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Abstract: TARGET. The purpose of this work is the development of a 3-D model of a power
transformer to study the oscillation parameters and determine the technical condition. The
technical condition of the power transformer is analvzed by the vibration amplitude spectra
formed using the fast Fourier transform algorithm.

METHODS. To determine the informative frequencies of objects of complex shape, such as a
power transformer, it is advisable to use the finite element method (FEM), implemented using
computer simulations in the COMSOL Multiphvsics software

RESULTS. According to the results of the calculation of the frequencies of mechanical
vibrations of the magnetic circuit of the transformer, informative firequency ranges were
determined to determine the level of technical condition of the power transformer.
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CONCLUSION. Finite element modeling makes it possible to represent a transformer as a
discrete svstem consisting of components interconnected at nodal points, which will allow
modeling transformer defects and determining its vibration parameters in different technical
conditions.

Keywords: power transformer, finite element method, amplitude spectrum, vibration control
method.
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Begeoenue

Cr1oBbIe TpaHC(HOPMATOPET SBIAIOTCS OCHOBHBIM 3JIEMEHTOM 3IIEKTPIYIECKOIT IT0/[CTAHITHIL.
TexHIUeCKOe COCTOSHIE CIUIOBOTO TpaHcdopmaropa, 0T KOTOPOTO 3aBHCHT HajexHasd padoTa
BCell 3MEeKTPIYECKON IOJCTAHIINIL, OIpeenseTcs MO pe3yIbTaTaM KOHTPOJIA I JIIIarHOCTIIKIL
TpergoM B 007acTH Hepa3pyIIAONIEr0 KOHTPOTS I [IHATHOCTHKI SBIAETCH IIPOBEJIESHIIE
II3MepeHHIT I HCOBITAHMI T TpaHC(hHOPMATOPOB MO HAMPS/KEHIEM, UTO IMO3BOIIAET IMepeilTH K
0OCTY:KIBaHHIO TPaHCHOPMATOPOB MO MX TeKyNIeMYy TEXHIYECKOMY COCTOSHIIFO I CHIBNTh
TEXHOJIOTHYECKHIT 1 SKOHOMITIECKII yiepd BBIBOAA 000pYI0OBAHII I3 KCILTyaTarml. Co3/iaHie
Oomee TOYHBIX, YYBCTBHTEIBHBIX, J[OCTOBEDHBIX 1 pAIlIIOHATBHBIX METOJOB KOHTPOISL
TEXHIYECKOT0 COCTOSHIIS CIUTOBBIX TPaHC(HOPMATOPOB IO/ HANIPSKEHIIEM SBISETCS aKTyalbHOIT
3a/1a9eil Hepa3pyIIaroero KOHTPOTIS.

Cpexnn MeTOJ0B Hepa3pyIIAMOMIero KOHTPOIL, MO3BONAIONNIIX ONpPeIenaTh TeXHITIecKoe
COCTOsHIE TpaHc(hopMaTopa MOJ HampszkeHIeM, Harbomee 3GGEKTHBHBIM METOJIOM SBISETCS
BHOpanmoHHEIT MeTox KoHTpons [1]. C moMompio BHOPAIIIOHHOTO METOJa KOHTPOIIPYeTCs
COCTOSIHIIE MAarHHTOIPOBOJA I OOMOTOK, COCTABIISIONIIX 3IEKTPOMArHHTHYEO CIICTEMY I
«aKTHBHYI 9acTb» TpaHcdopmaTopa.

C menpr0 pa3padOTKI METOAMKI KOHTPOIS TEXHIYECKOTO COCTOSHIIA —CIUIOBBIX
TpaHchopMaToOpoB IO TApaMeTpaM  BIOpAINH, HeoOXOANMMO TIPOBECTH TeOpeTHIecKIe
IICCTIEIOBAHIISA 10 OIPEJIeeHII0 HHPOPMATIBHOTO YacTOTHOTO HMHTEPBala, XapaKTepI3YEOIIIX
Hamme gedexrta. g onpeaeneHis MHGOPMATIBHBIX JaCTOT 00BEKTOB CIIOKHOI (hOPMBI, TAKIX
KaK CIUIOBOH TpaHC(opMaTop, INelecoodpa3sHO ICHOIb30BaTh METO] KOHEUYHBIX 3IeMEHTOB
(MK?3), peamm3yeMslil ¢ HCIIOIb30BaHIEM KOMIIBEOTEPHOTO MO/IETIIPOBAHIIA.

C momompro MKD akTuBHas 4acTe TpaHcQopMmaropa pa3dmBaeTcs Ha psAj odmacteil
(KOHEYHBIX D3TEMEHTOB), B KOTOPBIX HEH3BECTHBIE (I3IUECKIe BeMIYHNHBl (MEXaHIIeCcKoe
CMeIIeHIle, MAarHHTHAS HHIYKONS, SIeKTPHUSCKI MOTeHNHal H T.J.) OyIyT IIMeTh
AHAINTIMECKOE BBIPaKEeHIE B BIIAE N3BECTHBIX MaTeMaTHYeCKHX ypaBHeHHI. TakuMm oOpazom,
MKD mo3BoISeT MpeAcTaBUTh TpaHc(opMaTop B BIJIE [IICKPETHOII CHCTEMBI, COCTOSINEN I3
KOMIIOHEHTOB, 00BE/IITHEHHBIX MEKIy c00O0Il B Y3IIOBBIX TOYKAX, YTO I03BOISET MOJIEIIPOBATH
nedekTs TpaHcdopMmaTopa I OMpeIenaTh ero BHOPAIOHHbIE TapaMeTPEI B Pa3HBIX TEXHITIECKIIX
COCTOSHIIIX.

