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JIMHAMUYEeCKUH aHAJIHU3 U CHHTE3 MeXaHU3MOB
C YUYETOM MEXaHNYeCKOH XapaKTePUCTHKHU
ACHHXPOHHOTO YJIEKTPOABHIATEJIS

© I'.A. Tumoees, U.E. Jlromunapckwui, E.C. JlromuHapckas

MI'TY um. H.3. baymana, Mocksa, 105005, Poccust

IIpasunvublii 6b160p NApamempos 2NeKmponpusooa — Heodxo0umMoe ycrosue 8biCoKo-
nPoU30OUMENbHOU U IKOHOMUUHOT pabombl MawunHo20 azpezama. Ilpu ounamuueckom
CUHMe3e MAWUH ¢ INeKMPOO8UCaAMeniMU 0ObIYHO ONPeOersiom MoIbKO MACCY U pasme-
Pbl Maxosuxa, obecneuusaruieco 3a0AHHYI0 HEPABHOMEPHOCb OBUNCEHUs, U He pdac-
cmampueaom napamempul, xapakmepusylowue pabomy snekmpodgucamend. Takoil
nooxo0 He obecneyusaem 3ppeKmuUsH020 UCNONBLIOBAHUS INEKMPUUECKOU IHEPIUU.
Ilpeocmasnena memoouxa OUHAMUYECKO20 AHATU3A U CUHME3d MAWUHHO2O AZpe2ama ¢
ACUHXDOHHBIM 2AEKMpOoOsuUeamenem, KOMopas Nno3eoaen Uccie008ams He MoabKO He-
DABHOMEPHOCTb 08UMICEHUSA, HO U NAPAMEMPYI, XapaKmepusyloujue padomy 1eKkmpoosu-
eamena: KIIJ[ u xoagpuyuenm mownocmu. Ima memoouka 0CHO8AHA HA UCNONb306A-
Huu I-06pasnoii cxemvl 3amewjenus dnexkmpoosuzamens. Ilpu ounamuyeckom cunmese
INEKMPONPUBOOA NPEOTOHCEHO ONPedeNsimb He MOTLKO MOMEHM UHEPYUU MAX080L MAaC-
Cbl, HO U nepedamoyHoe OMHoueHue nepedamoyHo20 MexXaHu3mMa u3 yciosusa obecneue-
Hus maxcumanvrozo KIIJ] osucamens u 8osmodxcnocmu 3anycka npueooa. B coomeem-
CmeulU ¢ NPeosoNHCeHHON MemOOUKOlU PACCMOMPEH OUHAMUYECKULl AHATU3 U CUHME3
RIYHIICEPHO20 HACOCd.

Knrouesvie cnosa: snekmponpugoo, cxema s3ameujeHusi, OUHAMUYECKUL AHATU3, KOID-
Guyuenm noneznozo oeticmeusi, KOIpuyuenm mowHocmu

BBenenue. B snexrponpuBomax morpedmsieTcs mpuOIu3uTenbHo 2/3
Bceil BpIpabaThIBaeMON 3JIEKTpOIHEPTHH. DPPEKTHBHOE HCIIOIb30BaHUE
ANEKTPOIHEPTHU B MPUBOJAX PA3IUYHBIX MAIIUH UMEET OIPOMHOE TEXHH-
4ecKOe U 3KOHOMMUEcKoe 3HadeHue. [Ipy nuHaMuyeckoMm aHaimu3e Mexa-
HU3MOB B YCTaHOBMBILEMCS PEXHUME PaObOThl OrpaHUYMBAIOTCS BbIUKCIIE-
HUEeM K03(duimeHTa HepaBHOMEPHOCTH ABIIKEHHSI M CPaBHEHHEM €0 C
JOMYCTUMBIM 3HaueHueM |1, 2]. Ilpu nuHaMU4YecKOM CHUHTE3€ OINpeens-
IOT MOMEHT WHEPUUH JIOTIOJIHUTEIFHOW MaxOBOH MacChl, 00ECTIeYHBaIO-
M He0OXOANUMYI0O HEPaBHOMEPHOCTDH JIBHKEHUS. PacueTbl 0ObIUHO BBI-
MOJIHSIOT TIPU MOCTOSHHOM JIBHXKYIIIEM MOMEHTE, KOTOPBIM OINMpEeAesioT
U3 YCJIOBHSI PAaBEHCTBA HYJII0 CyMMapHOW paboThl. [ yrouneHus pacye-
TOB HCHOJIb3YIOT JMHEAPU30BAHHYIO XapaKTEPUCTUKY 3JIEKTPOIABUIATES.
Takoil moaxox raeT mpueMiIeMylo TOYHOCTh pacyera. OgHAKO ISl Ompe-
JETCHHUS XapaKTEPUCTUK 3JICKTPOIBUTATENSI HEOOXOIMMO 3alHUChIBATh BCE
YpaBHEHHUSI, OMUCHIBAIOIINE PAOOTy MEXaHUYECKOW M 3JIEKTPUUYECKON ya-
CTeH MpuUBOAA, M PEIIaTh UX YUCICHHBIMU METOJAMH C HCIOJIb30BAHUEM
Pa3IMYHBIX TPOTrpaMMHBIX cpeAcTB (Hanpumep, MathCAD).
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[Ipyn m3meHenun nepeaaroyHoro oTHoueHus U mepesaTodyHoro Me-
XaHHU3Ma MIPUBOJA U3MEHSIOTCS IPOU3BOIUTEILHOCTh MAIIMHHOIO arpera-
Ta W TOJE3Has MOUIHOCTh JABHraTelisi, KOoTopas ompenenser 3¢p¢exTus-
HOCTb ero pabotel. IloaTOMy Npu TMHAMMYECKOM aHAJIM3€ MEXAHU3MOB C
AIIEKTPUUYECKUM MPHUBOAOM IPEIIaraeTcss BBIYHCIATH XapaKTEPUCTHKH,
OIpeIeIAIONEe SKOHOMUYHOCTh pabOThI AIEKTPOJBUraTeNs, a Py JUHA-
MUYECKOM CHHTE3¢ — BBIOMpaTh MapaMeTphl MPUBOJA ¢ Yy4eToM d(dek-
TUBHOCTH €ro palboThI.

