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0.C. Bensesa

1Camapckuii rocy1apcTBeHHbIH TeXHUYECK Ui YHUBEPCHTET

Poccust, 443100, r. Camapa, yi1. Mononorsapueiickast, 244

2AJIbMETLEBCKHUH TOCYIaPCTBEHHBINA HEYTAHON UHCTUTYT
Poccust, 423450, Pecniy6nka TartapcraH, r. AnbMeTbeBCK, yiI. JIeHnHa, 2

AHHoOTanusi. B HacTosiiee BpeMs MOrPYKHbIE ACUHXPOHHBIEC BUTATENIN HAXOMAAT LIUPO-
KOe NPUMEHCHHE B YCTAHOBKAX 3JICKTPOILCHTPOOCIKHBIX HACOCOB, OOCCIIEUMBAOIINX OC-
HOBHYIO A0 no0bran Hedtu B Poccmu. s momuep:kaHus 3aJaHHOTO JHHAMHUYIECKOTO
YPOBHS )KUJKOCTH B CKBa)KUHE CTaHLIMU YTIPAaBJICHUS NOIPY>KHBIMU HacOCaMH OCHAIIAtoT-
Csl 3aMKHYTBIMHU CHCTEMaMU C YaCTOTHBIME Tpeodpa3oBatesiMu. 111 KOppEeKTHOTO CHHTE-
3a PEryJIATOPOB CHCTEMBI CTAOMIN3alli TUHAMHYCCKOTO YPOBHS HEOOXOIMMO 3HAThH IIe-
penaToynyio (YHKIUIO aCHHXPOHHOTO JBHTATeN KaK oObekTa ympasieHus. [Ipu stom
clelyeT YYUTBIBATh, YTO JAJISl COIJIACOBAHUSI BBICOKOBOJBTHOI'O MOTIPY:KHOTO ABUTATENs
CYaCTOTHEIM  Ipeo0pa3oBaTeieM  HWCHONB3YIOT — IMOBBIIAIINA  TpaHCHOpMaATOp
Y CKaILIPHOE YaCTOTHOE YIIPABIICHUE aCHHXPOHHOW MammuHO#. CyIiecTByIOIIre JINHeapH-
30BaHHBIC MaTEMaTHIECKHAE MOJICIT aCHHXPOHHOTO JIBUTATEIS TIPH TaKOM CIIOcO0e yIIpaB-
JICHUS SBJISFOTCS TPUOMIDKEHHBIMU. [103TOMY 1€ HACTOSIIErO MCCIICIOBAHMS 3aKITI0va-
€TCsl B MOJIYYEHUH YTOYHEHHON MOZEH MOrPY>KHOI'0 aCMHXPOHHOrO JABurarens. B cratbe
MIPUBOJIUTCSI U3BECTHASI CHUCTEMa YPaBHEHHMH aCHHXPOHHOW MAIIMHBI MPHU CKAJSIPHOM 4Ya-
CTOTHOM ynpaBiieHUH. [lokazaHo, 4TO 3Ta CUCTEMa SIBISIETCS] HEJIMHEWHOM, MOCKOJIbKY B
HEH MPOMCXOIUT NEPEMHOKEHHUE psifa MepeMeHHbIX. [Ipon3BeeHa nHeapu3anusi OCHOB-
HBIX HEJIMHEMHOCTEW METOJOM MX pasioxeHus B psaa Teinopa. B nuneapuzoBaHHON cu-
CTEME 3a BXOAHYIO KOOPAMHATY MPUHATA YACTOTa MUTAIOIIEr0 HANpsHKEHHUsS CTaTopa, a 3a
BEIXOJTHYIO — CKOPOCTH BpAIICHUS POTOpa aCHHXPOHHOTO ABHUraTens. V30aBissace MeTo-
JIOM TOCJIEA0BATENbHON MOACTAHOBKU OT NMPOMEXYTOUHBIX NIEPEMEHHBIX, MOJIy4aeM Iepe-
JATOYHYIO (DYHKIIHUIO TOTPY>KHOTO aCHHXPOHHOTO JBUTATENS MPH CKaJSPHOM YaCTOTHOM
ynpaiieHud. [lokazaHo, 4TO XapaKTEpPUCTUUECKUM MOJIMHOM HaWJEHHOM MEepeaaTOYHOM
(YHKIMU AMEeT TSITHAAIATHIN MOpsIoK. HaliieHsl aHATUTHIeCKHE BBRIPAXKCHNUS, CBS3BIBA-
tforre Ko3(pPpUIMEHTH TepeIaTOYHON QYHKINH ¢ TapaMeTpaMHi aCHHXPOHHOTO JIBUTATEIS
Y KOOpAMHAaTaMK HayanbHON TOUYKHU. [Ipon3BeneHa olleHKa aJleKBATHOCTH MOJIYYEHHON Ma-
TEMaTUYECKOW MOJEIM METOJIOM CPAaBHEHUS PE3YNbTaTOB MOJAEIUPOBAHUS MEPEXOIHBIX
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MIPOLIECCOB B HEJIIMHEHMHOW CHCTEME ypaBHEHH W B JMHeapu3oBaHHOW. [lokazano, 4To
pacxoxzeHue pe3yabratoB He npesbimaer 0,54 %.