CoBpeMeHHBIE METOJBl BHIOPAIIOHHOTO KOHTPONS CIUIOBBIX TPAaHC(QOPMATOPOB [Iar0T
BO3MOJKHOCTh ONPEJIETNTh YPOBEHb IIPECCOBKH OOMOTOK I MAarHHTOIPOBOJa ©Oe3 BBIBOJA
TpaHcopmaTopa 113 pabOTEI, ONIPEIeNNTh CHILKEHIIE TIPECCOBKIL [T KazK/I0M (ha3sl I YCTAaHOBHUTH
JPYTIe TIPIYITHET TOBBIIIEHIS BHOPAIIIIT TpaHchopMaTopa.

ITo pesympTaTaM aHam3a pabor aBTopoB TropmHa A H., Bammpora 3.A, JlommHa A.IL.,
[5. 6. 7] MOKHO cZenaTh BEIBOI, UTO CIEKTPEI BHOpAITII 0aKa TpaHCc(hopMaTopa BKIFOUAKT B cedd
OT JIBYX JI0 JIeCSTH HH(GOPMATHBHEIX 9acToT. [ paboTocmocodHoro TpancdopMaTopa Oe3 SBHBIX
Ie(eKTOB aMIUINTYIHBII CIeKTp OyIeT colep:KaTh MK aMIUTHTYIB! Ha gacToTe 100 I'm, 300 I
n 500 T'm. IlogeneHune aMmIUINTyZHOTO IMIKa Ha 4dacTorTe 100 I'nml cBg3aHO C IpPOTEKaHIEM B
00MOTKaX TOKa C MpoMbIiuIeHHOI acTtoToil 50 I'n. Ho JaHHOE 3HAa49eHIe 9acTOThl yIBalBaeTCs
113-32 MarHHTOCTPHKIIOHHOTO 3(dekTa, AeficTByromero B oOMoTKe. Hammdie aMILIITYIHBIX
mikoB ¢ gacroramu 300 m 500 I'm cBg3aHO ¢ MAarHHITHBIM HAaChIIIEHIIEM MarHHTOIIPOBOJIA
CILTOBOTO TpaHco(pMaTopa [8].

Mamepuanst u memoost. I[Tocmpoerue 3D modenu mpaucgopmamopa

Jng peammsalii TICCTEI0BAHIS II0 OINpeIeNeHI0 MH(QOPMATHBHOTO YacTOTHOTO
IIana3oHa BEIOpaH IporpaMMHEII makeT COMSOL Multiphvsics. COMSOL Multiphvsics - 310
KOMIUTEKCHas HHTET PIPOBaHHAS CPeZa I MOIETIPOBAHIS PA3IITIHbBIX (I3HTIECKIIX SBISHMIII.
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Puc.

JlaHHBI TIPOTPaMMHBIT TMAKET HMEET IONHYK COBMECTHMOCTh C CICTEMaMiH TIIIIa
CAD/CAM/CAE, 4uTO TI03BOIAET IICIIOIB30BATE JOMOIHITEIBHEIE MHCTPYMEHTHI 1714 co3gaHg 3D
TEOMETPHII HCCIeIYEMOT0 TpaHCHOPMAaTOpa.
Bbrok-cxeMa anropmrMa
TpaHcopmaTopa MpeIcTaBIeHa Ha PIICYHKeE 1.

1.

pacueTta 4YacToT KomebaHIi MarfHHTOIIpOBOga  CILUIOBOTO

Coszanue reom CTpH YECKOI MOACTH

v

3anaHne MaTEPHAIOB H
CcBOiicTB 00BCKTA

v

HOCTPI’JCHI[B CETKH KOHCHYHBIX
IAMEHTOB MOIEIH

A4

Bribop Tuna pacucta

v

3agaHue MCXAHHYCCKHX
napaMcTpoB MOACTH

v

3agaHne MarHUTHBIX
napaMeTpos MOACIH

A 4

3ananue ANCKTPHYCCKHX
napaMcTpoB MOICTH

v

Pacuer

v

CoxpaHeHHE MOy YCHHBIX
pe3yaBLTATOB

Brok-cxeMa pacdeTa dHacToT konedanuil Fig. 1. Block diagram for calculating the oscillation
frequencies of the magnetic core.

MarHHTOIPOBOIA.

B KauecTBe 00BEKTa

HICCIIEIOBAHIIA 1A OIPEICICHIIA

HHPOPMATHBHBIX  9acTOT

MarHHTOIIPOBO/Id, XapaKTePH3YIONINX Hammdie edekra, BeIOpaH TpaHchopmarop Tmma TC3
16 kBA 0.4/0,22 B (prc. 2).
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Puc. 2. TC3 16 kBA Fig.2. TSZ16 kVA

C moMoImpr BHOPANIIOHHOTO KOHTPOJS AHATIBHPYETCS COCTOSHIE MAarHHTONPOBOIA I
obMmoTOK TpaHcopmaropa, IO3TOMY OOBEKTOM IICCIENOBaHHA OyIeT CIy:KHThb He BeCh
TpaHC(hOpMAaTOp. a €ro akTHBHAag JacTh. C MMOMOINBI IporpaMMmHOro makera KOMIIAC — 3D,
coBmectiMoro COMSOL Multiphysics, co3gana 3D Mozenk aKTHBHOM JacTH TpaHchopmaTtopa
TC3 16 kBA, npe/cTaBlieHHas Ha pPICYHKE 3.

