzing Table 4, it is
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observed that the proposed approach delivers
comparatively better performance in Case 2A also.
In this case the system losses are greatly reduced to
28.22 MW from a primary value of 78.23 MW before
CM. On the whole, the violation of overloading
lines is alleviated by the optimized real-power
rescheduling.

IEEE 118-Bus Test System
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T
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Number of iteration
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The proposed DCNN based CM is also evaluated for
its effectiveness in a larger test system by deploying
it in a revised topology of 118-bus test system, made
up of 54 generator buses, 64 load buses and one
186transmission lines. In this case, the lines between
5 and 8 are disconnected, while the loads between
lines 20 and 11 are increased 1.57 times. Figure 8
gives the simulation resultsforCase3

Voltage magnitude (p. u.)

M " M " M
20 40 G0 80 1y
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(b)

Fig. 9. Case 3 simulation results (a) Convergence profile and (b) voltage magnitude.

In this case, the total system loss becomes
230.505 MW after CM using DCNN. The value
of system loss before CM is 277.301 MW. Thus,
it is significantly apparent that the proposed
DCNN methodology is effective at minimizing
congestion in any test system, regardless of its

4.0 T T T T T T T T T
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L 1 1 1 1
50 60 70 80 90 100
Iteration

Figure 11 represents the comparison of
performance error obtained using CNN,
DCNN and Improved LA optimized DCNN
related to mean absolute error (MAE), mean
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size. Figure 10 represents the comparison of
convergence in terms of cost and iteration.
From the curve it is clear that the Improved
LA exhibits rapid convergence rate when
compared to conventional LA.

Fig. 10. Comparison of convergence.

Comparison of performance error

b

DCNN Improved LA-DCNN
Fig. 11. Comparison of performance error.
squared error (RMSE) and root mean squared
error  (RMSE). The comparison outputs
indicate reduced error for the proposed neural
network indicating improved computational
performance.

=
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Table 7
Comparison of generator rescheduling for IEEE 30-bus system
Networks Outputs Gl G2 G3 G4 G5 G6
Cascaded Actual 40.882 |54.409 |16.485 |21.747 |16.083 |29.902
DCNNI[26] |Predicted | 40.469 | 54.222 16.299 |21.692 |16.073 |29.775
% Error | 1.008 0.344 1.128 0.253 0.064 0.307
DNNI[27] Actual 179.098 [ 45973 |[21.831 [23.637 |19.086 -
Predicted | 179.111 |46.416 |21.605 |23.640 | 18.901 -
% Error | 0.007 0.964 1.038 0.014 0.970 -
Proposed Actual 161.149 [55.946 |19.627 |22.676 |18.384 | 32.916
ILA-DCNN [predicted | 161.146 | 55.740 | 18.707 | 22.671 | 18.342 |32.775
% Error | 0.003 0.206 0.920 0.005 0.042 0.141

Table 6 represents the comparison of the
proposed  ILA-DCNN  for  generator
rescheduling with existing works. The listed
values indicate that the proposed work
outperforms other ones with enhanced
prediction outputs indicating reduced error
percentage.

CONCLUSION.

This study suggests a novel robust methodology
for CM in an unregulated open access electricity
environment. In order to satisfy several electrical
constraints, problem was developed as multiple-
objective function, with losses and congestion
costs as vital factors. Conventionally, FACTS
devices or nature-inspired algorisms were
prominently employed for CM in many works.
Meanwhile, in this work, DCNN is chosen for
congestion minimization in an unregulated
environment for solving the tasks of issues in
congestion management due to uncertainties in
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The Method for Generating a Set of Reference Images for Assessing
the Condition of Critical Infrastructure Facilities Using Mobile Robots
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Abstract. The purpose of this work is to improve the accuracy of critical infrastructure condition
assessment using mobile robots by considering the geometric distortions of the current images during the
formation of a set of reference images. The goal is achieved by determining the sampling step values by
angles and sighting height without loss of accuracy. The most important result is the determination of
acceptable discretization values in the range of angles and heights of a correlation-extreme navigation
system. The significance of the obtained results is in solving the problem of forming a set of reference
images, which will reduce the impact of changes in the geometry of sighting on the accuracy of the
evaluation of objects. A special feature of the results obtained is the establishment of maximum
permissible sampling steps in angles and heights of sight to ensure the required accuracy of object state
estimation. When forming a set of reference images, the sampling step by height should be (0.06....0.11)%
and (0.12....0.2)% relative to the initial flight altitude for the sighting surface with normal and high object
saturation, respectively. The angular sampling step is 10...17 degrees and 6...10 degrees, respectively, for
the same surface types. The difference from known works is that the perspective and scale distortions are
considered at the stage of formation of a set of reference images, which ensures high accuracy of the
system functioning in conditions of orientation and sighting geometry changes.

Keywords: mobile robot, critical infrastructure object, set of reference images, correlation-extremal
navigation system, discretization by angles and height.
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Metoda de generare a unui set de imagini de referinti pentru evaluarea stirii instalatiilor de
infrastructura critica cu ajutorul robotilor mobili
Tymociko O.%, Burdin M. Najafli E.2, Tukan 0.2 Olizarenko S.}, Biriukov 1.3, Biriukov O.%, Tiurina V.5,
Zakirov S.5, Padalka 1.1
!Academia de zbor a Universititii Nationale de Aviatie, Kropyvnytskyi, Ucraina
2Harkiv Universitatea Nationald de Afaceri Interne, Harkiv, Ucraina
3Academia Nationald a Garzii Nationale a Ucrainei, Harkov, Ucraina
“Kyiv Institutul Garzii Nationale a Ucrainei, Kiev, Ucraina
S Universitatea Nationald a Fortelor Aeriene din Kharkiv, numitd dupa Ivan Kozhedub, , Harkiv, Ucraina
bInstitutul de Cercetare de Informatii Militare, Kiev, Ucraina
Rezumat. Scopul acestei lucrdri este de a Tmbunatati exactitatea evaluarii starii infrastructurilor critice cu ajutorul
robotilor mobili prin luarea in considerare a distorsiunilor geometrice ale imaginilor curente in timpul formarii unui set
de imagini de referinta. Scopul este atins prin determinarea valorilor pasului de esantionare in functie de unghiuri si de
indltimea de vizionare fara pierderi de precizie. Cel mai important rezultat este determinarea valorilor acceptabile de
discretizare in domeniul unghiurilor si Inaltimilor unui sistem de navigatie corelatie-extrem. Semnificatia rezultatelor
obtinute constd in rezolvarea problemei de formare a unui set de imagini de referintd, care va reduce impactul
modificarilor In geometria de vizare asupra acuratetei evaludrii obiectelor. O particularitate a rezultatelor obtinute
consta in stabilirea treptelor maxime admisibile de esantionare a unghiurilor si Tndltimilor de vizare pentru a asigura
precizia necesard estimarii starii obiectelor. La formarea unui set de imagini de referintd, pasul de esantionare pe
inaltime trebuie sa fie de (0,06....0,11)% si (0,12....0,2)% in raport cu altitudinea initiald de zbor pentru suprafata de
vizionare cu saturatie normala si, respectiv, ridicata a obiectelor. Pasul de esantionare unghiulara este de 10...17 grade
si, respectiv, 6...10 grade, pentru aceleasi tipuri de suprafete. Diferenta fatd de lucrarile cunoscute consta in faptul ca
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distorsiunile de perspectiva si de scara sunt luate in considerare in etapa de formare a unui set de imagini de referinta,
ceea ce asigurd o precizie ridicatd a functionarii sistemului in conditii de schimbare a orientarii si a geometriei de

observare.

Cuvinte-cheie: robot mobil, obiect de infrastructura critica, set de imagini de referintd, sistem de navigatie prin

corelatie-extrema, discretizare dupa unghiuri si indltime.

Meton ¢popMHPOBaHUS COBOKYIHOCTH 3TAJOHHBIX H300pakeHUH Il OEHKH COCTOSIHMI 00beKTOB
KPHUTHYeCcKOH HHPPACTPYKTYPHI ¢ HOMOIIbI0O MOOMJIBHBIX POOOTOB
Tumouxo A.W.}, Bypaun M.2, Hamkadun E.2, Ilykan O.2, Onuszapenko C.A.}, Bupiokos I.1IO 3,
Bupiokos A.M.*, Tiopuna B. 10.5, 3akupos C.B.5, MMaganka H.0.1
UleTHas akanemus HaluoHanbHOTO aBUALIMOHHOTO YHUBEpcuTeTa, KponuBHUIKUH, YKpauHa
ZXapbKOBCKMIA HALMOHANLHBIH yHUBEpcUTET BHyTpeHHUX fei1, XapbKoB, YKpauHa
SHauuonansHas akafemus HanuoHanbsHol reapaun Yxpausbl, XapbkoB, YKpauHa
“Kuepckuii uncTUTYT HaumonansHoi reapauu Yxpaussl, Kues, Ykpauna
SXapbKoBCKHii HAMOHANBHBIH yHHBepcuTeT Bosaynneix Cun umenu Meana KoxenyOa, XapbkoB, YKkpauHa
SHayuHo-Hcce10BaTeNbCKUI MHCTUTYT BOCHHOM passenky, Kues, Ykpanna
Annomayusn. llenpio maHHOW pPa0OTHl SABISIETCS TOBBINICHHE TOYHOCTH OICHKHA COCTOSHUA OOBEKTOB
KPUTUUECKOH MH(PACTPYKTYPHI C MOMOLIBI0O MOOWIIBHBIX POOOTOB MYyTEM yueTa T'€OMETPHYECKUX HCKAKECHHIM
TEKYLIMX n300pakeHHH Ha dTarne GOpMHUPOBAHUSI COBOKYITHOCTH 3TaJOHHBIX H300paxeHuii. [locraBieHHas 1espb
JOCTUTACTCA IMYTEM OINPCACIICHUA 3HAUYCHUM I1ara JAUCKPETU3AllU IO yIJIaM U BBICOTEC BU3UPOBAHUA, C YUCTOM
KOTOPBIX HE0OXOAMMO (OPMHPOBATH HCKOMYIO COBOKYITHOCTh O€3 IMOTEpH TOYHOCTH ()YHKIHOHHUPOBAHMS.
Hanbonee cymecTBEHHBIM pE3YyNbTaTOM SBISIETCS ONpENEICHHE IOMYCTUMBIX 3HAYCHUH IUCKPETH3allMd B
JWana3oHe YIJIOB W BBICOT (YHKIMOHUPOBAHUS KOPPETALMOHHO-IKCTPEMAIbHON CHCTEMBl HAaBHTAIUH.
3HAYNMOCTD TIOJIyYEHHBIX PE3yJIbTaTOB COCTOUT B PEIICHNH 3a7a4dd (JOPMHUPOBAHUS COBOKYITHOCTH 3TaJOHHBIX
n300pa)XEHUH, YTO CYNIECTBEHHO CHHU3WT BIMSHHE W3MCHEHHH I€OMETPHH BHU3MPOBAHWSA HA TOYHOCTH OLCHKH
COCTOSAHUA OG’I)CKTOB, a TaKXXC€ YMCHBUIUT BJIMAHWUC BHCIIHUX (l)aKTOpOB Ha TII0JICT M06I/IJ'II)HLIX pO6OTOB,
CBs3aHHBIX C IMMOPBIBAMU BETPA U «BO3AYIIHBIMU AMaMU». Oco0eHHOCTD TMOJYYCHHBIX PE3YyJIbTATOB 3aKII0OYaCTCA
B YCTAHOBJICHUU MAaKCHUMaJIbHO JOIMYCTUMBIX 3HAYCHMH I1ara JUCKPETU3AlMU IO yIJIaM U BBICOTC BU3UPOBAHUA,

