BBEJAEHUE

CoBpeMeHHast TEHACHIIMS Pa3BUTHSA U YCOBEPIICHCTBOBAHUS YHEPTETHKHU CO-
CTOUT B CTPEMJICHUHU K TOBBIIIECHUIO HAJIEKHOCTH YHEProCHAOKEHUsI OTpeOUuTeNe,
a TaKkKe K cOAJaHCHPOBAHHOCTH SHEPropailoHOB. ['NaBHYIO MO3MUIMIO B CTpaTEruu
MOJICpPHU3AIMHN SHEPTrETUKN 3aHUMAIOT aBTOHOMHBIE CHCTEMBI AJIEKTPOCHA0KEHUS.

HeoOxoquMocTh B aBTOHOMHBIX CUCTEMAX JIEKTPOCHA0KEHUS BO3HUKAET
TaM, I71€ YKOHOMUYECKU HELEIeCO00pa3HO UM TEXHUUYECKH HEBO3MOYKHO HCIOJIB30-
BaTh LEHTPAIBHOE 3JIEKTPOCHAOKEHHE, K IPUMEPY, Ha OOBEKTAaX, KOTOPbIE HAXOAT-
Ccsl B IBIDKEHUU. B mepByIo ouepenp 3T0 TAKENOAOCTYIIHbIE OOBEKTHI, YAAIEHHBIE OT
KPYMHBIX SHEPrOCHCTEM, M HMEIOIINE COOCTBEHHBIE HMCTOUYHUKH SJIEKTPOIHEPTHUH,
HanpuMep, He(PTAHbIE U Ta30BBIE MECTOPOKICHHSL.

B Takux ycnoBusx peuieHue npoOiaeM ynpaBieHHUs aBTOHOMHBIMU 3HEPIeTH-
YECKUMH YCTAaHOBKAMM, IPEXKAE BCErO B YAaCTH ONTUMHU3ALUU MPOLECCOB JJIEKTPO-
cHaOXeHUs NPEANpUATU, C MO3ULMNA MUHUMHU3ALUU 3aTpaT U SHEProcOepeKeHus
MIPEICTABIISIET COOOM BaXKHYIO 3a/1a4y.

Jlist noTpeduTeneil aBTOHOMHBIX CHCTEMaxX JIEKTPOCHA0KEHHSI TPOMBIIIICH-
HOM YacTOThl MMEET OrPOMHOE 3HAueHUE OOEeCHEeYeHHE KauecTBa AIIEKTPUUYECKOU
sHeprun. OJTHOM U3 TTIABHBIX 33]a4 JJI1 HE3aBUCUMBIX CUCTEM 3HEProCHAOKEHUS SIB-
JsIeTCsl MOJTy4YeHHe HEU3MEHHON 4acTOThI MTPH MEPEMEHHON CKOPOCTH BpallleHus Bajia
npuBoJHoro Asurareis. MiMeercs npodiema obecrieueHusl yCTOMUMBBIX TapaMeTpoOB
AIIEKTPOIHEPTUH, TMOJIyHaeMOM MpeoOpa30BaHNUEM MEXAHMUECKOW SHEPTUH OT HECTa-
OUJILHOTO €€ UCTOYHUKA, HAIpUMeEp, BETPSAHOTO ABUrarens. Takas ke npoOiema cy-
HIECTBYET U MPU IKCIUTyaTallMK 3JEKTPOYCTAHOBOK OT CTAaOMJIbHOTO UCTOYHHMKA Me-
XaHWYECKOM PHEPTrUuM, HO MPU MaJOYCTOMUYMBOU SJIEKTpUUECKON Harpyske. D dek-
TUBHBIM IyTeM pEIICHUs AAaHHON MpoOJeMbl SBISETCS MPeoOpa3oBaHUE MEXaHUYe-
CKOM DHEPruu B 3JEKTPUUYECKYIO SHEPTHUIO C TOMOILBIO CHEIUATbHBIX JIEKTPUUECKUX

MallliH, 8 UMCHHO aCHHXPOHU3UPOBAHHBIX CHHXPOHHBIX TeHepaTopos (ACI) [1].
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Cy1iecTBEHHOE 3HAUCHHE MMEET U3YUYEHHE MapajieIbHOM padOThl HE3aBUCH-
MBIX MCTOYHUKOB JJIEKTPUYECKOW ZHEpPIHM ¢ ceTblo. [Ipu 3TOM mosBisieTcs psan
MPUHIIMITHATBHBIX BOMPOCOB MapaliebHONM paboThl aBTOHOMHBIX CHUCTEM JJIEKTPO-
CHA0XEHUS C [ICHTPAIIM30BAHHOU CETHIO.

3HAYUTENBHBIN BKIJIAJl B MIPOLECC PA3BUTUSI ACHHXPOHU3HPOBAHHBIX 3JIEKTPHU-
YECKUX MAIHMH, MPAKTUYECKOTO UCIOJIB30BAHUS U B CO3IAHUE COBPEMEHHOW TEOPUU
WX YOpPaBJIEHUS BHECEHBI OTEYECTBEHHBIMH YYEHBIMU, B YaCTHOCTH Mpodeccopom
M.M. BOTBUHHUKOM, MO HAA30pPOM KOTOPOTO JIaHHbIE PaOOThl HAYAU PeaIn30BaTh-
cst Bo BHUMD B 1955 r., a Takke ero nociegoareneM — npodeccopom FO.I'. [laxka-
pssHOM. OTpOMHBIN BKJIAJl B IPAKTUKY U TEOPHUIO JAHHOM TEMATUKH BHECIIH UCCIEN0-
BaHUsI, KOTOpbIe ObUIN BhIMOIHEHB U.A. Jlabynuiom, B.W. PagunsiM, JI.I'. Mamuko-
HaHueMm, A.IL. JloxmaroBeiM, C.B. IlokpoBckum, .M. Iloctaukossim, H.H. bnoir-
kuM, 3.H. CazonoBeiM u Jip. [2]. IIpakTrueckoe uCIOIHEHHWE PadOT MO BBEICHUIO
ACMHXPOHU3UPOBAHHBIX CHUHXPOHHBIX TE€HEpPaTOpOB Hadaioch B 60-X romax, mpe-
MMYLIECTBEHHO BaKHOM M3 KOTOPBIX SBUJIOCH BBOJ B KCILTyaTallHIO ABYX ACUHXPO-
HU3UPOBAHHBIX CHUHXPOHHBIX THApPOreHepaTopoB MoInHocThio o 40 MBT Nosckoit
ruapossiekTpoctaniuu (Komsuepro). Cpenr MHOCTPAHHBIX YYEHHBIX, HaJl JaHHOU
temoii 3aaumainuck A. Kahn, J.C. Clare, R. Pema, L.M. Ricardo, R.M. Sebastian u mp.
[2, 3, 4, 5].

HenpepbiBHOE CHAaOXEHUE AIEKTPUUECKOW dHEPIUeil MpearnonaraeT Haaudue
ABTOHOMHOT'O MCTOYHHKA JJISI SHEPTOCHAOKEHUS IIEKTPOIPUEMHUKOB IEPBON KaTe-
ropuu. BpiOOp BHAAa HCTOYHHMKA OINpEAENseTCs €ro MNoTpedsieMOil MOIIHOCTHIO,
Ha3HAYECHHUEM, HaJU4YMEM WM OTCYTCTBHEM CETH 3JEKTPOCHAOXKeHHus, reorpaduye-
CKUM TI0JI0KEHNUEM MTOTPEOUTENISI U IOMYCTUMBIMH 3aTPaTaMH.

O0630p pe3ynbTaTOB HMCCICAOBAHUN 3apyOEKHBIX U OTEUECTBEHHBIX YUYEHBIX
MOKAa3aJjl, 4YTO UCIOJIb30BAHHE ACUHXPOHU3UPOBAHHBIX CUHXPOHHBIX T€HEPATOPOB IS
ACD, 3KCIUTyaTUPYEMBbIX Ha Pa3UYHYIO SJIEKTPUYECKYIO HArpy3Ky, HEJOCTATOYHO
W3YYEHBI.

OnHUM M3 3HAYUTENBHBIX MPEMSITCTBUM HA MyTH BBOJA B JKCILTyaTallUIO

ACHMHXPOHHU3UPOBAHHBIX CHUHXPOHHBIX I'€HCPATOPOB B aABTOHOMHBLIX CHUCTEMAX JJICK-
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TPOCHAOKEHUST SBJSETCS MPOOJIeMa CO3MaHMS MPOCTEHUINCH M HAIEKHOW CUCTEMBI
YCTOMYMBOCTH HAMPSKEHUS IO aMIUTUTYJI€ U YacTOTE, UTO TpeOyeT MPOBEICHUS CO-
OTBETCTBYIOIINX HCCIENOBaHUN. B mocneaHue roapl npeabsBIssioTes Bce Oosee ce-
phe3HBIC TPEOOBAHMSA K KaYeCTBY AJICKTPUYECCKON SHEPTHU, UYTO HAKIIAIBIBACT COOT-
BETCTBYIOIIME TPEOOBAHUS K CUCTEMaM YIIpaBJEHUsS C BO3MOXKHO 0oJiee YHUBEpCAIb-
HBIMU CBOVMCTBaMH.

Hecmotpst Ha To, utro ACIT xapakTepusyroTcs psSI0M OTJIUYHBIX KayecTB, B
HACTOSIIIee BPEMsSI OHM M3yUYEHbl B HE3HAYUTEIHLHOM oObeMe. VcciiemoBaHuio mpak-
TUKW U TEOPUU YIPABICHUSI ABTOHOMHBIMU YHEPTETUUYECKUMH YCTAHOBKAMU U DHEP-
rocOEpeKEHUEM TOCBSIIEHO JT0CTATOYHO OOJIBIION 00bEM BCEBO3MOKHBIX HAYYHBIX
paboT OTEUYECTBEHHBIX M 3apyOeKHBIX crieruanucToB. OqHAKO, HA YPOBHE aBTOHOM-
HBIX CUCTEM JJICKTPOCHAOKEHUS 3TH HUCCIIECIOBAHUS PA300IIEHbI U HE B JJOCTAaTOUHOU
Mepe CIOocOOCTBYIOT PEIICHHUIO JaHHOU 3amaud. [losTomy, uccienoBaHus acUHXPO-
HU3UPOBAHHBIX CUHXPOHHBIX reHepaTopoB st ACD, paboTalmux Ha NEPEMEHHYIO

Harpy3Ky, sIBIIIIOTCS B OOJIBILION CTENEHN aKTyaJIbHOM 3a/1ayeil.

Lenb10 BHINOJIHEHUSI TMCCEPTAIIMOHHON padoThl sBIsETCS pa3paboTka aj-
TOPUTMOB YIIPaBJICHUS] aCUHXPOHU3UPOBAHHOIO CHUHXPOHHOTO T€HepaTopa, obecre-
YUBAIOIIUM TpeOyeMble KPUTEPUHU KauyeCcTBa T€HEPUPYEMOTO HAIPSIKEHUS TIPH TIepe-
MEHHOM 3HAQUE€HUSl 3JIEKTPUYKON HArpy3Ku, a TakKe IpU MEPEMEHHON CKOpOCTH

BpallcHus BaJla IPUBOAHOIO ABHUIaTCIIs.

O0beKTOM HMCCIIeN0BAHUSA SBISETCS 3JIEKTPOMEXaHUUYECKAs] CUCTEMA: ACHH-
XPOHU3UPOBAHHBI CUHXPOHHBIN I'€HepaTop; MpeoOpa3oBaTelb YaCTOThl C HE3aBUCH-

MbIM UCTOYHHKOM HAIIPSKCHUSA; CUCTEMA YITPABJICHHA, HpHBO,Z[HOﬁ MECXaHU3M.

HpeIlMeTOM HCCICA0BAHMA ABJIACTCA CUCTEMA YIIPABJICHHA ACHMHXPOHH3H-

POBAaHHLIM CMHXPOHHBLIM I'CHEPATOPOM.

Hay4Hast HOBU3HA:
1. Pa3zpaboran anroput™m ynpaBlieHUS aCUHXPOHU3UPOBAHHBIM CHHXPOHHBIM

reHEepaTOpOM Ha OCHOBE OOOOIIECHHON 3JIEKTPUUECKON MAIIUHBI, MO3BOJISIOIIMIMA
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YIYUYIIUTh JUHAMUYECKUE XapPAKTEPUCTUKU U MOBBICUTH MOKA3aTENIM KaueCTBa AJIEK-
Tpo3uepruu B ACD.

2. Pa3paboTtaHa uMUTAIMOHHAs MOJEJIb UCCIIEIOBAaHUS ABTOHOMHOMN CHCTEMBbI
AJIEKTPOCHAOKEHUsT Ha 0a3e mammHbl qBoMHOTO rutanus (MJIIT) ¢ mpemmoxxkeHHON

CHUCTEMOM aBTOMATUYECKOIO PETYIMPOBAHUA.

IIpakTHyeckasi 3HaUYNMOCTh pe3yabTaToB BKP: co3nanue aBTOHOMHBIX
CHCTEM JJIEKTPOCHAOXKEeHUS Ha 0a3e aCHMHXPOHU3MPOBAHHOTO CHHXPOHHOTO IeHepa-

TOpa C IIOKA3aTCILIMHU KadCCTBA YIOBJICTBOPAIOIINMU Tpe6OBaHI/I$IM ,HCfICTBYI-OHIHX

['OCTos.

AnpobGanus padotrbl. OCHOBHBIE IMOJOKEHUS Pa0dOTHl OB OOCYXKIEHBI U
N0JI0’)keHbl Ha Bcepoccuiickoll HayyHO-TIPaKTU4ECKOW KOH(pEpEeHLIMH ¢ MeXIyHa-
ponHbM y4yacTueM «lloBbimenre 3(h(peKTUBHOCTH MPOU3BOJCTBA M HUCIIOIb30BaHUS
sHepruu B ycnoBusax Cubupm» — 2015 r. (r. Upkyrck), Ha 4-ii MexayHapoHOM
HAyYHO-IIPaKTU4YEeCKONU KOH(pepeHInn «I(PPEeKTUBHOE U KaUeCTBEHHOE CHAOKEHUE U

UCITI0JIb30BaHUE 3EeKTposHeprum» - 2015 r. (r. ExarepunOypr).
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1 O630p uTEpPaATYypPHI

[IpakTuka U TEOpHUs] aCHHXPOHU3UPOBAHHBIX CUHXPOHHBIX MAIlIMH HAYUHAET
CBOE Pa3BUTHE C padOT MO KOJJIEKTOPHBIM KackajaM, ¢ uccienoBanuil /. Ocanna, B.
3eitia, M. I1. Kocrenko, JI. Jlpeidyca, a Takxe B. I'. KacksHoBa. 3HaunTEIHHBIHN
BKJIaJl B pa3BUTUE JIAHHOTO HAIpaBJICHUS, B CO3[]JaHUE TEOPUU ACHHXPOHHU3UPOBAH-
HBIX CHHXPOHHBIX MAIllMH U OCHOB HMX 3KCIUTyaTanuu BHec mpodeccop M. M. bor-

BHHHHK, II0J PYKOBOACTBOM H II0 HMHHIHATHUBC, KOTOPOI'0 JaHHBIC pa6OTBI ObLIH

Hauatel Bo BHUMD B 1955 1. [6].

1.1 YcrpolicTBO ACHHXPOHM3HMPOBAHHOM CHHXPOHHOW  MAIUMHBI,

OCHOBHBIE 3JIEMEHTBI CHCTEM PeryJIMpOBaHMUS U BO30Y:KICHHUS

ACHHXPOHHU3UPOBAHHASI CHHXPOHHASI MAlllMHA MPEICTaBISET CO00M 3IEKTpo-
MEXaHUYECKYI0 YCTaHOBKY, COCTOSIIIIUNA U3 COOCTBEHHO 3JIEKTPUUYECKOM MalllMHBI, aB-

TOMATUYECKOTO pEryisiTopa Bo30yx aeHus, Bo3OyauTens. CTpyKTypa aCUHXPOHU3U-

POBaHHON MalllMHBI ITOKa3aHa Ha puc. 1 [7].

re—————
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Pucynok 1 — CTpykTypa aCHHXpOHU3UPOBAHHON CUHXPOHHOW MAIIIMHbI
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Co0cTBEHHO, AMEKTpUYECKas MalnHa 1 — HESIBHOMOMIOCHAST OECKOIIIEKTOP-

Has MallMHA IIEPEMEHHOr0 TOKa, Coep Kamas B o0IeM cilydae M, Ha poTope U M

¢a3 Ha crarope. Kak W3BECTHO, KITACCUYECKHU JJIsi OOJIBIIOTO KOJUYECTBA MPAKTHUUE-
CKUX CITy4aeB Ha CTaTOpe YJIOXKEHA CUMMETpUYHast TpexdazHasi 00MOTKa, MOIKIIOYA-
emasi K Tpex(a3zHoi ceTh HEMOCPEJACTBEHHO WM Yepe3 TpaHchopmaTop, a Ha pOoTope
— JIBYX- WM Tpex(aszHas CUMMETpUYHas OOMOTKA, MOJKIIOYaeMasl 4yepe3 KOHTAKT-
HbIE KOJIbI[a HETIOCPEICTBEHHO K BO30yauTento. Bo30yauTens — 2, moicoe AMHSAEMBbIi
K KOJIbLIaM pOTOpa MallluHbI 1, mosy4yaeT cuiioBoe MUTaHUE JTMOO OT BCIIOMOTATENb-
HOM 3JIEKTPUUECKON MaIlIUHbBI 4, pacnoyioKEHHON HAa OJTHOM Bajly C OCHOBHOW Malllu-
HOM 1, mubo oT cetu yepe3 TpaHchopmaTop 3. Bo3zmokeH Takke BapuaHT, KOrja
AIIEKTpUYECKasi MalluHa 4 BXOJIUT B COCTaB OT/AEJIbHOM, TaK Ha3bIBAEMOM, IBUTATEIIb-
IE€HEPATOPHON YCTAaHOBKH.

YacTora HanpspKeHUsT Ha BBIBOJIAX BO30YIUTENS, MOJKIIOUEHHBIX K KOJIbIIAM
poTOpa MOKET U3MEHSTHCS MO 33JaHHOMY 3aKOHY M paBHA B YCTAaHOBMBIIEMCS pe-
KM€ Pa3HOCTH KPYTOBBIX YacTOT BpalICHHs IMOJs poTOopa M craropa (dacrtore
CKOJIBKEHHUSI) AJIEKTPUUECKOW MamuHbl. M3 3T0r0 cnemyer, 4To BO3OYyAMUTENb acHH-
XPOHU3UPOBAHHOM CHHXPOHHOW MalIWHBI SBJISETCA B OOLIEM ciiyyae MpeoOpa3oBa-
TEJIEM YaCTOThI HAMPSHKEHUS UCTOYHUKA MTUTAHUS B YACTOTY CKOJIBKCHHUSI.

ABTOMAaTUYECKHI PEryJsTOp BO3OYXKACHUS O CIYXHUT Il (HOPMHUPOBAHUSA
TpeObyeMoi (PYHKITMM pEryIupOBaHUs MAIIUHBI, YCUIUBaeMOW Bo30yautTenem. Ode-
BUJTHO, YTO YMCJIO BBIXOAHBIX CUTHAJIOB PETYJIATOPA COOTBETCTBYET unciy ¢a3 poTo-
pa MamuHbl. OyHKIMA perynupoBanus GOpMHUpPYETCs HA OCHOBE MH(OpManuu, mo-
Jy4YE€HHOUW C TOW WJIM WHOU TEPEeMEHHOU, XapaKTEPHU3YIOIIeH peKUM padOoThl MaIllu-
HbI. JTa HHPOpMAIUS TTOTYyYaeTCsl OT CUCTEMbI IaTYUKOB 6, KOTOpasi B 0OIlIEM CITy-
qyae COJEPKUT B ce0e CleNyIolue JaTUUKK:

6.1 — maTyuk TPUTOHOMETPUYECKUX (YHKIIUN yTiia MOBOPOTa poTopa (yrio-
M3MepUTEeNbHAs MalllMHA WK JATYUK YTIIOBOTO MOJIOXKEHHS pOTOpaA);

6.2 — 3aJaTYUK HE3aBUCUMOM YaCTOTHI;
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6.3 — maTYMK TPUTOHOMETPUUECKUX (DYHKUUN yriia n300pa)karoliero BeKTopa
HANPSDKEHUST DJICKTPUUYECKOM CUCTeMbl. JTa MH(OpMaIHs MOXKET OBITh MOTyYeHa,
HaIpuMep, ¢ MOMOIIBIO YCTPOMCTBA Tellenepeaadn yria;

6.6 1 6.4 — TaTUYMKKU TOKOB CTATOpPa U POTOPA;

6.7 u 6.5 — JaTYMKU HaNMPsSHKEHUN poTopa U cTaTopa.