Puc. 3. 3D  wMomems  axkTHBHOH  dacTH  Fig. 3D model of the active part of the transformer
TpaHcdopmaTopa TC3 16 kBA TSZ16kVA

Tpancthopmatop TC3 16 KBA mMeeT CTep/KHEBOII THII MarHHTOIPOBOIA, CTEPIKHII
KOTOPOTO PACIOIOKEHBI TOPH30HTATbHO. BepTIKAThHO PACHONIOKEHHOS APMO CTSAHYTO OamKaMIil
o OOKaM, KOTOpEIE CKPEILTeHBI MEKIY COOOIT MIMIITEKAMII I TalikaMII ¢ pe3bboit M14.

3amaya JIAaHHOTO TICCIENOBAHIA 3aKTHOYAeTCsS B OMPEJIelIeHHH YacTOT MeXaHITIEeCKIIX
KoneOaHIIT MAarHNTOIPOBOIA, BBI3BAHHBIX  MAarHNTOCTPHKINOHHBEIM  3(pekToM. JlaHHag
TeOMeTpIYecKas MOJETh SBISETCS TPYJOSMKON J[UId TIPOBEJEHIS pacdeTa KOJIeOaHIIT
MarHHTOIIPOBOJIa O] JeflCTBIEM 3IeKTPOMAarHHTHOTO IO, MO3TOMY IPIHATO pelleHrne 00
II3MeHEeHIII MOJIENI aKTHBHOI YacTH TpaHcdopMmarTopa ¢ gomymeHnsMi. HoBas reoMeTpideckas
MO/IEITH C JIOITYIIEHIISIMII TIPE/ICTaBlIeHa Ha PICYHKE 4.

Puc. 4. 3D  wMomems  axkTHBHOH  dacTH  Fig 4. 3D model of the active part of the transformer
TpaHCGHOPMATOPa ¢ JOMYIIeHIAMH with assumptions
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JlonymieHns 3aKTIOYaOTCd B TOM, YTO B HOBOI MOJENH TPHCYTCTBYEOT TOJIBKO
MarHHTONPOBOJ 1 0OMOTKH. bBanknm 1 KperumeHIs MarHNTONpOBOAa OYIYT 3aMeHEeHBl Ha
Gukcami I MeXaHIYecKIle YCIUINS, OKA3pIBAaloOLNle JaBJIeHHe Ha fSpMa MarHHTOIPOBOIA.
OOMOTKHI TpaHc(opMaTOpa Ipe/ICTaBISHBl B BIJIE IBYX IIUIHHAPOB Pa3HBIX IHaMeTpoB. JIms
nporpaMmeO0ro maketa COMSOL 3Toro OyIeT A0CTaTOYHO, TaK Kak OH NMMeeT (DYHKIIIIO 3a/1aHIs
3NMEKTPIMIECKIX 00MOTOK 0OIIETo THIA ¢ YKa3aHIIEM MaTeplala, 9Icia BITKOB I 3NIeKTPIYecKOil
TIPOBOIIMOCTIL.

T'eoMeTprgecKie pa3Meps! aKTHBHOIT 9acTH TpaHC(hOpMaTopa MpecTaBIeHs! B Tadmime 1.

Tadmina 1
PazMeps! akTHBHOI gacT TC3 16 kBA
DneMeHT Pazmep (amM)
JIMiHa CTepKHA 290
JInnHa gpMa 240
Jnuna mitaaIpa odMoTtoxk BH u HH 210
Tonmuza munuEaIpa o0MoTkH HH 10
Tonmuea muInEIpa 00MOTKH BH 8

IlocTpoeHHad TreoMeTpHdeckad MoOJenb (pic. 4) MO3BONSeT KOPPEeKTHO IIPOBECTH
TICCTIe[OBAHIIE IMTH(MDOPMATIIBHBEIX JaCTOT MEXaHMIECKITX KOJIeOaHIIT MarHHTOIPOBO/Ia.

Pacqem MeXaHUYecxux Koneoarull MAzHUMONpoeooda noo eosoelicmelem
NEKTNPOMASHUTNHO20 NOTA

B mporpammeoM obdecnieuennn COMSOL Multiphysics TIpoBeIeH pacueT BBIHYKICHHBIX
MeXaHITIeCcKIX KoJIeOaHIT MarHITONPOBO/Ia, BEI3BAHHBIX JefICTBIEM 3IeKTPOMArHUTHOTO OIS,

Ilepex mpoBeJeHIEM pacdeTa (IU3MYECKIX MPOLECCOB OBUTH 3aJaHBI  CIIEIYIOIIIE
MaTepHansl (DI3IMUecKOll MOJETH aKTHBHON HYacTH  CIUIOBOTO  TpaHchopmartopa. Jlnd
MarHHTOIPOBOIa OBLT BEIOpaH MaTepuan Soff [ron, KOTOPEII gBIgeTcd HamOolee OMIBKIM II0
mapamMeTrpaM K [IIXTOBAHHOI CTadll MarHNTomnpoBoaa. OCHOBHBIE 3HAYEHIS IIapaMeTpPOB
MarHHITOIIPOBO/Ia IPE/ICTABIECHBI B Ta0mme 2.

