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Abstract

Antennas play a fundamental role in modern communication systems by facilitating signal transmis-
sion and reception across various frequency bands. Each antenna is designed for specific applications based
on its operating frequency range. Whether deployed for Car-to-Car Communication or military operations,
antennas serve critical functions, with information security being paramount in military contexts. Vehicular
antennas typically operate within the L Band, approximately 1 to 2 GHz, relying on satellites for signal com-
munication. However, traditional transmission through the ionosphere faces limitations, notably the skip
zone, where signal reception is hindered, leading to communication failures. To address this limitation, Near
Vertical Incident Skywave (NVIS) communication has been developed. NVIS utilizes antennas with very
high (>75°) radiation angles and low HF frequencies to overcome skip zone challenges. Despite existing
research efforts, achieving high radiation efficiency remains a challenge, often due to improper antenna angle
settings. Additionally, previous studies have overlooked the importance of narrow beam focusing, crucial for
long-range communication and direction finding. This paper aims to enhance antenna performance param-
eters such as efficiency and gain through the adoption of specific techniques. By optimizing antenna design
and configuration, we aim to improve performance for ionospheric communication, particularly in military
applications involving data and voice transmission.

Keywords: military communication, NVIS communication, vehicular antennas
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0030p aBToMOOUILHBIX KB anTenn ¢ pynkumeit NVIS-cBsizu
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Ipunama k neuamu 04.09.2024

AHTEHHBl WIPAIOT OCHOBOIOJNATAIONIYI0 pOJb B COBPEMEHHBIX CHCTEMax CBs3W, oOecreunBas
nepenady ¥ MpUEM CHUTHAJIOB B Pa3IMYHBIX YACTOTHBIX AwanazoHax. Kakmas anTeHHa pa3palarbIBaeTcs
JUTSL pelIeHrsT KOHKPETHBIX 3a7ad B 3aBUCUMOCTH OT e€ pabouero nuama3zoHa d4actoT. HeszaBucumo
OT TOTO, WCTIONIb3YIOTCS JIM OHU JUTSI CBSI3W MEXKAY aBTOMOOWIISIMH WJIM YIPaBJIeHHUS OOEBBIMU IEHCTBUSIMM,
AQHTEHHBI BBITTOJHSIIOT KPUTHYECKH Ba)KHBbIE (DYHKIIMU, TIPU 3TOM MEPBOCTENEHHOE 3HAYEHHE IS BOCHHBIX
MPUMEHEHUI TPHOOpPETAOT COOOpaKeHHUsI WHPOPMAIIMOHHOW 0e30macHOCTH. ABTOMOOWIIbHBIE aHTCHHBI
00bI9HO paboTaroT B AuanaszoHe L, mpubnmsurensHo ot 1 go 2 I'T'h, mepenaBas curHai depes CITyTHHKH.
OyHaKo TpaJMIIMOHHAS Tepeada CUTHaIa yepe3 HOHOC(epy CBs3aHa C PSJOM OIpaHHYCHUH, B YACTHOCTH,
C HaJnyueM MEPTBOM 30HBI, MPUEM CHUrHAjga B KOTOPOM 3aTpylHEH, YTO NPUBOAMT K IOTEPE CBSA3H.
st 60pbOBI ¢ ATUM OrpaHMYCHUEM OBLT MPEJIOKEH METOJ OKOJIOBEPTUKAILHOTO MajeHUs] HOHOC(hEpHOH
BosiHbl, win NVIS (Near Vertical Incident Skywave). B metomne NVIS ucnonb3yrorcsi aHTEHHBI ¢ OYCHb
OompImmMu (>75°) yrmamMu W3NMydeHHsS W HU3KHWe 4acToThl KB nmmamazoHa, 4To TMO3BOJISIET MPEOIOJIETHh
npobnemy MEpPTBOW 30HBI. HecMoTpss Ha TpeAnpUHUMAaeMble HCCIEAOBAaTEeNIMU YCWIINSA, ITOCTIKEHHE
BBICOKOH 3()(EKTHBHOCTH U3ITy4eHUs 0cTaéTcsi mpoOIeMOH, YacTO M3-32 HEBEPHOTO BHIOOPA yIyIa aHTCHHBI.
Kpome Toro, B mpeAmecTBOBABIINX MCCIEAOBAHMUIX HE YIACISAJIOCH JOJDKHOTO BHHMAaHHUS Mpobieme
(hOKYCHPOBKH y3KOTO JIy4a, UMEIOIIeld KPUTHYECKOe 3HaYeHUe IS NajbHeW CBA3M W meseHranuu. Llembio
JTAHHOW CTaThH SIBISETCS YIYYIICHUE TAKUX XapaKTEPUCTUK aHTEHH, KaK d(PPEKTHUBHOCTh ¥ KOIPPHUIIUEHT
YCHJICHUSI, TyTEM HCTIONB30BAHMUS CIICIIMATbHON MeTOMUKH. ONTUMH3AINS KOHCTPYKIIMH U KOH(UTYpaIin
aHTeHH HalpaBjeHa Ha YIy4YIIeHHE XapaKTepUCTHK HOHOC(HEPHOH CBS3M, B YAaCTHOCTH, JUIA BOEHHBIX
[IPUMEHEHUH, CBSI3aHHBIX € NIepeladyeid JaHHBIX U PEUH.

KiroueBble cj10Ba: BOeHHas CBA3b, CBA3b NVIS, aBToMOOMIbHEIE aHTEHHBI
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1. Introduction

Vehicular antennas play a crucial role in various
communication systems, including car-to-car com-
munication, military vehicles, aircraft, and ships [1].
While these antennas can be designed for the UHF
range, using satellite communication raises concerns
about data security due to the involvement of dif-
ferent agencies handling the satellite and its data.
To overcome this limitation, the high-frequency (HF)
band [2, 3] presents a viable alternative.

In the HF band, antenna signals are reflected
from the ionosphere. However, this approach has
several disadvantages, such as the presence of a skip
zone, height limitations for the antenna, multipath
fading, and higher power requirements. To address
these challenges, the near vertical incidence sky-
wave (NVIS) technique [3, 4, 5] is implemented.
NVIS communication differs from traditional HF
antennas in the following ways:

* NVIS antennas are designed for high radiation
angles (>75°) to maximize skywave propagation.

* An antenna tuning unit (ATU) is used to opti-
mize the antenna's performance.

Furthermore, various NVIS antenna types ex-
ist, including dipoles, inverted vees, and unbalanced
wires. Among these, unbalanced wire antennas and
inverted L-antennas are preferred for vehicle appli-
cations due to their ability to radiate along the entire
length of the wire when connected at the end at 50
ohms microstrip field line [6].

Antennas play a vital role in our daily lives,
enabling signal transmission and reception across
various frequency bands. Some of the measures ap-
plications where antenna used such as, military ap-
plications, information security and wireless devices.
Designing antennas in the HF range allows signal
transmission and reception through the ionosphere,
eliminating the need for satellites and ensuring data
security. NVIS communication enables coverage of
nearby regions by transmitting signals through the
skywave with a high radiation angle (>75°), effec-
tively reducing the skip zone. NVIS offers several
advantages, including data and voice communica-
tion capabilities, as well as support for disaster relief
and military operations [7].

However, the currently available HF band ve-
hicular antennas suffer from limitations such as poor
radiation efficiency, resulting in low gain values (less
than -20 dBi) and a narrow bandwidth of 24 kHz.
The objective of this research is to design HF band

vehicular antennas with enhanced parameters, in-
cluding improved efficiency, gain (better than
-20 dBi), and the inclusion of NVIS for nearby re-
gion coverage. Additionally, the research focuses on
achieving unidirectionality in the antenna by main-
taining a high directivity value, which can be accom-
plished by increasing the effective aperture.

There are several simulated software available
for implementation of this project. For example, nu-
merical electromagnetics code (NEC2), computer
simulation technology (CST), and high frequency
structure simulator (HFSS). Among these HFSS
is widely preferred. HFSS uses adaptive meshing,
the Finite Element Method (FEM), and stunning
graphics to provide you with unmatched perfor-
mance and understanding for all of your 3D EM
challenges. S-Parameters, Resonant Frequency,
and Fields are among the parameters that may be cal-
culated using HFSS.

Progression of the manuscript flow discussed in
the following manners: Section II of this paper pres-
ents a literature survey, furthermore, in section III
explains wave propagation and NVIS. Moreover, in
section [V highlights the challenges and scope of the
proposed work, and in section V focuses on the de-
sign and analysis of the presented work for HF band
vehicular antennas. Finally, in section VI illustrates
the conclusion of the proposed work.

2. Literature review

This section presents a review of the existing
literature related to HF band vehicular antennas and
NVIS communication. In this sections we highlight-
ed the key contributions, limitations, and gaps that
motivate the current research.

2.1. HF band vehicular antennas

In [2], the authors designed an inverted L
antenna for vehicular HF communications. This
antenna achieved a gain of -24 dBi and a band-
width of 24 kHz. The study suggests that reducing
the quality factor (Q) can increase the bandwidth,
while an offset feed can enhance the gain. How-
ever, the achieved gain and bandwidth values are
relatively low, indicating the need for further im-
provements.

Authors in [8], proposes an antenna with
a higher gain of -18.1 dBi by using two radiat-
ing clements that function as parallel capacitors.
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The inclusion of a high-core inductor further en-
hances the gain to -17.9 dBi. The study also in-
vestigates the use of capacitive loading to reduce
antenna height and improve bandwidth, as well
as the incorporation of chip inductors to reduce
antenna size. However, the authors emphasize
the importance of using high-Q chip inductors
and capacitors to maintain good radiation efficien-

cy.

Authors in [9], have implemented HF Band ve-
hicular antenna with NVIS. This antenna achieved the
-10 dB frequency between 3 to 10 MHZ to reach
a wide range of 200 KM. NVIS is utilized for com-
munication in places without a telecommunications in-
frastructure or in places where a major disaster, like the
flooding in New Orleans in 2005, destroys the infra-
structure that already exists. Again Authors in [9], have
presented a NVIS study carried out in Netherlands.

Table 1

Comparison of various paper studied on HF band vehicular antenna

Methodology

Main findings

Limitations

The methodology involves the de-
velopment of an HF loop antenna
for two-way communications up
to 300 km, contrasting it with
traditional methods and consid-
ering the limitations of NVIS
propagation [10]

The development of an HF loop
antenna allows for two-way, i. e. Tx.
and Rx. communication up to
300 km, with NVIS propagation
being crucial and limited to the fre-
quency band of 1.5 MHz to 12 MHz

* The study is limited to the frequency
band of interest between 1.5 MHz and
12 MHz due to the dependence
of NVIS propagation on the ionosphere.
* The study does not explore other fre-
quency bands outside the range
of 1.5 MHz to 12 MHz.

* The study does not address potential
challenges or limitations of using the
HF loop antenna in different environ-
mental conditions or geographical
locations

The design of low-profile, wide-
band, high-frequency antennas for

The methodology involved de-
signing low-profile, wide-band,
high-frequency antennas for
military vehicles, fabricating a
full-scale prototype, and conduct-

military vehicles was successful in
meeting performance requirements
while maintaining a compact profile.
A full-scale prototype was created
and tested with a military vehicle,

Design challenges related to small
electrical size and mounting constraints,
challenges in the diverse environment

ing stand-alone measurements and
tests with an experimental WB
HF radio to validate the design
approach [11]

confirming the expected impedance
behavior and validating the design
approach. The antenna demonstrated
flexibility in adapting to various
communication conditions due to its
diverse operation modes

in the near field. No explicit mention
of limitations or suggestions for further
research

The methodology involved iden-
tifying the factors contributing to
rotor modulation and proposing
the use of specific antennas

to address the issue [12]

Antennas mounted on helicopters for
HF NVIS communication face severe
rotor modulation near resonant fre-
quencies. The use of two towel-bar
antennas can help reduce the drop in
gain caused by hub currents. Despite
the improvement in gain due to the
antennas, the variation in gain caused
by parasitic radiation from the rotor
blades persists

Limited scope to helicopters with
tandem main rotors, proposed solution
only addresses drop in gain due to hub

currents, no validation of solution in
real-world scenarios
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The methodology involves exam-
ining operational requirements,
determining necessary antenna
characteristics, and reviewing
simple antenna designs for suit-
ability in lightweight transportable
systems [13]

HF radio is increasingly used for
short and medium-distance com-
munications, especially for mobile
or transportable stations. The paper
aims to determine the characteristics
suitable antennas must provide for
these communications. Simple an-
tenna designs are reviewed for their
suitability in lightweight transport-
able systems

* Lack of familiarity of engineers with
the exact characteristics needed for
antennas in HF radio communications.
* The need to determine the characteris-
tics that suitable antennas must provide

The methodology involved apply-
ing characteristic mode analysis

to vehicular antennas, focusing on
exciting horizontal electric dipole
current distribution and using edge
port excitation to achieve band-
width improvements [14]

Low-profile vehicular antennas in
the NVIS frequency range are inef-
ficient and narrowband due to their
small size. The widest bandwidth is
obtained by exciting the horizontal

electric dipole current distribution on
the vehicle. Achieving a bandwidth
of 24 kHz above realistic grounds
comes with the trade-off of very low
gain at 2 MHz

Study limited to NVIS frequency range
Trade-off between bandwidth and gain

The methodology involved using
the Numerical Electromagnetics
Code (NEC) antenna modeling
program to obtain and analyze
data on the performance, cur-
rent distributions, and radiation
patterns of high-frequency (HF)
tactical generic antennas [15]

The main findings include the per-
formance characteristics of different
high-frequency tactical antennas
such as groundwave communication,
NVIS performance, and suitability
for different ranges of communica-
tion

Limited generalizability to other
antenna types, lack of discussion on
performance in different environmental
conditions, absence of comparison
with other antenna models, no men-
tion of limitations of the NEC antenna
modeling program

The methodology involved
optimizing an antenna for NVIS
applications on a vehicle, focus-
ing on a vertically orientated loop
configuration, capacitive loading
effects, and developing a transmis-
sion line model for design [16]

- NVIS antennas for vehicle mount-
ing have limited development scope
due to size constraints at typical
frequencies.

- Vertically orientated loop antennas
are confirmed to be the most effec-
tive configuration.

- Capacitive loading of the loop has
a desirable effect on current distribu-
tion and energy radiation towards
the zenith

Limited scope for development within

typical NVIS frequencies and vehicle

sizes. Focus on a specific vehicle size
may limit generalizability

2.2. NVIS antennas

InIn [4], the authors designed electrically small
antennas for NVIS communications, achieving a
gain of -18.1 dBi by utilizing two radiating elements
as parallel capacitors and incorporating high-Q air-
core inductors. Similar to [8], capacitive loading

is employed to reduce antenna height and improve
bandwidth, while chip inductors are used in printed
monopole antennas to reduce size [17]. The study
highlights the importance of using high-Q chip
inductors and capacitors to maintain good radia-
tion efficiency. The work in [5] focuses on design-
ing an array of antennas for near vertical-incidence
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Skywave (NVIS) communication. The authors report
an increase in efficiency by 1 dB and a gain increase
of 3 dB for a two-dipole array, while a four-dipole
array achieves optimized directivity (efficiency be-
tween 2.6 dB to 3 dB, D = 0.2 dB, and gain = 2.8 dB
to 3 dB). The study suggests that elevating the an-
tenna's height or operating frequency can signifi-
cantly improve efficiency. Research conducted in the
Netherlands [9] explores the performance of hori-
zontal dipole antennas above ground for NVIS ap-
plications [18, 19, 20], considering antenna heights
between 0.18\ and 0.22A.

While the existing literature provides valuable
insights into HF band [21] vehicular antennas and
NVIS communication [22, 23], there is still a need
for further improvements in terms of radiation effi-
ciency, gain, bandwidth, and unidirectionality. Ad-
ditionally, the integration of NVIS capabilities with
vehicular antennas remains an area that requires fur-
ther exploration and optimization.

3. Sky Wave Propagation and NVIS
3.1. Sky Wave Propagation

The propagation of sky waves is caused by
the internal reflection of electromagnetic waves by
the ionosphere. The ionosphere is a region of the
Earth's atmosphere, extending from approximately
50 km to 400 km above the surface, where molecules
are ionized by solar radiation. This ionization process
enables the reflection and refraction of radio waves
in the high-frequency (HF) range, typically between
3 and 30 MHz [23, 24].

Figures 1 and 2 illustrated the Sky wave
propagation and ionization process in ionosphere.
However, Figure 3 illustrates various wave propaga-
tion modes, including ground wave, sky wave, and
space wave propagation as observed in the Figures 3.

400 KM
lonosphere

Troposphere

15 KM

1711

T R1 R2

Figure 1 — Sky wave propagation
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Cosmic Rays
(High Energy Rays)

€02, 02 lonosphere
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released)
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Figure 2 — Ionization process in ionosphere

Communication
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Space Wave

7"\
T SN\

Ground Wave
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Figure 3 — Ionization process in ionosphere

Figure 4 shows the classification of the Earth's
atmosphere into different layers: the troposphere,
stratosphere and ionosphere.
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Figure 4 _ Different layers of atmosphere
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The ionosphere consists of several layers, in-
cluding the E layer, F layer, and D layer. The D layer
of the ionosphere absorbs radio signals, helping to
determine the minimum frequency that can propa-
gate through the ionosphere. The F layer, on the
other hand, refracts signals, playing a crucial role
in determining the maximum usable frequency [17].
The incident angle of the radio wave also influences
how far the signal can travel before being refracted
back to Earth.

Skip zone

One important concept in ionosphere propa-
gation and radio communications is the skip zone.
It refers to the region where radio signals cannot
be received directly from the transmitter due to the
refraction of waves by the ionosphere. Beyond this
zone, the refracted signals can be received, enabling
long-distance communication [29].

3.2. Near vertical incidence skywave

NVIS is a technique used in high-frequen-
cy (HF) communication that involves transmitting
radio signals at very high radiation angles (>75°)
using specialized antennas [36, 37]. NVIS takes ad-
vantage of the sky wave propagation phenomenon,
where radio waves are refracted by the ionosphere
and can be received at locations beyond the skip
zone [7]. Figure 5 illustrates the difference between
a vehicular antenna operating in the HF Band with
NVIS and without NVIS.

lonosphere

L

Figure 5 — Vehicular antenna in HF range without NVIS
(a) and vehicular antenna in HF range with NVIS (b)

NVIS offers several advantages over traditional
HF communication techniques:

1. Extended coverage: NVIS can provide com-
munication coverage within a radius of several

kilometers, making it suitable for various applica-
tions, such as including military operations, disaster
relief efforts and military surveillance in remote areas.

2. Low-power operation: NVIS antennas can
operate at relatively low power levels, making them
suitable for portable applications where power con-
sumption is a concern.

3. Omnidirectional coverage: NVIS antennas
typically provide omnidirectional coverage, ensuring
communication in all directions. However, antenna
orientation is crucial to achieve the desired radiation
pattern.

4. Reduced multipath fading: by transmitting
signals at high radiation angles, NVIS reduces the
effects of multipath fading, which can degrade signal
quality in traditional HF communication.

5. Lower probability of intercept: due to the
low-power operation and vertical radiation pattern,
NVIS communication has a lower probability of be-
ing intercepted, making it beneficial for secure com-
munications.

6. Jamming resistance: NVIS signals are diffi-
cult to jam via ground wave propagation, increasing
the reliability of communication in contested envi-
ronments.

3.3. Near vertical incidence sky wave
deployment

The deployment of communication systems
utilizing NVIS technology involves several key
steps [27]:

1. Frequency selection:

* Choose the appropriate frequency range for
NVIS transmission, typically within the HF band of
3—10 MHz, as these frequencies can reflect off the
ionosphere at steep angles.

2. Antenna installation:

* Install an antenna specifically designed for
NVIS communication, capable of transmitting sig-
nals at near-vertical angles (close to 90°).

* Wire antennas, such as dipoles or loops, are
commonly used for NVIS deployment.

* Position the NVIS antenna at a reasonable height
above the ground, typically between 1 and 10 m
(3 and 33 feet). This height ensures that the radio
waves return to the Earth's surface at acute angles,
enabling effective NVIS communication.

3. Transceiver setup:

* Set up the HF transceiver and any other required
equipment for NVIS communication.
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* Configure the transceiver's power output, modu-
lation parameters, and operating frequency range.

4. Power Requirements:

* NVIS communication requires relatively low
power output compared to other communication
techniques due to its limited range.

* Typical power requirements range from a few
watts to a few hundred watts, depending on the
equipment used and the specific application.

NVIS deployment finds applications in various
scenarios where reliable short-range communication
is required, such as:

» Military operations, especially in areas with
challenging terrain or obstructions that limit line-of-
sight communication.

* Emergency communication and disaster re-
sponse efforts, where traditional communication in-
frastructure may be disrupted or unavailable.

* Remote or rural areas without access to other
communication networks.

e Tactical communication in environments where
stealth and low probability of intercept are crucial.

By following the proper deployment steps and
utilizing the appropriate equipment, NVIS commu-
nication can provide a reliable and secure means
of communication over short to medium ranges,
enabling critical information exchange in challeng-
ing environments.

4. Challenges and scopes

Designing vehicular antennas for the HF band
with NVIS communication presents a range of chal-
lenges and opportunities that require careful con-
sideration and innovative solutions. This section
highlights the key areas that demand attention
and further research.

4.1. Material selection

* Selecting the most appropriate material for an-
tenna design is a critical factor that can significantly
impact the antenna's performance and efficiency. The
choice of material directly influences the conductiv-
ity, which in turn affects radiation efficiency and
overall antenna performance.

¢ Copper, aluminum, and graphene are among the
potential materials under consideration. While cop-
per (conductivity: 58 MS/m) and aluminum (conduc-
tivity: 35 MS/m) are traditional choices, graphene
(conductivity: 100 MS/m) has emerged as a promis-
ing alternative due to its superior conductivity.

» Graphene’s exceptional conductivity makes it
a preferred material fo potentially enhance radiation
efficiencyr vehicular antenna design, as it can and
improve overall antenna performance.

4.2. Antenna design challenges

* Achieving high radiation angles, typically great-
er than 75°, is crucial for maximizing skip distance
coverage in NVIS communication [7]. This angular
requirement presents a significant design challenge,
as it necessitates careful optimization of the anten-
na's geometry and positioning.

* Improving key antenna parameters, such as
gain, bandwidth, and directivity, is another critical
challenge. These parameters are essential for ensur-
ing reliable and efficient communication, especially
in military applications where long-range and direc-
tional communication is often required [1].

* Incorporating inductors (L) and capacitors (C)
into the antenna design has been proposed as a po-
tential solution to enhance bandwidth and gain, re-
spectively [8]. However, the integration of these
components requires careful consideration of their
values and placement to avoid compromising other
performance metrics.

* Employing multi-arming techniques and off-
set feeds have been explored as means to increase
bandwidth and gain, respectively [2, 19]. However,
the effectiveness of these techniques may vary de-
pending on the specific antenna design and operating
conditions.

