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YK 621.039.5:532
N3mepennsi ruApoAMHAMUAYECKUX U BUOPALIMOHHBIX
XapPaKTEePUCTHUK JJIH BAJTUAANUMN YUCJTCHHBIX PACYETOB

BO30Y:K/IeHNSI KOHCTPYKIMI MOTOKOM KHIKOCTH
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! Akyuonepnoe obuecmeo «Onvimmnoe koncmpykmopcroe 610po mawurnocmpoenus umenu M.1. Adppurxanmosay,
bypuarosckuii npoeso, 15, e. Huowcnuti Hoszopoo 603074, Poccus

2Hu9fce20p0007<uﬁ 2ocyoapcmeenHblil mexnuueckull yuusepcumem umernu P.E. Anexceesa,

yia. Mununa, 24, 2. Husxcnuii Hogeeopoo 603950, Poccus
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*Unemumym npuxnaonoii usuxu Poccuiickoii akademuu Hayk,

ya. Yavanosa, 46, 2. Huoscnuii Hoseopoo 603950, Poccus

Tocmynuna 18.07.2019
Ipunsma k nevamu 19.08.2019

BuOparniys KOHCTPYKIIHH 0] BO3CHCTBUEM HECTAI[MOHAPHBIX THIPOAMHAMUYECKUX CUJI, O0YCIIOBIICH-
HBIX 00TEKaHUEM MOTOKOM TOBEPXHOCTEW KOHCTPYKIIHIA, MOXKET HEOJIaronpHsITHO CKa3bIBATHCS HA MPOYHO-
CTH M YCTaJOCTHOM JTOJTOBeYyHOCTH. CHUKEHUE HEOIAronpusITHOTO BO3IECHCTBYS THPOIUMHAMUUECKUX CHUII
B HACTOSIIIEE BPEMSI CTAHOBUTCS BO3MOKHBIM IO PE3YIbTaTaM CBSI3aHHBIX TPEXMEPHBIX PacyeTOB TUIPOIU-
Hamuku (CFD) u BuOpanuu. OQHAKO 115 aJICKBATHOTO OIMMCAHUS B CBSI3aHHOM 3a/1a4€ OMPE/ISIIIONUX (hU3u-
YECKUX MPOIIECCOB JIOJDKHBI UCIIOJIb30BAThCS CIICU(UISCKIE UMEHHO IS 3a]1aud THIPOYIIPYTUX KOJIeOaHM
pacueTHbIC MOJICIIH U MTOJXO0/bI. J{yist 000CHOBaHUS M BaJIMIAIIMK TAKUX TOAX0I0B pa3paboTaHa SKCIICPUMEH-
TaJbHAs MOJICIIb U BBIIIOJHEHA CEPHSI UCCIICA0BAHUI Mpoliecca BO30YkICHUST KOHCTPYKIIUH TOTOKOM BOJIBI.

B xauecTBe KOHCTPYKIIMH paccMaTpUBallaCh MOJAEH, COCTOSIINAs U3 IBYX MOCIEI0BATEILHO YCTAHOB-
JICHHBIX I[WIMHPOB B MIOIIEPEYHOM ITOTOKE paboueii cpespl. B mporecce ucnbiTanuii, B 3aBUCUMOCTH OT CKO-
pPOCTH MOTOKA, U3MEPSITUCH YPOBHU BUOpALIUN U MYNIbCAINI JABICHUS B MOTOKE U HECTAIMOHAPHBIX MOJEH
ckopocTd. OTHOCUTEIBHO POCTast KOHCTPYKIIUS pacCMaTPUBAEMOM MOJIEIH MTO3BOJIIIA IPUMEHUTD Pa3Iny-
HbIC OCCKOHTAKTHBIC CUCTEMbI M3MEPCHHI HECTAIMOHAPHBIX MPOIECCOB JIIsl KPOCCBAIUIAIIMH MTOJTy4aeMbIX
SKCIIEPUMEHTAIBHBIX JAHHBIX U JUISI OLIEHKH HEOMPEIeICHHOCTEH B MPOIECCE UCTTBITAHUMN.

Ha ocHOBaHWU MONYYEHHBIX JAHHBIX CHHXPOHHBIX U3MEPEHUN aHATM3UPOBAIOCH B3aUMHOE BIUSHUC
MOTOKA U JIMHAMUKU KOHCTPYKIIHU, 00YCIOBICHHOE AP PEKTOM CHHXPOHU3AIIUU MKy YaCTOTON CphIBa (MU
ee rapMOHHMKAMHK) U COOCTBEHHOM 4acTOTOM MUIMHIPOB. TakuM 00pa3oM, BITOJHEHHBIE HCCIICIOBAHUS T10-
3BOJIHJTH MTOJTYYUTh HH()OPMAITUIO OJTHOBPEMEHHO U O TUHAMHYCCKUX XapaKTEPUCTHKAX TIOTOKA, U O Tlapame-
Tpax, XapaKTePU3YIOLINX BUOPAIUIO, JUTsI CIydasi KOHCOJIBHOTO 3aKPEIUICHUS CTEPIKHEH.

[osyueHHBIE SKCIICPUMEHTANIBHBIC JaHHBIC UCTIONB3YIOTCS JUIsl OTIPENICIICHUS TPEOOBAHUI K TOYHOCTH
MPOBEICHUS YUCJICHHBIX PAacueTOB TUAPOAUHAMUYCCKUX CHJI U JJIs BaJUJAIMKA OHO- U JBYCTOPOHHE CBS-
3aHHBIX METOJOB YHCJIICHHOTO pacyeTa BO30YKICHUN KOHCTPYKIIUN TOTOKOM.
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Abstract

Structure vibration under the influence of unsteady hydrodynamic forces caused by the flow around
their surfaces can adversely affect durability and rupture life. Reducing the adverse effects of hydrodynamic
forces is currently possible with the help of linked CFD and vibration calculations. However, for an adequate
description of the associated processes one should use calculation models and approaches specific to the
hydro-vibration problem. To justify and validate such approaches, an experimental model was developed and
a series of structure excitation tests in water flow was carried out.

The model comprises two cylinders installed sequentially in water crossflow. Vibration levels, pressure
and velocity fluctuations were measured in the tests as a functions of the flow velocity. The application of
different non-intrusive measurement techniques was possible due to relatively simple test model construction
which may be used for cross-validation and experimental uncertainty quantification.

Flow-structure interaction, caused by synchronization effect of the flow separation frequency (or it’s
spectral components) and eigenfrequency of cylinder, was analyzed based on simultaneously measured
data. The tests performed gave the information about dynamical characteristics of the flow and vibration
parameters of cantilevered cylinders. The experimental results are used for identification of required accuracy
of hydrodynamic forces calculation by CFD and validation of one- and two-way linked methods for flow
excitation frequency calculation.

Keywords: validation, vibration, PIV, LDV, laser vibration meter, eigenfrequency.
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BBenenue

l'unponnHaMuyeckue Cuibl, BO3HUKAIOIINE
pH1 0OOTEKaHUHM IMOTOKOM TEIIOHOCHTENS MOBEPX-
HOCTEH KOHCTPYKIHMH, IPUBOJAT K BHOpAI[MH KOH-
cTpykuuii. Bubpaunonnsie Harpysku, Bo30ykaae-
Mbl€ TOTOKOM TEIUIOHOCHUTEINS, COMPOBOKAAIOTCA
TaKUMH NpoOJieMaMu, Kak (ppeTTHHr-u3HOC, ycTa-
JocTHOEe HarpykeHue U-TpyOoK maporeHepaTopoB
U TEII000OMEHHOT0 000pymoBaHus. B pse ciyuaes
10I00HBIC HArpy3KH, HEOJIArompusiTHO CKa3bIBasICh
Ha MPOYHOCTH U YCTAJIOCTHOMN JOJITOBEYHOCTH KOH-
CTPYKIUH, B KOHEYHOM CYeTe, MOT'YT IIPUBECTH K ee
paspyuiennto. Kak mpaBuiio, ciiyyau paspylieHHs
KOHCTPYKIUI MOAPOOHO aHAIU3UPYIOTCS U ONHCHI-
BarOTCA, CM., Hanpumep, [1-3].

Ouenkn BUOpOHATPYKEHHsI KOHCTPYKIHN TIO-
TOKOM TETJIOHOCHUTEISI MOTYT OBITh BBIMIOJTHEHBI
IyTeM pelIeHUs CBSI3aHHONW TpexMepHoO 3anaa-
YU TUAPOJMHAMUKH W JTUHAMHUKH KOHCTPYKLHH.
IIpuMmeHeHre CBSI3aHHBIX BBIYMCIICHUN ITO3BOJISET
Ha KaueCTBEHHO HOBOM YpPOBHE ONTHUMHU3MPOBATH
Ha dTare MPOeKTHPOBAHMs KOHCTPYKIHIO AJisi o0e-
CIIEYEHHUs YIYYIIEHHBIX pPECYpPCHBIX XapakTe-
PUCTHK DJEeMEHTOB oOopyaoBanus. CBs3aHHBIC
BBIYUCIICHUS IS aHaJin3a BUOpauu 00JaJaoT
psaoM crienupuieckux TpeOoBaHUH K THAPOAHHA-
MHYECKOMY pacueTy. B wacTHOCTH, THIpOIMHAMHU-
yeckuil (CFD) pacuer JOJKEH pa3peliarb CHJIBI,
JIEUCTBYIOLINE HE TOJBKO HA TUJIPOJUHAMHYECKON
4acToTe, HO U CHJIBI Ha COOCTBEHHOH 4acToTe KOH-
ctpykuuu. Kpome Toro, B cirydae OOJbIIMX Tepe-
MEILECHUN KOHCTPYKLIMHU IOJ ACHCTBUEM IIOTOKA
(BO3HHKAIOLIUX, HAIPUMED, NPU CUHXPOHMU3ALINN)
MOJIEIMPOBAHUE THUAPOJUHAMUKHU JOJDKHO YUH-
THIBAaTh JaHHBIE TEpEeMELIEHUs IMyTeM pelIeHUs
JIBYCTOPOHHE CBS3aHHOH 3a7auyM T'MAPOAMHAMUKH
MOTOKa W KoJieOaHuii KOHCTPYKUUHU. CII0KHOCTb
BBIYMCIICHUH ompexensercss mnpobiemMol pasne-
JEHHsI IyJbcaluid TUAPOJUHAMUYECKON CHIIBI
OT YHUCJICHHBIX OMIMOOK B pacyeTax u (pU3NIECKOU
HECTaOMILHOCTH, 00YCIIOBIIEHHBIX XapaKTepOM Te-
yeHus. B aToll cBsizm pazpaboTka pexoMeHIAUH
10 MPOBEACHUIO CBS3AHHBIX PAcyeTOB MPEeJCTaB-
JIAE€TCs aKTyaJlbHOM 3ajauei.

BaxHbpIM 3Tanom peuieHus CBs3aHHOM 3ajadu
SIBJIIETCS 3Tl BAJIMJALMU PE3YIbTATOB YUCIEHHOTO
pacdera 1o dKCIeprUMeHTalIbHBIM JaHHbIM. 115 sKC-
MePUMEHTAIBHON IPOBEPKM B3aUMHOIO BIMSHUA
MPOIIECCOB OOTEKAHUS U MPOLECCOB KOJICOaHUs Tena
JOJDKHBI OBITH MPEyCMOTPEHBI COOTBETCTBYIOIINE
MeTOoJIbl KOHTpOJIs. ClielyeT OTMETUTh, YTO JKCIIe-

PUMEHTAJIBHBIM U TEOPETUYECKUM HCCIEIOBAHHSIM
BUOpaluil MI0X000TEKaEMBIX TEJI, BO30YKIaeMbIX
MOTOKOM, IMOCBALICHO JOCTaTOYHO MHOTO pPadoT.
[MonpoOHBIH 0030p MaHHOW MPOOIEMaTHKU TPUBO-
IIATCSI, HATIpuMep, B MoHOTpadusax [4—7]. I1pu atom
WHpOpMAIs 0 pe3yJbTaTaX COBMECTHBIX H3Mepe-
HUHM BUOpauuy U TUAPOJUHAMUYECKUX ITapaMeTpOB
MOTOKA, KOTOPBIE MOXXHO OBIJIO OBl MCIIONB30BATh
JUTSL BaJTMJIAIIAH YHCTICHHBIX PacYeTOB TPYOHBIX Myd-
KOB, KpaliHe OrpaHU4YEHA.

Craenyer orMeTuTh padboty [8], B KoTOpoH uc-
ciemyercs Bo30yKIIeHHe MIMHIPOB TIPH TTOTIeped-
HOM OOTEKaHMH MOTOKOM ISl BAIWAAIUK METOJa
pacuera THIPOYIPYroro B3aUMOJEHCTBUSA. ABTOPSI
NPUBOIAT Pe3yJbTaThl M3MEPEHUH KaK THIPOJAU-
HAMUKH{ TIOTOKA, TaK W TIEpPEMEIIEeHUs IS OJHOTO
13 NUIMHAPOB. [Ipy NaHHBIX UCTIBITAHUSIX UCCIETY-
eMBIi [UIUHAP OBbLT JKECTKHUM M MMEJN TOJABHKHOE
3akperuieHue. llepeMerieHns UWIMHIpa OICHHUBA-
JIUCHh Ha OCHOBE MOKa3aHUI TEH30PE3UCTOPOB, yCTa-
HOBJICHHBIX B paiioHe 3ajenku. [1og00HbIH m0aX0/1
JIeNlaeT 3aTPyAHUTEIbHBIM BalUALUI0 H3THOHBIX
(dhopM KonebaHnit KOHCTPYKIIHH.

B pabote [9] akneHnt menaercs Ha HWcCeI0OBa-
HUSX THAPOJWHAMUKMA TEUEHHS B TPYOHOM IydUKe
pasnuuHbiMu Metonamu: PIV — Particle Image Ve-
locimetry (aHemoMmeTpusi TO HW300pakKEHUSM dYa-
crun); LDV — Laser Doppler Velocimetry (na3zepHas
JIOTIJIEpOBCKasi aHEeMOMeTpus) U aApyrumu. M3mepe-
HUSl BUOpalMM NPU AAHHBIX HCHBITAHUSX HE IPO-
Bomwch. C yd4eToM TEpEeUnCICHHBIX (DaKTOpOB,
MIPEJICTABIIAETCS aKTyalbHOM 3ajaya OJHOBpPEMEH-
HOTO IMOJTyYeHHs SKCIIEPUMEHTAIbHBIX JIaHHBIX, CO-
JIepKaIIUX CHEKTPaTbHbIe XapaKTePUCTUKH BUOpa-
MU ¥ TUAPOAVHAMHUKHN TIOTOKA IS TNIOX000TeKae-
MBbIX KOHCTPYKIIM.

B crartbe mpuBeneHbl pe3yabTaThl IKCIEPH-
MEHTaJbHBIX HCCIIEIOBAHUN BO30YXKICHUS BEPTH-
KaJIbHBIX METaJUIMYECKHX CTEp)KHEH MOTepedHbIM
MMOTOKOM BOJIBI JIJIS ClTy4yasi KOHCOJIbHOTO 3aKperuie-
HUsl cTepkHed. CrenupuKoil BBIOJHEHHBIX HC-
CJIeIOBaHUM SIBIISETCS OJHOBPEMEHHOE M3MEpPEHHe
MMHAMUYECKHUX XapaKTepHUCTHUK MOTOKAa M Iapame-
TPOB, XapaKkTepu3yomux BuOpanno. OTHOCUTEINb-
HO TMpocTasi KOHCTPYKUMS OSKCIEPUMEHTAIbHOM
MOJIEJIM HO3BOJIMJIa MCIIONb30BaTh HA0Op OECKOH-
TaKTHBIX CHUCTEM H3MEpPEHUMN TOoJIeH NapaMmeTpoB,
9TO O0O0ECIEeYMIO NPEACTABUTEIBHOCTD IOJyYeH-
HBIX 3KCIIEPUMEHTAIbHBIX JaHHBIX IS BaTUIAAN
MpOrpaMM TPEXMEPHOTO pacydeTa TUAPOANHAMUKA
1 BUOpAIMH.
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Onncanue cTeHa v UCcaeayeMoil MOaeTn

i Banuoanuu CBA3aHHBIX PAacdeTOB THAPO-
JUHAMHMKH M BUOPALlUU paccMaTpUBAETCSI MOEIb,
cocrosias M3 IBYX IIOCJIEIOBATENbHO YCTAHOB-
JICHHBIX LWJIMHAPOB B MONEPEYHOM IOTOKE pado-
yeit cpensl (pucyHok 1). J[Ba nuinmHapa B momeped-
HOM TIOTOKE SIBJIIOTCA MPOCTEHIINM BapHaHTOM
JUTSL OIIMCAHUS TEUCHUSI B TPYOHOM ITyUKe, KOTOPBIH
HIMPOKO HCCIIENYETCs Ha MPOTSHKEHUU MOCISAHUX
JOECATHICTHH (OIMH U3 MOCIeIHIX 0030POB IpUBe-
neH B padote [10]).

Hanpasnenne motoxa
Flow direction

T — g

Dl
Pucynok 1 —3D monens kaHama ¢ OUIMHAPAMH B TIO-
rnepeyHom mnotoke. PacnionoxeHue Touex u3MepeHuil Bu-

Oparm

Figure 1 — 3D model of the channel with two in-line
cylinders in the cross flow. Locations of vibration
measurements

OCHOBHBIM THIPOJANHAMUYECKUM IPOLIECCOM
NpY TIONEPEYHOM OOTEKaHWHM IUIUHIPA SBISCTCS
nopoxkka Kapmana, xapaktepusylomiasicst 4acTOTOM
CpBIBA BUXpEH C MOBEPXHOCTH IMIMHAPOB f;. [Ipo-
necc OOTEKaHHsT COMPOBOXKIACTCS BO30YKICHUEM
KOHCTPYKLMM Ha 4acTOTE€ CpPbIBA f;, a TaKKe Ha ee
COOCTBEHHBIX 4acTOTaX f,. OCHOBHBIE pa3Mephbl MO-
JIeIA U €€ KECTKOCTHBIE XapaKTePUCTUKH BBIOPAHBI
TaKuM 00pa3oM, 4YTOOBI TMOSBUIACH BO3MOXKHOCTH
MCCJIEJIOBATH PEKUMBI TEUEHHUS KaK JI0 CHHXPOHM3a-
UM YaCTOTHI CPBIBa (MJIM €€ TAPMOHHK) C COOCTBEH-
HOM 4acTOTOW KOHCTPYKLUH, TAK U PEKUM C CHUH-
XPOHU3ALMEH.

Hunmusapsl «1» B MO UMEIOT KOHCOJIBHOE
3aKperieHne U pacloJiaralorcs coocHo. Mopenb
IWIMHAPA OTINYAeTCs] OT MOJeNieH, MPUBEIeHHbIX
B [10], rme paccMaTpwBalOTCS MOJENTH JKECTKUX
nnanHApoB. KoHCONMpHOE 3aKkperuieHne NUINHIpPA
10 OTHOIIIEHUH K JKECTKOMY BapHaHTy TO3BOJIAET
CHHM3HUTH 3Hau€HHE COOCTBEHHON 4YacCTOTHI f,, YTO
JleJaeT BO3MOKHBIM HCCIIEIOBATh IMyJIbCAIlUU CKO-
pOCTH Jla3epHBIMM METOJAaMH B YaCTOTHOM JHama-
30HE B 00JIaCTH f,,.

Jmaa munmuaapoB paBaa 200 mM. Paccrosiaue
MEXIy NUIWHAPAMH COCTaBIsIeT Topsnka 6d (rae

d — nnametp munuHApa). PaccMaTpuBaemple AITHH-
JIpbI BBIMOJIHEHBI U3 METAJUIMYECKOM TOHKOCTEHHOU
TpyOku. Lnmuuaper «1» pasmemarorcs B MpsIMOY-
TOITFHOM KaHase «2» (pUCYHOK 1) UPKYISAIIMOHHONI
Tpacchl CTEHAA, Yepe3 KOTOPYIO OpPraHU30BaH IIOTOK
paboueii cpenbl (Boga MpU KOMHATHOW TeMIIEpaTy-
pe). HwxHss cTeHKa KaHaja BBIIOJHEHA U3 CTallu,
a BEpXHsAs U OOKOBBbIE CTEHKH KaHajla — U3 OPICTeK-
na. B kaHase ncnbIThIBaGMbIC UIMHIPHI AKECTKO 3a-
KpEeIJICHbI CHU3Y, & BEPXHUM KOHEL LIMJINHAPOB CBO-
0oneH. Kanan cipoekTHpoOBaH TakuM 00pa3oM, 4TO
ero coOCTBEHHBIC YaCTOTHI OBLTM HAMHOTO BEHIIIIE,
YyeM IepBble COOCTBEHHBIE YaCTOTHI ILMJIMHAPOB.
B menom, KOHCTPYKIMS KaHasa C INI0X000TEKaeMbl-
MU TelaMH ONTHUMH3MPOBaHA AJIS MOCIEIYIOLIETO
PacyeTHOro MOJCJINPOBAHMS THAPOINHAMUYECKHX
U MEXaHWYECKHX MPOLIECCOB.

[IpunnunuaneHas cxema CTEHAa H300paxe-
Ha Ha pucyHKe 2. V3MeHeHue CKOpOCTH MOTOKa
Ha BXoj€e B KaHaJl B nuamna3oHne ot 0,3 1o 2 M/c 00e-
CIEYMBAETCS 32 CUET M3MEHEHHUSI YacTOTHI Bpallle-
HusA Hacoca. Uncno Peinonpnca Re, BEIUHCICHHOE
UCXOIS W3 AMaMeTpa LWINHAPOB M CKOPOCTH IO-
TOKa Ha BXOJE B KaHaJl, BAPbUPYETCS OT 10° 0 10,
B xozne sKcepuMEHTOB M3MEPSIIOTCSl 3HAUEHUsS! CTa-
THUYECKOTO AABJICHUS M TEMIEpaTyphl ¢ HOIPEIIHO-
ctamu 0,006 kre/em’ u + 0,25 °C coOTBETCTBEHHO.

T
C ]

=
Hanpanncl—mc MOTOKa
Flow direction

Hacoc
Pump

Pacxoyiomep
Flow meter

Pucynok 2 — IlpuHuunuanbHas cxema cTeHia

Figure 2 — The schematic diagram of the test facility

Cucrembl u3MepeHui

Paznuynble cucTeMbl W3MEpPEHUN MyJIbCALUI
CKOPOCTH U JIaBJICHUS, a TAK)XKe U3MEpEeHuil Budpa-
UM UCTOJb3YIOTCS JJIsl UCCIICOBAHUS HECTALHO-
HapHBIX [1apaMeTPOB MIOTOKA M KOJeOaHUH LMINH-
IpOB.

Bo BHYTpeHHHX NOJOCTSX LUIMHAPOB pac-
[10JIOKEHBl MMHHMATIOPHBIE aKCEIepPOMETpPHI, MpH-
MeHseMble I U3MepeHus BuOpanuu Tena. Ak-
CeJepOMEeTphl PACIOJararoTcsi B BEPXHEHW 4YacTH

226



Ipubopul u memoowvl usmepenui
2019.-T. 10, Ne 3. — C. 223-232
A.B. ByoHuxog u op.

Devices and Methods of Measurements
2019, vol. 10, no. 3, pp. 223-232
A.V. Budnikov et al.

OWJIMHIPOB M TO3BOJISIIOT U3MEPSTh BHOPOYCKO-
penue a, (f) B IByX B3aHMHO MEPICHIUKYISIPHbIX
HarpaBneHusx (pucysok 1). Kak ciaeacrsue, obe-
CIIEYeHa BO3MOXKHOCTH OJJHOBPEMEHHBIX H3MeEpe-
HUH KoJieOaHW{ MUIWHAPOB M HECTAIIMOHAPHBIX
nosieit ckopoctu BOIU3M Tei. B mponecce usmepe-
HHUI KOHTPOJIUPYETCS YPOBEHb BUOpAIIUM KaHAIA.

UccnenoBanust TUAPOIUHAMUKU TEUCHUSI OCY-
wecTBisitoTest PIV metonom. Ilpumensitores cucre-
MBI Ha OCHOBE MMITYJILCHOTO J1a3epa LaVision c na-
3epoM NANO L PIV 135-15, a Takke HENMpepbIBHO-
ro mazepa DTL-413 ¢ BBICOKOCKOPOCTHOM Kamepoi
Fastec HiSpec5. B KadecTBe 4YaCTHII-TPaccepoB
HCIIONIb3YIOTCS TOMUAMUIHBIC YACTHUKH PazMEpoOM
10-30 mxM. M3MepeHust CKOpOCTH OCYIIECTBIISIOTCS
B BEPTUKAIBHON V(z) ¥ TOPHU30HTAILHOHN V(X) IIIOCKO-
CTSIX TIepe]] IEPBBIM U BTOPHIM HWJIHHIPAMHU, a TAKKE
ocjie BTOPOro IiuHapa. PaborocnocoOHOCTh Me-
toaa PIV B yCIIOBUSIX ONIMCAaHHOW MOJIEIIA TIOITBEPK-
JICHa TyTeM JyOJUpOBaHUS HM3MEPEHHU CKOPOCTH
meronoM LDV. Jlng npoBeneHus] UCCAeI0BaHUMN Hc-
TOJTb30BaHA JIa3epHas IOTJIEPOBCKAs H3MEPUTEThHAS
cuctema JIA/I-05 mpomssoactea UT CO PAH. Ilo-
mumo PIV w LDV u3MepeHuil CKOpOCTH U3MEPSIIOT-
Csl MyJIbCALMU JABIICHUS P ,(f) C MCIOJIB30BAHUEM
natyuka PCB 106852 Ha cTeHKe KaHajla 110 BBICO-
Te B cpenHeM cedeHnu. Ha pucyHke 3 n300pakeHsbI
TOYKH U3MEPEHHI MyJIbCaIlUil CKOPOCTHU H JaBIICHHSL.

()

Hampagnenne ToTOKa
Flow direction

>

v(x)

+

- =

o Lo I

[

X

pi(d) D)

Pucynok 3 — Pacrionoxenue TO4eK U3MEPEHHUs MyJIbCa-
LU CKOPOCTH U JJaBJICHUS

Figure 3 — Locations of velocity and pressure pulsations
measurements

TectupoBanue pPabOTOCIOCOOHOCTH —JIATYH-
KOB BUOpauuy M MyJbCallMidi JaBJICHUSI BBIMOJIHE-
HO TyTeM AyOJWPOBAaHUS U3MEPECHUN C IMOMOUIBIO
CKaHUPYIOMIET0 TPEXKOMIIOHEHTHOTO Ja3epHOTO
BuOpomerpa u runpodonos 8103 B&K coorsert-
CTBCHHO B YCJIIOBUAX CHUHXPOHHU3AlIMU CbEMa HH-
(dbopMany MCHOIB3yeMBIMU CUCTEMaMH. JTo o0e-
CIIEYNIIO BO3MOKHOCTh KPOCCBAJIMAALNHN U OLICHKH
HEOMpPEACICHHOCTeH MOJIyYyaeMbIX HKCIEPUMEH-
TaJIbHbIX JaHHBIX.

PesysbTaTsl H3MepeHUit

W3mepenust npoBeAEHB! Uil Pa3IUUHBIX CKOPO-
crell notoka. I[lo BpeMeHHOH peann3ay u3MepeH-
HBIX T1apaMETPOB BBIUMCIIEHA CIEKTpalbHas IUIOT-
HOCTH MOIITHOCTH (J1aJiee CTIEeKTp).

Onpeoenenue epanuiHbIX U HAYATLHBIX YCL0BULL

Omnpe/ieliecHue TPAHUYHBIX U HAYaJIbHBIX YCIIO-
BUW SIBIIIETCS. HEOOXOJMMBIM ATAllOM MPOBEICHUS
WCIBITAHUH, CIOCOOHBIM CYIIECTBEHHBIM 00pa3oM
MOBJIUATh HA TOYHOCTH BaJUJAIMU HECTAI[MOHAP-
HBIX TPOIIECCOB B JIaJIbHCHUIIICM.

C TOYKHM 3peHHS MOJESITHPOBAHUS THAPOIHHA-
MHYECKHAX TPOIECCOB BAKHBIM ACTIEKTOM SBIISICT-
¢ m3MepeHue (PaKTHIeCKOTO MPOdHIST CKOPOCTH
Ha BXoJie B KaHas. M3mepeHus BbiloJgHeHbl PIV
METO/IOM C HCTOJB30BAHHEM HMITYJIbCHOTO Ja3e-
pa. Ha pucynke 4 mpuBoasTcs mpodwim cKopo-
CTH B BEPTHKAIHHOM CEUYECHHH Iepel HUIUHAPAMU
DTS pa3InYHBIX pacxodoB pabouei xuakoctu. Kak
cileayeT W3 pPUCYHKa, MpouiIb MOTOKA MPaKTHIe-
CKH TI0 BCEW BBICOTE KaHaja JOCTAaTOYHO OJIU30K
K paBHOMEpHOMY TIpu ckopoctsx 1o 0,8 m/c. Ha-
OnrolaeMble OTKIIOHEHMsI BOJM3M CTEHKHA OTYACTH
CBsI3aHbI C orpanudeHussMu PIV meroja npu BU3ly-
aJM3alny NOTOKA B IPUCTEHOYHOM cioe. Koppekt-
HOCTH TIOJTy9E€HHBIX JTaHHBIX ITOJATBEPKIAETCS MPO-
(GUIAIMH CKOPOCTH, TIONYYEHHBIMH IPH MOMOIIU
Merona LDV. CpaBHeHne mpoduiieid CKOpOCTH, 110~
JyY9eHHBIX Pa3HBIMH METOJIaMH, TIPUBEICHO HA PH-
CyHKE 5.

200
—8 m/h
ﬁ —10 m3h
160 - 12 m¥h
) —14 m3/h
120 - —16 m%h

80

40

Bricora kanana/channel height, mm

0 0.2 0.4 0.6

Cxkopocts/velocity, m/s

0.8

Pucynok 4 — [Ipoduim ckopocTu B BEpTUKAIBHOM cede-
HUM TIEpe]T EPBBIM UIMHAPOM, ModyueHHbie PIV mMeto-
JI0M

Figure 4 — The velocity profiles in the vertical section
before the 1* cylinder
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Pucynoxk 5 — I[Ipodunm ckopocTn B BEpTHKAIBHOM Cceue-
HUH Tepe MEPBBIM IIUHAPOM, NOTYYEHHBIE METOJAMHU
PIVwu LDV

Figure 5 — The velocity profiles in the vertical section
before the 1% cylinder measured by PIV and LDV methods

st ydera ycnoBUil YCTaHOBKH ITWJIMHIPOB
B KaHAJT BBITTOJTHEH aHAJIN3 BUOPOOTKITHKA ITMITHHAPOB
TIPH UCKYCCTBEHHOM YAapHOM BO30YKICHUH KOPITyCa
Moienu. Takue mapamMeTpsl Kak IeMII(HUPOBaHIE B CH-
CTeMe, KECTKOCTh 3aKPEIUICHUS HWIMHAPOB B KaHAJe
SIBIISTFOTCSL OTIPEJISIISIONIMMU TIPU pa3palOTKe CTPYK-
TYpPHOH MOJICJIM U CIIOCOOHBI TIOBJIUSATH HA 3HAYCHUE
COOCTBEHHOH YacTOTHI U aMIUIATYIbI KOJICOAHUN ITH-
TUHAPOB. JlaHHBIE MapaMeTpsl B MPOIECCE UCTIBITA-
HUI BBIYUCIICHBI Ha 0a3e M3MEpEeHUH MepeaaTouHbIX
(YHKIMI OTKITMKA KOHCTPYKITUH Ha TOYEYHOE UCKYC-
CTBeHHOE BO30YxkIeHue. Ha pucyHke 6 npuBoauTcs
CTEKTp TMepeaTOuHON (YHKIIMHM BUOPOOTKIIMKA IIU-
JUHIPOB B KaHaJle C BOJOH. 3HaYeHHE TIEpBON COO-
CTBEHHOW YacTOTHI TIEPBOTO M BTOPOTO ITHIIMHAPOB
cocraBmio 98 u 88 I'1i coorBercTBeHHO. Koaddurm-
eHT nemiipupoBaHus HWIMHAPOB coctaswi 1 = 0,01,
MIpUCOeAUHEHHAs Macca JUTsl HWIMHIAPOB paBHa 1,1.
100

[ - 21 mummEap/ 209 eylinder

J - 1-1 mummmap/ 15 cylinder

—_
(=}

—_

response function, (m/s?)/N

[lepemarounas ¢pyukmms/frequency

0,01 \
50

100 150
Yacrora/frequency. Hz
Pucynok 6 — Iepenarounast hyHKIsI BHOPOOTKITHKA ITHITHH-
JIPOB TIPY UCKYCCTBEHHOM BO30Y>K/ICHHH KOPITyCa MOJIEIH
Figure 6 — Frequency response function for the 1** and 2™
cylinders under the impact excitation of the channel

Hzmepenue 2udpoOuHamudecKux Xapaxmepucmux
nomoka

LDV meton naer BO3MOXKHOCTb OIpPEJEIUTH
IIOMUMO YCPEAHEHHOTO IMOJiI CKOPOCTH TaKXKe M
BpeMEHHbIC 3aBHUCUMOCTU. Ha pucynke 7 mpuso-
JATCS TpaUKU CO CHEKTpamH IyJIbCalliii CKOpo-
CTH B HETIOCPEICTBEHHOM OJIM30CTH OT IIHJIUHIPOB.
MoOXHO OTMETUTh, YTO 3HAYEHMSI CPBIBHOM 4acTo-
ThI, TIOJIyYEHHBIC KCIEPUMEHTAIBHBIM CIIOCOOOM,
XOPOIIO KOPPEIUPYIOT C aHATUTUUYECKUM PELICHU-
eM. B wactHoctu, pu pacxozae 8 M>/4 aHaTMTHYC-
ckoe 3HaueHue f, = 14,4 I'n npu St = 0,2, npu 3TOM
[0 CHEKTpaM Jis IepBoro uumiauHzapa f, = 15 I'm.
Jng BTOpOro nuiMHApa CpbIBHAsl 4acTOTa HE TaK
SIBHO BBIJCISICTCSI Ha (POHE HENMPEPHIBHOH YacTH
crekTtpa. B nenom, yBeaumyeHHe CKOPOCTH COIpPO-
BOXKJAETCS MPOTOPLHUOHAIBHBIM YBEIUYCHUEM Ya-
CTOTHI CpbIBA, 4 TAK)KE YBEJIUYEHUEM AMILIUTY]IbI
MyJbCaliii CKOPOCTH.

1E-01

—10m3h
—12m*h
— 14 m*h

16 m*h

1E-02

1E-03

PSD velocity

1E-04

IUI1 CKOPOCTH
pulsation, (m/s)*Hz

1E-05

IIyiabeca

1E-06

CHCKTpaJ’IbHaS{ IIJIOTHOCTH MOITHOCTHU

50 100
Yacrora/frequency, Hz

Pucynok 7 — CriekTpsl ImyJIbcannii CKOPOCTH IS pa3iinyd-
HBIX PacX0JI0B MEXy IIIIINHAPAMH

Figure 7 — The velocity pulsation spectra for the different
flow rates after the first cylinder

[lynbcanoHHas  CcOCTaBISIONIAsl  CKOPOCTH
TaKk)Ke MOXKeT ObITh orleHeHa P/V meTtonom Ha 6ase
HEenpepbIBHOTO Ja3epa. JlaHHBIH Meronm sBisieTcs
aHaJIOTOM BBICOKOYACTOTHBIX PIV cuctem Ha 0Oase
WMITYJILCHOTO JIazepa. Ha olHOM W3 peXMMOB TIpO-
BEJICHO CPABHEHHE M3MEPEHMs CIIEKTpa MyJbCalluu
CKOPOCTH BOJIM3H TTEPBOTO MUIUHAPA MeTomaMu PIV
u LDV (pucyHok 8). OTinu4ne aMILIUTYy 16l HA CPBIB-
HOI yactoTe coctaBuiio meHee 10 %.

CremyeT OTMETUTH, YTO TEUEHHUS B THATIa30HE
8—14 M’/4 SABIAIOTCS PEKUMAMH IO CUHXPOHH3A-
nun. [lo Mepe MpuOIMKEHUS CPHIBHOW YaCTOTHI
WU €€ TapMOHHUK K COOCTBEHHOW 4YacTOTE KOH-
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CcTpykuuu HabmomaeTcs d5(p¢PeKT CHHXPOHM3A-
uuu. CHUHXPOHM3ALHUS COMPOBOXKIACTCA PE3KUM
yBeIMYEeHWEM YpOBHEH BHOpanuu, U3MEHEHHEM
CHEKTPaJIbHOI'0 COCTaBa CHJI, a TAK)KEC B3aUMHOMU
MOJICTPOUKOM YaCTOThI CPhIBA U COOCTBEHHO Ya-
cToThl [4, 9].

JUis mepBOTro HMIUHAPA MPHU MOIEPEYHOM 00-
TEKaHUU CUHXPOHHU3alus OOyCJIOBJIEHA COBIAaJe-
HUEM TapMOHHUKH YacTOTHI CPbIBa ¢ COOCTBEHHOM
qacToToll M HaGmromaeTcss mpH pacxozge 16 M>/u.
B3aumnas moncTpoiika 4acToThl CpblBa M COO-
cTBeHHON yacToThl gocturaet 1 I'm. Ilpm sTom
YBEJIMUYEHUE CKOPOCTU HE COIIPOBOXKIAETCS yBEIU-
YEHUEM YacTOTHI CPbIBA, XapaKTEPHBIM B peXKUMax
0 CHUHXPOHHU3AIUHU. B pexxuMe CHHXpOHH3AINH
B CHEKTpe IyJibcalui AaBiieHus (pUCyHOK 9) mo-
SBIISIETCS. TTUK HA 4acTOTE, PaBHOW COOCTBEHHOM
4acTOTe LWIMHIpA, U TapMOHHYECKUH psia, CBS-
3aHHBIM ¢ JaHHBIM TpoleccoM. B crekTpax myinb-
caluil CKOpOCTH, IOJIyYEHHBIX C IIOMOIIbIO METO-
noB PIV u LDV, TakKe MOXHO HACHTU(QUIIUPOBATH
cOOCTBEHHYIO YacTOTY IMJIMHApa. B cBOIO 0uepenp
B aMama3oHe pacxoma 10 20 M’/4 IepeBecTH BTO-
poil WIMHAP B PEXUM CHHXPOHM3ALMU HE yJa-
nock. IIpuMeHeHune pa3nuyHbIX CUCTEM I103BOJIHIIO
JIeTaJbHO UCCJIEA0BATh MEXaHU3M BO3ZHMKHOBEHHUS
cuHxpoHu3anuu. Ciemxyer OTMETHTh, YTO METOJ
LDV umeeT OONbIIYI0 YyBCTBUTEIHLHOCTh TIPH pe-
TUCTpAIMU MyJIbCAUUNA CKOPOCTH IO CPABHEHHUIO
¢ PIV merogoMm. DTO MO3BOJISET, UCNOAB3YsT LDV
METOJl, UACHTU(ULIUPOBATH B CHEKTpax MyJbca-
LUH CKOPOCTU COOCTBEHHYIO YacTOTYy AaKe Ha pe-
KUMax 10 CHHXPOHHU3AIUH.
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Pucynok 8 — CriekTpsl myJbcaiuii CKOPOCTH, MOTy4YeH-
Hble MeTomamMu PlV v LDV

Figure 8 — Pressure pulsation spectra measured by PIV
and LDV methods
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Pucynok 9 — CiexTpsl IyJabcandy TaBIEHHUS IS pac-
x010B 14 M*/4 (10 peXnMa CHHXpOHHU3AINH) U 18 M /4 (B
pEeXKUME CHHXPOHU3AITIH)

Figure 9 — Pressure pulsation spectra for the 14 m*/h
(before lock-in) and 18 m*/h (the lock-in mode) flow rates

H3smepenue 6ubpayuuoHHbIX Xapakmepucmux
YUTUHOPOS

W3mepenuss BHOPALMOHHBIX XapaKTEPHCTHK
HWIMHIPOB, BO30YKIAEMbIX MOTOKOM, BBIITOJHEHO
CHHXPOHHO C H3MEPEHHEM THIPOJIUHAMUYCCKUX
XapakTepuCcTUK. B kadecTBe mprMepa Ha pPHUCYH-
ke 10 mpuBeneHbl y3KOIOJIOCHBIE CIIEKTPHI BUOPO-
YCKOPEHUH LMJIMHAPOB AJSl MIPOAOJIEHOIO HAIPaB-
JICHHsl B 3aBUCHMOCTH OT pacxofa paboueil cpesl.
Ha criekTpax MOXHO BBLICIHTH Ha (OHE IIHPOKO-
MIOJIOCHOM 4YacTH 4acTOTHI CPbIBA f; U COOCTBEHHbIE
4acTOThl f, UUIMHIAPOB. JlaHHBIE XapaKTEPUCTUKU
MOJIYYEHBI C UCTIONIB30BaHUEM aKcenepomeTpos. Ilo-
IPEIIHOCTh M3MEPEHUH B AMAa30He 4yacToT OT 5 /10
200 I'y ve mpesbImana 20 %.

