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AHomayia. Po3pobseHo mamemamu4yHy modesns ma memo-
OUKy eKcriepumeHmManbHUx 00CniOMeHb npouecy nepemeo-
PEHHA eHepeii 8impy 8 eneKMpomMexaHivHili cucmemi «gimpoy-
CmaHoseKa — iHOyKyiliHuli  Haepieay 3  nocmiliHUMU
mMazHimamu». Poboma crnpamMo8aHa Ha 8UKOHAHHA GKMyadso-
H020 3080aHHSA — NMi0BUWEHHSA eHepaoedeKmuBHOCMI cucmem
a8MOHOMHO20 Mena0nocMa4yaHHA waaxom besnocepedHb020
rnepemeopeHHA MexaHiYHoi eHepzii 0bepMmaHHA pomopa 8iMmpoycMaHOBKU HA Mers08Yy 3a PAXYHOK 8UKOPU-
CMAHHA iHOYKYiliHo20 Hazpisaya 3 nocmiliHUMU MazHiIiMamu, OMUHQAYU MPOMIXHY cmadito eaekmpoma-
WUHHO20 rnepemeopeHHA eHepzii eimpy. [na meopemuyHoi OUiHKU eHepaemu4yHUX rMpoyecie 3anpornoHo-
8GHO MamemMamu4Hy MoOesb HO OCHOBI eKkgieaaneHMHoI 3acmyrnHoi cxemu. BoHa po32a50ae yCmaHOBKY K
cucmemy 3 iHOYKMUBHO 38°430HUMU KOHMYPAMU, SKi Tpedcmassisiome pyxome Oxcepesio MaeHimHo20 noss
i cmamop. lpouec nepemeopeHHA MeXAHIYHOI eHepezii Ha mernsa08y onucyeMbCs Yepe3 nepexio 8id pyxomoi
cucmemu 00 eKkgisaneHmMHoi cmayioHapHoi, 8 AKill npomikae 3miHHUU cmpym. Po3paxyHoK enekmpomazHi-
MHUX napamempie 8UKOHAHO 3 BUKOPUCMAHHAM Memodie enekmpomexHiku. BusHauyeHHA KopucHoi merino-
80i nomyxHocmi 6a3yemoca Ha 0b64uUCAeHH] amnaimyoOu 8uUxposux cmpymie Yyepe3 KomrisaeKcHul onip cuc-
memu. [ocnioreHHs nposedeHo 078 cmamopie 3 Hepxcasitouoi cmani (08X18H10), antominHito (AMuy) ma
Midi (M2) 3a pi3Hux weuokicHuUx pexcumie 06epmaHHA pomopa. opieHAHHA PO3PAXYHKOBUX pe3ysnbmamis
3 0aHUMU eKcriepumeHmasnbHUX 00Cni0xceHb nokasasno po3bircHicme 8 mexcax 15 % 014 midi (i antomiHito ma
20 % — 0nA Hepxasgitoyoi cmani. 3aNpPoNnoHOBAHA MamemMamu4yHa mMmodesb Moxce bymu 8UKOpUCMAHA 014
rnonepedHb020 iHHEHEePHO20 PO3PAXYHKY.
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I'IepeniK BUKOPUCTAHUX NO3HAYE€Hb Ta CKOPOY€Hb

FEM (Finite Element Method) — meTopg, cKiH4eHHMX ene- EPC — eneKkTpopywiiiHa cuna

MEHTIB .
BEY — BiTpoeHepreTMyHa ycTaHOBKa

MPPT (Maximum Power Point Tracking) — BiacteskeHHsa
TOYKM MAKCMMaA/IbHOI NOTYKHOCTI

Bcryn. CTpimKe 3pOCTaHHA CBITOBOrO MONUTY Ha eHeprope-
Cypcuv B NOEAHAHHI 3 r106anbHOtO cTpaTerieto AeKkapboHisa-
Lii eKOHOMIKM BMMarae iHTeHcudiKaLil pO3BUTKY TEXHO/O-
rin BigHoBNtOBaHOI eHepreTukuK. Cepen AOCTYNHUX AXKepen
eHeprii BiTpoeHepreTMka Nocigae o4Hy 3 NPOBIAHMX NO3U-
Uil 3aBAAKM BUCOKOMY MOTEHLiaNy Ta TEXHOJIOTIYHIN 3pino-
cTi. TpagmuiitHa apxiTekTypa BEY opieHTOBaHa Ha BUPOOHM-
LTBO eNeKTPOeHeprii: KIHeTUYHa eHepria BiTPOBOro NoTOKY
NepeTBOPIOETLCA Ha MEXaHiYHy eHeprito obepTaHHA po-
TOpa, a Aani — Yyepe3 eneKkTporeHepaTop — Ha eNeKTPUYHY
eHeprito gna mepexi abo akymynatopis [1].

OAHaK aHani3 CTPYKTYPU eHeprocrnoXKMBaHHA MOKA3YE, WO
3HayHa i 4yacTka, 0cob6/MBO B MNPMBATHOMY CEKTOPI,

CiNbCbKOMY rocnofapcTBi Ta Ha NPOMUCIOBUX 0B ‘EKTaX, BU-
TPaAYaETLCA HE Ha eNeKkTPonocTayaHHA, a besnocepeaHbO
Ha noTpebu TennosabesneyeHHA (ONaNEHHA MPUMILLEHD,
rapave BOAOMNOCTa4YaHHSA, CyLWiHHA NpoayKuii Towo) [2]. Bu-
KOPUCTaHHA A4 33434 TEen/IoNoCTavyaHHA TpaauuiiHoro
NAHUOra NepeTBOPEHHA «BITPOYCTAHOBKA — €/1eKTpPOreHe-
paTop — eNeKTPUYHUI HarpiBay» € EKOHOMIYHO HepaLlioHa-
JIbHUM cnocobom TexHiYHOT peanisau;i.

Mo-nepwe, edeKTUBHa eKcnyaTalia BiTPOYCTaHOBKU BU-
Marae y3roAeHHs MexaHi4YHOi XapaKTePUCTUKM TypbiHM 3
E€NEKTPUYHOIO XapPaKTEPUCTUKOK HaBaHTaXKeHHA. OCKiNbKu
NOTYXKHICTb BITPOBOro NOTOKY NponopLiiHa Kyby WBUAKO-
CTi BiTPY, @ OMip TEN/JI0BOr0 €/IeKTPUYHOrO Harpisaya €
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CTanum, cuctema noTpebye BMKOPWUCTAHHA perynatopa 3
bYHKUiED  BiACTEXEHHA  MAKCMMAsbHOI  MOTYXKHOCTI
(MPPT). Be3 akTMBHOrO e/IeKTPOHHOTO KEPYBAHHSA BUHUKAE
PU3KUK ranbMyBaHHA POTOpPA 33 HU3bKWUX PIiBHIB LUBMAKOCTI
BiTPYy ab0 NiABMLLEHHA YacTOTN 06epPTaHHA 40 KPUTUYHOT 33
BUCOKMX PiBHIB.

Mo-Apyre, KNacMyHa cxema MNoOTpebye MPOMIKHUX NaHOK
nepeTBOPEHHSA CTPYMyY (BUNPAMAAYIB 3MIHHOTO CTPYMY, iH-
BEPTOPIB) Ta CKNAAHWUX CUCTEM 3aXMCTY, BK/IIOYHO 3 KOMYTa-
LiMHUM 0b6nafHaHHAM s nepemMuKaHHA Ha 6anacTHi Ha-
BaHTaXXeHHA B pasi AOCATHEHHA rPaHMYHOI TemnepaTypu
TenIoHociA. HaABHICTb BEMKOI KiZIbKOCTiI CUI0BOI e/1eKTPO-
HIKM Ta HaniBNPOBIAHWKOBUX KOMMOHEHTIB CTBOPIOE YUC-
JIEHHi TOYKM NOTEHLiNHOT BiAMOBM Ta CNPUYMHAE A0AATKOBI
BTpaTW eHeprii [3]. AlbTepHaTUBHMM NiAXOA0M € NpsAMe ne-
peTBOPEHHA MeXaHi4YHOi eHeprii 06epTaHHA poTopa Ha Ten-
nosy. 3aBAAKN BigMOBI Bif, KNAaCMYHOTO e/IeKTPOMALLMH-
HOro MepeTBOPEHHA MEeXaHIYHOi eHeprii Ha eNeKTPUYHY
MOKHA YHUKHYTW 3aBAaHHA iHTerpaLii BiTPOBUX NOTYXKHOC-
Te B eHepromepexy. Takui MPUHUUN 3HAYHO CNPOLLYE
KOHCTPYKLilO reHepaTopa Ta A€ 3MOry BUKOPUCTOBYBATH
CUCTEMM aKYMYJIFOBAHHA TEMJIOTH, @ HE e/IeKTPOEeHeprii, Wo
3abe3neyye iCTOTHE 3HMMKEHHS 3arasbHWUX KaniTajabHUX i
onepawinHNUX BUTPAT TaKOi CUCTEMM MOPIBHAHO 3 TPAAUL,iIN-
HuMmu BEY [4].

Y 38’A3KY 3 MM aKTya/lbHUM HAyKOBO-TEXHIYHMM 3aBAAH-
HAM € PO3BUTOK CUCTEM MPAMOrO NEepPeTBOPEHHA MeXaHiu-
HOI eHeprii Ha TennoBy, A& MexaHiYHa eHepria poTopa BiT-
poycTaHOBKM 6e3nocepesHbO NepPeTBOPIOETLCA HA TENIOBY
eHeprito 6e3 NpoMmixKHOro etany reHepawii eseKTpUYHOro
CTPYMYy NPOMMUCNOBOI HacTOTH.

3riAHO 3 Cy4aCHMMM OTNAA0BUMU AOCNIOKEHHAMM, ICHYIOYI
TEXHONOTIT NPAMOro NepeTBOPEHHA MEXaHiYHOI eHeprii Ha
TENI0BY MOXHa KnacudikyBatu 3a TpbOMa OCHOBHUMMU di-
3UYHUMM NPUHLMNAMMU: KOMNPECIMHUM, TiAPOAMHAMIYHUM
Ta €N1eKTPOMArHiTHUM.

KomnpeciiHi cuctemun npautoroTb 3a NPUHLMAOM Tenso-
BOrO HAcoca, Ae BiTpoTypbiHa MexaHiYHO NPUBOAUTD Y Ait0
KomMnpecop. N0NOBHOIO NepeBarolo LbOro MeToay € Haw-
BMLLA eHepreTMyHa epEeKTUBHICTb, OCKIZIbKM Yepes HasB-
HIiCTb Yy CXeMmi TennoBoro Hacoca KoedilieHT NnepeTBOPEHHS
nepeBuLLYyE OANHULIO: TeHepaLLia TeNI0TU BiaOYyBaETbCA He
33 paxyHOK mMeXaHi4yHoi poboTu BiTpyY, a Wasaxom Biabdopy
HU3bKOMOTEHLiMHOI TENNOTU 3 HABKO/MLWHLOIO Cepeno-
BMw_a. OgHaK iXHE LUMPOKE 3aCTOCYBaHHA CTPUMYETLCA BU-
COKOI TEXHONOrYHOK CKNafHicTIo Ta BapTicTio obnaa-
HaHHA. TaKoX iCHYtOTb NPobHeMu i3 3aMyCKOM 3@ HU3bKMX
LWBKWAKOCTEN BITPY Yepes BUCOKUI MYCKOBUIA MOMEHT KOM-
npecopa, a BUKOPUCTAHHA CrneLiaibHUX X0/1040areHTiB BU-
Marae igeanbHOi repmMeTUYHOCTI KOHTYPY BMCOKOrO TUCKY

[5].