KiroueBnle c10Ba: NOrpyXHON aCUHXPOHHBIN ABUraTelb, CKAIIPHOE YIpaBJICHUE, MaTe-
MaTHYecKasi MOJIeNIb, iepejaToyHast QYHKINUS, TMHEapH3anusl.

[Morpy>kHbIe aCHHXPOHHBIE IBUTATEIN HAXOIAT LIIMPOKOE MPUMEHEHNE B YCTaHOB-
Kax BIIEKTPOLIEHTPOOEKHBIX HACOCOB, 00ECIEUUBAIOMINX 3HAUYUTENBHYIO JOJII0 MEXa-
HU3MpOBaHHOW N00bun HepTH B Poccuu. C menpio mogaep:kaHus TpedyeMoro IuHa-
MHUYECKOTO YPOBHS KMJIKOCTH B CKBRXKMHE CTAHLIMHU YIPAaBJICHHs MOTPY>KHBIMH HACO-
CaM{ OCHAIIAIOTCS YACTOTHBIMU IPEe0oO0pa3oBaTENsIMU M 3aMKHYTHIMH IO COOTBET-
CTBYIOIIEMY NaT4uKy cuctemMamu [1-8]. B kadecTBe narynkoB 0OpaTHO CBSI3H MOTYT
NPUMEHSTHCS IAaTYMKHU JaBJIEHHs Ha IMPHUEME HAacoca WM 3XOJIOTHI, H3MEpPSIOLIHe
HEMOCPEICTBEHHO TMHAMUYECKHH YPOBEHB JKUJKOCTH B CKBAKHHE.

OTAUMUNTENBHON OCOOCHHOCTBIO 3JIEKTPOTEXHUUECKOTO KOMILIEKCa HEePTIHON
CKBa)XMHBI, OCHALIECHHOM MOTPYXHBIM 3JIEKTPOLEHTPOOSKHBIM HACOCOM, SIBIISIETCS
HaJIW4Ke MOBBIIIAIONIETO TPaHCPOPMATOPa, BKIIOYEHHOI'O MEKAY YaCTOTHBIM MPEod-
pasoBareneM u aurareneM. [loaTomy B Takux cucTeMax, Kak MpaBUIIO, IPUMEHSAETCS
CKaJSIpHOE YIIpaBJICHHE MOTPYKHBIM aCHHXPOHHBIM JBHTaTereM. B cBs3u ¢ 3TuM mpu
CHHTE3€ PEryJsITopa CHCTEMBbl CTaOMJIM3AlMH AWHAMUYECKOTO YPOBHS >KUIKOCTH B
CKBaXMHE HEOOXOAWMO 3HATh MAaTEMaTHYECKYI0 MOJENb ACHHXPOHHOIO JBUTATENs
IpU CKaJISIPHOM YaCTOTHOM yIpaBieHHH. Takue mojenu cymiecTBytor [9-16], HO 00-
JAfAI0T PSAAOM HENOCTaTKOB. BONBIIMHCTBO MOAeneld aCMHXPOHHOIO JABUTaTelNs Kak
00BbeKTa yNpaBJeHUs SBISIOTCS HeMUHEHHbIMU [9-14], 4TO HEe MO3BOISECT HANPAMYIO
HaiTu ero mepepaTouHyro QyHKIUIO. Jpyrue Momenu sSBISIIOTCS JIMHEAPU30BAHHBIMU
[15, 16], HO mepenaToyHble (YHKIMU BUTATEIs 10 OTHOIICHUIO K YIPABISIOMIEMY U
BO3MYIIAIOIEMY BO3JEHCTBHIO B HUX MOJYYEHBI C OOJNBIIMMH MOTPEMIHOCTSIMH, BBI-
3BaHHBIMHU NIPUMEHIEMBIMU METOAaMH JrHeapu3aund. CyllecTByeT TakKe MaTeMaTH-
Yyeckass MOJelb aCHHXPOHHOIO ABWraTels, MojlydaeMasi Ha OCHOBE KOMIIBIOTEPHOTO
MOJICIIMPOBAHUS U JANbHEHIeH MICHTH(UKAIMK TepexoaHbix mnpouecco [17]. Tlo-
TPEIHOCTD NMEPEAATOYHON (PYHKIHMK ABUTATENS B 3TOM CIIydae B OCHOBHOM 3aBHCHUT OT
TOYHOCTH ONPEAEICHUS! BENUYMH ONOPHBIX TOYEK MACHTH(PUKALMHU ¢ rpaduka mepe-
XOJIHBIX TPOLECCOB.

