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AnHOTanUga

PaccmarpuBaerca mpobsiema  oreHku, (HOPMHUPOBAHUS ¥ KOPPEKIWHA JIUHAMUYECKOTO KadeCcTBA
PE30OHAHCHBIX PEKUMOB PAOOTHI BUOPAIMOHHBIX TEXHOJOTHYECKUX MAIMWH JJIS YIIOTHEHUST OETOHHBIX CMECei.
e paborbl — pa3paborka MeTOJa ONTHMHU3AIMUU IIaPAMETPOB MEXAHUYECKOHl KOae0aTebHON CHCTEMBbI
C JBYMsI CTEEHSME CBOOOJBI, 0DECIEYUBAIONIErO0 MAKCHMAIBHYIO IMAPUHY PE30HAHCHOTO MUKA AMILTUTY/HO-
YACTOTHON XapaKTEPUCTUKH MPU BHITOJTHEHUN TPEOOBAHNI K PE30HAHCHBIM YACTOTE U AMILTATYIE TUHAMUIECKON
TOIATINBOCTH PADOYIEro OpraHa, a TakxKe KO3 UuImeHTy BuOPAIMOHHOM epe1adn Ha, OMOPHYIO MOBEPXHOCTD,
0TOOPAXKAMIIEMY 0COOEHHOCTH BHOPOM30AIMu. Cnosbp3yercs MeToa0/I0rs CTPYKTYPHOTO MaTEMATHIECKOTO
MO/ICJIMPOBAHUS, [TO3BOJISIONIAs IPEJCTABIATD MEXaHUIECKYIO KOJIEOATEJbHYIO CUCTEMY B BUJE JMHAMUYECKH
SKBUBAJIEHTHOM CXEMbI CHCTEMbI ABTOMATHYECKOIO YIIPABJIEHUsI U AHAJIM3UPOBATD €€ C TIOMOIIBIO EPEIATOIHBIX
dbyukumit. s pernenus 3aga4u npeioked rpadOaHATUTHICCKUN TOAX0 K MUHUMUBAINN SHEPIeTHICCKOTO
dbyHKIINOHAIA, XapAKTEPU3YIOIMIEro KPUBU3HY AMILIMTY/IHO-9ACTOTHON XapaKTEPUCTUKH B TOYKE PE30OHAHCA.
B pesyabrare YHCIEHHOrO SKCIEPUMEHTA JJjis BHOPOCTEHA VIIOTHEHWS OETOHHOW CMECH OIPEIeIeHbI
ONTUMAJIFHBIE TAPAMETPHI, 00ECTIEYNBAOIINE YBEJINUYEHNE MUPUHBI PE30OHAHCHOTO MUKA AMILIUTY/IHO-YACTOTHON
XapaKTEPUCTUKK B BOCEMb Pa3 MPHU YCJIOBUU BBINOJHEHUs] JTUHAMUYIECKUX U BUOPOM3OJISAIMOHHBIX TPEOOBAHUIA.
[Monyyennble pe3ynbraThl JEMOHCTPUPYIOT TPUHIUAIHAAIBHYIO BO3MOXKHOCTH IOBBIMICHHUS JIUHAMHYIECKOTO

Ka49eCTBa PE30HAHCHBIX PDEZKHUMOB 0e3 YXyaImeHnd X OCHOBHBIX IKCILIYATAaITMOHHBIX nokKa3aTeJieii.
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Abstract

The problem of evaluation, formation and correction of the dynamic quality of resonant operating modes
of vibrating technological machines for compaction of concrete mixtures is considered. The aim of the work is
to develop a method for conditional optimization of the parameters of a mechanical oscillatory system with two
degrees of freedom, which ensures the maximum width of the resonant peak of the amplitude—frequency response
while meeting the requirements for the resonant frequency and amplitude of dynamic compliance of the working
body, as well as the coefficient of vibration transmission to the support surface, reflecting the features of vibration
isolation. The methodology of structural mathematical modeling is used, which makes it possible to represent
a mechanical oscillatory system as a dynamically equivalent circuit of an automatic control system and analyze it
using transfer functions. To solve the problem, a graphoanalytical approach to minimizing the energy functional
characterizing the curvature of the amplitude-frequency response at the resonance point is proposed. As a result
of a numerical experiment, optimal parameters have been determined for a concrete compaction stand that
ensure an 8-fold increase in the width of the resonant peak of the amplitude-frequency response, provided
that dynamic and vibration-proofing requirements are met. The results obtained demonstrate the fundamental

possibility of improving the dynamic quality of resonant modes without compromising their basic performance.

Keywords: vibration machine, resonance mode, optimization, dynamic compliance, vibration isolation,

mechanical oscillatory system, structural mathematical modeling

Bsenenue

[Mlupokoe pacupocTpaHeHWe B  MPOMBINLIEHHOCTH — MOJYYWIN  BHOPAIMOHHBIE
TEXHOJIOTMYECKUEe MAIIUHBI, UCIOJIb3YIOIIHE JIIs HOBBIIIECHUS SHEProd(M@MEKTUBHOCTH PEZKHMBI
pe3onanca. IlpumepaMu ciy:KaT MAIIWHBL IS VIUIOTHEHHS paboOvYuX cpel, BHOpAIMOHHBIE
IPOXOTBI, MEJIBHUIBI, CTEHJAbl JJisi JUHAMUYECKHX WCObITanuii [1-2]. [IpenmytiecTBa
PE30HAHCHBIX MAIlMH BBIPAXKAIOTCS B UX 3HEProddHeKTUBHOCTH, KOTJA Ha OMpeIeSeHHON
YaCTOTE BHEIHWE CHJIOBbIe BO3MYINEHHUS BBI3BIBAIOT CYIIECTBEHHBbIE KoJyieDaHusi pabodnx
opranos [3-11]. KiodeBoil HEIOCTATOK — HEYCTONYHBOCTD TOTO PeKUMA, MPOSBJSIONIASICS
B «CPBIBAX C PE30OHAHCA» IIPU HEZHAYUTEIbHBIX H3MEHEHUSX TapaMeTPOB CUCTEMBI MJIM YACTOTHI
BO30OY:KJIEHHSI, UTO CBA3aHO € HEJAOCTATOYHON MHUPWHONW PE30HAHCHOIO MHHKA AMILIATYIHO-
9acTOTHOI Xapakrepucruku [12-13].

