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Abstract

Development of technical tools with improved metrological and operational characteristics is the actual
problem of the eddy current testing. Ensuring the optimal distribution of the electromagnetic excitation
field in the testing zone carries out confident detection of the defects and determination of their geometrical
parameters by means of eddy current testing. The purpose of the work was to conduct an analysis of scientific
and technical information in the field of eddy current testing to study of the use of electromagnetic excitation
fields with a priori specified properties, as well as to generalize and systematize the accumulated experience
and approaches to conduct theoretical research in this direction.

A review of publications in the field of non-destructive electromagnetic testing devoted to the im-
provement of the excitation systems of eddy current flaw probes was carried out. The authors considered
approaches in which a uniform distribution of the electromagnetic field on the control object surface was
achieved by linear and non-linear optimal synthesis of excitation systems, provided the immobility of the
probe relative to the testing object. Analysis of eddy current probe designs with a homogeneous excitation
field created by circular, rectangular tangential and normal coils, as well as by creating a rotational excitation
field was carried out. The authors studied designs of the excitation coils of probes with fields of complex
configuration characterized by the original fractal geometry which can increase the probability of identifying
defects that were not amenable to detection by classical probes.

Studies that suggested the formation of optimal configuration fields in a given area using magnetic cores,
field concentrators made of conductive materials and specially shaped screens were analyzed. The authors
studied approaches to the implementation of the optimal synthesis of excitation systems of probes with
uniform sensitivity in the testing zone using surrogate optimization for cases of moving testing objects taking
into account the speed effect.

The experience, as well as the results of theoretical studies devoted to the problem of designing
eddy current probes with uniform sensitivity in the testing zone due to the uniform density distribution
of the induced currents flowing in the object were generalized and systematized. As a result, the classification
of probes on a number of features that characterize the excitation systems was proposed.

Keywords: eddy current probe, optimal electromagnetic excitation field, uniform eddy current density
distribution, uniform sensitivity.
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HakJiagHble BUXPETOKOBBIE PE0OPa30BaATEIN: CHCTEMbI
BO30Y:K/J1eHHUsI ONITUMAJIBLHOI0 3JIEKTPOMATHUTHOTO TOJISI
(0030p)

B.S1. I'anbuenko, P.B. TpemOoBenkas, B.B. Tbiukos

Yepkacckuii 20cy0apcmeeHHblIl MeXHOI02UYeCKUll YHugepcument,
6-p Lleguenxo, 460, e. Yepraccor 18006, YVrkpauna

Tocmynuna 27.01.2020
Ipunama x neuamu 05.05.2020

AKTyaJbHOW 3a1adell BUXPETOKOBOI'O KOHTPOJIS SIBJISIETCS pa3padOTKa TEXHUYECKHX CPEACTB C yIIyd-
LIEHHBIMH METPOJIOTHYECKUMH M IKCILTYyaTallMOHHBIMH XapaKTePUCTUKaMU. YBEpeHHOE OOHapyKeHHE [e-
(EeKTOB U omnpeneneHre UX reOMETPUYECKUX MMapaMeTPOB CPEACTBAMU BUXPETOKOBOTO KOHTPOJIS OCYIIECT-
BIISIETCS IIPU 00ECIICUCHUH ONTHMAIIBHOTO PAaCIpeAesIeHUs SIEKTPOMAarHUTHOTO NOJIsl BO30Y)KICHUSI B 30HE
KoHTpoJs. Llens paboThl 3akioyanach B IPOBEICHUN aHAJIN3a HAyYHO-TEXHUYECKON HH(POPMALUK B 00JIaCTH
BUXPETOKOBOTO KOHTPOJIS [JIsl U3yUEHHS CBEJCHUIN 00 MCIOIBb30BaHUU JIEKTPOMArHUTHBIX MOJIeH BO30YX-
JICHHSI C alpHopy 3aJaHHBIMU CBOWCTBAaMH, a Takke 0000IIeH!s, CHCTEMAaTH3alul HAKOIIJICHHOTO OIbITa U
MOJXOJI0B K ITPOBEACHUIO TEOPETUUECKNUX HCCIEIOBAHNI B JaHHOM HallpaBJICHUH.

[IpoBenén 0630p myOuKanuii B 001acTH Hepa3pyLIAOIETro HIEKTPOMAar HUITHOTO KOHTPOJIS, IIOCBSAIIEHHBIX
COBEPIICHCTBOBAHUIO CUCTEM BO30YKIICHHUS peoOpa3oBaTesiell BUXPETOKOBBIX 1e()eKTOCKONOB. PaccMoTpeHs!
MOZIXO/bI, B KOTOPBIX OJHOPOIHOE paclpesesieHUe IeKTPOMAarHUTHOTO MOJISL Ha TIOBEPXHOCTH 0ObEKTa KOH-
TPOJISL AOCTUTACTCS JIMHEHHBIM M HEIMHEWHBIM ONTUMAaJIbHBIM CHHTE30M CHCTEM BO30Y>KACHHMS IPU yCIOBHU
HETIOZBIKHOCTH ITPeo0pa3oBaresisi OTHOCUTENBFHO 00bekTa KOHTpoIs. [IpoBenéH anamn3 KOHCTPYKIMH BUXpe-
TOKOBBIX IIpeoOpa3oBaresiell ¢ OJHOPOAHBIM MOJIEM BO30YXKICHHUS, CO3AaHHBIM KPYTOBBIMH, IPSIMOYTOJIbHBIMU
TaHTCHUATbHBIME U HOPMaJIbHBIMHU KaTyIIKaMH, a TAKOKe 3a CYET CO3MaHuUsl BpallaTeIbHOTO TIOJIsT BO30YXkIie-
HUs. M3yyanuck KOHCTPYKLMH KaTyIIeK BO30yKIeHHUs TpeoOpa3oBaresieil ¢ MoIsIMH CIIOKHONW KOH(DUTypaLuH,
XapaKTepHU3YIOLINECs] OPUTMHAIIBHON (paKkTaibHON TeOMeTpUei, KOTOPBIE TIO3BOJISIOT YBEJIMUUTD BEPOSATHOCTD
BBISIBJICHUS 1€()EKTOB, HE MOAJAIOLINXCS OOHAPYKEHUIO KIIACCHUECKUMH [IPeo0pa3oBaTessiMu.

Taxxe MpoaHaTU3UPOBaHbI HCCIIEOBaHNUS, B KOTOPBIX IIpeajaraeTcs (GopMupoBaHHe MMojIel ONTHMaIIbHOM
KOH(UI'Ypaliy B 331aHHOM 30HE C IPUMEHEHUEM MAarHUTOIIPOBOJOB, KOHLIEHTPATOPOB OIS U3 MPOBOISIINX
MareprajIoB U 3KPaHOB CrIeUANbHON (GopMbL. M3yuanuck moaxons! K peaan3aliyd ONTUMAJIbHOTO CHHTE3a CH-
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Introduction

The problem of detecting defects by the eddy
current method is quite complex. A comprehen-
sive solution of the problem involves not only the
detection, but also the determination of the defects
shape, allowable geometric dimensions, and possible
local structural deviations of the material. Using
of the eddy current probes (ECP) with improved
metrological and operational characteristics can
solve this problem. The classical design of ECP [1]
has typically an uneven sensitivity (Figure la)
due to the inhomogeneous distribution of the eddy
current density (ECD) which impedes the ability to
effectively solve the problem of flaw detection and
defectometry. The ECD distribution in the testing
object (TO) volume depends on a combination of
parameters, for example, the shape, geometrical
and electrophysical characteristics of the TO,
the mutual position of the excitation system (ES)
relative to the TO, etc. It is the inhomogeneous
ECD distribution limits the sensitivity of the
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surface eddy current probe (SECP) to the testing
defects, and accordingly, a priori determines the
mutual position of the ES relative to the controlled
surface. Moreover, this disadvantage manifests
itself even more in the case when TO and the ECP
move relative to each other, since in this case the
transfer current additionally affects the distribution
of the ECD, which manifests itself in the so-called
speed effect. In order to reliably detect the defects
and determine their geometrical parameters by
eddy current testing, it is important to ensure the
optimal electromagnetic field (EMF) of excitation
in the testing zone (Figure 1a).

As optimal field, we understand such a field that
has a priori given configuration, providing uniform
or close to it sensitivity. For example, the U-shaped
form of the EMF tension distribution, which is
localized and maximally concentrated in the testing
zone and has a zero value outside it. Possible options
for generating a field are its given distribution both
on the surface of the TO and at a certain depth
of the TO (Figure 15).
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Figure 1 — The eddy current density distribution of a circular non-coaxial eddy current probe on the surface (a) and in
depth (b) of the testing object: 1 — desired uniform distribution; 2 — characteristic distribution of the classic design

The purpose of the work was to analyze scien-
tific and technical information in the field of eddy
current testing to study the use of excitation EMF
with a priori specified properties, as well as to
generalize, systematize the experience and ap-
proaches to conducting theoretical research in this
direction.

The solution of the problem

The developed fundamentals of the synthesis
theory [2-9] allow implementing new technical solu-
tions in constructions that positively affect the field
of excitation of ECP. Different works with various
objectives realized the idea of purposefully chan-
ging the probing properties of the generated EMF.
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So, the solution of the problem of reducing the
interaction zone of the ECP field with the product
and reducing the magnetic fluxes of scattering [10]
increased the noise immunity and selectivity. The
creation of an EMF with a predetermined distribution
topology improved the selectivity and sensitivity
of ECP [1-9, 11-30]. Moreover, the improvement
of both parts of the ECP, namely, the ES and the
field detector, allowed achieving the desired results.

Summarizing the study of the problem of the
formation of the optimal excitation EMF, the au-
thors proposed the variant of the ECP classification

by this attribute (Figure 2). Firstly, authors dwelled
on the problem of creating the EMF with specified
properties for the case of the static TO. The case
of generating a uniform EMF distribution is of
particular note. The specified properties of EMF
that changed in accordance with predetermined
dependences are most often obtained in two
ways. The first one is the creation of an uneven
distribution of the excitation current in the ECP
generator coil [2—4]. The second one is the using
the specific geometry of the excitation winding
of the ECP [8, 12-13].

- Optimal electromagnetic
ficld excitation

FElectromagnetic field
xcitation for stationary
testing object

= bomplex ~ Excitation field Electromagnetic field  Uniform distribution of |
configuration concentration and J excitation with desire(ﬂ e
73)Eitati.on .ﬁ§ld7 : localization properties

Concentrators

Uniform eléctr(_)magnet:ic i
field distribution in the

‘ Screens I
I
/ ‘

testing zone

The geometry of the
excitation system

The distribution of
excitation currents in
the generator windin:

The rotational
excitation field

Figure 2 — A generalized classification scheme for eddy current probe with an optimal electromagnetic excitation field

The works [2—4, 8-28] studied this problem.
The development of modern computer technolo-
gy, new opportunities for using more advanced
mathematical apparatus and software contribute
to the intensification of the efforts of researchers
in this direction.

Therefore, in [2—4] the main idea was the ob-
taining the desired field structure in the control
zone by means of linear ECP synthesis. The works
considered the problem of synthesizing the ECP
excitation fields with given output characteristics from
the spatial coordinates of the local inhomogeneities
of the controlled products. The resulting structure of
the plane-parallel EMF implemented the invariance
of the probe output signal to the spatial position of
the local defect. After determining the structure of
the EMF, the problem of synthesizing the sectional
windings of ECP was carried out, realizing the

necessary distribution of the field in the control zone.
The resulting multisectional ES had N = 8 excitation
windings with a normalized distance between the
windings. The winding connection scheme, namely
counter-coordinated inclusion of sections along the
field and the number of turns W of each winding
was determined. Experimental and theoretical data
showed the possibility of practical implementation of
a complex configuration of the excitation field, when
its intensity increases with distance from the source.
However, such a distribution can only be created
in a limited area, beyond which the field decreases,
approaching zero. The disadvantage of linear
synthesis [3, 4] is the receiving the real values of the
current density in the coil sections, which greatly
complicates the practical implementation of the ECP,
as well as the need to preset the number of sections,
the distance between them and their geometrical
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dimensions. The synthesis issue remains unresolved
when the required field structure is achieved by the
ECP parameters nonlinearly included in the formula
for calculating the excitation field.

In [5], the authors proposed a solution to the
problem of nonlinear optimal synthesis, namely,
determining the location of the windings of the
sections of the excitation coils (CoE) in space and
their geometrical dimensions at a fixed density of the
excitation current in the generator coil. Several options
were considered. The first option — in accordance with
the well-known EMF intensity distribution function,
the radii of the sections of the generator coil were
determined, providing such a distribution with fixed
z-coordinates of the sections and magnetomotive
forces (MMF) (Figure 3a). The second option
involved determining the z-coordinates of the sections
at fixed radii and MMF (Figure 3b). To search for
the extremum of a nonlinear optimization problem,
an algorithm that is suitable for multidimensional
“ravine” objective functions was applied.
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Figure 3 — Nonlinear synthesis of eddy current probe
coil: a — z;, (Iw), = const, R, — var, i = 1, ..., N; b — R,,
(Iw),=const, z;—var,i=1, .., N

The considered approaches [2-5] are
parametric optimization methods and the problem
of choosing the structure of the ES ECP, i.e. number
of sections in the generator coil is still unresolved.
The reason for this is the subjective difficulties
in choosing a structure, which can lead to an
unsuccessful version in the sense of reproducing
a given distribution or to an excessively complex
structure. It is impossible to correct the error of
the choice of structure by means of parametric
optimization.

One of the ways to overcome these difficulties
was proposed in [6], namely, the method of
structurally parametric synthesis of the source of
excitation EMF. The purpose of the synthesis of
such magnetic ECP system, along with the search
for the optimal values of the section parameters,
is to obtain the simplest ES design, which ensures
a given distribution of the excitation field in
space. The paper considers the probing field
of the ECP without taking into account the TO
reaction. Structural synthesis is performed by the
stochastic optimization method, namely, using
the genetic algorithm. The obtained values of the
average relative deviations indicate a significant
improvement in the quality of the generated field
of the synthesized magnetic system compared
to the results of [4]. A significant simplification
of the ES structure in terms of the number of
sections and a decrease in its length was achieved,
and the number of turns in the sections was reduced
by two orders of magnitude at the same current
values. That is, a higher accuracy of reproducing
a given field distribution was achieved, and at the
same time, technical indicators of the system design
was significantly improved.

A large number of scientific reports are devot-
ed to various designs of ECP with a uniform field
of excitation created by rectangular, tangential
or other types of coils and, as a result, to the
problems of increasing sensitivity to detection of
defects [13-23, 30]. It is assumed that a uniform
configuration of the EMF intensity in the control
zone is generated and the corresponding excitation
of the uniform distribution of the ECD in a static
TO is caused by it.

In particular, in [14], several such configura-
tional structures of unidirectional exciting
and measuring coils were analyzed, as well as
varieties of ECP designs that create rotational
eddy currents (REC). A tangential rectangular
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CoE with an alternating current source generates a
magnetic field inducing eddy current (EC) on the
surface of the test sample (Figure 4a). EC flows
in straight lines perpendicular to the magnetic
field (Figure 4b). The following structures of
similar ES are considered: a tangential rectangular
CoE and a circular measuring one (Figure 5a);

Magnetic
field

Uniform

eddy cumrent Testing object

a

angential rectangular excitation coil

both coils are tangential and rectangular (Figu-
re 5b); a system of tangential coils, one of which
is exciting and two are measuring (Figure 5c¢);
a tangential rectangular CoE and a detector, which
is a magnetoresistive GMR sensor (Figure 5d);
a rectangular CoE and two semicircular flat dete-
ctor coils (Figure Se).

Magnetic field ‘\

Uniform eddy current field

b

Figure 4 — The principle of generating a uniform eddy current density [14]: @ — circulation of the magnetic field of the
coil and the eddy current created by it; b — excitation zone of a uniform eddy current on the surface

Excitation coil Magnetic

. field

Measuring coil

Uniform eddy current
TO

Excitation coil

GMR (Magnetoresistive converter)

d

Excitation
coil

Measuring
coil

Planar measuring coils

e

Figure 5 — Structures of the unidirectional exciting and measuring coils [14]

All presented designs create EC in only one
direction. In addition, the paper did not address the
choice of the ratio of the geometrical dimensions
of CoE, which allow adjusting the width of the

testing zone. The implementation of a uniform
EMF distribution with the help of a rectangular CoE
was considered in [23], namely, its location when
the winding faces the TO surface (Figure 6).
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Figure 6 — The configuration of the eddy current probe located above the conductive testing object [23]: @ — view in the
x-direction; b — view in the y-direction

The uniformity of the EC and EMF configura- method. The calculated distribution of ECD on the
tions was investigated by modelling using the ETREE  plate surface and the EMF components above the plate
(Extended Truncated Region Eigenfunction Expansion)  surface are shown in Figures 7, 8 respectively.
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Figure 7 — The calculated eddy current density on the plate surface [23]: a — x-component; b — y-component
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Figure 8 — The calculated values of the components of the electromagnetic field above the investigated surface [23]:
a-B;b—B,;c—B
X A z
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The resulting degree of homogeneity is
20 ppm for EC and 5.9 ppm for induction of EMF.
This indicates that in the control zone the EC on
the plate surface and the total EMF above the
upper surface of the plate are homogeneous, and
this contributes to a highly sensitive detection of
defects. But such a high degree of uniformity of both
the field and the EC is provided only in the zone
of small geometrical dimensions (2%2) mm.

In [13] the formation of a uniform distribution
of the EC within the sensor testing zone was studied
by determining the profile of the external radius
of the CoE to obtain a uniform sensitivity in the
scanning area. The resulting design of the sensor
allows inducing a given distribution of the ECD
inside the conductive cylinder (Figure 9).

Figure 9 — Sensor design [13]: 1 —cylindrical sample
under investigation; 2 — excitation coil

The design problem was solved by minimizing
the deviation quadratic function between the desired
and calculated values of the vector potential at the
control points inside the study area:

2
( i )
k k

The Newton optimization algorithm was used
to minimize the objective functional. The problem
of increasing the sensitivity to defects regardless of
their orientation due to the creation of a rotational
field of excitation is discussed in [12, 14, 24, 25].
One of these types of ECP with a uniform field is the
creation of a variant with REC, for the generation of
which two currents are used in the ES with a phase dif-
ference of 90°. For example, a Hoshi rotary sensor
has two tangential rectangular CoEl and CoE2
and one flat circular measuring coil (Figure 10) [14].

The proposed sensor can detect defects regard-
less of their direction on the surface of the inves-
tigated TO.

F(p)z%-g Ae(rk,zk)—Ad

Excitation coil 1 Excitation coil 2

Measuring coil

Figure 10 — Hoshi Rotary Sensor [14]

To develop the idea a double rotational sensor
was proposed in [14], which has four tangential
rectangular CoEs and four-pole quarter-circular
detector coils (Figure 11), operating on the same
principle. Using current and phase control, it is
possible to identify defects as reliably as possible
without changing the position of the ECP.

Tangential rectangular coils

Measuring coils

Measuring coils

Figure 11 — Double rotary sensor [14]

The work [12] considered a variant of generating
a rotational field of excitation, implemented by a
system of orthogonal coils. First, an optimized ECD
distribution was calculated, which provides uniform
sensitivity to defects regardless of their spatial
orientation, and then a coil design with an uneven
winding density was created (Figure 12).

/ Minimum 0.5 mm Cupper layers  Layer 1
| I 1 I N N I I O N G
0.3 mm
I O I =4
\Layer 2

Figure 12 — The design of the rotary sensor multilayer
coil [12]

Each coil consists of at least two layers. To ob-
tain a higher degree of distribution continuity than
in the case of a single-layer coil, in the 2-layer case,
the copper layer of one of the coils was displaced,
closing the air gaps. A feature of the optimized
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coil design is that the resulting field of excitation
is more uniform in the region of the detector array
in comparison with a conventional coil. The distri-
bution of coil excitation currents was optimized
using the polynomial approximation method.

As in previous considered works, a rotational-
type ECP was proposed in article [25]. To obtain
a uniform distribution of the ECD in the zone
of'the measuring coil by means of numerical analysis,
the optimal CoE sizes were calculated (Figure 13).

The obtained zone of uniform distribution
of ECD is quite large (Figure 14), therefore, the de-
tection of defects by such an ECP is more efficient.

g
Tube o - . . -
\ /EXCItatlon coil Flat coil pt
-/ i
R = |
| = = |
| EZ |
| |
a - o - __ __ |
1.5 mm 15 mm

Figure 13 — The design of the rotary sensor [25]
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Figure 14 — The topography created by a uniform
distribution of the eddy current density in a testing
zone [25]

The intensity of the generated ECs affects
the ability to detect a defect. In the study [10],
with the aim of increasing it, the design of the
ECP containing two pairs of coils with the same
dimensions and opposite winding directions was
proposed (Figure 15q).

In the area under the coil (Figure 15¢),
the ECs merge and form homogeneous ECs with
an intensity of almost two times greater than from
a single coil.
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Figure 15 — Sensor design [10]: a — general view; b — section A-A; ¢ — the eddy currents flow diagram (the zone with

uniform eddy currents is indicated by a rectangle)

The middle part of the sensor is the most sensitive
zone for detecting defects. The characteristics of both
coils should be the same to achieve the best effect.
When analyzing by the finite element method, it was
found that the ECD dependence generated using a
conventional non-doubled homogeneous sensor has
only one amplitude peak, whereas a sensor with two
rectangular coils has three maxima (Figure 16).

Moreover, the maximum amplitude of the ECD
is approximately 1.9 times greater than other peaks.

In addition, this maximum is 1.8 times greater in
comparison with a conventional sensor. Moreover,
the effective distribution of ECs has a large area,
so the detection area is three times wider than that
of a conventional sensor (Figure 16).

The disadvantage of such ETP, as well as for
previous designs (Figure 5), is the formation of
unidirectional EC, which requires a change in its
orientation in space to identify defects with an
unknown a priori orientation.
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Figure 16 — The eddy current density distribution on the
surface of the testing object [10]

The use of ETP with a predetermined EMF to-
pography when detecting defects of complex shape
and limited sizes, the control of which reveals the
influence of the edge of the object on the ECP signals
isrelevant. In[8, 9] itis precisely such cases that were
considered. In [8] the CoE optimization problem,
which creates an almost uniform and tangential
field on the surface of TO was solved by solving a
multi-parameter multi-purpose optimization problem.
The Monte Carlo method optimized a flat coil with
several parameters varying: the number of turns,
the core gap of the coil, the width of the copper strip
of the printed conductor, the size of the air gaps,
the length and width of the coil (Figure 17).

 Width

Copper conductor
width

Number of conductor lines
Coil air gap

Figure 17 — The configuration of the excitation coil [8]

The work [9] considered the similar problem
as in [8], which the genetic algorithm with non-
dominant sorting (NSGAII) can solve. A modified
NSGAII algorithm optimizes a flat coil, where the
gaps between the turns are variables. For optimization
objective functions f, and f, are set, which are
respectively minimized and maximized. The first
objective function is the standard deviation of the
obtained ECD from a given uniform distribution,
and, accordingly, the lower this value, the better the
uniformity of the currents. The rate of induced EC

is a measure of its intensity. Therefore, the larger this
value, the better the ability to detect defects. There
is no single solution that satisfies both conditions.
Therefore, a number of non-dominant solutions
are found. Solution A has large values of f; and f,,
which corresponds to unsatisfactory uniformity and
a high value of the ECD (Figure 18). Solution B,
on the contrary, has high uniformity and a low ECD
value. Solution C is a compromise between the
degree of homogeneity of the ECD and its values in
the control area.
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Figure 18 — Distribution of induced eddy currents [9]

For comparison, Figure 19 shows the images
of coils with uniform gaps between the conductors
with the same currents flowing in them and the
optimized one with uneven gaps. The position
of the lines of conductors for a conventional coil
(Figure 19a) is uniform, whereas for an optimized
coil, the lines of conductors are few in the center
and more densely located at the edges. ECs induced
by an optimized coil are more homogeneous than
a conventional coil with uniform gaps between
the conductors (Figure 195).
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Figure 19 — Unidirectional eddy current probe with
uniform eddy current density [9]: a — coil designs with
uniform and uneven spacing between conductors; b — eddy
current distribution
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The works [26-28] are devoted to study of such
drawback of ECP as the exponential attenuation of EC
in depth in the sample under study and, accordingly,
the application of various measures to eliminate this
drawback. The main idea of these works is to suppress
EC at the surface of the TO and implement deeper
penetration of EC into the thickness of the material.
This idea is realized by a combination of several
coils, which are powered by an excitation current
with different amplitudes and phases, which allows
obtaining the desired effect [26]. The obtained results
show that the radius of the coil and its height have a
strong influence on the attenuation of the EC along the
TO depth, when its thickness is several times greater
than the standard depth of penetration of the EMF.
As a disadvantage of this work, it is possible to note
that the synthesis problem was not solved, but was
only investigated by sorting a diverse combination of
design parameters of the CoE and its height above the
TO, and, accordingly, their effect on the attenuation
of the EC along the depth of the investigated TO.

The authors analyzed the ECP excitation systems
that generate fields of complex configuration at the next
stage. A rather interesting study was published in [29]. In
order to increase the sensitivity, it was proposed to use
a fractal CoE, in particular, in the form of a Koch curve
(Figure 20). Such system generates EC in the investigated
TO, the topography of which is due to the multiradii

18mm
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10"
3.0
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2.0
15
1.0
0.5

0
84.7
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of the winding. This design of the CoE increases the
probability of detecting defects that cannot be detected
using an ECP with a circular CoE, namely those whose
length is much less than the radius of the CoE.

Figure 20 — The geometry of the excitation coil in the
form of the first three shapes of the Koch curve [29]

The proposed sensor has a CoE with fractal
geometry and measuring coils made by printing on
a fourlayer printed circuit board (Figure 21a). The
ECD diagrams on the surface of the test sample
depending on the size of the defect were studied. The
diagrams in Figure 215 show that the obtained ECD
is approximately the same both for small and large
sizes of defects, since multi-radii of ECs increase the
probability of interaction between ECs and a defect.

