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Pedepar. Pazpaborana MaremaTiyeckas MOJEIb [UIsl UCCICAOBaHus paboThl Tpex(da3HOro achH-
XPOHHOTO JIBHTaTeNsl C KOPOTKO3AMKHYTBIM POTOPOM IPH NMUTaHUH OOMOTKH CTaTopa OT OJHO-
(azHoit cetu. [y co3naHMs BPAILAIOIIETOCS MArHUTHOTO 10JIs OZiHA U3 (ha3 muraercs yepes KOH-
JeHcaTop. BenencTBue HecUMMETpUM HE TOIBKO IEPEXOAHBIC IMPOLECCH], HO U YCTAHOBUBIIMECS
PEXKUMBI SBIISIOTCS IMHAMHYECKUMH, TIO3TOMY B JIF000H CHCTEMe KOOPAMHAT OMHCHIBAIOTCS JU]-
(epeHIMATBHBIMI YpaBHEHUSIMA. VIX McciieioBaHne HE MOXKET OBITh € JOCTATOYHOH ajeKBaTHO-
CTBIO OCYIIECTBIICHO HAa OCHOBE M3BECTHBIX CXEM 3aMEIIEeHHs U TpeOyeT NCIIOIb30BaHuUs ITHAMH-
YEeCKUX IapaMeTpoB. B MaTemaTrudeckoil MOAEIN ypaBHEHUS COCTOSHUS KOHTYPOB CTaTopa U po-
TOpa COCTaBJIEHBI B HEIMOJABIDKHOM TpexdaszHOH cucTeMe KoopAuHAT. Pacder ycraHOBHBIIErocs
pexuMa BBINOIHAETCS ITyTeM pElIeHHs KpacBOW 3a7auu, YTO JAeT BO3MOXKHOCTh MONY4HUTh 3aBH-
CHMOCTH KOOpPAMHAT Ha MEepHoJie, He MpHOeras K pacdeTy MepexoaHoro nporecca. s sToro uc-
XOJIHbIC HeNMHEHHbIe MuddepeHIaIbHbIe YPaBHEHUS alareOpan3upyloTcs MyTeM anipoKCUMaluK
MepeMEeHHBIX KyOuueckumu crtaitHamu. IlomydenHas HenuHelHas cucTeMa anreOpandecKux
YPaBHEHUH SBIACTCS IUCKPETHBIM AHAJIOrOM HCXOJHOW cHCTeMbl NG QepeHInaIbHbIX ypaBHe-
Huil. Ee perieHne BBITIONHAETCS METOJOM MPOJOIDKEHMS Mo mapamerpy. Jlist pacuera craTude-
CKHX XapaKTepUCTHK KaK (pyHKIMH HEKOTOPOU IepeMeHHOH JaHHas cucTeMa Juddepenupyercs
AHAJIMTUYECKH, a 3aTeM UHTErPUpPYeTCs YUCIEHHBIM METOJOM II0 3TOH mepeMeHHOW. B mpomnecce
MHTEIPUPOBAHUS HA KaX/OM IIare WIH 4epe3 HECKOJIBKO IIAaroB IPOU3BOAUTCA YTOUHEHHE METO-
oM HproToHa, 4TO JaeT BO3MOXKHOCTh OCYLIECTBUTH MHTEIPUPOBAHUE METOJOM Oiepa 3a He-
CKOJNBKO ImaroB:. Marpunsl SJko6u B 000MX cirydasx coBmamaioT. [yt ydera BBITECHEHHS TOKa
B CTEPXKHAX KOPOTKO3aMKHYTOI'O POTOpa KaXKIblil CTEpXKEHb BMECTE C KOPOTKO3AMBIKAIOIIUMU
KOJIbLIAMU Pa30MBaeTCs MO BBICOTE HAa HECKOIBKO NIEMEHTOB. B pe3ynbpraTte Ha poTope moiaydaeMm
HECKOJIBKO KOPOTKO3aMKHYTBHIX OOMOTOK, 3KBHBAJICHTHUPYIOIIMXCS Tpex(asHbIMH OOMOTKaMH,
MEX/y KOTOPBIMH CYIECTBYIOT MATHUTHBIE CBSI3H.
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Established Modes and Static Characteristics
of Three-Phase Asynchronous Motor Powered
with Single Phase Network

V.S. Malyar?, A. V. Malyar”
YLviv Polytechnic National University (Lviv, Ukraine)

