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Pedepar. CraTbs MocBsilieHa BONPOCaM CHHTE3a MHOTO(A3HBIX AJIEKTPOMEXaTPOHHBIX MOJIYJIEH,
COCTOSIIIMX M3 MHOTO(A3HON SIIEKTPUYECKON MamuHbl (m > 3) U MHOTO(A3HOTO YIPABISIEMOTO
npeoopasosatens. [Ipy MHOro)a3HOM HCIIOJIHEHUH SJEKTPUYECKON MAIIUHBI CYIIECTBYET BO3-
MO>KHOCTb TIOJTyYSHHUS TparelenAaTbHON IEKTPOABMKYILECH CHIIBI U YBEIMUCHHUS YICIBHON Tpe-
obpa3yeMoii MOIIHOCTH TpU ycioBuH coriacoBanus DJIC u Toka Ha BbIXozae m-(ha3HOro reHepa-
Topa. PaccMoTpeH Bonpoc pa3pabOTKH aJropuTMa BEKTOPHOH HIMPOTHO-UMITYJIbCHOM MOIYISLIMU
Ut m-(a3HOTO aKTHBHOTO BBIIPSMHTEIIS HAPSHKEHHSI, KOTOPHII TTO3BOJUT 00ECIEUNTh COTIIAcO-
BaHue Gopmbl 1 (a3bl TOKOB U HANPSDKEHUH Ha BbIXofe m-(a3HOro reHepaTopa ¢ Ieibio moryde-
HUSl MAKCUMAJBHOW aKTHBHON MOIHOCTH HCCIIeAyeMoro Moayisi. [IpoBeneH aHanu3 BO3MOXKHBIX
KOMOWHAIMI COCTOSTHMI KITIo4Yel eBATH()A3HOro aKkTUBHOTO BBIIPsIMUTEINsS. Kak1oMy COCTOSIHUIO
KJIIOYCH MOCTaBJIeHbI B COOTBETCTBHE 0a30Bble BEKTOPHI B HEIMOJBIDKHON CHCTEME KOOpPIUHAT.
Y CcTaHOBJIEHO, YTO CYIIECTBYET PsAJ KOMOHHAIINHN, IPH KOTOPBIX OJHOMY 0a30BOMY BEKTOPY COOT-
BETCTBYIOT J[Ba U 0oJiee Pa3IMYHBIX COCTOsIHUS Kimoueil. Cucrema 6a30BbIX BEKTOPOB Hpoaudde-
PeHIIMpOBaHA HA COCTABISIONINE €€ YPOBHU, CEKTOpa U MoJceKkTopa. s moxydeHus Joboro 3a-
JAHHOTO BEKTOpa HAIPsDKEHUS, HE COBIAAAIONIETO C 0a30BBIMH BEKTOPAMH, MPHUMEHEH METOX
MPOCTPAHCTBEHHO-BEKTOpHON Moxynsauuu. OH no3BosisieT Ha 100 % ucnosib30BaTh HaNpsKEHHE
3BEHA IIOCTOSHHOTO TOKa IO CPaBHEHHIO C CHHYCOHMIAIBHON IMHPOTHO-UMITYJIBCHOW MOJYIIS-
mueit (86,6 %). Llens mpocTpaHCTBEHHO-BEKTOPHOW MOAYJSIIUM JUTsl AEeBATH(A3HOTO aKTHBHOTO
BBINIPSIMATENS] HANPSKEHUS] COCTOUT B PEATH3AINH PE3YIBTHPYIOMIETO MPOCTPAHCTBEHHOTO BEKTO-
P2 BBIXOJHOTO HAIPSHKCHUS C 33JaHHBIM CPETHHM 3HAUCHHEM B IpelefiaX Meproia MOMYISIHH.
Jist 3TOrO HOJDKHBI OBITH HAlICHBI TPU OMMKAMIIMX K 3a7aHHOMY 0a30BbIX BekTopa. Jiis peanu-
3alUH 33JJaHHOTO BEKTOpa HANPSDKCHUS 3a]aHa TI0CIIeI0BAaTEIFHOCT Mepedopa 6a30BBIX BEKTOPOB
B IEpHOJAE MOAYJALMH, 0OecreyuBaonias OJHYy KOMMYTAlUIO (KOMMYTALUs IBYX KOMILJIEMEH-
TapHBIX KIFOYEH) MMPH MepexoJie OT OAHOTO 0a30BOTO BEKTOpA K JAPYrOMY Uil YMEHBIICHHS KOM-
MYTAIlHOHHBIX TOTEPh. [10ydeHbI aHAIUTHYECKHE COOTHOIICHHSI BECOBHIX KO((OUIIMEHTOB IS
00pasyloMx BEKTOPOB, a TaKKE YpPaBHEHMS T'PAHHUI] MOACEKTOPOB, OOPa3yIOIIUX JHarpammy
KOMOWHAIUI COCTOSTHUIT cXeMbl. [lociiefoBaTeIbHOCTh MPHUBEACHHBIX PACYETOB MPEACTABISET
co00if METOJMKY pealn3alii BEKTOPHOW IIHPOTHO-UMIYJIBCHOW MOAYJISALUH B IEBATH(A3HBIX
YIpaBIsieMbIX MPEOOPa30BATEISAX IIEKTPHICCKOH IHEPTHH.
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Synthesis of the Algorithm of the Vector Width-Pulse
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Abstract. The article is devoted to the problems of synthesis of multiphase electromechanic mo-
dules consisting of a multiphase electrical machine (m > 3) and a multiphase controlled converter.
In the multi-phase design of the electric machine, it is possible to obtain a trapezoidal electromo-
tive force and to increase the specific power conversion provided that the EMF and the current at
the output of the m-phase generator are matched. The development of the vector pulse width mo-
dulation algorithm for the m-phase active voltage rectifier is considered, which will make it possi-
ble to match the shape and phase of the currents and voltages at the output of the m-phase genera-
tor in order to obtain the maximum active power of the module under study. The analysis of pos-
sible combinations of states of the keys of a nine-phase active rectifier is carried out. Each key
state is assigned a base vector in a fixed coordinate system. It is noted that there are a number
of combinations in which two or more different key states correspond to one base vector. The sys-
tem of basic vectors is differentiated into its constituent levels, sectors and subsectors. In order to
obtain any given voltage vector that does not coincide with the base vectors, the method of space-
vector modulation is used. This method provides using 100 % DC link voltage as compared with
sinusoidal pulse width modulation (86.6 %). The goal of space-vector modulation for a nine-phase
active voltage rectifier is to implement the resultant spatial vector of the output voltage with
a given average value within the modulation period. For this, the three vectors nearest to the given
base vector must be found. To implement a given voltage vector, a sequence of sampling the base
vectors in the modulation period is given, providing one commutation (commutation of two com-
plementary keys) while passing from one basic vector to another to reduce switching losses.
Analytic relationships of the weight coefficients for the generators of vectors are obtained, as well
as the equations of the boundaries of the subsectors that form a diagram of combinations of states
of the circuit. The sequence of the calculations presented in the paper is a technique for realizing
the vector pulse-width modulation in nine-phase controlled electrical energy converters.