We also investigated the obtained maximum
values of the magnetic flux density depending on
the location of defects on the TO with orientation at
different angles (Figure 22). Despite the advantages
of such planar ECP, the problem of creating a uniform
distribution of ECD remains unresolved.

4
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10°
3.0
25
2.0
s

1.0
0.5

0
91.3

Figure 21 — Design and eddy current density distribution with fractal geometry of the excitation coil [29]: a — sensor

design; b — eddy current density distribution
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Figure 22 — Eddy current configuration according to defects location [29]

A different approach to the formation of the
EMF of the optimal configuration in a given zone
was used in [11, 14], where magnetic cores, field
concentrators made of conductive materials,
and screens of a special shape with and without
"masks" are used. For example, a sensor with
magnetization device was proposed in [14]. The
sensor has an electromagnet with U-shaped core and
a combination of a tangential rectangular detector
coil for measuring the magnetic flux density Bx and
a flat rectangular coil for measuring the magnetic
flux density Bz (Figure 23).

Flat rectangular
measuring coil for

Magnetization Bz Cubic core

device
[ Tangential
rectangular
/ﬁ U-shaped core il
X . measuring coil
easuring
- for Bx

coil

Figure 23 — The structure of the sensor with unidirectional
eddy current [14]: a — general view; b — field detector

Sensors of this type [11,14] are effective
in detecting defects in TO of complex shape and
limited sizes, in monitoring which, the effect of
the edge of the object on the signals of the ECP is
especially felt. For screened ECPs, when shielding
elements are placed on the ends of the feedthrough
probes, in addition to the positive effect, a
negative one also arises, such as an increase in
field inhomogeneity in the control zone. The use
of "masked" ECP leads, along with an increase in
locality, to a decrease in the sensitivity of ECP.
Within these designs, it is much more difficult

to realize the uniformity of the EMF distribution
in the control zone. In addition, the presence of
metal structural elements of the ECP is undesirable
in conditions of elevated temperature.

The above studies are devoted to the synthesis of
ECPs with a given configuration of the probing field
in the control zone, but they considered stationary
TOs. As a result of the analysis, it was found that
there is almost complete lack of information about
solving the problem of creating a SECP with uniform
sensitivity for moving TOs, which requires taking
into account transfer currents during synthesis. In
this direction a number of studies concerning circular
SECP was carried out. So, in article [31] an optimal
synthesis of ES probes with uniform sensitivity
in the control zone using the socalled surrogate
optimization was performed. Its use is due to the need
to reduce the required computing resources in the
synthesis and allows getting a solution search in real
time [32]. At the same time, this approach requires
the preliminary creation of probes metamodels using
the theory of experimental design and the theory of
artificial neural networks. The computerized design
of the experiment is used to generate nodal points
evenly spaced in the search hyperspace [33], while
the neural network committee-cascade approximator
is used for constructing a multidimensional response
surface [31, 34].

The authors of [34] developed the theoretical
foundations of the optimal surrogate parametric
synthesis of moving circular non-coaxial SECPs with
uniform sensitivity, having a planar ES structure. For
the synthesis of ECP a metaheuristic hybrid algorithm
of global optimization by a swarm of particles with
the evolutionary formation of a swarm composition
is used, which is effective for finding an extremum of
multidimensional "ravine" target functions [35-37].
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Conclusion

The paper analyzes the scientific and technical
information in the field of eddy current testing
for the use of eddy current probes with excitation
electromagnetic field with a priori specified prop-
erties. The experience of theoretical research in this
direction was generalized and systematized.

The works in which linear or nonlinear synthe-
sis is used to achieve a uniform distribution of the
electromagnetic field on the surface of the test sample
for a stationary eddy current probe were considered.
The eddy-current probe designs with a uniform
field of excitation created by circular, rectangular
tangential and normal coils, as well as through the
use of a rotational field of excitation, were analyzed.
The designs of excitation coils of probes with fractal
geometry were considered. These designs make
it possible to increase the probability of detecting
defects that cannot be detected using classical eddy
current probes. It is shown that similar studies for
moving eddy-current probes are only in the initial
stage. They are aimed at the realization of circular
anaxial eddy current probes with excitation systems
of a planar structure.

Thus, an analysis of scientific research on the
design of'eddy current probes with an a priori specified
configuration of the excitation electro-magnetic field
established that the issue of the synthesis of circular
non-coaxial eddy-current probes with volumetric
and mixed structures of excitation systems taking
into account the speed effect remains unresolved. In
addition, eddy-current probes of frame types, both
normal and tangential, which are used to control
moving testing object, require detailed studies.
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Abstract

The development of non-lethal weapons and, in particular, temporary blinding devices is associated
with problem of choosing boundaries of effectiveness. The aim of present work is determination of criteria
for estimation of the effects of visual jamming devices action on the naked eye.

The present-day scoring system used for effectiveness estimation of laser temporary blinding devices
is based on maximum permissible exposure and/or accessible emission level defined for each hazard class
in accordance with operating standard.

In the present work we carried out analysis and modeling of the cases of application of temporary
blinding laser devices. The proposed scoring system was founded on international standard IEC 60825-1-2014
as well as Manual on Laser Emitters and Flight Safety. The modeling of bright light action on observer
eye was rested on CIE General Disability Glare Equation and provided quantitative description of jamming
effectiveness. The main parameters used in this model and dictated by ambient light level and human eye
characteristics, were veiling luminance and angle of distinguishing objects under it.

In terms of exposition level and perception effects we determined six zones — unallowed, hazard,
temporary blinding, discomfort, alerting, completely safe. Proposed system combined with modeling provides
with visual demonstration of perceived light source and allows to describe human physiological sensation
and to establish the fact of jamming at different distances. This system was the basis of the development
of temporary blinding device for revelation of safe but effective spatial boundaries of action.

Keywords: dazzle, temporary blindning, hazard class, veiling luminance.
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Cucrema oueHKU 3PPeKTUBHOCTH YCTPOMCTB BPEMEHHOI0
OCJICILJICHUS

M.C. Tepexosa, C.U. Pyauxos, A.Il. Ilymcknii, A.Il. lllkagapesny

Hayuno-mexuuuecxuii yenmp «JI9MT» BenOMO,
yi. Maxaénxa, 23/1, 2. Munck 220114, Benapyco

Hocmynuna 02.02.2020
Hpunama k newamu 12.05.2020

PazpaboTka opykusl HEIETaIbHOTO JEHCTBUS, B YACTHOCTH YCTPOMCTB BPEMEHHOT'O OCJICTIIICHUS, COIPSI-
JKeHa ¢ Mpo0IeMoii BbIOOpa S QEeKTUBHBIX IpaHuLl AeHCTBH. Llenbio TaHHOM padoTh SBISIOCH YCTaHOBIIE-
HUE KPUTEPHUEB OLICHKH JICHCTBUS yCTPOHCTB MOCTAHOBKH 3PUTEIBHBIX IOMEX HEBOOPYKEHHOMY IJ1a3y.

st onpenenenust 3pHEeKTUBHOCTH ISHCTBUS MIPEACTABICHHBIX HA PHIHKE JIA3EPHBIX YCTPOICTB BpEMEH-
HOT'O OCJICTUICHUS] OOBIYHO MCTIONB3YETCS CUCTEMA OIICHKU, OCHOBAaHHAsI Ha MPEAETBHO JIOMyCTUMOM YPOBHE
W3JTYYEHUs W/UIU TpeieIbHOW MHTeHCUBHOCTH U3JIyYEHHS /ISl BBIOPAHHOTO KJIAcca OMAacHOCTH B COOTBET-
CTBUH C JIEHCTBYIOIINUM CTaHIapPTOM.

B nanHoli pabote npoBeAEH aHAIM3 U MOJCIMPOBAHUE CUTyallUd MPUMEHEHUS! YCTPOWCTB BPEMEHHO-
rO OCJICIUIEHUs] HAa OCHOBE Ja3epoB. lIpeanoxkeHa cuctemMa OLEHKH, OCHOBaHHAs Kak Ha MEKJIyHapOIHOM
crangapre IEC 60825-1-2014, Tak 1 Ha PyKOBOZACTBE IO JIa3€PHBIM U3JIy4aTelsiM B aclieKTe 0e30MacHOCTH
nosiéros. MozenupoBaHue BO3IEHCTBUS SIPKOTO M3MYUCHHUS Ha T1a3 HaOIromarTesns: 0a3supoBasoch Ha OCHOB-
HOM ypaBHeHuH cnersimeit onectkoctu (CIE General Disability Glare Equation) n obecniednBajio Kojauye-
CTBEHHYIO OLIEHKY 3()()eKTUBHOCTH MOCTAHOBKU MOMEX. B KauecTBe OCHOBHBIX MapaMeTPOB B MOAETH HC-
MOJIb30BAIMCH BETMYUHBI SPKOCTH 3aCBETKH U YTOJI pa3IMYCHUs] OOBEKTOB MO/ HEl, KOTOPBIC ONPEIeNsIINCh
rapaMeTpaMM 4eJIOBEYECKOT0 I1a3a U BHEIIHEHN Cpeibl.

[To ypOBHIO SKCTIO3UIIMH U MPOSBIIEMOMY 3P PEKTy ObUIO BBIACICHO IECTh 30H — 3alpenéHHas, omnac-
Hasl, BPEMECHHOTO OCIEIUICHHUs, AUCKOM(OpPTHAsI, ONOBEILEHHS, MTOJHOCTBIO Oe3omacHas. B coBokymHoCTH
C MOZICIMPOBAHHMEM JIaHHAasi CUCTEMa T03BOJISIET ONKCATh (PU3NOJIOTMYECKHIE OIIYIICHUS YeJIOBeKa, JaTh Ha-
DIATHOE H300paskeHHe BOCIIPUHUMAEMOTO HCTOYHUKA CBETAa U YCTAaHOBUTD (DaKT MOCTAHOBKH MTOMEX Ha Pa3-
JMYHBIX PACCTOSHUSIX. JTa cUcTeMa Oblila TIOJI0KeHa B OCHOBY Pa3pabOTKH yCTPOHCTBAa BPEMEHHOTO OcJie-
TUICHUSI [U1s1 BBISIBJICHUS O€30MacHbBIX M 3(QEKTUBHBIX TPOCTPAHCTBEHHBIX TPAHUI] ICHCTBUSI.

KurwoueBble ciioBa: Ja33JIep, BPEMCHHOC OCJICIIJICHUE, KJIACC OITaCHOCTHU, IPKOCTH 3aCBETKU.
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Introduction

Nowadays there is a growing interest in non-
lethal weapons as a method of conducting humane
combat. Non-lethal weapons (NLW) are a type
of weapon designed for personnel temporarily
disable, in the offensive or in the defensive, as well
as to disrupt the operation of the enemy's weapons,
military equipment and infrastructure while
minimizing lethality, significant materiel destruction
and environmental pollution [1]. One of the NLW
development trends is creation of weapons based
on temporary blinding of the enemy troops. Both
coherent (laser) and incoherent radiation can be
used as a light source. The advantage of using laser
radiation (LR) is a longer range, high accuracy and
lower required radiation power.

Vision is an irreplaceable sensory receptor and
there are no prostheses or rehabilitation measures
that can replace the lost sensory organ. Therefore,
the magnitude of fear of losing sight for a sighted
person (be it conscious or unconscious fear) [2, 3]
and the concealed nature of the threat lead to a
serious destabilization of the enemy's actions.

The NLW under discussion are in operational
service with many countries. Examples of systems
that cause temporary blindness are the products of E.
Meyers Advanced Photonics (GLARE MOUNT and
its modifications), Laser Energetics (Dazer Laser in
various versions), Thales Group (GLOW), etc. Their

Dazzler characteristics

method of application usually involves preliminary
detection, alerting the enemy, and then inducing
interference by directing a beam of light into the eyes.

In the Republic of Belarus a device causing
temporary blindness has also been created. The
project design developed by STC LEMT of the
BelOMO is a mobile complex for monitoring the
terrain, buildings and structures ("ISKRA"). It can
be operated in three channels with wavelengths
A =525 nm, 640 nm, 808 nm. The specified output
power for each channel is approximately 3 W. The
radiation divergence for the green radiation channel
constitutes 6 x 3 mrad, for the red radiation channel —
6x2 mrad, for the IR — 5.8 x5.2 mrad.

This system is intended for use during military
operations and has a universal action. The operation
of channels with wavelengths of A =1525nm and
A =640 nm provides for temporary blinding of
the enemy, i.e. disabling of the personnel through
disorientation, and issuance of warnings over a
wide range of distances. The channel operating
at a wavelength of A =808 nm is designed to jam
the enemy night vision devices and TV cameras.

The device itself is mounted on a pan and
tilt platform and allows for regulating the impact
effectiveness by pre-aiming at the target, determining
the distance to it with the help of the rangefinder
and for automatically adjusting the radiation power.

The technical characteristics of the temporary
blinding devices/dazzlers are specified in Table 1.

Table 1

Declared distance

Name Manufacturer Power, W of temporary Divergence, mrad
blinding

. Not specified.
Medusa Passive Force LLC 5.00 Probably ~ 2 km 5.0

. Not specified.
Sealase 11 Passive Force LLC 5.00 Probably ~ 2 km 2.0

. Not specified. .
Hydra Passive Force LLC 1.00 Probably ~ 0.5 km Adjustable
Photonic . Not specified. .
Disruptor Wicked Lasers 0.10 Probably ~ 0.5 km Adjustable, 1.5-7.5
Laser Dazer Laser Energetics 0.20 25_309 m (depends for 300 m - 3.3
Guardian on divergence)

B.E. Meyers Not specified.

GLARE LA-9/P Advanced Photonics 0.25 S00m Probably ~ 5.0
ISKRA STC "LEMT 3.00 50-2500 m 6.0x3.0

BelOMO
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Prior to using temporarily blinding weapons,
it is necessary to determine and register the emitter
characteristics within the safety limits. The aim of
this work is to establish the criteria for estimation of
the effects of visual jamming devices action on the
naked eye.

Temporary blinding devices / dazzlers
efficiency criteria

Estimation of the effectiveness of temporary
blinding devices is based on comparing the laser
radiation characteristics with the limit values given
in the standards. The main parameters used for
comparison are the laser power density, or the power
per pupil. At the same time, the standards assign the
values of the maximum permissible exposure (MPE)
levels of laser radiation, to which an object can be
exposed without adverse consequences, and the
accessible emission level (AEL) for each laser class'.
Comparing the parameters of the selected LR with
the specified values allows to determine the effect of
the LR on the eye.

Considering that the human perception is
governed by the Weber-Fechner law, the described
method is inaccurate, since it does not allow
describing the physiological effect and the human
response in case of significant decrease in the laser
power density.

There are two types distinguished in the
phenomenon of glare: discomfort glare and disability
glare [4]. Discomfort glare is annoying and painful
sensation caused by the light from a bright glare
source. Nowadays, there are scales that allow to assess
the discomfort glare, i.e. the subjective sensations
of a human when exposed to bright light: the British
Glare Index, the Discomfort Glare Index, the Unified
Glare Rating), etc. [S]. However, they are applicable
for sources whose solid angle for the observer is not
less than 10~ Sr (small sources) [6]. If the laser beam
at the output aperture has dimensions of the order
of 1x1 mm, then the solid angle at which the source
is visible from the observer's position is much less
than 10~ Sr and tends to zero. At the same time
the power density in the beam is large and can
result in injuries. In view of this, there arises a need
to discriminate additional power density boundary
values that define certain conditional zones of LR
impact and allow us to characterize the LR action
at different distances and power outputs.

'IEC 60825-1:2014

From henceforth, we will assume a continuous
exposure mode, i.e. the one in which the pulse
duration is equal to or greater than the duration
of the wink reflex of 0.25 s [7].

We suggest to discriminate six zones with
hazard scores assigned to them. The upper limit
of the maximum allowable laser power density
is determined based on the parameters which are
characteristic of hazard class 3B, since observation
of the radiation of this class is dangerous to vision.
According to IEC 60825-1-2014, the AEL for
class 3B laser falling on an aperture of 7 mm and
corresponding to the diameter of the pupil adapted to
night vision, of wavelengths A = 400—700 nm, with a
radiation pulse duration of 0.25 s constitutes 0.5 W
(13 kW/m?). Hence, when the power density increases
above the specified value, irreversible effects occur.
A zone where the power density exceeds 13 kW/m?
is "forbidden" ("Unallowed") and has hazard score 6.

Since the laser class parameters are based on
the MPE, which determines the LR level to which
people can be exposed without negative effects, the
next boundary is the laser power density of 25 W/m®.
Irradiation of the eyes within the five-point hazard
score zone (power density from 25 to 13-10° W/m?)
will lead to temporary blinding, while the probability
of causing physical damage is quite high.

Two subzones should be discriminated within
the "danger" zone: from 25 to 130 W/m? and from
130 to 13-10° W/m?. An additional boundary is
related to the characteristics of hazard class 3R
(with the above-specified parameters, the AEL
is 5-10° W=130 W/m?). The division into sub-zones
is necessary in order to focus on the growing risk
of damage with an increase in power density (i.e.,
130 to 13-10° W/m?), which should be kept in mind
when setting the operating modes of equipment
aimed at temporary eye-blinding.

The next boundaries are set in accordance with
the Manual on Laser Emitters and Flight Safety
(ICAO (Doc 9815-AN/447, 2003)). In accordance
with this document [8], in the immediate vicinity
of the airfield three flight zones are distinguished
in accordance to AEL (sensitive (1 W/m?), critical
(5102 W/m?), free (from laser radiation)
(5-10"*W/m?)). Therefore, a zone where the power
density varies from 1 to 25 W/m? is a four-point zone
of "temporary blinding". At this power density, the
effects of short-term blindness or afterimages may
begin to occur, but without permanent damage to the
eye caused.
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The LR power density range from 51072 to
1 W/m? is a three-point "discomfort" zone, where
glaring effects may occur, but the phenomenon of
flashblinding will not be achieved. At the same time,
any negative effects on the eyes are also completely
excluded.

In the two-point "alert" zone, the LR power
density (from 5-10* to 5102 W/m?) is not sufficient
to cause glare, but it is large enough to warn/
illuminate the target.

If the power density is less than 5-10~* W/m?, the
zone is "completely safe" and has hazard score one.

Analysis of the known characteristics of some
of the above-mentioned devices allows us to make
a theoretical calculation (Formula 1) of the radiation
power density at different distances from the emitter
(Figure 1):

P
E=

o0 , ©)
Tt Tl t 2 L2
8 2 & 2
where E is the radiation power density, W/m?; L is
the distance from the emitter, m; P is the LR power, W;
¢,, ¢, are the LR divergence angles along both axes.
With L = 0, all outputted radiation falls on the
object, while the power density is maximal and
depends on the beam diameter (») at the output of

104

100 |

0.01

1g=*

- Hazard
Temporary blinding
Discomfort
Alerting

Figure 1 — Dependence of the radiation power density
(E, W/m?) on the distance to the source (L, m) for different
devices: 1 — Hydra; 2 — Sealase 1I; 3 — GLARE LA-9/P;
4 — ISKRA system

Knowing the initial parameters of the systems,
a theoretical calculation has been made (Table 2)
of the distances (Formula2) at which certain
effects from each device are manifested:

1/2

the emitter. Accordingly, formula (1) is applicable  ; _ P 2)
r
for  distancesL> o where ¢ = max[o,, ¢,]. E-m-tg % : tg%
tg—
2
Table 2
Effective zones of temporary blinding devices/dazzlers depending on the distance to the source
More than _ 5.10 % Less than
E, W/m® 13-10°-25 25-1 1-5-107
> 13-10° -510* 5107
Score points (XYY Y 1) (XYY 1) eooe (X 1) oo °
Zone name Unallowed Hazard Temporary Discomfort  Alerting Completely
blinding safe
Effective range, m
Medusa Lessthan4  Upto 101 Up to 505 Upto 2300 Upto 23000 Over 23000
Sealase 11 Lessthan 11  Up to 252 Upto 1000  Upto 5600 Up to 56000 Over 56000
Hydra Lessthan2  Upto 45 Up to 226 Up to 1000  Up to 10000 Over 10000
o Photonic
§ Disruptor Lessthan2  Upto 48 Up to 238 Upto 1000  Up to 10600 Over 17000
Laser Dazer
Guardian Less than 1 Up to 31 Up to 153 Up to 684 Up to 7000  Over 7000
GLARE LA-9/P  Less than 1 Upto23 Upto 113 Up to 505 Up to 5000  Over 5000
ISKRA Less than 4 Up to 86 Up to 430 Up to 2000  Up to 20000 Over 20000
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Comparison of the data (Table2) with the
established zone boundaries allows to assess the
effect of temporary blinding systems. If operation
of the devices is analyzed based only on the laser
classification, their effectiveness is extremely low.
However, the use of the proposed system of six
zones allows us to fully characterize the action of the
systems at different distances. Thus, all the devices
discussed provide the necessary effect at the stated
distance.

Modeling of laser radiation effects on eyes

One of the manifestations of blinding is disability
glare, which is understood to mean a decrease in
visibility caused by irradiation by a bright light
source. In this case, subjective sensations are not taken
into account [4]. As a result, the apparent brightness
of the object that a person is looking at decreases
on the retina exposed to the bright counter-flash,
and it becomes impossible to distinguish the object.
The use of the blinding glare parameters together
with the zones of permissible power densities
correlated with physiological effects allows us to
fully assess and substantiate the effect of temporary
blinding devices on the human eye.

The characteristic of the disability glare is
the brightness of the veiling luminance, which is
described by the CIE General Disability Glare

Equation [9]:

+( )-[H(A

62.5

where £, is irradiance from the source of flash, 1x;
L, is brightness of the veiling luminance, Cd/m?; 0 is
the angle between the visual direction and the direc-
tion of the source beam (0,1° <6 < 100°) (Figure 2),
degrees; p is the iris pigmentation coefficient (equal
to 1.2 for very light-colored eyes, 0 — for very dark
eyes); A is the age of the observer.

Lvexl — ]0

E, &

glare

4
20)= 6—52 O'lT'p ) J+o.0025- p.(3)

Figure 2 — Schematic representation of the laser radiation
effect on the viewer's eye: a is the visible angular size
of the target; 0 is the angle between the visual direction
and the direction of the laser beam

The luminous efficiency (visibility curve) allows
to assess the effect of a certain radiation wavelength.
Taking into account the calibration coefficients, the
final formula showing the variation of the veiling
luminance brightness depending on the radiation
power density on the eye, has the following form [10]:

L., =g(6)-0.9239.10.C.V, -E, @

where L, — background ‘ambient’ luminance (bright
day, twilight, night), cd/m?; V, — eye’s photopic
efficiency at the wavelength, A; E — radiation power
density, W/m*, C = 683 Lm/W is the multiplicative
constant.

In practice, disability glare can be estimated
using the concept of maximum dazzle exposure
(MDE) [11], which shows the value of the laser field
illuminance, above which the object located behind
the field cannot be detected. The calculation takes
into account the angular size of the target that a person
is looking at, the age and the degree of pigmentation
of the person's eyes, the brightness of the background
and the target contrast:

_ Lb]

(Lb : Carig

~ Q- AF

_ , (5)
2(0)-0.9239- 197 .C-V,

MDE

where MDE is the maximum dazzle exposure, W/m?;
C,ig 18 the target contrast in the absence of a laser
field (nondimensional value, the ratio of the object
brightness to the field brightness);  is the calibration
factor including the target angular size o and total
luminance; AF is the age factor.

Since at the set distance the viewer's eye is
exposed (Figure 2) to a well-defined power density
(Formula 1) it is possible to determine the maximum
angle 0 at which an object with angular size a will
not be distinguished by equating this value to the
MDE (Formula 5). Therefore, the simulated zone
model can be supplemented with the values of the
object distinguishing angle.

The results of the MDE calculation (Formula 5)
for the ISKRA system for the established zones are
presented in Table 3. The following initial input
parameters of the system were used: radiation
wavelength — 525 nm, human age — 30 years, eye
pigmentation — 0.5 (brown), target contrast — 0.8,
external luminance — 10000 cd/m® (bright day),
target size — 5 m. The calculation does not consider
the dark adaptation of the eyes, because at close
distances (unallowed and hazard zones), the entire
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field of view is filled with the light from the source, It should be emphasized that the calculation

which makes it impossible to distinguish the of the maximum object distinguishing angles does
object. At long distances (temporary blinding zone, not take into account the sensations of the subject.
discomfort zone, alerting zone, completely safe Literature data [12] suggest that, despite the pos-
zone), the angular size of the target is small, and sibility of detecting an object under the field of veiling
with its low contrast can not be distinguished in low  luminance, observation of radiation is discomfor-
external lighting conditions, even at low radiation ting and affects the subject's activity (in particular,
power density. the shooting accuracy and rate decreases).

Table 3

Operating range of ISKRA, angle of object detection (0) under veiling luminance and effects in
dependence on distance from light source (L) and angular size of a target (o) in case of light adaptation
of eyes

E, W/m? Zone name  Score points L,m a, degrees 0, degrees Effect
All field
llvéolr gSthan Unallowed eccooe Less than 4 Over 51.33 dazzli: d Blinding
Temporary
From — to flash blinding,
13-10°25 Hazard ecooe Up to 86 Up to 3.32 At least 5.83 potential
injuries
Temporary
From—to Temporary blinding,
251 blinding (XYY Up to 430 Up to 0.72 At least 1.73 afterimages,
without injury
Temporary
From — to . blinding
72 Discomfort XY} Up to 2000 Upto0.15 At least 0.84 effects,
1-5-10 afterimages of
short duration
From — to . Illumination,
5.102-5-10"* Alerting oo Up to 20000 Up to 0.02 At least 1.22 blinking
Eisgjhan C"“Slﬂztely . Over20000  Less than 0.02 Less than 122 Illumination

Based on the recalculation mechanism proposed ~ with a power density of 1 W/m®. Diverting the eye by
in [11], the disability glare was visualized for the this angle is necessary, but not sufficient to distinguish
three channels of the ISKRA system under conditions  the target, because the person will experience
of the daytime adaptation of the eye. The resulting  discomfort, causing impairment of responses.
distribution was superimposed on the photograph
of the selected horizontal field of view for better
visual clarity (Table 4). The image is a model of a
light spot on the retina of the eye and serves as an
additional way to visualize the boundaries of the
zones presented above.

