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cyOcuauit u3 Kpaesoro Gro/pKeTa Ha peaiusa-
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TEXHMYECKHX, I'YMaHHUTAPHBIX M OOIIECTBEH-
HeIX HayK. I'pant Ne 93C/2022 na temy «Ilo-
BbIlIeHHE 3(DPEKTUBHOCTH PabOThI TEXHOIOTU-
YeCKoro 060pyI0BaHUS TP MeXaHO0OpaboTke
3a CYET OHJIAHH-MOHMTOPMHIA aKyCTHYECKOIo
CHUTHANa.

Brazooaprocmu:

ABTOpBI BhIpakatoT Onaropaprocts A.B. Hu-
KHTEHKO, KaHIMJAaTy TeXHHYECKMX HayK, J0-
LeHTy Kadeapbl TeXHoIorndeckas HHdopMa-
THKa ¥ uHpOpMauHoHHbIe cucTemsl (PI'BOY
BO TOI'Y, r. XabapoBck) 3a HOMOIIb B Opra-
HU3ALMH ¥ TPOBEICHNN SKCIIEPUMEHTabHBIX
HCCIIeIOBaHUIl B  y4eOHO-IIPOH3BOICTBEHHOM
uentpe CAD/CAM Ttexnonoruit. Mcenenosa-
HHSl YaCTHYHO BBIIOJIHEHBI HA 00OPYIOBAHHI
LIKIT «CrpykTypa, MexaHudeckue u ¢usnde-
CKHE CBOMCTBA MAaTepUalioB» (COIIALICHHE C
Muno6pnayxoii Ne 13.11KI1.21.0034).

Brenenne. BBuay 3HaunTeNBHOTO KOIMYeCTBa (PaKTOPOB, BIMSIOMINX HAa M3MEHEHHE CBOMCTB
JMHAMUYECKOW CHCTEMBI ISl 00ecIiedeH sl BBICOKOTO KauecTBa MOy4aeMoro IPOIyKTa, BEIOMpAIOT-
Csl Upe3MEpHO KOHCEPBaTUBHBIC YCIOBHUS 00paboTKH. DTO orpaHmyuBact 3G(HeKTUBHOCTH IIpolecca n
HPUBOJUT K MOBBIIICHHIO Ce0eCTOMMOCTH NPORYKIMH. COOTBETCTBEHHO HEOOXOIUMBI COBPEMEHHBIE
HIOJIXO/IBI, KOTOPBIE ITO3BOJIST THAarHOCTHPOBATH TEKYIIEe COCTOSTHHE 00pabOTKH M BOBPEMsI IPHHUMATh
pelIeHre 0 3aMeHe HHCTPYMEHTA, KOPPEKIMN WM M3MEHEHHH YIIPABISIONIEH IPOrpaMMbl. SHAYCHUE
MPOBOANMOTO HCCIIEIOBAHMS COCTOUT B IIPEIOKEHHUH ITOAX0/a K KOHTPOIII0 MEXaHO0O0pabOTKH, OCHO-
BaHHOTO Ha METOJIe MOHUTOPHHTA Iporiecca (hpe3epoBaHus B pealbHOM BPEMEHH, JUISl ONPEACICHUS
BO3HUKAIOIINX HOTPEIIHOCTEl 00paboTKH, IPOrHO3UPOBAHUS TOTEHIIHAIBHBIX IIPOOIIEM H yBEITNICHHUS
HPOIODKUTENILHOCTH Oe30TKa3HOoi pabotel. [IpeqmeT. B crarthe paccmarpuBaroTcsi 0COOCHHOCTH pa-
0OTBI CHCTEMBI MOHHTOPUHTA B PEaIbHOM BPEMEHH C YIeTOM (PruIbTpaIiuy 3ByKOBOH BOJIHBI, MUHHMH-
3aI1X MIePOXOBATOCTH MOBEPXHOCTHU IPU MEXaHO0OPaOOTKe OTHO- U IBYXJIC3BHHHBIM HHCTPYMEHTOM.
Ileap padoTsl — ONpEnENUTE BIMSHUE OPUCHTALMH HAKIOHA C(EpPOIMIMHIPUISCKOTO HHCTPYMEHTA
Ha BEJIMYMHY IIEPOXOBATOCTH IOBEPXHOCTH C MCIOIB30BAaHHEM MOHHTOPHHIA B PEalbHOM BPEMCHU
B IIpoliecce (pe3epoBaHysl Ha TEXHOJIIOTHYecKoM obopynoBanun ¢ UITY. MeToanka mcciae1oBaHuM.
B uccnenoBanny pUBOASTCS METOIBI KOPPEISIIIHOHHOTO M PEerPECCHOHHOTO aHaIHu3a. PacueTHble naH-
HBIE TTOJTYYCHBI 32 CUET BUOPOAKyCTHUECKON AMAarHOCTUKH M N3MEPEHHI B Anara3oHe 3HAYeHHH Iepe-
MEHHOTO yIVIa HAaKJIOHA TOBEPXHOCTH JJISl OJHO- M JABYXJIE3BUIHOIO HHCTPYMEHTA Ha OCHOBE ITOJIOXKE-
HHUI TEOpHH KoJeOaHUH M BUOPOAKyCTHYECKOM TMAarHOCTHKH, TEOPUH pe3aHus, TH(PpOBOi 00paboTKn
n nudpoBoit GuiIsTpauu curHaiaoB. Pe3yabTaTel 0 00cy:KIeHHsI. DKCIIEPUMEHTAIbHBIC JAHHEIE, 110-
JIy4eHHBIC IIPU MEXaHO00pabOoTKe, MO3BOJIMIIN ONIPEACIIUTE, YTO YBEJIHUYCHHUE YIIa HAKJIOHA OHO3Y00MH
(hpe3sl NpaKTUUECKH HE BIMSET Ha N3MEHEHNE aMIUIUTYAHBIX IIapaMeTPOB [IEPOXOBATOCTH. 3HAYCHHUS
BHOPOAKYCTHYECKOH JUArHOCTUKH M IIEPOXOBATOCTH HPH HCIOJIB30BAHUH JBYX3yOOBOTO c(heporiy-
JIMH/IPUYECKOTO MHCTPYMEHTA MOKA3bIBAIOT COINIACOBAHHYIO KapTHHY ¢ d(deKTaMu, co31aBacMbIMH
yIJIaMH HaKJIOHA U onepekenus. [lomydeHHble penieHus 3a1ad MOHUTOPHHTA ¥ aHAJIN3a I1apaMeTpoB
IIEPOXOBATOCTH MO3BOJISIIOT CYIIECTBEHHO COKPAaTUTh 00BEM AIKCIEPUMEHTAJIBbHBIX HCCICIOBAHUN 1
YTOYHUTH NPEACTABICHHE O NPAKTHYECKOH peann3anuy crocoda akyCTHIeCKOro MOHUTOPHHTA IIPO-
1ecca pe3aHmus.

