Mudp «Bibparii»

["anmy3p Hayk «O0poOKa MaTepiaiiB pi3aHHIM»

JOCJII)KEHHSI HU3bKOYACTOTHUX BIGPAIIN ITPU BTPATI
JTUHAMIYHOI CTIMKOCTI
MPOLIECY OBPOBKHM KIHIIEBUMU CO®EPUYHUMU ®PE3AMU

2018



AHOTAIIA

PoGora ming mmdpom «Bibparii» ckiaagaeTbes 31 BCTYIy, 3 PO3JILIIB,
BHCHOBKIB, CIUCKY BUKOpPUCTaHMX Jikepen 13 11 naiimenyBanb. OCHOBHA 4acTHHA
MICTHTB 29 cTopiHOK, 12 pucyHkiB, 1 Tabmuiy, 11 mxepen.

Metow po00TM € BU3HAYECHHS YMOB BUHUKHEHHS HU3bKOYACTOTHUX
KOJIMBaHb TIPU 0OPOOIll MOXUIIUX IMMOBEPXOHb KIHIIEBUMH chepruuHuMH (ppe3amu 3
PI3HUMHU PEKUMHU Pi3aHHS.

3agaydero € JOCTIKEHHST XapaKTep BTPaTU TUHAMIYHOI CTIHKOCTI MpoIiecy
00OpoOKM KIHIEBUMHU CHEPUUYHMMH (Ppe3amMu Ta BUSABICHHS TaKUX YMOB, 32 SKUX
BUHUKAIOTh HU3bKOYACTOTHI KOJIMBAHHS.

AKTyaJIbHICTb PO0OTH TMOJSTa€ B MIJABUIIEHHI JWHAMIYHOI CTIMKOCTI
npoiiecy 00poOKu KiHIEeBUMH ChHEepUIHUME (hpe3aMHu SIK IPOLIECy, IKUI Ma€e CyTTEB1
HEJIHIHHOCTI JUHAMIKH.

HaykoBa HOBH3HA 0O/lep:KaHUX pe3yJabTaTiB.

1. Habyno momanpmioro po3BUTKY JOCTIHKEHHS JUHAMIYHOI CTIHKOCTI
npoiecy 00poOKu KiHUEBUMH chepudHUMHU (ppe3amMu 3 BUKOPUCTAHHSIM
BEUBIIETY-TIEPETBOPEHHS.

2. Ymepiie BU3HaY€Hl yMOBU BUHUKHEHHS] HU3bKOYACTOTHUX KOJMBAHb MPU
00poOLIl MOXWJIUX TTOBEPXOHb 3 PI3HUMHU KyTaMU HaxXuIiy.

OcHOBHI METOAM JOCHIKEHHS: METoJ OOpOOKM MaTepialliB pi3aHHSM;

BEUBJIET-aHAII3.
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BCTYII

[Ipoutec pizaHHA € CKJIagHUM TEPMOAMHAMIYHUM MPOLIECOM, SIKUH
CYNPOBOIKYETHCS KOTMBAHHSIMHU PI3HOI MPUPOJIH, 1110 MAIOTh PI3HUM, 371€0UTHIIOTO
HETaTUBHUH, BIUIMB HA KIHIICBUH pe3yabTaT 00poOku. dpe3epyBaHHs € TMPOIEeCcOM
NepepuBYaACTUM, IO BHOCUTH JOJATKOBUN BJIMB Ha BUHUKHEHHs BiOpalliid mpu
pi3aHHi. Y TO# yac K MPU TOYIHHI TOJOBHUMH CKJIAJOBHUMH YAaCTOTHOTO CIIEKTPY
BiOpaIliii € 9acToTH BIACHUX KOJHMBAHb CUCTEMH (TIEPIIOi MOAM Ta MO BHIIUX
MOPSAKIB), MpU (Ppe3epyBaHHI PE30HAHCHI SBHINA € 3HAYHO CKJIQAHIIIUMU IS
aHAJITUYHOIO OMNHUCY, OCKUIBKM Bpi3aHHS Ta BuUX1J 3y0iB ()pe3n BHOCITH HOBI
TapPMOHIKH B YaCTOTHUH CIEKTP.

[Tpu 0OpoO11i pi3aHHAM MOPSIIOK YACTOT BIACHUX KOJMBAHb TEXHOJIOTTYHOI
cuctemu (TC) cknagae 61u3bko 1 kI, YacToTa npoxopxeHHs 3y0a KiHIeBO1 (ppe3u
€ MCHIIO0 (TaK, HAIIPHUKJIIAJ, JJII BUCOKOIIBUKICHOT 00pOOKH 1B0O3yOOI0 (Ppe3oro
npu yacTtoTti o0epTanus mmuHAens 15000 06/xB yacToTa mpoxoKeHHs 3y0a Oye
0,5 x['m). Ha cydacamx metanmoobpoOnmx Bepcrarax 3 UIIK Ha ertami yucToBOi
00poOKHU IPOCTOPOBO-CKJIaJHUX MOBEPXOHb JeTaneu NepPEeBaXKHO
BUKOPHUCTOBYIOTHCS KIHLIEBI c(pepruyHi Ppe3u. YHACTIAOK MaTuX 3HAUYEHb NPUITYCKY
pu 00poOI11i KIHIIEBUMU CHepuIHIME (hpe3aMu Yac pizaHHs MOXKe OyTH Ha TTOPSIOK
MEHIITUN Yacy XO0JIOCTOrO pyxXy 3y0a (pes3u mpu i oOepTaHHl, a HOpMaJIbHA Yacy
CTPY’KKOYTBOPEHHS MOK€ OyTH HaBITh MEHIIOO repioay kKoauBanb TC Ha yacToTax
BJIACHMX KOJIMBaHb. Y IO€AHAHHI 31 CKIAIHUMH TEPMOMEXaHIYHUMH TIPOIIECaMH,
[0 MarOTh Miclle 0e3MOCepeIHhO B 30HI Pi3aHHS, 3arajbHa JAWHAMIKa MPOLECY
pi3aHHS KIHIEBUMH COEpUYHUMH (Ppe3amMu  XapaKTEpPU3YETbCS CYTTEBUMU
HETIHIWHUMU SIBUIIIAMH, BIUIMBOM SKMX Ha pe3yJbTaT OOpPOOKM HE MOXKHA
HEXTYBaTH. 3 LMUX MPUYMH, BUHUKHEHHS BIOpalii Mpu pi3aHHI KIHIEBUMH
chepuuanMEu (pe3amMu TOTpedy€e OKPEMOTo JIeTaJbHOTO BHUBYCHHS, 30KpeMa y

HU3BKOYACTOTHOMY Jliama30Hi (3 4acTOTaMH, MEHIITUMHU YaCTOTH MPOXOKEHHS 3y0a

bpesn).



PO3/ILJI 1. TAHAMIYHA CTIMKICTh INPOLIECY ®PE3EPYBAHHSA

1.1. BuHukHeHHs BiOpauii nmpu pizanHi

Brnepie nuransro BiOpariit Oyna npucBsideHa ctatts Teinopa [1], B skiid BiH
JIETaIbHO OMKUCYBAaB (PAKTOPH, SIK1 BIUIMBAIOTH Ha SIBUIIE «JIPOMKAHUS PE3LOBY , JI€
po3risnanacs ¢gopma i po3Mipu 00poOITIOBaHOTO BUPOOY, IHCTPYMEHTY Ta 1HIIIE.

VY po6orax H. C. IlIterinGepra [2] Oyio mociimpkeHo BiOparliii npu pizaHHi y
3B’SI3KYy 3 YTBOPEHHSIM HapOCTy Ha MepeaHid moBepxHi iHCTpyMeHTy. [IpuunHoio
BUHUKHEHHA BiOpamiif, mo BiAOyBalOTbCS 3 YACTOTOI0 BIIACHUX KOJIMBAHb
00po0IIIOBaHOI IeTalll PO3IJIsiIaBCsl EPIOUYHHM 3pUB HAPOCTY.

H. A. JIpo3nos [3] y cBoiii poOoTi 3amepedye TpaKTOBKY BiOpallii mpu pizaHHi
SK BUMYLIEHMX KOJINBAaHb 1 MOSICHIOE BIJIMB MEPIOAMYHUX CUJI PI3aHHSA 1 TEPTS SIK
NEPIIONPUYMHA BUHUKHEHHS aBTOKOJIUBAHb.

Y nopampmioMy TEOpil0 ABTOKOJIMBAaHb pO3BHHYB B CBOIX podOoTax
A. W. Kammpus [4], ne 1eTaqbHO BUKJIAB aHANI3 1 KpUTHKY HOSCHEHb BiOparii sk
BUMYIIEHUX KOJIMBaHb. ABTOp MOKa3aB, 10 00OpOOKa KPUXKUX MaTrepiaiiB MEHII
CXHJIbHA /IO TIOSIBY BiOpallii, He TUBIIAYMCH HA MIEPIOANYHE YTBOPIOBAHHS €JIEMEHTIB
CTPYXKU 3 BIJKOJIOBAHHSM, Pi3aHHS B’A3KUX MaTepiaiiB OUIbII CXWIbHE [0
BIOpaIIHOTO pEKUMY, X0Ua YTBOPIOE 3a3BUYAl 3IMBHY CTPYKKY 1 0COOJIMBO 4acTo
BUKJIMKAE CHJIbHI BIOpaIlii Mpy MPaKTUYHO 3aCTOCOBYBAHUX IIBUIKOCTSX PI13aHHS.

Benukuit  Bkmam B JOCHIIKEHHS  BiOpamiii mpu  pi3aHHI  3poOWB
A. T1. CokomnoBcbkuii [S]. Bin mokasas, 1110 3MiHa CHIIM Pi3aHHS MPEACTABIISIE COO0I0
(GYHKIIIIO MBUIKOCTI BITHOCHUX KOJHMBaHb MK IHCTPYMEHTOM 1 3arOTOBKOIO. 3a
HOro TIMOTE3010 BEJIMYMHA CHJIM PI3aHHS MpPU pycl B CTOPOHY 3arOTOBKHU
BIJIPI3HSIETHCS BiJ CUJIM MPU PYCl y 3BOPOTHOMY HAIpPSIMKY, 1110 BU3HAYa€ nepedir
aBTOKOJMBAJIBHOTO MIPOLIECY.