From Table 4 it is evident that the green channel
has a greater effect on the human visual organ, which
is explained by the structure of the eye's receptor cells
and is numerically fixed in the spectral sensitivity
curve of the eye.

Figure 3 schematically shows the value of the Figure 3 — Schematic representation of the object distin-
object distinguishing angle when exposed to radiation  guishing angle (6) under exposure to veiling luminance
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Table 4

Simulated image of dazzle spot on eye retina exposed to irradiation with power density £

Irradiation wavelength, nm

Zone name E, W/m?

525 640
Unallowed 13-10° - -
Hazard 25 d | I ‘ I ‘
Temporary blinding 1 I I I ‘ I ‘
Discomfort 51072 I I I ‘ I ‘
Alerting 510 I I I ‘ I I ‘
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Based on the proposed pattern, one can
assess the efficacy of the devices under various
conditions. For example, the ISKRA system
provides for induction of sensible visual
interference at a distance of up to~=2km
("discomfort" zone), while temporary blinding
is achieved at distances of up to=0.5km.
This provides for the effect of evasion of the
bright light source (disorientation), due to a
physiological reaction, as well as the effect of
disruption of the human work activity due to the
veiling luminance of part of the field of view and
the inability to properly perform actions aimed at
excluding the source of radiation. The efficiency
of the A = 525 nm channel is higher compared to
the other channels, since the radiation wavelength
is close to the maximum spectral sensitivity of
the eye. The highest effectiveness of the device
is achieved during the dark adaptation of the eye
under low ambient luminance conditions.

Conclusion

As a result of the study, a system of power
density zones has been established that allows us
to characterize and to provide visual demonstration
of the perception of the irradiated human during
operation of temporary blinding devices at
different distances (unallowed, hazard, temporary
blinding, discomforting, alerting, completely safe
zones).

In the case of development of the new device
it has been proposed to use the angle of object
detection, which depends on the parameters of the
emitter, external space and the human, along with
the zone system for numerical demonstration of
device operation. Based on the described system,
the parameters of the new device designed for
suppressing the enemy's actions by means of laser
radiation were estimated.
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Abstract

As a rule, the wastewater treatment system is not designed to filter substances formed, as a result
of beyond design basis accident. The nature of the beyond design basis accident is associated with the
shortterm appearance of a clot of these substances in wastewater, determined by the volume of the substance
storage tank. Therefore, a rational approach is to divert this portion of the formed substances into a separate
branch of the sewage system or sedimentation tanks. The aim of the work is to implement this approach
by creating a laser monitoring system for water pollution.

The article proposes a system for automatic detection of a clot of emergency discharge of pollutants
into the wastewater of an industrial enterprise. The structural diagram of the system and the purpose of its
main elements are given. The system should provide clot detection in real time. To ensure this function,
a preliminary study is made of the spectral characteristics of all substances that may appear in wastewater
in the event of an emergency.

Based on these data, the wavelengths of laser radiation in the system are selected. The obtained
measurement data from several probes are presented in the form of a lattice function, which is translated into
a relative description representing the order relationship matrix on the set of lattice function components.
The relative description is invariant to linear changes in the lattice function. The decision to detect any
substance from emergency discharges is made based on a comparison of the relative description of the
measurements with the standards prepared at the stage of system setup.

The article provides an example of the formation of standards for emergency clots from glycerin and
allyl alcohol. The graphs of the lattice functions obtained from the IR spectra of emergency discharges of
these substances are given; algorithms for constructing a lattice function and comparison of lattice functions.

Thus, using the developed mathematical description of the shape of digital signals based on the relative
description, the signal of the monitoring curve can be described in the form of a curve of the optical density
change of an aqueous medium.

Keywords: emergency discharges, clot, spectroscopy, laser probe, relative description.
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Cucrema JA3€PHOro MOHUTOPHMHI A 3anﬂ3HeHl/II7I
BOJHOM cpeabl ¢ IPUMEHCHHUEM OTHOCUTEJIbHOTO
onucanuda (l)OpMI)I CUI'HAJIOB
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Hocmynuna 16.03.2020
Ipunama k newamu 18.05.2020

Kak npaBuito, cuctemMa OYHCTKU CTOYHBIX BOJI HE pacCUMTaHa Ha (UIBTPAIINIO BENIECTB, 00pa30BaHHBIX
B pe3ysbTaTe 3alPOEKTHON aBapuM. XapakTep 3alPOCKTHON aBapuu CBSI3aH C KPATKOBPEMEHHBIM IOSBIIC-
HUEM CTYCTKa ITHX BEIIECTB B CTOYHBIX BOAAX, OIPEACISIEMBIH 00bEMOM EMKOCTU XpaHEeHHsI BemecTB. [1o-
3TOMY palMOHAIBHBIM TIOX0/I0M SIBIISIETCSI OTBE/ICHNE 3TOW MOPIMH 00pa30BaBIINXCS BEIIECTB B OT/AEIb-
HYIO BETBb CTOYHON CUCTEMBI MJIM OTCTOWHHKH. LeNTbi0 paboThI SBISUTACH peaTH3aIisl YKA3aHHOTO MOIX0/1a
IIyTEM CO3JIaHHSI CHCTEMBI JIA3EPHOIO0 MOHUTOPHUHIA 3arpsI3HEHUIA BOJJHOU Cpeapbl.

B crarbe mpeanaraercsi cucTeMa aBTOMAaTHUYECKOTO OOHApY)XKEHHs CIyCTKa aBapuilHOro cOpoca 3a-
IPSI3HSIOIIMX BEUIECTB B CTOYHBIE BOJbI MPOMBIIIJIEHHOTO Npeanpustus. IIpuBeneHa cTpykTypHas cxema
CUCTEMBl U Ha3HAYCHHWE OCHOBHBIX €€ AmeMeHTOB. CHucTemMa JIoKHA 00ecreunTh OOHAPYKEHHE CTYCTKOB
B peajbHOM Maciitabe BpemeHu. J1iist odecrieueHust 3Toi GyHKIMU TPEeBAPUTENBEHO TPOBOIUTCS UCCIIEIO0-
BAHME CIIEKTPAJIBHBIX XapAKTEPUCTHUK BCEX BEIIECTB, BO3SMOXKHBIX K ITOSIBJIEHUIO B CTOYHBIX BOJAX B CIIydae
AaBAPUIHON CUTyalUH.

Ha ocHoBaHuM 3THX JaHHBIX BBIOMPAIOTCS JJIMHBI BOJIH JIA3€PHOTO M3ITy4deHus B cucteme. [lomyden-
HBIC JIAHHBIC U3MEPEHHH OT HECKOJBKHMX 30HJIOB MPEJCTABISIIOTCS B BUIE peméTdaToll QyHKIMU, KOTOpast
[IEPEBOJIUTCSA B OTHOCUTEIILHOE ONMCAHUE, NPEACTABIISIFOLICE MATPUILYy OTHOLLIEHUS MOPSAKA HA MHOYKECTBE
COCTABIISIIONIMX peméryaroi GyHKnu. OTHOCUTENBHOE ONMCAHNE MHBAPUAHTHO K JIMHCHHBIM H3MEHEHHSIM
peméruaroit pyHkmu. Pemenne 06 00HapyKeHUHN Kakoro-ITudo BelecTBa U3 aBapUIHBIX COPOCOB MPUHU-
MaeTcsl HA OCHOBAaHUU CPABHEHUS! OTHOCUTEIBHOTO ONHUCAHUS U3MEPEHUM C 3TAIOHAMM, OJrOTOBICHHBIMU
Ha CTaJ1 HACTPOUKHU CUCTEMBI.

[MpuBenén npumep GOpMUPOBAHHS ITAJIOHOB JJIsi ABAPUIHBIX CTYCTKOB M3 TIUIIEPHHA M aJTHIOBOTO
cnupta. [IpuBenensl rpaguky peméryateix GyHKIUH, onydeHHbIX 3 K-criekTpoB aBapuiiHBIX cOPOCOB
3THX BEIIECTB; allTOPUTMBI ITOCTPOCHHUS PEIIETIATON (PYHKIIMH U CPABHEHHSI PEIIETYATHIX (PYHKITHA.

TaxumM 00pa3om, ¢ MOMOIIBI0 Pa3paboTaHHOTO MaTEMaTHYEeCKOro OnHCcaHus (GOpMbI TUPPOBBIX CUTHA-
JIOB HA OCHOBE OTHOCHTEJILHOTO ONMCAHMS MOYKET ObITh OMMCAH CUTHAJ KPUBOH MOHHUTOpPUHTA B BUJIE KpPU-
BOW U3MEHEHUSI ONTUYECKON IJIOTHOCTH BOJHOM Cpeibl.

KimoueBble cioBa: aBapHﬁHBIe C6pOCLI, CI'yCTOK, CIHCKTPOCKOIIH, HaBepHLIfI 30HJ, OTHOCHUTCJIBHOC
OIIMCaHHEC.
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Introduction

Wastewater monitoring of enterprises is carried
out by periodic sampling, processing and analysis of
samples in laboratories. To study the parameters of
wastewater, electrochemical, pyro-UV-fluorescence,
thermocatalytic, photometric methods and others are
used [1]. A characteristic feature of known research
is the inability to conduct research in real time.

In the case of spectral analysis methods,
research is usually carried out by sequentially scan-
ning the sample with optical radiation with different
wavelengths, which does not allow for real-time

Various types of analytical equipment and
complexes for physicochemical measurements are
known, adapted to specific working conditions at
chemical and petrochemical enterprises, pipeline
systems, as well as in the metallurgical and
processing industries. Among them are complexes
for continuous monitoring of process safety and
environmental monitoring. The main requirements
for such complexes:

— automatic sampling;

— fast automatic analysis;

— automated or automatic control.

Known automated viscometers, densitometers,
refractometers, photometers, laser analyzers of the
parameters of the aquatic environment [2]. Examples
of such analyzers are IR analyzers in the wavelength
range up to 4000 nm, for example, a PIONIR 1024
spectrophotometer from AI7T, M412 from Guided
Wave, MATRIX-F from BRUKER [2] and others.

Laboratory instruments for sample analysis have
several disadvantages:

— lack of measurement continuity;

—time delay associated with sample delivery,
measurement and data processing;

— the possibility of losing the properties of the
investigated material in the samples;

— the inability to automate the full monitoring
cycle.

Although the known devices and complexes
have high accuracy and the ability to measure many
parameters of aqueous media, such as equipment
of the German company Hach [3], they do not
allow real-time detection of emergency discharge
of pollutants and prevent its entry into the system
sewage enterprise.

Optical spectroscopy eliminates the above
disadvantages, which makes it possible to create
complexes of continuous measurement in real
time and to automate monitoring of environmental

studies. The aim of the work was to implement this
approach by creating a laser monitoring system for
water pollution.

The basic principles of the system

As a rule, the wastewater treatment system is
not designed to filter substances formed as a result
of beyond design basis accident [4—7]. The nature
of the beyond design basis accident is associated
with the shortterm appearance of a clot of these
substances in wastewater, determined by the volume
of the storage capacity of the substances. Therefore,
a rational approach is to divert this portion of the
formed substances into a separate branch of the
sewage system or sedimentation tanks.

To implement this approach, at the first stage,
it is necessary to determine the type of substance
from the list of all substances stored at the enterprise
in order to divert the clot to another selected branch
of the sewage pipe in real time.

To ensure clot detection in real time, it is
proposed to use a system for laser monitoring
of water pollution based on parallel optoelectronic
spectroscopy with many laser probes [8—13].

For this, a preliminary study of the spectral
characteristics of all substances stored in the factory
is carried out. Separate points on the spectral curves
(for example, extrema) are selected from the obtained
absorption or transmission spectra. Of these, several
points (at least two or three points) for each of the
substances are distinguished. The obtained values
of the absorption wavelengths for all substances are
taken as Wastewater sensing scale to determine the
type of substance. Moreover, each substance has its
own portrait of the emission spectrum at all sensing
wavelengths. The obtained portraits of the spectra
are the standards for determining the substance.

The portrait of a substance can be represented
in the form of the lattice function LF; {L,, L,, ... Ln},
where Ln is the value of the spectrum at a wavelength
n from a set of probe laser radiation. We get £ lattice
functions, where i = 1, k is the number of standards.

The wavelengths of individual laser probes will
be finally determined on the basis of the available
wavelengths of laser diodes or lasers existing for
a given period. Therefore, it is necessary to refine
the portrait of the substance and present it in the form
of a lattice function of the LF.

One of the problems of real-time diagnostics
of a substance is a significant spread of the spec-
trometry values due to an unknown concentration
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of the substance in the clot and deviations in the
radiation wavelength associated with the choice of a
specific laser probe.

However, the relation between the main
components of the portraits of the spectrum of a sub-
stance is invariant to linear changes.

Figure 1 shows a diagram of a diagnostic system
for the emergency discharge of substances in the
enterprise’s wastewater treatment system.

The device registers a change in the optical
density of wastewater in a selected range of radia-
tion wavelengths. The spectrometry data processing
system forms a lattice function, which is con-
tinuously compared with the standards.

When an emergency discharge of a certain
type is detected, a control signal is received for the
valves, which change the direction of movement of
the wastewater in the wastewater system, directing
the emergency discharge to a special filter or sump.

1 4

6 6
AR
Dy| |p2

PR S =
étﬁ |

[+ 2]

Figure 1 — Diagram of the system for diagnostics of
emergency discharge of substances in the wastewater
treatment system of an enterprise: 1 — wastewater;
2 — channel for the movement of wastewater; 3 — branch;
4 — general filter; 5 —an additional filter installed in the
branch; 6 — laser probes D, D,, D5, ..., D, with emission
wavelength {1, 2, 3, ..., n}; 7 — a diagram of recording and
processing spectrum components; 8 —block standards;
9 — flaps control diagram

In order to provide real-time diagnostics of the
emergency discharge portrait, the lattice function
is transformed using a relative description into a
homomorphic etalon of the relationship matrix
in the form of two diagonals (main and adjacent
diagonals) [14, 15].

!

¢

a

R'={S8\ R}, 5,8, Ry3 S5, 83 R34 S, A Ry Syt
RU'={S, R385, 8, Ros 4y S3R35 S5, .. S, R0 Suts

where R/, R/ are the current values of the
relative description, which are equal in the number
of components to the standards and which change
their components over time. If the current descriptions
of R, R'" coincide with the standards R' and R,
a decision is made about the presence of a clump
of emergency discharge in the sewer.

An example of setting the basic system
parameters

Consider an example. Let there be two clots: one
clot of glycerol, the other — allyl alcohol. Considering
the IR spectra of these substances (Figures 2, 3), the
following characteristic points can be distinguished.
For glycerin, this is 800 nm, 1000 nm, 1500 nm,
3500 nm. For allyl alcohol, we select the same
points — 800 nm, 1000 nm, 1500 nm, 3500 nm. In
this case, the lattice functions for these substances will
differ (Figure 4). The main diagonals of the relationship
matrix in the form of depicting numbers will also differ.

800 1000 1400 1600 3000 3600 vem™
\/\‘”\J CHyCH-CH,
OH OH OH
800 1000 1500 3500

Figure 2 — IR spectrum of glycerin

800 1000 1400 1600 3000 3600 v,em™!
K i
o
(-
CH,=CH-CH,-OH
8 1000 1500 3500

Figure 3 — IR spectrum of allyl alcohol

!

b

Figure 4 — Graphs of lattice functions of glycerin (@) and allyl alcohol () and their main diagonals of matrixes of the relations
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In this example, four probes are used at selected
wavelengths. The wavelengths for each substance
may vary. In this case, we get the maximum number
of probes at four identification points, namely,
4 probes. When choosing laser diodes with a power
of 100-300 mW, we select the wave-lengths: 792 nm,
905 nm, 1550 nm and 3500 nm.

Algorithm for constructing the lattice
function of the measured spectrum

An algorithm for constructing a lattice function
is developed. The scheme of the algorithm is shown
in Figure 5 [16].

‘ Choice of regulations

-

measured
parameters
ofoptical density

Storet
parameters
optical
Y, density ;

for parameters

Buildingrelationship matrix

Database
standards

Building relationship matrix
for everyonestandard

matrix elements

Finding the sum difference amouni

standards and measurementsQ «

The choice @min

Error calculation

standard

deviations of measurements from

Class definition

parameter by reference

Database
measurements

checked ?

Alldata
no

End of algorithm

Figure 5 — Scheme of work of an algorithm

Input data: a database for storing information
about measurements of the optical density of the
water environment containing emergency discharges
(clots), their parameters and standards.

Output data: 1t is necessary to determine the
class of the curve for each measured trend of optical
density.

Calculation algorithm: measurement regulations
is selected from a variety of Reg. Values are entered
for all parameters of the optical density of this

All parameters for
of this regulation

forother measurement
regulations checked?

no

regulation (values for the selected wave-lengths of
the probes).

There will be 2 ways to enter data in the system:

a) data input manually;

b) loading measurements automatically from
the generated file.

1. A relationship matrix is constructed by
measured  values|| p;/ || for one measurement nxn,
where 7 is the number of optical density parameters,
according, to the rule:
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0,X,RX,

{HX,-RX_»’
where P is the element of the relationship matrix;
X;, X; — elements of the set M (the set of values of
the parameters of optical density); R, "R — the
ratio between the elements of the set (R = "more",
—R ="not more").

Relationship matrix ||P;|| presented as follows:

i

i=l..n=1,i{j{(n,

X]RIIXI XIRIZXZ XIRI/IXM P]l PIZ Pln
_ [R] _ XZRIIXI XZRZZXZ XZRZHXH _ PZI P’ZZ PZn
il - -
Xn RHIXI Xn RnZXZ Xn an Xn Pnl PnZ Run

2. A relationship matrix is constructed for each
standard|| Ef || for a given parameter according

to the selected regulation.

3. The sum of the differences of the elements
of the diagonals of the two matrices — the measured
and the standard:

O, Zz[j‘p; - P

wherel| p;| is the element of the relationship matrix

p

i

s k=1..z

2

of measured Values;||P,f|\ — an eclement of the

relationship matrix of the standard; z is the number
of standards for the k-th parameter.

Choose QO =min (Q,) for the most accurate
definition of the standard.

4. The error of measurement deviation from the
standard is calculated. The deviation error for each
parameter is found:

100%- x;*

B
X

Al =100% —

b

where A/ is the error of deviation of the measured
value from the standard in /-parameter; x,"— value
of the measured /-parameter; xl[5 — the value of the
standard /-parameter.

The average deviation error is determined for all
parameters:

] Al
s

Selected A =min(A,) for the most accurate
definition of the standard.

So, the standard is selected by comparing the rela-
tionshmatrices and determining the deviation error.

5. The actions of p. 3 — p. 6 are performed for
each parameter according to the selected regulation.
The calculated values are written to the database.

6. At the output of the algorithm, we obtain the
class of standards of the optical density parameter
with a known value that most closely matches
the measurement parameters. The calculated values
are written to the database in the following form:
<Date, Regulation, Parameter, Type of emergency>.

As a result of the classification, each measured
parameter, with the selected procedure, is brought
into correspondence with the standard value of the
optical density parameter for this type of accident.

If the relationship matrices of different orders
or the function in question is periodic, or the
origin of its values is shifted, then in this case it is
necessary to provide for the possibility of trans-
forming the relationship matrices corresponding to
the rearrangement of the first elements of the lattice
function at the end. The description of the comparison
function of two matrices during the implementation
of the algorithm (Figure 6) can be constructed as
follows. Pointers to the relation-ship matrices are fed
to the input, the matrix with the highest dimension
is selected from them. At the output of the function,
the ratio of the maximum number of matches to
the number of elements of the smaller relationship
matric is obtained. The considered algorithm is
implemented program-matically [17].

( The beginning of the algorithm

D

Creating relationship matrices from lattice functions

Matrix selection with maximum and minimum dimension
r Nfori=1, ..., n, where n—is the dimension of the larger matrix W

[
Compare all matrix elements by placing the smaller in place (i, ) in the

larger
N B

1
’/ Mfori=1,. . m, where m —is the dimension of the smaller matrix \‘

|
The transformation corresponding to the shift lattice function

I

Comparison of relationship matrices ‘

M
I

Choosing the maximum comparison result

I
End of algorithm

C D

Figure 6 — General algorithm for comparing lattice

functions
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Thus, using the developed mathematical
description of the shape of digital signals based on
the relative description, the signal of the monitoring
curve can be described in the form of a curve of the
optical density of an aqueous medium.

Conclusion

The considered approach to constructing a
system for detecting emergency discharges into the
wastewater of an industrial enterprise is applicable in
various branches of the engineering, processing and
chemical industries. Application of the considered
system allows reducing the likeli-hood of pollution
of water bodies in the event of an emergency at the
production.

To ensure the detection of emergency
discharges in real time, it is proposed to use parallel
spectroscopy of substances by several laser probes.
In each particular case, the wavelengths of the laser
probes will be different. For this, a preliminary
study of the spectra of substances for choosing
wavelengths for the detection of emergency
discharges is proposed.

To ensure the invariance of the description of
the spectra of substances, it is proposed to use a
relative description representing the elements of
the relationship matrices of the components of the
measured points of the spectrum of substances that
are invariant to linear changes in the amplitudes of
the components of the spectrum, depending on the
concentration of the detected substances in the clots
of emergency discharges.

A relative description in the form of relationship
matrices, in contrast to an analytical description, is
a qualitative description and allows you to describe
the shape of the measuring signal with an error
determined by the completeness of the elements
of the relationship matric. The use of depicting
numbers to describe the relationship matrix allows
binary logic to be used for presentation in computer
systems.
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Abstract

A digital micromirror device (DMD) micromirrors periodic spatial structure is a measuring scale in
interior orientation parameters calibration of optoelectronic devices problems, when using a DMD as a test-
object. It is important that DMD micromirrors periodic spatial structure remains constant. Change in a DMD
micromirrors spatial structure may occur due to heating. In addition to heating a DMD, an optoelectronic
device photodetector is also subject to heating and, accordingly, change in its spatial structure. It is necessary
to estimate change in a spatial structure of DMD micromirrors and an optoelectronic device photodetector.

A DMD micromirrors spatial drift and a DMD micromirrors spatial drift together with a digital camera
photodetector pixels spatial drift for operation 4 h are analyzed. The drift analysis consisted in the points
array position assessing formed by a DMD and projected onto a digital camera. When analyzing only a DMD
micromirrors drift, a digital camera was turned on only for shooting time for exclude digital camera influence.
A digital camera did not have time to significantly heat up, during this time. After a digital camera it cooled
to a room temperature.

Average drift of all DMD micromirrors determines the accuracy of interior orientation parameters
calibration of optoelectronic devices using a DMD in time. Maximum drift of all micromirrors after switching
on is observed. Minimum DMD warm-up time is 60 min for average drift of all micromirrors less than 1 um
is necessary. Minimum DMD warm-up time is 120 min when using a DMD together with a digital camera is
necessary.

A DMD expansion uniformity determines the accuracy of interior orientation parameters calibration
of optoelectronic devices using a DMD, because irregular expansion disturbs micromirrors periodicity.
The average change in distance of neighboring points is less than 0.1 um for every 20 min.

Thus, a DMD can be used as a test-object in interior orientation parameters calibration of optoelectronic
devices. The results can be used as compensation coefficients of change in DMD micromirrors spatial
structure due to temperature effects during operation, if more accurate are necessary.

Keywords: DMD, optoelectronic device, interior orientation parameters, photodetector, temperature drift.
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[Ipu ucnonp3zoBannK HU(PPOBOro MUKpO3EpKaILHOTO yeTpoicTsa (Digital Micromirror Device — DMD)
B KayeCTBE TECT-00BEKTA, NMEPHOIUYECKAsl CTPYKTYpa MHKPO3EPKal KOTOPOTO SBISETCS HU3MEPUTEIbHON
LIKaJIOH, B YaCTHOCTH, B 3a7adax I'€OMETPUYCCKON KalInOpPOBKH ONTHUKO-3JICKTPOHHBIX ammaparoB (ODA),
Ba)KHO, YTOOBI IPOCTPAHCTBEHHAS CTPYKTYPa MUKPO3€pKaJl OCTaBaJIach MOCTOSHHOM. I3MeHeHue npocTpan-
CTBEHHOH CTPYKTYPBI MOXKET IIPOM30MTH 13-3a Harpesa. [lomnmo narpesa DMD, ¢poronpuémunk ODA Taxxke
MOJBEPIKEH HArpeBy, U COOTBETCTBEHHO M3MEHEHUIO €r0 NPOCTPAaHCTBEHHOH CTPYKTYyphl. Llens paboTs! 3a-
KJIIOYaJIach B OLICHKE BEJIMYMHBI H3MEHEHUsS! TPOCTPAHCTBEHHON cTpyKTYpbl DMD u gotonpuémunka ODA.

[IpoBenén ananu3 mpocTpaHcTBEHHOro apeiida mukposepkanr DMD u mpocTpancTBeHHOTO aperida
MuKpo3epkad DMD coBMecTHO ¢ mpocTpaHCTBEHHBIM IpeidoM mukceneil ¢poronpuéMuuka 1udpoBoii Ka-
Mephl 32 4 4 paboTsl. AHaNU3 Apeiida 3aKiIoyancs B OLIEHKE MMOJIOKEHHSI MacCuBa TOYEK c(hOPMUPOBAHHOTO
DMD u cipoeuupoBanHoro Ha udpoByro kamepy. st uckimoyeHus BIusiHUSA TU(POBOM KaMephl TP aHa-
nu3e apeiida oOycnoBieHHOro Mukposepkagamu DMD nugpoBast kamepa BKIIIOYaaach TOIBKO B TEUCHUH
cbEMKH. 3a 3TO BpeMs IM(poBasi Kamepa He yclieBasla CyIIeCTBEHHO Harperbes. [locie yero ona octoiBaia
JI0 TeMIEPaTypbl TOMELIEHMS.

