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AHHOTALIUA

Bo BBegeHmM KpaTko MPEACTaBICHO OCHOBHOE HaIlpaBJCHUE MCCIIEIOBaHUA,
0003HauYeHbl TPOOJIEMBbI, KOTOpbIE pEIIAIOTC B JaHHOW padoTe OHU KacaroTcs
cTabWan3anuy HanpsOKCHHWsT Ha KOHJACGHCATOpaX B 3BEHE IMOCTOSHHOTO TOKa
TpEXYPOBHEBOTO  HMHBEpPTOpa C  OrpaHMYMBAOMMMU  Auojnamu. Ilokazana
aKTyaJIbHOCTh PAOOThI, ONPENENECHbl LEJIM U 3aJa4d Ha HCCIECJOBAHUE CUCTEMBI
«TpEXYPOBHEBBII  MHBEPTOP — AaCHHXPOHHBIM  JIBUTaTeidb» C  BEKTOPHBIM
ynpasienreM. O003Ha4eHbl METO/bl UCCIACAOBAHUS U AJIEMEHTHl HAYYHOU HOBHU3HBI
pabotel. CdopMyIUpOBaHbl OCHOBHBIC 3alUIIacMble TOJIOKEHHUS, CTEIEHb
OITyOJIMKOBaHUs PaboT.

B mepBoii rmaBe 1mpoBeleH 0030p  CYHIECTBYIOIIMX  TOMOJIOTHH
MHOTOYPOBHEBBIX HMHBEPTOPOB HAIPSOIKEHUS W aJTOPUTMOB YIIPABICHUS HMH C
MOMOIIBIO TUPOTHO-UMITYJIbCHON Monynanuu. [IpuBeneHsl TpU OCHOBHBIE CXEMBI
MHOTOYPOBHEBBIX HMHBEPTOPOB HampspDKeHHWS. JlaHBI OCHOBHBIE TIOHATHS TIO
TEXHUYECKUM TEPMUHAM I TIOHUMAHHS aJTOPUTMOB PabOTHI JUIsl YMPABICHUS C
MOMOIIBI0  MIMPOTHO-UMMYJIBCHOM  Moayisiiuu.  OOOCHOBaHO  MPUMEHEHHE
MPOCTOPAHCTBEHHO-BEKTOPHOU MIUPOTHO-UMITYILCHON MOIYJISIINH.

Bropas riaBa mocBsieHa pa3pabOTKE MaTeMaTHYeCKOW MOJEIU CHUCTEMbI
«TPEXYPOBHEBBI MHBEPTOP — ACHHXPOHHBIM JBHUTATEIb», B KOTOPOW MPUBOIATCS
pacy€Tbl M  TEOPETHYECKHE BBIKIAQJKKM [0 ONHCAHWIO 3aKOHOB  PabOThI
MaTeMaTU4YeCKOW Mojenu. Takke NMPUBEACHBI CTPYKTYPHBIE CXEMbI JIJISi OMUCAHUS
MPUHUIUNOB paboThl Mozenu. Ilo ypaBHEHUSM CO37aHbl MOJCIH B MPOTPAMMHOM
cpeze U MOJCIIMPOBaHUs deKkTpuueckux cxem LTspive V.

Tperbsi 1JIaBa TOCBSIICHA HUCCIASAOBAHUSIM MaTEMAaTHUYECKUX MOJEIECH B
nporpammuoi cpene LTspice |V. IlpuBeneHsl pe3ysibTaThl HCCICIOBAHUM I10
BIIUSTHUIO TUIYOMHBI MOIYJISIIIUM W YaCTOTHI MOJYJISIIIUM Ha paz0ajaHC HaNpPsHKCHHM

Ha KOHJEHCATOpax 3BE€HAa IIOCTOSSHHOTO TOKAa TPEXYPOBHEBOTO HMHBEPTOpA



HanpspkeHus. IlosydyeHbl auarpaMMbl TOKOB W HANpPSDKEHUH NPH  pa3IMYHBIX
3HAYEHUSIX TIIyOWHBI MOAYJISIIIUM U 9acTOTHl MOJYJISLIMU, POBEAEH aHAINU3 CIIEKTpa
BBIXOJIHOTO  HampspDKeHUs  MHBepTopa.  MccinepoBaHa — MoOJEIb  CHCTEMBI
«TPEXYPOBHEBBI MHBEPTOP — ACHMHXPOHHBIA JBUTATENbY», MOJYYEHbl IUArpaMMBbI
TOKOB, HampsHKEHUH, 3JEKTPOMAarHUTHOIO MOMEHTa JJIsi OOECIEeUeHUs 3aJJaHHOTO
CKOPOCTHOI'O peKMMa MpHU pa3InyHbl 3HAUCHUSX HANPSKEHUS B 3BEHE MOCTOSIHHOTO
TOKa TPEXYPOBHEBOIO MHBEPTOPA HAIIPSIKEHUSI.

3akiroyenue. PesynbraTaMu JaHHOM paOOThl SBJISIIOTCS pa3paOOTaHHBIE
MaTeMaTU4eCKue MOJIeIM B TporpamMmHoOi cpeme LTspice IV ¢ ommcanmem

IIPUHLHAIOB UX IIOCTPOEHUS U PE3YIbTATAMHU UX MCCIEN0BAHUS.
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Beenenue

AKTYaJnbHOCTh

Bo BcéM wMwHpe Beayrcs pa3pabOTKU MHOTOYPOBHEBBIX HHBEPTOPOB
HaIpsDKeHUs, B 4acTHOCTH TpEXypoBHeBbIX. Hambonee momxopsiias cxema s
TpEXYpPOBHEBBIX MpeoOpazoBaTesiell SBISETCS CXeMa ¢ OTPAaHMYMBAIOIIUMU THOIaMU
(wm cxeMa ¢ (PUKCHUPOBAHHON HEUTPAIbHOM TOYKOW), T.K. B HEH HCIOIB3YETCS
MEHbIIEE KOJIMYECTBO EMKOCTHBIX 3JIEMEHTOB W HEOOXOJHMM JIUIIb OJUH HCTOYHUK
NOCTOSAHHOrO Toka. Ho B Takoil cxeme ecTh mpoOsiema KOHTPOJIS HaIpsHKEHUs Ha
BXOJIHBIX KOHJIEHCAaTOpax. Bo MHOIMX MCTOYHMKAX, IJI€ MPEIAratoTcs aarOpUTMbI
HIMPOTHO-UMITYJILCHOM MOAYJSLIMU, MOMPOCTY HE YYUTHIBAIOT 3Ty MpoOsieMy, Judo
HE HccleioBaHa paboTa mpeoOpa3oBaTens Ha JABUraTEIbHYIO Harpysky (KoTopas B
HUX HCIIOJIb3YETCSl 4Yallle BCEro), JUOO JAeNaeTcsl Ymop TOJbKO Ha MCCIEI0BaHUE
CIIEKTpa BBIXOAHOIrO HamnpsbkeHus. Haiinen oxun anmroput™m WM, HO B HEM
IIPOBOJUTCS OYEHb MHOIO BBIYHCICHUN, YTO HAKJIaJAbIBACT ONPEICIEHHBIC
OTpaHUYECHHUS HA YACTOTY MOAYJIALIMU BBIXOIHOTO HAIPSIKEHUSL.

Pabora, nocBamEéHHass TPEXYPOBHEBOMY HHBEPTOPY SIBISIETCA AKTyaJlbHOM.
He cMoTpst Ha 00JIbIII0€ KOJMYECTBO MOTYIPOBOJAHUKOBBIX KIHOUEH, Ha CII0KHOCTD B
VIOPABJICHUH, TIPU BBICOKUX HANPSIKEHUAX M MOIIHOCTAX OHU MOKAa3bIBAIOT OoJjee
BBICOKME T[IOKa3aTeId KadecTBa BBIXOJHOTO  HampsbkeHusd. Ilmroc  Takux
npeoOpa3oBatTeieil B TOM, UTO MEXAY KIIFOUaMH MPOUCXOIUT JACJICHUE HANIPSKEHUS U
BMECTO BbIOOpA OJHOIO KJIH0Ya Ha BHICOKOE HANPSHKEHHE MOKHO B35ITh HECKOJIBKO Ha
0oJiee HU3KOE HaIpPSHKEHHE, KOTOpble MOTYT padoTaTh C 00jiee BBICOKOW YaCTOTOM
KOMMYTAalK.

[enu u 3agaun paboOThHI

[lenpr0 MarucTepckoil AHMCCepTaluUd SIBISETCS pa3paboTKa alropuTMa
IIPOCTPAHCTBEHHO-BEKTOPHOM MIMPOTHO-UMITYJIbCHOM MOIYJSILMU, MOJEIUPOBAHUE
TPEXYPOBHEBOIO HMHBEPTOpPAa HANpsDKEHUS C  HUCnoiab3oBaHueM d3tou  [INM,
UCCJIeIOBaHUE pPabOThl MHBEPTOpPAa HA AKTUBHO-UHIAYKTHUBHYIO W JBUTATEIIbHYIO
Harpy3Ky (aCHHXpPOHHBIN ABUTATENh C KOPOTKO3AMKHYTBIM POTOPOM).

3agayamMu, TOMJIEKAIIMMHM PEIICHWI0 B paMKax HacTosmled paboThl,
ABJISIFOTCS:

- 0030p TOMOJOTMII MHOTOYPOBHEBBIX HWHBEPTOPOB HANPSIKEHUS U
aJITOPUTMOB HIMPOTHO-UMMYJIbCHOW MOJYJISIIUU YIPABJICHUS UMHU U OOOCHOBAaHUE
BBIOOpA CXEMBI C OTPAaHUYHUBAIOIIMME JUOIaAMH;

- pa3paboTka  ajaropuT™Ma  MPOCTPAHCTBEHHO-BEKTOPHOW  IMMPOTHO-
VMMIYJIbCHOM MOJYJISILIMU C KOHTPOJIEM HAINpPSDKEHUS HAa BXOJHBIX KOHIEHCATOPAX
TPEXYPOBHEBOI'O MHBEPTOPA;

- WCCJICIOBAaHME MaTEMAaTHYECKOW MOJeNnu TpeoOdpa3oBaTeilsi HAa AKTUBHO-
WHJYKTUBHYIO U IBUTATEIIbHYIO HATPY3KY.

5



MeTtoabl ucciea0BaHus

[Ipu perieHHH MOCTABJICHHBIX 3a7a4 HMCIOJb30BAINCH CICIYIONHE METOIbI
UCCJICIOBAHUS: H3yUCHHE TEXHUYECKOHW JMTepaTyphbl (3apyOe:KHOW B TOM YHCIIE);
npuMmeHenue nakera LTSpice IV u Matlab.

Hayunas HoBu3HA

1. Pa3paborana moau¢ukanus aaropurMa MPOCTPAHCTBEHHO-BEKTOPHOM
HIUPOTHO-UMITYJIBCHOM MOJYJSILIMM € KOHTPOJEM HANpsyKEHHUs Ha BXOJHBIX
KOHJICHCATOpax TPEXYPOBHEBOTO MHBEPTOPA HAIIPSKEHUS.

2. Pazpaborana MaremaTuyeckasi MOJIeJb TPEXYPOBHEBOIO HWHBEPTOpA
HaIpsHKEHUsS ¢ UCIoJib3oBaHueM anropurma [IBIIIMM.

3. IIpoBeneHsl HCCIEIOBAaHHWS MAaT€MAaTHYECKOW MOJEIH HWHBEPTOpA
HaIpsHKEHMUS.

JInunHbIM BKIIAJ aBTOpA

- IPEJIOKEH AITOPUTM IIPOCTPAHCTBEHHO-BEKTOPHOM IIUPOTHO-UMITYJILCHON
MOZYJIALIUY IS TPEXYPOBHEBOIO MHBEPTOPA C KOHTPOJIEM HANPSKEHUS HA BXOIHBIX
KOHJICHCATOPAaXx;

- IIPOBEJEHO KOMIBIOTEPHOE MOAECIUPOBAHUE TPEXYPOBHEBOIO MHBEPTOPA C
[IBIIIMM c KOHTpoOJIEM HAaNPSIKEHNS HA €70 BXOAHBIX KOHJIEHCATOPAX.

AnpoOanust paboTbl

PesynbraTthel  paOoThl MpEACTaBICHBI OJHUM JOKJIAJOM HAa HAy4YHO-
TEXHUYECKON KOH(PEPEHITNHU U OJJHOM myOsmkaiuei B coopuuke TpynoB AYIC.

Crpykrypa u 00bEM aHUCCEpTAIIIN
Pabora cocrour W3 BBeAeHUA, TPEX TUIAB, 3aKIIOUCHHS, CIIHCKa

UCIIOJIb30BaHHBIX UCTOYHUKOB U3 15 HaumeHoBaHui, 2 npunoxkeHui. O0muit 00bEM
O crpanun, B Tom uncie 44 pucyHka, 12 tadnun.



1 CoBpemeHHble TeHJAEHHMH B MPOEKTHPOBAHMM  MHOIOYPOBHEBBIX
npeodpa3zoBareJsieil HaNPsKEHUS

B Hacrtosiee BpeMs aKTUBHO HMCHOJB3YIOTCSI CHIJIOBBIE TOJYIPOBOJHUKOBBIE
YCTpOMCTBA Il DJIEKTPONPHUBOAOB  IMEPEMEHHOIO  TOKa, JJIg  [epeadu
anekrposneprun  mocrosuHoro  (HVDC) wu  mepemennoro Toka (FACTYS),
komneHcatopsl (CTATKOM) [4].

[Ipu nmepenaye SIEKTPOIHEPTHH  HCIOJNH30BAHHE  MOYPOBOJIHUKOBBIX
npeoOpaszoBareneil Aa€T BO3MOXKHOCTh 3((EKTUBHO pEryIHpoBaTh IEPETOKU
MOIITHOCTA MEXIy HSHEPrOCUCTEMaMH, CTaOWIM3UPOBATh HAIPSHKEHUE B JIMHMIX
JNIeKTporepeaad, KOMIICHCHPOBAaTh MOTPEOIAEMYI0 PEAKTUBHYIO  MOIIHOCTb,
YMEHBITIATh HETMHCHHBIC NCKAKCHUS CETH.

