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Pe30oHaHCHbIN 3MeKTpOMarHUTHbIM BUOpoBO36yaAUTENnb KornebaHum
C obpaTHOM CBA3bLIO

M.U. Ubanynnaes, A.K. Hypanues, A.)K. Ecen6exos, A.l. Hazapos

Psin cOBpeMEHHBIX TEXHOIOTHYECKUX MPOIECCOB MOXKET OBITh 3HAYMTEIHHO MHTEHCU(HIIPOBAH 32 CUET MCHOIb30BaHUS BHOPOBO3ICH-
CTBHH C IIMPOKHM JIHANa30HOM 4acTOT M aMIUITYX KoieOanmid. HanGonee 3(pQekTHBHBIM NCTOYHHKOM BHOPAIIMH BO MHOTHX CITydasx
SIBIISIIOTCS AJIEKTPOMarHuTHbIe BUOpoBo3Oyutenu (OMBB).

HemnocpenctBennoe mpeoOpa3zoBaHue IEKTPHISCKON SHEPTHN B MEXAaHUIECKYIO SHEPTHIO KOJIEOaHHH OTKPHIBAET BOZMOXKHOCTh CO3JaHHS
YCTPOWCTB, yNPaBIsIeMBIX AJIEKTPUUSCKUMH MeTopamu. OHaKo KojeOaTenbHbIe IPOIEcChl B IEIsX C AIeKTPOMArHUTHBIMH BBIOPOBO3-
OyauTensmu (IIPUMEHUTENIBHO K BUOPALMOHHON TEXHHMKE) Majo M3y4YeHbl. DTO OOBSICHSACTCS CIOXKHOCTHIO BO3ICHCTBUN HEIMHEHHOCTH
9MEKTPOMarHUTOB BUOPOBO30yANTEIEH  HCTOYHNKA ITUTAHUS Ha BUOPAI[MOHHBIE IPOIIECCH, T. €. HENMHEHHON 3aBUCHMOCTBIO aMIIIUTYABI
1 (azel BHOpanuK OT MapaMeTpoB CUCTEMBI HEIMHEHHOTO XapaKkTepa H3MEHEHNS! HHIIYKTHBHOCTH OT HEePEeMENIeHHs SIKOPSL.

Pe3ynbTarsl TEOPETHUECKHX U IKCIIEPUMEHTANIBHBIX HCCIIEJOBAHNUI KoIebaTeNnbHbIX dIeKTpoMexaHndeckux cucteM (OMC), moCTpOeHHBIX
Ha ocHoBe DMBB ¢ 00parHO#i CBsI3bI0, pa3paboTka METOIOB aHAJM3a PE30HAHCHBIX cxeM DOMBB ¢ menbio moixydeHuss onTHMalbHBIX
XapaKTepPUCTUK B PeXXMUMaxX HHM3KouacTOTHBIX Konebanuii (HUK) neMOHCTpHPYIOT BO3MOXXHOCTH YKOHOMHYHOIO MOTPEOJICHUSI JIEKTPH-
YEeCKOM SHEePTUH U MPOU3BoAUTEN HOCTH DMBB, ncnons3yempIX B pa3inyHbIX OTpacisaX MPOMBIIUICHHOCTU. BBeneHne o0paTHOM cBA3M
YIPaBISIOMIEH YacTOTHI M BEJIMYMH aMIUTHTY] BEIXOJJHOTO HANPSHKEHHS HCTOYHMKA, HTaromero OMBB, mo3Bonser aBroMaTnuecku mos-
CTpaMBaTh 4aCTOTY BHOpALMK K 4aCTOTE PE30HAHCA YIPYTO MOABEIICHHOT0 rpy3oHecyiero oprana OMBB Takum 06pa3zom, 4ToObI aMILIN-
TyJbI BUOPOCKOPOCTH, a, CIIEI0BATENBHO, M TIPOM3BOJUTEIBHOCTH OCTaBANNCh HEU3MEHHBIMH.

