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JIBH3 «KpuBopi3bKkuii HalllOHAJIbHUN YHIBEPCUTET»

JOCJIIKEHHS TOIOJIOTTA BATATOPIBHEBUX IHBEPTOPIB 3
BUKOPUCTAHHAM «IIJIABAIOYUX» KOHAEHCATOPIB

Cmamms npucesyena auanizy 0a2amopiéHesux iHEepmopie 3 «niasaro-
YuMU» KOHOeHcamopamu. 3anponoHo8aHO CNOCIO Kepy8auHs, W0 00380JIE
BUKOHY8AMU NIOMPUMAHHS GEIUYUH HANPY2 JAHKU NOCMIUHO20 CMPYMY HA 3a-
OaHOMy pi6HI Oe3 JHCOOHUX 3MIH V Cunosill cxemi ineepmopa. Lllisixom mame-
MAMUYHO20 MOOENIOBAHHS 008€0EHO epheKmuUHiCmsb 3anpoOnoOHO8AHO20 pilieH-
nsa. llpoananizoeano cxemy, wjo 0036015€ NOKpawumu Koeg@iyieHm eukopuc-
MAHHs HANpPY2Uu JAHKU NOCMIUHO20 CMPYMY, WO € HEGUCOKUM OISl KIACUUHOL
Monoaoeii.

Cmamus nocesiweHa ananusy MHO20YPOBHEBbIX UHBEPMOPO8 C <NAABAI0-
wumu» Konoencamopamu. Ilpednosiceno cnocob ynpaenenus, KOmopulii n0360-
JIslem BbINONIHAMb NOO0EPHCAHUE BETUYUH HANPANCEHUL 36€HA NOCHMOSAHHO2O
MOKA HA 3a0AHHOM YpOBHE 0e3 KAKUX-TUO0 U3MEeHeHUull 8 CUNOBOU cxeme UH-
sepmopa. [lymem mamemamuuecko2o mooenuposarue 00KA3aHO d¢pgexmus-
HOCMb npeodnodiceHno20 peutenusi. Ilpoananuzuposano cxemy, Komopas no360-
Jislem Yayudumums Kodguyuenm ucnonvb308aHus HAnpaNCeHus. 36eHa NOCMOosiH-
HO20 MOKA, KOMOPWbIL AGISIeMCA HEGbLCOKUM OISl KNACCUYECKOU MONONOSUU.

This article analyzes the multilevel inverters with “flying” capacitors. A
control method that allows maintaining the value of the DC bus voltage at a
predetermined level without any changes in the power circuit of the inverter is
proposed. By mathematical modeling proved the effectiveness of the proposed
solution. The circuit that can improve the utilization of the DC bus voltage,
which is low for classical scheme, is analyzed.

IIpo6yeMa Ta ii 3B’ 130K 3 HAYKOBUMH TA NPAKTUYHUMHU 3aBJAHHSAMU.
CyTTeBI JOCATHEHHS CBITOBOI HAyKW y 00JacTi HAMIBIIPOBIIHUKOBOI €JIEKTPO-
HIKH Ta MIKPOTIPOIIECOPHOT TEXHIKH MPU3BEIN JI0 TTOSIBH HOBOTO THUITY €ICKTPO-
TEXHIYHUX MPUCTPOIB — BUCOKOBOJIETHUX IEPETBOPIOBAYIB YaCTOTH, IO JI03BO-
JSIFOTh BUPINIYBATH MPOOJIeMy pallioHATLHOTO BUKOPHUCTAHHS €HEPropecypciB
NOTY)KHUMH eJleKTponpuBoaamu. llepeBarn BUKOpHCTaHHS OaraTopiBHEBUX
1HBEPTOPIB, 110 NOJATalTh Y (hopMyBaHHI Kpanioi (popMu BUXIJTHOT HAIIPYTH, €
BXUTMBUMH JIJISI BUCOKOBOJIBTHHX TEPETBOPIOBAYIB BHUCOKOI MOTYx)HOCTI. Ce-
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pea ICHYyIOYMX CXEeM 0araropiBHEBUX IHBEPTOPIB HAWOLIbII MOMYJISPHUMH €
cXeMu Ha 0a3l KackajHo 3’ eaHaHuX H-MOCTIB, cxemMu Ha 06a31 MOJIyJIbHOT TOIO-
jorii, cxeMu 3 (GIKCYIOUMMHU [i0JaMH Ta IUIaBalOUYUMHU KOHIeHcaTopamu (pHuc.
1). Hali0OinbIn CyTTEBOIO MPOOJIEMOIO Y HIMPOKOMY PO3IOBCIOIPKECHHI BHCOKO-
BOJIbTHHUX MEPETBOPIOBAYIB € OajaHC HANpPYr Ha KOHJIEHCATOpPAax JaHKU MOCTIM-
HOT'O CTPyMY, III0 BUKOPUCTOBYIOTHCS Y SIKOCTI MOJUIBHUKA HAIPYTH.

