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CnekTpaJibHbIN
aHan3 BpeMeHHOro
U3MEHEeHUS CKOPOCTH
Kak nogxop

K onpepesieHuio
CBOMCTB CUCTEM
NO3ULLMOHUPOBAHMUS
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B.B. YepHos, K. .- M. H.,

Hucmumym npukaadoii pusuku PAH (MII® PAH),
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B pa6oTe onucaH cnoco6 KOHTPOSi MTHOBEHHOWM
CKOPOCTU NepemMeL,aemMbiX 3/1eMeHTOB CUCTEM
no3uuMoHMpoBaHus. MokasaHo, 4YTo BKa4,

B U3MEeHeHWe CKOPOCTU BHOCAT pas/inyHbie
BHYTPEHHME WU BHELUHME UCTOYHUKN
(pBUratenu, nepepayn, KapeTku u T.n.).
MNpuBOAUTCA CpaBHEHWE HECKOJIbKUX TUMOB
npuBooB KOHerTHOFI CUCTEeMbI, B TOM Hucie
uccnepoBaH c/ly4an peskoro ymeHblUeHu s
cKopocTu — gedeKkra cucTeMbl TUNA
HeKpUTUYECKOro «3aefaHus», B KOTOPOM
NpPOMCXOAMUT YMEHbLUEHME aMIMIUTYAbl CKOPOCTH
BUGPOKOMMOHEHT A0 HyNS. Pa3pa6oTaHHbIN
cnoco6 npepcraBiseT MHTEpeC A/ KOHTPOS
BO3HUKHOBEHMSA U pa3BuTUS gedekToB cuctem
No3VLMOHMPOBAHUA B NpoLecce 3KCM/yaTauum.

KntoueBble cnoBa: cMCTeMbl NO3ULMOHMPOBAHUS,
pocT KpucTtannos rpynnbl KDP — DKDP

Cratbs nonyyeHa: 13.01.2020
CTaTbd NpuHATa K nybamkaumm: 12.02.2020

BBEAEHUE

HepaBHOMEPHOCTb CKOPOCTH ITO3UILIMOHHUPOBAHMS H/IH
OCTAaHOBKA IIOAAYH B 3KCIIEPUMEHTAX M TeXHOJIOTHYe-
CKMX IIpOLeccaX MPUBOIAT K MCKOKEHUIO JAHHBIX MIIH
K [TafIeHHUI0 KauyecTBa KOHEeUHOro Ipoaykra. B MI1® PAH
B [IOC/Ie[IHIE HECKOJIBKO JIeCSTHIIETHUIH pa3paboTaHa Tex-
HOJIOTHSI POCTa U 06paboTku KpHcTaioB rpymrsl KDP -
DKDP, COOTBeTCTBEHHO CO3[aHbl HCC/Ie0BATE/IbCKHE
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We describe a method of monitoring of the
instantaneous velocity of moving elements

in positioning systems. It is shown that

various internal or external sources (engines,
transmissions, carriages, etc.) can give
contribution into the velocity variation.

A comparison of several drives is given, including
the case of a sharp velocity reduction, namely,
the defect of non-critical “jamming” when the
amplitude of the vibration velocity components
decreases to zero. The developed method is

of interest for monitoring the occurrence and
development of defects in positioning systems
during its operation.
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INTRODUCTION

Roughness of the positioning speed or feed stopping
in experiments and technological processes leads
to data distortion or to reduction in the quality of
the final product. In the last few decades, IAP RAS
has developed a technology for growing and process-
ing KDP - DKDP crystals, and accordingly, research
facilities have been created to performed a number
of experiments on developing technologies for grow-
ing crystals and its coating [1,2]. Velocity deviations
during such processes lead to defects appearance at
surfaces of nonlinear crystals. One of the finishing
process in the production of water-soluble KDP-DKDP
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KOMIUJIEKCHI JIJIsI IIPOBelleHMs lIeJIoro psifia SKCIIepH-
MEHTOB I10 O0TpaboTKe TEeXHOJIOTHH POCTA K IIOKPHITHS
KpUCTA/IIOB [1, 2]. HapylleHHs CKOPOCTH B IIpoliecce
IIOKPBITHUS U 00pabOTKM HEeTMHEHHBIX KPHCTAJIIOB
IIPUBOJST K IIOSIBJIEHUIO HEPaBHOMEPHOCTH IIOBepX-
HOCTH U IOKPBITHSI HeJTMHEeHHBIX KPUCTaJUIOB. OLHOM
13 QUHMIIHBIX OIepaliMil M3rOTOBJIEHUS BOLOPACTBO-
PUMBIX KpUCTLIOB rpymmsl KDP-DKDP siBisietcs sole-
gel mokpeiTHe. OHO BBIITOTHSIET HECKOIBKO (PYHKIIME.
Obpasymommasicsi Ha IIOBEPXHOCTH KPUCTA/IIA IUIEHKA 110
CBOKICTBaM O/TH3Kasl K KepaMHKe, IIPOCBET/ISIeT I10BEpPX-
HOCTb IIOC/Ie a/IMa3sHOr0 MHKpodpe3epoBaHMS U 3allU-
IaeT BOAOPACTBOPHMMBIN KPUCTAII OT BO3AEHCTBHS
BJIaru, MPUCYTCTBYIOIIEN B aTMochepHOM BO3IyXe.
Sole-gel TexHONOTMSI ITOKPBITHS IPeNCTaBIsieT CoboM
PaBHOMEDHBIH MOAbeM HeTMHEHHOIO 37ieMeHTa 13 CIie-
LIMaJIBHO IIOATOTOBJIEHHOM >XUAKOCTH. OTKIOHEeHHS
CKOPOCTH IIPU IIogbeMe IPHUBOAST K HepaBHOMEpPHOMY
BBICBIXaHMIO 3alllUTHOM IUIEHKHM K K IOC/IedyIoLiern
HepaBHOMEPHOCTU OTPAKAINUX K IIPOIYCKAIOUIHUX
CBOMCTB HeTMHEMHOIo KpUcTalaa. TexHHUeCKoH 3aja-
Yer M4 CHCTeMBl IIO3HULIMOHHUPOBaHHSA B [AAHHOM
Clydae SIBISETCS IepeMelleHHe pabodero obbekra Ha
y4JacTKe TexHOJIOTMYeCcKoro IIpoliecca ¢ IIOCTOSIHHOM BO
BpeMeHHU CKOPOCTBIO. YUACTKHU Pa3sroHa X TOPMOYKEHHUSI
He JIO/DKHBI BXOAUTD B pabouyro 30HY .