[l Gonee meTalbHOTO aHajIM3a paccMaTpUBa-
IOTCS 3aBUCUMOCTH BUOpaluy oT pacxona padoueit
Cpeabl Ha CPBIBHOW YaCTOTE U COOCTBEHHOMN 4acTOTe
HWIMHIPOB. 37ech aMIUIMTyAa BHOpaIMK Ompeje-
JIeHa C Y4eTOM KOJIeOaHWH IMIMHIPOB KaK B IOTIe-
PEYHOM, TaK M HPOJNOJbHOM HampasieHusax. Coot-
BETCTBYIOILME 3aBUCUMOCTH IPUBOISATCS HA PUCYH-
ke 11. Kak cnenyer u3 rpadukos, 1Mo Mepe yBelu-
YCHUSI pacxo/ia aMIUTUTY/1a BUOpAIMM Ha CPHIBHOM
1 COOCTBEHHBIX 4YacTOTax yBeauuuBaercs. JlaHHbIE
3aBHCHUMOCTH LI€J€CO00pa3HO UCHOIb30BATh AJISl KO-
JIMYECTBEHHOT'O CPaBHEHHSI YMCIICHHBIX 3HAYCHUH U
pe3yabpTaToB M3MepeHuid. CielyeT OTMETHTbh, YTO
[I0 MEpe YBEIMYECHUS CKOPOCTH TAaKXKE MEHSETCs
koad¢umment gemmndupoBanus B cucteme [11, 12].
B pexumMe 10 CHHXpOHH3AIINUHU CYIIECTBEHHOTO BIIU-
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STHUSI CKOPOCTH TOTOKA Ha KO3 (GUIIMEHT meMITu-
pPOBaHUsI 1| HE BBISIBIICHO. B CBOIO ouepeb, pekum
CHUHXPOHM3ALUHN COTPOBOXKAACTCS CYLICCTBEHHBIM
yMeHblIeHneM aemmnduposanus B cucteme a0 0,002.
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Pucynok 10 — Criextpsl BUOpoyckopenuii st 1-ro (a) u
2-ro (b) UNIMHIPOB B MPOIOJILHOM HAMPABIECHUH B 3aBH-
CHMOCTH OT pacxoja paboueii cpes

Figure 10 — Vibration acceleration level spectra for the
15 (@) and 2™ (b) cylinders for the different flow rates for
the transverse direction

Ha pucynke 12 mpuBeneHbl CIIEKTPHI BUOPO-
YCKOPEHMH, IMOJIyYE€HHBIE C MOMOILBIO JIA3€PHOI0
BHOpPOMETpa W aKCeIepOMETPOB Ha OJHOM M3 pe-
JKUMOB TedeHHus. PasHuIa mo pesyinbraTaM H3Me-
pennii BuOpanuu He npeBbimaet 40 % Ha vacToTe
CpbIBa U COOCTBEHHOM 4YacTOTe LMIMHIPOB. B ua-
CTOTHOM AuanazoHe Hwxke 10 'l mpu u3MepeHusx
JIla3epHBIM BHOpoMeTpoM ycTaHoBieH BYU ¢umibTp.
Heo0xonmumMo OTMETUTB, YTO THUAPOIWHAMHYECKAS
cuiia, BO30y Kaaroliasi HMIMHAPBI U 00yCIOBICHHAS
CPBIBOM BUXPEH, IMEET KBA3UCIy4aifHYI0 IPUPOAY.

W3MmepeHne Takoro poja CHUTHAJIOB JIa3epHBIM
BUOpOMETPOM TpeOOBalO yCpeaHEHHs OOJbIIO-
o 4ucia BI)I60pOK JJIA MHUHUMU3aLUMW BIHUAHUA
BCIIJIECKOB, BBI3BAHHBIX OCTATOYHBIMU ITY3bIpbKaAMU
BO3AyXa U npumecsiMu B Bozxe. C yueTom morperu-
HOCTEH U3MepeHHid Habr01aeMble OTIMYHS BHIYHC-
JIeHUH BUOPOYCKOPEHHI CBUAETENBCTBYET O 10CTa-
TOYHO Xopomef/i CXOAUMOCTH SKCIICPUMEHTAJIBbHBIX
naHHbIX. CHHXPOHHOCTh H3MEpPEHHM oOecrieueHa
3a CYET BHEIIHETO TPHUITepa.
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Pucynok 11 — 3aBucumoctn  BHOpamuu OT  pacxoja
Ha CPBIBHOM (@) 1 COOCTBEHHOM YacToTaX (b) NMIMHIPOB

Figure 11 — Cylinders vibration acceleration as a function
of the flow rate at the shedding frequency (@) and the
natural frequency (b)

CkaHupyromuil J1a3epHbIii BUOpPOMETp TO3BO-
JWJI U3MEPUTHh 4epe3 BOAY BHOPAILMIO IHIUHIPOB
B HECKOJIbKMX TOYKAax IO BBICOTE. DTO MO3BOJIAJIO
OICHUTH (HOpMY KoOJIeOAHUSI MUIUHAPOB TIOJ K-
CTBHEM ITOTOKAa Ha YacTOTe CPhIBa M COOCTBEHHOU
yactrote. Dopma KoJeOaHUH UITUHIPOB UMEET TIpe-
HMMYIIECTBEHHO U3TUOHBIN XapaKTep M0 OTHOIICHUIO
K Touke 3akperuienns. Ha pucynke 13 nzo0paxeHsl
(hopmBI KONEOAHWH NUIWHAPOB TSI COOCTBEHHOM
YaCTOTHI.
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Pucynok 12 — CrieKkTpbl BUOPOYCKOPEHUH MIIIAHApPA, TI0-
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pomMeTpoB

Figure 12 — Vibration acceleration spectra obtained by a
laser vibrometer and accelerometers
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Pucynok 13 — ®opmbr konebaHWN IIITUHIPOB Ha COO-
CTBEHHOI 4acTOTe MO ICHCTBHEM MTOTOKA

Figure 13 — Shape of cylinders oscillations at the natural
frequency induced by the flow

[MToyueHHylo HHpOPMALUIO O TUHAMHYECKUX
XapaKTepUCTUKAaX LWINHIPOB, BO30YKIAEMBIX II0-
TOKOM, B JTAJIbHEHILIEM TUIAHUPYETCSI UCIIOJIb30BaTh
JUISl BaIMAAIMM CBSI3aHHBIX YHMCICHHBIX pPacyeToB
KoJieOaHWH KOHCTPYKLUMH Ha THAPOANHAMHYECKOE
BO30YKICHHE.

3aKiIroueHue

IIpencraBiensl pe3ynbTaThl NPUMEHEHUS Pas-
JIUYHBIX CUCTEM H3MEPEHUs JUIsl ONPECIICHUs B3a-
UMHOTO BJIUSIHUSI HECTALMOHAPHBIX THIPOJUHAMU-
YEeCKHX CWJI M BBI3BAHHBIX ATHMH CHJIAaMH KoJieba-
HUI KOHCTpYKUUU. cnonabp3yeTcst 3KCepUMEHTalb-

Has MOJIeJb, COCTOALIasl U3 BYX IOCJIENI0BaTEIbHO
YCTAHOBJIEHHBIX [IMJIMHAPOB B MONEPEUYHOM MOTOKE
paboueii cpebl.

B npornecce ncnbplTaHuil BBINOJIHEHBI H3Mepe-
HUS YypOBHEW BHUOpanMy LUIMHIPOB M ITyJIbCALUi
JIaBJIEHNUS B 3aBUCUMOCTHU OT CKOPOCTH NoToka. Kon-
CTPYKLUSI paccMaTpHUBaeMOM MOJENU MO3BOJIMIIA
NPUMEHHUTh Pa3IMYHble OECKOHTAKTHBIE CHCTEMBI
M3MEpEeHMUH HeCTAllMOHAPHBIX MPOLIECCOB A1 KpOocc-
BaJIMJIALIUH MTOJyYaeMBbIX SKCIEPUMEHTAIBHBIX JaH-
HBIX 1 JUIsI OLIEHKH HEONpPEeAEICHHOCTEH.

BrnepBbie nmosyueHsl 3KCIEpUMEHTAIbHBIE J1aH-
HbI€ O B3aUMHOM BJIMSHUHU THAPOJMHAMUKH MOTOKA
W TMHAMUKH KOHCTPYKIUH, 00ycIOBIeHHbIE S PeK-
TOM CHUHXPOHHU3AILMN MEXJY YacTOTOW cphiBa (MM
ee TapMOHMKaMH) U COOCTBEHHOM 4acTOM, ISl CIIy-
Yasi KOHCOJIHOTO 3aKpEeIUIeHNs IWINHAPOB.

OminunMe aMIIMTyAbl MyJbCallUd  CKOPOCTH
Ha CPBIBHOM 4acTOTe, U3MEPEHHON METOJIOM aHEMO-
METPHH 10 H300paKEHUSM YaCTHUI] K METOAOM Jia3ep-
HOM JIOTJIEPOBCKOI aHEMOMETPHH, COCTABUIIO MEHEE
10 %. CuHXpOHHBIE H3MEPEHHsI BUOpALIUH aKceepo-
METpaMHu H JIa3epHBIM BHOPOMETPOM MOKAa3aJIv, YTO
TOYHOCTb U3MepeHuil Bubpauuu coctasisieT 40 %.

IlonyueHHble »KCIEpUMEHTAIbHBIE JaHHbBIE
B JaJbHEHIIeM MJIaHUPYEeTCH HCMOJIb30BaTh
1UIs1 OTIpe/ieNieH sl TpeOOBaHUH K TOYHOCTH ITPOBEIe-
HUS YUCIEHHBIX PACYETOB I'MJIPOJMHAMUYECKUX CUII
U JUIs BaJIJAMKA OHO- U ABYCTOPOHHE CBS3aHHBIX
METO/IOB YHCJIEHHOTO pacdera BO30Y>KACHUH KOH-
CTPYKLUI TOTOKOM.
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Pa3pa0oTrka BHeQOKYCHOI0 00/1y4aTe)isi HA OCHOBE
(pa3upoBaHHON AHTEHHOM PeleTKH JAJI NapadoIuYecKon
3epKAJIbHON AHTEHHBI KOCMMY€ECKO CBA3U

J.B. loBkmia, C.B. JlemkeBuy, B.A. Caeunnkon

Benopycckuii 2ocyoapcmeenuviil yHugepcument,
ya. Kypuamosa, 5, e. Munck 220064, Berapyco

Hocmynuna 06.06.2019
Hpunama k newamu 05.08.2019

B Hacrosiiiee BpeMs B CUCTEMaxX CIlyTHUKOBOM M KOCMUYECKOH CBSI3U M PAJUOACTPOHOMMM LIMPOKO
HCTIONB3YIOTCS 3epKallbHble aHTEHHBIE CUCTEMBl. Pa3BUTHE NaHHBIX OTpaciieil TpeOyeT pa3paboTKH HOBBIX
3¢ PEKTUBHBIX aHTEHHBIX CUCTEM. BO3MOKHBIM TEXHHUECKHM PELICHUEM /ISl CO3anus 3PPEeKTUBHON 3ep-
KaJIbHOM aHTECHHBI SIBJISIETCS] «THOPUAHAS) cXeMa, KOTaa ajantuBHas (a3upoBaHHas aHTEHHAs peleTKa uc-
MOJIL3YyeTCsl B KauecTBe oOiydarens. JlaHHas pabota mocesiieHa pa3paboTke BHE(OKYCHOrO OOJydaTesst
Ha OCHOBE (Da3MpPOBAHHON aHTCHHOMN PEINETKU JiIs 1apaboJIMYecKol 3epKalbHOW aHTEHHBI KOCMHUYECKOM
cBsi3u. Llenblo paboThl sBIIsIIach pa3padoTKa ONTUMAIBHONW KOHCTPYKLUH 00IydaTessi ¢ BBIOOPOM dJIeMEeHTa
PELIETKH U MPOBEACHUEM IKCIIEPUMEHTAIbHBIX HCCICAOBAHUN BHIOPAHHOTO KOHCTPYKTHBHOTO DIIEMEHTA.

B kauecTBe MHCTpyMeHTa BbIOOpa KOH(MUTYpaluu 00IydaTeliss WCIONb30BaH METOJI BOCCTAHOBJICHUSI
BOJIHOBOTO (hpoHTa. M est ero ncronb30BaHus 3aKII0YaeTCsl B BOCIIPOM3BEACHUH 00IydaTeNieM dIIeKTpoMar-
HUTHOTO MOJIsI MAJaloUIel TNIOCKOH BOJIHBI C LIENIbI0 PABHOMEPHOT'O 3aCBETA allepTyphl 3epKalla aHTCHHBI.

J1iis BBIOOpA KOHCTPYKTUBHOTO JIEMEHTa 00JTydaTesisi pacCCMOTPEHbBI HECKOJIBKO aHTCHH: MaT4-aHTeHHa,
IUIOCKAasl CIMpajibHash aHTeHHA, KOHWYeCKasi crupaibHas aHTeHHa. OmnpeneneHbl TpeOOBaHUS K DJIEMEHTY
(ha3upoBaHHOI aHTeHHOU peiieTku. [IpoBeseHo MojenupoBanue 00aydaTessi Ha OCHOBE TEPEYHCICHHBIX
KOHCTPYKTHBHBIX 3JIEMEHTOB M MPOBEICHA ONTUMH3AIINS TE€OMETPUH 00TydaTes s 0 KPUTEPUIO MAKCUMaTTb-
HOTO yCHJICHUSI.

MakcuManbHOe YCHIICHHE JOCTUTHYTO KOHCTPYKIMEH 00rydaTesisi Ha OCHOBE KOHUUECKUX CITUPATBHBIX
aHTeHH U coctaBmiio 30,8 1b, uTo s paccMaTpuBaeMoro packpbiBa 3epkana 2,4 M 6JIM3KO K TPaJUIIMOHHBIM
¢doxycHbIM cxemaM. [loryueHHbIE pe3yIbTaThl TO3BOJISIIOT CO3AaTh AN THBHYIO aHTEHHYIO CHCTEMY C BO3-
MOKHOCTBIO KOMIIEHCHPOBATh OTKJIOHEHHsI (JOPMBI 3epKaia OT TEOPETHIECKOro Mpoduilst, a Takke Ga3oBbie
HCKaXEHUsI B aTMOCc]epe N3MEHEHUEM BECOBBIX KOA((HUIIMEHTOB PEIICTKH.

KuaroueBble cioBa: mapaboinueckas 3epkajibHas aHTeHHA, (ha3upOBaHHAS aHTCHHAs PEIIeTKa, METOM BOC-
CTAaHOBJICHHA BOJIHOBOTI'O (I)pOHTa, rnaTt4-aHTCHHA, ClIMpaJibHas aHTCHHA.

DOI: 10.21122/2220-9506-2019-10-3-233-242

Aopec 0na nepenucku: Address for correspondence:

J.B. Jlosxwa D.V. Douksha

Benopycckuii 2ocydapcmeenviil ynueepcument, Belarusian State University,

ya. Kypuamosa, 5, 2. Munck 220064, Benapycn Kurchatova str., 5, Minsk 220045, Belarus

e-mail: d.dovksha@gmail.com e-mail: d.dovksha@gmail.com

Jna yumupoganus: For citation:

JI.B. [osxwa, C.B. Jlewikesuy, B.A. Caeunukos D.V. Douksha, S.V. Liashkevich, V.A. Saetchnikov
PaspaboTka BHe(hOKYCHOTr0 00iyuarTesss Ha OCHOBE (ha3HpOBaHHON [Development of an out-of-Focus Irradiator Based on a Phased
AHTEHHOM PEILEeTKHU ISl MapaboInYecKon 3epKaibHOW aHTEHHBI Antenna Array for a Space Communications' Parabolic Reflector
KOCMHYECKOMN CBSI3H. Antenna].

TIpuGops! 1 METOABI U3MEPEHUIA. Devices and Methods of Measurements.

2019.—T. 10, Ne 3. — C. 233-242. 2019, vol. 10, no. 3, pp. 233-242 (in Russian).

DOI: 10.21122/2220-9506-2019-10-3-233-242 DOI: 10.21122/2220-9506-2019-10-3-233-242

233



IIpubopsi u Mmemoowl usmepeHuil
2019. - T. 10, Ne 3. — C. 233-242
J1.B. [losxwia u op.

Devices and Methods of Measurements
2019, vol. 10, no. 3, pp. 233-242
D.V. Douksha et al.

Development of an out-of-Focus Irradiator Based on a Phased
Antenna Array for a Space Communications' Parabolic
Reflector Antenna
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Abstract

Mirror antenna systems are widely used in satellite and space communication systems and radio
astronomy. Development of these areas requires new efficient antenna systems' design. Possible technical
solution for creating an effective mirror antenna is a “hybrid” scheme, when an adaptive phased antenna
array is used as an irradiator. This paper is devoted to the development of an out-of-focus irradiator based on
a phased antenna array for a space communications' parabolic reflector antenna. The aim of the work is to
develop an optimal design of the irradiator with the choice of the structural element of the antenna array and
experimental studies of the selected structural element.

The wavefront recovery method was used as a tool for selecting the irradiator configuration. The idea of
this method use is to reproduce the electromagnetic field of an incident plane wave with an irradiator in order
to uniformly illuminate the aperture of the antenna mirror.

In order to select the structural element of the irradiator several antennas were considered: a patch
antenna, a flat spiral antenna, a conical spiral antenna. The requirements for the phased antenna array element
were defined. The irradiator based on the above mentioned was simulated and the irradiator geometry was
optimized according to the maximum gain criterion.

The maximum gain was achieved for the irradiator based on conical spiral antennas and amounted to
30.8 dB, which for the considered mirror aperture of 2.4 m is close to traditional focal schemes. The results
obtained make it possible to create an adaptive antenna system able to compensate for the deviations of the
mirror's shape from the theoretical profile, as well as phase distortions in the atmosphere by changing the
lattice weights coefficients.

Keywords: parabolic mirror antenna, phased antenna array, wavefront recovery method, patch antenna, spi-
ral antenna.
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BBenenue

B Hacrosimee Bpems B cucTeMaX CIYTHHKO-
BOM M KOCMHUYECKOH CBSA3M U PaJUOaCTPOHOMHUU
LHIMPOKO HCIOJIB3YIOTCS 3€pKaJIbHble aHTEHHBIE
cucteMbl. C yBeTHUYeHHEM anepTypPHBIX pa3MepoB
3epKall ¥ MmepexoaoM Ha 0ojiee BHICOKOYACTOTHBIE
JMara30Hbl yCUIUBAIOTCSl TPeOOBAaHUS K TOYHOCTH
M3TOTOBJIEHHUS 3€pKajl, YBEJIWYMBAETCA BIUSHUE
BETPOBBIX M TeMIepaTypHbIX aedopmanmii [1-3].
[Ipu sToM anst obneryeHus: Beca W yMEHBIICHUS
[apyCHOCTH KOHCTPYKLHH 3a4acTyI0 UCTIOIB3YIOT-
Csl CEeTOYHbIE aHTEHHBI, 3epKaja KOTOPBIX HUMEIOT
HEBBICOKYIO JKE€CTKOCTh. B KOHEYHOM cueTe OT-
KJIoOHeHHE (OpPMBI 3epKalla OT TEOPETHYECKOTO
npodwist  yMmeHblnaer 3()QPEKTUBHOCTh aHTCH-
HOH cucrembl [4]. Taxke K BHEIIHUM (aKTopam,
yMeHbIIAIHUM 3()()EeKTHBHOCTB, OTHOCATCS 0OJb-
11asi HaChIIIEHHOCTh OKPY’KaIOIEero MpoCTpaHCTBa
paaMoCUTHAJaMH TIOMEX M CcilydaiiHble (a3oBbIe
OIIMOKY, BO3HUKAIOIIUE IPH TPOXOKACHUN PATHO-
BOJIH 4Yepe3 HEOJHOPOAHYyI0 aTMocdepy. Pemenue
MEPEUMCIICHHBIX BbIlIEe MPoOIeM BO3MOXKHO Ha OC-
HOBE AJaNnTHUBHBIX (Pa3sUPOBAHHBIX AHTCHHBIX pe-
meTok (DAP) mo aHanmoruu ¢ ONTHKOH, TAe ajar-
THUBHBIE CUCTEMBI JaBHO U YCIIEIIHO UCIIOIb3YIOTCA
JUIST KOMITEHCAUM (a30oBBIX MCKAKEHHW CUTHAIa
B aTMocepe U TOBBIILICHUS Npe/iena pa3pereHus
OINITHYECKUX CHUCTEM [5].

Teopun afanTUBHBIX aHTEHHBIX CHCTEM MOCBSI-
IIEHO MHOXECTBO pabotT [6—8]. IlpakTuka ux mnpu-
MEHEHHs HIMPOKO pPacCMaTPHUBAETCS B OTKPBITHIX
HCTOYHUKAX MUPOBOM TEXHHUECKOH JIUTEpaTypBl.
Takum 00pa3oM, MPUHLUIHUAIBHBIE BOIPOCHI I0-
cTpoeHust ananTuBHBIX AP ocTaoTCs aKTyaabHbI-
MU ¥ B HAIIK JTHU.

B03MOKHBIM TEXHUYECKHUM pEIIeHUEM /ISl CO-
3n1anust 3QPEKTUBHON 3epKAIIbHONH aHTEHHBI SIBJISI-
eTcsi «ruOpuaHas» cxema, Korja ajantuBHas OAP
UCIONB3yeTCcs B KauecTBe BHE(POKYCHOro oO0IiIy-
gatens [9-11]. «'ubpumHas» cxema aHTEHHBI CO-
yeTaeT B ce0e JOCTOMHCTBA BBHICOKOA((HEKTUBHBIX
3epkajbHbIX anTeHH U DAP, no3Bonsier hopmupo-
BaTh IepecTpauBaeMble JHarpaMMbl HallpaBiIeH-
HOCTHU CTienuanbHOi GopMbl U obecreynBaTh Mpo-
CTPaHCTBEHHYIO (PHIBTPALMIO CUT'HAJIOB U MOMEX.
[IpoBesneHHbIE OLEHKH TOKAa3aH, YTO TaKas cxema
AHTCHHBI KOHKYPEHTOCIIOCOOHA U MPUMEHEHUE aH-
TEHHOW peHIeTKH CO CPaBHUTEIBHO HEOOIBIIUM
YHUCJIOM 3JIEMEHTOB B KOMIIJIEKCE MOXET MO0Ka3aTh
Jy4lIne pe3yabTaThl 0 CPAaBHEHUIO C TPAJUIIUOH-
HBIMHU cxeMmamu [12].

Llenpro manHOM pabOoTHI SIBIISIACH pa3paboTKa OIl-
THUMaJIbHON KOHCTPYKIHUU OOIydaress mapabdomde-
CKOM 3epKajibHOM aHTeHHbI Ha ocHOBe DAP ¢ onpeie-
JIeHHEM KOH(HUTYpalu aHTEHHON PEIIETKH METOIOM
BOCCTAaHOBJICHHUS BOJTHOBOTO (poHTa (BBD) [13, 14],
BBIOOPOM KOHCTPYKTHUBHOTO JJIEMEHTA DPEIIETKH U
MIPOBEIEHHEM €r0 JKCIEPUMEHTAFHBIX HCCIIEI0Ba-
Hui. Opranuzaius oorydarens B Buae OAP mo3so-
JISIeT TIOBBICUTH A(PPEKTHBHOCTh aHTEHHBI TIPH He-
001b1I0M KOJTIUecTBe (10 10) 271eMEeHTOB.

Onpenenenne kKoHpUrypanuu odaydaresis
MeTO0J0M BOCCTAHOBJICHUSI BOJTHOBOI'O

¢pponTa

[Ipu mpoekTHpOBaHUHM OOITyYaTENsl UCIIOJNB30-
Basicsi Mmetoq BB® [5]. ®usnyeckuil CMBICT 3TOTO
METOJla 3aKII0YaeTcs B CIEeAYIOMIeM: eClu 00iy-
yarenb, padOoTaloIIUil B pEeKUME Iepeadd, BOC-
MPOU3BECT BOJIM3KM (hOKAIBLHOM TIOCKOCTH aHTCH-
HBI TI0JIe, 0Opa3oBaBIIeecs MPH MaJCHUH TUIOCKOH
BOJIHBI, TO TAKOW 00JTy4Yarenb 00eceunT paBHOMEp-
HO€ pacrpezesieHe IOJII Ha anepType 3epKana U
BB® Gynet 030K K IMIIOCKOMY.

OO6myueHue 3epKaia IUIOCKOW BOJHOW MOje-
JUPOBANOCH B mporpaMMmHoM makere HFSS 13.0.
Ha cxeme oOmydenus (pucyHok 1) m3o0paxeHo 3ep-
KaJlo pacKpbIBOM 2.4 M, Majaromias Iiockas BOJHA
HanpspkeHHOCThIo | B/M, a Takke mojokeHue Makx-
cumyMa (¢pokyca) ¥ MUHUMYMa TUQpaKIUA Ha aH-
TeHHou ocu OZ.

AL

7 Eo=1B/m

500

C

0

1e+003(mm)

Pucynok 1 — Cxema obmydenus 3epkana: | — moioxxeHue
MakcumyMa nudpakunu (Goxyc); 2 — IOJT0KESHHE MUHU-
MyMa Au}paxim

Figure 1 — Scheme of mirror irradiation: 1 — position
of the diffraction maximum (focus); 2 — position of the
diffraction minimum

Pacnpeniennienrie  MHTEHCHBHOCTH TOJISt  BJOJb
ocu OZ aHTEHHOW CHCTEMBbl M BOIM3H (POKAJIBHHOM
TUIOCKOCTH NepHeHIUKYIsIpHO ocu OZ mpeacTasiie-
HO Ha PHCYHKaX 2a 1 2b COOTBETCTBEHHO.
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Pucynok 2 — I'paduk pacripeneneHust Mojist: @ — BAOIb
ocu OZ aHTEHHOU CUCTeMbI; b — BOIHM3H (DOKAIBHOM ILTO-
ckocTH aHTeHHbI (1 — B ()OKaNbHOM IIOCKOCTH; 2 — B IIO-
CKOCTH JU(PAKIMOHHOTO MUHUMYMa)

Figure 2 — Field distribution diagram: @ — along the OZ
axis of the antenna system; b —near the focal plane of
the antenna (1 — in the focal plane; 2 — in the plane of the
diffraction minimum)

MakcuMyM HWHTEHCHBHOCTH IIOJISi Ha PHUCYH-
Ke 2a COOTBETCTBYET (POKYCY MapadboIIMIECKOTro 3ep-
Kaja, a MUHUMYMbI — MUHUMyMaM AU(paKiuu.

IIpyHnMn  felicTBUS  3€pKAIIBHONM  QHTEHHBI
¢ BHE()OKYCHBIM pa3MelleHHeM 00IydaTelis 3aKITto-
YaeTcsi B BOCIPOU3BEAeHNH ()POHTA BOJHEI HE B (o-
KaJbHOU IUIOCKOCTH (CIUIOIIHAS JIMHHS Ha PUCYH-
Ke 2b), Tae 1moJie CUIbHO HEOJHOPOAHO, a B TIIOCKO-
CcTH AU(PAKIMOHHOTO MHUHHMYyMa (IIpEepBIBUCTAS
JUHUS Ha PUCYHKe 2b). B 3TO# 1muiockocTH pacmo-
naraeTcs (asMpoBaHHAs aHTCHHAs pelleTka, ooe-
CIIEYMBAIONIAsl ONTHMAaJIbHBIN 3aCBET allepTypPhI 3ep-
Kaja ¥ KOPPEKTHOCTh BOCCTAHOBIICHHSI BOJHOBOTO
¢ponra.

MartemMaTu4eckasi MOAeJIb

B KOHCTPYKTMBHOM OTHOILIEHUM AaHTEHHad
peuieTka MOKET OBITh MpejacTaBieHa Kak Habop
OJIHOPOJIHBIX TOYEYHBIX HCTOYHUKOB. Jlyig Mmare-
MaTHYECKOro onucanus meroga BBD B nporpam-
MHOM nakete MATLAB Obln peann3oBaH alropuTM
JUIS TUTIOCKOTO  Cyvasi, 3akjloYaBIIMIics B mepe-
0ope BO3MOKHBIX MOJIOKEHUH UCTOYHHKOB BIOJb
BBIJICJIEHHOT'O y4acTKa IpsiMoil. J[ajiee ¢ moMOIIbIO
METO/Ia HaMEHBIIUX KBaJpaTOB HaxoJujiach OI-
TUMaJibHasE KOH(QUTYypauus WX IOJIOKEHUH, pea-
JU3YyIOIAs MUHUMAJIBHYIO CYMMapHYIO OHIMOKY
B BOCCTAHOBJICHHOM I10JI€ 10 OTHOIIEHHIO K HC-
X0gHOMY (TmoydeHHomy B HFSS mipu oOiydeHun
3epKaJia MJI0CKOH BOJHOM).

A Y
Pi P; Pa
-0—0—0—0—0—0—=g
By Soal B S X

Pucynok 3 — Cxema-mosiCHEHHE K aJTOPUTMY BOCCTAHOB-
JICHHS! BOJIHOBOTO (DpOHTA: P; — TOUKH pacyera HHTCHCUB-
HocTH mons (=1, 2, ..., n); S;— MOJTOKEHHUS TOYECUHBIX
nctouHukoB (i =1, 2, ..., m)

Figure 3 — Schematic explanation of the wavefront
recovery algorithm: P, —field intensity calculation
points (j =1, 2 ,..., n); S, — the positions of point sources
(i=12,...,m)

HanpspkeHHOCTD 1107151, CO3aHHas! i-M UCTOYHU-
KOM BTOUKE P; (PUCYHOK 3) BBIMHUCIIAIACK 110 hopmyIie:
E —&cos((ot+kr +0,,)
i = i T Poi); (1
i
e ® — IUKIMYECKasi 4acTOTa BOJIHBI, K — BOJTHOBOE
YHCIIO; 7;; — PACCTOSHME OT UCTOYHHMKA S; 10 TOYKH
P;; @y — HavanbHast (asa i-ro HCTOYHHKA.
CymmapHasi HalpsUKEHHOCTb B TOYKe P, c03-
JlaHHAasi BCEMU HCTOYHMKAMHU, BBIYUCIISIIACH 110 (op-
MyJI€e:

E = ;EU )

NHTeHCHBHOCTB /; B TOUKE P; IPOIIOPIIMOHATBHA
KBaIpaTy HAMPSHKCHHOCTH. AJITOPUTM BOCCTaHOBJIE-
HUSI BOTHOBOTO (D)POHTA COCTOSIT M3 TPEX DTAIOB!
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1. PaccunTeiBaach MHTEHCHBHOCTB BJOJb BBI-
JISJIEHHOTO y4acTKa MPsIMOM B TOYKaX JHCKpETH3a-
AU P] JUTSE HA9alTbHOW KOH(UTYpAIUH TIOTOKEHUI
HCTOYHHUKOB.

2. V3MeHs10Ch MoNokeHNne UCTOYHUKOB, ITOCIIEe
YEro MOBTOPHO PaCCUUTHIBAJIACh HHTEHCHBHOCTH CO-
[JIACHO MYHKTY 1.

3. [loBToOpsiics MyHKT 2, TOKa He ObliIa HalieHa
ONTUMAaJIbHAsl KOHPUIYpaLUs MOJOKEHHH C yU4eTOM
MUHUMAaJIBHOTO OTKJIOHEHHUS BOCCTAHOBJICHHOM HH-
TEHCUBHOCTH OT UCXOIHOM.

Ha pucynke 4 mpeacraBieHbl TpadUKH UCXO/I-
HOTO M BOCCTaHOBJIEHHOIO IOJEH B 3aBHUCUMOCTH
OT IIPOCTPAHCTBEHHON KOOpPAMHATBI 7 BIOJIb OCH,
Tpoxomsmeld depe3 TU(PAKIUOHHBIA MHHHUMYM
NEepNeHUKYIIpHO aHTeHHOM ocu OZ. BuaHo, uTo
3HAYEeHNsI HHTEHCUBHOCTEH BOCCTAHOBIEHHOTO 1 MC-
XOJHOTO MOJIEH 0CTaTOUHO OJIM3KH.

450
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Pucynok 4 — Pe3ynbrar BOCCTAHOBJICHUS WHTEHCHBHO-
CTH TOJIsI: | — MHTCHCUBHOCTh, MOJYYCHHAs MPHU 00JTY-
YEHUH 3epKaja TUIOCKOH BOJIHOH, paccuntannas B HFSS;
2 — BOCCTAHOBJICHHAs MHTCHCUBHOCTD, nonyquHaﬂ C I10-
MOIIBIO TOYCYHBIX HCTOUHUKOB

Figure 4 — Result of restoring of the field intensity:
1 — intensity obtained by irradiating a mirror with a plane
wave, calculated in HFSS; 2 —the recovered intensity
obtained with the help of point sources

OnpenesieHue TPeGOBaAHU K 2JIEMEHTY
peleTKn

OmnpenensromumMu  (pakTopaMd B BEIOOpe 3Jie-
MCHTA PCHICTKU ABJJIMCH IMOJYyHIMPHWHA TIJIaBHO-
ro JemecTka auarpamMMbl HampasiaeHHoctr ([IH) u
BO3MOXKHOCTh PaOOThl C KPYTrOBOW MOJIIpU3aIUei
u3nydyeHus. Ha mmpuHy TJIaBHOro JienecTka He-
MMOCPEACTBEHHO OKAa3bIBAIOT BIIMSHUE BOJHOBBIC
pa3Mepbl aHTeHHbI. DU3UYECKH 3TO OOBSICHSICTCS
XapakTepoM HHTep(EPEHIMH BOJIH OT JJIEMEHTOB

aHTeHHbI. V3 aHamM3a BIMSAHUS BOJIHOBBIX pa3MepOB
anTeHHsl (L/\) Ha hopmy ee [IH mis mHanbonee mpo-
CTOTO Cilyyas — HENPEpbIBHOW JINHEWHON aHTEHHBI
JUIMHOM L, ciiegyeT, 4yTo IIMPUHA TIIaBHOTO JICHEeCT-
ka JIH y cuH(a3HBIX aHTEeHH 00paTHO MPOIIOPLHO-
HaJIbHA BOJIHOBBIM pa3MepaM aHTEHHBI:

A
268,5 = Cg,s 17

-, €Y
a JJIsl aHTEHHBI Oery1iel BOJIHbI — 00paTHO IPoIop-
LUOHAJIbHA KOPHIO BOJTHOBBIX Pa3MEpOB:

A

0 _ 0 4
290,5 - Co,s ( )
3 BBIIEU3I0KEHHOTO CJICAyeT, 4TO IIMPHUHA
TJIaBHOI'O JICIIECTKA aHTCHHBI Gerylueﬁ BOJIHBI CJia-
Oee 3aBHUCHUT OT BOJHOBOMW JUIMHBI AHTEHHEI. Fpa(bI/I—
YECKOe MOSICHEHUE MPEJICTABICHO Ha PUCYHKE 5.

VA
L
a
T+ -
>
I
b

Pucynok 5 — BiusiHue BOJHOBBIX pa3mepoB Ha (opmy
JMarpaMMBbl HalIPaBJIEHHOCTH VIS @ — CUH(A3HOH aHTEeH-
HBI; b — aHTCHHBI OCTYIICH BOJIHBI

Figure 5 — The effect of wave dimensions on the shape
of the radiation pattern for: ¢ — common-mode antenna;
b — traveling wave antennas

B kauecTBE KOHCTPYKTHUBHOTO JJIEMEHTa aH-
TEHHOW pEeIIeTKH PAacCMOTPEHBl TaKWe aHTECHHBI
KaK: TaTd-aHTeHHA, TUIOCKas CIMpabHAsl aHTEHHA,
KOHWYECKas CripaibHas aHTeHHA. [IpoBeneH aiex-
TPOJMHAMHUYECKUAN pacyeT JAaHHBIX TUIIOB aHTCHH
METOJIOM KOHEUHBIX JIEMEHTOB B TIpoTrpamMmme Ansoft
HFSS. 3D momenu aHTeHH TpeICTaBICHBI HA pUCYH-
ke 6. Bo Bcex MOIENsIX MCHONIB3YETCS BO3TYIIHOE
JIUDJICKTPUUECKOE 3arOJHCHUE W 4acToTa BO30YXK-
nenus 1,7 I'T (L-auana3oH CIryTHUKOBOH CBSI3H).

Paccunrannsie /IH n yacTOTHBIC 3aBHCHUMOCTH
00paTHBIX MOTEPH JIJIS TPEX PACCMOTPEHHBIX TUIIOB
KOHCTPYKTHUBHOTO 3JIEMEHTA MPEICTABIICHBI HA PH-
CYHKe 7.
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Pucynok 6 —3D wMomenn aHTEHH: « — MaTY-aHTEHHA;

b— mesieBas CrMpajbHas aHTCHHA, ¢ — KOHUYECKasa CIIU-
pajibHast aHTCHHA

Figure 6 — 3D antenna models: a — patch antenna; b — slot
spiral antenna; ¢ — conical spiral antenna

Jns amanmm3a 3¢G(HEKTUBHOCTH PacCMOTPEHBI
TpeboBanust Kk JIH mpomMojenupoBaHHBIX aHTEHH.
[To mpoBeICHHBIM OIIEHKaM ONTHMAaJTbHAS TOTYIIIH-
puna JIH snemenTa coctasmia 20°. B ciydae maTd-
AHTEHHBI U IJIOCKOU CIUPAIbHOM aHTEHHBI, KOTOPbIC
SIBIISTIOTCS CMH(A3HBIMU, BEIYNCICHHBIE TIOTYIIHPH-
ubl JIH coctaBmim okojo 35°, 4To 3HAUYUTENBHO Mpe-
BocxoautT ontuMaibHble 20°. OCHOBHBIM CIIOCOOOM
MIOBBIICHUS HAPABICHHOCTH M3TYyUYCHHUSI SIBISICTCS
YBEJIMYEHUE BOJHOBBIX pPa3MepoB aHTEHHBbI. On-
HaKO TaKO€ yBEIMYEHHE Pa3MepOB MPUBEIET K He-
BO3MOKHOCTH Pa3MEIICHUSI DJIEMEHTOB B COCTaBE
pENIeTKH |, CIEeIOBATEIbHO, K HEBBITOJIHEHUIO YC-
noBuii BBO.
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Pucynok 7 — KoappuuueHnt ycunenust (@) ¥ 4acTOTHas
3aBUCHMOCTH OOpaTHBIX NOTEPh (H) Al TpeX BapHaHTOB
AQHTEHH B MPSMOYTOJIBHON CHCTEME KOOpAWHAT: | — rmaTty
aHTEHHa; 2 — IIeJieBast CMPaJIbHAs aHTCHHA; 3 — KOHUYe-
CKasl criMpajibHasi aHTeHHA

Figure 7 — Gain (a) and frequency dependence of
return loss () for three antenna variants in a rectangular
coordinate system: 1 —patch antenna; 2 —slit helical
antenna; 3 — conical helical antenna

B ciiyuae koHnueckoi cnupaibHON aHTEHHBI UC-
MOJIB3YETCS PEKUM OCEBOT0 U3ITYUCHUS, WIH PEKUM
OeryIeil BOJIHBI, KOTOPBIN MO3BOJISET CYIIECTBEHHO
CY3UTh NOJIYIIUPUHY ThaBHoro senectka JJH no on-
TUMaTBHBIX 20° 3a cUeT OONBIINX TPOJOIBHEIX Pa3-
MEpOB aHTEHHHI. ['abapuThI AIIEMEHTOB 110 IIUPHUHE
MO3BOJISIIOT PAa3MECTUTH JIEMEHTHI B y3JlaX PELIeT-
K1, obecnieuuB KoppekTHOCTH BBD.