Keywords: multiphase electromechanic module, multiphase active voltage rectifier, vector pulse
width modulation, trapezoidal electromotive force
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BBeaenue

[MoTpebutenu >MEKTPUIECKON SHEPTUH B TOAABIISIOMIEM OOJBIINHCTBE Tpe-
OYIOT Ka4eCTBEHHOT'O CHHYCOMIAIBHOTO MUTAIoero Hamnpsokenus [1]. B mpo-
TUBHOM CJTy4ae HECHHYCOHMJAILHOCTD HANPSDKEHHS BBI3BIBACT JOMOIHUTEILHBIE
nmorepu u npuBoanT K ymeHsinennto KII/| m xoaddummenta MOIMIHOCTH COSQ
B cucTeMax aBTOHOMHOro snekTpocHabxenust (CADC) [2]. IIpu mpoexTuposa-
HUU JJIEKTPUIECKUX MamuH 3nekTpoasmwkynme cwibl (J/C) Beicmmx rapmo-
HUK CTPEMSITCSl TIOAAaBUTh 3a CUYET pealn3aluil KOHCTPYKTHUBHBIX PEUICHUH, KO-
TOPBIC MPUBOJAT K CHUIKCHUIO UCITIOJIb30BaAHUA aKTHUBHOM Y4acTH SHCKTPHHCCKOﬁ
MamwHH [3]. B nensx mone3Horo npeoOpa3oBaHUs SHEPTUN BBICIINX TAPMOHUK
Bparmaromierocss MarautHoro mnoist (BMII), monyuas tpaneneugansuyio DJ(C,
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panee npemioxkeno B cocraBe CADC MCIOIB30BaTh AIEKTPOMEXATPOHHBIN MO-
JlyJib, COCTOSIIIUN W3 MHOrogasHoro reHepatopa (m>3) u MHOTo¢a3zHOTO
ympasisieMoro npeobpazosarens (m > 3) [4—-06].

MHorodasznas o0OMoTKa TeHepaTopa Mo3BoJIsIeT dPPEKTUBHO MPeoOPa3OBHI-
BaTh BBICIIME TapMOHUYecKue cocrapisiomue BMII, nonyvas HecuHycouaab-
Hyto DJIC. Beipaxxenus ais onpeneneHus ducia ¢as3, mpu KOTOPOM B DIEKTPH-
YECKOW MAIIMHE BO3MOXHO 3(P(PEKTUBHOE NpeoOpa3oBaHUE YHEPTHU HECKOJIb-
KHMX TAPMOHUK BPAIAIONIET0Cs MATHUTHOTO TTOJIA [2, 7], 3amumieTcs:

m=2v;, m=23v, (1)

rie v — HoMep rapMOHUYecKoi cocTtasistouieit BMIL.

