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OnTumMu3anus napaMeTpoB HAMATHM4YNBAIOLIEr0 YCTPOiicTBA
3JIeKTPOMATrHUTHO-aKYCTHY€ECKOr0 npeodpa3oBaTeist
JJIS1 KOHTPOJISI JIETUHPOBAHHBIX CTAJIEl

B.A. Crpuxak, A.B. [Ipsaxun

Hbicesckuii cocydapcmeennvlil mexnuueckuil ynueepcumem umenu M.T. Kanawnukosa,
ya. Cmyoenueckas, 7, 2. Hocesck 426069, Pecnybnuxa Yomypmus, Poccus

Iocmynuna 04.03.2023
Ipunsama x nevamu 14.06.2023

BeckoHTaKTHBIE 2IeKTPOMAarHUTHO-aKyCTHYECKHE peoOpa3oBaTen 001a1al0T Ha0OPOM 3HAYUTENbHBIX
MIPEUMYIIECTB 110 CPABHEHHIO C KOHTAKTHBIMHU MPE0OPa30BaTeisiMU, HO TIPH 3TOM Y HUX €CTh CYIIECTBCHHBIC
HEJOCTAaTKH, TpeOyromue pa3padoTku IPGEKTUBHBIX HaMarHMYWBAIOMNX yCTpOHCTB. Ilo cpaBHEHHUIO
C YCTpOICTBaMN HAMarHMYUBAHU HA MIOCTOSHHBIX MATHUTAX yCTPOWCTBA HAMAarHUYMBAHUS DIIEKTPHUECKUM
TOKOM JIETKO CHUMAIOTCSI C 00ObEKTa KOHTPOJIS ¥ OUUIIAFOTCS OT 3arpsi3HEHUS METAJUTHYECKAMHU YaCTHUIIAMH.
K coxanenuto, Takue npeoOpa3zoBaTeId UMEIOT 3HAYUTEIbHBIEC Ta0apUTHI U MACCY.

Paspaboran npeoOpa3oBarelib, COJEpIKAIIUN  MArHUTONPOBOJ, HAMarHUYMBACMBIN  KaTYIIKOM
C DJICKTPHUYECKUM TOKOM, M J[BA HE3aBHCHUMBIX AJICKTPOMATHUTHBIX MHJIIYKTOpA, PACIIOIOKEHHBIX B 3a30pe
MEXIy IeHTPATbHON YacThI0 MAarHUTONPOBONA W OOBEKTOM KOHTPOISA. MHAYKTOPHI MPeacTaBissioT co0oit
IIBE TUIOCKWE KaTyIIKW, Ka)aas W3 KOTOPBIX BBITONHEHa B BHie 0abouku. [IpoBOAHWKH WHIYKTOPOB,
pacronoxeHHbIe B pabodeil 001acTv, UMEIOT B3aMHO TEpPIICHAUKYISPHBIC HAIMPABICHUS; C UX ITOMOIIBIO
MOXHO 3()(eKTHBHO BO30YKAAaTh M PErHCTPUPOBATH MONEPEYHO MOJISIPU30BAHHBIE AKYyCTHUECKUE BOJIHBI
0e3 mepectaHoBKU TpeoOpazopatens. C LeNbl0 YMEHBIICHUSI Ta0OAPUTHBIX Pa3MepoB U Macchl Mpeodpaszo-
BareNs MPOM3BEJCHA ONTHMH3ALMS MAaccorabapuTHBIX IapaMeTpOB HaMarHUYWBAIOIIETO YCTPOHCTBA
JUTS YCJIOBHH OKCIUTyaTallid, KOTJa HaMarHWYWBaHHWE OOBEKTa KOHTPOISI M W3MEPEHHS MPOU3BOMSTCS
BO BpeMsi akTHBHOH (pa3wl m3mepeHus. Bo Bpems maccuBHOM (ha3bl M3MEpEeHHs, B TPU pa3a MPEBBIIIAIO-
el akTUBHYIO (pasy 1Mo BpeMeHH, MPOUCXOANT OCTHIBAaHHE HAMarHUYHBAIOIIETo ycTpoiicTBa. Lnkmndeckuii
PEKUM C YepeoBaHUEeM aKTUBHOW M MACCUBHOM (ha3 MO3BOIMI YMEHBIIHUTE BeC peoOpa3oBaTess Oosee yem
B 3 pa3a. B paboueii 30He mpeoOpazoBares pazMepoM 15x15 MM mipu 3a30pe B 1 MM MeX]ly KOHIIEHTPATO-
POM MarHMWTHOTO TIOJIS U 0OBEKTOM KOHTPOJISI CO3AAaETCs TI0JIe ¢ HOPMaJIbHOW KOMIIOHEeHTOH B 2,4 Ti1.

[IpeobpazoBarenb COAEPKUT 3aIIUTYy YCTPOHCTBA HAMArHWYHMBAaHUS OT TEPETpeBa, a MUKIUYECCKHI
peXuM paboTHI TTO3BOJISIET 00OECIIEYNTh HEMPEPBHIBHYIO MPOU3BOIUTENEHOCTH 10 30 M3MEpeHud B MUHYTY
IpH TeMneparype okpy:xaromeit cpenst 20 °C.

PazpaboranHoe HamMarHWYHMBAaIOLIEE YCTPOWCTBO MOXKET OBITh HCIOJB30BAHO INPH PELICHUH psa
3a7a4 CTPYKTYPOCKOIUH, TONIIUHOMETPHH, Je(PEKTOCKOIMU MIEKTPOMAarHUTHO-aKyCTHYECKHMHU METOJIAMH,
OCHOBAaHHBIMHU Ha TOYHOM M3MEPEHHUH BPEMEHH PACIIPOCTPAHEHUS! YIIPYTHX BOJIH B 00BEKTE KOHTPOJIS.

KitroueBble cj10Ba: yIbTpa3ByKOBOM HEpa3pyLLIAOIIUi KOHTPOJIb, IEKTPOMAarHUTHO-aKy CTHUECKHH Ipeoo-
pa3oBarellb, HAMarHMYMBAIOLEE yCTPOICTBO, MOJECITMPOBAHUE
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Abstract

Contactless electromagnetic-acoustic transducers have a set of significant advantages over contact trans-
ducers, but at the same time they have significant disadvantages that require the development of effective
magnetizing devices. Compared to magnetizing devices that are using permanent magnets, electric current
magnetization devices are easily removed from the object of testing and cleaned from contamination by metal
particles. Unfortunately, such transducers have significant dimensions and weight.

A transducer containing a magnetic circuit magnetized by an electric current coil and two independent
electromagnetic inductors located in the gap between the central part of the magnetic circuit and the object
of testing has been developed. Inductors are two flat coils, each of them has form like a butterfly. The induc-
tor conductors located in the working area have mutually perpendicular directions; they allow exciting and
receiving the transversely polarized acoustic waves without rearranging the transducer. In order to reduce
the overall dimensions and mass of the transducer, the mass and dimensional parameters of the magnetizing
device were optimized for operating conditions when the magnetization of the object of testing and measure-
ment are performed during the active measurement phase. During the passive measurement phase, which
is three times longer than the active phase in time, the magnetizing device cools down. The cyclic mode
with alternating active and passive phases made it possible to reduce the weight of the transducer by more
than 3 times. In the working area of the transducer with a size of 15%15 mm, with a gap of 1 mm between
the magnetic field concentrator and the object of testing, a field with a normal component of 2.4 T is created.

The transducer has protection of the magnetization device from overheating, and the cyclic mode of op-
eration allows for continuous performance of up to 30 measurements per minute at an ambient temperature
of 20 °C.

The developed magnetizing device can be used in solving a number of problems of structuroscopy,
thickness measurement, flaw detection by electromagnetic-acoustic methods based on accurate measurement
of the propagation time of elastic waves in the object of testing.

Keywords: ultrasonic nondestructive testing, electromagnetic acoustic transducer, magnetizing system,
modeling
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BBenenue

OnekrpomarHuTHO-aKyctuueckue (OMA) mpe-
oOpazoBaTreind  NPUMEHSIOTCS AN PEIIeHHS
IIMPOKOro  Kpyra  3aJad  TOJIIMHOMETPHH,
CTpYKTypockonuu u aedexrockonuu [ 1-7]. Mcnioins-
30BaHME OECKOHTaKTHBIX DMA mnpeoOpazoBaresneit
00YyCJIOBIEHO  PSIIOM  CYLIECTBEHHBIX  JKCILIY-
aTaLMOHHBIX JIOCTOWHCTB, B YaCTHOCTH: BO3MOX-
HOCTBIO KOHTPOJS 4epe3 BO3AYLIHBIM  3a30p
0e3 mNpUMEHEHMS KOHTAaKTHBIX >KHIKOCTEH; pa-
00TOH B  YCIOBUSX  BBICOKHX  TEMIIEpaTyp;
OTCyTCTBHEM wm3HOca OMA mpeobpaszoBareicii;
HE3aBHUCHMOCTBIO PE3yJbTaTOB KOHTPOJS OT Iepe-
KOCOB IIpeoOpa3oBarenell OTHOCHTENbHO IOBEPX-
HOCTH OOBEKTa KOHTPOJII M OT HaIM4Yusl Ha
[IOBEPXHOCTH  PXKABUMHBI, OK&JIMHBI, KpPacKu,
3arpsi3HEHM; BO3MOYKHOCTBIO BO30YXKICHUS W
npuéMa HECKOJIBKHUX YacTOT YHPYTHUX KoyeOaHMid
Y Pa3HBIX THUIIOB BOJH, B TOM YHCJIE IONEPEYHBIX
C TOPU30HTAIBHON MOJISIpU3ALMEN, KOTOPbIE TPYI-
HO BO30YJIUTH M MPHUHATH KOHTAKTHBIM CIIOCOOOM.
K Henmocratkam OMA mnpeobpasoBatenieli HeoO-
XOJJMMO OTHECTH HH3KUH Ko3(pduiueHT mnpeodpa-
30BaHUSl TPU M3IYYEHUU aKyCTUYECKOW BOJIHBI
U HHM3KYI0 YYyBCTBUTEIBHOCTH MpH NpuéMme, a
TaK)Ke 3HAYHUTENIbHBIE pa3Mepbl, O00YyCIOBICHHBIE
HEOOXOIUMOCTBIO TPUMEHEHHUS! MOIIHBIX Hamar-
HUYUBAIOMIUX yCcTpoHcTB. st yBenmuueHus 3¢-
¢dextuBHOocTH DOMA TpeoOpazoBareneld Ha U3-
Jy4yeHHMe M MNpUEM TNPOU3BOAAT ONTHUMHU3ALHUIO
MarHMTHBIX IIeTed M aKyCTHYECKHX IOJeH, co3-
JaBaeMbIX NpeoOpazoBaTeneM B OOBEKTE KOHT-
pons [8—18]. BblaeneHue mone3Horo curHaiga Ha
(¢oHe myMOB peanusyeTcs 3a CUYET YCpPEAHCHHS
0OJBIION Ccepuu U3MEpeHWd U pa3paboTKon
CHELUAIBHBIX aJITOPUTMOB BBIACICHUS IOJIE3HOU
nHpopmarmu [ 19, 20].

Pabora DOMA mpeoOpas3oBarenss OCHOBaHA
Ha 1peoOpa3oBaHUM SHEPIUH  INIEKTPOMArHMT-
HBIX KOJEOAaHWH B DHEPIHI0 YIPYTHX KOJeOaHHA
NP HU3ITYYCHHH B OOBEKT KOHTPOJS W TMPeoOd-
Pa30BaHUM YIPYTUX KOJIEOAHUI B JIEKTPOMArHUT-
HbIE KoJIeOaHUs IpU IpUEME.

IIpn BO3OYxIeHMH U HpUEME YIbTPA3BYKO-
BbIX HMIIYJIbCOB IPEUMYILECTBEHHO HCIONb3YIOT
MarHMUTOCTPUKIIMOHHBIA H 3JEKTPOAMHAMUYECKHH
MexaHm3Mbl OMA  mnpeoOpa3oBaHus. Marauro-
CTPUKIIMOHHBII MEXaHW3M OCHOBAaH Ha M3MEHEHUU
pa3MepoB Tena MO JAeHCTBHEM MarHWTHOTO TOJ,
a JJEKTPOJMHAMHYECKUN MEXaHHU3M HCIOIb3yeT

cunty JlopeHiia, JEWCTBYIOLIYI0O Ha MPOBOJHUK
C TOKOM B MAarHUTHOM T0Ji€. MarHUTOCTPUKIINOH-
HBII MEXaHW3M, KaKk TpaBwio, TpeOyeTr co3-
JIaHUSI TAHTCHI[HAIbHBIX MAarHUTHBIX TOJIEH B IO-
BEPXHOCTHOM CII0€ OOBEKTa KOHTPOJII M 4Yalle
BCEr0 WCIONB3YETCS ISl JIUCTOBBIX MAaTEpHAaJOB.
Jlnst MaccuBHBIX JieTanield HauOoyiee MpeJnoy-
TUTENBHBIM SIBIISIETCS DJIEKTPO-AMHAMUYECKUA Me-
xaum3M OMA mnpeoOpa3oBaHus B BHAY OTHO-
CUTEIILHO JIETKO  pPeajn3yeMOro HOPMaJbHOTO
(OpTOTOHANIBHOTO K TIOBEPXHOCTH OOBEKTa KOHTPO-
Jis1) MarHuTHOro modsi. llpu anekrponuHamuuec-
KOM MEXaHH3Me TOBBIIeHUE Y dhekTHBHOCTH DMA
npeobpazoBaTesieil BO3MOYKHO 32 CUET MOBBIIICHHUS
aMIUTUTYII BO30YKIAIOIETO MMITYJIbCa B WHAYK-
TOpE, MOBBIIICHUS YYBCTBUTEIBLHOCTH MPUEMHOTO
TpaKTa M YBEJIWYCHHS IOJII MOCTOSIHHOTO Hamar-
HUYMBAHUA B 30HE BO30YXKIACHHUS aKyCTHYECKUX
HUMITYJIbCOB [21-26].

OpnHOM M3 BaXKHBIX 3a/lad CTPYKTYPOCKOITHH
SBIIIETCSL  OTpEJeNIeHne  HampsiKEHHO-Ie(OpMU-
POBAaHHOTO COCTOSIHUSI KPYITHBIX METAJUTMYECKUX
00bekToB [27, 28]. Hampumep, B 000abIX JKEIIE3HO-
JIOPOXKHBIX ~ BaroHHbIX  KONEC, MPOM3BOJUMBIX
B coorBercTBuU ¢ TpeboBanusimu ['OCT 10791-89
n TY 0943-157-01124328-2003, dopmupyrorcs
OCTAaTOYHBIC HAMPSIKCHUS, SBJSIFOIIACCS — CIIEH-
CTBHEM MEXaHWYECKHX W (PH3UKO-XMMHYECKUX
MPOIIECCOB TP M3TOTOBIEHHU (Ocaiuke, (HOpPMOB-
Ke, MpOoKaTke 000Ja M TOCJIeIyIoIIeld TepMHUYec-
Ko o0paborke). B mporecce skcIutyaTanuu
UUKINYECKUE Harpy3ku B 00JacTd  B3auMoO-
NIEHCTBUSI KOJIeCa W penbca CO3Jaf0T YpPe3BHI-
YallHO BBICOKHE [aBJICHHS, YTO IPH 3HAUYUTEIb-
HBIX BHYTPEHHHUX OCTAaTOYHBIX  HAMPSDKEHUSIX
MOXXET TPHUBOJUTH K IMOSIBJICHUIO M OBICTPOMY
Pa3BUTHUIO YCTAJIIOCTHBIX TPEIIMH JlaXKe TpPU OT-
CYyTCTBUM SIBHBIX METAJUTYPTHYECKHX e(EeKTOB.
B cBs3M ¢ 3THM, HOPMAaTHBHBIC JIOKYMEHTbI
PI  32-144-2000, CTO PXJ 1.11.002-2008,
EBpomneiickuit cranmapr EN 13262-2004 mpe-
JIyCMaTPUBAIOT  WHCTPYMCHTAJIbHBIH  KOHTPOJIb
OCTAaTOYHBIX MEXaHHUYECKUX HATPSHKEHHUH B 000X
LEJIbHOKATaHbIX KOJIEC TPH HMX TPOU3BOJACTBE H
SKCIUTyaTallHH.

B cooTBeTCTBMM ¢ HOPMATUBHBIMH JOKYMCH-
TaMd ISl LEIbHOKATaHBIX BarOHHBIX  KOJIEC
mraMeTpoM 957 MM MakCHUMalbHOE 3HAYCHUE
OCTAaTOYHBIX HANPSIKCHUN BOJIM3M Kpyra KaTaHUs
JIOJDKHO ~ OBITh  OTPHIIATENBHBIM  (CKIMAFOIIINM)
W HE JOJDKHO TpeBblmare 3HaueHus 190 MIla
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B OKPY>XHOM HampaBjicHHM Ha riayomHe 10 mm
OT TMOBEPXHOCTH KaTaHWs Kojeca. [Ipu mpebliiie-
HUU YKa3aHHON BEJIMYMHBI KOJIECO HE JOIMYyCKaeTCs
K oskcrutyatanuu. Crold, Ha KOTOPOM COKHMAIOIUE
HaIpsKCHU NepexXoaAT B pacTAruBarouue
(mepexom  depes
Ha TiOyOMHE HE

KaTaHuA KoOJIicca.

HOJb), JOJDKEH HaXOAUTHCS
MeHee 40 MM OT NOBEPXHOCTH
[TocnenoBaTenbHOCTH MTPOBEE-
HUS W3MEpPEeHHH M cxema pacrnoioxeHus OMA
npeobpazoBaTesiell 0 OKPYKHOCTH M TIO TOJIIIMHE
o0ona Kojieca NpenrojaraeT yYCTaHOBKY [aTyvKa
B 4-Xx TOYKax Ha OAHO cedyeHue o0oJa IpH
TOYHOCTH TO3WIMOHUPOBAHUS MO paguycy +1 mMm.
JlokanbpHOCTH JIaTUMKa OOECIeYMBACTCS KOHEUHBIM
pasmepom pabodeil yactu uHAYKTOpa. [lpn Tommm-
He 00oma Kojeca Okoio 74 MM pasmep paboueit
30HBI HHIYKTOPA HE JOJDKEH NpeBbIaTh 15 MM [28—
30].

Ilens ONTUMU3UPOBATh
OapuTHble TapaMmeTpel OMA  mpeoOpazoBaTeIs
UId Leleil KOHTpoJsi 00071a KEJIE3HOAO0POKHOTO

paboTHI: Maccora-

KoJIeca.

IpuHuMn paéoThl 3J1EKTPOMATHUTHOTO
aKyCTHYeCcKOro npeodpa3oBareJs

Wsmepenne HanpsokEHHO-Ie()OPMUPOBAHHOTO
COCTOSIHMSI TIPOM3BOJUTCS IO Pa3HOCTH BpPEMEHHU
MpHUXOJa ABYX aKyCTHYECKHX HMITYJIbCOB, HMEIO-
IMX pasHyl nojsipusaunuio. Ilpu 3TOM mnepBblil
MHIYKTOp OPHEHTHPOBAaH TaK, YTOOBI KOJeOaHHs
B BOJIHE OBbUIM TNapajulelbHBl C BEKTOPOM MeXa-
HUYECKUX HaNpsSKEHUW, a BTOPOH HHIYKTOP
OpUEHTHPOBAH MNEPNEHAUKYJISIPHO BEKTOPY MeXa-
HUYECKUX HaIpsDKeHWH. PUCYHOK 2 mnTIoCcTpUpyeT
MEXaHU3M  BO30YXKIEHHS IONEPEYHOH  BOJHBI
UHAYKTOPOM C TOKOM I, PacllOJIO)KEHHBIM B Mar-
HUTHOM 1016 B. B 00BeKTe KOHTpONS WH-
IyLUHUPYIOTCS TOK Iy, KOTOPBIM IOJ JIeHCTBHEM
MIPUIIOKEHHOTO TOJIST B BBI3BIBACT CMELICHHE Yac-
THUI] B IOBEPXHOCTHOM ciioe. CMeleHus B 00beKTe
KOHTPOJIS, B COOTBETCTBUM C PUCYHKOM, HalpaBiie-
HBI MapajuiesnibHo ocu X. [ u3MeHeHus nossapusa-
UMM BOJHBI HEOOXOIUMO TOBEPHYTh HHAYKTOP
¢ TokoM Ha 90 ° Bokpyr ocu Z. B 3TOM ciyuae
CMEIIEHHUs B 00BEKTEe KOHTPOJIS OYAYyT HampaBiIeHBI
HapajijIesIbHO OcH Y.

JIMHUK MarHHTHO0TO Tona B
Magnetic field lines B

HugveTop ¢ ToKoM |

Hamarnn4me Bo1ee verpoficTeo
Magnetizing device

Inductor with current i y
/’ED D 3azop
Gap
HuIVENHOHHO HaE e0eHHEIE TOKH | (O] OBBEKT KOHTpOIA

Inducted currents iz

\

CMEIeHNA B 2Ky CTHYECKOH BONHE

Displacements in the acoustic wave /
Hanpaeneme

PacmpoCTpaHeHHs
AKYCTHH eCEOH
BOJIHEL
Direction of
acoustic wave
propagation

Object of testing

iy

Pucynox 1 — Bo30Oysxnenue u npuém akycruieckoi BoixHel DMA npeobpaszoBarenemM

Figure 1 — Excitation and reception of an acoustic wave by an EMA transducer
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AHaJIOTUYHBIM o0pazom peanusyercs
npuéM  aKyCTHYECKMX HUMIyJlIbcoB. CMelieHus
B IIOBEPXHOCTHOM CJIo€ 00pasla B 30HE C MarHuT-
HBIM TI0JIEM B CO31aI0T TOKH 110J] HHAYKTOPOM ij.

VYBenmnyenne amIumMTynel curaana OMA mpe-
oOpazoBarensi BO3MOXHO Kak IIpH YBEJINYECHUH
BEJIMYMHBI IOJIS1 B 3a30p€ [0 HOPMaJIN K IIOBEPX-
HOCTH OOBEKTAa KOHTPOJSA, TaKk M HPU IIOMOIIU
YBEJIMYEHUSI  aMIUINTYIAbl  30HOUPYIOLIETO  MM-
Iynbca B KaTyllke Bo30yxneHus. Hammume nByx
NEPHEHIUKYJISPHBIX ~ APYr  IOpyry HHAYKTOPOB
MO3BOJIIIOT CO3/1aBaTbh JBE IIONEPEYHBIX BOJHBI
C pa3HOM Mosipu3aluei.

HamaruunumnBaloiiee yCTpoOiCTBO

W3BecTHBI KOHCTPYKLUMHM HaMarHUYHBAIOLIETO
YCTPOICTBA, OCHOBAaHHbIE HA  HCIIOJb30BAHUU
MOCTOSIHHBIX MAarHUTOB U 3JICKTPOMAarHuTOB, B TOM
guclie pa0dOoTaloNMX B HMITYJIBCHOM pexume [31,
33]. HepmoctaTkoM yCTpoOiiCTBAa HaMarHUYHUBAHMS
Ha TIIOCTOSIHHBIX MarHWTax SBJsIeTCs Heo0Xoau-
MOCTh TPHUJIOKEHHUS JOMOJHUTEIBHOIO  YCHIIUS
IpU YCTaHOBKE M CHSTHM IpeoOpa3oBaTess

Pucynok 2 — IIpeoOpazoBatens ¢

HaMarHn4MBarOmInuMHu

¢ 0o0BeKTa KOHTPOJNSI M TPYAHOCTH C OYHUCTKOU
paboueli MMOBEPXHOCTH IIpeoOpa3oBaTeNsi OT 3ar-
pS3HEHUS MeTalUIMYecKuMu dacturamu. llpe-
oOpa3oBarenb, CoONepKalluid  YCTPOHCTBO  Ha-
MarHMYMBaHUs TOKOM, JIMIIEH TIePEeYHCICHHBIX
HepocTaTkoB. [Ipu BeIOOpE KOHCTPYKIIMH YCTpOIiC-
TBa HaMarHW4YMBaHWs YYTEHO, YTO MPHUEMHO-
n3nydarommue OMA HMHIYKTOPBI, yCTaHOBIICHHBIC
B 3a30pe MEXKIY OOBEKTOM KOHTPOJIA M DIIEMEHTa-
MH MarHUTONPOBO/IA, HE JOJDKHBI ITOIBEPTaThCs Me-
XaHU4eckoMy Bo3zaeciicTBuro. Hampumep, ycrtpoiic-
TBO HaMarHWYWBaHWs B Buue Il-oOpaszHoi
KOHCTPYKITUH TIPEIoJaraeT HalIW4dhe ABYX OTOp-
HBIX DJIEMEHTOB, W HHAYKTOpEl DMA mpeobpa-
30BaTelisl PACIOJIOKCHBI IO pPabodeil OIMOpoH.
HenocpencTBeHHBIT KOHTAKT HMHIYKTOpPa C OOBEK-
TOM KOHTpOJIE OyIeT MpPHUBOAUTH K OBICTPOMY
paspyiieHno MHAyKTopa. KOHCTpyKIUS MarHuTO-
MPOBOJIa, cojeprKalias JBa OTOPHBIX dIIEMEHTa TI0
KpasM W KOHIICHTPATOp MAarHUTHOTO TOJS B €ro
neHTpanbHoil yactu (LLI-oOpa3Hast KOHCTpPYKITHS),
JUIIEHBl ATOT0 HEAOCTaTKa. Takas KOHCTPYKIIHS
obecrieunBaeT HOPMHPOBAaHHBIA 3a30p B 30HE
WHAYKTOPA, 9YTO MOBBIIIAET peCypc mpeoOpa3oBaTes.

00OMOTKAMH:
2 — MarHUTOMPOBO/I; 3 — OMOPHBIE DJIEMEHTHI MATHUTOIIPOBO/IA; 4 — KaTylIKa HAMATHUYUBAHUS; 5 — HHIYKTOP

1- AKyCTHYCCKUEC OTpaKaTeJIu,

Figure 2 — Transducer with magnetizing windings: 1 — acoustic reflectors; 2 — magnetic conductor; 3 — supporting ele-
ments of the magnetic conductor; 4 — magnetizing coil; 5 — inductor

Jlis peiieHus NOCTaBICHHOHN 3a7a4 KOHTPOJIS
pa3paboTaHo  HaMarHUYMBAIOLIEE  YCTPOUCTBO
Ha ©Oasze »oJekTpomMarHura ¢ y4éToM peria-
MEHTHPOBAaHHOTO pa3Mepa pabodeld 30HBI IS
HHAYKTOpa B BUJE KBaJpara cO CTOPOHOU 15 mMm
(pucynok 2). M3rotoBneHHbIi npeoOpa3zoBaTeib
COZICPKUT YCTPOMCTBO HAMarHWYMBaHUs, TIpel-
craBisoniee coboit 111-00pa3HbIil MarHUTOIIPOBO

C JByMsl KaTylIKamMH, pa3MeIIEHHbIMU Ha €ro
OTOPHBIX DJJIEMEHTaxX. MarHuTHble TOJS, CO3-
JlaBacMble B KaTylIKaX HaMarHWMYWBaHWs, Harpas-
JICHBl TakK, 4YTOOBI TONY4YHTh B pabouedl 30HE
MaKCUMAJIbHYK) ~ BEIIMYMHY HaMarHHYWBAIOIIETO
nojisi. CyMMapHOE T0JI€ HOPMaJIbHOW KOMIIOHEHTBI
B pabouell 30He YCTAaHOBKH WHIYKTOPA IPH 3a30pe
B |l MM pgocturaer 2,4 Tin, YTO COOTBETCTBYET
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obmact  TOJEH ~ TEXHWYECKOTO  HACHIIICHUS
MPEIIoIaracMoro Marepuana OOBEeKTa KOHTPOIIS
(mammpumep, Ctanb 65 I'). [Ji1st HCKITIOYSHUS BITASTHUS
Mapa3uTHBIX aKyCTHYECKHX CHUTHAJIOB, BO30YXK-
JTAEMBIX HMHIYKTOPOM B TeJie MAarHUTONpPOBO/A,
Ha THUILHOW CTOPOHE MarHWTONPOBO/A (HAIPOTHB
30HBI  PACIIONIOKEHHUS  WHAYKTOpA)  HAHECEHBI
OTpaXkalolue TpaHW, HE BIMAIONIAE HA CO3/aBac-
MO€ B MarHuTONpoBofe moie. KommdecTBeHHBIC
XapaKTePUCTUKNA MarHUTHOTO IIOJISI B 3aBUCHMOCTH
OT MecTa pa3MelIeHHs KaTylIeK HaMarHWYMBaHHA,
pasmepa ¥ (OpMBI MarHWTOIIPOBOJA TTONYYEHBI
B TIPOTPAMMHOM KOMIUIEKCE /IS MOJEIHPOBAHUS
JIBYXMEPHBIX KpAeBBIX 3a/lad METOJOM KOHEYHBIX
anmementoB Elcut 5.1. M3mepeHHoe TMoie B 3a30-
pe MeXay KOHIIEHTPaTOpOM MAarHUTHOTO IO |
00BEKTOM KOHTPOJSI TONYyYeHO ONHM3KUM K pac-
4éTHOMY 3HadeHHWr0. HemocTarkoM  JKcriepH-
MEHTAJILHOTO oO0paslla sBIsIach OOJbIIas Macca
(oxomo 4,7 Kr) W 3HAUYNTEIbHBIC TabapUTHBIC
pasMepsl (185x100%x65 Mm).

(B8]

b
Pucynok 3 — Pacnionosxenue HaMarHU4YuBarOIIuX
0OMOTOK: @ —OOMOTKAa Ha OIOPHBIX DJICMCHTAX;

b — 00MOTKa Ha LIEHTPAJILHOM 3JIEMEHTE MarHUTOIIPOBOA;
1 — MarHUTOIIPOBOA; 2 — HAMArHUYUBAIOUIAas OOMOTKa;
3 — cuJIOBBIC TMHUY 10JIsT; 4 — 0OBEKT KOHTPOJIS

Figure 3 — Magnetizing winding arrangements: a — wind-
ing on the support elements; b —winding on the cen-
tral element of the magnetic circuit; 1 —magnetic core;
2 — magnetizing winding; 3 — field lines; 4 — tested object

Juis  ONeHKHM — BAMSIHMA ~ PACIOJIOXKCHHS
HAMarHUYHMBAKOIIUX OOMOTOK HAa XapaKTEPUCTHUKU
npeoOpa3zoBaTensi MPOU3BEICHO MOJISITHPOBAHNE
JIBYX BapHaHTOB YCTPOMCTBA, TJ€ MarHUTOIIPOBO/T
BhIoTHeH u3 ctanu C120, a 00beKT KOHTPOJIS 3a/1aH
B BHJle OECKOHEYHOTO IMOJyIIPOCTPAHCTBA U3 CTaJIN
Cr13. MojenupoBaHue MPOBOJMIOCH O€3 H3MEHE-
HUS Pa3MEpOB MarHUTOINPOBOJA W BEIMYUHBI 3a-
3opa. Ha pucynke 3 mokaszaHo pacmpeneicHue
JUHUA MarHUTHOTO TIOJS B YCTPOWCTBE Hamar-
HUYUBAaHUS C OOMOTKaMH, yCTaHOBJICHHBIMH
Ha OIOPHBIX »JJEMEHTaX MAarHUTONpoBoAa (pu-
CYHOK 3a), M ¢ OOMOTKOW, pacITOJIOKEHHOW Ha
IEHTPAILHOM JJIEMEHTE MAarHUTONpoBoAa (pu-
cyHok 3b). Hanmume 3a3opa B pabodeil 30HE
MarHUTOINPOBOJIa ¥ MAaCCUBHOCTh 00BEKTa KOHTPO-
7. BBI3BIBACT IIepepacrlpenciicHue ToJeH, Npu-
BOJAINEE K YBEIMUEHHUIO TIOJEeH paccenBaHus
BOKPYT OIOPHBIX JJIEMEHTOB MAarHUTOIPOBOJA
¥ OCNaOJIEHUIO BEIWYUHBI TOJII B pabodeil 30HE
(pucyHnox 3a). Pa3memienne OOMOTKH  BOKPYT
KOHIICHTPATOpa MarHUTHOTO TIOJIsl MArHUTOIIPOBO/IA
(pucyHok 3b) TO3BOJISET YMEHBIIUTH  OOMIYIO
Maccy ycTpoictBa Ha 15 % u yMEHBIIUTH AJIUHY
yCTpoiicTBa ¢ y4€TOM 00OMOTOK Ha 30 MM.

Cy1iecTBEHHOE YMEHBIIEHUE O0BEMA Hamar-
HUYMBAOIIETO YCTPOHCTBA MOXKHO pean30BaTh
3a CYET WCIOJB30BAHMS TAaKOTO PEKHUMaA, MPHU KO-
TOPOM HAMarHW4YMBAIOIIEEe TOJIE  BKIIOYACTCS
TOJIKO Ha BpeMsl MPOBEJCHHS M3MEPEHHH (aKTHB-
Has (pa3a u3MepeHus), a B OCTaJIbHOE BPEMsI MarHUT-
HOE TI0JIe BBIKIIOYeHO (TlacchBHas (asza u3Mepe-
Hus). IlpoBenenne wusMepeHHii C uepegOBaHHEM
MACCHMBHOW W aKTUBHOW (a3bl  (IUKIUYECKUN
pEXKUM) TIO3BOJISIET YBEIMYHUTH IUIOTHOCTH TOKA
HamarHuumBanus [ B oOmorke. [lpu sTtom B
aKTUBHOM (pa3e m3MepeHus CyIIeCTBEHHO BO3PACTET
BBIJICTISIEMOE KOJIMYECTBO TEIJia, KOTOpoe Oyier
paccenBaThCs B TACCHBHOM pexume. Pe3ynbrars
MOJCITUPOBAHMS  yCTPOMCTBA  HAMarHUYUBAHS
NpH Pa3jMyYHBIX TUIOTHOCTSIX Toka / B OOMOTKE
MIPUBEACHBI HA PUCYHKAX (PUCYHKH 4, 5).

MopenupoBaHue NPOBOAUIOCH IIyTEM H3Me-
HEHHUSI TEOMETPUYECKHUX TPOTIOPIHMIA MarHUTO-
npoBojia ¢ (UKCUPOBAHHOW IUIOIIAJBI0 OKHA Ha-
MOTKM W TOJIIMHE MAarHUTONpPOBOAa B 29 MM.
Pacuér npousBenéH s 1O d OKHA HaMOTKH
W =520 Mm> 1 W =780 Mm>. OGMOTKA BBITIOTHEHA
npoBogoM TtonmuHod 0,49 MM, ycTaHOBJIEHa Ha
KOHIICHTPAaTOpEe MAarHWTONPOBOAA U  COAEPIKHUT
COOTBETCTBEHHO 1500 WIn 2250 BUTKOB.
B cBs3m ¢ mpsiMON 3aBUCHMOCTBIO OOIIEH Macchl
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npeoOpazoBaTenss OT IDIomand  (QpoHTAIBHON
MOBEPXHOCTH pe3yJbTaT pacyéra Moy B 3a30pe
MpUBEAEH OTHOCHTENBHO IUIOMAIN (PPOHTAIBHON
MTOBEPXHOCTH MarHutonpoBoja S (pucyHok 4) u

ero ooséma V (pucynok 5). Ilpm omenHke 00bBE-
Ma V HaMarHM4YMBAIOLIEr0 YCTPOMCTBA YUUTHIBACT-
csl pasMep KaTyLIKM HaMarHWYMBaHUS U €€ BBIHOC
3a IepUMETP MarHUTONPOBOA.