st oGecriedeHust yCTOWIMBOTO PE30HAHCHOTO PEKMMA ICKTPOMArHUTHOTO BHOPAMOHHOTO BO30OYAMTENS MPOAHATU3UPOBAHEI HAMPS-
JKEHHS, [IPOIIOPLUOHAIbHBIE TIO (pa3e MEeKTy BBIXOIHBIM HAIPSDKEHUEM HHBEPTOPA M CKOPOCTBIO MEPEeMEIICHNsI TPYy30HECYIIero opraHa.
Pe3synbrarsl ncciaenoBaHus MOKA3aIH, YTO 3a CUET BO3/ICHCTBHS 00paTHOI CBA3M, MO (haze MEHSIONIEH 3a1al0ITyI0 YaCTOTy B HAIIPABICHUH
HACTPOUKH Ha PE30HAHC, MOKHO 00ECIICUHUTh PAHOHAIBHEINA peskiM paboTst DMBB.

Kuiouesvle cnosa: BUOPOBO30yAUTEIb, HMEKTPOMArHUT, EPEMEILCHHE, AMILIUTYIHO-4aCTOTHbIE, ()a304aCTOTHBIC N HU3KOYACTOTHbIE aBTO-
KoneOaHus, TPy30HECYIINil OpraH.
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A Resonant Electromagnetic Vibration Exciter of Oscillations
with a Feedback

M.I. Ibadullaev, A.K. Nuraliev, A.Zh. Esenbekov, A.I. Nazarov

A number of modern technological processes can be significantly intensified due to the use of vibrations with a wide range of oscillation frequencies
and amplitudes. In many cases, electromagnetic vibration exciters (EMVE) can serve as the most effective vibration source.

Direct conversion of electric energy into mechanical vibration energy opens the possibility for developing devices controlled by electrical methods.
However, the oscillatory processes in the circuits containing electromagnetic exciters have been studied to an insufficient extent as applied to vibration
engineering. This is connected with the complexity of the effects caused by the nonlinearity of vibration exciter electromagnets and power source on
the vibration processes, i.e., a nonlinear dependence of the vibration amplitude and phase on the system parameters and a nonlinear dependence of
inductance from the armature displacement.

The results from theoretical and experimental studies of oscillating electromechanical systems (EMC) built on the basis of an EMVE with feedback,
and the development of methods for analyzing resonant EMVE circuits with a view to obtain the optimal characteristics in low-frequency oscillation
modes (LFO) demonstrate the possibilities of economically efficient consumption of electric energy and the performance of the EMVEs used in
different industry branches. With the introduction of feedback proportional to the control frequency and the output voltage amplitudes of the EMVE
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power supply source, it becomes possible to automatically adjust the vibration frequency to the resonance frequency of the elastically suspended
EMVE load-carrying member for maintaining constancy of vibration velocity amplitudes and, hence, the system performance.
To achieve a stable resonance operation mode of the electromagnetic vibration exciter, the voltage proportional in phase between the inverter output

voltage and the load-carrying member motion speed are analyzed.

The study results have shown that, owing to the feedback effect that adjusts the driving frequency in phase toward tuning to resonance, a rational

EMVE operation mode can be secured.

Key words: vibration exciter, electromagnet, displacement, amplitude-frequency, phase-frequency and low-frequency self-oscillations,

load-carrying member.
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[ITupokoe mMpUMeHEHHE BHOPAMOHHBIX YCTPOUCTB
Pa3IMYHOTO TEXHUYECKOTO Ha3HA4YeHUsl, TPeOOBaHMUS d(-
(DEeKTUBHOCTH M YKOHOMHUYHOCTH K MX paboTe BeayT K
CO3MIaHUIO METOZOB IPOEKTHPOBAHUS BUOPAIMOHHBIX
YCTPOMCTB, pabOTAONINX B PEKMMaX, ONM3KHX K OITH-
MaJIbHBIM [ 1 — 4].

VipasiieHue U HacTpoilka peajbHBIX YCTPOWUCTB B 3a-
JTAHHOM PEXHMME CTAHOBATCS JIErde MPU HCIOIb30BAaHUN
ANIEKTPOMATHUTHBIX BUOPOBO30yANTENEH, B KOTOPBIX CHJIa
U, CJIeIOBATEIbHO, aMILTUTY/IA KOJIeOaHUH MEHSIOTCS MpH
WU3MEHEHHH CHIIBI TOKA.

