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BBEAEHWE

AKTyanbHoOCTb paboTbl. YBENMYeHWE MUPOBOrO Crpoca Ha 3HEpropecypcbl TMOBJEKIO 3a CO60M pasBUTME HOBbIX CUJIOBbIX MpeobpasoBaTesibHbIX YCTPOMCTB
nonynpoBOAHUKOBbLIX TeXHOﬂOI’VII;I, CMOCOBHbIX ynpasnsaTb CBeEpX 60NbWIMMKM MOTOKaMM 3ﬂeKTpMHeCKOVI SHEprun C MUHWUMaNbHbIMKU NOTEPAMU U HEraTUBHbIM BAUS
oKpy>xatowyto cpeay [1-4]. MNocneaHve 3KOHOMUYECKWME MPOrHO3bl CBUAETENILCTBYIOT O TOM, YTO pa3BUTME W COBEPLIEHCTBOBaHWE pbIHKa CU/IOBLIX MNpeobpasoBaT
pasnnyHbIX obnacreli NpPoOMbILNEHHOCTU U 3HepreTuku byaet npogomkaTtbcst B XXI Beke ¢ 06beMOM pocTa B 6avkaliune rofbl CpeaHerofoBbliX MHBECTULIMI B AAHHYIO O
pasHbIiM uctodHukam o 10% [5]. B nepByto oyepeab, 3TO HyAeT CBA3aHO C PEKOHCTPYKUMWEN SHepreTmyeckoh MHMPaCcTPyKTYpbl U peanu3auneit NpoekToB No BO306H
3HepreTuke pa3BuTbix cTpaH EBponbl 1 CLUA, a Takke C yBeIMYEHWEM Crpoca CO CTOPOHbI BbICTPOPacTyLWmnX 3KoHOMUK Kutas, Poccun, Unann, Bpasunum n KOxHoin Ad
TeM caMbIM, UCCneaoBaHWs B 061acT NOBbIWEHUS 3HeProadhdeKTUBHOCTU MOJYNPOBOAHMKOBLIX NMpeobpasoBaTeneil U ynydlleHWe nokasaTeneil kavecrsa npeobpasye
3M1eKTPO3HEpPrun nprnobpetaer ocobyto 3HaunMmocTb [7, 8].

B TeuyeHuM nocnegHux 5-10 NneT Ha COBPEMEHHbIX OTEYECTBEHHbIX W 3apybexHbIX MpeanpusTUSX akTUBHO BHEAPSIOTCS 3EKTPOnpuBOAbl 60SbLION MOLHOCTU
MHOrOYypOBHEBbLIX NMpeobpasoBaTeneii YacToTbl PasMYHbIX TOMOMOMMA U MHOMOMY/IbCHBIX CXEM COEAMHEHUS C nuTalowen ceTbio [9-13]. Beuay 60onbluMX MOLLHOCTEN,
YXKECTOYEHUSI OTEUECTBEHHbIX U MEXAYHaPOAHbIX CTaHAAPTOB K 3/1eKTPOMarHUTHOW coBMecTUMOCTM (SMC) 1 sHeprocbepexxeHunio, CUCTEMbl 3/1EKTPONPUBOAOB GOMbLLION 1
ABNATCS Hanbonee NepcneKTUBHLIMA B OTHOLIEHUM MOBbIWEHUSA 3HepPro3ddeKTUBHOCTU U KayecTBa noTpebnsemolt 3nekTposaHeprum. U3 Bcero pasHoobpasusa paccMaTy
Tomonoruni npeobpasoBaTeneii, TpeXypoBHeBble Npeobpa3oBaTenn YacToTbl C MKCMPOBAHHOW cpeAHel TOYKoW Haubonee WKMPOKO MCMonb3yloTcs B obnactn 6onbwmx Mo
[axe He3HauuTenbHoe yBenuueHnue KM Takoro npeobpasoBaTenss NpuBeAET K CyLLECTBEHHOW 3KOHOMUM MOTPebnsieMoil 31eKTPOIHEepPrun npuBoAoM. Hosu3Ha
NOBbIWEHUS 3HEeProadhdeKTUBHOCTU TPeXypoBHEBbIX NpeobpasoBaTeneil YacToTbl OnpeAensieT Heo6XO0AMMOCTb COBEPLIEHCTBOBAHUS W UCCNEAOBaHUS UCMONb3yeMblX
peLLeHnit, anropuTMOB MOAYNALMKN U CUCTEM yrpaBneHus [14].

Ha 3TOM OcHOBaHUM, MOXHO caenaTb BblBOA 06 akTyaNlbHOCTU paccMaTpUBaEMOro B paMKax AMCCEPTaLMOHHOW paboTbl UCCnefoBaHUS.

CreneHb Hay4yHoOV pa3paboTaHHOCTM npobnembl. DyHAaMeHTanbHble WCCNeAOBaHUS MPUHLMMNOB paboTbl PasnMuHbIX TOMOMOrMI, METOAOB YMpaBieHWs U Moay
NoNynpoBOAHWKOBbLIX NpeobpasoBaTeneit YacToTbl B 061acT¥  3N1eKTPONpuBOAa NEpEMEHHOrO ToKa HallM OTPaXKEHWUs BO MHOTMX Hay4HbIX TpyAax. 3HauYUTENbHbIN BK.
061acTb MccreaoBaHUiA BHEC/IM U3BECTHbIE poccuitickue u 3apybexHble yyeHble: C.B. BposaHoB, A.b. BuHorpazos, M.B. lenbmaH, IM.C. 3uHoBbeB, B.B. Kpioukos, H.B. Mpoi
XakumbsiHoB, T.P. XpamwuH, E.E. Yanneirux, P.T. Wpelinep, H. Akagi, S. Bernet, T. Briickner, B. Bose, N. Celanovic, S. Dieckerhoff, S.S. Fazel, J.P. Felix, D.G. Holmes, J.
Kazmierkowski, S. Kouro, 1.I. Leon, T.A. Lipo, M. Malinowski, J. Mazumdar, B.P. McGrath, M. Mehrasa, N. Mohan, M. Molinas, A. Nabae, 1.0. Pontt, J. Rodriguez, S. Sirisukp
Wu 1 MHorue apyrue.

OpHako CTerneHb TEOPETUYECKMX U MPUKIAAHbIX UCCIeAoBaHUI Crnoco60oB MOBbIWEHUS dHeproddhdEKTUBHOCTU TPEXYpPOBHEBOr0 Mpeobpa3oBaTesnisi YacToTbl C PUKCH|
cpefHelt TOYKO NOCPeACTBOM MPUMEHEHUS rMOpUAHbIX anropuTMOB MOAY/SLMKN B COCTaBe BblCOKOBOSIbTHOMO 31eKTponpueoaa 60/blIO MOLWHOCTU He COOTBETCTBYET
PaccMOTPeHMI0 B OTEYECTBEHHOW U 3apy6exHon nuTepartype.

O6beKT uccnefoBaHns — TPeXypoBHEBbLIM Npeobpa3oBaTesnb YacToThl C UKCMPOBaHHONM cpeaHelt Toukon (3Y MY ¢ ®CT) B cocTaBe 3n1eKkTpornpueoaa 60/bWwoN MOLWHOCTY
Ha ocHoBe rmMbpuaHOro anropuTMa Moy nsaLun.

MNpeameT nccneaoBaHWs — NokasaTenn KadyecTBa npeobpasyeMot 31eKTpoaHeprum u aHeproaddektuBHoctn 3Y MY ¢ OCT Ha 6a3e akTMBHOro BbinpsiMuTens (ABH) un aBT
nHBepTopa HanpshxeHus (AUH) B coctase 3N BM.

Llenbto AvccepTaunMoHHON paboTbl siBAsieTcs pa3paboTka rmbpuaHOro anropuTMa MoAynsiuMn Ans noBblweHus 3HeproaddektusHoctn 3Y MY ¢ ®CT B cocTaBe 351eKkTp
60/1bLLON MOLLHOCTH.

Npaesa paboTbl 3akNYaeTcs B NpUMEHEeHUU rubpuaHoro anroputma moaynsuum 3Y MY ¢ ®CT, No3BONSIOWEro OCYLLECTBUTL NEPekioYeHne Mexay anroputMamm npocrpar
BEKTOPHOM LWMPOTHO-UMMYJIbCHOM Moaynsiyumn ( MBLUMM) M WKPOTHO-MMNYABCHON MOAYASILMW C yAaneHWeM BblAeneHHbIX rapmoHuk (LWWMM c YBI) B 3aBMcMMOCTU O
pabotbl 3M BM. Mpu 3TOM rMBpUAHbLIA anropuTM MO3BONSET CHU3UTb NOTEPW, BO3HWUKAIOLWME MpU MnepekodeHnn BeHTune npu MBLUWMM, 3a cyeT CHWXEHUS uun
nepeknoyeHuii npy UM c YBI.
[ns AOCTUXXEHWS NOCTaBNEHHOW Len 6bln pelleHbl creayroliMe OCHOBHbIE 3aAauu:
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1. MNpoBeaeH maTeHTHO-NMTepaTypHbIi 0630p B obnactu coBpemeHHoro 3N BM ans onpeaeneHvsi Havbonee NMpoMbIWIEHHO MPUMEHMMbIX TEXHUYECKUX PELleHU, UX (
rnpobnem 1 crnocobos yCcTpaHeHus;

2. CospaHa noruko-matematmyeckas mogenb 3Y MY ¢ OCT Ha 6a3e ABH n AUH ana npoBeaeHus uccneaoBaHuii U OLLEHKM MoKasaTeneln KadecTtBa npeobpasyemMont 31eKTpo3
3HeproahdEeKTUBHOCTU NPU PasNNYHbIX METOAAX U anropuTMax Moaynsuum;

3. Co3gaHbl noruvyeckne mogenu anroputmos MBLUMM u WWWM c YBI ana npoBefeHWsi CpaBHUTENbHOIO aHanu3a MokasaTenelt kadyecrBa npeobpasyemMoit 31eKTpo3l
3HeproaddekTuBHocTn 3Y MY ¢ OCT Ha 6a3e ABH n AUH B coctase 3N BM;

4. PaspaboTaH rM6puAHbIA anropuTM MOAYNSAUMUM U METOAaMU MaTeMaTUYeCKoro MOAENMPOBaHWS MpoBeAeHbl UCCNeAOoBaHWS MOBbIWEHUS SHeproaddeKTUBHOCT U yr
rnokasaTesieit kayectsa npeobpasyemoit 31eKTPOIHEPrUM Mpu ero ncnonb3osaHumn B 3Y MY ¢ ®CT Ha 6a3e ABH n AUH;

5. TpoBeaeHbl 3KCNepMMeHTaNbHble WCCNefoBaHUS Ha AEWCTBYIOLWEM 3/1eKTPOO6GOpyAOBaHWM FNaBHOrO 3/1IEKTPONpPUMBOAA MPoOKaTHOW kneTu craHa 5000 JIMY N
«MarHUTOropckuin MeTannypruyeckuini KombuHat» (MMK) Ans npoBepky afekBaTHOCTM pa3paboTaHHbIX MoAenel.

MeToabl nccnenoBaHus. TeopeTUYeckMe UCCIEAOoBaHWS M pelleHVWe MOCTaBfNeHHbIX 3ajady MPOBOAW/MUCL C MOMOLLbIO WCMONb30BaHUS aHAMTUYECKUX U UYUCAEHHbIX
pelweHnsi anrebpanyecknx ypaBHeHWUn 1 cucteM avddepeHunanbHoro U MHTErpasbHOro UCHUCIEHU, NnpeobpasoBaHms Dypbe, TEOPUN MaTpuUL, MeToAa O60BLLEHHbIX |
JIOrMYecKnX onepauunii, MeToAoB aHa/MTUYECKON reoMeTpuu, MeTOAOB UMCNEHHOrO MOAeNMpoBaHWsi, 6a30BbIX MOMOXEHWI TEOPUM aBTOMaTMUYECKOro ynpaBfeHUs W
CUHTE3a PperynsTopoB MHOIOCBSI3HbIX cucTeM. Pa3paboTaHHble JIOrMKO-MaTeMaTWyeckMe MOAENM peann3oBaHbl B CpeAe BW3yasbHOro nporpamMmupoBaHus Matlab/
SKcnepuMMeHTabHble NCCNeA0BaHNA NPOBOANANCH B NMPOMbILLINEHHbIX YCNOBUSAX Ha AeACTBytoLleM 060pyaoBaHUN.

Jl0CTOBEPHOCTb HayYHbIX MONOXEHWI, BbIBOAOB WM PeKOMeHAauui obecneuvBaeTcs Hay4YHO-O60CHOBaHHOW MOCTAHOBKOW 3afayu W KOPPEKTHbIM MPUMEHEHUEM COBE
METO/I0B MaTEMaTUYECKOro MOAENIMPOBAHMUA U MOATBEPXAAETCS pe3ysibTaTaMW BbIMOJHAEMbIX PacyeToB, a TaKXe AOCTaTOYHO MasbiM PacXOXAEHWEM pesysbTaTtoB pa
pesynbTaTamu 3KCNepuMeHTasbHbIX NCCIeA0BaHNA.

MonoxeHuns, BbIHOCMMbIE Ha 3aLUNUTY:

1. Jlornko-matematuyeckas mogenb 3Y MY ¢ OCT, yumTbiBatowas coBMecTHyto paboty ABH 1 AVMH npu pasnnyHbix MeTodax v anroputMax MOAYNsuuu;

2. TnbpuaHbii anroputM Moaynaumnn 3Y MY ¢ ®CT, KOTOPbI NO3BONSET OCYLLECTBUTL 6€3 0NONHUTENbHbIX NepeKtoveHnii nepexos Mexay anroputmamu MBLIKMM n LM
3. Pe3ynbTaTbl CpPaBHWUTENbHOIO aHanM3a nokasaTenell kayectBa npeobpasyemoii anekTpoaHeprum 3Y MY ¢ ®CT Ha 6a3e ABH u AWMH npu anroputme MBLUMM c
nocneAoBaTeNbHOCTbIO NEPEKOYEHNI NPOCTPAHCTBEHHbIX BEKTOPOB M Mpu anroputme LUNM c YBIT ¢ 4eTBEPTLBO/IHOBOW CUMMETpUEN;

4. Pe3ynbTaTbl dKCMEpPVMEHTaNIbHbIX UCCIELOBaHUIN M TEOPETUYECKOro aHanvsa rubpugHoro anroputma mogynsumsi 3Y MY ¢ ®CT Ha 6a3e ABH n AUH B coctase
3M1EeKTPONpUBOAA NPOKaTHOM knetu ctaHa 5000 JIMLU N29 OAO «MMK».

HayuyHasi HOBM3Ha AnCcepTaLMOHHON paboTbl 3aK/loYaeTCs B CrieyoLem:

1. Pa3pabotaH cnocob nosbiweHns aHeproaddekTuBHocTM 3Y MY ¢ ®CT Ha ocHoBe rM6pUAHOro anropuTMa Moaynsiummn B coctase 3N BM;

2. CospaHa noruko-matematnyeckass mogeno 3Y MY c OCT ans uccnepoBaHus coBMecTHOW pabotel ABH n AWH npu anroputme MBLUMM c 6a3oBoit nocneposate
rnepeKItoYeHnii NPOCTPaHCTBEHHbIX BEKTOPOB M npu anroputMe UMM c YBI ¢ 4eTBepTbBO/HOBOV CMMMETpUEl, pacyeTa 3/1eKTPOMarHUTHbIX NPOLEeCccoB U aHannsa nok
KayecTBa npeobpasyemoli 3N1eKTPOIHEPrUN;

3. Pa3pabotaH rmbpuaHblii anroputM MoAynauuMm, nos3sonaowmii nosbicuTe KM/ npeobpasosaTens nyTeMm OCyLLeCTBNEHUS MepekoveHns mexay anroputmamu MBLUMM
YBI.

MpakTnyeckas 3Ha4MMOCTb paboTbl COCTOUT B TOM, YTO pa3paboTaHbl TEXHUYECKMe NPeanocbIsIKK ANt NoBbIWeHUs 3HeproaddekTnsHocTy 3Y MY ¢ OCT B cocTaBe NpoMmbl
3MEKTPONpUBOAOB 6OJMbLLIOIN MOLHOCTU PasMYHOro npuMeHeHus. MpaKTUYecKoe MCMob30BaHWe MpeasioXeHHoro rmbpunaHoro anropytma moaynsumm 3Y MY ¢ ©CT
nosblcnTb KM 1 ynyywmnTb nokasaTenu kadvecrBa noTpebnsieMoi 3nekTposHeprum cuctem 3 BM. Pe3ynbTaTbl MCCNefoBaHWIn BHeApeHbl B y4YebHbIl mpouecc npu nc
6akanaBpoB Mo HanpaeBneHnto «MexaTpoHuKa 1 poboToTexHuka» B KOXXHO-YpanbCKOM rocyjapcTBeHHOM yHuBepcuteTe (HUY).

Anpo6aunsi paboTtbl. OCHOBHbIE MONOXEHUS U pe3ynbTaTbl AMCCEPTALMOHHON paboTbl AOKAaAbIBANNCE U 0BCY>KAANMNCh Ha: 42-i1 eXeroAHoin KoHdepeHUUn coobluecTse
npoMmbiLieHHon anekTpoHnkn (IECON 2016), UTanusa, ®nopeHunsi, 2016 r.; 7-i MeXAyHapoAHOW KOHbepeHL MM No NpoMblLWIeHHon MexaTpoHukn (ICMM 2016), CuHrar
r.; XVI MexAayHapoAHON HayYHO-TEXHMYECKON KOoHdepeHUUn «SnekTponpusofpl nepemeHHoro Toka» (IMMT 2015), Poccua, Exkatepunbypr, 2015 r.; IEEE north we
section young researchers in electrical and electronic engineering conference, Poccus, CaHkT-lMeTepbypr, 2015-2017 r.r.; International Siberian conference on co
communications (Poccusa, Omck, 2015 r.); International conference on mechanical engineering, automation and control systems (Poccusi, Tomck, 2014-20
MeXAyHapOAHON Hay4YHO-TeXHMUYecKon KoHdepeHUunn «Mpom-UHxXunHMpuHr», Poccns, Yensaburck, 2015-2016 r.r.; 12-oi1 MexAayHapoAHON KOHMepeHUMn «AKTyanbHble T
3M1eKTPOHHOro npubopoctpoeHus» (AM3M 2014), Poccus, HoBocmbupek, 2014 r.; HayYHO-TEXHUYECKUX CeMUHapax kadeapbl MexaTpoOHUKKU UM aBToMaTusauunn GrAQY BC
Ypanbckuii rocyfapcTBeHHbI yHuBepeuteT (HWUY)» (2015-2017 r.r.); Hay4yHO-TEXHMYECKOM ceMMHape Kadenpbl 3/IEKTPOHWKN U 3nekTpoTexHukn ®FAOY BO «Hosocl
roCyAapCTBeHHbI TeXHUYeckunii yHusepcuteT», 2017 r.;

My6namkaunm. OcHOBHOE coaepxaHue paboTbl ony6nnKoBaHO B 16 neyaTHbIX TpyAaX, B TOM Yucie 4 ctaTbM B BeAyLUMX PELeH3UPyeMblX HayUHbIX XypHanax, peKoMeH/
Bbicliei aTTecTalMoOHHON KoMncecnelr MMHOG6pHayku Poccun, 7 craTtell B U3aaHMsX, UHAEKCUPYEMbIX B MEXAYHAPOAHbIX cMCTeMax LMTupoBaHus Scopus n WoS.

JINYHbIN BKNaj aBTopa. B HayuHbIX TpyAax, B TOM YMAC/E HanMCaHHbIX B COAaBTOPCTBE, aBTOPY MPUHaANEXaT OCHOBHble MAen U npopaboTka BOMPOCOB MO CO3AAHWUI0 v
anropuTMa Moaynauuu, paspaboTka MaTeMaTMUeckoro anmnapata Ans peanvsauuun NornMko-maTeMaTUUecKMX MoAenein u normyeckux mogenei anroputmos MBLUMM un LV
oueHKa nokasaTesieil kKayecTBa npeobpasyeMolt 31eKTpo3IHeprun n aHeproaddekTueHoctn 3Y MY ¢ ®CT B coctase 3 BEM.

CrpykTypa 1 obbeM paboTbl. [lucceptaumnoHHas pabota COCTOMT U3 BBeAEHUS, 4 rnaB, 3aKAlOYEHMUs, CMucKa nuTepaTtypbl M3 118 HauMmeHoBaHwWi. PaboTa M3M0XeH:
CTPaHMLaX MallWHOMUCHOrO TEKCTa, B TOM Yncne 77 pUCYHKOB U 22 Tabnuubl.

COOTBETCTBME HAY4HOI CMeunanbHOCTU: UccneaoBaHUe, NPOBOAVMOE B paMKaxX AMCCEPTaLMOHHOW paboTbl, cooTBeTCTBYET hOopMyne U obnacTu uccnenoBaHus, npuses
nacnopte cneuunanbHoct 05.09.12, B 4aCTHOCTU: NepBoe Hay4HOe MONOXEeHWe COOTBETCTBYET M. 4 ( MaTeMaTMUecKoe N CXeMOTEXHUYECKoe MoJeMpoBaHue npeobpasos:
ycrpoitctB) M n. 5 (paspaboTka Hay4HbIX MOAXOAOB, METOAOB, anropuTMOB M MporpamM, obecrneunBaloMX afeKkBaTHOE OTpaxeHue B Moaensx (HU3MYecKon
3/1EKTPOMarHUTHbIX MPOLLECCOB U 3aKOHOB (PYHKLIMOHUPOBAHUS YCTPOWCTB CM/IOBOM 3NEKTPOHUKMK); BTOPQ@E U TPETbe HayyHble MOMOXEHUs cooTBeTcTBYET M. 3 (onTi
npeo6pasoBaTtesnieit, UX OTAENbHbIX, PYHKLMOHANbHbLIX Y3/10B U 3/IEMEHTOB); YETBEPTOE HAayYHOE NOJIOXKEHME COOTBETCTBYET M. 2 ( TEOPETUYECKUI aHanu3 u aKcnepumet
VCccnenoBaHus npoLueccos npeobpasoBaHus (BbINPSMAEHUS, UHBEPTUPOBAHWUS, WMMYNbCHOrO, YacTOTHOro M haso4acTOTHOrO PeryinpoBaHus U T.n.) B YCTpoicCTBax
3IEKTPOHUKM C LieNbIo YAYULLIEHNUS X TEXHUKO-IKOHOMUYECKMX U IKCMyaTaLMOHHbIX XapaKTEPUCTUK).

COBPEMEHHOE COCTOSIHUE Y OCHOBHbIE MPOBMEMbI CUI0BOW MPEOBPA3OBATE/IbHOM TEXHUKM B COCTABE 3/TIEKTPONPUBOLOB BOJIbLIOM MOLHOCTU
CTpyKTypa 1 061aCT NPUMEHEHWUSI CUCTEM 3/1EKTPONPUBOAOB GOMbLLIOK MOLLHOCTH

CoBpeMeHHbI anekTponpusoa 6onbwol MowHocTM (3N BM) - 3To MHOrodyHKLMOHanbHas cucTeMa, Bkovalowas B cebs 3n1eMeHTbl CUIoBOW npeobpasoBaTesibHON
3N1EKTPOMEXaHUKMN, INEKTPOTEXHNKN, aBTOMAaTUKN U CUCTEM yrpaBieHUs, MUKPOMPOLLECCOPHON TEXHMKN U TEPMOAWHAaMUKKW. B HacTosiee BpeMsi OCHOBHYHO OO PbiHE
[ensT Takve KpynHble KoMnaHuu, kak ABB Ltd. (Lseiuapus), Danfoss A/S (OaHus), General Electric Company (CLUA), Siemens AG (lFepmaHus) n ap. Hanbonee Tunosa:
3N BM, npeacTaBneHHas Ha pycyHke 1.1, cocTOMT M3 NoHMXaloLwero TpaHchopMaTopa, CMI0BOro npeobpasoBaTenst HacToThbl, 3NEKTPUYECKOro uibTpa 1 ABUraTens.
PucyHok 1.1 - Cucrema 3N BM

KMNA Bceli cucTeMbl, CM. PUCYHOK 1.1, B HOMMHaNbLHOM pexuMe paboTbl cocTaBnseT nopsaka 95%, HO MoXeT BapbupoBaTbcsi 0T 93% A0 97% B 3aBUCMMOCTU OT KOHOI
CUJI0BOI CXEMbI, TOMONOrUK, METOAOB U anropuTMOB MOAYALUKU NpeobpasoBaTeneil YacToTbl, NapaMeTpoB ABUIaTeNsl U HACTPOMKM CUCTeMbl yrpaeneHus [15].

CnoBoOi MoNynpoBOAHWKOBbLIN Mpeobpa3oBaTesb SBASIETCS OCHOBOM cucTeMbl 3 BM, Tak Kak OH OCYLUECTBASIET peryiMpoBaHue 3NeKTPUYECKOW MOLHOCTU, NoTpebnsi
reHepupyemoii asuratenem. Mpeobpasosatenu ans S BM BLINONHATCS B WKAMHOM WUCMONHEHUU WU COCTOAT U3 Cepun WKadoB, KaxAbli M3 KOTOPbIX BK/OYaeT cn
OCHOBHbI€ D/IEMEHTbI:

1. BeinpsamMutens npeobpasyeT nepeMeHHblli TOK/HanpsbkeHne BTOPUYHOM OBMOTKM TpaHcdopMaTopa WM MuTalowel CceTu B MOCTOSIHHbIW TOK/HanpshkeHne 3BeHa Moc
ToKa. BbinpsiMuTens MOXeT 6biTb BbIMOHEH Ha OCHOBE HeyrnpaBisieMblX MOsYNpPOBOAHUKOBbLIX NPUGOPOB, TaKUX Kak CUOBble AnoAbl (MAcCBHbBIN BbINMPSMUTENL) UK N
ynpasiseMbiX MONynpoBOAHWUKOBbLIX MPUBOPOB, TakMX Kak TPaH3WCTOPbl MM 3anupaeMble TUPUCTOPbl (aKTUBHBIN BbINpAMUTENb). B DYHKLWM aKTUBHOrO BbINpsMUTEN:
nopaep>xaHve 3aaHHOro YPOBHS HanpsKeHUs B 3BeHe MOCTOSIHHOMO TOKa; OCYLLECTBNIEHWe ABYHanpaBneHHOro o6MeHa 3/1eKTpUYecKoi MoLHOCTbIO Mexay SN BM u n
9HEprocMcTeMoit; perynnpoaHmne KosdduumneHTa MOLLHOCTK.

2. 3BEHO MOCTOSIHHOMO TOKa SIB/SIETCS MPOMEXYTOUHBIM 3BEHOM MEXZAY BbINPSIMUTENEM U UHBEPTOPOM, B KOTOPOM OCYLLECTBISIETCS HAaKOMIEHUE S1IEKTPUYECKON SHEPruu;
3. NHBepTOp npeobpasyeT NOCTOAHHbLI TOK/HanpsxXeHne 38eHa NOCTOSHHOMO TOKa B NMePeMeHHbI TOK/HanpshkeHne C peryampyemoi 4actoTon, gason v aMnanTyaon ans
npuBOAHOrO ABuraTens. B dyHKUMM MHBEpTOpa BXOAUT KOHTPOSb KPYTSILLEro MOMEHTa, MarHUTHOro MoTOKa W CKOpPOCTWM ABWraTens MOCPeACcTBOM Onpe,
nocnenoBaTeslbHOCTU NOAKAKYEHNA K KNeMMaM ABUratens pas/iMyHblX NOTEHLMANOB HanpsaXXeHnda 3BeHa NOCTOAHHOroO ToKa.

4. Cucrema ynpasnexus (CY) obecneuvBaer Tpebyemble AMHAMUYECKME U CTaTUYECKME MOKa3aTeNn KOHTPONMPYEMbIX MEPEMEHHbIX CO CTOPOHbI ABuraTens unau cetu. Oc
3ajayamn CY saBnsioTca: ¢GOpMUpOBaHUE CUTHANOB YMpaBneHUs MOMynpoBOAHUKOBLIMM MOAyNnsMKU rpeobpasoBaTens; obpaboTka cuUrHanoB 06paTHbIX CBsi3ei; 3¢
HEeAoMyCTUMbIX 3Ha4YEHUI TOKOB U HanpshKeHUI B CUOBOI CxeMe.
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5. ¥Y3en cMHXpoHu3auun obecneunBaeT CMHXPOHU3MPOBaHHYIO0 paboTy npeobpasoBaTesisi C ABUraTeNeM U NUTaloLLel ceTbio. B kayecTBe yCTpPOCTBa CUHXPOHM3aUWK Ans a
BbINpsiMUTeNs o6bI4YHO NpUMeHseTca Pa3oBbliii aMNINTYAHO-YaCTOTHbIV NpeobpasosaTens (PAYMT), a Ans MHBEpPTOpa AATUMK NMONOXEHWNIN poTopa ABUraTens.

