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AHHOTALUA

BBenenue. B mocnennue gecATHiaeTHs mociae n300peTeHust OUTIONSIPHOTO TPAH3UCTOPA C W30JHMPOBAHHBIM 3aTBOPOM
B Hay4HbIX UCCIICIOBAHUSIX CTAJIU HOMYJISIPHBI BEHTHIILHO-UHAYKTOPHBIE [BUTaTesd. OIHAKO HeIOCTaTKU BEHTHILHO-
MHAYKTOPHBIX JBUraTelei, Takue Kak 3HAUYUTEIbHbIE MYyJbCAllMd MOMEHTA U BBICOKAsi CTOUMOCTH CHIJIOBOTO
2JIEKTPUUECKOT0 Ipeodpa3oBaTelis, OrpaHUYMBAIOT UX IPUMEHEHHUE B IIPOMBIIUICHHOCTH U IPOIYJILCUBHBIX IPUBOIAX.
Jlnst yeTpaHeHus CyLIECTBYIOIIMX HEJIOCTATKOB MPEAJIaraeTcsi TOMOJIOTHS POIYJIbCUBHOTO MPUBOJA C BXOJIHBIM
MHOTOOOMOTOYHBIM TPAaHC(HOPMATOPOM M AKTHBHBIMHU BBINPSIMHUTEISIMHU, MUTAIOUMMA MHOTO(A3HBIH BEHTHIBHO-
WHAYKTOPHBIN 1Buratens. Metoa. Tomoaorus ¢ ucrnoiab30BaHHEM MHOTO(A3HOTO JABUTATENS ¢ YHCIOM (a3, KpaTHBIM
YeThIpeM, 00eCIeYnBaCT MEHBIINE MYIbCAIA MOMEHTA, Ye€M TPaJIUIIMOHHBIC TOTIOJIOTUH C YUCIIOM (pa3, KpaTHBIM TPEM.
Hcnone3zoBanne MHOTO(ha3HOI KOHPHUTYpaLUK O3BOJISET MOBBICHTH OTKAa30yCTONYHUBOCTb, @ B CIIy4ae HEUCIIPaBHOCTH
B OJTHOM U3 DJIEMCHTOB JJIEKTpONpuBoaa (mpeodpa3oBaTeiie Wik 0OMOTKE) — MPOIOIDKATh padoTy ¢ MOHIKCHHOM
Harpy3koil. [Ipemnoxken mpoduiib HHAYKTUBHOCTH U IIOBEPXHOCTh HAMATHUYMBAHUSI TIPEUIAracMOTr0 JIBUTATENSI C TOUKH
3pEHUs CO3/IaHus TOCTOSIHHOTO CYMMapHOI'O MOMEHTA B Pa30MKHYTOM cucteme ynpasienus. [Ipencrasiena cucrema
BEKTOPHOI'O YIIPABJICHUS aKTUBHBIMU BBINPSIMUTEISIMU C IpeaynpasieHieM. OcHoBHBIE pe3yabTarhl. [lomyueHs
3HAYEHUsI TOKOB, U MOMEHTA JIBUIATENIs B ABUTATEILHOM U TOPMO3HOM PEKUMAX, OIpeiesieHa OTHOCUTEbHAS ITy/IbCallus
MOMeHTa. PaccMOTpeHbI pexuMbl paboThl aKTHBHOTO BRIIPAMUTENS. Peani3oBana Moaenpb Mmycka ¢ rpeOHBIM BUHTOM.
Oocy:knenue. Pe3ynsraTel MOIETHPOBAHUS Pa3padOTaHHON CHCTEMBI MOATBEPKAAIOT PEATH3yeMOCTh i IPEHMYIIIECTBA
npeyiaraeMoil KOHUTypanuy JUIs € UCTIONb30BAHHS B IPOIYIIECHBHOM TIPUBOJIC CYIOB.
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Abstract

Switched reluctance motors (SRMs) have been very popular in academia for the last few decades since the invention of
the IGBT. However, the drawbacks of SRMs, such as high torque ripple and the cost of the power electronic converter,
limit their application in industry and traction. To address these issues, a traction drive topology with an input multi-
winding transformer and active rectifiers, based on a multi-phase switched reluctance motor with switched windings,
is proposed. This topology which utilizes a multi-phase motor provides significantly lower torque ripple. The use of a
multi-phase configuration increases fault tolerance, and in the event of a failure in one of the drive elements (converter
or winding), allows for continued operation at a reduced load. The inductance and magnetization profiles of the proposed
motor are analyzed from the perspective of torque production and control. A feed-forward vector control system is
presented. The values of currents and torque of the motor in both motoring and braking modes were obtained, and the
torque ripple was determined. Data on the operation of the active rectifier were also obtained. A start-up model with a
propeller was implemented. The simulation results of the developed system confirm the feasibility and advantages of
the proposed configuration and its use in industry.
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BBenenue

B nocnennue mecATHNETHS BEHTHIBHO-HHIYKTOP-
Hele nsurarenu (BUJ) cranmm oObekTOM aKTHBHOTO M3-
y4EeHUSI B aKaJ[EMHUECKOW cpejie rmocie u300peTeHus
IGBT-Tpan3uctopoB B cepeaunte 80-x roos MpoILLIOro
BEKa M UX IIUPOKOr0 PACIPOCTPAHEHUS B CUIIOBOH AJIeK-
Tponuke [1].

KuntoueBbim npeumymecrsom BUJI siBasiercs orcyT-
CTBHE TIOCTOSIHHBIX MarHUTOB, YTO 3HAYUTEIILHO CHIKACT
CTOMMOCTH MaTEpHaJIOB MO CPABHEHUIO C CHHXPOHHBIMH
JIBUTATEIISIMU C IOCTOSTHHBIMH MarHNTaMH, & OTHOCHUTEIILHO
HEBBICOKHE MOTEPHU B POTOPE JAAOT KOHKYPEHTHOE PEUMy-
IIECTBO HaJ aCHHXPOHHBIM MPOMYIbCUBHBIM IPUBOJIOM.
OH uMeeT NpoCTyI0 U MEXaHUYECKYI0 KOHCTPYKIIHIO, OT-
JIMYaoULy0Ccs TPOYHOU CTPYKTYpol potopa. bimaronaps
STON MPOCTOTE MAIIMHA AEMOHCTPUPYET MPEBOCXOIHYIO
OTKa30yCTOHUNBOCTh 110 CPABHEHUIO C TPaJULIMOHHBIMU
pELICHUSIMH, COXpaHsisi pab0oTOCIIOCOOHOCTh JaxKe IpHU
KOPOTKOM 3aMbIKaHMU min oOpbiBe (aspl. Tem He MeHee,
JIBUTATEII0 CBOMCTBEHHBI CUIIBHBIC ITYJIbCAIMH MOMEHTA.

