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YK 629.7
I'. A. Bipuenxo, JI. JI. ITaciunnk, A. Y. He3enko

OCOBJINBOCTI HIBEJIIOBAHHS JIITAKIB 3A JOIIOMOI' O1O
JJABEPHOI KOOPJIMHATHO-BUMIPIOBAJIbBHOI MAIIIMHU

Beryn

OnuH 13 NUIAX1B pO3B’A3aHHS 3a7a4l CTBOPEHHSI KOHKYPEHTO3/IaTHUX TEX-
HIYHUX OO’€KTIB IMOJISITA€ B 3aCTOCYBaHHI KOMITHOTEPHUX 1HGOPMAIIHHUX TEX-
Houtorii [1]. YaockoHaneHHsl HassBHUX 1 MOIIYK HOBUX METOIB, CIIOCOOIB, MPU-
HOMIB Ta aJrOPUTMIB aBTOMATH30BAHOI'O OMpAIIOBAHHS aBialliiHOI POIYKIIIi €
aKTyaJIbHOIO HAYKOBO-TEXHIYHOIO MPOOIEMOIO.

I{e BimHOCHUTBCS 1 10 HiBemoBaHHs Jiitaka [2], [3]. 3pocTaroui BUMOTH J10
TOYHOCTI BUMIPIOBaHb MTOBEPXOHb CTaBJIAThH 33/1a4y PO HOBI 3aCO0M Ta METOIU
MIPOBEJICHHS HIBEJIOBAHHS JIITAKIB.

OnHuM 3 MEepPCreKTUBHUX METOMIB € METOJI 13 3aCTOCYBAHHSM JIA3€PHUX
KOOPJAMHATHO-BUMIPIOBAJILHHUX cHcTeM [4].

Ha punky mpeactaBieHO psif TaKuX KOOPJIWHATHO-BUMIPIOBAIBHUX Ma-
IITMH, 10 BIATOBIIAI0Th Cy9aCHUM BHMOTaM TOYHOCTI. J[JI ICHYIOUHX JIa3epHUX
KOOpPJIMHATHO-BUMIPIOBAIbHUX CHUCTeM, Hampukian, tumy FARO Laser
Tracker [5], MeTOaUKY X BUKOPUCTAHHS IS aBlal[iifHOT TEXHIKH HE ICHYIOTb.

ITocTranoBka 3agaui

[Toka3aT OCHOBHI MOXJIMBOCTI Ta IEpEeBard HIBEIIOBAHHS 3 BHUKOPHUC-
TaHHAM JIA3€pPHUX KOOPAMHATHO-BUMIPIOBAILHUX CUCTEM.

OcHoBHUII MaTepiaa JOCTIAKeHHSA
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3actocyBaHHA KOOpAMHATHO-BUMIiptoBanbHUX MamuH (KBM) nosBossie
OMEpPATUBHO 13 JOCTATHHOIO TOYHICTIO BHUMIPIOBATH T'€OMETPUYHI NapameTpu
MPOCTUX 1 CKIIAJIHUX OO0 €KTIB, BKJIIOYAIOUM BEIUMKOraOapWTHI, BUMIPIOBAHHS
SAKUX TPAIUIIHHUMU CITIOCOOAMU BUMArae CremiajibHOTO JOPOroro OCHAIICHHS.