4.3. Performance limitations

* Despite ongoing research efforts, existing vehic-
ular antennas in the HF band often suffer from low
gain values, typically around -20 dBi, due to poor ra-
diation efficiency [1, 2]. Overcoming this limitation
is crucial for achieving reliable and long-range com-
munication.

* Ensuring the proper adjustment of the antenna's
radiation angle is vital for reducing the skip zone, a
region where signal reception is compromised [7].
Accurate angle adjustment is essential for maximiz-
ing the coverage area and enhancing communication
reliability.

* Achieving a narrow beam pattern is essential for
long-range communication and direction-finding ap-
plications. A narrow beam pattern not only improves
signal strength and range but also enhances the an-
tenna's directional capabilities, which are critical
in military and other specialized applications.
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4.4. Simulation and modeling

* Accurate simulation and modeling of metal-
lic antennas are crucial for design optimization and
performance prediction. Computational techniques
and specialized software tools play a vital role in this
process, allowing researchers and engineers to evalu-
ate various design configurations and refine antenna
parameters before physical prototyping.

 Software tools like 4NEC2, CST, HFSS have
been widely used for simulating and analyzing HF
band vehicular antennas [30]. These tools enable de-
tailed modeling of antenna structures, accounting for
factors such as material properties, geometric con-
figurations, and operating conditions.

* Reliable simulation and modeling techniques
are essential for identifying potential issues, opti-
mizing antenna designs, and exploring innovative
solutions to address the challenges associated with
vehicular antennas in the HF band with NVIS com-
munication [28].

The main challenges in designing vehicular
antennas for the HF band with NVIS communica-
tion involve achieving high gain values (better than
-20 dBi) while maintaining a narrow beam pattern
and adequate bandwidth. Additionally, the inte-
gration of NVIS capabilities, the selection of ap-
propriate materials, and the accurate modeling and
simulation of antenna designs are critical factors that
require careful consideration and ongoing research
efforts. It is important to note that addressing these
challenges not only contributes to the advancement
of vehicular antenna technology but also has broader
implications for various applications, including mili-
tary operations, emergency communication, and di-
saster response efforts. Overcoming these challenges
can lead to improved communication reliability, in-
creased range, and enhanced directional capabilities,
ultimately enabling more effective and secure infor-
mation exchange in challenging environments.

5. Design and analysis of HF band antenna

5.1. Parameters and performance
enhancement techniques of vehicular
antenna in HF band

Two parameters on which we are working.
These are as follows: 1. Gain, and 2. Radiation ef-
ficiency.

5.1.1. Gain

Gain is classified into two types [6]:

¢ Directive Gain,

Gd = Radiation Intensity in particular direction /
average radiated power;

e Power Gain,

Gp = Power density radiated in a particular di-
rection by the test antenna / Power density radiated
in that direction by an isotropic antenna.

Directive gain and power gain are identical ex-
cept that power gain takes into account the antenna
losses.

So, Gp =1 Gd (n lies between 0 and 1).

5.1.2. Gain enhancement techniques

a) With offset feed. Due to offset feed, uniform
current distribution takes place. So, maximum radia-
tion efficiency is achieved. It can be proved from this
formula G=nD

With n high, the gain will be high [1].

b) Proper impedance matching also gives better

gain due to improvement inn [1].
Example:

=110,
Af= 600 KH; z = 0.600 MHz; f, = 30 MHz.

0=/ Af

Therefore, O = 50.

And, if Af=24 KHz, f, = 30 MHz.

Then, Q = £,/ Af = 30-10° / 24-10° ~ 1250.

It is observed that for the HF band antenna, as
the frequency range is between 3 MHz to 30 MHz,
0 changes from 125 to 1250 i. e. 10 times. It is ob-

served that when Q changes 10 times, gain increases
by 10 dB [30].

(1)

5.1.3. Radiation efficiency

Radiation efficiency is a crucial parameter in
antenna design, representing the ratio of the power
radiated by the antenna to the total input power. It
is a measure of how effectively the antenna converts
the input power into radiated electromagnetic waves.
For vehicular antennas in the HF band with NVIS
communication, optimizing radiation efficiency is
essential to ensure reliable and efficient communica-
tion.

The theoretical formula for radiation efficiency

(n) is given by:
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n=P/P; )
n=~P./(P.+ P).

Therefore,
n=R,/R.+R,, 3)

Where P, is the radiated power; P, is the total
input power; P, represents the power lost due to vari-
ous factors (e. g., ohmic losses); R, is the radiation
resistance; R, is the ohmic resistance.

5.1.4. Efficiency enhancement techniques

1. Optimizing radiation and loss resistance
The radiation efficiency can be expressed as:

n= 100/ (1 + Rloss / Rrad)' (4)

For high radiation efficiency (), the ratio of the
loss resistance (R,,,) to the radiation resistance (R,,,)
should be minimized. This can be achieved by reduc-
ing the loss resistance and increasing the radiation
resistance. Example: for a two-wire dipole antenna
in free space, the radiation resistance (R,,;) is pro-
portional to the square of the length of the antenna.
By increasing the length of the dipole, the radiation
resistance increases, leading to an enhancement in
radiation efficiency.

2. Optimizing inductance and capacitance values
The bandwidth efficiency (nB) is given by:

1

B= ,
1 2nLC

where, L and C are the inductance and capacitance
values, respectively. To achieve high radiation effi-
ciency, the values of L and C should be kept low,
resulting in a high-quality factor (Q). This technique
is particularly relevant for electrically small antennas
commonly used in vehicular applications.

)

3. Antenna orientation and frequency dependence
The radiation efficiency can be influenced by the
orientation of the antenna and the operating frequen-
cy. Experimental studies have shown that for vertical
orientation, the radiation efficiency can be enhanced
by 10 % to 23 % in the frequency range of 2 MHz
to 8 MHz, compared to horizontal orientation, where
the efficiency is limited to approximately 2 %.
By employing these techniques and optimizing
the antenna design parameters, it is possible to im-
prove the radiation efficiency of vehicular antennas
for HF band operation with NVIS communication,

enabling more efficient and reliable communica-
tion [25, 26].

5.1.5. Directivity

Directivity is a fundamental parameter in an-
tenna theory, representing the ratio of the maximum
radiation intensity to the average radiation intensi-
ty [25]. It is mathematically expressed as:

D = (Maximum radiation intensity) / (Average radia-
tion intensity).

The range of directivity is given by 1 <D <o,
where D =1 corresponds to an isotropic radiator,
which has an omnidirectional radiation pattern with
equal radiation intensity in all directions.

As the value of D increases, the radiation
pattern becomes more directional, with the maxi-
mum radiation intensity concentrated in a specific
direction.

The directivity of an antenna is closely related to
its effective aperture (4e), which is a measure of the
antenna's ability to capture or radiate electromagnet-
ic energy. The relationship between directivity and
effective aperture is given by:

D = (4nde) / \*.

1. As the effective aperture increases, the direc-
tivity also increases, resulting in a more directional
radiation pattern. The effective aperture depends on
various factors, including the antenna's geometry,
size, and the voltage induced across the antenna ter-
minals. The induced voltage is proportional to the
incident electric field and the length of the antenna.

For example, a half-wave dipole antenna exhib-
its a figure-eight radiation pattern, with maximum
radiation intensity perpendicular to the antenna's
axis [30]. In contrast, a monopole antenna, which is
essentially a half-wave dipole with a ground plane,
exhibits a unidirectional radiation pattern, with max-
imum radiation intensity in one direction.

2. As radius of conductor is increasing, Band-
width became narrow. So, chances are to get unidi-
rectional pattern with antenna with large radius [6].

5.2. Design of HF band vehicular antenna

By carefully designing the antenna's geometry
and optimizing the effective aperture, it is possible to
achieve the desired directivity and radiation pattern
for specific applications, such as vehicular antennas
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in the HF band with NVIS communication. Here, the

design of the inverted L antenna is shown below [2]:
If, f=30 MHz, L = ¢/f = (3-10%)/(30:10°) = 10 m.

Figure 6 — Design of inverted L HF band antenna with
NVIS (scale: 1 m=1 cm)

Where ‘m’ stands for meters, ‘L’ stands for
Length, ‘W’ stands for Width, ‘Height’ stands for
Height of Antenna.

NEC2, CST, HFSS etc are several simulation
software available on which proposed antenna can
be designed. Table 2 below shows comparison of
Simulation Tools.

Table 2
Comparison of simulation tools

Simulation Method
tool based on

Observation

» Computational time is less;
« It is a free software;
* 3D figures are not possible
as such

NEC2 MOM

» Computational time
is more;
* 3D figures of all fields,
pattern is possible;
* Values of parameters are
close to practical values

HFSS FEM

» Computational time
is more;
* 3D figures of all fields,
pattern is possible

CST FIT

Among these, HFSS is preferred. HFSS us-
es adaptive meshing, the Finite Element Method
(FEM), and stunning graphics to provide unmatched
performance and understanding for all of your 3D

EM challenges. S-Parameters, Resonant Frequency,
and Fields are among the parameters that may be cal-
culated using HFSS.

Conclusion

This paper addresses the design challenges and
limitations of vehicular antennas operating in the
high-frequency (HF) band with Near Vertical Inci-
dence Skywave (NVIS) communication for military
applications. The primary objectives are to enhance
critical performance parameters such as gain, radia-
tion efficiency, and bandwidth, and achieve unidirec-
tionality while integrating NVIS capabilities.

The proposed solutions include the incorpora-
tion of inductors, capacitors, and multiarming tech-
niques to optimize antenna parameters. Material se-
lection, such as the use of graphene with high con-
ductivity, is also explored. Proper adjustment of the
radiation angle and effective aperture optimization
are emphasized to reduce the skip zone and achieve
the desired directivity.

By implementing these design strategies, the
research aims to develop a low-profile, efficient HF
band vehicular antenna with improved gain (better
than -20 dBi), radiation efficiency, and bandwidth,
while enabling secure and reliable data and voice
transmission through NVIS communication. The in-
tegration of NVIS capabilities further extends cover-
age in nearby regions, addressing the skip zone limi-
tation. The proposed solutions address the existing
limitations in vehicular antenna design for military
applications, enabling secure and efficient commu-
nication in challenging environments. The research
contributions pave the way for further advancements
in antenna technology and have potential implica-
tions beyond military applications, benefiting vari-
ous fields requiring reliable and secure communica-
tion systems.
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W3mepenne HanpsHKEHUS TEPEMEHHOTO TOKA SIBISIETCS OJHUM M3 Hamboliee pacrpoCcTpaHEHHBIX BHIOB
M3MEpPEHHI B Pa3IMYHBIX OOJIACTSIX HAYKW M TEXHHUKH. JJI1 OIEHKH YypOBHS HANpSIKEHHUS MEPEeMEHHOTO
TOKa MIPUMEHSIOTCS BOJIBTMETPHI TIEPEMEHHOTO TOKa, KOTOPBIE MTO3BOJIIIOT PETHCTPUPOBATH AMIIUTYAHEIE,
cpenane w/nmu cpemHekBanpatudeckue 3HadeHUs (CK3) mampspkenus. Cpeam dTUX CPEACTB HU3MEpPEHUI
0co00 3HaunMbl BosbT™MeTpel CK3 Hanpspkenus, T. k. CK3 — dynnamenTanbaas Gu3ndeckas XapaKTepuc-
THKa DJIEKTPUYECKOTO CHTHAJA, SIBIIAIONMIASACS MCTHHHOW Mepod momrHocTH. llmpokoe pacmpocTtpaHneHue
CUTHAJIOB HECHHYCONIAIHHOHN (popMBI 00yClaBIMBaeT HEOOXOIUMOCTh CO3JJaHHUS BOJIBTMETPOB IS IIPSIMOTO
m3mepernst CK3, OCHOBHBIM y3JI0M KOTOPBIX SIBISIETCS M3MEPHUTEIHHBIN MpeoOpa3oBaTelb MEPEeMEHHOTO
HaIpsDKEHUS B TIOCTOSIHHOE 110 YPOBHIO cpenHekBaaparndeckoro 3HaueHus (IICK3 ). Ananm3 cymectByto-
IMX TEXHWYECKUX pEMICHWH I[TOKa3bIBaeT, YTO JJs BBICOKOTOUHOTO wu3MepeHuss CK3 wmampsoxeHws
MpOoW3BONIBHON (PopMBI cO cmekTpoM B mojoce dactoT oT 20T mo 20-50 MI'm menecoobpasno
npumenenue [ICK3 ¢ tepmoanekrpraeckum mpeodpazosateneM (TOII). Takoi [ICK3 momkeH comepxath
mudepeHnaIbHBIA MOYITPOBOAHUKOBEIN TOIl w1 BXOAHON MIMPOKOMONOCHBIA YCHINTEIh HAMPSIKESHUS
C Majoi HEIMHEWHOCTBHIO aMIUTUTYIHO-9acTOTHOW xapakTepucTuku (AYUX). Llempio pabOTHI SBISAIACH
paspabotrka wu3MeputenbHoro IICK3 HampsokeHHs TPOW3BONIBHONW (OPMBI, TpH  KOTOPOH 0coboe
BHUMaHHE ynenaeHo moaepam3aruu TIIl u ymenpmennto norpemuocta [1ICK3 3a cuér xoppekmmu AUX
BXOJITHOTO YCHIJIUTENS M BBEACHUS aBTOMATHYECKON KaJMOPOBKM BBIXOJHOTO HampsokeHHs. B craTthe
OMHCAaHBl OCOOEHHOCTH IOJYTIPOBOJHUKOBBIX KPHUCTAUIOB W KOHCTPYKTUBHOTO wucnoiHenusa TOII B
BHJIC MHKPOCXEMBI M MHKPOCOOPKH, pe3yibTaTel m3MmepeHmit mapamerpoB [ICK3 u smementoB TOII.
OTtmeueHo cymecTBeHHOE BinsiHue AYX BXOTHOTO YCHIINTEINS U HATIPSKSHNS CMEIIEHHUS HyJIsl TPAaH3UCTOPOB
TOII ma morpemuocTs [ICK3. MoaepHm3aIis BXOAHOTO YCUIUTEIS ¥ BBEICHUE aBTOMATHICCKOM KaTHOPOB-
KM BBIXOJHOTO HAMpPsDKEHHS OOECIIEYIIIM MOTPENTHOCTh IPeo0pa3oBaHUsl CHHYCOHIAIBHOTO CHTHAJa
menee 1 % B nuanazone ot 20 I'n mo 50 MIm.

KiioueBble ciioBa: TCpMOZ)J’IeKTpI/I‘ICCKI/Iﬁ npeo6pa30BaTeJIL, HpeO6pa3OBaTeJ'H> NEPEMCHHOI'O HANIPSI)KCHUA
B NIOCTOAAHHOC, U3SMCPCHUC CPCAHCKBAAPATUICCKOI'O 3HAYCHU A, UBMCPCHUC NICPEMCHHOTI'O HAIIPSIKCHU S
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Abstract

Alternating current (AC) voltage measurement is one of the most common types of measurements
in various fields of science and technology. To evaluate the AC voltage level, special voltmeters are used
which allow recording of amplitude, average and/or root mean square (RMS) voltage values. Among these
measuring instruments, voltmeters of mean square voltage are especially significant because RMS is a fun-
damental physical characteristic of an electrical signal and is a true measure of power. The wide distri-
bution of non-sinusoidal signals necessitates the creation of voltmeters for direct measurement of RMS.
The main component of such voltmeter is an AC voltage to direct current (DC) voltage measuring converter
based on the root-mean-square value level (AC RMS-DC converter). An analysis of existing technical so-
lutions shows that it is advisable to use a thermoelectric converter (TEC) for high-precision measurement
of RMS voltage of an arbitrary shape with a spectrum in the frequency band from 20 Hz to 20-50 MHz. Such
a AC RMS-DC converter must contain a differential semiconductor TEC and an input broadband voltage
amplifier with low nonlinearity of the frequency response. The aim of the paper was to develop a measur-
ing AC RMS-DC converter of arbitrary shape voltage in which special attention is paid to modernization
of the TEC and reduction of the AC RMS-DC converter error using corection of the frequency response
of the input amplifier and introduction automatic calibration of the output voltage. Features of semicon-
ductor chips and design of TEC in the form of a microcircuit or microassembly, results of converter’s and
TEC elements’ parameters measurements are presented. A significant influence of the frequency response
of the input amplifier and the offset voltage of the TEC transistors on the AC RMS-DC converter error was
noted. Modernization of the input amplifier and introduction of automatic calibration of the output voltage
ensured an error in a sinusoidal signal converting of less than 1 % in the range from 20 Hz to 50 MHz.

Keywords: thermoelectrical converter, RMS-DC converter, RMS measurement, AC voltage measurement
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Beenenue

B pa3IM4HON PpavO3IEKTPOHHON
armaparype, TEXHHUYCCKUX cpeacrBax CBsI3H,
yCTpOWCTBAX 00paboTKH nHpopmarmy,

CHUCTeMax aBTOMATUKH W YIPABICHHUS IIHPOKO
WCTIONB3YIOTCSL CHTHAJbl MPOM3BOJIBHON  (OPMBI
B BHJE IEPEeMEHHBIX TOKOB i(f) M HampsHKeHUN
v(f). DTH DJICKTPUYECKHE CHUTHAIBI MOTYT OBITh
CUTHAJIAMH TIOCTOSIHHOTO TOKa, CHHYCOWJAbHBIMH,
MEPEMEHHBIMA C TIOCTOSHHOM  COCTaBIISIOIIEH,
Clly4allHbIMH, LIyMOBBIMU WA KaKoOH-TO
MOCIIEJIOBATEILHOCTEIO  UMIYJIBCOB,  MOJTOMY
dbyHgamMeHTATbHONH — (U3WUECKON  XapaKTepHUCTH-
KOH, ONHCHIBAIOUIEW WX, SBJISETCS  CpeaHe-
KBaJIpAaTUUECKOE 3HAUEHHUE HANPSDKEHUS Vi H
JOTIOJTHUTENILHBIN TapaMeTp B BUjae Kod(duiueH-
Ta aMIUIUTYAbI (peak factor, crest factor) kp [1]:

0.5
tJ+1
VRums = 1 ] Vi@t | (M
L=ty o,
V
kp =—L—; )
Vrums
Vp = max |v(t)|; (3)
IE(ZJ, IJ+1)

ty=ty+jTp,ty =ty +(+DTp, “4)
rae t;,,—t, — 3aJaHHBIIl MHTEpBa] BPEMEHH, IPUUEM
IUIsl TEPUOIUYECKHX CHUTHAJOB f, — HEKOTOPbIH
(UKCUPOBaHHBIE MOMEHT BpeMeHH; 1), — Nepuof,
j=0,1,2,...

Hns  cuHycoumanibHOrO CHUrHala kp =~2. st
«Oemnoroy» mryma kK03(pPHUIMEHT aMIUTUTYIBI HE Me-
Hee 3, UIA MEPHOAMYECKUX O-00pa3HbIX (KOpOT-
KHX) UMITYJIbCOB MOXeT IpeBbimiats 9 [1, 2].

[ToTpebHOCTH B BBICOKOTOYHOW pErHCTpariiu
CK3 mampspkenus mpuBeida K pa3paboTke psma
BOJIBTMETPOB TiepeMeHHoro toka B3-71, B3-71/1,

BK3-78A, B3-83, B3-83/1, B3-100/1, B3-102,
CEepUIHO  BBINIyCKAaeMbIX mpeanpustusmu  Poc-
cuiickoii ~ @epepanuu.  M3yueHue  onucaHuil

TUIA CPEICTB HM3MEPEHHUH YyKa3aHHBIX HPUOOPOB
MO3BOJIMJIO YCTAHOBHUTH CIIEIYIOIIIEE.

Bonermerper B3-71, B3-71/1 npeanaznaueHbl
s u3mepenuit CK3 curnaioB mepeMeHHOro Toka
MPOU3BOIBHON POpMBI 10 9acToThl 10 MI'TT mpssMbIM
METOAOM HU3MEpPEeHHH ¢ HOPMHUPOBAHHUEM IIO-
IPELIHOCTH, a B IMANIa30HE YaCTOT CHHYCOUAAIBHOTO
nanpsoxkeHust ot 100 kx['nq mo 1 I'Tu — ¢ momorbio
npoOHMKa 1O KOMIEHCallMoHHON cxeme. [Ipsimoe

mmepenne CK3  HampsokeHHS — 3aKITIOYACTCs
B BO3BEICHHM MTHOBEHHOTO 3HAYEHUSI BXOIHOTO
HamnpsOKeHUsT B KBaJpaT, YCPETHEHUH C TIOMOIIBIO
¢WIbTpa HWKHUX YACTOT, MPeoOpa3oBaHUH C TIO-
MOIIIBI0  aHAJIOTO-IIM(POBOrO  MPeodOpazoBaTeIs
B 1u(poByo ¢GopMy W HU3BICUYEHHH KBAJAPATHOTO
KOpHSl M3 CyMMBI KBaJpaToB B LU(PPOBOM BHJE
B COOTBETCTBHU ¢ BeIpakerweM (1). Ilpm sTom

MOrp€uIHOCTb BOJIBTMCTpaA OIpeacaiaeTCsd,
B OCHOBHOM, KBaJApaTOpOM, MOCTPOCHHBIM Ha Oaze
MHKPOCXEMBI IHUPOKOITIOJIOCHOI'O aHaJIOrOBOIro

nepemHoxutens [3] u cocraBuser okoio 2,5 %
Ha 4actore | MI'u. IlorpemiHocTts u3MepeHUs
CK3 cuHycOMAampHOTO CHUTHAla C IOMOIIBIO
MPOOHKUKOB — OKOJIO 25 % Ha wactore 1 [T

Boastmerpsr B3-83, B3-83/1 mpemna3zHadeHsl
st m3mepennit CK3  cuHycompanbHOro Hamps-
eHust B auanaszoHe yactoT ot 1 kI'm mo 5 MI'mg
C MaKCHUMaJIbHOW moOTrpemHocteio 3 % u B nua-
mazone oT 1 MI'm mo 1,0ITi ¢ MakcumagbHOU
norpenrHocTsio 10 %.

MunnuBoONBTMETPHI BbICOKOUYacTOTHBIE B3-102
npenHasHadeHsl g m3Mmepermii CK3  cumycou-
JTATbHOTO HAIPSDKEHUS B JIMAla3o0He 4YacToT OT
10 k' o 30 MI'11 ¢ MakCUMaNbHON MOTPEUIHOCTHIO
0,7% wn B nmmamazone ot 30 MI'm mo 1,51Tn
¢ MakCUMaJlbHOUM norpemHocThio 30 %.

