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BIIPOBAI’KEHHSI MDKHAPOTHHUX TA €BPOINENCBKUX CTAHJIAPTIB
JJIsA PO3BUTKY OEC YKPAIHM 3I'l/IHO 3 KOHUHEINIIIEIO SMART GRID

0O.B. Knpn.ﬂemcol*, akan. HAH Yxpainu, L.B. BuaiHoB'**, TOKT. TexH. Hayk, €.0. BaiiueB' *** JOKT. TEXH.

Hayk, C.O. Manauos'**** , KaHJl. TexH. HayK, B.I. Bacuib4eHKo”
' ~ Inctutyt enexrpoaunamiku HAH Ykpainn,
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* — HEK Vkpenepro,
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e-mail: blinovigor81(@gmail.com

Posznanymo nepedymosu ma eusHaueHo OCHOBHI Yini 800CKOHANEHHA HOPpMAMueHoi 6azu Ykpainu 3a0ns po3eumky
eeKmpUudHUX Mepedxc 32ioHo 3 konyenyicto Smart Grid ma Konyenyiero eénpogaodoicents “po3ymuux mepedc’ 6 Vrpaini
0o 2035 poky. ObrpyHmogaro 0oyinbHicms po3pobieHHs HAYiOHANbHOI cmpamezii 3 6MPOBAOIHCEHHS MIDHCHAPOOHUX ma
esponeticokux cmanoapmie ons pozeumxy OEC Vkpainu. Cghopmosano memy ma ochosHi 3adaui cmpameeii, ujo
NOAs2AI0Mb Y 3ACMOCYBAHHI CUCIEMHO20 NIOX00Y 00 GU3HAYEHHS, GNPOBAOINCEHHS. MA AKMyanizayii npiopumemuux
MIJICHAPOOHUX MA EBPONEUCHKUX CMAHOAPMIB, WO OACMb 3MO2Y 3a0e3neyumu CManull ma CUHXPOHI308aHUL PO3GUIMOK
OEC Vkpainu 32iono 3 konyenyicio SmartGrid. Posenanymo ochosHi nanpamu peanizayii Cmpamezii 3 6npo8aodiceHHs
MIJICHAPOOHUX ma egponelicokux cmanoapmie o5 possumky OEC YVxpainu 32i0no 3 konyenyiero Smart Grid. biomn. 22.

KurouoBi ciioBa: enexrpoerepreTinyHa cucrema, Smart Grid, Mi>kHapoJHa eTeKTPOTeXHITHA KOMICis, CTaHAapTH3ALis.

Beryn. OctaHHIME pOKaMH BaXKJIMBOIO 4YacTUHOWO MONMITHKHM €C y ranmys3i €HEepreTHKH €
KOMIUIEKC 3aXOJiB, IO OO0 €IHYyeThCS TepMiHOM «EHEpreTHyHuil mepexiy, y Mexax SKOTro
MPOBIIHUMHU KpaiHaMu Hiepe0adyeHo CTaIni XapakTep pO3BUTKY €KOHOMIKH, /i€ KIHIIEBOIO METOIO €
nocstHeHHS 110 2050 poKy KIIMaTHYHO-HEHTPAIBHOTO CTaTyCcy €BpONHM NUISIXOM CYTTEBOTO
3HMKCHHS BUKOPUCTAHHS BYT'UUIS Ta 1HIIMX HEBITHOBIIOBaHMX eHepropecypcis [1-3]. Lle o3navae
CYTTEBY 3MiHY Yy €BPOICUCHKIA €HEPreTHYHIN MOMITHIN, 30KpeMa, 1 T IepeopieHTAaIliI0 Bl MTOMUTY
70 TIPOTMO3HUIli Ta 3aMillleHHS TPATUIIHHOI I[EHTPali30BaHOI TEHepallii pPO30CEePeHKEHOI0
TEHEpaIli€rn, a TaKoX YHUKHEHHsI 3aiiBOrO BHPOOHHIITBA Ta CIOXKMBAHHS €HEPrii 3a paxyHOK
€Hepro30epirarouux 3axo/iB Ta 3pOCTaHHS €HeProeeKTUBHOCTI.

Ha crorogni cyte eHepretmyHoi crtpaterii €C momsrae y 3a0e3leueHHi TapaHTii 10110
MOCTAYaHHSI €HEePreTUYHUX PECypCiB 3a JAOCTYIMHUMH I[iHAMH y Oe3MepepBHOMY pEeXHMi. 3 Ii€l0
Meroto y €C y 2014 p. npuiiaaro omHy 3 0a30BHX OCHOB cTpaterii EHepreTudHoro corozy —
Crparerito enepreTudnoi 6e3nexu €C, TOJOBHUMH HANPSIMAMHU SIKOT CTaJIH:

— 3aCTOCYBaHHS LIMPOKOTO CHEKTPY AOCTYMHHX MAJIMBHHUX PECYPCIB Ta CYTTEBE 3MEHIICHHS
YaCTKU BUKOITHHX BUJIIB NAJIMBa B eHepreTuaHomy Oananci €C (nexapOoHizailisi eKOHOMIKH);

— nuBepcudikaris 30BHIMIHIX HKEpea Ta MOCTaYalbHUKIB TMAJUBHUX PECypCiB 1 IUIAXIB
IXHBOT'O IIOCTAYaHHS;

— po30ymoBa HAIEKHO (PYHKIIOHYIOYOTO EHEPreTHYHOTO Ta TOBHICTIO 1HTErPOBAHOTO
BHYTPIIIHBOTO PHUHKY;

— HaJIe)KHa TOTYXKHICTh €HEPTrOTeHEPYBAILHUX Ta MepeaaBadbHUX MIAMPUEMCTB, HAIHHICTD
Ta CTIHKICTh €HEproMepex, iXHiil PO3BUTOK Ta PO3LIMPEHHS 3'€IHaHb 3 €HEProMepexaMmy 1HIINX
perioHiB/kpaiH;

loce
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— 3HWKEHHS 00CSTIB €HEeProcloKUBaHHs PI3HUX I'PYIl CIIOKMBAYiB HA OCHOBI BIIPOBAPKEHHS
eHeproeeKTHBHUX 3aX0/IiB Ta MEPEX0/y Ha aJbTEPHATUBHI JDKEpena eHeprii.

3 meroro edekTuBHOI peanizalii HampsMmiB eHepreTuyHoi crparerii €C Takox y 2019 p.
€Bpokomicis odimiitHo 3aTtBepamna UYeTBepTHil eHepreTHUHUi makeT «Yucra eHepris ais ycix
esporneiiliB» (Clean energy for all Europeans package) [3], mo MicTUTh BiciM JUPEKTUBHHUX
JOKYMEHTIB, $Ki BH3HA4aloTh OOOB’SI3KOBI BHUMOTH JI0 OpraHi3amii BHYTpIIIHIX Ta
3arajlbHO€BPONEHCHKUX PUHKIB €Heprii. 3a3HayeHi JOKYMEHTH BioOpakaloTh OadeHHs TOro, 3a
SKUM crieHapiem €C 3ilicHIOBaTUME TIEPEXij 10 HOBOTO €HEPTeTUIHOT0 MaHOyTHROTO. Y ILIOMY
JOKyMEHTaMu YeTBepToro eHepronakeTy BU3HAYEHO TPU OCHOBHI IIUII: JOCATHEHHS IJ100aJIbHOTO
JinepcTBa B cdepi BiIHOBIIOBAHUX JDKEpEN eHeprii, 3a0e3MedeHHs KpaluxX YMOB ISl CIIO’KUBAYIB,
MPIOPUTETHICTh €HeproedekTuBHOCTI. [IpuHHATTS B €BpPOCOIO31 BKa3aHUX JTOKYMEHTIB Mallo
Oe3rnocepeiHii BIUIMB Ha MEPEryisi Ta YTOYHEHHS MPIOPUTETIB Y Cy4YacHi eHepreTUYHIN MOoIiTHLl
VYkpainu.

Takum uwmHOM, Eneprermuna Crpareris VYkpainm (ECY) mo 2035 poky «besneka,
EneproedextuBHicTh, KOHKYpEHTOCTIPOMOXKHICTE» Oyja CKOperoBaHa 3 ypaxyBaHHSIM OCTaHHIX
3MiH Ta OCHOBHUX HAIpsIMKIB Cy4acHOi €BpOIEHCHKOI €HEepreTH4Hoi cTpaTerii. Y pes3yibTarti
peanizaii 3aBaanb, nepeadaveHnx EHepreTnyHoro crpareriero Ykpainu, 1o 2035 p. miaHyBasioCh,
30KpeMa, JOCSITHYTH 3HIKEHHS eHeproemMHocti BBII Oinbpmn HiXK y 1Ba pa3su Ta 30UIBLIMTH
BUKOPHUCTAHHS BITHOBJIIOBAHUX JIXKepesl eHeprii 10 piBHA 25 % Bia 00CsriB 3arajibHOr0 MEPBUHHOTO
MOCTAa4YaHHs eHEepTii.

Jns peanizamii 3agau ECY mepenbaueHo 3milicHUTH mepexin B YKpaiHi BiJ TpaaulliiHOI
CHCTEMH €JICKTPOIIOCTaYaHHS 3 TEHEPYIOUMMHU CTAHIISIMU BEJMKOI MOTYKHOCTI, 1[0 3aCTOCOBYIOTh
BUKOIIHE NAJIMBO, 10 IPUHIIMIIOBO HOBOT MOJEIl OOYIOBH CUCTEMH €JIEKTPOIIOCTaYaHHS Ha OCHOBI
texHonorii Smart Grid [4, 5], sika XapakTepHu3y€eThCsI MACIITAOHUM 3aCTOCYBaHHSM BiTHOBIIIOBAaHUX
mxepen eneprii (BJIE), 3arydeHHsIM MIMPOKOTO KOJIa KOPUCTYBAUiB (K BUPOOHUKIB €IEKTPUUHOT
eHeprii, Tak 1 ii Cro’KMBayviB) /10 MPOLECIB KEPYBAHHSAM PEKUMaMH CHCTEMH €JIEKTPOIOCTAYaHHS 1,
SIK HACITIJIOK, aKTUBHUM OOMIHOM JaHUMH MiX 1i 00’ exTamu [6].

s 3a6e3neuenns nocsrHeHHs mineid ECY MiHicTepcTBO €HepreTuku YKpaiHu po3poOuiio
«Konreniiiro BOpOBaKEHHS “po3yMHUX Mepex” B YkpaiHi 10 2035 poky» [7], B sKiii:

— pO3TIyMa4yeHO MOHATTS «PO3YMHHUX MEPEXK»;

— BU3HAUEHO 3arajbHi HAIpPSIMKHU BIPOBA/KCHHS 1 BUKOPUCTAHHS TEXHOJIOTIH «PO3yMHMX
MEpEeXx» B CHEPreTHUHOMY CEKTOpi YKpaiHu;

— BCTAHOBJICHO MPIOPUTETH 1 OCHOBHI MEXaHI3MHU peai3aliii;

— BCTAHOBJICHO €TaIy 1 KOJIO KIIOYOBUX YYaCHMKIB BIIPOBAPKEHHS TEXHOJIOTIH «PO3yMHHX
MEPEH».

VY mit Konuenmii 3a3Haueno, mo rmiargopMa MpoCyBaHHS «PO3YMHHX Mepex» B YKpaiHi
CIIUPAETHCS HA TOTOBUI HaOlp TEXHOJOTIHN 1 3aX0/1B, BU3HAYCHHUX y €BPONECUCHKUX Ta MIKHAPOTHUX
CTaHJapTax, SKi (HOPMyIIOIOTH TEXHOJOTIUHI pIIIEHHS peamizamii Uis KOXHOTO KOMIIOHEHTa
E€HEePTeTUYHOTO CeKTOpa (TeHeparlli eJeKTpoeHeprii, il TpaHCTOPTYBaHHS, PO3IMOILTY, YIPaBIiHHS
PO3MONIJICHUMH pecypcamMy TOIIO), a TaKoX TOTOBUH Habip TENEeKOMYHIKAIIHHUX Ta
1H(OpMaIIHHUX TPOTOKOJIB, IO CIIPUSAIOTH peajtizallii IuX TEXHOJIOTIH.

Icuytounii kypce Konnenuii BmpoBamkeHHs “po3yMHHX Mepex” B YkpaiHi g0 2035 poky,
HanpaBJieHU Ha aKTUBHUU PO3BUTOK cucTeM Smart Grid B eHepreTuuHid cuctemMi YKpaiHw,
MOBHICTIO BiJIMOBIJ]a€ MPIOPUTETHUM HAIIPSIMKaM PO3BUTKY eHepreTuku B €C, a TakoX 3a1a4daM, sKi
oTpeOyI0Th po3B 3Ky 3a yMOBU cHHXpoHHO1 podotrt OEC Ykpainu Ta ENTSO-E.

VY mnani po3BUTKy cuctemu nepenadi Ha 2021-2030 poxu, pospodnenomy HEK «Yxkpenepro»
1 cxBasienomy IloctanoBoro HKPEKII Ne57 Bix 20.01.2020, BnpoBamxkeHHsT B YKpaiHi KOHIIEMIIIT
«PO3YMHHUX MEpEeX» BBAKAETbCS OCHOBHMM TIEPCIEKTHBHHUM HAINPSIMKOM DPO3BUTKY CHUCTEMHU
niepenadi. Peamizaliiss TEXHOJIOTIT «pO3YMHHUX MEPEX» TaCTh 3MOTY OTPUMATH VISl JUCTIETYEPCHKOTO
yIpaBIiHHS 1HCTpyMEHTapiid, HEOOXITHUI A1 BUKOHAHHS ONEPAaTHBHHUX PO3PaxXyHKIB HaAIHHOCTI
poOOTH EHEProcUcTeMH, a TaKOXK 3aco0u aia 300py HeoOXximHoro oOcsary iHdopMarii s
OTIEPATUBHOTO Ta MOTOYHOTO IUIAHYBaHHSA POOOTH.
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Cnig 3a3HaunTH, 110 3abe3meueHHs mNonanbiioi CHHXpoHHOI pobotu OEC VYkpainu 3
eBponeiicbkoro eneprocucremoro ENTSO-E, 3amouatkoBanoi ¢aktuuno 28 mrotoro 2022 poky,
CTIMKOCTI 00’€HaHHSA Mepex YKpaiHM Ta €Bponu € MepeayMOBOIO YCHIIIHOCTI MaiOyTHHOTO
00’€THaHHS 1 PUHKIB €JIeKTpUIHOI eHeprii [8, 9]. [urerparis enepreruku Ykpainu 1o puHki €C ta
cuaxpoHHa pobota OEC Vkpainu 3 ENTSO-E ycknaaHI0€ThCsl HEpO3BUHEHICTIO HOpPMATHBHOT 0a3u
Ta 3HAYHUM BiJCTaBaHHSI YKpaiHM B MNPHUHAHATTI CyYaCHHX €BPONEHCHKHX Ta MIKHAPOIHUX
CTaHJapTiB, BIACYTHICTIO TUIAHY 3aXOJiB IIOJ0 BIPOBAKEHHS TAaKUX CTAHIAPTIB B YKpaiHi 3
PO3TOALIOM 32 HaNPSIMKaMH, HEJJOCTATHHOIO MIATPUMKOIO ydacTi YKpaiHu y poOOTi Mi>KHAPOIHUX
opranizaniit crangaptusanii I[EC ta CENELEC.

MeTo10 cTATTi € aHaNi3 Ta BU3HAYCHHS LIIEW PO3BUTKY HOPMATHBHOI 0a3u 3a/1J1s pO3BUTKY
enextpuuanx Mepexx OEC Ykpainu 3rigHo 3 xoHneniiero Smart Grid Ha OCHOBI BIPOBAKEHHS
MDKHApPOJHHX Ta €BPONEUCHKUX CTAaHIAPTIB.

Croroani €BponeiickkuM KomiTeToM 31 cranaaptusaiii (CEN) 1 €BponelicbkuM KOMITETOM 13
cragmapTtu3anii B chepi enexrporexHiku (CENELEC) Bu3HaueHo TexHOJOrIi 1 3axoaum s
PO3BHUTKY CKJIQJIOBUX EHEPreTUYHOTO CEKTOpa 3TifHo 13 KoHuemmiero Smart Grid. OcHOBHUM
3aBIaHHAM B cdepi cranmaptusamii Ha 6a3i koHuenii Smart Grid € 3a0e3nedeHHsT JOTPUMAHHS
€IMHUX BHMOT TMIOJ0 iH(pOpMAIitHOTO OOMIHY Ta KOMYHIKalllii Ha BCIX l€papXidyHUX pPIBHIX
€HEeproCUCTEMH Ta PHUHKY €JIEKTPUYHOI eHeprii. ToMy akTyallbHUM Ta BKpail BAXKIIMBUM 3aBJaHHSIM,
SK€ ChOTOJ/IHI CTOITh B €JIEKTPOCHEpPreTHUHIN cdepi Ykpainu, € pearnizariis 3ax0MiB 3 MPUUHSITTS
CYYacCHHX €BpPONEHWCHKUX Ta MDKHAPOJHHX CTAaHAAPTIB y cdepi eNeKTPOCHEPreTUKH, 10
3a0€3MevYy0Th PO3BUTOK Ta BIPOBAKEHHS TexHOorii Smart Grid.

BrpoBampkenHss B YkpaiHi MDKHapOJHUX Ta €BPOINEHCHKUX CTaHIAPTIB, LI0 CTOCYIOTHCS
koHmenmii Smart Grid, € Ba)XJIMBOI YaCTUHOIO 3arajbHOTO KOMIUICKCY 3aXOJiB, NepeadaueHux
Enepreruunoro ctpaterieto Ykpainu Ha mnepiog ao 2035 p., Konueniiero BHpoBaKeHHS
«po3yMHHX Mepex» 10 2035 poky B Ykpaini ta Ilmanom po3BuTky cuctemu mnepemadi Ha 2021—
2030 poxu, cHpsMOBaHMX Ha 3a0e3ledyeHHs MOTped CyCHiIbCTBA Ta EKOHOMIKH B IaJMBHO-
EHEePreTUYHUX pecypcax y TEXHIYHO HaidHWUN, Oe3MeUHHi, EKOHOMIYHO e(eKTUBHUU Ta
€KOJIOTIYHO TNPHUHHATHUN crmoci® Ui TapaHTyBaHHA IMOJIMIIEHHS YMOB JKUTTEIISUIBHOCTI
CyCHiIbCTBA.

[lin yac Bu3HAYEHHS MPIOPUTETHUX HAMPSIMKIB PO3BUTKY HOPMATHBHO-TEXHIUHOI 0a3u
VYkpaiau 3 METOI CIIPHUSHHS BIPOBADKEHHIO TeXHOJoTii Smart Grid ciij BpaxoByBaTH cTpaTeriyHi
OUTI Ta akTyalbHI 3ajadi, sKi IOCTAaBJIEHO YPSAAOM Iepea EeIEKTPOCHEPreTUKOI0, a TaKOX
ONTUMAabHI NULSIXH BUPIMICHHS [HMX 3a7a4, [0 MAalTh CIHPATUCA Ha pealbHI MOMJIMBOCTI
€KOHOMIKH YKpaiHH.

HesBaxaroun Ha mporpec y raiy3i cTaHgapTusamii YKpaiHW B IIIJIOMYy, CHUTYyamis i3
NPUAHATTSAM CYYaCHUX CTaHIAPTIB y cepi eNeKTPOCHEPTETUKHU € He3a0BIIbHOIO, OCKIIBKH 00CST
rapMOHI30BaHUX B YKpaiHi CTaHAApTiB, BUAAHUX CBPOMEHCHKHUM KOMITETOM CTaHAapTHU3aIlli B
€JIEKTPOTEXHIII Ta MI)XKHAPOAHOIO ETIEKTPOTEXHIUHOIO KOMICI€T0, € BKpail HEIOCTATHIM.

[IpoBeneHuit aHajmi3 CydyacHOTO CTaHy HOPMAaTHBHO-TEXHIUHOI 0a3u YKpaiHW, IOKa3aB
HEOOXITHICTh Ta OUUIBHICTD 3a0€3MeUeHHs] BUPIIEHHS HAaOLIbII aKTyalbHUX Ta MEPUIOYEPrOBUX
3a/1a4, BCTAaHOBJICHUX Y MpoekTi KoHIen i BIpoBayKeHH «PO3YMHHUX Mepex» B YKpaiui 1o 2035
poky. 30KpeMa, aHalli3 Cy4acHOrO CTaHy CIpaB IIOAO BIPOBAPKEHHS B YKpaiHi MIKHApPOIHUX
crangaptiB [EC mokasas, 110 1eil MOKa3HUK y BiJICOTKOBOMY BITHOIICHHI 3HAYHO MEHIIHMH, HIK B
KpaiHax €Bponu. BiICyTHICTH 3rapMOHI30BaHMX CTaHAAPTIB s TNOOYJOBH EJIEMEHTIB
iHpacTpykTypu Ta 0OJIaJHAHHS EJIEKTPOCHEPTeTHYHOI ChEepH € OJHIEI0 3 OCHOBHUX NPHYHUH
HAsBHOCTI TEXHIYHUX Oap’epiB y TOPriBiIi MK EHEPreTHYHUMH pHHKaMH KpaiH €Bponu Ta
VYkpaiau, mo o0Mexye MepcreKTHBU B3aEMOBHUT1IHOTO CITIBPOOITHUIITBA Mi’K HUMH.

[loBHOIIHHA IMIIJIEMEHTAIlisl TpaBWI (YHKLUIOHYBAaHHS EHEPreTHUKH Yy BIAMOBIAHOCTI [0
TM0JIOXKEeHDb 3aKkoHOoaBcTBa €C moTpedye 3a0e3neueHHs MOBHOLIIHHOTO MPEICTaBHUIITBA YKpaiHU B
IEC ta CENELEC.

Busnaueno, mo HopmaTuBHaA 0a3a YKpainu, sika HEOOXiaHa JIs 3a0e3MeUeHHs HalIMHOTO Ta
e(peKTUBHOTO (PYHKILIOHYBAaHHS Ta PO3BHTKY CHCTEM Iepejadi Ta po3Mojiry YKpaiHH Ha OCHOBI
koHmemnii Smart Grid, mae 6a3yBaTHcs Ha HalllOHAJBLHUX 3aKOHAX 1 TEXHIYHUX PETJIaMEHTax, 10 €
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3a0e3MeueHHsIM  IMIUIEMEHTAIlli €BPONEHCHKUX JTUPEKTUBHUX JOKYMEHTIB, 1 CKJIaJaTucsi 3
HAI[lOHAIBHUX CTaHNIAPTIB, TapMOHI30BaHMX 3 eBpomelickkuMu JlupektuBamu HoBoro Ta
I'mobGanpHOTO MiAXO0MY, SIKI MatOTh OOOB’SI3KOBUI XapakTep, a TaKOX CTaHAapTaMH, 1ICeHTUIYHHUMHU
MDKHAPOJHHUM, aJileé BUKOHAHHS SIKUX Ma€ JOOPOBUIbHUI XapakTep, 00yMOBICHUH OCOOIMBOCTIMU
3aCTOCYBaHHS MEBHOTO OOJIaHAHHS ISl PIlIEHHS KOHKpeTHHX 3amad. Kpim Toro, B Tux cdepax
3aCTOCYBaHHA, /1€ MDKHApPOJIHI CTaHAAPTH BIIACYTHI, HEOOXITHMM € TPUHHATTA HaliOHAIBHUX
CTaHJIapTIB Ta IHIIUX HOPMATHUBHUX JOKYMEHTIB, 30KpeMa, i CTaHJIapTiB OopraHizaiii Ta KOAEKCiB
yCTaJICHOI MPAKTUKH, 110 PO3POOJICHI Y BIAMOBIIHOCTI IO MIXKHAPOIHIX PEKOMEHIAITIH.

3aranbHa KiIBKICTh MDKHAPOAHHUX CTAHAAPTIB, HEOOXIAHUX IS MIOBHOTO BIIPOBAKEHHS yCiX
eneMeHTiB kKoHmenii Smart Grid, nepenik sikux HaBeneHo B Texniunomy 3BiTi [IEC TR 63097:2017
«Smart grid standardization roadmap» [10, 11], ckiamano 6imbin Hixk 450 cranom Ha 2017 pik, 1 e
MEPEeNiK MOCTIHHO 30UIBLIYETHCS Ta OHOBIIOETHCSA, IO OOYMOBIIIOE HEOOXIAHICTH BIPOBAKECHHS
IJIaHy 3aXOAiB (IOpOXHBOI KapTH) 3 TOCTYNOBOTO BIPOBAHKEHHS HEOOXITHMX JTOKYMEHTIB Yy
HOpMaTHUBHY 0a3y YKpaiHu B ramy3i €eHEpreTHKH, sika rnependavae KOMIUICKCHUHM MiAXid mig dac
MPUAHATTA HOBUX CTaHAAPTIB Ta akTyaui3ailii abo ckacyBaHHsS BKe icCHyrounx. Hacammepen ciin
3BEpHYTH yBary Ha HOpPMaTHBHO-TE€XHIYHe 3a0e3nedeHHs peanizamii THX (QyHKIIOHAIBHUX CUCTEM
Smart Grid, mo HeoOXimHI I pilIeHHS HAWOLIBII aKTyaJbHHUX Ta IEpPIIOYEPrOBHX 3ajadv,
BcTaHoBJeHUX B «KoHunenuii BpoBamkeHHsS “po3yMHHX Mepex” B Ykpaini g0 2035 poky». [o
MepeiKy OCHOBHMX Ta ONPHIIOAHEHUX JOKYMEHTIB, SIKI JIOIIJILHO BUKOPHUCTATH SK OCHOBY IS
noOy/TI0OBH KOMILIEKCHOI Moieni iH(popMariitHoro oOMiHy Ha PUHKY €JIEKTPUYHOI €Heprii, TaKox
HajexaTh 1 Taki peraamenTtytoul fokyMeHTH ENTSO-E, mo ne HaOynu cratycy Mi>KHApOJIHUX 200
€BPONEUCHKUX  CTAaHAApTIB, ajie (AKTUYHO pErNIaMEHTYIOTh Hpolenypu Ta  ¢opmaru
iH(dopmartiiiiHOro 0OMiHy B OKpeMHX cerMeHTax abo cdepax puHKY eleKkTpudHoi eneprii [12, 14].

3a HOBUMH HanpsiMKaM# iHHOBaliiHOTO po3BUTKY B [EC CTBOPIOIOTbCA CHCTEMHI KOMITETH 1
cTpareriuHi poboyi rpynu. 3 TOYKH 30py BIpoBapKeHHS SmartGrid-TexHosIoriii 0coO0MMBO CITij
BuaiuTH podoui rpynu SyC Smart Energy «Po3zymna enepreruka» ta SyC Smart Cities «Po3ymHi
MicTa». ['0JIOBHMM 3aBIaHHIM ITUX KOMITETIB € 3a0e3neueHHs e()eKTHBHOT IHTETpallii eMeKTPUIHUX
MEpexX, Ta30pO3MOAIIBHUX  CHUCTEM, CHCTEM  LIEHTPAli30BaHOTO  TEIJIONOCTAYaHHS  Ta
BOJIOTIOCTAYaHHs, TPAHCIIOPTHUX CHUCTEM, PO3pOOKa Ta BMPOBAKEHHS BIIMOBITHUX CTAaHIAPTIB Y
ramy3i SmartGrid-TexHonoriif, 1o oOyMOBIIOE HEOOXIOHICTh aHadily Ta BIPOBAKCHHS
BIIMOBITHMX MDDKHAPOJIHHUX Ta €BPONEUCHKUX cTaHmapTiB [15-20].

Mertoro Crparerii 3 BOpPOBAaUKEHHS MDKHAPOJHHX Ta €BPONEHCHKUX CTaHAAPTIB JUIA
po3Butky OEC VYkpaiam 3rigHo 3 koHnenitiero Smart Grid € HOpMaTUBHO-TEXHIUHE 3a0€3MeUeHHS
CTaJIOTO PO3BHUTKY YKpPAiHCHKOI E€HEPreTHKH B HANpPsMKY IMiJBUIIEHHS €(QEeKTHBHOCTI poOOTH
CHUCTEMHU eJICKTPOTIOCTauaHHs, MOKpamieHHI0 ymMoB iHTerpamii BJIE Ta po3moainenoi reneparii,
po3Butok OEC VYkpainm B ymoBax cuHXpoHHOI pobot 3 ENTSO-E Ta inTerpamii puHKY
€JIeKTPUYHOI eHeprii 3 puHkamu kpain €C.

VY pesynbTarti peanizauii Takoi Ctparerii Oyia cTBopeHa HopMaTHBHaA 0a3za YKpaiHH, sika Mae
CKJIQJIaTUCS 3 HAIllOHAIBHUX CTaHAApPTIB, I1MEHTUYHUX MDKHAPOJAHUM, BHKOHAHHS SKHX €
HEOOXiTHOI0 YMOBOIO 3abe3nedeHHs1 e(peKTHBHOro (yHKIIOHYBaHHS apxiTekTypu Smart Grid y
UJIOMYy Ta CYMICHOCTI 1i OKpeMHX KOMMOHEHTIB. KpiM Toro, MarmoTh po3BHBATHCSA Cchepu
3aCTOCYBaHHA, 10 HE OXOIUTIOIOTHCS HAJIC)KHUM YMHOM MDKHAPOJHMMHU CTaHAApTaMH, BHACIIIOK
4Oro HEOOXIJIHUM € CaMOCTiHHEe po3po0JeHHs HAIllOHATbHUX (200 BiIOMYHMX) CTAHAAPTIB Ta 1HITUX
JIOKYMEHTIB 3 ypaxXyBaHHSIM HaIllOHATHHUX OCOOJIMBOCTEH, aje y BIAMOBIAHOCTI 10 peKOMEHIAIIIH
MDKHApOJHHUX OpPTaHiB 31 CTaHAApTHU3AIlii.

OcnoBHOW 3amaueto Ctpaterii € BU3HAUEHHS IMPIOPUTETIB LIOJ0 BIPOBAKCHHA TPYI Ta
OKpPEeMHX MIKHApPOJHUX Ta €BPOMEUCHKUX CTAHIApPTIB, IO JACTh 3MOTY 3a0€3MEUYUTH CTaIuil Ta
CHUHXPOHI30BaHUN PO3BUTOK EJIEKTPOCHEPIeTUYHOI CHCTEMH YKpaiHH 3TiIHO 3 KOHIICTILIEI0
SmartGrid, a Takox BU3HaY€HHS HAMOUTBII JOIIBHOTO CIIOCO0Y IXHBOTO BIPOBAKEHHS (METOIOM
nepekiany, NiATBepKeHHS a00 nepeapyky). Takox BaxmBUMU 3anadamu Ctparterii €:

— 3a0e3MNeUYeHHS yHiikamii  npodisbHOI  HAYKOBO-TEXHIYHOI  TEPMIiHOJIOTIT 3
3araJIbHONPUMHATUMHE MDKHAPOJHUMH TE€PMiHAMHU B paMKax 3araqbHoi KoHuenuii Smart Grid, a
TaKOX i1 KOHKPETHUX (DYHKITIOHAIBHUX CHCTEM;
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— 3a0e3MeyeHHs] CHUCTEMHOTO MiAXOAYy N0 CTBOPEHHS HOPMATHBHOI 0a3u, 3TigHO 3 SKUM
BIIPOBA/DKEHHSI MDKHAPOJHUX Ta €BPOINEHCHKUX CTAaHOAPTIB Mae€ 3IIHCHIOBATHCS, HACKUIBKU
MOXXJIUBO, Yy BHUIUIAAl KOMIUIEKTIB JOKYMEHTIB, IIO MICTSATh yCi HEOOXIOHI CTaHHapTU IS
3a0e3neueHHs] e(peKTUBHOI pOOOTH BiANOBITHOI (PYHKIIOHATIHHOI CHCTEMH B paMKax apXiTeKTypu
SmartGrid;

— BHKOHaHHA yMoB od¢iniinoro mnaptHepctBa CENELEC Ta HamioHambHOTO Oprany
crangaptuzanii (HOC) Vkpainu, sxum 3 2014 p. € nepkaBHE MIANPUEMCTBO “‘YKpaiHChKHUI
HAYKOBO-JIOCJITHUI 1 HABUAIBHUH IIEHTp mpodiieM cTaHgapTusailii, ceprudikamii ta sikocti” (11
«YxkpH/IHILI»), a came ckacyBaHHs MiIOYMX HalllOHAJBHUX CTAaHIAPTIB YKpaiHH, SKI BTPATHIN
aKTyaJbHICTh Ta CylepeyaTb UYMHHHM €BPOICHCHKUM CTaHJApTaM, IO CTOCYIOTHCS KOHLEMIIT
Smart Grid;

— aKTyaji3alis BXKe BIPOBAUKCHUX B YKpaiHI MDKHApOIHUX CTaHAAPTIB 3 MEPENiKy,
HaBeneHoMy y IEC TR 63097:2017 «Smart grid standardization roadmapy.