OMUCAHUE KOHKPETHOM PEAJIU3ALIUN
CNCTEMbI NO3NLUNOHUPOBAHNA
HccnenoBaHust B paboTe IPOBOAUIHCH IIPHMEHUTETIBHO
K CHCTeMe II03UIIMOHHPOBAHMS CTeH/IA IIOKPBITHS KPH-
CTaJIJIOB — TPAHCJIATOPY [3], yCTPOeHHOM IO PacIIpocTpa-
HeHHOM cxeMe (CM. pHC. 1) Ha KOMMepYecKH JOCTYIITHBIX
37leMeHTax (4, 5]: Ha OIOPHOM IUIHTe | PacIIONOsKeHBI
IBa penpca HIWIN20. ITo penpcaM 2 IepeMellaroTcs
yeThipe KapeTku HGW20CC 3, Ha KOTOpBIX pa3MelléH
[IpeAMeTHBII CTON 4. IIpUBeleHO CpaBHeHHe JaHHBIX
H3MepeHHs CKOPOCTH TpeX Pa3JIM4YHBIX CHCTEM peayH-
3allMM NPUBOJA M IIPHBEIEH CIeKTPA/IbHBIM aHa/IM3
HM3MeHeHHN CKOpocTH. CHadasla MCIIOIb30BaIach Mapa:
CTJIBHON BUHT C TPaIleLIUeBUIHOHN pe3bbOoM C LIaroMm
4 MM/000POT U KaITpOJIOHOBAs TakiKka - peanusanus 1.
B KadecTBe HCIIOJHHTE/IBHOIO MeXaHM3Ma HCIIOJIb30-
BaJICS WIaroBblil ABUraTend (IIJ]) craHgapra NEMA23.
IToCKOJIBKY CKOPOCTb TeXHOJIOTMYeCKOro IIpoliecca CpaB-
HUTeNbHO Masag (momava 1,6-1,65 mMm/c), mexay L[
M BJIOM YCTaHOBJIeH IOHIDKAIOLWKMN penyKrop 10:1.
B cucTreMe ympaBleHHs IS IUIABHOM PaboThl ObLIH
HCII0/Ib30BaHBbI fieleHHe IIara Ha 32 (MHKpOCTeIIIIUHT)
1 [IPOrpaMMHOe IofjaB/leHHe pe3oHaHcoB 111/l c Harpys-
KOH. KOHTpO/Ib IO/OKeHHs obecreuyunBasacs C IIOMO-
B0 ONTHYecKor nuHerKu DC-11 [5]. CkopocTs 3amu-
CBIBAETCS CIIeLIMTBHBIM KOHTpOJIepoM «Speedometer»

=

crystals is the sole-gel coating. It has several func-
tions. First, the film formed on the surface of the
crystal has properties similar to those of ceramics,
which bleaches the surface after diamond micro-
milling and, second, it protects the water-soluble
crystal from the influence of moisture presenting
in the atmospheric air. The sole-gel coating technol-
ogy realizes in the process of a uniform lifting of a
non-linear element from a specially prepared liquid.
Velocity deviations during such process lead to non-
uniform drying of the protective film and subsequent
non-uniformity of reflection and transmission prop-
erties of the nonlinear crystal. Correspondingly, the
technical task arises for moving a sample in the pro-
cessing area with a constant velocity over time. Accel-
eration and deceleration areas should not be included
in the processing area.

DESCRIPTION

OF THE SPECIFIC IMPLEMENTATION

OF THE POSITIONING SYSTEM

In this work, we investigated the positioning sys-
tem of the crystal coating, namely, a translation
stage (3], assembled according to a common scheme
(see Fig. 1) based on commercially available ele-
ments [4, 5] including two HIWIN20 rails which are
located on the base plate 1. On rails 2, four carriages
3 are moved, on which the object table 4 is placed.
A comparison of velocities measurement data for three
different drive implementation systems was carried
out based on a spectral analysis of velocities variations.
First, pair of steel screw with a trapezoidal thread
with a pitch of 4 mm per revolution and a caprolon
nut (realization 1) was used. A stepper motor (SM) of
the NEMA23 standard was used as an actuator. Since
the velocity of the process is relatively low (feedrate
of 1.6-1.65 mm/s), a 10:1 reduction gear is installed
between the stepper motor and the shaft. In the con-
trol system step division by 32 (microstepping) and
software suppression of resonances of the SM with
1 oad were used for smooth operation. Position con-
trol was provided using the Ditron optical linear glass
scale DC-11 [5]. The velocity is recorded by a special
“Speedometer” controller with the appropriate soft-
ware. After a certain amount of experimental testing
in the system described above, there was some wear
and, accordingly, a backlash in the shaft-nut friction
pair. This was the reason for replacing the sliding fric-
tion pair of the lead screw-nut with a ball-screw trans-
mission (realization 2) with some design adjustments
to increase stability of velocity. Separately, a direct
drive system was tested as a drive on the same rails
and carriage supports (realization 3). A commercially
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Puc. 1. KuHemamuyeckas cxema cucmembl no3uLuoHuposarus (a) u (c), yeeaudeHo ceverue kapemxu (b). Ha pucyHke 0603Ha4eHo
uugpamu: 1- ocHosaHue, 2 - peAbCbl, 3 — KAPeMKU-0Nopsl, 4 — npedmemHbili cmoa, 5 - x0d080(i 8a4, 6 — onmuyeckas AuHelixa,

7 - 2ubkas mypma, 8 — wazoebili d8uzamenb, 9 - 2atika LLIBIT.

Fig. 1. Kinematic diagram of a positioning system (a) and (c), enlarged carriage (b): 1- base, 2 - rails, 3 - carriages, 4 - subject
table, 5 - running shaft, 6 - optical linear scale, 7 - flexible coupling, 8 - stepper motor, 9 - ballscrews nut.

C COOTBETCTBYIOUIMM ITPOrPAMMHBIM obecriedeHHeM.
ITocse oIpeneNeHHOrO KOJIHMYeCTBA SKCIIepHMeHTallb-
HOI OTPabOTKH B OIIMCAaHHOM BhIIIIe CHCTeMe ITOSBHICS
HeKOTOPBIM HM3HOC K COOTBETCTBEHHO JIIOQT B Iape
TPeHMsI: Ba/-TakiKa. JTO IIOCAYKKJIO IIOBOLOM [Jisl
3aMeHBl IIaphl TPeHHs CKONBXKEHHS: XOLOBOM BHHT -
rarika Ha IIapUKO-BUHTOBYIO Ilepefayuy (IIBII) - peanu-
3alud 2 C HeKOTOPOM KOPPeKTHPOBKOHM KOHCTPYKLIMH
IJIS. yBeJTMYeHUs! CTAOM/IBHOCTH CKOPOCTH. OTHAENIBHO
6bU1 OIIpO6OBaH B KauecTBe IIPHUBOAA JIMHEMHBIN MIaro-
BbIM JABUrartens (JIIIJI) Ha TeX ke pefbCax M KapeTKax-
ormopax - peanu3anusg 3. KoMmMepuecKd [OCTyIHas
CHUCTeMa [TO3ULIMOHHUPOBAHUS ~ TPAHC/ISTOP C UCIIOIb30-
BaHUeM TexHosnoruu JIIIJ pencrasieH B [6].

OMNMMNCAHUNE KOHTPOJIJIEPA «SPEEDOMETER»
J1g aHa/mM3a JAaHHBIX C ONTHYECKOM JHHEHKH Ppas-
paboTaH MHUKPOKOHTpo/UIep «Speedometer» Ha OCHOBe
MuKporponeccopa ATmega328 ¢ COOTBETCTBYIOIIHM
IIporpaMMHBIM obecriedyeHreM [7]. B MHKPOKOHTPOJI-
nepe «Speedometer» cOGCTBEHHBIM KBAapLIEBBIN IeHepa-
TOP YaCTOThl pOPMHPYeT CBOE, He3aBHCHMOe OT KOM-
[IBIOTEPHBIX IIpephlBaHHM, BpeMsi. C oIpefeneHHOU
BBIOPAaHHOM YacTOTOM F MHKPOKOHTpOJIJIEP OIpallH-
BaeT U 3aIlHChIBaeT B Oydep 3HaueHHe KOOPAMHATHI
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available positioning direct drive system is presented
in [6].