Kaxk moxazanu uccienoBanusi, Hanooiee 3h(HeKTHBHBI
KostebaTeIbHbBIe CHCTEMBI ¢ 00paTHOM CBSI3bI0, BO3/ICHCTBRY-
IOMIeH Ha MCTOYHUK MUTAHUS TAKMM 00pa3oM, YTO 4acToTa
€T0 BXOJHOTO HAINpsDKEHUS TTOJICTPANBAETCS B PE30HAHC K
4acTOTe COOCTBEHHBIX KOJIeOaHMH CHITOBOM yacTh [5 — 7].

[Ipu aBTOMAaTHYECKOM MOAJCPKAHUU PE30OHAHCHOTO
PeXKHMa YBEJIMYNUBACTCA OKOHOMUYHOCTb CUCTEMBI, Omnaro-
Japsi yMEHBIICHUIO TOKa, MOTPeOJIsieMOTo BO30OyANTEIEM
BuOpanuu. [Ipn aToM peraercs Borpoc BeIOOpa BUIa 00-
parHoii cBsizn (OC) B HEAaBTOHOMHBIX JJICKTPOMEXaHUUE-
ckux cuctemax (OMC). M3BecTHO, 9TO TONBKO (paza Mex-
Iy DIIEKTPOMArHUTHON CHJION W TIepeMelIeHneM padodeit
YacTH SJIEKTPOMArHuTHOro BHOpoBo3Oynutens (OMBB)
HMMEET OJHO3HAYHYIO0 3aBHCUMOCTh PAaCCTPOMKH HacTOTBI
KOJIe0aHUI B OT YaCTOThI COOCTBEHHBIX KojeOaHuil w0
[5, 8]. 3aBUCUMOCTD K€ aMILTUTYJ[ CKOPOCTH TepeMelie-
HUSI HOCHUT JIBYy3HAuHBIH XapakTep W SIBISICTCS PEe30HaHC-
HOH, IOTOMY JIaHHBIE TTapaMeTphl HE UCTIOIB3YIOTCS JUIs
TIOCTPOCHHUS 00PATHOM CBSI3M B PE30HAHCHBIX KOJIeOaTelh-
HeIXx DMC. B peanpHBIX 371eKkTpHuecknx cxemax ¢ OC
1o ¢asze TPyJHO MOITYYUTh CHUTHAJ, MPOTOPIHOHATIBHBIN

JIEKTPOMAarHUTHOM CHJIE, a CUTHaJ, MPONOPLHOHAIbHBIN
BHOpOTEPEMEIICHUIO, MOTYyYaeMOMYy TEH30AaTUHKaMH,
obnamaer Mayiol BenmuuHOM. Clenyer BBIIENUTH Harpsi-
JKEHUE, MPOTIOPIHOHATIbHOE (ase MEXIy BBIXOAHBIM Ha-
INPsKEHUEM MHBEPTOpPA M CKOPOCTBIO MEPEMEIEHHs IPy-
30Hecymero oprana SMBB.

OnHa U3 BO3MOXHBIX CX€M, TIOCTPOEHHBIX IO YKa3aH-
HOMY NPHHIIMITY, TTOKa3aHa Ha pHc. 1.

