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Kypunan «/luHamMuka Hu BHOPOAKYCTHKA»

TEOPETUYECKHE U  IPUKIIAJHbIE
OpUTMHAJIbHBIE Hay4HO-HCCJIEI0BATEIbCKUE
paboTel B 00yiacTH, 0OYCIIOBICHHONW Ha3BaHUEM
JKypHaJIa a TaKkKe B 00JIaCTAX, CMEXKHBIX C HUM.
Bce paborbl mpoxomAT — mpeaBapUTENbHOE
pELEH3UPOBAHHUE.
Lenbro >xypHana ABISETCS CTUMYJIHPOBAHHE
JUCKYCCHH, ¢dbopMupoBanue Hay4HO-
UH(POPMALIMOHHOM Cpeasl M paclpoCTpaHEHHE
uae B o0nacTu JUHAMHKUA M BUOPOAKYCTHKHU
Pa3IUYHBIX CUCTEM.

pabor, mnyOJUKyeMBIX B HaIlem

JKypHaJie, OCBSIIEHA!

- cucTeMaM YIpaBJIeHUs1. aJalTUBHOMY
u ONTHUMAILHOMY yIPaBJICHHUIO;
ABTOMAaTU3UPOBAHHOMY YIPABJICHUIO;
HHEPreTUUECKUM CUCTEMaM U YIPABIICHUIO UMH;
TUAPABIMYECKUM  CHUCTEMaM  YIPABIICHMS,
MHTEJJIEKTYaJIbHOMY YIPABIEHUIO; YIIPABICHUIO
JIBUJKEHHEM,

- BUOpaumu:  BuUOpauuum  CHUCTEM €
MOCTOSIHHBIMM M JTUCKPETHBIMU IapaMeTpaMH;
JUHEHHBIM ¥ HEJIMHCWHBIM  BUOpaIusMm,
MOJAJIBHOMY aHAJIN3Y; TUHAMUKE KOHCTPYKLIHIA;

NOJABJICHUIO  BUOpalMK;  MACCUBHBIM U
aKTUBHBIM METO/1aM JIeMI(UPOBaHMUS;
- AKyCTUYECKOM  DMHCCHH,

6opp0e C mIyMOM U MyJbcalUsMU paboueit
CpenBl;

- NyJabCcalMAM  JaBJIeHHsA.  BOIpOCaM
B3aMMOJEHCTBUS paboyeil cpenbl U TBEPABIX
TPAHUL]; TEYCHUSAM, BBI3BIBAOIIUX IOBBILIECHHBIN
YpOBEHb IIyMa U BUOpallMU; TEUEHUIO B KaHAJIax
U TpyOax; TeUeHUIO B OMOJIOTHYECKUX CUCTEMAX;

CTPYSM; MyJIbTH(HAZHOMY TCUYCHHUIO;
TUAPOJUHAMUKE HAABOJIHBIX M  TOJBOIHBIX
amnmapaToB;  TypOYJIEHTHOCTH U  BOJIHAM;
JIUHAMHUKE;

- IMOBEJICHUIO CUCTEM;
JIOJITOBEYHOCTH, HaAEKHOCTH; npoiieccam
MIPOCKTUPOBAHUS H HW3rOTOBJICHUS;
MEXaTPOHHBIM  CHUCTEMaM;  JSHEPreTUYECKUM

YCTaHOBKaM; POOOTOTEXHUYECKUM CHCTEMaM;
TPAHCIIOPTHBIM CPEICTBAM.
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The Journal of Dynamics and Vibroacoustics

peer-reviewed theoretical and applied
original scholarly articles, Research Papers,
Technical Briefs, and feature articles in the
traditional areas implied by its name, as well as
papers in interdisciplinary areas.
The purpose of our journal is to disseminates
information in dynamics and vibroacoustics of
interest to researchers and designers in
engineering, medicine, computer science,
chemistry and others. The majority of papers
present original analytical, numerical or
experimental results and physical interpretation
of lasting scientific value. Other papers are
devoted to the review of recent contributions to
a topic, or the description of the methodology
and/or the physical significance of an area that
has recently matured.

include but is not limited to:

- control systems: adaptive and optimal
control; computer control; distributed parameter
systems and control; energy systems and
control; fluid control systems; intelligent
control; motion controls;

-vibration: vibration of continuous and
lumped parameter systems; linear and non-
linear vibrations; modal analysis; structural
dynamics; vibration suppression and isolation;
passive and active damping;

- acoustic  emission;
control; structural acoustics;

-pressure  pulsation:  fluid-structure
interaction; flow induced noise and vibration;
bubbly flows; cavitations; compressible flows;
duct and pipe flows; flows in biological
systems;  fluid-structure interaction; jets;
multiphase  flows; naval hydrodynamics;
turbulence and wakes; instrumentation and
components;

- machinery dynamics; rotor
dynamics; combined and coupled behavior;
durability; reliability; system design and
manufacturing; optimization; manufacturing
technology; mechatronics; power systems;
production systems; robotics, transportation
systems.
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CUCTEMA CBOPA MU OBPABOTKH MHWH®OPMALMU O
JUHAMMUYECKHUX IMPOLOECCAX B TA30BO3AYIIHOM
TPAKTE I'TI TP JTOBOAOYHBIX HCITBITAHUAX

Uccnedosanusi  cazoounamuueckou  ycmouuusocmu 1T senstiomes
BAJICHEUWUM IMANOM €20 00B000UHBIX UCHBIMAHUU, HANPAGIEHHbIX HA
obecneuenue Hadéxcnocmu — co3oasaemozo Osueamens. Jlogodounvie
pabomul OCLOJNCHAIOMCSL MeM, YMO YCMOUYUBOCMb O8ULAMENSL 3A6UCUM
om  83aUMOOeICBUs  MHO2UX  (DYHKYUOHANbHBIX Y3708, GKIHUYAA
KOMApeccop, Kamepy C2Opauus, mypoOuHy, a makice OmM Pexdcuma e2o
pabomul U 3HAYUMENbHO20 YUCHA BHewHUX akmopos. Llerb cmamovu -
obecneuums npoyecc UCHLIMAHUL CPeOCMBAMU NOLYYeHUs Doee NOHOU
uHopmayuu 0  2a300UHAMUYECKUX NpOYeccax, NpOMeKarwux 8
NpOmMOYHOU 4acmu osueamend. Mo Modicem YCKOpUms  8blieileHue
He0OCmamKo8 — KOHCMPYKYyuu,  6blpaboOmKy — Meponpusmui no  ux
VCMPAHEeHWIo U COKpamums CpoKu 00800KU, d HA 3a8epuiaroujem dmane
UCNbLIMAHULL  YCMAHO8UMb ¢ OONbUel  MOYHOCMbIO  (PAKMUYECKYIO
epanuyy ycmouuugocmu co30anHo20 osucamensd. Jna  nogvlieHus
docmogepHocmu  OnpeoeleHus HAYAAbHOU CMAouu  803HUKHOBEHUS
CPbIBHBIX NPOYECCO8 8 NPOMOUHOU UACMU O8USAMENSL NPEONONCEH HOBbIL
NnOOX00 K 8b100py KOHMPOIUPYEMbIX RAPAMEMPOS - U3LUOHBIX KOeOaHUll
pabouux nonamox u nyavcayuii daeieus. Paccmompena obobwennas
cmpykmypa —cucmemsl cbopa umpopmayuu Ha OCHO8e CPeoCms,
obecneuugarowux pabomocnocoOHOCMb  UCHOALIYEMbIX OAMYUKOE 8
IKCMPEMATbHLIX YCI08UAX UX IKCHIYaAmayuu, a maxdice HeobXooumvle
OuHamuyeckue xapakmepucmuku cucmemvl. Packpvimol  npunyunsi
NOCMpOeHUss MAKUX cucmem U OAHO ONUCAHUE QYHKYUOHUPOBAHUSL
cucmemsl. Packpvimsl  803MOMCHOCMU — CUCMEMbl N0  OnpedeneHuro
CPbIBHBIX AGNEHUN, HNOKA3AHbL BAPUAHMbL  GbIYUCIEHUS NAPAMEMPOS,
Xapaxmepuzyiowux useubHvle Koaebanusi nepa JONAMKU, HOKA3AHbL
8APUAHMBL NPEOCMAGICHUSL  PEe3yIbInamos HabIo0eHull 6 epapuyueckol
¢opme. Vkaszano Ha nepcnekmugy UCHOIb308AHUS NPEONOHNCEHHBIX
cpeocme npu Wmammuoul IKCHIYamayuu 0sueamerns.

Kurouesvie crnosa: eazomypbunnvlil 0sucamens, 0080004Hble UCNBINAHUSL,
2a300UHAMUYECKAS. YCMOUYUBOCHb, CPbIEHbLE NPOYECChl, GPAUYAIOUWULICS
cpuls, nyabcayuu 0agieHus, KoneOanus paboqux A0namox, paoudibHsill
3a30p, 0amM4uKu.

HCIILITAHUSA (0] IIPOBEPKE 3armacoB
ra3oJiMHaMHUYecKoi  yctoiumBoctu [2, 3]
I'TH Cnenyer OTMETUTH, qTO0 noreps

SBJISIFOTCS TOBOJOYHBIE ucnbiTanus (W), mensb

KOTOpbIX - OTpaboTka pabouero mporecca
JBUTATENss M €ro  KOHCTPYKIHMH  JUId
o0ecrieyeHMs  3asBJIEHHBIX IapaMeTpoB H

Tpebyemont Han&xHoctH [1]. JnutensHocts JIU
JUIST  aBUAallMOHHOTO  JBUTATENsl  MOXET
OoCTUratb 5-6 nmer m BKIIOYaeT CTCHOOBBIC U

JICTHBIC HCHObITaHMA 3HAUYUTCIBHOI'O 4YHCIIa
OIIBITHBIX 3K3CMILIAPOB.

OI_ICHKE[ Ha)lé)KHOCTI/I JABUTaTCIIA
BBITIOJIHACTCA B Xo4e ClienuaJIbHBIX

HCHBITaHHﬁ, B HOMCHKIJIATYPY KOTOPBIX BXOISAT

ra3oJIMHaAMUYECKON YCTOMYMBOCTH JBHUIATEIIA
SBIISICTCS OTHUM M3 HanboJiee OMacHbIX OTKa30B
ABHALIMOHHOM CWJIOBOM YCTAHOBKM M IIpH
9KCIUTyaTalluy JABMUraTessl paboTa Ha pexumMax,
pu KOTOPBIX pabouast TOYKa Ha
XapaKTEpUCTHKE KOMIIpECCOpa pacrojiaraercs
BOJIM3U TPaHULIBI YCTOMYUBOCTH, HEJAOMYCTUMA.
B 10l cBa3u Oosee TOYHOE OMpeEEICHUE
IpaHUIbl YCTOWYMBOCTU TMPH HCCIEAOBaHUU
(akTOpOB, BIMSIIOIMX HA CPBIBHBIE IPOLIECCHI B
razo-po3nymHoM Tpakte (I'BT) co3maBaemoro
JIBUTATEIS, SIBIISIETCS aKTyaJIbHOM 3a7auei.
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Wcnprranus Ha ra3oMHaMUYECKYIO
YCTOHYHMBOCTh JIBUTATEINS SIBISIOTCS Hawmbouee
CJIOKHBIMH, TaK KaK UX PE3yJbTaThbl 3aBUCIT OT
B3aUMO/ICUCTBUS KOMIIpeccopa, KaMephbl
CropaHuss U TypOHMHBI, a TaKKe OT BIUSHUS
BHEITHUX (pakTopoB. Ha pazmuuHbIX pexumax
paboThl W TpU M3IMEHSIOUIMXCA BHEIIHUX
YCIOBHUSIX HET OJHO3HAYHOW CBSI3U MEXKIY
napaMerpamu pabodero mnpoiecca 1 MOMEHTOM
BO3HUKHOBEHHS CpPBIBHBIX siBIICHUH. [loaTOomy
MPEACKAa3aHUe UX MO M3MEHEHHUIO TOJIBKO
OJIHOTO (buznuecKoro napamerpa HE
oOecrnieunBaeT TpeOyeMol JOCTOBEPHOCTH.

B kauecTtBEe  OCHOBHOTO  HCTOYHHKA
uHpopmanuu o cpeIBHBIX mpomeccax B ['BT
UCIIONIB3YIOTCSL ~ IMYJbCAlldU  JIaBJICHUS B
ceuenusix [I'BT. Tak, BBICOKOYACTOTHBIC
MyJIbCAIIMK JaBJICHUS HA BBIXOJE KOMITpeccopa
YKa3bpIBalOT Ha BO3MOJKHBIM BpallarolIuics
CpPBIB B MEXKJIOMATOYHBIX KaHalIax pabodmx
KOJIEC, @ HU3KOYACTOTHBIE MYJIbCAIUU OOJBIION
aMILTUTY/Ibl — O BOBHUKHOBEHUHU TIoMnaxa. Tak
KaK Ha MyJIbCallUd JaBJIEHUS OT CPBIBHBIX
MPOILIECCOB MOTYT HAKJIAAbIBaThCS IYJIbCAIUU,
BbI3BaHHBIE  JIPYTUMHU bakTopamu, TO
WCIIOJIb30BAaHUE MYJIbCAllMA  JIaBIICHUS  JJIA
oOHapyXeHHs] HaualbHOW CTaJAMM 3apOXKICHUS
CPBIBHBIX SIBJICHMM B KaueCTBE OCHOBHOTO
UCTOYHUKM  WHGOpPMAlMM  HEAOCTaTOYHO.
Hcnonp30BaHue JOMOIHUTENBHON HHGOpMaIUs
0 MapaMeTpax JBUTATENs MO3BOJISET MOBBICUTH
JIOCTOBEPHOCTh OoOHapyKEeHHS CPBIBHBIX
npoueccoB B 'BT. Tak B [4] ana onpeneneHus
BHUJIa, MeECTa BO3HUKHOBEHHS, YaCTOTHBIX
XapaKTEePUCTUK CPBIBHBIX MIPOLIECCOB
UCIIOJIB3YETCSl YPOBEHb W YACTOTHBIA CIEKTP
BUOpaIMii Ha cTaTope KOMIIpeccopa B 00JacTh
JIONATOYHBIX BEHIIOB pabounx konéc. B obmem
cly4yae IyJbCalldd JaBJICHHS, TOBBIIICHHBIN
ypOBeHb  BHOpaluii  ctatopa  SBISIOTCSA
KOCBEHHBIMH ITapaMeTpaMu U CBUJIETEIbCTBYIOT
0 HaJIMYUM YK€ HACTYNUBIIErO CPBIBHOTO

nporecca, OJHAKO WX HEIOCTaTOYHO IS
OoOHaApy)KeHHMs] ~ HAYaJIbHOW  CTaIWh  €ro
3apOXKICHUSL.

IIpemtaraercs 1 onpeneieHrs Ha4albHOU
CTauU 3apOKJICHUS CPBIBHBIX IPOLECCOB B
I'BT pononnurensHo K uHGOpMAIMU O
MyJIbCALMSX JABIICHUS HCII0JIb30BaTh
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nHpOpMALIUIO O KOJICOAHUSAX TOPIIOB PabOUMX
JIONIATOK KoMIIpeccopa. JlelicTBUTENBHO,
U3ruOHbIe KoJeOaHus Tepa JIOMATKHU SBISIOTCS
«TIpSAMBIM», TEPBUYHBIM  MapaMeTpoM  OT
neicTBus a’pOIMHAMUYECKUX CHIL,
BO3HUKAIOIIMX TPU  OTPbIBE IOTOKA  OT
MOBEPXHOCTH Tepa JIONATKH.

ens CTaTbu — JEMOHCTPALIHS
BO3MOXKHOCTEMH TEXHUYECKUX CPEICTB,
HCIOJIb3YIOIIMX B KauyecTBE  OCHOBHOI'O
UCTOYHUKAa HWHGOpMalUuu Uis OOHapy>KeHUus
HavyaJbHOM CTaJuu CPbIBHBIX Ipoueccos B ['BT
Koie0aHusi  TOpPLOB  paboyMx  JIOMATOK
KOMIIpeccopa B COYETaHHH ¢ HWH(pOpMamuen o
nynbcauusx aasiaeHus B ['BT.

PaccmarpuBaroTcss TpPUHIUMIBI TTOCTPOEHUS
cucteM cbopa u 00paboTKKM HH(OpMaNUU O
npoueccax B ['BT (CCOU-T'BT), wux
0000111eHHasT CTPYKTYpa, OCOOCHHOCTH PabOThI
npu cOope wuHPOpMaUMU Ha Pa3TUYHBIX
pekuMax paloThl JABUTATENs, a TaKXkKe HX
BO3MOXXHOCTH B CJIy4ae MCIIONb30BaHUS IpU
IITAaTHOM  OSKCIUTyaTaluu JBuratens. boie
nosiHasi uHpopManus o mpoueccax B ['BT
MO3BOJIUT CBOEBPEMEHHO BHECTH JOpPabOTKU
KOHCTPYKIIUH, pacuImpuTh TPaHUIIBI
yCTOMYMBOW pabOThl OBUTATENSI MU COKPATUTH
CPOKH €ro J0BOJKHU.

2. OcobenHocru,
(pynkuuonupoBanue
kaHajoB CCOU-I'BT

CTPYKTYypa "
HU3MepPHUTeJIbHBIX

Cnenyer oTMeTuTh, IO KpailHeil mepe, 1Ba

¢axropa, YCIIOKHSAIOIINX HOJTyYEHUS
MEepBUYHON  HMHpOpMAMu O  Ipoleccax
HenocpenacteeHHo B I'BT. Bo-nepsbix,

HeOJaronpusTHas ra30-BO3AYyIIHAs cpeaa Juis
pa3MelieHusl TaTYMKOB, TeMIEpaTypa KOTOpOi
B 30He TypOunsl mnpessimaer 1000 °C. Bo-

BTOPBIX, BBICOKAas CKOPOCTh  IPOTEKAHUS
pEerucTpupyeMbIX mporeccoB. Tak, dacTora
BBICOKOYAaCTOTHBIX MyJTbCAITUiH JaBJICHUSA
JOCTUTAeT HECKONbKuX KII, a OKpyKHas
CKOPOCTh  IEPEMEIICHUsS TOPIOB  padodmx
jgomatok  cocraager 300 — 400 wm/c.
[Ipennaraemeie TEXHUYECKHE CpencTBa

coxpansifoT paboTtocrnocobHocTh B cpene ['BT
JIBUTATENII W O0JIafaloT  JOCTaTOYHBIM
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JTMHAMAYECKHUMU XapaKTePUCTHKAMH,
MO3BOJIIOIIMMU BECTH COOp U TEPBUYHYIO
00paboTKy HH(pOPMAILIMK B peaIbHOM BPEMEHHU.

2.1. Ilpunyunsl nocmpoenus cucmem

1) B Ka4yeCcTBe OCHOBHOTI'O
UH(HOPMAIMOHHOTO napamerpa JUTSt
OoOHapy)XeHHsI CpbIBHBIX siBieHH B ['BT

UCTIONB3YIOTCSL  KOJICOAHHsI TOPLIOB JIONATOK
paboumx Koméc, TaKk Kak YroJl OTKJIOHEHHUS
TOpIIa OTHOCHUTEJIBHO 3aMKa JIOTIATKU SIBIISICTCS
HEPBUYHBIM T1apaMEeTPOM, H3MEHSIOLNIMMCS B
CBS3U C n3ruoom nepa JIOTIaTKU
IPOMOPIMOHATIBHO  a3POJMHAMHYECKOI  Ccuie,
BO3HUKAIOMIEH Nmpu e€ 00TEeKaHHH BO3AYIIHBIM
HOTOKOM.

2) s MOBBILICHUS TOYHOCTH
UAECHTUPUKALIUN CPBIBHBIX IPOLIECCOB
aHaIU3upyercs COBOKYITHOE HOBE/ICHUS
HECKOJIbKUX U3MEPSIEMBIX napaMeTpoB
(u3rubHple  KojeOaHus  TOPLOB  JIOMATOK,
NyJIbCALUY JIaBJICHHUSA).