IIpU KOTOPHIX olecmeunBaroTca Tpebyemas
nH}pacTpyKTyphl. YCTaHOBIEHO, 4YTO IpH
obecrieunBaOmUX TpeOyeMyl0 TOYHOCTb,

TOYHOCTh
(OPMHUPOBAaHUN COBOKYITHOCTH JTAJOHHBIX H300paKCHUH,
HEOOXOIMMO U JOCTaTOYHO OOECTeYHTh

OIIGHKH COCTOSSHMHA OOBEKTOB KPUTHYECKOI

3HAYCHUC 1Iara

JucKpeTtu3anuu no Beicote He 6omnee (0.06....0.11)% oTHOCHTENBHO UCXOJHOM BBICOTHI MOJIETA [UIsl IOBEPXHOCTH
BU3UPOBaHKsI C HOPMaJbHOW 00bekTOBON HachimeHHocThi0 W (0.12....0.2)% ¢ BbICOKO#H 00BEKTOBOM
HachlieHHOCThIo0. Illar muckpern3anym mo yriaM Uil HOBEPXHOCTH BH3HPOBAHHUS C HOPMAJIBHOW 0OBEKTOBON
HaCBIIIEHHOCTHIO HEOOX0AMMO BBIOMpPATH B mpeaenax oT 10 1o 17 rpagycos, a 1yt HOBEPXHOCTH BU3UPOBAHUS C
BBICOKOIT 0OBEKTOBOM HACKIIIEHHOCTHIO OT 6 110 10 rpagycoB. OTandme OT H3BECTHBIX pabOT 3aKIIFOUAETCS B yUeTe
TIEPCIIEKTUBHBIX M MAaclITaOHBIX HCKaKeHWH eme Ha JTane (GOopMHPOBAaHMS COBOKYIIHOCTH STaJOHHBIX
n300pakeHMi, YTO CYIIECTBEHHO YIIPOIIAET AITOPUTM BTOPUYHON 00pabOTKU NMPH CPaBHEHUH M300pakeHUil, u
o0ecrieunBaeT BBICOKYIO TOYHOCTh (YHKIMOHMPOBAHHUS CHUCTEMbl B YCJIOBHUSX HM3MEHEHUH OpHEHTAlH U

T€OMETPHUH BUSUPOBAHMH.

Knrwouegvie cnoea. MOOMIBHBIN poOOT, 0OBEKT KPUTHYECKOH HH(PPACTPYKTYPHI, COBOKYNHOCTH 3TATOHHBIX
I/I306pa)KeHI/II‘/'I, KOPPEIAIUOHHO-OKCTPEMAaJIbHasA CUCTEMA HaBUT'ALIUU, TUCKPETU3AlIUA 110 yIJIaM U BBICOTE.

INTRODUCTION

OnHMM W3 TPHOPUTETHBIX HANpaBICHUN MPH

OIIEHKE COCTOSHHA OOBEKTOB KPUTUYECKON
MHPPaCTPYKTYPHI, BO3yIIHBIX JTMHAN
JJeKTponepeaay  Hajg  Cymed M MOpPEM,

IMPOBEACHUN ITOMCKOBO-CITACaTCIbHBIX pa60T B
BOJHOW  aKBaTOPHM SIBISICTCA  JlalbHeHiee
pasBUTHE W HCIOJB30BAHUE  JICTAIOLIMX
MOOMIIBHBIX po00TOB (MP). OHH MO3BOJISIIOT
NOJy4aTsh HeoOXomuMmylo wuHpopMmanmioo 00
00BbEKTaXx  BU3MPOBAaHUS  HE3aBHCUMO  OT
CJIO’KHOCTH I0CTYIIa K HUM, IIOTOJIHBIX, CE30HHBIX
¥ CyTOUYHBIX yclioBuii. Ha GopTy coBpeMeHHBIX
MOOHMIIEHBIX poboToB yCTaHaBINBAIOTCA
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BBICOKOTOUYHBIE  KOPPEJSILHOHHO-IKCTPEMAaJIbHBIE
CUCTEMBl  HaBHTalUH (KBCH), KOTOpBIE
OJTHOBPEMEHHO  SIBIISIIOTCS W CHUCTEMaMH
W3BJICYEHUS rHpOpMaIuU 00 00BeKTax
BU3UPOBAHMS.

OPPeKTUBHOCT,  NMPUMEHEHUS Takux MP
ompeneNnseTcss ~ MHOTMMH  BHYTPEHHUMH  H

BHEITHUMH (akTopamu. Tak, OHO U3 BaXKHEHUIIHX
MECT Ccpeau Takux (PAKTOpPOB, UMEIOIINUX
CIIyJalHBIX XapaKTep, 3aHUMAIOT TeOMETPHUCCKIEC
YCIIOBUSI BU3UPOBAHUS U OPUEHTAIUH MOOMIILHBIX
poOoToB. JlaHHBIE YCIIOBHS MOTYT HMPHUBOIUTH K
HECOOTBETCTBHIO  (OPMHPYEMBIX B XOJE
MOHUTOpWHTAa Tekymiero wm3obpaxenus (THU) c
3apaHee MOJrOTOBIECHHBIM 3TaNOHHBIM (D). D10
CBSA3aHO co CII0)KHOCTBIO obecniedeHus
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WJICHTUYHBIX YCIIOBUM TIOJyYEHUS HCXOTHOMN
MHQOpMaIUK, HEOOXOIUMOM 17151 HOPMHUPOBAHUS
KaK 3TaJIOHHBIX, TaK U TEKyIIUX n3o0paxenuii. B
pe3yibTaTe BO3HUKAET HECOOTBETCTBUE 3a CUET
NEPCHEKTUBHBIX M MacIITaOHBIX HMCKaXCHUH,
KOTOpble HEOOXOAMMO YYMTHIBATH Ha JTale
BTOPHYHON  00pabOTKM  TpH  CpaBHEHUU
M300pakeHUH. DTO OOCTOATENHCTBO HEM30EKHO
NPUBOJIUT K HEOOXOIUMOCTH yCTPaHEHHS TaKUX
WCKa)KEHHUH B peajbHOM MaciuTabe BpeMeHH, YTO
YCIIOXKHSIET npouenypy ¢dbopmupoBaHus
pesyibpTaTa  CpaBHEHHMs  W300pakeHHH,  a,
COOTBETCTBEHHO, CHIXKAeT OBICTPONEHCTBUE MPH
BrOopmuHOil 00pabotke KOCH. Kpome Toro,
CHIDKaeTcs  TOYHOCTh  (DYHKIIMOHMPOBAHHS
KOCH.

OmHUM M3 BO3MOXKHBIX CIIOCOOOB pEIICHUS
3TOH 3ajayM NPHU OLEHKE COCTOSHUS OOBEKTOB
KPUTHYECKOM HMHQPACTPYKTYphl, BO3AYIIHBIX
JTMHUHT aNeKTpoInepeady, OCYILIECTBICHUN
MIOMCKOBO-CIIACATENbHBIX PAa0OT SBISIETCS y4eT
BO3MOXKHBIX MEPCIEKTUBHBIX M MAacCIITaOHBIX
UCKQKEHWH emie Ha JTane (OpPMHPOBAHUS
coBokynHoctd OU. 3DTO BO3MOXKHO IyTEM
MOCTPOEHUSI COBOKYMHOCTH OW st 3HauYeHHi
mrara JUCKpeTH3ald 10 YIriaM W BBICOTE
BU3UPOBaHUS, npu KOTOPBIX Oyzer
o0ecrieynBaThCsl ~ MUHUMAJIbHO  JIOMyCTHUMAs
KOPPETSIMOHHAS CBSI3b MEXIY ONU3IeKAIIUMH
¢dparmMeHTaMH  U300paKEHUM, 00pPa3yOUIUMHU
UCXOJHYIO COBOKYHNHOCTb II0 BBIOpaHHOMY
MHQOpPMaTHBHOMY NOKa3artento. Takoil momxox
o0ecreynT BBICOKHE TOYHOCTHBIE ITOKA3aTelH
KOCH, a HecoOTBETCTBHE CpPaBHUBAEMBIX
n300paXeHUH BO3MOXKHO JIMIIB B Ipejesax
JIICKpETa O YIJIaM M BBICOTE BH3UPOBAHMUSL.

Takum oOpa3om, HCXoAs U3 TpeOOBaHMIA
o0ecriedeHus TOYHOCTH, MOXKHO OIPEIEIIUTD
3HAYEHWs IIara JUCKPETH3alud B TpeJesax
JMana3oHa BBICOT M YIJIOB BH3HpOBaHM. Kpome
TOrO, JaHHBIA TOAXO0J  OOecnednuT  NpH
¢dbopMHupOBaHMH HEOOXOAMMOW COBOKYIHOCTH
OW wux MuHUMaNbHOE 4YHUCIO 0e3 MoTepu
TOYHOCTH M TIPU HauOOJbIIEM ObICTPOICHCTBHU.
B pesymprare peanuzanyu MpeIOKEHHOTO
nojxona Oyner obOecriedyeHa HaJlle)KHAs OICHKA

COCTOSIHUS 00BEKTOB KPUTHYECKON
MHQPACTPYKTyppl W BO3AYLIHBIX  JIMHUH
3JIEKTPOIIEpead, OCYLIECTBICHUE IOHCKOBO-

criacaTeabHBIX padoT | T. 1.

