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AHHOTALIUA B cmamwve onucviéaemcs HO8AsL MONOAO2USL U QNOPUMM YIPAGLEHUs KIOUAMU 00pAmumoz0 08YX386eHHO20
npeobpazosamens NOCMOSHHOZ0 HANPANUCEHUS C MPAHCHOPMAMOPHOU pazesasKkoil. Beicokosonvmuoe nepsuunoe 36eno cooepoicum
6X00HOU Opoccenb U ABNAEMCs UHBEPMOPOM MOKA, HUKOBONbMHOE — UHBEPIMOPOM HANPSIICEHUs C HASpY3KOlU — GamapeiHot
cucmemou HaKONJIeHUs: SHep2ul Uiy akkymyasmoprou 6amapeeil. Cxema kommymamopa UT — mocmosas, Kniouu aHOOHOU epynnvl —
ogyxkeaoparwmuuvle 6e3 obpammuou 6Oroxupyrowe cnocoonocmu (IGBT ¢ obpamubim 0uooom), Kuouu KAmoOHOU 2pynnvl —
yemvlpexkeaopanmuule (6cmpeuro-nociedosamenvio coeourenuvie IGBT ¢ obpamuvim ouodom). [lna pexcuma nepeoauu sxepauu
Om UHBEPTNOPA HANPANCEHU K UHBEPMOPY MOKA ONUCAH AN2OPUMM YRPABIEHUS KTIOUaMU (A120pUmm pazoeseHHOU KOMMYmayuu,),
obecneyusarwull 6KIIOUEHUE 8 HYIAX HANPSNCEHUS U eMKOCMHOe CHAOOepHOe BbIKIIYeHUe KIoUuell UHBepMOpa HANPXCeHUs U
BBIKIIOYEHUE 8 HYJIAX MOKA U UHOYKMUBHOE CHAOOEpHOe 8KII0UeHUe KItoYell UHBEPMOopA MOKd.

Knrouesvie cnosa: ungepmop HanpsadiceHuss;, UHEEPMOp MOKA, CO2NACYIOWUL npeobpazogamens, pazoeneHHas kommymayus,; ZVS;
ZCS; chabbep, mpancghopmamopuas pazeaska, aieopumm ynpaesienus Kiouamu, 06pamumslil 08yX36eHHbII npeobpazosamens

ASYMMETRIC MATCHING DC/DC CONVERTER FOR ELECTRIC POWER
SYSTEM WITH BATTERY ENERGY STORAGE SYSTEM
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ABSTRACT As a part of a modern power supply systems using direct current lines (for example, a railway), it is desirable to have
buffer storage of electricity, as a rule, battery energy storage systems (BESS). The battery energy storage system can store electric
energy in the regenerative braking of the rolling stock and return it to the supply contact network during its acceleration. Buffer
properties of BESS allow, in addition to an obvious increase the system efficiency, also provide sufficient rigidity of the contact
network voltage. BESS is connected to the contact network through a matching converter, which provides galvanic isolation and
matching of voltage levels of the mains and the battery. The article describes a new topology and algorithm for controlling the
switches of a bidirectional two stage dc/dc converter with a transformer. The high-voltage primary stage contains an input choke
and is a current source inverter, a low-voltage one is a voltage source inverter with a load — a battery storage system. The circuit of
the current source inverter is bridge, the switches of the anode group are two-quadrant ones without reverse blocking ability (IGBT
with a reverse diode), the cathode group switches are four-quadrant (counter-connected IGBTs with a reverse diode). The aim of this
paper is to present a modified scheme of a converter with separated commutation having the property of reversibility. In this
converter, the static loss in the switches does not increase in comparison with the basic circuit. For the power transfer mode from the
voltage source inverter to the current source inverter, the switches control algorithm (separated commutation algorithm) is
described. This algorithm provides the switching on at zero point of voltage and switch off with capacitive snubber of the voltage
source inverter's switches and the switching off at current zero point and inductive snubber of the current source inverter's switches.
Keywords: voltage source inverter; current source inverter, matching converter, separated commutation;, ZVS; ZCS; snubber;
transformer isolation; switch control algorithm; dc/dc converter; bidirectional two-stage converter

Bgenenue 3amacaThb ~ AJIEKTPORHEPTHIO  TPH  PEKyNepaTHBHOM
TOPMOXXGHHHU IIOJBIDKHOTO COCTaBa M OT/AABAaTh €€ B
B cocraBe COBPEMEHHBIX cucreM mnuTaromyro KoHTakTHyo ceth (KC) mpm ero pasrone.