HawnyumuM, ¢ Hamied TOYKM — 3peHus,
coYeTaHHEM IapaMeTPOB XapaKTepHu3yeTcs MpHOop
BK3-78A, xoTopbhlii oOecrieunBaeT IOTPEITHOCTh
m3mepernii CK3 HampspkeHHs EpEeMEHHOTO TOKa
okoii0o 1 % B muanasone yactor ot 10 I'mp mo 1 MI'
M BBICOKOYACTOTHOTO HAMPSHKEHHUS CHHYCOHIATh-
HOU ()OPMBI C MAKCUMAJILHOM MOTPEIIHOCTHIO OKO-
710 16 % B nuanazone yactoT oT 10 MI'tt 1o 2,0 I'T'm,.

3amerum, 4TO TONBKO mpubdopsl B3-71 u BK3-
78 A TO3BOJISIIOT PETUCTPUPOBATH HAMNPSKECHUE Tie-
PEMEHHOTO TOKa MPOM3BOJIBHON (OPMBI € TIOTPETI-
HOCTBIO MeHee 3 % B nmuana3oHe yactot o0 1 MI'm.

W3mepenne CK3 HanpspkeHUss CHHYCOUIANb-
HOTO CHTHaja OOBIYHO IMIPEAroiaraeT Tmpeodpa-
30BaHHE U3MEPSIEMOr0 CHUTHala B HampsHKCHUE
MTOCTOSTHHOTO TOKA, BBITTOJHAEMOE MUKOBBIM JETEK-
TOpPOM, M CpPaBHEHHE €r0 C BBIXOAHBIM HaIpsiKe-
HUEM TIOCTOSTHHOTO TOKa WJCHTHYHOTO IO TapameT-
paM THKOBOTO JIETEKTOpa, COCAMHEHHOTO C BBIXO-
JIOM BCTPOEHHOTO B BOJBTMETP YIIPaBISIEMOIrO
HMCTOYHUKA CHUHYCOMAAIBHOrO curHana. JleiictBue
LUeNH OTPULATEIBLHONH OOpaTHOW CBS3M BHYTPH
npubopa o0ecreunBaeT MPUOTU3UTEIFHOE PABEHCT-
BO BBIXOAHBIX HAMPSHKCHUM TMOCTOSHHOTO TOKa
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MMUKOBBIX JIETEKTOPOB, TPH OSTOM IO YPOBHIO
BBIXOJHOTO HANPSHKEHHUS BCTPOSHHOTO HCTOYHHKA
CHHYCOHMJAaJbHOTO CHTHAJIa MOXHO OIIPENEeInTh
CK3 HanpspkeHUsT ©3MEpsIeMOT0 CUTHAA.

Taxo#t meton peructpanmu CK3 obecrieunBacT
BBICOKYIO TOYHOCTh B IIMPOKOM TMOJIOCE YacTOT
TOJIBKO B TOM CITy4ae, Koria ¢hopmMa BXOIHOTO CHTHA-
Jla BOJBTMETPAa WACHTHYHA (OpME BCTPOCHHOTO
WCTOYHHKA CHHYCOHJAJIBHOTO CHTHayia. B mpoTus-
HOM CiIyd4ae, Hampumep, I U3MEPSIEMbIX KOMMY-
THPYEMBIX CHHYCOHJIAThHBIX CHUTHAJIOB, CHUTHAJIOB,
(hopMHUpPYyEeMBIX THPUCTOPAMH, CHHYCOMIATBHBIX
CHUTHAJIOB C OONBIINM KOJMYECTBOM TapMOHUK,
CHEIMATBbHBIX BHIOB CHTHAJIOB, MPUMEHSIEMbIX TIPH
nepenade JTaHHBIX, BO3HUKAET JIOTOJHUTENIbHAS
MOTPEITHOCTh, OMpeessieMasl OTHOIICHHEM KO3(]-
¢uIMenTa aMIUIMTYIbl  HM3MEPSIeMOTr0  CHTHala
K CHHYCOMJAJIbHOMY, T. €. kp = V2.

O6pruno, mmsa wm3Mmeperus CK3 HampspKeHHS
CHUTHAJIOB NPOW3BOIBHON (POPMBI MPUMEHSIOT pa3-
JIWIHBIC TUTIBI cepuitHO BBITyckaeMbix [1CK3:

—IICK3 ¢ 2KCHOHEHIHMAIBLHO-JIOTapU(OMHU-
YeCKUM MpeoOpa3OBaHMEM, KOTOPHIE XapaKTepH-
3yIOTCSl BBICOKOW TOYHOCTBIO IPEeOOpazoBaHMs B
Juanazose yactot g0 200 k' u kp<5 [4];

—IICK3 Ha yMHOXHUTEISIX  HaIpPsKECHUS
COXpPaHSIIOT PabOTOCIIOCOOHOCTh B IOJIOCE YACTOT
mo 3ITm, omHako HE TOMYCKAIOT HAIHYHUS
[IOCTOSIHHOM M HU3KOYAaCTOTHOM COCTaBIISIOILINX
B CIIEKTPE CHUTHAJa M WX IOTPEIIHOCTH JOBOJIHHO
Benmka [3];

— MaJTyIo MOTPENTHOCTh MpeoOpa3oBaHus B IIN-
pokoii mosoce dactor obecneunBaor [ICK3
¢ TOII [5-10].

B mocnennee BpeMs OCHOBHBIE YCHIIHS IIPH
paspaborke mukpocxeMm [ICK3 mampapieHsl Ha co-
BEPIIEHCTBOBAHNWE CXEMOTEXHHYECKOTO CHHTE3a
Ha cyOMukpoHHBIX KMOII-Tpan3ucropax [11, 12].
OTW W3AENus TpeAHa3HAa4YeHbl IS BCTPAMBAHUS
B CIIOKHO-(YHKIIMOHAJILHBIC aHAIOTO-IIH(PPOBHIC
YCTPOMCTBa W TOATOMY HCCIIEIOBAHUA COCPEIO-
TOYEHBI Ha TpoOIeMax  yMEHBIICHWS  TOKa
notpebenns u 3ammmaemoirt [ICK3  mmomamu
MOJTYTIPOBOTHUKOBOTO KpUCTaIIa. XOTA IO yKa-
3aHHBIM HAIIPABIECHUSAM TOJTYYCHBI MOJIOKHUTETb-
HBIC pe3ynbTarhl, aHam3 Oonee, yem 10 coBpeMeH-
veix KMOII TICK3, mokazam, 49Tro JOCTHTHYTas
MOTPEITHOCTh MPeo0pa3oBaHusl HHU3IKOYACTOTHOTO
(ot 1 mo 10 xI'r) cMHyCOMOAIBHOTO CUTHAJA Ooee
+2 %, a TOrpenrHocTh MPeoOpa30BaHUs CHUTHAJIOB
TIPOU3BOJIEHOM (hOPMBI BOOOTIIE HE HOPMHUPYETCSI.

Pestomupys MOXHO
YTBEPXKIaTh, YTO:

a) menmecoobpasHa pa3padoTka H3MEPUTEITHLHOTO
IICK3 ¢ TOIl nmnsd BBICOKOTOYHOTO HW3MEPEHUS
HaNpSOKSHUA MPOU3BOJIIBHON (DOPMBI CO CIIEKTpOM
B noJioce yactoT oT 20 I'y 1o 20-50 MI'w;

0) [ICK3  momxen  comepkats  mudde-
pEHITMATBHBIA ~ TONYNpoBogHUKOBEIH  TOIl  m
BXOJIHOM IIMPOKOIOJIOCHBIA YCHUIIUTEIb HaIpsixke-
HHSI ¢ MQJIOW HeJIMHEHHOCThI0 AUX;

B) nuddepeHIMaNbHBIA  ITOTYITPOBOTHUKOBEII
TOIl cmemyer peanm3oBaTb B BHAE  ABYX
TEPMOM30IUPOBAHHBIX PE3UCTOPHO-TPAH3UCTOPHBIX
TepModiekTpuaeckux OmokoB (TOB) ¢ xopomeit
WACHTUYHOCTBIO  DJIEKTPHYECKUX M TEIUIOBBIX
XapaKTepPUCTHK M  BBICOKHUM KO3 puImeHTOM
TEPMODJIEKTPUYECKOTO TMPE0Opa3oBaHUsl BXOIHOM
MOLIHOCTH B BBIXOJHOE HanpspkeHue Kpy;

r) muddepennnansaas  KoHCTpykuus — TOI1
MO3BOJIUT yMEHBIINTH BIMSHWE HA MOTPEUIHOCTH
npeodpazoBanus [ICK3 mHenmnHelHON 3aBUCUMOCTH
BBIXOTHOTO HampspkeHus 1Ob oT BxomHOW MoII-
Hoctr. [lomympoBogHMKOBasT peanmu3anusi yYMEHb-
ot ctoumocth TOIl n obecneyuT WASHTHUIHOCTH
rapaMeTpoB MHTETPAIBHBIX 3JeMeHTOB. [Ipumene-
HHE B KauecTBE HArpeBaTeNlbHOTO DJEMEHTa
MHTETPAILHOTO PE3UCTOpa W B KadyecTBE JaTdrKa
TEMIEpPaTyphl, PACHOIOKEHHOTO PAIOM C HHM
n-p-n-TpaH3ucropa, yseauuut Kp,. CoenuHeHue
n-p-n-Tpan3uctopoB nByx TOb mo cxeme mudde-
penmmanpHoro ycwnurtens (YY) Taxke yBenu-
uut Kp,. HWneHTH4YHBIE IapaMeTpsl JJIEMEHTOB
nByx TOb obecrmeuar manoe HaNpsHKCHHE CMETIe-
HUSI HYJIs, ykazanHoro J{VY.

Lenpro paboThl sIBIsIACH pa3paboTka U3Me-
putenpaoro I[ICK3 mHampsokeHUS MTPOU3BOIH-
HOUW (OpMBI, TIpH KOTOPOW 0co00€ BHUMaHHE
ymeneHo monepHuzamuu TOIl W yMeHbIICHHUIO
norpemuaoct  [ICK3 3a cuért Koppeknuu
AUX  BXOJHOTO  YCHJIMTENsSs W  BBEJECHHUS
ABTOMAaTHYECKON KaJuOpPOBKM BBIXOJHOTO Hall-
PSKEHUS.

BBIICU3JIOKCHHOC,

TepmodiiekTpuueckuii npeodpa3oBareib

3a OCHOBY MNpH CO3JaHUU HU3MEPHUTEIBHOTO
[ICK3 6511 B34T npeoOpazoBaTenb ¢ MUKPOCXEMOR
PBITHOO01 pe3ucropno-Tpansucropnoro TOII [13],
B KoTOpoil Kaxnpelii TOb umeer nBa HarpeBaremb-
HBIX pe3ucropa ¢ comnportusieHuemM okoio 400 Om
(pucyHok 1).
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Pucynox 1 — YrporueHHas 31eKTpriecKasi CXxeMa H3MEpHTEILHOT0 TPeo0pa3oBaTesl IEpEMEHHOT0 HalPsHKEHNS

Figure 1 — Simplified electrical circuit of the measuring alternating current voltage converter

Jlns  yCTaHOBIIEHUSI HamNpaBieHUWA  MOJEp-
Hm3arun  m3Mmepurensaoro [ICK3, moxazanHoro
Ha pucyHke 1, Opu1a co3gana moxens TOIl B BU-
Jle6  DKBUBAJICHTHOH  DJIGKTPUYECKOH  CXEMBI,
WACHTU(OUIINPOBAHBI TTApAMETPHI MOJIENHA Ha OCHO-
BE W3MEpPEHUH CTaTHYeCKHMX W JUHAMHYECKUX
xapakTepuctuk MuKpocxemMbl PBITHO01 u mpose-
JIEHO CXEMOTEXHHUYECKOEe MOEINPOBAaHUE, KOTOPOE
rmokasaio, aro [13]:

— HanOoJiee 3HAYMUTEIHLHO BIHMSICT Ha padboTo-
crtoco0HOCTh M TorpemHocTs [ICK3 mpu mamsrx
BXOJIHBIX CHTHAJIaX HAIPSDKEHHUE CMEMICHHS HYIISA
1Y na tpansucropax VT1, VI2;

— IapajuielbHOEe BKIIIOYEHHUE JIBYX PE3HCTOPOB
(R1 m R2, R3 u R4), T. . yMECHBIIICHHE CYMMapHOTO
COIIPOTHUBIIEHUS] HAarpeBaTeNbHOIO pe3ucTopa R,
yMeHbImaeT norperrHocts [1CK3;

— BiusiHUe Ha orperntHocTh [ICK3 HanpsoxeHus
cmemenus wyns JIY mHa Ttpamsuctopax VT1, VT2
CYIIIECTBEHHO OOJIbIIIE, YeM HANPSHKEHUS CMEIICHUS
HyJI OMEpAIiOHHOTO YCHJIMTENs WHTerparopa
DA2, gro oOycnoBiieHO HamugueMm ycuieHus Y
Ha VT1, VT2 npubmmsutensao pasHoro 30.

Crnenmyer 3aMeTHTh, YTO C WCTOYHUKOM BXOJ-
Horo curHama (y3en In Ha pucynke 1) coemnHEH
tobko omuH dnemeHT IICK3 — mHarpeBaTenbHBIH
pe3ucrtop R;;, BCE OCTaIbHBIC 3JIEMEHTBI CXEMbI
paboTaroT C HampsHKEHHEM ITOCTOSHHOTO TOKa,
MOATOMY BBICOKOYAcTOTHEIN mpenen IICK3 Oymer
OIIpeNeiTh Iapa3uTHas EMKOCTb pe3ucTopa R,
U IpoxofHas EMKOCTb MEXKAY PEe3UCTOpoM R, u
KOJUIEKTOPOM 71-p-n-Tpansucropa TOb.

Taxum 00pa3om, A7 YMEHBIIEHHS TTOTPEITHOC-
tn m3mepurenpHoro [ICK3 Ha pucynke 1 crmemyer:

— YBEIUYNATh  WACHTUYHOCTH  HapaMeTpOB
anemMeHToB TOb w/mmm pa3paboTaTh METOIMKHU
KOMIIEHCAlIUM HaNpsKeHUs: cMmenieHus Hyns Y
Ha Tpar3uctopax VT1, VT2;

— yBennuuTh Kp) 32 CUET YMEHBLICHUS TEIUIO-
OTBO/Ia OT KPHUCTALIOB 1DOb W/WimM yMEHBIICHUS
COIIPOTHBIICHHS HArPEBaTEIILHOTO PE3UCTOPA;

— YMEHBIINTh Tapa3uTHbIe EMKOCTH Harpe-
BaTEIBHOTO PE3NCTOPA.

Hopaborka TOII 3akmrogasiack B CO3MaHUHA U
M3YYeHNN XapaKTePUCTUK TPEX BapHaHTOB Harpe-
BaTEBbHBIX PE3UCTOPOB M JBYX KOHCTPYKTHBHBIX
WCIIOJTHEHHH, YBEINYHUBAOMNX Kp),: NMPUMECHEHHN
TETION30JIUPYIOMIeH 200HUTOBOW TTOIONKKH TOJI-
muHOM 400 MKM TSI pa3MemIeHUs IBYX KPHUCTall-
7oB TOb B 16-TH BEIBOAHOM KOpITyCce (PUCYHOK 2a)
Y pacIoJIOKCHUH ABYX KpucTauioB TOb Ha momnu-
MHITHOHW TUICHKE TONIIHHOW 50 MKM (PHUCYHOK 2b).
Tak Kak TErJIOMpPOBOJHOCTH IMOJIMUMHUHON IIJIEH-
KM CpaBHHMa C TEIIONPOBOJHOCTHIO 300HHTA, HO
TOJIIIMHA TIOYTH B 8 pa3 MEHbIE, TO pacceBaemas
HarpeBaTelbHBIM PE3UCTOPOM MOITHOCTH OJKHA
B OOJBIIEH CTETIeHn HarpeBaTh TEPMOYYBCTBHUTEIb-
HBI TPAH3UCTOP M3-32 YMEHBIICHHS TEIUIOOTBOA
B OKPY’KAIOIIYIO CPENy.

MopaepHU3NpOBaHHBIE MHKPOCXEMBI  TEPMO-
ANeKTpuYeckoro  mpeooOpazosarens  [TH002-01,
[TH002-02, ITH002-03 comepskaT aBa OTWHAKOBBIX
n-p-n-TPaH3WUCTOpa M HarpeBaTelIbHbIE PE3UCTOPHI.
B xaxnoir w3 muxpocxem I1H002-01, TTH002-02
MMeeTCs IBa TIOIMKPEMHHUEBBIX PE3UCTOpa C COTPO-
tuBierneM 350470 Om u 250+50 OM coOoTBEeTCTBEH-
HO, a B [IH002-03 — onuH MOTyIIPOBOIHUKOBEIN pe-
3uctop ¢ conporupieHueM 30060 Om (prucyHOK 3).
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Pucynox 2 — @otorpadmu paznMUYHBIX KOHCTPYKTHBHBIX HCIIOJHEHHH TEPMOIJIEKTPUUECKOro IpeodpazoBaTels:

a — B xopryce H04.16-1; b — Ha monmuuMuaHON TIIEHKE

Figure 2 — Photos of various designs of thermoelectric converter: a — in package H04.16-1; b — on polyimide film
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PucyHnoxk 3 — DiekTprudeckas cxeMa TepMOJIEKTPUIECKOro peodpa3oBaTeis ¢ HyMepalnuei BBIBOJOB sl KOpITyca

H16.48-1: a — [TH002-01 n ITH002-02; b — ITH002-03

Figure 3 — Electrical circuit of the thermoelectric converter with pin numbering for package H16.48-1: a — [TH002-01

and ITH002-02; b — ITH002-03

DopMHpOBaHNE HArpeBaTENbHBIX PE3UCTOPOB
JIByX BHJOB, T.€. Ha TIOJYIPOBOJHUKOBOH M
MOJMKPEMHUEBON 00nacTH, 0O0yCIOBICHO HEOJHO-
3HAQUHBIM  BIMSIHHEM  [AapaMETPOB  yKa3aHHBIX
obmacteii Ha Xxapakrepuctuku TOb, KoTopoe
MOXeT OBITh M3yYeHO OJKCIEepUMEHTaIbHO. Tak,
MOJIMKPEMHUEBBIM  pesuctop R1  pacnonoxeH

Ha pAaCCTOSHUM 5 MKM OT SMUTTEPHOH O0JacTH
n-p-n-TPaH3UCTOPA M, CJEIOBATEIbHO, JOJDKEH
3¢ (eKTUBHO HArpeBaTh SMUTTEPHBIN Tiepexo, R2 —
Ha pacCTOSHUU 27 MKM, a TMOJXYNPOBOJHUKOBBIN
pe3uctop — Ha pacctosHuu 48,5 MkMm. OgHAKO
MOJIMKPEMHHUEBBIC PE3UCTOPBl  PACIOIOKEHBI Ha
OKHUCJIE KPEMHHUS, TEIUIONPOBOJHOCTh KOTOPOTO
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nouti B 21 pa3  Xyxe TEIONPOBOIHOCTH
KPEMHUS, U MO3TOMY HEOYEBHUIHO KAKOH PE3HCTOP
(TONMYNPOBOAHUKOBBIA ~ WMJIM  TOJMKPEMHHUEBBII)
obecieunt  Oompumii  Kpp. s THIOBBIX
TEXHOJIOTUYECKUX MapIIPyTOB U3TOTOBICHHS OUIIO-
JISIPHBIX MHKPOCXEM IOJIMKPEMHHUEBBIE PE3UCTOPHI
CO CTPYKTYypOW MOJIMKPEMHHUN-OKUCEIN-TIOIYTIPO-
BOJHUK OOBIYHO OOJIAJAt0T MEHBIICH YaeabHON
€MKOCTbBIO, Y€M HU3KOOMHBIE IOJIyIIPOBOJHUKOBBIC
pe3uCTOphl, CPOPMUPOBAHHBIE HAa OMHUTTEPHOU
obnactu n-p-n-tpanzucropa. B To xe Bpems Harpe-
BaTeNbHBIH  pe3uctop Mukpocxembl [1H002-03
BBIMOJTHEH W3 JIByX MapaIeNIbHO COEIWHEHHBIX
oOmacteit n+-smutrTepa W p-0a3pl, YTO JIOIHKHO
00eCrevnTh YMEHBIICHHE YACIbHOW Napa3uTHOM
€MKOCTH KOHCTPYKTHBHO, @ TAKXKE ITyTEM YBEITUUCHUS
00paTHOTO HAIPSKEHUST Ha BBIBOJIE «H3OJISILIUS).
Jlis m3ydeHus sieKkTporapaMeTpoB 0e3 Bius-
HUSl KOpITyca W/WIM COCJUHUTENbHBIX MPOBOAHU-
KOB, HU3MepeHus 3j1eMeHToB TOb BhImOMHAINMCH
Ha IOJYNPOBOAHUKOBBIX IUIACTHMHAX C IOMOLIbIO
HU3MEpUTENsl  MapaMeTpoB  MOTYIPOBOAHUKOBBIX
mpudopoB Agilent B1500A, 30HmOBOHM cTaHIIUH

CascadeSummit 11000B-AP u mnpeuu3noHHOro
m3mepurens LCR E4980A.
N3ydanuch npoOMBHBIC HANPSDKEHUS  BCEX

00paTHO CMEUIEHHBIX p-N-TIEPEXOA0B, 3aBUCUMOCTH
TOKa dYepe3 pPEe3UCTOp OT HaNpsKeHWs Ha HEM,
KOJUIGKTOPHOTO TOKa OT HAMPSKCHUS KOJUICKTOP-

SMUTTEP TIpH  (PUKCUPOBAHHOM TOKE  0asbl,
€MKOCTH TMEepexolloB AMUTTEp-0a3za, KOJUIEKTOp-
0aza, KOJJICKTOP-IMHUTTEP, MOIYIPOBOIHUKOBBIN

pe3UCTOp-M30JISALUsL  OT OOPaTHOTO HAaNpPsLKEHMS,
npoxonHas EMKOCTb MEXIy OOIIUM BBIBOJOM
MOJMKPEMHUEBBIX PE3UCTOPOB U KOJIJIEKTOPOM 1-p-
n-TpaH3UCTOpA.