MpuHuMn 4ii rigpoAnHamiyHUX cuctem 6asyeTbes Ha nepe-
MilyBaHHI B'A3KOI pignHM B 3aMKHyTOMY 06’emi 3a gono-
MOFO0 MiLLA/IOK, APOCENIOBAHHA NMOTOKY PiAnHM abo rigpa-
BNIMHOMY ranbmyBaHHi. [0 nepeBar ubOoro meToay
HasieXkaTb BUCOKa TENJIOEMHICTb poboyoro Tina Ta BigHOCHa

NPOCTOTa KOHCTPYKLiT TensoobmiHHUKaA. BTim, TexHonoris
MQE€E CYTTEBI eKcnyaTalivHi HegoNiKK, 30Kpema HafaBHICTb
PYXOMUX YyLiNIbHEHD, WO NOTPEDbYOTh peryaapHoro obcay-
rosyBaHHA. Kpim TOro, ebeKTuBHICTb NepeTBOpPeHHA 3ane-
YKUTb Bif, B'A3KOCTi pigMHW, KA HENiHIAHO 3MiHIOETLCA 3 Te-
MMNepaTypolo, WO 3HAYHO YCKAALHIOE  Y3roAKeHHA
MOMEHTY OMopYy 3 aepoAMHAMIYHHUMWN XapPaKTEPUCTUKaMMU
BEY [6]. Cy4yacHi ekcnepuvmeHTasbHi AOCNIAMKEHHA Manunx
rifApPaBAiYHMX CMCTEM MPAMOrO MEePETBOPEHHA MeXaHi4yHOi
eHeprii Ha Tens0By NiATBEPAKYIOTb HEAOMIKN TaKoi CXxemu
nif Yyac 3miH weunaKocTi BiTpy [7].

EneKkTpomarHiTHi cuctemn reHepytoTb TENJI0BY eHeprito 3a
[0MOMOroto BUXpOBUX cTpymis (cTpymis ®Pyko) y nposia-
HWKY BHACNiA0K MOro B3aEMo,ii 3i SMiHHMM MarHiTHUM no-
nem. et meTon, xapakTepm3yeTbcA BE3KOHTAKTHO nepe-
Jayelo eHeprii, WO MiHIMI3ye MexaHiyHe 3HOLUYBaHHA
BY3iB, Ta BiACYTHICTIO pOHOUMX pPigMH Nig TUCKOM, WO Nia-
BMLLYE HadilHicTb. [loAaTKOBOK NepeBarolo € MOXK/INBICTb
BiJHOCHO NErKoro cTapTy BITPOTYP6iHW 3aBAAKU HU3bKOMY
rabMiBHOMY MOMEHTY 33 Ma/iX 4acToT obepTaHHA. Cepep,
HeAoNiKiB clig BiA3HAUYNTU HEObXiAHICTb BUKOPUCTaHHSA Ba-
PTICHWUX piAKO3eMeNIbHUX MArHiTiB y pa3i KOHCTPYKTUBHOIO
BMKOHaHHA poTopa 3i 36yKeHHAM Bif, NOCTIMHUX MarHiTis
[8]. Nonpw BapTicTb MmaTepianis, iIHAYKWIAHWIA NPUHLMA pO-
3rNALAETLCA AK HaNHAAiMHILWe pilleHHA ANA NepeTBOPEHHSA
MeXaHi4yHoi poboTn BesnocepeaHbO Ha TEMIO Yepes AKo-
ynesi BTpatn y ctatopi [9]. HM3Ka gocnigxeHsb ycniwHo nia-
TBEPAKYE TEXHIYHY KUTTE3AATHICTb TaKUX CUCTEM AN1A aB-
TOHOMHOFO  TEMJIONOCTAaYaHHA Ta BWCOKY 3arajibHy
edeKTMBHICTb ix poboTu [10, 11]. 3 ornagy Ha KpuTepii Ha-
AIMHOCTI, NpOCTOTU eKcnyaTau,ii Npy aBTOHOMHIN poboTi Ta
[0BrOBIYHOCTI iHAYKUiMHE HarpiBaHHA € HalinepCcneKkTUBHI-
wnm gna BEY manoi Ta cepegHbOi NOTYXKHOCTI.

MpoTe WMpoOKe BNPOBaAMKEHHA TaKMX MPUCTPOIB CTPUMY-
€TbCA CKNAQHICTIO iX NPOEKTyBaHHA. Po3noain Buxposux
CTPYyMiB i TENNOBMX NOAIB Yy CTATOPI € CKNAAHUM Gi3UYHUM
npouecom. bifbwicTb cyyacHUX AocnigKeHb y Uil ranysi,
30Kpema Ti, WO MPUCBAYEHI MPOEKTYBAHHIO iHAYKLIMHMX
HarpiBayis [12], cnMpatoTbCA HA YMCENIbHI MEeTOAM, 30KpeMa
FEM, aki BUMaratoTb 3Ha4YHUX 06YMCAOBAZIbHUX PECYPCIB i
yacy.

MeToto po60TH € CTBOPEHHA MaTEMaTUUYHOI MoAeni nepeT-
BOPEHHS MexaHi4yHoi eHeprii 0bepTaHHA poTopa BiTpoycTa-
HOBKM Ha TEMN/IOBY 33 PaXyHOK BUKOPUCTAHHA iHAYKLiAHOIO
HarpiBaya 3 NOCTIHMMM MarHiTamu Ta NepeBipKu ii ageKBa-
THOCTi 33 OMOMOTOH eKCMePUMEHTAIbHOI YCTaHOBKMU.

Oonuc matemaTtuyHOi mogeni. 3anponoHoBaHa MaTeMaTu-
YHa MoAeNb PO3rIALAE B3AEMOZAII0 KOXKHOIO MarHity 3 no-
Ka/IbHOK 30HOK CTaTopa, OH6MeXKeHOK reoMeTpUYHO
MPOEKLEID NO/tOCa MarHiTa Ha Moro nosepxHto. Lle gae
3MOTY YHUKHYTU CK/Ia4HOro MpPOCTOPOBOIO PO3PaXyHKY
€/IeKTPOMarHiTHOro noss M NepenTy Ao eKBiBaJeHTHOI 3a-
CTYNHOI €NeKTPUYHOI CXeMM i3 30cepeKeHMMN napameT-
pamu.

[Ona po3paxyHKy NOTYXKHOCTi TEN/I0BOT reHepaLii iHAYKLil-
HMM METOL0M Yepe3 CTBOPEHHA 3MIHHOFO MarHiTHOro nons
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32 A0MOMOrol0 PYXOMUX MOCTIMHUX MarHiTiB HeobxigHo
34iMCHUTU nepexig Big, ¢isnyHOI Moaeni ycTaHOBKM Ao i
MaTeMaTUYHOrO OMMUCY — EKBIBAJIEHTHOI 3aCTYNHOT CXEMMU.

Mpu ubOMY 34IACHIOIOTLCA TaKi NPUNYLWEHHS:

1. TNoCTiMHUI MarHiT 3 aKcia/IbHOO HaMarHiYeHicTo po3r-
NAJAETLCA AK eKBiBaNEHTHa KOTYyLKA (coneHoia) 3 oa-
HUM BUTKOM, reoMeTpUYHi po3mipn AKoro Bsignosiga-
I0Tb PO3Mipam MarHity.

2. BenwnuuHa cTpymy B €KBIBaZIEHTHIM KOTYLWIL |, BU3HaYa-

€TbCA 3 PIBHOCTI eHeprii marHiTHoro nons peasbHoOro
MArHiTy Ta KOTYLIKWN iHAYKTUBHOCTI:

W :%Llll2 :(BH ) 'Vmagnet’ (1)

max

ae W — enepria marnitHoro nons; L, —BnacHa iHAYKTMB-

HICTb €KBiBaJIEHTHOI KOTYLLKM; 17 — cTpym €KBiBaJIEHTHOI

KOTYLWKW; ( BH )

b6yTOK MaTepiany marHity (Hanpuknag, ana N38 cTaHOBUTb
38 MGOe); Viagnet ~ 06’em marHity.

max MAKCUMA/IbHUA eHepreTUYHuit ao-

3BiACK CTPYM €KBiBaN€HTHOI KOTYLUKM:

— 2 (BH )max 'Vmagnet ) (2)

Il
L,

3. Po3rnapaeTtbca He Becb 06’em cTaTopa, a AnLLe KOro No-
KanbHa obnacTb, AKa po3TaloBaHa 6e3nocepesHbO Nig,
marHitom. Lis obnacTb mae aiameTp, piBHUI aiameTpy
MarHiTy ¥ TOBLUMHY, PiBHY TOBLUMHI cTaTopa. Lis obnactb
MOZENOETLCA AK KOPOTKO3aMKHEHWUI BUTOK (KOHTYp) 3
AKTUBHUM Ta iHAYKTUBHUM OMOPOM.

4. AKTMBHWI oNip NPOTIKaHHIO IHAYKUiIMHUX CTPYMiB gocC-
NiAXyBaHOI 30HM CTaTopa 3aneXWUTb Big POPMM KOH-
TYypy, MOro TOBLWMHKW Ta enekTponposigHocTi. Mpwu
LbOMY HalTOYHiLIE MOXHA 06YMCAUTU 3HAYEHHA ONopy
A9 KOHTYPY Kpyrioi Gopmu, OCKiNIbKM A1 HbOFO BiAcCy-
THE CMOTBOPEHHA TPAEKTOPIi MPOTIKAHHA BUXPOBUX
cTpymiB Ha KyTax [13]. Came uyepes Lt 0cobauMBICTb Y
MeXKax AoCniaKeHHA 6yn10 BUBpaHO MarHiTH unaiHapu-
YHOi popmu.

5. TycTuHa CTpymy BBQKa€TbCA OAHAKOBOK B YCbOMY
06’emi cTaTopa, OCKiNbKM TMMBUHA MPOHUKHEHHA BU-
XPOBUX CTPYMIB Y TOBLLLY KOXHOTO 3 JOCNIAXKYBAHUX Ma-
Tepianis y poboyomy AianasoHi 4acToT 3HAaYHO NepeBu-
LLLYE X TOBLUMHY.

6. Yepes HaABHICTb OCbOBOI CUMETPIi CUCTEMU PO3PaXyHOK
TennoBoi NOTYXKHOCTI iIHAYKUIMHOro HarpiBaHHA NpPoBo-
OMTbCA NNWe ONA OAHIEl Mapu «eKBiBaJieHTHaA KOTy-
WKa — KPYroBMi KOHTYpP», @ OCTATOYHWIN pesyabTaT
OTPUMYETBCA LWAAXOM MHOXEHHA NMPOMIXKHOTO pesysib-
TaTy Ha 3aranbHy KiJIbKiCTb MarHiTiB.

7. YactoTa 3MiHHOrMO MarHiTHOro nosas BiAHOCHO Kpyro-
BOr0O KOHTYPY CTaToOpa, W0 PO3rNALa€TbCA, BU3HAYAETb-

€A AK fO0BYTOK KYTOBOT YaCTOTM POTOpPA Ha KiNbKiCTb Nap
NO/OCIB MarHiTiB.

Mepexia Ao cxemu «BEY — iHAYKUiMHWI HarpiBay» CNpoLLye
apxiTeKkTypy cmctemun. bnok-cxema 3anponoHOBaHOI BiTPO-
eHepreTMYHOi YCTaHOBKM 3 MepeTBOprOBAYEM MeXaHiYHOI
eHeprii obepTaHHA poTopa Ha Ten/IoBy HaBeAeHa Ha puc. 1.
MexaHiYHUA MOMEHT NepenaceTbcs Ha iIHAYKTOP 3 MOCTil-
HUMWM MarHiTamu, AKUM Nig 4ac obepTaHHA CTBOPIOE 3MiHHE
MarHiTHe nosne B CTaToOpi Ta HaBOAWUTb B HbOMY BUXPOBI
CTPYMM, WO NPU3BOAUTL A0 MOro HarpieaHHA. YacTtoTta
3MiHHOIO MarHiTHOro NnosA 3aneXuTb Bif, WBUAKOCTI 0bep-
TaHHA poTopa BEY, HaABHOCTI My/IbTUNNIKATOPA, @ TAKOX Ki-
NIbKOCTI Nap noJtocis iHAYKTOpa.