VY Bumagxy BUKOPHUCTAHHSI TPhOXPIBHEBOI'O 1HBEPTOpA 3 ILJIABAKOUHMMU»
KOH/ICHCATOpaMH, KepyBaHHS HalpyraMu JIAHKU TOCTIHHOTO CTPyMY € BiJTHOC-
HO MIPOCTHM Ta MOK€ BUKOHYBATHCSI OKPEMO I KOKHOI (pa3u 3a paxyHOK BU-
O0opy OJHIET 3 ABOX 30MTKOBHX KOMOIHAIM BKJIFOYEHHS KJIIOYIB. 30UTKOBUMU
KOMOIHAIIIMM BKJIFOUEHHS HA3UBAIOTHCA Takl, MO0 (POPMYIOTh OJUH 1 TOW XKe
BEKTOpP BHXIHOI HAPyTH, BUKOPUCTOBYIOUM HAOOPH BKJIIOUEHUX KIIIOUiB, 110
BIIPI3HSAIOTHCS MK c00010. Ieit coci6 OamaHcyBaHHS MOKHA PO3TOBCIOJIUTH 1
Ha CXEMH, 10 0a3yIOThCsl HA TOMOJOTII «IJIaBAlOUMX» KOHACHCATOPIB, Ta Ma-
I0Th OLIBIIY 32 TPU KIJIBKICTh PIBHIB.

Y upoMy BuUMNAAKy 30UIBLIYETHCA KUIBKICTh 30MTKOBUX KOMOIHAI[i
BKJIFOUEHHS Ta KUIBKICTh KOHJIEHCATOPIB, Halpyra Ha SIKUX MOBHHHA KOHTPO-
moBaTucs. Kokaa 30uTKkoBa KOMOIHAITIS BIPI3HIETHCS BiJ] IHIIUX BIUTMBOM Ha
HAIPYTH JIAHKU TOCTIMHOTO cTpyMy. TOMY NMUTaHHS palllOHATBHOTO KEPYBAHHS
OaraTopiBHEBUMHU I1HBEPTOPAMH 3 «IUIABAIOYMMU» KOHJACHCATOPaMH 3 ypaxy-
BaHHSAM HEOOX1HOCTI MIATPUMAaHHs OallaHCy HAIpyT € aKTyaJbHUM, a Bl HOTrO
BUPIIIEHHS 3aJ]eKaTh MEPCHEKTUBU IIUPOKOTO BUKOPUCTAHHS JaHOT TOMOJIOTIT
Yy BUCOKOBOJIbTHUX nepeTBopJIOBaqax.
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Puc. 1. Cxema 6aecamopisnesoco ineepmopa 3 «niasaro4umu» KOHOeHCamopamu
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Puc. 2. I'pagix 3sminu genuuun nanpye Ha KoHoeHcamopax nieud iHeepmopd,
wo srcueumo azy A osuecyna, npu i0CYmHOCMi KOHMYpPy OANAHCYBAHHA Y CU-

