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Mema pobomu. Ilposecmu oyinky napamempie ma Xapaxmepucmux MaeHimHo20 pedyKmopa npu nocmiiniti ma
SMIHHIU WEUOKOCMI IMPY Y CKIAO ABMOHOMHOI 8IMPOeneKmpoyCmaHO6KU.

Memoodu 0ocnidxcennn. Ananiz iCHyIOUUX MEMOOi6 MAMEMAMUYHO20 MOOENO8AHHA MASHIMHUX pedykmopis. Yu-
CeNbHi Memoou MAmemMamuyHo20 MOOEeNI0BAHHA HA OCHOGI CKIHYeHHUX elleMenmis. Hucenvni memoou obpobku ompu-
MAHUxX pe3yromamis.

Ompumani pe3yabTaTH. Po3podneno 0606UMIpHY NOIbOBY MAMEMAMUYHY MOOENb Ol OYIHKU napamempie ma
Xapakmepucmux MAacHimuo2o pedyKmopa npu 3MIHHIL ma NOCMIUHIU weuokocmi eimpy. 3a 00nomozow pos3podaeHol
MOOeli NPoananizoeaHo eneKmpoMAazHimue noie, napamempu ma Xapakmepucmuky MAacHimHo2o pedyKmopa aK npu
nocmiuniill, max i npu 3MIHHIU WeuoKocmi obepmanis. 30kpema, 6y10 UABNIEHO, WO MASHIMHA cCUCmeMd peOyKmopa He
00cs2a€ HACUYEHHS, NPU YbOMY CepeOHi 3HAYEHHA MASHIMHOT IHOYKYIT 8 KOHCIMPYKMUBHUX eleMeHmMax pedyKmopa 3a-
JUMAIOMbCSA 8 MEAHCAX OONYCIMUMUX 3HAYEHb OJls BUKOPUCOBYBAHUX Mamepianié ma mapok cmaii. Ompumani oani npo
cepeoHi 3HAUEHHs eNeKMPOMASHIMHUX MOMEHMIE 306HIUHbLO2O (BUCOKOWBUOKICHO20) pomopa ma 6HYMpPIUHbO20 PO-
mopa 003601410Mb 3PO3YMIMU 63AEMO36'A30K MidC HUMU MA iX @naue Ha pobomy cucmemu. 3pobreHo GUCHOBOK HPO
HEPIBHOMIPHULL PO3N00iN IHOYKYIT 6300621C cepeOHbOl NIHII 6 NOGIMPSIHOMY NPOMINCKY, SAKUU 3YMOGICHUN NPUCYMHICINIO
MOOyIsIMopa 8 KOHcmpykyii pedykmopa. Kpim moeo, 6i0onogiono 00 ompumanux pe3yiomamis, 3MIHA WeUOKOCmi 8impy
BNAUBAE HA WBUOKICMb 00EPMAHHA MASHIMHO20 PeOYKMOPpa md GeIUYUHU eeKMPOMASHIMHUX MOMEHMIB GUCOKOUBUO-
KICHO20 ma HU3LKOWBUOKiICH020 pomopis. Taki eidomocmi donomazaioms 3p03yMimu OUHAMIKY poOOmu cucmemu npu
PI3HUX YMOBAX 308HiUHbO20 cepedosunyd. Ompumani 8 00CIONCEHHT pe3yTbMamu Maioms 8alCIUGe 3HAUEHHS OISl NO-
0anbui020 800CKOHANICHHS KOHCIMPYKYIL MAZHIMHO20 pedyKmopa ma 3abes3neuents Oiibiu eghekmusHol pobomu 8impo-
VYCMAHOBKU MAN0i nomyscHocmi. Bouu modxcyme 6ymu euxopucmawi 0ns onmumizayii KOHCMpYKyii ma niosuuyents
11020 NPOOYKMUBHOCHI, WO CRPUAMUME PO3GUMKY BIMPOEHEPLeMUKU MA 3eNeHill eHep2emUYHill NPOMUCIO80CMI 8 Yi-
aomy. Cepedne 3HaueHHs eNeKmpoMazHIMHO20 MOMEHMY 308HIUHbO20 (BUCOKOWBUOKICHO20) pOMOPA CINAHOBUMb NPU-
onusHo 7,4 H-m, mooi ax 01 6HYMPIUHb020 POMOPA GeIUYUHA eLeKMPOMACHIMHO20 MOMEHMY CKAAdde 6au3bko 66
H-m. Bionowenns momenmia 306HiuHb020 ma 8HYMpPIiuiHb020 pomopie cmanosums 8,92, ujo kopenroemuvca i3 Koeiyi-
EHMOM pedyKYii 00CTIOHCYBAH020 peOYKMopa.

Hayxkosa nosusna. Po3pobnerno 08606umipHy noivo8y Mamemamuyny Mooeib, Wo 6paxo8ye sMiKy napamempie ma
Xapaxmepucmux MasHimno2o pedykmopa npu 3Mini weuoKocmi 6impy ma UnaoKosoi weuoKocmi obepmanms pomopa
eimpozenepamopa.

Ilpakmuuna yinnicms. Pe3yiomamu 00CHIOdNCEHHS MACHIMHO20 pedyKmopa 0Jisi IMpoyCMAaHO8KY MAloi nomy-
JHCHOCHIT MAIOMb BANCIUBULL BHECOK Y PO3GUMOK GIMPOCHEP2EMUKU, CRPUSIOMb NIOBUWEHNIO eheKmMUSHOCMI ma Haditl-
HOCmi UPOOHUYMBA eHepeii ma CRpUsIoms CMEOPEHHIO Oilbll CIMANI020 MA eKOI0IUHO HUCTNO20 eHEePLeMUUHO20 KOM-
NJIeKcy..

Kniouogi cnoea: maznimuuit pedykmop, impoycmaHoeKka, Hoib068a MAMEMaAmuuHa Mooeb, eJ1eKmpoMazHim-
He none, onmumizayia KOHCMPYKYii, 6impoenepzemuxa.
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I. BCTYII

Cucremy, SIKi TEpETBOPIOIOTH MEXaHIYHY EHEpriio
BITPY B €JIEKTPHYHY, € aKTyaJbHUM HayKOBO-IIPAaKTHUYHUM
HanpssMkoM. OIHUM 3 MIPHUKIIAAIB TaKUX CHCTEM € BITPO-
eNIEKTPOYCTAaHOBKH, SIKi CKJIQAIOTBCSA 3 POTOpa BiTpOyC-
TaHOBKH, PEAYKTOpa Ta eleKTporeHeparopa. Porop BiT-
POETIEKTPOYCTAHOBKH Ma€ HEJNiHIHY XapaKTEepUCTHKY 3
SIBHO BHPaXXCHHMMH MaKCHMyMaMH aKTHBHOI HOTY>KHOCTI
IPY Pi3HUX LIBUAKOCTAX BiTpy [1].

BitpoeHepreruka crtama OZHAM i3 HaHBa KIMBIIINX
HAINpPSMKIB PO3BHTKY CTallol Ta €KOJOTIYHO YHCTOI eHep-
reTukd. BoHa crmpaeTbcs Ha BUKOPUCTaHHS BITPOBHX
TypOiH U1 TepeTBOPEHHsS KiHETHYHOI €Heprii BiTpy B
eNeKTpHYHy eHepriro. OIHUM i3 BaXKJIMBUX KOMIIOHECHTIB
y BITPOYCTAaHOBKaX € MarHiTHUH PeNyKTop, sKuil 3a0e3-
neyye nepeaady eHeprii BiJ BITPOBOIO KoJjeca 0 €ICKT-
poreHepaTopa.

TpagumiiiHi BITPOEIEKTPOYCTAaHOBKH 3 MYJIBTHILTI-
KaTopoM i 6e3 HpOro MPAITIOIOTh Ha PI3HUX TOYKaX Mexa-
HIYHOI XapaKTepUCTHKH pOTOpPa BITPOYCTAHOBKH TIPH
3MiHI HABaHTaKEHHsI Ta MBUAKOCTI BiTpy [2]. BiTpoenek-
TPOYCTaHOBKH 3 MYJbTHUILTIKATOPOM BHKOPHCTOBYIOTh
KJIACHYHI JIEKTPOr€HEPaTOPH 3 MOCTIHHMUMU MarHiTaMH
Ta pajiaJbHUM OCHOBHUM MAarHiTHHUM ITOTOKOM, TOAI SIK
0€3MyJIbTUILTIKATOPHI CUCTEMH BUKOPHCTOBYIOTH €JIEKT-
pOreHepaTopy 3 OCHOBUM MArHITHAM IOTOKOM, IO Ma-
I0Th PsIJ TIepeBar.