3 1960-x pp. AOCHIKEHHS KOJMBAHb IMPHU Pi3aHHI 3MIHIOE HAMNPAMOK Y
CTOPOHY JOCIHIPKEHHS BEPCTATIB 1 O0’€KT 3aIliKaBICHOCTI TEPEHOCUTHCS 3
¢i3ngHOTO Mpollecy Ha TexHIUHY cucteMy. B. A. KyauHoB [6] 3anpoBauB MOHATTS
«IMHAMUYECKasl XapaKTepHUCTeKa pe3aHus», M0 BHU3Ha4yae (a30BHil 3CYyB MIiXK
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3MIHOKO KOOpJMHATH 1 3MIHOIO CHJIM pi3aHHSA. BenuwuwmHa (a3o0BOTO 3CYyBY
BU3HAYAETHCS MOCTIMHOIO CTPY>KKOYTBOpPEHHS. TakoX BiH PO3IIIAHYB JTUHAMIYHY
CUCTEMY BepCTaTa sIK 3aMKHYTY 0araTOKOHTYPHY CUCTEMY, III0 BKJIFOYA€E B3aEMO/IIIO
IpYKHOI CUCTEMH BepcTarta 31 BciMa poO0YMMHU IIPOIECaMH, K1 MPOTIKAIOTh B HOTO
PYXOMUX 1 HEpYXOMUX 3’ €IHAHHSX, HA OCHOBI T€OP1i aBTOMaTUYHOI'O KEPYBaHHSI.

Buxopsuu 3 BulenepepaxoBaHOro, MOxHa 3p0OMTH BUCHOBKH, 110 BiOpallii npu
pi3aHHI MOJISIOTH HA JIBI TPYIIU:

- aBTOKOJIMBAHHS — KOJIMBAHHS, IO BHUHUKAIOTh B HACHiIOK (I3UYHHX

0COOJIMBOCTEH MPOLIECY Pi3aHHs;;

- BHUMYIIEHI KOJMBaHHA — KOJIMBAHHS, IO OOYMOBJIEHI KOHCTPYKTUBHHUMU

0COOJIMBOCTSIMU 1 TOXMOKaMH BepcTarta.

[Tpy4rHY BUHUKHEHHSI aBTOKOJIMBAHB: HETIOCTIHHICTD CHITU TEPTS CTPY>KKH, III0
CXOJUTh MO THCTPYMEHTY, 1 IHCTPYMEHTA MO 3aroTOBII; HEMOCTIHHICTh HAPOCTY,
KWW TPU3BOJUTH B MPOIIEC] Pi3aHHA JI0 3MIHM KyTa Pi3aHHSA 1 TUIOII MOTIEPEYHOTO
nepepizy 3pi3y; HEPIBHOMIPHE 3MIITHEHHS 3P13aHOT0 IIapy MO HOro TOBIIUHI.

[IpyuriHY BUHUKHEHHS BUMYIICHHMX KOJIMBaHb: 3MIHHI CHJIM, SIKI JIIOTh Ha
CUCTEMY B PE3yJbTaTl MEPEPUBYACTOrO pi3aHHS ab0 HEPIBHOMIPHOIO MPHUITYCKY;
CWIH yHapy, SKI BUKIWKAHI HECHpPAaBHUM CTAaHOM 1 HETOYHICTIO BUTOTOBJICHHS
poOOYMX MOBEPXOHB B ICTANIAX MEXaHI3MIB 1 Iepesiad pyxy, pi3KUMH BKITIOYSHHSIMHU
1 IEPEKITIOYEHHSIMU; BIILIEHTPOBI CUJIM 1HEPIIli HEBPIBHOBAKEHUX 00EPTOBUX Mac.

Takox MOXHa MPUITYCTUTH, 1110 Y JOCIIIJKEHH1 B1Opalliif mpu pi3aHHI BUAUISIOTH
JIBa OCHOBHUX €TaIu:

- BUBYCHHS BiOpalliil sik (hi3U4HOTO MPOIIECY;

- BUBYCHHS JMHAMIKH BEPCTATIB SIK TEXHIYHOI CHCTEMH JIJIsl peai3allii [boro

npoIiecy.

PerenepartriBHa npupo/ia BUHUKHEHHS! Ta PO3BUTKY BiOpaliil mpu pi3aHHI € HA
CHOTO/HI 3arajIbHONPUHUHATOIO0 TeOpicto (Y BITUM3HSHIN JIITEpaTypl 3yCTPIYAETHCS
TEPMIH «pi3aHHs 1O cliay»). CyTHICTh pereHepaTUBHUX KOJUBaHb 3BOIUTHCS 0

TOTO, IO HEMOCTIMHICTh MTUOUHM pi3aHHS, 110 BUHUKAE BHACIIIOK CYNEPIO3UIIIT



MOTOYHOI TPAEKTOPIi PyXy pi3aJbHOI KPOMKH Ta CIiTy BiJl HOMEPEAHBOTO PYyXY,
CIPHWYMHSAE KOJMBAHHS CUJIM pi3aHHSA. TakKUM YMHOM, KOJIMBAHHS BUHUKAIOTH 1
HIATPUMYIOTHCSI IPOTATOM BCi€l 00poOKU. Y BUNAAKY (Ppe3epyBaHHs MPU TEBHUX
CHiBBITHOIIEHHSAX YaCTOTH OOCPTAHHSI MITTMHENS Ta YaCTOT BIACHUX KoJinBaHb TC
aMILTITya BiOparii 301IbIIYETHCS, IO CBIAYUTH NPO JUHAMIYHO HECTIMKUN

KOJIMBAJIbHUM CTaH CUCTEMH.

1.2. JlunamiuHa cTiiikicTh mpouecy pizaHHsi KiHueBUMHU chepuaIHUMU

¢pezamu

OnuH 31 NUIAXIB 3HWKEHHS HETaTMBHOTO BIUIMBY BIOpalllil CKIAJA€THCS 3
MPOTHO3YBaHHS BIOPOCTIMKUX pEXUMIB OOpPOOKM BHUXOJSYM 3 TOTO, IO
TEXHOJIOT1YHA CUCTEMA MPH Pi3aHHI € 3aMKHYTOIO MPYKHO-AMHAMIYHOIO CUCTEMOIO.
BiOpocTiiikicTh mpoliecy pi3aHHs BU3HAYAETHCS JUHAMIYHUMU XapaKTEPUCTUKAMHU
TEXHOJIOTIYHOT CHUCTEMHU 1 Tpollecy pi3aHHA. B TUlaHi BUHUKHEHHS KOJIMBAaHb
JOMIHYIOUMMH MOXKYTh OyTH TPU CKJIaJ0BI TEXHOJOTIYHOI CUCTEMH: JKOPCTKICTh
JeTanl j,; JKOPCTKICTh (pe3u jg,; HKOPCTKICTH BepcTara jy. B s3amexHocTi Bij
KOHKPETHHX YMOB TIpoIlecy (pe3epyBaHHS JOMIHYIOUOKO CKIIAJOBOIO MOXE OyTH
Oyab-sika 3 HUX a00 iX moeaHaHHs. PO3risiHeMo KOJMBalIbHY TEXHOJIOT1UHY CUCTEMY

3 OJIHUM CTyIleHeM BiabHOCTI (puc. 1.1.).

NOANNN

“ %)

ITonaua

Puc. 1.1. Cxema ¢pe3epyBaHHS 3 OTHUM CTyIIeHEM BiJILHOCTI

7



3a yMOBH, KOJIM XKOPCTKICTh JieTali Oy/ie MepeBUILyBaTH KOPCTKICTh (pesHu,
PIBHSIHHS TUHAMIYHOT CUCTEMH MpUAMaTHME Takui BUTILiA [7]:
J(© + ¢33(8) + wyy(t) = F, (D), 1)
nec¢? = i — koedirienT gemMrdyBaHHs;
C — MOJaJIbHE 3aracaHHs,

j .
(,()2 = E — padiajibHa 9aCTOTa BJIACHUX KOJIMBAHb CUCTCMU ,

m — Maca JieTal.
OCKUIBKM MM PO3TJISIAEMO CHUCTEMY 3 €JIEMEHTOM, IO 3aIMi3HIOETHCS, TO
BEJIMYMHA MPOEKIIT cui F, () BU3HAYAETHCS 38 POPMYIIONO:
— V4 ;
E,(t) = A, ijl[(KRcosgoj — Krsing; )hj ®)],
ne A, — ocboBa IIMOKMHA Pi3aHHs;
Kp — nutomuil KoediLIeHT pi3aHHs y pallallbHOMY HANPSAMKY;
K — nutomuii KoeilleHT pi3aHHS Y TAHTCHI1AIbBHOMY HaIPSMKY.
hi(t) = g;(®){fsing; + [x() — x(t — 7(t))]cosep; } — ToBmmHa 3pizy:
f, — monada Ha 3y0;
x(t) — MOTOYHE MOJOKEHHS IHCTPYMEHTY;
x(t — T(t)) — TIOTIEPEHE TMOJIOKEHHS 1HCTPYMEHTy, ne T(t) — pereHepaTHBHA
3aTpUMKa, SKa SIBJSETHCA NEPIOJIMYHOI0 B 4Yaci y 3B’A3KY 31 3MIHAMU YacTOTH

oOepTaHHs mnuHAeIS (y BUNAJAKY MOCTIMHOT 4acTOTU OOEpTaHHS IIMUHACHS T €

KOHCTaHTOI10);

gj(t) — {1' ¢St <gbj < ¢ex L (b

YHKIIIS 3y0a :

¢st — KYT BXOAYy iHCTp}IMeHTy;

¢ — KyTOB€ TIOJIOKEHHSA PI3aIbHOT KDOMKH;

ey — KYT BUXOZY IHCTPYMEHTY.
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Puc. 1.2. Kytu Bxoay i Buxoay 3y0iB ¢ppe3n
JUIst 3py4HOCT] OLIHKHM CTaOUIBHOCTI MPOLIECY 3MIHM IIBHIKOCTI 0O€pTaHHA
mnuHAens piBHsAHHA (1) MokHa mpencTtaBUTH y (opMi Mapu  CHUIBHUX

qu(depeHUINHNUX PIBHSAHB MEPIIOTO MOPSAKY BIIHOCHO 3MIHHUX CTaHY

{x1(8), 2 (D)}, %1 (1) = y(1); x2(0) = y(©): x(t) = A(O)x(t) + B(O)u(t — (1)),

0 1 0
ne x(t) = 28; VA() = [H(t)Ap _J _4, B(t) = [H(t)Ap

m m m m

0
(e =70) =1, - e
H(t) = le gj(t)[Krcosp; — Krsing;]cose; .
Martpuiis AuHaAMI4HUX KOe(]IIIEHTIB BU3HAYAETHCS Y MeXKaX KyTa
Geont = [Pst; Pex]:
ayy = —>[c0s2¢ + 2Kz + Kgsin2¢] 5" .
[TepenaBanbHa (YyHKIIIS BUpAKAETHCS Yepe3 HOpMyITy:

2 .
WnylJ
2 —wi+2cwnywei
ny ~Wc ny®c

Gy(lwc) ~ W
JI€ Wy, — pajliajibHa YaCTOTa BJACHUX KOJMBAHb,
W, — paaiaibHa 4acToTa BiOparii.

