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AHHOTauus. IMHeMHbIN HAaHOU3MepUTeIbHbIH roorpadruieckun faTuuk (JIHI/) OTHOCUTCS K U3MEPUTeb-
HOM TeXHHUKe, TOUHee K 06/1aCTH BEICOKOTOUHBIX H3MepeHHU JJIMH 1 IlepeMellleHU I THHeHHBIMU roorpadu-
YeCKMMH JAaTYHMKaMU Ha 6ase romorpadpuueckux AudpakLMOHHBIX perieTok (I[IP), 1 MosKeT OBbITh HCIIONb30BaH
B MAIIMHOCTPOEHUH [/151 IIPeLIM3HOHHOr0 060pyI0BaHK I, B TOM YHC/Ie K CTAHOYHOM, B OIITHKO-MeXaHHYeCKOH
Y a9POKOCMMYECKOM IIPOMBIIIIEHHOCTH 151 H3MePeHHU s KOHIIEeBBIX Mep U T.J. YBeJlHM4yeHa TOYHOCTh U pa3pe-
meHue JIHI]I Ipy M3MepeHUH IMHENHBIX Pa3MepoB BO BCeM H3MepseMOM JHalla3oHe fepeMelleHHU 10 MeTpa
u 6olee, BHe 3aBUCHMOCTH OT KauecTBa HAIIPaBJISIIONIMX CUCTeMbl. TakKuM 06pa3oM, MMeeT MeCTO pacIIhpeHHe
Arana3oHa o6pabaTeiBaeMBIX MM HCCIefyeMbIX 06beKTOB IIPH COXPaHEHHU BBICOKOK TOUHOCTH U Pa3pelleHH st
H3MepPHUTeTbHOM CUCTEMBI.
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LINEAR NANOMEASURING HOLOGRAPHIC SENSOR

Annotation. Linear nanomeasuring holographic encoder (LNHS) refers to measuring technology, more exactly
precisely, to the field of highly accurate measurements of lengths and displacements by linear holographic sen-
sors based on holographic diffraction gratings (HDG), and can be used in mechanical engineering for precision
equipment, including machine tools, optical-mechanical and aerospace industry for measuring end standards,
etc. Application of such sensors improves accuracy and resolution of LNHS when measuring linear dimensions in
the entire measured range of displacements up to a meter or more, regardless of the quality of the guides of the
system. Hence, there is an expansion of the range of processed or studied objects while maintaining high accu-
racy and resolution of the measuring system.
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BBEJEHUE

JaTuuKK JTHHEeNHBIX IlepeMellleHHI BecbMa pas-
HOOOPa3HBI [10 KOHCTPYKIUU K IIKPOKO IPUMEHSIOTCS
BO BCeX OTPAC/ILAX HAayKU U TeXHUKHU. Hanborbluer Tou-
HOCTBIO 06/1a/1a10T IATYMKU Ha roorpadpuyueckux Aud-
PaKLIMOHHBIX pemeTkax ([IP), Tak KakK OHU I103BOJISIOT
T0J/Ty9aTh YCTOMYKBbIE CUTHAJIBI B 00/1aCTH HaHOIIepeMe-
IeHH M, KOTOpble He HY>KIAI0TCS B CIIelIUasIbHOM 06pa-
O0TKe (KaK 3TO fe/1aeTCsl B CIydae UCII0Ib30BaHU I Hapes-
HBIX JTUPPaKLIMOHHBIX pellleToK), IpHYeM HX ocBellle-
HYe KOTepeHTHBIM CBETOM OT KPACHOI'0 101y IIPOBOAHU-
KOBOT0 J1a3epa [SOIIOTHUTE/IHHO IIOBBIIIAeT Ka4eCTBO CUI-
HasoB [1]. CyIecTBeHHOe IPeruMyIecTBo [JIP cOCTOUT
TaKk>ke U B TOM, YTO 3a pelleTKaMH 00pas3yroTCs JHIIb
TP HopsiiKa Audpakumm: +1, -1 1 0.

B Poccuu paspaboTtaH u BeIycKaeTcs JIHTL ATHHOM
10 1000 MM, KOTOpPBIE paboTaeT Ha b6ase ronorpadpude-
CKUX AJUPPaKIHMOHHBIX PEIIeTOK C IIaroM 1 MUKpOH [2].
B HacTos1ee BpeMs M3BeCTeH JaTYMK JIMHEHHBIX Ilepe-
MelleHUH [3] A1 U3MepeHHUs JTUHEHUHBIX Pa3MepoB
06BEKTOB.

HiMeroTcs pa3sauyHble BADHAHTHI MCIIOJIb30BaAHUS
HaIIpaBJISIOIIeH: BHEIIHero yCTPOMCTBA, II0 KOTOPOMY
repeMeIaeTcsl CUYMTHIBAIONIAS [O/IOBKA, K KOTOPO IIPH-
KperjieH JaTYMK, C IIOMOIIbI0 Yero OCyIlecTBIsAeTCS
HM3MepeHHe JTUHEeHNHOI0 IIepeMelleHUs UJIH aBTOHOM-
Hasi HaIlpaBJIFIOIIAsl CAMOro JATYMKa, I10 KOTOPO I1epe-
MeIlaeTCs ero CYMTHIBAIOINAS FOIOBKA. IIpH 3TOM yIMHA
aBTOHOMHOH HaITPaBJISIIOIIEeH JI0/IKHA OBITh He MeHbIIIe
JTHMHeNHOro pa3Mepa U3MepsieMoro obbvekta. OmHaKO
JJISL COXPaHEeHM I TOUHOCTH AATYHMKA IIPH OCYILIeCTBIe-
HUU U3MePeHUH HeobXoArMo, 4TobOBI IlepeMelneH e
TP, OCYIIECTBIISIOCH BIOTb HeKOTOPOK OCH, CTPOTro
MepHIeHIUKYISIPHON ITpuxam IIP,,,,,. 9T0O CTaBUT oI1pe-
JleJIeHHBIe YCI0BUS K TOYHOCTH M3TOTOBJIEHH S HAIlPaB-
JISIIOIIEH, C IIOMOIIBI0O KOTOPOH IepeMelaeTcsl CYUTHI-
Baromas rojaoBka ¢ [JIP, ... K mpumepy, ecik TOYHOCTh
JaTyHrKa II0psAKa 1 MUKPOHA Ha ONMH METP ¥ MbI XOTUM
M3MepsITh pa3Mep 06beKTa C TaKOM 5Ke TOUYHOCTBIO, TO,
ecTeCTBEHHO, YTO Ka4eCTBO HAIIPaBJIsIoller BHEIIHEeTo
YCTPOMCTBA, HCIIOAb3yeMOT0 JJIs IlepeMellleHUs CUH-
TBIBAIOIEH [OJIOBKH, JOJIKHO OBITH He Xy>Ke 3TOM BeTH-
YHHBI. Kak IIPaBHU/IO0, TaKKe HallpaBsIolle He U3T0-
TaBJIMBAIOT, 0COOEHHO ITpX 60IBIIUX AIHHAX (10 1 M),
a 6onpire omHOro MeTpa TeM bosee, Tak KaK 3TO OUeHb
CJI0KHO U J/ISl UX M3TOTOB/IeHH I He0OXOAMMO 3aTPaTUTh
MHOT'O BpeMeHH M CPe/CTB. PasHble BHELIHHE YCTPOK-
CTBa UMEIOT HallPaB/IsIOLIe PAa3HOU TOYHOCTH, YTO
Jle/1aeT MPaKTHYECKH HEeBO3MOKHBLIM KCIIOb30BaHMUe
TOYHBIX IATYUKOB, 0CO6EHHO Ha 6a3e BEICOKOUACTOTHBIX
[AP (1o 1000 11H./MM) K YCTPOHCTBaM, CTAaHKaM, IIpU-
6opaMm U T. [I. C HeKaueCTBeHHbIMHU HaIlPaB/ISIOIIUMH.
ITp1 3TOM BO BCeX YCTPOMCTBAaX, IZe MCII0Ib3YIOTCS
JITI, He IpeAIpUHATO HUKAKKUX Mep /i YCTPaHEeHUsI
MyapoBbIX Iosioc (puc.l), BOSHUKAOUUX Onarogaps

INTRODUCTION

Linear displacement sensors are very versatile in design
and widely used in all fields of science and technol-
ogy. Sensors based on holographic diffraction gratings
(HDGs) are characterized by the greatest accuracy, as
they allow of receiving stable signals in the nano-dis-
placement range, which do not require special process-
ing (as is done in the case of rifled diffraction gratings),
and their illumination with coherent light from a red
semiconductor laser additionally improves signal qual-
ity [1]. Another significant advantage of HDGs is that
only three orders of diffraction are formed behind the
gratings: +1, -1and 0.