By.T =3 =12 A/mnd? e =9A/mMm’ 1A =6 A/mm’
v, T +
b D TR e, S A
S ittt ST, ool
224 Vg - I S T, A
e —— )
.- - h-“"““--‘.
1.9 A Awab - g laemem e 2a TA E#=520 mm’
______ .
s W7=780 mm*
]'6 T T T T 1
5900 6900 7900 8900 9900 S, mm”

Pucynox 4 —Ilone B, B 3a30pe paOoueii 30HBI MpU pa3HOM IUIOMIAAN (POHTAIBHON MOBEPXHOCTH MArHUTOIPOBO-

aa Su Pa3IMYIHBIX TOKaX HaMarHM4YnBaHUA 1

Figure 4 — Dependencies of magnetic field in gap B), on the frontal area of magnetic core S for different magnetization

modes
=3 =12 A/mm? TS =9A/mm’ TATT =6 Amm?
By.T 1

25 4 et T e
------ -
22 18T T e A
1.9 - B 7=520 mm’
W7=780 mm’
]6 T T T 1

300 800 1300 1800 2300 V, C,I]Il3

Pucynox 5 — Ilone B), B 3a30pe paboueii 30HbI TP Pa3HBIX 00bEMAX V¥ pa3IMYHbIX TOKAX HAMArHWYNBAHUS [

Figure 5 — Field in gap B, in dependence of magnetic core volume V in different magnetization modes

Ha pucynke4 mpuBeeHbl 3aBUCUMOCTU
BEJIMUUHBI Tons By B 3a3ope paboyed 30HBI OT
wiomaan  ¢QpoHTasbHOW — moBepxHoctu S.  Ha
3aBUCUMOCTH BEIMYMHBI Hond B, or o00béMa
MarHUTONPOBOAA J MOXHO BBIICJIUTh BEPXHUH
FOPU3OHTAJIBHBIA M HIKHUM — BEPTUKAJIbHBIN
y4acTOK  JAisl  KaXAOro  3HA4YCHUS  TOKa
HaMmarHuuuBaHusi [. ['OpU3OHTANBHBIA  y4acTOK
3aBUCUMOCTH  C(OPMHPOBAH TIPH  YBEIUYCHUHU
TUTUHBI MarHUTONPOBO/A, BEPTUKAIbHBIN
YYacTOK 3aBUCHMOCTH IOJYYEH NPH YBEIUUCHUHU
BBICOTBl MAarHUTONPOBOJAA. Y CIHMIIKOM HHU3KOIO
MarHUTONPOBOAA WM Y CIHUIIKOM BBICOKOTO
MarHUTONPOBOAA CHIDKEHHE BEIMYMHBI TOJIS By

B 3a3ope paboyell 30HBI BBI3BAHO YBEIMYCHUEM
JUIMHBl MAarHUTHOW I1enu. Tak Kak B MAarHUTHYIO
LeNb TaKXe BXOJUT y4YacTOK OOBEKTa KOHTPOJI,
NpeACTaBICHHBI B pacuéTe OCCKOHEYHBIM MOJY-
NPOCTPAHCTBOM, TO B CHJIy CYLICCTBEHHOTO
MPOUTPBIIIA CEYCHUSI MarHUTONpPOBOJA IO CpaB-
HEHHI0O C MAacCHUBHBIM OOBEKTOM  KOHTpOJI,
YBEJIMYEHHE BBICOTHI MAarHUTOIIPOBOJA MPHUBOAMUT
K OoJiee CyLIECTBEHHOMY YBEIMUEHHIO MarHUTHO-
rO CONpPOTHUBJICHUS M, KakK CIEACTBHUE, MaJCHHIO
BEJIMYMHBI TIOJIS B)y.

Hns  Kaxgoro  TOka — HaMarHUYMBaHus [
B 3aBUCUMOCTH OT IUIOIIAAM  (POHTAIBHOM
MOBEPXHOCTH MarHuTonpoBozna S HaOmomaeTcs
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SKCTPEMYM,  COOTBETCTBYIOIIMM  MHHUMAJIBHON
(bpoHTABEHOH TUTOIIAaAN. 30HA DKCTPEMyMa SBIISACT-
Cs ONTHUMAIBHOW C TOYKH 3PEHHS MHUHUMAIBLHOTO
pasMepa MarHUTIIPOBO/A TIPH HE3HAYUTEIHHOM
[aJIcHU BEJIMYMHBI B, OTHOCHUTEIbHO €€ Makcu-
MaJbHOTO 3Ha4deHHs. lIcrmonb3oBaHWE TPOTIKEH-
HOTO MAarHMUTIPOBOJA YIHUPAETCS B PE3KH pocT
ero oObéma m3-3a BCcE OoJee IIIOCKON KaTyIIKd
HaMarHUYUBaHUA (PUCYHOK ).

YBenuueHne IUIONIATM OKHA HaMarHUYHBAro-
meit o6MoTKH ¢ W=1520 MM’ mo W =780 MM’
IpUBOIUT K pocty B, Ha 8,7 % u 6,8 % npu mior-
HocTh Toka =9 A/Mm® 1 12 A/MM® COOTBETCTBEH-
Ho. Ilpm »TOM mpoMcxomuT pocT IwIomamu S
(pOHTAIEHOW  MOBEPXHOCTH  MarHUTOIPOBOJIA
Ha 20 % u o6béMma Ha 17 %. Mcnons3oBanue 6011b-
IFX pa3MepOB OKOH HaMarHWYHMBAIOIIEH OOMOTKH
WIH POCT IUIOTHOCTH TOKa CYIIECTBEHHO YXY-
aeT OKCIUTyaTallMOHHBIE CBOWCTBa Tmpeolpa-
30BaTeNs B BHJy 3HAYHTEIHHOTO POCTA ITOIBOIH-
MOH MOILHOCTH.

Ha ocHOBaHWM pe3ynbTaTOB ONTHMH3AINH
pa3MepoB MarHUTOIIPOBO/A pa3paboTaH W H3TO-
TOBJIGH TIpeoOpa3oBaTenb, MpeAHa3HAuYCHHBIN IS
[UKIMYECKOTO peXHMa pabOThl C UYepelOBaHHEM
aKTHBHOW W TIAaCCUBHOHN (a3 m3MepeHus (TaccuB-
Has (Qaza W3MepeHHus II0 BpEeMEHH B TpU pasa
MpeBbIIaeT akTHBHYIO (pasy). Bec mpeobpazoBate-
ns coctaBuia 1,47 kT, TIpu TabapUTHBIX pa3Mepax
110x55%70 MmM. Pacrnipenenenue MarHUTHOTO TOJIS
B 3a30pe TMOJl KOHIEHTPATOPOM JJIEKTPOMAarHUTa
MpH  pa3IMYHBIX BEJIWYMHAX TOKA HaMarHUYH-
BAaHMsI TIOKa3aHO Ha pUCYHKax 6 u 7. Pe3ynbrarhl
MOJTly4eHbl C  HCIIOJNIB30BAHWEM MarHUTOMETpa
M®-23UM.

By.T]
2 ]

— h=1mm
-== h=2mm
= - h=3mm

0 —— — T
-5 5 L., mm

AL

Pucynok 6 — Paciipeneneare HOpMaIbHOW COCTaBIISIO-
el MarHuTHOrO NOJS By MO NPOIOIBHOH KOOPIU-
HaTe L dJIeKTpOMarHuTa MpH Pa3iInIHBIX pa3Mepax 3a30-
pah

Figure 6 — Distribution of the normal component of the
magnetic field B, along the longitudinal coordinate L of
the electromagnet at different gap dimensions 4
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Pucynok 7 — PacnipeneiieHue TaHI€HIMAIBHOM COCTaB-
JISIOIIENH MAarHUTHOTO T0JIS B 110 IPOI0JIbHON KOOpAMHA-
Te L 3IeKTpOMarHuTa mpu pasjinuHbIX pazMepax 3a3opa /i

Figure 7 — Distribution of the tangential component of
the magnetic field B, along the longitudinal coordinate L
of the electromagnet at different gap dimensions %

MakcumalibHOE 3Ha4YeHUE HOPMaJbHOW COC-
TaBJISIONIE HAMAarHMYWBAIOMIETO TOJIS TP 3a30pe
B 1 MM cocraBmser 2,4 Tn. ®opma pacmpenene-
HUSI MarHUTHOTO TIOJS HE 3aBHCHT OT BEIMYUHBI
3a30pa, MaKCHMajbHas BEIUYHHA HOPMAIIbHOM
COCTABIISIIOMICH MAarHUTHOTO TMOJII TIPH  POCTE
BeJIMUYMHBI 3a30pa Ha 1 mm Tepser 0,5 Tn. Pacuér-
Has pabouass 30HA DJIEKTPOMAarHurta 15 Mm,
B OCHOBHOM, JIEXKHT B 00JaCTH paBHOMEPHOTO pac-
MpeJIeiieHusT HOPMaJbHOM COCTABJISIONIEH IOJIS.
TanreHnuanpHas  COCTABIAIONIAS  MAarHUTHOTO
Moyl Ha Kpasx pabodeld 30HBI HE IPEBBIIIACT
o moxyito 0,8 To.

IIpuémuo-u3ayyawmas cucrema
npeodpasoBareis

OcHoBHbIE  TpeOOBaHUS, BBIBUTaEMbIE K
NpUEMHO-U3TYYAaIoIIeH cucTeMe mpeodpazoBaTesst —
3¢ GEKTUBHOCTh HA W3IYYEHHE U YyBCTBHTEIIb-
HOCTh Ha mpuéM. JlomonHuTensHOE TpeboBaHUE —
TEeXHOJIOTUYHOCTh HM3roToBieHus. OOmacte Wuc-
NOJIB30BaHUsSI METONWKH (M3MEpEHHE BPEMEHHBIX
MHTEPBAJIOB) TpeOyeT OT mpeoOpazoBatresis H3IYy-
9YeHUss W NpuéMa KOPOTKHX HMMIIYJIBCOB C SIPKO

BBIDOKEHHBIMH  (ppoHTaMu  (IIMPOKOIIOIOCHBIX
HUMITYJILCOB).

B pmemsx  HWCkmOYeHUST  HEOOXOIUMOCTH
HEepPEeCTaHOBKM  npeoOpa3oBaTedst BO  BpeMs
U3MEpeHui, B TpeoOpazoBaresie HUCIOIb3YIOTCS

JIBa HE3aBHCHUMBIX MHIYKTOpPA, UMEIOIIUE B3aUMHO
NEepHEeHINKYJSIpHBIC  HampaBleHHs, padoTaromme
B COBMELICHHOM pEXHME. JTO I03BOJSET 4epes3
JJIEKTPOHHYIO CXEMY YCTPOWCTBA MEPEKIIOYATHCS
MEXIy HAalpaBJICHUSAMH IOJISIPU3ALUN aKyCTHYEC-
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KX BOJNIH W OTOOpa)kaTh WX B COOTBETCTBYIO-
meM HW3MEpPUTENbHOM KaHame. Pa3mep 30HBI HWH-
IYKTOpa OTpenessieTcs 3aJaHHON JIOKabHOCTHIO
npeoOpazoBatens. MumykTop peanmnzoBaH Habo-
pPOM TIPOBOJHUKOB C OJHOHAIIPABIEHHBIM TO-
KOM, pacloJOKEHHBIX B pabodeil 30He B BUJC
«0aboukm» (pucyHok 8a). Pasmep paboueil 30HBI
WHAYKTOpa COCTaBIIAET KBaApaT CO CTOPOHOM
15 mm. lleHTpanmpHast dYacToTa BO30YKIAIOIIHX
uMmIyiascos 2,5 MI'n.

Pucynok 8 — InaykTop: @ — Tomoyorusi  MHAYKTOpa
«babouka»; b —mHAYKTOpP B paspese; 1 —pabouas 30Ha;
2 — KOHTaKT; 3 — MPOBOJHUKH; 4 — IPOBOTHUK C TOKOM 1;
5 — u30JATOpP; 6 — MPOTEKTOP; 7 — MPOBOJHUK C TOKOM 2

Figure 8 — An inductor: a — butterfly inductor topol-
ogy; b — sectional view of an inductor; 1 — working area;
2 — contact; 3 — conductors; 4 — conductor with current 1;
5 — insulator; 6 — protector; 7 — conductor with current 2

TpeOoBaHus K MHIYKTOpY, padoTaromeMy Ha
H3Iy4YeHHE: HHU3KOE PEaKTUBHOE COMPOTHUBIICHUE
U YCTOMYMBOCTh K 3HAYUTEIBHBIM HMITYJIbCHBIM
Tokam (Oonee 50 A). TpeOGoBaHusi K HHIYKTOpY,
paboratomieMy Ha NOpUEM:  COIJIACOBAaHHOCTH
C TpPaKTOM YCWICHHS M YCTOWYMBOCTh K 3Ha-
YUTEIBHBIM HMITYJIbCHBIM HampshOKeHUsM  (Ooliee
1000 B). Bpibop konmuecTBa BHUTKOB HMHIYKTOpa

U3y YCHUS OIpeaeNnsieTCs BO3MOXKHOCTSIMU
37eKTpOoHHOH ammaparypel. Ha dactore 2,5 MI'n
COBPEMEHHOE  COCTOSIHME  3JEKTPOHHOH  0a3sbl

MO3BOJIACT MOJYYUTh YJAApHBIC HMMITYJILCbI pasMa-

xoM g0 2,5xB. VYcioBus JIudIEKTpUUECKOM
MPOYHOCTH HMHIYKTOpPAa Ha MEKBHUTKOBBIH IMPOOOH
M yCIIOBHSI COTJIACOBAHUS C DIIEKTPOHHBIM TPAKTOM
reHepaTopa TIO3BOJIMJIM JIOCTUYh B HMITYJIbCE
3HaueHus 700 Amnep-ButkoB. IIpu 3TOM UHAYKTOP
XOpOIIO corjlacyeTcss C TPUEMHBIM  TPAKTOM,
PEaKTUBHOE CONPOTHBIIEHHE HWHAYKTOpa Ha dYac-
tote 2,5MIm cocraBuimo oxono 60 Om mpu
WHIYKTUBHOCTH 4 MKI H.

B cobpannom Buje ABa MHAYKTOpa ¢ HAOOpOM
M3OJIAIIMOHHBIX CIIOEB BBITJIAMAT, KakK CIIOEHAs
KOHCTPYKITUS, COAepIKaImasi MPOTeKTOp IS 3alllu-
Tl WHAYKTOpAa CO CTOPOHBI OOBEKTAa KOHTPOJI,
1-i1 UHAYKTOP, U30JIATOP, 2-U MHAYKTOP, U30JSATOP
WHAYKTOpa OT MarHUTONpoBoja (PUCYHOK 8b).
WHaykTOphl  W3TOTOBIEHBI W3  JBYCTOPOHHETO
¢donprupoBanHoro crekiorekcronmnra CO2-0,3-35I
(dboTopesncTuBHBIM crocoboMm. TpaccupoBka BEI-
MMOJIHEHa B QopMe «0abOYKM», YHCIO BHUTKOB
KaXJI0M IUIOCKOM Kartymku paBHO 20, paccrosiHue
npoBoHUK — 3a30p 0,4—0,3 mM. Pa3able (hparMeHTHI
KOHCTPYKITUM CKJIECHBI MEXIy c000i W HMeroT
o0mryto TonmuHy B 1 MM.

Buemnwmii Bua npeoOpaszoBareis IpencTaBicH
Ha pUCYHKe 9.

Pucynok 9 — IlpeobpazoBatens B BHJIE

coOpaHHOM
YCTaHOBJICH Ha (parMeHTe 00oma Koiieca: | — KpbIIIKa
C WHAMKATOpaMH pPeXHMa paboThl; 2 — MarHUTOIIPOBOJ
C AaKyCTHYCCKHUM OTpakaTelieM W OTBEPCTHAMHU JUIS
YCTaHOBKH TIpeoOpa3oBaTeNsi B y3el IepeMelIeHus;
3 —Karymka HaMarHWYMBAHWS B 3alllUTHOM KOXYXe;
4 — ¢pparmMeHT 00072 KEIEIHOJOPOKHOTO KoJeca

Figure 9 — Fully assembled transducer mounted on a
piece of wheel rim: 1 — cover with operating mode indica-
tors; 2 — magnetic conductor with acoustic reflector and
holes for installing the converter in the displacement unit;
3 — magnetization coil in a protective casing; 4 — fragment
of the rim of a railway wheel
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B Bepxmelt wactm mpeoOpazoBaTeisl, IOX
KPBIIIKOM, pAcToOJOoKeHAa CXeMa DJICKTPOHHOM
3alUTHl OT TIEperpeBa C WHAMKATOPOM HATUYHUS
TOKa HAMATHUYMBAHUS W WHIUKATOPOM BKIIFOYE-
HUs 3amuThl. Ha BHENIHUX TOpLAax MarHUTOIpPO-
BOJa pa3MENICHBl OTBEPCTUS I yCTAHOBKHU
nmpeoOpaszoBaTesis B Y3Jbl I[EPEMEILCHUS WU
MTO3UITHOHUPOBAHMSL.

CxeMa 3amuThl HACTPOCHA HA IIPEBHIIICHHE
ormerkn 60 °C, mocie Yero Ilenb  TOKa
HaMarHUYMBaHUS TMPUHYIAUTEIHFHO Pa3MBIKACTCS,
YTO MpPEeNoTBpallaeT BO3HUKHOBEHHE IMEperpena.

Okciutyatanust — 1peoOpas3oBaTensi — peaan3oBaHa
Ha CTPYKTYPOCKONE  3JIEKTPOMarHUTHO-aKyCTH-
YECKOM CoOMA (HOMED B rocpeectpe

YTBEPKIEHHBIX THUIIOB CPEICTB HU3MEPEHHU
61957-15), ¢ wucnoab30BaHHEM MPOrPaAMMHOTO
obecrieuenus  «llpmanm  VII»  (cBUmETENHCTBO
0 TOCYJIapCTBEHHOM pErucTpamuy MporpaMmbl
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s OBM RU 2015662211). IIporpammHoe
o0ecrieyeHue peajausyeT MpoLeaypy H3MEepeHus
C YCpPEAHEHHMEM B IIAKETHOM M HENPEPbIBHOM
pexnme [34].  Buemnuii  Bux  umHTepdeiica
MporpaMMbl U BUJ 3aperMCTPUPOBAHHOIO CHTHala
mokazad Ha pucyHke 10. Ilo HaxaTHO KHOIIKH
«CtapT» NpPOM3BOAMUTCS BKJIIOYEHHE YCTpPOMCTBa
HaMarHu4MBaHus U mocie nayssl B 0,4 ¢ pe3yib-
TaThl U3MEPEHHUH MOCIIEeI0BATEIbHO HAKAIJIMBAIOT-
¢ Juia Kaxaoro wHAykTopa. [lay3za HeoOxommma
JUISL  3aBEpILIEHUs  Mpolecca  yCTAHOBJIEHUS
MarHuTHOW nenu. Ilocie oxoHYaHUA WU3MEPEHUI
nosie oTkiaoyaercs. JlJisi OTCTpOHMKM OT NIYMOB
WCIIOJIb30BaHO YCpEIHEHHE MHOTOKPATHBIX H3Me-
peHull, TunoBas HacTpoiika — 64. [lonHbl LUK
M3MEpeHni ¢ yu€ToM ycpenHenus cocranister 0,5 ¢
C TIOCJIEIYIOIIMM UHTEPBAJIOM OXJIaxaeHus 3a 1,5 ¢,
W WCTIONB3yeTCd NIl yCTaHOBKH IpeoOpazoBaTens
B HOBOE MOJIOKEHUE.
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Pucynok 10 — Bux 3apeructpupoBannoro cursana B nporpamme «IIpuni VIID»: 1 — 3ounupyromuii uMiryisc; 2 — 1-i
1 2-i1 TOHHBINA UMITYJIEC B OTPAHUYCHNN; 3 — 6-if TOHHBIH UMITYJIbC

Figure 10 — A view of signals registered in the Prince VIII software: 1 — probing pulse; 2 — 1% and 2™ bottom pulses in

limitation; 3 — 6™ bottom pulse

B paGouem mome mporpaMmsl
VIII» (pucynok 10) mnpexncraBieHa sxorpaMma
MHOTOKpPAaTHBIX ~ OTPaKEHUH, TMOJy4YeHHas MpHU
npo3ByuMBaHuM oboxa TtoimmuHoi 0,13 M  mo-
MEPEYHBIMU BOJIHAMU C B3aUMHO-IIEPIIEHAUKYJIISP-

«ITpunu

HOW  monspuzaumed. Ha  BepxHel — mikane
0TOOpakaeTcsl BpeMsl, a Ha HIXKHEH — paccTosHHUE,
MPONEHHOE aKyCTHMUECKUM HMIIYJIbCOM C Y4é-
TOM BBEAEHHOM B NpOrpamMMmy CKOPOCTH YJIbTpa-
3ByKa.
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Pucynok 11 — Bux curnanos Ha 6-m otpaxennn: 0 — 3seno 0; 1 — 3Beno 1

Figure 11 — A view of signals with magnification at 6™ reflection: 0 — Link 0; 1 — Link 1

[ToapoOHBI B 3apEerHCTPUPOBAHHBIX CHI-
HaJoOB B 30HE 6-rO OTpak€HHUs IOKa3aH Ha pH-
cynke 11. Pa3HOCTH BpeMeHH mpuxojga MEXKIY
AMITyTbCaMH { TIO3BOJISIET PACCUUTATh BEIHMUMHY
HanpsDKEHHO — Ie()OPMUPOBAHHOTO  COCTOSIHUS
00BbeKTa KOHTPOJISI B 30HE YCTaHOBKHM Jarduka [30].
Yacrora AHMCKpETH3AlMM W3MEPUTEIHHOTO KaHa-
na cocrapnsger 100 MI'm. s TouHOro pacuéra
BPEMEHHOI'0 HHTEpBaJia / MPOU3BOAUTCS HHTEp-
MOJISALUSL  MPOMEKYTOUHBIX  TOYEK C  IIeJbI0
MOBBIICHUS YacTOTHl auckperm3amuu go 1 [T
3HaueHne BPEMEHHOTO UHTEpBana ¢ TOJIYYEHO
MOUCKOM MakcuMyMa (DYHKIUH B3aUMHOH KOppesi-
Uy UMITyJbca B 3BeHe () u umirynbsca B 3Bene 1 [35].

3akjaueHue

Pa3zpaboran mpeoOpaszoBarens C DJIEKTpUYEC-
KM HaMarHUYWBaHUEM, COJepXalluid 2 Hesa-
BUCUMBIX OMA wHAyKTOpa B BHIE 0a00YKH,
3¢ (}EeKTUBHO U3IYYAIOIIUX W  MPUHUMAOIINX
AKyCTUYECKHUE HMITYIBbCHI JIBYX IOIEPEUHBIX BOIIH
C B3aUMHO TEPIEHAUKYISPHON IOJSAPU3AIUCH.

WHayKTOpEl  pacmoiiokeHbl B 3a30pe  MEXKAY
LEHTPaAJIbHON 4aCThI0 MArHUTOIIPOBOAA U O0OBEKTOM
KOHTPOJII W MO3BOMAIOT 0€3  NepecTaHOBKU

npeoOpasoBareiisi BO30yXKAaTb M PErUCTPUPOBATH
B 00BEKTE KOHTPOJSI MOINEPEYHO IMOJSPU30BAHHBIC

AKYCTUYCCKUEC HMITYJILCHI. C LCJIbI0 YMCHBUIICHU S
rabapuTHBIX pa3MEpOB U MaccChl MpeoOpa3oBaTelis
IMPOU3BCJICHA OIITUMU3ALNA yCTpOfICTBa Hamar-
HUYMBAaHUSA Ui YCJIOBHH OKCIUTyaTallikl C de-
pemoBaHWEM  aKTMBHOW W TIACCUBHOM (a3
M3MEpeHHs, TJie MaccuBHas (pasa mo BpeMeHHU B TPH
pasa TmpeBhIIIaeT aKkTHUBHYIO (asy. ITO MO3BOJIHIO
YMEHBIIIUTh BeC TMpeoOpaszoBarens B Oomee dem 3
pasa, 3HAYMTEIBHO YMEHBLIMB €ro rabapUTHBIC
pasmersl. B paboueli 30He mpeoOpazoBares
pazmepom 15x15 MM mpu 3a3ope B 1 MM Mexay
KOHLCHTPATOPOM MArnuTHOIO IIOJIA U O6’BGKTOM
KOHTpOJISL co3MaéTcsi HOopMaibHOe mone B 2,4 Ti.
[IpeobpazoBarensb COAECPKHUT 3alIUTYy YCTpOilCTBa
HaMaronm4duBaHusA OT HEperpeBa, a I_II/IK.III/IT-IGCKI/Iﬁ
PEXKUM PpaOOTHITIO3BOIIAET O0ECIICUUTH HEITPEPHIBHYIO
MPOU3BOJUTENHLHOCTh 10 30 M3MEpEeHU B MHUHYTY
npu Temmeparype okpyxatouieil cpeast 20 °C.
HarpeB mpeoOpazoBarenss MPOUCXOIUT  TOIBKO
BO BpeMs TIPOBEACHUS u3MepeHuid. B MomeHT
MEPEeyCTaHOBKM  IMpeoOpas3oBarens  yCTPOHCTBO
HaMarHUYMBaHUS OCTHIBACT.

PazpaboTanHoe HaMarHMYMBaIOLIee YCTPOUCTBO
MOXET OBITb HCIOJIB30BAHO MPH PEIICHHU psaa
3a1a4 CTPYKTYPOCKOITHH, TOJIIIIUHOMETPHH,
nedexrockonmuun OMA MeTomaMu, OCHOBAHHBIMU
Ha TOYHOM HM3MEPEHUM BPEMEHHU PACIPOCTPAHEHUS
YIPYTUX BOJH B 00BEKTE KOHTPOJIS.
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Abstract

For widely used LED sources there is a sharp decrease in the illumination of the working plane from
the center to the edge. The purpose of this study was to analyze the effectiveness of Fresnel lenses usage
as a fairly simple and technological element to increase the uniformity of illumination created by LED lamps
of local lighting.

A method has been developed for calculating of the distribution of illumination created by the combina-
tion of “LED matrix — Fresnel lens” when the distance between the lens and the matrix is less than the focal
length of the lens. Comparison of the calculation results and experiments for the case when the lens is located
at a distance of 50 cm from the working plane indicates the correctness of the developed calculation method.
This made it possible to use this technique to solve the problem of improved uniformity of illumination
distribution in the working plane of local lighting LED sources.

It was found that the change in the distance between the matrix and the lens in the range of 0.5-1.5 cm
affects the maximum illumination and its uniformity to a lesser extent than the change in focal lengths
in the range of 10-100 cm. Analytical dependences of the uniformity of the working surface illumination as
a function of the Fresnel lens focal length and its distance to the LED matrix were obtained for three cases.
In the first case one lens is used for the entire matrix while the axes of symmetry of the light intensity curves
of LEDs are parallel to the axis of the lens. In the second case one lens is also used for the entire matrix,
but the continuations of the axes of symmetry of the light intensity curves pass through the front focus
of the lens. In the third one an individual Fresnel lens is used for each LED. It is established that for all three
cases dependencies have almost the same character. Therefore, the choice of using one of these three options
may be due to manufacturability, cost-effectiveness, thermal stability, and other considerations.

Calculations using the above-mentioned analytical dependences made it possible to determine values
of the parameters of the “LED matrix — Fresnel lens” system at which the indicators of illumination and uni-
formity meet the standards’ requirements.

Keywords: mathematical modeling, LED matrix, Fresnel lens, RGB LED, illumination distribution
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Hcnoab30Banue JIUH3BI (I)peHeJm B CBETOANOJAHBIX
HCTOYHHUKAX JIOKAJIBbHOI'0 OCBCIIICHUA AJIA OIITUMHU3AINU

pacnpeaeJeHusi OCBEIEHHOCTH padoyel MJI0CKOCTH

I1.C. bornan, E.I'. 3aiiueBa, U.A. KoBauénok, T./I. Tapacenko, E.B. /ly6oiickuii

benopycckuii nayuonanvHulil mexHu4ueckutl ynugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, Benapyco

Iocmynuna 27.02.2023
IIpunama xk nevamu 25.05.2023

J1J1s1 LIMPOKO HCIOJIb3YEMBIX CBETOIMOJHBIX HCTOUYHUKOB CBETa UMEET MECTO PE3KHUIi CI1a i OCBEIIEHHOCTH
paloueil TIIIOCKOCTH OT LIEHTPa K Kparo. Llenpro HacTosIIero ueciiefoBaHus sIBISUICS aHan3 3()()EeKTUBHOCTH
npuMeHeHus: 1uH3 PpeHens Kak J0CTaTOYHO MPOCTOrO W TEXHOJOTMYHOIO 3JIEMEHTa AJSl yBEIHMUYCHHS
PaBHOMEPHOCTH OCBEIIEHHOCTH, CO3aBaEMON CBETOIUOJHBIMH CBETUIBHUKAMH JIOKAJIBHOTO OCBEIICHUSL.

PazpaGorana Mertogmka pacuéra paclupeneseHUsl OCBELIEHHOCTH, CO3/aBaeMoil KoMOMHanMen
«CBETOOMOAHAS MaTpula — JduH3a DpeHens», KOrna pacCTOSHUE MEXAY JIMH30M M MaTpULEH MEHbIIe
¢dokycHoro paccrosHusi JuH3bl. CpaBHEHHE PE3yJbTAaTOB pacdyéra M HKCIEPHUMEHTOB AJS CIydas, KOorzaa
JMH3a pacrojaraercss Ha paccTosHuM 50 cM oT pabodell MIIOCKOCTH, CBUAETEIBCTBYET O KOPPEKTHOCTH
pa3paboTaHHON METOIUKH pacyéTa. DTO MO3BOIMIIO HCIIOIB30BATh JAHHYIO METOIHUKY JAJIsl PELICHHUS 3a1a4n
MOBBIILICHHUS PABHOMEPHOCTH OCBEIIEHHOCTH paboueil INIOCKOCTH B CBETOANOIHBIX HCTOYHHUKAX JIOKAIBHOTO
OCBELICHUS.

YCTaHOBIEHO, YTO M3MEHEHUE PACCTOSIHUS MEXAYy MaTpuued W jguH30d B nmamasone 0,5-1,5 cm
BIMSAIOT HA MaKCHMAaJbHYIO OCBEIIEHHOCTb M €€ paBHOMEPHOCTh B MEHBIIEH CTENEHH, YeM HM3MEHEHHE
¢doxycHbIX pacctosauil B npeaenax 10—100 cm. [lomydensr aHaMTHYECKHE 3aBUCHMOCTH PaBHOMEPHOCTH
OCBELIEHHOCTH paloyell MOBEPXHOCTH Kak (YHKUUM (DOKYCHOrO paccTosiHusl JinH3bl Dpenens u eé
paccTosHUS 10 CBETOAMOAHONW MaTpHUbl U TPEX cilydaeB. B mepBom ciyuae mcmonb3yercs ogHa JHH3A
JUISL BCEH MaTPUIIbI, IPH 3TOM OCH CUMMETPHUHN KPUBBIX CHJIBI CBETA CBETOIMO0OB NapalIeIbHbI OCH JIMH3bI.
Bo BTOpOM cityuae Taxke HCIONIb3YeTCs OIHA JIMH3bI AJIs1 BCEH MAaTPHULIbI, HO IPOJOJKEHHS OCe CHMMETPHH
KPHUBBIX CHJIBI CBETa IPOXOIAT depe3 NMepeaHui (oKyc JHMH3bL. B TpeTbeM — AJsl KaKAOro CBETOAMOnA
WCTIONIb3YeTCsl MHAMBHUAYanbHas auH3a dpenens. YCTaHOBICHO, YTO Ul BCEX TPEX CIIydyaeB 3aBUCUMOCTH
MMEIOT MPaKTHYECKH OJMHAKOBBIN xapakTep. I1loaToMy BBIOOp MCHOIB30BAHUS OJHOTO U3 TPEX BAPHAHTOB
MOJKET ObITh 00YCJIOBJIEH TEXHOJIOTHYHOCTBIO, SKOHOMUYHOCTBIO M TEPMUYECKON yCTOWYMBOCTBIO U .

Pacuérhl ¢ MCIONB30BaHUEM BBILIE YHOMSHYTBHIX aHAIUTHUYECKUX 3aBHCHMOCTEH MO3BOJIMIIM ONpEae-
JIUThH 3HAYCHMS NapaMETPOB CHUCTEMBbl «CBETOAMOIHAS MaTpuLa — JuH3a DpeHens», Npu KOTOPIX MMOKa3a-
TEJIN OCBEIEHHOCTH ¥ PABHOMEPHOCTH COOTBETCTBYIOT TPEOOBAHUSAM CTaHAAPTOB.

KaroueBble cjioBa: MareMaTHUeCcKOe MOJCIHMPOBAHUE, CBETONMONHAS MaTpuia, JnuH3a Openens,
RGB cBeroanon, pacupeneneHue OCBEIEHHOCTH
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Introduction

Currently LED sources are widely used for in-
door lighting of premises. Their advantages include
high energy efficiency and durability. In addition,
ability to adjust the power parameters of LED arrays
and to introduce LEDs with different spectral charac-
teristics into their composition allows you to vary the
brightness and spectral composition of light. Space
inside the luminous intensity curve (the distribution
of luminous intensity obtained by the cross section
of the photometric body of the illuminating device by
a characteristic plane or surface and represented in
the form of a light beam graph') is limited by a small
solid angle [1, 2]. Therefore, there is a sharp decline
in the illumination of the working plane from the cen-
ter to the edge [3] which is not consistent with the
requirements of the standard” for lighting parameters.

To expand this spatial angle and consequently
the uniformity of illumination of the working surface
additional optics are used (an optical system in the
form of a lens and/or a reflector designed to create
the necessary light intensity curve) [4—10] and dif-
fusers [11, 12]. The latter have two versions: with
the use of diffusants [11] or with an additional mi-
croprismatic surface [12].

These technical solutions have a different level
of complexity and provide a different degree of uni-
formity of illumination of the working plane. The
purpose of this study was to analyze the effective-
ness of the use of Fresnel lenses in LED lamps of
local lighting as a fairly simple and technological
element to increase the uniformity of illumination of
the working plane within the limits regulated by the
standard”.