[Ipu HCHONB30BAaHMM CUCTEM TNEpeNayd SJIEKTPOIHEPTUU MOCTOSHHOTO TOKa
(HVDC) B0O3MOXHO OOBEIUHHTH SHEPrOCHCTEMBI C pPa3HBIMH  YaCTOTaMH
HaIpsHKEHUSI CETU U B OMPENEIEHHBIX ClydasX MepeaBath dHEpruro dddexTuBHee
JMHUN TIEPEMEHHOTO TOKA.

Ucnonb3oBanne kommneHcatopoB CTATKOM 1o3BosileT peryinpoBaTh
KO3 PUIIMEHT MOIIIHOCTH B JIMHUHM JIyYIlIe YCTApEBIIUX OaTapeil KOHJIEHCATOPOB WIIH
CUHXPOHHBIX KOMIICHCATOPOB M  KOMIIGHCHPOBATh MOINHOCTh  HEJIMHEHHBIX
HCKaKECHUMU.

[Ipu KcmoNb30BaHUU B AJIEKTPOTNPUBOAAX TOTYyYaEM YaCTOTHO-PETYIUPYEMBIC
AIIEKTPOTIPUBO/IBI, KOTOPHIE OOECIEYMBAIOT BBICOKOE KA4YE€CTBO PETYIUPOBAHUS
CKOPOCTH JABHUTATENIed TIEPEMEHHOTO TOKa, ONTHMH3AIAI0 TEXHOJOTHUECKHUX
MPOLIECCOB U PEXKUMOB Pa0OTHI JIEKTPOOOOPYIOBAHUS.

Jlns npuMeHeHUsT B OTUX 007acTAX HEOOXOAMMO Kak palMoHaIbHOE
MOCTPOEHUE TaKUX TpeoOpa3zoBareyeil i CpPeAHEro W BBICOKOTO YpPOBHS
HAMpSHKEHUS, TaK M HCIOJIb30BaHUE COOTBETCTBYIOIIETO AaJTOPUTMA YIPABICHUS
KJIF0UaMH rpeoOpa3zoBatersi.

1.1 O630p TONO10THIT MHOTOYPOBHEBbIX HHBEPTOPOB HANIPSKEHUSI

C MoMmeHTa Hayana NMPUMEHEHWsS MHOTOYPOBHEBBIX HHBEPTOPOB B CHIIOBOM
DJIEKTPOHUKE BBICOKMX HANPSHKEHUM W MOIIHOCTEHM MHTEPEC K HUM HE IEepecTacT
pactu. MHOroypoBHEBblE MHBEPTOPbl HamOOJEE MPHUBIIECKATENbHBI JIsi CPEIHUX U
BBICOKUX HANPSKECHUM.

MHoOroypoBHeEBbIE VHBEPTOPHI bopMHpYIOT HalpsKEHUE IIyTEM
UCITI0JIb30BaHUs 0oJiee YeM JBYX YPOBHEUW HANpsHKEHUSI; CIIeIOBATENbHO, YIIyUIlIaeTCs
CIIEKTP BBIXOJHOT'O HAIIPSKEHMS B CPABHEHUH C ABYXYPOBHEBOU TOIOJIOTHUEN.

OCHOBHBIE HETOCTATKA MHOTOYPOBHEBBIX HHBEPTOPOB:

- TpedyeTcs 0oJibIiee KOJTUIECTBO MOTYITPOBOIHUKOBBIX KITFOUCH;

- yIpaBjeHHE TaKMMU HMHBEPTOPAMHU CIIOKHEE M3-3a OOJIBLIOr0 KOJIMYECTBA
KJIIOUECH;



- CyILECTBYeT mpolbiieMa MOJJICPIKAHUS OMPEICIEHHOTO YPOBHS HAMPSIKCHUS
Ha KOHJICHCATOPaX, KOTOPBIC BXOST B COCTAaB MHOTOYPOBHEBBIX CXEM.

HecMmoTpst Ha 3TH HEIOCTATKH, MHOTOYPOBHEBBIC MHBEPTOPHI MCIIOJIB3YOTCS
npy OOJBIIUX MOIIHOCTSX, T.K. CTOMMOCTh CHCTEM YIIPABJICHUS WUMH B JaHHOM
cllyyae — 3TO JIMIIb Majas 9acTh CTOMMOCTH Bcel cuctembl. K TOMy e, CTOMMOCTh
CWJIOBBIX IOJIyPOBOAHUKOBBIX 3yieMeHTOB M LICII mpomoimkaer CHIKAThCS, YTO
MO3BOJIMT HCIOJIh30BaTh MHOTOYPOBHEBBIC MPeoOpa3oBaTeii B CUCTEMax C MaJion
MOITHOCTRIO (MeHblie 10 kBT). B MHOroypoBHEBBIX CXE€Max HCHOJIb3YIOTCS
HU3KOBOJIbTHBIE ~ TPAH3UCTOPBI, KOTOphIE pabOTAIOT C BBICOKOM  YacTOTOU
nepermoueHnil. Takxke, TPEXYPOBHEBBIC MPEOOPA30BATENN YIKE HUCIONB3YIOTCS IS
HanpsbkeHus Huxke 1 kB.

W3BecTHBI cClEQyIONIMEe CXEeMbl MHOTOYPOBHEBBIX IMpeoOpa3oBaTelneit: ¢
orpannuuBaromumu guonamu (diode-clamped converter) wim ¢ QukcHpoBaHHOMN
HyjeBoi Toukoit (neutral point clamped), ¢ «mnaBaromMMN» WM «HABECHBIMUY
xoHneHcaropamu (floating-capacitor converter) u kackamHas cxema (cascade H-
bridge converter). Takxe n3BeCTHbI KOMOMHHUPOBAHHBIE CXEMbI, KOTOPBIC MOCTPOCHBI
Ha 0a3e MePEUNCIICHHBIX BBIIIC TPEX CXEM.

1.1.1 Cxema ¢ orpaHUYHBAIOIIUMH JTHOIAMH

C MomeHTa u300pereHus »Tol cxeMbl B 1981 romy, oHa u mo ceil JeHb
ABJISIETCA HauOojee IIMPOKO Hcmoias3yemoi B wmupe (puc. 1). Hueprop,
BBINIOJIHEHHBIH 1o Takoi cxeme, HaspiBaloT NPC (neutral point clamped — ¢
(UMKCUPOBAHHON HEUTPATILHON TOUKOM).

DTa TonoJIorHsi MOKET ObITh paciupeHa 10 4 u 6onee ypoBHel. Ha pucynke 2
MOKa3aH YeThIPEXYPOBHEBBI HHBEPTOP.
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Pucynok 1 — TpéxyposHeBsiii NPC-unBeptop



CxeMmy, NOKa3aHHYIO Ha PHUCYHKE 3, MOXKHO MCIOJIb30BaTh [ OMUCAHUS
npUHIMNA paboThl Takoro npeodpazoBarens. C 0JHOM CTOPOHBI KIFOU MOAKIIOYEH K
daze, a c JApyrod TMOAKIIOYAETCS Pa3HOE KOJUYECTBO IOCIEIOBATEIBHO
COCIMHEHHBIX KOHJEHcATopoB. Takum oOpa3oM, K KOHIy OJHOM wu3 (a3
OTHOCUTEIHHO TOUKHU () MPUKIIAILIBAET HAIIPSDKCHHUE.
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Pucynox 2 — YerbipéxypoBueBsiit NPC-unBepTop

Bepuémcst k pucynky 2. B oOmem ciayyae N-ypoBHEBOW Tomojioruu, N-1
MOCJIEIOBATEIBHO COECIMHEHHBIX KIIIOUEH OJHOM CTOMKM mpeoOpa3oBaTelis JAOJHKHBI
OBITh B OTKPBITOM COCTOSIHUH, YTOOBI CPOPMUPOBATH HANPSIKEHUE MEXKIY TOUKOM 0
u toukamu A, B mnu C. B nmanHOW cxeme, MOXXHO YBHJAETh, YTO HAINPSKCHHE
NPWIOKEHHOE K 3aKpbITOMY KIIOYY pPaBHO HANpsDKEHUIO Ha OJIHOM U3
KOHJICHCATOPOB.
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Pucynox 3 — Cxema jy1st onivcanus pUHITMIIA paboThI MpeodpazoBaTess



Taxke W3 cXeMbl Ha PHUCYHKE 3 MOXXHO TMOCYUTATh YHUCIO KOMOWHAITHIA
BKJIFOUYEHHBIX KJIIOUYEH UHBEPTOPA:

n, = ns. (1)

JlocTomHcTBa npeoOpazoBaTes, BBIITOJITHEHHOT'O T10 cxeMme c
OTPaHUYMBAIOIIUMHU THOJIAMH:

- HUCHOJIB3YETCS MEHBIIEE, B CPABHEHHUHM C JAPYTMMHU CXE€MaMH, KOJUYECTBO
KOHJICHCATOPOB, YTO BJIMSET HA CTOUMOCTb MPEe0Opa3oBaTels;

- MMOJIKJIFOYEHUE MTPOUCXOJIUT K OJTHOMY UCTOUHUKY MTOCTOSTHHOT'O TOKA.

HenocraTku:

- JUISL CXEM C YHKCIIOM YpOBHEW OojblIe TPEX, K OrpaHUYMBAIONIUM JTHOJaM

n-—2
IMPUKIAABIBACTCA  HAIIPSIKCHUC Vdc: . B pe3yiabTaTeC I3TOIO HCO6XOI[I/IMO

IIOCJIEIOBATEIBHOE COCAMHEHUE HECKOJIBKUX TUOMOB;

- 1npu OonbIION TriayOMHE MOAYISUMU TMOSBISIIOTCA HU3KOYAaCTOTHBIE
IyJIbCAllMA Ha BXOJHBIX KOHAEHCATOPaX, OTCIOJA YBEJIMYMBACTCS IMPUKIAIBIBAEMOE
HaNpsHKEHUE K TOJIYNPOBOJHUKOBBIM TPUOOPAM.

1.1.2 Cxema ¢ «1m1aBaronuMmy (HaBECHbIMU) KOHJEHCATOpaMU

Ha pucynke 4 mnoka3aHa cxema TpEXYPOBHEBOrO WHBepTOpa. Takoii
npeoOpaszoBarens Takxke HazbiBaroT FLC (flying capacitor).

| 3 3 U

[~
L1
I~
L1
|
L1

!
!

|
1

-
y
15

0
Pucynoxk 4 — Tpéxypouesiii FLC-nipeo6pa3oBaTenb
Kaxxnoe croiika B Takoi cxeMe MOXKeT OBITh pacCMOTpeHa KakK OTIeNbHas

sa4yeiika, B KOTOpo HampsbkeHue Mexay Toukamu A, B, C u 0 popmupyercs nyrém
IOCJIE0BATEIBHOIO MOAKIIIOUEHUS ONPEAEIEHHOTO YMCla KOHAEHCATOPOB (puc. 5).
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Pucynok 5 — I[1neyo FLC-npeoGpazoBarens

Omua w3 kaxmgoit mapel kmoded K, m Ky momxeH OBITH OTKPBIT ISt
MoJTy4yeHUs] HeoOXoauMoro noreHnuana B Touke A. CoOTBETCTBEHHO, B OJIUH MOMEHT
BpeMEHM o00a KJIoya HE MOTYyT OBITh OTKPBITBI, T.K. TMPOU30UIET KOPOTKOE
3aMbpIkaHue. TaOmuia 1 mOKa3pIBAa€T BCE BO3MOYKHBIE COCTOSIHUS KIIIOYEH I
TPEXYPOBHEBOT'O UHBEPTOPA.

Tabmuma 1

KB2 KBI KH2 KH] UaO ICfl
BBIKJI | BBIKJI | BKJI BKJI 0 0
BBIKJI | BKJI BKJI BeIkI | Ug/2 | -la
BKJI BBIKJI | BBIKJI | BKII Ud2 |l
BKJI BKJI BRIKI | BRIKI | Uy 0

N3 Tabnuipl BUIHO, YTO KOMOWHAIIMM BKJIIOYEHHBIX KIIIOYEH (QOPMUPYIOT
OJIMHAKOBOE BBIXOJHOE HampsbkeHHWe. 3a Ccu€T HTOro CBOMCTBA M MOXKHO
HNOJIepKUBaTh ~ OajaHC  HampsDKEeHUWM  Ha  KOHAEHCATOpax,  HCIOJIb3ys
COOTBETCTBYIOIIMN aJITOPUTM ynpasieHus. Hanpumep, mis ciaydast TpEXypOBHEBOTO
MHBEPTOPA, UMEETCSI TOJBKO JIB€ KOMOMHALIMU, KOTOPbIE BIUSIOT Ha HANpPsOKEHUE Ha
KOHJeHcaTopax U 00e dopmupyror HampsbkeHue Ug/2. Ho Tok depe3 KOHIEHcaTop
Oyaer Tedb B pa3HBIX HampaBieHusXx. (CiemoBaTeNbHO, BBIOUpPAs HEOOXOIUMYIO
KOMOHMHAIIMIO BKIIIOUEHHBIX KIIOYEH, MOKHO KOHTPOJIMPOBATH OallaHC HAIPSHKCHUS
Ha KOHJIEHCATOPeE.

