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AHHOTAIUS

IIpenmer ucciaenopanus. Pa3puTre MUKPOIIPOLIECCOPHOI TEXHUKH M CHUIIOBOH 3MEKTPOHHKH MO3BOJIMIIO CO3JaBaTh
Hegoporue 1 3(p(EeKTUBHBIE CUCTEMBI YIIPABICHUS PA3IMIHBIMU MEKTPOMEXaHHUECKUMH 00BbEKTaMHU, KOTOPBIE paHee
IIMPOKO HE MCIIOIb30BATHCh M3-3a CIIOKHOCTH ympaBieHus. K TakuM ycTpoiicTBaM MOKHO OTHECTH BEHTHIIBHO-
MHAYKTOPHBIC IEKTPUUECKHE MAIIMHEL. J[aHHBIC MAIINHBI ITUPOKO MPUMEHSIOTCS B PA3IMIHBIX MPAKTHIECKUX
pa3paboTkax, HallpuMep, B TATOBOM DIEKTPOIPHBOLE, B MEKTPOIPUBO/E HE(PTETra30BbIX OypPOBBIX yCTAHOBOK H IPYTHX
HaIpaBJICHUAX. BeHTUIbHO-UHYKTOpHAS 2JIEKTPUUCCKAs MAIlIMHA, HECMOTPS. Ha CBOU SIBHBIC [IPEUMYILECTBA, SIBISICTCS
CYILLIECTBEHHO HEJIMHEHHBIM 00BEKTOM, METO/IbI YIIPABIICHHSI KOTOPBIM TPeOyroT (hopMalIM3aLivy ¥ TPyHIUpoBKy. MeTom.
PaCCMOTpeHbI KOHCTPYKTHBHBIC U d)yHKLlPlOHaJ'lebIe OCO6CHHOCTI/I BECHTUJIbHO-UHAYKTOPHBIX DJIEKTPUUCCKUX MalllliH,
a TakKe MOKa3aHbl OCHOBHbIE METOABI UX yIpaBlieHHs. BbINMONHEH CpaBHUTENbHBIN aHAIN3 HauOoIee N3BECTHBIX
crnoco6oB ympasineHus. OcHOBHBbIe pe3yJbTaThbl. [IpHBeIeHE OCHOBHBIE KIACCHYECKUE METOJbI yIPaBICHUS
BEHTHJIbHO-UHAYKTOPHOM IEKTPUUECKON MAIIMHON: IPUMEHEHHE PEeIeHHOro peryasropa Toka ¢ OrpaHuYeHHEM,
METOJ PETyIHPOBAHUS YITIOB BKIIOUCHHS/BBIKIIOUCHUS U YIPABICHHE HANPSHKEHHUEM 3BEHA MOCTOSHHOTO TOKA.
IIponeMOHCTPUPOBaHBI IEPEXOJHBIE IIPOLIECCH B CUCTEME JIEKTPOIPUBOAA IIPH UCIIOIb30BAHUM PACCMaTPUBACMBIX
MetozoB. [TokazaHo, 4TO IMyTeM peryaupoBaHMs YIJIOB BKIIOUCHUS/BBIKIIOYEHHS MTOTyYeHA BOSMOKHOCTE CHHIKEHHS
k03¢ UIMeHTa OCHMUIILUY Bpamaroero Momenra. IIpakTnyeckasi 3HAYUMOCTh. BrIsBIeHHBIE 0COOCHHOCTH
PacCMOTPEHHBIX METOJIOB [IO3BOJISIIOT YIPOCTUTH M COKPATUTh BpeMsl pa3paboTku 3(pPEeKTUBHOI CHCTEMBI YIIPaBICHHS
BEHTHJIbHO-MHIYKTOPHOH MEKTPUUECKOH MAIINHOMN, a TaK)Ke YMEHBIINTD Iy/IbCalliH BPAIAIOIIEro MOMEHTA.
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Abstract

Nowadays it has become possible to develop inexpensive modern control systems for nonlinear complexity
electromechanical objects due to the development of microprocessor technology and power electronics. Switched
reluctance electric machines are among these devices. It makes it possible to widely use such electric machines in
various practical implementations, in particular, in traction drives, electric drives of oil and gas drilling rigs, and in
other applications. The switched reluctance electric machine is a non-linear object, and its control methods require
formalization and grouping. The manuscript considers the design and functional features of switched reluctance
electrical machines. The main methods of controlling these electrical machine types are given. Comparative analysis
of the most known methods is carried out. The main classical methods of switched reluctance electric machine control
are considered, such as a relay current controller with a limitation, the method of controlling the turn on/off angles and
controlling the DC link voltage. Transient responses in the electric drive system are demonstrated using the considered
methods. It is shown that by adjusting the on/off angles, it is possible to reduce the torque oscillation coefficient. The
identified features of the presented methods will make it possible to simplify and reduce the development time for an
effective control system for switched reluctance electrical machines as well as to reduce the torque ripple.
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BBenenue

YnpaBneHue BEeHTUIbHO-UHAYKTOPHON 31EKTPHUECKOI
MammmHOU (BUDM), siBInsromelics HeTHHEHHBIM 00bEKTOM
YIPaBJIEHUS, aKTUBHO MCCIIENYETCSI B HACTOSIIIEE BPEMS B
CBSI3U C PA3BUTHEM KaK CUIOBOM MOIYIIPOBOJHUKOBOM TEX-
HUKH, TAaK U MUKPOIIPOLIECCOPHBIX CPEJCTB YIIPaBICHMUSI.
Kak u nro6as anexrpruyeckas mammaa, BUOM moxer pa-
0oTarh B peKUMe reHeparopa U ABurarens. B nanpHeiem
paccMaTpHUBaeTCsA BEHTUIbHO-UHAYKTOPHBIN ABUTaTEIh
(BU ) xax Hanbonee ucnonbs3yemblit Tun BUOM, onHako
BCE METO/Ibl YIPABICHUS CIPABEJIMBBI U JJIsl BEHTUIIb-
HO-UHAYKTOPHOI'O TeHepaTopa.