6. OUNLTP CO CTOPOHbI HarpysKkn npeAHasHayeH AN CHUXKEHUS YPOBHS 3IEKTPOMArHUTHbIX MOMEX, NMoTepb, Ny/bcalun KPyTSLLEro MOMEHTa U APYTrUX HeXenaTesbHbIX N
ANt NPUBOAHOMO ABWUraTens. XoTs obMOTKa ABuraTtens sSiBASeTCS XOPOWWM WHAYKTUBHbLIM (PUALTPOM MOTpebnsieMoro Toka, B HEKOTOpbIX C/yyasix HeobxoavMma AOMonH
GuUnbTpaLmMs C NOMOLWbIO CUIIOBbIX 3neKTpuyecknx R-, RC- nnm LC-punbTpos.

7. ®UnbTp CO CTOPOHbI CeTU B nogasnsiolieM 6onbWNHCTBE B cuctemax Ol BM oTcyTcTBYeT, Tak Kak MoHwawLlme TpaHcdopmaTopbl 061a4atoT 3HaUMTeSlbHbIM UHAY
COMPOTUBIIEHNEM.

8. CucreMa oxnaxaeHUs HeobxoauMMa Ans MopaepxaHus pabouelt TemnepaTypbl MOMYNpPOBOAHUKOBLIX Moaynei. [nst otBoda Tenna B cuctemax O BM obbiuHO umcnc
BOASIHOE OXNaXAeHue.

9. Asuratens npeobpasyeT 31eKTPUYECKYIO 3Hepruio, notpebnsemyto oT npeobpasosaTens B MexaHW4ecky unam HaobopoT. Hambonee yacto B cuctemax 3N BM ucnc
ACUMHXPOHHblE TpexdasHble ABUraTeNin C KOPOTKO3aMKHYTbIM POTOPOM Y CUHXPOHHbIE ABUraTENN C 3/1IEKTPOMarHUTHbIM BO36YXAEHWEM.

Ha cerogHsWwHW AeHb 3N BM nonyunnu WMpoOKoe pacnpocTpaHeHWe B MPOMbIWAEHHOCTM U 3HEPreTUKM, YeMy CBUAETENbCTBYET MX MaccoBOe CepuiiHOe MpOW3E
AManasoHax HOMMHanbHbIX MowHocTen ot 0,4 ao 200 MBT [16-19]. Inana3oH HOMWHasNbHbIX HaMNpPsXXeHWn 6ONbLIMHCTBA U3 HUX HaxoauTca B npeaenax or 2,3 go 13
Hanbonee TMNOBbIMM SBASIOTCA HOMuHanel 2,3, 3,3, 4,16 n 6,6 kB [20]. BblicokoBonbTHble cuctembl O BM umMetoT Gonee Bbicokuit K[, nydwe nokasatenu
notpe6nsieMoit 3NeKTPO3HEPrun, MeHbluee cevyeHWe Kabens M pasMepbl HaKoMUTeneil 3HeprumM B 3BEHE MOCTOSAHHOrO TOKa MO CPaBHEHWID C HU3KOBOMBTHbIMU (|
aHasorMyHon MolHocTKn [21].

3N BM yaoBneTBOPSIOT LUMPOKOMY CMeKTpy Tpe6oBaHWit, NpeAbsBAsieMblX K TEXHOMOrMYECKUM NpoLeccaM B pasfiMyHblX 0671acTsX MPUMEHEHUS — OT HACcOCOB U CUCTEM Bet
[0 BblCOKOMPON3BOANTENbHbIX TArOBbIX 3/IEKTPONPUBOAOB U BETPO3HEPreTUYEeCKUX YCTaHOBOK C perysimpyeMoli CKOpOCTbiO BpalleHWsi. BO3MOXHOCTb MnaBHOro peryn
CKOPOCTM BpalleHUs MexaHusMa nocpeactsoM 3 BM paer uenblit psa npevMyliects. Hanpumep, cywiectBeHHo nosbliwaeTtcs KM HacocoB, BEHTUNSITOPOB, KOMIPE
MOMOLW b PErynmpoBaHna X CKOPOCTU BpalleHUs B peXXMMax HUXEe HOMUHaNbHbIX Harpysok. B Takux OGHaCI'ﬂX, KaK TpaHCnopTHasa nnu FOpHO,ﬂOﬁbIBa!OLLlaR npoMbILl)
MOMMUMO PerysiMpoBaHns CKOPOCTU MexaHW3Ma, MosIB/SETCS BO3MOXHOCTb perynnposaTb Harnpas/ieHe NoToKa 3/1eKTPUYeckoi Mo HoCTU. HanpvMep, npu nepexoae 3N BV
PeKynepaTtmBHOro TOPMOXEHMA, KUHETUYECKAA IHEPrua ABMXXYLLUMXCA MacC npeo6pa3ye1'cn B 2/IEKTPUYECKYIO SHEPruo U nocpeacTtBoOM aKTUBHbIX Bbll'lpﬂMVITeneVl BO3B
06paTHO B MUTAIOLWYIO CETb, YTO 3HAYMTENbHO YJyuyllaeT 3Hepro3ddeKTUBHOCTb MO CPaBHEHMWIO C CUCTEMaMU MEXaHWYecKoro WM peocTaTHOro TOpMOXeHUus. B Tab
rnpeAcTaB/ieHbl OCHOBHble 06nacTu npumeHeHus 3N BM 1 TMNoBble AManasoHbl HOMUHaNbHbIX MOLLHOCTEN.

Tabnuua 1.1 - Obnactn npumeHeHus 3N BM

Otpacib

MpuMepbl MexaHW3MOB

MouHocTun

HedTerasosas

HedTaHble Hacockl, ra3oBble KOMMPECCOPbl, HACOCHI A/1 HAarHeTaHWs BOAbl B NacT, Typbynm3aTopbl
1-100 MBT

lopHas

KoHBeliepbl, WapoBble MeflbHULLbI, APO6UIKK, MOrPY304Hble MallWHbl, 6ypOBble HAacoChl, BbITSKHbIE BEHTUAATOPbI, MOAbEMHUKN
2-15 MBT

MeTannypruyeckas

[poKaTHbIe CTaHbl, HACOCbl, MOTaNKW, NINTbEBbIE arperatbl, JOMEHHbIE BO34YyX0AyBKMU

2-25 MBT

Lienntono3Ho-6yMaxHasi NpoMblLWNEHHOCTb

[edunbpepbl, NPoOAONbHO-pe3aTeNbHble CTaHKW, HACcoChl, BEHTUASTOPbI

0,5-4 MBT

LlemeHTHas

KaMHeapobuiku, BbITSHKHbIE BEHTUSITOPBI, Cylln/bHble 6apabaHbl, Apo6uku

0,5-4 MBT

Mopckas

pebHble yCTaHOBKMW, CUCTEMbI TSIM U YNopa, TONJIMBHbIE HacoCbl

2-20 MBT

SHepreTuka

MApoakKyMympytoLmne cucTeMbl, rasoTypbuHHbIE YCTaHOBKW, BETPO3HEPreTUYeCcKne CUCTEMbI, CUCTEMbI MUTaHUS KOTNOB

1-40 MBT

0630p CyLLEeCTBYIOLMX BbICOKOMOLLHbIX MOMYNPOBOAHUKOBLIX MOAynein

SBoNOLUMSA CUNOBLIX NpeobpasoBaTeneil YacToTbl TECHO CBsi3aHa C pa3BUTMEM MOMYNPOBOAHWMKOBBIX NMPUGOPOB WM HanpaBfieHa Ha MOBblEHWE WX HOMUHAbHOW M
3HeproaPdEKTUBHOCTU, HAAEXKHOCTU, MPOU3BOAUTENILHOCTU U SKOHOMUYHOCTH.

Hanbonee pacnpocTpaHeHHbIM MOJyNpPOBOAHWUKOBLIM MPUGOPOM SIBASETCS CUIOBOM AWMOA, LUMPOKO WCMOMb3YIOWMIACA B HeymnpaBisieMblX BbINPSAMUTENsX, a AnoAbl C
BOCCTaHOB/IEHWEM 3anupalolmx CBOWCTB B CXeMaX aKTUBHbIX BbiNpsMuTeneir u WHBepTOpoB. OHM MNOAK/OYAITCA BCTPEeYHO-MapanienibHO MOJSIHOCTbIO  YMpe
NONynpoOBOAHWKOBBLIM KJIKOYaM A1 CO3AAHMUSI KOHTYpa NpoTeKaHWs Toka BO BPEMS KOMMYTaLWii U HaKOMEHHON SHEPruv B MHAYKTUBHbLIX 3eMeHTax Harpysku. Mpu ucrnon
TEXHONOrnii NOCNeAoBaTENbHOrO CoeAnHeHNs «Press pack», AMOAbl AOCTUMAIOT CaMblX BblCOKMX HOMUHAMbHbIX MOLLHOCTEW U3 BCEX COBPEMEHHbIX MOYNPOBOAHUKOBbLIX Mpl
MepBbIM ynpaBsieMbIM M0JyNpoOBOAHWKOBBLIM MpUBGOPOM B cocTaBe npeobpasoBaTenibHbIX YCTpoicTB SN BEM 6bln nonyynpasnsiemblit Tupucrop. [daHHbli npubop 3apeko
cebsi Ha npakTuke B 06/1aCTM NMOCTOSIHHOrO TOKa C TOYKM 3PeHUs HafleXKHOCTU, SHeproadheKTUBHOCTU, Neperpy304Hoi CrocoGHOCTU MO TOKY M HU3KUMU MOTEPSMU B MPC
COCTOSIHUK. OCHOBHbIM €r0 HeAOCTaTKOM, NULLIAIOLLMIA BO3MOXXHOCTM aKTUBHO UCMO/b30BaTb TUPUCTOPHbIE Npeobpa3oBaTenu Ans NMUTaHUS MOLLHbIX ABUTaTenel nepemMeHH
ABNAETCA MeAsieHHasa NNHENHas KOMMyTauuns.

MacwTtabHoe nosBieHne CMIOoBbIX MOYNPOBOAHMKOBbLIX Npeobpa3oBaTenieit YacToTbl B coctaBe 3 BM Havanocb B cepeavHe 80-x rogos, Korga CranM KOMMEpYecKM ,
3anupaemble Tupuctopbl GTO (gate turn-off) [22, 23]. OcHOBHbIMM HefocTaTkaMn GTO SIBASIOTCS HanMuMe rpoMo3AKON 3anupatolieil cHabbepHO Lenn U CNoXHOM KOH
npaiieepa ynpasneHus. [1o koHua 90-x rogos GTO 6bla1 eAMHCTBEHHBLIM yrpaBniseMblM npubopom ans 3N BM, noka He NOsSBUINCL YCOBEPLLIEHCTBOBaHHbIE 3anvpaeMble T
C uHTerpupoBaHHbIM ynpasneHmem (IGCT — gate commutated thyristor), BblCOKOMOLUHblE 6MMNONSAPHbIE TPAH3MCTOPbI C M30/IMpOBaHHbIM 3aTBopoM (IGBT - insulated ga
transistor) 1 WH>XeKLUMOHHbIE TpaH3ncTopbl ¢ oboraleHHbIM 3aTBopoM (IEGT - injection enhanced gate transistor) [24]. JaHHble KNto4YM 6bICTPO NOAYYMAW LLIMPOKOE NPk
B CMNIOBOI MpeobpasoBaTeslbHOM TEXHWKE B CBS3M C XOPOLIMMU pabouvMK XapaKTepUCTUKaMU, YNpaBasieMOCTbio U HAZ@XKHOCTbIO., OHU MO3BONSIOT OCYLLECTBASTL KOMMY
vacroTtax ot 400 'y go 1000 My € HU3KMMM NOTEPSIMM U BbICOKMMK NMokasaTeneM 6e30TkasHon pabotsl [25].

BonbWMHCTBO NONyNnpoBOAHMKOBbLIX MNpubopoB B coctaBe O BM npoussBoaatcs 3apybexHbiMM KoMMaHusiMu, Takumm kak ABB, Infineon Technologies (Eupec), ¢
International Rectifier, Dynex Semiconductor, Mitsubishi Electric, Hitachi, Toshiba, Fuji Electric Systems, IXYS, Powerex, Fairchild Semiconductor. B Tabnuue 1.2 1
0603HayYeHu1s 1 npeaenbHble 3Ha4YeHUs MO TOKY U HaMps>KEHUIO NPUMEHSIEMbIX MOy NPOBOAHWUKOBbLIX Kiltoyel B o6nactu I BEM.

Tabnuua 1.2 - BbICOKOMOLLHbIE MOMyNpPOBOAHUKOBbLIE MpUGOpPbI

Ovion

Tupucrop

IGCT

IGBT/IEGT

O6o3HaueHne

Hanpsxxenune

8,5 kB

npu 1,2 kKA

12 kB

npu 1,5 KA

10 kB

npu 1,7 KA

6,5 kB

npu 0,75 KA

Tok
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9,6 KA

npu 1,8 kKB

5 KA

npu 0,4 kKB

5 KA

npu 4,5 kB

2,4 kKA

npu 1,7 kB

Knaccudukaums Tononoruin npeobpasoBaresneii B COCTaBe 371eKTponpuneoaa 60/bL 0N MOLLHOCTH

3a nocneaHve AeCATUNETUS TEXHONOMMM NOCTPOEHWS NONYNpPOBOAHWKOBbLIX Npeobpa3oBaTenelt YacTtoTbl B CTPyKType 3 BM npetepnenu cyliecTBeHHoe pa3suTue. o Haue
X rofOoB, aBTOHOMHble MHBepPTOpbl Toka (AWUT) C NMHEWHON KOMMyTauueil U LMKIOKOHBEpTepbl GblIM OCHOBHLIMM TOMOSIOrUSIMM Mpeobpa3oBaTenieli B 061actu cBepx
MowHocTel (6onee 10 MBT), a B o6nactu cpeaHux mowHocten (4o 10 MBT) npumeHsinnce AUT C WIMPOTHO-UMNYNbCHOM Moaynauuen (LUMM) u TpexypoBHeBble npeobpe
4acToTbl C (UKCMPOBaHHOM HelTpanbHoi (3Y MY ¢ ®OCT) Ha 6a3e GTO. [laHHble TOMONOrUK 6bINMN NpPeasoXeHbl eAVHUYHbIMU MPOM3BOAVUTENSAMU U He obnapanv

pacrnpocTpaHeHMeM No BCeEMY MUPY.

B HacTosillee BpeMsi MHOrMe MPOU3BOAMUTENMN CUJIOBOI Npeobpa3oBaTenbHOM TeXHUKEe MpeAnaraloT pas/MyHbii BbIGOp TOMOMOrUIA MOCTpoeHUs npeobpasoBaTeneil E
BbICOKMX MOLLHOCTE W HanpshkeHuii. Bce Tononornu MoXHO pasfenunTb Ha [Be OCHOBHble rpynrbl, Kak MokasaHO pucyHke 1.2: HemocpeAcTBeHHble npeobpasoBaTeny
(HAY) n pByx3BeHHble npeobpasoBaTenu yactotbl (AMNY). Tomonormm HMY ocywecTBnsioT npeobpasoBaHWe MEpPEMEHHOro ToKa MexAy NuTaloleln CeTblo W Asurat
3/1eMEHTOB HakonieHuns aHepruun. B [IMY cylecTByeT NpoMexyToYHOoe 3BEHO HaKOMIeHUSA SHeprun, KoTopoe MOXeT 6biTb BbIMOMHEHO B KayecTBe MHAYKTUBHOCTU — aBT
WHBEpPTOpa TOKa, UM €MKOCTM — aBTOHOMHbIN WHBepTOp HanpsbkeHusi (AVH). Bonee Toro, B 3aBMCMMOCTM OT KOSIMYECTBA YPOBHEW BbIXOAHOrO HanpskeHus AUH mc
pasgeneHbl Ha ABYXYPOBHEBbIE U MHOFOYPOBHEBLIE.

PucyHok 1.2 - Knaccudukaums Tononoruii npeobpasosartenei

MonHas knaccndukauma UCnonb3yeMblX Ha NPaKTUKe TOMOMOrnii, Hapsay NOCTPOEHUEM CUMNOBbIX Lenel npeobpasoBaTenell Ha 6a3e NacCMBHbLIX BbINPSMUTENEN U MHOMOI
cXeM CoeIMHEHWs paccMOTpeHa Aanee.

[ByxypoBHeBble npeobpasoBaTenn yactoTbl Ha 6ase AVH c IGBT (2Y MY) npMMeHSIOTCS NpU HU3KOM HanpskeHun Ao 1 kB n mMowHocTax Ao 1 MBT. CyuiecTsyeT ABa (
noaxoda ANs MPUMEHEHUs AaHHoW Tomosnormn B obnactu 3N BM, kak nokasaHO Ha pucyHke 1.3 a) napannenbHoe coeavHeHue npeobpasoBaTenet UM Moay.
nocneaosatenbHoe npeobpasosaTtenen nam Moaynen.

Hanbonee yacto npuMeHsieTcs cxemMa napasnnesbHoro NoAKIoYeHUs npeobpasoBaTeneil kK ceTu ¢ HanpsixeHunem ot 0,6 Aol KB B cocTaBe BETPOIHEPreTUUECKUX YCTaHOBOK
rnocnefoBaTeslbHbIM COeAVHEHMEM npeobpasoBaTesnieil elle BCTpevaeTcs AN NMUTaHWS 31eKTpoABUraTenell HacocoB, BEHTWJISTOPOB WU APYrMX LIEHTPOBeXHbIX MexaH
HacTosillee BpeMsi npeobpasosBaTeny 60MbLION MOLWHOCTU C Takol TOMOMOrMel He BbiMyCKaloTCs, BBUMAY OTCYTCTBUS MPEUMYLLECTB, C TOYKWU 3PEHWUSi CKOPOCTU Ha
HanpsbkeHus (du/dt), nokasaTenein kavectBa snekTposHeprumn n KN4 [26].

a) 6)

PucyHok 1.3 - Cunosble cxembl 2Y MY B obnactu 3N BM

MNpeobpa3soBaTenn yactoTbl Ha 6ase TomonoruuM C PUKCMpoBaHHOW cpeaHelt Toukon (MY c OCT) monyunnn nepBoe MPOMbILWIEHHOE MpuMeHeHne B 1980-x roa
CEroAHsILLHEro AHs LMPOKO M3BeCTHasi cxeMa TpexypoBHesoro (3Y) MY ¢ ®CT, npeacrtaBneHHast Ha pucyHke 1.4, sBnsieTCs OAHON M3 caMblX BOCTPe6OBaHHbIX BO BCEX
MNPOMbILINEHHOCTU U 3HepreTukn (pucyHok 1.5) [27-29].

PucyHok 1.4 - Cunosas cxema 3Y N4 ¢ ®CT

B ocHoBy paHHOro nmnpeo6pasoBaTtens 6blfla MOMOXKEHa PpaccMOTPeHHasi paHee [ABYyXypoBHeBas Tomosiorus, Kotopass 6blna pacliMpeHa [AByMsS AOMOMAHWT
nosynpoBOAHUKOBbLIMU K/KOYaMMU B KaXAOM nJsieye mocra U dJI/IKCVIpOBaHHbIMVI anodamMn Ang NOAKJIIOYEHUA K HYJIEBOMY MOTeEHUMany 3BeHA NOCTOSAHHOrO TOKa. Takum
Kaxplil U3 NONYyNpOBOAHNKOBbLIX MOAyNe MOAKMOYAET K Harpy3Kke TObKO MOSIOBUHY HampshkeHWs 3BeHa NMOCTOSIHHOro ToKa, YTO MO3BONMIO UX UCMOMb30BaTh Ha 6onee
HOMWHanbHble HanpshkeHue npeobpasosatens (Hanpumep, IGBT Ha 600 B npu HanpsbkxeHun 1200 B 3BeHa noctosiHHoro Toka). 3Y MY ¢ ®CT no cpaBHeHuto ¢ 2Y T
MeHbllee 3HaveHne du/dt, nydylie nokasaTeny Ka4yecTBa aN1eKTposHepruu u Bbiwe KM/, 4To AenaeT ux Haubonee MHTEPECHBIM U NEPCNEeKTUBHBIM peLleHNEM B cucTeMax
HepoctaTkaM 3Y MY ¢ ®CT MOXHO OTHECTM HepaBHOMEpHOe pacrnpefeneHne noTepb MonayrnpoBOAHMKOBLIX MPUBOPOB U HeobxoAMMOCTb obecriedeHuUst 6anaHca HanpsH>KeHM|
nocrosiHHoro Toka [30, 31].

,anHaﬂ TOMOJIOrnMsa NO3BONSET HapawnBaTb KOJIMYECTBO ypOBHeVI BbIXOAHOIr0 Hanps>XeHud, HO 3TO NMpUBOAUT K CyLLLeCI'BeHHOVI TPYAHOCTU BblpaBHUBAHUA HanpshXeH
MNOCTOSIHHOrO TOKa, YTO TPebyeT Hannume BCroMoraTeslbHbIX 3NEKTPUYHECKNX Lieneit, KOTOpble 3HaUUTENbHO YMEHbLUAIT HaAEXHOCTb U YBENMYMBAIOT CTOMMOCTb Npeobpa
B cneactsue 3TOro, NpoMbILLIEHHO-NPUMEHUMbIMU OCTAETCS TOIbKO TPeXypoBHEBast TOMOOrUs.

PucyHok 1.5 - O6nactb npumeHenuns 3Y MY ¢ ®CT B cocrase 3N BEM

MNpeobpasoBaTenn 4acTtoTbl Ha ocHoBe H-MOCTOBOM KackKagHOW TOMoMOrMKM 6blM MepBbIMM, K KOTOpbIM B 1960-X rogax MPUMEHWIN MOHATUE <«MHOrOypOBHEBb
MpoMmblLLNEHHOE NMPUMEHEHWE AaHHble NpeobpasoBaTesnin Hal M Tonbko B 1990-X. [laHHas TOMosiorMs ocCHoBaHa Ha NocneAoBaTeIbHOM COEAUHEHUN UCTOYHUKOB MUTaHM
H-MocToBbIX NpeobpasosaTenell, Kak NokasaHo Ha pucyHke 1.6.

PucyHok 1.6 — 7-ypoBHeBbI# H-MOCTOBOW KackaaHbli npeobpasoBaTenb

Hapau.mBaHme Konn4yecTBa nocnenoBatesibHO-COeAMHEHHbBIX NCTOYHUKOB MUTAaHNA NPUBOAUT K YBENIMYEHUIO BbIXOAHOMO HanpsXXeHuns, cneaoBaTeslbHO, U K YBEJIMYEHUIO M
Bnarogapsi rubkoii MmoaynbHoOCTM, H-MOCTOBasi kKackagHasi TONosorMs no3sonunaa obecneynTb cepuiitHoe Npou3BoACTBO npeobpasoBaTtenei ¢ IGBT Ha HanpsxeHue 13,8 kE
YPOBHEBOM BbIXOAHOM HanpsbkeHun. OaHako, Hanbonee pacnpocTpaHeHHble KOHbUIypauumn BbinyckaoTcs Ha 3,3 kB npu 7-ypoBHeBoM U 6,6 KB npu 13-ypoBHEBOM
HanpsXkeHun. Benay 60nbLIOro KoNMYecTBa YPOBHEH BbIXOAHOIO HaMpsiKeHUs, 3TOT npeobpasoBaTesib He TpebyeT BbIXOAHOIO duibTpa. MNaBHbIM HEAOCTATKOM AAHHOW T
aBnseTcs 6onblue KONMYECTBO M30IMPOBaHHbIX APYr OT Apyra WCTOYHMKOB MOCTOSIHHOMO TOKa ANS NMUTaHMA Kaxaoro H-MocTa, 4To TpebyeT Hannuns CNoXHOro MHOroo6r
TpaHchopmaTopa C pasnMyHbIM (hasoBbIM CABUIOM BTOPUYHbBIX HanpsbkeHui. B HacTosiwee BpeMsi AaHHble NpeobpasoBaTeny BbIMOAHAOTCS Ha 6a3e MacCMBHBLIX BbIMNPs
OCHOBHbIMK 06nacTsM NpuMeHeHns B obnactu 3l BM sBASOTCA LLeHTPOGeXHbIe MEXaHU3MbI.

MNMpeobpa3oBaTen Ha OCHOBE TOMOMOMM C HaBeCHbIMM KoHAeHcaTopamu (HK) B obnactu 3M BM crann npumeHsTbea ¢ 1990-x rogos, XoTs cama Tonosorus 6bina 3anater
Havane 1970-x. HK Tononorus no3BonsieT reHepupoBaTb AOMOJHUTENbHbIE YPOBHU Hanps>keHWst Ha BbiXofe npeobtpasoBaTesis MOCPeACTBOM MOAK/IIOYEHUS KOHAEHCcaTop
[BYMSs M0JTyNPOBOAHWKOBBIMK KtouaMu. Kaxzaas napa Kno4eli ¢ OAHUM KOHAEHCaTOpoM obpasyeT siveitky nuTaHus. bnarogapst MoAy/IbHOCTU A@HHOW TOMONOMMK, AOMONHI
AYelikn MOryT 6bITb MCMOMb30BaHbl ANSt YBENNYEHUS YPOBHEW HanpsbkeHus. B obnactu 3N BM Mo HOCTU KOHMbUIypaLus C YeTblpbMsi YPOBHSIMU (4Y), NokasaHHas Ha puc
Hallna NpakTUYeckoe NpYMeHeHne, HO B HacTosillee BpeMs HaXOAUTCS He B CTaauW CepUHOro Npov3BoACTBa. Hannumne 60nbLIOro KONMYECTBO KOHAEHCATOPOB sIBASETCS
HeAOCTaTKOM, TakK KaK OHW MeHee HaAeXHbl, YeM Apyrne KOMMOHeHTbl npeobpasoBaTtens. OCHOBHbIMKW 06nacTsMM NpuMeHeHUs npeobpasosaTeneit Ha ocHose HK T
ABNSIOTCS TAroBblW 31EKTPONPUBOA U BoAsiHble Hacockl [33].

PucyHok 1.7 - 4Y npeobpasoBaTenn Ha ocHoBe HK Tornonorun

TpexypoBHEBbI1 aKTUBHbIN Npeobpa3oBaTenb 4acToTbl Ha 6a3e TOMONoOrMM C PUKCUPOBaHHOW cpeaHeln Toukow (3Y AMY c OCT) nuMweH OCHOBHbIX HepocTaTkoB 3Y T
NOCPeACTBOM MCMOMb30BaHWUSA MOMHOCTLIO YNPaB/ISeMOro NosynpoBOAHWUKOBOro MOAyNnst BMECTO (DMKCMPOBAHHOIO AMoAa. TO MO3BOSIM/IO PAaBHOMEPHO pacnpeaennTb note|
BCEMW MOJSTYNPOBOAHNKOBBLIMW NpMBopaMu MyTeM ynpaBieHns KOHTYPOM NpoTeKaHWs HyNneBoro Toka. B cneacTeve aToro, ctann BO3MOXHbI 6051ee BbICOKME HOMUHAMbHbIE
npeobpasoBaTenii U YacToTbl MepeK/loYeHns MoNyrnpoBOAHMKOBLIX Moaynei [34, 35]. [laHHasi TOMonorus CepuitHO BblMycKaeTcs KoMmnaHwelt ABB, oaHoW w3 Kpy
npousBoauTenel CuIoBOW MNpeobpa3oBaTenbHOM TEXHUKU. SIPKMM MpUMEpPOM ee WCMonb3oBaHMs B obnactu 3N BM [36] sBnserca cucreMa NUTaHWS POTOPHON
ACMHXPOHHOrO ABUraTens MoWHoCTblo 200 MBT akKyMynupyioLLei rmapoaaeKTpocTaHUnm, KoTopasi nokasaHa Ha pucyHke 1.8.