B ornuuune ot acuHxpoHHbIX MawnH, BUJ[ umeer
HU3KYI0 B3aUMHYIO HHAYKTHBHOCTb MEXIy (a3zaMH, 4TO
TI03BOJISIET pacCMaTpPUBATh U YIPABIATH (pa3aMu MHIUBHU-
nOyanpHO. Kpome Toro, ero MOMEHT 3aBHCUT OT BEJIMYHHbI
(hazHOTO TOKa KBaJpaTHYHO (B JIMHEIHOI 30HE), T. €. MO-
MEHT HE 3aBHCHUT OT HAIIPABICHUS TOKA. DTa YHUKAJIbHAsS

0COOEHHOCTB ONpe/essieT TPeOOBaHHsI K MPOESKTHPOBAHHIO
CHJIOBOTO Ipeo0pazoBaTess.

BU/JI 6bu1 BHEIPEH B Pa3IMYHBIX OTPACIISIX, BKIIOYAs:
aBTOMOOWIIBFHBIC CUCTEMEBI [2—4]; JIeTaTeNbHbIC almapaThl
(cTapTep-reHepaTophl, CUCTEMBI dIEKTPOreHepanun) [5,
6]; OBITOBYIO TEXHUKY (CTHpaJIbHBIC MAIIIHEI, OJICHICPHI)
[7-9].

OTKa30yCTOMYMBOCTD ¥ MUHHMAJIbHBIE TPEOOBAaHUS K
TEXHUIECKOMY 0OCITYKMBAaHHUIO JTOTIOIHUTEIFHO TOATBEP-
JKIAroT npurogHocts BUJ myist mpumMeHeHs B OTBETCTBEH-
HBIX CHCTEMax.

OpHako BEHTUIBHO-UHIYKTOPHBIC IPUBO/IBI O-TTPEXK-
HEMY XapaKTCPU3YIOTCS PSJOM MPOOIeM, BKITFOYAst O0JIb-
1IMe MynbCcallid MOMEHTA, 3HAUUTENbHbIE PaJUajbHbIe
Harpy3KH, NPUBOASIIUE K U3HOCY MOALIUITHUKOB, U HEd-
¢ddextuBHOE Hcmonb30BaHue wHBepTOpa [10]. XoTs mist
pEIIeHUs STHX MPOOIeM OBUTH MPEIOKEHBI YCOBEPIICH-
CTBOBAaHHBIC CITOCOOBI YIPABICHUS, TAKHE KaK MPsIMOE
yIpaBIIeHIE MOMEHTOM 1 YIIPaBJICHHUE C TPOTHO3HPOBAHH-
em [11, 12], ux BHeApEeHHE B POMBIIIUIEHHOCTH OCTACTCS
OTPaHUYCHHBIM.

OTmeTuMm, 9TO BO3MOXKHOCTH TipuMeHennst BU/I B mor-
HBIX U HU3KOCKOPOCTHBIX CHUCTE€MaX, TAaKUX KaK MPOIMYJIb-
CHBHBIE TIPUBOJIBI CY/IOB, €IIe HeIOCTATOUHO u3yueHa [2].
YoenuTenbHbIH apryMeHT B T0JIb3Y UX IMOTEHIIHAIBLHOTO
HCIIONB30BAHMS B 3TOM 00JIACTH MOSIBUIICS [IOCIIE BBIXO/IA U3
cTpost uzonsanuu 20-MeraBaTTHOrO aCHHXPOHHOTO JBUTa-
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TeJIst Ha aTOMHOM JIEZIOKOJIE «APKTHKa, 4TO TIOTPe0OBaIO
JIOPOTOCTOSIIIEH M CIIOKHOM MpOLEAypbl 3aMEHBI BCETO
IIEKTPO/IBUTATEIsl, BKJIIOYABIICH PE3Ky U TIOBTOPHYIO CBap-
Ky kopmyca cynnal. B takux cuenapusx MHOro(hasHbie
BUJ (manpumep, 24- unu 48-da3ubie KOHPUTYpaIun)
MOTYT CIIy’KHTh Ha/IeXKHOW aJbTepHATHBOM, oOecreunBas
MHUHHMMAaJIbHBIE MYJIbCAlNd MOMEHTA, MOAKIIIOYAsiCh K Cy-
JIOBBIM CETSIM CpPEIHHX HampspkeHui [13].

B nacrosme#t pabore mpearaercsi penieHune, mpu
KOTOPOM HCIIOJIb3yeTCsl TpaHchopMaTop JUisl TIOHHKESHUS
nuTtaromero HanpsbkeHus 10 0,66 kB 1 aKTUBHOTO BBI-
npsmutens HanpspkeHus (ABH) [14-16], uto mo3BonsieT
TSFOBOMY MPHUBO/LY NEPEXOJJUThH B PEIKUM TOPMOKEHUS IPU
W3MEHEHUH HalpaBJIeHHs T0TOKa MoIHOCTH. [Ipeanokena
JMHEapU30BaHHas TOBEPXHOCTh HAMAarHUYMBaHMUs, KOTO-
past rmoyryueHa aHAIMTUYECKH IS 3aJJaHHOH MOITHOCTH
1 TI03BOJISIET MOJIyYNTh HU3KYIO ITyJIbCAIIMI0 MOMEHTA B
yeTeIpexda3Hoii koHdurypanun. [IpudmmkeHne K JaHHOMY
TIPOQHITIO BOSMOXKHO 3a CUET ONTUMHU3ALUH C TPUMEHEHH-
€M ONTHMH3AINOHHBIX aJTOPUTMOB U PACUETOB METOAOM
KOHEYHBIX JIEMEHTOB.