OpHi€lo 3 OCHOBHUX OCOOJIMBOCTEW MPOBENICHHS HIBEJIIOBAHHS 3a JIOIO-
mororo KBM e e, mo mij 4ac BUMIpIOBaHHS BiJOYBa€ThCS OIpPAIFOBAHHS TPU-
BUMIPHUX KOOPJMHAT TOYOK (KOHTPOJIOIOTHCA BC1 TPU MapameTpu), TOI1 K MPU
3BHYAfHOMY HiBEJIFOBaHHI BU3HAYAIOTHCS MPOEKIIT KOHTPOJIBHUX TOUOK Ha BEp-
TUKaJIbHY a00 TOPU3OHTAIBHY TUIONIMHH (KOHTPOJIOETHCS OAMH MapaMmeTp Iie-
PEBUIIECHHA). 32 HOBHX yMOB MOTPIOHO BBOJUTH CHUCTEMY KOOPIMHAT, B SIKii
OyIyTh TIPOBOIUTHUCS BC1 OOYMCIICHHS. B €leKTpoHHINA MOJeni JliTaka cucTeMa
KOOpJIMHAT, 3a3BUYall, 3HaXOJUTHCS HA MEPETHHI IUIOIMMHU MOr0 CUMETpIi Ta
Oy/iBeIbHOT TUIOIMIMHM (Pro3essiKy. s 3pydHOCTI IpH MPOBEACHHI BUMIPIB HE
000B’SI3KOBO KOPUCTYBATHCS LI€I0 XK CUCTeMO0. MoskHa oOpaTu i OUTbII 3pyy-
Hilry. Y 1bOMY BUIAJKY, MICIs MPOBEJACHHS BUMIPIB, IPOBOJUTHCS MEpepaxy-
HOK OTPUMAaHMX JIaHUX Y CUCTEMY KOOPJMHAT €JIEKTPOHHOI Mojeni 6a30Boi re-
OMETpIi arperary mianepa abo BChbOro JIiTaka.

Cucrema KOOpAMHAT 3a3BUYall BU3BHAUAETHCA HA OCHOBI JJAHUX TPHOX KO-
HTPOJIbHUX (pernepHux) Touyok. [Ipu oOuucieHHi ii mapaMeTpiB BUKOPUCTAEMO
ToukH M (X, Y1,2), M,(X,.Y,,2,) My(X3,Y5,2;) Ta My(X,,Y,,2,) TropusoHTa-
JIHHOI TUIOIIMHU MIICNIbHOT YacTUHU (ro3ersiKy. PIBHSHHS OyniBeIbHOT TJIOUU-
HU ¢rozensiky (BIID), mo MicTUTh TpU TEPIIi TOUYKH, MAE BUTJIIS

X=X Y=Y -4
X, =% Y=Y Z,—2|=0.
X=X Y=V 44
OO6uncuBIIN BU3HAYHUK OCTaHHBOTO BUpa3y, OTPUMYEMO
A-x+B/-y+C/-z+D/=0. [Ina nepexogy A0 CTaHAAPTHOIO BHUIY IUIOLIMHU

po3paxoByeMo KoedirieHT neperBopeHHs K| = \/ (A)?+(B))* +(C))* Ta Bu3Ha-
qaeMo ii koediieHTn A = Al , B = E, C = C , D, = R
Kl Kl Kl Kl
Tomi piBusaHS BII® mae Bursag
A-x+B -y+C -z+D,=0.
3HaX0IUMO TOYKH, K1 JIEKaTh nocepeanni Mk M, 1 M, ta M, 1 M, :

(&+X m+% Z+1Z

2) (X12’y12’ 12)

2 2
X+X + Z+Z
My = (2 ,y32y4 £) = (Xeu} Yo Zea).

Buznayaemo piBHSHHS IUIOLIUHU CI/IMeTpll mitaka (ITICJI), sska mpoxoauThb
gyepe3 Touku M,, 1 M,, Ta nepnenaukynaspaa go bIID
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X=X, Y—Yn Z—1,
Xog = Xo Yo = Yo Zyy— 1y =0.

Ai Bl Cl
Otpumyemo A -X+B)-y+C)-z+ D, =0. 3HaxonuMo Koe}iLieHT nepe-
reopers K, = (A + (B, +(C)? . 3minen A,=-2  B,=22 c,=2
K2 KZ KZ

!