Jns peamizauii ctpaterii ciig npuiiHsaTH A0 yBaru ToM Qakr, mo texHiunuii 3BiT IEC TR
63097:2017 BimoOpaxkae CTPYKTYpy CUCTEMHU MIXKHAPOAHUX CTaHJIAPTIB, IO CTOCYIOTHCS KOHIISIIIIT
SmartGrid, ctanom Ha 2017 pik. Tomy cepen 3amau Ctpaterii € BiACTIAKOBYBaHHS MOSBU IiCIs
2017 p. HOBUX MDKHapOJHHUX Ta €BPOMEHCHKUX CTAHIAPTIB y JaHIM ragys3i Ta aHaji3 JOIIbHOCTI
iXHBOTO BHPOBA/KEHHS B YKpaiHi. 30Kpema, MOBa iie PO CTaHAAPTH, pO3pOOIIOBaHI poOOUUMHU
rpynamu SyC Smart Energy «Po3ymna enepreruka» ta SyC Smart Cities «Po3ymai micta» [21].
OcHoBHUMH HanpsiMKaMu peanizamnii Ctparerii €:

1) po3poOneHHS Tpymud  CIEHialli30oBaHUX  HAIIOHAJBHUX  CJIOBHUKIB Yy  Tamysi
€JIGKTPOCHEPreTUKN HUIAXOM Tepeknany BugaHoro IEC GararoyaCTHHHOTO €JIEKTPOTEXHIYHOTO
cnoauka IEC 60050 «International Electrotechnical Vocabulary (IEV)» [22];

2) BIpoBapKEHHS 0a30BUX MPIOPUTETHUX CTaHAApTIB (core standards), mo GpopmyIoTs rpynu
CTaHJAPTIB, SAKI € HEOOX1THUMH TSI (PYHKITIOHYBaHHS OUTBIIOCTI KOMIIOHEHTIB apXiTeKTypu Smart
Grid Ta maroTh 3MOTy peanizyBaTh Kapkac 3aJUlsl MoOyJ0BH CYy4acCHUX IHTENEKTYalbHUX MEPEX, B
AKUX Tiepea0adyeHo MOXKIJIUBICTh IXHBOTO YJIOCKOHAJCHHS 10 MalOyTHIX MOTped €HEepreTUYHOTrO
PHHKY;

3) BIPOBaKCHHSI TPYIl CTaHAAPTIB JUIs HOPMATHUBHOTO 3a0€3MeUeHHsS POOOTH HACTYITHUX
¢yskmioHaneHuX cucreM  SmartGrid, ki € HaWOUIbII  aKTyaJdbHUMH JJISI  PO3BHUTKY
€JIEKTPOCHEPreTUYHOI CHCTeMHU YKpaiHW Ta € OCHOBOIO KEpyBaHHS €JIeKTPOEHEPreTHUHUMU
cUCTeMaMH Ta pPHUHKaMHU €JEeKTpUYHOi eHeprii B VYkpaiHi (knacudikallis CHUCTeM BiANOBiIae
HaBeneHil y TexaiuaoMy 3BiTi IEC TR 63097:2017):

- cucrema ympaiiHHs reHepaitieio (Generation Management System),

THy4Ki cuctemu nepenadi 3smiaHoro ctpymy (FACTS for grids),

cucTeMa eHepreTuyHoro MeHepkMeHTy (Energy Management system),
cucTeMa 3ano0iraHHs CHCTEeMHHM aBapisiMm B eHeprocuctemi (Black out Prevention System),
BJIOCKOHAJICHa cHCTeMa ympaBiiHHA posnoaiuioM (Advanced Distribution Management
System),

- cuctema aBToMaTH3ailii posnoainy (Distribution Automation System),

- cucTtema aBTomatu3aiii podbotu miactaniii (Substation Automation System),

- CHCTeMa YTIPaBJIiHHS PO30CEpe/KeHUMHU eHepreTuuyHuMH pecypcamu (Distributed Energy
Resources Operation System),

- yaockoHanena indpactpykrypa oomiky eneprii (Advanced Metering Infrastructure),

- cucTtema ymnpasiinHag puakamu (Market places system),

- pearyBaHHS Ha monuT / ympaBiuiHHA HaBaHTaxeHHsM (Demand Response/Load
Management),

- cuctema 30epiranns enexktpuyHoi eHeprii (Electrical Energy Storage System);

(BripoBapkeHHST CTaHAAPTIB 13 3a3HAYCHUX HAMPSIMKIB Ma€ BPaxXOBYBaTH HOBI MIKHApOJHI
CTaHJApTH BiANoBinHOI chepu 3acTocyBaHHA, 110 3 aBuiucs micas 2017 p. 1 yepe3 ne He Oynu
BrroueHi 10 IEC TR 63097:2017).

4) MOCSTHEHHS MOCIIIIOBHOTO Ta OJHOPIIHOTO OIMHKCY 3araJlIbHUX BUMOT IS PI3HUX 00JacTei,
K1 CKJIaJAlOTh CEPEJOBHILE «PO3YMHHX MEpPEX», 3a PaxXyHOK MPUHHATTS pO3poOJIeHuX Ta
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BrpoBapkeHux cepit crangaptie IEC SRD 62913, npucBsiueHMX NHUTaHHAM KOMILJIEKCHOTO
(hopMyBaHHS 3arajJbHUX BUMOT JI0 1HTEJIEKTYalIbHIX MEPEK;

5) BXKUTTSA 3aXO0/IB 11010 PO3BUTKY CUCTEMH CTaHIApTU3aLlli B Taly3l eIeKTPOCHEPIeTUKHU Ta
Smart Grid 3a paxyHOK 3a0e3Ne4YeHHsS Y4acTi TEXHIYHHX KOMITETIB CTaHAapTH3amii B poOOTi
TexHiuHuX KomiteTiB ctanaapTusanii [EC ta CENELEC;

6) po3poOJICHHS 1 3aTBEP/UKCHHS IUTAHY 3aXOMAIB MO0 BIPOBADKEHHS CYYaCHHUX
€BPONENUCHKUX Ta MDKHAPOJHHUX CTAHJAPTIB y cepl po3BUTKY “pO3YyMHHX Mepex’ Ui PO3BUTKY
€JIEKTPOCHEPTreTUYHOI CUCTEMU Y KpaiHU.

BucHoBkH. 3a pe3yiabTaTaMu aHajli3y CTaHy CIpaB IOJO BIPOBA/UKEHHS B YKpaiHi
MDKHAPOJHHUX Ta €BPONEHCHKUX cTaHAapTiB y ramy3i Smart Grid oOrpyHTOBaHO HEOOXiIHICTBH
ctBopeHHst Ctparerii 13 BrnpoBajkeHHsT Takux craHnapTiB. ChopmynboBany mety Crparerii Ta
BHU3HA4YCHO 1 OCHOBHI 3a1a4i. BusHaueHo ocHOBHI HampsiMku peanizanii Ctparerii, cepen sIKUX
NEpUIOYEPrOBUM € BIPOBAIKEHHS TIPyH CTAHAAPTIB sl HOPMATHUBHOIO 3a0e3NedeHHs poOoTH
¢yHKuioHaPHUX cucteM Smart Grid, 110 € OCHOBOIO KEpYBaHHS €1€KTPOCHEPTETUYHUMH CUCTEMaMU
Ta pUHKaMHU eJeKTpuuHoi eHeprii. Peamizaris takoi Ctparerii macTb MOXXIHBICTH CTBOPHUTH B
VkpaiHi HalliOHalNbHY HOPMAaTUBHY 0a3y, fKa MICTUTHME I[OBHMU TMEpeNiK HalioHAJIbHUX
CTaHJapTiB, HEOOXITHWUX I 3a0e3MeUeHHs HaAlHOTO Ta e()EeKTUBHOTO (YHKIIOHYBAaHHS Ta
PO3BHUTKY CHCTEM IIepesiadi Ta po3MnoAily YKpaiHu Ha OCHOBI KoHIemii SmartGrid.

Pobomy eukonano 3a oepowcodrodicemnoro memoro. «llioguweHns HAOIIHOCMI e1eKMPONOCMAYAHHS CROXCUBAYIE MdA
Ppo3pobnenns 3acobie idenmuixayii asapinux cmanis 8 po3nodinvuux mepexcax OEC Vkpainu (wudp «Inouxamopy),
depoicasnuti peeccmpayivnuti Homep memu 01220002116, KIIKBK6541230».
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This paper presents prerequisites and goals for the development of the regulatory framework of Ukraine are
considered. This allows you to provide the development of electrical networks following the concept of Smart Grid and
introducing "smart grids" in Ukraine until 2035. The expediency of developing a national strategy for implementing
international and European standards for developing the IPS of Ukraine is substantiated. The goals and main tasks of
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3AT'AJIBHI BUMOI'M 10 IOBYAOBU TA BUKOPUCTAHHSA I'lbPUTHUX
MIKPOCHUCTEM B PO3ITIOAIVIBHUX MEPEXAX
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Y ecmammi o6rpynmoeyemucsi doyinonicms hopmysanist 2iOpuoHUX MIKpocucmem, siKi MOJICYmMs Oymu iHme2posani 6
YeHmpanizo08any cucmemy eneKmponocmayanHs abo npayoeamu asMoHOMHO 3 MEmOK PO3UUPEHHS SUKOPUCTAHHS
BIOHOBNIOBAHUX OXcepen eHepeii ma 3ano0ieaHHs IXHbO20 MONCIUBO20 HE2AMUBHO20 BNIUBY HA PEHCUMU eNIeKMPUUHUX
Mmepedxc. 3anpononosano 080pieHesull nioxio 00 KepysawHsi pobomoio 2ibpudnoi Mikpocucmemu, sxkuil nepedbauae
eman nonepeoHbo2o NAAHYBAHHS HA RIOCMABI NPOSHO3HUX OAHUX WOO0O0 HABAHMAIICEHb, GUXIOHOI NOMYICHOCMI
BIOHOBNIOBAHUX OJiCepel 2eHepayii, PUHKOBOI YIHU HA eleKMpPUYHY eHepeilo md eman OnepamueHO20 KepYSaHHs Hd
niocmaesi 0anux, wo OMpuMylomscs 8 pedanibHoMy daci. IIpononyemocs Huska yinbosux yHkyiti ma obmedcensv 014
BUPIWEHHS. 3A80AHHS NIAHYBAHHS ONMUMATLHO20 PedcUMy pobomu 2iopuoHoi Mikpocucmemu 8 Oa2amokpumepiaibHitl
nocmanosyi. OOHOUACHO 3 YUM OOTPYHMOBYEMBCA MONCIUBICMb Mpanchopmayii yiei 3a0ayi 00 0OHOKPUMEPIaNbHOL.
30iticneno ananiz nepegae ma HeOONIKI8 KOHCHO20 i3 3aNpONnoHO8aHux nioxodis. bioim. 12.

KarouoBi ciioBa: po3ocepekeHa TEHEpamis, pPO3MOMUIBHI Mepexi, MIKPOCHCTEMH, HaKONM4YyBadi eHeprii,
OaraTokpuTepiaibHa OTITHMI3aIlisl.

Beryn. IlocTiifHO 3pocTatoye BHKOPHCTaHHS BiTHOBIIOBaHMX kepen eHeprii (BJE)
0e3mepeyHo € CTpaTeriuyHuM HalpsSMKOM PO3BUTKY Cy4YacHOI CBITOBOI €HEpreTUKH. BrnpoBakeHHs
B/IE BinOyBaeTbesi sIK Ha PiBHI CHCTEMOYTBOPIOIOUMX MEpPEX, Tak i y ¢Gopmi po3ocepemKeHoi
rereparii (PI') Ha piBHI cCUCTEM PO3MOJIITY E€IEKTPUYHOI EHeprii.

VY Toif ke Yac HACHYCHHS PO3MOAUTFHUX MEPEX BIJHOBIIOBAHOI I'€HEpaIli€lo, TUM Iade
OJHOTO THIly, TPHU3BOIUTH JIO BHMHUKHEHHS HM3KH MpoOsieM, TMOB'3aHUX MepeayciM i3
HETIOCTIMHICTIO Ta HemependadyBaHICTIO pIiBHSA TeHepamii 3 OOKy 3a3HaueHMX mkepen [1].
[aTerpauist B enektpuuni mepexi BJIE 31 3MiHHOIO BUXiTHOIO MOTYXHICTIO (JAKTUYHO MEPETBOPIOE
TPaJWIiifHy TEeHEpalil0 eJEeKTPOeHEeprii 3 KEepOBaHMX Ta MIHMCIETYCPH30BAHUX pECypCiB Ha
HEKepOBaHi Ta HeIMCIIeTYEPU30BaHi.

JocnipkeHHs Ta B)XXE HAKONMMYEHWM TIEBHHM JOCBIJ OCTaHHIX POKIB CBig4aTh, IO
e(peKTUBHUM KpPOKOM, CIPSIMOBAaHMM Ha IOJETIIEHHS BIPOBAKEHHS 3pOCTalO4MUX O0OCATIB
BiJIHOBJIFOBAHOI T€HEpaIlil Ta yCYHEHHS MMOB’SI3aHUX 3 [IUM MOXKIIMBUX HETaTHBHHUX HACTIJIKIB JUIS
€JICKTPOMEPEK, € MOOYyI0Ba Ta BUKOPUCTAHHS MiKpoMepek (microgrids), a TOUHIIIE MIKPOCUCTEM,
HacamIiepes riOpuaHuX.

B ocranHboMy BHIaAKy #neTbcsl Mpo 00'€qHAHHSA Ta CKOOPAMHOBAHE BUKOPUCTAHHS NPHU
Haro/i pI3HOPITHUX ITOHOBIIOBAHUX (HEIHCIIETYEPU30BAHUX) Ta IAMCIETYEPU30BAHUX JLKEpeEl
€Heprii, CHCTeM HaKOMWYeHHs eHeprii (y 3araJbHOMY BHMAAKY TaKOX T1OpHUIHUX) Ta KEPOBAHHUX
HaBaHTAaXCHb (BKJIIOYAIOYHM CTAHIIII 3apsKaHHs €JIeKTPOMOOLTIB) y Mepeki HU3bKOI HAIlPyTH, sKi
MOXYTh OyTH IHTETPOBaHI B IICHTPAJII30BaHy CHUCTEMY EJICKTPOITOCTA4YaHHS SIK 13 3aCTOCYBaHHSIM
3ac00iB CHIJIOBOI €JIEKTPOHIKH, TaK 1 Oe3M0CepeHbO, a00 MPAIIOBATH B ABTOHOMHOMY PEKHUMI.

Y Oynp-skoMy BHIAIKy sl €(EKTHBHOTO BUKOPUCTAHHS TIOpUIHOT MIKPOCHUCTEMU
HEOOXITHO CTBOPEHHS CTpaTerii ynpaBiiHHS, 10 3a0e3nedye rapMOHIHY B3a€MOJII0 MIX ycima ii
KOHTPOJIbOBAHUMH KOMITIOHEHTAMU JJIs TOCATHEHHS CTaOUIBHOI Ta EKOHOMIYHOT pOOOTH.

© XKapkin A.®., [Tanagos C.O., [Toros B.A., Tkauenko B.B., ®posnos 1.B., 2022 @
ORCID ID: “https://orcid.org/0000-0001-5996-0901, “https://orcid.org/0000-0002-4502-1724, '

EEL
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3 1i€10 METOI0 HUKUE 3allPOIIOHOBAHO ABOPIBHEBUMN MIAXI A0 IPUMHATTS PillIeHb y MpoIlieci
peamizaiii ympaBIiHHS POOOTOI0 MIKPOCHUCTEMH, IO BKJIIOYAE PIBCHb IUIAHYBAaHHS W pIiBCHb
nucreTyepusallii (OnepaTuBHOTO YIIPABIiHHS).

Ha piBHI miaHyBaHHS BU3HAYA€THCSI EKOHOMIYHO OOIPYHTOBaHa Ta TEXHIYHO IPUITyCTHUMa
cxeMma (aIropuT™m) pobOTH MIKPOCHUCTEMH, 1110, BJIACHE KaXKy4H, HOJSArae B 3HAXO/DKEHHI CTaHy Ta
nmapaMeTpiB yCiX €JIEeMEHTIB KepOBAHOTO OJIOKY MIKPOCHCTEMH Ha OCHOBI IPOTHO3YBAaHHS Ha 00y
Hamepes] 3HaueHb HABAHTA)XKEHb Ta BUXIJHUX MOTY>KHOCTEH BIJHOBIIOBAHMX JKEpea eHeprii
[UITXOM BUKOPHCTAHHS BiIMOBIIHUX ONTUMI3aIlifHIX METOIIB.

BonHouac, BpaxoByrYM HEMHHYYICTh HAsBHOCTI IOXMOKH, IO BHHHUKA€E B IpoLEC]
MIPOTHO3YBAHHS, Ha I[bOMY €Talli, Bl1acHe, (JOPMYEThCS JIUIIE OPIEHTOBHUI ONTUMAIbHUNA CLieHapin
poOOTH KEpOBAHUX €JIEMEHTIB MIKPOCHCTEMH Ha HACTYITHY J100Y.

Ha piBHi aucneruepu3altii 311HCHIOETbCS ONIEpaTUBHE YIPABIiHHA pOOOTOI0 MIKPOCHUCTEMH,
NOB'sI3aHE 3 KOPUT'YBAaHHAM KEPYIOYMX BIUIMBIB Ha OKpeMi ii KOMIOHEHTH B 3B'A3KY 3 PI3HULSAMHU
MDK MPOTHO3HUMH ¥ (pakTUYHHMHU (OAEpKyBaHHMMHU B pealbHOMY Yaci) 3HAUCHHSIMH HapaMeTpiB
pexuMy.

IInanyBaHHA ONTHMMAJIBLHOIO peXHMY podoTu ridpuaHol MikpocucreMu. BaxuinBum
€TaroM 3aIpOIIOHOBAHOTO METOAY YMPABIIHHSI POOOTOI0 MIKPOCHCTEMH € (HhOPMYBaHHS IIJILOBOT
¢yskuii (a00 HU3KM IUTBOBUX (YHKIIN), a TAaKOX BIAMOBIAHOI cucTeMH oOMexeHb. CKIIaIHICTh
peamizamii IIbOTO e€Taly TOJIATa€ B TOMY, IO ONTHUMajbHE BHUKOPUCTAHHS MIKPOCUCTEMU
nependayae HEOOXIHICTh JOCATHEHHS KIJIBKOX, YaCTO HE CYMICHMX IIiJieH, 30KpemMa MOB'sI3aHHX 3
C€KOHOMIYHUMH pe3ylbTaTaMM, OakaHHSAM MAaKCHUMajJbHO BHKOpHUCTOBYyBaTH mnoteHuian BJIE,
3a0e3MeUYnTH HOPMOBAHI 3HAUYEHHS IIMPOKOTO CIEKTPY MOKAa3HHKIB SKOCTI €JIEKTPUYHOI eHeprii i
CTIHKICTh pOOOTH MIKPOCHCTEMH, BUMOTOIO /IO MiHiIMi3allii HETaTUBHOTO BIUIMBY Ha HABKOJIMIITHE
CEpEeIOBUILE Ta PSJ 1HIIUX.

BoaHodac JIOTIYHO MPUITYCTUTH, IO 1T, 0 (GOPMYIOTHCS, 1 THM OlIbIe TMPHUCYTHI B
onTuMi3aliiiHii 3amaui oOMexeHHs, OyIyTh 3HAYHOIO MIpOI0 3aleXaTd Bil TOTO, YU
nepeadavaeThCsa podOTa MIKPOCHCTEMH B YMOBaX ii MIAKIIOYEHHS 0 IEHTPai30BaHOI CHCTEMH
€JIGKTPOIIOCTAYaHHS B aBTOHOMHOMY pEXHMi a00 aBTOHOMHMI PEXHUM € BUMYIICHUM 1 Mae Micle
TITBKH 32 YMOB aBapiMHOTO BINKJIIOYCHHS BI1J €HEPrOCUCTEMH 3 METOIO IIJBUIIEHHS HAIIHHOCTI
€JIEKTPONIOCTauYaHHS CIIO’KUBAYIB.

B ymoBax mnapanenbHOi poOOTH 3 €HEProcHUCTEMOIO Ul 3aJ0BOJICHHS IONHUTY Ha
€JIEKTPOEHEPTit0, 10 3MIHIOETHCS, (POPMAIBHO MOKE OYTH BUKOPHCTAHHUM BECh CIIEKTP OOJIaIHAHHS
KEpOBAaHOTO OJIOKy MIKPOCHUCTEMH (IUCTIETYCPU30BAHI JDKEpesia PO30CEPeKEHOT TeHeparlii,
MOTEHI[iaJl YINpPaBJiHHSA HAaBaHTAKECHHSIM, CHCTEMH HAKOINHMYEHHS EHeprii, eJIeKTPOEHepris, MLIo
OTPUMYETHCS 3 €HEPrOCUCTEMH a00 B HEl MOCTABIISIETHCS). 3a TaKOi YMOBH HAWOUIBIINN 1HTEpEC
CTaHOBHTD 3aBJaHHS MaKCHMi3allii 3a 3aJaHuii Mepio]] Yacy JOXOiB MIKPOCUCTEMH BiAMOBIAHO 10
MOJKJIMBOCTI: BUPOOJIEHHS €JIEKTPOEHEprii HeaucneT4epu3oBaHuMu Jukepenamu PI7, perymroBaHHs
o0csTiB OOMiHY EHEpTi€l0 3 IEHTPATi30BAHOK CHCTEMOIO EJIEKTPOIIOCTaYaHHs, BUKOPHUCTAHHS
MOTEHITIAy PETyJIhOBAaHMX HABaHTAKEHb Ta pecypciB cucrteM HakomuueHHs eHeprii (CHE), 3
OJTHOYACHUM YpaxyBaHHSM PUHKOBOI I[IHM Ha €JIEKTPOCHEPTIIO.

OpHOYacCHO 3 UM BPaxOBYIOTbCS BUMOTH A0 PEXHUMY HAIPYyrW Ta 3a0€3MEUCHHs IHIIMX
MOKAa3HHKIB SKOCTI €NEKTPUYHOT €Heprii, oNTUMi3alii MOTOKOPO3MOTy 3 METOI0 MiHiMi3allii BTpar
eHeprii (3arajioM sIK y caMiidi MiIKpOCHCTEMI, TaK 1 B TIOB'SI3aHHUX 3 HEIO CJICKTPUYHUX MEpExKax).

TakuMm 4yuHOM, pO3B'I3aHHSA 3a7ayi mependavae (OpMyBaHHS KUIBKOX LITBOBUX (DYyHKIIIH
a00 OKpeMHX CKJIaJIOBUX (32 BIAMOBIAHOTO IXHKOTO ()OPMYBAaHHS Ta MPUHHATTS HU3KU MPHUITYIIICHB )
MEBHOT TI100ATBHOT IITBOBOT (QYHKIIII.

TeopeTnuHo B MPOIECI CTBOPEHHSI TIOPUIHMX MIKPOCHUCTEM MOXKE OyTH 3aJisTHUH JTOCHUTH
IIMPOKHUNA CHEKTP JPKEPE, 0 HEAUCTEeTUepU3yIOThCsl. OHAK, BUXOSUN 3 MPAKTUYHUX MIpKyBaHb,
TyT HaWYacTIIIe pPO3TIAAAIOTHCS (OTOENEKTPUYHI CTaHINI Ta BITPOTCHEPATOPH, SIKI CHOTOJHI
3HAWIIIM HAMOLIBII HIMPOKE 3aCTOCYBAaHHS. AHAJIOTIYHA CHUTyallis CKIAHAEThCS 1 3 JDKEperIaMu
€Heprii, 1m0 JUCNETYEPU3YIOThCA. Y I[bOMY BHMINAAKY MOPAJ 3 TAaKUMHU IIMPOKO MOUIMPEHUMHU
JDKEpeNlaMH, SIK JTU3eNIbHI TeHepaTopu ab0 MIKpOTypOiHHM, MOTEHLIHHO MOXYTh PO3TJSAaTHCS 1
OLIBIIT CyYacH] TEXHOJIOT11, HAPUKJIIAI, MAJIMBHI KOMipKH.
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[TutanHs oOrpyHTyBaHHS BHOOpY TEXHIYHUX 3acO0IB aKyMyJIOBaHHS eHeprii morpelye
OKpeMoro po3risay. Pida y Tomy, mo, mo-mepiie, CreKTp 3a3Ha4eHUX 3ac00iB ChOTOJHI JOCHUTH
HIMPOKUH, 1 BC1 BOHH MalOTh CyTT€EBO Pi3HI TEXHIKO-eKOHOMIYHI XapakTepuctuku. [lo-apyre, mio e
BAYKJIMBIIIE, 3a3HAYEHI MPUCTPOI MOXXKHA JOCUTHh OJHO3HAYHO AU(PEPEHIIIOBATH 3aJIeKHO Bij
iXHBOTO I[ITLOBOTO MPHU3HAYEHHSA: 3TrNA/KyBaHHS IpadikiB HABAaHTAKEHHS; PETYJIOBAHHS YaCTOTH
Ta PSKUMY HAIMPYT; NeMII(PyBaHHS KOJMBAaHb ITOTYKHOCTI B MEPEXKi, BAKITMKAHUX HEPIBHOMIPHICTIO
redeparii 3 OOKy BiJHOBIIIOBaHHX JKEpEN EHEprii; MiABUIICHHS HAIIIHOCTI €JeKTPONOCTaYaHHS
(0cobmuBO B pasi i30J0BaHOI POOOTH MIKPOCHCTEMH) TOIO [2—4].

3aBAaHHA YNOpaBIiHHS HABAHTAKEHHSM HE € TAaKUM aKTyaJdbHHM, SIKIIO MIKpPOCHUCTEMa
MOB'sI3aHA 3 IIEHTPATI30BAHOI0 €HEPrOCHCTEMOIO Ta MA€ MOXKIIMBICTh OTPUMaHHS 3a HEOOX1IHOCTI
BI/IMOBITHOT MATPUMKH 3 1i 00Ky. Ha mpoTtuBary misomy, y pasi 130J60BaHOi pOOOTH MIKPOCHCTEMH
3aBJIaHHs YIPaBJIiHHS HaBaHTKEHHSIM Ha0yBa€e MPUHIMIIOBOrO 3HaYeHHA. Lle moB's3aH0 3 THM, 110
0e3 HassBHOCTI TaKOi MOXKJIMBOCTI B 0araTtbOX BHUIAJKaX YK€ CKJIAJHO 3a0€3MEUUTH HAMINHY ©
CTIMKy pOOOTY 130JbOBAaHOI MIKPOCHCTEMH IOJO JOTPUMaHHSA OajaHCy MDK T'€HEpali€lo Ta
CMIO’KMBAHHSM HAaBITh 32 HASBHOCTI B CTPYKTYpI1 JDKEpEI, M0 AUCIICTYCPU3YIOThCS, a00/Ta cucTeM
HAKOMTUYCHHS €HEPrii.

VY 3aranpbHOMY BHUIAQIKy 3aBJaHHS ONTUMAJIBHOTO YIPAaBIiHHA POOOTOI TiOPHIHOI
MIKPOCUCTEMHU Ma€ KiJIbKa IiJIeH.

1. Sxkmo MiKpocHcTeMa Ta CIOXKHBadl HE MArOTh CHUIBHUX E€KOHOMIUYHHX I1HTEPECIB, TO
OJHIEIO 3 LIeH MOXKHA pPO3MIAJATH MaKCHMi3alilo NpHOYTKYy MIKpOCHCTEMM BiJl peajizarii
€JICKTPUYHOI EHEprii CIo’KUBavYaM:

T N
fl(AL)zzch[XPL”—)maX, (1)
t=1 i=l

ne C,, — tapu( Ha eJEeKTpUUYHY €HEprio, P, — HaBaHTa)XKEHHS I-I0 CII0’KMBaya HA MOMEHT 4acy f,

N, — KUIBKICTh CIIOKHBAYiB.
2.  MiHiMi3almis  IMOOPTY  €JIEKTPUYHOI  eHeprii 3  LEHTPali30BaHOI  CHCTEMHU
eJIEKTPOIIOCTAYaHHS:

fZ(AGR) :ZPGRI' (2)

Sk anpTepHAaTHBA MOXKE pO3TISAIATHCS MiHIMI3allisS BHUTPAT Ha CICKTPOCHEPTiI0, IO
OTPUMYETHCA 3 EHEProCHUCTEMH, aje 3 OIJAYy Ha Te, II0 MIKpOCHCTEMa MOXe 3[ifiCHIOBaTH
JBOCTOPOHHINA OOMIH €HEpTi€l0 3 €HEProCHCTEMOI0, TO B JAHOMY BWITAJKy MpaBUiIbHINIE Oyi0 O
TOBOPHUTH MPO MAKCUMI3allil0 JOXOY, IO OTPUMYETHCS Bl KyHiBJIl Ta MPOJIAXy €IeKTPOCHEPrii B
eHeprocucremMy. Y IbOMY BHUITAJKy OTPUMYEMO:

T
Fo(Ag) = D (Cone % Pigy = Cony X Py ), 3)
t=1

ne Cgp > Cop, — Tapud¥ BIANOBIAHO HA MPOJAX Ta KYIIBIO ENCKTPHYHOI eHepril, P, , P —
BIJINIOBITHO TMOTYXHICTh, 10 HAJXOAUTh B €HEPTOCHCTEMY 1 SIKa OJEPKYETHCS MIKPOCHCTEMOIO 3
€HEepProCUCTEMH B MOMEHT Yacy .

3. Minimizamiss eHeprii, 00 BHUPOOJSETbCS TPAAULIHHUMU JDKEpelaMu TeHeparllii,
OpIEHTOBAaHMMHM Ha BHUKOPUCTaHHS OPraHIYHOTO TaJMBa, SKI BHUCTYMAIOTh Yy pOJI JDKEpEN
po30cepeKeHo1 reHepallii, o AUCIIeTYEPU3YIOThCS:

pG

S3(Apg) :ZZPDGjt’ (4)

t=1 j=l
ne P, — TOTYXKHICTb j-TO JDKEpesa PO30CEPEe/DKEHOI TeHepallii, MO IUCIEeTYEPU3YIOThCsS, B
MOMEHT 4acy f, 1 ,;— KiJbKICTb BIAMOBIAHUX JUKEpeIl TeHepallii.

AJNBTEPHATUBOIO TYT SK METa MOXE pPO3MIIAJATHCS MiHIMIi3allisi BUTPAT Ha TEHEpaLiio
€JIEKTPUYHOI  €Heprii, 10 BHUPOOJIAETHCS JDKEpeIaMH PO30CEpEeKeHOi  reHeparii, w10
JMCTIETYEPU3YIOTHCS Ta MPALIOIOTH HA OPraHIYHOMY IAJIMBI:
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pG

ﬁ(ADG)ZZZC/XPDGjr’ (5)

=1 j=1
ne C; —nuroma (TpH./KBT) BapTicTh nanusa s j-ro [pkepeia reHepaii.

TyT chix 3a3HAUMTH, MO MUTOMA BapTICTh MajMBa HE € MOCTIHHOIO BEIWYHHOIO, IO
TUEPEHIIIOEThCS JIUIIE BIAMOBIAHO 0 OKPEMHUX BHUIIB IreHepaTopiB. Y 0araThoX BHUMAAKaX Il
MOKA3HHK 3aJISKUTh BiJ] MOTYKHOCTI, [0 TEHEPYETHCS B KOHKPETHUH MOMEHT Yacy 1 JI0 TOTO X IS
3aJIeXKHICTh € HENHIMHOI0, 30KpeMa, MPEICTaBISEThCs Y BUTIIAIL [5]:

C,=a,+a,xP, +a,xP;.

Omnak, y OUIBIIOCTI MOCHIIKEHh aBTOPH 3 METOI0 MOJMKIMBOCTI 3aCTOCYBaHHS
ONTUMI3aIlifHUX METOJIB Ha OCHOBI JIIHIHHOTO TpOrpaMyBaHHsS OOIPYHTOBYIOTH  Ta
BHUKOPHUCTOBYIOTh JIiHEApHU3aIlilo IMi€l 3ajeXHOCTI (Hampukiaa, B [6]), MmO € CYTTEBUM
MIPUITY ILEHHSM.

Kpim Toro, /yisi HU3KM YCTaHOBOK, IO T€HEPYIOTh (30KpeMa, TU3EIbHUX TeHEpPaTOpiB), Y
6araTbox poOOTax MPOMOHYETHCA BPAXOBYBAaTH JOJATKOBI BUTpPATH, MOB'S3aHi 3 iXHIM ITyCKOM
(start-up cost).

4. Minimizaliss BUKHIIB y JOBKUUII 3 OOKy JKepen TeHepauii, sKi MpaiioloTh Ha
OpraHiyHOMY mMaiuBi. Y IIbOMY BHIAAKy JO MOAIOHMX JDKEPEN BIAHOCHUTBCS PpPO30cepeKeHa
JHCTIETYEpPH30BaHa TeHepauis. TyT MOKHA PO3IIIAAaTd K OKpeMi CKJIaJ0B1 BUKHUIB, HAIIPUKIIAJ,
SO,, CO,, NOy, Tak i 00csAT CyKynmHUX (72 g) BUKHUIIB:

npg Mg

G)=22>8,%F (6)

=1 i=l j=1
a0o 1yaTy 3a 3a3Ha4CHI BUKU]IU:

npg Mg

fzt(G):Zngzg[/XPinv (7)

i=l j=1
Jie g; — UMTOMI BHKHAW j-TO THIy 13 OOKy i-ro jokepena, C, — rmiata (IMTOMa) 32 BHKHIH
MMapHUKOBHX Ta3iB.