Lenpro HACTOSILETO UCCIICAOBAHMS SIBIISICTCS OTyYEeHUE YTOUHEHHOM JTMHEeaph30-
BaHHOM MaTeMaTW4ecKOW MOJENU MOrPYKHOTO aCHHXPOHHOTO JBUTATENs B BHJE IIe-
penaTodHol GyHKLINH.

JIBM>KeHHEe aCHMHXPOHHOTO IBHUTaTens IpH JHMHEHHOM 3aKOHE peryIupOBaHUs
HanpspKeHUs B (DYHKIMM YacTOTHl OMMCHIBAE€TCA HM3BECTHOM CHUCTEMON YpaBHEHHI
[9-17]
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dy,, RL  RL

d_tlzulx_ 1Azl//1x+ 1Aol//2x+wol//1y;
dy, | RL Rl |
? _Uly _1T2 1y +1Tl//2y — O 15

dv, RL R

dt = A Wox + A Wiy + (a)O _w)y/2y;
dy,, RIL RIL _
& = A wzy+f%y ~(@, ~ @)y, (1)

do_mZ,L,
dt 2anA
le = ku1f1 +U0;
U, =k, fi +Ug;
2r

a)ozz,

n

(l//lyl//Zx - l//lxl//2y ) - ‘]i M o

np

rac Vi, 1 l//ly — IIPOCKIIMU BCKTOPA MOTOKOCLCIIJICHUA CTAaTOPa B OpTOFOHaJIBHOﬁ
CHUCTCMC KOOpAHUHAT Oxy, Bpamalomefwﬂ CO CKOPOCTBIO MAarHuTHOT'O I1OJIA,
le n Uly — MNPOCKIUUN H306pa>Kanmero BCKTOpA HANPSAXKCHUS B TOH JKE CH-

CTEMC KOOp,Z[I/IHaT;

“l”Zx n \sz— COOTBCTCTBYIOIIUC MPOCKIINUN BCKTOPA MOTOKOCH CTIJICHU A pOTOpa;
Ll n Ri — UHAYKTUBHOCTH YU dKTHUBHOC COIMPOTUBJICHUC LICITU CTaTOpa;
L/

, U Ré — MNPUBCACHHLIC MHAYKTUBHOCTh U AKTUBHOC COIIPOTUBJICHUC LCIIN

poropa,
L, — B3auMHasi HHIYKTUBHOCTb,
@), — YII0Bas CKOPOCTb BpallleHUsI MATHATHOI'O MO,
@ — yTI0Bas 4acTOTa BpallleHUsS pOTOpa JBUTATEINS;
J,, — IPMBEICHHbI MOMECHT MHEPLMHU POTOPA,;
M, — uucao (a3 3IeKTpoIBUraTENs,
Z  — 4uCIIo Iap MOJIIOCOB,;
M_ — MOMEHT COIIPOTUBJIEHHS Ha Bally IOTPY:KHOI'O AJIEKTPOABUTATENS;
A=LL, - Lg;
f, — yacrora nuTaOIEro HaIPSDKEHNUS;
Ky; — K09 DHUIIHEHT PONOPIHOHATBHOCTH,
U, — HampsbKeHHe NIPH HyJIEeBOI YacToTe;
t — BpemsL.

Cucrema ypaBHeHwmii (1) siBisiercss HEMMHEIHOM, TTOCKOJIBKY B HEH HaOJIIOJAat0TCS
TAaKUC MPOU3BCACHUS ICPEMEHHBIX, KaK @Yy, , Oy, (a)O - a))l//zy \ (600 - a))t//2X \
Wi, Wy B W5, . JUIS onpeneneHus nepenaTouHol (pyHKIHMK IOrPyKHOIO aCHHXPOH-
HOTO JBHMTaTels, HAampHMep O OTHOLICHUIO K yHpapisiomeMy Boszaeicrsuio f,

HEoOXOIMMO TPOM3BECTH JIMHEApU3aluio ypaBHeHuid B cucteme (1). Bocnonbzyemcs
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pa3loKeHHEM B cTerneHHOM psx Telnopa OCHOBHBIX HEMTWHEWHOCTEH, OTOPOCHB MpHU
3TOM 4WiIeHBI Bbicuiero mopsiaka Manoctu [18-20]. Torna npuBeneHHbIC BBIIIE TPOU3-
BEJICHHSI [IGPEMEHHBIX )/, MOKHO IIPECACTABUTH B BHJIC

2r
WY1y = Z_(V/lyo f,+ f10W1y) ; )

n

21
Yy = Z_(V/lxo f, + f10W1x) ; 3)

n

2
(wO - w)WZy zz_ﬂ-(l//zyo f, + floV/zy ) - (V/Zyow T 0w,y ) ; 4)

n

2r
(wo - a))WZX = Z_('//zxo f, + fov,, ) - (V/zXow T Ol 54 ) ; (5)
VigWox =VoxoWay T WiV oy (6)
Vi oy =VoyoWix TVioWay (7

THE Wigs Wiyor Wanor Wayor @ U fyy — HauanbHble yenosus.