AIEKTPOCHAOKECHUS c HCTIOTh30BaHUEM muanit  Bydeprpie  cBoiictBa BCHD  mo3BonsioT, Kpome
MIOCTOSTHHOTO TOKA (HAaIpuMep, JKelie3Hast JOpora) BeCbMa  OYEBHHOTO  MOBBIMICHHUS  K.II.J. CHUCTEMbI, TaKXKe
JKeJarelibHO NpucyTcTBUE OydepHbIX HakomuTeneld  oOecrevnBaTh JOCTATOYHYIO KECTKOCTh HampshkeHus KC
JJIEKTPOIHEPIUH, KaK MPaBWiIO, — OarapedHbIXx cucTteM [l1], 9YTO SBISETCS BaKHBIM TPEOOBAHHMEM KadecTBa
HakorieHust oHeprun (BCHD) wmm, B mpocreiilieM  CHCTEMbI 3JEKTPOCHAOXEHUs JKeJNe3HbIX Jopor [2].
ciydae, akkymynatopHbix Oartapeii. BCHD wmoryr BCHD mnoaxmouyaercss k KC dyepe3 corsacyromuit
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mpeobpa3oBaTeib (CID), obecrieqynBaromuit
rajJbBaHUUYECKYI0 DPAa3BsSI3Ky M COIVIACOBAaHUE YPOBHEH
HallpsDKEHHU [MTAOIEd CeTH U aKKyMYJIITOPHOH

6arapeu. Oueumgno, CII nomkeH 001agaTh CBOWCTBOM
obpatumocTu notoka sHepruu — or KC k Ab u Hao60por.
CI1  orHocuTcs K  OOpaTHMMBIM  JIByX3BEHHBIM
nmpeoOpa3oBaTeNsiM  MOCTOSHHOTO — HANpsDKEHUS ¢
TpaHchopMmaTopHOii pa3Bsskoi (isolated bidirectional de—
dc converters — IBDC) [3]. TumoBsIM pemieHueM Juist
IBDC sBmnstercst AByX3BEHHBIH IpeoOpa3oBaTenb, Kax1oe

U3 JABYX 3BEHBEB KOTOPOTO MPEACTABIET COOOU
naBeprop HampspkeHus (MH) [4]: B cocraBe cHIoBOTO
KOMMyTaTopa o0OOHMX 3BEHBEB, BBIIOJHEHHBIX IO

MTOTyMOCTOBOW, HYJIEBOW WM MOCTOBOW cxemam [3],
MPUCYTCTBYIOT YIIPaBIsieMble ABYXKBaJPAHTHBIC KIIOYH
0e3 00paTHOW OJOKHPYIOIIEH CIIOCOOHOCTH (IOJICBBIC
(MOSFET) nubo  OWIoisipHBIE  TPAaH3UCTOPBI  C
u3oaupoBanHbIM 3aTBopoM (IGBT) ¢ oOpatHbIM tnoaom),
BXOJHBIE M BBIXOJHBIE (WIBTPHl — E€MKOCTHBIE (10O
WCTOYHHK 3JIEKTPOIHEPTHU €CTh NCTOYHHK HAIPSIKEHUS,
HampuMep, akkymymstopHas Oarapes, BCHD). Taxwue
IBDC ¢ nByms moctoBbiMH KoMMmyTaTopamu (dual active
bridge — DAB) uMeroT psii TOCTOUHCTB [ 5, 6].

V3BeCTHO MHOKECTBO AITOPUTMOB YIIPaBICHUS
KIIOYaMH TaKuX TpeoOpasosarened [3], mpu 3ToM i
OTHOCHTEIIFHO HHU3KOBOJBTHRIX mpmiioxkeHnid (1 — 2 kB)
NpeANnoOYTCHUEC OTAACTCA aJIlr'OpUTMaM, O6CCHCLII/IBaIOHII/IX
PEKUMBI BKJIFOUCHHUA CHJIOBBIX  KITIOYEH B HYJIX
HarpsbkeHus (zero voltage switching, ZVS) npu xoTopbix
KOMMYTAI[MOHHBIE TIOTEPU BKIIOYCHUS OTCYTCTBYIOT.
OrpannueHre KOMMYTAI[MOHHBIX IOTEPb BBIKIIOUCHHUS
JIOCTUTAETCS UCTIONB30BaHUEM cHaOOepHBIX
KOHJICHCATOPOB, ULIYHTUPYIOUIUX YIPABISIEMBIA KIIIOY.
OTO TO3BOJSIET MOBBICUTH YAaCTOTY IIPeoOpa3oBaHuUs H,
CJIC/IOBATENIFHO, YMEHBIIUTD Ta0apyuThl Pa3aeTUTEIEHOTO
TpaHchopmaropa.

CylIeCTBeHHOE  CHIKCHHE  KOMMYTAlHMOHHBIX
NOTePh B KIIOYaX MOXET OBITh TaKKe JOCTHTHYTO
MMPUMEHCHUEM PE30HAHCHBIX CXEM, Hanpumep, C
UCIIOJIb30BaHUEM MOCIIEI0BATEILHOTO LC
K0JIeOATEIbHOTO KOHTYpA.

OcobenHOCTBIO TIpeoOpasoBatencit ¢ DAB mo
CpPaBHEHHIO C He OOpaTUMBIMH  JBYX3BEHHBIMHU
PE30HAHCHBIMH NTPe00pa30BaTENIMH MOXKET OBITh TO, YTO
IIPY COTJIACOBAaHHOM YIPABJICHUN KIIFOUYaMH IIEPBUYHOTO
1 BTOPHYHOTO 3BEHBEB JUIS KIIIOYEH OJHOTO W3 3BEHHEB
MOJKET OBITh pealn30BaH PeXXUM IepeKiodeHus ZVS, a
UL KJIIOYeH JPYroro — PeXUM BBIKIIOYEHHS B HYJSX
Toka (ZCS) [7]. CHmXeHHe KOMMYTAIIHOHHBIX ITOTEPh
MO3BOJISIET TIOBBICUTH YacTOTy TMpeoOpa3oBaHUsA W,
CIIE/IOBATENIbHO, YMEHBIINTh rabapuThl, Maccy |
CTOMMOCTB COTJIACYIOILIET0 TpaHchopmaTopa.