AHanu3 Tonojioruu U cTpykrypsl BUJI nmpuseneH B
pabote [1]. [Tokazana knaccudukannonnas cxema BUJI,
KOTOpBIE 1O POAY ABHMKEHUSI MOXKHO pa3JeiauTh Ha Bpa-
IATEJIbHbIE U JUHEHUHBIE JIEKTPUUYECKUE MalUIMHBI.
[ocnenane mogpobHO onmcansl B padote [2]. Taoke B [1]
MIPUBEIEHBI METOBI pacuera mysnbcaunii MomenTa, KITI u
MPEACTaBIEHbl METOABI ONITUMHU3ALMU KOHCTpYKIMK BUJ]
KaK I'paJMEeHTHBIMHA METO/IaMH, TaK U METOJIaMH C IIpUMe-
HEHHEM HeHPOHHBIX ceTeil. KOHCTPYKTUBHBIE 0COOEHHOCTH
u MeTobl ynpasienuss BUJl orpaxens! Takke B padore
[3], B koTOpOIi aBTOpaMu BbITIONHEH aHann3 BUDOM st
JJIEKTPUUECKOTO TPAHCHOPTA M PACCMOTPEHBI METOJIbI X
yIpaBIeHUs, BeAYyIHE K YMEHBIICHHIO TyJIbCALUil MOMEH-
Ta C TIOMOIIBIO UCTIONB30BaHNUS: (DYHKIIMH pacTIpeeICHUs
KpYTALIEro MOMEHTa [4], IpsIMOTo yIpaBie€HUs] MOMEHTOM
[5, 6], yripaBiIeHHS B CKONB3AMIEM PEKUME C IIPUMECHEHH-

€M THUCTEPE3NCHOTO PEryisiTopa Toka [7, 8], ananTuBHOTO
perynsTopa ¢ HedeTKo# Jorukoii [9, 10], HelpoHHOM CeThIo
[11, 12], ynpaBnenus ¢ nmporao3upoBanuem [13—15], a
TaK)KE yNPaBJICHUS yIJIaMH BKIIOUEHUS/BKIIOUCHUS IS
MOTyueHUs] He0OX0qMMOM opmbl Toka [16, 17].

B pesysbrare ananmza uccieioBaHuil B 00J1aCTH yIpas-
nenust BUJI BUIHO, 4TO B HACTOsLIEE BPEMS OTCYTCTBYIOT
PYCCKOSI3bIYHBIE HAay4HbIe paboThl, MO3BoOJIsIONIHE (Op-
MaIM30BaTh JaXke MPOCTEHIINE MOAXOb! K YIPABICHUIO
BUJI. Cnenyer OTMETUTH, YTO HAy4HBIE UCCIICAOBAHUS B
JTOM T€MaTHKe aKTHBHO BEAYTCS, U TaKHE JUCCEPTALH-
OHHBIC pa0OTHI Kak [18—21] mMO3BOISIOT C YBEPECHHOCTHIO
YTBEpXKIaTh, YTO 00IACTh OTEUECTBEHHBIX NCCIIEJOBAaHNI
BU/I pa3zBuBaercs.

3amada HacTOAMIEH pabOTHl — PacCMOTPEHHE CyIIe-
CTBYIOIINX anropuT™MoB yrpasnenus BU/I. C stoit nensio
HCCICIOBaHbI OCHOBBI IPOCKTUPOBAHUA I/IMI/ITaHI/IOHHOI\/’I
mozaenu BUJI, 6asupytomuecs: Ha ocobeHHocTssx BUDM,
a Tak)Ke 000CHOBAH BBHIOOP KOHCTPYKUuHU 6/4. OnucaHsl
MeTonsl ynpasineHus BI/I, npuBeneHs MaTeMaTHYeCKue
MOJIESIU U aHAJIU3 MOIy4YEHHBIX PE3YJIbTaTOB.

BeHTHIBLHO-UHAYKTOPHAS 3J1eKTPUYECKAast MALINHA
KaK 00beKT ylpaBJieHUs

BUIOM umeeT OTAMYHYIO OT KJIACCHYECKUX MAIIWH
CTPYKTYpY B 4acTH KOJIM4YeCTBa MOM0coB. CTaTop BBINOJI-
HEH aHAJIOTUYHO CTaTOPy aCUHXPOHHON 3JIEKTPHUUECKOi
MallIUHbI, @ POTOP COCTOUT TOJIBKO U3 MHOTOCJIOWHOIO cep-
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CpaBHUTENbHBIV aHaNM3 MeTo40B YNPaBAeHUS BEHTUIbHO-UHAYKTOPHOM 31IEKTPUHECKON MALUNHOM

JiedHrKa 0e3 0OMOTOK, C KOJIMYECTBOM IOJIOCOB, OOBIYHO
HE COBNAJAIOIIUM C KOJIMUYECTBOM IOJIIOCOB CTAaTOPA.

Tuns! koncrpyknmiit BU9M. PaccMoTpuM HECKONBKO
KOHCTPYKTHBHBIX peanuzanuii BUJI.