In Russia, a LNHS up to 1,000 mm in length has been
developed and produced, which operates on the basis of
holographic diffraction gratings with 1 micron pitch [2].
Currently, a linear displacement sensor [3] is known for
measuring linear dimensions of objects.

There are various ways of using a guide: as an external
device on which a reading head, to which the encoder is
attached, travels to measure linear displacement, oras a
stand-alone guide of the sensor itself on which its read-
ing head moves. Length of the self-contained guide must
not be shorter than the linear dimension of the object to
be measured.

However, in order to maintain the encoder accuracy
when measuring, it is necessary that the HDG;,4 moves
along some axis strictly perpendicular to the HDG,,,,
strokes. This factor places certain condition on the
guide rail accuracy along which the encoder head with
the HDG;,,4. moves. For example, if the emcoder accu-
racy is approximately 1 micron per metre and we want
to measure an object with the same accuracy, then, nat-
urally, the quality of the guide used to move a reading
head should be not worse than said value. As arule, such
guides are not produced, especially for longer lengths
(up to 1 metre), and even more than one metre, as it is
very difficult, time-consuming and expensive to man-
ufacture them. Different external units have different
accuracy guides, which makes it virtually impossible to
use precision sensors, especially those based on high-fre-
quency HDGs (up to 1,000 lines/mm) in devices, machine
tools, instruments, etc. with poor quality guides. At the
same time, in all devices where LNHESs are used, no mea-
sures have been taken to eliminate moiré fringes (Fig.1)
arising due to poor-quality guides, which distort the
true length or displacement value. Known is an LNHS
described in work [2]. In its development the authors seta
problem of excluding the influence of the external device
guides and provide a self-contained high quality guide
during measurements It contains two glass substrates
mounted along a motion line. One of the substrates con-
tains the HDG,,,), the other - the self-contained guide
of the sensor itself. The glued section is shaped like a
T-bar (Fig.2). This design provides necessary rigidity.
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HeKayeCTBeHHBIM HAaNPaBISgIOUIMM, UCKaKAIOMIUM
WCTUHHYIO BeJIMYKMHY JJUHBL UM IIepeMelleHu .
M3BecteHn JI[]l, onrcaHHBIM B pabore [2], mpu paspa-
60TKe KOTOPOro aBTOpaMH ObljIa ITOCTaB/IeHA 3a/1a4a
yxoZla BO BpeMsI 3MepeHHUH OT BJIUSHHS HallpPaBJIsiio-
KX BHEITHET0 yCTPOKCTBA U CO34aHM S IIPU KOHCTPYK-
LMY Ipubopa cBoer aBTOHOMHOM BBICOKOKaUeCTBEeH-
HOI He3aBHCHMOM HallpaBisipomeld. OHa COmep>KUT
JIBe CTeKJISHHbIE IIOAJIOKKHY, YCTAHOBJIeHHbIe BIO0JIb
JUHUHU IepemMenieHus. OOHa U3 IOIJIOKEK COTEePXKUT
TOP, ., APyTasi - aBTOHOMHYIO HaIIPaB/ISIOIIYI0 CAMOIO
JaT4HhKa. B ceyeHHUU CKIeliKa MMeeT POpMYy TaBpa
(puc.2). Takasi KOHCTPYKLMS obecrieurBaeT Heobxomu-
MYI0 >KeCTKOCTb. CTeK/ISIHHBIE IIO/IJIOKKH BhIIIOTHEHbI
13 6opcKoro creksa, 0b61agaoIero BBICOKUMHU Xapak-
TEPUCTHKAMHU IIJIOCKOCTHOCTU. 1P, IpUKIeeHa
K 6a3e HAITpaBJISIIONIE! OHOM CBOeM I'PaHbi0. KapeTka
SIBJISIeTCs HeoOXOAMMBIM MeXaHH3MOM IS CUHThIBA-
HUs KoopauHar ¢ I'IIP,,,. Ha KapeTKe pacmo/iokeHa
cunthiBatomas I[P, . B kopryce JIT'/l pa3mMelneHbl
[P, C HallpaBJsIoOIel U KapeTKa, cofepsKallias ocBe-
TUTENbHYIO0 cucTeMy, TP, . ¥ IBe MAaTPUIIBI, KasKaast
M3 HUX COIEPSKUT [ Ba POTOIpUEMHMKA, PACIIOIOKEH-
HBIX I10 OTHOMY B KasKIOM JHPPAKIIMOHHOM ITOpsIIKe.
B 3ToM C/1y4ae aBTOHOMHas HAIIPABJ/ISIONIAs OKa3bIBaeT
MeHbIIIe BIMSAHUS Ha Pe3y/IbTaT U3MepPeHU s BeJTUYUHbI
repeMeleHus, YeM B CJIydyae MCII0/Ib30BaHM s BHEII
HeH HaIPaB/SIOIIeN HJIH aBTOHOMHOM HaIlPaBIsIo-
1k, [TOy4YeHHOMH IyTeM MeXxaHHU4eCKOoK 06paboTKH.
B Kaxkmon Marpule GOTONPHUeMHHUKH PaCIIoI0KeHb
Ha IIPSIMOH, IlepIleHAUKY/ISPHON 0CH AUPPaKIMOHHBIX
IIy4KOB U IITPHUXaM pelleToK. ITa Mpsimas obecreuu-
BaeT BO3MOYKHOCTb CHeTa 06 TIOpaI[MOHHBIX I10JIOC.

®asoBoe pacrpeseneHre UHTePGePeHIIMOHHBIX I10JI0C
B KapTHHe B3aHMOJEHNCTBUS HHTepdepeHI]HOHHOIO
nosnst (MII) ¢ ronorpaduyeckor AUGpaKkIIHOHHOH pelleT-
KOM BJ0/Ib 0CH OX MOYKHO IIPe/ICTABUTD KaK:

D(x)=2kx + Af(x), 0)

rae k=2m/Asin/6/2=m/d, - BonHOBOE umCIO, dy=A/
sin/6/2 - mepuof MTMHUN HHTePdePeHIIMOHHOTO M0,
06pa30BaHHOrO ABYMS IIJIOCKUMHU BonHaMu S,° u S,°.
B manHoOI paboTe Mbl 6ymeM Hcce0BaTh BO3MOXKHOCTD
oIlpe/le/ieHHUs BeJIMYHHBI IlepeMelleHH s C IIOMOIIbIO
HM3MepUTeIbHOM ronorpadudeckor fuGpakIIOHHON
pemerku (TP, ), IeHCTBYIOLIIeH COBMECTHO C HHTeP-
depeHIIMOHHBIM I10JIeM OT UHTepdepomMeTpa uiu MII,
06pa30BaHHOrO 33 MHANKATOPHOM PelleTKoH. IIpu ux
B3aMMOJIeICTBU U 06pa3yioTcsi HHTepdepeHIHOHHbIe
MyapoBble U 06TIOpaIIHOHOBBIE IT0JIOCHL (PHC.3) B 3aBH-
CHMOCTH OT PaBeHCTBA MJIK OTIMUMS UX IIePHOJOB.
CTpe/IKM Ha PHUC.3 COBIIAJAIOT C HallpaB/IeHHeM Ilepe-
MellleHUS CUHUTBHIBalOIleN ronoBKku JIT[, Bo BpeMms
M3MepeHHUs IJINHbI 00beKTa.
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Puc.1. Myaposbie nonocel
Fig.1. Moiré fringes

The glass substrates are made of Borsky glass, which
has high flatness characteristics. The HDG,,, is glued to
the guide base with one of its faces. The carriage is the
necessary mechanism for reading coordinates from the
HDG;,,,. The carriage accommodates the HDR;,, read-
out. The LNHS case houses the HDGC,,,,, with the guide
rail and the carriage containing the illumination sys-
tem, the HDG;, 4 and two matrices, each containing two
photodetectors arranged one in each diffraction order.
In this case the autonomous guide has less influence
on the result of the displacement measurement than in
the case of an external guide or an autonomous guide
obtained by machining. In each matrix photodetec-
tors are arranged in a straight line perpendicular to the
axis of the diffraction beams and grating strokes. Such
straight line enables the obturator fringes to be counted.