BriBonI:

- KaXJas CTOWKa MOXET OBITh PACCMOTPEHA HE3aBHCHMO OT JPYTHX. JTO
CYLIECTBEHHOE OTJIMYME OT MpeoOpa3oBaTeisl C OrPaHUYMBAIOIIMMH JHOJAMH, B
KOTOPOM JIOJIKHBI OBITh pacCMOTPEHBI MPOLIECCHl BO Beell TpéxdazHoil cucrteme ais
BbIPAaBHUBAHUS HAIPSDKEHUS HA KOHJIEHCATOpax;

- 9TH TmpeoOpa3oBareiad MOTYT KOHTPOJMPOBaTh  HAmpsyKEHUE  Ha
KOHJEHcaTopax Orjaromapss OJMHAKOBBIM COCTOSHUSIM, KOTOpble (QOpMHUPYIO
OJIMHAKOBOE BbIXOAHOE HampspkeHue. Ho, B mpeoOpaszoBaTensix ¢ 4HCIOM YpOBHEH
Oosblile TPEX 3TO YBETMUUBAET YACTOTY NEPEKIIOUEHUH, T.K. JAJIs JYUIIEr0 KOHTPOJIS
HANpsOKEHUH Ha KOHJEHCAaTopax HEOoOXOJMMO HCIOJIb30BaTh BCE KOMOHMHAIINH,

11



KOTOpbIe (POPMHUPYIO OJTMHAKOBOE HAMPSIKEHNUE HA BBIXOJIE.

- MCXOJS M3 TPEIBIIYIIEro MyHKTa, TaKOH mpeoOpa3oBareih UMeeT OOJbIIne
noTepu nepekitoueHus B cpapHeHnn ¢ NPC-nipeobpazoBarenem.

W emé oauH OYeHb CYIICCTBCHHBIH HEIOCTATOK — 3TO OOJIBIIOE KOJTUYECTBO
KOH/ICHCATOPOB, UYTO YBEIIMYUBAET CTOMMOCTh ITPeoOpa3oBaTers.

1.1.3 Kackagnas H-bridge cxema

OnaHO W3 MepBbIX MPUMEHEHHUM MOCIEI0BATEIbHO COSAUHEHHBIX OJHO(A3ZHBIX
MOCTOBBIX HHBEPTOPOB OBLIO MCIIOJIB30BAHO /IS CTa0MIM3aluu 1iasmsl B 1988 roxy
[7]. Tlo3xe, Takas cXxeMbl BKIIIOUEHUSI ObUla MPUMEHEHA JJsl MUTaHus TPEXQazHOit
Harpy3Ku.

basoBast ~ Tpéxdasnas  CTpykTypa, HCHOIB3yeMas B  KacKagHOM
npeoOpasoBarere, Noka3aHa Ha pUCyHKe 0.

Pucynok 6 — bazoBas Tpéxdasznas ctpykTypa Ha 6a3e H-bridge cxempr

[locnenoBarenbHOE COEAMHEHHE TaKUX S4YEeK i KaXIou ¢asbl obOpasyer
npeoOpaszoBareiib ¢ OONBIIUM YHCIOM YpoBHEH (puc. 7). Suetika H-bridge ssisercs
TPEXYPOBHEBBIM IpeoOpazoBareseM, T.K. OTHOCUTEIbHO 001eld Touku 0 U KOHIIOM
onHoi u3 a3z oyner hopmupoBartbes Hamnpsbkenue Uy, -Uy 1 HOJTb HanpsiKeHUsL.

13

Pucynok 7 — MHOTOYypOBHEBBIN TTpeoOpa3zoBaTeh
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JlocTonHCTBA:

- MOJIYJIbHOCTB 3TOM TOTOJIOTHH SIBJISIETCS] BAXKHOW OCOOCHHOCTBIO.

Henocrartku:

- JUISL KaXKJIOW siuelKM HEOOXOJMM HWHIUBUIAYAIbHBIM UCTOYHUK MOCTOSHHOIO
TOKa;

1.1.4 Kackaanoe coenunernne NPC-mipeobpazoBareneit

Ha pucynke 8 mnokasan kackaasbeiii 3/3 wunBeprop. Hcmombsyercs nBa
TpéxypoBHeBbIXx NPC-unBepTopa. BriepBrie Takoro Tuma cxema Obljia MpejioKeHa B
1993 romy. Ho kaxmeiii mpeoOpa3oBaTeib MMEN CBOM COOCTBEHHBI HCTOYHHK
MOCTOSIHHOTO TOKA, BBIXOJHBIC HANpPSKEHUS KOTOPBIX ObUIM paBHBL. Takoit
npeoOpa3oBarenb padoTal Kak MATHYpPOBHEBBIM. Yepe3 HECKOJbKO JieT Obula
MpEIVIOKEHA CXE€Ma C OJHUM TpPEXYPOBHEBBIM W OJHUM JABYXYPOBHEBBIM
MHBEpTOpaMU. TpEXYpOBHEBBIN MHBEPTOP MUTAJICA OT UCTOYHHKA ITOCTOSTHHOTO TOKa,
a IBYXYPOBHEBBIN — OT KOHAEHCATOPOB. HanpsikeHrne nuTaHus nepBoro MHBEPTOpa B
JIBa pa3a 0oJibllle HAMPsKEHUS TuTaHusi BToporo. M takoit mpeodbpaszoBatenb padoTan
KaK 4eThIpEXYPOBHEBBIN. Eciin jxe HanpskeHue MUTaHus ObLI0 Obl OOJIBIIE B YETHIPE
pasza, TO Takod mpeoOpa3zoBaTelb MOXKET paboTaTh Kak IIECTHYpOBHEBbIM. U BOT
3aTeM MpeMIOKIIN cxemy ¢ AByMms TpéxypoBHeBbiIMU NPC-npeoOpazoBaTensiMu, B
KOTOPOH OJMH MHBEPTOP MUTAJICS OT UCTOYHHMKA IMOCTOSIHHOTO TOKA, a JAPYrod — OT
KOHJIEHCATOPOB.

B »T0if cxeme BepxHUI HHBEPTOp pabOTaeT Kak BbICOKOBOJBTHBIN
HU3KOYACTOTHBIN, & HUIKHUM — KaK HU3KOBOJIBTHBIN BBICOKOYACTOTHBIN.

[IpenmymecTBo:

- MPU OTHOCHUTEJIHHO MAJIOM KOJUYECTBE KIIIOUEH MOYKHO MOJIYYUTh OOJBIIOE
KOJIMYECTBO YPOBHEMN BBIXOJHOTO HANIPSKEHUS,

Henocratku:

- CJIOHAs CUCTEMA yIPaBJICHUS,

- HEYJIOBJIETBOPUTEIbHA JIJIsi IPUMEHEHUS ITPU MaJIbIX MOILHOCTSX;

- HeoOXoMMa pacierIEHHas HeHTpalibHas TOYKa B HArpy3Ke.

13



5. 5.
u_-q__ TINNT
NINsINEI:
R
(G0
- @& @ @
SIRIRNE

Pucynok 8 — Kackanneiit 3/3 NPC-unBepTop
1.1.5 KackaaHoe coequHeHre MHOTOYpoBHEBBIX H-bridge siueex

Ha pucynke 9 mnokazana ogHa (aza Takoro uHBepTopa. B Takoii cxeme
NOCJICIOBATEIbHO COCIMHEHBI MATHYpOBHeBas suelika H-bridge m tpéxypoBHeBas
siueiika H-bridge.

B Takoil cxeme U3MEHsSS COOTHOUICHHWE HAINPSHKEHUW  HMCTOYHHUKOB
noctossHHOro Toka Uy m Uy MOXKHO TONYYUTh pPa3HOE KOJHWYECTBO YpPOBHEH
BBIXOHOTO HampspkeHus. Tak ecnmu Uy, = 6Ugp, TO MOXXHO MOJMYyYHTh MATHAAATH
YPOBHEM.

JIOCTOMHCTBO:

- TIPU OTHOCHUTEJIIPHO MaJIOM KOJUYECTBE KIIFOUEH MOKHO MOJYYUTH OOJIBIIIOE
KOJIMYECTBO YPOBHEMN BBIXOJHOTO HATIPSAKEHUS

Henocrarku:

- CJIOHAs CUCTEMa yIpaBJIeHNUS,

- HE0OXOIMMO JIBa OT/EJIBHBIX UCTOYHHKA IMOCTOSIHHOTO TOKA JIJIsi OJTHOM (pasbl
WHBEPTOPA;

- HEYJIOBJIETBOPUTEIbHA JIJIsi IPUMEHEHUS TIPU MaJIbIX MOIIHOCTSX;

14
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Pucynok 9 — Kackannsiii 5/3H unBeptop
1.1.6 Kackanusiii NPC/H-bridge uaBepTop

Ha pucynke 10 mokazaH Takoil wuHBepTop. Mcmonb3yeTcss OAWH
tpéxypoBHeBblii NPC-uHBepTOpa M Tpu mATHYypOBHEBBIX sueiika H-bridge. 3mech
MOYKHO TOJIYYHTHCS MATHAIIATh YPOBHEH BBIXOIHOTO HAMPSHKEHUS MPH CIICAYIOIIEM
COOTHOIICHUH:

Ug =5(Uc1 + Uc).

15
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Pucynok 10 — Kackagusiii NPC/H-bridge uaBeprop

Jl0OCTOMHCTBO:

- TIPY OTHOCHUTEIHHO MaJIOM KOJIMYECTBE KJIFOYEH MOKHO MOJYyYUTh OOJIBIIIOE
KOJIMYECTBO YPOBHEM BBIXOJHOTO HAIIPSYKCHUS

Henocrarku:

- CJIO’KHAsl CUCTEMA YIIPABJICHUSI;

- HE0OXOUMO JIBa OTMEJIBHBIX UCTOYHHKA ITOCTOSHHOTO TOKA JIJIsi OJTHOM (hasbl
WHBEPTOPA;

- HEYJIOBJIETBOPUTEIbHA JIJIsi IPUMEHEHUS ITPU MAJIbIX MOIIHOCTSX.

1.2 MeTtoabl IIMPOTHO-UMNYJIbCHON MOAYJISIMUU [JISI MHOTOYPOBHEBBIX
HHBEPTOPOB HANIPSKEHUS

B  HplHemHee  BpeMsl  UCHOJIB3YIOTCS  aJTOPUTMBI  CHHYCOMJAIBHOM
(«KJIaccU4ecKoi») IHAPOTHO-UMITYJIbCHOU MOJYJISLNU 151 aJITOPUTMBI
MIPOCTPAHCTBEHHO-BEKTOPHOM IIMPOTHO-UMITYJILCHOW MOIYJISLIUU.

MuoxectBo [IIMM meTo0B Ob110 pa3paboTaHO AJisi TOCTHXKEHHS CISIYIOMUX

16



LeJICH:

- YMEHBIIICHUE NMOTEPh NEPEKIIOUYCHHUS;

- yMEeHbIIIeHHEe KO3 hHUIIMEHTa TAPMOHHUK BBIXOIHOTO HAIIPSKEHUS;

- IPOCTOTAa peaau3aluu;

- MaJI0€ BpEMs BBIUUCIICHUA.

C pa3BUTHEM MHKPOIPOILIECCOPHON TEXHUKH, IMPOCTPAHCTBEHHO-BEKTOPHAS
MOAyJANUs craja omHuM w3 BaxkHeumux [IIMUM wmeromnoB mist TpexdasHbIX
npeoOpa3oBareseii. B oCHOBE JIGKUT MpEACTaBICHUE O MPOCTPAHCTBEHHOM BEKTOPE
JUTSL BBIYMCIICHHUSI BpEeMEH BKJIIOUEHUs Kirodeil. [Ipocras mudpoBas peanusanus u
IIMPOKUN JHANa30H MOIYJSIUMU JIMHEWHBIX HANPSDKEHUNM — 3TO BAXKHBIE CBOWCTBA
MIPOCTPAHCTBEHHO-BEKTOPHON MOYJISILIAM.

1.2.1 Metoa «KJ1acCHYECKOW» MUPOTHO-UMITYJIbCHOW MOYJISIIUN

OgauM u3 0Oosiee MPOCTBIX METOJOB SBISICTCS METOJ  «KJIACCHYCCKOM)
IIUPOTHO-UMITYJILCHON ~ MOAYJISAIUU. 3aJaroIlii  CUTHAI u CpaBHUBACTCI C
TPEYrOJIbHBIM I WM mI000pa3HBIM HanpsbKeHUSAMHU. [IpaBHIIO IMEepeKITFOUYCHUS
cleayroniee:

K = {1 eciuu* > tr
0eciuu® < tr.

Ha pucysnke 11 nokazano ¢popMupoBaHue MOCIEI0BATEILHOCTH YIIPABISIOMIUX
MMITYJILCOB Uy.

ir 3

Pucynoxk 11 — ®opmupoBanue nociie10BaTeIbHOCTH YIPaBIIAIOIIAX
MMITYJIbCOB

B o6meMm ciayyae a1 N-ypOBHEBOIO MHBEPTOpA CUTHAJ 3aJjaHHsI CPABHUBAETCS
¢ N-1 TpeyronbHbIMU curHangamu (puc. 12).
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Pucynoxk 12 — ®opmupoBanue nociie10BaTeIbHOCTH YIIPABIISIOIIAX
VMMIIYJIbCOB JUJIsL N-yPOBHEBOI'O UHBEPTOPA

Meton «wiaccuueckon» MM 1pu CHHycOMIAnbHOM CHUTHAJIE 3aJaHHS
MO3BOJIAET MOJIYYUTh AMIUTUTYAY BBIXOJHOTO HampsbkeHus paBHylo Ugy/2. UToObl
IIOBBICUTH 3TO 3HAYEHUE MCIOJIB3YETCA IPEAMOAYISALMSA TPETbe TapMOHUKHU B
30U CUHYCOMIaIbHBIA CHUTHAJI, HO MPU 3TOM HCKaxkaeTcs (opma BBIXOJHOTO
HaIpsKEHUS U TOKA.

Hns tpéxypoBHeBbiX NPC-MHBEpPTOpPOB H3BECTEH alTOPUTM YIIPABICHUS, B
KOTOPOM YacCTOTHl TPEYTOJIbHBIX CHTHAJIOB pas3Hble Uil pasHbiXx ypoBHeu [10]. B
TaKOM aJITOPUTME YMEHBIIEHO KOJIUYECTBO MEPEKITIOYEHNN KITFOUEH, HO HE TIOKa3aHO
€ro BIUsIHUE Ha OallaHC HaIpsSKEHUN Ha BXOJHBIX KOHJEHcaTopax uHBeptopax [11].

