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Abstract
Introduction. When operating high-precision measurement setups, the reliability of measurements needs to
be guaranteed. The displacement of elements from the measurement path can lead to a distortion of meas-
urement results, especially in measurement setups operating in the microwave range. In order to ensure
measurement reliability, the positions of elements in the measurement setup needs to be monitored. The mon-
itoring should be per-formed during the measurement. The control device, which should be connected to the
automatic control sys-tem of the measurement setup, should neither mechanically affect the setup elements
nor introduce any interference. Currently used control systems for the technical characteristics do not meet the
necessary requirements.
Objective. To design a control system which allows for the monitoring of displacements of elements in a high
precision measuring setup with an accuracy of 1.0 - 10™* mm and digital signal processing. The control system
thus designed should neither mechanically affect the controlled elements nor introduce electrical and electro-
magnetic interferences.
Materials and methods. The system thus designed utilises optical methods for displacement monitoring
based on the principles of geometric optics. Mathematical modelling (Mathcad) methods were used to deter-
mine the reaction of the system to changes in the beam trajectory and to estimate the sensitivity of the optical
control system. Charge-coupled devices (CCD) were used to record the system response to optical path changes.
Results. The study presents two designs of a control system for the displacement monitoring of high precision
measurement setup elements. The first system design allows for the detection of the occurrence of displacement,
while the second system design allows for the identification of the displaced element. The system is capable of regis-
tering displacements of elements up to an accuracy of 1.0 - 10* mm and monitoring the position of elements while
exposed to vibration. The system does not mechanically or electromagnetically affect the con-trolled elements. All
system elements are resistant to microwave radiation and increased background radiation, excluding the CCD which
needs to be placed outside the active zone. The monitoring system for movements of elements in the high-precision
measuring setup allows for digital signal processing. The study proposes a method to increase system accuracy.
Conclusion. The system can be used in setups with increased microwave, x-ray and radiation emission. In compari-
son with systems based on other physical principles (inductive, capacitive and rheostat), the system thus developed
is much easier to implement.