Potop BEY
Wind turbine rotor

Ban BEY
Wind turbine shaft

PoTop 3 noctinHuMu MarHitamm
Rotor with permanent magnets

CraTop
Stator .
A
7 gy
V 77
v
AA

Puc. 1. bnok-cxema BEY 3 ycmaHO08Kot0 014 iHOYKYiliHo20
HaepieaHHA HA OCHOB8I MOCMIlHUX Maz2Himis: 1 — mazHim;
2 — nosimpaAHull NPOMiHoK;. 3 —30Ha cmamopa nid MmazHi-
mom

MPUIHATI NPUNYLWEHHA 4al0Tb 3MOTY NepPenTn 40 3acTynHol
cxemu (puc. 2), Wwo Asnse coboko cucTemy 3 ABOX iHAYKTU-
BHO 3B’A3aHMX KOHTypiB. Meplmnit KOHTYp (eKkBiBa/sieHTHa
KOTYLUKA) € AXKepenom MarHiTopyLwiiHoi cuau, a B Apyromy
KOHTYPpi (KpyroBuii BUTOK) HaBOSATLCA BUXPOBI CTPYMMU.

fl fz R2
—J

U} I )Ll J CL, In )
I N ") w_

A
N

M,

Puc. 2. EKgisaneHmMHa 3acmynHa cxema:
L, — IHOYKMUBHICMb eKgiganeHmMHoi KomywkKu; L,,

R, — iHOyKmueHicme ma akmusHuli onip cmamop;
M,, — 830EMHa iHOyKmusHicmb Mixc eksieaneHm-
HOK KOMYWKOK i cmamopom
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BignoeigHo go apyroro 3akoHy Kipxroda ana apyroro Kox-
Typy (cTaTopa), PiBHAHHA €NeKTPUYHOI piBHOBArn Mae BU-
rnag;

l,-(R,+ joL,)+1,- joM,, =0, (@)

ae |2 — BE&/IMYMHA iHAYKOBAHOTO CTPYMy B CTaTopi (4itoue

3HAYEHHA CTPyMmY);
n-p_z-n-p
60 30

3MiHW MarHiTHOro MonA, AKa 3a/eXKUTb Big, 4acTOTU o6ep-

w=2-7-T=2-7- — KyTOBa YacToTa

TaHHs poTopa n (06/x8) Ta Kinbkocti nap nostocis P ; |1 -

BE/IMYMHA CTPYMY E€KBiBa/IEHTHOI KOTYLLKW.

3BigcK BeNMUMHA iHAYKOBAHOro CTPyMy B cTaTopi (ajtoue
3HAYEHHA CTPYMY) BU3HAYAETHCA fAK:

=2 Myl (@)

=—,

R +(a)L2 )2

MOTYKHICTb TENNOBUAINEHHSA, WO MAe Ha HarpiBaHHA cTa-
TOpa, PO3pPaxoBYETbCA 3a 3aKOHOM [Ixoyna — JleHua:

P=I12.R,, (5)

KnouoBnm eTanom moaentoBaHHA € BUSHAYEHHA NapameT-
piB eKBiBa/JIEHTHOI 3aCTYNHOI CXemMu.

Po3paxyHOK BfacHWMX Ta B33aEMHOI iHAYKTUBHOCTEN BMKO-
HaHO 3 BMKOPMUCTAaHHAM K/IACUYHUX METOAIB Teopii eNneKT-
POMarHiTHOro nond. 3oKkpema, ansa po3pPaxyHKy BAACHOT iH-
OYKTUBHOCTI €KBiBaJIEHTHOT KOTYLLKM Ta KPYroBOro KOHTypa
BMKOpUCTOBYETbCA dopmyna (5-13) [14], aKa BpaxoBye reo-
METPUYHI PO3MIPU MarHiTy, a TaKOXK 30HU CTATOPa, LLO PO-
3rNAJAETHCA:

L =2 R(In
HRAN =t

-7 .
pe fy=47x10" TH/M - abconotHa mariTHa NPOHMK-
HIiCTb; R - pasiyc OCbOBOI AiHii KPYyroBoro KOHTypYy,
a=a/2R, p=r/2R, Ae a Ta r — po3mipu nonepeuy-
HOro nepepi3y KOHTYPy B OCbOBOMY Ta pajiasibHOMy Hanps-
MKy (puc. 3), f T1a fz — 6e3po3mipHi KoediuieHTn popmu
nonepeyHoro nepepisy, Wo BPaxoByTb BNANB MOFO CKiH-
YEHHOIi TOBLLMHM Ta LWUMPUHWN HA BEIMYNHY BAACHOT iIHOYKTU-
BHOCTI. 3HayeHHA Koeodiuientis T Ta fg BM3HAYaloTbCA 32

[0BiAKOBMMM gaHummM [14] 3anexHo Big cniBBigHOLWEHHA
reoMeTpPUYHUX NapamMeTpiB eKBiBaNEHTHOIO KOHTYpY.

Puc. 3. leomempuyHi po3mipu nonepe4yHo20 rnepepidy exsi-
80/1€HMHOI KOMYWKU (Kpy208020 KOHMYpY)

B3aeMHy iHAYKTUBHICTb M13 MiXK IBOM@ KOHTYpamM#, pos3-

MiLLLEHMMM Ha CMiNbHIl OCi | po34ineHMMM NOBITPAHMM NpPo-
Mi*KKOM, po3paxoBaHo 3a ¢opmynoto (7-48) [14]:

1
M13:E(L123+L2_L12_L23)' (7)

ne Lz — iHAYKTMBHICTb QIKTMBHOIO KOHTYPY 2 AOBXKMHO b
(puc. 4), wo mae Takmii camuii giametp d Ta d1, i Taky camy
LWiNbHICTb BUTKIB, WO 1 KOHTYpK 1 Ta 3; |—123, |—12 i L23 -
BNIACHI iIHAYKTUBHOCTI KOHTYPIB, CKNageHMX 3 KOHTYpiB 1, 2 i

3;1i2;2i3, BignosigHo.

Besmuntm |—123, |—2, |-12 Ta L23 MOYTb 6YTV BU3HAYEHI 33

dopmynoto (6).

4 1 24 p?
__+3a +p

2

2
In——2 +f+£1), (6)
a’+ p? 4

\
A\
w

Puc. 4. Freomempu4Hi po3mipu nepepizy 080x KOAKciasb-
HUX KOMYWOK: a, b, A — mosuwuHU eKsisaaeHmMHoi Komy-
WKU, MOBIMPAHO20 MPOMIXKKY ma Kpy208020 KOHMYypPY,
8idnoeidHo; d — cepedHili diamemp; d1 — 308HiwHili dia-
memp

[nA BU3HAUEHHA aKTMBHOIO ONOPY YaCTMHM CTAaTOPa, B AKIN
NPOTIKalOTb BUXPOBI CTPYMM, BUKOPUCTAHO METOAMKY, 3a-
nponoHoBaHy N. J. Siakavellas [13]. 3riaHo 3 Heto ekBiBane-
HTHUI eNeKTPUYHWUI ONip NPOTIKAaHHIO IHAYKLiIMHUX CTPYMiB
33/1eXKUTb Bif, reOMETPUYHUX PO3MipiB NPOBIAHMKA Ta OO
NUTOMOI eNneKkTPonpoBiAHOCTI. BUKOPUCTAHO aHaNiTUYHUIA
Bupas (35) [13], ana nnacTmHm Kpyraoi popmu:

=4, (8)
oh

4e & — NUTOMA eNIeKTPONpPOBIAHICTb MaTepiany cTaTopa,
h - ToBwmHa cTatopa, q = 27 — 6e3po3mipHuin Koediu,i-
€HT popMK ANA KOHTYpPY Kpyrnoi dopmu.
OnucaHa NocnigoBHICTL AA€E 3MOry 06UYNCANTU NapameTpu
€KBiBaJIEHTHOI 3aCTYMHOI CXEMMU, A TAKOXK CTPYM eKBiBaNeH-
THOI KOTYLUKMK |1. Lli BeinYnHM Hagani BUKOPUCTOBYHOTLCA Y

piBHAHHAX (4) Ta (5) AN 06YMCNEHHSA A4il0YOro 3HaYeHHs Be-
JIVUMHU IHOYKUIAHUX CTPYMIB i NOTY)KHOCTI TenaoBuAi-
NEeHHsA.
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EKcnepuMmeHTasibHa yCTaHOBKA Ta METOAMKA AOCNIAXKEHb.
[nAa npakTMYHOro AocniaKeHHA npouecy reHepadii Tensio-
BOI eHeprii BUXPOBUMM CTPyMamMMn Ta MepeBipKM TOYHOCTI
3aNpoONoOHOBaHOI MaTeMaTMyHoi mogeni 6yno CrnpoeKTo-
BaHO Ta NobyAOBaHO EeKCMepUMEHTANIbHUIN  CTeHp,
(puc. 5a, 56, 6). BiH gae 3mory B peanbHOMY Yaci AOCNIAKY-
BATU €/IeKTPOMEXaHiYHi 1 Ten/soBi XapaKTepUCTUKU CcUC-
TEMMU, B AKi1 3MiHHE MarHiTHe noJsie yTBOPHETLCA 3a AOMO-
MOFOl0 MOCTIMHUX MarHiTiB, WO PyXalTbCA BiAHOCHO
3aKpinieHoro NpoBiAHOro cratopa.

Puc. 5a. 3D-mo0enb eKcrnepumeHmasnbHo20 cmeHoa: 1 —
mennoizonauiliHull Koxcyx; 2 — Kpuwka; 3 — memanesuli
cmamop; 4 — pomop 3 nocmiliHUMu Maz2Himamu, 5 — Kosne-
KMopHuli 08u2yH; 6 — onmuy4HuUli 0amyuK weuoKkocmi; 7 —
308HIiWHIlG damyuk memnepamypu,; 8 — Modysb 8UMIpIO-
B8AHHA HANpyau ma cmpymy; 9 — MiKpOKOHmMponep
(Arduino Nano)

[xxepeno #neneHHs
Power supply

\J

|Z£< [atuuk Hanpyru i crpymy

Voltage and current sensor

Mepconanbhuin Komn'loTep
Personal computer

1-Wire

ONTUYHMIA NATYMK WBMAKOCTI

Optical speed sensor Digital

[laTunk TemnepaTypu nosiTps
Air temperature sensor

usB

Arduino Nano [—

KonektopHuii aBuryH
Brushed DC motor

o
= PoTop 3 nocTiiHMMK MarHiTaMn
; Rotor with permanent magnets
1
-
R
[lat4mkn TemnepaTypu cTatopa Crarop

Stator temperature sensors Stator

Puc. 56. CmpykmypHa 6710K-cxema 8UMipro8asbHOI cuc-
memu

MpnuBOAOM eKcneprMeHTaNbHOT YCTAHOBKU C/YTY€E KOJEK-
TOPHWUI ABUIYH NOCTilMHOro cTpymy cepii RS-775 3 HomiHa-
NibHOlO poboyolo Hanpyroto 24 B Ta HOMiHANbHOMO YacTo-
Toto obepTaHHA 3000 06/xs.

[Jo Bany ABUryHa yepes rHyyKy antomiHieBy myodTty npuea-
HaHO POTOPHY 36ipKy, AKA ABNSAE COOOO NIACKUIN AUCK 30B-
HiWHIm aiametpom 105 mm, Ha nepudepii Akoro y BuUrnsi
KPYroBoro macumay 3 pagiycom 45 mm Big oci obepTaHHA BK-
KOHaHo rnyxi otBopu ana dikcauii nocTiiHMX marHitie. Ma-
FHITHA CMCTEMA CKnagaetbca 3 10 HEOAMMOBMX MArHiITIB

(NdFeB, mapka N38) uwuniHapuuHoi dopmu (giameTtp
10 mm, BUCOTa 4 MM) 3 aKcianbHOI HamarHidyeHicTtio. Mar-
HiTWM BCTAHOBJ/IEHO 3 YepryBaHHAM MOASPHOCTI (ABa cycigHi
MarHiTU OpPIEHTOBAHI 3yCTPIYHO MO BiAHOLWEHHIO A0 HOp-
Mani poTopa), OT)Ke, B TaKMi1 cnocib BoHM yTBOPHOIOTbL bara-
TONOIOCHY cucTemy 3 5 mapamu nostocis.

