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BCTYII

OnHi€cr0 3 TEHIEHIIN PO3BUTKY CYYaCHOTO ENEKTPONPHUBOAY € TMOCTIMHE
pO3LIMpEHHs C(Eepu 3acTOCYBaHHS pPEryjabOBaHOro enekrponpusoay [1-3].
EnekrpudyHa wMamiMHa Juisi Cy4acHOro MpPUBOJAY IOBMHHAa MaTd  XOpOLIl
peryioBajibHI Ta AMHAMIYHI XapaKTEPUCTUKHM, MATH TEXHOJIOTIYHY 1 HaJidHYy
koHcTpykuito, Bucokuii KKJI, 3qaTHICTE TpuBanuii yac npamroBaTi B IIHPOKOMY
JlanaszoHl IIBHJIKOCTEeH oOepTaHHs, 3a0e3reuyBaTH 3a/laHl XapaKTEPUCTHKH IPH
JKUBJICHHI BiJl HAIIBIPOBIHUKOBUX MEPETBOPIOBAYIB 3 CYYaCHUMH aJIrOpUTMaMU
yTpaBIIiHHSL.

VY psni obnacredt motpiOHa poboTa B MeXax MEXaHIYHOI XapaKTEePUCTUKU
rinepOoIIyHOr0 BUAY (TSATOBOI XapaKTEPUCTUKU) TPU XOPOUIMX JUHAMIYHHUX
SKOCTSIX TPUBOJAY ¥ MIMPOKOMY Jiama30Hi PeryaioBaHHS 00epTaTbHOTO MOMEHTY.
L{e BITHOCHUTBCA 10 €JIEKTPONPUBO/IB BEIMKOBAHTA)KHUX aBTOMOO1IIB, TEIJIOBO31B
Ta 1HIOMX TPAHCHOPTHHUX 3ac00iB, €JIEKTPOINPUBOAAM BaHTAXKOIIIHOMHOTO
o0nagHaHHA, IPUBOJAM E€JIEKTPOIHCTPYMEHTY PI3HOTO MPU3HAYEHHS 1 MOTYKHOCTI.
OcoOauBICTIO YMOB (DYHKIIIOHYBaHHSI II€pepaxOBaHUX BHUIIIE ABUTYHIB € IIUPOKHI
Alara3oH 3MIHM HaBaHTaXEHb 1 YaCTOTH OOepTaHHs Bajly, IO NMPU3BOIUTH [0
CYTTEBHX IEPEPO3MOILIIB BTPAT B MiJll 1 CTAJIM B 3aJIKHOCTI BiJl peKUMY POOOTH.

B nanuii yac B 1Mx 00JacTAX B CKJIAJl PEryjJbOBaHOIO MPUBOJY LIMPOKO
3aCTOCOBYIOTBCS €JEKTPOJABUIYHH MOCTIHHOIO CTPYMY 3 IOCIIIIOBHOIO OOMOTKOO
30y KeHHS.

OcHOBHUM HeoniKoM ABUTyHIB nocTiiHoro crpymy (AIIC) € HasBHICTH B
HUX L[ITKOBO-KOJIEKTOPHOTro By3Ja. [Ipu 1ipoMy BCi 3pocTaroyi TeXHIYHI BUMOTH J10
CJICKTPONPUBOAY 1 J0 €ICKTPUYHUX MANIMH 30KpeMa CIOHYKAIOTh 10 PO3POOKH
HOBHX €JIEKTPO/IBUTYHIB HETPAAULIIITHUX KOHCTPYKIIIH.

AJIbTEpHATHBOIO MPUBOAAM 3 ABUI'YHAMH IOCTIHHOIO CTPYMY € IIPUBOJM 3
BeHTWJIbHUMU aBuryHamu (BJI) [4-5].

Y ckinangi BJl MOXyTh BMKOPHMCTOBYBATHCSI €JIEKTPHUYHI MAIIMHU PI3HOTO
TUIy. SIK BUKOHaBYl O€3KOJEKTOPHUX ABUIYHIB IOCTIHHOIO CTPYyMYy LIMPOKOIO

3aCTOCYBAaHHS OTPUMAJd BEHTWJIbHI JBUTYHH 3 TMOPYIICHHSM BiJl TMOCTIHHUX
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Mar”iTiB  [6-8]. Ilet Tum npuBOoay  HaWOLIBII  MEPCHEKTUBHHN IS
BepCcTaTOO0yayBaHHS Ta POOOTOTEXHIKH, OJIHAK, € HAUTOPOKIUM.

JI1s 3arajJibHONPOMMCIIOBOTO 3aCTOCYBaHHS NEPCIEKTUBHUMHU € 1HIYKTOpPHI
JABUTYHHM 3 caMo30y/pkeHHsSM (B 3apyOibxkHIN JiTeparypl MawTh Ha3By Switched
Reluc-tance Motors). Taki ABuryHu jo0pe BUBYEHI: PI3HUM acleKkTam iX po3poOku
1 JOCHIPKEHHS MPUCBSIYEHO Oararo crarei Ta JONOBiAl SIK B HauIii kpaini [9-12],
Tak 1 3a kopjioHoM [13-18].

Peanizaiig TAroBux XapaKTEpUCTHK, HAHUOLIbII MPOCTO 3A1MCHIOETHCS MPU
BUKOPHUCTAHHI €JIEKTPOABUTYHIB 3 OCI1JOBHOI 0OMOTKOIO 30y 17KeHHSI, MOKEe OyTH
3a0e3nevena B BJ] Ha 0a3i 0HOIMEHHOIOIIOCHUX IHAYKTOpHMX MamuH. Hanani
Takl JBUT'YHH Oy/1eMO Ha3UBAaTH BEHTUJIbHUMU 1HAYKTOPHI ABuryHamu (/(BI).

JIBUTYHU 1ILOTO TUIY MPOCTI Y BUTOTOBJIEHH], TEXHOJIOT14HI1, HAT1iTHI, MAIOTh
MaJli BTpaTH B pOTOPI, MarOTh TapHi peryIroBajibHI BIACTUBOCTI, 3/JaTHI MPAIOBATH
B CKJIQJIHMX YMOBaX HABKOJIMIIHBOTO CEPEIOBUIIA.

HesBakarouu Ha Te, IO MAITWHHU TTOA10HOTO KJIacy BiJOMI BJKE JOCUTH JJaBHO,
BUXIJl Ha BEJMKI IOTYXHOCTI JIBUT'YHIB CTaB MOJKJIMBHM BHKIIIOYHO 3aBISKH
JOCSATHEHHSM CY4YacCHOT €JIEKTPOHIKH.

Jlna cTBOpeHHsT KOHKypeHTocrpoMokHuX J[BI 3 mocnigoBHOIO 00OMOTKOIO
30y KEHHST MOTPIOHI METOAMKH X NMEPEBIPOYHOIO PO3PaXyHKY, L0 BKIKOYAOTh
€JICKTPOMArHITHI 1 TEIJIOBI PO3PaxXyHKH, SIKI JIO3BOJIMIM O MIPOBOJUTH PO3pPaXyHKH
IHTErpajbHUX 3HAYEHb 1 YACOBHMX 3aIEKHOCTEH MapaMeTpiB 1 XapaKTePUCTHUK
JIBUTYHA, a TAaKOK YTOYHUTH 3 YPaxyBaHHSM 3a/1aHOTO KPUTEPIK Te€OMETPHUHI Ta
0oOMOTYBaJIbHI JIaHI €JICKTPOJBHUIYHA, IIPOBECTH PO3PaXyHOK Ha HEOOXIHI
MOKA3HUKH 1 BUOpATH aJITOPUTM yIIPaBIIIHHS.

Y nyOnikamisx, 10 CTOCYIOThCS BEHTHJIBHUX JIBUTYHIB 3 €JI€KTPOMAarHiTHUM
30yJKEHHSIM, B OCHOBHOMY PO3IJISJAI0THCS JBUT'YHH HE3AJICKHOTO 30y KCHHSI [2-
4, 6-8]. Y 1ol ke yac B X MyOIiKalisX HEJJOCTATHLO yBaru MPUJILICHO METO/IaM
PO3paxXyHKY €JIEKTPOMArHiTHUX 1 TETUIOBUX IPOLIECIB, II0 MPOTIKAIOTh B MallIMHAX
TAaKOro THITY, a OCOOJIMBO, 110 CTOCYHKOTBHCS MAILUUH IOCHIJIOBHOTO 30y UKCHHS,

MMPaKTHYHO HE PO3riAaaIocsH.
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3 ypaxyBaHHSM CKa3aHOrO MO)XHa 3pOOMTH BHCHOBOK, HIO po3poOka 1
JIOCIIDKEHHSI BEHTWIBHUX 1HAYKTOPHUX €JIEKTPOJIBUTYHIB 3 TOCIIIIOBHOIO
0OMOTKO¥O 30y/DKEHHSI € aKTyaJlbHHM 3aBJaHHSAM. A CTBOPEHHS METOIHK
MIEPEBIPOYHOIO PO3PAaxXyHKy € HeoOXijHow 0a3010 Jig aHalizy 1 CHHTE3y
€JICKTPOMEXaHIYHUX CUCTEM TAKOI'0 KJIACy B LILJIOMY.

Meta marictepchkoi poOOTH TIOJNISITaE B pO3poOIi MaTEMaTHUYHUX MOJIETICH
€JICKTPOMArHITHUX 1 TEIUIOBUX IPOLIECIB B BEHTHJIbHOMY 1HIYKTOPHI JIBUT'YHI 3
MOCJIIJIOBHOKO OOMOTKOIO 30YJUKEHHSI 1 B JIOCHI/DKEHHI HOIro XapaKTepUCTHUK 3a
JIOTIOMOTOIO ITUX MOJIEICH.

JIist TOCSATHEHHS! METH MOCTABJIEHO TaKl OCHOBHI 3aB/IaHHS:

1) IIpoBecTu aHami3 Ta CUCTEMATHU3AIIIO BIIOMOCTEH 3 PI3HUX MMUTAaHb TEOPIl Ta
MPaKTUKXA pO3poOKu 1 3actocyBanHs /|BI.

2) Po3poOutn MaTemMaTHyHy MOJENIb €JIEeKTpoMarHiTHUX mnpouecie B JIBI 3
MOCJTI IOBHOKO 0OMOTKOIO 30y 1KEHHSI.

3) Po3pobutn marematmuHy Monenb TemiaoBux mnpouecie B JBI 3
€JIEKTPOMArHiTHUM 30Y/PKEHHSIM, BU3HAUYUTH OCHOBHI OCOOJIMBOCTI CHCTEM
OXOJIOJIPKEHHSI.

Kommnnekcue nocmimkenus JIBI mocninoBHOro 30yMKeHHs BKIOYaE B cede
aHalll3 eJIEKTPOMArHiTHUX NPOLECiB 3a JONOMOIOK aHAJIITHYHUX METO/IB
JAOCHIDKEHHS, 10 0a3yloThCs Ha METOJII MUTTEBMX 3HAa4Y€Hb, TEOPIi 3BUYAHHUX
audepeHIiaTbHUX PIBHSHD 1 MATPUUHOT anreOpu. JJocmikeHHs TeIIOBUX MTPOLIECIB
B JIBI mpoBoamMIOCH 32 JOMTOMOTO0 MaTeMaTHYHOT MOJEI, 3aCHOBAaHOT Ha METO/Ii
€KBIBAJICHTHUX CXEM 3aMILICHHS.

Po3pobneni mareMaruuHi MOAENl peani3oBaHl y BUIUISIAL MpOrpaMm Jjis
MEPCOHAIBHOTO KOMI'IOTEpa. BHKOpHCTaHHS TmporpaM A03BOJIsIE€ TIPUHMATH
OOrpyHTOBaHI TEXHIYHI PIMICHHS [I0J0 BUOOpPY paliOHAJIbHUX IapaMeTpiB 1

pexumiB poodotu [BI.



1. OB'EKT, METOJAU 1 3ABJIAHHS JTOCJIIKEHHSA
1.1. Orasga jgireparypu 3 NUTAaHbL TEOPil I 3aCTOCYBAHHS BEHTHJIbHHX

iHAYKTOPHHMX IBUT'YHIB

Po3po0ka BeHTHJIbHMX MAlllMH TPUBA€E B)Ke OLIbIle cTa pokiB. B manuii yac
BOHH € OJTHUMH 3 HaWOIIbII MEPCTIEKTUBHUX THIIIB MAIIMH MPH iX BUKOPUCTAHHI B
caMHUX pI3HHUX 00J1acTAX 3acToCcyBaHH. [[boMy cripusie iX 0€3KOHTAKTHICTb 1 LIMPOKI
MOXJIMBOCTI PEryJIlOBaHHS BHUXIJHUX IOKa3HMKIB IIPH TMPOCTOTI peasizailii
yNnpaBiIiHHA. Y CKJIaJl BEHTUIBHUX JBUTYHIB BUKOPUCTOBYIOTHCS PI3HI THUIH
eJICKTPUYHHMX MAIIMH, CEPe/l IKUX MOMKHA BUALTATH 1HIYKTOPHI MAalllUHU.

Y cepenuni XX CTOMITTS TEXHIYHUH NPOTpeC BUCYHYB HOBY BaXKIIMBY
npobreMy — MiABUINEHHS HAMIMHOCTI 1 CHPOUIEHHS EKCIUTyaTarlii eleKTPUYHUX
MamuH. Y 3B'SI3Ky 3 UM pi3KO MIJABUIIMUBCS IHTEpEC 10 OE3KOHTAKTHUX, 30KpeMa J10
IHIYKTOPHUX, €JIEKTPUYHUX MallMH. 3Ha4yHl YCHiXd B 00JacTl TEXHIKH
HAIIBNPOBIIHUKIB, HOCATHYTI B 50-X pp., 3yMOBUIM ILIMPOKE BIPOBAIKEHHS
BHUCOKOYACTOTHUX 1HYKTOPHUX I'€HEPaTOPiB Ha TpaHCIOPTI (reHepaTtopu Pusbkoro
eNeKTpOMaIIHOOy yBanHs 3aBoxy, Gipmu « CEMDTIy, ipmu «EP3»), B aBiarii, a
MOTIM 1 B KOCMIYHIM TEXHIII].

3acnyra B 00J1aCTI CTBOPEHHS! CHJIOBOTO BEHTHJIBHOTO NPHUBOJY Ha 0asi
IHAYKTOPHUX MalllMH (TaKk 3BaHUX, CHHXPOHHUX peakTMBHUX MaiiuH - SRD)
Hanexuthb mpodecopy I1. Jloypencony — Bimomomy axiBifio 3 Teopii Ta po3paxyHKy
HOJIB €IeKTPUUHUX MAlIMH 1 KPOKOBOMY enekTponpuBoay [5, 6, 9]. Ilix itoro
KEpIBHULTBOM OYB YCIILIIHO BUKOHAHUHU IPOEKT 110 PO3POOLIl TATOBUX BEHTUIBHUX
IHIYKTOPHUX TIPUBO/IIB 3 )KOPCTKUMHU BuMoramu 11040 KKJ]I, MiitHOCTI, HaaiitHOCTI
1 T.II., @ MICJIA IbOTO OPraHi30BaHa MPOMHKCIIOBA (pipMa, 110 BUITYCTHIIA NIEPILY B CBITI
Cepito 3arajbHONPOMHUCIOBUX 1HIYKTOPHUX JABUI'YHIB MOTYXHICTIO P, = 4+35 kBrT.

Cnin  3a3HauMTH, WIO0 HE3BAXAIOYM HAa TMOPIBHAHO MMl  JIOCBIJ
BUKOpPHUCTaHHA IHAYKTOpHUX MamrH (IM) Takoro kiiacy B IKOCTI €JIE€KTPOABUTYHIB,
B CHJIY CBOIX KOHCTPYKTHBHHX 1 TE€XHOJOTIYHUX OCOOJMBOCTEH BOHM 3 YCIIXOM

MOYMHAIOTH BITPOBAKYBATUCS B P13HI ray31 TEXHIKH.
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1.2. BeHTWIbHUI IHAYKTOPHU IBUT'YH 3 MOCJiI0OBHOIO 00MOTKOIO 30y/IKEHHHA

1.2.1. BeHTHILHMI €1eKTPOABUIYH

OmHuM 3 MpOSBIB 3arajbHOCBITOBOI TEHICHIIT PO3BUTKY BHPOOHMIITBA
BHCOKOTEXHOJIOTTYHOT €JICKTPOTEXHIYHOT MPOAYKIIT € YCITiXH B 00J1aCTI CTBOPEHHS
HOBOTO MOKOJIIHHS PETYJIbOBAHUX €JIEKTPOIIPUBO/IIB 3 BUKOPUCTAHHSAM BEHTHJIBHUX
enexkTpoaBuryHiB (BJl) [4]. Bumnyck Takux eJIeKTpPONPHBOJIIB OCBOIOIOTH B JaHUI
yac MpPaKTUYHO BCl MPOBIJHI eleKTpoTeXxHiYHl KommaHii. [Ipomo3uiiii Ha pUHKY
BEHTUJIbHUX €JIEKTPOJABUTYHIB XapaKTEPHU3YIOTbCS IIUPOKUM MOTYKHOCHUM
Alarma3oHoM — BiJ OJWHHUIIL Bar JO COTEHb KIJIOBAaT, BOHH MOXKYTh
BUKOPUCTOBYBATHUCS B CAMUX PI3HUX Taly3sX MPOMHUCIOBOCTI.

Xoua BEHTWUJIbHI €IEKTPOJABUTYHHM HE € BHUHAXOJOM OCTaHHIX pOKIB, iX
CTPIMKHI PO3BUTOK CTaB MOXJIMBHM 3aBJSKH IHTEHCUBHOMY PO3BUTKY Cy4YacHO1
CHJIOBOI MEPETBOPIOBAILHOI 1 KEPYIOUOi eleKTpoHiKu. Lle, B cBOIO uepry, CTBOPHIIO
COPUSTINBI yYMOBU IS PO3pOOKH 1 BHPOOHHUIITBA EIEKTPONPHUBO/IIB HOBOTO
MOKOJIIHHS Ha 0a31 BEHTHUJIbHUX €JIEKTPOJIBUTYHIB.

CucreMH JaHOrO KJacy MarOTh PEryjbOBaHy B HIMPOKHX MEKAX YacTOTy
oOepTaHHs pOTOpa, MalOTh BUCOKI ITYCKOBI MOMEHTH 1 XOpOIIl €HEpPreTHYHI
IOKa3HUKH. 32 CBOIMM XapaKTEPUCTUKAMHM TaKl JABUT'YHH JIOCUTH OJIM3bKI 10 MALLIUH
NOCTIHHOTO cTpyMy. Pazom 3 THM BIJICYTHICTH IIITKOBO-KOJEKTOPHOTO BYy3Ja
ICTOTHO MiJABMIIYE AOBTOBIUHICTh BEHTHJIBHMX MAIIHUH 1 3HHKYE OOMEKEHHS, SKi
BHU3HAUYAIOTBCA  KOMYTAIli€l0, OCOOJMBO TMPH  BHCOKUX  IMIBUAKOCTAX 1
nepeBaHTaxeHHsX. L{I mepeBarn BEHTWIBHMX MaIMH pPOOJIATHL iX 0COOJMBO
MEPCIEKTUBHUMH  JUISi aBTOHOMHUX YCTAHOBOK 3 TEPBUHHHUM JDKEPEIIOM
€JIEKTPOEHEPril MOCTIMHOrO CTPyMy, IO IPALIOKTh B CKJIAJHUX HABKOJIHUIIHIX
yMOBax.

DyHKIIOHAIbHA CXeMa CyYaCHOTO0 BEHTUIILHOTO enekTpoasuryHa (puc.l.1) B
3araJlbHOMY BHITQJKy BKJIIOYAa€ B ceOe HACTYIHI €JIEMEHTHU: €ICKTPOMEXaHIuHHUM
neperBoproBad eHeprii (EMII) — enexktpoasuryn (EJl), cwioBuii eneKTpoOHHUI

nepetBoproBay (komytatop K), natuuk nonoxenus poropa (AI1P) i anaparny abo



10
nporpamMuy cucremy yrpasiaiHHsa (CVY). [Ipn HeoOXigTHOCTI BOHA TaKOX MOXeE
mictuTH neperBoproBau Hanpyru (I[TH) 1 cuctemy natunkis (nanpyru (IH), ctpymy

(IC), yactotn obepranns (AY) 1 11.).

] e
%HH He K e /ED T PO

|
=

. \_/
m m

El

[aH]
S— cy =

PucyHnok 1.1 — @yHKIIOHaIBHA CXEMa BEHTUIIBHOIO IBUTYHA

ITH — nepeTBOproBay Hanpyru JIIP — naTuuk 1oJioKeHHs poTopa
K — xomyrtarop EJl — enexTpoaBUTyH

JC — 1atuuk cTpymy T — Tpancwmicis

JAH — natyuk Hanpyru PO — poGounii opran

JY — natyuk 4acToTu 00epTaHHA CVY — cucrema ympaBiiHHA

KOHCTPpYKTUBHO  €JIEKTPOMEXaHIYHMI  [EepPETBOPIOBAY,  EJIEKTPOHHMIA
KOMYTaTOp 1 cucteMa yrpasiints B/l moxyTs Oyt BukoHasi okpemo. [Ipu nibomy
B IIpoLieci poOOTH BOHU MOKYTh epe0yBaTH Ha BENUKIH B1ICTaH1 OJIUH BiJl OJTHOTO.
B nanuii yac B CBITI criocTepiraeTbcsi CTiika TEHICHIIIS BAKOHAHHS KOMyTaTopa 1
JIBUTYHA B CHCTEMI PEryJIO€MHUX €JEeKTPONPHUBOJAIB B OJHOMY KOPITYCI.
BukopucranHs cyminieHoro BukoHauHs B/l 103BoJIsi€ 3HU3UTH BUTPATY CIIOTYYHUX
IIPOBOJIIB, IIABULLIUTH KOMITAKTHICTb.

Buxopucranus mno3uiiitnoro 3sopotHoro 3B's3ky ([AIIP) e BiaminHOIO
0COOJIMBICTIO BEHTWJIBHOTO JBUTYHA, TaK SK CHTHAJIW HA TICPEMUKAHHSA KIFOYiB
IHBEpTOpa HAAXOAATH BiJ CHCTEMH YIPABJIIHHS B 3aJIEKHOCTI Bl TOJOKECHHS
poTOpa, 3aBJSKM YOMY 4acTOTa CTpyMy B OOMOTII SIKOpsi MOke OyTH piBHOIO abo
KpaTHOIO YacTOT1 00epTaHHS pOTOpa.

HaitGinpr mommpeHuM BapiaHTOM BH3HAUEHHS TIOJIOXKEHHS poTopa €

BHKOPHUCTAaHHA 3 U,iC}O METOIO ABHO BHPAXXCHOI'O JaTYHKa ITOJI0KECHHA pOoTOpPAa.
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JlaTtaukn monoxeHHss poropa BJl € BOyaoBaHuit B IBUTYH BY30JI, IO
CKJIQJIA€ThCS 3 YYTJIMBUX | CUTHAIIBHUX €JICMEHTIB.

3a TUIIOM YYTJIMBUX €JIEMEHTIB JIaTUYMKU TOJIOKEHHS POTOpa JUIATHCS Ha:
IHAYKIIHHI, (POTOONTUYHI, raJlbBAHOMArHITHI €JIEMEHTH, [apaMEeTpUUHi, a TaKOK
BUJIUISIOTH JATYUKU HA 0a31 MarHiToa10/41B, O€3KOHTAKTHOrO celibcuHa. HalOabim
IIMPOKOTO  TOIIMPEHHS HAOylIM TalbBaHOMArHITHUX JIaTYMKA Ha  0a3si
MarHiTOuyTJIMBUX IHTErpaibHUX Mikpocxem XoJsuta (laTuuku Xosa).

Y tomy BUMAJKy, KOJU BUKOpPUCTAaHHA siBHOBUpaxkeHoro [IIP e ckinamgnum
(0OMeKeHHST IO YMCITy CTPYMOIIPOBO/IIB, 32 pajlialbHUMU 1 JIIHIHHUMH PO3MipaMu
€JICKTPOJIBUTYHA, JKOPCTKI BUMOI'H 11010 3aBaJA0CTIHKOCTI, HaJAIHHOCTI, BApTOCTI Ta
iH.). Kpammm € BHUKOpPUCTAaHHS, TaK 3BaHOro, O€3JaTYUKOBOIO MPHUHIIUITY
yNpaBIiHHS, 3aCHOBAHOTO Ha ouiHui npotuaii EPC, mo HaBoautbes B 0OMOTKax
cTaTopa, 1 aHaJIi31 10 Hii MOJ0KEHHS poTopa.

Cucrema ynpasninns (CY) B/l 06po6ise curnanu, mo Haaxoasts Big AP
Ta IHIIMX JATYMKIB, 1 (OpMy€ CHTHAIM YOpPaBIIHHS, 110 HAAXOAATH Ha 0asu
TPaH3UCTOPIB a00 Ha KEPYUl €JEKTPOJU THPUCTOPIB KOMyTaTOpa. 3ajeXHO BiJl
peanizauii CY Moxe MICTUTH Ti 4M 1HIII (PYHKI[IOHAJIbHI OJIOKH, HANPHUKIAI, B
sskocTl CY Moke OyTH BUKOPUCTAHUN MIKPOKOHTPOJIEP.

[Ilo crocyerbes komyTaropa, To B Oaratodasnux B/l oomorka sxops (O51),
K MPaBUIIO, pO30MBAETLCSA HA TpU(aA3HI IPYIH, KOXKHA 3 AKMX IMIJKIIOYAETHCS J10
okpemoro komyraropa. bararodasni B/l (sx 1 BJl 3 po3B's3anumu oOmMoTKkamu) B
CKJIaJll KOMyTaTOpa MatOTh OLIBIIY KIIbKICTb KJTKOYIB, 10, OHAK, TO3BOJISE 3HU3UTH
nyJibcaiii 00epToBOro MOMEHTY 1 3HMU3MTH IOTYKHICTb, L0 IPUIIAJa€ HA OJUH
KJTIOY.

KomyTaTtopu TmMOAINAIOTECS HaA OJHOHAMIBIECPIOAHI 3 HEPEBEPCHBHUM
KuBJICHHAM (a3 (ToOTO cTpyM y (a3l mpoTikae TUIBKH B OJHOMY HANpPSIMKY) i
JIBOHAIMIBIEPIOAHI 3 PEBEPCUBHUM KUBIICHHAM. OCTaHHI ABJISIOTH COO0I0 IHBEPTOP
(TIpy KMBIICHHI B1Jl MEPEXKI TOCTIHHOTO CTPYMY) a0 LIKIOIHBEPTOP (IIPU JKUBJICHHI
BIJl Mepexi 3MIHHOro crpymy). OmHOHAMIBIEPIOJHI CXEMH 3HAXOIATh

3aCcTOCyBaHHA B Majionotyxuux B/I.
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Haii611b11 monmmpeHo cXeMo KOMyTaTopa € MOCTOBA JIBOHAITIBIIEPiOIHA
cxema. [Ipu BITHOCHIM TPOCTOTI KOMYTATOpA 3a0€3MeUyEThCS MPUHHATHE 3HAYCHHS
MyJbCallli  €JIEKTPOMArHiTHOr0O  MOMEHTY  (pIBHOMIPHOCTI  OOepTaHHA) 1
eKoHOMIYHOCTI. Takuil BapiaHT € YyHIBEpCAJIbHUM JUIsS PI3HUX BHIIAJIKIB
3acTocyBaHH4 [7].

Jlna BJ] HeBeNMKOI NOTY)KHOCTI KOMYTaTop MO)Ke OyTHM CTBOpDEHHMH Ha
MOBHICTIO KEPOBaHHUX €JIEMEHTax (TPaH3HCTOPaXx, JABOOMNEpPALIHHUX THPUCTOpAX), a
JUIS ABUTYHIB CepelHboi 1 Benukoi mnoTykHocTi (=1000kBT) — Ha moOBHICTIO
KEPOBAHMX €JIEMEHTAaX (THPUCTOpaX, CUMICTOPAX ), @ TAKOXK Ha MOBHICTIO KEPOBAHUX
tupuctopax (GTO). Oguum 3 HAWOUIBII MOIIUPEHUX PEKUMIB POOOTH KITHOYIB
inBepTopa € 120 - rpagycHa koMmyTalis, B Mexkax nepioay (360 rpaayciB) KOXeH
K04 Biakputuid 120 rpagycis.

Ha puc.1.2. nHaBegeHo anroput™m 120-rpagycHoi KOMyTalii KJIHOYIB
iiBepropa. Tyt Oy - enekTpuuHMIl KyT, IO XapakTepu3ye CTaH poTopa
€JICKTPOJIBUTYHA 1100 OCl (ha3u A B MOMEHT MIJIKIIOUeHHs i€l (a3u 1o mKepena
KUBJACHHSA. Takui KyT Ha3MBaeThesi KyToM BimodeHHs dasu. lna B 3
HE3aJe)KHUM 30y/UKEHHSIM BIH IHpEACTaBiisie COOOK KYyT MDK IOYaTKOM
nosutuBHoro Hanisnepiony EPC xonocroro xoay i ¢asHoro crpymy. A npwu
NIOCTIIOBHOMY 30YIKEHHI Ipu iHTeprperauii kyra 0y cinig posrasaatu EPC 6e3
ypaxyBaHHs peakiii skopst. HeiirpaiibHOT KOMyTalil BiiNOBIAAa€ KYT BKIOYEHHS Oy
= 30 en.rpan.

OcHoBHuM esieMenToM B/l € enekTpoMexaHidHHI IEpeTBOPIOBAY, SIKUH MOKE
OyTu pealli3oBaHui Ha 0a3i PI3HUX THUIIIB €JICKTPUYHUX MAIIUH 3MIHHOI'O CTPyMY:

ACUHXPOHHUX, CHHXPOHHUX, 1HAYKTOPHUX, 1H.
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Pucynok 1.2 — Anroput™m 120-rpagycHoi KoMyTallii KJI04iB

¥

cmani TATOBOI'O  IIpUBOAY

BHKOPHCTAHHA

eJ'IGKTPOMeXEIHi‘{HOI‘O

NepeTBoOproBaya Ha 0a3l aCUHXpPOHHOTO ABUTYHA (A/Jl) BUABISIETHCS BUTIPABIAHUM,

SIKILO B 00'€KTI 3aCTOCYBaHHS HE MOTPIOHO TPUBAIOro (PYHKIIOHYBAaHHS IIPUBOLY 3

BCIIMKHMH OﬁepTaIOIII/IMI/I MOMEHTaMH B 00JacTi o0 MaJluX 4aCToT OﬁepTaHHﬁ
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(myck A/l moB's3aHui 3 BETMKUMH BTpAaTaMu MOTYXKHOCTI 1 HarpiBaHHAM 0OMOTOK),
a TaKOX HE MOTPIOHO MATU MIMPOKHUH Jianma3oH PeryJIOBAHHS YacTOTH O0OepTaHHS
ab0 KPYTHOTO MOMEHTY B PEKHUMI ITOCTIHHOI OTYKHOCTI [24].

Y upboMy 1utadi Ourbin  yHiBepcanbHumMu € BJ[ Ha 0a3i CHHXpOHHHMX
enextpuynux Mamme (CM). Ix 3oBHimHI i perymioBanbHi XapakTepUCTHKH
BIJIIIOB1Ial0Th a00 MEPEBEPIIYIOTh XapaKTEPUCTHKU TPAAMLINHO 3aCTOCOBYBAHHMX
KOJICKTOPHHUX €JIEeKTPOABUTYHIB. HalOUIbll NEpClEKTUBHUM € BUKOPUCTAHHSI
0e3koHTakTHUX CM.

Y cBOW0 4epry, OE3KOHTaKTHI CHUHXPOHHI MAIIMHU MOXYTb OyTH PpI3HHX
TuniB. B nanuii yac 1yist npuBoIiB MaJIOl OTYKHOCTI (BiJ OAMHMIIb BAT JI0 OJIUHHULL
KUIOBAT) IIUPOKO BUKOPUCTOBYIOTHCS TaK 3BaHI MArHITOCJIEKTPUYHI JABUTYHHU
(ME]1), MmarHiTHUHN TIOTIK 30Y/KEHHS B AKUX CTBOPIOETHCS MOCTIMHUMHU MarHiTaMH,
BCTAHOBJIEHUMU Ha poTopi. Taki MalIMHM MarOTh IPOCTY €IEKTPUYHOI CXEMOIO, HE
CIIOKUBAIOTh €HEPril Ha 30y keHHd 1 MatoTh niauieHuit KK/[ [11]. V Toii ke yac
MOJIMBOCTI perymoBanHs mBuakocti MEJ] 6e3 BHeCeHHSI KOHCTPYKTHUBHUX 3MiH
HEBEJIHKI, 8 MAKCHMaJIbHA TTOTYKHICTH JIBUTYHIB 0OMEKeHa Pi3KUM 301IbIICHHAM iX
BapTOCTI Yepe3 MOPIBHIHO BUCOKY BapTICTh MOCTIMHUX MarHiTiB. Kpim Toro, Besuki
MAIIMHU CTAIOTh MPAKTUYHO HEPO3OIPHUMHU 1 HEPEMOHTONPUTOAHUMH, OCOOJIMBO B
YMOBax PEMOHTHHX MaiCTEpEHb.

B B/l MoxyTbh 3acTOCOBYBaTHUCS 1 1HAYKTOpHI ejekTpuuHi mMamuHu (IM).
[lepeBaroro 1HAYKTOPHUX MAIIMH € TMPOCTOTA KOHCTPYKII pOTOpa, BHUCOKA
HaJIMHICTh Yepe3 BIACYTHICTH OOEPTOBUX OOMOTOK, XOpOLIl pEryiIrBajbHI
BJIACTUBOCTI, HU3bKI BTpPaTH B POTOPI, MOXKIIUBICTH pOOOTH B CKIAJHHUX YMOBax
HABKOJIMIIIHBLOTO CEPEIOBUIIIA TA 1H.

['o0BHUIT HENOJIIK ABUTYHIB TAaKOIO THUILYy MPOSIBISIETbCS B HASIBHOCTI
IOCTIMHOT CKJIaIOBOT MarHiTHOI'O IMOTOKY, sIKa He Oepe yyacTi B HaBeICHH1 po0040i
EPC, ane 3aBaHTa)Xxye€ MarHiTOMpOBOJ 1 BHUMAra€ ICTOTHOTO 30UIBIICHHS HOTO
o0cAry Ta MacH B IOPIBHIHHI 31 3BUYaTHUMM CUHXPOHHUMHM ManiuHami [11].

OcCHOBHI BIAMIHHOCTI IHIYKTOPHMX MaIIMH BiJl KJIACHMYHUX CHHXPOHHHUX

MaIlIMH MOJAraloTh B HACTyNHOMY [11]:
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Binomo, mo vactrora EPC po6Gouoi oOMOTKH OOYMOBIIIOETHCS YacTOTOIO
nepemMartiuyBanHs 3yOuiB craropa. Y CHHXpOHHUX MamuHax 4vactora EPC

PO3paxOBYETHCS 3a BIIOMOIO (POPMYIIOH):

_ B
f= o (1.1)

VYV IHAYKTOPHHMX MAalIMHAX, BUXOAAYM 3 NpHHIMIY i, oguH nepiog EJIC
BIJINOBIJIa€ MOBOPOTY pOTOpa Ha OAHE 3yOleBe MUICHHS. TakuM YHUHOM, JUIS

IHAYKTOPHHUX MalIUH:

_Zp*n
— (1.2)

ToOTo yncio nap MoJkOCiB Y IHAYKTOPHUX MAIlMH JOPIBHIOE YHCIy 3yOLiB
poTopa (YUCily BUCTYIIIB), HA BIAMIHY BIJI CHHXPOHHUX MAIIIMH 3 SIBHOBUPAKCHUMU
MOJIFOCAMH, Y SKUX YHCIIO TIap TOIIOCIB JOPIBHIOE MOJIOBUHHOMY YHCITY BHCTYIIIB.
TakuM 4YMHOM, B BEHTWIBHO-IHAYKTOPHHUX IPHUBOJAX 3'SIBISIETHCS MOKIUBICTH
rJIMOOKOTO peayKyBaHHS IIBHAKOCTI 3a paxyHOK 30LUIbIIEHHS 4YKcia 3yOLiB Ha
poOTOpi, 10 BIAKPUBAE MIMPOKI MOMKIUBOCTI Il IPOEKTYBAHHS «0€31aTUNKOBHX)
JABUTYHIB, BOYJIOBAaHHUX B MAlIMHH 1 MEXaHI3MH.

Sk 3a3Havaniocsi pasillie, B IHAYKTOPHHUX MalllMHAX € IOCTIMHA CKJ1a/10Ba
notoky Do, sika HE BUKOPHCTOBYETHCSA, XOYa 1 3aBAaHTAXKyE MAarHiTOIIPOBII.
OcoOaMBICTIO IHIYKTOPHUX MaIlIMH € TaKOXX yMOBAa MaJOr0 HAacHYEHHs CTall
MAarHiTHOrO JiaHutora. Ko crajib HaCHYy€eThCS 1 1i MarHiTHa NPOHUKHICTD 11a/1a¢,
TO 3MEHIIYETHCS PI3HUIIA MK MarHiTHUMH OMOPAMHU JIUISTHOK 3 MAaKCUMAaJIbHUMH 1
MIHIMAJIbBHUMHM 3a30pamMu. SIKI0, HAallpUKJIad, cTalb 3yOliB poTopa Oy/ie MOBHICTIO
HACHUYCHA, TO PI3HUL MK PaTiaIbHUMH JUISHKAMHU 3 Oyaxe 1 Oyiy 100 MATHITHUX
BJIACTUBOCTEN 3HAYHO 3MEHILIYETHCS (IIPU HACUYEHHI MAarHiTHA MPOHUKHICTh CTall
1 Oyjzie mpariyTH J10 L) 1 BeCh MOTIK PIBHOMIPHO PO3HOALISETLCS 110 KOJIY SKOPS,
110 TIPU3BEE 0 Pi3KOTO 3HIKCHHS €JIEKTPOMArHiTHOTO MOMEHTY.

[TopiBHSHHS IHIYKTOPHUX MAlIMH 31 3BUYAHHUMU CHHXPOHHUMHU MallMHAMU
MOke OyTH IPOBEICHO 3a JONOMOrol Koe(illeHTa BUKOPUCTAHHS MAarHiTHOTO

noToky kic [11]:
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D ..~ D
= MAKC MUH 0’5 4 l = M , 1 3
=S (5. (1 ) (1.3)

waxe are

ne Dyaxe 1 Dyiy BIANOBIAHO MIHIMAJIBHE 1 MAKCUMAJIbHE 3HAYEHHS MIOTOKY B
3a30pi.

B ineanbHoMy Bumajky, kKoiau D, nparne 10 Hyas ki = 0,5. YV peanbHux
IHAYKTOPHUX MamIMHAX Dy / Dyare0,1+0,2 1 kix0,4+0,45. 3 1poro BUILIMBAE, 1110
IIPU OJIHAKOBUX BUXIJHUX XapaKTEPUCTHKAX 1 MPUOIM3HO PIBHUX MOMEHTAX 1HEPIIiT
pPOTOpPIB IHAYKTOPHA €IEKTPUYHA MalliuHa Mae npubiuszHo B 1,3-1,8 pasu OuibiLy
Macy, y TOpIBHSHHI 3 MAarHiTOEJIEKTPUYHOK CHHXPOHHOK MaluHO0. Tomy,
BU3HAuYalouu cdepyd MOXKJIMBOIO 3aCTOCYBAaHHS UUX JIBUTYHIB, HEOOXIIHO
BpPaxOBYBAaTH BCl (pakTOpu, B TOMY YHCII 1 €KCITyaTaimiiiHi. ¥ BaXKKHUX YMOBax
eKcruryaranii came (pakTop HaJlHHOCTI € BU3HAYHUM 1 TYT MOJKHA IIITH Ha JesKe
301JIbIIEHHS Bard MPUBOJY.

HesBakarounm Ha 3a3HavyeHi HEIOJIKH, OCOOJMBOCTI MOJIIOCO0Opa30BaHHs
IHAYKTOPHHUX MaIIMH MPU3BOAATH JI0 TOTO, IO NPU MAJIOMY MOJIFOCHOMY PO3IOILIL
poropa IM nounHaroTh nepeBaxaTH 10 MTUTOMO-MAaCOBUM IMOKa3HUKAM Y 3BUYAUHUX
CUHXpOHHMX MamuH. KpiM TOro, mpocrora 1 TEXHOJOTIYHICTh KOHCTPYKIIIT
(B1ACYTHICTH OOMOTOK 1 MarHiTiB Ha poTOpi), O€3KOHTAKTHICTH (HA BIAMIHY BIij
KJJACUYHUX CHHXPOHHMX MallMH 3 E€JEKTPOMAarHiTHUM 30Y/DKEHHSIM) 1 HU3bKa
BapTICTh (HAMPUKIIAJ, B MOPIBHAHHI 3 CHHXPOHHUMH MalIMHAMHU 3 MOCTIMHUMU
MarHiTamu), a TakoXk psJd IHIIMX [epeBar chpuse 3acrocyBaHH IM sk

BUCOKOE()EKTHBHUX JABUTYHIB JIJIsl PI3HOMaHITHUX IIPOMHUCIIOBUX arperaris.
1.2.2. Onyc KOHCTPYKIiI BEHTHWIbHUX iHAYKTOPHUX JABUI'YHIB

KoHCTpyKTHBHA CXe€Ma EJIEKTPOJBUIYHa BH3HA4a€ OCOOJIMBOCTI HOro
MAarHiTHOTO KOJIa 1 €JIEKTPOMArHiTHOTO PO3pPaxyHKY, a TAKOK CTPYKTYPY TEIIOBOI
CXEMH 3aMIILICHHS.