B npyroii pabotre mpeACTaBICHHBIA aAITOPUTM  YMEHBIIAET YHCIIO
NEPEKIIIOUEHUsT KIIoUed M KOI(PPUIMEHT HCKAKEHHUsI BBIXOJHOTO HaIpPsDKEHUS
uHBepTopa. Ho, onsaTe-Taku HE NMOKAa3aHO BIIMSHUE aJrOpUTMA Ha HAIPSDHKECHUS Ha
KOHJICHCATOpax.

1.2.2 Metoa npocTpaHCTBEHHO-BEKTOPHOW MIUPOTHO-UMITYJIBCHON MOIYJISILIUU

B ocHOBe mpuHIMNA BEKTOPHOW MIMPOTHO-UMITYJIBCHOM MOZIYJIALIUN JIEKHUT
NpEACTAaBICHUE O TaK Ha3bIBa€MbIX 0a30BbIX BEKTOpax HaNpsDKEHHs, T.e.
MPOCTPAHCTBEHHBIX BEKTOpaxX, KOTOpPbIE MOTYT OBITh C(HOPMHUPOBAHBI U3 TPEX
(da3HbIX HANpsDKEHWM, NEeWCTBYIOIIMX HA BBIXOJIE€ WMHBEPTOpa HampsbkeHus [12].
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BCKTOp HAIIPsKCHUA Ha BbIXOAC OIIPECACIISICTCS B COOTBETCTBHUH C 06IHI/IM IMpaBUJIOM:

U=a-u,,
a=z[1 1+,\/§ 1 V3
) e A N R |
Ui
uq, = |UB|.
Uic

rie Uja, Uig, Ujc — MTHOBEHHBIE 3HAUYCHUS (Da3HBIX HAMPSHKCHUN.

Paccmotpum Ha npumepe TpExdazHoro AByXypoBHEBOro HHBepTOpa (puc. 13).
Harpy3ska coequnena B 38e3xay. [1o Gpopmyie 1 onpeaennm KoimmaecTBO KOMOMHAIIHIA
BKJIFOUEHHBIX KJIt0uel nHBepTopa. OHO paBHO 8.

K1/ K3/ K5

Ki/) K6/ K2

Pucynox 13 — Tpéxdasubiii IByXypOBHEBBIN HHBEPTOP
KomOunanuu K1-K3-K5 u K4-K6-K2 sBnsitorcst Hy/neBbIMH, T.K. OHHU
GbopMHpYIOT HYJIEBOE€ HAINpPSHKEHWE B HArpy3Ke, a OCTaJbHBIE BO3MOXKHBIC

KOMOHWHAIIMU — HeHYyJIeBbIe. Bece 3T koMOMHAIINKM pacCMOTpPEHBI B Ta0IuIIe 2.

Tabnuma 2 — Bo3mosxHBIE KOMOMHAITUU COCTOSTHUN TpEX(hazHOTro MHBEpPTOpa

3aMkHyThIE | Bxmtouenue 3HadyeHus (pazHbIxX [Tpoekuu 6a30BOrO
KJIFOYU Harpy3Kku HANPSHKEHUIN BEKTOpA HA OCH X, Y.
K2, K4, K6 u, =0
> AN = = = x
(Uno) ., I III Us=Up=Uc=0 u, =0
+ B 2 2
K1, K2, K6 Ua=3Ua Uy =z Uq
(Un) 1 3
Up=Uc=—3Uqy uy =0
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+ 1 1
= = — =—U
K1, K3, K2 Uy = Up 23Ud Uy j— d
(Us2) _ 3
_ Ve =73l uy =5 Ua
+ 2 ) 1U
K3, K2, K4 Us =3Ua e = T30
U 1 J3
( 13) UA:UC=_ Ud uy—7Ud
_g 1 2
K3, K5, K4 Ue=Up=3Uq e = == Ug
(Ua) _ 2 -0
Uy =—5Uq4 Uy
] 3
ITponomxenue TadauIbI 2
+ 2 B 1U
K5, K4, K6 Ue=3Ua e = T30
U 1 J3
( 15) UA:UBI——Ud uy—_7Ud
+ 1 1,
K5, K1, K6 UA:UC—2§Ud “x_f/_d
U 3
KI,K3,K5 | w, =0
) B Uy=Ug=U.=0 x
(UlO) /‘2‘/% 4 B ¢ uy:

MoxxHo mocTpouth auarpammy (puc. 14), Ha KOTOpPOM 3TH KOMOHWHAIIMHU
MOKa3aHbl 0a30BBIMU BEKTOPAMH, 3a CYET KOTOPHIX U (POPMUPYETCS BBIXOIHOE
HarnpsbkeHue. HyneBbie BEKTOpHI HE TIOKa3aHbl HA JTUarpaMme T.K. OHU (HOPMHUPYIOT
HYJIEBOE HAIPSHKEHUE HA HATPY3KE U JUTMHA TUX BEKTOPOB paBHA HYIIIO.
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Pucynox 14 — JIluarpamma 6a30BbIX BEKTOPOB HAIIPSKCHUS

3amaya CBOIUTCA K TOMY, YTOOBI paccyuUTaTh OTHOCHUTENbHBIE BpeMeHa
BKJIFOUEHHSI 0a30BBIX BEKTOPOB Ha mepuoj Moayisiiuuu. Ha pucynke 14 3anaromuii
BekTop U* Haxonutcs B mepBoM cekTope. TakuM oOpa3oM, MogydaeTcs Cieayromas
CyMMa BEKTOPOB:

U=t Uy +t; - Upp + to - Upo,

riae ty, t), ty — OTHOCHTEIIBHO BpeMsl BKIIIOUCHHUS COOTBETCTBYIOIIHUX 0a30BBIX
BEKTOPOB.

W mosydaercs, 4ToO CyMMa BCEX ATHX OTHOCHTEIBHBIX BPEMEH BKIFOUYCHHS
0a30BBIX BEKTOPOB J0JKHA PABHATHCS CAMHUIIC:

t1+t2+t0=1.

N3  oTHOCUTENbHBIX  BpPEeMEH  BKIOYEHUS  (QOPMUPYIOTCS  YPOBHHU
MEePEKIIIOYEHUS, KOTOPhIE 3aTEM CPAaBHUBAIOTCSA C TPEYTOJILHBIM Pa3BEPTHIBAIOIIUM
HanpsbkenueM. [lepsoiii ypoBenb Y111 paBen tj (B Hamem cioydae t;), BTOpoil ypOBEHb
VII2 pasen t; + tj,; (B HamreMm ciyuae ty + t,).

Anroput™M GOpMHUpPOBAHUS YIPABISIONINX HAIMPSKEHUN TPECTaBIsAeT COOOM
CJIEAYIONIYIO TOCIEeA0BATENbHOCTD (PUCYHOK 15):

- B Havasie kaxzaoro nepuoaa MM ycranaBnuBaercst COCTOSSHME UHBEPTOPA,
COOTBETCTBYIOIIEE HCXOAHOMY 0a30BOMY BEKTOpY (B HaiieM ciaydae 3To Bektop Uyg);

- MpU TIEPBOM CpaBHEHUU C ypoBHeM VYII1 ocyiiecTBisieTcss mepexona Ko
BTOpOMY 0a3zoBoMY BekTOpy Ujy;

- TIepBOE CpaBHEHUE ¢ YpoBHEeM YII2 BBI3BIBAaET mepexoi K HYyJIEBOMY BEKTOPY
Uo;

- MIpU BTOPOM CpaBHEHUU ¢ ypoBHeM YII2 BoccTaHaBiIMBaeTcs MpeabIAyIIee
COCTOSIHUE KJIFOUEi MHBEPTOPA;
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- npu BTOpoM cpaBHeHuM ¢ YIIl ocymecTBisercss BO3Bpar K HadalbHOMY
coctostHuro Uq;.

-

SR LR sTh TR RN T

\

1 T 1 t t

[ |h| N
1 1

Pucynok 15 — ®opmupoBanre UMIYyIbCOB YIPaBICHUS KIIFOUaMH HHBEPTOPA

Jist  (opMUpOBaHUST CUHYCOMJAIBHOW (HOPMBI HANpPSKEHUs, HEOOXOJIHUMO,
yToOBI KOHEI[ BekTopa U* mepemeniaics mo oKpyKHOCTH, TOrJa aMIUIATYAa TaKoro
HanpspkeHus B (aze OyaeT paBHa:

U V3 2
c0s30°=— => U* =c0s30°-U;; =—-=U; = 0,577U,.
Uiq 2 3

Otcrona cienyer, yTo aMmIuiuTyaa (aznoro Hampspkenus Ha 15,4 % Oombie
YeM IMPU CUHYCOUIAIbHOMN «kinaccnuecko» M.

Jlns mpeoOpaszoBaTesiell ¢ 4YUCIOM ypOBHEH OoJibllie JABYX JauUarpaMma Ha
pucynke 14 wusmenutcs. Ilpumep mns tpéxypoBueBoro NPC-mpeobpaszoBaresns

IIPUBEJIEH HA pUCYHKeE 16.
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Pucynok 16 — Bexropnas quarpamma uist péxypoBHeBoro NPC-
npeoOpa3oBares

JU1st TaKOro MHBEPTOpA YMCIO KOMOMHALMK (BEKTOpOB) 1o ¢opmyse 1 paBHO
27. 1 Ha ntuarpaMMe Mbl UIMEEM 27 BEKTOPOB.

N3Becren anropurm [IBIIVM miist KOHTpOS HAIPsSKEHWM HAa KOHJIEHCATOPAax
[1]. Iloka3aHa 3aBHUCUMOCTb OTHUX HAIPSHKEHUM OT HANpPSDKEHUS MCTOYHHKA
NOCTOSTHHOTO ToKa. Ho HEeT 3aBUCMMOCTH OT IITyOUHBI MOIYJISLIUH.

B npyroit pabore [15] mnpencraBieHHBI aITOPUTM OYEHb CIIOXKHBIH,
MPOBOJIUTCS MHOTO BbluMcieHuil. Ho oH oOecreunBaeT KaueCTBEHHBIA KOHTPOJIb
HampspkeHuit Ha kouaeHcatopax NPC-unBepropa. W3-3a  Gombinoro o06béMa
BBIYMCJIEHU YaCTOTa KOMMYTAaIu KJtoueil orpannyena 20 xI'm.

B pa6ote [3] npoBenéH aHaiu3 TOJIBKO JIMIIb MO Ka4yecTBY (HopMUpOBaHUS
BBIXOJTHOTO HanpsbKeHHsI HHBEpTOpa. ONsTh TaAKU, HET ONKUCAHUS BIUSHUS aJITOPUTMA
Ha OaJlaHC HaIpsHKEHUI Ha KOHJIEHCATOpax.

BriBoabl

I. B Hacrosimee Bpemsi HM3BECTHO MHOXECTBO CXEM MHOTOYPOBHEBBIX
npeoOpa3oBareneil  HamnpsbkeHus. s TpEXypoBHEBOro  mpeoOpa3zoBaHUs
HanpsokeHueM 710 1kB nanbonee Bcero moaxomaut cxema mpeoOpazoBaTens ¢
OTrPaHUYUBAIOLIUMH AUOJaMH, T.K. HEOOXOAUM TOJBKO OJIMH MUCTOYHUK MOCTOSITHHOTO
TOKAa, MEHBIIEE B CPAaBHEHUU C JAPYIMMHU CXEMaMH KOJIMYECTBO HCIIOIb3YEMBIX
KOHJICHCATOPOB, a OTCI0JIa MpeoOpa3oBaTelb, BHIIIOJHEHHBINA MO Takol cxeme, Oyner
JIelIeBIIe, MEHbIIIE TI0 TadapuTaM U Macce.
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2. O0630p nuTepaTypbl MOKa3ald, 4TO B CXEMbl €CTh mpoOjema OanaHca
HaIpsHKEHU Ha BXOJIHBIX KOHJeHcaTopax. HeobOxoaummo pemuTth 3amady OanaHca
ATUX HAMPSKEHUH.

3. Jns pemeHuss  yKa3aHHOM  3aJayd  HEOOXOJUMO  pa3paboTaTh
MaTEMaTUYECKYI0 MOJENb TPEX(PA3HOTO MHBEPTOpPA C MPOCTPAHCTBEHHO-BEKTOPHOM
IIAPOTHO-UMITYJILCHON MOIYJISIIUEN.
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2. Paspaborka MaTeMaTH4eCKOil MOJeJM CHCTeMbl «TPEXypPOBHEBBIi
HHBEPTOP - ACHHXPOHHbIN ABUTaATEJIb)»

2.1 MaTteMaTH4ecKas MoJeJ1b ACHHXPOHHOI'0 JABUTraTeJIs c
KOPOTKO3aMKHYTBIM pPOTOPOM BO Bpamiamlmieidcss cHcTeMe KOOPAMHAT,
COBMENIEHHOI ¢ MOTOKOCIEIIEHHEM PoTOpa

Takas marematrueckas MOJIeNTb HEOOXOMMa JIJIsi BEKTOPHOUW CHCTEMBI
ynpasieHus. MatemaTtuueckasi MOJIeiIb aCHHXPOHHOTO JABUTATENSl BO BpalllatoIIeics
crcteMe KoopauHat dg, COBMEIMIEHHOHN ¢ TOTOKOCIEIUIEHUEM POTOPA, COCTABIICHA T10
CUCTEME YpaBHEHUM, mpuBe¢HHOM B [['epman-T ankuH]:

. . k
Usqg = 17(1 + Tssp)isq — kaslsq - T_::I:[)Rd

Usq = 7'(1 + Tssp)isq + kassisd + kRprml/)Rd
. 1
0 = —kgRgisq + alde + Yrap

Mgy, = 1»52kaldeisq
Jomp = Mey, — M,

kRRRisq
=—44+7 w
YRra pm

(

Wy

rie T = Lg/Rgikr = Lyn/LgiLss = (Lg — L3, /Lg); T = Rs + k§Rp;

Tss = Lgs/Rg;

Usa, Usq — pOeKIn 0000IIEHHOTO BEKTOPA HANPSKEHUS IUTAHUS Ha OCH
d 1  cOOTBETCTBEHHO;

{5, lsq — MPOEKIMH 0000OIEHHOrO BEKTOPa TOKa cTaTopa Ha ock d u q
COOTBETCTBEHHO;

Y R4 — MPOCKIINS TOTOKOCIETICHHS poTopa Ha och d;

W,y — YIIJIOBasi CKOPOCTh BpaIlEHUs pOTOPA;

W), — YIJIOBasi CKOPOCTh BPAIICHUS CHCTEMBI KOOpauHaT dg;

M, M; — MOMEHT 3JIEKTPOMArHUTHBIM U MOMEHT Harpy3Ku
COOTBETCTBEHHO;

p - onepatop nuddepenuupoBanus d /dt;

J — MOMEHT MHEpLIMHU POTOPA;

Z,, — 9MCIIO Tap MOJIFOCOB CTaTopa;

Rp — cONpOTUBIIEHUE POTOPA;

R — CONIPOTUBIIEHUE CTATOPA;

Lp — MHIYKTUBHOCTB POTOPA;

Ls — MTHIYKTUBHOCTb CTATOPA;

L,, — "HIYKTUBHOCTh HAMArHUYUBAHUSI.
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CrpykTypHas cxema MOJIeJId, COCTABIICHHAs 10 CUCTEME yYpaBHEHUH (2)
noKa3zaHa Ha pucyHke 17.