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AHHOTaUmA
BBepeHue. MNpn sKcnayaTaumm BbICOKOTOUHBIX N3MEPUTENbHbBIX CTEHAO0B HEOBXOANMO 0becneyunTs AOCTOBEp-
HOCTb V3MepeHnid. I3MeHeHre pacnonoXeHns 31eMeHTOB U3MepUTebHOro TpakTa, 0CObeHHO B CTeHAAX, pa-
6oTatowmx B CBY-granasoHe, NPUBOAUT K UCKaXEHUIO MOAyYeHHbIX pe3ynbTaToB M3MepeHuin. Ans AocTumxe-
HWSA AOCTOBEPHOCTN M3MEPEeHN i HEOBXOAMMO KOHTPOIMPOBAaTL PACMO/IOXKEHNE 3/1IEMEHTOB U3MepUTeNbHOro
cTeHAa. KoHTponb fomkeH NpOBOANTLCS B NpoLecce U3MepeHus, YCTPOMCTBO KOHTPOS AO/MKHO NOAKN0YaTL-
€S K aBTOMaTU4YeCKOl cucteMe ynpas/ieHUs M3MepuUTe/lbHbIM CTEHOM. YCTPOMCTBO He JO/KHO BO3AENCTBO-
BaTb MeXaHW4ecky Ha 3N1eMeHTbl CTeH/a U He NPUBHOCUTL Momex. B HacTosLee BpeMsi NCNo/ib3yeMble cucTe-
Mbl KOHTPOJIH MO COBOKYMHOCTU TEXHNYECKNX XapaKTEPUCTUK He COOTBETCTBYHOT HEOOXOAMMbIM TPe6oBaHNAM.
Lene paboTbl. PaspaboTka cucTeMbl KOHTPONS NepemMeLLeHUI 31eMeHTOB BbICOKOTOUHOMO U3MepUTEIbHOMO CTeH-
4a C TOYHOCTbH 1.0 - 1074 MM, He OKa3blBatoLLeli MeXaHNYEeCKOro BO3AENCTBUS Ha KOHTPOIMPYEMbIE S/1eMEHThI U He
BHOCSLLIE SN1eKTPUYECKNX U SNEKTPOMArHUTHLIX MOMeX C BO3MOXHOCTbIO LMGpoBOi 06paboTkm curHana.
MaTepuanbl n MeToAbl. B paspaboTaHHOW c1MCTeMe MCMO/b30BaHbl ONTUYECKMe MeTOAbl KOHTPONA nepeme-
LLeHWA, OCHOBaHHble Ha reoMeTpu4Yeckon onTuke. MeTogamMu mMaTemMaTUyeckoro MogenmpoBaHua (Mathcad)
onpegeneHbl peakumn CUCTEMbl Ha U3MEHeHMe TPaekTopUKX lyda U OLeHeHa YyBCTBUTENbHOCTE ONTUYECKON
CNCTeMbl KOHTPOANA. [na perncrpaummn peakumm CUCTemMbl Ha M3MeHeHMe MOJIOXKEeHUS ONTUYEeCKoro nyTm uc-
No/b3YHTCA NPUBOPBI C 3apSA0BOL CBA3bLIO.
Pe3ynbTaTtbl. Pa3paboTaHbl 2 BapnaHTa CUCTeMbl KOHTPOAS. B nepBoM BapuaHTe cructeMa Nno3BOsEeT perncTpu-
poBaTb W3MEHEHNS B PACMONOXEHWN 3N1eMeHTOB CTeH/AA, BO BTOPOM — UAEHTUPULIMPOBATL 31EMEHT, U3MEHUB-
LKA reomeTpuyeckoe nonoxeHue. Cnuctema CNocobHa PerncTpypoBaTb NepemMeLleHns 3/1eMeHTOB CTeHAa Ha
1.0 10 MM 1 KOHTPONMPOBAaTL PACMONIOKEHWS SNEMEHTOB CTEHAA NMpY BUBpaLMOHHOM Bo3geicTBum. Cuctema
He OKa3blBaeT MeXaHNYeCcKoro 1 31eKTPOMarHUTHOro BO3AeNCTBUS Ha 31eMeHTbI CTeH/Aa. Bce 3neMeHThl cncteMsl
He YyBCTBUTENIbHbI K BO3elcTBMNi0 CBY-131yYeHns 1 NOBbILLEHHOMO PajnaLmMoHHOro ¢oHa, 3a UCKIYEeHNEM
npubopa ¢ 3apsA0BOIA CBA3bI, KOTOPLIV JO/MKEH pacrnonarateCs BHe 30Hbl 061yveHns. Cnuctema KOHTPoNs nepe-
MeLLEeHNA 31eMEeHTOB BbICOKOTOUYHOIO M3MEePUTENBHOrO CTeHAa MO3BOSET MPOU3BOANTL LIMGPOBYD 06paboTky
curHana. MNMpeganoxeH cnocob NoBbILLEHNS TOYHOCTU CUCTEMBI.
3akstoueHue. CrcteMa MOXET 1CMOob30BaThCA B CTeHAAX € NnoBbllleHHbIM CBY-, peHTreHoBCKMM 1 paanaLMoH-
HbIM M3/lyYeHneM. B cpaBHeHUW € cucTeMamm, OCHOBAHHBIMU Ha ApYrix GU3NYecknxX npuHumMnax (MHAYKTUBHbIRA,
€MKOCTHOW 1 peoCTaTHbI) paspaboTaHHas CUCTEMA 3HAUNTENIbHO MPOLLE B Peanmn3aLmi.