cmemi Kepy8aHHs

AHaJi3 gociaigkenb Ta myOjikanii. IcHye AeKiabka BIJOMHUX CIOCOOIB
OajlaHCyBaHHSI HANpyr JaHKU MOCTIMHOro CTpyMy OaraTOpiBHEBUX 1HBEPTOPIB,
10 TIpeicTaBieHl y miteparypi. Lli cnocoOn MokHa Kiacu(iKyBaTH Ha TTaCUBHI
Ta akTuBHI. [lacuBHI 0a3yrOThCS HA MPHUPOAHUX MEXaHI3MaX OajaHCyBaHHS
eHeprii B meperBoproBaui. Haifuacriliie BOHM BUKOPUCTOBYIOTH PO3IMKHEHI
CUCTEMU KEpyBaHHs OaJlaHCOM HampyT, a MPUHLMII IX POOOTH MOJISIrae y 3MiHi
dbopmu abo (Ha3zo0BOro 3CyBy OMOPHOTO CUTHAIY, IO BUKOPUCTOBYETHCS aJIro-
PUTMOM IITUPOTHO-IMITYILCHOT MOAYJIsIii. 111 cmocoOu € mpocTrMu B peasrizariii
Ta TMOBHICTIO 33JI0BOJIBHSIOTH BUMOTH JO CHCTEMHU KepyBaHHs OalaHCOM Ha-
npyr Ipu poOOTI CUCTEMHU MPHUBOAY y CTaTUUHOMY pexumi. Jlo HemoiKiB Ta-
KUX CHUCTEM CJIiJl BIAHECTH MOTIPIICHHS SKOCTI OajaHCyBaHHS MpPH poOOTI B
JUHAMIYHUX PEXUMax, a TAKOK YyTJIUBICTb 10 HEJIHIHHOCTEW a0 HecuMeTpii
nepeTBoproBava ab0 HaBaHTAXXEHHA. B esKkuX BUMAIKax BUKOPUCTAHHS MAcH-
BHHMX CIIOCOOIB BUMAara€ BCTAHOBJICHHSI J0JIaTKOBWX BHPIBHIOIOYUX JIAHITIOTIB,
0 CKJIanarThes 3 macuBHUX LC-enmementiB. Y [7] 3a3HaueHo, 1110 BUKOpUC-
TaHHSI MOIYJIAI, IO 0a3yeTbcsi Ha (a30BOMY PO3TaIllyBaHHI, JO3BOJISE OTPH-
MaTu OLIbII BUCOKI AMHAMIYHI TOKAa3HUKH, HIXK BUKOPUCTAHHS MOJYJISALIT, 11O
0a3yeThcs Ha (Pa30BOMY 3CYBI OIOPHUX CHTHAJIB. BUKOpHCTaHHS TOAAaTKOBHX
BHUPIBHIOIOYHMX KIJT HE € Oa)KaHWUM, OCKUIBKH MPU3BOANTH A0 3HWIKEHHS HaIii-
HOCTI MepeTBOpIOBaya, 30UIbIIEHHS HOro rabapuTiB Ta JOJATKOBUM BTpaTam
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MOTYXHOCT1 Y (UIBTP1 Ta CUJIOBHUX KIIOUAX Yepe3 3pOCTaHHs MyJbCcaliil CTpy-
MYy.

Jlo akTHBHMX CcTOCO0IB OaTaHCYBaHHS HAIMPYT JIAHKU MOCTIMHOTO CTPyMy
BIJIHOCATHCS, HAIPHUKJIA, TaKl, M0 0a3yroThcs Ha Moau]iKaIii airopuTMy po-
OOTH CHUCTEMHU MPSAMOTrO KEPYBaHHS MOMEHTOM JBHUT'yHa a0O 3MiHI CUTHAIIB
3aBJAaHHS MOJIYJIALIL 3a TONOMOIOKO BBEIEHHS JOJATKOBUX cUrHaiiB. Lle mpu-
3BOJAUTH J0 30UIBIICHHS YaCTOTH MEPEMUKAHHS KJIIOYIB, IO MiABHUIIYE KOMY-
TalliifH1 BTpaTH y 1HBEPTOPI.

IMocranoBka 3aBAaHHs. Po3risiHYTH ICHYIOUY1 CXeMU MOOYJI0BU Oararto-
pIBHEBHX I1HBEpPTOPIB Ha 0a3i TOMOJOrIT 3 «IUIABAlOYUMHU» KOHJEHCATOpaMH,
3aMpoIOHYBATH PAIliOHAIBHI PIIICHHS MOA0 3a0e3MedYeHHsl CTIHKOI poOOoTH Y
IITUPOKOMY JTiara30Hi BUXITHUX YacTOT 3a PaXyHOK OalaHCYBaHHS HAMpyT JIaH-
KM TIOCTIMHOTO CTPYMY 3aco0aMu camoro iHBepTopa.
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Puc. 3. I'paghix 3minu suxionux cmpymie ineepmopa npu 8i0CYmHOCmMi KOHMYPY
Oanancy8anHs y cucmemi KepyeanHs

