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Abstract 
The permanent magnetic field in addition to electromagnetic radiation has a significant effect on 

performance of devices. This is particularly true for highly sensitive precision measuring equipment, such 
as, for example, magnetometers or photomultiplier tubes. In this regard a new high-performance materials  
for protection against permanent fields and electromagnetic radiation need to be developed. The purpose 
of this paper is a development of a hardware and software complex for high-precision determination  
of permanent magnetic field attenuation coefficient and certification of protective materials. 

This paper describes an experimental installation for determining the attenuation coefficient of a perma-
nent magnetic field using materials and coatings on standard package for electronic equipment. The instal-
lation ensures a uniform magnetic field flow in the measurement volume. The advantage of the measuring 
device is the ability to measure magnetic field in three coordinates due to the use of three pairs of Helmholtz 
coils and a three-dimensional Hall sensor. The software will enable to control of the magnetic field in all three 
directions, simulating the real operating conditions of devices that require protection from such influences. In 
addition, a movable positioning system makes it possible to compensate for the Earth's magnetic field, which 
increases the accuracy of estimating the attenuation coefficient by protective materials in weak magnetic field. 

An alternative use of the capabilities of the installation is to test the performance of the devices  
in a permanent magnetic field and evaluate the electromagnetic compatibility. Experimental results of the 
work includes determination of the magnetic field attenuation coefficient using standard photomultiplier 
tube package made of electrolytically deposited permalloy and the sheet of annealed permalloy. Thus,  
the effect of annealing and closed magnetic circuit on the degree of weakening of the magnetic field is shown. 
It has been demonstrated that annealing which causes a significant increase in the magnetic permeability 
promotes an effective attenuation of weak magnetic fields (up to 1 mT). In magnetic fields with an induction 
of 1 mT or more, effective attenuation is provided by a closed magnetic circuit.

Keywords: Helmholtz coils, constant magnetic field, attenuation coefficient, permalloy.
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коэффициента ослабления постоянного магнитного поля 
защитными материалами
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Постоянное магнитное поле наряду с электромагнитным излучением оказывает существенное вли-
яние на рабочие характеристики и работоспособность приборов. Особенно это касается высокочувстви-
тельного прецизионного измерительного оборудования, такого как, например, магнитометры или фотоэ-
лектронные умножители. В связи с этим возникает необходимость разработки новых высокоэффективных 
материалов для защиты от воздействия постоянного магнитного поля и электромагнитного излучения. 
Целью данной работы являлась разработка программно-аппаратного комплекса для высокоточного опре-
деления коэффициента ослабления постоянного магнитного поля и аттестации защитных корпусов. 

В работе описана измерительная установка для определения коэффициента ослабления посто-
янного магнитного поля с помощью материалов и покрытий на стандартных корпусах. Установка 
обеспечивает однородное магнитное поле во всём измерительном объёме. Отличие измерительной 
установки от существующих стендов заключается в возможности проведения измерений в трёх ко-
ординатах благодаря использованию трёх пар катушек Гельмгольца и трёхкоординатного датчика 
Холла. Программное обеспечение позволит управлять магнитным полем во всех трёх направлени-
ях, моделируя реальные условия эксплуатации приборов, требующих защиты от таких воздействий. 
Кроме того, подвижная система позиционирования в пространстве позволяет компенсировать маг-
нитное поле Земли, что повышает точность оценки коэффициента ослабления магнитного поля за-
щитными материалами в слабых полях. 

Альтернативным вариантом использования возможностей установки является проверка рабочих ха-
рактеристик приборов в условиях воздействия постоянного магнитного поля и оценка электромагнит-
ной совместимости. Экспериментальная часть работы включает результаты определения коэффициента  
ослабления магнитного поля с помощью стандартных корпусов для фотоэлектронного умножителя, изго-
товленных из листового отожжённого пермаллоя и пермаллоя, осаждённого электролитически на алюми-
ниевую подложку. Таким образом, показано влияние отжига и замкнутости магнитоконтура на степень 
ослабления магнитного поля. Установлено, что отжиг, вызывающий существенное повышение магнит-
ной проницаемости, способствует эффективному ослаблению слабых магнитных полей (до 1 мТл). В маг-
нитных полях с индукцией от 1 мТл эффективное ослабление обеспечивает замкнутый магнитоконтур.

Ключевые слова: катушки Гельмгольца, постоянное магнитное поле, коэффициент ослабления, 
пермаллой.
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Introduction

The problem of exposure to various types of 
electromagnetic fields on the equipment and systems, 
as well as living organisms is extremely important and 
multifaceted due to the complexity of interpretation 
of the processes of interaction of fields with the 
materials [1–3]. There are many fairly effective 
solutions for protection against electromagnetic 
radiation divided into active and passive protection 
methods [4–6]. The most difficult task is protection 
from exposure by static magnetic fields. This problem 
is acute for precision measuring equipment and space 
equipment [7] which is intensely exposed to constant 
and alternating magnetic fields. The physical principle 
of protection against magnetostatic effects consists 
in shunting the magnetic flux by a housing made 
from ferromagnetic material with high magnetic 
permeability [8–9]. The force lines of the external 
magnetic field will predominantly pass through the 
material with high magnetic permeability and will 
not affect the operation of the enclosed equipment. 
In connection with the above, active developments 
are underway in the field of creating materials and 
optimizing housing designs for effective weakening 
of magnetic flux and protection of sensitive 
electronics and equipment [10–14]. 

An important stage in the development 
of materials and housings is certification and 
determination of the degree of weakening of the 
magnetic field using a protective housing. The 
developers face the greatest number of difficulties 
when determining the shielding of weak magnetic 
fields from which it is necessary to protect, for 
example, photomultiplier tubes operating in outer 
space (of the orbit of the "MIR" station, the magnetic 
field induction is 0.4–0.6 mT). Difficulties in the 
development of measuring equipment are primarily 
related to the need to create a uniform and controlled 
magnetic flux as well as to compensate for the Earth's 
magnetic field to improve accuracy. Therefore the 
main goal of this work was to develop a software and 
hardware complex for high-precision determination 
of the attenuation coefficient of a constant magnetic 
field and certification of protective enclosures.

Installation for determining the magnetostatic 
shielding effectiveness

Device for determining the magnetic field 
attenuation coefficient should include the following 
capabilities:

‒ ensuring a uniform magnetic field throughout 
the entire volume of measurements;

‒ possibility of standard package for electronic 
equipment attestation;

‒ ability to carry out measurements at a magnetic 
field induction from 0.03 to 0.5 mT for materials  
that weaken the magnetic field by 100 times, and 
in the range from 0.5 to 10 mT for materials that 
weaken by 1000 times;

‒ compensation of the Earth's magnetic field 
when measuring in weak fields;

‒ ability to measure in three coordinates.
The problem of forming a uniform magnetic 

field and constant magnetic flux in a certain volume 
of space can be solved in many ways. Often for 
this permanent magnets are used between the poles 
of which a constant field is formed without the 
application of any energy. The main disadvantage 
of such a solution is the complexity of a controlled 
change in the magnitude of the magnetic field, 
since the magnitude of the magnetic induction for 
permanent magnets is determined exclusively by 
the remanent magnetization of the material and the 
distance between its poles. 

It is advisable to create a weak and uniform 
magnetic field (up to 0.1 T) with a variable value using 
solenoids or coils. It is better to use electromagnets 
to generate magnetic fields of greater magnitude with 
which you can obtain a high magnetization of the 
core with a relatively low current value or a coreless 
coil made of superconducting material.

Since an important criterion for a measuring 
device is to obtain a magnetic field with a high degree 
of homogeneity, the most promising solution seems 
to be the use of Helmholtz coils which substitute two 
solenoids located coaxially at a distance equal to their 
radius, as shown in Figure 1a. The coils diameter 
should be larger than the size of the area in which a 
uniform magnetic flux is required. Figure 1b shows 
how the magnetic induction B will change along the 
axis of the Helmholtz coils. The graph is plotted 
schematically in relative units where one corresponds 
to the maximum value of B. The magnetic induction 
at the midpoint on the axis between coils can be 
calculated using the equation (1):

where µ0 is the magnetic constant, 1.257·10–6 T·m/A; 
n is the number of turns of the coil; I is the current 
flowing through the coil, A; R is the radius of the 
coil, m.
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Figure 1 – Image of Helmholtz coils (a) and a schematic 
graph of changes in the magnetic induction of Helmholtz 
coils (b)

For implementation of the comprehensive 
certification of protective enclosures for radio 
electronic equipment it is important to be able to 
control not only the magnitude of the magnetic field 
but also the direction of the magnetic flux. Therefore, 
the facility under development includes three pairs of 
Helmholtz rings with a diameter of 30, 35 and 40 cm 
generating a constant magnetic field directed along 
the X, Y, and Z axes, respectively. In this case, the 
magnetic flux Φ for each of the coils is numerically 
equal to the magnetic induction B multiplied by the 
cross-sectional area of the coil S in square meters (2):

Ф = B·S.

To register the magnitude of the magnetic field 
the installation uses a three-coordinate Hall sensor 
with ferrite concentrators of the magnetic strip 
installed at the intersection of the axes of the coils 
in such a way that the plane of the sensor crystal is 
perpendicular to the magnetic flux lines. The signal 
from the sensor is read by a nanovoltmeter. Figure 2 
shows a diagram of an installation with two pairs of 
Helmholtz coils. The pairs of coils are connected 
to a direct current source during the flow of which 

a constant uniform magnetic field is created. The 
current strength is directly proportional to the 
magnetic field strength H, therefore, the coefficients 
k I→H for recalculating the current strength into the 
magnetic field induction according to formula (3) 
for each pair of coils have been experimentally 
established. Their values are presented in Table.

H = k I→H ·I.

Figure 2 – Installation for measuring the attenuation 
coefficient of a permanent magnetic field

Table
Helmholtz coil parameters

№ Magnetic flux 
direction axis

Coil diameter, 
d, m

Conversion 
factor, k I→H

1 Y 0.40 2.24·10‒3

2 Х 0.35 2.28·10‒3

3 Z 0.30 2.33·10‒3

The installation has the ability to adjust its 
position in space to compensate for the Earth's 
magnetic field. To compensate it is necessary  
to install the three-coordinate Helmholtz coils in  
the optimal position achieving the minimum value 
of the potential difference on the sensitive element  
of the Hall sensor due to spatial manipulation. 

It is necessary to calibrate the Hall sensor 
by setting the reference values of the potential 
difference over the entire range of magnetic fields 
with the step selected for the measurement before 
each measurement of the shielding efficiency. The 
change in the intensity of the external permanent 
magnetic field formed by the Helmholtz coils is 
carried out by changing the value of the constant 
current at the power source. After calibration the Hall 
sensor is placed in a protective case or covered with a 

a

b

(2)

(3)
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cylindrical or flat shield keeping its position in space 
unchanged. The values of the potential difference on 
the sensor protected by the shield are recorded at the 
same values of the magnetic field strength. Shielding 
efficiency E is often a dimensionless quantity that 
shows how many times the strength of an external 
magnetic field decreases when a shield is used. The 
calculation of the magnetostatic shielding efficiency 
is carried out according to the formula:

E = (U0  /Ux ),  

where U0 is the value of the potential difference 
(arithmetic mean) on the sensitive element of the 
Hall sensor without package (reference value);  
Uх is the value of the potential difference (arithmetic 
mean) on the sensitive element of the Hall sensor 
when using a protective case.

The attenuation coefficient kE (or the efficiency 
expressed in decibels) is used to assess the 
effectiveness of shielding. kE can be estimated using 
formula (5):

kE = 20lg(U0  /Ux ) or kE = 20lgE, dB.

Experimental results

The weakening coefficients of the magnetic 
field were determined for two cylindrical specimens 
made of sheet permalloy (GOST 10160-75) and an 
aluminum cylinder coated with the same material 
(Ni80Fe20 ) using the developed installation. Samples 
had equal overall dimensions (length of 120 mm, a 
diameter of 45 mm, and a thickness of the magnetic 
material of 0.5 mm). An annealed permalloy foil was 
rolled into a cylinder of the corresponding diameter 
and spot welded to prepare a sheet sample. A coating 
was deposited on aluminum cylinder of appropriate 
size by electrolytic deposition as described in [15]. The 
shape of the sample is due to the fact that it matches the 
size of the housing of a wide range of photomultiplier 
tubes. Ni80Fe20 alloy was chosen as a reference sample 
as one of the most effective materials for protection 
against permanent magnetic field and electromagnetic 
radiation due to its high magnetic permeability [8]. 
High magnetic permeability provides effective 
shunting of the magnetic flux and, accordingly, a 
strong weakening of the magnetic field strength after 
passing through the coating (Figure 3).

The measurements of the magnetic field 
attenuation coefficient by the coating material were 
carried out in the range of magnetic fields from 0.1 to 
9 mT. The results are shown in Figure 4.

Figure 3 – Schematic representation of the principle  
of shunting magnetic flux using a cylindrical body made 
of material with high magnetic permeability

Figure 4 – Results of the study of the magnetic 
field attenuation coefficient after passing through  
the package made of sheet permalloy and the package 
with the electrodeposited permalloy coating

It was found that in the range of weak magnetic 
fields (up to 1 mT) a sample of annealed sheet 
permalloy is a more promising material, since 
it demonstrates an attenuation of the order of 
26–32 dB, which corresponds to 20–43 times, while 
the electrodeposited and unannealed sample in this 
the same range showed an increase in the attenuation 
coefficient from 16 to 31 times (or from 6 to 35 times). 
However, with a further increase in the magnetic field 
induction, no increase in the attenuation coefficient 
was observed for the sheet permalloy sample. The 
maximum value of kE for a sheet sample was 32.7 dB 
or 43 times. The attenuation coefficient increased to 
42.3 dB, which corresponds to 130 times. Thus, it 
is shown that in the range of magnetic fields up to 
1 mT the most significant factor for increasing the 
efficiency of magnetic flux attenuation is the high 
magnetic permeability of the protective material, 

(4)

(5)
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which is characteristic of annealed alloys. In fields 
from 1 mT, the limiting factor for effective shunting 
of the magnetic flux is the closedness of the magnetic 
circuit or the continuity of the coverage in this case.

Conclusion

A unique measuring installation has been 
developed to determine the attenuation coefficient 
of the permanent magnetic field using protective 
package for electronic equipment. The installation 
will allow simulating the external effect of a 
permanent magnetic field in three-dimensional 
space to determine the effectiveness of protective 
materials and assess the performance of partings. 
The installation has a high accuracy in measuring 
weak magnetic fields due to the uniform magnetic 
flux generated by three pairs of Helmholtz coils and 
compensation of the Earth's magnetic field. 

Certification of cylindrical package for 
protection against magnetostatic effects made of 
sheet permalloy and in the form of an electrodeposited 
coating on a cylindrical substrate has been carried 
out. It is shown that in weak fields (up to 0.1 mT), 
permalloy ‒ annealed with in accordance with  
GOST 10160-75 ‒ is a more effective material 
and weakens the magnetic field by 20–43 times 
due to high magnetic permeability. However with 
an increase in the magnetic field induction above 
0.1 mT the most important parameter providing 
effective attenuation is the closed magnetic circuit. 
Thus the continuous coating showed attenuation 
up to 130 times while the sheet alloy body had an 
attenuation coefficient of less than 43 times.
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The study of thermoelectric properties of crystalline semiconductors with structural defects is of practi-

cal interest in the development of radiation-resistant Peltier elements. In this case, the spectrum of energy 
levels of hydrogen-like impurities and intrinsic point defects in the band gap (energy gap) of crystal plays  
an important role. 

The purpose of this work is to analyze the features of the single-electron band model of semiconductors 
with hopping electron migration both via atoms of hydrogen-like impurities and via their own point triple-
charged intrinsic defects in the c- and v-bands, as well as to search for the possibility of their use in the Pelti-
er element in the temperature range, when the transitions of electrons and holes from impurity atoms and/or 
intrinsic defects to the c- and v-bands can be neglected. 

For Peltier elements with electron hopping migration we propose: (i) an h-diode containing |d1)- and 
|d2)-regions with hydrogen-like donors of two types in the charge states (0) and (+1) and compensating them 
hydrogen-like acceptors in the charge state (−1); (ii) a homogeneous semiconductor containing intrinsic  
t-defects in the charge states (−1, 0, +1), as well as ions of donors and acceptors to control the distribution  
of t-defects over the charge states. The band diagrams of the proposed Peltier elements in equilibrium and 
upon excitation of a stationary hopping electric current are analyzed.  

A model of the h-diode containing hydrogen-like donors of two types |d1) and |d2) with hopping migra-
tion of electrons between them for 50 % compensation by acceptors is considered. It is shown that in the case  
of the reverse (forward) electrical bias of the diode, the cooling (heating) of the region of the electric double 
layer between |d1)- and |d2)-regions is possible. 

A Peltier element based on a semiconductor with point t-defects is considered. It is assumed that  
the temperature and the concentration of ions of hydrogen-like acceptors and donors are to assure all 
t-defects to be in the charge state (0). It is shown that in such an element it is possible to cool down  
the metal�semiconductor contact under a negative electric potential and to heat up the opposite contact under 
a positive potential. 

 
Keywords: doped semiconductor, diode with hydrogen-like donors of two types, triple-charged intrinsic 
point defects, electron hopping migration, Peltier element. 
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Исследование термоэлектрических свойств кристаллических полупроводников с дефектами 

структуры представляет практический интерес при создании радиационно-стойких элементов Пель-
тье. При этом важную роль играет спектр уровней энергии водородоподобных примесей и собствен-
ных точечных дефектов в энергетической щели (запрещённой зоне) кристалла.  

Цель работы � анализ особенностей одноэлектронной зонной модели полупроводников с прыж-
ковой миграцией электронов как по атомам водородоподобных примесей, так и по собственным то-
чечным трёхзарядным дефектам, а также поиск возможности их использования в элементе Пельтье  
в области температур, когда переходами электронов и дырок с атомов примесей и/или собственных 
дефектов в c- и v-зоны можно пренебречь. 

В качестве элементов Пельтье с прыжковой миграцией электронов предложены: 1) h-диод, со-
держащий |d1)- и |d2)-области с водородоподобными донорами двух сортов в зарядовых состояниях 
(0) и (+1) и компенсирующие их водородоподобные акцепторы в зарядовом состоянии (−1); 2) одно-
родный полупроводник, содержащий собственные t-дефекты в зарядовых состояниях (−1, 0, +1), 
а также ионы доноров и акцепторов для управления распределением t-дефектов по зарядовых состоя-
ниям. Проанализированы зонные диаграммы предлагаемых элементов Пельтье в равновесии и 
при возбуждении стационарного прыжкового электрического тока. 

Рассмотрена модель h-диода, содержащего водородоподобные доноры двух сортов |d1) и |d2)  
с прыжковой миграцией между ними электронов при компенсации их на 50 % акцепторами. Показа-
но, что при обратном (прямом) электрическом смещении диода возможно охлаждение (нагревание) 
области двойного электрического слоя между |d1)- и |d2)-областями.  

Рассмотрен элемент Пельтье на основе полупроводника с точечными t-дефектами. Принималось, 
что температура, а также концентрации ионов водородоподобных акцепторов и доноров таковы,  
что практически все t-дефекты находятся в зарядовом состоянии (0). Показано, что в таком элементе 
возможно охлаждение контакта металл�полупроводник, находящегося под отрицательным электри-
ческим потенциалом, и нагревание противоположного контакта, под положительным потенциалом. 
 
Ключевые слова: легированный полупроводник, диод с водородоподобными донорами двух сортов, 
трёхзарядные собственные точечные дефекты, прыжковая миграция электронов, элемент Пельтье. 
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Introduction 
 
Thermoelectric phenomena in semiconductor 

systems caused by the migration of electrons in the 
c-band and holes in the v-band are intensively stud-
ied (see, e. g., [1�7]). The thermopower was meas-
ured for hopping migration of holes via hydrogen-
like acceptors of the same type in homogeneous 
germanium crystals at liquid helium temperatures 
and below [8, 9]; see also [10]. 

The efficiency of semiconductor materials used 
in thermoelectric converters is determined by the 
dimensionless thermoelectric figure of merit ZT and 
by the Peltier coefficient Π (see, e. g., [11�13]): 

2S TZT σ
=

κ
;    Π = ST,  (1) 

where Z is the figure of merit [K−1], T = (T1 + T2)/2 
is the operating temperature [K], T1 and T2 are the 
absolute temperatures of hot and cold electrodes to 
the material, σ is the direct current specific electri-
cal conductivity [Ohm−1·m−1], S is the Seebeck coef-
ficient (or thermopower) [V/K], κ is the thermal 
conductivity [W·m−1·K−1], Π is the Peltier coeffi-
cient [V].   

Note that the Peltier coefficient Π, as a rule, is 
not measured directly, but is calculated from Eq. (1) 
by the value of the Seebeck coefficient S, which is 
easier to measure. 

There are various ways to increase the thermoe-
lectric figure of merit (see, e. g., [12�14], as well as 
the reviews on this topic [15�19]): selection of the 
optimal concentration of mobile charge carriers 
(electrons, holes or ions) in homogeneous materials; 
selection of the optimal band gap (energy gap); 
changing the chemical composition of materials 
(e. g., by chemical doping or neutron transmutation 
doping) or modifying their structure by introducing, 
for example, radiation defects. The possibilities of 
increasing of the thermoelectric figure of merit of 
nanostructured materials consisting of low-
dimensional systems are also considered [1]. Realis-
tic estimates of the limiting values of figure of merit 
of thermoelectric composites are given in [3]. 

