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Pe3ztome: []1s NOBBILIEHNS SHEPTeTUUECKUX TIOKA3aTeNeH MpeaaraeTcs pexkuM paboThl ACHHXPOHHOTO
3NEKTPONPUBO/IA C YACTOTHO-TOKOBBIM yIIpaBIICHHEM, PA0OTAIOIIEM MPU KPUTHYECKOM CKOJILKEHUH Ha
BEHTWSITOPHYIO HarpysKy. [Ipemmaraercst cTpykTypa aCMHXPOHHOI'O 3JIEKTPONPHBOAA IOCTOSHHOM
MOIIHOCTH C YacTOTHO-TOKOBBIM YIPABJICHHEM, PpabOTalOmeM IOpPU KPUTHYECKOM CKOJIBKECHUHU.
Teopernuecku pabouasi TOUKa 3JIEKTPOIPUBOJA, B KOTOPOH CKOJbKEHUE PaBHO OOJIbILIE HIM PaBHO
KpUTHYECKOMY OyJleT TOYKOW HEyCTOMYMBOTrO paBHOBeCHS. B pa3oMKHYyTO# cucTeMe peryInpoBaHUs
KOOPAMHAT 3JICKTPONPHUBOAA OOECICUNUTh €ro YCTOHUMBYIO PadOTy Ha KPUTHYECKOM CKOJBKECHUH
HEBO3MOXXHO H3-32 HEKOHTPOJHPYEMBIX BO3MyIeHHH. [103TOMYy OBIIO MPEqIOKEHO HCHOIB30BaThH
3aMKHYTYIO CUCTEMY YIIPaBJIEHUS C MOJYMHEHHBIM PETYINPOBAHNEM OCHOBHBIX KOOpAMUHAT. B kauecTBe
TaKUX KOOPAMHAT ObUIM BHIOPaHbI TOK CTaTOpa U yacToTa BpameHus. OcoOeHHOCTb JaHHON CTPYKTYPbI
SBIISIETCS. ITOPUTM YIPABJICHUS IMpeoOpa3oBaTesieM YacTOThl, 3aKIIOYAIOIIMHACS B TOM, 4YTO
HalpspKEHUE BBIYUCIAETCS CHUCTEMOW MOMYMHEHHOTO PETYJIHPOBAaHUS KOOPAWHAT M3 YCJIOBUA
MOIIEPKAHMSI TTIOCTOSTHHOM MOIIHOCTH. bplta pazpaboTana MOJENb TaKOTo 3JIeKTponprBoaa B Simulink
U [IPOEEHO MOoJeNupoBaHue ero pabotsl. [Ipennaraemoe penieHne aCHHXPOHHOTO 3JIEKTPOIPUBOA C
YaCTOTHO-TOKOBBIM YIPaBJICHUEM 00eCIeunBacT yCTOWYUBYIO paObOTy MPU KPUTHIECKOM CKOJIbKEHUH
W TpU OTOM JOCTUTAETCSl MHHMMajbHOE TMoTpebjeHne Toka craropa. [lockoibKy mapaMeTpsl
ACHMHXPOHHOTO 3JIEKTPOABUraTe sl HEIIOCTOSIHHBI M MOTYT MEHSTHCS B IIPOLIECCE SKCIUTyaTalllH, TO JUIS
BBIYMCIICHHS HEOOXOIUMOM H00aBKM CKOPOCTH II€JecO00pa3sHO HCIOJIb30BAaTh 3KCTPEMaTbHOE
peryJIupoBaHue 3TOH I0OABKU JOOMBAsICh TAKOTO €€ 3HAUSHHS IPY KOTOPOM 00eCTIeYnBaeTCs MUHUMYM
noTpebIIIeMoro ToKa.