3) B Ka4ecTBe HEPBUYHOTO

npeoOpaszoBarens i NodydeHus: nHdopmanuu
00 m3ruOHBIX KoneOaHMAX pabodmx JIOMATOK
UCIIONIB3YETCSl OPUTMHAIBHBIA OJTHOBUTKOBBIN
BuxpeTokoBeiii gatunk (OBT/) [5], xoTopsiii
MIO3BOJIIET JIOTIOJIHUTENBHO MOJIYYUTh
MH(pOpPMaLIMIO O BEIMYMHE PaJlalibHOTO 3a30pa
(P3) Mexnmy TopuOM  KaxXIOW  JIOMATKU
KOHTpOJIUpYeMOro  pabouyero  kojeca U
CTaTOpOM  KoMmpeccopa.  Bemnuumna  P3
OKa3bIBAeT MpPSMOE BIUSHUE HA YCTOWYHBOCTb.
VBenmuuenne P3  mo  koHmaM  Jomatrok
KOMIIpeccopa BBICOKOTO naBiieHuss Ha 1 %
MOJKET MIPUBECTH K YMEHbILIEHUIO
koaduimenTa 3anaca yctoiuuBocty Ha (3...8)
% [6]. AHnanmus YCTOMYHUBOCTH
pa3pabaTbIBa€MOro JIBUTATENs JOJIKEH
POBOAMTHCA ¢ yu€ToM umerouxcs P3.

4) Heobxomumoe OBICTpOjCiiCTBHE KaHala
0OHapy)XeHHUSI HM3THOHBIX KOJICOAHWH JIOTIATOK
IPU OKPY)KHOM CKOpPOCTHM TOPLIOB JIOMATOK
300...400 wM/c  pmocTHUTHYTO  3a  CUéT
OpPUTMHAJILHOTO croco0a MOJIy4EHUs
uH(pOpMalMKU ¢ JaT4rKa, P KOTOPOM Ipoliece
npeoOpa3oBaHusl  BBIMOJIHSAETCS B  TEUEHHE
OJIHOKPaTHOI'O «OTIPOCHOTO» UMITyJIbCa

Journal of Dynamics and Vibroacoustics, 3(1)

NUTaHUA JaTYUKA, IJTMTEIbHOCTHIO nopsiaka 0,5
MKC [5].

5) B kauectBe u3MEpHTENs IyJIbCAIHid
JABJICHUSI UCIOJIb30BAaH OPUTHMHAIBHBIA 30H]] C
JATYMKOM M MOABOJSIINM KaHAJIOM, B KOTOPOM
IIPUMEHEH AaKyCTHYECKUH KOPPEKTUPYIOLIHN
3JIEMEHT, UCKIIFOUYAIOIINNA OTpakKEHHBIE BOJIHBI U
PE30HAHCHBIE SIBJICHUS, CHUKAIOIINE TOYHOCTH
u3mepenus [7].

6) IlpemycmarpuBaeTcsi  BO3MOXKHOCTB
aZanTaluy NpeyiaraéMblX METOJIOB U CPEICTB
W3MEPEeHUs] TMapaMeTpPoOB i peUIeHUs 3ajad
JUAarHOCTHUKM W YIpPAaBIEHUS NPU MITaTHOU
SKCILTyaTalluu JBUTATEIIA.

2.2, DynKyuonaivHan
mexXHUYecKux cpeocmae

cmpykmypa

[Ipennaraemble  TEXHUYECKHE
MO3BOJISIIOT  CO34aBaTh CHCTEMBI
CIIO)KHOCTH JUISI CTEHAOBBIX U OOPTOBBIX
WcObITaHUN Ha  craauud  jgoBoaku [T/
TexHuueckue cpencta obecrneynBaroT cOop
NepBUYHON HH(pOpMaIUK, npeodpa3oBaHUE UX
B LU(POBOK KOJ C TMOMOIIBIO CTaHIAPTHBIX
aHaJoro-IM(POBBIX Mpeodpa3zoBaresei Tuna L-
Card u BBOO B MEPCOHAIBHBIA KOMIIBIOTED
(ITIK), mocnenmyroniyro 00pabOTKy C UENbIO
OTIpeJIeNIEHUs] KOHTPOJIIMPYEMBIX MapaMeTpoB U
cocrossHuss ['BT. OOmuii BuI CTPYKTYpHI
cucteMbl cbopa M 00pabOTKHM HH(pOpMAIMU
MOKa3aH Ha pUCYHKE 1.

cpeacTsa
Ppa3IM4YHON

k"

—_———

—_— e — — — — —

I I
[T HATETh -

AL
(LCard

— _ em———————

—_— e — — — — —

Pucynox 1. O6001meHHas cTpyKTypHasi CXeMa CUCTEMBI
cbopa n o6padoTku nadopmanuu o npoueccax B ' BT



CpenctBa mosnydeHus: uHboOpMaru 00
OJIHOPOJIHBIX  MapameTpax oOOBEIUHEHBI B
COOTBETCTBYIOIIME TPYIIBI - H3MEPUTEIbHBIC
ka"asbl (MK). Cucrema copepxkut UK nns
natyukoB mynbcanuit gaienus JIL;. .. A1y,

O/JIHOBUTKOBBIX ~ BHUXPETOKOBBIX  JaTYMKOB
OBT/;....OBT[,, nar4yukoB TeMIEpaTypsl
AT;... AT, wu xaHam CHHXPOHH3ALUUH C
OJIHOBUTKOBBIM ~ BUXPETOKOBBIM  JaTYUKOM

OBT/l. (M, n, p — 4KUCIIO COOTBETCTBYIONIUX
JTATYNKOB).

K COAEPIKUT COOTBETCTBYIOLIUE
u3MepuTenbHbie npeoOpazoatenn  (MII) mo
YKCIly YCTAaHOBJIEHHBIX Ha JIBUraTellb JaTYUKOB.
Cnoxnoctb CCOMU  ompenensercs  oOuum
yuciiom UII, 3aBucsmmuM ot uncen BhIOpaHHBIX
cedeHui B I'BT M ycTaHOBJIEHHBIX B HEM
JaTYNKOB B  COOTBETCTBUE C  IPUHATOU
IporpaMMoi ncnbITaHuil.

B IIK peamusyercs anropuT™M yIpaBIEHUs

cbopoM uH(popMaIuy, BBIYHCIIFOTCS
U3MepseMble TapamMeTpel, (OPMHUPYIOTCS UX
BPEMEHHbIE 3aBUCUMOCTH, BBIITOJIHSIETCS

HAaKOIUICHUE JaHHBIX U JUAarHOCTUKA COCTOSIHUSA
I'BT.

2.3. Paboma uzmepumenbHo2o Kanana
CUHXDPOHU3AUU

Coop U TOCHeayromas obpaboTka
WH(OPMAIIUU CO BCEX U3MEPUTENBHBIX KaHATIOB
MPOU3BOJIUTCS C MPHUBSA3KOW K «CHUCTEMHOMY»
BPEMEHU U K YIJIOBOMY IOJOKEHHIO POTOpa
KOMIIpeccopa. N3mepurenbHbIi KaHaJl
CUHXPOHU3AIUHU (UK,) obecrnieurBaeT
pacmpeneleHrne BceX pe3yibTaToB HW3MEpPEHUH,
BBITIOJIHAEMBIX B CUCTEME, HA €IMHON YIJIOBOU
ocu «b» 0... 360 rpagycoB, cCOOTBETCTBYIOIIEH
MOJIHOMY 000pOTy poTOpa KOMIIpeccopa.
[TepBuunbiM  ucTouHukoM uHpopmammu UK,
apisiercst  OBT., GyHKIHOHUPYIOIIHI ¢
YCTaHOBJICHHOW Ha Bally POTOpa HEMAarHUTHOM
«metkoi». OBTJl, pa3memaercs Tak, 4TOOBI
MIPH BpAIICHUH Bajla YyBCTBUTEIbHBIN JIEMEHT
JaTdydKa B3aMMOJEIHCTBOBAT C «METKOW», B
pe3yabpTaTe Yero WU3MEPUTENbHBII

1 Ilpu onmcanuy NPUHIUIIA 1EHCTBUSI CUCTEMBI Oy1eM
HOpUaepKUBaThCsl MUHMManbHOro uncna UII B K.

Journal of Dynamics and Vibroacoustics, 3(1)

npeoOpaszoBarenib BbIPAOATHIBACT OJWHOYHBIN
UMITyJILC,  TepeaHuid  (QPOHT  KOTOPOTO
NPUHUMAETCS 32 HAYall0 YIJIOBOW KOOPIMHATHI
nonarounoro koneca D=0. VYpemuuenme b

uAET B HANpaBICHUU MPOTHBOIOIOKHOM
BPAILLIEHUIO poTopa. [TonoxurenpsHOM
ocobenHocTrio pumeHenus OBT/l. B kanane
CUHXPOHHU3AIUU B CpaBHEHUU c
TPaIUIIMOHHBIMHU AJIEKTPOMATHUTHBIMU
JaTYMKaMu ~ 4acToThl  Bpamenus  ([UB)

SBIISICTCS HE3aBUCUMOCTH (DOPMBI M aMILIIUTY/IbI
curHana jgartuuka B (QyHKuum yrma D 1mpu
W3MEHEHHH 4YacTOTHl BpALICHHUS POTOpA, UTO
TIOBBIIIAET TOYHOCTh ONPEACICHHUS «HYJIEBOTOY
YIJIOBOTO TIOJIOKEHHUS pOTOpa Ha  IIKajie
TEKYIIETr0 «CHCTEMHOT0» BPEMEHHU.
MukpomnporneccopHbiii 670k 00paboTku
(MITIBO) (cMm. pucynok 1) umndbopmanuu UK,
COJIEPIKUT Taiimep, bopmupyromIHii
«CHCTEMHOE» Bpemst t. MOMeHThI BpemeHHu f,

IPOXOXKIEHUs yrinoBoi koopaunatel D=0 na
KaxI0M obopore K Qukcupyercs B mamsaTu
TIK. Curnan U.
CUHXPOHHU3AIUIO PabOThl aHAIOrO-IU(POBOro

npeoOpa3oBarensi C TEPHOJOM  BpalleHUs
potopa. [IBa MPUMBIKAIONIMX MOMEHTAa BPEMEHH

o0ecrieunBaeT

t., m t, mnosomsror ma obGopore Homep K
ONPENENNUTh JUTUTENLHOCTL MEPHOIA BPAILEHHS
poropa T W CPEIHIOK YIIOBYKD CKOPOCTbH

Bpamenust V, 3a omun oGopor T, =t —t,_,,

V, =360/T,.
MuHuManpHasi ~ JIMTEIBHOCTh  IEpUOJA
BpalieHus1 potopa T, OTPAHUYCHA

MAaKCHUMaJIbHOM 4YacTOTOM BpAIIEHUS pPOTOpA
N, . xorkpernoro I'TJ T . =60/N_. .

[Io yrnoBo#l CKOpPOCTH BpAIIEHHS JBYX
npumblkatomux ~ oboporos K—-1 wm Kk
ONpEACNIUTCS CpellHee YIJIOBOE YCKOPEHHE
poropa Ha o6opote K
O = (Vi —Viu) /T, =360-(1-T, /T, ) /Tkz-

Beeném Ttekymee Bpems U B mpememax
ob6opora K, wmsmenstomeecs or 0 go T,.

[Ipumem yckopenune 0, B mpenenax obopora K
HeusMeHHbIM. [IpeobpazoBanue curnanos ¢ UK
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B KOO ABJILCTCA MOUCKPETHBIM BO BPEMCHHU.

Mowmentsl  ompoca MK ¢ Homepamu |
(GUKCUPYIOTCS Ha WIKAJIE€ BPEMEHH TEKYIIETO

obopora K poropa. D10 mossonser mus i,

Opd  KOTOpPOM  3aUKCHUPOBAHBI  JaHHBIE,

BBIUMCIIATH YIIIOBOE MOJIOKEHHe portopa Dy,
COOTBETCTBYIOIIEE STOMY MOMCHTY BPEMECHU
2
bki :Vk T +0 L /2. (1)
Takum obpaszom, B Oyioke obpabotku UK,

dopmupyercss uHGOpMaLUsi O BPEMEHU ChEMa
Bcex AaHHbIX ¢ UII u 00 yrioBom 1nosoxeHuu

poropa B 1,;.

2.4. Paboma u3zmepumenbHblX KaHAN08 C
0amyuKamu nyabcayuu 0ae1eHus

JlaTuynka mnynbcalui JaBIEHUS HE MOXKET
ObiTh  yctaHoBneH B ['BT  ngBurarens
HEMOCPEJCTBEHHO B TOYKE HW3MEPEHUs H3-3a
BBICOKMX TEMIIepaTyp, ypOBHS BHUOpaumii, a
TakkKe M3-3a O0bIUX ero radaputos. [Toaromy
MOJKIIIOYEHUE JaT4MKa K TOYKE HW3MEPEHUs
MPOU3BOAUTCA TMPHU TMOMOIIM HOABOASIIETO
KaHana. Hanwmume  mopBopsimiero  KaHaja
MPUBOJUT K 3HAYUTEIIBHOMY  HMCKAKECHUIO
nepefaBaeMol K JaT4MKy HHQOpMAIMH O
MEPEMEHHON COCTaBJIAIOIICH [1aBJICHUSA H3-3a
PE30HAHCHBIX sABJICHUM. [IOBBIIIEHUS TOUHOCTH
W3MEpPEHUs MYJIbCAlMil JIaBJICHUS TPU 3TOM
MOKHO JOOUTHCS aKyCTHUECKON KOppeKIHen
JMHAMUYECKUX XapaKTePUCTHUK MOABOISAIIETO
ka"ana [7]. IlogBoasimmii BOJHOBOA, MATYMK

MylbCallMii ~ JaBJIEHUS  H AKyCTHYECKHI
KOPPEKTUPYIOIIUM 3JIEMEHT B COBOKYIHOCTHU
0o0pa3yloT  30HA  MyJdbCalluid  JIaBJICHUA,
YaCTOTHEIC XapaKTEPUCTUKU KOTOPOT'0

OTIpEEINAIOTCS 3apaHee 1O €ro YCTaHOBKHM Ha
JIBUTaTeINb Ha CIEIMAIEHOM CTEHJIE
nyJascupyrommx fgasieHuid [8]. B kauectBe
npeoOpa3oBaresis  JaBJIEHUS  MCIOJIb30BaH
UHAYKTUBHBIN MU depeHINaTbHbIA  IaTUUK
JAMMU-10 [9], curHam c BbIXOJAa KOTOPOTO
npeoOpazoBeiBaeTcs B 01oke ALl B mudpooii
kog «C». B 3aBHCUMOCTHM OT BEJIMYUHBI
a0COIOTHOTO JaBJIEHUS M YPOBHS IyJbcalluid
JUISL WCIIBITBIBAEMOIO JIBUraTellsd B KadecTBE
npeoOpazoBares JABIICHUS MOTYT

Journal of Dynamics and Vibroacoustics, 3(1)

WCTIOJIB30BATECS JPYTrUe JaTYUKU JaBJICHUS,
nanpumep I OKb «Curnam», ¢upmer PCB
(CIIA), PS2001 OOO «I'nmobanTect» [10].

I[lo wm3BecTHOM  4acTOTHOM  (pyHKIHH
npeoOpa3oBaHus, MOJTy4aeMoit npu
IPagyHUpOBKE 30H/AAa HAa CTEHNE, BBIYUCISACTCS
U3MEPSEMOE JaBIICHHE B TOYKE KOHTPOJIS.

Yucao OaTYMKOB AABICHHUS B CEUYCHUH U
YHCIIO0 KOHTPOJMPYEMBIX CEYCHHUU BBIOMpPACTCS
C Y4€TOM MpEIIojJaracMoi HEOJHOPOIHOCTH
JIaBIICHUS B ITOTOKE Taza2.

2.5. Paboma wu3zmepumenbHblX KaHAN08 C
6UXPENMOKOBLIMU OAMYUUKAMU

OIHOBUTKOBBIA BHXPETOKOBBIM JaTUYUK C
YyBCTBUTEIbHBIM 3JeMeHTOM (UD) B Buae

OJIMHOYHOTO MPOBOJIHUKA [11] UMeeT
MOHOJIUTHYIO CBapHYIO KOHCTPYKIIHIO,
o0OecrieunBamONIyl0  paboTOCIOCOOHOCTh B

9KCTPEMAJIBHBIX YCIOBHUAX OKPYKAIOLIEH Cpezbl
B KoMmImpeccope U  TypOuHe. JlaTumk
yCTaHaBJIMBAaeTCsl Ha CTaTop Tak, 4ToObl YO
HaXOAWJCA  HaJ  JIONATOYHBIM  BEHIIOM
KOHTPOJIUPYEMOTO KoJjeca KOoMIIpeccopa
(typOunbl) W ObT 3armyOJeH B CTAaTop
OTHOCUTEJIBHO  BHYTPEHHEH  ITOBEPXHOCTHU
nopsinka Ha 0,5 mM. Ilpu Bpamenun padouero
KOJIeca TOPIIbI JIONIATOK ¢ HoMepoM { (pucyHOK

2) IpOXOJAT 30HY YYBCTBUTEIBHOCTH AATYUKA
b,

UHAYKTUBHOCTH L, KOTOpoe TpeodpasyeTcs B
Hanpsokenue u ganee B nudposoit kox «C» B

BBI3BIBAIOT HN3MCHCHHC €ro

AUCKPETHBIC MOMCHTBI BDEMCHHA ti .

Benuuuna UHAYKTUBHOCTH L
BUXPETOKOBOTO JaT4nKa 3aBHCHUT oT
paccTosiHus 710 JomaTku. B kadecTBe Mephl
yIaa€HHOCTU MPUHSTO PAcCTOSTHUE I OT LIEHTpa
YyBCTBUTEIIBHOTO JJIEMEHTA 70
reOMETPUUECKOT0 LEHTpa TOpLEBON
noBepxHocTu Jjonatkd. C yMmeHblIEHHeM I
WHIYKTUBHOCTh JaTYWKAa YMEHBIIAEeTCS, a KOJ
curHana ¢ UII yeBenumuuBaercd. 3a mpeznenamu

2 Iy MILTFOCTPAlMU  TIPUHITUIIA PAaOOTHI CUCTEMBI OYIET
HCIOJIb30BAaHO MO OJTHOMY AATUMKY JaBJIEHUS B CEUEHUAX
nepen konblesoi KC.
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30HBI YYBCTBUTCIIbHOCTHU
JaTdyuKa HC U3MCHACTCA.

HHIAYKTUBHOCTDH

5 8f

Pucynoxk 2. BapuanTtel npoxoja Topua nonatku JI; 30Hb1
JyBCTBUTEIBHOCTH JATYNKA, YCTAHOBJICHHOTO B TOUKY A
CTaTopa: a) MOJIOKEHUS BEKTOpa I B 30HE
4yBCTBUTEIBHOCTH b, ; 6) OTKIOHEHHE TOpIa paboueit

JIOIIATKU [PH CTaTHYeCKOM u3rube b ; B) oTkinoHeHus

TOpLa [Py KoleOaHMsIX epa Jonatku b,

JInnelinas IPOTSHKEHHOCTh 30HBI
YYBCTBUTENBHOCTH D, jaTdynka B HANpaBlIeHUH
BpallleHUsl TOpIia JONAaTKU OJM3Ka K BEIMYMHE
muamerpa D, Topuesoit wactu natumka. Ilpu

3aJaHHOM JOIIaTO4YHOI'O

paaunyce
pabouero komeca R

BCHIIA
OIPCACIIACTCA YIrj1oBas

Kon

30Ha YYBCTBHUTCJIBHOCTHU b JaTdyrdKa B

v
HAMPaBICHUN BPAIICHUS POTOPA |, _ 236;0 D,
T

Wnrepsan Bpemenn At=t , -t ¢uxcanun
kon0B AIIIT (mar muckpeTH3annm) BEIOUpaeTcst

TakUM, 4YTOOBl B 30HE YYBCTBUTEIBHOCTU
natdauka (PUCYHOK 3) KOJIHMYECTBO OTCYETOB

KOozaa ObLIO HE MEHee I npu MaKCHUMaJIbHOMN

34

vactore Bpamenus poropa N, . B pesynbrare

MUHMMaJIbHOE BpemMs |, ..., B TEYEHHE

KOTOPOr0 TOpELl JIONMATKU HAXOAUTCA B 30HE
YyBCTBUTEIbHOCTH JaTYNKA, "
COOTBETCTBYIOIMI uWHTepBan Bpemenn At
OIPEIEIATCSA CIEAYIOIUMU BBIPAXKECHUIMHU

T, T T,

Ty =0y At = 24min __Zmin_p,
- 360 bLI I3LI 360|3q b!I

Journal of Dynamics and Vibroacoustics, 3(1)
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Pucynok 3. 3aBucumocTtsb BeixogHOTo curtana Ul c
OBT/] npu npoxosxaeHuu Topuos jonatok Jig, Jig, u
Jlg+» 30HBI UyBCTBUTETBLHOCTH JaTuHKa: 1 - IMppOBHIE

kozbl «C» B MOMEHT chéMa WHPOPMALIUH C JaTIHKA

(pombudeckne ToUKH); 2 - TU(PPOBOHA IKBUBAICHT

«C,(t) », cOOTBETCTBYIONINIT HENPEPHIBHOMY H3MEHEHHIO

WHIYKTUBHOCTH JIaTYHKA MO BO3JICHCTBHEM
NepeMeIaroIerocs TOpLa JIONATKU (TOHKAas JTMHUS)

MuHuMmanibHOE  3HA4Y€HHE I SIBJSETCS
panuanbHbiM 3a30poM (P3) mexny Ttopuom

JIOIIAaTKHW U CTATOPOM, a 3aBUCHMOCTH Ca (t) B

3TOT ~ MOMEHT  Bpemenn [ yMeeT

makcumanbioe 3Hauenne C, . Kox C,  wm

BpEMs tm IMO3BOJIAIOT BBIYHUCIWTL YTJIOBOC

TOJIO)KEHHE TopLa Jomatku NC  Kak IIpu
CTaTM4YeCKOM u3rube mnepa (pucyHok 2,0), Tak u
1pu ero konebanusx b_ (pUCYHOK 2,B).