Haragaemo, 1m0 iHIYKTOPHOI HA3UBAETbCS MalllMHA, y SKIH B pexUMI

XOJIOCTOTO XO/y MarHiTHA 1HAYKIIIS B KOXKHIM Toulll poO0YOTO 3a30py 3MIHIOETHCS



17
TUTBKH 32 BEJIMUMHOIO, a i1 HaMpAMOK 3aMiaeTses noctiaum [11]. Takum ynHOM,
IHAYKIIS B 3a30pl IHAYKTOPHUX MAIIWH Ma€ MYJIbCYIOUMH XapakTep 1 MICTHUTh
3MIHHY 1 MOCTIHHY CKJIaJ-paMHd. 3MiHAQ MAar”iTHOrO IIOTOKY, 3YEIUIEHOIO 3
0OMOTKOIO SIKOPSI, B 4aCl JOCATAETHCS 38 PAXyHOK IEPIOJUYHOIO 3MIHU MarHiTHOTO
OIOPY KOHTYPY 3aMHMKaHHS TOTOKY, CTBOPIOBAHOI'O OOMOTKOI 30YJ/KEHHS, MpH
obepraHH1 3y04acToro 6€300MOTKOBOTO pOTOpA.

Bijioma BesiMka pi3HOMaHITHICTh 1HYKTOPHHUX MAILKH, 110 PO3PI3HAIOTHCS K
110 KOHCTPYKTUBHHUX O3HAKaX, Tak 1 3a MpUHIIMIIOM il [4].

3 TOYKH 30py OCOOJMBOCTEH MATHITHOTO KOJa I1HAYKTOPHI MAaIlWHU
MIIPO3AUIAIOTECS HAa PajialibHO-30y/KYBaIbHI 1 aKCIaJbHO-30YyKYBaJIbHI. Y
pamianbHO- 30y/KyBalbHI MAIIMH KOTYIIKH 30yMKeHHS (MOCTIMHI MarHiti)
pO3TalIOBaHI y3/I0BK palyCiB MalldHH, B 3B'A3Ky 3 YUM MAarHITHHUW TOTIK,
cTtBoproBaHuii OB, B IMX MammMHaxX Mae€ pajiajJbHUN HanpsaMok. B akciaibHO-
30y/UKyBaJIbHI MalIMHAX KOTYIIKM 30Y/KEHHS PO3TAIlOBYIOTHCA Y3IOBXK OCI
MAaIlTUHHU, 1 TOMY CTBOPIOBAHWI HUMH TIOTIK BHUSBISIETHCS CIIPSIMOBAHUM TOJIOBHUM
YHUHOM aKClaJbHO.

[cTOoTHOIO TepeBaro  akciajibHO-30y/KYyBaJIbHI  MalllMH €  [POCTOTa
MIPUCTPOIO OOMOTKHU 30Y/UKEHHS, KA 3a3BUYall BUKOHYETHCS Y BUTIISAI OJIHIET 200
JACKUIBKOX KOTYHIOK KuIbLieBOi (opmu. KpiM OYEBHAHMX KOHCTPYKTHBHHX 1
TEXHOJIOTTYHUX TepeBar, Majie YMCI0 KOTYIIOK 1 X KuiblieBa Gopma 3a0e3neqyoTh
MiHIMAJIbHO MOJKJIMBI BUTPATa MPOBIAHHUKOBOIO MaTepiany Ha 00MOTKY 30yHKEHHS
1 MiHIMaJIbH1 BTPATH €Heprii Ha 30ypKeHHs 11 yac podotu mamuHH. L{s o6cTaBuHa,
B CBOIO Yepry, JI03BOJISIE 3HAYHO 3HU3UTH Bary 1 00'eM perylior4oi anaparypu, 1o
B 0araThb0OX NMPAKTHYHUX BHUIIAJIKAX MAE BEJIUKE 3HAUCHHS.

3a xapakTepoM 3MiHH TOTOKYy 3yOILliB poTopa Hpu 0OepTaHHI IHAYKTOPHI
MAaIIMHA MOXHA PO3JUIMTHA Ha MALUIUHK 3 IOCTIHHUM 1 3 MYJIbCYIOYHM IIOTOKOM. Y
KOKHOMY 13 3a3HAUE€HHMX TUIIIB MAIlMH MOXHA BUJIUIUTHU: OJIHOIMEHHOIIOIIOCH] (3
aKclaJIbHUM MOTOKOM 30Yy/KEHHS) 1 pa3HOIMEHHOIIONIOCHI (3 pajlialbHUM MOTOKOM

30yIPKeHHSI) MallluHu [8].
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Y 0JHOIMEHHOIOJIIOCHUX 1HAYKTOPHHUX MalllMdHaX OOMOTKa 30Y/DKEHHS
BUKOHYEThCS KUIBIIEBOIO 1 PO3TAIIOBYEThCA a00 MK MakeTaMHu CTatopa, ado y

KPHIIKH 1HYKTOpHOI MammHy (puc.1.3-1.4).

D:
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Pucynok 1.3 — baratonakeTHa 0JTHOIMEHHOTIOJIFOCHA 1HAYKTOpHA MalliHA

OCHOBHUI MarHiTHMM TOTIK, CTBOPIOBAaHUH OOMOTKOIO 30y KEHHS,
3aMHKA€ThCSA Yepe3 KOPITyC, MaKeT CTaTopa, poOodmii MOBITPSHUN 3a30p, BTYJKY i
abo depe3 Apyri MakeTu poTopa i cratopa, abo yepe3 KpHuiky. OCKUIBKH B LILOMY
TUI 1THAYKTOPHUX MAIIMH TMPUCYTHIM aKcCladbHHH IMOTIK, TO KOPIYC 1 KpHILIKa
BUKOHY€ETHCS 3 MarHiToOM sikoi ctaii. HanmpsiMok paaiaibHOTO MarHiTHOTO MOJISt B
KOKHIH TOYLll poOOUYOro 3a30py B MEKax KOXKHOI'O IaKeTa O/IHAKOBE 1 HE3MIHHE,
IHIIMMM CJIOBaMH, BCI 3yOlll poTopa B MeXax KO)KHOIO MakKeTa MalTh OJHAKOBY
MAarHITHY MOJSPHICTh, UMM 1 MOSICHIOETHCSI HA3Ba MAIIMHU. X04a MOTIK Yepe3 3yoIrl
poTOopa 3MIHIOETHCA HE3HAUHO, iX 3a3BUYAail BHUKOHYIOTh HIMXTOBAHHUMH JIJIS
3MEHIIIEHHS TTOBEPXHEBUX BTPAT B 30BHIIIHIX 30HaX, 00YMOBJICHHX 3y04acTOCTIO

SIKOPAL.

.IIHH ﬁ

i

Pucynok 1.4 — OgHomnakeTHa 0 JTHOIMEHHOIOJIFOCHA 1HAYKTOPHA MalliHA

[Torik 0OMOTKHM 30y/)KEHHS B POTOPI PO3Trally’)KyeTbCcsl Ha MaKCUMaJbHHMA

Dyae, TPOXOJUTH YEPE3 MIHIMAIBHUM 3230D Ouin, 1 MIHIMATBHUN Dy, 1110
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MPOXOJIUTh Yepe3 MAaKCIMAIbHUHA 330D Oyaxe. 3IMIHA 3a30pYy IiJ CTATOPHOIO
KOTYLIKOI IIpU 00€pTaHHI pOTOpa MPU3BOAUTH JI0 3MIHU MOTOKY.

Y  pa3HOIMEHHOIOJIOCHUX 1HAYKTOpHUX MamiuHax (puc.l.5) po sxops
MPUMHUKAIOTh MAarHiTHI IOJIIOCH pi3HOI mnossipHocTi. Ha BHyTpillHIM OBEpXHI
HIIXTOBAaHHOTO MTaKkeTa ctaTtopa 1, Ha BIIMIHY BiJl pO3IJISHYTOI paHilllie KOHCTPYKILii,
PO3TALIOBYETHCS KIJIbKa BEJMKHUX MMa31B. Y HUX PO3MIILYETHCS 0OMOTKA 30y IKEHHS
2. Mixk BEJIMKMMH T1a3aMM 3HAXOAThCS Majll Mas3u, B SKUX YKJIaJA€ThCss 00MOTKA
skopst 3. IToTik 0OMOTKH 30y/KEHHST PO3TanyKyeThCsl Ha Dyaxe (U€PE3 Opin) 1 Pyiin
(gepe3 Owaxe). Ha BimMiHY Bi 0JTHOIMEHHOIOIIOCHOT IM "wacTrHa 3y011iB poTopa Mae
MIBACHHY MOJISAPHICTH (MOTIK BXOJUTH B HUX), @ YaCTHHA MIBHIYHY (TTOTIK BUXOIUTH
3 HUX). TOMy MalllMHa Ha3UBAETHCS PI3HOIMEHHONOIIOCHO. OHAK 1 JJI TaKOTro
TUIY 1HIAYKTOPHOI MAaIlMHU pajiaibHa IHAYKIIS B KOKHIM TOUYLl poO0YOro 3a3opy
30epirae CBiil HaNpsAMOK HE3MIHHOK. Tak sIK KOXEH 3yOelb poTopa 1 30Ha, sKa
NPUMUKAE IO HbOTO MEPIOJIMYHO MEePEeMarHiayoThCs, TO BTPATU B 3yOLsAX poTOpa
PI3HOIMEHHOMOIIOCHUX 1HAYKTOPHUX MAIIIMH OUIbIIE, HIK B OJJTHOIMEHHOIIOJIIOCHUX

KOHCTPYKLISX.

Pucynok 1.5 — Pi3HOIMEHHOIIOJIIOCHA 1HAYKTOPHA MalllMHA: 1-KOpIyc;

2-00MoTKa 30y1KeHHs; 3-00MOTKa SKOps

VY pi3HOIMEHHOIOJIIOCHUX 1HAYKTOPHUX MAaIlMHAX BIJICYTHIH akciallbHUN
MOTIK, TOOTO /10 CKJIay MarHiTONPOBOAY HE BXOAUTH BTYJIKA 1 KOPIYC MAIIIMHHU.
Cnip 3a3Ha4yuTH, MO OOMOTKA SKOPS OJHOIMEHHOMOIIOCHHX 1HIYKTOPHHUX

MalluH 1py ojiHo(ha3zHoMy 1 6araTogpazHOMY BUKOHAHHI CUMETPUYHA B MArHITHOMY
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BIJIHOIICHHI; Y pPa3HOIMEHHOIOIIOCHUX MallIKMH NpH OararoasHOMY BUKOHAHHI €
MarHiTHa HecumeTpiss okpemux ¢a3 obmotrku skops. Lleit Hemomik
pi3HOIMeHHOnoMocHUX IM  3yMoOBItOe iX Maje 3acTOCYyBaHHS Ha NPAKTHLL,
0Cco0JIMBO B CKJI1a/1i TpU(a3HUX ABUTYHIB. Y CKJIal BEHTHIIBHUX JIBUT'YHIB HAMOLIbIII
MOIIMPEH] OJIHOIMEHHOIOIFOCH] 1HAYKTOPHI MAIIUHHU.

3ane)XHO BiJ BUAY CHUCTEeMH 30Yy/DKEHHS MOJKHA BHMIUIMTH 1HIAYKTOPHI
MalIMHU 3 EJEKTPOMArHiTHUM 30Yy/DKEHHSIM (3 SIBHOBHPAXCHHOIO OOMOTKOMO
30yIDKEHHSI), 3 MAarHiTOCJAEKTPUYHUM 30YDKEHHSIM (3 MOPYILICHHSIM Bifl MOCTIHHUX
MarHiTiB), 3 KOMOIHOBaHMM 30y/DKEHHSAM 1 3 CcamMO30y[KEHHSM (CHHXPOHHO-
pEaKkTUBHI MAIIMHHU).

CunxpoHHoO-peakTuBH1 1HAYKTOpHI MamuHu (CPM) Bigomi Bxke Outbiie 30
pokiB [33]. Ix BiAMITHOIO OCOBIHUBICTIO € BiICYTHICTb SBHOBUPAKEHOTO 30y IKEHHS.
JI>xepesioM MarHiTHOTro MOTOKY TYT € poOoya oOMOTKa. SIK 1 B IHAYKTOPHIN MalllkHI
3 SBHOBHUpPaXX€HOI 00MoTKOI0 30ymxenHs (IM 3 O3) crarop 1 porop CPM maroth

SIBHOIIOJIIOCHY 3y0UacTy CTpyKTypy (puc.1.6).

A

a

Pucynok 1.6 — CuHXpoHHa peakTuBHA YOTUPH(]A3HA IHAYKTOPHOIO MalllMHA

MaruiTHui MOTIK 3aMHUKAEThCS 10 KOHTYpY: 3yOelb cratopa - poOoumi
MOBITPSHUM 3a30p - 3yOelb poTopa - ApMO poTopa - 3yOelb poTtopa - pobounii
HOBITPSHUIN 3a30p - 3yOelp cTaropa - CIMHKa cTaTopa. TakuM YMHOM, JAUISHKH 3

aKClaJIbHUM ITOTOKOM BIJICYTHI.
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[Tpuaun aii CPM 3acHoBaHMi Ha BJACTHBOCTI (DepOMArHiTHUX 00 €KTIB
OpPIEHTYBATUCS B 30BHINIHBOMY MAarHiTHOMY MOJII TAKUM YHUHOM, 100 MarHiTHHM
NOTIK, SIKUi IPOHHU3YE 1X, MaB MaKCUMaJIbHE 3HaUeHHs. EJeKTpOMarHiTHU MOMEHT
JBUTI'YHA BUHMKAE B PE3yJIbTATl B3a€MO/I11 MArHITHOI'O MOTOKY 30Y/DKEHHS 1 CTPyMY
B 00MOTIII sikOpsi. MarHiTHU# NoTiK 30y KEHHS, SKUH NPOHU3Y€e 00OMOTKY CTaTOpa,
3MIHIOETBCS B PE3YJIbTAaTi 3MIHM Mar”iTHOrO OMOPY KOHTYpY HOTO 3aMHMKaHHS.
MartiTHUH Omip BHU3HAYAETHCS, TOJOBHMM YMHOM, MArHITHOIO ITPOBIJIHICTIO
poOOUMX MOBITPSHUX 3a30PIB, SIKA MEPIOJAUYHO 3MIHIOETHCS BHACIIIOK 00epTaHHS
poropa. MakcumanbHe 3HA4€HHS MPOBITHOCTI BIAMOBIAAE TAKOMY CTaHy poTOpa,
KOJIM BiCh (has3u 1 BiCh 3yOIlsl poTopa 301raroThCsi, a MiHIMaJIbHE — KOJIM 301ratoThCst
BICh (pa3u 1 BICh 11a3a poTopa.

JInst Toro mo6 poTop cTiiko obepTaBcsi HEOOXITHO TIEPEMHUKATH CTPYMH B
OoOMOTKax sSIKOps TakUM YHHOM, IIO0 HANMpsSMOK CTPYMIB 1 NOXiAHA TOTOKY Y
BIAMOBIIHIN (ha3l HE MIHSIO 3HAK 1 MAJIO MIHIMAJIbHUN PO3KHUI 3HaUYeHb. DyHKIIIIO
koMyTaTopa B [J[ BHKOHyE I1HBEPTOp, MOMEHTHM KOMYTalli KIIOYIB SKOTO
BU3HA4YarOThCA 3a curHasiamu JI1P.

Ha Biaminy Bij iHaykTopHOi Mamuuu 3 O3, dhazu B CPM skUBISTHCS CTPYMOM
oxHoro Harnpamky. Lle 00ymoBitoe 3acToCyBaHHS OUIBII TPOCTUX CXEM IHBEPTOPIB
3 MIHIMaJbHOK KUIBKICTIO KIIFOYIB Ha (ha3y, mo € oxHum 3 nepesar CPM. Cuia,
OJIHaK, BIJI3HAYUTH, 1110 MIEPETBOPIOBAYI, BUKOHAHI 3a MOAIOHOK0 CXEMOI0, B CHITY
BIJICYTHOCTI MAaCOBOI0 3aCTOCYBAaHHS CEpIHHO HE BHUIYCKAKOThCH. TpudasHi x
IHBEPTOPHU, BUKOHAHI 1O JBOHAMIBIEPIOAHII MOCTOBIN CXeM1, BAKOPHUCTOBYIOTHCS
Ha TNPaKTHUIl B I[EPETBOPIOBAYAX YACTOTH JUIsi ACHMHXPOHHUX JBUTYHIB 1 B
MOIIMPEHUX BEHTIJILHUX JBUTYHAX Ha 0a31 CHHXPOHHUX MAIIHH 3 30y KEHHIM BiJ
MOCTIHUX MAarHiTiB.

®a3u B CPM enexkTpu4HO He 1MOB'A3aHl M co0oro. SIKIIO auis 3'€IHaHHS
tpudaszuoi IM 3 O3 3 iHBepTOpOM NOTPIOHO TpU JIPOTH, TO ist Tpudaznoi CPM —

urictsb (puc.1.7).
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ic Lad o Led  Led

CPM

a) 0)
Pucynok 1.7 — Cxema 3’eiHaHHs pa3HUX OOMOTOK CTaTopa Ta iHBEpTOpa B

IM 3 O3 (a) u B CPM (0)

CPM noOpe BuBUeHi, Bigomi ixHi nepeBaru 1 Hemomniku [7, 8]. Jlo nmepesar
CPM MoOxHa BiIHECTM NPOCTOTY 1 TEXHOJIOTIYHICTh KOHCTPYKIii, HHU3BKY
co01BapTICTh, BUCOKY HAIIIHICTh, BUCOKY PEMOHTOINPHIATHICTh, HU3bKI BTPaTH B
pOTOpi, MOXKJIMBICTH POOOTH HAa BHUCOKHX dYacToTax oOepTaHHs, B TOMY 4YHCII
MOKJIUBICTh pOOOTH B arpeCUBHUX CEPEIOBUINAX 1 1H.

Opnak, CPM maroTh 1 1ICTOTHI HEJIOJIIKH, 1110 MOJISATal0Th B 3HAYHIH Mmybcarii
MOMEHTY, 1[0 MPUBOIUTH 1O BUCOKOI'O PiBHS IIyMIB 1 BIOpaliii, BIIHOCHO BEJIMKHX
BTpaTax B OOMOTIIl HAa BHUCOKHX HIBHAKOCTSX, 1 SIK HACIIIOK, IIPU OOMEKEHOMY
0o0cs131 — MIIBHIIEHMX TEMIepaTypax, a Tak0oXk B OUIbLI CKJIaAHIA CHCTEMI
yIpaBIliHHS, 0COOJMBO NpH peaizallii 6e31aTYUNKOBOI0 yIPaBIIIHHS.

Tak sk  00'ekTOM  JOCHIJDKEHHS ~ MAaricTepcbkoi  pobotn €
O/IHOIMEHHOIIOJIIOCHUM ~ 1HAYKTOPHMH JBUTYH 3 akKClaJbHUM IOCJIIJOBHUM
30yJUKEHHSIM, 3YNUHUMOCS OUIbLI  JETaJlbHO Ha MHOro KOHCTPYKTUBHUX
0COOMBOCTSIX.

3a KOHCTPYKTHBHUM BUKOHAHHSIM OTHOIMEHHOTIOIIOCH] iIHAYKTOPHI MalTHHH
TOJIJIAIOTECS Ha OJIHOTIAKETHI, JIBOIIAKETHI 1 OaraTorakeTHi.

VY ojHONAKeTHMX IHAYKTOPHMX MaluuH (puc.1.4 0) MarHiTHUH HOTIK,
MIPOMIIOBIIY Y€Pe3 MAKeTH CTATOPa 1 pOTOPa, 3aMUKAETHCS YePE3 KPHUILIKY MAIIMHU.
HenosnikoM OZHONAKETHOI KOHCTPYKLII € HasBHICTh J10JIaTKOBOT'O Mapa3MTHOIO

3a30py MK KpHILKOIO 1 00epToBOIO BTYNKOK. Ha rmpakTtuil ofHOMaKeTHI
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IHAYKTOPHI MallMHU BUKOPUCTOBYIOTHCS NPU OOMEXEHHSX Ha OChOBY JOBXKHUHY
€JIEKTPOJBUTYHa.

HasBaHuii HeOMIK OJHOMAKETHOI KOHCTPYKIII YCYBa€ThCS B JIBOMAKETHUX

IHAYKTOpHUX MaliMHax (puc.1.8). B mammHax Takoro THIy BiJICYTHIN rapa3uTHUH

3a30p. MarHiTHUM MOTIK MOCJIIOBHO MPOXOAMTh 4Yepe3 OOuBa MAKETH 1, TAKHM

YMHOM, BUKOPUCTOBYETHCS JBIUI.
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Pucynok 1.8 — JIBonakeTHa 01HOIMEHHOIIOJIIOCHA 1HAYKTOPHA MalllMHA

V psal BUnaaKiB, Ipu HEOOX1JHOCTI 3MEHIIUTA MOMEHT 1HEpLii poTopa abo
BUCOTY OC1 00epTaHHs, 3aCTOCOBYIOThHCSI OaraTonakeTHi KOHCTPYKLIi 1HAYKTOPHHX
MaiuuH (puc.1.3 a), mo npejacTaBisioTh CO00I0 KijbKa JBONAKETHHUX MOJYJIIB,
310paHuX B OJTHOMY KOPIYCI.

BHyTpinHI MakeTH TakuxX MalIMH O00'€JHYIOTHCA 1 BUXOAATH NPH IBOMY
B/IBIYl J0BIII KpakHix. KiuibkicTh 0OMOTOK 30Y/DKEHHS B MalllMHAX TAKOI'O THITY
JIOPIBHIOE  YMCIY  JBONAKETHMX  MOAYIIB.  baratomakeTHi  KOHCTPYKIIiT
BUKOPHCTOBYIOTbCSI B JIBUT'YHaX BEJIMKOI IOTYXHOCTI IpU OOMEKEHHSX Ha
pagianbHi po3Mipu. [Ipu Takux BUMOrax A0BKHHA IaKeTa BIMOBIIHOT JBOMAKETHOT
KOHCTPYKIIIT CTa€ HAJAMIPHO BEIMKOIO, IO MPU3BOJUTH O HEPIBHOMIPHOCTI iX
BUKOPHMCTAHHS 10 MarHiTHOMY IOTOKY 1 YCKJIQHIOE CKJIaJaHHs KOHCTpyKIii. Kpim
TOro, JUISl MPOBEJACHHS MArHiTHOrO IMOTOKY MOTpiOHA BEJIMKHI mepepi3 BTYJIKHU 1
Kopiryca. ¥ 0aratrornakeTHOl KOHCTPYKIIT TeXHOJIOT1s Habopy MaKeTiB CEPACUHUKIB
MOJICTIIIY€E€THCS, TIEPEPi3u MACUBHUX AUISHOK 3MEHITYIOTHCS (3MEHILICHHS TOBIIMHU
CTAHWHHU 1 BTYJIKH pOTOpa), @ MarHiTHHH MOTIK Yepe3 MaKeTH PO3MOIISETHCS OB

PIBHOMIpHO.
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Ocep/ist IHAYKTOPHOI MalllMHU BUKOHYIOTBCS IIMXTOBaHUMH. CTaTop JABUTyHA
MEPEeMAarHiuy€eTbcsi 3MIHHUM MAarHiTHUM TIOTOKOM, BHKJIMKAHUM OOEpTaHHSIM
3ybuacToro potopa. BHacmigok 1Oro B CTali cTaropa BUHUKAKOTH BTPATH, fKi
MOJIIAIOTHCS HAa BTPATH BijJl BUXPOBHX CTPYMIB 1 BTpATH Ha ricrepesuc. BrpaTu Ha
BUXPOBI CTPYMH MOXHA 3HU3UTH LUBSIXOM 30UILIICHHS €JIEKTPUYHOrO ONOpYy Ha
HUISIXy BHXPOBOro crpymy. IlluxTyBaHHs 3yOLiB cTaropa po30MBae 3arajibHUM
KOHTYp 3aMHUKaHHS BUXpPOBOIO CTPyMYy Ha psiJi KOHTYpIB, WLIO JIeKaTh B
MoMepevyHoMy rnepepisi MmiacTUHU. TUM caMuM CymMapHa JOBKHMHA MLUIIXY
3aMHKaHHS BHUXPOBOTO CTPyMy 3017bHIYETHCA, a MEpepi3 CTali, 3a SIKUM BIH
3aMUKAEThCS, SMEHIIYETHCS, 10 TPU3BOAUTD 10 30UIBIICHHS €IEKTPHYHOTO OIIOpPY
Ha [UISIXY 3aMUKaHHS BUXPOBOTO CTPYMY.

EnextpoTexHiuyHi cTami, ikl BUKOPUCTOBYIOTLCS [IJIi BUTOTOBIIEHHS OCEps,
MalOTh BHCOKY MAarHiTHy THPOHUKHICTH (M) 1 Madi IMTOMI BTpaTH Ha
nepeMartiuyBasns (ricrepesuc). IX 3acTocyBaHHs 103BOJISE MiABUIIUTH THTOMHIA
€JIEKTPUYHHUM OIp, 1[0 TAaKOX 3HIKYE pPIBEHb BTPAaT HA BUXPOBI CTPyMH.
MarHiTHMI NOTIK B CHMHKAaX CTaTOpa B aKClallbHUX IHAYKTOPHUX MAalMHAX MAae
MEHITY MOMIYJIAIIK, TMPOTe, 3 TEXHOJOTIYHMX MIPKYBaHb IJIACTUHY CTaTOpa
IIUXTYIOTh Pa30M 31 CHMHKOIO.

MarsiTHuUi NOTIK B 3yOLISIX poTOpa B pa3i 3aCTOCYBaHHS 3aKpUTHX Na3iB
cTaTopa NpakTHYHO MOCTiMHUM. OlHaK B 1IbOMY BHUIIAJIKy YCKJIQJHIOETHCS MPOLEC
yKiagaHHs OOMOTKHM SKOpsl B Ma3u cTaTopa. Y IHAYKTOPHHX MAaIllMHAX BEIHKOI
MOTY)XHOCTI 3aCTOCOBYIOTBCS BIAKPUTI Na3u. B 1boMy BUNAAKY MyJbcallis
Mar”iTHOro IIOTOKY B pPOTOPI TaKOXK MPU3BOJAUTHL JO HEOOXIAHOCTI HOro
mxtyBadHs. Kpim Toro, nmpu uucii 3yOiiB poTopa MEHIIIOMY, HI’K YHCIIO 3YyOIliB
cratopa (L0 3YCTPIYA€TbCSl B NEPEBAXKHIA KUIBKOCTI KOHCTPYKLIN 1HAYKTOPHHUX
MalllMH), 4YacToTa IepeMarHidyBaHHs 3yOLiB poTOpa IEPEeBUILYE YaCTOTY
nepemMarHiuyBaHHs 3y011iB ctatopa, piBHy yactoti EPC.

ToBuMHA MIaCTUHY CTaTOpa BUOMPAETHCS 3aJICXKHO BiJl TOTYKHOCTI IBUTYHA.
[Tpu BUKOpPUCTAHHI JIUCTIB CEPACYHUKIB TOBLIMHOIO MeHIe 0,3 MM IpH BEJIMKUX

JlaMeTpaTbHUX PO3MIpaX 3MEHIIYEThCS TEXHOJOTIUHICTh KOHCTPYKIli, 00 mpu
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OMY PI3KO MIJIBHINYETHCA TPYAOMICTKICTh CKJIQaHHs IakeTa 1 3MEHIIYEThCS
Koe(ilieHT 3ar0BHEHHS MakeTy ctamio. Kpim toro, yepe3 texHonoriuHi dhaktopu,
MOYHMHAKYH 3 JESIKOr0 IPAHUYHOTO 3HAUEHHS, 31 3MEHILIEHHSM TOBILUHU IIJITACTUHU
BTPaTH B CTaJl 3HOBY IOYMHAIOTH IT1ABUILLYBATHCS.

Ha BigMiHy Bij KJIACMUHHUX THINB €JIEKTPUYHUX MALIMH (CHHXPOHHOI 1
ACHHXPOHHO1) KOPIYC 1 BTYJKa aKCHAJbHOI 1HIYKTOPHOI MAIllMHU € €JIeMEHTaMHu
MarHiTonpoBOJly i BHMIOTOBJIAIOTHCA 3 (hepOMarHiTHMX MartepiamiB. IX mepepis
BUOHPAETHCS TaKUM, 1100 piBEHb MArHiTHOI 1HAYKIII OyB BIJHOCHO HEBHUCOKHM.
Kpim TOro, 3a paxyHOK MiJCyMOBYBAHHS MAarHiTHHX IOTOKIB OKpeMHX 3yOILiB
CepJIeYHMKIB 3MIHHA CKJIaJl0Ba MArHiTHOrO TMOTOKY, IO NMPOHM3YE LI €JIEMEHTH
KOHCTPYKIIi1, HeBEJIUKA. 3aBASKH 1[bOMY, BTPaTH B CTaJIl KOPITYCY 1 Y BTYJIIl HaBITb
IIPH IX MACUBHOMY BUKOHAHHI HE OCITAIOTh HENPUMHATHUX 3HaueHb. [liameTp Bana
BUOMPAETHCSA BUXOASYM 3 HEOOXIIHOI MEXaHIYHOI MIIIHOCTI 1 dKOPCTKOCTI. Y pa3si
AKIO Marepiajl Baja MarHiTHUM, WOro MOKHa BHUKOPHCTOBYBATH HE TUIBKH SK
KOHCTPYKTHBHHI €JIE€MEHT, aje 1 SIK €JIeMEHT MarfiTHOTO JaHmiora. B mpomy
BUIAJKY BTYyJKa MOK€ OyTH pO3TalloBaHa TUIBKH MUK IMAaKETaMH, a CepJIeYHHKH
BCTAHOBJIEH] Oe3MocepeIHbO Ha BaJl.

CriuHKa cTaTtopa IHAYKTOPHOTO JIBUTYHA CTAHOBUTD JIUIIE TIOJIOBUHY BUCOTH
CIIMHKM 3BUYAIHO1 €JICKTPUYHOI MALIMHM, 110 MA€ TY K BEJIMYUHY IIOTOKY I10JIFOCA
B oOjacTi nositpsiHoro 3asopy. lle oOymoBiIeHO THM, LI0 CIIMHKAa cTaTopa B
IHAYKTOPHUX MAlIWHAX CIYKUTh JIMIIE Ui PIBHOMIPHOTO PO3MOJLTY 3yOLEeBOro
MOTOKY, @ HE € JUISHKOK Mar"iTHOTO JIAHIIOTa HA LUISAXY 3aMHKaHHS OCHOBHOTO
Mar”HiTHOro MOTOKYy. BHacHI0K 1bOro BiOYyBa€ThCSA JEsKa KOMIICHCALIIS
30UIBIIIEHHS MACH Yepe3 rpIioro BUKOPUCTAHHS MAarHITHOTO ITOTOKY 1 HEOOX1THICTh
3aCTOCYBaHHS KOPITYCYy 3 MarHiTHOIO Marepiaiy.

OpnHMM 3 HEJOJIIKIB aKClaJIbHUX 1HAYKTOPHUX MALIUH € HasBHICTb OCbOBOI'O
MarHiTHOTO MOTOKY, KU MOK€ MPUBECTH JO MPUCKOPEHOTO 3HOCY IMiANIUITHUKIB,
TaKk AK KyJbKH 00EpTarOThCA B Mar”HiTHOMy Moii. B oMy BHMaaKy MOXKYTh
BUHUKHYTH TIIIIUITHUKOBI CTPYMH, 1O 3'SBJSIOTHCS BiJl PI3HUII MOTEHUIAIIB MK

OKPeMHMMHM JIJITHKaMU  KYJIbKH, CTBOPEHOI TIOTOKaMU pPO3CIIOBaHHsA, SIKI
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3aMUKAKOTBCS Yepe3 MIIMIMIHUKOBI IUTH. ToMy 3a3BMYail y BEIMKUX MAallIUH
HIAMUITHAKY 130TI0I0THCS IIJISIXOM 3aCTOCYBAHHS! HEMATHITHUX AUISTHOK HA [UIAXY
MarHiTHOTO MOTOKY, IKMM MO>K€ 3aMKHYTHUCS 4epe3 MiAMUIHUKY. Lle MoxyTb OyTn
OpOH30Bl KUIbLEBI NPOKIAAKA B MMIJUIMIIHUKOBUX IIMTaXx ab0o MK IIMTOM 1
KOPIIyCOM, BHUKOPHCTaHHS HEMAarHiTHUX KpHIIOK. Sk BapiaHT Moxe OyTu
pO3TJISIHYTHH BHITQJIOK BHKOPUCTAHHS CKJIajeHoro Bamy. JlingHka Bama Tifg
[aKeTaMu pOTOpa BUKOHYETHCS MArHiTHMM, TaK SIK BIH € YAaCTMHOK MAarHiTHOIO
JIAHIFOra JBUTYHA, @ 4YacTUHY Bally, Ha SIKIH BCTAHOBJIIOIOTHCS MIAIIMITHUKH,
BUTOTOBJISIETHCA 3 HEMArHiTHOIO MaTepiaiy.

[Ilo crocyerbcst 0OMOTKHM 30yMKEHHsS, TO BOHA Ma€ KuUIbLEeBYy (opmy 1 B
JABOMAKETHIM IHAYKTOPHIM MalluHi MOXe OyTH BHKOHAHA miaHATOW (puc.1.9 B, )
abo omymienoro (O3 po3milnieHa y MiskITakeTHOMY TIpOCTopi potopa) puc.1.9 a, 6.

IlepeBaroro migHATOI OOMOTKM 30Y/)KEHHSI € IPOCTOTa il YCTAaHOBKM Ha
cTaTtop, B TOM yac sik omnyiena O3 BUMarae A0JaTKOBUX TEXHIYHUX PIIICHb, SKI
YCKIIAHIOIOTh KOHCTPYKIIIO 1 3HMKYIOTh i1 Te€XHOJOT1uHICTh. [limHsTa obmoTka
30yJUKeHHST Mae OUIbIIMHA Cepe/iHId JlaMeTp y TMOpPIBHSAHHI 3 «OITyIICHOIO»
00MOTKOI 30Y/DKEHHS, OTXe, Ha BUIOTOBJEHHS MiAHATOI OOMOTKHM 30YKEHHS
MOTP1OHO OLIbIIE MiJI1 1 BOHA € MEHIII PAI[IOHAIBHOI 3 TOUKHU 30py BTpat. Kpim Toro,
HEOOX1/IHICTh PO3MILIEHHS OOMOTKH 30y/KEHHSI 1 OOMOTKH SKOPSI B O/IHIM 00J1acTi
MDKIIAKETHOI'O IPOCTOPY MPU3BOJAUTD [0 301IbIICHHS PO3MIPIB ABUI'YHA.

Mo>knuBi1 iBa BapiaHTHU PO3MIIIECHHS MTIIHATOT 0OMOTKH 30y)KEHHSI: HA PIBHI

po6ouoi oomoTkH (puc.1.9 B) i Bumnie oomotku (puc.1.9 ).
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Pucynok 1.9 — BapianTu po3miieHHst 0OMOTKH 30y DKEHHS: a, O — onylieHa,

B, I — IIIAHATA

VYV nepumiomy BHIAAKy HeOOXIIHO rmepeadayaTd J0AATKOBE MICIE T
BHYTPIIIHI YaCTUHH J1000BUX BUIBbOTIB OS], 1110 3011b1IyE MIKITAKETHY BIJCTAHb 1,
sSIK HaCIJ0K, Bara MaCMBHHUX 4acTUH MarHiTonposoay. [Ipu po3mimenHi oOMOTKH
30yJKEHHS 3a JIpyTrUM BapiaHTOM 30UIbLIYIOTHCS pajiajibHl pO3MIpH JABUT'YHA, Bara
1 BTpaTi B 0OMOTIII 30y 1KEHHS.

Ha BiaMiHYy BiJ] IHIIOTO TUITY CUCTEMHU 30YKEHHS, 1110 BUKOPUCTOBYETLCS B
€JIeKTPUYHMUX MaIlIMHAX — IOCTIMHUX MarHiTiB, 0OMOTKa 30y/PKEeHHS MEHIII 4yTJIMBa
J0 IMHAMIYHUX HaBaHTaXXeHb, BiOpalii 1 remnepatyp. KpiM TOro, rnpu HasiBHOCTI
O0OMOTKHM 30yPKEHHS CTa€ MOKJIIMBUM OCJIa0JIEHHS MarHiTHOTO TMOTOKY, B TOH 4ac
K TIPY BUKOPUCTAHHI 30y KEHHS B1J MOCTIMHMX MAarHiTiB ISl bOTO HEOOX1JIHO
nepeabayaTy  cremiajibHi  OOMOTKH, IHiAMAarHiuyyarouyuM, HanpUKIaj, CIHHKY
craTtopa.

Y iHAYKTOPHMX MalIMHAaX HAWOLIBIIOrO MOIMpPEeHHsT HaOyna 3y0Ouara
(puc.1.10) Tpudazna oOMOTKaA AKOps, L0 CKJIAMAETHCS 3 IOCIIJIOBHO 3'€IHAHUX

KOTYIIOK, KOYKHA 3 SIKUX BCTAHOBJIIOETHCS HA OKPEMOMY 3YOIIlL.
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Takuii BapiaHT OOMOTKHM SKOpS IIJABHILYE TEXHOJIOTIYHICTH IPOLIECY
HAMOTYBaHHS, J03BOJsIE (OPMYBATH KOTYIIKY MONEPEIHLO HA CIICLiaJIbHOMY
KapKacl 1 130JIF0BaTH ii 10 po3TallyBaHHs Ha 3yOusax cratopa. Kpim toro, npu upomy
J0CATAEThCS MIHIMaJIbHA CyMapHa JOBKHUHA JIOOOBUX YAaCTHH OOMOTKHU SIKOPSI 1 iX
BUJIIT, @, OT)KE, 3MEHIIYIOThCS aKCiallbHI PO3MIpM MAalIMHHU, 3HWIKYETHCS Bara,

BapTICTh, BTPATH B MiJi 1 MOJIETIIYETHCS TETUIOBUN PEKUM MPU pOOOTI JIBUTYHA.

Pucynok 1.10 — Po3ramryBanHs 3y011eBOi 0OMOTKH SKOPS

SK HEeAONIKU 30CepekKeHO0l 3y01eBy OOMOTKH MOYKHA Ha3BaTH HEBUCOKHUI
KOe(illi€eHT 3aMOBHEHHS Ta3a 1 HEOOXIAHICTh BIAKPUTHX TMa3iB Ha CTATOpi, IIO
HIPU3BOJIUTB J10 TYyJIbCALIM MOTOKY B 3yOLsiX poTopa. OiHaK NIpu BEJIMKOMY Iepepisi
MPOBO/IIB OOMOTKH 1 BBEICHHI JOJATKOBUX KOHCTPYKTUBHUX PIILICHb, 1110 CIIPUSIOTH
3MEHIIEHHSIM MYJIbCaliil €JeKTPOMAarHiTHUX MapameTpiB (CKOCYy MasiB), BapiaHT 3
3yOLIeBUMH KOTYIIKaMHU (pazHUX OOMOTOK CTa€ Kpauium.

Sk yxke 3a3Hauyanocs, 1js 3a0e3ne4eHHs MOKIIMBOCT1 YCTAHOBKHU KOTYIIOK HA
CTaTopi Ta3u CTaTopa BHUKOHYIOTBCS BIAKpUTUMH. lle 3MeHIye po3citoBaHHS
MIOTOKY OOMOTKHM SIKOpSI, ajie¢ 30LIbIIYE IyJIbCallil0 MarHiTHOrO MOTOKY B POTOPI.
Tomy poTop B IHAYKTOPHHUX MaIlMHAX 1 MPH OJAHOIMEHHOIIOJIOCHIA KOHCTPYKIIIT
TaK0’K BUKOHYETbCS ITUXTOBAHUM.

3a cniocobom 3'egHanHs a3z O 3 komyratropom (IHBEpTOPOM) OOMOTKH
SIKOPSI OJILISIOTHCS HA 3aMKHYTI 1 po3IMKHYTI. Po3ipBaHi 0OMOTKH, B CBOIO Uepry,

O3MOIJIAIOTH HA IIPOMEHEBI 1 PO3B'dA3aHl.
p
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3aMKHEH1 OOMOTKH YTBOPIOIOTh KOHTYP Y BUIJISIII OaraToKyTHHUKa, BEPIIMHU

SKOTO TpHeaHaHi a0 komytaropa. s tpudasznoi O Takum 3'€HaHHAM €
3’€THAaHHS TPUKYTHUKOM.

Po3ipBaHi mnpomMeHeBi OOMOTKM CKJIQJAal0ThCsl 3 CEKIIH, OJHI KIHII SKHUX
00'eHaH] B 3arajbHy TOYKY, a 1HIII MiAKI0YEH] 10 KomyTaropa. s tpudasHoro
OS1 TakuM 3’€THAHHSM € 3'€THAHHSA B 31PKY.

BijbIn Kpaloro BBaXKaeThCs IPOMEHEBa cXeMa 3'€/JHaHHS OOMOTOK, TakK SIK B
3aMKHYTIH OOMOTIII TPY HECUHYCOTAAIIbHOMY PO3MOALTI IHAYKIIIT B 3230p1 MOXKITUBE
IIPOTIKAHHS KOHTYPHUX CTPYMIB, L0 MOTIPIIYIOTH €HEPTETUKY JBUTYHA.

Po3B's3aHi 0OMOTKH BUKOHYIOTHCSI Y BUIJISIII OKPEMHUX CEKIIii, 3CYHYTHX Ha
KpaTHUM YHUCITY CeKILIH KyT, MNpUYOMY KOXKHA CEKIs IMIJAKIIOYAETHCS 10
KOMYTAaTopa.