D, = & . Toni piBusuus [1CJI Oyae maTu BUTIIA

A -x+B,-y+C,-z+D, =0.
OO6upaemo Touky M,, mouaTkoM KoopAuHAT. To/l mapaMeTpu HOBOI CUC-
temu koopauHat (CK) OyayTh HaCTyTHUMMU:

X34 y34 234_

SKneW: AB BS C3

A. Bl C1

A2 BZ CZ_

B, C C,| B
e A = B =1 1A - A Bl
B, C, A G, A, B,

Ockinpku novyatok CK miTaka 3HaXOIUTHCS B HOCI (Pro3essiKy, TOJI mapa-
METpHU MOYATKy CUCTEMHU KOOPAUHAT OYyTh HACTYITHHUMHU:
Xo =Xy =A-Ss Yo=VY4u—B;-S,, 7,=2,, -G5S,
ne S, — 3MIIEHHA TOYKH M,, 1o ocl X BIIHOCHO NOYAaTKy KOOPAUHAT JIITaKa.
Ocrtatouni nmapamerpu CK niTaka MaroTh TaKuii BUTIIST

X Yo 4
B, C
SKLA = AS) ’ ’ (1)
A B C
B A, B, C, i

[TepeBenennsa noBUIBHOI TOYKH M, (X ) 3 CK, B skiil mpoBoJuU-

cm ) cm’ cm

mucst Bumipu KBM, y CK nitaka (1) BinOyBaroThcs 3TiIHO 3 BUpa3aMu
X, = (Xcm B Xo) ) % + (ycm - yo) ) Bs + (Zcm - Zo) 'Cs’
Y, =X = %) A+ (Y., = Yo) - B+ (2, — 25) - Cy,
Z,=(X,, = %) A+ (Y, — ¥o) B, + (2., —2,)-C,.
Orpumaemo M, (X,,Y,.Z2,).
s nporerypa, 10 HA3UBAETHCA «MAaTEMAaTUYHE BUPIBHIOBAHHSY, 103BOJISE
HE 3aCTOCOBYBaTH MEXaHIYHE BUpPIBHIOBaHHA. ToOTO, OJIHIEIO 3 TIEepeBar 3a3Ha-
YEHOTO METOJy € CKacyBaHHS HEOOXITHOCTI BUCTABJISTHHS JIITAKa PIBHO B TOPHU-
30HTAJIbHIN TJIOUIHHI.
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JI71s1 IpOBE/ICHHSI HIBEJIFOBAHHSI BUKOPHUCTOBYIOTHCS BIJIIOBIIHI TPUBUMI-
pH1 KoMIT toTepHI Mojeni (puc. 1), siki mictath penepHi Touku B CK arperaty uu
JiTaka. 3acTOCYBaHHS KOOPJAMHATHO-BUMIPIOBAIBLHUX CUCTEM Tiependayae BUOIp
perepHUX TOYOK TakK, 00 KIIbKICTh nepemimieHs KBM Oyia HaliMeHI1I010.

Puc. 1. KoM’ rotepra Mojieh HiBETIOBaHHS (PIO3EISDKY JTiTaKa

TpuBUMIpHI €JIEKTPOHHI MOJENl 3HAYHO CHPOUIYIOTh KOHTPOJIb (HhOopMHU
TEXHIYHUX 00 €KTIB. 31CTaBlIeHHs ()aKTUYHUX KOOPAMHAT AOBUIBHOI TOYKHU 3 Bi-
JIOBITHUMHU KOOPJAMHATAMH €JIEKTPOHHOI MOJENI JI03BOJIIE BUKOHATH O0YMC-
JeHHs1 OyIb-SKMX 3aJaHMX PO3MIPIB 1 MEPEBIPKY MOBEPXOHb 3a JOIMOMOIOIO
KBM. OtpumaBuM faHi nNpo BUMIPSIHI TOYKH, MPOBOJUTHCS MOPIBHAHHS 3 iX
KOOpJIMHATaMU B €JIEKTPOHHIM Mojiel 0a30BOi TeoMeTpii Ta BUSHAYAOTHCS B1JI-
XUJICHHS 3HAYEHb MapaMeTpiB BiJl 3a1aHUX.