Tadmima 2
TTapaMeTpsl MaTepHala MarHHTONPOBOIa TpaHCchopMaTopa
ITapametp 3Ha4eHHe IapaMeTpa
Electrical conductivity 1[S/m]
Relative permittivity 1
Density 8300[kg/m"3]
Poisson's ratio 0.3
Young's modulus 205e9[Pa]

Jlna odMmoToK BeIOpaH Matepnan Copper, Haidolnee MOIXOJSINII MO TapaMeTpaM [
o0MoTOK TpaHchopmaTopa. OCHOBHBEIE 3HAUSHIIA ITapaMeTPOB 0OMOTOK IIPEJICTAaBIeHBI B TabmiIe
3.

Tadmima 3

TTapaMeTphl MaTepHanta oOMOTOK TpaHchopMaTopa
ITapametp 3Ha4eHHe apaMeTpa
Relative permeability 1
Relative permittivity 1
Density 8960[kg/m"3]
Young's modulus 110e9[Pa]
Poisson's ratio 0.35
Electrical conductivity 5.998e7[S/m]
Coefficient of thermal expansion 17e-6[ /K]
Heat capacity at constant pressure 385[T(kg*K)]

UYmcno BHTKOB KaTYIIKH OMNpefeleHo HCXoAs M3 Ko3dhdummeHTa TpaHchOpMaIIL, I
COCTABJIAIOT 114 BeICIIET0 HanpsxeHIA 400, a guzmero 230.

IIpoBeneH pacder MEXaHIMUeCKIIX KoleDaHHII MarHOTONPOBOJAA, BBI3BAHHBIX
3MEKTPOMArHHTHBIM moneM. J[aHHasd 3ajlada BKIOYAaeT B cedS MOJETNPOBaHNE HECKOIBKIX
(I3HYECKIIX IPOIIECCOB, @ IIMEHHO!

1) MmozenmmpoBasIe 3-X (a3HOI 3MeKTPITIeCcKOIT elI;

2) MOJIeNIIpOBAaHIIE MarHITHBIX TIOJIETT;

3) MozemIpoBaHIle MeXaHIKI TBEPIOTO Teja.
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C momompro maketa Electrical Circuit OblTa CMOJETIPOBaHAa 3IMEKTPIYECKas IIeIhb

TpaHCc(hopMaTopa, MpeICTaBIeHHAA Ha PIICYHKE 5.
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Fig.5. Scheme of a 3-phase electrical circuit of a

Puc. 5. Cxema 3-xX (hasHOH >MeKTpHYeCcKOH IenH
TpaHcdopmaTopa TC3 fransformer TSZ

Hanpszxerne Ha Kaxayro a3y OBITO 3aJaHO IO CHHYCOIIATBHOMY 3aKOHY C aMIUTITYI0I
400 BomsT 1 HawampHOI ¢hazoil 0 pammad, 2,09 pammad 1 4,18 pamiad. 9TO COOTBeTCTByeT 0

rpagycam, 120 i - 120 rpagycaM A1g YpaBHEHII CIMMETPHTIHOI Tpex(a3Hoil merm.
3agaHBl TapaMeTpBl MarHHTHOTO IIOTIS C ITOMOINbi maketa Magnetic Fields. OCHOBHBIM

mapaMeTpoM 3IeCh CIVAEIT 3alJaHIle MarHHTHBIX CBOIICTB IS MarHuTomnpoBoa, KOTOPEIC
OIpelelIeHbl KaK ITHTCPIIOIAIIIA HEeMIMHeTHOTO MAaTrHHTHOTO MaTrepHaia .SOﬁ Iron. ]JlaHHBIE
mapaMeTpBI 0T06pa}KEHBI Ha rpanm{e 3aBICIIMOCTII MarHHTHOII HHIYKIOIHH OT HalpAKCHHOCTH

MAarHITHOTO II0JI4, IIpeICTaBlIeHHbIe Ha PICYHEE O.
BHIE) (T) L
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Puc. 6. MaruuTHEle CBOiicTBAa  MaTepHuana Fig. 6. Magnetic properties of the material of the
magnetic circuit of the transformer.

MarHHTOIPOBOIA TpaHc{opMaTopa
PacueT MarHHTHBIX TOJell, BOSHHKAFOIIIX IO AEICTBHEM 3JEKTPIIeCKOro TOKa 3-X
(hasHOIl merm, OVIeT MPOBOINTHCI pEeIIeHNeM YpaBHeHHII MakcBemwta aiddepeHaTsHoil

(bopMe, MpeICTaBIeHHOIT B CIICTEME YPaBHEHIIT 1:

VxH=1T]
B=VxA

oA}

I
I=cE (1)

MarsnTonpoBoji SBISETCS MAaTrHHTOCTPIKIIIOHHBIM MaTepHalioM, II03TOMY YpaBHEHIIe
MarHHTHOI HHAYKITHI OY/IeT IIMeTh II3MEeHeHHY0 (hopMy, TIPe/ICTaBIeHHYIO B (hopMyIie 2:

B=u[H+MHS,,,)+M,] )

M.- - BEIHYNHA HAIpPAKCHHOCTH MAarHHTHOTO IIOJIA,

TII€ BaXHBIM 3JIEMCHTOM ABIACTCA

BO3HIIKIIEI B PeE3VIBTATE OCTATOYHOIT HAMaTHITUeHHOCTIL
s TpaHHIHBIX YCJIOBIHUI.. NpPHHATEI YCIIOBIIA MAarHOTHON M30JMINII, OINICAaHHBIE B

bopmyie 3:
nxA=0 (3)
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l\/IO:[EIIIIpOBaHIIe MeXaHIYecKIX KomebaHIIT MarHiTompoBOJa OCYIISCTBIACTCA HYEpe3
MOHATHA MEXaHIMYECKIIX HaHpH}KEHIIIUI II TEH30pa HaHpHH{EHIIﬁ. OIMIICAHHBIX B YPaBHCHHIT 4:

~2

p=V-s+F,
ot (4)
AKTHBHag JacTh TpaHcdopMaTopa Oblma 3adIIKCIpPOBaHA B ILTOCKOCTH XV, BCISICTBIE
HETO 3HAYCHIIC I paBHO 0.
ITocne 3amaHng }’C.’IOBIIﬁ dJIBIII\‘II pacucTa YOPOIIECHHAA TeOMETpHYECKad MOJICIb
TpaHCtilopmanpa MOCTpOCHA KOHCYHO-3/IEMEHTHAA CCTKA, IPEACTABIICHHAA Ha PIICYHKE 7.

-0.05 m

Puc.7. KoHegHO-3IeMeHTHas ceTKa MarHHTONpoBoda Fig.7. Finite element mesh of the magnetic core and
u 00MOTOK TpaHchopmaTopa TC3 windings of the transformer TSZ

MaxrcHManbHBIT pa3Mep 3TeMeHTa CeTKI — 30 MM, MIHIMATBHBIT — 3 MM, MaKCHIMaIbHBII
POCT 3IIeMeHTa CeTKIH 3a1aH KodddumrerToM 1,5, a KoaddrmmenT kpusi3He paBeH 0.6.

IIpomsBe/eH pacdeT 1o THITY pacueTa Iime dependent. JJaHHBII THIT pacdeTa IPOM3BOIIT
BBIUIICICHIS BO BPEMEHHOIT 00IacTI, UTO IMO3BOJIAET YIECTh XapakTep 3IeKTPOMarHITHOTO TOJA,
KOTOpOe MeHseTcsd BO BpeMeHI. Pemartens ObLI 3aaH CHHYCOIIaTbHON (DYHKIIEH, BpeMeHHOI
meprog t = 0,02 ¢, YTO COOTBETCTBYET IIEPHOJY KOIEDAHIIT 3IeKTPOMArHITHOTO TIONA
TIPOMBIIILIEHHOI YacTOTHI ¢ maroM paBueM 0,001 c.

Pezyasmamst MoOeIUpPoAHUA mpancgopmamopa.

PesynpTaToM pacdeTa MarHOTHOTO IIONA CIYKHUT paclpeleleHlle MarHHTHOIO IIOTOKA B
BIIJIe MAarHNTHOII ITHYKIIII B MarHITOIPOBO/IE, 1300paKeHHOII Ha PICYHKaxX 8 11 9.

Time=0 5 Surface Sht: Magnetic flux density norm (Th

Puc. 8. PacmpeneneHHe MarHHTHOTO MNOTOKa B Fig.d. Magnetic flux distribution at the initial
HadadbHBIH MOMEHT BpeMeHH moment of time
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Time=0.02 5 Surface Sht: Magnetic flux density norm (T}

Puc. 9. PacmpeneneHHe MAarHHTHOTO IIOTOKAa B  Fig. 9. Magnetic flux distribution at time 0.02 s
MOMEHT BpeMeHH 0,02 ¢

II3 pucyHkos 8 1 9 BIIHO, YTO MarHHTOIPOBOJ HaMarHIUeH HepaBHOMEPHO, TaK Kak
IMEOT MECTO HelNHe[lHble  MIpOIEeCcChl MATHHTHOTO HACHIIISHIA, KOTOPBIE CBS3aHBI C
mapamerpamMi 3-X (asHOTO 3NMeKTpOMarHUTHOTO Tond. MakcHManbHOe 3HAa4eHIle MarHHTHOI
HHAYKIOII TIOTYYeHO B CpelHeM CTepsKHe H fgpMe MarHOTONpoBoda Ha ypoBHe 1,35 T,
TTOKa3aHHOI KpacHOIT 00JIacThEO Ha PHCYHKE 9.