Hpen.ﬂaraeMaﬂ TOMOJIOTUSA TATOBOI'0 3JIEKTPOIIPUBOIA

CutoBoii mpeoOpa3oBarenb MUTAeTCs OT TpaHchopma-
Topa ¢ Tpex(dasHpIMU 0OMOTKaMu. Tpu BTOpUYHBIE 0OMOT-
Ku TpaHcopmaropa moaktodeHs! K TpeM ABH (ABH T1,
ABH T2, ABH T3 na puc. 1), KoTOpble perynmupyoT Ha-
MIPsDKEHAE TPEX HEe3aBUCHMBIX 3BEHBEB ITOCTOSTHHOTO TOKa
(3IIT). Pa3nenenue Ha TpymIisl, Kakaas U3 KOTOPBIX YIIPaB-
JI€T 8-10 0OMOTKAMM JIBHUTATENS, MOYKHO OOBSICHUTH MIHO-
BCHHOM MOTPEOIISIEMOI MOIITHOCTHIO KXKIBIX YeThIpeX (a3,
MIPEJCTABISIOMINX U3 ce0sl AIIEMEHTAPHBIN ABUraTelb, U
TpeOyeMoit MonrHOCThIO Kaxxaoro ABH. J[ist yetbipex u
8 (a3 mynpcanyy MOIIHOCTH MPAKTHYECKU PABHBI HYIIIO.
8 HU3KOBOJBTHBIX STUECK (MHBEPTOPHBIX MOAYJCH) MOJ-
kmoueHsl Kk oomemy 3I1T. Kaxnslit ”HBEpTOp BBINIOIHEH
10 TOTIOJIOTUH HECHMMETPHYHOTO MOCTa. TaKuM 00pazoM,
CHJIOBO TIpeoOpa3oBareih COCTOUT U3 24 MHBEPTOPHBIX
MopyIel, moakmodeHHBIX K TpeM ABH. Tononorus npen-
JIaraeMoM CHCTEMBI TATOBOTO 3JEKTPOIPHBO/IA TTOKA3aHa
Ha puc. 1.

Kaxxnprii ABH noakitoueH k cBoeit coOCTBEHHOM Tpex-
(ha3HO¥ 00MOTKE Ha MOHIKAIOIIEM TpaHCchopMaTope C
10 xB na 660 B. IlogkintoueHrue oCymecTBIsSETCs yepes
CETEeBBIE JIPOCCEIH, KOTOPbIE (POPMUPYIOTCSI HHIYKTUBHO-
CTBIO paccestHus 0OMOTKH TpaHc(opMmaropa U JAOTOJIHH-
TEJILHBIM JPOCCENIEM, KOTOPBIH MOXET OBITh yCTAaHOBJICH
pu HeoOxoauMocTH. HeliTpami BTopiuaHBIX 0OMOTOK MHO-
roa3Horo TpaHchopMaTopa IOKHBI OBITh COCTUHCHBI.
DTO0 memaeTces I CO3MaHus OOIEN TOUKN 3a3eMIIEHNS Ha
HU3KOBOJIETHOM CTOPOHE.

Hcnonb3oBanne TpexX BTOPUIHBIX OOMOTOK TpaHCHOp-
MaTopa oOecrieunBaeT ONpe/IeICHHbIE PEUMYIIecTBa.
MomsocTs ogHoro ABH B Tpu pa3a MeHbIIe HOMHUHANb-
HOﬁ, YTO YIIpoumacT €ro KOHCTPYKUHIO 1 MMO3BOJIACT ITOBbI-
CHTb 4aCTOTY KOMMYTAIIM¥ 1o cpaBHeHHIo ¢ ABH, paccuu-

I Arktika (2016 icebreaker) [Dnekrponnsiii pecype]. Pexum
nocrymna: https://en.wikipedia.org/wiki/Arktika (2016 _icebreaker)
(mara obpamenus: 08.08.2025).

TaHHBIM Ha OJIHY BTOPHYHYIO 0OMOTKY. Bo3moxkHa pabora
tpex ABH ot ogHoit BropruHOit 00MoTKH. OHAKO B 3TOM
cily4ae JUisi pPaBHOMEPHOT'O PacIipeieieHHsI TOKOB CETEBBIC
npoccenu OyayT obsi3arenbHbl. Haie:kHOCTB IpeyiaraeMo-
TO pelIeHNs TaKXKe BBIIIE B CiIydae 0OpbIBa OHOI (ha3bl.

Hcnonp30BaHne HU3KOTO HANMPSKEHUS U1 0OMOTOK
JIBUTATEIISI TIO3BOMISIET YMEHBIIUTE ra0apyuThl MAIIUHEL, 00-
YCJIOBJIEHHBIE IPIMEHEHNEM M30JALMOHHBIX MATEPUAIoB U
BBOZIHBIX KJIEMM, @ TAKXKE CHIKAET PUCK POOOST H30ISILUH
OT BBICOKOT'O HAIIPSIXKCHUA.

Hcnonb3oBanue pasaesbHbIX CHIOBBIX Iienei mpeoo-
paszoBaresisi HOBBILIAET 0TKa30yCTOMYMBOCTh U PEMOHTO-
MIPUTOIHOCTh YCTAHOBKH. B cimyuae otkaza ABH, Hu3sko-
BOJIBTHOM sTYEHKH MM 0OMOTKHU TpaHcdopmaropa cuctema
CHIO0COOHA MPOJIOIKUTE paboTy CO CHMIKEHHOM HAarpy3KOH.
Taxkast Toronorus obnerdaer ObICTpOe TEXHIMUYECKOE 00CITy-
JKMBaHHE M 3aMEHY KOMIOHEHTOB. MOyIbHOCTh CHCTEMBI
M0JIpa3yMeBacT BO3MOXKHOCTb OBICTPOTO PEMOHTA MPH
HEOOXOIUMOCTH.

[Ipumenenne ABH B cuctemax nuTaHusi HHBEPTOPOB
MO3BOJISIET 3HAYUTENILHO YIIyUIIUTh KOI(Q(UIIEHT rapmMo-
HUYCCKUX UCKAKCHUH BXOJIHOTO TOKa, 0COOCHHO it BUJ]
[17]. B otuuume OT APYrux 3ieKTpuueckux mMammH, BUJT
HUMCIOT 3HAYUTECJIbHBIC MTYJIbCAIlUU BXO}IHOﬁ MOHIHOCTH, YTO
BJIMSIET HA PabOTy BXOIHOT'O BBINPSIMUTENS ¥ B3aUMOJCH-
CTBHE C nUTarolel cerpro [18].

JBurarens umeet 48 3yO1oB craropa u 36 3yOIOB poOTO-
pa (puc. 2), uro dakruaecku GpopMupyer 6 mocie0BaTeIb-
HO COEIIMHEHHBIX YeThIpex(a3HbIX (8§ X 6) aeMeHTapHBIX
mammuH BU/] (puc. 3), pactipeeleHHBIX TT0 OJHOMY MeXa-
HHUYECKOMY 000pOTY.