Buknagenns marepiaiay ta pesyabraTH. Cxema 6araropiBHEBOTO 1H-
BepTopa Ha 0a31 KJIACHMYHOI TOMOJOrIi 3 «IJIaBalOYUMU» KOHJIEHCATOPaMU
npenacraBieHa Ha puc. 1. Buxigna Hanpyra GopMyeThcsi Ha paXyHOK MOCITIIOB-
HOTO BKJIFOYCHHSI HAIIPYTH JIAHKU MOCTIHHOTO CTPYMY, IO B 3arajibHOMY BHUIIa-
JKY € HE3MIHHOIO 32 BEJTMYMHOIO, T4 HAIIPYT OKPEMUX KOHIEHCATOPIB.

BennumHu €eMHOCTI «IIaBarOYMX» KOHAEHCATOPIB € OJJHAKOBUMH, OCKI-
JBKH yC1 KITFOUl MEePETBOPIOBaYa MPAIIOIOTh 3 OJHIEIO 1 TIEIO K YaCTOTOIO KO-
MyTaIlii i 4epe3 HUX MPOXOAUTh CTPyM OAHiel BeauuuHu. [Ipu ibomy HOMiHa-
n—1 mn—1 m=1
N — KUTBKICTh PIBHIB 1HBEPTOPA. 32 PaXyHOK IILOTO KOYKEH 3 KJIIOUIB CXEMHU MO-

. iy
e OyTH po3paxOBaHU HA HATIPYTY ii 110 CYTTEBO MEHIIA 33 HANPYTY JIAHKH

]
H-

JIbHA HANpyTra KOHAEHCATOPIB BIAPI3HAETHCA 1 CKIIa/1ae

MOCTIMHOTO CTPYMY.
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Puc. 4. I'paghix 3minu senruvun nanpye na KOHOeHcamopax nieya iHeepmopa,
wo scueums azy A osusyna, npu HAA6HOCMI KOHMYPY OANAHCYBAHHA Y CUC-
memi Kepy6aHHsl

J1o HEeOMIKIB KJIACHYHOT CXEMH BITHOCHUTHCS HEMOXKJIUBICTH 11 MO0y 10-
BH Ha OJIHOTHITHHX MOMYJISX, IO CYTTEBO IOTIPIIY€E MOXKJIUBICTH CTBOPCHHSI
pPE3epPBHUX KOMIpPOK, IO MOXYTh B aBTOMAaTHYHOMY PEKHMi BKIIOUHUTHCS B
poOOTY 3aMICTh KOMIPKH, 1110 BUMILIA 3 j1any. ToMy Bce OuIbILy yBary po3po0-
HUKH 3BEpPTAIOTh Ha CXEMU MOJYJbHUX OaratopiBHeBUX 1HBepTOpiB. [Ipote, B
JaHUI MOMEHT BiJICYTHI1 TOTOBI TEXHIYHI PIIECHHS MO0 peati3allii MoIyIbHO-
ro MepeTBOproBaya, M0 3JIaTHUM MPAIOBATH MPU 3MIHHIM BUXIAHINA 4acTOTI,
BKIJTFOYAIOYH HYJIHOBY.

[Ile ofHKUM CYTTE€BHM HEIOJIIKOM 1HBEPTOPIB 3 ILIABAIOUYUMU» KOH/JICH-
caTopaMmu € Te, 10 aMIUTiTy1a (a3HO1 HAMPYTH MEePETBOPIOBaYa HE MEPEBUIILYE
MOJIOBUHY BEJTUYMHU HAIIPYTH.