IIpoBeneHO [1Ba pacdeTa MEXaHIUECKNX KOJIeOaHIIl MarHHTOIPOBOIA MO [efICTBIEM
MarHnTHOrO mond. IIpm 3ToM MeHSI0Ch OJHO YCIOBHE — 3aJaHIle MeXaHIIeCKOTO MOMEHTAa,
KOTOpO€ HMHTHPYeT IPECCOBOYHOE YCIUINE Ha MAarHOTONpoBoi. IIepBBIl pacdueT OBLT IUIA
Oe3nedeKTHOTO MArHONTONPOBOJa C MeXaHmIecknM MomeHToM 40 H/M B obmactn
MarHHTOIIPOBO/Ia B IUIOCKOCTH XZ. BTopoil pacyeT MozemnpoBan AedeKTHBIT TpaHChHOPMATOp C
MexaHmgecknmM MomeHToM 0 H/M gma maranTompoBofa. 1o ecTh /IS BTOPOTO pacueTa
OTCYICTBOBATO BHEIIHee JaBleHIIE Ha MAarHHTOIPOBOJ, Takke KakK IIPI pPaclpeccoBKe, I
MeXaHIIKa MarHNTOIIPOBO/Ia PacCUNTHIBANACh TOMBKO IO BIISHIIEM BHYTPEHHIIX CILT YIIPYTOCTIL
Pe3ynpTaTel JaHHBIX pacyeToB [IpecTaBlIeHbl Ha plucyHKax 10 m 11.

Time=0.019999 s

0 a 0.1

Puc. 10. dopma MexaHWdeckMX KoneDamuii Fig. 10. The form of mechanical oscillations of a
Oe3me(heKTHOr0 MarHUTONPOBOIA defect-free magnetic circuit

II3 pucyskoB 10 m 11 BuHgEBI m3MeHeHHd GOpM 1 HampaBleHHd KoledaHIIT
MarHHTONPOBOJA. BIIHO, YTO HPH PaclpeccOBKE MArHNTOIPOBOA., KOJIeOaHIS CTAaHOBATCS
OOIbINE TIO aMILTHTYE I MPHBOJIAT K Oonee cepbe3HbIM JedopmanmamM. [Ing Gonee IeTalbHOTO
aHaNI3a IOCTPOSHBI aMILTHTYIHBIE CIIEKTPHI BIIOPAITHI MarHITOIIPOBO/IA.

PaccMOTpHM aMILTHTYIHBI CIIeKTp Oe3eeKTHOro MarHHTOIPOBO/Ia B Anamna3one ot 0 10
1500 I'u, noka3aHHOTO Ha pHCYHKe 12.
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Time=0.019999 s

B -
0.1

Puc. 11. dopma MexaHudeckux Konebamuii Fig. 11. The form of mechanical oscillations of a
Ie(peKTHOTO MarHUTONPOBOIA defective magnetic circuit
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Puc. 12. AMIIHTYOHBIN cHekTp OesmedekTHoro Fig. 12, Amplitude spectrum of a defect-free
MArHHTOIpPoBOoIa 10 1500 I'n magnetic cireuit up to 1500 Hz

Ha prcynke 12 BIIHO, YTO OCHOBHAs aMILTITyAa cocpeloTodeHa Ha dacTtoTe 100 I'm.
II3BecTHO [8], uro wacToTh! Bhime 700 I'm He gBIMrOTCS HMHGMDOPMATHBHBIMII IS OMpEIeleHIIs
YPOBHA T€XHIIECKOTO COCTOSHIII MaTHITONIPOBOIa TpaHC()OpMATOpa, YTO TaKKe I IOATBepKIaeT
pHCyHOK 12, Tak KaK B JaHHOM CIEeKTpe Ha dacToTax Bbime 700 I oTcyTcTByeT Kakoe-nbo
BO3pacTaHme aMmIUmTyd. [IpoBedeH aHamN3 aMIUTHTYIHBIX CIEKTPOB 114 JedeKTHoro m
Oe3netheKTHOTO MarHNTOIpPOBoIa B mmama3zoHe oT 0 jo 700 I'm, m300pakeHHBIX HA PICYHKaX 13 -
15.
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Puc. 13. AMIIHTYOHBIH cHekTp OesmedexTHOoro Fig. 13, Amplitude spectrum of a defect-free
MArHHTOIIPOBOIA magnetic circuit
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Puc. 14. AMmmHTyZHEI chmekTp JedekTHoTo Fig. 14. Amplitude spectrum of a defective magnetic
MArHHTOIIPOBOIA circuit
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Puc. 15. CoBMeIleHHBII aMIIHTYIHBIH chekIp Fig. 15. Combined amplitude spectrum of defective
IJeteKTHOTO H Oe31e(eKTHOTO MATHHTONIPOBOJa and defect-free magnetic circuit

IIs pucyHka 15 BHIHO, YTO IPIH pacIpPecCOBKE BO3HIKACT YBEIIUEHIle aMIUIITYIbI
BHOpOMepeMelIeHNnd Ha JacToTaX KpaTHEIX 100 I'm, B mmamasore ot 100 I'm mo 700 I'm, uto
BBI3BAHO CHILKEHIIEM MEXaHITUeCKOr0 MOMEHTa KpEIUIeHIN MarHHTOIPOBOJIA, TaK KaK JIaHHOE
CHIDKEHIIE BBI3bIBAeT KONeOaHIS MAarHHTOIIPOBOJA B JOMOJHHTEIBHON IUTOCKOCTH, B KOTOPOI
CHIT3ILTIICH MeXaHITIeCKIIe YCILTIIA.