PucyHok 1.8 - Cunosasi cxema 3Y AMNY ¢ ®CT Ha 6a3e akTUBHOrO BbIMpAMUTENS

KackagHblil 5-ypoBHeBbI npeobpasoBaTesib ¢ GPUKCUPOBAHHON CpeaHel TOUKOW NpeacTaBieH Ha pucyHke 1.9. OH asnsieTcs MoaMdULMPOBaHHO Bepcueli H-MOCTOBOro ke
npeobpasoBaTensi, paCCMOTPEHHOro paHee Ha pucyHke 1.6. OCHOBHOE OT/IMYME €ro B TOM, YTO Ha Kaxaylo a3y NpUXoaUTCA TOMbKO ofHa siuelika MUTaHWUs, coCTosLLas
BbINONIHEHHbIX Mo 3Y Tononorun ¢ ®CT cronk. [JaHHOEe pelleHMe MO3BOMSET 3HAYMTENbHO YBENMYMTbL MOLLHOCTb NMpeobpasoBaTtens UM yny4yluTb KayecTBo notpebnser
[38]. AaHHas moandukaums XopoLo 3apekoMeHaoBana cebs B obnactu 3 BM ans komnpeccopos, 3KCTPyAepoB U koHsellepoB. OCHOBHbIM HELOCTaTKOM OCTaeTcs
CI0OXXHOrO0 MHOr006MOTOYHOrO TpaHchopMaTopa.

PucyHok 1.9 - KackagHblii 5-ypoBHeBbIn npeobpasoBatens ¢ ®CT

TpexypoBHeBbI Npeobpa3oBaTenb Ha ocHoBe T TOMONOrMW MOSIBUJICS B COCTaBe MHOMOYPOBHEBbIX MpeobpasosaTteneit ans O BM coBceM HepaBHO. [laHHasi Tomosol
npeacrasneHa Bnepeble J. Holtz B 1977 roay, a 3atem A. Nabae B kauectBe BTOporo Tuna uHeeptopa ¢ ®CT. B gaHHOM npeobpa3oBaTene, nMokasaHHOM Ha pUCYt
VCMONb3yeTcs [AByHanpaBneHHbI MONynpoBOAHWMKOBbLIN MNepekovaTeNb, KOTOPbI COeAMHAET HYNEeBOW MOTeHLMan 3BeHa MOCTOSIHHOrO TOoKa W asbl Harpysku.
TeXHWYeCKoe pelleHue MO3BONSIET FeHepupoBaTb AOMOSHUTENbHbIA YPOBEHb BbIXOAHOrO HamnpsikeHus no aHanorum ¢ 3Y NY c OCT. Ans AOCTUXKEHWUS| BbICOKUX M(
MCMonb3yeTcs nocnefoBaTelbHOe COeAVHEHME MOyNpPOBOAHMKOBbLIX KtoYel B CTOMKM MoCTa npeobpasosaTtens. [lByHanpasfeHHbI nepeknoyaTesib No3BONsSeT KOHTPC
TOK HelTpanu Tak xe, kak u B 3Y AMY c ®CT. K HegocTaTkaM gaHHoM Tononorn B obnactu 3N MT MOXHO OTHECTU nocneaoBaTenbHOe coeAMHEHME MOJYNPOBOAHMKOBbIX
KoTOpoe TpebyeT Hannume AeMndepoBs, U UCNONb30BaHME ABYHarNpaBfeHHOro CUI0BOMO KJIloUa, KOTOPbIN HYXXAAeTcst B crneunanbHoi kommyTauumn [39].

PucyHok 1.10 - 3Y npeo6pasoBaTtenib Ha ocHoBe T Tononorumn
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Knaccudukaums metonos moaynsumm npeobpasosaTeneli B 061acTv anekTpornpueoaa 60nbLuol MOLWHOCTY

B TeyeHMe nocnefHUX HeCKONbKUX AECATUNETUI MeToAbl MOAYNAUMKN Gblnn B LIeHTPE BHUMaHUSA Hay4YHbIX WCCneaoBaTeneil, Tak OHU HanpsiMyilo BAUSIIOT Ha aHeproaddek
BbICOKOMOLLHbIX CWUJI0BbIX npeobpa3osaTeneit [40]. NaBHON 3ajayert MOAY/IAUMWN SBMSETCA MOJyYEHWE HauIyylwnx OpM CUrHanoB (Hamps>KeHW U TOKOB) C OMTUM
rnokasaTtensiMm 3HeproaddeKTUBHOCTM B yC/IoBUSX cobnioaeHus TpeboBaHWIn Harpysku. BTopocTeneHHbIMM 3ajadyamMu SBASIOTCS MUHUMU3ALWUS BAWSIHUS BbICLUWMX T
CHWXEeHWe nynbcauum u pasbanaHca Hanps>keHUsl 3BeHa MOCTOSIHHOrO TOKa, YMEeHblUeHWEe YPOBHS cuHdasHoro HanpskeHus u du/dt. OaHoBpeMeHHOe peluel
MNOCTaBJIEHHbIX 3aday He NpeaCTaBNAeTCsd BO3MOXHbIM, MO3TOMY TDEGYETCR TWwaTenbHOE U3y4vyeHue, uccnegoBaHne M aHanm3 BCEX BO3MOXHbIX METOA0B MoAaynauuun an
Haunbonee noxoasLero coBoMy NpeobpasoBaTesio YaCcToTbl B COCTAaBE CMJIOBbIX CXeM AeincTBytowmnx 3N BM [41].

Hanbonee npomblLlNEHHO-NMPUMEHVMbIE METOAbI MOAYIALUMU AN BblCOKOMOLLHbLIX MOMYNPOBOAHMKOBBLIX MpeobpasoBaTenieii OCHOBaHbl Ha npuHuune LUWM, koTopsl
KnaccmduumpoBaTb, Kak nokasaHo Ha pucyHke 1.11, B TpM OCHOBHbIE Fpynnbl: Ha 6a3e Hecylei YacToTbl, MPOCTPaHCTBEHHO-BEKTOPHbIE U C yAaNeHWEM BblAENIEHHbIX
(¢popMrpoBaHue 3aaaHHOro CrekTpanbHOro cocTaBa HanpshXeHus/Toka).

PucyHok 1.11 — Hanbonee npomblLNeHHO-NpUMEHNMbIe MeToap! LM

MeToa UMM Ha ocHOBe Hecylero curHana BblCOKOW 4acToTbl Hanbonee BCTpeyaeMblil BBUAY CBOE MPOU3BOAUTENBHOCTM M MPOCTOThI LUMdPO-aHanoroBon peanusaunun
pas/IMYHbIX TOMOMOTrMIA MOCTPOEHUS CUIOBLIX MpeobpasoBaTenieil 60MbLION MOLHOCTU NPUMEHSAT MeToabl UMM Ha OCHOBE HEeCKOSIbKUX OMOPHbIX CUFHANIOB BblCOKOMN
KOTOpble MOryT 6biTb CABUHYTbI MO dase UM No YPOBHIO, KakK MOKasaHO Ha pucyHke 1.11. Peanu3yloTcs OHM NyTeM CPaBHEHUS 3aJalOLLero CUrHana CUHYCOMAANbHC
(CLUMM) c yacToToi fCwMM C OMOPHBIM BbICOKOYACTOTHbLIM CUIHaNoM nunoobpasHoi dopmbl ¢ vactotoi fon. CoOTBETCTBYHOWME MOMYNPOBOAHUKOBbLIE MPUGOPLI Ha>
MNpoBOZASLLEM COCTOSHUW €CW 3aAalolnii CUrHan Bbille OMOPHOro M, COOTBETCTBEHHO, B 3apbiTOM COCTOSIHUM €CnW 3aAaloluii CUrHan Huke ornopHoro. B cnekTtpe BI
HanpsxeHus npeobpasosaTtenss npv CLUNM MOMWMO OCHOBHOW rapMOHWKWM, KOTopasi OMpeAensieTcs aMniauMTyAoN W 4YacToToM 3ajalolero CUrHana, npuUCcyTCTBYIOT
rapMoHuKM B 0651aCTW YacToT onopHoro curHana fon. O6bIYHO, OTHOWeHWe YacToTkl fon / f1 crapatoTca caenaTe kak MOXHO 6onblie (oT 10 Ao 20), 4Tobbl NOAYYUTH
HanpskeHne npeobpasoBaTenisi C MUHUMaNbHbLIM UCKaXeHneM 6e3 HM3KOYaCTOTHOrO LWyMa. TeM He MeHee, yBeNMYeHMe YacToTbl NEPEKIOYEHUS MOYNPOBOAHNKOBBIX
HEMWUHYEMO MpUBEAET K YBEIMYEHWUIO KOMMYTaLMOHHbIX MOTepb, neperpeBy M cHWxeHuto KMA. [eicTByioline 3HaYeHMEe BbIXOAHOIO JIMHENHOrO HarnpshkeHus npi
anropuTtme LUNM coctasnsieT 61,5% OT cpeAHEBbINPSMAEHHOro Hanps>keHWi 3BeHa NOCTOSIHHOMO ToKa.

Ansi HanbonblEero UCNob30BaHUS HaNPSXKEHUSI 3BEHA MOCTOSIHHOrO TOKa B CMHYCOMAANbHbIN 3afaloWwnii curHan aobasnsioT NpeaMoayMpoBaHHbIl, 06bIYHO TPeTblo ra
4YTO NMO3BOSISET YBENNUNTb Ha 15,47% ypoBeHb NepBOV rapMOHWKM BbIXOAHOIO HanpshkeHus npeobpasosatens.

MeTon npocTpaHCTBeHHO-BekTopHON LLWM (MBLUMM) ocHOBaH Ha BEKTOPHOM MpeACTaBleHUU COBOKYMHOCTU BbIXOAHbLIX HanpsbkeHWin npeobpasoBaTens, KOTOpble reHe
NoCpeACTBOM OnpefenieHHON nocneaoBaTenbHOCTU 6a30BblX COCTOSIHUI (6a30Bblx BeKTOpoB). B AaHHOM MeToAe He MPUMEHSIOTCA NuIoobpasHble Hecylune cUrHasbl
YyacToTbl. B KauyecTse ynpasnsoOWMX CUFHANOB MCNOMb3YIOT KOOPAMHATbl MPOCTPAHCTBEHHOINO BEKTOPa 3ajalollero HamnpsbkeHWs W MOoCcpeACTBOM OnpefeneHHON Kod
6a30BbIX BEKTOPOB, KOTOpas SBASETCS rMBKOM M MOXeT 6biTb M3MEHeHa B rpouecce 3Kcniyatauuu, dopmupyetcs TpebyeMmoe BbIXOAHOE HanpshkeHue npeobpa
[elicTBytollee 3HaYeHne BbIXOAHOMO JIMHEHOro HanpsbkeHus npu MBLUWMM coctaBnset 70,7% OT cpejHEBbLINPAMIIEHHOIO HaNps>XKeHUst 3BeHa NOCTOSIHHOro Toka, Kak U nf
UMM Ha 6ase Hecyulero curana c npeamoaynsumeit Tpetbei rapmoHmku. NBLUVMM Hanbosnee NpoMbIWAEHHO NPUMEHNM B MHBEPTOPaX HaMpsd>KeHUs, HO B OT/IMYME OT MeTO
Ha 6ase Hecyllel YacToTbl, eMy HeobXoANMbl AOMOIHUTENbHbIE MEPOMPUSATUS MO YCTPAHEHMIO CUHMA3HbIX HaNpPSXKEHUN, CHUXEHUIO Ny/bCcaunii TOKa U MUHUMU3ALUN T
nepeksiloyeHue.

Metoa UMM c yaaneHueM BblAeneHHbIX rapMoHuk (UMM c YBI) ocHoBaH Ha npuHuunie (pOpMUPOBaHUSA BbIXOAHOIO HanpsbkeHus npeobpasosaTens C 33AaHHbIM Cnek
COCTaBOM MOCPEACTBOM pacyeTa YrfioB MepeksloYeHns MOnynpoBOAHMKOBLIX Mpu6opoB. [ns onpeaeneHns noaiexalux YAANEHUIO FapMOHUK WCMOMb3yloT pa:
NepuoaNYECcKOro HECMHYCONAANBHOro curHana B pag ®ypbe. Yribl MOMEHTOB KOMMYTaLMIl pacCunTLIBAOTCS 3apaHee C MOMOLLbIO Pas/IMUHbIX MaTeMaTUYeCKUX anropuTMC
npu 3afaHHbIX [AManasoHax W3MeHeHWs koadduuMeHTa MoaynsuMM, a MosyYeHHble pe3ynbTaTbl coxpaHsitotcss B CY npeobpasosaTens B TabnmuyHoli  dopMe
WHTEPnoAMPYIOTCA B ONpeaesieHHY0 Noc/e0BaTe/IbHOCTb UMMY/IbCOB YNpaB/ieHUs MoJlynpoBOAHUKOBLIMU KHOYaMn.

Meton WWM c YBI sBnsetcs Haubonee npeanovTUTENbHbIM ANS BbICOKOMOLLHbIX Npeobpa3soBaTenel, rae 4acrota KOMMyTauMu MoJlyNnpoOBOAHMKOBbIX MoAynen cyL
orpaHunyeHa 6onbwnMm noTepsmMu. B OCHOBHOM, ,ClaHHbIlZ MEeTo4 NPUMEHAT B MHOrOMYy/AbCHbIX CXeMaX MOAKNHYEHUSA aKTUBHbIX Bbll'lpﬂMVITeneVl K nwrarou.leﬁ
MUHUMMU3ALMN BANSHUS TapPMOHWMK HWU3KOro nopsiaka Npyv MUHUMaNbHO BO3MOXHOI YacToTe nepeKktoveHns.

Ncnonb3oBaHue paHHoro Metoga UMM B 6bICTPOAEMCTBYIOWMX 3aMKHYTbIX CMCTEMaX YMnpaBfeHWst MPpU pe3kMX U3MEeHEHUSIX Mepuoja BbIXOAHOrO HamnpskeHwus cyLl
OrpaHU4YeHo, MOCKOMbKY, 3TO TpebyeT MOCTOSIHHOroO nepecyeTa B peasbHOM BPEMEHW YrnoB MEPEKSIIOYEHUsl, YTO SIBASIETCS TPYAHOW 3ajayeil C TOYKWM 3peHus anna
nporpamMMHoOI peanusauunun. B nutepatype [43, 44] npeAnoXeHbl HECKOMbKO NOAXOAOB A1 pelleHnst Nofo6HON 3a4aun, HO B CEPUITHO-BbINyCKaeMbliX Npeobpa3oBaTensix ol
nop He NONy4Ynnn BHeApeHue.

N3BECTHO, YTO C OAMHAKOBOW YACTOTOW MEpeK/lUYEHUs K/oYel, pasHuLa B Npou3BOAUTENBHOCTU Mexay MeTtogamu LLUWM c YBI n MNBLUWM He3HaunTenbHbl NpU HU3KOI
BbIXOAHOr0 HanpshxeHns npeobpasosatensi. OcHoBHOW Npobnemon ana peanusaumn metoaa LUNM c YBI aBnsieTcs To, UTo TpebyloTCs @ @eLeHns psaa HeMMHEeNHbIX YpaBH
MoslyYeHUS HYXHbIX Yr0B nepektoveHuns knoveli. CylectByeT MHOMO HayyHbIX paboT, B KOTOPbIX MpeasioXXeHbl MyTH pelleHns AaHHoW npobnembl. Ecnu nogobpaTh add
HavanbHoe NpubnvxXeHWe, TO AECTBUTENbHbIE PEeLlEeHUs MOXHO HalTW C MOMOLbio anropuTMa uTepauuun HbloToHa-PadcoHa. M3BecTHbl Gonee CnoXHble MeToAbl U
MUHUMU3ALUN PYHKLUUK, PYHKUMM Yonla, UHTEeNNeKTyaNbHble METOAbl NMOUCKa, TaKne KaK reHeTnyeckne anroputMbl U T.M. BbllieynoMsaHyTbie cnocobbl, 06bIYHO npear
41O (hopMa BOJHbI BbIXOAHOMO HaNpsiXeHUs NnpeobpasoBaTtens o6naaaeT YeTBEPTLBOMHOBOW cMMMeTpuelt. OfHako, 3To TpeboBaHMe He SABNSIETCA CTPOro HEO6X0AUMBIM, Tak
WUCKNIOYNUTb 4YETBEPTbBOSIHOBYHO CUMMETPUIO, TO 3HAYUTESIbHO 6onblue pemeHMﬁ MOXHO MONAy4YnTb, U Kak cneacreuve, obecneunTb 60J1bLLIyIO BApMaHTHOCTb ONTUMalbH
nepeksiloyeHus.

TexHunyeckune CTaHZ4apTbl YCTaHaBIMBAKOT oOnNpeAeneHHble TpeﬁOBaHVlﬂ K nokKasaTtesaM KadecCTtBa NMUTaruwero HanpsXXeHusa U ToOKa B OTHOWEHWUWU YPOBHA Ka)K,ElOﬁ rapr
CyMMapHOro koadduuneHTa rapMoHmyecknx cocrasnsowmnx (THD). B Tex cnyvasx, korga anroput™ LUWM c yaaneHueM BblAeNeHHbIX FrapMOHUK He obecneynmBaeT Bblil
TpeboBaHWit K CyMMapHOMY KO3MdULIMEHTY rapMOHUYECKMX COCTaBSIOWMX TOKa UM HanpshkeHUs, Cnonb3ytoT anroputm LLUUM c ocnabneHuneMm BblAeneHHbIX FapMOHUK,
no3sossieT 6e3 yCTaHOBKM [OPOrocTOsLLMX U FPOMO3AKUX CETEBbIX (DUNLTPOB AOBUTLCS pelleHust NoaobHbIX npobnem. B 3ToM ciyyae, yribl nepekitoveHunst nosynposo;
MoAyneilt paccuUMTbLIBAOTCA He A8 NOMHOMO UCKIOYEHMA BbIGPaHHbLIX FApMOHUK U3 BbIXOAHOIO Hanps>keHus npeobpasosaTens, a AN UX CMArYeHUs NocpeacTBOM MUHK
onpefeneHHon LeneBoit GyHKUMM. [aHHas dyHKUUS onpenensieT 3aBUCMMOCTb MeXAy YPOBHSAMWU BAUSIHUS KaXAOW FapMOHWKM, CyMMapHoro koadduuueHTa rapmo
COCTaBAAWUX U MUHUMANbHOIrO BpEMEHU MeXAay noapsj naywumm yrinaMmm nepekatoveHus. PeweHne AaHHOVI u.enesoﬁ Ct)yHKLLVIVI NoNy4YarT aHaNornyHbIM CI'IOCOGOM, K
pacyeT yrnos B anroputme LLUNM c yaaneHvneM BblAeNeHHbIX rapMOHUK [45].

Knaccudumkaumsa meTonoB ynpasneHus npeobpasosaTtenein B 061acT 31ekTponpusoaa 60/bLLoi MOLLHOCTN

CoBpeMeHHble MeTOoAbl ynpaBieHus npeobpasoBaTensiMm 4actoTbl B cuctemax SN BM MoxHO knaccuduumpoBaTb B 5 OCHOBHbIX FPynmn, Kak NokasaHo Ha pucyHke 1.12.
PucyHok 1.12 - MeToabl ynpasneHus M4 B cucremax 3N BM

OAHUM M3 caMblX NEPBbLIX U MPOCTbIX METOAOB YNpaBeHUs SBMSETCS rucTepesncHoe. B ocHoBe AaHHOro MeToAa NeXWUT cnocob cpaBHEHUS 3aalOLWMX CUMHAN0B CUHYCOI
$opMbI C N3MEPEHHBIMU CUrHanamm (Toka) CUI0BO Lienu B Npeaenax 3aAaHHON WNPUHBI TUcTepesmnca A1 OCYLLeCTBNEH NS NEPEKNOUYEHNS CUMOBbLIX MNOMYNPOBOAHMWKOBbIX
IncTepesncHble perynsitopbl MOryT NMPUMEHSTLCS Kak B OTAENbHOM BapuaHTe UCMOSMHEHUS, NMOKa3aHHOM Ha pucyHke 1.13, Tak U COBMECTHO C 6o/iee CIOXHbIMU MeToAat
KaK npsiMoe yrnpaBfieHMe MOMEHTOM, C aHrnamickoro direct torque control, wnu npsiMmoe ynpaBneHuWe MOLHOCTbIO, C aHrnuitckoro direct power control. PasnuyHas
rucrepesmca U HeMHENHOCTb NpeobpasoBaTens, Kak obbekTa perynmpoBaHus, MpUBOAUT K CUJIbHOMY KosebaHWIo YacTOTbl NEPEKIIoYEHUs MOyNPOBOAHMKOBbLIX KoY
NTOre MOXeT CTaTb MPUUMHON PE30HAHCHLIX ABMEHUIR U reHepauun nepeMeHHbIX CMeKTPOB ToKa M HampsikeHUs. OTo NpUBOAUT K HEOB6XOAMMOCTM MCMONb30BaHWUA POV
[0POrnX CUMOBbIX LIMPOKOMOMOCHbIX unbTpoB [46]. Ha pucyHke 1.13 npuHaATbl cneayowmne obo3HayeHus: ias, ib3, ic3 — curHanbl 3agaHus @asHbIX TOKOB; iaoc, ibi
curHanbl obpaTHoW cBA3M (as3HbIX TOKOB; €a, eb, ec — curHanbl paccornacoBaHus dasHbiX TokoB; Sa, Sb, Sc - noruuyeckme curHanel ynpasneHus (0,1); R-L-E -
MHAYKTUBHas Harpyska c npotnusod[C; {S} - curHanbl ynpasneHUs NoaynpoBoaHUKOBbIMKU Moaynsimu, (0,1).

PucyHok 1.13 — MeToA rnucrepesncHoro ynpasneHuns

JInHeliHOe ynpaBneHue NpUMeHsieTcs B O6LLEen3BECTHbIX KOHLeMNuMsX MpoCTpaHCTBEHHO-BEKTOPHOro YyrpaBfieHUs C OpueHTaluuMei no BeKTOpy MOTOKOCLenaeHus Asu
aHrnuiickoro field-oriented control, n Mo BekTopy CeTEBOro HanmpsKeHUs, C aHrMickoro voltage-oriented control. B JaHHOM MeToAe ynpaBieHUN UCMOSb3YIOTCS AOMOJHI
npeobpa3oBaHUs KOOPAWHAT U NIMHElHble perynsTopbl ¢ nponopunoHansHoi (M), nponopunoHanbHo-uHTerpansHoi (M) 1 nponopunoHanbHOo-MHTerpanbHo-guddepeH!
(MNA) cTpykTypoit. CTPYKTYypHas cxema SIMHEMHOro ynpaBfieHus nokasaHa Ha pucyHke 1.14, rae npuHsATbl cneaytolwme obo3HauveHus: iabc M mnabc - curHanbel dak
dasHbIX TOKOB U HaNps>XeHWni; 6 — curHan nonoXKeHus BeKTopa HanpsbkeHus cetu; idgs u idqoc — curHanel 3agaHns M obpaTHON cBsi3u (pa3HbIX TOKOB B CUCTEME KOOp)/
udgs 1 nabcs - curHanbl 3agaWwmnx MasHbIX HaNpsHXKeHWI B cucTteMax koopauHat dq u abc; {S} - curHanbl ynpaeneHus nosynpoBOAHMKOBbIMU MOAYNSIMU.

PrcyHok 1.14 — CTpyKTypHasi cxema IMHeNHOro ynpaeneHums

CTpemMuTeNbHOE pasBUTME MUKPOMPOLLECCOPHON TEXHUKWU CMOCOGCTBYET K MOSIBIEHMIO HOBLIX METOAOB yrnpaBieHus npeobpasosaTtesnsiMu. HekoTopbiMM M3 Haubonee cnc
[aHHbIi MOMEHT SBNSIOTCA anropuTMbl Ha 6a3e HeYeTKON JIOrMKWU, HEePOHHbIX CeTei, NPOrHO3MPYIOLLEro yrnpaBieHUs 1 airopuTMOB UMCKYCCTBEHHOrO UHTennekTa. B H
BpeMs anropuTMbl Ha 6a3e MCKYCCTBEHHOrO MHTE/NEKTa peann3ytoTcs C MOMOLLbIO LWWPOKOro CeMeiCTBa KOHTponsiepoB. ObLiel naeein, Ha KOTOPbIX OCHOBbLIBAKOTCA AaHHbI
ynpaBieHus, SBNSIETCS UCMoMb30BaHME MaTeMaTUYecKoin Mofenu obbekTa C Liefblo pacyeTa «MnpeAcKasaHHOro» noBeAeHUs YNpaBfsieMoil MepeMeHHol Ans BbiGopa onTi
HacTpoViku napameTpoB perynstopa [47-49].

0630p TMNOBbLIX MPo6aeM 31eKTPoONpUBOAOB 60MbLLIOK MOLLHOCTU

KauyecTBo 3/11eKTpPO3HEpPrMn M pe3oHaHCbl. Hannuve BbICLWUMX FapMOHWMK B KPMBbIX TOKa M HarMpshKeHUs 3/1IEKTPUYECKON CeTu SBNseTcs Kaw4yeBor npobnemont 3 BM
npobnemMa nNpuBOANT K MHOrOYMUC/IEHHbBIM HEraTUBHbIM SIBJIGHUSIM B SHEprocucreme:

http://susu.antiplagiat.ru/ReportPage.aspx?docld=427.29637986&repNumb=1&type=3&page=0 8/33



20.03.2017 AHTMNNarvar

1. NeperpeBbl TPaHCHOPMaTOPOB, BXOAHbBIX PEaKTOPOB U NNMHWIA 3N1eKTporepeaay, BieKyLlue 3a coboli CHUXEHWE UX CpoKa CyX6bl M BO3HWKHOBEHWE aBapuUitHbIX CUTyaLly
2. JloxHble cpabaTbiBaHWSi CMCTEM BbICOKOTOYHOW 3alLMTHON aBTOMaTUKM M c6OM B MoKasaHMAX aHanoroBo-LUUMPOBLIX W3MEpUTENbHbIX NMPUGOPOB, KOTOpble MUMelT
OrpaHUYeHNs AManasoHoB HOPMasibHOW PaboTbl MPU BANSHUW Pa3sIMYHOro PoAa 3N1EKTPUYECKMX NOMEX;

3. Cbou B paboTe 6AM3KOro M Jaxe yAaneHHOro CUJI0BOrO 31eKTpPoobopyAoBaHMS, KOTOpble BO3HWKAKT B pe3ynbTaTe 3allyMNeHUS BblCOKOBOSbTHbIX JIMHUIA 3N1eKTp
BbICLUMMUW FrapMOHMKaMK B TOKE U HanpsXkeHuwu;

4. Wtpadbl OT ceTeBbIX SHEProKOMMNaHUM.

PasnnuHble MexayHapoaHble CTaHAapTbl KayecTBa 3fekTposHeprum u OMC, Takue kak IEEE 519-1999, IEC 1000-3-2 n IEC 61000-3-2 onpepensioT npeaesbHbIi
rapMoHUK B NuTatLLei sHeprocmcreme [50-52].

[nsi yMEHbLUEHNSA BANSHUS BbICLUMX FapMOHWK TOKa B HEKOTOPbIX CyYasX NMpUMeHsioTcs cunoBble LC duabTpbl co CTOpPoHbI ceTu. OaHaKo, BBUMAY HU3KOM MOLLHOCTU
3aMblKaHUs MNUTaloWen CceTu, MOryT BO3HUKHYTb Pe30HaHCHble SBMEHWS, KOTOpble MNPUBOAAT K BbIFOPaHUIO MOMYMNPOBOAHUKOBbLIX MOAyNeli W APYrux KoM
npeobpasosartenei.

OCHOBHbIMM CrocobamMn pelleHus AaHHOW npobnembl SBASIOTCS Mcnonb3oBaHust L-bunbTpoB BMecTo LC- dunbTpoB, 18-nynbCHbIX, NpeACTaBNeHHbIX Ha pucyHke 1.15,
1.16, n 12-nynbCHbIX, NPeACTaBAEHHbIX Ha pucyHke 1.17, cxeM NoaK/IlYEeHUS U ONTUMU3aLUK METOAOB MOAYIAUMM Npeobpa3oBaTens.