Bo3moxxHOCTh  peanm3anMu Uil BKIIFOUCHHS
KITIOUEeH OJIHOTO M3 3BEHbEB pexuma ZVS, a s Kiouei
Jpyroro 3BeHa — pexuMa BeikiatoueHus ZCS, 0e3
HCIIOJIb30BAaHUs KOJIEOATENbHOIO KOHTYPa — MOET OBITh
peanu3oBaHa B NpeoOpa3oBaTeNIX C  pasliesICHHOW
kommytanued (IIPK) [8]. OnHo w3 3BEeHBEB Takoro
mpeobpa3oBarens  crpourcs mo cxeme HWH ¢

ucnonp3oBanneM MOSFET mu6o IGBT c¢ oOpaTabBIME
JINO/TaMH, ITYHTHPOBAHHBIMU CHaOOEepHBIMH
KOH/eHcaTopamu. Jlpyroe 3BEHO CTPOWTCSA IO CXEMe
nnBepropa Toka (MT), T.e. umeer B cocraBe BXOAHOU
JIpoccellb, a KIIOYH — yIpaBisieMble TBYXKBaJpaHTHBIE C
oOpatHoii oiokupyromieit crrocodnoctsio (MOSFET mubo
IGBT c¢ mnocnemoBatensHbIM auogoM, auoo IGBT c¢
oOpatHoii Oyokupyroteii cmocoOHocTE0 [9]). Cxema
JIBYX3BEHHBIH  IpeoOpasoBaTelst C  pasJlielieHHOU
KoMMyTanueld npusefeHa Ha puc. 1. CyTs amroputma
pasgenenHoit kommytammm  (PK)  3akmowaercs B
CO3aHUM BPEMCHHOHM 3aJepKKA MEXIy MOMEHTaMH
MIPUHYIUTEIFHOTO CHAO00EpHOTO BBIKIIOYCHUS KITFOUEH
VUH wu mnpuHYyIUTenTsHOTO CHAa0OEpPHOTO BKIIOYCHUS
kmoger T (ponp 0e3aucCHUIIaTUBHOTO HMHIYKTHBHOTO
cHaOOepa BrmroueHus Kiaroued MT MOXeT BBITOJHATH
WHIYKTUBHOCTb L, paccesHus Tpancopmaropa). [pyrue
KOMMyTaluu Kioueil — Brmouenune B MH (ZVS) u
BeikmoueHne B UT (ZCS) B aToM citydae OKa3bIBaOTCS
€CTECTBEHHBIMH M COOTBETCTBYIOIIME KOMMYTAI[IOHHBIE

MOTEPU OTCYTCTBYIOT.
Ly WNT WH

Puc. 1 — Jlsyxssennviii npeobpazosamenv ¢ pazoeieHHou
Kommymayuetu

HoctounctBom pexxuma ZCS IGBT saBnsiercs To,
4T0 0COOEHHOCThIO CcHaOOepHoro oikmodyeHust IGBT,
KaK U3BECTHO, ABIISIETCS] HATMYHUE «XBOCTA» TOKA, U ITyTEM
YBENWYCHUS eMKOCTH CHAO0EpHOTO KOHIEHCATOpa MOKHO
JIOOWTBCSI ~ CHIDKGHUS ~ KOMMYTAllMOHHBIX  TIOTEpPh
BBIKITIOUEHHST 10 BEJIMYMHBI JIHIIb MPUMEPHO BJIBOE
MeHblIeH, ueM mnpu OeccHaOOEpHOH KOMMYyTaIMK
[10,11], Torma xax B pexume ZCS 3Tu n0TEPH
MPaKTHYECKH OTCYTCTBYIOT. [lockombky, ansi Oojee
BBICOKOBOJIBTHBIX npudopoB u BeJIUYUHA
KOMMYTAIIMOHHBIX NOTEPh BBIINIE, TO, 0 MHEHHUIO psaa
aBTOPOB, JJISI TaKMX NPHOOPOB JIyYIIUM pELICHHEM
SBIIIeTCSl  Mcmonb3oBaHue ZCS pexuma BBIKIIOUEHUS
[12, 13].

B [14] mama omeHKa BETUYHUHBI «KPUTHIECKOW»
JaCTOTHl NPeoOpa3oBaHMs, BBIIIE KOTOPOH CyMMapHBIE
CTaTHYeCKHe W IHMHAMHUYECKHE IIOTEpU BBIKIIOYCHHS
kmoueit MH B pexume ZVS co cHabOepHoi
kommyTarmed B [IPK mpeBbImaroT craTHueckue MoTepH
kmoger T na ochHoBe IGBT c mocnenoBarenbHBIM
nuonoMm B pexume ZCS. [Ins IGBT kmacca 1200 B ara
gactorta 10-20 xI'm, nmns kmacca 6,5 kB — mpumepHo
560 I'u. Takum oOpazoM, mpu BeIOOpE Kiacca KIIIOYEH C
JIBOMHBIM 3amacoM, it oopatumbeix IBDC co BXOTHBIM
HanpspkeHneM okojio 3 kB (mamnpspkenne KC oxenesnoi
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JOPOTH TIOCTOSHHOTO TOKa) W HampsbkeHHem BCHD
nopsinka 600 B 1ienecooOpa3Ho BBHIMOIHUTE MEPBUYHOE,
BBICOKOBOJIbTHOE 3BeHO mo cxeme WMT (crmemoBarenbHO,
BTOPUYHOE, HU3KOBOJbTHOE — 1m0 cxeme MH), a wactoty
npeoOpa3oBaHKsl YCTAHOBHUTH BBIIIE «(KPUTUYECKOWY,
Hanpumep, 1000 I'm.