Kitoun K1 u K2 (cm. puc. 1) MOT'YyT HaXOAHUTHCS B OJHOM M3 ABYX IOJIOXKE-
HUIl — JIEBOM WM TIpaBoM. J[eliCTBUTEIBHO, BO3OYAUTENb 2 MOXKET MUTATHCS JINOO
OT MOHMKAIOIIETO TpaHchopMaTopa S, MO0 OT BCIOMOTaTEIbHOM MAaIMHBI 4 XOTS B
OTIEIBHBIX CIy4yasx MJid TOBBIIIEHUS HAJAEKHOCTH ACHUHXPOHU3UPOBAHHON CHH-
XPOHHOM MalllMHbl BO3MOXHO MUTaHUE BO3OYAMUTENS OT JIBYX HE3aBUCUMBIX HCTOY-
HUKOB.

Ecnu Ha perynarop 5 moctymnatot curnaisl ot aatduka 6.1 (kmou K2 B mpa-
BOM IIOJIO’KE€HUU ), TO, KaK OyAET MOKa3aHO HUXKE, BBIXOJIHASl YACTOTa CUTHAJIOB PETY-
asTopa siBIsgeTca (DYHKIMEH 4YacTOThl BpalleHHs pOTOpa M MalllhHAa MPUOOpETaeT
ACMHXPOHHBIE CBOICTBA B OTHOLIEHUU YCTOMUMBOCTH; €CIIU K€ HAa PETYJIATOP MOCTY-
MAaK0T CUTHAJBI OT 3a7aT4iKa 6.2, TO BBIXOJ/IHASI YaCTOTA CUTHAJIIOB PETYJIATOpa HE 3a-
BHUCHUT OT YaCTOThI BPAILIEHUsI POTOPA, a MAILIMHA TPUOOPETAET CHHXPOHHBIE CBOWCTBA
B OTHOLLIEHUN YCTOWYUBOCTH.

B kadecTBe 3JIE€KTPUYECKOM MAIIMHBI, BXOJSIIEA B COCTaB aCUHXPOHU3UPO-
BAaHHOW CHHXPOHHOHN MAaIIMHBI, KaK CIEAYET U3 pacCMOTPEHHOTO, MOKET MCIOJIb30-
BaThCs MalllMHA ABOMHOIO MuTaHus (aCHHXPOHHAs MaIlirHa ¢ (a3sHbBIM POTOPOM) Kak
CHEUaIbHO CIIPOEKTUPOBAHHAS, TaK U CEPUIUHOr0 M3roTOBJIEHUS. B mepBoM ciydae
yAAeTcsl MONYYUTh CUCTEMY C JIYUIIUMH TEXHUKO-DPKOHOMHYECKHUMH IMMOKA3aTEISIMHU,
TaK KaK MalllHa IPOEKTHUPYETCS C yYETOM CBOKCTB BCEX OCTAJIbHBIX 3JIEMEHTOB JaH-
HOTO 3JIEKTPOMEXaHUYECKOro KomIuiekca. Bo BTopom citydae notpeOyroTcs HEeKOTO-
pbie HEOOMBIINE U3MEHEHUS — yculieHne O0aHaxa poTopa Jyisi paboThl CO CBEpXCHH-
XPOHHOM CKOPOCTBIO, HHOT'/IA BBIBOJ IIIECTH KOHTAKTHBIX KOJIEL U 1.

Bo30yauTenb aCHHXpOHU3UPOBAHHON MalIMHBI MOKET OBITh CO3/1aH Ha OCHO-

BC€ KaK BCHTHJIBHBIX YCTpOﬁCTB, TaK U JJICKTPHUYCCKHNX MAIIHH. B HaCTOAIICC BPCM:A
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AIIEKTPOMAILIMHHAS CHUCTeMa BO30YXKIEHUS, COCTOSINAs M3 KOJUIEKTOPHBIX MAIIUH
IIEPEMEHHOTIO TOKA HE MMPUMEHSETCS U3-3a N3BECTHBIX HETOCTATKOB TAKUX CHCTEM.
CoBpeMeHHas cucTemMa BO30YXKJIEHHUS COCTOUT U3 YIPaBJISEMbIX THUPUCTOP-
HBIX TIpeoOpa3oBaTeneil yacToThl. M3 Oonbmioro umcia Takux npeobpazoBareneid —
WHBEPTOPOB TOKA M HAMPSKEHUS, HEMTOCPEICTBEHHBIX NMpeoOpazoBaresield YacToThI C
ectectBeHHON kommyTaren (HITYE) — nanbonee nmpuroaHsIMH JjIsi aCHHXPOHU3H-
pOBaHHBIX CHHXPOHHBIX MamuH sBisA0Tcs HITYE ¢ cunycommansHoil (opMoil BbI-

XOJHOro ToKa [8, 9].

1.2 IlpuHuMI XedCTBUSA M OCHOBHBbIC CBOWCTBA ACHMHXPOHU3MPOBAHHOM

CHHXpOHHOﬁ MaIIuHBbI

HopmasibHBIM yCTaHOBUBIIMMCS PEKHMMOM HAa3bIBAIOT TaKOW PEKUM pabOThHI
AIEKTPUYECKON MAIWHBI, IPU KOTOPOM PEAKTHUBHBIE U MOIIHOCTH aKTUBHBIE POTOP-
HBIX U CTaTOPHBIX LENEN SIBISIOTCS MOCTOSSTHHBIMUA M HE 3aBUCAT OT BPEMEHH, a YIJIO-
Basi CKOPOCTh POTOpa MPHU ATOM OCTAETCA TAKKE MOCTOSIHHOM MpU CTaOUIILHOM MeXa-
HUYECKOM MOMEHTE Ha Baiy [10].

HopmanbHblll yCTAaHOBUBILIMNCS PEXKUM IS JIEKTPUYECKON MAIMHBI CYIIE-
CTBYET TOJILKO B TOM CJIy4ae, KOTJla MAarHUTHBIE MOTOKU, KOTOPBIE CO3AaHBI POTOP-
HBIMU U CTaTOPHBIMM TOKaMH, OKA3bIBAIOTCS B MPOCTPAHCTBE B3aMMHO HEMOJBUXK-
HBIMH IIPYU PA3JIMYHOM 3HAYEHUM YIJIOBOM CKOpOCTH poTopa. M3 3Toro ycnosus ciie-
JIyeT TAKXKE€, YTO MAarHUTOABHXKYILIME CHUJIbI, CO3/IAI0OIINE YKAa3aHHbIE MAarHUTHBIE TO-
TOKU WJIM U300pakaroliue BEKTOPhI TOKOB U HAIPSKEHUH, U pOTOpa, U CTaTopa, TaK-
K€ JIOJIKHBI ObITh B3aMMHO HEMOJIBMKHBIMU. J[aHHOE yCJIOBHE 3alMCHIBACTCS CJICY-
IOIIUM 00Pa3oM:

W, =0 — 0y =—SO, (1)

ra€ @ — yrijioBas CKOPOCTL BCKTOPOB HAIIPSKCHHWH, TOKOB CTAaTOpa OTHOCHUTCIBHO
CTaTopa U MArHUTHBIX IIOTOKOB,

@; — YTJIOBasA CKOPOCTb BCKTOPOB HaHpHH(eHHﬁ, TOKOB pOTOpa OTHOCHUTECIBHO

pOTOpPa U MArHUTHBIX ITOTOKOB,
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(g — YTIIOBast CKOPOCTH POTOPA.
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Pucynok 2 — CTpykTypHasi cxeMa MalliHbl, padoTaromiei B 00001EeHHOM

ACUHXPOHHOM (a) 1 0000IIIEHHOM CHUHXPOHHOM (0) pekumax
[TpakTyeckoe ucnosHeHue yciaoBus (1) MOKET TOCTUTaThCs IBYMS ITPUHIIU-

NUAJIBHO Pa3HBIMU METONAMHU: KOIJla @y SBJIACTCS HE3aBUCHMOM IIEPEMEHHOM, a @y
— (pyHKIHEH CKOPOCTEH @ U @y; KOTAA (@ SIBISAECTCA HE3aBUCHMMOH IEPEMEHHOMU, a
CKOpOCTb @, — (QYHKIIMEH CKOPOCTEN @ U @ .

Ha stom mpuHIMne ocHoBaHa Kiaccu(PUKaIUsg aCHHXPOHU3HPOBAHHBIX CHH-
XPOHHBIX MAlllMH, JaHHas B cBoe BpeMms eme B. T. KaceaHOBBIM 1 pa3BUTas MTO3KE B
psaae apyrux pabot [11]. MammuHa nepBoro Tuma onpeielieHa Kak UMEroIas CUH-
XPOHHBIE CBOWCTBA, WM paboTaromiasi B «0000IIEHHOM CHHXPOHHOMY» pexume. Ma-
IIIMHA BTOPOTO THUIIA OTMpeEJeieHa KaKk MMEIOIIasi aCHHXPOHHBIC CBOWMCTBA, WM pado-
TarIIas B «0000IIEHHOM aCHHXPOHHOMY peXUMe. DTH 00a pekruMa OJHOU U TOU xKe
MaIlTuHbI, HA3bIBAEMON aBTOPOM MAIIIMHOM JBOMHOTO MUTAHHWS, MOTYT CYIIECTBOBAThH
JUTSI KOHKPETHBIX YCIIOBUM, UMCIOT CBOM MTPUHITUIIBI, IOCTOMHCTBA M HEJIOCTATKH.

Ha puc. 2 nmokasanbpl CTPYKTYpPHBIE CXEMbl MAIlIMHBI JBOMHOTO MUTAHUS, pa-
Ooratomield B «0000IIEHHOM aCHHXPOHHOM» U «0OOOIIEHHOM CHHXPOHHOMY» PEXH-
Max. CXeMbI 3TH pa3IMyaroTCs TEM, YTO B IIEPBOM CIydae CHCTEMa aBTOMAaTHYECKOTO
PETYIUPOBAHUS DJIEKTPUUECKONW MAIUHBI 1, pOTOpP KOTOPOM MOJCOEIUHEH K TIPeol-

Pa3o0BaATCIIIO YaCTOThI 2, Pa3sOMKHYTa II0 CKOPOCTH, TaK KaK CUI'HAJl ; IIOCTYIIACT Ha

BXOJI aBTOMaTHYECKOTO PETyJsATOpa 3 OT HE3aBUCUMOTro 3anatynka 4 (cm. puc. 1, 3a-
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JaTduK 6.2), BO BTOPOM € CIIy4ae CHCTeMa aBTOMATHYECKOTO PETyJIMPOBaHHS Ma-
mUHB 1 3aMKHYTa TI0 CKOPOCTH M Ha BXOJI aBTOMAaTHYECKOT'O peryjsTopa 3 OT JaT-
YHKa TOJ0XKECHUS 5 MOCTyNaeT CUTHAJ YIJIOBOM CKOPOCTH poTopa (CM. Takke puc. 1,
naTauk 6.1).

B mepBoM ciydae npu M3MEHEHHH, HAPUMEp, MEXaHMYECKOTO MOMEHTA Ha

BaJly U HCUBMCHHLBIX 3HAYCHHAX CKOpOCTeﬁ (O OF HOBBIN yCTaHOBHBmHﬁCH PCKUM
HACTYIUT TOJIBKO B TOM CJIy4dae, KOrja CKOPOCTb Wy = W+ w; = COnSt, T. €. CKOPOCTb

poTOpa B YCTAHOBUBILIEMCS PEKHUME JIsl TAHHOTO Ciiydasi He Oy/leT U3MEHSAThCSA IpH
M3MEHEHUU Harpy3Ky Ha Bally. B 3TOM 3akirouaercs IOJIHAs aHAJIOIUsA paccMaTpuBa-
€MOT'0 PEKUMA ACUHXPOHU3UPOBAHHON M CHHXPOHHOM MAIlIVH.

Bo BTOpOM Ciyyae nmpu M3MEHEHHH MOMEHTA Ha Bajly U HEM3MEHHOM 3Haye-
HUUA CKOPOCTHM (» HOBBIM YCTAHOBUBILIMWCS PEXHUM HACTYIMUT IPU IIPOU3BOJIBHBIX

3HAQYEHUAX CKOPOCTH poTopa. CKOPOCTh XKe @; OYyAET U3MEHATHCS B COOTBETCTBUH C
(1). 3HaueHus wy; M @;, KOTOPbIE YCTAaHOBATCS B HOBOM HOPMAaJbHOM yCTaHOBHB-

HIEMCSl peKUME, ONPENIETISIOTCS MEXaHUYECKON XapaKTepUCTUKOM MAIIUHBI U APYTH-
MU (paKkToOpamu, KOTOpbIE OYIyT MOJIPOOHO PACCMOTPEHHI MO3KE. 37€Ch BAXKHO OTMe-
TUTb, YTO HOPMAJLHBIM YCTAHOBUBIIMICS PEKUM paOOTHI B JAHHOM CIIy4ae COIPO-
BOXK/IAE€TCSI U3MEHEHHUEM CKOPOCTH pOTOpa BMECTE C M3MEHEHHEM Harpy3ku TOYHO
TaK e, Kak 3TO UMEET MECTO B aCHHXPOHHBIX MamuHax. O4eBUIHO, YTO KaK B Tep-

BOM clly4ae (IIpY HEU3MEHHBIX @ U ; ), TAK U BO BTOPOM CiIy4ae (IIpU HEM3MEHHBIX

@ U @y ) C U3MEHEHNEM TOKA pOTOPA B ACHHXPOHU3UPOBAHHON CUHXPOHHOW MallIMHE

MOYHO U3MEHSITh PEAKTUBHYIO MOIIIHOCTh CTaTOpa TaK K€, KaKk U B CHHXPOHHOU Ma-
IIUHE.

JIiist 0600IIEHHOTO aCHHXPOHHOTO PEXUMa YIJIOBasi CKOPOCTh POTOpA PEry-
JUPYETCs U3MEHEHUEM HaIpsDKEHUST poTopa U (pas3bl HAMPSDKEHUS, BCIICICTBUE YETO
MU3MEHAETCS] COOTHOILLIEHHE MEXAY MOMEHTOM, Pa3BUBAEMbIM 3JIEKTPUUYECKON MAIlllH-
HOM, U MEXaHWYECKUM MOMEHTOM Ha Bajly, YTO MPUBOJMUT K U3MEHEHHUIO CKOPOCTH

BpalIeHUs] POTOPA, a B JIEKTPUUECKON MalllMHE 000OUIEHHOTO CHHXPOHHOTO peXnMa
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— U3MEHEHHMEM YacTOThl (), HANpsDKEHUH Ha oOMOTKax poropa. B ToM u apyrom

CJIy4yae HOBBIM HOPMAJIbHBIM YCTAHOBUBLIMNCSA PEXUM HACTYIUT TOT]A, KOrga Mexa-
HUYECKUH MOMEHT U MOMEHT, pa3BUBAE€MbIi MAIIMHOW OyyT BHOBb PaBHBI.

Wtak, acMHXpOHWU3MpPOBAaHHAS CHHXPOHHAS MallliHA MOXET padoTaTth B
0000I1IEHHOM aCHHXPOHHOM M CHUHXPOHHOM PEXHMaX — PEXUMaX, OTIMYAIOIIUXCS

ApYT OT JIpyra XxapakTepoM (POpMHPOBaHUs YaCTOTHI ®; HAIPSKEHUH (TOKOB) POTO-

pa.

O1r cmocoOsl GopMUPOBAHUS OTIPEETSIOT M XapaKTep YCTOMUYNBOCTH MaIlld-
HBI — 110 YTIIy I HO CKOJBXEHUIO COOTBETCTBEHHO [ 12].

ACHHXpOHU3UPOBaHHAA MalllMHa HE3aBUCUMO OT crocoba (GpopMHupoBaHUS
HaIpPsHKECHUH poTOpa MO3BOJISIET KOHTPOJIMPOBATh PEAKTUBHYIO MOIITHOCTH M MOXKET
paboTaTh B HOPMAJIbHOM YCTAHOBHUBILIEMCS PEKUME C Pa3jIMYHON YaCTOTOW Bpallle-
HUS poropa. [Ipu 3TOM OTMETHM, YTO XapaKTEPUCTUKH W TUHAMHYCCKHE W CTaTHYe-
CKHUE€ CBOMCTBA MAIIMHBI OMPENETSIOTCS 3aKOHOM M TapamMeTpaMH pPEryJIUpOBaHUS

(1)2131)1 U aMIIIUTYAbI IIPOCTPAHCTBCHHOI'O BCKTOPA TOKaA (HaHpH)KGHI/IH) poTopa.

N.3. borycnasckuii u f.b. /JlanuieBud paccMaTpuBalii BO3MOKHOCTh ITPUME-
HEHUSI ACUHXPOHU3UPOBAHHBIX CUHXPOHHBIX T€HEPATOPOB JJIsi BETPOCTAHLIUM U Ma-
aeix 'OC [14].

VYpoens nuneliHoN Harpy3ku potopoB ACI Beime nmpumepno Ha 10 — 15 %
[15, 16], mosTOMY TIpU UCIHOJIL30BaHUU ABUTATENS C (pa3HBIM POTOPOM B KadyeCTBE
ACT" ero HOMUHaJIBHYIO MOIIHOCTh MTPUXOJIUTCS CHUXKATH TpuMepHO Ha 20 %, oiHO-
BPEMEHHO MPEANPUHUMAsT JOTIOJHUTEIBHBIE MEPHI MO MOBBIICHUIO 3P(HEKTUBHOCTH
BEHTWISIIMK O0OMOTKH poTopa. CieayeTr TakKe OTMETHUTh, YTO MPH MPAKTUYECKU
OJIMHAKOBBIX KOA(PPHUIIMEHTAX MOIIHOCTH YPOBEHb HACHIIICHHWS MarHUTHOW IIENHU
ACT na 10 — 15 % Bbimie, yeM y asuratens [15].

ACHHXPOHHBIE JBUTATEIM B HOMHHAJIBHOM PEXKHME OOBIYHO paboTalT B
nuanazoHe ckoJibkeHur ~1 %; nias ACI ATOT Auamna3oH 3HAYWTENIBHO IUPE — 0

20 — 25 %, COOTBETCTBEHHO, B MEAM M aKTUBHOW cTasiu poTopa ACI  3HAUUTENBHO
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OOJpIIME MOTEPU M HArPEBbl, TAK YTO JOMOJIHUTENIBHBIE MEpHI IO IOBBIIICHHIO
3¢ (HEeKTUBHOCTH BEHTWISALUHU JOKHBI ObITh MPUHATHI HE TOJIBKO MPUMEHUTEIBHO K
0OMOTKe, HO M K aKTUBHOM cTaju potopa [16].

B reneparopax tuna ACI" npeoOpa3zoBaTenb 4aCTOThI, KAK OTMEYAJIOCh BbI-
1€, BKJIFOYAETCS B LIEMb €r0 POTOPA; IPHU 3TOM €r0 MOIIHOCTh 3HAYUTEIHHO MEHBIIIE
MOIIIHOCTU TMpeoOpa3zoBaresis [JIsi CUHXPOHHOM MaIIMHBI, KOTOPHIA HEOOXOAMMO
BKJIIOUUTHh B ILenb craropa. C TOYKHM 3pEHHs SKCIUIyaTaUMOHHBIX pekuMoB ACIT
Ba)KHO, YTO IpeoOpa3oBaTeib B LEMU €ro poTopa MOXKET U3MEHATh HANpSKEHUE Ha
KOHTaKTHBIX KOJIbI[AX HE TOJIBKO IO YaCTOTE M aMIUIMTYZE, HO U MO0 (ha3e, TEM caMbIM
MeHsAs U Kodppuuuent momnoctu ACT [17].