PucyHok 1.15 - 18-nynbcHas cxema NOAKIIOYEHNSA rNaBHOro 31eKTponpuBeoaa

npokaTHou knetn ctaHa 5000 JIML N29 OAO «MMK»

PucyHok 1.16 - 18-nynbcHas cxema noAKIlYeHNs rNaBHbIX 31eKTPonpuBOLOB

HenpepbiBHOro ctaHa 2000 xonoaHoi npokatkn MMK ATAKAS

PrcyHok 1.17 - 12-nynbcHas cxema NoAK/YeHNS raBHbIX 31€KTPONpUBOAOB

HenpepbiBHOro ctaHa 2000 OAO «MMK» X0noAHOM npokaTku

MoTepy Npu NepekItoYeHM NoNynpoBOAHNKOBbLIX MOAYNeN. DNeKTpuyeckue noTepu Bo BPeMs KOMMyTaLMW Ko4del npeobpasoBaTens SBASOTCS BaXXHbIM (pakTOpoM B CUC
BM, KoTopble BAMSIOT Ha 3JKCrJlyaTaUMOHHbIE Pacxoibl, MaKCUMaslbHYIO BbIXOAHYIO MOLWHOCTb W pacripeAeneHve TemnepaTyp MOMyrnpoBOAHUKOBLIX Moaynei. Wccne
npoeefeHHble B pabote [53], pe3ynbTaTbl KOTOPbIX NMOKasaHbl Ha pucyHke 1.18, onpenensioT 3aBUCMMOCTb MeXay 4acToTon komMmyTauuu fsw knouein n KN4 ana paccmc
paHee HeKOTOpbIX TOMOMOrMiA NONYNPOBOAHNKOBBLIX NpeobpasoBaTteneit.

YMeHbLUEeHMe YacToTbl NepeKtoYeH it MO3BONSET YBEMYNTL MaKCUMasIbHYO BbIXOAHYIO MOLLHOCTb, Ha@XKHOCTb U 3KOHOMUYecKyo 3ddekTnBHOCTb 3 BM. C apyroit croj
NPUBOANT K HaNMUMIO BbICLUMX FapMOHWK B CrieKTpaxX HampsbkeHUs nuTalolein ceT U NoABOAMMOro K ABUraTento HamnpsbkeHuto [54-56]. OCHOBHbIM CrocO60M pelueHu
npobnembl ABNSETCS ONTUMU3aLMA MeToAa MOAYNALMK npeobpa3osaTens.

PucyHok 1.18 — 3aBucumocTb KM/ OT YacToTbl KOMMYTaUUK AN Pa3IMYHbIX TOMONOrMiA NpeobpasosaTenei Npy HOMMHaNLHOM HanpskeHun 3,3 kB

BonHoBble npouecchbl. Bbicokoe 3HauveHue du/dt npu KOMMyTauuu MONYNpoBOAHWKOBLIX MOAyMel BO BPEMS BOCXOASLWMX M crnagalowmx GHPOHTOB BbIXOAHOMO
npeobpasoBaTens NPUBOAUT K TMOSIBAEHUIO CUH(bA3HOro HanpsXKeHUs, SNeKTPOMarHUTHbIX MOMeX, HanpshkeHWs Mo KOoHLaM Basa AsWraTens, TOKOB B MoOAWWr
KpaTKOBPEMEHHbIX MepeHanpsXXeHun, BAMAIOWME Ha CpPoK Clyxbbl u3onsumMyn 06MOTOK ABuratenein u TpaHcdopmaTopoB. MHOrOypoBHeBble npeobpasoBaTenun n
NOCPe/ACTBOM CXEMHbIX O0CO6EHHOCTEN YMEeHbLWNUTL 3HayeHue du/dt Nnpu HWU3KOM YacToTe KOMMyTauMKW, OAHAKO OHW COCTOSIT U3 6OMbLUEro Yucia MosynpoBOAHWKOBBIX MOA
NpUBOANT K CHUXEHUIO obLiel HaaeXHocTu npeobpasosatensi. OCHOBHbIMKW crnocobamMu pelleHuUst AaHHOW npobnembl  SABASOTCA Mcnonb3oBaHus LC-cbur
yCOBepLIEHCTBOBaHME METOAOB MOAYNISILIMK NpeobpasoBaTens.

KpyTunbHble konebaHus. B 3N BM kpyTusbHble konebaHUs NpouCcXoasT U3-3a 3HAaUUTENbHbIX MEXaHUYECKUX Harpysok BBuAy 60MbLLOK MHEPLMOHHOCTU cucTeMbl. OHU B
npu pe3oHaHce COBCTBEHHOM YacToTbl konebaHU MexaHWYecKoW CUCTEMbI M YacTOTbl MyfbCaLMM KPYTSLLEro MOMEHTa ABUraTessl, Bbi3BAHHON BbICLUMMU FapMOHUKaMMU |
noTpebnsemMoro Toka. Ype3amepHble KpyTuibHble KonebaHusi BOBPEMsSi pe30HaHCa MOryT MPUBECTU K BbICOKOMY KPyTsLLeMy MOMEHTY ABWUraTensi, BreKyLero 3a coboi ckp'
BaJsIoNpoBoAa W, CieaoBaTeslbHO, MOIOMKM BasioB, MydT M APYrux MexaHun3MoB. OCHOBHbIMKU criocobaMu pelleHns AaHHOW NpobneMbl SBASIOTCA UCNONb30BaHNS L-puabTpol
YCOBEPLLEHCTBOBAHUS METOAOB MOAYNALMM npeobpasosaTens.

TpaHcdhopmaTop. Hanmume MHOroo6MOTOYHOro TpaHcdhopMaTopa B cocTaBe cuioBbiX cxeM O BM no3BonsieT ocylecTBUTb MOTeHUMabHY0 pa3Bsi3Ky MeXAy CETbio U Hi
CHU3WUTb BNSHWE CUMH(DA3HOro HanpsXKeHWs, YMEHbLWUTb BAMSHWE BbICIUIMX FAPMOHMK TOKa M HamnpshkeHUs CeTU MocpeAcTBOM ha3oBblX CABUIOB BTOPUYHBLIX OB6MOTOH
MeHee, TpaHcdopMaTopbl cocTaBnsitoT okono 30-50% oT pasmepoB M 50-70% Beca cucteMbl O BM M 3HauMTENbHO MOBLILWAKT KanuTasbHble W 3KCMJyaTauMOHHbIe
OCHOBHbIM CrocoboM OTKasa OT TpaHcchopMaTopa B cuyioBoit cxeme 3l BM sBnsieTcs mcnonb3oBaHWe crieuunanbHbiX TOMOMOMMI npeobpasoBaTeneli, HarnpuMmep, Mi
npeobpasoBaTenei.

BbiBOABI M MOCTaHOBKA 3a4ay UccnefoBaHns

MpoBeaeHHbI aHanUTU4YeCckuii 063op nMokasan akTyanbHoCTb uccnegosaHunsa 3Y MY ¢ OCT BBMAy Mx Hanbonbluero pacrnpoctpaHeHus B coctaBe S BM. AkTyanbHbIMU
3a4a4uv NoBblWeHUs sHeproaddexkTnsHocTm 3Y MY ¢ OCT B cocrtase 3 BM.

CyuiecTBylolMe Ha AaHHbIN MOMEHT Ny6nvKauuu, cBsisaHHble C aHasM30M NnokasaTeneil KayecTBa noTpebnseMoit 3NeKTPO3IHEPrUn U dHEProaddeKTUBHOCTU COBPEMEHHE
Ha 6a3e MHOronysbCHbIX CXEM COeAWHEeHWst ¢ nuTatkowei cetbto 1 3Y MY ¢ OCT npu WKWM c YBI n MBLUMM He oTpaxaloT KOMMIEKCHOrO MoAaxoAa K MCCieaoBaHMio
NoBbIWEHUS 3Hepro3PdEeKTUBHOCTM WM MoKasaTenell KayecTBa 3N1eKTPOdHeprun. OBbSCHSETCS 3TO OTCYTCTBMEM KOMMIEKCHOro MaTemaTuyeckoro onucaHust 3y [t
M03BOJISAOLLEr0 UCCNeaoBaTh COBMeCTHY0 paboty ABH n AUH npu anroputmax LWKM c YBI u MBLUWM B coctase 3N BM Ha 6a3e MHOronybCHbIX CXEM COEANHEHUSI C CETbIO
AHanM3 oTeYeCTBEHHbIX U 3apybexHbiX Ny6aMkaumii NO3BOAMA ONpeaenMTb OCHOBHOE HamnpaBneHWe AMCCepTaLMOHHOrO NCCNeAOBaHMs, KOTOPOE HanpsiMyto CBSI3aHO C pas
ONTUMU3NPOBAHHbIX U TMEPUAHBIX anropuTmos Moaynauumn 3Y MY ¢ OCT c cocrase 3 BM.

Ha ocHoBaHWuM npoBeaeHHOro 0630pa 6blan CPopMyIMpoBaHbl 3a4aun AMCCEPTALMOHHOMO UCCIEA0BaHNA:

1. CosgaHue noruko-maTematuueckolr mogenn 3Y MY ¢ OCT Ha 6ase ABH u AVH ans npoBeaeHWUs MCCNeAoBaHWM UM OLEHKW MokasaTenei npeobpasyemMovt 31MeKTpod
3HeproadhdEeKTUBHOCTU NPU Pa3NNYHbIX METOAAX MOAY/ISILMM U HACTPOUKN CUCTEMbI Y paBieHus.

2. Co3gaHue nornyecknx mogenen anroputmos MNBLUUM un LLUUM c YBI ans npoBeAeHWsi CPaBHUTENbHOMO aHann3a nokasaTtesnei kayectsa HanpsbkeHust u Toka 3Y MY ¢ ®C
ABH n AVH.

3. PaapaGOTKm I'VIGPVIAHOI'O anropuTMa Moaynsuuu v nposeaeHuu mccne,qosaﬂmﬁ C NOMOLLbO MaTeEMaTUYECKOro MOAEMPOBAHNA NMPEANIOXKEHHOro anropuTMa 4/t OUEHKN (¢
nokasaTenei noblleHns aHeproaddexTneHoctn 3Y MY c OCT Ha 6a3e ABH n AVH B coctase 3N BM.

4. MpoBeAeHWe 3KCNepUMEHTaNbHbIX UCCIeaA0BaHUI Ha AeVCTBYIOWEM 3/1eKTPoo60opyA0BAHUMN MABHOMO 3/1eKTPONpUBOAa NPOKaTHOM knetu ctaHa 5000 JIML N29 OAO «|
NpoBepKN afeKBaTHOCTM pa3paboTaHHbIX JIOrMKO-MaTeEMaTUYECKUX Modeneit.

PA3PABOTKA MATEMATUYECKOW MOESIN TPEXYPOBHEBOIO MPEOBPA3OBATESIA YACTOTbI C ®UKCUPOBAHHOW CPEAHEN TOYKOW

MpuHUMN paboTbl TPpeXypPOBHEBOI MOCTOBOM CXeMbl NpeobpasoBaTens C GPUKCMPOBAHHOWN cpeAHen ToUKoMn

Kak 6b110 nokasaHo B rnase 1, B ocHoBe Tononoruu nocrpoeHns 3Y MY ¢ OCT nexuT TpexdasHas MocToBasi cxema, cocrosiasi (pucyHok 2.1) u3 12 nonHocTblo ynp:
MNONyNpoBOAHUKOBbLIX Koyel VT1-VT12, 12 o6paTHbix avopoB VD1-VD12, 6 dwukcupoBaHHbIX auogoB VD1lc-VD6c, cHabbepHbix uenein CS1-CS6, RS1-RSE
3KBUBaNEHTHbIX emkocTeit Cdcl n Cdc2, obpasylowmx HyneBol noTeHunan npeobpasosaTtens.

PucyHok 2.1 - 3Y mocToBasi cxema npeobpasosatensi ¢ ®CT

B kax/JoM nievye mMocTa npeobpasoBaTensi HaxoaAnTCs No 4 06paTHbIX AMOAA WM CUIIOBbLIX Kitoya U 2 duKcMpoBaHHbIX Avoda. CyMMa HanpsbkeHuit udcl mn udc2 Ha emkoCTs
Cdc2 onpepensieT ypoBeHb HanpspkeHUs B 3BEHE MOCTOSIHHOro Toka udc. U3 4 kioyeit B KaXAoM Meye MOCTa OAHOBPEMEHHO MOryT O6biTb BK/IOYEHbI TOSbKO 2,
rnoAKoYaloT noTeHumansl udc K dase Harpyskum B Tpex Toukax «+», «0» n «-». PasnnuyHble KOMGMHaUUKM noakoyeHus udc B KaxzoM nnedye mocta Sal-4, Sbl-4
GdOpMMPYIOT TPU COCTOSIHUSA (PasHbIX HanpshkeHWin ua, ub n nc npeobpasosartens: [P] - noaknUeHUE K MOMOXKUTENbHOMY nosmocy «+», [O] — noaknyeHne K HenT
nontocy «0» n [N] - noakntoyeHne K oTpuuaTeNlbHoOMy NoMtoCy «-». Bce BO3MOXHbIE COCTOSHWUA M YPOBHM BbIXOAHOIO ha3HOro HanpsXeHUs Ana Tpex asHbiX CTOMK OTHC
HelTpanbHOWN TOUYkM Npeobpa3oBaTens npeacraseHbl B Tabnuue 2.1 [57-59].

Tabnuua 2.1 - COCTOSHUS 1 YPOBHM BbIXOAHOrO (hasHoro 3Y MocToBoi cxeMbl ¢ PCT

Mneye dasbl A

Mneyve ¢da3bl B

Mneyve ¢asbl C

Sal

on

off

off

Sb1

on

off

off

Scl

on
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off

off

Sa2

on

on

off

Sb2

on

on

off

Sc2

on

on

off

Sa3

off

on

on

Sb3

off

on

on

Sc3

off

on

on

Sa4

off

off

on

Sb4

off

off

on

Sc4

off

off

on

ua
+udc /2
0
-udc/2
ub
+udc /2
0
-udc/2
uc
+udc /2
0
-udc/2
[P]

[O]

[N]

[P]

[O]

[N]

[P]

[O]

[N]
BbixoaHoe dasHoe HanpsbkeHue 3Y npeobpasosatens ¢ ®CT 6yaeT dhopMMpoBaTbCs B BUMAE MPSMOYrOfibHbIX MMMYNbCOB C yPOBHsAMM +udc /2, 0 u -udc /2, kak nok
pucyHke 2.2. PacnpeaeneHune notepb NPOBOAMMOCTM NOKa3aHo B Tabnmue 2.2.
PucyHok 2.2 - Tunosoe dasHoe HanpsxeHne 3Y npeobpasosatens ¢ ®CT
Tabnuua 2.2 - MoTepy NpoBOAMMOCTU kntodelt 3Y MocToBol cxeMbl ¢ OCT
CocrosiHne

VD4

VD1c

VD2c

MNpsiMoe HanpaBneHne Toka (NMONoXUTENbHOE)

[P]

ObpaTHOe HanpaBneHue Toka (oTpuuaTenbHoe)
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MpoaHanusnpyem npoueccel koMMmyTaunmn coctosiinin [P] [O], [O] [P], [N] [O] v [O] [N] B oaHoM nneye 3Y mocToBoi cxembl ¢ ®CT (pUcyHOK 2.3 U PUCYHOK 2.4) Npu yye
noTepb Ha BKJIIOYEHME U BbIK/IIOYEHWE MONHOCTLIO YNPaBsieMblX MOYNPOBOAHUKOBbLIX MOAYNIE U Ha OTKPbITUE U 3aKpbiTUe 06paTHbIX M PUKCUPOBaHHbIX AMOA0B. Ha put
W pUCyHKe 2.4 KOHTYp NMpOTeKaHusi TOKa BblAeNleH CrJIOWHON KPacHOW SMHWEN, a KOMMYyTUPYyeMble MOSIHOCTbIO yrnpaB/sieMble KuM 06BefeHbl Cr/OWHbBIMU W NMYHK
nmHuamn [60].

Mpouecc komMMmyTaumm coctosiiuii [P] [O] nHuummnpyetcs BbikntoueHnem VT1 (pucyHok 2.3, @) M TOK HauMHaeT npoTekaTb oT yepe3 VD1c u VT2. Mocne BblAEPXKM «
BpeMeHWn» BkJtovaeTcs VT3, a Tok npogosmkaeT npoTekaTb Yepe3 VD1c n VT2. OCHOBHble NOTEPU BO3HWMKAIOT B MOMEHT BbiktoueHns VT1 n oTkpeiBaHusa VD1c.

Mpouecc koMmyTauumn coctosiHuii [O] [P] nponcxoanT B o6paTHOM nopsake (pucyHok 2.3, 6). VT3 BbIKIHOYAETCS, @ TOK NpoAo/HKaeT npotekatb Yepe3 VD1c u VT2, Mocne B
«MepTBOro BpeMeHn» BK/toyaeTcs VT1. OCHOBHblE NOTEPU BO3HMKAIOT B MOMEHT 3aKpbliTnsa VD1c n BkaoveHmsa VT1.

Mpouecc kommyTaummn coctosiinin [N] [O] (pucyHok 2.3, B) MHMLMMPYETCS BbikItoYeHneM VT4, a TOK npogo/mkaeT npoTekaTb Yyepes anoasl VD3 n VD4, Mocne BblAEpXKKM «
BpeMeHWn» BktovaeTcs VT2 1 Tok HaumHaeT npoTtekaTb Yepe3 VD1c n VT2. OCHOBHblE NOTEPU BO3HMKAIOT B MOMEHT 3akpbiTua VD4 n BknoyeHun VT2.

Mpouecc kommyTauumn coctosHuii [O] [N] nponcxoanT B 06paTHOM nopsake (pUcyHoK 2.3, r). VT2 BbIK/OYAETCS M TOK HauMHaeT npoTekaTtb Yepe3 VD3 u VT3. Mocne B
«MepTBOro BpeMeHu» BKoYaeTca VT4, a Tok npogomkaeT npotekaTb Yepes VD3 n VT3. OCHOBHblE NOTEPU BO3HMKAIOT B MOMEHT BKIOYEHUS VT2 u 3akpbiTus VD4.

a)

6)

PucyHok 2.3 - KoMMyTauumn kntoyeit 3Y MoctoBoro npeobpasosatens

npu cMmeHe coctosiHuin [P], [N] n [O] ans npsmoro HanpaBneHUs Toka

B)

r

OkOHYaHune pucyHka 2.3.

Mpouecc kommyTaumnmn coctosiiuii [P] [O] uHmnumnmpyetca BbikatodeHneM VT1 (pucyHok 2.4, a), a ToK npogo/mkaeT npoTtekaTtb oT yepe3 VD1 u VD2. Mocne BbIAEPXKKN «
BpeMeHun» BkoYaeTcs VT3 1 TOK HauymMHaeT npoTtekaTb Yyepe3 VD2c n VT3. OCHOBHble NOTEPU BO3HMKAKOT B MOMEHT BKOYeHMs VT3 u 3akpbiBaHnsa VD1.

Mpouecc koMmyTaumn coctosHui [O] [P] nponcxoanT B obpaTHOM nopsake (pucyHok 2.4, 6). VT3 BbIK/IOYAETCS M TOK HayuMHaeT npotekatb yepe3 VD1 n VD2. Mocne B
«MEepPTBOro BpeMeHn» BkoyaeTcsa VT1, a TOK npoao/mkaeT npotekatb yepe3 VD1 1 VD2. OCHOBHblE NOTEPU BO3HUKAIOT B MOMEHT OTKpbiBaHuns VD1 1 BbikntoueHns VT3.
Mpouecc komMMmyTaumm coctosiHuii [N] [O] nHMumMnpyetcsa BbikaodeHueM VT4 (pucyHok 2.4, B) U TOK HauyMHaeT nportekaTb OT yepe3 VT3 u VD2c. Mocne BblAEpXKM «
BpeMeHn» BKovaeTcs VT2, Tok npogo/mkaeT npotekatb yepes VT3 n VD2c. OcHOBHbIE NOTEPU BO3HUKAIOT B MOMEHT BKIlOYeHMa VT4 1 oTkpbiBaHms VD2c.

Mpouecc kommyTaunn coctosiiuii [O] [N] nponcxoanT B 06paTHOM nopsiake (pUCYHOK 2.4, 1). VT2 BbIKIOYaeTcs, a TOK NpogoskaeT npotekatb Yyepes VT3 n VD2c. MNocne B
«MepTBOro BpeMeHn» BroyaeTcs VT4 n Tok HaunmHaeT nportekatb vepes VI3 1 VT4. OCHOBHblEe NOTEPU BO3HMKAIOT B MOMEHT 3akpbiBaHns VD2c¢ v BbikoyeHna VT4,
PacnpeaeneHne KOMMyTaLMOHHbIX NOTEPb A/ BCEX KOMMYTaLMOHHbIX NPOLECCoB NokasaHbl B Tabnnue 2.3 [61].

Tabnuua 2.3 - PacnpeaeneHne KOMMyTaUMOHHbIX NoTepb B 3Y mocTtoBoi cxeme ¢ ®CT npu cMeHe coctosHwmii [P], [O] n [N]

CocrosiHne

VD4

VD1c

VD2c

MonoXxuTenbHoe HanpassieHne Toka

[P1[O]

X

X

[O1[P]

X

X

[N][O]

X

X

[O] [N]

X

X

OTpuuaTesnibHOe HanpaBs/ieHne Toka

[P1[0O]

X

X

[O] [P]

X

X

[N][0O]

X

X

[O] [N]

X

X

a)

6)

PucyHok 2.4 - KoMmyTauumn kntoyeit 3Y MocToBOro npeobpasosatens
npu cMeHe coctosHuii [P], [N] n [O] ans obpaTHOro HanpaBsneHUs Toka
B)

r)

OKOHYaHMe pucyHka 2.4.

MaTemaTnyeckoe onvcaHne TpexypoBHEBOIO NpeobpasoBaTens HacToTbl C (DMKCMPOBAHHON CpeiHeln TOUKOW
3Y MY c OCT Ha 6a3e ABH un AWUH coctouT (pUCyHOK 2.5) M3 24 MOSIHOCTBIO yMnpaB/sieMbiX MOJSYNpPOBOAHUKOBLIX kKtovei VT1-VT24, 24 obpaTHbix anopos VD1-)
durkcnpoBaHHbIx avopos VDcl1-VDcl12, cHabbepHbix ueneit CS1-CS12, RS1-RS12 n aByx akBuBaneHTHbIX eMkoctelt Cdcl n Cdc2, obpasytowmnx Hynesow noteHuman [62
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3a ocHOBY nocTpoeHusi MatemMaTuyeckor modenn 3Y MY ¢ OCT 6biM NPUHATBI AMCKPETHbIE flornyeckme MyHKUUK yabc, onucbiBatolmne COCTOSHMUS NMOyNPOBOAHMKOBbIX

[65]:

- ans ABH

,(2.1)

- ana AUH

. (2.2)

B BbipaxeHusax (1)-(3): Sabclr-Sabc4r - cocTosiHMS NONYNPOBOAHMKOBBLIX MoAyneil Kaxaon asHoi cronkm a, b m c¢ ABH, (0, 1); Sabclv-Sabc4dv - ¢
MosynpoBOAHNKOBLIX MoAynei kaxaol dasHoi cToviku a, b u ¢ AVH, (0, 1); udcl, udc2 - MrHoBeHHble 3Ha4YeHMs HanpsXKEHUI Ha SKBUBANEHTHbIX EMKOCTAX 3BeHa Noc
ToKka, B; uabcr n uabcv - dasHble HanpsxxeHust ABH n AWH, B; iabcr u iabcv — dasHble Tokn ABH n AUH, A; Cdcl, Cdc2 — 3kBMBaNeHTHble 3HAa4YEHNS eMKOCTEN 3BEHa Noc
Toka, ®. CucTeMbl ypaBHeHU (2) n (3) onpeaensitoT COCTOSHUA KOMMYTaLMOHHbIX PyHkumMn F B cucteme (1). KommyTaumoHHble dyHKUMM F hopMMpytoT noruyeckme cui
1), onpenensiowne ypoBeHb HanpsikeHUs 3BeHa NMOCTOSIHHOMO TOKa, MOAK/IYaeMoro K kaxaon dase ABH n AUH kak

(2.3)

PucyHok 2.5 - MpuHumnnuanbHas cxema 3Y MY c OCT Ha 6a3e ABH n AVH

Mcnonb3ys paccMoTpeHHble BbipaxeHus (2.1), (2.2), (2.3) n ypaBHEHUS paBHOBECUS HamNps>KeHWs U TOKOB, MOSyYeHHbIX C MOMOLLbIO NEPBOro U BTOPOro 3akoHoB K
cocTaBfieHa cucTeMa ypaBHEHMWI, ONMCbIBatoLLlas 3/1eKTpoMarHuTHble npouecckl 3Y MY ¢ OCT, B cneaytollem Buae:

,(2.4)

rpae iabcr v iabcv - dasHblie Tokn ABH 1 AVH.

B cuctemy (2.4) 6b1nv BBeAeHbI AOMONHUTENbHblIe 0603HaveHnsa Dabcl-2 ana fganbHellwero HarnsAHOro NpeacTaBneHns B BUAE CTPYKTYPHOW CXeMbl :

Mocne noacTaHOBKM KOTOPbIX B cucTteMy (2.4) nonyumm:

. (2.5)

Cucrema ypaBHeHUs (2.5) yunTbiBaeT AUCKPETHBIN XxapakTepa (hOpMUPOBaHUS BbIXOAHBIX HaNPsXKeHWi, pa3banaHc HanpshkeHWi B 3BEHE MOCTOSIHHOMO TOKa U COBMECTHY
ABH 1 AUH B coctase 3Y MY c ®CT. MonyyeHHas cncremMa ypaBHeHuUI Bblna ncnonb3oBaHa Al CO34aHWsS KOMMJIEKCHOW MaTeMaTUyecKoin MOAENN CUCTEMbl «MCTOYHUK Har
— 3Y MY c OCT - Harpy3ka» 1 npeacraBrieHa Ha pUcyHke 2.6.

TpexdasHblii UCTOYHUK HaNpsHKeHUs UMUTUPYET BTOPUYHYIO 06MOTKY TpaHcdopmaTopa (pUcyHok 2.6) [66]. Mpu pa3paboTke MaTeMaTMyeckol Moaenn 6bliv NpUHSATBI Cn
[ONYLLEHNS: aKTUBHO-UHAYKTUBHOE COMpOTUBIEHWe ceTu (TpaHcdopmaTopa) ZabeT SBNSieTCs CMMMETPUYHBIM,

ZaT = ZbT = ZcT;

TpexdasHasa cuctema SC cetn (TpaHcdopmaTopa) eabcT ABNSETCS CUMMETPUYHON M MMEET CUHYCOMAANbHbIA XapakTep WU3MeHEeHWS C MOCTOSIHHOW aMnAnTyAon UM Mo
yacToTou,

eaT + ebT + ecT = 0.

TpexdaszHas anekTpuyeckas Harpyska Zabcl u ¢owunbTp Zabcf (pucyHok 2.6) npeactasneHbl B BuAe TpexdasHOro MCTOYHMKA HanpshKeHUs C BHYTPEHHUM aKTUBHO-UHAY
conpotuBneHmeM [67]. Npu pa3paboTke MaTeMaTU4eCKoW MoAenu 6bl/IM MPUHSTBI CleayloLlne JoNyLeHns: TpexdasHasa 3n1eKTpuyecKast HarpysKka sBnseTcs CMMMETPUYHOM
Zal = Zbl = Zcl v Zaf = Zbf = Zcf;

TpexdaszHasa cucrema S/[]C eabcl SBNSETCA CUMMETPUYHOM U MMEET CMHYCOMAalbHbI XapakTep U3MEHEHUS C MEPEMEHHON aMNAUTYA0N U 4YacTOTOW,

eal + ebl + ecl = 0;

cxemMa UMUTUPYET COeaMHEHHYIO B 3Be3y 06MOTKY ABUraTens.