Knrouesvie cnosa: TATOBBIN QJICKTPOIIPUBO/, aCHHXpOHHBIﬁ QJICKTPOABUTATCIIb, KPUTHUYCCKOC
CKOJIB)KCHUC, yCTOfI‘IHBOCTB, TOK CTaTtopa.
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Optimization of static modes traction asynchronous electric
drive with frequency-current control

O.V. Ermilina, A.D. Semenov
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Abstract: To increase the energy performance an asynchronous electric drive operating mode with
frequency-current control is proposed operating at a critical slip on the fan load. The structure of
asynchronous electric drive of constant power with frequency-current control is proposed operating at
critical slip. Theoretically the operating point of the electric drive in which the slip is equal to or equal
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to the critical one will be a point of unstable equilibrium. In an open-loop control system of the
coordinates of an electric drive, it is impossible to ensure its stable operation on a critical slip due to
uncontrolled disturbances. Therefore, it was proposed to use a closed-loop control system with
subordinate regulation of the main coordinates. The stator current and rotation frequency were chosen
as such coordinates. The peculiarity of this structure is the control algorithm of the frequency converter,
which consists in the fact that the voltage is calculated by the subordinate coordinate control system
from the condition of maintaining constant power. A model of such an electric drive was developed in
Simulink and its operation was simulated. The proposed solution of an asynchronous electric drive with
frequency-current control ensures stable operation at critical slip and at the same time minimizes the
stator current consumption. Since the parameters of an asynchronous electric motor are not constant and
can change during operation, then to calculate the required speed addition, it is advisable to use extreme
regulation of this additive, achieving such a value at which the minimum current consumption is ensured.

Keywords: electric traction, induction motor, a critical slip resistance, stability, stator current.
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BBenenune

TAroBbIi 3JEKTPONPUBOJ C ACUHXPOHHBIMU JBUTATEIsIMHU Ojarogapsi 0ojee BBICOKOM
HaIEKHOCTH, MPOCTOTE OOCIYXKHMBAHHUS M OTHOCUTEIILHO HM3KOW CTOMMOCTH HaXOIUT BCE
OoJIbIIIe IIMPOKOE IPUMEHEHUE B PA3IMYHBIX TPAHCIIOPTHBIX CPEICTBAX.

YacTOTHO-TOKOBOE  PEryJIMpPOBAHUE ACHHXPOHHOI'O  3JIEKTPONPUBOJA B  CHIY
ocobeHHOCTEH ero paboTsl [1-8], HAXOAWT MIMPOKOE TMPUMEHEHHE B SJICKTPONPHUBOIAX C
MOBBIIIEHHOW Neperpy304Hoil crnocobHocThio. Ilpu TakoM peryauMpoBaHHH BO3MOXKHO
ONTUMAJIbHOE HCIOJIb30BAaHUE 3JIEKTPOABUIATEIEH Ui MOJy4YEeHUS KaK MaKCHUMaJbHOTO
MOMEHTA Ha Bajly IpH 3aJJaHHOM TOKe, TaKk M1 MUHMMaJbHbIX MOTeph[9]. B paboTax kadenps
DAY  VITY-VIIM [11, 12] B o6nactu YacCTOTHO-PETYJIMPYEMBIX ACHHXPOHHBIX
JIEKTPOIIPUBOAOB JIOKA3bIBACTCA YTO ACHHXPOHHBIA AJIEKTPONPUBOJA MPU MHUTAHUU OT
npeoOpa3oBaTess 4acTOThl ¢ aBTOHOMHBIMH MHBEPTOPAaMH HAINpPSHKEHUS U TOKA, & TaKXKe OT
npeoOpa3oBaresis € HEMOCPEACTBEHHOM  CBs3pl0  oONajaeT  AKCTpeMalbHBIMHU
XapaKTepUCTHKAMH O MHOTHM HauOoyiee BaKHBIM TIOKa3aTeasiM KadecTtBa. lIpum Takom
peryIupoBaHUM BO3MOXHO ONTHUMaIbHOE UCIIOIb30BAHUE AIEKTPOABUTATENEH I OTYYEeHUs
KaK MaKCUMaJIbHOTO MOMEHTa Ha BaJIy MPH 33JaHHOM TOKE, TaK U BBICOKHX YHEPreTUYECKUX
nokasarenei [13].