DESCRIPTION

OF THE “"SPEEDOMETER" CONTROLLER

To analyze data from the optical scale, a
speedometer microcontroller based on the
ATmega328 microprocessor with the appropriate
software has been developed [7]. In the Speedometer
microcontroller, its own quartz frequency generator
forms its own timescale, independent of computer
interrupts. With certain selected frequency F, the
microcontroller polls and writes to the buffer the
coordinate value from the optical scale for further
data transfer via the USB interface to the computer,
in which the Speedometer software unit records the
time and coordinate of the moving part in a “csv”
file for further analysis. The recording frequency
F can vary widely up to 10000 times per second (10
kHz), which, according to Kotelnikov’s theorem [8],
allows analyzing the spectrum up to 5000 Hz.The
amount of movement data and velocity is huge even
for relatively small displacement, but due to the
rapid development of computer technology, arrays
of millions of rows can be completely processed
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C OITHYeCKOM JIMHEWKHU /s JalbHeMIlel Iepeqadu
JAHHBIX 110 HHTepdericy USB B KOMIIBIOTEP, B KOTOPOM
ITPOrpaMMHBIH 610K «Speedometer» 3aIKCbIBaeT BpeMst
Y KOOPIMHATY IOABIDKHOM YacTH B daru1 opMara csv
IVl NAJIBHEMINero aHanu3a, Yacrora 3amucu F moxer
BapbHUPOBAThCS B IMHMPOKMX IIpefenax mo 10000 pas
B cekyHAy (10 KI'L1), 4To, 110 TeopeMe KoTesnpHHKOBA [8],
[103BOJISIeT aHA/IM3KUPOBaTh CIeKTp A0 5000 I, Komu-
YeCTBO JAHHBIX IIePeMelleHU ¥ CKOPOCTH /Il CPABHU-
Te/IbHO HeOOJIBIIMX XOO0B OTPOMHBI, HO B CBS3U C 6yp-
HBIM Pa3sBUTHEM BBIYHCIUTEIBHON TeXHUKHU MacCCHBBI
B MUJUIMOHBI CTPOK BIIOTHe 06pabaTheIBAalOTCSI MaTe-
MaTH4YeCKUMH IporpamMMamu (MATLAB, MathCAD,
ORICIN u gap.). M3 ombITa paboTsl C MeXaHHYeCKHMH
CHUCTeMaMHK BUIHO, YTO OCHOBHBIE Pe30HAHChl MeXaHH-
YecKUX cHcTeM Hipke 200 I, Ho B obmactu 300-900I'11
Haxomutcsl paboyas obnmacte yactotsl LIJT ¢ ero peso-
HaHCaMH, KOTOpbIe [10JIe3HO KOHTPOJIMPOBaTh. BhicoKas
YacToTa 3allMCH KOOPAMHAT U ckopocTel F=10 KI'1i sIB/ISI-
eTcsl U3IMIIHEH U B TO >Ke BpeMsl IPHUBOOUT K Cylle-
CTBEHHOMY yBeJTMYeHUIO0 06pabaThiBAeMOro MaCcCHBA.
I[TosTomy 6bL1a BeIOpaHA yacToTa 3ammcu F=2 kI, T.e.
oguH pa3 B 500 MKC. COOTBETCTBEHHO aHA/IM3UPYyeTCs
CIIeKTp CKOpoCTH A0 1 KI'L. IIpUMeHSIUCh TUHENKHU
cepuu DC-11 pasHOM [UIMHBL. Y JAHHOM CEPHUU JIHHeeK
JMCKpeTHU3aLHsl KoOpArMHaTh 1 p. CyieqoBaTenbHo, AHC-
KpeTH3allKs JAHHBIX JJIs1 CKOPOCTH 8v=+2 MM/C.

JI1s1 BU3yQTHM3aIIMH CKOPOCTH HeobXOOHMO eé ycpen-
HUTb I10 OIIpeIeJIeHHOMY OKHY. PacCMOTpeB HECKOJIBKO
BapHAHTOB pa3Mepa OKHa yCpeIHEeHHs, ObII0 BEIOpaHO
OKHO ycpemHeHMs 110 500 Toukam uau 3a 0,25 ¢ mpu
BbIOpaHHOM HaMH YacTOTe 3aIlKCH. IIpy 3ToM Havaso
3aIIMCH M OKOHYaHHe IIPU OCTAaHOBKE [BHXKEHHUS II0
0,25 ¢ MOryT OTPa’KaThCs HEKOPPEKTHO IIPHM YyCpemHe-
HHM, II03TOMY HX, KaK M PasroH C TOPMOKEHHEM, He

AbIMH QEWIATENAMK
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by mathematical programs (MATLAB, MathCAD,
ORICIN, etc.). Experience of operation with
mechanical systems shows that the main resonances
of the mechanical system is located below 200
Hz.However the frequency of the stepper motor with
its resonances are in the range of 300-600 Hz, which
is useful to monitoring. Thus, the high frequency
of recording coordinates and velocities F=10 kHz is
unnecessary, and, besides, it leads to a significant
increase in the processed array. Therefore, the
recording frequency F=2 kHz was chosen, i.e. one
measurement every 500 ms. Accordingly, the
velocity variation spectrum up to 1 kHz was analyzed.
For measurements, DC-11 series scales of different
lengths were used. This series of scales has a 1p
coordinate sampling. Hence, data sampling for the
velocity was Sv=+2mm/s.

To visualize the velocity temporal dependence, it
should be averaged over some window. After con-
sidering several options for the size of the averaging
window, we selected such window for 500 points or
0.25 seconds at the recording frequency. The record-
ing start and finish can be recorded incorrect for the
motion stop of 0.25 s. Therefore these points as well
as acceleration and deceleration areas were not taken
into consideration. Choosing the recording range
more than technologically necessary, it is possible
to resolve this problem programmatically, averaging
either on the next 500 points for the motion start or
on the previous points for the finish with a certain
time of stitching in the middle of motion.

DATA ANALYSIS
Figure 2 shows the temporal dependence of the
instantaneous velocity of the object table of the

Ten.: +7 951 918 0914
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bepyT B paccMOTpeHHe, BBIOHpas
OUaIa3oH 3alMcH OoJbllle TexXHO-
JIOTUYeCKH HeobX0IMMOro, XOTs
MOYKHO 3Ty IIpo6/1eMy IIPOrPaMMHO
yCTPaHHUTb, yCpenHsisi aHOO IIO
nocinenyomuM 500 TOYKaM [Jid
Hayvaja JABIIKeHMsI, K60 Io Ipe-
OBIIYIIMM U1 OKOHYAHMS C OIIpe-
NeTéHHBIM MOMEHTOM HX CIIMBa-
HUS B CepeiHe [lepeMelleHHUsI.