K nacrosiiemy BpeMeHH pa3paboTKe METOA0B
M aJrOpuTMOB MOBBILEHHUA 3(PeKTUBHOCTH
(GYHKIIMOHUPOBaHUST ~ MOOWIIBHBIX  POOOTOB
IOCBSAIIEHO 3HAYUTEJIBHOE YUCIIO IyOnMKanuil.
OpHako (OPMHPOBAHHIO COBOKYMHOCTH OU,
IpPUMEHEHUE KOTOpOii HIPUBOJUT K
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CYIIECTBEHHOMY  CHIDKEHHIO WJIM  TOJHOMY
YCTPAaHEHHUIO  BIMAHHUS ~ TNEPCHEKTUBHBIX U
MacIITaOHBIX HMCKaXCHUH, MOHKHOTO BHHMAHHS
yzaeneHo He Obu10. B 3TOH CBsI3M B MaHHOMW CTaThe
TpeIaraeTcs METOT (hopmMupoBaHUs
coBokynHoctu DU, wucnoms3yeMbix B MP s
OIICHKH COCTOSSHUH  OOBEKTOB  KPUTHIECKOM
WHPPACTPYKTYPHI, BO3YIITHBIX JTMHAN
JIeKTponiepenady  Haja  Cymled W MOpeEM,
OCYILIECTBIICHHSI TOUCKOBO-CIIACATENBHBIX paboT B
BOJHON aKBaTOpWH, C YyYETOM CHIDKCHHS WIIH
YCTpaHEHHUS BITUSTHUS MAacCIITa0HBIX u
MEPCTIEKTUBHBIX UCKAXKEHUH.

PaccMoTpuM W3BECTHBIE TYTH W PE3YIBTATHI
pelieHnsT 3aJaddl  TOBBIIICHUS APPEKTUBHOCTH
KOCH wu dopmupoBanus mjis HUX 3TaJOHHBIX
M300paKCHH.

PUBLISHED LITERATURE ANALYSIS

Chakraborty, P. et al. (2022) mnpencraBuau
pe3ynbTaThl oOHapyKeHUs TOJIJICITKH
IyOMMpOBaHHUS PETHOHOB C KCIOJNBb30BaHWEM 0a3
nanabix  COMOFORD, wucnonb3yss IUCKpETHOE
KocuHycHoe npeoOpaszoBanue (DCT), k-mepnoe
nepeso (kd-nepeBo) aist 3hhekTHBHOM COPTHPOBKH
W HaJeKHBIH MeTol comocTasieHus. Mcmonp3ys
610k pazmepoM 16 x 16, pazjeneHHbI HA YETHIPEe
YacTH, MOXXHO OOHApYXHBaTh TOMJEIKY JUIs
n300paxeHni PNG c OonpLiei
MPOM3BOJUTEIBHOCTBIO, BBIACTSS H300paKEeHUs C
koad¢uimenToM kadectBa 0.5 W TOPOrOBBIM
3HaueHueM 10. Xopoiue pe3ynbTaTbl HOTYyYEHbI
Takke s n3oopaxenuii JPEG.

Rohini A Maind et al. (2014) mpencrasuimu
METO/,  KOTOpBIA  TIO3BOJIIET  CPAaBHUBATH
IHUCKpeTHOE KocuHycHoe mpeodpazoBanue (DCT) u
OCHOBHOM KoMmoHeHTHbIH aHanmu3 (PCA) s
BBISIBIICHHSI TIOZIJICIIKH U300paKEeHUH.

Tymochko O. et al. (2020) npencraBuam
pe3ynpTaThl cuHTe3a onTuManbHeIx OUW. Cuntes
OCHOBaH Ha WCIOJb30BAHUM TIOHSTHS IIKANBI
TEOpUHN U3MepeHuil. SIpKoCcTHYI0 KOMIIOHEHTY DU,
casurn U nosopoTel DU otHOcutensHo TH, a
Takke onepamnmio rmepedopa ¢parmentos TU,
MMEIOTIX pa3mepbl Ou, MPEI0KEHO
¢dopmanu3oBaTh B TEPMHHAX TeopHH o00Opa3oB
I'penanpnepa.

Tarshin V. A. et al. (2015) npemmoxumn MeTox
OIEepPaTUBHOTO (opMHupOBaHUSA 3TaJIOHHOTO
n300pakeHus c UCIIOJIb30BaHUEM oISt
¢pakranpHOro aHanmu3a. Bompockl GpopmupoBanus
COBOKYITHOCTH U300paKEHUI HE pacCMaTPUBAIINCE.

Sotnikov A. et al. (2017) npeanoxuim penieHue
3a71a4M JIOKaJIM3aluy O0O0BbeKTa MpUBS3KU Ha (one
JOXKHBIX IIOMeX. BinmsHue reomeTrpUdecKux
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UCKa)XEHUI HE YYUTHIBAIIOCH.

Pakhomov A.A. et al. (2015) uccrnenoBanu
BIMAHUE  aTMocdepsl Ha  opmupyemoe
n3o0pakenne. PazpaboTan KOMILIEKC MpoOrpaMm
M0 YCTpaHEHUs KaK JIFOOBIX BUAOB aTMOC(EpPHBIX
WCKKEHUH, TaKk M TEMHOTO HOYHOTrO (poHa C
HEINBI0 VITy4IICHUS pasdopurBOCTH
M300paKeHHMH.

Fernandes, L. et al. (2008) paccmotpenu
MOOXONbl K OOHAPYKECHUIO U JIOKAIH3ALUH
KOHTYpOB OOBEKTOB Ha H300pOKEHUSIX C
UCIIOJB30BaHUEM MpeoOpa3zoBanus Xada.

Fursov, V. A. et al. (2013) wuccnenoBanu
BIMSHUE  MAclITa0HBIX  HCKOXEHUH  Ha
JIOKAJTH3aLUI0 00BeKTA. Ipu 3TOM
MCIOJB30BaNIOCH 0AHO DOMU.

S.Maji & J.Malik (2009) npencraBuiu
pe3ynbTaThl  ONTUMAIBLHOTO  OOHAPYKCHHUSI
00BEKTOB Ha M300PAKECHUSIX.

A. N. Katulev et al. (2014) npeamoxuan MeTo1
oOHapyXkeHHs OOBEKTOB C TIOMOINBIO ONTHKO-
ANIEKTPOHHBIX cucTeM oe3 aTnpUOPHOM
uHpOpMaIuu o HoHEe MHUIICHU-CIIEHBI.

Trefilov P.M. (2019)
1enecoo0pasHoCTh MPUMEHEHUS
OecruaTpOpMEHHBIX WHEPLUATBHBIX
HapuranmoHHeix cucrem (PINS) B cocrase
OecrMIOTHBIX JieTaTtenbHbIX anmapaTtoB (BITJIA).
PaccMmoTpeHbl Gu3MUecKie U aNrOpUTMUYECKUE
Meroanl ymyurmenuss PINS. Ilokazano, drto
(bu3NYECKUit METO/T TIO3BOJISIET CHU3UTH CKOPOCTh
HAKOIJICHUSI OMHUOOK, HO HE MOXET IMOJHOCTHIO
UX YyCTpaHWTh. [IprMeHeHHe aNropUTMUYECKUX
METO/I0B, OCHOBAHHBIX Ha HHTETPAIMHU C IPYyTUMH
U3MEPUTEIBHBIMA  CHCTEMaMH,  MO3BOJISICT
yMEeHbIIUTH omnoOku PINS.

Scaramuzza D., et al. (2014) npencraBuiu
IKCTIEPUMEHTAIIbHBIC pe3yIIbTaTHI,
JEMOHCTPHUPYIONIHE ABTOHOMHYIO HABHUTAIHIO
TpeX MHUKpOJIETaTeNbHBIX ammaparoB (MAV) B
Hew3BecTHOW cpeme 0e3 GPS, HO ¢
UCIIOJIb30BaHHEM TPEXMEPHOTO
KapTorpadupoBaHHs H ONTUMAILHOTO TOKPHITHSI.
OrpaHnveHuem UCCIIeIOBAHUS SIBIISIETCS
OTCyTCTBHE HH(}OpMAMU O BO3MOXKHOCTSIX
WCTIOJIb30BaHMS IAHHOTO TOX0Ja JJIsi KOHTPOJIS
cocTosHUS 00BeKTa U popMupoBanus DU.

P. Sabeena Burvin & J. Monica Esther (2014)
MOKa3ajlk, 4YTO peTylb MEHbLIE H3MEHSET
M300paKeHHUS. DT0  TPOCTO  YCHIIUBAET
HEKOTOpBIE 4epThl H300pakeHus. PaccMoTpeHsl
noaBUABl U(POBOH peTymn H300pakeHHH, B
OCHOBHOM, TEXHUYECKasi PETYlIb U KpeaTHBHAs

IIoKasall

peTyLIb.
Kostyashkin L. N. et al. (2014)
paccMaTpuBalOT  MOAXOABI K  pa3paboTke
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KOMOMHHMPOBAHHOM CUCTEMBI TEXHUYECKOTO 3pEHUS
JUist aBuanuu. J[OCTOMHCTBOM pPa0OTHI SBISICTCS
pa3paboTKa aJrTOPUTMHYSCKUX METOJIOB CHU)KCHUS
CJIOHOCTH 33/Ia4¥l COBMEIIEHUSI H300paXeHU Ha

OCHOBE TEOMETPHYECKOTO COBMEIIEHUS,
HEO0XOIMMOCTD KOTOpOTO CBsI3aHa c
KapTorpadnIecKuMu u HaBUTAIIHOHHBIMHU
OIMMOKaMH, W BHU3YAIHM3AalMd T'EOMETPHYECKH

COBMCIICHHBIX HM300paXCHUI C y4YeToM Jrama
HOJIETA. YCIOBUS BBITIOJIHEHHUS 3324 U BUAMMOCTH.
Henocratkom paboThI SIBISETCS HEBO3MOXXHOCTH
WCTIONB30BaHMsA  pa3paboTaHHBIX METOAOB  0e3
y4acTHst THJIO0TA.

Loginov A A. et al. (2015) wuccnenoBanu
CHMXKCHHUEC BEIYHCIIUTEIILHON CJIIO)KHOCTHU
00beTUHEHUSI  PAa3HOPOJHBIX  HM300paKeHHWH B

cucTeMe KOMOMHUPOBAHHOT'O 3PEHUS caMoJIeTa.

Elesina S. & Lomteva O. (2018) mpuBogsr
pe3yabTaThl UCCIIeIOBaHUS TeHETHYECKOTO
NropuTMa C IEJbI0 MOJTYYCHUS ONTUMAaTbHBIX
HacTpOEK  IpU  €ro  HCHOJb30BaHHUH B
KOMOUMHHMPOBAaHHBIX  CHCTEMax  TEXHHYECKOTO
3pEHHUSI. [Toxazana 1eN1ec000Pa3HOCTD
WCTIOJIb30BaHMS PACIIMPEHHBIX YIJIOB 3TAJOHHBIX
M300paKeHWH  TpH  TOWCKE  TI00AITBHOTO
skcTpemyMa. [lokazaHo, 4TO TpU HMCIOIH30BAHUH
TAKOTO TOAXOAa TNPOU3BOIUTEIBLHOCTh CHUCTEMBI
yBenuuuBaercs B 5 pa3. OHaKo aBTOPBI HE YUJIH
BJIMSIHUE BO3MOXKHBIX PaKypCOB OTAJIOHHBIX H
TEKyIMX M300paXEHU Ha pearn3yeMoCTh B
pearbHOM BPEMEHHU.