N5 3MeHLEeHHsA NOXMOKM BUMIPIHOBAHHSA TEMNI0BOT NOTYK-
HOCTI, MOB’A3aHOI 3 pPO3CitoBaHHAM TeN/0BOi eHeprii B Ha-
BKOJINLIHE cepenoBuLLEe, 30HY HarpisaHHA 6yn10 NomilLeHo
B CrneuiasibHUIM TenN0i30NALIMHNUIA KOXKYX. KOHCTPYKL,A KO-
KyXa BMKOHaHa 3a NPUHUMMNOM TEPMOCA: MiK BHYTPIL-
HbOIO Ta 30BHIWHbO CTIHKAMW KOPMyCY M KPULIKKU Nepes-
6ayeHO MOBITPAHMI NpolWApPOK ToBWMHOW 10 mm.
FepmeTtunsauis poboyoro o06’emy 3abesneuyyeTbcA rymo-
BUMM YLLINbHEHHAMM B YCiX MiCLAX, A€ HaABHI 3a30pw.

AIK cTaTopu (HoCnifXKyBaHi 3pas3ku) BUMKOPUCTOBYBANNUCA
3MiHHi MeTaneBi ANCKM i3 30BHIWHIM giameTpom 100 mm Ta
TOBLWMHOW 2 MM. [1nA nopiBHANbHOro aHanisy 6yno Bub-
paHO maTepianun 3 CYTTEBO Pi3HUMW eneKkTpodisn4YHUMM I
TENJIOBUMWU XapPaKTEPUCTUKAMU: eNeKTpoTexHiYHa Miab
mapKkun M2 (aHanor — AlSI C12500), KOHCTPYKLiAHWI antomi-
HieBuin cnnas AMu, (aHanor — AISI 3003), Ta KoposiiiHoc-
TilKa ctanb 08X18H10 (aHanor — AlSI 304). BeanumHa nosi-
TPAHOTO 3a30py MiX MOBEPXHE MOCTIMHUX MarHiTis
poTopa Ta HEPYXOMMM MeTasieBUM SMCKOM CTaTopa B yCiX
Aocnigax ctTaHOBMAA 2 MM.

Puc. 6. 3azanbHull 8u2aa0 ekcrnepumeHmasnbHoi ycmaHo-
8KU

OcCHOBHI ¢i3MKO-MexaHiuHi BNacTUBOCTIi BUBpaHMX maTepia-
niB, Wo 6e3nocepeAHbO BNANBAOTb Ha IHTEHCUMBHICTb reHe-
pauii BUXpOBMUX CTPYMIB Ta po3noAin TennoBoi eHeprii B
06’emi cTaTopa, HaBegeHo y Taba. 1. Yci BubpaHi metanu €
Aia- abo napamarHeTMKamu (HemarHitHi matepianu), wWwo
Oano 3mory i3onoBatn edeKT reHepauii cTpymis ®yKo Big,
napasuMTHUX BTPAT HA MarHiTHUM rictepesuc.
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Tabnuua 1. Pi3nyHi Ta eneKTpomarHiTHi BAacTMBOCTI MaTepianis gocniaxKyBaHux cratopis (T = 20 °C)

Marepian

®i3nyHMit napameTp

MUToMa eNeKkTPonpoBIAHICTb & , MCm/m 59.6
BiAHOCHA MarHiTHa NPOHMKHICTD, ,Ur ~0.999
fyctuna O, kr/m? 8940
MuToma TennoeMHICTb ¢, I/(Kkr-K) 385
TennonposigHicts 4, Bt/(m-K) 390
TemnepaTypHuit KoediuieHT onopy « , 1/K 0.0040

Bubip came umx TpbOx maTepianis fAa€ 3MOry TOYHO AOCAi-
OUTW npouec TensoreHepauii 3a AONOMOro BUXPOBUX
CcTpymiB. Mifib € HalKpaLWMM NPOBIAHNMKOM 3-MOMiK 0bpa-
HUX MaTepianiB i 3abe3neyye MaKcMmasbHy reHepawito
cTpymie ®PyKo Ta HaMKpally TeNAONPOBIiAHICTb. ANOMiHi€E-
BWIA CNNAB € IETKUM | IOCTYNHUM KOHCTPYKLiAHUM maTepi-
aZoM, WO MA€E BABIYi HUXKYY eNeKTPONpPOBigHICTb, ane
BULLY TENI0EMHICTb. KOpo3iltHOCTilMKa cTanb Bigirpae posb
KOHTPOJIbHOTO 3pa3Ka: Matoym BiHOCHO HU3bKY e/IeKTpon-
pOBigHICTb, BOHa Aa€ 3MOry eKcnepuMeHTanbHO NigTBep-
OUTW, WO Lein napameTp € AOMIHYOUYUM AN ePeKTUBHOIO
iHOYKLiMHOro HarpiBaHHA Ha HM3bKMX YacTOTax.

[nAa KOMNNEKCHOro MOHITOPUHIY poboumx napameTpis
CTEHJ, OCHALLEHO CUCTEMOID LMPPOBUX AATYMKIB, iHTErpo-
BaHWX 3 MiKPOKOHTpoiepHoto naaTtoto Arduino Nano. 36ip
[aHUX Ta iX nepegaya Ha NepcoHasibHMIA Komn'toTep 34ilic-
HtoBancA 3 GiKCOBAHMM iHTepBaNOM AMCKpeTM3aLii 5 c.

PeecTpauia TemnepatypHMX NOKa3HUKIB 34ilicHIOBanacA 3a
L0MOMOro 4YoTMpPboX undppoBux aatymkis DS18B20. Tpu
OaTYMKKM By NpUKpinaeHi fo ctatopa yepes Tenaonpo-
BiAHI NMPOKNAAKM Ha Pi3HUX BiACTaHAX Big, oci obepTaHHs.
YeTtBepTtuii gatumk DS18B20 6yn0 po3milleHO 33 Mexamu
TEN/I0I30NALIMHOIO KOXyXa A1 MOHITOPUHTY Temnepa-
TYPUY HAaBKOJIMLLHBOrO CEPeA0BULLA MNif, YaC eKCNepuMeHTy.

nBneHHA npuBoaHoro ABuryHa 3abesnedysanoca nabo-
patopHuMm gxepenom xusneHHa YIHUA 3005D-IIl. YacToTa
obepTaHHA poTopa 3 MarHiTamu ¢ikcyBanaca onTUYHUM Aa-
TYnkom weunarocti HC-020K, BcTaHOBNEHMM Ha Bany ABu-
ryHa.

BMMIipIOBaHHA CMOMKMBAHOI €/1eKTPUYHOT MOTYXKHOCTI (Ha-
npyrM Ta CTpymy) 3gilicHioBanocs umMbpoBMM Moaynem
INA219. nA po3wmpeHHa giana3oHy BUMIPHOBAHHA CTPYMY
onip wyHTa moayna INA219 6yno 3meHLWeHo BABIYI WAnA-
XOM [10/1aBaHHA A0[ATKOBOrO pe3ncTopa napanenbHo A0
LITATHOrO LWYHTAa.

[ns 3abe3neyeHHs ctabinbHOro Ta 6e3neyHoro pyHKLUioHy-
BaHHA BMMIipIOBa/IbHOI YaCTUHM YCTAHOBKM, @ TaKOX 3 mMe-
TOO T 3aXMCTY Bif, €NeKTPOMArHiTHUX 3aBaj, Big KONeKTop-
HOrO ABWUIYHa MNOCTIMHOTO CTPYMY, ENEKTPUYHY CXemy
UBNEHHA npuBoga byno goaatkoso moaudikosaHo. MMa-
panenbHo Kaemam asuryHa 6yno BCTAHOB/IEHO 3aXUCHUM

M2 (AISI C12500)

AMu (AISI 3003) 08X18H10 (AISI 314)

29.0 1.4
~1.000 ~1.005
2680 7900
920 500
138 15
0.0042 0.0010

3BOPOTHUI AjoA Ta KOHAeHcaTopu Ana ¢inbTpauii 3aBag.
Lle 3an06irn1o nowKogKEeHHIO YyTAMBUX UUMDPOBUX AaTuu-
KiB Ta MiIKPOKOHTpoAnepa vepes Bukmnam EPC camoiHayKu,ii
(iHAYKTMBHI cTpMBKKM Hanpyrun) nig yac pi3Koro ranabmy-
BAHHA Y/ BMMKHEHHA [ABUIYHa, a TaKOX [ano 3MOry ycy-
HYTWM BMCOKOYACTOTHI €/IeKTPUYHI 3aBafn, CMPUYMHEHI iCK-
PiHHAM Yy LLiTKOBO-KONEKTOPHOMY BY3/i.

Pesynbtatn BuMiploBaHb Ta ix o6bpobka. Ha puc.7a i
puc. 76 HaBegeHO EKCNepUMEHTA/IbHO OTPUMMAHI KpWBI
3MiHM TemnepaTypu 4NA TPbOX A0CNIAKYBAHUX MaTepianis
CcTaTopa BHACNIAOK iHAYKLIMHOIO HarpiBaHHA B MarHiTHOMy
noJi poTopa 3 NOCTIMHMMKU MarHiTamn. BunpobysaHHsA npo-
BOAMINCA 3@ ABOX PiBHIB HAaMNPYru }XMBAEHHA NPUBOAHOIO
AsuryHa: 9 B (puc. 7a) Ta 18 B (puc. 76). Mpu ubomy meTa-
NIEBUI CTaToOp AifAB AK iHAYKLiMHE rafibMo, CNOBiNIbHIOKYN
pOTOp 3 MarHiTaMu BiHOCHO MOro YacToTn obepTaHHA 6e3
BN/AMBY cTaTopa. ToMmy 3a 04HAKOBOro piBHA Hanpyru fabo-
paTopHOro 610Ky *uMBneHHA (/IBX) yactoTa 0bepTaHHsA po-
Topa 3 marHiTamm nobausy Ko¥KHoro 3i ctatopis byna pis-
HOW i BKasaHa B onucax puc. 7a i puc. 76. Ik BUAHO Ha
OTpMMaHMX rpadikax, yci KpMBI MatoTb KNAaCUYHUIA eKCroHe-
HUja/IbHMI XapaKTep 3 NOCTYNOBUM BUXOLOM Ha PEXUM Te-
na0BOi piBHOBArw.

Temnepatypa, °C

Yac, xB

Puc. 7a. Mpagiku 3miHU memnepamypu cmamopie 3a Ha-
npyau xcusaeHHsa 0suayHa 9 B: 1 — mios (55 y); 2 — anomi-
HIli (60 I'y); 3 — Hepxasitoua cmans (90 y); 4 — memnepa-

mypa nosimpsa e KimHami
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Temnepartypa, °C

Yac, xB

Puc. 76. lpagpiku 3miHU memnepamypu cmamopis 3a Ha-
npyau #cugneHHsa dsueyHa 18 B: 1 —mids (100 I'y); 2 —
anoMiHil (150 ly); 3 — Hepxcasitoua cmans (185 y); 4 —
memnepamypa nosimpsa 8 KimHami

3a HanNpyru XmeaeHHA 9 B 4acToTK 3MiHM MarHiTHOro nonsa
poTtopa 3 migHnum (M2) Ta antomiHieBum (AMu) cTaTopamu
6ynu gyxe 6amM3bkumun. Monpu pisHmuto npmubamsHo B8 5 My,
Ha KOPUCTb a/JIlOMiHIEBOro cTaTopa, Temnepartypa migHoro
HanpuKiHUi uboro gocnigy byna Ha 2 rpagycv suwoto. 3a
Hanpyru 18 B pi3HMLLA YaCTOT MArHiTHOro NOAA ANA MigHOro
Ta anomiHieBoro cratopis 6yna HabaraTto cyTTeBiWoO, LLO
CBiAYUTb MPO 3HAYHO iHTEHCUBHILLE rafbMyBaHHA poTopa
MArHiTHUM nosem Big cTpymis Pyko came B MigHOMY CTa-
TOpi. Ane nonpwu pisHULO B YacToTi nos B 1,5 pasa migHui
CTaTOP HarpiBcA NPaKTUYHO A0 OAHAKOBOI 3 aNOMIHIEBUM
TemnepaTypu.