Abstract. A mathematical model is developed to study the operation of three-phase asynchronous
motor with squirrel-cage rotor when the stator winding is powered from a single phase network.
To create a rotating magnetic field one of the phases is fed through the capacitor. Due to the
asymmetry of power feed not only transients, but the steady-state regimes are dynamic, so they are
described by differential equations in any coordinate system. Their study cannot be carried out
with sufficient adequacy on the basis of known equivalent circuits and require the use of dynamic
parameters. In the mathematical model the state equations of the circuits of the stator and rotor are
composed in the stationary three phase coordinate system. Calculation of the established mode
is performed by solving the boundary problem that makes it possible to obtain the coordinate de-
pendences over the period, without calculation of the transient process. In order to perform it,
the original nonlinear differential equations are algebraized by approximating the variables with
the use of cubic splines. The resulting nonlinear system of algebraic equations is a discrete ana-
logue of the initial system of differential equations. It is solved by parameter continuation method.
To calculate the static characteristics as a function of a certain variable, the system is analytically
differentiated, and then numerically integrated over this variable. In the process of integration,
Newton's refinement is performed at each step or at every few steps, making: it possible to imple-
ment the integration in just a few steps using Euler's method. Jacobi matrices in both cases are the
same. To account for the current displacement in the rods of the squirrel-cage rotor, each of them,
along with the squirrel-cage rings, is divided in height into several elements. This results in seve-
ral squirrel-cage rotor windings which are represented by three-phase windings with magnetic
coupling between them.

Keywords: three-phase asynchronous motor, single-phase voltage, capacitor, static characteristics,
established mode
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BBeaenue

Tpexdazubie acuaxponnbie aurareiu (AJl) B ciydae oOpbiBa ogHOH U3 (a3
ceTh MOryT paboTaTh Kak OAHO(A3HbIe C MEHbLICH HArpy3KoH, OJHAKO IOCTe
OCTaHOBKHU HE MOTYT OBITh MYIIECHBI B X0/ 0€3 MPUHATHS JOMOTHUTEIBHBIX MEp,
MTOCKOJIBKY OOMOTKH JABYX OCTaBHIMXCS B padore (a3 mpu oaH0(Pa3HOM MHTAaHUH
CO3/aI0T HE Bpalllaolieecs, a MyJabcupyroniee MaruutHoe nosue [1, 2]. B cinygae
MUTaHUS TpeTbel (as3bl yepe3 MOCIeI0BaTENbHO BKIIOUCHHBIE KOHACHCATOPHI
TOJIe CTAHOBHTCS DJUIMITHYECKAM, U TAKOH JBUTATENb 00JIaaeT IyCKOBBIM MO-
MEHTOM. JIOTONHUTENbHYI0 OOMOTKY C MOCJIENOBaTeNbHO BKJIIOYCHHBIM KOH-
JICHCATOPOM HMEIOT Takke OAHO(Aa3HbIE KOHJACHCATOpHbIe apurarenu [3, 4].
Metoasr uccienoBanus AJl, B KOTOPBIX Aisl co3AaHus (Pa30CIBUTAONINX die-
MEHTOB HCIOJNIB3YIOTCSl KOHJCHCATOPHI, COBEPIIECHCTBOBAICH HA TMPOTSHKEHUH
MHOTI'UX JICT B COOTBETCTBHUU C PA3BUTHUEM BBIUYMUCIUTCIBHBIX CPCACTB U IIPOAOJI-
aroT pa3BuBatbes [5—11]. OnHako MHOTHE BOIPOCH! pacdeTa U aHaau3a dJeK-
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TPOMAarHUTHBIX U DJIEKTPOMEXaHUYECKUX MPOLIECCOB JIO0 CUX TOp HE pEIleHBI Ha
YpOBHE COBPEMEHHBIX TPEOOBAaHUI K MAaTEMaTHIECKOMY MOJIEITHPOBAHHIO.