Jlnsi quTHpOBaHUsA: DKCIEPHMCHTAIBLHOE HCCIICOBAaHUE IHHAMHUKH IpoIecca MEXaHOOOpaOOTKH KOHLEBBIMU C(epOmMIHHAPHIECKUMU
¢peszamu / M.P. 'umanees, A.A. JIu, B.O. Bepxyn, B.A. CrensmakoB // O6paboTka MeTa/uIoB (TEXHOJIOTUs, 000pyJ0BaHHE, HHCTPYMEHTHI). —
2023. - T. 25, Ne 1. — C. 44-56. — DOI: 10.17212/1994-6309-2023-25.1-44-56.
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BBenenue

OpHMM U3 OCHOBHBIX HANpaBICHUN pPa3BUTHSL
MaIIMHOCTPOUTEIBHOTO IPOU3BOJACTBA SIBISETCS
MOBBIIICHHE HAJACKHOCTH MEXaHOOOpPaOOTKH TPO-
CTPaHCTBEHHO-cI0XHBIX noBepxHocTel (IICIT) my-
TE€M HUCIOJIb30BAaHUSI CUCTEMbl MOHUTOPUHIA B pe-
KM€ peajlbHOTO BPEMEHHU, NMpeAHaA3HAYeHHOU NSl
MOJTyYeHUs! JOCTOBEPHON MH(GOPMAIIUU COCTOSHUS
nporecca (pe3epoBaHus W TPUHATHS HE0OXOIHU-
MBIX YTIPaBIISIIOIINX petieHui [ 1-6].

Jlng pemeHus 3aad KOHTPOJSL mpouecca ¢pe-
3epOBaHMsI MHOTUMHU aBTOPaMU MCCIIEAYETCS U3Me-
HEHUE aKTHBHOW 30HBI KOHTAaKTa KOHIEBOTO (hpe-
3epHOTr0 MHCTPyMEHTa U 00pabaThiBaeMON J1eTallu.
Pimenov D. u ap. [7] npencraBuim npakTHUECKUE
peKOMEHJAlMK 10 HAa3HAYEHUIO0 OpUEHTAIMH WH-
CTpYMEHTa K 00pabaThIiBa€MOW JeTaau C y4eTOM
JUHAMHUKU Qpe3epoBaHus it 00ecleueHus 1mepo-
X0BaTOCTH noBepxHoctu. Tan L. u np. [8] uzyuanu
BIIMSIHUE TPAEKTOPHH JBUKEHHUS HA U3HOC cdepo-
UIMHIPUYECKOTO WHCTPYMEHTA U IIEPOXOBATOCTh
MOBEPXHOCTU B mporiecce (pesepoBanus. Pesymnb-
TaThl MOKa3ajH, YTO HCIOJIb30BaHHE TPACKTOPUU
JIBUKEHMSI CHU3Y BBEPX MO3BOJISET 00E€CIIEUUTh MU-
HUMaJIbHbIE AMILIUTYJHbIE NapaMeTphl IIEPOXOBa-
TOCTH, a IPEBAIUPYIOIIUM BUJIOM H3HOCA UHCTPY-
MEHTAa SBJISIETCS aJAr€3UOHHbIN.

Bormpocsl, cBsi3aHHBIE ¢ MOHUTOPUHIOM COCTO-
SHUS TEXHOJIOTUYECKOrOo OOOpYyAOBaHUS Ha IMPO-
MBIIUICHHBIX TIPEIIPUITHSX, PACCMOTPEHBI B pabo-
tax ydeHbsix Kozoukuna M.II., Cabuposa @.C. [9].
B pa6ore Shaffer D. u ap. akycTudeckue CUTHAIbI
OBLIM MCCIIeI0BaHbl Kak crioco0 KOHTPOJIS paboThI
TEeXHOJIOTHYeCcKoro obopymoBanust [10]. Dkcme-
PUMEHTAJIBHBIM MyTEM C Pa3JIMYHBIMU PEKUMaAMU
pe3aHus ObUIM CTaTUCTUYECKH OINpeeNieHbl Mare-
MaTU4YECKHE MOJIENH, NOKAa3bIBAIOIINE W3MEHEHUE
aKyCTHYECKOTO CHTHaJIa /Il KOHIIEBOTO (hpesepo-
BaHUS C OAHOM pexyiei kpomkoil. KozinoB A.A.
u Anpb—[xoHua Xaaug B CBOEM HCCICAOBAHUU
OTIpeICNINIM OCHOBHBIE TpeOOBaHUA NIl TOCTpOe-
HUS JUAarHOCTUKU W MPOTHO3UPOBAHUS U3HOCA pe-
JKYILEro MHCTPyMEHTa B peajibHOM Bpemenu [11].
Chen u gap. mpeanoXuiu CUCTEMY MOHHUTOPUHTA
B PEAJIbHOM BPEMEHH ISl MOBBIIICHUS TOYHOCTHU
MIpY IPOU3BOJICTBE JIeTasieil [6] mpOCTpaHCTBEHHO-
CIOXKHOU (DOPMBI C KOMIIEHCALIMEH MOTPEIIHOCTEMN
[12]. ABtoper Cheng DJ. u ap. [13] uccnenoBanu
BJIMSIHUE MapaMeTpOB pE3aHHs Ha IIEPOXOBATOCTh
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obOpabarsiBaemori moBepxHoct. Clayton Cooper
[14], Anayet U Patwari u ap. [15] Ha ocHOBe aky-
CTHYECKOTO CHTHAJIA MPOBEIU aHAINU3 KOPPEISIHH
MapaMeTpoB MIEPOXOBATOCTU MMOBEPXHOCTH C YPOB-
HeM 3Byka. ABTopsl Sahinoglu A. u Rafighi M. [16]
WCCIIE/IOBAJIM BIIUSTHHUE TTAPAMETPOB PE3aHuUs Ha IIIe-
POXOBATOCTh MOBEPXHOCTU, BUOPAIINIO, HHTEHCUB-
HOCTbH 3ByKa TEXHOJIOTHUYECKOTO 000PYI0BaHHUSI IPU
MeXaHU4ecKol oOpaboTke. MHOrMMHM aBTOpaMu
MIPEIOKEHBI CIIOCOOBI 00eCTIeYeHHUsT BBIXOTHBIX Xa-
PaKTEpUCTUK 0OPaOOTKH 3a CUET yIpaBICHUS yIpy-
ruMH AedopMalsiMi HHCTPYMEHTa OTHOCUTEIIBHO
3aroTOBKHU C YYE€TOM COCTOSIHUS IMHAMUYECKOU CH-
cremsl (JIC) [17-20].