Sotnikov O et al. (2020) paccMoTpesd METOIBI
obecriedyeHUs TOYHOCTH HaBuramu MP, yumm
BJIMSIHUE CTOXaCTHUYECKHX (akTopoB Ha
(dopMupoBaHe TeKyLNX n300paxenuil. OqHaKko B
paboTe He yAeJICHO BHHUMaHHE BOIPOCAM
(opMHpOBaHUS COBOKYITHOCTH ITaJIOHHBIX
M300paKeHH.

Yeromina N. et al. (2021) npeanoxunu MeToIbl
CHHTE3a TAIOHHBIX N300paKeHUH I HaBUTAIIUH
BIUIA B HOpManbHOU M rUIEpUIKaNax.

Vorobiov O. et al. (2020) npemIoKuIN myTH
BBIJICJICHUS] MHPOPMAIIUK B YCJIOBHSIX H3MEHEHHS
COCTOSIHUSI TPAacChl PACIpOCTPaHEHUs] padovnx
CUTHAJIOB W  amnpHOpPHOW  HEONpeNeNIeHHOCTH
WHQOPMATHUBHBIX  MapamMeTpoB  OOBEKTOB  Ha
noBepxHocTH Bu3upoBanus (I1B).

D. Vaishnavi &  T.S. Subashini  (2019)
IpeUIaraloT HOBBIM HOAXO0J Uil OOHApy)KEHHS
MOJICIIKH ITyTEM KOTMPOBAHMS U TEPEMEIICHHUS C
MOMOILBIO JIOKAJTBHBIX TPU3HAKOB, OCHOBAaHHBIX Ha
cummMetpun. IlpeanoxkenHas cxema TakKe MOXKET
00HapyKUBAThH IMOJICIKH MHOKECTBEHHBIX KOITHUI
Y JIOKQJIM30BaTh OOHApYKECHHBIC 00JIaCTH.

Meena K.B. & Tyagi V. (2019) mpemnaratot
HOBBIH MeETOA 0OHapyKeHUs HOJ/IETKH
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n300paxeHuit yTeM KOIIMPOBaHUS u
MEpEMEICHUsI C HCIOJIb30BaHUEM MOMEHTOB
laycca-Opmuta (GHM). OkcnepumeHTaIbHBIC
pe3ynbTaThl IOKA3bIBAIOT, YTO MPENIOKEHHBII
METOA T03BOJISIET TOYHO JIOKAJIU30BaTh 00IaCTH
KONMPOBAaHUSI-TICPEMELICHNSI B  MOJAJCIaHHOM
N300paKCHHH.

Salah, A. et al. (2020) packpsiBaroT IPOOIEMEI
pacmapajyieTMBaHusl  BBIYUCICHHA MOMEHTOB
kBarepHUOHOB. [Ipennaraercst meron 00OpabOTKU
IIBETHBIX H300payKCHHM.

Hamza, H. M. et al. (2023) npemnararor
HOBYIO CHUCTEMY OOHapyXeHUs  MOJJENKH
n300paXeHnH ¢ napauieIbHbIM KONMUPOBAaHUEM U
nepemenieaneM (PCMIFD), wucnons3yromryro
MHOTOSIIEPHBIE TTPOIIECCOPEI.

Ananuz JIUTCPATyphl CBUACTCILCTBYECT O
MEPCHOEKTUBHOCTH  IpuMmeHeHus MP  ana
MOHHUTOPHHTA Ha3eMHBIX OOBEKTOB M Pa3paboTKu
METOJI0B (hopMupoBaHUs 3TaJIOHHBIX
M300pakeHWH AN COKpamleHus  oObema
onepauuii. B Toxxe Bpems He pelIeHHBIM OCTAETCA
BOIIPOC CHUIKCHUA 00beMa BBIYHUCIUTENLHBIX
3aTpar MpY OCYILECTBICHUH KOHTPOJIS COCTOSIHUI
00BEKTOB KPUTHYECKOW WHPPACTPYKTYPHI C
MOMOIIBIO  JICTAIOIIUX MOOWIBHBIX pPOOOTOB,
OCHAIIICHHBIX  KOPPEJSIIHOHHO-IKCTPEMAaIbHOM
CHCTEMOW HaBHTallid, HA OCHOBE MHUHUMH3ALUH
yrciaa (parMEeHTOB ATaJOHHBIX H300paKeHHH,

HO3BOJIAIONMX JIOCTUYb IIOCTABICHHYIO LENb C
YUETOM HEO0XOIUMOCTH obecrieueHust
TpeOyeMBbIX TOYHOCTH W HaJEKHOCTH KOHTPOJIS
COCTOSIHMSI 00BEKTOB KPUTHYECKOH
UHQPACTPYKTYPHI.

METHODS, RESULTS, AND
DISCUSSION

Pemratotiass ¢ynkuus (P®), kak pesymnbrart
CpaBHEHHUS TEKYLIEeTO u 3TaJIOHHOT'O
n300paxxeHnd, B 0OLIEM BHAE ONHCHIBACTCS
BBIPAKCHUEM:

R(r,1,6,6)="Fsp (Sci (1,1,6), Sgi(4)), (5)
rae FSP — OolepaTop CpaBHCHUS H3o6pa>KeHHﬁ;

Scy (r,t,6) — Texymiee n3o0paxkeHue;

Sg| (6) —sranonHoe U300paxeHHe.

B cootBercTBUM ¢ IpuHATEIMU y Chakraborty et
al. (2022), Rohini A Maind et al. (2014),
Tarshin V. A. et al. (2015), Vorobiov O. et al. (2020),
D. Vaishnavi and T.S. Subashini (2019) noaxonamu,

TEKyIHe M300paxeHus Scy OylaeM ONUCHIBATH

3HAYEHUSMH SPKOCTH OOBCKTOB H  (JOHOB
BU3MPYEMOM  TOBEPXHOCTH B  DJJIEMEHTax
paspemeHus:
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Sci =[s(i.j)]. @
rae
(S0, Q). mpu SG, j)eS
S@Gi, j)=4 V" Do
D=1, i), mpw SG, ey,

Sy(i, J) — spxocTh anemenTa n306pakeHus V -ro

@)

00BeKTa S, ;
Sw(l, J) — spxocts anemenTa nsobpaxkeHus W -
ro ¢ponaS,, ;
V u W — xomnyectBO 00BEKTOB KPHUTHYECCKOU
MHPPACTPYKTYPHI ¥ (POHOB PA3TUIHON SPKOCTH
1 (hOpPMBI Ha UCXOTHOM H300PaKCHHH.

DTaJOHHOE M300paKCHHE ONMMCHIBACTCS TAKKE

MaTpULEN 3HAYEHUN SPKOCTH COOTBETCTBYHOLIUX
MUKCEIEeH:

SRI :”SRI (m,I)||, m=1M, | = 1L,
rae M, L —pa3mepsr OU.

IlocTraHOBKA 337a4H.

Jnst chopMUpOBaHHOTO B HEKOTOPHIH MOMEHT
BpPEMEHH ™  Scy(h, ;B vivps) B
IUana3oHe  BO3MOXKHBIX
nonera MP h; e[h

tm
U3MEHEHUH  BBICOTEI

Nmax]> YTVIOB BU3UpOBaHHUs

B € [ﬂ min vﬂmax]

min s
OCJ' e[amin ,Olmax]y

OPHMEHTALMHM v TUIOTETUYECKH  HEOOXOIMMO
copmupoBaTh COBOKYITHOCTb DU {o},
UCIIONIL30BAaHUE KOTOPOM B XOJE ONpENeIeHHs
R(r,t) mact BO3MOXXHOCTE MHHHMH3HPOBATH
BJIMSIHUE T€OMETPUYECKUX UCKAKEHUM U TTOJIYYUTh
HAWIYYlIyl0  TOYHOCTH  OLEHKH  COCTOSHHS

00BEKTOB KPUTHYECKOM WHPPACTPYKTYPHI:
AR(r,t) > min .

n

HpyrumMu  cnoBamMu, HEOOXOIWMO  HaWTH
napaMeTphbl AUCKPETH3aliy 1o Beicote Ah, yrimam
BU3MpOBaHus Aa,Af HW OpHEeHTauuu Av,
WCTIOJIb30BaHUE KOTOPBIX B X0A€ (OPMHUPOBAHHS
coBokynHocTH DU {e} oOecreunt B HanbHeimeM

npu BeIOOpe onHOro U3 (¢parmentoB OU
AR(r,t) > min .

Pemenue 3agaun.

Paccmotpum BIIMSTHYE TEOMETPUYECKUX
uckaxxeHnit Ha Qopmupyemoe KOCH TU. nsa
3TOro BOCTIOJIB3yeMCS FeOMETPHYECKUMHU
MTOCTPOCHUSIMHU.

BrvistHue MacIITAOHBIX HCKAXKEHHI MOKa3aHO Ha
puc. 1, BIUSHHAE MEPCTIEKTUBHBIX UCKAXKECHUIH — Ha
puc. 2.
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Sighting Surface
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Sighting Surface
b)

Puc. 1. 'eomeTpusi BUBMpPOBaHMSA NPH
HAJMYMU: 2) MACIITAOHBIX;
b) nepcrnekTHBHBIX HCKAKEHUIT
Fig. 1. Sighting geometry in the presence
of: a) scale; b) perspective distortion.

M3menenus BbIcOThI nosieTa MP, kak BUAHO U3
puc. 1 a), IpUBOJAT K JIUHEHHOMY H3MEHEHUIO
pa3MepoB U300pakeHUs, a U3MEHCHHUS YJIOB
BmsupoBannss  KOCH  (puc. 16)) K
TpanenenaaTsHOMYy (HETUHEHHOMY) U3MEHEHHO
pasmepoB TH (my xnq, myxno).

Macmrabubie nckaxenuss TY oTHOCHTENHHO
UCXOJIHOTO pa3Mepa (mixNi) H300paKeHUS
Oyayt OTIMCBIBATHCS CIIEYIOIINMHU
BBIPKEHHSIMU:

Ah
my =mho(l+—), (4)

ho

Ah
ny =nho(l+—), (%)

ho

rae Ah =hg —h;— u3menenue BeicoTsr MP.

N3MeHeHHe  ylnOB — BH3HPOBAaHHS — TaKKe
IPUBOJIUT K HCKaXeHUsIM pasmepos TU, koTopsie
MOXKHO  ONpPEACNUTH B  COOTBETCTBUH  CO

CJICOYIOIIUMHU BBIPpAKCHUSAMU
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cos(61 + AB)
m=m cosl(el) ©)
cos(0; —a/2) | @)
cos(0; + A6 —a,/2)
_ cos(01 + a/2) (®)
cos(0; + A8 +0/2)

rie AB=0, —0; — U3MeHeHHe yria OpPUEHTALHU

MP.