5. MiHiMmizalis 00csIry peryjibOBaHOTO HAaBaHTAXEHHS a00 CTHMYJIOIOUOi IUIaTH
CIIO’KMBAyYaM 3a iXHIO Y9acTh y MPOTpaMi peryIlOBaHHS HABAaHTAKCHHS:

T K
fs(PLR) = ZZPLRM’ (8)
t=1 k=1
abo
I K
fS(PLR) = ZZPLRkt x th’ (9)
t=1 k=l
ne K — KIUIBKICTh CHOXHBauiB, M0 MNPUIMAalOTh yYacTh y NPOrpaMi PperyIrOBaHHS

HaBaHTaxeHHd, C,, — CTUMYJIIOI0Ua Ij1aTa k-My CIIOKMBady 3a y4acTh y NpOrpami perysroBaHHS
HaBaHTAXEHHs, P, — 00cAr peryitoBaHHs HABaHTAXXEHHS k-M CII0)KMBAYeM y MOMEHT 4acy .

6. Minimizalliss BTpaT eJIEKTPUYHOI €Heprii B yCiX €JIIeMEHTaX MIKPOCHCTeMH abo
MiHiMi3allisl BApTOCTI BKa3aHUX BTpAT:

T M
f,(A) =D > AP, (10)
=1 j=1
abo
T M
foad)=3 > AP, xC,, (1)
=1 j=1
ne — AP, BTpaTH IOTYXKHOCTI B j-OMY €JIEMEHTI MIKPOCUCTEMH B #-d MOMEHT 4acy, M — KiUIbKIiCTb
CJIEMEHTIB MIKPOCHCTEMH, IO BHM3HAYaeThes i1 CTpykTyporo, C, — BapTiCTh (MHMTOMa) BTpar

MOTY>KHOCTI.
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Iimi, mo moB’s3aHi 3 onTuMizauieto BukopuctanHs CHE, nacammepen akyMyJIsTOpHHX
Oarapeii, MarOTh MeBHI 0cOOIMBOCTI. Pid y ToMy, 110 MMOPIBHSHO 3 yCiMa TEXHIYHUMH 3aC00aMH, SIKi
MOXYTh OYTH MPHUCYTHIMU B CTPYKTYpi TIOPUAHOI MIKPOCHUCTEMH, caMe MPHUCTPOI aKyMyJIIOBaHHS
MalTh HAWMEHINWN >KUTTEBUHA LWKI. Tak, SKImO s OUIBIIOCTI OOJaJHaHHS, IO TEHEpYE,
OpPIEHTOBAHOTO $IK HAa OpraHiyHe MaluBO, TaK 1 Ha BIJHOBIIOBAHY €HEPril0 BITpy ab0 COHI,
KUTTEBHUA IWKJI CTAHOBUTH OH3bKO 20 pOKIB, TO JUIsi OUTBIIOCTI THITIB aKyMYJISITOPHUX Oarapei
ChOTOJIHI BiH HE TepeBullye 5—6 pokiB. J[o TOro x mei TepMiH ICTOTHO 3aJIEKUTh Bifl PEKUMY
poOOTH aKyMyJISITOPiB, 30KpeMa KUTbKOCTI Ta TITHOMHH ITUKITIB 3apsia/po3ps.

3 ornsAy Ha 1€ B JESKWX BHIMAIKaX 3a3Ha4eHI OOCTaBHHM YCKJIAIHIOIOTH (DOpMYBaHHS
uiboBoi (yHkII, mo ontuMizye Bukopuctanas CHE. Tyt moxe HTHca npo MiHIMi3allilo BUTpaT,
TOB'SI3aHUX 13 BUKOPUCTAHHSIM CUCTEMH HAKOMUYECHHS, 110 BUIUIMBAE 3 HEOOX1THOCTI 3aI0BOJICHHS
HU3KH oOMexeHb. Lli oOMexeHHS 31 CBOro OOKy 3aJie)kKUTh BiJ] HAOOpYy KOHKPETHHX 3aBJaHb
(momatkiB), siki Oyayte mocrtasieni nepen CHE. OugeBumno, 1m0, SKIIO WAETHCA JIWIIE PO
OanancyBaHHa HaBaHTaxeHHA, TO CHE MoXyTbh posrisigatucs sk IeBHA albTEpPHATHBA MPOLEAYpPl
peryJitoBaHHS HaBaHTAXXEHHS CIOKHBAYiB Ta/ab0 0OMiHY €JIEKTPOCHEPTi€l0 3 eHEPrOCUCTEMOIO (3a
HassBHOCTI TaKO1 MOKJIUBOCTI).

VY tomy Bumnanky, skmo CHE po3rinsnaersces sik 3aci6 qemmndyBaHHs KOJTMBaHb MOTY>KHOCTI,
IO TMOB’s3aHE 3 BUKOPUCTAHHSAM BiJHOBJIIOBAHHMX JDKEpEN €Heprii, To Taka cHcTeMa, BJIacHe, €
Oe3ampTepHATUBHUM PIIIICHHSIM 32 YMOBH, 1[0 MIKPOCHCTEMA MPAIIOE B ABTOHOMHOMY PEXKHUMI.

AHaui3 iCHYIOUUX JOCTIUKEHb y LOMY HAIPSIMKY Ja€ 3MOTY 3pOOMTH TaKUil BHCHOBOK.
HemoxnuBO B aHAIITHYHOMY BHIJISAl BH3HAYUTH 3arajbHy TEXHIKO-CKOHOMIYHY OIIHKY
Bukopuctanua CHE. Mae cenc ii ¢opmyBatu iHAMBIIyadTbHO B KOXXHOMY KOHKPETHOMY BHIIQJIKY
3actocyBanHs CHE 3anexxno Bin QyHKITH, SK1 Ha HEl MOKIAAAI0OThCA. Tak, HAMPUKIIA, y pasi, KOJIu
MIKpOCHUCTEMA TpAIIOE Pa30M 3 EHEProCUCTEMOI0, OCTaHHIO JOLUIBHO BHUKOPHUCTOBYBATH,
nepeayciM, 3 MeTor aeMrdyBaHHS KOJMBaHb MOTYXKHOCTI, BUKJIIMKAHUX Crelr(}ikoo reHeparii 3
6oky noHoBmoBaHux Jpkepen eHeprii. Ha CHE B Takomy pasi moknamaroTbesi QyHKLIT ydacTi B
OaJlaHCyBaHHI pEXHUMIB, BHUPIBHIOBaHHI TpadikiB HaBaHTAXXCHHS 3 METOK HEJOMYIIECHHS
MEPEBAHTAKEHHSI OKPEMHUX €JIEMEHTIB MiKPOCHCTEMH, 3HI)KEHHS BTPAT MOTYKHOCTI, 3a0e31eYeHHs
JOTTYCTUMHX 3HAYCHb BIAXUIIEHb HANIPYTH Ta 1HIIUX IMOKA3HUKIB SKOCTI €JIEKTPUIHOI €HEprii.

BinHocHo He3anexxHuM 3anuimaeThcs mutaHHs ydacti CHE B mimBuieHHi HamidHOCTI
€JIEKTPOIIOCTAaYaHHs, OCKIJIBKY 16 BUMarae BpaxXyBaHHS JOJATKOBHUX (aKTOPIiB JJs BU3HAYCHHS i1
ONITUMAJILHUX TTapaMeTpiB.

CyTT€BO CKIQJHINE BUPINIYETHCS II€ MUTAHHS, KOJIM HAETHCS PO IJIKOM aBTOHOMHY
poboTy Mikpocuctemu ab0 TPOAOBXKEHHS 1ii poOOTH Tmicid Bim'€qHaHHI BiJ] CHUCTEMH
LEHTPAIi30BaHOIO EJIEKTPOIOCTAauaHHs. [PYyHTYIOUNCh Ha iCHYIOYOMY aHami3i (yHKIiOHAILHUX
MOKJIMBOCTEH Ta €(EKTUBHOCTI BUKOPUCTaHHS pI3HMX 3ac00iB HAKONMMYEHHS EHEprii, MOXHa
3pOOUTH BHCHOBOK, III0 B TAKOMY pa3si, IPUHANMHI TEOPETUIHO, OyJI0 O JOIUIBHIUM OPIEHTYBATHCS
Ha TiOpuani CHE, ne kokHa 3 TEXHOJOTIYHHUX OJUHHIIb, IO BXOAATH 10 IXHBOTO CKJATY,
OpI€EHTOBaHAa Ha BUKOHaHHs MeBHUX (yHKIiid. BaxmmBoro BnactuBicTio CHE 3 iHBepTOpHHUM
iHTepdeiicoM € MOXKIUBICTh IXHBOTO BHMKOPHUCTaHHS SIK JDKEpena BIpTyajbHOI iHepuii s
IIJIBUIICHHST CTaOUTBHOCTI YacTOTH 3aBIsAKH KomrieHcamii Husbkoi iHeprii BJIE. Hampukman,
MPUCTPOT HAKOIIMYEHHS KIHETHYHOI €Hepril JOLiIbHI A AeMn(yBaHHS KOJIMBAaHb MOTYXHOCTI, a
BIIMOBIIHO ¥ KOJIMBaHb YaCTOTH Ta HAMPYTH B MIKPOCHCTEMI 3 METOI0 MIATPUMKH CTIAKOCTI il
poGotu. IIpoTouHi penoOKC-BaHAAIE€BI AKyMYJSATOPU MIAXOIATH S KEPYyBaHHS PEXKUMOM
€JICKTPOCIIOKMBAHHS B JI00OBOMY po3pi3i. Y pa3i opieHTamii Ha JITIH-10HHI aKyMyJsSTOpH
HEOOXiTHO BpaXxOBYBAaTH, 1110 JJIsI HUX €KOHOMIYHO OOTPYHTOBAaHUM € BUKOPUCTAHHS He OinbIie 3 —
4 TUKJTIB 3apsiay/po3psaay MPOTIToM J00u.

VY pasi BupillleHHS NMUTAHHS IUIAHYBaHHS ONTHMAJIbHOTO YHPAaBIiHHA POOOTOIO0 TiOpHIHOI
MIKPOCHUCTEMH MOXKJIMBO 3aCTOCYBaHHSI JIBOX CTpaTeriil. Y mepiioMy BUIAAKY 3a3HaueHE 3aBIaHHS
PO3IISIIAETbCA SIK Mpo0OiieMa OaraTOKpUTEpiaibHOI ONTHUMI3AIlii, A€ SIK OKpeMi IUIbOBI (yHKIIIT
BHCTynaTh Bupaszu (1), (2), (4), (6), (8), (10). ¥ apyromy Bumnanky GopMyeTbCsl €JMHA aIUTHUBHA
iIJTbOBa PYHKIIIS, 1€ OKpeMi ii KOMIIOHEHTH BH3HAYAIOThCs 3riHO 3 Bupazamu (1), (3), (5), (7), (9),
(11). 3po3ymino, M0 KOXKHA 13 3a3HAYCHUX CTPATETi Ma€ CBOI MEBHI MepeBaru Ta HEJOJIKH.
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JoOpe Bimomi mpobieMu, OB’ sA3aH1 3 BUPIMICHHSM 0araTOKpUTEpiallbHUX ONTUMI3aliHHUX
3aJa4, BU3HAYCHHSAM €JJMTHOTO YMOBHO ONTHMAJIBHOTO PIlIEHHS, 10 3HAYHOIO MIpOIO 3aJIC)KHUTh BiJl
MOTIEPETHBO MPUHHATHX 10CTaTHBO CYO'€KTUBHHUX TMOTE3 Ta IPUITYIIEHb.

VY TOM Ke yac aJeKBaTHICTh €IMHOI 3arajbHOI IIIbOBOI (YHKIIII Oy/e CyTTEBO 3aJ€KaTH BiJ
OOIPYHTOBAHOCTI Ta TOYHOCTI BU3HAUEHHS HU3KH TAaKUX MPOTHO3HMX BAapTICHUX XapaKTEPHUCTHUK:
MTUTOMA BapTICTh €HEPril, 0 MPOAAETHCS Ta KYIYEThCS 3 €HEPrOCUCTEMH, TUTOMA BapTICTh MaJIMBA,
sIKE€ BUKOPUCTOBYETBHCS JDKEpeNaMH TeHepallii, 10 JUCIEeTYEpU3YIOThCs (BU3HAYEHHS SIKOi, K
3a3Havyasocs BUILE, JOJATKOBO MOTPeOy€e MPUIHATTS CYTTEBUX CIPOIICHb Ta MPUITYIIEHB) Ta PAIY
IHIIIMX BapTICHUX MOKA3HUKIB.

Y Oynp-AKOMy BHINAJKy, IiJ Yac IOCTAaHOBKM Ta peai3auii 3aBAaHb, MOB'A3aHUX 13
ONITUMI3AIEI0 CTPYKTYpU Ta PEKUMIB POOOTH MIKPOCHUCTEM, BaXKIIUBHUM €TaroM € (popMyBaHHS
GyHKIIOHATEHUX OO0MekeHb. OCHOBHUMH TiJ Yac BHUPIMICHHS 3a3HAYCHHUX 3aBlaHb € TaKi
O0OME)KEHHS.

1. HdotpumaHHs yMOB 3abe3nedeHHs OallaHCy MDK TEHEepalli€l0 Ta HAaBAaHTAKCHHIM 3
ypaxyBaHHSM BTPAT MOTY>KHOCTI B €JIEMEHTaX MIKPOCUCTEMHU:

"pG npy 7y,

Ny m K
4 _
FPore + E ,PDGit + Py + 2 ,PPVit + 2 ,Pwn = E ,PL_/t + 2 ,Asz + FPog, + By _; ,Pera
i=1 1 i=1 =1 j=1 =1

i=
ne P , P, — HOTYXHICTb, BIIIOBIJHO OJEp>KyBaHa 3 €HEPrOCHCTEMH, 1 Ta, IO BiINAETHCS B

eHeprocucreMy, P

i » Py — TOTYXHICTB, BIIIOBIIHO OJEPXKyBaHa CHUCTEMOIO HAKOIMYCHHS

eHeprii, 1 Ta, IO BIATAETHCA HEIO B MIKpPOCHCTEMY, P, .. — TOTYXHICTb, IO T€HEPYETHCS i-MM
JDKEPEJIOM  pO30CEpeKEHOI  IeHepallii, M0 JAUCHeTYepusyeTbes, F,, — TOTYXKHICTb, W10
TeHEPY€EThCA i-UM BITPOTE€HEPATOPOM, P, — MOTYXKHICTb, 10 TEHEPYETHCS i-00 (POTOBOIBTAITHOIO
CTaHli€w, P, — HABaHTAXEHHs j-r0 CroXusaua, AP, — BTpaTé NOTYKHOCTI B j-My €IIEMEHTI

MIKpOCHCTEMH, P, — BEIMYHHA PETYIbOBAHOTO HABAHTAKEHHS A-M CIOKHUBAYEM, Mpy, , Ry, N, , M,

K — KiTbKICTh BiMTOBITHO ()OTOBOJBTAIYHUX YCTAHOBOK, BITPOT€HEPATOPIB, CIIOKUBAYIB, EJICMEHTIB
MIKPOCUCTEMH, CTIOKUBAYiB-PETYIISATOPIB.
2. MakcumanpHa, a 1HOAI W MiHIMaJdbHA JONMYCTHMa BHXIJHA TOTYXKHICTh JDKEpPEI

po30cepeKeHOI TeHepallii, 10 JUCTIETYEPU3YIOThCS: PP <P =1, ...,

3. O6csr peryaboBaHOIO HaBaHTakeHHsA: 0< P, <P, k=1, ... K.

BracHe kaxxyum, yci HaBaHTa)XEHHS MOXKYTh OyTH pO3JIJICHI Ha PsJ KaTeropid, 30Kpema:
KPUTHYHI; Ti, 1[0 MEPEHOCATHCSA Ha 1HINI MEpioAM Yacy; Ti, IO BIAKIOYAIOThCA. BimnoigHo i
HaBe/IeHI OOMEXEHHsA B 3arajlbHOMy BHIQJKy MOXYTh 33JaBAaTUCS HE3aJEKHO JUIsl KOXKHOI 3
MepepaxoBaHUX KaTETOPIH.

4. OOMeXeHHS T CUCTeMH HaKOTIMYEeHHsI eHeprii [7]:
3a TIOTY>KHICTIO 3apsiy Ta po3psiny
P,(P,, P, (P,,ne P, —HOMIHalbHa IOTYXHICTb OaTapei;

o

3a IOy CTHMOIO €MHICTIO

— A Pdcht XAI

E(t-1)
dch

— 32 JIOIYCTUMOIO MOTYKHICTIO 3apsay/po3psiay
P, <P <P

Emint. — Emaxt?

P

Emaxt

A

Et

den — Fope X1 |

ne P

Emint >

OueBHHO, 1110 TUTAHHS MPOTHO3YBaHHS Ha €Tall IUIaHYBaHHS 3aliMaloTh 0COOIMBE MiCLE B
peamizamii IbOTO MiIXOAY MO YIPABIIHHA POOOTOI TIOPUAHOI MIKPOCHCTEMH. Y 3arajibHOMY
BUIMAJKY HIEThCS TMPO IMPOTHO3YBaHHS KUIBKOX TPYyN TapaMeTpiB: HaBAaHTAXEHb CIOXXHBAYiB,
BUXITHOI TIOTY)KHOCTI BiJJHOBJIIOBaHHMX JDKEpEN E€Heprii, puHKOBOI BapTOCTi €JIeKTpOoeHeprii Ta
HaJ@HHA IHIOMX JOMOMDKHMX mochmyr. KpiM Toro, mo aisi HpOTHO3yBaHHS KOXKHOI TPYIH

— MaKCHUMaJlbHE Ta MiHIMaJIbHE 3HaYEHHS OOMIHHOI MOTYKHOCTI B MOMEHT Yacy f.
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napameTpiB HaOIbIl e(EeKTUBHUMHM, IIBUAIIE 332 BCE, € Pi3HI METOAU, BCI BOHH MAlOTh MEBHY
MOXHUOKY, sIKa JI0 TOTO K HE € MOCTIHHOIO MPOTITOM JO0H.

3anponoHOBaHO KijbKa PI3HMUX MiIXO[IB, MOB'A3aHUX 13 METOAOJOTIEI0 Ta TEXHIKOIO 00Ky
nmoxuOoKk mnporHozyBaHHs [7]. Y po6Goti [8] po3risgaeTbCs TOCUTH TMOIIUPEHHH, TaK 3BaHHI
CIIEHapHUH MAX1J 10 BpaxyBaHHs MOXUOOK MPOTHO3YyBaHHS. Y TakOMy pasi JJig HaBaHTa)KCHHS U
BUXI1THOT MIOTYKHOCTi KOYKHOTO 3 BiIHOBIIFOBAHUX JDKEPEIN eHEeprii B Iiil poOOTI BU3HAUANACS HU3KA
ClieHapiiB (AMCKPETHUX 3HAYEHb MOXKIIMBUX MOXUOOK MPOTHO3YBaHHS 13 3a3HAYEHHSIM IMOBIPHOCTI
MOSIBU KOXKHOI 3 HUX), Ha IJCTaBi 4Oro OOYHCIIOBAJach IMOBIPHICTH peaiizallii KOKHOTo 3i
cuenapiiB. [licms mporo misi KOXKHOTO 31 CIIEHapiiB BUPINIYBAJIOCS 3aBAaHHS ONTHUMAIBHOTO
KepyBaHHS po00TOI0 MikpocucTeMu. OueBUAHO, IO B LBOMY BHIQJAKY IMOTPIOHO pO3IIIAAaTh
JIOCUTh BEJIMKY KUIBKICTh CIICHApiiB 3 OILIHKOK MWMOBIPHOCTEH IXHBOI MOSIBU JJIA NMEPEKOHIHBOTO
o0miky HeBH3HaueHOCTI iHGopmamii. Xoua moaiOHI (QOpMyIIOBaHHS 34aIOTCA  JIOCHTH
MEPEKOHJIMBUMH [IJI1 BpaxyBaHHS HEBHU3HAYCHOCTI, ajie OOTPYHTYBaHHs, HAMpUKIad, (QYHKIIIH
po3moily WMOBIPDHOCTEH Ta BIAMOBIMHUX TMapaMeTpiB Ml MOJETIOBAHHS HEBH3HAYEHOCTI
YCKJIaJHEHE 1 9acTO Ma€e Cy0'€eKTUBHUN XapaKTep.

Crnin 3a3Ha4WTH, IO AHAIOTIYHI 32 CBOEIO 1JEO0JIOTIEI0 TPOIMO3MUIII IOAO CTpaTerii
yIpaBIiHHSA POOOTO MIKPOCHCTEMaMH PO3TIISAANINCS M y THIIMX JociipKeHHsx. Hanpuknan, y [9]
3alpONOHOBAHO CHCTEMY €HEPrOMEHEIKMEHTY, 3aCHOBaHY Ha CTpaTerii KOB3HOTO TOPU30HTY IS
130JIb0BAHOT MIKPOCHCTEMH, 1110 CKJIAIA€ThCS 3 POTOCTCKTPUIHUX TTAaHEJIEeH, TBOX BITPSHUX TYpOiH,
JN3eIHHOT0 TeHEpaTopa Ta CUCTEMH HakommueHHs eHeprii. CHCTeMOI0 yIpaBIiHHS BPaXOBYEThCS
MPOTHO3 TIOTY>KHOCTI, III0 TEHEPYETHCS 3 OOKY BITHOBIIOBAHHMX JDKEPEN 1 BETUYMHN HaBaHTAKCHHS
Ha JaBa J1HI Hamepen. OnrTumisamiifHa 3a7ada BHUPINIYETHCS 3 BUKOPHUCTAHHSM 3MIIIAHOTO
[UJTOYMCENILHOTO JIIHIMHOTO TMpOTpaMyBaHHs, IO 3a0e3rnedye OTPUMaHHS KBa3iOMTHUMAaIbHOTO
pimenHs. Y [10] mnpomnoHyeThCsi ABOPIBHEBHM CKOOPAMHOBAHMNA MiAXi 1O YHPaBIiHHA
MIKPOCHCTEMOIO SIK 'y PEXHUMI TMIIKIIOUCHHS 0 MEPEekKi, Tak 1 32 YMOB aBTOHOMHOi pobotu. Ha
MEepIIoMy piBHI Ha OCHOBI MPOTHO3HUX JIaHWX BUPIINIYETbCS 3aBIaHHS MaKCUMIi3alii JOXOIiB
BI/IMOBITHO /10 3asBOK 3 00Ky mkepen PI' ta 3 ypaxyBaHHSM PHUHKOBOI I[IHM HA €JIEKTPOCHEPTit0, a
Ha JIpyroMy piBHI 3a0e3MeuyeThCs MOTYKHICTh KEPOBAaHUX OJMHHIL OOJaJHAHHSI, 110 TEHEpYE Ha
OCHOBI JIaHHX, IO OTPUMYIOTHCSI B PEATBHOMY Yaci.

Jlist BUpilIeHHs 3aBJaHHS ONTHMAJIBLHOTO YMIPABIiHHS MIKPOCHCTEMOIO MPOMOHYBAIUCS
pI3HI METOIM ONTUMI3AIlii, JOCUTD JETATBHUHN OIS SIKUX HaBeaeHo B [11].

BuxopucTtoByBanucs sk KIacH4HI METONH (JiHilHE, HENiHIIHE, TUHAMIYHE Ta CTOXaCTUYHE
MporpamMyBaHHs), TaK 1 €BPUCTHYHI 1 €BOJIIOIIHHI alrOPUTMH. Y Pl POOIT TaKOX 3IIHCHIOBABCS
00JIIK HEBU3HAYEHOCTI HABAaHTA)XKCHHS Ta BUX1IHOT MOTYKHOCTI BITHOBIIOBAHUX JIXKEPEJ CHEPTii Il
yac BUpINIEHHS 3a3HaueHWX 3aBaaHb [12]. IIpoTe BimcyTHI MEepeKOHIMBI JOKa3W Oe33amepeuHux
nepeBar Oy/Ib-sIKOTO 3 TIePeTiYeHUX METO/IB.

Y OurbmocTi BUMAAKIB MUl ONTHMI3AII MOJSATAIM B MaKCHMaJIbHOMY BHKOPHUCTaHHI
BiJIHOBJIFOBAHOI €HEprii AJis 3aJ0BOJICHHS JIOKAJIBHOTO TIOMUTY Ta OMNTUMIi3allii BUKOPUCTAHHS
OaTtapei Ha KOPUCTH CIOKMBAYa 3aBJISIKH 3HKEHHIO BapTOCTI CIIOKMBAHOT €HEPrii 3a 30epeKeHHS
HAAIMHOCTI BCi€l CUCTEMH eNEeKTPONOoCcCTayaHHs. Y TOM ke 4yac y OaraToKpUTepiajabHii MOCTaHOBII
3a3HayveHa 3aJjaua Maii)e He BUpIIIyBajacs.

BucHoBku.

CyTHICTH 3aIllPOIMIOHOBAHOTO B CTATTI MIAXOAY /10 YHPABIIHHS TIOPUIHOIO MIKPOCHUCTEMOIO
MoJIsirae B TOMy, 1100 00'€eqHATH TepeBaru cxem, 3aCHOBAaHUX SIK Ha IUIaHyBaHHI yIpaBIiHHA Ha
MEBHOMY TOPH30HTI, TaK 1 MPUUHATTI PINICHh Y pPeaJbHOMY 4Yaci, Mo MOke OyTH OOIPYHTOBaHO
TaKUM CIocoOoM. 3pO3yMino, IO YHHUKHYTH TMOSBU OUIBIIMX YK MEHIIMX IMOXMOOK Yy MpoIrieci
MIPOTHO3YBaHHSI (HaBITh KOPOTKOCTPOKOBOTO B MEKax JOOM) BHXITHOT MOTY>KHOCTI BIJTHOBITIOBAHUX
JDKEpeN eHeprii, HaBaHTa)XXeHb CIIO’KMBAYiB, PUHKOBOI BAPTOCTI €JIEKTPOEHEPTrii TOLIO MPaKTHYHO
HEMOXJIMBO. BinmoBimHO 3 moxuOkamu OyIyTh BU3HA4YaTHCSA Kepyrodi 1ii, ki (GopMyroTbcs Ha
ixHii OoCHOBI. PanukanbHUM pIlIEHHSM Y TaKOMY pa3i Moke OyTH JIMIIe peasi3allisi ynpaBiIiHHS B
peasbHOMY daci. AJie 3a TakUX YMOB BHUHHMKae MmpoOjemMa SK ONEpaTHBHOTO BIAMNPAIIOBAHHSA
MOJIMBUX JIOCUTh BEJIMKHUX 30ypeHb, TaK 1 OINEPAaTUBHOTO BHPIIIEHHS JOCHTh CKJIaIHOI
ONTHUMI3aIIHOI 3a/1ayi, M0 JOCTAaTHRO MPOOJEMATHYHO peaizyBaTH B peajdbHOMY dHaci. Eram
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TUTAaHYBaHHS J]a€ 3MOTY 3a3JlaJIeTi/Ib IMiArOTyBaTH CHCTEMY 10 MOXKJIMBUX YMOB il ()yHKIIIOHYBaHHS,
10 Ha JPYroMy eTari JUCIeTdepu3allii J03BOJUTH CIPOCTHTH BiANPAIIOBAHHS AHMCOATaHCY, IO
BUHUK, BUKOPHCTOBYIOUH Yy TaKOMY pa3i OUIbII MPOCTiI aIrOpUTMHU AJI MPUHHSATTSA BiIMOBIIHHUX
pillIeHs.
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The article substantiates the expediency of forming hybrid microgrids that can be integrated into a centralized power
supply system or operate autonomously in order to expand the use of renewable energy sources and prevent their
possible negative impact on electrical network modes. A two-level approach to managing the operation of a hybrid
microgrid is proposed, which involves a preliminary planning stage based on forecasted loads, output power of
renewable generation sources, market price of electric energy, and a stage of operational control based on data
obtained in real time. A number of objective functions and constraints are proposed to solve the task of optimal
planning of the operation of a hybrid microgrid as a multicriteria problem. At the same time, the possibility of
transforming this problem into a monocriteria one is substantiated. An analysis of the advantages and disadvantages of
each of the proposed approaches was carried out. Ref. 12.
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QUASI-DYNAMIC MODEL OF THE INTERCONNECTED POWER SYSTEM OF
UKRAINE FOR A FREQUENCY STABILITY STUDY

V.V. Pavlovsky*, L.M. Lukianenko**, A.O. Steliuk***, P.S. Horoshko
Institute of Electrodynamics of the National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine

e-mail: Lukianenko.Lukian@gmail.com

Significant integration of renewables into Ukraine's interconnected power system (IPS) requires developing the appro-
priate quasi-dynamic (OD) model to study power system operation in such conditions. The work aims to create a QD
model of the IPS of Ukraine considering renewables and consumption profiles of the Ukrainian IPS for the winter and
summer character days. The corresponding approach to such a model development is presented in the paper. The load
flow series simulation results based on the quasi-dynamic approach are also shown. Additionally, the frequency stabil-
ity study results for the Ukrainian power system are depicted. Ref. 6, fig. 6.

Keywords: quasi-dynamic model, interconnected power system, frequency stability, generation, load, simulation.

The significant installed capacity of the renewables and the development of the power sys-
tem increase the demand for the accuracy of the power system model. Currently, the common prac-
tice is a simulation of the power system operation only for some character regimes, i.e., for winter
and summer peak and off-peak. Such an approach allows the definition of the voltage levels and
loading of the network elements only for such regimes. However, the obtained results do not iden-
tify the duration of these abnormal situations (voltage violations and elements overloadings). Thus,
the quasi-dynamic (QD) model is needed to be developed for the required time frame to define the
duration of such critical regimes and to identify the appropriate measures to mitigate them [1]. As
some individual components of the QD Model were developed and well described [1], the purpose
of this paper is a development of the complex QD model (on the example of IPS of Ukraine) con-
sidering the various renewable generations (including PV plants and windfarms), hydraulic and
thermal power plants.

In the paper, the QD model of the interconnected power system (IPS) of Ukraine in DIgSI-
LENT PowerFactory software has been developed. The need for such a model is caused by the in-
tegration of the IPS of Ukraine to ENTSO-e and the significant increase of the renewable capacity
in the generation structure of the Ukrainian IPS [2]. Besides, one of the essential tasks is a fre-
quency stability study of the IPS of Ukraine operating synchronously with ENTSO-e¢ [3, 4].

The developed QD model covers the winter (including 24-hour-profile patterns) plus sum-
mer days (24-hour-curve). Thus, the total time frame covers 24+24=48-hour points. Below, the QD
model development approach on the example of the winter day is presented, and the approach for
the summer day is similar. It should be noted that the generation, load, and other data have been
collected and used for the target year (due to the nondisclosure agreement and security reasons,
some data are not displayed in the figures). The diagram describing the process of QD model devel-
opment in PowerFactory software is depicted in Fig. 1.

Analysis of the Definition of the hourly /Develo ment of the\
existing hourly data curves for the power QD 11101()161 based o
for the winter and plants, loads and other the svnthesized Frequency stability
summer days equipment (in pu) hourl}; curves of study in time domain
: IPS (for the winter using developed QD-
[ Analysis of the ’ and summer days of model
balance data (for the the tareet vear
get year)
target year) \ /
Fig. 1

The developed QD model of IPS of Ukraine includes the following data:
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- generation schedules for the individual generators;

- load consumption curves;

- generation pattern of the renewable energy sources;

- position of the shunt reactor switches (switch-on or switch-off);

- position of the on-load tap-changers (OLTC) of the transformers.

Additional data on actual active power flows through the interface are also used to validate
the developed QD model.

The initial data for the QD-model are generation profiles of the nuclear, thermal, and hydro-
power plants and generation of the PV plants and windfarms (Fig. 1). Additionally, load profiles
and mentioned above data should also be analyzed as well. Such an approach allows defining
hourly curves for the generation power of the power plants, consumption (in per unit), and other
statuses (switches, OLTC positions, statuses of the main equipment, etc.). Further, the mentioned
data are used to create the synthesized hourly data (considering balances for the target year) for the
QD model of the IPS of Ukraine (for the winter and summer days). As a result, an obtained QD
model can be used for the frequency stability study for the 24-hour series or the specified hour.

It should be noted that for the i-time point, the balances of the active and reactive power
must be provided. In particular, the balance of the active power can be presented as:

Pgen.sched.i + P;zen.bal.i = Pload.i + PlOSS.ia i=1.. .n, (1)
where: Pgensched.i 1 @ scheduled generation of the power plants covering the consumption of the power
system; Pgenbar; 1S @ power providing the active power balance in the power system; Pjoaq; 1S power
system load (i.e., during the day); Ploss; defines losses of the active power. Thus, as (1) indicate, the
active power balances are provided by the component Py, a1, Which can be defined as follows:

Pgen.bal.z' = Ploadi T Ploss.i — Pgen.sched.i, i=1..n (2)

A consumption pattern has been synthesized for the target year to define a load curve, con-
sidering the consumption prognosis and prospective load profiles. Respectively, the load curve in
absolute units (in MW) can be obtained by multiplying the power consumption values in p.u. by the
maximum consumption value P, for winter and summer days. The synthesized load profile for the
winter day of the target year is presented in Fig. 2. As seen in Fig. 2, the minimum load is observed
at 4:00, and the maximum load is at 19:00.