Investigation of the optimal band gap Eg of a 
semiconductor showed that the condition Eg >> kBT 
should be fulfilled [4]. This is easily explained by 
the fact that for the Fermi level lying near the bot-
tom of the c-band, the concentration of minority 
carriers (holes in the v-band), and as a consequence, 
their contribution to the thermopower can be ne-
glected. However, this method makes it possible to 
increase the ZT value insignificantly. The modifica-

tion of the chemical composition and disordering of 
the structure consists in the preparation of solid so-
lutions or the growth of disordered alloys based on 
them; in the selection of the optimal concentra- 
tions of these compounds; combining them. Some 
samples obtained by such methods demonstrated 
thermoelectric figure of merit up to ZT = 2.2 at 
room temperature (see, e. g., [14]). 

The existence of an optimal doping level is due 
to the fact that an increase in the concentration of 
mobile charge carriers (electrons and/or holes) usu-
ally increases the electrical conductivity σ, but de-
creases the Seebeck coefficient S (see Eq. (1)). Due 
to an increase in the concentration of charge carri-
ers, they become degenerate and the Fermi level 
goes into the c-band (or in the v-band). In this case, 
the energy and velocities of electrons (or holes) will 
be determined by the Fermi level (Fermi energy) 
and will practically not depend on temperature.  
As a consequence, the charge fluxes from the hot 
and from the cold electrodes to the sample will 
hardly differ. 

A Peltier element is a thermoelectric two-
terminal device. When a stationary electric current 
is excited in it, it cools down at one contact (elec-
trode) of the element and heats up at the other elec-
trode. The Peltier element is still attractive for ap-
plications as a silent and environmentally friendly 
device. It can be used as a thermoelectric generator 
operating by utilizing heat losses in other devices 
and working substances. 

Typically, Peltier elements consist of n- and p-
type semiconductors connected in series with metal 
bridges. The contacts, which are cooled when pass-
ing an electric current, are placed on one surface of 
the Peltier element, and the contacts, which are 
heated, on the opposite surface. In the p- and n-
branches of the electrical circuit of the Peltier ele-
ment, holes and electrons move from the cooled 
surface to the heated one [20, 21]. 

Heat release power (energy released per unit 
time at the contact of a unit area) of the Peltier ele-
ment [W·m−2]: 

 

J
At
It

At
QW )()( 2121 Π−Π=Π−Π== ,  (2) 

 

where Q is the heat released at the contact [J], A is 
the cross-section area of the contact [m2], t is the 
time [s], Π1 and Π2 are the Peltier coefficients of 
materials 1 and 2 brought into electric and thermal 
contact [V], I is the electric current [A], J is the 
electric current density [A/m2]; It is the charge 
passing through the electrical contact of two  
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different conductors [C]. The value W > 0 if heat  
is released, and W < 0 if heat is absorbed. 

In the work [22] the p�n junction is considered 
as a potential thermoelectric device. Note that for 
the effective functioning of the p�n diode as a Pelti-
er element, the width of the electric double layer in 
the p�n diode must be comparable or less than the 
diffusion length of electrons in the c-band and the 
diffusion length of holes in the v-band. Electrons 
and holes formed in the electric double layer due to 
the absorption of heat in it go into electrical ohmic 
contacts (of n+- and p+-type) to the n- and p-type 
regions under the action of both the internal poten-
tial difference and the external electrical bias. In 
this case, the time of the drift "flight" of electrons 
and holes through the double layer should be less 
than their recombination lifetime [23]. 

Most works on thermoelectricity proceed from 
the band theory of crystalline solids and consider 
the migration of electrons delocalized in the c-band 
and v-band holes. 

Within the framework of the band theory of 
crystalline solids, first proposed by Wilson (see es-
say [24]) on the basis of quantum mechanics,  
materials were distinguished by their electrical 
properties into insulators, semiconductors, and met-
als according to their single-electron energy spec-
trum. Subsequently, this led to the creation of the 
first bipolar transistors (see, e. g., [25, 26]) on ger-
manium crystals, as well as integrated circuits on 
silicon [27]. Charge coupled devices (based on the 
metal�insulator�semiconductor structure) were  
invented [28, 29], which made it possible to record 
optical images in digital form. Finally, the features 
of the electron energy spectrum of layered semi-
conductor structures, called semiconductor hetero-
structures, consisting of semiconductor materials 
with different band gap, were used to create semi-
conductor lasers [30, 31] that operate at room tem-
perature and above. Nevertheless, the potential of 
defects in the crystal structure of semiconductors 
for creating devices based on them is far from being 
realized within the limits of the possible. 

It is known that the properties of semiconduc-
tors containing crystal structure defects substantial-
ly depend on the type of defects, their concentra-
tion, and spatial distribution (see, e. g., [32, 33]).  
In this regard, it is of practical interest to study the 
thermoelectric properties of semiconductor materi-
als with hopping electron migration via impurity 
atoms and/or intrinsic point defects of the crystal 
matrix. 

Let us briefly consider the possible arrange-
ments of the energy levels of impurity atoms (hy-

drogen-like donors of two types) or intrinsic point 
triple-charged defects of the crystal structure in the 
band gap of semiconductors, suitable for the deve-
lopment of Peltier elements on their basis. 

In crystalline semiconductors doped with hy-
drogen-like impurities at low temperatures, c-band 
electrons are "frozen out" on donors (v-band holes � 
on acceptors). In this case, electrical conduction is 
carried out through the hopping migration of elec-
trons (or holes) via impurity atoms. For example, it 
was shown in [34] that the hopping migration of 
holes via boron atoms (as acceptors) and electrons 
via phosphorus atoms (as donors) in diamond oc-
curs even at room temperature (see also [35]). 
However, impurity atoms with an increase in their 
concentration in the crystal matrix form clusters 
(associates) [36]. In general, hopping electrical con-
duction in crystals at room temperature can be real-
ized via t-defects � radiation point defects of one 
type in three charge states (−1, 0, +1). Such radia-
tion defects make it possible to significantly modify 
the electrical properties of semiconductors without 
changing their chemical composition [37�39]. 

The purpose of the work is to analyze the mani-
festation of the arrangement of the energy levels  
of atoms of hydrogen-like impurities or intrinsic 
point defects in the band model of crystalline semi-
conductors with hopping electron migration for  
the design of the Peltier element. 

In this paper, two possible schemes for the im-
plementation of Peltier elements based on two sem-
iconductor systems with hopping electron migration 
between ohmic contacts (electrodes) to these sys-
tems are considered. 

The first system is a flat crystalline semicon-
ductor sample, on the one side doped with hydro-
gen-like donors with thermal ionization energy Ed1 , 
and on the other side � with hydrogen-like donors 
with ionization energy Ed2 < Ed1. Donors of two 
types can be in charge states (0) and (+1). Each do-
nor introduces one energy level into the band gap. 
The degree of compensation by hydrogen-like ac-
ceptors is approximately 50 %. The hopping trans-
fer of electrons via donors is �refracted� at the re-
gion of the electric double layer between the |d1)- 
and |d2)-regions of the system, which form the h-
diode. Thus, the h-diode contains a |d1)�|d2) junc-
tion and ohmic contacts to |d1)- and |d2)-regions. 
(The properties of ohmic contacts to such semicon-
ductors are presented in reviews [40, 41].) 

The second system is a partially disordered 
semiconductor containing radiation t-defects in the 
dominating concentration, each of which can be in 
one of three charge states (−1, 0, +1). Each t-defect 
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introduces two energy levels into the band gap. Hy-
drogen-like donors and acceptors are ionized and 
control the number of t-defect charge states that  
are realized at a given temperature. 

 
Design 1 � hopping electron migration via 
donors of two types 

 
In contrast to works [8�10], let us consider an 

n-type crystalline semiconductor doped with hydro-
gen-like donors of two types (|d1) and |d2)) with 
different thermal ionization energies (Ed1 > Ed2); see 
Figure 1a. The charge states (0) and (+1) of |d1) 
donors  in the region x < xj = 0 and |d2) donors in 
the region x > xj  provide the possibility of hopping 
electrical conduction. Compensating acceptors of 
one type |a), uniformly distributed along the x axis, 
are in the charge state (−1). Fluctuations in the en-
ergy levels of impurities are not shown. Short lines 
within the band gap indicate the mean values of the 
donor ionization energy. 

We assume that all hydrogen-like donors |d1) 
and |d2) with concentrations Nd1(x) and Nd2(x) are 
immobile and are in charge states (0) and (+1), and 
their distribution along the x coordinate (along the 
diode) is determined as follows [42]: 

 

d1
d1( )

1 exp( )
NN x

x l
=

+ /
,  d2

d2 ( )
1 exp( )

NN x
x l

=
+ − /

, (3) 

 

where Nd1 and Nd1 are the maximum concentrations 
of |d1) and |d2) donors [m−3]; l is the doping profile 
parameter [m]; x = xj = 0 in Figure 1 corresponds to 
Nd1(xj) = Nd1 and Nd2(xj) = Nd2. The concentration of 
hydrogen-like acceptors Na does not depend on the x 
coordinate; all acceptors are in the charge state (−1). 

To implement h-diode with the Peltier effect on 
n-type silicon crystal, in the capacity of |d1) donors 
we can take arsenic atoms (As) with thermal ioniza-
tion energy Id1 = 53.8 meV and in the capacity of 
|d2) donors � antimony atoms (Sb) with thermal 
ionization energy Id2 = 42.7 meV [43]. Boron (B) or 
aluminium (Al) atoms can be taken as compensat-
ing acceptors. 

The critical donor concentration Nd = NM, cor-
responding to the low-temperature transition of a 
semiconductor crystal from the insulator state to the 
metallic one (the Mott transition), is given by the 
relation [44]: 

1 3
M H 1 3

r

0.542
[(1 )( 2)]

N a
K

=
− ε +

/
/

, (4) 

 

where aH = e2/8πεrε0Id is the Bohr radius [m] for  
a single donor with the ionization energy Id [J];  
e is the elementary charge [C]; εr is the relative 
permittivity; ε0 is the electric constant [F/m];  
K = Na/Nd is the compensation ratio. 

Figure 1 shows the case of hopping electrical 
conduction via donors of two types with equal do-
nor concentrations Nd1 = Nd2 ≈ 0.1NM and the ratio 
of their compensation by acceptors K = Na/Nd1 = 
= Na/Nd2 = 0.5. In this case, the effective concen-
tration of electrons hopping via both |d1) donors 
and |d2) donors is maximum [45]. 

When a reverse bias is applied (Figure 1b; 
Ur < 0), in the region where the type of doping do-
nors changes, due to electron hopping the heat  
Qab ≈ Ed1 − Ed2 will be absorbed, which is necessary 
to overcome the difference in the ionization energy 
of |d1) and |d2) donors. The junction region will 
cool down in this case. And vice versa, when a for-
ward bias is applied (Figure 1c; Uf > 0), in the re-
gion where the type of doping donors changes,  
due to electron transitions to deeper donors an excess 
of electron energy will be released in the form of heat 
Qem ≈ Ed1 − Ed2, and the junction region will heat up. 

The typical temperature Th , at which the electri-
cal conduction of a semiconductor is determined 
only by the hopping migration of electrons via hy-
drogen-like donors, is Th = Tj  /2, where Tj is the 
temperature at which the c-band and hopping  
electrical conductivities are equal. The temperature 
Tj is given by the expression [46]: 

 

2
1 3

j d
B r 0

0.728 ( )
4

eT KN
k

=
πε ε

/ , (5) 

 

where kB is the Boltzmann constant [J/K]; e is the 
elementary charge [C]; εrε0 is the dielectric constant 
of the crystal matrix [F/m]; Nd = Nd1 = Nd2 is the 
concentration of the doping impurity (|d1) and |d2) 
donors) [m�3]. [Electrical neutrality condition: the 
concentration of donors in the charge state (+1) is 
equal to the concentration of the negatively charged 
(−1) compensating impurity (acceptors) KNd .] 

In a doped semiconductor with compensation 
ratio K ≈ 0.5, the ionization energy of hydrogen-like 
donors decreases with their concentration [47]: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

res

H
dd 1

R
aIE ,  (6) 

 

where Rres = (2πNd)−1/3 is the radius of the sphere-
cal region of the crystal matrix per impurity atom 
(both donor and acceptor) at K = 0.5. 
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Note that to implement the device structure (h-
diode) with the Peltier effect on a p-type silicon 
crystal, in the capacity of |a1) and |a2) acceptors, 
we can take boron atoms (B) with the thermal  

ionization energy Ia1 = 44.4 meV and aluminium 
atoms (Al) with the ionization energy Ia2 = 69 meV, 
respectively [43]. Antimony (Sb) or arsenic (As)  
atoms can be taken as compensating donors. 

 
 

 
 

 

Figure 1 � Band diagrams (dependences of the single-electron energy E on the coordinate x) at low temperatures for a 
Peltier element based on the h-diode, which is an n-type semiconductor doped with hydrogen-like donors of two types 
|d1) and |d2) with different thermal ionization energies (Ed1 > Ed2) and compensated by acceptors |a): in the equilibri-
um (a; U = 0), under the reverse bias (b; Ur < 0) and under the forward bias (c; Uf > 0). The potential barrier height: 
eφb (a), eφb − eUr (b), eφb − eUf (c); the electrical double layer width is (x+ − x−). In the case of the reverse bias (b; 
Ur < 0), heat Qab is absorbed in the junction region and the structure cools down. Under the forward bias (с; Uf > 0), 
heat Qem is released in the junction region and the structure heats up. The Peltier element operates in the vicinity of the 
temperature of realization of the hopping conductance Th = Tj/2, where Tj is given by Eq (5) 
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A thermal cooler of this type can be used as a 
"cold finger" for bolometers [48] and infrared de-
tectors [49] operating at cryogenic temperatures. 

 
Design 2 � hopping electron transfer  
in a partially disordered semiconductor 

 
A number of works (see, e. g., [50, 51] and ref-

erences therein) describe the mechanisms of Fermi 
level "pinning" by point structure defects both at the 
metal�semiconductor interface and inside the semi-
conductor. 

Let us consider the processes of transfer of 
electrons and energy in a "metal�partially disor-
dered semiconductor�metal" device structure upon 
excitation of a stationary electric current in it.  

The proposed scheme of a Peltier element 
based on a semiconductor with two energy levels 
(Et1 and Et2) of point triple-charged t-defects [52, 
53] is shown in Figure 2. We consider the case of 
hopping migration (drift and diffusion) of electrons 
via the upper level Et2 only. 

Note that triple-charged point defects can be in-
troduced into a semiconductor by polyenergetic ion 
implantation (ion kinetic energy > 1 MeV/nucleon) 
through contacts (electrodes) or by irradiation with 
fast reactor neutrons [38, 39]. 

Let us consider a one-dimensional model of the 
proposed device structure (Peltier element). A flat 
semiconductor sample is located between two metal 
electrodes (contacts); see Figure 2a. Two-level t-
defects are created in the sample, each of which can 
be in one of three charge states (−1, 0, +1). 

Let t-defects be immobile and uniformly dis-
tributed over the volume of the semiconductor: 

 

Nt(x) = Nt = const,  (7) 
 

where Nt(x) = Nt,−1(x) + Nt,0(x) + Nt,+1(x) is the total 
concentration of t-defects in all three charge states. 

As can be seen from Figure 2a, t-defects con-
tained in a semiconductor effectively reduce its 
band gap to a value of ∆t < Eg . The width of the en-
ergy gap between the average values of the energy 
levels of t-defects is Δt = Eg − (Et1 + Et2) > 3kBT. 
(Note that in a narrow-gap crystalline semiconduc-
tor, the band gap Eg is less than the electron affinity 
energy EA = Evac − Ec , where Evac is the vacuum 
level, Ec is the bottom of the c-band). 

The average value of the lower energy level Et1 
corresponds to the energy required for the transition 
of an electron from the v-band to the t-defect in the 
charge state (+1). The average value of the upper 
energy level Et2 corresponds to the energy required 

for the transition of an electron from the t-defect  
in the charge state (−1) to the bottom of the c-band. 
In a partially disordered semiconductors with a high 
concentration of defects, the energy positions of the 
edges of the allowed energy bands (the bottom  
of the c-band and the top of the v-band) fluctuate 
along the coordinate (have random deviations from 
the average value at different points of the crystal). 
When describing the electrical properties of such 
disordered semiconductors, the concept of the mo-
bility edge (percolation threshold) for electrons  

 
 

 

Figure 2 � Band diagrams E(x) of the Peltier element in 
the thermodynamic equilibrium (a; U = 0) and under the 
electrical bias (b; U ≠ 0). A semiconductor (working sub-
stance) contains ions of donor |d) and acceptors |a) along 
with triple-charged t-defects. When a stationary hopping 
current is excited (for U ≠ 0), the heat Qab is absorbed in 
the region of the contact under a negative potential and 
the contact cools down, and in the region of the contact 
under a positive potential, the heat Qem is released and 
the contact heats up 
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in the c-band Eμ(c) and holes in the v-band Eμ(v)  
is introduced [54]. 

When an electrical bias is applied (Figure 2b; 
U ≠ 0), in the region of contact under a negative 
potential a thermally stimulated transition of elec-
tron from a metal to a semiconductor occurs and the 
heat Qab ≈ Δt is absorbed, which is necessary to 
overcome the energy difference between the upper 
level of t-defect Et2 and the Fermi level EF2 in metal. 
The contact region will cool down in this case. And 
vice versa, in the region of the opposite contact un-
der a positive potential due to transitions of elec-
trons from the t-defect upper level to the Fermi lev-
el EF1 in metal, the excess of the electron energy is 
released in the form of the heat Qem ≈ Δt , and the 
contact region will heat up. 

In combination with radioisotope heater, the 
proposed Peltier element (Figure 2) becomes a gen-
erator of electrical energy. It is less susceptible to 
radiation degradation than an element based on 
conventional moderately doped semiconductor crys-
tals, since it contains triple charged t-defects in a 
sufficiently high concentration, which were previ-
ously introduced into the crystal matrix. 

A decrease in the thermal conductivity of a Pel-
tier element occurs due to the creation in a semi-
conductor material (working substance) of a suffi-
ciently large (for realization of electron hopping) 
number of point defects of structure, which effec-
tively scatter phonons (both optical and acoustic) of 
all wavelengths [55]. For example, at cryogenic 
temperatures, the thermal conductivity of amor-
phous SiO2 is much lower than the thermal conduc-
tivity of crystalline SiO2 [56]. 

 
Conclusion 

 
As Peltier elements with the electron hopping 

migration between electrical contacts to the semi-
conductor we proposed: (i) an h-diode containing 
inhomogeneously distributed along the semicon-
ductor hydrogen-like donors of two types |d1) and 
|d2) in the charge states (0) and (+1), as well as 
uniformly distributed compensating ions of hydro-
gen-like acceptors; (ii) a semiconductor with uni-
formly distributed point t-defects in the charge 
states (−1, 0, +1) and ions of hydrogen-like donors 
and acceptors. 

It is shown that in the h-diode under the reverse 
bias (Ur < 0) for a cryogenic temperature, the region 
of the electric double layer between |d1)- and |d2)-
regions cools down, and under the forward bias 
(Uf > 0) it heats up. 

It is shown that in a Peltier element based on a 
semiconductor with triple-charged t-defects, upon 
current excitation, it is possible to cool down a met-
al�semiconductor contact under a negative electric 
potential and to heat up an opposite contact with a 
positive potential. 
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Уже на протяжении нескольких десятилетий развитие методов генерации сверхкоротких импуль-
сов является самостоятельной актуальной научно-технической задачей. Идёт постоянное совершен-
ствование как способов получения импульсов, так и методов их использования. Целью данной работы 
являлось исследование возможности реализации согласованной работы двух принципиально разных 
типов лазеров накачки фемтосекундного генератора и усилителя на одном одноламповом квантроне 
и создание на этой основе компактной мощной фемтосекундной лазерной системы с импульсной на-
качкой и одним силовым блоком.

Осуществлена практическая реализация на одном квантроне с двумя активными элементами и 
одной лампой накачки двух типов импульсных лазеров (нано- и пикосекундного, работающих, со-
ответственно, в режиме модулированной добротности и синхронизации мод). Получены требуе-
мая синхронизация во времени момента формирования импульса накачки фемтосекундного усили-
теля и области квазистационарной генерации импульсов в выходном излучении фемтосекундного 
Ti:сапфирового генератора и необходимые взаимосогласованные энергетические параметры выход-
ного излучения лазеров накачки фемтосекундного генератора и усилителя. 

На этой основе разработана компактная импульсная моноблочная лазерная система, способная 
обеспечить генерацию фемтосекундных импульсов длительностью 50–150 фс с энергией до 1 мДж 
и достаточно высокой частотой повторения импульсов (вплоть до 1 кГц, что определяется типом ис-
пользуемых квантрона и блока накачки). В лазерной системе использована компактная совмещённая 
схема стретчера-компрессора с одной общей дифракционной решёткой.

Лазерные системы подобного типа, характеризуемые относительно низкой стоимостью за счёт 
использования одного силового блока питания для одновременной накачки усилителя и генератора, 
а также более низкими требованиями к качеству оптических элементов и условиям эксплуатации 
благодаря импульсному режиму работы, представляются достаточно практичными. Они могут найти 
применение как в научных исследованиях в области сверхскоростной кинетической спектроскопии и 
нелинейной оптике, так и в многочисленных технических приложениях, в частности в прецизионной 
обработке материалов, как оптические имитаторы воздействия тяжёлых заряженных частиц при про-
ведении испытаний радиационной стойкости интегральных микросхем и электронных модулей.