The phase distribution of the interference fringes in
the interaction pattern of the interference field (IF) with
holographic diffraction grating along the OX axis can be
represented as

O(x)=2kx + Af(x), 4))

where k=2m/Asin/6/2=m/d, is the wave number, d,=\/
sin/0/2 is the line period of the interference field formed

Puc.2. TP, ckneeHHas ¢ asmoHoMHOU HanpasAsiowel
Fig.2. HDG bonded with self-contained guideline
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[Toka>keM, 4TO IIOCTABJIEHHYIO 3aZady MOXKHO
PeIltThb C IOMOIIBIO YIIOPSILOUYEHHO MepeMelalo-
mercst TOP,,,. CyTb MeToza 3aK/I04aeTCd B TOM,
4TO HHPOpMaL ks 0 $pa30BOM paclpelle/leHUH CHU-
MaeTcs B CUCTeMe To4eK, KeCTKO CBSI3aHHBIX C Ilepe-
Mellaloercs pemeTKon. IIpy 3ToM U3MeHeHUe
pasHoCTH da3 Mexxay TOUKaMHU Oy[eT oJHO3HAYHO
oI penensiThCs TONbKO $a30BBIM paclpefie/leHHEM
HHTepdepeHLIMOHHOrO o4, JoIoHUTeIbHAS pas-
HOCTh pa3, BHOCHMAs CAaMHM HHTepdepoMeTpoM
WM UHOUKATOPHON pemeTKoH OyneT IIOCTOSIHHOMN
BEJIMUYMHOM, aAJUTUBHO BXOAAIIEH B Kas>KIbIH aKT
H3MepeHHs.

MeTop, oripesienieHHsI $a30BOro paclpesie/leHHsl BAOIb
H3MepsieMOK OCH CBOAMTCS K TOMY, YTO Ol pefesiseTcs
da3oBoe pacrpeseneHye Bo/Ib BBIOpaHHOTO HAaIlpaB-
JIeHHs [lepeMellleHHs], B TOM YHCJ/Ie OIlpe/le/IsIIoTCs Bce
TpPaHHYHBIe yCJIOBH S, I03BO/ISIOIIHE OCYIeCTBU TS I10J1-
HOe COIJIACOBaHHe I10 pase 3HaUeHUH (a30BbIX pacIpe-
Je/leHUH IIPY IlepeMellleHHUH. PaccMOTPUM B3aHMOZeH-
CTBUS UHTepdepeHIIMOHHOro mons ¢ IIP,,, B ciydae
06pa3oBaHMs MyapoBbIX I107I0C. PacCMOTpeHHUe IIpoBe-
JeM IJ1s1 CIy4asl KBasUILJIOCKHX BOJIH. I1ycTh 1Be KBa3H-
IIJIOCKHe MOHOXPOMaTH4ecKHe BOJTHBI C KOMIUIEKCHBIMH
aMIUIMTyIaMHU

8,5(x1,y) — exp)lky g 1y +W1 (x1,y7)], ©)
$,5(x1,y) — exp)lkye 17 +W5C (x4,y)] ©)

bopMuUpyIOT B m10cKocTH X;0Y;, B KOTOPOH 3aIlKChI-
BaeTCs pelleTKa C aMIUIMTYAHBIM IIPOIIyCKaHHUEM

T(x,,yy) = acos[kgr+WC(x,,y)], @)
rze k=K, — k,; —~ BOTHOBOI BeKTOp pelieTky, a
lpc (X yY) = IPIG (Xl ,Yl) - IPZG (X1 ,Yl), (5)

3To GYHKIIUSI, XapaKTepH3yomas ¢pa3oBoe pacrpesese-
HHe IITPHUXOB PelIeTKH.
[lepHof pelIeTKH B 9TOM CIydae:

dg=1/K; =\/2sinb, /2, ©)

rze 6, - yroa Meskly BOTHOBBIMHU BeKTOpaMHu K U K,
K, = [Kg| - BOTHOBOE UKCI0 pelleTKH. [IoMeCTHM pelIeTKy
B IIOCKOCTh XOY B cHcTeMe KoopAuHAT XYZ, KoTopas
[IOBEPHYTa OTHOCKUTE/ILHO CUCT@MBI KOOpAHHAT XYZ COOT-
BeTCTBEHHO Ha yIJIbl VY K OCBETHM ee [BYMs KBa3HILJIO-
CKMMH MOHOXPOMAaTHYeCKMMHM BOJTHAMHU C KOMILJIEKC-
HBIMU aMIUIUTYAaMU:

Si(x,y) —exp@)k, T +¥; (x,y)], 7)
S,(x,y) —exp@)k, r+¥, (x,y)],

n=n

Puc.3. ®omozpadus HOHUYCHbIX NOAOC
Fig.3. Photo of the nonius stripes

by two plane waves S,° and S,°. In this paper we study
a possibility of determining magnitude of displacement
by means of a measuring holographic diffraction grat-
ing (HDG;,,;,) acting together with the interference field
from an interferometer or IF formed behind the indicator
grating. Their interaction produces interference moiré
and obturator fringes (Fig.3), depending on equality or
difference of their periods. The arrows in Fig.3 coincide
with the direction of movement of the LNMHE reading
head while measuring the object length.

Let us show that the set problem can be solved by
orderly moving the HDR;, .. The essence of the method is
that information about the phase distribution is taken
in a system of points rigidly connected with the mov-
ing grating. In this case the phase difference change
between the points will be uniquely determined by
phase distribution of the interference field only. The
additional phase difference introduced by the inter-
ferometer or indicator grating itself will be a constant,
additively included in every measurement.

The method for determining phase distribution along
the measured axis is reduced to determining phase dis-
tribution along the chosen direction of displacement,
including determination of all the boundary conditions
that allow complete phase agreement of phase distribu-
tions values during displacement. Let us consider inter-
actions of the interference field with HDG,,,, in the case
of moiré fringes formation in the case of quasiplanar
waves. Let two quasiplanar monochromatic waves with
complex amplitudes:

$,6(x4,yy) — exp@)kyc 1y +W,€ (x,y)], )
$,6(x1,yy) — exp)kyg 1y +W5° (x4,y7)], ?3)

form in the X,0Y, plane, in which the grating with
amplitude transmittance is recorded

T(x4,yy) = acos[kor+WC(xy,y)], @)

where k;=k,; — k,¢ is the wave vector of the grade, and

VoL.16 No.1 2023 NANO INDUSTRY



OBOPYAOBAHME A/11 HAHOUHAYCTPUM

rae ki =k, k,=k,q. BonHsl Si(x,y) u S,(x,y) dopmu-
pyioT B mockoctu XOY ucciepyemoe MII ¢ $pa3oBbrIM
pacmpeneneHyiem

U(x,y) = Uy(x,y) - Wy(x,y). €)
BBenem mapametp §, XapaKTepH3YIOLUIHUH paccoria-

coBaHHe mepuopga MII oTHocuTenbHO Hepuonma IIP
TaKHUM 06pa3oM, YT06bI BOTHOBOE YHCJIO IO

U3M

k =k, - k| =ks(1-8); |§]"L. )

B pe3synbraTe B3anMopercTBUs UII ¢ pelleTKOM B ILIO-
ckocTu XOY obpasyeTcst KApTHHA UHTepdepeHIMOHHBIX
0OTIOpPAaLIMOHHBIX K MyapOBbIX [10710C. COBMECTHOe pelle-
HHe ypaBHeHUH (5) U (7) c y4eToM CTaHAAPTHHIX GOpMYII
repexojia U3 OJHOIM CUCTeMBI B IPYTYIO (I;,"T) IPUBOLUT
K C/Ie[IyIOIIeMY BBIPasKeHHUIO [J1s pacIipe/ie/leH s MHTeH-
CHBHOCTH MyapOBBIX I107I0C:

1(x,y)={1+ cos{kg/cosyl(xcosdr+ysing)- (10)
~(1- §)xcosyl+WS(x,,y))-W (x,y).

[TockombKYy I(X,y) MaJIo ©3MeHSIeTCS [IPH H3MeHeHUH
B IIMPOKUX IIpefesax yIiaa v, YieHBbl, coaepsKallie v
B BbIpaKeHUH (10), OIIyILeHEL.

N3 (10) MOKHO 3amucaTh $pa3oBoe pacmpeneneHue
HHTepdepeHIIHOHHBIX MyapoBbIX I10710C P(X,y) B BUE:

@(x,y)=kg/cosyl(xcosd + ysing)- 68))
-(1-8)xcosy] + [WE (x1,y,) - (x,y)].