The appropriate generation structure has been determined to provide coverage of the con-
sumption in IPS of Ukraine. Brief information
on the power plant categories covering the con-
sumption is provided below.
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Considering the initial data, the appropriate gen-
eration curves of these power plants have been Fig. 2
synthesized for the target winter and summer
days [5, 6]. The resulting generation curves for
PV plants and wind farms are depicted in Fig. 3
and 4, respectively. The generation of the PV
plants has a traditional form with peak genera-
tion at midday; at the same time, the generation
of the wind farms is more uniform due to the
geographic distribution of the wind farms in the
whole IPS of Ukraine. Due to the stochastic na-
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e that must be covered by the generation of the
fos B "traditional" power plants.

§2;2 Power plants of Category 3. This category
gcgﬁ is presented by the generators of thermal power

800666000000006066066868¢8¢¢ plants (TPPs). All TPPs were set by appropriate
prrase e TEY ?Tjnf Y1878 9339 hourly schedules in relative units considering
— =~ Winter Windfarm (pu) —— Summer Windfarm (pu) technological constraints on the operational limits

Fig. 4 of the units. In the QD model, two types of hourly

curves were determined for the winter and summer
days. The first curve type was applied to those units that are not switched off from the grid during the
day. The second curve type of the TPP generation was used to simulate the cases of the generator dis-
connection from the grid during the day. It is necessary to consider the generator disconnection from the
network during the minimum demand and its operation for the rest hours of the day.

Power plants of Category 4. This category is presented by hydropower plants (HPP) and
power storage power plants (PSPP). Conventionally, this group of power plants can be divided into
two types. Their schedule defines the generation of power plants of the first type during the day.
The second type of power plant is presented by HPPs participating in the secondary frequency con-
trol. Thus, these HPPs aim to balance the power system between generation and consumption, con-
sidering these regulating power plants' active power operation limits. This generation corresponds
to the component Pyen par; i (2).

The generation structure of the IPS of Ukraine, considering certain types of power plants, is
presented in Fig. 5. As seen in Fig. 5, the total consumption in IPS of Ukraine is covered by thermal
and hydropower plants.

The appropriate software module has been developed to adapt the developed QD model to
study the power system stability in the time domain. This module was implemented as DPL-Script
(build-in program language in PowerFactory) that converts QD initial data allowing to research the
frequency stability (in "seconds" time frame) using the hourly resolution QD model of IPS of
Ukraine. It should be noted that the developed QD model can be used to simulate the frequency sta-
bility of the IPS of Ukraine. To perform such calculations, the model was extended by considering
the governor characteristics of the generating units participating in the primary frequency control,
dynamic loads, and the detailed models of the under-frequency load-shedding relays.

The feature of this model is performing frequency stability study not only for the minimum
and maximum loads but also for other hours considering current loads. This model is implemented
in DIgSILENT PowerFactory software and can be used to study the IPS operation in load flow cal-
culations and in time domain simulations for the specified hour or time frame. As an example, in
Fig. 60mmoka! McTounnk cchbllIKM He HaiieH., the simulation results of the frequency stability
are presented for the winter day in the case of the 1000 MW generating unit disconnection at the
nuclear power plant. Such calculations
are performed using the developed QD
model of IPS of Ukraine. In Fig. 6, the
frequency in IPS of Ukraine is depicted
for each hour of the winter day (a total
of 24 frequency curves). As seen, the
sudden frequency change is observed
below 49.2 Hz. This is due to UFLS ac-
tion to prevent the operation of the spe-
cial protection automatics of the gener-
ating units at nuclear power plants.

Thus, the QD model of IPS of
Ukraine for the winter and summer target
days has been developed in the
—— —— —— — —— somcas  POWerFactory software. The model can

Fig. 5 be used to study the operation of the
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Ukrainian IPS in load flow calculations. G
Besides, the frequency stability and
primary frequency control simulation can 50

also be performed. It should be noted that
the developed QD model can also be used
to study secondary frequency control.
However, it requires consideration of the
automatic generation control model. The
model of such a control system will be
developed and integrated into the QD
model in future steps.
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Yrpainu 6io 22.12.2021 Ne419 ¢ pamxax docosopy Ne 3-22 ¢io 04.01.2022 p. /epacasnuii peeccmpayitinuii Homep po-
oomu 0122U001494, KIIKBK 6541230.
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3nauna inmezpayia 8iOHOGNIBAHUX Odicepenl eHepeii 6 00 'conany euwepeemuuny cucmemy (OEC) Vikpainu eumacae
cmeopenHs 8i0N0BIOHOI K8A3IOUHAMIYHOI MOOeNi 3 MemOoI0 OOCHIOHNCEHHSA PeXHCUMIE eHep2oCUcCmeMy 3a MmaKux yMos.
Memoio pobomu € pozpodxa xkeaziounamiunoi mooeni OEC Ykpainu 3 ypaxyeannam epagixie cenepayii ma cnoicugan-
HA OISl XApaKmepHux 3uMosux ma aimuix Ouie. Ilpeocmaeneno nioxio 3i cmeopenusn 3aznavenoi mooeni. Kpim moeo,
MAKOHC NOOAHO Pe3yIbmamu Ka3iOuHAMiuH020 Moodenosanns ycmanenux pexcumie OEC Ykpainu. [lodamkoso nase-
deno pesynrbmamu docuiodicenns cmitikocmi OEC Vkpainu 3a uacmomoro 3 8UKOPUCIAHHAM CIMEOPEHOT MOOei 8imyu-
suanoi OEC. bioin. 6, puc. 6.
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3AJIEKHICTD JUHAMIYHUX XAPAKTEPUCTHK IMITYJIbCHUX CTPYMIB
EJIEKTPOPO3PAJTHUX YCTAHOBOK BIJ BIIJAJTEHOCTI IXHBOI'O
TEXHOJIOTTYHOI'O HABAHTAKEHHA
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Y pobomi oocnidoiceno 3axonomipHocmi @niugy 8i00aIeHOCHi MEXHONO02IYHO20 HABAHMANCEHHS 8I0 eNleKMPOPO3PAOHUX
yemanoeox (EPY) 3 emuicnumu Haxonuyyeauamu enekmpoenepeii Ha OUHAMIYHI XapaKmepucmuKky iMnyIibCHUX CIpYmMig y
Hasanmadxcenni. Ha ocrosi nposedenHs exchepumeHmanbHux 00CioxHceHb 6y10 8USHAUEHO 0CODIUBOCME 3MIHEHHA MAKUX
Ounamiunux xapaxmepucmux EPY, sk cepeoHi wieuokocmi HApocmanHs ma cHAaoanHs iXHb020 BUXIOHO20 IMNYIbCHOZO
CmpyMy 3a yMOGU peanizayii npoyecie 06'eMHO20 eneKmpoicKpo8020 OUCNEP2YBAHHSL APy MEMANeUXx epanyiL y OleieKm-
puuHuX piounax mixc enexkmpooamu. IIposedeno ananiz 6naugy 00ICUHY MAKUX MUNIE 3'COHYBANbHUX eIeKMPONPOGIOHU-
Ki6, SIK 6UMA napa, KOAaxkcianbHuil kabenw i aimyenopam 3 OiQYUIAPHOI0 HAMOMKOW CMPYMONPOSIOHUX HCUTL, HA BUXIOHI
Ounamiuni xapakmepucmuku EPY. Bcmanosneno cymmesuil 6niue muny 3 €OHY8AIbHUX NPOGIOHUKIE 3HAYHOI Q0BICUHU
Ha 6KA3AHI XAPaKmepucmuKy, 0CoOIUB0 3a He3HAYHOI IHOYKmusHocmi Koumypy nasanmaicenns EPY. Obrpynmosano, wo
¥V 8UNAOKY 3HAYHO20 BI00ANEHHs (8 OeKilbKa Mempig) MexHoN02iuH020 Hasanmadcenus 6i0 EPY yinkom doyinenum € 6u-
KOPUCMAHHS CUTOBUX KaDelig 3 m8epOok0 NONIMEPHOI eleKMPUUHOIO I301AYIEI0 AK 3 €OHYBANbHUX NPOGIOHUKIB KOAKCIATb-
Hozo muny. biomn. 10, puc. 2, Tabmn. 2.

Ku104oBi cjioBa: iMITyTECHHN CTPYM, €JIEKTPOPO3PSAAHA YCTAHOBKA, IIBHIKICTE HAPOCTAHHS CTPYMY, TPHBAIICTH CIa-
JaHHA CTPYMY, MAIOIHIyKTHBHI IPOBIIHUKHA CTPYMY.

OnHi€lo 3 OCHOBHUX Npo0jieM yIockoHasleHHS (opMyBauiB immynbcHuX cTpymiB (DPI)
enexkTpopo3psaaHuX yctaHoBOK (EPY) € migBuieHHsT Takux BUXIAHUX JUHAMIYHUX XapaKTEPUCTHUK
EPYVY, gK mIBUAKICTh HAPOCTAHHS iXHIX BUXITHUX CTPYMIB pO3psIy Ta 3MEHILEHHs 3arajibHOI TpUBa-
JIOCT1 pO3PSATHO-IMITYIIBCHAX CTPYMIB y TEXHOJIOTI1YHOMY HaBaHTakeHHi. HaliBuIi enexTpoanHami-
YHI XapaKTepUCTUKU B HaBaHTaXeHHI 3a0e3neuytoTh OPI, ski BUKOPUCTOBYIOTH MPOMIKHI €MHICHI
HakormuyBadi enextpoeneprii (EHE) [1-3]. Taki ®PI BukopuctoBye Oinbmricts EPY, B Tomy uucii
W Ui peanizalii TEXHOJOTIYHUX MpoleciB 00'eMHOro enekrpoickpoBoro aucrneprysanHs (OEI)
[1apy METaJeBUX TPaHyJ y JiENEeKTPUYHHX piguHax [4—6].

3BaXkaroud Ha Te, 0 MPU MPOTIKaHHI PO3PSTHO-IMITYJIbCHUX CTPYMIB Y HaBaHTAXXEHHI aKTH-
BHA €JICKTPUYHA MOTYXKHICTh BUAUJICHHS B HBOMY €JIEKTPOCHEPTii € TPSMO MPONOPLIHHOI0 BETHUYHHI
HOro akTUBHOTO OMNOpPY Ta KBAJAPaTUYHOMY 3HAYEHHIO PO3PSIHO-IMITYJILCHOTO CTPYMY, Ul 301Ib-
IIEHHS CWIOBHX BIUIMBIB HA TEXHOJIOTYHE HABAHTAXXEHHS HEOOXIAHO 31MCHIOBATH ITiABUIIICHHSI Ma-
KCUMAaJIbHUX 3HaY€Hb PO3PAIHUX CTPYMIB Ta IIBUIKOCTI IXHBOI'O HAPOCTAHHS HABITh NpH (opMyBaH-
Hl IMITyJIbCHUX CTPyMiIB Majoi TpuBanocTi [6—8]. 3okpema, B ycraHoBkax OEIJ[ metaniB y mienexrt-
PUYHUX DPigUHAX 30UTBIIEHHSIM MIBUAKOCTI HAPOCTAHHS PO3PSAIHUX CTPYMIB 1 3MEHIICHHAM IXHBOT
TPUBAJIOCTI 3MEHIIYIOTh MAKCUMAJIbHI PO3MIpH OTPUMYBAHHX 1CKpOEpO3iifHUX OPOIIKiB [6, 7, 9].
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ITpu peamizauii npomucioBux TexHonoriit OEIJ] mapy meraneBux rpaHyJ TEXHOJIOTIYHE Ha-
BaHT)KEHHs MOkKe OyTH Ha 3HauHiH BijcTaHi (B AeKUIbKOX MeTpax) Bix ®PI EPY mns 3abe3neueHHs
HEOOX1IHUX YMOB elleKTpoOe3neku B oocinyropyBanHi EPY. ¥V takoMy Bunajaky Ha TpUBAJIICTh pO3-
PAIHUX IMITYJIBCHUX CTPYMIB OyAyThb CYTTEBO BIUIMBATH BEIWYHHU EJIEKTPUYHOTO AKTUBHOTO OTIOPY
HaBaHTa)KE€HHS Ta 1HIYKTUBHOCTI 3’ €IHYBaJIbHUX MPOBIJHUKIB PO3pSIHOTr0O KOHTYpy DPIL.

Tomy mMeTor0 1aHOT POOOTH € TOCIIIPKEHHS BIUIMBY PI3HUX 3’ €THYBaJHHUX MPOBIIHUKIB 3HAY-
HOI JIOBKMHU Ha TMHAMIYHI XapaKTePUCTUKH PO3PSIHUX IMITYJIbCHUX CTPYMIB Yy HaBaHTaXXEHHI €J1EKT-
popospsimaux yeranoBok OEI] MetainiB Ta 00rpyHTYBaHHS IOIUTBHOCTI BUOOPY THITY TIPOBIIHHUKIB IS
pozpsanoro koHTypy ®PI EPY 3 eMHiCHUMM Hakonu4yBayaMH eJIeKTPOEHEPTii.

VY po6oti Oyno MpOBEAECHO EKCIEPUMEHTAIbHE JOCHIHKEHHS s BU3HAUYEHHS BIUIUBY pi3-
HUX THUIIB 3 €IHYBaJbHUX MPOBIIHUKIB HA JTUHAMIUHI XapaKTEPUCTUKH PO3PSAHOTO IMITYJIHCHOTO
CTpyMy B ekcriepuMeHTanbHil ycranoBii OEI/] metarnis.

OCKUIBKY OTIip ICKPOEPO31MHOTO0 HABAHTAXKEHHS MOKE CTOXACTUYHO 3MIHIOBATHUCS B MPOIIEC]
po3psidy, TO [UIS aHaNi3y MEpexigHUX MpoleciB y po3psaHoMy koii OPI BBogumocs epexTHBHE
3HAa4eHHs aKTMBHOI'O OIOPY ICKPOEpO31HHOr0 HaBaHTaXEHHs R, = const, Ha SIKOMY 3a 4ac OJXHOTO
PO3PSAIHOTO IMITYJIbCY PO3CIIOETHCS TaKa 3K €HEepris, K 1 Ha peaJbHOMY OIOpi 1Iapy CTPyMOIIPOBi-
HuX rpanyu [10].

Ha puc. 1 HaBeZieHO eNeKTpUYHY NMPUHLMIIOBY cXeMy po3psaaHoro kona EPY 3 ickpoeposiii-
HUM HaBaHTaXEHHSM, IPEJCTABICHUM pE3UCTOpPOM Ry =

=const. ¥ eKCIiepuMEeHTI BUKOPHUCTOBYBABCSI BUCOKOYACTO- DPI K L, L,
tHuid IGBT TpaH3uCTOp SK MOBHICTIO KEPOBAaHWM HAIliB- ~. Y Y LYY \—,
MPOBiTHUKOBUN KoMmyTaTop K. BiacHi iIHAYKTHBHICTH 1 aK- VD,

TUBHHHA OIIpP PO3PSTHOTO KOJIA MPEICTABICHO 3HAYCHHIMH I(,‘

H ]
' :
: ‘
' '
’ .
M .
M .
' H
Lo« 1 Ry IHIyKTUBHICTD 1 aKTMBHHMHM OINIp 10JAaTKOBUX E__ C ' R
. . . N [
3’€IHYBaJIbHUX TPOBIJHHUKIB 3HAYHOI JIOBKHHH, SKUMHU 5-- N VD, ' "
@OPI migKII0O4aeThCs 10 HABAHTAXKECHHS Ry, TPEICTABICHO H E
. . . .
BIANOBITHUMU 3HAYCHHAMHU Ly 1 Ry Y po3paxyHkax npu- '
' '
]
[]

N e : ) R
WMaJIMCs MPUITYLIEHHs], 0 BCl HAIIBIPOBIIHUKOBI €JIeMe- Ry an
HTH € iJieallbHUMU (TOOTO iXHi aKTHBHI OIIOPH y BiJIKpPUTO- By B gy B

My CTaHi IpUAMAJIUCS PIBHUMH HYJIIO) 1 KOMyTalis 37iic- Puc. 1

HIOBAJIacsi MUTTEBO.

3 MeToI0 MiABHIIEHHS IIBUIAKOCTI HAPOCTAHHS IMIYJBCHOTO CTPyMy B HaBaHTa)KEHHI, B
SKOCT1 HaKOMHYyBaJIbHOTO KOoHAeHcaTopa ®PPI Oyno BHUKOpHMCTaHO HU3BKOIMIIEAAHCHUM €IIEKTPO-
CTaTHYHUHN KOHACHCATOP 3 BennKoro eMHICTIO (300 Mk®D). EHeproeMHICTh TaKOTO KOHACHCATOPA Ha
JIEKIJIbKa TOPSIIKIB IMEPEBUIITYBajia HEPTito, M0 BiaBaIach Y HABAHTAKEHHS MPOTATOM OJTHOTO 1M-
nyJabey ctpymy (i Hampyra Ha Buxoi @PI 3a 1ieii yac mpakTUYHO HE 3MiHIOBAJACk), TOMY P aHaIi31
MepexiTHUX MpoleciB y po3psaHoMmy kom EPY moxknHa BBakath, 1mo Hampyra Ha Buxoai ®PI Oyna
He3MIHHOI Ugpr = const. 3Bakarodu Ha 11e, IPUHHATO JOMYIIEHHS, 0 MEePEXiTHNI TPOoIIeC MiCs 3a-
MUKaHHS KTfo4a K MOKHA PO3TJISAATH K MIKIIOUYeHHs RL-Kojia 10 JpKepena MOCTIMHOI eNeKTpo-
pyuriitHoi cunu 3 Hanpyroto Ugpr.

Jlyis ipoBeIeHHS! eKCIIEPUMEHTaIbHUX AOCTII)KEHbh BUKOPUCTOBYBAINUCH: BUMIPIOBAY CTPY-
My, OUIBHUK HAmpyTH, ABOIPOMEHEBUH 3amam’sToBYBajdbHHMN nugpoBuit ocumnorpadp HAMEG-
HM-1507 Tta 3'eqHyBanbHiI MPOBITHUKH TUITY BUTA Tapa, KOaKCiadbHUN KaOenb Ta JITHEeHapaT 3 0i-
(GUISIPHOI0O HAMOTKOIO CTPYMONPOBIAHUX KUJI. BUXiTHI eNeKTpUUHi mapaMeTpu Ta Mexi poOoTH Ta-
koro ®PI Gyno BU3HAYEHO EKCIIEPUMEHTANBHUM IIUIAXOM. IHIyKTHBHICTD Ly po3psinHoro koaa OPI
OyJI0 BU3HAUEHO AaBTOKOJIMBAJIBLHUM METOJIOM, 3TiTHO 3 SKUM A0 BuXigHux kiem PPl mapanensHO
nigkirovanyd RC TaHIoT 3 BIJOMUME TTapaMeTpaMu (sIKi BUOMPATIMCS TaKUMU, 1100 y KOJII BUHUKAB
KOJIMBaJbHUN Tporiec 6e3 nepeHanpyr). ExcnepuMeHTaabHO BU3HAYEHO, IO 1HAYKTHUBHICTH CKJIa-
nae Ly = 0,46 MxI'H.

AXTHUBHUI OMIp PO3PAIHOrO Koja Ry BU3HAYaBCS 3a METOAOM KOPOTKOTrO 3aMuKaHHs. Jljis
nporo BuxigHi kemu OPI 3'eqnyBamch Mixk cO00I0 3aKOPOTKOIO, SIKa TIPOXOAMIIA Yepe3 BUMIPIOBa-
JBbHUH TpaHcPOpMATOp CTPYMY, IpUETHAHUI 0 ociipiorpada. 3 oCUIOrpaM BU3HAYaIach MOCTiHHA
4acy Takoro po3psaaHoro kona t (t = 37,08 Mkc), a po3paxoBaHuii Omip CTaHOBUB Ry = 12,4 MOmM.
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Jlnsg BU3HAYEHHS BIUIMBY PI3HHX 3’€IHYBAJIbHHUX MPOBIAHMKIB HAa JUHAMIYHI MOKA3HUKH
PO3PSITHUX IMITYJIBCHUX CTPYMIB y HaBaHTKEHHI eJeKTpopo3psaaux ycraHoBok OEIJ] merarniB B
ymoBax BignaigeHocti OPI 1 HaBaHTa)keHHS TaKMX YCTAaHOBOK OYyJIO €KCIIEPHUMEHTAIbHO BU3HAUEHO
napameTpu (IHAYKTHBHOCTI L;; Ta aKTHBHI OMOPH R,;) IUX 3’€IHYyBAIBHHUX MPOBITHUKIB. Jlocii-
JUKYBAJIHCS TIPOBIIHUKH TPHOX THITIB: BHTA Mapa 3 MiIHMMHE JKHIaMu 2x50 MM°, KoaKciaabHHil Ka-
Gelb mepepi3oM KH i expany 70 Ta 16 MM’ BigmoBimHO i miTueHapaT 3 GidiIPHOI HAMOTKOIO
CTPYMOTIPOBITHIX KU 2X7 MM,

Jls 1poro aHi 3°€HyBajIbHI MPOBiAHUKK Oy npuemHani 1o ®OPI. Ixui akTuBHi onopu Ta
IHIYKTUBHOCTI BU3HAYAJIUCS 33 TUMU K METOJAaMHU, 10 BUKOPHCTOBYBAIIUCA Ul PO3PAXYHKY Ry Ta
L, (32cTOCOBYBAJIUCH BIANOBIAHO METOJ] KOPOTKOTO 3aMUKAHHS Ta aBTOKOJIMBAIBHUN MeTox). [HIyK-
TUBHICTb L,; BU3HAYasacs siK

L, =1"/l4x’c, - L), (1)

Jie TIepio/1 aBTOKOJIMBaHb T Bu3Ha4yaBcs 3 ociorpam, a C; = 0,15 Mk® — BigomMa €MHICTh HU3BKO-

IMIIEJAHCHOTO KOHJIEHCATOpa, IO IiJI'€HyBaBCsS 10 3’ €IHYBAIBHHUX MPOBIIHHUKIB 3aMiCTh HaBaH-

Ta)KEHHSL.

Omip R, po3paxoByBaBcs 3a GOPMYIIOI0

R3H = ((LPK + Lsn )/12 )_ RpK > (2)

1€ T, — TocTiifHa Yacy pospsaHoro koja ®OPI 3 ypaxyBaHHSAM 3’€THYBaJbHHUX MPOBIIHUKIB Ta 0e3
HaBaHTAXXECHHS, SIKa BU3HAUAIACS 3 OCLUIIOTPAM.

PesynbpraTé po3paxyHKiB iHIYKTUBHOCTEH 1 aKTHBHOTO OIOPY 3’ €IHYBAJIBHHUX IMPOBIIHUKIB
HaBeJIeHo y Tabi. 1. 3 Hel BuAHO, 0 HalKpallli MOKa3HUKH 3 1HIYKTUBHOCTI CTPYMOINPOBLAHUX JKUJI
Mae JiTHeHapaT 3 Ol UIIPHOI0 HAMOTKOIO CTPYMONPOBITHUX kI, KoakcianpHuil kabesb Mae 3HauHO
MEHIIy iHAYKTUBHICTH MOPIBHSHO 3 BUTOIO MAPOI0, ajie OUIbIly MOPIBHSIHO 3 MITHEHApAaTOM 3 Oidins-
PHOIO HAMOTKOIO CTPYMOTIPOBITHUX KWL TOJIi SIK MOKa3HUK MO aKTUBHOMY OIIOpY HaBIIAKW HaiKpa-
uwii y Butoi napu. Koakcianeuuii kabenb Mae OUbIIMIN OMip, HK BUTA Mapa, ajie MEHIIUHN, HIX JIT-
ueHapat. Ha 3HaueHHs1 cTpyMy 1 HMIBHAKICTh HOTO 3MIHEHHS BIUIMBA€E SIK BEJIMYMHA 1HAYKTHBHOCTI,

Taguus 1 T?.K 1 BeIUYUHA AKTHBHOTO  OTIOPY

apamerpu | Ilepion Innykru- | IloctiitHa AKTHBHUIA ;IG H;(};II%/IE;E);P(I)XOFIIIPOOBIHHHKIB- 361HLIH€H'
ABTOKO- ; . py Ta IHAYKTHUBHOCTI

Tun papp | BHICTD | HMacy Kona | omip Ry, 3MEHIIy€  MaKCHUMAIIbHO  MOXITUBHA
NPOBINHUKA | T, mkc Lon, McI'H | 72, MKC MOM CTPYM i IBUIKICTH HOTO 3MiHEHHS y Ha-
Buramapa | 4,22 2,547 131,15 11 BaHTAXKEHHI, TPOTE€ CTYIiHb TaKUX
Koakciab- BIUIUBIB € pizHOI0. ToMy OyIio nmpoBefe-
HUH 2,68 0,752 44,46 15 HO CKCIICPUMCHTAIBHE  JTOCIIKEHHS
Kaberb pexuMiB podotn EPY nmis BuzHaueHHs
Jlituenapar 1,88 0,114 19,46 17 TUHAMIYHAX TTOKA3HUKIB (IIBUIKOCTEH

HApOCTaHHS Ta CHAJaHHSI PO3PSIHUX
IMITyJIbCHUX CTPyMIB y HaBaHTa)keHHi) mpu 3’enHani OPI i HaBaHTa)KeHHsS] TaKUX YCTaHOBOK 3a JI0-
MIOMOTOI0 PO3IJISIHYTHX BUILE 3’ €IHYBAJIbHUX MPOBITHUKIB.

OcuuiorpaMu CTpyMy B PE3UCTUBHOMY HaBaHTakeHH1 R, = 1 Om, 3’eqnanomy 3 ®PI 3a no-
TIOMOTOI0 BHUTOI MapH, KOaKCIaIbHOTO Kabesro Ta JITHEHIpaTy, OKa3aHo BIAMOBIAHO Ha puc. 2 a, 0, 6.

in I Iy
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TpuBanicte HapocTaHHs cTpyMy (4ac Af = f, — f; MK 3aMHUKaHHSM 1 PO3MHKaHHAM Kiroua K) cTa-
HoBmia 3,25 mkc. Buxinna mampyra ®PI cranoBuna 400 B. Ilina moainok mo oci x Ha puc. 2 a
CKJajana 2 MKC/MoJl., a Ha puc. 2 6, ¢ — 1 mxc/moa. Ilo oci y miHa moaiiaok Ans puc. 2 a, 6, 6 —
50 A/mon.

VY Tabn. 2 HaBeIEHO EKCIEPUMEHTAIbHI Pe3yJIbTaTH AMHAMIYHUX XapaKTEPUCTUK: CEPeHIX
MIBUJIKOCTEH HAPOCTAHHS IMITYJIbCHUX CTPYMIB Y HaBaHTaXEHHI 3a yac Atz = 3,25 MKC Ta criafgaHHs
CTpyMy 3a ToM e yac npu 3’eaHani OPI 1 HaBaHTa)XKEHHS TPbOMa PI3HUMH THIIAMU 3’ €IHYBaJIbHUX
MIPOBI1/IHUKIB.

I3 excniepuMeHTaNbHUX 1 PO3PAXyYHKOBHUX 3HAUYEHb, HABEACHUX Tabauus 2
y Tabi. 2, BUIHO, 10 CepeAHs MIBUIKICTh 3MIHEHHS CTPYMY IPH BHU- [Mapamer-
KOpPHUCTaHHI JITHEHAPATY 3 O1p1IIpPHOI0 HAMOTKOI CTPYMOITPOBIIHUX pu L
KHJT 1 KOAKC1aJIbHOTO Kabesro MpuoIn3Ho oHaKoBI. | Xoua mopiBHAHO A | e /AL,
3 JITHEHAPATOM KOAKCiaJIbHUK KaOelb Ma€e BHUILY 1HAYKTHUBHICTH L Tan ) Almxe
(nuB. Tabu. 2), ane BOHAa BTPUY1 HWXKYA BiJl IHAYKTUBHOCTI BUTOI MapH. H%Olf;;[?:(z 300 9
OCKUIbKM BUTOTOBJICHHS JITIHEHApATy 3 Oi(UIApHOI0 HAMOTKOIO KoaKCiajfb-
CTPYMONPOBIIHUX >KUJI € HAATO TPYAOMICTKHM, a MIIHICTh HOTO elie- I 400 | 123
KTPO130JIALlli 3HaYHO MEHILOI0 3a MIIHICTh CYy4YacHOI 130J1sMii Koakci- Kabenn
aNbHOrO Kabeso, TO Ha NPAKTUL OLIBII JOLUUIBHO K 3’€IHYBAIBHUA | JTituenapar 3
MIPOB1IHUK BUKOPUCTOBYBATH KOAKClalbHUI KaOeb. 6idinaproro | 390 | 120
BucHoBkH. Y po0OTI MPOBENCHO EKCIIEPUMEHTANBHE TOCITi- | HAMOTKOK

JDKEHHSI BIUIMBY TaKHX 3’ €IHYBaJbHHX NPOBIJIHUKIB, SK BHTa Mapa,
KOaKkciaJIbHUI Kabenb Ta JiTHeHApaT 3 0ipUIAPHOI0 HAMOTKOIO CTPYMOIIPOBIIHUX KUJI, HA AWHAMI-
YHI XapaKTEPUCTHKH EJICKTPOPO3PSIHUX YCTAHOBOK, iICKPOEPO3iliHE HABAHTAXKEHHS SIKMX TTOBUHHO
OyTH CyTT€BO BiJIaJICHUM Bifl (popMyBayua po3psIHUX iMITYJIbCIB.

Byno obrpynToBano, mo npu He3HauHi# (10 0,5 MKI'H) B1acHi#t KOHCTPYKTHUBHIHN 1HTyKTHB-
HOCTI €JIEKTPOPO3PSIIHUX YCTAaHOBOK ISl MiIKJIIOYEHHS CYTTEBO BiJJIAJICHOTO HABAaHTAXKCHHS Hail-
OLTBIII TOIITFHUM € BUKOPUCTAHHS CHJIOBHX KOAKCIaIbHUX KaOelliB 13 Cy4acHOIO 3IIUTOIO MOJIiMep-
HOIO €JIEKTPOI30JIALIEI0, OCKUTBKA BOHH MAlOTh Kpalli JUHAMIYHI XapaKTePUCTUKU (CEpeIHi BUI-
KOCT1 HAPOCTAHHS Ta CHaJaHHS PO3PSATHOTO IMITYJILCHOTO CTPYMY) 1 BHIIY MIITHICTD 130JISII1.

Pobomy euxonano 3a depocdrooxcemnoio memoio "Posgurymu meopito iMnynbCHUX i 6UCOKOUYACMOMHUX NEPEXIOHUX eNeKmPOMacHi-
MHUX NPOYECI8 Y eHEePLeMUUHUX | MEXHONOITHHUX PE3OHAHCHUX YCIMAHOBKAX MA 8UCOKOBOIbMHUX KADETbHUX NIHIAX eleKmponepeoa-
ui" (Lugp "EJIKAB").
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DEPENDENCE OF DYNAMIC CHARACTERISTICS OF PULSE CURRENTS OF ELECTRICAL DISCHARGE
INSTALLATIONS ON THE DISTANCE OF THEIR TECHNOLOGICAL LOAD
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The paper investigates the influence of the distant technological load from electric discharge installations (EDIs) with
capacitive storage of electricity on the dynamic characteristics of impulse currents in the load. On the basis of experi-
mental studies, the peculiarities of changing the dynamic characteristics of EDIs, such as the average rate of rise and
fall of their output pulse current during the implementation of volumetric spark dispersion of a layer of metal granules
in dielectric liquids between electrodes, were determined. The influence of the length of such types of connecting con-
ductors as twisted pair, coaxial cable, and litzendraht with bifilar winding of current-carrying conductors on the output
dynamic characteristics of the EDI was analyzed. A significant influence of the type of connecting conductors of con-
siderable length on the indicated characteristics has been established, especially in the case of a low-inductance of the
load circuit of the EDI. It is substantiated that when the technological load is significantly distant (several meters) from
the EDI, it is quite appropriate to use power cables with solid polymer electrical insulation as connecting conductors of
the coaxial type. Ref. 10, fig. 2, tables 2.

Key words: impulse current, electric discharge installation, rate of current rise, duration of current decrease, low-
inductance current conductors.
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FEATURES OF THE DEVELOPMENT OF SLOTLESS BRUSHLESS
MAGNETOELECTRIC TORQUE MOTORS
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The structure of a brushless magnetoelectric torque motor with a slotless stator with a surface installation of permanent
magnets on the rotor is considered. A motor model has been developed to calculate its characteristics in the COMSOL
Multiphysics 6.0 software environment. The optimization of its structure was carried out, as a result of which the opti-
mal number of pole pairs and such a ratio between the dimensions of the elements of the electromagnetic core of the
motor were determined, at which the maximum electromagnetic torque per unit of power consumption is achieved. The
paper also touches upon the problem of achieving the minimum value of the torque ripple factor in motors of a similar
design. Ways of its solution are proposed both due to constructive changes in the magnetic system, and due to the syn-
thesis of reference signals for the formation of such forms of currents in the stator phases, as a result of the interaction
of which with the rotating magnetic field of the rotor, the motor torque characteristic the with a minimum value of the
ripple factor can be obtained. Ref. 6, fig. 11.

Key words: brushless magnetoelectric torque motor, slotless stator, torque factor, torque ripple factor.