Jns mpeoOpa3oBaHusl SHEpruyM Ha TEpPBOW M TpeThei rapmoHukax BMII
gucio (a3 nmpeodpazoBaTes OyAeT MecTh MPU HATHIHN «HYJIEBOTO IMPOBOIA» U
JIEBATH — TIPU €r0 OTCYTCTBHH. B pe3ynprare OIEHKH MacCOIHEPTeTHIECKHX Ta-
pameTpoB AeBATH(A3HOTO T'eHeparopa TparnenenganbHoii D/IC ycTaHoBIEHO,
YTO €ro yJelbHasi MOIIHOCTh yBennuuBaercs Ha 17 % [8]. Oxnako ans obecrie-
YeHHUs MaKCHMaJIbHON aKTMBHOM MOIIIHOCTH TAaKOH 3JEKTPUYECKON MaIlIMHBI IPH
paboTe ¢ ympaBIsIEeMBIM TOJYIPOBOJHUKOBBIM IIpeoOpa3oBaTelieM B COCTaBe
CADBC mOCTOSSHHOTO TOKa HEOOXOIMMO OOECIEYHTh coTjacoBaHHe (HOPMBI U
(ha3bl TOKOB M HaNPSDKEHUM Ha BBIXOJIE TEHEpaTopa.

Jns obecriedeHus! yly4IIeHHON 3IeKTPOMarHUTHOM COBMECTHMOCTH B IIpe-
obpaszoBarenbHbIx cuctemax thna AC—DC wim AC-DC-AC 4acTo B KayecTBe
BBITIPSIMUTENIEHOTO 3BE€HA WCIONB3YIOT BBIIIPSIMUTENH HA TTOJTHOCTHIO YIIpaBJisie-
MBIX TIOJMYTIPOBOJHUKOBBIX KIOYax [2]. B oTedecTBeHHOW nmTEepaType TaKue
peoOpa3oBaTesId HA3bIBAIOT AKTUBHBIMU BEINIPSAMUTENSIMU HanpsokeHus: (ABH).
Onu coctosT u3 m-haznoro mocta, coopanHoro Ha MOSFET- wim IGBT-tpan-
3UCTOpax ¢ OOpaTHBIMU AMOJAMH, U (GUIBTPOB Ha CTOPOHE NEPEMEHHOI'O U MO-
CTOSTHHOTO TOKa [9]. DT cXeMBI UMEIOT PSIIT IOCTOWHCTB: ABYCTOPOHHUN 0OMEH
SHEPTHEH C CETHI0; BO3MOXKHOCTh IMOYUCHHS OJM3KOTO K eauHHUIlE KodhhUIm-
€HTa MOLIHOCTH; PETYJIMPOBAHKUE U CTAOMIIM3AIMS HANIPSDKEHUS (TOKA) Ha BBIXO-
ne [10]. Hanuune ynpaBnisieMbIX KITIOYEH B CTPYKType aKTUBHBIX BBIIPSIMHUTENEH
MI03BOJIAET PEAIM30BBIBATH PA3IMUHbIE aJTOPUTMBI YIIPaBJIECHUSA C HCIIOJIB30Ba-
HHAEM IIHUPOTHO-UMITYIbCcHOW Momyssimuw (IIIMM) mist TOCTYKEHHS dHEPTeTH-
yecKoi 3¢ (EeKTUBHOCTH BCETO dJIEKTpOMeXaTpoHHOTo Momyins. Ha cerommsm-
HUI JIleHb HauboJiee pacrpoOCTPaHEHHBIH METO] EPEKIIOYEHNSI CHIIOBBIX JJIEK-
TPOHHBIX KJIOYel Oa3upyeTcs Ha TEOpPHH NPOCTPAHCTBEHHOTO BEKTOpa H
HasbiBaeTcst BekTopHoi [IIMM. DTot Meton B pe3ynbrare mo3BossieT Ha 100 %
WCTIONTF30BaTh HANPSHKEHHUE 3BeHA IMMOCTOSHHOTO TOKA M0 CPAaBHEHHIO C CHHYCOH-
nmanpHoi LIUM (86,6 %) [10].

Lens nanHOW paboThl — cuHTE3 anroputMma BekrtopHou UM mist m-das-
HOTO aKTUBHOTO BBINPSMUTEINST HANPSHKEHUs, KOTOPBI MO3BOJIUT O0ECHEeUnTh
coryiacoBanne Gopmbl U (Pas3bl TOKOB M HANpPsDKEHUH Ha BBIXOAE m-(a3HOro re-
HepaTropa IJs TOJIy9eHUS MaKCHMalbHOW aKTHBHOHW MOIIHOCTH 3JIEKTpOMe-
XaTPOHHOTO MPE0OPa30BaTEIS.

B crarbe npuBeneHa MeToamka pa3paboTku anroputMma BekropHoi MM
IUIs TIpuMepa aeBsaTudasnoi cucreMsl. [1pu BekTopHoi [IINMM peanu3aius Bek-
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TOpa HAINPSDKEHUSI OCYIIECTBISIETCS C MOMOIIBIO 0a30BBIX BEKTOPOB B JIEBATH-
(hazHoit cucteme koopauHaT. Kaxapiii 6a30BBIH BEKTOP XapaKTEPU3YETCs OIpe-
JICJICHHBIM COCTOSIHUEM KJIIOUEH aKTHUBHOTO BBIIPSIMUTENS, MPUHIUIHAIbHAS