3aroToBKa Mae O1JIbIIE HIXK OJIMH PEXKUM B1Opallii B OJJHOMY HaIPsIMKY, TOMY

nepenaBaibHa QyHKIisA G, MOKe OyTH BU3HAYEHA IIAXOM CYIEPIIO3HLIIT



w%yv/jv

2 2 ;1
wnyv—wc+2cwny,,wcl

— yr
Gy_ v=1

7e iHeKc v o3Hayae mapameTp v pexumy Bibpartii.

[Tpu 06po061Ii KiHIIEBOIO ChepruIHOIO (HPE300 KyT KOHTAKTY MK (pe30ro Ta
3arOTOBKOIO .oy, HEMHIKHO 3aJIEKUTH BiJl pajiilyca ppe3u 1, MUPUHU Pi3aHHS A,
(BeTMuMHU 3MIiIeHHA (Ppe3r BIAHOCHO IMOINEPEIHbOI0 IMPOXOJY), PajiaibHOTO

IPHUITyCKY Ha 00pOOKyY a,, Ta KyTa ynepekenns ¢. Yuacminok uporo TC mignaerses

JOAATKOBUM HEIIHIMHUM BILTMBAM IIPH 3MiH1 ap, A TA ¢.

1.3. Metoau nocaigxeHHs BiOpocuramsy

[Ipu BIOpO3MIHAX MEXaHIYHMM MapaMeTp 3a3BUYail NEPETBOPIOETHCS B
CJICKTPUYHUIA CHUTHaJ, SKUM MOKHa Mo0auuTd Ha ekpaHi ocuuiorpada.
Ocnuwiiorpama CUTHajldy TMpeacTaBiisie co00l0 rpadik MUTTEBOTO 3HAYCHHS
BEJIMYMHHU, 1110 CIIOCTEPIraeThes, y BUNAAL (QyHKIIT yacy. B sikocTi MexaHIYHOro
napamMeTpa BHUKOPHUCTOBYIOTH a0COJIIOTHI BIOpOIEpEMIIIIEHHS €JIeMEeHTa MOBEPXHIi
ab0 #oro BiAHOCHE BIOpOMEPEMIIICHHS! BIAHOCHO €JIE€MEHTa 1HIIOI YaCTUHU
obOnamunanHs. [loximHa Bif BEJIMYMHU BIOPOMEPEMIIIECHHSI € BiOPOIIBUIKICTIO, a
JIpyra moximHa — BiOpomnpuckopenHs. Lli mapameTpu BUMIPIOIOTHCS JaTYMKAMU
BIJIMOBIJTHUX TUIIIB 200 MEPETBOPIOIOTHCS 3 OAHOTO BUY B 1HIIINN 33 paXyHOK OJTHIET
a00 1BOX ormepalliii nudepeHitiroBanHs abo iHTerpyBanus [7].

VY nmaniii poOOTI PO3TJISHEMO JBa METOAM JOCIIKEHHS BIOPOCHUTHAIY:
mBu ke niepeTBoperHs Oyp’e (LLI1D) ta Bikonne neperBoperns Oyp’e [8].

IIBunke mneperBopeHHss Dyp’e — 1€ anropuT™M MBUIKOTO OOYHMCIICHHS
nuckpetHoro nepersopeHHs Oyp’e (AI1D), skuit 6yB 3anponoHoBanuii y 1965 p.,
3aCHOBAaHHMIM Ha TMOCHIJIOBHOMY 3BeJeHHI Matpuilli (a30BHX MHOXKHHKIB
posmiprictio 2% x 2% 1o mBox Mmartpums posmipmictio 2%71 x 2%~ Haii6insm
nommpenuit Bapiant LIII® nepenbavyae cxeMy nepeTBOpEeHHs BXIIHUX (HAIACHUX)
3HAY€Hb CUTHANY B BUXIJIHI (KOMIUIEKCH1) 3HAUE€HHS CIEKTPAJIbHUX KOMIIOHEHT, 32
SKUMU JIETKO 3HAXOATHCS aMIUTITyH 1 (a3l WX KOMIOHEHT. KiTbKICTh BX1THUX

3HAUY€Hb CUTHAJTY MOBUHHO SIBJIAITU COOOI0 HATYpasibHY CTEMIHb JIBIMKH, TPUUOMY
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BUKOPUCTOBYETHCSI  JIMIIIE TIOJIOBUHA 3HAWJACHUX BUXIAHUX CICKTPAIBHHUX
KOMITOHEHT Ta B Hii HE PEKOMEHAYETHCS BUKOPHUCTOBYBATH BiJJOME YHCJIO BHIIUX
4acToT.

JIID € omnuM 13 HANUMOMIMPEHINIMX CIOCOOIB aHami3y CHTHaly, SKAN
3aCTOCOBYETBCS Y BCIX Tally3siX HayKH 1 TexHimi. Anroputmu 1 mporpamu [ITTD
BKJIFOUEHI Y CTaHAapTHI MakeTu 0OpOoOKH JaHUX 1 amapaTHO peasli3oBaHi y BEIUKIH
KUTBKOCTI aHami3aTopiB BiOpocurHamiB. Anie 10 MOSBH KOMII IOTEPIB JUCKPETHE
nepeTBopeHHss Dyp’e BUKOPUCTOBYBAJIOCA PIAKO, OCKUIBKHM OOuYMCIeHHs 32-
toukoBoro JII1® norpedye 1024 onepaiiii KOMIIJIEKCHOTO MHOXEHHS 1 CKJIaJJaHHSI.

Hpyruii MmeToa AoCIIKEHHSI — BIKOHHE nepeTBopeHHst Pyp’e (BIID).

3a3BUuail  Ha  TOPAKTHUIl  CIIOCTEPEKEHHS  OE3MepepBHOTO  CHUTHAIY
3IIACHIOIOTHCS IPOTATOM OOMEKEHOT0 IHTEpBally 4yacy. B miiicHOCTI curHan Moxe
MICTHTH CKJIaJ0Bl, ki ab0 MarwTh MepioJi, BIAMIHHHUNA BiJ IEpiOAy OCHOBHOI
4acTOTH, a00 HaBITh HE SIBJISIIOTHCA CTPOTO MEPIOUYHUMU, 10 TOTO K 1 peabHUM
1HTEpBaJl CIIOCTEPE)KEHb MOXKE HE CIIBMAJaTH 3 MEPIOJOM OCHOBHOI CKJIaI0BOI
cUTrHally. B Takux BUIaJIkaX BUHUKAE CIIEKTPAIbHE PO3CIIOBAHHS. SIKIIIO 3HAYCHHS
CUTHAJTy Ha MOYaTKy 1HTEpBally HE CHIBIMAJIa€ 31 3HAUYCHHSIM CUTHAIIy Y MOT0 KiHII,
TO 3’SIBIISIFOTHCS 0€37114 BUCOKOYACTOTHUX KOMITOHEHT.

JIJist Io/ToJTaHHs I[HOTO SIBUINA BUKOPUCTOBYIOTh «BIKHA» CIIOCTEPEKECHHS,
pOJIb SIKMX CKJIQJIa€ThCA y CHEllaibHI KOMIIEHcalli CIOTBOPEHb B 4YacoBid abo
yacToTHIM obisacti. Ko)kHOMy BiKHY BIAINOBIZA€ CBOSI BaroBa (yHKIIIS, HA SIKY
MHOAaTh BIAMOBITHO CUTHAJT 200 CIIEKTP.

Bikonne nepetBopeHHs1 Dyp’e BU3HAYAETHCS
F(t,w) = f_oooof(T)W(T —t)e "™ dr,
ne W (t — t) — nesika BikoHHa (PYHKITiSI.

BII®, na Bigminy Bijg 3Bu4aitHoro neperBopeHas dyp'e, Bxke € QyHKINEO Bif
Yacy, 4aCTOTH 1 aMIuNTyqu. ToOTO BOHA J03BOJIIE OTPUMYBATH XapaKTEPUCTUKY
PO3MOMILTY YaCTOTH CUTHAITY (3 aMIUTITY00) B Yaci.