ABTOpH TIOTIEpeHIX POOIT MPOBENIN YHCENbHI MOJIe-
JIIOBaHHS BITPOEJIEKTPOYCTaHOBKH 3 T'€HEpPaTopoM i3 Io-
CTIHHMMH MarHitamu. 3a pe3yJbTaTaMy IUX MOJEIIOBaHb
BUSBIICHO BHCOKY €()EKTHBHICTh BHKOPHUCTAHHS ITijMar-
HiYyBaHHS JI0JJaTKOBOIO EMHICTIO OOMOTKH SIKOpsI TeHepa-
TOpa Ta BHUKOPHCTaHHS IIiIMarHid4yBaHHS JOJATKOBOIO
00OMOTKOI0 MAarHiTOCJICKTPUIHOTO T'€HEpaTopa. 3acTocy-
BaHHS JJOJATKOBOI €MHOCTI JI03BOJISIE 30UTBIIATH BUXITHY
aKTHBHY TIOTY)KHICTh TeHepaTopa Ha npuoimszHo 7-16%.
A edeKT miABHIIEHHS aKTHBHOI MOTY>KHOCTI T'eHepaTopa
3a paxyHOK IMiAMAarHigyBaHHSA IOOATKOBOK OOMOTKOIO
ckinamae npubmmszHo 32-35%. OpHak, HE3BAKAIOUM HA
He3allepeyHi IepeBar, fAKi 3abe3rnedye BUKOPHCTAHHSI
3y04acTHX repeiay B TEXHIYHUX [TPUCTPOSX, BOHH MAIOTh
PsIIl HEJIONIKIB, TAKHUX SIK; BUCOKHH PIBEHb LIyMY, HU3bKY
Ha/liHICTh, HEOOXIHICTh MacTUIIA, HEOOXIAHICTD Y pery-
JISIPHUX TEXHIYHUX OTJIAJax, HECTIHKI 10 palTOBHUX IOPH-
BYACTHX BITpIiB, @ TAKOXXK MAlOTh HU3bKY IEPEBaHTAKYBa-
npHY 31aTHICTh [3]. KpiMm Toro, mijg 4ac MIBUAKOCTI BiTpY,
o mepesuinye 12-14 m/c HEOOXiTHO 3aCTOCYBaHHS CITe-
LiaJIbHUX TaJIBMIBHHX HPHCTPOIB, MO0 3abe3neuntu Mme-
XaHIYHUH PeqyKTOp Big BUXONy 3 Jaay [4].

IepcrieKTHBHUM € BUKOPUCTAHHS MArHITHUX PEIyK-
TopiB [5]. BoHM 103BOJSIOTH BIIMOBUTHCH BijJ MEXaHid-
HOTO pEIyKTOpa Ha KOPHUCTh MArHITHOTO PEIyKTOpa i
BHKOPHCTOBYBaTH Ha BHXIJIHOMY BaJli BITPOYCTaHOBKH
KJIACUYHHMI BUCOKOIIBHUAKICHUI Ta OUIBII KOMIIAKTHHUI
€IIEKTPOreHEPATOoP.
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IL. AHAJII3 JTOCALIKEHB I ITYBJIIKAIIA

EnexTpudHi MammHu, BKIIOYEHI B CEPif0 3 MEXaHiy-
HUMH pEIyKTOpaMH, LIMPOKO BHKOPHCTOBYIOTHCS [UIS
BUPOOHHIITBA EKOHOMIYHO €()eKTHBHUX 1 JIETKUX PillIeHb
TpaHCMIcil, JUIs 3aCTOCYBaHb, Y SKUX MMOTPIOHUH BUCOKHIA
KPYTHHH MOMEHT Ha HHM3bKii NIBHIKOCTi, HAaIPUKIA] Y
BiTpoBHX TypOiHax [6]. KommnoHeHT penykropa mepenae
HU3bKOIIBUAKICHUA BHCOKMH KPYTHMH MOMEHT Y BUXil-
HUH BucokomBHAKicHU (HS) 3 HU3BKMM KpyTHHUM MO-
MEHTOM 1, TAKMM YHHOM, JO03BOJISIE 3HAYHO 3MEHIIUTH
PO3MIp TOpIBHSHO 3 PIICHHAMH 3 TIPSIMAM HPUBOIOM.
MexaHi4HI peIyKTOPH YacTO BUKOPUCTOBYIOTHCS IS i€l
METH, OJHAK BOHH CXWJIBbHI J0 HEBiI €MHHX IpoOIeM,
TaKWX SK ITONIKO/UKECHHS B CHTYyalii NepeBaHTaKeHH:,
IIyM, TIEPiOIMYHE 3MAaIllyBaHHS Ta CKJIQJIHE TEXHIYHE 00-
ciyroByBaHHs. [IpoOieMu, moB's3aHi 3 HaJiHHICTIO Ta
BapTICTIO 3 iX HECIIPABHICTIO, CTBOPHJIN TOIOJIOTIT TpaHC-
MICii, SIKi MOBHICTIO BHUKJIIOYAIOTh MEXaHIUHI PEAYKTOPH
ab0 3MEHINYIOTh X CKJIaJHICTh 32 PaXyHOK 3MEHILCHHS
KUTBKOCTI PEYKTOPIB.

MarHiTHHIA pPeayKTOp - IIe MeXaHi3M, KU BUKOPH-
CTOBY€ MAarHiTHE MoJie I mepeaadi oO6epTaabHOro Mo-
MEHTY MDX JBOMa BaJlaMH 3 Pi3HHMH IIBHUAKOCTSIMH 00e-
pranHs. Bin 3a0e3nedye 3MEHIIEHHS IIBUAKOCTI 00ep-
TaHHs Ta 301UIbIICHHS 00EPTOBOIO MOMEHTY Bil BITPOBO-
ro Kojieca J0 eJICKTPOTeHepaTopa, 10 J03BOJsE ePeKTH-
BHillle TeHEepYBaTH eJIeKTpuuHy eHeprito [9], [10]. MarHi-
THHUH PEAYKTOP CKIAAAETHCS 3 IBOX OCHOBHHX CKJIaJJOBUX
- 30BHIIIHBOTO Ta BHYTPIIIHBOTO POTOPIB, SKi MICTATH
MOCTIHHI MarHiTH. 30BHIMIHIA pOTOp MOB'SI3aHUN 3 BITPO-
BUM KOJIECOM, TOAI SIK BHYTPILIHIA pOTOp IOB'S3aHHUH 3
SIIEKTPOreHepaTopoM. MK pOTOpaMH CTBOPIOETBCS Mar-
HITHE TIOJIe, SIKE Tepenae oO0epTaabHUK MOMEHT BiJl 30B-
HIITHBOTO POTOpPA 0 BHYTPILITHBOTO.

MarsitHi pegyktopu (MG) MOXYTh 3alIpOIIOHYBaTH
NpuBaOIMBY aJbTEPHATHBY MEXaHIYHUM pPEAYKTOpaMm i
OCTaHHIM YacoM BUKJIMKAIOTH IiJBHIIEHUH iHTEpec sK 3
0OKy TIPOMICIIOBOCTI, Tak i 3 OOKy mocmimkeHs [7], [8].
Tomomoriss MG, 31aTHa MaTH BUCOKY IIUIBHICTH KPYTHO-
ro MOMEHTyY, Oyma mocmimkeHa B [9], [10], [11]. Bin me-
MOHCTpY€ O€3KOHTaKTHy Hepenady KPyTHOTO MOMEHTY,
BIACTMBUH 3aXHUCT BiJ TEPEBaHTAKCHHS, HAJTHIIKOBE
3MallyBaHHS 3a4eIJICHHS Ta 3HIKEHY MeXaHi4Hy BiOpa-
I[if0, TOMy Ma€ MOTeHLial sl IIOJOJIAHHS TPOOJIeM,
MOB’SI3aHUX 3 MeXaHIYHUMHU penykropamu. MG Takox
MOYKHa MEXaHIYHO Ta MarHiTHO iHTEIPYBaTH 3 MalIMHOIO
3 ocTiiHUMU MarHiTamu (PM), THM caMuM 3MeHIIyI04n
KIJIBKICTh CTYIICHIB MEXaHIYHOTO peayKTopa abo MoBHic-
TIO BUKmMo4aoun pexnykrop [12]. IurerpoBani PM-
MammmHA MG TakoX 3[0aTHI AEMOHCTPYBAaTH WIUTBHICTH
KPYTHOTO MOMEHTY, OBy, Hi’K €KBIBAJICHTHI MAIIIMHU 3
npsMuM TIpuBoZOoM PM 3 panianbHUM moneMm, i, OTXKe,
MOXYTh JIO3BOJINTH peali3yBaTH JIETKI Ta EKOHOMIYHO
e(eKTUBHI pilIeHHs U IPUBOAY BiTpoBUX TypOiH [13].