Mathematical modeling of the distribution
of illumination created by the combination
of “LED matrix — Fresnel lens”

The scheme for calculating the distribution of
illumination contains 2 elements: an LED matrix 1

"GOST 34819-2021. Lighting devices. Lighting
requirements and test methods. Access mode: http://
nt-led74.ru/media/uploads/2022/07/06/gost-34819-
2021.pdf?ysclid=1gdc0fqlh4478346242. — Access date:
25.04.2023 (in Russian)

2 GOST R 55710-2013. Lighting of workplaces inside
buildings. Norms and measurement methods. Access mode:
https://ecolight.ru/sadm_files/Documents/2940421
GOST_R 55710-2013.pdf. — Access date 26.01.2022 (in
Russian)

and a Fresnel lens 2 (Figure 1). Parallel to them are
the rear focal plane 3 of the lens and the working
plane 4. The planes of the LED matrix 1, lens 2 and
working plane 4 are parallel, and the distance be-
tween the LED matrix 1 and lens 2 is less than the
focal length of the lens.

Figure 1 — Scheme of the beam path from the LED
through the lens to the working plane: 1 — the plane of the
LED matrix; 2 — the plane of the Fresnel lens; 3 — the rear
focal plane of the Fresnel lens; 4 — the working plane

From the LED belonging to the matrix 1 and lo-
cated at point P with coordinates P, Py, the beam
hits the Fresnel lens 2 at point B with coordinates B, ,
B,. There its refraction occurs. Then, crossing the
rear focal plane 3 of the lens at point C with coordi-
nates C,, C,, the beam comes to the working plane
4 at point D with coordinates D, , D,.. To determine
the direction of the beam PB after refraction by lens
2 allows the trajectory of the additional beam pass-
ing through points F, 4, C, E. This ray is parallel to
the PB ray up to the intersection with the lens plane
2 and comes from the front focus of the lens F. After
refraction in the plane of the lens 2 at point 4 with
coordinates 4, and 4,, this ray becomes parallel to
the optical axis of the lens FF”, crossing the rear
focal plane 2 at point C with coordinates C,, C,, and
the working plane 3 at point £ with coordinates £, ,
E,. Since the rays PB and FA are parallel before re-
fraction by lens 2, after refraction they intersect at
one point C belonging to the rear focal plane.

In accordance with the Methodological Manual®
on the design of artificial lighting of public and resi-
dential buildings, the illumination £, at the point D

3 Design of artificial lighting of public and residential
buildings. Methodical manual // Ministry of Construction
and Housing and Communal Services of the Russian
Federation. Federal Center for Standardization,
Standardization and Conformity Assessment in
Construction. — M., 2016, 141 p. Access mode: https://
www.faufcc.ru/upload/methodical materials/mp15.pdf. —
Date of access: 28.01.2022 (in Russian)
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on the working plane 4 is proportional to two values.
Firstly, it is the light intensity / in the direction of the
angle  between the beam direction PB and the axis
of symmetry of the light intensity curve parallel to
the optical axis of the lens 2. Secondly, it is the co-
sine of the angle o between the beam CD incident on
the working plane 4 and the perpendicular CE to the
working plane 4. In addition, the illumination of £D
is inversely proportional to the square of the sums of
the distances /5 and [, between the radiation source
P and the illuminated point D, which are the sum of
the segments PB and BD:

_ I(B)cosa
(pp +1pp)’

Taking into account the geometric relations in
Figure 1, the formula for calculating the illumination
E; ; (x,y) created by an LED with the number 7 hori-
zontally and j vertically at point D with x, y coordi-
nates on the working plane 4 has the form:

I(B)cosa
(G +0)"

()

E[,j (x, )= 2
where B is the angle of inclination of the light beam
to the axis of symmetry of the light intensity curve
parallel to the axis FF"' of the Fresnel lens 2, and si-
multaneously to the axis of symmetry of the Fresnel
lens; I(P) is the dependence of the light intensity on
the angle B; a is the angle of inclination of the beam
after refraction by the Fresnel lens 2 perpendicular
to the illuminated plane 4; /, is the travel length of
the light beam from the LED with the number (i, ;)
on the matrix 1 to the Fresnel lens 2; /, is the travel
length of the refracted beam from the Fresnel lens 2
to the working plane 4.

Since the orientation of the segments PB and BD
of the light beam is considered in the three-dimen-
sional space xyz, when calculating the illumination,
the values of the quantities in the right part of for-
mula (1) are determined through their projections on
the x0z and y0z planes.

The angle B is related to its projections 3, and
B, on the x0z and y0z planes by the ratio (Figure 2):

— 2 2
f = arctan \/tan” B, +tan” 3, .

Similarly, the angle a is determined by its pro-
Jections o, and a,, on the x0z and y0z planes:

o =arctan /tan’ o, +tan’ o, .

)

E

Ax x

Ao,

Figure 2 — Scheme for establishing relations between
angle B and its projections f, and B, on the x0z and y0z
planes

The tangents of the projections B, and 3,, o, and
a,, angles B and o, in turn, are functions of the coor-
dinates xp, yp, Xp, yp of the points P and D in Fig-
urel and the parameters d, f, g:

_@=xptx,f

tanf}, = ;
fg+d)-dg
tan[}v =(d_f)yp+ypf;
C flg+d)-dg
tan o, = (f—g)tanP, +x, :
S
(f—g)tanB, +y,
tanoc, = 5
! f

where d is the distance LR between the Fresnel lens
2 and the working plane 4 in Figure 1; f'is the focal
length of the Fresnel lens 2, equal to FL and LF"' in
Figure 1; g is the distance 0L between the LED ma-
trix 1 and the Fresnel lens 2 in Figure 1.

Segments /, and /, are connected with their pro-

Jections /,, [, and [, , I, expressions:

I+0

g [ 2
1y» 27— 12)( + lZy 4

where /,, is the projection of the segment PB of the
light beam from the LED P to the Fresnel lens 2 on
the x0z plane; /,, is the projection of the segment PB
of the light beam from the LED P to the Fresnel lens
2 on the 0z plane; /,, is the projection of the seg-
ment BD of the refracted beam from the Fresnel lens
2 to the working plane 4 on the x0z plane; /), is the
projection of the segment BD of the refracted beam
from the Fresnel lens 2 to the working plane 4 on the
0z plane; and

—_ d .
cosp,”

— d .
cos B_V ’

1x y
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d

j— d p—
cosa.,

2x >
cosa,

2y

At each point of the working plane 4 (Figure 1)
with x, y coordinates, there is a summation of the
energy flows that have come to this point along the
directions of the light rays from all LEDs at differ-
ent angles of incidence and with different angles of
deviation from the axis of symmetry of the light in-
tensity curve. The values of these angles depend on
the location and, consequently, on the number of the
LED in the matrix. The total distribution of illumina-
tion E(x, y) generated by all LEDs of the matrix 1 at
the point of the working plane 4 with x, y coordinates
can be calculated by the formula:

i=n j=m

E(x,)= ), > E ;(xy),

i=—n j=—m

4)

where i is the number of the LED in the matrix on the
x axis; j is the number of the LED in the matrix on
the y axis; n is the number of the first and last LED
in the matrix at the beginning of the reference from
the middle LED on the x axis; m is the number of
the first and last LED in the matrix at the beginning
of the reference from the middle LED on the y axis;
E;;(x, y) is the illumination distribution created by an
LED having the number i horizontally and the num-
ber j vertically, calculated by the formula (2).

Expression (4) is used for the case when one
common Fresnel lens is used for all LEDs. Another
option is also possible, when an individual Fresnel
lens is used for each LED. In this case, the optical
axis of this individual lens coincides with the cen-
tral axis of the LED. In this case, it is necessary to
first calculate the illumination distribution created by
the “LED — individual Fresnel lens” system. Then all
these illumination distributions are summed up tak-
ing into account the displacement of each LED — lens
pair relative to the zero coordinate on the working
surface. Then the sum of the illumination distribu-
tion is described by formula (5):

i=n j=m
E(xay): z z EO(x_iA)my_iAy)’

i=—n j=—m

)

where E(x,y) is the distribution of illumina-
tion created on the working surface by one pair of
“LED — lens” having a zero coordinate on the work-
ing surface; Ax is the pitch of the LEDs in the matrix
horizontally; Ay is the pitch of the LEDs in the ma-
trix vertically.

In the considered second variant, the plane of
LEDs P in the matrix is perpendicular to the axis of

the matrix, and, accordingly, to the optical axis FR
of the Fresnel lens (Figure 3a). In this case, the beam
PK, which is the axis of symmetry of the luminous
intensity curve (in its direction, the luminous inten-
sity is maximum), is parallel to the axis of the lens.
After being refracted by the lens, it passes through
the back focus of the lens and hits the working plane
DR at some angle. And the ray of the luminous in-
tensity curve PK’, the continuation of which passes
through the front focus of the lens F/ and in the direc-
tion of which the intensity of the luminous intensity
curve is less than for the ray PK, after refraction is
perpendicular to the working plane DR.

Another variant of the layout of the LED matrix
is possible, using an individual Fresnel lens for each
LED (Figure 3b). Here, the plane of each LED P of
the matrix is rotated so that the continuation of the
beam PK on the axis of symmetry of the luminous
intensity curve passes through the front focus F of
the lens at such an angle y that, after refraction by
the lens, this beam is perpendicular to the working
plane DR. The angle y depends on the coordinates
of the LED P, so its values are different for each
LED. Since the luminous intensity in the direction
of the symmetry axis of the luminous intensity curve
is maximum with respect to the rays of other direc-
tions, in this case the radiation intensity in the direc-
tion perpendicular to the working surface is greater
than in the previous case, illustrated in Figure 3a.

D

B

Figure 3 — Scheme of the course of rays with continua-
tion through the front focus of the lens when the axis of
symmetry of the light intensity curve is parallel to the
axis of the lens (@) and when the axis of symmetry of the
light intensity curve passes through the front focus of the
lens (b)
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For the variant shown in Figure 3a, the illumi-
nation distribution is calculated using formulas (2)
and (4). For the case illustrated in Figure 35, instead
of formula (2), the expression is used:

I(p)cosa

9 6
(h+1)? ©

E; j(x,y)=
where ¢ is the angle of inclination of the light beam
PK'to the axis of symmetry PK of the light intensity
curve (Figure 3b), ¢ = B—y; B is the angle of inclina-
tion of the light beam PK' to the axis of the Fresnel
lens FL, calculated by the formula (3); y is the angle
of inclination of the axis of symmetry PK of the light
intensity curve to the axis of the Fresnel lens FL.

The angle y is determined by its projections v,
and v, on the plane x0z and y0z similarly to the angle
B calculated using the expression (3):

Y= .21rctan,ltan2 Yyt tan? Yy

where

X .
tany, =—L—; tany, = YP_ other designa-

tions are given earlier.

In order to evaluate the possibility of practical
use of the proposed mathematical model, the results
of calculating the illumination distribution on the
working surface according to formula (4) were com-
pared with experimental data.

For an experimental study of the dependence of
illumination on the distance between the LED matrix
and the lens, the distribution of illumination on the
plane was measured. The RGB LED matrix had a
height of 55 mm and a width of 94 mm, 5 WS2812b
LEDs were located vertically, 10 horizontally in
9 mm increments. A rectangular Fresnel lens with a
height of 26 cm and a width of 18 cm with a focal
length of 20 cm was installed parallel to the matrix
plane. The distance between the matrix and the lens
was 1 cm. The matrix and the illuminated plane were
located at a distance of 50 cm from each other.

Measurements were made at 6 points of the illu-
minated matrix, starting from the optical axis of the
matrix with a step of 10 cm in two directions: hori-
zontally and vertically. 2 devices were used for mea-
surements: the Opple Light Master I1I device with a
photosensitive diameter of 17 mm (relative measure-
ment error of 5 %, measurement limit of 0—5000 Ix)
and an original measuring device containing a pho-
todiode with a photosensitive diameter of 6.5 mm, an
amplifier and a power supply. The use of the original
measuring device made it possible to reduce the di-
ameter of the measuring platform in relation to con-

ventional luxmeters and thereby increase sensitivity
to changes in illumination on the plane. The readings
of the measuring device were translated into illumi-
nation units using a calibration curve. This curve was
obtained by measuring different levels of illumina-
tion on a plane with a uniform distribution of illumi-
nation both by the original device used and by the Yu
116 luxmeter.

For calculations according to formula (3), data
on the light intensity curve /() of a three-crystal
RGB-SMD LED LM1-TPP1-01 TTQ from COTCO
with a delta-like arrangement of crystals inside the
case [1] having the same arrangement of crystals and
the same angle of the light intensity curve (120°)
were used, as with the WS2812b LED. The calculat-
ed values of the matrix pitch, the distances between
the matrix, the Fresnel lens and the illuminated plane
corresponded to those used in the experiment.

Comparison of the calculation results and ex-
periments showed their correspondence, sufficient
to solve the problem of optimizing the distribution
of illumination of the working plane in LED sourc-
es of local illumination. The standard deviations of
the calculated values from the measured values are
shown in Table 1.

Table 1

Standard deviations of calculated values from
those measured in relative units

Distance  BY thex coordinate By the y coordinate
between iy Opple - Opple
wand e (g Gl
matrix, cm Master III Master III
1 0.083 0.034 0.085 0.023

It is obvious from the mathematical model that
the distribution of illumination on the working plane
is a function of the focal length of the Fresnel lens,
the distance between the lens and the LED matrix,
the distance from the lens to the working plane. To
investigate the effect of the focal length of the lens
and the distance between the lens and the LED ma-
trix on the illumination distribution on the working
plane, calculations of this distribution were made
for the distances between the lens and the matrix
of 0.5 cm, 1 cm, 1.5 cm and the focal lengths of the
lens of 10 cm, 50 cm, 100 cm. The distance from the
Fresnel lens to the working plane was chosen to be
50 cm. This distance provides an optimal combina-
tion of the height of the lamp for local lighting and
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the distance between the light source and the work-
ing plane.

The calculation results showed that a change
in the distance between the lens and the matrix in
the range from 0.5 cm to 1.5 cm slightly affects the
distribution of illumination when changing the focal
length of the lens in the range from 10 cm to 100 cm.
At the same time, at different values of the focal
length, the nature of the distribution of illumination
and its maximum value changes, which is illustrated
in Figure 4.

70
60

-2 -15

X, m

Figure 4 — Graphs of the dependence of illumination £
as a function of the spatial coordinate x for the distance
between the Fresnel lens and the matrix of 0.1 cm with
a focal length of the lens of 10 cm (lower graph), 50 cm
(upper graph), 100 cm (middle graph)

The calculation results indicate that in a given
range of numerical values, a change in the focal
length affects the nature of the illumination distribu-
tion in the working plane to a greater extent than a
change in the distance between the lens and the ma-
trix. In addition, with a focal length of 50 cm equal
to the selected distance from the lens to the working
plane, there is a more uniform distribution of illumi-
nation than for focal lengths of 10 cm and 100 cm.
At the same time, starting from the focal length value
of 50 cm and above, the maximum illumination value
does not increase.

Using the developed mathematical model

to optimize the illumination distribution

of the working plane in LED sources of local
illumination containing a Fresnel lens

Based on the previously developed methodol-
ogy for calculating the illumination distribution of
the working plane [3], variants of LED sources of ge-

neral and local illumination without secondary optics
were studied, providing illumination regulated by
standards and its uniformity. If it was possible to de-
velop an acceptable option for general lighting that
meets the requirements of regulatory documents™*,
then an acceptable solution was not found for local
lighting.

According to the requirements for local lighting
according to GOST R 557107 for work with video
terminals, writing, typing, reading, data processing,
the operational illumination should be 500 Ix, and
the uniformity of illumination & (the ratio of the min-
imum illumination value to the average value on a
given surface?) should be at least 0.6. In accordance
with the Methods of hygienic assessment of indica-
tors of artificial light environment in the premises of
buildings and constructions® for the distance to the
illuminated plane of 0.5 m, the radius of the working
area is 0.6 m.

Previous studies [3] have shown that the main
problem in the development of an LED source of
local illumination without secondary optics was the
achievement of the required uniformity of illumina-
tion. To calculate the uniformity of illumination in
accordance with GOST?, it is necessary to find the
quotient of the division of the minimum illumination
(as a rule, it takes place at the edge of the working
area) to the average over the entire working area.
Therefore, the uniformity of illumination £, as well
as the values of the illumination itself, is a function
of the focal length of the Fresnel lens and the dis-
tance between the lens and the LED matrix.

To determine which values of these distances
correspond to the required uniformity of illumina-
tion, an analytical dependence of the uniformity of
illumination k& of the working surface as a function of
the focal length f of the Fresnel lens and its distance
g from the matrix was obtained for three cases. In the

* Hygienic standard “Indicators of safety and
harmlessness for humans of natural, artificial and combined
lighting of residential buildings”. Approved by the Decree
of the Ministry of Health of the Republic of Belarus on
June 28, 2012 No 82. Access mode: https://minzdrav.gov.
by/upload/lcfiles/text tnpa/000348 136669 PoatMZ
N82 2012 _GN.pdf. — Access date: 05/03/2023

> Methods of hygienic assessment of indicators of
artificial light environment in the premises of buildings
and structures. Instructions for use // Republican unitary
Enterprise "Scientific and practical center of hygiene".
Reg. No. 007-1217. — Minsk, 2018. — 14 p. Access mode:
http://med.by/methods/pdf/007-1217.pdf. — Access date:
28.01.2022 (in Russian)
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first one, one lens is used for the entire matrix and the
axes of symmetry of the light intensity curves of the
LEDs are parallel to the axis of the lens. The second
one also uses one lens for the entire matrix, but the
continuations of the axes of symmetry of the light
intensity curves pass through the front focus of the
lens. In the third case, an individual Fresnel lens is
used for each LED. In the first case, formulas (2, 4)
were used for calculation, in the second — (6, 4), in
the third — (2, 5).

Analysis of the calculation results allows us to
conclude that for all three cases the dependencies
are similar, and the minimum allowable value of
the uniformity of illumination £, equal to 0.6, cor-
responds to a large number of possible combina-
tions of focal lengths of the lens and the distances
between the lens and the matrix. In addition, chang-
ing the distance between the lens and the matrix in
the selected range slightly affects the uniformity of
illumination. As an example in Figure 5 graphically
shows the dependence of the uniformity of illumi-
nation on the focal length of the lens and the dis-
tance between the lens and the matrix for the first
case.

0.8 -
0.6 J.
ko4 T
. R
e ||:‘l‘|‘i'l:‘:“ll‘l‘l"‘llll‘l
027 R i AT
‘ - ‘l“\'ll\“l\\‘l‘. l\\éll\ \‘““““

Figure 5 — The dependence of the uniformity of illumina-
tion k, on the focal length f of the Fresnel lens and the dis-
tance g between the lens and the LED matrix (the common
lens and the axes of the light intensity curves are parallel
to the axis of the lens, the yellow plane is the minimum
allowable value of the uniformity of illumination £, equal
to 0.6)

From the many combinations of the focal length
of the lenses and the distance between the lens and
the matrix, for each of the three cases, the combi-
nations given in Table 2 were calculated to ensure
maximum uniformity of illumination.

Table 2

The values of the maximum uniformity of illumination, and the corresponding values of the maximum
illumination, the focal length of the lenses and the distance between the lens and the matrix

w o Maximum Maximum Distance between
Type of “lens-matrix . . . L Focal length
N uniformity illumination lens and
combination . o of the lens f; cm .
of illumination £, E .. 1x matrix g, cm
A system with a common
lens and axes of the light 0.72364 63.973 50.29 0.5
intensity curve parallel to
the optical axis of the lens
A system with a common
lens and inclined axes of the 0.72434 63.812 50.29 0.5
light intensity curve
System with individual 0.72364 63.973 50.29 0.5

lenses for each LED

It follows from the analysis of the table that all
the values given in it are almost equal. Therefore, the
choice of using one of the three options may be due
to manufacturability, cost-effectiveness and thermal
stability, and other considerations. At the same time,
the number of LEDs selected for the calculation does
not provide the illumination required by the regu-

latory documents 2.4, equal to 500 Ix. An increase
in illumination is possible due to an increase in the
number of LEDs or by increasing their light output.
The number of LEDs in the matrix providing il-
lumination of 500 Ix, found by formula (4) for the
values of fand g given in Table 2, was 400. The size
of such a matrix with a 9 mm LED pitch is 18x18 cm.
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Using formula (4), the illumination distribution
on the working plane was calculated for a lamp with
400 LEDs with a Fresnel lens for the parameters f
and g given in Table 2, as well as the illumination
distribution was calculated in the absence of a lens
and the same distance between the matrix and the
working plane. The calculation results are illustrated
in Figure 6.
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Figure 6 — Dependence of the illumination distribution £
of the working plane as a function of the spatial coordinate
when using a Fresnel lens (red line) and without using a
lens (blue line) when illuminated by a matrix (20x20)

It follows from the graph in Figure 6 that the use
of a Fresnel lens in conjunction with an RGB matrix
made it possible to fulfill the regulatory requirements
for illumination and its uniformity, as well as to in-
crease illumination outside the regulatory lighting
zone. A matrix without a lens creates excessive il-
lumination in the center of the field and unacceptable
unevenness.

A significant number of LEDs (400) in the con-
sidered case is due to the low luminous efficiency
of RGB LEDs (33.9 Im/W [1]). If it is necessary to
reduce their number, it is possible to use more ef-
ficient white LEDs or a combined matrix of RGB
and white LEDs. In the first case, the ability to adjust
the spectral composition will completely disappear,
in the second, the possible range of regulation will
decrease due to the “dilution” of the radiation from
RGB LEDs with white light. To simulate natural ra-
diation, the second option is acceptable, since it al-
lows for the possibility of varying spectral character-
istics in a relatively small range inherent in natural
radiation.

The required number of LEDs is inversely pro-
portional to the light output. For example, if you re-
place RGB LEDs with “warm” ones (color tempera-

ture 3000 K) white SMD 1210 (3528) models with a
luminous output of 66.7 Im/W, then the illumination
distribution shown in Figure 6 will be provided by a
matrix of 225 LEDs (15%15).

Conclusion

A method has been developed for calculat-
ing the distribution of illumination created by the
combination of “LED matrix — Fresnel lens” when
the distance between the lens and the matrix is less
than the focal length of the lens. Calculations have
shown that a change in the distance between the
matrix and the lens from 0.5 cm to 1.5 cm at focal
lengths from 10 cm to 100 cm affects the maxi-
mum illumination and its uniformity to a lesser ex-
tent than a change in focal lengths from 10 cm to
100 cm at distances between the matrix and the lens
from 0.5 cm to 1.5 cm.

It is established that the use of a common Fresnel
lens for the entire LED matrix as a whole and indi-
vidual lenses for each LED individually provides al-
most the same illumination distribution. The rotation
of the axes of symmetry of the light intensity curve
of the LEDs from a position parallel to the axis of the
common lens to a position where the continuations of
the axes of symmetry of this curve pass through the
front focus of the lens also almost does not change
the distribution of illumination. Therefore, it is ad-
visable to choose the optimal one from the above op-
tions according to other criteria, for example, manu-
facturability, economy and thermal stability.
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3arpsi3HeHHe aKBaTOpUi BOJOEMOB YAaCTHUIIAMH MHKPOIUIACTHKA Pa3MEpOM MEHEE 5 MM SIBIISETCS CEpbe3HOU
9KOJIOTUYECKON 1pobieMoii. OOBIYHO HCCIIe0BaHUS 3arpsi3HEHUH BOIOEMOB MTPOBOAST METOIOM B3SITHS IPOO BOJBI
C JMajmpHCHINEH WX OIEHKOW B Jlaboparopuu. [lodTOMYy akTyambHOW SIBISICTCS 3ajlada WCCIICHOBAHUS aKBaTOPHUI
BOJI0EMOB Ha HAIMYHE TUIACTHKA B PEKUME PEATTbHOTO BPEMEHH C BBISIBJICHUEM IISITCH OOIIMPHBIX 3arps3HEHUH.

B crartee paccmaTpuBaeTcsi MPOEKT CO3[aHMs aBTOHOMHOTO OECHMJIOTHOTO MCCIIEA0BAaTENIbCKOTO arapara,
paboTarolIero B akBaTOpHK BOJOEMA, C Iepeiadeii JaHHbIX UCCIIe0BaHUHN B LIEHTP 00paboTku HH(opMauu. Anmnapar
TIPOM3BOMT JIA3€PHOE 30HIMPOBAHUE BOJHOM Cpeibl JUIs 0OHAPYKEHHsI MUKPOYACTHUI] ITOJTMITHIICHA U TTIOCTPOCHUS
KapT IIATEH 3arpsi3HEHUN B HCCIETyEeMON aKBaTOPUU BOJOEMA.

Jlis peanu3anuy npeiaraéMoro NpoeKkTa pelaroTcs CleIyoNnue 3aJaum:

— oOHapy)XeHHe MHKpPOYACTHUI] IUIACTHKAa B HCcIeAyeMoM 00b&Me BOIHOM cpenbl, Iie pa3Mephbl YacTHIl Ha
HECKOJIbKO IIOPSAKOB MEHBIILIE UCCIAEAYEMOro 00bEMa;

— MACHTU(HUKANNS MUKPOYACTHUI] IPH HAIWYIAN B UCCIETyeMOM 00BEME BOTHOM CpeIbl YacTHIl IPYTHUX BUIOB
BEIIIECTB;

— OLICHKA KOJIMYECTBA YacTHIl B YCIIOBHOM 00bEME BOIHOI Cpebl.

IIpennaraeTcst HOBBIM MOAXOMA, 3aKIIOUAIONIMICA B CO3JAHMM aBTOHOMHOTO MMKpOKaTepa, KOTOPBIA HC-
CJIElyeT aKBAaTOPHIO BOAOEMA MO MapHIPYTy, 3a/aBaeMOMYy M3 IIEHTPA YNpPaBICHHS, HAXOMIIIETOocss Ha Oepery.
HccnenoBanue mpemnonaraet oOHApYy)KEHHE MHUKPOYACTHI[ B ONPEACIEHHOM O0BbEME KHUIKOCTH, MPOTEKAIOIICH
yepes UCCIeA0BaTeIbCKyI0 TPyOy, YCTaHOBICHHYIO B IHUILE Karepa. BHyTpu TpyOsl pacnonoxena tpyo6a Illaybep-
repa, B IIEHTPAJIbHOM YacTH KOTOPON KOHIEHTPUPYIOTCS YaCTHIbl, YTO MO3BOJSET MPOBOAUTH MOUCK YaACTHUIL
TP 30HJVPOBAHUY JIA3EPHBIM H3IYUYCHHUEM C JUIMHOW BOJHBI OKOJIO 3,5 MKM, Ha KOTOPOW IMHMKOBOE IOTJIONICHNE
W3ITYYEHUS MOJU3TUIEHOM MHOTOKPATHO MPEBBIIIAET MOMIONIEHNE U3TyUYeHUs BOAOM.

Jls obecnieueHust 3HEprodPpPpEeKTUBHOCTH MUKpOKaTepa MPeI0KEHO UCIIONB30BaTh CXEMY CIIOKEHHSI HMITYIIb-
COB JIA3€PHOIO M3IyYCHHS C HCIIOIb30BAHHEM ONTOBOJIOKOHHOHM JIMHUM ONTHYECKOH 3aJepsKKH. DTO IO3BOJIET
TOYTH HA TOPSIOK YMEHBIIUTH dHEPronoTpedieHne azepa. [Ipemiaraemplii MPOEKT Karepa MO3BOJMUT MPOBOANTH
HCCIICIOBAHUSI KPYIHBIX BOJOEMOB C OIPEACICHNUEM IISITEH 3arpsi3HEHUH MUKpOYacTMLAMM IUIacTuka. B crarbe
NPUBEICHBI IPUMEPHI UCTIOIB3YEMOT0 ONITOBOJIOKHA, (DOTONTPUEMHHKA U JTA3EPHOTO U3ITydaTesIst JUIs pelaeMoi 3a1a4u.
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Abstract

Water area pollution by microplastic particles smaller than 5 mm is a serious environmental problem.
Usually, studies of water pollution are carried out by taking water samples with their further analysis in the
laboratory. Therefore, study of the water areas for the presence of plastic with the identification of extensive
pollution sites in real time is actual.

The project of an autonomous unmanned research vehicle operating in water area and transferring the
research data to the information processing center is discussed in the article. The device produces laser prob-
ing of the aquatic environment to detect polyethylene microparticles and to build maps of pollution sites in the
studied water area.

To implement the proposed project, the following tasks are solved:

— detection of plastic microparticles in the studied volume of the water environment where particle sizes
are several orders of magnitude smaller than the studied water volume;

— identification of microparticles in presence of particles of other types of substances in the investigated
water environment volume;

— estimation of the number particles’ in the studied water environment volume.

A new approach which consists in creating an autonomous microboat that explores the water area along a
route set from a control center located on the shore is proposed. The study involves the detection of micropar-
ticles in a certain volume of liquid flowing through a research tube installed in the bottom of the boat. There is
a Schauberger tube in the central part of which particles are concentrated inside the tube. It makes possible to
search for particles by laser probing with a wavelength about 3.5 pm, on which the peak absorption of light by
polyethylene many times exceeds the water absorption.

To ensure the energy efficiency of the microboat it is proposed to use a scheme for laser pulses combining
using a fiber-optic delay line. This makes it possible to reduce the power consumption of the laser by almost
an order of magnitude. The proposed project of the boat will make it possible to conduct studies of large water
areas with the detection of plastic microparticles’ pollution sites. Examples of the used optical fiber, photode-
tector and laser source for the problem being solved are derived in the article.

Keywords: laser probing, microboat, plastic microparticles
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BBenenue

Bce Bo3pacraromias 3arps3HEHHOCTH BOJIHOM
Cpeapl  MUKPOIUTACTUKOM  TPEJACTaBISIET  TI0-
TEHIMAJIbHYI0O Yrpo3y A 4eioBedecTsa [1, 2].
B cBs3u ¢ aTM TpeOyercss ONEepaTUBHO BBISB-
TATh HAJMYME MUKPOIUIACTHKA B BOJHOM cpeie H
MIPUHUMATh JICUCTBEHHBIE MEphl JUIS yIIydIICHHS
IKOJIOTHYECKOW 00CTAaHOBKH aKBaTOPHU BOJIOEMOB.

His  sTroro  HEOOXOAWMO  B3ATH  MPOOBI
BOJHOM cpeabl W NpoBeCTH HX aHanu3. OgHaKo
elie He CIIOKWINCH eIWHBIC TOAXOMbI, METOABI U
METOAMKH 0TOOpa W aHaIM3a MPo0 MHUKPOILIACTHKA
B BogHOU cpene. s orbopa mpod Ha copeprkaHne
YacTHIl MHUKPOIUIACTHKA  Pa3NUYHOTO  pa3Me-
pa TpeOyroTCsS pa3HbIe THUIBI OOOPYIOBaHUSI U
MIPUMEHEHHE PpA3IUYHBIX AaHAJTUTHYECKUX Jabo-
patopHbIX MeTonoB [3]. OTOOp MONHOOOBEMHBIX
npo06 Boabl 0€3 KOHIEHTPUPOBAaHUS B HUX
IJIaCTHKA TPUMEHSCTCS PEIKO B CBS3W C MaJloi
KOHIIEHTpalMen MmiacTuka B Takoil mpode. Hanbo-
Jiee 4acTO MPHUMEHSETCS KOHIEHTPUPOBAHUE IMPH
otOope mpoO BOJBI MYTEM YMEHBIICHUS 00BEMa
UCXOJ/IHOM IpOOBI, a sl NajbHEelIe o0paboTKu 1
aHaJM3a COXpaHsIeTCsl TOJIBKO HeOoMbInas e€ 4acTs,
coJiep)Kalliasi MUKPOIUIACTUK. DTO OCYHIECTBIISETCS
3a cuér ¢unpTpanuu OOJBIIMX OOBEMOB BOJIBI
C TIOMOIIIBIO, HATIPUMED, TUIAHKTOHHBIX ceTeil. OHu
MTO3BOJISIOT TIPOBOJIUTH PEIPE3CHTATUBHEIN 0TOOp ¢
0OJIBIION IUIOMIAJX MTOBEPXHOCTH BOJIbI, OTOUPATH
YaCTHUIbI MHKPOIUIACTUKA Pa3IMYHBIX Pa3MEpOB.
s orbopa mpoO C MOBEPXHOCTHOTO CJIOS BOJIBI
MOTYT HCIIONB30BAThCSA CETH, KOTOpbIE OYKCHpYeT
KaTaMapaH, JBWKYIIUKACS CO CKOPOCTBIO 1—5 y370B.
Bpemsi  OyKCHpPOBKM  MOXET COCTaBIIATh  OT
HECKOJIbKMX MUHYT JI0 HECKOJIBKUX YaCOB, B 3aBUCH-
MOCTH OT KOHIIGHTPAIIMU B3BEIICHHOTO BEIECTBA B
BOJIE.

Jis cOopa dYacTull MHUKPOILIACTHKA HAILIH
MPUMEHEHHE  pazIUYHOTO BHJA MPoO0OTOOp-
Huku [4,5]. Hamnpumep, B mnarenrte [6] omnucaH
MpoOOOTOOPHUK TSI  OTMPEICICHHUS COACPKAHUS
MHKpOIIIACTHKAa B Mopckoit Bome. OH cHaOXEH
ANEKTPUYECKUM TIOTPY>KHBIM HAaCOCOM, aKKyMy-
JSTOPOM B BOJOHEITPOHHUIIAEMOM OOKCE, CHETIIKOM
BOJbl, TEPMETUYHOM HAcaJKOH CO CMEHHBIMHU
METAITMYCCKUMHU (QUIIBTPAMH Pa3IMYHOrO pasmepa
syeek. IIpoOoOTOOpPHHMK OITycKaeTcs B BOAY C
Ooopra cyana wimm Joaku. [locie 3aBepiueHus
oTOOpa MPOOBI YCTPOMCTBO HM3BICKACTCS W3 BOIHI,
MpOU3BOAMTCS (UKcAlUsl TOKa3areneit cuérunka

BO/BI, (uUIbTpOBaNbHAS HAcagKa CHHUMAaeTCS U
MIEPEHOCUTCS B Ta00PaTOPUIO JJIs1 BHIEMKH (PUIIBTPOB
U JaJIbHEHUILEro aHaIu3a.