B MammnHax Manoi U CpeIHeE MOIIHOCTU IIUPOKOE pACIPOCTPAHEHUE
MOJYyYUJIM HKOHOMHMYHBIE M HAJEXKHbIC B HKCIUIyaTalldd aCUHXPOHHBIE
AJIEKTPOBUTATEIH.

B nanHoli paboTe paccMOTpEeHbl AMHAMUYECKUN aHAIN3 U CUHTE3 Ma-
IIMHHOTO arperara IUTYH)XKePHOrO Hacoca ¢ aCHHXPOHHBIM JBHTATEJIeM,
BBINOJIHEHHBIM C KOPOTKO3aMKHYTBIM poTopoM. B mpennaraemoil nuHa-
MHUYECKON MOJIENIN MPUMEHSETCS] CTaTHYeCcKasi XapaKTepUCTHKA JBUTaTe-
ns. J{ns ananuza paGoThl NPUBOJA UCHOJIB3YIOT KO3(D(UIMEHT HEpaBHO-
MEPHOCTH O U XapaKTEePUCTHKHU, ONpeaesstonie 3pGeKTuBHOCTh paboThI
acuaxponHoro nsurarens: KIIJ[ 1, u KO3pPHUIHEHT MOIIHOCTH COS ;.

B cetu nepemeHHOro TOKa IUPKYIUPYET peaKTUBHASI MOIIHOCTb, KOTOPAs
3arpy’kaeT ceTh TOKOM, HE COBEPIIAIONINM paboTy. 3HaYCHHE PEaKTUBHOM
MOIIHOCTH OIIeHUBaeTCcs KO3 (PUIIMEHTOM MOIIHOCTH.

IHocranoBka 3anaun. OyHKIMOHAIbHASA CXEMa MAIIMHHOTO arperara
TUTYHKEpHOTO Hacoca MpUBEJeHa Ha puc. 1, KWHeMaTH4eckas cxema Hc-
MOJIHUTEIPHOTO MeXaHu3Ma — Ha puc. 2. Pabouuii mporecc Hacoca co-
CTOUT M3 BCachlBaHUs (ABIKEHUE TUIYH)KEpa 5 BIPaBO) U HArHETaHUs
KHUAKOCTU (IBMKEHHE BieBO). Ilpy HarHeTaHuM AaBlIeHHWE B LMJIMHIpPE
p =2,75 Mlla, npu BcaceiBauuu — p = 0.

Ilepenaroumsrit | »| HcnonuurtensHbiit
MEXaHN3M MeXaHH3M

Maxoeux

ACHHXPOHHBII
3IeKTPOABUTaTeNb

Puc. 1. q)yHKHI/IOHaJ'ILHaH CX€Ma MalllMHHOTI'O Puc. 2. Kunematndeckas cxeMa uc-
arperara IIOJJHUTCJIBHOI'O MCXaHU3Ma
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B paccmarpuBaeMoM mpuBOZIE MCIIONB3YETCS ACUHXPOHHBIN JBUTATEIb
4A80B4Y3. OcHOBHbBIE pa3Mepbl UCIIOJIHUTEIBLHOIO MEXaHW3Ma: JJIMHA CO-
OTBETICTBYIOIIMX 3BeHbEB /[ =0,054 ™, [, =0,268™m, L =1[,=0,17m,
h=0,13m, h, =0,225wm, nuamerp nopuHs d = 0,05 M. Macchl 3BeHbEB
2, 4, 5 1 MOMEHTBl MHEpUUU 3BEHbEB 2 U 4:m, =21 kr, my =17 kT,

ms =55 kr, Jg, = 0,638 Kr- M, Js, =0,44 Kr-M°. MOMEHT WHEpIUU KO-

poMmbIicia 3 He yuyuTbiBaeTcs. [IpuBeIeHHBII MOMEHT HMHEPIMU IEpPBOU
TPYIIIbI 3B€HBEB, YUYUTHIBAIOITUNA MOMEHTHI MHEPIIUU KpUBOILIUIIA /, Tiepe-
JATOYHOTO MEXaHu3Ma, poTopa DJIEKTPOJBUTATENS] M  MaXOBHKAa,

J® =12,7 xr-m?. TlepenaTouHoe OTHOIIEHHE MEPENATOYHOTO MEXAHH3-
ma U =8. Jlomyctumoe 3HaueHHe KOd(PPHIMEHTa HEPABHOMEPHOCTH

[8]=1/14.

B nanHoii pabore mpemiaraercs HOBask GOpPMYJIHMPOBKA 3ajad JWHA-
MHYECKOTO aHalIM3a M CHUHTE3a MAIIMHHOTO arperara ¢ acCHMHXPOHHBIM
AJIEKTPOABUTATEIIEM.

3adaua ounamuuecko2o ananuza: s 3aJaHHBIX 3HAUYCHUH HCXOTHBIX
MapaMeTpoB OMPEICTUTh CPEIHIOI YIIOBYIO CKOPOCTh KPHBOILIHIIA, KO-
s dunment HepaBHOMepHOCTH aBrokeHus, KT/ aBurarens u ko3¢ durm-
€HT MOILIHOCTH COS () JABHUraTejsl.