Po3ramryBaHHsI KOTYIIOK Ha 3yOUsX BUOMpAEThCs 3al€KHO Bia uucia ¢as i
yucia 3youiB Ha ocepasax. s TpudazHoi OOMOTKH SIKOPS YKCIIO 3yOLiiB MOBUHHO
OyTH KpaTHUM TPHOM, IPUUOMY CITIBBIHOILIEHHS 3yOI11iB cTaTOpa 1 poTOpa Mae OyTH
TaKuM, 11100 ICHYBaJIM 3yOlll cTaTtopa, €JIEKTPUYHUNA KYT MK SIKUMU OyB Ou piBHUI
120 en.rpan.

Jlnga  icHyBaHHA KOTYIIOK (pa3u, po3TalloBaHUX TIIJI PI3HOMMEHHUMHU
HOJIFOCaMU (B OJTHOIMEHHONOJIFOCHIA IM 1moiocoM 1HIIMH TOJISPHOCTI MOXKHA
YMOBHO Ha3BaTH Ma3 poTopa), CTaTop IOBHMHEH Matu 3yOlll, OpIEHTOBaHI 1100
potopa 13 3cyBoM Ha 180 em.rpaa. Kpim Ttoro, mns 301nsimienHs EPC dasu 1
3T/ KYBaHHS 11 (pOpMU TTepe10adaroThCs KOTYIIKH, 3pyIneHi Ha KyT 60 / n, 1e ng—
YUCII0 KOTYILIOK B a3z, po3mimieHi Ha inTepBaii Bij 0 10 60 eJeKTpuYHUX IpaiycCiB.

Kotymiku po6ouoi 0OMOTKM MOXKyTh OYyTH BCTAaHOBIICHI Ha OOMBA IMAKETH
cratopa okpemo (puc.1.9 a, B), a0 MOXyTb OyTM BHKOHAHI TakKMM YHMHOM, L100
OXOILTIOBATH OJIHAKOBO OPIEHTOBAHI 3yOIll ABOX IMaKeTiB oHoYacHO (puc.1.9 6, r).
Jlpyruii BapiaHT Ma€ MepeBaru MO TEXHOJOTIYHOCTI 30IpKH 1 MEHIIOr0 YHCla
CKIIaJanbHUX OAWHHIG. [lpu peamizaiii Takoro BapiaHTy pO3MIIEHHS OOMOTKH
sKopsi oOMOoTKa 30y/HKeHHS Moke OyTHM po3TalioBaHa TUIBKM BHINE ab0 HMXKYE

3araJibHO1 JIUIst 000X MaKeTiB 0OMOTKHU SKOPAI.
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1.2.3. CniocoOu BKJIIOYEHHS MOCJIiI0BHOI 00MOTKH 30Y/1:KEHHS

MoskHa BUILIMTH JIBA CIIOCOOM JKMBJICHHS IMOCIIA0BHOI OOMOTKH 30y DKEHHS
JIBI: oOmoTka 30y/KeHHsI MOKe OyTH BKJIFOUEHA ITOCIIIIOBHO 3 0OMOTKOIO cTaTopa
Ha CTOPOHI MOCTIMHOrO CTPyMy, a00 Ha CTOPOHI 3MIHHOTO CTPYMY Yepe3 MOCTOBHI
BUTIPSIMJISY.

B marenrax [6, 7] 3asBieHl crocoOM »HUBJCHHS OOMOTKHM 30Y/DKEHHS B
OC3KOHTAKTHUX BEHTWIbHMX JIBUI'YHaX, SIKi JO3BOJISIIOTH OTPUMATH BHXIJHI
XapPaKTEPUCTUKH TAKUX EJIEKTPUYHHUX MAIUH AHAJIOTIYHUMH XapaKTePUCTUKAMU
MallUH MOCTIMHOrO CTPYyMY MOCIIAOBHOIO 30YKEHHS.

Y nareHti [6] po3risgaeTbcs CHoci0 OTPUMAHHS KPYTHOTO MOMEHTY
€JIEKTPOABUTYHA, J€ JUISl CTBOPEHHSI B3a€MOJIII0OUMX MATHITHUX OB 00MOTKA abo
OOMOTKHM 30y/)KEHHS MIAKIIOYAlOThCS IOCHIAOBHO 3 1HBEPTOpPOM 1 (hazHUMH
oomMoTkamu. Ha ¢azni oOMOTKHM Hampyra BiJ JHKepesia JKUBJICHHS MOJA€ThCA Yepes
ABTOHOMHH THBEPTOP.

Pi3Hi criocoOu >xuBIiIeHHS 0OMOTKH 30y/DKEeHHs noka3adi Ha puc.1.11 = 1.15.

Ha BciX pHCYHKax €JIEeMEHTH, 10 BXOJSTh JIO CKJIAHy CXEM BKJIHOYEHHS
MOCJIIIOBHOT  OOMOTKHM 30y/KEHHS, YKIaJeHI MDK MYHKTHPHHMH JIHISMH,
KOHCTPYKTHMBHO IPEJACTABIISIIOTh Pi3HI IPUCTPOi. ENeMeHTH eeKTpUUHOT MallluHH,
110 3HAXOAATHCS BCEPEIMHI 30H, OOMEKEHUX MYHKTHPHOIO JIiHIEKW 3 1udporo 1,
po3MmileHl ©0e3Mocepe/IHb0 B ENeKTPUYHMX MAIIMHAX 1 € eJIeMEHTaMHu il
KoHCcTpykii. Cki1aioBl, 10 3HAXOAATHCS BCEPEANHI 30H, 0OMEXKEHUX MYHKTUPHOIO
JiHiel0 3 1udpow 2, € eJeMEHTaMM HamiBIPOBIAHMKOBOIO Komyraropa abo
IHBEpTOpa, a CKIQJOBl, N[0 3HAXOJASATBCS BCEePEIMHI 30HW 3, HaleKaTh
HaIIBIIPOBIIHUKOBOMY BUIIPSIMIISIYY.

Ha puc.1.11 = 1.15 npuiinari nosnadenus: A, B, C - da3ni oOMoTKH
enexktpoasuryHna; OB1, (OB1-1, OB1-2, OB2) - oomoTka 30y m:xenns; P - 3yOuactuii
potop. ®Pa3ui oomotkn A, B, C cBoimm BHBogamu 5k, 6K, 7K 3'€IHYIOTBCS 3
HaIlIBIPOBIIHUKOBUM 1HBepTOpoM 2. EnemenTamu iHBepTOpa € Tpanuctopu VTl

... VT6 1 nionm VD1 ... VD6. HaniBrpoBiiHIKOBUM 1HBEPTOP KOHTaKTaMu 1k 1 2K
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MIJIKII0YAEThCA JI0 JoKepesa nocTiiHoi Hanpyru E; 3 omopom R, Ha cxemax
puc.1.12 + 1.15 oOmorka 30ymxenus OBl miakmaioueHa B JaHUIOr HANpyru

KUBJIEHHS E; — miAKII04eHHs 0OMOTKH 30yIPKEHHS HA CTOPOH1 IOCTIHOTO CTPyMY.
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Pucynok 1.11 Cxema BKJIIOYEHHS MOCIHIZOBHOI OOMOTKHM 30Yy/UKEHHS Ha

CTOPOHI 3MIHHOT'O CTPYyMY
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Pucynok 1.12 Cxema BKJIIOYEHHS TOCIIZOBHOI OOMOTKHM 30Yy/DKEHHS Ha

CTOPOHI 3MIHHOTO CTpyMY (BapiaHT 1)

Pucynok 1.13 Cxema BKIIOUEHHS MOCIIIOBHOI OOMOTKHM 30Yy/KEHHS Ha

CTOpPOH1 3MIHHOTO CTpyMy (BapiaHT 2)



30yKEHHS Ha CTOPOHI MTOCTIMHOTO CTPyMY (BapuaHt 3)
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Pucynok 1.14 Cxema BKJIIOYEHMS TOCIIJOBHOI PO3rally’)kKeHOi OOMOTKH
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Pucynok 1.15 Cxema BKIIFOUEHHS MTOCIIIIOBHOI PO3rally’K€HOI 0OMOTKH

30yKEHHSI Ha CTOPOH1 3MIHHOI'O CTPYMY Y BUIIQIKY 6-(a3Horo

R
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BHKOHAHHA CICKTPOJABUI'YHA
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Ha pwuc.1.13 3aranpHi Toukd myHTyro4ux aioais VD1 + VD3 miakimoueHi
Oe3mocepenHbO0 Ha «+» kepena xkuBieHHs. [lpu mnpomy, Ha BIIMIHY BIJ
nonepefHboi cxemu (puc.l.12), MarHITHUE NOTIK 30yJKEHHS CTBOPHOETHCS
CTPYMOM, BEJIMYMHA SIKOT'O BHSIBJISIETHCS JIEUIO OUIBILOK 32 PaxXyHOK YaCTKOBOI'O
Bukopucrtants ctpymiB Bijt EPC camoinmykiii. [{jis BUKOPUCTaAHHS LIUX CTPYMIB B
IIOBHOMY 00C#31 1 SIKIIO € MOYJIMBICTh BUKOHAaTH OOMOTKY 30Yy/UKEHHS 3 JIBOX
YacTHH, HEOOXI1IHO 3arajbHy TOYKY IIYHTYIOUYUX AiojaiB VD4 + VD6 nigkinounTi
aHaJIOrYHO MONepeAHbOMY BHMAAKY criocooom (pic.1.14). [Ipu npbomy KoxHa 3 KX
YACTUH BKJIIOUAETHCS B KOJIO TTOCTIMHOT HAMPyTH skuBIeHHS E,. MutTeBe 3HaUeHHs
CTpyMy 30y/KEHHS B 1IbOMY BHIAJAKy Oyae NponopuiinHo cymi aOCOJIIOTHUX
BEJIMYMH (Pa3HUX CTPYMIB.

[Tpu Takomy kuBJIE€HHI 0OMOTKH 30y/17KE€HHS 151 0€3KOHTAKTHOI BEHTHIIBHO1
MallMHA 3  EJEeKTPOMAarHiTHUM  30y/DKEHHSAM  3a0e3ledyeTbCsi  30BHILIHS
XapaKTEPUCTHKA, aHAIOTiYHAa 30BHIIIHIA XapaKTePUCTHIIl MAIIUH IOCTIHHOTO
CTpyMY 3 TOCTIAOBHUM 30y xKeHHsIM. OqHak moaiOHi 3'eqHanHs pa3HUX 0OMOTOK 1
IIOCJIZIOBHOT OOMOTKM 30Y/I’KEHHS JIOLIJIBHO 3aCTOCOBYBATH B TOMY BUIIAJKY, KOJIH
€JICKTPUYHA MallIMHA 3HAXOIUThCS Ha He3HAYHIN BiJICTaHI BiJl IHBEPTOpA, B IHILIOMY
BUIAJIKy BOHO MPU3BEE 10 30UIBIIEHHS MPOTSKHOCTI JIHIT JKUBJICHHS 1 3POCTAHHIO
BTpaT. lle mepemikorkae 3aCTOCYBaHHIO TaKHUX CIOCOOIB MIAKIHOYEHHS 0OMOTOK
30y/DKEHHSI €JICKTPUYHMX MAallMH, BUKOPUCTOBYBAHUX Y Pl rajy3ed TEeXHIKH,
HaNpHKIaJ, B TATOBOMY TMIPHUBOJI HA3€MHOTO TPAHCIOPTY 1 3arjauOHHUX
€JIEKTPOHACOCIB.

Po3umpenns o0iacti 3aCTOCYBaHHS EJICKTPUYHMX MAIIMH JaHOIO THILY
MOXJIMBO 33 PaxXyHOK MIJKIIOYEHHS IOCTIIOBHOI OOMOTKH 30y/KEHHS uepes
HAaIiBIPOBITHUKOBHUH BUIIPSIMIIAY B PO3PUB HYJIBOBOI TOUKHU (hazHUX 00MOTOK [7].

B upomy Bumnaaky ¢dasHi oOMOTKH, 3'€lHaHI B 31pKy, B HYJBOBIM TOYII
pO3'€IHYIOTH 1 A0 X KIHIIB Ye€pe3 BUIPSAMHHUN MICT MiAKIIOYAIOTh MOCIIOBHY
00MOTKY 30y mKeHHS. OOMOTKY 30y/IPKEHHS 3'€IHYIOTh 3 TO3UTHBHUM 1 HETaTHBHUM
BUBOZaMH BHIIPAMHOr0O Mocta. [Ipu 1bomMy 3a paXyHOK 3aMUKaHHsSI BCIX CTPYMIB,

Biimovaroun  ctpymud  Bin EPC  camoinaykuii, depe3 0OMOTKY 30y/HKEHHS
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3a0€3MeuyIoThCsl  BUXIAHI  XapaKTEPUCTUKHM  aHAJOrIYHI  XapaKTepHUCTHUKaM,
oTpuMaHuM B pa3i miakmrodeHHss O3 no cxewmi pic.1.14.

To# ¢axT, M0 HaMIBIPOBIIHUKOBUN BHUIPSAMIISIY € CKJIAJOBOK YAaCTHUHOMO
€JICKTPOJIBUIYHA 1 HE MOTPIOHO JOJATKOBHMX JIHIM JUIS JKMBJIGHHS OOMOTKH
30yJUKeHHS, J03BOJISIE PO3MIUPUTH Cchepy 3aCTOCyBaHHsI OE€3KOHTAKTHUX MAalIWH
TaKOTO KJacy. ¥ TOM XK€ Yac HasBHICTh AOJATKOBHX BTPAT B Ji0JaX BHIPSIMHOTO
MOCTa OOMEXYe 3aCTOCYBaHHS TaKOI'O CIOCO0Y IMIJIK/IIFOYEHHS B pasl Mayux
MOTYKHOCTEH.

3amexHo Big umciaa (azHUX OOMOTOK MOCTOBHMM HAMiBIPOBIIHUKOBUN
BUTIPSIMIISIY, Yepe3 KUK JKUBUTHCS MOCJIJOBHA 0OMOTKA 30y/PKEHHS, MOYKE MaTH
pi13He 4KcIio meyuen. OaHak OUTbII KpalluM € 3aCTOCYBaHHS B €JIEKTPUYHIN MalIuHI
Tpiag ¢da3zHux 0OMOTOK, 10 AO3BOJSAE CIPOCTUTH SK KOHCTPYKIIIIO MAalllMHU, TaK 1
aJITOPUTM YIIpaBJliHHA iHBepTOpoM. IIpu Takomy 3'enHaHHI (pa3HHX OOMOTOK 1
0OMOTKHM 30Y/KEHHS OCTaHHS BUSBISIETHCA 3'€AHAHOI TMOCIIIOBHO 3 (a3zHUMU
00MOTKaMH 1 MO HiH B OyAb-SKHI MOMEHT 4Yacy NMPOTIKA€ CTPYM, PIBHUM HAMIBCyMi

a0COJIFOTHUX 3HAYEHb BEJIMYUH CTPYyMiB B (pa3HUX OOMOTKaX:

_ o[ +E |+ 1]

IOB 5

) (1.5)

ne  los - cTpYM, 1110 MpOTiKa€e B 0OMOTIII 30y IXKEHHS;

[y, Iv, Iw - cTpymu, o npotikaioTs B pazax U, V, W.

Takuit croci® miaAKIIOUeHHS OOMOTKHM 30Y/UKCHHS TpPEICTABICHUN Ha
puc.1.11. {ns nociigoBHOro 3'eiHanHs 00MOTKHU 30ympxeHHss O3 1, po3minieHoi Ha
craropi, 3 ha3zHUMU 0OMOTKaMHM KIHII€B1 BUCHOBKH OCTaHHIX 8K, 9k, 10k 3'€1HYIOTH
3 BXIJHUMHU JIQaHUIOTAMH  BHUIPSAMHOTO  HAMIBIPOBIAHUKOBOIO MoOcCTa 3
(HaABIIPOBIIHUKOBOI'O BUIIPsAMIIsAYA), BAKOHAHOTO Ha maiojgax VD7 ... VD12, yucino
IJie4yed SIKOro JOPIBHIOE MOJBOEHOMY 4yuciay (azuux odmorok . Jlo BUBOAIB
HAIlIBIIPOBIIHUKOBOTO  BUIIPSAMIISiYA, NO3UTHUBHOIO 4K 1 HEraTuBHOIO 3K,
H1IKJII0YA€ETBCs 00MOTKA 30y 1KCHHS.

HaniBrpoBiIHUKOBHH BUIIPSIMIISY 3 SIBJISIE COOOK0 OKPEMY KOHCTPYKIIIIO, sIKa

MOJKe po3MminryBaTucs abo Ha caMiii MalIuHi, a0o B Oe3mocepeaHii OJM3bKOCTI Bif
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Hel. [Tpu po3MilieHH] HaBIPOBIIHUKOBOTO BUIIPSIMIISTYA HA MAIIMHI KOMITAKTHICTh
€JICKTPONPUBOAY MiABUIIYEThCS. [Ipu 1BbOMY caM BUIpSAMISY MOXE OyTH
€JIEeMEHTOM Oe31ocepe/IHb0 KOHCTPYKIIi MalIMHM, 110 B Psi/il BUIMAJKIB CIPOILYE
HOro OXOJIOKEHHS.

VYV pa3i OararodasHOro BHMKOHAHHS JIBUI'yHa #oro pobOoya oOMOTKa
po30uBaeThcsi Ha Tpu(a3Hi rpynu (Tpiajv) KOXKHA 3 SIKUX MIIKIIOUAETHCSA J10
okpemoro iHBepTopy (cekiii iHBepropa). Cekifii iHBepTOpa 3'€IHYIOTHCS 3
JDKepesIoM MoCTiHHOT Hanpyru E, napanenbHo.

[Ipuknan mectugaszHoro ABUryHa 31 cxemoro niaxmodeHHs O3 Ha CTOpOHI
3MIHHOT'O CTpyMYy IpeacTaBieHuit Ha pic.1.15. EnexrpoaBurys mae ¢gaszni o0OMOTKH
Al, A2, A3 nepioi Tpiaau, A2, B2, C2 apyruii tpiaau, oomotku 30ymkenns O31 1
032, a rakox 3ybouactuii porop P. @a3ni 0OMOTKM CBOIMH [TOYATKOBUMHU BUBOJAMU
5K, 6K, 7k Ta SKk2, 6K2, 72 3'€ AHYIOTBCS 3 HAIIBIPOBITHUKOBHX IHBEPTOPOM 2, SIKUH
Ma€ CeKLIMHY CTPYKTYpy. UHCIIO CeKlliii iHBEpTOpa, a TAKOK YMCIIO MOCIITOBHUX
00OMOTOK 30y/KeHHS 1, BIAMOBIAHO, YMCIO HAMIBIOPOBIIHUKOBUX BHUIIPSIMIISAYIB,
yepes sIKi BOHM IM1JIKJIF0YaK0ThCs J10 KIHIEBUX BUBOJIIB (pa3HUX OOMOTOK, JOPIBHIOE
yuchy Tpiaja dazHux oOMoTok. He 3anexHo Bij yucia Tpiaja GpasHUX 0OMOTOK B
KOXKHIA OOMOTIIl 30y/)KEHHSI B OYy/Ib-KUM MOMEHT 4acy IMPOTIKAE CTPYM, PIBHUU
HamiBCcyMi aOCOJNIOTHMX 3HA4Y€Hb BEJIMYMH CTPYMIB B (pa3HUX OOMOTKaxX CBOET

TpiaJiu.

1.3 Budip meroay aoc/iuKeHHS

OnuuM 3 HAWBAXKIMBINIMX  €TAmiB MPOEKTYBAHHS 1 JAOCIHIIKEHHS
€JIEKTPOMEXaHIYHUX TMEPETBOPIOBAYIB € po3poOKa MaTEeMaTUYHUX MOJIEIeH
IIPOLIECIB 1X (PYHKIIIOHYBAHHS, 30KpeMa, eJICKTPOMArHiTHUX 1 TEIJIOBHX ITPOLIECIB.

3aBaHHsS MPOBEACHHS EIEKTPOMATHITHOTO 1 TEIMJIOBOTO PO3PaXyHKIB
€IEKTPUYHMX MAIlMH IIOB'A3aHAa 3 BHUPIMICHHAM [HTaHb, IO CTOCYIOThCS
PO3paxyHKY MAarHiTHOIO KOJIa MalllMHM 1 BU3HA4YEHHs ii OCHOBHMX I1apameTpiB,

3HWKeHHs BTpar, mniauinenHs KKJI, Bu3HaueHHS JONYCTUMHUX pOOOUYHX
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TEMIIepaTyp, a TaKoXk MpOorpaBaB OCHOBHHUX BY3JIB 1 MEPEBIPKH Ipale3aaTHOCTI
MAIIIMHHU B IIJIOMY.

Tounuil po3paxyHOK €JEKTPOMArHiTHUX 1 TEIIOBUX IOJIB JIOBIHil yac OyB
YTPYJHEHUN y 3B'A3KY 3 HEOOXIJHICTIO IOJOJIAHHS CEPHO3HMX MaTeMaTHYHUX
tpyaHoiiB [3]. OcTaHHIM YacoM 3aBAsSKH PO3BUTKY TeOpil 1 IIMPOKOMY
BITPOBA/DKEHHIO B ilKeHepHY pakTHKy EOM croctepiraeTbest icTOTHHIA Tporpec B
00J1aCTi PO3BUTKY TOYHHX METO/IB PILLICHHS 3a/1a4y eJICKTPOMArHITHOI'O 1 TEIIOBUX
noJjiB [6].

YucenpHUM aHali3 BUMArae ijeanisailii MoJeml, 10 B KIHIIEBOMY MiJCYMKY
MPU3BOAUTL 10 TMOXHMOOK po3paxyHkiB. Lli moXuOKM THM HMKYe, HIK OLIbII
MPaBUJIBHO 1 JETAIbHO CTBOPEHA MOJE/b, YUM OUIbIIE YKMCIO BIJIOMUX YHHHHUKIB
MOBE/IIHKH KOHCTPYKIIH JOCHTIKYBaHOTO 00'ekTa Oyno BpaxoBaHO IIpH
MO/IETFOBAHHI.

Po3pi3Hs0Th MaTeMaTH4HI MOJENI €NeKTPUYHHX MAIIHMH, SKi CTPYKTYPHO
CKIIQJIAI0TBCS 3 €JIEMEHTIB 3 PO3MOALIEHUMH NapaMeTpaMu — IMOJIbOBI MOZEI, 1
MOJIEN1 3 30CEPE/DKEHUMH TapameTpamMu — JIaHorosi Mozaeni [14]. YV nepmomy
BUIIQJIKy TMpOLIECH, 1[0 BiJI0yBalOThCS B OO0'€KTI JOCHIDKEHHS, B MOJIEIAX
OMUCYIOTHCS AU EepEeHIIATIbHUMH PIBHIHHSAMH MOX1THUX, B IPYTOMY — 3BUYAUHUMHU
nudepeHiiaTbHUMU PIBHAHHAMMU.

MoskHa BHAUIMTH KUIbKa CHocoOIB peanizalii MareMaTHUYHHUX MOJIeJIeH:
(13u4HUN, AaHATITUYHAN 1 YUCETTLHUH CITOCOOM.

MaremaTuyHe MOJENIOBAHHS 3a MEPIIUM CIOcOoOOM 30epirae 0coOIMBOCTI
IIPOBEJICHHS €KCIIEPUMEHTY B HATypl, aje Mpu LUbOMY peasibHui 00'€KT 1 MOJelb
MalTh pI3HY (i3uuny npupoxay [20]. Tak, moaboBl MoAenl MOXKYThb OyTu
peani3oBaHi B CYHUIBHUX CEPEJ0BHIIAX 3 BUKOPUCTAHHAM E€JIEKTPOIITUYHOI BaHHU
abo eJICKTPOIPOBIAHOI Marepy, a JaHUIOrOBl — Ha CITHLI 3 JUCKPETHUX €JIEMEHTIB 1
Ha aHAJOTOBUX OOYMCIIOBAIbHMX MamuHax [5, 6]. Pi3uunuit crnocid peamizaiii
MaTeMaTHYHUX MOJENEH HOCHUTh YMCTO NOCHIIHMLBKUNA XapakTep 1 HENPUAATHUH

AJIS IPOCKTYBAHHS CIICKTPUYHUX MAlllUH.
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AHaTITHYHI 1 YUCEJIbHI METOJIM peatizallii MaTeMaTHIHUX MOjieJiel 3BOJISATh
JAOCHIDKEHHS SIBUIL, IO BiIOYBAIOTHCS B €NEKTPUYUHINA MAIINHI, 10 MaTEMaTHIHUX
3aB/IaHb, PY BUPIIIEHH] SKUX JJIs TIOJTLOBUX MOJIENIeH BUKOPUCTOBYIOTHCS METOIH
TEOpii MoJisA, a I KOJOBUX — METOJT TeOpii KiJI.

[Tpu ananiTHYHOMY CIIOCOOI MaTEeMAaTHYHOTO MOJIE/IIOBAHHS BCs iH(opMaIris
po 00'€KT JOCIIIKEHHS! MICTHUTBCS B CHUCTEMI PIBHSIHB, SIKa NEPETBOPHOETHCS B
CYKYITHICTb PE3yJbTYyHOUMX (YHKUIH, KOKHA 3 SKHX XapaKTepU3ye 3aJICHKHICTh
Oy/1b-KOr0 nmapaMerpa Biji iHIIHX.

BHecOoK B pO3BHUTOK aHATITHYHUX METO/IB MAaTEMAaTHYHOTO MOIEIIOBAHHS
MarHiTHUX CHUCTeM mpucBsidYeHo Oarato myOsikamii [13-16]. Oxnak, BCi Biaomi
AHAIITUYHI METOAM, TaKl SK METOJA A3epKalbHUX BIIOOpaKeHb, PO3ALUICHHSA
3MIHHUX, METOJ] KOHPOPMHUX MEPETBOPEHb, METO TAPMOHINHUX MPOBIIHOCTEN 1
T.JI. 3aCTOCOBHI JUISl PO3paxyHKY MAarHiTHUX TIOJIB JIMIIE B JIOKATBHUX 00JIACTAX
CJICKTPUYHUX MANIMH TPU JOCUTH CEPHO3HHUX JOMYHIEHUX, IO MOSCHIOETHCS
CKJIAHOIO (DOPMOIO MArHITONIPOBO/IIB, HEMIHIWHICTIO PI3HUX CEPEAOBHIL 1 T.II.

CydacHult piBeHb PO3BUTKY 00YMCIIIOBAIIbHOI TEXHIKH JI03BOJISIE€ POBOJUTH
BeJIMKI 00csAru 004YUCIIeHb, HEJOCTYNHI paHimie. [TosBa MOXIMBOCTI BUPILICHHS
BEJIMKUX CUCTEM JIIHIMHUX 1 HEMHIMHUX aireOpaidHux 1 JudepeHiiiaabHuX PIBHSIHbD,
110 ONHCYIOTh €JEKTPOMArHiTHI Ta TEIUIOBI MPOLECH, CTUMYJIIOBAJIO IHTEPEC [0
YHCEIBHUX METO/IIB PO3PAXYHKY.

YucenbHi METOIM JI03BOJISIFOTH TPOBOJUTH aHAJII3 CKIAJHUX MAaTEMATUYHUX
MOJIeNiel Uil KOHKPETHHX CYKYMHOCTEH 3HadeHb mapameTpiB. (OCHOBHOMO
HIEPEeBaror0 YMCEIbHUX METO/IIB € MOXKIIUBICTh OTPUMAHHS PE3YJIbTATIB HABITH B THUX
BUIIAJKAX, KOJIM 3aCTOCYBAHHS AHATITHUYHUX METOMIB YTPYIAHECHO, MPU IOMY
KUIBKICTh MPUHHATUX MPUMYLIEHb 3BOAUTHCS A0 MiHIMyMY. Pe3ynbratu, oTpumai
YUCEJIBHUMHU METOJIaMHU, € HaOIM)KEHHUMH, OCKUIBKHM YHCEIIbHE IepETBOPEHHS
indopmanii mnependavyae i JUCKpPETU3AIlI0, a CcaM MPOLEeC PO3PaAXyHKY €
iTepauiiiauM. OHaK 3a yMOBH TOTO, 1110 PO3paxyHOK TPUBAE JOCUTH JOBIO 1 BIPHO

3aJ1aHl M0YaTKOBl YMOBH, MOXKHA JOCATTH HEOOX1AHOT TOYHOCTI PE3yJIbTATIB.
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[Tpu peanizaiii MOJBOBUMX MaTEMaTHUYHUX MOJENEH YUCETbHUMH METOAaMHU
HAUOUTBIIOTO MOUTMPEHHS 3HANUIILIH:

— Meron kinueBux pizauik (MKP) abo meton citok [ 14, 16];

— Meron kinneBux eaementiB (MKE) [21-22];

— Mertoa iHTerpansHux piBHSAHB (MIP), pi3HOBHAaMU AKOTO € METOJ
I'PaHUYHUX €JIEMEHTIB 1 METOJI BTOpHHHHMX JKepen [17, 18].

OpHak ¢ 3a3HA4YUTH 110, HE3BAKAKOYM HA TOYHICTHL 1 CTPOrICTh
MOJICTTIOBAHHSI ~ €JICKTPOMATrHITHUX TMPOIECIB  MEPEPaXxOBAHUMHU  MOJLOBUMH
METO/1aMH, BOHH MAIOTh PsiJl HEAOJIIKIB, OCHOBHI 3 SIKHX YKJIaJIeHI B HACTYITHOMY:

— MareMaTu4Hi MOJIei OIUCYIOThCSI CKJIQIHUMHU CUCTeMaMu
mudpepenmianpbaux (s MKP 1 MKE) 1 imTterpamsuux (mist MIP)
anreOpaiuHUX pIBHSHbB, K1 € pllIeHHsAMH piBHsAHL MakcBesuia, Jlamaca 1
[lyaccona 3 3aJaHUMU TpaHMYHUMH YMOBAMH, IO BHU3HAYAE BEJIUKY
CKJIQJHICTb IIPU peaitizalii Moaesei 1 00poOii OTpUMaHuX pe3yIbTaTiB, 110
BUMAarae BUCOKOTO PIBHS MMIATOTOBKU KOPUCTYBaua;

— BHMCOKa TOYHICTb PO3PaxXyHKIB, sIKa JOCATAETHCS IMOJIBOBUMU METOJAMHU,
JOCUTH YaCTO € HAJJIMIIKOBOIO, OCKITBKH ICTOTHO MEPEBHIYE TOMYCTUMI
TEXHOJIOT1YHI  PO3KUAM KOHCTPYKTHBHHUX 1 (I3HYHHX IapameTpiB
CJIICKTPUYHHMX MAIlIWH;

— peaizallisl MoJIbOBUX MOJEJEH €IeKTPUYHUX MAIIWH BUMAarae CKIJIaJIHOTO
KOMIUIEKCY ITPOrpaMHOro 3a0e31e4eHHsl, 3/[aTHOro MiATPUMYBaTH rpadivHi
13HAaKOBI1 0a3u JaHUX BEJIUKUX OOCST1B, BECTH 1X 00pPOOKY, MAaTH MOKIIUBICTh
3B'SI3KY 3 IHIIMMH MIJCUCTEMAMH 1 T.JI.

Pazom 3 THM, € Bequmka norpedba B MeETOJax MOJICIIOBAaHHS, HEXall He
HACTUIbKM CYBOpHX, SIK METOJM Teopil MoJisi, ajie 10 MalTh JOCTATHBOI IS
MPAKTUYHOTO 3aCTOCYBAHHS TOYHICTIO, SKi J03BOMIMIN O Oe3 3a3HAUYCHHUX BHIIEC
TPYJHOILIB BUPIIIYBATH IIUPOKE KOJIO IPOCKTHO-KOHCTPYKTOPCHKUX 3aB/aHb.

Taki 3aBgaHHS JI03BOJISIE€ peali3yBaTH TEOpist Kij, B OCHOBI SIKOI JI€¥KaTh
piBHsHHS Kipxroda. TouHicTh aHAMTUYHUX 1 YHUCEIBHUX JOCHIHKEHb, IO

MIPOBOISTHECS IIMM METOAOM, B 3HAUHIM Mipi 3aJIe)KHUTh BiJ MPaBUIBHOCTI BHOOPY



40
BIJIMOBIJIHOT  CTPYKTYpH MaTeMaTHYHOI MOJENl, TpPH CKIaJaHHI SKOI BCH
po3paxyHKoBa 00JacTh MAarHiTHOI CHCTEMH pO30MBAETHCS HA JIUISHKH, IO
MPEICTABISIOTE OKPEMi €JIEeMEHTH MarHiTHOro Kosia. MarHiTHe mojie B Mekax
KOKHOI JIUISHKA TIPH LIbOMY BB)KAETHCSI CTPOrO OPIEHTOBAHUM 1 PO3IIISIAETHCSI
HE3aJIeXKHO BiJ TOJIB IHIIMX AUISHOK. HadnpocTiimmm MeTonoMm, SKuil peanisye
JIQHITIOTOB1 MaTeMaTH4HI MOJIeJIl MAarHiTHUX CHCTEM, MO’KHA BBa)XKaTH METOJ
€KBIBAJICHTHUX EJICKTPUYHUX CXEM 3aMIILIEHHS.

[HIIMM METOAOM pO3paxyHKY MAarHiTHUX CHUCTEM EJeKTPUYHUX MAIIUH €
KOMOIHOBaHHMH METOJI, IKUH 00'eIHy€E B COO1 K TEOPIIO MO, TaK i Teopiro Kii. [1pu
bOMY IapaMeTpu €JIEMEHTIB, L0 BXOASTh J0 CKJIaJy MOJIENi, BU3HAYAIOTHCS
MOJIbOBUMH METOAAMH, a MOJENb B IIJIOMY PO3PAaXOBYETHCA 3 BUKOPUCTAHHSIM
OCHOBHHUX 3aKOHIB T€OPii eNeKTpUYHUX KUI. J[0 uncna Takux METO/IB BITHOCUTHCS
METO/1 MPOBiAHOCTEH 3yOroBOoro kKouTypa (MII3K) [24, 29].

Cyts MII3K nossirae B Tomy, 110 U151 aKTUBHOI 30HU MAIIIMHU 3 YPaxXyBaHHAM
peasibHOI  KOH(Irypamii Mar"iTonpoBogy OyayeTbcs €KBIBAJE€HTHA CXema
3aMILLEHHS, [TapaMeTpU EJIEMEHTIB sKOi, po3paxoBaHl IPH PI3HUX IOJIOKEHHSX
SIKOPSL, TPE/ICTABISIOTHLCS B MATPUUHOT (POPMI, MICIIsi YOTO MPOBOJUTHCS 3arajlbHUi
pPO3paxyHOK MOJEN aHATITHYHUM, a00 YUCEILHUM METOOM.

Hesakaroum Ha jgocratHio yHiBepcanbHicTh MII3K, 1m0 go3Bosise
BpaxoByBaTH 3yOLeBi Mmysbcalii 1 NPOBOJUTH PO3PAXYHOK PIZHUX KOH(DIrypaiiu
MAarHiTHUX CHUCTEM, JaHMH METOJI HE 3HAMIIOB HIMPOKOTO 3aCTOCYBaHHS Ha
IpaKTULl, Tak SK HOro peanizaiisi BUMara€ CTBOPEHHS CIELIAJIbHUX TMaKEeTIB
HPUKJIAHUX [IpOrpaM Juisi OOpOOKH CKJIAJHUX CHUCTEM MATPUYHHUX PIBHSHB, IO
OMUCYIOTh MAPAMETPU Ta 3B'3KY €JIEMEHTIB CXEeM 3aMIIIeHHS MATHITHUX CUCTEM.

Ha migcraBi BUILEBUKIAAEHOTO MOXKHA 3pOOMTH BHCHOBOK, 110 HANHOUIbII
IPUUHATHUM METOZOM po3paxyHKy JIBI 3 mociigoBHOO 00MOTKOIO 30y/KEHHS, 3
TOYKH 30PY JOCTaTHBOI /Ui MPAKTHYHOTO BUKOPUCTAHHS MPOCTOTH 1 TOYHOCTI, €
METO/I KOJIOBOIO MAaT€MaTHYHOIO MOJIETIOBaHHS Ha 0a3l €KBIBAJECHTHUX CXEM
3aMILLEHHS, 1110 JO3BOJIsI€ BUPILIYBATH LIMPOKE KOJIO POCKTHO-KOHCTPYKTOPCHKHX

3aBJaHb.
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Takum YHHOM, 3aBJIaHH:A pO3p06KH MCTOJHKH KOJIOBOI'O MaTCMaTHYHOI'O

mozaemoBanHs J[BI 3 mocnigoBHUM 30y/5KEHHAM € JTOCUTh akTyanbHORO. Jlnms ii

BUPILIEHHs HEOOXI1IHO peai3yBaTy TaKl 3aB/aHHS:

NPUNAHATH CUCTEMY NPUIYILLIEHB, 0 CHPUSIOThH peallizalii Mojei, ajie He
BUBOJISITh PE3YJILTATH JOCIKSHHS 3a MEXKI1 JIOMYCTUMHUX TTOXHOOK;
BU3HAYUTH TOIIOJIOTII0, CTPYKTYPHMM CKJIaJ 1 METOJIMKY pPO3paxyHKY
napaMmeTpiB eJIEeMEHTIB €KBIBAJICHTHOI cxemu 3amiteHns [IBI;
peanizyBatu 0a30BY JIAHIIOTOBY MaTeMAaTU4YHY MOJEIb 1 MPOBECTH ii
iIeHTH(IKAII0 3 peaJlbHUM 00'€KTOM Ha MIJACTaBl €KCIEPHUMEHTATbHUX
JTaHUX;

30IACHUTH anpoOaliil0 METOAy CTOCOBHO aHali3y €JIeKTPOMAarHiTHHX 1

teruioBux npoiecis B JIBI 3 nociigosHoro O3.

Ha migcrtaBi mpoBeaeHOro aHaiizy JiTepaTypd MOKHA 3pOOUTH HACTYITHI

BHUCHOBKH:

L

[lopiBHAJIBHA TIPOCTOTAa KOHCTPYKINI, HAMIHHICTh, TEXHOJOTIYHICTD,
3JIaTHICTh MPAllOBATH B CKJIAJHUX YMOBAaX HAaBKOJMIIHBOIO Cepe/IOBHUIIA,
XOpOLL1 IMHAMIYHI 1 pEry/IoBaIbHI MOKa3HUKH, a TAKOXK «T11epOOIIuHuI)
BUJ MEXaHIYHOI XapaKTePUCTHKH OOYMOBIIOIOTH MOXJIHBICTH |
nepcreKTuBHICTh  3actocyBaHHs JIBI 3 mociigoBHOO  0OMOTKORO
30y/KEHHS B TSATOBUX 1 TPAHCIIOPTHUX MPUBOAAX, MPUBOJIAX €KCKABATOPIB
1 OypoBUX BEpCTaTiB, a TAaKOX B EJEKTPONPHBOAAX CIELIaIi30BaHOIO
npusHauenns. lle pae migcraBy BBaKaTH IPOBEACHI JTOCIIIHKECHHS
AKTyaJbHUMHU.

Y ny6nikauisx, npucsueHux [IBI 3 enekrpomarHiTHUM 30yKEHHAM,
NPAaKTUYHO HE PO3IJISIHYTI ABUI'YHH 3 OCIIIIOBHUM 30YI5KEHHSIM, [TUTAHHS
PO3paxyHKy 1 MOJIEJIFOBAHHS MPOLIECIB MPOTIKaOTh B HUX. L{e oOymoBmtoe
HEOOXIJHICTh PO3pOOKM METOJUK IIEPEBIPOYHOTO  PO3PAXYHKY 1
MaTeMaTHYHUX MOJIEJICH eJIEKTpOMarHiTHUX 1 TerioBux npouecis B JIBI 3
MOCITiTOBHOIO OOMOTKOIO 30Y/I’KE€HHSI, 3aCHOBAHUX HA CY4aCHUX METO/AaX

MAaTCMATHYHOTI'O MOJACIIFOBAHHA.
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3. IlpoBeaeHuit MOPIBHAJIBHUN aHalli3 PI3HUX METOJIB MaTeMaTHYHOIO
MOJICJTIOBAHHS TIOKa3aB, 110 HAWKPAUUM 3 HHUX IS JOCIIKCHHS
€JIEKTPOMAarHiTHUX 1 Tery1oBux npoiecis B JIBI 3 mociigoBHOIO 00MOTKOIO
30y/IPKEHHS € METO/1, SKUil BAKOPUCTOBYE €KBIBAJICHTHI CXEMHU 3aMILLECHHSI.
Jlanuii MeTojl J03BOJISIE TPOBOAWUTHU PO3PAXYHKH 3 MIHIMAJIbHUMHU
BUTpPATaMHM 4acy i JOCTaTHBOFO JIJIS iIHKEHEPHOI MPAKTHKK TOYHICTIO. [1pu
IIbOMY € MOXJIMBICTh aHali3y IPOLECIB B EIEKTPONPHUBOAAX 3 PI3HOIO
KOH(DIrypaiier MarHiTHOTO KoJia, pI3HUM YKCIIOM (a3, CXeM MiIKII0YeHHS

O3 1 anroputmy poOOTH IHBEPTOPA.
Tomy mis npoBeleHHS MOJAJBIIMX JOCIIKEHb MO TEeMI MaricTepchbKoi
poOOTH OOpaHHii METOJI MAaTeMAaTHUYHOTO MOJIEIIOBAHHS Ha 0a3l €KBIBAJICHTHHUX

CXeM 3aMIIICHHS.
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2. MATEMATUYHA MOJIEJIb EJIEKTPOMAT'HITHUX NPOLECIB
BEHTW/IBHUX THAYKTOPHUX JIBUT'YHIB 3 ITOCJIIJIOBHORO
OBMOTKOIO 3bY/I’KEHHS

2.1 OcHOBHI NOHATTA TA NPUNYIIEHHS

MaremaTuuHe MOJENIOBAHHSA Iniependayae BIIATBOPEHHS ICTOTHUX JUId
BUPIIICHHS [1OCTaBJICHOI0 3aBJIaHHS BIJIACTUBOCTEH, XapaKTEPUCTUK 1 3B'SI3KIB
peaibHOro 00'€KTa INUIAXOM BHPIIIEHHS PIBHSHb, 1[0 ONHCYIOTh 3aKOHH
€JIEKTPOMEXAaHITHOTO IEPETBOPEHHS €HEPrii. 3a TOMOMOT 00 MaTeMaTHYHOT MOJIET1
JOCHIIKYETBCS 1 IPOTHO3YETHCS MOBEIIHKA €JIEKTPOMEXaHIYHOT CUCTEMHU B PIZHUX
pexrMax 1 yMOBax eKCIulyaraili, a TakKoXX 3IMCHIOBATUCH ONTUMI3AIl i
mapaMeTpiB 3 METOI MOCATHEHHS HEOOXITHMX XapaKTepUCTHK. TakuM YHHOM,
MaTeMaTHYHE MOJIEJIOBAHHS JI03BOJISIE BHPILIYBATH 3aBJaHHA K aHali3y, Tak 1
CUHTE3Y.