Pa0oune pexxumbl 1J1s1 AaCHHXPOHHOTO YJICKTPONIPHBOIA

Jlnst mokazarenbCTBa TOTO YTBEPKACHUS MPOAHATU3UPYEM YPaBHEHHE MEXaHHMUECKON
XapaKTePUCTHKU aCHHXPOHHOTO 3JICKTPOABUTATEIS MPH YaCTOTHO-TOKOBOM YTIpaBJIcHHH [ 1 ]
mlf%
M = E’ (1)
Sk S
rae M - uucio ¢as, |1 - ¢hazHbeIil TOK, S — CKONBXKEHHE, Sk - KPUTHYECKOE CKOJIbKeHue, Ry —
aKTUBHOE CONPOTHBIICHHE POTOpa, w1 - YacToTa TOKa cTatopa, Lm, L2 — MHIYKTUBHOCTH

HaMarHMYMBAIOIIETO KOHTYPa U pOTOPa COOTBETCTBEHHO. KpuTHUECKOE CKOJIbKEHHE PABHO
_ R
Sk = (2)

wily’
rae RZ — aKTUBHOC COIIPOTUBJIICHHUEC POTOPA, (W10~ HACTOTA MMUTAIOLICTO HAITPSAKCHUA.
OquI/IHHO, qTO HpI/I JaCTOTHO-TOKOBOM praBHeHHH TOK CTaTOpa ITIOCTOSAHCH 11 =
const u MaKCUMYM MOMCHTA JJICKTPOABUTATCIIA 6y,Z[CT AOCTUTAThCA MPU YCIIOBUU S = Sg.
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M
HpI/I 9TOM OTHOIICHHEC 1—2 6yz[eT MaKCHUMAJIbHBIM, 4YTO 0COOEHHO Ba)XKHO JJIA TATOBOI'O
1

3JIEKTPOIIPUBOAA, MIOCKOJIBKY 33JaHHBIA TATOBBII MOMEHT 00ECIIEYMBACTCS PU MUHUMAJIHHO
BO3MO>XHOM TOKE CTaTopa.

Ha Pucynke 1 npuBeneHsl pacuéTHble MEXaHUYECKUE XaPAKTEPUCTUKH AaCUHXPOHHOTO
JIEKTPOIPUBOAA C YAaCTOTHO-TOKOBBIM YIpPaBI€HHEM paloTaloLeM HIOpU KPUTHYECKOM
CKOJIb)KCHUU Ha BEHTUJIATOPHYIO HArpys3Ky.

wiw0

0 0.2 0.4 0.6 0.8 1 1.2
M/MH

PI/ICYHOK 1 — MexaHuueckue XapaKTCPUCTUKHU ACUHXPOHHOI'O JJICKTPOIIPpHUBO/JA C
YaCTOTHO-TOKOBBIM YIIPABJICHUCM pa60TafomeM IpHU KPUTHUICCKOM CKOJILXKCHUH Ha
BECHTUJIATOPHYIO HarpysKy
Figure 1 - Mechanical characteristics of an asynchronous electric drive with
frequency-current control operating at a critical slip on a fan load

Teopernueckn pabodas TOYKa 3JIEKTPOIPHUBOAA, B KOTOPOM CKOJBKEHHE pPAaBHO
KPUTHYECKOMY OyZeT TOYKOM ycToMuMBOro paBHoBecus. BTopas Touka, B KOTOpOH MOMEHT
JIEKTPOJBHUraTeNsl TAK)KE€ PaBEH MOMEHTY CONPOTUBJIEHHUS OyAeT TOUYKOW HEyCTOHYHMBOIO
paBHOBecus. Ha PucyHke 2 nmoka3aH JaHHBIN CITy4ai.