HaiiBaxnuBimmMm € Te, 110 Ha BiAMIHY BiJ] 3BU4aiiHOTO TiepeTBopeHHss Dyp'e

MU OTPUMYEMO 3HAUEHHS YaCTOT BiJHOCHO OC1 Yacy, TOOTO OTPUMYEMO YaCTOTHO-
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YacOBY XapaKTEPUCTHKY CHUTHaTy. AJie TOJOBHOK MPOOJIEMOIO y BUKOPHUCTaHHI
BIKOHHOTO  meperBopeHHs  Dyp'e g OTpUMaHHA  YaCTOTHO-YACOBOI
XapaKTePUCTHKHN CUTHAIy € TaK 3BaHUU NMPUHIMI HeBU3HAauYeHOCTI I 'elizenOepra,
KU BHHUKA€ g MapaMeTpiB Yacy 1 4acTOTH CUTHailIy. B OCHOBI MpHHIMITY
HEBU3HAYEHOCTI JIGKUTh TOH (PaKT, MO0 HEMOXKJIMBO CKa3aTH TOYHO SKa 4acTOTa
NPUCYTHS B CUTHAJ B JaHUH MOMEHT 4acy (MOKHa Ka3aTH TUIBKH TIPO Jiarma3oH
94acTOT) 1 HE MOXJIMBO CKa3aTH B KU TOYHO MOMEHT 4Yacy 4acTOTa MPHUCYTHS B
CUTHAJII (MO’KHA Ka3zaTH JMIIE MNpo Mepiof dvacy) .Y 3B'S3Ky 3 IIMM BHHHUKAE
npobiieMa po3aiUTbHOI 34aTHOCTI. PO3M1IbHY 34aTHICTh BIKOHHOTO TEPETBOPEHHS
@dyp'e MOKHaA PEryyrOBaTU 3a JAOIMOMOIOI HIIMPUHM BiKHA. AJjie MpU 30UIbIICHHI
IIMPUHU BiKHA (3MEHIIEHHI HOTO PO3JLIILHOT 3IaTHOCTI) MU 30UJIBITYEMO TOYHICTh

BIJIHOCHO YaCTOTH 1 3BMEHIITYEMO TOYHICTh BIJTHOCHO 4acy.

PO3/ILJI 2. CYTHICTH BEUBJIET-AHAJII3Y TA MOI'O
3ACTOCYBAHHSI

2.1. CyTHicTb BeiiBjeT-aHAJI3y

Beiiener (Big ¢panu. "ondelette" — kopoTka XBuisl) — MaTeMaTU4YHA
GbyHKIIIs, 1MI0 A03BOJIAE aHANI3YBAaTH Pi3HI YacCTOTH JaHuX. [lepiie BUKOpUCTaHHS
TEpMIHY «BeiBIeT» (hiKcyeThes y cepeanni 80-x pp., oco0amBo y podotax Mopuie,
I'poccmana, TOYHOrO BH3HAYECHHS BiH He oOTpuMaB. JlaHwWii aHami3 JaHUX
BUKOPHCTOBYETHCSI Maihkeé B YCIX Taiy3sfX 1 XapaKTEepU3YEThCS CTPIMKUAM
BHUBYCHHSM Ta pO3BUTKOM [8].

BeiiBieT-anani3 1a€ MOKIMBICTh OTPUMATH O1JIbII TOYHE MTPEACTABICHHS MIPH
HEBEJIMKOMY 00Cs31 OTpUMYBaHUX JaHuX. JlaHui aHami3, SK 1 OUIBLIICTH IHIIUX,
onucyeThecs rpadikom PyHKIIII, 10 Mae XBUIECIOAIOHY (GOpMY 3 aMIUTITYI010, sKa
3HIKY€EThCS 1O HYJs BiJ MOYaTKy il ICHyBaHHS (IIOYaTKy KOOpAWHAT). Ko
posrasgaTd AaHy (QYHKIO y 3arajJbHOMY pO3YMiHHI, TO aHall3 CUTHaJIB
MPOBOJIUTHCA y BEUWBIET-IUIOMMHI (MacmTab — Yac — piBeHb). [HTErpyBaHHA

JAHUX OTPUMAHMX CHUTHAJIB JO3BOJISIE OTPUMATHU BEUBJIET-CIIEKTp, SKUAU

12



NPUHILIAIIOBO BIAPI3HAETHCSA Bl 3BUYHOTO cnekTtpy Dyp’e, ane aae MOXKIUBICTH
IIPUB’A3aTH CIIEKTP OCOOIMBUX CUTHAIIB JIO Yacy.

Tepmin BeiliBner-nieperBopenns (BII) o0’enHye nBa BUIU MEPETBOPEHH —
npsMe i 0OepHEHe, sIKi, BIIMOBIIHO, IEPEBOATh JOCIKyBaHy (QyHKIiO f(x) B
HaOip BeiiBneT-koedimientiB Wy (a, b) f 1 Hazan [9].

KiacugikyoTs BeHBIET-aIrOPUTM B 3aJICKHOCTI BIJ OCOOJIMBOCTEH HOTO
BUKOpHCTaHHA Buaustroun oesnepepae (CWT — Continuous Wavelet Transform)
1 quckpetHe (DWT — Discrete Wavelet Transform) BeliBiieT-repeTBOpeHHs.

Opepxatn  Hablp BeiBIET-KOE(ILIEHTIB Yy BHUNAAKY JHCKPETHOTO
NIEPETBOPEHHS IBU/IIIIE, 1 BOHO JIa€ JOCUTH TOUHE MOJAHHS CUTHATY IIPU MEHIIIOMY
o0cs31 oJiepKyBaHUX y pe3yJibTaTi JaHuX. be3nepepBHE MEPETBOPEHHS BUMAarae
OIBIIMX OOYUCTIOBAIBLHUX BHUTpAT, ajie, Pa3oM 13 IIUM, JO3BOJIAE JECTAJIbHIIIE
PO3JIUBUTHUCS CTPYKTYPY CUTHAITY.

basucHuii abo maTepuHChbkUil BeiBieT (parent wavelet) W cTBoproeThes 3a
. © g a-b .o
JONIOMOTOI0  pO3TArHEHb Ta 3CyBIB ciM'1 W(——). Ilpsme BII 3milicHIOETHCA
a
BIJIMOBIHO /10 TIpaBUJIA;

W(a,b) = 7= [ = (7)),

1ie a 1 b — mapaMeTpu, 110 BU3HAYAIOTh BIAMOBIIHO MacITal 1 3cyB QyHKIII Y, KA

HA3MBAETHCS aHATI3YIOUNM BEHBIICTOM,
Cy — QopMyBambHUN MHOKHHUK.
[HTErpyBaHHs BEIyTh MO BCIi YMCTIOBIHN OCI.
Maroun Bimomuii Habip koedimientiB Wy(a,b)f, MoKHA BiJHOBUTH

nepBUHHUM BUIIIAL QyHKIT f(x):

) = 7=l =% (557) (e b))

[Ipsime i obepHeHe MepeTBOPEHHs 3ajiexarh Bim maeskoi ¢yHkiii WP(x) €

da db

L*(R), Ky Ha3MBaOTh 0a3UCHUM BeiiBieToM. [IpakTHYHO €1MHEM 0OMEKEHHAM Ha

1oro BUOIp € yMOBa CKIHUEHHOCTI HOPMYBAJIbHOTO MHOKHHKA!

P(w) ‘P(w)
Cq; = f % = Zf | | dw < oo,
13



e P(w) — dyp'e-o6pas seiipnery W(x): P(w) = \/% [2 W(x) e X dx.

besniu ¢yHKIIN 3a10BOMBHAIOTH JaHIA YMOBI, TOMY MOXHa MiaiOpaTu BHUI
BEHBIIETY, IKUW HAMOUIBII MiIXOAUTD AJISl PIICHHSI KOHKPETHOTO 3aBaHHS.
YMoOBa mpsMOro BEHBIIET-IIEPETBOPEHHSI O3Haudae, Imo Dyp'e-oOpa3 BeHBIeTy

JIOPiBHIOE HYJIIO MPH HYJIbOBIH yactoti, T06T0 W (W) |w_0 = 0. SIkmIo 1e He TaK, TO

3HaMEHHUK B iHTETpali MPSMOTO BEHBIIET-MIEPETBOPEHHS MIPSIMYE J0 HYJIS, Y TOU Yac
SK YACEJIbHUK Ma€ BIAMIHHE BiJl HYJIA 3HA4CeHHS, 1 KoedirieHT Cy mepecrae OyTH
KIHIICBUM.

Y cBOO uepry, 10 BUMOI'Y MOXKHA IOJATH B IHIIOMY BUIIISLAl. OCKLIBKH
= . . o0
dyp'e-o0pa3 W(w) npu HyIHOBIH YaCTOTI Ma€ BUIJISA f_oo Y(x)dx Mmu MOkeMO

BUMAraTty piBHICTb HYJIIO 1HTErpaja BiJ] BEUBIETY IO BCiii OCl:
f_oooo Y(x)dx = 0.

JlonaTkoBuil KpUTEpiil pea'siBiseThes A1 KOMIUIEKCHUX BEUBIIETIB, a caMe,
10 17151 HuX Dyp'e-mepeTBopeHHs Mae OyTH OJTHOYACHO PEUOBUM 1 Ma€ CHAAATH IS
HETaTUBHUX YaCTOT.

Jlokamizaliis: BEHBJIET MOBUHEH OyTH O€3MEpEepBHHUM, IHTETPOBAHUM, MATH
KOMIMAaKTHHUI HOCIH 1 OyTH JIOKaT130BaHUM SIK B 4aci (B IpOCTOPi), TaK 1 MO YaCTOTI.
k1o BEHBIET B MPOCTOPI 3BYXKYETHCS, TO HOTO CEPEHS 4acTOTa MiABUIIYETHCS,
CIEKTp BEUBIETY TMEPEeMINIyeEThCSI B OOJACTh OUIBII BHUCOKMX YacTOT 1
po3umproeTbes. el mporec moBMHEH OyTH JIIHIMHUM — 3BY)KEHHSI BEHBIETY
BJIB14l TTOBMHHO MIJBUIIYBAaTH HOTO CEPEIHIO YAaCTOTYy 1 MIMPHUHY CHEKTpPa TaKOXK
yABIYL.

B mpaktuii o6poOka MOTOKIB 4MCIOBOi 1H(MOpMAIi pO3TISAAETHCS K
BHCOKOYACTOTHA Ta HU3bkouacToTHa [10].