Onnoii 3 ocobennocreii I1PK (puc. 1) siBasiercs
TO, YTO HEMOCPEACTBEHHOE HCIOIb30BaHNE UX B KA4eCTBE

COrJacyIolMX  mpeoOpa3oBareneldl sl  CHCTEM  C
HAKOIMUTEISIMU INEKTPUIECKON SHEpruu oe3
JIOTIOJTHUTEIBHBIX Moaudukarmit HEBO3MOIXKHO,

MIOCKOJIBbKY IpPH CMEHE HAIpAaBICHUS IOTOKA MOIIHOCTH
MIPOUCXOAUT TAaKK€ M CMEHA 3HAKa HaNpsDKCHHS Ha
BEIXOoze mpeoOpazoBarensi. B DAB ¢ UH BxomHoe u
BBIXOJHOE HAIPSKEHMS, IPH CMEHE HAIpaBJICHUS TOTOKA
MOIITHOCTH, 3HaKa He MEHSIOT (MEHseTcs 3HaK CPEIHEro
Toka). M3menuts B UT 3HaK cpemHero BXOIHOTO TOKa
mpu CMeHe 3Haka cpeaHed wmomHocth DAB wu
HEU3MEHHOM 3HaKe BXOJHOIO HANpsKEHUS U COXPAaHUTH
npeumymecrsa PK  MoxHO, NpuUMEHHMB B CHJIOBOM
xommyraTope UT yersipexkBanpanTHsle kmoun [15]. Ha
puc. 2 TpencTaBleHa COOTBETCTBYIONIAs CXeMa, B
KOTOpOH, IO CpaBHEHHIO C TpeAcTaBIeHHOH B [15],
MOSFET 3amenenst Ha IGBT ¢ 06paTHBIMH AHOIaMH.
Kaxkaprif  4eTBIpeXKBaApaHTHBIA  KIOY  MOCTOBOTO
kommyTtaropa  UT BBIITOJIHEH Kak  BCTPEYHO-
nocnenosarenbHoe  coequneHne IGBT ¢ oOparHbiM
JUOJIOM.

L nUT NH

Puc. 2 — Obpamumwiii 08yx38ennblll Npeobpazosamens ¢
pazoeneHHol KoMMymayuen HeusmenHbIM 3HAKOM
nanpsiorcenus 3eena UT

Henocratkom pemieHust puc.2 sSBISeTCS yIBOCHUE
0 CpaBHEHHIO CO CXeMoM puc. | KommuecTBa
ynpaBisieMbIX BbIcOKOBONBTHBIX IGBT ¢ auogamu, u,
COOTBETCTBEHHO, KonuuecTBa apaiiBepoB IGBT. Ilpu
nepenaue sHeprun ot UT x UH B UT nposoasr 4 kimroua
(2 nnona u 2 IGBT), npu nepenaue sueprun or MH x UT
B cxeme puc. 2 B UT TOk mpoBOAMUT TO K€ KOJIUYECTBO
KJIIOUeH.

Ha puc. 3 mpencraBnena cxema IBDC ¢ PK u
KIIOYOM B JHWaroHaJM TIepeMeHHoro Toka [16,17].
CunoBoit  kommyrtatop WT  Bkimowaer B cebs
TpaIUIIIOHHYIO MOCTOBYIO cxemy CHIIOBOTO
xommyTtatopa MH (4 IGBT c¢ obpaTtHbIMH AnomamMH) U
NOAKIIOYEHHBIM  IIOCIHEAOBAaTENbHO € [IEPBUYHOU
00MOTKOH TpaHcdopMmaTopa 4eThIpeXKBaJIPaHTHBIA KITI0Y
U3 JBYX BCTPEYHO — IIOCJIENOBATEIbHO COEAMHEHHBIX
IGBT ¢ obparabiMu quonamu. [Ipu nepenaue sHEPruu ot

UT x UH (mpsimas mepenada) u Haoboport, ot H x UT
(oOpatHass ~ mepemaua), Kak W U ciydas

npeoOpa3oBaTensi COrIacHoO puc.2, MpoBoasT 4 kimoua (3
IGBT u | guon npu nepenaue sHepruu oT UT x UH u
1 IGBT u 3 nuona npu nepenaude sxnepruu ot MH x UT).
OpHaKo, HOCKOJIBKY YHCIIO yHpaBisieMbix kimtodeid B UT
YMEHBILEHO ¢ 8§ /10 6, mpeoOpa3oBaTeb UIMEET MEHBIIYIO

CTOUMOCTb.
Ly

VD4

Puc. 3 — Obpamumviti 08yx36eHHbII NPEOOPAZ0BAMENb C
pazoeneHHol Kommymayuel U HeUSMEHHbIM 3HAKOM
6X00H020 Hanpsicenus 36ena UT

B [18] mpencraBmeHO manbHEWIIEEe pa3BUTHE
cxembl  nByx3BeHHoro IIPK ¢ acummerpuyHoi
TOTIOJIOTHEH 3B€Ha HHBEpTOpa ToKa (puc. 4).