1.5%kR*Zp sum3 14 1s Zp

PI/ICYHOK 17 — CTp}IKTypHaH cXeMa MOJAC/IM AaCHHXPOHHOI'O ABUT'aTCILA

N3 pucynka 17 BugHo, uto Hanpsbkenne Ugy Onpenensier TOK gy, a TOK igy
OINpeaeNsieT MOTOKOCUEIIEHHE poTopa Yr,. MOKHO BBIIEIUTH KOHTYpP MOTOKA (pHC.
18), KOTOPBI COACPIKUT KOHTYP TOKA.

K- |‘

I"‘
kRITr2
1 isd Tr psi rd>

Tss.s+1 Trs+1
@3 kR*RR 3 kp1

Pucynoxk 18 — Kontyp noroka

Hanpsokenne U, onpenensieT ToK igq. A, T.K. TOTOK OCTAETCs B
AIEKTPUYECKON MAlIMHE HEU3MEHHBIM, TO TOK IO OCH (| OIIpEAEsieT
AJIEKTPOMArHUTHBIA MOMEHT JIBUTATEIIS], UTO B CBOIO OUEPE/lb ONPEAEISIET CKOPOCTh
poTopa aBuraresiss. MOXHO BBIACIUTH KOHTYpP CKOPOCTH (puc. 19), KoTopslii
COJIEPKUT KOHTYP TOKA aHAJIOTUYHO KOHTYPY MOTOKA.
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wicLssTisd psiRd
v X

E MI1

W

iy ARESRER & EoRa 1 wm

: 1ir isg o |X Ke O b 5 [P
______________ - ’.

Tss.st1 umnd  15KRZp1  sum3 1401 1451

Usgnmronme o nmmonmesn= * 't a

Pucynox 19 — Kontyp ckopoctu

2.2 PacuéTr BEeKTOPHOM CHCTEeMbl YINPABJEHUS ACHHXPOHHBIM JIBUraTe/IeM
¢ KOPOTKO3aMKHYTBHIM POTOPOM

JIns Havasia HaJlo pacCYMTaTh PEryssTop I KOHTypa Toka 1o ocu d. Pacuér
JUI KOHTYpa Toka 1o ocu d 1 § mpoBOIUTCS OAUHAKOBO. T.K. aCHHXPOHHBIH
JIBUTaTEJIb MUTACTCS] OT UHBEPTOPA, TO €0 TOXKE HYKHO YUECTh IIPU pacyETe
cucteMbl ynpasieHus. HBepTOp NpUOIUAKEHHO OMUCHIBACTCS IMHEHHBIM 3BEHOM
YHCTOTO 3ama3JAbIBaHMS HA MEPUOJ MOAYJALMH [S]:

W _ kMHB
ume ,

Temp +1
rae k,,,, — KoohhUIUEHT nepeiadyu HHBEPTOPa,;

Tyt — Manast HEKOMIIEHCUPY€EMasl IOCTOSIHHAsL BPEMEHH KOHTYpa TOKa,

BKtovaromas I, u Ts.
Bimsinue nepekpECTHBIX CBSI3€M KOMITIEHCUPYETCS M0Ja4ell COOTBETCTBYIOIIUX

CUTHAJIOB Ha BBIXOJI PETyJIATOpa TOKa. 3aMKHYTHIH KOHTYpP TOKa 1o ocH O moka3aH Ha
pucyske 20.

psiRd™kR/TR

1 isd

isd” 3 .- PI()

Tss.s+1
k5

Pucynok 20 — 3aMKHYTBIN KOHTYp TOKa 1o ocu d
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Pacuér perynstopa ajist KOHTYpa TOKa MPOU3BOAUTCS IO METOJIUKE
npuBeAEHHON B [S]. [Ipon3BoanTCA HACTpOIiKa KOHTYpa M0 KeJIaeMOH Mepe1aTOuHON
(GyHKIIUU BUJIA:

1
M 2TAp? 4+ 2Tp + 1

Orcronia, AJi1 pa30MKHYTOT'O KOHTYpa:

. 1 B 1
" 2TEp? + 2Tep  2Tiep(Tiep + 1)

[Tepenatounas GyHKIHSA Pa30MKHYTOTO KOHTYPa HMECT BHI:
P __
M/Km - %m ’ M/LIHG ) I/Vkm ) kdm'

Otcrona MOXHO BbIpasuth W, :

WP
%m _ Km .
VVMHG ) VVKm ) k()m

3uas, uro W2 = W’ sanumem npensinymee ypapHenue:

_ T+ DTp+ 1) _ r(Tesp+ 1)  1Tes r
P kungkdmZTKmp(TKmp + 1) kunsk()mZTKmp kunskdmZTKm kuﬁekc)mZTKmp.

Takum o6pazom, paccuntan [T1-perynsarop Toka, KodQPUITUEHT yCUIECHUS
MPOTMOPIIMOHAIEHOTO U UHTErPAILHOTO 3B€HA KOTOPOTO COOTBETCTBEHHO PaBHBI:

b = 1T _ 3
Pt kuyekdmZTKm ’ ( )
k. = r
T kuyek()mZTKm. (4)

[MepenaTouynas GyHKIHs 3aMKHYTOTO KOHTYpa 1o ocu d mpuMmer BUI:

1/ k()m
W = 573 :
2T p? + 2Tp + 1

3amanueM JijIs TOKa 1Mo ocu d SBIISETCS ClIeAyIolee BhIpaxeHue [S]:
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Lk 1annom

l =
sd [
m

TOKa IO OCH ( MoKa3aHa Ha pUcyHke 21.

PerynsTop mo ocu (| pacCUMTHIBASTCS TOYHO TaKKe Kak 10 ocu 0. MeHsroTCs
TOJIBKO JIMIIb CUTHAJIBI KOMIIEHCAIIMHU NEPEKPECTHBIX CBA3EH. CTpyKTypa KOHTypa

kR*Zp™wwm™psiRd

1kim2
+
. k 1 i
E LN PI(s) + > 2 > =z (. >
Tht.s+1 Tss.st1
sudM2 Pl b W_pr2 k&
sum13

1kin3  wiLssTisq

.K.’.

kdt1

B [5].

Pucynok 21 — CrpykTypHas cxema KOHTypa TOKa IO OCH (]

Janee npousBeaEM pacu€T peryiasiTopa CKOpOCTH IO METOJMKE, TPUBEAEHHOM

Mo>XHO TTPUOJIM3UTENBHO OMKCATh MEPEIATOUHYIO (DYHKIIHIO 3aMKHYTOTO
KOHTYpa TOKa CIEAYIOIMNUM 00pa3oMm:

1/k
W,3n= / om .
2T, p + 1

CrpykTypHas cxema KOHTypa CKOPOCTH IOKa3aHa Ha PUCYHKE 22.

Perynsarop HacTpanBaeTcs Ha CHMMETPUYHBIN oNTUMYM. JKenmaemas
nepeaaroyHas GyHKUIUS pa30MKHYTOIO KOHTYpa CKOPOCTH:

WP — AT..p +1

8T2p%(T.p + 1)

paBHas 2T,

rae T, — Majiasi HEKOMIIEHCUpYyeMasi IIOCTOSTHHAsI BpEMEHH KOHTYpa CKOPOCTH,
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1 T wm
AR - + dt | X ek s el T = - >
S Thts+1 _ Pi(s) X —

1.5%p™kr1 suMMG 142 integr

filtr_w_mr1

sum15 Plis )

Pucynok 22 — CtpykTypHas cxeMa KOHTypa CKOPOCTH

[lepenaTounast GyHKIUS pa30MKHYTOTO KOHTYpa CKOPOCTH:

WE =W, W,jn-SZ kg - ! '
2 Jp

Bripazum nepegatounyio GyHKIHIO PETYIATOPa CKOPOCTH:

wk 2 AT.p +1 2]k,
W, = e Jp _ P 2T p+1)- JkomP _ _

W3, 3Zykgk,. 8TZp?(T.p+1) 3Z,kgky.
p +1 ijdm _ ]kdm ]kdm

8T welP BZkak()c 3TKchkRk()c 12TKZCZkak0Cp

Takum o6pazom, paccuntan [I1-perynsatop ckopocTH, MPONOPLUHUOHATBHBINA U
WHTErPaTbHBIN K0P DUIIUEHTH KOTOPOTO PABHBI:

k — ]k()m
PS 3T Zykrks, (5)
]k()m
kis = 12T2Z, kgky, ()

Taxoke Ha BX0JT HEOOXOIUMO BKJIFOYHUTH (PHIIBTP CKOPOCTHU C TIEPEIATOYHON
bynkuuei [5]:

1
W, =——H.
T 4T p+1

2.3 Maremaruueckas MoAeJb ABHUrarejsd B HEMOABWKHON cHCTeMe
KOOPAWHAT

Takas monens nBuraress HeoOXxoauMa sl JaTbHEUINEro MOACIMPOBAHUS B
nakere LTspice V. Moxens cocTaBiieHa 1o CHCTEMe YpaBHEHUH MpUBeICHHOMN B [8]:
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rae R, — MaTpuiia COnpoTUBIIeHUH, L, — MaTpulia UHAYKTUBHOCTEH, G, —
marpuna IJIC nBuraresns, w — CKOPOCTh IBUTATENS B AIEKTPUUECKUX paJuaHax

dl,

Uy =Ry, + L, it

+ wGy 1y,

(w = ZpWy,, Z, — YACIO TAP MOIKOCOB, Wy, — CKOPOCTH JBUTATENS B MEXAaHUIECKUX

paanaHax).
Lymg 3Ly
0 L 0 — )
0 o0 L bmy Sty .
L L 0O 0 O
Ly _-mr _Zmf L, 0
> > 0 0 O
3L 3L
0 _mf __mf Lr
i 23 2V3
0 0 0 0 0 7
0 0 0 0 0
0 0 0 0 0
_— - 0 WL,
2 2
wL wL
~olpy = el 0
0
0
0
E,=| 2wlgL,+ (N3wlz —V3wlc)Lyy)
2
2wl L, + (—(UIC —wlp + ZwIA)me)
2
y ((Iﬁr - \/§Iar)l(; + (IB - ZIA)IBT + \/51057‘[3) meZP
em =

2

dw
]d_l;m:Mem_Ml

31

oF oo o

T":UOOOO.




rae G = wGy, E, = GI, —Bexktop DJ1C nBurarens, M,,, — 3I€KTPOMAarHUTHBII
MOMEHT JIBUTaTeNsl, [, — BEKTOp TOKOB, | — MOMEHT UHEPLMH, M; — MOMEHT
COTIPOTHBIICHNUS HA Bally ABUTATeIsL, Iy, I, — TOKH POTOpA B MPOCKIHUSX HA OCH
HETOABMYKHOU CHCTEMBI KOOPIWHAT, 14, Iz, [ — Ga3HbIe TOKU cTaTOpa.

[Ipu nanbHelimeM BbIBOAE GOpMyIT ObLIO YUTEHO, YTO MapaMeTphl (hazbl
nByxQa3zHoi MamuHbl B 1,5 pa3a 6osibiie napameTpoB (a3bl SKBUBAJICHTHOM 110
MOIITHOCTH TpEX(Pa3HOU MAIIUHBI, T.€:

3
_me; Ls

Lm=2

3
= ELf, LSO = 3Lf' RS = ERf, RO = 3Rf'

1€ Ly, ; — B3aMMHAst MHIYKTUBHOCTb MEXKY COOTBETCTBYIOIIMMHU (pasamu
cTaTopa ¥ poTopa;
Ls — MHAYKTUBHOCTH (hasbl cTaTopa TpéX(pa3Hoi 0OMOTKH,;
Ry — akTMBHOE CONPOTHUBIIEHUE (asbl cTaTopa TPEX(HasHO 0OMOTKH,

Lgo, Ry — THAYKTUBHOCTH M COMTPOTUBIICHUE (Pa3bl HYJIEBOI
IIOCJIEIOBATEIBbHOCTH.