PaccmotpumM B3anMozneiicTBue ee 31ueMeHToB. Yacrora
Koje0aHUi B JTaHHOI CHCTEMBI paBHA YaCTOTE BBHIXOAHO-
ro HampsbKeHUs UHBepTopa U, ympasiseMoro 3aaaroiiym
re"eparopoM 3I, gacToTa KOTOPOTO peryaupyercst BXOJ-
HpIM HanpspkerreM. Mcrtounuk DJIC E| MOCTOSHHOTO Ha-
NPsDKEHHUs MOAMArHWYMBAHUS OIS YIPOILUEHUS aHAIH3a
BKIIIOYEH MOCIEI0BATENLHO C BBIXOJHBIM HaNpsKEHUEM
U, umsepropa. Ilox neiicTBueM HaNpsyKeHWs B MarHu-
TonipoBojie DMBB BO3HHMKaeT dIEeKTpOMarHWTHAs CHIIA,
BO30y’K/atomiasi KojeOaHusi CUIIOBOM YacTH C 4acTOTOU
®B. OTu KojebaHMs mepearorcsa narduky ckopoctu J(C,
JKECTKO YKPEIUIGHHOMY Ha pabodel yacTu mexanusma. Ha
Beixoze JIC oOpasyercss HampspDKCHHE Ujc» TpOIOpIHo-
HaJIbHOE CKOPOCTH KONeOaHWH M yCHIINBAEMOE YCHIINTE-
JeM Y, C aBTOMATHIECKOHN PETYIMPOBKOH Koo puurenta
yCUIIEHHs. AMIUIMTY/la HaPSKEHNsST HAa BBIXOJE yCHUIIHTE-
JIs1 HEU3MEHHA.

Brixonnoe nanpsbkenue yeunurenst U, - CyMMHPYETCst
cymmaropoM C ¢ BBIXOJHBIM CHUHYCOHJIAIbHBIM HaIlpshKe-
nuem U 3anaromero reneparopa 31 DIeMEHTBI CXeMbI
1os00paHbl TAKUM 00pa3oM, YTO aMILIUTY/IBI 00enX mepe-
MEHHBIX HAPSDKEHUH PaBHBI IO BEIMYNHE B JIIOOOM PEKH-
Me pabOThl. AMIUINTYIB! CHHYCOMJAIBHBIX HAMpPSKEHUH
CABHHYTBI OTHOCHTENBHO APYT APYra Ha HEKOTOPBIN yroin

['py3oHecyuiuit opraH
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Puc. 1. ®ynxumnonansras cxema HeasroHoMHON DOMC ¢ OC no daze
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Y. MrHOBEHHOE 3HAa4€HUE CyMMBbI HAIPSKEHUI Olpenesis-
€TCsl PABEHCTBOM:

U, =2U_ cos (lj sin(wt+1j. (1)
2 2

Hanpsokerwe U, 0OpaTHOH CBA3H, HENMHEHWHO 3aBHCA-
mee OT yIa 7Y, BBIIPSIMILIETCS JBYXIIOTYIIEPUOIHBIM BbI-
npsimuteneM B u ¢punsrpyercst RC-pusrpom @ (cm. puc. 1).
[locrosiHHOE HamNpspKeHHE C BBIXOAA (HIBTpa MOHAeTCs
BMECTE € OTIOPHBIM HaNpsoKeHHeM U Ha BXOJI 3a1af0IIETO
rereparopa 3 1 moaCTPOWKY €To 9acTOTHI B PE30HAHC C
4acTOTOH cOOCTBEHHBIX Konebanuil . CrHyCcOUIalbHbIM
HanpsikeHueM Bbixoza 317 ynpasnser uaseprop. ITockosns-
Ky OH MMEET PEeJICHHYIO MepeaaTouHyI0 XapaKTepPHUCTHKY,
TO BXOIHO€ CHHYCOU/IaIbHOE HANPsDKEHHE TTpeo0pasyeTcs
UM B MIPSIMOYTOJIEHOE.

VYpauenust DMBB umeror cienyromuii BU;

dy R .

—+ Y =U signo,t+E,; 2

aL(x) € 0 @
d’x _dx

M +B—+ KX =(Xi|, 3

rae U, — aMIuIMTy/1a BRIXOHOTO TPSAMOYTOIBHOTO Harpsi-
JKCHHUSI HHBEPTOpa; R — aKTHBHOE COMPOTHUBICHHE 0OMOT-
ku; L(X) — WHAYKTHBHOCTH OOMOTKH 3JIEKTPOMArHUTA;
WV = Li — TOTOKOCUEIIEHHE; (O, — YacTOTa KoJIeOaHui
OMBB; ¢ — Bpems; E| — HanpsiKeHHE UCTOYHUKA MO/~
MaranuuBanus; M — Macca KoseOromieics yactu; X —
[EPEMEIICHUE TTOABMXHON MacChl; f — KO3 PHUIUECHT
TpeHus; F(X, i] — aneKkTpoMarHuTHas CUia; i — TOK, A;
K — xoaddunment ynpyrocTu.