AHANIN3 NONYHEHHDbIX

OAHHDbIX

Ha pwuc. 2 mpeacTaB/ieHa 3aBMCH-
MOCTb MI'HOBEHHOM CKOPOCTH
IIPeIMETHOr0  CTOJIa  CHCTEMBI

MO3ULIMOHUPOBaHUs (CM. puC. la)
B peanusalyu 1 (XomoBOM BUHT
¢ maroMm 4 MM Ha 0b60poT C Karrpo-
JIOHOBOI TaKOM), HOPMHPOBAH-
HOM Ha MaKCHMYM, OT BpeMeHH
IUIs ABYX [AMAIla30HOB PaccMOTpe-
HUSI: Ha PUC. 2a BECh TeXHOIOTHYe-
CKHM IIpoliecc oT Havala o 200-1
CeKyHABl, Ha puc. 2b nuamason
BpeMeHH 0T 10-11 1o 12-11 ceKyHJBI,
T.e. 32 2 CeKyHABl. Ha BepxHeM
rpaduke puc. 2a BUAHBL JBA THIIA
KonmebaHUN CKOPOCTH - aMIUTHUTYH-
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Puc. 2. 3asucumocmb MzHO8eHHOUI CKOPOCMU NO3UULOHUPO8AHUS (HOPMUPOBAH-
HAS HA MAKCUMYM) Om 8pemeHU 948 D8yX 8bI6PAHHbIX AUANA30HO8 N0 8pemeHL,
peaauszauus 1(8aa cmaabHoll mpaneyuesudHeili ¢ KANPoAoHo80l 2alikoli ¢ Wwazom
4 mm Ha o6opom): a — duanasoH paccmomperus om 0 o 200 cexkyHd; b — duana-
30H paccmompeHus 2 cekyHObl om 10-Li 00 12-U cekyHObl

Fig. 2. Temporal dependence of instantaneous positioning velocity (normalized to
its maximum value) for system realization 1 (steel trapezoidal shaft with caprolon
nut, step of 4mm per revolution): a - recording range from O to 200th second;

b -recording range 2 seconds from 10th to 12th second

Hasi MOAY/ISILUSL HHU3KOYaCTOTHOM
3aBHUCHUMOCTHU C 4dacTtoTtor 0,041 Il
C 3amosHeHueM c 4actorod 0,413 T (4acTOThI JIETKO
CYMTAIOTCA II0 IIpelCTaBJIeHHOMY Ha rpaduke Bpe-
MeHH). Ha puc. 2b mpescraBieH ¢parMeHT ITpefbldy-
mero rpadurka 3a 2 ceKyHAbl — ¢ 10-H 110 12-10 CeKyH/RbI.
[Ipu 3TOM 3aBHCHMOCTh CKOPOCTH BCSI M3pe3aHa 6oree
BBICOKOYACTOTHBIMH KOjIe6aHUSIMH. MOXKHO CHeIaTh
JIBa BBIBOA:

1. 3aBHCHMOCTB CpefiHel CKOPOCTH OT BpeMeHH V(i)
HOCHUT IepHOJUYECKHUN XapaKTep, C IepPHOAOM
T=8/vep,, rAe S=4 MM - mar Ppe3bdBl 1S peanu3a-
LMU cucTeMbl 1, T~2,42 ¢ A9 JAaHHOU CpelHeu
CKOPOCTH V,, =1,65 MM/C;

2. Binkarilee pacCMOTpPeHHe I10Ka3blBaeT HallH-
yre BHUOpauMH. BubOpaluu ITpefMeTHOro CToNla
03HAYalOT, YTO Yy CHCTeMBI eCThb CBODOIHBIN XOZ
U YTO B CHICTEME eCTh UCTOYHUKY BUOpaniuu. CBo-
GOOHBIN XOO B MeXaHMYeCKHX CHUCTeMax Heobxo-
OUM [JI UX HOPMaJIBHOTO GYHKIMOHUPOBAHUS —
HaIlpUMep B TeXHHKe IPUHIIUIIHAIBHO HaTUYHUe
TeIIOBBIX 3a30POB.

BeIsSIBIEHHE Pa3HOrO THUIA KOIeGaHHH CKOPOCTH

SIBJISIETCSL IIPEAIIOCBIIKOM [l PaCCMOTPEHHS €€ CIIek-
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positioning system in the realization 1 (lead screw
with a pitch of 4mm per revolution with a caprolon
nut) normalized to the maximum for two ranges
of consideration, including the whole technological
process from the beginning to the 200th second
(Fig. 2a) and the time range from the 10th to the
12th second (Fig. 2b). In Fig.2a, one can recognized
two types of velocity fluctuations including slow
amplitude modulation with a frequency of 0.041 Hz
and high-frequency modulation with a frequency of
0.413 Hz (the frequencies are easily calculated from
the graph). In Fig. 2b, a fragment of the previous
graph for 2 seconds (from the 10th to the 12th seconds)
are shown. It is seen, that the temporal velocity
dependence additionally includes rough more high-
frequency fluctuations. Thus, two conclusions can be
drawn:

1. The periodical dependence of the average
frequency on time v(t) is determined by a period
T=8/v, , where S=4 mm is the screw pitch for
the system realization 1. For a given average
speed Vep.=1,65 mm/s, we can find T~2.42 s;
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Tpa KaK B CBEPXHMU3KHX 4aCTOTaX (ot 0 mo 1 I'm), Tak
U B 4acToTax 7o 200 I'11.