AHanu3 HayyHbBIX paboOT TO3BOIWI ChopMy-
JTUpPOBaTh HANpaBlICHUE TaHHOTO MCCIEIOBAHUS:
0000LIUTh M TOJXYYUTh HOBBIE 3HAHUS, a TaKXKe
YTOYHUTH (DAKT TPUMEHUMOCTH aKyCTHYECCKOTO
KOMIUIEKCA, PErMCTPUPYIOLIET0 CUTHAJT Yepe3 BO3-
TYLIHYIO Cpeay AJisi KOHTPOJIs Mpoliecca pe3anus, ¢
¢bunbTpalyeil moMex U Iyma B peaibHOM BpEMEHHU.
Lenb paGoTHI — ONPENEUTh BIUSHUE OPUCHTAIIUH
c(hepOLMIHHIPUIECKOTO HHCTPYMEHTA Ha BEJIUYU-
HY HIEPOXOBAaTOCTU MOBEPXHOCTH C MCIIOJIIb30BAHU-
€M MOHUTOpPUHIA B PEalbHOM BpPEMEHH Ipoliecca
(bpe3epoBaHus Ha TEXHOIOTUIECKOM 000pyI0BaHUH
¢ UIIY. BmecTe ¢ 3TUM Ha OCHOBAaHHUM SMIIMpPHUYE-
CKUX JIaHHBIX HEOOXOIHMMO pa3paboTarb MOJENb
3aBUCUMOCTH IIEPOXOBATOCTH 00pabOTaHHOM TO-
BEPXHOCTH OT BEJIMYUHBI TOIA4H, TUAMETPA U OpHU-
EHTAIMX HHCTPYMEHTA C KOPPEeTSAIUeii TOTydYeHHBIX
3HAYEeHUN U BUOPOAKYCTUYECKOU JUATHOCTHKHU.

MeToauka IKCIMIEPUMEHTAJTBbHOTO
HCCTICJ0BaAHUA

MexanooOpaboTka HpOBOAMIACH B IOIMYTHOM
HaIrpaBJICHUH C TPUMEHEHUEM CMa304HO-0XJIaXk1a-
romieit xunakoctu (COX), a Takke Ha 3aroTOBKax,
uMeroux cBoiictBa AMr6, TBepIOCIUIaBHBIMU
chepOoUMITHHIPUYECKUMHI KOHIIEBBIMU (pe3aMu ¢
nokpeitieM TiN guamerpom D = § MM M YHCIIOM
3yObeB 7 = 1, 7 = 2. Ilonaua Ha 3y0 (fz) npunsiTa
paBHoii 0,2 MM/3y6. COOTHOIIEHHE BbUIETa HHCTPY-
MeHTa IPUHSATO /D = 4, TiyOuHa pe3aHus a,= 0,4 MM,
OoxoBo# mar a, = 0,2 Mmm. YacTora BpalleHus IIKH-
nenst (n) dpesepHOro o0padaTHIBAIOIIETO IIEHTPA
DMG DMU 50 Ecoline mnst nBy3y0oii ¢hpessl co-
craBmsuia 1500 Mus ', s omHo3y6o# 3000 MUH .

[Tpumenenne COX sBnsercst BaxHBIM (PaKTo-
POM MHTEHCH(UKALIUK MpoLecca pe3aHus, TaK Kak
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TBEP/IbIi CIJIaB KUMEET HU3KOE COMPOTHUBIICHUE PACTSI-
ruBaronmM HarpspkeHusim [21]. Ipu ucnons3oBannu
COX Ha MOBEpXHOCTAX KOHTAKTa WHCTPYMEHTa M
Marepuala 3aroToBKH 00pa3yloTcs TUIEHKH, KOTOpbIE
CHOCOOCTBYIOT CHIKEHUIO a[Ire3MOHHOIO U3HOCA.

KoHTponps pa3mMepHOro mM3HOCa PEXYIIETO HH-
CTPyMEHTa IMPOBOJIUIICS TPU MOMOIIY KOHTAKTHOTO
n3MepurensHoro myna TT140 pupmer Heidenhain.
ToYHOCTH NPAMOIMHENHOCTH NIPYU U3MEPEHUH NTapa-
METpOB 1epoxoBaroctu npudopom Surfcom 1800D
cocraBmsma A = = (0,05 + 1,5L / 1000). Bubpo-
aKycTU4ecKas JuarHoctuka (puc. 1) ocyuiecTsis-
Jach IOCPEJICTBOM MCIIOJIb30BAHUS aHallM3aropa
cnektpa «ZetLab 017-U2», BuOpoaaTyukoB Ibe-
3oanektpuueckux «BC 110», Mukpodona «Zet
BC 501» ¢ nguana3oHOM BOCHPHHHMAEMbBIX YaCTOT
20 Hz...13 kHz u Samson Meteor Mic kapauounHoH
HampaBieHHOCTH ¢ auanazoHoMm 20 Hz...20 kHz.
B kauecTBe BBIXOHOM O1IEHKH 3(P(HEKTHBHOCTH 00-
pabOTKM HCIONB30BAJIACh MIEPOXOBATOCThH IO Ma-
pameTpy Rz (um), BuOponepemenienue S (um) u
aMIUIUTYHO-4YaCTOTHAsl XapaKTePUCTHKA aKyCTH-
yeckoro curnana 4 (dB), o (Hz).