HusbkoyacToTHUl (QUIBTP BUAUISIE HU3BKOYACTOTHY (POPMOYTBOPIOIOYY B
norori yuciaoBoi iH@opmarii. Ili ckmagoBi MOXHaA YABUTH SIK TOJOBHY
XapaKTePUCTUKY YHCIOBOTO MOTOKY MOCIIiTOBHUX YHCE a00 ycepeTHeHE 3HAUCHHS

(bhiKCOBaHOI KIJILKOCTI MOCIIIOBHUX YHCEI TTOTOKY, 1110 PO3IJISIIAETHCS.
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BucokouactoTauii pibTp MoOxke OyTH OTPUMAHOIO CKIIAJaHHIM PI3HUILI MIXK
BUX1JTHUM YUCJIOBUM MOTOKOM Ta HU3bKOYAaCTOTHOIO CKJIaZ0BOI0. BrcokouacToTHY
CKJIaJIOBY MOXHA PO3TJISIATH SIK BiAXUJIEHHS BUXITHOTO OTOKY BiJl yCEPEIHEHOTO
3HaueHHA a00 TOXMOKY TMOJaHHS BHXIJHOTO

IMOTOKY 3a  JOIIOMOI'OKO
HHU3BbKOYaCTOTHOT'O

BinburicTe TUIIB BEWBJIETIB HE MAlOTh aHATITUYHOTO OIMKCY Y BUTJISAII OJHIET
dbopMyH, a 3amaroThCs ITEpaIlifHUMU BUpa3aMH, SKi JIETKO OOYHCITIOIOTHCS
komm rotepamu. [Ipuknanom takux BeBieTiB € Ppynkiii Jlo6emri (Daubechies). Ha

puc. 2.1. 300paxkeHo BeliBieT-QyHKIIi0 Ta PyHKITIF0 MacTaldy Betiiery Jlobermri 4.

Daubechies 4 tap wavelet

D4 wavelet - Faurker ampl ludes
12 . _
scaling Lnctkn
wawekt Unctbn
-

". L

LR 'lltl.'- hY
05 i
il
1
] [}
| L) [
-1 \ | 1

L | i | L'
"'-\ I| II 11
Y| 0z i \ —
151 \ i ; ! ™ -]
% scaling function Y ;,fr - e
wavelet function [ : < =
-2 - ! - ! ! ! [ L1 1 15 2 5 3 35 4
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Puc. 2.1. BeiiBaer Jo6emi db4

Buxigunm momentoM npu noOymosl BII, moB’s3annx 13 pIBHOMIPHOIO
y )

CITKOIO, € KpaTHe-MaciiTadyBanHs. B HalimpocTiomMy Bumaaky — BeiiBieT Xaapa.
Jns orpumanHs iHmmMX BapianTiB BII 3amarorees 3HadeHHsAM uucna d;j 1
PO3IIIAAAI0Th KpaTHE-MacIITa0yBaHHSI PIBHSHHSAM BUTIISTY:

w(t) =doyw2t—0)+diw2t—1) +d,w(2t — 2) + -+ + dyw(2t — N).

Macmtabny ¢yHkitio w(t) manopsaKoByIOTh THM YH iHIIMM YMOBaM — YMOBI

HOPMYBaHHSI Ta OPTOTOHAJILHOCTI:

[Zlw@?dt = 1;
I w@t—Hw@t—k) dt=0,
npu j * k.

BapTto BimMiTUTH, 10 BU3HAYCHHS (QYHKIII @ € J0ocuTh BakkuM [11].

OCHOBHUM 1 OJIHUM 13 HAlpAILIOHAJIBHIIIUX METO/A1B € BUKOPUCTAHHS EPETBOPEHHS
15



dyp’e mis KpaTHO-MacmTadyBalbHOTO piBHAHHS. lle mpu3Bene A0 OTpUMaHHS
obpazy dyp’e ¢yHKIii 10 PyHKIIT w Yy BUMIAAI O€3KIHEYHOTO BHUpPa3y, 3BIJIKH
MOJKHA, IIIOHAMEHIIIe, BAKOPUCTATH 3HAYCHHS y IBIMKOBUX TOYKAX MiMCHOT OCI:

1+V3 _3+\/§d _ 3-V3 _1-V3
w2z YT 4z 2T ayz 3T 4z

A inmni 3navenns d; OyayTh piBHEUMH HyJII0, oTpuMaemo D4-gelisner JloGeni.

d0=

Y 3aJ1eKHOCTI BiJl 00paHOro 3Ha4eHHs Koedilienra d; MOXKHA OTPUMATH 1HIIT
BapiaHTH BeiiBieriB-/{o0emri, sSKi BIAPI3HAIOTHCS OAMH BiJ OJHOTO, a TaKOX HE
MalOTh BIIACTUBOCTI CUMETPII.

VY3aranpHIOIOYM BUIIECKa3aHE MOXKHA BU3HAYWTH TO3UTHBHI 1 HETaTHBHI
CTOpPOHU JaHOro aHamizy. IlepeBaru: BeWBIIETHI MEPETBOPEHHS BOJOJIIOTH BCiMa
nepeBaraMu nepetBopeHb Dyp'e; BeilBieTHI 0a3ucH MOXYTb OyTH J100pe
JIOKaTI30BaHl SK 3a 4aCTOTO, TakK 1 3a 4acoM (IIpH BUIIJICHHI B CUTHaiaX 00pe
JIOKaNI30BaHUX PI3HOMACHITAOHUX TPOLECIB MOKHAa pPO3IMIIAJATH TUIBKA TI
MaciTabHl piBHI PO3KJIaJaHHs, Kl MPEACTABISIOTh 1HTEpeC); 0a3uCcHI BEHBIETH
MOXXYTbh peanizyBaTucs (yHKLIsIMU pPi3HOI Tiagkocti. Hemonik — 1e BiAHOCHA

CKJIQJHICTh IEPETBOPEHHS.

2.2. ]JlocBin 3acTocyBaHHs BeliBJjieT-aHAJi3y npu o0pooii MaTepiaJis

pPi3aHHAM

OpHa 3 rOJIOBHUX 17Iel ySIBJICHHSI CUTHAIIB Ha PI3HUX PIBHIX PO3KIIAJaHHS
(IexoMmo3uilii) noysirae B oAUl (GyHKIUII HAOJMKEHHS 10 CUTHAJY Ha JIB1 TPYIH:
alPOKCUMYIO9Y — TpyOy, 3 JOCUTH MOBLILHOI TUMYACOBOIO JUHAMIKOIO 3MiHH, 1
JeTali3ylouy — 3 JIOKaJIbHOIO Ta IIBUIKOK JMHAMIKOK 3MIHM Ha TJI TJIABHOL
JWHAMIKHA, 3 TIOJAJBIIUM 1X JpoOJICHHSM 1 JeTali3alli€l0 Ha IHIIMX PIBHSIX
nexkommosuiii  curHaniB - (puc.2.2). HoBuii Hampsmok 1mudpoBoi 00poOKU
CUTHAJIB — BeEWBIIET-aHAII3, POOUTH 1€ MOXXJIMBHUM SK B THUMYacOBIH, Tak 1 B

YaCTOTHIM 00JIaCTSX ySIBJICHHS CUTHAIIIB B PEKUMI PEaTbHOTO Yacy.
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Hyneboi
ypobens

Nepbsid
ypobens

Tpemud
| 2.2 ] [/22] (Jr7] EXF y/;odgi/o

Puc. 2.2. JlepeBo 1eKoMMo3uIrii

OcHoBHa 001aCTh 3aCTOCYBAaHHS BEUBJICT-TIEPETBOPEHh — aHAJI3 1 00poOKa

CUTHAJIIB 1 (DYHKIIIM, HECTAI[IOHAPHKUX B Yaci a00 HEOJHOPIAHUX B MPOCTOPI, KOIH

pE3yNbTAT aHaNII3y HOBUHEH MICTUTHU HE TUTbKH 3arajbHy YaCTOTHY XapaKTEPUCTUKY

CUTHAITY (pO3MO/Ii €eHeprii CUTHATY 110 YAaCTOTHUM CKJIAJOBHM), aJi€ 1 BIIOMOCTI PO

MIeBHI JIOKAJIbHI KOOPJIMHATH, Ha IKUX BUSABJISIOTH C€OE T1 UM 1HIII TPy YaCTOTHUX

CKIIaAOBUX CHUTHAITY.

3aranpHU aNrOpUTM (PPaKTATBHOTO aHAII3Y CUTHANTY:

1)
2)

3)
4)

5)

6)

[Ipun

OepeThCs JOBLIbHA IUITHKA BUX1THUX JAHUX;

10 L€l JUISTHKA 3aCTOCOBYETHCS JI€SIKE€ NEPETBOPEHHA (3a3BUYail 1€
3pYIICHHS, CTUCHEHHSI, PO3TATHEHHS);

3MIHEHOIO AUISIHKOIO TOKPUBAETHCS BECh YACOBUM Psiji;

B KOXKHIN TOYIIl YaCOBOTO PSAY IIYKAIOThCS KOe(DIlieHTH MOAIOHOCTI
BUXIIHOI JIJISTHKM — TIOTOYHOI (3a3BUYail 3a METOJO0M HalMEHIINX
KBaJpaTiB);

3a BUXIJTHOIO JIIJITHKOIO OEpeThCsl HACTYITHA YaCTUHA YacOBOIO Py i
QJITOPUTM TIOBTOPIOETHCS 3 MEPIIIOTO MYHKTY;

B pe3yJbTaTl MOCHIIHUK OTpUMy€ HaOip KoedimieHTIB MOAIOHOCTI i
0a4uTh TUM CaMHM PO3IOALT CTyNEeHs MOoAIOHOCTI (Horo hpakTaTbHUX
BJIACTUBOCTEHN) 110 TUAMYACOBOMY PsIIY B KOXKHI1MA HOTO TOYIII.

OiABUIIEHHI CTYNEHS 3HOCY I1HCTPYMEHTY BIJOyBa€eTbCsi BTpaTa

KOPHCHMX BJIACTUBOCTEM CUTHAITY, a caMe — CIIOTBOPEHHS 1 BTpaTa iHdopmaIlii mpo
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JTUHAMIKY TpOIECY MEXaHIYHOi OOpoOKH, 3a paxyHOK 30UIbIIEHHS BIUIMBY Ha
CUTHAJ IIyMOBUX KOMITOHEHTIB.