[Ipu po6oTi GaratopiBHEBOrO 1HBEPTOPa, MOOYAOBAHOTO 3a JIAHOK TOIO-
JIOTI€r0, CTPYM HABAaHTAKEHHS IMOBHICTIO MPOXOJIUTH Yepe3 KOHICHCATOPHU CXe-
MU, BUKJIMKAIOYM 1X 3apsaa ado pospsa (puc. 2). HaamipHuii 3apsa KOHIeHCa-
TOpHOI OaTapei MOKe TIPU3BECTH JI0 i1 BUXOAY 3 Jaay, a Po3psj HIKUYE JTOITyC-
THMOTO PIBHS — JIO CYTTEBOTO CITOTBOPEHHS (DOPMHU KPHUBOI BHXITHOTO CTPyMY
(puc. 3) Ta HebOe3meyHOro 301IbIICHHS HAMPYTd Ha KitodaxX. ToMy mpu 3acTo-
CYyBaHHI CXEM 3 «IIJIJaBAlOUMMM» KOHJEHCATOpaMU HEOOXITHO 3aCTOCOBYBATH
CUCTEMH KepyBaHHS 3 KOHTYPOM IITYYHOT'O BUPIBHIOBAHHS HAIPYT, IO J03BO-
JIsl€ 32 paxyHOK BUKOPHUCTAHHSI 30MTKOBHUX KOMOIHAIIN BKJIIOYEHHS MIATPUMY-
BaTH BEJTMYMHHU 3apsi/iiB KOHICHCATOPIB HA MPUOIU3HO MOCTIHHOMY PiBHI.
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Puc. 5. I'paghix 3minu euxionux cmpymie ineepmopa npu HAsi8HOCMI KOHMYPY
banancysanHs y cucmemi Kepy8aHHs
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Puc. 6. I'pagix 3sminu seruuun nanpye Ha KoHOeHcamopax nieud iHeepmopd,
wo srcueumo pazy A 0sucyna, npu nioOKIOYeHHI nepemeoprsaia 00 Mepeici

Jlnst peanizariii BUpiBHIOBaHHS BETUYHMH HANpyr OyJia 3amporioHOBaHa CH-
cTeMa, o 0a3yeThesl Ha MiHIMI3aIi PyHKIIT, 10 Ma€ HACTYTHUN BUTJIS/;
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e u,, — [OTOYHE 3HAYECHHS BEJMYMHM HAINPyTd HA I-My KOHJEHCATOpi Iieda
1HBEPTOPA; argipe; — HOMIHANBHE 3HAYCHHS BEIUYMHHM HANpYrw Ha I-My
KOH/ICHCATOpI IIJIeUa IHBEPTOPA; gigttiiy,.) — 3HAKOBA (DYHKLIS; i,,, — BUXIIHUN
CTPyM IUIeua 1HBEpTOpA.

OTxe, 11 KOKHOI CTIMKOT BETMYMHU BHUXIJIHOI HANpyTH, 10 MOxke (op-
MYyBATHUCSl IHBEPTOPOM 3 MEBHUM YHCIIOM PIBHEM, € MEBHUI HaOIp 30MTKOBUX
KOMOIHaIi BKJIIOYEHHS KIIIOYiB (32 BHHATKOM MaKCHMMalbHOI Ta MiHIMaabHOI
Hanpyry, (GOpMyBaHHS SKUX HE MICTUTh 30MTKOBUX KOMOiHAIIi#), 1110 Gopmy-
I0Th OJIHY ¥ Ty K BUXIAHY Hampyry. JIJIst KOXKHOT 3 TaKuX KOMOIHAIIIH po3paxo-
BY€TbCA 3HaUeHHS QYHKIIT Z,. 3 YCIX MOXIJIMBUX KOMOIHaLI 00UpaeThes came
Ta, 110 BIJMNOBIJIa€ MiHIMAJILHOMY 3HaueHHIO Z,. Lle mo3Bonse oOpatu Ty KoM-

O1HAITIIO BKJIIOUCHHSI, KA HAHOUIBIIIO MIPOIO 3/1aTHA PO3PSIUTH KOHIACHCATO-
pH, 1110 MAKOTh HAJUIIKOBUH 3aps/, Ta 3apsSAUTH KOHAEHCATOPH, LIO € YaCTKO-
BO PO3psIKEHUMU. Pe3ynbTaT MOeNOBaHHS 3alpONOHOBAHOIO CIIOCO0Y i
TpUMaHHS OaJlaHCy HAIPYT MpeACTaBIeHI Ha puc. 4, 5.