KntoueBble cNoBa: KOHTPOJb NepeMeLLEeHWA, KOHTPOb CTPYKTYPHOW LiefIoCTHOCTM, ONTUYecKas CUCTEMA KOH-
TPONS, U3MEPUTENbHBIV CTEH]
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Introduction. The development of high preci-
sion measurement devices with increasing require-
ments for reliability has led to demands for new con-
trol systems to monitor measurement setup states and
displacements of its constituent elements. In particu-
lar, these requirements apply to setups operating in
the microwave range. In this case, the monitoring
systems should not affect the controlled parts me-
chanically, nor by introducing electrical and electro-
magnetic interference [1].

In addition to setups working with microwave
devices, there is a need for the precise monitoring of
the position of setup elements in the field associated
with holography, especially when studying the prop-
erties of newly formed structures. For example, re-
searchers have emphasised the importance of resolv-
ing problems associated with the alignment of optical
elements which can arise due to the high sensitivity
of these devices to external mechanical effects. For
example, when developing setups to study interfer-
ence properties of layered structures based on bacte-
riorhodopsin [2].

At the present time, the main monitoring meth-
ods for the displacement monitoring in experimental
setups are:

— inductive methods based on the conversion of
the displacement of elements being monitored into
changes in electric circuit inductance;

— capacitive methods based on the conversion of dis-
placement into changes in electric circuit capacitance;

— resistive methods based on the conversion dis-
placement into changes in the position of precision
potentiometer wiper [3].

Ultrasonic displacement sensors and accelerome-
ters mounted on controlled elements are also used for
the displacement monitoring. Ultrasonic sensors
measure the time before the arrival of the ultrasonic
pulse reflected from the controlled element [4].

Pneumatic transducers are also used to measure
the displacement of elements. The working principle
is based on compressed air flow changes due to line-
ar displacements of the controlled elements. Air flow
varies due to changes in the cross section of the ex-
haust channel passage. Thus, information about the
displacement of the controlled element can be ob-
tained by measuring the air flow under constant pres-
sure. Pneumatic control systems for displacement
monitoring are highly accurate and relatively small
in size, but their application requires the use of a
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constant pressure air network which in some cases can
be difficult. In addition, the inertia of pneumatic sys-
tems adversely affects their performance and can lead
to problems when controlling vibration effects [5].

The study describes an attempt to solve the prob-
lem of displacement control by using optical control
systems [6-8]. The most common optical control
methods for linear displacement monitoring are based
on the diffraction and interference phenomena [9].

The working principle of laser interferometers is
based on a summation of two coherent beams from
one laser radiation source. In this case, the first beam
path remains unchanged, while the second beam path
depends on the distance to the controlled element.
Thus, the change in distance leads to a redistribution
of intensities and a total flux increase or decrease (de-
pending on the phase difference). The disadvantages
of interferometers include their sensitivity to vibra-
tions, the requirement for an undistorted reference
coherent wave, and difficulty in the processing of in-
terferograms [10, 11].

Diffraction displacement sensors are based on a
shift in interference fringes when a controlled element
is displaced. The disadvantages of such type of devices
include insufficient accuracy, large dimensions and high
requirements for radiation source coherence [12].

Another method of measuring distances consists of
laser rangefinders based on measuring phase shifts be-
tween emitted and reflected signals (continuous mode),
or time intervals between emitted and reflected pulses
(pulse mode) [13]. A serious disadvantage of such de-
vices is the difficulty of their application at short dis-
tances [14].

A common disadvantage of the above devices is
their insufficient sensitivity. This requires a more com-
plex system and the use of expensive high precision
components.

Description of the working principle of the op-
tical control system for displacement monitoring
of elements in the measurement setup. A solution
which allows for the removal of the disadvantages
associated with the insufficient sensitivity of the
measurement system and the need to use expensive
components is a development of an optical control
system using the optical multiplier and reflection of a
laser beam from a curved surface [15] (Fig. 1).

The system consists of the following parts: laser
6 located on the base site 1 and emits the laser beam
7; controlled elements 2—4 with mirrors 8-10 mount-
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Fig. 1. Optical control system for monitoring of the measurement setup elements displacement relative to each other:
1 — base site; 2-4 — controlled elements; 5 — multiplier; 6 — laser; 7 — laser beam; 8-10 — mirrors mounted on the controlled
elements; 11 — corrective reflector; 12, 13 — multiplier mirror system; 14 — CCD.

ed on them; corrective reflector 11; multiplier 5 with
mirror system 12, 13 and charge-coupled device
(CCD) 14.

The proposed optical control system for monitor-
ing the measurement of the displacement of setup
elements 2—4 relative to each other works as follows:
laser 6 is installed on the setup base site and gener-
ates a light beam 7, which is successively reflected
from the mirrors 8-10, which are mounted on the
controlled elements, and enters the corrective reflec-
tor 11. Next, the laser beam 7 repeatedly reflects
from the mirrors 12 and 13 and enters the CCD 14.

Curved mirror surfaces should be used as mirrors
8-10 to avoid mutual compensation occurring when
one element displacement is compensated by dis-
placement of the other or when a displacement oc-
curs along a mirror surface.

The control system for displacement monitoring
of measurement setup elements as shown in Fig. 1, is
easy to implement.