Cpenusist BenuuuHa Apeiida BceX MUKpO3epKal BIUSIET Ha TOYHOCTb IPU HEOOXOAMMOCTH IeOMeTprYe-
ckoit kanmopoBkn ODA npu nomomn DMD murensHoe Bpemst. [locie BkitoYeHHs HAOMIOqaeTCsS MaKCH-
MaJIbHBIN Apeiid Bcex Mukposepkai. UToObl cpenHsis BesmunHa apeiida Bcex MUKpo3epKai Oblia He Oojee
1 MKM HE0OXx0aMMO MUHUMaNIbHOE BpeMs iporpesa DMD — 60 mun. Ilpu ncnons3oBanun DMD coBmecTHO
¢ uupoBoii kKamepoii TpedyemMoe MUHUMaIbHOE BpeMs mporpea DMD — 120 muH.

PaBHOMepHOCTD pactmpenuss DMD Oyner onpenensiTh TOYHOCTb FeOMETpUUecKoi KannOpoBku ODA
¢ nomo1sio DMD, OCKOJIBKY NPH HEPAaBHOMEPHOM PacIIUpeHun OyJaeT HapyIlIaTbes MEPHOIUYHOCTD MU-
KpO3epKaJ, T. €. He OyJeT N3BECTHO B3aMMHOE PACIIOJIOKEHNE MUKPO3EPKall APYT OTHOCUTENBHO Apyra. Cpen-
Hee U3MEHEHHE PAaCCTOSIHUM MEXKIy COCETHUMHU ToukaMu — He Oosee 0,1 MkM 3a kaxabie 20 MUH pabOTBHI.

Taxum 06pazom, DMD M0XHO HCIIOIB30BaTh B KAYECTBE TECT-00BEKTA B 337a4aX FT€OMETPUUCCKON Ka-
mopoBku ODA. [Ipn HeoOXxoauMOCTH O0JIee TOUHBIX T€OMETPUIECKUX KaTuOpoBok ODA moimydeHHbIE pe-
3yJIBTaThl MO’KHO MCIIOJIB30BaTh B KauecTBE KOA((PUIIMEHTOB KOMIICHCALUN U3MEHEHHSI IPOCTPAHCTBEHHON
ctpykrypsl DMD u3-3a TemneparypHbix 3 QeKToB B mporecce paboThl.

KuroueBsble ciioBa: reomerprueckas KaauOpoOBKa, ONTHKO-3JIEKTPOHHBIH ammapar, TeMriepaTypHbIi apeid,
(doTonpuéMHIK, TUPPOBOE MUKPO3EPKATLHOE YCTPOUCTBO.
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Introduction

When using a digital micromirror device
(Digital Micromirror Device — DMD) as a test-
object, the micromirror sizes of which are a
measuring scale, in particular in the problems
of interior orientation parameters calibration of
optoelectronic devices [1-2] it is important that
the spatial structure of micromirrors remains
constant. The spatial structure of micromirrors may
be disturbed due to heating during operation and,
accordingly, expansion of the CMOS matrix, in
the cells of which micromirrors are installed [3].
The change in the spatial structure of micromirrors
can be compensated. With uniform expansion, this
can be done with a single scale factor or a scale
factor horizontally and vertically. It is more difficult
to compensate for uneven expansion; this requires
a polynomial for each DMD section, depending
on the duration of the DMD operation. Shifting all
DMD micromirrors in one direction affects interior
orientation parameters over time. Thus, to assess the
possibility of using DMD as a device, which is a test-
object for interior orientation parameters calibration
of optoelectronic devices, it is necessary to evaluate
the change in the spatial structure of DMD depending
on the duration of operation, as well as the possibility
of compensation. A change in the spatial structure of
less than 1 pm is acceptable for most tasks of interior
orientation parameters calibration of optoelectronic
devices and is comparable in accuracy with high-
precision two-coordinate stages [4] in which you can
install a test-object in the form of a glass plate with
a pattern deposited on it with a photolithographic
method and use it for interior orientation parameters
calibration of optoelectronic devices.

In problems of interior orientation parameters
calibration of optoelectronic devices, the matrix
structure of the photodetector is also a measuring
scale [S]. In addition to heating the DMD, the
optoelectronic device photodetector is also subject
to heating, and, accordingly, to a change in its
spatial structure. The purpose of the investigations
was the need to estimate the value of the change in
spatial structure of the photodetector calibrated by
the optoelectronic device so as not to set excessive
requirements on the accuracy of measuring the
distortion of the lens, since its value may exceed the
change in the spatial structure of the photodetector
during the calibration time and the operation of the
optoelectronic device as intended. This assessment
will make it possible to decide on the duration

of operation during which a change in the spatial
structure of the optoelectronic device photodetector
is acceptable, as well as on the need for an additional
cooling system for the optoelectronic device
photodetector.

Description of scheme

Calibration consists in projecting a test array
consisting of a matrix of points with a constant
distance between points on the camera photodetector
and assessing the change in the distance between
points over a long time of DMD operation, which
will change due to heating of the DMD. The
DMD calibration pattern is similar to interior
orientation parameters calibration of optoelectronic
devices [6, 7]. In this case, the DMD lens—camera
lens system magnify the DMD image 3-5 times to
increase all DMD manufacturing errors, whereas
in to interior orientation parameters calibration of
optoelectronic devices schemes it is customary to
use the collimator—optoelectronic device lens system
that reduces the image 3—1 times to reduce the effect
of manufacturing errors: alignment, calibration of
the collimator.

The realizeed calibration scheme, block
diagram of which is shown in Figure 1, and
calibration test set-up in Figure 2, includes the
DLP LightCrafter 4500, f”=500 mm lens, which
projects the DLP LightCrafter 4500 image into the
collimator. DLP LightCrafter 4500 includes a DMD
that is illuminated by an illumination system. In the
DLP LightCrafter 4500, whose appearance during
operation is shown in Figure 3, the full-time lens is
removed. Instead of a full-time test-object, a Basler
ace acA2040-90 um (CMOS photodetector CMOSIS
CMV4000) [8] camera is installed in the collimator.
The collimator housing is made of invar and has a low
coefficient of linear expansion, and the /* = 1500 mm
collimator lens is designed and constructed in such
a way as to ensure minimum thermal stability, 1. e.
the mounting materials of the optical components
compensate for the effect of temperature changes on
the optical components, which ensures the stability
of optical characteristics. This ensures stability in
the first place, the position of the focal plane of the
collimator lens f” = 1500 mm relative to the plane of
the camera photodetector.

DMD is a bistable spatial light modulator,
including an array of rotating micromirrors
functionally installed in memory cells on a CMOS
matrix. The CMOS matrix controls the position of
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the micromirrors. It is possible to control the position
of the micromirrors using software and thus form
the desired pattern, which can be used as a test-

object. Since micromirrors are installed in the cells of
the CMOS matrix, the DMD is characterized by ther-
mal effects like cameras with CMOS photodetectors.

Camera

Vibration insulated bench

Figure 2 — Calibration test set-up (cover not shown):
1 — DLP LightCrafter 4500; 2 — DLP LightCrafter 4500
control PC; 3 —lens /” — 500 mm; 4 — collimator; 5 — lens
f>—1500 mm; 6—camera; 7-—camera control PC;
8 — vibration isolation bench

4500 in
1 —exit
DLP LightCrafter 4500, illumination from DMD

Figure 3 - DLP  LightCrafter
(full-time lens is removed):

operation
window of

To eliminate distortions in the optical path
of the calibration scheme due to air refraction, the
optical path is closed by the cover. The use of the
cover removes the influence of the movement of air
masses in the room on the calibration process. The
cover is installed so that the calibration schemes
of the illuminator and camera parts that are not

included in the optical path remain open. This is
necessary to freely remove the heat generated by
them during calibration. In addition, the cover
must be porous to ensure heat removal from the
optical path, as well as to eliminate stagnation of
air masses. The room temperature requirements [5]
are the same as for interior orientation parameters
calibration of optoelectronic devices'. Changes in
temperature in the room are minimized (during the
measurement period they were no more than 0.1 °C).
To reduce the effect of vibrations, the calibration
scheme is mounted on a vibration isolation bench.
The described methods for removes the influence
of external factors make it possible to bring the
calibration closer to ideal conditions and directly
measure the temperature drift.

Description of methodology

Calibration of DMD

1.DMD, lens f’=500mm, collimator are
visually aligned.

2. Camera and DLP LightCrafter 4500 turns on.
Pattern of the test-object with a required period and
the size of points is loaded into DMD.

3. [lluminator  current value of DLP
LightCrafter 4500 or camera exposure is
determined, to provide illumination of the camera
photodetector at the level of 80-90 % of the
value of its saturation capacity. Several layers of
astrolon are installed in the illumination system
when the adjustment range of the illuminator

"GOST 8.050-73 State system for ensuring the
uniformity of measurements. Normal conditions for linear
and angular measurements (with Change No. 1)
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current is insufficient, which works like frosted glass
reduces luminous flux by about 50 % and makes it
uniform. The frequency of micromirrors operation
is selected together with the illuminator current
value so that, due to an synchronization error of the
operation of individual micromirrors or micromirrors
blocks of the DMD and because of inconsistency
in the frequency of operation of the DMD and the
camera, flicker is not observed. It is checked that
the test-object pattern is not formed by non-working
micromirrors (micromirrors that do not change
position from the nominal state to the working state,
for DLP LightCrafter 4500 no more than 10 pieces
on DMD), if necessary, a test-object pattern shifted
by several micromirrors is loaded in the DMD.

4. The image from the camera’s photodetector
achieves the location of the DMD pattern in the
center of the focal plane by turning the collimator
around three axes. 25 points of the DMD pattern are
projected onto the camera.

5. Camera and DLP LightCrafter 4500 turn off
and cool to room temperature.

6. DLP LightCrafter 4500 turns on.

7. Camera turns on. 100 frames of the DMD
pattern are shot at a frequency of 90 frames/s. After
shooting, the camera immediately turns off, i.e.
power is removed from it. This allows us to exclude
the influence of the temperature drift of the camera
when analyzing the temperature drift of DMD, since
the camera does not manage to heat up significantly
during this time — less than 1 min. The camera cools
to room temperature.

8. Point 7 is repeated with an interval of 20 min
in the first hour, 30 min — the second hour, 1 h —
the remaining two hours, since at the beginning
of shooting the greatest drift is observed. All time
shooting 4 h.

9.Every 100 frames are averaged. The
coordinates of the point centers are calculated. A
drift chart of all 25 points is plotted.

Calibration of DMD with camera

1. Camera and DLP LightCrafter 4500 cool to
room temperature.

2. Camera and DLP LightCrafter 4500 turns
on. 100 frames of the DMD pattern are captured
every minute within 4 h. After shooting, the
DLP LightCrafter 4500 and camera turn off.

3.Every 100 frames are averaged. The
coordinates of the point centers are calculated. A drift
chart of all 25 points is plotted within 4 h with step

of shooting 1 min, drift analysis in intervals 20 min
in the first hour, 30 min — the second hour, 1 h — the
remaining two hours.

Results Processing

The resulting images are processed according to
a similar algorithm [6].

1. The signal value /,,, in each pixel n, m is
averaged for captured 100 frames.

To reduce the effect of noise on average frames, a
Wiener filter of 5x5 pixels is applied and a threshold
restriction is introduced [6, 9], signal values below
which were taken equal to "0". The threshold value was
5 times the average value of the background signal.

2. The position of the image of one of the
points of the DMD pattern on the photodetector is
previously visually determined. Taking into account
the known period between micromirrors [10] and
magnification of system lens f’= 500 mm-lens
f7=1500 mm, the preliminary coordinates of the
points of the DMD pattern on the photodetector are
determined, which are used to set the center of the
area for calculating the exact coordinates.

3. The exact image coordinates of each point
of the DMD pattern are determined by the energy
center of gravity:

2,2, (1,,n)

C: 2NZM]n,m :
2,2, (1, m)

z:NZ“MIn,m

where [, ,, — the signal value in pixel n, m; n, m — serial
numbers of pixels in the columns and rows of the pho-
todetector; N, M —the total number of columns and
rows of the area of calculation of the coordinates of the
center of gravity, an area of 70x70 pixels was used.

4. For each point in the DMD pattern, plots
of the point position on the photodetector matrix
structure are constructed at different moments of
shooting within 4 h.

5. The drift value is calculated relative to the
coordinates of the points on the photodetector of
previous operating time intervals:

D, =(C)_-(C),

where ¢ — image coordinates of each point of the
DMD drawing in columns and rows; =0, 1,2, ..., 8 —
points correspond to the moments of shooting 0 min,
20 min, 40 min, 60 min, 90 min, 120 min, 180 min,
240 min operating of DMD.
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6. To analyze the values and performance
of the drift, the average drift value for all points,
RMS and the maximum spread are calculated.
The obtained values V are converted from the
camera coordinate system in pixels to the DMD
coordinate system:

V_DMD = Vplv,

where p=5.5 um — pixel size of camera; v=3 —
magnification system of collimator lens-camera lens.

7. To analyze the relative drift, the value of the
change in the distance along the rows and columns
between neighboring points on the photodetector is
calculated (characterizes how much the drift is the
same throughout the array):

T, +1 :(C )Nx+1 _(C )NS ’

Ns c c

where N, = 0, 1, 2, ..., 4 row or column number.
Similarly to p. 5, the value of the change in relative
drift over time is calculated, Similarly to p. 6 to
analyze the relative drift, the average value of
the relative drift over all points, the RMS, and the
maximum spread are calculated.

8. For a presentation of the drift in the plots, the
drift value is increased by a selected coefficient k:

D, =D, k+(C,),.

r+1
9. According to the obtained plots, values
of average, RMS and maximum spread, one can
judge the drift of DMD micromirrors and DMD
micromirrors together with the pixels of a camera.

Analysis of the results

The drift of the points images formed by
DMD micromirrors for 4 h in the form of a plot in
the camera pixels is shown in Figure 4, its value

is shown in Table 1. The analysis was carried out
for 4 h, since this time is sufficient for the DMD
and the camera to reach a stable operating mode,
this time is sufficient for interior orientation
parameters calibration of optoelectronic devices,
and this time also covers the operating time of
most optoelectronic devices. It can be seen that the
points drift mainly along the lines. In addition to the
point drift, one can note its slight non-uniformity
for different parts of the DMD micromirror array.
2300
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X =g

1700
*—
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1100

m, pixels

X TT= *—Hx
800

500 A Ay — X% —

200
By e A—AMA —=
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Figure 4 — Point drift due to micromirrors within 4 h
(points correspond to drift after 20 min, 40 min, 60 min,
90 min, 120 min, 180 min, 240 min processing of DMD.
For presentation, the drift value is increased 25 times

The average offset of all points characterizes the
drift value of the entire micromirror structure of the
DMD, which will affect the accuracy of the interior
orientation parameters calibration of optoelectronic
devices over time. If it is necessary to carry out a
long time interior orientation parameters calibration

Table 1

The drift value of DMD micromirrors relative to the coordinates of the points on the photodetector
of previous shooting intervals (in pm, recalculated to coordinate system of DMD)

Offset of all points Shooting interval, min
0 20 40 60 90 120 180 240
Average - 14.84 2.64 0.38 0.99 0.54 -0.19 -0.79
Icgg,lumns RMS - 0.65 0.13 0.08 0.31 0.26 0.09 0.03
Max spread - 1.99 0.37 0.26 0.92 0.80 0.33 0.11
Average - 0.52 -0.88 -0.15 -0.14 -0.15 -0.19 0.70
By rows RMS - 0.68 0.15 0.08 0.20 0.31 0.09 0.07
Max spread - 2.23 0.43 0.25 0.63 0.96 0.32 0.23
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of optoelectronic devices, it is necessary to preheat devices using DMD, since uneven expansion will
the DMD until the drift of the micromirrors becomes  be disrupted the periodicity of micromirrors, that
such that it will not have a significant effect on is, the relative position of the micromirrors with
the required accuracy of the interior orientation respect to each other will not be known. The value
parameters calibration of optoelectronic devices. of the RMS of all points of DMD micromirrors is
It is necessary to compensate for the value of the less than 1 pm. The maximum spread in the first
change in the period of micromirrors from the initial 20 min of DMD operation in rows and columns is
state of DMD. The analysis of Table 1 shows the 2 um, the rest of the time does not exceed 1 um.
predominance of column offset in the first 40 min  Changing the distance between neighboring
of operation. The average drift after 20 min of points also characterizes the uniformity of DMD
operation on all points is 28 times greater than on  expansion. From Table2 it can be seen that
the lines. The highest average column drift in the the average change in the distances between
first 20 min of operation is up to 1.5 um. The value neighboring points is no more than 0.1 um. Thus,
of the drift of all points after 60 min of operation we can assume that the value of the change in the
is less than 1 um. The oscillation of the average distance between neighboring points is the same
drift after 60 min of operation is due mainly to over the entire array of micromirrors, is negligible
random processes, primarily photodetector noise and is random. The distance between neighboring
and vibrations. Thus DMD must warm up before  points does not change over time. The residual effect
calibrating optoelectronic device 60—120 min. of the uneven expansion of DMD during interior

The displacement RMS of all points orientation parameters calibration of optoelectronic
characterizes the uniformity of the DMD expansion, devices using DMD can be compensated by
which will determine the accuracy of the interior determining the coefficients of uneven drift for each
orientation parameters calibration of optoelectronic =~ DMD micromirror.

Table 2

The change value in the distance between neighboring points on the photodetector relative to the
coordinates of the points on the photodetector of previous shooting intervals (in pm, recalculated to
coordinate system of DMD)

Offset of all points Shooting interval, min
0 20 40 60 90 120 180 240
Average - -0.04 0.00 0.01 0.01 0.02 -0.05 -0.01
CB(iumns RMS - 0.02 0.01 0.00 0.01 0.02 0.02 0.02
Max spread - 0.09 0.04 0.02 0.03 0.05 0.07 0.05
Average - -0.08 0.00 0.01 -0.01 0.03 -0.06 0.05
By rows RMS - 0.01 0.01 0.01 0.02 0.03 0.02 0.01
Max spread - 0.11 0.01 0.02 0.05 0.09 0.09 0.07
From Figure 5 the points drift within 3 hafter 1 h Table 3 shows the prevalence of column offsets

of heating shows that the points drift 2 times more in the first 120 min of work. The average drift after
for the lower left part of the DMD than for the upper 20 min of operation on all points is 8.6 times greater
right part of the DMD. The points drift within 2h  than on the rows. The highest average column drift
after 2 h of heating becomes uniform. Residual non- in the first 20 min of operation is 17 um. When
uniform point drift can be caused by parallax, i. e. comparing with drift only due to the DMD from
non-parallelism of the plane of the object formed by = Table 1, an additional influence of the camera on the
the DMD micromirrors and the plane of the camera  pointsdriftappeared. The value ofthe drift ofall points
photodetector. after 120 min of operation is 1 um. Thus, the DMD

The points drift due to the micromirrors of the and the camera must be warmed up during interior
DMD and camera pixels for 4 h in the form of a plots ~ orientation parameters calibration of optoelectronic
in the camera pixels is shown in Figure 6, its value  devices, heated for at least 120 min. When interior
is shown in Table 3. orientation parameters calibration another camera or
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any optoelectronic devices, it is necessary to study several photodetectors). However, the time for
the drift of their photodetector matrix structure (or  preheating will be approximately the same — 120 min.

2300 2300
2000 2000
% 0™ b NN\ v
1700 1700
1400 % - 1400 N
72] (%}
o ]
£ 1100 3 1100
a. a «
a L ~ W s ~ \1 Ne ’\e‘ "
£ &
800 800
500 “‘A. -~ X - - \‘ Ne ’\8 N
200 200
g -y R L ~, A . g
-100 -100
-100 200 500 800 1100 1400 1700 2000 2300 -100 200 500 800 1100 1400 1700 2000 2300
n, pixels n, pixels
a b

Figure 5 — Point drift due to micromirrors: @ — within 3 h, after 1 h of operating, drift value increased 100 times;
b —within 2 h, after 2 h of operating, drift value increased 250 times

2300 The RMS value of the displacement of all

2000 points is less than 1 um, except for the first 20 min,

M ‘o _— which is acceptable for most cases of interior
1700 . . . . .
orientation parameters calibration of optoelectronic
1400 ‘KM Soudl devices. optoelectronic devices. In the first 20 min,
s the largest non-uniform expansion is observed;
B 1100 . . .
< % - Sl Sondl the RMS is 1.5 pm. The maximum spread in thp
800 first 20 min of operation on rows and columns is
4 pm, the rest of the time does not exceed 1 pm.
00 Sy ey St & From Table 4 the average change in the distances
200 between neighboring points is not more than
R Y Y B 0.1 pm. Thus, we can assume that the value of the
-100 . . . . .
100 200 500 800 1100 1400 1700 2000 2300 change in the distance between neighboring points
n, pixels is the same, negligible, and random. The distance

Figure 6 — Point drift due to micromirrors and between neighboring points does not change over
pixels of camera within 4 h (step of shooting 1 min).  {jme.

For presentation, the drift value is increased 25 times

Table 3
The drift value of DMD micromirrors and pixels of camera relative to the coordinates of the points
on the photodetector of previous shooting intervals (in pm, recalculated to coordinate system of DMD)

Offset of all points Shooting interval, min
0 20 40 60 90 120 180 240
Average - 17.19 4.75 3.92 1.47 0.86 0.17 0.47
]csciumns RMS - 1.21 0.41 0.21 0.36 0.19 0.07 0.08
Max spread - 3.71 1.39 0.75 1.19 0.62 0.29 0.28
Average - -2.00 -1.85 0.40 1.06 0.32 -0.08 -0.53
By rows RMS - 1.32 0.31 0.05 0.04 0.09 0.14 0.13
Max spread - 3.98 0.99 0.19 0.14 0.37 0.54 0.51
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Table 4

The change value in the distance between neighboring points on the photodetector relative to the
coordinates of the points on the photodetector of previous shooting intervals (in pm, recalculated
to coordinate system of DMD)

Offset of all points Shooting interval, min
0 20 40 60 90 120 180 240
Average - 0.05 -0.07 0.13 -0.24 0.09 -0.05 0.03
?(ﬁumns RMS - 0.06 0.04 0.08 0.08 0.07 0.03 0.04
Max spread - 0.18 0.15 0.32 0.48 0.25 0.14 0.14
Average - 0.06 0.02 0.03 0.00 -0.01 0.07 -0.06
By rows RMS - 0.03 0.03 0.02 0.06 0.07 0.05 0.03
Max spread - 0.13 0.11 0.08 0.17 0.26 0.17 0.11
2300 2300
2000 # # * 2000 % * ‘

1700 1700

1400 * 1400 %
e E AR

w W & * « & % &
SIE A AR AL B BF N

pixels
m, pixels

m

-100 -100

-100 200 500 800 1100 1400 1700 2000 2300 -1 0 500 800 1100 1400 1700 2000 2300

n, pixels n, pixels

a b

Figure 7 — Point drift due to micromirrors and pixels of camera (step of shooting 1 min): a — within 3 h, after 1 h
of operating; b — within 2 h, after 2 h of operating. For presentation, the drift value is increased 100 times

From Figure 7 the points drift within 3 h after it was found that the drift of DMD micromirrors
1 h of heating shows that the points drift mainly occurs mainly along the rows in the first 60 min of
along the rows and more for the left side than for the  operating. The value of the drift of all points after
top. The points drift within 2 h after 2 h of heating 60 min of operation is less than 1 pm.
becomes uniform. The spread in the position of the The uniformity of expansion of the DMD
same point is due to noise and vibration, a more Will determine the accuracy of interior orientation
pronounced spread for the lower right corner is due ~ parameters calibration of optoelectronic devices
to residual parallax, i.e. DMD and photodetector ~using DMD, since uneven expansion will disrupt

planes are not parallel. the periodicity of micromirrors, that is, the relative

position of the micromirrors relative to each other

Conclusion will not be known. It is determined that the RMS
of the offset is less than 1 pm.

When using DMD as a test-object in problems It has been established that the value of the

of interior orientation parameters calibration of change in the distance between neighboring points
optoelectronic devices, the average drift value of is the same throughout the micromirror array, is
the entire array of DMD micromirrors will affect the negligible, and is random in nature. If necessary,
accuracy of calibration. In the course of the research  the residual effect of the uneven expansion
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of DMD during interior orientation parameters
calibration of optoelectronic devices using DMD
can be compensated by determining the coefficients
of uneven drift for each DMD micromirror.

Thus, DMD can be used as a test-object in
the problems of interior orientation parameters
calibration of optoelectronic devices. If more
accurate interior orientation parameters calibration
of optoelectronic devices are necessary, the results
obtained can be used as compensation coefficients
for changes in the spatial structure of DMD due to
temperature effects during operation.
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Abstract

Hot cavity ion sources of different kinds are widely used in nuclear and mass spectroscopy, especially
in on-line isotope separation devices attracting attention of scientists and engineers looking for high
ionization efficiency, robustness and beam purity. In the paper a new type of hot ionizer cavity is proposed:
namely cavity having the shape of a flat disc, which may be especially suitable for short-lived nuclides
to be ionized.

A numerical model of the ion source is presented in the paper. The particle tracking code takes into
account ionization at hot surfaces and enables modeling of both flat disc cavity and standard elongated cavity
ionizers. The code enables calculation of total ionization efficiency and is suitable for stable and long-lived
nuclides.

Influence of the flat disc cavity geometry (thickness and radius) and its temperature on total ionization
efficiency was considered — it was shown that the efficiency increases with cavity radius due to the growing
number of particle-wall collisions. This effect may be important in the case of the hard-to-ionize nuclides.