31 30UTBIIEHHSIM 3HOCY THCTPYMEHTY 3MIHIOETHCSI €HEpreThKa curuany. [lpu
napaMmeTpax 3HOCy, OJU3bKHUX JI0 KaTacTpo(hiyHOTO, OCHOBHA MOTYKHICTh CUTHAITY
JIOBOJIUTHCSI HAa BHUCOKOYACTOTHHM IIYMOBUWM KOMIIOHEHT, IO CBIIYUTH PO
BIJICYTHICTh MPOLIECY pi3aHHS SIK Takoro. EHepris, 1o HaaxoauTh BIJ Ppi3lid,
BUTPAUYAETHCS HA MTOBEPXHEBE 3MIIIHEHHS 3arOTOBKHU 1 HArpiB. 30BHILIHINA BUTJIST
aTpakTopa HE 3MIHIOEThCS, OJHAK 31 3POCTAHHSIM 3HOCY 30UIBIIYETHCS MacIiTad
aTpaKTopa AMHAMIYHOI CHCTEMH pi3aHHS.

[Ipu 3011b1IEHH] 3HOCY IHCTPYMEHTY KOMIIOHEHTH CUTHAITY XapaKTEPUCTUKH
IpOLECYy pi3aHHs, NPUWMAIOTh OUIBII 3IJIa/JKEHUN XapakTep, aje IpHU I[bOMY
3'SIBJSIIOTHCS BUCOKOYACTOTHI CILIECKH, 10 CBITYUTH MPO IM1ABUIICHHS PIBHS LIyMY.
Y Toit Xe yac Ha BEWBJIET-CKaJOrpami BHIHO, IO IPH 30UIBIIEHHI 3HOCY
IHCTPYMEHTY CIIEKTp 4YacTOT, IO XapaKTEepHU3ye pI3aHHs, PO3LIMPIOETHCA,
MOTYXHICTh HOTO 30UIbIIY€eThCA. PO3IMIMPEHHS CIIEKTPY FOBOPUTH MPO MIABUILICHHS
eHeprii BiIOPOAKyCTUYHOTO CHUTHAIY 1 BIJMOBIJHO MpPO 30UIBIIEHHS EHEepTii
pYWHYBaHHS 1 NOJAJbIIOMY 30UIbIIEHHI cTyneHs 3Hocy. IIpu 1pboMy 3HayeHHs
JIOMIHYIOUOi YacTOTH HE 3MIHIOETbCS 1 cTaHOBUTH 2,8-3,2 kI'T, ame 1CTOTHO
3MIHIOETBCA 11 TMOTYXHICTh. K BigoMO, ¢pakTaabHa PO3MIPHICTH TOKA3ye
XAO0THYHICTh CTaHy CUCTEMH, TOOTO PIBEHb ii HECTAOLUTLHOCTI.

BucHoBkoM maHuX aHami3iB MOKHA CKa3aTH, 0 MPH 301IBIIECHHI 3HOCY
IHCTpPYMEHTY Bi0OyBaeTbcad 30LIBLIEHHS JIMCHOrO 3HAaYyeHHA (pakTaabHOI
po3MipHOCTI. 31 30LTBIIEHHSM 3HOCY IHCTPYMEHTA XaOTHUHICTh IMHAMIKHU MPOLIECY
pi3aHHS TakKOX  30UIBIIYETHCA, TMPOCTEKYETHCA  KOPETAIis MK MU
xapaktepucTukaMu. CTanuii pyx CUCTEMU pi3aHHA 00YMOBJIEHO CAMOOPTaHi3all€ero
MPOIIECIB TIACTUYHOI 1epopmaltii B MPUKOHTAKTHHUX IIapax CTPYKKHU.

Ha mnpaxTtuiii HaBenmeHi pe3yiabTaTd Tepen0adacThCsi BUKOPUCTOBYBATH
[UISIXOM PO3POOKH J1arHOCTUYHOT METOJIMKH, 3aCHOBAHOI HA TOTOYHIM OIlIHII
CTYIICHsI 3HOCY Ha 0a3i ()paKkTaIbHOTO 1 BEMBIIET-aHAII3Y, 3A1MCHIOIOUNA TUM CAMUM

HaJ1HUN aBTOMAaTUYHUN KOHTPOJIb 382 CTAHOM THCTPYMEHTY 1 TMHAMIYHUX IIPOLIECIB
18



B CHCTEMI pi3aHHs NMpu MeTanoo0pooii. HeoOxigHICTh Takoi OIiHKM 00yMOBIIEHA
BEJIMKUM BIUIMBOM 3HOCY PIKYYOTO 1HCTPYMEHTY Ha CTaH JWHAMIYHOI CHCTEMHU

BepcTara i Horo mapameTpudHoi HaAIHHOCTI, aX 10 HOTro BIIMOBH.

PO3/11 3. EKCOEPUMEHTAJIbHI JOCAII)KEHHA JTUHAMIYHOI
CTIMKOCTI ITPU ®PE3EPYBAHHI KIHHEBUMHA COEPUYHUMHU
OPE3AMMU

3.1. MeToanka npoBeAeHHsI eKCIIEPUMEHTAJILHUX A0CJiKEHb

ExcriepuMeHTanpHi  AOCHIIKCHHS  MPOBOJWINCH HA  TPHOXOCHOBOMY
dpesepuomy Bepctari mozeni Victor VC-85 3 cucremoro UIIK Fanuc 0i-MD.
®pe3epyBaHHs 3arOTOBKH 3 KOHCTPYKIIHHOT cTai mapku Ctanb 45 3/11iCHIOBATIOCH
TBEPJIOCILIABHOKO MOHOJITHOIO J[BO3Y0OK KIHIEBOI chepuuHow (pesoro dg =

8 MM wmopmeni JS532080D1B.0Z2-NXT ¢ipmu Seco Tools, 3aruchHyroro B
nanrosomy narpoi tuny BT40-ER32-. Buiit ppesu [, = 32 MM.

n D
3 musxi rn[ﬂa>4B

| BHCXIIF

L

Puc. 3.1. Cxema ekcniepuMeHTaIbHOI YCTAHOBKH

Cxema eKCIIepMMEHTAIbHOI YCTAHOBKM IIPEACTaBieHa Ha puc. 3.1. 3aroroBka
(3) 3 moxmio 00pPOOIIOBAHOIO IMOBEPXHEI0 PO3MIIIyeThess Ha migkaami (5),
niggaTivBiii B HampsMKy oci Y. Jlo manoi miakmanku uepe3 wmtudt MS

NPUKPITUICHU TIEPETBOPIOBAY 11’ €30CJICKTPUYHUIA  BIOpOBUMIipIOBaIbHUN  (4)
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moneni JIH-4-M1. Bepxne 3HaueHHS BHUMIPIOBAJIBHOTO Jlama3oHy JaHOTO
nepeTBoproBaya ckiaaae 12600 I'n.

JlaHa ekcriepMeHTalIbHa YCTAHOBKA J1a€ 3MOTY JTOCHIIIUTH CYTTEBO HEIIHINHI
epextu npu (pe3epyBaHHl KiHneBuMH chepuunnmu (pezamu. [lpu mposeneHHi
TECTIB 3 BEJIMYMHAMMU TTIMOWHU p13aHHS, K1 € TUTIOBUMHU JUIsl 0OOpPOOKHU TAHUM THUIIOM
bpe3 y BHPOOHMYMX YMOBaX, BHACHIJOK KOJIMBaHb MPU TMEBHUX 3HAYCHHSX
aMIUTITYIA 3arOTOBKA BUMAJIKOBAM YHHOM BUXOJWUTH 3 KOHTAKTy 3 3yOOM (pe3u.
OuikyeThCs, IO B OUIBIIIN Mipil TaKUid €PEeKT CIIOCTEPIraTUMEThCS MIPH 3YCTPIUHIM
00poOI1i, OCKITBKM 3a TaKOi CXEMHU IMPHU PaNTOBOMY BUXOHi 3yOa (pes3um 3 Tina
3arOTOBKH BIJIOYBaTUMETHCS P13Ka 3MIHA BEJIMYMHU aMIUIITYIU KOJUBaHb.

MeToto TpOBENECHHS EKCIEPUMEHTIB € JOCHIKEHHS CTIMKOCTI MpoIecy
dbpe3epyBaHHs KiHIIEBOIO chepruHOI0 (hpe30r0 MOBEPXHI, HAXWICHOT mif KyToMm &
10 BIJIHOIICHHIO 710 oci Y . [Ipu ibomy pyx mojadi 341HCHIOETbCS T KyTOM & 10
BIJIHOIIIEHHIO JI0 OCl Y 3a 3yCTPIYHOK CXEMOIO pI3aHHS y BUCXIJHOMY Ta Yy
HU3XITHOMY Hamnpsmkax. Ilepen 371MCHEHHSM TECTOBHX MPOXOAIB JI0 TOPLIB
miggatiauBol  migkiaaakd (D) MNPUKPIIUIIOIOTHCS IUIACTHHU U1 IIiABHINCHHS
YKOPCTKOCTI 1 MONEPEIHBO BUKOHYIOTHCS MIATOTOBYI MPOXOAN HEOOX1THOI INIMOMHU

JUTs 3a0€3TeUeHHS 3yCTPIYHOI CXEMH pi3aHHs MPHU TeCTOBHX mpoxoaax (puc. 3.2).

Puc. 3.2. Cxema npoBeeHHs TECTOBUX MPOXO/iB 1O 3yCTPiuHiii cxemi
Pi3aHHA 3 0Aa4Y€I0 Y BUCXITHOMY HANIPSIMKY
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[Tpu dpe3epyBanHi 3HaUEHHS MOAa4l OyJI0 CTAIUM JIJISl BCIX TECTIB 1 CKJIAJIO
s, = 0,10 mm. [lpu npoMy 3HAYEHHsA KyTa Haxwuiy OOpOOJIOBaHOI MOBEpXxHI &
ckianu 15°; 22°307; 30°; 37°307; 45°; 52°30°. 3HaueHHs TIIMOWMHU pi3aHHS IS
pi3HHX TeCTiB JiexkaTh B miama3oHi Big 0,10 mm mo 0,50 MM. 3HaueHHS MIBUIKOCTI

oOepTaHHs IIMUHAEIA ISl PI3HUX TECTIB Jie)KaTh B jiana3oHi Bijg 5852 006/XB 10

8008 00/xB.