A]l c KoHJIEHCATOpaMH B OJTHOM (ha3e MMEIOT AIIEKTPUIECKYIO0 HECUMMETPHIO
00MOTOK CTaTopa, YTO YCIOXHSIET aHallM3 MPOUCXOIINX B HUX AJIEKTpOMar-
HUTHBIX TIPOIIECCOB W JIeaeT HEBO3MOXXHBIM HEMOCPEICTBEHHOE MPUMEHEHHE
METO/IOB aHAJIN3a CHUMMETPHYHBIX aCHHXpPOHHBIX MamuH [2]. KauecTBeHHYIO
KapTUHY SBJIIEHUH pabovero mpouecca B 0AHO(Ga3HOM aCHHXPOHHOM JBUTaTelie
MOJKHO OOBSICHATH UCXOMS M3 TEOPHH BPALIAIOIINXCS B TPOTHUBOIIOIOKHEIE CTO-
pOHBI MAarHUTHBIX Tojiel [5]. OgHaKo OCHOBaHHBIC HA ATOW TEOPUU METOMIBI
pacueTa, B TOM YHCIE€ W W3BECTHBI B JUTEPAType METOA CUMMETPHUYHBIX CO-
CTaBIAOIMUX [3, 4], UMEIOT TeopeTuiIeckoe 000CHOBAHNE TOIBKO JIJIS TMHEHHBIX
cucreM. [loaToMy, HECMOTpSI HA METOJOJOTHYECKOE 3HAYCHHE TaKHX METOJIOB,
pe3yNbTaThl pacyeToOB PEKUMOB M XapaKTEPUCTUK C MX MCIOJIb30BaHUEM [6]
MOJKHO paccMaTpHBATh JIHIIEL Kak MpuOmmkeHHble. OCHOBOW OOJBITHHCTBA Me-
TOJIOB HcCIIeJOBaHUs TIpolieccoB B AJl ¢ KOHEHCATOpaMU B OOMOTKAX SIBJISIOT-
Cs aJanTHPOBAHHBIC TO KOHKPETHO peIaeMbIX 3a7ad CXeMbl 3amereHus [7, 8].
HawnbGonee momHO MaTeMaTH4ecKOoe MOJEIUPOBaHUE PEXHMOB padoThl AJ]
npHu ofHO(GA3HOM MUTAHKUH MpeacTaBiacHo B [8—10] u Apyrux myOIuKaIusax dTUX
aBTOPOB.

Jlns uccneoBaHUs PeXKUMOB M XapakTepucTuk AJl, TUTaeMbIX OT OJHO(A3-
HOW CeTH, HEOOXOJUMO HCIOJIb30BATH MATEeMAaTHUYECKHE MOJICNH, B KOTOPBIX
YUUTBIBAIOTCS KaK OOYCIIOBIICHHAsT HACBHIIICHUEM HEIWHEHHOCTh 3JeKTpoMar-
HUTHBIX CBS3€H MEXIy 0OMOTKaMH, TaK U BRITECHCHHE TOKA B CTEPIKHSAX POTO-
pa. Kak ormedeno B [7, 11], MmaTeMaTH4eCKOE MOJCIMPOBAHNE TUHAMUYICCKUX
PEKUMOB HecuMMeTpHUYHBIX AJ] TpeOyeT MCIoNb30BaHUS TUHAMUYECKUX DIICK-
TPOMAarHUTHBIX TAPaMETPOB, a YYET BBITSCHEHUSI TOKOB B CTEPXKHSIX POTOpa
C JOCTaTOYHON TOYHOCTBHIO MOYKHO OCYIIECTBHTH C MPHUMEHEHHEM MHOTOKOH-
TYPHBIX JJIEKTpHYecKuX cxeM [12-15]. OmHako HMCIONb30BaHME CXEM 3aMellle-
HUsI, B KOTOPBIX BBITECHEHHE TOKAa B CTEP)KHIX KOPOTKO3aMKHYTOTO POTOpa
¥ HACHIIIEHUSI MarHUTOMPOBO/Ia YUUTHIBAIOTCS C TIOMOINBIO PAa3MHYHBIX KO-
(UIMEeHTOB, HEMPUEMIIEMO, TTOCKOJIBKY OHHM 3aBHCAT OT AMHAMHKH Ipolecca
Y ONPEACTHUTh MX aliPHOPHO HEBO3MOXKHO.

HecMmotps Ha 3HaUNTENHFHOE KOJUYECTBO MCCIEAOBaHU, MPoOIeMy KoImde-
CTBEHHOT0 aHanmn3a mporeccoB B AJl ¢ KOoHAEHCAaTOpaMH B OOMOTKaxX HENb3s
CYMTATh MCUYEPIAHHOW, a BOMPOCH MAaTEMaTHUECKOTO MOJIEIUPOBaHHS TPeOyIOT
MPUHIMAMUAATGHO HOBBIX PEIICHWH, UCXO/ U3 COBPEMEHHOTO YPOBHS Pa3BUTH
BBIYMCIUTEIBHBIX CPEJICTB U YUCIICHHBIX METOJIOB aHAJIM3a.