Introduction. A torque motor (TM) is an electromechanical converter of an input electrical
signal of direct or alternating current into an electromagnetic torque, while the rotor rotates at low
speed or is stationary. TM are used in cases where it is necessary to ensure the rotation of the pay-
load with high torque with minimal torque ripple throughout the entire rotation range, as well as
ensuring high dynamics in transients and accuracy in positioning mode. These motors are widely
used as actuating elements in gyroscopic systems, antennas drives, telescopes, solar batteries, ro-
bots, machine tools, medical equipment, etc.

When developing control systems and choosing an actuating motor, ordinary electric motors
with a gearbox can compete with TM, since they have less weight, energy consumption, and an
electromechanical time constant. However, the presence of a gearbox implies the introduction of
errors into the control system loop due to the inevitable presence of backlash and friction in them,
thermal instability of mechanical properties, and low reliability of the drive, which makes it prefer-
able to use TM. The main distinguishing features of TM in comparison with conventional electric
motors are the relatively low angular speed of rotation of the rotor and the frameless design, that is,
the absence of a housing, shaft and bearings [1]. The task of designing an TM is not only to ensure
the characteristics of the motor in accordance with the terms of reference, but also to create a design
that is best integrated into the system being developed. This explains the wide variety of TM de-
signs and the need for optimal design of an electromechanical converter to achieve the desired char-
acteristics.

The purpose of the paper is to develop approaches to designing slotless brushless magne-
toelectric TM that have a maximum electromagnetic torque per unit of power consumption, as well
as ways to reduce the torque ripple factor.

The main material and study results. The main characteristic of the TM, which deter-
mines the very name of the motor, is the dependence of the magnitude of the electromagnetic torque
on the consumed current, which can be expressed through the ratio of the starting torque M, to the
current / in the stator winding in the starting mode, called the torque constant C,,

© Kireyev V.G., Akinin K.P., 2022
ORCID ID: "https://orcid.org/0000-0002-9407-1074, ““https://orcid.org/0000-0002-7830-2311




32 ISSN 1727-9895. Hpayi IE/] HAH Yxpainu. 2022. Bun. 63

C,=M]I, . (1)

Since TM operate in the mode of positioning or slow rotation of the rotor, the main energy
losses are dissipated in the stator winding, and the efficiency of converting electrical energy into
mechanical energy depends on how well its parameters are chosen. Thus, the optimization task is to
establish such a ratio between the sizes of the elements of the electromagnetic core of the motor, in
which the maximum torque per unit of power consumption will be obtained. Previously, in [2, 3], a
method for optimizing brushless motors with permanent magnets has already been described, and
we can apply it to calculate the TM.

As an example, from the whole variety of TM designs, consider a brushless slotless magne-
toelectric motor (Fig. 1), which consists of external 1 and internal 2 magnetic circuits, a three-phase
stator winding 3 and permanent magnets of the rotor 4. Solving the problem of optimizing the con-
figuration of the electromagnetic cores of the machine will be carried out taking into account a
number of restrictions and assumptions, namely: the power dissipated in the winding P = 18 and
the power supply voltage U = 36} are constant, the outer diameter of the stator D and the length of
the active zone of the motor L, are unchanged and equal to 88mm and 45mm, respectively, there is
no saturation of the stator and rotor magnetic circuits and the maximum induction value in them
remains constant for all variations in the size of the motor elements, the air gap between the stator
and the rotor is 0.5mm, the length of the brand H42SH magnet /4, along the magnetization axis is
Smm. The target optimization function is the maximum starting electromagnetic torque M, and the
arguments are the number of pairs of poles of the magnets p and the radial thickness of the winding b.

Since the power and supply voltage are constants, and all the consumed power is dissipated
in the winding, the current I and the resistance of the wind-
ing will also be constant. The fulfillment of the condition
of constant resistance when changing the cross-sectional
area of the active part of the stator coils is achieved by si-
multaneously changing the number of turns of the coils and
the copper section of the winding wire. We assume that a
simple loop three-phase winding is installed on the stator,
connected to a star with an isolated zero. Then the formula
for calculating the length of the average turn of the coil can

be written as
LW:2[La+3,5b+[Rw+éj£j, )
25
where Ry, is the inner radius of the stator winding. We ex-
press the number of turns of the coil through its geometric

dimensions

(2R, +b)bk
Fig. 1 W= (2R, +b)bk, , (3)
6pS
where £, is the fill factor of the cross section of the coil with copper, S, is the cross section of the
winding conductor. Since, according to the accepted conditions, the current and the power dissi-
pated in the winding are constants, the winding resistance can be expressed through these parame-
ters

w

£ _2ppL W

R = , 4
a 12 SW ( )
where
P
w5 (5)
2I°ppL,,

where p is the resistivity of the winding wire material. Equating the two expressions obtained for
the number of turns of the coil W, we obtain the value of the cross section of the winding wire S, at
which the condition of constancy of the dissipated power will be satisfied.
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We will calculate the electromagnetic torque developed by the motor rotor using the Arcchio
method implemented in the COMSOL Multiphysics 6.0 software package. Finding the torque value
is possible both in two-dimensional and three-dimensional formulations, and the choice of one or
another option depends on how much edge effects affect obtaining a reliable result, on the complex-
ity of creating a model and setting up a solver, on calculation time, etc. The purpose of this article is
to demonstrate an approach to designing an TM with optimal characteristics, as well as to demon-
strate the influence of certain parameters on achieving the desired results, therefore, two-
dimensional modeling is best suited for multivariate calculations, since this significantly reduces the
calculation time. This reduction in time becomes especially noticeable when the vector magnetic
potential is used in the problem, the necessity of using which is due to the choice of the Arcchio
method. To verify the results obtained on a two-dimensional model, the values of magnetic induc-
tion in the motor gap were calculated with a change in its length, the number of poles and the length
of the magnet in the environment of

two-dimensional and three- +2p=8 m2p=14 a2p=10 e 2p=12
dimensional modeling. The calculation 5
error of the average value of induction as[%] ¢ 4
) . : 20
in the working gap in the two- ;\\
dimensional model 4B is determined in 15
comparison with the three-dimensional 10 \
one. Fig. 2 shows the dependence of S
’ ’ X . L e
the error 4B in percent when varying
the number of motor poles and the 0 ' T ' >
length of the active part of the ma- 0 0,2 0,4 0,6 0,8 1 1,2
chine, expressed in relative units L,/D,, L/D,

. . . Fig. 2
where D, is the rotor diameter. Obvi- '8

ously, the main influence on the error in calculating the induction is the length of the active part of
the machine, and the smaller it is, the higher the error.

The characteristics family of obtained graphs of the function 4B(2p, L/D,) is described by

the empirical expression
-1,05

AB=(-0,22p+3,65)(L/D,) ", (7)
that allows you to calculate the error in calculating the value of the average induction in the work-
ing gap when modeling in two-dimensional space, as well as to correct the calculation of the mag-
netic induction and thereby take into account the leakage fluxes from the end parts of the machine

As already noted, the optimization of the TM magnetic system with the above initial data
will be carried out in the environment of the COMSOL Multiphysics software package in a two-
dimensional formulation with the connection of the optimization module. The search for the maxi-
mum value of the torque was carried out under the condition (6) of the constancy of the power dis-
sipated in the winding and the fixed outer diameter of the stator magnetic circuit, and the adjust-
ment of the induction value (7) was also used.

To generalize the results obtained in the simulation, we introduce the concept of the rela-
tive values of the length of the magnet 4,/D and the thickness of the winding 5/D, which determine
the geometric relationships between the elements of the magnetic system. This will make it possible
to extend the results of calculations to geometrically similar machines in accordance with the provi-
sions of the theory of similarity of magnetic systems [5]. The simulation results are presented in fig. 3 as
a family of performance characteristics M,,,(b/D) obtained for different values of the number of
poles 2p. Analysis of the simulation results shows that for a given configuration of the magnetic
system and with a relative length of the magnet equal to 0.0568 units, the largest torque is achieved
in the motor with the number of pole pairs p=7 and the relative thickness of the winding 5=0.0284.
Then, in accordance with the theory of similarity, with an increase in all geometric dimensions by n
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*2p=8 m2p=10 a2p=12 x2p=14 x2p=16 «2p=18  times, the magnetic induction at all

17 points of the magnetic system remains
M [ . .
max % unchanged, and the magnetic flux in-
1,65 s & 2 .- . g
%’/ /}im creases by n” times. Similarly, the cur-
16 n] rent in the stator winding increases by

Fd — g ot .

A ly, the el -

e S N L T
1,5 =

times.
Les / The given example of calcu-
lation demonstrates the method for
b/D optimizing the TM magnetic system in
Fig. 3 order to achieve the maximum of the
electromagnetic torque at a fixed
value of the energy consumed. Similarly, TM of any other design with different winding manufac-
turing methods can be calculated.

Achieving the maximum starting torque for TM is one of the main tasks of their develop-
ment. At the same time, an equally important task is also to achieve a minimum change in the motor
torque relative to the set value when the rotor rotates. To compare torque motors by this indicator, it
1s customary to use the torque ripple factor, determined by the formula

K = MIOO% , (8)
2M

0,015 0,025 0,035 0,045 0,055

”
av

where M4, Miin, M, are the maximum, minimum and average torque values, respectively. Figure
4 shows the calculated dependences of the values of the average value of the torque M,, and the
torque ripple factor K, of the optimized TM for a different number of pairs of poles p. There is an
obvious tendency to reduce ripples as the number of motor poles increases, however, after reaching
its maximum at 2p = 14, the torque begins to decrease and the developer must make a decision on
choosing the number of poles based on the requirements for TM.
o Msr m Kr In modern TM, torque ripples
do not exceed 6+-10 %, therefore, we

1,6 9,5 . : .
N | F will further consider possible ways to
My IN m‘; cc /"ﬂ-ﬂh—_ﬂ"""‘«r g DKr e reduce the torque ripple factor for
' 'y/ ' brushless magnetoelectric motors with
1,5 8,5 a slotless stator. One of the possible
1/ ways to reduce the ripple is the profil-
1,45 8,0 ing of the pole or the pole piece [4], but
in this case, as in the previous case the
14 > 7,5 goal is achieved by reducing the torque.
& & 10 12 14 16 18 20 Quite effectively you can reduce the
Fig. 4 % ripple by increasing the number of mo-

tor phases. Such a solution can be re-

sorted to in special cases, when the ad-
ditional number of conductors connecting the motor to the control system and the cost of the TM
with the control scheme are not decisive.

Let's consider one more possible approach to TM optimization. In the example considered in
the paper, the angular size of the magnet is a,=2n/3p. The same angular size is occupied by two
sections of the stator windings (Fig. 1). When the rotor rotates, the windings are switched every 120
electrical degrees, which corresponds to the physical rotation of the rotor at an angle ¢=n/3p. At
each switching period, the pattern of the change in the magnitude of the moment is repeated,
therefore, we restrict ourselves to calculating the moment only in the range from 0 to w / 3p. Fig. 5
shows a family of graphs of the value of the motor torque with the number of poles 2p=14 when the
angular size of the magnet am changes from 2n/3p to 11n/12p with a step of n/12p.
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The nature of the chgnge in the e20/3p wOpi/12p & 10pi/12p e 11pi/12p
moment M,, and the torque ripple factor

K, depending on the angular size of the M [N*m] 190 ¥

magnet a,, is shown in fig. 6. It can be 180 f-—-"’ﬁ_.._.m:____-,.\

seen from the graphs that an increase in 1,70 ﬁ’/—awh ‘\\
the angle a,, leads to a decrease in pul- 1,60 :-)/ ;‘\\.\\E\E‘T
sation from 8.4 % to 5.6 % if the angu- 1,50 / a.\'
lar size of the magnet is equal to the 1,40 3

value of the pole division. In this case, 1,30 >
the average torque value increases by 0 2 4 6 8

11 %. An increase in the moment value ofdeg]
is due to both a change in the geometry Fig. 5

of the magnet and an increase in the
volume of the magnetic material. To numerically estimate the influence of each of the factors on the
torque value, the motor was calculated with the number of poles 2p = 14 and the angular size of the
magnet 11x/12p, provided that the volume of the magnet remained the same as at the angle
an=21/3p. The calculation showed an increase in the magnitude of the moment by 3.1 %, and the
torque ripple factor was 5.9 %.

In brushless TM, the windings A ke m Mgy

are sztched using a voltage inverter K, r%},S S 5 19 M, [N*m]
according to the signals of the rotor 8 iy L 185
position sensors. If you pay attention to 7 S

. ) S — L 1,8
the nature of the change in the magni- 6 ——
tude of the torque during the switching > - = "
period (Fig. 5), then the motor devel- 4 L 17
ops the smallest torque at the edges of X /.-r" L 1,65
the presented angular interval, in which 2 P L 16
case an additional way to reduce rip- ; o 1 oose
ples in the torque curve can be the 16 38 20 92 ” 26 '
formation of stator currents in a certain a,,[deg]
way. Next, consider the mode of slow Fig. 6

rotation of the simulated motor and
possible ways of generating currents in the winding. For definiteness, it can be noted that the oper-
ating angular speed of the considered TM has a value of 2 rad/s.

Since for the TM, a special condition for their operation is the absence of any variable com-
ponent in the curve of their torque characteristic, we will consider various variants for the formation
of torque characteristics of TM to select the optimal solution.

The idea of forming the stator currents in a certain way to reduce torque ripples is known, and
one of the particular cases of current formation is described in [6]. In this article, the authors, if pos-
sible, generalized possible approaches to solving this problem.

Further, we will consider the forms of writing equations in relative units. For a three-phase
brushless magnetoelectric motor, its torque characteristic is the sum of three terms of the phase
torque characteristics, which are determined as the result of the interaction of the rotating magnetic
field of the rotor with the system of alternating currents in the stator windings

M ()= M (a)+ M (a)+ Mc(a); ©)

* * *

M (@)=i,(a)b,(a); My(a)=i,(a)by(a); Mc(a)=ic(a)be(a), (10-12)

where M, (a), M, (a), M (a) are the phase torque characteristics of the motor, which are func-

*

tions of the electric angle & of rotor rotation; i\(a), iy(a), i.() and b'(a), by(@), be(c) are
three-phase systems of stator currents and rotor field induction in relative units.
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Further, we will give expressions for phase variables only for phase A, assuming the consid-
ered motor is symmetrical.

To fulfill the condition for the absence of a variable component in the torque characteristic
curve, it is necessary to select such types of functions to describe the phase torque characteristics of
the motor (10-12) so that their sum is always equal to a constant value. The same condition must be
met for the rotor field induction curve 5’,(c) obtained as a result of the optimization, shown in Fig. 7.
It can be seen that this curve is quite different from the sinusoidal form.

15 b () I.t is known that the absence of a Variabl.e com-
B IR 5 5 ponent in the curve of the moment characteristic of
- : : ' the motor is achieved by the interaction of the sinu-
soidal phase curves of the stator currents and the in-
duction of the rotor field. In this case, the torque char-
acteristic for phase A and the torque characteristic of

the moto (9) in relative units have the form
M (a)=sin’a and M (a)=15. (13, 14)

Fig. 8a shows these characteristics.

This article does not consider the formation of
Fig. 7 motor stator currents with the help of semiconductor
frequency converters. We are only talking about the
synthesis of reference signals of currents for their further formation, that is, we will assume that the
relative variables of the reference signals and the currents themselves coincide and, at the same

time, have the same designations i (a), i;(a) and i..().

0.5
0
-0.5
-1

15 H H H :
0 200 400 600 800

The idea of synthesizing the forms of the stator phase current curves (), i5(e) and i.()

is that when they interact with the given angular distributions of induction b’(c), b;(a) and b..(«)

such phase torque characteristics of the motor (10-12) are formed, by summing which the desired
torque characteristic of a three-phase motor can be obtained in form (14).
In this case, we obtain a formula for determining the phase A stator current curve

i:(a):M:(a). (15)

Fig. 8b shows the resulting stator phase current curve. In this case, we have the effective
value of the stator current / =0,6491 4.

e R R proeeeee v 13
Ma) : : : 1
15 : : :
) : : : 05
jhfd{ﬂrj ' ' ' i
[ SEESEEEEE TERASEEEES SR A UREREEE T ! 0
. . \ . -0.5
0.5 mmyoos A R Ny AR R !
[ Il [ Eﬁ i _1
0 H H H a, g E 15
0 200 400 600 500 g

Fig. 8

The fulfillment of condition (14) is possible not only when the phase torque characteristic of
the form (13) is realized, but also for some other forms. For example, Fig. 9 shows two variants
similar to those described above for given forms of trapezoidal (a, b) and rectangular (c, d) phase

torque characteristics M, (a). The current forms were obtained in accordance with (15). In this
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case, the stator current effective values for these two variants are equal/ =0,6501 4 and
1=0,682 A4, respectively.

—

—i(a)

1.5

0 200 400 600 800 200 200 600 800
a
D e
M(a) ; ; ;
1.8 : : :
1 F- s w0h LM\ ________t
M ()
T N —,
. : : . o, grad . . L,
0 200 400 600 800 g 200 400 600 800
c d

Fig. 9
A simpler way to obtain the torque characteristic of the motor of the form (14) is possible
when the stator currents are formed, provided that the current flows in each half-cycle for only 120
electrical degrees. For phase A, we write the angular function, which is determined on one period of
the electric angle of rotation 0 < <360,

yj,(a)=0 at a <30;
yi(a)=1at 30<a<150;

v (@)=0at 150 < <210; (16)
yi(a)=-1at 210<a <330;

yi(a)=0 at 330 < <360.
We write an intermediate function for a three-phase symmetrical system

v (@)=y,(@)b)(@)+ y; (@)by(@)+ ye(a)bi (), (17)
as well as its inverse function

X (a)=——. (18)
(@) (@)
Finally, we define the desired current in phase A as
L(ar)=x'(a)y, (). (19)

The curves of the phase and total torque characteristics of the motor, as well as the current
curve, are shown in Fig. 10, and its effective value is 7 =0,6721 4. The substitution of three phase

currents in formula (9) made it possible to implement the torque characteristic of the motor of the
form (14).

In addition to the considered cases in which condition (14) is satisfied, we will also consider
simpler variants from the point of view of their implementation. Fig. 11 shows the curves of the
variants for forming the torque characteristics of the motor for sinusoidal (a, b), rectangular (c, d)
and trapezoidal (e, f) currents. In this case, the stator current effective values and the values of the
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Fig. 10

torque ripple factor (8) for these three variants, respectively [=0,63954, [=0,6714,
1=0,6405 4 and K, =1,326%, K, =5,47%, K, =6,02%.
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Conclusions. As a result of modeling the brushless magnetoelectric TM with a slotless sta-
tor with a surface installation of permanent magnets on the rotor, it was found that for a given con-
figuration of the magnetic system and the length of the magnet, the largest torque per unit of ex-
pended power is achieved with the number of pole pairs equal to 7. A further increase in the number
of poles does not lead to an increase in the electromagnetic torque, however, in this case, there is a
tendency to reduce its ripple, which in some cases can be a decisive factor in choosing an TM. The
considered method of reducing the torque ripple by increasing the angular size of the pole made it
possible to reduce the ripple factor by 1.5 times and at the same time increase the magnitude of the
electromagnetic torque by 11 %, provided that the length of the magnet is constant along the
magnetization axis and, respectively, by 1,4 times and by 3,1% subject to the constancy of the
volume of the magnetic material. It is shown that a further reduction in the ripple factor can be most
effectively implemented by generating such a form of currents in the motor phases, as a result of the
interaction of which with the rotating magnetic field of the rotor, the torque characteristic of the
motor with a minimum value of the ripple factor will be obtained.
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npu noGepxHesill ycmaHosyi noCmitinux mazHimis na pomopi. Po3pobneno modens 0gucyna 0t po3paxyHky 1o2o xapa-
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O62pyHmosano O00YitbHIiCMb Y IPo8edenHi 00CTIONCeHb V HANPSIMKY NIOBUUEHHS eHep2oepheKMUBHOCME 3aHYPEeHUX
ACUHXPOHHUX OBUSYHIG 3A8OKU BNPOBAONCEHHIO KOMNIEKCY 3ACO0I8 NPOEKMHO20 CUHMESY IXHIX IHHOBAYIIHUX KOHC-
mpyxyitl. Po3ensinymo 3acobu npoexmHozo cunmesy 3aHypeHux acunxpoHHux 08U2yHie inHoeayitinux xoncmpyryiii. bxue
3acmocysans nio 4ac peanizayii npoeKmysantsi 0acms 3mozy Ni08UWUmMU piéetb YOOCKOHANEHHS 3aHYDEHUX ACUHX-
POHHUX O8USYHIB BIONOBIOHO 00 GUMOZ OISl CYUACHO20 OONAOHAHHS 8 YACMUHI HAOIUHOCMI, eHepeoeheKmueHoCmi, eKo-
Homiynocmi. Hasedeno pesynomamu peanizayii onmumanbHo20 NPOeKmMHO20 CUHME3Y ACUHXPOHHO20 OBUZYHA 3aHype-
HO20 Hacoca innosayitinoi koncmpykyii na o6asi osueyna I3/B 2.8-140 3a kpumepiem maxcumymy Koediyicuma Kopu-
cHoi 0ii. biom. 10, puc. 2, Tabnums.

Kuro4oBi ci1oBa: 3aHypeHH aCHHXPOHHUI JBUTYH, IPOCKTHUH CHHTE3, €HEProe()eKTUBHICTb.

3acTocyBaHHS TPaIUIIHHUX KOHCTPYKTUBHHUX CXEM aCHHXPOHHUX IBUTYHIB (A/]), TexHOIMO-
il BUTOTOBJIEHHS 1 MPOEKTYBaHHS 3a0e3leuye BUCOKY €(DEeKTUBHICTb CTBOPEHHS M 3aCTOCYBaHHS
AJl mis ycepeTHEHUX eKCIDTyaraliiaux yMmoB. Lle mocsraeTscs 3aBAsSKHA 0araTopigHOMY JIOCBITY
cTBOpeHHs1 AJl, KopekIii po3paXxyHKOBUX METOJMK 32 pe3yJIbTaTaMU JOCIIIKEHHS HaTypHUX 3pa3-
kiB A/l. Taka BigmparpoBaHa TEXHOJOTis cTBOpeHHs A/l yckiagHIoe po3poOKy BHCOKOES()EKTHBHUX
AJl cneuianizoBaHoro BUKOHaHHA. OcoOnmBOCTI 3acTocyBaHHs A/l moTpeOyroThb BHUKOPUCTAHHS
CTeniaTi30BaHuX KOHCTPYKTHBHUX CXEM 1 MarepialiB, aJanTOBaHUX IO KOHKPETHKH (DyHKIIOHY-
BaHHs MalllMHH, a 3HaYyHa BapTICTb CTBOpPEeHHSA AJl B yMOBaX OOMEXEHOI0 BUIYCKY (XapaKTepHO
s A/l cnemianizoBaHOTO BUKOHAHHS) 3aBakae bomy. [Ipukmagamu A/l 3a BUKOPUCTAaHHS CIIEIli-
aJ1130BaHUX KOHCTPYKTHBHHX cXeM € AJ] 3 MacUBHMM POTOPOM SK MOTY>KHUX IIBUIKICHUX MaIIWH
MIPUBOY KOMIIpecopa, TypOOHacoca, HarHiTauiB 1 Take iHue [1].

[3 mosiBOIO Cy4acHHMX TEXHOJOTiH, MarepialiB Ta 3aco0iB MaTeMaTHMYHOTO 3a0e3lneyeHHs
MpoeKTHOro cuHTe3y AJl, 30KkpeMa i3 3aCTOCYBAaHHSM IMapaMeTpu3allii MoJbOBUX Monenen [2, 3],
3’ ABIISAIOTHCS] HOB1 MOYJIMBOCTI OO MiABUILEHHS iXHBOI €HeproeeKTUBHOCTI B yMOBax CIeliati-
3alii 3aCTOCYBaHHA. 30KpeMa IIe CTOCY€EThCS 3aHyPEHUX aCHHXPOHHUX JBUTYHIB HACOCIB.

[Tig yac poboTu oOnagHAHHS 3aHYPEHUX HACOCIB OCHOBHI BTpaTH eHeprii (y BiACOTKax BiA
CIIOKUTOI €HEeprii) MpUMagaloTh Ha BTPATU B Hacoci — 61u3bko 30 %, y 3aHypeHOMY aCUHXPOHHOMY
enektpoasuryHi — 13 %, B xabeni — 10 %, 6nu3pko 9 % eHeprii BTpayaeTbesi B TpaHchopMaTopi,
CTaHLIi yNpaBIiHHSA 1 HACOCHO-KOMIIPECOPHUX TpyOax [4]. 3 orsimy Ha 1e Ta 3a4Js IiJABUIICHHS
eHeproe(EeKTUBHOCTI BUAOOYTKY Ha(TH YM MIA3EMHHUX BOJI 1 3HIKCHHS BTpaT aKTHBHOI MOTYKHOC-
Ti B CTPYMOIIPOBITHUX €JIEMEHTaX €JEKTPOTEXHIYHOTO KOMIUIEKCY 3aJIMIIAETHCS aKTyaJlbHUM IH-
TaHHS IT1IBUIICHHS €HEProe(eKTUBHOCTI 3aHYPEHHUX €JICKTPOIBUTYHIB [5].

Crendika poOOTH TaKMX MaIIMH IOB’s13aHa 3 YMOBAaMHU IXHBOT'O PO3MILIEHHS B TPyOOIpo-
BOJIl OOMEKEHOTO JIiaMeTpa, 3alIOBHEHHS] HEMAarHITHOT'O MTPOMIKKY MiK CTaTOPOM 1 pOTOPOM Piu-
HOIO, arpeCUBHOT0 BIUIMBY Ili€l piAMHU Ha MaTepiid MarHiTONpPOBOLY i OOMOTOK, BEPTUKAIbHUM
PO3MIIIEHHSAM OCi OOEpTaHHs POTOpa Ta BEIMKUMH HABAaHTAKEHHSMU Ha YHNOPHUU MiAIIUITHHK,
xuBJeHHSIM AJ] Bi OBroro kabesnto, po3MillIeHOTo B cBepUioBUHI. ToMy, 3BaXkaiouu Ha 3a3Haye-
Hi 0COOJIMBOCTI pOoOOTH, OKPIM HEOOX1THOCTI MiABUIIICHHS eHepreTnuHoi epextuBHOCTI, A/l cBepa-
JIOBUHHOT'O HacoCy MoTpelye 3HKEHHS ITyCKOBUX CTPYMIB Ta MEXaHIUHUX BTPAT Ha TEPTS MOBEPX-
Hi poTtopa 00 BOAYy, 30UIbIIEHHS HATIHHOCTI OOMOTKH W MiAIIUITHUKA [6].
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MeToto ni€i po60TH € 0OTrpyHTYBaHHS BUKOPUCTAHHS 3aC001B MPOEKTHOTO CUHTE3Y 3aHYPEHUX
ACHHXPOHHHX JIBUT'YHIB IHHOBAIIHHIX KOHCTPYKIIIH 3aUIs IiBUIIIEHHS IXHBO1 €)EKTHBHOCTI.

ITing gac po3poOKkKu HOBOI KOHCTPYKIIII €IEKTPOABUTYHA 3aJUIs MIABHUILEHHS HOTO eHeproe-
(eKTUBHOCTI HEOOXITHO MPAarHyTH 0 MaKCUMAJILHOTO BUKOPUCTAHHS HOTO IOTIEPEYHOTO Tepepizy
3 ypaxyBaHHSIM TEXHOJIOTTYHUX OCOOTMBOCTEN BUTOTOBIEHHS, EKCIUTyaTallll, eHepreTUYHNX Mapa-
METPIB i CTYNICHIO BUKOPUCTAaHHS aKTUBHUX MaTepiais.

Potop icayrouoro 3anyperoro AJl y #oro momnepedHomy nepepizi XapaKTepu3yeThCsl HU3b-
KMMHM €JIEKTPOMAarHiTHUMU HaBaHTaXeHHSIMU. ToOTO OlbIlla YacTUHA IUJIOLI MONEPEYHOro nepepi-
3y poTOpa, 110 BIJHOCUTHCS 0 Baly, IPAKTUYHO HE Oepe ydyacTh y Mpolecax eleKTPOMEXaHIYHOTO
MIEPETBOPEHHS €Heprii. 3 METOI0 MiJBUIIEHHS e€(EKTUBHOCTI BUKOPUCTAHHS MaTepially poTopa Ie-
peraeMo Bil KOHCTPYKINii poTOpa 3 MUXTOBAHUX JIUCTIB €IEKTPOTEXHIYHOI CTaNl A0 KOHCTPYKIIIT y
BUTJISAI CYLIJIBHOTO CTasieBoro enemMeHty. CyliibHHM CTaJeBHi pOTOp-Basl 3a0€3MEeYUTh MOXKITH-
BICTh €(DEKTUBHOTO BUKOPUCTAHHS SIK €JIEKTPUYHUX, MAarHITHUX, TaK 1 MEXaHIYHUX BJIACTHUBOCTEH
MaTepiany B ychoMy ioro mepepi3i. Kpim Toro, 3’sBIS€TbCS MOKJIHMBICTD 3HIDKEHHS ITyCKOBHX
CTPYMIB.

BpaxoBytoun TE€XHOJIOTiI0 OTPUMAaHHS IIUXTOBAHUX JIMCTIB MarHiTONPOBOIY cTaTopa M po-
TOpa, 110 MOJISITae Yy IXHBOMY OJHOYACHOMY IIITaMITyBaHHI, BIIMOBUTHCH TaKOX 1 BiJ KOHCTPYKIIi 3
IIMXTOBAHUX JIMCTIB €JIEKTPOTEXHIYHOI CTalli B MArHITONPOBO/I CTaTOpa. AJBTEPHATUBOIO MAKETa 3
IIUXTOBAHUX JIUCTIB €JIEKTPOTEXHIYHOI CTaji MOXKE CTaTH KOHCTPYKIIS CTaTopa 3 CYIIJILHOTO Ma-
Tepianxy, OTPUMAHOT0 32 TEXHOJIOTI€I0 TIOPOIIKOBOT METATYPrii.

Po3paxyHok xapakrepucTuk A/l 3 0e3lIMXTOBAHUMHM MATHITONPOBOJAMHU CTaTOpa Ta
poTOpa yCKJIQAHIOETHCS CEM(]IKOIO MPOLECiB Y HBOMY, 30KpeMa, TPUBUMIPHUM PO3IOALIOM Mar-
HITHOTO TOJIS, @ caMe: KpaeBUMHU e(PeKTaMu, BUTICHEHHSIM MarHiTHOTO MOTOKY 3 MarHiTOIPOBOIY
BUXPOBHMH CTPyMaMH, HENHIHHICTIO MapaMeTpiB Ta HECHHYCOIAHICTIO MporieciB. HaitbinpIn TouHO
TaKy 3a7a4y MOKHa pO3B’si3aTH MEeTOJI0M cKiHueHHHX eieMeHTiB (MCE) y TpuBuMIipHiil MOCTaHOB-
1i. Ane 1e moTpedye 3HaYHUX PECypCiB 0OUMCIIOBATBHOT TEXHIKM 1 B MPAKTHILI MPOEKTyBaHHS AJ]
YacCTIIe BUKOPUCTOBYETHCS ISl TECTyBaHHS OLTBIT TpoCcTUX Mojeneit. HaBiTh y pa3i BUKOpUCTaH-
HSl pO3PaxyHKy MAarHiTHOTO IOJISi METO/IOM CKIHYCHHHX €JIEMEHTIB Y JABOBUMIpHIN MOCTaHOBII 3a-
nadi Oe3rnocepeTHE BU3HAUCHHS TapaMeTpiB poOOYOro PeXMMYy 3a pe3ysbTaTaMH PO3B’S3aHHS
MOJILOBOT 3aj1aui MOTpeOy€e BEIMKUX BUTPAT MAIIMHHOTO Yacy, 110 MOB’SI3aHO 3 BEJIMKOIO KUIBKICTIO
iTepaniii. EQexTuBHICT, METOMIB MPOEKTYBAHHS MOYKHA CYTTEBO MOKPAIIUTH, SIKIIO BUKOPUCTOBY-
BaTW TOYHI MOJILOBI MiIXOIU JUIsl BU3HAUCHHS 3AJIKHOCTEH 3MIHU 1HTETpanbHUX mapaMmerpiB A/l i
3aCTOCOBYBATH iX ITiJI YaC PO3pPaxyHKiB PEKHUMIB POOOTH. Y 3B’SI3KY 3 UMM, JUIsl CTBOPEHHS e(dek-
TUBHUX KOHCTPYKIIiKA A/l 3 6€3IUXTOBAaHUMHU MarHiTONPOBOJAMU Ta JOCTIKEHHS PEKUMIB IXHBOT
poboTH po3pobIIeHa MaTeMaTUYHA MO/IETh BUSHAUCHHS ITApaMEeTPiB pOTOpa TaKUX JABUTYHIB [2, 3].