Oonoghasnvii BHJ] (koHCTpyKIMS 2/2) — camble Ipo-
CTBIE 110 KOHCTPYKIIMH JABUTATEIIN, UIMEIOIIHE 110 2 TI0JIF0ca
Ha CTaTope M Ha POTOpPE M COZEPIXKAIINE HANMEHbIIEE KO-
JUYECTBO coeqrHeHnH Mex Ty BUOM u CHITOBBIM OJIOKOM.
Henocrarkn 7aHHOTO MCIIOMHEHUS 3aKJIIOUAIOTCSI B OUYEHb
BBICOKHX ITYJIBCALIUSIX KPYTSIIIETO MOMEHTA U HEBO3MO)KHO-
CTH 3aITyCKa BO BCEX YINIOBBIX MOJNOXKEHUsIX. OnHoha3Hbli
BUJI MoxeT ObITh HCIOIB30BAaH B COCTABE BHICOKOCKO-
POCTHBIX 2JIEKTPOTIPUBOJIOB, OJHAKO ITPOOJIEMBI € 3aITyCKOM
BU/I MoryT mpensTcTBOBaTh X MPUMEHEHHIO.

Jleyxgpaznvii BUJ] (xoHCcTpyKums 4/4) — UMeEeT 1O
4 mosoca Ha pOTOpE M Ha CTATOPE W NMPUMEHSIETCS B
YCTPOHCTBAX, YUUTHIBAIOMIMNX CTOUMOCTh COCJAMHEHNH,
OIHAKO MPUCYTCTBYET NpoOIeMa HATNIHNS Iy IbCAIH MO-
MenTa. [Ipobmemsr mycka B tanHOM BHIOM MoryT OBITH
PEIIEHBI IMyTEM yBEIMUCHHUS BO3AYIIHOTO 3a30pa MM 00e-
CTIEUEHHS aCHMMETPHUH MTOTF0OCOB POTOPA.

Tpexgpasnviii BUJ] (koHCTpyKIUs 6/4) — Hanbosee mo-
nyJspHas koHeTpykuus BU/I, kotopast npennaraer camoe
MIPOCTOE PeLIeHHE Ui ITyCcKa U YMEHbIICHHUS, IO CpaBHE-
HUIO C KOHCTPYKIMAME 2/2 u 4/4, mynbcanuii KpyTsIIero
MOMEHTa 03 HCIOIb30BaHuUs OOJIBIIOTO KoJn4ecTBa (as.
[Tpumenenne ansrepHaTuBHBIX Tpexdasueix BU/ ¢ ynBoeH-
HBIM YHCJIOM ITOJIFOCOB HCTIONB3YETCS B HU3KOCKOPOCTHBIX
anekTponpuBoaax. OgHAKO CyIIecTBYeT mpobdiema 1o-
SIBJIGHUS MYJbCAIIMHA KPYTALIETO MOMEHTA, OCOOCHHO B
OTHOWMITYJTbCHOM PEXHME yIPABICHUS HANPSKEHUEM.

Yemuwipexghaszuwiti B[ (koHCTpYKIUS 8/6) — MCTIONB-
3yeTcsl ISl CHUKEHUSI ITyNbCALi KPYTAIIEro MOMEHTA, Ofi-
HAKO HAJMYUE OOIBIIETO KOINYECTBA CUIIOBBIX YCTPONUCTB
1 COEIMHEHUH 10 CPAaBHEHHUIO C MPEAbITYIIUMH UCIIOTHE-
HUSIMU OTPaHUYMBAET IIpUMEHeHue nadHoro tuna BU/I.

Ilsamu- u wecmughasnvie BHJ/] MoryT 00ecrieuuTh cpaBs-
HUTEJIBHO MEHBIIHNE MyJbCAIUN KPYTSIIEr0o MOMEHTA I10
CPaBHEHUIO C YeThIpeXx- U Tpexdasupivu B/

Jlanee npu CpaBHUTEIBHOM aHAJIHM3E MCIIOIb30BaHA
KOHCTPYKIHA 6/4, kak Haubosee pacrpocTpaHEHHas B Ha-
CTOSIIIIEE BPEMSL.

OC0o0eHHOCTH BEeHTHIbHO-UHAYKTOPHOM
JIEKTPUYECKOIl MAIIMHbI

Paccmorpum xapakreprsie ocoberrocTr BUJI, xoTo-
pble HEOOXOANMO YUHUTHIBATh NIPH YIPABICHNH.

1) Henunetnas 3asucumocms nOmMoKOCYenieHus om
moxa u yena nogopoma pomopa. OyHKIHS MOTOKOCIE-

9max

9min

v, B6

0 100 200 300 400

i A
Puc. 1 KpI/IBLIC HaMarnn4iMBaHWs BEHTUWIbHO-UHAYKTOPHOTO
ABUTATEIs [IPU PA3JIMYHBIX YIVIaX IIOBOPOTA pOTOpa

Fig. 1. The flux-linkage curves with various rotation angle

TJICHHSI OT TOKA 3aBUCHUT OT yIVIa TIOBOPOTa poTopa [22] u
SIBJISIETCSI HEIMHEHHOW MOBEPXHOCTHIO, 00YCIOBICHHOM
MIEPEMEHHOM BEJIMYUHON BO3IYIIHOTO 3a30pa U padoToit
B 00JIaCTH HACHIILIEHUS CTAJIM MarHuTonposoja. Jlannyio
MOBEPXHOCTb MOXHO MPEACTAaBUTh CEMEHCTBOM KPUBBIX,
MOKa3aHHbIX Ha pHC. 1, TIe \y — MOTOKOCIeIIeHnE (a3bl
BU/J, i — tok dazst BU/, 0,,,,, — MakcuMalbHBbIi yron
nosopota poropa BU/I, 0,,;, — MUHUMaIbHBIN yrou 1o-
Bopota potopa BUJI. TouHoe oTciexruBaHue MOBEPXHOCTH
HAMaTHUYMBAHUSA SBISIETCS OINPENEISIONIEeH YacThI0 IPU
MIPOCKTHPOBAHUH OE3MATIMKOBBIX CHCTEM H CHCTEM YIIPaB-
JICHUS C TIPOTHO3UPYIOIIUMHI MOJIEIISIMH.