TpagunuoHHBIT TOAXO K PACHIUPEHUI0 PE30HAHCHOTO MHKA 33a CYeT YBeJTMIeHWs
JIeMIpUPOBAHKUST HEIpUeM/IeM, TaK KaK OH HAIPAMYIO CHHXKAeT aMILIUTYILY KoJieOaHuii,
YXY/IIIasi OCHOBHYIO pabouyIo XapaKTepHCTHKY MainuHbl [14-18|. JI0MOJHUTETIBHO CYIIeCTBYeT
upobJiema  obeclieueHuss HEOOXOJMMOrO yPOBHS  BUOPOU3O0JLIUU,  XapaKTepuylomeics
ko3 dunuenTom BUOpPAINMOHHON Tepejadn BO3MYIIEHU ¢ BHOPOBO30yAUTEs] Ha OMOPHYIO
moBepxHOCTE [19].

TakuMm oO6pa3oM, akTyaJbHOM sBJIsgeTCS 33Jada Pas3paboTKu MeToa0B (hopMHpOBaHUA
JIUHAMHYIECKOTO0 Ka4decTBa, KOTOPOe, ¢ OJHOW CTOPOHBI, ObOecmednBao Obl TpebyeMmbie
4acTOTY ¥ aMIJIATyay Kojebauwit pabodero oprana, a C JPYyro — YBeJIHIHUBAJIO
Obl TMUPUHY PE30HAHCHOTO MHKA M[PU COXPAHEHUW 3aJaHHOTO YPOBHS BHOPOU3OJISIIIUN.
Hacrosimas ctaTbs nocBdniena ONTUMUABAIUT JUHAMAYECKOTO Ka4eCTBa PE30HAHCHBIX PEKUMOB
HA OCHOBE METOJIOJOTHH CTPYKTYPHOI'O MaTeMaTHIeCKOTO MOJICTHPOBAHKUS U METOJI0B YCJIOBHOM
OTITUMU3AIINH.

1 OcuoBubIe nojoxkenusi. [locranmoBka 3ama4dn

MosieibHBIil  9KCIIepUMEHTAJIbHBIH  BUOPAIMOHHBIN — cTeHJI  TnpeJcTaBisger  coboit
NPSAMOYTOJbHBIN KOPIYC-KapKac, BHYTPU KOTOPOTO YCTaHOBJIeH pabounii opraH B BUIe KOpoda
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6 ¢ beronnoit cMechio 11 u Bubpanmonubiit BO30yuTeib 2, cHAOKEHHBIN BajioM 9, 1epeiaionum
apuzkenue nByM jebanancam 10. Koprye 1, pabounit opran 5 u BUOpPAIMOHHBIH BO3OYIUTEH
2 coeauHEHbl Me¥KJIy Cco0oil ynpyro-aemmndupyomumuMu 3yjieMentamMu 8, 12 u cTepKHIMU-
OTPAHWYHUTENIMA 3, HANPABIAIONINMHI JBUKeHWs pabodero opraHa W BUOPAIMOHHOTO
BO30yIuTesnd B HopMe MPOJOJTHHBIX BO3BPATHO-TOCTYMATETbHBIX KOJeOAHWH OTHOCUTEILHO
HOJIOXKEHUsI CTATHYeCKOIo paBHOBecusi.  Pabouwnit opran, wumeromuit (opmy Konreiinepa
¢ 6eTOHHOI CMeChIO, IMepEeMeIaeTCsd Ha KOJIecaxX M0 HUZKHUM pedpaM KOPIIYCa, BLIMTOIHIIONIAM
poJsib pesibcoB. CBepxy Ha Kopryce | yCTaHOB/IEH ACHHXPOHHBIN JBHUTATENH 7, BaJ KOTOPOTO
IOCPEJICTBOM KJIMHOBOTO peMHsI 6 coejuHeH ¢ BajoM 9 BUOPOBO3OyIuUTENs 2, CO3/IAIONIErO
HAIMPpABJEHHbIE CHUJIOBBble BO3MYIIEHWS TOCPEJICTBOM BPAIMAIOINIUXCI B MPOTUBOIOJOXKHBIE
cTOpoHBI IBYX nebanancos 10. Hampasiaennbie kosebanus BUOPAIMOHHOTO BO3OYIUTES depe3
yupyro-jaeMmipupymoriue 3jeMerTs 12 nepejaiorcd Ha pabouunit opran 5 ¢ GETOHHON CMeECHIO
11 (pucymnox 1).
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1 — xopmyc BUOpocTeHIa, 2 — KOPMYC BUOPOBO3OYIUTENS, 3 — CTEPKHU-OTDAHTIUTEH,
4 — Koseca, 5 - pabounii opran, 6 — KJIMHOBOI peMeHb, 7 — JIBUTATEb,
8 — ynpyro-geMigupyomme 3jieMenTs, 9 — Bag Bubposo3dyauTes, 10 — nebaianchr,
11 — 6eTonnas cMmech, 12 — yupyro-gaemindupyonue 3J1eMeHTbl MeKy BUOPOBO30OY/IUTEIEM
1 paboduM OPraHoM

Pucynok 1 — IIpunnunuajibHasi cxema BUOPAIMOHHOIO CTEHJIA LI YIIOTHEHUS OETOHHOM
cMecH

Ha ocnoBe npuHIunuaabHO# cxembl (PUCYHOK 1) MOKeT ObITH COCTABJIEHA DACYeTHAs
cxema, oroOparkaroriasi CyIeCTBEHHbIE OCOOEHHOCTH IUHAMUYECKHX B3anMOJIEHCTBU
9JIEMEHTOB CHCTEMbI (PUCYHOK 2).