Llenbio cTaThu SBIISIETCA pa3paboTKa METOJa pacueTra yCTAaHOBUBIIUXCS pe-
KUMOB TpexdasHeix A ¢ KOHZEHcaTopaMHu B OJTHOM OOMOTKE C y4eTOM HachI-
HICHUS] MATHUTHOW e U BBHITECHEHUS] TOKA B KOPOTKO3aMKHYTOH 0OMOTKE po-
TOpa M Ha €ro OCHOBE alTOPUTMa pacdera CTaTHYeCKHX XapaktepucTuk. Cyr-
HOCTPH pa3pab0OTaHHOTO METO/Ia pacueTa M3JI0KHM Ha mpuMepe Tpexdazaoro A/l
C KOPOTKO3aMKHYTBIM POTOpOM, O0OMOTKH (ha3 craTopa KOTOPOTO COEIWHEHEI
3BE3JI0M, a 0J{Ha (ha3a MUTAETCS Yepe3 BKIOUCHHBIH MOCIeJ0BATEILHO KOHICH-
catop emkocthio C (puc. 1).
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YpaBHeHNS 3JIEKTPHYECKOI0 PAaBHOBECHSI

HauOonee nmonHo 3neKTpoMarHuTHeIe mpoueccsl B A/l MOXXHO HCCIel0BaTh
B Tpex(a3Hoil cucreme KOOpAMHAT, OJHAKO B €CTECTBEHHBIX (PM3NUECKUX OCAX
muddepenuunansasie ypaBHenus (YY) coxmepiar mepuoguyYecKHe B3auMHBIC
UHAYKTUBHOCTU. OT 3THUX NMpOoOJieM MOXXHO M30aBUTHCS IIyTeM II€pPexoaa K He-
MOJBMKHOW Tpexda3Hoil cucteme koopauHar [16], B KOTOpoit 0OMOTKa cTaTtopa
OCTaeTcsi HempeoOpa30BaHHOM, a BPAILAOIIMUCS POTOP 3aMEHSETCS 3aTOPMO-
xeHHbIM. C LEeNbI0 yyeTa BBITECHEHHUS TOKAa B CTEP)KHSIX M HACBIIICHUS] MarHu-
TOMPOBOJIA POTOPA MOTOKAMU PACCEUBAHMS [A30Basi YacTh CTEPKHEH, a TaKkKe
KOPOTKO3aMBIKAIOIHE KOJIbIIa pa30MBarOTCs MO BhicoTe Ha K cioes (puc. 2).
B pesynmbrate monayuuM Ha portope K KOPOTKO3aMKHYThIe OOMOTKH, KOTO-
pble TmpeoOpa3yeM K Tpex(a3HbIM B COOTBETCTBHH C OOIICTIPUHSTOW METOAU-
koii [2]. IIpu 3TomM B Matemarnueckoi Moaenu AJl paccMaTpHUBarOTCs CIEIYIO-
IIMe HENOABMKHBIE TpexdasHbie 00MoTKH (puc. 3): cratopa — A, B, C u k o6mo-
Tok — a,,b,¢, (I=1,..,k) poropa [13-16].
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Fig. 1 Fig. 2 Fig. 3

[Ipu ycnoBuu COBMEIIEHUS HEMOJBIKHBIX TpeX(a3HBIX oceil 0OMOTKH po-
TOpa C OJTHOMMEHHBIMH OCSIMH OOMOTKH CTaTOpa YpaBHEHUS JJIEKTPHUUECKOTO
coctosiHUsl KOHTYpoB AJl, cocrapieHHbIe TI0 3akoHaM Kwupxroda ¢ yderom mpen-
cTaByieHHss 0OMOTKH poTtopa K TpexdasHpiMH 00MOTKaMu, UMEIOT By [16, 17]:

d

E(WA _\VB)= —Talg + lgig —Ug;

— - =Ugc — IRl + Il
dt(\VB \I’c) sc ~Isls Tlclc

iy +ig+i. =0;

d
E(\Val - \I’bl) = _a(Wbl —2yy + \I’al) —hly + Rl

d

E(Wbl _‘Vcl) = _a(\Vcl -2y, + \Vbl) — gy + fig; 1)
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Iy + 1 +iy =0;

d . .
a(‘l’ak — WYy ) = _a(‘ka =2y Wy ) — Rl + Rl

d . )
E(ka — WY ) = _OL(\Vck =2y + Wy ) — il + Nelges

Ly g Hig =0;

du, iy
d C

rae Uge =U sin(oyt —n/2) — nuneiinoe Hampsbkenue; U, — ero aMminTyna;
(o — YTJIOBas YACTOTA HATIPKEHHST; Y/, I, rg(g: AB,C.a;b,c,....a, b,c) -
IIOTOKOCIIETUICHHE, TOK U aKTHBHEE CONPOTHBIIEHNE KOHTYpoB AJl; U, — Hamps-

’KEeHHe Ha KOHZeHcaTope; o = o, (1—s)/ J3.