Hcnonp3oBaHuEe KOHJIEHCATOPHOTO MUKPOQO-
Ha HMMeEEeT psj MPEeUMYIIECTB — Majlyl0 HEpaBHO-

OBPABOTKA METAJIJIOB

Puc. 1. Cucrema MOHUTOPHHIA MPOLIECCA MEXaHUUECKOU
00paboTKH B pealbHOM BPEMEHH:
1 — naruuk BUOpaMK U MUKPO(OH ¢ KapIUOWIHON HaIpas-
JIEHHOCThIO; 2 — AmHamuzarop crekrpa «ZetLab 017-U2y;
3 —TIK ¢ mporpammubiM obecrieueHrem ZETLAB (cocraBieHo
aBTOpaMH)

Fig. 1. Real-time monitoring in milling:

1 — Vibration sensor and microphone with cardioid orienta-
tion; 2 — Spectrum Analyzer «ZetLab 017-U2»; 3 — PC with
ZETLAB software (formulated by the authors)
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MEpPHOCTb YaCTOTHOM XapaKTEPUCTHUKH, HU3KUHI
YPOBEHb HEJMHEMHBIX W MEPEXOIHBIX HCKAKECHUM,
BBICOKYIO UYBCTBUTEJIIBHOCTh U HHU3KHUH YpPOBEHD
coOcTBeHHBIX IyMOB. Oco0oe BHHUMAHHE CTOUT
YAENATh MOBBIIIEHUIO KayecTBa JIUArHOCTUYECKO-
IO CUTHaJIa, KOTOPBIM COCTOMT U3 CyMMBI CIIEKTpa
«TI0JIE3HOTO» CHUTHala U OOJBILIOTO0 YMCIIA HEOIU-
HAKOBBIX I10 YPOBHIO IIYMOB, UCXOJSIIMX OT pa3z-
HOOOpPa3HBIX O00BEKTOB. JJIT TIyMOIIONABICHHUS
B PEaJIbHOM BPEMEHU HCIOJIb30BAIOCH CIEKTPasib-
HO€E BblUMTaHue (puc. 2).

noise

spectrum
estimation
W)
x(1) Xt v) Inverse y(1)
STFT STFT

Puc. 2. Cxema aaroputma CeKTpajgIbHOIO BEIYUTaHUS
yma:
x(f) — ucxonnsnii curnHan; STFT — okonHOoe mpeoOpazoBanue
Dypre; W(f) — byHknms BecoBoro okHa; y(f) — npeodpa3oBaH-
HBII CHTHAI (COCTABICHO aBTOPAMH )

Fig. 2. The proposed spectral subtraction algorithm
scheme:

x(t) — original signal; STFT — Short Time Fourier Transform;
W(f) — is the function of the weighting window; y(¢) — trans-
formed signal (formulated by the authors)

Pa3noyxenue curnasia npy CeKTpaJbHOM BbIUU-
TaHUU MIPOBOJIUIIOCH C UCIIOJIb30BAaHUEM CIEIHAIIb-
HOU BecoBoil pyHkimu [22] — okHa biskmana.

PCSyJILTaTLI H UX oﬁcyme}me

B mpouecce mexannueckoit 00paboTKH HaOIIO-
naetcs n3MmeHenue cBoict JC, ompenensronieecs
pa3nmumuHbIME  (hakTopamu. PackpeiTHe 0COOEHHO-
CTEH MOTEpH YCTOMYNBOCTH TPACKTOPUH JABUKECHUS
npu ¢Gpe3epoBaHuu (pUC. 3) MO3BOIUT OMPEACITUTH
Ty TH TOBBIIICHUS HAaJIS)KHOCTH PaOOTHI TEXHOJIOTH-
yeckoro odopynosanus (TO).

B nmaHHOM wHccienoBaHUM BBIXOJHBIM Tapame-
TPOM SIBJISITIACH HIEPOXOBATOCTD, a /AJIsl 00eCTIeUeHHs
TpeOyeMOoH MepoXOBaTOCTH MOBEPXHOCTH HAPSY C
YCTaHOBJICHHUEM DPEKUMOB 0OpaOOTKH BBIMOJIHEHA
OIIeHKAa JMHAMHUKHU MPOCTPAHCTBEHHBIX KOJEOAHMIA
nepeaHeit onopsl mmuHaens (cMm. puc. 3, 6). Bme-
CT€ C 3TUM aMIUTUTYIHbBIE MapaMeTphbl MIepOXoBa-
TOCTH TIOCJie OOpaOOTKM HAKIOHEHHBIMU Cepo-
MWINHAPUIECKIMIA WHCTPYMEHTAMH C Pa3InIHBIM
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0.5um

o
Puc. 3. Cxema mpoxoxaeHUs peXYIIINX KPOMOK (pe3bl uepe3 30Hy 00paboTKu:

@ — TPAeKTOPHsI JABMIKEHUSI i-T0 3y0a COOTBETCTBYOMIAs 3(P()EKTUBHOMY TUAMETPY UHCTPYMEHTA;
6 — TpaeKTOpHsI OTKJIOHEHUsI [IepeIHel ONOPbI LITUHENS (COCTaBICHO aBTOPaMH)

Fig. 3. Pattern of the passage of the cutting edges of the cutter through the processing zone:

a — the trajectory of the i" tooth corresponding to the effective diameter of the tool; 6 — deviation trajec-
tory of the front spindle support (formulated by the authors)

KOJIMYECTBOM 3yObEB IPH IMOIYTHOM (ppe3epoBaHUM
npezactaBineHsl B Tabn. 1. [Ipu oOpabotke omgHO3Y-
6011 ppe3oil n3MEHEeHNe yITIa HAKJIOHA MPAKTUYECKH
HE BJIMSACT Ha U3MEHEHHE aMIUIUTY/IHBIX TapaMeTpOB
IIEPOXOBATOCTH, T.€. AJIsl PACCMaTpUBaEMOro Ciryvast
JMana3oH 3amaca ycroiunmBoctH JIC MakcumaleH.
[TpumeHeHue 1ByX3yOOBOr0 MHCTPYMEHTA MIPUBOAUT
K 3HAQUUTENIbHBIM HM3MEHEHHSM BBIXOJHBIX IHapame-
TPOB, IIPE/ICTABIEHHbIE PACXOXKIECHHSI YACTO BbI3BAHbI
OTKJIOHEHHEM M U3HOCOM HMHCTPYMEHTA, CJIE/ICTBUEM
YEero SIBJISETCS U3MEHEHUE aKTUBHOW 30HbI PE3aHUsl U
MOBBIIIEHUE YPOBHS BUOparwii [6] (puc. 4).

Ananu3 Tabm. 1, a Takxke puc. 4 mo3BoOISET clie-
JaTh CIEyIoUIe 3aKiiodeHus. Bo-mepBbix, uem

Oonbllle aMITUTya BHOpOIEpeMelleHui, COOT-
BETCTBYIOIIIas YAaCTOTE pe3aHMsl, TEM BBILIE 3Haue-
HUE aMIUIUTYAHBIX [apaMeTpoOB IIEPOXOBATOCTH.
Bo-BTOpBIX, aMIuIHTY1a BUOpOTIEpEMEIICHUN H3Me-
HSIETCS TIPU YBEJIMUYEHUH YIVIa HaKJIOHA HEJMHEHHO,
a CHIDKEHHUE KauecTBa 00pabOTaHHON MOBEPXHOCTH
MIPOMCXOTUT BBHULY YIPYTUX AedopMaliiii pexxyiie-
r0 MHCTPYMEHTA, YTO OOBSICHSIETCS pachpenesieHu-
€M COCTAaBISIIONIUX CHUJI PE3aHUs BAOJIb PEXYIIEH
kpomku [20, 23].