Jns Toro 4tobbl obecrnednTh paboTy 3JIEKTPONPHUBOJIA CO CKOJIBKEHHEM DPaBHBIM
KPUTHYECKOMY YacCTOTY MUTAOIIEr0 HAPSKEHUS ClIeyeT BRIOMpaTh U3 YCIOBUS

Wo = w + wWoSk

MOJICTaBJIAS CIO/IA BBIpAYKEHUE (2) IUIsl Sk OTy4nUM

w0:w+&. 3)
Lag
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Pucynok 2 — PaGouune TOUYKHM 37IEKTPONPUBOAA ITPU paboTe ¢ S = Sj
Figure 2 - Operating points of the electric drive when working with s = s,

MO}]eHHpOBaHI/Ie ACHHXPOHHOI'0 JICKTPOIIpUBOAA NOCTOSIHHOI MOILITHOCTH €
YaCTOTHO-TOKOBBIM YIIPpaBJICHUEM

B pazomMmkHyTOM cucTeMe peryMpoBaHus KOOPAUHAT 3JEKTPONPUBO/Ia 00ECTIEUUTh €T
YCTOWYHMBYIO pabOTy Ha KPUTHYECKOM CKOJBKEHHUU MO YCIOBHIO (3) HEBO3MOXKHO H3-3a
HEKOHTPOJIMPYEMBIX BO3MyIleHu. [loaToMy OBUIO TIPEMASIONKEHO HMCIOIB30BaTh 3aMKHYTYIO
CUCTEMY YNPABJICHUS C MOAYMHEHHBIM PETYJIMPOBAHWEM OCHOBHBIX KOOpJMHAT. B kauecTse
TaKuX KOOpJAWHAT ObUIM BBIOpaHBI TOK crTartopa li, udacroTa BpamieHus poTopa ® U
notpebnseMas MOHOCTh P. CxeMa Takoii CHCTEMBI peryIMpoOBaHus MoKa3aHa Ha Pucynke 3.

(0N P

Ao > > 4 AII ‘ -
P,
o 1 1]

PM PC >
it :

Pucynok 3 CxeMa aCHHXpOHHOI'O 3JIEKTPONPHUBO/Ia TOCTOSHHOW MOITHOCTH € YaCTOTHO-
TOKOBBIM yIpaBJieHUEM, pabOoTaroLIeM IPU KPUTUIECKOM CKOJIbKEHUH
Figure 3 — Scheme of an asynchronous electric drive of constant power with frequency-
current control, operating at critical slip
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Ha cxeme npunAThl cienyromue o003HaueHus. P; — 3alaHHOE 3HAYEHUE MOIIHOCTH
anextponpubosa, PM, PC, PT — peryasTopbl MOIITHOCTH, CKOPOCTH M TOKa COOTBETCTBEHHO, U
U 0 — HAIIPsDKEHHUE U YacToTa nmuratoniero Hanpspkenus, [T4, Al — npeoOpa3oBaTenb 4aCTOTHI
Y aCUHXPOHHBIH JIBUTaTeb.

OcoOeHHOCTb  JTaHHOM CTPYKTYphl SIBJISIETCS HOBBIM ~ @JITOPUTM  YIIPaBJICHUS
npeoOpa3oBareieM YacTOThl 3aKIIOYAIOIIMKCA B TOM, uTo HampsbkeHue [IY Berumcisiercs
CUCTEMOM MOAUYMHEHHOTO PEryJIUPOBaHUs KOOPIMHAT U3 YCIOBUS NOAECPKAHUS TOCTOSHHON
MOIIIHOCTH, & YaCTOTa MUTAIOLIETO HAMPSKEHHUSI. BBIYUCISETCS U3 BhIpakeHus (3).

beuta paspaborana Mojeidb Takoro ayekrponpuBoga B Simulink u  mpoeneHo
MOJIeTIUpOBaHue ero paboThl. Mojelnb aCHHXPOHHOTO JBUraTels ¢ YYETOM OOIIETIPUHATHIX
JOMYIIEHUA  TPEACTaBI€HAa B  BHJAE MOJEIM  HACAIM3HPOBAHHOTO  ABYX(a3HOTO
ANEKTPOMEXaHUYECKOT0 Mpeodpa3oBarTesi, KOTOPbIN B CHEIUAIbHON TuTeparype [2] momy4unt
Ha3BaHUE 000OIICHHOH MEKTPHUUECKON MAIIUHBIL.