Kondurypanus 3y01i0Boii 30HBI BBHITIOTHEHA I MU-
HUMH3AIUHU MyJIbCAUH MOMEHTA IPH HOMUHAJIBHOU
ckopoctu. Ha puc. 4, a u300paxkeH xeaaeMblil poduiib
WHJIyKTUBHOCTH, a Ha puc. 4, b Noka3zaHbl KPUBbIE Hamar-
HUYUBAHUSA [UIS COINIACOBAHHOTO U PacCOIIaCOBAHHOIO MO-
noxxeHui poropa. [Tomans kpacHO! MOBEPXHOCTH MPE-
CTaBJISIET MTOJIE3HYI0 PaboTy 3a rnepuox padbotsl ¢asbl. s
MIPOCTOTHI MOJIETIb JIBUTATENs Oblila IMHeapru3oBaHa. [Ipu
JaJIbHEHIIeH ONTUMH3auU MOJIEITH METOJIOM KOHEYHBIX
3JIEMEHTOB TIOJIyYCHHBIC XapaKTePUCTHKN HaMarHUIMBAHUS
OynyT oTiM4aThes (puc. 5), OMHAKO HA JTAHHOM 3Tarle 3THX
YIOPOLIEHUH JOCTATOYHO /ISl IEPBOHAYAIbHON MPOBEPKHU
paboTOCTIOCOOHOCTH TTOIXOA.

[Ipu mOCTHXKEHUM MaKCUMaJIbHOM MHAYKTHBHOCTH
(Touka «B» Ha puc. 4, b) MOMEHT CTAHOBUTCSI PaBHBIM
HYIII0, 1 HEOOXOJMMO pa3MarHUTUTh a3y, NPHUIOKUB OT-
pHIIaTeIbHOE HaNpsDKEHUE, KOTOpoe, Kak MpaBUilo, COOT-
BETCTBYET OTPHLATEIIFHOMY HAIPSHKEHHIO 3BEHA TOCTOSTH-
HOTO TOKa. 3HAYEHHWEM CONPOTUBIICHHS (a3bl B MOIIHBIX
JIBUTATENISIX MOXKHO TIPEHEOpeUb, CIICI0BATEIILHO, BpEMs,
HeoOXxoauMoe Il pa3MarHMYNBaHuUs, PABHO BPEMEHH,
3aTpayeHHOMY Ha HaMarHUYMBaHKUe. Takum oOpa3oMm, UIH-
TENBbHOCTh yYacTKa MAaKCUMaJIbHOW MH/TyKTUBHOCTH JOJIK-
Ha OBITH HEe MeHee 135° (CyMMBI ITMTENEHOCTEH YIaCTKOB
MUHUMAaJIFHON U BO3pacTaromieil HHAYKTUBHOCTN). [lanee
OJIHA YETBEPTh IEKTPUUECKOr0 000pOTa BBIAEISETCS JUIs
Cnazlaromeﬁ WHAYKTUBHOCTH JId COXPAaHCHUA CUMMETPUN
npodus.

B navane sTana HaMarHUYUBaHUSA (IPOMEKYTOK OT «0»
1o «A4», puc. 4, b) daza He coznaer momeHTa. Ha yuactke
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Puc. 1. Tomonorus mpeaiaraeMoro JIeKTPOIPHBO/IA.

Al+, Al—, Bl+, Bl—, Cl+, Cl—, D1+, D1— — ¢a3bl nepBoro BeHTHIbHO-HHAYKTOpHOTO Aurareis (BU/); /-6 — nymeparust
aneMenTapHbix Mamua BUJ{; N — HeiiTpanbs BTOpHIHON 0OMOTKH; Lf— ceressle apoccenn; ABH T1-ABH T3 — axTuBHBII BEITPSIMUTENb
HAIPSDKEHUSI, OAKIIOUaeMbli K 1-3 BTopuuHOI 00MOTKe TpaHchopmaropa

Fig. 1. Topology of the proposed propulsion drive.

Al+, Al—, Bl+, B1-, Cl+, Cl—, D1+, D1—— phases of the first elementary machine of the switched reluctance motor (SRM); /-6 —
numbering of elementary machines SRM; L,— mains chokes; N — neutral of the secondary winding; ABH T1-ABH T3 — an active
rectifier connected to the 1-3 secondary winding of the transformer

BO3pACTaHUS WHIYKTUBHOCTH ITOCTOSTHHBIN TOK CO3/1aeT
TTOCTOSTHHBIA MOMEHT. MOMEHT CTaHOBHUTCS HYJEBBIM TIPH
JTOCTHKEHUH MaKCUMAaIbHOM MHAYKTHBHOCTH. CyMMapHBIH
MOMEHT OT BCeX 4eThipeX (ha3 JI0JKeH 0CTaBaThCs MOCTO-
STHHBIM ¢ MMHUMAJIBHBIMH ITyJTBCAIllUSAMU.

OTMeTHM, YTO TaKOW PeXHUM PabOThI C MOCTOSTHHBIM
MOMEHTOM JIOCTHXUM TOJIbKO B BUJ[ ¢ 4eThipbMsl wiin
OonbmuM vuciioM ¢a3. B TpaguiinoHHBIX Tpex(a3HbIX
KOHCTPYKIHSIX JUIUTEIBHOCTh y4acTKa MaKCUMaIbHON

WHIYKTHBHOCTU OYE€Hb Majla, U3-32 YEro «XBOCTBD TOKa
CO3J1aI0T TOPMO3HOM MOMEHT U 3HAYUTEIBbHBIE ITyIbCALUU
CYMMapHOT0 MOMEHTa. BOIM3K HOMHHAIIBHBIX CKOPOCTEH
3TOT TOPMO3HOH MOMEHT HE MOJKET OBITh CKOMIIEHCHPOBAH
JBIDKYIIMM MOMEHTOM Jpyrux ¢as.

JlJ1s KOHCTPYKLIMU C MEXaHUYECKUMU MapamMeTpaMu
(puc. 2) ObUIO MOJIy4EHO CEMEHCTBO KPUBBIX HAMarHU4u-
Banust BUJl B dyHkumn yria npu GUKCHPOBAHHOM TOKE
METOJIOM KOHEUYHBIX 31eMeHTOB (puc. 5). [lonyuyennsie
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Puc. 2. Kongpurypanus mpearaeMoro BeHTHIBHO-
HHIyKTOPHOI'O JBUIaTelIs

Fig. 2. Configuration of the proposed switched reluctance
machine

KpUBLBIC HC B ITOJTHOHU MEpPE COOTBCTCTBYIOT JKCIIACMBbIM,
OJHAKO OIITHMMU3AIIUA MarHUTHOU TEOMETPUU BO3MOXXHA 1
MOXKET OBITh BBITIOJIHEHA B ,Z[aJIbHeﬁHIPIX HUCCIICOOBAHUAX.