HaifBaykTMBIIIUM €TAariOM MOJICNIIOBAHHS EJIEKTPOMArHiTHUX TMPOLECIB B
€JICKTPOMEXaHIYHIN CUCTEMI € PO3PAaXYHOK MAarHiTHOIO KOJIa €JIEKTPUYHOI MalIMHU.
Cepen MeTOAIB BHPILIEHHS IIbOTO 3aBJaHHS MOYKHA BUIUIMTH MOJbOBI METOIH,
3aCHOBaHI1, HaNpUKIaa, Ha MeTo/1 KiHieBux eaemeHTiB (MKE) abo meto1 kiHesux
pizaune (MKP), 1 MeroaM, 3acHOBaHI Ha BHUKOPUCTaHHI MaJIOBY3JIOBHX
€KBIBAJICHTHUX CXEM 3aMIIICHHS MarHiTHOrO KoJia eJIeKTPHYHOT MAIlIMHHU.

BukopucTaHHs MoJb0BUX YHCEIBHUX METOIB PO3pPaXyHKY MarHiTHUX IOJIIB
MIJBUILYE TOYHICTh BU3HAYEHHS XapaKkTEPUCTHK 1 MapaMeTpiB ENEeKTPUUHUX
MaiuuH. Taki MeToau Aar0Th MOMJIMBICTD OTPUMYBATH pilieHHs GyHKIIT B 00acTi
OJISL 111 KOYKHOTO KOHKPETHOTO BUITA/IKY.

VYV To# ke uac, HEe JAMBISYUCH Ha JOCSATHEHHS B CTBOPEHHI Mojenei
CJICKTPUYHMX MAaIIMH Ha 0a3l pIBHAHb I[0JI4, Ha TOYHICTb MOJCJIIOBaAHHS
€JIEKTPOMArHiTHUX TMPOILIECIB, MOJBOBI METOAM MAIOTh psia HemosikiB. Jlo Hux
MOKHA BIIHECTU: CKJIQJHICTh OIUCY Ta peaiizaiuii MaTeMaTUYHOI MO/IEN, a TaKOX
00pOoOKHM OJepKYBaHUX PE3YJIbTATIB; BUMOTra CKJIAIHOIO KOMILIEKCY IPOrPaMHOTr0

3a0e3MeYeHHs Ta BHCOKOIO pIBHS IMIITOTYBaHHA KOpHUCTyBaya. [ 0JIOBHUM
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HEJI0JIIKOM I10JIbOBUX METO/IIB € BEJIMKI YaCOB1 BUTPATH HA PO3PaxXyHOK MarHiTHOTO
1OJISL TIPU OJTHOMY TIOJIOKEHHI pOTOpa, 1110 HE 03BOJISIE BUKOPUCTOBYBATH iX Ha
erani ITepaliifHOro mizdopy ONTUMAJIBHUX MapaMeTpiB 1 PO3MipiB MaUIMHU 1
PO3PaxXyHKY XapaKTEPUCTHK.

[TepepaxoBaHi HEOJIKK MOJLOBUX METOJIB 3YMOBIIIOIOThH NOTPEOYy B METO-
Jlax MOJIE/IIOBAaHHS, HEXail He HACTUIBKM CYBOPHX, SIK METOAM Teopii MoJjs, aje
J03BOJISIIOTE  0€3 3a3HAYeHMX BHUUIC TPYAHOLIIB BUPILIYBATH LIMPOKE KOJIO
MPOEKTHO-KOHCTPYKTOPCHKUX 3aB/IaHb 3 MPUHHATHOK TOYHICTIO.

IIpoBenenuii anani3 mokasas, L0 NEpPEpaxoOBaHl BHILE 3aBJAHHS J103BOJISE
BUPIIIUTUA METO/ PO3PaxXyHKY, 3aCHOBaHMiI Ha BUKOPUCTAaHHI €KBIBAJEHTHUX CXEM
3aMIMIeHHS MAarHiTHOrO KoJjia ejlekTpuuHoi mamuHu. Lleit Meton € HalOuibin
IPOCTUM 3 TOYKM 30py peamizamii 1 3a0e3neueHHss TOYHOCTI, IO BIJANOBIIAE
BUMOTI'aM 1HKEHEPHOTO PO3PAXYHKY.

OCKUIbKH MPH MaTEeMaTHYHOMY MOJICJIIOBaHHI a0COIOTHY MOA00y Mojaenl 1
peanbHOTrO 00'€KTa AOCATHYTO OYTH HE MOKE, 3aBJIJaHHS BUPIUIYIOTHCS 3a PI3HUMHU
HaOJIMKEHHSIMM LIUISIXOM BMSIBJIEHHS Ta O0JIIKY T'OJIOBHUX YMHHUKIB 1 HEXTYBaHHS
APYTOPSIHUMH.

[Ipu pocnimkeHH1 NepexiHUX 1 CTaluX eNeKTpOMarHiTHUX rpoiecis B J|BI
BBEJIEMO PsiJl NPHUIYLIEHb, 3arajJbHONPUHHITHX [PU MOJEIIOBAHHI €JIEKTPUYHUX
MallIHH:

— MAarHiTHe 10Ji¢ B MOBITPSIHOMY MIPOMIKKY HE 3MIHIOETHCS B AKCHATBHOMY

HaNpsMKY 110 JIOBXHHI [1aKeTa;

— MarHiTHe II0JIe¢ MAIlMHU pO3JAUIAEThCS Ha poloue rosie 1 ToJe

po3sciroBaHHS. [IpoBiAHOCTI MIIAXiB TOTOKIB PO3CISIHHS MOCTIHHI;

— MPOBIAHICTH MOBITPAHOTO 3a30py IiJ 3yOIeM cTaropa BU3HAYAETHCS 3a

YMOBHM MOCTIMHOIO PO3MOJALIY MarHiTHUX IHMOTEHIIaJIB Ha IOBEPXHIX
cTaropa 1 poTopa;

— JIBI Mae reomeTpu4Hy, €JIEKTPUYHY Ta MarHiTHY CUMETPIIO;
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—  OIlip HaIBIPOBIIHUKOBUX MPHJIA/IB B IPSIMOMY HaNPSIMKY BU3HAYAETHCSI
iX CTaTUYHUMHU BOJIbTAMIIEpHUMH XapakTtepuctukamu (BAX), a B
3BOPOTHOMY — NMPUHMAETHCS HECKIHYEHHO BEJIMKOIO;

— KpHBa  HaMar"HiyyBaHHs  CTajJll HE  3aJeXKUTh Bl  4YacTOTH

nepeMarHiuyBaHHSI.

2.2. ®opmyBaHHs cucTeMHn IudepeHUianbHUX PpiBHAHL. Cxemu

3aMileHHs: MarHiTHuX Januoris /Bl 3 nociinoBHo0 00MOTKOI0 30y 1:KeHHSA

Sk 00'eKT MOIEIOBAaHHS BUCTYIIAE BEHTUIbHUH 1HIyKTOpHU 1BUTYH ([IBI),
10 BKJIIOYAE B cebe OTHOIMEHHOMOMIOCHY IHAYKTOPHY MAIIWHY 3 TOCTiIOBHOIO
00OMOTKOI0 30Yy/UKEHHS 1 IHBEPTOp, KIIOUYl SKOTO YIPaBISIOTHCA 332 CHUTHAJIAMH
JAaTYUKa MOJOXKEHHS POTOpa 1, B 3arajlbHOMY BUIIAJKY, IHIIUX JaTUYMKIB, HATIPUKIIAL
naruyuka crpymy. OmuH 3 BapiaHTiB EJIEKTPUYHOI CXEMH CHJIOBOI YaCTHUHH
BEHTHJIPHOTO iHAYKTOPHOTO ABUTYHA HaBeaeHO Ha puc.1.11.

Jlnsi mMaTeMaTuyHOro MOJICJIIOBAHHSI €IEKTPOMArHiTHUX [POLECIB, IO
NPOTIKAIOTh B BEHTHJILHOMY 1HJYKTOPHOMY JIBUTYHi, 3 ypaXxyBaHHSM HACHYCHHS
MAarHiTHOTO KO0JIa 1 HECIHYCOIaJIbHOCTI CTPYMIB B 0OMOTKaX HaWOUIbILI IPUIATHUM
€ METO/I MUTTEBHUX 3HAYEHb, 3T/IHO 3 SKUM PO3paxyHOK MarHiTHOTO KoJia, CTPYMiB
1 HAPyT TPOBOAUTHCS HA TEP10/il TOBTOPIOBAHOCTI €JICKTPOMATrHITHUX MPOIIECIB 3
NESKUM JIOCHUTh MaiuM KpokoM. [Ipy BUKOpPHCTaHHI I[bOTO METOIY 3'SIBISETHCS
MOJKJIMBICTh JJOCUTh TOYHO 3MO/JIEJIFOBATH NPOLECH, 110 MPOTIKAIOTh HE TIIBKU B
€JICKTPOMEXaHIYHOMY TEPETBOPIOBAYl, aje TaKoX BpaxyBaTH OCOOJIMBOCTI, IO
BHOCATBCS BEHTUJIBHMM IIE€PETBOPIOBAYEM MpPHU MOJEIIOBAHHI BEHTHJIBHUX
€JICKTPOMEXaHIuYHUX IepeTBOoproBayiB [5-7].

MareMaTuYHOIO MOJEIUIIO €JIEKTPOMEXaHIYHOT CUCTEMH € CUCTEMA PIBHSHD,
K1 3 ACAKAM HAONMMKECHHSIM OIMHMCYIOTh AOCHDKYBaHI MPOIECH. 3 TMPAKTUYHOI
TOYKH 30py IHTEpEC IPEACTABIISIE€ HE BJaCHE MaTeéMaTUYHa MOJIEIIb, a il IporpaMHa
peatizaiiisi Ha MOBax MPOrpamMyBaHHs BUCOKOIO PiBHS, IO I03BOJISIE PO3PAXOBYBATH

1 aHAII3yBAaTH BUX1/IHI TTIOKA3HUKH PO3IJITHYTUX €JIEKTPUUHUX MAIIIHH.
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B sdKOCTI BUXIIHUX JaHUX JUIS  EJEKTPOMAarHiTHOrO  pO3PaxyHKY
BUKOPHCTOBYIOTBCSI KOHCTPYKTHBHO, TE€OMETpUYHI Ta OOMOTYBallbHI [IaHi
€JeKTPUYHOI ~ MAIllMHMU, XapaKTEPUCTUKU  HaIlIBIPOBIJHUKOBUX  €JIEMEHTIB
IepeTBoproBaya 1 marepiajliB JAUISTHOK MarHiTONpoBOja, a TaKOX IapaMeTpu
JAOCHIKYBAHOTO pekumy pobotu. OOepTaHHS pPOTOpAa MOJEIIOETHCS 3MIHOHO
€JICKTPUYHOIO KyTa 0, SIKMii XapaKTepu3ye CTaH pOTOpa BIJIHOCHO CTATOPa, 3 KPOKOM
AO.

OCHOBHHMM 3MICTOM MaTE€MaTHYHOI MOJIENI € CHCTEMa PiBHIHbB, KA OMHCYE
3riiHO 13 3akoHaMu Kipxroda KOHTYpy MPOTIKAaHHS CTPYMIB €JIEKTPUYHOIO KOJa.
OcHOBY IUX PiBHSHB CKJIQIal0Th BUPA3H [UIS HATIPYT, IO 3aMUCYOThCS 1T KOJKHOT
3 n, 0oMoTok: m a3z ooMoTkHu sikops (OS) 1 s oOmoTok 30ymxenus (O3). s i-i
OOMOTKH PIBHSIHHSI Ma€ BUTJISAL

Hle‘f' R;‘"‘dll!;/df 5 (2 1)

ne u;; i Ry w - Hampyra, CTpyM, OMip 1 IOTOKO3YEIUIeHHs i-i 0OMOTKH
BIJITOBI/IHO;

dy; / dt - EPC, naBesieHa B i-ii 0OMOTIII B JaHUI MOMEHT 4acy.

[Ipu po3paxyHky onopy ¢a3u BpaxoBYyeThCs podoua Temiieparypa 0OMOTOK
€JIEKTPO/IBUIYHA 1):

R=Rap (1+krz*(£,-20)), 2.2)

1e Ry - onip pa3znoi oOMOTKH siKOpsl, sikuit Bijnosijae remneparypi 20°C; krg
- TemniepatypHuil Koedinient onopy (s Mimi krz = 0,004 °C™).

3 ypaxyBaHHSIM TOrO, L0 3MiHA IOTOKO3YEIUICHHS MOXe OyTHM BUKJIMKaHa
3MIHOK0 KYTOBOTO TIOJIOKEHHSI poTropa € 1 CTpyMiB B OOMOTKAaX €IEKTPUUYHOI

MaIIWHHU, PIBHSIHHA (2.1) B pO3ropHYTOMY BUIVISA/II BUTJIAAAE HACTYITHUM YHHOM:

=i Ry +Oy/00-d0/dt + Y dyidiy-di/dt , (2:3)
k=1

ne  owi/o60 - xoediuient EPC obepranns;

YZ"H'ZP

&

dO/dt = - enekTpuyHa KyTOBa MIBUAKICTb 00epTaHHs (=
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n - yacToTa 00epTaHHs poTopa 00 / XB;
Z, - YUCII0 3yO1IB POTOPA;
owi/cik - nudepeHiagbHa THAYKTHBHICTD L.

[ToBHa cxema 3aMillleHHS €JIEKTPUYHOrO KOJjia, BIAMOBIIHO JIaHOTO BapiaHTy
JIBI (3 O3, po3ramoBaHoi Ha CTOPOHI 3MIHHOT'O CTPYMY) Ta BKJIIOUA€E B ce0e CXeMHU
3aMiLLEHHS OOMOTOK, 1HBEPTOpA, JIKEpesia KUBJICHHS 1 BUIIPSAMIIIYA, HaBEJIeHa Ha
puc.2.1. HamiBnpoBiZHUKOBI eleMEHTH (JI0AM 1 TPAH3UCTOPH) Ha CXemi
MPEACTABIISAIOTHCS Y BUTIISA/II HEMTHIMHUX €JIE€MEHTIB, XapaKTEPUCTUKAMHU SIKUX € 1X
BOJIbTaMIIEPHI XapaKTePUCTUKH.

Konrtypu, sKi ONUCYIOTBCS CHCTEMOIO AudepeHiianbHUX  PIBHAHD,
BU3HAYAIOTHCSA 3 ypaxyBaHHSAM CTaHy HaITiBIPOBITHUKOBHUX €JI€MEHTIB BEHTHIBHOTO
nepeTBoproBaya (iHBepTOpa 1 BUNpsAMIA4a). Hukde HaBENEHO NMPUKIAZ 3arucy
PIBHSIHHS JUISL OJIHOTO 3 KOHTYpiB (Ha puc.2.] KOHTYp MO3HAYEHUH MITPUXOBUI
JIHIEI0) TIPU MPOTiKaHHI cTpyMy B (ha3zax A 1 B (i, = 0) enextpoaBuryHa.

di, diy,

W =Yy +(i.4 'RA +esp.4 +L_4A .73‘—*_[’-43 ‘?+ 7 dt

B g Hayp Fay, (2.4)

Fypg+(p R +€,p+ Ly 7 dt dt

di, di

di
B F
+ Ly + Ly, + Ly - )+ s,

+uypg —(ip - Ry + €.on dt A

ne  u,.,, U, - Naainas Hanpyru Ha Tpansucropax VT 1 VTs;

u,,. - MajiHHg HanpyTu Ha gioaax VTipi1 VTs.

uPDI{]’ VD8

ANrOpUTM NEPEMUKAHHS TPAH3UCTOPIB 3aJA€TbCSI CUCTEMOK YIIPaBJIiHHS
BIJIIOBIZIHO JI0 CUTHAQJIaM JIaTYMKIB IIOJIOKEHHS pOTOpa Ta IHILIMX JaTYMKIB
3BOPOTHHUX 3B'sI3KIB. 3B'SI30K MK MOMEHTOM MIAKIIOYEHHsS (a3u 10 [mkepena
’KUBJICHHS 1 MIOJIOKEHHSIM POTOpa BU3HAYA€ KyT BKItOUeHHs (a3u. Haragaemo, mo

i KyTOM BKJIIOYECHHSI (pa3u MaeTbCs Ha yBa3l €JIEKTPUYHHUIA KYT MK MEPEXO0I0M
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yepe3 HylIb B no3utuBHUi HamiBrnepiog EPC xomocroro xoay ¢gasum i MOMEHTOM

MIKTI0YeHHs (pa3u 10 JKepenia dKUBJICHHS ISl MPOTIKAHHS MO3UTUBHOTO CTPYMY.

’ o O +
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Pucynok 2.1 — Cxema 3aMilieHHs enekTpuuHoro kojua /Bl

B sxocTi HEBIIOMUX B OTpUMaHIN cucTeMl JU(EpEeHLIaIbHUX PIBHSIHb BU-

CTYIAIOTh CTPYMH. IXHI MOX1HI PO3paxoBYIOTECS METOAOM BUKIIOUYEeHHS ["ayca, a
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BJIaCHE CTPYMH (sIKI BIJIOBIAAIOTh HACTYIHOMY IIOJIOKEHHIO pOTOpa) — SIBHUM
MeTonoM Ennepa:

i(++AD=i(t)+di/dtAt, (2.5)

ne At - iHTepBaI Yacy, BIAMOBIAHAN KPOKY PO3paxyHKy AQ: At = A6/ w.

JludepenuianpHl  €1eKTpOMarHiTHi  mapamerpu — Koegiunientn EPC
obepranHs 1 audepeHuiaabHl 1HIYKTHBHOCTI — BU3HAYAKOTHCS IMICIS BU3HAYCHHS
MarHiTHOTO cTaHy )epOMarHiTHUX AUISTHOK MArHITONPOBOY.

Po3paxyHOK MarHiTHOro kosia OyJeMO NMPOBOJUTH MO EIEKTPUUHINA CXeMi
3aMmiteHHs. [l 11 popMyBaHHS MarHiTonpoBOJ €JIEKTPUYHOI MAIIMHKU po3i0'eMo
Ha psAJ AUISHOK, KOYKHA 3 SIKMX MA€ MOPIBHIHO MPOCTY KOH(ITYpallio 1 CKJIaIa€ThCA
3 Martepiaiy 3 IeBHOI MarHiTHOI xapaktepuctukoro B (H).

KoxHoMy 3 00paHMX JIUISHOK MAarHiTONPOBOJAY Ha CXeMi 3aMILIeHHs
CTaBUTHCS Y BIAMOBIJAHICTh MarHiTHa MPOBIIHICTb, 3HAYEHHS SAKOI 3aJ€KUTh BIJ
T€OMETPUYHUX PO3MIpIB AUISTHKA MArHITONPOBOAY 1 MarHiTHOI MPOHUKHOCTI, fKa
JUIs1 PepPOMArHiTHUX JUISTHOK Ma€ HEJIIHIHHY 3aJIeKHICTh BiJl MArHITHOTO ITOTOKY.

Cxemu 3aminieHHss MarHiTHoro kona /IBI 3 pi3Hum crtynenem aeramizaiii
npejacrasieHi Ha pic.2.2+2.3. Ha cxemi 3aMinieHHs puc.2.2 BBEJAEHI HaCTYIHI
ro3HavyeHHs: Gy - MOBHA MarHiTHa MPOBIIHICTH KOPITYCY;

Gy - NOBHA MarHiTHA NPOBIHICTh BTYJIKH.

Ges - CyMapHa MarHiTHa TPOBIIHICTH JI0OOBOTO 1 T03JI0BKHBOI'O
1a30BOT'0 PO3CIIOBaHH OOMOTKHU SIKOPSI;

G, - cymapHa Mar"iTHa MpoOBIAHICTE J-0T0 3y0I1sd CTaTOpA;

Gps - MarHiTHa MPOBIIHICTH 11a30BOTO PO3CIFOBAHHS;

Gyi - Mar"iTHa npoBIJIHICTb 1-0r0 3y011s poTopa;

Gg - Mar"iTHa IPOBIIHICTh PO3CIIOBAHHS OOMOTKH 30Y/IPKCHHS;

Gsji - MarHiTHa IPOBIAHICTH MOBITPSIHOTO 3a30py MDK j-UM 3yOLieM

craTopa 1 1-uM 3y01ieM poTopa.
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Pucynok 2.2 — Cxema 3aMillieHHss MarditHoro kosia JIBI 3 MiHIMaibHUM CTyIIeHEM
neTanmi3ani
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Ha cxemi 3aMmitenHs puc.2.3 BBeJIeHI HACTYIHI MO3HAYCHHS:
Gjc - Mar"iTHa NPOBITHICTD J-OT0 AUISIHKU CIIMHKU CTAaTOPA;
Gj; - MarHiTHa NMPOBIJIHICTB 1-T0O ALISHKH sIpMa poTopa;
Gyo - MarHiTHa MPOBIAHICTb MO3I0BAKHLOTO JISSHKH KOPITYCY;
Gyp - MarxiTHa NPOBIIHICTb MONEPEYHOTO AIISTHKU KOPITYCY;
Gpo - Mar"iTHa MPOBIAHICTb MO30BKHBOTO JIISHKH BTYJIKH;
Gyp - MarxiTHa NPOBIAHICTb NONEPEYHOTO AUISHKU BTYJIKH;
AKTHBHUMH €JIEMEHTAMHU B CXeMax 3aMIlICHHS €:
F; - MJIC j-0if KOTYIIKH SKOPS;

F¢ - cymapaa MJIC oOMOTKH 30y 15KEHHS.

Cnin 3a3HauuTH, IO CXEMYy 3aMminieHHs O0araTomakeTHOl I1HIYKTOPHOI
MAaIIMHA MO’KHA 3BECTH JI0 CXEMH 3aMIILIEHHS JBOMAKETHOIO MOJyJIs, BpaXyBaBILIN
e neperBopeHHs npu pospaxynky EPC 1 imgykTuBHOCTEM uepe3 koediiieHT
sroptanHsa. KpiM TOro, CIpOIeHHsI CXEMU 3aMINIEHHS MOXKIIMBO 1 B MEkKaxX OJHOTO
nakera. SIKI1o yucio 3yOLiB craropa z. 1 YMciIo 3y01iB poTopa z, MarTh CHIIbHUI
AUIbHUK kg, TO MAarHiTONPOBOJ €JIEKTPOJABUIYHA MOXKHA PO3IISAaTH sK KAy
napaiesibHO BKJIIOUEHUX OJTHAKOBUX €JIEMEHTAPHUX CHUCTEM, B SIKUX BiJI0OYBAaOTHCSI
OJIHI M TI X HE3aJeXHI EJIEKTPOMAarHiTHI Mpolecu. 3 Orjsly Ha LEe, CXeMy
3aMillleHHs MOXKHA cOpMYBATH TUILKH LIS OJHIET eJeMeHTapHoi o0acTi. [Hia x
JacTHHA MAIIMHKU BPAXOBYETHCS 3a JOIMOMOI0I0 KoeditieHTa ky pu MPOBIAHOCTSX,

EPC i iHAyKTHBHOCTSIX.

2.3. AJropurmM Ppo3paxyHKy €JEKTPOMArHiTHHX mnapamerpiB i

xapakrepucTuk /IBI 3 moci1iioBHOI0 00MOTKOX0 30y IKeHHSA

OnauM 3 HAWOUIBII BIAMOBIAAIBHUX MOMEHTIB npu MojenoBanHl JIBI €
pO3paxyHOK BHYTPIIIHIX  €JIEKTPOMArHiTHUX [apaMeTpiB  MawmuHU. Big
€(DEeKTUBHOCTI 1 TOYHOCTI aJrOpUTMYy PO3paxyHKy Oararo B YOMY 3aJICKHUTh

HIBUIKO/IS 1 aIeKBATHICTh MATEMAaTUYHOT MOJIEJI €JIEKTPOABUIYHA B LiJIoMY [34].



53

VYKpynHEeHUH alropuT™M po3paxyHKY elleKTpoMarHiTHuX mpoueciB B JIBI 3
nocniioBHOI0 O3 npeacrasnenuit Ha puc.2.4. KopoTko 3ynuHUMOCS Ha 3MICTI HOTO
OCHOBHHUX €TaIliB.

Ha nouarkoBomy erami NpOBOAUTBHCS OOpoOKa BHUXIAHMX JIAHHX:
PO3pPaxoBYIOTLCSI OMOPY OOMOTOK, MPOBIAHOCTI PO3CIIOBAHHS, @ TAKOXK 3aJICKHO
Gd (0).

[Ipu po3paxyHKy HpOBIIHOCTEH BpPAaXOBYETHCS, II0 MAarHiTHE TII0JEe B
IHAYKTOPHIA MalllMHI MOXHA YMOBHO pO3JUIMTM Ha TOJIOBHE MOJEe 1 ToJe
po3citoBaHHA. ['0JI0BHE MOJie YTBOPIOETHCS MAarHITHUMH MOTOKAMH, 3YEIIICHUMHU
oanovacHo 3 O 13 O3, B TO# 4yac SK B 110JI€ pO3CIIOBAHHS BXOISATh MArHiTHI TOTOKH,
34erIeH] TUIBKH 3 OJHICIO 3 IINX 0OMOTOK.

Y po3risHYyTMX KOHCTPYKUISX I1HAYKTOPHHUX MAIlIWH I10J€ PO3CIIOBAHHS
YTBOPIOETHCSI MarHiTHUMU TOTOKaMHM, 10 3aMUKAIOThCS IO MOBITPIO, 1
MOJEMIOETHCS HACTYITHUMU MPOBIAHOCTSAMU PO3CIFOBAHHS: MATHITHOI MPOBIIHICTIO
71060BOT0 po3citoBaHHA 0OMOTKH SIKOPS (Gjg); MarHiTHOT TPOBIAHICTIO IMONIEPEYHOTO
na3oBoi poscitoBaHHs (G,) 1 MarHiTHOi MPOBIJHICTIO PO3CIOBaHHS OOMOTKH
30ymxenHns (Gg).

MarHiTHI TPOBIIHOCTI PO3CIIOBaHHS PO3PaXOBYIOThCS 3@ CIPOLIEHUMH
KapTHHAM IMOBIPHICHHUX IUISAXIB 3aMUKAHHS MOTOKIB PO3CIFOBAHHS MPHU AOIYIIECHHI
HECKIHYEHHOI MAarHiTHOI TPOHUKHOCTI JUISHKA MAarHITONPOBOAY, 3a SKHM
3aMHUKA€ThCs YacTHHA MOTOKY po3citoBaHHA. [Ipu 1poMy cymMapHuil MarHiTHUi
MOTIK PO3CIIOBAHHS PO3AUISIETHCS HA €JIEMEHTapHI MarHiTHi TpyOKH, 110 MalOTh
dbopmy ayr kin abo npsmux. [IpoBIIHOCTI pO3CIIOBaHHS €IEMEHTApPHUX TPYOOK
IHTETPYIOTHCSI 1 IPUBOAATHCS JJO IEBHUX BY3JIIB CXEMH 3aMIILIEHHS.

Toii e miaxiJ BUKOPUCTOBYIOTBECS MPH PO3PaXyHKY IMO310BKHBOI Ma30BOi
nposigHocti O (G,,). Ha cxemi 3amimenns nposigHocti Gy 1 G,y IpecTaBiIeHi
y BUTJIA1 CyMapHOi MPOBIAHOCTI Gy

BucHOBOK BUpa3y Juisl MpoBIAHOCTI JIoOoBoro poscitoBanus OS G BUrIIsigae
TaKuM YHHOM: IOBITpsHA 00JIaCTh, MO SIKIM MPOXOJAMUTH IMOTIK, PO30MBAETLCSA Ha

eJIeMEHTapHI HWIHAPUYHI 001acTi - TpyOKH (puc.2.5).
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[Totik 71000BOrO poO3CitOBaHHS OOYMCIIOETBCA SAK CymMa TOTOKIB, IO
MPOXOISATh Yepe3 eneMeHTapHl obiacti. MarHiTHa MPOBIIHICTh €IEMEHTApPHOI
Tpyoku dGy (x) 3aeXKUTh BiJl TOJIOKEHHS Ii€i TpyOKH 1040 3yOrs cratopa i
XapaKTEePU3y€EThCSl KOOP/IMHATORO X - BIICTAHHIO B1JI LIGHTPY I1a3a /10 CEPeIHbO1 JIHIT
eJeMeHTapHoil 001acTi:
dGls (x) = po-S/1 (x) = po-bzcdx / (7x), (2.6)
ne o = 4107 I'n / m - MardiTHa IPOHUKHICT TOBITPS;
S = b..dx - noriepeyHuit niepepi3 ejeMeHTapHoi TpyOKH;
b.. - mmpuHa 3y0us cTaTopa;

[ - NOBXKWMHA €JIEMEHTAPHOI MarHiTHOI TPyOKH.

v

hx

Wy,

Pucynok 2.5 — [losicHeHHs1 10 po3paxyHKy IIPOBiTHOCTI JJOOOBOTO pO3CIFOBAHHS
1 —3ybenb craropa, 2 — nobosa yactuHa OSl, 3 — enemeHTapHa TpyOKa IMOTOKY

PO3CitOBaHHS

[Tpu po3paxyHKy HpOBIAHOCTI JI00OBOTO PO3CIIOBAHHS INPUHMAIOTHCS
HACTYIHI JOINYIICHHS: BHTKH KOTYIIKH PIBHOMIPHO PO3MOAICHI IO BHUCOTI
KOTYIIKUA h,; 001acTh, 4depe3 sIKy MPOXOAUTh MOTIK PO3CIIOBAaHHS, OOMEKeHa
HMTTHAPUYHOIO TTIOBEPXHEIO pajiycoMm » = h /2.

CymMmapHa HpoBiIHICTh JIOOOBOIO pO3CIIOBAaHHS HABOAMUTLCS JI0 BY3JIIB, SKi
BIAMIOBIIAIOTh MEKaMm 3yOI1s cratopa. Ha 110 mpoBIIHICTE B PO3MJISHYTIA CXEMI

saminienns aie nosaa MJIC, a Ha ckimanosi dGy (x) - uactkoBa M/IC F (x). B cuiny
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BOTO PO3PAaxXyHOK TMpOBIAHOCTI Gy TPOBOJAMTHCH IIIAXOM I1HTETPyBaHHS
MAarHITHOTO TIOTOKY @) 3 ypaXyBaHHSIM BHUPa3y:
Gi=D;/F 2.7)
rne F=i-w— nosua MJIC OSI.

3 ypaxyBaHHaM npuitHaTUX npunyuess MJIC, sxa npuknagaerscs 10
eJeMeHTapHoil 00J1aCTi, Ma€e BUIIISIL:
F(x)=i-w-2x/h,. (2.8)
MaruiTHUM NOTIK, SIKU TPOXOUTH Yepe3 eIEMEHTApHY 00J1acTh:
dD(x)=F(x) dGis(x)=2 i Wy b-o-dx /(7hy) 2.9

[ToBHMI MarHUTHBIN MOTIK PO3CIFOBAHHS:

ki

CD[.\'_ I

]

2:0-w- -

Pt = iw-por b/ (2.10)

w-hy

3 ypaxyBaHHsM (2.7) HaBeJieHa MTPOBIAHICTb JJOOOBOIO PO3CiIOBaHHS:

Gy = po-b,./

VY cxemi 3aMilIeHHs BpaXxOBYEThCS Te, 110 JI0OoB1 yacTuHu OS po3ranioBaHi
3 JIBOX CTOPIH ITaKeTa CTaTopa 1 pOoBiIHOCTI JJI000BOT0 PO3CIFOBAHHS [10BOIOIOTHCS.

AHAJIOTITYHUM YHHOM PO3PaxOoBYIOThHCA 1HII TTPOBIIHOCTI PO3CIOBAHHS.

[TpoBigHOCTI MOBITPSAHUX MPOMIKKIB Gs; PO3PaXOBYIOTHCS 33 METOJOM
P.Ilona [70] ypaxyBaHHAM IMOBIPHICHUX IUISIX1B MarHITHOTO MOTOKY B MEKax 1-T0
3yOLEeBOro AuUIEHHs cTaTopa 1 j-ro 3yOmeBoro noaury poropa. Taki mpoBiJHOCTI
3aje’aTh BiJ KyTa IOBOpOTY potopa € (kyta 6 Mix Biccio i-ro 3y0us cratopa i
BICCIO J-TO 3yOus poropa). 3anexHicTe Gs (6) po3paxoBYeThbCs 3 ACSIKHM JIOCHTH
MaJIMM KPOKOM Ha IMONEepeHbOMY eTalll.

[Ipu po3paxyHKy TMpPOBIIHOCTI MOBITPSIHOTO MPOMIKKY NPUUMAIOTHCS
HACTYIIHI NpPUIYIIEHHS: BHCOTa 3yOlIB poTopa 1 cTaropa HPHIMAETHCS
HECKIHYEHHOIO; JIHIT MarHiTHOIO IOTOKY IHPOXOJATh [0 MPsAMIA JIiHIT 4Yepes

MOBITPSAHUM 3a30p 1 MO 1y31 Koia B 1ma3y; OOKy Mas3iB poTropa 1 craropa

PO3IIIAIAIOTHCS i KyTOM /3 pajl, a He MiJl KyTOM %paﬂ. 3rijiHo [7] nponoHyeThes
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npuiimatu = I pagupu b, / 0<i0i = 1,1 pan. nipu b, / 6>10, ne b, - mmupuHa
rmasza; O - BeJIMYMHA MOBITPSHOT'O IMPOMIXKKY.

BuBenenns Bupasy s OPOBLIHOCTI MOBITPSIHOIO MPOMIKKY IMPH
JIOBIJIBHOMY KYTOBOMY II0JIOKEHHI poTopa wLIOAO craropa 6,, BIANOBIAHOMY
HEPEeMIILIEHHIO LIEHTPY 3YOIlsi poTOpa IO PO3TOUYBAHHIO HA JIOBXKUHY JIyTU Y

(puc.2.6), BUrisga€ HaCTyMHUM YHHOM:

UL

A 1o

RN

bzp
tzp

ol

T

i

Pucynok 2.6 — [TosicHeHHs /10 po3paxyHKY MarHiTHOI MPOBiIHOCTI MOBITPSIHOTO

IPOMIKKY

PosrnsinyTuii iHTEpBall B MexkKax 3yOLIEBOro AUICHHS cTaTopa (1) 1 poTopa
(1) po30MBAETbCA HA XapaKTEpHI AUIAHKMA IMOBIPHICHMX IUISAXIB 3aMHKaHHA
Mar”iTHOro notoky. Jlis po3riisiHyTOro NpuKjIaay TaKUMU JUISTHKAMHU € JUISHKH
1+4. Ha xOXHIN JUIBHHUII PO3PAXOBYIOThCA CKJIAJ0B1 IIOBHOI IIPOBIIHOCTI
TIOBITPSTHOTO TIPOMIKKY:

Minanxa 1. Wupuna ginsaku b; = 0,5+ (- by). 1IpoBIAHICTE MOBITPSIHOTO

IPOMIDKKY Ha JiIsHI 1:
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— _b] ludx zluu'lu_ ﬁ'b1 =
Goyr= j,ug i() }[ﬂo Gipd B In( - +1)

ﬁ (3

ne  o=4m107 I'n/m — MaraiTHa NPOHUKHICTh TTOBITPS;

2.11)

= t1) 4

[1(x)=0+x - NOBXKMHA €IEMEHTAPHOT MATHITHOI TPYOKH;
S/=[,-dx — muio111a MONEPEYHOTro Nepepizy eJIeMeHTapHOI TPYOKH,
[, - TOB)KMHA TTAKETA CTATOPA;
X — pajilyc AyTH OKPYXKHOCTI 3 HEHTPOM B Toulli Q.

Hinanka 2. Wnpuna ginsaxu b,=0,5-(b-+b-,)—y.

[TpOBiIHICTE MOBITPSHOTO MPOMDKKY Ha AUISHIN 2:

S l,-b, -l
o=, = 2 =B (050 (b, +b,) ). 2.12)

B nanomy Bunazaky 1,=9 - 1oBKKHHA €1eMEHTApHOT MarHiTHO1 TpyOKH, Sy=l,-b,
- IJIOILA MOIIEPEYHOTO MEePEPI3y eIEMEHTAPHOI TPYOKH.
Hinanxa 3. Wnpuna ninsgaku b3=0,5-(b..-b.,)+y.

[IpoBinHICTE MOBITPSHOTO MPOMIXKKY Ha AUISHII 3:

by

— — Lpdx — _ py 1, ) B b, —
Goys= j,un / j Grm g ESD

By ]n(ﬁ (05-(b,. —b,, )+ }’)H),
s o

ne [3(x)=0+Px - noBxkUHA €IEMEHTAPHOI MAarHITHOI TPYOKH;

(2.13)

S3=[,-dx — ruion1a onepeyHoro nepepizy eleMeHTapHol TPYyOKH;
X — pajiilyc JOBKUHU OKPYXKHOCTI 3 LIEHTPOM B Toulli Os.
Hinanxa 4. Wnpuna ninsgv1ku bs=0,5-(,-b..)—y.

[TpoBiAHICTH MOBITPSIHOTO MPOMIKKY Ha JAUISHLI 4:

by " 1, dx _MHolg o 2-Bb
G@M _[.uu (x _[Juo (é+ﬁr+ﬁ(_x+b)) 2. ﬁ ]n((?+ﬁ‘b3+l)

toly 2805, b))
2-p 6+p-(0,5-(b,-b,)+y)

(2.14)

+1),
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e I4(x)=6+Px+P(x+b3) - HOBKKHA eIEMEHTAPHOT MArHITHOI TPYOKH;
Ss=l-dx - U011 TTOTIEPEYHOro Mepepizy eneMeHTapHOT TPYOKH;
X — pajilyC JIOBXKHUHU OKPY>KHOCTI 3 EHTPOM B ToUIll (.
CymapHa NpOBIJHICTb MOBITPSHOTO NPOMDKKY IPH IOJIOXKEHHH pOTOpa H

cTaTopa Ma€ BUTIIAML:

Gsij= GSyI+ Goy2+ Goy3+ Goyd= #o;n et -0,5-(;. ~b2) L 1+

B-(05:(b,-b,)+y) +
o

L5, +b,)- 0 in 1)+ 2.15)
1L 2B05 Gy b))
2 5+ﬂ-(0,5-(b:c_—bzp)+y)

IIpoBigHOCTI MOBITPSIHMX MNPOMDKKIB MNpPHU IHIIMX THOJOXKEHHSIX pOTOpA

PO3paxoBYIOTh aHAJOTTYHUM YMHOM. Buj 3anexuocti Gs (6) naBeaeHo Ha puc.2.7.

LGS

Pucynok — 2.7 3anexuicts G5(6)

Kyt 6, BinnoBigae MakcMMalbHOMY IepeMillieHHI0 potopa Y, = 0,5 (1., +
t-c), TIpU SIKOMY B1JIOYBA€THCS B3a€MO/Iisl 3yOLIB poTOpa 1 CTaTOpa HPH MPUHHATUX
NPUITYIIEHHAX. 6 3aleXKHUTh BlJl YHCIa 3yOLIB CTATOPA Zc 1 pOTOpa Z, 1 MOKEe OyTH

BU3HAYCHUM 32 BUPA30OM:

0=z ——L. (2.16)
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[Ipu po3paxyHKy mapaMeTpiB €JIEKTPUYHOI MAIIMHM 3 HEJIIHIHHUMHU
Mar"HiTHUMH 3B’ I3KaMH HEOOX1JHO BHU3HAYMUTHU il MATHITHE CTAaH B KOKEH MOMEHT
yacy, TOOTO Ha MiJICTaBl BiIOMOI T€OMETpii My3pamMTeaTpy 1 CTpyMiB B 0OMOTKaX,
a TaKoX BIJOMHX XapaKTEepUCTHK (epoMarHiTHUX MarepiajiB po3paxyBaTH
3HAYEHHS MArHiTHUX MOTOKIB 1 BIAMOBIIHUX IM MarHiTHUX IPOBIAHOCTEH ALISIHOK
My3/IpaMTeaTpy MarHiTHOI CUCTEMH.
Po3paxyHOK MarHiTHOIO JaHIIOra BEICThCs MPHU 3aaHUX TOKaX B 0OMOTKax
1 (hikcoBaHOMY MOJIOKEHH1 cepaeuHUKIB. 11 BeIuyuHM € BXIJIHUMH JAHUMHU 1IbOTO
erany pospaxyHky [IBI. Yepes nux pospaxosyrorecs MJC korymok skops Fj i
cymapaa MJIC oOmortok 30yxaenHs Ff, a Takox NpoBIAHOCTI MiX3yOLIOBHX
npoMikkiB Goij. Ilpu nupomMy B mponeci po3paxyHKy sl TOTOUYHOTO MOJOKEHHS
poropa O BHU3HAYAIOTHCS 3HAYEHHS KYTOBOI'O TOJIOXKEHHS KOXKHOI'O j-ro 3yOLs
poTOpa IIOAO KOXKHOro i-ro 3yoms cratopa (6;) 1 no 3anexHocti Gs (6)

BU3HAYAIOTHLCS MIPOBIAHOCTI G5 CXEMH 3aMILLEHHS.