Jnst mpakTU4Yeckoil peanu3aluu  MPUHIIMIIOB
aKyCTUYECKOM TMarHOCTUKH TpeOyeTcs, YTOObI 1o-
TydeHHas MHQOpPMaILUS TEKYIIEro COCTOSIHUS MPO-
recca o0padoTKK Obla MOHATHOW M JJOCTOBEPHOM.

Tabnunpa 1
Table 1

ITapameTpbl IEPOXOBATOCTH MOCJIE MEXAHMYECKOH 00padoTKH chepoLMIMHAPUYECKIM HHCTPYMEHTOM

Roughness parameters after machining with a ball-end tool

KonnyectBo Vion HAKIOHA. © / [MapameTpsl MIEPOXOBATOCTH, MKM /
3yObeB (hpesbl / S Roughness parameters, um
Number of teeth Angle of inclination, Ra Rq Rz Rt Rp
10 0,436 0,543 2,143 4,094 1,490
1 25 0,498 0,531 2,532 4,810 1,355
40 0,401 0,502 2,512 4,800 1,271
10 0,661 0,824 3,048 4,536 2,001
2 25 0,620 0,793 5,104 7,599 3,079
40 0,373 0,465 2,391 3,559 1,383
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Fig. 4. Comparison of the frequency spectrum
after milling with different angles of inclination, 7 =2
(formulated by the authors)
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TEXHOJIOI'MA

Ha puc. 5 npencrasieH akyCTUYECKUI CUTHA, TI0-
JTYYCHHBIN B XOZI€ IPOBEICHUS SKCIICPUMEHTA.

YacToTHBIE CHEKTPHI, MPEACTABICHHBIC Ha
puc. 5, npu noapoOHOM aHAIU3€ COINIACYIOTCS C
CHUTHAJIaMU BHOPOJMArHOCTHKH, TEM HE MEHee Iie-
Jeco00pa3HbIM SBISETCS AaHAJIU3 AaKyCTUYECKOIo
CUTHaJIa B IMpejesiaX 4acTOTHOrO JMara3oHa pesa-
Hus. st BBIAEIEHUS Y3KOM MOJIOCHI 3ByKOBOM BOJI-
Hbl (puc. 6) npumensiics FFT-guibtp, koTopbIit
WCIIONB30Bal ObICTpoe TmpeobpazoBanne Dypbe
(BI1®), pazmep BII® npu 3TOM COOTBETCTBOBAJ
3HayeHuto 4096.

YacTora ®, COOTBETCTBYET YaCTOTE PE3aHUs
(cm. puc. 6), a MO0 TAPMOHUYECKOMY 3aKOHY PE30-
HAHCHBIE YaCTOTBI HAXONATCS KaK NPOU3BEICHHE (O,
1 nesoro yucna (o, = 50 I', 2w, = 100 I'mu T. 11.).
YacToThl BRIYHCISIOT 10 4-TO TOPs/IKA, TaK KaK C
TIOBBIIIICHUEM TIOPSIIKA WHTCHCHBHOCTH YaCTOTHI
MO/IbI 3aMETHO CHUKAETCS M Ha 060Jiee BBICOKHX T10-
PAIKax MPaKTHYECKU HE OKA3bIBACT BIUSHUS Ha 00-
LIYIO 3BYKOBYIO KapTHHY.

W3 3anuceit BuaHO (puc. 7), 4TO aKyCTUUECKUMN
CUTHAJI MOIYJIHpYeTCs 000pOTaMU UHCTPYMEHTA, U
IIpU PE3aHUM JBYX3y00il (ppe3oit aMIunTyaa curHaia

5000

3000

Puc. 5. HacTOTHBIN CHIEKTp 3BYKa:

a — pasrol mmuHaens 1o n = 8000 MHH ' ¥ OCTAaHOBKA; 6 — obpabotka pu 7= 1, n = 3000 MHH ;6 — obpabotka rpu 7 =2,
n=1500 vun "' (cocTaBieHO aBTOpaMH)

Fig. 5. Frequency spectrum of the acoustic signal:

a — spindle acceleration to 8000 min ' and stop; 6 — machining process, =1, n =3000 min ' 6 — machining
process, =2, n= 1500 min' (formulated by the authors)
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Fig. 6. Frequency response of harmonic sound waves obtained by
milling with an inclination angle of 40 degrees (formulated by
the authors)
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Puc. 7. DunsTpoBaHHBIN aKyCTHYECKUI CUTHAM (COCTABIICHO aBTOPaMH)

Fig. 7. Filtered acoustic signal (formulated by the authors)

W3MEHSETCS TOT/Ia, KOT/Ia U3MEHSIETCS Yol HaKJIOHA
WHCTPYMEHTA.

[Ipu wuccrenoBaHWM CHEKTpa CUTHAIIOB aKy-
CTHUYECKON JMAarHOCTUKHM YCTAaHOBIIEHO paBHOMEp-
HOe YepenoBaHue a3 U OTCYTCTBHE XaOTHYECKOTO
pexxuma. [locne ymanenus mryma, QUIBTpalMd U
HOpMaJIM3AIMA aMIUIATYAbl CUTHANA OMPEIeNICHO
OTPaHMYEHHOE YHCIIO TOYeK OM(ypKaIluu Ipu H3-
MEHEHUH yTlia HaKJIOHAa WHCTPYMEHTa B MpOIlecce
MeXaHOOOpaOOTKH. YKazaHHbIE (DAKTHI MO3BOJISIFOT
3aKJTFOYUTh, YTO CHOCOO aKyCTHYECKOTO MOHHUTO-

puHra obiagaer MHPOPMATHUBHBIMHM JHAarHOCTHUYE-
CKUMH MPU3HAKAMHU.