[Ie onHi€r0 3 mepeBar JAaHOIO METOJly € HOBI MOXJIMBOCTI aHaJIi3y TOUHO-
CT1 TEOMETPUYHHX TMapamMeTpiB 00’ekty. [Ipu BU3HAUEHHI BIAXUIIEHb PEIEPHUX
TOYOK BiJl TOYOK 0a30BOi reoMeTpii poOUTHCSI BUCHOBOK, 11O BIJXWJICHHS B Irpa-
HUIIX HOPMHM M 00’€KT MOXHA BHUKOPHCTOBYBATH, UM, HaBIAKH, BIIXWUJICHHS
3HAXOJUTHCS 32 MEKaMU HOPMH.

3actocoByroun KBM, mpu BenMKHUX BIAXWUJIECHHSX PENEPHUX TOUOK BIJ
TOYOK 0a30BOi reoMeTpii MPOBOAUTHCA OOMIp TOUOK arperary (Aerani) Ta, Ha
OCHOBI OTPMMAHOI «XMapu» TOYOK, FT€HEPYEThCS HOBA €JIEKTPOHHA MOJIENb (ak-
TUYHOI reomeTpii 00’ekTa. Ilicist HbOro NpOBOAUTHCS OMpPAIIOBAHHS HOBOI I'€0-
METpii 1010 MOXKJIMBOCTI ii MOJAIBIIOr0 BUKOPUCTaHHS. JIJig 1bOro 3a1HCHIO-
I0ThCSI A€POJIMHAMIYHI JOCIIIPKEHHS BIUIUBY 3MIHEHOI ()OpMH Ha 3arajibHy Kap-
TUHY OOTIKaHHS JIITaKa, poOJIATHCS BIANOBIAHI BUCHOBKH:

— 3HAYHMUX 3MIH B a€pOJMHAMIYHHMX XapaKTEPUCTUKAX JIITaKa HE BUSBIIEHO,

HasSIBHY T€OMETPII0 MOXKHA 3aJTUIITUTH 0€3 3MIH;

— HEOOXIJIHO MPOBECTU JESKI KOpEryBaHHS B T€OMETpIi JITAIBHOTO amapary
JUIS BIAMOBIAHOCTI 1o 0230BO1;

— 4epe3 3MiHY aepOJMHAMIYHOTO OOTIKaHHS MOBEPXHI MPUUHATU A0 yBarv Ta
3a3HAYMUTH JCSIKI TepepaxoBaHi 3MIHU XapaKTEPUCTUK arperaTy B IHCTPYKITIi
3 IOTHOI €KCILTyaTalii.

VY meronuni BukopuctaHHs KBM Bu3zHa4aroThbCs CIOCOOM 1 MPUMOMHU
MPOBEICHHS] aHaJli3y Ta OTPUMAHHS BHCHOBKIB 010 GOpMH i pPO3MIpIB
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00’eKTa, AKUWA Ma€e HE BIAMOBIAHI 0 MOTPIOHUX TeOMETpUYHI napamerpu. Ta-
KUM YMHOM, TIPY HiBEJIIOBaHHI 3’ SBISIOTHCS HOBI MOYKJIMBOCTI 3 3aCTOCYBAaHHSIM
KBM mono:

— BUABJICHHS (DaKTU4YHOI (HOPMU JIiTaKa MiCjsl BUTOTOBJICHHS a00 PEMOHTY;

— BHW3HAYCHHS 3AJMINKOBUX JAedopMaliii KOHCTPYKIIIT Micis BUIPOOyBaHb 200
CKJIQJHUX YMOB €KCILTyaTarlii;

— OTpUMaHHS HEOOX1JHOI 1H(oOpMAaIli ISl TPUHHATTA PIMICHHS MPO MOXKJIH-
BICTh IOJQJIBIIIOT €KCILTyaTallii JiTaka.