Ha ocHoBe ananmsa pe3ynbTaToB H3MEpPEHHI,
OCHOBHBIEC M3 KOTOPBIX MOKa3aHbl HA PUCYHKax 4—7,
MOYKHO CZIeNIaTh CJIeTYIOIIMe BBIBOJIBI:

a) HarpeBaTelbHbIE MOJIMKPEMHUEBBIE PpE3HUC-
Topel mukpocxem [IH002-01, ITH002-02 xapaxk-
TEPU3YIOTCS OTHOCHTEIBHO OOJBITUM pazopocom
COIIPOTHBIICHUS] MEXKIY Pa3HBIMU IJIACTUHAMH 10
CPaBHEHHUIO C TOJYHIPOBOJHUKOBBIM PE3UCTOPOM
mukpocxembl [TH002-03. Tak, cpenHee 3HaueHue
COTIPOTHUBIIEHUSI COCTAaBMJIO Uil JBYX IIJIaCTHH:
Rimxe =398,6 (295,5) Om  gna [1HO002-01;
Rk =264,4 (213,3) Om  nns ITH002-02;
Rynn = 318,8 (328,2) Om s ITH002-03;

0) TemmeparypHblii  K03(D(QUIIMEHT COMPOTUB-
JIieHusT TonynpoBoaHuKoBoro pesuctopa (0,0019)

CYIIIECTBEHHO OOIbIIIE,
pesuctopa (0,00071);

B) Pa3HOCTh CONPOTHUBIICHUIA HarpeBaTeIbHBIX
pe3ucTopoB B Kaxnaod mukpocxeme TOII Mmenee
0,5 %, pa3HOCTh CTaTUYECKOro Ko3(hHUIIMCHTA
ycuieHus B cxeMe ¢ oOmuM smutrepoM B =1./I,
JIBYX N-p-N-TPAH3UCTOPOB O/IHOM MUKpocxeMbl TOII
menee 1 %;

r') MaKcUMallbHasl ~ BeJIWMYMHA 3 n-p-n-
TPaH3UCTOPOB JIOCTUTAETCS MPH KOJIIEKTOPHOM TOKE
B auama3oHe ot 1 10 3 MA;

) cpenHee 3Ha4YeHHe TEMIIEPaTyPHOTO
VM3MEHEHHs] HamNpsHKeHHd Ha NPAMOCMEIIEHHOM
smutTepHOM nepexone dVy/dT cocrasnser munyc
1,87 MB/°C B auanasone temmneparyp ot 0 go 80 °C
u munyc 1,78 MB/°C B nuanazone temmeparyp ot 20
1o 60 °C;

€) mapa3uTHble  €MKOCTH  HarpeBaTelIbHbIX
PE3UCTOPOB KpaifHe MaJibl, @ UMEHHO COCTaBIISIOT
okouio 47 D a1 MOTYIPOBOJHUKOBOTO PE3UCTOPA
u 96 pd a1  TOJMKPEMHUEBOTO  PE3UCTOpA.
KpaiiHe Manoe 3HaueHHME MAPA3UTHOM EMKOCTH
MTOJTYTIPOBOTHUKOBOTO PE3UCTOPA JIETIaeT Helleneco-
o0Opa3HbIM €€ nJanpHeilee yMeHbIIeHHE Toaavyen
00paTHOTO HANpPSKEHNS Ha BBIBOJ «U30JIALINY;

’K) TPAH3UCTOPBI U PE3UCTOPHI UMEIOT BBHICOKOE
NpOOMBHOE HAIPSHKCHUE, JOCTATOYHOE ISl paOOThI
Mukpocxembl TOIl mpu HampsKeHWH HCTOYHUKOB
nutanus =15 B.

4Y€M IIOJHUKPEMHHUEBOIO

R W
1
3604
3201 2
2804
240 4
3
200,’__7_—-7——7—7
0 20 40 60 TC

Pucynok 4 — TemnepaTtypHasi 3aBUCUMOCTb CONPOTHUBIIE-
HUSI HarpeBaTeJIbHBIX PE3UCTOPOB: | — MOIYMPOBOIHH-
KOBBIH; 2, 3 — MOJMKPEMHUEBBIN C Pa3HBIM R,

Figure 4 — Temperature dependence of the resistance of
heating resistors: 1 —semiconductor; 2, 3 — polysilicon
with different R,
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Pucynok 5 — 3aBUCHUMOCTD [} n-p-n-TpaH3UCTOPA TEPMO-
9IEKTPUYECKOro IMpeodpa3oBarenst OT KOJUIEKTOPHOIO
Toka [, mpum pasHbIX Temmeparypax: 1 — 7'=80 °C;
2-T=20°C;3-T=0°C

Figure 5 — Dependence of [ thermoelectric converter
n-p-n-transistor on collector current /. at different

temperatures: | - 7=80°C;2-T=20°C;3-7T=0°C
Cer. F
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PucyHnok 6 — 3aBUCUMOCTb EMKOCTHU p-n-iepexoja moiy-
MIPOBOTHUKOBEIN PE3UCTOP-U30JALUS OT HAMPSDKEHHUS.

ITonmuHoMHManbHAsT JIMHUSA TPpE€HAA OIMMCBIBACTCSA KakK
y=1,4810"0x*-228-10"%x + 4,74-10 "

Figure 6 — Dependence of the capacitance of the
p-n  junction semiconductor resistor-insulation on
voltage. A polynomial trend line is described as

y=14810"%x*-228-10""x + 4.74-10"

Cre, F
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Pucynok 7 — 3aBUCHMOCTh EMKOCTH MEXIY MOJIHKpPEM-
HHUEBBIM PE3UCTOPOM U KOJIJIEKTOPOM OT HAIPSKEHHS.
IlonuHomuanpHast JUHHS TpEHOAAa ONHCBIBACTCA KakK

y=122-10"x*-6,99-10 "*x +9,55-10 "

Figure 6 — Dependence  of the capacitance be-
tween the polysilicon resistor and the collector on
voltage. The polynomial trend line is described as
y=122:10"-x*-6.99-10 "%x + 9.55-10 "

HN3MepuTebHBbINH Ipeodpa3oBaTeib
HANPSAKeHUs IPOU3BOJIbHON (POPMbI

Jia m3ydeHusl MOrpenrHoCTH Ipeodpa3oBaHus
JEBSTh MHKDPOCXEM, II0 TpuU 00pasua KakIoro
turra (ITHO002-01, ITH002-02, TTH002-03), Obutn
noakatoyeHsl K IICK3 Ha pucynke 1 Bmecto
PBITHOO1. Tax kak wuccienyemMble MHUKPOCXEMbI
TOIl  pacnosmaramuck B KOHTaKTHPYIOIIEM
YCTpOMCTBE, HMMEIOIIEM Mapa3suTHble EMKOCTH H
WHAYKTUBHOCTH, TO M3MEpPEHHUs IOrPEHIHOCTH
[ICK3 BBIIOJAHSJIIMCHE Ha IOCTOSHHOM  TOKE.
Ilpu >TOM BXOJHOM CHrHajJ NOCTyHal OT IMpe-
U3UOHHOTO YHHUBEPCAIBHOTO Kanudparopa GupMsl
Transmille P3010A, BbIXOJHOE HaNpsHKCHUE
B y31e OUTRMS Ha pucynke 1 perucTpupoBaioch
C TIOMOIIBIO BOJBTMETpa B7-72, KoMmeHCAIWs
HanpspKeHus: cMeleHust Hysst JIY Ha TpaH3ucTopax
VTI1, VT2 BeImmonHANACch IOJaYell MOCTOSHHOTO
HamnpspDKeHWst Ha 0Oa3y TpaHsucrtopa VT2 mnpum
BXOJIHOM HanpsbkeHuu, pasHoM 0,8 B.

Ha pucynkax 8,9 npuBeneHbl THUIIOBBIE 3aBH-
CUMOCTH TOTpEIIHOCTH W HOPMHMPOBAHHOM IOT-
pemHocTH [ICK3 0T BXOJHOTO HANPSKEHMS.

A%
1.204

1.00
0.80n
0.60
0.401

0.20n

0.0

0204 . T T .
0.2 1.3 1.8 23 TV

PucyHok 8 — 3aBUCHMOCTh TIOTPEIIHOCTH TIPeodpaso-
BaTeJIsl IEPEMEHHOTO HAMPSDKEHUsT Ha MOCTOSIHHOM TOKE
A ot BxoxHOTO HampsokeHUst Vit 1 — Ry = 133,5 Om;
2 = Rynn =318 OM; 3 — Ry =267 Om

Figure 8 — Dependence of alternating current volt-
age converter error at direct current A on input volt-
age Vit 1 — Rypory = 133.5 Ohm; 2 — Ry, = 318 Ohm;
3 — Rypory=267 Ohm

3ameruM, uto Bce [ICK3 coxpansiiu paboro-
CIOCOOHOCTh Tpu BXxomHOM Hampspkernu 0,1 B,
OJIHAKO TMOTPEITHOCTh TpH 3ToM Obia A0 15 %,
xots B auanaszone ot 0,3 1o 2,4 B norpemHocTs He
npesbimana 1,6 %.
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Pucynok 9 — 3aBUCUMOCT, HOPMHPOBAHHOW MOTrpell-
HOCTH TIpeoOpazoBarelisi MepeMEHHOTO HANpsDKEHHUs Ha
nocTostHHOM Toke A/A(1B) oT BXOJHOTO HampspKEHHS
Vive 1=Rpymex = 133,5 Om; 2—-Rypp = 318 Om;
3 — Rynxx = 267 Om

Figure 9 — Dependence of the normalized alternating
current voltage converter error at direct current A/A(1V)
on the input voltage Vj: 1—Rypo,y = 133.5 Ohm;
2 — Ry =318 Ohm; 3 — R;ppy = 267 Ohm

Hanbueitmas monepuuzanus [ICK3 yuurtsisa-
Jma, 4to ans mpuMeHeHuss B BonbTMerpe I[ICK3
JIOJDKEH MMETh BBICOKOE BXOJIHOE CONPOTHUBIICHHE.
VYBenuueHne BXOTHOTO  CONPOTHBICHUS  OBUIO
JIOCTUTHYTO 3a CYET MOJKIIOUEHHUS MEXIY Y3JIOM
In Ha pucynke 1 ¥ MCTOUHUKOM CHUTHajla BXOJAHOTO
YCUJIUTENsl  HANpsDKEHWs,  BBIIOJIHEHHOTO  Ha
mukpocxeme AD8132AR mno cxeme WHBEpPTH-
PYIOLIETO YCWIIMTENsl HalpsKeHUuss ¢ Kodpdu-
LMEHTOM YCHUJIEHHsA, PaBHBIM 2. MHKpOCXEMBI
ADS8132AR wu ITIH002-01 Obutn pacnasiHbl Ha
neyatHo rwiare, mnpuuéM Bbixog ADS8132AR
coeuHEH ¢ y310M In gepes3 koppekTupytomyio RC-
LeTb.

PesynbraTel  M3MEpEeHM, BBIIOJIHEHHBIX C
MOMOIIBI0 MpUOOpa Uil IMOBEPKH BOJIBTMETPOB
B1-16, moaTBep:kaat0T BO3MOKHOCTh YMEHBIICHUS
norpemtHocti  [ICK3 B mosoce wacToT mpu
MIPaBUIILHOM BBIOOPE MapaMeTPOB KOPPEKTUPYIOICH
uenu (pucyHok 10).

Takum oOpa3oM, MPOBEAECHHBIE HUCCIIETOBAHUA
MTO3BOJIMJIM CAETIATh Psi/i BEIBOJIOB MO HAPaBICHUIM
MOJICpHU3AIIMM  M3MEPHTENILHOIO  Mpeodpa3oBa-
TeJst:

1. lnsd NpUMEHEHUs B BOJBTMETPE IEPEMEH-
Horo Toka anekrpuueckas cxema [ICK3 va pucynke 1
JOJDKHA OBITH JONOJHEHA BXOJHBIM YCHIIMTEIEM
¢ OOJBIIMM BXOJHBIM CONPOTHBICHHUEM, LIMPOKOM
MOJIOCOM TPOINYCKAHHWS M BBICOKOW CKOPOCTBIO
HapacTaHUsl BBIXOJHOTO HANPSDKCHUS MPH padoTe
Ha Harpy3ky okoso 100 Om.

A, %

5
£
7. 3 5 6 7 8
10° 10 10 10 10 10 10
f-Hz
Pucynox 10 — 3aBuCHMMOCTh  TIOTPELIHOCTH  TIpeodpa-

30BaTeNsl IEPEMEHHOIO HAIpPsKEHUs] C BXOAHBIM YCH-
JUTENEM OT YacTOThl BXOAHOTO CHHYCOUJATIBHOTO CHI-
Hanma npu Ry = 267 Om, V=2 B: 1 — npu otcyr-
CTBUM KOPPEKTUPYIOIIEH 1enu; 2 — ¢ KOPPEeKTHPYIOIeH
LETIBIO

Figure 10 — Dependence of the alternating current volt-
age converter error with an input amplifier on the frequen-
cy of the input sinusoidal signal at R,y = 267 Ohm,
Viy=2V: 1 — in the absence of a correction circuit;
2 — with correction circuit

2. I3BeCTHO, 4YTO COBPEMEHHBIE IIMPOKO-
MIOJIOCHBIC ONEPALMOHHbIC YCUJIMTENIN HE SIBIISIOT-
Csl TNPELUU3UOHHBIMH M XapaKTEepU3YTCs O0iib-
MM HalpsDKEHHEM CMEIICHWsT HyJs, KOTOpoe
YMEHBIIAETCS MYTEM BBEICHUS KOPPEKTHUPYIOLINX
Lernel Ha NOTeHLHOMETpaxX. BBeneHne HeCKOIbKUX
Herned KOMIEHCALUU HAINPSKEHUsT CMELCHUST HyJIs
HE IIeJ1ecoo0pa3Ho IMpH MPOU3BOJCTBE armapary-
pBl, T.K. YBEIMYMBACT BpeMs M CTOMMOCThb
PEryJIMpOBOYHBIX ONEpalMii M HE YCTpaHseT
TEMIIEpaTypHOE M BPEMEHHOE H3MEHEHHE Mapa-
MeTpoB. Kpome Toro, KoppekTupyroumue Lenu He
MO3BOJIIIOT  CYIIECTBEHHO YMEHBIINTH 3aBHCHU-
MocTh norpemHoctd IICK3 oT ypoBHsS BXOAHO-
IO HamnpsDKEHUs, T[IOKa3aHHYI0 Ha pUCYHKeE 9.
s mpuMeHeHHs B BOJBTMETpPE JKEJIATEIBHO
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WCIIOJIb30BaHUE  KaIMOPOBKM  BCErO0  TpakTa
OT BXOJa BXOJHOIO YCHIMTENS IO BBIXOJAA
I[ICK3, coenmHEHHOrO €  aHANOrO-UU(PPOBHIM
npeoOpazoBaTeseM. Takas KaJuOpOBKa
npennonaraer  usMepenne CK3  HanpspkeHus
MIPOU3BOJIBHOM (POPMBI, CPABHEHHE €TO C BHIXOJHBIM
HanpspkenueM [ICK3 ans O6nuskoro mo BenuunHe
HaIpsKEHUs] TOCTOSTHHOTO TOKA, ONPEJENICHUE I0-
rpemHocTy [ICK3 1 HampspkeHus MOCTOSTHHOTO
ToKa, KoppektupoBky CK3 HampspkeHus npowus-
BOJILHOM (hOpMBI ¢ Y4ETOM HaiiIeHHOH HOorpemHoc-
TH JUIS IOCTOSIHHOTO TOKa (pUCYHOK 11).

A, %
0,06 -

0,04 -
0,02
0,00 -
-0.02 -
-0.04 -
-0.06 -

-0.08

-0,10 | T I
1 1.5 2 Vv, V
Pucynok 11 — [TorpemHocts  mpeoOpaszoBarens —Tmepe-
MEHHOI0 HanpspKeHUs (R = 133,5 OM) ¢ Mukpo-
cOOpKOHl  TEPMOINEKTPUUECKOr0 IMpeodpa3oBaTens U
KaJIMOPOBKOW B 3aBUCHMOCTH OT BXOJJHOTO HAIPSDKEHUS
Ha IOCTOSTHHOM TOKe (KpuBast 1) M CHHYCOHIANbHOM
curnane ¢ yacrotoit 10 kI'r (kpuBas 2)

Figure 11 — Alternating current voltage converter error
(Rypory = 133.5 Ohm) with thermoelectrical converter
micro-assembly and calibration depending on the input
voltage at direct current (curve 1) and sinusoidal signal
with a frequency of 10 kHz (curve 2)

3. dns  ymenpmienuss norpemHoctu  I1CK3
B 4aCTOTHOM o0nactu (pucyHok 12) cremyet npume-
HSTb HAarpeBaTeIbHbIM PE3UCTOP MHUHUMAJIBHOTO
COIIPOTHUBIICHUS; YMEHBIIUTD BIMSHNE MapasHUTHBIX
napamMeTpoB KOMIIOHEHTOB, HalpuMep, pacnass
MukpocOopky TOII Ha meuaTHOH T1aTe; ONTHMH3H-
pOBaTh CXeMy BKJIFOUEHHsI BXOJHOI'O YCHIJINTENS 3a
c4€T BBIOOpa THUNA YCHIIUTENS, ero Kol uimeHTa
YCHJIGHHSI W LeNed 4YacTOTHOW  KOPPEKIMH,
obecnieunBaromuii  TpeOyeMblii 3amac 1o  ¢ase;

COIIacoBaTh BBIXOJHOE CONPOTHUBIEHHE BXOIHOIO
YCHJINTENIS C BEIMYMHOHN R;.

A, %
0.6

0.4

0.2

-0.2

—0=4 | N [
10% 10° 107 10°

f.Hz

10°

Pucynok 12 — [Torpemnocts  mpeoOpaszoBarens — Imepe-
MEHHOTO HalpsDKEHHsST C  MHKPOCOOpKOH  Tepmo-
UEKTpUUecKoro npeodpazosarens (R = 133,5 Om) u
KanMOpOBKOH B IMamna3zoHe yacToT mpu V= 1,5 B

Figure 12 — Alternating current voltage converter er-
ror with thermoelectrical converter microassembly
(Rypory = 133.5 Ohm) and calibration in the frequency
range at V=15V

Kak mokasano na pucynkax 11, 12, mposenén-
Hass 1O CQOPMYIMPOBAHHBIM  HAMpPABICHUSIM
monepamzanus [ICK3 mo3Bommia yMEHBITUTH
MOTPEIIHOCTh B moioce yactoT g0 50 MI' Gonee
yemM B 20 pa3, a BelIWYMHA TIOTPENIHOCTH CTaia
CpaBHMMa C TIOTPEUIHOCTHIO MPUMEHAEMBIX IS
WCCIIEZIOBAaHUI M3MEPUTEIHHBIX TIPHOOPOB.

3akiaoueHue

Pa3paboran maMepuTenbHBII peodpazoBaTeb
HaNpsDKEHUS MPOM3BONBHOW (OPMBI  [UIS  LIMPO-
KOIIOJIOCHOTO ~ BOJIBTMETPA  IIEPEMEHHOI0  TOKa,
00ecrneunBaroyii  MMOTPENTHOCTh TIPpeoOpa3oBaHus
CHUHYCOMJIaIbHOTO CUTHaIa MeHee | % B Auamna3o-He
oT 20 I'tt o 50 MI'm.

Takast Manast IOrpeHOCTb JOCTUTHYTA 3a CUET
MOAEPHU3ALUN KOHCTPYKLHH TEepMOdJICKTpUIEC-
KOro TmpeoOpazoBarenst (IPUMEHEHUS MOJUKPEM-
HHUEBBIX HAarpeBaTelIbHBIX PE3UCTOPOB C COMpO-

THUBJICHUEM OKOJIO 130 Om, pa3MelleHus
HOJIYIPOBOIHUKOBBIX KPHUCTAJUIOB TEPMOIEKTPU-
YecKkMX OJIOKOB Ha  NOJMUMHMIHON  IUIEHKE
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B MHKpPOCOOpKE), M3MEHCHUS CXEMBI YaCTOTHOMH
KOPPEKIIMK BXOJHOTO YCWJIMTENI ¥  BBEICHUS

ABTOMATUYECKOU KaJHOPOBKH BBIXOJTHOTO
HaIPSDKEHHS.
Pa3pabotannaplii  M3MEpUTENBHBIA  Mpeobpa-

30Barellb TUTAHUPYETCSl MCIIONb30BaTh IMPH CO3J1a-
anrn B OAO "MHUIIN" mmpoKOTOIOCHBIX BOJBT-
METPOB MEPEMEHHOTO TOKA.
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[IpencraBnen ammapar TeHEpaliu BO3AYMIHOW TutazMeHHOW CTpyu «AJIOD». OT uU3BECTHBIX
AHAJIOTOB armapar OTINYaeTCsad KOMIIAKTHOCTBIO, IIOCTI/IFHYTOﬁ 32 CUéT OTCYTCTBUA HCO6XOJII/IMOCTI/I
B HCIIOJIb30BAaHUH MHEPTHBIX Ta30B (MX 3aMEHSET OKPYXKAIOMNK BO3AYX) M BO3MOKHOCTBIO OTIPEIETICHHS
J03pl  BozneHdcTBUA. Ilo CcBOMM XapakTepUCTHMKaM HOBHHKA COOTBETCTBYET MHUPOBOMY YPOBHIO.
OTeyeCTBEHHBIX aHAJIOTOB HET. HpI/IBeJICHI)I mapaMeTpbl U NPUMEPBI HMCIIOJB30BaHUA JAaHHOT'O Hpn60pa.
PazpaboTtka Oymer BocTpeOoBaHa B cdepe 3apaBOOXpaHEHUS, BETCPUHAPUHU, KOCMETOJIOTHH. ATapar
MOXET OBITh HpI/IMeHéH JJIsL 066333pa)KI/IBaHI/I$I HOBerHOCTeﬁ, BKJIrO4asi TCPMOYYBCTBUTCIIBHEIC,
TaKUe KaK >KUBBIC TKaHW, a TaKkKe CIYXKUTh MPOTOTHUIIOM IIPH pa3pabOTKe pasIuIHBIX MPHOOPOB
(hm3moTepaneBTHUECKON HAPaBICHHOCTH.
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Abstract

The article presents an apparatus for generating an air plasma jet "ALOE". The device differs from
known analogues in its compactness achieved due to absence of need to use inert gases (because they
are replaced by ambient air) and the ability to determine the exposure dose. In terms of its characteristics this
new product corresponds to world standards. There are no domestic analogues of it. Parameters and examples
of using this device are presented. It will be in demand for healthcare, veterinary medicine, and cosmetol-
ogy. The device can be used for disinfection of surfaces, including heat-sensitive ones, such as living tissues,

and can serve as a prototype for development of various physiotherapeutic devices.
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BBenenue

3a mocnequue 20 JIeT MPOBEACHO MHOMXECTBO
UCCIIC/IOBAaHUH IJIa3MEHHBIX CTPY#H aTMoc(hepHOro
JaBJICHUA KaK IJIsd q)YHILaMeHTaJIBHOFO IIOHUMa-

HUS TUIA3MEHHOTO pa3psja, TaKk W Ui HX
MOTCHIMAJIbHBIX  MpuiIokeHud [1-6, 7]. Crnoco0-
HOCTh TPOU3BOJUTH «XOJIOJHYHO» IIa3My B

YCIOBUSX aTMOC(EPHOro NaBieHUs] ObLIa OCHOBOH
uiss  OBICTPOrO pocTa NPUMEHEHHs TUIa3Mbl B
onomenunuue [8—12]. [lnazma oOnamaer psgoM
CBOWCTB, TaKMX KakK 3apsOKCHHBbIC  YacTHIIbI,
JNEKTPUYECKUH TOK, YNbTpaduOIETOBOE H3Iyde-
HUe, TeMIlepaTypa, aKTHBHBIC MOJICKYJIbl, paju-
KaJbl M MeTacTaOMJIMM, KOTOPbIE MOTYT AEHCTBO-
Barb  cuHepretuuecku [1-4].  IIpotuBosyzansle,
MIPOTHUBOMHUKPOOHBIE, MIPOTUBOBOCHAIUTENBHBIE,
CTUMYJIMPYIOIME TKaHW, YCUJIMBAIOIIAE KpPOBO-
TOK W mpoamontoTuueckue AhGeKTs, Tpo-
JIEMOHCTPUPOBAHBI B DKCIIEPUMEHTAX in VIVO U in
Vitro, ¥ 10 CHX TIOp HE HaOIIIOJIAIOCh YCTOMYUBOC-
TH TIATOTEHOB K TUIa3MeHHOW 00paboTke [9—
14]. Coueranme  pa3IMYHBIX  OMOJOTHYECKH
AKTUBHBIX KOMITOHEHTOB M WX IIUPOKUN CIIEKTP
MTOJIOKUTEBHOTO  BO3JICUCTBUSI HAa  pasiIMYHBIC
3a00meBaHusl JieJaeT IuTa3My TIpUBJIEKATeNbHON
JUTS IPIMEHEHUS B METUITHE.