Cucrema ynpasJieHUsl npeajaraeMbiM TSITOBbIM
MPUBOAOM

CucreMa ynpapjieHHs] AKTHBHOIO BBINPSIMUTEJIS
HanpsikeHust. Cucrema ynpasinenust ABH peannzoBana na
OCHOBE OOIIENPUHSATON CHCTEMBI BEKTOPHOTO YIIPABICHHS
C LIMPOTHO-UMITYJIbCHOM MOAYJISILMEN, aHAJIOTUYHON TOM,

Lde.sat A

Lmax B

45° 135°

Y
A
Y

Lmin

90°

90°

Ileproa

1 [ 12T 13141516 12

1 2 3 4 5 6 7 8 1
al- Bl- c1- DI~ Al- Bl- cl- DI-

Puc. 3. DneMeHTapHBIH 4eThIpex(da3Hblil § X 6 BEHTUIBHO-
UHIYKTOPHBIN JIBUTaTeIb

Fig. 3. Elementary four-phase 8 x 6 switched reluctance
machine

YTO MPUMEHSETCS Ul CHHXPOHHBIX JIEKTPOJBUTATENEH 1
CETEBBIX MHBEPTOPOB. JIaHHBIN MOIXO[ SBISIETCS OIXHUM
13 HamboJiee pacipoCTPaHEHHBIX METOAOB Pa3pabOTKH
anroput™MoB yrpasienus ABH [14-16].

Ha puc. 6 mpezacTaBieHa CTpyKTypHasi CXeMa CHCTEMBI
BEKTOPHOTO yTpaBJieHus, ucronas3dyemoro B ABH. 3ananne
Ha HanpspkeHue 31T Up BMecTe ¢ 00paTHOI CBA3BIO 110
TeKylleMy HanpsikeHuto Upc IogaeTcst Ha MpOoNopLHu-
OHAJBHO-UHTEIpANbHBIN perynstop HanpsbkeHus 3IIT.
s obecnieueHust 6ojee OBICTPON peaklUU Ha CKayKo-
o0Opa3Hble N3MEHEHHsI Harpy3KH B CHCTEME YIIPaBICHHS
ABH peannzoBano npenynpasienue [15] Tokom mo ocu d,
MIPOITOPIIMOHATLHBIM TpeOyeMoil MOIIHOCTH U 00paTHO
MPONOPIMOHAIBHBIM aMIUTUTY/IE CETEBOTO HAIPSIKCHHS
U,,. Tpebyemass MOLIHOCTb PAaCCUMTHIBAETCS KaK CyMMa
MOIITHOCTEH, TTOTPEOIIeMBIX 0OMOTKAMHU JIEMEHTAPHBIX
mamd BUJI, nogkinroueHHbIX K fanHoMy ABH.

Cucrema ynpasjieHUsl HECHMMETPHYHBIM MOCTOM,
NUTAINM (a3bl ABUraTess. Cucrema ynpasieHus ABU-
raTesisl peajqu3yeT NPOCTON LUK KOMMYTAlUU, KOTOPbIN
JIOJDKEH 00ecrevyrnBaTh MOCTOSHHBIN BBIXOAHOH MOMEHT
IIPY T101a4y€ HOMHHAJIBHOTO HANpsDKeHUs Ha (a3y JIBUTa-
Tensi. Pabora Takoi cucTeMbl yIipaBieHus B IBUTaTeIbHOM
pexuMe nokas3aHa Ha puc. 7, a.

Hampspkenune nogaercst Ha ¢asy mpu HOMUHAIBHOH CKO-
pOCTH B HayaJle yJyacTKa MHHUMAJIbHON MHYKTHBHOCTH.

S—

A
Y
A

Y

~y

>
0,5 0

Inac

Puc. 4. Tpebyemsble mpoduii MHIYKTUBHOCTH (@) U HAMarHMIUBaHUS (D) mpeutaraeMoro BeHTHIBHO-HHIYKTOPHOTO ABUTATEIS.

L josqs — MHIAYKTUBHOCTb HACBIILEHUS; L.

— MaKCUMaJIbHast UHAYKTUBHOCTb, L

min —— MHUHHUMaJlbHast HHAYKTUBHOCTb,

0,, — snexrpuueckuil yroi; ¥ — norokocuerienue; ¥ , — morokocueieHue Bo30yxaeHus Toukn 4; ¥y — MakcumanbHOE

MOTOKOCIIEIJIEHHE TOUYKU B [,

Hac

TOK HACBIIIEHHS; { — TOK B OOMOTKE

Fig. 4. Desired inductance (a) and magnetization profiles (b) of the proposed switched reluctance machine.

L 45 — saturation inductance; L, — maximum inductance; L,

max

min
Y, — excitation flux linkage at 4; W3 — maximum flux linkage at B;

minimum inductance; 6,, — lectrical angle; ¥ — flux linkage;

1, — saturation current; i — current in the winding
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Puc. 5. CeMeiicTBO KPUBBIX IPEUIaraéMoro BeHTHIbHO-MHIyKTOPHOI'O JABUTaTelIs: HOTOKOCLCIUICHH s (@) 1 HaMarHuuuBauus (b) mpu
HOMMHaJIbHOM Toke 400 A.

Ha puc. 5, a: uBeTHbIe JIMHUM — KPUBbIE HAMATHUYNBAHUS; TyHKTUPHAS IMHHUS — MCIIOIb3yeMbIH MPpoduiib

Fig. 5. The family of magnetization profiles () of the proposed switched reluctance machine and flow coupling at rated current (a)
400 A.

In Fig. 5, a: the colored lines — the magnetization curves; the dotted line — the profile used

Toxk Bo3pacTaeT 10 CBOEr0 HOMUHAJIBHOTO 3HAYEHUs, a UH-
IYKTHBHOCTH (ha3bl HAYMHACT YBEIMINBATHCS, 00CCIICUBast
TTOCTOSTHHBIN BBIXOTHOH MOMEHT. [loTokocmernenne ¢assl
pacreT Bce 310 BpeMsi. Korjja nHAyKTHBHOCTH (hasbl 10-
CTHraeT MaKCUMAJIbHOTO 3HAUCHUsI, (ha3a OTKIIFOUACTCS, Ha
Hee T0JIaeTCsl OTPUIIATENIbHOE HAMPSKEHHUE, U TIOTOKOCIIE-
IJIEHWE C TOKOM HaYMHAIOT YMEHbIIAThCA. BhIXoaHOM MO-

MEHT paBeH HYIIO, TaK KaK MHIYKTUBHOCTb HE U3MEHSETCA.
IMocne ymeHbIIeHNs TOKA U TIOTOKOCLETUICHUST /10 HyIIs (has-
HOE€ HamlpsDKEHHE TaKKe CTAaHOBUTCA HyleBbIM. Cucrema
YIPaBJIEHUS OKUAAET Hauasa CJIEAYIOIIEro HUKIa KOMMY-
TallU{ B HA4YaJle y4yacTKa MUHUMAaJIbHOW MHIYKTUBHOCTH.