[Moncrasnsst popmyast (2) — (7) B (1) n nonaras U, =0, mociie HeCIOXHBIX Ipe-

00pa3oBaHUi MOTYYHM JHHEAPU30BAHHYIO CUCTEMY YPAaBHEHHMH IBIIKEHHS MOTPY>KHO-
r0 aCHHXPOHHOTO ABUTaTENs

(Tl p +1)W1x =Af, + Fy,, + By,

(Tl p +1)W1y =Cf, + Fy,, — By,

(Tz p +1)W2x =Dy, +Gf, + ( H _Tza)oo)'//Zy _T2'//2y0(0; (8)
)

(T,p+1 w,, = Dy, —Kf, - (H = T,00 )Wy + T oWy @;
3,00 =K, [ (WaeWy +Wayo¥a )~ (WayoWix +Waay ) |- M.
rae T, = A T
RL
T, = RQALl — DIeKTPOMATHUTHBIE MOCTOSIHHBIE BpEMEHM Iemeil cTaTopa
1 poOTOpa;

d . ZR\VUO .
p= ™ — oneparop muddepenuuposanus; A=| K, + - T

n

11

B :_271;;1 fy ; C= (kul ——22”“0 JT :

n n

D:i- in- GZZTETZ\VZyo._
L, L, z,
H zszflo' K:27T'T2\V2x0 -k zmlznl—o
’ P TToA

n n
Haiinem u3 cucrembl ypaBHeHuWil (8) mepenaroynyro (QyHKIUIO aCHHXPOHHOTO
JBUTraTeNs 10 OTHOLICHHIO K YIpaBisiionieMy BosaeiictBuio f,, mpu aToMm 3a BIXOA-

HYI0 KOOpAMHATY NPHMEM YIJIOBYKO 4acTOTy (@ BpalleHus poTropa asurarenst. Boc-
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HOJIB3YeMCsI ITPUHIUIIOM CYNEPIIO3UIUH U NIPUMEM BO3MyInaromiee Bo3zaeiictsue M,
paBHBIM HYJIr0. J{JIs1 JOCTHKEHUS TOCTABICHHOM 1IETH BBIPa3uM M3 MIEPBOrO ypaBHEHHUS
(8) mepemennyro vy, :

A ‘. F v+ B
(Typ+1) ' (Tp+1)"*  (Tp+1
[Moxacrapnsist (9) B ocTanbHbIe ypaBHEHHS CHCTEMBI (8), momydnm
C(T1p+1)—ABf . F(T,p+1) ~ BF
(Tp+1) +B° ° (Tp+1) +B° 2 (T,p+1) +B°
[(T,p+1)(T,p+1)-DF Jy,, =[G(T,p+1)+AD | f, + BDy,, +
+(H _Tzwoo)(T1p+1)W2y Yayol ( p+1) (10)
(Tz p +1)V/zy = Dle —Kf, _(H —T,0, )WZx + T 0 0;

J
” 2 (T,p+1) po = [v/m (T,p+1)- szyo]wly +

M

lr//lx = )l//ly : (9)

l//1>< ’

1y —

+|:W1y0 (Tl p +1) - FW2y0:|l//2x - A‘//Zyo f—vi0 (Tl p +1)W2y-
IIpon3sBogs MOACTAHOBKY Yy, W3 MEPBOTO YpaBHEHHUSI (10) Bo BTOpOE, TpETHE U
YCTBCPTOC U I/I36aBJ'I$I$ICI> B I[aJ'H:HefIH.ICM AHAJIOI'NYHbBIM O6p330M OT ICPECMCHHBIX l//ZX
nu l//zy y B KOHCYHOM HUTOI'C MOJYYUM IMCPCAATOYHYIO (1)YHKLII/IIO ACUHXPOHHOI'0 JABUTA-
TCJIA IPpU CKAJIAPHOM YaCTOTHOM YIIPABJICHUH
k,, (b, p*° + by p'? +b, p* + b, p° +b, p° + b p° + by p” +
o(p)  +b;p°+b,p°+byp*+byp’+b,p®+b,p+1)
f(p)  (ap™+a,p*+a,p?+a,p?+a,p+ap +a,p’ +a,p’+’
+3,p7 +a,p° +2,p° +3, p* +,p° +2,p° +a,p+1)

Way( p) =

(11)

A + AA, _ o

ka,z—, o=A40 1 s 26 ) A4o=—1

T T AT AGA, (At + A AnAs + Aohs
b, = A (A + Arh + AuAg +ALAL )