[TpuHuMast BO BHUMaHKE MOBBILIAIOIIUECS Tpe-
O0oBaHMS K KayeCTBY JieTallel, CTOUT C(HOKYCHPO-
BaTbCi Ha TPEICKA3yeMOCTH MapaMeTpoB ILEpo-
XOBATOCTU MPHU MEXAHWYECKOH 00paboTKe, B 3TOM
HCCIIEIOBAaHUH — 33 CUET KOppesiui. BrisBIeHHbIE
3aBHCUMOCTH Ha OCHOBE BEJIMYMHBI KOA(PPHUIINEH-
Ta mapHoil koppemsuuu (Tabm. 2) ykasblBalOT Ha
BO3MO)KHOCTb BJIMSIHHMS Ha OJHH IOJyyaeMble Ia-
paMeTpsl yepe3 M3MEHEHHE JIPYTUX M Ha Haludue
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TaOnuna 2
Table 2
PacueTHble 3HaueHHNA KOI()PUIECHTOB NAPHOH KOPpPeJsiiA
Calculated values of the pair correlation coefficients
CpaBHHBaeMbIC Koadpdunment vamue CTBOBAHHC Xapakrep
JMHEHHOHN 3aBUCUMOCTH / N
BEJINYMHBI / koppesiiun / Corre- The existence of a linear JIMHEHHON 3aBUCUMOCTH /
Compared values lation coefficient . . Linear connection
relationship
BecbMma BeposiTHO / Bospacraromas /
®, (Ra) R (R2) 0,91 Highly probable Increases
Becbma BeposiTHO / Bospacraromas /
D, (Rq) R (%) 0,92 Highly probable Increases
BecbMma BeposiTHO / Bospacraromas /
D, (R1) R(R2) 0,98 Highly probable Increases
BecwMma BeposiTHO / Bo3spacraromas /
@, (Rp) R (Rz) 0,93 Highly probable Increases
MaitoBeposiTHO / VYosiBaromast /
®; () R (R2) —0:41 Very improbable Decreases
MautoBeposiTHO / Bospacraromas /
D5 () R (R2) 0,40 Very improbable Increases
He cymectsyer /
P; (v) D5 () 0,00 Doesn’t exist -

MPEIOTPEACTSIONUX MUKpOpenbed MOBEPXHOCTH
TEXHOJIOTMYECKHUX TapaMeTPOB.

OTtmedeHHbIe B Ta0I. 2 KOPPENIALUY 3HAYUMBI Ha
ypoBHe p < 0,05. IIpuHATO CUUTATH, UTO JIUHEHHAS
3aBHCHMOCTb CYILIECTBYET, €CIU MOAYNb Kod(pdu-
LIMEHTa KOPPESALUN COOTBETCTBYET 3HAUEHUIO OT
0,5 mo 1. OqHako Benu4rHa KO3 HUITMESHTA, 3aKITFO-
yeHHas B nuamnaszone 0,3...0,5, MOoXeT yka3bIBaTh Ha
CYILLECTBOBaHME HEIMHENHOMN Koppensuuu [24, 25].
I'padux perpeccun napamerpa Rz (puc. 8) cBune-
TEIbCTBYET O NOATBEPkACHUU BBILICYKa3aHHOIO
IIOJIOKEHMSL.

Jlist OLIEHKM CTeneHW BIUSHUS yIVIa HAKJIOHA
Ha AaMIUIMTYIHBIA MapaMeTp IIEpOXOBaTOCTU RZ
NpoBeeH MHOTO(AKTOPHBIN perpecCHOHHBIN aHa-
nu3. Pe3ynbraroM MpoOBENEHHOTO aHalu3a SIBISIET-
csi MaremaTtuyeckas MOJeJb, XapaKTepusyrouas
B3aMMOCBSI3b MEKIY BEJIMUYMHOM IIEpOXOBATO-
CTH, MOJIauu Ha 3y0, TUAMETPOM M yIJIOM HaKIIOHA
MHCTPYMEHTA, BBIP@XXEHHAss HOPMaJIM30BAHHOMN
MOJIeTIbIO, Tpaduyeckas MHTEPIPETALUs KOTOPO
noka3aHa Ha puc. 9:

Rz=3+277 5 0,55, ~ 1,08 -

— O’SIfZY _lsz +0’22YD +0’2fZYD'
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Puc. 8. TlapameTp Rz B 3aBUCHIMOCTH OT yTIlia 00paboTKH
JUTSI TBYX3yOO# (pe3bl (COCTABICHO aBTOPaMH )

Fig. 8. Parameter Rz depending on the machining angle
for a double-tooth cutter (formulated by the
authors)

[Tpu noBeputensHol BeposiTHOCcTH P = 0,95 pac-
YCTHOE 3HAUYCHHE KpuTepus dumepa F  MEHbIIC,
ueM Tabnuynoe F ., COOTBETCTBEHHO TUIIOTE3a 00
aJICKBaTHOM TIPEACTABICHUU MOJIENIU PETrPeccCuu
(cm. popMyiry) ObLUTa IPUHSTA.

[IpoBeneHHBIN aHAMU3 TEOPETHUYECKUX M JKCIIe-
PUMEHTAJIbHBIX JTAHHBIX B3aWMOCBSI3U IApaMETPOB
IIEPOXOBATOCTH, MOAAYHM Ha 3y0 M yIVia HaKJIOHA, TO-

Ka3aHHBIX Ha pUC. 9, CBUACTCIILCTBYCT O HC3HAYUTCIIb-
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Puc. 9. 3aBucumoctn mIepOXOBaTOCTHU RZ OT IOJa4u U yIijla HaKJIOHa MHCTPYMCHTA!

a — TeopeTHyecKas; 6 — HKCIIEPUMEHTAIbHAS

Fig. 9. Dependences of the roughness Rz on the feed and the angle of inclination of the tool:

a — theoretical; 6 — experimental

HbIX pa3jiMiusiaxX B MPCACTABICHUN JJaHHbIX. Bwmecte ¢
TeM (opMa IKCIICPUMEHTATLHON 3aBUCUMOCTH OTJIH-
YaeTcsi OT TEOPETUUCCKU PACCUMTAHHOM 10 ypaBHe-
HUFO MOJICIH perpeccun He 6oree ueM Ha 10 %.

BriBoabI

DKclepUMEHTAlIbHbIE  JIaHHbIE, IOJy4YEeHHbIE
pu  MEXaHOOOPaOOTKEe, TMO3BOJUIN OIMPEACIUTh,
YTO yBEJIHMYCHHE yTJIa HAKJIOHA OIHO3YyOOU (pe3bl
MIPAKTUYECKH HE BIMSIET HA N3MEHEHHE aMILIUTY/I-
HBIX TTApaMEeTPOB HIEPOXOBATOCTH.

3HadueHusi BA nUarHoCTHKHA U 1IEPOXOBATOCTH
MIPU MCIIOJB30BAHUH JIBYX3yOOBOTO C(EepOIMINH-
JPUYECKOTO WHCTPYMEHTa TIOKa3bIBAIOT COIVIACO-
BaHHYI0 KapTHHY C 3¢@deKTamu, co37aBaeMbIMU
yIJIaM{d HakKJIOHa W omnepexkeHus. B To ke Bpems
npu yactore pezanus 50 ['m BenuurHa BUOpomepe-
MEILIEHUS 1JIs yIJla HaKJIoHa 25° B CpelHEM B 2 pa3a
6ompine, uem npu 10 u 40°.