[IpoBigHOCTI (hepOMArHITHUX MUISHOK PO3PaXOBYIOTHCS, BHUXOIAYU 3

r€OMETPUYHUX PO3MIPIB LIUX JIISHOK 1 MarHiTHOI MPOHUKHOCTI, 33 ()OPMYJIOKO:

Ger= ks WT'SCT/ZCTa (2 1 7)
rae ks - xosdduumenrta 3anosHeHHs crTand (IS IIMXTOBAHHBIX Y4YaCTKOB
MarHMTOIPOBO/IA);

Uer - a0COJTIOTHAS MAarHUTHAS TIPOHUIIAEMOCTh MaTepraia MarHUTOIIPOBO/IA;
Ser - IJIOLIAAbL CEYCHHS YYacTKa MarHMTOIPOBO/IA, MTOIIEPEYHOI0 MArHUTHOMY
MOTOKY;
ler - CpeHSS ITMHA y4acTKa 10 CHIIOBOM JITMHUU MarHUTHOTO MOTOKA.
Tak sik cxema 3aMmillleHHsT MAarHiTHOrO KoJia MICTUTb HEJIIHIWHI eJeMEHTH
(Mar-HITHUX TMPOBIAHOCTI (DEPOMATHITHUX AUISHOK), TO il PO3pPaXyHOK BEIEThHCA

ITepaliifHAM CIIOCOOOM.
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Jl1st po3paxyHKy MarHiTHUX IMOTOKIB B F'JIKaX CXEMHM 3aMIILICHHS Ha MEPIIOMY
ITepalifHOMy KpOlll HEOOX1AHO 3a4aTUCS MTOYATKOBUMH 3HAYEHHSIMU MPOBIAHOCTI
(hepOMarHiTHUX AUISHOK MarHiTHOro JaHuora. KuibkicTs iTepaniii, a oTxe, 1 yac
PO3paxyHKY MarHiTHOI'O JIAHLIIOTa 3aJICKHUTh B1J[ OJM3bKOCTI I0YaTKOBOI'O 3HAUYEHHS
MarHiTHUX TNPOBIAHOCTEH /0 1X peaJbHUX 3HAYeHb I[PH JIAaHOMY KYTOBOMY
II0JIO’KEHHI pOTOpa 1 TOKax B 0OMOTKax. Y 3B'A3Ky 3 LIUM 3a [109aTKOB1 HAOJIMKEHHSI
JOLIBHO MPUHMATH 3HAYEHHSI MarHITHUX MPOBIAHOCTEH (hepoMarHiTHUX JUISTHOK
Mar”iTHOrO KOJia, BIIMOBIJIHUX MArHITHOMY CTAHOM MAIlIMHUA Ha TMONEPEIHbOMY
Kpoui iHTerpyBaHHs. [Ipum po3paxyHKy MarHiTHOro Koja B NepIIId TOdIi
€JIEKTPOMArHITHOTO PO3paxyHKy 3a TI0YaTKOBI MOYKHA TIPUNHATH 3HAYCHHSI
MAarHiTHUX TMPOBITHOCTEW JIHIMHUX [UISHOK HaMarHidyBaHHsS, BIJMOBIIHUX
HEHACUYEHOTO CTaHy MaTepialiB IUISHOK MAarHITHOTO JIAHIIOTA.

Y Mexax KOKHOI iTepalii po3paxyHOK MartHiTHMX IOTOKIB B TLJIKaX CXEMHU
3aMIMICHHS BEAETHCS METOJIOM BY3JIOBHX MOTEHIIANIB. 32 3HAUJCHUMHU MOTOKaM 1
IUIONIaM JUISTHOK MAarHiTONpPOBOAA B PO3IISHYTHUX MEPETHHAX PO3PAXOBYHOTHCS
MarHiTHI 1HAYKIii, 3a SKMMM 3 BHUKOPHCTaHHSM KpHBUX HaMarHiuyBaHHsI
BIJINOBIJIHUX MaTepiaiiB (KpUBa HaMarHiuyBaHHs Marepiajiay 3aJae€TbCs KyOldyHOI
crutaitH-anpokcuMaiiiero kpuoi B (H)), BH3Ha4alOThCsT MarHiTHI HaNpyKEHOCTI
nosis H 1 abcosroTHi MarHiTHi npoHukHOCTI 1 ¢t = B / H depoMarniTHUX ALISTHOK
MY3paMTeaTpy.

[Ticns po3paxyHKy MarHiTHUX MOTOKIB BU3HAYAKOTHCS BIIMOBIAHI iM MarHiTHI
IIPOBIAHOCTI 1 MOPIBHIOIOTHCS 3 MOYATKOBUMHU 3HAYEHHSIMH.

Po3paxyHOK MarHiTHOro JaHIfora Oyje 3aKiH4Y€HO, KOJIM MaKCHMAaJbHE
BifHOCHe [IpupomieHHs MarHiTHUX MpoOBiAHOCTEM  'cTaneBux"  IUISHOK
My3/paMTeaTpy, OTPUMaHKUX Ha JBOX IIOCIIJOBHUX ITepalisix, Oy/1e MEHIIE ACSIKOro
3aJIaHOT'0 IlapamMeTpa TOYHOCTI po3paxyHKiB. KilbKICTh BUKOHYBAHHUX 1TEpaLiid IpU
IHIIMX HE3MIHHUX YMOBAX 3aBH-CHT BiJ KUIBKOCTI HENIHIHHUX €JIEMEHTIB B CXEMi
3aMILLEHHS 1 CTYIICHS] HACUYEHHS MarHITHUX JIAHIIFOT1B.

301KHICTD ITEpallIfHOrO MPOLECY MOYKHA IM1IBUILIUTH, BUSIBUBILIN ONTUMAJIbHI

3HA4YeHHs Koe(]illeHTIB penakcallii, YTOUHIOIOUUX HOBI MOYATKOB1 HAOMMKEHHS
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IPOBIJIHOCTEHN 3 ypaxyBaHHSIM OTPUMAaHUX 3HA4YEHb MIPOBIIHOCTI HA MONEPEAHBOMY
Kpo11l.

[Ticns BHU3HAYEHHS MAarHiTHOTO CTaHy MAIIMHH TIPOBOJUTHCSA PO3PAXyHOK
MOTOKOLIEIJICHHS KOTYIIOK (0OMOTOK) 1 1X MOXIJIHUX 10 TOKY 1 KyTy MOBOpPOTY 0,
K1 € AuQepeHLianbHUMK IHIYKTUBHOCTAMHU 1 Koediuientamu EPC obepranns 1
BXO/ISITh JI0 CKJIa/ly PIBHSHHS €JIEeKTPUYHOI pIBHOBArH.

Jani popmyerbes 1 po3paxoByeTbes cuctema audepeHiiagbHuX PIBHSIHD,
IIPOBOJUTHLCA PO3PAXYHOK CTPyMIB y BCix oOMoTKax J[BI.

Po3paxyHok cxeMu 3amilieHHs MaruitTHoro kosa JIBI Ha nepioai noBTopeHHs
BUKOHYETHCS 0aratopa3oBo 3 0OpaHUM KPOKOM poO3paxyHKy A0 mms pi3HHX
B3a€MHHUX IMOJIOXKEHb CEPACYHHUKIB.

OCKUIbKH PO3PaxXyHOK BEJIEThCS, IOYMHAKOYH 3 HYJbOBUX [MOYaTKOBUX YMOB
(cTpyMiB), TO 17151 TOCATHEHHS cTanoro npouecy B JIBI 3 mociaigoBuum 30yHKeHHIM
NOTPIOHO po3paxyBaTH NPOTATOM 3-5 mepioiB.

VY KOXKHIA TOYLl PO3paxyHKy 3a BIAOMHUMH (OpMyJIaMH PO3PaxOBYIOTHCS
MUTTEBI 3HAYEHHS MOCIIDKYBAaHUX BEJIMYMH BEHTHJIBHOTO JIBUTyHA. 30Kpema,
€JIEKTPOMArHiTHUM MOMEHT, IIO0 PO3BHMBAETHCS JABUI'YHOM [23], BU3HAYaeThCs 3a
hopmyJioro:

]m du/ ]m
e dy, 1o, 2.18
M, =25 S =S e, 1, (2.18)

JI€ - MEXaHI4YHa KyTOBa IIBUAKICTb 00€pPTaHHs pOTOpa.

[Ticiist JOCSTHEHHS! CTAjJOro CTaHy PO3paxOBYHOTHCS IHTErpajbHI 3HAYECHHS
BUXITHMUX noKa3HUKIB JIBI.

Takox Ha ILOMY €Talli PO3paxOBYIOTECS BTpaTH B cTajii. MUTTEBa KapTHHA
IHAYKIIIT B €JIEMEHTaX MarHiTHOTO JIAHLIOTa Ha OCTaHHbOMY TEPI0/1 PO3KIIa1a€THCS
B psan Dyp'e 1 MNpoBOAUTHECS PO3PAXYHOK aAMILTITYA OKPEMHUX TapMOHIHHUX
CKIasoBUX. Bupas 11 BU3HAUEHHS BTpAT B CTalll B IIEpEMarHiuyBaHHs €JIEMEHTa
My3apamMTeaTpy MEepIIoi rapMOHIKOK MAarHiTHOI IHAYKLII BHUIJIAJA€ HACTYITHUM
YUHOM:

P}zpo‘k; ‘k} 'sz'(f/ﬁ))s'm, (219)
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rae Po- yjaenpHble TOTEPU INPU MarHUTHOM wMHAYKUMU [ 17 W 4actore
nepeMarHuuuBaHus fj;

ki — koadpumeHT 06padboTKH;
ko=1+2 — k03D PULIMEHT, YUUTHIBAIOIIMN HATUYME TOCTOSHHON COCTABJISAIOIIECH
WHIYKIINH;
B\ — ammuuTy/a nepBoil rapMOHUYECKON COCTaBIISIIOIIEH MHIYKLIHH;
[} - moKkasarens CTENeHU, 3aBUCSIINI OT MapKU CTaJIH;
M — mMacca 3JIEMEHTa MarHUTOMPOBO/IA.
Bovicuue capmonuxku mazHumHbIX UHOYKYuli IPU pacyeTe MoTephb B CTAIH
MOJKHO Y4ecTb 1o opmyre:
szsz/Blzj'2, (220)
rje Pj- norepu B CTajld OT JICUCTBHS j-OU FrapMOHUYECKON COCTABJISIONIEH KPUBOM
WHIYKITUH;
Bj- aMIiuTy1a MarHUTHON UHIYKIIMH j-O TADMOHUKH.
Ilonnvle nomepu 6 cmaau B UTOre OYyT PaBHbI:
Pa= Pry(I+ Py), (2.21)
rje P, — cyMMapHbI€ IOTEPHU B CTAJM OT BBICIIMX TAPMOHUK.
Koo puyuenm noneznozo oelicmeusi osucamens:
T P,
" (P,+AP) P,+P,+P, +P, +P,. °

MEX

n (2.22)

rje P,=M,;C) - BbIXOHasi MOII[HOCTb JIBUTaTEJIA;

My=M,-M, - MOMEHT Ha BaJly JBUTATES;

M, - MOMEHT MEXaHUYECKHUX TOTEPH, 00YCIOBICHHBIN TPEHUEM B IIOAIIUITHUKAX
U a3pOJAMHAMUYCCKUM COIIPOTUBIICHUEM;

Py; - moTepu B Meu;

Pcr - motepu B cTanu;

Pgn - motepu B BEeHTHJIBHOM IIpeoOpa3oBaree,

Prex - MEXaHUYECKHE TOTEPH.

AHai3 OTpUMaAHUX PE3yJbTATIB JJO3BOJSE 3pOOUTH BUCHOBOK PO CTYIIHB

BIIMOBIIHOCTI  TokasHuKiB JIBI BHMoram TexXHIYHOro 3aBHaHHS 1 pIBHI
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€JICKTPOMArHiTHUX HaBAHTAXKEHb, IPU SKUX Il BAMOTH BUKOHYIOTHCS. Y pasi SKILIO
BUMOTH HE 33/I0BOJILHSIOTHCS, PO3PAXYHOK MOKe OyTH TOBTOPESHMH 31 3MIHEHUMHU
BXiIHUMH  JaHMMH. TakuM  YWUHOM, pO3paxXyHKOBa  MOJEIb  aHaJI3y
€JICKTPOMArHiTHUX MPOLECIB MOXKe OyTH BHKOPHUCTAaHA SK IHCTPYMEHT JUIs
NPOEKTYBAHHS EJIeKTPUYHMX MallMH Ha 3ajaHl NokasHuku. J[lanuit wmerox
pO3paxyHKy MpeACTaBiIsie NIMPOKI MOKIMBOCTI JUISl aHAJII3y YaCOBHX 3aJICKHOCTEH,
HaIPUKIIAJ 1HAYKTHBHOCTEH, CTPYyMiB, HAIPyT, €JIEKTPOMAarHiTHOrO MOMEHTY.

BukopucroByBaHi METOAM  JO3BOJSIOTH  JOCIIDKYBATH 1 MEpexiaHi
€JIeKTPOMEXaHIuYHl TMPOLECH, YOMYy CIPHUS€ BIZHOCHO BHUCOKY MIBHIKOJIIO
po3paxyHkoBoi Mozemi. Ilpu 1upomy cucrema audepeHUiaTbHAX —PIBHSAHb
JOTIOBHIOETHCS PIBHSHHSIM PYXY

M -M, =J-%, (2.23)

riae M. — MOMEHT CONIPOTUBJICHHSI Ha BaJTy JABUTATEIs;
J — cyMMapHbIii MOMEHT UHEPLIUU BPAIAIOMIMXCS YaCTEeH.

2.4. BUCHOBKH

[TpoBeneHuii aHasi3 nmokasas, 110:

1. PoGora JIBI 3 nociijioBHOIO OOMOTKOIO 30Y/KEHHS, B CTBOPEHHI SIKHUX
Opana ydacTb aBTOp, B sl PEKHUMIB XapaKTEPU3yEThCS] HACUUEHUM CTAHOM BiJl-
JUIOBHX JIJISSHOK MarHiTHOIO KoJia 1 HECMHYCOiAHOi (opMoro (a3HuX CTpyMmiB (3
HYJIbOBOIO 11ay3010) B 0OMOTKaX.

Jlnga  MareMaTM4yHOro MOJICNIOBAHHS  €JIEKTPOMArHITHUX TIPOIECIB 3
ypaxyBaHHSM IUX (PaKTOpiB HAHOUIBLI IPUAATHUM € METOJ] MUTTEBUX 3HAYEHB IIPH
BUKOPHCTAHHI MAaJOBY3JIOBUX €KBIBAJICHTHUX CXEM 3aMIilllEHHsS MAarHiTHUX
JIAHITIOTIB €JIEeKTPUYHOT MamuHu. [Ipu 11boMy po3paxyHOK MarfiTHOTO JIAHIIIOTA,
CTPYMIB 1 HalIpyr MPOBOJUTHCS Ha MEPIOAL MOBTOPY €JIEKTPOMArHIiTHUX MPOLECIB 3
JACSIKUM JIOCUTh MAJIUM KPOKOM.

2. [Iporpamua peasni3zaiiisi bOTO METOAY MOPSI 3 MPOBEACHHSIM MIBPIYHOTO
PO3paxyHKy IHTETrPaIbHUX 3HAYEHD 1 YACOBUX 3aJICKHOCTEH MMapaMeTpiB ABUTYHA, A

TaKOX PO3pPaxyHKy XapaKTEPUCTHK JO3BOJISIE 3 ypaXyBaHHSM 3aJlaHOTO KPUTEPIIO
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YTOYHUTH T'€OMETPHU-ETUYHI Ta OOMOTYBaJIbHI JaHl €JIEKTPOJBUTYHA, IPOBECTH
pPO3paxyHOK Ha HEOOX1HI MOKA3HUKHU 1 BUOPATH aJITOPUTM YIIPABIIHHS .

3. Jlnsa niaBUIIEHHs e(peKTUBHOCTI po3paxyHKy JIBI mpu cknananHi cxemu
3aMILIEHHS MAarHiTHOro KoJla HEOOXIJHO MaKCHMMaJIbHO BHUKOPHCTOBYBATH
MarHiTHy, €JIEKTPUYHY 1 TICOMETPUYHY CHUMETpil0 Mmy3zapamrearpy. CTymiHb
AeTajizalii CXeMHU 3aMILEHHS MarHiTHOTO KOJIa BUOMPAETHCS K KOMIPOMIC MK
TOYHICTIO 1 YaCOM PO3PaXyHKY.

ABtopoM OyB cdopmoBanuii 1 oOpaHuii BapiaHT CXEMH 3aMILICHHS
Mar”iTHOTO KoOJja, IpU SKOMY 3yOelb 1 CIMHKA CTaTopa, a TaKoXk 3yOerb poTtopa
NPEICTaBISIIOTBCS HA CXeMI Yy BHIJISAL  OJHOIO €JIEeMEHTa, SpPMO poTopa
MPEACTABISETbCS Y BUIVISAL JBOX €JIEMEHTIB, a KUIbKICTb €JIEMEHTIB PO30UTTS
BTYJIKM 1 KOPIIyCa BU3HAYAETHCS YUCIIOM 3yOLiB pOTOpa 1 CTaTOpa EIeKTPOABUTYHA
BIJIIIOB1/IHO.

4. 3a o0paHOIO CXEMOIO 3aMIIIEHHS MAarHiTHOTO KOJja, IO BpaxoBYyeE
HENIHIMHICTh ~ XapaKTEpUCTUK  (PEpOMArHiTHUX  MarepiajiB, ABOCTOPOHHIO
3yOuaTiCTh CEpACYHHUKIB 1 3MIHAa KOH]Irypamii 3a30py MK CepJeYHUKAMHU IpH
HepeMillieHHl poTopa, CKJIAZeHa METOIMKA 1 ajJrOPUTM PO3PaxXyHKY MarHiTHOTO
nanirora JIBI, a Takox po3po0iieHa mporpamMa po3paxyHKy, 110 BpaxoBY€ BBEICHI
0COOJIMBOCTI CXEMM 3aMILICHHS MAarHiTHOTO KoJla 1 BaplaHTH I1JKJIOYCHHS

[IOCJI1JIOBHOT OOMOTKH 30Y/KEHHSI.
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3. MATEMATUYHA MO/IEJIb TEIVIOBUX ITPOLIECIB B /IBI

3.1 OuiHka TenJI0BOro cTany ejJeKTpu4Hol MamuHu. i i 3aBaanns

[TleperBopeHHsT eHeprii B €JEKTPUYHUX MallMHAX HEMHUHY4Y€ IOB's3aHE 3
HeOaKaHUMU CYNYTHIMU SIBUIIAMM, IO MPOSIBISIOTLCS Y BUIJISAL HArpiBy,
MarHiTHOTO PO3CilOBaHHS, MexaHiyHMX Jjedopmariiii, BiOpamii, 3HOCY TOILO.
HaiiGinbin mupoKo po3CitoBaHHs €HEprii MpOosBIASETLCS Yy BUIUISAAI TeUia, IO
MIPU3BOIUTS JI0 HArPIBAHHS €JIEMEHTIB 1 IPUCTPOIB 00JaHaHHS B 1ioMy. TerioBa
€HEepris BTpaT, fAKa BHUAUIAETHCA B EIEMEHTaX eJIeKTPOJBHIYHA, YaCTKOBO
BUTPAYAETHCS HA IM1JIBUILEHHS TEMIIEPaTypH €JIeMEHTa, a YaCTKOBO BiJBOJUTHLCS B
HABKOJIMILIHIA MpocTip. Y cTalloMy TEIUIOBOMY PEXKHMI BCSI €HEpris BTpat
BIJIBOJUTHLCSA B HABKOJUIIHIA mpocTip. [Ipu 11boMy piBeHb HarpiBy €JIE€MEHTIB
BU3HAYAETHCS TOTYXKHICTIO, IO PO3CIIOETHCS 1 YMOBAMM OXOJIOJKEHHS, IO
XapaKTePU3YIOThCS HABKOJIMIIIHBOTO TEMIIEPATYPOI0, KOe(IlieHTOM TeIUIOBIaIaul 1
po3MipaMu TIOBEpPXHi, fKa PO3CIIO€ Temio. Y TMepeBa)KHiM OiNbIIOCTI BUITAIKIB
OakaHO MaTH MaJli BTpPAaTH 1 JIOMYCTHMI 3HA4YCHHs HarpiBy ab0 NEpeBUILECHHS
TEMIIEpaTypd €JeMEHTa HaJl TeMIIEpaTypor HAaBKOJMIIHBOIO CepeloBHINa, 00
MeperpiBu 3HWXKYIOTh TEPMIH CIYKOH, SKICTh (DYHKIIOHYBaHHS OOJIaJiHAHHS Ta
MOXXYTb HaBITh IPU3BOJUTH JO TOBHOI BTpaTH HMOro mpane3gaTHOCTI. 3 M€l
NPUYMHU aHali3 1 BU3HAYEHHS 3aJICKHOCTI TeMIepaTypd OCHOBHHUX EJIEMEHTIB
eJIEKTPOJBUIYHA BIJl MapaMeTpiB 1 pPEXKUMIB Horo pobdotu mopsa 3
€JIEKTPOMArHITHUM PO3PaXyHKOM Ma€ BEJTMKE 3HAYCHHSI.

OCKUIbKM HATypHE MOJE/IIOBaHHS TEIUIOBUX IPOLECIB B €JIEKTPOJBUTYHI
YCKJIQIHEHO CKJIQJIHUMHU 3B'SI3KaMU JIOCIIKYBaHUX SIBUI, BETUKUMH TabapuTamu,
a TaKOXK TPYAHOILIAMH BHECEHHS 3MiH B XOJl MONIYKOBUX AOCITIIKEHb, BAXKIUBY
POJIb /Il BUBYCHHS EJIEKTPUYHOI MAIMHU SIK TIJPaBIIYHOI 1 TEIUIOBOI CHCTEMHU
BIAITpa€ MaTeMaTUYHE MOJECIIOBAHHA. Teopiss MOAIOHOCTI BCTAHOBIIOE YMOBHU
MOJICJIIOBAHHS, TOTPUMAaHHS KOTPUX J03BOJISAE TOIUPUTH PE3YIbTaTH, OTPUMAHI 3a

AOIIOMOI'00 MOJC/IIOBaHH:, Ha peanbﬁnﬁ 00'eKT.
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besnocepeHiM  3aBlaHHSAM  TEIUIOBOTO  PO3PAaxyHKY €  BH3HAYCHHS

TEeMIIepaTypyu aKTUBHMX YACTHH MAIMHU 3 METOK) MEepPEBIPKH BHUKOHAHHS BUMOT

HI0J0 JONYCTUMOIO piBHA HarpiBy, 3asHaueHux B JICTY abo B TexHIYHOMY
3aBJ/IaHH] Ha MPOCKTYBAHHS.

Bij Toro, sik po3paxoBaHa i peajii3oBaHa CHCTEMA 0X0JIOKEHHS €JIeKTPHUYHOT
MalIMHU, 6araTo B YOMy BU3HA4YAOThCS 11 TEXHIKO-€KOHOMIYHI OKa3HHUKH.

TeruioBHi po3paxyHOK €JIEKTPUYHOT MAILIMHUA BUKOHYETBCS, SIK IPABUIIO, JIIS
il HOMIHAQJIBHOIO PEXKUMY pOOOTH IpH CTaloMy cTaHi HarpiBy. OpHak B psi
BUIA/IKIB MOTPIOHO IPOBECTH PO3PAXYHOK 1 ISl HECTALIOHAPHUX PEKUMIB HArpiBY,
B TOMY YHCJI NPH HABaHTAKEHHAX, BIAMIHHMX BiJI HOMIHAJIbHOI. B pe3ynbraTi
pPO3paxyHKy MOKYThb OyTH BH3HA4E€HI TeMIIEpAaTypHI MOJsI B HAMOLILII HArpITUX
30HaX aKTHBHUX YAaCTHH MAalIMHHA. 3HAYHO YacTime OyBa€ TOCTaTHHO OOMEKUTHUCS
OUIBLI MPOCTUM PO3PaXyHKOM CEpEIHIX NMEPEBHILEHb TEMIEpaTypH, 30Kpema s
00OMOTOK, OCKIJIbKH BOHH JIETKO BUMIPIOIOTHCS METO0M OINOPY MPU BUMIPOOYBAHHSIX
MAIIIUH 1 X JOMYyCTHUMI 3HAYE€HHs JaHO B cTaHaapTax [9].

VY pa3i camoBeHTWISALIT @00 NpPU MPUMYCOBOI BEHTHJIALI], KOJM HATHCK Y
BEHTWISILIIMHIA CUCTEMI CTBOPIOETHCS BEHTUIISITOPOM, BCTAHOBJICHHUM Ha Bally
MaluHu 200 B 0e3rnocepe/iHii 0JIM3bKOCTI Bl HEl, 0e3M0cepe/IHbO Mepe] TeIIOBUM
pPO3paxyHKOM  IIPOBOJUTBCS  BEHTWIALIMHMA  (T1ApaBIi4HMN)  PO3paxyHOK
enekTpuyHoil MaiuuHu [ 10, 36].

3arasibHe 3aBJIaHHS BEHTWIALIMHOTO PO3PAXyHKY €JIEKTPUYHUX MAIIMH
1oJIsAira€ B TOMY, 1100 NEpeBIpUTH, K OOpaHa cxema BEHTWIALII 1 BEHTUISITOP
3a0€3MeuyIoTh IONYCTUMY TEMIIEpaTypy aKTUBHUX YaCTHUH MAUIMHH MPU 331aHOMY
piBHI BTpaT Ha HarpiB. TyT OJHUM 3 HAWBAXKIMBIIMINX 3aBAAaHb € BU3HAUYCHHSA
CYMapHOTO T'/IPaBJIiYHOrO OMOPY BEHTHJISLIIHHOTO TPAKTY €1EKTPUYHOI MaluHu. B
XO0J1 BEHTWISALIMHOIO PO3PAaXyHKY TAaKOK BH3HAYAIOTHCS HEOOXIJIHMH HATHCK 1
HIBUKICTh OXOJIO/DKYIOUOTO CEPeIOBUIIA B OKPEMHX BEHTWISAIIMHUX KaHaIax
Mar”iTONMpoBOAY MAIlIMHHU, a TAKOXK MEpenaj TUCKIB Ha CyMapHOMY T1ApaBIiuHOMY
OIoOpi BEHTWIALIMHOIO TpakTy. Pe3ynbraTd BEHTUISALINHOIO pPO3paxyHKY

BU3HAYAIOTh IPAHUYHI YMOBM JUIS PIBHSIHHS TEIUIONPOBIIHOCTI, TOOTO CIIyXaTh
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TUMH BHUXIJIHUMHU JIaHUMH, SIKI JIO3BOJIAIOTH BUKOHATH TEIUIOBUH pPO3pPaxyHOK
mammuHu [30].

Y pa3i He0OX1HOCTI PO3pPaxOBYIOThCS HAMIPHI €IEMEHTH BEHTWISTOPIB a00
HAcoCiB, skl 3a0e3neuyroTh HEOOXIAHY BHTpaATy, 1 HIBHUIKICTH OXOJIOJKYHOYOrO
CepeIoBHIIA, a TAKOK BUTPATHU MOTYKHOCTI, HEOOXIJIHI JJI pOOOTH BEHTUJIATOpA
abo iHII0rO HamipHOTO MpHcTporo [15].

3 ypaxyBaHHSIM JIaHUX BEHTWIALIMHOTO PO3paxyHKY IPOBOAUTHCS 3arajibHa

OIIIHKA TEIJIOBOI'O CTaHY €JIeKTPUYHOI MALIMHHU.

3.2 MeToa eKkBiBaJIGHTHHX TEILIOBHX cXeM 3aMiineHHs1 crocoBHo [IBI

Sk BKe TOBOPWIJIOCS paHilie poboTa eIeKTPUUHUX MAIKMH, B TOMY YMCHI 1
JIBI, cymnpoBOKYeTbCS HeOa)kaHUM, aje€ HEMMHYYMM IPOLECOM BHJILICHHS
TEIUIOBOI €HEPrii B eleMEeHTaX KOHCTPYKIIIT MAILIMHHU, 110 € HACIIAKOM BTpPAT €Hepril
B HHMX. Haii0inpmr 4yTAMBOIO [0 TEIJIOBHMX HABAHTAXKEHb € 130J111 OOMOTOK
eJIeKTpU4YHOi MammHM. ITiBUIEHAa Temieparypa BHKIMKA€E TEIUIOBE CTApPIHHS
130J151111 0OMOTOK, MPU3BOJAUTD JIO 3HWIKEHHS €JIEKTPUYHOT 1 MEXaHIYHOT MIIIHOCTI.

B nmanuii wac mis aHamidy TEIUIOBUX IPOIECIB B PI3HUX KOHCTPYKIIISX
€JIEKTPO/IBUTYHIB 3HAaXO/IATh 3aCTOCYBAHHS PI3HOMaHITHI METOAM PO3paxyHKy [9,
36, 39], cepen SKMX MOXKHA BUAUIMTH: TOJIbOBI METOJH, METOJ E€KBIBaJCHTHHX
IpIIOYUX BTPAT, METOJ TEMIIEpATypHUX TOJIB, METOJl EKBIBAJCHTHUX CXEM
3aMminieHHs Ta iH. HaliOuibl npocTuM 3 TOYKM 30py peaiisauii Ta 3a0e3neueHHs
TOYHOCTI, 110 BIJMNOBIJA€ BHMOIaM 1H)XXCHEPHOI'O pO3PAXyHKY, € METO]
eKBIBaJIeHTHUX TeruioBux cxem 3amimieHus (ETC).

OcHoBHOlO mepeBaroro metoxy ETC € icTOTHE CHpoOIIeHHs pillleHb
JABOBUMIPHHUX MPOLECIB TEIIONPOBIAHOCTI. Tak K pe3yabTyrOuuil TEIIOBHA IMOTIK
€ cyMa B3a€MO/Iii OJHOBUMIPHUX IOTOKIB, TO €KBIBAJEHTHUM TEIIOBUM OIip
BU3HAYAETHCS SK CyMmMa IapajJelbHUX ONOPIB, $KI NPOXOAATb OJHOMIPHHUMH

INIOTOKaMH Yy Bi,E[l'[OBi,I[HHX HallpsAMKaXx. ]_[C nepeﬂ6aqae aHaJIOT10 TETIOBOTO IIOTOKY
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3 eJEeKTPUYHUM cTpyMoM I, 3acHOBaHy Ha e€auHIN (opMi pPIBHSHB TEIIOOOMIHY
(3akon dDyp'e):
P=A-§S,-AT/6=AT/R, (3.1)

Ta CTpyMy (3akoH Oma):
I=k-S-AU/I=AU/R,, (3.2)

e S, - CEpE/IHs MUIOMIA TETUIONEPEIArYO0T NOBEPXHI;

A - KOe(IIEHT TeTUIOPOBITHOCTI;
AT - mafiHHs TeMIIEpaTypHu Ha JIOBXKHUHI J ;

R, - TEMJOBHUH ONIp JaHOI JUISIHKY UISXY TEMJIOBOTO IOTOKY;

k - muTOMa eNneKTpUYHA TPOBIIHICTE;
AU - pi3HHLS NOTEHIIAJIIB Ha IMHI TPOBITHUKA 3 IEPETUHOM;

R, - €JEKTPUYHUI OIIp.

OpxHa 1 Ta X KOHCTPYKISl €JIEKTPOJIBUIYHAa MOXe€ OyTH IpejicTaBiIeHa
pI3HUMHM TEIUIOBUMM CXEMaMH 3aMIIIEHHS, 1[0 BIAPI3HAIOTHCS CTYICHEM
AeTanizanii MOKJIMBUX IIJISX1B MIPOTIKAHHSA TEIIOBUX NMOTOKIB. OCHOBHY mpolnemy
TYT CTAHOBHUTH TOYHE BU3HAYCHHS TEIIJIOBHX OTOPIB MiXK eJIeMEHTaMH KOHCTPYKIIil
€JICKTPO/IBUTYHA, B SIKUX BIAOYBAa€TbCS BUIUICHHS TeIUla, 1 HABKOJIMIIHIM
CEpe/IOBUILIEM, & TAKOK BH3HAYEHHS OCHOBHUX MOKA3HUKIB, 110 XaPAKTEPU3YIOTh
IHTEHCHUBHICTh OXOJIOJDKEHHS €JIEKTPOJBUTYHA B pa3l 3aCTOCYBaHHS CHCTEMH
PUMYCOBOI BeHTW ST (BOy10BaHUI BeHTWIsITOpP a00 npoyB). s BUSHAYCHHSI
BUTPATH XOJIOL0AreHTy yepes Mammny Q, [M*/c], HeoOXinHoro s BigBoay TeIa,
a TaKk caMO PO3MOJLIY XOJIOJOAreHTy 1 MOro IMIBHAKOCTI Ha OKPEMHX IUISHKAX,
HEOOX1/IHO Iepe]l TEIUIOBUM PO3PaXyHKOM IPOBECTU TiIPABIIYHUI PO3paxyHOK
eneKkTpoaBuryHa [26, 29].

[Ipy mareMaTHUHOMY MOJEIIOBaHHI TeIIOBHX mpoieciB merogom ETC

IPUIMEMO TaKl MPUITYLICHHS:
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MallMHa TPECTABISAETBCA Y BHUIJISAI CUCTEMH OJIHOPIJIHUX EJIEMEHTIB,
3B'SI3KM MK SIKUMU BU3HAYAIOTHCSA BHIAOM 1 YMOBAMH TEIIIO00OMIHY;
€JIEMEHTH EJIEKTPOJABUIYHA TOBMHHI MaTH SKOMOra OUIBII TIPOCTY
reoMeTpuuHy (HopMmy, B MeKaxX po3MIpIiB AKOT YMOBH HArP1BY-0XOJIOKEHHS
3QIIMIIAIOTECS  TOCTIMHUMHU, KOJKEH €JIEMEHT Ha CXeMl 3aMIlIeHHS
NPEICTaBISIETbCA Yy BUIUISAL  By3lla, B SKOMY 3 €JIHYKOTbCS OINOpPHU
TEII000MIHY LILOTO €JIEMEHTA 3 ONOPAMHU TEIIO0OMIHY 1HIIHUX €JIEMEHTIB;
30CepeHKeH] €KBIBAJICHTHI TETUIOB1 OTIOPH, SIK1 3aMIHATH J1HMCHI PO3MOALIEHI,
110 HE 3aJIeKaTh BiJl BEJIMYMHH TEIJIOBOTO IMOTOKY;
BTpAaTH, HI0 BUHUKAIOTH B KOHKPETHIM YaCTHUHI €JEKTPUYHOI MAIlUHU
BUJIITISIIOTHCS B BY3/1aX;
TEIJIOBUH PO3PAaXYHOK €JIEKTPOABUIYHA 3BOJIUTHCS A0 PO3PAXYHKY CepeIHIX
TeMIeparyp BCIX BY3JIB  MalMHU. Jlod  CHOpOILIGHHS — PlIICHHS
nepeadavaeThes, M0 B MO310BKHBOMY MEPETHHI Nepeaada TeIuia BiACYTHS.
Lle 103BOJISIE PO3TJISAAATH TUIOCKY 3a/1a4y B MOTNIEPEYHOMY MEePETHHI MALLIUHH.
[lepeBuilieHHa TEMMEpaTypy OKPEMUX MPOBIAHUKIB OOMOTKH MPUHNMAETHCS
PIBHUM CEpPEeHbOMY NEPEBULIEHHIO TEMIIEPATYpH 11 POBIIHUKIB;
TaK K TEIUIOBI ONOpPH, SKI BU3HAYAKOTHCS 4Epe3 MapaMeTpu CepeloBHINA
(koedilieHT TEMIOMPOBIAHOCTI 1 TEIJIOBiAAaul, KiHEMATHYHA B'S3KICTh,
TEIUIOEMHICTD), 3aJI€5KaTh Bl TEMIIEPATYPH, TO NIPU PO3PaxXyHKY 3a METOAOM
ETC 3amaoTbcsi OpIEHTOBHMMM 3HA4YEHHSIMM TEMIIEparyp, 3a SKUMHU
BU3HAYAIOTh BCl TEIUIOTEXHIYHI MAapaMeTpu MaTeplajiiB 1 OXOJOMHKYHHOTo
CepeoBHUIIA.
npu  BukopuctanHi merony ETC Ttaki Termodi3zuuHi XapaKTEPUCTHKH
OJHOPITHUX  €JIEMEHTIB, fAK 00'€eMHa  TEIJIOEMHICTh, KOE(IIIEHT
TETIONPOBIHOCTI, IHTEHCUBHICTh 00'€MHO-PO3NOAUIEHUX JUKEPEN TETUIOTH 1
YMOBH TEIUIO0OOMIHY Ha KOpJIOHAaX €JIEMEHTIB, BBAKAIOThCS MOCTIMHUMU J1IsI
JaHOTO IHTEPBAly TEMIIEPATyp;
B pa3si 3aCTOCYBaHHS IPUMYCOBOI BEHTHJIALIT €JIEKTPOABUTIYHA TEMIIEpaTypa

MOBITPS BCEPEIMHI €JEKTPOJBHIYHA NPUHMAETHCS TMOCTIHHOK 1 PIBHOIO
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Cepe/IHIM BEIMYMHI MK TeMIlepaTypaMM IMOBITPSHOTO MOTOKY Ha BXOJI i

BHXO/I1 3 MamuHu [36]:

k,->.P
Lo " Tpsm ¥ L)l 2=T 12 (3.3)

aKp.cp. + ?
2:(C,-p,Q,)

ae  k, - KOoe]ii€eHT, 10 BPaxOBY€ YACTKy BTpPAT B MallWHI, 10 BIABOASTHCS

OCHOBHHUM OXOJIO/IKYKOUHUM MOTOKOM;
> P, - cyMapHi BTpPaTH MAIIMHN Ha HarpiBaHHs BT;

C, - nutoMa TerioeMuicthb (Bt-c / (kr - °C));

p, - 1 TycTiHA moBiTps (Kr / M?).

Tyt chipg 3a3HaYUTH, MO TPH TETUIOBOMY PO3PAXyHKY OCHOBUX CHCTEM
oxonopkeHHs [IBI, 0cOOIMBO BEMKUX, HE 3aBX/IH JOCTATHRO BPaxOBYBAaTH JIHIIIE
cepeiHio Temiepatypy (3.3) 0X0JI0KYI0UOro MOTOKY BeepeAnHl Maluiu. B ibomy
BUTIAJKY MOCTYIMOBE MiABHUIICHHS TemrepaTypu T, OXOJ0MKYHOUOro MOTOKY MpHU
IIPOXOJUKEHHI PI3HUX JAUISIHOK MAalllMHU BpPaxOBYIOTBCS B TEIUIOBIM cxemi 3a
JOTOMOT OO JITHIT, AKY MOKHA PO3TJIsAaTH K psij 0a30BMX TOYOK 3 TEMIIEPATYPOIO,
3pOCTarouO0i B HAMPAMKY pyxXy noToky Qg (puc.3.1).

Bunineni 6a3oBi Touku cxemu MaroTh temrepatypu Ty, Ter 1 T, skl 1
HOTPIOHO BU3HAYMTH.

[Ipu ubomy Ui COpPOIICHHS BU3HAYEHHS 0a30BMX TOYOK CXEMHU POOHUTHCS
NIPUITYLICHHS PO JIIHIHHE HAPOCTaHHs TEMIIEPATypH 10 JOBXKHMHI MAIIMHU 1 0a30Bi
TEMIIEPaTypH PO3PaXOBYIOTHCS 3a3/aJIeTi/b:

Tai=TaxtAT 11/15;
TBQ':TBX‘FAT' 12/12; (3 4)
Tas=TatAT- 13/123

ae Ty - TeMIepaTypa Ha BXOA1 BEHTHISALIHHOTO TPAKTy €IEKTpOoABUTYHA, °C;

AT = Tyux- Tuox = k" ZAPyy, / (C-Qy) - miztirpis nositpsinoro noroky, °C;
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Teux - TEMIIEpATYpa Ha BUXO/I1 BEHTHJIALIIMHOIO TPAKTy €JIEKTPOABUTYHA, °C;

ks<0,9 - xoedili€eHT, 1110 BpaxoBy€e 4acTKy BTPAT B MAllMHI, 1110 BiJABOAATHCA
OCHOBHHUM OXOJIOJIKYHOUHUM IOTOKOM Qg B 3aJICXKHOCTI BiJl CHCTEMH OXOJIOKCHHSI;

2AP,, - cymapHi BTpatu MaumHu, Bt

C - nuroMa oO0'eMHa TEIUIONPOBIAHICTD XOJOJ0AreHTY NPH HOPMAaJbHUX
ymoBax, (JIx / °C-kr);

11, I, 15, Iz - MOBKWHYU BIJINOBIJTHUX JUISHOK.

3aCTOCOBYHOTLCS W 1HIII METOAM 00JIIKY 3MIH TEMIIEpaTypH 0XO0JI0DKYIOUOI0

MOTOKY B Mipy HOT0 MPOXO/KEHHS Yepe3 Maluny [26].

B)y— T ——m——®
i ] 1
[ —— Ts 0] :
—_———
Teor | To3 Too _ﬁ)};;_" Ty

11

13

Pucynok 3.1 — BrumiB miirpiBy 0XoJI0KyrH040ro MOTOKY B TETUIOBIM CXeMl

EnekTpudHI MallliHA MOXKYTh TPAIFOBATH B PI3HUX HOMIHAJBHUX PEKUMAaX:
TPUBAJIOMY, KOPOTKOYACHOMY, MIOBTOPHO-KOPOTKOYACHOMY, IEPEMIKHOMY, & TAKOK
MOJKJIMBI PEXKUMH, K1 HE BiANOBinaroTe HopmaTuBam J(CTY.