MarHiTHa Tepegadya Ma€ Maily B TOpIBHSHHI 3 3y-
OyacTHMH TiepeadaMH TOPCIOHHY YKOPCTKICTb, SIBJISIOYH
cO0O00 MpPYXKHUIl €IEMEHT, 110 HEraTUBHO MO3HAYAETHCS
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Ha JIWHAMIYHUX XapakTepucTukax. J{s 30uIbIIeHHs Top-
ciifHO1 >xopcTKOCTI MarHiTHOI nepenadi [14] 3anporono-
BaHO TCXHIYHE PIMICHHS, 3TiAHO 3 SIKUM IFIIHAPHYHA
MarHiTHa Tepelavya CKIAJaeTbCs 3 BOX CTYICHIB, SKi
3MIIIIEH] OJIMH [IO/I0 OJHOTO HA MEBHUH KYT.

Jlnist IpoeKTyBaHHS KOAaKCialbHUX IIaHETapHUX Ma-
THITHUX TIepeJay 3a3BUYail BUKOPUCTOBYETBHCS JBa ITiJ-
XOAM JI0 PO3PaxyHKY BIACTUBOCTEH MAarHiTHOTO HOJS —
AHATITAYHUA 1 YrcenbHUH. [CTOpHMYHO mepmuM 3 HUX
3'SBUBCS aHAJITHYHUN METOJl PO3paxyHKy y ABOMiIpHOMY
HabmmwkeHHi [10], [11], 3acTocyBaHHS SKOTO Iependadaio
MPUHHATTS HU3KH Tpuiymiess. OCHOBHI 3 HHUX - 1€ Jii-
HIAHICTP MarHiTHUX BJIACTHBOCTEH MaTepiaiiB, eKBiMloTe-
HIIIHICTH TOBEPXOHH 3yOIICBUX €IIEMEHTIB, HEXTYBaHHIM
JI0 KIHICBHX €(eKTiB 1 TOTUYHOI CKIAJOBOI MAarHiTHOTO
HOJIS B TMOBITPSIHUX 3a30Pax.

OCHOBHHM HEJIOJNIKOM CyYaCHHX aHAJITHYHUX Me-
TOJIIB € HU3bKa TOYHICTH PO3paxyHKy, 00yMOBIIEHA IPUH-
LUTIOBOI0 HEMOXKIUBICTIO TOYHOTO OOIIKY HENiHIIHOCTI
BIIACTUBOCTEH MAarHiTHHX MaTepialiB, IO MOXKE MPHU3BO-
JWUTH 10 BUHUKHEHHS ITOXMOKH y BH3HAuYeHHI aMILTITYAU
pobouoi rapmoniku MaraitHoro nois 10 40% [12], 3my-
LIYIOYH NTPOEKTYBATH MArHiTHY TaKUM YMHOM , 10O ene-
MEHTH 3aJIMLIAINCS Ha JIHIAHIA AUISHII OCHOBHOI KPHBOT
HamarHiuyBaHHs [14]. Jlns nocsirHeHHST MakCHMallbHOT
TYCTHHM MOMEHTY B KOAaKCiaJIbHIH IUIaHEeTapHOI MarHiT-
HOi mepenayi HeoOXiTHO, 1100 OKpeMi CETMEHTH MOJYJIs-
TOpa 3HAaXOJIWIHNCS B HAacCHYEHOMY CTaHi, B pe3yJbTarTi
4Oro 1eil HeJOJMIK MPHUHIMIIOBO HE JT03BOJISIE CIIPOEKTYBa-
TH MaKCHUMaJIbHO €(peKTUBHHUI ITPUCTPIH.

Jlo mepeBar aHaJiTUYHHX METOJIB PO3PaxyHKY MO-
JKHa BIJTHECTH 3HAYHO MEHIIMH Y MOPIBHSHHI 3 YHCEIb-
HHUMH METOJIaMU Yac po3paxyHky [13].

Jpyruit miaxix 10 po3paxyHKy MarHiTHOTO HoJjs Oa-
3YEThCSI HA YHCEIFHOMY PpO3B'A3aHHI JudepeHIianbHuX
piBHsAHB MakcBe/uta 1 JO3BOJISIE BBOAWTH MiHIMAIbHY
KIJIBKICTh TMPHIYIIEHb 1 UUM OTPUMYBaTH DPE3yJbTaT 3
BHCOKHUM CTyIIEHEM To4yHocTi. Haibinpm nommpeHuMu
METO/IaMH PO3B'SI3aHHS LMX AU(EpPeHLIAIBHUX PIBHSIHB €
METO/1 KiHIIEBUX €JIEMEHTIB Ta METO]] TPOCTOPOBUX 1HTE-
TpaJIbHUX PiBHSAHB. PO3paxyHOK MarHiTHHUX mepenad 3a
JIOTIOMOTOI0 YHCENIbHUX METOMIB 13 IOCTaHOBKOIO 3a-
BJAHHS y TPUBUMIPHOMY HAOJVDKEHHI JTO3BOJIIE OTpHMa-
TH TOYHICTh TIPU PO3PAXYHKY E€JIIEKTPOMATHITHOTO MOMe-
HTY 10 5% [7], [10], a TakoX ma€ MOXIIUBICTH OUTBII TO-
YHO BPaxOBYBAaTH MarHiTHI BTPATH.

VY3aranpHIOI0UYH pe3yIbTaTH JITEPATypPHOTO MOUIYKY
MOJJIMBO 3pOOMTH BHUCHOBOK, III0 OCHOBHAa METa HayKO-
BHX JOCII/UKEHb B JaHOMY HaNpsIMKy IOJISTa€ B JOCIi-
JOKEHHI IapaMeTpiB Ta XapaKTEPUCTHK MATHITHUX PEIyK-
TOPIB, 110 BHKOPHCTOBYIOTBCS B SIKOCTI MYJIBTHILTIKATO-
piB/penykTopiB abo0 y CKJaJi aBTOHOMHHUX €HEProycTaHo-
BOK, TaKHX K BITPOEIEKTPHYHI CHCTEMH.

ToMy akTyaJdbHUM HAYKOBO-TIPAKTUYHUM 3aBJIaH-
HSM € OI[iHKA MapaMeTpiB Ta XapaKTePUCTHK MAarHiTHOrO
penykropa mpu 3MiHHINA mBHAKOCTI BiTpy. Lle macte mo-
JKJIABICTh BiMOBUTHCH BiJl MEXaHIYHOTO peAyKTOpa Ha
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KOPHCTh MAarHiTHOTO i3 TOJANBIINM ITiIBUIICHHSIM EKC-
IUTyaTaliifHoi HaTilfHOCTI Ta e€(EeKTHBHOCTI TaKOi CHCTe-
MH.

III. META POBOTH

Mertoro poboTH € po3poOKa YHCETBHOT TOJILOBOT Ma-
TEMaTHYHOI MOJIeJIi MarHiTHOTO PEAyKTOpa, IO HPAIOE Y
CKJaJl BITPOYCT@HOBKM IIpH 3MiHHIH IIBHIKOCTI 00ep-
TaHHS BXIJHOTO BajJy Ta 3MiHHIH MmBHAKOCTI BiTpy. [Ipn
IBOMY JIOCIIIKYBAJMCS OCHOBHI BUXIJTHI MMapaMeTpu Ta
XapaKTepPUCTHKN MAarHiTHOTO DPEIyKTOpa: XapakTep po3-
MOJTy €JeKTPOMArHiTHOrO TMOJjsl, EJIEKTPOMAarHiTHUH
MOMEHT BEIY4Oro Ta BEJCHOTO POTOPIB, PO3MOIiI MarHi-
THO{ IHAYKII HU3BKOIIBUIKICHOTO, BUCOKOIIBHUIKICHOTO
poTopa Ta MOLYJIATOpA.