Wcnonb3ys AaHHble AOMYyLWEHUS U YpaBHEHWS PAaBHOBECUSI HamnpshKeHUs W TOKOB, MOSlyYEHHbIX C MOMOLLbK MEpPBOr0 M BTOPOro 3akoHOB Kupxroda, cucrema yp
onunCbIBaloLLast 3/1EKTPOMarHUTHbIE NPOLLECCH B CUCTEME «UCTOYHMK HanpsbkeHus — 3Y MY ¢ OCT - Harpyska», MOXeT 6biTb 3anucaHa B BuAe

. (2.6)

PucyHok 2.6 - CucremMa «nCTodHuK HanpsxxeHus — 3Y MY ¢ ®CT - Harpyska»

M3 cTpyKTYpHOI cxeMbl (PUCYHOK 2.7), COCTaB/IeHHO B COOTBETCTBMM C CUCTEMOWN ypaBHeHusi (2.5) BMAHO, YTO BbIXOAHBIMW CUTHanamu npeobpasosaTens SIBASIOTCS
HanpskeHust ABH 1 AUH uMnynbcHoW hOpMbl, aMnanTyaa KOTOPbIX 3aBUCUT OT HampsdbkeHUs Ha SKBMBANEHTHbIX eMkocTsx Cdcl u Cdc2, a yacrtota M nocneposatent
AVCKPETHBIX yrnpasnstowmx dyHkumnii F u D. Hapaay ¢ dpopMyMpoBaHneM BbIXOAHbIX DasHbIX HanpsXKeHWn NpoucxoamnT npeobpasoBaHme ¢hasHOro Toka, BeIM4YMHa KOTOport
OT 3KBMBANIEHTHOrO aKTUBHO-MHAYKTUBHOIO COMPOTUBNEHWUS MCTOYHMKA Rabcr, Labcr u Harpysku Rabcv, Labcv, pasHoctn HanpsbkeHus ABH/AWH n HanpsbkeHus uc
Harpysku.

PucyHok 2.7 - Cucrema «nCTodHUK HanpsxxeHus — 3Y MY ¢ ®CT - Harpyska»

Pa3spaboTaHHas normko-maTeMaTuyeckas Moaenb, NpeacTaB/ieHHas Ha pUCyHKe 2.7, NO3BOSIET NPOBOAUTL UCCIIEA0BAHUS CTaTUYECKMX U AMHAMUYECKUX PEXMMOB paboTbl

nokasaTenen kayecrsa npeobpasyemoi anekTpoaHperumn 3Y MY c ®CT npu yyeTe coBmecTHol paboTbl ABH n AVKH Ha ocHoBe pa3nn4yHbiX METOAOB U anropyTMOB MOAYSLM
TpexypoBHeBbI NpeobpasoBaTesib YacToTbl C PUKCMPOBAHHOW CpeaHeN TOUKOW Kak 06beKT ynpasrieHus

Ans npeacraeneHunsa 3Y MY c¢ ®CT Ha 6a3e ABH n AVH B CBSI3W C NepuoauyeckMM U3MEHEHWEM BO BpPEMEHM TOKOB W HamnpsbkeHui B TpexdasHoW uenwu, ypaBHet
LienecoobpasHo npeobpasoBaTb M3 HEMOABUXXHOM CUCTEMBbI KOOpAMHAT [abc] BO Bpaliatolytocst cucreMy koopavHat [dg0]. s 3Toro, MrHOBEHHbIE 3HaUYeHWst TOKOB M Harn
CHavana npeobpasyloTcs B HEMOABWMXKHYIO cUCTEMy KoopAuHaT [aBy] nyTeM npumeHeHWs npeobpasoBaHus Knapk, B KOTOPOM obecneumBaeTcs WHBapUaHTHOCTb aMr
coctasnsowas y = 0, NoCpeACTBOM MaTEMaTUYECKOrO BblpaXeHnsa

1 (2.7)

rae xaBy - curHan B cucteme koopavHat [aBy]; xabc — curHan B cucteme koopavHar [abc].

Mocne [aBy] npeobpa3oBaHMs KOMMyTaUMOHHble PyHKUMKN F n D B cucrteme (2.6) ctaHOBATCA oauHakoBbiMM F=D, Tak Kak ucyesawT MexdasHble My/bTUMIMKATUBHbIE
KayecTse npumepa NpeacTasfeH nepexoa U3 cuctemsl [abc] B [aBy] ans KoMMyTaLMOHHbIX GyHKuKid Falr v Dalr, FB1r v DB1r:

’

n

’

Mocne noacraHoBkn F=D B cucremy (2.6) n npumeHuns npeobpasosaHue (2.7), NOAy4YnM BblpaxkeHne

,(2.8)

rae uaBT, uaBl, uafr n uaBv - curHan dasHblX HanpsXkeHuit TpaHchopmaTopa, Harpysku, ABH 1 AUH B cucteme koopaunHart [aBy], B; iaBr v iaBv — curHan ¢asHbix TOKOB |
koopanHart [aBy], A; ZaBT, ZaBl n ZaPr — akTMBHO-MHAYKTUBHbIE CONPOTUBAEHMNS TpaHcdhopMaTopa, Harpysku n gpuabTpa B cuctemMe koopanHar [aBy].

3aTeM, MrHOBEHHbIE 3Ha4YEHUS TOKOB U HanpsXeHuit B cucteme (2.8) npeobpasyoTcs BO BpaLLaloLLyCcs cucteMy koopanHat [dq0] ¢ opueHTaumelt No BeKTopy nuTaroLiei
ABH (B AaHHOM cilyyae Mo BEKTOPY HanpsikeHWsi BTOPUYHOW 06MOTKM TpaHcdopMaTopa) U NMpou3BosibHOro BekTopa Ans AUH TakuM o6pa3oMm, UTo6bl BEKTOP HampsiKeHl
Harpysku no ocu q 6bin paseH Hyno [68-72]. KoopanHaTHoe npeobpasosaHue [aBy]/[dq0] ocyliecTBnseTcs NocpeacTBOM MaTEMaTUYECKOro BblpaXKeHNs

,(2.9)

rae xaB- curHan B cucteme koopavHat [aBy]; xdg0 - curHan B cucreme koopavHat [dq0].

Mocne npeobpaszoBaHus (2.9) cucrema (2.8) npumet BuA

,(2.10)

rae udgT, udgl, udgr n udqv - curHan gasHblx Hanpsb>xeHuin TpaHchopmaTopa, Harpysku, ABH n AUH B cucteme koopauHat [dq0], B; idgr v idqv — curHan gasHbiX TOKOB |
koopauHat [dq0], A; ZdqT, Zdqgl u Zdgr - akTUBHO-MHAYKTUBHbIE COMPOTUBNEHUS TpaHCchopMaTopa, Harpysku U dunbTpa B cucteme koopavHat [dg0]; oT v wl - yrnosa
HanpshkeHus ceTn u Harpysku, pag; Fdql-2r n Fdql-2v — koMMyTaumoHHble dyHkumMm ABH n AUH B cnucteme koopauHart [dq0], (0,1).

M3 CTPYKTYpHOI CXeMbl, MOKA3aHHON Ha PUCYHKe 2.8 1 COCTaBNIEHHON B COOTBETCTBUM C CUCTEMON ypaBHeHMs (2.10) BUAHO, YTO MCMONb30BaHME AAHHOW MOAenn Ans cv
3Y MY ¢ ®CT Ha 6a3e ABH n AVH cBsizaHO € TPYAHOCTbIO, 06YCNIOBNEHHOM €ro CyLWwecTBEHHON HENMHENHOCTbIO kKak obbekTa perynnposaHus [73].

PucyHok 2.8 - CtpykTypHas cxema 3Y MY ¢ ®CT B cucteme koopanHart [dq0]

B cBS13un € 3TUM, NpeanaraeTca NepemTn K ynpoLeHHON MoAenn NocpeACcTBOM SIMHeapu3aL M KOMMyTauMoHHbIX dyHkumnin F ang ABH n AUH:

’

rae usd u usd — HenpepbIBHO-anNNpPOKCUMUPOBAHHbIE KOMMYTaLMOHHbIE (PYHKLUUNA.

BO3MOXHOCTb Mepexoaa K SIMHeapu30BaHHOW MoJenn B paMKax AMCCepTaLMoHHOW paboTbl NMOATBEPXKAAETCS AOCTAaTOYHO BbICOKOW YacTOTOW KOMMYyTaLWuu MONyrnpoBo.
MoZynein B peXuMe MOAYALMN NO CPaBHEHMIO C YaCTOTOM BbIXOAHOrO HanpsxeHuit ABH n AUH.

[JononHutensHo, Ha 3Tane npeacrasneHns 3Y MY ¢ ®CT kak obbekTa ynpasBieHUsi, UMeeT CMbICN npeHebpeyb pa3banaHCoM HampsXKEHWUW Ha SKBMBANIEHTHbIX €MKOCI
MNOCTOSIHHOrO TOKa

1

4YTO MO3BO/IUT 3KBMBANIEHTUPOBATb COCTOSAHUWN HEMpepblBHO-an npoOKCMMMPOBaHHbIX KOMMYTaLUMUOHHbIX (PYHKLMA

1

W NONYYNTb BblpaXeHue
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.(2.11)

Cucrema ypaBHeHMt (2.11), onucbiBarowas 3n1ekTpoMarHuTHble npouecckl 3Y MY ¢ ®CT Ha 6a3e ABH 1 AWH, sBnseTcs YacTHbIM crlyyaeM cucteMbl (2.10), koTopas crnpat
ycnoBusix 6anaHca Hamnps>KeHU B 3BEHEe MOCTOSIHHOrO TOKa M TOYHOW CUHXPOHM3auMW C BEKTOpPaMu HamnpshkKeHWid MCTOYHMKA M Harpysku. Ha pucyHke 2.9 npef
CTPYKTYypHasi cxema HenpepbiBHOM Mogenu 3Y MY ¢ ®CT Ha 6a3e ABH.

PucyHok 2.9 - CTpykTypHas cxema HenpepbiBHOW Modenu 3Y MY c OCT

CneayowmM 3Tanom npeobpasoBaHusl CTPYKTYPHON cxeMbl (PUCYHOK 2.9) ¢ uenbto cuHTe3a CY sBNseTcs BBeAeHME KOMMEHCUMPYIOLWMX CBA3E, NOAABNSIOWMX MY IbTUMINE
XapaKTep AeWCTBUS HenpepblBHO-annNpOKCUMUPOBAHHbIX KOMMYTaLMOHHbIX (PYHKUWUA Ha MHGOPMaLMOHHbIX Bxogax ABH v AUH. OAHWM U3 BO3MOXHbIX BapuaHTOB pei
3TOr0 CpeAcTBa SBNSETCS BBeAeHUE « KO3(PMULUMEHTOB nepejayn», KOTOpble OMnpeaensioT JIMHENHYI0 3aBMCMMOCTb MeXAy YMpaBisioWWMM CUrHanamMmm u Bbl
HanpsxeHnamn ABH n AUH:

’

rae kM - koaddruneHT nepesayn.

3aTeM, NpejJiaraeTcs oCcyLIeCcTBUTL KOMMNEHCALIMIO OCTaBLUMXCS HEIMHENHOCTEW B MPSIMbIX KaHanax perynpoBaHus TOKOB U HamnpsikeHus.

PaccMoTpuM BbipaxkeHne n3 cuctemsl (2.11), xapakTepusyioLiee npoLueccsl B 3BeHe NOCTOSHHOMO ToKa:

. (2.12)

YunTbiBas TOT dakT, 4To B nogaensiolem 6onbliMHcTBe aiyvaes ABH B coctaBe 3Y MY ¢ OCT paboTaeT ¢ k03(PhULMEHTOM MOLLHOCTM paBHOM eauHuLe U AUH nutael
CUHXPOHHOrO ABUraTens, paboTalolwero ¢ eAMHUYHbIM KO3MAPULNEHTOM MOLLHOCTM, TO BAMSHWE PeakTUBHOW COCTaBASAIOWEN TOKa U HanpsXXeHUs Mo OCU q MOXHO Mpe
Torpaa BblpaxeHue (2.12) NnpuMeT cieayoWwmnii BUA:

.(2.13)

AHanu3 ypaBHeHuWe (2.13) nokasan, YTo BbINPSMAEHHOE HanpshkeHne udc 3aBUCUT OT MSATU NepeMeHHbIX cocTaBnstowmnx udr, idr, udv, idv 1 dudc/dt, yTo cyliecTBeHHO 3¢
HaCTpPOWKY perynstopa HanpsbkeHus [74].

C uenbio Ka4yeCTBEHHOro aHannsa nepexoaHbix npoueccos 3Y MY ¢ OCT Ha 6a3e ABH n AUH npeanaraeTca paccMOTpeTb 061acTb BOKPYr 3aj@aHHOro 3HaYeHMs Hanpsxer
MNOCTOSIHHOrO TOKa. B CBS3W C TeM, YTO BbINPSIMIEHHOE HaMpsPKEHWE B 3BEHE MOCTOSIHHOIO TOKa AO/MKHO MOAAEPXWMBATbCS Ha HOMUHANbHOM ypoBHE C nomouibio CY
NIMHeapu3aLmnio CUCTeMbl ClieflyeT NpoBOANTbL MMEHHO /18 3TOW Touku. Mpu 3TOM, cocTaBnsiowas us ypasHeHus (2.13) onpeaensercs kak Bo3MyLlatoLlee Bo3aelicTeme.
[Ana nvHeapusaumu 6bina ncnonb3oBaHa (opMysia pasnoxeHus B psg Telinopa HeNMMHeENHOW PyHKUMK Tpex nepeMeHHbix F(X,y,z) ans udr, idr, n udc BOKpyr 3aaaHHbIX C
F(x0,y0,z0) ansa udr0, idrO, n udc0. ®opMyna NMHeRHOM annpoKcuMaL My BbIrNSAUT cedyowmm o6pasom:

. (2.14)

Mocne nnHelHOW annpokcnMaLmns BblpaxeHus (2.13) nocpeAcTBOM BblpaxeHus (2.14) nonyunm

. (2.15)

AHanu3 ypaBHeHus (2.15) nokasan, 4To Npu NMHeapusaLnn NpeacTaBsieT MHTepeC TONMbKO 3aBUCMMOCTb BbIMPSMIEHHOrO HanpsbkeHus oT Toka Aidr, Tak kak Audcx0 un
CnepoBaTenbHO, NOJlyYEHO NMHEapU30BaHHOE ypaBHEHME BMAA

,(2.16)

WAK nocne npumeHeHns npeobpasosaHus Jlannaca

,(2.17)

raoe udcO=udcH u 1’ drO=udrH.

CrpykTypHas cxema 3Y MY c ®CT Ha 6a3e ABH n AVH, cocTaBneHHas Ha OCHOBe CMCTeMbl ypaBHeHu (2.11) n BbipaxeHus (2.17) (pucyHok 2.10), cOCTOMT U3 Tpex 3BeHb
npeobpa3oBaHusi Toka ABH, B KOTOpoe BXOAUT NMHEHOE ABYXMEPHOE MHEPLIMOHHOE 3BEHO MEPBOro Npsiaka ¢ aHTUCMMMETPUYHBIMU MEPEKPECTHBIMU CBSA35IMUA; 3BEHO MOC
TOKa, COCTOSsILero M3 WHTerpasbHOro 3BeHa; 3BeHO npeobpasoBaHusi Toka AMH, B KOTOpoe BXOAMT /UHENHOe [ABYXMEpPHOe WHEpPLMOHHOEe 3BEHO MNepBoro |
AHTUCMMMETPUYHBIMUA NEePeKPecTHbIMK cBsi3aMM [75].

PrcyHok 2.10 - CTpyKTypHas cxema HenpepblBHON Mogenu 3Y MY ¢ ©CT

TakuM 06pasoM, Npu NMPUHATBIX AONYLLEHUAX, Bblna nonyyeHa cTpykTypHas cxema 3Y MY ¢ ®CT Ha 6ase ABH n AWH, koTopasi MOMHOCTbIO COBMafaeT C U3BECTHOW CTp
cxeMoi AByxypoBHeBoro MY. U3 aToro cneayeTt, yto nNpu ganbHenwem cnHTese CY 3Y NY ¢ OCT Ha 6a3e ABH 1 AVH MoryT 6bITb MCNONb30BaHbl MAEHTUYHbIE METOAbI, k
CcUHTe3e fAByxypoBHesoro MY. [ns cuHTe3a 3aMkHyToiM CY C HeobxoAMMbIMM MoKasaTensiMM KayecTBa PeryMpoBaHUs MOXHO BOCMOMb30BaTbCA MPUHLMIMOM MoAYl
perynmpoBaHus KOOpAWHAT C NociefoBaTeNlbHOW KoppeKLnei.

CuncremMa BEKTOPHOrO yrpaBieHUs TpeXypoBHEBLIM Npeobpa3oBaTesieM YacToTbl C (DMKCMPOBAHHOW CpeHen TOYKOW

DyHKUMOHaNbHas cxema cucrtembl BekTopHoro 3Y MY ¢ ®CT pasgensietcs Ha CY ABH n CY AUH (pucyHok 2.11). CY ABH obnapaeT ABYXKOHTYPHOW CTPYyKTYypoW, coa
BHYTPEHHIOI [ABYXKaHaNIlbHYI CUMCTEMY PeryiuMpoBaHUS CETEBbIX TOKOB W BHELLHIOW OAHOKaHaNbHYH CUCTEMY perynvpoBaHUs Hanpsd>keHUs 3BeHa MOCTOSIHHOMO Toka.
ynpaB/ieHUsi peann3oBaHa B CMHXPOHHOM OPTOroHanbHOW cucTeMe KoopauHaT dg, OPMEHTUPOBAHHOW MO BEKTOPY HampsbkeHus cetu. CY AUH Takke obnagaer ABYXK
CTPYKTYpPOW, coaepXallei BHYTPEHHIOK ABYXKaHasIbHYK CUCTEMY PerynpoBaHus TOKOB M BHELLUHIOK CUCTEMY PEry/iMpoBaHus Harpysku [76-78].

PucyHok 2.11 - BekTopHas cucrema ynpaeneHus 3Y MY c ®CT Ha 6a3e ABH n AVH

Bbi6op CTPYKTYpbl U HacTpoiika napaMeTpoB perynstopos atoboi CY 3Y MY ¢ OCT ocyLyecTBNSeTCS B COOTBETCTBUMN C MPUATHBIMU KPUTEPUSIMU KavecTBa perynnposaHus. B
JIMHEHOro ynpaeneHns BblI6Op CTPYKTYypbl perynstopa orpaHuyeH u csoautcs K M, M wnm MU BapraHTaMm. Npouecc HacTporKu perynsTopos, Kak npaBusio, OCyLLecT
MOSHbIM NpeAcTaBNeHMeM 0 NapaMeTpax obbekTa yrnpasneHus.

M3 Teopuu ynpaBneHWUs W3BECTHbl «CTaHAAPTHbIE» HACTPOMKM NapaMeTpoB PerynsiTtopoB, OTHOCUTENbHO TakUX KpuTepues, Kak OGbliCTpoaeiicTBne w nepeperyni
perynmpyemon koopauHaTtbl. OfHOM M3 LIMPOKO WUCMOSb3YeMbIX «CTaHAapPTHbIX» HaCTPOeK KOHTypa Toka B 3aMKHYTbiX CY CMNOBOW 3/71eKTPOHUKWU W 3/1eKTponpusoaa
HacTpolika Ha «MOoAy/ibHbI ONTUMYM», KOTOpasi CHUTAETCs ONTUManbHON AN GONbWWHCTBA 06LEKTOB YNpaBieHNs C TOUKW 3peHns GblCTPOAENCTBUA U NepeperynMpose
[79].

Mpy NocTpoeHUn 3aMKHYTOro KOHTypa perynupoBaHusi Toka 3Y MY ¢ ®CT 6bino caenaHo AonylleHue, Y4To nepeaaTodHbie yHKUnn ABH 1 AUH onuceiBatoTca anepwo,
3BEHOM MepBOoro nopsaka:

(2.18)

rae kM - koadbdruneHT nepegauun,

;(2.19)

T - 3KBUBANEHTHas HEKOMMEHCMpPyeMas NOCTOSHHAA BPEMEHH,
; (2.20)

TO - NOCTOsiHHas BpPEMEHW YUCTOro 3anas/ablBaHus,

;(2.21)

Tmod - nocTosiHHast BpeMeHW anropuTMa MoaynsLuii, kotopas paccumTbiBaetcst ans MNBLUUM kak
,(2.22)

a ans WWM c YBI" no BblpaxeHuio

,(2.23)

fa - yacToTta BbIXOAHOrO HanpshxeHus npeobpasosaTens npu LM c YBI.

Hacrpoiika koHTypoB Toka 3Y MY ¢ OCT Ha «MoAyfbHbIN ONTUMYM» C YYETOM KOMMeEeHcauuu AelCTBUSA NepeKkpECTHbIX CBS3el W COCTaBnsoLLEelN Hanpsh)KeHnsa TpaHcgopr
ocn d No3BoNsieT NoNyUnTb NepeaaTouHyo yHKLMIO perynstopa Toka B Buie
,(2.24)
rae — kKoadPUUMEHT yCueHUs NPonopLMOHanbHON YacTu perynstopa; — Koa@dUUMEHT yCUNEHUS MHTErpanbHOW YacTu perynstopa.

CTpyKTypHasi cxemMa ABYXMEPHOro KoHTypa Toka ABH B cucrteme koopavHaT dq (pucyHok 2.12) 6yaeT aHanornyHon KOHTpy Toka AWH, noaToMy nocneaHuin He 6yaet
paccMOTpeH.

PucyHok 2.12 — 3aMKHYTbIW KOHTYp peryivpoBaHus Toka
MNepenaToyHble MYHKLUM 3BEHLEB, OCYLLECTBASIOWMX KOMMEHCALMI0 NEPEKPECTHBLIX CBA3EN U COCTaBNAIOWEN HanpsxeHns TpaHcdopMaTopa no ocn d MetoT creayroLwmii
. (2.25)

Takum o6pa3oM, nepefaToyHble YHKLWM 3aMKHYTbIX KOHTYPOB TOKa Mo 0csaM d U g NPUHUMAIOT CleayoLwmnin Bua:

. (2.26)

MNpy «CTaHAapPTHOW» HACTPOMKM KOHTypa perynvpoBaHWUsi HanpsHKeHUI BOCMOMb3yeMCs HacTPOMKOM Ha «CMMMETPUYHBIN ONTUMYM», KOTOpasi Mo3BONIUT obecneunTb
TpeboBaHue k CY ABH B coctase 3Y MY ¢ OCT - noasepxxaHus HanpsxeHWs B 3BeHe NMOCTOSHHOro Toka Ha HOMUHaNbHOM ypoBHE. B TOM uncne craTuyeckyto MHBapuaH:
BO3MYyLLAIOLLEMY BO3AENCTBMIO — N3MeHeHMI0 Toka ABH, Npy COOTBETCTBYIOWMX AAHHOW HACTPOMKe CTaTUYECKMX U AMHAMUYECKMX NMoKasaTenein perynmposaHus scein CY [8
CTpyKTypHas cxema KOHTypa HanpsbkeHus ABH (pucyHok 2.13) c y4yeToM MPpUHSATLIX AOMNYLWEHUH SBNSeTC NMHEeNHON. Mpu HacTpoike Ha «CUMMMETPUYHbIA ONTUMYM>»
i3q=0 nonyyaem nepeaaToyHyto dpyHKUMIo NN perynstopa HanpsXXeHUsa B CleayoLem Buae:
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,(2.27)

rae — ko3 PUUMEHT yCuIeHNs NPonopLMOHabHON YacTu perynstopa; — Koa@dUUMEHT yCUNEHUS MHTErpanbHOW YacTu perynstopa.

MepepaToyHas PYHKUMS 3aMKHYTOrO KOHTYpa HanpsXKeHUsi 3BeHa MOCTOSIHHOMO TOKa MpW HacTPOVKe Ha «CUMMETPUYHbBIV ONTUMYM» MMeeT BUA:

. (2.28)

PucyHok 2.13 — 3aMKHYTbI# KOHTYp perynvpoBaHus

Hanps)XeHUs 3BeHa NOCTOSIHHOMO ToKa

CTpyKkTypHas cxema 3amkHyToln CY 3Y MY c ®CT Ha 6a3e ABH u AUH npeactaBneHa Ha pucyHke 2.14, rae npuHsTbl cnegytowmne o6o3HaveHuns: udgsr n udgav — curHanbl 3
HanpsbkeHuii ABH u AUH B cuc@@eme koopavHat [dgq0], udgr n udgqv - curHanbl BbIXOAHbIX HanpsbkeHun ABH u AUH B cucteme koopavHat [dq0]; udgT v udgl -
HanpshkeHWli BTOpUYHON 0B6MOTKM TpaHcdopMaTopa M Harpysku B cucreme koopauHat [dq0]; idgsr u idgav - curHanbl 3apatowmx TokoB ABH 1 AUH B cucteme koopavk
udc3 - curHanbl 3a4aKLiero HanpsXeHns 3seHa NOCTOAHHOMO TOKa.

PucyHok 2.14 - CtpykTypHas cxema 3amkHyTol CY 3Y MY ¢ ®CT Ha 6a3e ABH n AUH

BbiBoab!

Ha ocHOBe ANCKPETHbIX Normyecknx yHKLUMIA, ONUCHIBAOLWMX COCTOSIHUS NONYNPOBOAHMKOBBLIX NpUBopoB, paspaboTaHa normko-MatemaTuyeckas Mogenb 3Y MY ¢ OCT Ha
v AVIH oTnnyaloLascst oT U3BECTHbIX YYETOM COBMeCTHOW paboTbl ABH n AUH npu pasnnuHbix anroputMax Moaynsuuu. PaspabotaHHasi norvko-mMateMatmyeckasi Moaesb ©
B MOSHOM of6beMe MpOBOAUTL WCCNEAOBaHWUS CTaTUYECKUX M AMHaMUYeckux Xapaktepuctuk 3Y MY ¢ OCT B coctase 3 BM u nokasaTteneit kayectBa npeob
31EKTPO3HEPrUuu.

MpeanoxeHo MaTemaTuuyeckoe onucaHune 3Y MY c OCT kak ob6bekTa yrnpaBreHWs, Ha OCHOBaHWM Yero MojyvyeHa CTPYKTypHasi cxeMma, KoTopasi NMpu O60CHOBaHHO
[ONyLWEeHMsaX NogobHa N3BECTHbIM CTPYKTYPHbIM CXeMaM ABYXYPOBHEBOIO MOCTOBOIo NpeobpasoBaTens 4acToThl.

PaspabotaHa cTpykTypHas cxema cuctembl ynpaeneHus 3Y MY ¢ OCT. PekoMeHJoBaHa HacTpoVika KOHTYpOB peryinMpoBaHUs U nepeaaToyHble yHKLMW perynstopc
HanpsxeHus, obecneunsatolme 3aaaHHOE KauecTBO PErysIMpoBaHnNsa B CTaTUUECKUX U AMHAMUYECKUX peXxunmax.

PA3PABOTKA MMBEPUAHOIO AITTOPUTMA MOAYNALMN TPEXYPOBHEBOMO MPEOBPA30OBATENS YACTOTbI C ®UKCUPOBAHHOW CPEAHEN TOYKOW

TpeTbsi rnaBa AMccepTaLMoOHHON paboTbl NocesieHa paspaboTke rMbpuaHoro anroputMa moaynsumm ans 3Y MY ¢ ®CT, KOTOpbI NO3BOUT OCYLLECTBUTb NepeKsoyeH]
anropMTMamy MpoCTPaHCTBEHHO-BEKTOPHON LUMPOTHO-UMNYbCHON Moaynsuuu ( NBLUMM) v WIKMPOTHO-UMMYNbCHOW MOAYNSLUMW C YyAaneHWeM BblAENeHHbIX FapMOHUk
YBI) B 3aBACMMOCTM OT pexuma pabotbl 3M BM. OcHOBHbIM TpeGoBaHMEM, MpenbsBASEMbIM K AAHHOMY anrOpuTMy, SIBASETCS MWHMMM3aLMs 4Yucia KoMMyTauwuy
npeobpaszoBaTtens npu cMeHe anroputmos MBLUUM un LM c YBI.

[na noctpoeHus rubpuaHoro anroputMa MoaynsumMu 6biv OTAENbHO paccMOTpeHbl anroputMbl MBLUUM un LWUWM c YBI. Mpu onucaHum MBLUUM 6bina BbibpaHa peanus.
ncnonb3oBaHuu 6a3oBoli nocnefoBaTeNlbHOCTU 6a30BbIX MPOCTPAHCTBEHHbLIX BEKTOPOB A1 KaXAoro pernoHa u cektopa. Mpu onucanun LWM c YBI 6bin BbiGpaH
peannsauMm Ha OCHOBE 4YETBEPTbBOJIHOBOM CMMMETpUM, obecneunBaloWwnii noaAep)aHUe YpPOBHSI MepBOV FapMOHUKW BbIXOAHOrO (PasHOro HampsixkeHus rnpeobpasos
YPOBHe, 3aAaBaeMoM KO3hdULNEHTOM MOAYNALUM.