Jis  aHanM3a  MOATOTOBJICHHBIX  MPOO
MHUKPOIJIACTHKA, COJIEPIKAIIEToCcs B MOPCKOI cpene,
B HACTOSIIEEe BpPEMs HCIOJIB3YIOTCS B OCHOBHOM
nmaboparopHeie MeToAbl [7]. s mueHTHUKAIIH
MHUKPOITJIACTHKA TPHUMEHAIOTCA Takue aHaTuTH-
YeCKHe METOJUKH, KaK CIEKTPOCKOMHUS KOMOHMHa-
[IMOHHOTO PAaCCESTHHS, CKaHUPYIOMIas dJIEKTPOHHAS
MHUKPOCKOIUS U HEKOTOpbIe e€ pazHoBHuIHOCTH, K-
Oypre cnexTpomerpusi. Hanbonee pacrpocrpanena
UACHTU(UKALMS MUKPOIUIACTHKA C TPUMCHCHHEM
UK-cnexkrpomerpuu [8§]. IIpu ucnonb3zoBaHuU aH-
HOro Mmeroaa mpoBoauTcsi cpaBHeHue MK-cnekrtpa
MOTJIONICHUST WM TPOITyCKaHUs 00pasla co CIeK-
TpaMH HW3BECTHBIX CHHTETHYECKMX BemecTB. Jls
9TOr0 MPHUMEHSIOTCS Pa3IMYHbIE CIEKTPOMETpUYe-
CKHEe TpUOOPHI: HWHPPAKPACHBIH CIEKTPOMETP,
HUK-®ypre cnextpomerp u HWK-cnexrtpomerp
st paboter B OmmxHeir MK obmactu crekrtpa.
B pa6ore [9] mus MK-ananusza ucnosib30Baics
KBaHTOBO-KackanHeii sazep (QCL), pabGorarormii
B cpenHeil mH@pakpacHod obnactu crektpa. o-
CTOMHCTBOM  CHEKTPOCKONHUH KOMOHMHAIIMOHHOTO
paccestHUsS SBISIETCSI OTCYTCTBHE HEOOXOIMMOCTH
B TIPOOOIOJATrOTOBKE, BO3MOXKHOCTH IPOBOJIUTH
M3MEpEeHHsI HEMTOCPEICTBEHHO B BOJIE.

OpHako W3BeCTHBIE TPUOOPHI M CHOCOOBI
oOHapyXeHHs  MHUKPOYACTHI[] HE  ITO3BOJIIOT
MIPOBOJIUTH OLEHKY 3arps3HEHHH MHUKpPOUYACTHIIAMHU
B pealbHOM Macmitabe BpeMmeHH. bomee Toro,
B psilie CIIOCOOOB OIIEHKM MYTHOCTH TIpeJUIaraercs
MPeIBAPUTEIHHO OYUCTHTH MPOOBI OT OTIEIBHBIX
Mukpodactun. OOHapyKeHHe W HISHTH(OUKAITII
MHUKpPOYACTHI[ TPU HMX  JIOCTATOYHO  MAJIBIX
KOHIICHTPAIMSIX B JKUAKOCTH SIBJISETCS CIOKHOU
3amauerd. [loaTomy 3amaua co3gaHus TMOJOOHOTO
KJlacCa AaHaIM3aTOPOB MHKPOYACTHI[  SBISIETCS
aKTyaJIbHOW ISl 9KOJIOTHYECKOTO KOHTPOJIS.

IIpeanaraemble pemieHus AJsl peaju3anuu
MPOEKTa

B nannoii pabore mpemiaraercs Co3laHHE
JIa3epHON YCTAaHOBKM JJIsl KOHTPOJISI HaJU4dus
MOJMATHIICHA MAJIOTO pa3Mepa B Pa3iIM4yHBIX KPYII-
HbIX Bonoémax. JlaHHas J1a3epHasl yCTaHOBKa OyneT
yCTaHOBJICHa B OECITMIIOTHOE BOJHOE TPAaHCIIOPTHOE
cpeactBo. Kak mnpumep, MOXHO pPaccMOTPETb
OecnuIOTHOE BOJHOE TPAaHCIOPTHOE CPEACTBO
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IUIT  DKOJIOTHYECKOTO MOHHTOpHHTa BOIEI [10].
JlaHHOE  TpaHCHOPTHOE  CPEICTBO, UCIOIB3YS
SHEPTUI0 COJHIA W BETpa, CIIOCOOHO aBTOHOMHO
paborate BILUIOTH 1m0 10 Mecsmes, mepemaBas U
npuHUMas WH(QOPMALMIO C TOMOIIBK  Pajauo-
nepeaaTynKa.

[Ipennaraempiii MPOEKT OYAET BBIOJIHATH P
3ajad.

1. Onpenenenne MHKPOYACTHI] B OOJBIIOM
00bEME  BOJBI, 3HAYUTENBHO  IPEBBIIAIONIEM
pa3MEpPbl 4acTHUll, KOTOPLIC HAXOAATCA B IUAIIA30HC
0,5-5 mm.

2. Unentudukanus MUKpOYACTUL OTUITHIICHA
B BOJIHOM cpeJie.

3. OnpeneneHne 4acTHIl B PEKUME PEATBLHOTO
BpPEMCHHU.

VYkazanHple 3amaun  OyIyT pemaThcs —clie-
nytoumM obpasom. Ilpu jABMXKEHHMH KaTepa IO
BOIIHOf/i IMOBECPXHOCTU TMPOUCXOAUT IIOCTYIIJICHUEC
MMOTOKAa BOJBI B H3MEPUTEIBHYI TpyOy, T/Ie
MPOUCXOAUT CKOIUICHUC MHUKPOYACTULl B IICHT-
paJbHOM dYacTH TOTOKa 3a CUYET HWCIOJIH30BAHHUS
sddexkra  3aKpyuuMBaHUS ~ TIOTOKA  JKUJKOCTH
B TpyOe IllayOeprepa. Jlanee ja3epHoe U3IydeHHE
C BBIOpaHHOW JTMHOW BOJIHBI M3JIy4€HHUS, TI03-
BOJIAOLICTO I/II[GHTI/I(bI/IHI/IpOBaTI) MHKPOYaCTHUIIbI
M0 CIEKTPAIbHOMY TIOTJIOIIEHUIO TOJUATHJICHA,
30HIUPYET HEHTPAJIBbHYIO YacTb MOTOKA KHIKOCTH.
dukcanusg HaJaU4Usl 4YacTUI[ B HCCIEIOBAHHOM
MMOTOKE TPOUCXOJAUT B  PEKHME PeaTbHOTro
Bpemenu [11].

Ha pucynke 1 mpencraBieHa KOHCTPYKITHS
TpyOn1 Ilaybeprepa [12] ¢ ABYXHNOTOYHBIM CHH-
pajJ€BUAHBIM TCUCHHUCM.

Pucynok 1 — Koncrpykuus c

TpyOBI
JIBYXIIOTOYHBIM CIIMUPAJICBUIHBIM TEUCHUEM

[TayGeprepa

Figure 1 — Construction of a Schauberger tube with a
two-flow spiral flow

B nmammoit TpyOe ecTh cHermuanbHONW (OPMBI
JIONACcTH, KOTOpbIC pa3ieisIFoT BOJHBIA  TTOTOK.
[epudepuveckne BoAHbIE MacChl UAYT MO LEHTPO-
0CKHOMY IyTH, B TO BpeMsl KaK IEHTPAIbHBIN TO-
TOK  BOJBI  TIPOXOJHUT  IEHTPOCTPEMHUTEIHLHBIN
myTh. Tema, Haxomsmmecs B Tpyoe lllaybeprepa,
oOjamaroniye TIJIOTHOCTBIO HECKONBKO —OOJbIme
IUIOTHOCTH  BOJBI W HEOOJIBIIMX  Pa3MEpOB,
nepeMerIaroTcs B 1eHTp [12].

Tak KaK IIOTHOCTH mosmdTiieHa (1125 kr/m’)
Oompire muoTHOCTH Mopckod Boasr (1030 Kr/M),
TO TpH MPOXOXKJCHUU uepe3 TpyOy Illaybeprepa

YaCTHIBl  TOJMATHICHA OyIyT  CKaIlUTMBAThCS
B IieHTpe TpyOsI [ 13, 14].
TpyOy IllaybOeprepa MOXHO pa3MeCTHTh

BHYTPU M3MEPHUTEJIBHOW TpyObI, Yepe3 KOTOPYIO
MIPOXOSIT TIOTOKU BOABI (PUCYHOK 2). B nmeBoit yac-
TH ToBepxHocTH TpyObl Illaybeprepa HeoOxomau-
MO ClieaTh OTBEPCTUSI TUAMETPOM 5 MM C ILAroMm
B 10 MM. OT0 HEOOXOAMMO ISl TOTO, UTOOBI B TPYOy
MOIIa/1aJTM TOJIBKO YACTHLBI PA3MEPOM MEHEE 5 MM.

2 1
F— S
e A
T/ 7 i
R
Direction of !
liquid flow
B0
Pucynok 2 — Pacnonoxxenune TpyOBI [MayGeprepa

BHYTPH M3MEpHUTEIbHOU TpyOhl: 1 — TpyOa Illaybeprepa;
2 — BTyJIKa ¢ ONTHYECKOHN cucTEMOM

Figure 2 — Location of the Schauberger tube inside the
measuring tube: 1 — Schauberger tube; 2 — bushing with
optical system

C momompro TpyOwr Illaybeprepa co3maercs
pasJeneHue  TOTOKOB — BOJBI, B pe3yJbTaTe
9ero YacTHIBl IOJMITHIEHa OyIyT IBHIaThCS
B IICHTPAJIBHOM ITOTOKE M HPOXOAUTH Yepe3 BTYJIKY
C OIITHYECKOH cuCcTeMOM (PUCYHOK 2).

Ha pucynke 3 mpuBeneHa CTpyKTypHas cxema
YCTaHOBKH JUIsl JIa3€pPHOTO 30HIMPOBAHUS BOJTHOM
CpeIbl.

YcranoBka coxepxur TpyOy IllayOeprepa,
B KOTOPOW HaxXOAATCS Iepenaromas W NpHEMHas
YacTH JIEKTPOHHO-ONTHYECKONW CXEMbl yCTaHOBKHU,
aTakke ONOK THUTaHUS W ymnpasieHus 12.
[lepenaromast 4vacTh comepkuT Jazep 1, Oiox
CIIO)KEHHSI HMMITYJIbCOB 2, ONTHYECKUH pa3BETBU-
TeJb 3, KOTOPBIH pa3aenseT U3IyueHHe, BEICTpanBast

109



Tpubopwvr u memoowl usmepeHul
2023.—T. 14, Ne 2. — C. 106-114
B.A. Anexcees u op.

Devices and Methods of Measurements
2023, vol. 14, no. 2, pp. 106—114
B.A. Anexceeg u Op.

€ro B II0JIOCY, M HampaBiseT H3JIyuYeHUE B
KOJUIMMUpYIoLIyto cucteMy 4. Komnmumarop ymeHsb-
maeT  pacXoJUMOCTh  JIa3€pPHOI0  M3IY4YECHMS,
oOecrieunBasi CKaHWPOBAHME BOJHOTO  IOTOKA.
Onrryeckoe M3Iy4YeHUE C IOMOIIBIO OJIOKa W3-
yaresnel 5 30HaupyeT BonHYIO0 cpeny 6. MzmyueHue
Ja3epa, KOTOpoe He ObIJIO TMOIVIOMIEHO BOJOH U
MUKpOYACTHUIIAMH, TIOMaJaeT dYepe3 NPUEMHYIO
cucreMy 7 Ha QoTonpuEéMHBI OMOK 8 W nanee
Ha ycuiIuTenb 9. YCUIeHHBIH CHUrHAl MOCTYIAeT
B Onok oOpabortku 10 u jaiee B paguoriepe-
maruwk 11. [lo kxaHaiy paguiocBS3W TONYyYEHHBIE
JaHHbIE TIOCTYHAlOT B  LEHTP  YIPAaBJICHUS
OeCIMIIOTHBIM CYJHOM, @8 IMEHHO, B IPUEMHYIO CTaH-
LMI0, KOTOpast B CBOIO Ouepe/lb MepeaaeT CHUrHall
B [IEPCOHAJIbHBIN KoMIbroTep. Komnbrorep, ucnomb-
3ys CIelMajbHOE IPOrpaMMHOE OOecIeueHue,
onpeneseT HaJlu4dhe WIA OTCYTCTBHE IOJUAITH-
JieHa B CKaHMPOBAaHHOM 0ONAcTH BOXHOW CpEIbI.
B pesynprare omeparop Ha OCHOBE ITOJYYEHHOM
nH(pOpMAIMF KOHTPOJIHPYET pabOTy YCTAaHOBKH H
3arpsI3HEHHOCTh MUKPOIUIACTUKOM BOAHOM CpeJibl.

11 10

Pucynok 3 — CtpykTypHasi cxema yCTaHOBKH: | — masep;
2 — OJI0K MMIYJBCOB,  BKIFOYAIOIITHIA
ceOs CpeACTBO KOJIBLICBOW  ONTHYCCKOM
KOMMYTHpYIOIIee YCTPOKCTBO, (okycupyoIyro
CHUCTEMy,  CYCTYMK  WMIYJIbCOB; 3 — ONTHYCCKHHA
pa3BeTBUTEND; 4 — KOJUIMMUPYIOIIAasi CHCTeMa; 5 — OJIOK
u3nyyaTeneil; 6 — BoHas cpea; 7 — MpUeMHasi CUCTEMA,;
8 — hboronpuémublii  Omok; 9 — ycmmurens, 10 — 6ok
o0pabotku; 11 — paguonepenatdnk; 12 — OJIOK MUTAHHS
Y yIIpaBJICHUS

CIIOXKCHUA B

3aJePAKKH,

Figure 3 — Structural scheme of setup: 1 — laser; 2 — beam
combining unit, including a means of ring optical delay
device, commutating device, focusing system, pulse
counter; 3 —optical splitter; 4 — collimating system;
5 —radiation unit; 6 — water environment; 7 — receiving
system; 8 — optical receiver unit; 11 —radio transceiver;
12 — power supply and control unit

Ouxcanust ¥ WACHTU(PUKAUS MHUKPOYACTHIL
B BBIICICHHOM O0O0BEME BOIBI, OIPEACIIEMOM
pa3MepaMiu BTYJIKH B OCHOBHOM TpyOe MOTOKa BOJIBI,
TpeOyeT pemeHus psaja mpoodaeM.

Bo-mepBhIX, 3TO BBIOOp JUIMHBI ~ BOJHBI
30HAMPOBAHMSA HCCIEAYEMOro O0bEMa BOTHOU
cpenbl. AHamM3 CIEKTpa MHKpPOIUIACTHKA U3
MONMATUJICHA MOKa3all, YTO PE3KOe IOTJIOLICHUE
M3ITy4eHUs] TPOMCXOTUT B JWANa3oHe JUIMH BOJIH
3,0-3,5MkM, a TouHee B OOJacCTH IBYX ITHKOB
B CHEKTPE TIOTJIOMICHUS W3ITyYCHUS TIOTUITHIIC-
HOM (3,426 1 3,507 mxm). [Ipu 3TOM Ha 3THX JJIMHAX
BOJIH KO3(DHUIMEHT TMOTJIOUICHUS  U3ITYYCHHS
Bomoit meHee 40 %, a KOX(PUIMEHT MOTIONICHUS
ONTHYECKOTO  WM3IY4YCHHUS  TOJUATIICHOM  Ha
YKa3aHHBIX JJIUHaX BOJMH cocTtaBuger 80 w
90 mpouenToB cooTBeTcTBeHHO [13—-17]. Cneno-
BaTeIbHO, TIPU  30HIUPOBAHUHM  UMITYJIbCAMHU
JA3epPHOTO W3IIyYEeHUS B OTOM JHAra3oHe [JIHH
BOJH C AaMIUIMTYJOH, MPEBBILAOIEH [OpOr
pacro3HaBaHUs, BO3MOXHA (UKCAIUS  MHKPO-
IJIACTUKAa B MOTOKE KUAKOCTH, ABMXKYLICHCS
o TpyOe. YuuThiBasg pa3Mepsl OJ0Ka H3Iydarenei
u (oTonpuéMHOro 0JI0Ka, TUAMETP TPYObl MOXKET
ObiTh  Okono 40 MMm. B kauecTBe wMCTOYHUMKA
M3IIy4eHHUs] MOXKHO Hcmoib3oBaTh DFB nmaszepusbrit
JMOJ] C JJIMHAMH BOJH OJHM3KUMH K YyKa3aHHBIM
MUKaM B CIIEKTpE TIOTJIOMIEHUS TOJMITHIEHA H
BBIXOHOW MOIIHOCTRIO 1 MBT.

Bo-BTOpBIX, B MajioM 00BEME BOJIBI BO BTYIIKE
BO3MOXKHO TIOSIBJICHHE OJHOBPEMEHHO HECKOJIBKUX
MMKPOYACTUI] HA OJHOM YCJIOBHO JIMHUHU JIJIMHOMN

5-10 mm.  IlepexpriTHe  HECKOJBKHX  YaCTHI]
B HANpaBJICHUX Ty4Ka U3TY4YEHUs, a TAK)KE MIOBOPOT
qacTulbl pebpoM He OyayT 3adUKCHPOBaHHI,

HO BEPOSATHOCTb TAKUX IOJOXEHUH MHUKPOUYACTHUIL
Mana. [lng ¢uxcanum HECKOJIBKHUX YACTHIl TIPea-
JIOKEHO MCIIOJIb30BaTh MO3aWYHbINH (POTONPUEMHHUK,
coJieprKalliiii OKOJIO JAECATH YYBCTBUTEJBHBIX IJIO-
IaJ0K, PACIOJIOKEHHBIX B JIMHEWKY, pa3MepoM
okomo 10 mMM. DTO TIO3BOISIET OTHOBPEMEHHO
q)HKCHpOBaTB OKOJIO JCCATKa MUKPOYACTHII.
Co CcTOpOHBI U3TydyaTedsl YCTAHOBICH DJICMEHT
(hopMHUPOBaHUSI U3TYUYEHHS B CBETOBYIO IJIOCKOCTD,
NEPIEHANKYISPHYIO K IOTOKY AUAKOCTH BO BTYJIKE.

Kpome Ttoro, omgHol w3 mpobieM peanu3aiiuu
MpoekTa SBJIseTcd CO3JaHHE pEeKuMa  dHep-
rocoepexenuss mnpu pabore MuKpokarepa. llpm
STOM HauOONbBIINE 3aTpaThl DSHEPTHUM HIYT Ha
paboTy mBWraTens KaTepa W Jiazepa, HEMPEPHIBHO
TeHEPUPYIOIIETO M3JIyYeHUEe I 30HAMPOBAHUS
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MMOTOKA BOJIBI JUISA BBISIBICHUS MHKPOYACTHI] TIJIaC-
TUKa. BBIOOp PKOHOMUYHOTO JBUTATENS BO3MOXKEH
IpUd  HCHOJB30BAHUU  HUMITYJIBCHBIX  MHKPO-
ILBHFHTCHGI\/'I. ODKOHOMMSI OHCPruv Ha MUTAHUC JIa3€pa
BO3MOYKHa IIpU HMCIIOJIB30BaHUKU CHUCTEM HAKOII-
JICHUS DJSHEPrurv HUMITYJIBCOB HU3JIYYCHUSA C IIPpHUME-
HEHUEM KOJBIIEBOW JIMHWUU 3a/IeP)KKH Ha OITO-
BoJiokHe [18, 19]. [lelicTBue Takux mNpeasiaraeMbIxX
YCTPOUCTB 3aKIIIOYAETCS B CUHXPOHHOM CJIOKCHUU
HECKOJIbKUX JIa3€PHBIX HMITYJILCOB, MOCTYIAIOMIUX
MOCNIEIOBATEIbHO Ha BXOJ KOJBLEBOH JIMHUU
3a/Iep’KKH, 0e3 yBeNWYeHHs] 3HEPTronoTpeOIeHus
nazepa. Ilpy 53TOM MydoK, LUPKYJIUPYIOLIUN
B KOJIbIIe, HAKaIUTMBAaeT B ce0e 3a CUET CIIOKEHUs
SHEPTHI0 U3IYUYCHHSI C KaXIBIM 00XO0JIOM I10 JTMHHUU
3amepkKu. B cuctemMe mMpoucXOoAuT CyMMHPOBAHUE
JIa3€PHBIX MMITYJILCOB, IMPU 3TOM JIMHUA 3aJCPIKKH
obecrieunBaeT  CHHXPOHHU3ALMIO  TMPEABIIYIIETO
UMITYJIbCa C TOCIEAYIONINM, TOCTYMAOMUM B Heé
OT JIa3€PHOTO UCTOYHHKA.

B manno#i paboTe mpemiaraeTcs UCIIOIb30BaTh
B CcOCTaBe pa3padaThlBaeMOro MHKpPOKaTepa CHC-
TEeMy, COJEpPIKAIyI0 HECKOIBKO KOJBIEBHIX JTMHUM
3aJIep)KKHA, TaK KaK pacyeThl MOKa3bIBAIOT, YTO
npuMeHeHue 2-3 Kojel] 3aJepKKW  MO3BOJUT
MOMHATH  DHEPTUI0  UMIYJIbCa  30HAMPOBAHUS
b6onee wem B 10 pa3 0e3 yBeawueHWS DHEPTUU
MMUTaHMS, TMOTPEOIIEMO HMCTOYHUKOM JIa3epHOTO
m3nydenus [18]. JlaHHBIC TUHUY 3a7€PKKHU JTOIDKHBI
OBITh M3TOTOBJICHBI W3 BOJIOKOHHBIX CBETOBOJIOB,
MPO3pAYHbIX IS JIA3€PHOTO W3IydeHWs Ha JJIH-
HE BOJHBI OKoJlo 3,5 MkM. B kadectBe HHUX
MOJKHO WCIIOJIb30BaTh, HANpPUMEp, ONTOBOJOKHA,
puBeIeHHBIC B padote [20].

[Ipemmaraemas cucTeMa, TIO3BOJISIOIIAS
MOBBICUTh MOITHOCTh 30HAHMPYIOMIETO H3ITYYCHHUS
npu COXpaHEHUH sHepronoTpedIeHns Ha
MpEe’)KHEM YpOBHE, IIpE/ICTaBIeHAa Ha PHUCYHKE 4.
OHa COCTOMT W3 3aJafoOIIero IepecTPanBacMoro
reHeparopa MpPSMOYTOJIBHBIX WMIYIHCOB 1, HM-
MyJIBCHOTO JIa3epa 2 W HECKOJbKWUX 3BEHBEB, COE-
MUHEHHBIX TIOCJE0BATENIbHO. 3BEHBS COMEpIKaT
CpPEJICTBO  KOJBIEBOM ONTHYECKON 3aJEpiKKH 3,
KOMMYTHUPYIOILIEE YCTPOMCTBO 4 M CUETUHUK HM-
MyJIbCOB 6, COEIMHEHHBIN C YNPABISIOLIUM BXOA0M
KOMMYTHPYIOILErO ycTpoiicTsa 4. Beixoz 3anarone-
ro reseparopa 1 coequHEH yepe3 CUETUMK UMITYIIb-
COB 6 C YIPaBISIOUINM BXOIOM KOMMYTHPYIOIIETO
ycTpoiicTBa 4 KaxJI0ro u3 3BeHbeB. bioku 2, 3, 4
ONTHYECKN CBSI3aHBI MEXAy Co0o0W. MmmynbcHBIN
Jazep 2 COEOUMHEH €O CpeACTBOM 3  KOJIbIEBOU
ONTUYECKOW  3aZep>KKW  repBoro [/  3BeHa.

KommyTtupyromee ycTpoictBO 4  NpeablAyLIEro
3B€HA CBA3AHO CO CpEACTBOM 3  KOJIbIIEBOM
ONITUYECKON 3aJIepKKH CIEAYIONIETO 32 HAM 3BEHA.
KonmuectBO  3BEeHBEB  HMCTOYHHKA  HM3IYUYCHUS
ompeseNnsieTcss 3aTyXaHHeM OINTHYECKOTO CHTHAa,
MUPKYIUPYIOMIETO TIO KOJBIIEBON JIMHUM 3a/ICPIKKH.
Ilociennee k 3BeHO COEAMHEHO C (OKYyCHUpYIOIIEeH
cucTeMoii 5.

11 3BeHO
1T element

I 3BeHO
I element

Beixox 3

CHUCTEMBbI

System
output

111 3BeHO
11T element

k 3BeHO
k element

Pucynok 4 — Cxema HCTOYHUKA UMITYJILCHOTO JIA3€PHOTO
u3MydeHus: 1 —3anarouii reHepaTop; 2 — UMIYJIbCHBIH
naszep; 3 — CpeACTBO KOJbLIEBOM ONTHYECKOH 3alepiKKH;
4 — KOMMYTHPYIOIIIEE YCTPOKMCTBO; 5 — (hoKycupyromias
cucTteMa; 6 — CYETINK UMITYIIHCOB

Figure 4 — Diagram of a pulsed laser radiation source:
1 — master generator; 2 —pulsed laser; 3 —ring optical
delay device; 4 — commutating device; 5 — focusing sys-
tem; 6 — pulse counter

VICTOYHMK HMMITYJIIBCHOTO JIa3€pHOTO  H3IIyye-
HUsL paboTraeT cieayommM o0pazoM. Mmmysbebl
C 3aJaloliero reHeparopa 1 MOCTYyHalOT Ha BXOA
UMITyJbCHOTO Jazepa 2. MMmyabchl OnTHYECKOro
U3Iy4eHUsl ¢ Ja3zepa 2 4epe3 3agaHHblid nepuon T
MOCTYIAIOT Ha CPEACTBO KOJBLIEBOW ONTHYECKOH
3aaepxku 3 nepBoro / 3seHa. MiMmysnsc onTH4ecKoro
W3JTy4eHUs] [UPKYJIUPYET O KOJbIy ONTOBOJIOKHA
JO MOMEHTa TOCTYIUICHHS B JIMHHUIO 3aCPKKU
HOBOT'O UMITyJIbCa OT Jla3epa, ¥ LUK MPOAOIHKACTCS
O OmpenenéHHOro KoJndecTtBa 0OOOpPOTOB NV,
3aBHUCSIIETO OT JOMYCTHMOTO 3aTyXaHUsl B JIMHUU
3aaepKkH. [Ipy 3TOM ¢ BbIXOza CUETUMKA UMITYIBCOB
6, HacTpoeHHOTO Ha yacToTy (1/7), Ha yrpaBISroIni
BXOJ] KOMMYTHUPYIOILIETO yCTPOHCTBa 4 MOCTYMaIOT
IEKTPUYECKUE UMITYIIBCHI C YacTOTOM B NV, pa3 MEHb-
me 4yactorel (1/7) mMmmynbcoB, BbIpabaThIBAEMOMN
3agaromuM renepatopoMm 1. Ilpm mocrymnnenuun
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JJIEKTPUYECKOr0 HMITyJIbca €O cuéTynka 6 Ha
YHPaBJIAIOMNNA BX0J KOMMYTHPYIOLIETO YCTPOHCT-
Ba 4, KOMMYTHpPYIOLIEE yCTPOMCTBO MEPEKITIOYAET
KaHaJl [HPKYISIIUA ONTUYECKOTO H3JIy4eHHUs IO
KOJIBIIEBOM ONTHYECKOM 3a7epkKKe 3 Ha BBIXOA
KOMMYTHPYIOIIETO YCTPOUCTBa 4, TIe GopMUpyeTCs
HMITYJIbC ONTHYECKOTO M3IIyUEHHUs C aMIUIUTYNOMH,
paBHOM CyMM€ HMHTEHCHUBHOCTEH  HMITYJIbECOB
Ja3€pHOTO W3IY4YEeHHs, TOCTYNMBIIMX Ha BXOJ
CPEICTBAa KOJBLEBOW ONTHYECKOM 3aJepKKH 3a
nepuon N7, ompexnensieMblii MEPUOAOM CIENOBA-
HUSl UMITYJIbCOB €O cueTdrka 6. Jlanee ycCuiIeHHBIH
ONTHUYECKUH HMIIYJbCHBI CUTHaJI C BbIXOJA
KOMMYTHPYIOILIETo yCTpoicTBa 4 mepBoro / 3BeHa
HCTOYHHMKA W3IYy4YEHHs] IOCTYNAeT Ha CPEICTBO
KOJIBIIEBOW ONTHYECKON 3a/Iep’KKu 3 BTOporo // 3Be-
Ha UCTOYHHUKA M3IYyYEHHs M MOCJE 3aJaHHOIO YHC-
Ja UUPKYISAnuid N, N0 JTUHUM 3aJEp:KKH, OIpese-
JSIEMOT0 CYETYMKOM 6, HACTPOEHHOTO Ha 4YacTOTY
(1/ Ny-T), Broporo /I 3BeHa NCTOYHHKA HU3TyUCHUS,
MOCTYyMaeT Ha BXOJ KOMMYTHPYIOILIETO0 YCTpPOMCT-
Ba 4 Broporo [/ 3BeHa WCTOYHUKA H3IYUCHHUS.
C BbBIXOZa KOMMYTHPYIOLIETo ycTpoWcTBa 4
YCUJICHHBI ONTHYECKUH CHUTHAJI IIOCTYNaeT Ha
JJIIEMEHTHI B TpeTbeM [I] 3BE€HEe UCTOYHMKA U3Iyde-
HUS. AHAJOTHYHBIM TpoliecC YCHJIEHHS OINTHYEC-
KOTO HMITyJbCHOTO CHUTHajla TPOHUCXOOUT U
B clenymommx 3BeHbsx [l — k. B mocnemnem k
3BeHE CUETUMK MMITYJIbCOB O HACTPOEH Ha YacTOTy
(I/N; N, ... N, T). Ha BbIXOi€é KOMMYTHPYIOILETO
yCTpOMCTBAa TOCHEAHEro k 3BE€Ha YCWIEHHBIH B
pe3yabpraTte CHHXPOHHOTO CIIOKEHHS HMITYJIBCOB
na3epHbIl Ty4oK (oxycupyercst (POoKycHpyromei
cucremoit 5. Ilpu »3TOM dUacrtoTra cClleIOBaHUS
UMITyJIbCOB Ha BBIXOJE YCTpOWCTBa OyleT B
N, N, ... N, pa3 Hmxe dactotrsl (1/7) u3mydaembIx
J1a3€POM UCXOTHBIX UMITYJIHCOB.

B pesynbrare Ha BBIXOJE MPEATIOKEHHOTO
yCTpOHCTBa 00pa3yercss HMIYIbCHOE JIa3epHOe
U3Ty4YeHHe, 3HAYUTEIbHO IPEBOCXOJAINEe 110
WHTEHCHBHOCTH MMITYJbCHl Ha BBIXOJE TepBoro [
3BeHa MCTOYHHUKA JIA3€PHOTO HU3IY4YEHHS M HCXOJ-
HBIX UMITYJIbCOB M3JTyUEHHS Ja3epa 2.

Jnsa  perucrparuu W3y YESHHUS nociie
MIPOXOKJIEHUST TIOTOKa BOABI B JHama3oHe 00-
gee 3 MKM MOXHO HCIOJIB30BaTh (HOTOAMUOIbI,
paboraromue B Iuama3oHe JUIMH BOMH  3,2—
3,5mMkm [21]. VYmpaBieHue KarepoM MPOUCXOAUT
M0 paJMOCBA3M, MapUIPyT JBHKEHHUA CO31aéTcs
C TIOMOIIBIO KOMITBIOTEPA, HAXOSAIIETOCs B LEHTPE
ynpasnenus Ha Oepery. [1o aToil cBs3M mepeaaroTcs
nanHele 0 (ukcanmmu MuKpodacTull. OCHOBHBIM

MoKaszarejieM, MOJydaeMbIM TIpU OOHapyKeHHH
YaCTHIIl, SABJISAETCS OTHOIICHHE KOJNYECTBAa YACTHII
K 00BEMY BOIBI, TPOIIEANICH 3a OmpeesieHHOe
Bpemsi uepe3 TpyOy wuccienoBanus Boabl. [lpu
JBIDKEHUU Karepa BOJb YCIOBHOW JMHHH Kypca
JBIDKEHUS Karepa OyleT MOoIydeHa XapaKTepUCTHKA
pacnpeniesieHds 4acTuil 1o 3Tod JnuHuu. [lpu
0oOHapy)XeHWM CKOIUIGHWS  YacTHUIl  BO3MOYKHO
OCYIIECTBUTh yIpaBisieMOe JABIKEHHE Karepa,
OCYUIECTBIISISI CKAHMPOBAHNE OMPEIENIEHHOTO MeCcTa
aKBaTOPHH BOOEMA. DTO TIO3BOJHT CTPOUTH KapTHI
MATEH CKOIICHWSI MHUKPOYACTHI[ B HCCIEIyeMOH
AKBaTOPHH.

3akarouyeHue

HOHyI{CHO peUiCHUeC Mo CO3JaHNK0 aBTOHOMHO-
ro MHUKpOKaTepa C JIa3€pHbIM YCTPOP’ICTBOM JJIsL
OIICHKHU 3arpsA3HCHUA MUKPOIIJIACTUKOM aKBATOPHUU
BO,Z[OéMOB I UCCIICAOBAHUSA aKBATOPUH KPYITHBIX

BO,Z[OéMOB Ha 3arps3HCHUS MHKpOYaCTULIAMU
I1aCTHUKa.
HpI/I OTOM  NIPCJIOKCHO  PCHICHUC  ABYX

OCHOBHBIX 33/1a4: O0HapyKEHUE MHUKPOUYACTHIL I10-
JIUATUIICHA B TOJIIE BOIHOW Cpeabl U SKOHOMHOE
[0 PHEPruH, 3aTpaurBacMO€ Ha MHUTAHHE Jia3epa.
JlazepHoe 30HAUpPOBAHME CpEObl MPOU3BOIUTCSA
HUMITyJIbCaAMH, KOTOpPBIE IOJYyYEHBI B pe3yJbTaTe
CIIOXEHUSl TAYKU HMIIYJIbCOB MPU YMEHBIICHUH
4acTOTHl TTOBTOPEHUS UMIYJIbCOB 0€3 yBEINYCHHUS
SHEPI'UH MUTAHUS Ja3epa (ITACCUBHBIA METO]).

IlepBas 3aj1a4a penieHa, Onaromapst
ucnonp3oBaHuo TpyOer lllayGeprepa, kotopas
obecrieunBaeT CKOIUICHHE MHKPOYACTHI] TUIACTUKA
B IIEHTPE MCCIEAYyEeMOro IOTOKa BOJIHON Cpeabl
U CBOMCTBA MOJIUATUIICHA, Y KOTOPOrO MUK IIOT-
JIOIIEHUS J1a3€PHOr0 U3IMYyYEHUS Ha JJIMHE BOJHBI
O0KOJIO 3,5 MKM Ha HOPSAOK MPEBBIIIACT MOTJIOLIEe-
HHE BOJOM Ha STOH JJIMHE BOJIHEI.

Bropas 3amaua pemiena 3a cu4éT MpUMEHEHUS
CXEMbl YBEIMYEHMSI DHEPruM UMIyJbca W3-
Jy4eHUs C MCIOJIb30BAHUEM ONTOBOJIOKOHHOU
JUHUU 33ePKKH, 4YTO TIO3BOJISIET HA MOPSIOK
CHU3UTH JHEPro3arparbl Ha I'€HEPALUIO JIA3epHOTO
n3nydeHus. O0e 3a/jauu MOATBEPKICHBI TaTeHTa-
MU Ha U300pETeHHE U TIOJIE3HYI0 MOJIEIb.