B O6IJ_IGM CIyda€ MOMCHTBI BpPpEMCHHU, IIpU
KOTOPBIX OTCUHHUTBIBAIOTCSA 3HAUCHHA KOOa Ci
HC COBIAAalOT C MAKCUMYMOM 3aBUCHUMOCTHU

C) . N3BecTHBI AT OPUTMBI [5],
obecnieunBaromue Boruncienune {, u C . (1)
C  HUCIOIB30BAHUEM  ANMPOKCUMHPYIOLIEN

3aBUCHMOCTH

(OR(9

MOJIYUCHHBIM 3HA4YCHUSAM KOJa B 3adaHHLIC

MOCTPOEHHOM IO

MOMCHTBI BPEMCHU B 30HC bq. VYunteiBas

«KOJIOKONOOOPA3HBIi» BUJ M «TJIAJKOCTh»
dyskmun  C,(t), OGymer nocratouno s
noctpoenuss 3asucumoctu  C,(t) B Buzme

IMOJINHOMA BTOPOT'O IMOpAAKa HUCIIOJIB30BaTh TPpU
3HA4YCHUA KOJa B obnacTu OKCTPEMAJIBHOTI'O

snagenns C, (t)
C,=At° +At+A @)
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Jns  peanu3anMy  aNropuTMa  BBIYMCIICHUS
HKCTPEMANBHOTO 3HAUEHHMs] KOJa M MOMEHTa
BpEMEHU €ero JOCTHOKEHUS B
nocnenosatensroctn  C,(t) (cm. pucyHox 3)
Ui Jonatku ¢ HomepoM ( BeiOupaercss Tpu
Kona (pucyHok 4) - Hambonpumii xox C,, a
KO C,

TaKXKe IIPEALIECTBYIOIMINMI

MaKCUMaJIbHOMY  3Ha4Y€HHUIO, n KOJ C3 ,

cnez[yfoumﬁ 3a MaKCUMaJIbHbIM 3HAYCHUCM.
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Pucynok 4. Kozibl B OKpECTHOCTH IKCTPEMATILHOTO

curHana WIT npu npoxoskaeHnN TopIia JOMaTKH ¢
HoMepoMm ( 30HBI uyBCTBUTENBLHOCTH HaTUHKA

KoadduimenTs! mommHOMa 11 BRIOPAHHBIX

kogoB  C,,C,,C; M COOTBETCTBYIOMINX
momentoB Bpemenu {11, ompemenstorcs
CIIETYIOIIUMU BBIPOKCHUSIMU
2
A =C - At - AL,
Cz _ Cl t22 _t12
A= -A 3)

t,—t, t,—t
A2 — (tz _tl)(CS _Cl) — (Cz _Cl)(ts _tl)
(t —t)(E —t7) - (& —t7)(t; 1)

U3 pasenctsa 0C,(t)/dt =0 sprumcnsercs

Bpems [, makcumyma ¢pyukiuu C, (1)

t =—0,5A/A,. @)

[To dopmyram (3) u (4) B «peasbHOM

BPEMCHH)»  BBIYHCIIAIOTCA t B TCUCHHC

mgk
06op0Ta k poTopa I BCEX JIOIIATOK g

KOHTpoJMpyemMoro koseca. Ilo Beamunue t,

Journal of Dynamics and Vibroacoustics, 3(1)

ucrions3dyst (1), ompenmensercs  yrioBoe
nojoxenne Dy Topua xaxnoi nonarku § Ha
KaxaoM obopore K poropa nmBurarens B

CHCTEeME KOOpANHAT KOJIeca.
N3rn6 nepa nomatku ¢ HOomMepoMm ( mox

JEHCTBUEM adpOJIMHAMUYECKHIX CHJI Ha 000poTe

k OyneM  XapakTepu3oBaTb  YIJIOBBIM
OTKJIOHEHHeM Topua Jyomatku  Aby, B
IUIOCKOCTH ~ BpAlIEHUs]  KOHTPOJIUPYEMOIO

KoJIECa OT YIJIOBOI'O IIOJIOXKCHHA e€ 3aMKa C
Y4€TOM HA4YaJIbHOT'O OTKJIIOHCHUA bT3g TOpLIa

OTHOCHUTCJIBHO 3aMKa

by,

g

= ng - b3g ! (5)
Irac b - JIOBOC IIOJIOXXCHHC LICHTpa 3aMKa
3 Yr. p

gonatku ¢ HomepoM ( ompenmensiercs w3
KOHCTPYKTOPCKOM JIOKYMEHTALlMU U BHOCUTCS B

namaTs [1K; ng - Ha4aJIbHOE II0JIOKEHHUE TOpLIA
nonatku ¢ HomepoM { B yrioBoil cucreme
KOOp/MHAT Kojeca. HaganpHoe monoxenue by,

¢ukcupyercss B TaMATH CHUCTEMBI BO BpeMs
craprépHod npokpyrku poropa 1T/, mnpu
KOTOPOM BIUSHUEM a’3pOJUHAMUYECKHX CHII
MOXKHO  TpeHeOpeub. DakTUYECKHH  yrom
OTKJIOHEHMSI TOpLA OTHOCUTEIBHO  3aMKa
JIOTIaTKU TIOJ ACUCTBHEM a’pOJMHAMUYECKUX
cun Ha obopore K ¢ yuérom HayambHOTO
OTKJIOHEHHUs1, paccuntanHoro mo ¢opmyne (5),
ONPEIEITUTCS CIEIYIOIIMM  BbIpaXKEHHEM

Aby, = by by, +b,,.

I[lo  Benmumue  { ucnonszys  (2),

mgk >
BBIYUCIAIOTCA SKCTPCMAJIBHBIC 3HAUCHUSA KOJ0B
C U 10 3aJI0’KEHHOH B CUCTEMY U3MCPCHU

C(P3)
OTIpe/IeNIIeTCS BENUYMHA PATUAIBHOTO 3a30pa
P3, nns xaxao# jonatku Ha 000poTe poTopa

k.

mgk

IpagyrpOBOYHON  XapaKTEPUCTUKE

2.6. Paboma uzmepumenvHwvix Kanauioe
¢ damuuKkamu memnepamypul

Temneparypubie WK wucnonb3yrorcs it
noseiienus TouHoctu CCOU-I'BT 3a cuér
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KOPPEKLIUA  TEMIIEpaTypHOH  MIOTPEIIHOCTH
OBTA. JlaTuMk COIEpKUT JBE BCTPOEHHBIE
TepMomnapbl TMna XA CO  CTaHJApTHOMU

TPagyupPOBKOM, I M3MEPEHUS TEeMIIepaTyphl
KOpIlyca JaTyuka W TeMmIepaTypsl B oOiactu
YyBCTBUTEJIBHOIO 3JIEMEHTA. M3MepuTenbHbIN
KaHaJl  COJEPXKUT CTaHJapTHbIE CpPEICTBa
GbOopMUPOBAaHUS CHUTHAJA JUIS TOCIEAYIOUIETO
npeoOpazoBanusi B mudpoBord  kom  [5].
Temnepatypa B 00JacTH YYBCTBUTEIHHOIO
JJeMeHTa OM3Ka K TeMIeparype BHYTpPeHHEH
noBepxHocTh cratopa Q.; aBuUraTens u
ABIIIETCS  JOTMOJHUTEIbHBIM  HCTOYHHKOM
uHpOpMAllUM TIPU  aHAIM3E XaPaAKTCPUCTHK
JIBUTATEJIS.

3. Ocobennoctu padorsi CCOU-I'BT npm
00HApPY:KEHHUH 30HbI CPHIBHBIX MPOLIECCOB

Cucrema  oOecrieunBaeT B pEaJlbHOM
BPEMEHHU TNOJy4YeHUEe (aKTUUYECKUX 3HAUYCHUM
IIPUBEJCHHBIX Bple mnapamerpoB I'BT Ha

pa3MYHBIX pEeKHUMax pabOThl  JBHUraTEJs.
CpriBHBIE IIPOLIECCHI XapaKTEepU3YIOTCS
pa3BUTHEM BO BPEMEHU M B IpocTpaHcTse. Jliis
HayaJbHOW  CTAJMM  CPBIBHOIO  IpoIecca
XapakTepeH BPALIAIOIIUNCSI CpBIB, KOTOPBIU
COIPOBOXKAACTCS KOJIeOaHUAMHU TOPLIOB
JIOTIaTOK, HaXOJSIIMXCS B 30HaX CpbIBa

KOHTpoJpyeMoro koiseca. st oOHapyKeHHs
KOJIeOaHUI BBIMONHICTCS HEMPEPhIBHBIN cOOp
JAHHBIX Ha KaXJ0M 000pOoTe poTopa. 3HAUCHHUS
BBIYMCIICHHBIX [ApaMeTpoB (OPMHUPYIOTCS B
COOTBETCTBYIOIINE MACCHUBBI C  IPUBSI3KON
KaXJOro pe3yjbTara K yrJIOBOMY MOJOXEHHIO
KOHTPOJIMPYEMOT0  Kojieca,  KOTOpOe  OH
3aHMMAaJl B MOMEHT ChEMA JIAHHBIX.

OOHapyxeHHe KoJeOaHHil TOPLOB JIOMATOK
OCYIIECTBIISIETCSL B pe3y/IbTaTe CpPaBHEHUS
YIIIOBOTO OTKJIOHEHHsS TOpIIa Ka)IOM JIOMATKH
OTHOCHUTEJIBHO YIJIOBOTO TIOJIOKEHUSI 3aMKa Ha
CMeXHBbIX  oboporax  portopa  (K...k+1,
k+1...k+2 u T.1.).

Ha pucyHke 5 WUTIOCTPUPYETCS HMHTAIIUS
OXHIAEMbIX YTIIOBBIX OTKJIOHEHHH TOPIIOB
JIOMATOK OTHOCHTENIBHO YTJIOBBIX ITOJIOKEHHIA

Journal of Dynamics and Vibroacoustics, 3(1)

3aMKOB3  TpU  TPEX30HHOM  CpbIBE  Ha
npuMbIKaromux oboporax K, K+1, k+2.
[TokazaHo (cM. pUCYHOK 5) cMeIIeHHe 30H Z ...
Z3 C KOJEOJIOMMMUCS JIOMAaTKaMu 10
OKPY)KHOCTH paboyero Kojieca B CTOPOHY
OONBIIMX  YIJIOBBIX  3HA4YeHUH  (IpOTUB
HalpaBJICHUs] BpalICHUs). 3aBUCHMOCTH Ha
pUCYHKE 5, TOJY4YCHHbIE TIPH PEaATbHBIX
UCTIBITAHUSX JIBUTATENIS], TIO3BOJIAT MPOCIICAUTh
pa3BHTHE CPBIBHOTO IPOIlECCa BO BPEMEHU OT
3apOXKJICHUS] CPHIBHON 30HBI, C TOCIEIYIOIIHM
W3MCHCHHEM 4YHCla 30H U TepexoJoM B
COCTOSIHUE TTIOMIIaKa.

Z1 Z2 Z3

N

o o

o @
-

-
-

Y F PRV LT

)

VYromn, rpanyc
<
~
"

i

o
o

16 k2 48 64 80 9%
Homep nonarku

a

20,8

= .

=
<

0,6 v
E: LR Py N P R LT EV R Y
504 w
8 g -

02

o

0 16 32 48 64 80 9%
Homep nonatku

0

[N

o
-
.

R N LA

VYrou, rpanyc
o o o
S
.

o
N

o
o

16 32 48 64 80 96

Homep nomnatku

B
PucyHok 5. YrioBble 110JI0KEHUS TOPLIOB JIOMATOK Ha
cMexHbIX 00opoTtax PK mpu Bpamaromemcs cpeiBe: a) -
o6opot PK Ne k; 6) - o6opot PK Ne k+1;
B) - 06opot PK Ne k+2

3 Pe3ynbTaThl NOITyYeHbI MOJEITMPOBAHUEM KoJeOaHMi
TOPILIOB Ka)kJI0H JIONaTKu (.
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Ha pucynke 6 mokazaHO W3MEHEHUE
YIJOBOI'O IIOJIOKEHHST TOPLIOB JIONATOK Ha
MOCIEAYIOMEM 000pOTE€ MO OTHOWICHUIO K

npensiymemy ADy .,y =Aby ., —Aby, . TIpu
oToM, eciau (asa KoneGaHWH W KPaTHOCTh

Y4acTOT KOJIGOAHHWH JIONMATKH COBHANAeT ¢
gactotro  paboter  AIIIl, To BenuumHa

OTKJIOHEHHS TOpIia JIONATK! Abg Ha MOBTOPHOM
obopote coxpanutcs. B aTom ciydae pasHOCTh

OTKJIOHEHHII Ha JBYX CMEXHBIX 000poTax
OyzeTr paBHa HYIIO

Abg(k—l)—k =0. (6)
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Homep nomatkn
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6
Pucynok 6. OTKJIOHEHUS YIJIOBOTO MOJIO0XKEHUS TOPLA
OJIHOMMEHHBIX JlonaTtok PK Ha AByX cMeXHBIX 000poTax
poropa: a) - 06opotst k+1 — K; 6) - o6opoTsr K+1 — k+2

Ecrm  ¢a3a wa  BTOpOM  0OOpoOTE
NPOTHBOIIOJOXKHA, a Jionmarka Ha obopore K
NpoXoauila  30HY  YYBCTBHUTEJIBHOCTH  C
MaKCUMaJdbHBIM  HW3THOOM, TO HU3MEHEHHE

orknonenus Aby, ;) Ha JBYX CMeXHBIX

o0opoTax OyIeT paBHO YABOCHHOMY 3HAYEHUIO
aMIUTUTYZIbI ~ KOJIEOAHWW  JaHHOW  JIOTATKU

Aby gy =F2AD o

Takum oOpa3oM, ¢ ydérom 3aBUCHMOCTH (6)
«30HAJIBHOCTbY», MTOKa3aHHAas Ha PUCYHKE 5 Uis
Aby ;¢ Ha YIIOBOM pa3BepTke Kojeca (CM.
pUCYHOK 6), He coxpansercs. Jlomarku, s
Abyy 4y 20,  rapanTHpoBaHHO
KOJIEOJIIOTCS, @ YacTh JIOMATOK, JUIS KOTOPBIX

BBITIOJIHSIETCST  ycioBue (6), Takke MOTYT
konebathcs. [IpenenbHble OTKIOHEHHSI TOPIIOB

KOTOPBIX

Journal of Dynamics and Vibroacoustics, 3(1)

BCEX JIONATOK KoJieca 3a OJUH 000pOT poTopa

MOT'YT npuOIMKaThCS K CpenHen
MaKCHUMaJIbHOU aMIUTATY/IE KoJieOaHuii
JIOTIaTOK.

B ocHoBe anroputma (ukcanuu Hadaiga
CPBIBHBIX MpPOIECCOB (Hayaja KojeOaHHiA
TOPLIOB JIOTIaTOK c BO3pacTaroein
aMIUINTYZI0l) $IBJIIETCS NPEBBIILIEHUE MOIYJS
Aby gy HEKOTOPOTO 3a/IaHHOTO
«IIOPOTrOBOr0» 3HAYEHHUS b,

|Abg(k—1)—k| >by, (7)

Onepauusa cpaBHeHMs (7) BBINOJHSETCS Ha
Ka)XXJI0M 000pOoTe poTOpa, A KaXKI0H JonaTKu
pabodero kojeca M, B Cllydyae BBIIOJIHEHUS
HepaBeHcTBa (7), cHUcTeMOW BhIpadaThIBaCTCS
CUTHAJI TPEAYIPEKICHUS O HAYAIBHOU CTaJUU
CcpbIBHBIX TiporieccoB B ' BT nBurarens.

s UCKIIIOYEHUS dbopmupoBaHus
«JI0’)KHOTO» CHUTHaJIa O CPBIBHBIX IpoIleccax B
KOMIIpEcCOpe, a Takke JUIsl MCCIEeI0BaHus
CBSI3€M CPBIBHBIX MPOIIECCOB CO CTPYKTYpOH
JIaBJICHU I Ha BBIXOJIE KOMIIpECCcopa,
uHboOpMaIsi O KOJNEOAHUAX TOPLOB JIOMATOK
COIIOCTABJISICTCS C U3MEHCHHUSIMH a0COIFOTHOTO
JIaBJICHUSL W TynbcauusiMu aasieHus P(b) Ha

Bxozae B KC 3a o6opot poropa. Ha pucynke 7
IpUBEIEHbl 3aBHCUMOCTH TIOJHOTO JaBIICHUS
Ha BBIXOJIC KOMIIpeccopa st Tpex cMexHbIX (K,
k+t1 u k+2) 06GopoToB poropa, MOIYYSHHBIX
CHHXPOHHO C 3aBHCUMOCTSIMU Ha PUCYHKE 6.

Koppensimuss  popmbl  KpuBOM  M3MEHEHUs
NaBJIeHUs B TIpeiesiax obopoTta poropa (CM.
pUCYHOK 7) ¢ (hOpMOI THCTOTPaMMBbl YTIIOBBIX
CMEIIEHUN TOPIIOB JIOMATOK (CM. PUCYHOK 3)
MOJITBEPKIAET HAJIMUME CPBIBHBIX MPOLIECCOB U
CHIDKAET BEPOATHOCTH JIOKHON MH(POpPMALIUU O
3apOKJIEHUH CPBIBA.

VYyactku 3aBUCUMOCTH P(b),
COOTBETCTBYIOIIIME MPOXOKICHUIO 30HBI CPHIBA
(Jlomatok ¢ KOJIEONIOIIMMHUCA  TOPLAMH),
XapaKTePHBI CHIDKCHHUEM CTaTHYECKOTO
JMABICHUS W BO3pacTaHWEM  ITYJIbCAIIHHA
naBieHus (30HbI Zj... Z3). B mpomexytkax
MEXJy 30HAMH  CTaTHYECKOE  JaBJICHUC

COACPIKUT ITyJIbCAlUH Majou AMIUIUTYAbI, HC
CBA3aHHLIC CO «CPBIBHBIMU) ITPOLICCCAMU.
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B
Pucynoxk 7. 3aBHCHMOCTB 1aBJICHUS Ha BBIXOJE
KoMITpeccopa 3a 000pOoT poTopa Mpu TPEX30HHOM
BpallaromemMcs cpeise: a) - 06opot PK Nek; 6) - o6opot
PK Nek+1; B) - 060pot PK Ne k+2

B cinydae coxpaHeHMs —yCIOBUH, IIpU
KOTOPBIX BO3MOXKHO JajibHeilee pa3BUTHA
CPBIBHBIX TIPOIECCOB B Kommpeccope [12],
OPOM30MJET paclIMpeHHe 30H CpblBa Ha
pabouem KoJiece W CPBIB PACHPOCTPAHHUTCS Ha
BECh KOMITPECCOP, YTO MPHUBEAET K «IIOMIIAXY»
U BO3MOXXHOMY Da3pyImIEHHIO 3JIEMEHTOB
KOHCTpYKUMH  auratens. Ilpm nommaxe
myJabCaluun JaBJICHUS CMCHIATCA Ha
HU3KOYAaCTOTHbIE M  BBI3OBYT  KoyieOaHUs

CKOpOCTH BpamleHus u yckopenwi (,,,(t)

poTopa KOMIIpeccopa, KOTOpbleé MOTYT ObITh
UCIIOJIb30BaHbl B KAauyecTBE JOIMOJIHUTEIbHON
uHpOpMaLnKu 0 HacTynuBLieM nommnaxe [13].
Taku 00pa3oM, COBOKYIHOCTh H3MEPSEMBIX
CHCTEMOW TMapaMeTpoB — KoJIeOaHHsS TOPIOB
pabouMx JIOMaTOK, MyJIbCallUil 1aBIeHUs MepeN
KC no3BoistoT Hagé&XHO U Ha paHHEW cTaauu
3aUKCUpOBaTH  MOMEHT  BO3HUKHOBEHUS
CPBIBHBIX IPOLECCOB MpPHU MPUONMKEHUH K
IpaHULle YCTOMYMBOCTH, MPOILIECC UX Pa3BUTHS,

Journal of Dynamics and Vibroacoustics, 3(1)

a TaKxKe OIICHUTH 3¢ PeKTUBHOCTH
IMPOTUBOIIOMITIAXKHBIX CpCACTB oT Ha4dalla
CPBIBHBIX MPOIECCOB (ITOMITa)ka) JO MOMEHTA
X YCTpaHEHHS.