B3aumnbie HHAYKTUBHOCTH 3a1al0TCA K03(1)(1)I/II_II/ICHTOM CBJ3H:

VLiL;
.param k11=Lm/q k21=-Lm/2/q k22=sqrt(3)*'Lm/q/2 k31=-Lm/q/2 k32=-sqrt(3)*Lm/q/2

Cxema MoJIeN I aCHHXPOHHOTO nBuraress B makere LTspice IV mokasana Ha
pucyHke 23.
J:m /[Is A /Jj K1L1L4 (K11}
< wo o B1 B5 K2 L2 L4 {k21}
< ) ‘) K3 L2 L5 {k22}
K4 L3 L4 {k31}

<R1 < LR:{ ;l;V'IlBZ) iV-I(Rﬂ ,];V I(R2) k5 L3 L5 {(k32}

k =

T (Rsk1 (Rs Rs}

= C)Lz
O\{Ls) (Ls} (Ls} ()
n

1={Zp}*sqrt(3)/2* {Lm}* ((I(LZ) I(L3)) 1(L4)-sqrt(3)*I(L1)*I(LS5))

— V={Zp)*v(w)*(3/2* {Lm}*I(L1)+{Lr}*I(L4))
-QL-t \
B3 o LI <{L5
(C:> {Lr} e ;:f)\’(Lr}
T R4 (: )
R} <Rs
{Rr}
X 9

V=-{Zp)*v(W)* ({Lm}*sqrt(3)/2*(I(L2)-I(L3))+{Lr}*I(L5))

Pucynok 23 — Mogesp acuaxponHoro apuratens B LTspive 1V
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2.4 TlpuHUIMI KOHTPOJISI PeryJHPOBaHHUA HA BXOJHBIX KOHIEHCATOPaX

Cxema tpéxypoHeBoro NPC-unBepTopa Oblia mpuBeieHa B IEpBOii Ti1aBe. B
TaKOM MHBEPTOPE CYIIECTBYET MPOOIeMa KOHTPOJIS HAMIPSKEHUS HA BXOIHBIX
KOHJIeHcaTopax. Bo3pMéM cxeMy, MoKa3aHHYIO Ha PUCYHKE 3, TOJBKO C KOJTUYECTBOM
YPOBHEW PABHBIM TPEM.

g
47::
[4:=

0

Pucynoxk 24 — ®yuknuonansHas cxema TpéxypoBaeBoro NPC-uaBepTopa

Kak yxe onuchIBajgoch paHee, KOJIMYECTBO 0a30BBIX BEKTOPOB HANPSKEHUS B
Takoi cxeme paBHO 27. HamOonpmuii MHTEpEC MNPEACTAaBISAIOT TAK HA3bIBa€MbIE
kopotkue 0aszoBble Bekropa 100, 211, 110, 221 u np. (puc. 25). Ouu popmupyror
OJIMHAKOBOE HANpsHKEHHE B Harpy3ke, HO TMOJKIIOYEHHE MPOUCXOAUT K Pa3HbIM
KoHJeHcaTopaM. C MOMONIBIO 3THUX KOPOTKHUX BEKTOPOB M MOXXHO KOHTPOJIMPOBATH
HaIpsDKEHUE Ha KOHJIEHCATOpax.

Tpu mudpsl Bekropa o003Hayar0T cooTBeTCTBeHHO Tpu (aser A, B, C. 0
o0o3HavaeT, 9To KoHerl ¢a3bl MOAKII0UEH K Touke 0, 1 — k Touke 1, 2 — K Touke 2.

Pucynox 25 — Bektopnas auarpamma juist tpéxypoBaeBoro NPC-uHBepTopa

Tak, 100 w 211 dopMupyloT OAMHAKOBOE HANpPsHKEHHE B Harpys3Ke.
[TocMoTpuM Kak noakitouaercs Harpy3ka. Bxmouenue Bexkropa 100 u 211 nokaszano
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Ha puCyHKe 26. M3 5TOro MOXHO cjaenaTh BBIBOJ, YTO €cClid TOK ¢aszpl A
MOJIOKUTENbHBIA, TO KoHAeHcatop C2 Oymer paspsukatbes npu Bektope 100 um
3apsbKaThes pu BekTope 211, a ecnu Tok ¢da3sl A OTpUIIATENIbHBIN, TO KOHJIEHCATOP
C1 oyner 3apsikathest mpu Bektope 100 u pazpspkathbes pu BekTope 211.

/. e N /s
[/——%5 [/—«[ . ¥ % M

~
Il
11

fam)
11
1l

PrucyHok 26 — K nosICHEHHIO O BIMSHUU KOPOTKHX BEKTOPOB HA HANIPSKEHUE
koHzaeHcaropa C2

AHAJIOTUYHO TMPOJEIBIBAETCI W C JPYTMMHU OJMHAKOBBIMH BEKTOpPaAMH,
MEHSIETCS JIUIIb TOK, KOTOPBIM HEOOX0AMMO HAOIIOATh.

2.5 MaremaTudeckasi Mo/JeJib TPEXYPOBHEBOT0 MHBEPTOPA HATIPSAKEHUS

CocraBieHa MaTeMaTH4eCcKasi MOJI€NIb TPEXYpoBHEBOTO nHBepTOopa ¢ [IBIIIMM
B nakete LTspice IV (cm. npunoxenue 1).

JIMpeKkTrBOM . param 3agaHbl CAEAYIOMINE TAPAMETPHI:

- f —YacToTa BBIXOJHOTO HaMpPsKEHUsS HHBEPTOPA,

- fi —Y4acToTa MOJYJISIUHU BBIXOJHOTO HAIPsLKEHUS HHBEPTOPA,

- mi — rilyOMHa MOYJIALINH;

- T}, — mepuoa MOyJIALNH;

- L — "HAYKTUBHOCTH (ha3bl HATPY3KH;

- R — akTHBHOE CONPOTUBIICHUE (Pa3bl HATPY3KU;

- C — éMKOCTb BXOJ/IHBIX KOHJICHCATOPOB.

JupektuBoii . model 3a1anbl mapaMeTpbl KIIFOYEH:

- COMPOTUBIIEHHE B OTKPBHITOM cocTossHUM R, = 0.001 Owm;

- COMIPOTHBIICHUE B 3aKPBITOM COCTOSIHUU R, 7 = 1000 MOwm;

- YOPABJISIIOUIMN UMITYJIbC HAMPSKEHUs JOJIKEH ObITh Bbile ypoBHs V, = 0,9
B.

Ha Bxox cucteMsl yripaBiieHUs UHBEPTOPOM MOJAKOTCS KOOPAUHATHI
0000IIEHHOTO BEKTOPA BBIXOJHOTO HANIPSDKEHUS Uy, Up,. B N1aHHOM ciyyae:

Uy, = cos(2mft) - V3 - mi,
u,, = sin(2rft) - V3 - mi.
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Jlamee TPOMCXOAUT KBAHTOBAaHHWE IO BPEMEHU C YacTOTOM fj ATHX JBYX
curHasioB B yctpoiictBax A6 u A7 coorBeTcTBeHHO. [lonywatoTcs cryneHyaThie
CUTHAJIBI U, U Uy. JlemaeTcst 3To 1y1st TOTo, YTOOBI 3apUKCUPOBATH BEKTOP Ha MEPHO/T
MOYJIALINH.

Jlanee mpouCXOAUT pacYET MOJTYJIS TOTO BEKTOPA O BHIPAXKEHHUIO:

Uy = ,ué + uz.

OmnpenensieTcs CUHYC yria MOJI0XKeHHUs] 0000IMIEHHOTO BEKTOpa HANPSIKEHUSI:

u
sinf = —ﬁ.
um

Jlanee 1Mo cuHyCy yria onpeAesieTcs CEKTOp, B KOTOPOM PACIOJIOKEH BEKTOP.

Tabmuua 2
sector Kakue ycinoBUsI BBITIOTHAIOTCS
V3
1 O<Sin6<7,ua>0
3 .
2 - <sinf <1
V3
3 0<sin6<7,ua<0
V3
4 —7<sin6<0,ua<0
V3
S5 -1 <sinf < 5
V3
6 —7<sin9<0,ua>0

3aTeM He0OXO0IMMO paccUuTaTh NpoeKuu M1 u M2 06001IEHHOTO BEKTOPa
HarpspkeHusl. PaccMOTpuUM BEKTOpHYIO Juarpammy nojapoonee. Ha npumepe cexropa
1 (puc 27).
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Pucynoxk 27 — K nonpobHoMy paccMOTpeHHIO cekTopa 1

(DOpMYJII)I, I10 KOTOPBIM BBIYHUCIIAIOTCA 3THU IIPOCKIHH, 3alIlMCaAHbI B Tabi. 3.
Ta1<>1<e, HCXOJA M3 pPUCYHKA, MAaKCUMAJIbHAA JJIMHA BEKTOpA M paBHa \/§

Tabmania 3
sector ml m?2
uﬁ ZUB
1 Uy — ——= —
© V3 NE
2 2|
u — — —
“ 3 “ 3
2u u
B B
3 — -u, — —
V3 “ 3
uﬁ ZUB
4 —Uy, +— _—
“ 3 V3
uﬁ ZUB
5 —Uy, — — -
Bl
2Uu u
B B
6 - Uy +—=
B3

3areM o Tabnuie 4 onpeeNseTcs PETHOH B CEKTOPE, B KOTOPOM HaXOUTCS
000OIIEHHBIN BEKTOP HANPSKEHHUS.

Taomuna 4
region BrimonHsieMoe yclioBue
1 ml<im2<1iml+m2<1
2 ml>1
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3 ml<im2<1lml+m2>1
4 m2>1

ITo TabGnure 5 paccuutbiBaroTcs oTHOCUTENbHBIC BpemeHa 10, Ts1,Ts2,Tm, Tl
BKJIIOUCHUS 0a30BBIX BEKTOPOB HAIIPSHKEHMS TaK Kak moka3aHo B [Josep Poul].

Tabmuma 5
region OTHOCHUTEIIBHOE BPEMS BKITFOUCHHS
TO=1—ml1l—m?2
1 Tsl=ml
Ts2 =m?2
Tsl=2—-ml—-—m2
2 Tmd = m2
Tl=ml1-1
Tsl=2—-ml—-—m2
3 Ts2=1-ml
Tmd =ml+m2—-1
Ts2=2—-—ml1l—m2
4 Tmd =2 —ml1l—m2
Tl=m2-1

3arem UIET BHIYKMCIICHUE YPOBHEH nepekiitouenus ul, u2 no radmue 6.

TabGmuma 6
region ul, u2
1 ul =Tsl,u2=1-Ts2
2 ul =Tsl,u2 =1-Tmd
3 ul =Tsl,u2=1-Tmd
4 ul =Ts2,u2=1-TI

Hanee npoucxoauT GopMUPOBAHUE UMITYJIbCHBIX IMOCIEA0BATEILHOCTEN Ha
BKJIIOUEHHE 0a30BBIX BEKTOPOB HanpskeHus. Ha pucynke 28 mokazaHo
dbopMupOBaHUE UMITYJILCHBIX MOCIEA0BATEILHOCTEH.
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Pucynox 28 — ®opmupoBaHre UMITYJIHCOB Ha BKIIFOUEHHE 0a30BBIX BEKTOPOB

BriGupaeTcst HE0OOXOIMMBII BEKTOP 71l KOHTPOJIST YPOBHS HAIIPSIKEHUS HA
BXOJIHBIX KOHJIEHCATOpax. Y CIoBUsI BIOOpA BeKTOpoB S11, s12, s21, S22 nokasaHbl B
Tabn 7 — ta6a. 10 coorBeTcTBeHHO. HEOOXOMMMO OTMETHTH, UTO CUTHAJIBI C JATYUKOB
HaIpsHKEHUS Ha KOHACHCATOpaX U ¢ JaTYMKOB (ha3HBIX TOKOB KBAHTYIOTCS T10
BPEMEHU C YaCTOTON MOIYJISIHH f},, TS GUKCAIIMHN X 3HAYCHUS HA TIEPUO]T
MOIYJISIIIUN.

Tabmuma 7
sector Y CII0BUSI BKIIFOUEHHUSI
1 U1 2Up, iy <OQumU <Ug, iy >0
2 U 2Upic>0umlU,y <Ugpic <0
3 U 2Up,ig <OumU.q <Ug,ig >0
4 U1 22U, iy > 0wl <Ugy, iy <0
3) U 22U ic <OumU,4q <Ugy,ic >0
6 U =2Upig >0umlU, <Ugp,ipg <0
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Tabnuia 8
sector VYcnoBus BKIIIOUCHUS
1 U 2Uqp iy >0unul,y <Ug, iy <0
2 Uy 2 Up,ic <OumulU, < Ugp,ic >0
3 Uy 2Ugpig >0uml,y <Ug,ig <0
4 Uy 2Up iy <OQumU., < Ugy, iy >0
5 Uy Z2Uqic >0uulUq, <Ugpic <0
6 U 2Uppig <OQumU,y <Ugy,ig >0
Tabmura 9
sector VYcnoBus BKIIIOUCHUS
1 Uy 22U ic>0umul, g < Uy, ic <0
2 Uq,2Uq,ig <OQumulU, < U, ig >0
3 U 2Uqp iy >0unul,y <Ug, iy <0
4 Uy 2 Up,ic <OQumu U, < Ugp,ic >0
5 U4 2Uq,ig >0unul,y <Ug,ig <0
6 U 2Up iy <OQumU. <Ugy, iy >0
Tabmauma 10
sector Y CnoBUs BKIIFOYCHUS
1 Uy 2 Upic <OQumu U, < Ugy,ic >0
2 U 2Uq,ig >0unul,y <Ug,ig <0
3 U 2Up iy <OQumU., <Ugy, iy >0
4 U1 2Up,ic >0unulU,y < Uy, ic <0
5 Uy 2Uppig <OQumlU,y <Ugy,ig >0
6 U 2 Upp, iy >0unulUyy < Upgp iy <0

Jlanmee B 3aBUCHMOCTH OT CEKTOPa UMITYJIbCHI PaCIpeIesIOTCSl HA KOHKPETHBIE
rpynibl Kiarovei (tadnuma 11).

Tabmanma 11
['pynna kirouen Y cl10BUE BKIIFOUEHUS

111 region < 2,ul <treug,u2 > treug
100 sector < 2 => s11 umu sector >5 => s21
211 sector < 2 => s12 uwu sector > 5 => s22
110 1 < sector < 3 => s11umu sector < 2 => s21
221 1 < sector <3 => s12 umu sector < 2 => s22
010 2 < sector <4 => s1llumul < sector <3 => s21
121 2 <sector <4 => s12umul < sector <3 => s22

ITponomkenue Tabaunpl 11

011

3 <sector <5 => s1lumu?2 < sector <4 => s21

122

3 <sector <5 => s12umu 2 < sector <5 => s22
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001 4 < sector <6 => sl1lum 3 < sector <5 => s21
112 4 < sector < 6 => s21um 3 < sector <5 => s22
101 sector >5 => sl1lum 4 < sector < 6 => s21
212 sector > 5 => s12um 4 < sector < 6 => s22
210 sector < 2 => md

120 1 < sector <3 => md

021 2 < sector <4 => md

012 3 <secotr <5 => md

102 4 < sector <6 => md

201 sector >5 => md

200 sector < 2 => 1 umw sector >5 => [2

220 1 < sector <3 => 1 umwm sector <2 => [2
020 2 < sector <4 => 1lumul < sector <3 => [2
022 3<sector <5 => 1um?2 < sector <4 => 12
002 4 <sector <6 => l1um3 <sector <5 => [2
202 sector >5 => [1um 4 < sector <6 => [2

Jlanee unét pacmupeneneHne IMITYJILCOB 0 KITF0YaM HHBEPTOpa.