2) @opma (asznoeo moka 3a8uUcum om yaia 6KIoYeHus/
svikatouenus. Yrpasinenue BUJ ocymectsisiercst nmocpen-
CTBOM YIIPaBJICHHs KJIFOYAMH CHJIIOBOTO IpeoOpa3oBarels.
Tormosnorun cxem NnoynpoBOAHUKOBBIX ITpeoOpa3oBaresieit
npuBeneHsl B [1, 23, 24]. Haubonee mupoko mpuMeHse-
Mast IPY UHIYCTPHAJIBHOM HCIOJIHEHHUH TOTIOJIOTHS TIpeI-
craBisier cxeMy (puc. 2), rae Upc — HanpsbKeHHe 3BeHa
MOCTOSTHHOTO TOKa, MPEUMYIIIECTBAMH KOTOPOH SIBIISIOTCS
OTCYTCTBHE OOIIETO HYJIEBOTO MPOBOoa (pa3 U OTCyTCTBHE
MarHUTHOH cBs3M MexAy ¢azamu BUJI npu ux cormaco-
BAaHHOM BKITIOYCHUH.

IToxHas cxemMa BEHTHJIBHO-UHIYKTOPHOTO 3JEKTPO-
npusoja (puc. 3) conepxut BU/I koncTpykuuu 6/4, cu-

VD1 =K VT2 vD3 K VT4 VD5 K VT6
Upc (D C
¢daza A ¢daza B ¢aza C
K VTI vD2 HK VT3 VD4 —HK VT5 VD6

Puc. 2. Cxema HECUMMETPHIHOTO MOIYMOCTA CHIOBOTO NPeoOpa30BaTes BEeHTHIbHO-UHIYKTOPHOTO ABUTaTeNs

Fig. 2. Power converter scheme for switched reluctance motor
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Puc. 3. CxeMa BEHTHIIBHO-MHIYKTOPHOTO JJIEKTPOIIPHUBOAA

Fig. 3. Switched reluctance electric drive scheme

JIOBOI1 Kackas1, OJI0K yIpaBJICHNs CHIIOBBIMH KJIFOUaMH, KaKk
YaCcTH CHUCTEMBI YIPABICHU, ONEPUPYIOIIEH CUTHAIAMH
JIATYNKOB U YIIPABJISIOIIEH TOKOM, CKOPOCTBIO U TIOJIOXKeE-
HueM BU/JI. BusHo, 4TO KaKblii CUIIOBOM KJIIOY yIIPaBJIs-
eTcs MOCPEACTBOM OJIOKa ympaBieHus. Takum o0pa3oM,
BO3MOXHO MPOCKTUPOBATH AJITOPUTMbI MEPEKITIOYCHUA
CHUJIOBBIX KJIFOUEH C Pa3JIMYHbIMHA YITIaMHW BKIIIOUCHUSA U
BBIKJTIFOUCHUS JUTsS Kaxoit u3 ¢a3. Ha puc. 4 npuseneHa
JUarpaMma TOKOB U rmotokocterviennit gpas BUJI mpu pas-
JIMYHBIX yIVIaX BKJIIOueHus O, ¥ BbIKIroueHus 0, ., rie
foc ¥ iy, — V3MEPEHHBIA M 3aJaHHBIA TOKH (asbl; O, U
©;,, — N3MEPEHHAA U 3aaHHas CKOPOCTH; 0.y, — CUTHAI
TIOJIOXKEHHS; Oy, — 33JIAHHOE TOJNIOXKEHHUE; «A», «By, «C»,
«A'», «B'», «C"» — ¢a3zst BU/I. [Tokazan mpumep KoMMy-
tarmu (as3sl A. [1pu BmroueHnn (pa3el A TOTOKOCIICTIICHHE
Ha4YMHACT HAPaCTaTh U JOCTUTAET MAKCUMYMa IIPH COIIIAcO-
BAaHHOM TIOJIOKEHUHU cTaTtopa U poTtopa (aszbl A (yron BbI-
Kimouenus 0, ). PazHoCTh 3THX yroB 0003HaueHa 0 4,

Ha puc. 5 npuBeneHsl KpuBble CKOPOCTH U IIOTOKOC-
LETUICHUST KKI0H n3 (a3 npu yBeIMUEHUN YITIOB BKITIO-
YeHUs1/BbIKIIOUeHns. [IoMIMO TOTO, YTO NP M3MEHEHNUH

YIJIOB BKITIOUCHIISI/BRIKITIOUCHHS MEHSCTCS XapaKTep Ipo-
(hrtelt TOKOB M TIOTOKOCIETUICHHHA, MEHIETCSI MAaKCHMAITb-
Hast CKOPOCTb, pa3BHBacMasi ABATaTeNeM. B yacTHOCTH, TIpH
YCIIOBUSX, IPUBEACHHBIX HA PUC. 4, BEIXOAHAS CKOPOCTH
BUJ © = 2450 06/muH. [Ipu U3MEHEHHSIX YIJIOB BKJIIO-
YEeHUS U BBIKIIOYCHHS C COXpaHEeHUeM 0 ,,,;,; CKOPOCTbH
MeHseTcsl U cocTaBisieT ® = 1400 06/muH (puc. 5, a) u
® = 800 06/muH (puc. 5, b).

3) Buicokuii yposeHb akycmuueckoeo wyma. Viceneno-
BaHHE aKycTHueckoro myma BUJ] npuBeneno B padore
[25], B xoTOpO# M3ydeHs! neopManny cTaTopa Mmpu pas-
JUYHBIX PE30HAHCHBIX YacTOTaxX (puc. 6).