Ключевые слова: фемтосекундные лазеры, импульсная синхронная накачка, гибридная синхрониза-
ция мод.
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Abstract
For several decades development of methods for generating ultrashort pulses has been an inde- 

pendent urgent scientific and technical problem. There is a constant improvement both in the methods  
of such pulses receiving and in methods of their use. The aim of this work was to investigate the pos- 
sibility of realizing the coordinated operation of two fundamentally different types of pump lasers  
for the femtosecond oscillator and amplifier based on one single-lamp laser head and to create on this  
basis a compact high-power femtosecond system with pulsed pumping and one power unit. 

The practical implementation of two types of pulsed lasers (nano- and picosecond ones operating, 
respectively, in Q-switch and modelock regime) on a single laser head with two active elements and one  
pump lamp is carried out. The required synchronization in time the pump pulse femtosecond amplifier 
formation and quasi-stationary region of generated pulses in the output radiation of a femtosecond  
Ti:sapphire is obtained. 

On this basis a compact, pulse pumped monoblock laser system has been developed that can ge- 
nerate femtosecond pulses with a duration of 50–150 fs with an energy up to 1 mJ and a high enough 
pulse repetition rate (up to 1 kHz which is determined by the type of laser head and pump unit used).  
In the developed laser system a compact scheme of a stretcher-compressor with a single common dif- 
fraction grating is used.

Laser systems of this type characterized by a relatively low cost due to the use of a single power  
supply unit for simultaneous pumping of the amplifier and oscillator, as well as lower requirements  
for the quality of optical elements and usage conditions due to the pulse mode of operation, are quite  
practical and can be used both in scientific research in the field of ultra-high-speed kinetic spectro- 
scopy and nonlinear optics, as well as in numerous technical applications, particular in the precision  
processing of materials, as optical simulators of the action of heavy charged particles in testing  
the radiation resistance of integrated circuits and electronic modules.

Keywords: femtosecond lasers, pulsed synchronous pumping, hybrid modelocking.
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Введение

В настоящее время фемтосекундные лазеры 
широко используются как для научных исследова-
ний, так и в сфере технологий. Задающий генера-
тор практически всех современных фемтосекунд-
ных систем обычно представляет собой полно-
стью твердотельный (волоконный) непрерывно 
накачиваемый лазер [1–7]. Для накачки исполь-
зуются либо непрерывные твердотельные лазеры, 
либо прямая диодная накачка. Существует также, 
реализованный нами [8], метод генерации фемто-
секундных импульсов при синхронной накачке 
титан-сапфирового лазера второй гармоникой им-
пульсного Nd:YAG лазера с гибридной синхро-
низацией мод. На основе данного оригинального 
генератора фемтосекундных импульсов был соз-
дан фемтосекундный спектрометр [9], успешно 
эксплуатируемый в Институте физики НАН Бела-
руси уже на протяжении достаточно длительного 
времени. Система характеризуется относительно 
низкой стоимостью, естественной совместимо-
стью генератора и усилителя, работающих в им-
пульсном режиме с одинаковой частотой повто-
рения, простотой в обслуживании. 

Во всех предыдущих схемах реализации 
метода использовались два независимых им-
пульсных Nd:YAG лазера: пикосекундный лазер  
с гибридной синхронизацией мод для синхрон-
ной накачки фемтосекундного титан-сапфирово-
го генератора и моноимпульсный, работающий 
в режиме модуляции добротности и генерирую-
щий наносекундные импульсы для накачки фем-
тосекундного усилителя. В то же время привле-
кательной представлялась идея организации ра-
боты двух принципиально разных типов лазеров 
на одном квантроне с двумя активными элемен-
тами и одной лампой накачки. В виду различных 
режимов работы данных лазеров и необходимо-
сти при этом одновременно обеспечить согла-
сованные амплитудные и временные параметры 
генерируемых ими импульсов с требуемой син-
хронизацией во времени это являлось самостоя-
тельной задачей, требующей экспериментальной 
проверки возможности её решения. В случае по-
ложительного результата предоставлялась воз-
можность существенно упростить всю систему, 
снизить стоимость и, соответственно, повысить 
коммерческую привлекательность данного ме-
тода генерации фемтосекундных импульсов. 
Конечной целью работы было создание на этом 
принципе фемтосекундной лазерной системы. 

Основная часть 

На рисунке 1 приведена оптическая схема 
разработанной фемтосекундной лазерной систе-
мы. В квантроне размещены два активных цилин-
дрических элемента (Nd:YAG), одновременно на-
качиваемые одной импульсной лампой. В состав 
лазера накачки (II) фемтосекундного генератора 
входит активный элемент с размерами 5 × 60 мм, 
2 плоских «глухих» зеркала, линза ( f = 14 см), 
размещённая перед концевым глухим зеркалом, 
электронно-оптическая схема отрицательной 
обратной связи, выходное зеркало на клиновой 
подложке с коэффициентом отражения 35 %, 
а также зеркало с насыщающимся поглотите-
лем (SESAM), обеспечивающее совместно с элек-
трооптическим затвором гибридную синхрониза-
цию мод. Общая база резонатора ≈ 150 см. Линза 
устанавливается таким образом, чтобы обеспе-
чить работу лазера вблизи внешней границы об-
ласти стабильности на нулевой поперечной моде. 
Изменяя положение зеркала SESAM вдоль оси 
резонатора, можно регулировать интенсивность 
внутрирезонаторного поля в области насыщаю-
щего поглотителя. Оптимальное положение дан-
ного зеркала подбирается экспериментально. 

Ключевую роль в обеспечении требуемого ре-
жима генерации играет электрооптическая отри-
цательная обратная связь (ООС). Она образована 
поляризатором, электрооптическим кристаллом 
и электронной схемой c быстрым фотодиодом. 
Обратная связь вносит потери, пропорциональ-
ные световому полю внутри резонатора. В ре-
зультате интенсивность поля внутри активной 
среды ограничивается на заданном уровне. За-
пасённая инверсия расходуется за более длитель-
ное время, в течение которого происходит до-
полнительная подкачка инверсии населённости  
в активном кристалле. В результате, время непре-
рывной генерации увеличивается до требуемых 
50–80 мкс, причём данное время легко регули-
руется глубиной обратной связи. Вторая функ-
ция ООС – регенеративная синхронизация мод. 
Поскольку ООС срабатывает на периодический 
сигнал внутри резонатора (шумовой выброс), 
она создаёт потери с периодом, равным време-
ни обхода по резонатору. Для обеспечения син-
хронизации мод необходимо, чтобы воздействие 
обратной связи происходило в нужной фазе, что 
достигается либо подбором длины резонатора, 
либо изменением задержки прихода оптического 
сигнала на фотодиод. Длительность импульсов,  
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полученных с помощью регенеративной синхро-
низации мод, составляет несколько сотен пикосе-
кунд. Нелинейный фильтр позволяет сократить 

длительность генерируемых импульсов до десят-
ков пикосекунд и повысить эффективность пре-
образования излучения во вторую гармонику.

Рисунок 1 – Оптическая схема фемтосекундной лазерной системы: I – наносекундный лазер накачки усилите-
ля; II – пикосекундный лазер накачки фемтосекундного генератора; III – стретчер-компрессор; IV – схема вы-
деления одиночного импульса; V – многопроходный усилитель

Figure 1 – Optical scheme of a femtosecond laser system: I – nanosecond pump laser of the amplifier; II – picosecond 
pump laser of the femtosecond generator; III – stretcher-compressor scheme; IV – single pulse extraction circuit; 
V – multi-pass amplifier

С оптимизированными параметрами резона-
тора, обратной связи и накачки Nd:YAG лазер ге-
нерирует высокостабильные цуги пикосекундных 
импульсов на длине волны 1,054 мкм общей дли-
тельностью до 60 мкс и энергией порядка 3 мДж, 
способные обеспечить энергию второй гармоники 
в цуге (рисунок 2а), оптимальную для синхронной 
накачки фемтосекундного генератора. Частота 
повторения циклов генерации составляла 10 Гц.

Резонатор фемтосекундного генератора об-
разован четырьмя плоскими и двумя сферически-
ми высокоотражающими в спектральной области 
740–840 нм зеркалами. Квазисолитонный меха-
низм формирования фемтосекундных импульсов 
обеспечивается призменной парой, создающей 
необходимую отрицательную дисперсию груп-
повой скорости. Для эффективности синхронной 
накачки резонатор сделан сильно несимметрич-
ным. Наиболее оптимальные условия для гене-
рации фемтосекундных импульсов создаются  
при работе на внешнем краю зоны стабильности. 
При таких параметрах резонатора наблюдает-

ся старт керровского механизма синхронизации 
мод и стабильная генерация фемтосекундных 
импульсов в квазистационарном режиме во вре-
менном диапазоне порядка 40 мкс (рисунок 2b). 
Вывод излучения из резонатора осуществляется 
с помощью тонкой клиновой подложки.

В разработанной лазерной системе в сравне-
нии с ранними реализациями метода использо-
вана компактная схема стретчера-компрессора 
фемтосекундных импульсов с одной общей ди-
фракционной решёткой, при этом при разводке 
лучей в стретчере используется верхняя полови-
на решётки, а в компрессоре – нижняя (рисунок 1, 
III). Таким образом, все элементы компрессора 
расположены ниже элементов стретчера. Кроме 
того, по горизонтали стретчер и компрессор 
также использует разные части решётки: стрет-
чер – центральную, компрессор – боковые. В ре-
зультате удаётся разместить на одной площадке 
оба устройства так, чтобы их оптомеханические 
узлы не мешали друг другу. Благодаря такой  
компоновке, во-первых, экономится пространство. 
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Во-вторых, экономятся финансовые ресурсы, так 
как необходим один комплект дифракционной ре-
шётки и оптомеханического крепления к ней вме-
сто двух. Кроме того, за счёт использования одной 
решётки автоматически решается задача согласо-
вания решёток стретчера и компрессора.

Рисунок 2 – Осциллограммы излучения второй гар-
моники пикосекундного лазера (а) и излучения син-
хронно накачиваемого титан-сапфирового лазера  
в режиме генерации фемтосекундных импульсов (b). 
Чёрная линия – осциллограмма импульса второй гар-
моники наносекундного лазера на гранате, накачива-
ющей титан сапфировый усилитель

Figure 2 – Oscillograms of the second harmonic 
radiation of a picosecond laser (a) and the radiation of 
a synchronously pumped titanium-sapphire laser in the 
femtosecond pulse generation operating mode (b). The 
black line is the оscillogram of the second harmonic pulse 
of a nanosecond Nd:YAG laser pumping the titanium 
sapphire amplifier

Накачка активной среды усилителя произ-
водится излучением второй гармоники наносе-
кундного лазера (рисунок 1, I), сформирован-
ного по стандартной схеме на втором активном 
элемент Nd:YAG размером 6×60, размещённом 
в том же квантроне, что и активный элемент пи-
косекундного лазера. Принципиальной задачей 
является синхронизация времени формирования 
импульса накачки усилителя с областью устой-
чивой генерации фемтосекундных импульсов, 
из которой происходит выделение усиливаемого 
импульса, т. е. обеспечение подачи усиливаемого 
импульса в многопроходный усилитель в момент 
создания максимальной инверсии населённости 

в активном элементе, создаваемой наносекунд-
ным импульсом второй гармоники гранатового 
лазера. Основной возможностью осуществления 
такой синхронизации в нашем варианте является 
варьирование (уменьшение) добротности резона-
тора пикосекундного лазера, поскольку процесс 
синхронизации мод и формирования ультрако-
ротких импульсов существенно (десятки микро-
секунд) в обычных условиях опережает форми-
рование наносекундного импульса в лазере с мо-
дулированной добротностью. Для обеспечения 
необходимого уровня добротности использова-
лась плавная отстройка электрооптического кри-
сталла ООС путём регулировки степени откло-
нения отражения юстировочного лазера от грани 
кристалла по биссектрисе прямого угла в рабо-
чей четверти. Как оказалось, данная операция, 
помимо решения основной задачи – получения 
требуемой синхронизации во времени импульса 
накачки усилителя и усиливаемого фемтосекунд-
ного импульса, способствует работе всей систе-
мы отрицательной обратной связи в наиболее 
благоприятном линейном режиме. 

На рисунке 2 приведены соответствующие 
осциллограммы, иллюстрирующие обеспечение 
требуемого согласования во времени участка 
квазистационарной генерации фемтосекундных 
импульсов и сформированного импульса накач-
ки фемтосекундного усилителя. Область резко-
го увеличения амплитуды генерации на осцил-
лограмме соответствует старту и установлению 
процесса синхронизации мод за счёт керровской 
линзы и квазисоллитонного механизма.

После стретчера и схемы выделения (IV) 
одиночный импульс из области цуга, примерно 
соответствующей по положению центру участка 
квазистационарной генерации фемтосекундных 
импульсов, направляется в многопроходный уси-
литель (V), в котором организовано 10 проходов 
усиливаемого импульса через активную среду 
(титан-сапфировый кристалл). На рисунке 3 при-
ведена фотография разводки лучей поступающе-
го в усилитель излучения на выходном сфериче-
ском зеркале многопроходного усилителя. Деся-
тый луч проходит через отверстие в зеркале.

В результате 10 разведенных в вертикаль-
ной плоскости проходов через область актив-
ной среды, накачиваемую наносекундным им-
пульсом второй гармоники лазера на гранате 
с энергией порядка 7 мДж, импульс усиливается 
более чем в 106 раз и направляется в компрессор,  
собранный на той же дифракционной решётке, 
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что и стретчер. На выходе компрессора получаем 
одиночный фемтосекундный импульс с энергией  
до 1 мДж и задаваемой частотой повторения, опре-
деляемой типом используемого силового блока.

Рисунок 3 – Разводка лучей усиливаемого импульса ти-
тан-сапфирового лазера на выходном зеркале усилителя

Figure 3 – Distribution of the beams of the amplified 
pulse of a titanium-sapphire laser on the output mirror of 
the amplifier

На рисунке 4 представлен спектр и автокор-
реляционная функция усиленного импульса. 

Рисунок 4 – Спектр (a) и автокореляционная функ-
ция (b) усиленного фемтосекундного импульса

Figure 4 – Spectrum (a) and autocorrelation function (b) 
of the amplified femtosecond pulse

Длительность сжатого импульса составила 
порядка 70 фс при ширине спектра на полувысо-
те 10 нм.

Заключение

Разработана компактная моноблочная ла-
зерная система, способная обеспечить генера-
цию фемтосекундных импульсов длительностью 
50–150 фс с энергией до 1 мДж и достаточно вы-
сокой частотой повторения импульсов (вплоть 
до 1 кГц, что определяется типом используемых 
квантрона и блока накачки). Имеется возмож-
ность оперативной перестройки основной часто-
ты в спектральном диапазоне 760–830 нм.

Фемтосекундные лазерные системы подоб-
ного типа, характеризуемые относительно низ-
кой стоимостью за счёт использования одного 
силового блока питания для одновременной на-
качки усилителя и генератора, а также более 
низкими требованиями к качеству оптических 
элементов и условиям эксплуатации вследствие 
импульсного режима работы, представляются 
достаточно практичными. Они могут найти при-
менение как в научных исследованиях в области 
сверхскоростной кинетической спектроскопии 
и нелинейной оптики, так и в многочисленных 
технических приложениях, в частности в преци-
зионной обработке материалов, как оптические 
имитаторы воздействия тяжелых заряженных ча-
стиц при проведении испытаний радиационной 
стойкости интегральных микросхем и электрон-
ных модулей и др.
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Abstract 
Optimization of the radiation coil of the hardware-software complex for studying the effectiveness 

of shielding of low-frequency electromagnetic radiation will make it possible to assess the effectiveness 
of shielding coatings at a higher level. This fact will make it possible to develop coatings with improved 
characteristics. The purpose of this work was to determine the optimal characteristics of the emitting coil 
which will ensure its stable operation and magnetic field strength in the frequency range up to 100 kHz.

The parameters of the manufactured samples, such as inductance (L), active (R) and total resistance (Z), 
were obtained using an MNIPI E7-20 emittance meter. In practice, the coils with the optimal parameters 
calculated theoretically were connected to a current source and amplifier. To detect electromagnetic radiation, 
a multilayer inductor connected to a UTB-TREND 722-050-5 oscilloscope was used as a signal receiver.

The results of measurements showed that the resistance of multilayer coils is approximately 1000 times 
higher than that of single-layer coils. Also, for multilayer coils, an avalanche-like increase in total resistance 
is observed starting from a frequency of 10 kHz, while for single-layer coils there is a uniform increase  
in total resistance over the entire frequency range up to 100 kHz.

The paper presents results of research on the correlation of the performance of single-layer and 
multilayer inductors depending on their parameters in the frequency range from 20 Hz to 100 kHz.  
Values of the voltage required to provide the magnetic field strength of 1, 5, 20 Oe at 25 Hz and 100 kHz have 
been calculated. After analyzing the data obtained, the optimal parameters of the inductor were found which 
ensure stable performance in the frequency range up to 100 kHz.

Keywords: inductor coil, shielding, electromagnetic emitting.
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Оптимизация излучающей катушки программно-аппаратного комплекса для исследования эф-
фективности экранирования низкочастотного электромагнитного излучения позволит на более ка-
чественном уровне оценивать эффективность экранирующих покрытий. Данный факт даст возмож-
ность разрабатывать покрытия с улучшенными характеристиками. Целью данной работы являлось 
определение оптимальных характеристик излучающей катушки, которые обеспечат её стабильную 
работу и напряжённость магнитного поля в частотном диапазоне до 100 кГц. 

Параметры изготовленных образцов, такие как индуктивность, активное и общее сопротивление, 
были получены, используя измеритель иммитанса МНИПИ E7-20. На практике катушки с оптималь-
ными параметрами, вычисленными теоретически, были подключены к источнику и усилителю тока. 
Для детектирования электромагнитного излучения в качестве приёмника сигнала использовалась 
многослойная катушка индуктивности, подключённая к осциллографу UTB- TREND 722-050-5.

Результаты измерений показали, что сопротивление многослойных катушек приблизительно 
в 1000 раз больше сопротивления однослойных. Также у многослойных катушек наблюдается лави-
нообразный рост общего сопротивления, начиная с частоты 10 кГц, в то время как у однослойных 
катушек происходит равномерный рост общего сопротивления на всём диапазоне частот до 100 кГц. 

Представлены результаты исследований корреляции рабочих характеристик однослойных и 
многослойных катушек индуктивности в зависимости от их параметров в частотном диапазоне  
от 20 Гц до 100 кГц. Рассчитаны значения напряжения, необходимого для обеспечения напряжённо-
сти магнитного поля 1, 5, 20 Э при 25 Гц и 100 кГц. Проанализировав полученные данные, найдены 
оптимальные параметры катушки индуктивности, обеспечивающие стабильные рабочие характери-
стики в диапазоне частот до 100 кГц. 

Ключевые слова: катушка индуктивности, экранирование, электромагнитное излучение.
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Introduction

A great threat to the security of information 
on electronic devices, sensitive elements of 
various devices, biological objects is created by 
electromagnetic radiation of various nature. Sources 
of electromagnetic radiation in everyday life are 
household appliances, electric vehicles, mobile 
phones and other electronic devices [1, 2]. To protect 
against electromagnetic radiation, there are active 
and passive methods [3]. The passive method is to 
use screens that absorb or reflect electromagnetic 
radiation (EMR). For passive protection materials 
with high magnetic permeability are used. With the 
help of passive screens it is possible to protect certain 
sensitive elements of the device, and these screens are 
easy to use and more profitable in economic terms. 
However, at the moment there is no unified method 
for analyzing the effectiveness of shielding. Most 
scientific papers consider the effect of low-frequency 
EMR on living organisms and plants without affecting 
the analysis of the effectiveness of screens.

Analysis of information on the topic of this 
work shows that there are no standardized generally 
accepted methods for assessing the effectiveness of 
shielding [5–7]. To assess the shielding properties 
of various materials a device or apparatus with a 
sufficiently powerful emitter of electromagnetic 
radiation is required which stably operates both with 
direct and alternating currents of various frequencies. 
Inductors [8] can be used as such as an emitter, 
varying the parameters of which the required result 
can be achieved.

The purpose of this work was to manufacture 
inductor coils with different parameters, study their 
characteristics, and determine a sample that provides 
stable electromagnetic radiation in the frequency 
range from 25 Hz to 100 kHz. The sample coil with 
optimal parameters will be used in the hardware-
software complex as an emitter and will allow to 
obtain new, unique data on the shielding efficiency 
of magnetic coatings and multilayer structures 
based on them, as well as to compare the previously 
obtained data on the shielding efficiency in a constant 
magnetic field with new data that will be obtained 
with alternating electromagnetic radiation.

Measurement technique

Single-layer and multi-layer inductors were 
manufactured as prototypes. For the manufacture of 
single-layer inductors copper wire with a cross section 

of 1 and 2 mm was used. The inner diameter (d ) of 
the coils was 7 and 15 mm, the number of turns (N ) 
was from 6 to 41, and the length (l ) was from 15 to 
65 mm. Multilayer coils were made from copper 
wire with a diameter of 0.1; 0.18 and 0.35 mm. The 
coils diameter was 6 mm, the number of turns was 
from 1000 to 6000, and the length was from 20 to 
120 mm. Detailed information about the samples′ 
parameters is presented in Table 1.