DJIeMeHT My MpeJCcTaBisgeT coboil mMaccy BUODAIMOHHOTO BO3OYIUTENS, Mo -Maccy
pabouero oprana. BozmeiicTBue €O CTOPOHBI BPAIIAOINIAXCS J1e0AJAHCOB MPEJICTABICHO
BHEIITHUM CHJIOBBIM BO3MmytneHueM (J1. Ilpexamonaraercs, 9T0 4acToTa BHEITHETO CHIJIOBOTO
BO3MYIIEHNUsT COBHAIAET C MEPBOH 9YacTOTOH pPE30HAHCA CHCTeMBl. [IpujiokeHWe CHIOBOTO
BO3MYIIEHUS] € YacTOTOH CBOOOJHBIX KOJIEOAHUI CHCTeMBbl IPUBOIUT K PE30HAHCHBIM
KojiebaHusIM  pabodero oprasHa. Junamudaeckne 0COOEHHOCTH paboOThl  BUOPAIIMOHHOI
TEXHOJOTHIECKON MAIIUHBI OIpeIeasioTcs (popMoil Pe30HAHCHOTO MUKA. Y3KUil pe30HAHCHBIH
UK YBEJUYIUBAET BEPOSITHOCTH CPBIBOB C PE30HAHCA, B TO BPEMs KAK IIUPOKWI — CHUZKAET eé.
JlnHaMudeckoe KavecTBO pabOThl PE30HAHCHOTO DPEKUMa ONPEIEIIeTCs 3aJaHHBIME 9aCTOTO
U aMILTUTYIHO Kosrebanuii pabovyero oprana, a Takzke KoapGUuiuuenTom nepejadn BO3IMYIIEeHi
OT BUOPANMOHHOTO BO30YAHTENs HA OMNOPHYIO ITOBEPXHOCThH.  PaccMaTpuBaiOTCS MaJible
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YCTAHOBUBIIUECH KOJeOaHUS CUCTEMbI OTHOCHTE/BHO IOJIOZKEHUSI CTATUYECKOIO PaBHOBECHS.
Ha dopmy pe3oHancHOro nmka MOYKHO BJAUATH IIyTeM HW3MEHEHUS I[TapaMeTPOB CHCTEMBbI:
MaCChl, »KECTKOCTH W BS3KOTO TpeHus.  Paciiupenue Pe30HAHCHOT'O ITHKa MOYKET OBIThH
JIOCTUTHYTO yBeJWYEeHWEM CHJI BS3KOTO TpEHWs; HO VYBeJHYeHHe CHJI BSI3KOTO TPEHUS
OJHOBPEMEHHO TPUBOAUT K YMEHBIIEHWIO BBICOTHI PE30HAHCHOTO TIHWKA, YTO HEraTHBHO
BjisieT Ha 3P@PEKTUBHOCTL pabOThl MalllMHbI B PE30HAHCHOM pexkuMe. DBa3oBoil runore3oii
CJIYKUT TPEANOJIOKEHHE O CYIIECTBOBAHUU MMapaMeTPOB, KOTOPbIE yBEJIHYUBAIN Obl MIUPUHY
PE30HAHCHOTO MUKA, OCTABJISAS HEM3MEHHBIMI 3HAYCHUS JTUHAMUYECKO TTOaTINBOCTH padOUIero
oprana u Kkodddunuenta BUOPAIMOHHON Tepeavyd CHUJIOBBIX BO3MYIIEHHI Ha OMOPHYIO
HOBEPXHOCTD.
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b1, by — aemidupyiomue aeMeHThl, ki, kg — yIpyrue 3J0eMeHThI, M1, My — MACCHI,
()1 — BHeEIIHEe CHJIOBOE BO3MYIICHHE TaPMOHUYECKOH (POPMBI
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Pucynok 2 — PacueTHas cxeMa BHODPAIMOHHOM TeXHOJOTUIECKON MAITHHBI

B kadecTBe 3amaddM MCCIEJOBAaHHs BbIOpaHa pa3paboTKa METOIOB M CPEICTB,
O6eCHe“II/IBaIOH_[I/IX MaKCUMaJIbHYIO IHMHUPUHY PE30HaHCHOI'O IIUKa aMHJH/ITy,ZLHO—LIaCTOTHOﬁ
XapaKTEePUCTUKHU, IIPH YCJIOBUHU COXPAHEHUd MApPaMETPOB PE30HAHCHOTO PeyKUMa - 4YacTOTHI,
AMILTUTY/IbI JUHAMUAYECKON IMOAATIMBOCTH pabodero oprana, kodddunuenta BUOpaImOHHOM
nepegadn.

2 MaremarudeckKkasa MOJEJIb

Ha ocHoBe pacderHoil cxeMbl (PHCYHOK 2) CTPOUTCsS MaTeMaTHdecKasl MOJeNTh
JIBYXMAcCOBOIl ~ BHOpDAIIMOHHOM  TEXHOJOIMYECKOH  MAIMMHBI B  paMKaX  MeTOJ0JIOIUU
CTPYKTYPHOTO MATEMATHIECKOTO MojiesupoBanus [20-22]. B kadecTBe 0600IIEHHBIX KOODIAHAT
Z1, To PACCMATPHUBAIOTCI CMEIEHHUS COCPEIOTOUYEHHBIX MACC M1, My OTHOCUTEIBHO MOJIOKEHU
CTATUYCCKUX PaBHOBECUIl. Jlnga cocrapiennsd cucreMbl juddepeHnuaabubIX ypaBHEHU
Jlarpama 2-0r0 poJa WCHOJb3YIOTCS BBIPAXKEHWS JJId KWUHETUYECKOH, TOTEeHIINAIbHOM
SHEPruil, a Takzxke Jjid (PYHKIUKA pacCeMBaHus, OTOOpazKaloleil 0coOOeHHOCTH CUJI TPEHUS:

1 1

T = §mlg‘c§ + §m2¢§, (1)
1 1
7= 5[?1.77% + §k0(l’2 — $1)2, (2)
1 . 1. . .
F = 5()11’% + 5[)0(1’2 - I1>2. (3)

Ha ocnose Boipazkenuit (1)-(3) cucrema ypabrenuii Jlarpana 2-oro poja MpUHHMAET
MATPUYHBbIN BUI;
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Mi + Bi + Kz = q, (4)

mq 0
rie M = 0 m —  MaTpulla MACCOMHEPIHUOHHBIX  KOIDDUIUEHTOB;
2

B = bitbo —bo) Marpuna Kodhdunrentop gemindupopanus; K = Fit ko —ho
—bg b1 _k(] kl
x

— MaTpHOa KECTKOCTHU, T —
i) 0

1 (G
— BEeKTOp 0OODIIEHHBIX KOOPAUHAT; ¢ = — BEKTOp

CUJIOBBIX BO3MYIICHUM.