(A

by = Ay (Ao Aos + A + Ay Aog + Ay Ao + Ay A + Ay A )

by = A (AvrAss + Auos + AP + Ay g+ Ay A+ Ay g + Ay Ag + Ay Ay )
|

b, A; 20 AorPus + AuPgs + Aot Aos + Ay Ag + Ay Ags + Ap Aug + A Aag + Aoy Ao + Ay Ag +
+ 27 06

by = Ay (AvsAss + AuAus + Ay Ass + A Pos + Ay Ag + Ay Aos + Ap g + Ao P + Py Py +
A o + A A + Ay A )

b = Ay (Ao Ass + A + Aoy A + gy g + Ay Aog + Ay A + Ay Ao+ Ay Ay + Ay A +
+A22A46 + A32A36 + A42A26 + A52A16 + AGZA)G)

by = Auy (AuAss + P Ass + P Pus + Ay Ao+ A Aos + Ay A + Ay g + Ay Arg + A A +
+A22A‘56 + A32A46 + A42A36 + ASZAZG + A62A16)

by = Ay (A Ass + AP + AuAug + Ay Ass + Ay P + Aoy Ag + Py Ao + Py g + Ay Ay +
+A42A46 + A‘SZA% + AﬁZAZG)
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bgpz Zo §A31A65 + AP + A A+ A Ags + A Aos + Aoy g + A A + Ay g + A A +
+ 2" 36

A40( AuPus + A Asg + Ay s + A Ay + Py P + Py g + A Asg + A A )
Ay (Asi s + Aoy Ass + Aoy A + AP + A A + Ay A )
(

= Ao (AeAss + AnAss + ApA + Aeere) = AP Ay a = Ay (AmAu + A11Ao4);
a, = A40( Ao+ AR, + A A, + Abapbe)
& = A4o( 1A+ AR+ A AL+ AL A, + AgA + AiSA\)G)-
3, = A (AnAu + Ay + Ay Aoy + A A+ A Ao+ A Pog + AgAg + Ay Ayg) |
a =ﬁ~;o)( 1A+ A A+ Ay A+ Ay Aoy Ay A+ A Ay + Ay A + AgPog + A A +
TR v
35 = Ao (A As + AuAu + Ay A+ Ay Ay + Ay Aoy + A A+ A Aoy + APy + A A +
+ A A + Ay A + AsAg)

8, = A (AP + Au Ao + Ay Ay A Ay APy + Ay Py + Ay Ay + Ay Aoy + Ay A +
+A13 5 + A+ A + A Ag + Ay Ay )

35 = Ay (A Pas + AaA + PPy + Ay Ay + Ay Ay + Ay Ay + Ay oy + A A+ A Ay +
+A13A‘56 + A23A46 + A33A36 + A43A26 + Ag3pﬁ6 + AGSA)6)

8 = A (AP PonPra + Py Ay + Ay Ay A Ay + Ay Ay + Ay oy o+ Ay A+ AgAy +
A A + A A + AP + Ay g + A A ) ’

B = Aup (Ao A + A + APy + A A+ Ay Ay + Ay Ay AP + Ay Ay + A A +
+A43A46 + AP + Ay

As AA:O)( AP+ APy + Ay Aoy + A Asa + A Ay + g g + A A + A A + AgAyg +
+ 37 36

A, = A (AP + AP+ A Aoy + A A+ A A+ Ag A + APy + APy )
Ay = A (AP + A A+ A A + AP+ A A + Ag A )
a, = Ay (A%1A84 + A Ay + AgPog + A63A66) :
Kosdpummentsr Ay — Ay Ay = Ags Ay = At Ay = Ayt As = At A —

A76 HUMCIOT CJIOKHYIO B3aUMOCBA3b C IapaMCTpaMu ACUHXPOHHOI'O ABUTaTCId U

HaualbHbIMU ycrnoBusMu. Hanpumep, koadduuuentsr A, u A, paBHBI
A, = {K(1+ B” - DF )T, +(2K ~CD)| (3+ B? - 2DF )T, + (1+B?)T, | +
+[K(1+B%)+(AB-C)D || (3+B°)T,+(3- DF )T, |+
1 Ay (H =Ty050 )+ 2(H ~ Ty )| (1+B?)G + 2(AD +G) + BCD |+
+A, (ATD +3G)|T,} T;
A, = {[(10AD +3AB’D +6BCD + B°CD +15G +12B°G + B*G )y , +
+(10C +3B°C —6AB — AB® — B°CDF —6BFG — B°FG — 6CDF ) /., —
—~(10A+3AB? +6BC + B°C +10FG +3BZFG)\VZYO]T1 +
+| (5C +3B°C — 4AB — 2AB® )y, - (5A+3AB’ + 4BC + 2B°C )y, |T, }Tl,
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rae Ay =(H —T,0y)(1+B?)+BDF ; A, =AD+BCD+(1+B%)G.