TakuM obpa3om, IONy4eHO BbIpakeHHe, I103BO-
JISIIOIIee OITHCATh KaPpTUHY MHTepPepeHIIMOHHBIX Mya-
POBBIX I10JIOC B Haubosee 0b1ieM ciiydae - IPH B3aKMO-
JeHCTBUH IIPOU3BOIBHBIM 00pPa30M OpPHEeHTHPOBAHHOM
HeuJealbHO! IIP, .., C PacCoryIacoBaHHBIM II0 IIEPHOLY
HII. CnepyeT OTMETHTh, YTO IIOCKOJIBKY IIapaMeTP pac-
COIJIACOBAHHM S BRIOMPAJICS JOCTATOYHO MAJIBIM (CIIy4a,
HamuboJlee YacTo peasn3yeMblH Ha IPAKTHKE), TO BbIPa-
skeHue (11) CIIPaBeJIMBO He TOIBKO B INIOCKOCTH XOY, HO
Y Ha JOCTaTOYHO OONBIINX PACCTOSIHUSX 110 HaITpaBile-
HUIO PACIIPOCTPaHeHU S KaXKA0H 13 UHTepdepUPYIOIIHX
BOJH. IleperiieM K aHanu3y $pa30BOro pacrnpefeneHus
HHTepdepeHIIMOHHBIX MYapOBbIX Iosoc. [lepenuiiem
(11) B BUe:

D(x,y) = DP (x,y) + [WC (x1,y) - ¥ (x,y)], 12)

rie d(x,y)P = kg/cosyl(xcosd + ysing) - (1-8)xcosyl.
HeTpynHo 3amMeTUT, 4To O(X,y)P OIIHMCEIBAET B3aKMO-
JIeHCTBUe UlleanbHom [1IP,, ., c uneanbHbIM HIT, chopmu-
POBaHHBIM [IByMSI IVIOCKMMHU BOTHAMH, a BTOPOH 4IeH
ypaBHeHHs (11), 3aK/II0UEeHHBIN B KBaIpaTHbIe CKOOKH,
OIHCBIBaeT OTK/IOHeHU s Ga30BbIX pacipeneneHu UII
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e (ny) = lplc (X1 ,Yl) - lsz (X1,Y1)y (5)

is a function that describes phase distribution of the
grade strokes.
In this case the grade period is

dg=T1/Kg =M2sind, /2, ©)

where 0, is the angle between the wave vectors k,; and
k,s, K = [Kg| is the wave number of the grating. Let us
place the grating in the XOY plane in the XYZ coordinate
system, which is rotated relatively to the XYZ coordi-
nate system by angles vy¢ respectively, and illuminate
it with two quasiplane monochromatic waves with com-
plex amplitudes:

S(x,y) - exp@[k, r +¥; (x,y)], %)
S,(x,y) - exp)[k, r+¥, (x,y)],

where k,=k,¢, k,=k,;. Waves S;(x,y) and S,(x,y) form
in the XOY plane the investigated IF with phase
distribution

W(x,y) = U,(x,y) - ¥,(x,y), 8

Then we introduce the parameter § characterising
mismatch of the IF period with respect to the HDG,,,,,
period so that the wave number of the field:

k =1k, - k| =kg(1-6); [8]"1, ©)

As a result of interaction of IF with the grating in
the XOY plane, a pattern of interference obturation
and moiré fringes is formed. The joint solution of equa-
tions (5) and (7) taking into account the standard transi-
tion formulas from one system to another (r;"r) leads to
the following expression for the moiré fringe intensity
distribution:

I(x,y)={1+cos{k¢/cosyl(xcosd+ysind)- (10)
~(1-8)xcosyl+WC(x,,y,)-W (X,y).

Since I(x,y) changes little if the angle v changes over a
wide range, the terms containing v in (10) are omitted.

From (10) we can write phase distribution of the inter-
ference moiré fringes ®(x,y) as

@(x,y)=kg/cosyl(xcosd + ysing) - 11
~(1-8)xcosy] + [WS (x;,y,) -V (x,y)l.

Thus, we obtain an expression that allows us to
describe the pattern of interference moiré fringes in
the most general case, interaction of an arbitrarily ori-
ented non-ideal HDG;,, with a period-mismatched IF.
Note that since the mismatch parameter was chosen to
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u TP, OT uaeanbHbIX. OCTAHOBUMCS Ha aHaIH3e
®(x,y)P. YpaBHEHHe, ONMChIBaOIlee KOHQUTYPALIHIO
U PACIIONIOXKEHKE MYapOBBIX I10J10C B cy1y4ae UIT u I'TP
KMMeeT BU/JI:

UM’

kg/cosyl(xcos + ysing) - (1-8)xcosy] = 2mn, 13)

IZle 11 - LieJioe YKCIo. YpaBHeHHe (13) orHCchIBaeT psifi paB-
HOCTOSIITUX JIMHUH C [IepPHUOIOM:

dy = dg cosy/(cos - cosy + Scosy)?+sin’d, 14
tga = -1/ cosycoslcosy(1-8) +cosd]. 15)

Hawnboree HHTepeCHBIM Ha ITPAKTHKe SIBJISIETCS CITY-
4aii ¢'luy'"l. [Ipy 3TOM, IIpeHebperast BeTMYHMHAMU BTO-
poro ropsiika Manoctu, uMmeeM d = d/p?+8

o~ arctg(@2+y22-8/ ). (16)

U3 (16) BULHO, UTO yTOJI Y BXOOUT KaK BeIMUKHA BTO~
poro Hopsiika MaJIOCTH I10 CPAaBHEHHUIO € ¢ U §, Kpome
TOrO, IIpH 8 = y?/2 BeJIMYKMHA X 3aBUCUT TOJIBKO OT OIHOK
nepeMeHoH a=a(p). TakuM obpasoM, rnofdupast mapa-
MeTp PaccorjaacoBaHHs §, MOKHO KOMIIEHCHPOBATh
yron HakjaoHa [JIP, ... [losToMy, B Ja/bHeHIIeM MBI
OymeM paccMaTpHUBATh TOJIBKO JiBe IepeMeHHble: ¢ — Yo
HakyioHa WTPUX0B I[P, .., OTHOCHUTEe/JbHO I10Ji0C MII
U IapaMeTp § - paccoriacoBaHue I10 reproxy. CornacHo
BbIpaskeHHIO (11), st @(x,y) mpu 8§11 ¢'1, WO(x,,y,) ~ W(X,y)
Y, KCKJII0Yasl M3 PACCMOTPEHM S Y, MOSKHO 3aIIKCaTh:

D(x,y) = OP (x,y) + [WC (x;,y) -V (x,y)], 17)

rze O(x,y)P ~ k¢ [(xcosd + ysind) - (1-8)x].

BrIpaskeHHe (17) HOCTATOYHO TOYHO OITHCHIBAET Pa30-
BOe paclpejeieHre HHTepPepeHUUMOHHBIX Myapo-
BBIX I10JIOC (BO BCeX MPaKTHUYeCKH Ba’skKHBIX CAy4asix).
[TomobHBIM 3Ke CIT0COOOM MOKHO HAHTH U $pa30Boe pac-
npefeeHue HHTepdepeHIIMOHHBIX 00TIOPAIIHOHHBIX
I10JI0C, IToJIy4aeMbIX 61arogapsi pa3HOCTH 4acToT MII
uIlP,,,. OTH KapTHUHBI (prc.1 1 3) byAyT 1eXKaTh B OCHOBE
JIeHCTBUS ronorpadryueckoro JaT4rKa JHHENHBIX [lepe-
MeIlleHHM. Ko/JTMMHUPOBAaHHBIM IIYUOK HU3/IyUeHHUs,
reHepUpyeMBbIH UCTOUYHHUKOM H3J1ydeHHU s, SKeCTKO CBSI-
3aHHBIM CO CUMTBIBAIOIIIE! FOJIOBKOH, ITaJaeT Ha TP, pn
u P, peleTKH. [Ipu epeMelleHHUH CYUThIBaIOIIeH
TOJIOBKU BO BpeMsI OIlpe/le/ieHU sl IMHEeHHBIX pa3MepoB
obbekTa, [[IP,,,, CMeIlaeTcsl OTHOCUTeNIBHO [P, .

B mosne uHTepdepeHILIMOHHBIX I1070C, 06pa3yro-
IIMXCS 33 pelleTKaMM, YCTaHABJIMBAIOTCSA MaTPHUIIbI
GOTOIpHeMHHKOB, KOTOPbIe PaCIIONOXKeHbl Ha TUHHUH,
MepIeHJUKYISPHOM IITPHUXaM PelleToK C L[e/Ibl0 peru-
CTpaLIMH HHTePPePeHIIHOHHBIX 0O TIOPALIIOHHBIX I10JI0C
(puc.3). CTpesIKaMU [TOKAa3aHbl HAITPAB/IeHHS CMeIleHH I

be small enough (the case most frequently encountered
in practice), expression (11) is valid not only in the XOY
plane but also at sufficiently large distances in direc-
tion of propagation of each of the interfering waves. Let
us now proceed to analyze the phase distribution of the
interference moiré fringes. Let us rewrite (11) as:

D(x,y) = OP (x,y) + [WC (x1,y) - ¥ (x,)], 12)

where ®(x,y)P = kg/cosyl(xcos¢ + ysing) - (1-8)xcosy].