cxema KOToporo u3o0pakeHa Ha puc. 1.
g

VT3 VTi7

[ — VT2 [ VT4 — VT18
:jji :jji @X

Puc. 1. IlpuHnunuanbHas cxema AeBATH()A3HOr0 aKTHBHOTO BBIIPSIMUTENS

Fig. 1. Schematic diagram of a nine-phase active rectifier

AHAaJIM3 BO3MOKHBIX KOMOMHAIINI KJIIOYel
AKTHBHOI'0 BBINIPSIMUTEJISI HANIPSIZKEHU I

Jst pa3zpaboTKy anropuTMa BEKTOPHOM IMHUPOTHO-HMITYIIHECHOW MOTYIISITHH
0a30BBIX BEKTOPOB MAEBATH(PAZHOTO AaKTHBHOTO BBIIPSIMUTENS HAMPSIKCHHS
HE00XOIMMO TPEIBAPUTEIHLHO HCCIEIOBATh €r0 CXEMY, ITOCTaBHB B COOTBET-
CTBHE Ka)XXJOMY BO3MO)XHOMY COCTOSHHIO KIIOUEH OIpEeeIeHHbI BEKTOP
HanpspkeHus. OnpenenuM, Kakue BO3MOXKHBIE COCTOSIHHUA KITIOYEH CyIIEeCTBYIOT
JUISL OJTHOM CTOWKM TpeoOpa3oBarteis, HAPUMEP COCTOSIHHS CTOWKH C KITloYa-
mu VTy, VT,. 1A moCTpoeHus! BHIPSIMUTENSL (MHBEPTOPA) HANPSDKEHUS! BaXKHO,
YTOOBI MOTEHITHAN TOYKH MOJKITIOYeHNS (pa3pl Beernma ObUT onpeziesieH HCKITI0YH-
TEJIHHO COCTOSIHMEM KITIOYEH U HE 3aBUCEI OT HAIIPaBICHUS MTPOTEKAaHUS TOKA IO
¢aze. Takux COCTOSIHUH KIIOYEH OJHOM CTOWKM BCEro N1Ba: 3aMKHYT HIDKHHMA
Wi BepXHui K04, O003HAYMM UX COOTBETCTBEHHO Kak coctostaue O u 1.

Kaxnoe cocrosHme Ha puc. 2 MPUBEACHO NMPU Pa3HBIX HANPABICHHUIX TOKa
(a3pl, a HaMpaBJICHUsI TOKOB O0O3HAYEHBI TOJCTBHIMH CTpelkaMu. BuaHo, 4TO
Ipu JTI000M 3HaKe (ha3HOTO TOKa €CTh KOHTYp IJISl €0 MPOTEKAHUS, TPU STOM
(haza «puBsA3aHa» K HY)KHOMY MOTEHIIHANTY (BEpXHEW, HIDKHEH IIMHE). 3aMbIKa-
HHUE KJIF0UYel B JIF000H Mpyroii KOMOMHAIMH TPUBEET JIMOO K HEONPEIeNICHHOCTH
noteHIana (aspl, TMO00 K KOPOTKOMY 3aMBIKaHHIO KOHJIIEHCATopa. YTIpaBJieHHUE
BEPXHUMH W HIDKHUMH KITIOYaMH SIBIISCTCSI KOMIUIEMEHTapHBIM, T. €. COCTOSIHHE
Kkmova VT, Bcerga MpOTHBOMOIOXKHO COCTOSIHUIO V75, AHANOTMYHO U B IPYTHX
croiikax. COCTOSIHHE BCEro KOMMYTAaTopa KOJAUPYETCs ACBATHIO IH(paMu, 1Mo 4umc-
ny croek, Harpumep 011100011, 010101010 u 1. 1. Micxoas 13 3TOTO YHCIIO BO3-
MOXHBIX COCTOSIHUH Tpeo0pa3oBaTerst 2° =512, kaxzoe U3 KOTOPBIX COOTBETCTBY-
€T HEKOTOPOMY BEKTOPY HalpsHKEHHS B MPOCTPAHCTBE — 06a30BOMY BEKTODY.

B pesynpTate aHamm3za BO3MOXKHBIX KOMOHWHAIMM KIIFOYEH yCTaHOBIICHO,
yto 512 cocrosuusim ABH cooTBeTcTBYIOT 49 mpOCTpaHCTBEHHBIX 0a30BBIX
BEKTOPOB HampsbkeHus. HexoTopble THIOBBIE 0a30BbIE BEKTOPHI U COOTBET-
CTBYIOIIIUE M COCTOSTHUS BBITIPSIMUTEIISI TPUBEICHBI HA PUC. 3.
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VT, VT, ] VT, LT
L 1} l}
a a a _
T VT, J45 VT,
Cocrosnue 0 Cocrosnue 1
Puc. 2. Bo3MOXHbIe COCTOSHUS CTOMKH KOMMYTaTOpa
Fig. 2. Possible states of the stand of the switch
VT, L VT5 | VT VT7 VTH VT,; VTis VT17 B
13
1 2 3 Ll
VT, | VT, | VT VTg VTlo VT]2 VTM VTm VT]g %74 0,5
0 05 0,0l a
VT, | VT; VT5 VT7 VTg T“ VT13 VTs VT17 B
15
1 2 3 =C
VT, VT, | VT VTg VTlO Vle VT14 VT16 VT | oUa 0,5
0 05 0,1 a

Puc. 3. ba3oBble BEKTOPHI U COOTBETCTBYIOLINE UM COCTOSIHUS KOMMYyTaTopa

Fig. 3. Basic vectors and corresponding states of the switch

[IponenaB momoOHYIO OMEPAINIO CO BCEMHU COCTOSHUAMHM, MOTYIHM ITOJI-
HBIA HAO0Op 0a30BBIX BEKTOPOB, rpad)UyecKoe MpeACTaBICHUE KOTOPHIX B HE-
MOJBXHON JIEKapTOBOH cHCTEeME KOOpAuHAT o3 mokazaHo Ha puc. 4. Kax-
JIBI BEKTOpP HANPSDKEHHS! COOTBETCTBYET KOAY COCTOSIHUS KIIIOUE, ero o0Opa-
sytomux. [Ipu 3TOM cymecTByeT psii KOMOMHAIMM, MPU KOTOPHIX OJAHOMY H
TOMY K€ BEKTOPY COOTBETCTBYIOT /IBa M O0JIE€ PAa3TMIHBIX COCTOSHUS KITIOUEH
CXEMBI.