B TopMO3HOM pexuMe, B KOTOPBIH TATOBBIM IIPUBOJ,
MOXET II€PEXOAUTh IIPU ONPEEICHHBIX YCIOBUSIX, UC-

Unc ref L ref K o ref UA ref Ya
VCd |—>(g) ‘ ccd ¥ d.q » o p > L
A uBVef YB
Upc i =0 » UM —»
q ref Up oy UC ey Yo
ey CCq a, f » /a,b,c > ——»
A ref A
Un | ! 4 T
| Upce
y |
l'/:l | 0 +— HaGnronarens
(23231
i | e
I $ Z lg 4 Iy in
: | d, q /| wp /e—
B
i | o/l RIS
e 3 2/ 0. p b, c 4

Puc. 6. Cxema cucTeMbl yIpaBJIeHHUs aKTUBHOTO BBIIPSAMUTENS HanpspkeHus (ABH).

VCd — perynsrop nanpsokenns no ocu d; CCd, CCq — perynsatop Toka 10 oct d 1 ¢; Up o — 3a7aHAE HAPSDKEHAS 3BEHa MOCTOSTHHOTO
Toka; Up — HanpshKeHHe 3BeHa MOCTOSHHOIO Toka; U, — aMIUIMTYy/a CEeTeBOTo HapsKeHus; d, ¢, o, B — ocu pacueTa BeKTOPHOH
CHCTEMBI YIPABIICHUS; U 1—Up) — HANPsKEHHE OOMOTOK JIBYX 2JIEMEHTApHBIX MALIUH, HOAKIOUeHHBIX K ABH; ip— ip, — Tok 06MOTOK
JABYX DIIEMEHTAPHBIX MAIIMH, TOAKIMIOUCHHBIX K ABH; iy 0 iy o g Iys 1> Iy — PACUCTHBIC 3HAYCHHS TOKOB;
ips i, ic — (asHbIe TOKH ceTr; O — pacyeTHBIH SNEKTPUIECKHUI YTOIL Uy o Uy rofs Ug rops Up refs UA refs UB refs UC rof — PACUETHBIC 3HATCHHSI
HANPSKEHUS; Yo, Y, Yc — KOO(QGUIMEHT 3aN0JHEH s LIMPOTHO-UMITYIbCHOI Moy suuu (LLIHMM)

Fig. 6. Control system diagram of active rectifier (AR).

VCd — voltage regulator along the d axis; CCd, CCq — current regulator along the d and g axes; Up ,.,,— setting the voltage of the DC
link; Up— voltage of the DC link; U,, — amplitude of the mains voltage; d, ¢, a, p — calculation axes of the vector control system;
up1—Up, — voltage of the windings of two elementary machines connected to the AR; i, ;—ip, — current of the windings of two elementary
machines connected to the AR; i, refs Lq rep > lgs Tgo 1p— calculated values of currents; i, i, ic — phase currents of the grid; 6 — calculated
electric angle; Uy op Uy rop Ug rep Up rep U reps UB rep Uc rep— Calculated voltage values; v, g, Y¢ — pulse width modulation (LLIUM) duty
cycle
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Puc. 7. llocnenoBarenbHOCTE KOMMYTAIMH OAHON (ha3bl B IBUTATENEHOM (@) ¥ TeHEpaTopHOM (b) pexumMax.

v — HanpsbkeHHne asbl; { — TOK (a3bl; M — MOMEHT, co3/aBaeMblii (a3oil; L

unsqt —— HCHACBIIICHHAS! HHAYKTUBHOCTD; \Jf —

IIOTOKOCIHECIICHUE

Fig. 7. Commutation sequence of a single phase in the driving (@) and generating (b) modes.

v — phase voltage; i — phase current; M/ — torque created by the phase; L

MOJIb3YeTCs] MHOW IUKJI KOMMYTAIlMH, HAYMHAIOUTUHCS B
Havyayie (a3bl MAKCUMAIIbHON MHAYKTUBHOCTH (puc. 7, b).
Teneps Ha 0OMOTKY TOJACTCSI MTOJIHOE HAIPSDKCHUE JIJIS
HamaranuuBanus ¢a3el BUJ[. OgHako MOMEHT He co3/1a-
€TCsl, TaK KaK HHIYKTUBHOCTH (Pa3bl mocTostHHA. Da3HbIi
TOK JJOJDKEH JOCTUTHYTh CBOEI0 HOMUHAJIBHOTO 3HAYEHUS
K KOHIly yyacTKa MakcuMalbHOU MHAyKTHBHOCTU. Korga
WHIYKTUBHOCTh HAUWHAET yMEHBINATHCA, (Da3a IOIDKHA
OBITH OTKJIIOYEHA, M TOK TETIeph BO3BpAIIACTCS 0OpaTHO B
31T gepe3 oOparHbie Auobl. DasHOE HAMPSIKEHUE MEHSIET
CBOM 3HAaK Ha OTpULATENIbHbIN. [Ipn HOMHUHAIBHON CKOPO-
CTH TOK OCTaeTCs MOCTOSIHHBIM, TaK KaK OTHOIIEHHE MPO-
U3BOJIHBIX TTOTOKOCICIUICHUS U (pa3HOW MHIYKTHBHOCTH
siBisieTcst mocTossHHbIM. @aza BUJ[ co3naet nocTostHHBIN
OTpHIIATENIbHBIA MOMEHT. [1pu 10CTHKEHUN MUHUMAILHOM
UHIYKTUBHOCTH MOMEHT CTAHOBUTCSI PaBEH HYJIO, U TOK
YMEHBILAETCS A0 HYISI.

Jnst ckopocTeil HUXKe HOMUHAJIBHON JJIMTEIbHOCTh
HaMarHWYUBaHUS (a3bl KaK Ui IBUTATEIBHOTO, TaK U
JUTSI TEHEPATOPHOTO PEKUMOB MOKET OBITh YMCHBIIICHA.
YpoBeHb (ha3HOTO TOKA MOKET PETyIUPOBATHCS C TIOMOIIBIO
PENeHHOTO perynsiTopa TOKa, OOBIYHO MCIOIB3YEMOTO B
npuBojax Ha ocHose BU/I.