Pemenne yka3zaHHBIX JABYX 3ajad oOecreuu-
BaeT CO3JaHUE MUKpOKaTepa Hjsi HCCIea0Ba-

HUS  aKBaTOPMM  BOJOEMOB HA  3arpsA3HEHHsA
MUKPOIIJIACTHKOM.
[lony4yenHsle  pe3ynpraTtsl  MOTYT  OBITbH

WCTIOJIB30BAaHBl MpU Pa3paboTKe HAy4HOTo 00OopY-
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IIpuMmeHeHnune MeToaa IMPPAKIUUA PEHTTEHOBCKUX JIy4ei
JJISl M3YYCHUS] HANIPSIZKEHHOT0 COCTOSTHUS MOBEPXHOCTH
MeTAJLJIa [PU CTATHYECKOM U YIAaPHOM Ae(pOpMUPOBAHUU

ALIlL erHbl, M.H. I[e.ﬂennmcz, 0O.B. Mauyﬂennql, O.K. I‘yceBz, K.B. HaHTeﬂeeBz,
P.1. Bopobeii’

I . .
Hncmumym npuknaonou Qusuxu Hayuonanvnou akademuu nayk benapycu,
yi. Akademuueckas, 16, e. Munck 220012, berapyce
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W3yueHue mossi HANpsDKEHUH B TIACTUYECKOM OTIEYaTKe W BOKPYT HEro MMeeT OOJbIIoe MPUKIIa-
Hoe 3HauyeHwue. [Iporiecchl, TOJOOHBIC BJIABIMBAHHIO HWHJICHTOPA, HCIONB3YIOTCA MPH JPOOECTpyHHOM
00paboTKe JJIsl YHNPOYHEHHs TOBEPXHOCTH MATEPHANIOB W TCHEPAlMM CKUMAIONIUX HAMPSIKCHUN
B TIOBEPXHOCTHBIX cJ0sX. [[eipro paboThl SBISIIOCH M3ydeHHE M3MEHCHUs HanpsukEHHO-IEeOPMUPOBAH-
HOTO COCTOSIHMSI B O0OJACTH TUIACTHYECKOTO OTIMEYaTKa TPU YBEIMUCHHH HATPYy3KH, MPU MEPexoje
oT MajbiX jgedopMmanuii K OONBIIMM, a TAaK)KE W3MCHCHHUS HANPSHKCHUS TMPH PA3IHUHBIX CKOPOCTSIX
nedopMarivm.

MetonoM TudpaKkiii PEHTT€HOBCKUX JTy4Yel N3yYeHO MOJIe OCTATOYHBIX HANMPSLKEHHUH, CreHepHUPOBaH-
HBIX Ha MOBEPXHOCTH TUIACTHYECKHU JIe(OPMUPOBAHHON 00NACTH — B 30HE OTIEYATKA, 00pa3yromerocs
MPU BAABIMBAHWUU B MeTalll chepuyeckoro WHACHTOpa. [IpoaHaTM3upOBaHO W3MEHEHUE paclpeeliCHHs
HANpSOKEHUH NP YBEIMYCHHHM HArpy3KH B JUana3oHe TIyOWH IiacTuueckoro otnedatka 10—-60 MM
JUIs cTaled W alOMUHHA. M3y4yeHO BIMSHUE CKOPOCTH HArpy)KEHUs, TPH HOPMAILHOM KOHTAKTe
COYapSIIONIMXCSI Tell, HA M3MECHCHNE 3HAYCHUN OCTATOYHBIX HampsbkeHuid. [lokasaHo, 4To pachpesencHue
HATPSOKEHUH MMEeT CIIOKHBIA XapakTep ¢ O0NAcTAMHU CXKATHS U PACTSHKCHUS METajia U ONpeeliseTcs
COOTHOIIICHUEM [TyOUHBI OTIIEYaTKa K ero JHaMeTpy.

[MonydyeHHbIE SKCIIEPUMEHTAIBHBIC JTAHHBIC MO3BOJISIOT OMPECTSATh BHIOOP ONTUMAIBHBIX PEKUMOB
npobecTpyiHOl 00pabOTKU, B TOM YHCIIE JIJIs TOBBIIICHHS TIPeieia BBIHOCITHBOCTH U3CITIHH.

KioueBble cioBa: ,Z[G(l)OpMaLII/IH, pacripeacjicHue MCEXaHUYCCKUX HaHpH)KGHHﬁ, CTaTUYCCKOEC ¢
AUHAMUYCCKOC NHACHTUPOBAHUC, }_II/I(l)paKL[I/ISI PCHTTCHOBCKUX queﬁ, MOBCPXHOCTH
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Abstract

Study of the stress field in a plastic imprint and around it is of great practical importance. Processes
similar to indentation are used in shot blasting to harden the surface of materials and generate compressive
stresses in the surface layers. The purpose of this work was to study the change in the stress-strain state in the
area of the plastic imprint with increasing load, in the transition from small to large deformations, as well as
to study the change in stress at different strain rates.

X-ray diffraction method was used to study the field of residual stresses generated on the surface of a
plastically deformed region — in the zone of an imprint formed when a spherical indenter is pressed into the
metal. An analysis of the change in the stress distribution with increasing load in the range of plastic imprint
depths of 10-60 um for steels and aluminum was made. Influence of the loading rate on the change in the
values of residual stresses under normal contact of colliding bodies was studied. It is shown that the stress
distribution has a complex character with areas of compression and tension of the metal and is determined
by the ratio of the indentation depth to its diameter.

The obtained experimental data make it possible to determine the choice of optimal modes of shot
blasting, including for increasing the endurance limit of products.

Keywords: deformation, mechanical stress distribution, static and dynamic indentation, X-ray diffraction,
surface
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BBenenue

N3yuenue nosst HapsHDKEHUM B INIACTUYECKOM
OTIIeYaTKe W BOKPYT HETo WMeeT OoIbIioe
MpHUKJIagHoe 3HadyeHwe. llpormecchl, mom0OHBIE
BIABIMBAaHUIO HHICHTOPA, HWCIHOIB3YIOTCS TIpU
npobecTpyiiHOl  00paboTKe JUIs  YNPOYHCHHS
MTOBEPXHOCTH MaTEPHAIIOB W T€HEPAITIH CKIMAFOTITIX
HaIpPsHKEHUH B MOBEPXHOCTHBIX c0AX [1 2].

DTO CcHocoOCTBYET TOBBIICHUIO TBEPAOCTU
W CHWXKEHHIO pHUCKa 0O0pa3oBaHMA TPEIIMH B
n3nenusax. B Toxe Bpems CyIIeCTBYIOT CHUTYaIlHUH,
KOTJ]a aHAJIOTUYHOE WHACHTHUPOBAHUIO BO3JICHCTBHE
MPOU3BOAMTCS CITyYaiHbIM 00pa3oM, HallpuMep, MpH
MHOTOKPAaTHOM yJlape TeCUaHbIX YacTHUIl O JIOTATKH
TypOHH, YTO BBI3BIBAET YCTAIIOCTHOE IOBPEKICHIE
noBepxHOCTH. [lpu 5TOM MOXKET HaOIOAATHCS
o0paTHOe  sIBJIICHHE npd  MHOTOKPAaTHOM
OUKITUYECKOM TIPHUJIOKEHWH  BBICOKOCKOPOCTHOM
Harpy3kd 3TO MOXKET MPUBECTH K Pa3yMpPOYHEHHUIO
MMOBEPXHOCTH W BO3HUKHOBEHHUIO YCTaJIOCTHBIX
TpeuuH. Kpome 3Toro, u3yueHue pacrpeneiaeHus
HaIPSOKEHUH B o0mactu TTACTUIECKOTO
oTIeyaTka BaXXHO MPH  pa3paboTKe METOAMK
OLIEHKM TPEIIMHOCTOMKOCTH C HCIOJIb30BAHUEM
CTaTHYECKOTO Y JMHAMHUYECKOTO MHICHTHUPOBAHMS.

B mnacrosimee Bpems cymiecTByeT psn pabot
0 M3YYCHHUIO HaNpsHKEHHO-1e(OPMHUPOBAHHOTO
COCTOSIHUSI B 00JIACTH TIACTUYECKOTO OTIIEYaTKa.
B  paborax [3-6] mpencraBieHa  oOmmMpHAas
nH(pOpMaIUs 10 paclpeeNICHHI0 HAIPSKEHUH,
onpeeNnEHHbIX METOAaMHU MOJIETUPOBAHUS,
a HMMEHHO METOJOM KOHEYHBIX JJIEMEHTOB.
WNwmeertcst psn myOnuKaruii, B KOTOPBIX TTPHBEICHBI
AKCIIEPUMEHTAIBHBIE CBEJICHUS, IIONyYeHHBIE C
MTOMOIIBIO PEHTICHOBCKUX AU(PPAKTOMETPOB [7].

OpHako, 3TH CBEJEHUS SBISIIOTCS (PparMeH-
TapHeIMH. B 93TOH CBs3M B HacTosmeld padore
MpoBeNEH PAJ HKCIEPUMEHTOB, ILIEIbI0 KOTOPBIX
SIBIISUIOCH M3YyYCHHE HM3MEHEHHs HampsDKEHHs Mpu
YBEIMYEHUH HArpy3KH, MPH Tepexoie OT MabIX
nedopmaryii K OONBIIAM, a TaKKe I Pa3InIHBIX
cKopocTell Aeopmanuu (CTaTUKa U THHAMUKA).

MatepuaJbl

Juis wccnenoBaHuil ObLIM B3SITBI O0Opasllbl U3
yTaepoancTol ctanu Y8 ¢ TBEpAOCThIO 1o bpunen-
mo 175 HB, u3 cramu 45 ¢ tBEépmoctrio 240 HB u
amoMuHueBoro crmasa J[16 ¢ teépnoctsio 42 HB.
Pasmeprer  o0pasmoB coctaBuimu  120x80x18 mm,
120x80%18 mm 1 70x70%20 MM COOTBETCTBEHHO.

Ilepen mnpoBenmeHmeM wu3MepeHUH 00pa3IbI
MpOIUTA  OTXKHUT JUIA CHATUS HANPSHKCHWA U
MOJIUPOBAIMCH IO IIEPOXOBATOCTH TOBEPXHOCTH
R,0,5. Ilocme »9TOro mNpOBOAMIOCH TpPABICHHUE
MOBEPXHOCTH d3JekTponutoM Trma K1 (ocHOBHOU
KOMIIOHEHT — TePXJIOpHas KHCIIOTa) MPOU3BOJCTBA
QATM.

IIpubGopsl U MeTOABI HCCJIEIOBAHUS

YnapHoe BAAaBIMBaHUE MPOU3BOAMIOCH C
noMompto npubopa WIIM, paspaboranHoro B
NII® HAH benapycu. Unaentop ObIT BBHIOTHEH
n3 kapOuma BosbPpama, AuamMeTp CHEepUIeCKOTO
HaKOHEYHHKa cocTaBisii 2,3 MM, a Macca 4,3T.
Pasron mHaeHTOpa NMPOU3BOAMIICS 1O/ JACHCTBUEM
cuiibl TsDKeCTH. 1Ipnbop mo3BosseT perucTpupoBaTh
MOJHBIM IMKJ HAarpy)KeHUsl MaTepuana OoT Hadajaa
KOHTaKTa MHJICHTOpa C MaTrepuajoM [0 BbIXOJa
U3 9TOro KoHTakTa. llpm »TOM QuKCHpYIOTCS
MTHOBEHHBIC 3HAYCHUSI CKOPOCTH, KOHTaKTHOTO
ycuius W mepemenieHus: Bo BpemeHu. [logpoGHoe
onuvcaHue npudopa MOKHO HalTH B [8, 9].

Cratudeckoe BIABIMBAHUE OCYIIECTBIIAIOCH
C TIOMOIIBIO YHUBEPCAJIbHONH  HUCHBITATEILHON
MamuHel TIME WDW. HWupenTop 3akperusics
Ha OAHOM w3 mauT (pucyHok la), mocie dero
MPOM3BOAMIIOCH HarpyskeHue. Vcrnonap30Banocs /iBa
HWHJIGHTOpA: OJIMH CTaHAAPTHBIA TBEPAOCIIABHOMN
mapuk auamerpoM D = 10 MM, HCTIONIb3yeMBIH TIpU
W3MEpeHnH TBepaocTh 1o bpuHen o, BTOpPOI —
WHAGHTOp nuameTpoM D =23 MM, KOTOpBIA
WCIONB30BAJICA TPU  YAAPHOM  BJIaBITUBAHUH.
[Ipy MHOCHTUPOBAHMU WHICHTOPOM JIHAMETPOM
D =23 MM Harpy3ka >MIOUPHUECKH ITOAOHUpaNach
TakuM o00pa3oM, dYTOOBI TJIyOWHAa OCTATOYHOTO
oTIIeYaTKa IPUMEPHO COBNAAaja INpH YyIape Hu
CTaTU4YECKOM Harpy>KeHHH.

Huamerp oOpasyromerocsi oTnedarka (pu-
CYHOK 1b) peructpupoBaics C IOMOIIbIO MeTal-
norpaduueckoro mukpockorna MU-1, mpousBomacT-
Ba «OnTosnekTponnsle cucremb» (bemapycs).
Uzmepenne rinyOuHbsl (mpoduisl) OCTaTOYHOTO
oTreyaTka MPOU3BOAMIIOCH C TIOMOILBIO JIA3€PHOIO
WU3MEpHUTENST PACCTOSIHUA, BXOJAILIEr0 B COCTaB
pentrenoBckoro audpaxromerpa GNR STRESS X
(Mtanust), KOTOpBIM Takke HCIHOIB30BANICA IPU
OIIGHKE CO3/]aBaeMbIX OCTATOYHBIX HaNpsKEHUH
Ha  TIOBEPXHOCTH  MeTayn-yia.  TexHudeckue
XapaKTePUCTUKH TUPpPAKTOMETpa TPEICTABICHEI
B Tabmuie 1.
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a

Yrusion

b

Pucynok 1 — VHaeHTHpOBaHUE MaTEPHAIIOB: ¢ — CXeMa Harpy»XeHHs; b — OTIeYaTOK Ha CTaln

Figure 1 — Indentation of materials: a — loading scheme;  — imprint on steel

XapakTepHCTHKH CKAHHPOBAHUS

Scan characteristics

Tabnuya 1/Table 1

[Tapamerpsl / Parameters

3nauenus / Values

PoGorusuposanslii ronnometp / Robotic Goniometer

Herexrop / Detector

ITnockocts / Plane

VYron mudpaxuuu / Diffraction angle

Juanaszon ckanupoBanus / Scan Range

[lar ckanupoBanwus / Scan step

Ocmnsaunu / Oscillations

[Iporpammupyemslii icu-ckan -45°/+45°
Programmable Psi-Scan -45°/+45°

MtuoromnonocHsiit Dectris Mythen
Multiband Dectris Mythen

Crais / Steel — {211}

Amomunuit / Aluminum — {311}

Craisb / Steel — 156°

Asmromunuii / Aluminum — 140°

Cranb / Steel — 152 °—160°

Anmromunnii / Aluminum — 136° — 144°
0,15°

20

Pe3yabTaTsl n3mepeHuni

Ha pucynke 15 mnokasaHbl XapakTe€pHbIE H300-
paKEHMS OTIEYATKOB, IOJyYCHHBIE C IOMOIIBIO
ONTHUYECKOTO0 MHKpOCKomna. BumHo o0pa3oBanue
HaBajla BOKPYI OTICIBbHBIX OTIEYaTKOB, KOTOPBII
MOYKHO TPOAaHAIM3UPOBATh HCXOMAS W3 JaHHBIX
MpPEACTaBICHHBIX HAa PHCYHKE 2, TOe IOKa3aHbl
00BbEMHBIC TPO(UIN OTIIEYATKOB. DTH Ke OTICUaT-
KA HCIIOJIb30BAIUCh B JIAIILHEHWINEM JUIs aHaln3a

(hopMHpYIOLIIMXCSI OCTATOYHBIX HAMpPSHKCHUH Ha
TUIACTUYECKH Ae()OPMUPOBAHHON MTOBEPXHOCTH.
Kak BumHO U3 pucyHKa2, Ui yAApHOrO
WH/IGHTUPOBAHUS CTald Y8 XapakTepHO HaJlMuue
HeOONBILIOr0 HaBaja IO KpasM oThnedaTka (pu-
CYHOK 2¢ ¥ d), KOTOpPBIH TMPaKTUYECKH HE3aMETEH
IPU CTAaTUYECKOM BJIaBJIMBAHUU (PUCYHOK 2a U b).
IIpu stom g JJ16T Takol HaBanm MpPaKTUYECKH
OTCYTCTBYET Kak M IUHAMHYECKOIo, TaKk H
CTaTHUYECKOT0 MHJCHTUPOBaHUS (PUCYHOK 2e, f, g, h).
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IIpustom, oTcunTHIBAEMAs OT UCXOAHON TOBEPXHOCTH
rryOnHa oTnedaTka, oOpasyromasics IMpH  yAape,
BO BCEX CiIydasiX MeEHbIIE, 4YeM IpH IUIABHOM
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BIABJIMBAHUM HHJICHTOpa (IPU HPUMEPHO PaBHOM
3HAQUYEHUH KOHTAKTHOI'O YCHJIMS, Pa3BUBAEMOM IIPH
YAAPHOM M CTaTUYECKOM MHACHTHPOBAHUH).
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PucyHnox 2 — O0bEMHBII TPOQHIH OTHEYATKOB, TOJYYSHHBIX IPU HHAEHTUpOBaHuu ctanu Y8 (a, b, ¢, d) u J116T (e, f,
g, h): 1 — cratndeckoe nHACHTHpOBaHKE; 11 — TMHAMITYECKOE BIABIUBAHHE

Figure 2 — Volumetric profile of indentations obtained during indentation of steel U8 (a, b, ¢, d) and D16T (e, f, g, h):

I — static indentation; I — dynamic indentation

JIist TMHAMUYECKOTO WHICHTHPOBAHUS CTaJH
Y8 passuBaemoe ycuime P coctaBuiio 18 m 34 H,
MpU 3TOM 00pa3oBaJiCs TIACTHYECKUH OTIEYaTOK
royounor h 10 m 19 mxm (pucyHok 2b, d),
IUIT  CTAaTUYECKOTO yemmme 15 mw 30 H
(pucyHoxk 2a, b), rmyouHa otreuatka 12 u 22 MkMm
COOTBETCTBEHHO. [IpM ymapHOM BIABIWBAHHUH
chepudeckoro HHJICHTOpPAa B  aIOMHHHCBBINA
cnnaB BeauunHa P Obuta 9 m 18 H, a & — 25,5
u 54 MKkM (pUCYHOK 2f, h), IS CTaTUYECKOTrO:
P — 8 u 19 H (pucynok 2a, b), h — 24 u 60 Mxm
COOTBETCTBCHHO (PUCYHOK 3e, g).

Hcmone3ys 3TH 1 Apyrue mapaMeTpsl OTIedar-
Ka, TIPEICTaBICHHBIC B TAOIHUIE 2, MOXXHO PacCcuu-
TaTh TBEPAOCTH MaTepuaa 1o mkaie bpunenis.
Kak Bumgao w3 Ttabmummel 2 Uid craad Y8
JIMHAMHYECKasi TBEPAOCTh MPEBBIIIAECT CTATUYECKYIO
~ 1,4 paza, 94TO COOTBETCTBYET HM3BECTHHIM MdaH-
HBIM, KaK 1 TOT (aKT, 94TO JJIs AIIOMHHHNS CTaTHYeC-
Kas W JWHAMAYecKas TBEPAOCTh TPAKTHYECKH
coBnanaroT. Kpome »Toro, msmepeHHas TBEPIOCTh
COOTBETCTBYET 3HAYEHHSIM, TIOJIYYCHHBIM TMIpH
MakpoucneTanusx. Kak Oblo ckazaHo paHee, oHa
coctaBigeT 175 emuHuI] g cTaaud U 42 e€IUHUIEI
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A AIIOMUHHCBOTO  CIIJIaBa. 210 IIOATBEPIK-
Ja€T BCPHOCTH BBIIIOJIHEHHBIX TI'€OMETPHUYCCKUX

H3MEpEeHU
OTIIEYaTKOB.

NpU  ONPENEICHUH  MMapaMeTpPOB

Tabauya 2/Table 2

OcHoBHBIE TapaMeTPbl 0TIEYaTKOB M pacyéTHasi TBEPAOCTH MaTepHuaJia Mo mkage bpuness

The main parameters of the prints and the calculated hardness of the material on the Brinell scale

JvnHaMuueckoe MHIEHTUPOBAHKUE

Cratnueckoe WHIACHTUPOBAHUC

Marepwan Dynamic indentation Static indentation
Material
P,H d, MKM HB, en P,H d, MKM HB, en
Crams V8 18 310 237 15 330 174
Steel U8 34 416 248 30 448 188
Cruas JI16 9 500 45 8 490 42
Alloy D16 18 704 46 19 760 41
W3mepeHne OCTaTOYHBIX HANPSDKEHUH Ipo- - _
BOJIMJIOCH BJIOJIb OcH X U Y (PUCYHOK 2) 110 1raMer- gu:;iiiﬂemﬁtg
py ornedartka. Mcmonb3oBanach METOAUKA, H3JI0- o
’KEHHas B eBporeiickoMm crangapre EN 15305:2008
«Non-destructive Testing — Test Method for Resid- Tnside the crater

ual Stress analysis by X-ray Diffractiony. Pexum
U3MepeHus — w, sHeprus uznydenus — 30 k3B, npu
KOTOpO# TiyOMHAa IPOHUKHOBEHHS B MaTepHal
ocTapisia mpuMepHo 15 MxMm. M3mepenus mpoBo-
JIUINCh NpHU yraax oT -45 po +45°, npu ocummis-
musx +2°. [pumep nudpakuuoHHOTO MUKa, MOTY-
YEeHHOTO BHYTPH OTII€YaTKa M B MECTE, HE MOABEPT-
nremMcs 1edopMaluy, HoKa3aH Ha PUCYHKeE 3.

Ha pucynkax 4 u 5 nmokaszaHn xapakTep U3MEHe-
HUSl HANPSDKCHWH BJIOJNb OCH X Uy — O, U O,
Ha pucyske 6 1 7 nokazaHo U3MEHEHUE HAMIPSKEHU I
OTHOCHUTENHHO NPO(UIIS HOBEPXHOCTH OTIICUATKA.
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Pucynok 3 — [Ipumep mudpakinoHHOTO TTHKA B pa3iInd-
HBIX TOYKaX o0pasiia: ¢ — B OTIIeYaTKe; b — BHE OTIIEYATKA

Figure 3 — An example of a diffraction peak at different
points of the sample: a —in the imprint; b — outside the
imprint
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PucyHnok 4 — I3MepeHHOE ¢ TOMOIIBI0 AN(GPAKTOMETpa pacHpeleNeHe G,, B OTIEUATKaxX, MOTyYCHHBIX IPH HHJCH-
TUPOBAHUM CTaNH (a, b, ¢, d) n amomunus (e, f, g, h): 1 — cratmueckoe nHneHTHpOBaHUE; [I — TMHAMIYECKOE BaBIMBaHIE

Figure 4 — Distribution of ¢, measured using a diffractometer in prints obtained by indenting steel («, b, ¢, d) and alu-

minum (e, f, g, h): I — static indentation; II — dynamic indentation
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Pucynoxk 5 — smepenHoe ¢ NOMOMIBIO M(PPAKTOMETPA PACTIPENIENEHHE G, B OTIEYATKAX, MONyUYEHHBIX TIPU UHJIEH-
TUPOBAHUH CTaNH (a, b, ¢, d) n amomunus (e, £, g, h): I — cratmueckoe nHaeHTHpOBaHKE; [I — TMHAMITYECKOE BaBIMBaHIE

Figure 5 — Distribution of ,, measured using a diffractometer in indentations obtained by indenting steel (, b, ¢, d) and
aluminum (e, f; g, h): I — static indentation; II — dynamic indentation
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Pucynok 6 — IIpodunpe ornevarka M pacnpesieneHHe HaNpsDKeHWH Uil ctann Y8: @ — CTaTHYecKoe BJIAaBIMBAHUE,

b — ynapHOoe HHJICHTHPOBAHHE

Figure 6 — Indentation profile and stress distribution for steel U8: a — static indentation; b — impact indentation

Bo Bcex ciyudasx, HpeICTaBICHHBIX Ha DPH-
CyHKax 6 W 7, COOTHOIIEHUE TIIyOMHBI OTIIeYaTKa
K ero nuamerpy h/d HaxoguTcs B Juana3oHe
0,032-0,078. B »9T0i#i cBsi3u OBUIM BBIIOJIHEHBI
SKCHEPUMEHThl 10  H3YYCHHIO  M3MEHEHHS

HampsDKeHW mpu Ooiee HU3KWMX Harpyskax. Kak
BHJIHO M3 PHUCYHKa &, TAe MpeicTaBieH Npoduib

O, M Oy, INPH YMEHBLICHAN COOTHOLICHNUS
h/d wampsokeHUsS B OTIIEYaTKE  CTAHOBATCS
pacTITUBaIONUMHU.
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Pucynox 7 — Ilpoduns ormewarka u pacnpenenenue HanpspbkeHui st J16T: a —cratudeckoe BiaBIMBaHHE,
b — ynapHOe UHJICHTUPOBAHKE

Figure 7 — Indentation profile and stress distribution for D16T: a — static indentation; b — impact indentation
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Pucynox 8 — Pacripenenenue HanpspKeHHU HAa TOBEPXHOCTH OTIEYaTKa B 3aBUCUMOCTH OT COOTHOMLICHUSI /i/d 11t cTanu
45 npu cTaTUYECKOM MHAEHTUPOBAHUYU UHAECHTOPOM AuameTpoM 10 MM

Figure 8 — Distribution of stresses on the imprint surface, depending on the ratio 4/d for steel 45 during static indenta-

tion with an indenter having diameter of 10 mm

OTOT (akT, OYEBHAHO, HEOOXOAMMO YUHTHI-
BaTh TIPH BBIOOpE IMapaMETPOB JPOOECTPYHHOMH

00paboTKw, MTOCKOJTBKY paCTITHBAIOIIIHC
HaNpsDKEHWsST MOTYT — BBI3BaTh  pPacTPECKHBAHUE
MOBEPXHOCTH Marepuaya, Tak K¢ Kak M Halluue
OKPYXHBIX  pPACTATHBAIONIMX  HANPSHKCHUH  Ha
Kpasix ~ orneyarka.  MOXXHO  MPE/IIOJIOKHTS,
YTO TIEPEXOJl HANPSHKEHHH OT COKUMAIOIUX K
pacTATUBAIOIIMM  TPOHMCXOJAMT B JHAaNa3oHe
h/d = 0,025-0,018.
3akiiloueHune

Paccmotpen MEXaHU3M (hopmupoBaHus

OCTAaTOYHBIX HaHpSI)KCHHfI Ha MNOBCPXHOCTH IJIAC-
THUYCCKOI'O0 OTII€4YaTKa M B npnnera}omeﬁ K HEMY
30HC IIPpU OJHOKPATHOM HArpy>XXCHHU Marcpuala.
HOKa3aHO, 4TO NpU CTATUYCCKOM U NUHAMUYCCKOM

-1
(co  ckopocteio  medopmammu o 107 ¢
MPUIOKEHUH HArpy3KW BEJIMYMHA HANPSIKCHUI
Opd  YCJIOBHU  CO3J[aHUSI  TPUMEPHO  PaBHBIX

JneopManiii pakKTHYECKH COBIAAET.
HabmromaeTcs 1OCTaTOYHO CIIOKHBINA XapakTep
W3MEHEHHUs]  HaIPSDKEHUH: TP COOTHOLIEHWH
rIyOMHBI /i TUIaCTUYECKOro OTIeYaTKa K €ro
muamerpy d Gonee 0,025 paamanbHble Hampsike-
HUS B OTIEYATKE M 3a €ro IpelesiaMu SIBIAIOTCA
CKMMAIOIUMHU C PE3KMM H3MEHEHHEM Ha Kpasx

oTIe4aTKka, OKPYXXHbIE HANpsHKeHWS  BHYTPHU
oTIeyaTka TNPEUMYIIECTBEHHO CXKHUMAIONMe U
MIEPEXO/IAT B PACTATHUBAIOIINE HA €TO KPasX.

Ipu h/d<0,025 paguanpHBIC HATPSHKCHUS
B IIEHTpE OTIeYaTKa MEePeXOsIT B PacTATHBAIOIINE,
a OCeBBbIE ABISAIOTCS PACTATHUBAIONINMH  Kak
B OTIIEYATKE TaK U 3a €T0 MpeIeTaMu.

ITonydyeHue MAaHHBIX COOTHOILEHMM Wrpaer
OOJTBIITYTO POITH TSI BEIOOPA ONITUMATEHBIX PEKUMOB
IpoOecTpyiHO 00paOOTKH U MOBHIMICHHS TIpeeIia
BBIHOCITMBOCTH M3/ICIIHIA.
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AHAJIU3 COCTOSHUS YIEKTPUYECKUX MAIIUH MYTEM
U3MEpPEeHHsI MEKBUTKOBOI0 CONMPOTHUBJICHUS B €r0 00MOTKAaX

A.B. Ucaes, 10.B. CyxonoJioB, K.A. JIrvnounckuii, A.W. I'oay6oBuy

Benopycckuil HayUOHAILHBI MEeXHUYECKULl YHUSEpCumen,
np-m Hezasucumocmu, 65, e. Munck 220013, Benapyco

Hocmynuna 07.04.2023
Hpunsama k neuamu 29.05.2023

[lpumeHsieMble B TPOMBIIUICHHOCTH METOJbl AMArHOCTUKM HE TO3BOJIIOT MPOKOHTPOIHPOBATH
COCTOSIHME 0OMOTOK AJIEKTPUYECKUX MAIIMH B paboueM COCTOSHUH U 3a(UKCUPOBATH 1eeKTO00pa3oBaHNe
B HUX Ha PaHHUX CTaJusX pa3BuTHs. Llenbio paboThl sBIsUIach pa3padoTKa METoa U MOCTPOCHUE MPHOopa,
MO3BOJISIFOLLETO MPOBOAUTH H3MEPEHUE MEKBUTKOBBIX COITPOTHBIICHUH B 0OMOTKAX DIIEKTPUUECKUX MAIIH,
B TOM 4HcCIie 0€3 U3BSATHS €r0 U3 TEXHOJIOTHYECKOT0 MPOoLecca, U TEM CaMbIM MTPOBOJUTDH OLEHKY TEKYIICH 1
JaJIbHEHIIIe paboTOCIIOCOOHOCTH.

Pazpaborana cTpykTypHas cxema npudopa Ui n3MepeHHsi Me)KBUTKOBBIX COITPOTUBIICHUH B 0OMOTKax
ANEKTPUYECKUX MAIIHMH, ONMMCaH METOJ U MOCTPOCH AITOPUTM MPOBEICHHS TUArHOCTHYECKHX MPOLEAYD.
Taxke B pesylbTare HUCCICIOBAHUS ONpPEACTCHbl MaTeMaTHUYECKHE 3aBHCUMOCTH, XapaKTEepHU3YIOIINe
OCHOBHBIE OIEpaliy, BBIMOJIHSIEMbIC YCTPOWCTBO, W pa3paboTaHa MaTeMaTHYecKash MOJENb IMOJYYCHUS
3HAYECHUS] MEKBUTKOBOTO COINPOTHBJICHUS B JMAarHOCTHPYEMBIX OOMOTKax IO 3HAYCHHIO H3MEPEHHOU
pasHocTH (a3 aist acuaxponHoro apurarens AP63B4V3.

PazpaboTrannblii MeTox M MpHOOP Ha €ro OCHOBE IMO3BOJISIOT MPOBOJUTH M3MEPEHHE MEXBHUTKOBBIX
COINPOTHUBJICHUH B OOMOTKaX 3JICKTPHUYECKUX MAIIWH, B TOM 4uCie 0e3 U3BSTHA ero U3 TeXHOJIOTHYECKOTro
mporecca, W (UKCHPOBaTh JepeKTOOOpa3oBaHWE Ha PAaHHUX CTAaJUsIX Ppa3BUTHSI, U TEM CaMbIM
OLICHUBATH B PEIKUME PEATHHOTO BPEMEHH €ro TeKYIYIO U JAIbHEHIITYI0 pab0TOCIOCOOHOCTb.
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Abstract

Diagnostic methods applied in the industry do not allow to control the state of electrical ma-
chines windings in working condition and to fix the defect formation in them at the early stag-
es of development. The aim of the work was to develop a method and construct a device that allows
measuring interturn resistances in the electrical machines’ windings without the need to remove it from the
technological process, and thereby assess its current and future performance.

A block diagram of a device for measuring of interturn resistances in the electrical machines’ wind-
ings has been developed, a method has been described, and an algorithm for carrying out diagnostic proce-
dures has been developed. Also, as a result of the study, mathematical dependencies were determined that
characterize the main operations performed by the device and a mathematical model was developed for
obtaining of the interturn resistance value in the diagnosed windings from the value of the measured phase
difference for the AIR63V4U3 asynchronous motor.

The developed method and a device based on it allow measuring interturn resistances in the electrical
machines’ windings without the need to remove it from the technological process and fix the beginning of
defect formation, and, thereby, evaluate its current and future performance in real time.

Keywords: diagnostics of windings of electrical machines, interturn resistance, method for measuring
interturn resistance in windings, device for measuring interturn resistance
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BBenenue

CoBpeMEHHOE  pa3BUTHE  DJICKTPOHUKH B
oOnacth mpuOOpPO- W CTAHKOCTPOCHHS TIPUBEIIO
K HEOOXOAMMOCTH pPa3padOTKh KayeCTBEHHOM
U CBOCBPEMEHHOW  JMAarHOCTUKUA  COCTOSIHHS
JNeKTpuvecknx MmamuH. I[lpm sTom HaumbOoiee
CYIIIECTBeHHAsl Mpo0JIeMa COCTOUT B JAMATHOCTHKE
cocTosiHHS OOMOTOK CTaTropa, Ha HEHCIPaBHOCTh
KOTOPBIX MOKET BbINaaatTh 10 80 % oT Bcex MpUUUH,
OTIPEISTISIONINX MX paboTocmocoOHoCTs [1, 2, 3].

OpHaKo CyIIEeCTBYIONIAE METOMIbI JHATHOCTUKN
JJNIEKTPUYECKUX MAIIMH Yalle BCEro  TOJBKO
KOHCTaTHPYIOT (hakT BBIXOJAa €€ W3 CTPOS W HE
MMO3BOJIAIOT XOTS OBl B MHUHUMAJIBHBIX TIpezenax
OTIPE/IETIATh JAIBHEHIIYI0 JKW3HECIIOCOOHOCTh U
OCTAaTOYHBIH pecypc IHAarHOCTHPYEMOTO 000py-
moBaHus [4]. JlomMONHUTETRHO TMPEICTABICHHBIC
B TPOMBINIICHHOCTH  METOABl  KOHTPOIS |
MUATHOCTUKH  COCTOSIHHSI  DJICKTPHUYECKUX  Ma-
IIMH HMMEIOT psiJi OCOOCHHOCTEW, KOTOpble emié
OoJpllle OTpaHUYMBAIOT cdepy HX MPUMEHEHUS.
A WMEHHO: TPUMEHEHHE CII0)KHOTO JHArHOC-
THYECKOr0 O00OpYJOBaHUS W aJITOPUTMOB HCCIIC-
JIOBaHUS COCTOSIHHMSI TpeOyeT BBICOKOW KBaJIH-
¢ukanmuu 00CITyKHBAIOIIEro IepcoHala U 00Jib-
IUX BPEMEHHBIX 3aTpaT Ha  OPraHU3aIHI0
IUarHocTU4YecKux  mpoueayp.  CremoBaTenbHO,
TaKhe METOJbl KOHTPOJISI COCTOSHUSL SJICKTpHUUEC-
KHX MAallMH MAJIONPUTOAHBI B COBPEMEHHBIX
peanusx ¥ COBCEM HE MOAXOAST A KOHTPOJIA
HUX COCTOSIHHSI B pEXUME pEaIbHOTO0 BpPEMEHHU,
B TOM YHCIIE HEIIOCPEJACTBEHHO B paboueM pexume
TEXHOJIOTUYECKOT 0 IpoLecca.