IV. BUKJIAJEHHA OCHOBHOI'Y MATEPIAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Po3poOka mMareMaTHYHOI MOJEINI MPOBOIUTHCS IS
BapiaHTa MarHiTHOI CHCTEMH MarHiTHOI Iepejaadvi, BUKO-
HaHOI 32 KOAKCiaJIbHOIO IIJIAHETApPHOIO TOIOJIOTIEI0 (pHC.
1). OcHOBHI pO3MIpH MarHiTHOI CHUCTEMH HaBe/IECHO Ha
puc. 2.

Pucynok 1. OCHOBHi po3MipH MarHiTHOI CHCTEMH JOCITi-
JOKYBaHOT'O BapiaHTa MarHiTHOI nepeayi

Ha puc. 1 mo3HaueHo: 1 — spMO 30BHIIIHBOTO, HU3b-
KOILIBUJIKICHOIO POTOpa; 2 — MOCTiIHI MarHiTH 30BHILI-
HBOTO POTOpa; 3 — HEMarHiTONPOBIJHI BCTABKH MOJYJIs-
TOpa; 4 — MarHiTONPOBIJIHI BCTAaBKW MarHiTHOTO MOJIYJIs-
Topa (MONIOCHI HAKIHEYHHUKH); 5 — MOCTIHHI MarHiTH BHY-
TPIIIHBOTO (BUCOKOIIBHUAKICHOTO) pOoTOpa; 6 — IpPMO BHY-
TPILIHBOTO POTOPA; 7 — HEMATHITHUH CIJIaB BHYTPIIIHBO-
ro poropa; 8 — BaJ.

30BHIIIHE MarHITHE KOJIECO NPUIHATO HEPYXOMHM 1
HaJlaJli Ha3MBAETHCS CTATOPOM. BHyTpilIHe Ta mpomixkHe
MarHiTHi Kojeca CKJIaJaloTh BHCOKOIIBHJIKICHHN Ta HH-
3bKOIIBUJIKICHUH pOTOpH BianoBigHo. BiamosigHo no
CHIBBITHOIIEHHSI MIBUAKOCTEH JUIS KOAaKCialbHOI IUIaHe-
TapHOI MarHiTHOI Hepenadi mepejaTHe BiJHOIICHHS BH-
3HAYAETHCS SIK

Pt Ds

] =—

Py

(M

JIe P, — YMCIIO Nap MOJOCIB Ha CTaTopi;

Pp — YHCIO Hap IIOJIFOCIB HA BI/ICOKOHIBI/I,HKiCHOMy
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poTopi abo, 3Bakatoun Ha Bupa3 (9)

C

P

[lepenaTHe BiAHOWIEHHS MO3WUTHMBHE, IO CBIIYHMTH
PO CHpsIMOBaHE 00EpTaHHS POTOPIB MarHiTHOI Nepeiadi.

i=

2)

3a IpOTOTHIT BUKOPHCTAHO BapiaHT MarHiTHOI mepe-
Jadi 3 26 maporo MOJIIOCIB Ha CTaTopi, ABOMA MapamH I1o-
JIIOCIB Ha BUCOKOIIBHJKICHOMY poTopi Ta 30 cerMmeHTamu
HHU3bKOIIBUAKICHOTO poTopa. Takum unHOM, 3rigHo (1, 2)
repe/iaTHE BITHOIICHHS CcTaHOBIIO 15. OCHOBHI mapame-
TPU MAarHiTHOI CHCTeMH Mojeni HaBeneHi B Tabu. 1. Ilo-
CTiIHHI MarHiTH BHKOHaHI CEKTOPaJbHUMH 3 OJHOPITHOIO
HAMArHIYCHICTIO B paaialbHOMy HANpsAMKy 31 CIUIaBy
HeoanM-3aii30-0ip mapku N38UH 3 3aimikoBoto MarHi-
THOTO iHmykmieo 1,26 T mpu 20 °C. KpuBa po3Maraigy-
BaHHS IIOCTIMHNX MarHiTiB HaBEJCHA Ha PHC. 2.

14
/ 1.2

1 1

1 0.8
0.6
04
0.2
0

——

MarsiTHa iHIyKIiA.

-1100 -1000 -900 -800 -700 -600 -500 -400 -300 -200

HanpyKeHiCTk MAaTHITHOTO MO, KA/M

-100 0

Pucynok 2. KpuBa po3MaraigyBaHHS IIOCTIHHOTO MarHi-
Ty N38UH mpu 20°C

SIpMO MarHiTOIpoBOAY cTaropa BUKOHAHO 3 XOJOA-
HOKAaTaHOi i30TPOIMHO{ eNEeKTPOTEXHIYHOI CTajui MapKu
2411, sspMO MarHITOIIPOBOY BUCOKOUIBUIKICHOTO POTOPa
- 3 eleKTpoTexHiyHO1 ctam Mapku 21850. CermeHTH HU-
3BKOIIBUIKICHOTO POTOpPa BUKOHAHI 3 KOMIIO3UTHOTO Ma-
THiTOM'sIKOTO Matepiany Ha 6a3i Somaloy. Bam Bucoko-
IIBHKICHOTO pOTOpa BUKOHAHWH 3 KOHCTPYKIIHHOI cTami
Mapku 45.

Taoauusa 1. OcHOBHI MapamMeTpy MarHiTHOI CHCTe-

MH
Yucino map morociB BUCOKOIIBH/- 3

KICHOTO poTopa

Yo nap Ho0CiB HU3bKOIIBU/- 2%
KICHOTO poTopa

KiIBKICTh CTaeBUX CErMEHTIB 29

MOJYJISITOpa
AKciallbHa JOBKHHA, MM 80

3anuIKkoBa MarHiTHA 1HIYKIIis

M. T 1,26 (N38UH)

[TepenaBaiibHe BiHOIICHHS 8,67

Marepiaja MarHiTOIIpPOBOAY CTaTo-

P POBOLY Cranb 2411

pa

Marepiaja MardiTopoBOAY HU3b-

p . POBOLY Samoloy

KOIIBUJIKICHOTO POTOpa
Marepiajl MargiTopoBOy BUCO-

p pOBOILY Crans 21850

KOIIBHIKICHOTO pOTOpa

35

EekTponpoBiAHICTh MOCTIHHUX
o 0,56
MarHitis, MCM/M
EnextpornpoBinHicts Somaloy, 0.14
MCwm/Mm ’

OCHOBHI eTanu NMpU po3poOKH MOTHOBOT MaTeMaTH-
YHOT MOJIETIl MOJISATal0Th B HACTYITHOMY:

1) IToOynoBa reoMeTpii MozIeNi B CHCTEMi aBTOMa-
THU30BaHOTO MpoekTyBaH-HI AutoCAD;

2) ImMnopt reomerpii Mozeni B IporpaMHe cepeso-
Butiie COMSOL Multiphysics;

3) 3agaHHs MatepialiB Ta iX BIACTUBOCTEH;

4) 3amaHHA 3MIHHUX U1 KEPYBaHHS MapaMeTpaMu
JOCHIIKEHHS;

5) 3amanHs (Qi3UKH  pPO3paxyHKy Ta TpaHUYHUX
YMOB;

6) IloOynoBa CiTKH CKiHYEHHUX €JIEMEHTIB;

7) TIpoBeneHHs pO3paxyHKY;

8) OOpobOka OTpUMAHUX PE3YJIBTATIB;

COMSOL Multiphysics — me makeT HporpaMHOTrO
3a0e3neueHHsT Ui aHANi3y KIHIIEBHX  €JIEMEHTIB,
PO3B’sI3yBaHHS Ta CUMYJISLIT [UIsl Pi3HOMAaHITHUX (izud-
HUX Ta iHKEHEPHUX IIPOrpaM.

MoenoBaHHST CTaTHYHUX XapaKTEPUCTUK MAarHIT-
HOI mepeadi MepeBaXHO MPOBOAMIOCS Y JBOBUMIPHOMY
HaOJIMDKEHHI.