Puc. 4 — IIpeobpazosamens ¢ pazdeieHHOU KOMMymayuet
€ acUMMeEmpUYHOU Monoo2uell 36eHa UHBEPMOPA MOKA

B srom IIPK Bepxnue no cxeme kmoun S1, S3 —
JIByXKBaJIpaHTHBIe ~ 0e3  oOpaTHOH  Onokupyromen
crocoOHOCTH, a HIDKHHE Kimoun S2, S4 — ¢ obpaTHOi
Omoxupyromeit  cmocodrocthro. [l takoro IIPK,
KOTOPBIH paboTaeT B pexkuMme nepenaun dHeprun oT UT k
HUH, nna Bcex ympaBisgeMbIX KIIOUEH HMEKT MECTO
0JIaronpHUATHBIC YCIOBUSA KOMMYyTaruu: s kimroueit UT
PEeKUM BKJIFOUSHHUS! — MHAYKTHBHOE cHabOepHoe u ZCS
BBIKITIOUEHMe, Juis kiarodelt MH pexxuM BbIKIIOUEHUS —
E€MKOCTHOE cHaOOepHoe 1 ZVS BKITIOUCHHE.

Kax u IIPK co cxemoii puc. 1, nannsii IIPK He
o0JraaeT CBOMCTBOM 00paTUMOCTH NpH (PHUKCAIMU 3HAKA
BXOJHOTO HANpsKEHHsA, OAHAKO B CPaBHEHHH C
oOpatuMbIMH B BblmeykazanHoM  cmbicie  [IPK
BBINTOJTHEHHBIMHU IO CXeMaM puc. 2, 3 00s1aiaeT MEHbIINM
YHUCIIOM OJHOBPEMEHHO MPOBOAANIMX TOK B MT cmitoBbIX
Kiarouet, a mMmenno — 3 xmouda: 2 IGBT m 1 nawmon.
ITocnennee, O4eBUAHO, O3HAYAET MEHBINYIO BEJIUYUHY
CTaTUYECKHUX MOTEPB, UTO SIBIACTCSA IPEUMYIIECTBOM.
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ean padoThl

[enpto maHHO# pabOTHI ABISETCS TMPEACTaBICHUE
moaudunmuposanHoi cxemsl [IPK Ha 0a3ze cxemsl puc. 4,
obJaaroneil CBOMCTBOM 00paTUMOCTH, C HE XY/IIeH Mo
CpaBHEHHIO ¢ 0a30BOM CXEMOUN BEIMYUHOW CTATHUECKUX
norepb B kmovax. Jlng  mOpeiaraeMoi  CXeMbI
MIPUBOJIMTCS OMUCAHUE AlTOPUTMA YIIPABJICHUS KIFOYaMHU,
00eCTICYNBAFOIIIETO ONarompusITHEIC YCITOBHSI
kommyTaru (s wmouedr T BkimoyeHnme  —
WHAYKTUBHOE CHaOOepHoe m ZCS BBHIKIIIOYCHHE, UIS
kmodeir TH BEIKITIOYEHHE — €MKOCTHOE CHabOepHOoe U
ZVS sxmouenne). PaspaboraHHBIE mpeoOpazoBaTeh

SIBIISIETCSI 00paTHMbIM ACHMMETPUIHBIM
mpeobpa3oBareneM ¢ pa3feNeHHOM  KOMMYyTanuei
(OAIIPK).

Moagudunuposannas cxema IPK

IIpennaraemas cxema OAIIPK mnpencraBieHa Ha
puc. 5.

WH

Puc. 5 — Obpamumsiil npeobpazoseamens ¢ pazoeneHHol
KoMMymayuel ¢ ACUMMEempPU4HOU monoo2uell 36eHa
UHEEpMOpa Moxa

OTtnume 3ToH cXeMbl OT 0a30BOi cxeMbl (puc. 4)
3aKJIIOYaeTcsl B TOM, 4YTO HIDKHME Kioud S2, S4
(mByxkBampaHTHBIE ¢  oOpaTHOH  OJOKHpYIOIIEeH
CHOCOOHOCTBIO) 3aMEHEHBl Ha YeTHIPEXKBaJpaHTHEIC,
COCTOSIIIME M3  JIBYX  BCTPEYHO-NOCIIETOBATEIHLHO
COCIUHEHHBIX IGBT c 00paTHBIMU auoaaMu
(mobaBieHHBIC AeTand Ha puc. 5 BhIACHCHBI). PaboTa
OAIIPK B pexume mnpsMoi Ieperaud »HEPIUU HE
omimmuaercs ot paborsl [IPK cormacno [18]. B arom
pexxume nobaBieHHble oOpatHble anoasl Bepxuux IGBT
n nwkHue IGBT He akTHBHBI (HE TPOBOJAT TOK),
MOCKOJIbKY WMMITYJIBCBHl YIPABJICHUS Ha 3aTBOPHI 3THX
TPaH3UCTOPOB HE Imojaforcs. Hmke mnpuBoanTcs
ommucanne pabotsl OAIIPK B pexwnme oOparHOi
nepenaun sHeprun (ot MH x UT)