MaremaTtudeckiue  MOJICNH,  [TOCTPOCHHBIC
Ha OCHOBE CTAaTUCTHUYECKUX [AHHBIX I10 BBIXOIY
W3 CTPOSl DIIEKTPUYECKUX MAIIMH [5], Takke He
JAIOT HUKAKOW TapaHTHH O CBOEBPEMEHHOM OOHa-
PY)KEHUHM pPa3BUBAIOMIMXCS JEPEKTOB U, Clie-
JIOBaTEIbHO, Mall0 TMPUMEHHMBI B  peajbHBIX
yCIIOBUSIX ~ pabOTBHl  TEXHOJIOTHYECKOro  00opy-
noBaHus. llosTomMy, MakKCHUMallbHO aKTyaJbHOM
ABNsAETCS pa3paboTKa MeToJa W TIOCTPOCHHE
CHUCTEMBI, IIO3BOJIAIONIMX B PEXKHME pPEaTbHOTO
BPEMEHH OTCIIEKHBATh COCTOSHHE AMAarHOCTHpYe-
MOW DJICKTPUYECKOW MAIIMHBI C OIEHKOW He
TOJIBKO TEKYIIETO COCTOSHUS, HO W (UKCHPOBATH
Hayayno JedekToo0pa3oBaHUs W IMPOrHO3MPOBATH
e€ manpHeWnyo paborocrocooHocTs [1, 3]. OganM
U3 TaKuX CIOCOOOB MOXKET SBJISATHCS KOHTPOIH
U HU3MEPEHUE  COMPOTUBICHUS  MEKBUTKOBOM

W30 B OOMOTKax
AJNIEKTPUYEKON MalluHbI.

CornacHo [6] 27EKTpUUECKYI0 MAIIUMHY MOYXHO
npeacrtaBuTb B BHUJIC SKBHUBAJICHTHON DJICKTpHU-
YECKOW CXEMBI, COCTOSIIeH W3 Ha0opa aKTHBHBIX
u PCAKTUBHBIX DJICMCHTOB, OpPraHu3yromunx
AJIGKTPOMATHUTHBI ~ KOHTYp H  00Ja/Iaronux
PE30HAHCHBIMH  SIBJICHUSAMH Ha  ONPEAETEHHBIX
yacroTax. Clie/|0BaTeIbHO, KOHTPOJIUPYS YPOBEHb
PE30HAHCHBIX SIBIICHUM, TPOTEKAOIIUX B JIBYX
CpPaBHMBAEMbIX OOMOTKAaX OIHON 3JIEKTPUYECKON
MaIIIHHBI (Hammpumep, myTéM BBIYATAHUS
PE3yNBTUPYIONIMX CHUTHAJIOB KaXXI0W OOMOTKH),
MOKHO Ha [IOCTaTOYHO BBICOKOM YPOBHE CYIUTh
0 COCTOSTHUM CaMUX OOMOTOK.

B nacrosiiiee BpeMs Takoil moixo1 K KOHTPOJIIO
COCTOSTHMSI  OOMOTOK ~ DJIEKTPUYECKUX  MAIWH
(OM) peammzyeTcs B HECKOJIBKHX HaIPAaBICHUSX,
KOTOpBIC YCJIOBHO MOJKHO pa3JieiIuTh Ha JIBa,
OCHOBaMHU KOTOPBIX SIBIIIIOTCS THUIBI HCIOJb3Yye-
MOTO JHarHOCTHYECKOIO CHTHAJIa: TapMOHUYECKUM
WJIH UMITYJTLCHBIH.

Taxk, mpencTaBieHbl CIIOCOOBI, I/Ie€ B Ka4eCcTBE
JIMaTHOCTUYECKOTO CHUTHAIA HCIOJB3YIOTCS CHHY-
COHJIAIbHBIE CUTHAIIBI, KOTOPBIE TI0 COOTBETCTBYIO-
mel cxemMe IoJaloTCsi Ha OOMOTKH KOHTPOJH-
pyemoit OM. Hampumep, crnoco0 KOMILIEKCHOTO
KOHTpoJisl (pa3HeIX 0OMOTOK OM [7, 8], ipH KOTO-
pOM  TOAAIOT OCHOBHOE U  JIOTIOJHUTEIBHOE
HampspkeHre Ha (a3Hble OOMOTKHA KOHTPOJHUpYe-
MOM 3JIEKTPUYECKOMN MAaIWHBI, CHUMAIOT
HampsOKEHHWE C  BBIBOJOB  (pa3HBIX  OOMOTOK,
M3MEPSIOT TapaMeTp CHUMAaeMbIX HaNpsHKeHHH,
HaxogsdaT HuX YaCTOTHBIN MaxkCumMyM™m, U, MPOBCOsA
HECKOJIbKO KOHTPOJIBHBIX OTIEepAIfi, OMpPEeIeIIstoT
)Z[e(beKT MO0 MPCBBINICHUIO BEJIMYMHBI U3MEPCHHOI'O
nmapaMerpa  HaJl YCTaHOBJICHHOH  BEJIMYHMHOU
IUIST WCTIPAaBHON OOMOTKH. DTOT crocod oOramaer
pPSAZOM  HENOCTATKOB:  OTpaHMYCHHAass  00JIACTh
MPUMEHEHUs, TaK KaK HEBO3MOXKHO TIPOBECTH
KOHTPOJIb JJICKTPUYCCKHUX MalllMH C BHYTPCHHHUM
coenuHeHHeM (a3 oOMOTOK B 3Be3dy M 0Oe3 Ha-
nuaus  9eTBEpTOro (HYJIEeBOTO) BBIBOAA; opMma
BBICOKOT'O HAIPSDKEHUS, [10/1aBaeéMOT0 Ha OOMOTKHU
ANIEKTPUYECKON MAITNHBI, CYIIECTBEHHO OTIMYAET-
Csd OT CMHYCOUAAJIbHOI'O, YTO IMPUBOAUT K OO0JIBIIIOH
MOTPEITHOCTH PE3YJIbTATOB TUATHOCTUKH.

W3BecTHBI CcMOCOOBI KOMIUIEKCHOTO KOHTPOJIS
¢da3Hbix 00MoOTOK TpéxdazHor DM [9, 10], mpu
KOTOpPBIX B KadecTBe IapamMeTpa CHHUMAaeMbIX
HANpPSOKCHUM  M3MEPSIOT  a0COJIIOTHOE 3HAYCHHE

JINarHOCTUPYEMOi1
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pasHoctn (a3 HaANpSHKEHWH, JOTIOJHUTEIBHOE
HaNpsDKEHHUE MOAAI0T IOCJIe OCHOBHOTO C YaCTOTOM,
coctapsirorieit 90 % OT YacTOTHI MakCHMyMa
a0COFOTHOTO 3HAa4YeHHWsT WM3MEPEHHOW pa3HOCTH
(a3, BeTMUYMHON BBINIE, YeM OCHOBHOE Harpsike-
HUE W JOCTaTOYHOH JUIS JAOCTOBEPHOIO 3aKIIoYe-
HUST O 0e31e()eKTHOCTH BHUTKOBOM  H3OJISIUHU.
OCHOBHOM HEIOCTATOK — MaJyias JOCTOBEPHOCTh
KOHTpPOJIA H3-3a OJHOBPEMCHHOI'O0 HCIIOJIL30BaHUS
JIByX HWCTOYHUKOB HANpsSOHKeHUS (OCHOBHOTO W
JIOTIOJIHUTENIBHOTO),  00Jafalolmx  pa3indueM
B YAaCTOTHBIX XapaKTEPHCTUKAaX W BHYTPEHHHUX
COMPOTHUBIICHUSIX, BBI3BAHHBIX  HECOBIIAJCHUEM
rapaMeTpoB Peagr30BaHHbIX OJIOKOB.

B ompenenéHHoit Mepe 93TH  HENOCTATKH
KOMIICHCUPYIOTCA NPHUMCEHCHUEM B KauCCTBEC Auar-
HOCTUYECKMX CHUTHAJOB HMITYyJIbCHBIX TIOCIEIO-
BareNbHOCTEW. Hampumep, u3BecTeH  CrHocod
KOMIUTEKCHOTO KOHTPOJIS TpEX(a3Hoit 00MOTKH DM,
OCHOBAaHHBIM Ha noaayde HOCHCI{OBaTCHLHOCTCﬁ
n3 pasHomoysIpHeIX [11] w omHOMOMSIPHEIX [12]
HMMITYJIbCOB HAIPSDKEHUS B BUJIC TPYIIT HA BHIBOJIBI
00MOTKH, 1Be (ha3sl KOTOPOH BKITIOYAIOT KaK TLIe-
YU W3MEPHUTEIHHOIO aKTUBHO-WHIYKTHBHOTO MOC-
Tta. Ilpu sTOoM, MyTEM HU3MEHEHHUS JJIUTEIHLHOCTH
UMITYJIbCOB M BPEMEHHU 3aJIEPKKA MEXITy HUMHU B
CO3/1aBaeMOi  IOCJICOBATCIIbHOCTHA, COBMEIIAIOT
y4acTOK €€ CIleKTpa C HH3KOYacCTOTHBIM Yy4acT-
KOM YaCTOTHOW XapaKTePUCTHKH OOMOTKH U
OTIPEICTISIOT HAJTMYNE 3aMBIKaHUS TI0 BEINYHHE Pa3-
HOCTH (1)33 TapMOHHUK, BBIACJICHHBIX W3 CUTHAJIOB,
CHATBHIX C Tuied mocta. OmHaKo, 3TUM crocodam
MIPHUCYIIX CBOU HEJOCTATKH: BHICOKAs MMOTPEIIHOCTh
(M3-3a MCTONB30BAHMS IBYX H30HpPATEIbHBIX OJ0-
KOB, OOJNaaroux pa3ii4hueM B YaCTOTHBIX Xa-
PaAKTEPUCTUKAX W BHYTPECHHHUX COIIPOTHUBJICHHUAX,
BBI3BAaHHBIX pa3IMYUEM [ApPaMETPOB  KaCKaJ0B
Ha OCHOBE OIEPAIMOHHBIX YCHJIUTENCH, Ha KOTO-
PBIX peau30BaHbl 3T W30MpATEIbHBIE yCTPOUCT-
Ba; UCIOJb30BAHUE PA3HOMOJSPHBIX HUMIIYJIbCOB
MPUBOAUT K  JOMONHUTENHHOW  IOTPEIIHOCTH
M3-32 MX HEU30S)KHOM acCUMMETPHUH HUMIIYJIbCOB
u pa3dpoca TMmapamMeTpoB M  JONOJHUTEIHHO
OTPaHMYMBACT BO3MOXKHOCTH HU(POBOH peanusa-
MU U3MEPUTEIBHOTO TIpoIiecca); HU3Kasg MMOMEXO-

3alUIIEHHOCTh  K3-32  TPYAHOCTH  BBIJICICHUS
HEOOXOMMMOW  CHEKTPATbHON  COCTaBJISIONICH
MpH  HATUYMW  OJIM3KO  JISKAIIMX  COCEIHUX

CIICKTPAJIbHBIX COCTAaBJIAIOLNIUX W HU3Kasd YYBCTBHU-
TEIBHOCTh K BIIMSHHIO MEXKBHTKOBBIX 3aMbIKAaHHUI
Ha BBIACIICMBIC [JId aHaju3a CHIHall, TaK Kak

aHaJM3 I1apaMETPOB CIIEKTPa BBIIOJIHAETCS Ha
JOPE30HAHCHBIX YacTOTaX, YTO B CBOIO O4Yepelb
NPUBOJUT K MOBBIILICHHOMY BJIMSHHIO IOMEX.

Lenpro manHO#M paboThl sABISIACH pa3padoTKa
METO/la W TIOCTPOCHUE NpHOOpa, MO3BOJSIIOMIETO
OPOBOAMTH HM3MEPEHHE MEKBUTKOBBIX  COIPO-
THUBJIEHHH B OOMOTKax QJICKTPUYCCKUX MallrH,
B TOM uHcie 0e3 HeoOXOAWMOCTH YAAJCHHUSI ero
U3 TEXHOJOTHMYECKOrO Ipolecca, M TEM CaMbIM
MPOBOAUTL OILIEHKY €ro TeKylled W HalibHeuliei
paborocriocobHoCcTH TyTeM (UKCHpOBaHMS Hava-
na neeKTo00pa3oBaHus B HUX.

OcHoBHAA YacTh

OmauM w3 CHocoOOB pEIIeHHs 3aJadd 110
CO3JIaHHMI0 CHCTEMBl M3MEPEHHUS MEKBHUTKOBBIX
COTIPOTUBJICHUH B 00MOTKax OM  sBIsIeTCS
o0bennuHeHne JTOCTOUHCTB IPEACTABIEHHBIX
METOJIOB €  MAakCHUMaJbHBIM  HCKIIOYEHHUEM
HEJOCTaTKOB, NpUCYIMX HUM. s 3Toro B Ka-
YECTBE HCIBITATEIFHOTO CHUTHAjJa HCIOJIb3yeM
UMITYJIbCHYIO — IIOCIIEIOBATEIbHOCTb, BPEMEHHBIC
mapaMeTpbl KOTOpPOW OyIyT OIpeNeNsTh Imapamer-
Pbl COCKTPAJIbHBIX COCTAaBJIAIOIINX, HGO6XOILI/IMI)IX
JUTSE  BBITIOJIHEHUS JMArHOCTUYECKHUX IPOLEAY].
Kpome »5TOTO, AOMOTHUTENHHO YMEHBIIUM IIO-
TPEUIHOCTH, TPUCYLIME MOJOOHBIM  METOoAaM
KOHTpOIIS, TMyTEM WCIONB30BaHHUS B IEMH aHa-
mu3a WH(POPMATHBHOTO CHUTHAJA TOJBKO OJIHOTO
u3buparenpHoro Onoka. Ilo pesynpraram wuccie-
JIOBaHUA Pa3pabOTaHO YCTPOMCTBO ISl M3MEPEHHS
ME)XBUTKOBBIX COIMPOTHUBICHHH B OOMOTKax TpEX-
(ha3HBIX ACHHXPOHHBIX 3JEKTPHUYECKHX JBHIraTe-
JSX CO BCHIMHOH OOMOTKOW, CTPYKTypHasi cXema
KOTOPOTO MpeICTaBlIeHa Ha pUCYHKE 1.

Cucrema 111 M3MEPEHHUs]  MEXKBHTKOBBIX
COTIPOTUBIICHUH B OOMOTKax dJIEKTPOJBUTATEICH
paboraer cneayrommMm obpazoMm. K omHO#t u3
oomoTok OM 1 ¢ momompio O10Ka mepekioyare-
el (KOMMYyTaropoB) 2 TIOAKIIOYAIOT CHCTEMY
(hopMHpOBaHHMS ~ HCHBITATEIILHOIO  CHTHama 3,
SIBIIIOLETOCST  YacThl0O  MHKPOINIPOLIECCOPHOTO
yCTpoO¥cTBa W TpeoOpa3oBaHHOTO B OJIOKe YCH-
nenust 4. Ilpu 3TOM BBIXOIBI OCTABIIMXCS JBYX
JPYTUX OOMOTOK MOAKIIOUAIOT K HM3MEPUTEILHBIM
pe3uctopam 5 U 6, CUTHAJ C KOTOPBIX IOAAIOT Ha
cMecutTenb curHanoB 7. IlodmydeHHbId pe3yiib-
TUPYIOLMH CHI'HAJ MOAAIOT Ha BXOJ M30HMparelib-
HOTO YCTPOWCTBA CyMMbl CHUMAaE€MbIX CHUTHAJIOB 8§,
BBIXOZl KOTOPOTO TIOAKIIIOYAIOT K OJHOMY U3
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M3MEPHUTETBHBIX BXOJOB HM3MEPUTENHHOW YacTH
MHUKpoIpolueccopHoro ycrpoiicta 10. Ha Bropoit
BXOJI M3MEPUTEIFHOW CHUCTEMBI ITOJKIIOYAIOT BhI-
X0 M30MpaTeNbHOr0 YCTPOUCTBA HCHBITATEILHOTO
curHaiga 9, BXoA KOTOpOTO, B CBOK O4YEpenb,
MOJKIIIOYAIOT K BBIXOLY CHUCTEMbI (OPMHUPOBAHUS
UCXOAHOTO  HWCHBITATEIBHOIO  CHUTHanma. Takke
B CHUCTEME peain30BaH OJOK wWHIUKAIuu 11,
OTOOpaKAIONmUK  TEKyIllee COCTOSHHUE padOThI
yCTpOiicTBa u pe3ybTaThl JTUaTHOCTHKHU
9JIEKTPUUYECKON MaIlIUHBI.

Net
ABC

(3]

Pucynok 1 — CtpykrypHas cxema yCcTpoiicTBa U3MEPEHHUs
MEXBUTKOBBIX COTNPOTHBIICHUI B 0OMOTKaxX TPEX(a3zHbIX
3JIEKTPUYECKUX JIBUTaTEIEH

Figure 1 — Structural scheme of the system for measu-
ring of interturn resistance in the windings of three-phase
electric motors

Pabora ycTpoiicTBa 3aKiTt04aeTCs B CIIEAYIOIICM.
I'enepatop WHCHOBITATENBHOTO HANPSIKEHUS, pea-
JTU30BAaHHBII Ha MUKPOMIPOIICCCOPHOM YCTPOHCTBE,
(hbopMUpPYET MOCIEAOBATEIILHOCT TPYII HMITYJIb-
COB TIOJIO)KUTEIBHOM TOMSPHOCTH C yCTaHAaB-
JTUBACMBIMHU TIapaMeTpaMH JIUTEIHPHOCTH HUMITYITb-
COB #; U BpEMEHAMH 3aePKKH MEXIy HUMHU 1., L5,
15U T.14., (pucyHok 2) [13].

His  atoro  BEIOMpArOTCS  IIUTEIBHOCTH
AMITYJTbCOB U BPEMEHa 3aJePKKU TaKUM 00pazoM,
4TOOBl  BBIMOJHSJIOCH  CJENYyIOIIee  yCIIOBHE:
1y, =N- % JJI. caMOW JaJbHEW CIIEKTpajbHOU

i

COCTABJISIFOLIECH, UMEIOIIEH MAKCUMAJIBHBIN CIIEKTP
OTHOCUTEIILHO  BBIJCISIEMOH, W  TOJaBisieMast
JUTATETEHOCTRIO TIEPBOTO  WMITYJIbCa (PUCYHOK 3
kpuBas 1).

[locme QopmupoBaHHsT TEPBOIO UMITYJIbCA
4yepe3 BpeMsi, OTPEIeNIIeMOe YCIOBHEM:

= . T
nOtZI N thl

dbopMupyeTcss  BTOpPOH  WUMITYJIBC, HWACHTHYHBIN
IepBOMy, Uil CcaMOM JalbHEeW CHEeKTpalbHON
COCTaBJISIIOLIEH, MMEIOIIMI MUHUMAJIbHBIA CIEKTP
OTHOCHTEIHHO BBIZIEIIEMON (PUCYHOK 3 KpuBas 2).

ugh s

u.B

Pucynoxk 2 — IToctpoenue
TEJBHOCTH JJIs1 BBIIEJICHHUS HWH()OPMATUBHOM CHEK-
TpalbHON COCTABIISIOIEH

HUMIYJIbCHOM  ToOcCienoBa-

Figure 2 — Construction of a pulse sequence to highlight
the informative spectral component

15 16 Number
of the spectral
component

Pucynok 3 — AMIUIUTYIHO-4aCTOTHBIE CHEKTPbl CUTHA-
JIOB 1ipu (OPMHUPOBAHUHU HCIBITATCIBHON HMITYJIbCHOM
MTOCTICIOBATEIBHOCTH: | — JUIT OMUHOYHOTO HMITYJIBCA;
2 — IByX MOBTOPSIIONIUXCS UMITYJIBCOB; 3 — KOMOMHAIUH
JIBYX JABOHHBIX ITOBTOPSIOIIXCS HMITYJIECOB; 4 — pe3yiib-
TUPYIOILIETO CUTHAJIA U3 BOCBMH UMITYJIbCOB

Figure 3 — Amplitude-frequency spectra of signals in the
formation of the test pulse sequence: 1 — for single pulse;
2 — two repetitive pulses; 3 — combinations of two double
repetitive pulses; 4 — the resulting signal of eight pulses

Hanee, JInIE: MO/IaBJICHUS craeayoniei
CIIEKTPaNbHOW  cocTaBisirolmied,  (opmupyercs
UMITyJIbCHAs ~ TpyINa W3 JBYX  HMIIYJbCOB,

KOTOPYIO TIOBTOPSIIOT 4epe3 BpeMs 3aJepiKKH, s

130



Tpubopul u memoowt usmeperutl Devices and Methods of Measurements
2023.—T. 14, Ne 2. — C. 126-134 2023, vol. 14, no. 2, pp. 126-134
A.B. Hcaes u op. A.V. Isaev et al.

My, =N % ; KOTOPOH  BBINONHACTCA  yCIOBUE COCTaBIIIIONIEH, KOTOpasl COIEPKHUT ITOJIC3HYIO
2 nH(OpPMaNNo; © —3HAYCHHWE YacTOTHI, CO3/a-

IJIsL  CHEKTPAIbHOW  COCTABJIAIONICH,  Paclo-  BaeMoil T'eHEpaTopoM CHTHAIa; ¢, — 3HaYCHHE
JIOKEHHOM  MEXKIy  BBIOEIAEMOM W Tpeabl-  ¢a3bl CUTHAJIA TeHepaTopa MPHU BBIACICHUU B HEM
Iylied TIOJAaBICHHOW COCTABISIIOIIEH C MaKCH-  COCTaBJAIOIIEH CIEKTPA, COLEPIKALIETO IOJIE3HYIO
MaJlbHBIM HOMEPOM CIIeKTpa (PUCYHOK 3 KpuBas 3).  MH(pOpPMALHIO.

Cremyrommasi  CIEKTpaJbHAs — COCTABIISIOIIAS Hanpumep, Ha 00MOTKYy A dneKTpr4ecKoii
nojaBisAeTcs MyTéM (GOPMHPOBAHMS Cleayromeii MallHHbI 1 momamuM TMOCIEAOBATEIBHOCTh HM-
MMIIYJIbCHON TPYIIBl W3 YETHIPEX MMITYJIbCOB, 11Y/IPCOB, KOTOPYIO MbI IOIY4HIIH. BwMmecte ¢ aTum
KOTOpYIO TIOBTOPSIOT 9epe3 ouepenHoe Bpems 3a- © OOMOTOK B u C OyieM CHUMATh € TOMOIIBIO
JEPKKH, yKe ONpeiensiomee HONb CIeKTpamp- —PE3HCTOPOB 3, 4 curnans! (ypaBHEHHS 2, 3):

HOU COCTziBnﬂ}omep“I, pacnonoumeHHop“I Mexca}v/ ay(t) = iUmnl sin(nor +y,,);

BBIETISIEMOH W TPEOBIAYIIEH  TOJaBICHHON n;l ?)
¢ MHUHHUMAJILHBIM HOMEpPOM CIEKTpa (PUCYHOK 3 0, (0)= XU, sin(not +y,,)

KpuBas 4). n=1

B pesynbrare 3THMX A€HUCTBUM KOMIIOHEHTHI
YKa3aHHBIX CHEKTPOB NPUHUMAIOT 3HAYCHHUA HYNISA,
TIPH 5TOM [T OCTATbHBIX KOMIIOHEHT MX aMIUTUTY- A1 = 2 (U COS W,y + U, SID Y, );

Bl B PE3yIBTHPYIOMIEM HCIBITATEIPHOM CHUTHAIIE "zl 3)
(ug,) MOXHO TIPENCTaBUTH B BUAC yPaBHEHUS (1) 1 Ay = 3 (Uyyy COSY 5 + jU, 0 SINY ).
BJIMSIHUE UCKAKEHUH OT MOMEX HA MOJIE3HBIN CUTHAI n=l

WIN B BEKTOPHOI hopme:

6y/1eT MUHIMAJIBHO: Jlanee TOJNYYESHHBIH KOMILIEKC CHEKTPaIbHBIX
. COCTaBJIAIOIINX CyMMHpYeTCs B cMmecutene 5. U3
Ugy =U an sin(not +¢,,), (1 MOJIyYeHHONW KOMOWHAIMK, cojepikaiield Habop

CIIEKTPAIIbHBIX COCTABJIAIOMINX, KAK/(ask U3 KOTOPBIX
rie U, — 3HAYCHME aMIUIATY[Abl CHTHANA TEHE-  pveer cBoil caABMr (a3, C MOMOLIBIO H30Hpa-
paropa mpH BbIJCICHHM B HEM COCTABISIOMIEH  TeNbHOrO yCTpPOMCTBA 6 BBLIEIAIOT OAHY HH(OP-
CIIEKTpa, COAEPIKALIETO IONE3HYK HHPOPMALMIO; MATUBHYIO CHEKTPAIbHYIO COCTABJISIOILYIO, YpaB-
n —3HAadeHHEe HOMepa KakNOH CHEKTpalbHOM  HEHHE KOTOPOW MMEET BHL:

Aing = Aingy + Aingr =
= (U ting €08 Wiing + JU pting SI0Wine ) + (U aing €OSWoing + JU oing SINW ;¢ ) =

= (U iing €08 Wiing + U paing €08 Woing ) + J(U pting SINWyine + U poine SINY ;06) = 4)

Unmtinf SI0Yinf +Upm2inf SIDY2inf

arctg
_ 2 ; ; Unlint €08 Wiinf TUpm2inf COSW2inf
= \/(Umlinf COSWing +Upaing COSYoing )™ + (Uppting SINY inp +Uppaing SINW 06 )" X e e .

OTKy,Z[a AMIUIUTYJa PC3YJIbTUPYIOMICTO CUT'HaJIa ONPEACTIACTCA 3aBUCUMOCTBIO!:

2 2 ) )
= \/(U miinf TU " mainf T 2UmtintUm2inf (COS Wiing COSWoine +SIN Y ine SINYoinp) =

5)
2 2 (
= \/(U mtinf U m2int + 2UnmtintUn2ing (COS(W1inf =W 2inf)-
MOTPUM MOJTyYCHHOT' urHana.  Jgedexra 0OMOTKH, MOKHO C/IeIaTh JOMYIICHHE:
Paccmo a3 OJIy4E€HHOTO CHIHAJA edekra 0O6MO OKHO CJIeNIaTh JOIMYIICHHUE:
VUuThIBas, 4TO aMILIMTY/d CUTHAJIOB, MOTYYCHHBIX
C JIBYX ILICY, HE CYHICCTBCHHO 3aBHCUT OT YPOBHS mtint = Unaing = Uping - (©)
CrieioBatesbHO, (asza pe3yabTHPYIOIIETro CUrHAA!
Upnting S0 Wiing +Upaing S0 Woing Ui (SN Wiine +SIMWoi0p) SNy +SINWo50r
Untint €OSWiing + Upaing COSWaing  Ulpying (COS Y jpp +COSWYoinp)  COSWijnp +COSWojnp
2in Vinf + Vainf
_ 2 —tg Wiint + Yinf ™
Wiinf + Y 2inf 2

2cos
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Wnu momHoe ypaBHEeHUE HH()OPMATHBHON CIIEKTPAIBHOM COCTABIIAIONIEH HMEET BU/:

o 2 2
Aine = \/(U mtinf U m2int + 22U p1intUpnzing (COS(Wiing — Waing ) - € >

rae:
Wiinf =Wg 1201w  Vaoinf = Vg 7203, 9)
rie  ¢,—daza HEOOXOAUMOH  CIEKTPaIbHOU

COCTaBJISIONICH I10/1aBa@MOT0 C TeHeparopa Ha-
MIPSKEHUS; Aqml — U3MeHeHne (a3bl HCCIeayeMOon
CIEKTPaJIbHON COCTABISIONICH, ONpeIeNIIeMOi 100-
POTHOCTBIO KOHTypa KAaTYyIIKA TEPBOH OOMOTKH;
sz—mMeHeHHe (haspl mccaemyeMol CIieKTpalib-
HOM COCTaBIIAOIIEH, OIpenensieMoil JA00pOTHOC-
THIO KOHTYpPa KaTyIIKH BTOPO OOMOTKH.
[lomydeHHBId cHTHAN TMOMAOT Ha (Ha30BBIH
JIETeKTOp 8§, Ha BTOPOM BXOA KOTOPOTO ITOJAIOT
BBICTICHHYI0O Ha W30MpaTe’IhbHOM yCTpOWCTBE 7
WH()OPMATUBHYIO CIIEKTPAIBHYIO COCTaBISIONIYIO
curHana, GOpPMHUPYEMYI0 TEHEpPaTOpoOM  HCITBbI-
TaTeNbHOTO0 CUTHana 2. B pesynbrate Benmn4mHa
pasHocTH (a3 onpeaenseTcs 3aBUCUMOCTHIO:

Ay =y, - % _
(10)
gy, - Yo +20 + Y, +20;  AQ| +a@,
g 2 2
Benmuunna pasHoct (a3 koppemupoBaHa

C COIPOTUBJICHUA B MCCTC I[e(l)eKTa BUTKOBOM
U300 UHU 1 CBsA3aHa 3aBUCUMOCTBIO:

R (20)=

0 1A 1
a; aQ +ay, aQ " tay AQ +ay, AQ

y (11)

3
2 .
+as; -aQ

%
b

rue a,, a,, a;, Q4 GOs5—HadaJbHbIE 3HAYCHUS
KO3 (UITUCHTOB, 3aBHUCSIUE OT THIIA BBIOPAHHOM
ANIEKTPUYECKOH  MAIUHBI; [ — THI  BBIOPAHHOM
ANEKTPUYECKONH MamuHbl, A@ — pazHocTh (a3,
roJrydeHHas Ha (ha30BOM JIETEKTOPE.

JI1s1 momHOM MMAarHOCTUKU COCTOSIHHS OOMOTOK
JNIEKTPUYECKOH MAaIlMHBI C  TOMOIIbI0  OJIOKa
mepexyoyaTened 2 B U3MEPUTENILHOM CcUCTEeMe
MEHSIOT MECTaMH BBIBOJABI IS IOJKIFOYEHHS
K TEHEepaTopy WCIBITATeIbHOTO HAMPSOKCHUS H
OIHOTO W3 BBHIBOJOB JIBYX JPYIHX OOMOTOK
(mampumep, BbIBOABI A U B).

Hns  warnmspgHOCTH — HMccienyeM  aedexT
M30JSIIMA B OOMOTKax crartopa TpEXQazHOro
ACMHXPOHHOTO JBUTATENSI CO BCHITHOW OOMOTKOMN
¢ HanpsbkeHueM nutanus 380 B u MoHIHOCTBIO
380 Br AMP63B4Y30, omnpenenuB B HUX
MECTO U YypOBEHb Je(EKTHOTO MEKBUTKOBOTO

VYlinf *Y¥2inf
2

3
compoTuBieHus. Pe3oHaHC OOMOTKM  JTaHHOTO
JIBHraTels HaxoguTcs B obOmactu 45 kl'm. [ns
ATOTO C TOMOIIBI0 TeHepaTopa HCHBITATEIHFHOTO

HaTPSDKEHHS, peannzyemMoro Ha OCHOBE
MIPOrPaMMHUPYEMOTO MHUKPOKOHTpOJIIEpa
STM32F103C8TB6¢c u ycuiauTens MOUIHOCTH,

noctpoeHHoro Ha MOSFET-tpan3ucrope [RF740,
OpraHu3yeM HMIYJIbCHYIO IIOCJIEAOBATEIbHOCTD,

rae, 3aaaBast BPCMCHHBIC napamMeTpsbl ITOH
IOCICA0BAaTCIIbHOCTHU, BBIICIINM 13-10 CIICKTpaJjib-
HYHO  COCTaBJIAKOINYI, MAKCUMAJIbHO MOAABUB

pacnonoxennsie psgoMm (T.e. 11-10, 12-10, 14-10 u
15-10 criekTpanbHbIe cocTaBlstonIue). B pesynprare
MOJYyYMM HMMITYJIbCHYIO MOCJIEJOBATEIbHOCTh C
nepuosioM 7, paBHBIM 23 MKCEK.

[anee, cornacHo BBIpaXEHUSIM

nOr, :N% 1 nO/;lzN.TZII’

B (QopMupyeMOil HMITyJIbCHOH TOCIEI0BATEb-
HOCTU OINIpPCACIMM TJIUTCIbHOCTh HUMITYJIbCA U
3aJIep)KKy MEXAYy HMITyabcaMHu. Takum oOpazom,
HUMEEM CIIeLyIOLIE 3HAUCHHUS:

t, = Ni =1.3 MKCEK;

nOri
t, =N =1.8 MKcek;
2ny,..
T
t,=N =3.5 MKCcek;
2n0t22
T
t,=N =7.2 MKCek.
21y,
Ha BeBog A4  ¢asHoH  0oOMOTKH  HC-

CIIelyeMOr0 AaCHUHXPOHHOIO JBUTaTelll MHMOAAEM
c(OPMUPOBAHHBIM WMITYJIbCHBIA CHTHAJ, a C BbI-
BojoB B u C C TOMOIIBIO HU3MEPUTEIHHBIX
PE3UCTOPOB CHUMAEM PE3YJIbTUPYIOIINE BHIXO/IHbIE
CUTHaNbl. 3aTeM, TMOJy4YeHHbIE C JIByX IUIeY
M3MEPUTEITbHON CHUCTEMBI CUTHAJIbI CKJIQJ(bIBAIOTCS
B CYMMHDYIOUIEM YCTPONCTBE, MOCTPOEHHOM Ha
MHTETpaIbHOM  JIByXBEHTUJIBHOM  OIEepaIriiOHHOM
yeunutene OPA2237. PesyapTupyromuil cursai
CyMMaTopa, IpEJICTaBJISIOMUNA COO0H KOMILIEKC
CHEKTPaJIbHBIX COCTABJISAIOMINX C WHAMBHYaJbHBI-
MU TapamMeTpaMu, NoAaéTcs Ha H30UpaTeIbHOEe
YCTPOWCTBO, pEaIM30BAHHOE Ha MPELU3MOHHOM
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onepauroHHoM ycunurene ADS51ARZ u Hac-
TpOEHHOE€ Ha WH(POPMATUBHYIO CIEKTPAITHHYIO
COCTaBIISIONIYIO. 37€Ch BBIIEISETCS CUTHAN (CTIeK-
TpanbHas cocTaBisromas) dacrtotoi 44,5 k',
KOTOpBIA TOAAaETCcs Ha OAWH W3 HW3MEPUTEIHHBIX
BXOJIOB MHKPOTIPOIIECCOPHOTO YCTpPOICTBa, T/
M0 OTHOCHUTEIHHOMY CMEIIEeHHIO (ha3bl OTHOCH-
TeJIbHO 0a30BOTO CHUTHANA, IOJIaBaeMOr0 Ha BTO-
poil  M3MEpUTENbHBIA BXOJI MHUKPOIPOIIECCOPHO-
r0 YCTpPOWCTBAa, HAa OCHOBaHHWH 3aBHCHMOCTHU
Ap=f(R), omnpenenéHHOW s JAHHOTO THIIA
JBUTATEIs] W B COOTBETCTBHH C ypaBHEHHEM
(11) m xosddurmuenTaMu 1T 3TOTO JABUTATEII,
MOJy4EeHHBIMH PaHee, d,, d,, a3, dy, ds, BHIIBIAETCS
00MOTKa JHAarHOCTHPYEMOTO  3JEKTPOABHUTATEIsS
¢ nedeKTOM H3OISAIUN W ONpeeNseTcs] 3HaYeHHe
MEXBHUTKOBOTO COTPOTUBJICHHA, WH(OpPMAIHI O
4yéM TpaHcaupyeTrcss Ha uHaukatope. Ha pucynke 4
B TOuke A BWJHO, YTO 3Ha4YeHUE A@Q MpU TaKoM
cxeMe TmojaKiItoueHus (pucyHok 1) cocrasmser 27°,
a CONpOTHBIIEHHE B 0OMOTKE ¢ nedexTom Oyner Ha
yposae 10° Om.