OnucaHne MeToza NPOCTPaHCTBEHHO-BEKTOPHON LLIMPOTHO-UMMY/IbCHON MOAYNSLMMN

PaboTa kaxaoi dasosoit croiikmn 3Y MY ¢ ®CT MoxeT 6biTb NpeacTaBneHa TPeMsi KOMMyTaLMOHHbIMU cocTostHuaMn [P], [O] n [N], ¢ NOMOLLbIO KOTOPbIX MOXHO Nos
KOMBUHaLW, NpeacTaBneHHbiX B Tabnnue 3.1 [81-85].

MpuHuMn hopMMpoBaHMS BbIXOAHOro asHOro Hanps>keHWs, pacnpefeseHHOro No rapMoOHM4YeckoMy 3akoHy, npu Mmetoge MBLUMM (cM. pucyHOK. 2.2) OCHOBbIBaeTCs H
0606LeHHOro NpocTpaHcTBeHHOro BekTopa [86-90]. Ecim paccMoTpeTb NockocTb, B KOTOpoW 6yaeT BpawaTbcst 0606w eHHbIN BEKTOP, KaK MJIOCKOCTb KOMMJIEKCHOrO nep
+1j,  HanpaBUTb OCb BeLLECTBEHHbIX YNCeN NO dase a, TO MNOoYyYNM BbipaxeHne

. (3.1)

Tabnuua 3.1 - KoM6uHauum coctosiHmin ans Tpex da3 3Y MoctoBoi cxembl ¢ ®CT

Ne

Mneyve dasbl a

Mneyve dasbl b

Mneye dasbl ¢

KombuHaumsa

1

[O]

[O]

[O]

[000]

2

[P]

[O]

[O]

[POO]

3

[O]

[N]

[N]

[ONN]

4

[P]

[P]

[O]

[PPO]

5

[O]

[O]

[N]

[OON]

6

[O]

[P]

[O]

[OPO]

7

[N]

[O]

[N]

[NON]

8

[O]

[P]

[P]

[OPP]

9

[N]

[O]

[O]
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[NOO]
10
[0]
[0]
[P]
[0OP]
11
[N]
[N]
[0]
[NNO]
12
[P]
[0]
[P]
[POP]
13
[0]
[N]
[0]
[ONO]
14
P
P)
P
[PPP]
15
[P]
[0]
[N]
[PON]
16
[0]
[P]
[N]
[OPN]
17
[N]
[P]
[0]
[NPO]
18
[N]
[0]
[P]
[NOP]
19
[0]
[N]
[P]
[ONP]
20
[P]
[N]
[0]
[PNO]
21
[N]
[N]
[N]
[NNN]
22
[P]
[N]
[N]
[PNN]
23
[P]
[P]
[N]
[PPN]
24
[N]
[P]
[N]
[NPN]
25
[N]
[P]
[P]
[NPP]
26
[N]
[N]
[P]
[NNP]
27
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[P]

[N]

[P]

[PNP]

Wcnonb3ys ypaBHeHue (3.1) ans Bcex 27 cocTosiHMiA B Tabnuue 3.1, MOXHO nonyunTb 19 6a30BbiX NPOCTPAHCTBEHHbIX BEKTOPOB BbIXOAHOrO (pasHoro HanpskeHus 3Y |
(Tabnuua 3.2), koTopble MOryT 6bITb MpeACTaB/ieHbl B BUAE ABYXMEPHOI AvarpamMMbl, MokasaHHON Ha pucyHke 3.1 [90-93].

PucyHok 3.1 - [lnarpamMma 6a30BbIX NPOCTPaHCTBEHHbIX BEKTOPOB BbIXOAHOrO a3Horo HanpskeHusa 3Y N4 c ®CT

B kauyecTBe npviMepa, pacCMOTPUM pacyeT A/MHbI NPOCTPAaHCTBEHHOrO BEKTOpa ANt KOMBUHauui PPP:

Tabnuua 3.2 - ba3oBble NPOCTPaHCTBEHHbIE BEKTOPa

BekTop

KombuHaumm

Kateropus

AnnHa

[uo]

[PPP], [NNN], [0OO0]

Hynesble

0

[u1]

[POO], [ONN]

Manbie

[u4]

[PPO], [OON]

[u7]

[OPQ], [NON]

[U10]

[OPP], [NOO]

[U13]

[OOP], [NNO]

[U16]

[POP], [ONO]

[u3]

[PON]

CpegHue

[ue]

[OPN]

[u9]

[NPO]

[U12]

[NOP]

[U15]

[ONP]

[U18]

[PNO]

[u2]

[PNN]

Bonbuine

[U5]

[PPN]

[u8]

[NPN]

[U11]

[NPP]

[U14]

[NNP]

[U17]

[PNP]

[varpaMMa npocTpaHCTBEHHOrO BEKTOPa BbIXOAHOrO HanpsbkeHust 3Y MocToBoi cxembl ¢ OCT, cM. pUCyHOK 3.1, npeacTaBAsieT co6oli CUMMETPUYHBIN LLIECTUTPaHHWK,
pasfeneH Ha WeCTb CEeKTOPOB, CABMHYTbIX APYr OTHOCMTEbHO Apyra Ha 60°. Kax/ablii CeKTOp COAEPXMT YeTbipe pernoHa, KoTopble 06pa3oBaHbl BepLIMHAMM MPOCTPaH!
BEKTOpOB. Ha 0CHOBaHWK yrna 8 onpeaensieTcs HaxoXAeHWe NPOCTPaHCTBEHHOrO BEKTOPa B KaXX/AOM CEKTOPE MO CNeAyoWnM YCIoBUSM:

0° <0 < 60° - Cektop 1; 60° < 8 < 120° - CekTOp 2; 120° < 6 < 180° - CekToOp 3;

180° < B < 240° - CekTop 4; 240° < 6 < 300° - CekTOp 5; 300° < 6 < 360° — CekTOp 6.

Mpu Mmetope MBLUMM dopmuposaHme npocTpaHcTBeHHOro BekTopa Ana 3Y MY ¢ ®CT ocHOBaHO Ha MpUHLMNE «BOMbT-CeKyHAHOro 6anaHca» [93-96]. 3710 o3Ha
npovsBeAeHne 3aAaHHOro NPOCTPaHCTBEHHOMO BEKTOPa Ha Mepuos KBaHToBaHWUSA TS paBHO CyMMe Npou3BefeHUit Bbi6paHHbIX 6a30BbIX MPOCTPaHCTBEHHbLIX BEKTOPOB Ha :
BpeMeHHble HTepBasbl:

,(3.2)

rae , , — BepWmnHbl 6a30BbIX MPOCTPAaHCTBEHHbIX BEKTOPOB B KaX/AOM pernoHe.

OcHoBbIBasACb Ha (3.2) BO3MOXHa pa3nvyHas peanvusauus anroputmos MNBLUNM.

PaccMoTpuM npuMep, Korja HaxoaUTCS B NEPBOM PervoHe U NepBOM CEKTOPe, Kak MokKa3aHo Ha pUcyHke 3.2. B 3ToM cnydae BkitoyaoTcs 6nmxaiine 6a3osble NpocTpaH:
BEKTOpa , M C 3alaHHbIMK AnntenbHocTaMn T1, T2 n T3.

PucyHok 3.2 - dopMmpoBaHue NpocTpaHCTBEHHOrO BEKTOpa

[nvHa 1 yron noBopoTa NpocTpaHCTBEHHOMO BEKTOPa PerynmpyoTcs NoCpeAcTBOM U3MEHEHUS AnnTenbHocTein T1, T2 u T3 cneaytownm o6pasom:
- perynmposaHue 4/IMHbI NPOCTPaHCTBEHHOrO BEKTOpa;

— perynmpoBaHue yria noBopoTa NpocTpaHCTBEHHOMO BEKTOpa.

Ansa vnnocrtpaunn (CM. pUCYHOK 3.2) Ha OCHOBE YpaBHEHUS «BOJIbT-CEKYHAHOro» 6anaHca (3.2) MOXHO MoAy4YnTb CMCTEMY

. (3.3)

PelweHune cucrtemsbl (3.3) BbINONHAETCS Cneayowmm o6pasom.

1. BblbupatoTcs AIMHbI NPOCTPaHCTBEHHbIX 6a30BblX BEKTOPOB M3 Tabnuubl 3.2:

2. PazgenstoTcs peasbHas U MHMMas YacTu:

3. Boluncnsietca cucrema (3.3) oTHocuTenbHo T1, T2 n T3:

. (3.4)

AHaNOrMYHbLIM CNOCOGOM PacCUUTBLIBAIOTCS AIMTENBHOCTU BKIYEHUS 6a30BbiX MPOCTPAHCTBEHHbIX BekTopoB T1, T2 v T3 Ans BTOpPOro, TPETbEro U YeTBEPTOro perun
KaX/oro u3 LeCTU CeKTOpPOB OHW ByAyT OAMHAKOBLIMW, €C/iM NOBOpPaYMBaTb OCU CMCTEMbl KOOPAMHAT +1j B HanpasBneHUW BpalleHWs MPOCTPaHCTBEHHOrO BeKTopa Ana
cekTopa Ha 60°. KoadduumneHT moaynaumuu npu MNBLUNM 6yaet paBeH:

. (3.5)

Homepa pernoHa, B KOTOPOM HaxoAUTCS MPOCTPAHCTBEHHbIV BEKTOP onpeaensieTcsi No BblpaxeHusm [96-98]
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n,(3.6)
ecm (d1+d2) < 0,5 - PervoH 1; ecm d1 > 0,5 - PervoH 2; ecm d2 > 0,5 - PervoH 4;
nHade — PerunoH 3.
Tabnuua 3.3 - JnMTeNnbHOCTM BKOYeHMs 6a30BbiX BEKTOPOB
Pervnon
CekTopa 1-6
1

2

3

4
Cneayowmnm 3tanom peanusauumu anroputMa MBLUNM senseTtca dopmmupoBaHue Tabnuy C BbiGpaHHbIMM KOMOMHaAUMSAMU, ANUTENbHOCTAMU BKJIIOYEHUS WM MocneaosBaTen
6a30BbIX NPOCTPAHCTBEHHbIX BEKTOPOB ANsi KAXA0ro pernoHa u cektopa (MpuMep Ha pucyHke 3.3-pucyHke 3.6). B paMkax AaHHOM anccepTaumMoHHOoN paboTsl 6bina ncnc
6aszoBas nocnegoBaTenbHOCTh (Tabnuua 3.4-Tabnuua 3.7) [98-101].
Tabnuua 3.4 - basoBasi nociefoBaTeNbHOCTb A/t pernoHa 1
CekTop 1
[uo]
[u1]
[u2]
[uo]
[u1]
[u2]
[uo]
[u2]
[u1]
[uo]
[u2]
[u1]
[uo]
NNN
ONN
OON
000
POO
PPO

PPP

PPO
POO
000
OON
ONN
NNN
T1/8
T2/4
T3/4
T1/4
T2/4
T3/4
T4/8
T3/4
T2/4
T1/4
T3/4
T2/4
T1/8
CekTop 2
[uo]
[u3]
[u2]
[uo]
[u3]
[u2]
[uo]
[u2]
[U3]
[uo]
[u2]
[u3]
[uo]
NNN
NON
OON
000
OPO
PPO

PPP

PPO
OPO
000
OON
NON
NNN
T1/8
T3/4
T2/4
T1/4
T3/4
T2/4
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T4/8
T2/4
T3/4
T1/4
T2/4
T3/4
T1/8
CekTop 3
[uo]
[u3]
[u4]
[uo]
[u3]
[u4]
[uo]
[u4]
[u3]
[uo]
[u4]
[u3]
[uo]
NNN
NON
NOO
000
OPO
OPP
PPP
OPP
OPO
000
NOO
NON
NNN
T1/8
T2/4
T3/4
T1/4
T2/4
T3/4
T4/8
T3/4
T2/4
T1/4
T3/4
T2/4
T1/8
CekTop 4
[uo]
[U5]
[u4]
[uo]
[U5]
[u4]
[uo]
[u4]
[U5]
[uo]
[u4]
[U5]
[uo]
NNN
NNO
NOO
000
ooP
OPP
PPP
OPP
ooP
000
NOO
NNO
NNN
T1/8
T3/4
T2/4
T1/4
T3/4
T2/4
T4/8
T2/4
T3/4
T1/4
T2/4
T3/4
T1/8
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CekTtop 5
[uo]
[U5]
[ue]
[uo]
[U5]
[ue]
[uo]
[ue]
[U5]
[uo]
[ue]
[U5]
[uo]
NNN
NNO
ONO
000
OOoP
POP
PPP
POP
OOoP
000
ONO
NNO
NNN
T1/8
T2/4
T3/4
T1/4
T2/4
T3/4
T4/8
T3/4
T2/4
T1/4
T3/4
T2/4
T1/8
CekTtop 6
[uo]
[u1]
[ue]
[uo]
[u1]
[ue]
[uo]
[ue]
[u1]
[uo]
[ue]
[u1]
[uo]
NNN
ONN
ONO
000
POO
POP
PPP
POP
POO
000
ONO
ONN
NNN
T1/8
T3/4
T2/4
T1/4
T3/4
T2/4
T4/8
T2/4
T3/4
T1/4
T2/4
T3/4
T1/8
PucyHok 3.3 - lMpuMep ans nepeoro cektopa B pervoHe 1
Tabnuua 3.5 - ba3osasi nocnefoBaTeNbHOCTL Ana PernoHa 2
CekTop 1
[u1]
[U13]
[U7]
[u1]
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[u7]
[U13]
[u1]
ONN
PNN
PON
POO
PON
PNN
ONN
T1/4
T2/2
T3/2
T1/2
T3/2
T2/2
T1/4
CexTop 2
[u2]
[us]
[U14]
[u2]
[U14]
[us]
[u2]
OON
OPN
PPN
PPO
PPN
OPN
OON
T1/4
T3/2
T2/2
T1/2
T2/2
T3/2
T1/4
CekTop 3
[u3]
[U15]
[u9]
[u2]
[u9]
[U15]
[u3]
NON
NPN
NPO
OPO
NPO
NPN
NON
T1/4
T2/2
T3/2
T1/2
T3/2
T2/2
T1/4
CekTop 4
[u4]
[U10]
[U16]
[u4]
[U16]
[U10]
[u4]
NOO
NOP
NPP
OPP
NPP
NOP
NOO
T1/4
T3/2
T2/2
T1/2
T2/2
T3/2
T1/4
CekTtop 5
[U5]
[U17]
[U11]
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[U5]
[U11]
[U17]
[U5]
NNO
NNP
ONP
ooP
ONP
NNP
NNO
T1/4
T2/2
T3/2
T1/2
T3/2
T2/2
T1/4
CekTtop 6
[ue]
[U12]
[U18]
[ue]
[U18]
[U12]
[ue]
ONO
PNO
PNP
POP
PNP
PNO
ONO
T1/4
T3/2
T2/2
T1/2
T2/2
T3/2
T1/4
PucyHok 3.4 - MpuMep Ans NepBoro cektopa B pernoHe 2
Tabnuua 3.6 - ba3osasi nocnefoBaTeNbHOCTL Ana PermoHa 3
CekTop 1
[u1]
[u2]
[u7]
[u1]
[u2]
[u1]
[U7]
[u2]
[u1]
ONN
OON
PON
POO
PPO
POO
PON
OON
ONN
T3/4
T2/4
T1/2
T3/4
T2/2
T3/4
T1/2
T2/4
T3/4
CekTop 2
[U3]
[u2]
[us]
[u3]
[u2]
[U3]
[us]
[u2]
[U3]
NON
OON
OPN
OPO
PPO
OPO
OPN
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OON
NON
T2/4
T3/4
T1/2
T2/4
T3/2
T2/4
T1/2
T3/4
T2/4
CekTop 3
[u3]
[u4]
[u9]
[u3]
[u4]
[u3]
[u9]
[u4]
[u3]
NON
NOO
NPO
OPO
OPP
OPO
NPO
NOO
NON
T3/4
T2/4
T1/2
T3/4
T2/2
T3/4
T1/2
T2/4
T3/4
CekTop 4
[U5]
[u4]
[U10]
[U5]
[u4]
[U5]
[U10]
[u4]
[U5]
NNO
NOO
NOP
0ooP
OPP
0ooP
NOP
NOO
NNO
T2/4
T3/4
T1/2
T2/4
T3/2
T2/4
T1/2
T3/4
T2/4
CekTop 5
[U5]
[ue]
[U11]
[U5]
[ue]
[U5]
[U11]
[ue]
[U5]
NNO
ONO
ONP
ooP
POP
ooP
ONP
ONO
NNO
T3/4
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T2/4
T1/2
T3/4
T2/2
T3/4
T1/2
T2/4
T3/4
CekTtop 6
[u1]
[ue]
[U12]
[u1]
[ue]
[u1]
[U12]
[ue]
[u1]
ONN
ONO
PNO
POO
POP
POO
PNO
ONO
ONN
T2/4
T3/4
T1/2
T2/4
T3/2
T2/4
T1/2
T3/4
T2/4
PucyHok 3.5 - MpumMep ans nepBoro cektopa B pernoHe 3
Tabnuua 3.7 - basoBas nocneaoBaTeslbHOCTb 418 PervoHa 4
CekTop 1
[u2]
[u7]
[U14]
[u2]
[U14]
[u7]
[u2]
OON
PON
PPN
PPO
PPN
PON
OON
T1/4
T2/2
T3/2
T1/2
T3/2
T2/2
T1/4
CekTop 2
[u3]
[U15]
[us]
[u3]
[us]
[U15]
[u3]
NON
NPN
OPN
OPO
OPN
NPN
NON
T1/4
T3/2
T2/2
T1/2
T2/2
T3/2
T1/4
CekTop 3
[u4]
[u9]
[U16]
[u4]
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[U16]
[u9]
[u4]
NOO
NPO
NPP
OPP
NPP
NPO
NOO
T1/4
T2/2
T3/2
T1/2
T3/2
T2/2
T1/4
CekTop 4
[U5]
[U17]
[U10]
[U5]
[U10]
[U17]
[U5]
NNO
NNP
NOP
OOoP
NOP
NNP
NNO
T1/4
T3/2
T2/2
T1/2
T2/2
T3/2
T1/4
CekTop 5
[ue]
[U11]
[U18]
[ue]
[U18]
[U11]
[ue]
ONO
ONP
PNP
POP
PNP
ONP
ONO
T1/4
T2/2
T3/2
T1/2
T3/2
T2/2
T1/4
CekTop 6
[u1]
[U13]
[U12]
[u1]
[U12]
[U13]
[u1]
ONN
PNN
PNO
POO
PNO
PNN
ONN
T1/4
T3/2
T2/2
T1/2
T2/2
T3/2
T1/4
PucyHok 3.6 - lMpuMep ans nepsoro cektopa B pernoHe 4
BasoBasi nocnegoBaTenbHOCTb 06n1adaeT CieayoWmnMN OTAMYMTENbHBIMKU ocobeHHocTsMM [76, 102]:
1. Mepexoa Kk KaxA0My HOBOMY WHTepBany AnUTENbHOCTU TpebyeT He Gonee oAHOM KOMMYTaLMK B CUIIOBOI cxeMe npeobpasoBaTtensi;
2. CuMMeTpu1s avarpaMMbl NOCNEA0BaTENBHOCTU NEPEKTOYeHUI He TpebyeT AOMONHUTENbHON KOMMyTaLMKW KOYEN Ha rpaHuLax nonyrnepuoaos;
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3. MNepeMelleHne NPOCTPaHCTBEHHOMO BEKTOPa MeX/y CEKTOpPaMM B NEPBOM PErMOHE OCYLLECTBASETCS 6e3 A0MONHUTENbHbIX NepeKItoYeHNii;

4. MNepeMelleHNe NPOCTPAHCTBEHHOIO BEKTOPa MeXJy BTOPbIM, TPETbUM U YETBEPTLIM pernoHaMm CornpoBOXAAETCA OAHUM AOMNOMHUTENbHBIM NepekItoYeHNeM.

Ha ocHOBaHWM AaHHbIX YeTbIpeX MYHKTOB MOXHO OMpeaesMTb MakCMMasbHYI0 YacToTy KBaHTOBaHMS 6a30BbiX MPOCTPAHCTBEHHbIX BEKTOPOB Mpu 6a30B0oi nocneaosaTenbHC
. (3.7)

MakcuMasibHOe KOIMYECTBO NEPUOAOB KBAHTOBAHWS 3a Nepuoj BbIXOAHOrO HanpsixeHus 3Y MY ¢ OCT MoXeT 6bITb OnpeaeneHo Kak:

,(3.8)

B kauvectBe anbTepHaTVBbl 6a30BOV MNOC/EAOBaTENIbLHOCTM MOXET WMETb MeCTO MOCNefoBaTeNbHOCTb C YAANEHUWEM YeTHbIX FapMOHUK. YeTHble rapMOHWKKU 6Gonel
HOPMUPYIOTCS1 pa3fnMyHbIMM CTaHgaptamm SMC 4yeM HeuyeTHble rapMOHMKW, TaK KakK MOryT OKasaTb CylleCTBEHHOe HeraTMBHOe BNMsiHWE Ha paboTy pAsuratens.
nocneAoBaTeNbHOCTb C YAaNeHWEM YETHbIX rapMOHUK 6yeT UMeTb B ABa pa3a 6osiblue Nepek/iloYeHnii B MePBOM U TPETbEM PernmoHe, YTo B 60MbWNHCTBE CllyYaeB HEAOMY(
BbICOKOMOLWHbIX 3Y MY ¢ ®CT, rae MakcMManbHas 4actoTa KOMMyTaLuu NonynpoBOAHUKOBbLIX MoAyfiei cocTasnsieT He 6onee 500 My [103].

AnropuTtm MBLUWM npu 6a3oBoii nocneaoBaTenlbHOCTU 6a30BbIX MPOCTPAHCTBEHHbIX BEKTOPOB peannM3oBaH B NporpamMHoi cpefe Matlab/Simulink. PesynbTatel Mogenvpo
OCHOBE NorMko-MaTemMaTnyeckoi moaenu 3Y MY ¢ ®CT nokasaHbl B YETBEPTOW rnaBe Npu CPaBHEHUUN C SKCNEPUMEHTaIbHBIMU UCCEA0BaAHUSAMA.

OnucaHne MeToza LWNPOTHO-UMMNY/IbCHON MOAYNSLMMN C yAANEHNEM BblAENIEHHbIX FapMOHUK

MeTog UMM c YBIN no3BonsieT yaansTe BbibpaHHbIE BbICLWIME FAPMOHUKN B KPUBOW BbIXOAHOIO HanpsiXXeHus npeobpasoBaTens. B 0OCHOBY AaHHOrO MeToAa MOJIOXKEHO, YTO ¢
dasHoe HanpsbkeHnsa 3Y MY c OCT 6yger obnagaTb YeTBEPTbLBOSHOBOW CMMMETpUEN OTHOCMTENbHO Hayana KoopAMHAT, KakK MoKasaHo Ha pucyHke 3.7, uau nony
cummeTpueit [104-109].

PucyHok 3.7 - Tunosoe BbixogHoe HanpsbkeHue 3Y MY ¢ ®CT npu meToae

LLIMM c YBI c 4eTBEpTbLBOIHOBOW CUMMETpUEN

B oblieM cnyyae, MakcManbHoe KONMYECTBO YAansieMblX FrapMOHWUK 3aBUCUT OT AOMYCTUMOW YacTOTbl NepeKIIoYeHMS MONyNPOBOAHUKOBLIX MOAYEN B ClieAytoLeM COOTHOL
,(3.9)

rae N — KOM4YecTBO NepeksIioUYeHNiA NoaynpoBOAHUKOBBLIX MOAy el 3a YeTBEPTb Nepuoaa BbIXOAHOMO (PasHOro HanpsHKEHUS, @ K — KOJIMYECTBO YAaneHHbIX rapMOHUK.
[JanbHeliwee paccMoTpeHre MeToaa LLUMM c YBI B 6onblueli cTeneHn HanpaBieHOo Ha peanu3aumio KOHKPETHOro anroputMa paboTtbl. B pamkax AaHHOW gucceprauum pe
K/laccMyeckuii BapuaHT peanusaummn anroputma LWWM c YBI (cMm. pucyHok 3.7), KOTOpbI MO3BONSIET COXPaHWTb YPOBEHb MEPBOW FApPMOHWKWU BbIXOAHOro asHoro Har
npeobpasoBaTens Ha ypoBHe, 3aaaBaeMoM KO3(MPMhULIMEHTOM MOAYNALMN KaK

. (3.10)

BbipaxeHue (3.10) CTaHOBUTCS BO3MOXHbIM, €CNW BbINOMHAETCA PaBEHCTBO

. (3.11)

PaznoxxeHune B psig dypbe PasHOro HanpsHKeHUs (CM. PUCYHOK 3.7) BbIFISANT creaytolmm obpasom:

,(3.12)

rae amnantyaa Um onpepenseTcs Ha OCHOBE BblpaXKeHUs

,(3.13)

rpe, (3.14)

B KOTOPOM ak — yron nepeksitoYeHns Npy yaaneHun K-oi rapMOHUKK.

BbipaxeHus (3.14) no3sonsieT onpefennTb CBA3b MeXAy YriamMu MNepekiodeHUss M CNeKTpoM BbIXoAHOro HanpsbkeHus 3Y MY ¢ OCT nocpeAacTBOM CUCTEMbl Hen

ypaBHeHW

. (3.15)

Mpu ycroBUM NOCTOSIHCTBA HaMpsXKeHUs B 3BEHE MOCTOSIHHOrO TokKa, BBeAeM B ypaBHeHMWe (3.14) koadduumneHT Moaynsumnm
,npume[0; 1],

nocne 4ero nosyyYnm

. (3.16)

HenuHelHaa cuctema (3.16) uMeeT HECKONbKO pelleHWUi, 3aBUCALLNX OT HauvanbHbIX NpUbAnXeHWin a. [ns OTbICKaHWS BCEX BO3MOXHbIX pelleHWi NpuMeHeH MeToa
HavanbHbIX NpUGAMXeHU. Cpean NosyYeHHbIX pe3ynbTaToB OnpeAeNieHbl NPaKTUYeckn peanusyeMble BapvaHTbl, yAoBAeTBopsitolwme ycnosuio [110-113]
0<al<a2<a3<<aN<n/2.(3.17)

HenuHelHasa cuctema (3.16) pelieHa C MOMOLLbK YNC/IEHHOrO anropuTMa HbtoToHa-PadcoHa, nokasaHHOro Ha pucyHke 3.8 [114].

PucyHok 3.8 - Bnok cxema yncneHHoro anroputMa HoetotoHa-PadcoHa

B 6nok-cxeme anroputMma (CM. pucyHoK 3.8) HayanbHoe npubnuxeHune 3agaetcs yrnom a0, a cocraensatowas dF/da 3agaeTtcs maTpuuei kobu B Buae

. (3.18)

MocpeacTBoM JaHHOMO anropuTMa pelleHbl HECKOIbKO CUCTEM HEMHENHbIX YPaBHEHW N HalAeHbl YIbl MepekItoUeHns AN YAANEHUS BblACNEHHbIX FapMOHUK.