Pacuer YCTAaHOBHBIICTOCH PEKUMA NPHU 3aJaHHOM CKOJIbXKCHUU

C menpro cCoKpaieHus U3JI0KeHus1 Marepuana cucremy (1) mpeacraBum of-
HUM BEKTOpPHBIM JIY M-TO nmopsaka

WE) e o
PT_f(z(y,x),u), )

rae

X =colon(i,, igs ey, lhgsdegseo by s s Ug); U =colon(0, uge, 0,...,0,0);

Y =colon(Wu, We, Wer Wars Wors Wer Waicr Woior Ve Ue )3 2= +GX;

A R -1
E
11-110 B r
P= c  E=101 1)1}, Q= ; G= ;
0(01]0 B r
! 0 1/C 0
a 20 Ty | Ig | n
A= ;. B=|-2a o [} R= g ||, = - |1
11111 1 111
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B ycraHoBuBIIEMCS peXMME NpH TEPUOJMYECKOM Bo3MymieHuu U(t) =
=U(t+T) pemenuem cucremsl 1Y (2) sBisirorcsi T-EpUOANIECKUE 3aBHCUMO-
CTH KOMIOHEHT Bektopa X(t) =X(t+T), onpenenuts KOTOPHIE MOXKHO METOJIOM

ycraHoBieHUs. OJHAKO TakOW IyTh pEIICHUs 3afjauyll HeNpHEMJIEM HE TOJIBKO
C TOYKH 3peHHs1 00beMa BBIYMCICHUI M HAKOIJICHUS OLIMOOK MPH UHTETPUPOBa-
HuM /1Y, HO u mpobieM, CBSI3aHHBIX C PacyeTOM CTATHUECKUX XapaKTEPHCTUK,
KOTOpBIE ABIISAIOTCS OCHOBOM M pellieHus 3a7ad ONTUMH3anuu. Jpyroi myTs —
MOJIy4EHHUE NMEPUOANYECKUX 3aBUCUMOCTEN KOOPIUHAT IIyTEM PELICHUs KPaeBo
3aJauy, CYIIHOCTh KOTOPOTO BBITEKAET U3 00IIeH TeOpur HEMTUHEWHBIX Koneba-
HuH. J[7s1 3TOTO HEOOXOAMMO aNredpan3upoBaTh UCXOAHYI0 cucteMy Y (2) Ha
CETKE Y3JIOBBIX TOYEK IE€pUOJa C HCIIOIb30BaHUEM BBIOPAHHBIX Oa3MCHBIX
(hyHKIMIA 1 KpaeBBIX YCIOBHIMA.

B paspaboTtanHoli MaTeMaTH4ecKOd MOJEeNN KpaeBas 3ajada pelraercs Ha
cetke N y3JI0BBIX TOYEK IMepuoaa 1 MyTeM armpOKCHMAIMH KaKJOW KOOpAWHAa=
TBl BEKTOpa Y CIUTalHOM TpeThero mopsjaka [18], KoTopslil asl J-ro yyacTka

OIMUCBIBACTCA YPABHCHUCM BU A

y(t)=a; +b;(t; —t)+c;(t; —t)* +d;(t; - t)°, ©)

rie j=(1 N); &, bj, ¢j, dj — xo>puIMEeHTEI cruTaiiHa, COOTHOIICHUS MEXIY

KOTOPBIMHU OTIPEACIISAIOTCS CBORCTBAMHM CILTAMH-(YHKIIUHT:
y(t;)=y; =a; (42)

dy/ dt],, =—b;. (46)

Hcxons u3 HenmpepbIBHOCTH cIutaiiHa (3) U ero ABYX MPOU3BOAHBIX, KO dH-
IUEeHTHI 0] MOXKHO HCKIIFOYHTb, 3 COOTHOLIEHNE MEXITy OCTAIBHBIMU K03 uIn-
€HTaMH OlpeAenseTcs ypaBHeHUsAMH [18]:

a. .—a- h
_ it i .
3 3 3 3
] ] j+1 j+1
rae h; =t; —t, ; —war cetku.

i
C y4erom mepuoauyecKux Kpaesbix yenosui (Y; =Yy, ;, X; =Xy, ), obpa-
30BaB Bektopsr A=colon(a,a,), B=colon(b,b,), C=colon(c,c,), u3

ypaBHeHU# (5) moirydnM cucteMy ypaBHeHHH M N-TO Topska:
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H,8-H,C=B; H,A-H,C=0, (6)