Ha nmaHHBII MOMEHT CepTHQHUIIMPOBAHBI Kak
MEIUIIMHCKANA MPOAYKT TS JICYEHUST XPOHHYECKUX
paH y JoJed  clenyrollMe  yCTpOWCTBa:
DBD PlasmaDerm® VU-2010 (CINOGY Tech-
nologies GmbH, I'epmanus) [15], cTpyq mma3msl
arMoceproro  nmasienust  (APPJ)  kINPen®
MED (INP Greifswald/neoplas tools GmbH,
I'epmanust) [16] u SteriPlas (Adtec Ltd., Jlonmos,
BenukoOpuranus) [17], KoTOopbie  IOKa3aiu
3 PEKTUBHOCTH XOpOIIYI0  MEePEeHOCUMOCTh
y MalneHTOB.

JInisi MHULMUPOBAHUST XOJOAHBIX TUIa3MEHHBIX
CTpyH HOBCEMECTHO MCIIONIB3YEeTCsl AMAIEKTpUUec-
KUl OapbepHBIA pa3ps] B Pa3IMYHBIX YACTOTHBIX
JMarna3oHax CoO 3HAYUTEIbHO pa3IHyaroLIIMUCA
WHULMAUPYIOIUMH HANpPsDKEHUSAMH U CKOPOCTSIMHU
MOTOKA TIa3MO00Pa3yIOUINX ra3oB (BO3AyX, TelInH,
aproH, UX cMecel ¢ KUCIopoaoM, a30ToM). OCHOB-
HBIM OMOAKTHBHBIM KOMIIOHEHTOM B 3THX CTPYAX
sIBJIIeTCS 030H. Jl[pyrue OMOaKTHBHBIE KOMIIOHEH-
THI (B TOM 4YHCJIE€ W a30THBIE) B 3TUX CTPYsIX
o0pa3yrTcs yKe MpH paclpoCTPaHEHUH CTPYH
B OKpYXKaroIlleM BO3JyXe BHE pa3psJIHON Kamephl.
OTO TPHUBOAWT K HEBOCHPOM3BOINMOCTU PE3YIIb-

n

TaTOB  MCCIENOBAaHMM  pa3IMYHBIX  aBTOPOB
BCJIEJICTBUE pa3IMYaloOLIeiics IeOMETpUU 3KcIle-
PUMEHTalbHBIX ~YCTaHOBOK, JAM3aiiHa  (U3UKO-
OMOJIOTMUECKUX HKCIIEPUMEHTOB, OTCYTCTBUS CTaH-
JNApTU3UPOBAHHBIX METOJUK OOJyYeHHs, OTCYyT-
CTBMSI KOHTPOJS M CPaBHEHUS 3JIEKTPUUECKHUX
XapaKTepPUCTUK Pa3IMYHBIX 00BEKTOB, a
TAKXKE BIMSHHUA BHELIHEH Cpeapl W APYTHX
HEKOHTPOJIUPYEMBIX (PAKTOPOB.

B Uncturyre ¢uszuku HAH benapycu paspa-
00oTaH ammapaTr reHepaluy BO3AYIIHOW IIIa3MEH-
HO cTpyn «AJIOD» Ha OCHOBE TIEIOIIErO
MHKpOpaspsiia B BO3AYIIHOH cpeae. OCHOBHBIMU
OMOAaKTUBHBIMHU KOMITOHEHTaMH BO3TYIITHON
m1asmMenHo ctpyu ssisirores NO, NO, u HNO,.
N3BectHo, uto okuch azora (NO) sBisercs
YHHMBEPCAJIbHBIM PETYJSITOPOM MHOXeECTBa Ouo-
JOTHYECKHX W (U3HOJOTHYECKUX  MPOIIECCOB,
oOnajgaeT aHTUOAKTEPUAILHONW AaKTHBHOCTBIO IIPH
BOCINIAJIEHUH, CTUMYJIUPYET MECTHBIH HMMMYHUTET,
WHTUOMpPYET MpPOIECcChl  CBOOOJHOPAAMKAIHLHOTO
okucieHus. OKuChb  a30Ta  yHpaBiIsgeT  Kak
BHYTPUKJIETOYHBIMH, TaK MW  MEXKKJIETOUYHBIMU
mporeccaMu B JKMBOW KieTke. Takue Ooe3HH
KaKk THUIEPTOHMS, WIIeMHs MHOKapnaa, TpPOM-
003bl BBbI3BaHBI B TOM YHCJIE HapyLUICHUEM
(PM3NOIOTHYECKNX TIPOIIECCOB, KOTOPBIE pEry-
JUpYyeT OKuch azora [18].

B nannHolf paboTe MpeACTaBICHO OMHCAHHUE
amnmapara TEeHEpalMyd BO3JIYyLIHOM IUIa3MEHHOU
ctpyu «AJIOD» u ero xapakrepuctuku. Ilpusene-
Hbl PEKOMEHJAIMM IO €ro HCIOIb30BaHMUIO IS
00pabOTKH pa3IMIHBIX OOBEKTOB.

YerpoiicTBO M IpUMHIMI PadoThI annapara
reHepanuy BO3AYUIHOM IJIA3MEHHOH CTPYH
«AJIOI»

AnmnapaT reHepanud BO3JYILIHOM TJIa3MEHHOU
ctpyn  «AJIOD» cocTOMT U3 MCTOYHUKA IIH-
TaHHs, KOMIIPECCOpa, pa3psJHOM KaMepel U
ruOKOro  METaJUIMYECKOTO  IJIaHra,  BHYTPH
KOTOpPOTO  HpPOXOOUT  TpyOka Ui  HOAa4H
BO3JyXa M BBICOKOBOJIbTHBIM mipoBoa. [IpunHumn
pa0oThl ammapara 3aKJIIOYaeTCs B 3aXKHUTaHUU
W TOJJEpKaHWM B  CTAaOWJIBHOM  COCTOSIHUH
TJICIOLIETrO 3JIEKTPUYECKOTO MHKpOpaspsiga MExIy
JIByMsl 2JIEKTPOAAMH B pPa3psIHON KaMmepe, uepes
KOTOPYI0  OCYILECTBISIETCS. HEIpPEpbIBHAs IIPO-
JyBKa  BOo3Ayxa. BHemHuil BuJ  anmnapara
MIpEJICTaBJIEH Ha PUCYHKE 1.
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Pucynok 1 — @ororpadus anmapara mas TeHEpaIUH
BO3YIIHOM ITa3MeHHOU cTpyn «AJIOD»

Figure 1 — Photo of the device for generating an air plas-
ma jet "ALOE"

Ha mnamenu ympaBieHHs pacmoJOXKEH UCII-
JIeH, KHONKM yMEHBIICHHUS/YBEIIMYCHUS BBIXOIHOTO
TOKA, KHOIKHU YMCHBIICHVSI/YBEIHMUCHUS BPEMEHH
00pabOTKH, KHOIIKA 3aITyCKa/0CTaHOBKH. BhIxomHOM
TOK MOYKHO BBIOMparh M3 psaa 3Hauenuir 30, 35
n 40 MA. Bpemst paboTbl MOXHO YyCTaHABIHBATDH
or 1 1o 20 mMuH ¢ maroMm 1 muH. B HwKHEH yactu

D

D7-D10

U2£

~
0..1kV

Pucynok 2 — Cxema  ycTpoiicTBa
B JIByXdJIEKTPOAHON KOH(UTYpALIUH

reHepauu

Bosp
2

i

BO3TYIIHOM

yX (Air)
D1

JUCIUIesT MHIAYLUpPYETCs 3en€Hasl Mojoca, KOTopas
0TOOpakaeT MPOIODKUTEIBHOCTh BPEMEHH Ipel-
BAapUTEIBHOIO MPOTPEBa WINM OXJAXKICHUS pas-
PAAHON KaMepBhl.

Cxema anmapata TEHEpalUd BO3TYLIHOU
IUIa3MEHHON CTpyM TIpUBEJCHAa Ha pHCYHKE 2.
PazpsinHoe  ycTpolicTBO  mpexcTaBisieT  cOOOH

KBapLEBYIO LWIMHIPUYECKYIO PAa3pAIHYIO KaMepy
C BHYTPEHHUM JHaMETPOM 8 MM, BHYTPH KOTOpOH
COOCHO  pAaCIOJIOKEHBl ~ 3aKpPYIJIEHHBIH  KaToJ
(crepxeHb auaMETpOM 6 MM) W IUIOCKMHA aHOX
TOJIIMHON 4 MM, M3TOTOBJIEHHBIE M3 HEPIKABEIO-
men cramu. MexaIeKTpOAHBIM MPOMEXKYTOK MOXK-
HO BapbHpoBaTh 10 1 MM. Uepes pa3psaaHyro kamepy
OCYIIECTBJISIETCA IOCTOSHHBIM IOTOK BO3/AYyXa,
pacxoa KOToporo 10 3 JI/MUH MOKHO PEryJHpOBaTh
¢ MOMOIIbI0 KoMIIpeccopa. Bo3ayx nogaéres dyepes
MOJIOCTh B KaToO/€, a BBIXOJUT Yepe3 OTBEPCTHE
IuaMeTpoM 1,5 MM B cepenHe aHOAA.

R1

Cl—

D3-Dé6

LUl

S 0.3kv

—_ Karop
(Cathode)

KBapuesan Tpy6ka |
(Quartz tube)

AHop

IUIa3MEHHOU Ha IIOCTOSIHHOM TOKC

CTpyHn

Figure 2 — Scheme of a device for generating an air plasma jet at direct current in a two-electrode configuration

s muTaHuMs MHKpopaspsAa  MCIONIB3YeTCs
IBa HCTOYHHMKA IMTAHUS IIOCTOSHHOIO  TOKA.
IlepBbiii ucrounnk U, — HanpsbkeHneM a0 3 kB.
JlanHHOe 3HaueHWe HaINpsDKEHUS Oolble, dYeM
HamnpspDKeHWe  Tpo0os  [UIsl  MEXDIEKTPOIHOTO
MpOMeXyTKa, Hampumep, 0,7 MM B BO3ayXe NpH
arMoc(epHOM NaBieHHH. 3ajada ITOTO WCTOYHHKA
MUTaHUsT — OOECIeYNTh 3aKUTAaHWE W HEeINPEepBIB-
HOE TIOJJIEpI)KaHUEe MHUKpOpaspsiia MpU pa3psIHOM
TOKe OKOJO 5 MA. Iy yBequdeHusl TOKa paspsiia
1o 50 MA wucnone3yercss UCTOYHUK U, C NOCTOSH-
HbIM HanpsbkeHueM 1o 1,5 kB. Paszpsizka wucrou-
HUKOB IIUTaHHUS OCYIIECTBISAETCS TPH ITOMOIIX
nuonos D, u D,.

XapakTepucTHKH NJIa3MEHHOMH CTPYH

XHUMHUYECKUI COCTaB BO3AYLIHBIX IIa3MEH-
HBIX CTPYH 3aBUCHUT OT TEMIIEpaTyphl ra3a B 001acTu
paspsna [19]. IlrasmeHHBIe CTPYH, T€HEPHPYEMbIS
TICIONUM MUKPOPa3psaIoM B BO3IyXe, Xapak-
TEPU3YEeMOM IOBBIIICHHON TeMIeparypoi, comuep-
JKaT a30THBIE OaKTepUIMIHBIE KOMITOHEHTHI NO,
NO, nu HNO, [20, 21].

OCHOBHOE TIPOM3BOJICTBO MOHOOKCHZIA a30Ta
MPOUCXOAUT B HEPABHOBECHOW IUIA3ME TJICHOIIETO
mukpopaspsina, rame N, O u OH obpasyrorcs B
TUTa3MOXUMHUYECKUX PEaKIUAX C Y4acTHEM 3JIeKT-
POHOB. HpI/IHI/IMaSI BO BHHMAHUC U3MCEPCHHYIO

189



Tpubopwvr u memoowl usmepeHul
2024.T. 15. Ne 3. C. 186—194
A.B. Kasaxk, JI.B. Cumonuux

Devices and Methods of Measurements
2024,15(3):186—194
A.V. Kazak, L.V. Simonchik

temneparypy raza 1600 K, TUnuuHyro MIOTHOCTH
10"2-10" cM™ u cpedHIO SHEPIHIO SIEKTPOHOB
1 3B anst paspsiia B MOJIEKYJSIPHBIX Tazax MpH TOKE
30 MA, aHanM3 TMOKAa3bIBACT, YTO OTU TMPOIECCHI
Oomee 23 hEKTUBHBI, YeM TEPMUICCKAST TUCCOTTHATIF
MOJIEKYZl a30Ta, Kuciopoia M Boabl. Kpome Toro,
HEJIOCTaTOYHO BBICOKAsh TeMmIeparypa B paspsie
MIPUBOAWT K OYEHb HHU3KOH CKOPOCTH PEaKIHH
aTOMOB KHCJIOpOJia ¢ MoJieKyaamu a3orta. [loatomy
obpazoBanne NO HEe MOXKET OBITH MPABHILHO
OMMHMCAaHO B paMKax TEIUIOBOIO  MEXaHHU3Ma
3enpoBHYa W TpeOyeT KHHETHYECKOTO aHaJm3a
C Y4ETOM IIIa3MOXUMUYECKUX PEAKITHIA.

Koncranra PpaBHOBECHU J1d pCaKIINU OKHUCJIICHUSA
OKCHJIa a30Ta [0 JHWOKCHJA a30Ta COCTaBIISIET
0,0085 mpu Temmeparype 1600 K u moBbImaercs
npu Ttemneparype Hmwke 800K. Veenuuenue
koHueHTtpauud NO, HayMHAETCS CO CHHKCHUS
TEMIIepaTypbl BIOJIL OCH pa3psia B pa3psaHON
KaMepe U IPOJI0JHKAETCs B CTPYye.

Mortekynbl a30TUCTOM KHUCIIOTHI, yYacTBYIOLIHE
B peakuun HNO, + M — OH + NO + M, meHee
TEPMUYECKH YCTOWYMBBI, Y€M MOJEKYIbl JHOKCH-
na asora. [losromy oOpazoBaHME a30THUCTOH KwHC-
JIOTBI TPOUCXOOUT IPU HUBKUX TEMIIeparypax
3a mpejiesaMy 30HbI MUKPOpaspsiia.

B HU3KOTEMIIEPATYPHOI 30HE

CTpyH

TIEIOEr0 MHKpOpaspsia, Tae Mporecc Juc-
200 A Temmneparypa cTpyn
\ (Jet temperature)
A 30mA
A
150
S19) A
g \
[ A
2 - N
g =100 i
o 8 A
B 5 ‘A‘un
E_q
=Z 50 A‘A A‘“ |
ALAAL A 4
Kolunamuasn temnepamypa (Room temperature)
0 T T T 1
0 10 20 30 40 50

Paccrosaue ot anoga, MM
(Distance from anode, mm)

a

coumanuu  Hed(pekTHuBeH, oOpazoBaHUs  3a-
METHOM KOHIEHTPALUK O30Ha HE MPOHCXOAMT, TO-
CKOJIbKY paHee ObIcTpas TpEXUYacTUYHAS pPeaKIHsl
oOpazoBanus NO, «OTHMMaeT» aTOMbl KHCIOPOJa,
HeoOxoauMble i1 oOpaszoBanus O;. Bo3Hukaromue
MOJICKYJIbl O030HA TOTHOAIOT B CTOJIKHOBEHHUSIX C
MOJIEKYJIaMH OKCH/Ia a30Ta M JHOKCHJA a30Ta, yiKe
WMEIOIUMH 3HAYUTEILHYIO KOHIICHTPAIUIO.

Kax mokazano B pabore [22] mnpodwumu
pacmpezeneHusl MOTOKa M TeMIEepaTyphl CHIIBHO
MEHSIIOTCSl B 3aBUCHMOCTH OT TOT'O, HCTEKAET CTPYsI
B OTKPBITOE ITPOCTPAHCTBO WJIM HA KAaKOU-TO Oapwep,
Harpumep, yauiky Ilerpu.

Ha pucynke 3 mnpeacTtaBieHbl HpPOCTPAHCT-
BEHHbIE TIPOQWIA  TEeMIeparypel B  Ciy4ae
CTPYH, MHCTEKAIOWIEH B OTKPBITOE NPOCTPAHCTBO
(pucyHok 3b) m Ha mperpany (PHCYHOK 3¢) TIpH
OIMHAKOBOM pacxojae raza S a/MuH. BumHo,
9TO TpOoWIb Ta30BOH TEMIIepaTypbl CTPYH MpH
HaJIMYUM Tperpajibl CTAaHOBHUTCSA IUpe B 3 pasa,
pacrpeniefieHle TeMIepaTypbl Taza mOpuoOpeTaer
KoJloKosooOpa3Hyto  ¢opmy.  Takas  dopma
pacripe/iefieHHsl, BEpOSTHO, CBsA3aHA C pacTeka-
HUEM CTPYH BJOJIb TIOBepXHOCTH damku Ilerpwm,
HarpeBoM €€ M C BOCXOISIIMMH TOPSIYUMH IIOTO-
KaMH, 4TO TpeOyeT IOMOJIHUTENBHBIX OrpaHuye-
HUI 0 Temreparype ra3a Jjsi padoThl C KUBBIMH
00BEKTaMH.

rJ

sl

4
-1.0

4
-3.0 -1.5

00 10 00 1.5

Pucynox 3 — AkcranbHOe pacrpe/ieNieHIe TEMIIEPATyphl Ta3a B CTPYE OT PacCTOSHUS OT aHO/1a (@) M IPOCTPAHCTBEHHBIE
IpOQUIN TEeMIepaTypsl B CIy4ae MCTEKAHUsI CTPYH B OTKPBITOE MPOCTPAHCTBO (b) M B Cilyyae MCTEKAHMS CTPYH HA

Oaprep (c¢) mpu motoke 5 1/mMuH, Toke 30 MA

Figure 3 — Axial distribution of gas temperature in the jet depending on the distance from the anode (a) and spatial
temperature profiles at a flow of 5 I/min, a current of 30 mA in the case of a jet flowing into open space (b) and in the

case of a jet flowing onto a barrier (¢)
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Jis  yMeHbIIEHUsT TeMIIepaTyphl BBIXJIONA
MPEIUIOKEHO HCIOIh30BaTh MPOTSKEHHBIN KaHAI
JUIsE  JTOCTAaBKH  JIOJITOKUBYIIUX ~ KOMIIOHEHTOB
IUTa3MEHHON CTpyd K oOmactu obOpabotku. s

HakoHeunuk(nozzle)

TennopaccemsaTenb
(heat diffusor)

BbixJion(exhaust)

a

9TOr0 HMCIIONb30Bajach MeAHAs TPyOKa C BHEIIHUM
JuaMeTpoM 6 MM M OO0ILIei HpOTSHKEHHOCTHIO OKO-
JIO TOMyMeTpa, KoTopasi Aisl yaoOcTBa HM30THYTA
B BUJIE CIUPAJIH (PUCYHOK 4a).

b

Pucynok 4 — ®ororpadus HakoHEUHHKA C Teruto-pacceuBareiem (a) u ero MK-caumox (b)

Figure 4 — Photo of the nozzle with a heat dissipator (@) and its IR image (b)

Crompans ¢GuKcHpoBaTach Ha BHEIIHEH YacTH
paspsmHOM KaMephl € TOMOMIBI0  CIEIHATEHOTO
HAaKOHEYHWKA W BBINOJHSAJA POJIb TETUIOpACCEHBa-
Tens (pucyHok 4b). I'a3, BBIXOmS W3 pa3psaHON
KaMephl, OXJaKIAJICA 1O Mepe ABMKEHHUS BIIOJb
MEITHOW TpyOKM IO KOMHATHOH TeMIlepaTyphl 0e3
3aMETHOTO W3MEHEHHs KOHIEHTpAaIuh JOJT0-
xuByIMX MK-aKTHBHBIX KOMITOHEHTOB TIJIa3MBI.