3aoaua ounamuueckozo cunmesa: ONPENSINTh NPUBEJCHHBII MOMEHT
WHEPLHH JONOJIHUTEIbHOW MaxOBOM MacChl U NEPENAaTOYHOE OTHOLICHHE
MEepeaaToOuHOr0 MEXaHW3Ma, O0ECIeUMBAIOIINE 3aaHHYI0 HEepaBHOMEp-
HOCTb JABMKeHMs, HanOombiuee 3HaueHue KIIJ[ nBurarens, Bblcokue 3Ha-
YeHUs1 KOA(p@HUIMEHTa MOIIHOCTH U BO3MOXHOCTh 3aIlyCKa IPHUBOJAA U3
0000 HAYaBHOTO MOJOXKEHUA. J{JIs1 YBEIMYEHUST TPOU3BOIUTEILHOCTH
MAIIMHHOTO arperara HeOOXOIUMO YBEIWYHBATH CHHXPOHHYIO YacTOTY
BpalllEHUsI POTOpA.

Maremarnuyeckass MoJeJib. Vcrnonb3yemplli aCHHXPOHHBIA JIBUTATEIlb
4A80B4Y3 umMmeer cremyromme XapakKTepUCTHKU: (a3sHOe HAMpspKEHHe 00-
MoTKH cTatopa Uy, =220 B; HOMUHATbHAsE MOIIHOCTL P, =1,5 kBT; cCHH-

XpOHHAs 4acToTa BpalleHus poropa n, =1500 MHH |, OTHOIICHHE myc-

KOBOT'O MOMEHTAa K HOMUHAIBHOMY Ay = M, / M, = 2,0; OTHOIIEHHUE MHU-
HUMAJIBHOTO MOMEHTa K HOMWUHaIBHOMY M .. /M, =1,6; OTHOLICHUE
MaKCUMAJIbBHOI'O MOMEHTA K HOMUHAIBHOMY A, = M. /M, = 2,2; KpH-
THYECKOE CKOMBKEHUE sy, =0,345; KIIJI u xosddunument momuoctu
IIPU HOMUHAJIBHOM pexume padotel M, = 0,77, cos @, = 0,83.

MareMaTHUeCKyr0 MOJIe]Ib aCHHXPOHHOTO JBHTAaTelsl B YCTaHOBHB-
IIeMcsl PeKUME PabOThl OOBIYHO MPEACTaBISAIOT [-00pa3HOi cxemoii 3a-
MeneHus (puc. 3) [3-9]. Ucnonb3ys 3Ty cXeMy 3aMelleHHs], MMOTy4aloT
CTaTUYECKYIO XapaKTePUCTUKY aCHHXPOHHOTO JBUTATEIS
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M(s)= M, (M)
7 2
20,5 (7‘1 +2j + X
s
n —
rae §=— — K0>()GUIMEHT CKONbXEeHUes; M, =7n, /30 — CHH-
nC

XpOHHAs YIoBasi CKOPOCTh (yrjaoBasi CKOPOCTh BpalleHUSI MAarHUTHOTO
MoJis cTatopa); M, — MeXaHUYECKHH MOMEHT XOJIOCTOrO X0/1a.

[lepBoe cnmaraemMoe MpeaCTaBiIsSIeT COOOM AIEKTPOMArHUTHBIA MOMEHT,
BTOpOE craraeMoe (—M|) YYHUTBIBAET MEXaHUYECKHUE NOTEPU NIEKTPOIBU-

rarens. MOMEHT M, BBIYUCISETCS Yepe3 HOMUHAIBHBIA MOMEHT M, [7]:
My=M,E-1),
rae §=1,02...110.

IT— -

Il

Puc. 3. [-00pa3nas cxema 3aMenIeHNs OTHOH (a3sl
ACHHXPOHHOTO JIBUTATEIIS

[Ipu ucnonb3oBanun [-00pa3HO cXeMbl 3aMeIICHUs! 3aTPaueHHYIO
MOIIHOCTh A, SJIEKTPOMAarHuTHy1o MomHocts P, KIIJL M, 1 ko3ddu-

OUCHT MOIIHOCTHU COS(P; OIJCKTPOABHUIATCIIA BBIYUCIIAIN IO CICAYIOIINM
3aBUCUMOCTSIM [7]:

R =3Uylycos@r; Py =315 [s;

2)
Py _ (Py =M, )(1-5) (
=—= ; CoSQ; =cos(Qp.. —O;
B I)l Pl 5 (Pl ((pUltb (pjl )7
rae B, A — 1moJse3Had U 3aTpadeHHast MOIIHOCTH JJIEKTPOABUTATEN.
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JleiicTByrone 3HaueHUs] ¥ HadajdbHbIE (pa3bl TOKOB B BETBAX CXEMBI
3aMEIIEHUs] pacCUMTHIBAIN MO 3akoHaM Kupxroda anst snekTpuueckux
uenei [7].

Jlns onpenieneHus napaMeTpoB CXeMbl 3aMEIIEHUs ObUIM UCIIOIb30Ba-
HBI CJIEYIOLINE YCIOBUSA:

D) M(sy)=My;

2) M(sp) = Minax M3

»IE =

S ls=skp

4 N(su) =My

5) cos @y (sy) = COS Py

JleBble YyacTH NPUBEICHHBIX YPABHECHUI HAXOAWIN 110 CXEME 3aMellle-
HHUS, TIpaBble YaCTH NMPUHUMAIU Mo AaHHbIM Katajora [10]. IlepBeie Tpu
YCIIOBUSL MCIIONB30BAIN JUIsl ONPENENEHUs #, 1y, X,, IHOCIEAHHE JBa
YCIJIOBUSL — JIJIS1 BBIUMCJIEHUS] aKTUBHOTO #, U MHAYKTHUBHOIO X, COIpO-
TUBJICHUS KOHTYpa HaMarHUYMBaHMs. 3HAY€HHE WHAYKTHBHOI'O COIPO-
TUBJIEHUS X; IPUHUMAJIN IO JaHHBIM [9].