B paborax [25, 26] mokazaHO, 9TO TAPMOHUKY CHTHATIOB
TOKa PE30HHUPYIOT C PE30HAHCHBIMU MOJIAMH COOCTBEHHON
YaCcTOTHI KOHCTPYKITH CTaTopa ¥, TAKUM 00pa3oM, co3za-
€TCs1 3HaUUTENbHbIN aKycThuyeckuid nrym. [lym Bo3moxHO
YMEHBIINTS 3a C4eT OoJiee TIIATeIbHOTO MPOSKTUPOBAHUS
NIEKTPUUIECKON MAIIMHBI U CUJIOBOTO MpeoOpa3zoBaTess.
Bo-niepBbIx, MexaHHuecKasi KOHCTPYKIHS MOKET OBbITh
ONTUMHU3HUPOBAHA PA3TUYHBIMU METOAAMHU, B YACTHOCTH,
C TMOMOIIBIO0 IPUMEHEHUSI TEeHEePATUBHOTO au3aiiHa. J{ms
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Puc. 4. TloToxocuemnieHnst ¥ TOku (a3 BEeHTHIBHO-MHIyKTOPHOTO JIBUTraTelst Npu yriax 0y, = 40°u 0, ., = 70°
Fig. 4. Switched reluctance motor (SRM) flux-linkage and currents with turn-on angle 6,,,, = 40°, and turn-off angle 6= 70°

WCKITIOYECHUSI 3HAYNTEIBHOTO PE30HAHCA B pA00UHX TOUKAX
paccMaTpruBaeMoOro JUara3oHa CKOpOCTeH KOHCTPYKIUS
MOXET OBITh 3aKpeIuIeHa Ha OMope, YTOObI CBECTH K MH-
HUMyMY JBHKeHue camoro BU/I. Bo-BTOpbIX, BO3MOKHO
YMEHBIIUTh YaCTOTHBIE COCTABISIOMINE TOKOB, BBI3bIBA-
I0IIMe HanOosee XapakTepHble BUOPAMU B KOHCTPYKLIUH
JBUTaTens. bonee ciokHbIe MEpHI YCTpAaHEHUS aKyCTHYe-
CKOrO IIyMa 3aKJIFOYalOTCsl B PEryJIMPOBaHUH YITIOB KOMMY-
Taluu (1)a3H1>1x TOKOB I MUHUMMU3ALUU HCXKECIATCIIbHBIX
TapMOHUK KPYTSIIET0 MOMEHTA, a TaKXKe UCIOIb30BAHNE
YacTOT NEPEKITIOUSHUsI KITIOYEH CHIIOBOTO ITpeoOpa3zoBaTelist
BBIILIE YPOBHS CIIBIIIMMOCTH YEJI0BEYECKOTO yXa.

HNmuTannoHHble MOJAeIH BeHTHIbHO-HHAYKTOPHOI
3JIeKTPUYECKOH MAIIMHBbI

Cy1ecTByeT HECKOIBKO MOAXOA0B K UMHTALIOHHOMY
MonenupoBannio BIIOM, cBA3aHHBIX C BEIOOPOM OCHOBBI
MaremaTudeckor momemn BUJI.

Jluneiinasa monear BU/L. B cBs3u ¢ Tem, uto B (pazax
BUJ ¢opmupoBaHue MOMEHTOB MPOWCXOIUT C MAJBIM
BJIMSIHUEM B3aMMOMHIYKIUHU U HE3aBUCHUMO, a IIOTEPU HA
TUCTEPE3UC U BUXPEBBIE TOKM B MAarHUTOIPOBOJIE IPEHE-
OpeXkrMO MaTbl, BOSMOXKHO MTPOSKTHPOBAHNE UMHUTAIIHOH-
Hol Monenu onHol (Gazel BU/I n nanbHeimero o600meHus
pe3ynsraToB Ha Bcio BUOM. B pabotax A.b. Kpacosckoro
[21, 27, 28] Haubonee nMoapOOHO MPUBECH JTAaHHBIN MOA-
XOJl K CUHTEe3y MareMatudeckux moaenen BU/I.

Maremarndeckast monenb onHoi (aser BUJ[ B 00mem
cllydae UMeeT BUJ:

d
vk:l.kRkJr%v (1)

TOe Vg, iy, Ry ¥ ) — HalpsDKEHUE, TOK, CONPOTUBIICHHE U
MOTOKOCICIUICHUE k-i (a3el oomoTku BU/; k — mopsia-
KOBBIH HOMep oOMoTkHu (a3 BUJL;  — Bpemst.

PackpeiBas ypasHenue (1), moryumnm:
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Puc. 5. IloTokocuennenus 1 TOKU (pa3 BEHTMIFHO-UHAYKTOPHOTO JBHUTaTeNs npH yrax: 0, ., = 50°, 0, ., = 80° u ckopoctH

® = 1400 06/muH (a); 0,,,, = 60°, 0

BKJT

s O = 90° 1 cxopoctr © = 800 06/muH (b). Pasnocts yrios 0., = 30°

Fig. 5. Switched reluctance motor flux-linkage and currents with turn-on and turn-off angles 6,,, = 50°, 8,,= 80° and speed
o = 1400 rpm (a); 0, = 60°, 0,,7= 90° and speed © = 800 rpm (b). Angle difference 0., = 30°

Puc. 6. [lepopmarnyst craropa BEHTHIEHO-UHYKTOPHOTO
JIBUTATeNsl P pe3oHaHCHbIX YacTotax: 130 ' (a)
u 3372 I'u (b)

Fig. 6. Switched reluctance motor stator deformation at resonant
frequencies: 130 Hz (a) u 3372 Hz (b)

Oy, 0) diy . Oy, 0) dO
di, dt 00 dt

a\vk(lk, 9) dlk awk(zk, 9) do
e e e —
oy dt 00 dt
O/1C nBmxeHus; § — yIiIoBOe IMOJIOKEHHUE POTOpa.
ONEeKTPOMArHUTHBI MOMEHT 3aBHUCHT OT HOTOKOCIIE-
TUICHHS CONIACHO YPaBHEHHIO

>

Vi = ikRk +

i — DJIC caMOWHIYKIHH;

iy

M= — [y, 0)diy,
=100 0o

I M — KOJIMYECTBO (as.