Ans ynaneHua 5, 7, 11 n 13 rapMoHuK (pUcyHok 3.9):

PucyHok 3.9 - Yrnbl nepekntoveHuns ana yaaneums 5, 7, 11 n 13 rapmMoHunk
Ansa ypanenua 5, 7, 17 n 19 rapmoHuk (pucyHok 3.10):

PucyHok 3.10 Yrnbl nepeknoyeHns ana yaganeunsa 5, 7, 17 n 19 rapmoHunk
Ans yoanenua 5, 7,17, 19, 35 un 37 rapmMoHumk (pucyHok 3.11):

PucyHok 3.11 - ¥Yrnbl nepekntoyeHuns ans yganeuua 5, 7, 17, 19, 35 u 37 rapMoHukK
Ans ypaneuna 5,7, 11, 13, 17 n 19 rapMoHuk (pucyHok 3.12):

Ans yoanenua 5,7, 11,13,17,19, 23 n 25 rapMoHuk (pycyHok 3.13):

PucyHok 3.12 - ¥Yrnbl nepekntoveHnsa ans yoaneima 5,7, 11, 13,17 n 19
PucyHok 3.13 - Ana ypanenus 5, 7,11, 13,17, 19, 23 n 25 rapMoHuK
Ana ypanenwa 5,7,11,13,17,19, 23, 25, 29 1 31 rapMoHuk (pucyHok 3.14):

Ana ypanenwva 5,7,11,13,17,19, 23, 25, 29, 31, 35 n 37 rapMoHuK (pucyHok 3.15):

PucyHok 3.14 - ina ypanenwns 5,7, 11,13, 17, 19, 23, 25, 29 n 31 rapMOHuMK

PucyHok 3.15 - Ana ypanenwns 5, 7,11, 13,17, 19, 23, 25, 29, 31, 35 u 37 rapmMoHuK

Anroput™ LLUUM c YBI ¢ 4eTBEepTbBONHOBOW CMMMETpUEl U noaaepXXaHWeM YPOBHSI NEPBOW rapMOHMKU BbIXOAHOrO hasHOro HanpskeHusi npeobpasoBaTesisi Ha YPOBHE, 33,
KO3 PUUMEHTOM MOAYNsLMK, peanus3oBaH B MporpamMHov cpefe Matlab/Simulink. Pe3ynbTaTbl MogenvMpoBaHWsl Ha OCHOBE JlOrMKoO-mMaTemaTuyeckoi moaenu 3Y
noKasaHbl B YeTBEPTOMN rnaBe Npu CPaBHEHWI C SKCMEPUMEHTaIbHbIMU NCCNEA0BaHUAMU.

PaspaboTka rubpuaHoro anropuTMa MoaynsLmn

[ns ucnonb3osaHns npeuMyliectsa obonx mMetogos MBLUMM u UMM c YBI ana 3Y MY ¢ ®CT B cocrase 3l BM, 6bin paspabotaH rubpuaHblii anroputm LWNM, dyHkum
cxeMa KOTOoporo npeacraBneHa Ha pucyHke 3.16.

PucyHok 3.16 - ®yHKUMOHanbHasa cxema rubpuaHoro anroputma LM

MpuHumMn paboTbl cxeMbl OCHOBaH Ha psAe TpeboBaHMit:

MN3Mepsiemblli yron NoBopoTa NpoCTpaHCTBEHHOro BeKTopa 3aaatoliero dhasHoro Hanpskenus 3Y MY ¢ OCT siBnsieTca obwum ans AByx anroputmos LLNM;

AMMNNUTYAa, YacToTa U yros NpocTpaHCTBEHHOro BeKTopa NpeobpasoBaTtens 3aAatolero ¢pasHoro HanpsikeHns ocTaloTcsl HEU3MEHHbIMU MpU Nepexose C OAHOr0 afropuTMe
Apyroi;

CoxpaHsieTcst MPUHLMN MUHUMU3ALMKU YMCTIa KOMMYyTaLuKU knoveil npeobpasosaTensi Npyu cMeHe anroputMos LLUWM (nepexos BO3MOXEH SM60 6e3 U3MEHEeHUs KoMMyTa
COCTOsIHUI B Tpex (asax MHBepTopa, IM60 Npu KOMMyTaL MK TONbKO B OAHOW U3 Tpex ¢das);

Mepexon ot MBLUNM k LLUNM c YBI' nponcxoamuT Ha rpaHuuax nonynepnoaos moaynaumu MNBLUVM.

Tak kak B TpexdasHom 3Y MY ¢ OCT uncno nNepektoYeHNin KOMMYTaLMOHHbBIX COCTOSIHUI MOXeT 6biTb He Gonee Tpex, TO 3TO NO3BONSET KnaccuduLMpoBaTb BCe BC
MOMEHTbI U3MeHeHUs anropuTMoB LLUINM Ha YeTbipe OCHOBHbIE BapuaHTa:

BapuaHT 1. H1 0AHO M3 KOMMYTALMOHHbIX COCTOSIHUW HE N3MEHSAETCs .

[Ans aTOro BapuaHTa nepexoga ot LM c YBI k MBLUWM (pucyHok 3.17) B MOMEHT BPEMEHU MepektoyeHuns tnep HM ogHa u3 a3 He MEHSIET KOMMYTaLMOHHOI0 COCTOSIHU
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cnyyae npouiecc nepexopa 6yZeT ocyLecTB/eH MakcuManbHO 3P hekTUBHO. [JaHHbIV BapuaHT yYAOBNETBOPSET yKa3aHHbIM paHee TpeboBaHUsM.

PucyHok 3.17 - Mepexopa oT UMM c YBI k NBLUWUM npu BapuaHTte 1

BapuaHT 2. U3MeHsleTcs 04HO KOMMYTaLMOHHOE COCTOsIHUE.

[na BTOoporo BapuaHTa nepexoga ot LLUMM c YBI k MBLUMAM (pucyHok 3.18) B MOMEHT nepektoyeHns tnep Tonbko ogHa das3a MeHseT KOMMYTaLMOHHOe CcoCcTosiHue. B 3¢
npolecc nepexoaa Tak e 6yAeT ocyLeCcTB/eH MakcuManbHO 3P hekTUBHO. [laHHbI BapuaHT TakXXe yA0oBfEeTBOPSET yKa3aHHbIM paHee Tpe6oBaHMUsM.

PucyHok 3.18 - Mepexoa ot LUMM ¢ YBI" k MBLUUM npu BapuaHTe 2

BapuaHT 3. U3MeHsieTca ABa KOMMYTaLMOHHbIX COCTOSIHUS.

[nsa TpeTbero BapnaHTa nepexoga ot LLUMM c YBI k MBLUMM (pucyHok 3.19) B MOMEHT nepektodeHns tnep Ase dasbl MEHSIOT KOMMyTaLMOHHbIE COCTOSIHUA. B 3ToM cnyyac
nepexopa He 6yaeT yAOBNETBOPSATbL TPE6OBAHNIO MaKCMManbHON MUHMMU3aLMM NEPEKTIIOYEHNI KtoYe.

PucyHok 3.19 - Mepexoa oT UMM c YBI k NBLUWM npu BapuaHTte 3

[ns yMeHbLUEHUS YnCna NEPEKIOYEHNIA COCTOSIHWIA 10 OAHOro, CriefyeT CABUHYTb MOMEHT MepeksiloyeHus tnep Ha Hayano crefyilowero nosynepuoaa KBaHTOBaHUSA
3.20). MNocne 3TOro, TPeTUl BapuaHT C ABYMSI MEPEKIOYEHUSIMA KOMMYTAUMOHHbIX COCTOSIHUW CTaHOBUTCS BTOPbIM BApUaHTOM C OAHWMM MEpPEKNIOYEHUEM, YAOBNETB
yKasaHHbIM paHee TpeGoBaHUsM.

PucyHok 3.20 - OnTuManbHbIn nepexog ot LWNM c YBI k MBLUXM npu BapuaHTe 3

BapuaHT 4. U3MeHSI0TCA TP KOMMYTaUMOHHbIX COCTOSIHUS.

[nsa yeTBepTOro BapmMaHTa nepexoga ot UMM c YBI k MBLUMM (pucyHok 3.21) B MOMEHT nepekstoyeHuns tnep Bce Tpu asbl MEHSAIOT KOMMYTaLMOHHbIE COCTOSAHUS. B 3T(
npolecc nepexopa Takxxe He 6yfeT yaoBneTBOPSTb TPe60BaHUIO MaKCUMaNbHON MUHMMU3aLMM NEPEKIIOUYEHNI KtoYel.

PucyHok 3.21 - Mepexopa oT UMM c YBI k NBLUWM npu BapuaHTte 4

Kak 1 B npeablayliem cnyyae, A1 YMEHbLUEHWE YNCIa NePeKoYEHN, cnesyeT CABUHYTb MOMEHT MepeksiloYeHns tnep Ha Hayano creayoLero nonynepuoaa KBaHToBaH!
Yero YeTBepTbIli BapUaHT C TPpeMsl NepeKItloUeHNSIMU KOMMYTaLMOHHbIX COCTOSIHWUI CTAHOBUTCS NMepBbIM BapuaHTOM 6e3 nepek/toUYeHnin, KOTopbli TakxXe yAOBNEeTBOPSIET Y
paHee Tpe6oBaHUAM.

Bce BbllWen3noxXeHHble paccyXaeHns cnpaseanunsbl ans nepexoaa ot MBLUMM k LUAM c YBI.

ANropuTM Nepexofa peanun3yeTcs AOCTAaTOYHO MPOCTO, @ Ha PYHKUMOHaNbHON cxeme (CM. pucyHok 3.16) npeactaBneH B kayecTBe 6noka «BEKTOPHbIN AeTekTop». [aHi
(pycyHok 3.22) ocyliecTBrsieT NOCTOsIHHOe criexeHune 3a dopMmpyeMbiMu coctosiHuamu [P], [O] u [N] ans asyx anroputmos UMM 1 B MOMEHT NOsIBNEHUS CUrHana ¢
YPOBHS YMpaB/ieHUs OCYLLECTBASET CMEHY ajrOPUTMOB, €C/IN BCE OrOBOPEHHbIE PaHee YCI0BUS BbIMOSHSAOTCS.

PucyHok 3.22 - ®yHKUMOHaNbHas cxema anroputMa BEKTOPHOro AeTekTopa

mbpuaHbIA anropuT™m MoAynsuUK, NO3BONSIOWMIA OCYLLECTBUTbL MepeksioveHne mMexay anroputmamu MBLUWM u WWWM c YBI peanu3oBaH B nporpamMMmHol cpeae Matlaby
PesynbTaTbl MOAENMPOBaHWUSI Ha OCHOBE NOrnKo-MaTeMaTnyeckoi mogenm 3Y MY ¢ ®CT 1 pacCMOTPEHHbIX anropMTMOB MOAY/ISILMM MOKa3aHbl B YETBEPTON rnaBse.

BbiBoAbI

CozpaaHbl Nlornyeckue mogenu anroputMa MNBLUMM, ocHoBaHHOI Ha 6a30Boi nocnefoBaTelbHOCTU 6a30BbIX NPOCTPAHCTBEHHbLIX BEKTOPOB, U anroputma LLWM c YBI, ocHoB
YeTBEpTbBO/IHOBOW CYMMETPUU C COXpPaHEHWEM MOCTOSIHCTBa 33aHHOro YPOBHS MepBOM FapMOHMKM, NMO3BOMSIOWMNE NPOBOAUTL UCCIEA0BaHUS 3N1EKTPOMarHUTHbBIX MpoL
MY c ®CT B cocrase 3N BM nocpeacTBOM MaTeMaTU4eCKOro MOAENNPOBAHUS.

MonyyeHbl 3aBUCMMOCTU YrJI0B MEPeKIoYeHNI OT KoadduumneHTa mogynaumm ansa anropytma WM c YBI ans yaaneHus cnefylownx rapmonmk: 5, 7,11 m 13;5,7, 17 n
11, 13,17 wn 19; 5,7, 11, 13, 17,19, 23 n 25; 5, 7, 11, 13, 17, 19, 23, 25,29 v 31, 5, 7, 11, 13, 17, 19, 23, 25, 29, 31, 35 n 37, nossonsiolwmne nposoauT
nokasaTenein KayecTBa 3/1eKTPO3Heprum cuioBbix cxem 3N BM Ha 6ase 3Y MY ¢ ®CT c ABH 1 AUH.

Pa3paboTaH rubpuaHbIii anropuTM MOAYALMM, KOTOPbIV MO3BOMSIET OCYLLECTBUTL NepeKkoveHne Mexay anroputmamm LLUKM c YBI n NBLUWUM, obecneunBasi npy 3TOM Bbli
TpeboBaHWI K MMHUMM3aLMW YMCia KOMMYTaLUK NOynpoBOAHUKOBBIX ktoven 3Y MY c OCT.

TEOPETUYECKUE N SKCMEPUMEHTAJIbHBIE UCCITEQOBAHUSA PEXXVMOB PABOTHI TPEXYPOBHEBbBIX NMPEOBPA3OBATEJIEN YACTOTbI C ®UKCUPOBAHHOW CPEAHEN TO
OnuncaHune obbekTa nccnefoBaHUs

B kayecTBe o6bekTa 3KCNEepUMEHTaNbHbIX UCCEAOBaHMIN Bbln MPUHST MNaBHbIN 3N1EKTPONPUBOA NPOKATHOM KNEeTU ToNcTonmMcroBoro craHa 5000 JIMLU N29 OAO «MarHut
MeTaslypruyeckmii KombuHaT» (pucyHok 4.1.) ¢ Lenbio NpoBepkM afileKBaTHOCTU pa3paboTaHHbIX /lorMko-maTemMaTuyeckux mogenein 3Y MY c ®CT Ha 6a3e ABH 1 AVH, an
MNBLUMM u LUKAM c YBI 1 rubpnaHOro anroputMa Moayasiumun.

PucyHok 4.1 - Cxema nccnegyemoro obbekta

Wccnenyemblit 3n1eKTponpuBoA MNpeacTaBnser coboi CMCTeMy, B KOTOPOM CUHXPOHHbIW ABUraTeslb HOMWHANbHON MOLWHOCTBbI0O 12 MBT Kaxaoro paboyero Baska MOAKIK
TpeM napannenbHo coeanHeHHbiM 3Y MY ¢ OCT Ha 6ase ABH u AWH [115-117]. HeobxoauMble Ansi UccnefoBaHWl TeXHUYECKUe AaHHble ABUraTens npeacraBfieHk
Tabnuue 4.1, ABH B Tabnunue 4.2 n AUH B Tabnuue 4.3.

Tabnuua 4.1 - TexHMYeckne AaHHble gBUraTens

UH, B

IH, A

fH, My,

PH, MBT

cos(®p)

RIl, MOM

LI, MH

3300

2460

10

12

1

9,54

32,15

Tabnuua 4.2 - TexHnyeckne AaHHble ABH

UH, B

IH, A

UdcH, B

fswmax, 'y

PH, MBT

KMNAH, %

Cdc, Mk®

Moaynsums

3300

800

5020

500

8,4

98

3170,54

UMM c YBI

Tabnuua 4.3 - TexHuYeckne aaHHble AVIH

UH, B

IH, A

UdcH, B

fswmax, 'y

PH, MBT

KMAau, %

Cdc, Mk®

Moaynsunsa
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3300

800

5020

500

8,4

98

3170,54

MNBLINM

MakcrmanbHoe KOMYECTBO yAaNnsieMblX rapMOHUK Ans ABH:

MakcrmanbHoe KOMYeCcTBO NepnoaoB KBaHToBaHMA ans AUH:

[ns ynydlweHns KayecTBa BbIMPSMAEHHOrO HanpskKeHWs U YMeHbLEHUS BAMSHUS BbICLUMX FapMOHWK B CrieKTpe NoTpebisieMoro W MHBEPTUPYEMOrO TOKa MPUMEHS
NynbCHasi Cxema BbINPAMAEHUS, BbIMOMHEHHAs Ha TpeX MnapassielbHO COeAWHEHHbIX TpaHcdopMaTopax C yriamu caBura BTOPUYHbBIX HampshkeHui Ha +20°, (
HeobxoanMble ans nccneaoBaHUii TEXHUYECKME AaHHble TpaHCPOpMaTopoB NpeacTaBieHbl B Tabnvue 4.4.

Tabnuua 4.4 - TexHUYeckMe AaHHble TpaHchopMaTopoB

SHoM, KBAP

HoMWHanbHoe HanpsxeHne

HoMWHanbHbI Tok

Uks, %

APk3, kBT

APxx, kBT

UlHom, B

U2Hom, B

I1Hom, A

I2HoM, A

5700

10000

3300

329,1

997,2

16

55

4,9

CABWI BEKTOPOB NEPBUYHOMO HaMpPsXKEHUS OTHOCUTENIbHO BEKTOPOB BTOPUYHOMO HaMpPsKEHUs MepBbiX rapMOHUK Ha +20° aocTuraercs nyTem pasgeneHuns nepsuyHoin ot
[BE CEeKUWU, a 3/IEKTPUYECKOM COEANHEHNU STUX 0BMOTOK TaknMM 06pa3oM, UTo6bl MOTOKM AaHHOW a3kl U coceaHeln dasbl HblM HanpasneHbl BCTPEYHO, KakK NMoKasaHa He
4.2. bnaropaps TakoMy coeAMHEHUIO BEKTOPa CKlaAbliBaloTCs M 06pa3yioT caBur Ha +20° No OTHOLWEHWIO K BEKTOPY HanpshkeHus 6onbliein cekuuu.

PucyHok 4.2 - TpaHcdhopmaTop co capurom +20°

a — 3neKTpuyeckas cxema U MarHuTHas uenb, 6 — BEKTOpHas AnarpaMmma Hanps>keHnil NepBUYHON 06MOTKM, B — BEKTOPHas AnarpaMma HanpsbkeHUi BTOPUYHON 06MOTKM
Mpu caure BekTopoB Ha -20° COOTHOWEHWE MeXAy 4acTsiMM MepBUYHOM OBMOTKM OCTaeTcs TakuM >Xe, a Yron cAsura AOCTUraeTcs M3MeHeHWeM Touek npucoeal
nepBMYHO 06MOTKe (pUcyHok 4.3).

Mcxoas M3 BEKTOPHOW AvarpamMmbl MEPBUYUHbLIX HanpsXKeHU (CM. PUCYHOK 4.2) 6biIM pacCcuMTaHbl COOTHOLIEHMS BEKTOPOB NafeHWUI HamnpsokeHWin Mexay 4acTamu M
obmoTkm [118]:

B, (4.1)

B. (4.2)

PucyHok 4.3 - TpaHcchopmaTop co casurom -20°

a — 3neKTpuyeckasi cxema U MarHuMTHas uenb, 6 — BEKTOpHas AnarpaMmma Hanps>keHnil NepBUYHON 06MOTKM, B — BEKTOPHasi AnarpaMma HanpsbkeHUii BTOPUYHON 06MOTKM
[anee, Ha OCHOBaHUW NpuUBeAEHHbIX B Tabnnue 4.4 TeXHUYECKMX AaHHbIX BblaIM paccinTaHbl COMPOTUBAEHNA 0BMOTOK, KOTOPbIE NpeAcTaBeHbl B Tabnuue 4.5.

Tabnuua 4.5 - O6MoTOYHbIE AaHHble TpaHcdopmaTopos 5,7 MBA

R1, OM

L1, TH

R2, OM

L2, TH

0,0805

0,00553

0,042809

0,0022477

MepBuYHbIe O6MOTKM TpaHCHOPMATOPOB MOSyYalOT MUTaHME OT OTAENbHOW MOACTAHUMWM Yepe3 TpexoBMOTOuHbIV TpaHchopmaTop 110kB/10kB. BropuuHas o6moT
TpaHcdhopMaTopa BbIMOSHEHA pacLLEnsIEHHOM 1M NOAKYEHa Kaxaas K cBoeMy npusogy (CM. pucyHok 4.1). MowHOCTb Kaxaon M3 AByx ob6MoTok cocTaenseT 63 MBA. O61
[aHHble BTOPUYHOWN 06MOTKU cneayolme:

Rcetn=0,106 OM n Lcetn=0,00506 IH.

Pacyet perynstopos B CY 0CyLLEeCTBSNICS C MOMOLLbIO CUCTEMbl OTHOCUTESNIbHbLIX eAnHUL,. 3a 6a30Bble 3HaYeHUS AN KOHTPONPYeMbIX nepeMeHHbIX ABH 6b1av NpusThl :

- 6asoBasi aMNAMTyAa HOMUHaNbHoOro dasHoro Toka TpaHchopmaTopa

A, (4.3)

A; (4.4)

- 6a3oBas aMnNAMTyAa HOMMHANbHOMO (ha3HOro HanpskeHus TpaHcdopmaTopa

B, (4.5)

B; (4.6)

- 6a3oBasi HOMMHasIbHas MNoNHas MOLWHOCTbL TpaHchopMaTopa

KBA; (4.7)

- 6azoBasi CMHXPOHHas 3/IeKTpuYecKas yriosas yacrota

c-1; (4.8)

- 6a3oBoe NonHOe conpoTuBeHne TpaHchopmaTopa

Om, (4.9)

Om; (4.10)

- 6a3oBas MHAYKTUBHOCTb TpaHchopMaTopa

MH, (4.11)

MH; (4.12)

- 6a3oBasi EMKOCTb 3BE€Ha NOCTOSIHHOrO TOKa OTHOCUTE/ILHO BTOPUYHOM 06MOTKM TpaHcdhopMaTopa

®; (4.13)

- 6a3oBoe BpeMsi

c. (4.14)

Wcnonb3ys BbipaxeHus (4.3)-(4.14) 6binn nonyyeHbl 06MOTOYHbIE AaHHble TpaHcdopMaTopa M NpuBeAeHHble K MepBMYHOW 06MOTKe napameTpbl ceTv (Tabnuua 4.6) ¢
OTHOCUTE/IbHbIX eANHUL.

Tabnuua 4.6 - MNapameTpbl TpaHcdopmMaTopa U CeTH

O6o3HaueHune

BennunHa B cucreme CU
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BennuunHa B o.e.

Rlo.e.

0,081 Om

0,00154

Lio.e.

0,00553 TH

0,033

R2o0.e.

0,042809 Om

0,007468

L2o.e.

0,0022477

0,12316

R'ceTtno.e.

0,106 Om

0,002014

L'cetno.e.

0,00506 '

0,03019

C"dco.e

0,00317054 ©

0,0002779

[N CHUXEHWS YPOBHSI 3N1EKTPOMarHWTHbLIX MOMEX W BbICOKOYACTOTHbIX MyNbCauWW KPYTSLWEro MOMeHTa MPUBOAHOrO ABWUraTtens npumeHsercs L dunbTp, Heof
TexXHUYecKne AaHHble KOTOporo

Rf=0,00001 Om u Lf=0,000069 lH.

PacueT perynatopos B CY OCyLLECTBNANCA TakXXe C MOMOLLbIO CUCTEMbI OTHOCUTENbHbLIX €ANHUL. 3a 6a30Bble 3HAYEHNSA AN KOHTPONMPYeMbIX nepeMeHHbIX AUH 6binv npus
- 6azoBasi aMNAMTyAa HOMUHaNLHOro hasHoro Toka Harpysku

A; (4.15)

- 6azoBasi aMNAMTyAa HOMUHANbHOrO (ha3HOro HanNpPsXKEHUS Harpysku
B; (4.16)

- 6a3oBast HOMMHasIbHas MosIHas MOLLHOCTb HarpysKku

KBA; (4.17)

- 6a3oBasi CMHXPOHHAs 3IEKTPUYECKas yrioBasi YacToTa Harpysku
c-1; (4.18)

- 6a30BOE NOJSIHOE COMPOTUBNIEHNE Harpy3Ku

Om; (4.19)

- 6a3oBast MHAYKTUBHOCTb Harpysku

TH; (4.20)

- 6a3oBoe BpeMs

c. (4.21)

Wcnonb3ys ypaBHeHUs (4.15)-(4.21) n AaHHble MHAYKTUBHOCTEW U aKTUBHbIX COMpPOTUBNEHUI obbekTa 6blan NonyyeHbl 3Ha4YEHUSI B CUCTEME OTHOCUTENbHBIX eANHULL
4.7).

Tabnuua 4.7 - MNepeBoa napaMeTpoB U3 cucrembl CU

O6o3HaueHne

BennunHa B cucreme CU

Bennuunxa B o.e.

Rs, Om

0,00954

0,012326

Ls, TH

0,032

2,594912

Rf, Om

0,00001

0,000013

Lf, TH

0,00069

0,055952

Ha ocHoBe paccumTaHHbIX AaHHbIX 06bekTa uccnefoBaHus 6bina paspaboraH MaTeMaTuyeckas Mozenb B nporpamme Matlab/Simulink, dyHKUnoHanbHas cxemMa KOTOPOW |
HUXe Ha pUcyHke 4.4,

PrcyHok 4.4 - ®yHKUMOHaNbHas cxema MaTeMaTU4ecKon Modenu nccneayemoro obbexkra

MpoBepka afekBaTHOCTU pe3yNbTaToB MaTeMaTUYEeCKOro MOAEIMPOBaHMS NokasaTenell KayecTBa 3/IeKTPOSHEPrMM Ha CTOPOHe NuTatoLen cetn

Mpu akcnepvMeHTaNbHbIX MCCNeAOBaHUAX Ha AelcTByloweM obopyaoBaHMWM MpokaTHoW knetu craHa 5000 JiML N2 9 OAO «MMK» 6blM nony4yeHbl CNeKTpbl U Cy
K03 PULMEHTbI rapMOHMYecknx coctaBnstowmx (THD) HanpskeHns n Toka ceTu npu paboTe NpuBoAa C pasfMyHbIMU HarpyskamMu. THD paccunTbiBancs no gopmyne

’

rae Ul - peiicTeylollee 3HauYeHWe nepsol rapMoHuku; Un — feicTByrollee 3HaYeHne N rapMOHUKH.

SKCNepuMeHTbl Ha AelCTBYloLWEeM 060pyA0BaHUM B TOUKM MOAKMIOYEHMS K nNuTatowein cetn 10kB 6bi1n npoBeAeHbl BO BPEMsi MYCKOHaNaAouHbIX paboT npu notpebneHui
HOMWHaNbHOro Toka AsuraTens (cM. pucyHok 4.5), 100% OT HOMWHaNLHOro Toka (PUCYHOK 4.6) 1 200% OT HOMUHANLHOrO ToKa (PUCYHOK 4.7).

PucyHok 4.5 — PesynbTaTbl 3KCNepUMeHTasbHbIX UCCNeA0BaHMI CnekTpa U CyMMapHOro koadduLmeHTa rapMOHMYECKUX COCTaBNSIOWMX HaNPsXKEHUs ceTu

npu notpebneHnm 50% OT HOMUHANbHOrO Toka

PucyHok 4.6 — Pesy/bTaTbl 9KCNEpUMEHTaNbHbIX MCCNeA0BaHMI CNeKTpa U CyMMapHoOro kKo3dduLmeHTa rapMOHMYECKUX COCTaBNSIOLMX HaNPsSXKEHUS ceTU

npu notpe6neHnn 100% OT HOMUHaNBbHOrO Toka

PucyHok 4.7 — PesyfbTaTbl 3KCNEpUMEHTaNbHbIX UCCNEA0BaHMI CNekTpa U CyMMapHoOro koddduLmeHTa rapMOHMYECKUX COCTaBNSIOLMX HaNPsXKEHUs ceTu

npu notpeénernmn 200% OT HOMUHANBLHOrO TOKa

AHanM3 cnekTpa Harnpsb>KeHUs CETU rMokasas, YTo CyLLeCcTBEHHOE BAMsSIHUE Ha BCEM paccMaTpyBaeM AnanasoHe noTpebnseMoro Toka okasbiBaloT 35 rapMoHuka (B cpeaHen
OCHOBHOW) 1 37 rapmoHuka (B cpegHeM 1,6% OT OCHOBHOI). OCTanbHble rapMOHUKWN B PpacCMaTPMBAEMOM CMEKTPE He 0Ka3blBaKT CYLLECTBEHHOrO B/IUSHUSA, NPU 3TOM Cy
K03 PULMEHT rapMOHMYECKUX COCTaBSIOLLNX HaNpsXXeHUs CeTu cocTasnseT nopsaka 6,68%-6,72%. CornacHo mexayHapoaHoMy craHaapTy OMC IEC 61000-2-12 npe
HOPMaTUBOB (JIOMaHHas NIMHUA Ha pucyHke 4.5-pucyHke 4.7) HabnoaaeTcs Tonbko Ans 35 rapMOHWKKM W npu Harpyske 200% npu 37 rapMoHUKW. lNpeBblileHne 6one
CyMMapHOMy KO3 hULIMEHTY rapMOHUYECKUX COCTaBAAOWMNX He HabnogaeTcs.