AMIUTUTYIHBIE TApaMETPHI MIEPOXOBATOCTH Ra,
Rg, Rt, Rp moka3bIBalOT BBICOKYIO CTENEHb KOppe-
JAUMU ¢ mapaMmeTpoM Rz. B cBsi3u ¢ HeMWHEWHON
B3aMMOCBS3BI0 MEXIy BETMYMHOW Rz, momaveit fz,

yIJIOM HaKJIOHA WHCTPYMEHTA Y U JMaMETPOM HH-
crpymenTa D pa3paboTaHa perpecCHOHHAs MOJIEIb,
KOTOpasi TO3BOJISIET MPOTHO3MPOBATh IIEPOXOBa-
TOCTb 00pabaThIBa€MOii TOBEPXHOCTH.
HonyquHHe pelicHud 3aaa4 MOHUTOPUHIA U
aHAJIN3a MapaMeTPOB MHIEPOXOBATOCTH ITO3BOJISIOT
CYILIECTBEHHO COKPATUTh 00BEM 3KCIEPHUMEHTAIIb-
HBIX I/ICCJIGI[OBaHI/Iﬁ U YTOUHUTH IMPCACTABIICHUC O
NPAKTHYECKON peat3aliii aKyCTHIECKOro criocoba
KOHTPOJIS ITpoLiecca Pe3aHust B PealIbHOM BPEMEHH.
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Introduction. Due to a significant number of factors affecting the change in the properties of a
dynamic system, excessively conservative processing conditions are chosen to ensure the high quality
of the resulting product. This limits the efficiency of the process and leads to an increase in the cost of
production. Accordingly, modern approaches are needed that will allow diagnosing the current state of
processing and making timely decisions to replace the tool, correct or change the control program. The
significance of the ongoing research is to propose a real-time monitoring approach to milling control
to identify emerging processing errors, predict potential problems and improve uptime. Subject.
The paper discusses the features of the real-time monitoring system during mechanical processing
with a single- and double-edge cutting tool, taking into account acoustic wave filtering, minimizing
surface roughness. The purpose of the work is to determine the effect of the inclination orientation
of the ball-end tool on the surface roughness value using real-time monitoring during milling on CNC
process equipment. Methods. The study provides methods of correlation and regression analysis. The
calculated data were obtained by means of vibroacoustic diagnostics and measured in the range of
values of the variable angle of inclination of the surface for single- and double-edge cutting tool based
on the provisions of the theory of oscillations and vibroacoustic diagnostics, cutting theory, digital
processing and digital filtering of signals. Results and discussions. Experimental data obtained during
machining made it possible to determine that an increase in the angle of inclination of a single-edge
cutting tool has practically no effect on the change in the amplitude parameters of roughness. The values
of vibroacoustic diagnostics and roughness, when using a double-edge ball-end tool, show a consistent
picture with the effects created by the angles of inclination and advance. The obtained solutions to the
problems of monitoring and analyzing the roughness parameters can significantly reduce the amount
of experimental research and clarify the idea of the practical implementation of the method of acoustic
monitoring of the cutting process.

For citation: Gimadeev M.R., Li A.A., Berkun V.O., Stelmakov V.A. Experimental study of the dynamics of the machining process by ball-end
mills. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2023, vol. 25, no. 1, pp. 44-56.
DOI:10.17212/1994-6309-2023-25.1-44-56. (In Russian).

* Corresponding author

Gimadeev Mikhail R., Ph.D. (Engineering), Associate Professor

Pacific National University,
136 Tihookeanskaya St.,
Khabarovsk, 680035, Russian Federation

Teua.: 8 (924) 216-31-39, e-mail: 009063 @pnu.edu.ru

54 Vol. 25 No. 12023



TECHNOLOGY OBRABOTKA METALLOV %

References

1. Anstev A.V., Ngon D.T., Trong D.H., Yanov E.S. Influence of vibration amplitude on tool wear during ball end
milling of hardened steel. 2018 4th International Conference on Green Technology and Sustainable Development.
IEEE, 2018, pp. 232-236. DOI: 10.1109/GTSD.2018.8595567.

2. Pimenov D.Yu., GuptaM.K., da Silva L.R.R., Kiran M., Khanna N., Krolczyk G.M. Application of measurement
systems in tool condition monitoring of milling: A review of measurement science approach. Measurement, 2022,
vol. 199, p. 111503. DOI: 10.1016/j.measurement.2022.111503.

3. Kuznetsova V.B., Kondusov D.V., Serdyuk A.l., Sergeev A.l. Monitoring system for high-tech equipment.
Russian Engineering Research, 2017, vol. 37, no. 10, pp. 892-896. DOI: 10.3103/S1068798X17100136.

4. Mohamed A., Hassan M., M’Saoubi R., Attia H. Tool condition monitoring for high-performance machining
systems — A review. Sensors, 2022, vol. 22, p. 2206. DOI: 10.3390/s22062206.

5. Mali R.A., Gupta T.V.K., Ramkumar J. A comprehensive review of free-form surface milling — Advances over
a decade. Journal of Manufacturing Processes, 2021, vol. 62, pp. 132-167. DOI: 10.1016/j.jmapro.2020.12.014.

6. Gimadeev M.R., Li A.A. Analysis of systems for automated provision of surface roughness parameters based
on dynamic monitoring. Advanced Engineering Research, 2022, vol. 22 (2), pp. 116—-129. DOI: 10.23947/2687-
1653-2022-22-2-116-129.

7. Pimenov D.Y., Hassui A., Wojciechowski S., Mia M., Magri A., Suyama D.I., Bustillo A., Krolezyk G.,
Gupta M.K. Effect of the relative position of the face milling tool towards the workpiece on machined surface
roughness and milling dynamics. Applied Sciences, 2019, vol. 9 (5), p. 842. DOI: 10.3390/app9050842.

8. Tan L., Yao C., Ren J., Zhang D. Effect of cutter path orientations on cutting forces, tool wear, and surface
integrity when ball end milling TC17. The International Journal of Advanced Manufacturing Technology, 2017,
vol. 88, pp. 2589-2602. DOI: 10.1007/s00170-016-8948-y.

9. Kozochkin M.P., Sabirov F.S., Bogan A.N., Myslivcev K.V. Monitoring sostoyaniya tekhnologicheskogo
oborudovaniya na promyshlennykh predpriyatiyakh [Monitoring of process equipment for industrial enterprises].
Vestnik Ufimskogo gosudarstvennogo aviatsionnogo tekhnicheskogo universiteta = Scientific journal of Ufa State
Aviation Technical University, 2013, vol. 17, no. 8 (61), pp. 56—62. (In Russian).