KonmeHnTpanus OakTEpUIUIHBIX KOMIIOHEHT
BO3AYILIHOH IIJIA3MEHHOH CTPyd  ONpeAessiiach
MeTofoM  abcopoumonHoi  MK-criekTpockonum.
CHekTphl TMOINONICHUST PETUCTPUPOBAIUCH C I10-

ITapameTpbl BO3AYIIHOM NJIA3MEHHON CTPYH

Parameters of the air plasma jet

Motpio MK dypre-ciekrpomerpa Nexus (Thermo-
Nicolet) ¢ razoBoii kroBetoit 186-0305 (Perkin-El-
mer). ONTUYecKuil MyTh ra30BOM KIOBETHI COCTAaB-
a1 135 cm. Best mmasmeHHast cTpyst ¢ OTBEpCTHS
B aHOJIe HaNpaBislach C MOMOIIBIO CHIMKOHOBON
TpyOKH B  KIOBETy. BbluncieHue  crexTpoB
MOMIOLIEHUS] OCYIIECTBIISIIOCh C HCIOJIb30BAHUEM
0a3pl  cmextpanbHbIX gaHHeIXx  HITRAN  [23].
MosnbHble 107M  OaKTEPULUAHBIX KOMIIOHEHT Ha
BBIXOZIE M3 OTBEPCTHUS B aHOJAE Pa3psAAHON KaMmepsl
OpU Pa3IMYyHbIX YCJIOBUSX NPHUBEICHbI B Talmu-

ne.
Tabauya /Table

[Tapametpsl paspsina
Discharge parameters

NO, ppm NO,, ppm HNO,, ppm

Paspsabnii mpomexxyTok 0,5 mm / Discharge gap 0.5 mm

Cuna Toka 30 mA / Current 30 mA
Pacxox Bo3ayxa 1,5 n/mun / Air flow 1.5 I/min

500+25 250+25 50+5

Juamerp BoIx. otBepcrus 4,0 MM / Outlet diameter holes 4.0 mm

Pazpsiaubiii npomexxyrok 0,5 mm / Discharge gap 0.5 mm

Cua Toka 30 mA / Current 30 mA
Pacxox Bo3myxa 1,5 n/mun / Air flow 1.5 I/min

335+25 140+25 15+5

Huametp Bex. otBepcTus 0,25 mum / Outlet diameter holes 0.25 mm

Obpasyrommecs: MonbHble aonu NO, NO, u
HNO, B BO3gymHOH MJIa3MEHHOHW CTpye TJIE0-
LIero MHUKpopaspsiia aTMoc(epHOro JIaBJICHUS

9KCHOHEHLIUAIBHO YOBIBAIOT C PpAacCTOSHUEM OT
aHOJla M Ha PAcCTOSIHMHM 4 CM COCTaBIIIOT OKOJIO
40 ppm, 20 ppm u 10 ppm, COOTBETCTBEHHO.
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IIpumepsbl npumeHenust annapara «AJIOI»

Obpabomka wawex Ilempu 6 omrpvimou
ammocgepe
CxemMa DOKCIEpHMEHTa  TPEICTAaBICHA  Ha

pucyske 5. Pa3psiHas kamepa 3aKpeIusieTcs: BEpTH-
KaJbHO Ha J1a0OpPaTOPHOM MITaTHBE (MJIH JIPYyromM
Jep)karene) TakKuM 00pa3oM, YTOOBI PaCCTOSHHE
OT BBIXOJIHOTO OTBEPCTUS CTPYU /0 IMOBEPXHOCTHU
Obuto He MeHee 4 cM. YcraHoBHUTH yamky llerpu
TakuM 00pa3oM, 4YTOOBI €€ LeHTpalibHas 4YacTh

pacmonarajach  HapOTUB  OTBEPCTUS  BBIXOJA
CTpyH.
AR 4cm
‘:> ‘:"5 cM "~,.
1
A————
9cm

Pucynok 5 — Cxema skcniepuMenTa ¢ 00paboTKO# Jarek
Iletpu

Figure 5 — Scheme of the experiment with the treatment
of Petri dishes

Ycranosuthk Ha auciuiee Tok 30 MA 1 HeoOxo-
auMoe Bpemst 00paboTku. CHSTH KPBIIIKY C YalllK{
Ilerpu.  Haxaruem  wnaBumm  «llyck-Crom»
BKJIIOUUTH anmnapar «AJIOD».

[Tocne BBIKITIOUEHUS pa3psina (KOPOTKUNA 3BYK)
3aKpbITh Yamky [leTpu u cHATH €€ 11 AanbHEH-
LIET0 UCCIIEA0BaHMUS.

Obpabomka uzdenuii 8 4aACMUYHO 3AMKHYHIOM
00véme

Cxema 3KCTIepUMeHTa ¢ 00pabOTKOW W3IeHid
B YAacTUYHO 3aMKHYTOM 0OBEME IpelcTaBieHa
Ha pHUCyHKe 6. M3menme cioxHOM (OPMBI, KOTO-
poe HeoOxoauMo 00paboTaTh, CleAyeT pa3MeCTUTh
Ha IUIOCKYIO TIOBEPXHOCTh M HAKPBITH EMKOCTHIO
B BHJEC KOJaka. BwIXjom cTpyw HampaBuTh
B 00BEM-KONMaK cBepxy. Bwixox rasoB Oyxer
MIPOMCXOAUTh Yepe3 HEPOBHOCTH IPHJICTaHUs
KOJIIIAKa K IIOBEPXHOCTH.

BBIXJIOI CTPYH
(jet exhaust)

YaCTHYHO 3aMKHYTBIN 00beM
(partially enclosed volume)

obpazern (sample)

Pucynok 6 — Cxema  3KCIepUMEHTa 00paboTKO

U3JeNUi B YaCTUYHO 3aMKHYTOM 00BbEMeE

C

Figure 6 — Scheme of the experiment with treatment
the product in a partially closed state

VYeraHoBute Ha guciuiee Tok 30MA u
HEo0X0AMMOE BpeMsi 00padOTKH.

Haxaruem kmaBumm «llyck-Ctom» BKIIOYUTH
armmapat «AJIOD». Ilocne BBIKIIOUEHHUS paspsiia

JI0CTaTh U3ENINE IS JaJbHEHIIIEro NCCaeI0BaHus.

Obpabomka pan

VYcranoButs Ha gucmiee Tok 30MA  u
HeoOxoquMoe  BpeMsi  oOpaOortku.  Hakaruem
knaBum  «Ilyck-Ctom»  BKIIFOYHTH  ammapar

«AJIOD». Tlocne KOPOTKOTO CHUrHajla BKIIFOUEHHS
OCHOBHOTO pa3psiia B3sThb pa3psIHYyI0 KaMmepy B
PYKY, Kak MOKa3aHO Ha PUCYHKE 7, W TOJHECTH K
YYacTKy Teja, KOTOpBIH clienyeT oopadoTars.

|

Pucynok 7 — Cxema sKcnepuMeHTa
N3EIUH B YaCTHYHO 3aMKHYTOM 00BEMeE

¢ o0paboTkoit

Figure 7 — Scheme of the experiment with treatment the
product in a partially closed state
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Cnenute 3a TeM, 4YTOOBI pAaccTOSHUE OT
OTBEPCTHsI BBIXJIONA CTPYyH OO OObekTa ObLIO He
MeHee 4 cM. HempepbIBHO nepemeriaTh pa3psaHyio
KaMepy Haja o00pabaTeiBaeMoOil  MTOBEPXHOCTHIO
panel. [locne BBIKITIOUEHUS paspsaa (KOPOTKUN
3BYK) TIOMECTHUTH pa3psiIHyI0 Kamepy Ha TOJCTaB-
Ky M3 HETOPIOYEro Marepuania.

Jo3a Bo3aelicTBusA (00,1y4eHNsI) U JaBJIeHHe
Ha 00bEeKT 00padoTKH

[Ipu m00OM  KIMHMYECKOM  TPUMEHEHHH
TUIa3Mbl B KQUECTBE METOAA JICUCHHSI ONpeeiIeHUe
036l M e¢ KONMYECTBEHHAs OLEHKA M, HAaKOHEIl,
KOJIMYECTBEHHAs CBsI3b JIO3BI C MEIUIMHCKOM
3 PEKTUBHOCTBIO SIBISIOTCS HEKOTOPBIMHU U3 TPOO-
JieM TUIa3MEHHBIX CTPyH, OCOOCHHO, Ha OCHOBE
OapbepHbIX pa3psaoB. HemanoBaxHbM (hakTOpoM
ABJISIETCSL U JaBJICHHE, KOTOPOE OKa3bIBAET CTPYs Ha
00pabaTpiBaeMblil y4aCTOK TMOBEPXHOCTU JKHBOTO
OpraHusma.

[IpoBenem OLEHKY AaBICHUSI CTPYH IUIS JOBYX
ciydaeB: A —K CHHPAJIBHOMY TEIIOPACCEUBATENIO
MPUCOEANHEHA CUIIMKOHOBAsI TPyOKa ¢ BHYTPEHHUM
quamerpoM d;,=4MM u B —B Jpyroil KoHell
CHJIMKOHOBOW TpyOKM BCTaBlieHa WIVIa C BHYTpPEH-
HUM auaMeTpoM d, = 0,25 Mm.

JaBnenuss CTpyW p PacCUUTHIBAIOCH IO
dopmye:
p=pv2.

[pu  20°C,  armocdepHOM  JIaBICHUH
101,325 klla m cyxom BO3ayXe IUIOTHOCTh

armocdepsl coctasiser p ~ 1,2041 xr/m’,

Cnyvaii 4 — Ipy BHYTpPEHHEM JauameTpe Tpyo-
K1 d; =4 MM IpU U3MEPEHHOM pacXoie BO3lyXa
w, = 1,5 n/MmuH ckopocTh cTpyu v, =2 m/c. Torma
JaBJICHHUE CTPYU Ha BBIXOAC U3 TPYGKI/I COCTaBUT
okoJio p, = 2,4 Ila.

Crnyuail B —npu BHYTpEHHEM IHaMETpPEe HIJIbI
d, =025 MM 1pu U3MEPEHHOM pAacXoAe BO3lyXa
w, = 0,15 1/MuH cKOpOCTb CTPYH v, =~ 50 M/c. Toraa
JaBJICHUE CTPYHM Ha BLIXOJEC H3 Tp}I6KI/I COCTaBHUT
0KO0J10 p, = 1500 Ila.

IIpu Bo3neiicTBUM Ha 0Opa3lpl 103a OyIeT
OMpPEACTIATECA KOJIMYCCTBOM AKTUBHBIX YaCTHUIL
B TIOTOKE 3a BpeMms BozjeicTBHUs. OIEHKY uucia
YacTHUIl Ha BBIXOJE TPYOKHM W WIJIBI 3a CEKyHIY
OyJZieM TPOU3BOAUTH 10 hopmyiie:

N, = w/60*N, *ppm,,

rie w—pacxol Bo3dyxa B J/MHH; N, —4uCIIO

JlommMunra; ppm, — MOJIBHBIE JIOJIM  aKTHUBHBIX
YACTUIL U3 TAOJIHIIEL.
Cryuai A: Nyo = 3,4:10" YaCTHII/C,
Nyoo = 1,7:10 wactun/c, Ny o, = 3,410 wactumyc.
Crrydait B: Nyo = 2,3-1016 YacTUlL/C,

Nyop = 9,5:10" actuiyc, Nyyo, = 1,0-10" wacruu/c.

[TapameTpsl pacxoaa rasza nogoMpaIrch UCXO-
I U3 TIONy4YeHHs CTaOMIBHOTO PEKUMa PabOTHI
anmapara. B ciyyae wcrekaHust OOJNBIIOTO MOTOKA
(1,5 m/muH) dYepe3 Oombimee oTBepcTHE (4 MM)
(cmyJaii nmaMUHaApHOW CTPyHW) HWMeEETCs OoJbIee
coJepkaHue OMOAKTUBHBIX A30THBIX YacCTHL, 4YTO
BEPOSITHO CBSI3aHO C OOJBIIMM NpeObIBAaHHWEM rasza
B 00Onactu pa3psga. Bo Bropom ciyyae (0,25 n/muH,
0,25 MM) peanu3yeTcst Ciiydail CHJIBHO TypOYJICHT-
HOW CTpyH C cojep)KaHWeM YacTHIl Ha 2 TOpsAIKa
MEHbIIE IIEPBOrO Ciydas, IPHU 3TOM B IIEPBOM
ciayuae coortHomenne NO/NO, cocraBiser 2,
BO BTOPOM OKOJIO 2.4.

3aKiaroueHue

Ha ocHoBe mietomero Mukpopaspsiga B BO31y-
Xe pa3paboTaH W M3rOTOBJICH OIBITHBIN OOpaser —
arnrapar TeHepalMd  BO3AYIIHOW  IJIa3MEHHOM
ctpyun  «AJIOD». OCHOBHBIMH KOMIIOHEHTaMH
BO3JYLIHOM IJIa3MEHHON CTpPyHW IpPU PacXoJe BO3-
nyxa 1,5 n/muH U paspsaHom Toke 30 MA SBISOT-
cst NO, NO, u HNO, ¢ MO/nbHBIMU KOHLIEHTpaLXsi-
Mu 500 ppm, 350 ppm u 50 ppm, COOTBETCTBEHHO.
OT W3BECTHBIX MHPOBBIX AaHAJIOTOB  armmapar
OTJINYAETCSI KOMIIAKTHOCTBIO, TOCTUTHYTOM 3a CUET
OTCYTCTBHSL HEOOXOJMMOCTH B HCIIOJIb30BaHUH
WHEPTHBIX Ta30B — HX 3aMEHSET OKPYKAIOIIUH
BO3/1YX M BO3MOYKHOCTBIO OIPENEICHUs J103bI
BozjeicTBus.  Ilo  cBoMM  XapakTepHCTHKam
HOBHHKa COOTBETCTBYET MHPOBOMY  YPOBHIO.
OredecTBEHHBIX aHAJIOrOB HET. lIpemnoskeHo
orpesesieHne J03bl JJIsi TAKOro THUIa BO3AECHCTBUS
Ha pasiH4yHble O0BEKTHI, KOTOpoe (GopMHUpyeTCs U3
Konu4yecTBa (T. €. KOHIIGHTpAlH) OWOJOrHYEeCKH
AKTHBHBIX ~ MOJIGKYJl Ha  EIMHHUIY BpEMEHH
BO3JICHCTBUS Ha 00pabaThIBaeMbIli OOBEKT.

Paspaborka Oymer BocTpeOoBaHa B cdepe
37IPaBOOXPAHEHMsI, BETEPHUHAPUH, KOCMETOJIOTUN
NpU TIOJTYYEHUH COOTBETCTBYIOMIUX CEPTU(UKATOB
U paspenieHuil. AnmapaT MoXeT ObITh NPHUMEHEH
Uit o0e33apakMBaHUs TOBEPXHOCTEH, BKIIIOYAs
TEPMOUYBCTBHUTECIIbHBIC, TAKHE KaK JKHBBIC TKaHH,
a TaKKe CIYKHUTh MPOTOTUIIOM TIPH pa3padoTKe
pa3iMYHbIX  MPHOOPOB  (PHU3HOTEpANIeBTHYECKON
HaMpaBIeHHOCTH. B HacTosiiee Bpemsl TOTOBHUTCS
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mporpaMMa M METOAMKA KIMHUYECKHX HCIIbITa-
HUH U151 IPUMEHEHUI B CTOMATOJIOTUH U YEIIOCTHO-
JIULIEBOM XUPYPrHH.

BbaarogapHoctu
Pabora BBIIIOJIHEHA mpu YaCTUYHON
nojzepxke  bemopycckoro  pecryOIMKaHCKOTO

(doHma QyHIaMEHTANBHBIX HCCIENOBaHMUN (TPaHT
®22CPBI"-000).
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MogudguunupoBanubiii MeToa TRIAD nsis pemenust 3agauu
OpPMEHTAIMH MOJABUKHOI0 00bEKTA

B.B. MarBeeB, M.I'. [loropesnos, A.H. XomsiukoBa

Tynvckuil 20cy0apcmeeHHblll YHUGEPCUmen,
np-m Jlenuna, 92, 2. Tyna 300012, Poccus

Hocmynuna 17.07.2024
Hpunama k newamu 08.09.2024

B HacTosiiiee BpeMmsi aKTyalbHBIM SIBJISIETCSl CO3JaHUME CHCTEM OPHUEHTALMUH IOABHMKHBIX OOBEKTOB,
OCHOBAaHHBIX Ha KOMIUIEKCUPOBAHUHM Pa3JIMYHBIX TUIIOB AATYMKOB INEpBUYHOM wuH(popMmauuu. OgHUM
U3 CHoco0OB pEeLIeHUs 3aJauyd OpPHEHTAlMHU SBIsieTcs ucrnonb3oBanue merona TRIAD (Tri-Axial Atti-
tude Determination), NMO3BOJISIIOILETO ONPENEIUTh MATPUIy HANpPaBISIOIINX KOCHHYCOB MEXKIY ABYMS
cucreMaMu KoopauHat. TpaguunonHbelid mMeton TRIAD 0Ga3upyeTcs Ha HMCIOJIb30BAaHUH JABYX ONOPHBIX
BEKTOPOB — CHJIBI TSKECTU M F€OMATHUTHOTO IOJS, U3MEPSIEMBIX aKCEIEPOMETPAMU U MArHUTOMETPAMU
COOTBETCTBEHHO. HerocTaTkoM JaHHOIO METOAA SABISIIOTCS CYLECTBEHHbIE BO3MYILEHUS IIPH YCKOPEHHOM
JBIDKEHUH O0BEKTa M BIMSHHUE CIyYalHBIX MOTPEIIHOCTEH JAaTYMKOB MEPBUYHON MHpOpManuu. B pabote
npeaioxkeH MoauuuupoBanHblil Meton TRIAD, Ga3upylommiicss Ha U3MEPEHHUIX TPEX TpHa] JaTUYUKOB!
MarHUTOMETPOB, aKCEJIEPOMETPOB M THUPOCKONoB. Ha ocHOBe W3MepeHHHI THPOCKONOB (OPMHUPYIOTCS
OLICHKU BEKTOPOB YCKOPEHMS CUJIbl TSDKECTH M T€OMAarHUTHOTO IIOJIsI, KOTOPbIE 3aTEM KOMILIEKCUPYHOTCS
C TOKa3aHMSIMM aKCEeIepOMETPOB M MarHuToMeTpoB. KoMmIuiekcHpoBaHHBIE BEKTOPHI YCKOPEHMS CHIIbI
TSDKECTH WM TEOMarHUTHOTO MOJISl MCHOJB3YIOTCS 3aTeM Uil (OPMHPOBAHUSI MATPHUIIBI HAMPABIISOLIMX
KOCHHYCOB 110 MeToay TRIAD. MeTtoJ MOXeT ObITh TOJI€3€H IS pean3aunu 0ecruiaThOpMEHHBIX CUCTEM
OpPHEHTAlMU TOABIKHBIX 00BEKTOB Pa3IMYHOr0 0a3MpOBaHHA, TaK Kak B 6—8 pa3 TouHee M0 CPaBHEHUIO
¢ kimaccuyeckuM MetonoM TRIAD. CreneHb ocnaOiieHHs CIyYaiHBIX MOTPEIIHOCTEH JaTYUKOB
1 BO3MYILEHHH OT YCKOPEHUH 00BEKTa MOKET HACTPauBaThCA BECOBBIMU KO PUIIMEHTAMH.

Kuatouessble cioBa: meron TRIAD, marauTOMeETp, akcerepoMeTp, THPOCKOIT
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Abstract

Currently, it is relevant to create moving objects orientation systems based on the integration of vari-
ous types of primary information sensors. One way to solve the orientation problem is to use the TRIAD
(Tri-Axial Orientation Determination) method which allows determining the matrix of direction cosines
between two coordinates. The traditional TRIAD force method is based on the use of two reference vec-
tors — of gravitational and geomagnetic fields, measured by accelerometers and magnetometers, respectively.
The disadvantage of this method is — appearance of additional deviations during the accelerated movement
of the object and influence of primary information sensors’ random errors. Modified TRIAD method which
is based on measurements of three triads of sensors: magnetometers, accelerometers and gyroscopes was pro-
posed in the article. Estimates of acceleration vectors of gravitational and geomagnetic fields were calculated
taking into account gyroscope measurements. Then these estimates were combined with the accelerometers’
and magnetometers’ data. The complex gravitational and geomagnetic fields’ accelerations were used to
form the direction cosine matrix by the TRIAD method. The suggested modified method can be used to
implement free-form moving objects’ orientation systems, since it is 6—8 times more accurate compared to
the classic TRIAD method. Attenuation of random sensor errors and disturbances due to object acceleration
can be adjusted by use of weigh factors.

Keywords: TRIAD method, magnetometer, accelerometer, gyroscope
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BBenenue
Tpuanst MarHUTOMETPOB, THPOCKOIIOB
n aKCCHepOMeTpOB SABJIIAKOTCSA KIIFOUCBBIMHU

KOMIIOHEHTaMH CHCTEM OpPHEHTALlMU W HaBUTALUU
MOJIBIDKHBIX OOBEKTOB PA3IMYHOTO Oa3MPOBAHMS:
KOCMHUYECKHX  allapaToB, BO3AYIIHBIX CYOB,
Ha3eMHBIX pPOOOTOTEXHHYECKHMX KOMIUIEKCOB U
Ip. MarnuromeTpudyeckie MJaTYUKH I103BOJIIOT
HM3MEpATh NMPOEKIHUH HampsKEHHOCTH MarHUTHOIO
moyis 3eMJIM W UCNONb30BaTh ATH JaHHbBIE JUId
ONpesieNIeHUss MarHUTHOTO Kypca IOJBHKHOIO

oObekta [1]. BpINOHSIS — KOMIUIGKCHPOBaHUE
MarHUTOMETPOB C  aKCEJIePOMETpaMU, HU3MEps-
IOIIUMHU  TPOCKIUU  BEKTOpPA  KaXyIIErocs

YCKOpPEHUS, MOXHO CO37[aTh CHCTEMY, CIIOCOOHYIO
ONpE/IeNATh OPHEHTAIMI0 OO0BEKTa BOKPYT TPEX
oceil [2]. DddexkTUBHBIM CIIOCOOOM  ONpeeIICHUS
opueHTanuu oOOBeKTa sBisiercs Meton TRIAD
(Tri-Axial Attitude Determination — TpéxocHoe
ompeseNeHne  OpueHTanuu [3]),  MO3BOJSFOIIUN
paccunTaTh MAaTPHIy HANpPaBISIONIMX KOCHHYCOB
MEX/Ty HEIMOJIBIKHOW M CBS3aHHOW C ITOJBYKHBIM
00BEKTOM CHCTEMaMH KOOPAWHAT, TI0 HAOIIOIEHUIO
3a TIPOEKIUAMH JIBYX OTIOPHBIX BEKTOPOB [4]. MeTon
TRIAD 1mupoKo NpUMEHSETCS ISl OIpeeeHus
OpHEHTAIlMd KOCMHYECKHMX ammaparoB [3—6], rae
B KadecTBE OMNOPHBIX BEKTOPOB MCIOIB3YIOTCA
M3MEpEHHs] MarHUTOMETPHYECKHX U 3BE3IAHBIX
JATYNKOB, B 3ajade HCCICIOBAHUS ILITOMOPA
MOJIEJIM CaMOoJIéTa MO BEKTOPaM I'€OMArHUTHOTO W
TPABUTAIIMOHHOTO TOJIeH [7], B 3amadax HaYaIbHON
BBICTaBKH [§]  WHEPIHWATBbHBIX  HABUTAIMOHHBIX
CUCTEM II0 BEKTOpaM CHJIbl TSDKECTH W YIJIOBOH
CKOPOCTH CYTOYHOTO BpamieHus 3emiid, st
ONpE/ICICHUS. OPUCHTALMU OCCIMJIOTHBIX JIeTa-
TEJTBHBIX anmapartos [9].

W3mepeHusi KOMIIOHEHT MArHUTHOTO — IIOJIS
3eMJTl UCKaXKAIOTCSI MHCTPYMEHTAIBHBIMU TTOTPEIII-
HOCTSIMH MAarHUTOMETPOB, KOTOPbBIE Pa3JeNSIOTCS
Ha JnBa tuna: Hard Iron («TBEpHOE KENe30%)
u Soft Iron («msrkoe xene3o»). Bompocam
KaJIMOPOBKM MAarHUTOMETPOB, HANpPaBICHHBIM Ha
CHIDKEHHUE JAaHHBIX THUIIOB MOTPEIIHOCTEH, CYIIeCT-
ByeT obOmmpHas nureparypa (Hampumep [10, 11]),
[I03TOMY B JIaHHOW CTaThe HE pacCMATPUBAIOTCS.