The optimal ionizer geometry is characterized by 90 % efficiency, even for substances with rather low
ionization coefficient (of order 0.05). The role played by the size of the extraction opening is explained —
it is demonstrated that the ionization efficiency increases due to the opening radius reduction. It is also proven
that extraction voltage of 1-2 kV is sufficient to maintain optimal ionizer efficiency.
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IPpPeKTUBHOCTH MOHU3ALUM B rOpsideil MJI0CKOM
AMCKOOOPA3HOM MOJOCTH

M. Typex

Huemumym ¢puszuxu, Ynusepcumem umenu Mapuu Kropu-Crroooeckoii 6 Jliobnune,
ni. umenu M. Kropu-Ckaadoscxot, 1, e. Jlrooaun 20-031, [orvwa

Hocmynuna 14.02.2020
Hpunama k neuamu 20.04.2020

HonusaTopsl ¢ ropsiyeii MoJIoCThIO Pa3IMYHOIO TUIIA HAXOAT IIMPOKOE MPUMEHEHHE B aTOMHON M Macc-
CHEKTPOCKONNH, B YACTHOCTH, B YCTPOUCTBAX JUIsl pa3/elIeHUs] N30TOIOB B pEKMME OHJIAIH, IPEICTaBIISIIOT
OoJIbIION MHTEpeC sl YUEHBIX M MHKEHEPOB BCIEACTBUE BBHICOKOH 3()(EKTUBHOCTH MOHHU3ALMH, HAJEK-
HOCTH M YHUCTOTHI Jiyya. B paboTe mpeioskeH HOBBIA THII FOpsie MOHM3aLMOHHON MOJOCTH, @ UMEHHO
MOJIOCTH B (hOpPME TIOCKOTO TUCKa, 0COOCHHO 3P (EKTUBHOM /11 HOHU3ALUH KOPOTKOKHUBYIINX HYKITUIOB.

IIpencraBnena dncieHHas MOJENb MOHHOTO MCTOYHHMKA. MOJENb OTCIEKUBAHHUS YacTHULl YUUTHIBAET
MOHM3AIMI0 HAa TOPSYMX MOBEPXHOCTSIX M MO3BOJSAET MOJAEIUPOBATH KaK MOJIOCTh IJIOCKOTO JUCKA, TaK U
CTaHJapTHbIC HOHU3ATOPHI C yUIMHEHHOM MOIOCTHI0. MOJIeb O3BOJISIET BHIIOIHATE pacyéT oomei adex-
TUBHOCTH MOHU3AIMU U IPUMEHUMA K CTAOMIIBHBIM U JIOJTOKUBYLIMM HYKJIHIAM.

PaccMmoTpeHo BiIMsHUE reOMETPUH MOJIOCTH TIOCKOTO JMCKa (TOJIIMHA U PaJuycC) U €ro TeMIIepaTyphl
Ha 0011yI0 3()(HEeKTUBHOCTh HOHU3AIMHU — TIOKA3aHO, YTO 3(P(PEKTUBHOCTD YBETUUUBACTCS C PAIYCOM I10JIO-
CTH M3-32 PACTYILETo YKcia CTOIKHOBEHHH YacTHIL cO cTeHKaMu. JlaHHbIH 3 (heKT MOXKET 0Ka3aThCs BaXKECH
JUTSL TPYJTHOMOHHU3UPYEMBIX HYKJIUJIOB.

OnrtrmalnbHasi TeOMETpHsI HOHKU3aTopa XapakTepusyercs 3¢ dextuBHoCcTbIO 90 % naxe s TPyIHOU-
OHH3UPYEMBIX BemecTB ¢ Ko3dunuentom nonnzauuu nopsiaka 0,05. O0bsicHAETCS poJib, KOTOPYIO UTpa-
eT pasMep SKCTPAaKUMOHHOI'O OTBEPCTHA — MOKa3aHO, 4TO 3(PQPEKTHMBHOCTh MOHM3ALUHU YBEIUYNBACTCS
M3-32 YMEHBIIEHHS pajuyca oTBepcTHs. Takke JoKa3aHO, YTO BBIXOAHOE HampsbkeHHe 1-2 kB nocrarouno
JUTSL IOAJIEPKAaHUSl ONTUMANbHON 3QPEKTUBHOCTH.

KiroueBble cjioBa: HOHHU3aTop, 3¢)(bCKTHBHOCTL HOHHM3alMU, IMMOJIOCTh, SKCTPAKIITMOHHOEC OTBCPCTHC.
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Introduction

Surface ionization ion sources equipped with
hot cavities proved to be useful tools e.g. in nuclear
spectroscopy [1], mass spectroscopy [2, 3] and are
widely used in on-line isotope separation (ISOL)
projects [4—7]. Hot cavity ion sources in its pure
form were invented almost five decades ago [8, 9]
and evolved into the resonant ionization laser ion
sources (RILIS) [10—12] based on an excitation of the
valence electron to the continuum by tunable lasers.
It is worth mentioning that the evolution has not
stopped and next hybrid ion sources for ISOL purpo-
ses still appear [13]. Numerous advantages of hot
cavity ion sources like: compact design, robustness
and reliability, very low energy spread of the ion beam
and its high purity and, probably most of all, high
efficiency and very small amounts of ionized substance
needed to obtain a good quality ion beam made these
devices attractive to physicist and engineers.

There is a variety of hot cavity ion sources,
but in their classical form the basic part is a
semi-opened ionizer made of refractory metal or
ceramics, heated to a high working temperature
(= 2500 K or more) either by electron beams [14]
or ohmically [15, 16] or even inductively [17]. Most
often the ionizer is connected to a target irradiated
in order to produce isotopes by a kind of transfer
line [18], but in some solutions the ionizer itself
could serve as the target and the produced isotopes
are released immediately into the hot cavity [14]. As
it has been already said, the cylindrical ionizer is the
most common solution, but spherical ones are also
used in some devices [19, 20].

In a series of previous papers a numerical models
of a variety of hot cavity ion source were presented,
including those concerning tubular [21-23], spherical
or hemispherical [24] and also conical ionizers [25].
Results presented by other groups also showed that
ionizer of complex shapes are characterized by very
high efficiencies [26, 27]. At the early version of the
model ionization of stable isotopes was considered,
later on the model was upgraded in order to take into
account effects of radioactive decay and delays of
the particle emission due to diffusion and effusion in
the ionizer [28]. The ionization model is based on the
assumption that multiple collisions of particles with
hot ionizer walls enhance total ionization efficiency.
It should be mentioned here that e.g. electron
impact ionization could also provide very important
contribution, especially in the case of hard-to-ionize
elements [22].

As it has been said before, geometry of the
ionizer cavity may be crucial for obtaining high
ionization efficiency. It was e. g. demonstrated that
spherical ionizers with small extraction openings
achieve higher efficiency than tubular semi-opened
1onizers in the case stable nuclides, while in the case
of short-lived isotopes either hemispherical or conical
ionizers are superb. In the current paper another shape
of the ionizer is postulated. It is a flat disc cavity
ionizer, which could be understood as a limiting case
of cylindrical ionizer, but characterized by shorter
length compared to its radius. The flat shape of the
cavity should result in a large number of collisions
of the particle traveling to the extraction opening.
Simultaneously, small length of the cavity makes the
penetration of the extraction field easier, leading to
fast and effective ion evacuation. It should be also
mentioned that manufacturing of the flat disc cavity
seems to be easier task than in the case of spherical
or even conical cavities, especially in the case of
hard-to-machine materials. The paper contains brief
description of the numerical model suitable for
stable and very long-lived isotopes. Dependency
of the ionization efficiency on the cavity shape (its
elongation an radius) is studied. The influence of the
extraction opening size on the efficiency is under
consideration. The current-voltage curves obtained
for different values of ionization coefficient are also
presented and discussed. The changes of the ion
yield due the ionizer temperature are investigated.

Numerical model

The numerical code wused for calculation
of ionization efficiency in a disc cavity is a trajectory
tracking code similar to that considered in previous
papers [21-25, 28]. The code follows trajectories
of both ions and neutral particles that are confined in
a hot cavity until they reach the extraction opening.
A schematic cross-section through the simulated
cavity-extraction electrode system is presented in
Figure 1.

It should be stressed once again that standard
cylindrical ionizer is characterized by r,<<L
condition, whilst for a flat disc cavity L should be
much smaller or at least comparable to ;. The results
presented in the paper were obtained for L of order
of I mm. The simulation system is discretized using
by 100x400x400 rectangular numerical mesh with
cell sizes Ax = Ay = Az = 0.05 mm. The electrostatic
potential is worked out by numerical solving of
Laplace equation (with boundary condition imposed
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by electrodes) employing the successive over-
relaxation method, as in [29, 30]. The classical
equations of motion are integrated using 4th order
Runge—Kutta algorithm. The forces used by the
push subroutine are found by linear interpolation
of the electric field values at six nodes nearest to
the particle position. Starting velocities of particles
depend on the ionizer temperature, while their initial
directions are chosen randomly. A neutral particle or
ion that hits the ionizer's hot internal surface could
undergo ionization/neutralization with a probability
(also called ionization coefficient) 3, which is related
to ionization degree by formula:

B=a/(1+a). (1)

The latter magnitude (o) is usually defined as
the ratio of the numbers of ions and neutral atoms
detaching from the hot surface and could be estimated
using the Saha—Langmuir formula:

a=Gexp(-(V;=¢,) / kT). )

In the above formula V; and ¢, are the ionization
potential and the work function of the ionizer
material, respectively, while the G prefactor depends
e.g. on the atom-surface reflection coefficient. As it
was already mentioned, the code follows the particles
until they exit the cavity through the extraction hole
and registers the total numbers of ions (/,) and
of neutrals (N,). The total ion source ionization
efficiency is calculated as:

B. N

+

N, 4N, ®)

[#)
2
! =
Q
Ko
- °
“ M S
;—1 Rl
g | = 2
2| | =
RS 5
.L>|

Figure 1 — Schematic view of the simulated system

One should have in mind that particles inside
the cavity undergo many collisions with the ionizer
hot walls. As the collision number reaches hundreds
or even thousands, and charged particles are caught
by the extraction field, the B, could be by orders

of magnitude larger than ionization probability
during a single collision, predicted by the Saha—
Langmuir formula (2).

Simulation results

The influence of ionizer cavity shape on
ionization efficiency was investigated as the first.
Namely, 7, radius was changed starting from
0.8 mm up to 7mm while the ionizer length L
was kept constant (L =1 mm). The flat extraction
electrode on potential ¥, ,=-2kV) was set at the
distance d=1mm from the extraction hole of
radius 7, = 0.5 mm. The extraction channel length
was chosen as [/=0.2, unless otherwise stated.
The simulation timestep was chosen as 10-2 ps.
Simulation runs were performed using 20000 test
particles of 150 a.m.u. mass. The ionizer temperature
was set to K7=0.3 eV, unless otherwise stated.
Calculation results are shown in Figure 2. As one
can see, P coefficient changed over two and a half
decades. Obtained total efficiency increases very
fast with 3. As one may expect ionization efficiency
increases with the cavity radius and this effect is
especially important in the case of hard-to-ionize
substances (the case of B of order 0.01 or less). The
total ionization efficiency could be several tens times
larger than efficiency predicted by Saha—Langmuir
law. For example, for p=0.01 the total efficiency
reaches 0.5 in the case of flat enough cavities
(r;=4 mm or more). The 90 % efficiency, marked
as a dotted horizontal line, could be achieved for
larger than 0.06, which is significantly better than
efficiencies achieved in the case of cylindrical [21]
and hemispherical ionizers and comparable to that
reached in spherical ionizers [24]. As it was already
mentioned, the efficiency gain is reached due to the
increasing number of particle-wall collisions in the
case of flat cavities. As one can see in Figure 2. the
average number of collisions increase dramatically
with 7,. For small values of B it reaches 700 in the
case of very flat cavity while it is = 30 for the compact
shape. It could be seen that <n,;,> decreases with
B — the easier is an atom to be ionized, the faster
is caught by the extraction field.

On the other hand, in a flat disc shaped cavity
the volume that is far away from the extraction
field increases very fast with the ionizer radius.
Decreasing probability of ion extraction leads to the
saturation of ionization efficiency growth with ;. As
it could be seen in Figure 3 an excessive increase
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ofr;—above 7 mmin the considered case—is pointless,
as it will not result in efficiency improvement.

1.0 A
0.8+
0.6 1
S
0.4 1
0.2
0.01 L 0.1 1
IJ

Figure 2 — Total ionization efficiency as a function of
ionization coefficient B for different values of ionizer
radius 7;

Figure 3 — Average number of particle-wall collisions
calculated for different values of ionizer radius r;

1.0 A

Figure 4 — Total ionization efficiency as a function of
ionization coefficient B for different values of extraction
opening radius 7,

The influence of extraction hole radius was
also under investigation. Calculations were done for
a disc cavity of diameter ;=5 mm and L =1 mm.
Results for re changing in the range from 0.25 mm
up to 4 mm are presented in Figure 4. One can see
that total ionization efficiency increases with r,. Once
again that effect is more important for smaller f.
The explanation is very similar to that given in the
previous case: the smaller is the extraction hole,
the more collision with the hot wall each particle
undergoes, which enlarges the total ionization
probability. The average number of collisions as
function of B is shown in Figure 5. The increase
of the average number of collisions by three orders
of magnitude when the extraction hole radius is
reduced to 0.2 mm is meaningful. One should,
however, have in mind that the presented results
were obtained for stable isotopes. More particle-wall
collisions result in longer total time a particle stays in
the ionizer, which may play a crucial role in the case
of short-lived isotopes.

1000 3

100 4

< Rhir>

10 4

Figure 5 — Average number of particle-wall collisions
calculated for different values of extraction opening
radius 7,

The role played by the disc cavity thickness L
was also checked out. Simulations were performed
for ;=2 mm and r, = 0.05 mm, all other parameters
were as in the previous cases. The results are shown
in Figure 6. One can see slight reduction of ionization
efficiency for a very thin cavity (L = 0.5 mm). This
could be probably due to the fact that the penetration
of extraction field is limited in the case of such
a flat cavity. For larger values of L the changes
of efficiency are rather subtle, independently on the
ionization coefficient.
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Figure 6 — Influence of disc-shaped cavity thickness L on
the total ionization efficiency

Ionizer temperature may play an important role
in achieving large ionization efficiencies. Figure 7
presents results of simulations of B, evolution with
kT for a flat disk cavity. Simulations were performed
for L=1mm, r;=5mm and r,= 0.5 mm. Two cases
were considered: ionization coefficient in the lowest
considered temperature k7 =0.2 eV was set either
to 0.01 or 0.001. Ionization coefficient for higher
temperatures was calculated using Saha—-Langmuir
formula assuming V-¢,=0.9eV. Changes of
ionization coefficient with k7 are shown in Figure 7b.
It could bee seen that B increases several times in the
considered temperature range. This is not the only
magnitude that changes with ionizer temperature.
Hollow symbols show the dependence of the
desorbing particle initial temperature on k7 — that
change was also taken into account by the code. As
it is shown in Figure 7a, total ionization efficiency
increases with k7. The increase is nearly linear for
B(0.2eV)=0.001, while a kind of saturation could
be expected in the cases of higher initial ionization
coefficient f3.

0.8 A

0.6 1 e
./ —u— B, (kT) for B (0.2 eV ) =0.01

Bs

04 | —o— By (kT ) forB (0.2 eV) =0.001
o/”././.

0.25 0.30 035

kT, eV

a

b

Figure 7 — Total ionization efficiency as a function of
ionizer temperature k7" (a) and dependence of ionization
coefficient B and initial velocity of the desorbing particle
on ionizer temperature k7 (b)

As for other shapes of the ionizer, simulations of
the current-voltage curves were done (see Figure 8).

1.0+

—a

0.8
. 0.6

=]

<

~ 0.4

—a— $=0.005
021 —e— B=0.01
0.04 —a— B=0.1
0 2 4 6 8 10
Ve, KV

Figure 8 — Current-voltage curves calculated for different
values of ionization coefficient 3

The case of L=1mm, ;=5 mm and r,= 0.5 mm
was considered (the same set of parameters as previou-
sly). Extraction voltage was increased up to 20 kV. One
can observe very rapid increase of ion current with
V.., rising up to =1 kV. Above 1-2kV a saturation of
current-voltage curve is observed. This happens when
the extraction field is able to catch and extract ions
almost immediately after they are created. It should
be kept in mind that excessive (more than 1-2 keV in
the considered case) increase of the V,, is pointless —
it does not lead to any significant increase of f, and
may result in electrical breakdown. It is worth noting
that the shape of the calculated curves is close to that
obtained for tubular [23, 28] ionizers and to experi-
mental curves measured for the tubular ionizers [31].
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Conclusion

Stable isotope ionization in a novel kind of hot
cavity, namely flat disc-shaped one, was considered
in the paper. The brief description of the numerical
model was given for completeness. Influence
of the ionizer geometry on ionization efficiency
was considered. It was shown that the efficiency
increases with the disc ionizer radius reaching values
higher than these obtained for elongated cylindrical
or hemispherical ionizer. lonization -efficiency
of 90 % could be reached even in the cases of the
ionization coefficient of order 0.05. This effect is
mostly to the large number of particle-ionizer wall
collisions (reaching several hundreds) in the case
of flat cavities.

Numerical simulation performed using the
model showed also that:

— ionization efficiency of stable isotopes could
be significantly enhanced by the reduction of the
extraction opening radius;

— excessive reduction of that thickness (below
0.5 mm) may lower the total ionization efficiency;

— extraction voltage of 1-2 kV is sufficient
to achieve almost maximal efficiencies at given
geometry.

Simulations of the influence of the ionizer
temperature on the total ionization efficiency showed
that the efficiency increases with &7, mostly due
to the fact that ionization probability usually increases
with the surface temperature. Thus, it is crucial
to maintain possible high ionizer temperature (for
typical ionization conditions) and reduce chances
of forming "cold spots" that could reduce efficiency
to a large extent.
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Abstract

The paper presents a new test stand for ivestigating the rate of penetration of transformer oil through
electrotechnical pressboard. The stand consists of a pipe, to the lower end of which is glued a pressboard
plate. The pipe is filled with insulating oil. A mirror is placed under the plate, which directs its image to the
lens of the camera, which takes a series of photographs at a given time interval. After being saturated with
the insulating oil, the pressboard changes colour from light to dark yellow. The absorbing time is defined
as the time in which a dark yellow spot appears on the lower light surface of the pressboard after the pipe
is filled with oil.

A new way of determining capillary diameters has been developed when the number of capillaries
is unknown and the volume of liquid flowing through them is not measurable. The distribution of the times
of penetration of transformer oil through 2 mm thick electrotechnical pressboard was determined, the values
of which range from about 220 min to about 550 min. It was found that the radii of capillaries through which
the insulating oil penetrates are within the range from about 45 nm to about 70 nm. Due to the structure
of the pressboard, which consists of cellulose fibres, arranged more or less tightly, there are capillaries
in the structure of the board, each of which has sections of varying lengths of radii. This means that short
sections of a single capillary can have radii both smaller than 45 nm and larger than 70 nm.

The developed stand and the new analysis method can be used for testing various porous materials
for penetration by various liquids.
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N3mepeHne CKOPOCTH MPOCAYNBAHUSA TPAHCHOPMATOPHOIO
MAacJIa Yyepes3 JJIEKTPOTeXHUYeCKUl KapTOH

Y. Ko3zak

Jlo61unCKUl MexXHOoN02UYecKull yHusepcumen,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Honvwa

Hocmynuna 04.03.2020
Ipunama k newamu 21.04.2020

B pabote npejicraBieHa HOBasi yCTaHOBKA ISl UCCIIEIOBAHUS CKOPOCTH MPOCaYMBaHus TpaHchopma-
TOPHOT'O MacJia uepe3 AEKTPOTEXHUUSCKUI KapTOH. Y CTAHOBKA COCTOMT M3 IMPO3PAYHON TPYObl, K HIKHEMY
KOHITY KOTOPO MPUKJICCHA IJIACTUHKA 3JICKTPOTEXHUYECKOTO KapToHA. 3aTeM B TPyOy BIUBAETCS TpaHC(OP-
MaTopHoe mMacio. [1oj mracTHHKO#M HaXOAUTCS 3epKallo, HarpasJsoliee e€ n300paxkeHue B 00beKTUB (OTO-
amnmapara, KOTOPhIF PETHCTPUPYET CEPUI0 M300paKCHHI IJIACTUHKHU C 33JJAHHBIM BPEMEHHBIM HHTEPBAJIOM.
DIEKTPOTEXHUYECKHI KaPTOH, CMOUEHHBIH TPaHCPOPMATOPHBIM MAaCJIOM, U3MEHSIET CBOH IIBET CO CBETJIO-
KENTOTO Ha TEMHO-KENTHIN. Bpemst mpocaunBaHus TpaHC(HOPMATOPHOTO Maciia yepe3 ANEKTPOTCXHHUSCKUHT
KapTOH ONPEICIIIETCs MO TMOSBICHUIO Ha N300paKEHUHU TTOBEPXHOCTH KapTOHA TEMHO-)KENTOTO TISTHBIIIKA,
CBUJICTEILCTBYIOIIETO O TIPOCAYUBAHUY TPAHC(HOPMATOPHOTO Macia Yepe3 IUIACTUHKY.

Pazpaboran crioco6 pacuéra cpeHero AuaMeTpa KanuispoB, 4epe3 KOTOpbie TpaHChOopMATOPHOE MACIIO
MIPOCAYUBACTCS YEPe3 DJICKTPOTCXHUYECKUN KapTOH B Cilydae, KOTJa MX YHUCIO SIBJISIETCS HEU3BECTHBIM,
B CBSI3M C YeM 00bEM BBITCKAIOIICH Yepe3 OMH KaMIIsAP )KUJIKOCTH HEBO3MOXKHO U3MEPUTh. Y CTAHOBJICHO,
YTO B pa3HbIX MECTaX IJIACTUHKU KapTOHA C TONIIMHOM 1 MM BpeMeHa mpocauynBaHus paznudatorcs. Ha oc-
HOBaHUU MPOBEACHHBIX U3MEPEHUN OMPENEICHO pacipeaesicHue BpeMEH MPOCAUYUBAHUSI, KOTOPHIE U3MEHS-
10TCs1 0T 224 MuH 10 556 MuH. Paccuntansl pannychl KalujsIpoB, Yepe3 KOTOpbIe TPaHC(POPMAaTOPHOE Maciio
MIPOCAYUBACTCSA YepPe3 AICKTPOTEXHUUECKUI KapToH. VX BenuunHbl u3MeHstoTea oT 47 uM a0 75 am. CTpyk-
Typa KapToHa MPEJICTaBIIeT COOOM BOJIOKHA IIETFOJIO3bI, YITAKOBAHHBIC JIOCTATOYHO IJIOTHO. B CBS3M € 3TUM
MEXKY BOJOKHAMU CYIIECTBYIOT KAWIAPHI, KAXKIbIH U3 KOTOPBIX COCTOUT U3 YYACTKOB C U3MECHSIOLIUMUCS
0 JTMHE paanycaMu. TakuM 00pa3oM, B KAPTOHE UMEIOTCSI KOPOTKHE YYaCTKH KaIllWIISIPOB C paHyCcaMy Kak
MEHBIIUMU 47 HM, TaK U OOJIBIIUMH 75 HM.

Pa3paboTranHble yCTaHOBKA U CIIOCOO pacyéra pa3MepoB KaIllWISIPOB MOTYT OBITh UCITOJIb30BAHBI JIJIS HC-
CJICIOBAHUSI MPOTEKAHUS PA3NTMUHBIX KUAKOCTEH uepe3 MOPUCThIC MATEPUAIIbI.

KaroueBble ci10Ba: 3JeKTPOTEXHUUECKHI KapTOH, TpaHCHOPMATOPHOE MACIIO, UMIPETHAIMS, KATHIISIPHI.
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Introduction

The most popular type of electrical insulation
used in power transformers is the so-called liquid-
solid insulation. Among many technical solutions,
the most commonly used is the use of cellulose
materials in the form of paper and pressboard as
solid elements of insulation. Its popularity is mainly
due to its good insulation parameters, ease of
manufacture and shaping, and low price. Cellulose
is a naturally occurring biopolymer derived from
wood. It is composed of repeating glucose groups
forming monomers, from which fibres are eventually
formed. The number of repeated monomers in a
single fiber is an important material parameter and
is referred to as the degree of polymerisation (DP).
The degree of polymerisation for newly made
insulating paper takes the values of about 1200 [1].
During many years of operation, the cellulose fibres
disintegrate to the level of 200 DP [2], which is
considered to be the end of insulation life. As the
cellulose depolymerisation progresses, it gradually
loses its electrical and mechanical properties, which
may result in catastrophic transformer failure. One of
the main factors in accelerating the depolymerisation
of paper insulation is the presence of water in it.
In order to protect the cellulose insulation from
the ingress of water molecules, it is impregnated
with insulating liquid. Since the beginning of
the 20th century, the commonly used insulating
liquid is petroleum-derived mineral transformer
oil, which is characterised by low viscosity, good
ageing strength, excellent insulating parameters
and low price [3]. Another task of the insulating
oil is to ensure cooling of the insulation and active
elements of the transformer [4]. Moreover, due to
their fibrous structure, cellulose materials have free
spaces between the fibres in the form of capillaries,
in which there is a noticeable amount of air, which
during the impregnation process is replaced by oil,
increasing the dielectric strength of the insulation.
The remaining air in cellulose after improper
impregnation, due to its low dielectric permittivity
(e=1), compared to cellulose (e=4.4) and
applied insulating liquid (e =2.2-3.2), causes local
electric field intensity which may lead to partial
discharges [5]. Important parameters of cellulose
materials are their absorbability — the volume of
oil which is absorbed by a unit of material volume,
and the rate of impregnation — the impregnation
time. Such parameters also include capillary
dimensions and distribution of their diameters.