Cucrema guddepennuaibablx ypaBHeHuil (4) 1oJ JeldcTBHEM HHTErpajbHOIO
npeobpazoBanus Jlamaaca ¢ ydeToM HYyJIeBbIX HAYaJIbHBIX VCJIOBUN NPUBOJIUTCI K CHCTEME
aJredpanvyecKux ypaBHEHH:

(Mp*+ Bp+ K) X =Q, (5)

rie X, QQ — m3o6paxkenns Jlamnaca GyEKIHAI-OPATHHAIOB T U ¢, p = jw, j = /—1 —
MHUMas eJuHuIa [23].

AnreGpandeckast  cucrema  (5)  TpeACTABAAETCST B BHJE CTPYKTYDHOH — CXeMbI
9KBUBAJIEHTHOW B JUHAMUYECKOM OTHOIMEHUH CHCTEMBl aBTOMATUYECKOTO YIIPABJICHUS
(pucyHoK 3).

bp+k, |-

1 1

2 f)_:_p +k-:- T |
mp +(b+b)p+(k+E) |\ m,p’ +bp+k,
) X, X,

Pucynok 3 — CTpyKTypHas cxeMa MeXaHUIeCKOIl KoebaTebHOU CUCTEMbI Ha PUCYHKE 2,

p:jw7j:\/_1

Y

JInnamudeckne 0COOEHHOCTH MEXaHUYeCKO Ko1ebaTe/ IbHOM CHCTEMbI B yCTAHOBHBIITUXCS
dopMax JABUZKEHHS OMPEESIOTCA ¢ IOMOIIBIO epeIaTOIHbIX (DYHKIUI:

Wi (p) = %, (6)
Wa (p) = %, (7)
Wit (p) = % ®)

AMIIATYTHO-9ACTOTHBIE XAPAKTEPUCTHKA COOTBETCTBYIONINX MEPENATOTHBIX (DyHKIUI
(6)-(8) mmeror BH:

: (9)

p=jw

A (w) = ‘%

X
A2<w>=\5

, (10)

p=jw
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(k1 + jw) X1
Ap (w) = 0 - (11)
p=jw

Ha ocHoBe aMILIMTY/HO-4ACTOTHBIX XapPAaKTEPUCTUK MOYKHO BbIPA3UTh COBOKYIHOCTH
YCJAOBUI HA YaCTOTBI, aMILIUTY/AbI OOOOIEHHBIX KOOP/JMHAT, CUJIOBBIX BO3MYIIEHUH W PEAKITHil
OILIOPHBIX ITOBEPXHOCTEI:

Wres = COu
AQ (wres) = 017
Rl (W'res) - R017 (14)

rae Cy — gacrora pesonanca (pasn/c), C; — 3HaUeHHE JIUHAMUYECKON TMOJATINBOCTH
(M/H), Rp1 — ypoBeHb BUOPAIMOHHOI Tepeiadn OT WHEPIHOHHOTO BO3OY/UTEN sl HA OMOPHYIO
nosepxuocts (H/H).

B nemom cucrema umeer 6 napamerpos {mg ,mo, by, b1, ko, ki1}.  Hanuume 6-
TH [apamMeTpoB ¢ yderoMm tpex ycaosuit (12)-(14) mospossier paccMarpupBaTh IMTHPHHY
PE30HAHCHOIO MUKa B 3aBUCHMMOCTH OT TpexX IapaMeTpoB. JIOKaJbHOH XapaKTepUCTHKOI,
0TOOpaKAIOMIEH IMUPUHY PE3OHAHCHOIO IMHKA AMILIATYIHO-9ACTOTHOH XapaKTePUCTHKH, MOXKET
BBICTYIIATh KPUBU3HA, PACCUNTAHHASA B TOUKE JIOKATHHOTO MAKCHMYMAa:

1 AN res
L |ll] (15)
cr / 2\ 2
(14 (Aawres))?)
3aech u gamee A, = dAy/dw m A, = d*>Ay/dw? 06o3HAYAIOT MepBYIO W BTOPYIO

IPOU3BOIHBIC AMILIUTYIHO-IACTOTHON XapakKTepUCTHKA Ay(w) mo dacrore w.
Paccuuranubiii B TOYKEe JIOKAJbHOIO MaKCUMyMa, paJuyC KPHUBU3HbI [PUHUMAET
VIIPOIIECHHDLI BU/I:

1 1
= = A () (16)
R,
Jna  ompemeseHusa  HapaMeTpoB,  OOECHEYHBAIOIINX — MAKCAMAJIBHYIO  ITHUPUHY
PE30HAHCHOIO HUKA, MOXKET ObITh HOCTaB/IeHA 3a]a4a YCJOBHON MUHUMU3AIMN:
” 2 .
Ay (Wres)” — min
Wres = C’O
(17)

AQ(wres) = C(1
Rl(wres) = Ro:.

Sagada  yCIOBHON ONTHMH3AINN 3aKJI0YAETCA B ONpPeIeeHHH TaKHX MapaMeTpoB,
KOTOpbIEe, C OJHOIl CTOPOHBI, OOECIHEYUBAIOT 3aJAHHYIO YaCTOTY PE30HAHCA, AMILIATYILY
KojiebaHnit 00OOIIeHHO KOOpPAMHATHI HA PE30HAHCHOU dYacToTe, U 3aJaHHOe 3HAaYeHHe
ko3 duimenTa BUOPAIMOHHON 1epejladu, € JAPYrofl CTOPOHbBI, JOCTUIAETCHd MUHUMAJIbHAS
KpHUBHU3HA. B Ka4deCTBe KpHUTEpHudA OINTHUMHU3alIUU HCIIOJb3YyeTCd KPHUBHU3HA aMIJIUTYIAHO-
YaCTOTHON XapaKTEePUCTUKH, BBIYNCICHHAA B 9aCTOTE PE30HAHCA.

s cucTteMbl ¢ TPEeHHEM pacdeT Pe30HAHCHBIX YacTOT IIPOU3BOJIUTCA M3 YCJIOBUM
paBeHCTBA HYJII0 ITPOM3BOAHBIX OT AMILIHTYIHO-YACTOTHBIX XapaKTEePUCTHUK, 3aIUCAHHBIX
B aHAJUTHYECKOi dopme.