Ha puc. 3 mpencTaBieH CIeKTP, HOPMHPOBAaHHBIM
Ha MaKCHMYM CIIeKTPaJIbHOM IIJIOTHOCTH. OH IO/Ty4eH
B pesynbraTe Qypbe-aHanM3a 3aBUCUMOCTH CKOPOCTH
OT BpPeMEeHU Ha BCel [JIMHe XOJa TeXHOJIOTHMYeCcKOro
mmporiecca. Ha puc. 3a moxasad crexrtp ot 0 mo 300 I'm,
OBaJIOM | BbIZle/IeHa KOMIIOHeHTa Ha yacrtoTe 0,413 I'ir -
YacToTa BpallleHMsl IIPMBOJHOIO Bajla CHUCTeMBl I103H-
LIMOHUPOBAaHUS B peaik3alliu 1 111 cpeHeHr CKOPOCTH
TeXHOJIOTMYECKOro [IPOLIeCca Vg, =1,65 MM/CeK 1 pe3b0bl
4 MM Ha 06opoT ¢ pegykTopoMm 1:10 mexkay IIJT u xomo-
BBIM BaJIOM, IIOKa3aHHas Ha puc 3b. OBasoMm 2 Bblge-
JleHa TpyIIla KOMIIOHEHT Ha cpefHel 4acrtoTe 82,5 I'1,
bonee mompobHO IOKAa3aHHAs HA PUC. 3c. BunHo, 4uTo
CIIeKTP AMCKPeTHBIM C BEJIMYMHOM [OUCKpPEeTH3aLlUU
0,413 I'r. OBasioM 3 OTMeYeHa KOMIIOHEHTA CIIeKTpa Ha
4acToTe mpruMepHoO 206 I'1l - 1/4 0T 4acTOTHI C/IeIOBAHHUS
maros IIJT 115 JaHHOM CpefqHel CKOpocTH 1,65 MMm/c.
Brimmre 300 T'rp 0coObIX BbIIEIEHHBIX KOMIIOHEHT HeT,
eC/IH, C OHOM CTOPOHBI, BBIIIOTHEHBI YC/IOBUS ITOfABIIe-
HMS pe30oHaHCoB ] ¥ HAarpy3KH U, C APYTOHN CTOPOHEL,
HCIIOIb30BAHO Jle/leHHe IIara (B HalleM caydae Ha 32).
bosbloe BpeMs 3allMCH U COOTBETCTBEHHO OIPOMHOE
KOJIMYeCTBO TOYeK IIPHUBOAUT K BO3MOKHOCTH pacCMa-
TPUBaTh B CIEKTPAIBHOM 3aBHUCHUMOCTH CBEPXHH3KHeE
4acToThl. TaK, BUJUMBbIe IJ1a30M OHMEHUs CKOPOCTH Ha
rpaduke puc. 2a ¢ dacroror 0,041 Iy mpencTaBaeHb
B KayecTBe YaCTOTHOM KOMIIOHEHTBHI B CII€KTPa/IbHOM
IUIOTHOCTU. KoMmIioHeHTa ¢ uactoTom 0,041 I'ir Bo3-
HHKaeT Kak 1/10 oT yacToTel GHMEHMI XOZOBOrO Baja,
IToCKOJIBKY BCe KoebaHHsI CKOPOCTH IS ITOIb30BaTeNIeH
SIBJISIIOTCSI HeTaTHBHBIM SIBJIEHHEM, C KOTOPHIM Heob-
XOIUMO 6OPOTBCS, OJHOM M3 33/1a¥ aHAIM3a CKOPOCTH
U eé crekTpa OpUIO0 UOEHTHGHULIMPOBATH BCE KOMIIO-
HEHTHI CIIeKTpPa U OIIpele/IUTh IIPUYHHBl BOSHUKHOBE-
HUA JAHHOIO THIIA KOJebaHuH. J0CTaTOYHO 60JbILINe
OTKJIOHEHUSI CKOPOCTH peak to peak st peanusanuu 1-6%
B Havajie U 7,4% B KOHIIe TeXHOJIOTMYeCKOro IIpolecca
Y MIOSIBUBIIHICS U3HOC ITOCTYKUIN IPUYNHOM I105IBJIe-
HHS pealn3allii 2 JAaHHOM CHCTEMBI II03UIIMOHHUPOBaA-
HU4. ITapa TpeHHUS CKOJIBXEHUSI: XOJ0BOM BaJl — FalKa
6blJIa 3aMeHeHa Ha IIaPHUKO-BUHTOBYIO IIepenavy (IOBII)
€ maroM 5 MM/060poT. ITOCKOJIBKY O4eBHIHO, YTO IIPH-
YMHON KoJMeDaHMI CKOPOCTH Ha YacToTe BpallleHHs
XO/IOBOTO BMHTA M IIPUYMHON Pa3HMIIBI 3TUX Koneba-
HMIU B HadaJle U B KOHLIe IIepeMellleHHs SIB/SI0TCS YI/I0-
Bble M KOOpAMHATHbIe HECOOCHOCTH XOHOBOIO BHMHTA
U IIPUBOOHBIX MEXaHH3MOB, B CJINYIOIIHX pealu3a-
LIMSIX IIOCTAPaIMCh STH AedeKThl MUHUMH3KUPOBaTh.

PacCMOTpUM IIONIYYMUBILYIOCS XapPaKTEPHUCTHUKY CKO-
pocTH U eé crekTp. Ha manHOM rpaduke (cM. puc. 4)
BHUJHO, YTO OTKJIOHEHHSI CKOPOCTH peak to peak cocTas-
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Puc. 3. Cnekmp ckopocmu no3uyuoHuposaHus, peaausayus 1
€ N0OPO6HbIM PACCMOMPEHUEM YACMOMHbIX 0Mpe3kos 1U 2;
a - cnekmp ckopocmu 6 duanasoHe om 0 0o 300 'y, b - kom-
noHeHma cnekmpa Ha yacmome f, = 0,413 ['u, 8bI0eAeHHAs Ha
pucyHke 3a ogasom 1 (4acmoma epauieHus xod08020 8and);

€ - 06nacmp 79-86 Iy, 8bl0eAeHHAS HA pucyHKe 3a 08aA0M 2 C
duckpemusayuet ckopocmu Kaxoble f = 0,413 'y. Osanom 3
Ha puc. 3a) 0603HaveHa KOMNOHeHmMa cnekmpa Ha Yacmome
206 'y - 1/4 om yacmomsi credo8aHus wazos LU/ 825 'y 0as
OaHHoU cpedHeli ckopocmu 1,65 MM 8 ceKyHOy

Fig. 3. Spectrum of positioning velocity for system realiza-
tion Twith a detailed consideraton of frequency segments 1
and 2; a) velocity spectrum in the range from O to 300 Hz;

b) spectrum component at a frequency of 0.413 Hz marked by
oval Tin Fig. 3a (frequency of rotation of the running shaft);
c) the 79-86 Hz region marked by oval 2 with discrete compo-
nents every 0.413 Hz. Oval 3 in Figure 3a) marks the spectrum
component at a frequency of 206 Hz corresponding to 1/4 of
the frequency of the step motor of 825 Hz for a given average
speed of 1.65 mm/ sec

2. An additional consideration shows the presence
of vibrations. Actually, vibrations of the object
table mean that the system has the free stroke
and that there are some sources of vibration in
the system. Free stroke in mechanical systems
is necessary for their normal functioning,
for example, the presence of thermal gaps is
essential.

Detection of different types of velocity fluctuations
can be done based on consideration of the spectrum
of its temporal dependence both at ultra-low frequen-
cies (from 0 to 1 Hz) as well as at frequencies up to
200 Hz.

PHOTONICS vOL. 14 N212020 &1



i

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m METPOJIOT'MA U METPOJIOTMYECKOE OBOPYOBAHME |
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

The velocity spectrum normal-

ized to the maximum spectral den-

wapuxu LLIBIM

system

Puc. 4. Ckopocmb 3a 20 cekyHA 3anucu Ha pucyHke (a) u eé cnekmp om 0 8o
yacmomsl 160 'y, 05 peaauzauuu npusoda 2-LLBIM Ha pucyHke (b). Osanom
8bl0eAeHa KOMNOHeHmMa Ha yacmome 64 'y, 8036y»Kdaemas cucmemoli 8an-zalka-

Fig. 4. Temporal velocity dependence for recording time of 20 seconds (a) ant its
spectrum (b) for frequencies from O to 160 Hz for the realization 2 (ball screw drive).
An oval marks a component at a frequency of 64 Hz, excited by a shaft-nut-ball

100 sity isshown in Fig. 3. Itis obtained
0% as a result of Fourier analysis of
E 0,98 the velocity-time dependence over
= 0,97 the entire time of the technologi-

0,96 cal process. Figure 3a demonstrate

0,95 the spectrum from 0 to 300 Hz,

2 4 6 8 ST VI V' 18 20 while the oval 1 marks the spec-
a) t,clt,s tral components at a frequency of
1,0 0.413 Hz, which corresponds to the
frequency of rotation of the drive

0,8 o
’ shaft In the system realization 1 for
E06r the processing average velocity of
2 04l 1.65 mm/s and a the screw pitch
} 0al of 4mm per revolution with a 1:10
' i reducer between the stepper motor
% 20 20 o 80 00 20 1;‘04 160 and the running shaft. This com-
b) £.Tulf, He ponent is presented in more detail

in Fig. 3b. The oval 2 highlights a
group of components at an aver-
age frequency of 82.5 Hz, shown
in more detail in Fig. 3c. It can be
seen that the spectrum is discrete
with a discreteness of 0.413 Hz. The
oval 3 marks the spectrum com-
ponent at a frequency of approxi-
mately 206 Hz which is 1/4 of the
frequency of the stepper motor

na10T 4%. B crmekTpe, IO CPpaBHEHMIO CO Cay4yaem 1,
K Pa3MBITBIM YIIMPEHHBIM KOMIIOHEHTAM C YaCTOTaMHU
80 I'r u 160 Ity mobasisgercs y3Kas (okomno 0,07 Ity o
50%) KOMITOHeHTa Ha 4yactore 64 'l ¢ UHTeHCUBHOCTBIO,
TaKOM >Ke, KaK U y IIpelblAyIINX KOMIIOHEHT. B oba-
CTH CBEPXHM3KMX YaCTOT IIPUCYTCTBYeT KOMIIOHEHTA
0,32 I'y (gacToTa BpamieHHUs - OHieHHe OCHOBHOIO ITpH-
BOJHOTO Baja).