OTtxe, BUMiptoBaHHs 3a gornomororo KBM Hanae HacTymHI nepeBaru:
® ni0BUUEHHS MOYHOCMI BUMIDIOBAHD.
3HAYHO CIPOIIYETHCS MPOBEJACHHS BUMIPIB, 3MEHITY€EThCS KUIBKICTh IO-
MUJIOK 1 BIUIMB JIOACHKOTO aktopy. IIpoBenmeHi excriepuMeHTaIbHI JTOCIHI-
JUKEHHST TIOKa3alii, 1110 BUKopucTaHHs jazepHoi KBM juist HiBenroBaHHS JliTaka
JT03BOJISIE JOCATTH M1JIBUILIEHHS TOYHOCTI JI0 JIECATH Pa3iB y MOPIBHSAHHI 3 OINTHU-
YHUMH METOJaMU ¥ BUKOPUCTAaHHSAM HiBeNIpiB. 3aBasdku HasBHocTi B FARO
Laser Tracker aBToMaTH4HOI TeMnepaTypHOi KOMIIEHCAILlll, TOXUOKHU BiJl 30BHI-
IITHHOTO BIUIMBY MOYKHA HE OpaTh 710 yBaru.
® 3MeHULeHHs MPYOOMICIKOCHIL:

[TopiBHSAHO 3 TPAAUIIHHUMU METOJAMH ICTOTHO 3MEHIIYETHCS Yac BHUKO-
HAHHS BUMIPIOBaHb Ta iX TPYIOMICTKICTb.

3a J0MOMOror «MaTeéMaTUYHOI'O BUPIBHIOBAHHS» HE BUMAaraeThCs MpoO-
BOJUTH MEXaHIYHE BUPIBHIOBaHHS BUPOOY a00 TOYHOI YCTAHOBKH JIiTaKa B ro-
pU30OHTaNIbHE NOJI0KeHHS. [Ipy 1boMy He MOTPIOHO OKPEMO BU3HAYATH BUMIPIO-
BaJIbHYy CHUCTEMY, a B MPOIIECi HIBEIIOBAaHHS OOMPAEMO HAWBHTITHINITY CHCTEMY
KoopauHat. Tenep 3aBAsSKH TPUBUMIPHIN CHUCTEMi1 KOOpJWHAT 3HHKJIA HEOOX1I-
HICTh BUKOHYBATH IMPOEKIIII0 PETIEPHUX TOUOK Ha MIJIOTY, a TaKOX MO0Y/10BU
IUIOIIMHUA CUMETPIi JiTaKa, 0 B CBOIK Yepry MPU3BOAUTH /10 3MEHILEHHS Yacy
IIPOBEICHHS] BUMIPIB Yepe3 3MEHILIEHHS HEOOX1IHOT KUIBKOCTI PENEPHUX TOUOK
Ha JIITaKy.

3aBasku miakaoueHHIo KBM 1o kepyroyoro Ko ’roTepa MOKJIMBA aB-
ToMaTHU3alisl 00pOOKM OTPUMAHUX PE3YNbTATIB, IO 3MEHIIY€E Yac HA MPUUHATTA
pillIeHb CTOCOBHO MPOBEJIEHUX OOMIpIB.

®  DO3UIUPEHHI MONCTUBOCTENU NPU HIBEIOBAHHI IIMAKA'

BaxnuBum € omepartuBHE 3A1MCHEHHS aHamizy aedopMalliii TOBEPXOHb
3aBJSIKA BIATBOPEHHIO €JEKTPOHHOI Mojeni ¢akTuuHoi reomeTpii mitaka. lle
Jla€ 3MOTYy BHpIITYBaTH MUTAHHS BIUTMBY 3a3HaueHUX nedopmarliii Ha aepoju-
HaMIYHI XapaKTEPUCTUKH JITAIBHOTO arapaTa Ta MoJajibIlle HOro BUKOPUCTAHHS
3 TAKUMH BIAXHUJICHHSMH, a TAKOXK TIOJIETTIIYE TIOIIYK MIJISAXiB 00 KOpEryBaHHS
MOBEPXOHb Y BIAMOBITHOCTI A0 iX 0a30Boi reometpii. [Ipukiam BUKOpPUCTaHHS
KBM y BupoOHUYOMY IpoIieci IPEACTaBICHO Ha pUC. 2.
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Puc. 2. Micne KBM y BupoOHMYOMYy TIpolleCi 3 3aCTOCYBaHHSIM
CALS-texHo011i