It is easy to see that ®(x,y)P describes interaction of
an ideal HDG;,,,,, with an ideal IF formed by two plane
waves, while the second term of equation (11), enclosed
in square brackets, describes deviations of the phase dis-
tributions of the IF and HDG,;,, from the ideal ones. Let
us focus on the analysis of ®(x,y)P. The equation describ-
ing the configuration and location of moiré fringes in
the case of IFand HDG;,,, is as follows:

kg/cosyl(xcos¢ + ysing) - (1-8)xcosy] =2rmn,  (13)

where n is integer. Equation (13) describes a series of
equidistant lines with a period:

dy = dg cosy/(cos¢ - cosy + Scosy)?+sin’dp,  (14)
tga = -1/ cosycoslcosy(1-5) +cosl. (15)

Most interesting in practice is the case of $"1and y"1.
In this case, neglecting the values of the second order of
smallness, we have d,, = d;/¢?+6%

o ~ arctg(d/2+y2/2 - 8/ ¢). (16)

Equation (16) shows that the angle y enters as a value
of the second order of smallness as compared to ¢ and
§8; moreover, when § = y?/2, the value of a depends on
only one variable a=a(¢$). Thus, by fitting the mismatch
parameter §, we can compensate for the angle of slope
of HDG;,,,. Therefore, from now on, we will consider
only two variables: ¢, the slope angle of the HDG;, ,, bars
with respect to the fringes of the IF and the mismatch
parameter §, the period mismatch. According to expres-
sion (11), for ®(x,y) at § "land ¢ "1, WG(x1,y1) ~ ¥(x,y) and,
excluding y from consideration, we can write:

O(x,y) = OP (x,y) + [WC (x,,y) -V (x,y)], 17)

where @(x,y)P = kg [(xcos¢ + ysing) - (1-)x].

Expression (17) quite accurately describes phase dis-
tribution of interference moiré fringes (in all practically
important cases). Similarly, phase distribution of inter-
ference obturation fringes obtained due to the frequency
difference between the IF and HDG;,,, can be found in a

1ZIm
similar way. These patterns (Fig.1 and Fig.3) will make
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00TIOpallMOHHBIX (HOHUYCHBIX) I10JI0C. [IpH ABHKEHUH
OZIHOH M3 pellleTOK B 9TOM ke HaIlpaB/leHUH GOTOIIpHUeM-
HUKU [1peobpa3syoT pacrpesieneHre HHTEHCUBHOCTH
06TIOPaLIMOHHBIX I0JI0C B 3/IeKTPUYeCKHe CUTHAJIBI.
ITpy cMellleHUH CYMTBIBAOIIek TOTI0BKH OTHOBPeMEHHO
c 06’beKTOM BO BpeMsI OIIpe/ie/IeH I er0 THHEHHOTro pas-
mepa [P, cMelnaercss OTHOCHUTeNbHO [/IP ., U Ha
BBIXOZaX GOTONPHUEMHUKOB MATPUILIBl QOPMHUPYIOTCS
IepeMeHHbIe 3JIeKTPUYeCKHe CUTHAaJbl, CABUHYThHIE
o dase Ha 90°. ITH CUTHAJIBI IOCTYIIAIOT 3aTeM B 6710K
3JIGKTPOHUKH, T7e C IIOMOIIBI0 KOMIIapaTopa GpopMHU-
PYIOTCS CUETHBIE KMMIIY/IbCHI, 110 KOTOPBIM OIIpeesseTcs
JTUHEeHHBIH pa3Mep 06beKkTa UK BeJTUYKHA IIepeMelle-
HUs. OTIOpHBIE MO UITHUKHU ([IepBOK I'PyIIIIbl O IHII-
HUKOB), KeCTKO CBSI3aHHBbIe C MH/MKATOPHOM PelleTKOH,
nepeMenaloTcs 10 6a30BOM MTOBEPXHOCTH IOJJIOKKH
HM3MepHUTe/IbHOU PellleTKH U IOAIPY>KUHeHHBIN MOJ-
IIAITHUK 3TOM ke IPYIIIIbI, IlepeMela oI ICcs 10 06pat-
HOMU TI0BEPXHOCTH 3TOU IIO/IJIOKKH, II03BOJISIIOT COXPa-
HSITh ITOCTOSTHHBIM 3a30p MeXK/ly pelleTKaMH, obecrie-
Y1Bas TeM CaMbIM PaboTOCIIOCOOHOCTD AATYHKA Ha BCeM
IIPOTSKEHUH M3MepeHH s IMHEMHOro pa3Mepa obbeKTa
He3aBHCHMO OT KadeCTBa HaIlpaB/IsOIIero yCTPOLCTBa,
K KOTOPOMY 3aKperieHa IoABMKHas 4acThb JITL.

HELOCTATKU YCTPOMCTBA NPOTOTHUMA

IIpu pa3paboTKe BhIIIIe OITKCAHHOrO yCTporicTBa JIITL 6p11a
peleHa 3a1a4ya 110 yMeHbIIeHHUIO BAUAHKS HallPaBJIsIo-
KX BHEITHUX YCTPOMCTB U CO3/IaHMUSI, IIPU KOHCTPYKLIMH
nipubopa, cBoeil cOOCTBEHHOM (ABTOHOMHOF) HAIIpaBJisi-
foler, 6oyiee TOUHOM M He3aBUCHMOM OT HAIIPaBIISIO-
IIel BHEIITHEro YCTPOMCTBA, 61arogaps ueMy pesy/bTaThl
M3MepeHUs B MeHBIIIeH CTelleHH 3aBHCe/IH Obl 0T KayecTBa
HaIlpaB/IsIolIel BHEIITHEro yCTPOKCTBA (CTaHKa, ITprubopa
Y T.[.), U B KAKUX-TO IIpeiesiaX, 3aBHCe/TH JIUIIb OT Kave-
CTBa CBOEI COOCTBEHHOM. B OIMCaHHOM BBIIIIe YCTPOHCTBE
KCIIO/NBb3YeTCS aBTOHOMHAs, BCTPOeHHAs B CAMOM [1aT-
yuke JI[]I. OmMHAKO BeJIMYKHA TI000H peabHOk HallpaB-
TSII0Ier OKa3blBaeT BJMSHUE Ha pe3ysIbTaT U3MepeHHs
BeJIMYMHBI [IepPeMelleHMs UK AJIMHBL U 3TO BIHSIHHE
CyIIeCTBYeT, HeCMOTPS Ha TO, UTO Ka4eCTBO aBTOHOMHOH
HaIIpaBJIsolIel HAMHOIO BbIIlle, YeM KauyeCcTBO HaIlpaB-
JISIOIIEH BHELITHeTo YCTPOHMCTBA. [IpessioskeHHOe 60pcKoe
CTeKJIO B KaueCTBe aBTOHOMHOM HaIlpPaBJISIoNer CaMo
1o cebe, 6arogapsi TeXHONOIMH U3TOTOBJIEHMUS, 0bna-
IaeT BBICOKOM IIJIOCKOCTHOCTBEO Ha 6OIBIION J/IMHE U OHA
He TpebyeT JOIOITHUTEIbHOM U CJIOKHOM MeXaHUYeCKOk
06paboTku. TeM He MeHee, MyapoBble IIOJIOCHI IIOSIBIISI-
I0TCsI 61arosiaps CyIIeCTBOBAHHIO PeasbHBIX (He Hje-
a/IbHBIX) HAllPaB/ISIOMKX. [IpY MOSIBIeHUH U pellleHUuH
HOBBIX COBPEMEHHBIX 33/1a4 B HayKe K TeXHOJIOTMH I10CTO~
SIHHO PaCTyT U TpebOBaHMS K TOYHOCTH U pa3pelleHHI0
JIT/I, I03TOMY 3TOT BOIIPOC HY’KAAeTCs B 0C06OM pertre-
HUU. ABTOPHI JAHHOH PaboTHI Ipe/IaraoT UCKIYeHHe
BIMSIHHUS AaBTOHOMHOM HaIlPaBJISIOLeN Ha BeTUYUHY
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the basis for operation of the holographic linear displace-
ment sensor. A collimated beam of radiation, generated
by a radiation source rigidly connected to the reading
head, falls on the grating HDG;, 4 and HDG,,,,,. When
the reading head is moved during object linear measure-
ment, the HDG;,,4 moves relative to the HDG,, .

In the field of interference fringes generated behind
the gratings, the photodetector arrays are placed on a
line perpendicular to the grating strokes to record inter-
ference obturation fringes (Fig.3). The arrows show direc-
tions of the fringes (nonius) displacement. When one
of the gratings moves in the same direction the photo-
detectors convert intensity distribution of the fringes
into electrical signals. When the reading head moves
simultaneously with the object during determina-
tion of its linear size, the HDG;,4 moves relative to the
HDG;,,,,, and variable electrical signals, shifted in phase
by 90 degrees, are generated at the outputs of the matrix
photodetectors.