ﬂﬂﬂ cucreM € MaJIbIM TpeHnueM BMeCTO PE30HaHCHBIX YaCTOT, BbBIYUCJIEHHBIX
KaK 4aCTOTDI, JOCTABJISIONIUE JIOKAJIbHBIA SKCTPEMYM aMILIATYIHO-9aCTOTHBIX XapaKTePUCTUK
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JIMHAMUYECKON MOJIAT/IMBOCTH, MOI'YT ObITh BbIYMCJIEHBl OJIM3KHE K HUM HacCTOThl CBOOOJHBIX
KoJjieDaHuil CHCTEMbl, AHAJOTMYHON WMCXOJAHON, HO B MPEJANOJOKEHUU, YTO CUJIBI TPEHUS
HEe YYUTHIBAIOTCH. s cucremMbl 6e3 ydera TpPEeHHS dYacTOTHI CBOOOJHBIX KOJeOaHUi
BBIUUCISIOTCA B aHAJIATHIECKOH hopMe Ha OCHOBE XapaKTePUCTUIECKOTO YpaBHeHU. Bian3octs
PE30HAHCHOM YACTOTHI Wyes U YACTOTHI CBOOOTHBIX KOJTEOAHUH Wy, CUCTEMBI O€3 ydeTa TPeHUs
103BOJIIeT CPOPMYJINPOBATH 33/1a9y YCJIOBHOM ONTHMHU3AIUN B OCJIADJIEHHON IIOCTaHOBKE,
3aKJII0YAlOIeiicss B 3aMeHe 4YacTOThl PEe30HAHCA Wp.s HA YacTOTY CBODOJHBIX KoJAeOaHMi
Wsop- DJIN30CTH COOCTBEHHON YaCTOTHl Wgop K PE3OHAHCHON Wyes ONPENEIdeTcsS Ha OCHOBe
MAJIOCTH TI€PBON MPOW3BOIHON aMILTUTYIHO-9ACTOTHONW XapakTepucTukd. I[losTomy mokeT
ObITH cchopMynUpoBaHa 3aa4a B c1abofl TOCTAHOBKE, 171 KOTOPOU KPpUTepHeM ONTUMATBHOCTI
CJIY2KHUT B3BeIIeHHAs CyMMa NepBOi W BTOPON IMPOU3BOIHOM:

2 2
(A;(wsob)) + 4 (A/z/(wsob)> — min
wsob = Co (18)
Ay (wsob) =C)
Ri(wsop) = Rot.

MoKHO mojaraTh, 9TO MPH MaJbIX CHJIAX TpeHHs 3ajadu B nocranoBke (17), (18)
obecrmednBaloT OIU3KHE DEIIeHUs, HO pelleHne B Caabofl IMOCTAHOBKE MO3BOJISET BBIPA3HTD
YCJIOBHS HA TTApaMeTPbl B AHAJUTUICCKON dopme.

3 CrpykTtypa ycJaoBumii B napameTrpax aAMILTATY/JHO-IaCTOTHBIX
XapaKTepUCTUK AWHAMHWYECKON  IOJAaTiImBOCTH U  Ko3dpunmeHta
BUOpaANMOHHOI epeaavn

[Tepenarounsie dbyuxiuun Wi, Wy (6)-(7) cuctembl, oTobpazKkaeMoil cTPYKTYPHOH ¢xeMoit
(pPHCYHOK 3), ABJISIIOTCSI PElIeHueM MATPUIHOTO YPABHEHHUST:

(Mp* + Bp+ K)W =ey, (19)

Wi . 1
rae W = W, | ~ BEKTOp HepelaTOHbIX byHKIHMM, e; = () — BEKTOP KOODIHHATEI
2

NPUJIOKEHUST BHEITHEr0 BO3MYyIIeHHda. BekTop mepemarodnbix ¢yHKIun W MoxkeT OBITDH
npeJicTaBjJeH B BHAJE:

W = &U; + &§Us, (20)

e &,6, — wuckomble nepemennbie, U, U; — BekTopbl, oTOOpazkawiime QOpMb
cOOCTBEHHBIX KOJIEOAHUI, ABJIAIOTCS PelleHusIME 00OOIIEHHON 33/1a91 Ha COOCTBEHHbIE UHCJIA.

KUl = W150b2MU1, KUQ = U.)QSObQMUQ. (21)

CobBCTBEHHBIE YHCTA Wigepe M Waseh? COOTBETCTBYIOT cobCTBeHHBIM BeKTOpaM Up,Us.
Ins  Bekropos Up,Up W COOCTBEHHBIX UHCENT W?.,, W Wi, CIPABEJIHBBI YCJIOBUS
OpPTOrOHAJILHOCTH:

(MUy, Uy) =0, (MU, Uy) =0, (KU, Uy) =0, (KUy,Uy) =0, (22)

rae ( , ) — cKaJsipHOE Mpou3Be/ieHue. [0NOIHUTEIHHO IPEANOIATAETCS, YTO BhITIOJHEHbI
YCJOBUS HOPMUPOBKH:
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(MU, U =1, (MU, Us) =1, (KUy, Uy) = wise’s (KUs, Us) = woeen”. (23)

[IpencraBnenue BekTopa mnepegarounbix (yukmuit W ¢ nomompio dopm Ul, U2
MO3BOJISIET BBIPA3UTH AMILIUTY/IHO-YACTOTHBIE XapaKTEPUCTUKU dYepe3 KoopauHaTthl &1, &2
B VIPOIIEHHOM BWJe W WOJYYUTH VCIOBUS B AaHAJIHTUIECKOM BHJE B 3aBHCHMOCTHU
OT COGCTBEHHBIX YaCTOT Wigpp> U Wasep> . B 9aCTHOCTH, yCa0BHEe Ha (PUKCHPOBAHHOE 3HAUYCHUE
CO cobCTBEHHON 9aCTOTHI W1 gp MPUHUMAECT BU/I:

2 2
C() (CQ mimseo — k?oml — k’omg)
ko = . (24)
Co’ma — k
0 M2 0
YcjioBHE Ha HOCTOSTHCTBO aMHJII/ITy,ZLHO—‘{aCTOTHOfl XapaKTepUCTUKH ,ZLI/IHaMI/I‘IeCKOﬁ
IOAaTJINBOCTH pa60qer0 oprana A2 nMeeT BUI:

e bo>Co® + ko? (25)
1 = .
(C() (bokl + blk’o) — 003 ((bo + bl) mo + boml))2+

—+ (Co4m1m2 — 002 ((/ﬂo + kl) mo -+ bobl -+ klmo) + k0k1)2

YejioBre Ha  IMOCTOSTHCTBO —aMILIMTYIHO-9ACTOTHON XapaKTePUCTUKU I[IePEJIATOUYHOIO
ko3 dunmenra Bubponszonsanuu R1 umeer But:

R 2 (m2004 + <b02 — 2]€0m2) 002 + k‘o2) (b12002 + ]{712) (26)
o (C() (bo/ﬁ + blko) — 003 ((bo + b1> mo + boml))2+ .

+ (Co4m1m2 — Co* ((ko + k1) ma + boby + kimg) + k’ok’l)2

CucremMHBIl aHAIN3 3aBUCUMOCTEHl MKy TapaMeTpaMu CHCTEMBI C YIeTOM YCJIOBUA
(24)-(26) mnoO3BOJIIET OXAPAKTEPU30BATH POJIb OTAETBHBIX (PaKTOPOB B (HOPMUPOBAHUE
MUHAMAYECKOTO KAYeCTBA PE30HAHCHOIO PeXKHMa paboThl BUOPAIMOHHON TEXHOJIOTHYECKOI
MaNIMHbBL. Ba30BbIM METOJIOM MCCJIEJI0BAHUS CIYKUT IpadoaHaj nTHIeCKuil 10X/,

4 TI'padoananurTmyaeckuii MeTO ONpeae/IeHAS ONTUMAJIBHBIX IapaMEeTPOB Ha
OCHOBE KpUTepud JUHAMHNYECKOTO KadecTBa

Ha pucynke 4a mnpejcraBieHbl 3aBHCHUMOCTH Kodddunuenta geMidupoBanus by
OT MAaccChl pabodero opraHa Mms OPHU PA3IUIHBIX 3HAUEHUSX Kodhduinnenra geMipupoBaHus
byp. 3aucumoctu kodhdurnuenta gemiupoOBaHUS OT MACChl HOCST CJOXKHBIH XapakTep,
0COOEHHOCTH KOTOPOTO OIPEIEISIOTCS 3HadeHueM by, pPacCMaTPUBAEMOTO B Kav4ecTBe
HE3aBUCHMOTO TIapAMETPA.

Ha pucynke 46 npejcrapieHa 3aBHCHMOCTb MACChI M7 OT MACChl Mg I PA3IUIHBIX
3Havennit ko3dddunuenta BsI3Koro Tpenus by. IlpencraBienHass 3aBHCHIMOCTH OTOOpazKaeT
MOHOTOHHBI XapaKTep CBA3HM MeKAYy MaCCaMu 1M1, Mo. HOJIy‘{eHHbIe BbIpazKEeHUdA ITO3BOJIAIOT
paccmarpuBath 3Hadenust (Cp, (7, R; Kak mapaMeTpbl CHCTEMBI, BEJHIWHBI Mo, Ko,
by Kak He3aBUCHUMBIE IIepeMeHHble, BeJHYUHBI My, b, k; KaK 3aBUCUMBIE II€PEMEHHBIE.
[loacTaHoBKa IOJIYYEHHBIX BBIPpAXKEHUH B SHepreTudecKuil (byHKIHOHA ITO3BOJSET CBECTH
33724y K IMMOUCKY MUHUMYMa (DYHKIIUHA TPeX He3aBUCHMBIX IT€PEMEHHBIX.

B Ka4ueCTBe HaIlJIAIHOI'O BapHaHTa OIIpeAeJICHHA JIOKAJIbHOI0O MHUHUMYMa MO2KeT 6bITb
PacCMOTPEeHa 3aBUCUMOCTh OT OJIHON TIepeMEHHOI, K IPUMEPY, OT MaCChl Ms, B MPEIITOJJIOKEHUH,
YTO 3HAYEHUs ImapaMeTpoB kg, by PUKCHPOBAHHL.
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ZLHH onpejgesjienud OITUMaJIbHBIX IapaMeTpPOB CHUCTEeMbl MHTEpeC IIPpeACTaBJIAI0T TOYKH
JIOKAJIbHBIX MUHUMYMOB TIEJ€BBIX (DYHKIUH, PACCMATPHUBAEMbBIX B 3aBUCHMOCTU OT TPYIIIbI
CBO6QHHHX IepeMeHHbIX. B TaCTHOCTU, Ha OCHOBE 3aBUCHUMOCTH OT OJHOI'O KOHKPETHOTO
napamMeTpa, K IPHUMepY, OT MAaCChl Mo MOXKET OBITh IIOCTPOEH TpaduK B TOUKE JIOKAIBHOI'O
muHEUMyMa (pucyHOK ba).  Takoil rTpaduk MO3BOJISET ONPEEeTUTh ONTUMAIBHYIO MACCy
paGouero oprana. Jlas ydera ocobennocreil obeux ynxuuii (d?As/dw?)?, (dAy/dw)?
AJid oIIpeJesieHnd OIITUMaJIbHOI'O IIapaMeTpa MOzKeT 6bITb PaCCMOTpPpEHa TaK Ha3blBaeMasd
B3BEIICHHAs JHEpreTudeckas (YHKIUA, NPEJCTABJAIONAd COOOH CyMMYy 3HA4YeHU, OJIMH
M3 CJaraeMbIX KOTODOIl YMHOXKeH Ha BecoBoil Kodbdurment (pucyHok 506). Bspermennas
9HepreTHYecKas (OYHKIHUSA TakyKe I03BOJSeT ITOCTPOUTH aJTOPUTM IOHMCKA MHHHMYMA,
HO JOMOJTHUTEILHO YUUTHIBACT OCOOCHHOCTH BTOPOH TPOU3BOTHOM.