KoHCcTpyKTHBHBIE MapaMeTpbl pacCMOTPEHHOM
CITUPAJIbHON aHTEHHBI CICAYIONIHE: pa3Mep IepBO-
ro Butka— 20,38 cm, BTOporo — 21,95 cMm, TpeThbe-
ro—23,5cmM, uerBepToro — 25,1 cM; paccrosiHue
MeXJly BUTKaMu — 6 cM. Koaddunuent ycuinenus
U mupuHa padouei MoJIOoCkl, MOJyYeHHbBIE TIPU MO-
nenupoBanuu, coctapmin 10,6 1b u 500 MI'1t coot-
BEeTCTBEHHO. BoHOBOE conpotuBienne — 100 Om.

Takum 00pa3oM, ¢ TOYKH 3peHHs TPeOOBaHHUN
k JIH onTuManpHON M3 pacCMOTPEHHBIX BApUAHTOB
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SIBIISICTCSI KOHMYECKasi CIUpajbHasl aHTeHHa w3 4
BUTKOB U ¢ noixymmpunoit IH 20°. K npeumyiue-
CTBaM KOHMYECKOW CIHMPaIbHON aHTEHHBI MOXHO
OTHECTH TaKKe KPYTOBYIO TOJISAPU3AIIUIO H3ITyUSHHSL.

MoneaupoBaHue

PaccmoTpuM  BO3MOXKHBIE KOHCTPYKLUHU aH-
TEHHOM pEeLIeTKU HA OCHOBE NEPEUUCICHHBIX BBIIIE
KOHCTPYKTHBHBIX 3JIEMEHTOB (PHUCYHOK §).

SAmEEs!

)
E?;)’ie!ﬁm-

-mo)lf}i.;:-
e e

250 |

1500 mm

[

Pucynok 8 — KoHCTpyKIMsST aHTEHHOH pelIeTKu-o0ryda-
TeJsl Ha OCHOBE: @ — MaT4Y-aHTeHH; b — INIOCKUX CIHUPATb-
HBIX AHTEHH; ¢ — KOHUYECKHUX CIIUPATIBbHBIX aHTEHH

Figure 8 — Antenna array design based on: a— patch
antennas; b —slot spiral antennas; c— conical spiral
antennas

B mepBom ciywae Obula TPOMOJIEIMpPOBAHA
cucTeMa M3 IISITH Hard oOiydaTenedl ¥ NpOBEICH
ee pacueT. B pesynbrare BIOpaHBI apamMeTpsl pe-
LIETKH, TaKhe KaK: paccTOSHHUE JI0 3epKajia BJOJb
OCH aHTEHHOI CHCTEMBI, YTOJ HaKJIOHA 3JIEMEHTOB,
paccrosinue Mexay ayemeHTamu. IIpoBexena mpo-

rpaMMHAas1 ONTUMH3ALHKS 1aPAMETPOB 110 KPUTEPHIO
MakcuMyma kod(dununenta ycmienus. Cxema pas-
pabOTaHHON KOHCTPYKIHMH TPHBEJICHA HA PHCYH-
ke 8a. Ilomydyennslii K03((GUIMEHT yCHICHUS CO-
craBuna 29,7 nb.

Bo BrOpoM ciryuae paccMOTpeHa peIeTka U3 AT
IUIOCKUX CHHUPAIBHBIX AHTCHH W MCETAJINIMYCCKOro
9KpaHa (100ku) B opme yceyeHHOro KoHyca. Bos-
MOKHBII BUJI KOHCTPYKLIMH OOJTydaTes IpeacTaBiIeH
Ha pucynke 8b. [lomydeHnbIii K03(hdUITMEHT ycnte-
HUSI JaHHOM KOHCTPYKIINK okazaiicsi paseH 30,5 ab.

B TpeTbem ciydae paccMOTpeHa KOHCTPYKIHS
oOxydaTensi HA OCHOBE KOHHYECKUX CIHUPATBbHBIX
aHTeHH (puUcyHOK 8c). Mcxons u3 pe3yabTaToB MO-
JIETIMPOBAHUS ONTHMAJIBHBIM PE3YyJbTAT 10 3ACBETY
amnepTypsl 3epkajia (pUCyHOK 9b) W MakCUMabHOE
ycusienne (pucyHok 9a) obecriedunmn MMEHHO 3TOT
BapHaHT KOHCTPYKLUH.

Radial axis: Gain[dB]

Angular axis: Angle[deg] 0
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Pucynok 9 — /lmarpaMmma  HampaBICHHOCTH  CHUCTEMBI
¢ 00yJaTesieM Ha OCHOBE CHHMPAJIbHBIX aHTEHH (&) U 3a-
CBET anepTypsl 3epkaina (b)

Figure 9 — The radiation pattern of a system with an
irradiator based on spiral antennas (a) and the light of the
mirror aperture (b)
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TakuM 00pa3oM, MpHBEACHHAs KOHCTPYK-
1usi o0Nydvarelis Ha OCHOBE CIMPAJIbHBIX aHTCHH
PaBHOMEPHO 3aCBCUMBACT alePTypPy 3epKasia; OlCH-
Ka Kod(duimeHTa yCHICHUS aHTEHHOW CHCTEMBI
coctassieT 30,8 nb, uTo AN maHHOTO pa3zMepa 3ep-
kama (2,4 M) OMU3KO K TPaJWIIMOHHBIM aHTEHHBIM
cxeMam.

Pe3yibTaThl H3MepeHN KOHUYECKOT0
CIIUPAJBHOT0 00J1y4aTeJ st

OKcrepuMeHTaIbHbIE U3MEPEHUS TIPOBOIUINCH
B 0€33X0BOH KaMepe ¢ HMCIIOIb30BAHHUEM aHaJIN3a-
Topa curHanoB (Signal analyzer KEITHLEY 2810).
O06opynoBaHrEe TOJKIIOYAIOCh MO0 cXeme, n300pa-
skeHHOH Ha pucyHke 10. B xauecTBe nmpueMHoil aH-
TEHHBI HCTIOJB30BANIACh HCCIeayeMast KOHHYecKas
cnupans. OOmuMH BUA SKCIEPUMEHTAIBHOTO 00-
pasma mpencrasiieH Ha pucyHke 11. Ilepenaromeit
AHTEHHOM CIY’KWJI 3TaJOHHBIA PYHOPHO-JMH30BbII
oOmydatens (M3MepuTenbHas anteHHa [16-23), pa-
OOTaoLIM B TOM € 4aCTOTHOM JHara3oHe, YTo U
CIUpabHBIA 2y1eMeHT. Mccnemyemslii mpHeMHBINH
3JIEMEHT 3aKperyisuics Ha  OMOPHO-TIOBOPOTHOM
YCTPOMCTBE, IO3BOJIIIOIIEM CHUMATh JUATrPaMMBbI
HaIpPaBJIeHHOCTH B TOPU30HTAJIHHON M BEPTUKAIb-
HOHM IIIOCKOCTSIX B cekTope yrioB ot 0 go 180°.
W3MmeHsAs TONOKEHHST MPUEMHOTO 3JIeMEHTa B TO-
PU30HTAIIBHOM M BEPTUKAIBHON IIJIOCKOCTH, ITPOU3-
BOJIMJIUCH 3aMEpbl YPOBHS NMPUHUMAEMOI0 CHUrHajga
B sienu0enax 1o OTHOLIEHHIO K OZTHOMY MUJUIMBATTY.

Besaxopas kamepa / Anechoic chamber

/ Mexanuszm
OpHEHTAINN
Orientation
mechanism

HCCJ’[C}IyCMaﬂ aHTCHHa

Antenna under study /

AN

[lepenatomas aHTeHHA
Transmitting antenna
116-23A

AHanuszatop crekrpa
Spectrum analyzer

[ ]

KEITLEY 2810

Pucynok 10 — Cxema MoAKITIOYEHUST 000pYIOBAHUS UIS
IKCIIEPUMEHTAILHBIX H3MEPEHHIA

Figure 10 — Connection diagram of equipment for

experimental measurements

Pesynbrar usMepeHus auarpaMMbl HallpaBIICH-
HOCTH M 00paTHBIX MOTEPh UCCIIETYEeMOTO dIIEMEHTa
MIPEICTaBICHBI HA PUCYHKE 12.

Pucynok 11 — ®0oT0 HM3roTOBIEHHOTO 3KCIEPUMEHTAIIb-
HOT0 00pa3la CIIMPaIbHOTO 3JIEMEHTa

Figure 11 — Photo of an experimental sample made of a
spiral element
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Pucynok 12 — Jlnarpamma HanpaBiI€HHOCTH B T'OPHU30H-
TaNBHOW (KPacCHBIM I[BETOM) M BEPTHUKAIBHOW (CHHHM
LBETOM) TIOCKOCTsIX Ha yactore 1,7 I'T (a) m oOpaTHBIE
MOTEPH JUIsl CIIUPAILHON aHTeHHBI-00myuaTens (b)

Figure 12 — Radiation pattern in the horizontal (red) and
vertical (blue) planes at a frequency of 1.7 GHz (a) and
return loss for a spiral antenna feed (b)

3KCHepI/IMeHTaHBHO N3MEPCHHBIC JUarpam-
Ma HallpaBJICHHOCTH W 4YaCTOTHasd 3aBUCHUMOCTH
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00paTHBIX MOTEPh AJISl CIHMPATBHOTO dJIEMEHTa JI0-
CTaTOYHO ONM3KH K pe3yJbTaTaM TEOPETHYECKOTO
3JIeKTpOoAMHAMHUYEecKoro pacuera. lllupuna pabo-
yeil mojockl mo ypoBHI0O MuHyc 10 nb cocraBumia
150 MI'u. CyseHue nojaockl, B CPaBHEHUH C TEOpE-
THUYECKOW, OOYCIIOBICHO MOTEPSIMU NPH COTJIACOBa-
HUU Kabemns compoTuBicHHeM B 50 OM ¢ aHTeHHOM
conportusiaeHreM B 100 OM. CnnpanbHbIi 3J€MEHT
TEXHOJIOTHYEH B MU3TOTOBJIEHHUHU, 00J1a/1aeT XOPOIIH-
MH JIMala30HHBIMU CBOWCTBAMH, NMPOCTOTON KOH-
CTPYKLIMHU ¥ HACTPOUKHU.

3aKiIroueHue

[Ipennoxxena HOBast cxema OOJNy4YCHHS 3epKa-
7a BHE()OKYCHOU KOJIBIICBOW aHTEHHOM pPELISTKOM,
KOTOpasi MO3BOJISET KOMIICHCHPOBATh OTKIIOHCHHE
(hopMBI 3epkania OT UACAIBLHOW MyTEeM BBIOOpa Be-
COBBIX KOX((OHUIMEHTOB aHTEHHON PEIICTKH U TEM
CaMbIM TOBBICUTH 3()P(PEKTUBHOCTh AHTEHHOW CH-
CTeMBbI B II€JIOM. PaccMOTpeHbl BO3MOYKHBIE KOH-
CTPYKTHBHBIE 3JIE€MEHTHI (pa3supoBaHHOW aHTEHHOU
pEIIeTKH: MaT4y, TUIOCKas CIupajibHas aHTEHHA, KO-
HUYeCKasl clHpanbHas aHTeHHA. lIpoBeneHo mpo-
rpaMMHOE MOJICIIMPOBAHUE AHTCHHON CHCTEMBI,
COCTOSIIEH u3 mapadonmdeckoro 3epkana u (as3u-
pOBaHHOW aHTEHHOW pEIIETKH B KadyecTBe BHe(dO-
KyCHOT'0 00JIy4aTesis (JIsl TPeX pa3JIuvHbIX BapHaH-
TOB KOHCTpyKnuii). IlpoBenena ontumuzanus reo-
METpHUH 00JIydaTesis M0 KPUTESPUIO MAKCUMaIbHOTO
YCHUIICHUSI.

[lo pesynapTaTam u3MEpeHH BBHIOpPAH ONTH-
MaJbHBIA BapHaHT OOJydyaTelsi Ha OCHOBE KOHHU-
YECKHUX CIMPANBbHBIX aHTEHH. Takas KOHCTPYKIHS
oOecrnieunBaeT Hambojee PaBHOMEPHBIH 3aCBET H
ycusienue B 30,8 ab, 4To /1714 JaHHOTO pa3Mepa 3ep-
kana (2,4 M) OJIM3KO K TPAJUIIMOHHBIM aHTECHHBIM
cXeMaM.
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MoaeanpoBaHue pacnpenaeJJeHHOr0 H3MepPHUTeJIs CUJIbI TOKA
HA OCHOBe JAeopMalMH ONITHYECKOT0 BOJIOKHA

T.II. SInyxkoBu4, A.B. IloasikoB

benopycckuii 2ocyoapcmeennulil yHugepcumen,
np. Hezasucumocmu, 4, 2. Muncx 220030, benapyco

Hocmynuna 20.06.2019
Ipunama x neuamu 05.08.2019

B cBsi3u ¢ pa3BuTHEM CHCTEM aBTOMATH3AIMH U KOHTPOJIA OOJBIION HHTEPEC BBI3BIBAIOT METO/IBI U TIPH-
OOpBI JIs1 U3MEPEHUsT OOJBINNX 3HAUEHUH CHITbI ToKa. L{enpio paboTh! ABIsIachk pa3padoTKa MPUHIUITAATb-
HOM CXEMBI PacIpe/IelIEeHHOT0 CEHCOPa CHITBI TOKA Ha OCHOBE aHAIIN3a YACTOTHBIX XapaKTEPUCTUK PACCESTHHS
Manpensiirama—bprintiosHa; co3laHue MaTeMaTHIECKO MOJIeNTn CEHCOpa [Tt IEMOHCTPAIIAN €TI0 PaOOThI
Y paccyeT ero OCHOBHBIX MapaMeTPOB.

Jlnst mpoBeieHns U3MEPEHUH HCITONIb30BAIOCh ONTHYECKOE BOJIOKHO C TOKOIPOBOISAIINM TTOKPBITHEM.
Mesx 1ty TOKOBOI IIMHOHN, CHITy TOKa B KOTOPOW HEOOXOAMMO M3MEPHUTH, M TOKOIPOBOJISIINM ITOKPBHITHEM
BO3HHUKaET crjia AMmepa, KOTopasi B CBOIO O4epe]lb IPUBOJIUT K MOSIBIICHUIO 1e(hopMaIiui BOJIOKHA. BeHy k-
JIEHHOE paccesHre MaHzenpTaMa—bpruiumiosHa UMeeT XapakTepUCTUIECKYI0 YacTOTy, 3HAYeHHE KOTOPOH
3aBHCHT OT BEJIMYUHBI JlehopMaIliyl BOJIOKHA. VI3MeHeHrne 3HaueHUs 3TOH YacTOTHI MO3BOJIIET M3MEPHUThH
3HAa4YEHHE CHJIbI TOKA B TOKOBOMW mnHe. /|1 perucrpanuy n3MeHeHHUs 9acTOThl U (DUKCAIlUU MECTOIOIOkKeE-
HUS BOSMYIIICHHS UCTIONIB30BAJICS METOJI aHAJIN3a YACTOTHBIX XapaKTePHCTUK paccesHus MaHaenbpiraMma—
bpusnntosna.

[IpuBenena MaTemaTHueCcKasi MOAEIs paOOTHI CEHCOPa HA OCHOBE TPEXBOJIHOBOW MOJIENN BHIHYKICHHO-
ro paccessuus ManpenbsitaMma—bpuiuirooHa. JlaHHas MOJIETh TTO3BOJISIET HANTH M3MEHEHNE HHTEHCHBHOCTH
ONTUYECKOI'0 CHUTHAJA, MPOXO/ISIIIETO MO ONTHYECKOMY BOJIOKHY, B 3aBUCUMOCTH OT M3MEHEHHS XapakTe-
PUCTHUYECKOH 4acTOTHI paccesHus. MeTos ucnomns3yer oopatHoe Dypbe-nipeoOpa3oBaHue sl TOCTPOSHUS
(hyHKIIH UMITYyJTECHOT'O OTKITHKA.

[IpencraBieHa MpUHNKITHAIBHAS CXeMa pacpeeIeHHOI0 CeHCopa CHIIBI TOKa Ha OCHOBE METOJ1a aHa-
JIN3a YaCTOTHBIX XapaKTEePHCTUK paccesHuss Mannenpintama—bpuinmosna. [IpoBenena ampropHas orjeHKa
MapaMeTpoB M3MEPUTEIILHOW CHCTEMBbI MCXOJ M3 MATEeMAaTHYeCKOW MOJENH BBIHYXKIEHHOTO PaCCEsHHS
Manzensirama—bprintiosHa B onTrudeckoM BOJIOKHE. [IpocTpaHcTBEHHOE pa3pelieHne ceHcopa Mpy orpe-
JIEJICHUU JUTHHBI 1 MECTOIIOJIOKEHHUSI y9acTKOB BoJIokHa cocranisier 0,06 M. Pa3pemraromas crmocoOHOCTb
ceHcopa cocrtasiser 0,22 kKA, MakcuMalabHOE 3HaUE€HUE CUIbI TOKa 25 KA. VccienoBaHa 3aBUCUMOCTh pa-
0OTBI CEHCOpAa MPH PA3IMYHBIX MOITHOCTSIX M3IYYEHHUS UCIIONB3YEMOro Jlazepa. PaccMoTpeHo BiHsHUE W3-
MEHEHHUS IT0Ka3aTes MPEeIOMIICHHUS ONTHYECKOTO BOJOKHA Ha PE3yJIbTaT H3MEPEHHS.

KiroueBble ciioBa: cuia TOKa, z[e(bopMaLu/m, OIITOBOJIOKHO, MECTOIIOJIOKCHHC.
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Abstract

Due to the development of automation and control systems, methods and devices for measuring
of electric current large values are of great interest. The aim of the work was to develop a schematic diagram
of a distributed current strength sensor based on the Brillouin optical frequency domain analysis; to create a
mathematical model of the sensor to demonstrate its work and to calculate the basic parameters of the sensor.

To provide the measurement optical fiber with conductive coating is used. Between the current bus,
where current is measured, and conductive coating the Ampere force arises. Strain occurs in optical fiber due
to this force. Stimulated Brillouin scattering has the strain dependent characteristic frequency. Shift of the
characteristic frequency allows to measure current in the bus. To measure the characteristic frequency and
the location of its shift Brillouin optical frequency domain analysis is used.

The mathematical model of sensor operation based on tree-wave model of stimulated Brillouin scattering
is demonstrated. This model allows calculating intensity of optical signal in the fiber in dependence
of characteristic frequency shift. Brillouin optical frequency domain analysis uses inverse Fourier transform
to obtain pulse response.

A schematic diagram of a distributed current sensor based on the method of Brillouin optical frequency
domain analysis is presented. An a priori estimate of parameters of the measuring system was carried out
on the basis of the mathematical model of stimulated Brillouing scattering in an optical fiber. The spatial
resolution of the sensor when determining the length and location of fiber sections was 0.06 m. The resolution
of the sensor was 0.22 kA, the maximum value of the current strength was 25 kA. Dependence of the sensor
operation at different powers of the laser used was investigated. The refractive index change influence on the
result of measurements was estimated.

Keywords: electric current, deformation, optical fiber, location.
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BBenenue

B cBs3u ¢ pazBuTHEM CHCTEM aBTOMAaTH3AIMU
U KOHTPOJISL OOJBIION MHTEPEC BBI3BIBAIOT METOBI
1 puOOpBI 7Sl U3MEPEHUsI OCHOBHBIX ITapaMeTpOB
JNEKTPUIECKUX TEHEPUPYIOLINX, TPAHCIOPTHPYIO-
IMX W ToTpelssromux ycTpoiictB. HemocraTkom
HCTIONB3YEMBIX celyac CHUCTEM M3MEPEHHUS! CHIIbI
TOKa SIBIISIIOTCSI XapaKTEPUCTUKU IEPBUYHBIX Mpe-
oOpasoBaresiell — BBICOKOBOJBTHBIX TpaHC(OpMa-
TOpPOB TOKa. VX MOTpenIHoCTb 3aBHCUT OT PeKHMa
Harpy3KH, IOTIOJTHUTENbHAS MOTPEIIHOCTh HAKATUIN-
BaeTCs, OHU IIPUTOAHBI TOJIBKO JJISl UK3MEPEHHUS Iepe-
MEHHBIX TOKOB. JIJisl aHanu3a JAaHHBIX MEPBHYHOTO
mpeoOpa3oBaTess HCIOIb3YIOTCS JEKTPOCYETUHUKH.
WX mokaszaHusi 3aBUCST OT MOCTOSIHCTBA 3HAYCHUS
aMIOUTYAbl U (a3bl IEPEMEHHOTO AIEKTPUIECKOTO
curHana. B xadecTBe mepBHYHOro mpeoOpazoBare-
JIs1 MOYKHO MCHOJIB30BaTh AaT4uk Xoia. OH umeer
OOJIBIIYIO TOYHOCTh U MOXKET U3MEPSTH TTOCTOSHHBIH
Tok. Ho ero HegocraTtkoMm, Tak e, Kak u Tpanchop-
MaTOpOB, siBIIsieTcss Hanmuuue 3ddexra HackIIIeHNS,
CHJIHO OTPaHUYMBAIOIIETO AMANA30H U3MEPSIEMbIX
TokOB. [Ipn X ycraHoBKe HEOOXOAWMBI CIIOKHBIE
MPOLEYPbl HACTPOWKM JAJISI MCKIIOUEHHS BIMSHUS
ACHMMETPUYHOTO TOJIi M TEPEKPECTHBIX HABOJOK
C PACTOI0KEHHBIX PsiAOM IuH [1].

Bosbiioe 3HaueHne MMeEET HE3aBUCUMOCTH H3-
MEPUTEJIBHOTO YCTPOUCTBA OT U3MEPSIEMOI BEIUYHU-
HBI, TaK Ha3bIBaeMas pa3Bsizka. ONTHYECKUE NaTYUKU
o0nanaoT psaaoM npeumyinectB. OHH HE3aBUCHMBI
OT BHEUIHUX TOJICH, UMEIOT Majble TadapuThl U J0-
CTaTOYHO MPOCTHI B MOHTaKe. BomokoHHO-onTHYEC-
KHE CHCTEMBI SIBIISIIOTCS ONTUMAJbHBIM PEIICHUEM
OOJIBIIMHCTBA 32124, BO3HUKAOIIMX [TPY U3MEPECHUH
cuiibl Toka. Takue cucTeMbl 00eCeYnBalOT TOYHbIE
n3MepeHust B OOJIBIIOM Uana3oHe TOKOB, Pa3Bs3Ky
[0 AJNEKTPONHUTAHHUIO C M3MEPSeMbIMUA CHCTEMaMH,
MO3BOJISIIOT 00pabaThiBaTh CUTHA B PEXKHUME Peallb-
HOTO BPEMEHH, Pe3yJlbTaThl U3MEPEHUH 00JaAatoT
JOCTOBEPHOCTBIO M TIOBTOPSIEMOCTHI0. B HacTosee
BpeMsl HCHOJB3YIOTCSI ONTOBOJOKOHHBIC JaTYUKU
Ha ocHoBe >(dekra Dapanes [2, 3], npepcranis-
foue co0oi CONMHOUABI CTaHAAPTHBIX OJHOMO-
JOBBIX BOJIOKOH, TOJAKIIOYEHHBIX I10 PELUpPKYJIsi-
LUOHHOH cxeme [4, 5], mo cxeme nHTephepoMeTpa
Canbsika [6]; BOJOKHO, IETUPOBAHHOE KBAHTOBBIMU
tToukam CdSe i1 MOBBIILIEHHUS YyBCTBUTEIBHOCTH;
B KauyecTBe JaTYMKOB MPUMEHSIOTCS CIEeHUAbHbIE
MarHUTO-ONTUYECKHE MaTepHanbl U TUIACTUKOBBIE
OINITHYECKHE BOJIHOBOABI AJISl Iepeiadi ONTUYECKUX
curnaios [8—10]. OHako OHU TPEOYIOT UCTIOIB30BA-

HUE Ccrenu(UIECKOro ONTHIECKOTO BOJIOKHA, HE TT0-
3BOJISIIOT OJHOBPEMEHHOE HW3MEpPEHHE B Pa3lIny-
HBIX TOYKaxX. Kpome 3Toro, CymecTBylOT NaT4HUKA
Ha OCHOBE MarHMTOoCTpuKIMU u Aedopmarun. Ho
OHH MOTYT pabOTaTh TOJBKO B OJTHON TOUYKE M CO3/aTh
Ha OCHOBE 3THX 3(P(PEKTOB MaTIHK, pabOTAOLTHIT
pacrpenienieHHo, He TIPECTaBISEeTCsS BO3MOKHBIM.

B HacTosmee Bpemsi aKTHBHO H3Yy4aeTcs H
MPUMEHSETCS HOBBIM KIJIACC BOJIOKOHHO-OIITHYE-
CKHX JIaTYAKOB, WCIIOJNB3YIONMX BBIHYKIEHHOE
paccessuue Manpensmrama—bpmmiosna (BPMB).
[Ipu co3naHum TaKUx CEHCOPOB UCIOJIB3YETCSl CBOM-
CTBO M3MEHEHHUS XapaKTePUCTUIECKON YaCTOTHI BhI-
HYKJICHHOTO pacCestHUS NP U3MEHEHHH TeMIlepa-
Typhl U Aegopmanuy BojokHa. Kpome atoro, Takue
CEHCOPBI TO3BOJISIFOT U3MEPSITh HE TOJBKO BO3IEH-
CTBHE BEIIMYMHBI TEMIIEpaTypbl Hu JedopMariui,
HO U ee MecTonoJioxkeHue. [IepBblit Kilacc CEeHCOPOB,
CO3/IaHHBIX Ha ATOH 0ase, HCITOIF30BANT aHAJIHN3 Bpe-
MeHHOH xapakTtepuctuku BPMB [11]. s moBbI-
[ICHUS YYBCTBUTENBHOCTH W COKPAIICHUS BPEMEHHU
M3MEPEeHUH OBLI MPEITOKECH HOBBIM METOJI aHaIH3a
JaCTOTHBIX XxapakTepuctTuk BPMBb [12]. VBemmue-
HUE COOTHOIICHHS CUTHAJI-IIYM JIOCTHTaeTCs HC-
oJIb30BaHUEM oOpaTHOro Dyphe Mpeodpa3zoBaHUsL.
[Ipumenenne »TOro mMpeoOpa3oBaHUS yMEHBIIAET
MOTPEITHOCTh, CBA3aHHYIO CO CIIOHTAHHBIM U3JTyde-
Huem ManenasintaMa—bpuiitosna. TpexBosiHOBast
Mozaenb BPMbB B onTtmueckoM BOJIOKHE TOAPOOHO
paccMoTpeHa B paborax [12, 13].

Llenpio paboTHI SBIISIIACH pa3paboOTKa MPUHITH-
MMUAITBHON CXEMBI PaCIPEe/IeIeHHOTO CEHCOPa CHIIBI
TOKa Ha OCHOBE aHAJIN3a YaCTOTHBIX XapaKTEPUCTUK
BPMB, co3ganue maTeMaTuiecKoi MoJIesid ceHcopa
JUTSL IEMOHCTPAIINU €T0 padOTHI U pacdeT OCHOBHBIX
rapaMeTpoB CEHCOPA.

Ipuauun padoTsl ceHcopa

Nupyxuuio B MarHUTHOrO IOJS IIPOBOJHHKA
€ TOKOM / MOYKHO PacCUUTAaTh COITIACHO 3aKOHY buo—
Capapa—Jlamnaca:

=2 Ly,

4 *

rae = 4m 107 Tu/M; r — pajguyc-BEKTOp TOUKH,
B KOTOPOW pacCUMTHIBACTCS MHIIYKIUSI MATHUTHOTO
oJist; dl — PIEMEeHT JTMHBI TPOBOTHIKA, HAIIpaBiie-
HUE KOTOPOTO OIPENEIIIeTCSsl HAallpaBICHUEM TOKA.

Jis  yequHEHHOTO NPOBOJHHUKA — OOJNBILON
JUTMHBI, MAaTHUTHYIO WHAYKIHIO MOYXXHO PacCYHTATh
o popmyie:
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gt
21R

Ecnu psiom ¢ epBBIM POBOJTHUKOM C TOKOM /
Pa3MeCTHTh eIlle OJUH C TOKOM i, TO MEXKIy HUMH
BO3HUKHET cuia AMrepa Fy:

()

B cnyuae, ecnu Toku / 1 i HanpaBJeHbI IPOTH-
BOIIOJIO’KHO, cujia Amrmepa OyJeT HampaBiieHa mep-
NEHIUKYJSPHO MPOBOJHUKY M OTTAJIKUBATh €r0, M
B Clly4ae 3aKpEIUIEHHOTO MPOBOJHUKA IPUBEACT
K ero nonepeuHoi aedopmanuu. CoriacHO 3aKOHY
I'yka, nepopmupyromiee ycruiane MOXKHO 3aIUCaTh:
F

5 Le, 2)

rae S —rmiomane CedeHus, MepHeHIuKyJIIPHOro
neicTBuio cuibl; £ —Moaynb FOHra matepuana o0-
pasiia; € — OTHOCHUTENbHAs neopMalust 0opasia.
Tak kak geopManus BbI3BIBACTCS CHIOH AM-
nepa, To u3 BelpakeHu# (1) u (2) MOXKHO HOTYUHTh:

w,fil
2nr

Y‘II/ITBIBaH, UTO Iiomanb C€YCHUA NPpOBOAHUKA,
NEPNCHAUKYIISIPHOTO ,Z[eﬁCTBPIIO CHUJIBI, MOXHO BBI-

= FeS.

YHUCJIUTh KaK MPOW3BEICHHUE JUTHHBI TPOBOIHUKA [
HA €ro JUaMeTp d, MOXKHO BBIPA3HUTh CBA3b TOKA [ U
OTHOCHUTEJILHOU Je(pOpMAIIUH €:

2nrdE
== ¢
Kol

Takum oOpazoM, cuia Toka [ B TPOBOJHHKE
IPUBOAUT K BO3HHUKHOBEHHUIO MPOMOPLHOHAIBHOM
OTHOCHTEIIbHOM e(hOopMalnH €.

1 ©)

CTpykTypa pacnpe/ie/ieHHONH ONTOBOJIOKOHHO
CHCTEMbI H3MEPEHUS CHJIbI TOKA

Cxema yCTaHOBKH U1 U3MEPEHHS CHIIBI TOKa
METO/IOM aHalIu3a OPUIUTIOPHOBCKOI'O ONTHYECKOTO
YaCTOTHOI'O IOMEHA MPEJICTaBIeHA Ha PUCYHKE 1.

B xadecTBe 4yBCTBUTEIBHOTO AJIEMEHTA CEHCO-
pa MCIOJIB3yeTCs OJJHOMOIOBOE ONTHYECKOE BOJIOK-
HO JUIUHBI L. Y4acTKU BOJIOKHA JUIMHOM /,, [, u [; 3a-
KpEIlJIeHB! BI0Jb TOKOBBIX IIMH ¢ TOKaMu /|, [, u I,
HOKPBITHl MIPOBOJSIICH 000JIOUKOM M3 aTIOMHUHUS.
[Ipu mporryckaHum TOKa i, HalpaBJICHHE KOTOPOIO
MIPOTHBOIIOJIOKHO HANpPaBICHUIO TOKa B TOKOBOMU
HIMHE, TI0 TPOBOASIIEH 000JI0YKe MEXTY MIMHON H
000JI0YKOH BOJIOKHA BO3HHMKAET cujia AMIiepa, OHa
BBI3BIBACT Ae()OpMAIIMIO ONITHYECKOTO BOJIOKHA.

ATTEHIOATOP DNeKTPOONTHYECKHIH AKYCTOONITHUECKMIT
Jlasep/Laser 1:10 >— MOILYJISITOD >— MOJLYJISTOP
Attenuator Electrooptical modulator Acoustooptical modulator \
% /,
< | z
>
I, i
I-"' z’ z= P
< | As /
K -
l, 1
DI/FD
S(Z’Aj) bnox obpabotku nndopmaruu Crekrpoananusarop
; Information processing unit Spectrum analyzer
% <

Pucynok 1 — Cxema yCTaHOBKH JJ1s1 U3MEPEHUH METOI0M

OI/FD

aHajM3a 4YacTOTHBIX xapakrepuctuk BPMb

Figure 1 — Brillouin optical frequency domain analysis measurement scheme
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HIcTOUHUKOM H3IIy4eHHS] B YCTAHOBKE CIIYXHT
TBEPAOTEIbHBIM Y3KOMOJOCHBIM Ja3ep ¢ JUIMHOU
BOJIHBEI A = 1,319 MkM 1 momHOCTBIO P = 1+10 MBT.
Wznyuenue nasepa paszgeisieTcsi Ha JBa IOTOKA.
OnuH u3 HUX QOPMUPYET HENMPEPHIBHOE U3ITyUYCHHE
HAaKa4K{ C 4acToToH fp 1 MowmHocTeio P (0), KoTo-
poe BBOJMTCS C OOHOM CTOPOHBI UyBCTBHTEJIBHO-
IO OINTHYECKOTO BOJIOKHA, MMEIOIET0 KOOPAHHATY
z= 0. Bropoii noTOK HampaBseTCA HA ATTEHIOATOP,
IJie ero MOMIHOCTh ocnabmsercs B 10 pa3. 3arem
C MOMOILBIO JIEKTPOONTUYECKOTO MOIYJISITOpa 4a-
CTOTA M3JIYUCHUs CABUraeTcsl Ha BeINYUHYy Af OTHO-
CHUTEJIBHO YaCTOTHl M3JIyUYCHHs] HAKAYKH fp U CTAHO-
BUTCSL PAaBHOM f;. Y CTaHOBIIEHHAs! Pa3HOCTh 4acTOT
Af = fp—fg MEXIy U3ITydeHHUEM HAKaYKH U IPOOHBIM
W3Ty4YeHUEeM sBisieTcs nepeMeHHoil. IIpoOHoe u3-
JydeHHE MOIYJUPYETCsl € IOMOIIBI0 aKyCTOOII-
THYECKOTO MOZYJATOpa IO TapMOHHYECKOMY 3a-
kony B mpezaenax ot 10 I'm go 80 MI'u u ¢ apyroit
CTOPOHBI YyBCTBUTEJIBHOTO ONTHYECKOTO BOJIOKHA,
HUMEIOILETO KOOpAUHATy z = L. BHyTpu onrtuuecko-
r'0 BOJIOKHA M3JTy4CHHE HaKauKu U MMPOOHOE pacipo-
CTpaHSIOTCSl HABCTpeuy ApyT Ipyry. Eciu pasHocTs
4acTOT U3Ty4eHUH Af paBHA XapaKTEpUCTHYECKOM Ya-
crore BPMB f;, bopmupyercst akyctuueckas BoiHa
¢ 4acTtoTol Af = f; 1 IPOUCXOANUT paccesHUE YacTH
W3TY4YeHUs] HAKa4KH, YTO NMPHUBOIUT K OCIAOJICHHIO
€ro MOLIHOCTH M YCHJICHHIO MOIIHOCTH HPOOHOTO
n3nydenus. [Ipy 3ToM M3IydyeHHe HaKaukd MpHoO-
peTaeT YaCTUUHYI0 MOAYJISLIMIO, COOTBETCTBYIOLIYIO
MOIYJISIIMKM TPOOHOTO H3Ty4deHus. MOIHOCTh Mo-
IOYJITUPOBAHHOTO MPOOHOTO M3IIyYCHHE M W3TYUCHUS
Haka4yky JeTekrupyercs ¢oroxmomamu. [anee ne-
TEKTHUPOBAHHbIM CHUTHAJ IOCTYIAaeT Ha CHEeKTpoa-
Haju3arop u oOpadarbiBaeTcs AUQQPepeHITHATEHBIM
METOZIOM, IJie B KauecTBE OIOPHOIO HCIOJIB3YETCs
CUTHaJ MpOoOHOTO M3iydeHus. biok o0paboTKku WH-
(hopmaru BeITIONHSIET oOparHOe Dyphe mpeodpa-
30BaHUE TOJYUYEHHOTO CIIEKTpa CUrHaJIa, 3aBHUCsIIe-
IO OT YacTOThl MOIYJISALMHN MPOOHOTO M3IYUYCHUS U
Pa3HOCTH YacToT J1a3epa. AHATU3UPYs HOTyUCHHYIO
KOMITJIEKCHYIO Tiepefarodnast pyHKiuto s(z,Af) [12],
3aBUCSILYIO OT KOOPJAMHATHI U Pa3sHOCTH YacTOT Jia-
3€pOB, MOXKHO ONPECIIUTh BEIMUNHY TOKa B TOKOBE-
Iyliel IUHE U KOOPJUHATY y4acTKa C TOKOM.

MopenupoBanue padoTbl ceHCOPa

Jns mpoBeneHUs MOAETUPOBAHHS HCIIOJIB30-
BAJIOCh OJIHOMOJIOBO€ ONTHYECKOE BOJIOKHO, AMa-
MeTp KOoToporo 125 MKM (auamerp cepAleBUHBI
9 MKM), C 000JIOYKOW W3 ANIOMHHHA, TIO KOTOPOH

npomnyckaercs Tok i =1 A. BoiokHO pacnonoxe-
HO Ha PAcCTOSIHWH | CM OT TOKOBOHW IIMHBEL. B MO-
JIeNId PAcCMOTPEHBI TPU y4yacTKa BOJIOKHA, JUIMHON
[,=02w™m, ,=0,1m, [;=0,3M 3aBucumocTh Xxa-
pakrepuctuyeckoid yactorsl BPMbB ot oTHOCHTENb-
HoOl nedopmanuu:

S5 =1, Bo T al )
O
rJie € — OTHOCHUTEJIbHAs JeopMalins y4acTka OnTH-
4yeckoro BoJjiokHa; df/0e = 500 k['11 — nepopmanuon-
HBI KO3(DPHUIIMEHT XapaKTepPUCTUYECKOH YaCTOTHI
BPMB, nonyudeHHbIi 3kcniepuMenTanbHo [11].
PesynpTaTel MOJENMpOBaHUS —IPENCTABICHBI
Ha PUCYHKE 2 B BUJE 3aBUCUMOCTH JICHCTBUTEIHLHOMN
YacTU TePeAaTOUYHON (PYHKIUH § OT KOOPJIUHATHI
BOJIOKHA z U pa3HOCTH 4YacToT JjazepoB Af. Ilepe-
natoyHast (DyHKIUS MMEeT HauOoJblliee 3HAYCHHUE
B Hayaje BOJIOKHA U TUIABHO YMEHBIIIAETCS K KOHILY
BoJIOKHA. Takoe moBeneHne (YHKIIMH XapaKTepHO
It HeZeOpPMUPOBAHHOTO BOJIOKHA. MUHHMYM
nepenaToyHor (QyHKIUM HaOIIOmaeTcs IMpu pas-
HOCTU YacTOT W3JIy4YCHHS HAKauKd U MPOOHBIM H3-
mydeHneMm Af= 1,28:10" I'u. Takast Pa3HOCTh 4Ya-
CTOT COOTBETCTBYET XapaKTEPUCTUUECKON dacTOTe
BPMb miis HenedopmupoBaHHOTO BOJOKHA. OmHa-
KO Ha PUCYHKE 2 eCTh CKaYKOOOpa3HbIC YBEIUYCHUS
3HAYEHHs MepelaTOYHON (DYHKITH MTPU KOOPIUHATE
z=80; 180; 240 m ot Hayana BojOKHa. Takue u3-
MEHEHHUS B TIEPEIaTOTHON (DYHKIIMH TOBOPST O TOM,
YTO Ha ATUX y4acTKaX BOJOKHA HE MPOUCXOIUT OC-
nmabnenue curuana 3a cueT BPMbB. CrnegoBarensHo,
Ha DTUX y4YacTKaX U3MEHSETCS XapaKTEPUCTUUECKas
yacrora BPMb. Tlocne BbLIBIEHUSI YYacTKOB € H3-
MEHEHHOM XapaKTepHUCTUYECKON 4acTOTOM, MPOU3BO-
JIUTCSl aHAJIU3 3aBHCUMOCTH TIEPEJaTOYHON (DYHKIIUH
OT Pa3HOCTH YacTOT ja3epoB Af. MuUHUMYM miepera-
TOYHOM (PyHKIMU OyJIEeT COOTBETCTBOBATH PAa3HOCTH
YacTOT, Ha KOTOpOW HaOIIOIAOCh MaKCUMAalIbHOE
BPMbB nanHOM yuyacTke BoJOKHA. IMEHHO 3TO 3Haue-
HHUE Pa3HOCTH YacTOT OyNEeT COOTBETCTBOBAThH Xapak-
Tepuctuyeckoil yacrore BPMDb Ha jaHHOM y4dacTke u
MIO3BOJIUT BBIYUCIUTH 3HAYCHUE U3MEPSIEMOT0 TOKA.
3aBUCHMOCTh TIEPEaTOYHOW (DYHKIUH OT
KOOpJIMHATHl BOJOKHA, NpPEACTABICHHAs Ha pU-
CYHKE 3a, TO3BOJSICT OOHAPYXKHUTH PACIIOJIOXKE-
HHA€ VyYacTKOB CO CMEIICHHOW XapaKTepUCTH-
yeckoil yactoroi BPMbB u ux anuny. B nannoit
MoJenmu mpu KoopawHate z =80 M o0O0HapyXu-
BaeTcsl ydacTok anuHod [/, =0,2 M, mpu Koop-
nuHate z = 180 M — yuactok mnuHOM [, =0,1 M,

(4)
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npu koopauHate z=240M — yd4acTOK AJIMHOUN
[;=10,3 m. Ha xaxxq0M U3 HUX IPOUCXOJUT U3MeE-
HEHHUE XapaKTepUCTUUECKOU dacToTbl. CoriacHo
3aBUCUMOCTH TEepeJaTOYHON (QYHKIUU OT pas-
HOCTH YacTOT HM3Ny4deHwil (pucyHOK 3b) ompene-
JSIeTCs, KAKOH 4acTOTE COOTBETCTBYET MHUHHMYM
nepeaToyHol QYHKIIUU Ha Pa3IMYHBIX y4acTKax
U TEM CaMbIM MOXHO OIPEAENUTh AedopMaluio.
Kpusbie 1 (z=80m),2 (z=180 m) u 3 (z =240 m)
COOTBETCTBYIOT ~ 3aBHUCHMOCTH  II€peIaTO4HOM
(YHKIMHM OT 4acTOTHl Ha y4yacTKaX, I/Ie ONTHYe-
CKOE BOJIOKHO HaXOJMTCS MOJ BO3JICHCTBUEM CHIIBI
ToKa, KpuBas 4 (z =1 M) moKa3bIBaeT, Kak Oyjaer
BBITJISIIETh  3aBUCHMOCTH MEpeaTOYHON  (yHK-
LMY AJI y4acTKa ONTHYECKOI0 BOJOKHA, HE MOJ-
BEPIKEHHOTO BHEIIHUM Bo3AeicTBusaM. Cuiia Toka
OyneT ompeaesThes 1mo hopmye:

I=c-Af,

rae ¢ — Kod(GUIMEHT MPONOPIHOHATBLHOCTH, 3a-
BHCSIIIMIA OT pa3Mepa BOJIOKHA, ero Moayuis FOwHra,
a TaKXKe OT PACCTOSIHUS MEXK]Ty BOJIOKHOM U ITUHOM.
B mannoit monenu, cornacuo (3) u (4):

o 2nrdE 8l
Mol

=0,432-10" AT
€

100

Af*10°,TwHz 1275 0 z, M/m

PucyHnok 2 — 3aBucHMOCTh TepeaToOuyHON (QYHKIHH S
OT KOOPJAMHATHI ONTUYECKOTO BOJIOKHA z U OT Pa3sHOCTH
YaCTOT U3ITydeHHUH Af

Figure 2 — Dependence of pulse response s on coordinate
of optical fiber z and on radiation frequency difference Af

B pesynpTaTe mpoBeAEHHOTO MOJAETHPOBAHMS
MOJTyYeHBl Pe3yNbTaThl: HA yYacTKe ¢ KOOPAUHATON
z=80 M cuna Toka / coctaBuna 2,2 KA, Ha y4acTKe
¢ koopauHaToit z = 180 M — / = 4,4 KA 1 Ha y4acTke
¢ KoopanHaToi z = 240 M — [ = 25 KA.