4. IlepcnextuBsl npumeHenuss CCOU-T'BT
npu wratHoi s3xkenayaramuu I'T/{

daktrueckas BenmunHa P3 Ha paboraromiem
JIBUTATEJIE B MPOLIECCE IITATHOM KCIUTyaTaluu
He wu3BecTHa. B [5] moka3zaHo, dYTO ¢
YMEHBIIIEHUEM P3 YIY4YIIAKTCA
XapaKTePUCTUKU JIBUTATENS, BKJIFOYast
YCTOHYHMBOCTh, BBIOPOCHI, IIYMHOCTB, PAacXo]l
TOIUIMBA,  JajdbHOCcTH  monera.  Cremyer
OTMETHUTh aKTyaJbHOCTh TEMbI CHIKeHUs P3 Ha
pacuéTHOM (KpeWcepcKkoM) pexXHuMe ToJeTa,
Korja 3HaueHue P3 mo omeHkam 3apyOeXHBIX
CHEIMAIUCTOB MOXET OBIThb CHIXKEHO 10
MuHUManbHOW Benmuuuuabl 0,125 MM [14]. C
yu€ToM paboThl ABUTATENsl Ha MEPEXOJHBIX
pexuMax BBINOJTHEHUE YKA3aHHOTO YCIIOBUSA
BO3MOXKHO JIMIIb Ha JBHUraTeNIX C aKTHUBHBIM
ynpasieHueMm P3 no uHdopmanum ¢ 1aT4UKOB,

YCTaHOBJICHHBIX HETOCPECTBEHHO Hajl
JONATOYHBIMH BEHI[AMH peryaupyeMbIxX
CTyIICHEH.

B macrostmee  Bpemst  paboThl 1O

UCCIIEJIOBAaHUIO M pa3paboTKe [BUTATeNed C
AKTHUBHBIM  PETyJMpPOBAaHUEM  3a30pOB U
YIPABICHUEM HEIMOCPEICTBEHHO 1o
“H(pOpMaIIUU ¢ JATYUKOB PaUaIbHBIX 3a30POB
BEIyTCS B CcTpaHax c Pa3BUTHIM
nBurarenectpoeHuem [15-21].

Ampantanmgs CCOU-I'BT gnga  mTatHOTrO
MIPUMEHEHHUSI TTO3BOJIUT MOTYIUTh HH(OPMAITHIO
o BenuuuHe P3 Ha moOoM pexume padOThI
JBUTATENS, PEIYNPERAaTh O MPUOIMKEHUH K
OTIaCHBIM 3a30paM M O 3apOXKJACHUU CPBIBHBIX
npoueccoB B I'BT nBurarens, a Takxke BecTH
MOHUTOPUHT 32  COCTOSHHUEM  TMPOYHOCTH
pabouux IOMATOK KOHTPOIUPYEMBIX pPabOUHX
KoJIEC.

5. 3akarouenune

1. Jns onmpeneneHus Ha4YaJlbHOM — CTaauM
BO3HUKHOBEHMS  CPBIBHBIX  IPOLECCOB B
MPOTOYHOM YACTH JABUTATENS MPEIJI0KEHO
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KOHTPOJIMPOBATh  OJHOBPEMEHHO HW3THOHbBIE
KosiebaHuss pabouux JIOMATOK W IIyJbCAllUU
JIaBJICHUS Ha BXoJie B kamepy cropanus ['T/I.

2. [Ipennoxxena 0000mIeHHAs CTPYKTypa
cucteMbl cOopa U 00pabOTKH MHPOPMAIUK Ha
OCHOBE BHUXPETOKOBBIX JIATYMKOB KOJeOaHUI

nepa JlomaTKM M aKyCTHMYECKUX  30HIOB
NyJbCallMil JaBJIEHUS C KOPPEKTUPYIOIUMU
3JIEMEHTaMU, o0ecrneunBaroIuMu ux

paboTOCTIOCOOHOCTD B YCJIOBUSAX MOBBIIIEHHBIX
TEeMIIepaTyp.

3. PackpbiThl BO3MOKHOCTHU
MPEIIOKEHHOM CHUCTEMBl IO  ONPEACICHUIO
CPBIBHBIX SIBJICHUH 110 IOKa3aHMSIM JBYX THUIIOB
JATYMKOB, ITOKa3aHbl BAPUAHTHI BBIYUCICHUSA
napaMeTpoB,  XapaKTEPHU3YIOIIMX  H3THOHBIC
KojeOaHusi TIepa JIONaTKW, W  BapUAHTHI
IPEJICTaBICHUs DPE3yIbTaTOB HaOIIOJEHUI B
rpadudeckoit popme.

4. [IpencraBieHHble TEXHUUYECKHE
CpeacTBa ObLTU arpOOMPOBAHBI P CTEHIOBBIX
ucnbitanusax I'T/] m ux arperatoB s penieHus
YaCTHBIX 33/]ady C H3MepeHueM (HU3NUEeCKUX

napameTpoB, B HaCTHOCTHU paarajibHbIX
3a30pOB, IMyJdbCAllMHd JIABJICHUS H HUMCKOT
HapaOOTKy COTHM 4YacOB B  CTEHJOBBIX
YCIIOBHSIX.

Marepuan ctaTby MOXKET NPEACTABUTh UHTEPEC
JUI CIIEHUAIMCTOB B 00JacTu pa3pabOTKU H
UCIBITAaHUH Ta30TypOMHHBIX JBUTATENEH.
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MEASURING AND PROCESSING DATA SYSTEM FOR
DYNAMIC PROCESSES IN THE GAS TURBINE
ENGINE GAS-AIR PATH DURING DEVELOPMENT
TESTS

Gas turbine engine dynamic stability research is an important stage of
development tests aimed at ensuring its reliability. Finishing work is
. complicated by the fact that the engine stability depends on the interaction
Y.N. Sekisov of many functional units, including compressor, combustor, turbine, and
RAN Complex Systems Control W 4155 on the mode of its operation and the large number of external factors.
Science Institute B pyrpose of the article is to ensure the process of testing facilities more
Sadovay, 61, Winformation about the running engine gas-dynamic processes. It can speed
Samara, 443020, By the identification of deficiencies in the design, elimination procedures
Russian Federation B anq to reduce the finishing and final stage testing time to establish more
443020 accurately the engine stability actual border. To improve the reliability of
the determination of the initial stage of occurrence of stall processes
running in the engine, a new approach to the selection of monitored
A.G. Gimadiev [gparameters — flexural vibrations of rotor blades and the pressure
34, Moskovskoe shosse, pulsatlpns is proposed. The generalized structure of the. system of
Samara, 443086, collecting mfor_matlon on based on means to ensure the efficiency of the
Russian Federation [l sénsors used m_these extreme condlt_lons, operation, as well as the
sekisov@iccs.ru | necessary dyna_lmlc perfo_rmance is con5|dgred. Principles of_the_sg systems
and a description of their operation are disclosed. The possibilities of the
system to determine the shear phenomena options for calculating the
parameters characterizing the bending vibrations of the blade and
examples of presentation the results in graphical form are observed. The
future proposed use of funds during normal operation of the engine is
indicated.

Keywords: gas turbine engine, development testing, gas-dynamic stability,
separation processes, rotating stall, pressure pulsations, vibrations of rotor
blades, radial clearance, sensors.
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OUACHOCMUPOBAHUS  MEXAHUYECKUX NPUB0008 HA OCHOBE AHAIU3A
UHMEZPATbHBIX
BO3MOXKHOCTEH COBPEMEHHBIX annapamuo-npocpamMmHulX cpeocms.

nokazameineti C HCIIOJIb30BAHNCM

uHmeepaﬂbelﬁ nokasameib.

BBenenue

B ocHOBe aKyCTMYECKOW JUarHOCTUKH
TEXHHYSCKOT'0 COCTOSIHUS MalluH n
MEXaHU3MOB  JIKUT  MPEANOJOKEHHE O
GbyHKIIMOHATBHOU 3aBUCUMOCTH MEXAY
rapaMeTpamMu COCTOSIHHSL X1, X2... Xp H

JTUArHOCTHYECKUMHU Mpu3HakamH Y. B kauectBe
11apaMeTpoB Xn Oepyres BEJINYUHBI,
XapaKTepU3YIOIINE COCTOSIHUE MAIIMH (M3HOC
nerajed, OIMOKM WX  M3TOTOBIIEHHUS U
MOHTa)Ka, 3a30pbl B KHHEMAaTUYECKUX IMapax,
IrcOaaHChl BpallaloIIuXcsi BajioB U Jp.). Bee
3TU MapaMeTpbl BIMAIOT HA IIyMOOOpa3oBaHME
B IIpoIecce OKCIUTyaTallid MeXaHW3Ma, YTO
HaXOJUT NpsAMOe OTOOpaKeHHEe B TEOPUU U
IMPAKTUKE aKYCTHHGCKOﬁ JAUAarHOCTHUKE MallluH.

ITocTanoBKa 3aga4u

N3BecTHO, 4YTO TMPAKTUYECKH BCE BHJIBI
nedeKToB, OIIPEAEIIAIOMNX pecypc
UCIIOJIb3YeMOro  OOOpYAOBaHHUS,  HU3MEHSIOT
TEXHUYECKOE  COCTOSHME W aMIUIMTYZbI
CIIEIYIOIINX YaCTOTHBIX COCTABJISIFOLIUX

AHAIN3UPYEMOI0 aKyCTHYECKOro curxania [1,2]:

- HU3KOYACTOTHBIE COCTABIIAIOIINE, KPATHbIE
YaCcTOTE BPAIICHHUS 3JIEMEHTOB mpuBoa fo;

- BBICOKOYACTOTHBIE  COCTaBIIIOIIUE C
yacTOTaMH MEpeconpssKeHuss 3yObeB  Bcex
3yOuareix map f,, a Takke Ha KpaTHBIX UM
4acToTax;

Juaenocmuxa;  3ybuamoe  koreco;,  Oeghexm,
- COCTaBJIAIOLIIE Koiebannii c
KOMOHWHHPOBAHHBIMHU 4acToTaMu If £nf,,

BO3HHUKAIOIIMMHU BCIIEICTBUE PA3IMYHOTO POAA
moaysiuii curnana (1, n=0,5;1;1,5;2 u 1.1.).

ns aHanu3a psana JIUTEpPaTypPHBIX
MCTOYHMKOB, Hanpumep [1, 2], cinenyer, 4yTo He
TOJNBKO  a0CONIOTHBIE  JIaHHBIE  AMIUIUTY]
COCTaBJISIIOLINX aKyCTUYECKOTO CHTHaja, HO U
COOTHOIIEHHE MX AaMIUIUTYI OTOOpaXkaroT
COCTOSIHME HCCIEAYyeMBIX 3yOuaThIX meperad,
9TO SIBHO TIPOSBISETCS B  CHEKTPAIbHBIX
XapaKTePUCTUKAX.

D¢ heKTUBHOCTH JIMarHOCTUKHU 151
MOHHUTOpPHHTA TEKYIIEeTO COCTOSIHUS
HCCIIEeyeMOro OOBeKTa 3aBUCUT OT YHUCIa
COCTaBISIONINX  aHAJIM3UPYEeMOrO0  CUTHala,
JOCTYITHBIX JUISI MU3MEPEHUs M €ro aHajau3a C
MPEJICTaBICHUEM B BUJE CIIEKTpa MOCPEACTBOM
npeodpaszoBanus Pypse [1]. B Hanbonee yacto
OPUMEHSEMBIX  aHAIMW3aTOpax  pa3pelieHue
cnektpa coctaisier 4000-8000 nuHuUM, dYTO
IPUBOTUT K norepe HEKOTOPBIX
COCTaBJISIONINX, KOTOPHIE MOTYT HECTH BOKHYIO
UHOOPMAIIMI0O O TEXHUYECKOM COCTOSIHUU
uccneayemoro ooObvekta. OnHAKO, OICHUBAS
pe3ynbTaThl COOCTBEHHBIX IKCIIEPUMEHTAIBHBIX
HCCIIeTIOBaHU I u MPEJICTABICHHYIO B
JUTEPATypHBIX ~ HWCTOYHUKAX  HH(OPMAIHIO,
MOXXHO CJeNaTh BBIBOJ O HEJOCTaTOYHOCTU
TAKOTO pa3pelieHusi 1Mo YacTtoTe. B cBs3m ¢

ormeueHHbIM, B bpI'TY coBmectHo co
cumenmanuctamMu bI'Y co3gaH W aKTHUBHO
HCIIOIb3YETCS B JKCIIEPUMEHTAIIBHBIX
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UCCJIETOBAHMSIX anmnapaTHO-IMPOTrPaMMHBIN
KOMIUIEKC (pUCYHOK 1), KOTOpPBI IO3BOJISET
MOJIy4yaTh CHEKTPaJbHbIE XapaKTEPUCTUKU C
KojaudyecTBOM JHUE 10 524000. DTto nmaer
BO3MOXXHOCTh JIOOUTHCS pa3pelieHus] MO OCU
yacToT He 0ojee 0,111 B 4acTOTHOM JHMana3oHe
o 20 Kkl 1. biaronaps BBICOKOMY
JUHAMHYECKOMY  JTUANa30Hy MPUMEHIEMOTO
obopynoBaHus, cocraBisomeMy oonee 90ab,
MO3BOJIIIOT  3a(DUKCHPOBATh MENBbYANIIHE TI0
aMIUIUTY/I€ YaCTOTHBIE COCTABIISAIONINE BO BCEX
YaCTOTHBIX JMana3oHax. AnmapatHo-
MPOTPAMMHBIN KOMILJIEKC MTO3BOJISIET C BHICOKOM
CTCTIICHPI0 TOYHOCTH TIPOU3BOIWTH CHATHE
uHpopMaluu 00 aKyCTUYeCKUX IMpoleccax,
BO3HHUKAIOIIUX B TMPOIECCe AKCIUTyaTalluu
MHOTOBAJIbHBIX 3yOUaThIX MPUBOJOB [3].

Pucynok 1. MakeTHbII 00pasen anmapaTHo-
MPOTrPaMMHOTO KOMILIEKCa

O0BbeKT IKCMMEPUMEHTAJBHBIX uccaeI0BaHuH

OaHuM U3 O0OBEKTOB DKCIIEPUMEHTAITBHBIX
UCCIIEIOBAaHUM, B XOJE€ KOTOPBIX  OBbLIK
IPEI0KEHBI CHOCOObI bopmanuzanumn
CHEKTPAIbHBIX  XapaKTePUCTHK,  SBJSIACH
KOpoOKa  CKOpocTeH  TNpHBOJA  TJIABHOTO
IBUOKEHHS  TokapHoro  cranka  SN-401,
KHHEMaTHJeckas cxeMa KOTOpOro M300pakeHa
Ha pucyHke 2. CrmeayeT OTMETUTh, YTO TIpHU
paboTe TpHBOJA HAXOIATCS B JIBIDKCHUU |
IpyTHE €ro »5IeMEHThI, He BIUAIONIME Ha
BpallleHUe IIIMHHICISI W He OTOOpaKeHHBIC Ha
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€ro KMHeMaTU4YecKo cxeme (IIPUBOJIbI TUTAPHI
CMEHHBIX  KOJIEC, peBepca,  TOPMO3HOIO
MEXaHW3Ma U Tapa3uTHbIE IIECTEPHU), HO
OKa3bIBAIOIINE BIMSHHE HAa (OPMUPOBAHUE
WTOTOBOTO aKyCTUYECKOM curHaia paboThl
MpuBOJa. JTO MPUBOAUT K BO3HUKHOBEHHUIO HA
CIEKTpe 0011100 KOJIMYECTBa
JIOTIOJTHUTEIbHBIX COCTaBJISIOLIMX,
3aTPYyJHSIONIUX BBIABICHUE U aHAIU3 TAPMOHUK
Ha MHTEPECYIOIINX YacTOTaXx.

B  kauectBe wucTouHuka uHGMOpPMaLUU
HCII0JIb30BAJICS aKyCTUYECKUM CUTHAJI,
c(OpMHUPOBAHHBIN  alMapaTHO-MPOrPaMMHBIM

KOMIUIEKCOM Ha OCHOBE JaHHBIX, MOJyYCHHBIX
C U3MEpPUTEJIBHOTO MMKpPO(OHA C KallCIJIeM
M101, yctanoBneHHoro Ha pacctosHuu 300 MM
OT  Kopmyca  KOpOOKM  CKOpocTell B
TOPU30HTAIIBHOM IIOCKOCTH.
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Pucynok 2. Kunemarudeckast cxeMa KOpOOKH CKOPOCTEH
MIPUBO/IA TJIABHOTO JIBU)KEHHs TokapHoro cranka SN-401

OnHoBpeMeHHOE MIPUMEHEHHE
npeoOpa3oBareneil yrIoBbIX NEepeMelleHH Ha
BXOJHOM M BBIXOJHOM Bajlax IpPHUBOAA AAET
BO3MOKHOCTb  C  BBICOKOM  TOYHOCTBIO
ONpENENATh YacTOThl BPAIEHUS BXOJHOTO W
BBIXOJHOI'O Bajla ¥ YacTOThl XapaKTEpPHBIX
COCTABJISIIOIIMX HAa CHEKTPE aHAIU3HPYEMOTO
CUTHAJIA.
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PesyabTrarbl  u3MepeHuiikT W 00padOTKH
JAHHBIX
Anammnz MOJIYYCHHBIX CIICKTPOB C

JIOCTaTOYHO BBICOKMM pa3pelieHHeM (PHCYHOK
3) mokaszajq, YTO B CHUTHaJ€ IPUCYTCTBYIOT
COCTaBJISIIOIIIME  AKyCTUYECKOH  aKTHBHOCTH
NPAaKTUYECKUX BCEX 3JIEMEHTOB MIPUBO/A:
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- B 00JIaCTH HU3KHUX YacTOT HAOJIFOJAOTCS
O60p0THbIe 158 KpaTHBIe UM COCTABJIAKOIINEC BCECX
BAJIOB KHMHEMATHYECKOM IIEITH;

- B 00JacTH TepecompsDKeHUs 3yObeB
HaOMIOAI0TCST  3YOIIOBBIE,  KpaTHbIE UM
COCTaBJISIONIHE TIEJIOTO psAsia 3y0UaThIX KoJec, a

TaKK€ JPYrde YacTOTHBIE COCTaBIISIOIINE,
KOTOpbIE  MOTYT HMMETh  3Hau€Hue JJid
TUAarHOCTMYECKUX  IIeJIed, HampuMep  Ha

KOM6I/IHI/Ip0BaHHBIX qacToTax.
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PucyHnok 3. Pe3ynbraT 00paboTKH CHIEKTpa aKyCTHYSCKOTO CHTHAJA ¢ TOMOIIBIO (PYHKIIUH aIapaTHO-
MIPOTPAMMHOTO KOMILIEKCa « AHAIM3 TApMOHHK»: a) PparMeHT CIeKTpa aKyCTHUECKOTO CUTHAIa MHOTOBAJIBHOTO
npuBoJia ¢ paspenienueM crextpa 8000; 6) pparMeHT crekTpa aKyCTHIECKOTO CHTHAIAa MHOTOBAIBHOT'O TIPUBOIA C
paspermenneM crekrpa 524000; »: B) pparMeHT CIIEKTpa aKyCTHYECKOTO CHI'HANA B 001aCTH 000pOTHBIX acToT fy; T)

pe3ynbTaT 00pabOTKU CHEKTPa aKyCTUYECKOro CUTHaa B 00acTi 000pOTHBIX 4acToT Ty, 1) pparMeHT HCXOAHOTO
criekTpa B obnactu yactor (f,-5f,)-(f,+5f,) mecrepuu z,=43; e) pe3yaprar 00pabOTKH HCXOAHOTO CIIEKTPa B 00IacTH
yactor (f,-5f,)-(f,+5f,) mecreprn z,=43
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AHanu3upysi TMOJNYYEHHYIO aKyCTUYECKYIO
KapTUHY, TPUBEICHHYIO HA PUCYHKE 30, MOXKHO
OTMETHUTH npobiemy Ype3MepHOit
HACBIIICHHOCTH CIIEKTpa pa3IMYHBIMH
COCTaBIISIIOLIUMHU OT pPabOTAIOMIMX 3JIEMEHTOB
npuBoja. B TO ke Bpemsi yMEHBIICHHE
paspelieHus CHEKTpa MOXET TIPUBECTH K
yTpaTe JaHHBIX, KOTOPbIE MOTYT HECTH B cebe
JTUArHOCTHYECKYIO uHpopmanuio. 3t0
OTUETJINBO  WJUTFOCTPUPYIOT  rpadukud  Ha
pucynkax 3a u 36. Ha mepBOM HCIOJIb30BaHO
paspernieHue, mno3possttoniee peanuzoBarb 8000
YacTOTHBIX JIMHUK. B pesymbrare pan
COCTaBIISIONINX, WMCIOMUX OJM3KHE YacTOTHI,
HEPa3JIMYUMBbl HA CIEKTpPE U HE MOTYT OBITh
UCIIOJIb30BaHbl TPU aHAM3€ W IIOCTAaHOBKE
quarHosa. BTopoil crekTp, NMpUBEIACHHBIN Ha
pucyHke 30, JMILIEH JAHHOIO HEIOCTaTKa,
OJIHaKO ero pacmudpoBka TPAAUIMOHHBIMU
MeToaaMu Oosee TpyaoeMKa.