A mirror holder (Fig. 2) has been developed for
the accurate positioning of the laser beam. The mir-
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ror holder is equipped with hinged clamps 4-6,
which allow mirror 2 to be mounted in the required
position. The reflection angle is set by using a mi-
crometre screw located in the upper part of the mir-

Fig. 2. Mirror holder: 1, 3 — beam guides; 2 — mirror;
4-6 — hinged clamps; 7 — mounting pad.
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Fig. 3. Corrective reflector:
1 — curved mirror; 2-4 — hinged clamps; 5 — mounting pad.

ror holder. The laser beam propagates along the beam
guides 1, 3. The mirror holder is mounted on the con-
trolled element by using the mounting pad 7.

The corrective reflector thus designed (Fig. 3)
consists of a spherical or cylindrical curved mirror 1
located in the frame. The corrective reflector design
includes the hinged clamps 2—4 for adjusting its posi-
tion in space and micrometre screw for its fine
alignment. The corrective reflector is mounted by
using the mounting pad 5*.

Optical system for monitoring the displace-
ment of measurement setup elements relative to
the base point. One of the disadvantages of the opti-
cal control system described herein for displacement
monitoring of measurement setup elements is the
possibility of registering the displacement of con-
trolled elements as a single design, while missing
information concerning the displacement of an indi-
vidual setup element. This issue can lead to compli-
cations in troubleshooting. This study proposes a
control system for monitoring the displacement of
individual setup elements relative to the base point.

The working principle of the optical control sys-
tem for monitoring the measurement of displacement
of setup elements relative to the base point (Fig. 4) is
as follows: lasers 6a, 6b, 6¢ emit laser beams 7a, 7b,
7c of different wavelengths. Each of these beams is
incident on one of the mirrors 8-10 mounted on the
various controlled elements of the setup 8-10, then it

*

In Fig. 1 and 4, the mirror holders and corrective reflector are
shown schematically.
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is reflected from the corrective reflector 11, mirrors
12, 13 of the multiplier 5, and hits the CCD 14. The
different beam wavelengths allow for the registering
the displacement of each controlled element relative
to the laser base point 15.

In the event of insufficient CCD resolution for
colour separation, several CCDs can be used for each
controlled element.

Sensitivity of the optical system for
displacement monitoring of high precision
measurement setup elements. The sensitivity of the
optical control system designed herein is determined
by the optical multiplier mirrors system in accord-
ance with the beam path in the multiplier (Fig. 5).

The optical multiplier mirror system 12, 13 in-
creases the displacement of the laser beam 7 spot on
the CCD 14 in a limited range, as well as dependent
on the inclination angle B change, thereby increasing
system sensitivity.

As shown in Fig. 5, the optical multiplier sensi-
tivity p is determined by the dependence of the dis-
placement x change on the angle  change.

Fig. 5 also shows that displacement magnitude is
defined as b = atgp, where a is the distance between
the mirrors; P is the angle between the optical beam
and axis OA. Then, for the total optical beam dis-
placement x after n reflections, we obtain:

x=[(n+1a+h]tgp, 1)

where h is the distance between the CCD 14 and mir-
ror 12.

For the optical multiplier sensitivity w=dx/dp
by using (1), we obtain:

(n+1a+h

= (2)

cos” B

The displacement Ax of the laser beam spot on
CCD 14 is determined as:

Ax=[(n+Da+h]tg(B+AB)-[(n+Da+h]tgp, (3)

where AP (Fig. 5) is the angle B increment.
The value Ax is determined from (3) by using an
approximate expression for sensitivity and equation (2):

Thus, for example, when AB=2-10° rad,
a=500 mm, h=0 and n=100 in accordance with
(4) we obtain Ax=1.01 mm.
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Fig. 4. Optical control system for monitoring of the measurement setup elements displacement relative to the base point:
1 —base site; 2—4 — controlled elements; 5 — multiplier; 6a—6c¢ — lasers; 7a—7c — laser beams with different wavelengths; 8-10 —
mirrors mounted on the controlled elements; 11 — corrective reflector; 12, 13 — mirror system;
14 — CCD; 15 — base point

The change in the position of the light beam spot
on CCD by 1.01 mm is sufficient to determine the
presence or absence of displacement of setup ele-
ments relative to each other.

At the deflection angle of AB=2-10"rad, we ob-
tain Ax=0.101 mm.