JI1st TATOBUX €JIEKTPOABUTYHIB HAMOLIBII TUITOBUN PEKUM POOOTH 3 IIBHJIKO
3MIHIOIOYMMCSI HABAaHTAXXCHHAM - IOBTOPHO-KOPOTKOYACHUH pexum  abo
aHanoriyHuil omy. TeryoBUM CTaH €IEKTPOJIBUTYHA MPU IbOMY 3aJIE€KHUTh BIJ
TpuBanocTi BkiaroueHHs (IIB = t, / t,,, e t,- TpuBamictb poboyoro mnepioay, tus -
TPUBAIICTH ITOBHOI'O LIMKJIY) 1 BEJIMUMHU HABAHTAXKCHHSI.

VY o6ubmocti Bunaaxkis Metoa ETC BUKOpUCTOBYETHCS [UIsi BU3HAYCHHS

TETUIOBOTO CTaHY €JEKTPOIBUTYHA B TPHUBAJIOMY PEXKHMi POOOTH, aje TYT TaKOXK
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CJIIJI BIIBHAYUTH MOXIJIMBICTH MOIO YCIHIIIHOTO 3aCTOCYBAHHS JUIS PO3paxyHKY

HECTAI[IOHAPHUX  HOMIHAJBHUX  PEXKUMIB, a TaKOX PEKUMIB  poOOTH

€JIeKTPOJIBUTYHA MO 3aJaHiil LMKJIOrpaMi HaBaHTaXEHHS, 10 Oyje MoKa3aHO
HUKYE.

Meton ETC enexTpuuHOi MallMHKU 103BOJISIE MPEICTABUTH PI3HI MPAKTUYHI

3aBJIaHHS PO3PaXxyHKY YCTAJICHOTO PEXKUMY HArpiBy y BUIJISII CHCTEMH PIBHSHB!

Ayhp-Ap. . mhy.mhy, i P,
L YPT L G B G B ST, B G T F,
mfmem s Neovnmifle soamdle, FE B
................................. < . |=1... (3.5)
Agmhpg=ha. hyoml ¥ F
Ag=fgfg.mhy Ay, T F,

e P, - BTpaTd MOTYXKHOCTI B OyAb-SKOMY 3 OJHOPIJIHUX €JIEMEHTIB, Ha SKI
po30UTa €IEKTpUYHA MaIlINHA;

A, - TEIUIOBI MPOBIJHOCTI €JIEMEHTIB €JIEKTPOIBUI'YHA.

nn

SIka 6 He OyJ1a KOHCTPYKILis €JIEKTPUYHOT MALLIMHHI, B TEIIJIOBOMY BiHOILIEHHI
1€ 3aBXKIU CKJIAJHUNA KOMIUIEKC B3a€MOIOB'SI3aHUX €JIEMEHTIB, MIPOIECH B SKOMY
MaTEMaTHYHO OMHCYIOTHCA CHCTeMOI0 audepeHmianbHux piBHAHL [lyaccoHa B
noxigHuX. B3aeMonos's3aHi 1 B3a€EMO3aleKHI I'PAaHUYHI YMOBU ISl LIUX PIBHSHb
CUJIbHO YCKIIQJHIOIOTH BHUpIMIEHHS. BiamoBa Bia po3risay TMOJs TeMIepaTyp
BCEPEINHI OKPEMO B3ATOTO €IEMEHTa JO3BOJISE YSIBUTH TETUIOBI MMPOLIECH CHCTEMOTO
3BUYAHHUX JIHIMHMX JuQEpeHLiatbHUX PIBHSAHB NEPIIOro MOPSAIKY. IX YMcIIo
3aJIKUTh B1JI KUTBKOCTI €JIEMEHTIB, Ha K1 pO30MBAETHCA €IEKTpUYHA ManinHa. Sk
npaBuio, Temuosa cxema 3amimenHa (TC3) Bkiarodyae B ceO€ HACTYIHI €IEMEHTH
enektpoasuryna [8-10, 56]: 3y0mi craTopa; CHHHKY cTaTtopa; KOpoyc i
HIAIKUITHAKOBI IIUTH; 11231B YaCTUHA OOMOTKHU cTaTopa; J0OOBY 4acTUHY OOMOTKHU
CTaTopa, MIKIIAKETHY 4YacTHHY OOMOTKHM cTaTopa (BHUIAJOK OaraTomnakeTHOL
KOHCTPYKIIi €JIEKTPOJABUIYHA); 0OMOTKY 30Y/KE€HHs; 3yOIll poTOpa; BHYTpPILIHE

CEPCAOBHUIIIE.
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Bei enementn TC3 3B's3yroThCss Mik €000 BIATIOBIIHMMH TEIJIOBUMH
IpOBITHOCTAMHU. JI)KepenamMu TemIoTH, 30CEPEKEHUMHU y BIAMOBIAHUX BY37aX, €
BTpPaTH B CTaJll MarHiTOIPOBOAY: OCHOBHI 1 J0JAaTKOBI BTpaTu B 3yOIsiX cTaropa,
BTpaTH B SIpMi CTATOpa, BTPATH B CTaJl pOTOpa; BTPATH B MiJii 0OMOTOK cTaTopa i
30y/DKeHHSI; @ TAKO)K BHYTPILIHI MEXaHI4H1 BTpPaTH, 1110 CKJIAJIAl0ThCS 3 BTPAT Ha
TEPTS B MIAMUIHUKAX 1 BTPAT HA TEPTS poTOpa.
TemuioBuil ctaH n-ro eneMeHTa CXeMH 3aMILICHHSI OMHUCYEThCS HACTYITHUM

audepeHIiaIbHUM PIBHSAHHSIM TEILIOBOro OaslaHCy:

dT qli#n)
Cprl= I A - -T) 2, (3.6)

ne C, - TemI0eMHICTh N-TO €JIEMEHTA;

T, - TeMIlepaTypa n-ro eJeMeHTa;

T. - TeMmmepaTypa OJHOrO 3 CYCIJIHIX €JIeMEHTIB, MOB'A3aHUX B TEIJIOBOMY
BIJIHOIICHHI 3 JIJAaHUM €JIEMEHTOM N;
P, - BTpatu noTy»HOCT1 B JAHOMY €JIEMEHTI n;

A, - TEIUIOBA MPOBIIHICTH 1-T'O €JIEMEHTA,;

t - MOTOYHHUH Yac.
3 METOI BU3HAUEHHS XapaKTEPUCTHUKU TEIJIOBOTO CTAHY MAIIMHH B IIIOMY

BUPILIYIOTh HACTYIHY CUCTEMY AM(PEPEHIIIATbHUX PIBHSAHb!

-

dT m m
C-ZL=(EA)T+5A, T+,
6 2 R T+ T e, T2 R

= s = — ) .'_’+ . ) + s
167 =CH M) Tt Z Ba IO+ A 3.7)

d qlizn) qlizn)

C .gz(— SA)T + Y (A, -T)+P,
= =

JIe M - KUIbKICTh €JIEMEHTIB, MTOB'SI3aHUX B TEIJIOBOMY BIAHOIICHH] 3 IEPIINM
€JIEMEHTOM;
K - KUJIBKICTH €JeMEeHTIB, MOB'A3aHUX B TEIJIOBOMY BIJIHOLIEHHI 3 JPYTUM

CJIICMEHTOM.
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Jlani, 3amaouuMch TEMIEPATypol0 HABKOJUIIHBOTO cepeAoBHIna O, i
BUPIIIYIOUH HABEICHY CUCTEMY OY/Ib-IKUM 3 BIJIOMUX CIIOCO01B, 3HAXOISATH CEPEIHI

3HAYEHHS TEMIIEpaTyp €JIEMEHTIB B Oy/ib-KHil 3 MOMEHTIB 4acy t. PimieHHs npwu

Q;’ =0 nae crani temneparypu Tt TC3.

[Ipu pospaxynky 3a metojgoM ETC nependavarorbcsi BIIOMUMM BTPATH, 1110
BUJIUISIOTHCS B MAIIMHI, TEIJIOBI OMOPH (MPOBIAHOCTI) HA MUISXaX TMepeaadl uxX
BTpaT (po3paxyHok TeruioBux mnposigHocTeit ETC 3amimieHHs NpOBOAUTHCS 3a
METOMKOIO HaBeIeHOIO B [8]), BUTpaTa 0X0JIOIKYI0UO01 cepeioBUILa Qy, IBUAKOCTI
PYXYy OXOJIO[KYBAJIBHOTO CEPEIOBHINA ONM3BKO OXOJOKYIOUHX TOBEPXOHB 1
BIAMOBIAHI  Koe(diwieHTH Terutonepeaayl. Takok moBMHHA OyTH 3ajaHa

TEMIIEPATypa OXOJNOIXKYIOHOTI'0 CEPEAOBHUILA HA BXOﬂi B CUCTEMY OXOJIOMKCHHA.

3.3. Po3paxynok temioBux npouecis B IBI. TemnoBi cxemn 3amituenHst.

MeTo KiHIIEBHX €JIEMEeHTIB

Ha 6a3i MeToauku TEIIOBOTO pO3paxyHKy, HaBEJAEHOW B po3aill 3.2, Oyna
po3poOjieHa Tmporpama, L0 JO3BOJIIE€ aHAJI3yBaTH TEMIIEPATypHI PEKUMHU
€JIEMEHTIB BEHTWUJIBHOTO IHAYKTOPHOTO €JIEKTPOJABUIYHA. BuxigHi maHl 1
IIpOrpaMH BIAMOBIAAIOTE pe3yJbTaTaM EJIEKTPOMArHITHOTO PO3paxyHKy (BTpaTH
HOTYXKHOCTI B eneMeHTax KoHctpykmii /JIBI, macu enemeHTIB) 1 NMpoeKTyBaHHS
(reoMeTpuyHi aHi), a Takox OepyTbCcs 3 JOBIAKOBOI JiTeparypu (koedimieHTH
TEIJIONPOBIIHOCTI €1eMeHTIB KOHCTpyKLii JIBI, muTtomi TENn0€MHOCTI 1 T'YCTUHHU
MaTepiaiiB €JIEMEHTIB ABUTYHA ).

PesynbraTt MOJIeII0BaHHS SIBJISIIOTH COO0I0 TUMYACOBI 3aJICKHOCTI CEPeHIX
Temrnepatyp aktuBHuUX 4actuH JIBI, a Takoxk ycTaneHi 3HAYEHHS CepeaHIX
TEMIIEpaTyp €JIEMEHTIB EICKTPOABUTYHA (3Be/ICHA TaOIHIIs).

[Tpu npomy TerioBa cxema 3aminieHus i JABI ckinaganacs B npunyieHHi,
[0 TeIrJIonepeaya yepe3 Bajd Mayia 1 JIOTPUMYIOThCS TIPHUITYIIEHHS, HABE/ICHI B

po3aimi 3.2. Ha pwuc.3.2 HaBelneHO BaplaHT TeIUIoOBOi cxemu 3amimeHHs JIBI
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JBOMAKETHOI KOHCTPYKLIi (cXema 3aMINICHHs TNpeJACTaBlIeHa Ha [OJOBUHY

MAIIIHH).
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Pucynoxk 3.2 — TeruioBa cxema 3aMillEHHs JJIsi PO3paxyHKY TEIJIOBUX MPOLECIB B

JIBI

TeruioBa cxema 3amimenns (I13C) cknamgaeTbes 3 gecsaTv T 3yOIiB cTaTopa
3 CepeHbOIO TeMITEPaTypoio Q,1; CIIMHKK CTAaTOPa 3 CEPEIHBOI0 TeMIIEPATYPOtO Qai;
CTAaHUHHU 1 TMIJIIUIHUKOBUX IIUTIB 13 CepeiHboro Temneparyporo Qg 1 Qg
Bi/IIIOBITHO; TTa30BO1 YaCTHHH OOMOTKH CTAaTOpa 3 CEPEAHBOI0 TeMIepaTyporo Qp;
J1000BIM YacTUHI OOMOTKHM CTAaTOpa 13 CEpeAHbOI0 TeMIEpaTyporo Qi; MPOMIKHOI
4aCTUHU OOMOTKHU CTATOPA 13 CEPEIHBOIO TEMIIEPATYPOIO Qpr; OOMOTKHU 30YKEHHS
13 cepeIHBOI0 TeMIIEpaTyporo Q,y; 3yOIIiB pOTOpa 3 CEPEAHBOI0 TEMIIEPATYPOIO Q;o;
BHYTPIIIHBOT'O MOBITPS 3 cepeAHbOI0 Temreparyporo Q.i. Tima T3C mos's3ani Mixk

c00010 BIJIMOBIAHUMHU TEIJIOBUMH MPOBITHOCTSIMHU.
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Jlxepenamu TEIUIOTH, 30CEPEKEHUMH Y BIJIOBIIHUX BY3JIaxX, €: OCHOBHI 1

JIOIATKOBI BTPATH B 3yOlsX cTatopa » P, ; BTpaTH B sipMi cratopa Pe.s; BTpaTn B

MiJli 11a30BOT YaCTHHU OOMOTKHM cTatopa P, ; BTPAaTH B Mijll MDKIIAKETHOT YaCTHHHA

0OMOTKM cTaropa P, ; BTpaTH B Mi/l JI000BOi 4acTHHI 0OMOTKM crtatopa P ;

BTpaTH B Miji 0OMOTKHM 30y/KeHHA P, ; BTpaTH B CTajli poTopa P, ; BHYTPilIHi

MEXaHIYHI BTPaTH, 10 CKJIAJArThCS 3 BTPAT Ha TEPTS B MIAIIUIMHUKAX 1 BTpAT Ha
TepTs poTopa 00 nosiTpsa Y P, .

OcHOBHI 1 AOZATKOBI BTpaTH B 3yOIIX CTaTOpa 3HAXOIATHCS 32 HACTYITHOIO
dopmynoro > P, =P_+P_,.; BIpaTd B Mifi Ta30Boi, JOOOBHH i TPOMiKHOI
JaCTUHH OOMOTKH CTa-TOpa MOXKHA 3HAWTH 3 HACTYIMHHUX BHPa3iB:

P =P 21124+ +1.),

Mlp

‘P.u]f = Pul 'lu /(2- l] +1H + Ifm-) d (3.3
mmp = Rn] : l.fcr:r /(2 : ll + lH + l!(c‘r) b

nel,l,, [, - 1OBXKHHA IAKeTa CTATOPA, JOBKUHA JJOOOBOT YACTUHU OOMOTKH

cTaTopa 1 Bi/ICTaHb MIXK [TAKETaMH CTaTOpa BIANOBIIHO.

Jlna anamizy teroBoro crany B/l B Oy/ib-SKOMYy 3 peKUMIB 3 TTOCTYIIOBUM
3amkeHHsM TC3 Oyna ckiazieHa cuctema 3 aecsiti qudepeHIianbHuX piBHAHB (3.9).

[Tepeiimarounch TeMNEpaTypoOrO HaBKOJIMIIHBLOTO CEPEIOBUIIA 1 BUPIIIYIOUH
HABEJACHY CHUCTEMY, MOKHA BHU3HAYMUTU CEPEJIHI 3HAYCHHS TEMIIEpaTyp €JIEMEHTIB
ABUTYHA B Oy/Ib-KHil 3 MOMEHTIB Hacy t.

Henonik merony ETC, nonsirae B TOMy, 110 BiH JIa€ HE INOBHY KapTHHY
TEMIIEPATYPHOI'O I10JIsA, @ TUIBKMU JI€SKI CEepeAHl 3HAYCHHS TeMIepaTypu st

OKpEMHX €JIEMEHTIB MaIlIUHU.
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Cy» dgﬂ =-2 .(Apil +7,) 0, +2 'Apn 'Qm + 20y 00 ¥ By
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VY pa3i HeoOXiIHOCTI OUIBII JETaJbHOr0 AOCHIIHKEHHS TEIUIOBOIO CTaHY
OKpEMHUX EJIEMEHTIB 1 BY3JIB €JICKTPUYHOI MAIIMHU MOXKE OyTH 3aCTOCOBAHUU
HOJIBOBUH METOJT pO3paxyHKy. 3yMUHUMOCS Ha PO3IVISAAL ACSIKHX MOJIOKEHB LBOTO

METOAY OUIBII JOKJIAIHO.



78

OcHOBHOIO  (DI3MYHOIO  BEJIMYMHOI, IO  XapaKTepH3ye  IpOIeC
TEIUIONPOBIHOCTI, € TemrepaTypa T, sika B 3araJilbHOMY BUIAJIKY 3MIHIOETBCS SIK Y
IIPOCTOpI, TaK 1 B yaci.

CyKynHICTh 3HA4Y€Hb TEMIEPATYpH JUIsl BCIX TOYOK 3aJIaHOTO MPOCTOPY B
JaHUM MOMEHT 4Yacy t HA3WBAETHLCS TEMIIEPaTypHUM MoJjieM. SKIo TeMreparypa €
(YHKIIEO TUTBKH MPOCTOPOBUX KOOPAMHAT, TO MOJIE HA3MBAETHCS CTAIlIOHAPHHM.

Hecrauionapae piBHSHHS TEIUIONPOBIAHOCTI, a00 piBHAHHA audy3ii, ais

130TPOIHOTIO JIIHIHHOTO MPOCTOPY MA€ BUIISL:

c-g-%zﬁ-V2T+p (3.10)

ne (—wdgac, C;

¢ — MMUTOMA TEIUIOMICTKICTh, BT-¢/(kr-°C);

g — I'yCTHHA MaTepiany CTPHKHS, KI/M;

A — MMUTOMA TEIIONPOBIAHICTh, BT/(°C-M);

p — iuToMi 06’ eMHi BTpath, Br/M>.

SIK110 mporec BCTAHOBUBCS 1 TEMIEPATypHE TM0JIe HE 3aJ€KUTh BlJ Yacy, TO
piBHsHHSA (3.10) npuiimae Bux piBHsAHHSA [lyaccona

A-VT+p=0 , (3.11)

Bignosigno a0 (3.11) temneparypa B NpOCTOpPI BHU3HAYAETHCSH TLIbKH
MMUTOMOIO TETUIOTIPOBIIHICTIO 1 00'€MHUMH BTpaTaMu, K1 BUALIAIOTHCS.

3 NpUHHATHUM CTYIIEHEM TOYHOCTI MOKHA IPUNHATH, IO TEIJIOBUI CTaH B
koxkHomy mneperuni JIBI He3MiHHI npH AeSKOMY BiJUIAJICHHI BiJl TOPUIB 1
BU3HAYAETHCS TEIJIOBUM CTAHOM B CEPEIHBOMY MEPETHHI eneKkTpoaBuryHa. Omxke,
JJIs BU3HAUEHHS 1IbOTO CTaHy JAOCUTh BUPILIUTH JBOBUMIpHE piBHsAHHSA Ilyaccona
1070 TEMIIEpATypH, SIKE B JIEKAPTOBIM CHCTEMI KOOPAUHAT (IIPU HE3MIHHOCTI A B

NIEBHI ramy3i) Oyae MaTh BUTTIS:

/T,-[aTjLa—T]:—p (3.12)

2 2

Ox oy

1€ X, Y - IPOCTOPOBI KOOPJANHATH.
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Pimennss piBHsHHA (3.12) Ha3uBaeThcs KpaioBoro 3aaauero. s i
BUPILIEHHS HEOOXIAHO 3aJaTH TEeOMETPIl0 PpO3risiHyToi obnacti, il (i3uuHi
BJIACTUBOCTI (3HAYEHHS A 1) 1 FPAaHUYHI YMOBH.

['pannyHi yMOBH UIs CTAlllOHAPHOT 3aj1aul B10OPaKkalOTh YMOBH TEIUIOBOI
B3aEMO|i MK HaBKOJIMILIHIM CEPEIOBUIIEM 1 MOBEPXHEIO PO3MIIAHYTOro Tina. Y
TeOopii TEIUIONPOBIAHOCTI po3pi3HsA0Th rpaHnyHi ymoBH I, I1, II1 1 IV ponos, a Takox
IHII TpaHWYHI yMOBHM (HANpUK/IAA, MPU HasgBHOCTI (a30BHX IEPETBOPEHDL -
IIPOMEp3aHHsl, JIaBJIeHHs Ta 1H.). Po3risHemo rpannyHi ymosu I - 111 ponos.

[Tpu rpannunux ymoBax | poy 3a1a€ThCsi pO3MOALT BIZOMOT TEMIIEpPATypH Ha
KOp/10H1 0o0JacTi. Po3noain TeMnepatypu Ha KOpJOHI MOKe OYTH 3a/1aHO Y BUTJISII
¢ynkuii koopauHaT. Taki TrpaHWuHI YMOBHM MAalOTh MICLE, HANPHUKIAA, IMpPU
IHTEHCHBHOMY OMHBaHHI IMIOBEPXHI PIAMHOIO MOCTIHHOT TeMiepaTypu. KoHKkpeTHIUM
MPUKJIAI0M, JI€ MOKYTh OyTH BUKOPHUCTAaHI TPaHU4YHI YMOBHU | poay, € 30BHIIIHA
MOBEPXHS KOPIyCYy J[ABUTYHA, IO OMMBAETBCA XOJOJOAT€HTOM MOCTIHHOI
TemIepaTypH. 3a3Buuaii TpaHUYHI yMOBH | poay Ha3zuBaroTh ymoBamu lipixie.

[Ipu rpannunux ymoBax Il poay 3amaeTbes po3moAlLT HIUIBHOCTI TEIJIOBOTO
CTpyMy Ha noBepxHi Tina. Ymosu Il pony 3a3Bnuyaii HasuBaroTh yMoBamu Heiimana.
VYmogu Il pony OyBaroTh oaHOpiAHI 1 HeoaHOpiAHI. OaHOpiaHa ymoBa Il poay Ha
30BHILIHBOMY KOP/IOHI O3HA4a€ BIJICYTHICTh TEIJIOBOIO MOTOKY 4Yepe3 3a3HaueHui
KOpJIOH, TOOTO yMOBa TEIUIOBOI 13074111, 1 BUKOPUCTOBYETHCS IS OITUCY
a11abaTnYHOro KOp/AOHY, ad0 MEXi, sIKa € BICCIO CUMETPIl AOCIPKYBaHO1 001acTI.
Heonnopiana ymosa Il pojiy Ha 30BHILIHLOMY KOPJOHI 3a/1a€ MUTOMY MOTYKHICTh
TEIUIOBUJIUICHHS TIPU HOTO OXOJIOKEHHI 200 MOTYKHICTh TEIUIOBOTO TOTJIMHAHHS
IIPU MOro HarpiBaHHI BUCOKOTEMIIEPATYPHUM JDKEPEIOM TETUIOTH.

[Tpu rpanuunux ymosax III pojay Ha moBepxHi Tijia 3aJIA€THCS 3aJEKHICTH
FYCTUHU TEIUIOBOTO TMOTOKY ¢s BIJ PI3HUII TeMmIieparyp moBepxHi Tima 7Ty 1
HABKOJIMIIHBOTO cepeaoBuia 7y yepe3 KoediLieHT TeIoBlAadl (TemIoo0MiHy) d,
Bt/ (°C - M?):

gqs = -(Ts — To). (3.13)
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Koedimient TermoBigmaui o He € (I3UYHOIO NMOCTIHHOIO 1 B 3arajibHOMY

BUMAJKY BIIOOpakae CHUIbHY A10 KOHBEKIIi, TEIUIONPOBIIHOCTI 1 3aJIeKUTh BIJ

Oararbox (paxTopiB (reoMeTpii Tina, HAMPSAMKY 1 IIBUAKOCTI OTOYYIOUOTO TIOTOKY Ta

iH.). Tomy ymoBu III pojy He 3aBXIM NMPOCTO BUKOHATH 3Ba)KalOUM HA CKJIAJIHICTh
BU3HAYEHHS KOE(ILI€EHTA TEIJIO0OMIHY.

Jlo rpannmunux ymoB III pogy Mo’kHa BIJIHECTH IIpOLIEC TEIJIOOOMIHY 3a

AOIIOMOI'0O BHHpOMiHEOBaHHH, 3aCHOBaHUM Ha 3aKOHI CTC(l)aHa—BOHBHMaHaZ

gs =€ (Qs* — Q") , (3.14)

ne € = 0+1 — koed1IleHT BUMMPOMIHEHHS TEIJIOBOTO BUMIPOMIHIOBAYA;

6 =5,6703-10° Br/(°C*™m?) — mocriiina Crepana-bonbimana.

Jns popmyBanns marematuuHoi Mmozaeni JIBI 3a3Buuaii posrisaaroThes ABi
KpauoBi 3a1ayi:

— JUIst 00J1aCTI IOTIEPEYHOTO Mepepi3y ABUIYHA HAa JOCTaTHbOMY BUAAJIEHHI BiJl
Horo TopiiiB (MO/IeJIb MEPIIOTO HAOIMKEHHS ),

— JUI1 4YacTUHHU 00JacTl MONEPEUuHOro mepepidy, L0 BIAMNOBIAAE CEKTOPY
(cermeHTy) 3yOlLIEBOrO JiJIEHHSI craropa (MOAENb JAPYroro HaOJIMKEHHS —
YTOYHEHA).

Y nmepwii mopeni CTpykTypa 1 (i3MuYHI BJIACTUBOCTI B Ma3y CTAaTopa
3aJal0ThCS YCEPEAHECHO 1 HAOJMKEHO. 30BHIIIHBOKO MEXKEI0 00J1acTi € OKPYXKHICTh
30BHIIIHBOI MOBEPXHI KOPIYCy, Ha sKIH 3a1al0ThCs I'paHMuHi ymoBH [ poay 3
BIJIOMOI0  TEMIIEPaTypolo, 110 JOPIBHIOE TeMIepaTypi  HABKOJHUIIHLOTO
CepeIOBHILA.

VY npyriit (yTouHeHii) MOel BAKOHY€EThCS JeTajizallis CTpyKTypHu mnas3a. Ha
Iy31 OKPY’KHOCTI1 30BHIIIHLOT MOBEPXHI CTATOPA 33/1aI0ThCA TPaHU4H1 yMOBH | poy.
Ha wmexax oOmacti, BIANOBIIHHUX OCSAX CHUMETpii 3yOILB cTatopa 3adar0ThCs
oaHOpiAHI rpanuyHi ymoBu Il poay (BiACYTHICTH TEIUIOOOMIHY uepe3 CUMETpIi).
Ao o0nacTe po3paxyHKy BUOMPAETHCS Y BUIVISIAI CEIMEHTA, TO 3'SIBISETHCS

YyeTBEepTa MEKa, 110 301raeThCsl 3 30BHIMIHBOIO MIOBEPXHEIO POTOPA, HA K1 MOXYTh
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OyTH 3aJaHi OCOOJIMBI IpaHWUYHI YMOBH, K1 3aKJIIOYalOThCA B CTAJOCTI Ha HiM
TEMIIEpaTypu, 3a3Jajeriib HeBiOMOI, M0 BIANOBIAAE OYyXKE€ BHUCOKIH
TEIIONPOBIAHOCTI POTOpa B MOPIBHSAHHI 3 MOBITpAHUM 3a30opoM. Ha werBeptiit
IpaHUIl MOXYTh OYyTH 3aJlaHl TaKOK OJHOPLAHI rpaHudHi ymoBu Il poay B
3aJI€XKHOCT] BIJI TOTO, Kl pPE3yjbTaTH IOKa)e PIIMICHHS Mepiioi HaOIMKEHOIO
MOJIETI.

3 METOH 3acTOCYBaHHS JI0 TEIUIOBOIO PO3paxyHKy Teopii Mouis, Hpu
MaTEeMaTUYHOMY  MOJICIIOBAHHI  TEIUIOBMX  IPOLECIB  NMPUHAMAIOTBCA  TaKi
MPUITYIICHHS

— TeMIlepaTypHe I0Jie Ha JOCTaTHbOMY BHUJAJICHHI BIJ TOPLIB JABUI'YHA
BBAKAETHCS IUIOCKOMApAIeIbHUM, TOOTO HEXTYEThCA TEepefayueio Tervia
Y3I0BX OC1 JBUTYHA;

— TeMIlepaTypa OXOJIO/UKYIOUOTO CEpellOBHILA € HE3MIHHOW 1 1i 3HaueHHS
OepeTbCcsi 3 pe3yibTaTiB  IOMNEPEIHBO IPOBEJACHOTO BEHTUISALINHOIO
(riIpaBIiYHOrO0) PO3PAXYHKY;

— [epeMmillyBaHHs NOBITPs BCEPEIMHI IBUI'YHA HE BPAXOBYETHCH.

PiBHSIHHSI TEIUIONPOBIAHOCTI Pa3oM 13 3a/IaHOK0 TEOMETPIEr0, (PI3UYHUMH
BJIACTMBOCTSIMU 1 T'PAaHUYHMMM YMOBaMHU IOBHICTIO BH3HA4alOTh KpanoBY 3ajaudy
TEIUIONPOBIIHOCTI, SIKa CKJIAJAA€ThCs 3 B3a€MOIOB'A3aHUX MAaTeMaTUYHUX MOjIeJIeH
JIBOX PIBHIB.

PimeHHs 3aja4i TEMIONMPOBITHOCTI B TOJBOBHH TOCTAaHOBI MOXe OyTH
3JIHCHEHO YHUCEIIbHUM METOJIOM KIHUEBUX €JIEMEHTIB. Pe3yibraTtu po3paxyHKy
MOXKYTb OyTH OTpHUMaH1 y BUTJISA/I1 PO3MOAUTY TEMIIEpATyp, TPaAi€HTIB TEMIEPaTyp,
HIUTBHOCTI TEIUIOBOTO MOTOKY 1 1HTErpajbHUX 3HAYEHb TEIUIOBOTO MOTOKY 4epe3

3aJ1aHl MOBEPXHI.
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3.4. OcobsiuBOCTI po3paxyHKy Ten1oBux npouecis B JIBI 1is Tarosoro

NPHUBOAY

Anaini3z poOOTH TArOBOI'O IPHBOIY IOKa3ye, 110 BOHA XapaKTEPU3YETbCS
4acTo 1 PI3KO MIHJIMBMUMH HABAaHTAXEHHSMU. PexxuM poOOTH TArOBOrO MPUBOIY
4acTo po3paxoBaHHii HA pOOOTY B MOBTOPHO-KOPOTKOYACHOMY PEXKHMI.

VYV KOKHOMY HOro poOoYOMy LUKJII MarOTh MICIE HECTall PeXUMH pOOOTH:
MyCKH, PEBEPCH, rajibMyBaHHs, 10 POOJSATH ICTOTHUN BILTUB HA MPOIYKTHBHICTD
mexanizmy, noro KKJI i1 Ha psa iHmmx (pakropis.

VY nopiBHSAHHI 3 €JeKTpooOJaIHAHHAM CTAlllOHAPHUX YCTAaHOBOK, TATOBE
€JIeKTPOO0JIaIHAHHS YaCTO MPAIIOE€ MPU HAWHECTPHUATIUBIIIUX MTOETHAHHAX YMOB
HABKOJIUIIIHBOTO cepenoBula (3HMKEHA 1 MJIBUIIIEHA  BOJIOTICTD,
BUOYXOHEOE3MEeYHICTh 1 arpecuBHI CEpeNoBMINA, BIOpamii, yaapu, IiJIBUIIEHA
TeMmreparypa 1 T.I.), a IpU pycl B HOTO €IEKTpOooOIaHAHHS MOKE MPOHUKATH
3a0pyaHEHe 1 Bolore noBiTps, a 1HoAL Opyx, Boja uu cHIr. Bee e npusBoauTh 10
3Ha4HOI ~ 3MIHM  TeMIepaTypu  OOMOTOK 1  CTPyMOBEAYYMX  YacTHH
elieKTpoycTaTkyBaHHs. [Ipu 11bOMy pyXoMuUil cocTaB TMOBHMHEH 30epiraTtu CBOIO
Mpale3laTHICTh B OyAb-IKUX KIIMAaTUYHUX 30HAaX B OyJb-sSKMH Yac pOKy, T.€.
[TpamtoBaTi 6€3 0OMEX)EHb MPH TeMIepaTypl HABKOJIUIIIHBOTO MOBITPs Bix —30 10
+50 ° C [22].

Bcei Buile mepepaxoBaHl YMOBU BHUCYBAIOTh J0 €JIEKTPONPUBOAY CKJIAIHI
BUMOT'M 110J10 HAJIHHOCTI 1 0€3MeKH, a TAKOK BU3HAYAIOTh CTPYKTYPY CUCTEMH HOT0
OXOJIOJKCHHSI B LIUIOMY. Bia TeXHIYHOI JOCKOHAJIOCTI €JIEKTPOIPHUBOY, @ TAKOK
HOro CHUCTeMH OXOJIO/DKECHHS B 3HAYHIA MIpi 3ajekaTh MOTO TPOIYKTHBHICTS,
HaIIHHICTL POOOTH 1 MPOCTOTA 0OCIYyTOBYBAHHS.

Haiiyactinie TSroBi €JIEKTPOJBUIYHHM MAlOTh IOBITPsAHY a00 pIAMHHY
CHUCTEMY OXOJIOJKEHHS [29], KOXKHa 3 AKMX Ma€ CBO1 IEpeBaru 1 HeJOJIKH.

[Ilo crocyeTbcsi MOBITPSHOIO OXOJIOJUKEHHS JBUTYHIB, TO BOHO OyBae
HPUPOIHUM (CAMOBEHTHJIALLIS) 1 MPUMYCOBUM (He3aiexHa BeHTuswist ). [Ipu oMy

MOBITPS, SIKE IMOAAETHCS JUISI OXOJIOKEHHS, IPOXOAUTH uepe3 JBUTYH I10
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PO3TaIlIOBAaHUM I1apasieJIbHO OC1 KaHaJlaM OXOJIOJDKEHHS B CEpACUHUKAX CTAaTopa i
(abo) poropa. OTBOpPH, 1110 YTBOPIOKOTH KAaHAIM, BUIITAMIIOBYBAIOTH B JIMCTOBHX
AeTasxX 3 SKUX 30MparoTh IIMXTOBAHI CEPIAECUHHKH CTaTopa i poTopa. Y AEsKHX
KOHCTPYKUISIX ~ €JICKTPOABUTYHIB  OXOJIO/DKYIOUE TOBITPS  MIJBOAMTHCS  JIO
paaiaibHUX BEHTHIIALIHHUX BUPi3iB. [ToTpiOHA KIIBKICTh OX0JIOIKYIOUOTO MOBITPS,
SIKE 3aJICKUTh BiJI IOTYKHOCTI €JICKTPUYHUX BTPAT, MIEPETBOPIOETHCS B Temuio. [1pu
bOMY BUXOASATH 3 TOrO, L0 Ha TPaKTI MK BXOJOM 1 BHUXOJOM 3 JIBUT'YHa
0X0JI0/DKYIOUe TOBiTps HarpiBaetbes Ha 30 - 40 K. Burpary noBitps MoxHa

pO3paxyBaTy Ha OCHOBI PIBHSHHS:

P=m -c,-AT=0Q, -p, c,-AT (3.15)

Jie P, - IOTYKHICTh BTpat, KBT;

ms' - BUTpaTa 0XOJIOKYI0YOT0 MOBITPS, KI' / C;

Q, - BUTPATa OXOJIOHKYIOYOr0 MOBITPs, M° / C;

¢s - MATOMA TEIUIOEMHICTh MOBiTps, Br-¢/kr K (mpu Temmneparypi 60 °C

nopisHioe 1,009);
p. - UIUIBHICTH MOBITPsA, Kr/M° (Ipu cepeaHiii  Temmeparypi
oxonopKyrodoro nosiTpsa 60 °C nopisaroe 1,0454);

AT - IT1JIBUILIEHHS TEMIIEPATYPH 0XO0JI0/LKYH040ro nositps, K.

BrniuB BeHTW AT HA TpUBAIY MOTYKHICTh, 110 PO3BUBAETHCS MAIIUHOIO,
3HayHe. Tak, HampukiIaja, TpUBaia MOTYXKHICTh 3aKPUTOTO TPAaMBAMHOTO ABUTYHA
cknanae Omm3bko 25-35% ioro BaprToBOi motyxHocTi [1]. 3acrocyBaHHAM ke
BEHTUWJIALIT TPUBAJY MOTYKHICTh MOYKHA 301LJIBIIMTH BJIBIYI 1 HABIThH OlLIbILIE.

[IBUAKICTE TOTOKY MOBITPS BH3HAYAETHCS ILIOIILIO MOMEPEYHOr0 Mepepi3y
OCbOBHX KaHaJIIB OXOJIOJPKEHHS, SIKI PO3TAIlOBYIOTBCS B JIMCTOBHX CEpACUYHUKAX
cratopa i poropa. 3 oAaHOro 00Ky, iX 3arajbHa IUIOLIA HE ITOBUHHA OyTH 3aHAJTO
BEJIMKOI0, 00 3a0e3rmedvyBaBCcsi HEOOXIJHHM i1 MArHiTHOTO TOTOKY MEPETHUH
3aj13a, 3 1HIOro OOKy, MOBEPXHs OXOJIOKEHHs MOBMHHA OyTH JIOCTaTHBOIO IS

TEIIO00MIHY.
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[TepeTHu KaHaJIIB B CepJCYHHKAX CTaTOpa IMOBHHHI OyTH BIIMOBIIHI 3
MEPETUHOM KaHaJIB B Ma3ax cTaTopa m00 YHUKHYTH 3HUKEHHS BUTPATHU MOBITPS B
ocraHHiX. baxkaHo, mo0 BUTpaTH B WX KaHanmax Oynum He HIkue 0,3 3araibHOl
BUTpPATH NOBITPS, IO MPOXOAUTH YEPE3 JIBUT'YH.

[Mpaktuunuit  gocsig [39] mnokasye, [0 cepeiHs MIBUAKICTH MOTOKY
OXOJIOJDKYFOYOTO TMOBITPS Moke OyTu nipuiiasaTa pisHoro 20 - 30 M / c. [Ipu 6inbm
BUCOKHX IIBHUJKOCTSIX B TOBITPSIHIA CHUCTEeMI, 1 IEpIl 3a BCE B MICLSX 3MiHH
HANPSIMKY PYXY, & TAKOX PI3KUX MEePEX0/1iB, MOKE BUHUKATH IIYM 111010 BUCOKOTO
piBHA. bkl TOro, 301IBLIIEHHS KUIBKOCTI OBITPS, 110 IPOAYBAETHCS BUILIE IEBHOI
MeX1 BUKJIMKA€ 3HAYHE 3POCTaHHs CIIOXKHBAHHS €HEeprii Ha BEHTWISALII0, TIPUUOMY
TpUBaja NOTYKHICTh ABUT'YHA HE MIJABUILYETHCS.

He MeHII BaXXJIMBHM TMapamMeTpoM ISl PO3PaXyHKY CHUCTEMH TOBITPSHOTO
OXOJIOJUKEHHSI € Tiepernaa THCKY MK ii BXOAOM 1 BHUXOJOM. 3HAUHUM BIUIMB Ha
3arajibHy BEeJUYMHY Mepenaay HaaaroTh 3MIHU B HANPSIMKY PyXy MOTOKY, a TaKOX
3MEHIIEHHS 1 301nblIeHHs nomnepeyHoro mnepepidy. llaginus Tucky B ocepai
CTaHOBMTb, B 3arajisHoMy Bunazaky, 10 - 20% 3aransHoro nepenanuy.

[lepeBaroro Hackpi3HOi MpPOJAYBKM € BeJIMKa IUIOIIA TEIUIOOOMiHY
HIMXTOBAHUX CEPACYHUKIB CTaTOpa 1 poTOpa, sika Ie Ouiblie 301IbIIYETHCS 3a
paxyHOK OCBbOBHUX KaHaJiB OXOJIO/UKeHHsA. KpiMm TOro, momiTpsiMm 00yBarOThCS
7000BI 4YacTuHU O0OOMOTOK crtatopa. OOMOTKa crTaTopa Mae MaKCUMAaJbHY
TEMIIEpaTypy B 30Hi, BIJJIaJICHIH Bijl MICIISI BXOY MOBITPS HA BIACTaHb, BIAMOBIIHE
60 - 70% nOBXWUHU CepACYHUKA.

TsiroBi JIBUryHH 3 CAMOBEHTWISLIEI HaW4yacTillle 3aCTOCOBYIOTHCS Ha
PYXOMOMY COCTaB1 MICIIEBOTO Ta MIPUMICHKOTO CIIOIYUYEHHS, /1€ BUKOPUCTOBYIOTHCS
TATOBI JABUTYHH MOTY)XHOCTIO 0 250 kBt [1]. OCHOBHHM HEIOJIKOM CHCTEMH
OXOJIOJDKEHHS LIbOI0 THUITY € MPUIMHEHHS 110/1a4l 0XOJODKYIOUOro IOBITPS IPH
3YIHUHII TPAHCIIOPTHOTO 3aCc00Y.

VY BeIMKUX MalllMHAX MOBITPS MOJA€THCSA BEHTUISATOPOM, 110 MA€ MPUBOIHUN
JABUTYH, 110 HE 3aJIKUTh BIJ OXOJO/KYBaJlbHOI MammHu. Ilpu He3anexHii

BEHTWISILIT KUIBKICTh TOBITPS, SIKE€ NPOTAHSETLCS 4Yepe3 TArOBUN [IBUTYH, HE
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3aJICKHUTh BIJl YACTOTU 00EPTaHHs pOTOPA, TaK 110 JIBUT'YH MOKE OXOJIO/KYBATHCS 1
T1J1 YaC CTOSTHKH.