Po3pobnena MaremaTuyHa MOJETh BU3HAUCHHS NapamMeTpiB potopa A/l 3 6e31MXTOBaHUMHU
MarHiTONpOBOJIaMH BPaxoOBYe€ IMapaMeTPH MArHITHOTO TOJISI B POTOPi 1O OOKOBI, TOPIIEBiil MOBEp-
XHSIM, Y JTJOOOBUX 30HAX 1 Ia€ 3MOT'Y OTPUMATH KBa3iTPUBUMIPHUI pO3B’ 30K 3a/1a4i, IKHI BPaXOBy€
0COOJIMBOCTI CKJIQHOTO TPUBUMIPHOTO PO3MOiTY MarHiTHOroO moss. s moxens no3Bossie miaBu-
IUTH €(EKTUBHICTD MPOEKTYBaHHS TakuxX A/l 3aBISKM JOCTaTHRO TOYHOMY BU3HAYEHHIO MTapaMeT-
piB marHiTHOro nosst poropa MCE 1 MiHiMi3amii KUTBKOCTI MOJBOBUX PO3pPaxyHKIB y pa3i BH3HA-
YEeHHs HETIHIMHUX 3aJIeKHOCTEH 3MiHM IapaMeTpiB poTopa AJisl MOJAIBIIOr0 IXHROI'O0 BUKOPHCTAH-
HJ IT1]1 YaC pO3paxyHKIB IMapaMeTpiB eKCIUTyaTallliHuX PeXUMiB Al KOJTOBUMH METOIaMH.

Busnauyenns mapametpiB AJl 3 6€3MIMXTOBAaHMMHU MarHiTONPOBOJAMHU BUKOHYETHCS 32 3a-
CTOCYBaHHSI MAaTEeMAaTHYHOI MOJIEINI, B SIKii BC1 IPOLIECH B POTOPi, Y TOMY YHCIII i B MACUBHOMY Ma-
THITOMPOBO/ 3 PO3MOAIIEHUMH BUXPOBUMH CTPYMaMH, €KBIBaJICHTYIOTbCS MPOLIECaMH B €KBiBaJie-
HTHUX KOHTYpaxX CTPYMiB 13 30cepe/DKEHUMU Mapamerpamu [2, 3]. YMoBaMU €KBIBaJICHTYBAaHHS €
PIBHICTb BTpAT aKTMBHOI €HEPrii Ta eHeprii MarHiTHOTO MOJIA 332 OJHAKOBOI BETMUYMHN MArHiTHOTO
MMOTOKY B3a€EMHOI 1HIyKTUBHOCTI CTaTOP-POTOP Ta YACTOTH.

VYpaxyBaHHs HeNiHIHHUX BiacTUBOCTeH mapameTpiB AJl i3 Oe3MMXTOBAaHMMM MarHiTONpPO-
BOJIaMHU 3JIMCHEHO 3aBISKH BU3HAYCHHIO iXHBOI ()YHKIIIOHAJIBHOI 3aJIEKHOCTI BiJl HE3AJICKHUX
3MIHHHX 32 KO’KHOTO 3HaueHHsS KOB3aHHs. [lapaMeTpu 3a OCHOBHUM I0OJIeM € PYHKIIISIMH KoediIie-
HTa HACHYCHHS MAar”iTHOTO TOJIA, IO 3aJeXuTh Bix cymapHoi MPC mamuHu. AKTUBHUN Omip Ta
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IHAYKTHBHICTh PO3CIIOBaHHS POTOPHOTO KOHTYpa 3a (DiKCOBAHOTO KOB3aHHSI 3aJI€KaTh BiJ] POTOPHO-
ro ctpymy. Po3paxyHoOk mapaMeTpiB MarHiTHOTO KOJia 32 HasSBHOCTI JIBOX IIISAXIiB IMMOTOKY B3a€EMHOI
IHAYKTUBHOCTI (TOPIIIMU Ta OOKOBOIO MOBEPXHEIO) 3/11MCHIOETHCA 32 YMOBH IXHBOTO MapaiebHOTO
3’€IHaHHS, TOOTO 32 OJHAKOBHMX 3HAYEHBb MAJlIHHSA MArHITHOTO MOTEHIIANy Ha OUX AUIsHKax. s
BHU3HAUCHHS MapaMeTpiB €KBIBAJCHTHUX KOHTYPIB POTOpa 3 OE3MIMXTOBAHUM MarHiTOMPOBOAOM Tij
gac po3B’sI3aHHS MOJIBOBOI 337a4i B KBa3ITPUBUMIPHIN TOCTAHOBII TPOBOIUTHCS Y3TOUKEHHS Cc(ho-
PMOBaHUX 3aJIe)KHOCTEH MapaMeTpiB, 110 OTPUMaHi 0e3 ypaxyBaHHS B3a€EMHOTO BIUIMBY OJIMH Ha
OJTHOTO TPOTIECiB B OOKOBIH 1 TOPIIEBii MOBEPXHSAX Ta JOOOBIH 30Hi.

Peanizanisi onTuMi3aniiHOro MPOEKTHOr0 CHHTE3Y 3aHYPEHOI0 ACHHXPOHHOI0 IBUT'YHA
3 0e3IIMXTOBAHUM CTATOPOM i poTopoMm 3a kputepiem makcumymy KKJI 3niiicHena 3 Bukopuc-
TaHHSIM MaTEMaTHYHOI MOJIEJ PO3paxyHKy IapaMeTpiB aCHHXPOHHOTO JBHTYHA 3 OC3IINXTOBAHUM
MAarHiToNnpoBoA0M. 3a 6a30By MOJEJb 3aHYPEHOTO ACHHXPOHHOTO JIBUTYHA BI3bMEMO aCHHXPOHHUN
nBuryH notyxHictio P,=2800 Bt I123/IB 2.8-140. ['eomeTpuyuni mapamMeTpu MarHiTONpoBOIy CTa-
Topa Ta 00MOTOYHI HaHi AJl, Mo miAmAraroTh onTUMIi3allii, 3anumaThes He3MinauMu [7]. Koedi-
IIEHT 3aMIOBHEHHS MIJIIO TIa3a CepiiHOT MaIuHu ks ; = 0.1536.

KoHcTpykiiist potopa siBisie co0010 CYyIUThbHHIA CTaJIeBUIl MacHB 3 MPOMUIAMHU Ta MiJTHUMU
KOPOTKO3aMHUKAIOUMMH KUIBISIMU B JIOOOBUX MOT0 YacTHHaX. POTOp BUKOHAHMI 3 KOHCTPYKIIIHHOT
CTaJIl 3 €NeKTPUYHOIO MPOBiAHICTIO Y=5¢6 OM/M. EnexTpoMartitHi mapaMmeTpu IUITHKA KOPOTKO-
3aMHUKAI4YOro KUIBI CTAaHOBJISITH AKTUBHHM OIIIp rk=4.2e'7 OM, 1HIYKTHUBHICTh PO3CIFOBaHHS
Li=8.8¢” Tn.

3a mapameTpu ONTHUMI3allii TPUIHHATI MapaMeTpu MacuBHOTO (hepOMarHiTHOrO poTopa, a ca-
Me raubuna 0.02 M < h.<0.034 m Ta mupuna 0.0005 m < b.< 0.0012 m npopizis. KibkicTh npopi-
31B z HE 3MiHHA 1 IPHUITHATA Ha piBHI 42 OJ1.

Jlo yMOB onTuMi3alii BiJTHOCUTbCS BEIMYMHA JOMYCTUMHUX 32 HarpiBoM OOMOTKH BTpAT,
110 BIANOBINAE TPIFOYMM BTpaTaM cepiiinoi Mmammuu Prp,= 690 Br. Jlo rpitounx oOMOTKy BTpaT Oy-
JIM BiJIHECEHI BCi, 32 BUHATKOM MEXaHIYHUX BTpAT B MAIllMHi: B MarHiTONPOBO/i Ta OOMOTII CTaTo-
pa; B cTaji poropa (sfika € K MarHiTOIMpPOBOJIOM, TaK 1 CTPYMOIIPOBOJIOM); BiJl BUIIIUX TAPMOHIK Ma-
THITHOTO TIOJIS.

Ha BigMiHy Big cepiifHOT MalIiHU CTPYKTypa MarHiTONMPOBOAY CTaTOpa, OMTHMI30BaHOTO 32

KpUTEpieM MaKchyMy KKJI nBuryHa, xapakTepusyeTbcs 3aKpUTHMHU Ta3aMH Ta BIJIICYTHICTIO 130-

B[T] JrOI0Y01 TpyOM Ha 1 BHYTpIIIHINA TOBEpXHi. MaTeplan
MarHiTOIPOBOJly CTaTOopa — CYLUIbHHNA MartiTom’ sSKUi
koMrio3uT Somaloy 1301 5p [8] 3 enekTpuuHUM OTIOPOM
20000 pQm Ta MarHiTHOIO XapaKTEPUCTUKOIO HA pHC. |.

3 METOI BH3HAYCHHS BEIMYHMHHU JIOJATKOBHX
BTpPAaT 3a BUILMMH T'apMOHIKaMH IOJISl IPOBOAMIACK, 3
3MIHU KYTOBOI IIBHUJKOCTI POTOpa ®, Ta MOIYJSI KOM-

Puc. 1 POMAarHiTHOTO HeCTallioHapHOTOo 1o B 2D-moctaHoBIIi
po3paxynkoBoi oosacti AJl [9]. [IpakTndaHy BiICYTHICTB
JOJTATKOBUX BTPAT 32 BUIUMHU FapMOHIKaMHU MO MOX-
Ha TTOB’S3aTH 3 HASBHICTIO JIOCTATHHO BEIIMKOTO TTOBIT-

5 PSHOTO MPOMDKKY I MIiCTKa 3aKpHUTTS Ma3zy.

3a pe3ylpTaTaMu MPOBEACHOTO TONIYKY €KCTpe-

2 MyMy, peasi30BaHOTO Ha OCHOBI METOAY T'PaJi€HTHOTO

CIYCKYy 3a aJirOpUTMOM IIOCIIiJOBHOTO KBaJAPATHYHOTO

nporpaMmyBaHHs, OyJ0 OTPUMAaHO ONTUMAJbHY 3a KpH-

1 tepiem MakcumyMy KKJI acMHXpOHHOro JBUTYHA KOHC-
TPYKIil0 poTtopa 3 mapamerpamu  /h,=0.03 m Ta
b.=0.00062 m.

Ha puc. 2 HaBeneHO KOHCTPYKIIiIO JIBUTYHA, OT-
TUMI30BaHOTO 3a kputepiem makcumymy KKJI, 3 po3mno-

, CEpisl PO3paxXyHKIB €JICKT-

N

freq(1l)=3 Hz Surface: Magnetic flux density norm (T)
m
|

0.02  0.04 0.06 m
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IIJIOM MAr”HiTHOIO IIOJII B HMOro

MOTIepeyHoOMy  Tiepepisi,  sKa ' Cepiitauit O;ngpll?;(;];?e}:ﬁﬂ
OTpPUMAaHAa 3a pe3yJbTaTaMu Ipo- PesxuMHI TTapamMeTpH g MaKCHMYMY
EKTHOTO CHHTE3y B KOMIT FOTep- KKJI
HOMY cepejiouiil nporpam Mat- "pogounii moment Ha Baiy (Nm) 10.3 10.3
lab/Simulink [10] Ta Comsol | kK1 (%) 74.5 74.4
Multiphisics. Cos ¢ 0.81 0.72
VY Tabmuui HaBeneHO pe- | Ctpym pobouoro pesxumy(A) 7.0 7.9

KMMHI TIapamMeTpu sk cepiitHoro | CTpym myckoBoro pexumy (A) 41 32
neuryna IIDJIB 2.8-140, tak i | Ilyckosuit MomeHT Ha Baxy (Nm) 28 22
ONTHMi30BaHOTO 3a KpuTepiem | L Pitoui Brparu (W) 690 690
maxcumymy KKJI acHHXpOHHOrO MexaniuHi BTpaTH (W) 267 252
JBUTYHa iHHOBALIHOT KOHCTPY- IB[(T)I;EII’I(;BiCTa;ITlp ST)ZI) S 180 90
KIii. 3a IpOBEJEHUM ONTHUMI3a- ) -

o rapMmoHik nosus (W) 19 ~0
LIMHAM MPOCKTHNM CHHTC3OM Ha Brpatu B 00MoTmi ctaTopa (W) 328 415

6a3i asuryna [IEJIB 2.8-140 Oy-
JIO CIPOEKTOBAaHO MAIIWHY 3 aHa-
noriyauM cepiiHiit Mammui KK — 74.5 %. MoxxHa 6auuTty, 110 HaOUIBIIOr0 3HWKEHHS BTpaT B
ONTHUMI30BaHIi MaIuHi OyJI0 JOCATHYTO B YaCTHHI BTPAT y CTajlil. 3MEHIICHHS BTpAT y CTaJll cCTaTopa
CTaJIO HACHIJKOM 3aCTOCYBaHHS MarHiTHO-M’SKOT'O KOMIIO3UTY 3 BHUCOKHUM EJIEKTPUYHHM OIIOPOM.
Uepes 3011bIIEHHS CTPYMY OOMOTKH CTaTOpa BTPATH B Hill BIATIOBITHO TEX 3pOCIH (TaOIHII).

3aBISKA XapaKTepHUM OCOOJIMBOCTAM, sIKi mpuTamMaHHi A/l 3 MacuBHUM (epOMarHiTHUM
POTOPOM, OTPUMYEMO 3MEHIICHHS ITyCKOBOTO CTPYyMY, BEIMYMHA SKOTO Ma€ OCOOJIMBE 3HAUCHHS
Yyepe3 BEJIUKY TOBXUHY KUBHIBHOTO KaOelto.

Crnin 3ayBaKWTH, IO OTpUMaHa KOHCTPYKIlis AJl € onTHManbHOIO 32 KPUTEPIEM MaKCUMa-
apHOTO 3HaueHHs1 KKJI 3a yMOBH BapitoBaHHS TUIBKH JBOX MapameTpiB ontumizanii: h, Ta b,. Oye-
BUJIHO, IO IS OTPUMAHHS TTOBHOIIIHHOI ONTHMalIbHOT KOHCTPYKIIIi, IO mepeadadaTuMe mpoBe-
JICHHS ONTHMI3alliifHOr0 MPOEKTHOTO CHHTE3Y BXKE 3a OaraTbma mapamMeTpaMu ONTHMi3allii, mocTae
3a/1a4a TMOMAJBIIOTO YIOCKOHAJICHHS PO3POOICHMX MaTEeMAaTUYHUX 3aC001B TPOCKTHOTO CUHTE3Y .

BucHoBku. Ha HaBeneHoMy B poOOTI IpuUKJIaai MPOEKTHOTO CHHTE3Y 3aHYpPEHOr0 aCHHX-
POHHOTO JBUTYHA 3 OE3MIMXTOBAaHUMHU MarHITONPOBOIaMH OOTPYHTOBAHO JOLLUIBHICTh 3aCTOCYBaH-
HSl pO3pO0JIEHUX 3aC001B MPOSKTHOTO CUHTE3Y AaCUHXPOHHMX JBUTYHIB IHHOBAIITHUX KOHCTPYKIIN
JUTSL TIIBHUIIECHHS 1XHBOI eHeproeeKTHBHOCTI. 3aBIAKH MOEAHAHHIO TiJ Yac peajisarii MmpoeKTy-
BaHHS CIIELiaTi30BaHO] KOHCTPYKTUBHOI CXeMU BUKOHAHHS POTOpPA, TOCATHEHb B 00JIACTI Cy4acHUX
TEXHOJIOT1# Ta MaTepiaiiB, a CaMe BUKOPUCTAHHS CYIUIBHOTO MarHiTONMPOBOIY 3 MarHiTHO-M SIKOTO
koMmmo3uty Somaloy 1301 Sp, BUTOTOBIIEHOTO 3a TEXHOJOTIEI0 MOPOIIKOBOI MeTalyprii, po3po0die-
HUX MaTEeMaTUYHUX 3aCO0IB MPOEKTYBAaHHS 31 CTBOPEHHSM IapaMeTPH30BaHUX MOJBOBHX MaTeMa-
TUYHUX MOJIEJIeH aCHHXPOHHHX JBUTYHIB B/IAJOCS CIPOEKTYBATH 3aHYPEHUIH aCUHXPOHHUHN ABUTYH
Ha 6a3i [13/IB 2.8-140 3 cyTTeBUM mOKpaImieHHsIM iHoro myckoBux BiactuBoctel 1 3 KKJI pobouoro
pexxumy Ha piBHiI 6a30Boro A/Jl.

Pobomy eurxonaro 3a Oeporcdrodicemnoro memoro “Haykosi 3acadu ma 3acobu KOMNIEKCHO20 NPOEKMHO20 CUHME3Y
ACUHXPOHHUX MAWUH eHep2oedeKmUusHUX i pecypcozbepicarouux enekmpomexaniunux cucmem” (wugp « ACEJIMA-K»).
Jeporcasnuil peccmpayitinuil nomep 0117U00771., KITKBK 6541030.
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The expediency of conducting research in the direction of improving the energy efficiency of submersible induction
motors due to the introduction of a set of tools for the design synthesis of their innovative designs was reasoned. Means
of design synthesis of submersible induction motors of innovative designs are considered. The combination of which in
the implementation of the design will allow to increase the level of improvement of submersible induction motors in
accordance with the requirements for modern equipment, such as: reliability, energy efficiency, economy. The results of
realization of the induction motor optimal design synthesis of the submersible pump of an innovative design on the basis
of the I13/[B 2.8-140 motor by criterion of a maximum efficiency are resulted. Ref. 10, fig. 2, table.
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PO3PAXYHKOBA OLUIHKA BIBGPOIEPEMIIIEHD I MEXAHIYHUX HAIIPY)KEHb
130JIAIII IOBOBOI YACTUHHU OBMOTKH CTATOPA ITIOTY>XXHOI'O
TYPBOI'EHEPATOPA
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Ilpeocmagneno pesyntomamu wucenvbHux 00Cai0NHCeHb PO3NooiLy GIoponepemiuiens i MEXaHiuHux HanpylceHs 8 301ayil
1000601 vacmunu 0OMOMKU CIMAMOPA NOMYAHCHO20 Mypboenepamopa nio i€t en1eKmpoOOUHAMIYHUX 3YCULL 3d PI3HO20
KOHCMPYKMUBHO20 BUKOHAHHS NA308020 KPINJIEHHS CMEPIHCHI8 0OMOMKU 8 KiHYesill 30HI 0cepos cmamopa MAauuHu.
Mooentosanna mexauiuHux npoyecie 30iliCHEHO 3a 0ONOMO20K UYUCENbHO20 Memody cKinyeHHux enemenmie (MCE) y
08oMipHilU nocmarosyi. Posenanymo mooacnugicms 600CKOHANEHHS KOHCMPYKYIT 3 MeMO0 3MeHUeHH AMIIIMYyou Ko-
AUBAHL 10008UX Yacmun oomomxu cmamopa. bion. 16, puc. 7.

KurouoBi cioBa: typboreHepaTop, ocepis cTaTopa, TOPIEBa 30HA, CTEPKEHb OOMOTKH, 130JIALlisI, METOJ CKIHYEHHHUX
€JIEMEHTIB, BiOpoTepeMillieHHs, MEXaHIYHI Halpy>KEHHS.

Beryn. Ananiz poOoTu psay MocTadyaiabHUKIB €JIEKTPOCHEPrii CTpaXxOBHUMH KOMITaHISIMHU
MPOTSTOM OCTaHHIX 15 pokiB moka3aB [1], mo BiOpartis 1060Boi yactTuHu 00MOTKH cTaTopa (OC)
CTajla HalBaXJIMBILIOKO MPUYUHOIO BiMoBH TypOoreneparopis (TT'). Macmtabu peMoHTy, 30UTKH,
110 BUHUKAIOTh, Ta BTPATH BUPOOHUIITBA €JIEKTPOEHEPTil BUABISAIOTHCS JIyKe TOPOTUMH.

Opnniero 3 HalvyacTimmx npuuuH BiaMoB TI' y mporieci ekcrutyaTanii Ha aTOMHUX €JIeKTPO-
CTaHIIAX OyJIO MOPYIIEHHS MUTICHOCTI KpituieHHs J000Bux yactuH OC, 110 TOB’SI3aHO 3 HECTIPUSAT-
JUBUMH BiOPOAMHAMIYHUMU XapaKTEPUCTHKAMHU BY3JIa «KOJEKTOP IUCTHISATY—T1aTpyOKHU—30BHIIIHI
TpyOOnpoBOIM» KOHCTPYKIIi [2]. Bibparist 1000B0Oi yacTHHH OOMOTKH NMPU3BOAMTH 10 BUXOAY ii 3
Jaay 4epe3 CTUpaHHS 1301wl a0o BTOMY Mifi, pO3TPiCKyBaHHs, BHACIIIOK YOTO B 30HI JTOOOBHUX
JOCUTH YacTo MiJ] Yyac eKcIuryaTamii reHeparopiB notyxHictio 1000 MBT BinOyBaeTbest enexkTpud-
Hu# po6iit Ha 3emutro. [3 3aranbHOI KIJIBKOCTI BCiX BiJIMOB BiIHOCHHI BHECOK TaKOT'O BH]Y TOLIKO-
JoKeHBb cTaHoBUB 45,5 % (3a miarpamoro [Tapero [3, 4]). CydacHe KpiryIeHHsI TOBHHHO 3a0€31eYnTH
MiHIMaJTbHO MOXJIMBHH PiBE€Hb KOJHMBAHHS OOMOTKH BiTHOCHO OCEp[si, 00 3MEHIIUTH KUIbKICTh
TaKUX MOIIKOKCHb.

JIo6oBi yacTHHU OOMOTOK €JIEKTPUYHUX MAIIUH CKOHCTPYHOBaHI TAKUM YMHOM, IO 3a HOP-
MaJbHUX OOCTaBMH IXHI MEXaHIYHI HaBaHTa)KEHHS KOHTPOJIIOIOTHCS JOCTaTHbO HaJlNHO, 1100 3a-
moOirTu yurkomkeHHsIM. [Ipote, 1000B1 YaCTHHH MOXKYTh OYTH MOIIKOIKEH1 BHACTIIOK [5]:

— ocnabJeHHsT KPIIUICHHS JTIOOOBHX YAaCTHH 1 CIIONyYHOI CTPYKTYypH 4Yepe3 MEXaHiuyHe CTa-
PiHHS i TEMI0BE PO3IIUPEHHS;

— HeBJAJI01 KOHCTPYKIIi KPIiTJIEeHHs JTJOOOBUX YaCTUH B yMOBaX OJM3BKUX JI0 PE30HAHCY 10
MIEPBUHHUX MEXaHIYHUX CHJI YACTOTH OOepTaHHA Ta moABiiHOI yacToTu Mepexki (100/120 I'u);

— aHOPMAJIBHUX YMOB €KCIUTyaTallii (HeCUMETpisl, KOPOTKE 3aMHUKaHHS TOIIO);

— BIJTHOCHOTO TepEMIILEHHs OJTHOTO KOMIIOHEHTA L0JI0 1HILIOTO, 1[0 MOYE BUKIUKATH CTH-
paHHS BUCOKOBOJIBTHOI 130JIAA11iT OOMOTKH.

Bibpartist 1000BHX 4acTUH OOMOTKH MOYE MPU3BECTH 0 PO3TPICKYyBAHHS 130711 CTEPIKHS
00OMOTKH TIOOJIM3Y BHXOJY 3 Ta3a CTaTopa, a y BAKKHUX BHUITAJKaX — 10 BTOMHOTO PO3TPICKYBaHHS
MIJHUX TMPOBIJHMKIB, 10 BUKJIMKA€E 3HAYHI IYTOBI CTPYMH. 3peUITOl0, OyJb-sKa 3 IUX MpoOieM
Moyke Tpu3BecTH 10 3amukaHHs OC Ha 3emiio. 3a JaHUMHU €KCTIEPUMEHTAIBHUX JTOCIIKEHb T10-
Ty>kHUX TI' BCTaHOBJIEHO, L0 B pa3i HEJAOCTATHHOI'O BIJIPAIIOBAaHHS KOHCTPYKLIi CUCTEMHU Kpin-
nennss OC ii BiOpomepeMmilieHHs] B HOPMAJIBHUX EKCIUTyaTallifHUX pPeKUMax 3AaTHI TOCATTH He-
MPUITYCTUMO BEJIMKUX BEJIMYHUH [6].
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Pobotu 3 gocmimkeHHs piBHA BiOpallii e1eMeHTIB KOHCTPYKIlli B TOpieBiii 30H1 ctatopa TI
MIPOBOJIATHCS MIPOBITHIMH BUPOOHUKAMH TPOTATOM JECATHIIITh 1 TPHBAIOTH JOHUHI.

Bimomi iiMOBipHICHI METOU IOCIHIIKEeHHsI BIOpaIliiiHIX CUTHAJIB y 3a/adax BiOpoziarHoc-
TUKHU BY3JI1B €JIEKTPUYHUX MaIIMH [7].

[TopiBHsITbHE AOCHIKEHHS €IEKTPOMArHiTHOI CHIIM M MeXaHI4HO1 peakiii 0OMOTKU 10 i
MICIIA THUIMOBUX eJNeKTpoMexaHiyHux HecnpaBHocTedl TI' [8] mamo 3mMory oTpuMaTé aHaTITHIHHNA
BUpa3 ISl PO3PaxyHKY CHUJIH, IIO Jli€ Ha T0OOBY YaCTHHY 3a OJJHOYACHOTO MOPYIIEHHS CTATUYHOTO
EKCIEHTPUCUTETY W MIKBHTKOBOTO 3aMHKAaHHS B POTOpi. BIIMB Mi>KBUTKOBOTO KOPOTKOTO 3aMH-

OpHak, pe3ylbTaTH PO3PaXyHKIB J0CI HE 3a0e3Meuyr0Th HeOOX1AHOI s 1HKEHEPHOI IpaK-
TUKH TOYHOCTI. OiHA 3 OCHOBHUX MPUYUH TAKOTO CTAaHY TOJISATAE B HEJOCTATHIN HaIIMHOCTI 1H(O-
pMaii mo70 MEeXaHIYHUX MapaMeTpiB OOMOTKHM W 3HAYHOIO MipOI0 B HEBHU3HAYEHOCTI MPY>KHUX
BJIACTUBOCTEW KOHCTPYKIIIi KPITUICHHs. BiamoBiH1 BETUYMHU € BXIAHUMH JaHUMHU JUII PO3paxyH-
KiB, III0 B KiHIIEBOMY ITiICYMKY BU3Ha4ya€ HEJOCTATHIO TOUHICTh PE3yJIbTATIB.

Curyarnis nedinuty iHbOpMaIli MO0 BXITHUX JaHUX JIJIS PO3PAaXyHKY KOJWBaHb OOMOTKH
MPU3BOAUTH JIO0 TOTO, IO B JOCTIKEHHAX BiOpaIlii mepeBakaroTh EKCIIEPUMEHTAIbHI pOOOTH.

Bucoka BapTiCTh MOJETBHUX €KCIEPUMEHTIB 3MYIIY€ MPOBOAUTH JOCHIKEHHS Ha HaTyp-
nux TT', a BignpairoBaHHs] KOHCTPYKIIIH KPIIJICHHS MPOBOIUTH 32 Pe3yIbTaTaMHU IIUX JOCIIKEHb.

Huni Bci moryxui TI' mpoxomsaTe BiOpamiiHuii KOHTPOJIh Ha CTEHAAX MIiAMPUEMCTB-
BUPOOHMKIB 1 MEPIOANYHUNA KOHTPOJIb — B MEpII POKU eKcIutyartarii. baraTopiunuii qocBig mocii-
JOKEHB J1aB 3MOTY BHJUTMTH 3arayibHi s pisHUX THIIB TI' ocoOmmBocTi BiOparllii JOOOBUX YacCTHH
OC. Benuuunu BiOpO3MillleHb 3alIeKaTh BiJ €JIEKTPOJUHAMIYHUX 3yCHUJb, II0 BH3HAYAIOTHCS HE
TITBKH CTPYMOM Y CTEpIKHI, ajie ¥ 1HIIMMHU MapaMeTpaMu OOMOTKH. BUKOpUCTaHHS HEIOCTATHHO
KOPCTKUX CHUCTEM KpIIJICHHS Ha TeHepaTopax BEIHMKOI MOTYKHOCTI MPU3BOJIUTH O BUHUKHECHHS
HETIPUITYCTUMOTO PiBHS BiOpartii.

[Tpobnema HamIHHOTO 3aKPIIUIEHHS CTATOPHOI OOMOTKH CTaHOBUTH OJIHY 3 OCHOBHHUX TPY/-
HOII[IB KOHCTPYIOBaHHS MOTYXHUX TI .

Benukuii 006csr po3paxyHKOBHX 1 €KCIIEPUMEHTAJIBLHHUX JOCHIKEeHb, sKi Oyl BUKOHaHI B
MHHYJI1 POKH, BCE K HE JIaB 3MOTY IMOBHICTIO BHPIIIUTH 3aBIaHHS NMPOTHO3YBAaHHS PiBHS BiOparrii
n060Bux yactuH OC 1 € OgHUM 3 HaWBaXIIMBIIIMX 3aBJaHb MpoekTyBaHHs noTyxHoro TI'. Ile Ha-
CIIpaBJIi JIETKO MOSICHUTH, SKIIO PO3TJITHYTH O€3714 ieani3amii y HalOUIbIl TOKJIaJHUX PO3PaXyH-
KOBUX MeToaukax. HeoOXigHicTh imeamizamii po3paxyHKOBOI CXeMH IOB’s3aHa SIK 13 CKJIQJHICTIO
reoMeTpii J000BUX YaCTHH, XapaKTepaMH iXHIX 3B’S3KiB MK CO0O0I0 i OMOPHUMH KOHCTPYKIIISIMH,
TakK i 3 0COOJIMBOCTSIMU TEXHOJIOT1i, MaTepiasiaMu, sIKi 3aCTOCOBYIOTHCS, HEIOCTOBIPHICTIO OaraTbox
BXiTHUX AaHuX. HaBiTh OararoBapiaHTHUN MiAX1J O TEOPETHYHOI OIIHKH BiOpAIiifHOTO CTaHy 3a
JIOTIOMOTOI0 aJITOPUTMIB MacOBUX PO3PaxyHKIB KOJMBaHb JOOOBHUX YACTHH /A€ 3aHAJTO HMIMPOKHUNA
Jiara3oH MPOTHO30BAaHUX BEJIMYHWH, III0 BUMArae BOJHOYAC 3HAYHOTO 0OCATY IMiIr0OTOBYOI Ta 00YH-
CJIIOBAJILHOI POOOTH.

MeTor0 po00TH € TOCITIIKEHHS pO3MOALTY MTEPEMIIIEHb Ta HANPYKEHb 10 JTOBXKHHI T000BOT
YaCTUHU OOMOTKH cTaTopa TypOOoreHeparopa, sKa 3HaXOJUThCS MiJ JI€I0 eJIeKTPOIUHAMIUYHUX 3Y-
CWJIb, Ta MOXJIMBOCTI MOJIMIIEHHS MEXaHIYHUX XapaKTEPUCTUK IIJISIXOM BJIOCKOHAJIIEHHS KOHCTPY-
KIii 3aKpIIUIEHHS CTEP>KHIB OOMOTKHM Ha BUXO/I 3 Ma3y.

AHaJi3 pe3yabTaTiB YHMCeJIbHUX JI0CJiTKeHb. [IpoananizoBaHO pe3ysbTaTu JOCIIHKEHB
po3moIiTy BiOponepeMilieHb 1 MEXaHIYHUX HAIMpyKeHb B 13071l 1060801 yactuan OC TI moty-
xHicTio 1000 MBT mig gi€ro enekTpoAnHAMIYHUX 3yCHITh 32 Pi3HOTO KOHCTPYKTUBHOTO BUKOHAHHS
Ma30BOT'0 KPIIUIEHHS CTEP)KHS B KIHILIEBIH 30HI reHepaTopa. MoentoBaHHs MEXaHIYHUX MPOLECIB
3MIMCHIOETHCS 3a JIOTIOMOTOI0 YHCEIBHOTO MeToay cKinueHHuX eneMeHTiB (MCE) y aBomipHiii mo-
CTaHOBIII.

Bupimenns 3agadi npy>xHocTi TBepaoro Tiia Ha ocHoBi MCE ekBiBanieHTHe y BapialiiiiHin
MMOCTAHOBIII MiHIMi3aIlil TOTEHIIHHOI eHeprii CUCTeMH, IO BHPAXKEHA depe3 MoJie IMepeMilleHb. Y
nporieci MiHiMi3aIlli MOTEHIIHHOT eHeprii MPY>KHOTO Tija B MOJbOBIM MaTeMaTHYHIM MOJENI YTBO-
PIOIOTBCSI IHTETpal, SIKi BXOJATh Y PIBHAHHS U1 efeMeHTiB [11]. MaTpuiis ;xOpcTKOCTI eleMeHTa:
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BeKTOp HaBaHTaAXCHHJA CJICMCHTA.
D
=N Y dV=[BITD fo)d V[T 3 p, ([ S-(P, )
V 7 V S 2

ne [B] — matpuist rpamieHTiB; [D] — MaTpHIl IPYKHAX KOHCTAHT; {80} — movaTkoBa Aedopmariis
eneMeHTa; [N] — marpuns QyHkuii opmu; X, Y, Z — 06’emui cunwu; Py, Py, P. — TOBepXHEB1 HaBaH-
TakeHHs; {P} — BEKTOp BY3JIOBUX CUJI; S — IJIOLIA el1eMeHTa; V — floro 00’ em.