Table 1
Parameters of inductors

№ Coil 
designation

d, 
mm N l, mm t, 

mm
Single layer coils

1 SL_N6_t2_d7 7 6 15

2

2 SL_N11_t2_d7 7 11 25

3 SL_N14_t2_d7 7 14 35

4 SL_N18_t2_d7 7 18 45

5 SL_N28_t2_d7 7 28 65

6 SL_N6_t2_d15 15 6 15

7 SL_N11_t2_d15 15 11 25

8 SL_N13_t2_d15 15 13 35

9 SL_N18_t2_d15 15 18 45

10 SL_N27_t2_d15 15 27 65

Multilayer coils

1 N4-t.1-d6 6 4000 20 0.1
2 N1-t.18-d6 6 1000 19.6 0.18
3 N8-t.15-d6 6 8000 22 0.15
4 N2-t.35-d6 6 2000 70 0.35
5 N4-t.35-d6 6 4000 100 0.35
6 N6-t.35-d6 6 6000 120 0.35

The manufactured samples′ parameters, such as 
inductance (L), active (R ) and total resistance (Z ) 
were obtained using an MNIPI E7-20 emittance me-
ter. In practice, the coils with the optimal parameters 
calculated theoretically were connected to a current 
source and amplifier. To detect electromagnetic 
radiation a multilayer inductor connected to a UTB-
TREND 722-050-5 oscilloscope was used as a signal 
receiver. 

Results and discussion

As can be seen from the graphs (Figure 1), the 
SL_N6_t2_d7 coil has the lowest inductance among 
the coils with an inner diameter of 7 mm. Among 
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the coils with an inner diameter of 15 mm, the  
SL_N6_t2_d15 coil has the smallest inductance. 
The inductance of the first sample increases from 
0.1 to 0.2 μH in the frequency range from 25 Hz to 
100 kHz, while the inductance of the second sample 
is stable over the entire frequency range and equals 
0.5 μH. Despite the large inductance the SL_N6_t2_d15 
coil looks preferable to the SL_N6_t2_d7 one, 
because it has a constant inductance value over the 
entire frequency range. 

Figure 1 – Dependence of the inductance of single-layer 
coils on the current frequency: a – coil diameter 7 mm; 
b – coil diameter 15 mm

Figure 2 shows that all samples with an inner 
diameter of 7 and 15 mm have constant resistance 
values R at frequencies from 25 Hz to 5 kHz. After 
5 kHz a sharp increase in resistance is observed in 
almost all samples, with the exception of samples 
SL_N6_t2_d7, SL_N11_t2_d7 and SL_N6_t2_d15. 
This is most likely due to the skin effect [9] which 

consists in the fact that the currents flowing on the 
surface of the wire screen the inner layers, as a result 
of which almost all current is concentrated in a thin 
surface layer. The proximity effect also contributes, 
the essence of which is that eddy currents arise in the 
coil wire under the influence of a magnetic field from 
adjacent turns [10].

Figure 2 – Dependence of the resistance of single-layer 
coils on the current frequency: a – coil diameter 7 mm; 
b – diameter of coils 15 mm 

Figure 3 shows that the total resistance of all 
coils increases linearly. Coils SL_N6_t2_d7 and  
SL_N6_t2_d15 have the lowest total resistance. 
This is probably due to the fact that these coils have 
fewer turns, respectively, in their manufacture,  
a shorter wire length is used compared to the rest  
of the samples.

These graphs show that the inductance L for 
coils with a diameter of 7 mm and a wire thickness 

a

b

a

b
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of 2 mm does not change significantly at 100 Hz.  
For coils with a diameter of 15 mm and a wire 
thickness of 2 mm, as well as for coils with a 
diameter of 7 mm and a wire thickness of 1 mm, 
the inductance L practically does not change at 
frequencies up to 100 kHz.

Figure 3 – Graphs of the dependence of the total 
resistance of single-layer coils on the current frequency: 
a – coil diameter 7 mm; b – coil diameter 15 mm 

Coils with a diameter of 7 and 15 mm and a  
wire thickness of 2 mm have less resistance than 
coils with a diameter of 7 mm and a wire thickness  
of 1 mm. At the same time, for all coils a slight 
increase in resistance is observed over the entire 
frequency range up to 100 kHz. The total resistance 
of all single-layer coils increases linearly with 
increasing emitting frequency.

Figure 4 shows that some of the multilayer 
coils have constant inductance values over the entire 
frequency sample. The second part of the samples 
shows unpredictable inductance values. It can be 

assumed that this is due to the large number of turns 
in the coils, some of which may have insulation 
defects.

Figure 4 – Graph of the dependence of the inductance  
of multilayer coils on the current frequency

As seen in Figure 5, the resistance of multilayer 
coils is constant from 25 Hz to 10 kHz. After 
10 kHz, an avalanche-like increase in resistance 
occurs. Coils N4-t.1-d6 and N1-t.18-d6 come into 
resonance due to the presence of skin and proximity 
effects. Parasitic capacitances also increase 
strongly at high frequencies. These capacitances, 
in combination with the high inductance of the 
coil, transform it into a whole chain of oscillatory 
circuits with resonances falling within the operating 
range or even below it, and then the coil acquires 
capacitive resistance.

Figure 5 ‒ Dependence of the resistance of multilayer 
coils on the frequency of the current

Figure 6 presents that the total resistance of all 
samples has a constant value from 25 Hz to 5 kHz, 
after 5 kHz there is a rapid increase in the total 
resistance. This is due to the presence of a skin effect 
and a proximity effect. These effects are much more 

a

b
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pronounced with multilayer coils, due to the longer 
winding length and also due to the large number of 
turns.

Figure 6 – Dependence of the total resistance of 
multilayer coils on the frequency of the current

Analyzing the graphs, we can conclude that 
all multilayer coils for the entire frequency sample 

have a constant inductance, except for two samples. 
At an electromagnetic field frequency of up to 
10 kHz, multilayer coils have constant resistan- 
ce. At a current frequency above 50 kHz, the 
resistance of all samples begins to increase sharply. 
The total resistance of the coils begins to inc- 
rease when the frequency of the electromagnetic 
field is over 10 kHz.

The values of the magnetic field strength inside 
the cylindrical coil H (E) for the manufactured 
samples of inductance coils were calculated by the 
formula:

where I – the current in the coil; n – the number of 
turns of the coil; l – the length of the coil;

where U – the voltage applied to the circuit section; 
Z – impedance measured with an RLC meter.

I In
l

= ,

I U
Z

= ,

Table 2

Calculation results of the voltage required to ensure the magnetic field strength of 1, 5, 20 Oe  
for single-layer coils

№ Coil designation
U1 Oe , V U5 Oe , V U20 Oe , V

25 Hz 10 kHz 25 Hz 10 kHz 25 Hz 10 kHz

1 SL_N6_t2_d7 0.00026 0.0245 0.0013 0.1225 0.005174 0.48755

2 SL_N11_t2_d7 0.00042 0.04002 0.0021 0.2001 0.0084 0.8004

3 SL_N14_t2_d7 0.00054 0.05346 0.0027 0.2673 0.0108 1.0692

4 SL_N18_t2_d7 0.0007 0.07256 0.0035 0.3628 0.01323 1.371384

5 SL_N28_t2_d7 0.000988 0.105374 0.004836 0.515778 0.01924 2.05202

6 SL_N6_t2_d15 0.00042 0.05468 0.0021 0.2734 0.0084 0.2734

7 SL_N11_t2_d15 0.000648 0.10548 0.003276 0.53326 0.013104 2.13304

8 SL_N13_t2_d15 0.000946 0.150194 0.004644 0.737316 0.01849 2.93561

9 SL_N18_t2_d15 0.00114 0.2028 0.0057 1.0142 0.0228 4.0568

10 SL_N27_t2_d15 0.00042 0.05468 0.002016 0.262464 0.008085 1.05259

For the stable operation of the electro-
magnetic radiation at different frequencies, it 

is required to vary the values of the emitting 
supplied to the coils. The tables above show the 
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Table 3
Calculation results of the voltage required to ensure the magnetic field strength of 1, 5, 20 Oe multilayer 
coils
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№ Coil designation
U1 Oe , V U5 Oe , V U20 Oe , V

25 Hz 10 kHz 25 Hz 10 kHz 25 Hz 10 kHz

1 N4-t.1-d6 0.08424 4.76 0.4212 23.8 1.6848 95.2

2 N1-t.18-d6 0.04680 5.13 0.23648 59.2 0.94592 136.8

3 N2-t.35-d6 0.038136 12.6 0.19068 63 0.76272 252

4 N4-t.35-d6 0.05794 13.22 0.2897 66.1 1.1588 264.4

5 N6-t.35-d6 0.08352 42.24 0.4176 211.2 1.6704 844.8

voltage values calculated to provide magnetic field 
strengths of 1, 5, 20 Oe in the frequency range 

from 25 Hz to 100 kHz, for single-layer and multi-
layer coils.

Analyzing the data obtained, we can say that 
to ensure the operation of multilayer coils, a much 
higher voltage is required compared to single-layer 
coils. This is due to the high values of the inductance 
of multilayer coils as well as the presence of skin and 
proximity effects. Single-layer coils are also subject 
to these disadvantages but to a much lesser extent. 
In addition the voltage values required to operate 
at 20 Oe of multilayer coils are likely to be critical. 
Difficulties also arise with the selection of a voltage 
source operating in such a wide range of values.

Conclusion

Investigations of single-layer and multilayer 
inductors with different parameters have been 
carried out.

It was found that it is preferable to use single-layer 
inductors as a source of electromagnetic radiation 
operating in the frequency range up to 100 kHz. 
At a frequency from 10 to 100 kHz, an avalanche-
like increase in total resistance begins in multilayer 
inductors; when measuring the active resistance, 
some samples enter into resonance. This is due to 
the presence of skin and proximity effects, which 
are pronounced in multilayer samples, due to a much 
larger number of turns, as well as their tightness. The 
inductance of multilayer coils is 1000 times higher 
than single-layer coils, as a result of which parasitic 
capacitances increase significantly. The combination 
of the factors given above transform a multilayer coil 
into a chain of oscillatory circuits with resonances 
often falling into the operating range or below it.

Due to the use of a wire with a cross section 
of 2 mm for winding single-layer coils, the active 
resistance of these samples is approximately 
1000 times less than that of multilayer coils. Also, due 
to this fact, much lower values of the applied voltage 
are required to provide a power of electromagnetic 
radiation similar to multilayer samples.

Measurements have shown that when the 
current frequency reaches 5 kHz, a sharp increase 
in resistance is observed in almost all samples of 
single-layer coils, with the exception of samples 
with 6 turns and inner diameters of 7 and 15 mm.  
It can be assumed that these coils are less susceptible 
to negative effects due to the fewer turns. A coil 
with 6 turns and a 7 mm diameter has the lowest 
inductance value at a current frequency of 100 kHz. 
However, a sample with 6 turns and a 15 mm 
diameter has a constant inductance value over the 
entire frequency range from 25 Hz to 100 kHz. 
This fact makes the choice in favor of this coil 
preferable, because the difference in the voltage 
values required to provide a magnetic field strength 
of 20 Oe is insignificant.

Reel with optimal parameters planned use as a 
source of electromagnetic radiation in the hardware 
and software complex to study the effectiveness of 
shielding electromagnetic radiation. This hardware 
and software complex will have a unique structure 
and characteristics and will allow high-precision 
studies of the correlation of the chemical composition, 
structure, and shielding efficiency of a wide range  
of materials.
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In the future, it is planned to conduct research 
on the influence of various types of cores on the 
performance of emitting inductors.
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Abstract 
Modeling of velocities and temperatures processes distribution in the plasma-forming channel determining  

the design features and optimal parameters of the plasma torch nozzle is one of promising directions in develop-
ment of plasma technologies. The aim of this work was to simulate the processes of velocities and tempe-
rature distribution in the plasma-forming channel and to determine the design features and optimal geometric 
parameters of the plasmatron nozzle which ensures the formation of necessary direction of plasma flows  
for generation of surface waves on the surface of a liquid metal droplet under the influence of the investi- 
gated instabilities.

One of the main tasks is to consider the process of plasma jet formation and the flow of electric arc 
plasma. For obtaining small-sized particles one of the main parameters is the plasma flow velocity. It is 
necessary that the plasma outflow velocity be close to supersonic. An increase of the supersonic speed is 
possible due to design of the plasmatron nozzle especially the design feature and dimensions of the gas channel  
in which the plasma is formed. Also the modeling took into account dimensions of the plasma torch nozzle, i. e.  
the device should provide a supersonic plasma flow with the smallest possible geometric dimensions. 

As a result models of velocities and temperatures distribution in the plasma-forming channel at the minimum 
and maximum diameters of the channel were obtained. The design features and optimal geometric parameters  
of the plasmatron have been determined: the inlet diameter is 3 mm, the outlet diameter is 2 mm. 

The design of the executive equipment has been developed and designed which implements the investigated 
process of generating droplets of the micro- and nanoscale range. A plasmatron nozzle was manufactured which 
forms the necessary directions of plasma flows for the formation of surface waves on the metal droplet surface 
under the influence of instabilities. An algorithm has been developed for controlling of executive equipment that 
implements the process of generating drops of micro- and nanoscale range.

Keywords: modeling, arc plasma, plasma torch nozzle, geometric parameters, control algorithm.
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Моделирование процессов распределения скоростей и температур в плазмообразующем канале, опре-
деление конструктивных особенностей и оптимальных параметров сопла плазмотрона является одним  
из перспективных направлений в развитии плазменных технологий. Целью данной работы являлось моде-
лирование процессов распределения скоростей и температур в плазмообразующем канале и определение 
конструктивных особенностей и оптимальных геометрических параметров сопла плазмотрона, которое 
должно обеспечивать формирование необходимых направлений плазменных потоков для образования  
на поверхности капли жидкого металла поверхностных волн под действием исследуемых неустойчивостей.

Одной из главных задач является рассмотрение процесса формирования плазменной струи и течения 
электродуговой плазмы. Для получения мелкоразмерных частиц одним из главных параметров являет-
ся скорость течения плазмы. Необходимо, чтобы скорость истечения плазмы была близка к сверхзвуко-
вой. Увеличение скорости до сверхзвуковой возможно добиться за счёт конструкции сопла плазмотрона,  
а именно конструктивной особенностью и размерами газового канала, в котором образуется плазма. Также 
при моделировании учитывались размеры сопла плазмотрона, т. е. устройство должно обеспечивать сверх-
звуковое течение плазмы при возможно меньших геометрических размерах.

В результате исследований получены модели процессов распределения скоростей и температур  
в плазмообразующем канале при минимальных и максимальных диаметрах канала. Определены конструк-
тивные особенности и оптимальные геометрические параметры сопла плазмотрона: диаметр на входе  
3 мм, диаметр выходной 2 мм.

Разработана и спроектирована конструкция исполнительного оборудования, реализующая исследуемый 
процесс генерации капель микро- и наноразмерного диапазона. Изготовлено сопло плазмотрона, формирую-
щее необходимые направления плазменных потоков для образования на поверхности капли жидкого металла 
поверхностных волн под действием исследуемых неустойчивостей. Разработан алгоритм управления испол-
нительным оборудованием, реализующем процесс генерации капель микро- и наноразмерного диапазона.

Ключевые слова: моделирование, плазма дуги, сопло плазмотрона, геометрические параметры, алгоритм 
управления.
DOI: 10.21122/2220-9506-2021-12-1-38-45
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Introduction

Currently, one of the most promising areas 
for the implementation of various technological 
processes is mathematical modeling. It is based 
on the construction of a model created by means 
of computer simulation of various physical and 
technological processes [1–7]. Development of 
various models that are as similar as possible to 
natural processes is very important in the case 
when setting up a natural experiment is impossible, 
very difficult or very expensive. Development of 
computer technology creates good prospects for 
application of rather complex models reflecting the 
multifactor nature and interconnection of various 
physical processes and phenomena. One of the 
most powerful modeling tools is the COMSOL 
Multiphysics software package which is designed 
to simulate various physical processes, systems and 
their interconnection [8, 9].

In literary sources [1‒7], the authors provide 
data on modeling of various technological processes: 
the model of the effect of a shielding gas on heat 
distribution in the welding zone [1, 2], the model 
of temperature fields and resistance to deformation 
in cylindrical billets during heating [3], the model 
of optimization of remelting mode parameters of 
tungsten-inert gas with nanomodification of the 
surface layer [4], the model of the molten pool, 
when welding with a consumable electrode in 
shielding gas [5], the model of the influence of 
the input parameters of the laser welding mode on 
the quality of the weld [6], the model of welding 
technology for high-strength steel sheets [7]. The 
disintegration of a liquid jet into droplets is a 
common phenomenon both in industrial processes 
and in natural phenomena. Droplets are formed due 
to disturbances and a certain type of instability on 
the surface of the liquid jet. The resulting surface 
waves with different amplitudes are a prerequisite 
for the formation of drops [10–12]. 

The work is aimed at the experimental 
determination of technological conditions for 
creating a technology for the formation of micro- 
and nanodroplets under conditions of exposure to 
the transfer of the electrode metal by concentrated 
plasma energy flows. The paper proposes a 
mechanism for the formation of droplets of nano- 
and micrometer sizes, based on the appearance and 
development of a thin liquid interlayer of the micro- 
and nanometer range on the surface of a liquid metal 
under the action of heterogeneous plasma flows.  

This phenomenon occurs when a metal wire is fed 
into the heterogeneous plasma zone of an electric arc.

The aim of the work was to simulate the processes 
of distribution of velocities and temperatures  
in the plasma-forming channel and to determine  
the design features and optimal geometric parameters 
of the plasmatron nozzle which should provide  
the formation of the necessary directions of plasma 
flows for the formation of surface waves on the 
surface of a liquid metal droplet under the influence 
of the instabilities under study.

Mathematical problem statement

To develop the design of the executive equipment 
that implements the process of droplets′ generating 
of the micro- and nanoscale range we simulated 
the process of obtaining small-sized particles using 
plasma spraying. 

One of the main tasks is to consider the process 
of a plasma jet formation and the flow of electric arc 
plasma. For obtaining of small-sized particles one 
of the main parameters is the plasma flow velocity.  
It is necessary for plasma outflow velocity to 
be close to supersonic. An increase in speed to 
supersonic can be achieved due to the design  
of the plasma torch nozzle, namely, the design 
feature and dimensions of the gas channel in which 
the plasma is formed. Also, the modeling took into 
account dimensions of the plasma torch nozzle, i. e. 
the device should provide a supersonic plasma flow 
with the smallest possible geometric dimensions. 

When formulating the problem the following 
boundary conditions were established in the 
COMSOL Multiphysics software package:

‒ the gas flow is laminar;
‒ the effect of gravity is not taken into account;
‒ an axisymmetric problem is considered;
‒ thermodynamic and transport properties of gas 

depend on temperature.
The developed model is described by the 

following basic equations:
1. Maxwell's equations:
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where J – current density; E – electric field strength; 
А – magnetic vector potential; B – magnetic indu-
ction vector; H – vector of magnetic intensity;  
V – electric potential; σ – electrical conductivity; 
ε – relative permittivity.

2. Energy balance equation:

where ρ – density; Ср – heat capacity; k – thermal 
conductivity; EJ – Joule heating; Qrad – radiation 
losses; u – velocities field.

3. Equation of motion:

where F – Lorentz force; p – pressure; T – tem-
perature; μ – dynamic viscosity; ρ – the density; 
the relative magnetic permeability; Re – Reynolds 
number.

4. The continuity equation:

where u – instantaneous velocities field at time t.
Modeling of the process of obtaining small-sized 

particles was carried out using plasma spraying in the 
COMSOL Multiphysics software package. For the 
operation of the plasmatron, the geometric dimensions 
of the gas channel in which the plasma is formed are 
important. An image of the structural elements of the 
plasmatron gas channel is shown in Figure 1.

Figure 1 – The main structural elements of the plasmatron: 
1 – gas channel; 2 – inlet diameter; 3 – outlet diameter

In order to optimize the geometry of the 
nozzle and the parameters of the plasmatron mode,  
the process of the plasmatron operation was simulated. 
The computational domain of the problem is the gas 
channel of the designed plasmatron and is shown 
in Figure 2. Various values of the inlet and outlet 
diameters of the supersonic nozzle and its length were 
considered. The hydrodynamic flow of the arc plasma 
jet depends on the geometric parameters (diameter 
and shape) of the gas channel of the plasmatron.

Figure 2 – Calculation area

Varying the input parameters when modeling 
the nozzle of the plasmatron was carried out in the 
ranges shown in Table.

Table
Parameters for the production of micro- and 
nanoscale range powders

Gas consumption, l/min 10...40

Current, A 100...200

Outlet diameter, mm 2…4

Nozzle length, mm 10...30

Inlet diameter, mm 3...10

Results and discussion

Figure 3 shows the results of modeling of 
the plasmatron nozzle with the following input 
parameters: gas flow rate 20 l/min, current 150 A, 
nozzle length 20 mm. The values of the gas velocity 
in the throat of the jet nozzle and the temperature 
distribution in the flow were considered (Figure 3a, b 
at maximum channel diameters: outlet diameter 
4 mm, inlet diameter 10 mm; Figure 3c, d at 
minimum channel diameters: outlet diameter 2 mm, 
diameter at the inlet 3 mm). In this case, the design 
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features and optimal dimensions of the gas channel 
should ensure effective melting of the filler material 
and it’s crushing into particles. 