3ananue (Ha3HOro TOKa MOXKET YCTaHABIMBATHCS IPO-
MOPIMOHATBHO-UHTETPAIBHBIM PETYISITOPOM CKOPOCTH.
MOKHO JIOTTyCTUTh, YTO OHO MPUOITM3UTEIBHO MPOMOPIIH-
OHaJIbBHO MOMEHTY, pousBoxumomy BU/I, B obnacru 3a
KOJICHOM HACBILLEHUSI.

Pe3ysbTarhl Mo IMPOBAHUSA

BrixogHas MOIIHOCTH pacmpeneiaeHa Mexay 6 aie-
MeHTapHbIMU MalinHamu BUJI. HomuHanbHas MOLHOCTD
Kaxka0u anemeHTapHoi mamuuel BUJl ycranosnena Ha
ypoBHe 400 xkBt. [Ipu 3TOM B Ka)KAbIii MOMEHT BPEMEHU
pabouas daza, nuraromasicst Hanpspkernem 1000 B B 311T
JIOJ’KHA TTPOBOJUTH HOMUHAIIBHBIN TOK:

unsar — unsaturated inductance; y — flow coupling

1/6

Pus _ 400 (1)
o .

DC

1

HOM

J1 HOMUHAIILHOM CKOPOCTH 71, = 200 00/MuUH, 00bI4-
HOW JUTS TIPUBOMIOB TPEOHBIX BHHTOB [19], anekrprueckas
YIJIOBasi CKOPOCTb COCTABIISIET:

2n pan
e nMex5Nr =754 T:

®
rae N, — 4ucio 3y01oB poTopa.
Torna MUHMMaIbHOE 3HAUYEHUE MMOTOKOCIETIIICHHS B
Touke A (puc. 4, b) MOXXHO OIICHUTH 110 POpMyIIe:
min
Winin = UDC HOM = 1,05 Bo,

71

rae 0,,;, — UIUTeJIbHOCTb yJacTKa MUHUMAJIbHON HHIYK-
TUBHOCTH B YIJIOBOM BBIPaKEHHU; O, — DJIEKTPUUYECKas
YIJI0Bask CKOPOCTb.

[Monmy4nuM MUHMMAJIbHYIO HHIYKTUBHOCTD L, B BUJIE:

Winin
min —
HOM

L =2,6 M 'H.

ComnacHo puc. 4, b, makcuMajlbHasl HEHACBIILIEHHAs
WHYKTUBHOCTB L., B 5 pa3 0oJbIe MUHUMAIbHOM!

Lypax = 5Ly =13 MIn,

max

a TOK HaChIIICHHUA [Hac YCTAHOBJICH BABOC MCHbBIIIC HOMU-

HaspHOTO TOKa (1) M paBeH:

[TapameTpsl cucTeMbl MpeoOpazoBaTess: KOHASHCATOP
3IIT pasen 10 M®; yacToTa MHUPOTHO-UMIYIBCHON MO-
Jqynsiun — 5 kI I; HHAYKTHBHOCTH CETEBOTO JpOCCelis U
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WHAYKTUBHOCTh PaccesiHusl 0OMOTOK TpaHchopmaropa —
10 mIH.

Kaxxnpiit ABIT nuraer nBa snementapusix BU/I.
CymmMmaphas momHocTh coctasisieT P = 800 kBT, Torna
AMIUTUTYIHBIC 3HAYCHUS TOKOB PaBHBI:

P Z-990a. 2)

IABH =
UABH

[TosrydyeHHbIe 3HAYEHUS! TOKOB BTOPUYHOW OOMOTKH
(puc. 8, a) mpeBbImaroT pacyetHsle 1o (2). Habironaemble
ITYJIBCAIINY AMIUTUTY/IBI BXOAHBIX TOKOB BBI3BaHBI ITyJIbCa-
IUSIMA MOIIHOCTH Ha Bajy, KOTOPHIE B3aMMOAEHCTBYIOT C
perymsropom Hanpspkerus 3I1T. Hampsoxenus Ha BXoze
HWHBEPTOpPa CO CTOPOHBI CETH MOKAa3aHBI Ha puc. §, b, c.
Wcnonp3oBanne ABH mo3BoisieT MUHIMH3UPOBATH TI0-
TpebieHre PeaKTUBHOW MOLIHOCTU M3 CETH, HMUTHPYS

iABH.B iABH.C

1200 . laBHA

Toxu ABH, A
5 00
S o
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0,000 0,004
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0,008

Puc. 8. Toxu (ipgy) (@) n HanpspxeHns (1 py) Ha dasax A, B, C
(b) u Ha daze A (mpubIMKEHHO) (¢) AKTUBHOTO BBIMPSIMUTEIIS
HAIPSDKEHUSE

Fig. 8. Currents (i5gp) (a) and voltages (u,pp) in phases A, B,
C (b) and in phase A (magnified) (¢) of the active rectifier

aKTHBHYIO Harpy3Ky 0e3 co3/1aHus 3HAYMTEIIbHBIX UCKaXKe-
HUM rapMOHUUYECKOTO COCTaBa HANPSKEHUS U TOKA B CETH.

Ucnons3oBanne ABH mno3BosisieT nogaepxuBarb Ha-
npsbkerne B 31T Ha TpedyeMoM ypoBHE ¢ MaJIbIMU OTKJIO-
Henusamu [ 14] (puc. 9). [Ipu cTabMITEHOM 1 HOMUHATEHOM
HanpspkeHnsx B 31T mymascaruu MOMEHTa MOTYT OBITh
HE3HAYUTENIbHBIMU, €clii KOHCTpyKuust B/ BeimonHena
C YYETOM TIPEIIIOKEHHOM (POPMBI 3aBUCIMOCTH HAMarHU-
yuBaHus (puc. 4).