These signals are then fed into the electronic unit,
where a comparator generates counting pulses which
determine linear dimension of the object or the magni-
tude of its movement. The bearings (of the first bearing
group), which are rigidly connected to the indicator grat-
ing, move along the base surface of the measuring grat-
ing substrate and the spring-loaded bearing of the same
group, which moves on the reverse surface of this sub-
strate, allows of maintaining a constant gap between
the gratings, thus ensuring operability of the sensor
throughout the measurement of the linear size of the
object regardless of the guiding device quality, to which
the moving part of the HDE is fixed.

DISADVANTAGES OF THE PROTOTYPE DEVICE

In developing the above-described HDG device, the
objective was to reduce influence of the external device
guides and to create, in the device design, its own
(autonomous) guide, more accurate and independent of
the external device guide; due to it the measurement
results would be less dependent on quality of the exter-
nal device (machine, device, etc), and to some extent,
would depend only on quality of its own guide. The unit
described above uses a self-contained, in-built HDG in
the sensor itself. However, the size of any real guide has
an effect on the result of displacement or length mea-
surement and this effect exists despite the fact that
quality of the stand-alone guide is much higher than
that of the external device guide. The proposed "Borsky"
glass as a self-contained guide, itself, due to its man-
ufacturing technology, has high flatness over long
lengths and it does not require additional and com-
plex machining. Nevertheless, moiré fringes appear
due to existence of real (not perfect) guides. With emer-
gence and solution of new modern tasks in science and
technology, the demands to accuracy and resolution of
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repeMeneH s IIPU U3MePeHMH IJIMHbI OTAE/IbHOIO U3/~
Ny, PellleHye IPUHUMAETCS He IIyTeM yIy4ILIeHH I Kade-
CTBa HaIlpaBJIsOIIeH II0CPeCTBOM MeXaHHU4YeCKOok 0bpa-
OOTKH, YTO JOPOT0, UCKTIOYUTETBHO CJIOKHO K ITPAKTH-
YeCKU HeBO3MOXKHO, 0CO6eHHO ITpHU OONBIINX ATHHAX
1o MeTpa U bosiee, a IIyTeM OCYIeCTBJIEHUS B peabHOM
BpeMeHH LIUPPOBOH KOMIIEHCALIMH IIOTPeIIHOCTH, BHe-
CeHHBble HaIlpaBJIsIollell Ha BeIMYKHY llepeMelleHHs
WJIH JJIMHBL IIOBEPSIEMOr0 M/IM M3r0TaBIMBA@MOr0 H3/ie-
nus. YcrporcTso JITT (puc.4) comep>kKUT U3MepUTe/ b
HYI0 ZUPPAKIIMOHHYIO PeIIeTKY C IIOJ/I0KKOM, HH/IMKA-
TOPHYIO PeIleTKy U CYUTHIBAIOIIYIO FOJIOBKY, HCTOUHMK
M3/IyYeHU s, KOJJIMMATOP, MaTpHUIly GOTOIIPHEMHHMKOB.
JIT[ comepsKUT TaKsKe CTEK/ISHHYI0 aBTOHOMHYIO HaIlpaB-
NSOIYI0, MMeollyio 6a30By10 U 06paTHYIO IOBEPXHO-
CTH, ¥ OHA JKeCTKO IIPHCOeIHUHEHA K TOPLY HOAJIOKKH
[OP,., (puc.2). IIMHA aBTOHOMHO HaIlpaB/IsIoLIel He
MeHbllle TUHENHOIo pa3Mepa H3MepsieMoro obbexTa.
doTonpreMHUKY MaTpPHULIbI (PHC.5) yCTAHOBJIEHBI 110 [IBa
rocje IUPpaKkIiMOHHBIX PEIIeTOK B KasKAOM M3 ee IBYX
OUPPaKIMOHHBIX IIOPSIKOB, KaKABIM 13 KOTOPBIX KMeeT
0Ch I[TapaJlIe/IbHY 0 OCH ITyUKa UCTOYHHKA U3/TyUYeHHU.
Kaskpas mapa ¢poTorpreMHHUKOB yCTaHOBJIeHA CUMMe-
TPHUYHO OTHOCUTE/IBHO OCH IYYKOB KasK0ro M3 JUPpaK-
LIMOHHBIX IIOPSIIKOB U Ha TMHUH, IIeplIeHJHUKY/IsIPHON
UM ocerl. KpoMe 3TOro, JOMOTHUTEIBHO K KasK/I0H I1ape
doTonpreMHUKOB J0OaB/IeHbI 10 OHOMY GOTOIIPHEM-
HUKY, PacIIoJIO’KeHHOMY B JIa3epHOM ITyuKe, Ha OJHOH
JTUHHUHU C OJHHUM M3 HUMEIOIIHKICSI U Ha OLHHAKOBOM
OT HEero pacCTOSSHUH, PAaBHOM PACCTOSHHUIO OT IIE€PBBIX
IBYX U Ha IepIeHAUKYIsIpe K TUHUH, COeJUHSOIIeH
repsble ABa GOTOIIPHEeMHMKA C TOL JKe CTOPOHEL.
CYMTHIBAIOIAS IOIOBKA JKECTKO CBSI3aHa C IIOLBHK-
HOMU YaCThIO0 BHEIIHero yCTPOHCTBa. HeTOYHOCTh U3ro-
TOBJIEHHU S HAIIPABJIAIOIIKX, 10 KOTOPBIM [BHUTAeTCS
OflHA W3 PeLIeTOK, BIHET Ha BeJIMYKMHY IIePHOLAA Mya-
POBBIX II0JIOC, a, CIeA0BaTeIbHO, Ha BeIMYMHY CAMOI0
repeMelleHus, OIpeeseMyIo C KX [IOMOIIbI0, IIO3TOMY
JU1sl M3MEePeHM s AJIMHBI MCIIONb3YIOT He 3Ty BeJIUYUHY,
a BeJTMYMHY 06TIOPALIMOHHBIX I10/I0C, TaK KaK OHH He
3aBUCAT (MHBAPUAHTHBI) OT HAIIPaBISIOMHUX. YTOOBI
KCKJIIOYMTD IIOrPEIIHOCTD, BHOCUMY 3THM HeI0oCTaT-
KOM [aT4YHKa, HeoOXOAHMMO HCII0Ib30BaTh UealbHO
IJIOCKHE HAIIPaB/ISIOIIMe, YTO Ha IIPAKTHKE IIPaKTHYe-
CKH HeBO3MOKHO. [103TOMy B IAHHOM yCTPOKCTBe IIpeJ-
JIaraeTCs UCKIIOYHTD 3Ty IOIPEIIHOCTD ITyTEM €€ BhIUM-
TaHUS U3 00IIeN BeJIMUHHEI IlepeMellleHus. TakKuM
06pasom, ¢ ydeTom Toro, 4To JIIJ] ocyIecTBIseT U3Me-
peHUs THHEeHNHBIX [TlepeMeIleHH I ToCPeICTBOM 00T~
PaLIMOHHBIX II0JI0C, Ie A g~ ICTUHHASA BeJIMYKHA [Iepe-
MelleHK s, BHOCHMAas IIPU OlpefeeHUH BeIUYHMHbBI
repeMeleH s IOCPeACTBOM 06TIOPAIMOHHBIX I10I0C,
a SHaHP,Oﬁ' - BeJIMYKMHA IIOTPEIIHOCTH IepeMelleHusl,
TO BHOCHMas OOTIOPAIJMOHHBIMU II0JIOCAMHU 3a CUET
KCII0/Ib30BaHM L HETOUHBIX HAIIPAB/IAIOIIMX:

L 919.%99.49%

e N __

Puc.4. lamyuk AUHelHbIX nepemell,eHul
Fig.4. Linear displacement encoder

HDGs are constantly increasing, so this issue needs a
special solution. The authors of this paper propose to
eliminate the influence of an autonomous guide on the
displacement value when measuring the length of an
individual article. The solution is not to improve qual-
ity of the guide by machining, which is expensive,
extremely difficult and impractical, particularly for
longer lengths of up to a metre or more, but by imple-
menting real-time digital compensation for the error
introduced by the guide by movement or length of the
item being verified or manufactured. The HDG device
(Fig.4) contains a measuring diffraction grating with
a substrate, an indicator grating and a reading head,
an emission source, a collimator, and a matrix of pho-
todetectors. The HDG also contains a glass autonomous
guide that has a base and a back surface, and is rigidly
attached to the end face of the HDG;, ,, substrate (Fig.2).