Pabora OAIIPK B pexxume 00paTHOi nepeaaqn
JHEPrum

Ha puc. 6 mpencraBieHa COOTBETCTBYHOILAS
cxema. HampaBneHne mnoToka SHEPruM INPHHATO CleBa
HaIpaso.
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Puc. 6 - OAIIPK @ pedxcume odpammuoi nepedayu suepauu

[pomeccer B OAIIPK  Ha  momymepmone
mpeoOpa3oBaHUs MPOUCXOIAT CIEAYIOMHM 00pa3oM:
MyTH TpPOTEKaHWs TOKOB IIOKa3aHbl Ha puc. 7,
a marpaMmbl IPOIECCOB — Ha puC. 8.

to - t; (uHTepBan 1, puc. 7, a). [lycts Ha uHTEpBajE
1 mepenaun SHepruM B HCTOYHUK Ui, B MOMEHT fy,
BKJIIOUEHBI U MPOBOAAT TOK VT Ha MepBUYHOU CTOPOHE,
nuon VD3, a takxke VT8 u VD7, Ha BTOpUUHON CTOPOHE,
mpu 3toM U,u/2>u,;, cHaOOepHBIA KoHaeHcatop C1
paspsbkeH, C2 3apsbkeH 10 Uy, TOK iy, KAK U BBIXOJHOU
ToK iy kommyrtaTopa WUT, Hapacraer. 3HaK HalpsHKEHUS
U2 Ha BTOPHYHOI 00OMOTKe TpaHc(opmaropa mokasaH Ha
puc. 6 6e3 cKoOOK.

t; - t; (uaTepBan 2, puc. 7, 6). B moment ¢
MIPOM3BOANTCS BBHIKJIIOYEHHE [0 3aTBOPY TPaH3UCTOpa
VTI. HaunHaercs nHTepBai 2 cHaOOEPHOTO BHIKITIOYECHUS
tpamsucropa MH. Tokom  mepBUYHOW  OOMOTKH
MIPOMCXOIUT Tiepe3apsiy cHabOepHbIx KoHaeHcaropoB Cl,
C2. HanpsbxkeHue NepBUYHON 0OMOTKH TpaHC(hopmaropa
B MOMEHT f; OKOHYaHHsI MHTEpBajia CTAHOBUTCS PaBHBIM
HYJTIO, a Ha KoHAeHcaTopax — Uyu/2.

t; - t3 (naTepBan 3, puc. 7, B). Ha cienytomem
HUHTEpBaNe 3 TpoJoIDKAaeTcs Tmepe3apsyl CHaOOEepHBIX
KOH/IeHCaTopoB. HampshbkeHne Ha TEpBUYHON OOMOTKE
TpaHc(opmaTopa MEHSET 3HaK Ha POTUBOIOJIOKHBIN 1 K
KOHILly MHTepBasla AocTuraer BenuuuHbl Uy, B MoMeHT
t3 nanpspkenue koHaeHcatopa Cl mocTuraeT BETMYWHBI
Uout, a xongencatopa C2 — Hyni. Bximrodaercs
obOparueiii auox VD2 Tpamsucropa VT2. B kownie
MHTEpBaia 3.1.C. BTOPUYHOH OOMOTKH MMEET BEIWYHHY
UourKT, Toe KT=W2/W; — K03(duiiueHT Tpanchopmamnuu.
WurepBan 3, kak W MHTEpBaJ 2, MMEET HEOOJBIIYIO
JUINTEIBHOCTD.

Tak xak B MOMEHT {; HalpsDKCHUE Ha MEPBUYHON
00MOTKE ITOMEHSIIO 3HaK M Jajee pacTeT, a Ha BTOPUYHON
JIOCTHTJIO HYJsI, TpPUHUMAs Jlajiee  OTPHLATEIbHOE
3HadeHrne (TOKa3aHO Ha puc. 6 B CKOOKax), uepes
obparueiii mmon VD3 tpamsuctopa V13 k oOpaTHOMY
muony VD6 Tpan3uctopa VT6 mpuKiIamsiBaeTCs MPSIMOE
HaMpsKCHUE, U OTOT AUOJ HAYMHACT BKIHOYATHCH. Tok B
VT6 napacraer, B VD3 cmagaer. CKOpOCTb W3MEHEHUS
TOKOB 3TUX JHO/0B OIPAHUYUBAETCSI HHAYKTUBHOCTBIO L
paccestHust  TpanchopMmaTopa, IPH 3TOM  BBIXOJHOE
HanpsbkeHue TpaHcdopmaropa OaM3ko K Hymo. B
TEYeHHE WHTepBala 3 TOK BTOPUYHOH OOMOTKH
CYILIECTBEHHO M3MEHHUTLCS HE yCIIeBaET.
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) TIpOTEeKaHHe TOKOB Ha MHTepBase ZCS BBHIKIIOYCHUS  3) npomeKanue mokog Ha unmepeaie nepeoaiu SHepuu
TPaH3UCTOPa BO BTOPUYHOM 3BEHE 8 HA2PY3KY (Credyiowutl noiynepuoo)