[Ipunrmass BO BHUMaHHE OYEHb OOJBIIOE
KOJIMYECTBO 3HAYCHUI XapaKTePHBIX
YACTOTHBIX  COCTABISIOIIMX  JUISL  KaXXIOrO
3y04aToro KoJieca, oTpesieIieHue ux
XapaKTePUCTUK  «BPYUYHYIO»  TPEICTABIISICT
co00l 0YeHb KPOMOTIMBBIA mporecc. st ero
aBTOMaTH3alli B  TIPOrpaMMHOM  dYacTu
KOMITIEKCa pa3paboTaHa M pealn30BaHa HOBAS
GyHKIMS,  TO3BOJISAIONIA  aBTOMAaTHYECKHU
MOJy4aTh 3HAYCHHWSI YacTOT MW aMIUTUTYT
O00OpOTHBIX W  3YOIOBBIX  COCTABJISIFOIIHX
CIEKTPOB KaXJoro 3y0yaroro Kkoieca u
KpPaTHBIX TapMOHVIK, a TaKxke
KOMOMHHPOBAHHBIX COCTaBIISIOIIUX,
(GOPMUPYIONUX JHATHOCTHYCCKUE TIPHU3HAKU
(pucyHok 30-e). Ha ocHoBe mOIy4YEeHHBIX
JaHHBIX  OBUIM  TIPEANPHHATHI  [MArd K
dbopmanuzanuu mporecca MIPUMEHEHHUS
JTUATHOCTHYECKHIX MIPU3HAKOB C
HCIIONIb30BAaHMEM HHTETPANbHBIX TOKa3aTenen
JUISL  OICHKH  COCTOSIHHSI ~ aHAJHM3HPYEMOTO
alieMeHTa 3y04yaToro TMpHBOJA, HANPUMEP
MIPUBEJICHHBIX B HICTOYHUKE [ 1].

Ha ocHOBe yke M3BECTHBIX WHTETPAIbHBIX
nokazaresen MIPON3BEICHBI MTOTIBITKH
MCTIONIb30BaHUsI COOCTBEHHBIX KOA(PDHUIIUEHTOB,
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0TOOpaKaromIMuX TeKyllee COCTOSIHUE
aHAIM3UPYEMOTr0 MPUBOJIA:

- COOTHOIIEHUE CYMMBbl aMIUIUTYJ KpaTHbIX
3yOLIOBBIX TAPMOHHK aHATM3HPYEMOT0 Kojeca K
aMIUTUTY/I€ YacTOThl NEPECONpPsKEHUs: 3yObeB

3TajJoHHOIO Koyeca K.

5
Z A( fzi)

Ky =
AT )50 .

rne A(f) — ammmryma konebaHuii  Ha
yacrore f; f; u f;,. - i-as 3yOmoBas yacrorta
AQHAJIM3UPYEMOTO M ATAJOHHOTO 3y0uYaToro
KoJieca.

- COOTHOIICHHE CYMM AaMILUIMTYZ OOKOBBIX
MOJIOC K CyMME aMIUIHTYA OOOPOTHBIX YacTOT
sTasioHHOro Koseca Kgy:

5
Z A(f, £nf))
n=-5

Z A( fo)yé

rne A(f) — ammmryma kosjebaHud Ha
yactote f; f, — 3yOmoBas yacrora 3TaJOHHOTO
kousieca; fitnf, — KOMOMHHMpOBaHHAsT YaCTOTHI
aHanu3upyemoro 3yoOwaroro komeca; f, —
000poTHAs yacToTa 3y0UaToro Kojieca.

B KauecTBe npuMepa MPUBEICHBI
pe3yabTaThl aHajdM3a aKyCTUYECKOTO IMIyma,
BO3HUKAIOIIETO TMPHU OKCITyaTallud KOpPOOKHU
CKOPOCTEH C DKCIIEPUMEHTAIBHBIM KOJIECOM
Z=43, naxopsmumcs Ha Bany |l. Pe3ynbrathl,
MOJTyYeHHbIE TIPU WCIIOJIb30BaHUH CEPUIHBIX
KoJIeC, MPUHATHI B KadecTBe ATANOHHBIX. Ha
HKCHEPUMEHTAIBHOM IIECTEPHE MOJIEIUPOBAIICS
ckoJ 3y0a (25%, 50% u 75% yacTtu 3y0a u 6e3
3y0a) Kkak Hauboiee paclpOCTpaHEHHBIH
nedexT.

BenuunHbI BceX MHTETpaIbHBIX TOKa3aTenei
IUTSL BCEX DKCIIEPUMEHTAIBHBIX KOJIEC B COCTaBe
MHOTOBAJIBHOTO  TMPUBOJA  TPUBEACHBI B
Tabmmiax 1-2, a JUHAMHKA HMX HM3MEHCHHUU
oToOpa’keHa Ha pUCYHKax 4-5.

K,

()
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Ta6muua 1. Bennuunsl KzH criekTpa akycTHYECKOTO
curHaia s koueca Z=43 kopoOKU CKOPOCTEi
Tokapuoro cranka SN-401 mpu 160 mun™

Amnanusupyemoe 3y0uaToe Kzi
KOJIECO
1 2

DTallOHHOE KOJIECO 2,585
25% 3yba 3,536
50% 3yba 5,4682
75% 3yba 7,3944
bes 3y0a 12,608

14 12,608

12

10

8 7.3944

2 6 54682

4 2,585 2238

3 B

0 T T T T

3TanoHHoe
Koneco

25%3yba 50%3yba 75%3yba Bessyba

Cocroauue uccnepyemoro koneca Z=43

Pucynok 4. JIlnarpamma uzmeHeHus nokazarens Kz
s koneca Z=43 mpu 160 MuH "

Tabauna 2. Benmuuntsr Kg, criekTpa aKyCTHUECKOTO
curHana s xoyieca Z=43 xopoOku ckopocTeit
TokapHoro cranka SN-401 mpu 160 mun™

Amnammupyemoe 3ybuatoe K
KOJIECO on
DTajI0HHOE KOJIECO 451
25% 3yba 3,38
50% 3yba 2,94
75% 3yba 4,11
Bes 3yba 4,70
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45

35

416
294
25
192

2 1,79
15 1

i~
= ﬂ;.

0 T T T T

25%3yba

Kén

3TanoHHOE
KOneco

50%3yba 75%3yba Bes 3yba

Cocroauue uccnegyemoro sybuaroro koneca Z=43

Pucynok 5. [luarpamma n3menenus nokaszarens Kg,
Ut Kosreca Z=43 npu 160 MuH

I[lo  pesynpTaTam  aHanmmM3a  BEJIMYUH
MpeiaraéMbIX HHTETPAIbHBIX —ITOKa3aTeNeH,
MPUBEACHHBIX B Ta0nMIax M Ha rpadukax,
MO>KHO CJieaTh CIEAYIOLIUE BHIBODIL:

- U3MCHEHHUE BEJINYMHBI OTHOCHTEIHEHOTO
kodpdummenta Kz MO cpaBHEHHIO  C
MoKa3areseM 3TaJOHHOTO KoJeca,

CBUACTCIIbCTBYCT O HaJIMYWMK B AKYCTHUUYCCKOM
CUTHAJIE OTHOCUTEIHHO BBICOKOAMILTUTYIHBIX
FapMOHMK Ha 4YacTOTaX KpaTHBIX 3yOI0BOM
4acToTe HUCCIeAyeMOr miecTepHU. [IpuduHOM
TaKoro pacnpcacjaCHusaA aMIUIUTyd SABJIACTCA
BO3HHUKHOBEHHUE JIOKaJIbHOTO nedexra
OTJICIBHOTO 3y0a 3y0uyaToro Kojieca: C €ro
Pa3BUTOCTBIO BO3HUKAeT 0ojee WHTEHCHBHBIN
POCT aMIUIMTYd HAa JAHHBIX 4aCTOTAax.

- W3MCHEHHWE BEJIWYHMHBI OTHOCHTEIHEHOTO
koapdunuenta Ks; 1O  CpaBHEHHIO C
TIOKA3aTeNSIMH ATAJTOHHOTO KoJeca
CBHJICTEIbCTBYET 0 Oonee BBICOKHX
aMIUTUTYaX  OOKOBBIX  KOMOWHHPOBaHHBIX
4aCTOT, OTHECCHHLIX K CYMMC aMILUIUTY]
OOOPOTHBIX YacTOT JTaJlloHHOrO Koseca T,
TEHEPUPYEMBIX IIpU DPa3BUTUU Ha OJHOM U3
KOJIEC TIPUBOJIAa JIOKAJBbHBIX JedekroB. [laHHas

OCOOCHHOCTh MOJKET HCIOJIB30BaThCS  TIPU
UICHTH(QHUKAIIMM  CKOJIOB 3YObeB B  XOJE
AKyCTHUYECKOTO KOHTPOJIS.

CrnenoBartennHoO, U3MEHEHHE BEJIHYUH

OTHOCUTEIbHBIX mnokazateneli K, u Kg, u
a0COIOTHBIX BETUYHH 3yOIIOBBIX M 0OOPOTHBIX
YaCTOTHBIX  COCTAaBJISIONIMX  aKyCTHYECKOTO
CHEKTpa YyBCTBUTENIBHBI K HAIUYUIO U CTETICHU
Pa3BHTOCTH JIOKAIBHBIX Je(EKTOB OTICIBHBIX
3yObeB, a WX aHalIW3 MEHee TPYJO0EMOK IO
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CPaBHCHHMIO C aHAJM30M CIEKTpa H Ooliee
HpeI[HO‘ITI/ITCJIeH HpI/I HpI/IMeHeHI/II/I B
IIPOM3BOJICTBEHHBIX YCIIOBUSX Ha HATYypPHBIX
00BEKTAX.

3aKjaueHue

PazpaboranHas MeTOAMKa aBTOMATUYECKOM

00pabOTKM  CHEKTPaJbHBIX  XapaKTEPUCTHK
MO3BOJISIET 3HAYUTENIBHO YIPOCTUTH aHaIM3a
apaMeTpoB aKyCTHUYECKOT0 nryma u

c(hopMHUPOBATh OTHOCUTENBbHBIE TIOKa3aTenu Ky
u  Kg;, BEIMYMHBI KOTOPBIX OTOOpa)KaroT
TEKyIllee COCTOSIHUE HMCCIIEIYyeMOro MPUBOJA U
yIpomaer  Opolenypy  JUarHOCTUPOBAHHS
JOKAIBHBIX J1e(DeKTOB 3y0dYaThIX mepenad u
9JIEMEHTOB ~ MHOTOB&JIBHBIX  TIPUBOJIOB B
nporecce WX SKCIUTyaTalud 0e3 TMPOBEICHHS
paz0opKwu.
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DIAGNOSTICS OF TECHNICAL CONDITION OF
MULTISHAFT RACK GEARS ON THE BASIS OF

AN. Parfievichl THE ANALYSIS OF INTEGRAL INDICATORS OF
ACOUSTIC ACTIVITY

Educational establishment «Brest State . i e L . .
Technical University». In article the possibility of simplification of procedure of diagnosing of

267. Moscow street. Brest. Belarus. imechanical drives on the basis of the analysis of changes of integral
’ ' " 224017 [findices with use of opportunities of the modern hardware and software is

parfievichand @gmail.com fconsidered.
Keywords: Diagnostics; cogwheel; defect; integrated indicator.
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VIBRATIONS OF SOIL AND FOUNDATION DUE TO
RAILWAY, BLAST AND IMPACT LOADING

The vibrations of soil and foundations are demonstrated for
different types of loading. Train-induced ground vibrations
are studied in a measurement campaign where a test train
has run with regularly varied speeds. The measured train-
induced soil vibration at 2 to 100 m distance from the track
iIs compared with the wave propagation due to hammer
excitation and with the theoretical wave field. The strong
influence of the soil and the train speed on the amplitudes
and frequencies of the vibration has been analysed for
passages of the locomotive and the carriages. - The
generation of ground vibration by strong explosions has
been studied on a large testing area with sandy soil. The
propagating waves were measured in a regular grid of
measuring points in 10 to 1000 m. Therefore, the dominance
of certain waves at certain distances and the changes of
compressional waves and Rayleigh waves could clearly be
observed. The results are compared with impulse hammer
measurements in the range of 5 to 50 m. - A drop test facility
has been built on the testing area of the Federal Institute of
Materials Research and Testing (BAM). Heavy masses
(containers) of up to 200 t can be dropped from 10 m height
on a big reinforced concrete foundation. The foundation was
instrumented by accelerometers, strain gauges and pressure
cells to give information about the loading condition and by
geophones to measure the vibration of the surrounding soil
and building. Both excitation processes, the release of the
mass and the impact, produce high vibration amplitudes. On
a smaller drop foundation, the influence of the drop height
and the target stiffness has been studied more systematically.

Keywords: Ground vibration; train passage; explosion;
mass drop; amplitude-distance law, filter effect of the soil;
train speed; blasting charge; drop height; target stiffness

1 Introduction

Heavy machines, traffic or other industrial
activities yield dynamic loads which excite the
foundation, waves through the soil and nearby
buildings. These dynamic loads can cause
annoyance and damage. In the basic book of
Barkan [1] and later in [2], many industrial
examples and the design of foundations, namely
for impact loads have been given. Vibro-acou-

stic problems of machines and pipelines are
presented for example in [3 - 5]. This contribu-
tion focuses on extreme excitations of ground
and building vibrations. The phenomena of
different ground vibrations have been analysed
by many measurements. Basically, the time
histories of the particle velocities have been
analysed. The maxima as a function of the
distance from the source yield amplitude-distan-
ce laws [6, 7]. The travel time from sensor to
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sensor results in the wave velocity. The spectra
or frequency-dependent transfer functions are
used to characterize the soil structure at the
measuring site [8 - 10]. Finally, the measured
amplitudes are related to the excitation parame-
ters, the blasting charge, the drop height, or the
train speed. If the train speed reaches the wave
velocity of the soil, very high amplitudes are
predicted in theory [11, 12], but this is rarely
found in reality. Usually, the railway excitation
is rather low compared to the blast and impact
loading. The influence of the heavy locomotive
compared to the light-weight carriages will be
shown. Experimental campaigns are important
to understand the train-track-soil interaction [13
-20].

The material is presented as follows. The
contribution starts with railway vibration, fol-
lowed by blast vibration. Finally, mass drops
are analysed systematically in small scale tests
and a heavy mass drop is studied in detailed
measurements.

2 Ground vibration due to railway traffic

Vibration due to railway traffic is a research
field of BAM since 40 years. As an example,
results of a very complex measuring campaign
[14] are shown where vehicle, track and soil
vibrations have been measured simultaneously
at a surface, bridge and tunnel line (fig. 1). The
characteristics of the vibrations at different
measuring points are demonstrated in figure 2.
At the rail (or sleeper, fig. 2a), the passage of
every axle can be observed clearly. At 2 m
distance from the track (fig. 2b), the axle impul-
ses can still be traced back, but they are com-
pletely lost at 10 m distance at the latest (fig.
2c). A stationary vibration of many frequencies
can be found there as in most measuring points
of the mid field. The far field (r = 100 m,
fig.2d) is still stationary, but only with a narrow
frequency band (around 12 Hz for this specific
site).

The site specific effects are analysed by the
transfer functions of the soil which is calculated
by wave number integrals [9, 10] and measured
by hammer impacts (fig. 3). The soil of this site
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has a certain cut-on frequency at about 10 Hz
due to a stiff sub-soil in 10 m depth and a cer-
tain high cut-off frequency due to the material
damping which is found to be more pronounced
in the measurements (fig. 3a).

The measurements of train passages with
different speeds have been analysed by one-
third octave band spectra. Figure 4a-e shows the
ground vibration during the passage of the loco-
motive. The spectra of the soil vibration for
different train speeds show typical frequency
ranges of railway excitation. Clear peaks can be
found at 32, 40 and 50 Hz for 60, 80 and 100
km/h which are due to the sleeper distance
excitation [15]. At the near-field point, the low-
frequency spectrum is due to the passage of the
static axle loads. There is another important
frequency range at 12 — 16 Hz which is domi-
nant at the far-field. The whole ground vibra-
tions are rather constantly concentrated between
10 and 60 Hz, independent of the train speed.
This could be explained by filter effects of the
soil with a certain cut-on frequency due to a
stiff sub-soil and a certain cut-off frequency due
to material damping (fig. 3).

The passage of carriages is analysed in figure
4f to 4j. The characteristics are generally the
same as for the locomotive. The dynamic com-
ponents “sleeper distance” and “soil” are much
clearer for the locomotive, so it could be con-
cluded that these components depend on the
static axle loads. The low-frequency near-field
characteristics, the maxima and minima, are
clearer for the regular axle sequence of identical
carriages than for the mixed passage of loco-
motive and carriages. So far, the characteristic
frequencies increase with train speed. Only the
soil specific component is almost constantly
around the layer frequency of 12 Hz.

The amplitudes are increased by a factor of 4
— 10 when the train speed varies between 40
and 160 km/h (fig. 5). That means a relation A ~
vit... v . The attenuation with distance is
approximately A ~ r~°7 which is a typical value
for railway vibration [19, 21]. The geometrical
attenuation of elastic surface and body waves is
A~r Y and A~r* for a point load and A ~ r°
and A ~ r Y2 for a line load. Compared to these
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theoretic values, the attenuation of the train
vibration is rather strong. This experimental
result is attributed to the material damping of
the soil which yields an additional attenuation
of A ~ e for a single harmonic component.
Attenuation laws are further discussed in the
following section and in [7].

due to

3  Environmental vibration

explosions

On a large unpopulated test area, explosions
with a blast charge of L = 24 to 72 kg have been
performed (fig. 6). The vibration of the soil in
distances from 10 to 1000 m has been measured
in a number of test series. The time records of
one example is given in figure 7b. The sandy
soil at this site has been analysed by impulse
hammer excitation (fig. 7a). Both measurements
show a clear propagation of Rayleigh waves
with a wave velocity of vg = 145 — 170 m/s and
a wave velocity for the faster compressional
wave of vp = 300 — 360 m/s. The two types of
excitation differ in amplitude and frequency
content (Fig. 8). The hammer induced
vibrations have their maximum at 64 Hz
whereas the explosion vyields low-frequency
vibrations of which the frequency range is
reduced with distance from 25 Hz at 10 mto 5
Hz at 1000 m. The vertical impulse excitation
of the 5 kg hammer yields good results up to 60
m with a dominant Rayleigh wave. The
response to the explosion is different. On the
first 100 m, the compressional wave is
dominant due to the compressive nature of the
excitation. Body waves decrease geometrically
by A ~ r* stronger than surface waves which
attenuate geometrically as A ~ r 2. Therefore,
the Rayleigh wave starts to dominate the soil
response at 100 m. There is also an attenuation
due to material damping of A ~ €@ which is
stronger for slower waves. Therefore, the
slower Rayleigh wave is first affected by the
damping so that the compressional wave
becomes more important at 2000 m once again.
Putting all these effects together, figure 9 shows
a single power law for the attenuation of A ~ r~
> for the whole range of distances. It is the
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result of the superposition of a number of
components which attenuate with A ~r P e "
with different p and a. More effects on
attenuation laws are studied in Auersch [7].