Puc.5. PacnonoxeHue pomonpuemHukos 8 JIr[j
Fig.5. Arrangement of photodetectors in LHS
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A Do +8 (18)

nepem.o6* ~ Harp.o6. *

B cBs3M € TeM, YTO IIPU U3MEPEeHHHU IIepeMelleHus
[IOCPeACTBOM OOTIOpAallMOHHBIX I10JI0C OCh MO UIKII-
HMKOB, IIOCPEeACTBOM KOTOPBIX OJHA pelleTKa Iepe-
MeIllaeTCsl I10 HAaIlpaBJISIIoIell OTHOCUTE/IBHO IPYIoH,
[epHeHAUKYAsSPHA HAlPaBJIeHUIO IlepeMelleHu s,
Y pelreTka MOKeT HaKJIOHAThCSA TOJAbKO B HaIlpaB-
JTeHHUHU IepeMellleHUs, TO IPHU JAaHHOH KOHCTPYK-
nuu JIT/ BeIuUYKHa SHaHp.oﬁ‘ =0 M Apepen.o6. = Dos.» ITO
03HavaeT, 4TO 0OTIOpPALIMOHHBIE [10JIOCHL 3TOrO AaT-
YMKa He3aBUCHUMBbI (MHBapHUAHTHBI) OT KauecTBa cob-
CTBeHHOM HampasJsomei. C Ipyrow CTOPOHEL, BeJIy-
YHHA [lepeMellleHH s, [Io/IyYeHHas IIPU perucTpaluu
MYapOBBIX IIOJIOC Ayepey ., B PAMKaX HOBOBBE/IEH-
HOTO IaT4YKKa Ha b6a3e poTonpreMHUKOB 7 U 8 (puc.5)
clenyouas:

A

A, +8 (19)

nepeM.M. . =M HaIp.Mm?

rge A, - BeJMYHHA CAMOIO IIepeMelleHus, B CIy-
4yae ee ompejesieHHs [I0CPeICTBOM MYapOBBIX I10JI0C,
a 8Hanp‘M‘ - IOIIOJIHMTe/IbHAS BeJIMYKMHA IlepeMelle-
HUS, BHOCHUMas B HEM 3a CUeT MCII0JIb30BaHU A HeTOY-
HBIX HaIlPaB/IAIIUX. B Ipef1okeHHOe YCTPOKUCTBO
JITl uMmeeTCs BOSMOXKHOCTb OIpe/e/uTh BeIUYHHY
SHaHp,M‘, HCIIO/IB3YS JaTUUKH Ha 6ase GoTONpHEeMHU-
KOB 5, 7 1 6, 8. B 3TOM Ciy4yae UCTHUHHYIO BeTUYHUHY
nepeMeleHU s MOKHO HAUTH CJIefyIOIUM 06pa3om:
A A

nepem. ~ S06. 8HaHp‘M.’ (20)

rme

8 A ArxepeM.oG.)‘ 1)

HaOp.M. ( nepeM.M.

Yerporctso JIT], (puc.4) paboTaeT cienymomuMm
obpa3oM: MOJYyIPOBOAHUKOBBIM sna3ep 1 (puc.5)
M3JlydaeT KOTePeHTHBIM /Jy4, HallpaBJeHHBbH
Ha KoJJIUMaTop, dopMUpywUUH cnabo pacxons-
MUHCS Ayd. PacXogsMUICs Jyd Mo3BossieT pabo-
TaTh KakK C '0OTIOPALIMOHHBIMHU", TaK U C 'Myapo-
BBIMHU" Ion0CaMHU [3]. DTOT ny4 HampaBiseTCs
Ha ['AP,,, 3 u TAP,,, 4 nox yriom bparra. B ciy-
vae [IP ¢ 1000 mTpux/MM, 3TO yroia mopsigka 20°.
[Tocne nudpakuuu Ha I/IP ., pelIeTKy 3 CBeT ajaer
Ha [P, pemeTky 4. B JaHHOM KOHKDETHOM Ci1y4dae
anuHa TP, ., paBHa 1000 MM, PemeTku 3 1 4 mtapaii-
nenbHBl APYr APYTry. Konnumatop HeobxoouM
[JIsl TOYHOM HAaCTPOMKH Iepuoja HHTepdepeH-
LIMOHHBIX 0OTIOPallMOHHEIX II0JIOC. B ciydae pac-
XO[sIIerocs Iy4dka jgas3epa IIepuoj MTPUXOB Iep-
BOM NUPPAaKIHMOHHOMU peIeTKH 3 yBeJIHUYHBa-
eTcs [0 Mepe OTAajeHHs 3TOHN pelleTKH OT BTOPOH
pemreTku 4. TakuM obpa3omM, MeHsSeTCs 4acToTa
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The length of the self-contained guide is not less than
the linear size of the object to be measured. The photo-
detectors of the matrix (Fig.5) are mounted in two after
the diffraction gratings in each of its two diffraction
orders, each with the axis parallel to the beam axis of
the radiation source.

Each pair of photodetectors is mounted symmetrically
about the beam axis of each of the diffraction orders and
along the line perpendicular to their axes. In addition,
one photodetector is added to each pair of photodetec-
tors, located in the laser beam, on the same line as one of
the existing ones and at the same distance from it, equal
to the distance from the first two and perpendicularly to
the line connecting the first two photodetectors from the
same side.

The reading head is rigidly connected to the moving
part of the external device. Inaccuracy of the guides,
along which one of the gratings moves, affects the value
of the moiré fringe period and hence the value of move-
ment itself, which is determined by them, so that not
this value but the value of the obturation fringes is used
for length measurement, since they are independent
(invariant) of the guides. In order to eliminate the error
introduced by this disadvantage it is necessary to use
perfectly flat guides, which is practically impossible in
practice. It is therefore proposed that this error is elimi-
nated in this unit by subtracting it from the total value
of displacement. Thus, in view of the fact that the HDG
measures linear displacement by means of obturator
strips, where A 4 is the true value of displacement intro-
duced by the obturator strips, and 8, 6. is the amount
of displacement error introduced by the obturation strips
through the use of inaccurate guides:

A

Dys+8 (18)

nepem.o6. — Hamp.o6.

Since the axis of the bearings, serving to move one
grating along the guide relative to the other is per-
pendicular to the movement direction, and the grat-
ing can only tilt in the direction of movement, at this
HDG design the value of 8, ., ,6. = 0 and B repent.o6. = Do,
which means that the obturator strips of this sensor are
independent (invariant) of the quality of its own guide.
On the other hand, the displacement value obtained by
recording the moiré fringes Apepey ., Within the frame-
work of the new sensor based on photodetectors 7 and 8
(Fig.5) is as follows:

A

A, +8 (19)

nepem.m ~ Sm T Omanp.m.»

where A, is the magnitude of the displacement itself,
in case it is determined by means of moiré fringes, and
Syanp.n. 18 the additional magnitude of displacement
introduced by the use of inaccurate guides. In the pro-

posed HDG device it is possible to determine the value of
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Puc.6. Bud cuHycoud om ¢omonpuemHUKO8
Fig.6. View of the sine wave from the photodetectors

NPOeKTHUPYeMbIX HITPUXOB II€PBOH pelleTKH 6ia-
rogaps AMGpaKkLUHU B IIJIOCKOCTH BTOPOK pelleTKH.
PasHOCTh MeXAy IepUuoOLgaMHU H3MepUTeJb-
HOM U MHJWKATOPHOM pelleTKaMH oI pejessieT
nepurof 06TIOPAallMOHHBIX I10/10C, 06pa3oBaHHBIX
3a pemeTKaMM. DTH II0JIOCHI, ITomajgas Ha GoTo-
IIpUEeMHHUKHU 5 U 6, CO3MAI0T CUHYCOHULAIbHBIE CUT~
Hael (puc.6). POTOIpUEeMHUKHU 5 U 6 YCTAHOB/IEHEI
Ha JIMHUU MHBapHaHTa, KOTOpas IepHeHIHUKY-
JISpHA WITPUXAM pelIeTOK. B ciy4Yae MCIOIb30Ba~
HUS H/lea/IbHO IIJIOCKOW HAIlpaBJIsIONer BeJIMYHHA
nepemenieHus JI/, onpenensemMas o6TIOpallHoOH-
HBIMHU II07I0CaMU, OyJeT COOTBETCTBOBATh UCTH-
HOM BeJIMYHHe NlepeMellleHHUs. Bel6HpaoT MUPUHY
HHTepbepeHIIHOHHEIX II0JI0C TaKUM obpasom,
4uTO6BI Ba GOTONPHUEMHHUKA U3 KasK/I0K MaTPHUIBI
boTOnpUEeMHHMKOB CO3[4aBaiyd ABa CUrHAJaA, COABHU-
HYTHIX Ha 90°. CaBUT Ha 90° HeobXoOUM I orpe-
JeleHHWs HallpaB/JIeHHs IepeMelleHHs KapeTKH
(peBepca) u AN AaNbHEeHIIeN HHTEPIOASLIUU CUT-
HaJIOB, YTO CYyL[eCTBEHHO IIOBhHIIIAET pa3pelleHue
Jatyrka. POTONpUEMHUKH 7 U 8 YCTAHOBJIEHBI
Ha JUHHUH, NepHeHIUKYASAPHON JHUHUN UHBApHU-
aHTa W Iapa/lyleIbHOM WTpUXaM. IIpy ABHKeHHUH
AP, BOSHHUKAET 6eryma51 CHHYyCOMIaA.
KoHTponHpoBaTh CABUT Ha 90° BO BpeM s HACTPOMKHU
Haubosee ynobHo c momMompio MeToma GUIYP
“nccaxy"” (puc.7). Heo6xoguMo Mmony4uTh GUIYPy
"llnccaky" B BHJe Kpyra Kak oT IIapsl GOTOIpHreM-
HHUKOB 5 U 7, TaK U OT Iapkl GOTOIIPUEeMHUKOB 6-8.
B TakoM ciy4yae yCTPOMCTBO OyJeT CUMTBIBATh KaK
06TIOpallOHHBIE, IIOCPeICTBOM Iaphl POTONPHEMHU-
KOB 5 ¥ 6, TAaK ¥ MyapOBBbIe I10JIOCHI IIOCPeACTBOM POTO-
IIPHEeMHHKOB 5-7 1 6-8. [IpyyeM IpH OAHOM H TOM
’Ke IlepeMellleHUH 110 H/lea/IbHOM HallpaBJIsoIler HX
BeJIMUMHBI OyyT paBHBI, TO ecTb A, = A s IIpu Heu-
TeaIbHOM HAIIPAB/ISIONEH HX Pa3HHULA PaBHA §