Jnist TPUKYTHOTO €JIeMEHTa 3 KOOpIWHATaMHU BEPILWH i, j, m Y JEKapTOBiil cCHCTeMi KOOpIH-
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ne 3MiHHI U 3 iHAeKcaMu «2» (ToO0TO y ABOBUMIpHIN MOCTAHOBIII 3a/1a4i) BiAMOBIIal0Th BEIUYHHAM
nepeMiIeHb B3JIOBXK OCi )y, a 3 iHxekcaMu «2-1» — B3JJOBXK OCi X.

Binomo, 1o Haii011b111 BiOparii 0OMOTKM Bi/I3HAYAIOTHCA B paIialbHOMY HAMpPSMKY; TaHTe-
HIiaJIbHI TIepeBaXkHO B 1,5...2 pa3za Hmwk4e. BogHoyac MakcHMaibHI TUTOMI €JIEKTPOAMHAMIYHI 3y-
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CWIIS AIIOTh Ha JI0OOBY Ayry B paaianpHoMy Hampsamky W st TIT mortyxkuictio Bim 800 mo
1200 MBT cTanoBnsTh BianosiaHo Big 19,4 mo 16,8 H/em [12].

Po3paxyHnkoBa oliHka BiOporepeMilleHb 1 MeXaHIYHUX HANpyKeHb B €JIeMEHTax 130JALii
7000BOT YaCTUHU CTEP>KHS MpoBoauiacs s cratopHoi ooMotku TI' motyxuictio 1000 MBT, 1o
3HAaXOAMTHCS MiJl BIUIMBOM pajiiajbHUX €JIEKTPOJIMHAMIUHUX 3yCHIIb Y HOMIHAJILHOMY PEXKUMI.

Ha puc. 1, 2 BimoOpakeHO PO3MOAUIA MEXaHIYHUX XapaKTEPUCTHK 130JIAIiT 32 JOBKHUHOIO
CTEep>KHS Ha BUXO/Il 3 I1a3a Ocep/is 3a 3BUYAHUX CIOCOOIB KPIIUIEHHS M1a30BOi YACTMHU OOMOTKH B
30H1 KpaifHix maketiB TI' (BiIMOBiIHO aMILTITYAH BiOpomepeMillieHb BY3JIiB 130111 Ta HaNpysKeH-
Hs B ii enmeMeHTax: 1 — akcianbpH1 (B3I0BX OCi X MOjieni); 2 — pajianbHi (B3OBX OC1 V); Ha HACTYM-
HUX PUCYHKaxX MO3HAYECHHS KPUBUX BIAMOBIIAIOTH yKa3aHuM). BogHovac BeTMUMHM aKciallbHUX Bi-
OporepeMilieHb B 00aCTi TOJIOBOK JIOOOBHX YaCTHH CKiIanarTh -0,112 MM, a MakcUMalTbHUX pajli-
anpHux — 0,258 MM; JIOKaJIbHI MakCUMaJIbHI MEXaHI4HI Halpy>XeHHs (B TOPILIEBii 30HI reHepaTopa)
JocararoTh 3HadeHb 2,300 Mlla i 3,262 MIla BigmoBigHO.
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Binmomi BapiaHTH BUKOHAHHS TOPIIEBOI 30HH CTAaTOPA 3 «BUBUILHEHHSIMY» CTEPKHS OOMOTKH B
o0racTi KpaifHiX MakeTiB ocepias Ha meBHy rmOuHy [13, 14]. Pe3ynbratu 4MCenbHOTO aHali3y
BIUIMBY HE3aKpIIJICHOTO B Ma30Biil yactuHi «Binapizka» 0,2 M craropHoi oomotku TI' Ha BiOpome-
XaHIYHUHU CTaH i1 1000BO1 YaCTHHHM MMOKa3aHO Ha puc. 3, 4.
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3a Takoro KOHCTPYKTUBHOTO 3aKpIIICHHS MA30BOi YACTUHU CTEP)KHS TOPIBHSHO 31 3BUYAIA-
HUM BapiaHTOM CYTT€BO IMiJBUILYIOTbCS BEJIMYMHU MAaKCHUMAJIbHUX aKClaJIbHUX 1 paJiaIbHUX Tepe-
MilIeHb J1000BUX 4acTuH (BiamosimHo -0,211 i 0,554 mm). Takoxx 30UIBIIYIOTBECS W MaKCHUMaJbHI
3HAYCHHS MEXaHIYHHUX HaIpykeHb (10 2,895 1 3,470 MIla).

[lepemimeHHs1 CTEpKHIB Ha BUXOJI 3 Ma3a CHOPUAIOTH ociabieHHto By3MiB kpimuieHHs OC,
10 TPU3BOAUTH A0 MIABUIICHHS BiOpallii CTep»HiB 1, 31 CBOT0 OOKY, 10 TIPUCKOPEHHSI TTOIIKOKEH-
Hs Aetaneit kpimieHHs [15].

[ToninmenHs BIOpOMEXaHIYHUX XapaKTEPUCTUK CTEPKHEBOT OOMOTKH MOXKe OyTH JTOCSATHY-
TO 3aBJISIKM 3aCTOCYBaHHIO TEXHIYHOTO pimeHHs [16], ke cupsMoBaHe Ha (hiKcallilo KpalHiX K-
HIB y Ta3ax ocep/is, a TaKOX 3aJJ1s1 YHUKHEHHSI MOKJIMBOCTI OCIa0JIeHHs IXHOTO KPITUICHHS 1 BH-
nagiHas (puc. 5).
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CyTHICTh yIOCKOHAJIEHOT KOHCTPYKIIIi MMOJIATa€E B TOMY, 1[0 BOHA JIa€ 3MOTY 3MEHILIUTH J0-
BXKHHY KOHCOJIHOI YaCTHHM CTEP)KHIB OOMOTKH Ha BHXOJ 3 Ocepis W y Takuil crocid 3MEHIIUTH
aMIUTITYAy i1 KOJMBaHb.

Ha puc. 5 monepeunoro po3pi3y ocepas it OC reneparopa mo3HadeHo: 4 — HATUCKHI MaJbIIi;
7 — mpoCIYKW B MaJblisAX; 8 — AUCTaHIlHI BcTaBky; 10 — BuUpi3u B 3yOIsX ocepas; 11 — Bupizu B
nanblsAX 4 B 30HI KIUHIB, CIIBBICHI 3 BUpi3amu 12 B CTIHKax Ma3iB, y SKUX PO3TAIIOBaHI MOAOBKEHI
kinuHU 13; 14 — cTOMOpHI MIAHKK 10 ManbliB 4 3 00ATOBUM 3’€qHaHHAM 15; 19 — mmunbku Mix
nanbisaMu; 20 — TBUHTH IS KPITUICHHS IIMIJILOK JI0 TAJTBIIIB.

VnockoHaneHi HATHCKHI Malbll ITOAOBXKEHI
0 pajilyCy 10 BHYTPINIHROTO JiaMETpy cTaTopa i B
30H1 KIHIIEBUX KIMHIB OOMOTKH BHKOHAHI 3a THUIIOM
«4001TKIBY» 13 TPUKYTHUMH BHUpI3aMHU B CTIHKax Ha
ONIHIA OcCl 3 BHpi3aMH B Ta3ax ocepis, a KiHIEBl
KJIMHM 30UTBIIEH] 32 JOBXKHUHOIO 1 IMUPUHOIO 3 OOKY
«41001ITKIBY» 1 3a0e3meueHi J0IaTKOBUMU TPUKYTHHU-
MU BUCTYITAMH.

[To3uTuBHI 3MiHU BiOpalifHUX MOKA3HUKIB
71000BO1 YaCTHHU OOMOTKH LITIOCTPYIOTH pHC. 6, 7.
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PesynbpTatu po3paxyHKiB MoKazaiu MpakTHYHO ABopaszose (10 -0,068 i 0,152 MM) 3MeHIIeH-
HS BIJTIOBIJTHO MAaKCUMAJIBHUX aKCIQIBHHUX 1 paJialIbHUX MEPEMIIIeHb BY3JIiB 130JIA1lii, 10 JocsTa-
€TbCS 3aBJSIKM YJOCKOHAJICHHIO KOHCTPYKII KPIIUIEHHS Ma30BOI YAaCTMHU CTEP)KHS MOPIBHSHO 3
TpaaumiiHo0. JIoKambHI MaKCUMallbHI 3HAYEHHS MEXaHIYHUX HANpPYXEHb 3HIKYIOTHCS B TaKOMY
BUMAIKy npubnu3Ho B 1,5 paza (1,543 12,048 MIla).

BucHoBku.

1. Po3po6iieHo mosiboBi MaTeMaTU4YHi MOJIeli, KOMIUIEKCHY METOJIMKY Ta IporpaMHe 3abes-
TIEUYEHHS ISl YUCENBbHUX TOCTIKEeHh MEXaHIYHUX XapaKTePUCTHUK €JIEMEHTIB 0OMOTKH CTaTOpa Io-
TY>KHUX TypOOTeHepaTopiB.

2. IIpoanani3oBaHO BIUIMB Pi3HOTO KOHCTPYKTUBHOT'O BHKOHAHHS KPIIJICHHS Ma30BOI Yac-
TUHU OOMOTKH cTaTopa Ha BiOpaliiiHuii cTaH ii 1000BOi YaCTHUHHU.

3. Ioka3zaHo, M0 TpeACTaBIeHe BIOCKOHAICHHS KOHCTPYKIIi KpITUIGHHS Ma30BOi YaCTUHU
CTEep>KHsI OOMOTKHM Ha BHXOJIl 3 OCEpAs Ja€ 3MOI'y JOCATTH Maif’ke JBOpa30BOro 3MEHIIEHHS akcia-
JBHUX 1 paJialibHUX TepeMillleHb BY3JiB 130JIi1 B J0OOBi uYacTHHI 0OMOTKM crartopa u 50-
BiJICOBOT'O — MEXaHIYHHMX HAMpy>KeHb B HIl Ha BUXO/I 3 MMa3y ocepsl.



50 ISSN 1727-9895. Hpayi IE/] HAH Yxpainu. 2022. Bun. 63

Pobomy eurxonano 3a depaxcbroddicemnoro memoro «Hayrkose obrpynmyeanns ma po3pobka memoodis i 3acodie niogu-
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CALCULATED ASSESSMENT OF VIBRATION MOVEMENTS AND MECHANICAL STRESSES OF
INSULATION FRONT PART OF THE STATOR WINDING OF THE POWERFUL TURBOGENERATOR

K.A. Kuchynskyi, V.A. Kramarsky
Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine

e-mail: kuchynskyy1962@gmail.com, kramarskijv@gmail.com

Presented are the results of numerical studies of the distribution of vibration displacements and mechanical stresses in
the insulation of the frontal part of the stator winding of a powerful turbogenerator under the influence of electrody-
namics forces for different constructive solutions of the groove fastening of the winding rods in the end zone of the gen-
erator stator core. Modeling of mechanical processes is carried out using the finite element numerical method (FEM) in
a two-dimensional setting. The possibility of improving the design with the aim of reducing the amplitude of oscillations
of the front parts of the stator winding was considered. Ref. 16, fig. 7.

Keywords: turbogenerator, stator core, end zone, winding rod, isolation, finite element method, vibration movements,
mechanical stresses.
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CUMETPUYHI IHAYKTUBHO-EMHICHI IEPETBOPIOBAYI 3 OTHO®AZHUM
MOCTOBHUM BUITPAMJUIAYEM, AKTUBHUM HABAHTAKEHHAM
TA EMHICHUM ®UIBTPOM

B.M. FyﬁapeBnq*, KaH7. TexH. Hayk, FO.B. Mapyﬂﬂ**, kaHa. TexH. Hayk, B.II. Kaban, kaun.
TeXH. HayK, B.}O. MaTBe€B, kaHa. TEXH. HAyK

IactutyT enexrponunamik HAH Ykpainm,

mp. ITepemoru, 56, Kuis, 03057, Ykpaina

E-mail:  marunia@ied.org.ua

Hocniosceno enexmpomaznimui npoyecu 6 0OHODAZHOMY MOCHOBOMY GUNPAMIAYL 3 AKIMUSHUM HABAHMAICEHHIM MA
EMHICHUM DITbMPOM NIO YAC HCUBLEHHS 1020 810 CUMEMPUHHO20 THOYKMUBHO-EMHICHO20 nepemeopiosaya (IETI), suxo-
Hanoeo 3a cxemoro M1, ma npogedeno nopigusaHHs 11020 AKichux xapakmepucmux 3 I€11 3a cxemoro T1-LCL. Bcmanos-
neno, wjo cxema M1 mae Kpawji nokasHUKU NUMOMOI NOMYIHCHOCMI, npome eukopucmanna mocmogoi cmpyxmypu 1€I1 e
HeOOYibHUM 6e3 NONINueHH s iT e1eKmpOMASHIMHOL CYMICHOCMI 3 Mepedicero JHCUBNIeHHS. 3anponoH08AHO cnocodu 800-
ckoHanenus makoeo 1€ bioin. 14, puc. 4, Tabmums.

Kuro4oBi ci1ioBa: BHIIPSIMIISY, aKTUBHE HABAHTAXKCHHS, EMHICHUHN (QITBTP, IHAYKTHBHO-EMHICHUN TIEPETBOPIOBAY, EJICK-
TPOMAarHiTHa CyMiCHICTB.

[HIyKTHBHO-EMHICHI TIEPETBOPIOBAYi JUKEpena HapyTu B kepeno crpymy (IE€TT) 3aiimaioTh
0co0NIMBE MiClIe cepe]l aHAIOTIYHUX MEepPEeTBOPIOBAYiB 3aBASKM HH3I mepesar. Lle cxemHa 1 KOHC-
TPYKTHUBHA TPOCTOTA, BUCOKA HaiiHICTh, BUucokmii KK/, MOHMBiCTh mapasnensHoi poOoTu OJIOKIB
I€IT Ha pi3HI HOMIHAIBHI CTPYMH M MOTYXHOCTI Ta iH. ToMy BOHM HaOyJIM MIMPOKOTO BIPOBAKEH-
HS B PI3HUX Tajly3sX HapoaHOro rocrnoaapcTsa [1-6]. Sk 3a3HaueHo B poOoTi [7], HalOLIBII pariio-
HaJIBHO 3aCTOCOBYBATH B po3poOkax /-, 7-, I1- Ta M- noni6Hi ctpykrypu I€IL. Cepen vux 7-, [1- Ta
M-11on1iGH1 CTPYKTYpH € CHMETPUYHUMH, 00 MAIOTh OJTHAKOBY KOH(ITypaIlito BITHOCHO MEPEXi K-
BJICHHS Ta HaBaHTaXeHHsA. EneMeHTaMu IMX cXeM 3a akTHBHOro HaBaHTaxeHHs I€II Teue cTpym
CHHYCOiHOI (popMH, 1 ONTUMI3aLlis PEAKTHBHHUX MOTYKHOCTEH €JIEMEHTIB POBOJUTHCS 32 aJTOPH-
TMOM, HaBeJIeHUM Yy po0OoTi [7]. Bubip BcTaHOBIIEHOT peaKTUBHOI MOTY>KHOCTI €JIEMEHTIB BUKOHY-
€THCSI 3 BpaXyBaHHSM IMapabOIITHOTO XapaKTepy 3MIHU 3aJIeKHOCTeH a0comoTHUX () Ta MUTOMEX
(g) moTy>XHOCTe# BiA BIAHOCHOTO omopy HaBaHTaxeHHS (X>). [lo3Hauku, HaBeAeHI B AyXKKaX, Oy-
IyTh po3in(poOBaHi Jai.

VY pob6orti [8] mpoBoamiiochk nopiBHsHHA cxeM [ 7-LC Tta cumerpudnoro 7'/-LCL (3rigHo 3
knacudikariero, HaBeJeHO0 Y poboTi [7]) mpu ixHii poOOTI HA BUNPAMIISIY 3 EMHICHUM (iTBTPOM
Ta aKTUBHUM HaBaHTaxkeHHsM (B Cy R,). JlocniykeHHs BUSBUIIO OJHY OCOOJIUBICTD, SIKA IOJIATA€ B
TOMY, 110 aOCOJIIOTHI MOTY>KHOCTI PEAaKTHBHHUX €JIEMEHTIB MAIOTh JIHIWHY 3aJI€KHICTH B OMOPY
HaBaHTaXeHHA (X>), ToMy aOCOJIOTHE 3HAYEHHS BCTAHOBJIEHOI MOTYXHOCTI OHO3HAYHO BH3Haya-
€THCS 32 BEJIMYMHOIO BiTHOCHOTO OMOPY, fKa MPUMANAE HAa MIHIMYM MUTOMHUX TOTYXHOCTEH, 10
MaroTh napaboniuHuil xapakrep. IlopiBHAHHSA Moka3ano, mo cumerpuunuii 7/-LCL Mae kparii sKi-
CHI XapakTepucTHKH. lle MeHI 3HaYeHHS MUTOMOI MOTYXXKHOCTI PEaKTOpiB Ta Kpalli MOKa3HUKA
enekTpomarHiTHOI cymicHOCTI (EMC), ocHoBHUMU 3 skuXx € THD; 1a cos ¢ [9]. JocnimkeHns Moc-

toBoro I€II, Bukonanoro 3a cxemoro M1, nipu iforo po6oti Ha B Cy R, He npoBouiock. ToMy MeTo10
i€l poOOTH € BU3HAUYCHHS AKICHUX XapaKTEPUCTHUK Y CUCTeMi «0AHOGA3HUNH MOCTOBUHN 1HAYKTHUB-
HO-€MHICHUH TIEpETBOPIOBAY JPKEpelia HApYTH B JHKEPEIO CTPYMY — MOCTOBHM BHIIPSIMIISY 3 aKTH-
BHUM HAaBaHTA)XEHHSAM Ta €EMHICHUM (UIBTPOMY Ta MOPIBHAHHS AKICHUX XapakTepucTuk 3 I€II, Bu-
KOHaHoOro 3a cxemoro 7/-LCL.

© I'ybapesuu B.M., Mapyns H0.B., Kaban B.I1., MatBees B.1O., 2022
ORCID ID: “https://orcid.org/0000-0003-2416-9858; ~https://orcid.org/0000-0003-0071-1702
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Ha puc. 1 HaBemeHo cxemy

. ==VD1 —==VD2
BHIIPSIMJISIYA, HA BXOJI SIKOTO BKIIIO- L1 N iy
> = — Ay lien
YeHHU CUMETPpUYHUI ICU 3a CXeMOI0 & 70 g WLV
M]I. lna oTpuMaHHA SIKICHUX Xapak- L cr | c2 _ o RH
TEPUCTHUK 1 JOCHIKEHHS €IeKTpoMa- w=U_ sinmen _ L2 Uien —— H
. . | et
THITHUX TPOIIECIB CXeMH OyJIo Mpo-

BeJICHO s eKCIIEPUMEHTIB i3 3acTo- & LD T
COBYBAaHHSIM OJIHOTO 3 METOJIIB Mate- /N /l
MaTHUYHOI Teopii MIaHyBaHHS €KCIIe-
pumenty [10, 11], a came oprorona-
JBHOTO TUIAHY JPYyroro MOpsAKy, Puc. 1
SKUM Ja€ JIOCTaTHIO aJIeKBaTHICTh

MoJenl 00’ eKTa JOCHIIKEHHS.

®yukuismu uini Yy € THD;, cosp, abcomotHi Q Ta mutoMi g TOTYXHOCTI O, 5, ¢,5,0c 5,

SVEM

q.s peakropie LI, L2 Ta xoupencaropis Cl, C2, ne q,s =q,+q,, =20%, [ Ly " Uen = O, [Stien »
des =9 c1t9e :2[CUC/II€I'I Uen = 0Qcx /Smen s Siien =Lien Usens 1> Ies Liep> Ups Uy Uy —

04l 3HAYEeHHS CTPYMIB Ta BifnoBiaHo Hanpyr I€IL; S, ., — oBHa moTy>HicTs Ha Buxoxi I€TT [12].

3a ¢axTopu, 10 BapiloI0Thes, 00paHo: X; — BinHomeHHs eMHOCTI Cy KOHJEHcaTopa QiibTpa
1o emHocti C/=C2=C xonaencatopis I€II Ta X>— BiAHOIIEHHS ONOPY HABaHTAXECHHS Ry 10 OTIOPY
peakropa I€Il x, =wL, (ne LI=L2=L). ExcniepuMeHT IPOBOAMBCS 32 CXEMOIO, 300paKEHOI0 Ha

puc. 1, 3 HacTynmHUMH TlapaMmeTpamu: Hanpyra xuBiieHHs 230 B, yactota Hanpyru 50 ', nmoTyx-
HICTh HaBaHTAXXEHHS, sK 1 B [§], BapiroBanack Bix 0,3 1o 1,2 kBt. I€II Bukonano 3a cxemoro M1 3
IHIYKTUBHICTIO peakTopiB L=184 MI'H 1 emHicTIO KOHAEHCaTOpiB C=50 MKk®. CTpyM 1 Hanmpyra Ha
BXOJIl Ta BUXO1 BHIpSAMIIAYA peecTpyBanucs Ta BuMiproBanucs npuiagom CA PowerQualityAna-
lyzez. Pe3ynbTaTi BUMIpIOBaHb Ta OOYUCIICHh HABEJICHO Y TAOJIHIII.

X; YN

N

Xg | Xp | x5 | X5 Xy XXy | THDi, % | cos¢ | O, Ocx Suien | 9rs | 9es
1 [+l -1]-1| 13 1/3 +1 69 0,748 | 333,96 | 693.6 | 2432 | 1,373 | 2,852
2 0 +1 [ +1 ] -1 | 13 1/3 -1 67 0,754 | 333,96 | 6936 | 2432 | 1,373 | 2,852
3041 -1 +1 | 13 1/3 -1 422 0,866 | 1712,88 | 1288 | 1131,6 | 1,514 | 1,138
4 | 41 | +1 | +1 | 1/3 1/3 +1 41,8 0,867 | 1757,66 | 1316 | 1131,6 | 1,553 | 1,163
5041 |-1]0 ]| /3 |-2/3 0 48,1 0,839 | 932,06 | 912 720 | 1,295 | 1,267
6 | +1 |+1| 0 | 1/3 | -2/3 0 47,3 0,843 | 932,06 | 912 728 | 1,280 | 1,253
70+1 0| -1]-23] 13 0 69,3 0,747 | 33396 | 693,6 | 2432 | 1,373 | 2,852
8 | +1 | 0 | +1 | -23] V3 0 42 0,868 | 1757,66 | 1353,6 | 1148 | 1,531 | 1,179
9 |+1 | 0| 0 |-23]|-23 0 48,5 0,839 | 9255 936 720 | 1,285 | 1,30

3a monepeaHiMU AOCTiKeHHAME [ 13-14] 3a ocHOBY OyJH MPUITHATI 3HAYSHHS IS Jliana3o-
HiB 3MiH ¢akTopiB X; Ta X>. [lepmuii ¢paktop X; 3MiHIOBaBCs B Aiama3oHi Bill X my=9 10 Xima—=18
3a paxyHOK 3MiHM eMHOcTi KoHzaeHcatopa Cy Bin 450 Mk® 1o 900 Mx® (ocHOBHUI piBEHb
675 mx®d, iHTepBan BapitoBaHHs 225 MKD). ¥V npyromy dakTopi X, 3MiHIOBABCS OIip HAaBAaHTAXEH-
Ha Big 24 no 110 Owm, (ocHoBHMiI piBeHb 67 OM, iHTepBan BapiroBaHHS 43 Om). Bomnouac
Xomin=0,415, a Xopar=1,87.
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Sk mpuknag 1 A0CHi-
ny Ne 9 (nmB. TabJ1.) HaABEICHO
OCLIMJIOTPAaMH CTPYMIB Ta Ha-
npyr Ha BXOJIl Ta BUXOJMI BH-
OpsIMIIYa, MI0 KUBUTHCA BiJ
I€TT 3a cxemoro M1 (puc. 2 a),
a TaKoX JJIs TMOPIBHSHHS TaKi
cami CTpyMH 1 Hampyra uis
BUMAJKY, KOIU BHUKOPUCTOBY-

Lot L s eTbcsi cumetpuunuid 1€TI, ane
a p 3a cxemoro T1-LCL (puc. 2 0).
Puc. 2 XapakTep CTpyMiB ISl CHMET-
puunux [€11 3a cxemoro M1
Mae€ TIepepBHUI BUTIISA, B Toi yac cxema 7/-LCL mae Maiixe CHHYCOiHY OpMy CTpyMYy.

[Ticna koxyBaHHs (hakTO-piB 3 ypaxyBaHHSIM OOpaHHMX iHTEpBaJIiB BapitoBaHHS OyJO IMpO-

BEJICHO €KCIIEPUMEHTH 3 OPTOTOHAIBLHOTO TUIaHy APYToro MopsiAKy. MaTpullio MiaHyBaHHS KOJO-

BaHUX 3HaYeHb (HAKTOPIB HaBeJEHO y Tabmuui (PO3in X;, B AKoMy X, =x —2/3 Ta x, =x; —2/3).

Ha migcraBi peaqi3oBaHOrO OPTOrOHAILHOTO IUTAHY JAPYrOro MOpsAKy Oyjao BH3HAYEHO
Koe(illieHTH TIOJTIHOMIB b; 32 (HOPMYIIOIO

b=(Z %, )(Z 5
1 OTPUMAHO HACTYTIHI TTOJIIHOMH:
0,5 =933,38+7,46x, +704,38x, —5,28x> +108,48x> +11,18x,x, , (1)
0.5 =936,8+4,66x, +312,8x, —25,2x> +86,4x> +7X,x, , (2)
S e = 725,42 +1,33x, +446,93x, —4,13x> —32,53x2, 3)
G,s =1,286+4,4-10°x,+7,96-102x, +1-10° x> +0,167x2 +1-102x,x, , (4)
Gos =1,289+3,34-107 x, —0,85x, —2,34-10 7 x7 +0,736x; +5-107 x,x, , (5)

cos¢p= 0,839+1,83-1073x1 +5, 87-1072x2 +1,5-1073x12 —3,2-1072x22 —1,25-1073x1x2. (6)
OTpuMaHi eKCIIEpUMEHTATBHO 3HAYEHHA O,y G5 » Ocr » dex » Sysen> cos ¢ BIUIPI3HAIOTH-
cs B 3HA4Y€Hb QLZ » 4.5 ch s Ges s S 11 »COS @ , K1 PO3PAax0BaHO 3a nojiHoMamH (1-6), He 6i-

Jb1Ie sK Ha 5 %.
JI1st 3py9HOCTI BUKOPUCTAHHSI OTPUMAHUX KOe(DIIIEHTIB MEPEeTBOPEHHS BUIIPSIMIISTYA JOIIi-
JBHO TEPEHTH BiJ KOJOBAaHWUX 3HA4YeHb (PAKTOPIB N0 iX HATypalbHUX 3HAYCHb 32 (HOPMYIIOIO

x, =(X, —X,.Cp)/ (Xix —Xpp) > e X, =(X, +X,)/2, X,, — OCHOBHUI piBeHb He3aIEKHOT 3MiH-

HOI X.
[Ticna neperBopeHHs noJiHOMiIB (1-6) Maemo:
Oy =450,72+32,16 X, +28,18X, —1,24 X2 +163,26 X +2,14X X, , (7)
O,s =77,34+4,8X, +453,9X, —0,26 X +204,98X> +3,42.X X, , (8)
Syien =—97,8+5,8X,+754,75X,-0,204X? —61,47X2, 9)
G,s =1,616-3,84-10° X, —0,652X, +4,92-10° X + 0,316 X2 +3,06-10° X X, , (10)
oy =4,244+3,02-1072 X, —4,36X, —1,156-107° X2 +1,392.X2 +1,528-10"° X X, , (11)

cosg=0,617-1,15-10"X,+0,22X, +7,4-10° X> —0,06X> —3,82-10* X X, , (12)
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Ha puc. 3 HaBeneHo rpadiky 3aJexKHOCTI 0.5 (BA)

A A A R . 2500 o A T v
Ocss Oirs Oc 1 Sy BiL Qaxropa X; 3a 1mo- i i i | i i i |

cTiitHoro 3HaueHHsa Qaxrtopa X; =18 I€II 3a cxe-
mamu M1 ta T1-LCL. Ha puc. 3 MoxHa mo6a4ur,
110 BCl 3HAYEHHS TOTYXHOCTEH IMOBUILHO 3pOC-
TalOTh 32 YMOBH 30UIblICHHS (pakTOpa HaBaHTa-
JKeHHS X>, TOMY IJi1 OTPUMAHHS 3Ha4eHb X, 3a
AKUX OyJyTh pO3paxOBYBaTUCh ONTHMaJbHI abco- . . i ]
JIOTHI 3HAYEHHS DPEAKTUBHHUX EJIEMEHTIB, Iepe- ; : : ; L Sujen(T1-LCL)
{ileMO 110 BH3HAYEHHS MiHIMYMiB 3aJIEKHOCTEH  S00f-t-— . R — S -

0., (TI-LCL)

1500 - -deavecneee S e o -

1000 f---4-mco-- O beeeeeog P e i =

MUTOMHUX HOTYXKHOCTEH ¢y, ¢, , 110 MAIOTh I1a- Shien (M1) . .
U : - i i i i i i i ‘
paboiyHui XapakTep BiTHOCHO 3MIHH O1OpYy Xo. Y s w1 12 14 16 15X,
Ha puc. 4 naBeneHo rpadiuni 3a1exHOCTI
HMUTOMHX MOTYXHOCTEH ¢, , §,, cxemu MI, siki Puc. 3

po3paxoBaHi 3a noninomamu (10-11) 3a nmocriiiHo-
ro 3HaueHHs (akropa X;=18. [{na cxemu 77-LCL rpadiyi 3aneXHOCTI TUTOMHX IOTYXHOCTEH
4,s> 4- Oyno 3amo3udeHo 3 pobotu [13], Takoxk 3a moctiliHOro 3Ha4eHHs (daxropa X;=18. ¥V moui-

Homax (10-11) 3HauenHs xoediuieHTiB pu (akTopi X; Maixke Ha MOPAIOK MEHIII 3a 3HAYEHHS KO-
edinienTiB npu ¢daxropi X>, ToMy OyJ0 BU3HAUEHO 3HAYEHHS MMTOMHX MOTYXXHOCTEH ¢, ,q,, Ta
d. TpY OJHOMY IOCTiHOMY 3Ha4YeHHi (akTopa X;=18.

Y xoni mociiIxeHb Oyl0 BU3HA- q.(6.0.)
YEHO MOXimHi Bix (pakTopa X; y mojiHO- 3 . N S S S o
Max (10-11) 3a mocriliHUX 3Ha4YeHb (ak- | | | | | | | '
Topa X; =18, ski BKa3ylTh HA T, MO Mi- ;3
HIMyM € y QYHKIISX G, §,5 1 4c. e
MiITBEP/UKYIOTh Tpadiku, HaBEACHI Ha
puc. 4. JIns nopiBusiHag cxem M1 ta T1-
LCL Oyno Bu3HaueHO s cxemu M]
noxigHi QyHKOIH ¢,., ¢., 1 3HAYEHHS

G (T1-LCL

___,Z____J _________ [ oo

¢dakTopa X>, 3a AKMX LI (QyHKIIT MaloTh
MIHIMYM J718 KOHJCHCATOPIB ¢, =1,04
3a X,=1,56 i mus peakropiB §,, =1,28

0 | | | | | | | 1
3a X,=0,95. lna cxemu MI 3 puc. 4 04 06 08 b2 14 16 18 X,
Puc. 4

BUJHO, IO (QYHKIISA §,, 3MIHIOETbCS B

Manomy aianasoni (1,28...1,52 B.o.), Tomy ii 3HaYeHHS OOMPAEMO OPIEHTYIOUUCH HA MIHIMYM (yH-
K1 ¢, , O 3MIHIOETECS B 3HAYHO IIMPOKOMY J1ana30H1 BITHOCHUX OMHHIE. Llel MiHIMyM cKia-

nae g., =1,04 i s g,, BusHagaemo 1,39 B.o (npu 3HavenHsx dakropis X, =1,56 i X;=18).
Taxkum unHOM, Y cxemi M cyma MUTOMHX MOTYXKHOCTeH KoHaeHcatopiB C/, C2 mopiBHIOE
Gos =1,04 , wo na 0,79 B.0. MeHue, Hix y I€IT T1-LCL, i Mae NOTY)HICTh peakTopiB ¢,s =1,39,
mo Ha 0,12 B.o. MeHIIa y nopiBHsHHI 31 cxemoro I'/-LCL, ne q,, =1,51 B.o.
Cxema M1 3a TUTOMUMH TIOTY>KHOCTSIMA PEAKTUBHHX CJIIEMEHTIB Ma€ HaWKpaIli MOKa3HUKH

[IUX MMapaMeTpiB, MPOTE TaKl MEPEBard HIBEIIOIOTHCS B 3B’SI3KY 31 3HAYHO TIPIIAM KOE(iIli€HTOM
MOTY>KHOCTI cXxeMu cos ¢=0,748...0,839 Ta aGCOMIOTHO HEAOIMyCTUMUM 3HaueHHsIM THD; > 40 %

(nmuB. Tab6mn.). OgHak Juid BUPILICHHS 1€l MpoOieMy Ha MPaKTHUIl aBTOpaMM MPOMOHYIOTHCS Taki
CrocoOu BIOCKOHAJICHHSI CXEMH. 3 METOI0 MOKPAIICHHS €IeKTPOMArHIiTHOI CYyMICHOCTI 3 MEPEKEIO
JKUBJICHHS IOCTATHIM € BBEJICHHS MO3/I0BXHBOT JI0JJaTKOBOI 1HIYKTUBHOCTI, CIiBpo3MipHOi 3 L 1€TI,
MK BuxoaoM I€II Ta BX0IOM MOCTOBOTO BUNpSMIISYa Ui oTpuMaHHsS 3HaueHHs1 THD; <7 %, a
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HEpe30HaHCHUH pexuM HacTpouku I€II 3a cxemoro M1, npu skomy C=100 Mx®, n03BOJIsI€ OTPU-
MaTH KoedilieHT noTykHocTi cxemu 10 0,97. HaBeneni pe3ynbTaTd OTPUMaHO HUISXOM iMiTaIliii-
HOT'O MOJICJIIOBAHHS B IporpamMHoMy cepenoBuili MicroCap-2010, anekBaTHICTb po3po0IeHOI MO-
neni Oyna paHilie miATBepKeHa YUCICHHUMH HaTYPHUMHU eKCTIEPUMEHTaMH.