VY nBurareneil ¢ GazHbIM POTOPOM MPUMEHSIOTCA KaK MPABUJIO MOIY3aKpbI-
ThI€ Ma3bl CO CTEPKHEBOW OOMOTKOM, BBHINOJIHEHHON B BUJE MOJIYCEKIUH, YI0KECH-
HBIX Y3KOM CTOPOHOW BJI0JIb BBICOTHI Ma3a M CIASHHBIX B JJOOOBBIX YacTAx. OaHaKo
1151 ACL Takast KOHCTPYKIHSI MOKET IPUMEHATHCS TOJIBKO MPU MaJbIX JHANa30Hax
JTOMYCTUMBIX CKOJIb)KeHUM — He 6oniee 2 — 5 %. Ilpu ckonbxxenun 1o 20 — 25 % ciie-
NyeT MPUMEHATh KOHCTPYKIMH, YYUTHIBAIOIINE yBEJIMYEHHE MOTEPh U Harpesa o0-
MOTKH POTOpa W3-3a SBJIECHHS MOBEepxHOCcTHOro 3¢ ¢dexra [16]. Kpome Toro, xon-
ctpykuust ACI™ 1omkHa OTIUYaThCsl 3HAYUTEIBHBIM YHCIIOM BUTKOB JJIS1 TOTO, YTOOBI
HaMpsHKEHUE Ha KOHTAKTHBIX KOJBIAX MPU MAKCHUMAJIBHBIX PA0OUMX CKOJIBKEHUSIX
coctaBisuio 0b1 0koJi0 350 — 400 B; 310 1enecoodpa3Ho ¢ TOUKH 3pEHUsT palliOHAb-
HOW KOHCTPYKLIUU ITpeoOpa3oBatTesl.

JUist MamH ¢ (a3HbIM POTOPOM MMEET 3HAYEHUE BOIMPOC CHHXKEHUS 100a-
BOYHBIX MOTEPb. DTOT BOMPOC MOMKET OBITh PELIEH Pa3IMYHBIMHU IYTSAMHU, OJUH U3
KOTOPBIX — MPUMEHEHHNE KaTyIIEYHONH OOMOTKH CTATOPOB MAIIMH MEPEMEHHOTO TOKA.
OpHako Mo TEXHOJOTUYECKUM COOOpaKEHHUSIM 3Ta KOHCTPYKIUS Mpeanosaraet npu-
MEHEHHE OTKPBITOTO Ia3a poTopa, TOrAa B KPUBOH IMOJIA pOTOpa HEM3OEKHO MOSIBIIE-
HUE BBICIIMX MA30BBIX FTAPMOHUK, KOTOPBIE BBI3BIBAIOT J100ABOYHBIEC MOTEPU B AKTHB-
HOU cTani 1 00MOTKaxX. OTMETHUM, YTO KPYyIHbIE ACUHXPOHHbIE MAIIUHBI YaCcTO BbI-
MOJIHAKOTCSL C OTKPBITBIMU NIA3aMH POTOPA U HAAEKHBI B 3KCIUTyaTallul; HEKOTOPOIO

CHU)KEHUS MTOTEPh yJIaeTCs JOCTUYb BHIOOPOM OTKPBITHA Ma3a poTopa, 3a30pa Malllu-
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Hbl. J[pyroil myTh — NIpUMEHEHNE BCHIMMHON OOMOTKH; MOTY3aKpbITHIN a3 TaKol 00-
MOTKH pelIaeT npodieMy, HO YKJIaJKa Takoi OOMOTKH B Ma3bl poTopa 0ojiee TpyI0-
€MKa, YeM KaTyIIEYHOM.

O6motka ctatopa ACI BBITTOTHIETCS BHICOKOBOJIBTHOM, TTO3TOMY OHAa YKJIa-
JIBIBAETCSl B OTKPBITHIE Ta3bl. B 3TOM cilydyae B KpUBOI 10JIA cTaTopa HEU30€KHO TO-
SIBJICHHE BBICIIUX IMa30BBIX FAPMOHUK, KOTOPHIE TAK)KE BBI3BIBAIOT J00ABOYHbBIE T10-
TEpH B aKTUBHOW CTaJli U OOMOTKaxX. B mpakTuke 37eKTpOMAaIIMHOCTPOCHUS IS pe-
HICHUS TOM MPOOJIeMbl TPUHUMAIOT MEPbI, aHAJOTMYHbIE MEPAM JIJIsl OTKPBITHIX Ta-
30B POTOpa, HO 3/1€Ch MOSBIIAKOTCA M JONOJHUTEIBHBIE BO3MOKHOCTH: IIPUMEHEHHE
MarHUTHBIX KJIMHBEB. BhICIINE MTa30BbIe TAPMOHUKU B KPUBBIX CTAaTOpPa U POTOpPA BbI-
3bIBAIOT MCKaxxeHue (GopMbl KpuBoil HampspkeHuss ACI, koTopas HOKHA COOTBET-
ctBoBath HopMam ['OCT 183—74 wmm mexnayHaponaeiM ctanaaptam MOK-34. C
ITOW LIEJIBIO 11a3bl BBITOIHIIOTCA CO CKOCOM. Takas MpakTHKa IUPOKO MCIOIb3YETCS
B 3JIEKTPOMAIIMHOCTPOECHUH, HANpPUMEpP, I AU3EIbHBIX T€HEPATOPOB MAJOW H
cpenHen momHocTH [15, 16].

Briciine BpeMeHHbIE TapMOHUKH B KPUBOM TOKa pOTOpA SIBJISIIOTCS TAKKE
NPUYMHON MCKakeHusl (popmbl KpuBoi HampsbkeHus ACI. Oty mpobiiemy peraer
ycTaHoBKa (GpunbTpoB B KoHTypax ACT.

N.1I0. Cepensnunckum 1 M.B. Hamko cozmanu npoctyro mozaenb ACI nis
MCCJIEIOBAHNSI BO3MOXHOCTH TOJyYE€HHsI TOCTOSIHHBIX 3HAUYEHUW YacTOThl M Hampsi-
KCHUS OT HECTAOMIILHOTO UCTOYHHNKA MeXaHu4ecKoi sHepruu [18].

NMutanmoHHass MOJEITb JICKTPOYCTAaHOBKH IMPOJAEMOHCTPUPOBaHa Ha puc. 3.
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Pucynok 3 — UmuTtanimonHas MoJiesib aCHHXPOHU3UPOBAHHOTO CUHXPOHHOTO
reHepaTopa u3 OMOIMOTEYHBIX A1eMeHTOoB Simulink

BuptyanbHas UMHUTAIIMOHHAS MOJENb JIJIsl ONPEICICHHUS XapaKTePUCTHK Te-
HepaTopa COAEPKUT MAIIMHY JBOMHOIO MUTAaHUS (aCHHXPOHU3UPOBAHHBIN CUHXPOH-
HbII TeHepaTop) ASG, Harpy3Ky, a TakKe HCTOYHUK HANpsDKCHUS BO30YKJICHMS.
NMutanvonHass MoJeilb MalluHbl JBOMHOTO MUTaHus (Tpex(da3HOW acMHXpPOHHOM
MAaIHBI ¢ (ha3HBIM poTOpoM) u3 Oubmmoreku Simulink mpunsita B kauectBe ACI, a
OMOMMOTEUHBI MCTOYHUK TpeX(Pa3HOTO HAMPSHKEHHUS — B KAUECTBE MCTOYHHMKA BO3-
Oy>KIeHUsI. DJIEKTpUUeCKas Harpy3Kka BBITIOJIHEHA B BUJIE PE3UCTOPOB.

Nmuranmonnas mozaenb padbortaet cieayromum oopazom. K poropy mpukiia-
JBIBAETCSI MOMEHT, MOJYYEHHBIN KaK Pa3HOCTh MEXIY 3aJlaHHbIM MOMEHTOM U MO-
MEHTOM, MTPONOPLIHUOHAIBHBIM YaCTOTE BpalleHus. JTO AAaeT BO3MOXKHOCTh CTaOUIH-
3UpOBaTh YAaCTOTY BPAILICHUS MPH U3MEHEHUH 3JIEKTPUUECKON HArpy3Ku reHeparopa.
K tpexdasznoii 00MOTKE pOTOpa MPUKIIAIBIBACTCS HAIMPSKEHUE OT Tpex(ha3HOro Hc-
TOYHHMKA, TAK YTO B POTOPE CO3/AETCA BPALIAOLIMNCA OTHOCHUTEIBHO POTOpA Mar-
HUTHBIN [TOTOK, KOTOPBIA UHAYKTUPYET B CTATOPE IEKTPOABHXKYIIEH cribl. HacTora
U 3HAYCHHUE DJICKTPOJBHXKYIIECH CHJIBI MPONOPLUUOHAIBHBI aareOpandeckoil cymme
BpAIllEHUS] MATHUTHOTO MOTOKA OTHOCUTEIBHO POTOpPA M YACTOT BpaAlIEHUS POTOpA.
[Tox peiicTBUEM DIIEKTPOABMKYIIEH CHIIBI YePe3 COMPOTUBIICHUS HATPY3KH U 0OMOT-
KM CTaTOpa MPOXOAUT TOK, KOTOPBIM SHEPIHsl MepelaeTcsl OT TeHEpaTopa B HArpy3Ky.
MarauTHslii MOTOK, CO3aHHBIA TOKOM Harpy3ku B OOMOTKE CTaTopa, ajiredpandecku
CKJIQIBIBAETCSI C MAarHUTHBIM MOTOKOM poTopa, Tak uro DJIC B craTtope coszmaercs
MOTOKOM CYMMAapHBIM.

B.B. Yonuk, B.M. Muxansckuii, M1.A. IllamoBaioB u B.M. CoboneB pa3pa-
0oTaiu aJITOPUTM YIIPaBJICHUSI MAITMHOW JIBOMHOTO MUTAHUS C MOMOIIBIO JBYXCTY-
MEeHYaTOr0 MaTPUYHOTO MPeoOpa3oBaTelis, BKIIOYEHHOTO B POTOPHYIO IIeTb. B oTim-
yue OT mpeoOdpa3oBates, Te UCIOIb3YIOTCS YIPABIsIEMbIN BHIIPIMHUTENb U UHBEP-
TOP, ATOT NMpeoOpa3zoBaTesib 00ECIEUUBALT MPSIMOE MPEeoOpPa30BaAHUE YHEPTUH C CHHY-

coMaaJIbHbIMHU BXOAHBIMHU TOKaMH H KOB(I)(l)I/II_[I/IeHTOM MOIIIHOCTH, OJIM3KUM K CAUHU-
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ne. Brimonneno MoaenupoBaHue padOThl CUCTEMBbI T€HEPUPOBAHUS IIEKTPUUYECKOM

SHEPrUM Ha 0a3e MaIIWHbI IBOHHOTO uTaHus [19].

3apyOexHbIEe yUYEHBIE U CTYIEHThl U3 PAa3HbIX YHUBEPCUTETOB 3aHMMAIIUCH B
OCHOBHOM BOINPOCAMH IMPUMEHUMOCTH ACUHXPOHU3UPOBAHHBIX CUHXPOHHBIX reHepa-
TOPOB (MalIMHBI JBOMHOTO MUTaHUs) B BETPOBBIX 3JIeKTpuueckux ctaHuuax (BOC).

Wentao Guo, Feng Liu, Jennie Si, Dawei He, Ronald Harley, Shengwei Mei
n3 yauBepcuteToB Kurtas n CILIA pa3zpaboranu nporpaMMHOe oOecriedeHue il J10-
NOJIHUTEILHOTO KOHTPOJISI PEAaKTUBHOM MOIIHOCTH ACHHXPOHU3UPOBAHHBIM CHH-
XpOHHBIM TeHeparopom Ha BOC [20].

Crpykrypnas cxema ACI' nipencrasiieHa Ha puc. 4.
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Pucynok 4 — CtpykrypHas cxema ACI’

VYuensle u3 yHuBepcureTa Aspkupa Biskra S. Abdeddaim, A. Betka
(Electrical Engineering Department, University of Biskra, Algeria) ormucanu B cBoei
CTaThe¢ ONTHUMAJIbHBIH KOHTPOJIb CKOPOCTH BpaIllecHUsS W POOACTHOE PEryJHpOBaHHE
MOIITHOCTH aCHHXPOHU3UPOBAHHOTO CHHXPOHHOTO reHepaTopa s BOC [21].

Ha puc. 5 npencrasnena 6nok-cxema cuctembl ACI' — BOC.
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Wind sub-system control
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Power sub-system control

Pucynok 5 — biiok-cxema cuctembl ACI" — BOC

brok-cxemMa coCTOHUT U3 CAEAYIONINX MOJICUCTEM:

— Wind sub-system control — nmoacuctema yrpaBieHHsS BO3AYIITHBIM ITOTOKOM,
KOTOpasi BKIItoyaeT B ceOs Takue Oyoku, kak: [TH-perymsarop ckopoctu (Pl Speed
controller), anropurm ®a3z3m perymsaropa (FuzzyMPPT algorithm), 6ok pacuera
motrHocTt (Power calculation).

— Power sub-system control — moacucTema ynpaBiacHHUs aKTUBHOM M pEaKTHB-
HOM MOIITHOCTBIO, KOTOpasi BKJIFOYAET B ce0s clieayroye 0J0Ku: OJIOK pacuera TOKOB
portopa (rotor currents calculation), 6510k peryasTopa pexuMa CKOJIbKEHHUS CTapIiie-
ro nopsiaka (High-order sliding mode controller).

Yuensie u3 Mpana M. Rahimi u M. Parniani omucanu B cBoeit cTatbe METOJ
YCOBEPILIEHCTBOBAHMSI CIOCOOHOCTU TMOJAJIEPKAHUS TEHEPATOPHOIO peXUMa TPU
IIPOBAJIC HAMPSHKCHHS CETH aCMHXPOHU3MPOBAHHOTO CHHXPOHHOTO TeHepaTopa [22].

VYuensiii u3 MUpana M. Farshadnia u yuensiit u3 Ascrpanuu S. A. Taher omnu-
caJlu B CBOEH cTaThe KOHTPOJb BblgaBaemMoil MomtHocTd ACI mpu HecTaOMIBHOM
YPOBHE HATPSHKCHUS dYHEProcucTeMbI [23].

Ha puc. 6 npencrasnena cxema ynpapnenus ACI npu HecTaOUILHOM YPOBHE

HaIpsKCHUC DOHEPTOCHCTEMBI.
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Pucynoxk 6 — Cxema ynpasinenust ACI" npu HecTaOUIbHOM YPOBHE

HaMpsHKEHUST JHEPTOCUCTEMBI
VYuensie u3 Unauu V. R.—R. Rudraraju, C. Nagamani, G. S. Ilango pa3pa6o-
TaJu CXeMYy yIpaBieHus 3PPEeKTUBHOCTH pabOThl ACHHXPOHU3UPOBAHHOTO CUHXPOH-
HOTO TeHepaTropa Npu HU3KOH CKOPOCTH MOTOKA BO3AyXa C MPUMEHEHHEM Ipeodpa-
30BaTeIsl 4acToThl [24].
VYdeHbie U3 pasHbIX yHHBepcuTeToB Apkupa T. Ghennam, K. Aliouane, F.
Akel, E.M. Berkouk u yuensiii u3 ®pannun B. Francois coBmectHo pa3paboTanu
YCOBEPIICHCTBOBAHHYIO CUCTEMY YIIPABJICHUS AaCHHXPOHU3UPOBAHHOTO CUHXPOHHOTO
reHeparopa Jjisi BRIpaOOTKH PEaKTUBHOW MOIHOCTH U MHTETPUPOBAHHBIX B JUCIIET-
yepckux ynpasieHusx Ha BOC [25].
Cxema IUCHETYEPCKOTO YIPABICHUS JHEPrOCUCTEMON C HCIOJIb30BAaHHEM
BETPOBBIX DJIEKTPHUYECKUX CTaHIIMA, Ha KOTOpbIX ycraHoBieHbl ACI mpezicraBiena

Ha puc. 7.
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Pucynok 7 — Cxema IUCIIETYEPCKOTO YIIPaBICHUS SJHEPrOCUCTEMOMN

Yuensie u3 Kuras Zh. Song, Ch. Xia, T. Shi paccmarpuBanu B cBoei padore

nepexoanbiit mporecc ACIT npu ncuesnosenun Hanpspkerus BOC [26].
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2 O0BEeKT M METOAbI UCCJICIOBAHUSA

OOBEKTOM HCCIEAOBaHUs SIBISETCS JJEKTPOMEXaHMUYECKas CUCTEMa: acUH-
XPOHU3UPOBAHHBIN CHHXPOHHBIN TeHepaTop; MpeoOpa3oBaTesb YaCTOThI C HE3aBUCH-
MBIM UCTOYHUKOM HAIIPSKEHUS; CUCTEMA YIIPABJICHUS; IPUBOIHON MEXAHU3M.

I'maBHO 3ajaueli sIBiIAETCS MONMY4YEHHE CTAOMIIbHBIX 3HAUEHUN HAINPSKEHUS
Ha CTAaTOPHOW OOMOTKE aCMHXPOHU3HPOBAHHOI'O CHHXPOHHOI'O T'€HEpaTopa MpH H3-
MEHEHUM CKOPOCTH BpalleHMs] MPUBOJHOTO MeEXaHW3Ma, JHOO MpU H3MEHEHUU
Harpys3Ku.

B nuccepranroHHON paboTe MpU pelieHrH MOCTAaBIEHHON 3a7jaul UCIIOJIb30-
BaHbl METOIbl TEOPUU 0OO0OILIEHHON 3JIEKTPUUECKON MAIIMHbI, MAaTEMATUYECKOTO MO-

nenupoBaHus, TudpepeHIrnanbHbIX YpaBHEHUH.

2.1 Teopus 00001IEHHO IJTEKTPUYECKOI MAIIIMHBI

O0oOmeHHas snekTpudeckas MammHa (ODM) sBisIeTCss MaTeMaTHYECKOU
MOJIEJIBIO, OMMCHIBAOIICH MPOIECCHI AJIEKTPOMEXaHUUYECKOTO TTpeoOpa3oBaHus dHEP-
MU B DJIGKTPUUYECKUX MAalIWHAX KaK MOCTOSHHOTO, TaK M MepeMeHHoro Ttoka. O0-
UM, 0OBEAUHSIONIMM BCE JIEKTPUUECKUE MAIMHBI, SBJISIETCS HAIMUKE BO3YIIIHOTO
3a30pa, B KOTOPOM KOHIEHTPUPYETCSI MarHUTHAsI YHEPTUSI, U, B pE3yJIbTaTe B3aUMO-
JEUCTBUSI MarHUTHBIX MOJIEH CTatopa U POTOpa, CO3MAOTCA CHUJIbI, MPUBOMISIINE B
JBI>KCHUE DJICKTPUUYECKYIO MAIIUHY.

Crnenyer OTMETUTb, YTO TIPENICTABICHHAS Ha (hU3MYECKass MOJEIb 0000IIIeH-
HOU DJIEKTPUYECKOW MAIIWHBI SIBJSIETCS STAJIOHHOM, U OTJIMYAETCS OT PEaJbHOU
AIEKTPUYECKON MAIIUMHBI CJICAYIOMIMMU JOMYIIEHUSIMU:

1) poTop ¥ cTaTOpP UMEIOT CHMMETPUYHBIC OOMOTKH;

2) pacripeiesicHue MarHUTHOTO OJIS KaXKI0M M3 0OMOTOK BJIOJIb OKPY>KHOCTH
BO3IYLIHOTO 3a30pa MAaIlIMHbI CYUTAETCS CUHYCOUIAJIbHBIM;

3) He yYHTBIBAETCS HACBIIICHNUE, TUCTEPE3NC, a TAKIKE BUXPEBbIC TOKH B Mar-
HUTOIPOBO/IE;

4) He YYUTHIBACTCS HEOTHOPOIHOCTh MArHUTHOW MPOBOAMMOCTH, KOTOpAs
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00yCIOBJIEHa HAJIMYMEM Ta30B M HEPAaBHOMEPHOCTHIO BO3AYIITHOTO 3a30pa peajbHOU
AIEKTPUYECKON MAIIIUHBI.