Theproperlyperformedimpregnationprocessiscrucial
for failure-free transformer operation [6]. In atmo-
spheric conditions, impregnation of the pressboard
with transformer oil takes over 46 days [7]. The use
of vacuum impregnation, in which the pressboard
is treated with oil under reduced pressure, allows
to shorten the impregnation time to even several
dozen minutes [8]. Previous studies revealed the
presence of statistical distribution of capillaries
present in the pressboard [9, 10].

The aim of the present study is to present
the position for testing the rate of transformer
oil impregnation through the -electrotechnical
pressboard and the method of determining the
dimensions of capillaries when their number
is unknown and the volume of liquid flowing through
them is impossible to record.

The oil-impregnation test stand

In order to test the process of penetration
of insulating oil through the pressboard, a measuring
stand and the method of optical recording of the
time of penetration of oil through the pressboard
sample were prepared. The basis of the new method
is that after moistening its surface with insulating
oil, the pressboard is changing its colour from light
to dark yellow (Figure 1).

b

Figure 1 — Dry (a) and transformer oil moistened (b)
pressboard samples
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Figure 2 shows a diagram and basic elements of
the measuring stand. The main element of the stand
is a 2 m long polycarbonate pipe. A plate made of
pressboard is tightly glued to the lower end of the
pipe. Under the vertically positioned pipe, a vessel is
placed to catch oil in case the pipe and plate should
get unsealed. A mirror is placed in the vessel at a
45° angle, directing the image of the pressboard
plate to the camera lens. By using a concave mirror,
the sample image was magnified approximately
1.5 times its actual size, which improved the image
resolution. After starting the cyclic operation of
the camera, the tube is filled with transformer oil
so that the height of its column is (1000 + 1) mm.
In the research, electrotechnical pressboard and
transformer oil intended for the production of power
transformers were used, obtained from the world's
leading manufacturers of insulating materials.
It was important to use a suitable adhesive that did
not impregnate the pressboard, but was resistant
to transformer oil and allowed the samples to be
glued to the pipe. For this purpose, experimental
tests were carried out to glue the pressboard to the
polycarbonate pipe with contact, polymer, acrylic
and epoxy adhesives. The epoxy adhesive proved
to be the most suitable both in terms of density,
adhesion to the glued surfaces and oil resistance.

p

e

s

Figure 2 — Outline of the measuring stand: 1 — mirror;
2 —sample matrix; 3 — insulation oil; 4 — polycarbonate
pipe; 5 — camera; 6 — perforated iron sheet; 7 — adhesive
layer; 8 — pressboard sample

A high resolution digital camera was used to
record the image. To control the operation of the
camera, an intervalometer was used, allowing for
cyclic release of the camera shutter in the time
range of 1 s to 99 min. The camera is capable of
a reduction of wobble during the shooting process
thanks to image stabilisation and the possibility
of initial mirror lift. After a series of tests, the
optimum time between shooting was determined
to be 15 s, ensuring an accuracy of approximately
0.5 %.

The exposure time was adjusted to the ISO200
sensitivity so that the images had the lowest noise
level. The lens aperture was selected on the basis of
MTF50 [lpmm] charts for maximum focal length
resolution of the camera lens. White LEDs were
used as the illumination of the tested sample, placed
in such a way as to make the surface of the tested
sample evenly illuminated. The use of a digital
camera in comparison with visual observation
gives the possibility to take measurements without
the participation of the observer and allows for re-
analysis of the set of images in order to verify the
correctness of the setting of oil permeation times.

Initially, the measuring station consisted of
a pipe with an internal diameter of 40 mm and a
length of 1.5 m, to which a 50 x 50 mm? pressboard
plate was glued. The measurement of percolation
time consisted in the analysis of obtained
photographs and determination of colour changes
on the surface of the tested sample. Then, knowing
the number of photos taken until the first dark point
appeared on the lower surface of the sample and
the length of the time interval, the impregnation
time of the oil through the pressboard sample
was determined. Images of the sample obtained
after successively increasing times are shown in
Figure 3. Figure 3 shows that on the initially bright
lower surface of the pressboard plate (Figure 3a)
a dark point appears after some time (Figure 35).
The time after which this point appears is the
time of the fastest penetration. This probably
corresponds to the capillary of the largest
diameter. Then the dark area around this point
gradually expands (Figure 3¢). This indicates
that there are capillaries with longer penetration
times, 1. e. with smaller diameters than the first
capillary. The analysis of the images presented
in Figure 3 shows the presence of capillaries of
significantly different diameters in the structure
of the electrotechnical pressboard.
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Figure 3 — Images of the pressboard sample during
permeation time measurements

This means that the oil permeation times
differ at different points in the pressboard sample.
By analysing the subsequent images it is possible
to determine the moment of oil permeation at a
given point. Unfortunately, in a number of cases
the time differences were small, so that the surface
of the sample quickly became completely dark,
making it impossible to determine the individual
times. By analysing a single sample, one or rarely
two permeation times could be determined.
In order to determine the statistical distribution
of permeation times at least several dozen times
had to be determined.

For this purpose, the size of the seepage area
of a single sample was limited to 15x15 mm
in order to make a matrix from such samples as
shown in Figure 4. The samples were glued to a
perforated galvanised sheet with 10x 10 mm holes.
The next step was to apply the adhesive to the
cutting edges of the samples in order to eliminate
the penetration of oil through the side edges of
the sample. The matrix consisted of 25 samples,
but after taking into account the dimensions of the
90 mm diameter polycarbonate pipe used in this
case and the adhesive area, only 9 centrally located
samples were analysed.

Figure 4 — View of the matrix with prepared samples
of presssboard: 1 —matrix view from the bottom side;
2 — from the oil side

In this way 20 matrices were made for
2 mm thick samples, on the basis of which
180 values of the penetration times were obtained.
The distribution of the obtained permeation times
is shown in Figure 5, containing the histogram
of time intervals, which differ in values with a step
of 30 min. As can be seen from this figure, there
are more than twofold differences in permeation
times, the smallest one about 220 min, the largest
about 550 min.
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Figure 5 — Histogram of the number of occurrences
of individual permeation times

Penetration of oil through the pressboard is
done by capillaries between the cellulose fibres.
The distribution of penetration times shown in
Figure 5 means that the capillaries in the pressboard
are different in their rays. To determine the values
of capillary rays, the Hagen—Poiseuille's law was
applied:

av ﬂ:rzAp
dt 8nL

(1

where dV — volume of oil flowing through the
capillary in time df; Ap — pressure inducing liquid
flow in the capillary; n — dynamic oil viscosity;
L —length of the capillary; »—radius of the
capillary.

Assuming that the oil flow in the capillaries is
caused by the pressure of the oil column, we obtain:

Ap =pgh, ()

where p —oil density; g— standard gravity; 4 — oil
column height.

By substituting formula (2) with formula (1) and
integrating, we obtain the expression for the volume
of liquid flowing through a single capillary:

Tcr4pgh
8L

V=

L. A3)

In the study of the phenomenon of capillarity
by traditional methods, formula (3) is used to
determine the dynamic viscosity of a liquid, in the
case of known radius and length of the capillary.
When the radius of the capillary is not known, its

value can be determined by observing the flow of a

liquid of known viscosity. In both cases, the volume
of liquid V, which for time ¢ will flow out through
the capillary, is determined. In our case, an unknown
number of capillaries of different unknown radii pass
through the sample of the pressboard. Therefore,
it is not possible to use the standard interpretation
of formula (3) consisting in measuring the volume
of oil leaking from the capillary at time ¢. In order
to solve this problem, an approach has been taken to
determine the time 7, after which the oil fills the entire
capillary, i.e. from the moment the pipe is filled with
oil to the moment the oil permeates the sample. Such
a moment is recorded when a dark point appears on
one of the subsequent pictures shown in Figure 3. At
t,, the volume of oil in the capillary will be:

V=m-r’-L, )

where » — radius of the capillary; L — thickness of the
pressboard.

By substituting the permeation time 7, and
formula (4) to formula (3) we obtain:
4
nl.p = Peh (5)
snL ”
From here:
8mn-L
p=L |— (©)
p . g . h . tp
By substituting to formula (6) physical

constants and the permeation times obtained from
measurements, as shown in Figure 5, the distribution
of capillary radius values was calculated, as shown in
Figure 6. From Figure 6 it follows that the capillary
radii are in the range from about 45 to about 70 nm.
According to the data presented by the employees
of Weidmann, one of the leading manufacturers of
cellulose products intended for the construction of
insulation of electrical transformers, the dimensions
of capillaries in the pressboard range from 10 nm to
several micrometers [11]. Formula (6) shows that
the radius of the capillary, calculated on the basis of
the measured permeation time 7, depends linearly on
the capillary length. When calculating the radii of
capillaries, the values of which are shown in Figure 6,
it was assumed that the length of each capillary
is equal to the thickness of the pressboard. This
means that the capillary is in the form of a cylinder
connecting two surfaces of the pressboard plate. The
real shape of the capillary may look like a broken line.
It can increase the length of the capillary by several
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times. However, taking into account that the shortest
seepage times were used to calculate the radii of the
capillaries, it should be assumed that the seepage was
made by capillaries of lengths similar to the thickness
of the pressboard. Besides, in such heterogeneous
materials as cellulose fibre clusters, the capillary is
unlikely to be cylinder-shaped with a constant radius.
It should be assumed that the capillary consists rather
of short sections of variable thickness close to the
length of the cellulose fibres. This means that the
achieved capillary radii are average values. Real short
sections of the capillary may have radii both shorter
than 45 nm and longer than 70 nm. Paper [11] argues
that the upper limit of capillary diameter is several
pm. If in the plates tested in the study there were
capillaries of such diameter connecting both surfaces
of the pressboard plate, according to formula (6) the
time of oil permeation would be very short and would
be about 20 s. The permeation times we observed,
as shown in Figure 5, are about two orders larger.
This means that such large diameters concern rather
short and rare sections of the capillary.

40 -

30
=

520
10
0

40 50 60 70 80

¥, nm

Figure 6 — The graph of the number of occurrences of
particular radii of capillaries

The structure of the pressboard consists of
cellulose fibres, arranged more or less tightly,
between which are capillaries with radii of up to
several hundred nanometres. The research shows
that there are capillaries in the pressboard structure,
each of which has sections of varying lengths of
radii. Average values of capillary radii range from
130 to 200 nm. Impregnation of the pressboard
causes that the capillaries are filled with insulating
oil. This means that the paper-oil insulation

of power transformers should be considered as a
composite of cellulose and nano-capillaries filled
with insulating oil.

Conclusion

The paper presents a developed and constructed
stand for testing the rate of penetration of transformer
oil through the electrotechnical pressboard, which
consists of a pipe, to the lower end of which
a pressboard plate is glued. A mirror is placed under
the tube at a 45° angle, which directs the image
of the pressboard plate to the camera lens. After
flooding the tube with transformer oil, the camera
takes a series of photos with a given time interval.
The principle of the station is that after moistening
its surface with insulating oil, the pressboard
changes its colour from light to dark yellow. The
soaking time is defined as the time in which, after
filling the pipe with oil, a dark yellow spot appears
on the lower light surface of the pressboard, recorded
in subsequent pictures. On the basis of the Hagen—
Poiseuille law describing capillary phenomena, a
new way of determining capillary diameters has
been developed, where the number of capillaries is
unknown and the volume of liquid flowing through
them is impossible to measure. On the basis of
the tests carried out with the use of the stand, the
penetration times of transformer oil through the 2 mm
thick electrotechnical pressboard were determined,
the values of which range from about 220 min to
about 550 min. The capillary radii through which
the insulating oil seeps were determined to be
between approx. 45 nm and approx. 70 nm. Due to
the structure of the pressboard, which consists of
cellulose fibers, there are capillaries in the it, each of
which has sections of varying lengths of radii. This
means that the obtained capillary radii are average
values. Real short sections of the capillary can have
radii both smaller than 45 nm and larger than 70 nm.

The test stand for examining the rate of
penetration of liquids through porous materials and
the new method of analysis of test results described
in the article can be successfully used for testing other
porous materials and other liquids. The condition for
using the test stand and the new method of analysis
of results for other materials and liquids is a change
in colour or reflectance of the solid material under
the influence of the liquid. These phenomena are
often encountered in practice. In the absence of such
features, the liquid can be coloured.
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Abstract

Development of technical base, software, accumulated information on the diagnosis of the respiratory
system provided the prerequisites for creating remote diagnostics of the human respiratory system through
auscultation. The known methods do not solve the problem of determining auscultation points at patent’s
housing without a diagnostic specialist. The purpose of this study is to develop a method for remote diagnostics
of the respiratory system which provides ability to determine the points of auscultation without presence
of a diagnostic specialist.

The definition of auscultation points is provided using a computer program that allows to calculate
the points” coordinates based on the coordinates of points that determine the anatomical structure of the
patient's torso. The patient or his assistant places the recording device at the auscultation points combining
their images on the display with the image of the location of the recording device. The signal recorded at
the auscultation point is remotely transmitted to a specialist for direct analysis and/or computer processing.
The diagnostic module consists of two main units. The first unit contains a stethoscope, microphone, and
amplifier connected to a mobile phone or other similar device containing an accelerometer. The patient
or his assistant at the housing uses the unit. The second unit is a mobile phone with a mechanical marker
or a computer with the ability to access the network in conjunction with the necessary software and is used
remotely by a diagnostic specialist. The layout of the unit for recording and transmitting breath sounds was
made. To avoid discrepancies in the diagnostic results the technical characteristics of the module elements
must be normalized. Unified software is required for the module to function. The organizational tasks that
need to be solved for the implementation of diagnostics are formulated.

Use of the method of remote diagnostics of the respiratory system, providing the ability to determine
points of auscultation without the direct presence of a diagnostic specialist and the module will allow
increasing efficiency of treatment of pulmonary diseases reduce infection risks and economic costs.

Keywords: remote medical diagnostics, human respiratory system, auscultation points, diagnostic module.
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YK 616.24-008.4
O B0O3MOKHOCTH AUCTAHIIMOHHOM JMATHOCTHUKH AbIXaTeJIbHOM
CUCTEMBI Y€JI0BCKA METOAOM aYCKYJIbTAallUH

E.I'. 3aituesa, M.B. Uepneuxkuii, H.A. Illesenn

benopycckuil hayuonanbwiti mexnudeckuil yHusepcumen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

Hocmynuna 13.01.2020
THpunama k neuamu 09.04.2020

PasButHe TexHMYECKOI 0a3bl, IPOrpaMMHOT0 00ECTICUEHHS], a TAK)KE HAKOTJICHHAS! HH(POPMALUs 10 A1-
ArHOCTHUKE JIBIXaTeIbHOM CUCTEMBI 00ECIICUMIIN TPEATIOCHUTKU TSl CO3AaHUs TUCTAHIIMOHHON TUarHOCTHKU
JIBIXaTEeJIbHOW CHUCTEMBI YEJIOBEKA MOCPECTBOM ayCKyJIbTalluu. B M3BECTHBIX METOAMKAX HE pelleHa Mpo-
OneMa onpeeseHUs] TOUSK ayCKYJIbTAallMi B JOMAIIHUX YCJIOBHAX 0€3 MPUCYTCTBHS CIELUAIUCTA 110 JHa-
rHocTuke. Llenbio HacToAIIero ucciaeJ0BaHusl BISICTCS pa3padoTKa METOAMKH AUCTAHLIMOHHON THarHOCTH-
KH ABIXaTEeIbHON CHCTEMBI, 00ECTIEUNBAIONIas BO3MOKHOCTD OIPEeNICHHs TOYEK ayCKYJIbTAallMHu 0e3 MpH-
CYTCTBUS CHENHAINCTA M0 AUATHOCTHUKE.

1 3TO0TO0 NpEyCMOTPEHO ONIPEIETIEHNE TOUEK ayCKYIbTAINHU C UCIIOIB30BAHNEM KOMITBIOTEPHOM MpO-
IpaMMBI, TO3BOJIAIONIEH BEIYUCINTE UX KOOPIMHATHI HA OCHOBE KOOPAMHAT TOUYEK, ONPEAEISAIOINX aHATOMU-
4ecKOe CTPOEHHUE Topca naiuenTa. [laluenT mwin ero NOMOIHUK YCTaHABIMBAIOT 3alHChIBAIOIIEE YCTPO-
CTBO B TOUKH ayCKYJIbTalllH, COBMEIIAsl Ha JUCIIIEE UX N300paKEeHUs ¢ U300paKeHUEM TOYKH HAXO0XKICHUS
3aMMCHIBAIOIIEr0 yCTPONUCTBA. 3alIUCBIBAEMBIN B TOUYKE ayCKYJIbTALlMM CUTHAN JUCTAaHIMOHHO Nepenaérces
CHENUAINCTY JUIS HETIOCPEICTBEHHOTO aHaM3a W/WIIM KOMIBIOTEPHOH 00paboTKU. AMarHoCTHYEeCKUi MO-
IyJb COCTOUT M3 JIByX OCHOBHBIX y3JI0B. [IepBBIil CONEPKHUT CTETOCKON, MUKPO(POH M yCHIHUTEINb, COCIU-
HEHHBIE ¢ MOOMIIBHBIM TeJIe()OHOM WIIM APYT'HM aHAJIOTHYHBIM YCTPOMCTBOM, COACPIKAIINM aKCEIEPOMETP.
VY3en ucnonp3yeTcs MalueHTOM WM €r0 IOMOIITHMKOM B JOMAaITHUX YCIOBUAX. BTOpoit y3en npeacrasiseT
MOOHMIIBHBIHN TeneOoH ¢ MEXaHMUECKMM MapKEepPOM JIN0O KOMITBIOTEP C BOSMOKHOCTBIO BBIX0/Ia B CETh B CO-
BOKYITHOCTH C HEOOXOJUMbIM IPOTPAMMHBIM 00€CIICYeHHEM M UCIIOIb3YETCs] AMCTAHIIMOHHO CIICLHATHCTOM
M0 TMarHocTHKe. MI3roToBIIeH MakeT y3J1a 3aliCH U ITepeaayn 3ByKOB JbIXxaHus. UToObI n30exaTh pacxoxie-
HUSI Pe3yJIbTaTOB AUArHOCTUKH, TEXHUYECKUE XapAKTEPUCTHKH 3JIEMEHTOB MOIYJIsI HEOOXOANMO HOPMHUPO-
BaTh. s QpyHKIMOHMpOBaHUS MOy TpeOyeTcs: yHHUIMPOBaHHOE porpammuoe obecrieuenue. Cdop-
MYJIMPOBaHBI OPraHU3ALMOHHBIC 331241, KOTOPbIE HEOOXO0AUMO PELINTH JUIS BHEIPECHUS TUAarHOCTHKH.

Hcnonb3oBanue pa3paboTaHHOM METOIMKH AUCTAHIIMOHHON TUATHOCTHKHU JIBIXaTeIbHONW CHCTEMBI, 00e-
CIICYMBAIOIICH BO3MOXKHOCTB ONPEIEICHUS TOUEK ayCKyJIbTalluu 03 MPUCYTCTBHS CIICHUATICTA 10 AUATHO-
CTHKE M COOTBETCTBYIOIIECTO MOAYJIS ITO3BOJIMUT YBEIHMUUTH 3PPEKTUBHOCTD JICUCHUS TYIbMOHOIOTHUECKIX
3a00J1eBaHUH, YMEHBIIUTD PUCKH HHOUIIUPOBAHUS 1 IKOHOMHUYECKHUE 3aTPATHI.

KiioueBble cjioBa: JHUCTAaHIIMOHHAsA MCIUIMHCKAs JUAI'HOCTHKA, AbIXaTCIbHas CHCTEMa 4YCJIOBCKA, TOYKU
ayCKyJibTalluu, ILI/IaFHOCTI/I‘-ICCKI/Iﬁ MOAYJb.
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Introduction

Traditional methods of medical diagnostics
require direct contact of the patient with a specialist
and, in most cases, a visit to a medical institution.
In order to carry out primary diagnostics faster, an
alternative strategy is the introduction of telemedicine
and mobile medicine which has already been
successfully used in a number of countries [1-6].
Remote diagnostics has a number of advantages over
traditional methods. Firstly, increase the efficiency of
the disease detection at early stage and also effective
and timely treatment. There are no need to transport
patients to a medical facility, contact between
patients and medical personnel in a medical facility,
and thus decreasing the risk of mutual infection and
spread of infection with all consequences of these.
In addition, there is an opportunity to save money,
as the number of home visits to patients, the time
of patient care, and the cost of servicing premises
in medical institutions are reduced. Federal law No.
242 of July 29, 2017 "On amendments to certain
legislative acts of the Russian Federation on the
use of information technologies in the field of
health protection" comes into force in the Russian
Federation on January 1, 2018. It provides possibility
of medical care using telemedicine technologies
through consultations as well as remote medical
monitoring of the patient's health [1].

The profile of medical module for remote
diagnostics is determined by the parameters of
the body system to be monitored. For example,
methods of remote monitoring of the cardiovascular
system are already known and widely used since
the procedure for measuring blood pressure (BP) is
quite simple and can be performed independently
at home [6]. Remote blood Pressure monitoring
is based on a computer system that automatically
sends patients requests for blood Pressure levels in
the form of mobile phone text messages. Data on
the blood Pressure level received from patients via
text messages are saved in the system, automatically
processed, and the physician makes the therapy
correction if necessary based on the information
received.

Remote diagnostics of the respiratory system is a
more complex task. Traditional non-invasive method
for diagnosing the respiratory system is auscultation
which on the one hand is particularly effective in the
early stages of the disease, on the other hand creates
prerequisites for computer processing of diagnostic
results [7]. The wusual auscultation procedure

requireshighlyqualifiedandexperiencedspecialist [8].
Description of airway sounds, their classification
and standardization [9, 10] created opportunities for
moving to their computer analysis [11, 12]. There
are technical devices that allow to directly convert
the sounds of breathing into a digital signal, and it is
possible to simultaneously record an acoustic signal
at many points on the surface of the chest [12], and
sequential recording [13]. From the above, it follows
that based on the existing equipment and software it
is possible to create a module for remote diagnostics
of the human respiratory system. At the same time,
analysis of these sources shows that the problem
of determining auscultation points on the chest
surface is not solved without the direct presence
of a diagnostic specialist, that is, the patient or his
assistant cannot find these points themselves.

The purpose of this study is to develop a
method for remote diagnostics of the respiratory
system, which provides the ability to determine the
points of auscultation without the direct presence
of a diagnostic specialist. Creating an appropriate
module requires solving a number of problems.
First, it is necessary to ensure that the patient or his
assistant can independently determine the position of
auscultation points at home. Secondly, it is necessary
to ensure the availability of the appropriate technical
base and software. Using the module will speed up
the diagnosis process and, increase the effectiveness
of treatment of pulmonological diseases due to
their detection at earlier stages, prevent the risks
of infection when patients contact each other and with
medical staff, reduce the economic costs associated
with the need to move patients and staff for their
contact during the diagnosis process.

The structure of the diagnostic module and
the algorithm of remote diagnostics

The developed method provides determining of
the primary points of auscultation using a computer
program that allows to calculate the coordinates of
these points based on the coordinates of the points
that determine the anatomical structure of the patient's
torso (here in after — the base points). The patient or
his assistant determines the coordinates of the base
points by installing a coordinate detection device on
them in accordance with the program instructions.
Based on the processing of the coordinates of
the base points images of auscultation points are
generated on the display. The patient or his assistant
places the recording device at the auscultation points
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combining their images on the display with the
image of the location of the recording device. The
signal recorded at the auscultation point is remotely
transmitted to a specialist for direct analysis and/or
computer processing in order to establish a diagnosis.
If it is necessary to clarify the diagnosis the patient
or his assistant receives information from a remotely
located specialist about the location of additional

auscultation points, after which the recording and
analysis procedure is repeated.

The method of remote diagnostics of the
respiratory system without the direct presence of
a diagnostic specialist for determining the points
of auscultation can be implemented on the basis
of the module the scheme of which is shown in
Figure.

I |
4 first 5 17 second
control |« operator device for
device receiving f¢&—————
information
X 6¢ y - 8 first device
2 converter first _{for transmitting
processor information -
«spatial [ |
P 41 - -
coordinates- first device |«
| 7 for receiving
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electrical playback
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3 .
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Figure — Scheme of the module for remote diagnostics of the respiratory system by auscultation method

The module contains a unit 1 consisting of
two connected elements: the converter 2 "spatial
coordinates of the object — an electric signal", and
the converter 3 "sound — an electric signal". The
first converter uses the accelerometer of a mobile
phone or other device in combination with the
appropriate software and the second one uses a
stethoscope, microphone, and amplifier. Connection
of the converters should provide an unconditional
dependence between the spatial coordinates of
the stethoscope and the mobile device with the
accelerometer.

The presence of an accelerometer in unit 1
allows to perform the first, most problematic stage

of diagnosis — to set the position of the auscultation
points on the surface of the chest in absence
of a diagnostic specialist. To do this through
the first control device 4 on the mobile phone,
the operator 5 (the patient or his assistant) must
initiate the corresponding program in the first
processor 6 plased in the mobile device and
determine the coordinates of the base points for a
specific patient. When the program is initiated the
first playback device 7 (phone display) displays an
image of a person's torso with marked base points.
Atthe sametime the image ofthe pointthat determines
the position of the stethoscope (hereinafter referred
to as the stethoscope point) is displayed there.
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When the operator 5 moves unit 1 along the
torso surface the coordinates of the stethoscope
point are determined based on the twice-integrated
accelerometer signal and the image of the stethoscope
point is moved on the display in accordance with these
coordinates. Operator 5 moves the block 1 along the
torso surface until the display combines the images
of the stethoscope point with the image of one of the
base points. This means that the coordinates of the
base point on the torso coincide with the coordinates
of the stethoscope point after which the coordinates
of the current base point are fixed. After combining
all the base points with the stethoscope point the
first processor 6 calculates the coordinates of the
auscultation points (points on the surface of the chest
where it is necessary to record breath sounds) based on
information about the coordinates of the base points
of the torso that determine its geometric parameters.