B KOTOPOH B clyuae paBHOMepHoro mara (h; =h) cooteTcTByIONME MATPUIIBI

HMCIOT BU:
211 1 411 1
1 1=2111.. 114]1
H1=%x Sl v Hy=hxpifi :
11-2]1 114
1 1 (-2 1 4
-1 1 1 1
1 (-1 111
H, = ; H,=hx
1(-1 111
11]1-1 111

U3 (6) ¢ yuetom BeITeKaronnx u3 (5) paBeHCTB A=Y K6 B=-F TTOJTYIHM

HY = DF, 7

B kotopoii Y = colon(¥;, ¥y ); F =colon(f,, f); H=H,H,'PH,;; D=—-H,.
Henunetinas crucrema (7) — TUCKPETHOE OTOOpaKCHHUE HEJIMHEWHOM CHCTe-
mbl 1Y (2) u anmpoxcuMupyet ee Ha iepuoze 1. Ee pemennem sBnsieTcs BEKTOP

X =colon(X;, Xy ), KOMIIOHEHTBI KOTOPOTO — 3TO 3HAYEHUs BEKTOpa X; (TOKOB

KOHTYPOB W HalPsDKEHUS Ha KOHJIEHCATOpE) B y3Jax CeTKH. /i ero mosnyueHus
UCIIOJIb3YETCsl U3BECTHHIA B MarteMaTuke auddepenumansubiii meton [19]. Ero
aNrOpUTM MPUMEHNUTENBHO K JAHHOM 3a/1a4e COCTOMT B CIETYIOILEM.

I[O BCEKTOpa F BXOJAT Y3JIOBBIC 3HAYCHUA BBIHYXIAIOMIUX CHII — BEK-

Top U. YMHOXHUM €ro Ha CKaJIIpHBINA apameTp € U npeactasuM (7) B Buje

HY — DZ = DeU. (8)
Huddepenuupys (8) mo €, momyunm Y

W—==DU, 9)
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rie W =| H - D— |—=— D— — matpuna SIko0u, koTtopas siBisieTcs 0J1I09HO-
oY )oX oX

JMAroHaJbHOM, a GJIOYHBIC HJIEMEHTHI ONPEACIISIOTCS 3HAYCHHSAMH apaMeTpOB
A/l B j-i1 y3110BOIi TOUKE:!

a—? =G; z =Q;
OX | vl
Lan | Lag | Lac | Laa | Laoe | Lact || Laac | Laok | Lac
LBA LBB LBC LBal LBbl LBcl o LBak LBbk LBck
Lea | Les | Lec | Lear | Lomt | Loa | | Lea | Lok | Lo
Laia | Las | Laac | Latar | Laann | Lt | | Lasa | Laao | Laa
oy LblA LblB LblC Lblal Lblbl Lblcl o Lblak Lblbk Lblck
&j = Lc‘lA Lc.lB Lch Lc‘lal Lc.lbl Lc.lcl Lc:.Lak Lc.lbk Lc.lck
LakA LakB LakC Lakal Lakbl Lakcl o Lakak Lakbk Lakck
Lowa | Loke | Lokc | Lokar | Lowor | Loker | 7 | Lowak | Lokor | Lokek

I-ckA LckB LckC Lckal Lckbl Lckcl Lckak Lckbk Lckck

3TO monHas MaTpula COOCTBEHHBIX W B3aMMHBIX Au(depeHIraNbHbIX HH-
IOYKTUBHOCTEW KOHTYpOB A/l, st onpeneneHusi KOTOPhIX MCIOJIb3YIOTCS HEJlU-
HEWHBIC 3aBUCHMOCTH Pab0yero MOTOKOCIHEIUIEHHS M MOTOKOCHEIUICHNH pacce-
MBaHUA KOHTYPOB CTaTOpa M poTopa oT TOKOB [17]:

Wp, = \‘rlp (Ip,)7 Wo‘l = Wcl(il); WGZ B \IIGZ (iZ)’

e iH=J§(ijA+ijB+ijc); i1=\/§(i,§+i§+i§); i = %(ij+i§+i§).

Wurerpupys cuctemy 1V (9) mo € B mpeaenax ot € =0 10 € = 1 npu 3aman-

HOM CKOJIBXXCHHUU U HAIIPAKCHUU MMUTAHWA, [TOJTYYUM 3HAYCHUC BCKTOPaA X, KO-

TOpoe yTouHseTcsl MeTogoM HeroToHa.