Hamu 6p11 IIPOTECTUPOBAH BAPUAHT (CM. PHC 5) TAKOH
>Ke CHCTeMBI ITI03UIIMOHHUPOBAHMS Ha TeX JKe HaIlpaBJis-
IOIIMX M KapeTKax-oIlopax C IIPUBOJOM THIIA JIKMHEH-
HBIM IIArOBBIM JABHIATeNlb. B ClleKTpe CKOPOCTH BHUAHEI
Te ke KOMITIOHeHThI ¢ yactotamu 80 I'1y, 160 11, a Takke
rapmoHuKHY 240 I'ty v 320 11, JleBHALIMsI CKOPOCTH B TaH-
HOM C/Iy4ae MeHee 1%, II03TOMYy e€ He IIPUBOAUM. [lis
BCeX TPEX ITPOaHATHM3UPOBaHHBIX peaIk3alitil IIPUBOAA
IepeMeIeH s IPeJMeTHOrO CTO/Ia MOKHO BBIIEIHTh
obImpe XxapakTepHble 0COOEHHOCTH CIIEKTPOB: IS CKO-
POCTH OKoJI0 pabodert 1,6 MM/ceK eCTh KOMIIOHEHTBI CO
CPeqHHUMHU YaCTOTaMH, OMU3KUMU 3HaYeHHUsIM 80, 160,
240 I'i. Kpome Toro, B ciay4dae c IIBII BO3HHKAET ellle
OfHa KOMIIOHEHTA C YacTOToM 64 I'1I. IIpy M3MeHeHHH

82 ®MOTOHUKA TOM 14 N2 12020

steps for this average speed of 1.65
mm/s. There are no selected spectrum components
above 300 Hz, if resonances of the stepper motor are
suppressed and the step division is used (in our case
by 32). The long recording time, and corresponding
large number of recording points, makes it possible to
consider ultra-low frequencies in the spectral depen-
dence. Thus, the visible velocity beats in Fig.2a with
a frequency of 0.041 Hz is represented as a frequency
component in the spectral density. A component with
a frequency of 0.041 Hz occurs as 1/10 of the frequency
of the running shaft beats. Since all velocity fluctua-
tions are a negative phenomenon for users to deal with,
the tasks of analyzing the velocity spectrum arises
aimed to identification of all spectrum components
and determination of the causes of their occurrence.
Sufficiently large velocity deviations for the realiza-
tion 1 (6% at the beginning and 7.4% at the finish of a
technological process) and appeared wear-out caused
the development of the realization 2 for this position-
ing system. In this realization, the sliding friction pair,
namely, “running shaft - screw nut” was replaced with
a pair of rolling friction, namely, the ball-and-screw
unit with a step of 5 mm per revolution. For minimiza-
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Fig. 5. Velocity spectrum for the case of a linear stepper motor
in the realization 3 (Direct Drive System)

3aJlaHHOM CKOPOCTH CpefHKEe YaCTOThl BCEX 3THX KOM-
IIOHEHT U3MEeHSAIOTCA B COOTBETCTBHH C q)OpMYJIaMI/IZ

fKaPETKI/I =nAv, @
fusn=0,8Av, )
roe n=1,2,3... - wenoe uucao, A=50 [Mm1] - Hekun

K03bULIMEHT, XapaKTepHbIH I JaHHOTO THIIA OIIOP
HIWIN, v [MM/c] - cKopocTb ITpeqMeTHOIO CTONA.

i g

tion of velocity fluctuations, we tried to minimize
the defects caused by angular and coordinate mis-
alignment of the spindle and drive mechanisms.

Let us consider the resulting velocity characteris-
tic and its spectrum in Fig.4. One can see that the
peak-to-peak velocity deviations are about 4%. In
the spectrum, in contrast with the case 1, a narrow
(about 0.07 Hz at half maximum) component at the
frequency of 64 Hz with the same intensity as the
previous components is added to the blurred wid-
ened components with frequencies of 80 Hz and 160
Hz.In the area of ultra-low frequencies, there is a
component of 0.32 Hz which corresponds to the beat
of the main drive shaft.

We tested also similar positioning system (see

Fig. 5) which is based on the same rails and support
carriages but with linear stepper motor drive (realiza-
tion 3). One can see that the same components with
frequencies of 80 Hz, 160 Hz, and harmonics of 240 Hz
and 320 Hz are presented in the velocity spectrum
shows. The velocity deviation in this case is less than
1%. Thus, for all three analyzed realizations of the
object table movement drive, we can identify common
characteristic features of the spectra. For a speed of
about 1.6 mm/sec, there are components with average
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napameTpoB nasepHoro uany4yeHna CUIMX-2
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ITocKONBKY CKOPOCTh MEHSIeTCSI, COOTBETCTBEHHO
c dopmynamu (1) u (2) MBI MMeeM MeXaHHYECKOe
YaCTOTHOE yIIMPeHHe CIIeKTPa/IbHBIX KOMIIOHEHT, HMe-
eTcs B BHAY, YTO C M3MeHeHHeM CKOPOCTH MeHSeTCs
YaCTOTa CBSI3AaHHBIX C HeM KOMIIOHEeHT COIJIacHO ¢op-
MynaM (1) u (2), 4To BUAHO Ha CIIeKTpax peajMd3allli
1 u 2. B peanusanuu 3 (JILIT) CKOpPOCTh HM3MEHSETCS
MeHBbllle, 4eM Ha 1%, KM COOTBETCTBEHHO yIIMpeHHe
B JAHHOM C/Iy4ae He 3aMeTHO. MICTOYHHMKOM JaHHBIX
THIIOB KO/eDaHUM SB/SIOTCS CUCTEMBI, COCTOSIIIIME K3
KOPIIyCOB KapeTKX M rauku IIBII ¢ ogHOM CTOPOHBI
Y PeLUPKYJIHPYIOIINX 3/1eMeHTOB KaueHMsl - ILIapoB
C Apyroi CTopoHsl (cM. puc. 1b). DneMeHTH KaueHHs
BXOZAT/BBIXOAAT M3 HarPY>KeHHOH 30HBI IIpefBapH-
Te/JIbHOTO HaTAra C HeKUM yIApoM, KOTOPBIK BO30YK-
naer KonmebaHMsI KOpIlyca KapeTKH KM ranku IIBII.
B HEKOTOPOM CMBIC/Ie 3TO 0BOPOTHAsI CTOPOHA HCIIONb-
30BaHMSI CUCTeM C IIpelBApUTeTIbHBIM HATAroM. B mpo-
Llecce 9KCIUIyaTallUM CHCTeMBbl I103MLIMOHHPOBAHHUS
eé HeobxomHMO 0BCTy>KMBaTb - CMasblBaTh COIIACHO
pernameHTy. HeobXoquMO OTMeTHTh, UTO IIOCTEe CMa-
3pIBAaHHS 37IeMEHTOB, HAIlpUMep BCeX KapeToK 3 (CM.
puc. 1), aMmmuTyga Bo3Oy>KHaeMBIX MMH KonebaHHI
MaJaeT M IIOCTeIIeHHO YBeIMYHBAeTCd K CIefylieMy
00CITY>KHBAaHUIO, ITOCKOIBKY YacTb CMa3KU HeM30esKHO
[IOKM/IAeT 30HY KOHTAaKTa 371eMeHTOB KadeHMsl. B Kaue-
CTBe BBIBOZIOB 00 MCIT0/1b30BaHU K JAHHOI'O THIIA CUCTEM
[TO3ULMOHHPOBAHUS 3aMeTHM CJIeflyIollee: 04eBHIHO,
YTO IIPUBOJ, THIIA BaI-TakKa [IIBII myurie pabotaer, yuem
IPHBOZ, Ha OCHOBe Iapbl XOJOBOTO Baja M TakK{ Ha
TPeHUM CKOJIbKeHUsI. Bo Bcex CHCTeMaX C HCTOYHHKOM
OBIDKEHUSI Ha OCHOBe ABUIaTeslel BpallleHUsl Heob-
XOOHUMO MHUHHMH3HPOBATh YIJIOBble M KOODAHHATHEIE
HEeCOOCHOCTH XOZIOBOTO BaJla M CHCTeMBI IIpUBOJa. IIpu
5TOM MOKHO AOOUTBCSI OTKIIOHEHUH CKOPOCTH B TaKHX
CHCTeMax MeHee 1%, Kak M B CJly4ae NPHUBOJA THIIA
JTUHEeMHOIo LIaroBOro JABHUraTe/si. OTKIOHEHMS CKOPO-
CTH MeHe 1% MpaKTH4YecKd He OKa3blBAIOT BIMSHHUS Ha
TeXHOJIOTHYeCKHH ITpoLiecc.