The amplitudes for thirteen different
explosions are in a narrow band (Fig. 9) so that
a single law

(v/imm/s) = 264 (L/kg)*>* (r/m)™# 1)

for the influence of the blasting charge L and
the distance r could be established. The
influence of the soil is introduced by the theory
of elasticity. The soil at an industrial plant,
where bomb clearing must be expected, has
been measured by wave methods [22] and
found to be stiffer than the soil of the testing
area. The prediction curves are shifted down
according to the stiffness ratio of the different
soils, and the new curves can be compared with
the limit values of the German standard DIN
4150 [23] after the multiplication with basic
building transfer wvalues. Thus, a good
prediction scheme has been established to
prevent damage from the buildings of the
industrial area.

4 Load and vibration monitoring during
drop tests of heavy masses

Drop tests for containers are an important
task of the BAM. The dynamics group has
made a number of measurements at different
drop foundations, with different containers and
targets, and for different purposes. First, the
rigidity of the foundation had to be proved.
Second, the annoyance of residents around the
BAM area in Berlin had to be evaluated. Third,
the possible damage of a foundation built in an
old masonry building has been investigated, and
finally, the damage of the foundation for very
strong impacts had to be prevented. Usually,
singular drops of specific containers on a
specific target have been measured. The only
systematic variation of the drop height and
target stiffness could be performed for the
foundation in the masonry building.
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4.1 Drop test facility inside an old

masonry building

Figure 10 shows the situation within the old
masonry building. The building dimensions are
Vg =12 m x 12 m x 12 m where the drop
foundation of Ve = 6 m x 6 m x 3.4 m is built
inside. The foundation mass is mg= 300 t, the
maximum drop mass is m¢ = 8 t and the
possible drop height is h < 12 m. The target area
isasteel plate of VP =3 mx2mx0.3m(mp =
15 1).

On that drop foundation a series of mass
drops could be measured with the same drop
mass of 1 t. The height varied between 3, 6 and
9.5 m and the target layer was varied between a
wooden pallet (soft), a wooden layer (medium),
and the bare steel plate (stiff). Figure 11 shows
the particle velocities of the foundation for the
different mass drops. The results for the soft
target (fig. 11a-c) show a first negative half-
wave, a second smooth positive half-wave and
some attenuating small oscillations. The
proportions keep almost constant, but the
amplitudes clearly increase with the drop
height. If the stiffness of the target is varied in
figure 1le-g, the first impulse changes
considerably. It gets sharper and some
oscillations occur. The second smooth part of
the impulse remains almost the same. The
maxima of this second smooth part for figure
1la to e are 5.2, 8.1, 10.5, 7.6, and 8.5 mm/s.
They are related to the maximum rigid body
response, which can be evaluated as
Ve ~ Q—EVC :3—30\/2_gh = 26,37,45mm/s  (2)

for the three drop heights h = 3, 6, 9.5 m and
a fully plastic impact, (the fully elastic impact
would yield twice these amplitudes). These
values hold for short impacts, whereas for
longer and softer impacts, the decelerating
forces of the surrounding soil would get a
considerable influence and reduce the
maximum velocities. On the other hand, the
measurements at the foundation can also
include bending and compressional modes and
waves namely for the stiff impacts which would
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yield amplitudes higher than the rigid body
estimations.

The absolute maxima for each mass drop and
for each group of measurement points are
compiled in table 2. The medium and stiff mass
drops vyield higher amplitudes for the
foundation but only moderately increased
amplitudes for the wall and the soil responses
which seem to follow the base impulse. The
amplitudes of the foundation, wall and soil are
related approximately as

VE:Vw:Vs~4:2:1 )

in case of the soft impacts. The stiffer
impacts have a sharper response with a higher
frequency content and yield higher reductions
from the foundation to the wall and to the soil.

Subsequently, some drop tests with real con-
tainers have been measured and the measured
particle velocities of the walls have been
compared with the recommendations of the
standard DIN4150 [23] to assure the safe
performance.

4.2 Drop test facility for heavy mass drops

A test facility for heavy mass drops has been
built on the testing area of BAM south of Berlin
(fig. 12). The foundation dimension is V = 14 m
X 14 m x 5 m, its mass is mg = 2500 t. The
maximum drop mass is my = 200 t and the
maximum drop height is h = 30 m, where both
limits cannot be allowed at the same time.
Depending of the softness of the impact, higher
drop energies E = mcgh are possible. To assure
the safety of the drop tests, complex
measurements have been performed during the
first five mass drops.

The monitoring of this big drop test facility
of BAM showed the following results for a 127
t steel container dropped from 10 m height. The
strain (Fig. 13a), soil stress (Fig. 13b) as well as
the (filtered) drop weight acceleration signals
display an impulse of T ~ 60 ms. This is the
most important information as the duration of
the impulse includes information of the load
that is applied to the drop test foundation. As
the total impulse | = meve = 127 10%14 kgm/s =
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1.8 10° kgm/s is brought to zero, the load on the
foundation is at least F > I/T = 30 MN. This
minimum value is compared with the other
measurement results. The measured strain of ¢
=80 u (fig. 13a) can be related to the stress of ¢
= 8 10 4 10" N/m? = 3 MN/m? with a high
elasticity modulus of the reinforced concrete
(see below) and to a force of F =3 MN/m? x 10
m? = 30 MN with an assumed load area of 10
m?. The soil stresses under the foundation (fig.
13b) are almost constant s = 120 kN/m? on the
whole foundation area of A = 196 m?. The total
force on the soil can be calculated as Fs = pA
=120 x 196 kN = 24 MN. Thus by the different
measurements, the force acting on the drop
foundation could be determined quite con-
sistently.

Figure 14 shows the wave propagation
through the 5 m thick foundation block. A wave
speed of v = 4700 m/s is observed which is
much higher than the usual wave velocity of
concrete. The higher wave speed is due to the
strong reinforcement of the concrete and a
special high strength concrete mixture.

Additional sensors (accelerometers and geo-
phones) were used to measure the vibration of
the foundation, of the surrounding soil and of
the surrounding buildings. Both excitation
processes, the release of the mass and the
impact, produce high vibration amplitudes. The
impact is dominant at the neighbouring tower
foundations (fig. 15a, b) whereas the release is
dominant for the top tower vibrations (fig. 15c).
The mass release excites tower vibrations in its
eigen frequency of 10 Hz which comprise
several periods until the impact. The ground
vibration amplitudes in distances up to 75 m are
presented in figure 16. A power law of A ~ r ™*?
can clearly be recognized which allows the
prediction of building safety in the neighbor-
hood of the drop test facility.

5 Conclusion

Experimental results for train, blast and drop
test excitation have been presented for a better
understanding of the phenomena. Rules for the
prediction of the ground and building vibrations
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around these normal and extreme excitation
processes have been developed. The predicted
vibration amplitudes have to be compared with
the limit values for annoyance and damage in
the standards (for example DIN 4150 [23]).
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Appendix

Figure 1. Measurements of railway vibration on a
bridge, a surface and a tunnel line
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Table 1. Characteristic frequencies for locomotive and carriages (first and second numbers)

Train speed 63 km/h 80 km/h 100 km/h 125 km/h 160 km/h
Near-field maximum 1 -/4 Hz 4/4 Hz 5/5 Hz
Near-field minimum 1 4/4 Hz 5/5-6 Hz  6/6 Hz 8/8 Hz
Near-field maximum?2 5/5Hz  6/6 Hz -/8 Hz 12/12 Hz
Sleeper distance 32/-Hz  40/40Hz 50 Hz

Soil specific part 10-16/- 12/-Hz 16/-Hz 12/12Hz 12/12 Hz

Table 2. Maximum particle velocity amplitudes for foun-
dation, wall and soil measurement points during drop
tests with different drop heights and target stiffnesses

Foundation 3 m 6m 95m

soft 53mm/s  16.6 mm/s 21.8 mm/s
medium 42.7mm/s 81.5mm/s 113.0 mm/s
stiff 55.7 mm/s *167.0 mm/s
Wall

soft 47mm/s 81mm/s 9.9 mm/s
medium 6.9mm/s 155 mm/s 18.6 mm/s
stiff 7.7 mm/s *17.9 mm/s
Soil

soft 22mm/s  3.8mm/s 4.5mm/s
medium 3.5mm/s 4.6mm/s 5.4 mm/s
stiff 3.4 mm/s *3.3 mm/s

* half the drop mass
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NCCIEJOBAHUE YCTOMYUBOCTH B
ITPOCTPAHCTBE KO2®PUIIUEHTOB
XAPAKTEPUCTHYECKOI'O YPABHEHHUS CHUCTEMbI
TPETBEI'O ITIOPAJAKA

Pewena  3a0aua  nocmpoenus  obracmu  ycmouuusocmu - cUCHmembl
agmomMamuyecko2o0  YApaeieHus — mpemve2o  NOpPAOKA 8  MPexMepHOM
NpOCMpancmee,  KOOPOUHAMAMU — KOMOPO2O  AGIAIOMCA  KO3pduyuenmuol
Xapakmepucmuueckoeo ypasHeHus cucmemvl. Onpedenenvl aHarumuyecKue
(ycaosus  ycmotiyusocmu  maxoti  cucmemsl. Ilpogeden awnanuz xapaxmepa
UBMEHEeHUs NONONHCeHUs KOPHell XapaKmepuCmuyecko2o YpasHeHus cucmemsl, d
makoice UOA NePexoOH020 NPOYecca NPU PA3TUYHBbIX BAPUAHINGX NepecedeHus
KO puyuenmamu nogepxHOCmu, oepaHunudaouel 061acmes YCMouuugoCmu 6
npocmpancmee KodQhuyuenmos XapaKxmepucmu4ecko2o ypasHeHus.

Knioueevie cnosa: cucmema asmomamuyecko2o YnpaeieHus, yCMOUYUuGoCmb,
Xapaxmepucmuueckoe ypagHenue; nepexoonblil npoyecc

OpxHUM U3 OCHOBHBIX TPEOOBAaHHH, KOTOPHIM Hopmanuzyem Boipaxkenue (1), npusens ero
JOJKHA YIIOBJIETBOPSTH cucremMa | Kk BMAy, Korga kodpduiuenT npu 13 Oymer
ABTOMATHUYECKOTO YIPABJICHUS (CAY), | paBen enuHuIe:

ABJIACTCA yCTOﬁqHBOCTL eé

paboThl, T.€. D(r) =13+ c;r2 + cor+ ¢35 =0, )

CBOMCTBO CHCTEMEI BO3BpAaIIaThCA B MCXOIHOEC e ¢; = a; /a
o

COCTOSIHME IIOCie BbIXOoJa €€ U3 3TOro
COCTOSIHUSL (B pe3yibTaTe HEUCTBUS KaKOro-
au00 BO3MYIIEHUS) U MPEKpaIleHUs] JAeUCTBUS

Bosmymienus  [1-3].  Ilpm
YCTOHYMBOCTHU OoubLI0E

3Hau€HUWE UMEeT IOoCTpoeHue  oOlrjactel

YCTONYUBOCTH.
bonpmoe  umcimo  CAY
TEXHUYECKUMU  0OBbEeKTaMu

B Hacrosmeir  pabore

ycroitunBocte CAY  Tperbero mnopsjaka B
KOOpAWHATaMHU
KOTOpOTO ABIIAIOTCA K03 PULINEHTHI
XapaKTEPUCTHUECKOTO YPAaBHEHUS CHCTEMBI.

XapakTepuCTUUECKOEe YpaBHEHHE CHUCTEMBI
TpeThero nopsiaka umeet Bup [1-3]:

TPEXMEPHOM  MPOCTPAHCTBE,

D(r)=ayr3®+a;r®+a,r+a;=0, (1)

rjie a; — AeWcTBUTEIbHBIE KOAPPUIIUEHTHI;
7 — KOPHH XapaKTEPUCTHUUECKOTO YpaBHEHHUS.

MOXET  OBITh
ONMCAHO JHMHEUHBIMH AUPPEepeHIrnaTbHBIMU
YPaBHEHHUSIMU TPEThEro mopsiaka [4—6].

[IpencraBum cebe IIPOCTPAHCTBO

K03(pPHUIIMEHTOB, TO KOOPAMHATHBIM OCSM

KOTOpOTO OTJIOKEHBI K03 pULIHEHTHI
UCCIICIOBAaHUN .

ypaBHeHuss  (2). Kaxmoit Touke  3TOrO
PaKTUYECKOe

IIPOCTPAHCTBA  COOTBETCTBYIOT ~ KOHKPETHBIE
YHUCJICHHBIC 3HA4YCHMS K03 (HUIINEHTOB
ypaBHeHMs (2) W COOTBETCTBYIOLIUH UM
MIOJIMHOM TPEThEH CTENEHH, KOTOPBIM HMeEeT
TPU KOpHSA, 3aBUCALIMX OT YHCIIEHHBIX
3HaueHud ko3¢dduuumentoB c;. Ecnu nzMeHsATH
KO3 ULHEHTBl C;, TO OyIyT HU3MEHAThCA U
3HaueHUs KOpHeW BblpakeHus (2). Takum
o0pa3oM, C¢ H3MEHEeHHEeM KOI(P(PUIUEHTOB C;
KOpHU OyAyT mepememaTbcss B KOMIUIEKCHOU
IUIOCKOCTH  KOpHEH  XapaKTepHUCTUYECKOIO
YpaBHEHHUS.

IIpu HEKOTOPHIX 3HAYEHUAX KOI(PPUIIMEHTOB
ypaBHEHHUs (2) OIMH M3 KOpPHEHW momajgaer B
Ha4aji0 KOOPJAMHAT WJIMU M1apa KOpHEH Momnagact
Ha MHHMYIO OCb, T.€. KOpPHH OyIyT paBHBI
r; =0 wm 13,41 = Tjwy, U, CIEIOBATEIBLHO,
COOTBETCTBYIOIIass TOYKAa B IPOCTPAHCTBE

Pa3siIMIHbIMHU

uccieayercs
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KO3 (HUIIUEHTOB Oyzner

YPaBHEHHUIO:

D(jo) = (jwi)* + c;(wi)* + c;(jw) +¢; =0, (3)
T.K. ycioBue HaxoxaeHuss CAY Ha rpanuie
ycToitunBocTH 1o Muxaitnosy D (jw) = 0.

[Ipuy 0 < w <+ 3TOMy  ypaBHEHUIO
COOTBETCTBYET HEKOTOpas MOBEPXHOCTh Q.
Eciu xopHH paBHBI HYJIIO WIH MHUMBIC, TO
TOYKa B  MPOCTpPaHCTBE  KOI(PPUIUEHTOB
MOTaIaeT Ha ATy OBEpXHOCTH Q.

[ToryunM aHAMTUTHYECKOE COOTHOIICHUE IS
onucaHus moBepxHocTu Q.

YIIOBJIETBOPSITH

N3  ycnoBus  yCTOMYMBOCTH  JIMHEHMHOM
cucteMbl [l, 2] cnegylT Tpu ypaBHEHUS,
onpeeNsoIne TpH COCTaBJISIIOLIHE
noBepxHoctu Q:

¢, =0,

c, =0,

c3; =0.

[ToryuuM CcOOTHOLIEHWE JJIsl  ONUCAHUS
YeTBepTOi cocTaBistoniel mnosepxHocTd Q.
s sroro  BBIMONHUM  INpeoOpa3oBaHHE

BhIpaXKeHUs (3), OMyCTUB B HeM HHAEKC “K”:
—jw3 —cqw? + cyjw + ¢3 = 0.
Crpynnupyem peaqbHyI0 1 MHUMYIO YaCTH:
(c3 — cw?) + jlcw—w?3) = 0.

Jns  pemieHWs  TMOCIEAHETO  YpaBHEHHS
HE00XO0/IMMO NPHUPABHATH K HYJIIO PEalbHYIO U
MHHUMYIO YaCTH:

c;w—w3 =0, 4)

c3 —cqw? = 0. (5)

U3 (4) cnmenyer, uto c, = w?. Uz (5)
€3 = ¢;w?. Takum 06pa3oM, MOKHO 3aITHCaTh:

C3 = C1C2. (6)

N300pakeHre MOBEPXHOCTH, ONUCHIBAEMON
BBIPAKEHUEM (6), B MIPOCTPAHCTBE
KO3(QUIMEHTOB NpPEACTAaBICHO Ha PUCYHKE I.
KontypHoe n300paxeHue 3TON xKe
MOBEPXHOCTU IMPEJICTABIEHO Ha pHUCYHKE 2.
[TocTpoeHre MOBEPXHOCTH MPOBOIMIOCH MPH
;>0 um ¢, >0, Tak Kak TOJIBKO B 3TOM
o0nacTu cucreMa MOXET ObITh YyCTOHUHMBA.
OO6nacTp yCTOWYMBOCTH PACIIOJIOKEHA «HIKE)
YKa3aHHOM MOBEPXHOCTH.

Journal of Dynamics and Vibroacoustics, 3(1)
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Pucynox 1. 300paxeHne rpaHUYHOI TOBEPXHOCTH B
npocTpaHcTBe KO3 (HUINEHTOB
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Pucynok 2. [Ipoeknus rpaHUIHOM MTOBEPXHOCTH Ha
IIOCKOCTH c1-c2

Beipaxkenue (6) MOXXHO Take TIOJIYYUTh,
HCIIONB3Yysl KpUTEpHi ycrtonuuBocTu Payca-
I'ypsumna [1, 2]. ns sToro u3 ko3 puireHTon
XapaKTepUCTHUUECKOIO YpaBHEHMSI COCTaBUM
Mmatpuny ['ypsuna, kotopas st CAY tperbero
nopsJika OyneT UMeTh pa3MepHOCTh 3x3:

cg ¢z 0
1 ¢, O
0 ¢ ¢

B coorBerctBum ¢ kputepuem Payca-

I'ypBuna  ans  yCTOWYMBOCTM — CHUCTEMBI
HEOOXOIMMO M JOCTaTOYHO, 4YTOOBI BCE
JMaroHalbHble MUHOpBI MaTpulbl ['ypBHia

ObTn ToNtOkHUTENbHBIMUA [1, 2]. Paccmorpum

BTOPOM JMaroHajabHbI MUHOP:
€1 C3
1 C2|=C1C2_C3>0,

OTKyJa CJIeyeT, 4To
€3 < (163,
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T.€. YCJIOBHE HaXOoxaeHus KkodpduimeHnrta Cs

«T1o1» MIOBEPXHOCTEIO, oTpenesieMoi
BbIpaxeHUEM (6).

Takum  oOpa3om, moBepxHOCTH Q B
IIPOCTPAHCTBE K03 purreHToB
XapaKTEPUCTHIECKOTO ypaBHECHHS,
onpenenstomas yciaopus Haxoxjaenus CAY nHa
TpaHUIle YCTOWYHBOCTH, OIMCHIBACTCS
COOTHOILICHUSIMH:

c; =0,
C3 = €1Cy, (7

npucy > 0ucy, > 0.

Hccnenyem noseaenue CAY npu Beixoze eé
KodpUIMeHTOB  3a  mpenmensl  objacTw,
onpezenseMoil BeipaxeHusmu (7). [lpu stom
BO3MOXKHO YeTbIpe ciry4ast nepexo/a
K03 (HULIUEHTOB XapaKTEePUCTUUYECKOTO
yYpaBHEHHUS 3a MPeeibl YKa3aHHOM o0acTu:

1) yepe3 MOBEPXHOCTb C3 = C1Cy;

2) d4epe3 MOBEPXHOCThH c3 = 0;

3) 4epe3 MOJOKUTEIBHYIO TOIYOCH Cy;

4) depe3 MOJOKHUTEITBHYIO MOIYOCh Cy.

PaccmoTrpum niepBbiit cnyyail. [Ipu nepexone
KO3 (P PHUIHEHTOB XapaKTepUCTHUECKOTO
YpaBHEHUS 4Yepe3 IOBEPXHOCTb C3 = C1Cp
«CHHU3Y-BBEpX» (T.€. U3 00JaCTH YCTOWYUBOCTH)
3HAaK BEIIECTBEHHOM YacTU  KOMIUIEKCHO-
COTPSDKEHHBIX KOPHEH MEHSETCSA C «-» Ha «+».
[Tepexonnbiii mporecc B CAY mpeoOpasyercs
u3 K0J1e0aTeIbHOTO CXOZSIIErocs K
KOJIe0aTEIbHOMY pacXosaIIeMycs, T.e. CUCTeMa
nproOpeTaeT KoiedaTeIbHYI0 HEyCTOHYUBOCTb.
W3meHeHne BHAA XapaKTEPHOI'O IEPEXOJIHOIO
mpoliecca Mpu mnepecedueHun Kodduimentamu
XapaKTEPUCTUUECKOTO YPABHEHUSI IOBEPXHOCTH
C3 = C1C, TIOKA3aHO HAa PUCYHKE 3.