Po3paxyHOK CTaTHYHOTO MarHiTHOTO TIOJISL B JBOBH-
MipHOMY HaOJIMKEHHI POBOJIMBCS 3 ypaxyBaHHIM TaKHX
MPUITYIIEHb:

1. He BpaxoByIoTbCs KiHILIEBI eheKTH;

2. Tloxa3HWKHM MAarHITO-M’SIKHX MaTepialliB 3a/aBa-
JIKCS 3 JIOTIOMOTOK0 OCHOBHOI KPHBOT HAMArHidyBaHHs 0e3
ypaxyBaHHS MarHiTHOTO TiCTEPE3nCy;

3. BrnactuBOCTI MOCTIMHMX MarHiTiB BHU3HAYaIHCS
3aIMIIKOBOI0 MAarHiTHOIO IHJIYKLIEI0 Ta KYTOM HaxWiIy
JIiHeapu30BaHOI KPUBOi pO3MarHidyBaHHS NpPHU ITOCTIHHIN
temneparypi T=20 rpax. °C;

4. Po3paxyHOK HaBaHTaXXYBaJbHOI BIIACTHBOCTI
MIPOBO/IMBCS TIOKPOKOBUM LUISIXOM 0€3 ypaxyBaHHS Mar-
HITHHUX BTpAT;

5. Po3spaxyHkoBa o0iacTe oOMeKeHa HEMarHiTHUM
KOJIOM, Yy OyJb-siKiil TOYIl SIKOT BEKTOp MarHiTHOI i1HIYK-
1iT TPUAHITAN TOTHYHHM.

Po3paxyHKOBI piBHSIHHS Ta TPaHUYIHI YMOBH (popMy-

BaJHCA MIOAO0 BEKTOPHOTO MArHITHOTO TNOTEHIIaTy Ta
BiJOMHUX JKEped MarHiTHOTO TOJIS:

NA=puAxM 3)
nx(4,—4,)=0 “)

nx (g Ax A= M |~|uy'Ax A= M |)=0 (5)
nxA4, =0 (6)
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Jie M — BeKTop HAMarHiuYeHoCTi, A/Mm;
A — BeKTOpHHI MarHiTHUM noteHuian, Bo/m;

Ay, A, — BEKTOpHI MarHiTHi MMOTEHI[iAJIM HA MEXi
cyMixHHX obnacrteit 112, BO/Mm;

A,y — BEKTOPHUH MarHiTHUH TMOTCHIaN Ha 30BHIII-
Hill MexXi po3paxyHKOBOi o6macTi, B6/M;

N — BEKTOP HOPMAJTI.

Po3paxyHOK eleKTpOMarHiTHOro MOMEHTY IPOBO-
JIUBCS yepe3 TeH30p Hariry Makcesuia. Bekrop ryctunu
CHJI BU3HAYAETHCS 33 HACTYITHUM BUPA30M:

f = ulnH)H —0,5nH" 7
ne H - BekTop Hampy»KeHOCTI MarHiTHOTO MO, A/M.
H=p'AxA-M (8)

EnextpomarHiTHHI MOMEHT, IO i€ HA BHYTPIIIHINA
Ta 30BHILIHIA POTOPU MArHiTHOI mepenaydi BU3HAYAETHCS
3a HACTYIIHUM BHPa30M:

T= §(r—ro)xde

Sr

©)

Je S, — I0BUIbHA 3aMKHYTa MTOBEPXHS, 110 0OMEKYE
€JIEMEHT, Ha SKMH TPOBAJAUTHCS PO3PAXyHOK €JIeKTpoMa-
THITHOTO MOMCHTY.

3arajbHa KUIbKICTh €JIEMEHTIB CITKH y PO3poOIieHii
JIBOBUMIpHIH Mozl ctanoBUTh 296840 TpUKYTHHUX elie-
MeHTiB, 880 BepIIMHHUX eJeMeHTiB, 62661 kpaiioBux
€JIEMEHTIB. 3arajJbHUN BUINISA] (pParMeHTy CITKH CKiH-
YEHHUX €JEMEHTIB po3po0sieHoi MOozeni MarHiTHOro pe-
JOYKTOp 8 TIOKa3aHo Ha pHc. 3.

-120

-100 -40 100 120

Pucynox 3. CiTka CKiHUCHHHUX €JIEMEHTIB (pparmMeHra
PO3paxXyHKOBOT 00JIaCTi JOCIPKYBAaHOTO MarHITHOTO
penykropa

Posmonin marHiTHOT iHAYKIIi B Ta BEKTOPHOTO Mar-
HITHOTO TOTEHIialy A B pO3paxyHKOBIH 00macTi mocii-
JOKYBAaHOTO MarHITHOTO PeIyKTOpa MOKa3aHo Ha pucC. 4.

Pucynoxk 4. Po3noziin MarHiTHOT iHAYyKIii Ta BEKTOPHOTO
MAarHiTHOTO TOTCHIIATY JTOCIIIKYBaHOTO MArHiTHOTO
peaykTopa

I3 puc. 4 BuaHO, 110 MarHiTHa cUcTeMa He € Hachue-
HOIO, B TOH k€ Yac cepeHe 3HAYCHHS MarHITHOI iHAYKIIii
B KOHCTPYKTHBHHUX €JIEMEHTaX PEAYKTOpa HE MEPEBUILYE
JIOITYCTHMIi 3HAYCHHS JJIs1 BUOPAaHUX MaTepialliB Ta MapKu
cTaii. A caMe: B sipMi BUCOKOIIBHKICHOTO pOTOpa cepe-
JTHE 3HAYEHHsS MarHiTHOl iHmykuii craHoBuTh 0,91 Ti, B
SIpMi HA3BKOIIBHIKICHOTO POTOpa CEpeIHe 3HAUCHHS Ma-
rHiTHOT 1HaYyKHii craHoBUTh 0,47 Tin, B (hepomMarHiTHUX
OCepAAX MOAYJIATOpPAa MArHiTHOIO IIOTOKY CEpeIHE 3Ha-
4yeHHsI MarHiTHOI iHAyKuii cranoButh 0,94 Tun, cepenHe
3HA4YEHHS HJIYKLIl B HOBITPSHOMY MPOMIXKKY, III0 MEXY€
MDK BUCOKOUIBHJKICHUM POTOPOM Ta MOIYJSITOPOM CTa-
HoButh 0,75 Tn, cepesHe 3HAYCHHS IHAYKIIIi B MOBITPS-
HOMY TIPOMDXKY, MIO MEXY€ MiK HHU3BKOIIBHIKICHIM
POTOPOM Ta MOIYJIATOPOM cTaHOBUTS 0,63 Ti.

Po3nonin MarHiTHO iHAYKUII B MOBITPSIHOMY IpO-
MDKKY, IO MEXY€ 3 30BHILIHIM Ta BHYTPIIIHIM POTOPOM i
MOJIyJIITOPOM MarHiTHOTO IIOTOKY IIOKa3aHo Ha pHC. 5.

Line Graph: Magnetic flux density norm (T} Line Graph: Magnetic flux density norm (T} o

— Inner rotor | |
—— Quter rotor

121 B

131

Magnetic flux density norm (T}

0.3 1

0.2 1

01f 4
L

a

L L L L L
200 400 500 600 700
Arc length (mm}

1 1
100 200

Pucynoxk 5. Po3noain MoayJist MardiTHOT iHIYKIIT B

MOBITPSTHOMY TIPOMDKKY 30BHILIIHBOTO Ta BHYTPIIIHBOT'O
poropis

36
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3rizHo 3 puc. 5, cepeaHs IHAYKILIS Y MOBITPSIHOMY
MPOMDKKY, IO PO3IUISE BHCOKOMIBUAKICHUN POTOP Bif
MoxysaTopa, ckianae 0,75 T, Tomi sk cepeHs 1HITYKITis
y TOBITPSTHOMY TTPOMDKKY MiXK HU3BKOIIBHUIKICHUM POTO-
poM Ta moxmymsitopoM ctaHoBUTE 0,63 Tn. HepiBHOMIip-
HICTh PO3MOJLUTY 1HIYKII1 B3JIOBXK CEpEAHBO] JiHii B MOBI-
TPSTHOMY TIPOMIKKY NOSICHIOETHCSI HAsIBHICTIO MOAYJISTO-
pa, AKUH € TUCKPETHUM EJIEMEHTOM B KOHCTPYKIIii Oyab-
SIKOT'O MarHiTHOTO PEeIyKTOpA.

Ha puc. 6 moka3aHo po3mofis MarHITHOI iHAYKIIi B
30BHINIHEOMY HH3BKOIIBUAKICHOMY POTOpi JOCHTIKyBa-

HOTO MAarHiTHOTO PEeAyKTOpa MW IIBHUAKOCTI oOepTaHH:S
~200 06/xB.