WNupyktuBHOCTE L(X) 3aBUCHT OT mepeMemieHus X u
MPHUOIMKEHO OIMUCHIBACTCS ANMPOKCUMHUPYIOMIEH (QyHK-
nuen

T @)
1-m, X/X,

rie L, — MHIyKTHBHOCTL B 00MOTKe npu X = 0; m, — Ko-

> durmenT anmpokcuManum; X, — 3a30p NpH 00eCTOYEH-

HoiT 0OMoTKe DMBB.

Henuneitnas cucrema (2), (3) orpaxkaer (QyHKIUH
OMBB B ycTaHOBHBIIEMCS pEeXUME. YPaBHEHUS MOTYT
OBITH pEelIeHBI C TOMOILBIO CPEICTB BEIYUCINTEIBHOM TEX-
HuKkd. Ha mpakTuke maHHas cUcTeMa penraeTcs MpHOIu-
JKCHHBIM aHAJTUTHYECKAM METOJIOM, TIPH 3TOM PEe3yIbTaThI
HEJIMHEHHO 3aBUCST OT NapaMeTpoB KOJIeOaHuii.

Jnst onpernienieHnst NIEpHOJMYECKUX PEKUMOB CHCTEMBI
MOYKHO BOCIIOJIB30BaThCsI METOIOM MaJIoro mapamerpa [1y-
ankape (1), (2), (4), npuHSIB 32 MaJIbIi TapaMeTp BETUIHHY
W Ha mpaktuke 310 Bceraa BBIOIHSETCS, TIOCKOIBbKY aK-
THUBHOE COIPOTHBIICHHE B LETIH OOMOTKH BCET/la MEHbIIIE
WHAYKTHBHOTO.

BenmunHa MOCTOSHHOTO TOAMAarHWYHMBAaHUS COCTaB-
JIET MOPsIKA |, TaK KaK B MCIOJIb3YEMbIX YCTPOHCTBAX
E/U <1.

BectHuk M3W. Ne 1. 2020

ITopoxnaromue pemenns (2), (3) npu yuete NOCTOSH-
HOM COCTAaBJIAIOLIEH U NIEPBOM FApMOHUKYU IIPUIIOKEHHOIO
HaNpsKEHUS BBINIAAT Kak:

d =\ - cost;

K, (0,5+2%) = 24K, cos(t+6,)+ |

Y:I)O ’
+0,5K, cos(21+6, )
v
Y=£; =W, o=T%" ;
X, 4U,
=P ;V02=—K ; p= R
Mo, Mo, oL, )
nE, 8m, U’
€ = s B= 2 2 7>
4U  uw, Ly Xy Mo,
1 1
Ky=—: K= ;10 =——7>;
£ (v -1) +& o
K=l g0, =B

J(Vf—4)+482, T

SﬂeCL A XapaKTepu3yCT BCINYMHY MMOCTOAHHOIO IOI-
MaronvivBaHusgs W OHNPEACIIACTCA U3 aﬂreﬁpanquKoro
YpaBHCHUA IEPBOTO HpI/I6J'II/I)K6HI/ISII

Bm, K\ +(0,5m, B,K, +m, P,K, cos8, —1)A+e, =0.(6)

VYpaBaeHue (6) CIYXKHUT HE TOJBKO JUIS OMpPEICIICHHS
MMOCTOSIHHOW COCTABJISFOIICH MAarHUTHOTO IOTOKA, HO H
JUTSL TIOMCKA aMILTHTY/IBI OCHOBHBIX KOJICOAHUIA Ha MEepBOI
rapMOHUKE, CODIACHO (5), rlie OHa BXOJIUT B YUCIUTEIb B
MEePBOM CTENICHH.