[IpoBenennsie B MathCAD pacuetst mis neurarens 4A80B4Y3 nos-
BOJIMJIM TIOJIYYUTh CIEAYIOIIME 3HAYEHHs CONPOTHUBICHUH CXEMbI 3ame-
IIEHMA: KOMIUIEKCHOE CONPOTHBIECHHE OOMOTKHM CTaTopa z; =7 + jx; =

=8,87+4,64j OM; KOMIUIEKCHOE CONPOTHBJIECHUE KOHTypa HaMarHU4H-
BaHUA z, =1y + jxg =2,0+122j OM; MHAYKTUBHOE CONPOTUBIIEHHE OOMO-

TOK JJI1 peKUMa KOPOTKOIO 3aMblKaHMs (IPU HEMOJBMXKHOM PpOTOPE)
X, =7,43 OM; aKTHBHOE COIPOTHBIIEHHE OOMOTKH POTOpPA, IPUBEICHHOE

K 00MOTKe cTaTopa, ry = 4,17 Om.
J11st poBepKH MOMYYEHHBIX MMapaMeTPOB OBLTH MPOBEICHBI BEIYUCIICHUS
KIT N, ¥ ko3dduiumenta MOIHOCTU COS @ JABUraTells NPH Pa3InYHOM

koo(¢uumente sarpysku B =P /P,. 3necs P, P, — IOIe3Has MOLI-
HOCTb JIBUTATENIS TIPH 33IaHHOM M HOMUHAIILHOM PeXHUMax padoThl. Bhiror-
HEHHBIE MCCIICIOBAHMUS MTOKA3aIM yOBJIETBOPUTEIBHOE COBIAICHUE PAcUEeT-
HBIX 3aBUCUMOCTEN C JaHHBIMU, TPUBEACHHBIMU B [9] (puc. 4).

Jlig ynydineHus: MyCKOBBIX CBOMCTB aCUHXPOHHBIX JBHUTraTellel ¢ KO-
POTKO3aMKHYTBIM POTOPOM aJTIOMHUHUEBBIC CTEPKHU OOMOTKH pOTOpa 3a-
JTUBAIOT B I1yOokue mna3bl. HepaBHOMEpHOE pacmpeienenue Toka Mo Bbl-
COT€ CTEpPXKHEH MPU MyCKE MPUBOJIUT K YBEITUUCHHUIO CONPOTUBJICHUS 00-
MOTKHU pOTOpa. MexaHnveckasl XapaKTepUCTHKA TaKUX JBUraTesield HMeeT
npoBasl npu Kod(duumeHte ckombxeHus s =s, =0,75...0,85 (puc. 5).

Bpamaroniyii MOMEHT B TOYKE MPOBaJia ABISETCS MUHUMAJIbHBIM MOMEH-
TOM M

min *
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n cosQ;

; 1 ~ 4}’/"
/ 08

0,80 ’ v

'\“- o 0.7 A \
0,75 2 N // 2

0,25 0,50 0,75 1,0 B 0,25 0,50 0,75 1,0 p
a o
Puc. 4. 3asucumocts KI1/] (@) u ko3 dummenta momHoctH (6) ot Ko3ddurienTa

3arpy3KH JBUTaTels:
1 — pacuerHas; 2 — NOJIy4Y€HHAs 10 JaHHBIM [9]

1
2 J/'-_-—"'M\‘ -
e o

| K / My

L 21 My

My

l S

0

0,2 0.4 0.6 5,=08 1

Puc. 5. Mexannyeckasi XapaKTepUCTHKA ACHHXPOHHOTO JIBUTA-
Tenst 4A80B4VY3:

1 — nmony4dennas no ¢opmyie (1); 2 — yrouyHeHHas, TOIy4eHHAs 110
dopmysam (3), (4)

Jig ydera ykKa3aHHOIO IpOBajla B MEXaHWYECKOM XapaKTEPUCTHKE
BpaIalOIUii MOMEHT M YMHOXWIHM Ha JTOTIOJIHUTENBHYIO (PYHKIHUIO, KO-
TOpasi U3MEHSET MEXAHWYECKYI0 XapaKTepUCTUKY MpU MycKe (WM Top-
MO>KEHHH) ¥ HE U3MEHSIET B YCTAHOBUBIIEMCS PEXKHME PAOOTHI,

E(s) = ") (a+bs + es?). 3)

YTOUHEHHYI0O MEXaHUUYECKYIO XapaKTEPUCTUKY JBUTaTENs ¢ KOPOTKO-
3aMKHYTBIM POTOPOM IPEICTABUIIM CIEAYIOLIEH 3aBUCUMOCTBIO:

M7 (s) = M(s)E(s)- “4)
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3naueHusT KOIPQPUIUEHTOB @, b, ¢ ONPENCIUIN M3 CICIYIOIIHX
YCJIOBUA:

) M™(1)=M,;

2) M () = Mypin

d . .
3) —M"(s,)=0.
)ds (Sm)

Jns ucnonszyemoro acuHxpoHHoro asuratens 4A80B4Y 3 nomyuunu
cnenyromye 3HadeHus KodhduruenTos: a =-3,07; b=4,6; ¢=-1,2. Ha
puC. 5 NpUBEIEHbI MEXAHUYECKAs] XapAKTEPUCTUKA JIBUTaTENs, MMOTYYEH-
Hast 1o ¢opmyne (1), U yrouyHeHHass XapaKTEPHCTUKA, IMOJIyde€HHAs IO
dbopmynam (3), (4) npu m = 4.

YTOYHEHHYIO XapaKTEPUCTUKY MOKHO MCIOJIb30BaTh JJIsi UCCIIEI0BA-
HUS IIYCKOBBIX M TOPMO3HBIX CBOMCTB 3JIEKTPOIPUBO/IA.