Xosax

t
Pucynok 3. Vi3MeHeHHe BHIa XapaKTEPHOTO
MEPEXOTHOTO IIpoIiecca IPH MepeCceICHNT
ko3 HUIIEHTAMH XapaKTEPUCTUIECKOTO YPaBHEHUS
MOBEPXHOCTHU €3 = C1Cy

Journal of Dynamics and Vibroacoustics, 3(1)

AHAJIOTUYHBI ~ aHAM3 BTOPOro  Ciiyyas
MOKa3bIBAET, 4TO npu nepexojie
KOA(p(UIIMEHTOB 4Yepe3 NOBEepXHOCTh c3 = 0
OIMH W3 KOpHEH  XapaKTepUCTHUYECKOIO
YpaBHCHUA CTAaHOBUTCA ITIOJIOKUTCIIbHBIM.
Cucrema npu 3TOM npuodperaer
ACUMIITOTUYCCKYIO HGYCTOI;'I‘-II/IBOCTB.

XapakTepHble JIJIsl BTOPOTo ciyyasi IepeXoIHbIe
IIPOLIECCHI ITPE/ICTABIEHBI HA PUCYHKE 4.

Xawax o

: :
PucyHok 4. MI3MeHeHMe BUIa XapaKTEPHOTO
HEePEXOAHOTO Tpolecca IIPU MepeceueHnn
KO3 PHUIIUECHTAMHU XapaKTEPUCTHUCCKOTO YPaBHCHUS
noBepxHocTH €3 = 0

Paccmotrpum Tpetmii cmyuail. Jns OGoiee
riyookoro nonumanusi noseneHuss CAY npu
IEepexXOAHbIX Ipolieccax HCCIelyeM CHauaia
epexo. K02 (ppunreHToB
XapaKTEepPUCTUUECKOTO  yYpaBHEHHUS  CUCTEMBI
yepe3 NnpsmMyro (0Cb) ¢; NPH UX JBUKEHHUU B
wiockoctd ¢z = 0. [Ipu sTom OyneMm monarats,
yto ¢; > 0. Ilpu ¢y > 0,¢c, > 0umc3 =0 CAY
OyZeT HaXOJUThCSl Ha TPAaHUIE YCTOWYMBOCTH.
OmyuH W3  KOpHEH  XapaKTepUCTHYECKOIO
YpaBHEHHS paBeH HYIIO, JBa JpPYIHUX —
BEIIECTBEHHBIE OTPUILATEIbHBIE. Y MEHBILIECHUE
Kod(pUIMEHTa C, U ero Mepexo] Yepe3 och Cq
B OTPULIATEIBHYIO o0nacthb Oyner
CONPOBOXAATbCS ~ T€M, 4YTO  OAMH U3
BEIIECTBEHHBIX KOPHEM XapaKTepUCTHYECKOIO
yYpaBHEHHUS NPEBPATUTCS U3 OTPHUIATEIBLHOIO B
nojoxurenbHbii, U CAY U3 TIpaHUYHOTO
COCTOSHMSI ~ YCTOMYMBOCTH  HEpeuner B
COCTOSITHUE aCUMIITOTHYECKON HEYCTONYMBOCTU
(cM. mepexoaHble TPOLECCHl, N300paKEeHHbIE Ha

pUCYHKE 5).
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Pucynok 5. I3MeHeHue BUa XapakTepHOTrO

HEePEXO0IHOr0 Tpoliecca IIPHU MEPECEUSHUN OCH €y JULL
cirydasi IBIKEHUS K03()(QUITMEHTOB
XapaKTepPUCTUYECKOTO YPAaBHEHHUS B IIIOCKOCTH €3 = 0

B pamkax Toro e TpeTbero ciyvas
pPaccMOTpUM nepexon K03 (HULIHEHTOB
XapaKTEPUCTUUYECKOTO YPaBHEHUS 4Yepe3 OChb Cq
u3 o01acTh YCTOWYMBOCTH, T.€. U3 O0IacTH
c3>0 (HO c3<c(CiCy), ¢4>0, ¢, >0, B
obnactb ¢; < 0, c3 < 0 (cMm. pucyHok 6). Ilpu
TakoM Tepexojie KodPPUIIMEHTOB Yepe3 OCh Cq
U3 30HBl YCTOMYMBOCTM JIBA KOMIUJIEKCHO-
CONPSDKEHHBIX KOPHS  XapaKTepUCTUYECKOIO
YpaBHEHUSI C OTPHULATEIBHON BEIIECTBEHHOU
YacThbl0O MEHSIOTCS Ha JBa BEIECTBEHHBIX
KOpHSI, OJHWH W3 KOTOPBIX IOJIOKHUTEIICH.
Ilepexonnbiit mpouecc B CAY mnpu 3ToM
npeBpaliaercs u3 K0J1€0aTeIbHOTO
CXOJIALLErocs K 3KCIOHEHLIMAJILHO
pacxoasimemMycs, T.e. CHCTeMa MpuoOperaer
ACUMITTOTUYECKYIO HEYCTONYNBOCTb.
W3meHeHne BHAA XapaKTEPHOI'O IEPEXOIHOIO
nporecca npu TaKOM nepeceyeHu
KodpuIeHTaMH XapaKTEPUCTUYECKOTO

YpaBHEHHA OCH Clc [I0KA3aHO HA PUCYHKE 7.
3 C,

Pucynok 6. Cxema nepexoza Ko3QpQpuineHToB
XapaKTEePUCTUUECKOTO YPaBHEHHsI Yepe3 OCh €1 M3
0o0nacTH yCTOWIHBOCTH

Journal of Dynamics and Vibroacoustics, 3(1)

L™ Xovax
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PucyHnoxk 7. I3MeHeHune Buaa XapakTepHOTO
[IEPEXOIHOTO MpOIiecca MIPU NEPECEUEHUU OCU C1 U3
30HBl YCTOMYUBOCTH

[IpoBeneM aHanu3 4eTBEPTOro Ciay4das, KOraa
OpU  CBOEM  JBIDKEHUH  KOI((UIIHEHTHI
XapaKTEePUCTUUYECKOTO YPABHEHUS IMEPECEKAIOT
ocb Cp. llpm »sToM cHavasa wHcciexyeM
HIOBEJICHUE CHCTEMBI npu JIBYDKEHUU
K03 PHUIIMEHTOB ee  XapaKTepUCTHYECKOTO
yYpaBHEHHS B IUIOCKOCTH C; — C,, T.€. KOTJA
c3; =0 (cm. pucynok 8). Ecim  ¢q > 24/c,
(nmomaraetcsi, 4To C, > 0; B MPOTUBHOM Ciy4yae
cuctema HeycTohumBa — cM. (7)), To cucrema
HaXOMUTCSI HA  TpPaHHUIE  yCTOWYMBOCTH,
K0JIeOATeNbHOCTh B HEHMl He NposiBiseTcs (CM.
puUcyHOK 9). XapaKTepUCTUYECKOE YPaBHEHME
UMEET TpU BELIECTBEHHBIX KOPHS, OIUH U3
KOTOPBIX paBeH HYJIO, /JBa JPYTUX —
OTPULIATEIIbHBI. [Ipu nepeceyeHnu
ko3 dunmenTamMu KpuBoi ¢; = 24/c, (T.e. npu
UX TMomajaHuu B o6macte (2) B rpaduke
NEepeXOoAHOM  XapaKTepUCTHUKH  BO3HMKAIOT
3aryxaroluye KoJieOaHusi, MPU ITOM CHUCTEMa
OCTaeTcs Ha TpaHMILe ycToHMuuMBocTH. Takum
oOpa3zom, B oOmactu €2 (cM. pHUCYHOK &)
cucTeMa MUMeeT OJIMH KOpPEHb, PABHBIM HYIIO, U
JIBA  KOMIUIEKCHO-COTIPSDKEHHBIX ~ KOpHSL  C
OTpHLIATENILHON BEIIECTBEHHOM YacThIO.
HanbHeliimee nBuxkeHue koddduuueHta c; K
HYJIIO COMPOBOXK/JAETCS CHU)KEHHUEM CKOPOCTHU
3aTyXxaHus KoyieOaHWM, T.e. yMEHbIIEHUEM
MOJyJsl OTPHULATENbHOM BEIIECTBEHHON YacTu
KOMILIEKCHO-COTIPSIKEHHBIX KOpHEH.
[lepeceuenne k03pPUIMEHTOM C; OCH Cy, T.€.
korma ¢, =0,  ymoMMHaBIIMECS  BBIIIE
KOMILIEKCHO-COTIPSDKEHHBIE KOPHHM CTaHOBSITCS
YUCTO MHUMBIMH. /[lanmbHeillee yMeHbIIEHUE
koa¢pduLreHTa €; B OTPULIATENBHYIO 00JIacTh
COITPOBOJKIAETCS TEM, UTO BEIIECTBEHHAS YacTh
KOMILIEKCHO-COTPSIKEHHBIX KOpHEH
CTaHOBHUTCS  TIOJOXKHUTEIBHOM. ITOM
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cucTema npuodperaer KoJIe0aTeIbHYIO

HEYCTOWYUBOCTh (cm. PHUCYHOK 9).
[Tepeceuenne kodhduIeHTOM C€; TPH  €ro
JBW)KCHUU B OTPHUIATEIBHYIO 00JIACTH KPUBOM
¢, = —2+/C;  CONPOBOKIAETCA  TEM,  YTO
cucreMa CTaHOBUTCS ACHMITTOTUYECCKH
HeycTolunBoi (cM. pucyHok 9). Ilpu stom
OJIMH XapaKTEPUCTHYECKUH KOPEHb OCTaeTCs
paBHBIM HYJIIO, JBa JPYIHX CTaHOBSATCS
BEIICCTBEHHBIMH IOJIOKUTECITLHBIMU.

va
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c1=-2\/072
%) c1=2\/c—2

Cc
4
Pucynoxk 8. Cxema nepexona ko3ppuneHToB
XapaKTEepUCTUUECKOTO YPaBHEHHsI Yepe3 OCh Cy

/Cy

/
-

i [}

Pucynox 9. I3meHeHue Bia XapaKTEPHOTO MEPEXO0THOT0 Mpoliecca IpH MEPECEUSHUH OCH € JUIS CIIydast IBUYKEHHS
K03(h(UINEHTOB XapaKTEPHUCTHUECKOTO yPaBHEHHMS B INIOCKOCTH €3 = 0

[Tepexon K023 punreHToB
XapaKTEPUCTHUECKOTO YPAaBHEHHSI Yepe3 OCh C;
3 00JIaCTH YCTOMYMBOCTH, T.€. W3 00JIacTH
c3>0 (HO c3<c(CiC3), ¢1>0, ¢;>0, B
obmactb ¢3 <0, ¢; <0 (cm. pucynHokx 10)
COMPOBOXKAAETCA TEM, YTO U BEIIECTBEHHBIN

Cc
1
Pucynok 10. Cxema nepexo/ia k03¢ GUIIHMEHTOB

XapaKTEepUCTUYECKOTO YPaBHEHHsI 4YePe3 OCh €y U3
o0JiacTn yCTOHIMBOCTH

O06oOmenne pe3yapbTaTOB aHalu3a BCEX
BBIIICTIPUBEICHHBIX CIIy4aeB IMPEACTaBICHO B

Tabnuie.
Boipaxkenuss (7) MO3BONSIIOT AOCTATOYHO

IIPOCTO IMPOBECTH aHanu3 ycrounmBoctn CAY

KOpEHb, M BEIIECTBEHHAS YaCTh KOMIUIEKCHO-
COTPSKEHHBIX KOPHEH MEHSIOT CBOM 3HAKH C
«» Ha «t». Cucrema npuoOperaeT u
KoJe0aTenbHYIO, u ACUMITOTUYECKYIO
HEYCTONYMUBOCTH (CM. pUCYHOK 11).

Xenix XONI

t t
Pucynok 11. U3meHeHnue Buga XxapakTepHOro
MIEPEXO0IHOTO TpolLiecca MPH IEPECEIEHUN OCH Co U3
30HBI YCTOHYNBOCTH

TPETbEro TOpsSAKa, a PHUCYHOK | HariasgHo
WITIOCTpUpPYET 00JacTh, B KOTOPOH MpH 3TOM
JTOJIKHBI HaxOJIUTHCS KOA(pHUITUEHTHI
XapaKTEpUCTUYECKOTO YPAaBHEHUSI.
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Tabmmna 1. Bapuanter motepu yeroitamBoctit CAY TpeThero nopsaka Ipu H3MEHEHUH KO PHUIHESHTOB
XapaKTepUCTUYECKOI0 YPaBHEHHUS

Ne Xapakrep nepeceueHust H3MeHnenue M3MeHeHre BUIA IEPEXOTHOTO Bun
BapHMaHTa ko3 puIHEHTaAMI MOJIOKEHHS KOPHEN nporecca npruodpeTaeMoi
MOBEPXHOCTH, XapaKkTEPUCTUYECKOTO HEYCTONYMBOCTH
OrpaHUYMBAIOLIEH YpaBHEHUS B
00J1aCTh YCTONYMBOCTH | IIIOCKOCTH KOpHEH
C
1 : TmF Xauix Xatix Konebartenpnas
*—re
o =
Rel ¢
t
2 ImFP Xebix Xawix AcCHMITTOTHYECKAS
[RE—— =
Rel’
t t
3a Imr Xabix Xasix AcuMIToTuueckas
e e » =
Rer
t t
30 Imr Xebix Xaix AcuMIToTuueckas
e =
Rel’
t t
4a Imr’ Xeuse Kok KonebarenpHas,
G, 3aTeM
c, = ACHMIITOTUYECKAs
_—r Rer
C, t {} t
Xebix Xebix
<=
t t
46 Imr Xebix Xebix AcuMnToTudeckas
T
o =
Rer
- | .
Cy t t
CIHCOK MCI0/1b30BAHHBIX HCTOYHHKOB [2] Msmmxk  B.®.  Teopus  aBTOMATHYECKOTO

[1] Tumammer A.I'. ABTOMaTHKa M pPEryJIHpOBaHHE
ABUAIIMOHHBIX ABUTaTe]eH U SDHEPreTHYECKIX yCTAaHOBOK.
Yacte 1. Teopus aBTOMATHYECKOTO  yIpaBICHUS.
Jluneiinsle cuctemsl [Texcr] / A.J. TI'mmanues,
A.H. Kproukos, A.b. Ilpoxodnes, E.B. IllaxmaTos,
B.II. Hlopus. - Camapa: CI'AY, 2002. 139 c.
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[4] Kosnos J.B. OnrumMansHoe o
OBICTPOICHCTBHIO MO3UIIMOHUPOBAHHUE JIBUTATEJs
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The problem of building the stability space for third-order control system
is solved. The 3D stability space has coefficients of characteristic
equation as coordinates. Analytical conditions of system stability are
defined. Different variants of crossing of stability border surface by
Safonov S.V.[coefficients of characteristic equation are considered. The analysis of
Voronezh State Technical Universityflchanges in location of roots of system characteristic equation and in
394026, Russia, Voronezh, litypes of step responses under these variants is fulfilled.
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BUBPOAKYCTHYECKAS JAUATHOCTHKA
KOCMHUYECKUX  AIIITIAPATOB  OTKPbLITOI'O
(HETEPMETHUYHOI'O) UCITOJIHEHUSA

OcobenHocmpblo  KOHCMPYKYUU KOCMUYECKO20 annapama OmKpbulino2o
UCNONIHEHUsL S6/ISIeMCsl HAludue YerenadcmuKkogoeo YUuIuHopa, 60Kpye
KOMOp0o20 ¢ NOMOWbI0 NUJIOHOG 3AKPENIeHbl MPEXCIOUHbIe COMOBblE
nanenu. Ha smux nanensx ycmanogieno snexmponHnoe 060pyooeanue,
AHMEHHO-uoepHble CUCMEMbL PEeMPAHCIAMOPOs, azpecamsl i npudopol
cucmembvl YNPAGIeHUss CNYMHUKOM. Bubpayuonnoe nacpyoicenue maxux
KOHCIMPYKYUU npediazaemes: npouzgoouns Kax 21eKmpoOUHAMULEeCKUM
subpocmenoom (0o 100 I'y), max u ougpgysnvim axycmuyeckum noiem 8
[pesepbepayuonnoil kamepe. OMKIUK KOHCMPYKYUU HA 8UOPAYUOHHOE U
akycmuueckoe — HazpydceHue — (UKCUPYemcsi  aKcelepoMempamu U
npedcmagisiemcs 6 Guoe AMIAUNMYOHO-YACTNOMHbBIX XAPAKMEPUCTUK U
3A6UCUMOCIU  CREKMPATILHOU  NIOMHOCIU — MOWHOCMU  CIAYYALHO2O0
cuenana om  uyacmomol  Konebawuti.  Obuapysicenue  Oeghexmos
KOCMUYECKO20 annapama npou3eo0umcst Ho U3MeHeHUI0 Napamempos e2o
BUOPAYUOHHO20 OMKIUKA. [ 3M020 6UOPAYUOHHbIE U AKYCMUYEecKue
ucnvimanus nposoosames ¢ mpu smana. Ha nepeom smane svinonnsemcs
30HOUpYIOWee  GUOPAYUOHHOE HASPYJCeHUe KOHCMPYKYUU C HU3ZKOU
UHMEHCUBHOCMbIO. Pe3yibmamul UCHbIMAHUL — Pe30HAHCHbIE YACHOMbl
U amnaumyovl KONeOaHull — CPAGHUBAIOMCS C NPOEKMHbIMU 3HAYEHUSIMU
UNU € 3HAYEHUSIMU, ONPEOeNEHHbIMU NPU HA3EMHOU IKCHEPUMEHMANbHOU
ompabomke kocmuyeckozo annapama. Ha emopom smane ucnvimanus
nPOU38O0SIMCSL  NPU  NOGBIULEHHbIX HASPY3KAX, HO HA 0Oe30NaCHbIX
€ICUMAX, PACCUUMAHHBIX NO CREYUaIbHou memoouxe. Tpemuil sman
s6/slemes NOGMOpeHuemM nepeoeo. B pesyivmame no OMKIOHEHUSM
napamemposg subpayuil onpeoensemcs MeCmonoai0NCeHue u xapakxmep
Odepexma. B cmamve npedcmagnenvl 0CHOBHbLE NOJONCEHUS MEMOOUKU U
e3yIbmamol 8UOPOAKYCMUYEeCKOU OuUaHOCMUKU KOCMUYECKUX
annapamos. Coenamn 61800 0 YenecooOPaZHOCMU UCNOIbL30BAHUU MAKOU
OUACHOCTUKY HA 3AKTOYUMETbHbIX IMANAX U320MOGIEHUA U30EUIL.

Knroueevie cnosa: xocmuueckutl annapant OmkKpblnmoco UCHOJIHEHUS,;
akycmuyeckue ucnvlmanusl; pesep6epm;u0HHaﬂ Kamepa, 6u6pal4MOHHble

UCHBIMAHUL, INEKMPOOUHAMUYECKULL subpocmeno, Odeghexmbi
KOHCMPYKYuu, OUASHOCMUKA NO NAPAMEMPAM UOPayuil.
(I)YHKI_[I/IOHI/IPOBaHI/II/I KOHTPOJUPYEMOT'O

oObekTa. [Ipu 3TOM npoucxoauT HENpephIBHBIN

KOHTpoJIb TEXHUUECKOTO COCTOSIHUSI MaIIHH,
arperaToB M KOHCTPYKIIMM TIO TMapaMeTpam
BUOpanuii HaAMmEN WIMPOKOE MPUMEHEHHE U
IoKas3all BBICOKYIO 3¢ (HeKTUBHOCTH B
pa3IMYHbIX 00NacTsaX TexHUku. O030p METOI0B
TAKOTO KOHTPOJISI MOXXHO HAWTH, HampuMmep, B
[2]. Kakx wu3BecTHO, BUOpAIMOHHBIE METOBI
MO>XHO YCJIOBHO pa3JelnTh Ha TMACCHUBHBIE W
aKTHBHbIE. B TmiepBOM cilydae uccineayroTcs
CUTHAJTBI, MOJTy9aeMbIe npu

MOHUTOPHUHT COCTOSHUA U3ICIUA C LEIbI0

BBISIBIICHUS MOSIBIISIFOIIMXCS
9KCIUTyaTallMOHHBIX  JleekToB. Bo BTOpOM
cilydae COOTBETCTBYIOIAs uH(popmManus

MOJIy4aeTcsi TpU TPUIOKEHUU K OOBEKTY
CIEIIMAIbHO 3aJaHHBIX BO3JachcTBUIl. Takou
KOHTPOJIb MOXET NPOU3BOAMUTHCA KaK JO
Hayaja »JKCIUTyaTalluu OOBEeKTa, TaK W C
HEKOTOPOW NEPUOAUYHOCTBIO BO BpEMS €r0
JKCIUTyatanuu. JlMarHocTuka KOCMHUYECKHX
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annaparoB (KA) ocymecTBiasieTcsi TOJBKO IO
aKTUBHOM cXeMe M J0 Hadaja 3KCIUTyaTallUH,
KOTrJa JOJDKHAa ObITh oOecreyeHa TapaHTus
KadecTBa u3aenuu [3].