Pucynox 7. Ilymu npomexanus mokog 6 OAIIPK na unmepsanax nonynepuooa
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Puc. 8. Jluacpammur npoyeccos ¢ OAIIPK

t3 - ty (unrepBan 4, puc. 7, 1). B Hauame
CIIEyIOLIETO MHTepBaJa 4 T1epeBoja TOKa JIMOJIOB
(MOMeHT #3, puc. 7,T) TPOAOIDKACTCS W3MEHEHHE TOKOB
KITIfoueil BTOPUYHOM CTOpOHBI. OTHOBPEMEHHO NPOBOIST
TOK Tpansuctop V18 u muomst VD3, VD6, VD7: Tok
mona VD3 m BTOpUYIHON OOMOTKH MPOAOIDKACT CHalaTh
MojJ JeHCTBHEM OTPHUIATENFHOTO HAMPSDKEHHS 3.1.C.
BTOPHYHON OOMOTKH, a TOK amona VD6 Hapacraer.
CKBO3HOII TOK B KOHTYpe KOMMYTAallMH OTPaHUYEH
WHIYKTUBHOCTBIO KOHTYpa KOMMYTallu1 —
WHIYKTUBHOCTBIO  paccesiHusi  TpaHcdopmaropa. B
MOMEHT f; OKOHYaHHUs MHTEepBaja TOKH AHOAOB VD6,
VD7, tpan3uctopa VT8 paBHBI TOKY i; BBIXOJHOIO
apoccenst Ly, a muoxa VD3 u BTOPUYHOM OOMOTKH —
Hyo. OOpasyercst KOHTYp XOJIOCTOro Xxona. B teuenue
9TOr0 MHTEpBaJla NPUBEICHHBIH K IIEPBUYHOH OOMOTKE
TOK BTOPHYHOI IMpoTeKaeT yepe3 auon VD2, obecrieanBast

BO3BpaT »JHEPrHH, HAKOIUIEHHOH B WHIYKTUBHOCTH
paccestHus, BO BXOAHOUM uctounuk U,,. Ha mporsxenuun
nHTepBaNma 4 BKIIOYAIOT 1O 3aTBOpy (6e3 Toka)
Tpansuctop V72. BxitoueHHOE COCTOSHHE TpaH3HCTOpa
VT2 obecrieuynBaeT (ukcanuro HapsKEHUS
OTPHUIIATENbHOW  MONAPHOCTHM HAa  NEepBUYHOM (M
BTOPUYHOI) 0OMOTKe TpaHc(hopMaTopa.

t4 - ts (uHrepBanm 5, puc.7,n). B TeuyeHue
clepyromero uHTepBana S5 (MOMEHT {f4, pwuc. 7, 1)
BBIXOZHOW TOK i; komMmyTtaTtopa T mporekaer B KOHType
XOJIOCTOTO Xofa (TMpoBOAAT TOK mwomel VD6, VD7,
Tpamsuctop V78), cnamas moj INEWCTBHEM HAIPsKEHUS
ncrouHuk Uj,. Tpansuctop V75 HaxoauTcs MO MPSIMbIM
CMEIICHUEM

ts - ts (uHTepBaN 6, puc. 7, e). Ilo okoHUaHUH
HWHTEpBaJIa XOJOCTOr0 Xxojaa (B MOMEHT f5, pHC. 7, ¢€)
BKJIIOYAIOT II0 3aTBOPY TpaH3ucrop V715. HauuHaercs
uHTEepBan 6 mepeBojna Toka B 3BeHe MT. B konType
KoMMyTalmu (0OMOTKa w;, BKIrouarommecs V715, VDA,
BbIKIIOYatomuecst VT8, VD7) mom  neiicTBHeM
OTPHLATEIEHOTO HANPSDKEHUS 3.]1.C. BTOPHYHOM 0OMOTKH
TOK OOMOTKH, Kak W kmtoueir V715, VD4, mapacraer, a
xkimouet VTS, VD7 — cnagaer. CKOpOCTb W3MEHEHUS
TOKOB ~ OTpaHMYEHa  WHIYKTUBHOCTBIO  paccesHHs
TparchopmaTtopa. Tok mepBHUYHON OOMOTKH HpPOTEKAeT
Yyepe3 paHee BKIIOYEHHBIH 110 3aTBOpPY TpaH3ucTop V712 —
OH HAa4YMHAET IIPOBOJIUTH TOK B pexkuMe ZVS. B MOMEHT /4
OKOHYAHHs WHTepBajla TOK TpaH3ucropa VT8 paBeH
HyI0, 1o VD7 npuHuMaeT o6paTHOE CMEIlleHUe, a TOK
Tpansucropa V715 u quona VD4 cTaHOBUTCS paBHBIM TOKY
iz BBIXOAHOTO apoccenst L, Bo3oOHoBnena mnepenaua
sHepruu ot 38eHa VH k 3Beny UT.

ts - t; (uatepBan 7 pwuc.7,%). B xonue
ciemyromero  wHTepBama 7 (puc. 7,%) CHHMAIOT
yOpaBJI€HHE C BBIKIIOYEHHOro B pexume ZCS

Tpansucropa VT8 (MOMEHT t7). -

t; - tg (uaTepBamr § puc. 7, 3). HuTepBan

CJIEYIOIIEeTO MTONTyTIePHO/A, COOTBETCTBYFOIIIHA
uHTepBaiy 1. Ilponeccsl npoucXoasT aHaJIOTMYHO.