B xiaccuueckoM Tpex¢ha3zHOM aKTHBHOM BBHINPSMHUTENE 0a30BbIe BEKTOPHI
JIBYX YpOBHEH 00pa3yroT MecTUyTroabHUK [9]. B ciydae mneBarudaznoro mpe-
oOpa3zoBatensi 6a30BbIE BEKTOPHI BOCBMHU YPOBHEH 00pa3yloT AMarpaMmy co-
CTOSIHMHM W3 YEeTHIPEX TaKWUX MIECTHYTOJhbHUKOB (puc. 4). Momynu 0a30BBIX
BEKTOPOB HAINpPsDKEHHS, 00pa30BaHHBIX MPH 512 KOMOMHALUAX KIIOYEH Momy-
MPOBOJHUKOBOTO KOMMYTaTOpa, CBEAEHHI B Ta0M. 1.
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b B
0.8

0,6
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Q

Puc. 4. I[I/Ial‘paMMa COCTOSTHUY CXEMEI IICBFITI/I(baf}HOFO AKTUBHOI'O BBIIIPAMUTECIIS HAIIPSIXKCHUS

Fig. 4. The statechart diagram of nine-phase active voltage rectifier

Tabauya 1
Mopny.n HeHyJIeBbIX 6230BbIX BEKTOPOB
Modules of non-zero base vectors
Ne ypoHs 1 2 3 4 5 6 7 8
Mopyns m 0,22 0,38 0,44 0,58 0,66 0,76 0,79 0,88

Bocemb HyneBbIX BEKTOPOB, HECMOTPSI Ha pa3HOE COCTOSIHHE KJIFOUeH, o0ec-
MEeYNBAIOT OJHOBPEMEHHOE TIPWIOKEHHE HYJEBBIX HANpsSHKEHHH K O0OMOT-
KaMm craropa. KoMOmHanmm Kitoueil aJis HyJIEeBBIX COCTOSHUH IPEICTaBICHBI

B TaOII. 2.
Tabauya 2
KomO0nHaumu Kiaroueii 1J1s1 HyJIeBbIX COCTOSTHHIA
Key combinations for the zero states

Qazal | Paza2 | Pazal3 | daza4 | daza5 | Paza6 | Pasza7 | Paza8 | Daza9
VIV |\ VT, | VT3 | VT4 | Vs | VTg | VT7 | VIg | VI | VT1o|VT 11 |VT 12| VT13|VT14|VT 5|V 6| VT7|VT s

Ir|{ojo|1]0]|1 L o]0 |1]0]1 1L {00 |1]0]1

1|01 |]0]0]|1 Lo |1 |O0]O0]1 10| 10]O0]1

0|1 1100 |1]0|1 1 {00 |1]0]1 1 ]10]0 |1

0|1 1o |1 |0]0|1 1 {01 ]0]0]1 11010

0|1 0|1 L1001 ]0]|1 L 1ojo0o|1]0]|1 1[0

1|00 |1 Lo |1|0]O0]|1 Lo |1 |0]O0]|1 1[0

tr{ojtrjojtryojvrfojrfojrjojt1rjo|1jojf1ij]o

ojtrfojrfojryoj|t1rjojrjyof1rjof1rjoft1j]oj]Il
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BeKTopHafl IUAPOTHO-UMITYJIBCHAA MOAYJJIAILIUSA
0a30BbIX BEKTOPOB HANIPHAKCHUA

Kak 1 B KJ1TacCUYECKOM LIECTUKITIOYEBOM JIByXYPOBHEBOM aKTUBHOM BBIIPSIMU-
Tese, Ul HOJIydeHHs JIF0O0ro 3a/JaHHOTO BEKTOpa HAINPSLKEHUS, HE COBIIAIAIOLIETO
c 0a30BBIMH BEKTOpaMH, PALMOHAJILHO WCIONB30BaTh BEKTOPHYIO IIHPOTHO-
uMITynbCHYyt0 Momymsiuio [11, 12]. Ilpu 3ToM B mpocTpaHCTBe 6a30BBIX BEKTOPOB
JIOJDKHBI OBITh HAIEHBI TP 0a30BBIX BEKTOpA, OMMDKANIINX K 3aJaHHOMY BEKTODY,
TIOCJIE YEr0 PACCUUTHIBACTCA CKBaKHOCTBH AJISI KaKAOTO M3 HUX — IMPOJOIKUTEIND-
HOCTb BKJIFOYEHMS 1O OTHOHIeHHIO K nepuony LIIMM. Bcee 3t onepanmu AOIKHBL
MPOV3BOTUTHCS] MUKPOITPOIIECCOPHOM CHCTEMO YIPABISHHUS B peaTbHOM BPEMEHH.