OTH. ex. / relative units

U

s

50 100 150 200 250 300

z, M/m

a

A s, oTH. en. / relative units

1

5

1.282 1.284 1.286 1.288 ?.29
Af*10", TwHz

1.278 1.28

b
PucyHnok 3 — 3aBUCHMOCTh  TE€pEaTOYHON  (QYHKIMH
S OT KOOPJIMHATBI z MPU PA3HOCTH YaCTOT H3JIy4YECHUI
Af=12,8TT1 (a) U OT pa3sHOCTH YaCTOT JiazepoB Af

Ha y9acTKax BOJOKHa ¢ KoopauHatamu z =80 M (1);
z=180m (2);z=240m (3);z=1m (4) (b)

Figure 3 — Dependence of pulse response s on coordinate
of optical fiber z (Af=12,8 GHz) (a) and on radiation
frequency difference Af on the spot with coordinate
z=80m(1);z=180m (2);z=240m (3); z=1m (4) (b)

UyBCTBUTENBHOCTh U3MEPEHUM CHIIBI TOKA Me-
togoM ABOYJ] ompenensercs MUHUMAIbHOU Ya-
CTOTOM, HA KOTOPYIO CMEILAETCS U3Jy4YEHUE JIazepa
3JIEKTPOONTUYECKUM MOAYJIATOPOM. B mpeacTaBineH-
HOM MOJIeTM MUHUMAJIbHAS! PA3HOCTh YaCTOT MEXITY
W3IyYCHHEM HaKayKyd W MPOOHBIM M3IIyYCHHUEM CO-
craBisger Af=0,5 MI'u, ciaenoBarenbHO, pa3peria-
FOIIast CIIOCOOHOCThL JocTuraeT BeauuuHbl 0,22 KA.
MaxkcumanbHOE 3HaYEHUE ONPEHENSIETCA HE TOJIBKO
BO3MOKHOCTSIMU JIEKTPOONITHYECKOTO MOAYJISATOPA,
HO U HU3MCHEHHEM CBOMCTB ONTHYECKOI'0 BOJIOKHA
noJ1 fieiictBreM nedopMarui. MakcUMaabHOE U3Me-
pEHHOE 3HAUYEHUE TOKAa B MPEACTABICHHOW MOJEIIH
cocTaBmIIO 25 KA.

OCOOCHHOCTBIO MPEJICTABICHHOTO CEHCOpa SIB-
JII€TCS TO, YTO XapakTepucruyeckas yactrora BPMb
3aBUCHT HE TOJBKO OT Jie(hOpMAI|K, HO U OT TEMIIe-
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patypsl. [Ipu nporpeBe OnTHYECKOro BOJIOKHA CMe-
[ICHUE XapaKTEPUCTHYECKON YaCTOThI U3MEHSIETCS
0 3aKOHY:

Y
fu= fuat (T -T;)

ToKOBBI€ IMHBI, UCTIOJIb3YEMbIE B IPOMBIIIIICH-
HOCTH, SIBJISIIOTCSI TEIUIOM30JIMPOBAaHHBIMU. OAHAKO
MIPOXOKACHUE TOKA IO 000JOYKE ONTUYECKOTO BO-
JIOKHA NIPUBEJET K ero nporpesy. Tak, eciu onrude-
CKO€ BOJIOKHO B 000JIOUKE, U3TOTOBJICHHON U3 allio-
MUHHUS, OyEeT TEIUION30JIMPOBAHO, TO €r0 TeMIlepa-
Typa OyJeT MOBBIIAThC Kaxkzaple 5 ¢ Ha 1 °C, 4Tto
MpUBENET K U3MEHEHHIO XapaKTepUCTUYECKOH dYa-
CTOTBI ONTHYECKOro BojiokHa Ha 1,2 I'Tu. Jns npo-
BEJICHUSI TOYHBIX M3MEPEHUH HE0OXOIUMO TOoAIep-
JKUBATh TEMIIEPATYPy BOJIOKHA TTOCTOSTHHOM.

Cnenyer ormeruts, uto BPMDbB mnpoucxoaut
1o Bcell JuimHe BosokHa. OHaKo ociiabiieHHe CHr-
HaJia 3aBUCHUT OT JAJIMHBI BOJIOKHA Ha BCEX YacTOTaX.
K koHIy BomokHa morepu Oofibllie, YeM B Hauaie.
OTO MO3BONIIET KATHOPOBATH TECTOBOE BOJIOKHO U
n30exaTh OMMOKKM NpPU HPOBEACHUM HM3MEPEHHM.
B pacuerax mnpenmnonaramoch, YTO TeMIeparypa
BJIOJIb BCEI'O U3MEPSEMOI0 Y4acTKa BOJIOKHA IIOCTO-
STHHA.

MakcuManbHasi JAJMHA BOJIOKHA, KOTOPOE
MOXHO Hccienoatb Mmeronom ABOYJI, orpanuue-
Ha [1aroM JUCKPETH3aLUH YacTOThI Af,, C KOTOPBIM
ompenensiercs nepepatouynas ¢yHkuus. [lostomy
MaKCHUMaJlbHasl JUIMHA BOJIOKHA M TPOCTPAHCTBEH-
Hoe paspemenue AbBOYJl cencopa OyayT COOTBET-
CTBEHHO:

C

C
Lo, =—o!,
M T ORAS,,

27t(fm,max - fm,min) ,

TIE [ max Y fop min — MAKCHMAaJIbHAS U MEUHUMAIbHAs
YaCTOThI MOAYJISAIIMA COOTBETCTBEHHO.

ITpu mare auckperusauuu Af,, =4,6 kI’ Mak-
cUMajbHasi [JuHA BOJOKHA cocTaBiaseT 10 km.
[pu f,, nax =800 M m f, . = 10 I'n, mpoctpan-
CTBEHHOE Pa3pelIeHHe CEHCOpa BIOJb BOJIOKOHHO-
onthueckor auHuu coctasisger 0,06 m. Ilar muc-
KpeTH3aIi BBIOUPAETCS U3 YCIOBUS TEXHHUYECKOU
peann3yeMoCTH 1 TpeOyeMOoro BpeMEeH! N3MEPEHUH.

JJist TOTO, YTOOBI 3aPETUCTPUPOBATH U3MEHEHHE
nepenarouHor GyHKIMM As, COOTBETCTBYIOIIECE H3-
MEHEHHIO Je(hOopManiy BOJIOKHA Ha €, HEOOXOINMO,
YTOOBI 3TO WM3MEHEHHE IMPEBOCXOIWIO IIYyM pPEeru-
CTPUPYIOIICH anmaparypbl Ha y4acTke AeQOpMHPO-
BaHHOTO BOJIOKHA / (pUCYHOK 4).

SPR, aB/dB .

5

4

10 Ps, Bt/W 103 Pp, BT/W

Pucynok 4 — 3aBUCUMOCTh ~ COOTHOILICHHUSI  TIOJIE3HBIN
CHUTHAJI-MaKCUMAaTbHBIA OTKJIUK SPR OT MOITHOCTH U3y~
9JeHUs] HAKAuKH Pp ¥ MOIIHOCTH TPOOHOTO N3mydeHns Py

Figure 4 — Dependance of signal to maximum pulse ratio
SPR on pump radiation power Pp and probe radiation
power Py

Jlis OLleHKW BIUSTHUS MOIIHOCTH HW3ITyUYCHUS
Ha BEJIMYMHY TEePEIaTOYHON (YHKIIMH BOCIIONb-
3yeMcs mapamerpoMm SPR, KOTOpBIM mpencTaBisieT
co00if COOTHOIIIGHWE TIOJIE3HBI CHTHAJI—MAaKCH-
MaJbHBIN OTKJIHK (B Je1u0enax):

SPR=10lg

Smax

Brta nceimenosana 3aBUCHMOCTE SPR OT MOIII-
HOCTH ITPOOHOTO U3TYUYCHHS Y MOIITHOCTH 3Ty YCHHUS
HaKa4KH, a TaKXkKe OT rIyOuHbI Moy siiuu. [lokaza-
HO, 4yTO SPR MaJjo 3aBHCHUT OT MOIIHOCTH MPOOHOTO
M3IIly4CHUs B IIpenenax 10°-10* Bt u or Ty OUHBI
Moxaysiuuu B npeaenax 10-100 %. IIpu stom SPR
HEJTMHEHHO BO3pAacTaeT ¢ YBEIUUYCHHEM MOIIHOCTH
n3Iy4YeHus: Hakadku (pucyHok 4). Takum oOpaszom,
JUTSL TIOJIy4EHHMsI JIYUIIero MpOCTPaAaHCTBEHHOTO pas-
penieHuss U OOJbIIeH TOYHOCTH U3MEPEHUH HEeoO-
XOJIIMO, YTOOBI MOIITHOCTh M3Ty4YeHHS HAKAYKH Ha-
xonuiack B mpenenax ot 7 no 10 mBt. JlanbHelimee
yYBeIMYEHNE MOIIIHOCTH U3Ty4YeHHsI HAKauyKy TIPUBO-
JIUT K TOSIBJICHUIO HEJIMHEHHBIX 3(h(HEKTOB BTOPOIrO
nopsiika. MoAyIHpOBaHHOE H3ITyYEeHUE HAKAuKH
MIPUBOJNUT K BTOPUYHOW MOAYJISAIIUU MPOOHOTO M3-
JIy4EHUsI, YTO BHOCHT OOJIBIIINE TIOTPEITHOCTH B H3-
MEpPEHUE UMIYJIbCHOTO OTKIIMKA.

BrixogHoW curHan (QOTONpPUEMHHKA 3aBUCUT
TaKke OT U3MEHEHMs TMOKa3aTelsl MPeIOMIICHUS
ONTOBOJIOKHAa. B aHM30TpomHON cpene omnruye-
CKOrO BOJIOKHAa TIOKa3aTelb MPEJOMIICHUS 3aBH-
CUT OT HANpaBICHUS PACHPOCTPAaHEHUS] CBETa U
ero mojsipu3auuu. M3MeHeHus AaHHOW BEIMYUHBI
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MoJl JACWCTBMEM BHYTPEHHUX HaIPsDKEHUH, BBI3BI-
BaeMBIX JIaBJIEHWEM, MOTYT OBITh TIPEICTABICHBI
C TIOMOIIBIO WM3MEHEHHUS DJJUIMIICOMIA IT0Ka3aTe-
ns npenomieHus. Iloj nedicTBUEM MMONEPEYHOTO
BHEIITHETO JaBJICHHS p U3MEHEHHE MTOKa3aTels mpe-
JIOMJICHUS CEPILIEBHHBI ONTHYECKOTO BOJOKHA 3a-
MTUCHIBAETCS B BUJIE!

3
Ap = PPt P1o)
n= 3 ,
2F;
Tae py; U p;, — Koapduuuentsl [lokkemnbca.

Haunbonpmmii nHTEpEeC BHI3BIBAET BIMAHHE H3-
OBITOUHBIX TIOTEPh M M3MEHEHHE IOKa3aTelsl Tpe-
JIOMJIEHUS] BOJIM3M MHUHUMyMa (QYHKIUH OTKIIMKA
B obsiactu AedopmManyy, BBI3BAHHOW JEHCTBHEM
cunbl  Ammnepa. [ns pacueToB HCMOJIB30BAIUCH
caemyromue 3HadeHWS: 7= 10 MmxM; b = 120 MKwMm;
A=210°  E.=62-10"Hm™; p=810° H/nM%
pn =0,121; p,,=0,27. Marematudeckoe Moe-
nupoBaHue (YHKUMM OTKIMKAa (PUCYHOK 5) OBLIO
npoBeseHo 0e3 yuera W30BITOYHBIX MOTEPh U U3Me-
HEHUS TOoKa3aTes TmpejoMiieHns (kpusas 1), 3aTem
€ y4eToM H30BITOYHBIX MOTEeph (KpuBas 2), U3MeHe-
HUs TTOKa3arens npenomiienus (kpusas 3). Kpusast 4
NpEACTaBIsAeT COOOH pe3yibTaT MOICITUPOBAHUS
C y4eToM M30BITOYHBIX TOTEPb U U3MEHEHHSI TIOKa3a-
TeJIs IPEJIOMJICHHUS.

51, > OTH. el / relative units
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>
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Af, TTu/Hz

12,820 12,821

Pucynok 5 — 3aBucuMocTh IepesaTOYHON (YHKIHMH S
oT pazHOCTH 4acToT Af: 1 —0e3 ydera M30BITOUHBIX I10-
TEpb M U3MEHEHHMs TI0Ka3aTes NPeIOMIICHHS; 2 — C yue-
TOM M30BITOYHBIX MTOTEPH; 3 — C YYETOM U3MEHEHHS TI0Ka-
3aTelsl NPEeJIOMIICHUST; 4 — C Y4eTOM H30BITOUHBIX MOTEPh
M M3MEHEHUsI [T0Ka3aTessl PeIOMIICHUSI

Figure 5 — The dependence of pulse response s on
radiation frequency difference Af: 1 — excluding excess
losses and refraction index change; 2 — including excess
losses; 3 — including refraction index change; 4 — including
excess losses and refraction index change

W3 pucyHka 5 cnemyer, 4TO BIMSHUE W3-
OBITOYHBIX TIOTEPh W M3MEHEHHE TMOKa3aTens
MPEJIOMJIEHUS] BHOCUT HE3HAUYMUTEIbHYIO IOTpell-
HOCTh (=3 %) Tpu ompeneineHun 3HauYeHUs (QyHK-
uun otkiauka MerogoM ABOYJI. Ha ompenenenue
xapakrepuctuueckoil uactorsl BPMB, a, cnenosa-
TEJIbHO, HA ONPEAETICHUE CHJIBI TOKa 3Ta MOIperI-
HOCTbH BJIHATH HEe Oyner. Biausaue manasix s dex-
TOB MOXET BO3pPAcTH C yBEJIMUYEHHUEM 4HciIa UCTOY-
HUKOB MEXaHMYECKUX HANPSKECHUH Ha EIUHHILY
JUTMHBL.

3akiaro4yeHue

[IpencraBnena mnpuHIUIHUANBHAS CXeMa pac-
MPEACICHHOTO CEHCOpa CHJIbl TOKAa Ha OCHOBE Me-
TO/a aHaJIM3a OPUJUTFOIHOBCKOTO ONTHYECKOTO Ya-
croTHOro momeHa. [IpoBeneHa ampuopHas OICHKA
apaMeTpoOB HM3MEPHUTEITHHON CHUCTEMBI, HCXOIs
Y3 MaTEeMAaTHYECKOH MOJENH BBIHY>KJICHHOTO pac-
cesHus MaHaenblTaMa—bpuiitooHa B ONTUYECKOM
BoJIOKHE. [IpocTpaHCTBEHHOE pa3pelieHue CEeHCO-
pa Ipu ONpenesCHUU NJIUHBI U MECTOMOJOKECHUS
Y4acTKOB BOJIOKHa cocTtaisieT 0,06 M npu Ucmonb-
30BaHUM AMIUIUTYTHOM MOMIYJISIIUNA ONTHYECKOTO
curnana B npeaenax ot 10 I'll mo 800 MI'u. Pa3pe-
IIaroIas CocoOHOCTh ceHcopa cocranisier 0,22 kA
MIPU PA3HOCTH YACTOT U3MYUYCHHUS HAKAYKU U MPOO-
Horo Af= 500 k['1, MakcUManbHOE 3HAUCHUE CHIIBI
TOKa 25 KA npu pa3HOCTH YaCTOT U3JIyUCHUS HAKAU-
Kd ¥ ipobnHoro Af =50 MI'm.

HccrnenoBana 3aBHCHMOCTh pabOTHI CeHCOpa
TP Pa3TUIHBIX MOIITHOCTSIX UCIIOJIE3YEMOTO Jlazepa.
[TokazaHo, 4TO AJIs OTYYICHUS JTYUIIETO MPOCTPaH-
CTBEHHOI'0 Pa3pelIeHHs U OOJIbIIIeH TOYHOCTH H3Me-
peHHiT HEeOOXO0UMO, YTOOBI MOIHOCTh W3TY4YCHHS
HaKauky HaxoJuiachk B mpenenax ot 7 o 10 mBrT.
PaccmoTpenHo BiHsIHEE U3MEHEHHS TTOKA3aTels Tpe-
JIOMJICHHSI OTITHYECKOTO BOJIOKHA HA PE3yJbTaT W3-
MEpEHUSI.

JanpHelinee ucciepoBaHue OyJeT MocBslie-
HO YCTPAHEHUIO BIUSIHUS MOBBILICHUS TeMIIEPaTy-
pBI ONITUYECKOTO BOJIOKHA HA PE3yJIbTaT HM3Mepe-
HUH.
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PaGora BeImonHeHa B pamkax [ocymapcTBeHHO
IIporpaMMBbl HAay9IHBIX HCCIEAOBaHUN PecmyOmmku
benapych «@OTOHMKA, ONTO- U MUKPOIIEKTPOHUKA»
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KouTtpous 1ud¢epeHuuaibHOro COnpoOTUBICHUSA
Pp—n-nepexoa0B OMNOISIPHOT0 TPAH3UCTOPA B AKTUBHOM peKuMe
METOJA0M MMIICIAHCHOU CIIEKTPOCKONUHU

H.N. Fopﬁaqykl, H.A. Hoknoncknii', S1.H. MapqunHal, C.B. IlInakoBckmii’

! Benopycckuii 2ocyoapcmeenmbiil yHusepcumen,
np-m Hezasucumocmu, 4, e. Munck 220030, berapycw

2040 «MHTEI'PAJI» — ynpagasowas komnanus xonounea « AIHTET'PAJDy,
ya. Koporcenescroeo, 108, e. Munck 220064, benapyco

Iocmynuna 01.07.2019
Ipunama x neuamu 20.08.2019

KoHTposib mapamMeTpoB roTOBBIX TPAH3UCTOPOB U MEKONEPALMOHHBIA KOHTPOJIb IPHU UX M3TOTOBIIE-
HUU SIBIISIIOTCS HEOOXOAMMBIMH YCJIOBHSI BBIIIYCKA KOHKYPEHTOCIIOCOOHBIX M3AEIUI 3JIEKTPOHHOM Mpo-
MBILUIEHHOCTH. TpaguLMOHHO AJIsi KOHTPOJS OWIOJSPHBIX TPAH3MCTOPOB HCIIOJIB3YIOTCS H3MEPEHHUs
Ha TOCTOSIHHOM TOKE M PErucTpalus BoJIbT-(hapasHbIX XapakTepucTHK. [IpoBeneHre n3MepeHuii Ha rnepe-
MEHHOM TOKE IT03BOJIUT MOJIYYUTh JOMOJIHUTENbHYI0 HH(POPMALIMIO O TTapaMeTpax OUIIOJISPHBIX TPaH3H-
cTopoB. Llens paboTbl — moka3aTh BO3MOKHOCTH METOJA MMIIEAAHCHOM CIEKTPOCKONHUHU ISl KOHTPOJIS
TG GepeHIalIbHOrO JIEKTPUYECKOr0 CONIPOTUBICHUS p—1-TIEPEX0A0B OUIIOISIPHOTO p—H—p-TPAH3UCTOPA
B aKTHBHOM pEXHME.

MeTtonoM HMIETAHCHOM CHEKTPOCKONUHM HucciienoBaH p—n—p-tpan3uctop KT814I' mpousBonctsa
OAO «MHTETPAJI». Ha nepemennoM Toke B uHtepBane yactoT 20 Hz—-30 MHz onpenenensl 3Haue-
Husl T PepeHIHalIbHOrO 3JIEKTPUUECKOr0 COPOTUBIICHUS U EMKOCTH p—1-IIePeX0oJ0B 0a3za—3MUTTEPa U
0a3a—KoJUIEeKTOpa MPHU TOCTOSHHBIX ToKax 0a3sl oT 0,8 1m0 46 PA.

Pe3ynbratel pabOTHl MOTYT OBITH HCIIOJIB30BaHbI IPU OTPAOOTKE METOAMK BBIXOAHOTO KOHTPOJIS IUC-
KPETHBIX OUIOJISIPHBIX MOJIYIPOBOJAHUKOBBIX IPUOOPOB.

KiioueBble ciioBa: UMIeaAaHCHasA CIICKTPOCKOINS, TPAH3UCTOP, HEPABHOBCCHBIC 3JICKTPOHLI U ABIPKU, p—71-
nepexon, 0051acTh MMPOCTPAHCTBCHHOI'O 3apdaa.
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Controlling of Differential Resistance
of p—n-Junctions of Bipolar Transistor in Active Mode
by Method of Impedance Spectroscopy
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Abstract

Controlling of parameters of manufactured transistors and interoperational controlling during their

production are necessary conditions for production of competitive products of electronic industry.
Traditionally for controlling of bipolar transistors the direct current measurements and registration
of capacity-voltage characteristics are used. Carrying out measurements on alternating current in a wide
interval of frequencies (20 Hz—30 MHz) will allow to obtain additional information on parameters of
bipolar transistors. The purpose of the work is to show the possibilities of the method of impedance
spectroscopy for controlling of differential resistance of p—n-junctions of the bipolar p—n—p-transistor in

active mode.

The KT814G p—n—p-transistor manufactured by JSC “INTEGRAL” was studied by the method of
impedance spectroscopy. The values of differential electrical resistance and capacitance for base—emitter
and base—collector p—n-junctions are defined at direct currents in base from 0.8 to 46 pA.

The results of the work can be applied to elaboration of techniques of final checking of discrete bipolar

semiconductor devices.

Keywords: impedance spectroscopy, transistor, nonequilibrium electrons and holes, p—n-junction, space

charge region.
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BBenenue

KoHTponp mapamMeTpoB TOTOBBIX TpPaH3UCTO-
POB M MEXKOTEPAaMOHHBIA KOHTPOJb MIPHU UX HM3TO-
TOBJICHUU SIBJISIFOTCS. HEOOXOJUMBIMH YCIIOBHUSMHU
BBITyCKA KOHKYPEHTOCTIOCOOHBIX H3JCIHN JIIeK-
TPOHHOW TpoMbInuieHHocTH [1].  TpaguiuoHHO
JUISl IPOBEPKH (PYHKIIMOHUPOBAHUS TOTOBBIX OWIIO-
JSIPHBIX TPAaH3UCTOPOB HCIIOJIB3YIOTCS HM3MEPEHUs
Ha MOCTOSIHHOM TOKE (PEerHCTpalysi BXOJHBIX U BbI-
XOAHBIX XapaKTepUCTUK, U3MEPEHHe 3HauUeHUH Ha-
MpsDKEeHUH MPpo00si, perucTpanusi BOJIbT-aMIIEPHBIX
xapakTepuctuk (BAX) nepexonoB smurrep—0aza u
0aza—kosuiekrop) [2]. st yctaHOBICHHS pacripeie-
JICHUS! IPUMECH UCTIOJIB3YETCSl PETUCTPAIUs BOJIBT-
¢dapannbix xapakrepuctuk (BOX) [2, 3].

BaxxHbpiM  mapaMeTpoM,  ONpeaessiomuM
(GYyHKIMOHUPOBAHHE OUIOJSPHBIX TPAH3UCTOPOB
B DJICKTPOHHBIX YCTPONCTBAX, SBISETCS HaNpsKe-
HHE HACBIIMICHUS dMUTTEep—KoimekTop [4]. Ha ero
3HaYEHUE BIMIET KaK aKTHBHOE COINPOTHUBIIE-
HUE 00JIaCTH KOJIJIEKTOpa, TaKk U A(P(PEKTUBHOCTH
9KCTpPaKUMU HEPaBHOBECHBIX HOCHUTENICH 3apsia
u3 6a3bl M, COOTBETCTBEHHO, MapaMeTpbl 00JacTH
MIPOCTPAHCTBEHHOTO 3apsja mnepexoaa 0Oa3za—KoJ-
nektop [1, 2, 4]. IlepeuncieHHbie BBIIIE METOJBI
MO3BOJISIIOT MOJIYYHUTh JIMIIbL KOCBEHHBIC IaHHBIE
O BIUSHUHM HEPaBHOBECHBIX HOCHTENCH 3apsiaa
Ha aKTHUBHOE CONpPOTUBIIEHHE 00JacTH MPOCTpPaH-
CTBEHHOTO 3apsija Iepexoaa 0a3a—KOJUIEKTOP.
Hcnonb30BaHre UMITYJIBCHBIX METOAOB, B YaCTHO-
CTH, OCHOBAaHHBIX Ha HAOJIOJCHUHN 3aBHCHUMOCTEH
HarnpsKeHus (ToKa) OT BPEMEHHU IPU MepeKIroye-
HUU p—n-TIEPEXOA0B TPaH3UCTOpa C MPSAMOToO Ha-
MpsDKEHUS Ha 00paTHOE, MO3BOJISIET UCCIIEN0BATh
MepPEeXOIHbIE TIPOIIECCHl U OLIGHUTh JUHAMUKY pac-
cachIBaHUs HEPaBHOBECHBIX HOCUTeNEH 3apsna [5],
OJIHAKO HE /1aeT BO3MOKHOCTH IIPOBOJUTH MOHHUTO-
pUHT pabOTHl TPAH3UCTOPA B aKTUBHBIX PEKUMAX,
OJIM3KUX K MCIOJIb3YEMBIX B peajbHBIX JJEKTPOH-
HBIX IpUOOpax.

Meroguka MMIOEAAHCHOM  CIIEKTPOCKOIIWH,
OCHOBaHHasl Ha TPOBEJCHWU W3MEPEHWH B HIMPO-
KOM HMHTEpBaje YacToT, TPaAULHUOHHO HCIOIb3Y-
eTcs B JIEKTPOXUMHH M (PHU3HKE T'eTepOreHHBIX
cucrem [6—10]. IlpumenutensHo K OapbepHBIM
CTPYKTypaM NOJTYIPOBOAHUKOBOH SJIEKTPOHUKH OHA
MO3BOJISIET OLIEHUTH MapaMeTpbl CTPYKTYPHBIX dJie-
MEHTOB, He Mpuleras K HapyUICHUIO LEIOCTHOCTH
MIOJTyIPOBOJHUKOBBIX MprOopos [10-12], T.e. npu-
TOJIHA JUIS TIPOBEJICHUS BBIXOJTHOTO KOHTPOJISI MX Ta-
pameTpoB.

Lenp paboOTHI — MOKa3aTh BO3MOYKHOCTH METO/1a
WUMIIEJAaHCHOW CHEKTPOCKOMHHU Uil KOHTPOJIsI Aud-
(bepeHINaNbHOTO AIEKTPUIECKOTO COMPOTHBIICHUS
Pp—N-TIEPEXOI0B  OUMOJSIPHOTO p—N—p-TPAH3UCTOPA
B aKTHBHOM PEXHME.

Hccnenyemblie CTPYKTYpBbI

UccnenoBanuce p—n—p-tpanszuctopsl KT814I
npoussoactea OAO «MHTEI'PAJl» — ympasinsro-
mas komrnanusa xongunra « MHTEI'PAJI». Tpan3zu-
CTOPBI U3TOTABIUBANKCH Ha TutacThHax (111) MoHo-
KPHUCTAITIMYECKOTO KPEMHUS p-THIIA TPOBOJUMOCTH,
BBIpAILICHHOT0 MeToAoM Yoxpanbckoro. YaenbHoe
COIIPOTHUBIICHHE KPEMHHUsI IPH KOMHATHON TeMIlepa-
Type — 0,005 Q-cm (K/b-0,005). Ha mnactuHax Ha-
parBaICs MUTAKCUAIBHBIN CIIOW KPEMHUS p-THIIA
¢ yaenbHbIM conpoTusieHreM 10 Q-cm. Tonmuna
SMHUTAKCUAIIBHOTO cJIosl cocTaBisia d~23 pm. O6-
nacte 0aspl n-Tuna (opMHUpoBajach MOHHOM HM-
TaHTaruei hocdopa ¢ mocieayomei TepMuIecKon
pasronkoii (7=1150 °C). O6macTh >MuTTEpa p -
Tuna coszfasanachk auddysueir 6opa (7'=1050 °C).
@OuHaANbHBIA TEPMUUECKUN OTKUT MPOBOAUIICS IPU
temneparype 7=1000 °C. I'myGuna 3aneranus rme-
pexoza 0a3a—KOJUIEKTOp — X~ 2,8 um; riryouHa re-
pexoza smurTep—0Oasa — x;~2 pm. Ilnomans nepe-
x0J1a 0a3a—KoJUIeKTOp cocranisuia ~ (0,6 rnmz, nepe-
xoa sMHTTep—6aza — ~0,3 mm’. CxeMaTHYECKOe
n300paKeHWEe CEYEeHHUsl TPaH3UCTOpa IUIOCKOCTHIO,
MEePIEeHANKYJIIIPHOH MIIOCKOCTH IJIACTUHBI OKa3aHO
Ha pucyHke la. bapbepHas eMKOCTb epexo/ia SMUT-
Tep—0a3za TpaH3HCTOpa, U3MEPEHHAs B OTCYTCTBHE
MOCTOSTHHOTO HAMNpPSDKEHUs CMEIEHHsI, COCTaBUIIA
C;=230+10 pF, OaprepHas eMKOCTb Iepexoia
6aza—xomnekTop C-=95+5 pF. Benuunna 6apbep-
HOM €MKOCTH MPaKTUYECKH HE 3aBHCEa OT YaCTOTHI
B uHTepBaje 20 Hz—30 MHz. OMuyeckne KOHTaKThI
(OpMHPOBAINCH HAIBUICHUEM aTIOMUHHS TOJIIU-
Hoii 1,2 um. [InacTunsl pa3aensincsk Ha yumsl. [1no-
manp urna cocrasmia 1,1x1,1 mm?. Yurmsl TpaH3u-
CTOpOB pa3mernannck B kopmyce KT-27.

MeToauka npoBeaeHUs U3MEPEeHH

s mpoBeneHusT U3MEPEHNH BBIBOABI 0a3bl M
KOJUIEKTOpa TPaH3UCTOPA COEAUHSITUCH IPYT C ApY-
TOM 4epe3 pe3nucTop comporuBieHHeM R,. Takum
00pa3oM, HcClIeayeMble CTPYKTYPBI MPECTaBISIIN
cO0OH [IBYXIIOJIOCHHK, B KOTOPOM IapauIEIbHO
nepexony 0a3a—KOJUIEKTODP MOICOEANHEH PE3UCTOP.
Cxema JBYXITONIOCHUKA TIPUBE/ICHA Ha PHCyHKe 1b.
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Hcnons3oBanne pe3ncTropa R, MO3BOJSIIO yCTpa-
HUTh HEKOHTPOJIHMPYEMOE BIIMSHUE HAa pPEe3yJIbTaThl
M3MEpEeHHH 3JeKTPUYECKOTo TOTeHInaaa Ha 0Oase.
BapsupoBanue CONpOTHUBICHHS pe3NUCTOpa JaeT
BO3MOKHOCTH U3MEHSTH TOK 0a3bl, YTO MOXKET TIpe/-
CTaBJISITh MHTEPEC JIsl JAIbHEUIINX HCCIIEJOBAaHUI
Y pa3BUTHA NpeUIaraeéMbIX B padOTe METOJ0B KOH-
TPOJSL TIApaMEeTPOB OWITONSIPHBIX TPaH3UCTOPOB.
Hcnonmp30oBanuck pe3ucTopsl € COMPOTHUBICHHUEM:
3,3 MQ, 1,2 MQ, 370 kQ, 160 kQ, 97 kQ. B nna-
nazoHe oT =20 Hz no /=30 MHz aktuBHOE compo-
TUBJICHHE PE3WCTOPOB MPAKTHUECKH HE 3aBUCEIO
OT YacTOTHl TEPEMEHHOTO TOKa, a WHAYKTUBHOCTH
He npesbimana 10 nH.

R
b

Pucynok 1 — Cxemarndeckoe n300pakeHHE CEYCHUS UC-
CJIEZyEMOT0 TPAH3UCTOPA MIIOCKOCTHIO, MEPHEHINKYIIP-
HOW TUTaCTHHE, (@) W dIEKTPUIEcKas cXxeMa JBYXITOIIOC-
Huka (b). Macmrabd He coOIoeH

Figure 1 — Schematic section of studied transistor by a
plane, perpendicular to the wafer (a), and circuit diagram
of two-terminal device (b). Figure not drawn to scale

M3mepenue 3aBUCUMOCTEN NEUCTBUTENbHON Z'
1 MHUMOM Z"' yacrteil umnenanca Z=2"'+iZ" ot ua-
CTOTHI f MEPEeMEHHOT0 TOKAa MPOBOJMIMCH HA H3-
meputensix LCR Agilent E49804 n Agilent 42854
B nuanasone ot 20 Hz no 30 MHz. Ammnutyzaa cu-
HYCOUJIATBLHOTO HANpsKEHUs He npesbimana 40 mB.
Pacuet emxoctu cTpykTypsl C IPOBOAUIICS IO CTAH-
JapTHOM Meronauke [6]. Bce m3aMepeHHs BBINOHS-
JUCh MpU KOMHATHOM Temmeparype. [lorpemnocts
U3MEpEeHUs AeUCTBUTENbHON Z' 1 MHUMOM Z" yacTeit
UMIIe[laHca He mpeBblmana 3 %.

OOHOBpPEMEHHO C TEPEMEHHBIM H3MEPHUTEINb-
HBIM CHTHAJIOM K CTPYKType MPHKIAIbIBAIOCH TO-
CTOSHHOE Hanpsbkenue cMewenus Uy,.. B coorser-
CTBUU CO CXEMOU, IPEICTaBJICHHOW Ha pUCyHKe 1D,
HaIpsHDKCHUE CMEIEeHNUs, TPUKIabIBAEMOE K JIBYX-
MOJIIOCHUKY, PAaBHO TOCTOSHHOMY HaIPSHKEHUIO
KOJUIEKTOp—OMHUTTEDP Tpausucropa U, = Uy Ha-
MpsHDKEHUE CMEIIEHUs BapbHPOBANOCH B MHTEPBa-
ne or 0 go 40 V. Ilpu sTOM BeIMYMHA MOCTOSIH-
HOIO TOKa /. 4epe3 CTPyKTypy HM3MeHsiach oT 0
10 17 mA. Tok [, 1ByXIOJIOCHUKA PaBEH IOCTO-
STHHOM COCTaBJISIIOIIEH TOKa AMHUTTEpa TPaH3UCTO-
pa: [, = I.

KoHTponb BeIMUMHBI TOCTOSIHHON COCTaBIISAIO-
mel Toka 0asbl [ 1 UCHOJIb3YEMBIX B IKCIIEpU-
MeHTE 3HayeHui nanpsuxkenus Uy, = Uqp B conpo-
THUBIICHUI PE3UCTOPOB R; MPOBOAMIICS HE3aBUCUMO
10 CTaHAAPTHON MeToAuKe [2]. 3HAUCHUS ITOCTOSH-
HOM COCTaBIIAIONICH TOKa 0a3bI MPUBEACHBI B TA0TH-
nax 1 u 2. IlorpemHoCTs U3MepEHUs [; HE MPEBBI-
mana 5 %.

Pe3yabTaThl 3KCNIEPUMEHTA U UX 00CYyKIeHHe

Ha pucynke 2a mpeactaBieHbl 3aBUCHMOCTH
JICHCTBUTEILHON YaCTH UMIIEAaHca Z' OT Y4acTOThI f
MepeMeHHoro Toka. HomMepa KpHUBBIX Ha PUCYHKE
COOTBETCTBYIOT HOMepaMm B Tabuuie 1. M3mepenus
BINONHEHB! 11 R, =370 kQ. B nponecce nzmepe-
Huii Bappuposanock U, = Uq;. Tok 6a3el orpannu-
BaJICs PE3UCTOPOM R.

Tabauya 1/Table 1

3HayeHUs] NMOCTOSIHHOIO HAIPSIKEHHs 3MHTTep—
KOJLIEKTOP Urp=U, ., IOCTOSIHHBIX TOKOB 3MHT-
Tepa Ip=1;. u 6aspl I

Values of emitter—collector direct current voltage
Ucg=U,. and direct currents of emitter I,=1,,
and base I

Howmep

KpHBOIi Ha

pECYHKaX 2,3 Ver=Uaer L~ lacs Iy, nA
Curve number v A

in Figures 2, 3

#1 0,695 49,8 0,53
#2 0,792 76,2 0,75
#3 0,986 128 1,25
#4 1,47 267 2,51
#5 4,87 1300 11,7
#6 19,4 6480 51,2
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Pucynok 2 — 3aBUCUMOCTH JCHCTBUTEIHHONW YaCTH HM-
nenanca Z' (a) u emxoctu C (b) OT 4acTOTHI f IepeMeH-
HOro Toka. Homepa KpUBBIX COOTBETCTBYIOT HOMEpam
B Tabmuue 1. R, =370 kQ

Figure 2 — Dependences of real part of impedance Z' (a)
and capacitance C (b) on frequency f of alternating
current. Curve numbers correspond to numbers in Table 1.
R, =370kQ

W3 nmaHHBIX, MpEICTaBIEHHBIX HAa PUCYHKE 24,
CIIeJlyeT, YTO B AKTUBHOM peXuMe (HampspKeHue
Ha riepexone Oaza—murrep > 0,7 V) 3aBuCHMO-
cti Z'(f) UMEIOT Clenyrlue XapaKTepHble OCO-
OCHHOCTH: Ha Ka)XJIOH W3 HUX MPHUCYTCTBYIOT J[Ba
«maTo» (HU3KO- M BBICOKOYACTOTHOE), B Tpeeax
KOTOPBIX Z' TMPAaKTHYECKH HE 3aBUCHT OT YaCTOTHI
MIEPEeMEHHOTO TOKa, W HAOJNIOMAIOTCS J[Ba y4acTKa
JUCIIEPCUOHHOTO crnana Z'. Y4acTKu, B Mpenenax
KOTOPBIX HET 3aBUCHUMOCTH Z' OT f, Ha PHUCYHKE
BBIJICTICHBI ITyHKTUPHBIM OBaJloM M 0003HA4eHBI [
(mns Hu3kux vactot) u /I (s Beicokux). [lo mepe

YBEIMUECHUSI HANPSHKCHUS CMEIICHUS IMPOUCXOIHT
He3HAYUTEeIbHOE CHIKeHHE 3HAa4YeHn# Z' B obmactu
I m cymecTBeHHOE (10 MOpsiAKA BETUYNHBI) YMEHb-
mrenue Z' B obnactu /1. Ilpu aTom ywacTku aucnep-
CHOHHOTO CIaJia ACHCTBUTEIBHON YaCTH UMITEJaHCa
CIBUTAIOTCS B CTOPOHY BBICOKHX YacTOT.