The second stage of diagnostics is the primary
recording of breath sounds at auscultation points
by the operator 5 and their remote transmission
through the first information transmission device 8
for analysis and listening. As part of this step the first
processor 6 creates images of auscultation points on
the phone's display, whose spatial coordinates have
been calculated for a specific patient. At the same
time the image of the stethoscope point is displayed
on this display. The operator must move the
stethoscope along the chest surface until the images
on the display match the stethoscope point and one
of the auscultation points. After that it initiates
the recording of breath sounds at this auscultation
point in different breathing modes through the first
control device 4 and transmits the recorded signal
for listening and analysis. The specified operation is
repeated for each auscultation point.

All the elements necessary for performing the
above operations can be structurally combined into
one common unit I based on a stethoscope and a
mobile phone. To implement the method a layout of
the node for recording and transmitting breath sounds
was created. The "sound — electric signal" converter
used a combination of a phonendoscope with a
microphone which was connected via an amplifier
to a mobile phone that had a built-in accelerometer.

Listening to and analyzing recorded breath
sounds are performed remotely by a specialist.
Depending on the method of organization of
diagnostics this function can be performed in a
public or private medical institution and if possible,
it is advisable to provide for the possibility of rapid
communication between the patient and the spe-

cialist. For technical support of the subsequent
stages of diagnostics a mobile phone with a
mechanical marker or a computer with the ability to
access the network in conjunction with the necessary
software can be used (unit II in Figure).

During the third stage of diagnostics parameters
of the recorded signal are compared with the
normal values and a decision is made about further
operations. The signal is sent to the first information
receiving device 9 (see Figure) contained in the phone
or computer then it is directed to the accumulation
device 10, from there — to the second processor 11.
Through the second control device 12 the diagnostics
specialist 13 initiates the broadcast of the recorded
breath sounds through the second playback device 14
and listens to them. Simultaneously in the processor 11
using the appropriate software the parameters of
the audio signals are calculated and compared with
normal values received from the storage device 15.
After analyzing the audio information and the results
of computer comparison of parameters with the norm
the specialist can make three possible decisions:

—If the specialist makes a decision about the
compliance of the breathing sounds with the norm,
then through the second control device 12 he proceeds
to the fourth stage of diagnostics. He remotely sends
the results of listening, comparing parameters,
recommendations for further actions and, if necessary,
additional information via the second device 16 for
transmitting information, via the second device 17
for receiving information to the operator on the first
processor 6. The processor generates information
on the first playback device 7 (phone display).

— In case of deviation of breath sounds from the
norm based on the results of listening by a specialist
and/or deviation of their parameters from the norm
during computer comparison, two options for further
actions are possible. If the specialist desides to
formulate a decision on further necessary actions
based on the information already received then
the fourth stage is repeated. If the specialist needs
additional information, i.e. analysis of breath sounds
in additional auscultation points that have not yet
been analyzed, then he initiates the fifth stage of
diagnostics through the second control device 12. In
this case, the second playback device 14 generates
images of additional points to be analyzed selected
depending on the specific nature of deviations
from the norm. The position of these points
can be determined by the appropriate software,
if necessary, the specialist changes the position of
these points on the second playback device 14 (its
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display) through a device 12 for controlling of a
mechanical or electronic marker. Then, through the
second processor 11, the transmission device 16 and
the second reception device 17, the first processor 6,
the information is sent to the first playback device 7
(phone display). The operator repeats the second
stage of diagnostics for the additional points indicated
on the display after which the third and fourth stages
are repeated for these points.

The diagnostic results at the final stage should
be entered both in the patient's electronic chart and
in the General statistical database.

To implement the remote diagnostics module
for the human respiratory system it is necessary
to solve a number of technical and organizational
problems. First, experimental testing of the
method is necessary for which the specialist
must simultaneously perform auscultation using
traditional and remote methods. Based on the
expert's opinion a decision is made on the prospects
and/or need to improve the method.

Since the parameters of breath sounds are
determined by the technical characteristics of the
nodes used they must be normalized within the
framework of this technique to avoid discrepancies
in the results. The same applies to software.
A review of the sources showed that a large amount
of information on classification, standardization
and computer analysis of breath sounds has been
accumulated from which it is necessary to reasonably
select or additionally create a unified software for
the module. Specifically, the necessary programs
include: a program for determining the coordinates
of base points, a program for determining the
coordinates of auscultation points by base points,
a program for calculating and comparing the
parameters of the breath sound with normal values,
a program for selecting the coordinates of additional
auscultation points depending on the specific nature
of deviations of breath sounds from the norm, and
auxiliary programs for moving to the next stages
of diagnostics. In addition, it is necessary to ensure
the possibility of transmitting the received data to the
patient card and statistical database.

To solve these problems a number of
organizational measures are necessary. First, the
use of remote diagnostics must have a legal basis.
Secondly, the interaction of physicians, engineers,
and programmers to create a remote diagnostics
module for the respiratory system should be carried
out within the framework of organized groups that
have legal and material support. The effectiveness

of the introduction of remote diagnostics provides
for the organization of training to work with this
technique both on the part of specialists and on
the part of patients and their relatives. In addition
for preventive purposes, regular repetition of the
diagnostic procedure is required which also requires
certain organizational measures on a legal basis.

Conclusion

A method has been developed for remote
diagnostics of the respiratory system, providing
the ability to determine auscultation points without
the presence of a diagnostic specialist. Using this
technique will increase the effectiveness of treatment
of pulmonological diseases; reduce the risks of
infection and economic costs. The structure of the
corresponding module is proposed. A part of the
module was made in the form of a unit for recording
and transmitting breath sounds. The technical and
organizational tasks that need to be solved for the
implementation of the proposed diagnostics of the
respiratory system are formulated.
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Peasm3anms CieKTPaJbHOI0 METO/1a ONpe/ie1eHust
TUHAMMYECKUX XaAPAKTEPUCTHK CPEACTB M3MEpPEeHMH I
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Hocmynuna 13.01.2020
Hpunama k newamu 25.05.2020

OCHOBHBIM TPeOOBaHHEM CHEKTPAILHOIO METO/IA OTIPEACIICHNS TUHAMUYECKHUX XapaKTePUCTHUK CPEJICTB
n3mepenuid (CH) siBnsieTcst yCTaHOBJICHUE aMIUIMTYIHOTO CIEKTpa CHIHaja B €ro MHGOPMATHBHOW YacCTH,
BKJIIOYAIOILEH 3HaYeHHE aMIUINTYIHOIO CIEKTpa Ha HyineBOoM yacToTe. CyIEecTBYIOUIME HU3KOYaCTOTHBIE
aHaJIM3aToOPHI CIIEKTPa UMEIOT paboumii AMana3oH YacToT, JISKAIIUN BbIIIE HYJIE€BON YAaCTOThI, YTO IPUBOAUT
K MOTPEIIHOCTH ONpeeIeHNs JUHAMUYeCKUX XapakTepucTtuk CH cniekTpaibHbIM MeTooM. Llenbro qanHoi
paboTHI sIBIsUIACH pa3paboTKa MPOrpaMMbl BEIYUCICHUS! aMIUTUTYAHOTO CIIEKTpa CUTHAJIOB, HAYMHAS OT HY-
JIEBOM YaCTOTHI, /Ul pealu3ally CIEKTPaJIbHOTO METO/a ONpeeIeHNs TMHAMIUYeCcKNX Xapakrepuctuk CU1U
Ha KOMITBIOTEPAax, OCHALIEHHBIX MaTeMaTHueCcKuM naketom MatLab.

Jns peanuzanuu crieKTpaJbHOTO METO/IA ONPEAENIEHUsI TMHAMUYECKUX XapaKTepPUCTUK CPEJCTB U3Me-
peHuit pa3paborana mporpamma B cpene MatLab 2013b, mo3BOJISFOIIAS ONMPEENISITh AaMILTUTY/IHBIA CIIEKTP
CUrHajia oT HyJs repil. B mporpamme 3a10KeHO CUNTBHIBAaHUE UCXOAHBIX JaHHBIX U3 Tabmuy B popmare Excel
U TIPEJICTABIICHNE BBIYMCICHHOTO aMIUTUTYAHOTO CIIEKTPa B BUJIE AUArPaMMBbI U TaOJIHIIBI OTYETOB.

[Tokazano, yTo pa3paboTaHHas MPOrpaMMa BBIYHCIACT aMIUTUTYAHBIA CIIEKTP CHUTHAJOB CO CPEIHUM
KBaJpaTHYeCcKUM OTKJIOHEHHEM He Oonee 3,4 % na untepsaie yactot ot 0 1o 10 paxa/c. BerauciaeHHbIl am-
IUTUTYAHBIN CIIEKTP IMO3BOJISET OMPEACIATh NMOCTOSHHYIO BPEMEHH allepUOAMUYECKHUX CPEJICTB M3MEPEHUI
MEPBOTO MOpPSAKA ¢ MOrpemHocThio He Oonee 0,166 % mpu m000M ypoBHE MOMEX, €CJIM UX YaCTOThI HAX0-

JATCH 3a IpeaciiaMu HH(bOpMaHPIOHHOfI YacCTH CIICKTpa.

Ha nmpumMepe BBICOKOYACTOTHOM IIOMEXH B nepexoz[Hoﬁ XapaKTCPUCTUKE HCKOTOPBIX CPCACTB I/ISMepCHI/If/i
IPOACMOHCTPHUPOBAHO 3aABIIAICMOC IIPCUMYIIECTBO CIICKTPAJIBHOTO METOJd ONIPCACIICHUA JTUHAMWYCCKUX Xa-
PAKTCPUCTUK C UCTIOJIB30BAHUECM pa3pa60TaHHOﬁ mporpaMMBal.

KiioueBble cjioBa: aMHHHTYHHLIﬁ CIHEKTP, AMHAMUYCCKUC XapaKTCPHUCTHUKHU, CPCICTBA I/I3MepeHHI>'I.
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Abstract

The spectral method for establishing dynamic response of measuring instruments basically requires
determining the amplitude spectrum of the signal in its informative part that includes the amplitude spectrum
at zero frequency. The operating frequency range of existing low-frequency spectrum analyzers is above
zero frequency that leads to an uncertainty in dynamic response of measuring instruments determined by
the spectral method. The purpose of this paper is to develop a program for calculating the signal amplitude
spectrum, starting from zero frequency, to implement a spectral method for determining the dynamic response
of measuring instruments on computers equipped with the MatLab package.

To implement the spectral method for determining the dynamic response of measuring instruments,
we developed a program in the MatLab 2013b environment that determines the signal amplitude spectrum
from zero Hertz. The program reads the source data from Excel tables and presents the calculated amplitude
spectrum as a chart and a report table.

It is shown that the developed program calculates the signal amplitude spectrum with a standard deviation
of not more than 3.4 % in the frequency range of 0 to 10 rad/s. The calculated amplitude spectrum allows
determining the time constant of first-order aperiodic measuring instruments with an uncertainty of not more
than 0.166 % at any noise level, if their frequencies are outside the information part of the spectrum.

We demonstrated the claimed advantage of the spectral method for determining dynamic response using
the developed program by the example of a high-frequency noise in the transient response of some measuring

instruments.

Keywords: amplitude spectrum, dynamic characteristics, measuring instruments.
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BBenenue

Hecmotpst Ha 00JIbIIIOE YUCIIO M3BECTHBIX Me-
TOJIOB OTIPEJIEICHNs] THHAMHUYECKHX XapaKTePUCTUK
CPEJCTB U3MEPEHMI MPOIOIIKAIOTCS PabOThI 10 CO3-
JIAHUIO HOBBIX U 0OJIee COBEPILEHHBIX alTOPUTMOB U
mporpamm ux omnpenenenus [1-3].

CymecTByer TakkKe JOCTaTOYHO OOJbIIOE
yucno CH, y KOTOpBIX TUHAMHYECKHE XapaKTepH-
CTHKH OIPEJIENSAIOTCS UCKITIOYUTEIBHO WIN TIPE/Io-
YTUTEIBHO 110 IKCHEPUMEHTAIBHBIM IE€PEXOIHBIM
xapakrepuctukaM. IIpumepamu Takux CU sBisroT-
Csl TIOrpy’KaeMble JaTUYUK{ TeMIIepaTyp >KUAKUX U
ra3o00pa3HbIX IOTOKOB, Y KOTOPBIX MepeXoaHas Xa-
paKkTEepUCTUKA PETUCTPUPYETCS IPH NEepeMEeleHHH
U3 cpeAbl ¢ OJHOM TeMIepaTypoil B IOABUXKHYIO
cpeny c npyroit temmeparypoit [4-9]. Ilpu ompe-
JISJIGHUN JTMHAMHYECKHUX XapaKTepHCTUK IO II0-
JIOOHBIM IKCIIEPUMEHTAILHBIM TIEPEXOIHBIM XapaK-
TEPUCTHKAaM BO3HHMKAIOT NpoOieMbl yuéra cojep-
JKAIIMXCSl B HUX TOMeX pa3nuyHoil mpuponsl. Kak
U3BECTHO, JIt00ast QUIBTpaysi IOMEX C TTOMOIIBIO
pPa3IMYHBIX METOJOB M CPEJICTB MPUBOAMT K IIO-
Tepe YacTH IOJIE3HOTO CUTHANa, YTO CHIDKAET TOY-
HOCTB OIpEeJIeNIEeHNs] TMHAMUYECKHUX XapaKTePUCTHUK.
OfHMM W3 METOJIOB OMNpPEIENICHUsT AMHAMUYECKHX
xapakrepuctuk CH mo nepexoaHbIM XapaKTepucTH-
KaM C TTIOMEXaMH BBICOKOTO YPOBHS SBIISIETCS CIIEK-
TpaJIbHBIA METOJI, MpPEUIOKEeHHBbIH B padote [10].
JaHHbBI METOJ| HE HAIIpaBJE€H HA YMEHBbLIEHNUE WJIU
M0JIaBJICHHE TIOMEX, a MpeJylaraeT YCTaHOBUTh aM-
IUTMTY/HBIA CIIeKTp curHaia s(t), chopMupoBaHHO-
IO U3 KCHEPUMEHTAIBHON MEPEXOIHON XapaKTepu-
ctuku CH 1o mpuBen€HHBIM B paboTe MpaBuUiiaM.
Omnpenenenne e IUHAMHYECKHX XapaKTEpHUCTHK
npejajaraeTcss MPOU3BOAMTH MO HH(MOPMATHBHOM
YacTH aMIUTUTYIHOTO CIIEKTpa, JIeKallel B Auamna3o-
He gacToT oT 0 pax/c 10 ®,, TIe ®, — BEpXHsI 4a-
cTota uHpopmaruBHoii yact. B padore [10] Taxxke
MOKa3aHo, YTO €CJIM MTOMEXH Jla’ke BBICOKOTO YPOBHS
HaXOJISTCs BBIILIE YaCTOThL (,, TO OHU HE OKa3bIBAIOT
CYILIECTBEHHOTO BIHSHMS HA TOYHOCTD OIpEIeIeHUs
TUHAMHMYeCKUX xapakrepuctuk CHU.

Jnig peanuzanyy CHEKTPaIbHOIO METO/A Tpe-
OyeTcsi OompeNeNnuTh aMIUIMTYIHBI CHEKTp CHUTHa-
7a s(T) B Auara3oHe YacToT OT HyJs repil (0T Hyns
pan/c) u, mo kpaiineil mepe, 10 ®,. Kak usBectHo,
aAMIUIUTY/IHBIE CTIEKTPHl CHUTHAJIIOB MOXHO OTpese-
JSATH C TIOMOIIBIO COOTBETCTBYIOIIUX H3MEPUTEh-
HBIX PHOOPOB — aHATM3ATOPOB CrieKTpa. M3ydeHue
CYLIECTBYIOIIMX HHU3KOYAaCTOTHBIX AaHAJIU3aTOPOB
CIeKTpa TO0Ka3ano, MX pabovyMid Juara3oH aHaJu-

3UPYEeMbIX YacTOT HE HAYMHAETCS OT HYJS TepIl.
KoHkpeTHOE 3HaUeHUE HIKHEHW TpaHUIBI pabodero
Jrarna3oHa aHAM3UPYEMBIX YaCTOT 3aBUCHUT OT KOH-
KpPETHOTO THIIa aHAIM3aTOpa CIIEKTPa U MPUBOAUTCS
B WX TEXHUYECKUX XapaKTepHCTHKax. boIpImHCTBO
HU3KOYACTOTHBIX AaHAJM3aTOPOB CHEKTpa HMMEIOT
pabounii muamazoH dactoT oT 10 I'm. HebGombmmoe
YHCII0 aHAJIN3aTOPOB CIIEKTPA UMEIOT O0Jiee HU3KYIO
TpaHUIly Juarna3oHa 4acTtoT. Tak, HarpuMep, y HH3-
KOYaCTOTHOI'0 aHaiu3aropa crekrpa tuna NF-XFR
¢bupmer GOSSEN-METRAWATT awxHee 3HAUCHHC
4acTOTHOTO AuanaszoHa paBHo | I'i. Mcnonb3oBanue
MOTOOHBIX aHAJIM3aTOPOB CIIEKTpa MPHUBEAET K I0-
TPENIHOCTH ONpEJEeNeHUs] TUHAMHUYECKHX XapakTe-
puctuk CU criekTpaabHBIM METOJIOM, BETMYHHA KO-
TOPOH OYIET 3aBUCETh OT UX KOHKPETHOTO pabodero
JMana3oHa aHATM3UPYEMBIX 9acTOT.

Ha pucynke 1 npencrasien npumep, Korjaa pa-
00umii TMama3oH YacTOT aHaIM3aTopa CIEeKTpa Ha-
guHaeTcs oT 0,1 I'r (ot 0,628 pan/c) n gacTudaHO 11e-
peKpbIBaeT HHPOPMAIOHHYIO 9aCTh aMILUTATYTHOTO
cnekrpa Hekotoporo CH, y kotoporo m, = 3 paz/c.

\l S(jm) ] ©=0
\
\ iy
\ PaGounii HaNa30H YaCTOT AHATH3ATOPA
crextpa / Operating frequency
\ range of the spectrum analyzer
\

UHdopMaTHBHASA JacTh/
Informative part

AmmmuTyaseit cnektp | SGo) |/
Amplitude spectrm [ S(jo) |

1.5 2 2,5 3 35 4 4.5
YacroTa o, pag/c /Frequency o, rad/s

05 1
Pucynok 1 —Ilpumep  ompeneneHHss  aMILIUTYIHOTO
cnekTpa Hekotoporo CH aHanm3atopom crexTpa

Figure 1 — Example of determining the amplitude
spectrum of a certain SI using spectrum analyzer

Kax BumHO u3 prucyHka 1, TaHHBIH aHATHU3aTOP
CIIEKTPa OMNpPEISIUT aMIUITMUTYAHBIN CHEKTp B JHa-
Ma3oHe YacToT, Jexamux Beime 0,628 pan/c. Takum
0o0pa3oM, [yl OIpEAEICHUs] NUHAMHUSCKUX Xapak-
TepucTuk nanHoro CU criekTpasbHBIM METOAOM JI0-
CTYIIEH Y4YacTOK aMIUIUTYIHOTO CIIEKTpa, JeKaIui
MEXJly TOYKaMH «a» u «b». Mcmonp3oBaHHEe 3TOTO
y4acTKa aMIDIMTYIHOTO CIEeKTpa, a He Bceil uHdop-
MaTHBHON YacTH, MOXKET NMPHUBECTH K CYIIECTBEH-
HBIM TIOTPEIIHOCTSIM OIIPEJIeIeHNs] NCKOMBIX TUHA-
mudeckux xapakrepuctuk CU. Crnemyer oTMETHTS,
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YTO BEJIMYMHA aMIUIUTYIHOTO CIIEKTpa Ha HYJIEBOU
9acTOTe MMEET BaKHOE 3HAYCHHE NI pean3aiuu
PETPECCHOHHOTO aHalu3a 10 OIPEIEICHUI0 HCKO-
MBIX THHAMHYECKHX XapakrepucTuk CU, mockombKy
OHa OTIpe/IeNIsieT MOCTOSIHHYIO COCTaBIISIONIYIO aHa-
JTU3UPYEMOT0 CUTHAJIA.

Kax cnemyet u3 pa6otsl [10], 3HAUECHUS aMILTH-
TYAHBIX CIIEKTPOB Ha HYJIEBOW 4acTOTE IS TIEPBBIX
Tpéx nuHaMmudeckux mozenelr CU uMeroT ciemyro-
LA BUT:

— 1t mooenu 1:

|S(jm)|(n:0 = Um T’

— T Mooenu 2:
[SGO)yg =Un (4T~ E);
— st MoOoenu 3:
ISGo)|,_, =U, (T + T+ T - E - E,),

rae U, —ammuryna curnana s(t) nput=0c¢; 7, 7,
T,, Ty, E, E,, E, — NOCTOSITHHBIC BPEMEHU MOJEIIeH
B CEKyHJIaxX.

Takum oOpa3om, HcCCleoBaTeNsIM IIPH HC-
MOJTb3YEMBIX aHAN3aTOPaX CHEKTpa MoTpedyeTcs
JIOTIOJTHUTENIHHO OIIEHNBATH BIUSHHUE HAa TOYHOCTD
OTpe/eNIeHs] TUHAMHYecKuX xapakTtepuctuk CHU
CIIEKTPaIbHBIM METOJIOM PE3yJIbTAaTOB BBIUHCIIE-
HUS aMIUTATYJIHOTO CIIEKTpa KOHKPETHBIMH IIPH-
O6opamu.

HApyruM BapmaHTOM HCHOJIB30BAHUS CIEK-
TPaJbHOTO METOJa OMpEeTIeHUs AMHAMUYECKHUX
xapakrepuctuk CHU MoxeT OBITh IPUMECHEHHE BBI-
YUCITUTEIBHBIX MPOrPaMM, JUMIEHHBIX YKa3aHHO-
ro HEIOCTaTKa HHU3KOYACTOTHBIX aHaJN3aTOpPOB
crektpa. Llenpio mamHOW pabOTHI SBISIACH pas-
paboTKa mporpaMMbl BEIYHCICHUS aMILTUTYIHOTO
CIIEKTpa CUTHAJIOB, HAYWHAS OT HYJEBON YacCTOTHI,
JUUISL peaju3aliii CIIeKTPaIbHOTO METOJa Ompee-
JIeHWs TMHaMHYecKuX xapaktepuctuk CU Ha kom-
MbIOTEpaxX, OCHAMEHHBIX MAaTeMaTHYECKUM TaKe-
ToM MatLab.

OcHoBHASl YaCTh

IIpu pazpaboTke mporpamMMbl BEIYUCICHUS aM-
TUTUTYAHOTO CIIEKTpa, HEOOXOAMMOTO /ISl peann3a-
MU CIIEKTPAIIEHOTO METO/a ONPEeNICHUs THHAMH-
gecknx xapakrepuctuk CU, craBuinch cienyromme
3a/1a4n:

— pa3paboTaTh MporpaMMy B MATEMAaTHIECKOM
nakere MatLab, TOCTYITHOM IIUPOKOMY KPYTy HC-
clieqoBaTeIeit;

— CO3/IaTh JOCTAaTOYHO TOYHYIO BBIYMCIUTEINb-
HYI0 TIPOTpaMMy, OOECII€YMBAIONIYIO0 BBIYHCICHHE
amIuATytHoro criektpa ot 0 I'm;

— UCTIONb30BaTh ~ MCXOAHYIO  WH(OpPMAIHIO
00 dKCTIEpUMEHTATBPHOW TEPEXOAHON XapaKTepH-
CTHKE, TPEJICTABJICHHON B BHU/IE TaOIHUIBI OTCUETOB
«BpeMs — CUTHAII», B popMmate Tabmurl Excel;

— B TIporiecce paboThl MPOTrpaMMBbl HAOIIOIATh
rpa@uKy WCXOAHOTO CHTHAJlA W aMIUIUTYTHOTO
CIIEKTPa;

— BUJIETh YHCIJIOBBIE 3HAYCHHS aMIUIMTYIHOTO
CIIEKTPa;

— COXPaHSATh MMOIyYEeHHBIC 3HAYCHNS aMIUTATY/I-
HOTO CTeKTpa B popmare Tadbmuir Excel.

Peanmsanmst ciekTpaabHOTO METOAA OTpeese-
HUS TUHAMHYECKUX XapakTepucTuk CHU ¢ mpuBnede-
HUEM BBIUYMCIHTENBHOI IPOTpaMMBbl B MaTeMaTH4e-
cKkoM makete MatLab cOOepKUT CIIETYIONIIE OCHOB-
HBIE TIPOIIeTyPHI.

1. I3 sKcriepuMEHTAIbHOM NEpeXOoJIHOM Xa-
paktepuctukn wucciaenyemoro CU  dhopmmpyer-
Cs JUCKpEeTHBIH curHan s(t), cocrosmmid u3 N
TOYEK, 1O MpaBUIaM, MPUBEAEHHBIM B padote [10].
[Ipu 5TOM BpeMsi TUCKPETHBIX OTCYETOB AT JOIDKHO
YJIOBJICTBOPSITh MPAKTUYSCKOMY MPUMEHEHUIO TEO-
pembl KoTenbHUKOBA.

2. Beruncnsiercs  ObicTpoe  mpeoOpa3zoBaHUE
Oypbe S(7) mo N Toukam C UCIIOIb30BaHUEM (PYHK-
1 fft B makere MatLab.

3. Onpenensercss BepXHsAs TpaHUIlA BpPEeMEHU

T,,,.x AUCKPETHOrO curHana s(t).

4. OmpenenseTcs HWKHSSL TPaHULA BPEMEHU
T ., muckpetHoro curHana s(t). st curnana s(t)
T.i,=0c.

min
5. Beruucnsiercs mar 4actoTbl aMIUTATYIHOTO

CIIEKTpa:

1

b
Tmax - Tmin

1/c.

6. Onpenensaercss KOJIMYECTBO TOYEK N Ha I10-
JIOXKHUTETHHON YaCTOTE aMIUIUTYIHOTO CIIEKTpa C UC-
monb3oBanueM (pyuknnu length B makere MatLab.