Ap,

grad
4 10 102 108 10+ R Om
1 1 | 1 1

|

-8 B

14

20

26

232 A

-38

_.14

Pucynok 4 — Onpezenienne MEXKBUTKOBOTO COINPOTHUB-
JICHHS B OOMOTKAaX 3JCKTPUYECKUX MAIIUH [0 H3Me-
PCHHOMY 3HAUCHHIO pa3HOCTH (a3

Figure 4 — Detection of interturn resistance in the
electrical machines’ windings by the measured value
of the phase difference

W3MeHnB cxeMy TOAKIIOYEHHWS JIBHTATEs,
a MMEHHO IIOMEHSIB KOHTakThl 4 U B mecramu u
MTOBTOPHO HM3MEPHUB BBIXOAHBIE CHTHANBI, TTOIYIUM
3HageHUsT A@=7° mw R~10xOm (pucyHox 4
Touka AB). CpaBHHB 3HAYCHHS COIPOTHBIICHUN
B JBYX CIy4yasX HW3MEpPEeHHsA, MOXHO CJeJarh
3aKIIIOYCHNE, YTO B JHATHOCTHPYEMOM AaCHHXPOH-
HOM JJIEKTPOABHUTATENE TPUCYTCTBYET Ae(eKTHas
¢dazHas oOMOTKa, a, CJIe0BaTeLHO, OH HEHCIIpa-
BEH W HE CIOCOOEH paboTaTh B HOMHHAIEHOM
pexume. IIpUuMHOW HEUCHPABHOCTU  SBIISETCS
mporpeccupyronuit 1eekT H30IAIud B 0OMOTKE
C BBIBOJIOM B ¥ IBUTATEINIO HEOOXOANM PEMOHT.

3akiroueHue

[IpeacraBneH mnpuHOMT (QYHKIMOHUPOBAHHUS
YCTPOMCTBAa MO H3MEPEHHIO OCIA0JCHHOTO MEX-
BUTKOBOT'O COIIPOTHUBJICHUSA B O6MOTKaX DJICKTpU-
YeCcKMX MalllMH Kak YCTpOWMCTBA aHalu3a ero
PpaboTOCIIOCOOHOTO COCTOSIHUSI.

Pazpaboran mpubop, mo3Bossronmii mo ¢aso-
BbIM COOTHOLICHUAM CHUT'HAJIOB, MOJTYYCHHBIX
¢ IByx (a3, BKIIOUEHHBIX KaK IUICYM U3MEPUTEIIb-
HOTO aKTUBHO-UHJIYKTUBHOTO MOCTa JOPMHUPYEMOTO
o0MOTKamMu DM, C BBICOKOH TOYHOCTBIO U3MEPSThH
MUHHUMAJIbHBIC 3HAYCHHA MEKBUTKOBLIX COIIPOTHUB-
JeHHH B OOMOTKaxX OJEKTPUYECKHX MallWH, YTO,
B CBOIO OYepellb, MO3BOJIHUT (PUKCHPOBATh jAeheKTo-
O6pa3OBaHI/Ie B HUX Ha paHHUX CTaAUAX PAa3BUTHUA.

[IpeacraBneHHbIl NPUOOP MOXKET CIYKHTh
OCHOBOM JUII IOCTPOEHUS  aBTOMATU3UPOBAH-
HbIX KOHTPOJBHO-AUArHOCTUYECKUX CHUCTEM JJIA
NPOBEPKU  COCTOSIHUSI OOMOTOK  DIIEKTPUYECKUX
MaliuH.
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N3MmepeHne 3JIeKTPUYECKOT0 MOTEHIIMAJIA TIOBEPXHOCTH
C HCI0JIb30BAHMEM CTATUYECKOI0 30H1a
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MeTozbl KOHTPOJISI U3MEHEHUH 3JEKTPHUYECKOr0 MOTEHIHANA MOBEPXHOCTH IIUPOKO HCHOIB3YIOTCS
B ONepauusix HEpa3pyLIAIOUIEr0 KOHTPOJS NPEUHU3MOHHBIX IOBEPXHOCTEH, HAlpuUMep, B BICKTPOHHON
MIPOMBIIIJICHHOCTH B HPOLIECCE M3TOTOBJICHMS IMOIYIIPOBOJHUKOBBIX IpHUOOpoB. Llenbio paboTel siBisieTcs
pacumperre 001acTH NPUMEHEHHS METOAMK OECKOHTAKTHOIO KOHTPOJII M HM3MEPEHUs 3JICKTPUUECKOTO
MOTEHIIMAIa IOBEPXHOCTH Ha OCHOBE MCIIOJIB30BAHUS CTATHUECKOI'O OTCUETHOTO IEKTPO/a.

PaccMOTpeHbl OCOOCHHOCTH TOCTPOEHHMSI M IPHUMEHEHHUS YCTPOWCTB HM3MEPEHMS 3IIEKTPUUIECKOTO
MOTEHIIMANa IOBEPXHOCTH C HCHOJIBb30BAHMEM HEMOJBIKHOIO OTCYETHOro 3iekTtpona. Hecmorps
Ha HEOOXOIUMOCTb YBEIWYCHHUS IUIOMIAAM 30HAA IO CPABHEHHIO C YCTPOHCTBaMH, HCIIOJIb3YHOLIMMH
BUOPHUPYIOIIUM 30HA, METOIUKH M3MEPEHHUS C HEMOABMKHBIM 30HAOM HMEIOT Psii NPEUMYIIECTB H
pacmmpsoT 001acTh MPUMEHEHUS M3MEPEHHUH 3JIEKTPUYECKOr0 MOTEHUIHANa IOBEPXHOCTH B KOHTPOJIE
U3JEeNUH C TPEHM3HOHHBIMU IOBEpXHOCTSAMH. IlpuBenensl Mozenu (GOPMHUPOBAHHMS HM3MEPHTEIBHOTO
CUTHa-J1a NpU HAJIMYUH OPOCTPAHCTBEHHONH HEOAHOPOIHOCTHU 3JIEKTPHUUECKOTO TIOTEHIMAIA TOBEPXHOCTH.

KiioueBnle cioBa: BHGKTpH‘{CCKI/IfI MOTCHIHAJ TOBCPXHOCTH, MMOBCPXHOCTHAA (bOTO-BI[C, METOL
KGHBBI/IHa, I[BYXKOH,I[GHcaTopHHﬁ MCTOM, CTaTUYCCKUH 30H
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Abstract

Surface electric potential measurements are widely used in non-destructive inspection and testing of
precision surfaces, for example, in the production of semiconductor devices and integrated circuits. Features
of the construction and application of devices for measuring the surface electric potential using an
immovable reference electrode are considered. Despite the need to increase the area of the probe compared
to devices with a vibrating probe, measurement techniques with an immovable probe have a number
of advantages and could expand the scope of surface electric potential measurements in the inspection
of samples with precise surfaces. Models of the formation of a measuring signal in the presence of a spatial
inhomogeneity of surface electric potential are presented and discussed.

Keywords: surface electric potential, surface photovoltage, Kelvin probe technique, two-capacitor technique,
static probe
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BBenenue

PasnuuHble  METOAMKM  M3MEPEHUs  JJIEK-
TPUUYECKOT0 TOTEHIMajJa MOBEPXHOCTH, OCHOBAH-
Hpele Ha Merone KenbBuHA, IIMPOKO HUCHOJb-
3YIOTCS ~ TIpU  KOHTpPOJIE M HCCICIOBaHHH
Pa3IUYHBIX CBOKMCTB W3JENUH W MaTepHajoB C
NPEUU3UOHHBIMU  oBepxHOcTAMHU [1-3].  Hosble
JMOCTH)KEHUS DJIEKTPOHUKA H TEXHUKH H3Me-
peHWI  TMO3BONWIM  CYIIECTBEHHO  YIIYYIIUThH
METPOJIOTHYECKUE XapaKTePUCTUKH M  00JacTh
MIPUMEHEHUSI METO/a, YeMy TaKXKe CIHOCOOCTBYET
HEpa3pylIAloNil  XapakTep KOHTPOJS ©  BHI-
COKasi YyBCTBHTEIBHOCTh METOJAa K IOOBIM
M3MEHEHUSM CBOWCTB TNPHUIOBEPXHOCTHBIX CIIOEB,
T.K. HW3MEHEHHS TMOTeHIHala  IOBEPXHOCTH
00yCJIOBIIEHBI ~M3MCHCHISIMH ~ pabOThI  BBIXOJa
JJIEKTPOHA, CBSI3aHHBIMH C HM3MEHEHUSMH XUMH-
YeCKUX, (PU3UYECKHX W CTPYKTYPHBIX CBOWCTB
IIPUIIOBEPXHOCTHBIX  CIOEB.  UyBCTBUTEIBHOCTh
METOJIOB  KOHTpPOJII K HW3MEHEHHIO CBOWCTB
MOBEPXHOCTH BEChbMa BBICOKA, TaK OJMH MOHOCION
aJIcCOpOMPOBAaHHBIX ~ YaCTHIl  MOYET  BBI3BaTh
U3MEHEHHE ITOBEPXHOCTHOIO TMOTEHIHala TOJy-
MPOBOJHMKA Ha BenuuuHy mnopsaka 1 B [4],
a MHCTPYMEHTaJIbHAas YYBCTBUTEIBHOCTh METO/IOB
M3MEpEeHMsI MOBEPXHOCTHOTO MOTEHIMala COCTaB-
nsietr Benuuuny 0,1...1 MB [5]. UyBCTBUTENBHOCTH
MeTojia u3MepeHus 1 MB cooTBeTCTByeT BO3MOXK-
HOCTH OOHApy)KEHHsI IOKDPBITUH TOBEPXHOCTH
MOJIyIPOBOJTHUKA,  COOTBETCTBYIOIUX  OAHOMY
3leMeHTapHOMY 3apsaay Ha 107 IOBEPXHOCTHBIX
atomoB. [loxg paeiicTBHUEM KOHTAaKTHOM pPa3HOCTH
noreHuuanoB  Ugp, MeXIy  IOBEPXHOCTAIMHU
OTCYETHOTO DJICKTPOJa U O0BEKTa KOHTPOIS
MPOUCXOANT pa3/ieJICHHe 3apsDKEHHBIX — YACTHII
B MEXDJJIEKTPOAHOM 3a30pe€ M WX JIBIKCHHE
K TIPOTHBOIIOJIOKHO 3apsDKEHHBIM  DIIEKTPOIaM,
co3/aBas DJIEKTPHUUECKUH TOK, KOTOPBIA MOXKET
OBITh HW3MEpPEeH M3MEPUTENBHBIM  YCHIIUTEIIEM
CO CBEPXBBICOKHM BXOJTHBIM COITPOTHUBIICHHEM.

B COBPEMEHHOM  TEXHUKE  H3MEpEHUi
JIEKTPUYECKOTO IIOTEHIIMANa TOBEPXHOCTH CY-
IECTBYET HECKOJIbKO HalpaBJICHUH, C OJIHOH
CTOPOHBI:

— IPUMEHEHUE JIONOJHUTEIbHBIX BO3JACHCTBUI
UL BBIACICHUS WHGOpManmuu O (PU3HIECKHUX
rapaMeTpax TPUIIOBEPXHOCTHBIX cioeB [6, c. 17—
21], Hanpumep, BPEMEHH JKU3HU U MIOBEPXHOCTHOTO
COTIPOTUBJICHNS, KOHIICHTpAIMM >Kejie3a B KPeM-
HUM TPU UCTIONB30BAHUN METOIMKH CKaHUPYIOIIEH

(hoTOCTUMYTHPOBAHHOM dIEKTpoMeTpuu [6, c. 47—
517

— TIOBBIIIEHHE  TPOCTPAHCTBEHHOM
MIAIOIIEN  CIIOCOOHOCTH,
Ha yposHe 10 am [7].

D1H MCETOJUKHN B Ka4YCCTBC YYBCTBUTCJIHLHOTO
JJIEMEHTa WCHOJB3YIOT KOHCTPYKIUIO JTHHAMH-
YEeCKOTO KOHJEHCATOpa, KOrJla B KayecTBE 30HIA
WCTIONB3yeTCd BUOPUPYIONIUN  3JEKTPOJ  MAaJbIX
pasmepoB. C JIpyroifl CTOpPOHBI, CYIIECTBYET
psaa mpuMeHeHWi [8], rme TpeOyeTrcs TOMY4YUThH
uHpopMaIMio Ccpay co Bcero oOpasma, 0e3
HEOOXOMMOCTH OTpe/ieTICHusT  JIOKAIIN3alluu
KaKUX-JIN0O OTKJIOHEHUI KOHTPOJIUPYEMOTO
napamerpa. Hampumep, mpu CHEKTPOCKOIMMYECKUX
HCCICAOBaHUAX TOBEPXHOCTHU TMOJTYIPOBOAHUKOB.
[lapa3utHass MOIyNALUS W3IYYCHHUS BHOPHUPYIO-
UM 3JIEKTPOJIOM HJIM HEOOXOJUMOCTH IOMEIIe-
HUSl BUOPUPYIOLIETO y3Jla B BaKyyM 3aTpPYyIHSIOT
[pUMEHEHUE Kiaccuyeckod meroauku KenbBuHa
C BUOPHUPYIOIINM KOHICHCATOPOM.

Ilenmsro pabOTHI ABIISIICS aHAIU3 OCOOCHHOCTEH
MOCTPOCHUSI HM3MEPUTEIILHBIX —MpeoOpa3oBarenei
OECKOHTAaKTHOTO KOHTPOJIS AJIEKTPUIECKOTO TIO-
TCHIHMAJIa MOBEPXHOCTU C HCIIOJB30BAHUCM CTPYK-
Typbl 9yBCTBUTEIBHOTO 3JIEMEHTA C HETOABMKHBIM
30HJIOM.

paspe-
BIUIOTH JI0 Pa3MEpoB

N3mepenne 31eKTPHYECKOr0 MOTEHIHAIA
NMOBEPXHOCTH C HCII0JIb30BAHHEM CTPYKTYPBbI
YyBCTBUTEJIbHOI0 YJIeMeHTA

C HEMOABUKHBIM 30H/I0M

IIpu ucroNb30BaHUM B WM3MEPHUTEIHLHOM IIpe-
oOpa3zoBaTeie  COBPEMEHHBIX  OIEPALMOHHBIX
YCHIINTENIEH CO CBEPXHU3KMMH BXOJIHBIMU TOKa-
MU [9] Ha ypoBHE eauHHI (eMToaMIep BO3MOKHO
MOCTPOEHUE WU3MEPHUTES IEKTPUIECKOTO
MOTEHI[MaJIa IMOBEPXHOCTH IO CXEME€ CO CTaTH-
gecKuM  dekTponom [10—13]  dyBCTBHTETHLHOTO
dleMeHTa (PUCYHOK la) ¢ 4YyBCTBUTEIBHOCTHIO,
CPaBHUMOH C METOAWKON BHOPHUPYIOMIETO DJICK-
Tpoja. Tak Kak HM3MEpeHus MPOBOJATCA Ha IO-
CTOSSHHOM TOKE, B OTJIHYHE OT CXEMBl C BHOpH-
PYIOIIMM 3JIEKTPOJIOM, HCIOJB3YIOIIEH H3MEpeHHs
Ha TIEPEMEHHOM TOKE, TO YyBCTBUTEIHHOCTH
3TOH CcXeMbl HaMHOro Hwxke. s mpubnmxeHus
YYBCTBUTEIBHOCTH  METO/Ia C  HEIOJBIYKHBIM
JNIEKTPOJIOM K  YYBCTBUTEJIIBHOCTH  METOJUK
¢ BHOPHPYIOIIAM 30HIOM MOXXHO HCIIOJNB30BaTh
HECKOJIBKO C1roco0oB. Bo-niepBbIx, 3TO
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KOHCTPYKTHUBHBIC MCTOAbI — YBCIIMYCHUC IJIOMIaIN
30HAAa W YMCHBHICHHUE MECKIJICKTPOAHOIO 3a30pa
30HIO-HCCICayEMas IOBEPXHOCTD, BO-BTOPBIX,
CXEMOTCXHUYCCKHUE — HCIIOJIb30BAHNE BO BXOJHOM

Kackaze N3MEPUTEILHOTO npeoOpazoBaTes
TpaHcuMmIieancuoro ycunutens Al [14] ¢
NPUMEHEHHEM  MPELU3HOHHBIX  ONEPAalMOHHBIX

YCHJIUTENEH CO CBEPXHU3KMMHU BXOJHBIMH TOKAMU
U BBEIACHUE B I1eNb KOMIICHCAIIUM HCTOYHHKA
MePEMEHHOTO HaIPSDKEHUS c MIEPHOIOM

LS

[ 1 Cl=const

Al

A2

Ucomp =- UCPD

a

MEHEE [UINTEIbHOCTH IEPEXOAHBIX IIPOLECCOB
noBepxHOCTHOM  ¢GoTo-O[C u  aMIIMTyIOH,
HpeBbIIIAONEe €€ BO3MOXKHBIE W3MEHEHHUS, 4YTO
JIOTIOJIHUTENIBHO € INPUMEHEHHWEM HHTerparopa
B lend OOpaTHOM CBSI3M IO3BOJSIET YCTPAHUTD
ommOKy THCTepe3nuca IMepedaTOYHOH  Xapak-
TEPUCTHKA  U3MEPUTEIBHOTO  MpeoOpa3oBaTess
(pucynok 1b). M3meputenbHble TNpeodOpazoBaTeNn
(GhopMHPYIOT ~ KOMIIGHCHpYIOLIEE  HampshKEHUE

Ucomp = 7UCPD'

%

[ ]

Al A2

hv

Pl/lcyHOK 1 - Cxema HU3MEPCHUS DJICKTPUICCKOT0 IMOTCHI[UAIa TOBEPXHOCTU CO CTATUYCCKUM BJICKTPOJAOM

Figure 1 — Basic diagram of surface electric potential measurements with a static probe

Pa3HOBI/I,I[HOCTLIO IIOCTPOCHUA CXEM
HU3MCPUTCIIbHBIX HpeO6paBOBaTeJICﬁ SIBIIACTCA
JABYXKOHACHCATOPHAA cxema YYBCTBUTCIILHOT'O

JJIEMEHTA, B KOTOPOM YyBCTBUTEIBbHBIA 3JIEMEHT
obOpazoBan koHzmeHcaTopoM C1  HENOABMKHBIN
30H]l — HOBEPXHOCTh 00pa3La, a B U3MEPUTEIIbHYIO
Lenb BXOIAT TaKkkKe IUHAMHYECKHH KOHIEHCATOP
C2, BBIHECEHHBIM 3a TpeAesbl H3MEPUTENBHON
A4YEeHKH, U BXOAHble EMKOCTh (), U COIPOTHUBICHUE
R,  ycumurens U3MEPUTETHHOTO CUTHaJa
(pucyHok 2). XOTsl OTCYETHBIM 3JIEKTPOJOM B ITOH
cXeMe SBJISIETCSl MOBEPXHOCTh KoHAeHcaTtopa Cl,
MOJYJIATOPOM H3MEPUTEIBLHOTO CHUTHANA CITYXKHT
IUHAMUAYecKuil KouzaeHcarop C2, 4YTO MPUBOAUT
K CHIKEHUIO YyBCTBUTEIBHOCTH cXxeMbl (1) rmo cpas-
HEHUIO C METOJUKAMHU, TJIe OTCYETHBIM AJIEKTPOJIOM
HEIMOCPE/ICTBEHHO SBISETCS OAHAa U3 OOKIAJ0K
JUHAMHYECKOT0 KOHIEHCATOpa.
JIByXKOHIEHCAaTOpHAsl ~ CXeMa  IO3BOJISIET
UCIONB30BaTh B KAauecTBE  JAMHAMHUYECKOIO
KoHgeHcaTopa C2 MPOMBIIUICHHBIE KOMIIOHEHTHI,
HampuMep, JAMHAMUYEeCKHe KOHAEHCATOphl THIIA
EBII, xopomio 3aniuiieHHble OT BHEUIHUX MTOMEX U
Bo3zekcTBUMA. Ilpu 3TOM BHYTpH H3MEPHUTENILHON
SUEHKH MOXET HaXOIUThCS TOJBKO 3JIEKTPOJ
30HAa cTaTHyeckoro kouaeHcatopa Cl, u Jo-
MOJIHUTENbHBIE BO3/IEICTBYIOLIHE (baxTopsI
(amexTpuyeckoe  ToOJie, arpeccHUBHas  razoBas

cpena, BakyyM | JIp.) He OyIyT BIUATH HA JPyTHe
KOMITOHEHTBl M3MEpUTENbHON 1enu. Hemoctatkom
TAKOW CXeMbl M3MEPEHUS SBISCTCA CHHUKCHUE
YyBCTBUTEJIILHOCTH C KO3(duuueHntoM  mo cpas-
HEHHI0O C METOJOM BHOpPHUpYIOIIEro 30H]A,
MIPONOPLHOHAIBHOE OTHOLIEHHIO eMKocTel C, u C,:

B=CZ/(Cy+Cy)(C, +ACy), (1)

rie C, n C, EMKOCTH CTaTUYECKOIO U
JUHAMUYECKOro KoHJeHcaTopoB; AC, — H3MeHe-
HHE EMKOCTH IHHAMHYECKOTO KOHJEHCATOpa IIpH
BUOpauu.

y

A

] Scanned
1 and

C—1  pulsed

L light

C2 var

Cl=const

Sample

Pucynox 2 — JIByXKOHJEHCATOpHAs CXEMa H3MEpPEHHUs
3JIEKTPUUECKOTO IOTEHLMANa IOBEPXHOCTU CO CTaTH-
YECKUM ANIEKTPOIOM

Figure 2 — Basic diagram of surface electric potential
measurements with a static probe using a two-capacitor
technique
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U3 (1) cnenyer, uto B ciaydae, koraa C; HAMHOTO
6ompmie C, 4YYBCTBUTEIBHOCTb IPAKTHUECKU HE
yMeHBITaeTcs, T. K. B ctpemures kK 1. Ho yxe mpu
C, = C, YyBCTBUTEIBHOCTb YMEHBIIAETCS MOUYTH
B ACCATH pa3, YTO BBIHYXKOACT J'II/I6O YBCIMYNBATH
émkocts C,, yBeqMuMBas IUIOLWIaAb 30HAA, JIHOO
YKECTOYaTh Tpe6OBaHI/Iﬂ K YYyBCTBUTCIIbBHOCTH
BXOJIHOTO YCHJIUTENS A .

N3mepenne 31eKTPHYECKOT0 NOTEHIHAIA
MOBEPXHOCTH € MPOCTPAHCTBEHHOM
HEOHOPOJAHOCTBHIO

beckoHTakTHBIE H3MEpPEHHS DIEKTPUUYECKOIO
MOTEHLIMaNa MOBEPXHOCTH MeToaoM KenbBuHa
€ro pa3HOBHUJHOCTAMU HMMEIOT PsAJ METOINYECKHX
ocobennocrerr [1,5,15], 4ro B CBOW ouepens
MPUBOIUT K HEOOXOAMMOCTH MX y4€Ta MpU KOHTPO-
Jie CBOMCTB MaTepualoB M W3JEIUH U pazpaboTke
CPEACTB METPOJIOIMYECKOI0 00ECIIeYeHUs] METOIOB
HEepa3pylaoLero KOHTpois. B mepByro odepens
TakuM (aKTOpOM, HEM30EKHO CONPOBONKIAIOIINM
moOble M3MEPEHUs], SBISETCS HEOIHOPOAHOCTH
CBOWCTB IOBEPXHOCTEH HccieayemMoro obpas-
na[l6-19] wu oTcuérHOro SJeKTpola 30HIA
HU3MepUTEeNbHON sueliku (pucyHok 3). Bennumna
MIOBEPXHOCTHOTO IOTEHIMala CBs3aHa ¢ PaboOTOH
BbIxoa anekTpona (PBD), 3aBucuT OT MHOTHX
(akTOpOB, OIpenensieMbIX KaKk BHYTPEHHEH CTpYyK-
TypoH TPHUNOBEPXHOCTHBIX oO0JacTe oO0BEeKTa
KOHTPOJISI, TaK M aJCOPOLMOHHBIMU TPOLECCaMHU
Ha TOBEPXHOCTH, M Pa3jIniyHa Ha PasHbIX yyacTKax
noBepxHOCTH. OTHOCHUTENbHAA JETKOCTh H3MEHe-
HUSl BEJIMYMHBI TOBEPXHOCTHOIO TMOTEHIHMana [4]
U OPOSIBIICHHE B 3THX H3MEHEHUSIX HPAKTHUYECKU
MOObIX  (U3UKO-XMMHUYECKUX  MPOIECCOB  Ha
MIOBEPXHOCTH J€JIaeT HEOOXOIUMBIM NPU aHAIU3E
pe3yapTaToOB W3MepeHud yueér «Omorpadmm» wu
MIPOCTPAHCTBEHHON OJHOPOJHOCTH HCCIEyEeMbIX
o0wvexToB KoHTpons [13,15,18]. IloBepxHOCTB
OOBEKTOB KOHTPOJS Jake IS HM3ACTUN C Tpe-
LM3UOHHBIMU TIOBEPXHOCTSMHU BCErja NpOCTpaH-
CTBEHHO HEOJIHOPOAHA, YTO HEU30EKHO MPOSIBIISIET-
C1 W B HEOJHOPOJHOM paclpeAesieHHH DJIEKTPU-
YEeCKOTo MOTeHLHala HOBEPXHOCTH. OCOOEHHO 3TOT
yu€T BaXCH IPU MCIOJIb30BAHUM B H3MEPEHMAX
30H10B OOJIBIION TMJIOMIAAN, Kak B clydae H3Mepe-
HUM TOTEHIMalla MOBEPXHOCTH C HEMOABHKHBIM
30HAOM. XapakTepHBIMH JJIs  TOIMOJIOTHU  IIO-
BEPXHOCTHOTO JIEKTPUUECKOTO MoTeHIMaa
MTOBEPXHOCTH (PUCYHOK 3a) SIBISIFOTCS:

— KpYIIHbIE YYaCTKU IIOBEPXHOCTHU C OTJIHU-
YAIOIMMUMUCSA 3HAYEHHUSIMHU TOTEHIMala (y4acTKH
A, B, C);

— nuHelHbIe ne(eKTh D;

— ToueyHble ne(eKTH E.

Pucynok 3 — Tononorus moBepXHOCTH C JIedekTamu (a)
W MOJIeJIb TIPOCTPAHCTBEHHOTO PACHpE/IeNICHHs dIIEKTPH-
YECKOro MOTCHIIHAIIA TIOBEPXHOCTH (b)

Figure 3 — Topology of surface containing multiple de-
fects (@) and model of surface electric potential distribu-
tion (b)

HeoOxoquMo  OTMETHTB, UTO  YHCJICHHBIC
sHaueHuss PBD s HekoTOphIX THIOB jaedek-
TOB TMOBEPXHOCTH MOTYT COBIAgaTh, U TOIJa
MPOCTPAHCTBEHHOE pacIpeiesiecHue MOTEHIHAala
MOBEPXHOCTH IOJA 30HAOM 1  HcciaemxyemMoro
oOpa3ia2 MOXXHO TPEJICTaBUTh MOJCIBI0 Ha
pucynke 3b. COOTBETCTBEHHO C OTOW MOJENbBIO
U3MepseMbli SNIEKTPUUECKUN MOTEHIINAI
MMOBEPXHOCTH He OyAeT TOYHO OIpPEIeNIThCs
HA OaHUM wu3 3HadeHud PBD s yacTHBIX
yyacTkoB A—C B mnOpoekuuud 3o0HHa. Mogenb
a¢dexkTnBHON paboOTHl BBIXO/AA, IO CYIIECTBY,
oTpaxkaeT CYIIIECTBOBaHNE 3HAYUTENHFHOU
reTepOreHHOCTH CBOMCTB nosepxHoctH [15].
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I[Ipu oToM, HaOMIOmAaeMble W3MEHEHHS  I10-
BEPXHOCTHOTO TIOTEHIIMAJIa MOTYT OBITh BBI3BAHBI
HEe W3MEHEHHEeM pabOThl BBIXOJA JJICKTPOHA

Ha AedeKTax KaKoro-TO Ompeneia¢HHoro Ttuma [4],
a W3MCHCHHEM COOTHOINCHHS TUIOMAJNCH MUK-
pPOYYacCTKOB TIOBEPXHOCTH C PAa3HbIM COCTaBOM
aJICOPOLIMOHHBIMU  SIBIICHHSIMHU

nedeKToB,
Ha HUX.

nin

[pu HEOHOPOTHOM pacrpeseneHIn
MOTCHIMANA TIOBEPXHOCTH CHCTEMY OTCUETHBIH
JNIEKTPOJI—HCCIIEAyeMas  MOBEPXHOCTh  MOXKHO
npeactaButh  [20] B BHAC  DJICKTPHUYCCKH
COCJIMHEHHBIX  KOHJICHCATOPOB,  KaXJbld €O
CBOUM CPEIIHUM PACCTOSHHEM MEX]y OTCUETHBIM
JIICKTPOJIOM U HCCIEIYeMOH MOBEPXHOCTBIO, U
HaNpsHKEHUEM MEeXTy OOKITaKaMu (PUCYHOK 4).

Ly =i+t i |—|R
| |
Tf; ff: Th L((-Ump
C2 =
Ccl Trrd C3
v | Us Ue

Pucynok 4 — Cxema M3MepeHUs] MOBEPXHOCTHOTO TMOTEHIMANa M SKBUBAJICHTHAS CXeMa M3MEPUTEIHHOU SYCHKH B

cllyyae HeOJHOPOIHOMN MTOBEPXHOCTH

Figure 4 — Basic diagram of surface electric potential measurements and equivalent circuit of a measuring cell for the

case of non-homogeneous surface

Ecnu  w3meputenbHas siueiika oOpa3zoBaHa
TpeMmsi KOHAeHcaTopaMu (PUCYHOK 4), TO U3 yCIIOBHS
coxpaHeHus 3apsina Q cieayer:

Q=0+ +0 =
= Cl (Ul - Ucomp )+ CZ (UZ - Ucomp )+ C3 (U3 - Ucomp ) &)

rae Oy, 0,, O3 — 3aps]l Ha y4acTKaX IIOBEPXHOCTH 4,
B, C, B npoekunu snekrpona 1; Cy, C,, C; — éMKOCTH
KOHJICHCATOPOB AJIEKTPOJI | — y4acTKh TOBEPXHOC-
mA, B, C;, U, U, U;—1noreHnuansl I0OBEPXHOC-
TH TNOJ y4acTKaMH MOBEPXHOCTU A, B, C B mpoek-
MU DJIEKTPoAa 1, COOTBETCTBEHHO.
MaremaTtnudeckoe MOJAEITUPOBAHHE B Cpele
MathCAD cootHomieHus (2) OTHOCHUTEIBHO H3ME-
psAeMOTo 3HA4YEeHHsS KOMIICHCHUPYIOUIETO HampsoKe-

it U, TOKasblBacT, 4YTO aHAIMTHYECKOC
Beipakenne Wit U, yXKe IpH UUCIe MHKPO-
Y4acTKOB HEOJHOPOIHOCTH Oonee IBYX

CTAHOBUTCSL 4pe3BblYaiiHO rpomosakum [20, 21].
Onnaxo rpapuyecknit Bup 3apucumoctu U, OT
MEXUIEKTPOIHOTO 3a30pa ci1ad0 3aBHCUT OT YHC-
Ja MHKPOYYacTKOB, M B OOnbLIed CTENEHH

OmpeacasaeTCsd COOTHOLICHUCM rmomaz[eﬁ MUKPO-

Y4acCTKOB (MOAETUPYETCSI COOTHOLLIEHHEM EMKOCTeH
C;—C;) ¢ pasnuYHBIMH [OTCHUHAIAMH ITOBEPXHOC-
TH. TunuyHas 3aBUCUMOCTh KOMIIEHCUPYIOIIETO
HaNPSOKEHUST OT MEXAJIEKTPOIHOTO 3a30pa IMpHBe-
JeHa Ha pucyHke 5. Ilpu yBenuueHUH MEXK-
UIEKTPOJHOTO 3a30pa BEIMYMHA H3MEPSIEMOr0
KOMITEHCHPYIOIIETO HaNpsHKEHUs CTPEMUTCS K Cpeji-
HEMy 3HA4YeHHs MOTEHIIMAJa TMOBEPXHOCTH B IMPOEK-
UM OTCYETHOro sJekTpoja. I[lpu omgHOpOHOM
MOBEPXHOCTH MOJI OTCUETHBIM DJIEKTPOAOM JTUCTAH-
[IMOHHAs 3aBMCHMOCTb KOMIIEHCHPYIOIIETO Hamps-
JKEHUS OTCYTCTBYET.