[IpakTHYECKH AIEKTPUUECKNE MAIIMHBI BBIOJIHSIOT TaK, YTO PACIpEICICHUE
BEJTMYMHBI MArHUTHOTO MOTOKA TI0 OKPYXKHOCTH 3a30pa OJM3KO K CHHYCOUIATbHOMY
(puc. 8). 3Has1, YTO MArHUTHBIH MOTOK PACIPEICIICH 10 BO3AYIIHOMY 3a30py CHHYCO-
UJIJIBHO, JUISL €TO ONpEeAEIeHHs JOCTaTOYHO 3HATh €ro HanOOJbIIyI0 BeTHIuHy (/)
Y TIOJIOKEHHE B IMIPOCTPAHCTBE, KOTOPOE OMPENEHSAETCA YIJIOM ), OTHOCUTEIBHO HE-
KOTOPOM, MHIMBUAYaJbHO BBIOPAHHOM, cuUCTeMbl KoopauHat. ClienoBarelibHO, WH-
dbopmaliio 0 MArHUTHOM COCTOSIHUM JIFOOOM 3JIEKTPUUYECKON MaIluHbI (pacrpesee-
HUU MarHUTHOTO TIOTOKA) MOXHO MPEJCTABUTh B BUE BEKTOPA, MOJYJIb KOTOPOTO 1O

BCJIMYHUHEC PABCH ¥/, 4 IPOCTPAHCTBCHHOC IIOJIOKCHUC OIIPEACIICHO YIJIOM } .

v

Crarop
BoznyuiHeii
'itl'it]]’ﬁ

Pucynok 8 — Pacnipenienenne Hanps>KEHHOCTH MarHUTHOTO TTOJIS
B ACUHXPOHHOU MAallluHE
[ToapobHO paccmMoTpuM Matematuueckoe onrcanue OOM. I sToro 3a oc-
HOBY IpUMeM (PU3HUYECKYI0 MOJENb ABYX(}a3HOW 3JIEKTPUYECKON MallMHBI, MPOoJe-
MOHCTpUPOBaHHOI Ha puc. 9. OHAKO, 37€Ch CIeAyeT OTMETUTh, YTO OOMOTKH POTO-
pa JKECTKO CBSI3aHBI C POTOPOM M ITOATOMY BPAIIAIOTCS OTHOCUTEIBHO CTAaTopa, B
CBSI3U C ueM, (pu3nyecKas MOJEIb Mpe/ICTaBlIeHa B ABYX HE CBA3AHHBIX MEXIy cOOOM
cucteMax koopauHat. OOMOTKHA pOTOpa MpPU ATOM PACIONIATalOTCs HA OCSAX KOOPAU-

HAT HEMOBM)KHBIX OTHOCHUTEIILHO poTopa (-0, a 0OMOTKH cTaTOpa pacoiaratoTcs Ha
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OCSIX KOOPJAMHAT HEMOIBIYKHBIX OTHOCUTEIILHO cTaropa o-f£. Ocu xoopauHat d-q u a-
[ pacmoyiararoTcsi moJi yriioM ¢,,, KOTOPBI MEHSIETCS TI0 MEPe BpaIleHUsI poTopa OT-
HOCUTEJIBHO CTaTopa. ¢,; - 3TO BJEKTPUYECKUN yroJl, KOTOPBIM COBNAJAET C peajb-
HBIM YTJIOBBIM MOJIOKEHUEM MEXIY POTOPOM U CTATOPOM Y AJIEKTPUUECKON MaITUHBI
C OJHOM Tapoi MmoyrocoB M B Pj; pa3 00Jbllle Yy MHOTOIOJIFOCHBIX MallliH, e P -
YHUCJIO Map MOJIIOCOB. JTa pa3HUIA BO3HUKAET HU3-3a TOTO, YTO YIOJI (,, U3MEHSETCS
Ha 360° mpu MPOXOXKIEHUHU POTOpa MOJ OJHON mapoi mosrocoB. DJIC HaBogMMAas B

POTOpPC IIpU 3TOM IMPOXOAUT OIWH IICPUOLA, OTKyAd W HA3BAHUC — 3J'I€KTpH‘I€CKHI>i

YTOJ.

Pucynox 9 — ®usnueckas Mojieb 00001IEHHON JIEKTPUUECKOW MaITUHBI

YunuteiBass BCe CKa3aHHOE BBIIIIE MaTeMaTudeckass Moaeiab ODOM nmeer ciie-

JYIOIIUN BU:
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dy,,
Uy =hg Rl + dtl y
. dy,,
Uy g = |1ﬂR1 + ;
. 2.1)
: 4
Upg = log Ry + =5
. dy,
qu - |2qR2 +—dtq . )

JlanHas cucTemMa ypaBHEHUH OIMMCHIBAET B KAXKJIOW M3 OOMOTOK 3JIEKTpUYE-
cKoe paBHOBecue. HampsikeHue, mpukiaabiBaeMoe K 0OOMOTKE, YpaBHOBEUIMBAETCSA
MaJICHUEM HaIPSHKEHUSI Ha aKTUBHOM COINPOTHUBJICHUH COOTBETCTBYIOIIEH OOMOTKH U
OJ1C, koTopasi BO3HUKAET MPU U3MEHEHUH MAarHUTHOTO TOJI TPOHU3BIBAIOIIETO JaH-
Hyto karymky. [Ipu stom 3JIC co3nmaercss Kak 3a cueT ABUKEHUS MPOBOJHUKOB 00-
MOTKH OTHOCUTEJIbHO MAarHUTHOTO MOJIsL, TaK U 32 CYET U3MEHEHHUSI MAarHUTHOTO TOJIS
10 BEJIMYMHE.

CrnenoBarenbHO, MOJTYYEHA MOJHAsA Marematudeckas monaeinb OOM. B sroit
MOJieSId OOMOTKH CTaTopa M POTOPA HAXOJATCA B Pa3HBIX CHCTEMaxX KOOPAHMHAT. JTO
yIOOHO 1Jis1 OOBSICHEHUSI ITPOLIECCOB, MpoTekaiux B OOM, HO He ya00HO AJis uc-
IIOJIb30BAHUS B IPAKTUYECKUX MPUIOKEHUAX. s yIIpOILIEHHOTO ITpouecca MOIEIIH-
poBanust ACI' B mporpaMMHBIX KOMILIEKCAX BOCHOJb3yeMcs Moaenso OOM npuse-
JIEHHOM K OJIHOM cucTeMe KoopauHat. PaccmorpuM Hanboliee BaKHbIE MOMEHTHI CBSI-
3aHHBIE C JIMHEHHBIMU KOOPAMHATHBIMU MPE0OPA30BAHUSIMU.

[Ipexxne Bcero, aUHEWHbIE KOOPJAWHATHBIC MPEOOpPa30BaHUS TMO3BOJISIOT CY-
HIECTBEHHO YNMPOCTUTHh MaTteMaTudeckyro mMoaenab OOM. UX ucnonb3yroT ajig Toro,
YTOOBI BCE 3JIEKTPOMArHUTHBIE IEPEMEHHBIE TPUBECTU K OJHOW CHCTEME KOOpPIMHAT.
B pesynbTaTe momydaercs MaremMaruueckas MOJeb, Y KOTOpOoi OOMOTKH CTaTtopa u
poTopa HaxoasTcs Ha onHux ocsx (puc. 10). Tak kak oOMoTkn OOM B 3TOM Cciiyyae
OCTAIOTCAd B3aMMHO HEMOJBUKHBIMHU, B3aUMHBIE WHIYKTUBHOCTH MEXAY HUMHU CTa-
HOBSITCS ITOCTOSSHHBIMH, T.€. HCKIIFOYAETCSI HEJIMHEWHOCTh MOJIENIM XapaKTEPU3YIOIIa-

sCs1 3aBUCUMOCTBIO B3aMHBIX I/IHJIyKTHBHOCTCﬁ OT yTJia MOBOpPOTAa pOTOpPa MAallIMHBI.
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Pucynok 10 — OOM npuBenaeHHas K OJHOM CUCTEME KOOPAUHAT

Marematudeckoe onucanne OOM 11 TpUBEACHHON K OJIHOM, Bpalllaroiei-

Ciaic HpOPIBBOJIBHOfI CKOpPOCTBIO C()k CHCTEMC KOOpAHUHAT U-V, UMECT CJIGI[YIOH_[I/Iﬁ BU:

N\

: di
Uy =hy Ry + L W1y
dt
- 4
Uy, =hy Ry + dtlv + Wy,
d > (2.2)
. 4 .
u2u I2u R2 + dt2u - (a)k - a)aﬂ)WZV’
] d
Uy = IRy + Z,[ZV +(oy — @y, W,

B monydenHol cuctemMe ypaBHEHH cIipaBa JT0OABISIETCS JOMOJIHUTEIHHOE

cimaraemoe. OHO MOJy4YaeTcsi B pe3yibTaTe MaTEeMaTHYECKUX MpeoOpa3zoBaHUM, HO,

TE€M HEe MeHee, UMeeT U pu3nueckuil cMbici. [locneqnuil uieH ypaBHEHUN OTpakaer

O/JIC BBI3BaHHYIO BpalIEHUEM CHCTEMBI HOBOM CHCTEMbI KOOPAMHAT OTHOCHUTEIHHO

PCaIbHBIX 0OMOTOK MallIMHBI.

[ToTokocuemnyienus st mpeoOpa30BaHHONW MOJIENINA ONPEEISIOTCA 3aBUCUMO-

CTsIMMU:
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Wiy = Lahy + Laoloy; vy = Lihy + Lioloys
Wou = Lolyy + Lok Wy =Lolyy, + Lok,

B nameMm ciyuyae Mbl Bocnosib3dyemcs: Mojenibio OOM npuBeeHHOM K Hero-

(2.3)

IBMKHOM CHCTEME KOOPAMHAT o-ff, W) = 0:

Ay, .
Uy =Ry + dtla :
: dyy
q > (2.4)
%
Uy, =134 Ro +Tza+a’3ﬂ‘//2ﬂ’
dy,
Uy =15Ro + D5V 20

2.2 Anaau3 Tpe0oBaHuil, NPeAbABJIsIEMbIX K T'€HEPATOPAM ABTOHOMHBIX

HCTOYHHUKOB IIUTAaHUA

[Ipotiecc pa3BUTHs MalIMH aBTOHOMHBIX HCTOYHUKOB MUTAHUS HEPA3PHIBHO
CBSI3aH C Y)KECTOUCHHEM IPEABSABIAEMBbIX K HUM TPEOOBAHUAX, UYTO BBI3BAHO, Kak
YCIIOKHEHUEM YCIIOBHM 3KCIUTyaTalliy B OTHAJEHHbIX pailoHax Cubupu, Tak u Tpe-
OOBaHUSMU K KAUYECTBY F€HEPUPYEMOI 3JIEKTPOIHEPTHH.

OyHKIMOHAIBHOE Ha3HAYCHHE, OCOOCHHOCTH HArpy3KH M YCJIOBUS JKCILTya-
TaIUU DJIEKTPUYECKUX MAITUH ABTOHOMHBIX MCTOYHUKOB MUTAHUS BBIIBUTACT DS
TpeOOBaHUH, KOTOPbIE MOT'YT OBITH CHOPMYTHUPOBAHBI CIIECAYIONUM 00pazom [27, 28,
29]:

— CcOOMIOZICHNE MaJIbIX Ta0apUTHBIX Pa3MEpPOB M MAacCChl JIEKTPOOOOpPYHAOBa-
HUS;

— BBICOKH YPOBEHb HAJICKHOCTH;

— 6ecniepeboitnas padota ACI nmpu 3HaYUTETbHBIX BHEIIHUX TEIJIOBBIX U Me-
XaHWYECKUX Harpy3kax, a TakkKe MPH Teperpy3kax MO0 MOITHOCTH B Pa3IHMYHBIX
HEUTPAIBHBIX M arpECCUBHBIX CpPElax C MOHWKEHHBIM WJIM TOBBIIICHHBIM JABJICHU-
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€M, BO3MOXXHOCTh SKOHOMUYHOT'O PErYJIMPOBAHMS B IIMPOKUX MpPEeaax BBIXOJIHOTO
HaIPSHKEHUS ¢ BBICOKOW TOYHOCTBIO;

— JKECTKOCTh KOHCTPYKUMH, MMHUMAJIbHBbIE aKCUaJIbHbIE pa3Mepbl U HAEkK-
HOCTH pa0OThI MOIUIMITHUKOBBIX y3JI0B MPU pa3MELICHUH Ha OJHOM Bally JBYX U 00-
jee MallluH;

— XOpOIIIKE YCIOBUS BEHTWISALUU U TEIJIOOTAAYY;

— BBICOKMI YPOBEHb 3KOHOMUYECKHX, SHEPT€TUUECKUX, IKCIUTYyaTallHOHHBIX U
JIPYTUX MOKa3aTeleH;

— BBICOKas CTAOWJIBHOCTh BBIXOJHOTO HANpPsDKEHHUS TPU 3HAYUTEIBHOU
HECUMMETPUU U MOMEHTAJIbHBIX cOpOcax U HaOpocax HArpy3Ku;

— BBICOKOE KaueCTBO BbIpaOaThIBAEMOW 3JIEKTPOIHEPIHHU — CUHYCOUAANIbHAS
(dbopma KpUBOH BBIXOJHOT'O HANPSKEHHSI, KPATKOBPEMEHHOCTD MPOTEKAHUS MEPEXO/I-
HBIX JIEKTPOJAMHAMUYECKHUX IIPOLIECCOB;

— YCTOMYHMBOCTH CUCTEM PEryJUPOBaHUS HANPSIKECHUS IIPU U3MEHEHUU B LIU-
POKUX Mpeaenax Harpy3Ku.

DNEKTPUYECKHE MAIINHBI, KOTOPBIE HCIIOJIB30BAIUCh B aBTOHOMHBIX MCTOY-
HUKaX MUTaHUs O HACTOSLIETO BpeMEHU 00afany psSaoM HeTOCTaTKOB. OnuiiemM ux
Ha npumepax [27, 30, 31, 32].

1. B anexTpuyecKkux MalmHax NEPEMEHHOIO TOKA C IIETOYHBIM KOHTAaKTOM U
AJIIEKTPOMATrHUTHBIM BO30YXIEHUEM MPH MOBBIIMIEHHOM HCIOJIb30BAaHUU AKTUBHBIX
MaTepHaJIOB TPYAHO MOJYYUTh BBICOKYIO HAJEKHOCTh, BHICOKOKAYECTBEHHBIE XapaK-
TEPUCTUKHU 3JIEKTPOIHEPTUH U 0€30TKa3HOE CaMOBO30YKIECHHE.

JIist ycTounBOM paboOThl M CaMOBO30YKI€HUS T€HEPATOPOB C PETYISATOPaMU
HANpsDKEHUsST HE0OXOUMBIL: MaJlasi MOIIIHOCTh OOMOTOK MHIYKTOpa U y3Kasi eTJis -
CTepe3uca XapaKTepUCTUKN HAMarHMYMBAaHMS; OTHOCUTEIHHO OOJBIION OCTATOYHBIN
noTok (15 — 20 %), KOoTophIii 0OBIYHO B ATUX MalMHa HE TpeBbimaet 1 — 5 % pado-
4ero 1noToka Bo30ykJeHus. BBeqeHrne B MarHUTHYIO 4acTh y4acTKOB U3 MarHUTHOM
CTaJIU, CYIIECTBEHHO YBEJIMYMBAET MOIIHOCTh BO30YXKIEHUS M IJIOIIA[b METJIU TH-
CTEPE3HUCA, YTO B pAJE CIydaeB HelomycTUMoO. [Ipyu 3TOM yBenMYE€HHE OCTaTOYHOIO

IIOTOKA OKa3bIBa€TCS HEAOCTATOYHBIM JJIsi CaMOBO30YKIEHUs, KOTOpoe oOecreurBa-
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€T TyTeM YCJIOKHEHHs CXEeM YIpaBlieHUs. B To ke Bpemst s cTabuibHON pabOThI
CHUCTEM PETyJUPOBaHUS HEOOXOIMMa HEIMHEHHOCTh HAYaJIhHOTO yJacTKa XapaKTe-
PUCTUKM HaMarHUYMBAHUS, KOTOpPas COOTBETCTBYET OCTAaTOYHOMY MOTOKY, PABHOMY
15 — 20 % pabouero nmotoka Bo30yxaenus [27, 30, 31, 32, 34].

2. YCTOMYMBOCTh BBIXOJHOTO HAMPSKEHUS T€HEPATOPOB C AJIEKTPOMATHUT-
HBIM BO30YXJEHUE PE3KO HApyIIAeTCs MPU HECUMMETPUUHOM paCHpe/ieNICHUH DJIeK-
TPUYECKOW HArpy3KH MEXTy (a3aMi W MTHOBEHHBIX €€ M3MEHEHHUSIX, KOTOphIC HE
MOTYT OBITh YCTPAHEHBI PETYJIATOPaMU HalpsiKeHus. sl CHUKEHUST MOMEHTAJIbHBIX
W3MCHEHUH HaIpsHKeHUs (ITPOBAJIOB, BCIUIECKOB) U SIBJICHUSI HECUMMETPHUU HaIpsiKe-
HUW CHHXPOHHBIE TEHEPATOPHI BBITOJIHSIOT C HU3KUM YPOBHEM JINHEMHON HAarpy3KoH,
YTO 3HAYUTEIHHO YBEJIMYMBACT MX TrabapuTHbIe pa3Mmepsl U Maccy [27, 30, 31, 32,
33].

3. beckoHTaKkTHBIE CHHXPOHHBIE T€HEPATOPHI C IJIEKTPOMArHUTHBIM BO30YXK-
JIEHUEM 00J1aJ1at0T BHICOKOM HAJEKHOCTHIO U MEXAHUYECKON MPOYHOCTHIO TpU pado-
Te Ha OOJBIINX YACTOTAX BPAIIECHUS U UMEIOT, IPUMEPHO, B JBa pa3a OOJBIIYIO Mac-
Cy, OOJBIIIME pa3Mephl 10 CPABHEHUIO C aHAJIOTUYHBIMU MAlllUHAMHA C KOHTAKTHBIMU
KOJIbIIaM{ ¥ BPAIIAOIIMMHCS OOMOTKAMH W HU3KHE DJICKTPOMArHUTHBIC XapaKTepH-
cruku [31, 33, 35, 36].

4. CUHXpOHHBIC MAIIMHBI C TTOCTOSHHBIMA MAarHUTamMH 00J1aatoT 06e30TKa3-
HBIM CaMOBO30YXKJIEHHEM C BBICOKMM Ka4eCTBOM JJICKTPOMArHUTHBIX XapaKTepH-
CTHUK, HO HE€ JIOMYCKalOT HEMOCPEICTBEHHOTO M HSKOHOMHYHOIO PETYJIUPOBAHUS
HaIPsHKSHUS, YTO OTPAHWYMBACT UX IPUMEHEHHE B COBPEMEHHBIX MCTOYHHKAX THTa-
uus [32, 33, 35, 36].

5. llpumeHeHne OECKOHTAKTHBIX MCTOYHHUKOB MUTAHUS OTPEIEISIET HE0O0XO0-
JTUMOCTB PEIICHUS Psja JOMOJHHUTEIBHBIX MPOOJIeM, CBSI3aHHBIX C MOJYYCHHUEM BbI-
COKOTO YPOBHSI SHEPTETUUYECKHUX M AJICKTPOMATHUTHBIX TIOKa3aTeel Mpyu MUHUMATb-
HOM Macce CHCTEM DJICKTPOIUTAHUS, B TOM YHCIE TaKUX, KaKk 00ecreueHrne BhICOKOU
CTaOMJIBHOCTH W CHHYCOMJAJIbHONH (POPMBI KPHUBOW BBIXOJHOTO HAIMPSDHKECHUS TIPU

3HAYUTEILHOU HCCUMMCTPHUH W MI'HOBCHHBLIX H3MCHCHHUAX HAIPY3KHU, IIOJIYUCHHC

35



HU3KOT0 KO3 (UIMEHTA MyJbCAMU BBIIPSIMICHHOTO HANpPSKEHHs, KPAaTKOBPEMEH-
HOCTb ITPOTEKAHUS MICKTPOMEXaHUICCKHIX TIEPEXOIHBIX TporieccoB [27, 33, 37].

6. [Ipy HEOOXOAMMOCTH MMETh HEKOTOPOE KOJIMYECTBO aBTOHOMHBIX IIETICH
MUTAHMS, OTJIMYAIOIINXCS POJOM TOKA, HAMPSIKEHUSIMH U UX CTaOMIBHOCTBIO, aBTO-
HOMHBIM XapaKTepOM HW3MEHEHHUs Harpy30K U Ip., BAYKHBIM BOIIPOCOM SIBIISICTCS pa3-
paboTka reHepaTropa ¢ aBTOHOMHBIMH IENSIMU WM PalliOHATBHBIA BHIOOP TUIIOB MU-
HUMAaJILHOTO YHCJIa TCHEPaTOPOB pEryIMpoBaHus HanpsokeHuit [27, 31, 32].

OpxHako, MOYKHO CKa3aTh, YTO YBEIWYCHHE TPEOOBAHHUH K AJIEKTPOMEXaHUYE-
CKUM KOMIUJIEKCaM 0e3 MPHUHSITHS CIEeUUaIbHBIX MEp MO0 WX MOJEpHU3AIMU OyneT
CI0cOOCTBOBATH MOSABICHUIO HEMPEOAOINMBIM TPYAHOCTSIM TPU IKCIUTyaTaI|H.