OCOOCHHOCThIO (PYHKIIMOHHPOBAHUS aKCee-
POMETpPOB Ha TOJBMKHOM OOBEKTE SBISIETCS TO,
YTO OHHM H3MEPSIOT He aOCONOTHOE YCKOpEHHE,
a, TaKk Ha3blBaeMOE, KaXyIlIeecs YCKOpPEHHE
TEOMETPUYECKYI0 CYMMY a0COJIOTHOTO YCKOPEHHS

o0beKkTa W yckopeHus cuibl Tspkectd [11]. Ilpm
JIBUKCHUU O0BEKTa 0€3 YCKOPEHHI aKCelIepoMeT-
pPBl MOXKHO HCIIOJIb30BaTh KakK JaTYUKH YIJIOB
HaKJOHa OOBEKTa OTHOCHUTENBHO  IUIOCKOCTH
TOPHU30HTA, MTOI00HO IBYXKOPIWHATHOMY (hH3ndec-
KoMy MasTHUKY. llpu nBmwxkeHum oOBeKTa ¢
YCKOPEHHMEM, YIJIbl HAKJIOHA, BbIpaOaThIBAEMbIC
aKcenepoMeTpamMu, OyIyT TOABEPIKEHBI CYIIECT-
BEHHBIM BO3MYIICHUSM U 0€3 CHEIHalbHBIX Mep
[OTPELTHOCTH ONPEAEIICHUS YTII0B MOTYT COCTaBISTh
3HAUUTEIBHBIX BeauuuH. I[lo 3T0ll  mpuyuHe
HCIIOJB30BaHUE KJlaccudyeckoro wmertona 1RIAD
JUISL pelleHus 3a7adyd OPHEHTAlMH TOABHKHOTO
o0BeKTa MO BEKTOpaM HANMpPsHKEHHOCTH TeoMar-
HUTHOTO W TPaBUTAIMOHHBIX TOJIeH OyIeT compo-
BOXAATbCSl  CYIIECTBEHHBIMU  HOTPEIIHOCTSIMHU.
Kpome Toro, Ha TOYHOCTb HM3MEpPEHHUS NapameT-
POB OpHEHTAllMU OKa3bIBAIOT BIMAHHE CIydaiHble
MOTPEITHOCTH aKCEIIEPOMETPOB M MAarHUTOMETPOB.
B cBsa3u ¢ »THM 1enbI0 HAcTOSAMIEH pabOTHI
SIBJSUIOCH TOBBIIIEHUE TOYHOCTH KIJIACCHUYECKOIO
Mmerona ITRIAD piud CHUDKEHHS BIHSHUSA Ha
CHUCTEMY OpHEHTAlUU CIIy4alHbIX IOTPEIIHOCTEN
JIATYNKOB MIEPBUYHON WH(OPMAIIH U BO3MYIIEHUH,
BBI3BaHHBIX YCKOPEHHUSAMHU MOABMKHOTO OOBEKTA.

3aaya opueHTALMH MOJABHKHOI0 00bEKTa

BBeném reorpaduueckyro cucteMy KOOPIHHAT,
Hayano O KOTOpOW TIOMECTHM B MLEHTpP Macc
MOABMKHOTO O00BEKTa, a e€ OCH HampaBUM IO
croponam csera: OX, —Ha ceBep, OY, — 110 HCTHHHOM
BepTHKaIM BBEpX U OZ, Ha BOCTOK COOTBETCTBCH-
HO (pucynok 1) [11]. ITnockocts OX, Z, sBisiercs
IUIOCKOCThIO ~ TOpHU30HTA.  MarHuTHoe — mose
3emMsu  ompenenseTcs BEKTOPOM HAIPSKEHHOCTH:
H, = |Hy, Hy, Hzg||T, rne Hy, — cesepHas, Hy, —
BeprukanbHas, H,, — BocrouHas cocraBistomiye
coorsercTBeHHO. [Ipoekums Bexropa H, Ha mioc-
KOCTb TIOpH30HTa o00o3HauuMm Bektopom H,
HampaBJIeHHE KOTOPOTO COBMANAET C TUIOCKOCTHIO
MarHutHoro  Mmepuawana.  CumBomamu [, D
0003HAaUYEHBl YIVIbI HAKIOHCHHMS U CKJIOHEHMS
coorBeTcTBeHHO. Ha pucyHke | mokazaH Takke
BEKTOpP YCKOPEHHUS CHIBI TSDKECTH, HalpaBICHHBIN
B1oib ocu OY, W COBINAJAOLIN C HANPABICHHEM
JIMHUM OTBeca. BEKTOp g HampaBleH BEPTHKAIBHO
UIs  ynoOCTBa  HHTEpHpEeTalud  I[OKa3aHUH
aKCEIIEpOMETPOB, TaK KaK CMEHICHHIO  €ro
YYBCTBUTEJIBHOTO DJIEMEHTa BHHU3 COOTBETCTBYET
MOJIOKUTEIBHBIN CUTHAI 00 YCKOPEHHH.
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' g
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Hg
Pucynok 1 —'eorpaduueckas  cucteMa  KOOpIUHAT

OX,Y,Z, 1 KOMIIOHCHTbI BEKTOpA HAIPSDKEHHOCTH Mar-
HUTHOTO NOJIs1 3eMIIU

Figure 1 — Geographical coordinate system OX,Y,Z, and
components of the Earth's magnetic field intensity vector

BBenéM cBsi3aHHYIO C TOJIBHKHBIM OOBEKTOM
cuctemy koopauaat OXYZ (pucyHok 2), B KOTOpOH
och OX coBmasiaeT ¢ MPOJOIBLHON OChEO O0BEKTa U
HarpasjeHa K HOCy, 0cb OZ COBIAIa€T C MOMEPEUHOM
OChI0 W HAmNpaBJeHa B CTOPOHY IPABOrO KpbLIa,
och OY TeprIeHIUKYJsIpHA TUIOCKOCTU KPBUIBEB U
HampaBlieHa BBepX. [loyiokeHHE CTPOUTENBHBIX

oceil  TOABWKHOTO  OOBEKTAa  OTHOCHTEIHHO
cosJcosy sin 3
A =|-cosycosysind +sinysiny cosycosd

sinycosysind +cosysiny  —sinycosd

3ajaya OpHMEHTALUM TOJIBMXKHOIO OOBEKTa
CUMTAeTCsl PELIeHHOW, ecnu OyneT U3BECTHA
MaTpula Hampapisiomux kKocuHycoB (1). Ha-
XOXIIEHHE OpPTOrOHAJILHONW MaTpHubl A METOIOM
TRIAD npeanonaraeT HajJu4Me JBYX OIOPHBIX
BEKTOPOB, 331aHHBIX MIPOCKIMIMH B ABYX CHCTEMax
xoopaunar. O603HauuM a, _||an azg" u

a, Ye

b = ||ng by, bzg” — JIBa HOPMHPOBAHHEIX BEKTOPA
(la, =1, \l_)g |=1), ompenenéHHbIE CBOUMU MPOCKIIHUS-
MU B reorpaduyeckoil cHUCTeMe KOOpIWHAT.

31ech W manee depTa HaJ CHMBOJIOM 00O3HAYaeT
omeparmio HopmupoBauus. Ilycts a=|a, a a,|'u
b, = "gX b, EZ"T —3TH )Kf: CcaMbI€ HOPMHPOBAHHEBIC
BEKTOPBI, HO OMpEJCNEHHbIE MPOCKIHUAMU B
CBSI3aHHOH C MOJBW)KHBIM OOBEKTOM CHUCTEME
koopauHat. CdopmupyeM U3 PacCMOTPEHHBIX
BEKTOPOB OPTOTOHAIBHBIC TPOWKH CIMHUYHBIX
BEKTOPOB KOOPIMHATHBIX OCEii:

cosysinysin 3 +sinycosy

reorpaduyeckoil cUCTeMbl KOOPAMHAT OIPEICICHO
Tpemst yriamu Oinepa—KpbuioBa: pbICkaHUsS Y,
TaHraxka 3 ¥ KpeHa v.

PucyHok 2 — B3auMHOE  MOJIO)KEHHE  CBSI3aHHOM

reorpa)uuecKoil CHCTEMBbI KOOPIMHAT

u

Figure 2 — The relative position of the associated and
geographical coordinate systems

Marpuna HampaBISOIIUX KOCHHYCOB IMEPEX0-
Ja OT reorpaduyecKol CHCTEMBI KOOpJAMHAT K
cBsizaHHOM nmeet Bup [11]:

—cos9siny

()

—sinysinysin 3+ cosy cos

LU @
,e =———"— r =a_xe,_. 2
g g ‘agxbg‘ g g g

_ axb _

a, €= 3X_ , r=axe. (3)

|axb|

Marpwuiia HarpapJISIONIIX KOCHHYCOB Tiepexoa
OT CUCTEMbl KOOpAUHAT OXngZg K cucreme OXYZ
Ha ocHoBaHWU (2), (3) ompenensercs CIeAyONIM
oOpasom [4]:

aX eX rX an eXg ng
ATred — a, e, Iy || a, e, Ty 4)
a, e, 1r;)\a, e, I,

IIpuBeném  4ucieHHBII HOpuMmep  pacuéra
MaTpULbI HaIPABJIIOIINUX KOCHUHYCOB o
HAOMIOACHUSM 32 BEKTOpPAaMH MAarHUTHOTO TIOJIs
3eMnu W ycKopeHHs cuibl  TskecTH. [lycthb

00BEKT HaxoAuTCcd B TOYKE C KOOpAUWHATAMMU:
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wupota 54°, nonrora 34°, Beicota 100 M. Monyns
BEKTOpa  HampsLKEHHOCTH B JAaHHOM — TOYKE
H= 5,254-10'5 Tin, a ero KOMIIOHEHTBHI HMEIOT
clenyroumue 3HAYEHUS: Hy, = 17168 uTu,
Hy,=—49544 uTn, Hy, = 3373 uTn.

Paccuutaem KOMIOHEHTBHI HOPMHUPOBAHHOTO
BEKTOpa HANPSHKEHHOCTH:

H, =0,327 -0,943 0,064| .

HOpMHpOBaHHBIfI BCKTOP YCKOPCHHUA CHJIbI
TSOKECTU B FeOFpa(l)I/I‘lCCKOﬁ CUCTCMC KOOpAWHAT
OnpeacIsACTCa NU3BCCTHBIMHU KOMIIOHCHTAMMU:

g =o 1 .

[Iycte 0OBEKT MOBEPHYJCS MOCIEAOBATEIBLHO
BOKpYTr Toukd O Ha yINIbl PhICKaHUs Y = /6 pan,
TaHraxa 3 = w/4 pag u xpena y = n/3 pag. Marpu-
LA HalpaBJSIONIMX KOCHHYCOB, PacCUMTaHHAs II0
COOTHOLICHUIO (1) AJIS TaHHBIX YIJIOB UMEET BUJ:

0,61237 0,70711 —0,35355
A=[0,12683 035355  0,92678
0,78033 -0,61237 0,12683

[Tomyuum 3Ty ke caMyro MaTpUIly HAIpaBJISEO-
muXx KocuHycoB, HO MeTtogoM TRIAD. Waeanbubie
HOPMHUPOBaHHbIE HW3MEPEHUST MAarHUTOMETPOB H
AKCEJIECPOMETPOB UMEIOT CIEAYIOLINE 3HAUCHHUS:
H=|-0,554 0,01 0,832],

g=[0,707 0,354 -0,612| .

[locne  pacuéra  OpPTOTOHANBHBIX  TPOEK
€IMHUYHBIX BEKTOPOB HAa OCHOBAHWU COOTHOIIIC-
Hus (4), nMeeMm:

ATriad —
0,70711  0,68301 —0,18301[[0 0,70711 -0,70711|"
=|0,35355 -0,56565 —0,74501j|(1 0 0
-0,61237  0,4621 —0,64146(|0 -0,70711 -0,70711
Henocpencreennoit MPOBEPKOH MOXHO

YCTAaHOBUTD, YTO:

AT —A=0, ®)

rae O — HyneBas MaTpuiia.

[lo marpune A" moryr GbITH HOTydeHSBI
yIIIBl PBICKaHUS, TaHraxa M kpeHa [11], xoropsle
Oy/ZyT OIHO3HAYHO COOTBETCTBOBATH HPUBEIEHHBIM
BBIIIIE€ 3HAUYEHUSIM.

B peanbHbIX ycoBusax Marpuma A7 Gyner
OTIMYAaTbCA OT MCTUHHOW MaTpuisl A Jaxe
P UACAIBHBIX H3MEPEHHMAX MAarHUTOMETPOB
U aKCEeJIIEPOMETPOB, YTO MOXET OBITh BBI3BAHO

BO3MYIIEGHMSIMH ~ OOBEKTa NPU  JBWXKEHHH C
yCcKopeHueM. B 3ToM ciydae BeKTOp H3MEpeHMI
aKCceJIepOMETPOB N MOMHUMO  COCTaBIISIOIINX
YCKOpEHHsI CHJIBI TSDKECTH OyaeT couepKarb
MPOCKIMH BEKTOpa YCKOpPEHHS O0O0beKTa, 4YTO B
KOHEYHOM CYETe MPUBOJMUT K TOMY, UYTO BEKTOp N HE
COOTBETCTBYET BEKTOPY YCKOPEHHS CHJIBI TSDKECTH
g, =1010 ||”. Hanpumep, mpy ABWKEHHH LEHTpPA
macc oObekta Ha CeBep c¢ yckopenuem 0,2g,
MOTPEIIHOCTh N0 YNNIy TaHraxa coctaBuT 11,3°,
KOTOpas BIEYET 3a cOOOW MOTrpEeIIHOCTh MO YLy
prickanus (Kypca) 3HaueHueM 12,1°.

ITomumo cmocoba (4), Marpura A MOXKET
ObITH OIICHEHa TPHAJOH THPOCKOIIOB Ha OCHOBE
M3MEpPEHHH NMPOEKIHUI BEKTOpa YINIOBOM CKOPOCTH
00bEKTa U YMCICHHOM WHTETPUPOBAHUY yPaBHEHUS
[Tyaccona [4]:

G Gyl
A" = {ox]A™", (6)
0 -0, o
rae [ox]=| o, 0 -o,|- xococuMMeTpHYECKas
-0, O 0
MaTpulla, COCTaBIEHHAs W3 MPOEKIMH BeKTopa
YIJIOBOH CKOPOCTH.
[Ipenebperast BpameHueM reorpaduyeckoit

CUCTEMBI KOOPJMHAT TMpPH OONETe MMOBEPXHOCTH
3eMiH, MPOEKLHUU BEKTOPa () B CBA3aHHOW CHUCTEMBbI
KOOPJMHAT ONPENEIAIOTCA COOTHOLICHUSIMU:
0, =ysin3+y,

0, = ycosdcosy+Isiny,

(7

0, = —\rcos 9siny +9cosy.

Crnenyer oOparuTb BHHMMaHHME, 4YTO MarpHLa
A9 monydeHHas Ha OCHOBaHHM ypaBHEHHs (6),
OyZeT COOTBETCTBOBAaTb Marpule A JHIIb He-
MIPOOJKUTENBHOE BpeMs. DTO CBS3aHO C HAKOII-
JICHWEM TIOTPELIHOCTeH MpU HHTErPUPOBAHUM 3a-
LIYMJIEHHBIX CUTHAJIOB T'HPOCKOIIOB M OTCYTCTBUS
MX M30HMpATeNbHOCTH K MCTHHHON Beprukamn OY,
u HanpasieHuio Ha Cesep OX,.

MomudguunupoBanubiii Metoaq TRIAD

Iycts g = g/|g| u H = H/|H| — HOpMHpOBaHHbIE
BEKTOPBl YCKOPEHUSI CHUJIbI TSXKECTU W HANpsKEH-
HOCTM MArHUTHOrO 1OJS 3eMJIM, 3aJaHHbIC
MPOSKIUAMU B CBS3aHHOW C OOBEKTOM CHCTEME
KOOpJMHAT. BeKTop yCKOpEHHUsI CWiIbl TAKECTH
B CBfA3aHHOM CHCTEME KOOpJMHAT IMPEICTaBUM
C y4€TOM BBEIEHHOW BBILIE MATPHULBI HAIPaBIIAIO-
LIUX KOCUHYCOB:
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g=Ag,.

Juddepeniupyst 00 yacTH JaHHOIO PABEHCT-
Ba 110 BpEMCHH, UMCCM
§=Ag, +Ag,.

Tak kak g,=0, a NpPON3BOXHAS MAaTpH-

06l A MOXET OBITh TIPEACTABIEHA YPAaBHEHHEM
[Tyaccona (6), To nMeeM:

®)

ypaBHEHUE

{oxT8.

AHAJIOTHYHO MOXKHO
I[JIS[ BEKTOpa HAMPSKEHHOCTH:

3arucarb

H = [ox]H. ©)

TakuMm o00pa3oM, eciii H3MEPATHh TPOCKITHH
BEKTOpPa YIIIOBOH CKOPOCTH @ C TOMOIIBIO
THUPOCKOIIOB u 3HaTh Ha4YaJIbHBIC 3HAYCHUSA

KOMIIOHEHT BeKTOpoB § 1 H B CBS3aHHOM chCTeMe
KOOpJMHAT, TO YMCIEHHO pemas ypaBHeHUs (8)
1 (9), MOXKHO TTOTyYUTh OLIGHKU BEKTOPOB YCKOPEHHUSI
CHJIBI TSDKECTH M MAarHUTHOTO TMojisg 3eMJIM IO
M3MEpPEHHUSIM I'MPOCKOIIOB.

Paspemast ypasaenus (8) u (9) oTHOCHTENBEHO
MEepBBIX PAa3HOCTEH, HAXOAMM COOTHOIIEHUS s
JTUCKPETHOTO BPEMEHU

—Gyro Gyro

kel T (E_[O)kﬂ x]T; )gk > (10)
HO = (E-[o,,,x]T,) H"™, (1)
roe g2, HP™ — OIeHKH BEKTOPOB CHIIBI THKECTH

¥ MarHUTHOTO ITOJIS1 3€MJIU T10 U3MEPCHUAM TpUa/bl

rupockonioB; k=0, 1, 2...— IUCKpEeTHOE BpEMI;
T,—mnepuox  IucKperusauuu; [, ;%] —Koco-
CHUMMETpUYECKasi MaTpulla, COCTaBJICHHAs U3

MIPOCKITHI BEKTOpA YIIIOBOM CKOPOCTH Ha mmiare A+ 1;
E — enquanunas matpuia pasMepa 3x3.

G 3 Gy o
Jlns nupupadus Bextopam g, 1 HY™ cBoiict-

Ba M30MpaTEeIbHOCTH ux HE00X0IMMO
KOMIUIEKCHPOBaTh €  (DaKTHUIECKHUMH  HOPMHPO-
BaHHBIMH  TIOKa3aHUSIMH  AKCEJIEPOMETPOB W
MarHUTOMETPOB:

g = o, (E~[o, X7, )g +(1-o)n,,; (12)
H;m =Q, (E_[mkux]To) p H(— (XZ)Hk 1’ (13)
rne g;,, H;,,— KOMIUIEKCUPOBAHHBIE BEKTOPHI

YCKOPEHHSI CHJTBI TSHKECTH U MarHHTHOTO TIOJIST 3eM-
m; o, =[0,1], a,=[0,1]— xosdduunentsl, ompe-
JIENSIONIAE BEC COOTBETCTBYIONIMX HW3MEPCHUMN;
,.,, H,, — HOpMUPOBAHHBIE BEKTOPHI H3MEPEHHIi
AKCEIIEPOMETPUYCCKUX W MarHUTOMETPHUYECKHX
JIAaTYUKOB.

Hanee no Bexropam g; , W Hj, onpenenser-
Csl MaTpula HaNpaBJIAIOMIMX KOCHHYCOB METOAOM
TRIAD:

-cC
ng eXk+l rXM 0 eXg ng
Triad —c
AL =8y, e, n, 1 0 0 (14
-C
me eZk+l rZM 0 eZg ng
c
gk+1 X Hk+1 _ —=c
rme e, = e kel = St X€ps
g xHi |
g, xH _
— r, =g, xe
g g g g
lg, xH, |
Bropoii COMHOKHTEIIb B MaTpUYHOM

npomsBeneHnn (14) mpencrasiser cobo MaTrpuiry
C TIOCTOSHHBIMH DJJIEMEHTaMHU, KOTOpBIC OIIpe-
NEJISIIOTCS  3HAUCHUSMU KOMIIOHGHT BEKTOpa Ha-
NPsKEHHOCTM MArHUTHOTO TIOJISI B JIAHHOW TOUKE
MECTOIIOI0KEHHUS 00bEKTa.

YIIBl OpUCHTAIINH ONIPEACTISIOTCS W3 MaTPUIIBI
(14) cnenyromum oopazom:

Wi = aretg2(— A5, AT, (15)
8,y =arctg (A5 / JATT) + (4T ): (16)
Voo = Aretg2(— A5, 45, a7

Cootnomenus (12)—(17) npenctaBistor co0oit
AJITOPUTM OpHCHTAlUN IIOABUKHOTO 0o0BeKTa

Ha OCHOBE Monu(puiupoBaHHoro meroaa TRIAD.

Pe3yabTaThl MOIEIMPOBAHUS

Ha pucynke 3 mnpuBeneHbl pe3ysibTaThl MoO-
JISJIMPOBAaHUsl CHCTEMBl OpHEHTAlMM MO0 MOJU-
¢unmpoBannomy merony TRIAD B cpaBHenuu c
KJIJACCMYECKUM METOJOM TIpU HYJIEBBIX MapameTpax
OpPUEHTAUH C YYETOM BO3JCHCTBUS YCKOPEHUS
oOwvekTa 3HadenneMm 0,2g B MOMEHT BpEMEHHU
t=3c. MopenupoBaHue NPOBOAMIOCH Ui pas-
JMYHBIX 3HAYEHHUH BecoBOro ko3 duimenra a,.

[orpemnoctu yria peickanusi, 00yCJIOBJICHHBIE
TAaKKe YCKOpEHHsIMH OOBEKTa, MpPUBEACHBI Ha
puUCyHKe 4.

Peakunsa cuctemMbl OpHEHTallMM Ha YCKOpEH-
HOE JBIKEHHE OObEKTa COOTBETCTBYET IEepeXoj-
HOM  XapaKTepUCTHKE alepHoOJNYEeCKOro 3BEHa
TIEPBOTO MOPSJIKA C TOCTOSHHONW BPEeMEHHU:

_ Ty
l-a,
M xoapunuenta o, =0,99 wu nepuoxna

muckpernzannn 7, = 0,01 ¢ mocTosiHHAs BpeMEHH
coctaBusier 0,99 c. M3BecTHO, 4YTO NEPEXOIHBII

200



Tpubopwvr u memoowl usmepeHul
2024. T. 15. Ne 3. C. 195-204
B.B. Mameees u op.