Point Graph: Magnetic flux density norm {T) o

W

0551

0.5

0451

Magnetic flux density norm (T)

0.2F

0.1

T
0 0.005 0.01 0.02 0.025 003

0.015
Time {5)
Pucynoxk 6. Po3nozin MaraitHoOi iHAyKIii B 30BHIII-

HbOMY HHU3BKOIIBHIKICHOMY POTOPi

Ha puc. 7 moka3aHo po3mOiJl MarHiTHOT iHAYKIIIi B
BHYTPIIIHBOMY BHCOKOLIBHJKICHOMY POTOpPi JOCIIJKY-
BaHOTO MArHITHOTO PEIyKTOpa MpH LIBUAKOCTI obepTaH-
Hs1 ~1750 00/XB.

Point Graph: Magnetic flux density norm (T} @
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092 [J -
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Pucynox 7. Po3nozin MaruiTHOI iHAYKLIT B 30BHIIIHOMY
BHCOKOUIBH/IKICHOMY POTODI

Ha puc. 8 moka3aHo po3mofis MarHiTHOT iHAYKIIi B
MarHiTHOMY MOJYJIATOPi JJOCIHIIKyBAaHOTO MAarHITHOTO

37

peIyKTopa NpH LIBUAKOCTI OOEPTaHHS BHYTPIIIHBOTO
=1750 06/xB Ta 30BHIIIHLOTO poTOpiB 200 06/XB.

Point Graph: Magnetic flux density norm (T} o

065" R

0.6 1

0.5 1

(T

Q.45 1

Magnetic flux density norm

0.1 1

0.05F q

ol L L L L L

.
Q 0.005 0.01 0.015 0.02 0.025 .03
Time (s}

Pucynoxk 8. Po3noin MarHiTHOT iHIYKIIIi B MOIYJIATOPI
MAarHITHOTO TIOTOKY

3anexHICTh €IeKTPOMArHiTHOTO MOMEHTY BHYTpIII-
HBOTO Ta 30BHIMIHBOTO POTOPIB MAarHITHOTO peayKTopa
MIpHU TIOCTIiHIA MIBHAKOCTI 0OepTaHHA BHYTPIIIHBOTO Ta
30BHINIHBOTO POTOPIB BijI Yacy moka3aHo Ha puc. 9.

Global o

351 —— Axial torque in inner rotor | q
Axial torque in outer rotor

0.015 0.02
Time (s)

Pucynoxk 9. 3aexHIiCTh eIeKTPOMAarHiTHOIO MOMe-
HTY POTODIB BiJ 4acy

Io puc. 9 BuaHO, 0 cepeaHE 3HAYECHHS EIEKTPOMa-
THITHOTO MOMEHTY 30BHIIIHBOTO (BHCOKOIIBHUJIKICHOI'O)
poropa ctaHOBUTH ~7,4 H-M, TOJi SIK BETMYMNHA €IEKTPO-
MarHiTHOTO MOMEHTY JJIsl 30BHIIIHBOTO POTOpa CTaHO-
BUTh ~66 H-M. BIIHOIICHHS MOMCHTIB 30BHIIIHBOTO Ta
BHYTPIIIHBOTO POTOPIB CTAHOBHUTH 8,92, 110 KOPETIOETHCS
13 KOeimieHTOM PEeayKIlil TOCTIKYBAaHOTO peayKTopa
(Tabm. 1).

[Ipu 3MiHI MIBHUAKOCTI BITPY 3MIHIOETHCS IIBUIKICTD
o0epTaHHs Bajly pOTOpa BITPOYCTaHOBKH 1 BiJIIOBiIHO
MIBUAKICT 00EpTaHHS HHU3BKOIIBHUIKICHOIO pOTOpa Mar-
HITHOTO peayKTopa. Imiramist 3MiHM MIBHJIKOCTI BITpY
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peaii3oBaHa IUIIXOM JOJABaHHS 70 po3pobieHoi Moaeni
y nporpamHomy nakeri COMSOL Multiphysics nmapame-
Tpu3oBaHoi (yHKIII. XapakTep 3MiHH KyTOBOI IIBUAKOCTI
nokasaHo Ha puc. 10.

34
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Pucynox 10. Xapaxrep 3MiHH KyTOBOT IIBH/KOCTI
BX1JTHOrO pOTOpa MarHiTHOTO PEAYKTOpa IpH 3MiHi
IIBUIKOCTI BITPY

[Ipu 3MiHI IBUAKOCTI BITPY 3MIHIOETHCS 1 €IEKTPO-
MarHiTHA{ MOMEHT MarHiTHOIO PeIyKTOpa, IO BUIHO Ha
puc. 11.

Global

—— Awxial torgue in inner rotor | |
Axial torgue in outer rotor

. 1
0.005 001 0.015 0.025

Time (s)

Pucynox 11. MOMEHT HU3BKOLIBHIKICHOTO (3€JIeHa
KpHBa) Ta BUCOKOUIBHJIKICHOTO (CHHS KpHBa) POTOPIB
MAarHiTHOTO peayKTopa

ITo puc. 11 BuAHO, MO TPH 30UTBIICHH] MIBUAKOCTI
BITpY BiZIOyBa€THCs 3MEHIICHHS BEJIMYMHU
€JIEKTPOMArHiTHOTO MOMEHTY, TOZl SIK TPH 3MEHIIECHHI
LIBHJIKOCTI €EKTPOMArHiTHUH MOMEHT SIK BHYTpPILTHBOTO
TaK 1 30BHIIIHBOTO POTOPIB 30UIBIIYIOTHCS MTPOIOPLIHHO
koedinienty peaykuii (tabdm. 1).

Po3nonin enexkTpoMarHiTHOro MoJs Ta BEKTOPHOTO
MAarHiTHOTO MOTeHIiay A TpHU 3MiHI IBUIKOCTI BITPY Ta
LIBHIKOCTI 00EpPTaHHS MAarHiTHOTO PEAYKTOpa B JIOBLIb-
HUI MOMEHT Yacy IIOKa3aHo Ha puc. 12.

38

A 1.68

wn

Pucynox 12. Po3nonin BekTopa MarHiTHol iHAyKIii B Ta
BEKTOPOHOT'0 MarHiTHOT onoTeHuiany A (JiHii) npu 3miHi
IIBUIKOCTI 0OCpTaHHS

[Ipu 3MeHmICHHI MWIBWAKOCTI OOEpTaHHS BiAHOCHO
HOMIHAJIbHOT, CIIOCTEPIra€ThCsl 3MEHILICHH] PIBHS MarHiT-
HOI IHAYKIIi Ta HaCHYEHHS B OKPEMUX KOHCTPYKTHBHHX
€JIEMEHTaX MAarHiTHOI CHCTEMH MAarHiTHOTO peIyKTopa
(puc. 4), MO YITKO KOPENIOETHCS 3 BIJOMHMH TEOPETHY-
HUMH BigoMocTsMH. Tak, B sipMi BHCOKOIIBHIKiCHOTO
pOTOpa cepeaHe 3HAUYeHHS MarHiTHOI iHAyKIii CTAHOBUTH
0,84 Txn, B sipMi HU3BKOIIBUAKICHOTO POTOpa CEpeIHE
3HaYeHHA MarHiTHOi iHaykuii craHoBUTH 0,42 Tm, B de-
POMAarHiTHUX OCEpIIX MOMYJSTOpa MAarHiTHOTO ITOTOKY
CepelHE 3HAYCHHS MAarHiTHOI 1HAyKIii cTaHoButh 0,83
Tn, cepeane 3Ha4eHHs! IHAYKIT B MOBITPSIHOMY MPOMIX-
Ky, [I0 MEXKY€E MK BUCOKOILIBHJIKICHUM POTOPOM Ta MO-
nynstopoM cranoButh 0,69 Ti, cepeane 3Ha4YeHHs iHAY-
KUii B MOBITPIHOMY IPOMDKKY, IIIO MEXY€ MK HHU3BKO-
MIBUAKICHUM POTOPOM Ta MOAYJISITOPOM CTaHOBHUTH 0,57
To.