OTH II0XO COMIACYIOLIMECS MKy cO00i TpeOOBaHNUs CYILIECTBEHHO BIIUSIOT
Ha HAJIeKHOCTh U TEXHOJOTUYHOCTh KOHCTPYKIMH, Ha MaccCy, TabapuTHBIE pa3Mephl

H CIICHHHUAJIBHBIC XaPAKTCPUCTHKHN dBTOHOMHBIX NCTOYHHUKOB ITMTAHHWA B IICIIOM.

2.3 Cnoco0b1 BO30Y:KIeHNsI TeHEPATOPOB AaBTOHOMHBIX CHCTEM

Jlist mpeoOpa3oBaHMsl MEXaHWYECKOW DHEPTUU B DJICKTPHUCCKYIO SHEPTHIO
MEePEMEHHOTO HANPSKEHHS UCTIOJIB3YIOTCS aCHHXPOHHBIE M CHHXPOHHBIE TEHEPATOPHI
Pa3TUYHBIX KOHCTPYKIIMHN ¥ THITOB.

Jlo HacTosmero BpeMeH!n HanbOOoJIbIlIee pacCpoCTpaHEHUE B aBTOHOMHBIX CH-
CTeMa JJIEKTPOCHAOXKEHHS TOJIYYHJIA SBHOTIOJIOCHBIE CUHXPOHHBIE T€HEPATOPhI C
KOHTaKTHBIMHA KoOJbIlaMu. Hampumep, SIBHOMOJIOCHBIE CHHXPOHHBIC TEHEPATOPHI C
AJIEKTPOMATrHUTHBIM BO30YKJIE€HHUEM, 00ECIIEUYNBAIOIINE TEHEPUPOBAHNE TIEPEMEHHO-
ro ToKa NpoMbIlieHHON yacTtoThl 50 ') B Auanasone MmomrHocTed ot 35 1o 215 kBt
umerot KI1J 87 — 92 % u ynensnyto maccy — 7 — 12 kr/kBt [38, 39, 33, 35]. Oanaxo
CTaHJapTHAs KOHCTPYKIMS CHHXPOHHOTO TE€HEpaTopa C KOHTAKTHBIMHU KOJbIIAMU
UMEET PSI/I CYIIECTBEHHBIX MUHYCOB, TJIaBHBIC M3 KOTOPBIX: HEOOXOIMMOCTH B JIO-
MOJIHUTENLHBIX YCTPOUCTBAX NJisi oOecrieueHus: BO30YK/ICHUS W HEeHaJexKHasi paboTa

y3JIa KOHTaKTHBIX Kojel. KpoMe Toro, s BKIKOYEHHUSI CUHXPOHHOT'O T'€HEpaTopa B
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napajuieIbHyI0 paboTy TpeOyeTcs MOMOIHUTENbHAs PEeryaupyromas u KOHTPOIUPY-
fomnas ammaparypa [40, 41].

OpnHO U3 HampaBJIEHUH KaYECTBEHHOTO YIYUYIICHUS! XapaKTEPUCTUK aBTOHOM-
HBIX CHUCTEM 3JIEKTPOCHAOKEHUS — BHEIPEHHE U pa3paboTka OECKOHTAKTHBIX JJIEK-
Tpuueckux mammH (OM), 00safaomyx MOBBIIMICHHYI0 HAJIEKHOCTBIO, PaOOTAIOIINX
C TOBBIIICHHBIMH MEXAHWYECKUMH U 3JIEKTPOMATHUTHBIMU HAarpy3kamu, UMEIOLIUX
YCOBEPIICHCTBOBAHHBIE MajlorabapuTHbIE U YHEPreTHUECKUEe MOKa3aTelu, 0baagaro-
HIMX YIYYIIEHHBIMU SKCIUTyaTallMOHHBIMHM KaueCTBAMH U IIIMPOKUM JHarna3zoHam J0-
MyCTUMBIX OKPYKAIOIINX YCIOBHIA.

Haubonee Hage)XHBIM U MPOCTHIM MO KOHCTPYKIIMH O€CKOHTAaKTHBIM T'e€Hepa-
TOPOM SIBJISIETCS] aCHHXPOHHBIIN reHepaTop. IlpuMeHeHne aCHHXpOHHBIX T€HEPaTOPOB
B OCHOBHOM CJI€P>)KMBAJIOCH 0 JIBYM MPUYUHAM: H3-33 CIIOKHOCTH CTaOWIIM3aLNH
BBIXOJTHOTO HAIPSDKEHUS, a TAKXKe BCJIEACTBUE OTCYTCTBHS MajlOTa0apUTHBIX CHUJIO-
BBbIX T'€HEPATOPOB, 00ECIIEUNBAIOLINX BO30YK/IEHUE TeHepaTopa U KOMIIEHCAIUIO pe-
aKTUBHOW MOILIHOCTH Harpy3ku. PazpaboTaHHble B MOCIEIHUE TOJbI MOJIUIPOIUIIE-
HOBBIE IJICHOYHBIE TBEPJONPONUTAHHBIE KOHJIEHCATOPHI ¢ yaenbHoU Maccoit 0,10 —
0,20 kr/kBAp, coBpeMeHHbIE YCTPONUCTBA OECKOHTAKTHOTO YIPABJICHUSI €MKOCTBIO C
UCIOJIb30BaHUEM CHJIOBBIX OBICTPOJCHCTBYIOIIMX MOJYNPOBOJHUKOBBIX KIIOYEH, a
TaK)Ke JOCTIKEHUS B PA3BUTHH MHUKPOIICKTPOHUKH, MPUMEHAEMOW B CHCTEMax
yIpaBICHUS U KOHTPOJISI, MPAKTUYECKH CHUMAIOT OTPAHUYCHUS 10 MCIOJIB30BAHUIO
ACMHXPOHHBIX reHepaTopoB B ACD, BBINOJIHSEMBIX Ha 0a3e BBICOKOCKOPOCTHBIX
npuBOIHBIX ABurareiei [38, 39, 42, 43]. Ilpu yacrorax Bpamenus 18000-24000
00/MHH aCHHXPOHHBIE TEHEPATOPHI C KOHAEHCATOPHBIM BO30YKIeHUEM, paboTaroue
Ha HEMOCPEICTBEHHBIN MpeoOpa3oBaTeb YaCTOThI, UMEIOT JyYIlIUe SHEPreTUUYEeCKHUe
U Maccora0apuTHbBIC TOKa3aTe, YeM CHHXpOHHbIC TeHepatopsl [36, 30, 31, 44].
OnHaKO aCMHXPOHHBIE T€HEPATOPHI MPAKTUUYECKH JIMIIAIOTCS OCHOBHBIX JOCTOUHCTB,
10 CPABHEHUIO C CHHXPOHHBIMU F€HEpaTOpaMu MPU MCIIOIb30BAHUH B T€HEPATOPHOM
peXHMe acCUHXPOHHBIN ABUTATENh (A/]) MPOMBIIIUIEHHOTO MCTIOTHEHUS — TaKUe Ma-
IIMHBI UMEIOT HU3KUH KOI(PPUIIMEHT MOJE3HOTO JACUCTBUS, OTHOCUTEIBHO OOJBIIYIO

Maccy u radaputhel. [Ipu pabote B reHEpaTOPHOM PEXKUME UM CBOWCTBEHHBI KPYTO-
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najaroIre BHeNHue Xapakrepuctuku [31, 45]. IToaromy, HEOOXOAMMO CHEIHAIBLHO
IPOEKTUPOBATH ACHHXPOHHYIO MAITUHY Ui paOOThl B TEHEPATOPHOM PEKHUME Ha BbI-
COKHX 4aCTOTaXxX BpAILlEHUS POTOpA.

Cpenn OECKOHTaKTHBIX CHHXPOHHBIX T'€HEPAaTOPOB PACIPOCTPAHEHUE MOITYy-
YUJIM MAIllMHbI C BPAUIAIOIIMMCS BBIIPSIMUTEIEM, PEAJIU30BaHHbBIE B ITUPOKOM JuUa-
naszoHe MoiHocTel ot 1 g0 108 kBT, IIpu 3TOM OHM MMEIOT y/eabHyI0 Maccy 3,60 —
18 xr/kBt B 3aBucHMOCTH OT ycTaHOBiIeHHOU MomHOcTH, a KII/ HaxonuTcs B mpe-
nenax ot 32 10 95 %. Haunbonee KOMIMaKTHBIE CHHXPOHHBIE T€HEPATOPhI C Bpalllao-
IIMMUCS BBIIPAMHUTENIAIMH pa3padOTaHbl U BHEJIPEHBI ISl ABHALIMOHHBIX CHUCTEM
sHeprocHabxenus. [Ipu momuHocTsx 30 — 120 kBA u yactorax Bpamenus 6000 —
9000 06/MuH OHU UMEIOT yaenbHy 0 Maccy 0,72 — 1,26 kr/kBA [31, 39, 42, 45].

B xauectBe Bo30yauTens aisa CI' ¢ BpallaroIUMUCS BEIIPSIMUTEISIMU MOKHO
UCIOJIb30BaTh, TaK Ha3bIBa€MbIH BpallalolIuics TpaHcopMmarop, a TakkKe acHH-
XPOHHBIC ¥ CHHXPOHHBIE Bpalnaromuecs Bo3oynurenu [31].

Cucrembl BO30Yy>KJIEHUSI T€HEPATOPOB aBTOHOMHBIX SHEPIETHUYECKHX CUCTEM
JOJKHBI XapaKTEepPU30BaThCs: MOJHOM aBTOHOMHOCTBIO — HayalbHOE BO30YXKICHHE
o0ecreynBaeTcs UCKIIOUNUTEIBHO 3a CET BHYTPEHHUX UCTOYHUKOB; MPOCTOTOU U 3(-
(EKTUBHOCTBIO CXEMOTEXHHYECKUX W KOHCTPYKTOPCKUW pelleHui, obecreunBaro-
IIMX BBICOKYIO HAJEKHOCTh M XOpOILIHE MaccoradapuTHbIE MOKa3aTeNN; TEXHUYe-
CKUMH XapaKTEpPUCTUKAMH, YAOBIECTBOPSIOIIMMU CaMbIM ECTKMM HOPMATHBHO-

TCXHUYCCKHUM Tpe6OBaHI/I$IM.

2.4 BpIOOp MaTeMaTH4YeCKOr0 NaKeTa

CrpemiieHUE MOBBICUTh HAJIE)KHOCTD JIEKTPUYECKUX CETEN U CPEACTB yNPaB-
JICHUs] UMHU yCTaHaBIIMBaeT 0oJiee BHICOKHE TPEOOBaHUS K TOUHOCTH MOEINPOBAHUS
aBapUIHBIX PEXKUMOB U BBI3BIBAET HEOOXOAMMOCTH COBEPILIEHCTBOBAHMS TEXHHUYE-
CKHMX CPEICTB BBIUNCIICHHM.

CoBpeMEHHbBIE KOMITBIOTEPHBIE CHCTEM IO3BOJIIOT PEAIM30BBIBATH JOCTA-

TOYHO COBCPIICHHBIC aJITOPHUTMbI BBI‘II/IC.HCHI/II\/’I, da TOYHOCTb MOACIIMPOBAHUS ITPOLCC-
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COB B 3THUX YCIJIOBHUSIX BO MHOI'OM OIPEAEISECTCS TOCTOBEPHOCTHIO U TOYHOCTBIO HC-
XOIHBIX JAHHBIX, OCHOBY KOTOPBIX COCTABJISIIOT ITAPAMETPHI MOJEIIEH NEKTPUIECKUX
cereu.

Bueapenue u pazpaboTka pa3iIUyHbIX TEXHOJOTUUECKUX KOMILIEKCOB TpeOy-
€T 3HAYUTEIBbHOTO BCECTOPOHHETO aHanu3a. MoaennpoBaHue, KaK U3BECTHO, SIBIISIET-
Csl OCHOBHBIM MHCTPYMEHTOM JJisi MPUHATHUSI 0OOCHOBAHHBIX U CBOEBPEMEHHBIX pe-
HICHHM.

[IpencraBiieHHBIE BBIIIE YPABHEHUS T'€HEPATOPOB SIBJISIIOTCS HEIWHEWHBIMU,
MOATOMY JJIsl UX PELISHUsI 11eJ1ecCO00pa3HO MCIOIb30BaTh YUCICHHBIM METOJ pele-
HUs. CJI0)KHOCTh MaTeMaTHYECKOr0 OIMMCAHMS MPOILIECCOB B OOBEKTaX aBTOHOMHOM
HHEPreTUKH TPeOyeT WM UCIOIb30BaHUS YK€ CYIIECTBYIOIINX YHUBEPCATBHBIX MPO-
TPaMMHBIX KOMIUJIEKCOB (ITAaKETOB), WJIM CO3JaHUS CHEIUATbHBIX MPUKIAJAHBIX TPO-
rpaMM. [10CKOJIBKY CcO3[aHME ClIENUAIBHBIX MPUKIAJAHBIX IPOrpaMM IO UCCIEA0BA-
HUIO ABTOHOMHBIX CHCTEM DSJIEKTPOCHAOXKEHUS TpeOyeT BBICOKOM KBaIH(pUKAIMU
MpOrpaMMHCTa W 3HAYUTEIBHBIX 3aTpaT BPEMEHM, Oojiee MPUEMIIEMbIM BapUaHTOM
ABJISECTCS IPUMEHCHUE YHUBEPCAIBHBIX ITPOIPAMMHBIX KOMILIEKCOB.

CylecTByeT HECKOJIBKO MPOrPAMMHBIX MPOIYKTOB, KOTOPHIE MTO3BOJISIIOT CO-
CTaBJISATh CXEMOTEXHUYECKOE MOJIEIMPOBAHUE AJICKTPOTEXHUYECKOTO OOBEKTa, CO-
Kpaias rpy 3TOM BpPEMsI MOAEIUPOBAHUS.

[IpuBenem KpaTKyro XapakKTEpPUCTUKY TAaKUX MPOTPAMMHBIX KOMIUIEKCOB.

APLAC 8.1 — npennazHadeHa Jjisi TPOCKTHUPOBAHUSI M MOJICTUPOBAHUS CH-
CTEM U JJEKTPUUYECKUX CXEM BO BPEMEHHOW M YaCTOTHOW oOnacTsx. BeimonHstorcs
CJIEYIOIINE BUABI PACUETOB: PEXKUM IO MOCTOSIHHOMY TOKY, YACTHBIE XapaKTEPUCTHU-
KM, YYBCTBUTEJIBHOCTh U MapaMETPUUYECKasl ONTUMU3ALNS, CIIEKTPaJIbHAs TNIOTHOCTD
1 K03 PUIIMEHT 1TyMa, CIIEKTPhl CUTHAJIOB, TIEPEXO/IHbIE MPOLIECC, aHAIU3 MTePUOIH-
YECKUX PEKUMOB, CTATHYECKUH aHanu3 o metoxy MonTte-Kapio. [Togo6Hbie pacue-
ThI POU3BOJIATCS OOBIYHO C MOMOIIBIO HECKOJIBKUX Pa3HBIX MPOTpPaMM, a BCE Iepe-
YUCJICHHBIE PAaCUEThl JOCTYIIHBI B OAHOM. [[pyras BaxkHas OTJIMYUTENIbHAS YepTa Mpo-

rpaMMbl — HaJTU4re OOJIBIIIOTO BhIOOpA OMOIMOTEK 3JIEMEHTOB OTAEIBHBIX OJIOKOB U
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IMPHUHOUIIHAJIBHBIX CXEM, IIPUMCHSICMBIX B I_[I/I(l)pOBBIX W aHAJIOTOBBIX CUCTCEMAX CBA3U.

Ha puc. 11 noka3zaHo OKHO JUIsl MOJIETUPOBAHHUSI JIEKTPUUECKUX CUCTEM U CETEM.
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Pucynoxk 11 — Oxno APLAC 8.1

DesignLab 8.1 — uHTEerpupoBaHHBI NPOTPAMMHBIH KOMIUIEKC KOPIIOPAITUH
MicroSim st CKBO3HOTO MPOEKTUPOBAHUS ITU(PPOBBIX, aHAJOTOBBIX U CMEIIAHHBIX
aHaNoro-uu(poBbIX YCTPOUCTB, CUHTE3a YCTPOMCTBA MPOrpaMMHUPYEMOM JIOTUKUA U
aHaJIOroBeIX (uiabTpoB. IIpoexkTupoBaHrne HauMHAETCS C BBOJA NPUHLMIHUATIBHON
(GopMbI, €€ MOAETUPOBAHUS, @ TAK)XKE ONTUMHU3ALMU M 3aKaHUMBAETCSA CO3JIaHUEM
ynpasisieMbx (aiinoB B crenmanbHoM (opmare JEDEC mns mporpammuctoB, pas-
pabOTKOM MeYaTHOM TUIAThl U BHIBOJOB YIIPABISAIOMUX (HalIoB 1 (POTOTUIOTTEPOB U
CBEPJMJIBHBIX CTAHKOB. B crcTeMe MCIoNIb3yeTcsl M3BECTHAS CHCTEMa KOMIUIEKCHOTO
MoeaupoBanus PSpice.

Electronic Workbench 5.12 — npencrasinsio co0oit BUpTyanbHYIO 1abopaTo-
pHUIO C JOCTAaTOYHO IIMPOKUMH BO3MOXKHOCTSIMH, KOTOpPAs COACPIKHUT JOCTATOYHO
OOIUPHYI0 OMONMMOTEKY Pa3IMYHBIX JJIEKTPOHHBIX dJeMeHTOB. Ha skpane m3o00pa-
KAIOTCS U3MEPUTEIIbHBIE MPUOOPHI C OpraHaMH YIpPaBJIE€HUS, MAKCUMAJIbHO MTPUOIIH-
XKEHHBIMU K peallbHbIM. COTpYIHHK OCBOOOXKIAETCS OT M3y4YeHUs JAOCTATOYHO al-

CTPaKTHBIX (XOTSI U OYEHb MPOCTHIX) MPABUJI COCTABICHUS 3aJaHUN HA MOJEIHPOBA-
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uue. [Iporpamma Mmo3BoJII€T MEPECUYUTHIBATE PEIKUM 110 MTOCTOSIHHOMY TOKY, aHaJIH-
3MPOBaTh MEPEXOIHBIC MPOILECCH, a TaK)Ke MPOM3BOIUTH JMHEAPHU3ALNI0 HETHHEH-
HBIX DJICMEHTOB M 3aT€M IPOBOJUTH PAacUeT XapaKTEPUCTHK PAaCUYeTHON 001acTH H
CXEMBI.

Ha puc. 12 noka3zano oxuo Electronic Workbench 5.12 nns npoekTrpoBaHus

QJICKTPUYCCKUX CXCM.
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Pucynok 12 — Oxno Electronic Workbench 5.12

OnuTHas CHCTEMa TPOTPAMMHPOBAHHS KOMITBIOTCPHOW MATEMAaTHUKH —
Matlab 2013a no3Bossier HHKEHEpaM-dHEPTeTUKAM M YICHBIM JIETKO M YCIIEIIHO Pe-
aJTM30BaTh CBOM WJCU W TMOJy4YaTh MPAKTHUECKUE PE3YJIbTAThl, a TAK)KE HABBIKH B
nporpammupoBanin. OJUH U3 caMbIX d(PPEKTHBHBIX U MOIIHBIX HHCTPYMEHTOB JIJIsI
CO3JIaHUS PA3IMYHBIX MPOTPAMMHBIX KOMILJICKCOB, MPEIHA3HAYCHHBIX IS PEIICHUS
HAYYHO-TeXHHUYCCKHX 3a1ad. OJJHUM U3 CaMbIX BaXKHBIX M TI0 JIOCTOMHCTBY OIICHEH-
HBIX KauecTB cuctembl Matlab siBrsiercs BO3MOKHOCTh € MOJU(HKAIUU C IETbIO
peleHust BCE HOBBIX M HOBBIX HAYYHO-TEXHUYECKHUX 3a71a4, KOTOPhIC B M300UIMHU T1O-
SIBJISIFOTCSL OJ1aroiaps mporpeccy B Hayke, TEXHUKE ¥ 00pa30BaHUU. DTO JOCTHTACTCs,

MpexKAC BCCTro, CO3JaHHUEM ILICJIOro psaaa IMakKCTOB paCHIMPCHUA CUCTEMbI, OXBAaTbIBa-
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I X MHOTUC HOBBIC U IMPAKTUYCCKHUC IMOJIC3HBIC HAITPABJICHUA KOMHBIOTepHOﬁ Ma-

temaruku. Ha puc. 13 nokaszano rimaBaoe okHo Matlab 2013a.
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Pucynoxk 13 — I'maBHoe okno Matlab 2013a

[Taker Simulink, co3mannblit Ha ocHoBe cructeMbl Matlab, mpegocrasser ca-
MbIC pPa3IMYHBIC BO3MOXKHOCTH, HA4YMHAas OT CTPYKTYPHOTO (MaTeMaTH4YeCKOIo)
IPEJICTABICHUS CHCTEMbBI U 3aKaHUMBas TCHEPUPOBAHUEM KOJOB IS MTPOrPaMMHUPO-
BaHUs Pa3IMYHBIX MHKPOIPOIIECCOPOB B COOTBETCTBUH CO CTPYKTYPHOW CXEMOM
UMUTAIMOHHOW  Mozend. B HeM  peajau3oBaHbl NPHHIHUIBI  BU3yaJbHO-
OPHUEHTHUPOBOYHOTO MMPOTPAMMHPOBAHHSI, UTO MTO3BOJISIET JIETKO HaOUpaTh HEOOXOIH-
MbI€ OJIOKH M COCIUHSATH UX C IIEJbI0 COCTABICHUS MMHUTAIIMOHHON MOJICIN aHAJIN3H-
PYEMOTo yCTpOUCTBA WK Kakoi-11bo cucteMsl. [Ipu sTom croxxHelme ypaBHEHUs
COCTOSTHUSI, OIMCHIBAIONINE padOTy Mojenei, GopMupyroTcs aBToMatudecku. [lo
ynoOCTBY TpadUUECKOro MOJb30BATEIBCKOr0 HHTEpdeiica, OOMINI0 HMHTAIMOHHBIX
Mozenel (6JI0KOB) KOMIIOHEHTOB BO MHOKECTBE OUOJIMOTEK, BU3YaTU3AIMH PE3YJib-
TATOB MOJICIIMPOBAHMS ¥ Pa3HOOOPA3WI0 BUPTYAJIBHBIX CPEICTB PETUCTPAINU H, Ca-
MO€ IJIaBHOE, 110 UX HAJIeKHOCTH U JOCTOBepHOCTH makeT Simulink BeIrogHO oTiIMya-
€TCSI OT MHOXECTBA JIPYTHX MPOTPaMMHBIX KOMIUIEKCOB ITOJI00HOTO HA3HAYCHMS.