[ns npoBepku aaekBaTHOCTU pa3paboTaHHbIX B AvccepTaumu MateMatuyecknx mogenei 3Y MY ¢ ®CT Ha 6ase ABH npu anroputMme LUMM c YBI 6611 npoBeaeH psia UCC
NOCpe/ACTBOM MaTeMaTU4eCcKoro MOAENMPOBaHUS C Lielblo CPaBHEHMUS MONYYEHHbIX pe3ynbTaToB Ha MaTeMaTUYeCKOoN MoAenn C pesynbTaTaMu SKCMepUMeHTasbHbIX UCCe
[ns nonyyeHus pesynbTaToB MOASNIMPOBAHMM CMeKTpa U CYMMapHOro koadhduuMeHTa rapMOHUYECKUX COCTaBNSIOWMNX HanpsxXeHns ceTh 6bli ncnonb3osaH anroputma LU
ana ABH c yonanennem 5, 7, 17 1 19 rapmoHuk (cM. pucyHok 3.10). Mcnonb3oBaHure Ha paccMaTpuBaeMoM obbekTe gaHHoro anroputma LLWM obycnoeneHo Hannunem 18-
CXeMbl MOAKMIOYEHUS K MUTAKOLWeld CeTW, 4TO NO3BONMAET MpU YacToTe Mepek/loveHns cunoBbiX kKoyed 500 Mu aobutbcs Hanbonee onTUManbHbIX MoKasaTenei
SNEKTPO3HEPrUu.

Ha maTemaTnueckoit Mogenu 6blin NpPoBeAEHbl @aHaNOrMYHble 3KCNepYMeHTabHbIM MCCEA0BaHUAM OMNbITbl U NPeACTaBAeHbl Ha pUcyHke 4.8-pucyHke 4.10.

PucyHok 4.8 — PesyfbTaTbl MaTEMaTUYECKOrO MOAENMPOBAHUS CNEKTPa U CyMMapHOro ko3dduLmeHTa rapMOHNYECKUX COCTaBNSIOLMX HaNPSXKEHUS CeTU
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npu notpebneHnn 50% OT HOMMHANBHOrO TOKa

PucyHok 4.9 - Pe3ynbTaTbl MaTeMaTU4eCcKoro MoJeMpoBaHUs CnekTpa U CyMMapHoOro KosdduuneHTa rapMoOHUYECKMX COCTaBASIOLLNX HaMNpshKeHns ceTn

npu notpebneHnn 100% OT HOMWHANBHOrO TOKa

PrcyHok 4.10 - Pe3ynbTaTbl MaTeMaTU4eCKOro MOAeMpPOBaHNS CrieKTpa U CyMMapHOro KoadduumneHTa rapMoOHUYECKMX COCTaBNSIOLNX HaMpsHKeHUs ceTn

npu notpebneHnn 200% OT HOMWHANBLHOrO TOKa

AHanM3 noslyYeHHbIX pe3ynbTaToB NyTeM MaTEMaTMYECKOro MoAenMpoBaHus (pUcyHok 4.8—-pucyHok 4.10) nokasan AOCTaTOYHYI0 CXOAMMOCTb C pesy/bTaTaMu SKCrepumet
WCCNeaoBaHNUii Kak CrnekTpasibHOro coctaBa, Tak M CyMMapHOro koadduuueHTa rapMOHWYECKUX COCTaBAsoWMX HanpskeHus ceTu. Ha pucyHke 4.11 nokasaHbl pe
MOJENMPOBaHUA U 3KCNEPUMEHTa, Ha KOTOPOM BUAHO, YTO pacxoxaeHune cocTaBnsieT MeHee 3...4% No CyMMapHOMYy KO3(MMULMEHTY rapMOHUYECKUX COCTaBASIOWMX, YTO [0
aAeKBaTHOCTb pa3paboTaHHOM MaTemaTnyeckoe mogenu 3Y MY ¢ ®CT Ha 6a3e ABH npu anroputme LLUUM c YBI.

a - notpebneHnn 50%, 6 — 100% u c - 200% OT HOMUHANbLHOro Toka

PucyHok 4.11 — 3aBMCMMOCTb CyMMapHOro KoadduumeHTa rapMOHNYECKnX

COCTaBASAOLWMX HaNpPsXKeHUs ceTu oT koadduumneHTa moaynsaunmn ABH

Ha ocHoBaHMMW Mosy4YeHHbIX AaHHbIX (CM. pucyHke 4.11), caenaH BbIBOA O BO3MOXHOCTW MCMONb30BaHWUSA CO3AAHHOW MOAENW ANS UCCIeAOoBaHWUS 371EKTPOMarHUTHbIX NpC
aHanu3a nokasartenen KayecTBa 3/1eKTPO3Heprum cuctembl «MuTatowas cete — 3Y MY ¢ OCT Ha 6a3e ABH» B pamMkax paccMaTpuBaeMoro obbekTa.

MpoBepka afekBaTHOCTU pe3yNbTaToB MaTeMaTMYeCKOro MoAeIMpoBaHWs nokasaTesieil KayecTBa 3/IeKTPO3IHEPrUM Ha CTOPOHE Harpy3ku

[ns NpoBepKU afeKkBaTHOCTM pa3paboTaHHbIX B AMccepTaunmn matemMatuyecknx mogenu 3Y MY ¢ ®CT Ha 6a3e AVH npu anroputme MBLUVM 6b1nn npoBefeHbl 3KCNepuMet
VCCNeaoBaHns C Liesblo MOyYeHUs CeKTpa U CyMMapHOro KoadduuneHTa rapMoHmMyeckux coctapnsiowmx (THD) Toka Harpysku npu paboTe AuraTens B HOMUHabHO!
paboTbl. THD Toka npu 3TOM paccynTbiBancs No dopmyne

,

rae I1 - peicTByloOLLEe 3HAYEHME NEPBOW rapMOHMKK; In — AeliCTBYOLWEe 3HAYEHUE N FTAPMOHUKM.

B kayecTBe npuMepa, Ha pucyHke 4.12 npuBeaeH TUMOBOI CNEKTP U CYMMapHbIi KO3(DPUULMEHT rapMOHUYECKNX COCTaBASIOWMNX TOKa ABUraTeNs B HOMUHAIbHOM peXxuMe |
HOMWHaNbHbIMWU Hanps>XeHneM, 4actoToi U NoTpebasieMblM TOKOM).

PucyHok 4.12 — Pe3synbTaTbl 3KCNepUMEHTaNlbHbIX UCCIIeA0BaHWUI CeKTpasbHOro coctaBa v CyMMapHOro KoadduuMeHTa rapMoHUYECKUX COCTaBASIOWNX TOKa ABUraTens
AHanu3 cnekTpa Toka Apuratens (CM. pUCyHoOK 4.12) nokasan YucTblii BUAMMBbIA crnekTp Ao 50-i rapMoHuku. Hanbonbluee BAMSIHUE BblCOKOYACTOTHOrO criekTpa Habnk
obnactn 60-# n 120-11 rapMOHUK NpyY CyMMapHoOM Ko3(dduULMeHTe rapMOHMYECKUX CocTaBnsowmx nopsaka 1,95%.

C uenbio NpoBEPKM afeKBaTHOCTU NPOBEAEH PacyeT TeX Xe PexunMoB paboTbl (C HOMUHaNbHbLIMUA HanpsXXeHWeM, 4YacToToi U noTpebaseMbiM TOKOM) NOCPeACTBOM MaTemal
MoAennpoBaHus. [ns noslyyeHus pesynbTaToB MOAENMPOBaHUS @@MNeEKTpa U CyMMapHOro koddduLmMeHTa rapMOHMYECKUX COCTaBNsIOWLMX ToKa ABuratens 6bin Bbi6paH
MNBLWWNM ans AUH c 6a30Boi NocnefoBaTeNbHOCTbIO 6a30BbIX BEKTOPOB M 4acTOTOM KOMMyTauMu MONynpoBOAHMKOBbLIX Moaynei nopsaka 300 lu. PesynbTaTbl Mopen
nokasaHbl Ha pucyHke 4.13.

PucyHoOK 4.13 - Pe3ynbTaTbl MaTeMaTMYECKOro MOAE/IMPOBAHMS CMEKTPaIbHOMO COCTaBa U CYMMapHOro KoadduumMeHTa rapMOHMYECKNX COCTaBNSIOWMX TOKa ABUraTens
CpaBHUTENbHbIN aHanu3 pe3ynbTaToOB 3KCMEepUMEHTasNbHbIX MCCNefoBaHUi (pUCyHok 4.12) n pe3ynbTaToB MaTeMaTMyeckoro MoaenvpoBaHus (pucyHok 4.13) o
pacxoxAeHue c pesynbTaTaMu 3KCnepuMeHTa (CM. pUCyHoK 4.12) no cymmapHOMy KO03(h@PULMEHTY rapMOHUYECKUX COCTaBNSAOWMX U CNeKTpy Toka MeHee 3...4%, 4To A0
ajeKBaTHOCTb paspaboTaHHoW MaTemaTmyeckoe mogenn 3Y MY c ®CT Ha 6a3e AUH npu anroputme MBLUWM. CnepoBaTenbHO, caenaH BbiBOA O BO3MOXHOCTU MCMon
CO3aHHON Mozenu ANs UCCNefoBaHUs 371eKTPOMarHUTHbBIX MPOLLECCOB M aHanv3a rnokasaTesneil kayecTBa 3/1ekTpoaHeprum cuctembl «3Y MY ¢ ®CT Ha 6ase AVIH - Har
paMmkax paccMaTpusaeMoro obbekTa.

Peanuzauns rubpuaHoro anroputMa MoaynsumMn

Mpexae 4YeM nepeT HENOCPEACTBEHHO K MOAENMPOBaHMIO pa3paboTaHHOro rubpuaHoro anroputMa Moaynsuum ans AUH B coctase 3Y MY ¢ ®CT, Heo6xoanMo 6bino ocy
Bbi6op Havbonee noaxoaswero sBapuaHta UMM c YBI npu cmeHe MBLUMM. AHanuM3 TEXHOMOrMYECKMX PEXMMOB pacCMaTpvBaEMOW MPOKATHOW KIeTW nokasas, 4YTo
YepHOBbIX NMPOX0A0B HabMoOAAeTCs YCTaHOBUBLUMECS 3HAYEHUS YacTOTbl U BEIMUMHBI NOTPe6SeMOro Toka, paBHbIM HOMUHaNbHbLIM 3Ha4YeHUsM. s AaHHOro pexwuma pal
noslyyeHbl pe3ynbTaTbl aHanu3a nokasaTeneil kayectBa Toka (CM. pucyHok 4.13) u onpefeneHa 4yactoTa nepekoveHus knoveid AUH. Takmum obpasoM, 6biin onj
nokasaTtenu kadecrsa HanpsbkeHus AUH (pucyHok. 4.14) u nogobpaH anroput™ LUMM c YBI, KoTopblii obnajaeT aHanormyHbiMK MokasaTensMu, 4To u anropuTtm MBLL
MeHblLUEN YacTOToN nepektoyYeHnst NoyNpoBOAHNKOBbLIX MOAYNEN.

PucyHok 4.14 — Pe3synbTaTbl MaTeMaTU4YeCKOro MOAENMPOBAHUS CNEKTPaibHOro

coCTaBa M CyMMapHoro koadduumeHTa rapMOHNYECKMX COCTaBAAOLWMNX

BbIXOAHOro HanpsbkeHns AUH

C uenblo pelleHns AaHHOW 3aaauyn ObiivM npoBefeHbl MCCNeaoBaHWst veTbipex BapuaHToB LUMM ¢ YBI, nokasaHHbix B Tabnuue 4.8 u nonydyeHbl pesynbTaTbl Cy
KO3 @PMUMEHTaA rapMOHUYECKMX COCTaBSAOLWNX Hanps>xeHns AUH, npeactaBneHHbIX Ha pucyHke 4.15, u Toka ABuraTensi, NpeAcTaB/eHHbIX Ha pucyHke 4.16. 3ateMm,
aHanM3 crieKTpasibHOro coctaBa ToKa ABUraTens U BbIXOAHOro HanpsbkeHus AUH ana WKM c YBr1 (pucyHok 4.17 a, 6), anst LUMM c YBI2 (pucyHok 4.18 a, 6), ana WA
(pucyHok 4.19 a, 6) n ana LWWUNM c YBr4 (pucyHok 4.20 a, 6).

Tabnuua 4.10 - BapuaHTbl peanusauuu anroputma LWKAM c YBI ans AUH

BapuaHT LM c YBI

K

YpaneHue rapMoHuUK

LM cyBIr'l

6

5,7,11,13,17n 19

LLINM c YBIr2

8

5,7,11,13,17,19,23 1 25

LM c YBI'3

10

5,7,11,13,17,19, 23, 25,29 n 31

LUNM c YBr4

12

5,7,11,13,17,19, 23, 25, 29, 31,35 1 37

PrcyHok 4.15 - 3aBUCMMOCTM CYMMapHOro KoadduLMeHTa rapMOHMYECKUX COCTaBASALWMX HanpsbkeHnst AUH oT koadduumeHTa moaynsaummn

PucyHok 4.16 — 3aBUCMMOCTb CYMMapHOro KoadduLmneHTa rapMOHUYECKUX COCTaBASAOWMNX ToKa ABuraTens ot koadduuneHTa moaynaumnv AUH

a) 6)

PucyHok 4.17 — Pe3ynbTaTbl MaTeMaTnyeckoro Mogenumposanus ansa LWUAM c YBri

a) 6)

PucyHok 4.18 — Pe3ynbTaTbl MaTeMaTU4eckoro MogenuposaHus ansa LWUM c YBIr2

a) 6)

PucyHok 4.19 - Pe3ynbTaTbl MaTeMaTU4eckoro MogenuposaHus ansa LWUM c YB3

a) 6)

PucyHok 4.20 - Pe3ynbTaTbl MaTeMaTM4eckoro MogenmposaHus ansa LWUM c YBr4

AHanu3 nNony4YeHHbIX pe3ynbTaToB MoKasas, YTO CYMMapHbIi KO3(MMUUNEHT rapMOHUYECKMX COCTaBASIOWMX HaANPsHKeHUs (CM. pUCYHOK 4.15) 1 Toka (CM. pUCyHOK 4.16)
Toka ABuratens (cM. pucyHok 4.20, a) n HanpsxeHus (cM. pucyHok 4.20, 6) npu LM c YBI'4 nmetoT naeHTUYHble nokasatenu npu pabote ¢ MNBLUNM (cM. pucyHok 4.13 v
4.14). CnepoBaTtenbHo, anroput™ LLUWM c YBI4 siBnsietcs Hanbonee noaxoaswnum anist cMeHbl MBLUWMM.

PesynbTaTbl MOAENMPOBAHUS OMNpPesennaN HENMHENHYIO 3aBUCUMOCTb CYMMapHOro ko3dduLMeHTa rapMOHNYECKUX COCTaBSIIOWMX BbIXOAHOrO HanpsbxeHus AUH (cM. pucyi
1 Toka ABuraTtens (CM. pucyHok 4.16) ot koadpdurumeHTa MOAYyNSLMM NPU PasnnyHbIX BapuaHTax LM c YBI.

CpaBHUTeNbHble XapakTepucTuku anroputma MBLUVMM u WWM c YBIr'4 Ha pucyHke 4.21 AeMOHCTPUPYIOT CHUXXEHUE KOJIMYECTBO MnepeksioveHnii Ha 56,7% npu anroputh
YBlr4 c coxpaHeHWeM OAMHAKOBbIX CYMMapHbIX KO3(M@PULNEHTOB rapMOHUYECKMX COCTABNSIOWMX BbIXOAHOrO HanpskeHus AVH n Toka Asuratens, YTo Kak cneactsue nf
yBenunyeHuto KNa AWH nopsaka 1% (cm. pucyHok 1.18) [53].

PucyHok 4.21 - CpaBHeHue anroputmos MNBLUVMM v LM c YBIr'4

Pe3ynbTaThl MOfeNMpOBaHUS rMEPUAHOro anropuTMa Moaynaunm

MoaenupoBaHue anroputMa rvbpuAHON MoAynAUMW npoBoauNiocb B nporpamMme Matlab/Simulink Ha paspaboTaHHbIX MaTeMaTUYeCKUX MOAENsX, MPOBEPEHHbIX |
aAeKBaTHOCTb. Pe3ynbTaTbl MoAeNMpoBaHWUS npouecca nepexoaa oT anroputma MBLUWM k UMM c YBIT npu BapuaHTe 1 nokasaHbl Ha pucyHke 4.22 n BapuaHTe 4 Ha pucy
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KpuBble TOKOB ABUraTenst Ao U Noc/e NepekiiovYeHns Ha pucyHke 4.24.

PucyHok 4.22 - Mepexoa oT anroputma MBLUNM k LUAM c YBI npu BapuaHnTe 1

PucyHok 4.23 - Mepexop ot anroputma MBLUNM k UMM c YBI npu BapuaHTe 4

PrcyHok 4.24 - KpuBble TOKOB ABUraTens [0, Mocne 1 BO BPeMsi NeperitoyeHns

N3 pesynbTaToB MogenvpoBaHus nepexoga ot MBLUWM k WWM c YBI B MoMeHT BpeMeHn t=0,35 cek (CM. pUCyHOK 4.22) MOXHO BWAETb, YTO MOCAEAHMM COCTOSIHUEN
agnserca [OON]. B 3ToT MOMeHT anroput™ LUMM c YBI umeeT uaeHTU4YHble cocTosiHus [OON]. JaHHbI cnyyait cooTBeTcTBYeT BapuaHTy 1 1 obecneumBaeT nepexc
anropuTMamu 6e3 AONONHUTENbHbIX NepPeKOHEHU.

M3 pesynbTaToB MoAenvpoBaHus nepexoaa oT MBLUMM k UMM c YBI B MOMeHT BpeMeHM t=0,349 cek (CM. pUcyHOK 4.23) MOXHO BWAETb, YTO NOCIEAHUM COCTOSIHMEN
agnserca [OON]. B aToT MomeHT anroputm LWWM c YBIN nmeet coctosHusa [PPO]. JaHHbIN criyyal cooTBeTCTBYeT BapnaHTy 4 U He obecneunBaeT nepexon Mexay anroput
[OMOJIHUTENbHbBIX MepeK/itoYeHunii. BbiMonHeHWe nepektoYeHns CTaHOBUMTCA BO3MOXHbIM Yepe3 MpoMexyTok BpeMeHu At Ha cneayiolieM MosnyuHTepBane nepuoja Ksa
MNBLUMM. B momeHT BpeMeHu t=0,35 cek nocnegHum coctosiimem MBLUUM asnsietca [OON], yto cooTBeTCcTBYET BapmaHTy 1 1 nepekstoyeHne BbINMOHSAETCS.

PesynbTaTbl MoaenupoBaHusi (CM. pPUCYHOK 4.24) CBWAETENbCTBYIOT O TOM, YTO CMeHa anropuTMOB MOAYNALMM OCyliecTBasieTcs 6e3 AONONHUTENbHbIX MNepek
NONynpoOBOAHNKOBbLIX MOAYNEW U CKa4YKOB B KPUBbLIX TOKa ABUraTens.

BbiBOAbI

1. MpoBeneH cCpaBHUTENbHLIN aHanM3 3KCMNepuUMeHTaNbHbIX WCCNeAOBaHWW B YCNOBWMSX [NaBHOrO MnpuBoAa MnpokaTHoW knetu crtaHa 5000 OAO «MMK» wun pe:
MOJENMpPOBaHUA CrekTpa W CYMMapHbiX KO3(M@UUMEHTOB rapMOHWYECKMX COCTaBASIOWMX HanpshkeHUs ceTM W Toka JABuratens. B pesynbTaTe fokasaHa ajetr
pa3paboTaHHON NIOrMKO-MaTeMaTMUECKON MOAENM, TaK KakK pacXxoXAeHWe pe3ynbTaToB OTHOCUTENbHO HanpsbkeHus cetu npu LWWWM c YBI ana ABH c yaaneHuem 5, 7,
FapMOHUKWU U OTHOCUTENbHO ToKa Asuratens npuv MNBLUMM c 6a3oBoi nocnefoBaTeNbHOCTbIO U YacToTon koMMyTaumm 300 My nonynpoBoAHWKOBLIX Moaynen ans AUH cocTi
4%.

2. Ha ocHOBe npoBeAeHHbIX MCCNeAoBaHWi METOAOM MaTeMaTMUeCcKoro MOAENMPOBaHMS B YCIOBUSX MMaBHOMO MpUBOAA NMPOKaTHOM knetu craHa 5000 OAO «MMK» noka
ncnonb3oBaHue rmbpuaHoro anroputma moaynsuuu 3Y MY ¢ OCT, no3sonsiowero oCywWwecTBUTbL NepeksioyeHne mMexay anroputmom MBLUMM ¢ 6asoBoii nocneposate
6a30BbIX BEKTOPOB Ha 4acToTe KoMMyTauuu ktodein 300 My m anroputmom LLUWM c YBI c ypanewuem 5, 7, 11, 13, 17, 19, 23, 25, 29, 31, 35 n 37 rapMoHuK, ng
CHMXeHUI Ha 56,7% Konu4yecTBa MepekslodYeHnii MonynpoBOAHMKOBbIX Moaynein AWH, a cnepoBaTenbHo K nosbiweHuto KMNJ nopsaka 1%, npu MAEHTUYHBIX Cy
K03 PULMNEHTOB rapMOHUYECKMX COCTaBAAIOLLMX TOKa U HanpsXKeHUs.

3. B pesynbTate MogenvpoBaHus paboTbl MpeAnoXeHHOro rvMbpuaHOro anropyTMa MoAynsuuu B MOMEHT cMeHbl anropuTtmos MMBLUWMM u WWM c YBI nokasaH nep
[ONONHUTENbHbBIX NEePeKYEHN NONYNPOBOAHNKOBbLIX MOAYNEN, NCKKYAIOLWMIA CKaukn B KPUMBLIX TOKa ABUraTens.

3AK/TIOMEHUE

B pesynbTate TeOpeTUYECKUX W IKCMEPUMEHTalNbHbIX MCCNeAoBaHWI pa3paboTaH crnocob noBbieHUs 3HeproadheKTUBHOCTM TPexypoBHEBOro npeobpasoBaTtensi M
pUKCMpoBaHHOW cpeaHelt TOYKON Ha OCHOBE rMBPUAHOrO anropuTMa MoOAYSLUK ANt MPUMEHEHWUS B COCTaBE 3/1eKTPONpUBOAA 60/bLIOIA MOLLHOCTU.

OCHOBHble pe3yJibTaTbl Hay4YHbIX UCCIEA0BAHMI ANCCEPTALIMOHHOW paboTbl COCTOSAT B Ciefytolem:

1. B pe3synbTaTe npoBeAeHHOro o63opa COBPEMEHHOrO COCTOSIHWUSI CMJIOBOM Mpeobpa3oBaTenbHON TexXHWKM B obnactu 3N BM onpeneneHa akTyasbHOCTb MCCNeAOBaHWUA
MnoBblWeHNS 3HeproaPEKTUBHOCTU 1 NokasaTenei Kayectsa npeobpasyeMoit 31eKTPO3HEPrun NyTeM COBEPLLIEHCTBOBAHMUSA METOAOB U anropuTtMoB Moaynsumnmn 3Y MY c d(
2. Ha ocHOBe AMCKPETHbIX Nornyeckmnx MyHKUUIA, ON1CbiBalOWMX COCTOSHWUS NOJyNPOBOAHWKOBBIX NMpMbopoB, paspaboTaHa norMko-matemaTnyeckas mogens 3Y MY c ®C
ABH n AVH oTanvalowascs oT M3BECTHbIX YYETOM COBMeCcTHOW pabotbl ABH v AWUH npu pasnnuHbiX anroputMax Moaynsuuu. PaspaboTaHHasi flormko-mateMaTuyecka
No3BOJISIET B NOMHOM O6beMe MPOBOAWUTL UCCNEAOBAHMUS CTAaTUYECKUX M AMHAMU4YeCcKux Xapaktepuctuk 3Y MY c ©CT B coctaBe 3 BM u nokasaTtenei kavectsa npeob
3M1eKTPO3HEPrun.

3. MpeanoxeHo MaTemaTuyeckoe onucaHne 3Y MY c OCT kak o6bekTa ynpaBneHWs, Ha OCHOBaHWUMW Yero MoslyyeHa CTPYKTypHasi CxeMma, KoTopasi Mpy 060CHOBaHHO 1
[ONyWeHnsax nofobHa M3BECTHbIM CTPYKTYPHbIM CXeMaM ABYXYPOBHEBONO MOCTOBOrO Mpeobpa3oBaTens 4acToTbl. PekoMeHAOBaHa HACTpoMKa KOHTYPOB perynmpc
nepefaToyHble MYHKLWUN PerynsTopoB Toka U HanpsbkeHus, obecneyvBatolime 3ajaHHoe KayecTBO perynMpoBaHus B CTaTUHECKUX N AMHAMUYECKUX pexuMax.

CozpaaHbl flornyeckne mofenu anroputma MNBLUMM, ocHoBaHHOI Ha 6a30Boi nocnefoBaTeNlbHOCTU 6a30BbIX MPOCTPAHCTBEHHbLIX BEKTOPOB, U anroputma LLUWM c YBI, ocHoB
4YeTBEpTbBONIHOBOW CUMMETPUU C COXPaHEHMEM NOCTOSIHCTBA 3aAaHHOr0 YPOBHS MepBOit FrapMOHWKMW, NMO3BONSIOLLME MPOBOANTL UCCNEAOBaHMUS SNEKTPOMarHUTHbBIX MpoLect
¢ ®CT B cocrase 3 BM nocpeAcTBOM MaTeMaTUyYeCKOro MOAENMPOBaHNS.

5. PaspabotaH rubpuaHbIA anropuTM MOAyNALMM, KOTOPbI/ MO3BOMSIET OCYLLECTBUTb MNepeklyeHne Mexay anroputmamm LUMM c YBI un MBLWWM, obecneuvBas |
BbINONHEHWE TPeboBaHUI K MUHMMM3AUUM YyMCia KOMMyTauuii NonynpoBOAHWKOBBLIX Kawouein 3Y MY ¢ OCT. B pesynbtate MoaenvpoBaHusa paboTbl NMpeaioKEHHOro ru
anropuTMa MoAynsauuu B MOMEHT CMeHbl anropuTmoB MBLUVM u UMM c YBIN nokasaH nepexos 6e3 AONONHUTENbHbIX NepPeKIlo4YeHNI A NoynpoBOAHUKOBbLIX MOAYIEN, UCKIL
CKa4yKn B KpUBbIX TOKa ABUraTend.

6. Ha ocHoBe npoBeAeHHbIX UCCNeAoBaHMn METOAOM MaTeMaTM4eckoro MOAe/MpPOBaHMS B yCJIOBMAX FNIaBHOro NpuBoAa nNpokaTHol knetn ctaHa 5000 OAO «MMK» noka
vcnonb3oBaHue rmbpuaHoro anroputma moaynsumm 3Y MY ¢ OCT, nosBossOLWEro ocywecTBUTbL MepekioyeHne Mexay anroputmom MBLUMM c 6a3oBoi nocnefosaTte.
6a30BbIX BEKTOPOB Ha 4actoTe koMMmyTauuu knoderr 300 My m anroputmom WWM c YBI c ygpanewuem 5, 7, 11, 13, 17, 19, 23, 25, 29, 31, 35 u 37 rapmMoHuK, Ng
CHUXEHUIO Ha 56,7% KkonuuyecTBa NepektioyeHnint NMonynpoBOAHWKOBLIX Moayneit AWH, a cnepoBaTenbHo K nosbiweHuto KM nopsaka 1%, npv MAEHTUYHBIX Cy
K03 (PDULMEHTOB FAPMOHMYECKUX COCTABNSIOLLUX TOKa N HamnpsdKeHMs.

7. TpoBeaeHHble Ha rIaBHOM 3/1eKTPONpUBOAE MPoKaTHOW knetn craHa 5000 OAO «MMK» 3kcnepuMeHTasnbHble WCCIeAOoBaHWS [oKasann aAeKBaTHOCTb pa3pat
MaTemMaTUyeckux MoAeneil Ha OCHOBaHWW CXOAUMOCTM pe3ynbTaToB pacyeTa CreKTpasbHOro coctaBa M CyMMapHbiX KO3MdULMEHTOB rapMOHUYECKUX COCTaBSOLM
HanpshKeHUs C peasibHbIMU 3Ha4YeHUsIMU B 3...4%. DKCNepuMeHTaNbHO OnpefesieHo, YTO NnokasaTeslb CyMMapHOro Koad@uumneHTa rapMoOHUYeCKMX COCTaBASIOWNX Toka [
npu anropuTtMe MNBLUWM c 6a30Boi nocneaoBaTelbHOCTbIO 6a30BbiX BEKTOPOB M YacToTol komMmyTauuu 300 My nonynpoBoAHMKOBbIX Mogynen AUH naeHTuyeH npu anropun
cYBI' cypanennem 5,7, 11, 13,17, 19, 23, 25, 29, 31, 35 n 37 rapMOHuK.
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