3
4
4 5

N\ NN

Puc. 3.3. Cxema npucTpoio HaHeCeHHs TeCTOBHUX yAapiB

MopanpHuii aHalli3 EKCHEPUMEHTAbHOI YCTAHOBKM 3/1MCHIOBaBCS 3
BUKOPUCTAaHHSAM MPUCTPOIO HAHECEHHS! TECTOBUX yAApIB CaMOPOOHOI KOHCTPYKIIIT
(puc. 3.3). Bin cknamaetbest 3 TuTaHoBoro pykie’s (1), akcenepomerpa JIH-4-M1
(2), sxuii kpinuThes yepe3 mmuwibky MS (3) 10 ToIoBKH 3 HepkaBitodoi craii (4).
['onoBka MOJIOTKA TOCAKEHA 3 HATITOM Ha PYKIB’S. 3 MPOTUIEKHOTO BIJ
akcenepoMeTpa 00Ky roJIOBKHM Ha pi3b01 M 12 npukpiniieHuii 3MiHHUMA aTFOMiH1€BHMA
ootiok (5). 3aranpua Bara IIHTY cranosuts 0,160 xr.

JIist  BU3HAYEHHS MOJAJIBHUX XapaKTEPUCTHUK TMPUCTPOEM HAHECCHHS
tectoBux ynapiB (mani [THTY) 3ailicHoBanock yaapHe 30yIKEHHS CHUCTEMHU 3
00poOIIoBaHO0 3aroToBKO (puc. 3.1). CuHXpOHHa peecTparlisi CHUTHAIIB 3
JaTYHKIB, BCTAHOBJIEHUX Ha migkiaaami (puc. 3.1) ta Ha roaosui ITHTY (puc. 3.3),
Jla€ 3MOTY BUSHAYHTH TEepeaBaIbHy (PYHKIIIO Gyy (S) KOMIIJIEKCHOI 3MIHHOI S, SIKa
XapaKTEePHU3y€e BIATYK CUCTEMH Ha 30y KeHHS. 3 MIMCHOI YaCTUHU TepenaBaIbHOI
byHKIIii ER[GW (s)] BU3HAYAIOTLCSI MOJAJbHA YacTOTa BJACHUX KOJHMBaHb Ta
MOJaJIbHA JKOPCTKICTh MEpIoi Moau BiOpailiii. 3 ysSBHOI YaCTHHH TEpelaBaIbHOT
byHKIi S[ny (S)] BU3HAYAEThCsl Koe(ilieHT aemndyBaHHS MepuIoi MOAU

BiOpaiiiii. BuzHaueHna yacToTa BIaCHUX KOJIMBaHb MEPIIOT MOJU BIOpaIliii cucTeMu
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cknagae f, = 1542 I'u; mMomampHa KOPCTKICTH ky =12,1-103 %; Koe(ilieHT

nemndysanns ¢, = 0,0275.

[lepeTBOpeHHSI aHAMOrOBOro cUrHamy 3faidcHioBanocs uepe3 ALl monemni
E14-440 dipmu L-CARD. MakcumanbHa yactoTa mepeTBopeHHs gaHoro AILIII
cknagae 400 xI'm. IIpu bomy 36ip ganux BimOyBaBcs 3 yacTtoToro 10 kI, 3ammc
IIEPETBOPEHOI0 CHUTHANIy 3J1MCHIOBABCA Ha HOYTOYK depe3 mporpamy LGraph2.

[Tomanpinumii aHANI3 CHTHATY BUKOHYBaBcs B mporpami MATLAB R2013b.
3.2. AHaJji3 oTpUMaHUX JaHUX

AHaJli3 CUTHAJIIB 3/IIMCHIOBABCS 3 METOIO0 BUBHAUYECHHSI YMOB, 32 SIKUX MPOIEC
dbpe3epyBaHHsI BTpadyae AUHAMIYHY CTIHKICTh, a TAaKOX TOTrO, SIKUH XapakTep Mae
BTpaTa JMHAMIYHOI CTIHKOCTI.

VY BcCiX MNpoOBEAEHUX TeCTaxX BIOPOCUTHAIM Malld SCKPABO BUPAKECHHIA
HeniHiMHuN Xxapaktep. [Ipu anHami3i BIOpOCHMTHaNIB iXHI CHEKTPH Yy YaCTOTHO-
qacoBiii obmacti (OTpUMaHi BIKOHHUM TepeTBOpeHHAM Dyp’e) manu MOXKIUBICT
OLIIHUTH CTaH CUCTEMH 3a PI3HUX YMOB, BUSABUTH JOMIHYIOYlI TapMOHI Ha PI3HUX
eTanax oOpoOKwu.

Takox IS KOXXKHOTO CHUTHaly 3M1MCHIOBAJIOCS JUCKpPETHE BEUBIIET-
MEePETBOPEHHA. B SKOCTI MaTepWHCHKOTO BEWBJIETY BUKOPHUCTOBYBABCS BEUBIIET
Jo6emi 4 (db4), nmpoBoamnock 7 iTepariit aekommnoswuilii currany. [Ipu mpomy
poOunace OI[iHKa Jaerajed curHamy Ha 4-i itepaiii (4 piBeHb), YaCTOTH SIKOi
BIIMOBIAAIOTh KJIACHYHHMM YSBJISCHHSIM IIPO BHHUKHEHHS BiOpariii BHACIiIOK
pizaHHs no caigy. Takox aHali3yBalKCh JIeTalli CUrHaily 6 Ta 7 piBHIB 1 BIIIIOBIIHI
iM  KoedilieHTH JeKoMmo3ullid. JlaHi piBHI JAEKOMIIO3MIlT BIJMOBIIAIOThH
HU3HKOYACTOTHUM KOJIUBAaHHSM, $IKI MalOTh MICIIE TPH TEPEeXOal CUCTEMHU B
XaOTUYHUU cTaH 3a cireHapiem @eiirenbayma (BHACHIOK OaraTopa3zoBOro
MOJIBOEHHS MEP101y KOJTUBAHB).

OO0po61i 3 mamumu kytamu € (15° Ta 22°30°) npuramManHi Mali 3HAYCHHS
JIOY0i IMIBUAKOCTI pi3aHHS, 3a fAKOI Mae Micle IUlacTUYHa Jaedopmarlis

oOpoOmoBaHoro Marepiany. lle mpuzBoAWTH 10 HU3BKOI SKOCTI 00poOIEHOT
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noBepxHi. 31 3HAUEHHSIMU TJIUOUHU Pi3aHHS, MPHU SAKUX B 30HY pI3aHHS MOTpAIUise
Bich (ppe3u, omHOUACHO 00MIBa 3y0a (pe3u MOCTIHHO 3HAXOAATHCS B KOHTAKTI 31
3pi3yBaHMM IIIapOM; JHCUIATHBHA CKJIQJOBAa €HEPrii KOJWUBaHb IMOCTIHHO
301IBIIYETHCS, BHACTIAOK YOTO CHCTEMa MEPEXOJIUTh J0 XAOTHYHOTO CTaHy

(Puc. 3.4). Y nogaibeiiomMy mpu npoBeICHHI TECTIB MU YHUKAJIA TAKUX YMOB.

5000 T T T T T T T
» 20
4500 | -
4000} 4 -3
3500 F —  [-40
= 3000 ' - 4t {50 ¢n
% =
< S
5 2500} = = =
52 o0 E
Q m
] = =
T 2000 - ~
= = = W70
1500 = —————— — —
— —— e — e ——— 7‘7‘ 80
1000 ———— — T
— — —= —= — 90
500 —_ = — = =
0 I = 1 1 1 L
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Yac, ¢

Puc. 3.4. CnexTp curnary npu oopooui 3 Kyrom ynepeaxenas 7°30°

AHani3 OLTBIIOCTI TECTIB MOKa3aB, 10 MPpU 00poOLIl MOBEPXOHb 3 KyTaMH Bij
30° BimOyBanach »KOpCTKa BTpaTa JNMHAMIYHOI CTIMKOCTI mporecy pizaHHs. [lpu
IOMY CHCTEMa MePeX0/IiiIa 10 XaOTUYHOTO CTaHy, MPO IO CBITYaTh KOPOTKOYACHI
panToBi 30ypeHHs.

Mopenb KOJMWMBaHb JOCIIIKYBaHOI TEXHOJOTIYHOI CHCTEMHU 300pakeHa Ha
puc. 3.5. YV BepxHbOMY MOJOXEHH1 (puc. 3.5a) npu Aii CKIaA0BOI CUIU pi3aHHSA 10
HOpMaJIl 10 00poOITFOBaHOT TOBEPXHI 3arOTOBKA BIATUCKAETHCS Bi (Ppe3u, uepes 1o
MOKe BiOyBaTHCh CaMOIlepEepHBAHHS TPOIECYy pi3aHHsA (panmToBHM BUXia 3y0a
(bpe3u 3 KOHTAKTy 13 3aroTOBKOIO). Y HWKHBOMY TOJIOKEeHH1 (puc. 3.5a) npu il

CKJIQJI0BOI CHJIH pi3aHHS 10 HOpMaJTi 10 00po0IIFOBaHOT MOBEPXHI 3ar0TOBKA Ha0Irae

Ha (pe3sy.
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Puc. 3.5. Moaeb KOJIMBaHb A0CJIIKYBAHOI TEXHOJIOTIYHOT CHCTEMH
JUist  BUMAnKy HU3XIAHOI 3YyCTpi4HOiI OOpPOOKM TOBEpPXHI 3 KyTOM
ynepepkeHHs 52°30° Oyu moOyoBaHi JiarpaMu JUHAMIYHOI cTiKocTi (puc. 3.6).