Ha puc. 14 mokasano okHo Simulink mis MoaenupoBaHus CIIOKHBIX 3JICKTPO-

MCEXaHHNYCCKUX CUCTCM.
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Pucynoxk 14 — OxuHo Simulink a1 MoaenupoBaHusl CIOXKHBIX
ANEKTPOMEXAHUYECKUX CUCTEM

MicroCap 11.0 — npeaHa3HavyeHa 1T MOACIUPOBAHUS MU(POBBIX, aHAJIOTO-
BBIX M aHAJOTO-IIU(PPOBBIX yCTPOHCTB. [IporpaMMHBIN KOMILIEKC COJIEPKHUT MHOTO-
CTpaHUYHBIN rpadUuecKuil peAaKkTOp MPUHIIMITUATIBLHBIX CXEM, CIIOCOOEH BBITIOJIHSIThH
MOBEJICHYECKOE MOJICIMPOBaHUE HU(PPOBBIX W AHAJIOTOBBIX KOMIIOHEHTOB, MPEIO-
CTaBJISIET BO3MOYKHOCTH OMMUCAHUS ITUPPOBBIX KOMIIOHEHTOB C TTIOMOIIBIO JIOTHYECKUX
BbIpaKeHU. B coueTtanun ¢ 6MOIMOTEKON rpaduyecKUX CUMBOJIOB THIIOBBIX ONeEpa-
WA TTO3BOJIIET MOJEIUPOBATh JMHAMUYECKUE CUCTEMBI, 3aJJaHHbIE HE TOJIBKO MPUH-
UITHATBHBIME, HO QYHKIIMOHATBHBIME cxeMamu. MicroCap BxirouaeT B ce0si 00JTb-
Iy10 OMOJIMOTEKY KOMITIOHEHTOB. CUCTEMOM BBIMOJHSAECTCS MHOTOBapHAaHTHBIN aHa-
JY3 IIPU BapualWdM NapaMeTpOB M CTATUYECKUM aHanu3 1o meroay Monte-Kapio.
Kpome toro, umeercs cnenmanbaas nporpamma MODEL mns pacuera mapamerpos
MaTeMaTUYECKUX MOJEIEH aHaJIOrOBBIX KOMIIOHEHTOB IO CIPAaBOYHBIM HIIM JKCIIE-
PUMEHTAIBHBIM JTaHHBIM.

Ha puc. 15 npencrarieno okHo MicroCap st npoeKTHPOBAHUS IICKTPUYC-

CKHX CXCM.
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Pucynok 15 — Oxno MicroCap st mpoeKTHPOBaHHS AIEKTPHUECKUX CXEM

OrCAD 16.6 — o6benuHsieT B cebe BO3MOKHOCTh CHHTE3a, aHaJN3a, KOHCTPY-
UPOBaHUS U pacyeTa 3JEKTPOHHBIX CX€M U 00Jalalolui K TOMY K€ OYeHb OOLIUp-
HOU OMOJIMOTEKON JEKTPOHHBIX KOMIIOHEHTOB. [103BOJIIET MPOBOAUTH aHATIU3 DJIEK-
TPOHHBIX OJIOKOB, OCYIIECTBIATh MPOEKTUPOBAHUE MEUATHBIX IUIAT JUJIs pa3paboTaH-
HOM U NPOAHAIM3UPOBAHHOW JJIEKTPOHHOW CXEMBI, NTO3BOJIIET IPOU3BOANUTH CUHTE3
MPOrPaMMHUPYEMBIX JIOTHYECKUX MHTErPATBbHBIX CXEM.

Ha puc. 16 npencraBieno okHo OrCAD myis mpoekTupoBaHUsl dIEKTpUYE-

CKHX CXCM.
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Pucynox 16 — Oxao OrCAD a1 mpoeKTUPOBAHUS DJIEKTPUUECKUX CXEM
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Hcnonp3oBaHue m000ro MmMporpaMMHOrO oOecreueHHe MOoapa3yMeBaeT Co-
OJI0JIEHNE OMpPEIECICHHOTO AJIrOpUTMa BBITOJHEHUS MOCTAaBIEHHOW 3amaun. B imo-
O0oM makeTe CXeMOTEXHUYECKOT'O MOJAETHPOBaHUS TpeOyeTcs BHIOPATh AIEKTPOHHBIM
AJIEMEHTHl U COCIMHHUTH MX COIVIACHO NMPUHLMIIHAIBHON CXEME HMCCIENYyEMOU yCTa-
HOBKH, TO €CThb CO3/1aTh yCJIOBHA JUIsl Hayana MojenupoBanus. Ilocie cocraBnenus
CXEMBbI TOSBIISIETCSI BO3MOXKHOCTh HCCIIEIOBATh MOBEICHHE CXEMbI BIOKEHHBIMU B
nakeTe MaTeMaTH4YeCKUMH MeTogamMu. Kaxaplil makeT npeaycMaTpuBaeT OlpeaecH-
HYIO CTPaTErui0 HCCIIEOBAaHUS OCOOEHHOCTEH (YHKIIMOHHUPOBAHUS CHUCTEMBI BO
BPEMEHH TPH Pa3TUYHBIX MTapaMeTpax, Kak caMOil CHCTEMbI, TaK U BHEIITHEW CPeJIbl.

Jlnia vccienoBaHus B HOMHHAIBHBIX PEKMMax BO BCEX MakeTax TpeOyercs
CO3/1aTh CXEMY, COCTOSIIYIO0 U3 AJIEMEHTOB, UMEIOLIUXCS B OMOIMOTEKE KOMIIOHEH-
TOB, 3aJIaTh MapaMeTPhI JJIs pacyeTa u MPOBECTH HEOOXOMUMBbIN aHanu3. Jls uccrue-
JIOBaHUS MTOBEIEHUS] CUCTEMbI B HELITATHBIX PEKUMaX HEOOXOIAMMEBI JIEMEHTHI, 03~
BOJISIFOLIFIE UMUTHPOBATH KOPOTKHE 3aMBIKAHHUS U OOPBIBBI DJIEMEHTOB CXEMBI.

Ha ocHoBaHWM BBINIEH3TIOKEHHOTO OMHCAHMS PAa3IMYHBIX MPOTPAMMHBIX
KOMILJIEKCOB ObLT BBIOpaH mporpaMMmubiid mpoaykt Matlab 2013a, B coctaB koToporo
BXOJIMT MakeT BU3yalbHOro Moxaeiuposanus Simulink. B otimmume ot mapyrux nake-
TOB CXEMOTEXHUYECKOTO MOJICTUPOBAHUS, T]I€ IPUXOAUTCS CO3/1aBaTh CBOIO MOJIENb,
UCTIONB3Ys CIEIUAIbHBIN A3bIK MporpaMmmupoBanus, maker Matlab 2013a ¢ Beicokoi
CTETICHbIO TOYHOCTH IO3BOJISIET MOJEIHPOBATh AJIEKTPUUECKHE CHUCTEMBI, a TaKKe

A0CTATOYHO IIPOCTO CO3aBaTb CcOOCTBEHHBIE OJIOK DJICMEHTOB U IIOACHCTCM.

45



3 Pacuerhl 1 AaHAJIUTHKA

3.1 Pacyer mapaMeTpoB cXeMbl 3aMelIeHUS] ACHHXPOHHU3HMPOBAHHOIO

CHUHXPOHHOI'0 IreHepaTropa

3a OCHOBY BO3bMEM pacueT acuHXxpoHHoro asurarenst AUP100L4

3.1.1 Ucxonuble JaHHBIE

>

vV V VvV VY ¥V V V V VvV ¥V VvV ¥V V ¥V V V VYV V VY

MomnocTs aBurarens — P, =4«xBm,

CHHXpOHHAs YacToTa BpameHus — n, =1500 o6/ yum
HomunanbHas yactora BpanieHus aBurareis — n, =1410 o6/ mun
KoadduimeHT none3Horo qeicTBUs JBUraTENs IPU HArpy3Ke:
Thoo,75 =89 %0,

KoaddunrieHT MOIIHOCTH ABUTATENS IPU HArpy3Ke:

COS @y 75 =0,85 0.e.,

Tox aBurareins npu Hanpspkenun 380 B — 1, =8,40 4,
Kparnocts myckoBoro toka - I, /1, =k =7 oe.,

KpaTHOCTh MyCcKOBOrO MOMEHTA - M

nyck

/M, =k,=2,10o0.e.,

KpaTtHOCTh MaKCUMaJIbHOIO MOMEHTA - M

max

/M, =k, =240o0.e.,

MowmenT naepiuu - J =0,013 ke - m°,
Macca gBurarensa — 29 kr,

Knacc sneproaddextuBroctd - IE =1,
KonuuectBo a3 - m=3,

HomunansHoe a3Hoe Hanpspkenue - U, =220 B,
HomunanbsHo€e Hanpsukenue cetu - U, =380 B,
HomunanbHOe ckonbxenue apurarens - s, =0,06 o.e.,
Koaddurment 3arpysku asurarens - p. =0,75 oe.,

Yuco map moircoB JBUTATEIS - p = 2.
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3.1.2 Onpexnenenue napaMeTpoB CXEMbI 3aMEILICHUS] ACHHXPOHHOTO JBUTATE-
JIs IO CIIPABOYHBIM JTAHHBIM

MatemaTtnueckass MOJENIb ACUHXPOHHOTO JIBUTaTeNsi MOXET ObITh IPE/ICTaB-
JIeHa pa3JINYHbIMHU cXeMaMH 3amelneHus. Hanboiee nmpoctoil 1 ynoOHOM 11l pacye-
TOB ACUHXPOHHOI'O JABUTATENs C KOPOTKO3aMKHYTBIM POTOPOM sBisgeTcs T-o0pa3Hast

CXCMa 3aMCIICHUA, IIPCACTABJICHHAA HAa PUC. 17.

0

Pucynox 17 - T-o0pa3Hasi cxema 3aMeIlEeHUsI ACHHXPOHHOTO JBUTATEIIs

(U, — dasnoe Hanpskenne moasoaumMoe Kk 0OMOTKe cTatopa asurarens, |, — Tok o6mMoT-

KH CTaTopa, F\)1 — AKTHUBHOC COIIPOTHUBIICHUC OOMOTKH craropa, X16 — UHAYKTUBHOC COIIPOTUBJICHUEC

paccesHus 0OMOTKHU cTatopa, |, — MpuBeeHHbIH TOK 0OMOTKH poTopa K 0OMOTKe cTatopa, R, —

TIpMBEJIEHHOE aKTMBHOE COTIPOTHMBJIEHHE LIEMH OOMOTKH POTOpa K LIEMH OOMOTKE CTaTopa, X,, —
NPUBEJICHHOE WHJIYKTUBHOE COINPOTHBIIEHUE PACCESIHUS LN OOMOTKM poTOpa K Ienu OOMOTKe
cratopa, |, — Tok Xo/mocToro xosia (HaMarHMYMBaHKA), X, - HHIYKTHBHOE CONPOTHBIIEHHE KOHTY-

pa HaMal"HI/ILII/IBaHI/IH).

OcHOBHBIC YpPaBHCHHA aCHHXPOHHOT'O ABUTATCIIAA, COOTBCTCTBYIOIIHC I[ElHHOﬁ

CXEMC.
E,+ (%, L,+R, 1,/s=0 (3.1)
U, —E, - %, 1,-R-1,=0 (3.2)
L+1,—1,=0 (3.3)

Bekropnas nuarpamma tokoB, 3J1C u HanpsbkeHui n3o0paxeHa Ha puc. 18.
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Pucynok 18 — BexropHast AuarpaMma aCHHXpOHHOTO JBUTATENS

Toxk xoaocToro X04a aCHHXPOHHOI'O ABUTATCIIA OIIPCACIIACTCA I10 (1)OpMYJIC:

. \/Iﬁ[p*-m (=s)tp s )T 5.4)
1-[p.-(1-s,)/(1=p.s,)]

rac |1H - HOMMHAJIbHBIM TOK CTaTopa ABUIaTCIIAd, A;

| 11~ TOK CTaTOpa ABUTATCIIA TIPpU YaCTUYHOU 34Irpy3kKe, A.

P
I = Z , 3.5
Y m-U, -cose, 7, (3.5)
L= 00 _g39y
3.220-0,85-0,85
% ‘PH
|y = £ (3.6)

" m-U,-cosg,. 7,
rae  cosg,. - KO3(QOHMUMEHT MOIIHOCTH IIPU YaCTUYHOM 3arpyske,
cosg,. =0,99-cosp, =0,99-0,85=0,842 0.e.;

My =My750) = 0,85 0.e.- KII/I mpu yacTuyHOM 3arpyskKe.

L= 0,75-4000 6.35 A
3-220-0,842-0,85

Torna TOK XOJIOCTOT'O XO04a aCMHXPOHHOI'O IBUT'aTCILA 6y,ueT PaBCH:

2
6,35> | 0,75-8,39-(1-0,06)/(1-0,75-0,06)’
. | (1-0,06),( 2 y o
1-[0,75-(1-0,06)/(1-0,75-0,06) |
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U3 dopmynsr Kiocca onmpenenum BbIpaK€HUE ISl pacuera KPUTHYECKOTO

CKOJIbXKCHUA:

o s Ko + (K =[ 128y B+ (K =1) ]

1_2.SH'ﬂ'(kmax _1) , (37)

3HaueHue ko3 uIMeHTa A, coriaacHo [?], Haxoautes B quana3one 0,6+2,5.

[Ipuanmaem g =1.

2,40+ [2,40° -[1-2-0,06-1-(2,40-1) ]

=0,06
. 1-2-0,06-1-(2,40-1)

=0,33 0.

OnpenenuM 3Ha4eHUS KOIPPUITUESHTOB:

IO

C1=1+2-ki-llﬂ’ (3.8)
C,=1+839=1018 0e.
meUZ-(1-s,) 9)

- 2.C-k, P,

max

e 3.220%-(1-0,06)
1 2.1,01-2,40-4000

=6,98 0.e.

Haiinem akTUBHOE COMPOTUBIIEHUE POTOPA, MPUBEICHHOE K OOMOTKE cTaTopa

ACMHXPOHHOI'O ABUI'aTCILA:
' A
Ry=—2 —
(ﬂ +1/ Sy )'Cl

_ 6,98
? (1+1/0,33)-1,018

(3.10)

=1,714 Om

OrnpenenuM aKTUBHOE COMTPOTUBIIEHWE 0OMOTKHU CTaTOpa:
R =C, R, 5, (3.11)
R =1,018-1,714-1=1,745 Om
OnpenenuM mapaMmeTp y, KOTOPBIM MO3BOJSET HAWNTH MHAYKTUBHOE COIPO-

THUBJICHUE KOPOTKOTO 3aMBIKAHUS X ;-
y=(¥/si)-A, (3.12)
y=(1/0,38)-1* =283 0.
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Torma
X,=7C-R, (3.13)
X, =2,83-1,018-1,714=4,94 Ou
Halinem MHIYKTHBHOE CONPOTUBIIEHUE paccesiHUs (a3bl pOTOPHOM 0OMOTKH,
IIPUBEJICHHOE K CTATOPHOM:

X, =0,58-X

KH

/C,, (3.14)
x,, =0,58-4,94/1,018 = 2,81 Ow
HaiizeM MHIYKTHBHOE CONPOTHUBIICHUE PaccessHus (Pa3bl CTATOPHOM OOMOTKH:
x,, =042-X_, (3.15)
x, =0,42-4,94=2,074 O

[To HalineHHBIM 3HAYEHUSIM C,, R, U X, ONpPENEINM KPUTUUYECKOE CKOJIbXKE-

HHUCE:
¢ R
= T (3.16)
o o LOBLTU oy

J1,745% + 4,947

PaccuuranHsble 3Ha4eHUs S, =S, =0,330.e. PpPaBHBL
OJIC BeTBM HaMarHW4yMBaHusA E_, HaBelneHHas IMOTOKOM BO3AYIIHOIO 3a30pa

B 0OMOTKE CTaTOpa B HOMUHAJIBHOM PEKHUME, paBHA
2
Em = \/(U1H -COsop, — R1 |1H )2 +(U1H . ll—COSgoHZ — X5, ']1H) ) (3_17)

2
E, :\/(220-0,85—1,745-8,39)2 +(220- 1-0,85 —2,074-8,39) =198,52 B

TOFJla HHAYKTHBHOC COIIPOTHUBJIICHUC KOHTYpa HAMarHninBaHUs 6y,21€T paBHO

Em
X/m = r, (318)
S 198,52 =93,82 Om
a 2,12

Onpez[eJmM CUHXPOHHYIO YTJIOBYIO CKOPOCTb ABUTATCIIA
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w, =2 (3.19)

°30
W, =W=157,08 pao/c

HpH HCIIOJIB30BAHHUHA B IIPOLCCCC MOACIUPOBAHHUA B IIPOIrPaAMMHOM KOMILICK-
ce Matlab acuuxpoHHOro aBUTaTENs MPUMEHSIOT Cleayromuil 0ok: «bimok mapa-
meTpoB: AcunxponHas MammHa (Block Parameters: Asynchronous Machine Si
Units)». JlauHblid OJ0K mpejacTaBieH Ha puc. 19. 3ammiiem mapameTpbl, KOTOPBIC
HEO0OXOMMO 3aHECTH B OJIOK:

%  Homwuuanbnas momrHocTh aurarens (Nominal power) - P, =4000 Bm ;

%  Howmunansnoe nanpsoxerne (Nominal voltage) - U,, =220 B (Vims);

% Homunansnas gactora cetu (Nominal frequency) - f =50 I'y(Hz) ;

% AKTHBHOE CONpPOTHBJICHHE OOMOTKHM crtaTopa (Stator resistance) -
R, =1,745 Om(R,, ohm);

% WuayktuBHOoCcTh  craTtopHOd  oOmorkm  (Stator  inductance) -

L= X _ 2,074
2-r-f 2-31415-50

=0,006606 I¥(Ly, H);

*¢ AKTHUBHOE CONPOTHBIICHHE pPOTOpa, MPHUBEIACHHOE K OOMOTKE cCTaTopa

acuHXpoHHOrO fBHratens (Rotor resistance) - R, =1,714 Ou(R,, ohm);

% MHWuayxktuBHOoCTh  potopHoit  obmotrkm  (Rotor  inductance) -

L - X5, 2,814

= = =0,008961 I'n (L, H);
2-r-f 2-31415-50 o
% HWuayxtuBHOCTh KOHTypa HamarumumBanus (Mutual inductance) -

Lo N 9382
w2.x-f  2.31415.50

=0,299 I (L, H);

¢ Yucno map nomrocos apuratens (Pole pairs) - p=2.
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Asynchronous Machine (mask) (link)

Implements a three-phase asynchronous machine (wound rotor, squirrel
cage or double squirrel cage) modeled in a selectable dq reference frame
(rotor, stator, or synchronous). Stator and rotor windings are connected in
wye to an internal neutral point.

| Configuration | Parameters | Advanced | Load Flow |

Mominal power, voltage (line-line), and frequency [ Pn{VA),Vn{Vrms),fn(Hz) -
'[4000 220 50]

Stator resistance and inductance[ Rs{ohm) Lls(H) ]:

[1.745 0.006606]

Rotor resistance and inductance [ Rr'{ohm) LIF'(H} ]:
[1.714 0.008961]

Mutual inductance Lm (H):
0.295

Inertia, friction factor, pole pairs [ J(kg.m"2) FN.m.s) p() ]:
'[0.02 0.06 2]

Initial conditions

[000000000]

£

Pucynoxk 19 - biiok napameTpoB: ACUHXpOHHas MalllHa

3.2 Pa3paboTka aJirOpuTMOB YNPaBJIEHUS] ACMHXPOHU3HUPOBAHHBIM CHH-

XPOHHBIM FeHePaTOPOM

3anuiieM yciaoBUe pabOThl CUCTEMBI:

U, -Uj; =0,
Uy -Up =0, (3.20)
U, -U; =0.