B ommmume oOT MaclITAaOHBIX HCKAKEHUH,
MTePCIECKTHBHBIEC NCKAKEHHUS IIPUBOIAT HE TOJIBKO K
W3MCHCHHUIO HAKJIOHHOM BBICOTB, HO H K
M3MEHEHHUIO OTHOCHUTENBHBIX pasmepoB THU. Oto
BOXHBIH MOMEHT, KOTOPBIH JIOIDKEH OBITh
o0s3aTeNnbHO  yuTeH Tnpu  BeiOope DU u3
COBOKYIHOCTH, TIOCKOJIBKY MOXET BO3HHUKATh
HEOIHO3HAYHOCTh W3-32 BBICOKOH KOPpENIAInn
M300paXeHUd I JAPYTUX  TEOMETPUUIECKHX
YCJIOBUMA BU3UPOBAHHUS.

Takum 00pa3oM, C y4eTOM Te€OMETPHYECKUX
nckaxeHni P® ™oker OBITH TpeACTaBlicHa B
00IIIeM BHJIE BBIPAXKCHUEM:

R(Ah, Ao, AB) =

Sri(mg,ny),
Sci (M5 (Ah, Aa, AB),ny (AN, Aa, AB) |

W3 Beipaxkenus (9) ciemyer, 4To 4eM MEHbIIE
mar JUCKPETH3allid, TeM BbIlIe OYAET CTeleHb
B3auMHOM Koppemsiiuu DU u TU. OrieHnM BIusHIE

9)

R

TrEOMETPUYECKHX  HCKRKEHHWH  Ha  CTElEeHb
KOppEeJsIIMK CpaBHUBaeMbIX W300paxeHud. s
3TOro BOCIIOJIb3YEMCsI pe3ynbTaTaMu
CTaTUCTHYECKOTO MOJICIMPOBAHNS, BBIIIOJIHEHHOTO
c UCTIOJIb30BaHUEM KJIACCUYECKOTO
KOPPENSAIMOHHOTO  ajNropuT™Ma Ui  THUIIOBBIX

MOBEPXHOCTEW BU3UPOBaHHs C HopMmaibHOW Fi (
Vhin <V <Vjax =10...15) u BBICOKOH

00BEKTOBOH HACBIEHHOCTBIO F2 (V > Viyax )-

IIpu MognenupoBaHMM MpeaNONArajioch, 4YTO
pasmep OM  cocraBaser 100 x100 mukcenei.
Paszmepst THM  COOTBETCTBYIOT  BBIOpaHHOMY
peXUMY CBEMKH C HOPMAJIBHOM U BBICOKOH
00BEKTOBON HACHIIEHHOCTHIO, paBHOi 1280 x 720
MTUKCENEH.

Bricora monera MP Beibupanace ot 500 mo
600 m. B kauecTBe MH(OPMATHBHOrO Hapamerpa
JUTS OTIMCaHUs 00BEKTOB n300paxKeHus
MCIIOJIb30BANIHCH KaK SIPKOCTh CaMUX OOBEKTOB, TaK
1 KOHTPAcT MEXly HUMHU.

PesynbraTsr MOJIEJTHPOBAHUS BIUSTHUS
MacIITa0HBIX ~ HCKaKEeHWH Ha  KOod(ppummeHt
B3aumMHOoN koppemsiunu  (KBK) cpaBHHMBaeMbIX
n300paXeHWH  TpuUBeNeHBl Ha  puc. 2., a
HEePCTIEKTUBHBIX NCKa)KEHUH — Ha pHcC. 3.
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Fig.2. Dependence of CCC on changes in
the height of T formation.
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Puc.3. 3aBucumocts KBK ot n3amenenmii yria

BU3UPOBaAHUA.
Fig. 3. Dependence of CCC on changes in
viewing angle.

IIpu omnpenenenun 3aBucumoctd KBK ot
M3MEHEHUH yria BU3MPOBAaHMs MPEAIOIarajioch,
gyro o =40".

AHanmu3 TpUBEACHHBIX Ha puC.2H pHC. 3
pE3yIbTATOB MOJICIIMPOBAHUS TTOKA3bIBAET, UTO
dbopMupoBaHue YHUMO/IaJIbHOM PO,
oOecreynBalonIeld BBICOKYIO TOYHOCTH OLICHKH
cocrostauit OKU ( K(Ah) =0.8...0.9 ), BO3MOXXHO

MIPH IIIare JUCKPETH3AIUH 110 BRICOTE B TIpeeIax
0.06....0.11 OTHOCHUTEIBHO HWCXOJHOH BBICOTHI
nojera ansi [IB ¢ HopmanbHON 0OOBEKTOBOM
HacbllieHHocThlo. It TIB ¢ BBICOKOi
00BEKTOBOM HACKHIIIEHHOCTHIO BEJIMYMHA 3TOTO
mapamMeTpa MOXKET HaxOJUThCA B Ipeneiax
1.12....1.2. Ular muckpeTHU3aluu IO yTriIaMm s
TIB ¢ HOpMaIBHOW 00BEKTOBOM HACHIIIICHHOCTHIO
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HE00X0aMMO BbIOMpaTh B mpeaenax ot 10 mo 17
rpagycoB, a s [IB ¢ BbicOkOW 00BEKTOBOM
HACBIIIEHHOCTHIO or 6 nmo 10 rpamycos.
Leecoob6pa3HOCTH u BO3MO>KHOCTD
WCTIOTTE30BaHMSI OOJBIIETO IIara IUCKPETH3AIH 110
BBICOTE W yIjJaM BH3HPOBAaHUSA [UIsI BBICOKO
o0wvexToBBIX [IB o00ycioBieHa HEN30€KHOCTHIO
TIOSIBIICHUST JIOKHBIX OOBEKTOB Ha HM300paKEHHSIX
MIpY U3MEHEHUH YCIOBUI BUSUPOBAHMUSL.

VYurem, Kak OBUIO OTMEYEHO BBIIIE, YTO
MEPCIIEKTUBHBIE HCKWKEHUS, B OTIWYHE OT
MacIITaOHBIX, TPUBOIAT HE TOJIBKO K M3MEHEHHIO
HaKJIOHHOM BBICOTB, HO M K U3MEHEHHIO
OTHOCHUTEBHBIX pazmepoB TH.

To ecTb, MO)KHO YMEHBIIUTH YHACIO PparMeHTOB
OU B uCKOMOM COBOKYITHOCTH, ITIOCKOJIBKY CTENEHb
KOppeianuun ajid onpeacJICHHBIX N3MEHEHHH YIJIoB
¥ BBICOT MOKET OBITh OJUHAKOBOW. DTO YCIOBHE
MOKHO 3aIlliucaTtb B BUJIC:

K(Ah) =K(A8). (10)
Bemonnernne  ycmoBus  (10)  mo3BomsieT
YMEHBIIUTH  4HciIo  (parmentroB DU B

COBOKYIIHOCTH, a4 TAKKC CHU3UTDH BBIYHUCIIMTCIBHYIO
Harpy3Ky npu gopmupoBananu PO. B toxe Bpems
BO3HMKAeT HEONHO3HAYHOCTH B XOAE BBIOOpa
¢parmenTa DU H3 COBOKYMHOCTH. YcCTpaHCHHE
HEOJTHO3HAYHOCTH B Tpormecce Beibopa OU
yCTpaHsIeTCs Ha 3Tare BTOPUYHON 00paboTKH.

CONCLUSIONS

Takum ob6pa3zoMm, B pe3yibTaTre MPOBEIECHHBIX
UccIieIoBaHuil pa3paboTaH MeTona (HOpMHUPOBAHUS
COBOKYITHOCTH 3TJIOHHBIX N300pakeHuii. B ocHOBY
METOAa TMOJIOKEHO ONPENCICHHs] 3HAYCHHM Iara
JUCKPETU3alMK 110 YIJIaM U BBICOTE BU3UPOBAHUS
KOCH, 4dro mo3Bomsier y4decTb  BIMSHUE
TEOMETPHUYECKUX HCKaXEHH Ha PabOTy CHCTEMBI
Ha  JTane hopmupoBaHus COBOKYIHOCTHU
3TaJIOHHBIX. Takoi OJIXO0JI CYILIECTBEHHO
YIpOIIaeT AITOPHTM  BTOPUYHON  00paboOTKH
CHCTEMBl U 00ECIIEYNBAET BHICOKYIO TOUYHOCThH €€
(YHKIIMOHUPOBAHUS B  YCJOBUSIX HM3MECHEHHMHA
reOMeTpHUU BHU3WPOBAHMS. Kpome TOTO,
CYIIECTBEHHO CHIKAeTCs 00BEM BBIYMCIUTEIBHBIX
3arpar 3a cuyeT (OPMUPOBAHHUS MHHUMAILHO
JIOTTyCTHMOTO KOJIMYECTBA STaJIOHHBIX
n300paKeHUH B COBOKYIHOCTH II0 HapaMerpam
JUCKPETU3ALIMH TI0 YTJIaM U 110 BBICOTE.

B XoJie NAILHEUIIINX HUCCIIEIOBAaHUN
IUIAaHUPYETCA TIPOBEAEHUE pAJla SKCIIEPHUMEHTOB
Uit cOopa  CTaTHCTUYECKOrO Marepwaila |

MIOTIOTHEHUSI 0a3bl JAaHHBIX C IIENBbI0 TIONYYeHHUS
HawIy4Ileil TOUHOCTU OLIEHKU COCTOSIHUSI 00BEKTOB
KPUTHYECKOI HHPPACTPYKTYPHI.
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Studies of the Change in the Time Constants of the Discharge of the
Capacitor to Predict the Residual life of the Operation of the Electric Motor

Kryvonosov V., Matviienko A.

National University of Bioresources and Nature Management of Ukraine,
Kyiv, Ukraine

Abstract. Forecasting the resource of the electric motor makes it possible to increase the reliability of
the operation of the electrical complex. The aim of the work is to study the possibility of using changes
in the capacitor discharge time constants under conditions of local reactive power compensation as a
criterion parameter for predicting the life of an electric motor. To achieve this goal, the following tasks
were solved: an analysis of methods for predicting the resource of an electric motor was carried out, a
differential equation was analyzed, and relationships between the insulation resistance and the capacitor
discharge time constants were established. The most important result is the establishment of the
relationship between the state of the insulation and the value of the time constant of the discharge of the
capacitor. The most significant result is that the change in the time constant of the discharge is used as
a criterion parameter for predicting the resource of the electric motor. The significance of the study is
that the value obtained after the first shutdown of the electric motor is taken as the base value of the
discharge time constant. The limiting values of the discharge time constants make it possible to estimate
the resource of the electric motor after each shutdown. A method and a device for monitoring open-
phase network modes are proposed, and when disconnected, control the value of the insulation resistance
of the electric motor and predict the residual life of the electric motor.