(@) (0)

20001

18004 ) 1000+

1600 @ \ (1)

1400 / 9801
1200

2 1000+ g 9607

Holm

by
my.

800+
9404

600+
400+ 3)
2004

9204(2)

i i ; ; ' 9004 : \ . ; ! \
0 200 400, 600 800 1000 0 100 200 300 400 500 600

M, K1

(1) — bo=0 He/m, (2) ho=300 He/m, (1) — bo=0 He/m, (2) be=30000 He/m
(3) bo=3000 He/™m

Pucynok 4 — 3aBucuMOCTH MKy MapaMeTpaMu CHCTEMBI: a - 3aBHCHUMOCTH b; OT MaCChI My
JUUIsT PA3JIMYHBIX 3HAUeHni Kosdduimenta by, namensomierocs: B ananasone 0 — 3000 He/m
¢ marom 300 He/M; 6 — 3aBUCHMOCTD M7 OT MACChl My JJIsl PA3JIHYHBIX 3HAYEHUIT
ko dburuenta by, uamensorerocst B guanazone 0 — 30000 He/m ¢ marom 3000 He /v

(a) ()
1Lx107% Lx107
8.x107"1 8.x10™"
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3
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Pucynok 5 — T'padpuku munumusupyemoii Gpyukiuu: a - kpurepuii (dAs/dw)? B 3aBucuMocTn
oT my. Kpurepuii mojsoroctn pe3onancHoro nmka; 0 - Becopast sHeprerudeckas OyHKIINs,
ONTUMH3UPYEMas B 3aBUCHMOCTH OT Mg
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Ha ocHoBe oOnTUMAaJbHONO KPUTHYECKOIO I[MapaMerpa, JOCTABJSIONIEr0 MUHUMYM
B3BEIIEHHOMY SHeprerndeckomy GyHKnonany (18), BBIUHCAAIOTCS 3aBHCHMBIE TapaMeTphl,
orpe/iesisieMble yeJoBusaMnu onTumu3annu (24)-(26) (rabauma 1). Macca my BeiGpana B KauecTse
BapbUPYEMOr0 IapaMeTpa, 3HaYeHHsT KOTOPOTO OJHO3HAYHO OIIPEIeJd0T IMapaMerpsl my, by,
ki. B obmemy ciaydae B KadecTBe BapbHUPYEMBIX IapaMeTPOB MOI'YT OBITh BBHIOPAHBI TPHU
napamerpa me, by u ko. s HarsiiHOCTH aHAJM3a PACCMATPUBAETCS YaCTHBIN CJIydail, Koraa
napamerpsl by u kg PUKCHPOBAHBI, a TapaMeTp My — U3MEHSIETCsI C 1eJIhI0 MOUCKA HANJIYIIIero
JIMHAMUYIECKOTO Ka9eCTBA.

Tabauna 1 — Pe3ysbrarhl onTUMU3AIUIN TAPAMETPOB CUCTEMbI

HazBanusa napamerpos W cxonnabie OnrtumasibHbIE
3HAYEHUS 3HAYEHUd
my, KU 100 [975]
Mg, KT 1000 300*
bo, He/m 80 80
b1, He/m 800 [1079,4]
ko, H/m 106 108
kq, H/m 107 [1,26-109]
(dAs/dw)? 1,86-10712 1-10°13
(d?Ay/dw?)? 1,117 0,001
(dAs/dw)?+6(d? Ay /dw?)? 1,004-10°8 1,295-1012
[ITupusa pe30HAHCHOTO MHKA, paj/c 0,073 0,708

HpUMGHGHUG.‘ 3eeszdouxa * osHa4Yaem, Himo My ABAACINCA KAOUEB0T HE3ABUCUMOT

nepemennoll 6 3a0a1e MUHUMUBGUUY, 3HAYeHUs 6 cKobkax [| onpedeasiomes kak 3asucumoie
nepemMeHHvLe.

B pesyiabrare ontummzanum macca pabodero opraHa Mo YMeEHBINEHa B TPHW Pa3sa,
JKECTKOCTh k1 B 8 pa3, koxdpdunuent b; yBeauden B 1,3 pasza; B COBOKYITHOCTH H3MEHEHUS
napaMeTpoB IIHPHHA PE30HAHCHOTO IHKA yBeaudeHa B 8 pa3. OcoOeHHOCTH H3MEHEHHS
3aBUCAT OT (PUKCHPOBAHHBIX mapamerpos by, kg. Pesyiabrarbl ontumMusanuu 1Mo OJHOMY
HE3aBUCUMOMY TTapaMeTpy, B YaCTHOCTH Mg, MOTYT ObITH HAIJISAIHO MPEJCTABICHBI ¢ IIOMOIIHIO
MOCTPOEHU A aMIIJIUTYAHO-9aCTOTHBIX XaPaKTEPUCTUK, COOTBETCTBYIOIIINX Ha60py ONMTUMAaJIbHBIX
IapaMeTpOB.

5 AmHayn3 pe3yJabTaTOB

Jna BepudpmKamum pe3yJbTaTa ONTHUMH3AIMU IIPOBEJEH CPAaBHUTENbHBIA aHAIH3
AMILTUTYTHO-9ACTOTHBIX XapaKTePUCTUK UCXOAHOM M ONTUMM3MpOBaHHoi cucrem. Ha pucymke
G6a npeacrapiaeHbl  TpadMKH  COOTBETCTBYIONUX — AMILTHTY/IHO-9ACTOTHBIX —XapPaKTEPUCTHK
JIMTHAMUYECKON TI0ATIMBOCTU PADOYEro OpraHa, JeMOHCTPHPYOIINE CYIIeCTBEHHOE N3MEHEHHE
(bOpMBI PE30HAHCHOTO THKA B pe3yJbTaTe ONTUMH3ANUEN (PUCYHOK 6a, JUHHA 3) HCXOMHOI
AMILTHTY/THO-9ACTOTHOI XapakTepucTuku (pucyHoK 6a, smaust 1). B wacTHOCTH, BHIHO,
4TO CHCTEMA COXPAHKIA CBOU IUHAMUYECKIE XapAKTePUCTUKY: 3HAUCHNE PE30HAHCHON 4aCTOTHI
M aMILIUTY/Ibl B 9TOH YacToTe (pUCYHOK 6a, JuHus 2).