Cucrema piIMHHOTO OXOJIO/KEHHs. [lepeBaror0 TATOBUX JIBUTYHIB 3
PIAMHHUM OXOJIOJKEHHSIM € T€, 1110 BOHHM IOBHICTIO 3aKpHUTI 1 3aBISKH L[LOMY
3aXHUIIEH] BiJl MPOHUKHEHHS Opyy, Uity 1 Bojoru. Kopryc craropa BUKOHY€ETHCS 3
OXOJIO/UKEHHSIM, B SIKOMY OXOJIOJDKYHOYA PIJAMHA B 3aJIEKHOCTI BiJI KOHCTPYKIIiT
LUUPKYJII0€E 1o cripaii. BijBeneHHst Teruia BiJi 0OOMOTOK craTtopa B KIHIIEBOMY
paxyHKy BiJOYBa€TbCsi Yepe3 CepleYHMK CTaTopa 3a JOMOMOIOK PIAMHM.
OcoOnuBICTE CXEMH OXOJOKEHHSI pOTOpa TOJSTa€ B TOMY, IO TEIUIO CHOYaTKy
NEePeaeThesl BiJ CEplIeUHUKA Yepe3 MOBITPSAHUI 3a30p 1 MIJIMITHUKK Ha KOPITYC
craropa. JIoboB1 4yacTHHM OOMOTKHU CTATOpa B LIOMY BHMAKY «OXOJIOKYIOTHCS»
TITBKH 3aB/ASIKM BUCOKOMY BHYTPIIIHBOMY TEIUIOBOMY omopy. Tak, 1000B1 yacTUHH
0oOMOTKHM cTaropa MalTh OUIBII BHCOKY TEMIIEpaTypy, HDK 1HIO i1 JIJISAHKH,
po3TallloBaHi B Ma3zax cepjacyHuka. BukoHanHsa 1000BUX YaCTUH JUTHUMU MOTJIO O
MOJIMIINTH X TEMIEPATYPHHH 3B'SI30K OXOJIO0KEHHS ABUTYHA.

CraTop 1 poTOp MarOTh HaOUIBUIY TEMIEpaTypy B LEHTpaJlbHIA YacTHHI
CepJIeYHMKIB. 3MiHA TEMIIEPATYPHU 3 JOCTATHIM CTYIIEHEM TOYHOCTI MOYKHA BBaXKaTH
CHMETPUYHHM IIOJI0 OCi, 1110 MPOXOAUTH Yepe3 LECHTPHU JIMCTIB MAKETIB CEPICUHHUKIB.

Po3paxyHOK IOTOKY 0XOJIO/KYIOUOI PIIMHU BUKOHY€ETHCS HA OCHOBI PIBHSAHHS:

P=m,_-c -AT=0Q_-p, -c, AT (3.16)

n s

JIe  m,'- BUTpaTa OXOJIO/DKYIOUOI PIAMHM, KI' / C;
Q' - BUTpATa 0XO0JI0/LKYIOUOi piunu, M / ¢;
Cx - MUTOMA TEIIOEMHICTh OXOJIOMKYHO4Ol piguuu, Br-c/kr-K (mpu
cepenniit remneparypi 60 °C s Boau pisHa 3600);
px - IIUIBHICTH OXOJOMKYBAIBHOI piAMHM, Kr/M° (1Ipu  cepejaHiii
temnepatypi 60 °C mist Boau gopiaioe 1048);
AT - MIABUINEHHS TEeMIIEpaTypu OXO0JIO/DKYIouoi piaunau, K (3BuyaiiHO

JOPIBHIOE 8).
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[Tpu TermoBUX po3paxyHKax TATOBUX JBHIYHIB 3 PIJIMHHUM OXOJIOKEHHAM
CiJI HE TUIBKM BpPAaxOBYBAaTH BUCOKI TEMMEpPaTypu, TMPU SKHUX MOXKE
eKCIITyaTyBaTHCSl JaHWH TPHUBIA, ane 1 3a0e3meuyBaTH 3axHCT OXOJOKYHOUOI
PIAMHM BIJl 3aMep3aHHs. 3 L€ METO sl OXOJIO/PKEHHS BUKOPHCTOBYETHCH,
HANPUKIIAJ, TJIKOJIb, AKUH NPU 3BUYAWHUX TeMIepaTypax eKCIulyartalii 10/1a€ThCsl
B BOAy B criBBigHomeHHi 40/60 (Tiikons/Boja).
TsiroBi ABUIyHM 3 PIAMHHHUM OXOJIOJDKEHHSIM MaroThb Psiji NepeBar Inepej
JABUT'YHAMHU 3 MIOBITPSHUM OXOJIOJDKEHHSIM:

—  HU3BKHWI PiBEHB IIyMY, HE JUBJISYHCH HA BUCOKY YaCTOTY OOCpTaHHS,

—  3aXMILUEHICTh BiJl MOTPAIUISIHHS BCEPEAMHY IMHITY 1 BOJIOTH;

—  Majui NonepeyHuit nepepis Tpyou, o nigBOAUTE OXO0JIOKYIOUY PIIUHY;

—  3JaTHICTb BUTPUMYBATH BHCOKI TEMIIEpaTypHI HaBAaHTa)XCHHS 3aBISKH
BEJIMKIN TEIJIOBOI MOCTINHOI Yacy;

—  Oe3nepepBHICTh (DYHKILIOHYBAHHS CHUCTEMH SK IPU PyCl TPAaHCIOPTHOIO
3aco0y, TakK 1 Ha CTOsHLI (TP BAMKHEHOMY JIBUT'YHI).

J10 HeIOMIKIB PIAMHHOTO OXOJIOKEHHSI TATOBUX JBUTYHIB CJI1J1 BITHECTH:

—  HE33J0BUIbHE OXOJOKEHHsS CEepJe4YHMKA pOTOpa uepe3 BEIUKUN
TEPMIYHUI  OIip TpakTy TeIuvionepeaadl 4epe3 MUIMLKIHUKA 10
OXOJIOJDKEHHS CTaTOpa;

—  MOXJIMBICTh BUKOPHCTAHHS TUIbKM HA ABUTYHax cepeanboi (10 250 kBr)
NOTYXHOCTI;

—  BHUCOKI BUMOTH JI0 TEPMETHYHOCTI KOPITYCY JBUTYHA,

—  3MEHUICHHS AaKTUBHOIO IIEPETUHY CTaTopa 4Yepe3 HasBHICTh KaHay
OXOJIOJKCHHS;

—  HEOOXIJHICTh BUKOPUCTAHHS TEILUIOOOMIHHUKA, a4 TAKOXK 3HAYHUU 00CsT
poOIT 3 TEXHIYHOTO OOCITYTrOBYBaHHSI CUCTEMHU OXOJIOKCHHSI.

3a pe3ylibTaTaMH MPOBEACHUX B I[bOMY PO3/UIL JOCIIIXKEHb MOYXKHA 3pDOOUTH
HACTYIHI BUCHOBKH:
. BaxxnuBuMm erarnom po3poOKu Oy/b-SKOIO €JIEKTPOJBUIYHA € OIliHKa

TEIINIOBOIO CTaHY Horo OKpPEMHX eﬂeMeHTiB, BKJIIOYarO4H ﬂHHaMiKy TCILJIOBHUX
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npoueciB. [li muTaHHS 0COOJMBO aKTyadbHI IS MallWH, L0 MpaloTh B
MOBTOPHO-KOPOTKOYAaCHUX PEXHMax, a B II¢ OUTBIIOMY CTYMEHI IJis MaliuH 3
IOCJIIZIOBHOKO OOMOTKOO 30y KeHHS. J{71s1 BUPIILIEHHS X 3aBAaHb €(DEKTUBHUM €
METO/I MOJICIIFOBaHHS TEIUIOBUX IPOIIECIB 3 BUKOPUCTAHHSIM €KBIBAJIEGHTHUX CXEM
3aMiLlEHHSI.

2. Pi3HOMaHITHICTh YMOB (DYHKIIIOHYBAHHS TSATOBOTO IIPUBO/Y BU3HAYAE Pi3HI
BapiaHTH CTPYKTYpP CHCTEM OXOJIOJUKEHHs €JIEKTPOJBUIYHA. Buiblll mommpeHuit
croci0 OXOJIO/KEHHSI JIBUI'YHA TMOBITPSAM 3a pPaxyHOK BBEJEHHS CHEI[ialbHUX
OChOBHX KaHamiB. [[ns CKIagHMX yMOB HaBKOJWIITHBOTO CEPEIOBHINA JIOIIBHO
3aCTOCYBAaHHS  PIAMHHOI CHUCTEMH  OXoJlojkeHHs. [lpormoHoBaHuil  MeTof
JTOCHIIKEHHS JO3BOJISIE BpaxyBaTH crieliuiky 000X crnoco0iB 0XOJIOKEHHS.

3. Jlna xopexkTHOI oumiHku TemnoBoro crtany JIBI 3 mnpumycoBum
OXOJIOJUKEHHSIM TOTPIOHE MPOBEACHHS TIAPABIIYHOTO PO3paxyHKY, pe3ysbTaTH
SIKOTO € BUXITHUMH TaHUMU JIJIs1 TEIUIOBOTO PO3PAXYHKY.

4. 3ampomoHOBaHa MaTeMaTH4YHa MOJENb 1 po3pobieHa mporpama
PO3paxXyHKY J103BOJISIOTh:

— JIOCHIJIUTU TEIUIOBUHM CTaH EJEKTPUYHOI MAalIMHM Npu 11 poOOTi K B

yCTaJIeHNX PEeKUMax, TakK 1 B IEPEXITHUX peKUMaX;

— OUIHUTU JMHAMIKy IpOLIECY HarpiBaHHS Ta OXOJIOJIKEHHS EJIEMEHTIB
KOHCTPYKIIIi €1eKTPO/IBUTYHA,;

— JIOCIIUTH YyTIUBICTh OTPUMAHOI CUCTEMH JI0 Bapialii TEMI0(i3UYHUX 1
reOMETPUYHUX I1apaMeTpiB;

— BU3HAYMUTH palllOHAIbHE 3HAYCHHS HEOOX1HOI MPOIYKTUBHOCTI CUCTEMU
OXOJIO/IPKEHHS BIJIIOBIIHO J10 33/1aHUX PEXKHUMIB poOOTH 1 IMKJIOrpaMaMu
HABAHTA)KCHHS HA €Tarll IPOEKTYBAHHS;

— CKJagaTy OOTPYHTOBaAHI PEKOMEH/AIII] 110,10 BUOOPY €IeKTPOMArHiTHUX
HaBaHTAXCHb 1 CMIBBIHOILIEHb OCHOBHHUX JIIHINHUX PO3MIpIB MALIMHU 13

3aJIaHOI0 TPUBAJIICTIO pOOOTH.
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4. PO3PAXYHOK EJIEKTPOMAI'HITHUX I TEIIJIOBUX
ITPOLECIB B TAT'OBUX EJIEKTPO/IBUT'YHAX

Y 1upomy po3auii HaBEIEHI pe3yJbTaTH PO3PaXyHKOBHUX JIOCHIJDKEHb
€JIEKTPOMArHITHUX 1 TEIUIOBUX [apaMEeTpiB 1 XapaKTepUCTUK BEHTUJIbHUX
IHAYKTOPHHX JIBUTYHIB.

JlocnipkeHo BIUIMB IOYAaTKOBOI'O KyTa BKJIKOYCHHS (a3u Ha BEIMYUHH
notyxHocti, momeHty i KKJ| enexkrpoasurynis. IIpencraBieHo mHOpiBHSIHHS
XapaKTEePUCTUK ABUTYHA MOCTIMHOTO CTPyMY 1 pO3pO0JIEHOTO A MOro 3aMiHM
BEHTHJIBHOTO 1HAYKTOPHOTO €JIEKTPOABUIYHA 3 1ociiioBHO0 O3.

[IpencraBneni  pe3yabTaTd  TeIIOBUX  po3paxyHkiB  JIBI  pi3Horo
KOHCTPYKTUBHOTO BUKOHAHHS 1 PI3HOI MOTYXKHOCTI B PI3HHX pekumax podoTu. 3
ypaxyBaHHSIM 0cOOIMBOCTEH pOOOTH €JIEKTPOJBUTIYHIB COPMYJIbOBAHI BUMOTIH 1

peKoMeH/1allli 1o KOHCTPYKTUBHOMY BUKoHaHHIO [[BI.

4.1. Onuc 00'eKTiB TOCTIKEHHSA

B xoml gocnimkeHb po3MsAanucs TATOBI BEHTHIIbHI 1HIYKTOPHI ABUTYHU
PI13HOrO NMPU3HAYECHHS 1 MOTYKHOCTI. PO3risiHeMo OUIbLI IeTalbHO AESIKI 3 HUX.

EnexTpoaBuryH npuBojy Bizka

[IpuBia npu3HavYCHUH IS 3aMIHU €JIEKTPHYHOT MAIIIMHU TTOCTIHHOTO CTPyMY
6,3 kBT, sika BcTaHOBIIIOETHCA HA €1eKTpoBI3Ky Uy ET2.

EnekTpoBI3kM BHUKOPUCTOBYIOTHCSI JUISI TPAHCIIOPTYBaHHS BaHTaXIB Ha
MIPOMHUCIIOBUX TAMPUEMCTBAX, CKIIa1aX 1 0a3ax, 3aMI3HUYHUX BOK3aiax 1 CTAHIIAX,
B MOPCBKMX 1 pPIYKOBHUX IOPTax, aepomnoprax 1 T.I. 13 CEpeJHIM 1 BHUCOKUM
BaHTAKOMOTOKOM. IX BiJpi3Hs€ BEIMKa BaHTAKOMIIHOMHICTB - JI0 2-X TOHH, BUCOKA
HIBUJIKICTH TEPECYBAHHSI, XOpPOIIa MAHEBPEHICTh 1 MOJMKIIMBICTH 3aCTOCYBaHHS B
ymoBax oOMexeHoro mnpoctopy. IIpocrora ympaBiiHHA 1 OOCIyroBYBaHHS,
BIJICYTHICTh BHUXJIOITHUX Ta3iB pOOJATh EICKTPOBI3KM HE3aMIHHHUMH  IIPH

TPAHCIIOPTYBaHHI1 BAHTAXIB.
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3aMiHa €JIEKTPOJBUTYHA IMOCTIHOIO CTPYMY Ha BEHTHUJIbHHUI 1HAYKTOPHMMA

JABUTYH JO3BOJUTH MIJIBUIIMTH pecypc mpusBoay, 30uibmmtu ioro KKJI 1
TOJIITIIATH PSJT IHIINX SKOCTEH.

3riJIHO 3 BUMOIaMHu TE€XHIYHOT'O 3aBJIaHHS PO3pOOJIIOBAHUI IBUI'YH ITOBUHEH
MaTH TOBITPSHY CHUCTEMY OXOJIO/DKEHHS 3 CAMOBEHTUJISIIIEIO 1 MPAIIOBATU IIPH
TeMIiepaTypi HaBKOJIMIIHBOTO TOBITPs Bix -45°C mo + 40°C. Ilpu HOMiHAIBHIM
Hanpy3i xkuBjeHHs Uy, = 75 B HOMiHaibHa 4yacToTa OOEpPTAHHS JBUIYHA N , =
1600 06 / xB, HOMIHAJIbHA MOTYXKHICTH Ha Bany Py, = 5 kBt, HOMiHANIBHUI MOMEHT
M, = 30 H » m, KKJI = 0,8. MakcuManbHuii MyCKOBHII MOMEHT (3pYLIEHH:)
eIeKTPOJABUIYHA - Mpax = 170 H ¢ M. MakcumanbHa yactora oOepTaHHS n =
3300 06 / xB. Pesxum poboTu nosropHo-kopotkodacuuii S3 (I1B40%).

BiamoBigHO 10 BUMOT TEXHIYHOTO 3aBJaHHSA OyIM CIPOEKTOBaHI Bi
MoaM(QiKalli BEHTHJIBHOIO 1HAYKTOPHOTO €IEKTPOJABUIYHA 3 IOCIIAOBHOMO
00MOTKOIO 30y/KeHHA. BoHu sBIsiIOTH CO00I0 OJHOIMEHHOMOJIIOCHI JABO- 1
YOTUPUIIAKETHI CHUHXPOHHI 3-X (a3HI MallMHU 3 aKCIAJIbHUM HaIPsIMKOM
Mar”iTHOro MoToKy 30y/pkeHHs. ECKi3uM MarHiTHOro KoJia JBO- 1 YOTHPHUIIAKETHOT
KOHCTPYKIIT €JeKTPOJABUIYHA Npe/IcTaBieHl Ha puc. 4.1 a) 1 0) BIAMOBIIHO.

CraTop eNneKTPOABUIYHIB CKIQJAAETLCS 3 MAarHiTONPOBOJSAIIOTO KOPITYCY,
BIZMOBIJHO 2-X 1 4-X IIMXTOBAHMX IMAKETIB, HAOpAHMX 3 JIMCTIB EJIEKTPOTEXHIYHOI
cra ToBuIMHOW 0.5 MM, a Takok KOTYIIOK (ha3Hoi 3y0uacToi 0OMOTKH 1 0OMOTKH
30yokeHHsa. [laketu cratopa maroTh 18 3yOmiB 1 BCTaHOBIEHI 0€3 KyTOBOTO
3MIIIIEHHS MK CO00I0.

OOmoTka 30y/KeHHS B JABONAKETHIM KOHCTPYKLII po3MillieHa MIDK
HNIMXTOBAHMMH MAKETaMU POTOPA HUIXKYE PO3TOUYCHHS CTAaTOpa. Y YOTHUPHUITAKETHOT
KoHCTpyKLii O3 po3mileHa MK IIMXTOBAHUMH MAaKeTaMH CTaTOpa BUILE poOOUOi
obmoTtku. B 000x koHcTpykuid O3 MawTh KUIbLEBY (opMy 1 KpIILIATBCS 110

KOpItycy OonTaMu.
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Pucynok 4.1 — Eckizu maruitHoro kosa /IBI-5 na 6asi jBorakeTHoi a) 1

YOTHUPUIAKETHOI 0) IHAYKTOPHOI MallluHU
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PrucyHok 4.2 — 3arajibHuil BUIUIA BEHTUIBHOTO 1HIYKTOPHOTO enekTpoasuryHa JIBI-180
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da3nHi 00MOTKH 3'e/THaHI B 3ipky. Pa3Ha 0OMOTKA CKIIaAA€ThCSA 3 6 3'€THaHUX
MOCJIIZIOBHO KOTYILOK, KOXHAa 3 SIKMX BCTAHOBJICHa Ha OkpeMomy 3yOui. [l
MOKJIMBOCTI YCTAHOBKHM KOTYILIOK Ha CTATOPI 143U CTATOpa BUKOHAHI BIJIKPUTHUMHU.
Kotymku po6ouoi oOMOTKM BWKOHAHI TaKUM YMHOM, II0 BOHH OXOIUTIOIOTH
0JIHAKOBO Opi€HTOBaHI 3yOIl 000X nakeTiB craropa ojHo4dacHo. IIpu mpomy st
oTpuManHs HeHyJboBOro EPC B kotyiikax O npyruii naket poropa (J1BONaKkeTHol
KOHCTPYKIIIi) 3pylIaTh Ha TOJOBUHY 3yOreBoro aineHHs (en. kyt 180°) momo
NEPLIOTr0, a B YOTHPUINAKETHIA KOHCTPYKILII 30BHIIIHI IAKETH POTOpa TaKOXK
3pylieHi Ha e, KyT 180° 111010 BHYTPIIIHIX.

PoTop BKiIIO9a€ HEMarHiTHUM BaJl, MArHITOIPOBOASAIILY BTYJKY 1 IBa (YOTHUPH)
NIMXTOBaHMX IaKera, HaOpaHUX 3 JIUCTIB €JEKTPOTEXHIYHOI cTajii TOBIIMHOK 0.5
MM. ITaketn poropa maroTh 11 3yOuiB 1 po3MilIeH] Ha BTYJII, IO CKJIAJA€TLCA 3
JABOX YaCTHH.

Buxoasum 3 yMOB 3acTOCYBaHHS BEHTHJIBHOTO €JIEKTPOJBHUTYHA, MHOTO
HEOOXITHUX TEXHIYHMX XapaKTePUCTHK, MOMUIMBHUX CIOCOO0IB igeHTH IKALil
MOJIOXKEHHS pOTOpa 1 aJrOPUTMIB YIpaBIiHHS 1HBEpTOpa (KOMyTaropa),
BUKOPHCTOBYETbCS HaAMOLIbII NPOCTHIl B peanizallii pexuM MNapHOi KOMyTawii
CHJIOBHMX KJIFOYIB IHBEpPTOpA.

JlaTunk moJIOYKEeHHSI pOTOpa €JIEeKTPOJABUIYHA BUKOHAHO Ha 0a31 MIKPOCXEM

XoJa.

4.2. Pe3yJIbTaTH PO3PaxXyHKY €JEeKTPOMATHITHUX MapaMeTpiB i

XapaKTEePUCTHK eJ1eKTPOABUIYHIB

B Xxomi jgocmipkeHb pPO3paxOBYBAIMCS —€JIEKTPOMATHITHI —MapaMmeTpu
IHAYKTOPHUX €JEKTPOABUIYHIB, ONHUC SKMX HaBeneHo B posaun 4.1. [lam
PO3IJISIHYTI PE3yJIbTaTH PO3paxyHKIB OCHOBHUX XapaKTEPUCTHK KOXKHOI'O 3 HUX.

EnekTpoiBUryH JUisl IPUBOJIY €JIEKTPOBI3KA.

Ak yxe 3ragyBanocs pasime, Oyl0 CHPOEKTOBAaHO JBa BapiaHTU

enektpoasuryna JIBI-5: nBomakeTHOi 1 4YOTHpPUNAKETHOI KOHCTPYKIi. 3a
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IIOTIEPE/IHBOIO JIOMOBJICHICTIO 13 3aMOBHHUKOM B SIKOCTI 0a30Boi Oyna mpuiiHsATa
yotupunaketrHa mojaudikamis JABI-5. 3ynuHumocs Ha po3riisiii XapakTepUCTHK
[LOT'O €JIEKTPOBUTYHA OUIBII TOKJIA/IHO.

Ha puc.4.3 mnpencraBieHi MeXaHIYHI XapaKTEPUCTHKU EJIEKTPOJABUTYHA
JABI-5, ortpumaHi mnpM  pi3HUX [OYATKOBUX KyTax BKJIIOYEHHS (a3u
(©,=45+15 en.rpag. — mo3HAYE€Hl CYIIIBHUMH JIHISIMH) 1 HEOOX1JHI MEXaHIuHi
XapaKTEPUCTUKM MpPU TMOCTIMHIA NOTYXHOCTI (NPEACTaBIEH] IyHKTUPHUMU
aiHisiMK). OOMEKEHHs KpYTHOTO MOMEHTY JIBUT'YHA OTPUMAHO ISl MAKCUMAJIbHOTO

3HauUEHHs CTpyMY B (a3l (cTpyMo0OMexKeHH) [gmax = 350 A.
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Pucynok 4.3 — Mexaniuni xapakrepuctuku JABI-5 (U,=75B, lgmax=350A)
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Ha puc.4.4, 4.5 npencraBieHi 3al1€KHOCTI MapaMeTpiB enekTpoapuryna JIBI-

5 BiJi KpYyTHOIrO MOMEHTY NpU poOOTI HA TPaHWYHIN MEXaHIYHOI XapaKTepuCTHIl

(kpuBa 2 Ha puc.4.4.).
P, KBT Kﬂﬂ
20 1
16 = *— 0.8

° / ’/ % 0.4
4 e') 0.2
| eeesiie— e 1
M
__.F——-*‘MM
0 A_Aa:#ﬂ"‘" 0
0 20 40 60 80 100 120 140 160 180 200 220
Mg, Hm

——— P8 — 4 APMm —8a— KIIJ
Pucynok 4.4 — 3anexHocti notyxHocti Ha Bany (P;), BTpar B Mizi (APy) 1 KK]I

JBI-5 Bix kpyTHOro MmomenTy (MB) npu poO0TI Ha 30BHIIIHIN XapaKTePUCTHIII

LA On, »1rpa.
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Pucynoxk 4.5 — 3anexxnocti ctpyMy xuBnieHHs (1), paznoro ctpymy (Ig), ctpymy B
O3 (I;) ABI-5 Big kpyTHOro momenty (MB) nipu poO0TI Ha 30BHIILIHIN

XapaKTEePUCTHUIIL
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AHani3 HaBeJAEHUX 3aJKHOCTEN MOoKa3aB, 110 MpH PoOOTI B MEPIO] MYCKY
(mpu cTayioCTi KPYTHOI'O MOMEHTY) 3 3aJlaHUM CHCTEMOI) YIPABJIIHHS TEMIIOM
pO3rony it ooepTaroyux MOMEHTIB /10 120 Hem HE0OX1/1HO MOCIJOBHO 3MIHIOBATH
MOYaTKOBUM KYT BKJIFOUeHHsS ¢a3u Big +15 emrpan. no -45 en.rpaxa. [loganeimmii
PO3riH J0 JOCSTHEHHsI PIBHOBark MOMEHTY HABAaHTaKEHHS 1 KPYTHOTO MOMEHTY
JBUTYHA BIigOyBa€ThCS IO MEXaHIYHIA Xapaktepuctuili 3 OH = -45 emrpap.
(puc.4.5)

Caip 3a3HauunTy, 1m0 KKJ/| enexkTpoiBuryHa 3aiuiiaeTbes CTadllIbHO BUCOKUM
y BCbOMY Jiana3oHl 4aCTOT 00epTaHHs €NeKTPOABUTYHA.

Ha puc.4.6, 4.7 npencrasieHi 3a1eXHOCTI MapaMeTpiB enekTpoapuryna JABI-
5 Bi1 KpyTHOTO MOMEHTY Ipu poOOTI 3 MOCTIHHICTIO OTYKHOCTI (P = 5 kBT - KpHBa
| na puc.4.3.). lns peanizamii Takoro pexxumy poOOTH JBUTyHA TPU PO3TOHI aXK 10
gactotu obepranHs n = 1300 00 / XB JOLIIBHO MpALFOBATH 3 MOYATKOBUM KYTOM
BmoueHHs dasu O, = 0 emrpan., Jani miaBHo 3miHowoun O, Big +15 o -45
en.rpaji.

Jliara3oH peryaroBaHHs 3 NOCTIHHICTIO noTyxHOocTI P =5 kBt D = 12,

P, kBt KITL
8 H\.\ 0.8
6 0.6

/W»——-ca—-——¢ s v
4 ¥ 4 0.4
2 0.2
= !
& e MW
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Pucynok 4.6 3anexxHocTi notyxHocTi Ha Bany (P;), BTpat B Miji (AP,,) 1 KK/I

JIBI-5 Big kpytHoro momenty (MB) npu po6oTi Ha xapaktepuctuii Nel
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LA Ou, 1.rpaju.
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Pucynok 4.7 — 3anexxHocti ctpyMy »xuBieHHs (1), paznoro ctpymy (I ),
ctpymy B O3 (I;) ABI-5 Bix kpyTtHOro Mmomenty (MB) npu po6oTi Ha

xapaktepuctuill Nel

[Ticns  ompaifoBaHHST ~ KOHCTPYKUIT Ta  YTOYHEHHS  XapaKTEPHUCTHK
€JICKTPOIBUTYHA 3aMOBHHUKOM OyJI0 BHUPILNIEHO B MEPIIY Yepry MPUCTYIUTH [0
BUTOTOBJICHHS €JICKTPOJIBUTYHA JIBOTIAKETHOI KOHCTPYKIIIi.

Ha puc.4.8 HaBeieHl rpaHMYHI MEXaHI4YHI XapaKTEPUCTUKU 1 3aJI€KHOCTI
KK/I enexkrponsurysis [1T 6,3 1 JIBI-5.

3icTaBIEHHS OTPUMAHUX 3aJIe)KHOCTEH, TOKa3ye, 10 3aCTOCYBAHHS
BEHTWJIBHOTO 1HJAyKTOpHOro jasuryHa JIBI-5 3a0e3neunth MOXIMBICTH PyXy
HEHArpy»KEHOro EeJICKTPOBI3Ka 3 OULIbLI BUCOKOIO MIBHUIKICTIO HA TOPU30HTANbHIN
AUISHLL JIOPOTHM, a TAaKOXX MOXJIMBICTh MIAMOMY MO CXWIy Bropy 3 OUIBLIMM
HABaHTa)KCHHSM.

Crabuibno Bucokuit KKJI enexrpoasuryna JIBI-5 B mmpoxomy imianaszoni
4acTOT OOEpTaHHS [JO03BOJUTH 30UIBIIUTH MPOJYKTUBHICTH €JIEKTPOBI3KA 32
pPaxyHOK OiJbII €KOHOMIYHOIO CIIOKMBAHHSI €HEprii BiJl akyMyJsITOpHOI Oarapei

(ADB) 1 301bIIEHHS POOOYOT0 Yacy MIXK IMKJIAMHU TIEpPe3apsiaKu.
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Pucynok 4.8 — ['panndni MexaHiuHi XxapaktepucTuk 1 3aneskrocti KK Bixg

MOMEHTY Ha Baiy enektpoasurysis [1T6,3 1 JIBI-5 (U , = 75B)

4.3. Pe3yabTaTH po3paxyHKy TelJIOBHX MPOLECIiB B BEHTHJIbHUX iIHIYKTOPHHUX

€JIEKTPOJABUI'YHAX NMPH Pi3HUX YMOBaX podoTH

3 BHUKOPHCTAHHSAM PO3pOOJCHOI PO3pPaxXyHKOBOI TPOTpamMH, IO peami3ye
METOAMKY aHaJli3y TEIUIOBUX IPOLIECIB, B OCHOBI SKO1 JIEKUTh METO/1 €KBIBAJICHTHUX
teruioBux cxeM 3amimieHHs (ETC), pokimaaHo posrisiHyToi B posaiun 3, Oyia
MPOBE/ICHA OIlIHKAa TEIUIOBOTO CTaHy OCHOBHUX €IIEMEHTIB BEHTHJIBHUX
IHIYKTOPHUX enekTpoaBuryHiB JIBI-5 3 ypaxyBaHHsAM 0COOJMBOCTEH PEXHMIB iX
poboTH.

EnexTpoaBurys st IpUuBOAY €JIEKTPOBI3Ka

BentunbHMi  iHOAYKTOpHUM enexTpoaBuryH JIBI-5 mnpusnHauennii uis
IPHUBOY EJIEKTPOBI3KA, PEKUM pPOOOTH SKOTr0 HaOLIbII OJM3BKUNA A0 OBTOPHO-
KopotkouacHoro pexumy S3 (IIB 40%). Crnoci® 0X0JIOMKEHHSI PO3IIIIHYTOTO

€JIEKTPO/IBUTYHA — KOHBEKTUBHUH (IPUPOJHA KOHBEKIIIA).
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3 METOI0 OLIHKH TEIMJIOBOIO CTaHy €JIEMEHTIB JBUT'YHA IIpH HOro poOOoTi B
TPUBAJIOMY 1 IOBTOPHO-KOPOTKOYACHOMY DPEXHMI, 110 XapaKTEPU3YETHCS 4acoM
BKJIIOYEHOTO CTaHy 4 XBWIMHH, NIpU UMKl B 10 XBuiauH, Oys0 MpoBEAEHO HOro
TEILUIOBUU PO3PAXYHOK.

TeruioBuil po3paxyHOK MPOBOAMBCS ISl HOMIHAJIBHOIO (4acToTa o0epTaHHs
n = 1600 06 / xB, momeHT Ha Basty MB = 30 H * m, nanpyra xusienns U, = 75B) 1
nepeBanTaxyBanbHOTO (n = 800 00 / xB, MB = 180 H * M, U, = 75B) pexumis.
Buxiani nani npejacrasieHi B Tadnuii 4. 1.

Y BCIX po3paxyHKax TeMIeparypa HaBKOJHUIIHLOTO  CEpeOBUIIA
npuiimanacst piBHOIO Ty ¢p. = 20 °C. B SKOCTI H0CHIIKYBaHUX €IEMEHTIB JIBUTYHA

Oynu oOpani oOMoTka saxops (O), oomotka 30ymxenns (O3) 1 porop (P).

Tabmuus 4.1 — Buxiani gani 115 po3paxyHKy TEIJIOBUX MPOLECIB B BEHTUIIBHOMY

1HAYKTOpHI ABUryHi [IBI-5

PexxuM poOOTH €J1eKTPOIBUTYHA Hominaneuuit | [lepeBantakeHus
Yacrora obepraHHs 00/XB 1600 800
JloB:kuHa IBUTYHA 110
IIOBEPXHI OXOJIOJKEHHS MM 345 345
JloB)KMHA ITaKkeTa craTopa MM 43 43
JloBxkuHa nakera poropa MM 47 47
Maca 3y011iB cTaTopa KT 4,97 4,97
Maca cniuaku cratopa KT 19,77 19,77
Maca migu OS5l KT 6,43 6,43
Maca migu O3 KT 4,6 4,6
Maca poropa KI' 3,55 3,95
Maca BTyJIKH KT 13,54 13,54
Btpatu B 3y0115X cratopa Bt 106 97
Brpatu B crimH1i cTaropa Bt 12 11
Btpatu B potopi Bt 35 27
Brpatu B miai OS] Br 149 2077
BrpaTu B mizai O3 Bt 7 1003
MexaniuHi BTpaTH Br 168 37

Ha puc.4.9 naBeneHO 3aleKHOCTI TEMIIEPATyp PO3IMVIAHYTHX EJIEMEHTIB B

HOMIHAJIbBHOMY pexuMi, a Ha puc.4.10 B mepeBaHTa)KyBaIbHOMY PEXKUMI POOOTH.
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ITpu poboTI MpUBOAY B HOMIHAIBHOMY PEXUMI (puc.4.9) neperpis €JIEMEHTIB
JABUTYHA, IO B3aJI©KUTh BiJ pexumy poOOTH JBMryHa 1 HOro TpPUBAIOCTI,
3MIHIOETBCS 3 TOCTiHHOT uvacy Omm3bko 1,5 roaumn. Temrepartypa mneperpiBy B
MOBTOPHO-KOPOTKOYACHOMY PEXKHMMI BCTAaHOBIIOEThCS Ha piBHi 25-30°C, a B
pexumi S1 - 55-60 °C.

PexxuMu MakCHMMalIbHUX MOMEHTIB 1 MOTYXKHOCTEH BH3HA4YalOTh ICTOTHO
OlbIIy TEMJIOBY HAMPYKEHICTh eneMeHTiB. [Ipu mepeBaHTa)k€HHI B MOBTOPHO-
KOpoTKo4acHoMy pexuMi neperpis ckiage 110-180 °C, a B TpuBanomy — moxe

JNOCATTU TPaHUYHUX 3Ha4YeHb uepe3 10-15 xBunun podortu (puc.4.10).

T, °C
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Pucynok 4.9 — 3anexHocTi TeMIiepaTyp €JIEMEHTIB JABUI'YHA BiJl 4acy

(N=1600 06/ xB, MB =30 H * M, U,=75B)
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Pucynok 4.9 — 3anexHOCTI TEeMIIEpaTyp €JIEMEHTIB JIBUTYHA BiJ] 4acy

(N=800006/xB, MB=180H *wm, U,=75B)

[TpoBeieHi po3paxyHKH BEHTHJILHUX 1HAYKTOPHHUX €JICKTPOABUIYHIB Pi3HOTO

MPU3HAYECHHS 1 MOTYKHOCTI & TAKOXK JIOCIIIPKEHHS 3aJIeKHOCTEH €1eKTPOMAarHiTHUX

1 TeroBux Xapaktepuctuk JIBI Bix ¢akropis, 110 BIUIMBAIOTH: PEKUMY pOOOTH,

MOMCHTY HaBaHTa>XCHHs, IIOYATKOBOI'O KyTa BKIHOYCHHS (i)asu, CHOCO6y

OXOJIOJKEHHS 1 BUTPATH XOJIOA0ATrE€HTY I10KAa3aIu HACTYIIHE:!
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Masti BUTpaTH 4Yacy, HEOOXiJHI JJis MPOBEJCHHS PO3PaxXyHKY OJHOTO
CTaHy BEHTWIBHOI'O JBUI'YHA IIOKa3aJM MOXJIMBICTb 1 JOULIBHICTH
BUKOPHUCTAHHS PO3PO0OJICHUX Mporpam JJisi NPaKTUYHOIO BUPILICHHS
3aBJaHb, 110 BUHUKAIOTH B XOA1 pO3pOOKM Ta MpH JOCIIIKEHHI
IIPOEKTOBAHOr0 00'eKTa.

VYipaBiaiHHS MOYaTKOBUM KYTOM BKJIFOYEHHSI MPHU MapHIA KOMYyTamii 1
ctpyMoM 30ymxenHs [IBI moxe 3a0e3neuntu MexaHiuH1 XapaKTEPUCTHKU
AQHAJIOTIYHI  XapaKTEepUCTUKAaM  JIBUTYHIB  IOCTIHHOIO  CTpyMy
nocniioBHoro 30ymxkeHHs. [lpu  Bubopi paiioHAIBHOTO 3aKOHY
ynpasininas JIBI npu pospobui JIBI-5 BusiBieHo, 1mo mpu BeTMKHX
HABaHTAKEHHAX (MaJIMX YacToTax oOepTaHHs) palioHaIbHUM € KyT 0 + 15
. Tpaj., a MPU MAJIMX HABAaHTAXXCHHAX (BEJIMKUX 4acTOTax oOepTaHHs)
O11b11I pariOHAJIBHUMHU € KyTH -15 + -45 en. rpan.

ITopiBHAHHSA  XapakTepUCTUK  JIBUTYHAa  TIOCTIHHOTO  CTpymy 1
pO3p0o0JIECHOr0 3a JOIOMOIOK0 MPONOHOBAHUX METOAMK VIS Oro 3aMiHH
BEHTUJIBHOTO 1HAYKTOPHOTO €JIGKTPOABUIYHAa 3 TochigoBHoo O3
nokasasio, mo 3amida JIIC nwa JIBI no3BOiMTH MiABUIIMTH pecypc
npuBoay, 30uibmuta Horo KKJ[ (B cepeanbomy 3 0,7 o 0,92 ) i1
TIOJIITIIUTH P IHIIUX CTIOKUBYHUX SIKOCTEH.

PesynbraTtu TennoBoro po3paxysky /IBI go3Bonunu Bubpatu napamerpu
CUCTEMH OXOJIOJKEHHS (BEHTWJISATOPA, PO3MIPIB KaHAJIIB OXOJIO/DKEHHS
Ta 1H.).

IIpoBenenuit aHami3 pe3yiapTaTiB  €JIEKTPOMArHITHUX 1 TEIUIOBUX
PO3paxyHKIB psAY BEHTUIBHUX 1HIYKTOPHUX €JIEKTPOJIBUTYHIB 3
MOCJIIJIOBHOKO  OOMOTKOI0  30Y/DKEHHS — IIOKa3aB  MOJKJIMBICTH 1
eeKTUBHICTH iX pPOOOTM B  CKJIaAl PEryJbOBaHUX  TATOBUX
€JICKTPOIPUBO/IB 3 ypaxyBaHHSAM 0COOJUBOCTEH 1 pexKUMIB iX poOOTH, a
TaKOX J103BOJIMB C(HOPMYJIIOBATH BUMOTHU 1 pEKOMEHAalli 11t po3poOKu

MAarHITHUX CHCTEM 1 cucTteM oxoJiomxkenns JIBI.
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BUCHOBKHA

1. IlpoBeneHo aHaili3 Ta CHCTEMAaTH3allisl BIIIOMOCTEH 3 pI3HUX IMUTaHb TEOPIi Ta
MpaKTUKU po3poOku Ta 3actocyBanHa [JIBI, saxi mokazamu, mo JIBI 3
MOCJTIZIOBHOIO OOMOTKOIO 30y IDKEHHS NEPCIEKTUBHUAN ISl BAKOPUCTAHHS B
TATOBOMY €JIEKTPOIPUBO/I SIK aJbTEPHATUBA €JIEKTPOJBUTYHY MOCTIHHOIO
CTpyMY.

2. Iloka3zano, 1110 METOQ MAaTEeMAaTHYHOTO MOJCTIOBAHHS Ha 0a3l eKBIBAJCHTHUX
CXEM 3aMillleHHs B aHalli3l eJeKTpOMarHiTHuUX npouecis y JIBI He
MOCTYMAETLCA 32 TOYHICTIO PE3YyJbTATIB TMOJbOBUM MeETOJaM 1 OLiblil
€KOHOMIYHUM y BUKOPUCTAHH1 MAIIMHHOTO 4acy.

3. Po3pobiieHo MareMaTH4HY MOJENb €JIEKTpOMarHiTHux mnpouecis y JIBI 3
MOCJIIZIOBHOIO OOMOTKOIO 30Y/UKEHHSI, 10 A03BOJISIE aJIeKBATHO AOCIIIUTH
IPOLECH, IO MPOTIKAKTh y MamKiHi. OTprMaHa TOYHICTB B OL[IHIII MATHITHUX
cucteM /JIBI pi3HOro npusHaueHHs Ta MOTYKHOCTI He nepeBuiryBana 10-12
%.

4. 3 BUKOPUCTAHHSM JIAHIJIOTOBUX CXE€M 3aMIIIEHHS Ta 30CEePEHKCHUX JIKEepe
Tera po3pobJieHO MaTeMaTHYHy MOJENb TerioBux mnponecis y JBI 3
€JICKTPOMArHiTHUM 30y UKeHHSAM. Mojienb J103BOJISI€ OLIHWTH JMHAMIKY
NpOIeCYy  HAarpiBaHHs Ta  OXOJIO/DKEHHS  €JIEMEHTIB  KOHCTPYKIIii
€JIEKTPOJIBUTYHA, & TAKOK BU3HAUUTH pAIliOHAIbHE 3HAYEHHS HEOOXiITHOI

HpOJIYKTI/IBHOCTi CHUCTCMH OXOJIOJKCHHS BiJITIOBiJIHO.
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1. OBJECT, METHODS AND OBJECTIVES OF THE RESEARCH
1.1. Literature review on the theory and application of valve induction

motors

The development of valve machines has been going on for more than a
hundred years. Currently, they are one of the most promising types of machines
when used in a variety of applications. This is facilitated by their contactlessness and
wide possibilities of adjusting the output indicators with ease of control. Various
types of electric machines are used in valve engines, among which inductor
machines can be distinguished.