[na 06’eKTMBHOrO MOPIBHAHHA IHTEHCUBHOCTI TenaoreHe-
pauii B antomiHieBomy Ta MigHOMY cTaTopax 6yno npose-
[EeHO foAaTKoBMWA Aocnig 3 MifZHMM cTaTopom. BctaHos-
JIEHO Hanpyry *XuUBneHHAa npusogHoro asuryHa 10,8 B. 3a
TaKoi Hanpyru YactoTa obepTaHHA POTOPA 3 MarHiTamu aHa-
forivyHa YyacToTi obepTaHHsA B A0C/iAi 3 atOMiHIEBMM CTaTo-
pom 3a Hanpyrv 9 B — 6amnsbko 740 06/xB. 3a 4ac ekcnepu-
MEHTY NpUpIiCcT TemnepaTypu MigHOro cratopa CTaHOBUB

ATCOp = 25,4 °C, ToAj AK antomiHiesoro — ATa| =15,8°C

(puc. 8). MpoTe Nnpsame NOpPiBHAHHA TemnepaTypPHUX rpagie-
HTiB He Bigob6paXae peanbHOro eHepreTMyHoro HanaHcy
yepes CyTTEBY Pi3HMLLIO B Maci 3paskisB. Buxoaaum 3 ryctmHm

maTepianis (tabn. 1) ,OCOp =8940 kr/m3, Py =2680 kr/m>Ta

ix nutomoi Tennoemmocti Ceoy = 385 L/(kr*K), Cy =

920 [/(Kr*K, po3paxyHkoBa 06’eMHa TEMNOEMHICTb Mia-
HOro cTaTopa BMABNAETLCA B 1,43 pasa BULLOLO 33 TENNOEM-
HiCTb astomiHieBOro. KanopmmeTpuyHU po3paxyHOK 3 ypa-
XyBaHHAM 06’€MHOI TENNOEMHOCTI MOKa3ye, Wo And
[OCATHEHHA TeMMnepaTypPHUX NOKa3HMKIB, OTPUMAHUX Y A0-
cnigax, y migHomy ctaTopi 6ysio 3reHepoBaHo y 2,3 pasa bi-
/iblle TEenJIOBOI eHeprii, HiXX B antomiHieBomy. OTpumaHe
cniBBigHOLWEHHSA Tenn0Boi eHeprii 4obpe Kopentoe 3 BigHO-
LWEHHAM NMUTOMMUX eNeKTPONpPOoBiAHOCTEN LMX METAIB, LLO
NiATBEPAKYE AOMIHYIOUYNI BM/IMB €/1€KTPONPOBIAHOCTI Ha

edeKTUBHICTb iIHAYKLIMHOro HarpiBaHHA B MarHiTHomy noni
Ha TUXOXIAHUX PeXMMaX.

Llogo ctaTopa 3 Hep:kagitoyoi cTani, To B 060X Aocaigax iH-
TEHCUBHICTb TeNIOreHepau,ii B HboMmy byna Ha HaMHUKYOMY
piBHi. Lle 3ymOB/AIE€HO HalHUKYO 3-MOMIXK YCiX A0CNIAKY-
BaHWX maTepianis eneKTponpoBigHiCTIO.

46
42
38
34 4

30 +

Temnepatypa, °C

26

22

Yac, xB

Puc. 8. Mpagpiku 3miHu memnepamypu antoMiHieEeo2o0 ma
MiOH020 cmamopie 3a 00HAKOBUX YACMOM MA2HIMHO20
nons (Hanpyaa #ueneHHA 0osueyHa 10,8 B): 1 — midb
(60 ly); 2 — antomiHili (60 Iy); 3 — memnepamypa nosimpsa
8 KiMHami

AHani3 pe3ynbTaTiB eKCNePUMEHTANIbHUX A0CAIAXKEHb. Y
Tabn. 2 HaBefeHO pe3ynbTaTv 0B6PO6KM ekcnepumeHTanb-
HUX AaHMWX, @ TAKOXK PO3PaxOBaHMX 3rigHO i3 3aNpPONoHoBa-
HOI MaTeMaTUYHOK MOZENIO TEMNNOBUX NOTYXKHOCTEN iH-
AYKUiMHOro HarpiBaHHA CTaTopiB 3 pPi3HMX maTepianis Ana
ABOX peMMiB pobOTU YCTAaHOBKM, LLO BiAMNOBIAAOTb Ha-
npyram kmsneHHA 9 B Ta 18 B. AK cBig4aTb eKcnepmmeHTa-
JIbHi AaHi, iIHTEHCUBHICTb TENA0OreHepaL,ii NPAMO KOpentoe 3
NUTOMOIO €/IeKTPOMPOBIAHICTIO MaTepiany: BMCOKOMPO-
BiAHi Miab Ta aNtOMIiHIl reHepylOTb Ha NOPAAOK binblue Te-
NJ0TU NOPIBHAHO 3 HEPKaBilOYOIO CTaNO.

He BcA eneKkTpuyHa NOTYXKHiCTb, CNOXKMBaHa ABUIYHOM Mig,
yac gocnigis 3 iHAYKUIMHOro HarpiBaHHs, byna BUTpayeHa
B/1acHe Ha reHepaujto ctpymie PyKo B maTepiani ctatopa. Ya-
CTWHY eHeprii BTpauyeHo Yepe3 HeObXiAHICTb NoA0AaHHA CuA
MeXaHi4YHOro TepTa B NiAWNNHUKAX, KOJIEKTOPHO-LLiTKOBOMY
MexaHi3mi ABUIryHa, a TaKOX aepoaMHAMIYHOro OMopy Pyxo-
MWX YaCTWMH. YacTMHY MOTY)KHOCTI BTpayeHO yepes Harpi-
BaHHA OOMOTOK ABWryHa BHACMiIAOK NpPOTiKaHHA poboumx
CTpyMmiB. Yepes Le 419 BUOKPEMAEHHSA €NEKTPUYHOI NOTYXK-
HOCTIi, 3aTpayeHoi CyTo Ha iHAYKUiliHe HarpiBaHHA cTaTopa,
3aCTOCOBAHO KaNopPUMETPUYHMIA meToa, Moro cyTb nonsrae
Y BU3HAYEHHI WBMAKOCTI NPUPOCTY TEMMepaTypu cTaTtopa Ha
noYaTKy Moro HarpiBaHHA. F€OMETPUYHO BiH € TaHreHCoOM
KyTa Haxuay KpUBOI 3MiHM TemnepaTypu CcTaTopa 3 4acom y
Touli NoYaTKy HarpiBaHHA. 3Hatoun o6’em i TeNNOEMHICTb
maTepiany cTtaTtopa, NOTYMKHICTb iHAYKUiMHOrO HarpiBaHHA
MOKHA BM3HAYUTK 33 Bigomoto popmynoto:

dT
P,=cV.p-—, 9
ind P dt ( )
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e ¢ — NUToMa TenNoEMHICTb MaTepiany cratopa; V. —
, i dT
o6’em craTopa; O — rycTMHa matepiany cTatopa; d_ -

WBMAKICTb MPUPOCTY TemnepaTypu CTaTopa Ha Mo4YaTKo-
BOMY eTani HarpiBaHHA.

MopiBHAHHA MOKAa3HMKIB MOTYXKHOCTI iHAYKUiMHOro Harpi-
BaHHA, OTPUMAHUX EKCNepMMEHTANIbHO, 3 PO3PaxyHKo-
BUMMW 3HAYEHHAMM, OTPUMAHUMMU 32 AOMOMOTOH 3anpono-
HOBAHOI MaTeMaTM4HOI mogeni, AEeMOHCTPYE HAABHICTb
He3HauHux (y mexax 15 %) pos3bixHOoCTen MiX oTpuma-
HUMW pe3yabTaTaMu ANA Migi Ta antomiHito. OTprMmaHi Big-
HOCHi PO36i*KHOCTI MatoTb 3HAaKO3MIHHMIA XapaKTep i Kou-
BAlOTbCA B MeKax Bif -8 A0 +11 %, Wwo AeMoHCTpyeE PisnyHi
0BbMEeKEHHA aHaNITUYHUX METOAIB NPU ONUCI AoCNiaKyBa-
HOro e/1eKTPOMArHiTHOro Npouecy, aae BOAHOYAC € LLiIKOM
[,0CTaTHbOI TOYHICTIO A1 BUKOHAHHA iHXEeHepHMX po3pa-
XYHKIB Nif, 4ac NPOEKTYBaHHA E€/IeKTPOMArHIiTHUX cUcTeM
onucaHoro Tuny. BogHoyac Ana Hepkasitoyoi cTani senu-
YMHa PO3BIKHOCTI, BU3HAYEHa Ka/JIOPUMETPUYHUM METO-
LOoMm, cTaHoBuNa 78 Ta 112 % ana pocnigis 3 Hanpyroto 9 B
Ta 18 B, BignoBigHO. Lle NOACHIOETLCA TUM, LLLO HA TOYHICTb
BU3HAYEHHA TENNOBOI MOTYKHOCTI iHAYKUiMHOro Harpi-
BaHHA KAJIOPUMETPUYHUM METOLOM CYTTEBO BMJIMBAE MO-
XnbKa BUMipIOBaAHHSA LWBUAKOCTI HarpiBaHHA ctatopa. Y Ao-
cnifiax 3 Hep»KaBiloYoK CTaNINIK0 Yepes3 HU3bKY MOTYXKHICTb
iHAYKUiMHOrO HarpiBaHHA (AecATi YacTKKM BaTa) NpuMpicT Te-
mnepatypu ctatopa 6y HesHauyHum. Came Le He [ano
3MOTrM AOCATTU TaKOi CAMOi TOYHOCTI BU3HAUYEHHSA NOTYXHO-
CTi iHAYKLiMHOTO HarpiBaHHA KaIOPUMETPUHHUM METOL0M,
AK ANA Mifi Ta antoMiHito.

Tabnuua 2. Peaynbtatn 06pobKn gaHnx

Tomy ona HepXKaBitoyoi CTasi 3 METOI0 BUOKPEMAEHHA NOTY-
YKHOCTI, WO NilNa Ha iHAYKLiAHe HarpiBaHHA 3 NOBHOI NOTY-
YKHOCTi, CNOXMTOT ABUIYHOM, 3aCTOCOBAHO K/IACUYHI J0CNian
XOJIOCTOrO X0A4y Ta KOPOTKOro 3aMuKaHHA. [1na gocnigy xo-
JIOCTOrO X0o4y B TEMJIOI30NALIMHUA KOXKYX 3aMiCTb meTane-
BOrO CTaTOpa BCTAHOBNEHO MIACTUKOBUI AUCK aHaNOTYHMUX
po3mipis, a Hanpyry Ha nabopaTtopHomy 610U KUBNEHHA
BiPEryNboBaHO Tak, W06 [OCArHYTM YacToTM obepTaHHs,
aHanoriyHoi pobouiit. Lle gano 3amory oTpumaTtu A0CTaTHbO
TOYHE 3HaYeHHA eHeproBMTpaT Ha NOAOJ/IAHHA TepTa B Nia-
LUMMHKUKaX Ta aepoAMHAMIYHOIo Onopy poTopa B 3aKpUTOMy
o6’emi came npu pobounx obeptax. EnekTpuuHi BTpaTH B
KO }KMBNEHHA ABUTYHa By10 BU3HAYEHO 33 4ONOMOrOto A0-
CNify KOPOTKOro 3amMuKaHHA. Ban asuryHa Byno mexaHiuyHo
3abnokoBaHo, a Hanpyry JIBXK Bigperynb0BaHO TakUM 4u-
HOM, WO CTPYM Y KOAi AOpiBHIOBAB poBOYOMY CTpyMy ABU-
ryHa B JOCAnigi 3 HepxKasitodoto ctannto. Posginmsewm otpu-
MaHe 3HaYyeHHA HanpyrMu Ha cTpym, 6yno BuM3HAyYeHOo

€KBiBa/IEHTHUI AMHAMIYHUI onip cuctemum RZ BKJ/IIOYHO 3
onopom Kabenis Big /I, onopom 06MOTOK ABUTYHa, Nepe-
XiAHMM OMOPOM LLITKOBOrO By3na Ta MAZiHHAM Hanpyru Ha
3aXMCHUX efleMeHTax cxemu. EnekTpuuHi BTpaTM po3paxo-
BaHO 3a 3aKoHOM [I>koyna — JleHua:

P, =1iR;, (10)

e IW — pobouuii cTpym npu BignoBigHOMY maTepiani cTa-

Topa. TaKMM YNHOM ANS HepKaBitoyoi cTani B Tabn. 2 BUMI-
pAHa NOTYXHICTb iHAYKUIAHOro HarpiBaHHA BU3HaYeHa me-
TOA0M XO/IOCTOrO XOA4Y Ta KOPOTKOTO 3aMMKaHHA.