Keywords: motor winding insulation, prediction, residual life, reactive power compensation, damping
time constant.
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Studii ale modificirii constantelor de timp ale descircirii condensatorului pentru a prezice
durata de viata reziduala a functionarii motorului electric
Krivonosov V., Matvienko A.
Universitatea Nationala de Bioresurse si Managementul Naturii din Ucraina,
Kiev, Ucraina

Abstract. Prognoza resursei motorului electric face posibila cresterea fiabilitatii functionarii
complexului electric. Scopul lucrarii este de a studia posibilitatea utilizarii modificérilor constantelor de
timp de descarcare a condensatorului in conditii de compensare locald a puterii reactive ca parametru
criteriu pentru prezicerea duratei de viatd a unui motor electric. Pentru atingerea acestui scop, au fost
rezolvate urmatoarele sarcini: a fost efectuatd o analiza a metodelor de predictie a resursei unui motor
electric, a fost analizatd o ecuatie diferentiald si s-au stabilit relatii intre rezistenta de izolatie si
constantele de timp de descarcare a condensatorului. Cel mai important rezultat este stabilirea relatiei
dintre starea izolatiei si valoarea constantei de timp a descarcarii condensatorului. Cel mai semnificativ
rezultat este cd modificarea constantei de timp a descarcarii este utilizatd ca parametru criteriu pentru
prezicerea resursei motorului electric. Semnificatia studiului este ca valoarea obtinuta dupa prima oprire
a motorului electric este luata ca valoare de baza a constantei de timp de descarcare. Valorile limita ale
constantelor de timp de descarcare fac posibila estimarea resursei motorului electric dupa fiecare oprire.
Sunt propuse o metoda si un dispozitiv pentru monitorizarea modurilor de retea in faza deschisa, iar
atunci cand sunt deconectate, controleaza valoarea rezistentei de izolatie a motorului electric si prezice
durata de viata reziduald a motorului electric.

Cuvinte-cheie: izolarea infasurarii motorului, predictie, durata reziduald, compensare a puterii reactive,
constanta de timp de amortizare.
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HccnenoBanns n3MeHeHUs! MOCTOAHHBIX BpeMEeHHU pa3psiia KOHJeHcaTopa s
NPOrHO3MPOBAHMS OCTATOYHOI'0 pecypca IKCIIYaTAUHU J1eKTPOABUIraTe sl
Kpusonocos B.E., MaTBuenko A.M.
HanuonanbHelil yHHBEpCUTET OMOPECYPCOB U IPUPOIONIONB30BAHUS Y KDAUHBL,
Kues, Ykpauna

Annomayun. ExerogHo aBapuiHBIA BBIXOJ U3 SKCIUTyaTallMM ACUHXPOHHBIX 3JIEKTPOABUIATENECH
coctapnseT 10 20-25 % OT yCcTaHOBIIEHHBIX, @ B HEKOTOpbIX ciydasx 1o 30%. IlpornozupoBanue
OCTaTOYHOIO0 pecypca JKCIUIyaTallud 3JEKTPOJBUTATesl MO3BOJSAET IOBBICUTH HAaJEKHOCTb
IKCIUTyaTallud  JIEKTPOTEXHUYECKOro KomIiulekca. llenbro paboThl  SBJSIETCS HCCIEOBAaHUE
BO3MOXKHOCTU HCIOJIb30BaTh U3MEHEHUS MOCTOSHHBIX BPEMEHM paspsia KOHIEHCATOpa B YCIIOBHAX
JIOKaJbHOM KOMIICHCAIIMH PEaKTHUBHON MOIIHOCTH, MOTPEOISIeMOil SIEeKTpOABHIraTeNIeM, B KauyecTBE
KPUTEPHAIBHOIO IapaMeTpa Uil IPOTHO3MPOBAHUS OCTATOYHOTO pecypca  3KCIUTyaTaluu
anexTpoaBuraress. Jlyig OOCTHKEHMs IOCTAaBICHHOW Lenu ObUIM peIleHbl CIEAYIOIHe 3aJadu:
MIPOBEJIEH aHAJIU3 TEIJIOBBIX, YaCTOTHO-PE30HAHCHBIX U DJIEKTPUUYECKUX METOAOB MPOTHO3UPOBAHUS
OCTaTOYHOIO0 pecypca JJIEKTPOJBUTATENs], IPOAHAIN3UPOBAHBI  XapPAKTEPUCTUYECKUE KOPHHU
I QPepeHInaNbHOIO YpaBHEHUSI BTOPOrO TOPSOKA, YCTAHOBIEHBI B3aUMOCBS3HM H3MEHEHUS
COTIPOTHUBIICHUSI M30JSIMM OOMOTOK M MOCTOSIHHBIX BPEMEHHM pa3psija KOoHJeHcaTtopa. Baxueimum
pe3yabTaTOM SIBISIETCS YCTAHOBJICHHE OJHO3HAYHOM B3aMMOCBSA3HM COCTOSHUS M30JSIMU U BEJIMYUHBI
IIOCTOSIHHOM BPEMEHHM 3aTyXaHWs HaNpsDKeHUsT Ha KoHzaeHcartope. Haumbonee cymiecTBeHHBIM
PE3YIBTATOM SIBJISIETCS TO, YTO U3MEHEHHE IIOCTOSHHOM BPEMEHUB BIEPBBIC HCIIOIB30BAHO B KAYECTBE
KpUTEPUANBHOTO TTapaMeTpa, JIs IPOTHO3UPOBAHUS OCTATOYHOIO pecypca JUIEKTPUIECKUX CBOICTB
KOPITYCHOH M30JIALUH 3JIEKTPOABUTaTeNsl. 3HAYMMOCTh HCCIICAOBAHMSA SIBIISIETCA TO, 4TO 3a 0a30BOe
3HAa4YCHUE IOCTOSIHHOW BPEMEHM 3aTyXaHHUSl NMPHUHAMAETCS 3HAYCHHE, IMOJYYEHHOE IOCie IIEPBOTO
OTKJIIOUEHHS 3JEKTpoJABHUraTenss oT cetd. Kpurtndyeckoe 3HaueHHE MOCTOSHHOW BPEMEHHU 3aTyXaHMS
npoliecca ONpeeNsieTcs M0 YMCIOBBIM 3Ha4eHHEeM (Pa3HOM €MKOCTH M JomycTuMmoro, He menee 0,5
MOw, conpoTuBieHHUS KOpPIYyCHOM wu30isuu. OmpeneneHbl TI'paHUYHbIE 3HAYEHUS IOCTOSHHBIX
BpEMEHM 3aTyXaHUs HaNpsKEeHUs Ha KOHJEHCATOpe, YTO MO3BOJISIET CHENaTh OLIEHKH OCTaTOYHOIO
pecypca 3JeKTPOABUraTeNs [0 TEKYIEMY COCTOSHUIO U30JISIIIUU 3IEKTPOABUTaTENs MOCIIe KaXKA0ro ero
OTKIIIO4YeHHUs! OoT cetd. Ilpeanoxen crnocod u pa3paboTaHO YCTPOHCTBO, MO3BOJISIOIIEE B MEPUOL
paloThI 3NEKTPOABUraTeNs] KOHTPOIMPOBATH HETONHO(MA3HBIE PEKUMBI HAPSHKEHUM CETH U TOKOBBIX
Henei, a Mpu OTKIIIOUEHUH AJIEKTPOJBUTATENS OT CETH KOHTPOJIMPOBATH BETUYHMHY CONPOTHUBIEHUS
M30JISIUK CTAaTOPHBIX OOMOTOK 3JIEKTPOJABUIATEIsl U Kabessi, a TakKe MPOrHO3UPYETCs] OCTATOUHBIN
pecypc 3KCIUTyaTaluy JIEKTPOABUTATEIS.

Knwouesvie cnosa: 30msmns 0OMOTOK BIIEKTPOJBUTATENs, MPOTHO3UPOBAHNE, OCTATOUYHBIN pecypc,
KOMIIEHCAIlUA PEaKTUBHON MOIIIHOCTH, TTOCTOSIHHAs BPEMEHHU 3aTyXaHHsl.

Introduction

The simplicity and reliability  of
asynchronous electric motors (AM) with the use
of frequency smooth speed control for the driven
mechanism are the foundation of an automated
electro-technological complex (ETC). According
to the authors Tokarev O.V., Boryagin D.O.,
Sheremet O.T. [1], more than 80% of all electrical
equipment in ETC consists of AM with a squirrel-
cage rotor. However, the annual failure rate of AM
amounts to 20-25% of the installed AM, and in
some cases, it reaches up to 30%, as mentioned by
the authors Gubarevich O.V., Galway S.M. [2].

The main causes of the reduction in the
dielectric properties of insulation, according to the
research by Gerlici J, Goolak S., Gubarevych O.,
Kravchenko K [3], are as follows: thermodynamic
loads from starting currents, thermal overload
from working currents exceeding the nominal

value, local insulation overheating caused by
deviations and asymmetric voltage conditions in
the power supply network, contamination of stator
winding sections, and high ambient temperature.

The sudden failure and breakdown of AM
lead to production stoppages and significant
material costs. Therefore, the assessment of the
dynamic reduction in the dielectric properties of
AM stator windings during the current operation
of the ETC is an important task to improve the
accident-free operation of the ETC and reduce
material ~ losses. The  development  of
microprocessor devices and their integration into
diagnostic and control systems of ETC contributes
to the development of new methods and devices
that can not only identify the cause of the pre-
failure state of AM but also forecast the remaining
service life of AM.
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Analysis  of recent research and
publications.
Reducing the  production cost  of

manufactured goods is a primary goal for any
enterprise.  Automation  of  technological
complexes and reducing the number of
maintenance personnel are among the directions to
improve the efficiency of an enterprise. The
development and implementation of non-invasive
diagnostic systems, forecasting the development
of emergency and pre-failure situations in
electrical equipment, allow for the abandonment
of planned preventive maintenance systems,
reduction of personnel, and improvement of
economic indicators. Many scientific works are
dedicated to non-destructive testing of the
technical condition of AM. For instance, Zakladny
O. [4] and patents [5,6] discuss methods for
monitoring the technical parameters of operating
motors. An analysis of devices for detecting AM
damage and means of protection is conducted. In
the work of authors Mortgage O.0., Prokopenko
V.V. [7], it is noted that insulation temperature is
the main factor influencing the service life of the
insulation. Mathematical and experimental
modeling of AM thermal models allows predicting
the remaining service life of insulation with an
accuracy of up to 20%.

In the work of authors Metel'kov V.P.,
Zyuzev A.M., Chernykh 1.V. [8], and in the work
of Decner A., Baranski M., Jarek T., Berhausen S.
[9], systems for assessing the lost resource and
predicting the condition of AM winding insulation
based on capacitive leakage currents are proposed.
The method is based on the constant application of
rectangular voltage pulses to the winding
insulation and monitoring leakage currents. A
decrease in the magnitude of these currents
indicates a reduction in the remaining insulation
life. The method is applicable for diagnostic
testing and after insulation repair tests.