N3  omucanuss ~ paboThl  mpeoOpazoBaTeis
BHJIHO, YTO B TMPEACTaBICHHOW HOBOM  CcXeMme
JIByX3BEHHOT'O npeoOpa3zoBaTess, KaK " B
YOOMSHYTBIX ~ Opouux  mpeobOpasoparensx ¢ PK,
UMEIOT MECTO OnaronpusiTHbIC yCIIOBUS
KoMMyTauu: Jisi kimouer  UT  BkiroueHue  —
WHIYKTUBHOE cHaOOepHoe wu ZCS  BBIKIIOYCHHE,
mns ximouein MH  BBEIKIIOUEHME —  €MKOCTHOE

cHaOOepHoe u ZVS BriroueHwe. B 3ToM cMbicie
(GYHKIMOHAIBHO M MO YHCIY YIPaBISEMBIX KITIOYEH
cxema momoOHa cxeme mpeoOpazoBatenst ¢ PK
cormacHo puc. 3. OpmgHako, Kak W UL CXEMBI

puc. 4 (He oOiamarolieii CBOWCTBOM O00pPaTHUMOCTH
B BBIIIEYKa3aHHOM  CMBICIE),  YHCIO  CHJIOBBIX
KJIIOueil,  OJIHOBPEMEHHO  MPOBOSIIMX  TOK B

peKHME Tepeqayd SHEPruM C BBIXOJA Ha BXOJ H
HaoOopoT, B  TpeiaraeMoil  cxemMe  CHHIKEHO.
ITosTomMy mpencraBieHHass oOpaTuMasi cxema Oyzaer
o0nangarh MEHBIIMMH CTaTHYECKUMH IIOTEPSMH.
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BuiBoabI
1. B pabore mpexacraBieHa HOBas CXeMma
0o0paTUMOro  JBYX3BEHHOro  IpeoOpa3zoBaTens ¢
TpaHchopMaTOpHOM pa3BsA3KOH IEPBUYHOIO 51

BTOPHYHOTO 3BEHbEB. OIHO W3 3BEHHEB IOCTPOCHO Ha
0asze MHBEPTOpa TOKa, JIPyroe — MHBEPTOpa HAIPSHKEHHMSI.

CrneuvanbHbpli  QJITOPUTM CHUHXPOHHOTO  yIPaBIEHUS
KIo4aMu  (aIropuT™M  pa3/ieICHHOW  KOMMYTAIIUH)
obecrreunBaer i kimouen UT  BrmroueHwme  —

WHAYKTUBHOE Oe3auccumaTuBHOE cHabOepHoe u ZCS
BbIKIIIOUeHUe, s kmouedd MH  BoikimoueHue —
eMKOCcTHOe Oe3muccunaThBHOE cHabOepHoe u ZVS
BKITIOUEHHE.

2. MoctoBas cxema kommyTaropa 3BeHa UT He
CUMMETPHYHAsS: BKIIIOYAET B ce0sl JBa JIByXKBaIPaHTHBIX
KJItoua 6e3 oopaTHoit Onokupyroiieii ciocooroctu (IGBT
C 0oOpaTHBIMH AMOJAMH) W JIBa YETHIPEXKBaJPaHTHBIX
(BcTpeuno-nocneioBarensHo - coeanHenHslx  IGBT ¢
00paTHBIMU THOJIAMH).

3. Jlns pexuMa nepenadu sHepruu ot 3seHa MH k
3Beny WT mnpencraBieHsl auarpaMMbl paOoOThL s
MIPOTHBOIIONIOKHOTO HAINpaBJIEHUS Iepefauynd >HEPrHu
TMIPOIIECCHI ONMCAHBI B IUTEPATYPE.

4. B cpaBHeHNH ¢ OJIM3KUMH CXeMaMU 00pPaTUMBIX
mpeobpa3oBareneli ¢ pa3meleHHOW  KOMMYTaluei
NpPEJCTAaBICHHBIH MMEeT MEHbIIee YHCIO KIIIOYeH,
OJIHOBPEMEHHO MPOBOAAIINX CUIIOBOM TOK B 3BeHe UT.

5. Cxema pexkoMeHAyeTcs i1 IpUMEHEHHS B
CHCTEMax »JJIEKTPOCHAO)KEHHsT Ha IOCTOSHHOM TOKE C
Oy(epHBIMH aKKyMYJISTOPHBIMH OarapesiMH, HalpHMep,
JUIS %KEJIE3HBIX JIOPOT MOCTOSIHHOTO TOKA.
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CHaObepHOe GUMUKAHHS KIIOYi6 iHeepmopa Hanpyeu i GUMUKAHHS 6 HYISAX cmpymy I [HOYKmueHe CHaOOepHOe GKIIOUEeHHS KIHUie
ineepmopa cmpymy.

Knwowuosi cnosa: insepmop nanpyau; ineepmop cmpymy,; y32004Cylouu nepemeopiogay, poszoinena xomymayis, ZVS; ZCS; cnabbep,
MpancgopmamopHa po36 's3Kka; aneopumm Kepyeants Kouamu, 060pomHuuti 0801AHKOBULL Nepemeopiogay

Tlocmynuna (received) 30.07.2018

56 BICHUK HTY "XIII" Ne 26 (1302)