Ha pucynke 2b npezacraBieHbl 3aBHCUMOCTH
emkoctr C OT 4acTOTHI f TIEepeMEHHOTO TOoKa. Tax
ke, Kak ¥ Ha 3aBucuMmocTsax Z'(f), Ha 3aBHCHMO-
ctsax C(f) mabmogaercs JBa «IUIaToO», B Mpejeiax
KOTOPBIX €MKOCTh MPAKTHYECKH HE 3aBUCUT OT Ya-
ctothl. «[lmaTo» cBsA3aHBI APYT C APYTOM Yy4aCTKOM
mucniepcuonHoro cnaga C. B mHTepBaje Hampsike-
nuid Uy, = Ugp ot 0,7 1o 1,5 V Habmonaercs yBe-
JUYEeHHE EMKOCTH B O0OJacTH HH3KOYaCTOTHOTO
«amaroy. g Uy, > 1,5 V HU3K049acTOTHEBIE 3Ha4e-
Hus C ymeHnbaioTes npu ysenudenud Uy,. B 06-
JIACTH BBICOKUX YaCTOT EMKOCTh PAKTUYECKH HE 3a-
Bucut ot U, B uarepsane 0,7-1,5V u camxaercs
npu OoJiee BBICOKHX HANpPsDKEHHUSX. YYacTOK JHC-
nepcuoHHoro cnajna C cIBUTraeTcss B CTOPOHY BBICO-
KUX 4aCTOT NpH yBeaudenuu U,;,.

OCHOBBIBasICh Ha JIaHHBIX, TIOKa3aHHBIX Ha PH-
CYHKE 2, MO’KHO TIOCTPOUTH SKBUBAICHTHYIO CXEMY
3aMelIeHHs], YaCTOTHhIE 3aBUCHMOCTH HMIIEJaHCa
KOTOpOW ObUTH OBl MaKCUMAaJIbHO OJIM3KH K HaOIIO-
JlaeMbIM JUIsL UcclieyeMoil cTpykTypsl. Cornac-
HO [6, 12, 13], HanM4KMe HECKOJIbKUX «IUIaTOy Ha 3a-
BHCUMOCTSX Z'(f) OTBEYaeT MPUCYTCTBHIO B WC-
CIelyeMbIX cUcTeMaX 00BEKTOB C OTIIMYAIOIIMMUCS
BpeMeHaMu penakcauuu tT= RC. COOTBETCTBEHHO,
OKBHBAJICHTHAs CXEMa 3aMEUIeHHS JOJDKHA CONEep-
’KaTh KaK MHHMMYM JIBa KOHJEHcaTopa, a Ha ro-
norpadax MMIEaHca JOJDKHBI HAONIOAAThCS JIBE
nonyokpykHoctu [6, 12]. Ha pucynke 3 mpusene-
HBI Totorpadbl UMITEAAaHca Il HECKOJIBKUX 3Haue-
nuil U;,.. YeTKO BBIAEIAIOTCS JABE MOIYOKPYKHOCTH,
YTO MOJATBEPKIACT JaHHbIE PHCYHKa 2. YCJIOBHUE
ot=1 (rtne 1= RC — OCTOSIHHAS BPEMEHHU pellak-
caiuu, ® = 27f) onpenessieT 4acToTy, IpU KOTOPOM
Ha rojorpagax HaOI0AaeTCs] MAKCUMYM.

Jus Hamero cirydast oObeKTaMH, 00J1aIaroIIu-
MU ¥ €MKOCTHBIMHU, ¥ PE3UCTHBHBIMU CBOWCTBAMH,
MOTYT OBITh TIepexo/ibl (00JaCTH MPOCTPAHCTBEHHO-
ro 3apsiya) SMUTTep—0aza, 0a3a—KOIJIEKTOP, a TAKKe
AIEKTPOHEUTpAIbHBIE 00J1aCTH Oa3bl M AIMUTTEPA. J{71s1
p—N-TIEpeXo/I0B ITOCTOSTHHAS! T OTpeeNsieTcs] akTHB-
HbIM (n(hepeHIInanbHBIM) COITPOTUBICHUEM TIepe-
X0loB W OapbepHOU (mrudPy3MOHHOI) EMKOCTBHIO.
Jlnist anexTpoHEeHTpabHBIX 00J1acTel 0a3bl, IMHUTTE-
pa U KOJUIEKTOpa B OTCYTCTBUE MHXKEKIHUU T = PE, &,
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T7ie p — yIeNbHOE DIIEKTPHUUECKOE COMPOTHUBICHHUE;
€. = 11,5 — oTHOCUTENBHAS UDIIEKTPUYECKAsT IIPO-
HHUILIAEMOCTb KPEMHHUS; €, — IEKTPUUECKasi MOCTO-
staHast. s p=10 Q-cm umeem 1= 10 ps, 9T0 cOOT-
BercTByeT yactore f = 0,1 THz. [TosToMy B niepByt0
oucepeab Ha BCJIMYUHY HMIICJAaHCA HU3MEPICMOI0O
JIBYXITOJIFOCHUKA OKa3bIBAKOT BIUSTHUE 00JIACTH TIPO-
CTPAaHCTBEHHOT'O 3apsijia MepexoioB SMUTTEp—0a3a,
0a3a—KOJUIEKTOP.

Z', kQ

Pucynox 3 — I'onorpadsr nmnenanca Z=2"'+iZ". Home-
pa KpHBBIX COOTBETCTBYIOT HOMepaM B Tabiuue 1

Figure 3 — Nyquist diagram for impedance Z=Z'+iZ".
Curve numbers correspond to numbers in Table 1

OKBHMBaJCHTHAs CXeMa 3aMEICHHs MpEACTaB-
JeHa Ha pucyHke 4a. OHa BkitodaeT: Ry, Cp—ak-
TUBHOE COINPOTHUBJIICHUE M €MKOCTb (OapbepHas u/
w auddy3uoHHas) nepexoaa dMUTTep—Oasza, R,
C— aKTUBHOE COIPOTHBIEHUE U EMKOCTb (Oapbep-
Hast w/unn auddy3noHHas) nepexoja 6aza—KoJeK-
TOp, R, — CONPOTHUBIICHUE PE3UCTOPA, COCTUHSIOLIC-
ro BBIBOJIBI 0a3bl M KOJJIEKTOpa. B cxeMy BBeJCHBI
Ry, u Cyy, Ry, OTBEYAIOLINE CONPOTUBICHUIO U M-
KOCTH aKTHBHOW M COINPOTHUBJICHUIO MMACCHUBHOM 00-
nacreil 6a3pl. ConpoTuBieHUE Ry, IIYHTHUPYET MO-
CJIEI0BATEIbHO BKIIOYEHHBIE Rz, U R|. B cayuae,
KOIJla NEepexosi SMHUTTep—0a3a 3aKpbIT M TOKU [,
MaJibl, BO3MOKHO TaK)K€ LIYHTHPOBAaHHE CONPOTHUB-
neHui Ry, u R| emkocthio Cp,.

OuesumHo [1, 2], 9T0 yBeNMUUeHUE HATIPSKCHUS
cmemenus Uy, or 0 po 0,7V cHmkaeT noTeHuu-
anbHBId Oapbep mepexona SMHUTTEp—0a3a, BbI3bIBA-
eT MHXXEKIMI0O HEPaBHOBECHBIX HOCHTENCH 3apsiia
B 0a3y, 4YTO CONPOBOXKIAETCS YMEHBIICHHEM aK-
TUBHOTO CONPOTHBJICHHUS Tepexoja 3MUTTep—0asa,
a Takke yBenuueHueM ero emkoctd Cp. s us-
MEpSEMOro JIByXIOJIIOCHUKA E€MKOCTb BO3pPacTaeT
OT 3HaUCHUH OapbepHON €MKOCTH Mepexoia HIMHT-
tep—6aza (C;=230+10 pF npu U,;.=0V) no enu-
Hu1 HaHo(apan. [logoOHbIe 3HAYCHUST TUITUYHEI [2]
Uit TUGGY3UOHHOM E€MKOCTH MPSIMOCMELICHHBIX
P—N-TIEPEXO0/I0B IPUMEPHO C TAKMMH K€ IUTOIIAASIMH U

YpOBHSIMH JIETHPOBAaHUS p- M n-obnacteil. OT1o, a
TaKXe TO, 4TO OoJbiiast d3PEKTHUBHAS TUIONIAb aK-
TUBHOW 00JIacTH 0a3bl MO3BOJISET BKIFOYCHHBIM I1a-
pamnensHo Ry, u Cp LIyHTHPOBATh PE3UCTOp R, U
COIPOTHUBJICHUE [TACCUBHOM 00sact 6a3bl Ry,, AaeT
BO3MOXHOCTb CUUTATh HU3KOUACTOTHBIE KILITATO» (CM.
pucyHk# 2 a u b) Ha 3aBucumoctsix Z'( ) u C(f) co-
OTBETCTBYIOIIUMHU JICHCTBUTEIBHON 4YacTH WMIIC-
JIAHCA U EMKOCTH TIepexo0/ia SMUTTep—0a3a.

Rg Ry Rc
i 1l |
] I ]

Ce Ry Cpi Ce

R
I 1
—_
a
rg r'c
Blg
(>
A
— Il
, 1
E Ry C'c
b

PucyHnok 4 — DKBUBaJICHTHAsE CXeMa HCCIIEIyeMOro Ou-
HOJIIPHOTO TpaH3UCTOpa (@) W MpOCTEeHIIas MaJoCur-
HaJIbHAs cxema TpaH3ucTopa (b)

Figure 4 — Equivalent circuit of studied bipolar transistor («)
and simplest low-signal scheme of transistor (b)

YBennueHne TOKa WHXKEKIMH JBIPOK B 0a3y
npu pocte U;, TPUBOAMT K YBEJIMYEHHUIO TOKa
yepes nepexoy 0a3a—KOoJJIeKTOp, YTO IKBUBAIEHTHO
YMEHBIIIEHUIO €T0 aKTUBHOTO COMPOTHUBIICHHUS. 3Ha-
yeHusi Z' B 007aCTH «IU1aTo», Hab01aeMbIX Ha 3a-
sucumocTsax Z'( f) B unrepsaie uactor 10°-10" Hz,
TaKX€ yMEHbLIAKTCA IpH yBenuuenuu Uy, Tak kak
COIPOTUBJICHHE KOJUIEKTOPA JOCTATOYHO Mao (I0-
cTossHHas BpeMeHH T~ 10 ps), TO MOXKHO CUHTATh,
YTO BBICOKOYACTOTHOE IUIATO COOTBETCTBYET p—7i-
nepexony 6aza—KoJUIEKTOp.

B 3HaueHus nocTosHHBIX BpeMeH T,=R;C, u
To=R-C, openeIsIoNUX MaKCUMyM Ha TO10rpa-
(hax WMMIeaHCca W TPAHUYHYIO YaCTOTY AHMCIICPCH-
OHHOTO cmana [6, 12-16] Ha 3aBucumoctax Z'( f)
u C( f), BHOCUT BKJIa]l HE TOJIHKO U3MCHCHHE aKTHB-
HBIX COCTABJISIIOIIMX MMIIEaHCa, HO U €MKOCTHBIX.
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B axTuBHOM pekuMe pH MaJIbIX TOCTOSTHHBIX TOKaX
E€MKOCTh TIPSIMOCMEIIEHHOTO Tepexoa dMHUTTEP—
0a3a TpEBBHIIaET EMKOCTh OOpPaTHOCMEIIEHHOTO
nepexoya Kojulektop—06asa. Jlsi mpssMOCMEeIeHHOTO
nepexoia IMUTTEP—0as3a pocT EeMKOCTH OIpeAesieT-
Cs yBeNIMUeHUEM U OaphepHoit 1 mudPpy3noHHOM co-
ctapysttonei. st 00paTHOCMEIIEHHHOTO Mepexoaa
0aza—koutekTop Habmromaemoe cHmwkenue C (B 00-
JacTu BeICOKMX YactoT /1, mnsa U, > 1,5 V) BeI3BaHO
YMEHBIIICHHEM 0aphepHO €MKOCTH 33 CUET PaCIIu-
peHHsT 00JIaCTH TPOCTPAHCTBEHHOTO 3apsijia Mepexo-
na 6a3a—KkomiekTop npu yseaudenun U,

Habmonaembie  3aKOHOMEPHOCTH  TIO3BOJISIFOT
NPOBECTH COTIOCTAaBIICHHE AKBUBAJICHTHOW CXEMBI
3aMeIIeHHs] CO CTaHJapTHOW MaJIOCHUTHAIBHON MO-
JIEJTbI0 TPaH3UCTOpPA [2] M YCTAaHOBUTH COOTBETCTBHE
MeXIy ux snemenTamu. [IpocTeiinias Maxocurnaib-
Has MOJIENb TPAH3UCTOpa TOKa3aHa Ha PUCYHKE 4b.
Oma Brutouaet: r;, Gi— nuddepenunanbHoe compo-
TUBJICHHE U €eMKOCTh (0aphepHas u/uimu qudPy3noH-
Has) mepexona dMUTTep—0a3a; r-, G\ — muddepen-
[MaJTbHOE COIPOTHBIIEHUE M E€MKOCTh (OapbepHas
n/unn muddy3nonHas) mepexona 0aza—KOJIICKTOP;
Ry — conpotuBnenue 6a3bl; B/, — ICTOUHUK TOKA, CO-
OTBETCTBYIOIINI TOKY SKCTPAarupyeMbIX M3 TEepeXo-
na 6aza—KosekTop Hocutenel 3apsaa; f=h,,, — Ko-
a¢duIMeHT nepeaadn Toka 0a3bl.

B mnamem cnydae wucciemyercsi MacCHBHBIN
JBYXITOJIOCTHUK U paCCMaTPUBAIOTCS YaCTOTHEIE 3a-
BHCHMOCTH €T0 UMITEJ]aHCa, TO3TOMY B SKBHBAJICHT-
HOM cxeme 3amelleHust (PUCYHOK 4a) HCTOYHHKA
TOKa HeT. MasloCUrHaNbHAs MOJIETb COJCPKUT JIBE
napayenbabie RC-11enu, Ipyu STOM MOXKHO CUUTATh,
910 1= Ry Cp=Cru ro=Re; Co= Cf. Comporus-
JaeHnio 0a3sl Ry, BXOMANIEMY B MAaJIOCHTHAIBHYIO
MOJIeTIb, COOTBETCTBYET CyMMa CONPOTHBICHUN aK-
TUBHOH M NIaCCUBHOM uyacTtell 0a3bl Ry, 1 Ry,.

Takum 00pa3oM JaHHBIC, TNPEICTABICHHBIC
Ha PUCYHKE 2, U PacCMOTPEHHBIE MOJAEIH JTaloT OC-
HOBaHUE II0JIaraTh YTO, 3HAYCHHs Z', COOTBETCTBY-
IOIUE «IUIAaTO» Ha 3aBUcHUMOCTAX Z'(f) B obmacTu
HHU3KUX 9acToT (0071acTh /), MPHUONIKEHHO pPaBHBI
muddepeHINaNTbHBIM CONPOTUBICHUSM EPEX0I0B
sMuTTep—0a3a 1 0aza—KoJueKTop: Z'<r;+r; B 00-
JaCTH BBICOKHUX 4acToT (06macts I1): Z'=r.

[lomydeHHble pe3ynbTaThl OBLIM TPOBEPEHBI
B JIOTIOJIHUTEIBLHON CEPUM M3MEPEHUN YaCTOTHBIX
3aBHCUMOCTEH MMIIeJaHca JBYXIIONIOCHUKA. B naH-
HOM Cepuu MOAIEPKUBAIOCH TTOCTOSTHHOE 3HAYSHHE
Uy.=Uq=3,00+£0,04 V. Benmnuuna toka 6a3el u3-
MEHSUTach C TIOMOIIBIO BapbUPOBAHUS COIPOTHUBIIE-
HHS PE3NUCTOpa R,, COCIMHSIONIErO BBIBOABI 0a3bl

U KOJUIEKTOpa. 3HaueHUs TOKOB aMurrepa [p=1, u
0a3bl [, IpeacTaBiIeHb! B TA0IUIE 2.

Tabnuya 2/ Table 2

3HaYeHHs] TOCTOSAHHBIX TOKOB 3MHTTepa [ m
0a3pl I

Values of direct currents of emitter I, and base I

Howmep kpuBoii

Ha PUCYH-
Kax 5, 6 [E:Idc’ “A [Bs P-A
Curve number in

Figures 5 and 6

#1b 113 0,78
#2b 197 2,10
#3b 702 6,74
#4b 1460 16,3
#5b 2340 24,4
#6b 4650 45,9

Ha pucynke Sa mnoxa3zanbl 3aBUCUMOCTH JI€Hi-
CTBHTEJILHOW YacTH WMIleAaHca Z' OT 4acToThl f
nepeMeHHoro Toka. Homepa KpWBBIX Ha pPHCYHKE
COOTBETCTBYIOT HOMepaM B Tabmmue 2. Ilo 3nade-
HUsAM Z' B oOmacth HM3KHX (Ha PHUCYHKE Sa BBI-
JieJieHa TIYHKTUPHBIM OBajoM M oOo3HaueHa /) u
BBICOKHX dYacToT(o0o3HaueHa //) BHAHO, YTO yBe-
JUYEHNEe TOKa 0a3bl (IIPH MOCTOSHHBIX 3HAYEHUSIX
Uq;=3,00+0,04 V) npuBoauT K OIMHAKOBO 3HA-
YUMBIM HM3MEHEHUsIM Ju(pdepeHInaIbHOro Conpo-
TUBJICHUSI [IEPEXOI0B dMUTTEp—0a3a 7, U Oa3za—Koi-
1eKkTop 7. COOTBETCTBYOIME U3MEHEHUS IIpeTep-
neBaroT W romorpadsl umnenanca. Jlns npumepa
HapHUCyHKe 6 MoKa3aHbl JBa rojporpada, mocTpoeH-
HBIE TI0 pe3yjbTaraM W3MEpPEHHWH TpPHU TOKax Oasbl
15 =2,10 pA (xpuBas #2b) u 6,74 nA (#3b).

Ha pucynke 5b mnpeactaBieHbl 3aBUCHMOCTH
eMKkocTH C IBYXTIOJMIOCHHUKA OT YaCTOTHI f TIepeMeH-
HOT'O TOKA. Y BEIMYCHUE TOKA 0a3bl COMPOBOKIAACTCSI
HEMOHOTOHHBIMH M3MEHEHHEM €MKOCTH IpSIMOCMe-
IIEHHOTO Tepexoaa 0aza—smMutrep. Bo3moxkHO, 3TO
CBSI3aHO CO CJIOKHOHM reomerpueil 6a3pl M 0CoOeH-
HOCTAMHU HAKOIICHHS 3apsiaa B Heil. OTMeTnM, 4To
Juist 3Ha4eHui [, > 45 pA npu vactorax f<50 Hz
HAOJIIOIAJICS  TTOJIOKUTENIbHBIM yroyl capura ¢as
MEXy KOJeOaHMsIMUA TOKa U HANpsDKCHUS, 4TO Xa-
pakTepHO Ui WMIIEJaHCa WHIYKTHBHOTO THIIA.
[TpuunHOW 3TOr0 MOXET OBITH HEAOCTATOYHAS (-
(heKTUBHOCTDH SKCTPAKIIMN HOCUTENEH 3apsaa u3 Oa-
30Boi oOmactu. Ha pucyHke 5b 3T0 mposBiseTcs
B HAJIMYMH HU3KOYACTOTHOTO y4acTka pocta C.
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PucyHok 5 — 3aBUCHUMOCTH AEUCTBUTEIHHONW YaCTH HUM-
nemanca Z'(a) u emxoctu C (b) OT 4acTOTHI f MEpeMeH-
HOoro Toka. Homepa KpPHBBIX COOTBETCTBYIOT HOMEpaMm
B Tabmme 2

Figure 5 — Dependences of real part of impedance Z'(a)
and capacitance C (b) on frequency fof alternating current.
Curve numbers correspond to numbers in Table 2

B oriune OT 1aHHBIX, IPEACTABIEHHBIX HA PH-
CYHKE 2b, eMKOCTb JIByXIOJIIOCHUKA B 00JaCTH BbI-
COKMX 4acTOT (//) NpaKTUYECKH HE 3aBHCHT OT TOKa
0a3pl. DTO MOXET paccMaTpPHUBAThCSA KaK JOMOJ-
HUTEJILHOE TIOJTBEPXKJECHHUE IIPAaBOMEPHOCTU OTO-
kaectBiienus C IBYXIONIOCHUKA B 007aCTH BBICO-
KHX 4acTOT C eMKOCTBIO Nlepexo/ia 6a3a—KoIeKTop.
Ilepexon cMemlieH B 0OpaTHOM HaNpaBlEeHHH, €TI0
OapbepHasi eMKOCTh CYLIECTBEHHO MEHBIIE €MKO-
CTH Tepexojia SMuTTep—0Oasa. IIpu MansIx Tokax oHa
onpesieNseTcs Pa3HOCTIO MOTEHIINANIOB Ha KOJLIEK-
TOPHOM IIepexo/ie, KOTopas B Cilydae MoAAepKaHus
Ha 3aJlaHHOM YPOBHE HaNpsHKEHUsI KOJIEKTOP dIMUT-
tep U;.=Ug =3V, cnabo 3aBUCHT OT TOKa Oasbl.

B Tabnurie 3 npuBeneHb 3HaYCHHUS TH(PEpECHITHAITE-
HBIX COIPOTUBJIECHUNW W EMKOCTEH p—n-IepexoyoB,
MOJyYeHHBIE TI0 MOZIENTN ABYXIIONIOCHUKA (pHUCY-
HOK 1b) m3 aHanm3a pe3yIsTaTOB JOIOTHHUTEIHLHOM
CepUH U3MEPCHHH (CM. PHCYHOK 5).

5 -
#2b
; )
-~
N
#3b
or, . 1 . l
0 5 10
Z' kQ

Pucynok 6 — I'onorpadsr umnenanca Z = 7'+ iZ". Home-
pa KpHUBBIX COOTBETCTBYIOT HOMEpaM B Tabuie 2

Figure 6 — Nyquist diagrams for impedance Z=2"+iZ".
Curve numbers correspond to numbers in Table 2

Tabnuya 3/Table 3

3navenus: 1uddepeHIHATLHOTO CONPOTUBJICHUS
nepexoa0B IMUTTEpP—0a3a r, 0232a—KOJLIEKTOP 7
H cooTBercTByOmHe eMKkocTH Cp u C, AByXIIO-
JIIOCHHUKA (COIJIACHO PUCYHKY 1)

Values of differential resistance of junctions
for emitter—base r;, base—collector r. and
corresponding capacitances Cp and C, of
two-terminal device (according to Figure 1)

fffx rkQ  reQ  CpnF Cp,pE
0,78 18,6 £0,6 2410+70 4,81+0,24 31,7+1,6
210 10704 1330440 3814020 325416
6,74 290+0,1 36810 4,61+0,23 32,3+1,6
16,3 1,38+0,05 210+6 410+0,21 32,5+1,6
244 0,84+0,03 161+5 3,71+0,19 33,4+1,7
45,9 0,400+0,015 97+3 3,22+0,16 32,6+1,6

Pacdersl BBITIOJTHEHBI C YYE€TOM TOTO, HYTO
Ha DKBUBAJCHTHOW cxeme 3amermieHus RC-menun
amurrepa (R;Cy), ©0a3pl (RzCg) U KOJIEKTO-
pa (R-C.) coemuHeHsl MnociaenoBarensHo. Toraa
B 00JaCTH HHM3KOYAaCTOTHOTO IwiaTo (obnacth /):
Z'=Rp+Rp +R.-. Takkak Ry <<Rp u Rz <<R,
T0: Z'=Rp+Ro=rp+rq. B obnactu II: Z'=R.=rc.
s emxocreit: C=Cp=(C{— B 0obnacTu HU3KOYA-
crotHoro miaro u C=C,=(C/ — Ui BBICOKHX Ya-
ctoT (06macth /1). 3aKOHOMEPHOCTH, TIPOCIICKIBAC-
MBIC 110 JaHHBIM TaOJIUIIBI 3 U HA PUCYHKaX 5, 6, co-
TJIaCyIOTCSI C CYIIECTBYIOIIMMHU TPEACTABICHISIMH
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0 ¢u3uke paboThl OUTIONAPHBIX TPAH3UCTOPOB [1, 2]
U TOATBEPXKIOAIOT Pe3yJbTaThl, MPEICTABICHHBIC
Ha pUCyHKax 2, 3. Mtak, MeToJl UIMIIETaHCHOH CIIeK-
TPOCKOITUK MOKET HCIOJIBb30BATHCS ISl KOHTPOJIS
apaMeTpoB p—1-MEPEXOA0B OUMONISAPHOTO p—H—p-
TPaH3UCTOPA B AKTUBHOM PEXKHME.

3akiIoueHue

[IponemMoHCTPUPOBaHBI BO3MOXHOCTH METOAA M-
MIEJAHCHON CHEKTPOCKOIMH VISl ONPEAEIICHNS 3Hade-
HUN JuQQepeHINATEHBIX AIIEKTPUISCKAX COMPOTHB-
aeHult ry, e 1 eMkocteil Cp, Cp U1l p—n-TIepexooB
IMUTTEp—0a3a U 0a3a—KOJUIEKTOp OWIOJSPHOTO
P—N—p-TPaH3UCTOpa B AKTUBHOM PEKUME 32 OJTHH ITUKIT
u3Mepenuil B uatepnaiie yactot ot 20 Hz no 30 MHz.
INokazaHa BO3MOKHOCTb M3MepeHUs 7y, Fo U Cp, Cp
P 33/IaHHBIX 3HAYEHUSIX [TOCTOSIHHOTO TOKa 0a3bl U
HAaIpsDKEHMS Ha TIEPEX0/Ie KOJUIEKTOP—IMUTTED.

baarogapuoctu

PaboTa BeIMIONTHEHA TP GUHAHCOBOH MOJIEPXK-
ke I'TTHU «®@oToHunKa, ONTO- U MUKPOJIEKTPOHHUKA»
u «Dusmarrex».
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Abstract

Improving the wear resistance of the surface of metal parts used in various industries is one of the
relevant areas of materials science. The aim of this work was a comparative study of the wear resistance
of a sample of an aluminum alloy (EN AW-2024, an aluminum alloy of the Al-Cu-Mg system) modified
with ultrafine particles of minerals using the sclerometry method, which makes it possible to measure
the physicomechanical properties of the material at the microscale, as well as determining some tribological
parameters (hardness and elastic modulus) of a duralumin sample with a mineral coating.

Wear resistance was measured using a NanoScan-4D scanning hardness tester using the multi-cycle
friction method using a sapphire sphere with control of the pressing force and the deepening of the tip into
the sample. The use of such a measurement system is especially important when testing thin modified layers,
when the layer thickness is comparable with the surface roughness parameters and the influence of the
substrate is excluded.

The measurement results showed that the wear resistance of the surface of an aluminum alloy sample
modified with ultrafine mineral particles increased by more than 12 times compared to the wear resistance
of an aluminum alloy surface without modification. Also, measurements of the hardness and elastic modulus
of the surface of the modified sample were performed taking into account the features of measuring the
mechanical parameters of thin layers.

The obtained parameters of the modified surface of the aluminum alloy can be further used to build
models of the processes of friction and wear of the surface modified by ultrafine particles of minerals. The
lack of an acceptable explanation of the nature of the special properties of the surface modified by particles
of minerals of natural origin does not exclude the use of the observed effects to significantly increase the
resource of various parts and mechanisms.

Keywords: surface modification, aluminum alloy, wear resistance, hardness, mineral coatings.
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[ToBbIIIIEHIE H3HOCOCTOMKOCTH MTOBEPXHOCTH METAJUIMYECKUX JeTasiei, MCIONIb3YEeMBIX B Pa3IHIHBIX
OTpaciIAX MPOMBIIUIEHHOCTH, SIBJISIETCS OJHUM W3 aKTyalbHBIX HallpaBlIeHUI MaTepuanoBeaeHus. Llenbro
JTAHHOW PabOTHI SBISLIOCH CPaBHHUTEIHHOE HCCIEAOBaHWE M3HOCOCTOHKOCTH 00paslia M3 aJTFOMHHHUEBOTO
crtaBa (EN AW-2024, amoMunueBsii ciiaB cucteMbl Al-Cu-Mg), MOTUBUIIMPOBAHHOTO YIIBTPAIUCIIEPC-
HBIMHU YaCTHLIAMH MUHEPAJIOB C UCIIOIB30BAaHUEM METO/Ia CKIICPOMETPHUH, TIO3BOJISIOIIETO U3MEPHUTH (PU3UKO-
MeXaHWYECKHEe CBOIICTBA MaTepraia B MUKpoMacIiTale, a Tak)Ke ONpeIelIeHre HEKOTOPBIX TPHOOIOTHUECKIX
napameTpoB (TBEPAOCTH M MOIYJISI yIIPYrocTH) 00pa3ia u3 JIOPATIOMUHHS C MUHEPATLHBIM ITOKPBITHEM.

N3mepenne n3HOCOCTOWKOCTH OBLITO BBITIOIHEHO C TIOMOIIBI0 CKaHUpYToIiero TBepaomepa «HanoCkaH-
4Dy» METOIOM MHOTOIMKIIOBOTO TpEHHS carupoBOi cepoii ¢ KOHTPOJIEM CHIIbI IPHKUMa U YTIyOJIeHHUs
HaKOHeuHuKa B oOpaserl. Vcrmonp3oBaHWEe TaKOH CHUCTEMBl MU3MEPEHHsI OCOOCHHO Ba)KHO INMPHU HCIBITAHUH
TOHKUX MOJM(DHUIIMPOBAHHBIX CIIOEB, KOT/IA TOJIIMHA CJOS COTOCTaBUMa C MapaMeTpaMy IIEepPOXOBATOCTH
MOBEPXHOCTH U UCKJIFOUYEHO BIUSHHUE MTOAJIOKKH.

PesynbpraThl m3MepeHHi MoKazaid, YTO M3HOCOCTOWKOCTH MOBEPXHOCTH 00pasla W3 aIIOMHHHAEBOTO
CIuiaBa, MOJU(PHUIMPOBAHHON YIBTPaIUCIIEPCHBIMU YaCTUIIAMU MUHEPAJIOB, yBEIHUMIAChH Oosee ueM 12 pas
M0 CPAaBHEHHWIO C M3HOCOCTOHKOCTBIO TIOBEPXHOCTH W3 alFOMHUHHEBOIO ciutaBa 0e3 moamdukammu. Taxxe
BBITOJTHEHBI W3MEPEHHsI TBEPAOCTH M MOJYJS YINPYTOCTH TOBEPXHOCTH MOJIU(PHUIIMPOBAHHOTO 00Opasia
C Y4eTOM OCOOCHHOCTEH M3MEPEHHUs] MEXaHUUECKUX TTapaMeTPOB TOHKHX CJIOEB.

[Tommydennsie mapamMeTpsl MOAM(PHUIIMPOBAHHON TMOBEPXHOCTH ATIOMUHHEBOTO CIIaBa MOTYT OBITh
B JlaJIbHEHIIIEM HCIOJIb30BaHbI JJIsi OCTPOEHUS MOJIeNiel MPOIIecCOB TPEHUS U M3HOCA MOBEPXHOCTH, MO-
TUGUITIPOBAHHON YIBTPAJAUCIIEPCHBIMH YacTULIAMU MHHEpasioB. OTCYTCTBHE B HACTOSIIEE BPEeMs MpHUEM-
JIEMOTO OOBSICHEHHSI TPUPOBI OCOOBIX CBOHCTB MOBEPXHOCTH, MOAH(DUIIMPOBAHHON YaCTUIIAMH MHHEPAJIOB
MPUPOAHOTO POUCXOKICHUS, HE UCKITIOYAET UCIOIb30BaHus HabmronaeMbIX 3(h(heKkToB A1 3HAYUTEIBHOTO
MOBBIIIICHAS Pecypca Pa3iIuYHbIX AeTaje 1 MEXaHU3MOB.

KaroueBbie ciaoBa: MonuuKkaius MOBEPXHOCTU, AJIOMUHUCBBIA CIUIAB, M3HOCOCTOMKOCTh, TBEPAOCTD,
MUHEPAIbHBIC TTOKPHITHUSI.
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Introduction

Aluminum alloys are widely used in industrial
production due to the combination of physical
and mechanical properties that provide sufficient
performance characteristics along with low specific
gravity [1-2]. Compared to steels and titanium
alloys, aluminum alloys have lower hardness, which
affects their wear resistance [2]. However, due to
its special properties and low cost, aluminum alloys
stably occupy the niche of low-inertia parts of
various machines. Moreover, the service life of the
parts is relatively small, which can lead to problems
associated with the need to replace aluminum parts
that fail as a result of wear [1-2].

The traditional ways to increase the wear
resistance of wearing parts made of aluminum alloys
is coating and surface modification [3—8]. Reliable
enough ways to create a protective coating on the
surface of aluminum and its alloys are chemical
and electrochemical oxidation [3], the creation
of cermet composite materials with an aluminum
matrix hardened by refractory, high-strength ceramic
particles [4—6], the technology of arc surfacing [7],
the use of laser surface treatment methods [8]. But
these methods are ineffective both from the point
of view of technical parameters and economically,
because they are accompanied by high-temperature
heating, limitation of overall dimensions, and
brittleness of the resulting layers. Therefore, it is
urgent to develop other methods for modifying the
surface of aluminum and its alloys with minimal or
low thermal impact, in particular, methods of ion
implantation, electrospark alloying, and technology
of mineral coatings.

The methods that wuse low-temperature
operations to create a modified layer include the
socalled technology of mineral coatings [9]. The
essence of the technology is to create a modified
surface layer with a thickness of 5-30 pum by plastic
deformation using ultrasonic and mechanical
effects that activate the entry of ultrafine particles
of minerals into the metal volume [9-10]. However,
currently there are no models that correctly
describe the effects that arise when creating layers
containing ultrafine particles of minerals. Possible
causes of changes in the physical properties of the
surface with micro and nanoparticles of minerals
are listed in [11]. It should be noted here that the
choice of characteristics included in a particular
model is determined mainly by the technical
capabilities of their measurement. Until now,

the surface parameters of aluminum samples
modified with ultrafine particles of minerals
remained unknown. This is partly why the real
work was done.

There is also the problem of the correctness
of the measurement of the physicomechanical
properties of thin coatings and thin modified layers,
arising due to the presence of factors leading
to methodological errors for some methods of
measuring wear resistance, hardness, and elastic
modulus [12—13]. The most significant factors are
surface roughness, residual stresses, and the effect
of the substrate [14]. The effect of the substrate
or the bulk of the base metal is that for the system
a modified layer—the base metal—the recorded
response of the material during measurement
depends on the properties of the layer and the
properties of the volume of the metal [14, 15].

The possibility of avoiding some of the
shortcomings listed above when measuring wear
resistance, along with other methods, is provided
by the use of the multi-cycle friction method with
a sapphire sphere with control of the pressing force
and the deepening of the tip into the sample, which
is provided, for example, by the scanning NanoScan-
4D hardness tester [12].

The purpose of this work is a comparative
study of the wear resistance of a sample of an
aluminum alloy modified with ultrafine particles
of minerals using the sclerometry method, which
makes it possible to measure the physicomechanical
properties of the material at the microscale, as well
as the determination of some tribological parameters
(hardness and elastic modulus) of a duralumin
sample with a mineral coating. The parameters of
the surface with a mineral coating can be further
used to build models of the processes of friction and
wear of a surface modified with ultrafine particles
of minerals.

Materials and methods

Two samples of aluminum alloy bars EN AW-
2024, aluminum alloy of the Al-Cu-Mg system
(A1-93 %, Cu—4.2 %, Mg — 1.4 %, Mn — 0.4 %),
were made by turning without grinding in the
form of discs 10 mm thick, with a diameter of
33 mm, with a hole in the middle with a diameter
of 11 mm. A modified mineral layer was created
on the surface of one of the samples according to
the basic technology of SPA «Geoenergetika» [9].
The thickness of the modified layer, on the basis
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of the technological parameters during its creation
and earlier experiments, was about 10 um [9].
Comparative measurements of the wear resistance
and surface roughness, as well as the hardness and
elastic modulus (Young) of the modified samples
were performed on the samples.

The surface roughness measurement was carried
out on a standard profilometer. The following
parameters of the measurement procedure were
used: profile length — 12.5 mm, profile measurement
speed — 0.5 mm/s.

The measurement of hardness and modulus
of elasticity was carried out using a NanoScan-
4D nanohardness meter, which allows indentation
in accordance with the recommendations of
ISO 14577 [12]. The measurement method is
the indentation of the diamond pyramid with
the registration of the indentation diagram
and the subsequent calculation of the hardness
and modulus of elasticity in accordance with
ISO 14577, which is often called the instrumental
indentation method.

The measurements were carried out by
the indenter in the form of a three-sided pyramid
of the Berkovich type, the loading time was 10 s,
the unloading time was 10 s, the time for maintaining
the maximum load was 2 s, and the maximum load
was 20—-1500 mN.

The wear resistance was measured using the
NanoScan-4D scanning hardness tester using the
method of multi-cycle friction with a sapphire
sphere with control of the pressing force and
deepening of the tip into the sample [12, 13].
The NanoScan nanohardness tester combines the
capabilities of classic nanoindenters and scanning
probe microscopes, which have a number of
additional features. In this device, the use of
sclerometry during abrasion allows using a high-
speed feedback system to actively maintain a given
load at each point of the trajectory during abrasion.
If the tip moves from a local peak to a depression,
the load system presses or pulls the measuring
head so that the contact conditions are maintained
constant. In addition, the possibility of local shock
loads characteristic of the passive task of a normal
load is excluded. The use of such a measurement
system is especially important when testing thin
layers, when the layer thickness is comparable with
the surface roughness parameters.

The hard-tip is a spheroconic sapphire crystal
with a tip radius of 42 pm (Figure 1).

=

NN

(5]

=
=

00

Figure 1 — Image of tip edge, received by means of the
Scanning Probe Microscope

The measurement procedure parameters: the
radius of the sapphire tip tip is 42 um, the wear track
length is 1 mm, the number of cycles of reciprocating
movement is 100, the loading force during testing is
100 mN and 500 mN, the speed of movement of the
tip is 120 um/s. One cycle consisted of two scratches,
successively created by direct and reverse stroke. The
speed of movement of the tip in the above parameters
of the measurement procedure is indicated in the
middle of the abrasion area, at the edges of the test
area (approximately 5 % of the length) there are
areas of acceleration and deceleration. Three friction
tests were performed on each sample.

Research results and discussion

The roughness measurement was carried out
by measuring the surface profiles of the samples. At
least three profiles with a length of 12.5 mm were
drawn on each sample; roughness parameters are
shown in Table 1.

Table 1
Roughness of the samples®

Sample Ra, pm Rg, pm Rz, um
Aluminium s 030 139340.036 6384 0.15
alloy
Aluminum
alloy with

. 1.26£0.16 1.69 £0.285 11.2+£2
a modified
layer

“In Table 1: Ra, um — arithmetic mean deviation; Rg, um —
standard deviation; Rz, pm — height of irregularities at 10 points

It is obvious that the modification of the surface
with minerals led to a relatively small increase
in the roughness parameters of the samples. The
maximum relief difference is close to the intended
coating thickness (10 pm). According to ISO 14577,
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the hardness measurement should be carried out at
a depth of 20 times the parameter Ra, in which case
the influence of roughness on the measured value
will be less than other sources of error. If this ratio is
not observed, a significant increase in the scatter of
the measured hardness values is expected due to the
deviation of the actual contact area of the tip with
the sample from that provided for in the theoretical
model.