Jns ynoOcTtBa pemieHus mepBod 3aaayd (OmpeneneHrne Tpex OMmKanImx
K 33JaHHOMY 0a30BBIX BEKTOPOB) IIOCKOCTb 0a30BBIX BEKTOPOB YIOOHO Pa3OHUThH
Ha ceKkTopa W nojcektopa. Ha puc. 5 BbIENEHbI MIECTh CEKTOPOB AUArPaMMbI
cocrosiHui nesTrdaszHoro ABH, kaxaplii U3 KOTOPBIX JAenuTcsa Ha 16 moacek-
TOPOB, KaK MOKa3aHOo Ha puc. 6.

Cektop 2 fa

CekTop 5
Puc. 5. Hymepanus cekropoB Puc. 6. Hymepanust mocekTopos
Fig. 5. Sector numbering Fig. 6. Sub-sector numbering

JIro60ii 3a1aHHBI BEKTOP HANPSDKEHUS, HE BHIXOISIINH 32 BHEUTHUN IIECTH-
YrOJIbHUK, OyIeT MpUHAAJIekKaTh OMHOMY U3 IOJACEKTOPOB KAaKOTO-THOO CEKTO-
pa, TeM cambIM ompefelsis Ommkaiine K HeMy 0a30Bble BEKTOpPHL. BexTopoB
Oyzet Oonblle, YeM TpH, TaK KaK 4acTh U3 HHUX COBMAJaeT B MPOCTPAHCTBE, HO
OTJINYACTCS COCTOSHHUEM KIIIoYel aKTUBHOTO BBIIpsAMUTENs. HeoOXoaumMo BI-
OpaTb Te BEKTOPHI, KOTOPbIC IPUBENYT K HAUMEHBIIIEH KOMMYTallUU KIIOUEH.

Kpome BbIOOpa camMux 0a30BBIX BEKTOPOB (MIIM COCTOSIHMIA KiIOYeH), HE0OXO-
JMMBIX JUISl peaiu3allii 3aJIAHHOTO BEKTOpa HampspKeHWs, TpeOyeTcst 3aiarh Mo-
CIIe/I0OBaTENHHOCT MX Tiepedopa. [ yMeHbIIeHnsT KOMMYTAIlIOHHBIX MTOTEPh I1e-
pebop 6a30BBIX BEKTOPOB CIEIYET IMPOU3BOAUTH TAKUM 00pa3oM, 4ToOBI odecre-
YUTHh OJHO MeEpeKIiodeHHe (KOMMYTALHMIO JBYX KOMIUIEMEHTapHBIX Kitodeil) mpu
repexoie OT OAHOTO BEKTOpa K JAPYroMy. JTO COOTBETCTBYET CMEHE JII000H M3
(p KoAa COCTOSIHUS KITI0YEH aKTUBHOTO BBINPSIMUTENS HAMIPSDKEHKS HA SANHULLY.
Hampumep, ecnu 3a1aHHBII BEKTOP HANPSHKEHUS OKa3aiIcs B IOACEKTOPE 3 TEPBOTo
CEKTOpa, TO BO3MOJKHAs cXeMa IepeknoueHus kmoueil B nepuone INNM cnenyro-
mas: 100111101 — 100111111 — 100111110 — 100111111 — 100111101.
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[Tocne nepenaun B Moxyns LIIMM 3amanus Ha oTpaOOTKY BEKTOpa HaIPsIKeE-
HUS B OCSIX 0y HEOOXOUMO MTPOM3BECTH OTIpEIeNICHIEe HOMepa CEKTopa, B KOTO-
pBIi TIOTa 3aJaHHBI BEeKTOp. sl 3TOTO yIOOHO MEepelTH K MOJSIPHBIM KOOp-
JIMHAaTaM, HaWTU B HUX COOTBETCTBYIOLIUHU 3alaHUI0 PaJUyC-BEKTOp, a 3aTeM
0 €ro YIIIy ( ONpEeNeTuTbh HOMEp ceKTopa n.. [Ipumem, uTo HyJIeBOH yrom co-
OTBETCTBYET BEKTOPY, COBIAIAIOIINM C OCBIO O (prcC. 5). YT01 paanyc-BeKTopa

p=arctg(U, /U,). 2)

VcaoBusg AJId OopCACTICHUSA HOMEpPA CCKTOPpa NPUBCICHBI B TaoI. 3.
Tabauya 3
YcaoBus 1Uis1 onpeiesieHAs] HOMepa ceKTopa

Conditions for determining the sector number

ce??(i/llj?nc VYrom BekTopa ¢, Tpaf. ce??(i/llj?nc VYroxu BekTopa ¢, Tpaf.
1 0<p<60° 4 180° < ¢ <240°
2 60° < <120° 5 240° < ¢ < 300°
3 120° < @ < 180° 6 300° < ¢ < 360°

Jlnist ompenesieHrss HOMepa MOACEKTopa # HE0OXOIUMO PAacCUUTATh MOIYJh

3aJJaHHOTO pagryc-BeKkTopa HampspkeHust U, ero BHYTPUCEKTOPHBINA YTOI
Y TIPOEKIIUU m;, M, Ha OOKOBBIC TPAHHUIILI TEKYIIETO CEKTOpa, KaK 3TO MOKa3a-