Husxijsa 3ycrpiyna 00podka (52.5°)

T
@ crifike pizanus

[muGuna pizanus, MM

1 i i
6000 6500 7000 7500 8000
YacroTta obepTanHs wnuHacis, 00/XB

Puc. 3.6. liarpamu qnuHamivHol cTilikocTi npu 00podui 3 KyToM ynepeKeHHs

52°30" 3a HU3XiTHOIO 3YCTPIYHOIO CXEMOIO pPi3aHHS
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Bumipsine 3HaueHHS MOJAIbHOI paiaibHOI YaCTOTU BIaCHUX KoJuBaHb TC

al . . .
cknano w, = 9689 22 [IopiBHSIEMO YOTHMPH TECTH, NAaHI MO SKUX HABEICHI B
C

tabmui 3.1.
Taoauus 3.1
Ne & ap, MM (e, MM n, 00/xB Ha'HpHMOK ('SxeMa
pi3aHHs pi3aHHS
1 52°30' 0,40 1,744 6636 HU3XIJTHUA ~ 3yCTpiyHa
2 52°30 0,40 1,744 7584 HU3XITHUA ~ 3yCTpiyHa
3 52°30 0,50 1,936 6636 HU3XIJHUHA ~ 3yCTpiyHa
4 52°30 0,50 1,936 7584 HU3XIAHUA ~ 3yCTpiuHA

Yactota obepranHs 6636 00/XB CHIBBIJHOCHUTBCS 3 YaCTOTOK BIJIACHUX

KOJIMBaHb cUCTeMHU sIK 1:7, a yactota obepranusa 7584 — sik 1:6,1. Takum 4uHOM,

qutst TecTiB Nel Ta Ne3 MOBMHHI CIIOCTEPIraTUCh PE30HAHCHI SIBHILA, Y TOM Yac sIK

1151 TecTiB Ne2 ta No4 BOHM ITOBHUHHI MaTH cj1a0Ile BUPAKECHUN XapaKTep.
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BiOpOCHTHaJ 6 piBEHb JIEKOMITO3UIIIT

Puc. 3.7. BiopaniiiHi curnaau Ta BiAnoBiaHi qexomno3uuii 6 piBus

Ha puc. 3.7 300paxeHi BiOpocurHaay Ta BiJMOBIIHI iM 6 Pi1BHI I€KOMITO3UIII1

st Tecty Nel (puc. 2a), No2 (puc. 20), Ne3 (puc. 2B) ta Ne4 (puc. 2r), orpuMani

BEHBJIET-TIEPETBOPEHHSAM 3 MaTepHHChKMM BeiiBiaerom [lobemi db4. V nanomy

BUMAAKY 6 piBEHb JEKOMITO3UINT BIAMOBIAA€ 4acTOTI 00epTaHHs (pe3u. Sk BUIHO 3
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rpadikiB, Ha TOYATKy CUTHAIB, 0cO0IMBO y TecTtax Nel (puc. 2a) ta Ne3 (puc. 2B),
CIIOCTEPIraloThCs 3HaYH1 30ypeHHS y HU3bKOYACTOTHOMY Jliara3oHi. B moganpmomy
11 30ypeHHs 3HUKAIOTh, HATOMICTh 30UIBIIYETHCS aMIUIITyJa Ha IOYaTKOBHX
BiOpaIiiHUX CUTHAJIaX, Ha YaCTOTaX, IO BIMOBIJAIOTh YAaCTOTI BIACHUX KOJMBAHb
TC. Ilpore BTpara AWMHAMIYHOI CTIHKOCTI y HH3bKOYACTOTHOMY Jiara3oHi
XapaKTepPU3Yy€EThCS 3HAUHUM BIUIMBOM Ha SKICTh OOPOOKH, MPO 110 CBITYUTH aHAIII3
00po0IIeHOT TOBEPXHI.

3 TOUYKM 30py MaTeMaTuyHOoi Mojem (2) nanuii eeKT MOXKe ONMUCYBaTUCh
HelniHiiHo0 cKiIanoBoio (3) mpu ke(0; 1). MexaHika JaHOTO IPOIIECY MIEPEXOAY Bi
HU3bKOYACTOTHUX BIOpaliil a0 BiOpamiii 3 4acTOTOI0, OJU3BKOIO 10 YacCTOTH
BJIACHUX KOJIMBAHb CUCTEMH, MOKE OyTH HACTYITHOIO: HA TIOYATKY MPOILIECY pi3aHHS
IIpU Bpi3aHHI 3y0a (ppe3u JOMIHYIOTh IIIaCTHYHI AeopMaliii B 30H1 pi3aHHS, TaK 110
BJIACHE 3HATTSA MPUITYCKY MOXE HaBITh HE B1I0OYBAaTHUCh YEPE3 B3AEMHE BIITUCKAHHS
¢pe3n Ta 3aroroBku. [lo Mipl HAKONMWYEHHsS €EHEPrii KOJHMBAaHb CHUCTEMOIO
30UIBIIIYETHCS aMILTITY/1a KOJIMBaHb, 1110 BUHO 3 BIOpOCUTHANIB. B eBHUI MOMEHT
aMIUTITYJla KOJIMBaHb KOMIIEHCY€ Malll 3HA4YEHHS TMPHUITYCKY, 1 B 30HI pi3aHHA
MOYMHAIOTh JIOMIHYBaTH MpYyXH1 Jedopmallii — CcucTeMa MEepexXoIuTh 0
YCTAJICHOTO KOJIMBAJIBHOTO CTaHy 3 YacCTOTaMM, OJMU3bKMMHU JI0 YacTOT BJIACHUX
koiuBaHb TC (mapamMeTpuyHi KOJMBAHHS).

BumipsiHa mopcTKiCTh npu 00poOI11l NOBEPXHI 3 KyTOM yrepemkeHns 52°30°
3a HHM3XIJHOIO 3YCTPIYHOIO CXEMOIO pi3aHHS Npu riaubuHi pizanHs 0,5 Mmm 3
yactoTaMu oOepTaHHs 6636 00/xB Ta 7584 00/XxB HaBeJeHI, BIJAMOBIIHO, Ha
puc. 3.8a Ta puc. 3.80. SIk BUIHO, yacTOoTa OOEpTaHHS Ma€ 3HAYHUN BIUIMB Ha
IIOPCTKICTh 00p0OJIEHOT TOBEPXHI 32 CTAJIO1 IITMOUHU Pi3aHHS MPU OJJHAKOBIHN CXeMi
pizanHsa. Tak, mpu wyactori obepranHs 6636 00/xB. 3HaueHHS Rmax CKIagae

42,8 mxMm, a ipu 7584 06/xB — 17,5 MkMm (y 2,5 pa3u MeHIIe).
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42,8 MKM

17,5 MM
el ———fne—

MM

0)
Puc. 3.8. lllopcTkicTh 00p00/1eHNX MOBEPXOHD 32 HU3XiTHOIO 3yCTPiYHOI0

CXeMOI0 pPi3aHHA 3 4aCTOTOI o0epTaHHs 6636 00/xB (a) Ta 7584 06/xB (0)
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BUCHOBKU

ExcriepumeHTanbHi JOCHIIKEHHS MPOBOJWINCH 3 MPSAMYBaHHSAM MOfadl
3HM3Y JIOTOpU 3a MOMYTHOIO CXEMOIO Pi3aHHSA Ta 3rOpU JIOHU3Y 3a 3YCTPIYHOIO
CXeMOI0 pi3aHHs. BTpara nMHAMIYHOI CTIHKOCTI OIIIHIOBAJach 3a HASBHICTIO
JOMIHYIOYHX PE30HAHCHUX TAPMOHIK B YaCTOTHO-4aCOBOMY CIIEKTPi BIOpOCUTHAITY,
a TaKOXX 3a HasBHICTIO/BIICYTHICTIO BIOpaIlIMHOTO CJIiy Ha 0OpoOJIeHI MTOBEPXHI.
[Iporec BuXigHOT MOMMyTHOI OOPOOKM 3aJUIIABCSA AUHAMIYHO CTIMKHM B Jialma3o0Hi
3Ha4YE€Hb YaCTOT 00epTaHHs muHaeIs Bijx 5852 06/xB 1o 8008 06/xB. I1pu anamisi
HU3XITHOT 3yCTpiuHOi OOpoOKM OyJi0 MOMIYEHO, IO Ha IOYATKy pi3aHHS Ha
MOBEPXH1 YTBOPIOBABCS 3HAUHUM BIOpAIIMHUN CITiM, SIKMM 3HUKAB MO MPOXOXKEHH1
~0,7 c. Ilpu oMy B CHIEKTp1 CUTHAITY Ha JaH1{ JUISHIN OYyJU B1ICYTHI JOMIHYIOY1
TapMOHIKM Ha 4YacToTax, OJMM3bKUX N0 4YacToTH BiacHuX komuBaHb TC. Cam
BIOpOoCHMTrHAA Ha I AUISHII MaB TMOPIBHSHO Mally aMIUTITyay. PoskinagaHHs
CUTHAITy Yepe3 BEHBIIETY-IIEPETBOPEHHS 3 MaTepUHCHKUM BelBieTom [lobemr db4
JaB 3MOI'y BHSIBUTH CYTTE€BI HHU3bKOYAacTOTHI kosmBaHHA TC Ha 6 piBHI
JIEKOMITO3UIII1, aHaJli3 CIEKTPY MOKa3aB JOMIHYIOYl TApMOHIKH, IO BIAMOBIIAIN
npu6au3no 0,25 ta 0,50 yactoTu ob6epTaHHs mwmuHAEHs. [{e 0JHO3HAYHO CBITYUTH
PO XaOTHUYHUW CTaH JUHAMIYHOI CUCTEMH (TEpeXiJ JO XaOTUYHOI'O CTaHy 4epes
kackaj Oidypxkariit). [Tepexin BiJ bOTO CTaHy J0 YCTAJICHOTO KOJIMBAJIBHOTO CTaHY
3 JOMIHYIOUMMHU TapMOHIKaMH, OJM3bKUMM JI0 YaCTOTH BJIaCHUX KojiuBaHb TC
MOKe OyTH TOSICHEHUH HAaKOIMMYEHHSM KOJUBAJILHOI €HEprii BCEpeauHl CHUCTEMH

yepes HelMiHiiHM KoMIoHeHT (3) B MatemaTnuHiit moaeni (2) mpu ke(0; 1).
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