Measurements in the instrumental nanoin-
dentation mode were carried out with a Berkovich

pyramid-shaped tip and were performed as follows:
on each of the samples obtained, a series of injections
with various maximum loads were applied. The
load was chosen so that the depth of penetration of
the tip into the material was from 500 nm to 3 pm.
The measurements were carried out without
preliminary selection of the indentation site, the
distance between the points is not less than 100 um.

The results of measuring the hardness H and the
modulus of elasticity E of the modified sample are
shown in Table 2.

Table 2
Mechanical characteristics of the samples
Hardness Module
Sample Load, mN Depth, nm elasticity
H, GPa
E, GPa
Aluminum alloy with 20 740 £ 240 24+1.8 83 + 46
amodified layer 50 1170 + 330 2.1£08 75+ 32
100 1600 = 700 25+1.2 84 £37
250 2600 = 700 20+0.8 93 +35
500 3900 £ 1000 1.7+£0.7 87 +30

As mentioned above, the thickness of the
modified layer was about 10 pm [9], and these
measurements were made in the depth range from
1 to 4 um. At small depths, the influence of the
substrate on the measured values is small and,
therefore, it could be neglected when determining the
average values. The scatter of data is 40—60 % of the
measured values, which is expected and due to the
relatively large roughness of the samples compared
to the indentation depth.

In these measurements using instrumental
indentation, it is necessary to focus on the average
measured values, since the roughness greatly
increases the spread of the measured values. The
increase in the spread is due to the fact that the actual
contact area can vary at the point of contact of the
indenter with the surface, depending on the local
topology of the relief.

The specificity of the instrumental indentation
technique is that observation of the footprint area is
not performed. The hardness values are calculated
using the loading diagram recorded during the
experiment, which is the dependence of the load
applied to the indenter on the depth of indentation
of the indenter into the surface of the material. In
the model on the basis of which the treatment is
carried out in accordance with ISO 14577, the
surface is assumed to be normal to the direction
of indentation and is absolutely smooth. For such

a surface, the calibration function of the indenter
shape is preserved and the calculation of hardness
is characterized by maximum accuracy. However,
without exception, all real surfaces are rough and
wavy, what introduces an error in the calculated
values of hardness. At the same time, depending
on the contact scheme, the actual contact area
can be either larger or smaller than the calibration
one. Thus, only because of the surface roughness,
the measured value may differ from the true one
up or down, since the hardness in this method is
calculated as the ratio of the applied load to the
contact area of the indenter with the sample. In the
present experiment, since the pricking was done
at random points on the surface, it is advisable to
operate and compare the average measured values
for the initial and modified surface, rather than the
extreme points, taking into account the error.

Figures 2-5 show photographs of the areas
of surface wear after the test and curves for the
tip deepening into the sample as a function of test
time. Depth values are counted from the surface
level during the first abrasion cycle. The tests are
marked with numbers in the photographs and the
color of the curve in the graphs (1 — black, 2 —red,
3 — blue).

Table 3 shows the average linear wear of the
specimen between 50 and 100 test cycles, A/ — linear
wear, average tip groove per friction test cycle.
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Table 3
Linear wear
Sample Load, mN Linear wear
p ’ Ah, nm
Aluminium alloy 100 75+ 15
Aluminum alloy with 100 50412

a modified layer

Figure 2 — A photograph (x40) of the surface of
aluminium alloy sample without modification after testing
with a load of 100 mN

From the data of Table 3 and Figures 3 and 5 it
can be seen that the wear resistance of the surface of
a sample of aluminum alloy, modified by minerals
according to the technology of mineral coatings,
increased by more than 12 times compared to the
wear resistance of the surface of the aluminum alloy
without modification. The observed wear schedules
are very similar to the traditional curve of normal
wear at the run-in and normal wear stages [14—15].
Small fluctuations can be explained by the role of

h(nm)

7000
6000
5000 H
4000
3000-
2000

1000

-500

microparticles of minerals, deflecting the needle of a
scanning probe microscope. Thus, the present study
suggests that at the micro level, wear should follow
the general patterns characteristic of macrosystems,
adjusted for the increasing role of surface forces and
adhesion [11, 14].

The lack of standardized test methods is
explained by the complexity of the processes
and the presence of a large number of factors that
affect friction and wear of materials, the divergence
of views and theoretical positions from which they
are considered. The processes that occur during
friction and wear can be very different from materials,
environmental conditions, the presence and properties
of the lubricant. The frictional properties of materials
are affected by the physicochemical state of the
surface, temperature, specific load, sliding speed,
elastic modulus, hardness, brittleness, roughness,
and fatigue coefficient [14—15]. Depending on the
relative penetration depth, the microroughness
of the friction surfaces and the relationship between
the cohesion and adhesion forces on the actual
contact spots, the following can be realized: elastic
deformation, plastic displacement of the material,
microcutting, setting of films or surfaces (adhesive
or cohesive detachment) [15]. All this causes
the emergence of many test methods, many of which
later become standardized [16]. Numerous factors
affecting friction and wear necessitate the study of
their combined effect and mutual influence to obtain
the most complete information about the material
and require, as a rule, the use of several measurement
methods.

1(s)

250 500 750

1000

1250 1500 1750

Figure 3 — Wearing diagram of the surface of a aluminium alloy sample without modification when using a sapphire
tip with a load of 100 mN. In the diagram: / (um) — value of the tip deepening, ¢ (s) — test duration. The depth value is
measured from the surface level during the first abrasion cycle. The tests are indicated by numbers on the photographs
and the colour of the curve on the graphs (1 — black, 2 —red, 3 — blue)
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Figure 4 — A photograph (x40) of the surface of a
aluminium alloy sample with modification of the surface
by minerals after testing with a load of 100 mN

In the future construction of a model of the
process of friction of metal layers modified with
ultrafine particles of minerals, the interconnectedness

h(nm)

1200
1000
800
600
400

200

of physical processes occurring at different scales
should be taken into account. For example, in the
process of friction of two surfaces, changes occur
in the macro-volumes of matter, the micro-volumes
of matter, and in the electronic shells of their atoms.
The miniaturization of the models of rubbing bodies
leads to a transition from the bulk properties of
the material, on which averaging over the main
inhomogeneities and the description by methods
of the elastic-plastic medium are possible, to their
surface properties, estimated by measuring adhesion,
micro and nanoindentation. The lack of an acceptable
explanation of the nature of the special properties
of the surface modified by ultrafine particles of
minerals of natural origin does not preclude the
use of the observed effects to significantly increase
the resource of various parts and mechanisms.

1(s)

500 750

1000 1250 1500 1750

Figure 5 — Wearing diagram of the surface of a aluminium alloy sample with modification of the surface by minerals
when using a sapphire tip with a load of 100 mN. In the diagram: / (um) — value of the tip deepening, ¢ (s) — test duration.
The depth value is measured from the surface level during the first abrasion cycle. The tests are indicated by numbers on
the photographs and the colour of the curve on the graphs (1 — black, 2 —red, 3 — blue)

The relevance of measurement accuracy in the
micro and nanometer range is confirmed by the
international standard published in 2012 on methods
for conducting micro and nanotribological tests [16].
It focuses on the general requirements for the testing
machine and basic test methods. Further development
ofthe standard may concern the features of the choice
of measuring methods and types of tips, depending
on the tasks assigned to the researcher.

Conclusions

A comparative study of the wear resistance of
a sample of an aluminum alloy EN AW-2024 (alu-
minum alloy of the Al-Cu-Mg system) modified by

ultradispersed mineral particles was performed using
the sclerometry method. This method measures
the physicomechanical properties of the material
in microscale, and also determined the hardness
and elastic modulus specimen of aluminum alloy
with mineral coating. After the modification of
the surface of the sample of aluminum alloy by
the technology of mineral coatings using low-
temperature technological operations (local heating
to 80 °C), the wear resistance of the surface of the
sample of aluminum alloy modified by mineral
particles increased by more than 12 times compared
to the wear resistance of the surface of aluminum
alloy without modification. The obtained parameters
of the modified surface of the aluminum alloy can
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be further used to build models of the processes
of friction and wear of the surface, modified by
ultradispersed particles of minerals.
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Ha coBpemeHHOM 3Tare pa3BUTHsI HIUPPOBBIX HHOOPMAIIMOHHBIX TEXHOJIOTUH MPOUCXOUT HHTCHCHB-
Has mudpoBu3aIys (KOMIBIOTEpU3aINA) KaK MPSIMBIX, TaK ¥ KOCBEHHBIX METOJOB M3MepeHHd. lIpsMbiM
CJIEJICTBHEM KOMITBIOTEPHU3AIMHA W3MEPEHHI CTaso, BO-TIEPBbIX, MOSABIEHHE HOBOTO KJIacca CPEICTB M3Me-
peHHs — poLeccopHbIX n3MepHuTenbHBIX cpesicTB ([IpHC); BO-BTOPHIX, TOBHIIIEHHE YPOBHS (pOpMan3alluu
M3MEPHUTENBHBIX MPOIETypP; B-TPEThUX, CO3/1aHNE HOBOM, PEBOIIOIIMOHHON TEXHOJIOTUU — TEXHOJIOTHH BUP-
TyanbHbIX ipudopos (BII). Lenb cTathu — aHanu3 pa3BuTHs HUQPOBBIX TEXHOJIOTHI U3MEPEHHA CIIEKTPOB,
BBISIBIICHUE BO3HUKAIOIIMX TPH 3TOM Npo0iieM U GOpMyJIMpOBaHKE TIEPBOOYEPEIHBIX HAYYHBIX M PHKIIAJI-
HBIX 3a7a4 TI0 UX Pa3pelIeHnIO.

TeopeTnueckuMu U MPUKIATHBIMA HCCIEIOBAHUSMH YCTAaHOBIIEHO, YTO IIU(PPOBBIE TEXHOJIOTHH H3Me-
peHHIt crieKTpa, KpoMe CYIIEeCTBEHHBIX MTPEUMYIIECTB, 00JIaJaloT M OIpe/IeIeHHbIMUA HeocTaTkamMu. [Toka-
3aHO, YTO HEJIOCTATKH ITU(PPOBBIX TEXHOJOTUI N3MEPEHHUH CIIEKTPOB BBITEKAIOT KaK U3 TIPUPOJIBI IU(PPOBBIX
METO/IOB, TaK M M3 aHAJIUTHYECKUX U CTOXACTHUECKHX CBOWCTB 0a3MCOB MPUMEHSEMBIX MPeoOpa3oBaHMi
TIPH U3MEPEHMAX CIIEKTPOB. AHAIU3 IIU(PPOBBIX METOJIOB U3MEPEHHM CIIEKTPOB MOKa3all, YTO METO/IbI, OCHO-
BaHHbIC Ha JUCKpeTHOM MpeobpazoBannu Oypbe (JII1D), coxpaHsioT CBOI0O BeAyIIyIO poiib U 3()(HEeKTHBHBI
MPaKTUYECKH BO BCEX MPEIMETHBIX 00nacTsx. OJHaKo ecTh U Mpo0IeMbl HUPPOBU3AINN U3MEPEHHUHN CIICK-
TPOB curHayioB Ha ocHoBe JII1®D, koTOphIC CBSI3aHBI, MPEK/IC BCErO, C MPOSIBIICHUEM Psijia HETaTUBHBIX d(-
(hexTOB, KOTOpBIE OTCYTCTBYIOT IPH aHAJIOTOBBIX METO/IaX M3MEPEHHS CIIEKTPOB Ha OCHOBE MTpeo0pa3oBaHus
®ypbe. 310 3G PEKT epHoAN3aAUN U3MEPUTEIBHOTO CUTHANIA H €r0 CHeKTpa, 3Q(deKT yacTokoa, a TakKe
apdexT HanoxkeHus. Kak mokaszan aHanus, CymecTBYIOIINE METObl OOPHOBI C HeraTUBHBIME d(h(deKTamu
IU(PPOBHU3AIMU U3MEPEHHUN CIIEKTPOB pa3peliatoT MpoOIeMbl BHEIPEHHUS TUPPOBBIX TEXHOJIOTHH JIHIIb OT-
yactu. st 00prObI ¢ HeraTuBHBIMU d(h(dexTamu UPPOBU3ALUKN U3MEPEHHUH CIIEKTPOB B pabOTe MPEIIoKe-
HO 00001eHue /II1® B Buae mapamerpudeckoro JI1d (AI1D-IT).

CdhopmynupoBaHbl OCHOBHBIC HAYYHBIC M TPHKJIIAIHBIC 33][a9l KOMITBIOTEPH3AIMU U3MEPEHHH CIIEKTPOB
CUTHAJIOB: pPa3BUTHE TEOPUHU LHU(POBHIX METOJOB U3MEPEHUS CIIEKTPOB CUTHAJIOB, CO3/1aHNE HOBBIX U YCO-
BEPILIEHCTBOBAHUE CYIIECTBYIOMINX IIU(PPOBBIX METOAOB U3MEPEHUN CIIEKTPOB CUTHAJIOB, pa3paboTKa airo-
PUTMHYECKOTO, IIPOrpaMMHOT0 U MeTpoiorudeckoro obecnieuennit [IpMC u BIT mis peanuzanum JAT1O-IT.

KuioueBble c10Ba: KOCBEHHBIE METO/IBI U3MEPEHUH, TU(PPOBU3AIINS N3MEPEHHIA, MOJIETh N3MEPEHHs, TIPO-
[IECCOPHOE M3MEPUTEIBHOE CPEICTBO CIIEKTP CUTHAJIA.
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Abstract

At the present stage of development of digital information technologies intensive digitalization (comp
uterization) of both direct and indirect measurement methods is taking place. The direct consequence of the
computerization of measurements was, firstly, the emergence of a new class of measuring instruments —
Processor measuring instruments (PRIS), secondly, increasing the level of formalization of measuring
procedures, thirdly, the creation of a new, revolutionary technology —Virtual Instrument (VI). The purpose
of the article is to analyze the development of digital technologies for measuring spectra, identifying the
problems that arise in this case and formulating priority scientific and applied problems for their resolution.

Theoretical and applied research has established that digital spectrum measurement technologies,
in addition to significant advantages, have certain disadvantages. It has been shown that the disadvantages
of digital technologies for measuring spectra arise both from the nature of digital methods and from
the analytical and stochastic properties of the bases of the applied transformations in measuring the spectra.
An analysis of digital methods for measuring spectra showed that methods based on Discrete Fourier
Transform (DFT) retain their leading role and are effective in almost all subject areas. However, there are also
problems of digitalization of measurements of the spectra of signals based on the DFT, which are associated,
first of all, with the manifestation of a number of negative effects that are absent with analog methods
for measuring spectra based on the Fourier transform. This is the periodization effect of the measuring
signal and its spectrum, the stockade effect, as well as the aliasing effect. As the analysis showed, existing
methods of dealing with the negative effects of digitalization of spectrum measurements solve the problems
of introducing digital technologies only partially. To combat the negative effects of digitalization of spectral
measurements, a generalization of the DFT in the form of a parametric DFT (DFT-P) (Parametric Discrete
Fourier Transform — DFT-P) is proposed.

The main scientific and applied problems of computerization of signal spectrum measurements are
formulated: the development of the theory of digital methods for measuring signal spectra, the creation of new
and improvement of existing digital methods for measuring signal spectra, the development of algorithmic,
software and metrological software for PRIS and VI for the implementation of DFT-P.

Keywords: indirect measurement, digitalization of measurements, measurement model, processor measuring
tool, signal spectrum.
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BBenenue

Hauunas ¢ 1970-x ronos npouecc pa3BUTUS U3-
MEpHUTENFHON TEXHUKH TIPOXOJUT TPH BO3PACTAIO-
ieM BIMSHUM LU(POBBIX HMHPOPMALMOHHBIX TeEX-
vomoruit (Digital Information Technologies — DIT-
texHonorun) [ 1-15]. B pe3ynbraTe nux BHeApEHHs ObLT
3amyIIeH MEXaHM3M [U(PPOBU3AINH (KOMITBIOTEpH3a-
1) U3MEPEHUIH, ITPH KOTOPOM KOMIIBIOTEPHI CTaJTH UC-
TIOJIB30BAThCSl HE TOJIBKO 7151 00pabOTKH Pe3ybTaToB
W3MEPEHHH, HO ¥ ObIJIM HETIOCPEACTBEHHO BKITIOYEHBI B
COCTaB U3MEPUTEINBHBIX ITpoueayp. I IpsMbIM crencTBu-
€M KOMITbIOTEpH3Ali U3MEPEHUN CTalo, BO-TIEPBbIX,
TOSIBJIEHHE HOBOTO KJlacca CPeJICTB U3MEPEHHsI — Mpo-
neccopHeix  m3MeputenbHbiX  cpencts ([IpHC); Bo-
BTOpBIX, TIOBBIIICHWE YPOBHS (hOpManu3anyu u3Me-
PHUTENBHBIX MPOLEAYP; B-TPETBHX, CO3/IaHUE HOBOW,
PEBOIOLIMOHHON TEXHOJIOTMU — TEXHOJIOIMU BHUPTY-
anmbHbIX mpubopos’ (BII), momyuuBIeli mupokoe pac-
IIPOCTPaHEHHE TIPH CO3AAHNUH NPUOOPOB U3MEPEHHS U
U3MEPUTETIbHBIX CHCTEM, BKIIIOYAsl UX MOJICIIMPOBAaHNE
u TectupoBanue. Bueapenue DIT-TeXHOIOTUM B IIPaK-
TUKY PEIIeHUs M3MEpUTENbHBIX 3aJa4d TOTpeOoBaio
JIaJIbHEHMIIIEr0 COBEPIIEHCTBOBAHUS MOJEIN HM3Mepe-
Hus (YpaBHEHHS H3MEPEHUH ), CO3IaHMS HOBBIX TIOXO-
JIOB K (JOPMATM30BAHHOMY OITUCAHUIO H3MEPUTENBHBIX
rporeayp (METO0B U aITOPUTMOB).

HaubGonee o6mias ¢opma ypaBHEHHUS H3MeEpe-
HUH mipeasiokena B MoHorpadusx [14, 15] B Bune
0000IICHHOTO OTlepaTopa:

A= LIY(0] = R,KR [y (1) M)

rae A — pesyabTaT M3MepeHHs (PHU3MYECKOil Be-
YUHBL A; Y(f) — M3MEPHUTENbHBIH CUTHAJ (CUTHAJ,
coJep)Kalluii  KOJNMYECTBEHHYI0  MH(OPMAIHIO
00 m3mepsieMoit (pusudeckoi BenuunHe); L — 0600-
LIEHHBI Oneparop, NPEACTABISIIONINN aJITOPUTM
H3MEpPEHUsI — MOCIIeI0BATEILHOCTh H3MEPUTEIBHBIX
peoOpa3oBaHMii, BBIOIHAEMBIX MPU H3MEPEHUU;
R, — omeparop mnpeoOpa3oBaHUl, OCYLIECTBIIE-
MBIX B aHAJIOTOBOM BH/IE; K — CpPaBHEHUE BEITMUUHBI
R, [y(?)] c mpunsTOlt 00pa3L0BOH enMHUIIEH U3Mepe-
HUS (OCYILECTBISIETCS C TIOMOIIBIO aHaoro-1udpo-
BOTO IpeobpasoBarens); R, — oneparop npeodpaso-
BaHW, OCYIIECTBISIEMBIX B IU(PPOBOM BHJIE.
[IpenmMyiecTBa Takoro moaxoja K MOJETH U3-
MEpEeHHUs 3aKIII0YaloTCs B TOM, YTO IyTeM pa30ue-

HUSL 000OIIIEHHOTO OIepaTopa, MCXOISI M3 COOTBET-
CTBYIOILICH anpuUOpHON MH(OPMAIH, Ha HEKOTOPYIO
MOCJIeIOBATEILbHOCTh  OIEPAaTOPOB, MBI  IOJydaeM
BO3MOKHOCTh JIETAIM3UPOBATh YpaBHEHUE H3Mepe-
Huit [9, 10].

OTMeTnM, 9TO MUQPPOBHU3AITUST H3MEPHUTEIILHBIX
CPEICTB CONMPOBOXKIANAach IOBBIIICHUEM YPOBHS
(hopManM3auy COOTBETCTBYIOIIUX MOJIENeH H3Me-
pEeHUH, YTO MPOJCMOHCTPUPOBAHO Ha pHUCYHKE 1,
Ha KOTOPOM TPHUBEAEHBI 3TAIbl SBOJIOLUH CPEICTB
M3MEPHUTETHHON TEXHUKH M PAa3BUTHE COOTBETCTBY-
FOIUX UM GopM MOJeNH u3MepeHuit [15].

IIpobaembl HuppoBU3AUM U3MEPEHU I
CIeKTpPoB B 0asuce Pypbe

[IpoBensi, cormacHo ypaBHEHUIO —H3Mepe-
Hus (1), mpeoOpa3oBaHHWE HCXOAHOTO aHAJIOTOBO-
r0 W3MEPHUTEIHHOI0 CHUTHaJa B IUPPOBYIO (GopMy
C TIOMOIIBI0  aHAJIOTO-IIU(POBOrO TpeodpazoBare-
JIs, Mbl IIOJYy4a€M BO3MOYKHOCTb HNpUMEHATh DIT-
TEXHOJIOTHH [Tl U3MEPEHHS TapaMeTpoB HU(PPOBIX
N3MEPUTENIbHBIX CUTHAJIOB Ha KOHEYHBIX MHTEpBa-
nax (HWMCuaKW), kak BO BpeMEHHOM, TaKk U B 9aCTOT-
HOU o0nactax. OTMETUM, YTO U3MEPEHUE HEKOTOPBIX
napamMeTpoB NpPeANOoYTUTEbHEH MTPOBOANUTE BO Bpe-
MEHHOW 007acTH, HapUMep, [UINTEIbHOCTEH (poH-
Ta W Chaja WMITYJIbCOB, OTHOAIOINEH, BBEIOPOCOB,
Ouenunii u 1p. Mi3amepenune pyrux mapaMmeTpoB Tpe/-
MOYTUTETbHEH TPOBOANUTH B YaCTOTHON 00J1aCcTH, Ha-
puMep, aMIUTUTY I, 4acTOT, (a3 COCTABIISAIOLINX HC-
XO/IHOT'O U3MEPUTEIILHOTO CUTHaja, HCKaKECHHUH.

W3mepeHnss B 9acTOTHOW 00JacTH MPHOOpEITH
0co0yI0 poib Omarojaps MIMPOKOMY pacrpocTpa-
HEHMIO YaCTOTHBIX MOJIeJIell M3MEPUTEIHHOTO CHI-
HaJla B TaKUX NPEAMETHBIX 001acTsIX, Kak BUOpoa-
KycTH4eckoe (yHKLIHMOHAIBHOE JNarHOCTUPOBAHUE
MEXaHMYECKHX OOBEKTOB, IKOJIOTHUEcKas Oe3omac-
HOCTh, MEIUIIMHCKAS TUATHOCTHKA, TACCHBHAS U aK-
TUBHAsI TUAPOJIOKALHS, PACIIO3HABAHUE PEUr U U30-
OpakeHni, 0O0pabOTKa My3BIKAThHO-aKyCTUIECKHIX
CHUTHAJIOB, ceficMoiiorwsi, Teodusnka u ap. [6—17].
Onpenenenne mnapaMeTpOB YaCTOTHBIX MoJENen
MO3BOJISIECT MOJYYUTh METOAAMHU U CPEICTBAMH W3-
MEpEeHH TOYHbIE M JOCTOBEPHBIE 3HAHHS O COCTO-
SIHUHM MCCIIEIYyEeMBbIX OOBEKTOB, SIBJICHUSIX U MPOLEC-
cax, MPOUCXOJISIINX B HUX.

'"TepMun «BUPTYanbHBIA TPHOOP» HEMb3s MPU3HATH yaadHbM. CpecTBA M3MEpEHHil, paspaboTaHHbIe 10 JaHHOM
udpoBoit MHGOPMAIIOHHOW TEXHOJIOTHH, HE SIBIISIIOTCS BUPTYaJbHBIMH B MCTHHHOM IIOHMMAaHUH 3TOTO CJIOBA, MO-
CKOJIbKY OCYILECTBJISIIOT peanbHble u3MepeHus. [losBieHne TepMHUHA «8UpMYyaibHbLD) B HA3BAHUHA W3MEPUTEIHLHOTO
CpENCTBA OOBSICHSIETCS KOMNbIOMEPHOU (UPTYATbHOLU) uMumayueti COOTBETCTBYIONUX (DyHKIUN pa3pabaTbiBaeMOro
HU3MEPUTECIIBHOIO HpH6opa MaTEMaTU4YCCKUMU U ITPOTrpaMMHBIMU METOJaMHU.
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[Toxonenue Moenb
CPEZCTE HIMEPEHHIT H3Mep eHHi
Generation Measurement
2020 measuring instruments model
2015 HulC/ IMI —
2005
1995 BHIL/ VMI M =R, K [v ()]
1980
1960 TIpHC / PMI AT=R,KR][y@)]
1930 TTHIT / DMI A=K R[v (]
SHIIL # EMI —

PucyHnox 1 — Dranel 3BOMIOLUN M3MEPUTENbHBIX cpencTB: DUII — anekTpoMexaHHuecKre U 3JIEKTPOHHBIE M3MEpH-

tenpHbIe Tpubopsl; LIUIT — nndpossie n3mepurensasie mpudopsl; [IpC — mporieccopHbie H3MEpUTENBHBIE CPEACTBA;
*

BUII — BupryansHble m3MepuTenbabie mpuOopsl; MHVC — nHTeIIIeK Ty abHBIE H3MEPHTEIBHBIC CPEACTBA; A — Pe3yIIb-

TaT 3MepeHus PU3NIecKol BETMIMHBI A

Figure 1 — Evolution of measuring instruments: EMI — electromechanical and electronic measuring instruments;
DMI — digital measuring instruments; PMM — processor measuring means; VMI — virtual measuring instruments;
IMM - intellectual measuring means; A — the result of measuring the physical quantity A

HUCuKN x(n); n=0,(N—1) Ha KOHEYHOM UH-
TepBaje ATUTEIBHOCTBIO N OTCUETOB MOXKHO Hpes-
CTaBUTh B BHJE CyMMbl OPTOTOHAJIBHBIX CHUTHAJIOB
C ONpe/IelIeHHBIMU aMILTUTY/IaMU (BECOBBIMH 3HaUe-
HUSIMH), YyacToTamu U (pazamu. COBOKYITHOCTH KBa-
JPaToOB 3TUX aMIUIUTY/ NPUHITO HA3bIBAaTh SHEpre-
TUYECKUM CIEKTPOM, & COBOKYMHOCTb aMIUIUTYH U
(ha3z — BEKTOPHBIM CIIEKTPOM B BEIOPAHHOM Oa3UCHOM
cucreme. Ha mpaktuke HauOojbliee MPUMEHEHHE
nojy4mina Oa3ucHasi CUCTEMa JMCKPETHBIX JKCIIO-
HeHIUaNbHBIX QyHKuIui (12D):

21 2n 21
def, (p,])=exp(—j— pl) =W = cos(== pl)— jsin(— pl),
v (o, P(JNP) fi (Np) J (Np)

pI=0,N—1 2)

Cucrema  JUCKPETHBIX OSKCIIOHEHLHAIbHBIX
(byHKIWA, 3a7jaHAAsT HAa HHTEpBalie N, SBISETCS MMOJI-
HOM CHCTEMOM, TaK KaK YKCJI0 HE3aBUCHUMbBIX Oa3HcC-
HBIX QYHKIUI B cHCTEME paBHO N M YHCIIO OTCYETOB
Kaxoii 0a3ucHOW (QyHKIMH Takxke paBHOo N. JlaH-
Hast 0a3MCHas CUCTEMa MO3BOJISIET U3MEPSITh YaCTOT-
HBI CIIEKTP METOJIOM JTUCKPETHOTO Tpeoldpa3oBa-
Hust Oypoe (A1) IUCuKU Ha k& HOpMEpPOBaHHBIX
JacToTax” f, =k /N onHoBpemeHHo. 11D moxer
OBITh TIPEJCTABIICHO B JBYX (popmax anreOpaude-
CKOM ¥ MaTPUYHOM.

2 o

Hepexoa OT HOPMUPOBAHHOM YaCTOTHI fk =k/N K
«MCTUHHON» 4acToTe f, ., OCYLIECTBISETCS COINIACHO BbI-
paxenuto: f, ... = f,'Fp, tae Iy, — 4acToTa TUCKpEeTU3aLUH

M3MEPUTENHLHOTO cUrHana x(n).

Anrebpanueckas popma JAI1D 3anaercs cieny-
IOLUM COOTHOILIEHUEM:
1 N-1
Sy(ky=—3, x(m) Wy's k=0,(N=1),
n=0

3

e Sy(k) — xospduuuents! (Guner) D Ha HOp-
MHPOBAHHOH 4acTOTE f;.

Marpuunas gpopma AI1D 3agaercs caeqyommm
MaTpPUYHBIM yPaBHECHUEM:

1

S =NFNXN, “)

N

e X, =[x(0),x(1),....,x(N -1)]'—npencrasnenue [TNCuKN
x(n), n=0,N—-1, B BUJAE BEKTOpa N-MEPHOIO JIMHEH-
HOTO TPOCTPAHCTBA; 7 — 3HAK TPAHCIIOHHPOBAHUS;
Sy =[5(0),5(1),...s(N-1)] "= BekTOop KO3pPUIMEHTOB
pasznoxenus X, no cucreme 2@, 3anaBaeMoil Ma-

TpuLeH Fy:
0 1 (N-1)
o 1 1 1
1 (N-1)

L1 wy Wy )
by =

— (N-1) (N=1)(N-1)

N=DL 1w Wy
k

3

Otnenbhble k03¢ ¢uunentsl (orcyersl) D Hazbi-
BaloT Takxke OnmHamu («Bin» —B niepeBojie ¢ aHMIUICKOrO
«XPAHWJIMIIE»), YTO MOAYEPKUBACT TOT (PAKT, UTO IHEPTUS

o sin(N-x/2)
CUTHAJa TION KPWUBOW — ——— (TlepemaTodHasl Xapak-
Nsin(x/2)

tepuctika Quiasrpa [IID) momamaeT B «XpaHIITHILE
nmaraoTo Kod(hdurmenta JI1D.
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Wsmepenne criektpa Ha k-ii HOPMHUPOBAaHHOW
4acToTe f; SABJIAETCS, COINIACHO PEKOMEHIALUSIM 110
MEXTOCyAapCTBEHHOM cTanAaptuzauuu — PMIT 29-
2013, nuHEelHBIM KOCBEHHBIM H3MepeHueMm. Kax
W3BECTHO, B JaHHOM BHUJAE H3MEPEHUH MCKOMOE
3HavYeHue Ppu3ndeckoil BennunHbl () HaXOIIT Ha OC-
HOBaHWHM W3BECTHOW JIMHEHHOW (YHKIIMOHAIBHOM
3aBUCUMOCTH:

m
0= sz‘ 0 ©)

i=1
rae b; — NoCTOsIHHBIN KO3((ULMEHT i-T0 apryMeH-
1a 0;(0;, i =1,m — 3HaYeHHUs PU3MYECKUX BEIHYKH,
MOTy4YEHHBIC TIPU TPSMBIX U3MEPEHUSIX); 11 — YHCIIO
apryMEHTOB.

CpaBuuBas (6) u (3) HETpPYyOHO BHJETH, YTO
Kaxoe k-e, k =0, (N —1) 3HaueHue kodppunneHTa
(6una) JAIID (kaxmoe 3HAUCHHWE YACTOTHOTO CIICK-
Tpa Ha OTPEICIICHHON HOPMHUPOBAHHOM YacToTe k/N)
MpeICTaBIsIET COOOH TMHEHHOE KOCBEHHOE H3Mepe-
HUE BEIMYMHBI, B KOTOPOM B KadyecTBe (YHKIIHO-
HAJIBHOW 3aBHCHUMOCTH HCIOJIB3YeTCs k-5 AUCKPET-
Has O0asucHas (ynkius 1D onpenenenHoii yacto-
THI — k-s1 1D ®. OT™MeTHM, 9TO IMUPOKOE PUMEHEHNE
JAIID mpu m3mepeHusx crekrpa MUQPOBBIX H3Me-
PHUTENBHBIX CHUTHAJIOB CBS3aHO, BO-TIEPBBIX, CO 3HA-
YUTEJIBHBIMU NpeuMyliecTBaMu  DIT-TeXHOIOIUi;
BO-BTOPBIX, C HIMPOKUM PaclpOCTPAHEHHEM MOJIH-
rapmonnyeckux HMCHKU: nepuoguueckoi, aH-
rapMOHUYECKON U MOYTU MEPUOAUYECKON CTPYKTYP
B CHCTEMax €CTECTBEHHOTO M MCKYCCTBEHHOTO TIPO-
UCXOXKJIEHUS; B-TPEThUX, C aJIeKBaTHOCTHIO arlapa-
ta AI1® stum Bunam HUCHKU.

He tpyano ybGenutbes, 4yTO H3MEpeHHE BCEX
BennuuH, Sy(k), cornacHo cootHomenuo (7), gaxe
IIPU YMEPEHHbIX 3HaueHUsX N TpeOyeT OrpoOMHBIX
BBIUMCIINTENIBHBIX 3aTpaT. OTO 0OCTOATENBCTBO
SIBJISIOCH CEPHhE3HON MPOOJIEeMON ISl BHEIPEHUS
DIT-texnonoruit BIoTh 10 1965 roga. [losBnenue
Merona osicTporo Beraucienus 1D (Cooley J.W.,
Tukey J.W. 1965 r.), cokpaTHBIIETO BpeMs BBIYHC-
seHnid 11D Ha HECKOIBKO MOPSAKOB U IMOIYYHB-
IIero Ha3BaHHWE AITOPUTMa OBICTPOTO TMpeobdpaso-
Banus ®Oypee (bIID) pe3xo u3MEHUIO MOI0KEHNE
nen. Ilossnenue anroputmoB bIID [1] mamo morr-
HBIM TOJYOK pa3BUTHIO DIT-TEXHOIOTHM, MIHPOKO-
My UX BHEIPEHHUIO BO MHOTHE 00JIaCTH HAYKH U TeX-
HUKH [2-21].

IIpaktuka BHenpeHuss DIT-TEXHOJIOTHM, OCHO-
BaHHBbIX B TOW wind uHOW Mepe Ha JIIID, BbIIBHIA
W HEJOCTaTKH JaHHOTO NpeoOpa3oBaHUs, KOTOPBIE

CYIIIECTBEHHO CHIUKAIIN PE3YTBTAaTHBHOCTH U d(h(hek-
THUBHOCTb PELICHUS U3MEPUTEIIBHBIX 3a/1a4.
DIT-TeXHOJOTMM Ha OCHOBE METOOB IPSIMOTO
JII® u obparHoro /1D BHOCAT CBOU MOTPEIIHOCTH
n3MepeHnit 3HaueHui crnektpa. Kpome morpemto-
CTEH, MPUCYIIMX AHAJIOTOBBIM METOJAM W3MEPEHUs
3HAYCHUH CIEKTpa, CBA3aHHBIX C MPOSIBICHUEM 3(-
(exTa yTeuku u rpedenkoBoro 3ddekra, mpu npume-
HeHUU DIT-TeXHOJIOTUHU AOTOJHUTEIBHO NPOSBIISIOT-
cs1 9O (HEKTHI TEPUOAN3ALIUH, YACTOKOJIA M HATIOYKEHHSI.
B 10 5x€ BpeMs1 CUCTEMHBIN aHAJIN3 NPUIIOKEHUI
IUQPOBBIX METOJIOB M3MEPEHUH BETMYUH, OCHOBAH-
HbIX Ha npsiMoM 1D u obparnom AP, nokasan,
YTO, BO-TIEPBBIX, 3TU METOJbl COXPAHSIIOT CBOKO BE-
Iylyto poib B uaMepenusx cnektpoB LIUCHKU;
BO-BTOPBIX, Pe3yJbTaThl M 3(P(PEKTUBHOCTH METO-
JI0B MOIJIH OBI OBITH O0JIee 3HAYNMBIMU, €CJIA OBl HE
NpUHIKIHATIbHBIE HepocTaTku npsiMmoro 1D u 06-
patHoro JIT®. OtMeTuM, 4TO CYIIECTBYIOLIUE METO-
JIbl CHUDKEHHMS BIIMSIHUSL HETaTHUBHBIX 3P PeKToB (3¢-
(EeKTOB TEpHOAM3AIMY, YACTOKOJAa W HAJIOKEHUS,
a taroke (¢dexTa yreukn u rpedemkoBoro 3dhex-
Ta) Ha pe3ynbTaTthl u3MepeHuil crekrpo L[UCH-
KU [2-7] paspemator mnpoOieMbl, BO3HUKAIOIIUE
Ipu BHEApeHUU DIT-TEXHOIOTHH, JIUIIb OTYACTH.

O000menune 1MCKPETHOTO NMpeodpa3oBaHus
®dypbe

C menpro pemieHus mpobdieM BHenpeHus DIT-
TEXHOJIOTUM Ha OCHOBe MeToJ10B mpsimoro IID u
obpatuoro IId B paborax [18-21] mpenmoskeHo
0606menne JI1D B Bume mapaMeTpUIECKOTO IIHC-
KkpetHOTO TpeodpazoBanmst Dypee (HAIID-IT), koTo-
poe mpeacTaBiseT coO00i pa3noKeHne TUCKPETHOTO
cuTHaja 1o 0as3ucy mapamMeTpudecKux JUCKPETHBIX
AKCIIOHEHITHATBHBIX (GyHKIUN (JIDD-IT):

N 27
def,  (k,n,8) =W\ =exp| —j = (k +8)n |,
N
(M
0<0<l.

OueBuAHO, YTO NPH 3HaUYCHUHU Hapamerpa 6 =0
JII®D-IT roxxnectBenno AIID. JIID-I1, kak u JI1D,
MOJKeT OBITh IIPEJCTABICHO B ABYX (opMax — ajre-
Opanveckoi 1 MaTpHYHOU.

Anrebpanyeckas popma JI1D-IT 3amaercs cre-

AYHOIIHUM COOTHOIICHUCM!
1 (+6)
Sﬂhm:NZAmWﬁm%

n=0

- (®)
k=0,(N—1); 0<0<]1,

rae 0 mapamerp AIID-IT.
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Marpuunas gopma JAIID-I1 3amaercs crexyro-
UMM MaTPUYHBIM YPaBHECHUEM:

1
Sve =NFN,6XN; 0<6<l, 9)

e Sy o =[5(0,0),5(1,0),...,s(N —1),0)] " —BexTop
ko3 punmentoB (6unos) JIID-II, moaydeHHBIX
myTeM u3MepeHus crekrpa B cucteme ID-I1, xo-
TOpast 3a1aetcs Marpuuen Fy o; 7 — 3HaK TpaHCIO-
HUPOBaHMUS.

o L .. W=D
o [1 wy . oWt
(1+0) (1+0)(N-1)
1 1 Wy . WN+

NO = . . . .. . . (10)

(V=1L
k

B pamkax anmaparos [I1® u JAIID-IT BBOIAT-
Csl MOHATHUS DHEpreTHdYecKkux cnekrpoB Gy(k) u
Gy(k,0), a Takke COOTBETCTBYIOLIUX CIIEKTPOB MOIII-
HocTH Py (k) n Py(k,0):

1 WA(/N—1+6) . WIEIN—H—S)(N—I) ]

£y (k)
Af

Gy (k)= =N|sy 0, Py =|s, B, (11)

G, (k,0)= %fp’e) = N|Sy k.0, Py (k,0)=]S, (k,0)],(12)

. (2rn(m+Am—k—0)n
| v sin v

S (k,0)=—
w(5:0) ZNZB

1
e Af = ~ —HMHTEPBAJI 110 YaCTOTE MKy OTCUETA-

mu Sy (k, 0).

[Ipu paBeHCTBE MHTEPBAJIOB 110 YACTOTE MEXKIY
orcueramu Sy (k) 1 Mexay orcueramu Sy (k,0), ceTkn
yactoT JII1D u JATID-IT cMmenieHs! Apyr OTHOCHUTENb-
HO npyra Ha 0<0<1 (HamoMmHuM, uto mpu 6 =0
JID-IT «miepexonut» B AI1D).

Paccmorpum pemieHue 3agadd M3MEpeHUs ya-

CTOTHI TAPMOHMYECKOr0 curHaia Mmerogamu 1D u
JID-I1.