In the works of authors Zhao J, Brovont A.D
[10], Zheng D., Lu G., Zhang P. [11], and Jensen
W.R., Strangas E.G., Foster S.N. [12], methods for
determining the health of insulation under the
influence of impulse voltages and partial
discharge monitoring are considered. It is shown
that representing the asymmetric aging process is
effective in detecting leakage current in the
system. The method is applicable for quantitative
assessment and characterization of machine
insulation condition during test trials.

In the work of authors Jameson N.J., Azarian
M.H., Pecht M. [13], a method for detecting
insulation degradation used in low-voltage

devices is presented by evaluating changes in the
impedance response. It is shown that the coil
impedance changes differently when subjected to
various load conditions, reflecting signs of
insulation deterioration due to different failure
mechanisms. This method can be used to assess
the insulation service life of electromagnetic coils
during preventive maintenance.

In the work of authors Zanuso G., Peretti L.
[14], a method for monitoring the condition of
insulation is examined, based on the high-
frequency ringing of stator currents that occurs
after the switching of inverter converters. In this
method, the response is evaluated on an
additional, chaotically wound winding located on
the stator of the electric motor, which serves as a
prototype of an asynchronous machine. The
additional winding is equipped with taps, and the
change in insulation condition is induced by the
installation of external capacitors. This method is
used solely for insulation condition monitoring
and does not allow predicting the remaining
service life of the electric motor.

In the work by authors Nussbaumer P.,
Vogelsberger M., Wolback T. [15], a method for
monitoring insulation condition changes is
proposed, based on the evaluation of its high-
frequency properties, which is applicable to
speed-controlled asynchronous motors with
solidly grounded neutral. The change in
capacitance component is related to insulation
degradation and is identified through frequency
spectrum analysis. By applying signal processing
techniques,  changes in  high-frequency
information are extracted, and an insulation
condition indicator is derived. The applicability of
the method is limited and cannot be used for
electric drives without speed control of
asynchronous motors.

In the work by authors Bento F., Adouni A.,
Muxiri A.C., Fonseca D.S., Marques Cardoso A.J.
[16], the diagnosis of interturn insulation of
asynchronous motors is examined using two
alternative thermal models of the same motor,
employing lumped-parameter thermal networks
and finite element methods.

The work by authors Asfani D.A., Negara
I.M. [17], is dedicated to the diagnosis of interturn
insulation of windings using thermal models.
Testing is performed on a non-operating
asynchronous motor, and changes in interturn
insulation are determined. The above-mentioned
scientific papers demonstrate the importance of
research on reducing the dielectric properties of
asynchronous motor (AM) windings' insulation
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and detecting critical wear. These works
emphasize that the electrical insulation testing
method is versatile and comprehensive. However,
it should be noted that there are relatively few
studies dedicated to predicting the residual
lifespan of the dielectric properties of insulation.
The development of non-invasive and non-
destructive methods for predicting the residual
lifespan of AM operation and the devices for their
implementation in  electrical-technological
complexes (ETC) is an important factor in
reducing accidents.

Objective of the study: To investigate
changes in the time constants of capacitor
discharge  during local reactive  power
compensation. To develop a method and device

for predicting the remaining service life of electric
motors, using the rate of change of the time
constants of capacitor discharge as a criterion.
Research method and materials: An
electrical method was used to measure the leakage
currents through the housing insulation of the
stator windings of the electric motor. The type and
technical characteristics of the electric motor are
as follows: MS 802-4, Pn=0.75 kW; 1= 73%; cos
¢ = 0.76; nob = 1380 rpm. A DC power supply
with voltage regulation from 50 V to 400 V was
used. The oscilloscope used was OWON
XDS3104E. Figure 1 shows the laboratory setup
for studying the leakage currents of the stator
winding's housing insulation in the AM.

Figure 1. Laboratory setup for studying the leakage currents of the housing insulation of
AM stator windings.

In the process of AM operation, the
insulation of its stator windings undergoes
degradation of its thermal, mechanical, and overall
dielectric properties due to various factors. The
residual operational lifespan of AM insulation-

T,—is a target multiparametric function,

comprising specific and randomly affecting
factors on the winding insulation. The generalized
mathematical model of the residual operational
lifespan of AM winding insulation can be
represented as a target function:

Tok = f(M Y M pauz) (1)

teh

where
M ={6 T8, CUG,, T

kns dust OC v Mh OC v Bi OC}

— There is a set of factors influencing the
insulation of AM windings during the
technological period when AM is connected to the

power grid.
0, C —Thermal factor related to the load

current exceeding the nominal value, affecting the
insulation.

@), 'C —Thermal factor related to voltage

deviations from the nominal value, affecting the
insulation.

6,.. 'C—Thermal factor related to voltage

kns
deviations and asymmetry in the power grid,

affecting the insulation.
0, C—Thermal factor related to local
heating of the insulation due to dust accumulation

on the surface of AM stator windings.
M, ‘C —Thermal factor affecting the

insulation and associated with mechanical faults in
AM and the driven mechanism.

B, 'C —Random external factors associated
with the driven equipment.
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M o = {Wv UK
affecting the AM
technological pause.

W, —Environmental humidity.

K,eia —ENvironmental acidity, a parameter
typical for agricultural complexes.
K,cia —Random external factors.

Many factors leading to irreversible
degradation of dielectric properties of insulation
are random in nature. Due to this, traditional
diagnostic methods and devices are directed
towards one or a few influencing factors. For
instance, in the methods of predicting the residual
service life of insulation, considering temperature
parameters, as proposed by Woldek A.l in [18],
the Montzinger rule is used:

¢ U D} —Set of factors

aci

insulation during the

Ty =T, 20749 )

where T;—is the service life of the motor

insulation of a certain class at a constant
temperature, years;

A@—is the constant temperature increase
value.

With an accuracy of up to 20%, according to
[19,20], considering temperature, vibration, start-
up, and other factors, the expression (2) takes the
form:

Abp+ABc +A0y, +A0ac L P

T, =T,2 26 +T o 4T 4T (3)

where A6, —is the insulation temperature

increase of the AM windings caused by load
currents during changes in the technological
regime;

A6, and AO,,—are the insulation

temperature increase of the AM windings caused
by voltage deviations and asymmetry in the power
supply;

AGy,.—is the additional temperature
increase of the AM windings' insulation caused by
temperature exceeding during insulation surface
dusting.

T,—is the service

life of insulation

associated with vibration,
L and L,—are vibration-induced aging of
insulation,
T;—is the service
associated with AM start-ups,
P and P,—are the thermo-mechanical
aging of AM insulation caused by start-up loads,
T.—is the service life of insulation

associated with the action of uncertain factors.
From the above, it follows that monitoring
leakage currents through the insulation of AM
windings is currently the most reliable and
regulated method. According to [21], the electrical
resistance of AM stator windings' insulation at
voltages up to 1kV should be R>0.5MOhm at a

temperature of +10...+30°C.

A promising direction in non-destructive
diagnostic systems is the acquisition of
informational parameters without the involvement
of external power sources, as presented in works
[14,15].

One of the authors of the article has
developed a method for predicting the residual
resource of the dielectric property of motor
windings  during local reactive  power
compensation [22]. As known from Zhezhelenko
I.'s work [23], local compensation contributes to
increased reliability and reduced active losses in
the power supply networks of the enterprise.
Figure 2 shows the single-line electrical diagram
of a drive fragment with local reactive power
compensation. The methodology for selecting the
phase capacitance values depends on the operating
mode of the AM in the technological cycle of the
electrical and technological complex (ETC), as
presented in Zhezhelenko I.'s work [23].

The novelty of the method for monitoring the
current state of insulation based on speed
characteristics of its resistance changes in the
conditions of local compensation, developed by
one of the authors [24], lies in the use of energy
stored in capacitors as an independent source. The
equivalent electrical circuit for simulating
transient processes of capacitor discharge in the
circuit "complex resistance of AM windings +
capacitive resistance of the capacitor for reactive
power compensation + complex insulation
resistance™ is presented in Figure 3.

life of insulation
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C,. C, C,—phase capacitances; Q, —three-pole contactor for AM connection

to the network; Q,, Q,, Q,—single-pole contactors for controlling capacitor switching;
C,. C,. C,, XL, XL,, XL,—inductive resistances of the stator winding phases of the electric

motor; RL;, RL,, RL,—active resistances of the stator winding phases of the electric motor.

Figure 2. Single-line electrical diagram of the drive in the electrical and technological
complex with local reactive power compensation.

The method for monitoring the current state
of the insulation of AM stator windings based on
the speed characteristics of its resistance changes,
under conditions of local compensation according
to [22], involves the following steps: first,
capacitors are disconnected from the network;
second, the AM is disconnected from the network;
third, after the AM comes to a complete stop, the
phase capacitance is connected to the terminals
"phase + AM casing." The novelty of the method

lies in the ability to use the energy stored in the
capacitor as an independent power source. The
electrical schematic diagram of the laboratory
setup, presented in Figure 3, allows building a
mathematical model and simulating transient
processes of capacitor discharge in the circuit
"complex resistance of the AM winding +
capacitor capacitance + complex resistance of the
insulation™ using the "Matlab" system.

L1

L2

L3

xsc1

% Ext Trig
S =S .
-

+Ei_ =

(o] ==
— C _ w1

RIS, CIS —represent the active and capacitive components of the substitute model for the
casing insulation of AM; RP1—is the variable resistance that allows modeling changes in the
dielectric properties of the insulation; XSC1—represents the oscilloscope, and V1 —is the direct
current power source.

Figure 3 shows the schematic electrical diagram used for modeling and investigating
transient processes.
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The equation for the circuit "complex
resistance of AM winding + capacitive resistance
of the capacitor + complex resistance of the

insulation," denoted as Z,, =+/RIC* +CIS? , is

formulated according to Kirchhoff's second rule
and is given by:

d’1 Rt 1
—+ +—=
dt>  Ldt LC,

0 (4)

The nature of the transient process occurring
in the circuit depends on the relationship between

parameters C1, R, and L1, as stated in [24].

2
Specifically, if the condition i<(&J is
LG (2L
always fulfilled, the transient process in the circuit
becomes overdamped.
The variation of voltage across the casing
insulation of AM is described by the expression:

U, =Ug (1-e"™) (5)

where 7. —is the time constant of the

overdamped discharge 7, =CI1R, process and

depends on the magnitude of the active component
of the complex resistance of the insulation.

U, —represents the voltage at the terminals

of the phase capacitor.
The conducted simulations demonstrated that
the inequality:

T, >, >, <R >R >R (6)

where 7,, 7,, 7. and R, R , R ,—are the

time constants and active components of the
resistances of the insulation corresponding to the

different modeled processes at R, =50.0 MOhm,

R, =15.0MOhm, and R, =5.0 MOhm.

The inequality (6) allows considering the
time constants of the capacitor discharge as a
critical parameter for assessing the state of the
dielectric properties of the insulation.