d¥,
» ar Uy —RiI; —jowWy;
—2=U2—R212—j(a)k—w)'1’2; (4)

M = anm(Il X 12)-
BekTop nmorokocuerieHus cratopa ; ¥ poTopa YP,COOTBETCTBEHHO PaBHBI:
Y, =Lyl + Lyd;
Y, = Lyl + L1, , (5)
rnelq; Ly; Ly, - WHIYKTHBHOCTH CTAaTopa, pOTOpa M HAMAarHWYHMBAKOIIETO KOHTYypa
COOTBETCTBEHHO; R, R, - aKTHBHBIE COIPOTUBIICHUS CTATOpa U POTOPA ; U1 , U2 - BEKTOPBI

HaIpsDKEHUHN craTtopa U poTopa; I1, [, - BEKTOPBI TOKOB CTaTOpa U pOTOPA; Wy, W - YacToTa
BpAlllEHUsI CUCTEMbl KOOPJMHAT OTHOCUTENIBHO CTaTOpa M 4acToTa BpauleHus portopa; M -
3JIEKTPOMATHUTHBII MOMEHT, Pa3BHBACMBbIil IBUraTeNIeM; P, - YHCIIO Map MOJI0CoB, j = v/-1.
MopnenupoBaics ~ DJIEKTpONPUBOA € acMHXpoHHbIM  jeuratenem  AMP112MAS.
XapakTepUCTUKHU SJIEKTPOJBUTATENS PUBEACHBI B Tabnuie 1. B Tabnuie 2 npeacTaBieHs
IapaMeTpbl CXEMbI 3aMEILEHUs, MOTYYEHHBIE M3 OINBITOB XOJIOCTOIO XOAAa M KOPOTKOTO
3aMbIKaHUS.

Table 1 - Characteristics of the AIR112MAS electric motor
Tabnuma 1 — Xapakrepuctuku snekrpoasuratens AUP112MAS

e Tox KIIHA, Koad. [Imyck./| Macca,
Tun MOoIIHOCTh 4acToTa 0
cratopa . % momuoctH IHom. (IM1081)
SIIEKTPOBUTATEISI BpaIlleHuUs
kBT 00. /MUH. A % = - KT
AUPI0L4 2,2 1500 5 81 0,83 6,5 15,0/15,1

Table 2 - Parameters of the equivalent circuit of the AIR112MAB8 electric motor
Tabnuua 2 — [Tapamerpsl cxembl 3amerieHus aiekrpoasurarens AUP112MAS

AKTHUBHOE AKTHBHOE NunyxtuBHOCTh | [IpuBenéHHBIN
COIIPOTHUB- WNunyktuBHOCTH HOYKTUBHOCTH HaMar"u- MOMEHT
COIIPOTUBIICHUE
JIeHue oTODba craTopa potopa YUBAIOIIETO WHEpLUUHU
craTopa poTop KOHTypa
Om Om M['H Ml 'H Ml 'H KTM?
2,47 2,69 5,7 16 3623143 0,02

5(9



MoaenupoBanue, ONTHMHU3ANHS 1 HHPOPMALMOHHbIE TEXHOJOTHH / 2020;3(4)
Modeling, optimization and information technology https://moitvivt.ru

Ha Pucynke 5 a) mokasana Simulink — Moxenb acCHMHXPOHHOTO 3JIEKTPOIPHUBOJIA
MOCTOSTHHOM MOIIHOCTH C YaCTOTHO-TOKOBOM YIpaBJICHHEM, pabOTarollas Ha KPUTHYECKOM
CKOJIb)KCHHUH, HA PucyHKe 5, 0) - mojcucTeMa, BRIYUCISIONIAs TOK CTaTOPA.