Based on the simulation results a plasmatron 
nozzle was developed (Figure 4) with design features 
and optimal geometric parameters: inlet diame- 
ter – 3 mm, outlet diameter – 2 mm, which provide 
a plasma flow rate close to supersonic, and the 
formation of the necessary direction of plasma 
flows for the formation on the liquid metal drop 
surface waves under the influence of the investigated 
instabilities.

The size and chemical composition of the 
obtained micro- and nanoscale range powders 
depends on the plasmatron operating mode: 
amperage, gas consumption, wire: diameter (from 
0.8 to 1.2 mm) and chemical composition. 

The developed nozzle (Figure 4) will be one  
of the main details of the laboratory equipment being 

created for the production of micro- and nanosized 
powders, the block diagram of which is shown  
in Figure 5.

Figure 4 – Plasmatron nozzle model: 1 – upper body;  
2 – lower body; 3 – nozzle; 4 – tip; 5 – insulator; 6 – water 
supply pipes; 7 – wire

a b

c d
Figure 3 – Distribution of velocities and temperatures in the plasma-forming channel: а – velocity distribution at  
the maximum channel diameter; b – temperature distribution at the maximum channel diameter; c – velocity distribution 
at the minimum channel diameter; d – temperature distribution at the minimum channel diameter  
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Figure 5 – Equipment block diagram: 1 – inert gas 
cylinder; 2 – plasma power supply; 3 – compressor; 
4 – rack; 5 – chiller (industrial cooler); 6 – wire 
spool; 7 – plasmatron; 8 – nozzle; 9 – particle catcher; 
10 – hose

The work of the equipment for the production of 
micro- and nanoscale range powders is as follows: 
the plasma power supply 2 and the compressor 3 
are turned on; a cylinder with inert gas 1 is opened. 
The inert gas (argon, helium) is selected depending 
on the chemical composition of the wire from 
which the powders are obtained. Then we turn on 
the chiller 5 and open the cylinder with inert gas 1. 
We start the wire feeder, which feeds the wire from 
the spool 6 to the nozzle 8, located on the stationary 
stand 4. The diameter and chemical composition 
of the wire is selected depending on the size and 
chemical composition of the powders obtained. The 
wire, entering the nozzle 6, passes through a high-
temperature section; a drop of molten metal is formed 
at the end of the wire. In nozzle 6, plasma flows move  
at a high speed, the directions of which contribute  
to the formation of surface waves on the surface 
of a liquid metal droplet under the influence of 
the instabilities under study. Under the action of 
high-frequency ultrasonic action on the wire and, 
accordingly, on a drop of molten metal from its 
surface, the plasma flow tears off liquid objects 
several microns in size or less. Liquid objects torn 
off from the surface are accelerated to high speeds in 
a nozzle, additionally crushed, take a spherical shape 
under the influence of surface forces, condense in a 
particle catcher in an inert gas atmosphere and form 
micro- and nanoscale range powders. The dispersion 
of the resulting powder granules was determined by 
the method of simulation and visualization [13].

The equipment control algorithm (Figure 5) is 
shown in Figure 6.

Figure 6 – The scheme of the equipment control algorithm: 
1 – plasma power source; 2 – ultrasonic generator; 
3 – frequency matching and correction unit; 4 – resonance 
sensor; 5 – temperature control unit; 6 – thermal sensor; 
7 – chiller; 8 – arc stabilizer control unit; 9 – arc stabilizer; 
10 – magnetostrictive inertialess solenoid; 11 – wire feed 
control unit; 12 – wire feeder; 13 – arc gap length control 
unit; 14 – current sensor; 15 – block of comparison and 
correction of current; 16 – arc plasmatron; 17 – particle 
catcher; 18 – gas cylinder

The control algorithm of the installation shown 
in Figure 6 is as follows: 

‒ the feed mechanism (12), controlled by the 
wire feed control unit (11), feeds the wire into the 
arc plasmatron (16), where it melts. The formation 
of the Kelvin‒Helmholtz [14, 15] and Marangoni 
instabilities on a drop of molten metal is carried out 
due to the special design of the plasmatron, which 
transfers the rotation of plasma streams formed 
from the plasma-forming gas (18). High-frequency 
oscillations are used to detach the formed instabilities 
from the droplet surface. To generate high-frequency 
vibrations, the wire pass through a magnetostrictive 
inertialess solenoid (10) controlled by an ultrasonic 
generator (2), while an ultrasonic wave is formed in 
the wire due to the effect of magnetostriction. An 
ultrasonic wave forms Rayleigh waves on a drop 
of molten metal, causing particles to detach. The 
resulting particles enter the particle catcher (17). 
The resonant frequency of oscillations is set via the 
feedback channel through the frequency matching 
and correction unit (3) and the resonance sensor (4);

‒ additional rotation of the arc and stabilization 
of plasma flows occurs due to the arc stabilizer (9), 
controlled by the arc stabilization control unit (8);
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‒ to ensure the stabilization of the preset 
operating temperature in the laboratory setup, 
a thermal sensor (6) is installed on the nozzle. 
Temperature control and regulation is carried out by 
the chiller (7) through feedback channels through the 
temperature control unit (5);

‒ to control the size of the received particles in 
the installation there is an automatic regulation of  
the arc length. The arc length is controlled by the 
voltage of the arc gap and is controlled by feedback 
channels through the arc gap length control unit (13);

‒ automatic maintenance of the current of the 
specified parameters, carried out by the plasma 
power supply (1) through the feedback channels, 
including through the current sensor (14) and the unit 
for comparison and current correction (15). 

Thus, the control system of the installation 
automatically regulates four main parameters:  
the frequency of ultrasonic vibrations, the current 
in the plasmatron, the length of the arc gap, and  
the operating temperature in the nozzle, the change 
of which makes it possible to control the size of the 
particles obtained. 

Conclusion

Models of the processes of distribution  
of velocities and temperatures in the plasma-forming 
channel at the minimum and maximum diameters  
of the channel are obtained. 

The design features and optimal geometric 
parameters of the plasmatron nozzle have been 
determined: the inlet diameter is 3 mm; the outlet 
diameter is 2 mm. The design of the executive 
equipment has been developed and designed, which 
implements the investigated process of generating 
droplets of the micro- and nanoscale range.  
A plasmatron nozzle was manufactured, which forms 
the necessary directions of plasma flows for the 
formation of surface waves on the surface of a liquid 
metal droplet under the influence of the investigated 
instabilities. 

An algorithm has been developed for controlling 
the executive equipment that implements the process 
of generating drops of micro- and nanoscale range. 
Thus, the control system of the laboratory facility 
automatically regulates four main parameters: the 
frequency of ultrasonic vibrations, the current in the 
plasma torch, the length of the arc gap and the ope-
rating temperature in the nozzle change of which al-
lows you to control the size of the particles obtained. 

In contrast to the existing electric arc 
plasmatrons, which are designed for metal proces-
sing, this development has a different purpose and 
is designed to produce powders of the micro- and 
nanoscale range.
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Abstract 
The purpose of the research was to create an algorithm for determining and correcting the output 

parameters of the navigation module and the flight-navigation complex of unmanned aerial vehicles which 
provides control of an aviation gyro-stabilized platform with a multispectral optoelectronic system during 
flight and tracking various objects of observation.

Principles of control of an aviation technical vision system located on an unmanned aerial vehicle on a 
two-degree gyro-stabilized platform with the possibility of full turn around two perpendicular axes along the 
course and pitch are considered. Stability of tracking of observation objects at a distance of up to 10000 m 
is ensured by the use of a multispectral optoelectronic system including a rangefinder, thermal imaging and 
two visual channels.

Analysis of the object of observation and the method of its support are carried out. An algorithm is 
proposed for integrating a Global Navigation Satellite System and a strapdown inertial navigation system 
based on the extended Kalman filter which includes two stages of calculations, extrapolation (prediction) 
and correction. Specialized software in the FreeRTOS v9.0 environment has been developed to obtain a 
navigation solution: latitude, longitude and altitude of the unmanned aerial vehicle in the WGS-84 coordinate 
system, as well as the pitch, heading and roll angles; north, east and vertical components of velocities in 
the navigation coordinate system; longitudinal, vertical and transverse components of free accelerations 
and angular velocities in the associated coordinate system based on data from the receiving and measuring 
module of the Global Navigation Satellite System and data from the 6-axis MEMS sensor STIM300.

Keywords: aviation technical vision system, optoelectronic system, algorithm, orientation angles, navigation 
module.
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объектов с изменяемой траекторией движения
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Целью проводимых исследований являлось создание алгоритма определения и коррекции выходных 
параметров модуля навигации и пилотажно-навигационного комплекса беспилотных летательных аппара-
тов, обеспечивающего управление авиационной гиростабилизированной платформой с мультиспектраль-
ной оптико-электронной системой в процессе полёта и сопровождения различных объектов наблюдения.

Рассмотрены принципы управления авиационной системой технического зрения, размещённой 
на беспилотном летательном аппарате на двухстепенной гиростабилизированной платформе с воз-
можностью полного разворота вокруг двух перпендикулярных осей по курсу и тангажу. Устойчи-
вость сопровождения объектов наблюдения на расстоянии до 10000 м обеспечивается применением 
мультиспектральной оптико-электронной системы, включающей дальномерный, тепловизионный и 
два визуальных канала.

Выполнен анализ объекта наблюдения и методика его сопровождения. Предложен алгоритм 
интеграции спутниковой радионавигационной системы и бесплатформенной инерциальной навига- 
ционной системы на основе интегрального фильтра Калмана, предусматривающей две стадии вы-
числений: экстраполяцию (предсказание) и коррекцию. В модуль навигации встроено специализи-
рованное программное обеспечение для многозадачной операционной системы реального времени 
FreeRTOS, обеспечивающее получение навигационного решения: широты, долготы и высоты бес-
пилотного летательного аппарата в системе координат WGS-84, а также углов крена тангажа и курса; 
северной, восточной и вертикальной составляющих скоростей в навигационной системе координат; 
продольной, вертикальной и поперечной составляющих свободных ускорений и угловых скоростей 
в связанной системе координат на основе данных от приёмо-измерительного модуля спутниковой 
радионавигационной системы и данных от 6-осевого МЭМС-датчика STIM 300.

Ключевые слова: система технического зрения авиационная, оптико-электронная система, алго-
ритм, углы ориентации, модуль навигации.
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Introduction

Airborne vision and navigation systems of an 
aircraft are a combination of various devices: a radar 
station (radar), a thermal imager, a television (TV) 
camera, a laser locator (lidar), etc., which ensure the 
performance of various tasks related to observing 
objects in difficult weather conditions as well as in poor 
visibility conditions. Each of the sensors represents 
specific characteristics of the environment (brightness, 
thermal, radar, or optical-location contrasts of objects), 
but separately does not provide enough information 
about the underlying surface. The use of information 
coming simultaneously from several sensors requires 
solving a number of auxiliary mathematical problems. 
One of them is associated with the fact that images 
from different sensors are generally formed in 
different coordinate systems [1]. The concept of a 
multispectral vision system also makes it possible to 
improve flight safety by automatically correcting the 
current coordinates of the location of the aircraft in 
space, taking into account the terrain.

Modern trends in the creation of systems for 
tracking objects in multipurpose aircraft provide 
for software and hardware integration of onboard 
equipment in the form of container reconnaissance 
complexes. For example, the Russian development 
of the "Sych" family includes a three-level container 
complex:

‒ multispectral optical-electronic complex 
(UKR-OE) (TV/IR/low-level ranges);

‒ X-band surface radar reconnaissance complex 
(UKR-RL / BKR-3), represented by a two-way small-
element radar system (radar) with a passive phased 
antenna array (PFAR) "Pika-M" with a resolution of 
about 0.3 m in SAR/ISAR and instrumental range of 
more than 300 km;

‒ a multi-band passive radio-technical reco-
nnaissance complex (UKR-RT), which allows 
detecting and analyzing the frequency parameters 
of enemy radio-emitting sources (modern enemy 
airborne radars of AN/APG-77/79/81 types in aisle 
tracking and even LPI modes, active radar homing 
heads (GOS) air combat missiles and anti-aircraft 
missiles (SAMs), as well as surveillance radars and 
illumination radars) [2].

One of the important directions for improving 
onboard avionics is the development of hardware and 
software systems for "enhanced vision" (Enhanced 
Flight Vision Systems, EFVS). According to the 
functional characteristics of the systems of improved 
vision are divided into three typical classes [3]:

‒ Enhanced Vision System (EVS);
‒ Synthetic Vision System (SVS);
‒ Automated Vision System (AVS).
In papers [4‒5], basic algorithms for the 

functioning of strapdown inertial navigation 
systems (SINS) are considered.

The purpose of the research was to create 
an algorithm for determining and correcting the 
output parameters of the navigation module and 
the flight-navigation complex of unmanned aerial 
vehicles (UAVs), which ensures the control of an 
aviation gyro-stabilized platform with a multispectral 
optoelectronic system during flight and tracking 
various objects of observation.

Multispectral optical-electronic system  
of technical vision based on an aviation  
gyro-stabilized platform

When using UAVs, the task often arises  
of tracking an object of interest for a long period  
of time. There may also be additional requirements 
for observation parameters:

‒ providing a given viewpoint;
‒ keeping the object of interest in the center  

of the frame, and for adjusting the circular flight  
path and transferring the coordinates of the circle 
center to the flight and navigation complex (FNC);

‒ maintaining a given angle of inclination  
in terms of distance to the object, etc.

To fulfill these parameters, it is not enough to 
control only the position of the sighting axis of the 
aviation technical vision system (STZA), but it is also 
required to issue corrective signals to the autopilot.

Let's consider the options for solving this 
problem in more detail. Multichannel STZA as part 
of the UAV allows not only to consider objects of 
interest in the visible and infrared ranges of the 
spectrum, but also to determine their geographical 
coordinates in the selected frame of reference, as 
well as the speed and direction of movement, if any.

There are two options for solving this problem.
The first is the constant delivery of the 

coordinates of the object of interest to the flight-
navigation complex [6–9]. In this case, all the 
functionality of these parameters is implemented in 
the flight and navigation complex.

The second option is the transfer of the 
required flight trajectory to the flight and navigation 
complex. In this embodiment, the functionality of 
the observation parameters is implemented in the 
STZA (Table).
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Table
Main technical characteristics of the «Sych» aviation technical vision system

Parameter name STZA-1 STZA-2
A variant of the implementation  
of a gyro-stabilized optoelectronic 
platform (GOES)

two-stage, single-circuit double-degree,  
double-circuit in azimuth

Root mean square error of stabilization 50 mrad 25 mrad
Interfaces:
– management
– transmission of video information

RS422 / 485, Ethernet,  
CAN Ethernet, HD-SDI

Guidance speed (maximum) 300°/s 60°/s
Working temperature от –40 °С до +50 °С
Power consumption 150 watt
Overall dimensions (diameter × height) 250×340 mm
The weight 12.8 kg 16 kg
Visible camera – 1 (TV channel)

resolution 1920 × 1080 pix. (RGB)
field of view 2.3° – 63.7°
optical zoom 30×
digital zoom 12×
Visible camera – 2

resolution 1920 × 1080 pix. (RGB) 1920 × 1080 pix. (RGB)
field of view 4.0°; 8.0° 2.4°; 4.8
optical zoom 2× 2×
Detection / recognition range
(visible range cameras 1 and 2):
– person
– vehicle

6200 / 2500 m
10000 / 5000 m

6900 / 2600 m
10000 / 5800 m

Laser rangefinder

working wavelength 1.53…1.57 μm

measurement range 100…10000 m

Measurement accuracy, not less ± 5 m

Thermal imager

detector type refrigerated

resolution 640 × 512 pix.

spectral range 3…5 μm

field of view 2°…27°

optical zoom 12×

digital zoom 2×
Detection / recognition range:
– person
– vehicle

4200 / 1700 m
10000 / 4000 m



Devices and Methods of Measurements
2021, vol. 12, no. 1, pp. 46–57  

A.A. Adnastarontsau et al.

Приборы и методы измерений 
2021. – Т. 12, № 1. – С. 46–57
A.A. Adnastarontsau et al.

50

The composition of the "Sych" STZA includes a 
gyro-stabilized platform with a useful opto-electronic 
load: two cameras of the visible range of a wide and 
a narrow field of view; thermal imaging module for 
working with objects of observation in the night 
mode; laser rangefinder module with a receiving 
and transmitting channel; built-in navigation 
system (GPS, GLONASS) (Figure 1) [10]. In the 
extended version, the STZA can be connected to a 
ground-based hardware and software complex.

Figure 1 – Layout of the main modules of the aviation 
technical vision system on a gyro-stabilized platform

In the process of work, the monitoring object 
is automatically tracked; determination of the 
direction and speed of movement of the object; 
determination of the distance to the object and its 
characteristics (location coordinates and overall 
dimensions). For the convenience of transmission  
over the radio channel, hardware-software com-
pression of video information is carried out. When 
accompanying an object during flight, a picture-in-
picture display mode is possible for observation at 
different distances. If it is temporarily impossible to 
transmit a signal via a radio channel, recording of video 
information is provided in the built-in memory of the 
device in an equivalent volume of 20 hours of flight.

Analysis of the object of observation and  
the method of its support

An object of observation can be understood as 
any object resolved by an optoelectronic system under 
specific conditions. The tracking algorithm built into 
it allows updating the reference image, allowing you 
to continuously observe the object from different 

angles and distances. Partial overlap of the object (up 
to 50 % of the area) is not an obstacle to continuous 
tracking. Short-term full coverage is also possible, 
for example when driving behind trees, poles  
or road infrastructure. The vision system is capable 
of tracking objects moving in a tangential direction 
at a speed of more than 100 km/h at a distance of at 
least 60 m. The maximum flight altitude is limited by 
the tactical and technical characteristics of the UAVs.

The coordinates of the object are calculated 
by the STZA on-board computer with access to the 
signals of the global navigation satellite system.  
If the signal from the satellites is noisy, distorted or 
absent altogether, then for a limited period of time 
the correct operation of the device is still possible  
if an inertial module with a magnetic sensor is used 
as part of it.  

Determination of the position of the observed 
object is based on solving a direct geodetic problem. 
The reference point is the UAVs coordinates received 
from the navigation module (Figure 2).

Figure 2 – Scheme of information exchange when 
implementing the control algorithm for unmanned aerial 
vehicles in the tracking mode

To calculate the azimuth and spherical distance 
to the object, it is necessary to convert the line  
of sight vector from the body coordinate system to 
the global one. The starting vector is determined by 
the gimbal / camera rotation angles.

The orientation angles of the inertial module 
define the transition matrix from one basis to 
another. The resulting line of sight vector allows 
you to find the azimuth and angle of the observation 
point in the global coordinate system. These 
angles are referenced to the object relative to the 
north direction and the local horizon, respectively. 
Knowing the vertical angle and height of the UAVs 
above the ellipsoid, you can find the spherical 
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distance to the point of intersection of the line  
of sight with the ellipsoid.

However, the object is rarely located strictly 
at zero height. For decoupling from the ellipsoid,  
a special elevation map is used.

Observation of the object is carried out during 
the capture by the automatic tracking machine. After 
capturing an object for tracking, the reference image 
of the object is the frame area corresponding to the 
capture rectangle. In this case, it is not necessary that 
the entire object falls into the rectangle. The capture 
algorithm works on any contrasting part belonging to 
the object. The tracking rectangle may not always be 
in the center of the video frame. A special algorithm 
allows you to move from the line of sight of the 
camera to the object anywhere in the frame.

The calculation of the speed and direction of 
movement is based on the change in the obtained 
coordinates of the object in time. Smoothing values 
is based on a linear approximation of the trajectory 
in a sliding window. The window size adjusts to the 
speed of movement. It is assumed that at high speeds 
the maneuverability of ground objects is limited. 
Therefore, the averaging window increases, reducing 
the effect of the random component of the error. 
When driving at low speeds, significant changes 
in direction are possible, so the averaging window 
decreases.

Used coordinate systems and their 
relationship

Providing the specified functionality of the 
navigation unit of the combined anti-jamming 
multisystem inertial-satellite navigation receiver is 
implemented by establishing the initial relationship 
between the following coordinate systems (CS): 
geocentric inertial (i-frame), geocentric (geodesic) 
rectangular connected to the Earth (e-frame), 
navigation (n-frame) and asso-ciated (b-frame).

An inertial coordinate system is an ideal 
reference frame in which ideal inertial sensors 
(accelerometers and gyroscopes) have zero 
readings. The inertial CS X  iY  iZ i has its origin in the 
center of the Earth and axes that do not rotate with 
respect to distant galaxies. Its Z  i axis is parallel to 
the Earth's axis of rotation and is directed towards 
the North Pole. The X  i axis is directed to the vernal 
equinox, and the Y  i axis forms a right orthogonal 
triple of vectors with the first two. The projections 
of vectors on the axis of this CS have a superscript 
i (inertial).

The geodetic coordinate system X  eY  eZ e has its 
origin at the center of mass of the Earth and an axis 
whose position is fixed in relation to the Earth. The 
axis X  e is directed to the midpoint of the reference 
meridian. The axis Z e is parallel to the Earth's axis of 
rotation and is directed to the North Pole, and the axis 
Y  e forms with the first two a right orthogonal triple 
of vectors. The projections of vectors on the axis 
of this CS have the superscript e (earth). Geodetic 
coordinates are used to determine the position of an 
object on the Earth's surface. The position of a point 
is specified by latitude B, longitude L and altitude H. 
Latitude is determined by the angle formed by 
the normal to the Earth's reference ellipsoid and 
the equatorial plane. Reference ellipsoid is an 
approximation of the shape of the Earth's surface 
by an ellipsoid of revolution, used on a certain area 
of the earth's surface. Longitude is measured by the 
dihedral angle between the plane of the meridian 
passing through the point and the plane of the 
reference meridian.