Paznuuator  1Ba OCHOBHBIX — MeETOJa
JUAarHOCTUKM KOHCTPYKLUMH 10 napamerpam

BUOpaIMii: MeTOJ MOJAIbHOH U  METoA
napaMeTpuuecKol HAeHTHU(UKALUU JePEeKTOB
[5-9]. MopnanbHas uIeHTH(UKAIIHS
IIPEII0JIaracT YCTAHOBJICHUE CBSI3U MEXAY
XapaKTEepUCTUKAMHU COOCTBEHHBIX TOHOB
KOHCTPYKLMH U MapaMeTpaMu Je(QeKToB ¢
HOCIEAYIOIIUM OIpeIeICHUEM TUX

apaMeTpoB IO HW3MEHECHHUSIM COOCTBEHHBIX
gyactor ©u ¢GopM KosebaHMH, a TaKxKe
XapakTepucTuk jaeminpupoBanus. Ilpu sTom
HOJHOCTBIO  COOpaHHbIE O00pa3lbl TEXHUKH
HO/IBEPralOTCsS  MOJAJBbHBIM  HCIBITAHUSIM  C
IIOMOIIIBIO MHOI'OTOY€YHOI'O BO36}’)KI[CHI/I$[
KOJNeOaHU A BBIACICHHS  «YUCTBIX»
CcOOCTBEHHBIX TOHOB, KaK IIpaBUJIO, METOAOM
(azoBoro pesonanca. J[ns mapameTpuvecKoin

uACHTH()UKAIIH nedeKToB AKTUBHEBIM
CrocoOOM  HCHOJB3YIOTCS, Kak  MPaBUIIO,
M3MCHCHUS aMIUTUTYTHO-4aCTOTHBIX
XapaKTEPUCTUK (AUX) KOHCTPYKLUH,

MOJTYYCHHBIX TP OJHOTOYEYHOM BO30YKICHUN
BUOpAIH.

1 MeTtoauka
nedexToB

HICHTH(PUKALUU

[Ipu pa3paboTke METOAMKH TUATHOCTHKHU
KA  OTKpBITOrO HCHONHEHUS HEoOXOIUMO
YUUTBHIBaTh OCOOEHHOCTH MX KOHCTPYKIIMH.
KoHcTpykTuBHO-CcHioBast cxemMa Takoro KA
COCTOMT M3 YIVIEIUIACTUKOBOIO IWJIMHJpA,
KOHUYECKOIO ajanrepa W30TpUIHON
CTPYKTYpbI, BOKPYT KOTOPBIX C IOMOIIBIO
IUIOHOB 3aKPEIUIEHBl IUIOCKUE TPEXCIIONHBIE
COTOBbIE TaHeNu, o0mas IUIOmAagb KOTOPBIX
MOJKET JOCTUIaTh CTa KBaJApaTHbIX MeTpoB. Ha
MaHeTIsIX YCTaHOBIIEHO puOoOpHOE
0o0opyI0BaHUE, aHTEHHO-(UICPHBIE CUCTEMBI
PETPAHCIISITOPOB, o0opynoBaHue Ui
ynpasineHuss KA. Ilpumepsl KOHCTpYKTHBHO-
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cwiIoBbIX cxeM KA OTKpBITOrO HCIIOJIHEHUS
MoKa3aHbl Ha pucyHke 1 (a, 0).

Moaynb nonesHomn
Harpysku

J

-

W Mnardopma
W «3kenpecc-2000»
B CTApTOBOM
KOHdUrypaLum

6
Pucynox 1. KOHCTpyKTHBHO-CHIIOBBIE CXEMBI
KA oTKpBITOTO UCTIONHEHUS

Hanwune Ha maHensx OOJBIIOTO KOJUYECTBA
pazHooOpa3HOro 00OpyHoBaHHS (C  TOYKH
3peHUsT JWHAMUKA — Pa3JIMYHBIX MacCc Ha
yIIPYrOM OCHOBAHHMH) MPUBOAMUT K JOCTATOYHO
IUIOTHOMY W IIHPOKOMY CHEKTPY PE30HAHCHBIX
4acTOT TakoW KOHCTpykuumu. Hampumep,
MapHasi ToJjie3Hasi Harpy3ka JUisi COBMECTHOTO
BbIBesleHHsT Ha opouty KA «AMOS» u KA
«Jlya», pencTaBieHHas HA PUCYHKE 2, UMEET
okoso 200 coOCTBEHHBIX TOHOB KONICOaHWI B
yactoTHOM jauamna3zoHe oT 0 mo 100 I'u. Ilpwm
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stoM cBbime 100 I'n crekTp pe30oHaHCHBIX
yactoT KA 3aHMMaeT BeCh 3ByKOBOW JHMana3oH
(pucynox 3).

Pucynoxk 2. IlapHas none3Has Harpyska
KA «<AMOS» - KA «JIyu»

N il A
A [
2 > JULI TR
} . 11 | e VAW
! AN UL Y \/ i
, RTRINAY V AVALISES
NG L8 R N R TSO VY, VYAV N AR

100 300 500 700 900 1100 1300 1500 1700 ST

Pucynok 3. CriekTp Koxe6aTeIbHBIX IPOIECCOB
KoHCcTpyKkuuu KA

Pe3onancHbie pEKUMBI KoJieOaHuM
aneMeHTOB KA MOryT NpUBOAUTE K MOSBIIEHUIO
U Pa3BUTHIO TakuX Je(PEKTOB, KaK TPELIUHBI,
HapylIeHHe MeXOJIO4YHbIX CBs3eil (pe3pOoBbIe,
CBapHbIE, IAasHbIC, KIIEEBBIE U JJIEKTPUUYECKUE
COEZIMHEHUS), a TaKKe paspylleHHe
BHYTPEHHHUX CTPYKTYp 3JIEKTPOHHBIX
npubopoB. Pe30HaHCHBIN peXUM HE J0JKEeH
OKa3bIBaTh BIMSHHE HA KA4ECTBO HCIIOJIHEHUS
KA, BBINOJHSIOMErO B YCJIOBUSAX BUOpaIiu
OJIHOPA30BBIM  KPaTKOBPEMEHHBIM peiic  Ha
KOCMHMYECKYI0 opOoUTY. B TOXKe Bpemst KOHTPOJIb
TeXHUYeCcKoro coctosHus KA, ncnonp3yromuii

B Tpollecce AUAarHOCTUKH BUOpPAIMOHHOE
BO3JICHiCTBHE, He JOJDKEH BIMATH Ha 3TO
KadecTBO. CraenoBaTeiabHO, PEKUMBI

BHOPAIMOHHOTO HATPYKEHUS 00s3aHBI, C OJTHOU
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CTOPOHBI, OBITH 0€30MacHBIMH, a C JIPYrod —
CIOoCcOOCTBOBAThH MPOSBICHUIO AEPEKTOB.
Bo30yxaeHune Takoro 00JIbIIOr0 KOJIMYECTBA
COOCTBEHHBIX TOHOB KOJIEOaHHMIl C MOMOIIBIO,
Harnpumep, AJIEKTPOAMHAMUYECKOTO
BuOpocteHma (D/IB) depes MexaHWYeCKHid
untepdeiic (amanrep) KA sBusercs odveHb
CJIO’)KHOM M HE BCErja OCYIIECTBUMOM 3aJlaueid.
[Toaromy MpeJIaracTes JIOTIOJTHUTh
BHOpaIMOHHOE Harpy>keHue KA
AJIEKTPOJMHAMUYECKUM BHUOPOCTEHIOM €U U
BO3OY)KJEHHEM  KoJeOaHUW  aKyCTHUYECKUM
MOJIEM CO CTAIlMOHAPHBIM IIMPOKOIIOJIIOCHBIM
CIIy4aiiHbIM CHeKTpoM. OUYeBHIIHO, YTO TaKoe
BO3/ICHCTBUE TPEOYET CBOETO HOPMHUPOBAHMSL.
TakuMm 00pa3oM, HCX0As U3 KOHCTPYKTHUBHBIX
ocoOeHHOCTEH M ycinoBUH SKcruryaranuun KA

OTKPBITOTO HCIIOJIHEHUS TS enen
BHOpPOJMArHOCTUKH TPUHATO B  JIMANA30HE
qacTOT o 100 T' HUCIOJIL30BATh

CUHYCOM/IaJIbHOE BO3JEUCTBUE C IOMOIIBIO
ANEKTPOAUHAMUYECKOTO BUOPOCTEH/IA, a
BHOpAIlMOHHOE HATPY>KEHUE C YACTOTAMH BBIIIIE

100 I'g 00ecreuynTh b Gy3HBIM
aKyCTUYEeCKUM TIOJIEM B peBepOeparmoHHON
KaMepe C  yIOpaBlIsieMOM  CHEKTpajIbHOU
IJIOTHOCTBHIO MOITHOCTH aAKyCTHYECKOTO
naBlieHUs.  PacueT  pEeXUMOB  HCIBITAaHUI
MIPOU3BOJIUTCS TI0 METOJUKAM, U3JIOKEHHBIM B
[1, 4].

BoisiBnenune nedexktoB B KoHCTpykiuu KA
MIPOU3BOJUTCS B HECKOJIBKO ITAIIOB.

Ha IIEpBOM JTamne MIPOU3BOJUTCS
30HMpYIOIIee BUOpalnoHHOe HarpykeHue KA
C HM3KOM MHTEHCUBHOCTBIO M PETUCTpaLUs
OTKJIUKOB ~ KOHCTPYKLMM [0  CHTHaJlaM
aKCEeIIEpOMETPOB. [TonydyenHbie
9KCIIEPUMEHTAIILHBIE JAHHBIE O PE30HAHCHBIX
yacToTax u aMIUIUTYIaxX Kosie0aHui
CPaBHMBAIOTCS C IPOEKTHBIMU 3HAYEHUSIMU WU
CO  3HAYEHMSIMHM, YCTAHOBJIEHHBIMH  TpHU
Ha3eMHOHN 3KCIepUMEHTaIbHOW oTpaboTke KA.
OpnHOl M3 OCHOBHBIX 3a/lad Ha AITOM JTame
SIBJIIETCS COCTABJIEHUE IPOTHO3a IOBEICHMS
KOHCTPYKLUHU npu HOPMHUPOBAHHOM
BUOPAIIMIOHHOM BO3/IEHCTBHH.
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Cyrp BTOpOro JTama 3akio4yaercsd B
«pacKkayke»  KOHCTPYKUUHM  BHOPALMOHHBIM
BO3JICHCTBUEM TaKOHM HHTEHCUBHOCTH, IIpU
KOTOPOH JOJKHBI IposiBUTHCS aedextsl. Ha
ATOM 3Tarne 00sA3aTeNIbHBI Pacu€Thl O€30MacHbIX
PEKUMOB, KOTOPBIE BBIIOIHSAIOTCS 110 METOIUKE
[4] ¢ wuCHoNb30BaHHEM SKCHEPUMEHTAIBHBIX
JaHHBIX IIEPBOTO 3TaIa.

Tperuil 3sTan  sBISETCS  IIOBTOPEHUEM
IIEPBOrO0 C IOCIEAYIOIIMM COIOCTaBICHUEM

PE3yIbTaTOB HUCIBITAaHUNA C IMOJIYYCHHBIMU

ComocTaB1eHHe napamMeTpos

Journal of Dynamics and Vibroacoustics, 3(1)

panee. Ilo  OTKJIOHEHMSAM  IapaMETPOB
BUOpaIMil onpenensiercss MeCTO U XapakTep
nedexra.

OT™meTuM, YTO ISl BBISBICHHS JIEPEKTOB B
KOHCTPYKIUsAX KA OTKPBITOTO HCIONHEHUS
TAKOW TIOPSIIOK HCIBITAHUN BBIICPIKUBACTCS
KaKk TpU TapPMOHHYECKOM, TaK U CIyJaiHOM
BO30Y)XJICHHH KOJIcOaHHI B peBepOCpalMOHHON
Kamepe (pUCYHOK 4).

BHOpaLHii, BbISIB.IeHHE
JederToB

I

S1B
Af=(5-100 T)

Pa3padoTra KOHCTPYKTHBHO- PeMOHT,
—>1 .
TEeXHO. 10T HUeCKOT0 pelIeH s JoBogka KA

;—\R}'CTH‘IECI\'aﬂ RaMepa
Af=(100-5000 I'm)

30HIHPYIOUINH YPOBEeHb
BO31elCTBHS

HopMupoBaHHBIH
(6e3omacHbIif) YPOBeHb

30HIHpYOIIHI

Coop, 00padoTka
IKRCHEePHMEeHTAIbHBIX
JaHHBIX

30HIHPYIOIIHH YPOBEeHb
BO371eliCTBHS

HopMHpoOBaHHBIH
(0e3omacHBIi) YPOBeHb

30HIUPYIOIIHH

(MOBTOPHBIH) YPOBEeHDb

(TIOBTOPHBII) YPOBeHb

PacueT HOpMHPOBAHHOTO
(0e30macHOr0) pesKHMAa
HATpYy KeHHS

Pucynok 4. ®yHKIIMOHATBHAS cXeMa BHOPOaKyCTHIECKOM TUarHOCTHKH

ITo xapakrepy wu3smenennidn AUX wu
CHEeKTpaJibHOM MmioTHOCTH MomHocTH (CIIM)
CIIy4aliHOMN BUOpanuu MOKHO clenarhb
IIPEABApPUTEIIBHOE  3aKIIOYEHHE O  BHJE
nedexTa, MPOSBUBLIETOCS B pe3ysbTaTe
BUOPALIMOHHOTO BO3JEHCTBUS Ha BTOPOM 3Tarie
UCTIBITAHUN (OKOHYATeNbHOE 3aKiroueHue — 1
1ocjie BU3yaJIbHOTO OcMOTpa). Tak, CHM)KEHUe
4acTOThl AMIUIMTYJHOTO PE30HAHCA U PE3KOE

naJicHue aAMILIUTYIbI BUOpanuii
CBUJIETEIILCTBYET O HAPYIIEHUU LEIOCTHOCTU
KOHCTPYKIMU  —  TOSABJICHHE,  HaIpHUMep,
TPELIUHBI YMEHBIIAET KECTKOCTH u
3HAYUTENIbHO  TIOBBIIAET  JeMI(UpOBaHUE
kosnebanuid.  Jlpyroil = xapaktep  UMEIOT

m3menenuss AUYX u CIIM npu ocnabienun
KpEIUICHUI arperatoB: CHMXKEHHE YacCTOTHI
aAMIUTUTYHOTO PE30HAHCA TPOUCXOIUT MOYTH

0e3 U3MEHEeHMs PEe30HAHCHOW aMIUIUTY/bI

koneOanuii. [losBnenue 3azopa B  MecTe
CTBIKOBKHM  arperaTtoB  MpOSIBIISIETCS  Kak
HEeOOIBIIIOE CHIKEHHE YaCTOThl aMILUIUTYAHOTO
pe30HaHCa MPU PE3KOM CHIM)KEHUW aMILUTATYbI
PE30HAHCHBIX KOJeOaHull arperaTos.

PesyibTarhl

Huxe B KauecTBe WJUTIOCTPALIIN
s dexTuBHOCTH W3JI05KEHHOMN METOJIUKHU
BUOPOAKYCTHUECKON JUArHOCTUKHU
KOCMHUYECKHX anmnaparoB OTKPBITOTO

WCTIOJTHEHUS MPEJICTABICHBl  PE3yJIbTaThl
ucciaenoBaHuil psijga o0bekToB. O003HAUYEHUS
Ha pucyHkax 5-7: a) Bua Jgedekra; 0)
WICHTU(QUKAMOHHBIN mnpu3Hak nedexra. Ha
pUCYHKE 5 moka3aH aedeKkT — paspyleHue
COTOBOM TaHENM — W TMPOSBICHHE OSTOTO
nedexra B Buae usmeHennss AUX manenu.
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Pucynok 5. Paspyiienue coToBoil naneian

Ocnabnenue KperieHUsl arperara U ero
uaentuukammro  no  CIIM  caywaitHoit
BUOpALINY WLTIOCTPUPYET PUCYHOK O.
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Pucynok 6. OcnabiieHne KperuieHus arperara
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WNnentudukanuss 3a30opa B KpEIUICHUH
arperara 1o u3MeHeHnuro ero AUX noka3zana Ha
pHUCYHKE 7.

1o nedexra

HEEE

1
0,3 i
| i

A

02 l W\ nocine fedexra |
FEALS
rSEEEssTSEsssssss
g et = o "~
16 22 SiTu

6

Pucynok 7. 3a30p B CTBIKOBKE arperaToB

3akjauyeHue

BI/I6paIII/IOHHBIe HCIIBITAHUA ITIOJTHOCTBIO
COOpaHHBIX u YKOMILIEKTOBAaHHBIX
0o0Opy/IoBaHWEM  KOCMHYECKHX  aIlllapaToB
SIBJISIIOTCS 3¢ (HeKTUBHBIM CPEICTBOM

AUATHOCTUKHN HUX TCEXHUYCCKOI'O COCTOSHUA. B
COUETAaHWH C JPYTMMHU BHUJAMU KOHTPOIS
BBISIBJICHHE  JI6(DEKTOB  KOHCTPYKIMH  TIO
napamerpaM BHOpamuii mMo3BoyisieT 00ecneunuTh
TpedyeMoe KauecTBO HM3JENHH 10 Hadala HuX
IKCILTyaTaIuu.

OTnm4uTeNnbHON 0COOEHHOCTHIO
BUOPOJMArHOCTHKN KOCMHYECKHX alllapaToB
OTKPBITOTO WCTIOJTHEHUS SIBIISICTCS
WCIONIb30BaHWE B KayecTBe  HCTOYHHUKA
BHOpaIii HE TOJBKO AIIEKTPOJAMHAMHUYECKOTO
BUOPOCTEH/a, HO M AaKyCTHUYECKOTO TONs B
peBepOepaliMOHHON Kamepe. DTO TMO3BOJISIET
3HAYUTENBHO pPaCIIMPUTh JHAMMa30H YacToT
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VIBROACOUSTIC DIAGNOSTICS OF OPEN-TYPE (UN-
PRESSURIZED) SPACECRAFTS

A special feature of the open design spacecraft is the presence of a CFRP

(carbon-fiber reinforced plastic) cylinder around which three-layered

E.A. Lysenko honeycomb panels are fixed by means of pylons. The electronic

Academician M.E. Reshetnevllequipment, antenna and feeder relay systems, units and instruments of the

Information Satellite Systems jjsatellite control system are installed on these panels. Vibration loading of

52, Lenin st., Zheleznogorsk, f§such structures is proposed to carry out both with the help of an

Krasnoyarsk region, fjelectrodynamic shaker (up to 100 Hz) and a diffuse sound field in the

662972, Russian Federationfjreverberation chamber. The structure response to acoustic and vibration

mla340@iss-reshetnev.ruffloading is fixed by accelerometers and presented in the form of

amplitude-frequency characteristics and the power spectral density

V.A. Berns function of the random signal from the vibration frequency. The

Siberian Aeronautical Research space(_:raft defects are dete:rmir_led _by parametric_ variations of -its

Institute named after wbrgtlon response. To do thls, vibration and a_lcous_tlc te_sts are garrled

S.A. Chaplygin out in three.stages. A_t the _flrst_stage the probing vibration loading the

21/1, Polzunov st., Novosibirsk, structure. with I0\_/v |n_ten5|ty is performed. Test result.s - reson_ant

630051 Russian Federation frequencies and vibration amplitudes — are compared with the design

' values or the values defined at the ground experimental development of

the spacecraft. At the second stage the tests are performed at high loads,

but in safe modes, calculated by a special technique. The third stage is a

repetition of the first one. As a result, the defect location and nature are

determined by the vibration parameters deviations. The article presents

the methodology main statements and the spacecrafts vibroacoustic

diagnostics results. It is concluded that the use of such diagnostics in the
final stages of products manufacturing is reasonable.

v.berns@yandex.ru

Key words: open-type spacecraft, acoustic test, reverberation chamber,
vibration test, electrodynamic shaker, structural defects, diagnostics by
vibration parameters.
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