7. Co3maérca BekTop uacTtoT F ¢ marom AF
u3 Ny Touex.

8. [Ipon3BoaUTCS TIEpeCcUET CEKYHIHOM HacTo-
ThI F' B YIJIOBYIO YacCTOTY:

ow=2nF, pag/c.

9. Onpenensercs KONUIECTBO YacToT M), B Ipe-
oOpaszoBanuu Dypwe S(n) ¢ UCMONIB30BaHUEM (YHK-
uuu length B makete MatLab.
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10. PaccunThiBaeTCs KOPPEKTUPYIOMHUNA KO-
(unmeHT:

1

= —— , C
M, AF
11. BegensieTcst U3 pe3ynbTaToB MpeodpazoBa-
HUS aMIUTHTYTHBIH CIeKTp|S(jm)|c yu€rom  Kop-

pexrupyroriero ko3dduimenTa £ ¥ UCIONB30BaHU-
em (ynkuuu abs B nakere MatLab.

Pazpaborannass mporpamMMa MO3BOJIMJIA BBI-
YHUCISITh aMIUIMTYOHBIA criekTp curaaioB ot 0 '
3a Cu€T BKIIOUCHHS B alTOPUTM HOBBIX MPOLETYD
Ne 5 —Ne 11 o cpaBHEHMIO C U3BECTHBIMH IIPOTpaMm-
MaMH.

OneHKa TOYHOCTH BBIYUCIICHHS aMIUTUTYIHOTO
CHeKTpa pa3paboTaHHOI MporpaMMol Mpou3BereHa
MyTEM CpaBHEHHS C WACaJbHBIM CIIEKTPOM CHTHAasa
5(T), KOTOPBIA OMHMCHIBACTCS CICAYIOLIMM BBIpaXkKe-
HUEM:

U,T

1+ 0’T?

ISGo), = 1)

Curnan s(t) COOTBETCTBYeT MpeoOpa3oBaH-
HOM mepexofHoll XapakTrepucTuke Hekotoporo CHU
C mepeaaTouHol (yHKIHUEH anepruoAnIecKoro 3BeHa
[IEPBOTo MOPSIIKA U UMEET BUJ:

s(t)=U, e,

rne U, =100°C — ammnuryna curHaaa s(t) mpu
t=0c; T=3 c —nocrosinnas Bpemenu CH.

B kayecTBe OIEHKHM TOYHOCTH MCIIOJIb30BAHO
OTHOCUTEJIFHOE CPEJHEE KBAIPaTUYCCKOE OTKIIOHE-
uue (CKO), paccuuranHoe o Gopmysie:

([5G, =|SGw))]
IsGo,

B pa6ore [10] moka3zano, uto mist CU ¢ mocro-
SIHHBIMY BpeMeHH OT 1 710 3 ¢ nHpopMaTUBHAS YacTh
AMIUTATYTHOTO CIIEKTPa HAXOAUTCS MPUMEPHO B JHa-
naszone ot 0 g0 3 paxn/c. Jns onenku CKO ucnomns-
30BaH JMAaIa3oH 4YacTOT aMIUTUTYJHOTO CIIEKTpa C ra-
pantueii 1o 10 pazn/c ¢ yucnom orcuéroB N =51, npu
stoM nonyuennoe 3Hagenue CKO coctaBuio 3,4 %.

JIist OIIEHKM TOYHOCTH OIIPEJIENICHUs] JUHAMU-
YECKUX XapaKTEPUCTHK MO aMILTUTYHBIM CIICKTPaM,
MOJIyYEHHBIM 10 pa3pabOTaHHOW Iporpamme, Mpo-
BEeJICHBI UcCliefioBaHus 110 1ByM Moneisim CU, B ie-
PEXOIHBIX XapaKTEPUCTHUKAX KOTOPOU CoJepIKaTcs
[IOMEXH Pa3IMYHOTO YPOBHS C YaCTOTAMHU, JISKAIIH-
MH BBIIIE O,

N

>

i-1

2
1 0
N-1

CKO =100

B xaugectBe mepBoit momenu CU BbiOpaHa ero
nepeaTouHas (pyHKIMs, COOTBETCTBYIOIIAs arlepu-
OJTMYECKOMY 3BEHY IEepBOr0O MopsAaka (modens 1),
BUJIA:

1
W(p)=—:,

P Tp+1

a B KaueCTBE BTOPOI MOJIE/ M — TepeaaTouHas (QyHK-
1K, COOTBETCTBYIOIIAs allCPHOANYCCKOMY 3BEHY
BTOPOTO TOpsiAKa (Modens 2):

W(p)= 2L
(Tp+1)(Tp+1)

rne T=3c¢; T)=3c; T,=1c; E=2c — TecroBble
MTOCTOSTHHBIE BPEMEHH BHIOPAHHBIX MOJIEIIEH.

[IpeobpazoBaHHbIE MTEPEXOTHBIE XapaAKTEPUCTH-
KU MOJIeNIel ¢ MOMEX0M paccMaTpuBallMCh B CIENy-
OIIIEM BHJIE:

— JIJIsl IEPBOM MOJIEIIH:

SW)=U, e T+ f(1); @

— JIJIsl BTOPOW MOJICJIN:

A

T
L-E 7 T,-E -
e - e
L -1, L-1

s()=U,, + (1),

rme U, —ammauryga curHana s(t) 0e3 momexu
npu 1= 0c; f(T) —nmomMexa B 3aperucTPHUPOBAHHOM
CUTHAJIE.

Jns peanuzauMu MOMEXH, 4YacTOThl KOTOPOM
Jexany Obl BBIIE O, U YXOAUIN B OECKOHEUHOCTD,
WCIIOJIb30BaH MUJIO00pa3HbIA CUTHAl, KOTOPBI pa3-
JIaraeTcsl B CJCAYIONUI OCCKOHCUHBIA rapMOHHYE-

CKUH P
. (2m 1. (22mn
24 Sln(gtj—fsln(?’c]‘l'
SO =— ,
T 1. (32m®m 1. (42m
+—sin| ——1T |——sin| ——7T [+...
gonl s o)

rae A — aMIUTyaa NUiI000pa3Horo CUrHania; T — mne-
puox nuoo0pa3Horo cUrHana, C.

OrneHKa TOYHOCTH ONpe/IeeHUs AMHAMHYECKUX
XapaKTepUCTHK BbIOpaHHBIX Mozeneir CU mpousse-
JIeHa TIPU Pa3IM4HON aMILIHTyne 4 MUI000pa3HOro
curHana, koropas coctaBuna 0, 5, 10, 35, 40, 45, 50,
75 1 100 % ot ammmutyasl U,,. [Ipeanonoxum, 4ro
BbIOpanHbIe MoJien CH cOOTBETCTBYIOT IepeaaToy-
HbIM (DYHKIIUSIM JJATYUKOB TEMIIEPATYPBI, Y KOTOPBIX
U, =100°C. 3nadeHue mnepuojpa MHIO00Pa3HOTO
curnana BeiOpano pasubiM 0,25¢, T.e. t=0,25¢,
YTO COOTBETCTBYET YACTOTE [IEPBOM rapMOHUKH psija
25,12 pan/c (4 I').
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Pesynbrarel onpezneneHus MOCTOSIHHBIX BpeMe-
o1 Mopenei CU 1o aMITTUTYTHOMY CIIEKTPY, BBIUHC-

JICHHOMY I10 pa3pabOTaHHOHN Iporpamme, pHUBE/C-
HBI B TaOIHIIE.

Tabnuya /Table

PeSyJILTaTLI orpeaeJJeHus NMOCTOAHHBIX BPEMEHHU MoaeJeH 1o CINEKTPAJBbHOMY METOAY NMPHU HAJTUYUHA
B nepexo;moﬁ XaPaKTECPUCTUKE NMOMEXH U HCHOJb30BAHUHU PIH(l)OpMaTI/IBHOﬁ YacTu aMIUIMTYJIHOI'0

cnekTpa ot 0 10 3 pan/c

Results of determination of time constants of models on spectral method in the presence of interference
in the transient response and use the informative part of the amplitude spectrum from 0 to 3 rad/s

A 0% 5% 10 % 35% 40 % 45 % 50 % 75%  100% 8. %
T,c 3,005 3,005 3,005 3,005 3,005 3,005 3,005 3,005 3,005 0,166
T, ¢ 3,019 3,019 3,019 3,021 3,022 3,022 3,023 3,025 3,026 0,867
T, c 1,021 1,022 1,022 1,023 1,024 1,024 1,024 1,026 1,027 2,700
E,c 2,035 2,036 2,036 2,040 2,041 2,041 2,042 2,045 2,049 2,045
OrmpezneneHue TMOCTOSHHBIX BpPEMEHHU BBI- 140 -

OpaHHBIX Mojeliel Mo MHPOPMATHBHOW YacTH UX 120 1

AMIUIMTYJHOI'O CHEKTpa IIPOU3BEAEHO C IpUBIIE- ——A4=0%

YEHHEM PErpeCCHOHHOIO AHAJIN3a, pPEeaJUu30BaH- et —4=50%

Horo monynem User-specified regression B cucte-
Me STATISTICA. Tlpu stoMm dyHKLIHEH perpeccuu
JUIsl IEpBOM MOJEJIU SIBIISIIOCH CIIEAYIOLEe BbIpa-
JKEHHe:

IS(w)| =——2nl

V+0272°

JUTSL BTOPOW MOJICITH:

|suw>|=u,,,J

W3 TaGmuIkl BUTHO, YTO CIIEKTPATbHBIA METOT
OmpeesieT MOCTOSTHHBIC BPEMEHU MOJICIH TMPaK-
THYECKH OJMHAKOBHIMH HE3aBUCHMO OT ypOBHEHU
nmomexu. [lpuw 2TOM B3HAUCHHS YCTAaHOBICHHBIX
MMOCTOSIHHBIX BPEMEHH MPHU Pa3IUYHBIX YPOBHSIX
MOMEX OTJIMYAIOTCS OT TECTOBBIX ITOCTOSHHBIX
BPEMEHU ISl TIEPBOM MOJEIH C OTHOCHTEIHHOM
HOTPEMIHOCThI0 O, He Oome dem Ha 0,166 %,
a JuIst BTopoit Mozenu — He Oonee 2,7 %. Ormmane
YCTaHOBJICHHBIX TIOCTOSTHHBIX BPEMEHH OT TECTO-
BBIX OOBSCHSETCS MOTPEIIHOCTHIO BBIUMCICHUS
AMIUTATYIHOTO CIIEKTpa pa3pabOTaHHOU Mporpam-
MOU W TIOTPEIIHOCTHIO MCIIOIB30BAHHOTO PErpec-
CHOHHOTO aHaJu3a.

Ha pucynke 2 mis mpuMepa IpeacTaBiICH CHT-
Hai Buaa (1) npu 4= 0% u 4 =50 %, a Ha puCyH-
Ke 3 — BBIYHCICHHBIN aMIUTUTYAHBIA CIEKTP ITOTO
cur"ana mpu 4 = 50 %.

(+T, - E)* + o’ ’T;
1+’ )1+ w’Ty)

80

60 A

40

5(1), °C /s(1), °C

AR TAA AR AA A
o

0

Bpems IIepexoHOro Ipolecca T, ¢
The time of the transition process T, s

Pucynok 2 — Curnan suga (1) npu 4 =0 % u A4 =50 %
Figure 2 — Signal of the form (1) at 4 =0 % and 4 = 50 %

500 1
450 4
400
350 1
300 4
250
200 A
150 A
100 4
50 1

— 4=50%

UUU

LILIL

qaCTora ®, pa,j/c / Frequency o, rad/s

| SGw)|.°Cc/°Cs

2
Pucynok 3 — AMIunTyqHbIi criekTp cur"aia suma (1)
npu 4 =50 %

Figure 3 — Amplitude spectrum of the signal of the
form (1) at 4 =50 %
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AMIUTMTYIHBIH CHieKTp B AuanazoHe ot 0 1o
10 pan/c pu 4 =50 % wn300pakéH Ha pUCYHKE 4,
IJIe, VT CpaBHEHUS, M300paxEH Takke rpaduk umie-
AJIbHOTO aMILTUTYIHOTO CIEKTpa 0€3 TMOMEXH, BbI-
YUCJICHHBIN 110 BBIpaXkeHHIo (1).

350 1
300 %

250 A

X 4=50%
200 A

—— W neansHsii / Ideal
150 1

SGw), °Cc/°Cs

100 1

50 1

2 4 6

YacroTa ®, pag/c / Frequency o, rad/s

Pucynok 4 — VneanbHblil 1 BEIYUCIEHHBIN MO porpam-
M€ aMIUTUTY/JHBIE CHEKTPBI CUTHaA s(T) s IepBOi Mo-
Jenu

Figure 4 — Ideal and program-calculated
spectra of signal s(t) for the first model

amplitude

U3 pucynka 4 BHIHO, YTO paccMaTpHBacMbIe
AMIUTUTYIHBIC CIEKTPhl MPAKTUYECKH COBIAJAIOT
Ha nHpopmatuBHOH yactu ot 0 10 3 pax/c, 4To moJ-
TBEp’KJaeT BhIJIBUHYTHIe B padore [10] pexomenna-
UK 0 €€ MCIOJIBb30BAaHUM JUIS ONpEACIICHUS JIHA-
Mu4ecKux xapakrtepuctuk CH criekTpaibHbIM METO-
TIOM.

3akjaueHue

HccnenoBannsi Ha KOHKPETHBIX HpUMepax Io-
Ka3ajM, 4To pa3paboTaHHas NporpamMma I03BOJIS-
€T BBIUUCIIATH AMIUIMTYJHbBIE CHEKTPhl CUTHAJIOB
C JOCTaTOYHO BBICOKOH TouHOCTHIO. Tak, Hanpumep,
JUTsL CPEICTB U3MEPEHUH C IOCTOSIHHOM BpeMEHH 3 ¢
BBIYUCIICHHBIM aMIUIMTYIHBII CHEKTp B AWANa3oHE
gactoT oT 0 mo 10 pag/c oTnmuaeTcst OT Waealb-
HOTO CO CpEeIHUM KBaJPAaTHYECKHM OTKIOHEHHEM
He Oosiee uem Ha 3,4 %.

Brruucnenssie mo pa3paboTaHHON NIporpamme
aAMIUTUTYIHBIC CHEKTPhl TAKXKE MO3BOJISIOT OIpe-
JeNsITh JUHAMHYECKHE XapaKTCPUCTUKU CPEICTB
HU3MEPEHHUH ¢ BIOJHE YJOBJICTBOPUTEIBHON TOYHO-
ctbio. K mpumepy, morpemHocTs onpeaenaeHus mo-
CTOSTHHOM BpEMEHHU CPEICTB M3MEPEHHH, ONUCHIBa-
€MOro arnepuoANYecKUM 3BEHOM NEpPBOTO MOPSIKA,
He npesbimaet 0,166 %.

PaspaboranHast mporpaMmma MOXeT ObITh peasiu-
30BaHa Ha KOMIIbIOTEpaxX, OCHAIIEHHBIX MaTeMaTH-
yeckuM maketoM MatLab. [lpu 3ToM nHpOpMAaIms
0 curHajse, mpeoOpa3oBaHHOM U3 KCIIEPUMEHTAb-
HON IIepexXOJHON XapaKTEpUCTUKH, CUUTBHIBAECTCS
nporpaMmoii u3 Tabnuil B popmare Excel, 9To Takxke
YIPOIAET UCIIONB30BaHIE JAHHOM MPOTPaMMBI.

JanbHeiimme uccienoBanns OynyT HapaBIeHbI
Ha TIOBBIIIEHHWE TOYHOCTH BBIYMCIICHHUS aMIUIUTY-
HOTO CTIeKTpa pa3pabdoTaHHON MPOrpaMMOi, BKIIO-
yaromei 6osiee TOYHBIM aJTOPUTM PErpecCHOHHOTO
aHanM3a JuIst ONpeAeNICHHs] HICKOMBIX JMHAMUYECKUX
XapaKTepUCTHK CPEICTB U3MEPEHUH.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B DPEJAKLMIO JKypHala, JODKHBI YHIOBIETBOPATH TpeOoBaHMsM «MHCTPYKIMM O IOpsiIKe
odopmiieHns KBaIM(PUKAIIMOHHON Hay4dHOH paboThl (uccepTanui). ..», yreepxaennoi [Tocranosnennem BAK Pb
or 28.02.2014 1. Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMA-
CKOM SI3bIKE W ITyOJIMKYeTCs Ha SI3BIKE MTPEACTAaBICHNUSI.

3. [locTynuBine B peJakLUIO CTaTbu MPOXOAAT IBOM-
HOE Toycienoe peneHsupoBanne. OCHOBHBIE KPUTEPHUH
1IeJIeCO00PA3HOCTH OITyOTMKOBAHUSI — AKTYaJIbHOCTh TEMa-
THKH, HTHOOPMATHBHOCTh, HAYYHAS! HOBH3HA.

4. Crarbsi IpeiCTaBISICTCS B PACTICIATAHHOM H B DJICK-
TPOHHOM BHJIE B (hopmaTe TekcToBoro penakropa Word for
Windows. O0beM cTaTbi HE JODKSH TpeBbImarh 14 cTpa-
HUT, BKIodas TekeT (mpudt Times New Roman, pasmep
12 ., maTepBan 1,5), Tabmurpl, rpadpudeckuii MaTepual,
BCIO HEOOXOMMYT0 HH(OPMAITHIO Ha AHTIIMHCKOM SI3bIKE.

5. Ha mepBoii cTpaHHIe CTaThH YKa3bIBAIOTCS: MHIIEKC
VK, HazBaHue craThd, (aMITHN aBTOPOB ((aMILTHS aB-
TOpa, ¢ KOTOPBIM CIIEyeT BECTH TEPENHCKy, OTMEUaeTCs
3BE3JJ0YKOM M YKA3bIBAETCSl €0 aapec 3JIeKTPOHHOW MOod-
TBI), HA3BaHMS W TIOYTOBBIC aJ[peca OpraHM3anui (ynuuna,
HOMeEp JIOMa, HHJIEKC, TOPOJI, CTpaHa), B KOTOPBIX padoTaroT
aBTOPBI, HA PYCCKOM W aHIIMHACKOM si3bIKaxX. CTaThsi BKIIIO-
gaeT: aHHOTaIuo (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBe/IeHNE, B KOTOPOM JIENIAeTCsT Kpar-
KWt 0030p C/IETAaHHOTO B MUPE M KOHKPETHO (pOpMyIHpyeT-
Cs 11e7Th pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYCHHUE, B KOTOPOM
B CXXAaTOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPHMEHEHUsSI; CHHCOK HCIIOJIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KIIIOYEBBIC CIIOBA, CIMCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTanWs IODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNiOB CTAThH — BBEJCHUS
C yKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YacTH H
3aKITFOUCHUS).

7. I'paduuecknii MaTepuan JAOIKEH OBITh KOHTPACT-
HBIM U 4eTkuM. Dortorpadum mpeacTaBiusOTCS B 3NIEK-
TpoHHOM Buze (dopmar tif, jpg, pa3pemienne He MeHee
300 dpi). Bce prucyHku HyMepyrOTCS U COIPOBOXKIAIOTCS
MTOAPHCYHOYHBIMHU NOATIHCAMHU. DparMeHTs pruCyHKa 000-
3HAYAIOTCSl CTPOYHBIMH KypPCHBHBIMH JIATHHCKUMH OyKBa-
MH — «a», «b» uT. 1. Haamucn Ha puCyHKax M TOIIHMCH
K PUCYHKaM JalOTCsl HAa PYCCKOM M aHIVIMHCKOM SI3BIKaX.
Bce cokpamienust 1 0003HaYECHUS] HA PUCYHKAX JIOJKHBI
OBITH pacIU(pPOBAHBI B MOAPUCYHOUHON MOANHCH. PrcyH-
KM JKeJIaTeJILHO TPEOCTABIISTh B IIBETE.

8. Tabmuib! He TOHKHEI TyOIrpoBaTh rpaduku. Kax-
Jast TabIMIla UMEeeT 3aroloBoK. Ha Bce TabnuIIs! 1 puCyHKH
cIIe/tyeT JaBaTh CCHUIKH B TekcTe. Ha3zBaHue u comeprkanne
TaOJHI] TIPEJICTABIISICTCS Ha PYCCKOM M aHTJINHCKOM SI3BIKaX.

9. O003HaueHNS U COKPAIICHNS, IPUHATHIE B CTaThE,
pactm(ppoBBIBAIOTCS] HETIOCPEICTBEHHO B TEKCTE.

10. Pa3mMepHOCTb BCEX BEIMYUH, IPUHATHIX B CTAThE,
JTOJDKHA COOTBETCTBOBAaTh MEXIyHAPOIHOH CHCTEMe ellu-
HU1 mmMeperuit (CH).

11. MHOTOCTpOUYHBIE (HOPMYITHI OIKHBI OBITH HaOpa-
HBI B penakrope MathType, HOMepa dopmyn — 1o TipaBo-
My Kpato. HymepyroTcst mummb popMyIisl, Ha KOTOPEIE €CTh
CCBUIKH B TeKcTe. OTIeNbHBIe CTPOYHBIC OYKBBI M CITCITH-
aJbHBIC CHMBOJIBI HAOMPAIOTCS B TEKCTE TAPHUATYPOI Sym-
bol 6e3 mcmoab3oBanus pegaxkrtopa dopmyna. [Ipu Ha-
Ooope QopMmyn U OyKBEHHBIX 0003HAYCHHUH HEOOXOIUMO
VYHATBIBATh CIEAYIOMIAE TIPaBIJIa: PYCCKHIl ajadaBuT
He UCTOJIB3YeTCs; TpeUecKue OyKBBI, MaTeMaTHICCKHe
cumBodH (grad, div, In, min, max u ap.), CHMBOJBI XUMH-
YECKUX DIIEMEHTOB (B T.U. B HHJCKCE) HAOMUPAIOTCS MPSAMO;
JMATHHCKUE OYKBHI — IMEPEMEHHBIC I CHMBOITBI (PH3HYECKUX
BEIMYMH (B T.4. B MHICKCE) HAOUPAIOTCS KYPCHBOM; BEK-
TOPBI — KUPHBIM MPADTOM (CTPETKH BBEPXY HE CTABATCS).

12. CrucoK MCTIOJIb30BAHHBIX WCTOYHUKOB COCTABJIs-
eTCsI B TIOPSAKE YIMOMHHAHUS CCBUIOK IO TEKCTY, JOJDKCH
CofiepKaTh TOJHEIE OMOMUOTpauIecKie TaHHBIC U TIPH-
BOJINITCSI B KOHIIE CTaTh. He pekoMeHIyeTcs 1aBaTh CChII-
KA Ha MaTepHajbl KOH(EPEHINH, CTaThl U3 3JIEKTPOHHBIX
KypHanoB 6e3 uneHtudukaropa DOI, yueOHBIE TTOCOOUS,
HHTEpHET-pecypchl. CCHUTKM Ha HEOITyOIMKOBaHHBIE pado-
THI HE JOMycCKaroTcs. JKenaremnsHo, 9TOOBI KOJTMIECTBO CCHI-
1ok Obw10 He MeHee 10; camonmTrpoBanue — He Ooiee 20 %.

13. ABTOpBI Ha OTAENBHON CTPAHULIE MIPETOCTABIISIIOT
0 cebe cremyronue CBeIeHUS: (haMWIINs, UMs, OTYECTBO,
ydeHasl CTEeTIeHb W 3BaHHE, MECTO pabOTHl W 3aHMMaeMast
JOJDKHOCTB, aJipec IIEKTPOHHOH CBA3M.

14. Crarpu, u3nararonde pe3yJbrarbl UCCIeJOBaHMH,
BBITIOTHCHHBIX B YUPSIKICHUSX, TIOTDKHBI IMETh COOTBETCTBY-
IOIIIee pa3pelIeHre Ha OITyOITMKOBAHIE B OTKPBITOM TIECYaTH.

15. TIpn HE0OXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAlOTCSI HANMEHOBaHME (DOHIA, OKa3aBIIETO (pHHAH-
COBYIO TIOAJCPXKKY, WJIH YPOBEHh W HANMEHOBAaHHE TIPO-
TpaMMBI, B paMKaX KOTOpPOW BBIITOJHEHa padoTa, Ha pyc-
CKOM W aHTJIMACKOM SI3BIKaX.

16. ABTOpBI HECYT OTBETCTBCHHOCTH 32 HAIIPaBIICHUC
B PEAKIINIO CTaTeH, paHee YKe OMyOITMKOBAHHBIX HIIH TIPH-
HATHIX K [ICUATH APYTHMHA U3TaHUSIMH.

17. Cratbu, HE COOTBETCTBYIOIIME MEPEUUCIEHHBIM
TpeOOBaHUAM, K PACCMOTPECHUIO HE TMPUHUMAIOTCS U BO3-
BpamaroTcs aBTopam. JlaToif IMoCTyIUICHUS CUUTACTCS ACHB
MOYYCHUS PeIaKIiell TepBOHAYaIFHOTO BAPHAHTA TEKCTA.

18. Pemakuusi mpeaocTaBisieT BO3MOXKHOCTb MEPBO-
0YEpEIHOTO OIYONUKOBAHUSI CTATEH JIUIIAM, OCYIIECTBIISO-
MM TIOCJIEBY30BCKOE OOydUeHHe (acrmupaHTypa, TOKTOpa-
HTYypa, COWCKATEIhCTBO), B TOH 3aBEpPIICHUS OOYUYCHHS;
HE B3UMAeT IUIaTy C aBTOPOB 3a OIMyOJIKOBAaHNE HAyYHBIX CTa-
TEH; OCTaBIIIET 3a COOO MPABO TIPOM3BOINTH PEITAKTOPCKUC
TIPABKH, HE HCKAXKAFOIIIEe OCHOBHOE COICPIKAHUE CTAThU.
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