B nmpoTuBoTakTe paboTaOT CACAYIOMINE KITFOUH:

-S1u S3,S2u S4;

-S5u S7, S6 u S8;

-S9u S11, S10 u S12;

dopMupoBaHUE YIPABISIOMMUX UMITYJIbCHBIX TTOCIEI0BATEILHOCTEH MTOKa3aHbI
B TaOymue 12.

Tabmauma 12
Kurou Ypasiasromue UMITyJIbChI
S1 UHBEpCHst OT S3
52 200+210+220+202+201+211+221+212+12

0+102+100+110+121+122+112+101+111
120+020+021+022+012+002+102+100+11

S3 0+010+011+121+122+001+112+101+111
S4 WHBEPCUS 0T S2
S5 WHBEPCUs 0T S7
S6 220+120+020+021+022+221+121+122+21

0+012+211+110+010+011+112+212+111
ITponomkenue Tabmauupl 12
200+210+012+002+102+202+201+100+21

ST 1+110+010+011+001+112+101+212+111
S8 UHBEpCHUs oT S6
S9 uHBepcus oT S11
S10 022+012+002+102+202+122+112+212+02

1+201+211+221+121+011+001+101+111
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s11 200+210+220+120+020+021+201+100+21
1+110+221+010+121+011+001+101+111
S12 nHpepcus ot S10

2.6 MaremaTuyeckasi MoJeJib CHCTeMbl «TPEXYPOBHEBbIH HHBEPTOpP —
ACHHXPOHHBIN IBUTATEb)»

B makere LTspice IV co3mana Mojienb CHCTEMBI «TPEXYPOBHEBBIA HHBEPTOP —
ACHHXPOHHBIA BUTATEIBY (CM. IPUIIOKECHHE 2).

CxeMa OTJIMYaeTCsl OT CXEMbI B IPUIIOKEHUH A BBEJIEHHON MOJIENBIO
ACUHXPOHHOTO JIBUTATEISI C €r0 BEKTOPHON CUCTEMOU yIIpaBiICHHUS.
OyHKIIMOHAJIbHAS CXE€Ma AJIEKTPOIPUBOA C CUCTEMON BEKTOPHOTO YIPaBIICHUS
MpUBE/ICHa Ha puc. 29.

Uc?
Uct

ir4 p
yz Vin b M)z
A\ sz/ vaz
(')q,% bAok Kamnencayuy 4 " Bexmoprei Uynp fﬂiggegﬁ— Ud
Y ——————> napexpecmuux chaei G-->0 Jbz | Modynamap 7 Pia ;mgp —
7 kg w7
Poprupobamens| @y 7 [ Pezurama 192 _[ Peegnam
00408 - I Ynamop l
ckopocmy foprny lq . U F

l «—

/[17 A 5(——>dﬂ

O, < Haomodamerp

. <— COCMOARUA

PrucyHok 29 — @yHKIHOHAIIBHAS CXEMa CUCTEMBI BEKTOPHOTO YIPABJIEHUS
ANEKTPONIPUBOAOM

J11st 3aMbIKaHus 0OpaTHOM CBA3M C IBUratess OepyTcst 3HaueHus (pa3Hbix
TOKOB Iy, Iz ¥ 3HaUE€HUE CKOPOCTHU pOTOpa W,. Uepes TOKU cTaTopa ISy, ISp
BBIYUCIISIETCS TOK IS:

iSC B 1 - iSA - iSB.

3arem unét mpeoOpa3oBaHNE CUTHAIOB OOPATHOM CBSI3H MO TOKY W3
Tpéxasznoit cucrembl ABC B AByx(a3HyI0 HEMOABWKHYIO ab 1o CleayromumM
bopmynam:
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A M3 HENOJBUKHOW CUCTEMBI KOOPAMHAT ab BO BPAILAIOLIYIOCS CUCTEMY
KOOpAMHAT dq MPOUCXOAUT BOT TaK:

iSq = iSq - COSphiy,g + isp - sinphiyg;,
iSq = iSp - COSphiys — ISy - SInphiyg;.

[ToTox poTopa ornpenenseTcs: CIeAYIOMNUM 00pa3oM:

. Ly
P = 1

[Ipenpiaymnyto nepenaTroyHyro GyHKIHUIO MOKHO 3alMCaTh TaK:

1

L .
™ Tp+1

Bropoii MHOXHUTENH ecTh niepenaTouHas Gynkius LR nenu «Vichislenie
psi_r» (cM. mpuitoxxkenue 2). T, ecTh 3HaUCHNUE MHIYKTUBHOCTH, a COMPOTHUBIICHHE
pesucropa paBHo 1 OM. 3HaUYeHHE HAMPSHKEHUS Ha BBIXO/IE TAKOM IEMH YMHOKACTCS
Ha L,, 1, TakKuM 00pa3oM, UMEeM 3HAYEHHE MOTOKOCIICIUICHUS] POTOPA.

YacroTa BpallleHHs TOTOKOCIIEIUICHUS pOTOPA M €r0 TOJI0KEHUE BBIYUCIIIOTCS
B Osoke «Vichislenie w_psi phi_psi» mo ¢popmymam:

o = Lyisg
psi T

rje p — oneparop nuddepeHIpoBaHus.

B 6mokxe «Regulator is_q + komp ps» u «Regulator is_d + komp ps»
HPOUCXO/IUT BBIUMCIICHHE ONIMOKH MO TOKY 1O OCsiM ( ¥ d COOTBETCTBEHHO, 3aTEM
oOpaboTka 3tux omuook B [IN-perynsTope u koMreHcanus nepekpECTHRIX CBSI3EH.

B 6moxe «Regulator skorosti w_m» npoucxoauT BIYUCICHHE OMTHOKH I10
cKkopocTtu, o0padboTka 3toi omnbku B [TM-perynsarope, a curnan nocie I114-
perynsaTopa ecTh 3aJaHue Mo TOKY 10 OCH (.

3ananue Toka 1o ocu d BerucIsieTcs 10 hopmyIie:

. pSty
laz = Lm .
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CursHaiibl ocje peryyiasiTOpOB TOKAa €CTh CUTHAJIBI 33JJaHUs JIJI1 MTHBEPTOpPA HA
dbopmupoBaHue onpeneaéHHOro HanpsbkeHus. Ho 3Tu curnansl onpeneneHbl Bo
Bpamaroleics cucreme koopauHat dq. T.K. CUTHAJIBI 3a/1aHUs HANIPSHKCHUS
MHBEPTOPA JOJIKHBI OBITh B HEMOJIBUKHON CUCTEME KOOPJUHAT, TO TPOU3BOJAUTCS
HIepEeBOJT U3 CUCTEMBI KoopauHaT dq B ab mo ciemyromum Gpopmymnam:

U, = (rq - sinphiy,g; + 14 - COS phipsi)\/g,
up = (rq » oS phi,g; + 14 - sin phipsi)\/g.

BriBoarbl

1. Pa3paborana marematuyeckasi MoJienb TpEX(Pa3HOTo TPEXYPOBHEBOTO
WHBEPTOpA HANPSDKEHHSI TP paboTe Ha aKTUBHO-WHAYKTUBHYIO HAarpys3Ky.

2. Pa3zpaborana MaTeMaTuyeckast MOJeNb TPEX(Pa3HOro TPEXYPOBHEBOTO
MHBEPTOpa HAMPSHKEHMS TP paboTe Ha IBUTATEIBHYIO HArPY3KY (aCHHXPOHHBIN
JIBUTATEINb C KOPOTKO3aMKHYTBIM POTOPOM).
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3. UccaenoBanne MaTeMaTH4eCKOM MO/IeJId TPEXYPOBHEBOI0 HHBEPTOpPA M
cUCTeMBbI ""TPEXYPOBHEBbII HHBEPTOP - ACHHXPOHHBIN ABUraTeib"

3.1 UccaenoBanne MaTeMaTH4€eCKO MO/1eJI TPEXYPOBHEBOI0 HHBEPTOpPAa

Uccnenyerca mopaens TpéxdaszHoro HMHBEpTOpa MpU paboTe HA AKTUBHO-
WHIYKTHBHYIO Harpy3ky. MojaennpoBaHre IpoBOAMIOCH B makere LTspice V.

[TapameTpbl MO/IEIIN 3a/1aHbI CIETYIOLIUE:

- YaCTOTa BBIXOHOTO HampsikeHus f = 50 ['m;

- yactota Moayssmuu f, = 5 kI

- aKTUBHOE coNpoTuBiieHne Harpy3ku R = 0,9 Owm;

- ”HAYKTUBHOCTb Harpy3ku L = 0,44 ml g;

- EMKOCTb KOHIEHCATOpOB Ha Bxojie nuuBepTopa C = 2000 MKD;

- HampsDKEeHUe 3BeHa moctosiuHoro Toka Uy = 515 B.

NccnenoBaniocs BIMsSIHUE TIIYOUMHBI MOJIYJISAIIMY HA MyJIbCAIIUU HANPSDHKEHUS Ha
KOHJICHCATOpaX, Ha CIIEKTP BBIXOJIHOTO HANIPSHKEHUS U Ha KOAPDUIIMEHT TapMOHUK.

Koaddunment uckaxkenus MoxkHo uaMeputh B LTspice IV myrém BBOna
nupextuBsl . four 50 V(AB). 50 o3HauaeT, 4TO YacTOTa OCHOBHOH TapMOHHKH
BbIXOJHOTO HampsbkeHus paBHa 50 I'm, a V(AB) ykaspiBaeT Ha TO TJIe HYXKHO
U3MEPSThH HANPSKCHUE.

['myOGuna Moaysiiuy mpuHUMaeT cieayromue 3uauenus: 0,4; 0,6; 0,8; 1.

Ha pucynkax 30, 31, 32, 33 npuBeaeHbl pe3yJIbTaThl MOJCIUPOBAHHUS.

Pe3ynbTaThl MOAENIMpPOBAHUS TOKA3ajd, YTO MPU YBEJIMYCHUH TITyOUHBI
MOIYJISIIMU yMEHbIaeTcs: KodpduimeHt rapMonuk. [Ipuuém mocTaTouHo pe3Ko OH
yYMEHBIIIaeTCs IpH rayoune moayssiiuu 0,4.

Hampsixkenue Ha KoHJeHcaTopax Kosebnercss okosio ypoBHs 515 B. Ilpu
riyoune monyisiiuu 0,4 aMIuTyna mynibcauu coctaBisier mopsiaka 1 B. Ilpu
riryoune monymsaiuu 0,6 m 0,8 amrmummTyna mysiascanmii gocrturaer 3,5 B. Ilpwm
rIyOrHEe MOAYJSAIMU | aMITUTy1a MOJIYJISIIIUK COCTaBISIET yke 15 B, HO mynbscanuun
UIyT HA YPOBHE MOJOBHUHBI BOJHOT'O HAMPSIKCHUSI.
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Vip1.p2) vip?2)

600V

bOov T T T T T T T T T —-150A
9ms 18ms 27ms 36ms 45ms 54ms 63ms 72ms 8Ims 90ms 99ms
V(ab)
140V

120V
100V
80V -
60V
40v-]
20V

oV

f 1
100Hz 1KHz 10KHz 100K

Pucynok 30 — HanpsikeHnsi Ha KOHJIEHCATOpaXx, JIMHEHOE HANIPSIKEHNUE,
¢da3HbIN TOK, CIEKTP BBIXOAHOTO HANPSDKEHUS MpH Tiyoune moayisinuu 0,4

V(p1.p2) V(p2)

i T T T T
54ms 63ms 72ms 8Ims 90ms

V(ab)

T
45ms

KoadhepuuyeHT rapmonk = 35% | |

' 10'lin 1KHz 10KHz 100KHz
Pucynok 31 — HanpsikeHnsi Ha KOHJIEHCATOpax, JIMHEMHOE HaIpsiKEHNUE,
¢da3HbIN TOK, CIEKTP BHIXOAHOTO HAMPSHKEHUS MPU TIIyorHe Moaysmun 0,6
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Pucynok 32 — HanpsibkeHnsl Ha KOHJIEHCATOpax, JIMHEMHOE HANIPSIKEHNUE,
(ba3HbIl TOK, CIEKTP BBIXOAHOTO HANPSHKEHUS MPpU Tiyoune moayssitnuu 0,8

V(p1.p2)
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278V~
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266V-{|-{-{-

260V i - V- AV R VR

zsdv_ A_,,.,.f‘. R AL W » TR L B ;A L i, - -f8--FL- % y
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Pucynok 33 — HanpsbkeHns: Ha KOHIEHCATOpax, JIMHEMHOE HANIPSIKEHNUE,
(da3HbIi TOK, CHEKTP BBIXOAHOTO HAMPSKEHUS MPU TIIyOMHE MOTYJIALMH 1
[Ipy nOHM>)KEHUU YaCTOTHI MOAYJIALIMU aMIUIMTY/1a MyJbCAlUi HANPSHKEHUS HA
KOHJIEHCATOpax YBEIUYMBAETCSA, a KOA(D(UIMEHT rapMOHUK YBEIMYHMBAETCS. ITO
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MOATBEP)KIACTCS  CICAYIOMUMH pPe3yJdbTaTaMd MOJEIUPOBAHUS TPU YACTOTE
monyisiuuu fi, = 3 k' (puc. 34, 35, 36, 37).