HopmanbHa ckiajoBa MarHiTHOI iHAYKII B MOBIT-

PSIHOMY TPOMDKKY MIDK HHU3BKOIIBUAKICHUM POTOPOM Ta
MOJIyJIITOPOM MarHiTHOTO IIOTOKY IIOKa3aHo Ha pHc. 13.
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Pucynok 13. HopmaiibHa ckiiajioBa MarHiTHOL
IHAYKIIi B MOBITPSIHOMY MPOMIXKY HU3bKOIIBHJIKICHOTO
poTopa
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Ilo puc. 13 BuaHO, 1O amIUIiTyga MarHiTHOL
IHIYKOii B MOBITPSIHOMY NPOMDXKKY cTaHOBHTH ~1,2 T
[ynecarii Mar"iTHOL THAYKIT BIAIIOBIAAIOTH
IUCKPETHOMY PO3MIIICHHIO TIOCTIMHMMX MAarHiTiB Ha
BHYTPIIIHIN pO3TOYI HU3FKOIMIBUAKICHOTO POTOpA.

HopmainbHa ckiiazioBa MarHiTHOT iHIYKIN{ B MOBIT-
PSHOMY HPOMDKKY MDK BHCOKOIIBHJKICHUM POTOPOM Ta
MOJYJIATOPOM MarHiTHOTO IIOTOKY MOKa3aHo Ha puc. 14.

T T T T
1k 4

0.8 B
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04F -
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400
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Pucynok 14. HopmanbHa ckiaoBa MarHiTHOI iHAYKIii B

MOBITPSHOMY MPOMIKKY BHCOKOIIBHAKICHOTO poTOpa

Mo puc. 14 BumHO, MO aMmIUITyAa MAarHITHOI
IHAYKIIT B TOBITPSHOMY MPOMIXKY CTaHOBUTH ~(,8 Ti.
[ynecamii MarHiTHOT THAYKIT BIIIIOBIAAIOTH
JTUCKPETHOMY PO3MIIICHHIO TIOCTIHHMMX MAarHITIB Ha
30BHIMIHIN PO3TOYII BUCOKOIIBHIKICHOTO POTOPA.

Po3mosin HopManbHOI CKITaIOBOT MarHITHOT IHAYKIIi{
B MOJIYJATOPI MAarHITHOT OIIOTOKY TIpU 3MiHHIH
HIBUKOCTI 00epTaHHsI TOKA3aHOo Ha puc. 15.
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Pucynoxk 15. HopmanbHa ckilaioBa MarHiTHOI iHOYKIIii B
MOJIYJITOPi MarHiTHOTO TIOTOKY

Mo puc. 15 BumHO, MmO amIDIiTYyZa MAarHITHOL
IHAYKIiT B MOIYNTOPi MAarHITHOTO TOTOKY CTaHOBHTH
~0,8 Tn. Ilymbcamii MarHiTHOi IHIYKIII BigNOBIZArOTH
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JIUCKPETHOMY PO3MIIICHHIO (PEPOMATrHITHUX EJIEMEHTIB
MOJIyJIATOPA.

V.BUCHOBKH

Po3po06neHO NBOBUMIpHY TIOJBOBY MAaTeMaTHUHY
MOJIENIb MArHIT HOTO PEeAyKTOpa Uil PoOOTH y CKIai
BITPOYCTAHOBKHM MaJIOl IIOTYXKHOCTI. 3a IOIOMOIOI0 PO3-
pobiteHoi MofelNi MPOBENEHO aHaJi3 eNeKTPOMArHiTHOTO
MOJIS, TTApaMeTpPiB Ta XapaKTEPUCTHUK MAarHITHOTO peryK-
TOpa MpH MOCTIiHIN Ta 3MIHHIA MIBUAKOCTI 00EpPTaHHS.

CepemHe 3HAYCHHS EJIEKTPOMATHITHOTO MOMEHTY
30BHIMIHBOTO (BHUCOKOIIBUAKICHOTO) POTOpa CTaHOBUTH
~7,4 H-M, Tozi K BeJIWYHHA CIEKTPOMATHITHOTO MOMEH-
Ty JUIA 30BHIIIHBEOTO POTOpa CTAaHOBUTH ~66 H-M. BimHO-
IIEHHS] MOMEHTIB 30BHILIHBOI'0 Ta BHYTPILIHHOTO POTOPIB
CTaHOBUTH 8,92, 1110 KOPEITIOETHCS 13 KOShII[IEHTOM pey-
KIIii JOCITIHKYBAHOTO PEAYKTOpA.

[Ipu 3MiHI TIBUAKOCTI BITPY 3MIHIOETHCS IIBUAKICTD
o0OepTaHHSI MarHITHOTO PEXyKTOpa i BIAIIOBIAHI BETHINHH
€JIeKTPOMATHITHUX MOMEHTIB BHCOKOIIBHAKICHOTO Ta
HU3bKOIIBUIKICHOTO POTOPIB MarHiTHOT'O PEAYKTOpa.

B manomy mocnimkeHHi Oyio moka3aHo, 0 MarHiT-
Ha CHCTeMa PEIyKTopa He Jocarae HacudeHHs. [Ipu 1po-
My CepelHi 3HaYCHHS MAarHIiTHOI IHAYKIiI B KOHCTPYKTH-
BHHUX €JIEMEHTaX PEAYKTOpa 3aJIHUINAIOTHCS B MEXax JI0-
MYCTHMUX 3HAYEHb JIJISl BUKOPHCTOBYBAaHMX MaTepialiB Ta
Mapok craii. HepiBHOMIpHHI pO3NOALT IHAYKIIT B3TOBK
cepenHbOl JIiHIi B MOBITPSIHOMY MPOMIKKY MOSICHIOETHCS
HasIBHICTIO MOJYJIITOPA, SIKMW € AUCKPETHUM €JIeMEHTOM
B KOHCTpYKILIi OyJb-SIKOTO MarHiTHOro peaykropa. lle
MOK€ BIIIMBATH Ha pO6OTy CUCTEMU Ta BUMAratu yJao-
CKOHAJICHHS JUTS iIBUIICHHS 11 €()eKTUBHOCTI.

[Ipu 306impIIeHHI IIBHAKOCTI BIiTPY BimOyBaeThCS
3MCHIICHHS BEIMYMHH EJIEKTPOMArHITHOTO MOMEHTY,
TOII K MPHU 3MEHIICHHI HIBHIKOCTI €JIeKTPOMAarHiTHHN
MOMEHT SIK BHYTPILIHBOTO TaK 1 30BHIIIHBOTO POTOPIB
30LIBIIYIOTHCS MTPOIOPLIHHO KOEe(DIIIEHTY peryKilii.

CIIMCOK JIITEPATYPHU

[11 V.M.Golovko Mathematical simulation of autono-
mous wind electric installation with magnetoelectric
generator / V.M.Golovko, M.Ya.Ostroverkhov,
M.A Kovalenko, I.Ya.Kovalenko, D.V.Tsyplenkov //
Naukovyi Visnyk Natsionalnoho Hirnychoho Uni-
versytetu. 2022, (5): 074 079.
https://doi.org/10.33271/nvngu/2022-5/074.

Chumack V. Voltage stabilization of a controlled
autonomous magnetoelectric generator with a mag-
netic shunt and permanent magnet excitation /
Chumack V. Bazenov V., Tymoshchuk O., Kova-
lenko M., Tsyvinskyi S., Kovalenko I., Tkachuk I. //
Eastern-European Journal of Enterprise Technolo-
gies, 6(5 (114), 56—62. (ISSN 1729-3774).

[3] Ostroverkhov, M. Development of the control system
for taking off the maximum power of an autonomous
wind plant with a synchronous magnetoelectric gen-

2]



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Ne2 (2023)

Po3nin «EnexkTpoeHeprernka

erator / Ostroverkhov, M., Chumack, V., Kovalenko,
M., Kovalenko, I. / Eastern-European Journal of En-
terprise Technologies, 4(2(118), 67-78.
https://doi.org/10.15587/1729-4061.2022.263432.

Jian, Huang. Design and realization of a novel mag-
netic nutation drive for industry robotic wrist reducer
/ Jian Huang, Yao Ligang Li, Wen-jian, Zhang, Jun
// Industrial Robot: An International Journal. 44. 58-
63. 10.1108/IR-04-2016-0130.

Yu, W. The design method of a novel magnetic suc-
tion gear reducer / Yu, W & Wang, C & Xu, T. // IOP
Conference Series: Materials Science and Engineer-
ing. 504. 012093. 10.1088/1757-899X/504/1/012093.

S. Hasanpour Cycloidal Reluctance Magnetic Gears
for High Gear Ratio Applications / S. Hasanpour, M.
Johnson, M. C. Gardner, H. A. Toliyat / IEEE
Transactions on Magnetics, vol. 58, no. 6, pp. 1-10,
Art no. 8001210, doi:
10.1109/TMAG.2022.3163419.