*
rae U —3adannoe 3uauenue .
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Up =U pa Sin(314-1),
Uy =Upp sin(314~t+37”j, (3.21)
Ug =Upnc sin(314-t—3?7[)
Kax yxe Owputo ckazano Beime, ACIT Oymem paccMaTrpuBath B IBYX(a3HOMH
crcTeMe KOOpIMHAT Ha ocHOBe Mozienu ODOM (puc. 20).
Fay

U; Fy § R BT
iii ¥ LJ“»‘E

Ly

Pucynoxk 20 — ACI' B nByx(a3Hoii cucteme KOOpAMHAT Ha OCHOBe Mojeinn OOM
MatemaTnueckyo MOJeNlb ACHHXPOHU3UPOBAHHOIO CHUHXPOHHOTO T€HepaTo-
pa kak oObeKTa ympaBiieHHs] OyneM paccMaTpuBaTh B BHJE AByX(azHOW Mojenu

000O0ILIEHHOH AIIEKTPUUECKONW MAIIUHBI:

. d¥.
Uy =i R +—+ o Py,
: d¥.
Uy =hy Ry + dtlv —ax Py
d (3.22)
Ugy =i Ry +—25+(ox - @) oy,
. dy¥
Uay =hyRy + - ~(ox —@) ¥y
Hcnons3ys ¢dazubie mpeoOpa3oBaHus LEb YIPaBICHUS IPUMET BU/L:
Uy, —Uy, =0,
T (3.23)
U, —Uq, =0.

rac
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Uy =Upy sin(,t),

. 3.24
Uy, =Upy sin(wgt—%). ( )

]_IJ'ISI CHUHTC3a AJIrOpUTMa YIIPAaBJICHUA IIPUMCM HCIIOABUXKXKHYIO CUCTEMY KOOP-

JIUHAT ¢ff, B KOTOPON MaTeMaTthyeckas MOJEIb aCHHXPOHU3WPOBAHHOIO CHUHXPOH-

HOT'O TeHEepaTopa MPUMET BU/;

dy : i di

dtla =I1(ZR1+|10(RH+L1H#’
d di

l/d/:-ﬂ =ilﬂRl+ilﬂRH+L]H%'
; (3.25)
W .

df“ =Upy —lgRo —wyp,
dyop :

=Uyp—lrgRy + :
ot 25 ~hpRo+ovy,

rac RH, LH — aKTHUBHOC COIIPOTHUBJICHHUC U MHAYKTHBHOCTHb HAI'PY3KHU.
y‘lI/ITBIBaH, qTo QI[C T'CHCPATOPa U ITIOTOKOCHLCIUICHHUC CTAaTOpPa CBA3aHbI 3d-

BUCHUMOCTEBIO:

d dy,
Bl =— 1% By =— L, (3.26)

a U ~E, TO MOXXHO 3alucaTh:

*

Wy, (t)= J' Eiadt = ju*ma sin(w,t )dt :U%cos(a)at)
(3.27)

* * * . 72' U* ﬂ:
v o1p(t)= J' Elﬂdt = J'U mp sm(a)st—zjdt = %COS(%FE)

Takum 00pa3oM MbI IEPEILTU OT 3a/I1aHKs B BUJIE HATIPSDKEHUSI HA OOMOTKE
CTaTOpa reHeparopa K 3aJaHuI0 MOTOKOCLETUIEHUS CTaTopa:

% —y14 =0,
la_ ref la (3.28)
vip_ref —¥1p=0.

B ciydae, ecim reHepaTop SBIISIETCS aBTOHOMHBIM, TO B KQUeCTBE 3aIaHUS
OyIyT UCTIOIK30BATHCS (PYHKITUU OT BPEMEHH:

Ve ret =¥imSin(at),
T (3.29)
Y1p_ref =¥im COS(“’tJrEj-
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[Ipu paboTte reHepaTopa B COCTaBE CETH C BHENTHUMHU UCTOYHUKAMH YHEPTUU
3aJJaHUe MOTOKOCIEIUICHUS CTaTopa He0OXOUMO BBIUUCIATh, OEps 32 OCHOBY M3MeE-

PCHHOC HAIIPSAKCHHUC CCTH B COOTBECTCTBUU C 3dBUCUMOCTAMMU:

Via et = | (U +ig Re)dt,

. (3.30)
V1p_ref = I(Ulﬂ +iygRy )dt.

IepeiizeM K CHHTE3Y arOPUTMA YIIPABJICHHUS.

3a OCHOBY BO3bMEM YCJIOBHE PaBEHCTBO 3HAKA OIIMOKM PETyIHPOBAHUS U

IIPOU3BOTHON PEryJINPYEMOM BEJIIMYHMHBI TAPAHTUPYIOLIEE TOCTUKECHHUE LIENH YIIPaAB-

JICHHSL:
sign(Az//l):sign%, (3.31)
rae
Ay1=y1_ref —¥1- (3.32)
Toraa nonyunm:
. . d
SIgN(V1g _ref ~V1a ):S'Qn%1
(3.33)
. dyp
SIg(y1_ret —¥15)=SigN— =,

BrIpa3zuM BEKTOp MOTOKOCHEIUIEHUS CTATOpa 4Yepe3 BEKTOPA MOTOKOCLEILIE-
HUS U TOKa pOTOpA.

CnepBa 3anuiieM ypaBHEHHUSI BEKTOPOB MOTOKOCLEIUICHUM IJisi BEIOpAHHOM
CUCTEMBI KOOPAUHAT:

{l//l =il +ixLlyp, (3.34)
wa =il +ilyp.

Bripa3zuM u3 BTOpOro ypaBHEHUs BEKTOp TOKa POTOpa M BCTaBUM B MEPBOE

YpaBHEHHUE:

w1 =il +ixly),

, =2 —hlp
Lo
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. .2 . .2
” =i1|—1+(y/2 —'1|—12j|_12 il Yotz b wolp  hbiby —hlip
2 Lo Lo Lo Lo
_wolip b
L2 O'L2
rac O'=—2
Ll -Lip

Torz[a BCKTOP IMOTOKOCHCIUICHUA CTATOpa 6y,Z[CT paBCH:

_yalip g
e P (3.35)

3anuieM BCKTOP IMOTOKOCLCIICHUS CTAaTOPa IJIA HGHOIIBH)I(HOﬁ CUCTCMBI KOOPpAWHAT

af

L i
Wi, = Voo li2 n la ’
L2 O'L2 (3 36)
ZY SV IY '
Vig=— + :
2 oly

[Iponuddepennmpyem noayyeHHbIE ypaBHEHUS 10 BPEMEHU U 3aMEHUM ITPOU3-
BOJIHbIE MOTOKOCIICIUICHUSI POTOpa Ha MPaBYI0 YacTh BTOPOTO YPABHEHUSI CHUCTEMBI

(3.25):

dyo,
dy1g __ dt Hi2 " diy, 1
dt L2 dt O'L2 ' (3 37)
dyap '
dvig _ dt L1 +di1ﬁ 1
dt L2 dt GL?_
d .
l/;fa =Uy, —lhoRo —yp
[Ipn q [oJIy4aeM
Zfﬂ =Uzp —izpRy + 0y,
dy, (UZa —i, Ry _CUWZﬂ)L12 L iy 1
dt L2 dt GLZ ’ (3 38)

d uo —i2 R + oy L di
Wlﬁ:( g~ l2pR2 Za) 12 diy 1
dt L2 dt GLZ
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W3 monmyyeHHOro ypaBHEHHUS OIPEAETUM, YeMY JIOJDKEH ObITh PaBeH BEKTOP
HaNpsOKEHUE pOTOpa, YTOOBI MPOM3BOIHAS MOTOKOCIEIICHUSI cTaTopa Obljia paBHA

HYJIIO:

dyy =(U2—i2R2—wW2)|—12 Jdip 1

dt |_2 dt GLZ -
(Uz—isz—w‘//z)le dip 1
L, - dt ol (3.39)
. . dip 1

Uy —igRy — oy =— 2L _ 2

2 =Ry ey == T

0 -  dip 1
U9 =iyRy + oy — L=

2 — 122 V2 dt O'L12

* 0 -1)(v2 .
e vi-ava-(y o) )
o

3anuieM BCKTOP HAIIPAKCHUS I HCHOI[BH)KHOﬁ CUCTCMBI KOOpAKWHAT aﬂ .

di 1
Uoe =ioRo —wwsp ——dlta ol
. 3.40
0 . dllﬂ 1 ( )
UZ,B = IZﬂRZ +a)§//2a —TUT]-Z

B pe3ynbTaTe nmoiaydaem anropuTM yIPaBICHHS TapaHTUPYIOIIUN BBINOJHEHHUE YCIIO-

Bus (3.33) B BUE:
Uy et =US +Kayy. (3.41)

JIns HEeMOABUIKHOM CUCTEMBI KOOPAUHAT af3

0
U2g  ref :U2a+k1(‘//1a_ref _Wla)’ (3.42)

0
Uop ref =U35+ka(Wip ret —vip)-
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3.3 UMuTauMoHHAsi MO/eIb ACHHXPOHM3MPOBAHHOIO CHHXPOHHOI'0 TeHe-

paropa

Nmutanmonnas moaens ACIT npencrasiena Ha puc. 21.
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Pucynok 21 — Umutannonnas moaens ACIP
B umMuTaiMoHHYI0 MOJIE€NIb BXOJAT CIAEAYIONIEe OJIOKU:
1 — ACUHXpOHU3UPOBAHHBIM CUHXPOHHBIN T€HEPaATOP,
2 — AKTUBHO-WHyKTUBHAS Harpy3Ka,
3 — [IpeobpazoBareb 4acTOTHI,
4 — 3ananue kpytsuero Momenta ACT,
5 — Cucrema ynpasnenust ACT,
6 — biioku 3a1aHus MTOTOKOCIEIJICHUS CTaTopa.

Ha puc. 22 npencraBnena cucrtema yrpanienust ACI.
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nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

HHHHHHHHHHHHHHHHHH




Pucynok 24 — OcuusiorpaMMa HanpsbKeHust Ha cratopHoit oomotke ACIT pu uzme-
HEHUU Harpy3Ku
Kak BunHO u3 puc. 24 npocajka HalpspDKEHUE TPOUCXOAUT HA HE3HAUUTEIb-
HOM IPOMEXYTKE BPEMEHU U B JIaJbHEHIIIEM HAMPsHKEHUE CTA0MIN3UPYETCH.
OTO TrOBOPUT O TOM, 4TO anroput™m ynpasieHuss ACI' pearupyer Ha BO3MYy-

IICHUA IIPAaBUJIBHO U MOKCT UCIIOJIb30BATHCA B PCAJIbHBIX YCTAHOBKAX.
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3AK/IIOYEHUE

B nmanHHO# HayyHO — HWICCIIEZIOBATENhCKOM paboTe ObLTa paccMOTpeHa J0CTa-
TOYHO aKTyaJIbHAs TéMa COBPEMEHHBIX CHCTEM aBTOHOMHBIX HCTOYHUKOB SHEPTUU —
pa3paboTKa aJrOPUTMOB YIPABIICHUS aCHHXPOHU3UPOBAHHBIM CUHXPOHHBIM T'€HEepa-
topoMm. MccnemoBaHue MpOBOAMIIOCH B mporpamMmHoM komiutekce Matlab 2013a /
Simulink myTem co3maHus UMHATAITMOHHON MOJICIIH, B KOTOPOM B JalIbHEHIIIEM IPO-
BOJIMJTUCH MICCIIEIOBAHUS OTPAOOTKH anroputMma yrpasienus ACT.

[{enpro paboTHI SIBJISIIOCH CO3/IaHUE aJTOPUTMa YIIPABICHUSI aCHHXPOHU3UPO-
BaHHBIM CHHXPOHHBIM TEHEpPaTOpOM, KOTOPBIA OyJeT aJeKBAaTHO OTpadaThIBATh
BHEIIIHME BO3MYIIEHUs, OJIaroapss 4eMy Ha BBIXOJI€ TeHepaTopa Mbl MOJy4yaau CTa-
OMJIbHOE 3HAYEHUE HAIIPSHKEHUS.

B xone paboThl Ha HavanbHOM dTare ObuTH CHOPMYIUPOBaHA 1EIb PAObOTHI U
MPOBENICH 0030p JIUTEpaTyphl M0 JaHHOU TemaTuke. B mpoliecce aHanmsa TeopeTude-
CKOTO Marepuaia ObUIM M3YYCHBI JIpyrue chepbl IPUMEHEHHUS JaHHBIX BHIIOB DJICK-
TPUYECKUX MalInH, Kak B Poccun, Tak u 3a pyoexxoM. Tak >xe npu aHaivze MaTepu-
ayia OB PacCMOTPEHBI PAOOTHl HEKOTOPHIX YUCHBIX 3aHUMAIOIIMXCS ITOW MpoOIIe-
MOM.

Jlanee Oblia co3gaHa UMHUTAIIMOHHAS MOJIEIbh W MPOBEJEH Psijl SKCIIEPUMEH-
TOB: paboTa CUCTEMBI P HOMUHAIBHOW HArPy3Ke U TPH U3MEHEHUN Harpy3KH.

Kak moka3zanu pe3yibTaThl UCCIICIOBAaHUA — allTOPUTM YIIPABJICHUS YETKO OT-
pabaTbIBaeT BO3MYIIAIOIINE BO3ICHCTBUS B BHJIE€ M3MEHEHUS HATPY3KH. ITO TOBOPUT
O TOM, YTO JaHHBIA aJTOPUTM MOKXHO MPUMEHSTHh B MPAKTHUYECKHUX IEIIAX MPH IKC-

IryaTaiy JaHHBIX BUJIOB 3JICKTPUYICCKUX MAIIIUH.
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INTRODUCTION

The current trend in development of power consists in seeking to balance of
power-areas, increase of reliability of power supply of consumers. The important
place in strategy of development of power industry is occupied by the autonomous
systems of power supply (ASPS).

Need for ASPS arises where it is technically impossible or economically in-
expedient to use the centralized electric supply, for example on moving objects. And
it is, first of all the remote objects far from large electric systems, and the having own
sources of primary energy, for example, gas and oil fields.

In such conditions the solution of problems of management of autonomous
power complexes, first of all regarding optimization of processes of power supply of
the enterprises, from positions of energy saving and minimization of expenses repre-
sents an important task.

For consumers of ASPS of industrial frequency ensuring quality of the elec-
tric power has essential value. Obtaining stable frequency with a variable frequency
of rotation of the driving engine is one of important tasks for ASPS. There is a prob-
lem of ensuring stable parameters of the electric energy received by transformation of
mechanical energy from her unstable source, for example, of the wind turbine. The
same problem exists also during the work from a stable source of mechanical energy,
but at unstable electric loading. An effective way of the solution of this problem is
transformation of mechanical energy in electric the asynchronized synchronous gen-
erators (ASG) [1].

Studying of parallel work of autonomous sources with a network is important.
At the same time there is a number of specific questions of collaboration of autono-
mous systems with the centralized network.

Big contribution to development of asynchronized synchronous machine, to
creation of the modern theory of their management and practical use has been
brought by domestic scientists the prof. M. M. Botvinnik under the leadership of
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whom these works have been begun in VNIIE in 1955, and his follower prof. Yu.G.
Shakaryan. The big contribution to the theory and practice have brought the research-
es executed by N. N. Blotsky, V. I. Radin, I.A. Labunts, A.P. Lokhmatov, L.G. Ma-
mikonyants, 1.M. Postnikov, S. V. Pokrovsky, Z.N. Sazonov, etc. [2]. Practical reali-
zation of works on introduction of asynchronized generators began in the sixties, the
most significant of which was commissioning of 2 asynchronized hydrogenerators 40
MW of lovskaya hydroelectric power station (Kolenergo). Among foreign scientists,
R were engaged in this subject J.C. Clare, A. Kahn, L.M. Ricardo. Turnip, R.M. Se-
bastian, etc. [2, 3, 4, 5].

Uninterrupted supply of energy assumes existence of an independent source
for power supply of special group of essential load. The choice like a source is de-
fined by his purpose, power consumption, existence or lack of a network of power
supply, a geographical position of the consumer and admissible expenses.

The analysis of results of researches of domestic and foreign scientists has
shown that application of ASG for ASPS working for various loading are studied in-
sufficiently.

In spite of the fact that ASG possess a number of valuable qualities, now they
are least studied. Rather large number of works of national and foreign experts is de-
voted to research of the theory and practice of management of autonomous power
complexes and energy saving. However, at the level of ASPS these researches are
separated and not fully promote the solution of this problem. Therefore, research
ASG for the autonomous systems working for various loading is an actual task.

The purpose of the thesis is development of control algorithms of the asyn-
chronized synchronous generator, providing the required indicators of quality of out-
put tension with a variable frequency of rotation of the driving engine and change of
loading.

Obiject of research is the electromechanical system: asynchronized synchro-
nous generator; the frequency converter with an independent source of tension; con-

trol system; driving mechanism.
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Object of research is the control system of the asynchronized synchronous
generator.

Scientific novelty:

1. The control algorithm of the asynchronized synchronous generator on the
basis of the generalized electrical machine allowing to improve dynamic characteris-
tics and to raise indicators of quality of the electric power in autonomous systems of
power supply is developed.

2. The imitating model of research of autonomous system of power supply on
the basis of the doubly fed induction generator (DFIG) with the offered system of au-
tomatic control is developed.

Practical importance of results of GQW: creation of autonomous systems of
power supply on the basis of ASG with the quality indicators meeting requirements
of the existing state standard specifications.

Work approbation. Basic findings of the work have been reported and dis-
cussed at the All-Russian scientific and practical conference with the international
participation "Increase of production efficiency and use of energy in the conditions of
Siberia" — 2015 (Irkutsk), at the 4th International scientific and practical conference
"Effective and High-quality Supply and Use of the Electric Power" - 2015 (Yekate-
rinburg).
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1 Literature review

The theory and practice of asynchronized machine begins the development
with works on collector cascades, with V. Zeyts's researches, D. the Hosanna, L.
Dreyfus, M. P. Kostenko, V. G. Kasyanov. The big contribution to development of
this direction, to creation of the modern theory of asynchronized machine and bases
of their use was brought by M. M. Botvinnik, on an initiative and under the direction
of which these works have been begun in VNIIE in 1955 [6]

1.1 Device of the asynchronized synchronous machine, basic elements of sys-
tems of regulation and excitement

The asynchronized synchronous machine represents the electromechanical
complex consisting of actually electrical machine, the activator, the automatic regula-

tor of excitement. The structure of the asynchronized machine is shown in fig. 1 [7].
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Figure 1 — Structure of the asynchronized synchronous machine
Actually, the electrical machine 1 is not salient pole  commutatorless ma-

chine of alternating current containing generally m phases on the stator and m, on a
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rotor. For the vast majority of practical cases on the stator the three-phase symmetric
winding connected to a three-phase network directly or via the transformer, and on a
rotor — symmetric two or the three-phase winding connected through contact rings to
the activator settles down. The activator 2, connected to rings of a rotor of the ma-
chine 1, receives power supply or from a network via the transformer 3, or from the
satellite electrical machine 4 (as the rule, synchronous) located on one shaft with the
main machine 1. The option when the machine 4 is a part separate the engine - gener-
ating installation is possible.