HO Ha puc. 7:
U=U2 +U;; )

9. =@ —60(n, —1); “4)

m, = U[cos((p) —%sin((p)j; m, = U%sin((p). (35

3

my/_ N\ _3__ /L _N_6_/_ \N_1L_¢:+

Puc. 7. Tlpoexuuu 3aJaHHOTO pajyC-BEeKTOpa HAPsDKEHNS Ha OOKOBBIE TPaHHULIBI TEKYIIETO CEKTOpa

Fig. 7. The projection of the given radius-vector of voltage on the lateral border
of the current sector
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VYcnoBus s onpeneeHus HoMepa MoACeKTopa 1 MPUBEICHBI B Ta0I. 4.

Tabruya 4
YcaoBus Ui onpeiesieHUs HOMepa MoACeKTopa

Conditions for determining the sub-sector number

noscecropa n Venosie
1 m; <0,22; m, <0,22; m +m, <0,22
2 0,22 < m, < 0,44, my <0,22; m, +m, < 0,44
3 my <0,22; m, <0,22; m, +m,>0,22
4 my <0,22; 0,22< m, < 0,44 m, +m, <0,44
5 0,44 < m, <0,66; my <0,22; m +m, <0,66
6 0,22 <m, <0,44; m, <0,22; m, +m, > 0,44
7 0,22 <m, <0,44; 0,22 < m, < 0,44, m +m, <0,66
8 my <0,22; 0,22 <m, <0,44; m, +m, 0,44
9 my <0,22; 0,44 <m, <0,66; m, +m, <0,66
10 my > 0,66
11 0,44 < m, < 0,66, my <0,22; m +m, > 0,66
12 0,44 < m, <0,66; 0,22 < m, < 0,44
13 0,22 <m, <0,44; 0,22<m, <0,44; m, +m, > 0,66
1 0,22 <m, <0,44; 0,44 <m, <0,66
5 m; <0,22; 0,44 <m, <0,66, m +m, 0,66
16 m, > 0,66

VYcnoBus MONyYeHBI C yYETOM TOTO, YTO BBIICJICHHBIC HA PUC. 7 MPSAMBIE CO-
OTBETCTBYIOT YPaBHEHUSIM:

m,+m, =0,22; m +m,=0,44; m, +m,=0,66; m +m,=0,88.  (6)

3aI[aHHBIﬁ BCKTOP HAIIPSKCHUA Us 06H.[€M CJIydac MOXKCT OBITH npeacTaB-
JJCH B BHIAC JIMHSHHOM KOM6I/IHaI_[I/II/I TpEX Ommkaimx 0a30BEIX BEKTO-

pos (0.0,

U=v,U,+v,U, +v,Ug , (7
TI€E Vi, ¥j» Yk — BECOBOM KOA(DHUIUEHT (10J1s1) 00pa3yIOIUX BEKTOPOB.

Ha puc. 7 npuBeieHa Hymepaiysi 6a3oBbIX BEKTOPOB V, —V;, s OIHOTO
CEKTOPa, [T BCEX OCTATBHBIX OHA MOBTOPSCTCSA. DTUM BEKTOPaM COOTBETCTBY-
10T BecoBbIe KO3 UIMEeHTHI Y—Y14. PaccMoTpuM nipumMep, Koria 3a1aHHBIN BEK-
top Hampsokems U moman B 10 MOACEKTOp, KAk H300pakeHO Ha pHC. 7.
Jis peanuzanuu 3aJJaHHOTO BEKTOpa JIOJDKHBI OBITH 3aJIeHiCTBOBAHBI 0a30BbHIC

BEKTOpBI ¢ HOMepamu V,, V., V,

lj:Y4U4+Y7U7+Y3U3- (8)
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CootHomenue (8) sBiseTcss oCHOBHBIM. CorjacHO eMy, IS peIIeHUs I0-
CTaBIICHHOW 3aJ1a4¥ HE0OXOJIMMO HAWTH 3HaYCHUS] BECOBBIX KO3(DHUITUEHTOB Y,
Y7, Y3 TIPH YCIIOBUH, YTO CyMMapHas CKBaXKHOCTb Ha MEPUO/Ie PaBHA STUHHIIC

©)

[TyTeM HECIOXHBIX TE€OMETPHUECKUX TTPEOOPa30BaHNN PACCUNTAHBI BECOBBIE
K03 (UITUCHTHI 33/IcHCTBOBAHHBIX 0a30BBIX BEKTOPOB:

Yo+, +Y; =1

Yo =(m —2,73m,)/0,88U,; v, =m,/0,22U,;

vy =1—=(m, +1,27m,)/0,88U,. (10)

AHaNIOrMYHbIM 00pa3oM IS KaKIOro IMOJICEKTOpa OINPEACICHBI BECOBBIC
KO3 (UITUCHTHI (CKBAKHOCTH) 0a30BBIX BEKTOPOB, 3HAUCHHUS KOTOPHIX CBEIle-