The WGS-84 CS will be used as a geodetic.  
The radii of curvature of the reference ellipsoid CS 
WGS-84 RM and RN are calculated from the following 
relations:

where a = 6378137 m – equatorial radius of the 
Earth; e2 = 6,694379990141×10–3 – the square of the 
eccentricity of the earth ellipsoid; B – latitude of the 
point at which the radii of curvature of the reference 
ellipsoid are calculated.

The navigation coordinate system X  nY  nZ n is a 
local CS with a vertex aligned with the center of mass 
of the object. The axis X  n is directed to the north along 
a tangent to the meridian, the axis Y  n is directed to the 
parallel to the east. The axis Z n is orthogonal to the 
reference ellipsoid and directed downward. Thus, the 
navigation CS is formed by the axes directed north-
east-down (north, east, down – NED). The projections 
of vectors on the axis of this CS have a superscript  
n (navigation). The navigation CS rotates in the 
geodesic space with an angular velocity, associated 
with the rates of change in latitude B and longitude L, 
caused by the movement of the object relative to the 
quasi-elliptical surface of the Earth.

A coordinate system is a Cartesian coordinate 
system X  bY  bZ b, the axes of which are directed 
along the construction axes of the object. The axis X  b 

R a e BM = −/ ( sin ) ;/1 2 2 1 2

R a e e BN = − −( ) / ( sin ) ,/1 12 2 2 3 2
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coincides with the longitudinal axis of the object and 
is directed towards the front part, the axis Y  bcoincides 
with the transverse axis of the object and is directed to 
the right side, the axis Z b is perpendicular to the plane 
X  bY  b and complements the CS to the right triplet 
(directed downward). The projections of vectors on 
the axis of this CS have the superscript b (body). 
The position of a body coordinate system relative to 
the navigation coordinate system is defined by three 
angles called roll, pitch, and heading angles. Heading 
angle Ψ – the angle measured in the horizontal plane 
X  nY  n from the axis X  n clockwise, to the projection 
of the longitudinal axis of the object on this plane.  
The pitch angle θ is measured in the vertical plane 
between the axis X  b and its projection onto the 
horizontal plane X  nY  n. The roll angle γ is measured in 
the transverse plane between the axis Y  n and the line 
of intersection of the specified plane with the horizon 
plane. When the right side of the object is below the 
horizontal plane, the roll is considered positive.

Algorithm for the integration of Global 
Navigation Satellite System and Strapdown 
Inertial Navigation System

Integration of Global Navigation Satellite 
System (GNSS) and Strapdown Inertial Navigation 
System (SINS) is carried out according to a loosely 
coupled scheme, when they work independently of 
each other, but contains a block that processes and 
corrects data from both systems. This is done using 
an extended Kalman filter (KF) [12–15].

The input of the KF receives the difference 
between the values of the velocities and coordinates 
obtained using the SINS and GNSS algorithm. 
The Kalman filter estimates errors in determining 
angular orientation, velocities and coordinates. 
These estimates are used to correct the values 
of the corresponding parameters in the SINS 
algorithm. The corrected values are fed to the system 
output (Figure 3).

Figure 3 – Block diagram of the integration of a Strapdown Inertial Navigation System and Global Navigation Satellite 
System
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The KF also makes it possible to evaluate the sys-
tematic components of the errors of inertial sensors, 
which makes it possible to correct the readings of the 
linear acceleration sensors (SLA) (accelerometer) 
and the angular velocity sensor (SAV) (gyroscope).

The refined values of the navigation parameters 
are used for subsequent calculations of the KF 
matrices.

The algorithm used for the loosely coupled 
inertial satellite navigation system is based on the 
error compensation scheme of the SINS algorithm.

To determine the errors of the SINS algorithm, 
difference measurements are used, obtained on the 
basis of data from both systems (SINS and GNSS). 
These measurements are formed by subtracting from 
the vectors of geodetic coordinates  and speed  

of the same vectors obtained from the GNSS –

  and  .

The obtained difference measurements are 
processed by a discrete Kalman filter in accordance 
with Figure 3.

The KF state vector (output) has the following 
form:

where δrn – vector of errors in determining 
coordinates using the SINS algorithm, size 3×1;

δvn – vector of errors in determining the speed 
using the SINS algorithm, size 3×1;

rn = [B, L, H ]T – vector-column of WGS-84 
coordinates, where B – latitude, L – longitude, 
H – height (unit of measurement – [rad, rad, m], 
respectively);

vn = [vn , ve , vd ]
T – column vector of velocity in 

the accompanying CS (unit of measurement – [m/s]);
ψ – vector of the final rotation of the azimuthal 

error and errors of constructing the vertical by the 
SINS algorithm, the size 3×1;

 – vector of systematic components

of gyroscope errors, size 3×1;
 – vector of systematic components

of accelerometer errors, size 3×1;
– vector-column of indi-

cations of a 3-axis SAV (unit of measurement –
[rad/s]);

– vector-column of rea-

dings of a 3-axis SLA (unit of measure- 
ment – [m/s2]).

The KF measurement vector (input) has the 
following structure:

Each iteration of the KF is divided into two 
phases: extrapolation (prediction) and correction.

At the first stage, the state of the system is 
estimated at each moment of time based on the data 
of the previous iteration and the given dynamic 
model of the system (taking into account its 
inaccuracy).

The KF prediction stage is as follows:

where k – filtering step number;
 – predicted value of the KF state vector 

at the k-th moment of time, size 15×1;
Fk – the fundamental matrix of the state of the 

KF, size 15×15, describing the dynamic model of the 
system;

Pkǀk–1 – the covariance matrix of the predicted 
vector of the state of the system at the current step 
k, size 15×15;

Ã – transient perturbation matrix of the KF, size 
15×6;

Q – process covariance matrix (model noise), 
size 6×6.

At the second stage (correction), based on new 
measurements, the predicted value is corrected (also 
taking into account the inaccuracy and noisiness of 
this information). The initial conditions at the current 
iteration of the functioning of the KF algorithm are 
the assessment of the system state (observation 
matrix) and the error in the assessment of the previous 
iteration. The estimation error is the measurement 
noise covariance matrix Rk , in which the variances 
of the corresponding vector components are found 
on the diagonal.

After calculating the matrix of gains Kk , the 
system estimate is updated: the KF state vector   
and the covariance error matrix Pk|k are updated for 
the current and subsequent iterations.

The stage of KF correction is as follows:
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where   – Root mean  square (RMS) vector  of 

errors in determining geodetic coordinates using an 
GNSS receiver;

 – RMS vector of the errors in determi-

ning the speed using the GNSS receiver;
ỹ – vector of deviation of the measurement 

result from the extrapolation result, size 6×1;
 – estimate of the state vector of the KF at 

the k-th moment of time, size 15×1;

Pk|k – covariance matrix of the system state 
vector estimate, size 15×15.

In the proposed algorithm, the system of 
linearized differential equations of errors of the 
SINS algorithm is used as the equations of state of 
the system in the KF. The error equations set the 
relationship between the errors of the elements and 
the inaccurate input of the initial conditions, on the 
one hand, and the errors of the SINS output data, on 
the other. This choice made it possible to estimate 
not only the coordinate and velocity errors of the 
SINS, but also the angular errors and systematic 
errors of the inertial sensors, based on the difference 
signals of coordinates and velocities. That is, despite 
the absence of direct information about these errors 
in the measurement vector, the information about the 
object's orientation in space is corrected.

The operation algorithm of the navigation unit is 
shown in Figure 4.
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Figure 4 – Block diagram of the navigation block algorithm
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Despite the fact that the frequency of the 
navigation solution issuance by the GNSS receiver 
is lower than the SINS operating frequency, the use 
of the KF algorithm made it possible not to carry  
out additional interpolation of navigation informa-
tion from the GNSS receiver. This is achieved due 
to the fact that the KF prediction stage is performed 
with the frequency of receiving information from the 
SINS. And the stage of correction is performed upon 
receipt of the GNSS measurements. Thus, at the 
moments of arrival of information from the GNSS, 
both prediction based on the given dynamics of the 
system and the vector of measurements are used to 
estimate the state vector. At other times, the state 
vector is estimated only on the basis of the given 
dynamics of the system. Calculation results are 
issued on request via the RS485 interface.

Navigation solution software

The navigation module has built-in specialized 
software for the FreeRTOS real-time multitasking 
operating system, which provides the formation of a 
navigation solution (coordinates, speed, orientation) 
based on data from the receiving and measuring 
module of the Global Navigation Satellite System 
and data from the 6-axis MEMS sensor STIM300, as 
well as determining the orientation of the object and 
the possibility of information exchange (receiving 
data and control commands, issuance of navigation 
parameters and data on technical condition).

After turning on the power supply (about 0.5 s), 
a rough alignment of the initial parameters for SINS 
is carried out. At the stage of rough alignment, 
the roll and pitch angles are determined according 
to the readings of SLA and SAV. In this case, the 
initial coordinates and the heading angle take the 
values set by default, the velocity components are 
equal to zero. If an alignment by GNSS is used, 
the rough alignment timer must be set for more 
than 1 min (time sufficient to initialize the GNSS 
receiver) (Figure 5). 

At the stage of exact alignment, the roll and pitch 
orientation angles are specified. It is recommended to 
set the exact alignment timer in the range of 10–20 s.

The input data for the program are:
– SLA and SAV data received from STIM300, 

which are received via the UART interface and have 
a binary representation. For a description of the data 
format, see the STIM300 documentation. Data is 
transmitted at 250 Hz without request. Data decoding 
is done in the STIMParser class;

– data of the GNSS-receiver. The data is 
received via the UART interface and has a binary 
representation. Data is transmitted at a frequency of 
1 Hz, processed by NTLBinaryParser drivers.

Figure 5 – Graph of states of the navigation module: 
1 – activation of the rough exhibition timer; 2 – triggering 
of the exact exhibition timer; 3 – command options: 
"Alignment on Global Navigation Satellite System", 
"Alignment on known coordinates", "Alignment on 
known coordinates and course", "Alignment on Global 
Navigation Satellite System and course"

The general structure of the program is shown 
in Figure 6.

Figure 6 – Software structure of the navigation module
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SLA and SAV polling function 
(stimChanByteRx) – a function for controlling 
the STIM300 module. Provides initialization of 
STIM300, reception of data of angular velocities  
and linear accelerations and their return through 
variables of the STIMParser (stim300_parser.h).

GNSS polling function (nt1058_A_ByteRx, 
nt1058_B_ByteRx) – a function for controlling 
the GNSS receiver module. Implements receiving 
and returning data through the nav_sol_t 
structure (ntlbinary_parser.h).

Function for solving the navigation 
problem (sinsUpdate) – provides the calculated data 
through the nav_data_t structure (common_data.h).

UART exchange functions (navChanByteRx, 
navChanTx) – a set of functions that implement 
the information exchange protocol via the UART 
interface (RS485).

The output is a navigation solution:
– latitude WGS-84;
– longitude WGS-84;
– height WGS-84;
– roll angle;
– pitch angle;
– heading angle;
– northern, eastern and vertical components  

of velocities in the navigation coordinate system;
– longitudinal, vertical and transverse 

components of free accelerations in a bound 
coordinate system;

– longitudinal, vertical and transverse 
components of angular velocities in the associated 
coordinate system.

– the quaternion of transformation from the 
associated coordinate system to the navigation one.

The output data is transmitted on request 
via the RS485 interface, in accordance with the 
communication protocol.

Conclusion

The proposed multispectral optical-electronic 
system of technical vision based on an aviation gyro-
stabilized platform with two degrees of mobility 
and a two-loop stabilization system provides stable 
detection and tracking of objects at a distance of up 
to 10000 m in the visible and infrared ranges of the 
spectrum.

The tracking algorithm allows updating the 
reference image, allowing you to continuously 
observe the object from different angles and 
distances. Partial overlap of the object (up to 50 % 

of the area) is possible, as well as its short-term full 
coverage with other objects.

An algorithm for the integration of a Global 
Navigation Satellite System and a Strapdown Inertial 
Navigation System based on the extended Kalman 
filter has been developed, through which the errors 
in determining the angular orientation, velocities 
and coordinates are estimated. These estimates are 
further used to correct the values of the corresponding 
parameters in the algorithm of the Strapdown Inertial 
Navigation System.

Specialized software has been developed in 
the FreeRTOS environment, which provides the 
calculation of a navigation solution (coordinates, 
speed, orientation) based on data from the receiving 
and measuring module of the Global Navigation 
Satellite System and data from the 6-axis MEMS 
sensor STIM300.
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Abstract 
The widespread use of polyolefin foams in strategically important industries is due to their high thermal, 

sound and vibration insulation properties. The aim of the work was to evaluate the non-uniformity of elastic 
properties over the area of sheets of polyolefin foams of various types using the acoustic non-contact shadow 
amplitude method of testing and confirmation by the structural analysis method.

The article presents the developed installation and a new method of non-contact acoustic testing  
of sheets made of closed-cell polyolefin foams based on recording the amplitude of the pulse that passed 
through the sheet and allowing to assess to the unevenness of its elastic properties during scanning. Studies  
of uneven elastic properties were carried out on sheets of closed-cell polyolefin foams of the ISOLON 500 
and ISOLON 300 brands which differ in material and manufacturing technology (technique of cross-linking, 
method and multiplicity of foaming).

It is shown that the absolute amplitude of the signal and its spread relative to the average value is affected 
by the structure of the foam polyolefin material and its heterogeneity over the area of the studied sheet 
determined by the production technology which is confirmed visually using microscopy.

Studies have shown the effect on the indications unevenness of the method of obtaining and the apparent 
density of the material. It is shown that the most uneven elastic properties and structure belong to sheets  
of polyolefin foam obtained by chemical cross-linking technology (the unevenness of Δ was 6.5 %). Among 
the physically cross-linked sheets of polyolefin foam the most uniform in structure and elastic properties are 
samples made of ethylene vinyl acetate with Δ = 3.8 %, as well as sheets with a high foaming rate (Δ = 3.9 %). 
The unevenness of structure of the studied sheets of polyolefin foams was confirmed by optical microscopy 
of sections in two mutually perpendicular directions.

Keywords: polyolefin foam, elastic properties, acoustic shadow method, unevenness, structure.
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Оценка неравномерности упругих свойств листов 
из закрытоячеистых пенополиолефинов  
акустическим методом
О.П. Богдан1, Д.В. Злобин1, О.В. Муравьева1,2, С.М. Молин2, А.В. Платунов1
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ул. им. Татьяны Барамзиной, 34, г. Ижевск 426067, Россия
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Широкое использование пенополиолефинов в стратегически важных отраслях промышленности 
обусловлено их высокими тепло-, звуко- и виброизоляционными свойствами. Целью работы являлась 
оценка неравномерности упругих свойств по площади листов пенополиолефинов различных типов 
с использованием акустического бесконтактного теневого амплитудного метода контроля и под-
тверждением методом структурного анализа.  

Разработаны установка и новая методика бесконтактного акустического контроля листов из за-
крытоячеистых пенополиолефинов, основанная на регистрации амплитуды импульса, прошедшего 
сквозь лист, и позволяющая оценить неравномерность его упругих свойств в процессе сканирования. 
Исследования неравномерности упругих свойств проведены на листах из закрытоячеистых пенопо-
лиолефинов марки ISOLON 500 и ISOLON 300, различающиеся материалом и технологией изготовле-
ния (способ сшивки, метод и кратность вспенивания). 

Показано, что на абсолютную амплитуду сигнала и её разброс относительно среднего значения 
влияет структура материала пенополиолефина и её неоднородность по площади исследуемого листа, 
определяемая технологией производства, что подтверждено визуально с использованием микроскопии.

Исследования показали влияние на неравномерность показаний способа получения и кажущейся 
плотности материала. Показано, что наиболее неравномерные упругие свойства и структуру имеют 
листы из пенополиолефинов, полученных по технологии химической сшивки (неравномерность Δ со-
ставила 6,5 %). Из физически сшитых листов пенополиолефинов наиболее равномерными по структу-
ре и упругим свойствам являются образцы, изготовленные из этиленвинилацетата с Δ = 3,8 %, а также 
листы с высокой кратностью вспенивания (Δ = 3,9 %). Неравномерность структуры исследованных 
листов пенополиолефинов подтверждена оптической микроскопией срезов в двух взаимно перпенди-
кулярных направлениях.

Ключевые слова: пенополиолефин, упругие свойства, акустический теневой метод, неравномерность, 
структура.
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Introduction

Polyolefin foam is a cross-linked gas-filled 
polymer material with a closed or open cellular 
structure. Polyolefin foams are featured by low 
values of density, thermal conductivity, water 
absorption, vapor permeability, high chemical 
resistance, flexibility and elasticity, sound-
absorbing properties, resistance to temperature and 
mechanical influences, as well as environmental 
safety. The non-uniformity of the elastic properties 
of polyolefin foams can lead to the fact that the 
latter will not meet the requirements of heat and 
sound insulation and vibration damping which is 
unacceptable for particularly important strategic 
objects.

Technical requirements for the production of 
polyolefin foams are defined by GOST R 56729-2015 
(EN 14313: 2009)) which involves selective testing 
of characteristics. The main methods of studying 
the sound absorption of polyolefin foams are tests 
in a reverberation chamber [1] (GOST 31704-2011  
(EN ISO 354: 2003)) and tests in an impedance tube 
with two or four microphones [2, 3]. None of the 
methods regulated by the state standards allows us to 
assess the uneven properties of the produced sheets 
of polyethin foams.

Due to the fact that most of the characteristics 
of polyethin foams are related to their mechanical 
properties, the acoustic method of research is 
the most physically justified since it uses elastic 
vibrations of the same physical nature. Therefore 
the study of the acoustic properties of polyolefin 
foams is of particular interest to scientific schools. 
Most studies of the acoustic properties of polyolefin 
foams are limited to the study of sound absorption 
under various conditions and its dependence on 
porosity, apparent density, tortuosity of pores, 
and radiation frequency [1–9]. A number of 
studies [1–9] show the possibility of improving the 
acoustic characteristics (sound absorption, sound 
attenuation, and vibration damping property) by 
optimizing the structure and synthetic formula with 
various inorganic and organic fillers [3, 10–13].  
The influence of porosity and tortuosity of pores on 
the speed of sound, Poisson's ratio, elastic modu- 
lus, and radiation frequencies is studied [14–17].

The questions of the uniformity of the 
distribution of acoustic properties over the thickness 
of polyolefin foams are evaluated using the simulation 
of the macroscopic foaming process [18, 19]. There 
is information about studies of the uneven acoustic 

properties in gas pipeline metals, which characterize 
the tendency to failure [20, 21].

The aim of the work was to evaluate the 
non-uniformity of elastic properties over the area  
of sheets of polyolefin foams of various types using 
the acoustic non-contact shadow amplitude method 
of testing and confirmation by the structural ana-
lysis method.

Materials and methods

The object of the study was sheets of polyolefin 
foam, which is a hydrophobic polymer material 
obtained by chemical or physical cross-linking. 
Chemical cross-linking of polyolefin foam is 
realized by appending chemicals into the material, 
while the sheet has a rough surface and a closed 
fine-pored structure (pore size < 1 mm). Physical (ra- 
diation) cross-linking of polyolefin foam is realized 
by irradiating the material with an electron beam, 
while the sheet after processing has a smooth 
surface and a closed microporous structure. The 
pore size of polyolefin sheets depends on the 
multiplicity of foaming K of the material, which 
occurs in a special vertical or horizontal furnace 
and determines the apparent density of the material  
ρ (TI 2244-037-00203476-2012 Cross-linked polyethy-
lenes of the ISOLON 500 and ISOLON 300 brands):

where N = 1000 kg/m3.
The greater the multiplicity of foaming, the 

larger the size of the pores in the sheets of polyolefin 
foam and the lower their apparent density.

Studies to assess the uneven properties of 
polyolefin foam by the shadow acoustic method were 
carried out on closed-cell samples of the ISOLON 
brand, manufactured according to TI 2244-037-
00203476-2012 with dimensions of 180×150×4 mm. 
The samples are made of polyethylene foam and 
ethylene vinyl acetate obtained by different methods 
(physically and chemically cross-linked, foamed in 
a horizontal and vertical furnace). The properties of 
the studied sheets of polyolefin foams are presented 
in Table 1.

The estimation of the unevenness of the 
samples of polyolefin foams is realized using the 
contactless acoustic amplitude shadow transmission 
method [22, 23], based on the registration of changes 
in the amplitude of the acoustic signal that passed 
through the sample.
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The block diagram of the experimental setup 
for the study of uneven sheets of foam is shown in 
Figure 1. An electric pulse from the probing pulse 
generator 1 is fed to the radiating acoustic converter 2. 
The emitted acoustic wave passes through a sheet of 
polyolefin foam (object of study 3) and is received 
by an acoustic transducer 4, which converts it into 
an electrical signal. The registered electrical pulse 
enters the processing unit 5, in which it is amplified 
and its amplitude is recorded using a peak detector, 
the value of which is transmitted to the ADC of the 
microcontroller 6. Data from the microcontroller is 
transmitted to a personal computer 7, on the screen 
of which the measurement results are displayed using 
specialized software. Using a microcontroller 6, 
powered by a personal computer 7, the probe pulse 
generator 1 is also controlled.