B/IMAHUE BHELUHUX NCTOYHUKOB

[/ IIpoBepKU BO3MOYKHOCTEH CHCcTeMbl Speedometer
OpL1 Ipofe/laH HeKHUM SKCIIeEPUMEHT: Ha IIpefMeT-
HBIM CTON OBUI YCTAaHOBJEH BepPTHKa/JbHBIM H3/Iyda-
Te/b. B mpoliecce mepemelleHHs OH H3/1y4al Ha HH3-
KOM 4acToTe 66I'L. ['eoMeTpHs M3/Iy4daTesisi K CHCTeMbL
IIO3ULIMOHMPOBAaHMS ObUIa BbIOpaHA TakuUM obpasom,
4yTOOBI OCHOBHOE BO3/I€HICTBHE H3/IydaTessi OBUIO COHA-
[IpaB/IeHO C HallpaB/lleHHeM IlepeMelleHHs. CHcTeMa
nepeMellleHHs IpefCTaBisiaa OObIUHBIN TPaHCISTOP
(cM. puc. 1): ABe HampapfsiomiMe, Ha HUX KapeTKH
C PeUMPKYJIMPYOIIUMU MIapaMH, Ha HHUX 3aKpeIUIéH
IIpefMeTHBIH CTOJI.
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frequencies close to 80, 160, and 240 Hz.In addition,
in the case of ball-and-screw unit, there is another
component with a frequency of 64 Hz. If we change the
velocity, the average frequencies of all these compo-
nents change according to the formulas:

nAv, o))

fcarriages =
fballsrewnut =0.8Av, )

wheren=1,2,3...is the harmonic number, A=50 [mm™]
is a coefficient typical for this type of HIWIN carriages,
v [mm/s] is the velocity of the object table.

Since the velocity changes according to (1), (2),
we have a mechanical frequency broadening of the
spectral components, i.e. the associated components
changes together with the velocity value. It can be
seen on the spectra of realizations 1 and 2. In the real-
ization 3, the velocity changes by less than 1% and,
correspondingly, the broadening is not noticeable in
this case. The source of these types of vibrations are
systems consisting of the carriage bodies and balls
crew nuts, on the one side, and recirculating rolling
elements-balls on the other side (see Fig. 1b). Rolling
elements enter/exit the pre-tensioning zone with a
certain impact which excites vibrations of the car-
riage body or ball screw nut. In some sense, this is the
downside of using pre-tensioning systems. During
the operation of the positioning system, it must be
serviced and lubricated according to the regulations.
It should be noted that after smearing the elements,
for example all the carriages 3 (Fig. 1), the amplitude
of the vibrations excited by them decreases and gradu-
ally increases for the next service, because the part
of the lubricant inevitably leaves the contact zone of
the rolling elements. As conclusions about the use
of this type of positioning system, it should be noted
that, obviously, the drive type shaft-nut ball screw
works better than the drive based on a pair of running
shaft and nut on sliding friction. In all systems with
a motion source based on rotation motors, it is neces-
sary to minimize angular and coordinate misalign-
ments of the drive shaft and the SM. In this case, it
is possible to achieve velocity deviations of less than
1%, as in the case of a linear stepper motor type drive.
Velocity deviations of less than 1% have almost no
effect on the technological process.

INFLUENCE OF EXTERNAL SOURCES

In order to test the capabilities of the Speedometer
system, the following experiment was performed.
A vertical radiator was installed on the object table. In
the process of moving, it radiated at a low frequency
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[Ipy BKIIOYEHUH BHEIIHEro MCTOYHMKAa BHOpaLIMHU
B CIIEKTPe CKOPOCTH BO3HHKAIOT HECKOIBKO HOBBIX Y3KHX
CIIeKTpaJIbHBIX (MeHee 1%) KOMIIOHEHT - Ha dYacToTe
BUOpallMM MCTOYHHUKA 66 ['11, Ha BTOpo¥ 132 I't U Tpe-
Thel rapMmoHuKe 198 I'n. IIpUBBIYHBIE AJISI JAHHOMU
CHCTeMBl Ha JaHHOM CKOPOCTH KOMIIOHEHTBI CIIeKTpa
OCTAIOTCSI, IIOCKOJIBKY UCTOYHHUKHU BUOPALIMM HHUKAK He
CBSI3aHBI IPYT C IPYIOM.