B kauectBe mpuMepa Ha puc. 4 NMPHUBEJCHBI PACCUMTAHHBIE COTJIACHO H3II0-
KCHHOMY allTOPUTMY TIePHOJINICCKHE 3aBUCHMOCTH TOKOB (a3 OOMOTKH CTa-
topa asurarenast 4A160M6Y3 (P = 15 kBr; U=230B; | = 29,9 A; py = 2)
W pasjIv4Hble 3HAauYeHus BkaodeHHOH B (asy A emxoct (C = 375 mMxd
u C =750 mx®). Kak BuiHO U3 puC. 4, IPU yBEITHMUSCHUN €MKOCTH KOHJIEHCATOPa
MOJKET MPOUCXOJUTh W3MEHEHHUE TMOpsAKa YepeloBaHUs TOKOB (a3, 4yTo o0y-
CJIOBJICHO HM3MCHCHHEM CYMMAapHOTO PEaKTUBHOTO CONpOTHBICHUS (asbl AJ]
W KOHJEHCATOpa. DTO TOATBEPXKAACTCS PAcYeTOM MpoIlecca MycKa JBUraTes
0e3 Harpy3kd ¢ pa3nuYHbIMU 3HA4CHUSMH eMKocTH. Kak BuaHO U3 puc. 5, oT
BEIMYMHBI EMKOCTH 3aBHCHUT HarpaBlieHHe BpanieHus: AJl mpu ero mycke.
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Puc. 4. KpuBble n3MEHEHHS TOKOB (a3 aCHHXPOHHOTO JIBUTaTeIs
npu S = 0,1 1 pa3IUYHBIX EMKOCTSAX KOHIECHCATOPa

Fig. 4. Curves of change of phase currents of the asynchronous motor
at s = 0.1 and different capacitances of the capacitor
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Puc. 5. 3aBUCHUMOCTH OT BPEMEHH CKOJIBKEHUS S U CKOPOCTH N BPaILCHUS
TIpU MyCKE aCHHXPOHHOTO JABUTATENs
co 3HageHusIMH eMKoctH C xonnencaropa 375 n 750 mxd

Fig. 5. Dependencies on the time of slip s and on the speed n of rotation
at start-up of the asynchronous motor
with a capacitance C of the capacitor 375 and 750 pf

PacyeT cTaTH4eCKHX XapaKTePHCTHK

Cuctema ypaBHeHU# (7) maeT BO3MOXHOCTHh HCCIIEOBATh BIUSHHE Ha pe-
aKUM paboTel A/l n3MeHeHus Jo0oro mapaMerpa &, KOTOPHIA B HEe BXOAMT.

s 3TOro HEoOXOAMMO, ToJjiarass BEKTOpP NPUJIOKCHHBIX HANPSIKCHUH HEU3-
MEeHHBIM, NpoauddepeHnrpoBaTs ee Mo JaHHOMYy mnapamerpy. B pesymbrate

IoJIy4yumM
w2 (10)
dg o

WHTETPHUPYS KOTOPYIO, HaWJEeM 3aBHCHMOCTh KOMITOHEHT BekTopa X OT &,

KaXKIbI U3 KOTOPBIX SABJISIETCS TUCKPETHON MEPUOJANYECKON 3aBUCUMOCTBIO KO-
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OpJIMHAT, COOTBETCTBYIONICH OMpe/ie]IeHHOMY 3HaueHHIo mapameTpa . B coot-

BETCTBHUU C U3JIOKCHHBIM aJITOPUTMOM pacy€Ta MOKXHO HalTH BCE TCOPETUYCCKHU
BO3MOKHBIC IICPUOAUYCCKUC PCIKUMBI C LCJIBIO BLI60pa OITHMajbHOro. B wact-
HOCTH, IJId pacucTa HYCKOBOﬁ C€MKOCTH HCO6XOI[I/IMO 10 HU3JI0OKEHHOMY BBIIIC

QITOPUTMY OTIPEACITUTH 3aBUCHMOCTH KOOPJIMHAT BEKTOPOB Y U X OT €MKOCTH
KOHJICHCATOpA MPH 3aIaHHOM CKOJBKEHHUH S = 1, 4TO CBOJIUTCS K pacyeTy 3aBU-
cumoctd BekTopa X = X (C), MOCKOJBKY €ro KOMIIOHEHTHI Jaf0T BO3MOYKHOCTh

paccYuTaTh dICKTPOMATHATHBIN MOMEHT [17]
Me = pO (\V;,lA(iuB - iuC ) + WHB (i],LC - ipA) + WHC (I],LA - ipB )) /\/5’

rae P, — 4uciao map nomoco AJl; WVoas Vigs Wyes iHA, ipr iHC — MPOCKIHSA

BEKTOPOB pabOvYero MOTOKOCIICTUICHUS \TJH A HaMarHWYMBAIOIIETO TOKa iFl Ha

ocu (as.
3amaya pemaetcs myteM uaTerpupoBanus Y suna (10), B kotopom & = C.
IIpu »toM mnpaBas wacte ypaBHeHus (10) coctour w3 N BekTOpOB