B nansueiimem monens BUJ[ nuHeapusyoT nytem
aNNpOKCUMALUK XapaKTePUCTUK Y, (i;, 0) B 001acTax Ha-
MarHW4YMBaHUsI U HACHINCHHUS. IHIYKTHBHOCTB, B CBOIO
o4epe/ib, B TAKOM JIONYIEHUN U JIMHEAPU3alKi U3MEHSI-

eTCsl 110 CHHYCOM/IAJIbHOMY 3aKOHY OT MHHHMMAIIbHOTO JI0

MaKCUMaJIbHOTO 3HaueHui. Takum oOpazom,

— Juist 00J1aCTH HaMarHUYMBaHUS OTOKOCICIUICHHE U
MOMECHT [IPUHUAMAFOT BUJI;

y=1Li,
2 2
-t dL(®) _ " d(L., —ALcosb) %iz in;
2 do 2 do 2

— U1t 00JIaCTH HACBIIIEHHS TIOTOKOCHEINICHHE U MOMEHT
(BBIUKCIISIEMBIN TTOCPEICTBOM KO-DHEPTHH ):

V= Linin(i = i5q0) + Ligg
Liat

2
= (isati - ?)AL sin 0,

1

ow'(i, 0
1 G 0)
00

i
rae W'(i, 0) = (L,, — AL cose)(j + i (i — im)) -

+ Lininfsa(i — iqs) — KO-3HEPTHS; L ;) — WHIAYKTHBHOCTb
(basel BUJ; i, — TOK HachIIEHHUS.
Hemmneitnas moxeas BUJI. Cortacho [29, 30], 0600-

MICHHOE BBIPAXKCHUE IS ITIOTOKOCHECTUICHUA NMEET BUL
V= Lmini + [Ldsati + A(l - eigi) - Lmini]f(e)’

(Ld - Ldsat)

oo
(Wmax - Ldsatlmax)
IOUCHTHI, Ld — HEHACBhIIEHHAas MHAYKTUBHOCTH B COIJIa-
COBAaHHOM ITOJIOXKCHHWH, Ldsat — UHAYKTHUBHOCTDH IIPHU TOKE
HACBIIIECHUS, Y a0« — MAKCUMAJIbHOC ITOTOKOCLCIIIICHUC B
BBIPOBHCHHOM I10JIOXKCHU U, i — MaKCHUMAaJIbHBIN TOK.

1€ A = Ymax — Lasadmax 1 B =

max
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[IpomexxyTOuHbIE 3aBUCUMOCTH MOTOKOCLEIUICHUS OT
TOKa MEHSIOTCS B COOTBETCTBUU CO CIEAYIOLIeH Iepruoan-
YecKkol (yHKIMEH JJIsl HHTEPIIOJISIIUH:

f0) =
28:0° 48-0?
5 * 1, eciu 6 € [0, w/4]
T T
28:(n/2 — 0)°  48-(m/2 - 0)? N

{ n’ n?

1, ecnu 6 € [n/4, n/2]

MoMeHT, TeHepHpyeMBbIii 0JTHOH (ha3oii:

_ Ldsat B Lmin

M i2 +Ai—§(l — e Bi)|£(6).

Mertonsb! ynpasiaenust BU/{

Knaccuueckue cucrems! ynpasnenus BUJ] onepupyror
TaKTOM KOMMYTaIMH (a3bl, KOTOPBI pacCMOTPEH B pasjie-
1e «BeHTHUIIbHO-MHAYKTOPHAS AJIEKTPUYECKasl MalllHA KaK
OOBEKT yIpaBICHUS» HACTOAIICH pabOTHI. 3aiada ynpas-
nernnst B/l nepBoHavanbHO cBOAUTCS K: (hOPMHUPOBAHUIO
HEOOXOIMMOW aMILTUTY/IBI TOKA 33 CUET PEIICHHOTO peryisi-
TOpa U BEIOOPY YIIOB BKJIFOUEHHMS/BBIKITIOUCHUS 0, 1/0p, 1
(azp1. PaccMoTpuM KITacCHUECKHEe CTIOCOOBI YIIPaBICHUS
CKOPOCTBIO — C PEJICHHBIM PETYNIATOPOM TOKA, H3MEHEHH-
€M YIJIOB BKJ'[}O‘-IGHI/IS{/BBIKJ'IIO‘-IGHI/IS{ " yHOpaBJICHHUCM HaIIps-
JKEHHUsI B 3B€HE MIOCTOSHHOI'O TOKA.

Ynpasiaenue ckopocthio BU/L ¢ peJeiinbIiM pery-
JIAITOPOM TOKa ¢ orpaHn4yeHneM. lmuranuonHas cxema
ynpasienus: ckopoctbio BUJ[ ¢ mapamerpamu (tadm. 1)

Tabnuya 1. Tapamerpsr BUJ]
Table 1. Switched reluctance motor data

ITapamerp Bennunna

ComnpoTusienue 00MOTKH cTatopa, OM 0,01
MoMeHT HHEPINH, KT*M2 0,0082
MowmenT tpenust, H-m-¢ 0,01
WupyxTuBHOCTB, MIH | paccoriacoBaHHOTO 0,67

TIOJIOXKEHHS

COIVIACOBAaHHOTO 23,6

TIOJIOKEHUS

HACBIIIEHUS 0,15
Tok MakcuMalbHBIN, A 450
TToTokocuermieHue MakcumainbHoe, BO 0,486

MIpY IPUMEHEHUH PENIEHHOTO PETysITOpa TOKa MPUBEACHA
Ha puc. 7.