[lpu pemenun 3agauyu AMHAMUKU IUTYHXKEPHOTO Hacoca B KayecTBE
0000111eHHON KOOPJMHATHI MPUHUMAIM YroJl ( I[OBOPOTa KpUBoOLIMMA [
(cM. puc. 2), KOTOPbIM OTCUUTBIBAETCS OT «MEPTBOI0» MOJIOKEHHs Havasa
xojoctoro xona. CymMMapHbI NPUBEACHHBIH MOMEHT WHEPLHH, UMEIO-
i mocrosiHayo J{¥  u nepemenHy0 JP (@) COCTaBISIONIME, BBHIUKC-
75 110 hopMyIaM

J5P (@) =J1" + i (9);
TP (@) = myV i, +Jyg02y +myV i, +J4g024 +msV>
n (P 2V s, TJ2sWyp +myV s, +J45054 +MsV

7

e Vys,, V. f

4S4» Vgc — TiepenaTovHble HYHKIMU CKOPOCTEH TOYEK S,

Ss n C, @y, Wy4 — TNEPENATOUHBIE YHKIMU YTIIOBBIX CKOPOCTEN 3Be-
HbeB 2 U 4 (cM. puc. 2).

[IpuBeneHHbBIE MOMEHT OT CHJI CONPOTHUBIIEHUS, YUUTHIBAIOIINN CUIIbI
TSDKECTU  (; 3BEHBEB U CUIIY CONPOTUBIECHUS F-, ONPENEISAIN U3 COOT-

HOIIICHUA

Mcnp ((P) = _mZquSzy - m4quS4y + FCVque

0, ecma Ve, >0,
FC = 5
prd / 4, ecma Ve, <0.
@opmynbel A1 pacueTa KMHEMAaTHUYECKUX MepenaTOYHbIX (DyHKUIUN
Vqu, 4, V,c B cTathe He MpUBOAATCS. METO/bI MX ONPEIEIEHHUs pac-
cMaTpuBaroTcs B qucuuiuinie «Teopus MexaHu3MOB U Mamun» [ 1, 2].
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IIpuBeaeHHBIH MOMEHT HMHEPLMH BTOPOI Ipymmbl 3BeHbEB Ji° (0),

Ip
Cro IIPpOU3BOAHAA dH , HpI/IBe,Z[CHHHﬁ MOMCHT CHJI COIIPOTUBJICHUA
¢

M (@) 3aBUCAT TOIBKO OT 0OOOIIECHHONH KOOPIMHATHI U SBIISFOTCS TIEPH-
OJIMYECKUMHU (YHKITUSIMU C TIEPUOJOM 2T. DTU 3aBHCHUMOCTH HEOOXOIH-
MO MOJIy4aTh 10 pemeHus AuddepeHnnanbHoro ypaBHeHus IBUxkeHus. B
cpene MathCAD »xenaTenbHO BBITOJHUTD MHTEPIIONALMIO YKa3aHHBIX 3a-
BucuMocTei Ha uHTepBaie (0, 2) M 3aTEM HOJYYUTh MEPUOJUUYECKUE
MHTEepHOJINpoBaHHbIe (QyHKIMU. Ha puc. 6 mokazaHa MHTEPIIOJSAIUS pac-
cmatpuBaeMbix GpyHkiuidi B MathCAD.

. - R _d
N=100 i=0,1.N () = Eplprﬂ[up}

2w
vepmiy ViEIeve)  vdi=diplve) - MprC{v)

TR
Is = lspline{vyp,v]) g = interp(Js, v, vI. ) Tenle) = J p— 27 -trunc, i "
mpll \ \2n )
_ . ERY
dls = lspline(vip,vdl) dl{y) = interp(dJs, v, vdl, ) dl lI["P} = dJ up— 2 uun:: — 11
’-'UJ
AN

Ms = Ispline(vip, vM)  M{yp) = interp({Ms, vip, vM, @) Mmpﬂw} = M! w- Im-tune] & | |
\ V2w )

dJyf
Puc. 6. Uutepronsmus dyuximii Jyi~ (¢), d—H, M (@) B cpene MathCAD
¢

I'pacduku 3aBHCHMOCTEil IpUBEACHHOrO MOMeHTa uHepuuu JiP (@) u

NPUBEJCHHOIO MOMEHTA CHJI CONMPOTHBICHHs M P (@) OT 0000IIeHHON

KOOPJIMHATHI ISl UCCIIEyeMOTO TUTYHXEPHOTO HAcOca TPEACTaBICHBI Ha
puc. 7.

VYpaBHEHUE NBWKCHHS MAalIMHHOTO arperara B auddepeHnnanbHoOM
dbopme umeer Bun [1]

d | JPo;

dol 2 =M (o) +M:P(9), )

d
rae m; = T(tp — yIJ10Basi CKOpocTh Kpupomuna / (cM. puc. 2).
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JIP, kr - m2 M™ H.m
0,3 100

N —
/’ AN

/ \/ \ ~200 /

0,1

-300
0 2 4 @, pan 0 2 4 o, pan

a 7]

Puc. 7. 3aBUCHMOCTh PUBE/IEHHOTO MOMeHTA uHepiwy J;;” (@) M PUBEICHHOr0 MOMEHTA

cu1 conpotusieHust M, P (6) maymxepHOro HacOCa OT 0GOBIIEHHOI KOOPIMHATHI

[IpuBeneHHBIN NBUKYIIMNA MOMEHT ONpPEACIUIA 10 CTaTUYECKOMW Xa-
PaKTEPUCTUKE IBUTATEIIS:

Mgg (('01) = M* (S((Dl))Uno&ua

o, —o;U

rae s(o;) = — KO3 PUIMEHT CKOJIBKEHHSI ACHHXPOHHOTO JIBU-

C
ratens; Mogy — o0muit KITJ] npuBona, yunTeIBaromumii MEXaHUYECKHE

MOTEPU MOIHOCTH B MEPEAATOYHOM MeXaHU3Me, My(Te U MOIIUITHAKAX.
Jnst ynoOctBa pemierns nudGepeHIMabHOrO ypaBHeHUs (5) HEU3BeCT-

HOI (yHKIMeH cuntamy QyHKIIO (@) = i (¢). Takum ob6pasom, mudpde-
peHIMAITbHOE ypaBHEHUE (5) OBUIO MIPEACTABICHO B CIICAYIOIIEM BH/IC:

@) Sy =2z M @) ©

Pemenue I[H(i)(bepeHuI/Iaanoro ypaBHeHUs (6) P HYJIEBBIX Ha4allb-
HBIX YCIIOBUSAX ( y|(p:0 =0) B nporpammuoii cpene MathCAD npuseneno

Ha puc. 8.
“HUCND Y3MNOELIX TOUEK U LUAT WHTETPUPOBaHIUA HauankHele ycnoBuA  [paHuusl HHTErpupoBaHuA
. 2w =10
Ny =100 k=20 N=N;k=2000 Ap=— yp=10 o
Ny wko=pp+ ApN

R
[epeas NponaBogHAA OT MCKOMON QYHKUMN Y=~

Pemrerme
M ¥ + Mppe(#)  dippn(e)

¥
Topl + Tpprl #) Tnpl + Tnprr(#)

Dip.¥) =2 ¥ = Rkadapt(y. pg. ¢k, N D)

Puc. 8. Pemenne ypaBHeHus (6) IBMKeHMs MamiHHOTO arperata B MathCAD
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Pe3yabTaTrsl ucciaegoBanus. CHayana pacCMOTPUM PE3YNbTaThl TU-
HAMHUYECKOr0 aHallh3a MPHUBOJA IUTYHXKEPHOTO Hacoca ¢ 3aJaHHBIMU Ta-
pamerpamu. Ha puc. 9 npencrasnen rpaduk W3MEHEHHs YIIIOBOH CKOPO-
CTH (), HA4YaJbHOTO 3BEeHA (KpuBas /) OT MyCKa /10 yCTaHOBUBLIETOCS pe-
xuMa JBwxkeHus. [lpu pacuerax MOXKHO Mojararbh, 4YTO YCTaHOBHUBIIHMKCS
Y4acTOK JIBI)KCHHUSI HAUMHAETCSl C MOMEHTA, KOT/la CpeAHee 3HaYeHUe yr-
JIOBOM CKOPOCTH ®; 3a OJUH 000pOT KpuBomumna (kKpuBas 2 Ha puc. 9)
OTJIMYAETCSl OT yCTaHOBUBILIErocs 3HaueHus Ha 5 %. Pacuersl mokazanu,
YTO 3a BpeMsl IEPEeXO0THOr0 Ipolecca HadyajabHOe 3BeHO / (CM. pHcC. 2) mo-
BOpa4YMBAaEcTCA Ha yroua ¢, =36,3 pax. Bpems nepexogHoro mnporecca
t, =3,8 c. HeoOXoqumMo OTMETHTh, YTO MYCK IMPHBOJA BBIOJHSICS W3
MOJIOKEHHUS, COOTBETCTBYIOIIEIO «MEPTBOMY» IMOJIOKEHUIO B Hadale XO-
nocroro xona. [lpu u3MeHeHHH HauadbHOTO TMOJOXKEHHS MPUBOJA BpEeMs
[IEPEXOIHOTO MPOIIECCA U3MEHSIETCS.

Ha ycranoBuBLIEMCSl yyacTKe IBUKEHHUS CPEIHSS YIJoBask CKOPOCTh
), =18,2 pan/c, xkoadouument mepasaomeproctu O =0,071. IToxy-

YEHHOE 3HAYCHHE O YIOBJICTBOPSCT TPEOOBAHUSAM, MPEIBSBISIEMBIM K
PaBHOMEPHOCTH JBIKEHHUsI IUTYHXepHOro Hacoca: & < [3].

1, pag/c
0,95016p
15

10

0 20 ®n 40 60 ¢, pan

Puc. 9. I3MeHeHue yriioBoi CKOPOCTH Ha4aIbHOTO 3BeHa (/)
W €€ CpeqHHe 3HAUYeHUS 3a OAUH 000poT (2)

@opmynsl (2) mosponstor onpenenuts KIIJA M, ¥ xosdpdunuent

MOIIHOCTHU  COs (o ABUTATEJIA IIPU ITOCTOSAHHOM 3HAYCHUHN KOB(b(i)I/II_II/ICHTa

CKOJIBXXKCHHUA S. HpI/I YCTAaHOBUBIICMCA JIBHIXCHHUHN YIJIOBAsA CKOPOCTL PO-
TOpa ABUIATCIIA U3MCHACTCA IO NCPUOJUYCCKOMY 3dKOHY, CJIICA0BATCIIb-
HO, UBMCHACTCA U K03(1)(1)I/II_[I/ICHT CKOJIbKCHMU . HpOBCI[eHHBIC HCCJIICI0BaA-

HHA IMOKa3aJik, YTO pacCuCT T]HB H cos@; IO CpCAHEMY 3HAYCHHIO K03(1)-

(bI/II_II/ICHTa CKOJIBXXCHUA Sep IMPUBOJUT K 3HAYUTEIBLHOMN MOTPCITHOCTH. Ilo
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stoit mpuunnae KIIJ[ nBuratens u Ko3(pGHUIMEHT MOLUTHOCTH OIMpPEICIIsIH
OCPEHEHHEM 3a LUK PadOTHI:

0+27
Pzd(p +2
Py _ 1
nlm - T o+2m ’ (COS(PI )c A J. COS(Pld(Pa (7)
[ Rdo ¢
¢
rae })29 P, COS(p; — MOJIC3HasA MOIMHOCTD, 3aTpadCHHAA MOLIIHOCTb U KO-

3¢ puIMEeHT MOITHOCTH, onpeesieMble 1o GpopMynam (2) B 3aBUCUMOCTH
OT YTJIOBOH CKOPOCTH poTOpa (Wi KOA(PPHUIIMEHTA CKOIBKCHHS ).
Jlns paccMaTpuBaeMoro MPUBOJIA TOTYYEHBI CICAYIONINE 3HAYCHHUS:

N =0,73, (cosq)l)Cp =0,844, xoxpduIUEeHT 3arpy3Ku JBUTATENSA

Bep = Pocp / P, =1,16. Paccunrannoe 3Hauenue KIIJ[ aBurarens MeHbpe

MaKCHMaJbHOTO 3Ha4eHHs, koTopoe paBHo 0,785, mostomy mepeaaroy-

HOE€ OTHONIEHHE MepeNaTouHoro Mmexanumsma U =8 He sBIAETCS OMNTHU-
MaJIbHbIM.

Tenepp paccMOTpUM JUHAMUYECKHI CUHTE3 UCCIIEAYEMOrO MPUBOJA,
B X0J1€ KOTOPOr'0 PELIAOTCs JIBE 3a/1aUu:

1) HaxOoX/JE€HHE NPUBEIECHHONO MOMEHTA WHEPLMH IMEPBOU IPYIIIbI
3BEHBbEB, OOECIEUUBAIOLIETO 33JaHHYI0O HEPaBHOMEPHOCTb JBUIKCHHUS
[8]=1/14;

2) HaxoXXJEeHHE MepeJaTOYHOr0 OTHOILIEHHUS MepeJaTOYHOro MeXa-
Husma U, obOecrneunBaromiero MakcumansHoe 3Hadenne KITJ nBurarens

Y BBICOKHE 3HaYeHUs K03 (PULImeHTa MOLITHOCTH.

ITepByto 3amauy pemaror merogom H.M. Mepuanosa [1], pacueTHbie
dbopMyIbl B cTathe He npuBoAsaTcs. KoadduimeHT mone3noro neicTBus
JBUTATEIS ONIPEACIISIIOT 1o popmye (7).

Ha puc. 10 mpencraBnenst 3aBucumoctd KIIJ[ u koaddumnmenra
MOIIHOCTH JIBUTATENSI OT IMepelaaTrodyHoro otHomnenuss U. Pacdersl BbI-
MOJIHSJIUCH CIAEAYIOUIMM 00pa3oM. J[i1s KakIoro 3Ha4eHUs MepelaTOuyHo-
ro otHomenuss U mepenaroyHoro mexanuszma merogom H.M. Mepnanosa
BBIUUCIISUT HEOOXOAMMBIN MPUBEIEHHBIM MOMEHT MHEPIUH MEepBOM Ipym-

bl 3BeHbeB JiP, obecneunBarommii yenosue 8 =[8]. st nomyueHHoro

3HaueHus J|' W 3alaHHOTO MepeIaTouyHoro oTHoileHus U paccuuThIBa-
JIY YKa3aHHbIC BEJTHYHHBI.

Kpussie / (cm. puc. 10) onpenemnsimu o ¢popmyiam (7), KpuBbie 2 — 110
dbopmynam (2) nmpu kodhUITUEHTE CKOJBXEHHUS, COOTBETCTBYIOIIIEM CpPE/I-
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HEMY 3HAYEHHIO YIJIOBOM CKOPOCTH S, = (ooc -0, U ) / .. 13 npusenen-

HBIX 3aBUCHMOCTEH BUIHO, uTo BhraucieHus KI1/] neurarenst u koddduim-
€HTa MOIIHOCTH 10 CPEIHEMY 3HAYEHHIO CKOJIBKEHUS 3a LIMKJI 1aeT 3HAYM-
TEeNbHBIE TOTPEHIHOCTH BhIUMCICHUA. KoadduimeHT mone3Horo aeicTBus
JIBUTATENST PUHUMAET HauOosbIee 3HaueHue B auanazoHe U =11...14, B
KOTOpOM OH M3MeHsiercst meHee ueM Ha 0,5 % (puc. 10, a). YMmeHbI1eHue ne-
PEeIaTOuHOrO OTHOIICHHS! YBeTHUUBaeT KO3(DMOUIIMEHT MOIIHOCTH JBUTATEIS
(puc. 10, 6), MO3TOMY ONTUMATHHBIM MOXKHO CUHTATH MEPEAATOYHOE OT-
Homenune U =11.

N cos@
2 2
/| 08 S e
08 o= === - --L - Rt P
1 / \
06 1
04
04 0.2
5 10 15 20 25 U 5 10 15 20 25 U
a o

Puc. 10. 3aBucumocts KIIJ (@) 1 koadunmeHTa MOITHOCTH (0) ABUTATENS OT Tiepeaa-
TOYHOT0 oTHOImEeHUs U:

1 — momy4denHast no gpopmynam (7); 2 — nomydueHHas o Gopmynam (2) mpu S = Sep

BriOpanHoe 3HaueHHe nepeaaTouHoro oTHouieHust U mnepeaaToyHoro
MEeXaHH3Ma MPHUBOJIA JOHKHO 00ECIIeYUBAaTh BO3MOXHOCTh 3aIyCKa JIBH-
ratens U3 JI000ro MoyIoKeH!s HavanbHOTO 3BeHa / (cM. puc. 2). OuyeBua-
HO, YTO 3TO YCJIOBHUE BBIMOJHSAETCSA, €CJIM MPUBOJ 3alyCKAETCS U3 TMOJIO-
KEHHs, B KOTOPOM NPUBEICHHBI MOMEHT CONpPOTHBICHUS MPUHUMAET
MaKcUMalbHOE 3HaueHue. JJis1 paccMaTpruBaeMoro MpruBoOja ITYHXKEPHOTO
Hacoca 3TO MOJIOKEHHE COOTBETCTBYET CIEAYIOUIEMY 3HAuYeHHUIO0 0000-
IIEHHOW KOOpAWHATHL: O =4,75 pan. Pacdersl mokasanu, 4TO JBUTaTelb

3aIyCTUTCS U3 YKa3aHHOTO MOJIOXKEHUs ToJbko ipu U 216, 5.