X > 2200
Product? Display4
11
2200 +_L PIDis) {(+_ PID(s) PID{g] ] | M- i 7955
Pz PID Controller1 PID Controller2 PID Controller3 o B Display 3
W > in L
>’2/ @ ik Subsystem
- 147
Gain I g
Display2
1 P 7.0739 0 Uy . > 427
s
Uv
Display 1
Sk Subsystem3 Y
a)

707
In1 X Jo P

10s+1
Transfer Fcn

Product? Sqrt
X

Product1

6)

Pucynok 5 — Simulink-moess aCHHXpOHHOTO 3JIEKTPONPHUBO/IA TIOCTOSHHON MOITHOCTH C
YaCTOTHO-TOKOBOM YIIPABJICHUEM, pa60Ta}ou1ero Ha KPUTUYCCKOM CKOJILXKCHUHN
Figure 5 - Simulink model of an asynchronous electric drive of constant power with
frequency-current control, operating on a critical slip

PesyabTarhl

JlanHble BbIBEICHHBIE HA IUCIIIIEN, COOTBETCTBYIOT YCIOBHIM PabOTHI 3JIEKTPOIIPUBOIA
B HOMUHAJILHOM pexuMe (Ha auciuiee 1 oToOpakaeTcst 4acToTa BpallleHus B pajl/c, Ha TUCIIee
2 — MOMEHT Pa3BHBAEMBIi eKTpoaBuraTeneM B Hv, Ha qucriee 3 - TOK cTaropa B amIiepax,
Ha Jucriee 4 - MOJHOCTh B BaTTax).

B HOMUHanBHOM pexume KpuThndeckoe ckoapxenue apurarenss AUP90L4 paBHo Sk =
0.0227, a Awy, = spwy = 7 pag/c. IlonydyeHHas MoJieNb MO3BOJIMIIA PACCUUTATh 3aBUCUMOCTb
TOKa cTatopa oT Aw = Swq. 9Ta 3aBUCUMOCTH IIpUBeIeHa Ha PrucyHke 6.

U3 rpaduka BHUIHO, UYTO TMpeajaraeMas CTPYKTypHas cXeéMa AaCHHXPOHHOTO
AJIEKTPONIPUBOA TOCTOSHHOW MOIHOCTH C YaCTOTHO-TOKOBBIM yIpaBjieHueMm (puc. 4)
obecreynBaeT yCTOHUMBYIO paboTy MpU KPUTHUECKOM CKOJIBKEHHH M TPU ITOM JOCTHUTACTCS
MUHUMaJbHOE oTpedaeHne Toka ctaropa (PucyHok 6).

69



MoaenupoBanue, ONTHMHU3ANHS 1 HHPOPMALMOHHbIE TEXHOJOTHH / 2020;3(4)
Modeling, optimization and information technology https://moitvivt.ru
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= 1.145 + 1
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Sk=0,0227
S

PucyHok 6 — 3aBUCUMOCTb TOKa CTATOPA OT CKOJIbKCHHUS
Figure 6 - Dependence of stator current on slip

3akjao4eHue

W3 rpaduka, npeacraBieHHoro Ha PucyHnke 6 BUAHO, 4TO MpeajgaraeMasi CTpyKTypHast
CXeMa aCHHXPOHHOTO 3JEKTPONPHUBOJA C YaCTOTHO-TOKOBBIM yrpaBieHueM (Pucynok 2)
o0ecreunBaeT yCTOWYMBYIO pabOTy MPU KPUTHUUECKOM CKOJIBKEHUHU U TIPU 3TOM JOCTUTAETCS
MUHUMAaJIbHOE OTpeOIeHIE TOKA CTaTOpa.

ITockonbky mapameTpbl ACMHXPOHHOTO AJIEKTPOABUTATENII HEMNOCTOSSHHBI W MOTYT
MEHSTHCS B MPOLIECCEe IKCIUTyaTallii, TO JJIs BBIYMCICHUS HEOOXOIUMOM J00aBKU CKOPOCTH
Aw tienecoo0pa3Ho MCTIOIB30BaTh IKCTPEMAIBHOE PETYIHMPOBAHUE TOM J100aBKH TOOUBASACH
Takoro e€ 3Ha4eHUs MPH KOTOPOM 00ECTIeUNBACTCS MUHUMYM MOTPEOIIIEMOT0 TOKA.
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