Ha puc. 7 npuBeeHbI cieayronue 0003HAUYCHUS:
Phase — na3Banune (aspr; Gate — BBIXOJHOW KaHal CH-
CTEMBI YIPABICHUS KIFOYaMU COOTBETCTBYIOIICH (a3kbl;
rotor angle — KaHaJ CHUTHaJIa 00PaTHON CBSI3H TIOJIOKCHUS
poropa; Turn — KaHaj 3aJlaHus JaHHBIX YIIOB BKIIIOUEHUS
Y BBIKJIIFOYEHHMS; V. — BXOIHOH CHI'HAJI 3BEHA IIOCTOSAHHO-
ro Toka; TL — xanai 3agaHust MOMEHTA; /71 — BBIXOJHOMN
kaHa1 gaHHbIX BUJI (HampspkeHue, TOTOK, TOK, MOMEHT,
CKOPOCTb, YITIOBOE IOJIOKEHHE); Te — BBIXOAHON KaHal
MmomeHTa BUJI; w — BbIxoaHoOM xaHan ckopoctu BU/;
teta — BBIXOJHOM KaHaJ yIJIOBOTO IOJIOKEHUS poTopa
BU/I.

=hy,

Phase A Al Al

Phase B

&

B1 B1
AT <V (B)> *
Phasé C'
B2 B2 <Flux (B-c)> bl
<l (A)> ] 9
o V, +
1 1 >
LLV © ¢ <Te (H-m)>
T |
- Vo c2 c2 <w (pan/c>
teta L

<teta (pag)>

Cunosbie Kniouu

BeHTUNBLHO-UHAYKTOPHBINA
psurarens 1,1 kBr

Gate A
Orpanuyexue Toka Gate B

Gate C

e § rotor angle |-

Tum OFF Yron BKNIONEHUs
Cucrema ynpasnenns
CHNOBLIMM KNioHaMK n

Yron BuiKNOMeHnsa

Puc. 7. Cxema ynpaBIeHUs] CKOPOCTBIO BEHTUIIBHO-UHIYKTOPHOTO JIBUTATENS C PEIEHHBIM PETYISITOPOM TOKA C OTPAaHHICHHEM

Fig. 7. SRM speed control scheme with relay current limiter
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PaccMoTprM pa3oMKHYTYIO CXeMY YIIPaBJICHHSI CKOPO-
cthto BUJI, B koTOpO# 33/1a101IUM BO3ICUCTBUEM SIBISIETCS
MOMEHT JBurarens, pasHsl 25 H-M. Ha puc. 8, a npuseze-
HBI IEPEXO/IHBIC MIPOLIECCHI B CHCTEME C PEJICHHBIM Peryis-
TOPOM TOKa 0e3 orpaHndeHus. BuaHo, 9To BeaudnHa TOKa
TIpH Hayaye OBIDKEHHS TocTUTaeT 855 A, a koaddurment
OCHMIUISALINY, TTOKA3bIBAIOIINI JOTIO pa3Maxa BapUaIiH
BpamarensHoOT0o MOMeHTa — 1,24. B cBs3u co cKaukoMm
TOKa BBEJIEM €ro orpaHn4eHue Ha ypoBHe 110 A. Buasl
MEPEXO/IHBIX TPOIECCOB B TAKOM CHCTEME NMPHUBEICHBI Ha
puc. 8, b. Bumno, uro mo 0,075 ¢ cpabarbiBacT orpaHuye-
Hue Toka 110 A, k03 GUIHEeHT OCUMUISIIMY BpallaTeIbHO-
ro MoMeHTa cocTasiser 128. JlocTuruyras ckopocTh Ipu
oboux merozax gocrturia ® = 2450 06/MuH.

Yupasienue ckopoctbio BUJI myrem pery/iupoBa-
HHSl YIVIOB BKJIIOYeHUs/BbIK/JIIOYeHUsl. B npuBeneHHoi
Ha puc. 9 cucTeMe NPUCYTCTBYET PEJeHHBIN PErysasiTop u
orpaHudeHue 1o Toky B 110 A, HanpshKeHHE 3BEHA ITOCTO-
ssarHOTO ToKa — 100 B. Kak mokaszano Ha puc. 4 u puc. 5
n3menenne 0, u 0, BBI3BIBAET U3MEHEHUE TOKOB U
MIPUBOAUT K N3MEHEHHIO CKOPOCTH.

[epexomHble POIECCHl B CHCTEME C YIIaMHU BKITIOUE-
Hus/BbIKIIIOYeHNd 0, = 40° u 0, = 70° npuBeneHb! HA
puc. 10, a. Cxopocts BUJ] cocrapnsier ® = 2450 06/MuH.
Orpanuuenue Toka Ha yposHe 110 A gmutes 0,08 c.
[Ipodunu Toka COOTBETCTBYIOT pHC. 4 ¢ MAKCUMAJIbHBIM

vy, BO ¥ BO

i 0.2[FA
0557/ 0’1y\ \
0,4+ ——* M

J A\ va!
/

| ZA

L

0 0.04 ' 008  rc
i, A i A
855,4 K [ 100 ‘v"n\ /ﬁ\
ﬁl ZZ ,\\T A
400}/ 7 NN )
L = f,¢C
o LA AN AN AN AN AN AN NN
0,04 ' 008  iLc
M, H™m
400 A ' I
0 VWWWWWWWIWWAWWWWWIMAAWMAMMANAA
0 0,04 ‘ 008 rc
®, 00/MUH
2000 K, —
0 / ; ]
0,04 0,08 [

3HaueHueM 85 A. KoadduimeHT ocimuisiiiuu Bpaiaresib-
HOro MoMeHTa cocrasnser 1,33. Ilpu usmenenuu yrios
Jo 3HaueHuit 0, , = 50° u 0,,,, = 85° (puc. 10, b) nquana-
30H OrpaHHYeHUs Toka ymeHbIaercs 10 0,03 c, Toku das3
HUMEIOT (POPMY ITHUKOB ¢ MaKCUMAaJIbHBIM 3HaueHreM 100 A,
ckopocth Bpamenus BIU/] ymensmmaercs no 1400 06/muH,
a K09 PHUIHEHT OCMIUIAINY BpPANIaTeIbHOTO MOMEHTA
cocrasiseT 0,98.