Peszyasmamst

Anpoéaiua pe3visinamoe MoOeTuposansa IKCNEPUMEHTNATbHBIMU UCCTE008AHUAMU

14 TNoATBep;KICHIA pe3yabTaTOB MOJIETIPOBAHIA IIPOBEISHBI 3KCIIEPIIMEHTaIbHEIS
IICCTIEIOBAHIIA MAapaMeTPOB BIOpAINI MarHHTOIPOBOAA padoTaromero TpaHcdopmaropa.
II3MepeHns TPOBOMIUINCE C MOMOINBK  OECKOHTAKTHOTO JIa3€PHOTO  KOHTPOIBHO  —
mMepnTenbHoro Kommekca (JIKIIK) [1]. Cxema JIKIIK mpencTaBieHa Ha pHUCYHKe 16.
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Puc. 16. Cxema JIKIIK: ] — mazepHul BuOpomerp Fig.l16. Scheme LCMC: I - laser vibrometer PDV -
PDV - 100; 2 — AITII NI USB — 6251; 3 — 100; 2-ADC NI USB - 6251, 3 - personal computer;

NepCcoHANBHEN! KOMIOBRHOTEp; 4 — mporpammuoe 4 - LabVIEW software; 5 - power transformer
obecnedenne LabVIEW; b - CHIIOBOIT
TpaHcGhopMaTop

JIKITK coctouT m3 mazepHOro BHOpomerpa PDV — 100 - 1, aramoro-mmndgpoBoro

npeobpazopatendg (ALIIT) NI USB — 6251 - 2. mepcoHaTBHOTO KOMIIBIOTEPA - 3 I IPOTPaMMHOTO
obecrieuenns - 4, pazpadoTaHHOTO B cpejie rpadirgeckoro mporpamMupopasnd LabVIEW.

IIpu mpoBeIeHNI I3MepPeHMIT T1a3epHbBIil BHOPOMETpP pacHoiaraics Ha PacCTOSHII 3 M OT
HICCTIEIyEMOTO CIUIOBOTO TpaHc(opMmaropa, g BHOpOMETpa OBUII 3aJaHbl  CIIEIYIOIIIe
TapaMeTphl I3MEpEeHMIT:

- gacToTHSI auana3oH oT 0 I'm o 22 kI

- MaKCHMalIbHOE 3HaYeHIe BIOpockopocTH — 100 Mm/c;

- pa3permreHIe mo prdopockopoct — 0,02 (Mrm/c)/T;

- yacToTa AucKpeTikanun 44,1 k[ .

DKCIIePHMEHT 3aKIodalcs B I3MEPeHHH [apaMeTpOB BHOpAINI MarHITONPOBOIA
TpaHcdopmaropa TC3 Ha X0I0CTOM X0y I COCTOSII I3 IBYX 3TaroB. [IepBrIil 3Tall 3aKT04alcs B
II3MepeHHH BHOpani TpaHc(opMaTopa, MarHITONIPOBO KOTOPOTO HOPMANBHO 3allpeccoBaH. Bo
BTOPOM 3Talle I3MEpPEHMIT MarHUTONpPOBOJ TpaHC(opMaTopa OBLT paclpeccOBaH (CHIIKEHBI
oceBble ycrrmng Ha cTepskHHN Ha 40 H'M). PesymeTater TpaHchopmatopa TC3 oOpaboTaHsl B
nporpaMMHEOM obecmeuerr LabVIEW 1 mpecTaBIeHE! Ha PIICYHKax 17 1 18,

Ha prcynke 17 mocTpoeH aMIUIHTYIHBII CIEKTp 1A TpaHcdopmaropa TC3 ¢ HOpMaTbHO
3alpeccOBaHHBIM MarHHTOIIPOBOIOM.
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0,003 4
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] 1
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Puc. 17. AMmuTyaHBI! criekTp TC3 ¢ HopMameHO  Fig. 17. Amplitude spectrum of TSZ with a normally
3aIpecCOBAHHEIM MarHHTONIPOBOIOM pressed magnetic circuit

Ha prncyske 18 mocTpoeH aMIUINTYAHBIN CHEKTP BHOPAINI IOCITE BHECEHNS Je(eKTa
(pacmpeccoBKII) B CTep;KeHb MarHITOIIPOBO/IA.
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Puc. 18. Awmmmurymssli cnektp TC3 ¢ Fig.l8. Amplitude spectrum of TSZ with pressed
pacnpeccoBaHHBIM MaTHHTOIPOBOIOM magnetic core
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113 pucyskoB 17 11 18 BILIHO, 9YTO 3KCIIEPIMEHTAIBHO [I0IYUEHHbIE aMILTITYIHbIE CIIEKTPBI
mapaMeTpoB BHOpammm TpaHcopmaropa TC3 — HMEOT aHATOTHYHYED CTPYKTYPY, Kak I
aMILTHTYIHBIE CIEKTIPBI (PICYHKH 13-15), monydeHHBIE B pe3yibTale KOHEUHO — 3JIEMEHTHOIO
MOJEMIPOBaHIA. TakimMm  o0pa3oM, TIPOBEJEHHBIE SKCIEPHMEHTAIbHBIE  IICCIIEI0BAHIIA
TIOJITBEPKIA0T MPABIUTBHOCTH IIPOBEIEHHBIX PACUIETOB MO MCCIEIOBAHII0 MTapaMeTPOB BIIOPAITHII
3 D mozmenn TpaHC(OopMaTopa.