M. C. Gardner Optimization of Coaxial Magnetic
Gear Design and Magnet Material Grade at Different
Temperatures and Gear Ratios / M.C. Gardner, B.
Praslicka, M. Johnson, H. A. Toliyat // IEEE Trans-
actions on Energy Conversion, vol. 36, no. 3, pp.
2493-2501, doi: 10.1109/TEC.2021.3054806.

B. Dai "Cogging Torque Reduction of Integer Gear
Ratio Axial-Flux Magnetic Gear for Wind-Power
Generation Application by Using Two New Types of
Pole Pieces / B. Dai, K. Nakamura, Y. Suzuki, Y.
Tachiya and K. Kuritani // IEEE Transactions on
Magnetics, vol. 58, no. 8, pp. 1-5, Art no. 8002205,
doi: 10.1109/TMAG.2022.3159002.

Yymak B. Kopekuisi BUXiIHOT OTY>KHOCTI TeHepaTo-
pa Oe3MyJIBTHILTIKATOPHOT BITPOCIEKTPOYCTAHOBKH
MPH TUCKPETHHUX Ta BUMAJKOBUX 3HAYCHHSX IIBUJI-
kocri BiTpy / Uymak B., OctpoBepxoB M., KoBaseH-
ko M., T'onoBko B., KoBanenko I. // Bichux HTY

[4]

[5]

[6]

[71

8]

191

«XIIl».  Cepia: Ilpobremu  YOOCKOHAMIOBAHHSI
enekmpuuynux mawurn I anapamis. Teopis |
npaKkmuxa, 2 (8), 39-46.

https://doi.org/10.20998/2079-3944.2022.2.07.

[10]Yymak B. [TopiBHSIHHS CHHXPOHHUX I'€HEPATOPIB JUIS

aBTOHOMHOI OeH3nHOBOi ycTaHoBku / Uymak B., Ko-
Banenko M., Tkauyk 1., Koanenko 1. // Bicuux HTY
«XTII». Cepis: Ilpobremu yOOCKOHAMIOBAHHS €NeKM-
puynux mawun I anapamis. Teopia I npakmuxa, (2
(8), 32-38. https://doi.org/10.20998/2079-
3944.2022.2.06.

[11]Moghimi, Ali. Triple-speed coaxial magnetic gear for
wind turbine applications: introduction and compre-
hensive analysis. COMPEL / Moghimi Ali, Aliabadi,
M., Farahani H. // The international journal for com-
putation and mathematics in electrical and electronic
engineering. 41. 10.1108/COMPEL-01-2022-0001.

[12]K. Aiso A Novel Flux-Switching Magnetic Gear for
High-Speed Motor Drive System / K. Aiso, K. Aka-
tsu and Y. Aoyama // IEEE Transactions on Indus-
trial Electronics, vol. 68, no. 6, pp. 4727-4736, June
2021, doi: 10.1109/TIE.2020.2988230.

[13]Ruiz-Ponce G. A Review of Magnetic Gear Tech-
nologies Used in Mechanical Power Transmission /
Ruiz-Ponce G. Arjona, M.A., Hernandez, C., Es-
carela-Perez, R.A. // Energies 2023, 16, 1721.
https://doi.org/10.3390/en16041721.

[14]Wang Y. A Review on Magnetic Gears: Topologies,
Computational Models, and Design Aspects / Y.
Wang, M. Filippini, N. Bianchi, P. Alotto, / IEEE
Transactions on Industry Applications, vol. 55, no. 5,
pp. 4557-4566, doi: 10.1109/TIA.2019.2916765.

[15]Nielsen S. S. Pole and Segment Combination in Con-
centric Magnetic Gears: Vibrations and Acoustic
Signature / S. S. Nielsen, H. Y. Wong, H. Baninajar,
J. Z. Bird, P. O. Rasmussen // IEEE Transactions on
Energy Conversion, vol. 37, no. 3, pp. 1644-1654,
doi: 10.1109/TEC.2022.3151654.

[16]IlepmunoB FO.H. Anroputm pacdera CHHXPOHHBIX
TCHEPAaTOPOB TOPICBOM KOHCTPYKIIMH C JIByMs Mar-
HUTHBIMH CUCTEMAaMH, PACIOIO0KCHHBIMHU 110 TOPLIAM
cTaTopa, JUisl BETPOIHEPTeTHUCCKUX YCTaHOBOK / [le-
pmuaoB FO.H., Koxanesnu B.I1., 3unuenko T.B. //
BimHoBmioBana enepreruka. 2016. Ne 2. C. 45-49.

Cmamms naditiuna 0o peoaxyii 31.07.2023

EVALUATION OF MAGNETIC GEAR PARAMETERS FOR
AUTONOMOUS WIND INSTALLATION WITH CHANGING WIND SPEED

KOVALENKO
M.A.
CHUMACK V.V.

PhD, Associate Professor Department of Electromechanics National Technical University
of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute", e-mail: kovalenko ma@i.ua;

PhD, Associate Professor Department of Electromechanics National Technical University

of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute", chumack kpi@ukr.net

KOVALENKO LY.

Assistant of Renewable Energy Sources, National Technical University of Ukraine "Igor
Sikorsky Kyiv Polytechnic Institute" e-mail: 2048141 @ukr.net;

TKACHUK L.V.

Postgraduate student, Department of Electromechanics National Technical University of

Ukraine "Igor Sikorsky Kyiv Polytechnic Institute", e-mail: baja0073@gmail.com;

40



ISSN 1607-6761 (Print) «EJJEKTPOTEXHIKA TA EJIEKTPOEHEPTETUKA» Ne2 (2023)
ISSN 2521-6244 (Online) Po3ain «EnekTpoeHepreTnka

HARFORD A.G. Postgraduate student, Department of Electrotechnical Devices and Electrotechnological
Complexes National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic
Institute", e-mail: mojaverocketman@gmail.com.

Purpose. To evaluate the parameters and characteristics of the magnetic gearbox at constant and variable wind
speed as part of an autonomous wind power plant.

Methodology. Analysis of existing methods of mathematical modeling of magnetic gearboxes. Numerical methods
of mathematical modeling based on finite elements. Numerical methods of processing the obtained results.

Findings. A two-dimensional field mathematical model has been developed to estimate the parameters and char-
acteristics of the magnetic gearbox at variable and constant wind speed. With the help of the developed model, the elec-
tromagnetic field, parameters and characteristics of the magnetic gearbox were analyzed both at a constant and at a
variable speed of rotation. In particular, it was found that the magnetic system of the reducer does not reach saturation,
while the average values of magnetic induction in the structural elements of the reducer remain within the permissible
values for the used materials and grades of steel. The obtained data on the average values of the electromagnetic mo-
ments of the outer (high-speed) rotor and the inner rotor make it possible to understand the relationship between them
and their influence on the operation of the system. A conclusion was made about the uneven distribution of induction
along the middle line in the air gap, which is caused by the presence of a modulator in the design of the reducer. In
addition, according to the obtained results, the change in wind speed affects the speed of rotation of the magnetic gear-
box and the magnitude of the electromagnetic moments of the high-speed and low-speed rotors. Such information helps
to understand the dynamics of system operation under different environmental conditions. The results obtained in the
study are important for further improvement of the magnetic reducer design and ensuring more efficient operation of
the low-power wind turbine. They can be used to optimize the structure and increase its productivity, which will con-
tribute to the development of wind energy and the green energy industry in general. The average value of the electro-
magnetic moment of the outer (high-speed) rotor is about 7.4 N-m, while for the inner rotor the value of the electro-
magnetic moment is about 66 N-m. The ratio of the moments of the outer and inner rotors is 8.92, which correlates with
the reduction factor of the gear under study.

Originality. A two-dimensional field mathematical model has been developed, which takes into account the
change in the parameters and characteristics of the magnetic gearbox when the wind speed changes and the random
rotation speed of the wind generator rotor.

Practical value. The results of the research of the magnetic reducer for a low-power wind turbine have an impor-
tant contribution to the development of wind energy, contribute to increasing the efficiency and reliability of energy
production, and contribute to the creation of a more sustainable and environmentally friendly energy complex.

Keywords: magnetic gearbox, wind turbine, field mathematical model, electromagnetic field, design optimization,
wind energy
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