Voltage frequency at the activator exit (the activator conclusions connected to
rotor rings) can change under the required law and is equal in the set mode of a dif-
ference of circular frequencies of rotation of the field of the stator and a rotor (sliding
frequency) of the machine. It means that the activator of the asynchronized synchro-
nous machine is generally the power supply voltage frequency converter in sliding
frequency.

The automatic regulator of excitement 5 serves for formation of the required
function of regulation of the machine strengthened by the activator. It is obvious that
the number of output signals of the regulator corresponds to number of phases of a
rotor of the machine. Function of regulation is formed on the basis of information ob-
tained from this or that variable characterizing an operating mode of the machine.
This information is obtained from system of sensors 6, which generally includes the
following sensors:

6.1 — sensor of trigonometrical functions of an angle of rotation of a rotor
(aiming circle or sensor of angular provision of a rotor);

6.2 — control point adjustment of independent frequency;

6.3 — the sensor of trigonometrical functions of a corner of the representing
vector of tension of electric system. This information can be obtained, for example,
by means of the device of the telecast of a corner;

6.4 and 6.6 — sensors of currents of the stator and a rotor;

6.5 and 6.7 — sensors of tension of the stator and a rotor.
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In fig. 1 keys of K1 and K2 can be in one of provisions — right or left (in
drawing — in right). Really, the activator 2 can be powered either from the transform-
er 5, or from the satellite machine 4 though in some cases for increase of reliability of
the asynchronized synchronous machine power supply of the activator from two in-
dependent sources is possible.

If on the regulator 5 signals from the sensor 6.1 arrive (K2 key in the right
situation), then as it will be shown below, the output frequency of signals of the regu-
lator is function of frequency of rotation of a rotor and the machine gains asynchro-
nous properties concerning stability; if on the regulator signals from the control point
adjustment 6.2 arrive, then the output frequency of signals of the regulator doesn't
depend on the frequency of rotation of a rotor, and the machine gains synchronous
properties concerning stability.

As the electrical machine which is a part of the asynchronized synchronous
machine as appears from considered, the asynchronous machine with a phase rotor as
serial production, and specially designed can be used. In the first case some minor
changes — strengthening of a bandage of a rotor for work with oversynchronous
speed, sometimes a conclusion of six contact rings, etc. will be required. In the sec-
ond case which, as a rule, takes place during creation of powerful asynchronized syn-
chronous machine, is possible to receive system with the best technical and economic
indicators as the machine is designed taking into account properties of all other ele-
ments of this electromechanical complex.

The activator of the asynchronized machine can be created on a basis of both
electrical machines, and valve devices. The electric machine system of excitement
consists of collector machine of alternating current and now isn't applied because of
the known shortcomings of such systems.

The modern system of excitement consists of the operated thyristor converter
frequency. From a large number of such converters — inverters of current and voltage,
cycloconverter with natural commutation (CC) — CC with a sinusoidal form of output

current are the most suitable for asynchronized synchronous machine [8, 9].
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1.2 Principle of action and main properties of the asynchronized synchronous
machine

The normal set mode call such operating mode of the electrical machine at
which active and jet capacities the stator and rotor chains don't depend on time and
are constants, the angular speed of a rotor at the same time remains also invariable at
the constant mechanical moment on a shaft [10].

For any electrical machine the normal set mode exists in case the magnetic
fluxes created by stator and rotor currents are in space mutually motionless at any
value of angular speed of a rotor. As follows from this condition MMF creating the
specified magnetic fluxes or the representing vectors of currents and voltages, and the
stator, and a rotor also has to be mutually motionless. This condition registers as fol-
lows:

W, =0 — Wy =—SO, (1)
when o — angular speed of vectors voltage, magnetic fluxes and currents of
the stator concerning the stator;

@, — angular speed of vectors of voltage, magnetic fluxes and currents

of a rotor concerning a rotor;

@, — angular speed of a rotor.
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Figure 2 — The block diagram of the machine working in generalized the synchronous
and generalized asynchronous modes
Practical realization of a condition (1) can be reached in two essentially vari-

ous ways: when w, is an independent variable, and @, speed — function of speeds of
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@ and @, ; when @, is an independent variable, and @, — function of speeds of w

and wy.

The classification of doubly fed induction generator given in due time still by
V. T. Kasyanov and developed later in some other works [11] is based on this princi-
ple. The machine of the first type is defined as having synchronous properties, or
working in "the mode generalized synchronous™. The machine of the second type is
defined as having asynchronous properties, or working in "the mode generalized
asynchronous”. These both modes of the same machine called by the author by the
asynchronized synchronous machine can exist for certain conditions, have the fea-
tures, merits and demerits.

In fig. 2, and, schemes of the asynchronized machine working in "generalized
synchronous™ and "generalized asynchronous" the modes are shown structural. These
schemes differ in the fact that in the first case the system of automatic control of the
machine 1 which rotor is connected to the converter of the frequency 2 is opened on

the speed as the signal of @, arrives on a regulator 3 entrance from the independent

control point adjustment 4 (see fig. 1, the control point adjustment 6.2), in the second
case the system of automatic control of the machine 1 is closed on speed, on an en-
trance of the regulator 3 the signal of angular speed of a rotor from the situation 5
sensor arrives (see also fig. 1, the sensor 6.1).

In the first case at change, for example, of the mechanical moment on a shaft

and invariable values of speeds of @ and @, new set mode will come only in that
case when speed w, =@+ @, =const, i.e. rotor speed in the set mode for this case

doesn't change at change of loading on a shaft. The perfect analogy of the considered
mode of asynchronized and synchronous machine consists in it.
In the second case at change of the moment on a shaft and invariable value of

speed @ new set mode will come at any values of speed of a rotor. Speed o, will
change according to (1). Values w, and @, which will be established in the new

normal set mode, are defined by the mechanical characteristic of the machine and
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other factors which will be in detail considered later. Here it is important to note that
the normal set operating mode in this case is followed by change of speed of a rotor
together with change of loading in the same way as it takes place in asynchronous

machines. It is obvious that as in the first case (at invariable @ and w, ), and in the

second case (at invariable @ and ;) with change of current of a rotor in the asyn-

chronized synchronous machine it is possible to change the jet power of the stator as
well as in the synchronous machine.

So, the asynchronized synchronous machine can work in the generalized syn-
chronous and asynchronous modes — the modes differing from each other in nature of

formation of frequency w, voltages (currents) of a rotor.

These ways of formation determine also the type of stability of the machine —
by a corner or by sliding respectively [12].

The asynchronized machine irrespective of a way of formation of voltages of
a rotor allows to regulate jet power and can work in the normal set mode with various
frequency of rotation of a rotor. At the same time, we will note that characteristics
and static and dynamic properties of the machine are defined by the law and parame-
ters of regulation of amplitude and a phase of a spatial vector of voltage (current) of a

rotor.

Ya.B. Danilevich and I.Z. Boguslavsky considered the possibility of use of
asynchronized synchronous generators for vetrostantion and small hydroelectric
power stations [14].

Level of linear loading of rotors of ASG is about 10 - 15% [15, 16] higher
therefore when using the engine with a phase rotor as ASG its rated power should be
lowered approximately by 20%, at the same time undertaking additional measures for
increase of efficiency of ventilation of a winding of a rotor. It is also necessary to
note that at almost identical power factors the level of saturation of a magnetic chain
of ASG is 10-15% higher, than at the engine [15].
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Induction motor in the nominal mode usually works in the range of slidings ~
with 1%; for ASG this range is much wider — to 20-25%, respectively, in copper and
active steel of a rotor of ASG considerably big losses and heatings so additional
measures for increase of efficiency of ventilation have to be taken not only in relation
to a winding, but also to active steel of a rotor [16].

In ASG generators the frequency converter as it was noted above, turns on in
a chain of his rotor; at the same time its power is much less than the power of the
converter for the synchronous machine which needs to be included in a stator chain.
From the point of view of the ASG operational modes important that the converter in
a chain of his rotor can change voltage on contact rings not only on amplitude and
frequency, but also on a phase, thereby changing also power factor of ASG [17].

By motors with a phase rotor usually half-closed grooves with the rod wind-
ing executed in the form of the semi-sections laid by the narrow party along height of
a groove and soldered in front parts are applied. However such design can be applied
to ASG only at small ranges of admissible slidings — no more than 2 - 5%. When slid-
ing to 20 — 25% it is necessary to apply the designs considering increase in losses and
heating of a winding of a rotor because of the phenomenon of superficial effect [16].
Besides, the design of ASG has to differ in considerable number of rounds in order
that voltage on contact rings at the maximum working slidings would make about 350
- 400 V; it is expedient from the point of view of a rational design of the converter.

For machines with a wound rotor the question of decrease in additional losses
matters. This issue can be resolved in various ways, one of which — application of a
bobbin winding of stators of machines of alternating current. However for technolog-
ical reasons this design assumes application of an open groove of a rotor, then in a
curve of the field of a rotor emergence of the highest grooving harmonicas which
cause additional losses in active steel and windings is inevitable. We will note that
large asynchronous machines are often carried out with open grooves of a rotor and
are reliable; some decrease in losses manages to be reached the choice of opening of

a groove of a rotor, machine gap. Other way is application of a random-wound wind-
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ing; the half-closed groove of such winding solves a problem, but laying of such
winding in grooves of a rotor is more labor-consuming, than bobbin.

The winding of the ASG stator is carried out high-voltage therefore it keeps
within open grooves. In this case in a curve of the field of the stator emergence of the
highest grooving harmonicas which also cause additional losses in active steel and
windings is inevitable. In practice of electric machine industry for the solution of this
problem measures similar to measures for open grooves of a rotor are taken, but also
additional opportunities appear here: application of magnetic wedges. The highest
grooving harmonicas in curves of the stator and a rotor cause distortion of a form of a
curve of voltage of ASG which has to meet standards of GOST 183-74 or the interna-
tional MEK-34 standards. For this purpose grooves are carried out with a bevel. Such
practice is widely used in electric machine industry, for example, for diesel genera-
tors of low and average power [15, 16].

The highest temporary harmonicas in a curve of current of a rotor are also the
reason of distortion of a form of a curve of tension of ASG. This problem is solved
by installation of filters in ASG contours.

I.Yu. Seredzninsky and M. V. Chashko have created the ASG simple model
for research of a possibility of receiving stable voltage and frequencies from an un-
stable source of mechanical energy [18].

The model of the device is presented in fig. 3.
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Figure 3 - The ASG model from the library Simulink elements
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The virtual stand for definition of characteristics of the generator contains the
asynchronized synchronous generator ASG, an excitement voltage source, loading.
As ASG the model of the three-phase asynchronous machine with a phase rotor from
Simulink library is accepted. As an excitement source — a library source of three-
phase voltage, loading it is executed in the form of resistors.

The model works the following manner. The moment received as a difference
between the set moment and the moment proportional to rotation frequency is put to a
rotor. It gives the chance to stabilize rotation frequency at a variation of electric load-
ing of the generator. VVoltage from a three-phase source so in a rotor the magnetic
flux rotating concerning a rotor which induces in the EMF stator is created is put to a
three-phase winding of a rotor. Value and frequency of EMF are proportional to the
algebraic sum of frequencies of rotation of a rotor and rotation of a magnetic flux
concerning a rotor. Under the influence of EMF through windings of the stator and
resistance of loading there passes current by which energy is transmitted from the
generator to loading. The magnetic flux created by loading current in a stator winding
algebraically develops with a magnetic flux of a rotor so EMF in the stator is created
by a total stream.

V. V. Chopik, V. M. Mikhalsky, I.A. Shapovalov and V. M. Sobolev have
developed a control algorithm of doubly fed induction generator by means of the two-
level matrix converter, which is switched on in a rotor circuit. Unlike the converter
where the operated rectifier and the inverter are used, this converter provides direct
transformation of energy with sinusoidal entrance currents and the power factor close
to unit. Modeling of work of system of generation of electric energy on the basis of
doubly fed induction generator is executed [19].

Foreign scientists and students from different universities dealt generally with
issues of applicability of asynchronized synchronous generators (the doubly fed in-
duction generator) in the wind power plants (WPP).

Wentao Guo, Feng Liu, Jennie Si, Dawei He, Ronald Harley, Shengwei Mei
from universities of the China and the USA have developed the software for addi-

tional control of jet power the asynchronized synchronous generator on WPP [20].
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Reactive power control of doubly fed induction generators (DFIGS) has been
a heated topic in transient stability control of power systems in recent years. By using
a new online supplementary learning control (OSLC) approach based on the theory of
approximate dynamic programming (ADP), this paper develops an optimal and adap-
tive design method for the supplementary reactive power control of DFIGs to im-
prove transient stability of power systems. To augment the reactive power command
of the rotor-side converter (RSC), a supplementary controller is designed to reduce
voltage sag at the common coupling point during a fault, and to mitigate active power
oscillation of the wind farm after a fault. As a result, the transient stability of both
DFIGs and the power system is enhanced. For the supplementary controller design,
an action dependent cost function is introduced to make the OSLC model-free and
completely data-driven. Furthermore, a least-squares based policy iteration algorithm
is employed to train the supplementary controller with convergence and stability
guarantee. By using such techniques, the supplementary reactive power controller can
be trained directly from data measurements, and therefore, can adapt to system or ex-
ternal changes without an explicit offline system identification process.

Simulations carried out in Power System Computer Aided Design/ Electro
Magnetic Transient in DC System (PSCAD/EMTDC) show that the OSLC based
supplementary reactive power controller can significantly improve the transient per-
formance of the wind farm and enhance the transient stability of the power system
after sever faults.

The schematic of DFIG wind generator is shown in fig. 4.
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Figure 4 — Schematic of DFIG
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Scientists from university the Biskra of Algeria S. Abdeddaim, A. Betka have
described in the article optimum control of speed of rotation and robastny regulation
of power of the asynchronized synchronous generator for WPP [21].

An optimal operation of a grid-connected variable speed wind turbine
equipped with a Doubly Fed Induction Generator (DFIG) is presented. The proposed
cascaded nonlinear controller is designed to perform two main objectives. In the outer
loop, a maximum power point tracking (MPPT) algorithm based on fuzzy logic theo-
ry is designed to permanently extract the optimal aerodynamic energy, whereas in the
inner loop, a second order sliding mode control (2-SM) is applied to achieve smooth
regulation of both stator active and reactive powers quantities. The obtained simula-
tion results show a permanent track of the MPP point regardless of the turbine power-
speed slope moreover the proposed sliding mode control strategy presents attractive
features such as chattering-free, compared to the conventional first order sliding tech-
nique (1-SM).

The topology of the wind energy conversion system (WECS) under consid-
eration in this paper is depicted in fig. 5.
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Control structure.
The wind turbine electric system time responses are much faster than those of
the others parts of the WECS. This makes it possible to dissociate the generator and
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the aeroturbine control designs and thus define a cascaded control structure around
two sub-system control:

— The power sub-system control concerns the electric generator via the power
converter.

— The wind sub-system control concerns the aeroturbine that provides the ref-
erence inputs of the power sub-system control.

Thereafter, these two control levels will be considered separately as seen in
fig. 5.

Scientists from Iran of M. Rahimi and M. Parniani have described in the arti-
cle a method of improvement of ability of maintenance of the generating mode at a
failure of voltage of a network of the asynchronized synchronous generator [22].

This paper proposes a competent and effective scheme to enhance the ride-
through capability of DFIG-based wind turbines under unbalanced voltage dip condi-
tions. The proposed method is realized through joint use of the rotor-side converter
control and a three-phase stator damping resistor (SDR) placed in series with the sta-
tor windings. By means of an asymmetrical SDR idea, during the unbalanced voltage
dip the SDR resistors are activated only in phase(s) experiencing low voltage. Then,
the rotor current is controlled such that no unbalance voltage appears on the stator
voltage. The proposed ride-through approach limits the peak values of the rotor in-
rush current, electromagnetic torque and DFIG transient response at the times of oc-
currence and clearing the fault. It also suppresses fluctuation of the electro-magnetic
torque and DFIG transient response appeared during unbalanced voltage dips due to
negative sequence component.

The scientist from Iran M. Farshadnia and the scientist from Australia of S. A.
Taher have described in the article control of the given ASG power at the unstable
level of voltage of a power supply system [23].

A novel current-based direct power control (CB-DPC) strategy for a grid-
connected doubly-fed induction generator (DFIG) is proposed. The reported control
scheme is applicable to DFIG-based variable-speed wind turbines that operate under

unbalanced network voltages. The required DFIG rotor voltage for precise regulation
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of the stator active and reactive output powers and accurate elimination of their in-
herent pulsations are directly obtained using a nonlinear integral sliding-mode control
(ISMC) scheme.

Compared with other control methods, the proposed strategy is simpler since
it is not based on the symmetrical components theory, does not need multiple syn-
chronous coordinate transformations, and only requires DFIG voltage and current
values as its inputs. Constant switching frequency of the rotor-side converter (RSC) is
achieved by means of space vector pulse-width modulation (SVPWM) technique.

Uncertainties in the parameters of the generator are included in the design. A
compensation strategy is also proposed for tracking error mitigation of the powers
that occur due to elimination of the chattering phenomena in the ISMC scheme. Sim-
ulation results on a 2MW DFIG under different operating conditions are presented to
validate the effectiveness and robustness of the proposed method.

Schematic diagram of the controller is illustrated in fig. 6.
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Figure 6 — Schematic diagram of the proposed integral sliding-mode CB-DPC for a

grid-connected DFIG
Scientists from India V. R. — R. Rudraraju, C. Nagamani, G. S. llango have

developed the control circuit of operating efficiency of the asynchronized synchro-

81



nous generator at a low speed of air stream with use of the converter of frequency
[24].

This study proposes a scheme for extending the low speed range of operation
of a Doubly Fed Induction Generator (DFIG) without down grading the efficiency.
Also, only fractional rated converters are employed. The technique involves two op-
erational modes for the generator. When the rotor speed is between 70% and 130% of
the synchronous speed, the machine is operated in the normal Doubly Fed Induction
Generator (DFIG) mode and when the rotor speed falls below 70%, it is operated in
Stator Short Circuited (SSC) mode. The switch-over from the DFIG mode to the SSC
mode is carried out at a threshold speed to maintain the efficiency of generator with
the same fractional rated converters. The computer simulations on a typical DFIG
(250 kW) in Matlab/Simulink environment illustrate that the range of efficiency im-
provement is from zero to 15%. Further, the experimental results on a 2.3 kW DFIG
set up are also illustrated to demonstrate the efficacy of the scheme.

Scientists from different universities of Algeria: T. Ghennam, K. Aliouane,
F. Akel, E.M. Berkouk and the scientist from France — B. Francois have in common
developed an advanced control system of the asynchronized synchronous generator
for development of jet power and integrated in dispatching offices on WPP [25].

Power dispatching of a wind farm is described while focusing on the local
power management and controller units of a wind generator. The wind farm dispatch-
ing system sends out the appropriate power references to each individual wind gener-
ator in order to control the power production of the entire wind farm. A local power
management algorithm is proposed for the reactive power production in each wind
generator. In fact, this algorithm ensures the management of power references be-
tween the Grid Side Converter (GSC) and the DFIG stator circuit by taking into ac-
count three modes of the wind farm operating. This algorithm takes also into account
the maximum reactive power capability of the DFIG as well as the GSC. The DFIG
control system provides the desired power, which is asked by the wind farm dispatch-
ing. The proposed reactive power management algorithm and the real and reactive

power control for each individual wind generator have been implemented on a
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dSPACE DS 1104 board. The performance of the reactive power distribution algo-
rithm and the entire DFIG controller are verified through experimental results.

In order to control the grid, the TSO has to manage wind farms as classical
large power generators. The power system for the study has various loads and a wind
farm, which is connected to the 20 kV bus via a 20 k\V/690 V transformer (fig. 7).
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Figure 7 — Schematic diagram of the power system

Scientists from China Zh. Song, Ch. Xia, T. Shi considered in the work transi-
tion process of ASG at disappearance of voltage of WPP [26].

With increasing wind power penetration, transient responses of doubly-fed-
induction-generator (DFIG) based wind turbines gain attentive focus. Accurate pre-
diction of transient performance of DFIG under grid faults is required with increasing
wind power penetration. Taking into account the main flux saturation and deep-bar

effect, this paper concentrates on transient responses and stability of the DFIG system
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under symmetrical grid faults. Their roles played in the enhancement of system tran-
sient stability are clarified. The analyses proposed contribute greatly to proper selec-

tion, design and coordination of protection devices and control strategies as well as

stability studies.
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