In the middle of the 20th century, technical progress raised a new important
problem - increasing the reliability and simplifying the operation of electric
machines. In this regard, interest in contactless, in particular, inductor, electric
machines has sharply increased. Significant successes in the field of semiconductor
technology, achieved in the 50s, led to the widespread introduction of high-
frequency inductor generators in transport (generators of the Riga Electrical
Machine-Building Plant, the company "SAFETY", the company "ERZ"), in
aviation, and then in space technology.

The merit in the field of creating a power valve drive based on inductor
machines (so-called synchronous reactive machines - SRD) belongs to Professor P.
Lawrence - a well-known specialist in the theory and calculation of electric machine
fields and stepper electric drives [5, 6, 9]. Under his leadership, a project to develop
traction valve inductor drives with strict requirements for efficiency, strength,
reliability, etc. was successfully completed , and after that an industrial company
was organized that produced the world's first series of general-purpose inductor
motors with a power of P ,=4 +35 kW.

It should be noted that despite the relatively small experience of using inductor
machines (IM) of this class as electric motors, due to their design and technological
features, they are successfully beginning to be introduced into various fields of

engineering.
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1.2. Valve induction motor with series excitation winding

1.2.1. Valve electric motor

One of the manifestations of the global trend in the development of high-tech
electrical products is the success in the creation of a new generation of adjustable
electric drives using valve electric motors (VD) [4]. The production of such electric
drives is currently mastered by almost all leading electrical companies. The offers
on the market of valve electric motors are characterized by a wide power range -
from units of watts to hundreds of kilowatts, they can be used in a variety of
industries.

Although valve electric motors are not a recent invention, their rapid
development was made possible by the intensive development of modern power
conversion and control electronics. This, in turn, created favorable conditions for the
development and production of a new generation of electric drives based on valve
electric motors.

Systems of this class have a widely adjustable rotor speed, have high starting
torques and good energy performance. In terms of their characteristics, such engines
are quite close to DC machines. At the same time, the absence of a brush -collector
assembly significantly increases the durability of valve machines and reduces the
limitations imposed by commutation, especially at high speeds and overloads. These
advantages of valve machines make them particularly promising for autonomous
installations with a primary source of DC electricity operating in difficult
environmental conditions.

The functional diagram of a modern valve electric motor (Fig. 1.1) generally
includes the following elements: an electromechanical energy converter (EMC) - an
electric motor (EM), a power electronic converter (commutator K), a rotor position
sensor (RPS) and a hardware or software control system (CS). If necessary, it may
also contain a voltage converter (VC) and a system of sensors (voltage (V), current

(C), speed (S), etc.).
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Figure 1.1 — Functional diagram of a valve motor

PN — voltage converter DPR — rotor position sensor
K — switch ED — electric motor

DC — current sensor T — transmission

DN — voltage sensor RO — working body

RPM - speed sensor SU — management system

Structurally, the electromechanical converter, electronic switch and control
system of the VD can be made separately. At the same time, during operation they
can be at a great distance from each other. Currently, there is a steady trend in the
world to make the switch and the motor in the system of adjustable electric drives in
one housing. The use of a combined VD design allows to reduce the consumption
of connecting wires and increase compactness.

The use of position feedback (PFO) is a distinctive feature of the valve motor,
since the signals for switching the inverter keys come from the control system
depending on the rotor position, due to which the frequency of the current in the
armature winding can be equal to or a multiple of the rotor rotation frequency.

The most common option for determining the rotor position is to use an
explicit rotor position sensor for this purpose.

The VD rotor position sensors are a unit built into the engine, consisting of
sensitive and signaling elements.

By type of sensitive elements, rotor position sensors are divided into:
induction, photo-optical, galvanomagnetic elements, parametric, and also

distinguish sensors based on magnetodiodes , contactless selsyn. The most
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widespread are galvanomagnetic sensors based on magnetically sensitive Hall
integrated circuits ( Hall sensors ).

In the case when the use of explicit DPR is difficult (limitations on the number
of conductors , on the radial and linear dimensions of the electric motor, strict
requirements for noise immunity, reliability, cost, etc.), it is preferable to use the so-
called sensorless control principle, based on the assessment of the EMF resistance
induced in the stator windings and the analysis of the rotor position based on it.

The control system (CS) of the VD processes signals coming from the DPR
and other sensors, and generates control signals coming to the transistor bases or to
the control electrodes of the thyristors of the switch. Depending on the
implementation, the CS may contain certain functional blocks, for example, a
microcontroller may be used as the CS.

As for the switch, in multiphase VDs the armature winding (AW) is usually
divided into three-phase groups, each of which is connected to a separate switch.
Multiphase VDs (as well as VDs with separated windings) have a larger number of
keys in the switch, which, however, allows to reduce torque ripple and reduce the
power per key.

Switches are divided into single-half-wave with non-reversible phase power
supply (i.e., the current in the phase flows in only one direction) and double-half-
wave with reversible power supply. The latter are an inverter (when powered from
a DC network) or a cycloinverter (when powered from an AC network). Single- half-
wave circuits are used in low-power power supplies.

The most common switch circuit is a bridge two-half-wave circuit. With the
relative simplicity of the switch, an acceptable value of the electromagnetic moment
pulsations (uniformity of rotation) and economy are ensured. This option is universal
for various applications [7].

For low-power inverters, the switch can be created on fully controlled
elements (transistors, dual-operation thyristors), and for medium and high-power
engines ( 21000 kW) - on fully controlled elements (thyristors, triacs ), as well as on

fully controlled thyristors (GTO). One of the most common operating modes of the
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inverter keys is 120-degree switching, within the period (360 degrees) each key is
open 120 degrees.
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Fig. 1.2. shows the algorithm for 120-degree commutation of the inverter
keys. Here 0, is the electrical angle that characterizes the state of the rotor of the

electric motor relative to the axis of phase A at the moment of connecting this phase
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to the power source. Such an angle is called the phase switching angle. For a DC
with independent excitation, it is the angle between the beginning of the positive
half-period of the no-load EMF and the phase current. And with sequential
excitation, when interpreting the angle 6, the EMF should be considered without
taking into account the armature reaction. The neutral switching corresponds to the
switching angle 0,= 30 el.grad .

The main element of the VD is an electromechanical converter, which can be
implemented on the basis of various types of alternating current electric machines:
asynchronous, synchronous, inductor, etc.

As part of the traction drive, the use of an electromechanical converter based
on an asynchronous motor (AM) is justified if the application does not require long-
term operation of the drive with high torques in the region of relatively low rotational
speeds (AM start-up is associated with large power losses and heating of the
windings), and it is also not necessary to have a wide range of speed or torque
regulation in the constant power mode [24].

In this regard, more universal are VDs based on synchronous electric
machines (SMs). Their external and control characteristics correspond to or exceed
the characteristics of traditionally used collector electric motors. The most promising
is the use of contactless SMs.

In turn, contactless synchronous machines can be of different types. Currently,
for low-power drives (from units of watts to units of kilowatts), the so-called
magnetoelectric motors (MEM) are widely used, the magnetic flux of excitation in
which is created by permanent magnets mounted on the rotor. Such machines have
a simple electrical circuit, do not consume energy for excitation and have increased
efficiency [11]. At the same time, the possibilities of regulating the speed of the
MEM without making structural changes are small, and the maximum power of the
motors is limited by a sharp increase in their cost due to the relatively high cost of
permanent magnets. In addition, large machines become practically non-

dismantleable and non-repairable , especially in repair shops.
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Inductor electric machines (EM) can also be used in high-voltage power
plants. The advantages of inductor machines are the simplicity of the rotor design,
high reliability due to the absence of rotating windings, good regulating properties,
low losses in the rotor, the ability to operate in difficult environmental conditions,
etc.

The main disadvantage of motors of this type is manifested in the presence of
a constant component of the magnetic flux, which does not participate in inducing
the working EMF, but loads the magnetic core and requires a significant increase in
its volume and mass compared to conventional synchronous machines [11].

The main differences between induction machines and classical synchronous
machines are as follows [11]:

It is known that the frequency of the EMF of the working winding is
determined by the frequency of magnetization reversal of the stator teeth. In

synchronous machines, the EMF frequency is calculated by the well-known formula:

. Pt
J %5 (1.1)
In inductor machines, based on the principle of operation, one period of EMF
corresponds to one rotation of the rotor by one tooth division. Thus, for inductor

machines:

. _Zp*n
f 2 (1.2)

That is, the number of pole pairs in inductor machines is equal to the number
of rotor teeth (number of protrusions), unlike synchronous machines with salient
poles, in which the number of pole pairs is equal to half the number of protrusions.
Thus, in valve -inductor drives, it is possible to deeply reduce the speed by increasing
the number of teeth on the rotor, which opens up wide opportunities for designing "
sensorless " motors built into machines and mechanisms.

As noted earlier, in inductor machines there is a constant component of the
flux F o, which is not used, although it loads the magnetic core. A feature of inductor

machines is also the condition of low saturation of the steel of the magnetic circuit.
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If the steel is saturated and its magnetic permeability falls, then the difference
between the magnetic resistances of the sections with maximum and minimum gaps
decreases. If, for example, the steel of the rotor teeth is completely saturated, then
the difference between the radial sections with Omax and Omin in terms of magnetic
properties is significantly reduced (when saturated, the magnetic permeability of the
steel puwill tend to py ) and the entire flux is evenly distributed around the
circumference of the armature, which will lead to a sharp decrease in the
electromagnetic moment.

A comparison of inductor machines with conventional synchronous machines

can be made using the magnetic flux utilization factor k ,[11]:

O @ &
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where F . and F i, are the minimum and maximum values of the flow 1n the
gap, respectively.

In the ideal case, when F ., tends to zero, k ;= 0.5. In real inductor machines,
F min/ F max=is 0.1 +0.2 and k s =0.4 +0.45. It follows that with the same output
characteristics and approximately equal moments of inertia of the rotors, the
inductor electric machine has approximately 1.3-1.8 times more mass than a
magnetoelectric synchronous machine. Therefore, when determining the possible
areas of application of these engines, it is necessary to take into account all factors,
including operational ones. In difficult operating conditions, it is the reliability factor
that 1s significant and here you can go for a slight increase in the weight of the drive.

Despite the above disadvantages, the peculiarities of pole formation of
inductor machines lead to the fact that with a small pole distribution of the rotor, IM
begin to prevail in terms of specific mass indicators over conventional synchronous
machines. In addition, the simplicity and manufacturability of the design (absence
of windings and magnets on the rotor), contactlessness (unlike classic synchronous
machines with electromagnetic excitation) and low cost (for example, compared to

synchronous machines with permanent magnets), as well as a number of other
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advantages, contribute to the use of IM as highly efficient motors for various

industrial units.

1.2.2. Description of the design of valve induction motors

The structural diagram of an electric motor determines the features of its
magnetic circuit and electromagnetic calculation, as well as the structure of the
equivalent thermal circuit.

Recall that an inductor is a machine in which, in the idling mode, the magnetic
induction at each point of the working gap changes only in magnitude, and its
direction remains constant [ 11]. Thus, the induction in the gap of inductor machines
has a pulsating character and contains a variable and constant component. The
change in the magnetic flux coupled to the armature winding in time is achieved by
periodically changing the magnetic resistance of the flux loop created by the
excitation winding during the rotation of the toothed, windingless rotor.

A wide variety of inductor machines is known, differing both in design
features and in the principle of operation [4].

From the point of view of the features of the magnetic circuit, induction
machines are divided into radially excited and axially excited. In radially excited
machines, the excitation coils (permanent magnets) are located along the radii of the
machine, and therefore the magnetic flux created by the OM in these machines has
a radial direction. In axially excited machines, the excitation coils are located along
the axis of the machine, and therefore the flux created by them is directed mainly
axially.

A significant advantage of axially excited machines is the simplicity of the
excitation winding device, which is usually made in the form of one or more coils
of a ring shape. In addition to the obvious design and technological advantages, the
small number of coils and their ring shape provide the minimum possible
consumption of conductive material for the excitation winding and minimal energy

losses for excitation during machine operation. This circumstance, in turn, allows



116

you to significantly reduce the weight and volume of the regulating equipment,
which in many practical cases is of great importance.

According to the nature of the change in the flux of the rotor teeth during
rotation, induction machines can be divided into machines with a constant flux and
with a pulsating flux. In each of the above types of machines, one can distinguish:
single-pole (with axial excitation flux) and different-pole (with radial excitation
flux) machines [8].

In single-pole induction machines, the excitation winding is made annular and
is located either between the stator packages or in the cover of the induction machine

(Fig. 1.3-1.4).
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Figure 1.3 — Multi-packet single-pole inductor machine

The main magnetic flux created by the excitation winding is closed through
the housing, stator package, working air gap, bushing and either through the second
rotor and stator packages or through the cover. Since axial flux is present in this type
of induction machine, the housing and cover are made of soft magnetic steel. The
direction of the radial magnetic field at each point of the working gap within each
package is the same and unchanged, in other words, all the rotor teeth within each
package have the same magnetic polarity, which explains the name of the machine.
Although the flux through the rotor teeth varies slightly, they are usually made

stacked to reduce surface losses in the outer zones caused by the armature teeth .
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Figure 1.4 - One-pack single-pole inductor machine

The excitation winding flux in the rotor branches into a maximum @,y ,
passing through a minimum gap Omin , and a minimum @, , passing through a
maximum gap Omax . Changing the gap under the stator coil as the rotor rotates leads
to a change in flux.

In different-named-pole induction machines (Fig. 1.5), magnetic poles of
different polarity are adjacent to the armature. On the inner surface of the layered
stator package 1, in contrast to the previously considered design, there are several
large grooves. The excitation winding 2 is placed in them. Between the large grooves
there are small grooves in which the armature winding 3 is placed. The flux of the
excitation winding branches into @y, (through Spmin ) and @i, (through 8mayx ). Unlike
the same-named-pole IM, part of the rotor teeth has a south polarity (the flux enters
them), and part has a north polarity (the flux leaves them). Therefore, the machine
is called different-named-pole . However, for this type of induction machine, the
radial induction at each point of the working gap retains its direction unchanged.
Since each rotor tooth and the zone adjacent to it are periodically remagnetized, the
losses in the rotor teeth of different-named-pole induction machines are greater than

in single-named-pole designs.
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Rice cake 1.5 — Multipolar and induction machine: 1-case;

2-winding excitation ; 3 - armature winding

In non-polar induction machines, there is no axial flux, that is, the magnetic
core does not include a sleeve and a machine body.

It should be noted that the armature winding of single-pole induction
machines in single-phase and multi-phase versions is symmetrical in magnetic
terms; in multi-phase versions of different-pole machines, there is magnetic
asymmetry of individual phases of the armature winding. This disadvantage of
different-pole IMs determines their limited use in practice, especially as part of
three-phase motors. In valve motors, single-pole induction machines are the most
common.

Depending on the type of excitation system, induction machines can be
distinguished with electromagnetic excitation (with a clearly defined excitation
winding), with magnetoelectric excitation (with excitation from permanent
magnets), with combined excitation and with self-excitation (synchronous-reactive
machines).

Synchronous-reactive induction machines (SRM) have been known for more
than 30 years [33]. Their distinctive feature is the absence of explicit excitation. The
source of magnetic flux here is the working winding. As in the induction machine
with an explicit excitation winding (IM with OZ), the stator and rotor of the SRM
have a clearly poled tooth structure (Fig. 1.6).
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Figure 1.6 — Synchronous reactive four-phase inductor machine

The magnetic flux is closed along the contour: stator tooth - working air gap
- rotor tooth - rotor yoke - rotor tooth - working air gap - stator tooth - stator back.
Thus, there are no areas with axial flux.

The principle of operation of the SPM is based on the property of
ferromagnetic objects to orient themselves in an external magnetic field in such a
way that the magnetic flux that penetrates them has a maximum value. The
electromagnetic torque of the motor arises as a result of the interaction of the
magnetic flux of excitation and the current in the armature winding. The magnetic
flux of excitation that penetrates the stator winding changes as a result of a change
in the magnetic resistance of its closing circuit. The magnetic resistance is
determined mainly by the magnetic conductivity of the working air gaps, which
periodically changes due to the rotation of the rotor. The maximum value of the
conductivity corresponds to the state of the rotor when the phase axis and the axis
of the rotor tooth coincide, and the minimum value corresponds to the state of the
rotor when the phase axis and the axis of the rotor slot coincide.

In order for the rotor to rotate stably , it is necessary to switch the currents in
the armature windings in such a way that the direction of the currents and the
derivative of the flux in the corresponding phase do not change sign and have a
minimal spread of values. The function of the switch in the ID is performed by an

inverter, the switching moments of which are determined by the DPR signals.



120

Unlike an inductor machine with a zero-phase circuit, the phases in a CPM
are powered by current in one direction. This necessitates the use of simpler inverter
circuits with a minimum number of switches per phase, which is one of the
advantages of a CPM. It should be noted, however, that converters made according
to a similar circuit are not mass-produced due to the lack of mass application. Three-
phase inverters made according to a two-half-wave bridge circuit are used in practice
in frequency converters for asynchronous motors and in common valve motors based
on synchronous machines with excitation from permanent magnets.

The phases in the SPM are not electrically connected to each other. If three
wires are required to connect a three-phase IM to an inverter, then six are required

for a three-phase SPM (Fig. 1.7).
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Figure 1.7 — Connection diagram phase windings of the stator and and

inverter in I M with O Z (a) and in SRM (b)

SPMs are well studied, their advantages and disadvantages are known [7, 8].
The advantages of SPMs include simplicity and manufacturability of the design, low
cost, high reliability, high maintainability, low losses in the rotor, the ability to
operate at high speeds, including the ability to operate in aggressive environments,
1 (04

However, SRMs also have significant disadvantages, which include
significant torque ripple, which leads to a high level of noise and vibration, relatively

large losses in the winding at high speeds, and as a result, with a limited volume,
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elevated temperatures, as well as a more complex control system, especially when
implementing sensorless control.

Since the object of research of the master's thesis is a single-pole induction
motor with axial series excitation, let us dwell in more detail on its design features.

By design, single-pole inductor machines are divided into single-pack ,
double-pack and multi-pack .

In single-pack inductor machines (Fig. 1.4 b), the magnetic flux, having
passed through the stator and rotor packages, is closed through the machine cover.
The disadvantage of the single-pack design is the presence of an additional parasitic
gap between the cover and the rotating sleeve. In practice, single-pack Inductor
machines are used when there are limitations on the axial length of the electric
motor.

The mentioned disadvantage of the single-package design is eliminated in
two-package inductor machines (Fig. 1.8). In machines of this type there is no
parasitic gap. The magnetic flux passes sequentially through both packages and,
thus, 1s used twice.

s
/

nfal

Fig . 1.8 — Single and single-pole two - pack and induction machine

In some cases, if it 1s necessary to reduce the moment of inertia of the rotor or
the height of the axis of rotation, multi-package designs of inductor machines are
used (Fig. 1.3 a), which are several two-package modules assembled in one housing.

The inner packages of such machines are combined and are twice as long as

the outer ones. The number of excitation windings in machines of this type is equal
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to the number of two-package modules. Multi-package designs are used in high-
power engines with restrictions on radial dimensions. With such requirements, the
length of the package of the corresponding two-package design becomes excessively
large, which leads to uneven use of their magnetic flux and complicates the assembly
of the design. In addition, a large cross-section of the sleeve and housing is required
to conduct the magnetic flux . In a multi-package design, the technology for
assembling core packages is facilitated, the cross-sections of massive sections are
reduced (reducing the thickness of the frame and rotor sleeve), and the magnetic flux
through the packages 1s distributed more evenly.

The cores of the induction machine are made stacked. The stator of the motor
1s remagnetized by the alternating magnetic flux caused by the rotation of the toothed
rotor. As a result, losses occur in the stator steel, which are divided into eddy current
losses and hysteresis losses. Eddy current losses can be reduced by increasing the
electrical resistance in the eddy current path. Stacking the stator teeth breaks the
general eddy current circuit into a number of circuits lying in the cross section of the
plate. Thus, the total length of the eddy current circuit increases, and the cross
section of the steel along which it is closed decreases, which leads to an increase in
the electrical resistance in the eddy current circuit.

Electrical steels used for core manufacturing have high magnetic permeability
( u &) and low specific losses on magnetization reversal (hysteresis). Their use
allows to increase the specific electrical resistance, which also reduces the level of
losses on eddy currents. The magnetic flux in the stator backs in axial inductor
machines has less modulation, however, for technological reasons the stator plate is
charged together with the back.

The magnetic flux in the rotor teeth when using closed stator slots is
practically constant. However, in this case, the process of laying the armature
winding in the stator slots is complicated . In high-power inductor machines, open
slots are used. In this case, the pulsation of the magnetic flux in the rotor also leads
to the need for its charging. In addition, when the number of rotor teeth is less than

the number of stator teeth (which is found in the vast majority of inductor machine
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designs), the frequency of remagnetization of the rotor teeth exceeds the frequency
of remagnetization of the stator teeth, equal to the EMF frequency.

The thickness of the stator plate is selected depending on the engine power.
When using core sheets with a thickness of less than 0.3 mm with large diametrical
dimensions, the manufacturability of the design decreases, because the complexity
of assembling the package increases sharply and the filling ratio of the package with
steel decreases. In addition, due to technological factors, starting from a certain limit
value, with a decrease in the plate thickness, losses in steel begin to increase again.

Unlike classical types of electric machines (synchronous and asynchronous),
the housing and sleeve of an axial inductor machine are elements of a magnetic core
and are made of ferromagnetic materials. Their cross-section is chosen so that the
level of magnetic induction is relatively low. In addition, due to the summation of
the magnetic fluxes of individual core teeth, the variable component of the magnetic
flux penetrating these structural elements is small. Due to this, losses in the steel of
the housing and sleeve, even with their massive design, do not reach unacceptable
values. The shaft diameter is chosen based on the required mechanical strength and
rigidity. If the shaft material is magnetic, it can be used not only as a structural
element, but also as an element of a magnetic circuit. In this case, the sleeve can be
located only between the packages, and the cores are mounted directly on the shaft.

The stator back of an induction motor is only half the height of the back of a
conventional electric machine with the same amount of pole flux in the air gap. This
is because the stator back in induction machines serves only to evenly distribute the
toothed flux, and is not a section of the magnetic circuit in the path of the main
magnetic flux. As a result, there is some compensation for the increase in mass due
to the poorer utilization of the magnetic flux and the need to use a housing made of
magnetic material.

One of the disadvantages of axial induction machines is the presence of axial
magnetic flux, which can lead to accelerated wear of the bearings, since the balls
rotate in a magnetic field. In this case, bearing currents may arise, arising from the

potential difference between individual sections of the ball, created by leakage
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currents that are closed through the bearing shields. Therefore, usually in large
machines, the bearings are isolated by using non-magnetic sections in the path of the
magnetic flux that can be closed through the bearings. These can be bronze ring
gaskets in the bearing shields or between the shield and the housing, the use of non-
magnetic covers. As an option, the case of using a composite shaft can be considered.
The section of the shaft under the rotor packages is made magnetic, since it is part
of the magnetic circuit of the motor, and the part of the shaft on which the bearings
are installed is made of non-magnetic material.

As for the excitation winding, it has a ring shape and in a two-pack inductor
machine can be made raised (Fig. 1.9 ¢, d) or lowered (the excitation winding is
placed in the interpack space of the rotor) Fig. 1.9 a, b.

The advantage of the raised field winding is the simplicity of its installation
on the stator, while the lowered field winding requires additional technical solutions
that complicate the design and reduce its manufacturability. The raised field winding
has a larger average diameter compared to the “lowered” field winding, therefore,
the manufacture of the raised field winding requires more copper and it is less
rational in terms of losses. In addition, the need to place the field winding and the
armature winding in the same area of the inter-packet space leads to an increase in
the size of the motor.

There are two possible options for placing the raised excitation winding: at

the level of the working winding (Fig. 1.9 c¢) and above the winding (Fig. 1.9 d).



125

NN

liﬂ\llwl\l

| [l

AN

MANN

0)

[ NNNN

NN

]| |H”||III|||H fin
N \\lju\l\“\w . ?\ \‘\\ NN \"i ﬂl

B) r)
Figure 1.9 — Variants of placement of the excitation winding: a, b — lowered,

¢, d —raised

In the first case, it is necessary to provide additional space for the internal
parts of the frontal extensions of the OY, which increases the inter-packet distance
and, as a result, the weight of the massive parts of the magnetic core. When placing
the excitation winding according to the second option, the radial dimensions of the
motor, weight and losses in the excitation winding increase.

Unlike another type of excitation system used in electric machines -
permanent magnets, the excitation winding 1s less sensitive to dynamic loads,
vibrations and temperatures. In addition, the presence of an excitation winding
makes it possible to weaken the magnetic flux, while when using excitation from
permanent magnets, it 1s necessary to provide special windings that magnetize , for
example, the stator back.

In inductor machines, the most widespread is the toothed (Fig. 1.10) three-
phase armature winding, consisting of series-connected coils, each of which is

installed on a separate tooth.
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This variant of the armature winding increases the manufacturability of the
winding process, allows you to form the coil in advance on a special frame and
insulate it before placing it on the stator teeth. In addition, this achieves the minimum
total length of the frontal parts of the armature winding and their protrusion, and,
consequently, reduces the axial dimensions of the machine, reduces weight, cost,

copper losses and facilitates the thermal regime during engine operation.

Figure 1.10 — Location of the armature tooth winding

The disadvantages of the concentrated tooth winding include the low slot
filling factor and the need for open slots on the stator, which leads to flux pulsations
in the rotor teeth. However, with a large cross-section of the winding wires and the
introduction of additional design solutions that contribute to reducing the pulsations
of electromagnetic parameters (slot bevel), the option with toothed coils of the phase
windings becomes preferable.

As already noted, to ensure the possibility of installing coils on the stator, the
stator slots are made open. This reduces the dissipation of the armature winding flux,
but increases the pulsation of the magnetic flux in the rotor. Therefore, the rotor in
inductor machines and with the same-name pole design is also made stacked.

According to the method of connecting the phases of the armature winding to
the switch (inverter), the armature windings are divided into closed and open. Open

windings, in turn, are divided into radial and uncoupled.
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The closed windings form a polygonal circuit, the vertices of which are
connected to the commutator. For a three-phase AC motor, such a connection is a
delta connection.

Broken radial windings consist of sections, one end of which is connected to
a common point, and the other is connected to a switch. For a three-phase AC motor,
this connection is a star connection.

The radial connection scheme of the windings is considered more preferable,
since in a closed winding with a non-sinusoidal distribution of induction in the gap,
loop currents may flow, which worsen the energy efficiency of the motor.

The separated windings are made in the form of separate sections, shifted by
an angle multiple of the number of sections, and each section is connected to a
switch.

The arrangement of the coils on the teeth is chosen depending on the number
of phases and the number of teeth on the cores. For a three-phase armature winding,
the number of teeth must be a multiple of three, and the ratio of the stator and rotor
teeth must be such that there are stator teeth with an electrical angle between them
of 120 el.grad .

For the existence of phase coils located under opposite poles (in a single-pole
IM, a pole of opposite polarity can be conditionally called a rotor groove), the stator
must have teeth oriented relative to the rotor with a shift of 180 el.grad . In addition,
to increase the phase EMF and smooth its shape, coils are provided that are shifted
by an angle of 60 / n , where n y— the number of coils in phase, located in the
interval from 0 to 60 electrical degrees.

The working winding coils can be installed on both stator packages separately
(Fig. 1.9 a, ¢), or can be made in such a way as to cover the equally oriented teeth of
two packages simultaneously (Fig. 1.9 b, d). The second option has the advantages
of ease of assembly and a smaller number of assembly units. When implementing
this option for placing the armature winding, the excitation winding can be located

only above or below the common armature winding for both packages.
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1.2.3. Methods of switching on the series excitation winding

There are two ways to power the series excitation winding of a DC motor: the
excitation winding can be connected in series with the stator winding on the DC side,
or on the AC side via a bridge rectifier.

Patents [6, 7] claim methods of powering the excitation winding in contactless
valve motors, which allow obtaining output characteristics of such electric machines
similar to those of series-excited DC machines.

Patent [6] discusses a method for obtaining torque from an electric motor,
where the excitation winding or windings are connected in series with an inverter
and phase windings to create interacting magnetic fields. The phase windings are
supplied with voltage from a power source via a stand-alone inverter.

Different methods of powering the excitation winding are shown in Fig. 1.11
S )

In all figures, the elements included in the circuits of the series excitation
winding, enclosed between the dotted lines, structurally represent different devices.
The elements of the electric machine located inside the zones bounded by the dotted
line with the number 1, are placed directly in the electric machines and are elements
of its design. The components located inside the zones bounded by the dotted line
with the number 2 are elements of a semiconductor switch or inverter, and the
components located inside the zone 3 belong to a semiconductor rectifier.

In Fig. 1.11 = 1.15 the following designations are adopted: A, B, C - phase
windings of the electric motor; OV1, (OV1-1, OV1-2, OV2) - excitation winding; P
- toothed rotor. Phase windings A, B, C with their terminals 5k, 6k, 7k are connected
to the semiconductor inverter 2. The elements of the inverter are transistors VTT1 ...
VT6 and diodes VDI ... VD6. The semiconductor inverter is connected to a constant
voltage source E , with a resistance R , by contacts 1k and 2k . In the diagrams of
Fig. 1.12 + 1.15 the excitation winding OV1 is connected to the supply voltage

circuit E ;- connection of the excitation winding on the DC side.
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Rice cake 1.11 Sequence switching diagram excitation windings on the sides

and alternating current
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Rice cake 1.1 2 Sequence switching diagram excitation windings on the sides

and alternating current (option 1)

|
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Rice cake 1.1 3 Sequence switching diagram excitation windings on the sides

and alternating current (option 2)
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Rice cake 1.14 Sequence connection diagram branched excitation winding on

the sides and constant current (option 3)

A

1

Rice cake 1.1 5 Sequence connection diagram branched excitation winding

on the sides and variable current in the case of 6-phase

electric motor design
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In Fig. 1.13, the common points of the shunt diodes VD1 + VD3 are connected
directly to the “+” of the power source. In this case, unlike the previous circuit (Fig.
1.12), the magnetic flux of excitation is created by a current, the magnitude of which
i1s somewhat larger due to the partial use of currents from the self-induction EMF.
To use these currents in full and if it is possible to make the excitation winding from
two parts, it is necessary to connect the common point of the shunt diodes VD4 +
VD6 in a similar way to the previous case (Fig. 1.14). In this case, each of these
parts is included in the circuit of the constant supply voltage E ,. The instantaneous
value of the excitation current in this case will be proportional to the sum of the
absolute values of the phase currents.

With such a power supply of the excitation winding for a contactless valve
machine with electromagnetic excitation, an external characteristic is provided,
similar to the external characteristic of DC machines with series excitation.
However, such connections of phase windings and series excitation winding are
advisable to use in the case when the electric machine is located at a small distance
from the inverter, otherwise it will lead to an increase in the length of the power line
and an increase in losses. This prevents the use of such methods of connecting the
excitation windings of electric machines used in a number of branches of
technology, for example, in the traction drive of land transport and submersible
electric pumps.

Expanding the scope of application of electrical machines of this type is
possible by connecting the series excitation winding through a semiconductor
rectifier to the zero point gap of the phase windings [7].

In this case, the phase windings connected in a star are disconnected at the
zero point and a series excitation winding is connected to their ends through a
rectifier bridge. The excitation winding is connected to the positive and negative
terminals of the rectifier bridge. In this case, due to the closure of all currents,
including currents from self-induction EMF, output characteristics similar to those
obtained in the case of connecting the OZ according to the scheme in Fig. 1.14 are

provided through the excitation winding.
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The fact that the semiconductor rectifier is an integral part of the electric motor
and does not require additional lines to power the excitation winding allows you to
expand the scope of application of contactless machines of this class. At the same
time, the presence of additional losses in the diodes of the rectifier bridge limits the
use of this connection method in the case of low powers .

Depending on the number of phase windings, the bridge semiconductor
rectifier, through which the series excitation winding is powered, may have a
different number of arms. However, it is more preferable to use triads of phase
windings in an electric machine, which simplifies both the design of the machine
and the inverter control algorithm. With such a connection of the phase windings
and the excitation winding, the latter is connected in series with the phase windings
and at any time a current flows through it equal to half the sum of the absolute values
of the currents in the phase windings:

_ | ]|+

Log ) , (1.5)

where [ ov1s the current flowing in the excitation winding;
[y, Iy, Iw-currents flowing in phases U, V, W.

This method of connecting the excitation winding is shown in Fig. 1.11. For
the serial connection of the excitation winding OZ1, located on the stator, with the
phase windings, the final terminals of the latter 8k, 9k, 10k are connected to the input
circuits of the rectifier semiconductor bridge 3 (semiconductor rectifier), made on
diodes VD7 ... VD12, the number of arms of which is equal to twice the number of
phase windings. The excitation winding is connected to the terminals of the
semiconductor rectifier, positive 4k and negative 3k.

The semiconductor rectifier 3 is a separate structure that can be placed either
on the machine itself or in close proximity to it. When placing the semiconductor
rectifier on the machine, the compactness of the electric drive increases. In this case,
the rectifier itself can be an element of the machine design itself, which in some

cases simplifies its cooling.
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In the case of a multiphase motor, its working winding is divided into three-
phase groups (triads), each of which is connected to a separate inverter (inverter
section). The inverter sections are connected to a DC voltage source E ,, in parallel.

An example of a six-phase motor with a connection diagram of the excitation
windings on the alternating current side is shown in Fig. 1.15. The electric motor
has phase windings Al, A2, A3 of the first triad, A2, B2, C2 of the second triad,
excitation windings OZ1 and OZ2, as well as a toothed rotor P. The phase windings
with their initial terminals 5k, 6k, 7k and 5k2, 6k2, 7k2 are connected to a
semiconductor inverter 2, which has a sectional structure. The number of sections of
the inverter, as well as the number of series excitation windings and, accordingly,
the number of semiconductor rectifiers through which they are connected to the final
terminals of the phase windings, is equal to the number of triads of the phase
windings. Regardless of the number of triads of phase windings, at any moment of
time a current flows in each excitation winding equal to half the sum of the absolute

values of the currents in the phase windings of its triad.

1.3 Choosing a research method

One of the most important stages of designing and researching
electromechanical converters is the development of mathematical models of their
functioning processes, in particular, electromagnetic and thermal processes.

The task of conducting electromagnetic and thermal calculations of electric
machines is related to resolving issues related to calculating the magnetic circuit of
the machine and determining its main parameters, reducing losses, increasing
efficiency, determining permissible operating temperatures, as well as overheating
of the main components and checking the operability of the machine as a whole.

The exact calculation of electromagnetic and thermal fields has long been
difficult due to the need to overcome serious mathematical difficulties [3]. Recently,

due to the development of theory and the widespread introduction of computers into
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engineering practice, significant progress has been observed in the development of
exact methods for solving problems of electromagnetic and thermal fields [6].

Numerical analysis requires idealization of the model, which ultimately leads
to calculation errors. These errors are lower, the more correctly and in detail the
model is created, the greater the number of known factors of the behavior of the
structures of the studied object was taken into account during modeling.

There are mathematical models of electrical machines that structurally consist
of elements with distributed parameters — field models, and models with lumped
parameters — chain models [14]. In the first case, the processes occurring in the
object of study are described in the models by differential equations of derivatives,
in the second — by ordinary differential equations.

There are several ways to implement mathematical models: physical,
analytical, and numerical methods.

Mathematical modeling by the first method retains the features of conducting
an experiment in nature, but at the same time the real object and the model have
different physical natures [20]. Thus, field models can be implemented in continuous
environments using an electrolytic bath or conductive paper, and chain models can
be implemented on a grid of discrete elements and on analog computers [5, 6]. The
physical method of implementing mathematical models is purely research in nature
and is unsuitable for designing electrical machines.

Analytical and numerical methods for implementing mathematical models
reduce the study of phenomena occurring in an electric machine to mathematical
problems, the solution of which uses field theory methods for field models, and
circuit theory methods for circular models.

In the analytical method of mathematical modeling, all information about the
object of study is contained in a system of equations, which is transformed into a set
of resulting functions, each of which characterizes the dependence of any parameter
on others.

Many publications are devoted to the contribution to the development of

analytical methods for mathematical modeling of magnetic systems [13-16].
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However, all known analytical methods, such as the method of mirror images,
separation of variables, the method of conformal transformations, the method of
harmonic conductivities, etc. are applicable for calculating magnetic fields only in
local areas of electrical machines with fairly serious assumptions, which is explained
by the complex shape of magnetic circuits, nonlinearity of various media , etc.

The modern level of development of computer technology allows for large-
scale calculations that were previously unavailable. The emergence of the possibility
of solving large systems of linear and nonlinear algebraic and differential equations
describing electromagnetic and thermal processes stimulated interest in numerical
calculation methods.

Numerical methods allow for the analysis of complex mathematical models
for specific sets of parameter values. The main advantage of numerical methods is
the ability to obtain results even in cases where the application of analytical methods
1s difficult, while the number of assumptions made is minimized. The results
obtained by numerical methods are approximate, since the numerical transformation
of information involves its discretization, and the calculation process itself is
iterative. However, provided that the calculation lasts for a sufficiently long time
and the initial conditions are correctly set, the required accuracy of the results can
be achieved.

When implementing field mathematical models using numerical methods, the
most widespread are:

— Finite difference method (FDM) or grid method [14, 16];

— Finite element method (FEM) [21-22];

— The method of integral equations (MIR), varieties of which are the
boundary element method and the secondary source method [17, 18].

However, it should be noted that, despite the accuracy and rigor of modeling
electromagnetic processes using the listed field methods, they have a number of
disadvantages, the main ones of which are summarized in the following:

— mathematical models are described by complex systems of differential (for

FEM and FEM) and integral (for MIR) algebraic equations, which are
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solutions of Maxwell, Laplace, and Poisson equations with given boundary
conditions, which determines the great complexity in implementing models
and processing the obtained results, which requires a high level of user
training;

— high calculation accuracy, which is achieved by field methods, is quite often
excessive, since it significantly exceeds the permissible technological
variations of the design and physical parameters of electrical machines;

— The implementation of field models of electric machines requires a complex
set of software capable of supporting large-scale graphic and symbolic
databases, processing them, and being able to communicate with other
subsystems , etc.

At the same time, there is a great need for modeling methods, albeit not as
rigorous as field theory methods, but having sufficient accuracy for practical
application, which would allow solving a wide range of design problems without the
above-mentioned difficulties.

Such tasks can be implemented by the theory of circuits, which is based on
Kirchhoff's equations. The accuracy of analytical and numerical studies carried out
by this method largely depends on the correct choice of the appropriate structure of
the mathematical model, when compiling which the entire calculated area of the
magnetic system is divided into sections representing individual elements of the
magnetic circuit. The magnetic field within each section is considered strictly
oriented and is considered independently of the fields of other sections. The simplest
method that implements circuit mathematical models of magnetic systems can be
considered the method of equivalent electrical equivalent circuits.

Another method for calculating magnetic systems of electric machines is the
combined method, which combines both field theory and circuit theory. In this case,
the parameters of the elements included in the model are determined by field
methods, and the model as a whole is calculated using the basic laws of the theory
of electric circuits. Such methods include the method of conductances toothed

contour (MPZK) [24, 29].
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The essence of the MPZK is that for the active zone of the machine, taking
into account the real configuration of the magnetic core, an equivalent equivalent
circuit is constructed, the parameters of the elements of which, calculated at different
positions of the armature, are presented in matrix form, after which a general
calculation of the model is performed by analytical or numerical methods.

Despite the sufficient versatility of the MPZK, which allows taking into
account tooth pulsations and calculating various configurations of magnetic systems,
this method has not found wide application in practice, since its implementation
requires the creation of special application software packages for processing
complex systems of matrix equations that describe the parameters and connections
of elements of equivalent circuits of magnetic systems.

Based on the above, it can be concluded that the most acceptable method for
calculating a DC motor with a series excitation winding, from the point of view of
simplicity and accuracy sufficient for practical use, is the method of circular
mathematical modeling based on equivalent equivalent circuits, which allows
solving a wide range of design problems.

Thus, the task of developing a methodology for circular mathematical
modeling of DWI with sequential excitation is quite relevant. To solve it, it is
necessary to implement the following tasks:

— adopt a system of assumptions that facilitate the implementation of the
model, but do not take the research results beyond the limits of permissible
errors;

— determine the topology, structural composition and method of calculating
the parameters of the elements of the equivalent circuit of the DVI;

— 1mplement a basic chain mathematical model and identify it with a real
object based on experimental data;

— to test the method for analyzing electromagnetic and thermal processes in
a DWI with sequential OZ.

Based on the literature analysis, the following conclusions can be drawn:
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4. The comparative simplicity of the design, reliability, manufacturability,
ability to operate in difficult environmental conditions, good dynamic and
control performance, as well as the "hyperbolic" type of mechanical
characteristics determine the possibility and prospects of using DVI with a
series excitation winding in traction and transport drives, drives of
excavators and drilling machines, as well as in electric drives for
specialized purposes. This gives reason to consider the conducted research
relevant.

5. In publications devoted to DWI with electromagnetic excitation, engines
with series excitation are practically not considered, the issues of
calculation and modeling of processes occur in them. This necessitates the
development of methods of verification calculation and mathematical
models of electromagnetic and thermal processes in DWI with series
excitation winding, based on modern methods of mathematical modeling.

6. The comparative analysis of various methods of mathematical modeling
showed that the best of them for the study of electromagnetic and thermal
processes in DVI with a series excitation winding is the method that uses
equivalent equivalent circuits. This method allows calculations to be made
with minimal time and with sufficient accuracy for engineering practice. At
the same time, it is possible to analyze processes in electric drives with
different configurations of the magnetic circuit, different numbers of
phases, circuits for connecting the inverter and the algorithm of the inverter
operation.

Therefore, for further research on the topic of the master's thesis, the method

of mathematical modeling based on equivalent substitution schemes was chosen.
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Mexaniuni xapakrepuctuku /IBI (U=75 B, 1;,,,,=350 A)
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