3anponoOHOBAHUN CIIOCIO Ma€ K€ OJHY MO3UTUBHY SIKICTb, 11O IOJATa€E B
TOMY, IO 3 Or0 BUKOPHUCTAHHSM € MOXJIMBUM pPEali3yBaTh KOHTPOJIbOBAHUX
3aps1 KOHJICHCATOPIB TP MiAKIIOYCHHI MMepeTBOproBaya 10 Mepexi 0e3 BUKO-
PUCTaHHS OJHHUX JOJATKOBUX 30BHIIIHIX KU, 110 HE YCKIIAJHIOE CTPYKTYpPY
MEPETBOPIOBAYA Ta J03BOJISIE 3HUZUTH MOT0 COOIBAPTICTh y MOPIBHSHHI 31 CIO-
co0amy, 110 BUMararwoTh Moaudikauii cuioBoi cxeMu iHBepTopa. ['padik, 1o
JTEMOHCTPYE 3apsi]l «IJIABAIOYNX» KOHJICHCATOPIB MPECTABICHO Ha PHC. 6.

Sk Bxe OyJIo CKa3aHO, OCHOBHUM HEJOJIIKOM PO3IIISIHYTOI CXEMHU € I0Ta-
HUM Koe(illleHT BUKOPUCTAHHS HAIIPYTH JAHKW MOCTIMHOrO CTpymy. 3 METOIO
YCYHEHHS JTaHOTO HEJIOJIKY JOIIBHO PO3TISTHYTH CXEMY, 10 TIpeICTaBIeHa Ha
puc. 7. Jlana cxema J03BOJIl€ OTPUMATH BJBIYl OUIbLIY aMILIITY/y BUXI1JHOI
HAIpyr nepeTBoproBada. MojentoBaHHs poOOTH 1aHOT CXEMHU 3 3alPOIIOHOBA-
HUM CHOCOOOM OanaHCyBaHHS HANpPyr JOBOAMTH MOTO MPUIATHICTH 1 JUIS 1I€T
Moaudikaii cxemu iHBepTopa.
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Puc. 7. Cxema moougpikosanozo nieva ineepmopa 3 <KniasaoyuMu» KOHOeH-
camopamu

BHuCHOBKHM Ta HampsIMOK MOJAAJbIINX A0CTiT:KeHb. [[poananizyBaBm
cXeMH OaraTOpiBHEBHMX IHBEPTOPIB 3 «IIABAIOYMMM» KOHJEHCATOpaMH, OYJI0
3aIlPOIIOHOBAHO CIOCIO MiATPUMAaHHS OaJlaHCy HAIpyT 3a PaxyHOK BHKOPHC-
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TaHHs 30MTKOBUX KOMO1HaIii BriItoueHHs. [InsxoM MaTeMaTuuHOro MOJCIIO-
BaHHS JIOBEJICHO, IO CMOCIO € MPUAATHUM Yy BChOMY Jliama30H1 BUXIJHUX Yac-
TOT TEPETBOpIOBaYa 1 JO3BOJISIE€ BUPIIIUTH TOCTABJICHY 3a/aady 0e3 KOTHUX
3MIH B CHJIOBIM CXE€Mi MEPETBOPIOBAYa, a TAKOXK CXEMi KEpyBaHHS, 32 PaXyHOK
3MIHU aJITOPUTMY KE€PyBaHHS KITFOYaAMHU.

Pozrnsinyro MoaudikoBaHy cxemy, 10 Ma€ Kpalluid, HK y KJIIACUYHOI TO-
MOJIOT11, KOe(illi€EHT BUKOPUCTAHHS HAMPYTH JIAHKHU TIOCTIMHOTO CTpyMy. JloBe-
JIEHO MO’KJIMBICTh 3aCTOCYBaHHS MPEICTABICHOTO CIOCOOY ISl TaHOT CXEMHU.
OCHOBHUM ii HEJIOJIIKOM € HEOOXIAHICTh OKPEMUX JIXKEPEIT )KUBJICHHS TSl KOXK-
HOTO IJIeya 1HBEPTOpa, TOMY HAIpPsIMKOM MOJAJIbIINX AOCIIIKEHb € po3poOKa
CXEM, 110 37]aTH1 )KUBUTHUCS BiJ] 3arajbHOI JJAHKU MTOCTIHHOTO CTPYyMYy Ta MarOTh
BHUCOKHI KOe(IIi€eHT BUKOPUCTAHHS HAIIPYTH JAHKH MMOCTIMHOTO CTPYMY.
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