Anamms (2), (3), (6) mokaszai, 4To MPU y4ETe B3aAHMO-
JICHCTBUSL TIOJCUCTEM B OMPEACICHHOW O00JIACTH YacTOT
BO30YyKAE€HUS KOJeOaHU peau3yIoTCsl HECKOJIBKO MepH-
OJTMUCCKUX PSIKUMOB. [TTaBHOE OTIIMYHE UCCICIYEMO CH-
CTEMBI OT MPEICTABICHHBIX PAHEE 3aKIF0YACTCS B TOM, 4TO
YCTOHYHUBOCTh OHO3HAYHBIX KOJCOAHHMH 00CCIICUMBACTCS
3a cyeT BO3ACHCTBHUS 00paTHOI CBsI3M 110 (paze konedaHuii.

OKCHEePUMEHTAIBHO HCCIEIOBaHA HEaBTOHOMHAsI BHO-
panmoHHas CHUCTEMa C Pa30MKHYTOH OOpaTHOMH CBSI3BIO IO
(haze xonebanuii. Ha pucymnke 2 mpeacTapieHa molydeHHas
3aBHCHMOCTb CKOPOCTH BHOpOIIEPEMEIICHHI OT YacTOTHI
BBIHY)KJIEHHBIX Konebannit V' = flo,) (rpaduxn [ — 3) s
Pa3IUYHBIX 3HAUCHUH KOJICOMOIIIEHCS MacChl M, =154 xr,
M, = 6,6 kr, M, = 2,77 K. 3aBUCUMOCTH MOKA3aHbI BMECTE
C COOTBETCTBYIOIINMHU aMILTATYTHO-9aCTOTHBIMH XapaKTe-
puctukamu (A4X) OMBB.

3aBucumocTb Harpsbkenus U, , HOCHT HEJIMHEWHbIN Xa-
paxtep U, = flo,) (rpapuxn 4— 6, puc. 2). llpu vacTote
®,= o, (pe3onance) U, MMeCT OJHY H Ty K¢ BEIMINHY 1 HE
3aBUCHUT OT Macchl M 1 BbICOThI MakcuMyma AUX .

Hanpsokenne U, paccunTaHHOC aHAIUTHYCCKH 110
(1), omMyaercss OT PKCIEPUMEHTAIBHO IMOJYYCHHOTO Ha
10...12%.
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V, mm/c
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Puc. 2. AMnnurynHo-uactoTHble Xapakrepuctuka OMBB:

I — skcnepument; 11 — pacuer
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ANEKTPOTEXHUKA

3akJjoueHne

ITpu yuete B3aumoneiictus noacucreM SMBB B onpe-
JIeTICHHOW 00JIaCTH YacTOT BO30YXK/ICHHS pean3yeTcs He-
CKOJIBKO IEPHOIMUECKUX PEXUMOB. OTIMUHE HCCIIeIOBAH-
HOM cucTeM OT paccMOTpeHHbIX [4, 5, 9, 10] 3akitouaercs
B TOM, YTO YCTOHYMBAs OJHO3HAYHOCTh MEXAHHMUYECKHX
KoJieOaHMi B JAHHOM CIIydae MOJKET OBITh 0OecIIedeHa 3a
CYeT BO3/ICHCTBHS OOpaTHOH CBs3M MO (a3e, MEHSAIOUICH
33Ja0lIyI0 YaCTOTY B HalpaBJICHUH HACTPOMKH Ha pe3o-
HaHC. B pe3ynbrare ucciieoBanus ycTpoicTsa:

® pa3paboTaHa aJeKBaTHasg MaTeMaTH4ecKas MOJCTb
MEKTPOMEXaHUIECKOH CHCTEMbI PE30HAHCHOTO JIEKTpOMar-
HHUTHOTO BUOPOBO30YIUTEIS KOJIEOaHMH ¢ 00paTHOM CBS3bIO;

® Ha OCHOBE METO/a MaJIOTro IapamMeTpa MoIyueHo pe-
IIEHHE, COTIOCTABJICHO C JaHHBIMHM SKCIIEPHMEHTA U BbI-
TIOJTHEH aHAJIN3 PEKUMOB.
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