Hanpyra MNoTyKHicTb BumipsaHa Po3paxyHKoBa | Po36iXHicTb MiX eKcnepumeH-
KUB- Marepian CMOXKMUBAHHA | MOTYKHICTb NOTYXKHiCTb Ta/lbHUM Ta PO3PaXYHKOBUM
neHHsa, B cTreHay, BT | HarpiBaHHA, BT | HarpiBaHHA, BT 3HaAYeHHAMU, %
Hep»kasitoua ctanb 1.46 0.13 0.15 16.7
9 ANOMIHIN 4.78 1.18 1.09 -8.0
Minb 7.82 2.13 2.03 -4.6
10.8 Miab 11.06 297 2.92 -1.5
HeprKasitoua cTanb 3.92 0.54 0.64 19.0
18 AntomiHin 17.35 4.15 4.61 10.9
Mizb 28.29 7.58 8.37 104

AHani3 faHuX, HaBegeHWX y Tabn. 2, A€ 3MOTy OLHUTH TO-
YHICTb 3aNPONOHOBAHOI MaTeMATUYHOI Mogeni ansa onucy
€HepreTMYHOro NPOLLECY B EKCNEPUMEHTANbHIN YCTaHOBL,.
30Kpema, gna CTaTopiB 3 Migi Ta aNOMiHIO PO3pPaxyHKOBI
3HAYeHHA TENI0BOI NOTYXKHOCTI € Ay»Ke 6AM3bKMMM A0 eKc-
nepuMeHTaNbHUX AaHUX. 33 Hanpyru XueneHHs 9 B po3o6i-
JKHiCTb cTaHOBMAA Anwe -4,6 % ana migi ta -8,0 % ans anto-
MiHito. Y AogaTKoBOMY AoCAhigi 3 MigAHMM CTaTopom 3a
Hanpyr1 10,8 B maTtemaTnyHa mogenb Nokasana Haikpa-
WMIA pe3ynbTaT 3 NoxmbKkot Bcboro -1,5 % (po3paxyHKoBe
3HayeHHA 2,92 BT npoTu BUMipAHoro 2,9 BT).

BoaHo4Yac OoTpMMaHi BigXMNeHHA TEOpPeTUYHUX OAHUX Big,
NPaKTUYHMX MatOTb 3HAKO3MIHHWI XapakTep. Ha Tuxoxia-
HUX pexxunmax poboTn (9 B Ta 10,8 B) po3paxyHKOBa NOTYX-
HIiCTb € TPOXM MEHLLO 32 GaKTUYHO BUMIPAHY, TOAj AK 3a
BMLL,OT YaCTOTU 3MiHM MarHiTHoro nona (npu 18 B) moaens
[A€ Aewo 3aBuLeHi pe3ynbTati. Tak, po3paxyHKOBi NOKa-
3HWKM cTaHoBuan 8,37 BT npotu BumipsaHux 7,58 BT ana
Migi (po3b6ixHictb 10,4 %) Ta 4,61 BT npotn 4,15 BT ana
antoMiHito (po3bixkHicTb 10,9 %). Lie aemoHcTpye ocobau-
BOCTi 3aCTOCyBaHHA 3anpPOMOHOBAHOI MATEMATUYHOI MO-
AeNi Ha BULLMX YacToTax, BOAHOYAC NigTBEpAKYHOUM Ti npn-
OATHICTb ANA iIHXXEeHEePHOro NPOEKTYBAHHA.
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Haibinblwa BigHOCHA PO36iXKHICTb MiXK TEeOpi€to Ta NpPaKTn-
KOK CMOCTepiraerbca AAA CTatopa 3 HepXKaBilo4yoi cTani:
16,7 % 3a Hanpyrn 9 B Ta 19,0 % 3a Hanpyru 18 B. OgHak
TaKa NoxmbKa NOSACHIOETbCA He XMBHicTIo camoi moaeni, a
MaaUMKN 3HAYEHHSAMM TMOTYMKHOCTI iHAYKLUiMHOro Harpi-
BaHHA B LLbOMYy maTepiani, AKi ctaHosuam amwe 0,13 BT Ta
0,54 BT, BignoBigHO. 3a TaKMX MaAnX BENUYUH HABITb He-
3HaYyHa NOXMbHKa BMMIPIOBANbHUX MPUNALIB MAE CYTTEBUM
BM/IMB HA KiHLEBUI pe3ynbTarT.

BucHOBKM

1.

CTBOpPEHO MaTeMaTuyHy MmoAesb ANA BU3HAYEHHA na-
pameTpis NpoLecy B CUCTEMi «BITPOYCTaHOBKA — iHAYK-
LiMHWI HarpiBay». Bu3HauyeHHA TenaoBOi MOTYXKHOCTI
yepes po3paxyHOK BAACHMX i B3AEMHUX iHAYKTUBHOCTEN
€/1eMeHTIB 3aCTynHOi CXeMW JA€E 3MOTYy 3HU3UTU BU-
TpaTV Yacy Ta pecypciB Nig 4ac NPOEKTyBaHHA MOpPiB-
HAHO 3 BUKOPUCTAHHAM METOAY CKiHYEHHUX e/IeMEHTIB.

Po3pobaeHo ekcnepumeHTanbHUI cTeHA ans anpobauii
NOJIOXKeHb 3aNPONOHOBAHOI MaTeMaTM4HOI mogeni. Mo-
PiBHAHHA OTPUMAHMX EKCMEPUMEHTANIBHUX AaHUX 3 PO-
3paxyHKOBMMM NigTBEPAMIO0 TOYHICTb 3aNPONOHOBAHOI
mogeni. [ns BMCOKONPOBIAHWUX MaTepianiB (miab Ta
aNIOMIHIN) Ha TUXOXiZHUX pexxnmax BEY posbixkHicTb €
MiHiManbHOlO i CTaHOBUTL Big -1,5 % (2,92 BT po3paxyH-
KOBMX NpoTu 2,97 BT, BUMipaHUX ansa migi) ao -8,0 %. 3i
36iNbLUEHHAM YacTOTM 3MIHWM MArHiTHOro Noas Mogenb
A€ AeLo 3aBULLEHI pe3yIbTaTh PO3PaXyHKOBOI NOTYXK-
HocTi 3 BiaxuneHHam 10, % ana miai (8,37 BT npoTu BU-
MmipaHux 7,58 BT) Ta 10,9 % ans anomidito (4,61 BT
npoTu BUMipAHuX 4,15 BT), ona Hep:Kasitoyoi cTani pos-
6ixkHicTb 16,7-19,0 % 3ymoB/ieHa BigHOCHO MasivMMMU
3HaYeHHAMM 3reHepoBaHoi noTy»kHocTi (0,13-0,54 BT).
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Abstract. A mathematical model and experimentgl research |, NTUU «Igor Sikorsky Kyiv Polytechnic
methodology have been developed for the wind energy |nstitute», Kyiv, Ukraine

conversion process in the "wind turbine — permanent magnet
induction heater" electromechanical system. The study aims to
address the relevant task of improving the energy efficiency of
autonomous heat supply systems by directly converting the mechanical rotational energy of the wind turbine
rotor into thermal energy using a permanent magnet induction heater, thereby bypassing the intermediate
stage of electrical generation. For the theoretical evaluation of energy processes, a mathematical model
based on an equivalent circuit is proposed. It considers the setup as a system of inductively coupled circuits
representing a moving magnetic field source and a stator. The conversion of mechanical energy into thermal
energy is described through a transition from a moving system to an equivalent stationary one with an
alternating current. The electromagnetic parameters were calculated using standard electrical engineering
methods. The determination of useful thermal power is based on calculating the eddy current amplitude via
the complex impedance of the system. The research was conducted for stators made of stainless steel (AlS]
304), aluminium (AISI 3003), and copper (AISI C12500) under various rotor speed conditions. A comparison
of the calculated results with experimental data demonstrated a discrepancy within 15% for copper and
aluminium, and up to 20% for stainless steel. The proposed mathematical model can be applied for
preliminary engineering calculations.

! nstitute of Renewable Energy, NAS
Ukraine, Kyiv, Ukraine

Keywords: wind turbine, eddy currents, Foucault currents, permanent magnets, induction heating, heat
generation.

Abbreviations
FEM — Finite Element Method EMF — Electromotive Force
MPPT — Maximum Power Point Tracking WT — Wind Turbine

Introduction. Rapid growth in global energy demand, com-  generator — electric heater" for heat supply tasks is an eco-
bined with the global economic decarbonization strategy, nomically irrational method of technical implementation.
requires the intensification of renewable energy technol-
ogy development. Among available energy sources, wind
power occupies a leading position due to its high potential
and technological maturity. The traditional architecture of
wind turbines (WTs) is focused on electricity production:
the kinetic energy of the wind flow is converted into me-
chanical rotational energy of the rotor, and subsequently —
through an electrical generator — into electrical energy for
the grid or batteries [1].

Firstly, the efficient operation of a wind turbine requires
matching the mechanical characteristic of the turbine with
the electrical characteristic of the load. Since the wind
power is proportional to the cube of the wind speed, while
the resistance of a thermal electric heater is constant, the
system requires a controller with a Maximum Power Point
Tracking (MPPT) function. Without active electronic con-
trol, there is a risk of rotor stalling at low wind speeds or of
the rotational frequency rising to critical levels at high wind
However, energy consumption structure analysis shows speeds.

that a significant portion, particularly in the private sector,
agriculture, and industrial facilities, is spent not on electric-
ity supply but directly on heat supply needs (space heating,
hot water supply, product drying, etc.) [2]. Utilizing the tra-
ditional conversion chain "wind turbine — electrical

Secondly, the classic scheme requires intermediate current
conversion links (AC rectifiers, inverters) and complex pro-
tection systems, including switching equipment for trans-
ferring to ballast loads when the maximum coolant temper-
ature is reached. The presence of a large number of power
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electronics and semiconductor components creates nu-
merous potential failure points and causes additional en-
ergy losses [3]. An alternative approach is the direct con-
version of mechanical rotational energy into thermal
energy. Omitting the classic electromechanical conversion
of mechanical energy into electrical energy allows for
avoiding the task of wind power integration into the power
grid. This principle significantly simplifies the generator de-
sign and enables the use of thermal energy storage systems
instead of electrical ones, providing a substantial reduction
in the overall capital and operating costs of such a system
compared to traditional WTs [4].

In this regard, an urgent scientific and technical task is the
development of direct mechanical-to-thermal energy con-
version systems, where the mechanical energy of the wind
turbine rotor is converted directly into thermal energy
without an intermediate stage of industrial frequency elec-
trical power generation.

According to recent reviews, existing technologies for di-
rect mechanical-to-thermal energy conversion can be clas-
sified into three main physical principles: compression, hy-
drodynamic, and electromagnetic.

Compression systems operate on the heat pump principle,
where the wind turbine mechanically drives a compressor.
The main advantage of this method is its high energy effi-
ciency, because the heat pump in the circuit means the co-
efficient of performance (COP) exceeds unity: heat genera-
tion occurs not from mechanical work of the wind, but by
extracting low-potential heat from the environment. How-
ever, their widespread use is hindered by high technologi-
cal complexity and equipment cost. There are also issues
with startup at low wind speeds due to high compressor
starting torque, and the use of specialized refrigerants re-
quires perfect airtightness of the high-pressure circuit [5].

The operating principle of hydrodynamic systems is based
on the agitation of a viscous fluid in a closed volume using
stirrers, fluid flow throttling, or hydraulic braking. The ad-
vantages of this method include the high heat capacity of
the working fluid and the relative simplicity of the heat ex-
changer design. Nevertheless, the technology has signifi-
cant operational drawbacks, notably the presence of mov-
ing seals that require regular maintenance. Furthermore,
the conversion efficiency depends on the fluid's viscosity,
which changes nonlinearly with temperature, significantly
complicating the matching of the resistance torque with
the aerodynamic characteristics of the WT [6]. Modern ex-
perimental studies of small hydraulic direct mechanical-to-
thermal conversion systems confirm the shortcomings of
such a scheme during wind speed variations [7].