10. Shafter D., Ragai I., Danesh-Yazdi A., Loker D. Investigation of the feasibility of using microphone arrays in
monitoring machining. Manufacturing Letters, 2018, vol. 15 (B), pp. 132—-134. DOI: 10.1016/j.mfglet.2017.12.008.

11. Kozlov A.A., Al-Jonid Kh. Diagnostika i prognozirovanie iznosa rezhushchego instrumenta v real’nom
vremeni [Diagnosis and prediction of cutting tool wear in real time]. Sovremennye materialy, tekhnika i tekhnologii
= Modern materials, equipment and technologies, 2017, no. 4 (12), pp. 17-21. (In Russian).

12. Chen Y.P., Gao J., Deng H., Zheng D. Spatial statistical analysis and compensation of machining errors for
complex surfaces. Precision Engineering,2013,vol.37,no. 1,pp.203-212. DOI: 10.1016/j.precisioneng.2012.08.003.

13. Cheng D.J., Quan H.J., Kim S.J., Zhang S.W., Zhang C.Y. Modeling of time—varying surface roughness
considering wear overlap per tooth in ball end finish milling. Arabian Journal for Science and Engineering, 2021,
vol. 46, pp. 12309-12330. DOI: 10.1007/s13369-021-05920-0.

14. Cooper C., Wang P., Zhang J., Gao R.X., Roney T., Ragai 1., Shaffer D. Convolutional neural network-
based tool condition monitoring in vertical milling operations using acoustic signals. Procedia Manufacturing, 2020,
vol. 49, pp. 105-111. DOI: 10.1016/j.promfg.2020.07.004.

15. Patwari A.U., Zamee A.A., Bhuiyan M.H., Sakib S.M. The surface roughness analysis using sound signal
in turning of mild steel. IOP Conference Series: Materials Science and Engineering, 2019, vol. 703, p. 012011.
DOI: 10.1088/1757-899X/703/1/012011.

16. Sahinoglu A., Rafighi M. Investigation of vibration, sound intensity, machine current and surface roughness
values of AISI 4140 during machining on the lathe. Arabian Journal for Science and Engineering, 2020, vol. 45,
pp. 765-778. DOI: 10.1007/s13369-019-04124-x.

17. Lukyanov A.V., Aleynikov D.P. Issledovanie kolebanii sil vzaimodeistviya frezy s zagotovkoi pri povyshenii
skorosti vrashcheniya shpindelya [Analysis of oscillations of cutting forces between a mill and a work-piece
when increasing the spindle rotation speed]. Sovremennye tekhnologii. Sistemnyi analiz. Modelirovanie = Modern
Technologies. System Analysis. Modeling, 2017, vol. 56, no. 4, pp. 70-82. DOI: 10.26731/1813-9108.2017.
4(56).70-82.

18. Aleinikov D.P.,, Lukyanov A.V. Issledovanie dinamiki krepleniya datchikov vibratsii shpindelei
obrabatyvayushchikh tsentrov [Studying fixation dynamics of machining center spindle vibration sensors]. Vestnik
Irkutskogo gosudarstvennogo tekhnicheskogo universiteta = Bulletin of Irkutsk State Technical University, 2015,
no. 2 (97), pp. 28-35.

Vol. 25 No. 1 2023 55



CM OBRABOTKA METALLOV TECHNOLOGY

19. Zakovorotny V.L., Gvindjiliya V.E. Sinergeticheskii podkhod k povysheniyu effektivnosti upravleniya
protsessami obrabotki na metallorezhushchikh stankakh [Synergetic approach to improve the efficiency of machining
process control on metalcutting machines]. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal
Working and Material Science, 2021, vol. 23, no. 3, pp. 84-99. DOI: 10.17212/1994-6309-2021-23.3-84-99.

20. Gimadeev M.R., Stelmakov V.A., Gusliakov V.V. Cutting forces and roughness during ball end milling of
inclined surfaces. Proceedings of the 6th International Conference on Industrial Engineering.. Cham, Springer, 2021,
vol. 2, pp. 926-937. DOI: 10.1007/978-3-030-54817-9_107.

21. Kushcheva M.E., Klauch D.N., Kobelev O.A. Printsipy vybora smazochno-okhlazhdayushchikh
tekhnologicheskikh sred dlya obrabotki metallov rezaniem [Principles of selection of cutting technological mediums
for metal cutting]. Izvestiya MGTU «MAMI», 2014, vol. 2, no. 1 (19), pp. 73-76. (In Russian).

22. Levin E.K., AlDhaibani A.M. Analiz vozmozhnostei podavleniya vliyaniya chastotnoi kharakteristiki kanala
svyazi na parametry rechevogo signala [Suppression opportunities analysis of the communication link frequency
response influence on the voice signal parameters]. Proektirovanie i tekhnologiya elektronnykh sredstv = Design and
Technology of Electronic Means, 2018, no. 3, pp. 14-18.

23. Ponomarev B.B., Nguen S.H. Vliyanie orientatsii instrumenta na sily rezaniya pri kontsevom frezerovanii
[The influence of tool orientation on cutting forces during end milling]. /zvestiya vysshikh uchebnykh zavedenii.
Mashinostroenie = BMSTU Journal of Mechanical Engineering, 2019, no. 3 (708), pp. 11-20. DOI: 10.18698/0536-
1044-2019-3-11-20.

24. Gimadeev M.R., Davydov V.M., Nikitenko A.V., Sarygin A.V. Formirovanie parametrov sherokhovatosti na
osnove korrelyatsionnykh svyazei pri chistovom frezerovanii prostranstvenno-slozhnykh poverkhnostei [Formation
of roughness parameters based on correlation relations during fi nishing milling of spatially complex surfaces].
Uprochnyayushchie tekhnologii i pokrytiya = Strengthening Technologies and Coatings, 2019, vol. 15, no. 6 (174),
pp. 243-248.

25. Gimadeev M.R., Davydov V.M. Korrelyatsionnye svyazi pokazatelei sherokhovatosti pri frezerovanii
sfericheskim instrumentom [Correlation of the roughness parameters in milling of spherical tool]. Sborka v
mashinostroenii, priborostroenii = Assembling in Mechanical Engineering, Instrument-Making, 2019, no. 5,
pp. 219-224.

Conflicts of Interest

The authors declare no conflict of interest.

© 2023 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

56 Vol. 25 No. 12023