A mandatory requirement is the use of identical 
emitting 2 and receiving 4 acoustic transducers 
located coaxially on opposite sides of the object 
of study 3. To minimize the influence of acoustic 
noise and interference on the measurement results, 
to increase the accuracy and reliability of the 
measurement, the object of study 3, emitting 2 and 
receiving 4 acoustic transducers are acoustically 
isolated using a sound-proof chamber 8.

Main characteristics of the developed 
experimental setup:

‒ informative parameter-the amplitude of the 
transmitted signal;

‒ type of acoustic transducer-W-06A;
‒ operating frequency range: 7‒15 kHz;
‒ applied voltage to the emitter – 20 V;
‒ amplification constant- not less than 40 dB;
‒ method of excitation-delta pulse;
‒ protection against air acoustic interference;
‒ installation power supply-from the USB port 

of the main computer (+5 V);
‒ the distance between the emitter and the 

receiver – 35 mm;
‒ the diameter of the acoustic transducer is 

40 mm.
To assess the unevenness of the elastic 

properties, a transverse-longitudinal scan of the sheet 
surface is performed through transducers with a step  
of 30 mm, with the exception of 15 mm at the edges 
in order to avoid the appearance of an edge effect.

Figure 1 – Block diagram of the experimental setup: 
1 – probe pulse generator; 2 – emitting acoustic trans-
ducer; 3 – object of study; 4 – receiving acoustic trans-
ducer; 5 – processing unit with amplifier and peak 
detector; 6 – microcontroller; 7 – personal computer; 
8 – sound insulation chamber    

Table 1
Properties of the studied sheets of polyolefin foams

Grade Stock Type of 
cross-linking

A method  
of producing

Thickness, 
mm

Foaming 
multiplicity K

Apparent 
density ρ, kg/m3

ISOLON 500 
3004 AV W

polyethylene 
foam

physically 
cross-linked

foamed on a 
vertical furnace 4 30 33

ISOLON 500 
1004 AV W

polyethylene 
foam

physically 
cross-linked

foamed on a 
vertical furnace 4 10 100

ISOLON 500 
1504 SV W

ethylene 
vinylacetate

physically 
cross-linked

foamed on a 
vertical furnace 4 15 66

ISOLON 500 
2004 AH B

polyethylene 
foam

physically 
cross-linked

foamed on 
a horizontal 

furnace
4 20 50

ISOLON 300 
2004 AH D

polyethylene 
foam

chemically 
cross-linked

foamed on 
a horizontal 

furnace
4 20 50
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The amplitude of the signal transmitted through 
the sheet of polyolefin foam depends on the structure 
and thickness of the object under study. In particular, 
for porous materials, acoustic energy losses will be 
affected by acoustic (elastic) properties (acoustic 
impedance, density, sound absorption, sound velocity, 
elastic modulus determined by the sheet structure – 
foaming coefficient, porosity, pore tortuosity 
coefficient, and other structural characteristics of 
the material [22, 23]. In this case, a local change 
in the elastic properties over the sample area leads 
to fluctuations in the amplitude of the transmitted 
signal during the scanning of the sheet. Thus, a local 
increase in the density of a sheet of polyolefin foam 
or a local decrease in the multiplicity of foaming 
(uneven foaming) leads to a decrease in the amplitude 
of the acoustic signal transmitted through the object 
relative to the average value.

In the case of an inhomogeneous porous layer, 
which includes a sheet of polyolefin foam, the 
coefficient of passage of an acoustic wave through 
the layer is more complex and can be described 
taking into account the Biot-Frenkel equation, the 
equation of the classical theory of elasticity for the 
case of two-phase media [16].

In addition to evaluating the uniformity of 
the properties of polyolefin foams, the developed 
method and experimental setup can be used to detect 
various defects in the production and operation of 
sheets, such as dents, cuts, foreign inclusions, and 
others [22].

Results and discussion

To assess the uniformity of the properties of 
the sheets of polyolefin foam during production, the 
amplitude of the transmitted signal through the object 
of study was measured. The measurements were 
carried out at 30 points over the area of the polyolefin 
sheet in two directions along the sheet (direction 
1–6) and across the sheet (direction I–V). Average 
list penopoliuretana amplitudes of the transmitted 
signal are presented in Table 2. It is seen that the 
amplitude of the transmitted through the sheet signal 
is influenced by the type of stitching and the apparent 
sheet density at constant thickness of the sheet. For 
physically cross-linked sheets of polyolefin foam, a 
decrease in the amplitude of the transmitted signal 
is observed with an increase in the apparent density. 
Comparing sheets of polyolefin foam with the 
same apparent density (50 kg/m3) obtained using 
a different type of cross-linking that affects the 

synthetic formula of the sample (physically cross-
linked ISOLON 500 2004 AH B and chemically cross-
linked ISOLON 300 2004 AH D), it can be concluded 
that chemically cross-linked polyolefin foam is more 
transparent to the acoustic wave, since it has a large 
amplitude of the transmitted signal in contrast to the 
physically cross-linked one, and therefore has worse 
sound-absorbing properties.

Table 2
The value of the average amplitude of the 
transmitted signal over a sheet of polyolefin foam

Grade
The average amplitude of 
the transmitted signal on 
the sheet Ā, relative unit

ISOLON 500 3004 AV W 655
ISOLON 500 1004 AV W 236
ISOLON 500 1504 SV W 280
ISOLON 500 2004 AH B 262
ISOLON 300 2004 AH D 406

In order to make a comparative assessment  
of the degree of unevenness of the acoustic properties 
of the samples of polyolefin foam in a wide range of 
amplitudes, the measured values of the Ai amplitude  
of the transmitted signal were normalized by the ave-
rage value of Ā for the studied sheet of polyolefin foam:

The results of scanning the studied sheets of 
polyolefin foam are presented in Figure 2 in the form 
of surfaces with isolines corresponding to a certain 
percentage of deviation from the average values.  
It can be seen that the most uneven in its pro-
perties is the sheet of ISOLON 300 2004 AH D 
foam (Figure 2e) (chemically cross-linked foam, foa-
med on a horizontal furnace), for which the deviation 
of the normalized amplitude from the average value 
of the signal transmitted through the sheet reaches 
Δ = ± 6.5 %. In this case, the greatest deviation is 
observed along line I along the entire sheet (direction 
1–6), as well as along line 5 in positions III–V.

The smallest deviation from the uniformity 
of pro-perties is observed in the samples  
ISOLON 500 3004 AV W (Figure 2a) Δ = ± 3.9 % 
(physically cross-linked foam, foamed on a vertical 
furnace), for which the value of Δ = ± 3.9 % and 
ISOLON 500 1504 SV W (Figure 2c) (ethylene vi-
nyl acetate physically cross-linked, foamed on a 
vertical furnace, for which Δ = ± 3.8 %.

A
A
An
i= .
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Comparing the results of samples  
ISOLON 500 AV 3004 W (Figure 2a) and  
ISOLON 500 1004 AV W (Figure 2b), made of foam 
on one technology, but a different rate of expansion, 
and, consequently, the apparent density (Table 1), 
we can conclude that the increase in the multiplicity 
of foaming leads to a reduction in inequality 
in the worksheet, which made for a sample of  
ISOLON 500 AV 3004 W Δ = ± 3.9 %, and for 
ISOLON 500 1004 AV Δ = ± 4.9 %. This is due to 
the fact that at small values of the multiplicity of 
foaming, the spread of pore sizes in the sample is 
greater than at a large multiplicity of foaming.

The studied samples ISOLON 500 2004 AH B 
(Figure 2d) and ISOLON 300 2004 AH D (Fi-

gure 2e) are made of polyethylene foam foamed 
in a horizontal furnace, have the same foaming 
multiplicity of 20 and the same apparent density 
of 50 kg/m3 (Table 1), but were produced 
using different cross-linking technologies  
(ISOLON 500 2004 AH B – physically cross-lin-
ked, ISOLON 300 2004 AH D – chemically cross-
linked). All other things being equal, the chemical 
cross-linking of the polyethylene foam leads to an 
unevenness across the sheet of Δ = ± 6.5 %, while the 
physical cross-linking leads to Δ = ± 4.7 %.

To confirm the uneven foaming of the sheets of 
polyolefin foams, the structure was photographed 
using an Altami MET 1M metallographic microscope 
with a WF10X/22 mm eyepiece and a planachromatic 

a b

c d

е

Figure 2 – Surfaces, describing the distribution of the normalized signal amplitude over the area of a sheet of polyolefin 
foam: a – ISOLON 500 3004 AV W; b – ISOLON 500 1004 AV H; c – ISOLON 500 1504 SVJ; d – ISOLON 500 2004 A,B; 
e – ISOLON 300 2004 AH D
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lens at infinity PL L 5X/0.12 with an increase  
of 50x and an operating distance of 26.10 mm with 
the following shooting parameters: the method of 
contrast in reflected light-polarization (polarized 
light), illumination – bar with light filter (blue 
light filter for samples ISOLON 500 3004 AV W, 

ISOLON 500 1004 AV W, ISOLON 500 1504 SV W, 
yellow light filter for samples 
ISOLON 500 2004 AH B, ISOLON 300 2004 AH D), 
image resolution ‒ 1024 × 822. Photos of the 
structure of the sheets of polyolefin foams are  
shown in Figure 3.
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a

b

c

d

e
Figure 3 – Image of the structure of polyolefin foam sheets: а – ISOLON 500 3004 AV W; b – ISOLON 500 1004 AV W; 
c – ISOLON 500 1504 SV W; d – ISOLON 500 2004 AH B; e – ISOLON 300 2004 AH D 
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The study of the structure of the samples was 
carried out on sections which was made along the 
thickness of the sheet in two directions: along the sheet 
(direction 1–6) and across the sheet (direction I–V), 
while the direction of sounding of the sheet along the 
thickness is shown by an arrow. In all the samples 
studied, there is a clear orientation of the porous cells in 
the direction 1–6 along the sheet, which coincides with 
the direction of the rolled product during the foaming 
process. In this direction, the pores have an elongated 
shape, and the intercellular space conditionally has the 
form of channels, which contributes to better sound 
transmission along the sheet. In the direction I–V 
across the sheet, on the contrary, the porous cells have 
a more rounded appearance and sound transmission in 
this direction is difficult due to the absence of obvious 
channels in the intercellular space, which is typical  
for all the samples under study.

Analysis of the structure of the studied samples 
of polyolefin sheets in the direction of sounding 
(vertical image) shows that the size of the porous 
cells in the thickness of the sheet may differ several 
times for all samples. For sheets with minimal 
values of nonuniformity of amplitudes across the 
sheet Δ = ± 4 % (ISOLON 500 3004 AV (Figure 2a) 
and ISOLON 500 1504 SV W (Figure 2c)), it can be 
seen that the inter-cell space has a minimal spread 
in thickness. At the same time, the difference in 
the thickness of the space between the porous cells 
increases with an increase in the unevenness of 
the amplitudes along the sheet Δ. For example, for 
the sample ISOLON 500 1004 AV W (Figure 2b), 
it can be seen that the intercellular space around a 
small pore is thicker than near a large pore, this is 
due to the low value of the foaming multiplicity, as 
a result of which the pore growth did not have time 
to develop evenly over the entire thickness. For the 
samples ISOLON 500 2004 AH B (Figure 2d) and 
ISOLON 300 2004 AH D (Figure 2e), an increase in 
the difference in the thickness of the inter-cell space is 
also observed, especially for chemically cross-linked 
foamed polyethylene foam in a horizontal furnace.

Conclusion

A method and a device for assessing the uneven 
distribution of elastic properties of polyolefin sheets 
by the acoustic amplitude-shadow non-contact 
method have been developed.

It is shown that the absolute signal amplitude and 
its spread relative to the average value are affected 

by the structure of the polyolefin foam material and 
its heterogeneity over the area of the studied sheet, 
which is confirmed visually using microscopy. 
Studies have shown the effect on the unevenness of 
the indications of the method of production and the 
apparent density of the material. Based on the results 
obtained, it can be concluded that it is inappropriate 
to use chemically cross-linked sheets of polyolefin 
foam for strategically important areas of industry 
due to the large heterogeneity of properties, which 
can cause negative consequences. The lowest 
indicators of unevenness of the structure and elastic 
properties are the sheets of polyolefin foam obtained 
by physical cross-linking from a material of ethylene 
vinyl acetate with a low apparent density, and, 
consequently, a high foaming coefficient.

The developed method is quite simple to 
implement, has high reliability and reproducibility, 
and can be used not only to assess the unevenness  
of elastic properties, but also to detect various types 
of defects, including in production conditions,  
in order to prevent areas of the sheet with defects and 
a high degree of heterogeneity for further use.
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Abstract 
The correlation method of the coolant flow measuring is widely used in research practice including  

for studying of turbulent coolant flows in scale models of elements of nuclear power plants. The aim of this 
work was to develop a technique for assessing the effect of noise recorded by a measuring system on the flow 
rate readings obtained using the correlation method.

A technique to assess the effect of noise as well as the relative position and acquisition period of sensors 
is presented. An insignificant concentration of a salt solution (NaCl or Na2SO4 ) is used as a passive impurity 
which creates a conductivity gradient of the medium recorded by a conductometric system. Turbulent 
pulsations at the interface between two concurrent isokinetic flows in a channel with a square cross section 
are used as the signal source for the correlational algorithm.

Paper presents the values of the turbulence′s transport time between spatial conductometers,  
the results of estimating the spectral power density and band of the recorded signal and also the signal-
to-noise ratios of the measuring system obtained on their basis which are subsequently used to estimate  
the confidence interval of the transport time.

As a result of measurements the relationship between the confidence interval value and the 
signal length were obtained. The measurements which were carried out at different relative positions  
of conductometers make it possible to make a conclusion about an increase in the spectral width  
of the signal and, as a consequence, a decrease in the length of the confidence interval with increasing  
of distance between sensors.

The presented work is an approbation of this approach for its application as part of an experimental 
model of a nuclear reactor in order to determine per-channel flow rates in the channels of the core simulator 
using mesh conductometric sensors taking into account the effect of noise.

Keywords: spatial conductometry, wire mesh sensor, modeling of processes in the elements of nuclear  
power units.
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Разработка и апробация методики оценки точности 
корреляционного определения скорости потока 
теплоносителя при исследованиях гидродинамики 
турбулентных потоков в элементах ядерных реакторов 
И.А. Коновалов, А.А. Чесноков, А.А. Баринов, С.М. Дмитриев, А.Е. Хробостов,  
М.А. Легчанов, С.С. Бородин, М.А. Макаров

Нижегородский государственный технический университет имени Р.Е. Алексеева, 
ул. Минина, 24, г. Нижний Новгород 603950, Россия

Поступила 27.01.2021
Принята к печати 01.03.2021

Корреляционный метод измерения расхода теплоносителя находит широкое применение в исследова-
тельской практике, в том числе для изучения турбулентных потоков теплоносителя в масштабных моделях 
элементов ядерных энергетических установок. Целью данной работы являлась отработка методики оцен-
ки влияния шума, регистрируемого измерительной системой, на показания скорости потока, полученные  
с применением корреляционного метода.

Представлена методика оценки влияния шума, а также взаимного расположения и периода опроса чув-
ствительных элементов на основе кондуктометрической измерительной системы: пространственных кон-
дуктометров сетчатой конструкции. Незначительная концентрация раствора соли (NaCl или Na2SO4 ) ис-
пользуется в качестве пассивной примеси, создающей градиент проводимости среды, регистрируемый кон-
дуктометрической системой. В качестве переносимых возмущений в работе используются турбулентные 
пульсации на границе раздела двух спутных струй с одинаковыми скоростями в канале квадратного сечения.

Представлены значения времени транспорта турбулентности между пространственными кондуктоме-
трами, результаты оценки спектральной плотности мощности и ширины регистрируемого сигнала, а также 
полученные на их основе отношения сигнал-шум измерительной системы, в дальнейшем использованные 
для оценки доверительного интервала времени транспорта.

В результате измерений получены зависимости величины доверительного интервала от времени реги-
страции показаний пространственных кондуктометров. Измерения, проведённые при различном взаимном 
расположении кондуктометров, позволяют сделать обобщающий вывод о росте спектральной ширины 
сигнала и, как следствие этого, уменьшение длины доверительного интервала с увеличением расстояния 
между датчиками.

Представленная работа является апробацией данного подхода для его применения в составе экспери-
ментальной модели ядерного реактора с целью определения поканальных расходов в каналах имитатора 
активной зоны при помощи сетчатых кондуктометрических датчиков с учётом влияния шума, регистри-
руемого измерительной системой.

Ключевые слова: пространственная кондуктометрия, сетчатый датчик, кондуктометрический датчик, 
моделирование процессов в ЯЭУ.
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Introduction

Nowadays special attention is paid to 
experimental studies of the hydrodynamic 
characteristics of the coolant flow in scale models of 
elements of nuclear power plants which are aimed 
at validating the computational models necessary to 
substantiate the reliability and safety of structures [1]. 
The question about the control of the indicators of 
the coolant flow rate in the elements under study 
when carrying out such experiments is often arised.

At the moment the correlation method for 
measuring the flow rate of a coolant is widely known 
the main requirement of which is the presence of 
a certain passive scalar flow function convectively 
transferred along with the flowing medium. It allows 
one to implement correlation measurements using 
various methods for measuring the properties of the 
flow: temperature, content of radioactive isotopes, 
optically distinguishable impurities, etc. [2–3]. 
This approach assumes determination of the transit 
time of the disturbance of the measured quantity 
(the so-called turbulence transport time) between  
the sensitive elements of the system which are 
located at some distance from each other.

The paper [4] presents a method of using a 
conductometric measuring system for the correlation 
determination of the flow velocity [5–7] based on 
the determination of the cross-correlation function 
maximum as the time of turbulence transport 
between sensors. To improve the measurement 
accuracy and reduce the influence of the most intense 
pickups a digital low-pass filter was used in the 
specified work [4] when processing the measuring 
signal [8]. However the question about assessing the 
contribution of the "noise" passed by the low-pass 
filter to the relative error in determining the position 
of the cross-correlation function maximum remains 
open.

This problem directly affects the measuring 
accuracy of the coolant flow rate in the elements of 
nuclear power plants therefore in the case of research 
facilities it can have a significant impact on results 
of experimental data processing which are used to 
substantiate the reliability and safety of the structures 
under study.

In correlation measurements of the flow 
velocity the duration of the realization is very 
important according to which the cross-correlation 
function is calculated. Therefore the question 
about the methodology for choosing of the optimal 
sampling rate of measuring elements (in this case 
conductometric sensors) arises, which would 

satisfy the conditions for maintaining an acceptable 
measurement accuracy at the maximum sampling 
rate of readings.

From the above it follows that the purpose of this 
work was to determine the confidence interval when 
finding the turbulence transport time between the 
measuring elements and to estimate the dependence 
of the confidence interval length on the recording 
period of the flow rate readings.

Test facility

The general layout of the stand (Figure 1) 
assumes the organization of an experimental regime 
with isothermal mixing in an open circulation loop 
(for studies flows with different concentrations of 
impurities were used) and non-isothermal mixing 
when flows with different temperatures were used.

The equipment of the stand makes it possible to 
create both laminar and turbulent flow regimes (with 
Re up to 20·103 ) at different temperatures, flow rates 
and tracer concentrations in the coolant flow. The main 
parameters of the test facility are shown in Table 1.

Table 1
Parameters of the test facility

Parameter Value
Total heaters power, kW 12
Flow through test model, m3/ hr to 2.1
Temperature of the mixing flows, °C 10–60

Experiments

Measurements were carried out in a test model 
with a square cross section of 50 × 50 mm2, the 
general view of which is shown in Figure 2. The 
model repeats in general details of the test model 
geometry from [9]. Wire mesh sensors (WMS) were 
installed in a zone of intense mixing at different 
distances from each other.

Measurements were carried out in the flow range 
up to 2.1 m3 / h (Re = 20·103 ).

The main parameters of the experimental modes 
are presented in Table 2.

For each mode "non-contrast measurements" 
were made in which there was no impurity tracer in 
the mixed flows creating a gradient of the medium 
conductivity. In this case reading signals′ fluctua-
tions of the mesh sensors were determined only by 
the noises recorded by the measuring system. These 
measurements were used to estimate the noise level 
and to determine the signal-to-noise ratio.
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Figure 1 – Hydraulic diagram of the test facility: 1 – hot line circulation pump; 2 – hot line supply pump; 3 – cold line 
circulation pump; 4 – cold line supply pump; T1 – cold tank; T2 – hot tank; DT – drainage tank; TM – test model

Figure 2 – Test model

Table 2
Main parameters of the experimental modes

Re·103
Temperature 
of the mixing 

flows, °C

Conductivity  
of salty flow, 

μS/cm

Conductivity  
of bulk flow, 

μS/cm

Distance 
between wire 
mesh sensors, 

mm

Duration  
of realization, s

20

45.0 1302.0 1030.0 640 120

44.9 1335.0 1045.0 440 120

44.9 1311.0 1029.5 240 120

44.7 1318.0 1029.0 40 120
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Measurements of the coolant velocities in the 
cells of the wire mesh sensors were carried out in 
accordance with the procedure described in [4]. The 
accepted cell numbering is shown on Figure 3.

Figure 3 – Cells layout of wire mesh sensors

The experimental data are instantaneous and 
averaged conductivity fields, mode parameters, 
and averaged values of flow velocities in the model 
obtained by the correlation method.