JlonosmrnTeIbHO HEOOXOANMO OTMETHThH, 9TO W3MEHEHWEe IMUPUHBI PE30HAHCHOTO THKA
JIUHAMHYIECKON HOJATIUBOCTH pabOuero opraHa He IIPUBEJO K H3MEHEHHMI0 XapaKTePUCTHK
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BUOPAIMOHHON U30JISAINY, B pAMKaX JAHHONW HOCTAHOBKY 3a/ia4u Ko3ddunuent BubpanuoHHoi
nepeadn OCTAeTCsl HEM3MEHHBIM MDY BapbUPOBAHWU MIHPUHBI PE30HAHCHOTO THKA (PHCYHOK
66).

Pe3yapTar onTHMW3ANUN HATJISIHO TPEJICTABJIEH € MOMOIIBIO aMILTHTYIHO-YACTOTHBIX
XapaKTePUCTHK JUHAMUYECKON MoAaTauBocTu (pucyHok 6a) u koadhburmeHToB BHOpAIMOHHOI
nepejgadn (pucyHOK 60) JUIsi ONTHMAJBHBIX (JIMHUK 3) W MCXOAHBIX (MHUK 1) mapameTpos.
BapbupoBanne mapaMeTpoB CHCTEMBI OCTaB/sgeT 3HadeHue Koddpuimenta BUOpAIMOHHOM
nepeadil Hen3MeHHBIM.

(a) (6)

0.000044

0.00003 1 3)

z (3)

wH
.l
N

RI/Q,
tDJ

90.000021
i

ARI=
Th

(0 (1)
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0.000014
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28.5 29 205 30 30.5 31 ' ‘
omegal, paa/c 285 29 20.5 30 30.5 3 315

omegal, pan/c

T T i

1— He onTHMU3NPOBAHHASL KpUBas,
3 — onTHMHU3HpOBaHHAs KpHBas,
2 — ypoBeHb TpeOOBaHUI K aMILTHTY/Te

1 — ne onTHMH3HpOBaHHAas KpUBasi,
3 — onTHMH3HpOBaHHAas KpHBas,
2 — TpedyeMbIil YpoBeHb BHOPON3OIISITHH

Pucynok 6 — Pe3yabTaT onTUMHU3AINA 110 TAPAMETPY Mo: & - AMILTUTYIHO-9acTOTHBIE
XapaKTePUCTUKH JIMTHAMUYECKON TOaTIUBOCTH padoydero oprana; 6 - ko3dduimenr
BUOPAIMOHHON TIepeIadn Ha OTOPHYIO TIOBEPXHOCTH

Takum 006pa3om, ONTHMH3ANMSA JIUHAMUYECKOTO KAvdeCTBA B PAMKaxX ITOCTABJICHHOI
387491 TO3BOJISIET CYIIECTBEHHO PACHIAPUTL BEIWYAHY PE30HAHCHOTO MHWKa, COXPAHUB
KJIOYeBble JIMHAMUYECKHE OCOOEHHOCTH HEU3MEHHBIM.

[paduueckne marepuasibl MOANOTOBJICHBI € HMCIOJb30BAHKEM HPOIPAMMHOIO IHAKeTa
cuUMBOJIBHON apudmernku [24].

3akJrouyeHmne

[Iposenennoe uccaegoBanme MO3BOJIIIO Pa3paboTaTh METO/ ONTHMHU3AINH ITaPAMETPOB
PE30HAHCHBIX BUOPAIMOHHBIX MAITWH, HAPABJICHHBIN HA TOBBINIEHUE YCTOWIUBOCTA PadbOUYEro
pexkuMa 0e3 yXY/IIIeHnusT OCHOBHBIX IKCILTYATAIIMOHHBIX [TOKA3aTeIei.

Hayurast HoBu3HA pabOTHI 3aKIIOYAETCS B KOMILIEKCHON TMOCTAHOBKE 3aaYUd YCJIOBHOI
OIITUMU3aIUN C MHOTOKPDHUTEPHUAJIbHBIMU OI'DaHUYCHUAMU, UCIIOJIb30BaHUU KPUTEPHA HIUPUHDBI
PE30HaHCHOTO IMMUKa U MPpUMEHEeHUN MEeTOAOJIOTUN CTPYKTYPHOIO MOAEC/JIUPOBAHUA JJId aHaJIU3a
MEXaHUIECKUX KOJIeOATETbHBIX CHCTEM.

[IpakTudeckass 3HAYUMOCTD IMOJATBEPIKICHA PE3YIbTATAMH YHUCJIEHHOTO SKCIEPUMEHTA
Onrumusanus apaMeTpoB MO3BOJIAIA
XapaKTEPUCTUK

JIT BUOPOCTEHa YIIOTHEHHS OETOHHBIX CMECeid.
YBEJIUYUTH HINpuRy PE30HAHCHOT'O IINKa AMITJIUTYAHO-9aCTOTHBIX
JWHAMUYIECKON TIOIaTINBOCTH paboduero opraHa B 8 pa3 mpu coXpaHeHnn TpebyeMbIX 3HaYeHmi
PE30HAHCHOM 4acTOTHI, aMILIUTY/IbI KoJlebaHuil 1 KoadppunuenTa BEOpoIepeIain.
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[TepcunekTuBbl  JlajbHEHINMX  UCCJAEJOBAHUIl  CBs3aHbl C  y9eTOM  HeJWHeHHbIX
XapaKTePUCTUK CHCTEMBbI, aJanTalueil Meroja /g CHCTeM C OOJIBIIUM YHCIOM CTeleHei
cBODOIBI, WHTerpalmeii ¢ MeToJaMi KOHEYHO-3JEMEHTHOTO aHadn3a sl ONTUMU3AIUN
pacnpeaeeHHbIX TapaMeTPOB KOHCTPYKIIMH, a TaKxKe pas3spabOTKO# aJalTUBHBIX CHCTEM
VIIpaBJICHUMI.
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