Yupasienune ckopocrbio BUJI nmyrem ynpapiieHust
HamnpsizKeHHeM B 3BeHe IIOCTOSIHHOIO ToKa. V3MeHeHne Ha-
MPsOKEHUS 3BeHa ocTossHHOTo Toka UDC 1 aMImIuTy Il TO-
KOB (ha3 IPUBOITUT K U3MCHEHHIO CKOpOCTH BpateHus BU/I.

CxeMa yIpaBlIeHHs, UCTIONb3yeMast JUIsl peryIUpOBaHUs
CKOPOCTH IIPU U3MEHEHUH HAIPSKEHUS 3BEHA OCTOSIHHOTO
TOKa, IpejcTaBiaeHa Ha puc. 11. Ilpu umuTanmoHHOM MO-
JIeIMPOBAaHUH HCIIONIb30BAaHO M3MEHEHHE CUTHAlla Hamps-
serns ot 50 7o 70 B u ot 70 mo 100 B (puc. 12), rmybuna
MOy siuuM npuHsTa y = 0,7.

W3 puc. 12 BUIHO, 9TO TIPH YBEIWICHUU HANPSHKEHUS
3BEHA IMIOCTOSIHHOTO TOKA yBEJIMUMBAETCS YACTOTA M AMILIH-
Tyna TokoB (a3. Cxkopocts Bpamienus: BUJl ysennunBaercs
ot 500 g0 700 06/mMun u 10 1030 00/MHH ITPH COOTBET-
CTBYIOIIIEM M3MEHEHHH HAmNpsHKEHUS 3B€HA MOCTOSHHOTO
TOKa, KOA(Q(UIMEHT OCIMIUISILIUK BPAIaTeIbHOTO MOMEHTA
C U3MEHEHUEM MEHSETCSI HE CYIECTBEHHO M COCTaBIsAET
1,63.
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Puc. 8. IlepexomHble MPOLIECCHI B CUCTEME C PENICHHBIM PETYIATOPOM TOKa Oe3 orpanndeHuil (a) u ¢ orpanmdenuem 110 A (b)

Fig. 8. Transient response in the system with a relay current controller without restrictions (a) and with 110 A limit (b)
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CpaBHUTENbHBIV aHAM3 METOAOB YNPAaBAEHUSI BEHTUIbHO-MHAYKTOPHOW 9N1EKTPUYECKON MALLMHOMN
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Puc. 9. Cxema ypaBieHHUs: CKOPOCTHIO BEHTUIIBHO-HH/IYKTOPHOTO JABHIaTeSIsi METOIOM MEPEKIIFOUCHHS YIIOB BKIIFOYCHHS U BBIKITIOYCHHUS
Fig. 9. SRM speed control scheme through switching on and off angles
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Puc. 10. TlepexonHbIe MPOLECCHI B CUCTEME C PETYJINPOBAHUEM YIVIOB BKIIIOYEHHUS/BBIKITIOUEHHUS: Oy, = 40°, 0., = 70° (@)
1 0, = 50°, 0,0 = 85° (D)
Fig. 10. Transient response in the system with controllable on/off angles 0,,, = 40°, 0= 70° (a)
and 6,,, = 50°, 0,5= 85° (b)
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Fig. 12. Transient response in the system with controlled DC link voltage (U, =50V, U,. =70V, U,.= 100 V)
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CpaBHUTENbHBIV aHaNM3 MeTo40B YNPaBAeHUS BEHTUIbHO-UHAYKTOPHOM 31IEKTPUHECKON MALUNHOM

Tabnuya 2. CpaBHUTENbHAS TaOMUIA KOIPPUIIMEHTOB OCIMIIISLINH

Table 2. Comparison table of variation coefficients

Cxema yrnpaBieHus Kos¢dunuent ocrmursinum
Perneiinblii peryasTop Toka ¢ OrpaHHuYCHUEM 1,28
PerynupoBaHue yIioB BKIIOUEHHS/BBIKIFOUEHUS] 05 = 40°, 0, = 70° 1,33
Opcn = 50°, 0,0 = 85° 0,98
VYnpapieHue HapsHKEHUEM B 3BEHE ITOCTOSTHHOTO TOKA 1,63

CpaBHeHne k03(h(QUITHEHTOB OCIIMIUIAIINH BpaIlaTeh-
HOT'O MOMEHTa BCEX PACCMOTPEHHBIX METO/IOB YIIPABICHUSI
MpuBeIeH B Ta0d. 2. AHaINW3 MOKa3al, YTO aMILIATYya
MyJbCAIMil BPAIIAOIIET0 MOMEHTa MOXKET OBITh YMEHB-
IICHa 3a CYCT UBMCHCHUA yFJ'[OB BKJIIFOUCHUA /BBIKJ'IIO‘ICHI/H[
¢asbl.

3akJjoueHne

PaccMoTpeHb! OCHOBHBIE METOIBI YITPABICHHS! BEHTUIIb-
HO-UHAYKTOPHOM 2JIEKTPUUECKON MalIMHOM. Brimomxneno
CpaBHEHHE OCHOBHBIX KJIACCHYECKHX METOOB YIIPABJICHHUS,
TAaKMX KaK PEJICHHBIN PEerynsaTop TOKa ¢ OTrpaHUYCHHUEM,
METOJ] PETYIUPOBAHUS YITIOB BKIIFOYCHHS/BBIKITIOUCHUS
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