BucnoBok. Mocrosuii I€I1, Bukonanuii 3a cxemoro M1, 3a yMOBU HOro poOOTH Ha BULIPSAM-
7519 3 €EMHICHUM (DITBTPOM Ta aKTUBHUM HaBAaHTKEHHSIM, Ma€ Kpaili MOKa3HUKU MHTOMOI TOTYX-
HocTi nopiBHsHO 3 I€IT 3a cxemoro T/-LCL Ilpote BcTanoBieHO, 110 IE€TI MOCTOBOT cTpyKTypHu Mae
3HAYHO TipIIi MOKA3HUKU EJIEKTPOMArHiTHOI CyMICHOCTI 3 MEpeKer0 KUBJICHHS. Y po0oTi 3amporio-
HOBAHO Ta MPUBEJIEHO MpPUKIIAJ crocobiB BaockoHaneHHs [€TI 3a cxemoro M1, Mo MmiaATBEPAKYE
MO>KJIMBICTh TIOKpAILEHHs HOTO €JeKTPOMArHiTHOI CyMICHOCTI 3 MEPEXKEI0 KUBJICHHS.

Pobomy suxonaro 3a depacobrodsicemnoro memorw «Auanis, cunmes ma po3eumox NPUHYUNie nobyoosu 2iopuonux @i-
JIbMPI6 2APMOHIK CIPYMY K VHIBEPCATbHUX 3AC00I8 NOKPAUEeHHS eIeKMPOMASHIMHOI CyMICHOCIMI NpUcmpois nepemaso-
PI06ANbHOT MeXHIKU 3 Mepediceio dcugientsy (wudp «liopudy), KIIKBK 6541030.
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SYMMETRIC INDUCTIVE-CAPACITIVE CONVERTERS WITH SINGLE-PHASE BRIDGE RECTIFIER,
ACTIVE LOADS AND CAPACITARY FILTER

V.M. Gubarevich, Yu.V. Marunia, V.P. Kaban, V.Yu. Matveev

Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine

e-mail: marunia@ied.org.ua

The electromagnetic processes in a single-phase bridge rectifier with an active load and a capacitive filter during its
power supply from a symmetrical inductive-capacitive converter (ICC) made according to the M1 scheme were studied,
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and a comparison of its quality characteristics with the ICC according to the TI-LCL scheme was carried out. It was
established that the M1 scheme has better specific power indicators, however, the use of the ICC bridge structure is
impractical without improving its electromagnetic compatibility with the power supply network. Methods of perfecting
such an ICC are proposed. Ref. 14, fig. 4, table.

Keywords: rectifier, active load, capacitive filter, inductive-capacitive converter, electromagnetic compatibility.
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JOCIIIKEHHSA NEPEXIITHUX ITPOLECIB Y KOJII YMOBHO )
ABAHANUSATAP®AZHOI'O THPHCTOPHOI'O KOMIIEHCATOPA JIJIs1 KOPEKII
HEPEXITHUX ITYCKOBUX PEKNUMIB B EJIEKTPUYHIN MEPEXI

O.1. Yn:keHko*, 10KT. TexH. HayK, O.b. Pubina, kanj. TexH. HayK
IncturyT enexrpoannamiku HAH Ykpainu,

np. [lepemoru, 56, Kuis, 03057, Ykpaina

e-mail: alivchizh@ukr.net, rybina@i.ua

Hocnioaceno enexmpomazHimui nepexioni npoyecu y mMepexnci 3 YMOGHO 08AHAOYAMUDAZHUM MUPUCIOPHUM KOMNEH-
€camopom, NPU3Ha4eHUM 0N KOPUSYB8AHHS 8ENUUUHI NYCKOBO2O NEPEXiOH020 CIMPYMY Mepexci 8 pasi Npamozo 3anycKy
8I0 MepedCi ACUHXPOHHUX OBUSYHIE 3ICIABHOL 3 Mepedcer0 NOMYNCHOCI 3 CMPUOKOR0IOH020 3MIHEHHS KYMa YNpae-
JHHSA mupucmopamuy 8 mocmax. I[Iposedeno cniscmasnents 3a makoi sMiHUu Kyma YnpagiiHHa Mmupucmopamu nepexi-
OHUX CMPYMIB Y KOJAX 0BOXMOCMOB020 KEPOBAHOZ0 MUPUCTHOPHO20 KOMUEHCAMOPA 3 NAPANETbHUM NIOKTIOYEHHAM MO-
CMig i3 NEPexioHuUMU CMpYMamit 8 YMO8HO 08AHAOYAMUDAZHOMY MUPUCTOPHOMY KOMIEHCAMOPI, 0e Yi MOCMU 88IMK-
HeHO Midtc 00010 NOCIIO08HO BIOHOCHO HANPY2U HCUBTEHHS. YKA3AHOHA Nepesasu MexXHIKO-eKOHOMIYHUX ma Maco2aba-
PUMHUX NOKA3HUKI8 YMOBHO 08AHAOYAMUDAZHO20 Nepemsoprosayd i 020 eKChIyamayiuHux XapaKmepucmux nio 4ac
3ACMOCYBAHHA HA NPAKMUYI NOPIGHAHO 3 ananozamu. bidm. 5, puc. 6, Tadm.

Ku1r04oBi ci10Ba: enekTpuiHa Mepeska, elIeKTPOMAarHiTHI epeXiaHi MPoecH, TAPUCTOPHUA KOMITEHCATOP.

Jlis KOpUryBaHHS IyCKOBHMX MEPEXIIHUX PEXHUMIB, 110 BUHUKAIOTh B €JIEKTPUYHIN Mepexi,
MOJIETTh SIKOT HABEICHO Ha CTPYKTYPHii cxemi puc. 1 (OLIBII geTaapHO omucaHo B pobotax [1, 2]), y
pasi mpsIMOTro MyCKY aCMHXPOHHUX OBUTYHIB (AJl) 3icTaBHOI 3 Mepexero MOTYyKHOCTI B poOoTi [1]
OyJ10 3aIpONOHOBAHO BUKOPUCTAHHS IBOMOCTOBOTO THPHUCTOPHOTO PETYIHOBAHOTO KOMIIEHCATOPA
(TPK), cxemy sikoro HaBeJIeHO Ha puUC. 2 (Ha CTPYKTYpHiil cxeMi puc. 1 fioro nmo3HayeHo KBajapaToM
3 Hartucom TPK).

Ala—al A B—a| o B————8a| &
[+ Elg—a B B—al B = gl B
Clp—a C B—a| C B | C
TPK
ERE PT nn

Tm

A e al o

B |e a| B

Cle—e— g

Puc. 1

VY poboti [2] Gyno nmokazaHo, 110 61k e(heKTUBHOIO JUIsl BAKOPHCTAHHS 3 IIEI0 5K METOIO €
po3po0bieHa B 1iii poOoTi ymMoBHO aBaHanusTudazna moaudikamis mporo TPK (puc. 3), y sxiit: 1)
3MEHIIICHA B/BiYl KUIBbKICTh MEepeayBIMKHEHUX KEPOBAaHUM BEHTHWJILHUM MoctaM BM1 i BM2 cuio-
BuX KoHneHcatopHux Oarapeit Kb i3 kocunycHumu xonaencaropamu Ch (mani B TPK 3a cxemoro
puc. 3 BcraHOBIIOEMO Cp=1500 Mx®d); 2) TakoX yJBi4i 3MEHILIEHA KIIbKICTh (UIBTPIB BUIIUX Tap-
MoHik (DPBI') ctpymis, a came ¢inpTpiB 11-i Ta 13- rapmoHik (3a3Ha4UMO, 110 5-a Ta 7-a TapMOHi-
ku B it cxemi TPK BincyTHi); 3) CyTTEBO CHPOIEHO KOHCTPYKITit0 (a303CyBHOTO TpaHC(HOpMATO-
pa TP®3, axuil 3a0e3meuye 3CyB HAIPYTd Ha BXOi BEHTHILHOro Mmocta BM2 na 30°/ (tyT i maii
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JUIS TIO3HAYEHHS €IEKTPUYHUX TPaaycCiB BUKOPHCTOBYEMO CHUMBOJI «°’el») BiIHOCHO HANpyrd Ha
BxoJi Mmocta BM1, y sixomy B TPK 3a cxemoto puc. 3 Ha oqHy 06MoTKy MeHIe (BM2 y nibomy BH-
MajKy MIJKIOYEHO HaMpsMy A0 MEpexXi — e MOXKIUBO, KOJH € AOUIIBHUM 3 TOYKU 30py MOTro-
JDKeHHS ToTykHOCTe Mepexi Ta TPK); 4) komo BUIPSIMIIEHOTO CTpyMy B CXeMi pHUC. 3 CYTTEBO
CIIPOIIEHO TOPIBHSIHO 31 CXEMOIO pUC. 2, Ie TAaKUX K17y JIBa pa3u Oiibie (BOHH MPUCYTHI B KOX-
HOMY 3 JIBOX BHUIIPSIMOBYIOUMX BeHTWIbHHX MocTiB BM1 i BM2), a y TPK 3a cxemoro puc. 3 take
KOJIO criibHE 11 000X MocTiB BM1 1 BM2, BHacigok 4oro BABIYI 3MEHITYEThCS KiJIBKICTh 3TJIa-
JDKYIOUUX TPOCENIB 3 IHAYKTUBHICTIO Ly, IKI € HAMOLIBIII TPOMI3IKUMH Ta MACHBHUMH €JIEMEHTAMH
TPK, BomHOYac 3HaueHHs camoi iHIAyKTUBHOCTI Ly B TPK 3a cxemoro puc. 3 MeHIIa HiXK Y KOKHOMY
3 mocTiB BM1 i BM2 y TPK 3a cxemoto puc. 2 (y TPK 3a cxemoto puc. 3 npocens L,; pyHKIiOHYE 3
yABIY1 OUTBIIIOI0 YACTOTOK, OCKUIBKH y IBOXMOCTOBIN cXeMi puc. 2 KoxHuUM 3 MocTiB BM1 1 BM2 €
HIECTUITYJIbCHUM, TO CXeMa pHC. 3 JBaHAIIATHIYJIbCHA (3BiAku ¥ Ha3Ba mporo TPK — «yMoBHO
nBaHAUATH(AZHUINY)).

Bumie nepepaxoBaHi 0cOOIMBOCTI CXeMH PUC. 3 3yMOBIIOIOTH ii OUIbITYy €(pEeKTHBHICTH Ta
Kpallll TeXHIKO-€KOHOMIYHI i MacorabapuTHi noka3zuuku Takoro TPK mopisuasHo 3 TPK 3a cxemoro
puc. 2.

[Tepexigauii mporec y kol yMoBHO nBaHaaustudaznoro TPK y pasi #ioro migkitodeHHs 10
Mepexi puc. 1 po3risgaeMo, KoM BiIOYBa€eTbcs CTPUOKONOAIOHE 3MIHEHHS KyTa YIPaBIiHHS O TH-
pHCTOpaMH, a caMme Bij 3HaueHHs o=a1=—94.3%I 1o 3Hauenns a=02=—83] (1i KyTU BiAMIipSIOTHCS
BiJ TOYOK nepetuHy cunycoin EPC Ha BXoJi Mepexi), i KOJIH mapaMeTpu eJIeMEHTIB Mepexi puc. 1
TaKi X cami, K 1 TpUHHATI B poOoTi [2].

TakuM 4MHOM, MeTOI0 POOOTH € JOCIIIKEHHS B MEPEXi pUC. 1 €IeKTPOMArHiTHUX Hepexi-
JTHUX TIPOIIECIB, K1 B1IOYBalOThCS B KOJi yMoBHO nBaHaaustudaznoro TPK 3a cxemoro puc. 3 3a
CTPHOKOMONIOHOT 3MIHH KyTa YIIPABIIHHS 0L TAPUCTOPAMH BiJl OHOTO IXHBOT'O 3HAYEHHS JI0 1HILIOTO.

AHai3 enekTpoMarHiTHUX nepexinaux mpoieciB y TPK 3a cxemoro puc. 2, siki Bii0OyBarOTh-
Cs1 BHACJIIJJOK 3MiHHU KyTa YIPaBIiHHS ¢ 32 PI3HUX 3HaU€Hb €MHOCTI Cp CHIJIOBUX KOHJICHCATOPHHX
Oatapeii, mokasaB [2], 1m0 3aBASKH B3a€MOJIIi KOHJIEHCATOPHOI OaTtapei 3 BTOPUHHOIO OOMOTKOIO
(azoscyBHoro Tpanchopmaropa TPD3, a came eMHOCTI Cp 3 IHAYKTUBHUM OTIOPOM IIUX OOMOTOK, B
000X MpUEAHAHUX MapaliebHO 10 MEPEXi 3a JOMOMOT00 TpaHcPopMaTopa OJHAKOBUX 3a CXEMOIO
BeHTWIbHHX MocTax BM1 i BM2 BunpsimiieHi CTpymu iy; Ta iz HE CHIBINAJAIOTh 32 CBOIMH 3Ha-
yeHHssMH. [Ipu oOpanux B podorax [1, 2] B mepexi puc. 1 Ta TPK (3a cxemoro puc. 2) mapamerpax
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€JIEMEHTIB TEPEXiHUI KOIHMBAJIBHHUIA BUIPSIMICHUH CTPYM i42 32 BEITMYUHOIO BUSBIISETHCS O1MTb-
IIUM CTPYMY i47, BHACTIIOK YOTO U CTPYMH iqnp, iprp, icpz Y Pazax BeHTHIIBHOTO MocTa BM2 BH-
SIBJITFOTHCSI 32 BEJTMYMHOIO OUTBIIUMHU HiX (a3Hi CTPYMHU iqny, igmi, icy; Y BEHTHIBHOMY MOCTI
BM1. Taka Hecumetpis BunpsimieHux crpyMiB moctiB BM1 ta BM2 y TPK 3a cxemoro puc. 2 He-
raTUBHO BIUIMBA€ Ha sKicTh (pasHmx crpymiB TPK (moripmrye ixai ¢opmu, siki B IbOMY BUIIAJIKY €
HecuHycoiganpHuMu). Leit Henomik BiacyTHid y moaudikauii TPK 3a cxemoro puc. 3, ne Mmoctu
BBIMKHYTI IOCIIJOBHO BiTHOCHO HAMPYTH YKUBJICHHS.

[TopiBHSIHHS 3HA4YEHb, SIKI HAOYBAIOTh B OJJHAKOBI MOMEHTH MEPEXiTHOTO MPOLECy B MEPExi
puc. 1 ctpymu iy; Ta iz y TPK 3a cxemoto puc. 2, ae migkinroueHHs moctie BM1 1 BM2 nipu po3spa-
XYHKaX 3 METOI0 KOPEKTHOCTI BUKOPUCTOBYBAIIUCS TaKi cami, SIK 1 B cxeMi puc. 3, ToOOTO BEHTUIIb-
Huil mict BM1 minkmodaBcs 10 Mepexi Hampsmy, a mict BM2 3a gonomororo TP®3 Ta Takox
CTpyM iy y Taki )k MomeHTH 4acy (y TPK 3a cxemoro puc. 3) HaBeJieHO y TaOHIIi.

fas 0.1 0.15 0.2 0.25 0.3
Iy, A 118 170 188 194 196
l,5.A 111 160 176 182 184
id, A 300 386 415 416 416

L1i 3HaYeHHs1 OTPUMAHO 32 JIOTIOMOTOI0 CIIEIIAJIbHO PO3POOICHUX MPOrpaM JUIsl PO3PaxXyHKY
nepeximHux 3HadeHb cTpyMiB 1 Hanpyr y TPK 3a cxemamu puc. 2 1 puc. 3 BiAnoBigHo, sKi QyHKIII-
OHYIOTh Y Mepexi puc. 1 (BoJHOYAC mapaMeTpH 1i eJIEMEHTIB 00OpaHO TAaKUMH K, SIK OYJI0 IPUHHSATO
B poborax [1, 2]).

Sk BUIHO 3 Ta0MdMII, 32 OJHAKOBUX MapaMeTpiB €JIEMEHTIB 1 32 OJJHAKOBUX YMOB Mepexij-
Hux nporeciB y TPK 3a cxemamu puc. 2 i puc. 3 B ymoBHO nBaHaaustudazsomy TPK, ne BeHTHIIB-
HI MOCTH 3’€JIHaHI IMOCIJiJJOBHO BIJIHOCHO HAINPYTH KHUBJICHHS, & 3HAYEHHS 1HIYKTHBHOCTI 3TJja-
JDKYIOUYOTO Apocelis L, BABIYI MEHIII (2 BIAMOBITHO BIBIYI MEHIIE 3HAYCHHS 77), ICPEXITHHNA TIPO-
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1IeC Yy KOJIi BUIIPSIMIIE-
HOTO CTPYMy Xapak-
TEPU3YETHCSA THM, IO
3a OJHAKOBUM 4ac BIJ
MOYaTKy MEPexigHOro
MpoIecy B  MeEpexi
(puc. 1) mepeximuuit
CTPYM I; BCTUTAE 3pO-
CTM 1O OUIBIIUX 3HAa-
YeHb, HIXK KOXKHHUH 13
MepexiTHuX CTPYMiB
igr Ta iz 'y TPK 3a
cxemoro puc. 2. Ile
MPOUTIOCTPOBAHO B
Tabnuil, e B Tep-
oMY pSAKY BiJIKIa-
NAlOThCS  3HAYCHHS
4acoBOi 3MIHHOI 7, a B
JIPYyroMy Ta TPEThOMY ] 0.05 ol e 02 025 tc
— 3HAYCHHS BUMPSIM-
JICHUX CTPYMIB iz 1
iez 'y TPK 3a cxemoro puc. 2, a came B oro BeHTHWIbHUX MocTax BM1 ta BM2 BigmosinHo. B
OCTaHHBOMY, YETBEPTOMY PSAKY TaOJUIIl HABEIECHO 3HaUEHHS BUMIpAMIIEHOro cTtpymy iy y TPK 3a
CXeMmoto puc. 3.

EdexTuBHicTh QyHKITIOHYBaHHS KOKHOTO 3 IMX TPK 00yMOBIIOIOTBCS TXHBOIO IIBHIKOI-
€10. OcTaHHs 3aJIeXKHUTh BiJl MIBUAKOIUIMHHOCTI MEPEXiHUX IMPOIECIB, M0 BiOYBalOTHCSA B KOJax
nux TPK y nporieci nepexoay 3 0JTHOTO iXHBOTO PEXKHUMY JI0 1HIIIOTO, HAIPUKIIA]I, KOJIU BiI0yBA€Th-
cs crpuOKonoAiOHa 3MiHA KyTa yNpaBIiHHA 0. THPUCTOPAMHU B IXHIX BEHTHJIBHHX MOCTax. Baxim-
BHM Y IIbOMY BHUIAJKy TaKOX SIBJSETHCS 3a0€3MEUEHHS IKOCT1 CTPyMY Ta HAIIPYTH MEpExi, K1 per-
JaMEHTOBaHI MIXXHAPOJHUMHU CTaHAapTamu [ 3—-5].

SAx Oyno mokazano B po0OoTi [2] mix yac JOCTIHKEHHS €JIEKTPOMArHITHUX TPOIIECIB, SIK1 BiIOY-
BatoThes B Moauikanii TPK 3a cxemoro puc. 2, HassBHICTh MEepeAyBIMKHYTOI KOHIEHCATOpHOI OaTapei
Kb 3 Cp=1500Mk® nana 3mory He TUTbKH 3HM3UTH Ha 30 % cyMapHy MOTY>KHICTh BEHTUJIBHIX MOCTIB
BM1 i BM2, 110, B cBOIO uepry, 3MEHILIIJIO aMIUTITyId T€HEPOBAaHUX HUMH B MEPEXY BUIIUX rapMo-
HIK, aie ¥ BiAQUIBTPYBATH Il TAPMOHIKKA TaKUM YHHOM, IO Bara (pUIBTPIB BUIIUX TAPMOHIK CTPYyMY
(®BI') y TPK 3menmmnacst 1o MiHIMyMy, Yy ACSIKUX BUMAJKaX — HAaBITH JO MOKJIMBOCTI BiIICYTHOCTI
octanHiX. Bomxuac kinpkicte Kb 1 ®BI" y TPK 3a cxemoro puc. 3 3MeHImIacs BBl TMOPIBHSHO 3
nsoxmoctoBuM TPK 3a cxemoro puc. 2. Le cyrreBo cnpoctuio koHcTpykuito TPK 1 BukopucToByeTh-
csl B Mepexi puc. 1.

Takum uymHOM, yMOBHO naBaHanusatTudazauii TPK Mae mepeBaru He TUIBKH B TEXHIKO-
€KOHOMIYHUX 1 MacorabapuTHUX MOKa3HUKAX 3aBISKH 3MEHIIECHHIO KUTBKOCTI 3IIaJKYIOUUX APO-
CelliB 1 3MEHIIICHHIO B/IBiUi IXHBOI CyMapHOi iHAYKTUBHOCTI, @ TAKOX 1 B IMHAMIYHUX XapaKTepHC-
THKaX: € OUTBII IIBUJIKOIIMHUM, 00 BUNIPSAMIICHUI CTPYM Y HHOMY 3POCTA€E IIBHIIIIE.

Po3paxyHok nepexigHoro pexxumy B pociimkeHoMmy TPK 3xaiiicHIoeThCs 3a cniemiaabHO po3-
pOOJIEHOIO TPOTPAMOIO, a PE3YIBTATH PO3PAXYHKIB MOJAIOTHCS Y BUTIISA/I YACOBUX JliarpaM CTPyMiB
1 HanpyTH Ha eneMeHTax kousa 1poro TPK. Ha niarpamax puc. 4 HaBeneHO 4acoBi JiarpaMu nepexi-
JTHUX 3HAYCHb CTPyMIB Da3u A: igsmi2, iarpor, icvz (M€ Lasmiz=iami+iarperz ) BIATIOBIAHO HA BXOI
TPK (no itoro ¢inbrpanii konaencaroproro 6arapeeto Kb), y nepsunniii oomorui TP®3 i Ha BXoxi
BeHTHJIbHOTO MocTa BM1 1 ctpymy i47px — Ha Bxoai TPK micnst ¢inpTpaliii BUIIUX TapMOHIK I1O-
ro CTPyMy KOHJIEHCATOPHOIO OaTapeeto 3 KoHaeHcatopaMu eMHOCTI Ca=1500Mk® vy i medi 1 ¢iib-
tpom ®BT'. Ha nux miarpamax 3HaueHHS KyTa o=01=—94.3%Il BCTaHOBIIOCTHCSA B KEPOBAHHMX BEH-
Twisix B1-B6 y Mmoment vacy =0, a B MmoMeHT 4acy =0.07c BinOyBaeThcs cTpuOKomnoaiOHa 3MiHa

Puc. 4
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Puc. 5

BOTO KyTa 0 3HaueHHs 0=02=—83°l, BHAC/IJOK 4Oro B €l MOMEHT IMOYMHAETHCS MEPEXiTHui
MPOIIEC, 10 TOCITIIKY€EThCS.

Ha puc. 5 300pakeHo giarpamu Jisi HOPIBHSHHS TUHAMIKHA 3MIHEHHS B 9aci MepeXiIHUX BU-
MPSIMIICHUX CTPYMIB iy, 1142 B TPK 3a cxemoro puc. 2 3 AMHaMiKOIO 3MiHEHHS MEePEXiTHOTO BUTIPSI-
mieHoro ctpyMy B TPK 3a cxemotro puc. 3.

[Tynbcyroumii BUIIPSIMIICHHI CTPYM iy B YCTAJICHOMY PEKUMI, SIK BIZIOMO, XapaKTepPU3y€EThCs
CBOEID CTAJIOKD CKJIAJIOBOID, TOOTO TaK 3BaHWM CEPEIHIM 3HAYCHHSM BHUIIPSIMIICHOTO CTPyMY

1 t+T
I, =— [i,(¢t)dt.B ycranenomy pexumi [;=const.

t
VY mepexigHOMY peXHMi 3a MPUBEICHOIO BUILE (OPMYJIOI0 MOKHA BUPAXOBYBaTH YMOBHY
(HepernaMeHTOBaHy) BEITMUUHY /jyep, IPUYOMY OKPEMO JUIA KOXKHOTO mepiony (MyJibcanii) KoauBa-
JBHOTO HEPEXIAHOTO CTPYMY Linep. Y NEPEXITHOMY PEKUMI BEIUUUHA /¢, 3MIHIOETCS HA KOKHOMY
nepiofi KOJIUBaHb MEPEXITHOTO CTPYMY idnep, TOOTO BENUYMHA Lgpep Yy TIEPEXITHOMY PEXKHUMI € QyHK-
LI€I0 9aCY —Lynep(t)



ISSN 1727-9895. Hpayi IE/] HAH Yxpainu. 2022. Bun. 63 63

Xin kpuBOi Iguep(t) mpu £>0.07c BuU3HAuYAETbCS CTaNoO0 4Yacy t;~Lgry, ne npu rg~0,02 Om i
L~9.4x10"Tx Maemo 7,~0.47¢. L{t0 KpUBY TIpH £>7; MPUOIH3HO MOXKHA APOKCHMYBATH DYHKIII€IO

-1/t
Idnep(t) :]dmax l-e d z398(1—(::"[/()-4'7j_

Ha puc. 6 npen- iyree A
CTaBJICHO Aiarpamu ajs 1508 : g
MOPIBHSIHHS  TUHAMIKH : _
aiEH nepexiganx 10w i
CTpyMiB (a3HuX cTpy- ;
miB TPK i4ATPK: wa ™[ T
nepuriii - giarpami B (\ [\ /\ [\ f
YMOBHO  JIBaHAJIISTH- o 1
¢dasmomy TPK 3a cxe- V V V U
soto puc. 3, a y apyriii @ [ T
— 'y  JIBOMOCTOBOMY '
TPK 3a cxemoto puc, 2, w0 [\
Ha puc. 6 na in- | |
tepBasi vacy 0<¢<0.7c oo o 205 o 0.5 n2 025 ic
MepexigHuil CcTpyM Ha [ —
nepuwifi Aiarpami mae ; - . !

3HAYE€HHS BIBIYI MEH-
I1i, HiXK Ha ApyTiid miar-
pami. lle oGymoBieHo
TUM, IO B YMOBHO-
JBaHALSTH(DAZHOMY

TPK (cxema puc. 3)
JWIe OJHA KOHICHCA-
TOpHa Oarapes 3 €MHi-
ctio CA=1500Mk®D B ii
wieyi, a y JIBOMOCTO-
BoMmy TPK (cxema puc.
2) rakux Kb — n1Bi, ko-
JKHA 3 SKUX TepeayBiM-

e

ol

Puc. 6

KHYTa Mepe]] KOXHUM 13
BEHTHJIBHHX MOCTIB
BM1 i BM2.

BucnoBok. 3anponoHoBanuii ymoBHO nBaHanuatudaszauii TPK 3a cxemor puc. 3 mus
KOMIICHCAIlil B MEPEXiTHOMY PEXHMi IyCKOBHX HAJCTPYMIB MEpEX, SIKIi BUHMKAIOTh 33 MPSMOTO
MyCKY BiJl HUX aCHHXPOHHUX JIBUTYHIB 31CTABHOI 3 MEPEKEI0 MOTY>KHOCTI, BIIPI3HAETHCS BiJl ajlb-
TEPHATUBHUX KPAIIMMH KOHCTPYKTUBHUMH, MACOTA0APUTHUMHU Ta TEXHIKO-€KOHOMIYHUMU IMOKa3-
HUKaMH, a came: Ma€ BABiul MeHIry KinbkicTh Kb 1 @BI', a BiAMOBIAHO 1 BCTAHOBIIEHY MOTYXKHICTh
Ta HOMIHAJIU €JIEMEHTIB, 3 SIKUX BOHH CKJIAJAIOThCS; BIIPI3HAETHCS CYTTEBO CHPOILIEHOIO KOHCTPYK-
niero Tpanchopmaropa TPD3, y sskoMy Ha oqHYy OOMOTKY MEHIIIE;, MA€E CyTTEBO CHPOIICHY KOHC-
TPYKIIIFO KOJIa BUMPSIMIICHOTO CTPYMY BEHTHILHOTO BUIPIMHOTO Mocta TPK — Mmae nuie ogHe xo-
70 Ha BiamiHy Bia aBomoctoBoro TPK 3a cxemoro puc. 2, y sIKOro iX ABa, Ta BABIYl MEHIIHM 3TJa-
JDKyBanbHUE Apocens. llIBuakomis sk ymoBHO nBanaaistudaznoro TPK npunaiiMHi He TipIa, Hix
y nBomoctoBoro TPK 3a cxemoro puc. 2, ToOOTO BOHA € TOCTATHHOIO JIJIsi BUPIIICHHS 3a/1a4ul KOMIIe-
Hcallii B Mepexi MyCKOBUX HAACTPYMIB, SIKi BUHMKAIOTh IiJl Yac MPSIMOTO 3aIyCKy aCHHXPOHHHX
JIBUTYHIB 31CTaBHOT 3 MEPEKEIO MOTY>KHOCTI.
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STUDY OF TRANSIENT PROCESSES IN THE CIRCUIT OF A CONDITIONALLY-TWELVEPHASE
THYRISTOR COMPENSATOR FOR THE CORRECTION OF TRANSIENT START-UP MODES IN THE
ELECTRICAL NETWORK

O.I. Chyzhenko, O.B. Rybina

Institute of Electrodynamics of the National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine

e-mail: alivchizh@ukr.net, rybina@ji.ua

Electromagnetic transient processes in a network with a conventionally twelve-phase thyristor compensator designed
to adjust the value of the starting transient current of the network in the case of direct start from the network of
asynchronous motors of comparable power to the network with a jump-like change in the control angle of the thyristors
in the bridges were studied. A comparison was made with such a change in the control angle of thyristors of transient
currents in the circuits of a two-bridge controlled thyristor compensator with parallel connection of bridges with
transient currents in a conventionally twelve-phase thyristor compensator, where these bridges are switched on in
series with each other relative to the supply voltage. The advantages of the technical and economic and mass-
dimensional parameters of the conventional twelve-phase converter and its operational characteristics when applied in
practice in comparison with analogues are indicated. Ref. 5, fig. 6, table.

Key words: electric network, electromagnetic transient processes, thyristor compensator.

1. Butkevych O.F., Chyzhenko O.1., Trach 1.V. Negative influence minimization of asynchronous motors’ start-up
currents on the mode parameters of the electric network of a limited power. Pratsi Instytutu elektrodynamiky
Natsionalnoi Academii Nauk Ukrainy. 2020. Vol. 61. Pp. 31-39. DOI:
https://doi.org/10.15407/publishing2020.55.031 (Ukr)

2. Blinov L.V., Kyrylenko O.V., Chyzhenko O,I. etc. Development of adjustment means of electric networks
modes at connection of the powerful equipment with specific characteristics. Stage 1. Development of a circuit-
technical solutions of modification of thyristor adjustable compensator for correcting the transient modes of the
network during the direct start of asynchronous motors of comparable power to the network. (P.5.6-2021/385-
21). Report on SRW Ne IP 0121U110509. K. 2021, 76 p. (Ukr)

3. On approval of the Transmission System Code. Resolution of the National Commission for Regulation of
Economic Competition. No. 309 of March 14. 2018.

4. On approval of the Distribution Network Code. Resolution of the National Commission for Regulation of
Economic Competition. No. 310 of March 14. 2018.

5. Blinov L.V., Parus E.V., Polishuk E.Y., Zhuravlov 1.V. Monitoring of overhead power lines using fault
indicators. Elektroenergeticheskie sistemyi i seti. 2013. No 4. Pp. 42—44. (Rus)

Haniitnuia: 05.10.2022
IMpuiinsra: 07.11.2022

Submitted: 05.10.2022
Accepted: 07.11.2022



	1 обкладинка 63
	2 Титул 63
	3-4 Змiст63
	5-12 Кириленко, Блінов, Зайцев, Палачов, Васильч
	13-21 Жаркін, Палачов, Попов
	22-25 Pavlovskiy
	26-30 Щерба, Супруновська
	31-39 Kireyev
	40-44 Головань, Попович, Полищук
	45-51 Кучинський, Крамарський
	52-57 Губаревич, Маруня
	58- 64 Чиженко, Рибіна