e CALS (Continuous Acquisition and Lifecycle Support) — 6e3nepepsra indop-
MalliifHa miaTpUMKa ITOCTaBOK 1 )KHTTEBOTO ITUKITY BUPOOIB;

e PDM (Product Data Management) — ciictema yrpaBiiiHHS JaHUMH PO BUPIO;

e PLM (Product Lifecycle Management) — >xuTreBuii UK BUPOOY;

e CAD (Computer-Aided Design) — cucrema aBTOMaTH30BaHOT'O ITPOCKTYBAHHS;

e CAM (Computer-aided manufacturing) — aBTomati3oBaHa CHCTEMa TEXHOJIO-
T1YHOT MATOTOBKY BUPOOHUIITBA,

e CAE (aurn. Computer-aided engineering) — aBroMaTH30BaHa CUCTEMa TIPOBE-
JICHHS 1H)KEHEPHOT'O aHAI3Y

Cepen HEMOJNIKIB 3aCTOCYBaHHS KOOPJWHATHO-BUMIPIOBAIBHUX CHCTEM

MO>KHA BUIUIUTH HACTYIIHI:

— JOCUThH BUCOKA BapTICTh 00JaiHaHHs Ta KoMIuiekTyrounx KBM;
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— OCKLUJIbKH BUMIPIOBAHHS TOYOK MPOBOJUTHCS TUIBKU Y TPSIMIA BUIUMOCTI,
TO JJIs 0OMIpY BCBOTO JliTaka HEOOXiAHO KijbKa nepectaHoBoK KBM, mio 306i-
JBIIIYE TPHUBAIICTH HIBENIOBaHHS, a00 Tpeba BUKOPHUCTOBYBATH KUIbKa TaKHUX
IIPUCTPOIB;

— MO>KJTBI TIPOOJIEMHU MIPU €KCIUTyaTallii Ta peMOHTI JIITaKiB B OpraHizaiisx,
10 HE MaIOTh AHAJIOTTYHOTO BUMIPIOBAIBHOTO O0JIaIHAHHS.

Ane, He3Ba)KalOYM Ha BKa3aHl BWIIE HEAOJIKH, IIEpeBaru 3acTOCYBaHHS
MeToiB 3 BukopuctanHsiM KBM oueBuaHi.

BucHoBkn

3actrocyBanHsa nazepHux KBM 3a10BosibHSE€ CydacHUM BUMOTaM JI0 TOY-
HOCTI KOHTPOJIO aepoJAMHAMIYHMX OOBOJMIB JIiTaka, MOro TPYIOMICTKOCTI Ta
epexTuBHOCTI. TOUHICTh BUMIPIOBaHb 3pOCTA€ Ha MOPSAIOK IIPU TOMY, L0 J0Aa-
TKOBO PEAJI3YEThCSI MOKJIMBICTh 3[1MCHEHHS] aBTOMATUYHOI'O aHAJI3y OTpUMa-
HUX Pe3yJbTaTiB Ta BIAMOBIJIHOTO 3allOBHEHHS HIBEJIIOBAJIBHOI JOKYMEHTAIII].
[{e 103BOAUTH ICTOTHO CKOPOTUTH Yac MPOBEAEHHS 3a3HayeHuX poOiT. Bukopu-
CTaHHSI KOOPAMHATHO-BUMIPIOBAJIbHUX CHCTEM € KPOKOM J0 MIJBUILIEHHSA e(eK-
TUBHOCTI BUPOOHHIITBA 1 OOCITYTrOBYBaHHS JITAKIB.
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