JIisl OLEHKU aJleKBaTHOCTH IIOJYYEHHOW NepeaaTOYHOW (YHKIMU IMPOH3BEAEM
MozenupoBanue B nporpamme Matlab Simulink acuaxponnoro aurarens 1LA7083-

2AA10-Z, umeromero ciefyrooume TexHuueckue xapakrepuctuku: P, =1100 BrT;
U, =220 B; f,=50 I'y; I,=2,3 A; cose¢=0,87; n=0,83; R =7,731 Owm;
L, =0,833 I'n; L, =0,677 I'm; L,=0,648 I'n; T,=0,0275 ¢; T,=0,0273¢, Z, =1,
J,, =0,001 kM2 Pacuer mepexoaHOro mpolecca «B MaJaoM» 110 HeJTMHEHHOH cucTeMe
ypaBHenuii (1) mokassiBaet, 4yTo Ipy HavaibHOM yactore f, =50 I'u u npupameHnu

Af, =0,3T'y Bpemst mepexoaHoro mnpouecca cocrasisier t =0,197 c, a nepeperysu-
poBanue — o = 45,3 % (puc. 1).

T

317
@, pan/c
3165 |

T

36 [\ /
315.5 |

315

314 L !
2 2.1

|

|

|

|

|

|

:

:

3145 |
/ |
' |
.' ;

2.2 23 2.4 25

[, cC

Puc. 1. TlepexonHslii mporiecc Ha HavambHOI yactore 50 I,
[IOCTPOEHHBIHN 0 HEIMHEHHOW CUCTEME YpaBHEHUI

IIpy 5TOM NPOEKLHMH IOTOKOCLEIUICHHI CTaTopa M POTOpA MMEIOT CIIeIYIOLIUe
HavanbHple ycnous: y,,=0,718 Bc, wy,,=-0,678 Bc, w,,=056 B,

¥,y0 =—0,528 Be, a HavanbHas yriosas CKOPOCTh poTopa paBHa @y, =314,1 pan/c.

[ToncraBnsis 3HaYeHNs Ha4YaJbHBIX YCIOBUN M MapaMeTPOB HUCCIEAYEMOM JJIeKTpHYe-
ckoif MammHbl B Gopmyny (11), Halizem YuCICHHBIC 3HAYEHHs NEpPeaaTOYHOU (yHK-
LM aCHUHXPOHHOI'O JIBUTATENs IO YIPAaBIAIOUIEMY BO3JEHCTBHI0O Ha HOMHHAIBHOH

YaCTOTEC MMUTAIOMICTO HAITPSXKCHU A
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6,283(1,5859-10 7 p** +6,9265-10 *° p** +7,6212-10 " +
+2,4949-102° p +1,3255-10 7 p° +3,2488-10 ° p® +1,0191-10 2 p” +
+1,8053-10°p® +3,2033-10° p° + +3,6683-10 ° p* +2,3046-10* p°
+7,892-10°p +0,13948p +1)
Waio (p)=
(3,0808-10 p'* +1,5705-10*° p'* +1,5947-10 % p'° +5,888-10* p** +
+2,9614-10 % p™ +8,0395-10 % p° + 2,4591-10° p° +4,8007 -10“ p® +
+8,8611-102p” +1,148-10° p°® +1,0426-10 7 p° +6,8865-10° p*
+3,1473-10 p* +9,093-10°p? +0,146691p +1)

(12)
ITo nepenaTounoit Gpynkunu (12) Takke MOCTPOEH MepexXoAHbIN mporiecc (puc. 2).

1 O T T T T

o, paj/c

0 | 1 1 |
0 0.1 02 0.3 0.4 0.5

Puc. 2. TlepexonHsrii mporiecc Ha HavaimbHOH yactore 50 I,
MIOCTPOCHHBIH 10 NTepeiaTOYHON (yHKINI

AnHanu3 rpaduKa MOKa3bIBaeT, YTO BpPEMs IEPEXOJHOr0 mpolecca pPaBHO
t  =0,1976 c,a nepeperynmupoBanue — o = 45,5 %. CpaBHeHHE C aHAJTOTHYHBIMHU T10-
Ka3aTeIsIMH, TIOyYCHHBIMH 110 HEJTMHEWHON CHCTeMe YpaBHEHH, MTO3BOJISET CKa3aTh,
YTO pacxoXJIeHHe pe3yapTaTtoB He npepbimaer 0,44 %.

Jlnst yOenmuTenbHOCTH MpoMoJieupyeM 1o ypaBHeHusiM (1) paccmarpuBaemblit
3JIeKTpoABUraTenb Ha HadanbHOM yactote f, =1 I'mu Af =0,05 I (puc. 3). Bpe-
MsI IEpeXOAHOro mporecca B 3ToM ciydae cocrasisier t, =0,55 ¢, a nepeperynupo-