BU/I pabotaet 0e3 OrpaHH4eHUsS TOKA B PA30MKHYTOM
CHUCTEME B COOTBETCTBHH C LIUKJIOM KOMMYTaIuu (puc. 7).
B cBs3u ¢ Tem, 4To pabouue yCIOBUs C TOUKU 3pEHUsSI Ha-
npsbxenus 3[1T u ckopocT GIM3KU K HOMUHAJIBHBIM, TOK
OMM30K K HOMUHAIEHOMY 3HaueHH0 (puc. 10). Cucrema
obecrieunBaeT OanaHC MOITHOCTH: C POCTOM HarlpsHKEHHS
B 3IIT BrIXOAHON MOMeHT U MowHOocTh BU/J Takxke yBe-
mauBarorcsi. CyMMapHBIH BBIXOJHOM MOMEHT oT 24 da3
MTOBTOPSIET (POPMY BBIXOJHOTO MOMEHTA OJTHOTO JJIEMEH-
taproro BUJI u menbIie ero B 6 pa3 (puc. 11). MomeHTHI
aneMeHTapHbIX MamH BUJI naeHTnyHB! O1arogaps ot-
CYTCTBHUIO MOTPEIIHOCTEH M3TOTOBICHUS U CHMMETPHUHU
TOTIONIOTHH U yrpasieHus. [Ipu 3ToM cyMMapHBIi MOMEHT

Usir

998.,6

998.,4

Hampsokenue, B

998,2

998.0
0,00 0,02 0,04 0,06 0,08 0,10
Bpewms, ¢
Puc. 9. Hapsxenne Ha 3B€HE OCTOSHHOTO TOKa

Fig. 9. The voltage of the direct current link
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Puc. 10. Moment (M;) n Toxk (i) Ha ¢a3ax A, B, C, D
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cocrasisiet 3120 H-m ¢ ammmurynoit mynscarmii 70 H-wm,
YTO paBHO Bcero 2,2 %.

AHaJIOTUIHBIA SKCTIEPUMEHT OBLI MPOBEACH B TOP-
MO3HOM pEXHME PabOTHI C 3alaHUEM OTPHUIATEIBHOTO
MOMEHTA. YTJIbI KOMMYTallnu 6I)IJ'[I/I CMCUICHBI U1 B036y)K-
nenns ¢azsl BUJI B Hauasie cOrIacOBaHHOTO MOJIOKCHUS.
Pe3ynbTarsl MogenupoBaHUs IPEACTaBIEHBI Ha pHc. 12.

B 3akitoueHue ObLI BBIMOJIHEH SKCIIEPUMEHT C ITy-
CKOM IIPUBOJIA I10JT HArPY3KO#, XapaKTepHOI s Cyno-
Boro rpedHoro BuHTa (puc. 13). Ilepexoquslii mpouecc
JIEMOHCTPUPYET TOUHYIO cTabminu3anuto MomeHTa BUJ]
JUISL TIPETIOKEHHON KOH(UTYpaluy TIOBEPXHOCTH HaMar-
HUYUBAHUS BO BCEM JIMANAa30HE CKOPOCTEH BILIOTH IO HO-
MUHAJIbHOM.
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Fig. 12. Torque and current of one elementary 4-phase motor in
the braking mode
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3akJ/iouenne

[IpezncraBneHa TONONOTHS TPUBOJIA, BKIIOYAIOIIAS TPU
AKTHBHBIX BBIIPSIMUTEINS HANPSHKCHUH, KQKIBII U3 KOTO-
PBIX 00eCreYnBaeT 3a1aHHOE HAPSHKEHUE HU3KOBOJIBTHBIX
saeek u utaeT § (a3 24-dasnoro aBurarens. Pe3ymsraTs
MOJIETUPOBAHHUS ICMOHCTPHPYIOT (JOPMHUPOBaHIE MOMCHTA
¢ ypoBHEM Iynbcanuii 2,2 % B pa30MKHYTOH CHCTEME, UTO
SBJIACTCS OTIIMYHBIM [IOKa3aTesIeM AJIsl BEeHTHIbHO-HHIYK-
TOPHBIX )IBHFaTeHeﬁ B HOMHMHAJIBHBIX YCJIIOBUAX. AKTHBHBIE
BBINPSIMUATEIHN HATIPSDKEHUsI 00ECTICUMBAIOT PEryJIMPOBaHUE
HapsAKCHUA 3BEHLEB IMTOCTOAHHOT'O TOKA, rapaHTUPYS HU3-
KU k03 (QUIHMEHT HCKAKEHUH, TTOTPEOISIEeMOT0 U3 CeTH
TOKA.

KitoueBbIM IpenMyIecTBOM MPEIOKEHHOH TOTIO-
JIOTUU SIBJISIETCSI €€ OTKa30yCTOWYUBOCTH M MOJYyJIbHAs
KOHCTpYKLUL. B ciydae oTka3a Jito00ro akTHBHOTO BBINIPS-
MHUTEISI HalPsDKEHHS,, HHBEPTOPHOTO MOIYJIS MM 0OMOT-
KU TpaHcpOpMaTopa, CUCTEMa TATOBOIO AJIEKTPONPHBO/IA
MOXXET HPOAODKHUTH paboTy ¢ MOHMKEHHONW MOIIHOCTBIO.
[IpuMeHeHne KOHIIEHTPUPOBAHHBIX 0OMOTOK 0Oe3 mepe-
cedeHus JT0OOBBIX YacCTel ITOBBIIIACT HaACKHOCTb U pe-
MOHTOIIPHUTIOAHOCTb CUCTEMBI, UYTO KPUTUYCCKHU BAKHO
JJIA MOIIHBIX MPOIMYJIbCHUBHBIX CYJTOBBIX HpHMeHeHHﬁ.
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Tononorus TArosoro anieKTponpmneoga C BXOOHbIM TpaHCCDOpMaTOpOM N aKTUBHbLIM BbINpAMUTENIEM HAaNPAXEHNA. ..

Harpumep, oTka3 01HOTO aKTHBHOTO BBITIPSIMUTEIIS TPUBO-
JIUT K CHIDKEHHIO BBIXOJHON MOIIHOCTH MPUOIN3UTEIBHO
Ha 30 %. OTka3 oHO# 13 00MOTOK TpaHc(opmaTopa Mpu-
BEJIET K CHIKCHHIO BBIXOAHON MOITHOCTH PHOIN3UTEIIBHO
Ha 15 %. OTka3 omHOW W3 0OMOTOK MAITUHBI IPUBEICT K
YBEJIMUCHHUIO MTyJIbCAIINH MOMEHTA, @ MOIITHOCTh CHU3UTCS
Bcero Ha 4,2 %.

[IpubmmkeHne K )kexaeMoi TOBEPXHOCTH HaMarHN4IH-
BaHUS MOXKET OCYIIECTBIIATHCS C HCIOIb30BaHUEM METOIOB
OIITHMU3AIIMH U PACUETOB METOIOM KOHEUHBIX JIEMEHTOB.
310 1M03BOJIUT O0JIEe TOYHO MPOBEPUTH KAaYeCTBO CTAOU-
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OynyT crenansl B Oyaymieit padore.

B pamkax nganpneifmeii paboThl TakXkKe IIAaHUPYETCS
MCCIIe/IOBaTh ¥ M3YyUHTh BIUSHUE OTKa3a OTHOM M3 0OMOTOK
Ha paboTy BEHTWJIBHO-UHyKTOPHOTO ABUTaTems. Takxke
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