Electromagnetic systems generate thermal energy using
eddy currents (Foucault currents) in a conductor as a result
of its interaction with an alternating magnetic field. This
method is characterized by contactless energy transfer,
which minimizes mechanical wear of components, and the
absence of working fluids under pressure, which increases
reliability. An additional advantage is the relatively easy

startup of the wind turbine, thanks to its low braking torque
at low rotational speeds. Among the disadvantages, the need
to use expensive rare-earth magnets in the case of a rotor
design with permanent magnet excitation should be noted
[8]. Despite the material costs, the induction principle is con-
sidered the most reliable solution for converting mechanical
work directly into heat through Joule losses in the stator [9].
A number of studies successfully confirm the technical viabil-
ity of such systems for autonomous heat supply and the high
overall efficiency of their operation [10], [11]. Considering
the criteria of reliability, ease of operation in autonomous
mode, and durability, induction heating is the most promis-
ing for small and medium-capacity WTs.

However, the widespread implementation of such devices
is hindered by the complexity of their design. The distribu-
tion of eddy currents and thermal fields in the stator is a
complex physical process. Most modern research in this
field, particularly that dedicated to the design of induction
heaters [12], relies on numerical methods, such as the Fi-
nite Element Method (FEM), which require significant com-
putational resources and time.

The aim of the work is to develop a mathematical model
for converting the mechanical rotational energy of a wind
turbine rotor into thermal energy using a permanent mag-
net induction heater and to verify its validity using an ex-
perimental setup.

Description of the mathematical model. The proposed
mathematical model considers the interaction of each mag-
net with a local stator zone bounded by the geometric pro-
jection of the magnet pole onto the stator surface. This ap-
proach allows for avoiding complex spatial electromagnetic
field calculations and transitioning to an equivalent
lumped-parameter electrical circuit.

To calculate the induction-based thermal power generation
resulting from the alternating magnetic field generated by
moving permanent magnets, it is necessary to transition
from the physical model of the setup to its mathematical
description — an equivalent circuit.

In this case, the following assumptions are made:

1. A permanent magnet with axial magnetization is
considered as an equivalent single-turn coil (solenoid),
the geometric dimensions of which correspond to the
dimensions of the magnet.

2. The magnitude of the current in the equivalent coil |l

is determined from the equality of the magnetic energy
of the real magnet and the induction coil:

max magnet ’ (1)

W=%L1I12=(BH) Y

where W —magnetic field energy; L, —equivalent coil self-

17 -

inductance; |,

equivalent coil current; (BH )max — Max-

imum energy product of the magnet material (e.g., 38
MGOe for N38); V

magnet magnet volume.
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Hence, the equivalent coil current:

2-(BH) -V

= Elax magnet ) (2)
1. Instead of the entire stator volume, only a local area lo-
cated directly under the magnet is considered. This region
has a diameter equal to the magnet's diameter and a thick-
ness equal to the stator's thickness. This area is modeled as
a short-circuited turn (loop) with active and inductive re-
sistance.
2. The active resistance to the induction currents within
the studied stator zone depends on the loop shape, its
thickness, and electrical conductivity. The resistance value
can be calculated most accurately for a circular loop, as it
lacks distortion of the eddy current trajectories at the cor-
ners [13]. Due to this specific feature, cylindrical magnets
were selected for this study.
3. The current density is assumed to be uniform through-
out the stator volume, since the penetration depth of eddy
currents in each of the studied materials significantly ex-
ceeds their thickness within the operating frequency range.
4. Due to the axial symmetry of the system, the induction
heating thermal power calculation is performed for only
one "equivalent coil — circular loop" pair, and the final re-
sult is obtained by multiplying the intermediate result by
the total number of magnets.
5. The frequency of the alternating magnetic field relative
to the considered circular stator loop is defined as the prod-
uct of the rotor's angular frequency and the number of
magnet pole pairs.

The transition to the "WT —induction heater" scheme simpli-
fies the system architecture. A block diagram of the pro-
posed wind turbine (WT) with a mechanism for converting
mechanical rotational energy into thermal energy is shown
in Fig. 1. Mechanical torque is transferred to the inductor
with permanent magnets, which, during rotation, creates an
alternating magnetic field in the stator and induces eddy cur-
rents, leading to its heating. The frequency of the alternating
magnetic field depends on the WT rotor speed, the presence
of a multiplier, and the number of inductor pole pairs.

The accepted assumptions allow for the transition to the
equivalent circuit (Fig. 2), which represents a system of two
inductively coupled loops. The first loop (equivalent coil)
serves as the source of the magnetomotive force, while
eddy currents are induced in the second loop (circular
turn).

According to Kirchhoff's Voltage Law for the second loop
(stator), the electrical balance equation is as follows:

|2-(R2+ja)L2)+|l-ja)|\/|12=0, (3)

where |, — the magnitude of the induced current in the
stator (RMS value),
n- T-Nn-

0=2-7-f=2.7. R TR
30

guency of the magnetic field variation, which depends on

— the angular fre-

the rotor speed N (rpm) and the number of pole pairs P,

|, —the equivalent coil current.

From this, the magnitude of the induced current in the sta-
tor (RMS value) is determined as:

=2 Meh (@)

JRZ+(aL,)

The thermal power dissipation for stator heating is calcu-
lated according to the Joule-Lenz law:

P=12-R,, (5)

Potop BEY
Wind turbine rotor

Ban BEY
Wind turbine shaft

PoTop 2 nocTinHMMN MarHiTamu
Rotor with permanent magnets

-_-_A;_-_-
CraTop
Stator

7

A
0 j]

7

£
A Y, AB

A:A

Fig. 1. Block diagram of a wind turbine with a permanent
magnet induction heating system:
1-magnet, 2 —air gap, 3 — stator zone under magnet
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Fig. 2. Equivalent circuit: |_1 —equivalent coil inductance,

R2 — stator inductance and active resistance, M12 - mu-
tual inductance between the equivalent coil and the stator
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A key stage of the modeling is determining the parameters
of the equivalent circuit.

The calculation of self and mutual inductances was per-
formed using classical methods of electromagnetic field

2 2
L= yRIn—2__L 3¢ +p

theory. Specifically, for calculating the self-inductance of
the equivalent coil and the circular loop, formula (5-13)
[14] is used, which accounts for the geometric dimen-
sions of both the magnet and the considered stator
zone:

a+p 24

where 1, =4 %107 H/m - absolute magnetic perme-
ability (magnetic constant), R —radius of the center line of
the circular loop, @ =a/2R, p=r/2R, where a and
I' — cross-sectional dimensions of the loop in the axial and
radial directions, respectively (Fig. 3), f and f2 — dimen-

sionless cross-sectional shape coefficients that account for
the influence of the finite thickness and width on the self-

inductance value. The values of the coefficients  and f,

are determined from reference data [14] depending on the
ratio of the geometric parameters of the equivalent loop.

r

77

| 1

R

Fig. 3. Geometric dimensions of the cross-section of the
equivalent coil (circular loop)
The mutual inductance M, between two loops located on

a common axis and separated by an air gap is calculated ac-
cording to formula (7-48) [14]:

1
M13=E(L123+L2_L12_L23)f (7)
where L2 —the inductance of the fictitious loop 2 of length
b (Fig. 4), which has the same diameters d and d1, and the
same turn density as loops 1 and 3, L,;, L, and L, -

the self-inductances of the coils composed of loops 1, 2,
and 3; 1 and 2; and 2 and 3, respectively.

The values of |_123, L,, L, and L23 can be determined

using formula (6).
dl

A
)
W

d )

Fig. 4. Cross-sectional geometric dimensions of two coaxial
coils: a, b, A — thicknesses of the equivalent coil, air gap,
and circular loop, respectively; d — mean diameter; d1 —

outer diameter

2
In 4 +f+p—f2), (6)
Ja? + p? 4

To determine the active resistance of the stator part
where eddy currents flow, the methodology proposed by
N.J. Siakavellas [13] was used. According to this method-
ology, the equivalent electrical resistance to the induc-
tion currents flow depends on the geometric dimensions
of the conductor and its specific electrical conductivity.
The analytical expression (35) [13] for a circular plate is
used:

q

R = ,
oh

where o —specific electrical conductivity of the stator ma-
terial, h — stator thickness, q =27 - dimensionless

(8)

shape coefficient for a circular loop.

The described sequence allows calculating the parameters
of the equivalent circuit, as well as the equivalent coil cur-

rent |1. These values are subsequently used in equations

(4) and (5) to calculate the RMS value of the induction cur-
rents and the thermal power dissipation.

Experimental setup and research methodology. To practi-
cally investigate the process of thermal energy generation
by eddy currents and verify the accuracy of the proposed
mathematical model, an experimental test bench was de-
signed and built (Figs. 5a, 5b, 6). It allows real-time investi-
gation of the electromechanical and thermal characteristics
of the system, in which an alternating magnetic field is cre-
ated using permanent magnets moving relative to a fixed
conductive stator.

Fig. 5a. 3D model of the experimental setup: 1 — thermal
insulation casing; 2 — cover; 3 — metal stator; 4 — rotor
with permanent magnets; 5 — DC motor; 6 — optical speed
sensor; 7 —ambient temperature sensor; 8 — voltage and
current sensor module; 9 — microcontroller (Arduino Nano)
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Fig. 5b. Block diagram of the measurement system
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A brushed DC motor of the RS-775 series with a nominal
operating voltage of 24 V and a nominal rotational speed of
3000 rpm serves as the drive of the experimental setup.

A rotor assembly is connected to the motor shaft via a flex-
ible aluminium coupling. It is a flat disk with an outer diam-
eter of 105 mm, on the periphery of which blind holes are
made in a circular array with a radius of 45 mm from the
rotation axis to fix the permanent magnets. The magnetic
system consists of 10 neodymium magnets (NdFeB, grade
N38) of cylindrical shape (diameter 10 mm, height 4 mm)
with axial magnetization. The magnets are installed with al-
ternating polarity (two adjacent magnets are oriented op-
positely with respect to the rotor normal), thus forming a
multipole system with 5 pole pairs.

To reduce thermal power measurement error associated
with thermal energy dissipation into the environment, the
heating zone was placed in a special thermal insulation cas-
ing. The casing design is based on the thermos principle: a 10
mm thick air gap is provided between the inner and outer
walls of the housing and the lid. Sealing of the working vol-
ume is ensured by rubber seals in all places with clearances.

Interchangeable metal disks with an outer diameter of 100
mm and a thickness of 2 mm were used as stators (test sam-
ples). For comparative analysis, materials with significantly
different electrophysical and thermal characteristics were
selected: electrotechnical copper grade M2 (equivalent —
AISI C12500), structural aluminium alloy AMts (equivalent

— AISI 3003), and corrosion-resistant steel 08Kh18N10
(equivalent — AlSI 304). The air gap between the surface of
the rotor's permanent magnets and the stationary metal
stator disk was 2 mm in all experiments.

Fig. 6. General view of the experimental setup

The main physical and mechanical properties of the se-
lected materials, which directly affect the intensity of eddy
current generation and the distribution of thermal energy
in the stator volume, are presented in Table 1. All selected
metals are dia- or paramagnets (non-magnetic materials),
which allowed isolating the Foucault current generation ef-
fect from parasitic magnetic hysteresis losses.

The selection of these specific three materials allows for an
accurate investigation of the heat generation process using
eddy currents. Copper is the best conductor among the se-
lected materials and provides the maximum generation of
Foucault currents and the highest thermal conductivity. The
aluminium alloy is a lightweight and accessible structural ma-
terial with half the electrical conductivity but higher heat ca-
pacity. Corrosion-resistant steel acts as a control sample:
having a relatively low electrical conductivity, it allows exper-
imentally confirming that this parameter is dominant for ef-
ficient induction heating at low frequencies.

Table 1. Physical and electromagnetic properties of the investigated stator materials (T = 20 °C)

Material AISI C12500 AISI 3003 AlSI 304
Physical parameter
Electrical conductivity o, MS/m 59.6 29.0 1.4
Relative magnetic permeability £, ~0.999 ~1.000 ~1.005
Density p, kg/m? 8940 2680 7900
Specific heat capacity ¢, J/(kg-K) 385 920 500
Thermal conductivity A, W/(m-K) 390 138 15
Temperature coefficient of resistance « , 1/K 0.0040 0.0042 0.0010
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For comprehensive monitoring of operating parameters,
the test bench is equipped with a system of digital sensors
integrated with an Arduino Nano microcontroller board.
Data acquisition and its transmission to a personal com-
puter were performed with a fixed sampling interval of 5
seconds.