[IpoBeneHHbIE HCCIENOBAaHUS BBISBUIN HE3HAUUTEIBHOE M3MEHEHHE
BPEMEHHU IYCKa MPU YBEIUYEHUH MepenaToyHoro otHomenus U ot 16,5
1o 22. IIpu stom KIIJ] asuratens ymensiutcs ¢ 0,75 no 0,72, a koaddu-
uueHt MomHoctu jeuratens — ¢ 0,59 no 0,46. [Ipu U =22 Ha HEKOTO-
PBIX y4acTKax IBYIKCHUS JIBUTATEIh HAYMHAECT PA0OTATh B PEKUME IeHe-
patopa.

C yderoM BO3MOXHOCTH 3aIlyCKa NPUBOJA W3 JIIOOOTO MOJOXKECHHUS
MOKHO PEKOMEHJ0BATh CIEAYIOUINE 3HAYCHMs MEepeAaTOYHOro OTHOIIe-
HUS TEPEAATOYHOTO MEXaHU3Ma M TIPUBEICHHOTO MOMEHTA HHEPIUH TIep-
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BOil rpynmsl 3BeHbeB: U =16,5; J,;P =42,3 KT - M2, [TomyyeHHble 3Haue-

HUS He oO0ecreuyMBarOT ONTHUMAaJbHYI0 paboTy snekTpoasurarens. llo
CpaBHEHHIO ¢ ontuManbHOW pabdoroit KII/ nBurarens cHikeH Ha 1,6 %,
K02 (hPUIMEeHT MOIITHOCTH CHUXKEH Ha 18 %.

3akarouenue. IlpennoxeHa MeTonuMKa JUHAMMYECKOIO aHalu3a U
CHUHTE3a MAIIMHHOIO arperara ¢ y4eToM MapaMeTpOB, XapaKTEPU3YIOIINX
paboTy acMHXpPOHHOTO JABUTareis. MeToirnKka OCHOBaHA HA HMCIIOJIb30Ba-
Huu ['-00pa3Hoii CXeMbI 3aMEIICHUS U HE YUUTHIBACT AJIEKTPOMArHUTHBIC
MEPEXOJIHBIE MPOIecChl. Takoe YnpoIeHre He PUBOJUT K OOJBIION Io-
IPELIHOCTH BBIYUCIICHU, TOCKOJIBKY BPEMsI OJJHOTO LIMKJIa YCTAaHOBUBLIE-
rocs ABMKEHHSI MAIIMHHOTO arperara U BpeMs IycKa OOBIYHO 3HAYUTEIb-
HO OOJIbIIIE BPEMEHU 3JIEKTPOMATrHUTHBIX NMEPEXOAHBIX MMPOLIECCOB.

[Ipn nuHAMHMUYECKOM CHHTE3€ MAIMHHOIO arperara ¢ 3JeKTpOoJBUIa-
TEJEM IPEAJIOKEHO ONPENENSITh HE TOJbKO MOMEHT MHEPLUHU JOIOJIHHU-
TEJIbHOM MaXxOBOM MAcChl, HO U MEPEJaTOYHOE OTHOLIEHUE MTEPEAATOYHOTO
MEXaHu3Ma U3 yCJIOBMM nonydeHuss makcumansHoro KIIJ[ asurarens npu
BO3MO>XHOCTH 3aIycKa IMPUBO/JIA U3 JI000T0 HAYaIbHOTO MOJOKEHUS.

[Ipennokena annpoxcuMalus MEXaHMYECKON XapaKTEpUCTUKU aCHH-
XPOHHOI'O JBUTaTeNsl ¢ KOPOTKO3aMKHYTBIM POTOPOM, YUYMTHIBAIOIIAS
YBEJIMUEHUE ITYCKOBOIO MOMEHTA U MPOBAJl MEXaHMUYECKOH XapakTepu-
CTHKH MpU OOJBIINX 3HAYCHUIX KOOPDUIIUEHTA CKOJIbKECHHUS.
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Dynamic analysis and synthesis of mechanisms
with consideration of mechanical characteristics
of asynchronous electric moto

© G.A. Timofeev, I.E. Lyuminarskiy, E.S. Lyuminarskaya

Bauman Moscow State Technical University, Moscow, 105005, Russia

The correct choice of drive parameters is a prerequisite for high-performance and eco-
nomical operation of the machine set. Dynamic synthesis of electrically powered ma-
chines usually accounts only for mass and size of a flywheel which provides the given
non-uniformity of movement, and the parameters characterizing the operation of the mo-
tor are not considered. This approach does not allow effective use of electrical energy.
The article presents a method of dynamic analysis and synthesis of a machine set with an
asynchronous electric motor, which makes it possible to explore not only the non-
uniformity of movement, but also the parameters that characterize the operation of the
motor: the efficiency and power factor. This technique is based on the I-section motor
equivalent circuit. When conducting the dynamic synthesis of electric drive we propose to
determine not only the moment of inertia of rotating mass, but also the gear ratio of the
transmission mechanism according to the conditions to maximize the engine efficiency
and the possibility to start the drive. We used the proposed method in dynamic analysis
and synthesis of a plunger pump.

Keywords: electric drive, equivalent circuit, dynamic analysis, efficiency factor, power
factor
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