Method of experimental data processing

In accordance with the method described 
in [10] estimation of the confidence interval for the 
turbulence transport time estimate between sensors is 
reduced to the determination of the normalized root-
mean-square error of the cross-correlation function 
which for the frequency-limited "white noise" has 
the form [11]:

where: Rxy (τ) – the value of the mutual correlation 
function at the moment of time τ; Т – duration of 
realization, s; B – spectral width of white noise, Hz; 
M/S, N/S – the signal-to-noise ratio of the first and 
second WMS, respectively.

Assuming that the measurement signal S (t ) can 
be considered as frequency-limited "white noise" 
from expression (1) we obtain:

In this case, the band of the measurement signal 
B can be defined as the frequency interval containing 
95 % of the energy of the signal under investigation. 
The definition of B was made based on the analysis 

of the energy spectrum of the conductivity pulsations 
in the mixing zone obtained by the method of the 
modified Welch’s periodogram using the expression:

where: W – the power carried by the signal in the 
entire considered frequency range, W; P(   f   ) – the 
function of the spectral power density, W·s; 
f – frequency of pulsations of electrical conducti- 
vity in the measuring area, Hz.

The signal-to-noise ratio (Figure 4) was 
estimated individually for each sensor as the average 
quotient of spectral densities of the noise and signal 
in the band range B:

where: S(  f   ), M(   f   ) – the functions of the spectral 
power density for contrast (signal) and non-contrast 
(noise) mixing, respectively, W·s; f – frequency of 
pulsations of specific electrical conductivity in the 
measuring area, Hz.

Figure 4 – Summary chart of power spectrum densi-
ty (PSD) during "contrast mixing" (signal) and "non-
contrast" mixing (noise) in cell 28 for experiment with 
Re = 20·103 (distance between WMS 240 mm)

Finally, the 95 % confidence interval in 
determining of the position of the maximum  
of the cross-correlation function was determined 
based on the expression:

where: τmax – the time shift corresponding to the 
position of the maximum of the mutual correlation 
function (turbulence transport time), s; σi (τmax ) –  
the variance of the normalized root-mean-square 
error, defined as:
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2

2[ ( )] ( ( / ) ( / ) ( / )( / )),R
B T

M S N S M S N Sxy =
⋅

+ + + (1)

ε τ2 1
2
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Analysis of results

As a result of processing the experimental data 
in accordance with the method described above,  
the cross-correlation functions of the realizations 
of the first and second WMS were obtained,  
the averaged values of the flow rates in the measu-

ring cells of the sensors were obtained, and the 
confidence interval was evaluated when determi-
ning the position of the maximum of the cross-
correlation function. Figure 5 shows the graphs of 
the cross-correlation function with the designated 
confidence intervals for the mode Re = 20·103 at 
various distances between the sensors. 
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Figure 5 – Normalized electrical conductivities and cross-correlation functions in test with Re = 20·103 with different 
distances between wire mesh sensors for cell 28

Graphs show that with an increase of the dis-
tance between the measuring planes of the wire mesh 
sensor from 40 mm to 640 mm (approximately equal 
to the scale of the main energy-carrying vortices) a 
significant decrease in the level of signal correlation 
is observed.

Numerical estimates of the deviations in 
determining the position of the function maximum 
were obtained, as well as the variance of the 
normalized mean square error of the maximum 
position. Also average values of the measuring 

signal band and data on the average flow rate were 
obtained. The results are recorded in Table 3.

Studies of dependence of the confidence 
interval length on the duration of realization were 
carried out on the basis of dividing the initial 
signal realization (duration 120 s) into windows 
with durations ranging from 1 to 120 s (120 and 
1 window, respectively). Further, in accordance 
with the technique (1)–(6), the confidence interval 
of the cross-correlation function maximum position 
was estimated for each window. 
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The results of the experimental data processing 
for the mode with Re = 20·103 at a distance between 
the WMS of 40 mm are shown in Figure 6 as  
the dependence of the absolute interval length on the 
interrogation period of the WMS.

Figure 6 – Dependence of confidence interval on 
discretization time (time window) of wire mesh sensors

The graph shows the exponential dependence 
of the confidence interval length and consequently, 
the measurement accuracy on the duration of the 
realization (time window). 

The dispersion of τmax values was taken as a 
criterion for stability of determining of the cross-
correlation function maximum position for each 
window within one realization (Figure 7).

Figure 7 – Dispersions of turbulence transport time per 
discretization time (time window) of wire mesh sensors

The graph shows that the variance values do not 
exceed 10‒6 s2. This indicates that the readings of 
the first and second wire mesh sensors are correlated 
along all the considered window lengths.

Conclusion

The experimental data analysis made it possible 
to estimate the confidence interval of the cross-
correlation function maximum position for the 
correlation method of measuring of the flow rate of 
the coolant turbulence transport time based on the 

correlation methodlogy. The obtained value of the 
relative deviation in determining of the turbulence 
transport time between the measuring planes of the 
mesh sensors indicates a low contribution of the 
"noise" recorded by the conductometric measuring 
system to the signal under study. 

A decrease in the distance between the sensors 
allows one to obtain a higher value of the correlation 
coefficient which, in turn, can affect the accuracy of 
determining of the position of the cross-correlation 
function maximum when measuring the flow velocity 
with a low degree of turbulence. However, this 
entails an increase in the relative error in the study of 
high-speed flows due to decrease in the total time of 
turbulence transport between mesh conductometric 
sensors.

The results of the work can be used to determine 
the optimal relative position and interrogation period 
of sensors designed to register changes in time of a 
certain scalar quantity (temperature, concentration, 
radioactivity, etc.) when using sensors to determine 
the flow rate by the correlation method of measuring 
the speed for correlation flow rate methodology.
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Abstract 
The aim of the work was a multivariate calibration of the concentration of unrefined sunflower oil, 

considered as adulteration, in a mixture with flaxseed oil. The relevance of the study is due to the need  
to develop a simple and effective method for detecting the falsification of flaxseed oil which is superior  
in the content of essential polyunsaturated fatty acids to olive oil. A few works only are devoted to identi-
fying adulteration of flaxseed oil, unlike olive oil.

Multivariate calibration carried out using a model based on the principal component analysis, cluster 
analysis and projection to latent structures of absorbance spectra in UV, visible and near IR ranges. Calibra-
tion uses three methods for spectral variables selection: the successive projections algorithm, the method  
of searching combination moving window, and method for ranking variables by correlation coefficient.

The application of the successive projections algorithm, ranking variables by correlation coefficient 
and searching combination moving window makes it possible to reduce the value of the root mean square 
error of prediction from 0.63 % for wideband projection to latent structures to 0.46 %, 0.50 %, and 0.03 %, 
respectively.

The developed method of multivariate calibration by projection to latent structures of absorbance spectra 
in UV, visible and near IR ranges using the spectral variables selection by searching combination moving 
window is a simple and effective method of detecting adulteration of flaxseed oil.

Keywords: spectral analysis, principal component analysis, projection to latent structures, spectral  
variables selection.
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Выбор переменных в ультрафиолетовом, видимом  
и ближнем инфракрасном диапазонах  
для калибровки смеси растительных масел  
по спектрам оптической плотности
М.А. Ходасевич, Д.А. Борисевич
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Целью работы являлась многопараметрическая калибровка концентрации нерафинированного 
подсолнечного масла, рассматриваемого в качестве фальсификата льняного масла. Актуальность ис-
следования обусловлена необходимостью разработки простого и эффективного метода обнаружения 
фальсификации льняного масла, превосходящего по содержанию незаменимых полиненасыщенных 
жирных кислот оливковое масло, выявлению подделок которого в отличие от льняного посвящено 
большое количество работ.

Многопараметрическая калибровка проводилась с помощью модели, основанной на методе глав-
ных компонент, кластерном анализе и проекции на латентные структуры спектров оптической плот-
ности в УФ-, видимом и ближнем ИК диапазонах с применением трех методов выбора спектральных 
переменных: метода последовательного проецирования, метода поиска комбинации сдвигающихся 
окон и метода ранжирования переменных по коэффициенту корреляции.

Показано, что применение методов последовательного проецирования, ранжирования перемен-
ных по коэффициенту корреляции и поиска комбинации сдвигающихся спектральных окон позволя-
ет уменьшить величину среднеквадратичного отклонения калибровки с 0,63 % для широкополосной 
проекции на латентные структуры до 0,46 %, 0,50 % и 0,03 %, соответственно.

Разработанный метод многопараметрической калибровки с помощью проекции на латентные 
структуры спектров оптической плотности в УФ-, видимом и ближнем ИК диапазонах с применением 
выбора спектральных переменных путём поиска комбинации сдвигающихся окон является простым и 
эффективным средством обнаружения фальсификации льняного масла.

Ключевые слова: спектральный анализ, метод главных компонент, проекция на латентные структуры, 
выбор спектральных переменных.

DOI: 10.21122/2220-9506-2021-12-1-75-81
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Introduction

Food adulteration is a serious problem around 
the world. Products of animal and vegetable 
origin with a high content of fat are most subject 
to falsification. Meat, fish, oils, dairy products, 
etc. account for almost 68 % of adulterated food 
products [1]. Vegetable oil is one of the most 
widely demanded foods. Olive oil, which is wrongly 
considered the most beneficial for human health,  
is the most often adulterated vegetable oil. A large 
number of studies are devoted to the detection of 
falsification of olive oil using optical spectroscopy 
methods such as fluorescence and UV and visible 
spectroscopy [2], Raman spectroscopy [3], combi-
nation of near and mid IR spectroscopy [4], etc. But 
olive oil is inferior to flaxseed oil in the content of 
essential polyunsaturated fatty acids, among which 
the content of alpha-linolenic (omega-3) acid can 
reach 64 %. Only a small amount of studies has 
been focused on detecting flaxseed oil adulteration. 
For example, Fourier spectroscopy was used to 
detect the falsification of flaxseed oil with olive 
oil [5] and mid-IR spectroscopy was used to detect 
the adulteration of flaxseed oil by soybean and 
sunflower oils [6].

Earlier [7], we carried out a multivariate 
calibration of the concentration of unrefined 
sunflower oil, considered as adulteration, in a 
mixture with flaxseed oil using a model based on 
the principal component analysis (PCA) [8], cluster 
analysis and projection to latent structures (PLS) [9] 
of absorbance spectra in UV, visible and near IR 
ranges. To further reduce the root mean square error 
of prediction (RMSEP ), in this work we compared 
three methods for spectral variables selection: the 
Successive Projections Algorithm (SPA) [10], the 
searching combination moving window interval 
PLS (scmwiPLS) and the method using correlation 
coefficients ranging [11]. 

The objects of the study were specially prepared 
samples of binary mixtures of unrefined sunflower 
and flaxseed oils with a percentage from 0 to 100 %. 
Absorbance spectra were measured on a Shimadzu 
UV-3101PC spectrophotometer with a step of 
1 nm in two ranges: from 335 to 690 nm and from 
1130 to 2200 nm with a slit width of 1 nm and 
3 nm, respectively. The interval 1698–1766 nm, 
corresponding to the first overtone of the C – H 
vibrations of the –CH2– group [12, 13], is very noisy, 
therefore, it was not taken into account in further 
consideration.

Spectra processing and multivariate 
calibration

Before applying the PCA method, it is 
necessary to form a rectangular matrix of spectra 
of the studied samples. In this matrix rows are 
samples, columns are spectral variables. According 
to the dependence of the total explained variance 
of the spectral data on the number of principal 
components, it was determined that 99.7 % of the 
total variance is described by the first principal 
component. Using the linear approximation of the 
scores to the first principal component, samples that 
deviate significantly from the general dependence 
are identified as outliers. These samples correspond 
to 10 %, 25 %, 30 %, 60 %, 65 %, 70 % and 
72.5 % concentrations of sunflower oil and were 
removed from further consideration.

To create the PLS model, the remaining samples 
were divided into training sampling and test one by 
the hierarchical cluster analysis in the Euclidean 
space of the first principal component of absorbance 
spectra. For a planned experiment, this method 
gives smaller values of RMSEP [14] compared to 
uniform partitioning by a calibrated parameter or 
the frequently used Kennard–Stone algorithm [15]. 
The values of scores to the first principal component 
were aggregated to 6 clusters. 6 spectra with scores 
that were closest to the centers of the clusters 
were selected to the test sampling. The remaining 
18 samples constituted the training sampling. Thus, 
75 % of the samples are used to build the model and 
25 % to validate it.

After the stage of dividing the samples into 
training and test samplings, one can proceed to 
calibrating the content of sunflower oil in a mixture 
with flaxseed oil using a wideband multivariate 
PLS with all 1345 spectral variables. Figure 1 
shows that the optimal number of latent structures 
is 6, since RMSEP in this case is minimal and equal 
to 0.63 %.

Due to the collinearity of spectral data and 
possibility of low signal-to-noise ratio for individual 
spectral variables and even in rather wide spectral 
intervals, the use of the entire measured spectral 
range may not be optimal for calibration accuracy. 
To improve the quality of the multivariate model,  
it is advisable to reduce the number of variables 
taken into account in the simulation. The spectral 
variables selection is an important step in improving 
the quality of calibration and stability of the model 
with possible verification using additional samples.
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Figure 1 – Dependences of the RMSECV (root mean 
square error of cross-validation) for the training sampling 
and RMSEP for the test sampling for the wideband PLS

We consider three following methods for 
spectral variables selection. The first method is 
based on ranking the variables using the correlation 
coefficients between spectral counts and the 
calibrated parameter found for wideband PLS 
with six latent structures. In this case, the spectral 
variables are excluded from the multivariate model 
one by one in accordance with the decreasing 
correlation coefficient. RMSEP is determined 
at each step. The minimum value of RMSEP 
specifies an optimum set of spectral variables 
that corresponds to the best model for the applied 
method. Figure 2 shows that this minimum value 
of RMSEP = 0.50 % is achieved when removing 
1106 spectral variables for 239, taken into account 
in the multivariate model.    

The second considered method is SPA. At 
the first stage of algorithm fulfillment, for the 
1345 variables available in our case, a set of 
1345 ordered sequences of spectral variables 
is constructed, the first elements of which are 
different. In the multidimensional space of 
spectral variables the remaining 1344 variables 
are projected onto the space orthogonal to the 
selected first variable. The largest projection 
value determines the second in order variable. 
Similarly, all the following spectral variables in 
considered sequence are ranked by projections 
on the subspace orthogonal to the subspace of 
the variables already selected. For each element 
of the generated set of ordered sequences of 
spectral variables, PLS is constructed starting 
with the first ten spectral variables for certainty, 
and ending with a set of all 1345 variables.  

For every number of spectral variables taken into 
account in the multivariate models for variables 
sequence considered, the optimal number of latent 
structures was selected based on the minimum 
value of RMSEP . The global minimum of RMSEP 
was found from 1795575 = 1345×1335 values. 
Here 1345 is the number of elements in the set of 
ordered sequences of spectral variables and 1335 
is the number of PLS models with an increase in 
the number of spectral variables from 10 to 1345. 
Based on the global minimum of RMSEP of the 
sunflower oil concentration in a binary mixture of 
vegetable oils, the required sequence of spectral 
variables was determined, which ensures maximum 
calibration accuracy for variables selection method 
applied. In our case, the required sequence of 
spectral variables began with wavelength of 
1781 nm and consisted of only 14 variables. It is 
rather small number of selected variables and its 
further reduction is impractical. Often the final 
stage of SPA execution aims to reduce number 
of selected variables, taking into account the 
correlation coefficient of the spectral variables and 
the calibrated parameter. 

Figure 2 – Dependence of the RMSEP on the number 
of extracted spectral variables in ranking method using 
correlation coefficients between spectral counts and 
calibrated parameter

The third used method is searching combination 
moving window interval PLS (scmwiPLS) [14]. In 
contrast to the two previous methods, the described 
method operates not with individual spectral 
variables, but with a continuous interval or, as it is 
often called in multivariate analysis, a window [16]. 
The algorithm for applying this method is as follows. 
First, you need to select the width of the windows 
that shift along the spectrum. In the scmwiPLS 
modification we use, the number of spectral variables 
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in window exceeds the number of latent structures 
by one in order for PLS to be able to reduce the 
dimension of the variable space by at least one. Note 
that, unlike SPA, the number of latent structures (6 in 
our case) does not change during the whole algorithm. 
Second, the spectral position of the first window 
should be determined. It shifts across the entire 
spectral range and is fixed in the place where RMSEP 
of PLS model based on selected spectral variables 
is minimal. Third, it is necessary to determine the 
position of the added windows until they fill the 
entire measurement range. Subsequent windows are 
similarly shifted within the entire spectral range of 
measurements and are alternately combined with the 
selected ones, provided that the minimum value of 
RMSEP is reached for the combined set of windows. 
And finally the search for the minimum value of 
RMSEP , depending on the number of windows, 
determines the desired set of spectral variables for 
scmwiPLS. Figure 3 shows the dependence of the 
RMSEP on the number of combined windows in 
scmwiPLS. The minimum root mean square error 
of prediction equals 0.03 % and corresponds to the 
combination of 38 windows with 7 variables or 266 
spectral variables. 

Figure 3 – Dependence of the RMSEP on the number of 
combined windows in scmwiPLS

Figure 4 shows dependence of concentration 
of sunflower oil predicted by the scmwiPLS on 
its measured concentration in a binary mixture 
of sunflower and flaxseed oils for training and 
test samplings. It indicates the high quality of the 
multivariate model with spectral variables selection, 
which can be characterized by the value of the 
residual predictive deviation RPD. RPD is equal to 
the ratio of the standard deviation of the calibrated 
parameter and RMSEP . RPD exceeds 1000 for the 
described scmwiPLS model.

Figure 4 – Concentration of sunflower oil predicted by 
the scmwiPLS vs measured concentration in a binary 
mixture of sunflower and flaxseed oils

Figure 5 shows the spectral variables selected 
using the three investigated methods and the example 
of the absorbance spectrum of sunflower and flaxseed 
oils mixture.

Figure 5 – Absorbance spectra of the mixture of sun-
flower (12.5 %) and flaxseed (87.5 %) oils and spectral 
variables selected using the three investigated methods

Spectral variables selection using the ranking 
of correlation coefficients (239 variables) and the 
SPA method (14 variables) allows reducing the 
value of the root mean square error of prediction 
of sunflower oil concentration from 0.63 % for 
wideband PLS to 0.50 % and 0.46 %, respectively. 
These selections are advisable for classical 
spectroscopy, since the variables selected by 
both methods are close to the spectral features 
of the studied objects. The spectral variables 
selection by scmwiPLS method (266 variables) 
is less consistent with classical spectroscopy, 
since a significant part of the selected variables 
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does not describe the characteristic features 
of the studied spectra, but allows RMSEP  
to be reduced by more than an order of magnitude  
to 0.03 %. Thus, it can be noted that an increase 
in the calibration accuracy is achieved by using a 
formal method of variables selection, a feature of 
which is the use of narrow spectral intervals instead 
of separate wavelengths.

Conclusion

On the example of the calibration of the 
concentration of unrefined sunflower oil, considered 
as a falsified flaxseed oil, it was confirmed that 
the spectral variables selection is a necessary and 
important part of multivariate models to improve  
the accuracy.

It was found that from the considered methods 
applied to the projection to latent structures of the 
absorbance spectra for calibrating the concentration 
of sunflower oil in a mixture with flaxseed oil, a 
smaller root mean square error of prediction (0.03 %) 
is achieved for searching combination moving 
window method in comparison with the successive 
projection algorithm (0.46 %) and the ranking  
of spectral variables by the correlation coef- 
ficient (0.50 %).
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торе MathType  целиком. Набор  формул  из  составных 
элементов не допускается, номера формул – по право-
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ссылки в тексте. 
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новки  редактора  формул.  Размеры:  полный  –  10 пт, 
подстрочный – 9 пт, под-подстрочный – 7 пт, символ – 
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символам и их порядку следования в формулах.

19. Список  использованных источников  составля-
ется  в  порядке  упоминания  ссылок  по  тексту,  должен 
содержать полные библиографические данные и приво-
дится в конце статьи. Не рекомендуется давать ссылки 
на материалы конференций, статьи из электронных жур-
налов без идентификатора DOI,  учебные пособия, ин-
тернет-ресурсы.  Ссылки  на  неопубликованные  работы 
не допускаются. Желательно, чтобы количество ссылок 
было не менее 10; самоцитирование – не более 20 %.

20. Авторы на отдельной странице предоставляют 
о себе  следующие  сведения:  фамилия,  имя,  отчество, 
ученая  степень  и  звание,  место  работы  и  занимаемая 
должность, адрес электронной связи.

21. Статьи, излагающие результаты исследований, 
выполненных в учреждениях, должны иметь  соответ-
ствующее  разрешение  на  опубликование  в  открытой 
печати.

22. При необходимости в конце основного текста 
указываются наименование фонда, оказавшего финан-
совую  поддержку,  или  уровень  и  наименование  про-
граммы,  в  рамках  которой  выполнена  работа,  на  рус-
ском и английском языках.

23. Авторы  несут  ответственность  за  направле-
ние в редакцию статей, ранее уже опубликованных или 
принятых к печати другими изданиями.

24. Статьи,  не  соответствующие  перечисленным 
требованиям,  к рассмотрению не принимаются и  воз-
вращаются авторам. Датой поступления считается день 
получения редакцией первоначального варианта текста.

25. Редакция  предоставляет  возможность  перво-
очередного опубликования статей лицам, осуществля-
ющим послевузовское обучение (аспирантура, доктор-
антура,  соискательство),  в  год  завершения  обучения; 
не взимает плату с авторов за опубликование научных 
статей;  оставляет  за  собой  право  производить  редак-
торские правки, не искажающие основное содержание 
статьи.
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