H3mepenne 4acTOTHI rApMOHHYECKOTO
CHTHAJIa MeTOIaMHU THCKPETHOT0
npeodpa3oBanusi ®ypbe 1 NapaMeTPHIECKOr0
JMCKPETHOT0 npeodpa3zoBanus Pypbe

[lyctes 3amaH TapMOHMYECKHMH CHUrHan Xx(7)
Ha KOHEYHOM HHTepBane n =0, (N —1) ¢ equHUYHON

aMIUIUTYR0H, yactotol ky =m +Am =14+0,51 u

. 2n .
¢azoit =—p, p=0,N -1, nody4eHHBIN TUCKpE-
N
TU3alMel aHaJI0r0BOIO CUrHala X(f) ¢ 4acTOTOM Fpy:

27
x(n)=cos{[W(m+Am)n]+oc}. (13)

Moncrarnss (13) B (8) momyumm:

j ,(2n(m+Am+k+9)n j
+ O |+ sin +0o |+

N
(14)

N

IIpencraBum cnextp Sy(k,0) B BHAe CyMMBI

nByX uineHoB: A,(k,0) n B,(k,0), 3HaueHus koro-
PBIX OINpEAENAIoTCs 3HaueHusMH crekrpa Sy(k,0),

1
AN(k,e):ﬁz

n=0 N

N-‘{ , (2n(m+Am—k—9)n
Sin

1
B, (k,e):ﬁz

n=0 N

N—'( , [2Tt(m+Am+k+9)n
Sin

. (21t(m+Am—k—G)n j . (2Tc(m+Am+k+9)n )
—jcos + 0 |+ jcos +a

N

PaCIoIOKEHHBIMU COOTBETCTBCHHO Ha IMOJIOKUTECIIb-

HBIX yacToTax — A y(k, 0) 1 Ha OTpHLATEIBHBIX YaCTO-
4 .

Tax — By(k,0):

j , (2n(m+Am—k—6)n D (15)
+ o |— jcos N +a | ;

) ' (27‘c(m+Am+k+9)n D (16)
+0 |+ jcos N +o .

4Hp1/1 npumenernn 11D u JATID-IT 3HadeHust nepeMeHHOH &k OOLIENPHUHSTO OTOXIECTBIISITH C YACTOTOW: TPH

k=0, (N/2) — mOM0XHUTENbHbBIE YaCTOTHI, IPH k = (N /2 +1), (N —1) — oTpuIaTenbHbIe YaCTOTHI.
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HerpynHo Buumerh, uTo u3 BbIpaxkeHUs (16)
HEMOCPEACTBEHHO cienyeT, 4To 3¢¢eKkT yreu-
ku cnekrpa s JAIID-II oTcyTrcTByeT HE TOjb-
ko mpu Am =0 =0 (pucyHok 2a), HO W TpH
Am =0 =1/2 (pucynok 3a). B TO Bpemsa, Kak

st JIII® 310 camblif «TsOKENbIil» ciaydall (pucy-
HOK 2b). Ilpu 3HaueHuun mapamerpa Am =0 # 1/2
3¢ (dexT yTeukn Ha MOJIOKHUTEITBHBIX YacToTax (15)
OTCYTCTBYET, a Ha OTPULATEIbHBIX YaCTOTaX NpH-
CYTCTBYeT (PUCYHOK 3D).

N=64;,m=28; Am=0; AIId /DFT

TTomossire MbHbIE YACTOTHI

0.6 —---- 1] [ eeseepoo. OTPHIIATEMBHBIE ACTOTHI ;...
Positive frequencies 5 Negative frequencies :
] T . S — SR . |
ﬁg ) ISR S SRS S A A SRS N S
EE‘ ------------ A— — N — A— - — |
R ] —— S A— A S AR - S |
S —_—,,- e e
3| FUVSU DUU VUUUTUTUTE VUUUTUUTRT DU EUUUUTS FUUUUUUUY DUUUUUN DUU POV |
0 10 20 30 40 50 a0 70
OTeyersl
Samples
a
N=64;m=28; Am=0,5, AI1®d / DFT
0.6 —-mnm- Ilomoxre mbHbIC 4aCTOTBL . OTpHIATEMbHbIC YACTOTBI ., ... ;
Positive frequencies ; Negative frequencies ; ;
0.5 -mmmmmmnenee P ELEEE gommmmnanaae : ;
::I : : :
':(3‘3 D oo -
gg ---------- — —
W02 b dee
B
1] TTTTI TTTTT??*OOOJ‘.¢44AAAAAA1AA
i} 10 20 30 40 50 60 70
OTeuernt
Samples
b

PucyHok 2 — DPQexT yTeuKkn creKTpa Mpu IPpUMEHEHHH JICKPETHOTO Mpeodpa3oBanus Oypre A1 3HAUCHUN ITapaMe-

tpa B =0 (a); 6 =0,5 (b)

Figure 2 — The effect of spectrum leakage when using the discrete fourier transform for parameter values 6 = 0 (a);

0=0,5(b)

B cumy Toro, Wto mpm 3HAYEHWHW TapaMmerpa
HAIO-IT 0 =Am >ddexT yTeukn Ha TMOJIOKHUTEIb-
HBIX 4aCTOTaX OTCYTCTBYET, TO U3MEPEHHE YACTOTI
rapMoHuyeckoro cur"ana (13) MokHO mpoBecTH
C 3a/IaHHOW TOYHOCTHIO, pelas 3a/1a4y:

max [abs [Sy (k,0)]; k=0,N/2-1; 0<6<1. (17)

Jns peanuzauuu npeumyiects JTID-IT nepen
JAII® myXHBI OBICTpPBIC MPOIEAYPHI €0 OCYIIECT-
Brenus (aHanorndusie BIID), mockombpKy mM3MepH-

TenpHOE TpeobpazoBanne AIID-I1 Tpedyer BbITION-
HeHusT N KOMIUTEKCHBIX YMHOKCHHUM U CII0KEHUH.

B pabore [19] nmoka3aHO cCylIecTBOBaHHUE
qutst ATD-IT ObIcTphIX anropuTMOB — IIapamMeTpuye-
ckux BII® (BII®D-IT). ITockomsky 6azuc A2D-11 (7)
SIBISIETCSL MYJIBTUIUIMKATUBHBIM JIMIIb 110 OJHOMU
MIEPEMEHHON 71, TO CYLIECTBYET TOJIBKO OJUH KJIAcC
anroputMoB BII®D-I1 — knacc anropurmos BIID-IT
¢ mpopexuBaHueM o BpeMeHu. Ha pucynke 4 B ka-
4ecTBe puMepa rnpuseseH rpad anroputma BI1D-11
0e3 3aMelleHHS.
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N=64;m=28; Am=10,5;6=0,5; JIID-II/

0.6 ------ IloN0sHTe IbHbIE HACTOTRI - -~ 3--- - OTpHIIATEMbHBIE GACTOTRI ~--f-------------i
- Positive frequencies Negative frequencies ! ;
P B T [ [ pr A e :
.2 : : : : :
T B S RTCRTLERERRED ECPEREEE FECPE
<SR O S SR B A
= : : : : i
= [ e Rt deem e R R EET LR EEEEEP T Rt L !
5 P I I — L R S R S ;
) PO DN VTN VTN IV TN VTN asa bt i
0 10 20 30 40 50 80 70

OTcueTnI

Samples

a
N=64; m=38; Am = 0,25; 6 = 0,25; [TI®-I1 / DFT-P

06 ----- ITonoMHTE IbHbIE YACTOTHI --+------- OTPHIATEIBHBIE HACTOTBI --F-------------i

Negative frequencies

Positive frequencies

7] PR DO SO NSNS S SO A —— S e
01 i — ofeees e e 1T i
0 tttees ¢0i++000ooooioooooooooiooooo0++¢i00??????T*TTTT TTTTTT i
o} 10 20 a0 40 50 &0 70
OTeteThI
Samples
b

Pucynok 3 — DPQexT yTeukn CreKkTpa mpu MPUMEHEHHH MapaMeTPHYECcKOro TUCKPETHOTO mpeobpasoBanus Dypre
Ut 3Ha4eHuH mapametpa 0 = 0,5 (a); 6 = 0,25 (b)

Figure 3 — The effect of spectrum leakage when using the parametric discrete Fourier transform for parameter values
0=0,5(a); 6=10,25 ()

0 caoit 1 emoit 2 emoit 3 cmott

0 layer 1 layer 2 layer 3 layer
x(0) S(0.8)
x (1) S (1,6)
¥ (2) « 5(2,9)
x(3) S(3.,6)
x4 " S (4,0)
x (5) . 56.8)
NORS T 560
x(7) & S(7,8)

Pucynok 4 — I'pa¢ anroputma napaMeTpu4ecKoro ObICTporo mpeodpasopanusi Pypre 0e3 3aMeIICHUsI

Figure 4 — Parametric discrete Fourier algorithm graph without substitution
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AHFOpI/ITM HMEET C€CTECTBECHHBIN nopsiA0OK OT-
CYCTOB HAa BXOJ€ M BBIXOAC, YTO, 6e3yCJ'IOBHO, SABJISA-
CTCA NPCUMYLICCTBOM JAHHOTO AJITOpUTMA.

3akjaroueHue

C uenpio pemieHus: npodieM BHeApeHHsS Lud-
POBBIX HMH(OPMALMOHHBIX TEXHOJOIMH, OCHOBaH-
HBIX B TOW WJIM WHOM Mepe Ha JAUCKPETHOM IPeo0-
pazoBannu Dypbe, MPEMIOKEHO €ro 0000IIeHHe
B BHJIC NAapaMETPUUECKOr0 JUCKPETHOTO Mpeodpa-
3oBanuss Dypre, KOTOpoe 3a CUET BBEJCHHUSI HOBO-
ro 6azuca dypne — 6a3uca Dypbe ¢ BapbUPYEMbIM
apamMeTpoM, IMO3BOJISIET YCTPaHUTh WM 3HAYHU-
TEJIbHO CHU3UTh BJIMSHUE HETaTUBHBIX 3(Q(EKTOB,
COIMPOBOXJAAOINX TPUMCHCHHUE HW3MCPUTCIIbHBIX
TeXHOJIOrui Ha 06a3e mpeodpazoBanusiii Dypre.

[IpoBenena, myTeM YHCICHHOIO MOJCIHPOBA-
HUSI, SKCIECPUMEHTAJbHAsl MPOBEPKA MOTYYEHHBIX
TEOPETUYECKUX PE3YJIBTATOB 110 M3MEPEHMIO 4acTo-
Thl JAWUCKPETHOIO I'apMOHHYECKOI0 CHUIHAJla Ha KO-
HEYHOM HWHTEpBaJe METOJOM MapaMeTPUYECKOro
ouckpetrHoro mpeoOpaszoBanust Dypee. I[Ipoepka
JI0Ka3ajla pe3yJIbTaTHBHOCTD Pa3pabOTaHHOTO METO-
Ja UM(GPOBOro W3MEPEHHUS CIIEKTPa TaPMOHUYECKHX
CUTHAJIOB Ha KOHEUHBIX MHTepBajax. [[eficTBUTENb-
HO, B Cliy4a€ MPUMEHCHUA I U3MEPCHUA YaCTOThI
JMCKPETHOTO TapMOHHYECKOTO CUTHAJIA TUCKPETHOTO
npeobpazoBanus Oypre MOrpemrHOCTh PUKCHPOBaHA
1 paBHA MOJIOBHHE PACCTOSIHUS MEXIy AByMs OMHa-
MH, B TO BpeMs KaK NPHUMEHEHHUE I1apaMeTpUIEcKO-
IO JUCKPETHOro npeoOpazoBanust Pypbe Mo3BOIIET
MIPOBECTH M3MEPEHHNE YaCTOTH C HEOOXOIUMOM TOU-
HOCTBIO ITYTEM BapbHUPOBAHUA ITapaMeTpa BBEICHHO-
ro npeodpazoBanusi. Hanpumep, npu yucieHHOM MO-
JCTTMPOBAHNUH, PACCMOTPEHHOM B PadOTe, TOYHOCTh
N3MEpEeHHUs YacTOTh! Obla HoBbIIeHa B 50 pas.

D¢ GheKTHBHOCTD MPUIOKEHUN TapameTpude-
CKOTO JTUCKPETHOTO TpeoOpazoBanusi Oypbe mpen-
roJiaraet, MpexJe BCero, Hajau4yue OBICTPBIX aJro-
PUTMOB €ro IOJIyYeHHs], CYyLIECTBOBAaHHUE KOTOPBIX
MO3BOJISIET CHU3UTH BBIYMCIHUTEIbHBIE 3aTpPaThl
Ha nopsiok U Oosee. basuc napamerpudeckoro
JCKpETHOro mpeoOpasoBanusi @Dypbe sBisieTcs
MYJBTUIJIMKATUBHBIM JIMIIb I10 OI[HOI>'I IepeMeH-
HO¥ (B oTiinune oT 0a3mca JUCKPETHOro mpeodpa-
3oBanus Dypbe, KOTOPBI MYJIbTUITUKATUBEH 10
IBYM nepeMeHHbIM). [loaToMy cymiecTByeT TOJIBKO
OIUH KJacc OBICTPBIX aJTOPUTMOB IMapaMeTpuye-
CKOTO JTUCKPETHOTO NpeodpazoBanus Dypre — Kiacce
AJITOPHUTMOB C IIPOPCIKUBAHUEM 110 BPECMCHHU.
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VJIK 620.179.14
IIpyMeHeHHe MATHUTOLIYMOBOI0 METOAA /I KOHTPOJIA
MeXaHM4YeCKOl AaHU30TPONUN (ePPOMATHUTHBIX MATEPUAJIOB

B.H. Bycbko, A.A. Ocunos

Hnemumym npuxnaouoti ¢pusuxu Hayuonanvroii akademuu Benapycu,
yi. Akademuueckas, 16, e. Munck 220072, benapyce

Tocmynuna 20.05.2019
Tlpunsama k neuamu 06.08.2019

Hannune aHM30Tponuu CBOWCTB (peppOMAarHUTHBIX MaTEpUANIOB MPENONpeeisieT He0OXOAUMOCTh ee
WCCIIETOBAHNS M KOHTPOJISA, TIOCKOJIBKY OHA OKa3bIBAET CYIIECTBEHHOE BIMSHUE HA OCHOBHBIE (PH3HMKO-Me-
XaHWYECKUE XapaKTePUCTHKHU JAeTajeld, n3aenuil u KoHCTpykiui. Lleas paboTh 3aKkiiodanach B dKCIEpH-
MEHTAJIbHOM HCCIIEIOBAHUU BO3MOKHOCTU MIPUMEHEHUSI MArHUTOLIYMOBOI'O METOA AJIsl HEpa3pyIIaIOIIEro
KOHTPOJII MEXaHWYECKHX CBOWCTB (heppOMArHUTHBIX MaTepHAIIOB Ha TpuMepe Kod(h(hUITHeHTa HOPMATbHOM
aHU30TpONUU R, TMCTOBOTO MPOKaTa, MEXaHUYECKUX HAIPsHKEHUH IpH ynpyrou aedopManuu 31eKTpoTex-
HUYECKON CTalll ¥ aHU30TPONNHN (PU3NKO-MEXaHMUECKUX CBOHCTB ()eppPOMArHUTHBIX MaTEPHAJIOB.

Tak kak MexaHUYecKasi aHU30TPOIMsI CBA3aHa ¢ MATHUTHOM aHU30TPOIUEH, IIPU €€ UCCICJOBAaHUU UC-
TIOJIL30BAJICSI MATHUTHBINA MeTO Ha ocHOBe A (dekra bapkraysena (MOB), nadhopMaTHBHBIE TTapaMETPHI KO-
TOPOI'0 OTHOCATCA K MAaroHuTOaHU30TPOITHbLIM. CpaBHeHI/Ie PE3YJIbTATOB OLICHKHW aHMU30TPOIIMH C ITOMOIIBIO
MDb Ha napTuu 00pasloB MITAMITYeMOW TOHKOJIMCTOBOW CTalld ¢ U3MEPCHHBIMH IIPOU3BOUTEICM 3HaUe-
HUSIMH R, TIOKa3ano ux OJau3Koe coBnajeHue. Pe3ysbTaThl HCCIeI0BaHUI OKA3aIl BO3MOXKHOCTD OLICHKH
cTeneHy R, ¢ nomoupo MOb npy IpuMeHeHUH ero Ha IPOU3BOACTBE. [ u3ydeHuss MarHUTHOM aHU30TPO-
MU B Pa3IMYHBIX MaTepraiax U BIUSHUS HA HEEe YIPYTUX HAMPSHKCHUH PAaCTSHKEHUS U CXKATHS TP H3THOE
¢ nomotp0 MOB ObUTH U3rOTOBIIEHBI YCTPOWCTBO JIJIsl KPYTOBOTO BpallleHust nmpeodpaszoBaress bapkrayse-
Ha Ha IOBEPXHOCTH HCCIIEIYEMOro 00pasiia U yCTPOHUCTBO s (hopMUpOBaHuUs B 00pasile ynpyrux Harpsi-
JKEHHUH MTPH N3Tuoe.

YcTaHOBIICHO, YTO yripyras JedopMaliys B 00pa3iax JIeKTPOTEXHUYESCKOW CTaIU MPUBOIUT K PE3KOMY
WM3MEHEHUIO YPOBHS MarHUTHOTO IIyMa ¥ (pOPMBI KPYTOBBIX JUArpaMM C Y9€TOM 3HaKa (OPMUPYEMBIX B 00-
paslie HanpspKeHUH. Y CTaHOBJIEHO, YTO B pe3yJIbTaTe X0JIO0AHOM MPOKAaTKH B IpoIiecce MPOU3BOJICTBA 00pa3-
LB AIIEKTPOTEXHUUECKOM CTAIM UMEIOT SIPKO BHIPAKEHHYIO TEKCTYPY, 00YCIOBIEHHYIO HANPpaBIeHHEM PO-
kara jucta. Co3zaBaemMble ypyrue HANpsHKEHNS B pAaCCMAaTPUBAEMOM JHAITa30HE MPAKTHYECKH HE MEHSIOT
TEKCTYpPUPOBAHHOCTh — HABEICHHYIO KPUCTAIOTPahUISCKYI0 aHU30TPOITHIO MTOCIIE MPOKATKU MaTepHara.

[TomrygeHHBIE C TOMOIIBI0 MATHUTOIITYMOBOTO METO/IA PE3YIBTATHI MOTYT OBITH TIOJIE3HBI TPH U3yUEHUH,
MOHHUTOPHHTE ¥ KOHTPOJIE aHU30TPOINUH, KPHUCTALIOrpapUIeCcKOi TEKCTYPbI, CTPYKTYpPHOH HEOJIHOPOAHO-
CTH ()epPOMArHUTHBIX MAaTEPHAIIOB B BUE JIUCTOBOTO MPOKAaTa, TOHKOJIMCTOBOW U PYJIOHHON CTaJIH, JIUCTO-
BOM IITAMITOBKU U PEIICHUH APYTUX 3a/ia4 ¢ UCITOJIb30BAHNEM MAarHUTOOIYMOBOI'O METO/ZIa B Ha60paT0pHLIX
U LIEXOBBIX YCIIOBUSIX.
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Abstract

Presence of anisotropy of the ferromagnetic materials' properties determines the need for its research and
control, since it has a significant impact on the basic physicomechanical characteristics of details, products
and constructions. The aim of the work was to experimentally investigate the possibility of using the magnetic
noise method for non-destructive testing of mechanical properties of ferromagnetic materials particularly
value of the coefficient of normal anisotropy R, of sheet metal, mechanical stresses under elastic deformation
of electrical steel and the anisotropy of the physical and mechanical properties of ferromagnetic materials.

Since the mechanical anisotropy is related to the magnetic anisotropy, the magnetic method of the
Barkhausen effect (MBE) was used in its study, the informative parameters of which belong to the group
of magnetic anisotropy. Comparison of the results of anisotropy evaluation on a set of samples of stamped
sheet steel using the MBE with values R, measured by the manufacturer showed their close match. This
revealed the possibility of R, level evaluation using the MBE. Device for circular rotation of the Barkhausen
transducer on the sample surface and device for forming of elastic bending stresses in the sample were
constructed. To study the magnetic anisotropy in various materials and the impact of elastic tensile and
compressive stresses by bending on it using the MBE.

It has been found that the elastic deformation in samples of electrical steel leads to dramatic change
of the magnetic noise level and the shape of the circular diagrams, taking into account the sign of the stresses
generated in the sample. It was established that as a result of cold rolling in the production process, electrical
steel samples have a pronounced texture due to the direction of rolled sheet. The created elastic stresses
in the considered range practically do not change the texture (induced crystallographic anisotropy) after
the material rolling.

The results can be useful for studying, monitoring and testing of anisotropy, crystallographic texture,
structural heterogeneity of ferromagnetic materials in the form of sheet metal, sheet steel and coil steel, sheet
metal forming and for solving other problems using the magnetic noise method in laboratory and workshop
conditions.

Keywords: anisotropy, strain, bending, stress, magnetic noise.
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BBenenue

Ha TexHmueckoe cCOCTOSIHME pa3lH4HBIX 3Je-
MEHTOB JeTasieil M wu3Aenud (eppoMarHUTHBIX
KOHCTPYKIUI CYIIIECTBEHHOE BJIMSHHME OKa3bIBAIOT
pa3IuuHble BUABI AHU3OTPONMH: MEXaHHYECKOH,
KPUCTAJUIMYECKON, MAarHUTHOH, HANPSKEHUHU, yCTa-
JIOCTHOM, KOPPO3MOHHOM, 3aBUCSIIEH OT (OPMBI U
MaTepuaia o0pasna, HalpaBJIeHUs, BUIA U PEKUMa
TEPMHUYECKOM 0OBEMHOM U MOBEPXHOCTHON 00pado-
TOK U JIp. Peakiust MU30TPOITHOro M aHU30TPOITHOIO
MaTepHajoB Ha BHEIIHIO HArpy3Ky MMeEeT 3Ha4yH-
TeJbHbIE KOJUYECTBEHHbIE U KaYeCTBEHHbIE pa3iiu-
yns. Tak, MPOYHOCTh U JOJITOBEYHOCTbh KOHCTPYK-
uuu Bo MHOTOM (710 50 %) ompenenstoTcs HaIuuueM
1 CTETIEHBI0 aHU30TPOIUH 1 3aMETHO 3aBUCST OT Ha-
MpaBJICHUS] NIPUWIOKEHUsT paboueil Harpyskwu [1, 2],
a MarHUTHBIE TOTEpH, K NPUMEPY, B DIIEKTPOTEX-
HUYECKOW CTalld, TaKKe 3aBHCAT OT aHU30TPO-
nuu [3, 4], yTO MOBBIIIAET aKTYaJIbHOCTh M3Y4YEHUS
BO3MO>KHOCTH €€ KOHTPOJISL.

Haubonee pacnpocTpaHeHHOW SBIISETCS MeXa-
HUYecKas aHM30TPONUs, KoTopas Mpucyma O0ib-
IIMHCTBY MAaTEpPUAIOB, U3AEIUN U KOHCTPYKLUI,
(dopmupyemasi yacTo B IMpolecce MPOU3BOJACTBA H
skcrutyatanuy. CylecTByeT MOCTOsHHAsE MOTpeo-
HOCTh B OIIEHKE U HepaszpymatomeM konTpoie (HK)
AQHU30TPOIINU CBOWCTB B MPOU3BOACTBE, HAllpUMep,
IpU IPOKATKE JJIEKTPOTEXHUYECKoW cTanu [5],
OOBIKHOBEHHOW JIMCTOBOH [6], HU3KOYTIIEPOIUCTOM
crasu C120 [7]. OcoOeHHO aKTyabHOU SIBJISETCS 3a-
nmada HK anu3oTponuu mpu U3roToBIECHUU U3ACTUN
13 TOHKOTO MeTaJIonpoKaTa, koraa Heooxoaum HK
MEXaHUYECKUX CBOMCTB JIMCTOBOM CTANIM, KOTOPBI,
B OCHOBHOM, PEHIAeTCs C MOMOIIBIO HMITYJIBECHOIO
MarHMTHOTO METOJa M0 OCTaTOYHOW HaMarHW4eH-
HocTd [8—10] W ;ApYruxX MarHMTHBIX XapakTepH-
ctuk [2—-15].

[Ipu nccnenoBaHuM U KOHTPOJIE aHU30TPONHHU
Haujy4llne pe3ybTaThl MOKa3bIBAIOT PEHTI'€HOB-
CKM€, MarHUTHbBIE, YJIbTPa3BYKOBBIE M ONTHYECKUE
MeTonbl [8], KakAbld M3 KOTOPBIX HMEET CBOU
CWJIBHBIC U CJIa0ble CTOPOHBI, 8 TAKIKE OTPAHUYCHHUS
IIpY UCTIOJIB30BAHUU Ha MTPOU3BOJICTBE, KaK, HAIIPH-
MEp, PEHTTeHOBCKUl. BcnencrBue Toro, 4yro me-
XaHUYecKass aHU30TPONUS MPUBOIAUT K BO3HHKHO-
BEHMIO MarHUTHOW aHU30TPOIMHU, MarHUTHBIE Me-
TOJIBI OTHOCSTCS K HauOoisiee 3(HEKTUBHBIM U J10-
croBepHbiM ipu HK. K 3¢ (ekTuBHBIM MarHUTHBIM
meronam HK ann3zorponuu matepuanoB MOXKHO OT-
HECTHU U METO/l, OCHOBaHHbII Ha 3 dexre bapkray-
3ena (MOB) [2, 12-16], uadpopmaTuBHbIE apame-

TPBI KOTOPOTO OiIarogapsi B3aMMOCBSA3U CO CTPYK-
Typol MaTepmana HecyT WH(OpMAIio o Iepe-
CTPOMKE €ro JIOMEHHOM CTPYKTYpbI, TECHO CBSI3aH-
HOH C aHM30TPONHEH ero (HU3UKO-MEXaHHMIECCKUX
xapaktepucTuk. [lo pasnmnunbiM manasiM, MOb u
€ro mapaMeTpbl MOYKHO HCIIOJIB30BaTh IMPH HCCIe-
noBanu U HK crenenu aHM30TpONUM pa3IMUHBIX
(heppOMarHUTHBIX MaTEpUajoOB, a B psAlE CIydacB
MDSb uMeeT mpeuMyIIecTBa mepen IpyruMu Hu3u-
4eCKUMH MeTojaMu. B pabote [2] Ha ocHOBe aHa-
JU3a SKCHEPUMEHTAIBHBIX JIAHHBIX MTOKa3aHO, YTO
mapaMmeTpbl MOb 01HO3HAYHO OTHOCSTCS K MarHu-
TOAQHU3OTPOITHBIM WH(GOPMATHBHBIM ITapaMeTpam,
T. €. SIBJISIIOTCS CTPYKTYPHO-YyBCTBUTEIHHBIMH, Pe-
TUCTPUPYIOIIMMH W3MEHEHHUS] MarHUTHBIX CBOHCTB
B Pa3NUYHBIX HAIPABICHUSAX.

B cBs3u ¢ 3TUM 1E€TBIO0 paOOTHI SBISLIOCH DKC-
MEPUMEHTAIbHOE  WCCIIEZOBAaHHE  BO3MOJKHOCTHU
MPUMEHEHUS] MarHUTOIIYMOBOTO MeETOJa JUIi He-
pa3pyIIaroIero KOHTPOJIi MEXaHWYeCKHUX CBOMCTB
(heppOMarHUTHBIX MaTEPHAJIOB Ha IMPUMEpPE KOI(]-
¢uenTa HOPMaJbHONW aHW3OTPOIHMH JIMCTOBOTO
MpoKaTa, MEXaHUYECKUX HAMPSKEHUNU TIPU yIpyroi
nedopMaIiy SIEKTPOTEXHUUECKOH CTajal W aHU30-
TpomuH (PU3HKO-MEXaHUICCKUX CBOMCTB (eppomar-
HUTHBIX MaTEPUAJIOB.

MeToauka npoBeeHUs IKCIIEPUMEHTA,
KOHCTPYKIMH YCTPOMCTB, 00pa3ubl

B kauectBe MeTona ucciaegosanus u HK mar-
HUTHOM aHM30TPONUU Hcnoab3oBasics MOBb, a un-
(popmatuBHOrO Mapamerpa — MHTEHCHBHOCTH U,
marautHoro myma (ML), kotopas, B cuity ¢usu-
YeCKON MPHUPOABI METO/Ia, OTHOCUTCS K CTPYKTYp-
HO-4yBCTBUTEJIbHBIM MAarHUTHBIM BEJIMYHHAM U
MPOSIBIISICT CBOMCTBA aHu30Tponuu [1]. IaTEeHCHB-
HOCTb U,y — CPEAHEKBA/IPATHYHOC 3HAYCHHE 3.11.C.
MarHuTOIIYMOBOTO CHTHajla, PErucCTPUPYEMOro
Karymkoi mnpeoOpazoBatens bapkrayzena (I1B)
C OCBIO, PACIOJIOKEHHON MO HOpMalIH K KOHTPO-
JAPYEMON TTOBEPXHOCTU B OMPEACICHHBIX (OMTHU-
MaJIbHBIX) TI0JIOCAX YAaCTOTHOTO CIIEKTpa WIIH Bpe-
MEHHOM uHTepBajne. [loaToMy ee MOXKHO OTHECTH
K MarHUTOAHU30TPOITHBIM XapaKTePUCTUKAM U HC-
MOJIb30BaTh B KauecTBe WH(POPMATHUBHOTO U OIle-
HOYHOTI'O TapaMeTpa.

Mertoauka HCCIEeIOBaHUS AHU30TPONHUHU 3a-
KIIF0Yanack B u3MepeHun U,y BpallarouMes Ha-
kiaaHeiM 116 B pasnuyHbIX HANPABICHHUSX, MOJY-
Yas ¥ aHaJU3UPYS PU 3TOM KPYTOBbIE JUATPAMMBI
ee pacupezeneHus oT yria nosopora IIb Bokpyr
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OocH Ha IoBepxHocTH oOpasma. Takas MeToauka
OTHOCHUTCSI K Hauboyiee ONTHUMalbHBIM CIIOCO0aM
OTO6pa)KCHI/ISI 1 OLICHKH CTCIICHU MarHUTHOHM aHU-
sotponuu; U,y H3MepsuIach ¢ MOMOLIBIO MAarHUTO-
mymoBoro ananuzatopa MMII [17] ¢ IIb, ycra-
HOBJICHHBIM B 000HMe yCTPOMCTBA M C BO3ZMOYKHO-
CTBIO BpAIlCHUS Ha MOBEPXHOCTH 00Opasma B o0e
croponsl Ha 360°. dotorpaduss BHENTHETO BHIA
YCTPOMCTBa U €r0 OCHOBHBIX 3JIEMEHTOB MOKa3aHa
Ha pucyHke 1.

Pucynok 1 — Buenmanii Buj ycTpoiicTBa ¢ mpeoOpaso-
BaTerneM bapkrayseHa miisi MCCIIEOBAHUS M KOHTPOJISA
AQHM30TPOIMH CBOMCTB (pEPPOMArHUTHBIX MATEPHAIIOB!
1 — kom0 ¢ IMMOOM; 2 — Bpamaroniascsi miarhopma;
3 —npeobpazoBarens bapkraysena B oboiiMe; a — yroa
MeXxay npeodpasoaresneM bapkrayseHa u HarpaBiIeHHEM
npokatku oopasua o = 0°; b — o = 45°

Figure 1 — Appearance of a device with a Barkhausen
converter for studying and controlling of the anisotropy
of the ferromagnetic materials properties: 1 —ring with
limb; 2 —rotating platform; 3 — Barkhausen converter in
the holder; a —angle between the Barkhausen converter
and the sample rolling direction o= 0°; b — o = 45°

YcTpoicTBO 111 KpyrOBOrO BpallEHUS CO-
CTOUT W3 Kojbla ¢ iumbom 1, Bpamaromei-
cs miaThopMbl 2 W YCTAaHOBJICHHBIM Ha HEH
B o0Ooiime IIb 3. Jlns moBeIICHHUS] yCTOWYH-
BOCTH YCTpOHCTBa C (EeppOMArHUTHBIM 00-
pasloM OHO HMeeT TPH OMNOpPHI, BHIIOJHEH-
HBIE M3 TOJIOCOBBIX TIOCTOSHHBIX MArHUTOB H
3aKpeIUIeHHblE C IOMOUIBIO KJ€d Ha HUKHEH
yacTH Kojela c jgumOom 1 wepe3 120° mpyr
OT Apyra. BHyTpHu HENOJBHKHOTO KOJIbLIa AUaMe-
TpoM ©¥130 MM ¢ HAaHECEHHBIMH Ha HEM YIJIOBBI-
mu MeTtkamu (ot 0 g0 360° ¢ meHo# memeHus 5°)
pasmeraercst HOABIKHASI IIaTgopMa 2 ¢ KECTKO
yCTaHOBIIEHHBEIM B obOoiime IIb 3, peructpupyro-
wmM U,y ¥ pacrosoKeHHbIM TakK, YTo0bl OCh U3-
MepuTenbHoi katywmku I1b Haxonunace HopMab-
HO K IMOBEpXHOCTH 00pa3ua. brmarogaps kpyroso-
My BpamieHuio miatdopmsr 2 ¢ [1b 3 B xomsue 1
MOSIBJISIETCSA BO3MOKHOCTH MTPOBOJAUTH U3MEPEHUS
MII Ha moBepxHOCTH 00pa3la B pa3IWYHBIX Ha-
MpaBJIEHUAX € pa3HbIM maroMm. Hamuuwme mMuHH-
MaJIbHOTO JIO(Ta MpHU BPAIICHUH TLIATPOPMBI
c [Ib obGecmeumBaeT Oojiee BBICOKHE IOBTOpsC-
MOCTb U JIOCTOBEPHOCTh u3Mmepenuss MIII.

B kadecTBe HCHBITyeMBIX HCIOIb30BAINCH
nBa obOpasma (Nel u Ne 2) xoJi0JlHOKATaHHOM
AHU30TPONHONU TEKCTYPOBAHHOM 3JIEKTPOTEXHHU-
yeckol ctanu 3408 u3 pa3HbIX NMapTUi B BHUJIE
miactuH JouHor 500 MM, mupwHOH 105 MM 1
tonmuHOoU 0,35 MM, oOnajmarIInX, Kak IpaBH-
710, SIBHO BBIPQKCHHOW KpHUCTauIorpaduyecKkoi
opueHTanuei. MccienoBanne N OleHKa BIUSAHUSA
kod(pummenTa HOpMaIbHONW AaHU3OTPOITHU TOH-
kKosiuctoBoro mpokara Ha MIIl npousBoaunuce
Ha 00pa3llax HU3KOJETHPOBAHHOW cTaiu (aHa-
JIOTUYHON HU3KOJIETUPOBAHHOW KHUIISIICH CTaiu
08xm) B konmuuectBe 11 MTYK MIMHOW W MIUPH-
Hot 1000 MM u Tosmumuo#t 0,8 MM, mpegocTaB-
neHHbIX KoMOwmHatoMmM FQZ (I'epmanus) ¢ pas-
JUYHBIMUA (BJOJb M TIOTNEPEK) HaNpaBlICHUSAMHU
MexaHHu4eckod mnpokaTku. IIpum wuccienoBanuu
AHU30TPONHUHU CBOICTB MaTEpUAIOB C MOMOIIbIO
MDBb Takke HCIOIb30BaINCh O0pa3mbl W3 NIPY-
TUX MapoK cTajieil: BBICOKONMPOYHOM BBICOKOJIE-
THPOBAHHOM (XPOMO-HUKEIb-TUTAHUCTON) CTaJIH
BHC-2 B dhopme nnactunsl mmmHON 200 MM, 1m1H-
puHoit 150 MM ¥ TOMIIMHON 2 MM, KOHCTPYKIIH-
OHHOW XPOMOHHUKEJIEBOW HHU3KOJETHPOBAHHOU
10XCHJ — anmuuoii 230 mMm, mupunoit 160 Mmm
U TOJIIMHONW 2 MM, KOHCTPYKIHMOHHOW HHU3KO-
nerupoBanHoi ctanu 091'2C — gnuuoit 700 mm,
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wupuHod 600 MM U TOJIIHUHON 6 MM, KOHCTPYK-
muonHol ctanmu 30XI'CA — miuuoit 110 Mm, miu-
puHoit 130 MM M TONIMHONU 5 MM, a TaKXe€ OTO-
JKIKEHHONM KOHCTPYKLMOHHOW CTalu — JUIMHOU U
mupuHoi 150 MM, TOMITUHON 2 MM.

OTMeTHM, 4YTO NPH HU3YUYEHHH AHHU30TPOIHH
MEXaHMUYECKHUX CBOHCTB MaTEPHAIOB CIeNyeT pas-
JINYaTh AHU30TPOIHUIO CBOWCTB, ONpPENEIsIEMBIX
IIpU pPa3IMYHBIX BUAAX HArpy’>KEHUs, HalpuMep:
AHMU30TPONHUIO XAPAKTEPUCTUK INPH CTATHUECKHUX
pacTsHKEHUH, C)KaTUHU, KPYUEHUH, U3rH0E, a TAKKe
AHMU30TPOMNHUIO TPOYHOCTH, YIAPHOH BA3ZKOCTH
U Jp. B ¢Bs3M ¢ 9TUM M3y4anoch BIUSHUE YIIPYTUX
nedopManuid Mpu M3rude Ha KpyroBble Auarpam-
Mbl U1 UHTeHcUBHOCTH MIII. B ycTpoiicTBe s pe-
aNnu3auy METOIUKH (POPMHUPOBAHUS HANIPSKCHUH
pu KU3rube TPUMEHSJIACh TPEeXTOUYedHas cxema
HarpyXeHHs IJIOCKUX 00pa3loB MPsSIMOYTOJIbHOMN
(dbopMbl, IpUBE/ICHHAsI HAa PUCYHKE 2.

3 4

Harpyska F (-F) F(-F)

load F (-F) nporud A

/ deflection A

Pucynok 2 — Cxema yctpoiictBa It (HOpMHUPOBAHHSA
yOpyTux nedopmannii n3ruda B aHU30TPOIHBIX 00pasiax
DJIEKTPOTEXHUYECKON cTanu: 1 — ocHoBaHME; 2 — yIop-
npusMma; 3 — oOpaser] (HeHTpalbHOE MOJIOKCHHE, PaCTs-
KEHHeE, cxKaThe); 4 — NPKUMHBIE IUTACTHHBI; 5 — yCTpOii-
CTBO KpyroBOT'O BpalleHus ¢ peodpaszoBareneM bapkra-
y3cHa

for
in

Figure 2 — Scheme of the device formation
of elastic bending deformations anisotropic
samples of electrical steel: 1 — base; 2 — stop-prism;
3 — sample (neutral position, tension, compression);
4 — pressure plates; 5 — circular rotation device with
Barkhausen converter

Takast cxema IO3BOJISIET CO3/1aBaTh YIPYIHe
nedopmanuu u3rnba, GopMupys B 3aBUCHMOCTH
OT HarpaBJICHUS YCHIHS F pa3udHbie HAPSKECHUS
pacTsHKeHUSI U CKaTHs B oOpasle. YUHUTHIBas, YTO
mobast nedopMalsi MOKET BBI3BIBATH AHH30TPO-
nuio  (prU3MKO-MEeXaHMYECKUX CBOICTB Marepuaia,
a TaKke Haluuue ycrpoiicra Bpamenus [1b (pucy-
HOK 1), IOsIBUJIaCh BO3MOXKHOCTh U3Yy4aTb BIMSHUE
YyOPYTro# U IIacTHYECKON nedopManiy Ha yPOBEHb
MII npu paznnunbix opuenTtanusx [1b Ha o6pasie
WJIM HalpaBleHUsIX 00pabOTKH.