HBI B Ta0mI. 5.
Tabauya 5

®opmyJibl pacyeTa CKBAasKHOCTell 0230BBIX BEKTOPOB /ISl KAKI0I'0 MOJCEKTOpa

Formulas for calculating the duty cycles of the base vectors for each sub-sector

N

®opmyna pacueTa CKBaKHOCTEN

= (my —2,73m,)/0,88U,

1 y1=m2/0,22Ud y11=m1/0,22Ud y0=l—m1/0,22Ud—m2/0,22Ud
2 Y2 =(ml—m2)/0,44Ud Ys :m2/0,88Ud Y1 :1—ml/0,44Ud +m2/0,88Ud
3 y|=m2/0,22Ud 'Y”:ml/O,Zsz Ys =l—m|/0,22Ud—m2/0,22Ud
4 Y5 =m1/0,88Ud Y12 =(m2—m1)/0,44Ud Y1 :1+ml/0,88Ud—WI2/0,44Ud
5 y3=(m1—1,88m2)/0,66Ud y6:m2/0,22Ud 72=1—m1/0,66Ud—1,12m2/0,66Ud
6 yzz(ml—mz)/0,44Ud YS:mZ/OsSSUd y6=1—m1/0,44Ud +m2/0,88Ud
8 y5:m1/0,88Ud ylzz(mz—ml)/0,44Ud y8:1+m1/0,88Ud—m2/0,44Ud
Y13 = Y12 =
9 =m/0,22U
T8=m d = (my —1,88m,)/0,66U,, | =1-1,12m,/0,66U, —my/0,66U,
13 =
10 =(m; —2,73m,)/0,88U, =m,/0,22U,
va=(m 2) a) Y7 4| 21— m /0,880, —1,27m,/0,88U,
Y7 =
11 =(my —1,88m,)/0,66U =m,/0,22U
v =(m 2) d Yo a =1-m;/0,66U, —1,12m,/0,66U,
i me 1-(1,32 1,27m5)/0,66U
12 =1=L32m +1,27m )
= (2.19m —3m, /0,660, | = (6my —3m ) 11,320, Vo =1-(1L32m, 2) d
13 76:(4m1—1,8m2)/Ud 78=(4m2—1,8m1)/Ud y9:1—2,2m1/Ud—2,2m2/Ud
fio = o 1= (1,32my +1,27m;)/0,66U
14 =l1=(,32my +1,27/m >
= (2.19m; =3m)10,66U 4| = (6m; =3m, ) /1,320, 7 2 ! d
T3 = Y10 =
15 =m/0,22U
8= ¢ = (my —1,88m,)/0,66U, | =1-112m;/0,66U, —my/0,66U
16 Y10 = m; 10,220, Y14 = Y13 =

=1-1,27m,/0,88U, —m,/0,88U,,
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[Mopsyiok pacdera CKBa)XHOCTEH OJMHAKOB JUIS BCEX CEKTOPOB, Pa3HHMIIA 3a-
KJII0YAeTCs JMIIb B COOTBETCTBUHM BEKTOPOB V —V|, peallbHbIM COCTOSHUSIM

KJII0OY€il aKTHBHOTO BBIIIPAMUTEIA HAIIPSXKCHUSA, KOTOPBIC H3MCHSAIOTCA IIpU
CMCHEC CCKTOpaA.

BbIBO/JbIL

1. Ilpencrasnen crmoco0 peanu3anuyu BEKTOPHOW MTUPOTHO-UMITYJIBCHON MO-
OyJSINAU AJ1s1 A€BATU(A3HOIO YIIPABISIEMOro IpeoOpa3oBaTelis JIEKTPUIECKOM
sHepruu. B pesynpraTe aHanmm3a BO3MOXKHBIX 512 coCTOSHUI Kito4del neBATH-
(ha3HOrO aKTMBHOT'O BBINIPSIMUTENS YCTAaHOBIICHO, YTO HEHYJEBbIE OAa30BbIC BEK-
TOPBl BOCBMH YPOBHEHW 00pa3ylOT 4eThIpPE LIECTUYI'ONbHUKA B HETOABHKHOM
cucTeMe KoOpaAuHaT of.

2. [lonmy4eHsl aHaTMTUYECKUE COOTHOLICHUSI BECOBBIX KOA(PPHUIHUEHTOB IS
00pa3ylomuX BEKTOPOB, a TAKXKE YPaBHEHMs I'paHMLl IOICEKTOPOB, 00pasyro-
[UX TUarpaMMmy KOMOWHAIWA COCTOSTHHN cxeMBbl. [locienoBaTeTbHOCTh MpHBe-
JEHHBIX PacyeTOB NPEACTAaBISET COOOH METOAOJIOTHIO pean3aliui BEKTOPHOH
MIMPOTHO-UMITYJIbCHOW MOAYJISLUM B €BATH(A3HBIX YHpaBIIEMBIX IIpeoOpa3o-
BaTENSAX IIEKTPUUECKON SHEPT M.

3. IIpencraBieHHBIH alrOPUTM BEKTOPHOM IIMPOTHO-UMITYJICHOM MOIYIS-
LINH TTO3BOJIUT 00ECIIEUNTh KOPPEKTHYIO paboTy NeBATH()A3HOTO aKTHBHOTO BbI-
MPSIMUTENS. B YCIOBHUSX IOJIE3HOTO NMPeoOpa30BaHUsl SHEPTUU BBICIINX IapMo-
Huueckux 3/C.
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