Bo3pocia kak amMIuiMTyaa Mmyibcalliii HANpsDKCHHUS Ha KOHJACHCATOpaxX Tak U
KO3 UITUEHT TapPMOHUK.

CrexTp BBIXOJHOTO HAIPSOKEHUS WHBEPTOpA MPHU 4acTOTe MOAYIsIuu 3 Kl
MOX0X Ha Te, YTO ObUIM MOJYYeHBI MpPH MOJeaupoBaHnu Ha dvactote 10 xlm.

3HayeHue TapMOHHUK HA YaCTOTC MOAYJIALIUM OOAMHAKOBEI.
V(p1.p2) V(p2)
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-300V : T I | : : ' -180A
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V[ab]

140V

120V
100V

KoacbdmuneHT rapMOHMK '73%

80V
60V
40V
20V

ov — RSN gl

10Hz lﬂde lKhz 10KHz 100KHz
Pucynok 34 — HanpsbkeHns: Ha KOHIEHCATOPax, JIMHEMHOE HANIPSKEHNUE,

(da3HbIl TOK, CHEKTP BBIXOAHOTO HANPSKEHUA MpU TiryOoune moxyisiuuu 0,4
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V(p1.p2) V(p2]

2404
i~ 200A
1604
qi Ml 1204
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- ceend i -80A

11204
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V(ab)

II][‘le IKIHZ 10KHz 100KHz
Pucynok 35 — HanpsibkeHns: Ha KOHJIEHCATOpax, JIMHEMHOE HaNIPSIKEHNUE,
¢da3HbIi TOK, , CIIEKTP BBIXOIHOT'O HAIPSKEHUs ITPH riayouHe Mmoayssiiuu 0,6

Vp1.p2) Vip2)
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120v---
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60V~

30V "?'”E”
oV L ot JE e I I ; FIRE T TR

1ﬂll;Hz 1K|Hz II]IéHz IREE ‘l;]l‘lKHz
Pucynok 36 — HanpsbkeHns: Ha KOHIEHCATOpax, JIMHEMHOE HANIPSIKEHNUE,
(ba3HbIi TOK, , CIIEKTP BHIXOJHOIO HAIPSOKEHUs IpH riayoune Moayisiiuuu 0,8
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V(p1.p2) Vip2)
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Pucynok 37 — HanpsbkeHns: Ha KOHIEHCATOPax, JIMHEMHOE HANIPSKEHNUE,
(a3Hbli TOK, , CIIEKTP BBIXOJHOI'O HANIPSDKEHUS IPH TTyOMHE MOAysiuu 1

Takue OomnplMe MyNbCcallMM  HANPSOHKEHUS HA  KOHJAEHCATOpax IIpH
MaKCUMaJIbHOW TIyOWHE MOJIYJAIUN OOBACHSIOTCS TEM (BCIIOMHUM BEKTOPHYIO
TuarpaMmy JUisi TpEXYpOBHEBOTO MHBEPTOPA), UTO 0OOOIIEHHBINH BEKTOpP, BPAIIasCh,
MPOXOAUT 4Yepe3 peruoHsl 2 U 4. A B TakoM CIydae OTHOCUTEIBHOE BpeMs
BKJIFOUEHHS] KOPOTKOT'O BEKTOpa OYEHb MAJIO B CPAaBHEHUHU C APYTMMH BEKTOpaMH H,
TaKUM 00pa3oM, KOHTPOJIb 3TOTO HANIPSHKCHUS XY IIIASTCS.

3.2 UccaenoBanue MaTeMaTH4eCKOM MOJEJH CHCTEMbI «TPEXypOBHEBbIi
MHBEPTOP - ACHHXPOHHbIN ABUTaTEJIb)»

s MonenupoBaHUs CUCTEMBI «TPEXYPOBHEBBIM WHBEPTOP — ACUHXPOHHBIN
JIBUTATEJIbY MIPUMEHSUICS ABUTATEIb CO CIEAYIOIINMU TapaMeTPaMH:

- HOMHHAaJIbHAasI MOITHOCTH ABurareiasd P = 22 kBT;

- HOMMHAJIbHOE JINHEMHOE HanpsbkeHue craropa U, = 380 B;

- HOMUHaJIbHAs 9acToTa HampsbkeHus ctatopa f = 50 I'i;

- HOMUHaJIbHAsI CKOPOCTh BpaieHus poropa n = 2940 o6/muH,;

- HomuHaaeHBIN KIT n = 90,5 %;

- HOMHHAJIBHBIN K03 puimeHT MmontHoctu cosg = 0,89;

- MOMEHT uHepuuu poropa | = 0.1443 KT M

- YUCJIO T1ap MOJIOCOB Zp =1;

- IOJTHAsI THAYKTUBHOCTH (pa3kl cTatopa u potopa Ly = L, = 37,152 mI'H;
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- conpoTuBiieHue cratopa Ry = 0,2922 Owm;

- conpoTuBiieHue potopa R, = 0,0882 Owm.

3unauenus [1U-perynstopoB paccuntansl 1o ¢popmynam 3, 4, 5, 6 1 OHU paBHBI:
kp: = 5,68 - 107%; k;; = 0,1958; kps = 7,868; k;s = 316,966.

HaprDKeHI/Ie HCTOYHHKA IIUTAHUA HWHBCPTOPA OTO CCTb BbIIPSAMICHHOC

Hanpsokenue Tpéxdasznoit cetu 220/380 50 I'm u paBHO 515_+11()5(;f’ B. Yacrora

MOAYJISIIIMU BBIXOJHOTO HaNpsbKeHUst uHBepTopa fi, = 2 kI .

[IpousBeneHo MOAENMPOBAHUE 3allyCKa JIBUTATENs O HOMUHAIBHOW YaCTOTHI
BPAILCHUSI IIPU PAa3HBIX HANPSLKEHUSAX B 3BEHE ITOCTOSIHHOTO TOKA:!

- Pa3TrOH JBUIATENIs;

- IPAJIOKEHNE MOMEHTA CONPOTUBIICHHUS;

- CHSITUE MOMEHTA CONPOTUBIICHHS;

- TOPMOKEHUE JBUTATEIIS.

Pesynbprartel MogenupoBanus peacTaBiaeHbl pucynkamu 38, 39, 40, 41.

[Ipr NOHMXKEHHOM HAaNpPSHKEHWM NUTaHWs WMHBEpTOpa B 463 B m 3amanum
HOMHUHAJIBHOW CKOPOCTH BpAIllEHUs JBUTaTelh padoTaeT HEYCTONYMBO, BUIHBI
Koje0aHusi €ro JJIEKTPOMAarHUTHOTO MOMEHTa, OCOOEHHO TMpH MPHIOKEHUU
HOMHUHAJIBHOW Harpy3K K BaJly JBHUraress. OTO IPOUCXOIUT U3-3a MEPEMOIYIISILUY.
JloOuTbcst yCTOWYMBO pabOTHI MPU MOHUKECHHOM HAIPSKEHUU TMUTaHUA YyIaércs
TOJIBKO TpU CKOpocTu BpamieHusi poropa 1800 o6/mun (188,5 pan/c). Ilpu
MOBBIIIEHHOM HAIPsKEHUH NMUTaHUsI MHBEpTOopa B 592 B aBUratens pazroHsercs 10
HOMUHAJIBHOW CKOPOCTH BPAILICHUS U yIEPKUBAECT HOMUHAJIBHYIO HAIPYy3Ky Ha BaJly.
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80A- i
40A+ ;

0A—+4------- ...:. gEN
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s R T

UL

T T T T t T T T
0.4s 0.6s 0.8s 1.0s 1.2s 1.4s 1.6s 1.8s 2.0s 2.2s

Pucynok 38 — JIluarpamMmmsl pazHOTO TOKa CTATOpa, CKOPOCTU BPAILICHUS POTOP
JBUTATENS, 3JIEKTPOMArHUTHBIN MOMEHT JIBUTATEIISI, HAIIPSKEHUS Ha BXOJHBIX
KoHJIeHcaTopax uHBepTopa npu Ud = 515 B.
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Pucynok 39 — Jluarpammsl (ha3HOr0 TOKa CTaTOpa, CKOPOCTH BpaIlCHUsI POTOP
JIBUTATENS, 3JIEKTPOMArHUTHBIN MOMEHT JIBUTATEIIS], HAIIPSKCHUS HA BXOJHBIX

KOHJICHCATOpax

T
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1004 T

unBepropa pu Ud = 463 B.
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Pucynox 40 — Jluarpammsel pa3zHOTO TOKA CTATOPa, CKOPOCTH BPAIICHHS POTOP
JIBUTATENIsSA, SJIEKTPOMArHUTHBIN MOMEHT JABUTATEIIS, HAMPSHKEHUSI HA BXOIHBIX
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KOHJIeHcaTopax uaBepTopa npu Ud = 463 B.
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Pucynok 41 — JluarpaMmMmsbl azHOTO TOKa CTaTOpa, CKOPOCTH BPALEHUS pOTOP
JBUTATEJIS], 3JIEKTPOMATHUTHBI MOMEHT JIBUTaTENsl, HAPSYKEHNS HA BXOJAHBIX
KOoHJIeHcaTopax uHBeptopa npu Ud = 592 B.

C MaremMaTH4ecKOW MoOJAenH ObUIM CHATHI MEXaHHUYECKHE XapaKTePUCTUKU
CHUCTEMBl ACHMHXPOHHOIO DJJeKTponpuBoja. HMroro, cHATBI Tpu cemencTBa
MEXaHUYECKUX XApaKTepUCTUK MJis HampspkeHud nurtanus 463, 515, 592 B
COOTBETCTBEHHO (puc. 42, 43, 44).

350 w
300 o ——0—¢  J
250 +—ii—l—— |
200
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Pucynok 42 — CemMelCcTBO MEXaHUYECKUX XapaKTEPUCTHK MTPU HANIPSKEHUH B
3BEHE MMOCTOSTHHOTO TOoKa 515 B
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Pucynok 43 — CemeiicTBO MEXaHUYECKUX XAPAKTEPUCTUK MPU HANIPSHKEHUH B
3BEHE MOCTOSHHOTO ToKa 463 B
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Pucynok 44 — CeMelcTBO MEXaHUYECKUX XAPAKTEPUCTUK IIPU HAIIPSHKEHUU B
3BEHE MOCTOSIHHOTO TOKa 592 B

OTU XapaKTEepUCTUKU IMOKA3aJM, YTO 3JIEKTPONPHUBOJ padOTaeT B IHMAMA30HE
ckopocTH OT 0 10 HOMUHAJILHOM MTPU HAIIPSKEHUAX B 3BEHE MMOCTOSHHOTO ToKa 515 B
u 592 B.

[Tpu HanpspkeHUU B 3BEHE MOCTOSIHHOTO Toka 463 B, anektponpuBoj padotaet
B nuamna3one ckopocteit ot 0 1o 1800 06/mMuH.

OnexkTponpuBoJ BblAepkuBaeT Harpy3ku or 0 nol70 H-m mpu mnrobom
HaIPSDKEHUM ITUTaHUS B YKA3aHHBIX BBIIIE JUANIa30HAX CKOPOCTH.

BriBogsl

1. WccnenoBaHo BiMsHUE TIyOMHBI MOIYJSIUU U YacTOThl MOAYJSILIMM Ha
NyJIbCALIMM HAIPSDKEHUS HAa KOHAEHCATOPhI B 3BE€HE IMOCTOSHHOIO TOKA, HA CIEKTP
BBIXOJITHOTO HaNpsHKEHUS] THBEPTOPA.

2. IlpoBeneHo MojaenMpoOBaHUE MYyCKa, pabOThl B YCTAHOBUBLIEMCS PEXUME,
OCTaHOBKHM D3JIEKTPONPHUBOJIA MPU PA3NTMYHBIX HANPSDKEHUSX B 3BEHE MOCTOSHHOTO
TOKa MHBEPTOPA HAIIPSKEHUS.

3. IlocTpoeHbl ceMelcTBa MEXaHUUECKU XapaKTEPUCTHUK AJIEKTPONIPUBOAA TIPU
Pa3IMYHBIX HAMPSHKEHUSX B 3BEHE MMOCTOSIHHOTO TOKA MHBEPTOPA HAMPSKEHUS.
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3ak/IroueHue

[IpoGnema  mynbcauuii  HampsOKEHUH  HA  BXOJHBIX  KOHJEHCATOpax
TPEXYPOBHEBBIX  HMHBEPTOPOB  HANPSDKEHUS,  BBINOJHEHHBIX IO CXEME C
OTPAaHUYMBAIOIIMMH JTMOJAAMH, 10 CHUX IOP OCTAETCA HEPECIIEHHOMW. [ JIaBHOW LIEIBIO
paboThl OBLIO pa3paboTka MOAMGUKAIMKU aJITOPUTMA MPOCTPAHCTBEHHO-BEKTOPHOM
IIMPOTHO-UMIYJIbCHOM MOIYJSLIMKM i1 CXEMBl TPEXYPOBHEBOTO HWHBEPTOpA
HallpsDKEHUM C  OTpaHMYMBAIOIMMK  auojgaMu. l[IpoBen€éHHoe maremarndeckoe
MOJEIUPOBAHUE II0KA3aJI0, 4YTO MCHOJIb30BaHHWE AaHHOro anroputma [IBIIMM
MO3BOJISIET YAEPKUBATh HANPSDKEHHE HA KOHJCHCATOPax OKOJIO YPOBHS PaBHOTO
MTOJIOBUHE HAIPSHKEHUSI TUTAHUS HHBEPTOPA.

PesynbraTamMmu paHHOW paboOThl pa3pabOTaHHBIE MATEMAaTHYECKUE MOJETU
TPEXYPOBHEBOTO WHBEPTOpPA HAMNPSDKEHHsS] TPH pab0oTe HAa aKTHUBHO-WHIYKTUBHYIO
Harpy3Ky ¥ CHUCTEMbl «TPEXYPOBHEBBIM HHBEPTOP — ACHHXPOHHBINA JIBUTATEIb» C
BEKTOPHOW CUCTEMOU YIIPABJICHHUS.
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