Temperature readings were recorded using four DS18B20
digital sensors. Three sensors were attached to the stator
via thermally conductive pads at different distances from
the rotation axis. The fourth DS18B20 sensor was placed
outside the thermal insulation casing to monitor the ambi-
ent temperature during the experiment.

The drive motor was powered by a YIHUA 3005D-1ll labora-
tory power supply. The rotational speed of the rotor with
magnets was recorded by an HC-020K optical speed sensor
installed on the motor shaft.

Measurement of the consumed electrical power (voltage
and current) was performed by an INA219 digital module.
To expand the current measurement range, the shunt re-
sistance of the INA219 module was halved by adding an ad-
ditional resistor in parallel to the standard shunt.

To ensure stable and safe operation of the measuring part
of the setup, as well as to protect it from electromagnetic
interference from the brushed DC motor, the drive power
supply circuit was additionally modified. A protective fly-
back diode and noise-filtering capacitors were installed in
parallel with the motor terminals. This prevented damage
to the sensitive digital sensors and the microcontroller due
to self-induction EMF surges (inductive voltage spikes) dur-
ing sudden braking or motor shutdown, and also allowed
eliminating high-frequency electrical noise caused by arc-
ing in the brush-commutator assembly.

Measurement results and their processing. Fig. 7 presents
the experimentally obtained temperature variation curves
for the three studied stator materials resulting from induc-
tion heating in the magnetic field of the permanent magnet
rotor. The tests were conducted at two supply voltage lev-
els of the drive motor: 9 V (Fig. 7a) and 18 V (Fig. 7b). During
these tests, the metal stator acted as an induction brake,
slowing down the rotor with magnets relative to its rota-
tional speed without the stator's influence. Therefore, at
the same laboratory power supply (LPS) voltage level, the
rotational speed of the rotor with magnets near each stator
was different and is specified in the caption of Fig. 7. As
seen from the obtained graphs, all curves exhibit a classic
exponential nature with a gradual transition to a thermal
equilibrium state.

At a supply voltage of 9 V, the magnetic field variation fre-
quencies for the rotor with copper (AISI C12500) and alu-
minium (AISI 3003) stators were very similar. Despite a dif-
ference of approximately 5 Hz in favor of the aluminium
stator, the temperature of the copper stator at the end of
this experiment was 2 degrees higher. At 18 V, the differ-
ence in magnetic field frequencies for the copper and

aluminium stators was much more significant, indicating
much more intensive rotor braking by the magnetic field
from Foucault currents specifically in the copper stator.
However, despite a 1.5-fold difference in field frequency,
the copper stator heated up to practically the same tem-
perature as the aluminium one.

For an objective comparison of the heat generation inten-
sity in the aluminium and copper stators, an additional ex-
periment was conducted with the copper stator. The supply
voltage of the drive motor was set to 10.8 V. At this voltage,
the rotational speed of the rotor with magnets was analo-
gous to the experiment with the aluminium statorat9V —
approximately 740 rpm. During the experiment, the tem-

perature rise of the copper stator was ATCOp =25,4°C, while

that of the aluminium stator was AT, =15,8 °C (Fig. 8).

However, a direct comparison of temperature gradients
does not accurately reflect the true energy balance because
of the significant mass difference between the samples.

Based on the material densities (Table 1) Pop =8940
kg/m?, p, =2680 kg/m?* and their specific heat capacities
Coop =385 J/(kg*K), C,, =920 J/(kg*K), the calculated volu-

metric heat capacity of the copper stator is 1.43 times
higher than that of the aluminium one. A calorimetric cal-
culation, taking into account the volumetric heat capacity,
shows that to achieve the temperature values obtained in
the experiments, 2.3 times more thermal energy was gen-
erated in the copper stator than in the aluminium one. The
resulting thermal energy ratio correlates well with the ratio
of the electrical conductivities of these metals, confirming
the dominant influence of electrical conductivity on the ef-
ficiency of induction heating in a magnetic field under low-
speed conditions.

Regarding the stainless steel (AISI 304) stator, in both ex-
periments, the heat generation intensity was at the lowest
level. This is due to its having the lowest electrical conduc-
tivity among all the studied materials.

38

Temnepatypa, °C

Yac, xB

Fig. 7a. Stator temperature curves at a 9 V. motor supply
voltage 1 — copper (55 Hz), 2 — aluminium (60 Hz), 3 — cor-
rosion-resistant steel (90Hz), 4 — room air temperature
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Fig. 7b. Stator temperature curves at an 18 V motor supply
voltage: Stator temperature curves at a 9 V motor supply
voltage 1 — copper (100 Hz), 2 — aluminium (150 Hz), 3 —

corrosion-resistant steel (185Hz), 4 — room air temperature
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Fig. 8. Aluminium and copper stator temperature curves at
equal magnetic field frequencies (10,8 V motor supply volt-
age): 1 — copper (60 Hz), 2 — aluminium (60 Hz), 3 —room
air temperature

Analysis of experimental research results. Table 2 pre-
sents the results of experimental data processing, as well
as the induction heating thermal powers calculated accord-
ing to the proposed mathematical model for stators made
of various materials across two operating modes corre-
sponding to supply voltages of 9 V and 18 V. As indicated
by the experimental data, the heat generation intensity di-
rectly correlates with the electrical conductivity of the ma-
terial: high-conductivity copper (AISI C12500) and alumin-
ium (AISI 3003) generate an order of magnitude more heat
compared to stainless steel (AISI 304).

Not all of the electrical power consumed by the motor dur-
ing the induction heating experiments was spent specifi-
cally on generating Foucault currents (eddy currents)
within the stator material. A portion of the energy was lost
due to the need to overcome mechanical friction forces in
the bearings, the motor's brush-commutator mechanism,
as well as the aerodynamic drag of the moving parts. Part
of the power was also lost through the heating of the motor
windings caused by the flow of operating currents. There-
fore, to isolate the electrical power spent purely on the

induction heating of the stator, the calorimetric method
was applied. Its essence lies in determining the rate of tem-
perature rise of the stator at the beginning of its heating.
Geometrically, this is represented by the slope (tangent of
the angle of inclination) of the stator temperature variation
curve over time at the starting point of heating. Knowing
the volume and heat capacity of the stator material, the in-
duction heating power can be determined using the well-
known formula:
dT

I:>|nd c V p dt ’ (9)
where C - specific heat capacity of the stator material, V
— volume of the stator material, p — density of the stator

material, E — initial rate of temperature rise of the sta-

tor at the beginning of the heating process.

A comparison of the experimentally obtained induction heat-
ing power indicators with the calculated values derived from
the proposed mathematical model demonstrates the pres-
ence of minor discrepancies (within 15%) between the re-
sults obtained for copper and aluminium. The obtained rela-
tive discrepancies have an alternating nature (ranging from -
8% to +11%), which demonstrates the physical limitations of
analytical methods in describing the investigated electro-
magnetic process, but at the same time, it provides com-
pletely sufficient accuracy for engineering calculations when
designing electromagnetic systems of the described type.

At the same time, for stainless steel, the discrepancy magni-
tude determined by the calorimetric method was 78% and
112% for the experiments with a voltage of 9 Vand 18 V, re-
spectively. This is explained by the fact that the accuracy of
determining the induction heating thermal power by the cal-
orimetric method is significantly affected by the measure-
ment error of the stator heating rate. In the experiments
with stainless steel, due to the low induction heating power
(tenths of a watt), the stator temperature rise was insignifi-
cant. This exactly prevented achieving the same accuracy in
determining the induction heating power using the calori-
metric method as for copper and aluminium.

Therefore, for stainless steel, in order to isolate the power
spent on induction heating from the total power consumed
by the motor, classical no-load and short-circuit tests were
applied. For the no-load test, a plastic disk of similar dimen-
sions was installed in the thermal insulation casing instead of
the metal stator, and the voltage on the laboratory power
supply (LPS) was adjusted to achieve a rotational speed iden-
tical to the operating one. This allowed obtaining a suffi-
ciently accurate value of the energy consumed to overcome
bearing friction and the aerodynamic drag of the rotor in a
closed volume, specifically at the operating speeds.

The electrical losses in the motor power supply circuit were
determined using the short-circuit test. The motor shaft
was mechanically locked, and the LPS voltage was adjusted
so that the current in the circuit equalled the operating cur-
rent of the motor in the experiment with stainless steel. By
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dividing the obtained voltage value by the current, the
equivalent dynamic resistance of the system was deter-
mined, which includes the resistance of the LPS cables, the
motor winding resistance, the contact resistance of the
brush assembly, and the voltage drop across the protective
elements of the circuit. The electrical losses were calcu-
lated according to the Joule-Lenz law:

Table 2. Data processing results

P, =I%R

el w' E

(10)

where |W — operating current for the corresponding stator

material. Thus, for stainless steel in Table 2, the measured
induction heating power was determined by the no-load
and short-circuit method.

Experimental Calculated
Supply . test bench [Measured heat- " Deviation between experimental
Material - heating power, o
voltage, V power con- | ing power, W W and calculated values, %
sumption, W
Stainless steel 1.46 0.13 0.15 16.7
9 Aluminium 4.78 1.18 1.09 -8.0
Copper 7.82 2.13 2.03 -4.6
10.8 Copper 11.06 2.97 2.92 -1.5
Stainless steel 3.92 0.54 0.64 19.0
18 Aluminium 17.35 4.15 4,61 10.9
Copper 28.29 7.58 8.37 10.4

An analysis of the data presented in Table 2 allows for evalu-
ating the accuracy of the proposed mathematical model for
describing the energy process in the experimental setup.
Specifically, for copper and aluminium stators, the calculated
thermal power values are very close to the experimental
data. At a supply voltage of 9 V, the discrepancy was only -
4.6% for copper and -8.0% for aluminium. In the additional
experiment with the copper stator at 10.8 V, the mathemat-
ical model showed the best result with an error of only -1.5%
(calculated value of 2.92 W against the measured 2.97 W).

At the same time, the obtained deviations of the theoretical
data from the practical ones exhibit an alternating nature. At
low-speed operating modes (9 V and 10.8 V), the calculated
power is slightly lower than the actually measured value,
whereas at a higher frequency of magnetic field variation (at
18 V), the model yields slightly overestimated results. Specif-
ically, the calculated values were 8.37 W against the meas-
ured 7.58 W for copper (10.4% discrepancy) and 4.61 W
against 4.15 W for aluminium (10.9% discrepancy). This
demonstrates the specific characteristics of applying the pro-
posed mathematical model at higher frequencies while con-
firming its suitability for engineering design.

The largest relative discrepancy between theory and prac-
tice is observed for the stainless steel (AISI 304) stator:
16.7% at 9 V and 19.0% at 18 V. However, such an error is
explained not by the fallacy of the model itself, but by the
low induction heating power values in this material, which
amounted to only 0.13 W and 0.54 W, respectively. At such
small magnitudes, even a minor measurement error of the
instruments has a significant impact on the final result.

Conclusions

1. A mathematical model has been developed to deter-
mine the process parameters in the "wind turbine —in-
duction heater" system. Determining thermal power

through the calculation of self and mutual inductances
of the equivalent circuit elements allows for reducing
the time and resource costs during the design stage
compared to using the Finite Element Method (FEM).

2. An experimental test bench was developed for the vali-
dation of the proposed mathematical model's provi-
sions. A comparison of the obtained experimental data
with the calculated values confirmed the accuracy of
the proposed model. For high-conductivity materials
(copper and aluminium) at low-speed WT modes, the
discrepancy is minimal, ranging from -1.5% (2.92 W cal-
culated vs 2.97 W measured for copper) to -8.0%. With
an increase in the magnetic field variation frequency,
the model vyields slightly overestimated calculated
power results, with deviations of 10.4% for copper (8.37
W vs 7.58 W measured) and 10.9% for aluminium (4.61
W vs 4.15 W measured). For stainless steel, the 16.7—
19.0% discrepancy is caused by the relatively low values
of generated power (0.13-0.54 W).
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