HccaenoBanue aHM30TPONIUM MEeXaHHUYECKHX
CBOICTB HU3K0JIETHPOBAHHOM TOHKOJIMCTOBOM
cTaJIH

Jns ouenku uysctBuTenbHocTd MIID k Mexa-
HUYECKUM CBOMCTBaM JINCTOBOTO IMpPOKATa BBIMOJ-
HEHBI HKCIEPUMEHTANIbHbIE UCCIIE0BAaHUS BIHUAHUS
MEXaHWYeCKOW aHM30TPONUM Ha HWHTEHCHUBHOCTH
MIII Ha cnenuaidbHO AaTTECTOBAHHBIX MPEIIPHU-
ATUEM-U3TOTOBUTENIEM 00pasiax ¢ H3MEpPEHHBIMHU
3HAUYCHUSIMH Kod(ulMeHTa HOpMaIbHOW aHM30-
TpOIMU R,, IPUHATOTO B KaueCTBE MEPbI CTEIIEHU
AHM30TPOIIMU MEXAaHWYECKHX CBOMICTB JIMCTOBOTO
MaTepuanta M OIpeNeIsieMOro 3KCIEepUMEHTAIbLHO
MIpH UCTIBITAHUSAX MaTepualla Ha pacTsKeHHe. 3/1ech
R,=0,25 (Ry + 2R4s + Ryg), Tae R, = (Inb/Inb)/
/(Inh/Inhy); @ = 0°, 45°, 90°; b u b, — Texkymas u
NepBOHAuYaIbHAs MIUPUHA; h U h,— TeKymas 1 Ha-
YaJibHas TOJIIIMHA 00pa3ia.

Ha pucynke 3 mnpexacTtaBieHbl pe3yiabTaThl
OIIEHKH MEXaHHUYeCKOl aHM30TPOIUU C TOMOIIIBIO
MarHuTourymMmoBoro ananuzaropa UMII ans o6-
pa3LoB M3 HU3KOYTJIEPOAUCTON TOHKOJHUCTOBOM
CTaJd B 3aBUCUMOCTH OT R,, XapaKTepHU3yHOIIero
M3MEHEHHE CBOMCTB MaTepuasia B IJIOCKOCTH JIH-
CTOBOI'0 IpOKaTa MpPH PacTAKEHUU Ha pa3pbIBHOU
MallliHe, MpU MPOJOJIBHOM U MONEpPeYHOM Ha-
MpaBJICHUSIX NpOKaTku. ['paduk Ha puCcyHKe 3a
COOTBETCTBYET MOJIOKEHHUIO, KOTJIa OCh HalpaBJie-
HHUS [IepeMarHuuuBanus marauronpososa IIb co-
BIIa/Iae€T C HaNpaBJICHUEM MPOKATKH BJIOJIb JIUCTA,
a Ha pPHUCYHKe 3b — momepeKx HampaBJICHHs TPO-
KaTKd. BUIHO, 4TO pe3ynbTaTsl OLEHKU R, C IO-
Mouiplo MOb MMeroT KauecTBEHHOE COBIAJIEHUE
C 3asiBJICHHBIMH TPOU3BOJIUTEIEM KOIPPUIUECH-
TaMd HOpPMaJbHOW aHU3OTPONHUHU ANl 00pa3LoB,
a MarHUTOIIYMOBOU mapamerp U, SBISCTCS 1yB-
CTBUTEILHBIM K aHM30TPOIIHH CBOKCTB (heppomar-
HUTHOTO 00pasna, T.€. OTHOCUTCSI K MAarHUTOU30-
TponHbiM. Takke BHIHO, 9YTO KOIPOUIIMEHT KOP-
pensituu R* 1S HANPaBIEHHS TIepeMarHHIHBAHHS
[Ib BIOAb MpOKATKKM HECKOJBKO BBILIE, YEM JJIS
HAIPABICHHS [OIMEPeK MpoKatku (R | = 0,5241;
R*] = 0,4599), 4ro cormacyercsl ¢ JTaHHBIMU pa-
00ThI [9], THIE cesiaH BBIBOJ O MPEATIOUTCHUH UC-
MOJIb30BaHUSl POJIOILHOTO HAIpaBJIEHUs Tepe-
MarHu4yMBaHus Iepej nomnepedHsiM. s yBenu-
YeHusl KOdPPUIUEHTA KOPPENSIIUH MPU OLECHKE
CTENEeHN AaHU30TPOIUU MEXaHHYECKUX CBOICTB
¢ noMoIibo MOb He0OX0IUMO MPOBECTH JIOTOJI-
HUTEJIbHBIE HCCIEAOBAHMS MPH HATUYUU OOJIbIIe-
ro KOJMYECTBA UCCIIEAYEMBIX 00pa3IoB U B 30HAX
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C MHHUMAaJbHOU HEOJHOPOJHOCTHIO MArHUTHBIX
CBOWCTB 1O TUIOIIAAN MTOBEPXHOCTH 00pasma, Ol-
TI/IMI/ISI/III)YH pe)KI/IMI)I HepeMaFHI/I‘-II/IBaHI/Iﬂ 1 aHaJInu-
3a MIII.
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Pucynok 3 — B3auMocCBs13b UHTEHCUBHOCTH MAarHUTHOTO
aryma an, ¢ k03 dUIMECHTOM HOPMAJILHOW aHH30TPO-
muu R, U1 00pa3sloB TOHKOJIMCTOBOTO IIpOKaTa IIPH:
a — MIPOJIOIBLHOM HaNpaBJICHUH POKATKH; b — TIOTIEPEIHOM

2,05 21

Figure 3 — The relationship of the magnetic noise U
intensity with the coefficient of normal anisotropy R, of
rolled sheets' samples under: a — the longitudinal direction
of rolling; b — the transverse one

Takum o00pa3oM, MOIyYEeHHBIE SKCIIEPHUMEH-
TalbHBIC TaHHBIC TTO3BOJISIOT CAEIATh BRIBOM O TOM,
yTO0 MHTeHCUBHOCTH MII Koppenupyer ¢ MexaHu-
YeCKOW aHM30TPOMHEH M MOXKET CIYKUTHh HH(OpP-
MAaTHUBHBIM, a B PSAJE CIy4aeB M KOJUUCCTBEHHBIM
napaMeTpoM, 4TO OCOOEHHO Ba)KHO MPHU IKCIIPecc-
OLICHKE CTENEHU aHU30TpOoIuH, MoHuTOpuHre n HK
MEXaHUYECKUX CBOMCTB TOHKOJIHCTOBOTO IMPOKaTa
MIpH €r0 TPOU3BOJCTBE M OTPabOTKE TEXIpoIiecca,
a MDb MoOXeT OBITh MCIOJB30BaH KaK CaMOCTOSI-
TENbHBIN WU JOMOJIHUTENbHBIN IPU PEILICHUH T1aH-
HOMU 3aJayu.

Bumnsinue ynpyroi aegpopmanuu u3rnda
HA AaHU30TPONUI0 MATHUTHOI'O IIYMa

IIpy wu3ydeHMHM W OLEHKE YyBCTBUTEIBHO-
cru MIII Kk aHW30TPONMHU CBOWCTB TOCPEICTBOM
Bpamienuss [Ib w aHamM3a SKCIEPUMEHTAIbHBIX
JaHHBIX HauOonee yIOOHO HCIOJB30BaTh KPYIo-
BbIe (YIIIOBbIe Tuarpammel [ 14]), XxapakTepusyronine
n3menenre MIII B 3aBUCMMOCTH OT yrJjia OBOpOTa o
IIb BOKpyT oCM Ha TOBEPXHOCTH 00pasma B KOOp-
aunatax U,y uo. V3mepenns U, Mpou3BOANINCH
npu ammuintyne toka B IIb i=96 MA u uacrorte
nepemaranunBanus = 128 I'u. Ha pucynke 4 noka-
3aHBI KPYrOBbIC HarpamMMel 3aBUCUMOCTH U, OT o
I1b =Ha moBepxHOCTH 00pa3moB Ne 1 m Ne 2 xomon-
HOKaTaHHOM aHU30TPONHOM 3JIEKTPOTEXHUYECKOMN
CTaJln MIPH Pa3TUYHbIX 3HAUYEHUSIX U 3HAKE CO3/1aBa-
eMBIX YIPYTUX HalpsSKeHUH MpU u3rude, moaydeH-
HBIX C TOMOIIbIO TOKa3aHHBIX Ha PUCYHKE 1 yCTpOii-
ctBa mus Bpamienus [1b Ha oOpasue u Ha pucyHKe 2
CXEMBI ero nehOpMHUPOBAHUSI.

Pacuer 3HaueHuii ynpyrux HampspKEHUH pac-
TSOKCHHSI G, M CXaTui O. IPH M3rude Mpou3BO-
JUIICS C IOMOUIBbIO CTaHJAPTHBIX GOPMYI IIPH HU3-
BECTHBIX 3HAYEHUAX NPWIOKEHHOW Harpysku F,
M3MEPEHHOW 3JEKTPOHHBIM AMHAMOMETPOM (WM
C MTOMOIIBIO TPY3HUKOB); BETWYUHBI IpOTuda A, 13-
MEpEeHHOH HHANKATOPOM YaCOBOTO THUIIA; MIIOIIAIN
cedeHus obOpasna S u Mmoxyns lOHra E nis cranm.
W3 mpencraBieHHBIX Ha pucyHKax 4a u 4b nua-
rpaMMax clieayeT, yTo B obOoux obOpasmax, 0co-
O0cHHO B 0Opasie Ne 1, B Hete(pOpMUPOBAHHOM CO-
CTOSTHUU TIPUCYTCTBYET MarHMWTHas aHU30TPOMUS,
peructpupyemas MOb. Makcumym 3uagenus U,
st obopasna Ne 1 HaOmrogancs BIOJb Hampaslie-
Hus «160°-340°» (a He «0°—180°»), T. e. HauboICe
ONMM3KOTO K HampaslICHUIO AepopMalu MpOoKar-
KM, 4YTO CBHJIETEIBCTBYET O BBISIBICHUNM MArHHT-
HOHM aHW30TPOINH, COBIANAIOIIEH C OCBIO JIETKOTO
HaMmarunuuBanus [2]. B oOpasme Ne 2 makcumym
U, coBnanan ¢ HamnpasieHueM «0°—180°» ¢ He-
0OJBIIMM CMELICHHEM AHarpaMM BIIEBO OTHOCH-
TENbHO LEeHTpaibHOU ocu Bpauenus [1b. Buano,
YTO POCT YNPYTHUX HANPSKEHUH PACTSKEHUS H
cKatusl TIpu U3THOEe 000MX 00pa3loB MPUBOTUT
K pe3koMy H3MeHeHUuIo ypoBHs MII ¢ yuerom
3HaKa HanpspkeHui. st o0pasia ¢ MmonoKHUTeNb-
HOUM KOHCTAHTOW MarHUTOCTPUKLHUU MPHU POCTE G,
npu u3rude yposenb MIII Bo3pacrtaet, mpu pocTte
G- — CHMIKaeTcs, creneHb n3MeHenus MI B pe-
3ylnbpTare ynpyrou nedopmaunuu u BuJ AuarpaMm
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3aBUCAT OT cTenieHH nedopmanuu. BumgHo, 9TO
B pe3yabTaTe XOJOAHOW MPOKATKH ITYyTEM IITaM-
MMOBKH Ojarofapst HAIMYHIO B CTald (PU3HKO-KPH-
cramiorpauuecKux CBONUCTB, JIUCTHI UMEIOT SIPKO
BBIPAKEHHYIO TEKCTYpPY, MPHUBOIANIYI0 K aHHU30-
TpONUH, OOYCIOBICHHYIO HallpaBIEHHEM MpPOKAaT-
KU BIIOJIb JUTMHBI JIUCTA M COBITAJIAIONIEH C OCHIO
«0°-180°». VYposenp MIIl BHOAL HampaBleHUs
MMPOKAaTKH, COOTBETCTBYIOIIHA O0Jee BBHICOKUM
MAarHUTHBIM CBOWCTBaM Marepuana — MarHUTHOM
MMPOHUIIAEMOCTH W MAaTrHUTHOW WHIYKIMH, 3Ha-
YUTEIHHO TPEBBINIAET APYrUe HANpaBICHUS 3HA-
gyeHnit wHTeHCHBHOCTH MIILL. Jlimst oOpasma Ne 1
B HeaedOpPMHUPOBAHHOM COCTOSTHUM OTHOIICHHE
(U, U, min) = 3,2-3,5 pasa, qust Ne 2 — mpu-

¢ max

HanpspxeHus npu u3rude 0

stresses at the band 0

HaINpsDKEHUs pacTsukeHus npu u3rude +45 Mlla
stresses strain at the band +45 MPa
HanpsikeHus pacTsbkenus 75 Mlla

stresses strain at the band +75 MPa
HanpsDKeHUs CxkaTus npu usrubde-33 Mlla
stresses compression at the band -33 MPa
HaInpsDKEHUs CKatust mpu usrude - 54 Mlla
stresses compression at the band -54 MPa

bttt

a

MepHO 2. Eciu y4ecTb, 4TO aHU30TPOIHS MarHuT-
HBIX CBOWCTB, Xapakrepusyemas U,,, mpeumy-
IIECTBEHHO COBIIaJIaeT C aHM30TPOIHEH MEXaHH-
YEeCKHUX CBOMCTB [2], TO MOXKHO cCHejaTh BBIBOI
0 B3auMocBs3u MIIl ¢ MexaHM4YecKkoW aHU3OTPO-
Miei W ee HaJeKHOTO BBISABICHUS C IOMOIIBIO
MDB, a Tak)ke 0 BO3MOKHOCTH €€ MCIO0JIb30BaHU
JUISL OTIPE/ICNICHNs] TPEUMYIIECTBEHHOTO HaIpaB-
JIeHus (PU3UMKO-MEXaHUIECKUX CBOMCTB. IIpu aToM
XapakTep KPYrOoBBIX AHMAarpaMM TIOKa3bIBaeT, 4TO
nedopManusi MpakTUYECKH HE MEHSET TeKCTYpH-
POBAaHHOCTH — HaIlpaBlICHHE HaBEJIEHHOW aHM30-
TPOITMH, BBI3BAaHHOW TPOKATKOU, T.K. IS 000X
00pa3uoB U, 1 BUJ KPYTOBBIX HAarpaMM OTIHYa-
FOTCS IPYT OT JAPyra B 3aBUCHMOCTH OT yTIJia d.

HanpspKeHust npu u3rude 0
stresses at the band 0

HarpsDKeHUst Ipu u3rude +55

stresses strain at the band +55 MPa
HanpsDKeHUs! pacTshkeHus npu nrude +72 MIla
stresses strain at the band +72 MPa
HaMpsOKeHHs pacTsbkeHns +92 MIla

stresses strain at the band +92 MPa
HarpsDKeHUsI CKaTus npu u3rude-68 Mlla
stresses compression at the band -68 MPa
HanpspKeHus cxarus npu u3rude — 80 MIla
stresses compression at the band -80 MPa
HanpspDKeHUst cxatust npu u3rude — 112 MIla
stresses compression at the band -112MPa

b

bttt bttt

Pucynok 4 — Kpyrosbsle auarpaMmbl 3aBUCUMOCTH MarHUTHOTO IIyMa OT YIJIa IIOBOpPOTa mpeoOpas3oBarens bapkray-
3€Ha Ha TMIOBEPXHOCTH JIBYX 00pa3IOB AIEKTPOTeXHIUECKON ctanmn 3408 mpu pa3inuyHBIX YPOBHSAX M 3HAKaX yNPYTHX

nedopmanmii m3ruda: a — odpazer Ne 1; b — obpazerr Ne 2

Figure 4 — Pie charts of magnetic noise dependence on the angle of rotation of the Barkhausen transducer on the surface
of two samples of 3408 electrical steel at various levels and signs of elastic bending deformations: a — sample Ne 1;

b — sample Ne 2
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Taxum o6pazom, ynpyrast edopmariisi 00pasios
JNIEKTPOTEXHUYECKOH CTaJHM MPY CTAaTHYECKOM H3TH-
Oe B mcclielyeMOM JHarna3oHe HalpsbKeHWH, 1Mo pe-
3yneTataM u3Mmepenuss MIL, He mpuBena K BO3HMK-
HOBEHUIO 3aMETHOI JJOMOJIHUTENFHON MEXaHUYECKON
anm3otpormu. [lomydeHHBIE pE3yNbTaThl COBIAIH
C TaHHBIMH, TIOJTYICHHBIME B paboTe [16] mpu nccie-
JIOBAHWUU YIPYTOW JeopMalvi B MaTtepuaiax ¢ mo-
JIO)KUTEJIBHOM KOHCTAHTOM MAarHUTOCTPUKLIUU IIpU
CTaTUYECKOM PACTSHKEHHH M CTaTHYECKOM CHKATHH,
KOTJ]a TIPH PacTsHKEHUH WH(POPMATHUBHBIN TapaMeTp
MDOBb Taxske BO3pacTaert, a Ipu CKATHH — CHIKACTCS.

HccaenoBanue MAarHMTHOM aHU30TPONINH
Pa3IHYHBIX MATEPHAJIOB

Jiist cpaBHEHUS ¢ TIPEACTAaBICHHBIME HA PUCYH-
Ke 4 SKCIEpUMEHTAILHBIMU KPYTOBBIMH JTHArpaM-
Mamu 3aBUCUMOCTH U, OT O JUIs DJIEKTPOTEXHUYEC-
koi cranu 3408 Ha puCyHKe 5 TOKa3aHbI KPyTOBBIE
muarpammbl ML, monyuenHbie Ha oOpa3nax craiu
BHC-2 (pucynok 5a), cranmu 09I2C (pucyHox 5b),
10XCH/ (pucyHOK 5¢) M KOHCTPYKIIMOHHOW JIeTH-
pOBaHHO# cTanu (pUcyHoK 5d).

180

TouKa |

point 1

To4ka 2 B 3 cM OT 1-i
point 2 in 3 sm

W3 ananusza pucyHka 5a BUIHO, 4YTO, MO JaH-
HbIM u3Mepenus MILL, B oOpasiie X0JI0 HOKATaHOM
JKapOIPOYHOl BBICOKOJIETUPOBAHHOM KOPPO3HOH-
Hoctoiikoil cranu BHC-2 mnpucyrcrByer MarHu-
TOLIYMOBAasi aHU30TPONHsA, OOYyCIOBJICHHAs IOSB-
JICHHEM MEXaHUYECKOW aHM30TPOIIMH B IIpolecce
IPOM3BOJCTBA CTAIHX NpH nmpokatke. Makcumym U,
HaOmomaeTcs BIob och «(90°—85°)—(270°-265°)»,
MPAKTUYECKH COBMAIAIONIEH ¢ BUIUMBIM Ha 0Opasiie
HanpasJIeHUEM NpoKaTKu. Jnarpamma, mokazaHHast
Ha PUCYHKE 5b, CBUAETEILCTBYET O HE3HAUUTEIbHOM
MarHuTOIIYMOBOH aHU30TPOIMU B o0pasle cBapu-
Baemoil ctamu 09I'2C, umeromieli B HCXOTHOM CO-
CTOSTHUM (DEPPUTHO-NIEPIUTHYIO MEIKO3EPHHUCTYIO
(cpennmii pasmep 3epeH ¢eppuTa paBeH MPUMEPHO
10-20 MKM) 1 PEUMYIIECTBEHHO, 0 JAHHBIM Me-
Taiiorpauu, OJHOPOJHYIO CTPYKTYpPY, KOTOpas
HE€ OKAa3bIBACT 3HAYHUTCIBHOI'O BJIIMSIHHA HAa MAarHuT-
Hyto aHusotponuto u Ha MIII. HezaBucumo ot me-
CTONOJOXKEHUs Touek u3mepenus MIII mo nmosepx-
HOCTH 00pa3ia, BKIOYas 0OpaTHYIO €ro CTOpOHY,
sHaueHHUS U,y TakKe OCTAIOTCS ONM3KHMH MEKIY
c000if, YTO MOATBEPKIAET BBICOKYIO CTPYKTYPHYIO
OJJHOPOJHOCTH 00pasLa.
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Pucynox 5 — Kpyrosele muarpamMMbl 3aBHCHUMOCTH MarHMTHOTO IIIyMa OT yIJla TIOBOpOTa InpeoOpasoBatens bapkra-
y3¢Ha Ha MOBEPXHOCTH 00PA3IIOB: a — BBICOKOIIPOYHAsSI BHICOKOJIECTHpoBaHHas ctanb BHC-2; b — Hu3KonerupoBanHas
cranb 0912C; ¢ — nuskoserupoBanHas cranb 10XCH/I; d — n3oTponHas KOHCTPYKIIMOHHAs OTOMOKEHHAs CTallb

Figure 5 — Pie charts of magnetic noise dependence on the angle of rotation of the Barkhausen transducer on the sample
surface: a — high-strength high-alloy steel VNS-2; b — low-alloy steel 09G2S; ¢ — low-alloy steel I0HSND; d — isotropic

structural annealed steel

AHanu3 nNpeACcTaBIeHHON Ha PUCYHKE 5¢ Kpyro-
BOW JMarpaMMbl 3aBUCUMOCTH U,y OT o [Ist CTain
10XI'CH/] moka3an, 4To OHa MMEET BBITSAHYTYIO
(hopMy cTporo BIOJb HanpaBieHus ocu «90°—270°,
COOTBETCTBYIOIIETO MAKCUMAIIbHBIM 3Ha4YCHUIM U,
Y COBIIAJ[aeT C HAIlpaBICHUEM MEXaHWYECKOW IIITH-
(hoBKH, IPUBOAIIEH K POCTY PACTATHBAIOIINX OCTa-
TOYHBIX HAaIPsDKEHUH, B TOM YHUCIIE, U TIOJ] BIUSHU-
€M Ba)XHOTO JIJIs JIETMPOBAHHBIX CTaJlel TENJI0BOTrO
¢axropa [16].

Ipumep usmenenus U,, M30TPONHOHW M OTO-
JOKEHHOM KOHCTPYKIIMOHHOHM CTajy TpEICTaBJeH
Ha PUCYHKE 5d, U3 KOTOPOTO CJenyeT, YTO pacipe-
aenenue U,y OT 0 XapaKTepu3yeT NPaKTUIECKH Mar-
HUTOILIYMOBYIO HM30TPOMHOCTh U CTPYKTYPHYIO OJ-
HOPOJHOCTB CTaJIH, KOT/Ia MPH JIFOOBIX MOI0KEHUSIX
JaT4WKa B Pa3IMYHBIX TOYKaX oOpasia 3aBHCHMO-
ctu U, OT 0L OCTAIOTCsl PAKTHYECKH MOCTOSIHHBIMU
U MPEJCTABISIIOT COOOH KOHLEHTPUUYECKH POBHBIC
OKPYXKHOCTH, CBUJICTEIBCTBYIOIIHE 00 OTCYTCTBHUU
MarHMTHOW aHW30TPOIUHN WA OIEHKE OJHOPOJIHO-
cti. OTMETHM, YTO JaHHBIA 00pa3er XxapaKTepHu30-
BaJICSl BBICOKOW CTEIICHBIO YUCTOTHI 00PaOOTKH I10-

BEPXHOCTH, YTO TaKXe OOECTIeUWIIO yMEHBIICHHE
norpeutHocty uaMepenus MIII.

Takum 00pazoM, PKCIEPUMEHTAIBLHO YCTAaHOB-
JIeHa KOPpeJIALNOHHAs 3aBUCUMOCTh MEKIY MHTEH-
CHUBHOCTBHIO MAarHUTHOT'O IITyMa U aHU30TpOIuei du-
3WKO-MEXaHHYECKUX CBOWCTB psma (heppoMarHuT-
HBIX MaTepHaIIOB.

3akaro4yeHue

Jliis 3KCIIepUMEHTAILHOTO KCCIICJI0BAaHUS BO3-
MOXHOCTHU NPUMCHCHUA MArHUTOIIYMOBOT'O METOda
JUTSE HEepa3pyIIaroIlero KOHTPOJII MEXaHHYECKUX
CBOHMCTB (PEpPPOMArHUTHBIX MaTCPUAIIOB H3TOTOB-
JIEHBl YCTPOWCTBO Ui KPYrOBOTO BpalieHus (Ot
0° mo 360° c meHoi menmeHus 5°) mpeoOpa3zoBaTES
Bapkraysena Ha MOBEpXHOCTH HUCCIieayeMoro dhep-
POMarHUTHOTO 00pa3la W yCTPOUCTBO st (hOpMHU-
poBanus B 00pasiie ynpyrux jaedopMaiuii u3ruoa.

Ha ocHoBe comoctaBieHHs! TONyYeHHBIX C I10-
Molpio Merona 3(dekra bapkraysena pesyibra-
TOB M TIPEIOCTABJIICHHBIX HM3TOTOBHUTEIIEM O00pa3IoB
LITAMITYEMON TOHKOJINCTOBOM CTajll C WU3BECTHBIMU
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KOX(pGUIIMEHTaMH HOPMAJIbHOW aHWU30TPOIHU ClIe-
JIaH BBIBOJI O TOM, YTO HMMEETCS Ka4eCTBEHHOE H
YAOBJIETBOPUTEIHHOE KOJUYECTBEHHOE COBIIAJICHHUE
3aBHCHMOCTEH, CBHJIETEILCTBYIOIIEE O HATUYHU
B3aMIMOCBSI3M MarHMTHOTO IIyMa ¢ MEXaHUYEeCKUMHU
CBOMCTBAMH M BO3MOKHOCTHU HCIIOJIb30BaHUS METO-
na s dexra bapkrayzena 11 U3ydeHUS] U KOHTPOJIS
MEXaHUYECKHUX CBOWCTB.

YCTaHOBIEHO, YTO yNPYTHe HAIpPsDKEHUS pac-
TsokeHus (B amamazone ot 0 mo =~ 70 MIla) u cxka-
tus (B quanazone ot 0 = 1o — 120 MIla) npu uzrutde
00pasIoB ANEKTPOTEXHUUECKON CTaIM TPUBOMAT K
PE3KOMYy M3MEHEHHIO YPOBHS MAarHUTHOTO IIyMa C
y4eToM 3Haka (opMupyembix HanpspkeHuit. Cre-
MeHb M3MEHEHWs MAarHUTHOTO IIyMa, a TakKe BHI
KPYTOBBIX MAarpaMM 3aBHUCST OT BEJIMYMHBI U 3HAKA
C03/1aBa€MbIX MEXaHHUYECKUX HAINPSHKEHUH B 00pas3-
1ie. [lokxazaHo, 9T0 B pe3ynbrare AeopMamyu OT X0-
JIOJTHOW TIPOKATKH JIUCTHI CTAIM UMEIOT SPKO BhIpa-
JKEHHYIO TEKCTYpy, (POPMHUPYEMYIO HaIpaBlieHHUEM
MpOKaTa BJOJb JJIUHBI JINCTA. 3HAYEHUS] WHTEHCHB-
HOCTH MAarHUTHOTO LIIyMa BJIOJIb HalpaBJIeHUs MPo-
KaTKH, COOTBETCTBYIOIIHE O0Jiee BEICOKUM MarHUT-
HBIM CBOWCTBaM CTajH, 3HAYUTEIHHO (IIPHUMEPHO
B 2-3,5 pa3a) npeBhIIAIOT JPyTUe HATIPABICHUS W3-
MEpEHHBIX 3HaYeHW MarHUTHOTO nryma. Co3maBa-
eMbIe YIIPYTHE HAMPSHKCHHS PACTSHKEHUS U COKATHUS
npu gedopmanusax u3ruda B paccMaTpuBaeMoOM Jra-
Ma3oHe UX N3MEHEHHS PAKTUIECKH HE MEHSIOT TeK-
CTYpUPOBAaHHOCTH, HJIM HABEJACHHYIO aHU30TPOIIHUIO,
BBI3BaHHYIO MPOKATKOM.

CreneHb MAarHUTHON aHU30TPOITHH, XapaKTEePH-
3yemasi U3MEHEHHEeM HMHTEHCHUBHOCTH MarHHUTHOIO
myMa u (POpMOI KpyTrOBBIX TUArpamMM, OTHOCHTCS
K HH(GOPMATUBHBIM  MTapamMeTpaM, TO3BOJISIOMINM
BBISIBIISAITh U OICHUBATH CTEMEHb €CTECTBEHHON U
HABEJCHHON aHWU30TPONHU TIPU TPOU3BOJICTBE U
IKCIUTyaTalui HM3JeNui U3 (heppOMArHUTHBIX Ma-
TepuanoB. OTanyre 1 0COOCHHOCTH OLIEHKH aHU30-
TPOIIMU C TTOMOIIBI0 MeTona dddexra bapkrayzena
OT aHaJIOTOB COCTOUT B BBICOKOH YYyBCTBUTEIBHO-
CTH ¥ TPOU3BOJUTEIBHOCTH, YHMBEPCAIBHOCTH MU
CHIDKEHNHU TpeOOBaHMH K pa3MarHWYMBAHHIO H37e-
JIMH 1epej; KOHTPOJIEM, OTHOCUTEIIBHOM ITPOCTOTE U
MaJIOl CTOMMOCTH peaJln3alii METOAA.

Takum 00pa3oM, TIONyYEHHBIE PE3yIbTATHI
IO MCCIIEZIOBAHNIO BO3MOKHOCTH TIPUMEHEHHS Mar-
HUTOLIYMOBOI'O METOJIa Hepa3pylLIaroIlero KOHTPo-
T MEXaHWYECKOW aHM30TPONMUHU (DPU3MKO-MEXaHH-
YEeCKUX CBOMCTB TOKazaiu 3()(ekTuBHOCTh M TpH-
TOAHOCTh METO/1a, KOTOPBI MOXKET OBITh MPUMEHEH

B JIa0OPATOPHBIX U 3aBOJCKHUX YCIOBHSIX B KAUeCTBE
CaMOCTOATEJIBHOI'0, JOINOJHUTEIBHOIO WM 3KC-
Ipecc-MeToAa: HallpUMep, IIPU KOHTPOJIE U OLIEHKE
MEXaHWYeCKOW aHM30TPOIMUH, TEKCTYPHI, CTPYKTYp-
HOI HEOJTHOPOAHOCTU U JPYTUX CBOWUCTB JINCTOBOrO
MIpOKaTa, TOHKOJIMCTOBOM U pYJIOHHOM CTaJu, JINCTO-
BOH IITAMIIOBKHU M PEUICHUS APYTUX 3aad.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B DPEJAKLMIO JKypHala, JODKHBI YHIOBIETBOPATH TpeOoBaHMsM «MHCTPYKIMM O IOpsiIKe
odopmiieHns KBaIM(PUKAIIMOHHON Hay4dHOH paboThl (uccepTanui). ..», yreepxaennoi [Tocranosnennem BAK Pb
or 28.02.2014 1. Ne 3

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

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMA-
CKOM SI3bIKE W ITyOJIMKYeTCs Ha SI3BIKE MTPEACTAaBICHNUSI.

3. [locTynuBine B peJakLUIO CTaTbu MPOXOAAT IBOM-
HOE Toycienoe peneHsupoBanne. OCHOBHBIE KPUTEPHUH
1IeJIeCO00PA3HOCTH OITyOTMKOBAHUSI — AKTYaJIbHOCTh TEMa-
THKH, HTHOOPMATHBHOCTh, HAYYHAS! HOBH3HA.

4. Crarbsi IpeiCTaBISICTCS B PACTICIATAHHOM H B DJICK-
TPOHHOM BHJIE B (hopmaTe TekcToBoro penakropa Word for
Windows. O0beM cTaTbi HE JODKSH TpeBbImarh 14 cTpa-
HUT, BKIodas TekeT (mpudt Times New Roman, pasmep
12 ., maTepBan 1,5), Tabmurpl, rpadpudeckuii MaTepual,
BCIO HEOOXOMMYT0 HH(OPMAITHIO Ha AHTIIMHCKOM SI3bIKE.

5. Ha mepBoii cTpaHHIe CTaThH YKa3bIBAIOTCS: MHIIEKC
VK, HazBaHue craThd, (aMITHN aBTOPOB ((aMILTHS aB-
TOpa, ¢ KOTOPBIM CIIEyeT BECTH TEPENHCKy, OTMEUaeTCs
3BE3JJ0YKOM M YKA3bIBAETCSl €0 aapec 3JIeKTPOHHOW MOod-
TBI), HA3BaHMS W TIOYTOBBIC aJ[peca OpraHM3anui (ynuuna,
HOMeEp JIOMa, HHJIEKC, TOPOJI, CTpaHa), B KOTOPBIX padoTaroT
aBTOPBI, HA PYCCKOM W aHIIMHACKOM si3bIKaxX. CTaThsi BKIIIO-
gaeT: aHHOTaIuo (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBe/IeHNE, B KOTOPOM JIENIAeTCsT Kpar-
KWt 0030p C/IETAaHHOTO B MUPE M KOHKPETHO (pOpMyIHpyeT-
Cs 11e7Th pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYCHHUE, B KOTOPOM
B CXXAaTOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPHMEHEHUsSI; CHHCOK HCIIOJIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KIIIOYEBBIC CIIOBA, CIMCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTanWs IODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNiOB CTAThH — BBEJCHUS
C yKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YacTH H
3aKITFOUCHUS).

7. I'paduuecknii MaTepuan JAOIKEH OBITh KOHTPACT-
HBIM U 4eTkuM. Dortorpadum mpeacTaBiusOTCS B 3NIEK-
TpoHHOM Buze (dopmar tif, jpg, pa3pemienne He MeHee
300 dpi). Bce prucyHku HyMepyrOTCS U COIPOBOXKIAIOTCS
MTOAPHCYHOYHBIMHU NOATIHCAMHU. DparMeHTs pruCyHKa 000-
3HAYAIOTCSl CTPOYHBIMH KypPCHBHBIMH JIATHHCKUMH OyKBa-
MH — «a», «b» uT. 1. Haamucn Ha puCyHKax M TOIIHMCH
K PUCYHKaM JalOTCsl HAa PYCCKOM M aHIVIMHCKOM SI3BIKaX.
Bce cokpamienust 1 0003HaYECHUS] HA PUCYHKAX JIOJKHBI
OBITH pacIU(pPOBAHBI B MOAPUCYHOUHON MOANHCH. PrcyH-
KM JKeJIaTeJILHO TPEOCTABIISTh B IIBETE.

8. Tabmuib! He TOHKHEI TyOIrpoBaTh rpaduku. Kax-
Jast TabIMIla UMEeeT 3aroloBoK. Ha Bce TabnuIIs! 1 puCyHKH
cIIe/tyeT JaBaTh CCHUIKH B TekcTe. Ha3zBaHue u comeprkanne
TaOJHI] TIPEJICTABIISICTCS Ha PYCCKOM M aHTJINHCKOM SI3BIKaX.

9. O003HaueHNS U COKPAIICHNS, IPUHATHIE B CTaThE,
pactm(ppoBBIBAIOTCS] HETIOCPEICTBEHHO B TEKCTE.

10. Pa3mMepHOCTb BCEX BEIMYUH, IPUHATHIX B CTAThE,
JTOJDKHA COOTBETCTBOBAaTh MEXIyHAPOIHOH CHCTEMe ellu-
HU1 mmMeperuit (CH).

11. MHOTOCTpOUYHBIE (HOPMYITHI OIKHBI OBITH HaOpa-
HBI B penakrope MathType, HOMepa dopmyn — 1o TipaBo-
My Kpato. HymepyroTcst mummb popMyIisl, Ha KOTOPEIE €CTh
CCBUIKH B TeKcTe. OTIeNbHBIe CTPOYHBIC OYKBBI M CITCITH-
aJbHBIC CHMBOJIBI HAOMPAIOTCS B TEKCTE TAPHUATYPOI Sym-
bol 6e3 mcmoab3oBanus pegaxkrtopa dopmyna. [Ipu Ha-
Ooope QopMmyn U OyKBEHHBIX 0003HAYCHHUH HEOOXOIUMO
VYHATBIBATh CIEAYIOMIAE TIPaBIJIa: PYCCKHIl ajadaBuT
He UCTOJIB3YeTCs; TpeUecKue OyKBBI, MaTeMaTHICCKHe
cumBodH (grad, div, In, min, max u ap.), CHMBOJBI XUMH-
YECKUX DIIEMEHTOB (B T.U. B HHJCKCE) HAOMUPAIOTCS MPSAMO;
JMATHHCKUE OYKBHI — IMEPEMEHHBIC I CHMBOITBI (PH3HYECKUX
BEIMYMH (B T.4. B MHICKCE) HAOUPAIOTCS KYPCHBOM; BEK-
TOPBI — KUPHBIM MPADTOM (CTPETKH BBEPXY HE CTABATCS).

12. CrucoK MCTIOJIb30BAHHBIX WCTOYHUKOB COCTABJIs-
eTCsI B TIOPSAKE YIMOMHHAHUS CCBUIOK IO TEKCTY, JOJDKCH
CofiepKaTh TOJHEIE OMOMUOTpauIecKie TaHHBIC U TIPH-
BOJINITCSI B KOHIIE CTaTh. He pekoMeHIyeTcs 1aBaTh CChII-
KA Ha MaTepHajbl KOH(EPEHINH, CTaThl U3 3JIEKTPOHHBIX
KypHanoB 6e3 uneHtudukaropa DOI, yueOHBIE TTOCOOUS,
HHTEpHET-pecypchl. CCHUTKM Ha HEOITyOIMKOBaHHBIE pado-
THI HE JOMycCKaroTcs. JKenaremnsHo, 9TOOBI KOJTMIECTBO CCHI-
1ok Obw10 He MeHee 10; camonmTrpoBanue — He Ooiee 20 %.

13. ABTOpBI Ha OTAENBHON CTPAHULIE MIPETOCTABIISIIOT
0 cebe cremyronue CBeIeHUS: (haMWIINs, UMs, OTYECTBO,
ydeHasl CTEeTIeHb W 3BaHHE, MECTO pabOTHl W 3aHMMaeMast
JOJDKHOCTB, aJipec IIEKTPOHHOH CBA3M.

14. Crarpu, u3nararonde pe3yJbrarbl UCCIeJOBaHMH,
BBITIOTHCHHBIX B YUPSIKICHUSX, TIOTDKHBI IMETh COOTBETCTBY-
IOIIIee pa3pelIeHre Ha OITyOITMKOBAHIE B OTKPBITOM TIECYaTH.

15. TIpn HE0OXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAlOTCSI HANMEHOBaHME (DOHIA, OKa3aBIIETO (pHHAH-
COBYIO TIOAJCPXKKY, WJIH YPOBEHh W HANMEHOBAaHHE TIPO-
TpaMMBI, B paMKaX KOTOpPOW BBIITOJHEHa padoTa, Ha pyc-
CKOM W aHTJIMACKOM SI3BIKaX.

16. ABTOpBI HECYT OTBETCTBCHHOCTH 32 HAIIPaBIICHUC
B PEAKIINIO CTaTeH, paHee YKe OMyOITMKOBAHHBIX HIIH TIPH-
HATHIX K [ICUATH APYTHMHA U3TaHUSIMH.

17. Cratbu, HE COOTBETCTBYIOIIME MEPEUUCIEHHBIM
TpeOOBaHUAM, K PACCMOTPECHUIO HE TMPUHUMAIOTCS U BO3-
BpamaroTcs aBTopam. JlaToif IMoCTyIUICHUS CUUTACTCS ACHB
MOYYCHUS PeIaKIiell TepBOHAYaIFHOTO BAPHAHTA TEKCTA.

18. Pemakuusi mpeaocTaBisieT BO3MOXKHOCTb MEPBO-
0YEpEIHOTO OIYONUKOBAHUSI CTATEH JIUIIAM, OCYIIECTBIISO-
MM TIOCJIEBY30BCKOE OOydUeHHe (acrmupaHTypa, TOKTOpa-
HTYypa, COWCKATEIhCTBO), B TOH 3aBEpPIICHUS OOYUYCHHS;
HE B3UMAeT IUIaTy C aBTOPOB 3a OIMyOJIKOBAaHNE HAyYHBIX CTa-
TEH; OCTaBIIIET 3a COOO MPABO TIPOM3BOINTH PEITAKTOPCKUC
TIPABKH, HE HCKAXKAFOIIIEe OCHOBHOE COICPIKAHUE CTAThU.




AUTHOR GUIDELINES

1. Article materials should correspond to the journal
profile and be clearly written.

2. An article should be submitted in Russian or Eng-
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 Windows format
(97/2000/2003). The paper should not exceed 14 pages of the
typewritten text (Times New Roman, 12 points, 1.5-space).

5. The article should contain UDC number, Title
(printed in capitals), Authors’ names (the corresponding
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), In-
troduction, the Text of the paper with tables, diagrams and
figures (if there are any), Conclusion with clearly stated
inferences, List of References, List of Symbols and Ab-
breviations (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 in-
formation. Each table should have the title. All tables, dia-
grams 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. Or-
der of references should correspond to the order of their
occurrence in the text. It is not recommended to refer
to conference proceedings, papers from electronic jour-
nals without DOI number, textbooks, internet resources.
References on unpublished 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-au-
thor should be presented: family name, first name, pat-
ronymic (or second) name (if there are any), scientific
degree and title, organization and position, full address
with the postal code for correspondence, office or mo-
bile phone numbers, fax, e-mail.

14. Articles containing investigation results ob-
tained 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
Editorial Board would not be accepted and may be re-
turned to the authors. The date of receipt is considered
to be the day when the Editorial Board receives the au-
thor’s original paper.

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