The number of illuminated pixels when the laser
beam spot displacement equals Ax=0.101 mm is
(2181/25.4)0/101=8, even when using a CCD with a
relatively low density of photosensitive elements (for
example, Kodak 1D [16] with resolution of 2181 DPI
(about 85.6 dots per millimeter)). This is sufficient to
capture the light beam deflection.

The 7 pixels respond at the deflection angle of
AB=2-10"" rad when CCD with a high pixel density
(OmniVision iPhone 4s with 18100 DPI or 712.598
pixels per millimeter resolution [16]) is used.

The proposed method for the displacement moni-
toring of measurement setup elements allows for the
accurate determination of the deflection angle equal
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to Ap=2-107 rad by using CCD with the density of
18100 DPI, distance between mirrors of 500 mm and
hundredfold reflection in an optical multiplier.

The proposed method allows it to be used as a
control and measuring system for determining dis-
placement of elements, in addition to registering the
presence of displacements in setup elements. To this
end, the dependence of the deflection angle B (Fig. 5)
on the displacement x4 (Fig. 6) of the mirror (for

example, 8) mounted on the controlled element and
the radius R of the corrective reflector 11 (see Fig. 1)
needs to be defined.

The principle of using the proposed system as
control and measuring device lies in mounting mir-
rors at an angle known in advance (Fig. 6) and de-
termining the dependence of the light beam spot po-
sition on CCD on the controlled element displace-
ment Xy .

It should be noted that the working principle of
the proposed method for displacements monitoring
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Fig. 5. Multiplier beam path: 12, 13 —mirror system; 14 — CCD.

allows, if necessary, the measurement setup
sensitivity to be increased both by reducing the
corrective reflector 11 radius (Fig. 6) and by
increasing the number of reflections n from the
mirrors 12, 13 (Fig. 5).

When using the corrective reflector 11 with a ra-
dius of 5 mm and laser beam 6 aimed at the point
located from the circle centre at a distance of
4.95 mm, i.e. when the mirror displacement is xy =
0.0001 mm, then the beam deflection angle is
AP=0.00028369 rad. This is sufficient for displace-
ment registration by using CCD with a resolution of
2181 DPI, when a=500 mm, h=0 and n=100 in ac-
cordance with (3).

Fig. 6. Beam path when using the corrective reflector and
mirror mounted on the controlled element: 7 — laser beam;
8 — mirror mounted on the controlled element; 11 — corrective
reflector

The laser output power can be increased to com-
pensate for signal attenuation due to increasing re-
flections from the mirrors. The physical limit associ-
ated with a possibility of burning a mirror with a la-
ser beam can be increased by using high-temperature
materials, as well as a mirror cooling system [16].

Conclusion. The advantage of the proposed opti-
cal control system for the displacements monitoring
of the measurement setup elements lies in its ease of
implementation. This allows for the creation of high
precision control devices that do not mechanically
and electromagnetically affect the work of the latter.

The use of the optical multiplier and laser beam
reflection from the curved surface in the optical con-
trol system allows for the optimisation of the control
system during design, depending on the required sen-
sitivity, complexity of the system alignment, and
overall dimensions. The required system sensitivity
can be provided by the optical multiplier with a sim-
ple adjustment system when the overall dimensions
allow it. If it is not possible to provide the necessary
sensitivity with the optical multiplier (it is impossible
to position the mirrors at the required distances, or
the necessary reflections number exceeds the optical
system attenuation ability), then it can be obtained by
using the curved reflector by increasing the surface
curvature. The originality and novelty of the pro-
posed system is confirmed by the patent [15].

Unlike prototypes, the proposed optical system
can work under vibration exposure by determining
the sub-critical level of elements displacements from
shock and vibration effects through monitoring the
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light beam spot displacements on CCD. At the same
time, the developed system allows vibration or shock
directions by beam spot displacements to be deter-
mined, in contrast to the existing control systems,
including those using interferometers.

The proposed optical control system can be used not
only in high precision devices, but also as the primary or
secondary control system for displacement monitoring,
as well as in large-sized devices and structures, consider-
ing the low cost of CCDs and laser emitters.

ORIGINAL ARTICLE

Optical displacement control systems can be
used under the exposure to microwave, as well as X-
ray and background radiation.

The proposed control system for displacement
monitoring of measurement setup elements was im-
plemented as part of the homogeneity determination
setup at the high precision mechanical effects control
unit at CJSC NPO "Sredmash".
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