BaHUE PaBHO Hyit0. HayanabHbIe yCIOBUS UMEIOT CIeAyIOIHe 3HaueHus: y,,, = 0,545
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Be, y,,,=0,105 Be, y,,,=0,424 Be, y,,, =0,082 Be, @y, =6,282 pan/c. [TosTomy
nepenaroynas GyHkuus (11) npuHUMaeT crneayromue Y1CIeHHbIC 3HAYCHHSL:
6, 2837(1,7671-10'19 p* +7,7186-10 " p'* + +1,5189-10 ™ p** +
+1,78-10 % p™ +1,3826-10 " p° + 7,4948-10°p® + 2,9057-10 " p’ +
+8,1211-10°p® +1,6286-10* p° + 2,3063-10° p* + 0,0225p° +
+0,1445p” +0,5647p +1)
(1,0923.10-22 p®® +5,5684-102 p** +1,3048-10 " p** +1,864-10 ®p? +
+1,8144-10p™ +1,2736-10 " p*° + 6,6499-10 p° +2,625-10° p® +
+7,8773-10"p” + +1,7911-10°p® +3,0477-10 p° + 3,7931-10 3 p* +
+0,033255p° +0,193028p? + 0,661296p +1)

oy

(13)

665 [ T T T T T
o, paj/c
6.6
6.55
6.5
6.45
6.4
6.35

6.3

| | 1 | 1

2 2.2 2.4 2.6 2.8
t,c

Puc. 3. TlepexomHsrii mporecc Ha HavanpHOH yactore 1 I,
[IOCTPOEHHBIN 0 HEIMHEHHOW CUCTEME YpaBHEHUI

I'pacduk mepexoaHOro mpolecca, MOCTPOCHHBIH 10 nepenarodnor GpyHkuuu (13),
MIOKa3bIBACT, YTO BpeMs epexoaHoro nporecca pasHo t, =0,547 c, a nepeperymnupo-
BaHHE OTCYTCTBYET (puc. 4). CpaBHHBasi 3TH 3HAYCHUS C MMOKA3ATEISIMHU, MOTY4CHHBI-
MU IIPU MOJAETUPOBAHUN HEIWHEHHOW CHCTEMBI YpaBHEHHH, MOXKHO CIIENaTh BBIBOJ,
YTO pacxoXJIeHHe pe3yapTaToB He npepbimaer 0,54 %.

CnenoBarenbHo, nepenatounas ¢ynkius (11), umeromas xapaKTepUCTHUECKUI
MOJMHOM MSATHAIATOrO MOPSAKA, C BHICOKOW CTENEHbIO TOYHOCTH OTpa)kaeT Mpoliec-
CBI, IPOTEKAIOIINE B TI0OOM aCHHXPOHHOM JBUTATEIIE, B TOM YHCIIE U ITOTPYKHOM, TIPH
CKaJISIpPHOM YacTOTHOM YympaBieHuH. [lomyueHHas JduHeapu30BaHHAs MOJEIb MOXKET
OBITb WCIOJIb30BaHa MPU CHHTE3E PErYNATOPOB 3aMKHYTBIX CHCTEM YIIPABJICHHUS C
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ACMHXPOHHBIMH HCTIOTHUTEIbHBIMU JBUTATENAMHU, U B YaCTHOCTU NpHU BbIOOpE mapa-
METPOB PEryjsTopa, MONACPKUBAIOIIEro TpeOyeMbld JUHAMUYECKHH YpOBEHb B
HETAHOU CKBaXKHHE.

AmnanoruuHeIM 00pa3oM MOKET OBITh HaiilieHa mepemaToyHasi PyHKIHS MMOTPYK-
HOT'O IBUTATEIIS U MPH KBaIPaTHUYHOM 3aKOHE PETyIMPOBAHUS HAIPSKEHUS B QyHKIMK
Y4aCTOTHI.

7 T T T T
o, paj/c

O 1 I
0 0.2 0.4 0.6 0.8 1
t,c

Puc. 4. TlepexomHslii poriecc Ha HavanbHOH yactote 1 I,
TIOCTPOCHHBIH 110 NTepefaTOYHON (yHKINH
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LINEARIZED MATHEMATICAL MODEL OF SUBMERSIBLE
ASYNCHRONOUS MOTOR
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244, Molodogvardeyskaya st., Samara, 443100, Russia
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2, Lenin’s street, Almetyevsk, Tatarstan, 423450, Russia

Abstract. Currently, submersible induction motors are widely used in electric centrifugal
pump units, which provide the bulk of oil production in Russia. To maintain a given dy-
namic fluid level in the well, submersible pump control stations are equipped with closed
systems with frequency converters. For the correct synthesis of the regulators of the dy-
namic level stabilization system, it is necessary to know the transfer function of the induc-
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tion motor as a control object. It should be borne in mind that for matching a high-voltage
submersible motor with a frequency converter, a step-up transformer and scalar frequency
control of an asynchronous machine are used. Existing linearized mathematical models of
an induction motor with this control method are approximate. Therefore, the purpose of
this study is to obtain an updated model of a submersible induction motor. The article pro-
vides a well-known system of equations of an asynchronous machine with scalar frequency
control. It is shown that this system is non-linear since a number of variables are multiplied
in it. The linearization of the main nonlinearities was carried out by the method of their
expansion into a Taylor series. In the linearized system, the frequency of the supply volt-
age of the stator is taken as the input coordinate, and the rotational speed of the rotor of the
induction motor is taken as the output coordinate. Getting rid of the intermediate variables
by the method of sequential substitution, we obtained the transfer function of a submersi-
ble induction motor with scalar frequency control. It is shown that the characteristic poly-
nomial of the found transfer function is of the fifteenth order. Analytical expressions are
found that connect the coefficients of the transfer function with the parameters of the in-
duction motor and the coordinates of the starting point. The adequacy of the obtained
mathematical model is estimated by comparing the modeling results of step response in a
nonlinear system of equations and in a linearized one. It is shown that the discrepancy be-
tween the results does not exceed 0.54%.