W3 pe3ynbTaToB MOJENHPOBAHUS BEIUYHHEI
HU3MEpPSIEMOr0 3HAYEHUS KOMIIEHCHPYIOILEr0
HaNpsKeHUs B Cllydae HEOAHOPOAHOM MOBEPXHOCTH
o0Opa3ma ciemyer, 4YTO H3MepseMOoe 3Ha4YeHHe
IIOBEPXHOCTHOTO  MOTEHUMajga Oyner  Bcerma
3aHMKEHO 0 OTHOUIEHHMIO K CPEJHEMY 3HAYEHHIO
noTeHIMana 1oj  3iekTpoaoMm. [lpu  sToM,
JTUCTAaHIIMOHHASA 3aBUCHUMOCTH KOMIIEHCHUPYIOIIETO
HaIPSKEHNS TI03BOJISIET ONMPENENATh CTaTHCTUYEC-
KM€ TapaMeTpbl HPOCTPAHCTBEHHOI'O paclpese-
JICHUS TIOBEPXHOCTHOTrO TMOTeHHuana (cpeaHee
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3HaYeHNE W CPETHEKBAJPaTHIECKOE OTKIJIOHEHHE)
JaKe TpU pa3Mepax MHKPOHEOTHOPOAHOCTEH
CYIIIECTBEHHO MEHBIIUX pa3MepoB OTCUETHOTO
snekTpoja. Ilpu HamMuuu NOPOCTPAHCTBEHHOH
HEOJTHOPOJIHOCTH  DJIEKTPUUYECKOTO  IMOTEHIHAIa
MTOBEPXHOCTH CIIEAyeT YYHUTHIBATh CIEAYIOIIHE
(hakTOPHI:

—Tpu  HaTMYAKW 107 30HAOM KenpBUHA
HECKOJBKHX (00see NMBYyX) KJIacTepoB HAOIIOMASTCs
3aBUCUMOCTb Upp, OT PacCTOSHUS MEXAY 00pas-
[IOM U OTCYETHBIM 3JIEKTPOJIOM;

— yZAenbHBIH Bec P; KiactepoB B (OpMUpPOBa-
HHWA CPEIHEr0 3HA4YeHHUs padOThI BBIXOMA OOJIbIIE
JUISE KJIacTepOB C MEHBIIUM 3HAYEHHEM pPadOTHI
BBIXO/IA.

0.134
0.132
& Ulxl)
rzn Ub(x1) 0.13
ST
0.128
0.126 ;
0 0.2 04 0.6 0.8 1
x1
X, mm

>

Pucynok 5 — Pe3ynbrarbl MOAETUPOBAHUS KOMIIEHCHU-
PYIOIIEr0 HANpSDKEHHS OT MEKAIEKTPOAHOTO 3a30pa
TIPY HEOTHOPOTHOH MOBEPXHOCTH

Figure 5 — The model plot of compensation voltage vs
probe-to-sample gap for non-homogeneous surface case

Ot (HaKTOPBI YacTO OMPEICISIIOT HEOIHO-
3HAYHOCTh COOTBETCTBHSI CpPEOHETO ISl O00B-
eKTa KOHTposs 3HaueHus Ugp, THIIy U KayecTBY
00pabOTKH MMOBEPXHOCTH TIPU CPABHEHUHN 00OpPa3IOB
C pa3HON CTENEeHbIO HEOJHOPOJHOCTH CBOMCTB
MTOBEpXHOCTH [6, 16, 20].

MeTtpoJsiornueckasi MojieJib M3MepeHu it
3JIeKTPUYECKOI0 MOTEeHIHAJIA TOBEPXHOCTH

Merponoruueckas wmojaenb [21] uszmepeHuit
SJEKTPUUECKOTO TOTCHIMANa IOBEPXHOCTH U
apaMeTpoB OJHOPOJHOCTH €ro MPOCTPAHCTBEH-
HOTO  paCIpeleNieHUsT  BbIpakaeTcs  00beIu-
HEHHEM HECKOJBKHUX YAaCTHBIX MOTPEIIHOCTEH:
FCOMETPUYECKOW TOTPEIIHOCTH (POPMBI U pac-
MOJIOKEHUST KaXKIOr0 UCCICAYEMOTI0 MUKPOYUYACTKa

AX;, TIOTPEIIHOCTH PACCTOSHHUS MEXIYy 30HIOM H
MOBEPXHOCTBIO Ad;, HEONPenenEHHOCTH 3HAYCHHS
JNIEKTPUYECKOTO  TOTEHIMAla B TIpejaernax
KOHTponupyemoii oonactu AU,

AUcpp(x)=| D (Ax; *Ad ;) |AU,. ©)

J

Ecnu B MeToanke U3MEpeHns: TOBEPXHOCTHOTO
[OTEHLIHANa  KCIOJb30BaTh JUCTaHIIMOHHYIO
3aBHCHMOCTh H3MEpPSIeMOro 3HaueHHUsl MOTEHLHaa
(pUCYHOK 5) Kak JOTONHUTEIbHBI HE3aBUCHUMBIN
KaHaJ M3MEPUTEIIbHONH HH(pOpPMaluM, TO aHaIM3
napaMeTpoB 3TOM 3aBUCHMOCTH (2) TO3BOJSIET
OCYILECTBIISITh HEPa3pyLIAIOUIMKA KOHTPOJIb Ia-
paMeTpoB  IPOCTPAHCTBEHHOI'O  PAaCHpPEAEICHUs
neeKkToB ¢ XapaKTepHBIMH pa3MepaMd MHOTO
MEHBLIUMHU Pa3MepoB OTCUETHOrO anekrpona [20].
[Ipu >TOM OOHApYKUTETBHAS CIIOCOOHOCTh METOA
OTPAaHUYMBAETCA TOJIBKO [UIMHOM 3KpaHWPOBaHUS
ANIEKTPUYECKOro Toist B oOmactu nedektoB [4]
U MOXET COCTaBJIATh BEIMYMHY JAECSTKU-COTHH
HAaHOMETPOB IIPU pazMepax OTCUETHOIO 3JIEKTPOAaa
6oxnee 1 mm [15, 20]. Ho onpenenuTs J0KaTU3aIIIO
ne(eKTOB BHYTPU IPOEKIMU OTCUETHOI'O 3JIEKT-
polla mpu STOM HeBO3MOXHO. /Jlnsg psnma ome-
paunii KOHTPOJIS M3JENUI C NPEHHU3UOHHBIMU MO-
BEPXHOCTSIMU 3TO HECYLIECTBEHHO, HO IIPUBOAUT
K 3aTpylHEHUsIM Tpu TPOBEACHHUU MPOLERYp
KaJUOPOBKM U STAJIOHUPOBAHUS HM3MEPHTEIBHBIX
ycTaHoBOK. B [21] mist mpoBemeHHS MpOIEAypHI
STAJIOHMPOBAHUS TOBEPKU MpeJularaeTcs HUCIONb-
30BaTh TECTOBYIO CTPYKTYpY, IOBEPXHOCTh KO-
TOpoH 00pa3oBaHa COBOKYIHOCTBIO HPOBOISIINX
YyUYacTKOB, pa30OMTBIX Ha TPYIBI, KaXJas W3 KO-
TOPBIX TMOAKIIOYACTCSI K NEPBUYHOMY HCTOYHHKY
STAJOHHOTO TMOTeHUuana. Pa3Mepbl  TECTOBOM
CTPYKTYpPBI JIOJKHBI MPEBBIIATH pa3Mepbl MPOeK-
UM OTCYETHOTO 3JIEKTPOAa W3MEPUTEIBHOM cHuc-
TEMbl HE MEHEE Ye€M Ha BEJIUYUHY MEXIJIEKTPOA-
HOro 3a3opa. IlapameTpsl MpoCTPaHCTBEHHOIO pac-
npeesieHrsT MOTEHIMaNa MOBEPXHOCTH JTajloHa
3aal0TCs  KOMMYyTalMed  MaTpulbl  TECTOBBIX
JJIEKTPOJIOB K MAaTpHIE HCTOYHHUKA 3TAJIOHHOIO
noreHnuana [21]. Dto mo3BosseT (HOPMHPOBATH
onpenes€HHbI THUI IPOCTPAHCTBEHHOI'O pacmpe-
JIeTIeHNs, 3aJaBaeMblii KOH(UTypalueld MaTpHILbI
KIIIOYEH, 4TO COOTBETCTBEHHO MNPUBOIUT K TOMY
W UHOMY THUITY (2) 3aBUCUIMOCTH H3MEPHUTEITHLHOTO
CUTHaJIa OT MEXK3JIEKTPOJHOIO 3a30pa CUCTEMBI OT-
CUETHBIH ANIEKTPO—TECTOBAsI CTPYKTYPa (PHCYHOK 5).

141



Tpubopul u memoowt usmeperutl
2023.—T. 14, Ne 2. - C. 135-144
P.U. Bopobeti u op.

Devices and Methods of Measurements
2023, vol. 14, no. 2, pp. 135—144
R.I. Vorobey et al.

Mertposorndeckasi MOZeNb  CHUCTEMBI  OT-
CUETHBIA  BJIEKTPOJ  WU3MEPUTEIBHOM  YCTAHOB-
KH — TecroBas CTpykTypa AUp- MOKeT ObITh
BBIp@XeHa OOBEIWHEHHEM TOTPEHTHOCTH  JTa-
JOHHOrO HCcTO4YHHMKA AU,,,, TOrpEIHOCTH Tec-
TOBOH CTPYKTYpHl AU, ONpEnenseMol HEOIHO-
POITHOCTBIO ~ pacmpejiefieHust IMOTeHIHajla  IIo-
BEPXHOCTH TECTOBOro 3iekrpoma U, a Takxe
reOMEeTPUIECKON MOTPETTHOCTH paccTosHus
MEXIY JJEKTPOJOM M TECTOBOH CTPYKTypOH,
BBIPQXKEHHOW Yepe3 IMOIrPeIIHOCTh SKBUBAJIEHTHOM
JJIEKTPUYECKOM ~ EMKOCTHM  SIYEMKH  TECTOBOM
ctpykrypsl AC;:

AUrc = AUp, XAU;rc X AC,. 4)

IIpn pa3paboTke KOHCTPYKIMH M HM3TOTOBIIE-
HUU MaTpPUIBl  3TAJTOHUPOBAHHBIX  DJIEKTPOIOB
HEOOXOAMMO TPHUHATH MEpHl 10 YMEHBIICHHUIO
BIUSHHSI TEXHOJOTHMYECKOTO pa3dpoca 3HAYCHHU
MMOBEPXHOCTHOTO TMOTEHIHAIa CaMHUX JTAJOHHBIX
3JIEKTPOJIOB.

3akjaouyeHue

Metonunka U3MEpEHHUS ANEKTPUIECKOTO
MOTEHITMAJIa TIOBEPXHOCTH C WCIOJIh30BaHUEM CTa-
THYECKOTO OTCUETHOTO OHIIEKTpona obecreyrBaeT
BO3MOYKHOCTh HCIIOJIB30BaHUSI MPOCTOM KOHCTPYK-
MU YYBCTBUTEIILHOTO 3JIeMEHTa 0e3 NMPUMEHEHUs
IOABMKXHBIX 3JICMCHTOB, YTO ITO3BOJIACT ITOMCIIATH
W3MEPHUTENBHYI0 SYEHKYy BHYTPh Ta30BBIX U
BAaKyyMHbBIX CHCTEM, BKJIIOYAaTb UX B COCTaB OIITH-
YeCKMX CXeM O0e3 BIUSHUS Ha W3MEpPUTEIbHBINA
CUTHAJI Mapa3uTHON MOJTYJISIIHH.

IIpumenenue HEIIOJBW)KHOTO JJIEKTpOaa
[0 CpPaBHEHHWIO C METOIWKAaMH, TJE€ OTCUETHBIN
9JIEKTPOJI BXOAWUT B COCTaB BHOPUPYIOIIETO KOH-
IIeHcaTopa, OO0ECIeUMBacT pacIIupeHUue o00JIacTh
MPUMEHEHHUS] METOAUK M3MEPEHUS AIIEKTPUIECKOTO
MOTEHIIMANA MOBEPXHOCTH, HampuMmep, B 00JIacTh
CIIEKTPOCKONMYECKUX HCCIEOBAaHUI CBOWCTB II0O-
BEPXHOCTH. YCTpaHEHHE psilla METOAMYCCKHX
OTpaHWYEHHH COIIPOBOXKIAETCS CHIDKEHUEM
a0COJIIOTHON YyBCTBHUTEIBHOCTH, 4YTO BBIHYKAAET
WCIIONB30BaTh BO BXOJHBIX JIIEKTPOHHBIX Y3Jax
M3MEPUTENBHBIX TNpeoOpa3oBaTenieii  omepauuoH-
HBIX YCI/IJII/ITeﬂeﬁ CO CBEpXMajJlbiIMHM BXOAHBIMHU
tokamu (MeHee 10 hA).

[lpuBeneno  cpaBHeHHE W OCOOCHHOCTH
MPUMEHEHUS METOJAWK W3MEpPEHHs dJeKTpude-
CKOT'0 IOTEHIIHAJIA TIOBEPXHOCTH € UCIIOJIB30BAHUEM

HETIOJIBMYKHOTO OTCYETHOTO DJIIEKTPOJa B CXEMe
CTaTHYECKOTO KOHJEHCATOpa W JIBYXKOHJEHCA-
TOPHOM CXeMe U3MEPUTEIILHOU STUEHKHU.

Paccmotpeno BIIUSIHHAE HEOTHOPOIHOCTH
CBOICTB ITOBEPXHOCTH Ha dhopmupoBaHue
U3MEPUTEIHLHOTO cHUTHaJIa. IToxasano, 9TO

oOHapyXHUTEIbHAS CIIOCOOHOCTh METO/Ia K HEOJTHO-
POTHOCTH CBOWCTB TIOBEPXHOCTH TPHU HAIWYHH
nedeKTOB ~ OTpaHWYHMBAETCS  TOJIBKO  JUIMHOM
SKPaHUPOBAHMS DJICKTPUYECKOTO TONII B 0OJACTH
Je(EKTOB U MOXKET COCTABIIATH BEIMYMHY JECSITKH-
COTHH HaHOMETPOB TIpU pa3Mepax OTCUETHOTO
anekTpona Oomee 1 mm [2, 4]. OmgHako, ompezeie-
HUE JIOKaM3aluu JeeKTOB BHYTPH IPOSKIUU
OTCYETHOTO DJIEKTPOAA ITPH ITOM HEBO3MOIKHO.

[IpuBeneHsl  OCOOSHHOCTH  COCTABJISIOIINX
MOTPENTHOCTH B METPOJIOTHYECKOW Momenu (op-
MHUPOBaHUS M3MEPUTEIBHOTO CHTHAJA B METOJIUKE
W3MEpPEeHHA  DJEKTPUYECKOTOo TIOTEHIMaja  II0-
BEPXHOCTH C WCIOJB30BAHHEM CTaTHYECKOTO
OTCUYETHOTO BJIEKTPOAA.
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Abstract

Highly loaded transmission gears are cemented and hardened. An important parameter of the hardened
cemented layer is its effective thickness 4,,. Metal banding and the unavoidable instrumental error in hard-
ness measuring have a great influence on the reliability of /,, determination. The purpose of this article was to
develop a methodology to improve the reliability of determining of the effective thickness 4, of the hardened
layer in steel after carburizing and quenching.

The value of £, is the distance / from the surface of the product to the hardness zone of 50 HRC. The
article substantiates that approximation of hardness change from the distance % to the product surface will
allow to obtain a more reliable dependence of hardness change in the investigated area when making hardness
measurements in a wider range of distance 4. Therefore, to increase the reliability of 4, determination,
results of the HV0.5 hardness measurement in an extended range of changes in % in the vicinity of the
analyzed zone were used. The HV0.5 measurement results are converted to HRC hardness values using the
formula recommended by the international standard. The HRC(%) distribution of HRC hardness values in
the measurement area is interpolated by a second-degree polynomial which physically correctly reflects the
change in metal hardness in the analyzed area. The resulting polynomial is used to determine of the distance
hef at which the hardness takes on a value of 50 HRC. The methodology was used to determine the £,
of an 18KhGT steel gear wheel after carburizing and quenching. It is shown that results of two independent
measurements of the /4, sample differ from each other by 0.003 mm. This is significantly less than the
permissible error of 0.02 mm of the /4, determination according to the standard technique. The error
of h,, determination is reduced by extending the range of variation of /2 and statistically valid interpolation
of the monotonic change in hardness with the distance from the surface of the item in the measurement area.

The developed method of determining the effective thickness 4, of the hardened steel layer consists in
determining the distribution of its hardness in the expanded vicinity of the 4, area, approximating the ob-
tained dependence by a polynomial of the second degree and solving the square equation obtained with its
use. The technique provides a significant reduction in the influence of the structural banding of the metal and
the inevitable error in measuring hardness on the result of determining the #,,. Its application will allow to
optimize the cementation regimes of gear wheels to increase their service life.

Keywords: surface hardening, cementing, hardness, interpolation of hardness distribution, effective thick-
ness of the hardened layer
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MeToauka onpeaejseHus 3PPeKTUBHON TOJIIIHUHBI
HEMEHTHPOBAHHOIO CJIOS CTAJIHN

C.I'. Canpomupckmnii, A.JI. Baabko, C.I1. Pynenko

Ob6vedunennvlii uncmumym mawunocmpoenus Hayuonanonoii akademuu nayx Berapycu,
ya. Axademuuecxas, 12, o. Munck 220012, Berapyco
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BricokoHarpyxenHsle 3yOuaTele Kojéca TPAHCMHCCHI ITOJBEPraioT IEMEHTAlud | 3aKalke.
BaxHBIM [1apaMeTpoM yNPOYHEHHOIO LIEMEHTHPOBAHHOIO CIIOS SBISICTCS ero d(pdexTnBHas TONMUHA .
Bosbiuoe BiusHEEC HA JOCTOBEPHOCTH ONPEICICHUS /1, OKA3bIBAIOT IIOJIOCYATOCTh METAlIA M HEH30eKHAsI
WHCTpYMEHTAJIbHAs TTOTPENIHOCTh n3MepeHus TBEpAoCcTH. Llens padoTel — pa3paboTka METOJUKH ITOBBILICHHS
AOCTOBEPHOCTH ONpeeneHus PPEKTHBHON TONIINHEL /1, YIPOYHEHHOIO CIIOS B CTAIN MOCIE LEMCHTALMH
U 3aKaJIKH.

3a BenuuuHy /1, NPUHAMAIOT PACCTOSIHUE /7 OT MOBEPXHOCTH M3Aeius 10 30HbI ¢ TBEpAocThio 50 HRC.
B pabote 000cHOBaHO, YTO aNpOKCUMAIXs H3MEHEHHsI TBEPJIOCTH OT PACCTOSIHUS /1 1O TIOBEPXHOCTH HU3JICITHS
MO3BOJIUT TOJYYHTH OOJiee JOCTOBEPHYIO 3aBHCHMOCTh M3MEHEHHsS TBEPAOCTH B HCCIEAYEeMOH 30HE TPH
MPOBEACHUN M3MEPEHUIl TBEPAOCTH B O0Jiee MUPOKOM JUAra30He paccTosHUM 4. [losToMy mist MOBBIICHNUS
JI0CTOBEPHOCTH ONPEICICHHUS /1,, NCIONB30BaHbl pe3ynbTarsl u3Mepenus teépaoctn HVO,5 B pacumpeHHoM
JIMara3oHe U3MEHEHHUH /i B OKPECTHOCTH aHAIM3UpyeMoii 30HbI. Pesynbrarel m3mepenuss HVO0,5 nepecunranbt
B 3Hauenus TBéprocti HRC mo dopmyre, pexoMeH10BaHHON MeXTyHAPOAHBIM CTaHAapToM. Pacnpenenenue
HRC(#) 3nauennit TBépmnoctn HRC B o0mactu m3MepeHus: HHTEPIOINPOBAHO TTOJTMHOMOM BTOPOM CTEIICHH,
(GU3MYECKH BEPHO OTPAXKAMOIIUM H3MEHCHHE TBEPIOCTH MeTalla B aHaIu3upyemoi 3oHe. IlomydeHHBIR
TNOJIMHOM HCIIONB30BaH Ul ONPEACNICHUs PACCTOSIHUA A, TIPH KOTOPOM TBEPAOCTb NPHHUMAET 3HAYCHHE
50 HRC. Meroauka ucnonb3oBaHa Uit onpepeneHus h,, 3ybuaroro xonmeca u3 cramm 18XI'T mocie
LIEMCHTALMK U 3aKalIKH. [okaszaHo, 4To pe3ynbTarsl ABYX HE3aBUCUMBIX H3MEPEHHUI /i, 0OpasLa OTIM4arTCs
apyr ot apyra Ha 0,003 MM. DTO CyIIECTBEHHO MEHbLIE A0mycTUMON norpewHoctr 0,02 MM onpenesnenust A,
10 CTaHAAPTHOH MeToauKe. [1orpelHoCTh onpenesnenns h,, CHIKEHa 3a CYET PAaCIUMPEHKs AUaNa30Ha H3Me-
HEHHS /I ¥ CTaTUCTUYECKH 000CHOBAHHON MHTEPIOIALMI MOHOTOHHOTO H3MEHEHHS TBEPIOCTH C PACCTOSTHUEM
OT MOBEPXHOCTH U3IENHS B 001aCTH H3MEPEHUSL.

Paspaborannas Mmetomuka onpeneneHus dHEKTUBHOH TONWMHBL /i, YIPOUHEHHOTO CJIOS CTAIH
3aKJII0YACTCs B ONPE/IEICHUH paclpe/eeHns e€ TBEPAOCTH B PACLIMPEHHON OKpecTHOCTH obnactu A,
ANMNPOKCUMALUU TOTY4YEHHOM 3aBUCHUMOCTH IOJIMHOMOM BTOPOH CTENEHU M PELICHUH MOJYYEHHOIO C €ro
HCIOJIH30BAHUEM KBAIPaTHOTO ypaBHEHUs. Metommka 00€CleunBacT CYIICCTBEHHOE CHIDKCHHE BIIHSHUS
CTPYKTYPHOH IOJIOCYATOCTH MeTajla MU HEeU30e)KHOH IMOTPEHIHOCTH M3MEPEHHUs TBEPJOCTH Ha pe3ylbTarT
ompenesnenus h,,. EE npuMeHEHHE IO3BOJMT ONTHMH3UPOBATH PEKMMBI LEMEHTALMU 3y0uaTbiX KOIEe
JUIsl TOBBILIEHUS PECYPCA UX IKCILTyaTaLUH.

KawueBble ciioBa: MOBEPXHOCTHOE YNPOYHEHHE, LIEMEHTAIMs, TBEPIOCTh, UHTEPIIONSIMS PACIPEICICHHS
TBEpOCTH, Y (HEKTHBHAS TOIIIMHA YIPOYHEHHOTO CIIOS
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Introduction

For long and reliable operation of mobile ma-
chinery transmissions, the hardness in the area of
maximum deep contact stresses occurring at some
distance from the gearing surface is important [1, 2].
Cementation (saturation of the surface layer of low-
carbon steel with carbon) followed by hardening is
the main method of surface hardening steel to the
required depth [3—7]. This chemical heat treatment
(CHT) forms a surface layer in low-carbon steel with
a decreasing concentration of carbon from the surface
to the core of the part. Cemented quenching produces
high-carbon martensite in the surface layer with high
hardness and wear resistance, while the core retains
low hardness and high toughness (Figure 1).

EiRI?GZ

58

50

30-45

Figure 1 — Diagram of changes hardness HRC in cemented
steel from the distance / to the carbon saturation surface. 4,
and A, — effective and total thickness of the cemented layer

Surface hardness and effective 4, thickness of
the cemented layer are regulated to ensure the re-
quired service life of the gears [8, 9]. These values
determine the technology of hardening of gears and
their strength. The distance from the surface to the
zone of the layer with hardness 50 HRC is taken as 7,
after hardening [8, 10]. To determine hef, the results
of measurements of hardness distribution HV0.5 on
thin sections along the depth % of cemented layer of
samples are used (Figure 2).

b SRR :
Figure 2 — Indentor impressions during Vickers hardness
measurement on thin sections of a sample of rolled steel
20XH3MA after carburizing, high tempering, hardening
from 820 °C and low tempering. Carbon saturated surface
of the sample is located on the left side of the figure

Measurements of the hardness distribution of
steels and alloys in the area of maximum stresses
or in the area of metal failures caused by them are
widely used in metal science and mechanical en-
gineering [8—14]. But methods for determining the
nature of the change in the properties of the metal
with distance to its surface are not productive and
not accurate enough. Studies have shown that the
presence of a banded structure in the measurement
area (Figure 2), as well as due to the inevitable mea-
surement error of HV0.5, the validity of such a de-
termination of /,,is insufficient. The purpose of this
article was to develop a methodology to improve
the reliability of determining the effective thick-
ness of the A, hardened layer in steel after carburi-
zing and quenching.

Analysis of the standard method
for determining the 4, of a cemented layer

To determine /,,, multiple measurements of
hardness HVO0.5 are used on a specially prepared
slab of the product, perpendicular to its surface,
in the immediate vicinity of the area where the
hardness of the metal is close to the value of
50 HRC [10]. The results of HV0.5 measurements
are recalculated into HRC hardness values. Ac-
cording to the results of these measurements and
recalculation, construct a relationship HRC(4).
The value of %, at which the hardness equals
50 HRC, is considered equal to the value of 7.
Studies have shown that the presence of a banded
structure in the measurement area (Figure 2), as
well as due to the inevitable measurement error of
HVO0.5, the accuracy of such a determination of /,,
is insufficient.

This is illustrated by the results of determining
the HRC hardness distribution over the thickness /
of the cemented layer of an experimental sample of
18KhGT steel near the £, area (Figure 3).

The equation of the linear trend line of the
correlation field of hardness change HRC with
distance 4 from the cemented surface of the wit-
ness sample according to Figure 3 has the follow-
ing form:

HRC = 56.76-3.5h(mm). (1)

From (1) the effective thickness 4, of the ce-
mented layer of the witness sample (for a hardness
value of 50 HRC) is 1.931 mm.
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HRC
50
y=-3.5x+56.76
R*=0.2991
49 *
3
48 + 1 1
1.9 2 2.1 h, mm

Figure 3 — The results of determining the HRC hardness
distribution over the thickness % of the cemented layer
of the experimental sample near the area of 4,,

But the reliability of R* approximation (square
of the R correlation coefficient between HRC and
h) of the experimental dependence HRC(%) by the
trend line (1) was only 0.2991. This indicates that
the reliability of the determination of the value of 4,
using equation (1) is not high. The results presented
in Figure 3 show that increasing the number of hard-
ness measurements in the specified zone, as recom-
mended by the standard method [10], did not lead to
an increase in the reliability of determining the ;.

Prerequisite for developing a method

to improve the reliability of determining
the effective thickness of the cemented layer
of steel

In [15] it is shown that the limits of achievable
value R, of correlation coefficient between mea-
surement results and true values of physical quantity
are determined not only by the relative error  of its
measurement, but also by the relative range d of its
change. Increasing the number of measurements (in
the presence of an error of each measurement) in a
narrow range d of variation of the varied parameter
practically does not lead to a decrease in the error of
determining the correlation between the true values
of the physical quantity and the indirect results of its
measurement.

To solve this problem, let us take advantage of
the fact that an increase in d with constant 6 leads to
an increase in the achievable R, correlation coef-
ficient between the measurement results and the true
values of the physical quantity [ 15]. Therefore, appro-
ximation of change of the measured physical quan-
tity (in this case — HRC hardness) from the changing
parameter (distance / from the surface) will allow to

obtain more reliable HRC(/4) dependence when mea-
suring in a wider range of 4 parameter change. On
the basis of the obtained approximation (with physi-
cally correct reflection of the nature of change of the
studied dependence), a more accurate value of the
parameter /& will be obtained, at which the measured
value is equal to the given value of HRC.

To justify this, let us use the obtained in [15]
dependence of the achievable coefficient R, of cor-
relation between the measurement results and the
true values x of the physical quantity on the relative
error o of its measurement and the relative range d of
change (d = (X, — Xmin)/¥max)- FOr the dependence
R..x = R (0, d) in the range of R, > 0.8 in [15]
a formula was developed that approximates this de-
pendence with sufficient accuracy:

2

In Figure 4 the dependence R, ,, = R,,,(0, d) is
plotted for the value 6 = 4 %, which is typical for the
relative error of HV hardness measurement by Vi-
ckers.

The analysis of the dependence R,,, = R,,,.«(d)
presented in Figure 4 showed, for example, that an
increase in the parameter d by 3 times (from 0.2 to
0.6) reduces the difference (1 — R ,,,) by an order of
magnitude: from 0.092 to 0.0078. That is, it radi-
cally increases the reliability of approximation of
the required dependence (coefficient R* of “reli-
ability of approximation” increased from 0.824 to
0.984).

Rmax [

R ~1-0.8668"8247%22

max

0.95

0.9

0.85

1 |

0.8, 02 04 0.6

0.8 d

Figure 4 — Dependence of the maximum achievable cor-
relation coefficient R, ,, between the measurement results
and the true values of the physical quantity on the relative
range d of its variation at the relative error of measurement
4 =0.04. Calculating by the formula (2)

The increase in the reliability of determining the
effective thickness of the cemented layer when using
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this approach to its determination will be illustrated
by the following example.

Model sample of 18KhGT steel and
the method of measuring its parameters

One of the steels used for the production of me-
dium modulus gears is 18KhGT steel. The sample
(30 mm in diameter and 10 mm in thickness) used
for research (the results of which are presented in
Figure 3 and 5) was subjected to carburizing and
hardening according to the regimes regulated by
the production of power transmission gears [8]. The
distribution of microhardness HV0.5 over the depth
of the cemented layer of the sample after chemical
treatment was measured on a microhardness sensor
PMT-3M at a load of 4.9N'. To determine the effec-
tive thickness /. of the cemented layer of the sam-
ple, the measured values of microhardness HV0.5
were recalculated into HV hardness units (at a load
of 30 Kg) with a conversion factor of 0.97 [16] and
into HRC hardness values according to the formula
recommended by the standard®:

HRC =31.49+0.0796683-HV —
6728.16
HV

3)
~0.0000355432-HV? —

The results of recalculation of the measured
values of microhardness HV0.5 into HRC hardness
values in the range of HRC hardness values of the
model sample, which is practically important for
determination of the effective 4, thickness of the
cemented layer, are shown in Figure 5. Note that the
results of determining the HRC values of the sample
at a given value of / differ significantly for two inde-
pendent measurements (Figure Sa, b).

The dependences of HRC(#) obtained in Fi-
gure 5 dependences were approximated (Figure 5)
by second-degree polynomials, respectively:

HRC = 12.662/4*~59.55h+117.46; )

HRC = 13.0524*>-60.597h+118.01. (5)

"1S0 6507-1:2005. Metallic materials — Vickers
hardness test — Part 1: Test method (IDT)

% Standard Hardness Conversion Tables for Metals
Relationship Among Brinell Hardness, Vickers Hardness,
Rockwell Hardness, Superficial Hardness, Knoop
Hardness, and Scleroscope Hardness / Designation:
E140-07)

HRC,
56
¥ =12.662x2- 59.55x + 117.46
54 r R*=0.9818
52+
50
48
*
46 1 1 L 1
15 1.7 1.9 2.1 23 h, mm
a
HRC,
56 F
54 F Y =13.052x2- 60.597x+ 118.01
R*=0.9872
52 F
50
48 L
46 1 1 L 1

1.7 2.3 h, mm

Figure 5 — HRC hardness distributions (recalculated by
formula (3) according to the results of HV0.5 hardness
measurements) by thickness 4 of the cemented layer of the
experimental sample (in the nearest and farthest vicinity
of the area /) after hardening. Interpolating their analyti-
cal dependences with power regression equations and R’
coefficients of approximation reliability. a, b — results of
two independent measurements

According to [10] (Figure 1), the value of the
effective thickness 7, of the cemented steel layer
after hardening corresponds to the value of 50 HRC.
In accordance with this, on the basis of dependences
(4) and (5), the following quadratic equations were
obtained to determine the 4, of the sample:

hgy —4.703 - hyp +5.3278 =0; (6)

hey —4.6427 hyp +5.2107 = 0. (7)

Theresults of solving equations (6) and (7) were,
respectively: A,=1.902 mm and A,=1.899 mm.
They differ from each other by 0.003 mm, which
is significantly less than the allowable error
of 0.02 mm of determination of #,, in accordance
with [10].

The inevitable banding (Figure 2) of the sam-
ple and the error in each hardness measurement did
not go anywhere. The induced error of the hardness
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measurement takes place in every measurement
(Figure 5). But, thanks to the methodology used to
determine hef, these errors have almost no effect on
the result of determining 7,;.

Conclusion

A technique for determining of the effective
thickness 7, of the cemented steel layer by deter-
mining its hardness HRC in the expanded vicinity of
the £, area, approximating the obtained dependence
by a polynomial of the second degree reflecting the
character of the HRC hardness of the cemented steel
on the distance to its surface in this area, and then
solving the square equation obtained with its use, is
proposed.

The proposed method provides a significant
reduction in the influence of structural striping of
the metal and the inevitable error in measuring
hardness on the result of /2, determining. This will
allow more accurate setting of cementing regimes
of gears increasing their service life under increased
loads.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt
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W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.
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profile and be clearly written.
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lish and will be published in its original language.

3. Articles received by the Editorial Board will be re-
viewed by 2 specialists. The main criteria of acceptance are
theme actuality, information value, and scientific novelty.

4. All materials should be submitted in two hard
copies together with electronic file in the Word for Win-
dows format (97/2000/2003). The paper should not ex-
ceed 14 pages of the typewritten text (Times New Roman,
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5. The article should contain UDC number, Ti-
tle (printed in capitals), Authors’ names (the correspon-
ding author name should be marked with asterisk), full
Address of organization(s) in which the author(s) work,
Abstract (200-250 words), Keywords (not more than 5
words), Introduction, the Text of the paper with tables,
diagrams and figures (if there are any), Conclusion with
clearly stated inferences, List of References, List of Sym-
bols and Abbreviations (if it is necessary). Title, Authors’
names and affiliation(s), Abstract, Keywords should be
presented both in English and Russian languages.

6. The abstract should be informative (contain "squeeze"
from all sections of the article — the introduction stating the
purpose of the work, methods, main part and conclusion).

7. Figures should be black-and-white, represented
in graphical formats tif, attached with Excel or MS Graph
and added with captions. All symbols in figures should be
descripted.

8. Tables should be placed directly in the article
body. Diagrams and tables should not contain the same
information. Each table should have the title. All tables,
diagrams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article
should correspond to International System of Units.

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end of the
article with full bibliographic information. Order of refe-
rences should correspond to the order of their occurrence
in the text. It is not recommended to refer to conference
proceedings, papers from electronic journals without DOI
number, textbooks, internet resources. References on un-
published works are prohibited. It is recommended to refer
to not less than 10 references, self-citations — not more than
20 %.

13. The following information about every co-author
should be presented: family name, first name, patrony-
mic (or second) name (if there are any), scientific degree
and title, organization and position, full address with the
postal code for correspondence, office or mobile phone
numbers, fax, e-mail.

14. Articles containing investigation results obtained
in organizations should have a corresponding permission
for publication.

15. Names of Foundations or Programs financially
granted the research may be acknowledged in the end of
the text.

16. Authors are responsible for submitting articles
previously published or accepted by other publisher.

17. Articles not meeting the requirements of the Edi-
torial Board would not be accepted and may be returned
to the authors. The date of receipt is considered to be the
day when the Editorial Board receives the author’s original
paper.

18. Authors conducting postgraduate (graduate stu-
dies, doctoral studies) have a priority in publishing their
articles out of queue in the year of completion. Authors
do not pay for publishing scientific articles. The Edito-
rial Board can shorten and/or change the text if it does not
strain the meaning of the article.
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