KPATKOBPEMEHHDbIE

YMEHbLUEHUSA CKOPOCTU

B 3KCIUlyaTallMyi CUCTeM MO3MLIMOHHPOBAHMUS BO3HU-
KaIOT CUTYallMH, IIPHU KOTOPBIX CKOPOCTb IIPeAMETHOIO
CTOJIa KPaTKOBPeMeHHO Iafaer. IIpumMmep KpaTKoBpe-
MEHHOIO ITaIeHHs CKOPOCTH MpeACcTaB/lIeH Ha puc. 6.
Ha BepxHeM puc. 6a mpezicTaBaeHa HOPMHUPOBAHHAasA
Ha MaKCHMYM CKOPOCTb 3a 26 CeKyH/[ IIepeMeIleHus,
OKPY>KHOCTBIO OTMeYeH CJlydyall KPaTKOBPeMeHHOIO
yMEeHBIIeHHUS CKOPOCTH Ha 5% Ha 242 ceKyHe 3aIllMCH.
He BpaBasck B pacCMOTpeHHe IIPHUYHMH HJaHHOIO
“3aKJIMHHUBAHUA?, MOKHO CKa3aTh, YTO CHCTEMa IIPO-
CKOYMJIA JAaHHBIM AedeKkT. B maHHOM ciydae fedekt
OKa3aJICsl HEKPUTUYECKUM [IJIST CHCTeMBI [TO3HUIIMOHM-
poBaHHUs. Ha HIDKHeM puc. 6b moxasaHa mompobHO
CKOpOCTh B 3TOM ci1y4ae. Ha BpeMmena T1 u T2 mpuxo-
OSTCS. MOMEHTBI BpeMeHH, KOIZla aMIUIMTyAa BHOpo-
Kone6aHUH CKOPOCTH PaBHA HY/I - MMEHHO 3TH
MOMEHTHI U €CTh MOMEHTHI «3aKIMHHUBaHUA». Takue
O/IHOPa30BBble BCIIJIECKH- BEIOPOCHI CHJIPHO MCKAXKAIOT ~
[IOPTAT CIEeKTP CKOPOCTH B CBEPXHHU3KMX 4YacCTOTaX,
YTO MOKHO MCII0JIb30BaTh [JIS1 JUATHOCTHKH BO3HUK-
HOBEHMUSI TaKUX fledpeKkToB. C/1abble KOMIIOHEHTHI TUIIA
1/10 yacTOTH BpallleHHs [IPHBOSHOIO Bajla He BH/IHBI
Ha ux poHe.
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of 66 Hz. The geometry of the radiator and positioning
system was chosen so that the main impact of
the radiator was co-directed with the direction of
movement. The translation system represented a
conventional translation stage shown in Fig. 1 and
includes two guides with carriages and circulating
balls. The object table was fixed to them. When the
vibration source was switched on, several new narrow
spectral components (less than 1%) appear in the
velocity spectrum. These frequencies correspond to
the source vibration frequency of 66 Hz, at the second
and the third harmonics of 132 Hz and of 198 Hz,
respectively. The typical for a given velocity spectrum
components remain in this system, since the sources
of vibration are not related to each other.

SHORT-TERM SPEED DECREASES

During the operation of positioning systems, there
are situations in which the velocity of the object
table drops fast. An example of a short-term velocity
drop is shown in Fig. 6. Figure 6a shows the velocity
normalized to its maximum for 26 seconds of
movement, the circle indicates the case of a short-
term reduction in speed by 5% at the 242s second of
recording. Without going into a consideration of the
reasons for this “jamming”, we can say that the
system missed the defect. In this case, the defect
was not critical for the positioning system. Figure
6b shows in detail the velocity in this case. Times T1
and T2 represent the moments when the amplitude
of the velocity vibrations is zero, i.e. the moments
of jamming. Such one-time bursts strongly distort
the velocity spectrum at ultra-low frequencies, which
can be used for diagnostics of such defects. Weak
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BbIBOAbI

IIpensioskeH W Peai30BaH HOBBIM
IIOAXOA K AHAJIHU3y MTHOBEHHOH
CKOPOCTH IepeMeliaeMbIX 00beKTOB
B SKCIIePHMEHTaX WA TeXHOJOIU-
YeCcKUX Ipolieccax. JJaHHBIM I10XO0],
K CIIEKTPJIBHOMY aHAJIM3y BpeMeH-
HBIX M3MeHEeHHUN CKOPOCTH II03HLIH-
OHUPYEMBIX 3/IEMEHTOB II03BOJIsIeT
KOHTPOJIMPOBATh BO3HHKHOBEHUE
U pa3sBUTHe HEIaTUBHOI'O BIHSHHUS
nedeKToB CHCTeM IlepeMelleHHs
B ITpoLiecce SKCIUTyaTallkU. B pabore
PacCMOTpeH CIy4ar IIpUMeHEeHHs
OAHHOTO MeTOZd AHA/IH3a CKOpO-
CTU AJIS CHUCTeM JIMHEHHOro Iiepe-
MenieHHss, OJHAKO OH MOKET OBITh
bosee HHTepeceH A KOHTPOIS
CHCTeM BpallleHHsI. BMecTo curHaia
C OIITHYECKOM JIMHEMKH CHCTeMOM
Speedometer MOKHO HCIIOTb30BaTh
CUTHAJI yITIOBOTO IIOJIOKEHHS C oce-
BOTO MHKPEMEHTAIIBHOIO 3HKOZEPa,
HampuMep ¢ 1000 orcueToB Ha 060-
POT, 1 aHAJTU3KMPOBATh YITIOBYIO CKO-
poctb. Ilocie IpoLiemyphl ycpernHe-

m METPOJIOT'MA U METPOJIOTMYECKOE OBOPYOBAHME |
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Puc. 6. HopmupogaHHas Ha makcumym ckopocmb 3a 26 cekyHd Ha pucyHke (a) u 3a
00Hy cekyHOY Ha pucyHke (b) 8 cayuae KpamkospemMeHH020 YMeHbLIeHUs CKOpOCmu
Ha 5% (Hekpumuueckozo 3aedaHus). Ha epemena T1 u T2 npuxodsmcs MOMeHM bl
8pemMeHU, K020a amnaumyoda 8ubpokonebaruli CKopocmu pasHa HyAK — UMEHHO
3Mu MOMeHMbI U eCmb MOMEHMbI 3aKAUHUBAHUS

Fig. 6. Temporal dependence of the normalized velocity in 26 seconds (a) and in
1second (b) for the case of a short-term decrease in the velocity by 5% (non-critical
jamming). Times T1 and T2 (moments of jamming) correspond to zero velocity

of rough vibrations

HUS MOYXKHO HaOII0faTh AUHAMHKY
YITIOBOM CKOPOCTH HJ/IM IIPOBECTH
dypbe-aHanKM3 MaCcCHBa JAaHHBIX YITIOBOKM CKOPOCTH /IS
PacCMOTpPeHHsI CIIeKTPa/IbHOM 3aBHCHMOCTH CKOPOCTH,
B KOTOPOM IIPOSIBISIIOTCS OCOOEHHOCTH MK JedeKThl
MeXaHHYeCKOk CUCTeMBI.

PaboTa mpopHHAHCHPOBaHA MHUHHCTEPCTBOM HayKH
M BbICIIETo obpa3oBaHUsi PO B pamKax rocygapcTBeH-
Horo 3aganus UI1® PAH, mpoekT Ne 0035-2019-0015.
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components such as 1/10 of the drive shaft velocity are
not visible against their background.

CONCLUSIONS

A new approach to the analysis of the instantaneous
velocity of moving objects in experiments or
technological processes is proposed and implemented.

The developed approach to the spectral analysis of

temporal changes in the velocity allows controlling
the occurrence and development of negative defects
in moving systems during their operation. In this
paper, we considered the case of using this method of
velocity analysis for linear motion systems. However,
it may be more interesting for control of rotation
systems. Instead of a signal from an optical linear
scale, the Speedometer system can use an angular
position signal from an axial incremental encoder,
for example, with 1000 counts per revolution. The
angular velocity should be calculated. Then, after the
averaging procedure, one can observe the dynamics
of the angular velocity or perform a Fourier analysis
of the angular velocity data array in order to consider
the spectrum of the velocity dependence in which
the features or defects of the mechanical system are
reflected.
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