Buisoowt

1. Tlo pesympTaTaM TIPOBEJEHHOTO pacueTa YacTOT MEXAHITIECKNX KoreDaHMI
MarHHTOINPOBOJa TpaHchopMaTopa B mporpaMmHOil cpeme COMSOL  Multiphysics Opimm
ompesieneHsl MH(MOPMATIBHBIE YaCTOTHBIE [IANa30Hbl IS OIpeJIelleHls YPOBHS OMPECCOBKI
CIUTOBOTO TpaHC(opMaTopa. AHANI3 MOTYYEHHBIX Pe3yIbTaTOB IOKa3al, 9TO MH(GOPMATHBHBIM
JacTOTHBIM JHAaNa30HaM, XapaKTePH3YOIIIIe BOSHIKHOBEHIIE PaCIIPECCOBKIL, SBISETCS JaCTOTHBII
nHTepBal ot 150 xo 700 I'm.

2. BO3HIIKHOBEHIIE PacIPecCOBKH B 0Oankax TpaHchOpMaTopa HMPHBOAHT K YBEIUEHIIEO
aMILTHTYI6I BHOPALIII Ha NHQOPMATHBHOM JacTOTHOM JHara3oHe.

3. Tlo pe3ympraTaM KOMIBHOTEPHOTO MOJEMIPOBAHNS MEXAHIYECKNX KOJIeOaHIIT
MarHHTOIIPOBOJIa TIPe/IaraeTcs MCIOIb30BaTh IOIYIEHHBI HH(OPMATIBHBIIT IHAMA30H [UIT
CO3JIaHIS HOBOTO METOJa KOHTPOJIA TEXHIYECKOTO COCTOSHIS CIUIOBOTO TpaHchopmaropa Io
rmapaMeTpaM BHOpPAIIIIL.

4. JIoCcTOBEPHOCTh pe3yAbTATOB KOMIIBIOTEPHOTO MOJIENHPOBAHIS MOATBEPKIEHA
3KCIIEPIIMEHTATbHBIMIT TICCTIEJOBAHIISIMIT mapaMeTpoB BHOpamit MAarHnTONpPOBOA
TpaHcopmaTopa, IpoBeIeHHBIMI ¢ oMot JIKITK.

3ararouernue

II3BecTHBIE W3 INTEPaTyphl HCCIEIOBAHISA BIOPAIMOHHBIX XapaKTEPICTHK 00BEKTOB
CIIOJKHOIT (hOpMBI TIOCBSIIEHE!, B OCHOBHOM, OIIpelIeNe 0 MH(QOPMATIBHO-1aCTOTHOTO [II1alla30Ha
BpAIIAONIIXCA 00BEKTOB, IUIN K& O00BEKTOB CIOKHOMI (OpMBI, HO 03 HAMIdIS MOCTOSHHOTO
BO3/IEfICTBIS BHEIIHNX cIUI. B pabore [2] aBTOpBl HCCIEIOBAMI BINSHIE KOHGMITYPAIIII
BPAIIAONIITXCA 3IeMEHTOB JHEPTeTIUEeCKIIX YCTAHOBOK IIX Ha BHOPAIOHHBIE XapaKTepHCTHKI. B
pabote [6] mccre0BaHO BIISHIIE HeeKTOBR TypOOKOMIIpeccopa Ha M3MEeHeHIe ero COOCTBEeHHBIX
JacToT Koiebawmil. B pabote [9] aBTOp HCCIemOBal BMISHIE TOMOJIOTHI OOBEKTOB CIIOKHOIM
(GopMBEI Ha M3MeHeHIe HHPOPMAaTHBHO-JACTOTHOTO [IHala30Ha MCCIeIyeMbIX 00BeKTOB. ABTOD
MpHIIeT K BBIBOJY, YTO AaMIUIITYJHBIE CHEKTPHl HMEIT MPSIMYH 3aBHCHOMTH  OT
MaccorabapHUTHEIX 1T KOHCTPYKITIIOHHEIX 0COOEHHOCTEIT II3IeMIIT CI0KHOI hopMel. B padote [10]
paccMaTpHBaloCh BIIISHIIE HAMITIHA MOBPEKJISHII B OIOPHO-CTEP:KHEBBIX M30IIATOpax Ha IX
BHOpANOHHBIT CHTHal. TakmM o0pa3oM, B H3BECTHOIN JINITepaType BOIPOC OIpeIesIeHIIs
MH(QOPMATHBHO-JaCTOTHOTO JIHala30Ha TpaHCc(hOopMaTopa pacCMAaTPHBAICSd TONBKO KOCBEHHO,
BBHJY CIIOKHOCTH IIPOBEIEHIS SKCIEpHIMEHTANbHBIX IIccleioBaHmnil. HaydHoe mpupareHie
pe3yIbTaTOB [aHHOTO IICCIIEIOBAHIS 3aKIFOYAeTCS B  3aKOHUSHHOCTH TEOPETITYECKOTO
ompejieeHns NHGOPMATHBHO-9ACTOTHOTO JHAla30Ha MEXaHITUeCKIX KoJIeOaHMl CIDIOBOTO
TpaHchopmaTopa M 3IKCIIEPHMEHTATbHOM IIOJTBEPIKICHIN TEOPETHYECKIX ICCIIeJOBaHHI C
TTOMOIIBEO pa3padoTarHoro JIKIIK [1].
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