The intensity of the reduction in dielectric
properties of the insulation is characterized by the
parameter "rate of change of time constants™" of
capacitor discharges during the operation of the
motor, which is determined by the expression:

Terst — Ti
Vdisci = ertn - (7)
Zi Ati

where 7 —is the initial time constant of

the capacitor discharge at the first disconnection
of the motor from the power supply,

7,—is the time constant of the capacitor

discharge during the current disconnections of the
motor from the power supply,

At; —is the operating time of the motor in

the current period,

N—is the number of periods of motor
operation.

Mathematical modeling of the capacitor
discharge processes for different resistance values
of the motor's insulation allowed the development
of a method for predicting the residual lifespan of
the dielectric properties of the motor's insulation.
The method consists of the following steps:

Firstly, the capacitor banks are disconnected
from the power supply. Secondly, the motor is
disconnected from the power supply. Thirdly, the
highest voltage on one of the phase capacitors in
the capacitor bank is determined, and the motor is
connected to the terminals "phase + body" of the
motor. The initial discharge time of the phase

capacitor ty. ., is recorded, and the initial time
constant of the capacitor discharge 7, is

determined. The critical value of the time constant
of the phase capacitor is calculated as:

z-crit = Cl R:lS (8)

where C,—is the capacitance of the phase

capacitor, and R =0.5MOhm is the critical

value of the stator winding insulation resistance.
The initial time constant of the capacitor discharge
during the first disconnection of the motor from
the power supply is calculated as:

t isC.
Z-first = d5 - (9)

The moments of motor start-up and
shutdown in the second period of its operation are
recorded, and the operating time is determined
using the following expression:

Atz = Canabi2 — Laisani2 (10)
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where t, .., and ty.,, —are the times of

AM start-up and shutdown in the second period of
its operation.

The discharge time constant of the capacitor
in its second connection to the terminals "phase +
body" of the motor is determined by the
expression:;

T _ tdisc2
disc2 —
5

(11)

where t; ,—is the discharge time of the

phase capacitor after the second disconnection of
the AM from the power supply and connection of
the capacitor to the terminals "phase + body" of
the motor. The rate of change of the discharge time
constant of the capacitor during the second period
of motor operation is calculated as:

Thirst — Laisco
Vdiscz = rSAtZ = (12)
The residual time of reduction in the

resistance of the motor winding's body insulation
to the critical value is determined by the
expression:

t..—t.
Td' = disc2 crit (13)
e Vdiscz
During  subsequent  connections and

disconnections of the AM to the power supply, the
motor's operating time is recorded for each period
of its operation as:

AL =T~ Liisapii (14)
The discharge time constant of the capacitor

in the current period is calculated using the
expression:

T _ tdisci
disci
5

(15)

The rates of change of the discharge time
constants of the capacitor in the current periods of
AM operation are calculated using the expression

).

The residual time of reduction in the
resistance of the motor winding's body insulation
after each disconnection from the power supply to
the critical value is corrected by the expression:

tyei — &

T _ _disci crit

disct
V

disci

(16)

The residual service life of the motor is
determined as a percentage using the expression:

erisct = (l -

Method Validation

Figure 1 shows the laboratory setup for
validating the developed method for predicting the
residual service life of the dielectric properties of
insulation, while Figure 3 presents the schematic
diagram. For method validation, the capacitor

capacitance C, =3uF (full reactive power
compensation, according to the methodology [23])
is achieved at C, =27 uF .

During the first disconnection of the motor
from the power supply, we determine t; ,—the

Tirst — Terist JlOO% (17)

Thirst — %

initial discharge time of the capacitor, 7 —the
initial discharge time constant of the capacitor at
the initial dielectric properties of the AM stator
winding insulation, 7, —the critical value of the
discharge time constant of the capacitor when the
insulation resistance is R =0,5 MOhm.

In the first disconnection of the motor from
the power supply, the resistance RP1 is

disconnected. By pressing the "Start" button Q.
we connect the capacitor (e.g., capacitance C,) to
the power supply unit V1 with a voltage of 150 V.
This way, we simulate the charging of the
capacitor C,and consider it charged to the

maximum voltage. Using the "Start" button Q,

the charged capacitor is connected to the terminals
"phase + body" of the motor. Figure 4 shows the
graph of voltage changes during the discharge of

the capacitor C, .
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voltag V
3

0 20 40 60

80, 100 120 140 160 180
taim, sec

Figure 4. Voltage change graph during the discharge of capacitor C, .

tyer =152, 4seconds.
_152,4

Tfirst -

5= 30,5 seconds.
The initial resistance of the stator winding
insulation in AM, without considering the voltage

measurement divider coefficient in the circuit, is:

R1S

first —
1

T first

=——=10,2 MOhm.
C

We calculate 7

it » the critical value of the

capacitor discharge time 7;, =15 s.
Second disconnection of AM from the power

160
140
120
100

20

voltag V

&0

40

20

supply. The resistance is RP2=20 MOhm.
Assuming that during the operation of AM, the
insulation resistance decreased and is now

RIS, RP2
RIS, = — =

, = =6,6 MOhm.
R1S,, + RP2

first

Therefore, the dielectric properties of the
insulation have decreased by 36%. Let's assume
the operating time of the electric motor was

At, =10 hours. Figure 5 shows the voltage

change graph during the discharge of the
capacitor.

60 80 100 120

taim, sec

Figure 5. Voltage change graph during the discharge of capacitor C, .

tyisco =104,8 seconds,

Tyiser = 20,9 seconds.
The rate of change of the capacitor discharge

time after the second period of AM operation.

The predicted remaining operating time of

AM is:
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disct — &_1’_\2 =71, 9 ':I-(T3 :19, 97 hours.
0,27-10

Thus, if the degradation, i.e., the
deterioration of insulation properties, occurs at
this rate, AM will operate for an additional 19.97
hours.

The residual service life of the electric motor

as a percentage is:
30,5-20,9

erisct =1-
30,5-1,5
Third disconnection of AM from the power

160

leO% =77%.

140
120
100

80

voltag vV

supply. The resistance is RP3=5 MOhm.
Assuming that during the operation of AM, the
insulation resistance decreased and is now

RIS, RP3
RIS, = — =

=6,6 MOhm.
R1S. . + RP3

first

Therefore, the level of dielectric properties of
the insulation has decreased by 70%. Let's assume

the operating time of the AM was At, =30 hours.
Figure 7 shows the voltage change graph during
the discharge of the capacitor C, .

30 40 50 60

taim, sec

Figure 6. Voltage change graph during the discharge of capacitor C,.

tyies = 94,1 seconds, 7., =10,82 seconds.

The rate of change of the capacitor discharge time
after the third period of AM operation is:

~209-10,82
% (10+30)-60-60

We adjust the remaining operating time of
AM, which is:

7,5-107

disct — ]-QSZ—_:I:;S =1,242 10° = 34,5
7,5-10
hours.
Thus, if the deterioration of insulation

properties occurs at this rate, AM will operate for
an additional 34.5 hours.

The residual service life of the electric motor
as a percentage is:

~30,5-10,82
30,5-1,5

R rdisct = (1

Fourth disconnection of AM from the power
supply. The resistance is RP4=0,3MOhm.

Assuming that during the operation of AM, the
insulation resistance decreased and is now:

leO% =33%

RIS, RP3
RIS, = — "t~

=0,292 MOhm.
R1S,, + RP3

first

Therefore, the level of dielectric properties of
the insulation has decreased by 100%, and further
operation of AM will result in a breakdown. Let's
assume the operating time of the electric motor

was A, =80 hours. Figure 8 shows the voltage

change graph during the discharge of the capacitor
C,.
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80

voltag V

60

40

20

3 4 5 3 7

taim, sec

Figure 7. Voltage change graph during the discharge of capacitor C, .

ty.s =5 7seconds, 7., =114seconds. The

rate of change of the capacitor discharge time after
the fourth period of AM operation is:

v ___209-114
% (10+30+80)-60-60

=4,07-10°

We adjust the remaining operating time of
AM, which is:

10,82-1,5

disct = —— =2,3-10° = 0,0083 hours
7,5-10

~0.

Thus, with an accuracy of up to 1%, it can be
stated that the dielectric properties of the stator
winding insulation of AM are depleted, and AM
requires repair. The residual service life of the
electric motor as a percentage is:

30,5-114

erisct = (1_
30,5-1,14
The implementation of the developed method
is carried out in the insulation monitoring and
protection device for AM [25]. Figure 8 shows its
block diagram.

leO% =0%

5
|_
3_’4:-:6:8“9_
\ i [
2
7

N

1 - Switching device, 2 - Electric motor, 3 - Capacitor switching block, 4 - Capacitor block, 5 - Power
supply block, 6 - High-impedance dividers block, 7 - Maximum positive voltage detection block, 8 -
Microprocessor, 9 - Control block.

Figure 8. Block diagram of the insulation monitoring and protection device for AM.

detecting current circuit interruptions, and
implementing the developed method for
predicting the residual lifespan of the AM's

The device allows compensating the reactive
power consumed by the AM during its operation,
monitoring unbalanced phases in the network,
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insulation dielectric properties. Furthermore, it
can prevent the development of emergency
situations during AM disconnections.

Discussion of Results

Methods for predicting the residual lifespan of
AM operation using thermal models, both
mathematical and empirical, according to [7, 15,
18, and other sources], are based on expression
(2). It is assumed that T (0-), the lifespan of AM
insulation at a constant temperature 0 (°C), ranges
from 15 to 25 years. The scatter of T (0-) values
within (25-40)% and the influence of random
factors leading to additional thermal impacts on
the insulation determine the reliability of thermal
prediction methods within 25-30%.

In the developed method, the time constant of
the capacitor discharge after the first
disconnection of the AM from the network is
taken as the baseline value for the dielectric state
of the AM's windings. In subsequent
disconnections, the rate of insulation property
degradation is determined under various

120
100
20

60

resistance-%

40

20

4]
0 20 40

60 20

influencing factors. The time constant of the
capacitor discharge serves as a criterion that
considers both defined and undefined factors
affecting the reduction of insulation dielectric
properties. The speed characteristics of the time
constants of the capacitor discharges are presented
in relative units, enabling the prediction of the
residual lifespan of AM operation with an
accuracy of up to 3%, depending on the accuracy
class of measuring and converting devices.

Figure 10 illustrates the graph of resistance
change of the casing insulation depending on the
AM's operating time.

The analysis of the resistance change curve of
AM windings' insulation shows that the time
constant of the capacitor discharge is different on
each linearized segment and depends on the
intensity of the insulation's dielectric property
changes. The speed characteristic of the time
constant of the capacitor discharge allows for
determining and adjusting the residual lifespan of
AM operation in real-time mode.

100 120 140

taim -hjur

Figure 9. Graph of changes in the resistance of the casing insulation depending on the
operating time of the AM.

Conclusions
The characteristics of the capacitance discharge
time variation during local reactive power
compensation consumed by the AM is a critical
parameter for reducing the dielectric properties of
insulation, allowing the prediction of the
remaining AM resource with an accuracy of no
more than 3%.
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