HaIp.M.*

AHEPEM.M. ~Dog. = 8Halnp.M. (22)

Syanp.u. Using the sensors based on photodetectors 5, 7
and 6, 8. In this case, the true value of displacement can
be found as follows:

A = A06. -6

mepem.

(20)

HaIp.M.’

where

8 @A Ar[epeM.oﬁ.)‘ (21)

Harp.m. ~ \Prepem.m.

HDG device (Fig.4) functions as follows: semicon-
ductor laser 1 (Fig.5) emits a coherent beam directed
at a collimator forming a slightly divergent beam. The
divergent beam allows operation with both "obturator”
and "moiré" bands [3]. This beam is directed onto HDG
3and HDG 4 at a Bragg angle. In the case of HDRs with
1000 strokes/mm, it is an angle of about 20 degrees.
After diffraction onto HDG,,,, grating 3, the light
falls onto HDG; 4 grating 4. In this particular case the
length of the CDG;,,, is 1,000 mm. Cratings 3and 4 are
parallel to each other. A collimator is necessary to fine-
tune the interference fringes period. In case of a diver-
gent laser beam, the period of strokes of the first dif-
fraction grating 3 increases as this grating gets farther
away from the second grating 4. Thus, the frequency
of the projected bars of the first grating changes due
to diffraction in the plane of the second grating. The
difference between the periods of the measuring
and indicating gratings determines the period of the
obturation bands formed behind the gratings. These
bands, hitting the photodetectors 5 and 6, create
sinusoidal signals (Fig.6). Photodetectors 5 and 6 are
mounted on the invariant line, which is perpendicu-
lar to the grating bars. In case of a perfectly flat guide,
the magnitude of HDGC displacement determined by
the obturator fringes will correspond to the true dis-
placement magnitude. Select the width of the inter-
ference fringes so that two photodetectors from each
photodetector matrix, produce two signals shifted by
90 degrees. A shift of 90 degrees is necessary to deter-
mine direction of carriage movement (reversal) and
for further interpolation of the signals, which greatly
increases resolution of the sensor. Photodetectors 7 and
8 are mounted on a line perpendicular to the invariant
line and parallel to the strokes. A running sine wave is
produced when the HDG; 4 moves.

It is most convenient to control the 90 degree shift
during adjustment using the Lissajous figure method
(Fig.7). It is necessary to obtain a Lissajous figure in the
form of a circle from both photodetector pair 5 and 7
and from photodetector pair 6-8. In that case the device
would read both obturatorial, by means of a pair of pho-
todetectors 5 and 6, and moiré stripes by means of photo-
detectors 5-7 and 6-8. At the same movement along the
ideal guideline their magnitudes will be equal, i.e. A,, =
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B mpejnaraeMoM aBTOpPaMH YCTPOUCTBE Oyypp .
He OKa3blBaeT BIAMAHHE Ha H3MePIeMYI0 BeJIMYUHY
JIJIMHBL IIepeMelleHKu s pa3sMelleHuss GOoTOIpUeMHHU-
KOB 5 4 6 Ha JIMHUY MHBAPHAHTHOCTHU. B TaHHOM CJ1y-
Yae TakKe He3aBHCHMO APYT OT Apyra CUMTHIBAKTCS
nepeMelnleHHs: 06TIOPALIMOHHBIX K MYapOBBIX I10JI0C
[IOCPeICTBOM IBYX SATYMKOB, COOTBETCTBEHHO OOHH
Ha 6a3e poTonpHeMHHUKOB 5 U 6, a APyrox Ha base
doTonmpueMHUKOB 7 1 8. YUUTBIBas ypaBHeHUe (21)
B Ka’K[,0U TOUKe IlepeMelleHHs U B PeaJbHOM Mac-
mTabe BpeMeHH C IIOMOIIbIO COOTBETCTBYIOIIEH LUd-
POBOI IIPOrpaMMBbI, MBI MOXKeM HaXOJHUTb HIHHY
HCTHHHOTO IIepeMeIeHUS Aepey, BRIUATAS U3 BEJIH-
YUHBL Ao BRIAL Oy o, OTIPE/IEIISIS €I0 C IIOMOIILBIO
MyapOBbIX U 00TIOPALIMOHHBIX [10JIOC COIJIACHO BHIPA-
skeHU1o (20).

BbIBO/bI

JIMHeMHBIN HAaHOM3MePUTeNbHBIH roorpaduyuecKui
matyuk JITI Ha 6ase rojorpadpudeckux AUpaKkIIMOH-
HBIX pellleToK, B COOTBETCTBUHU C U300peTeHUeM [4],
ob1azaeT BBICOKMMU METPOIOrMYeCKUMU XapaKTe-
PHUCTHKaMHM, TaK KaK HMeeT BO3MOKXHOCTb MCKIIIO-
YUTh BIMSIHHE aBTOHOMHOM HallpaB/sIoller Ha Belt-
YKHY IlepeMelleHHsI. TaKOM JaTYHK II0JTHOCTBIO 3aMe-
HsleT 1106ble aHaIOr K MOJ0OHBIX JATUHKOB THHEMHBIX
repeMeIeHH .

NHOOPMALIUA O PELLEH3UPOBAHUN

Pepmakuus 61aromapuT aHOHHMHOIO PelleH3eHTa
(pelLieH3eHTOB) 33 UX BK/IaJ, B PelleH3UpOBaHUe 3TOM
paboThl, a TaKksKe 33 pa3MellleHHe CTaTel Ha caiTe Kyp-
Haja ¥ Iepefady Mx B 3JIeKTPOHHOM BHe B HIb eLl-
BRARY.RU.

Jekaapauus o KoH(AUKMe uHmepecos. Asmopel 309842t 06
omcymcmauu KOHPAUKMO8 UHMepecos UAL AUMHBIX OMHOWeHU,
Komopble Mo2Au bbl nosAuamb Ha pabomy, npedcmasAerHyto 8 daH-
Holl cmambe.
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Puc.7. ®uzypa "Jluccaxy"
Fig.7. Lissajous figure

Ays.. With a non-ideal guideline their difference is equal
tod

Hamp.M.*

A Ay =8 22)

nepem.M. HaIp. M.

In the device proposed by the authors, §,, ., ,, hasno
influence on the measured value of the displacement
length of photodetectors 5 and 6 along the invariance
line. In this case, also independently of each other the
displacements of obturation and moiré fringes are read
by means of two sensors, respectively one sensor is based
on photodetectors 5 and 6, and another is based on pho-
todetectors 7 and 8. Considering equation (21) at each dis-
placement point and in real time with the help of appro-
priate digital software, we can find the length of the
true displacement A, by subtracting the contribu-
tion & from the value A4 by determining it with

. CHAmp.M. c . K
moiré and obturator strips according to expression (20).

CONCLUSIONS

Linear nano-measuring holographic sensor based on
holographic diffraction gratings, according to inven-
tion [4], has high metrological characteristics, as it is
able to eliminate influence of an autonomous guide on
the magnitude of movement. Such sensor completely
replaces any analogues of similar linear motion sensors.
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