Keywords: submersible induction motor, scalar control, mathematical model, transfer
function, linearization.

REFERENCES
Maslyanitsyn A.P. Automation of the technological process of oil production by submersible
centrifugal pumps: Dis .... cand. tech. sciences. Samara: SamGASA, 1999. 268 p.
Starikov V.A. Automation of the technological process of bringing an oil well to a stationary mode of
operation after a major overhaul: Dis .... cand. tech. sciences. Samara: Samara State Technical
University, 2010. 153 p.
Patent of Russia 2165037. Method for operating a well with a submersible centrifugal pump and a
device for its implementation. V.M. Lyustritsky, S.Ya. Galitskov, A.P. Maslyanitsyn, S.A. Shishkov
(Russia). Publ. 04.10.2001, Bull. 10.
Patent of Russia 2181829. Method for outputting a well equipped with an electric centrifugal pump
with a variable frequency drive to a stationary operating mode / V.M. Lyustritsky, S.A. Shishkov
(Russia). Publ. 04.27.2002, Bull. 12.
Zhivaeva V.V., Starikov A.V., Starikov V.A. The use of a frequency-controlled electric drive to bring
awell to a stationary mode. Bulletin of Samara State Technical University. Series "Engineering
sciences", 1 (23). 2009. Samara: SamSTU, 2009. Pp. 142-151.
Patent of Russia 2370673. Control system for submersible electric centrifugal pump. V.V. Zhivaeyv,
A.V. Starikov, V.A. Starikov (Russia). Publ. 10.20.2009, Bull. 29.
Patent of Russia 2442024. Control system for a submersible electric centrifugal pump. A.V. Starikov,
V.A. Starikov (Russia). Publ. 02.10.2012, Bull. 4.
Starikov V.A. Discrete mathematical model of a digital control system for a submersible electric
centrifugal pump. Bulletin of Samara State Technical University. Series "Engineering sciences", 3 (25)
—2009. Samara: SamSTU, 2009. Pp. 193-198.
Mikhailov O.P. Automated electric drive of machines and industrial robots. Moscow: Mechanical
Engineering, 1990. 304 p.
Sokolovsky G.G. Electric drives of alternating current with frequency regulation. Moscow: Academy,
2006. 265 p.

. Anuchin A.S. Control systems of electric drives. Moscow: Publishing house MEI, 2015. 373 p.
12.
13.

Kalachev Yu.N. Vector regulation (practice notes). Moscow: EFO, 2013. 63 p.

Pozdeev A.D. Electromagnetic and electromechanical processes in frequency-controlled asynchronous
electric drives. Cheboksary: Publishing house of Chuvash. University, 1998. 172 p.

Onishchenko G.B. Theory of electric drive: a textbook for students of higher education institutions.
Moscow: Education and Research, 2013. 352 p.

Starikov A.V. Linearized mathematical model of an asynchronous electric motor as an object of
a frequency control system. Bulletin of Samara State Technical University. Issue 16. A series of
"Physics and Mathematics". Samara: Samara State Technical University, 2002. Pp. 175-180.

166



16.

17.

18.
19.

20.

Galitskov S.Ya., Galitskov K.S., Maslyanitsyn A.P. Dynamics of the asynchronous mator: Textbook.
Samara: SamGASA, 2004. 104 p.

Kuznetsov V.A., Migachev A.V., Starikov A.V., Titov A.R. Features of the mathematical model of an
asynchronous electric motor of air-cooled oil coolers. Bulletin of Samara State Technical University.
Series "Engineering sciences”, 3 (31). — 2011. — Samara: SamSTU, 2011. — pp. 171-179.

Besekersky V.A., Popov E.P. Theory of automatic control systems. Moscow: Nauka, 1975. 768 p.
Theory of automatic control: Textbook. for universities for special. "Automation and telemechanics".
In 2 hours. Part 1. Theory of linear automatic control systems. N.A. Babakov, A.A. Voronov, A.A.
Voronova, etc. Ed. A.A. Voronov. Moscow: Higher school, 1986. 367 p.

Popov E.P. The theory of linear systems of automatic regulation and control. Moscow: Nauka, 1989.
304 p.

167