0z/oC =Dx(0,...,0,1/ C?‘)*. Jlns  pacueTa MEXaHWYECKON XapaKTePUCTHKH
M =M (s) neoOxoaumo B (10) 3amenuTh & Ha S. Takum 00Opa3oM, anropuTM

pacdeTa CTaTHYECKUX XapaKTEPUCTUK COCTOUT M3 JIBYX ITAIOB: Ha IIEPBOM pac-
CUUTHIBACTCS] YCTAHOBUBIIMUCS PEXUM IMPHU 33JaHHOM 3HAYEHUU HAMPSKCHUS,
a Ha BTOPOM — COOCTBEHHO HEOOXOIMMasl XapaKTePUCTHKA TIPH HEM3MEHHOM
3HAUYCHUU HAMIPSHKCHUS TUTAHUS.

[IpuMeps! pe3ynbTaToB pacdyeTa 3aBUCUMOCTEH KOOPIUHAT OT BEIMYNHEI €M-
koctH Juist ieurarens 4A160M6Y 3 noka3ansl Ha puc. 6.

a b
2,0 1,5 -
M r
15
1,0
1,0
0,5
0,5
0 0
2250 C,mx® 4500 2250 C,mx® 4500

Puc. 6. 3aBHCUMOCTH IIYCKOBOT'O 3JICKTPOMAarHUTHOTO MOMEHTA (a)
U JIeHCTBYIOIIETO 3HAYCHHs TyCKOBOro ToKa (asbl 4 (D)
OT EMKOCTH KOHJIEHCaTOpa

Fig. 6. Dependencies of starting electromagnetic torque (a)

and the effective value of the starting current of phase A (b)
on the capacitance of the capacitor
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BbIBO/IbI

Pazpaboranbl METOI M aNITOPUTM pacueTa yCTAHOBHUBIIUXCS PEKUMOB H CTa-
TUYECKUX XapaKTePUCTHUK Tpex(a3sHBIX aCHHXPOHHBIX JABHUTATENEH P MUTAaHUN
ot ogHO(ha3HO ceTu. 3a/jaua pemaeTcsi Kak KpaeBasi, 4TO He TOJLKO 3HAYUTEIhb-
HO COKpamaeT 00beM BBIUMCIEHUH 10 CPABHEHHUIO C METOIOM YCTAaHOBIIEHHS, HO
U CIIY’)KUT OCHOBOW JTSI BBRITIOTHEHUSI ONTHUMH3AIIMOHHBIX PACUYETOB, B TOM YHCIIC
BbIOOpa HEOOXOAMMOTO 3HAYCHUST EMKOCTH KOHJIEHcaTopoB B dase. [Iporecch
B MaTEMaTHYECKON MOJIEIM aCHHXPOHHOTO JIBUTATEIs PacCMATPUBAIOTCS B He-
MOJIBIKHBIX Tpex(asHbIx ocsx. [ns ydera HaCBHIEHWS MarHUTONPOBOJA HC-
MOJIL3YIOTCSl PEANbHBIC XapaKTEPUCTUKH HAMarHUYHMBAaHUS OCHOBHBIM MarHUT-
HBIM TIOTOKOM W TIOTOKaMH PacCesHUs, a BRITECHEHHE TOKAa B CTEPXKHAX pOTOpa
YYUTBIBACTCS TMyTEM pa30UEHUs CTEP)KHEW MO BBICOTE Ha HECKOJBKO CIOEB.
B martemarnueckoil MOJENM aCHHXPOHHOTO IBUTATENS WCIOIB3YeTCS MOJTHAS
MaTpunia U GEepeHIUANTBHEIX COOCTBEHHBIX M B3aMMHBIX WHIYKTHUBHOCTEH
KOHTYPOB OOMOTOK CTaTopa M POTOpa, KOTOpasi BEIYHUCISAETCS KaK MPOMU3BOIHAS
BEKTOpPAa MOTOKOCICIICHUH KOHTYPOB IO BEKTOPY TOKOB.
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