Devices and Methods of Measurements
2024,15(3):195-204
V.V. Matveevy et al.

nponece anepuoanvdcCKoro 3B€Ha 1epBOro nopsaaka

3aKaHYMBaeTCs TNpHUMEpHO 3a Bpems f =37,
CII/IOBATENILHO, JIISL  JTAHHOTO  Kod(h(uIMeHTa
t,=3c. llpu xodbdumuente ao,=0,999 Bec

THPOCKONIMYECKUX HU3MepeHHid Oyner emE Oosee
SHAaYUTCJIbHBIM W BpEMA MHNEPEXOJHOTO Iporecca
cocrasurt 7, = 30 c.

15
1\2k 3 4
\.c }o..ooo-oto
10 :
5
AS,° .
00 2 4 6

Pucynok 3 — [lorpemrHocTs yria TaHTaxa, BbI3BAaHHASA
ycKopeHneM obbekTa: 1 — kmaccuueckuii metoq TRIAD;
2, 3, 4-—wmomudunmpoBanneii meron TRIAD mpm
a; =0,9; o, =0,95; a; = 0,99 cooTBETCTBEHHO

Figure 3 — Pitch angle error caused by object acceleration:
1 —classical TRIAD method; 2, 3, 4 — modified TRIAD
method at a; = 0,9; a, = 0,95; a, = 0,99 respectively

[lpn nIUTENPHOCTH BO3ACHCTBUSI yCKOPEHUS,
HUMEIoIel 3HAaueHHEe MEHee MOCTOSHHOW BpeMeHH
7|, cucteMa OpHEHTALlMU HE YCIEeBAaeT 3HAYMTEIb-
HO HAaKOMHUTH MOTPELIHOCTh OPHEHTALUH, YTO JIe-
JaeT JaHHBIK MeTox Oonee 3()(EKTUBHBIM, IO

CpaBHEHHUIO ¢ KiaccuyeckuM Metonom TRIAD.

CreneHb  NMPUONMMKEHUST  BECOBBIX  KO3(]-
¢unuenToB o, (i =1, 2) K eAMHHLE OrpaHUYMBAET-
Csd YPOBHEM WHCTPYMEHTAIBHBIX TIOTPEHIHOCTEH
TUPOCKOMOB. [Ipy 3HAUUTENHEHOM YBEIIUYEHUU Beca
U3MEPEHU TUPOCKOIIOB, CHUCTEMa OpPUEHTALUU
TepsieT CBOWMCTBO HM30MPATEIHHOCTH K IUIOCKOCTH
TOPU30HTA U K HANPaBICHHUIO HA MarHUTHBIA CeBep
M HAauyWHACeT HAKaIUIMBATh TOTPEHTHOCTH 3a CYET
WX HHCTPYMEHTAJIBHBIX MTOTPEITHOCTEH.

Cny4daiiHple MHCTPYMCHTAJIbHBIC TOTPELIHOC-
TH JIaTYUKOB TIEPBUYHOM HMH(OpPMAIUM MOTYT
OKa3blBaTh 3HAYUTEIBLHOE BIMSIHHE HA TOYHOCTh
(YHKIIMOHUPOBAHUS CHCTEMbI OPHEHTAIlUU, KOTO-
pbIe MOTYT BO3HHKATh M3-32 MHOXECTBa (DaKTOPOB,
BKJIIOUAsi BHEIIHHWE ITOMEXH, BHYTPEHHUE IITyMBI
Y U3MeHeHns B padounx ycnopusax [11, 12].

B rtabmumme mpuBenéH BiIam CIIyYaiHBIX
ITOTPENTHOCTEH JaTYMKOB IEPBUYHON WHpOpMa-
MU, ONHCAaHHBIX MONENBI0  Oemoro  IIyma,
Ha TOYHOCTh pEIICHHS 3a/laud  OpUCHTAIUU
Ha HEMOJABM)XHOM OCHOBaHWUU TIPH  HYJIEBBIX
3HAYCHUSAX YTIIIOB PBICKAHWS, TaHTaXa M KpEHA.
Cpennee xkBajgparmueckoe otkioHenne (CKO)
IIymMa  akCeJIepOMETPOB U MarHUTOMETPOB
npunumanock papHo 0,01 monmu or Momynei
BEKTOPOB YCKOPEHHMSI CHJIBI TSDKECTH W HampsOKEH-
HOocTH coorBeTcTBeHHO. CKO 1mIyma THPOCKO-
moB 3amaBamock 0,1 °/c, dYTO COOTBETCTBYET
YPOBHIO TIOTPEIIHOCTEH MHUKPOMEXaHWICCKUX TH-
POCKOIIOB.

Tabnuya /Table
BuausiHue ciry4aifHBIX MOTPELIHOCTEl TaTYMKOB HA TOYHOCTD PellieHNUs 3a]a41 OPHEHTAIIHH
Influence of random sensors’ errors on the accuracy of the orientation problem’s solving
Bun norpemnoctu Becosble k0a(ppuLIHEHTHI
P © K020 M@ 8850 AL
Type of error Weighting factors
[Iym axcenepomerpos o, =a,=09 0.37 0.13 0.13
Accelerometer noise
6=00lg o, =a,=0.99 0.12 0.042 0.042
[IymM MarHuTOMeTpoB o, =0,=09 0.395 0.0 0.0
Magnetometer noise
a, =a,=0.99 0.13 0.0 0.0
c=0.01H|
ILymM rEpoCKOIIOB o, =0,=0.9 2.2:107 2.1-107 2.3:107
Gyro noise 3 B 3
a, =a,=0.99 7.4-10 7.1-10 7.7-10
c=0.1°c
o, =a,=09 0.54 0.14 0.14
Pe3ysibTHpYyIomas MOrpenHocTh o =0,=0.99 0.2 0.1 0.1
Resulting error Kitaccuueckuii metox
TRIAD / Classic TRIAD 1.6 0.6 0.6

method
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Ha pucynkax 5-7 npuBeneHsl pe3yabTaTsl MO-
JIENIUPOBAaHUSl CUCTEMBl OpUEHTAllMM IpU  CH-
HYCOMJANBHBIX  3aKOHaX  M3MEHEHUs  YIVIOB
pBICKaHUs, TaHTa)Xka M KpeHa ¢ ammiaurygamu 10°,
12°, 15° m vacroramu 0,05 I'm, 0,03 I'm, 0,04 I'xg
COOTBETCTBEHHO. YIVIOBBIE CKOPOCTH OOBEKTa
MoJienMpoBaiuch 1o  coortHomenusMm (7). CKO
CIIy4alHBIX MOTPEIIHOCTEN JaTYMKOB MNEPBUYHON
nHpOpPMAMK 3aJaBaJIUCh M3 TaONWIbI, BECOBBLIC
KO3(GHULIHEHTH KOMIUIEKCUPOBAHUSI NPHUHUMAIIUCD
a;=0.99. B unrepsane Bpemenu 3-3,5c Mozxe-
JUPOBAJIOCh JBIKCHHE LEHTpa Macc 0ObeKTa
¢ yckopenueM 0,2¢g Brons ocu OX,.

0
3
A
-5 ] =
NG 4
3 %
AV,°-10
-15
0 2 4 6

t,c—

Pucynok 4 — IlorpemHocts yria pbICKaHUs, BbI3BaHHAas
yckopeHneM o0bekra: 1 — kimaccuueckuit meroq TRIAD;
2, 3, 4 — Mo UIIMPOBAHHBIN aJITOPUTM TRIAD
npu o, = 0.9; a; = 0.95; o, = 0.99 coorBeTCTBEHHO

Figure 4 — Yaw angle error caused by object acceleration:
1 —classical TRIAD method; 2, 3, 4 — modified TRIAD
algorithm at o, = 0.9; a; = 0.95; 0, = 0.99 respectively

20

10

-20
0 10 20 30

Pucynok 5 — I'paduku 3aBUCHMOCTEH YTIIOB PHICKAHHUS
or BpemeHH: | — momuduuuposanusiii Metonx TRIAD;
2 — knaccuueckuii Mmetox TRIAD

Figure 5 — Graphs of time dependences of yaw angles:

1 —modified TRIAD method; 2 —classical TRIAD
method
N3 pe3ynbTaToB  MOACIMPOBAHUS  MOXKHO

cacjaTb BbBIBOA O TOM, UYTO C YBCIWYCHUCM

C Beca M3MEepeHUI TUPOCKONOB (KOI(DPUIUEHTHI
npuoOIKaoTes K 1):

—ymenbiaerca CKO ciy4aiiHbIX TOrpenHocTe i
YIJIOB CUCTEMbI OPUEHTALNH;

— YBEIIMUMBACTCS BPEMsl IIEPEXOAHOTO MPOLec-
ca apeiida yrioB K JIOKHBIM TMOKa3aHUSIM, BbI3BaH-
HBIX YCKOPEHHBIM JIBH)KEHHEM 00BEKTA.

00 7

Pucynok 6 — I'paduxku 3aBUCHIMOCTEH YTIJIOB TaHTaXka
ot BpeMmeHH: | —MmomudunmpoBanHsii Meton TRIAD;
2 — xnaccuueckuii metox TRIAD

Figure 6 — Graphs of time dependences of pitch angles:
1 —modified TRIAD method; 2 —classical TRIAD
method

20

10

10 20 30

t,c—

Pucynok 7 — I'papuku  3aBucHMOCTEHl yIIOB KpeHa
or BpemeHu: | —momuduuuposanubiii merox TRIAD,
2 — knaccuueckuit meron TRIAD

Figure 7 — Graphs of time dependences of roll angles:
1 —modified TRIAD method; 2 —classical TRIAD
method

Kpome Ttoro, CKO morpemHocteii moandu-
muposanHoro Meroga TRIAD mpu o, = 0.99 B 6 pa3
MEHBIIIE 1O yIJlaM TaHraxa, KpeHa u B 8 pa3
MEHbIIIE 0 YTy pbIcKaHMs (Kypca) B CpaBHEHHUHU
¢ wiaccuueckuM wmetogoM TRIAD. Orto gaér
OCHOBaHHEC CYHTaATb, YTO HpeI[HO)KCHHbIﬁ METO
Oosiee MPEAMOYTHTENBHBIM JUIS pealn3ali CHC-
TEM OpUCHTAIIUU MTOJABUIKHBIX O6T>GKTOB.
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3aKiIroueHue

[Ipennoxen MOAU(PHUITUPOBAHHBIH METOJI
TRIAD KOMIJIEKCUPOBaHUS CUTHAJIOB TPEX TpHa
JAaTYNKOB:  MarHUTOMETPOB,  aKCEIEPOMETPOB
W THUPOCKOMOB. MeTos MOXKeT OBITh TIOJIe3eH
Uil peanu3anuy - OecriaT(OPMEHHBIX — CHCTEM
OPUEHTALNN TIOABM)XHBIX OOBEKTOB DPA3INYHOTO
OasupoBaHMs, Tak Kak B 6-8 pa3 TouHee IO
CpaBHEHHUIO C KiaccmueckuMm MetogoM TRIAD.
WNnes wmeroma ocHOBaHAa Ha TPEABAPUTEIHLHOM
KOMIUIEKCHPOBAHUN COYETAHWH TpUAJ JaTYUKOB:
aKCeJIePOMETPOB C THPOCKOIIAMH U MarHUTOMETPOB
C THUPOCKOTIAMH C TIOCIEAYIOUINM BBIYHCICHUEM
MaTpULBI HANPABIAIONINX KOCHHYCOB. CTemneHb
ocnabieHust CIy4alHbIX MOTPENTHOCTEH JaTIYNKOB
W BO3MYIICHHH OT YCKOPEHHH OOBEKTa MOXKET
HacTpauBaThcsl kodpduuuenramu o,. Ilo marpune
HaIpaBISIONNX KOCHHYCOB MOTYT OBITh TOJyde-
HBI yTI61 Diinepa—Kpeutoa.

baarogapuoctu
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Abstract

The reflection of a Gaussian laser beam from a flat Lambert disk is considered theoretically. It was
found that the results of experimental measurements of the reflected beam power as a function of the disk
radius at various distances from the photodetector to the target are in good agreement with the theoretical
model. It was shown that when the radius of the laser beam is greater than the dimensions of the probed com-
plex target this target can be replaced by an equivalent Lambert disk with the same laser radar cross section.

Keywords: laser scanning, laser radar cross section, lidar, gaussian beam
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Introduction

Application of LiDARs for detecting, recog-
nizing, and tracking objects has recently expanded
significantly. The most important characteristic for
estimation of the target detection range is its laser
radar cross section (LRCS) [1-4]. It depends on the
geometric shape, reflective properties, and orienta-
tion of the object. Traditionally, LRCS is measured
by comparison with the standard one [5, 6]. At the
same time, numerical modeling methods for LRCS
estimation have been significantly developed [6—10].
The theoretical calculations of the LRCS are known
for some objects with simple geometric shapes [2, 7].
This is especially important because an object can be
represented as a set of elements that are in most cases
simple in shape and thus one obtains a quick LRCS
estimation of a complex object. However, numeri-
cal modeling requires knowledge of many object
parameters, such as the bidirectional reflection dis-
tribution function [11, 12], its exact geometric shape,
and from what materials the object is made of. In
theoretical analysis many significant simplifications
have to be applied. So an object is usually considered
as to be illuminated with a laser beam having a uni-
form power distribution, whereas in reality the beam
has often a Gaussian distribution in space. In addi-
tion — simulation results are often difficult to verify
experimentally.

In this paper, we for the first time (as far as
we know) theoretically consider the reflection of a
Gaussian beam from a circular disk, which reflects
according to Lambert’s law. Experimental measure-
ments of a reflected laser beam power are given as
a function of the disks' radii, the distance to them,
and for a model of an object with complex geometric
shape. A method for estimating the reflected radia-
tion power simplified in comparison with the radar
equation based on the construction of an equivalent
Lambert disk with an LRCS equal to the target LRCS
one is proposed.

Theoretical analysis

Let us assume that the radiation source gener-
ates a laser pulse with a given temporal and spatial
distribution of the radiation power density I’(r, f).
Laser radiation emitted by a small section of the
source do, illuminates a small area of the object dS
with the normal vector n located in the direction r,
from do, after passing through the propagation me-
dium with the transmission coefficient 7 (Figure 1).

After interacting with the object the radiation passes
through the propagation medium with the transmis-
sion coefficient 7, in the direction r, and enters the
receiver small section do, with the registration ef-
ficiency . The fraction of radiation p(r,, r,) (bidi-
rectional reflection distribution function) reflected
towards the receiver element do, depends on the
optical properties of the object surface element ds,
its relative orientation determined by angles between
the normal vector and the directions to the sections

of the source do. and the receiver do ..
Target
QOBeKT

Source
HcToummx

Detector
TIpn&muux

Figure 1 — Scheme of object probing by a laser pulse

The power d’P({) received by the photodetector
element at time ¢ is equal to [4]:
rlsrz) (_rl 'n) (rz 'n)

2.2
7"2

ndSdo do,, (1)

Sy — () p(
d’P()=1(¢ )17, p

1 12

1 2

where ¢’ = t-I(r,, r,)/c, I(r, r,) is the optical path
length in the forward and backward directions;
¢ is the speed of light.

Denote the total power falling from the source to
the object as P,:

P(t)= j j j—;decS =2ml (1), ©)

O'SS 1

where the integration is carried out over a part of
the object surface S the radiation reflected from
which will arrive at the input of the receiving sys-
tem at the same time, /,, is the average power density
of the laser beam, 7 is the distance from source to
target. The reflected from the object power will be
proportional to LRCS which based on Eq.(1) and

with taking into account Eq.(2) is equal to:

(=r-n)
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If the distance to the probed objects is much
greater than the distance between the source and
the receiver and also greater than their sizes and the
object size then r; = r, =r and therefore 7, = T, =T
can be taken. The following formula is obtained
from Eq.(1):

P(t)—Tzwc(t—gjcdn, 3)
c

2
r

where o, is the area of the entrance pupil of the
receiver objective, and it is assumed that the sen-
sitivity of the photodetector is the same over the
entire surface of it. Thus LRCS can be defined as
the area of a certain flat surface, which is located
perpendicular to the direction of the incident wave
and reflects the same power in the direction of the
photodetector as the probed object when it’s placed
at the point of location of the that object. In general,
LRCS is a function of time because different parts
of the object’s surface are illuminated at different
times during probing by a laser pulse.

We consider the reflection of laser radiation from
a Lambert circular disk with p(r,, r,) = p, = const of
radius r, located at a distance z from the receiver and
oriented perpendicular to the axis of the laser beam.
Let the radiation source forms a Gaussian beam in
the plane of the probed disk with the power density
in the cross section:

r'2
I(F)=1,-¢ ",

where /, = PO/(nwz) is the radiation power density at
the center of the beam; P, — laser power; w is the ra-
dius of beam where irradiance decreases by a factor
of 1/e. The reflected power of the radiation arriving
at the input aperture of the receiver objective is:

where r,, is the distance from the small disk ele-
ment dS to the receiver element do, (Figure 2); dS =
r’dr’de’, and r’ ranges from O to 7,.

In the approximation r,> = z*+7°* for r,, >> r,
(r, is the radius of the aperture of the receiver ob-
jective), it can be assumed that a weakly varying
in power amplitude electromagnetic field is creat-
ed in the plane of the photodetector. If we assume
that the sensitivity of the receiving area is uniform
(n = const), then the integral can be transformed
to the equation:

r’2 /w2

2 dr =

-
P:IO ptncd-‘-e

2 2
2n yz +r

22 (r12+22)/w2 _

_1, "

=5 oPMNOo, €
252 X

z°/w

Figure 2 — Scheme for calculating the power of reflected
radiation

Taking into account the definition of the integral
exponential function of the first kind [13]:

Ei, (x) = jert,

we obtain:

2
1 =l (2 P+ 2
P=510p,ncd eV |:E11 [—ZJ—Ell (’—2 .
w w

In most cases, this expression can be simplified
by considering that z >>r, and z >> w:

2 _t
p=tRNOW |y | (4)
2z
From this equation the LRCS of the Lambert
disk is equal to:

r f2

o, :Tcwzg l—e " |. Q)

This is consistent with the results [1, 8]. In this
case the radius of the Gaussian beam changes with
distance according to the expression:

w? = wg [1+(X—22) ], (6)
w,
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where w;, is the beam waist radius; z’ =z + z; z is the
distance from the Gaussian beam waist to laser lens;
A is the radiation wavelength. Hence the LRCS also
depends on the distance z.

The obtained expressions are valid if the center
of the laser Gaussian beam coincides with the center
of the probed disk. If the center of the disk is dis-
placed from the beam axis, the expressions become
much more complicated. The reflected power in this
case can be found using the Eq.(A.2) (Appendix A).

Experimental results and discussion

From the Eq.(5) it follows that if the beam width
is much less than the target size w <<r, then LRCS
increases with distance z according to the quadratic
law 6, = p,iw’ where w is proportional to z in accor-
dance with Eq.(6). Since irradiance at the center of
the beam /, decreases in proportion to 2% in Eq.(4),
the power P recorded by the photodetector will also
decrease in proportion to z2. However, as the ratio
r,/w decreases, the increase of LRCS slows down,
and it itself rapidly tends to the value ptnrtz. As a
result, at w>r, the measured power starts to decrease
faster in proportion to z*. Therefore, it should seek
for scanning by a laser beam with a small radius to
detect small objects.

At the same time wide beam scanning has its
advantages. Full coverage of the target by the beam
allows LRCS to be obtained from the entire object
and therefore the measured signal will contain in-
formation about the entire object. Measurement

of the time dependence of a reflected power from the
target allows it to be used for object recognition [2].
Whereas in the case of a narrow beam only a part of
the object is measured and it is difficult to ensure that
two successive laser pulses hit the same part of the
object. Therefore the time dependence of the LRCS
obtained with a narrow laser beam is not suitable for
obtaining additional information about an object and
determining its type.

To test the theoretical model (4), the power of
the Gaussian beam reflected from the objects was
measured experimentally. All elements of the experi-
mental setup for measuring the power of the reflected
laser beam are located in the non-reflective box to
reduce the influence of external factors (Figure 3).
The source of laser radiation was a DPSS laser man-
ufactured by "Thorlabs, Inc." CPS532 with a wave-
length of 532 nm. To form the required radiation di-
vergence (0.026 rad), an objective with a focal length
of -6.25 cm was developed. To measure the LRCS
of complex-shaped objects, they were placed on a
rotating and moving device that sets their different
orientations. After reflection from the object, the ra-
diation is received by a Gentec-EO PH100-Si-HA-
ODI1-DO0 photodetector located at the same distance
from the object as the exit pupil of the laser source
objective. Data from the photodetector are converted
by the Gentec-EO U-LINK (USB) PC interface and
output to the PC as radiation power values. In this
case, the distance between the source and the receiv-
er of radiation is much less than the distance to the
object.

JlazepHsbrit OBboxTHE Non-reflective box
HCTOYHHK OnTtuueckas kaMmepa
L Lens
. objective :
Rotating
and
OOBeKT :
moving
Tareet device
=% . dotonpueMHoOe arget Vi u
3 Wurepetiic B, w—— cTpOICTBO
2 PC Pl 110BOpOTA
v.]
=] 5 u
é N PC interface |« Detector He{eMeIIERA

Figure 3 — Scheme of the experimental setup

To determine the parameters of the laser beam
formed by the lens, the photodetector was placed
on the rotating and moving device. The beam pro-
file was measured at several distances from the laser
radiation source. Detailed measurements of the la-

ser beam profile showed that it has some differences
from the Gaussian profile. For the laser we used, the
maximum deviations do not exceed 10 %, and the
average deviation is less than 4 %, which allows us
to use the Gaussian beam model. The laser beam
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radius was defined as the radius of the circle on which
the power density drops by a factor of e. The change
in the laser beam radius depending on the distance
is in complete agreement with expression (6) for a
waist width of w, = 6.3 um and its position relative
to the laser exit pupil of -17.7 cm.

Paper flat discs were chosen as targets. The ra-
dius of the disks r, varied in the range of 1.5-20 cm.
The choice of paper as a material for discs is due
to the fact that it reflects almost according to Lam-
bert’s law, and the reflection coefficient is relatively
high: p, = 0.67. The beam radius was 8—11 cm at dis-
tances from 300 to 400 cm. The results of measure-
ments of the reflected power at four distances z from
the source to the target are shown in Figure 4. For
all four distances, the experimental values are well
described by dependencies (4) with Py=4.1 mW,
no,=0.9 cm’,

12 1
8
3
=
al
4
0 5 10 15 20
1y ,em

Figure 4 — Radiation power P reflected from a target with
radius 7, located at a distance of 315 (1), 340 (2), 370 (3),
and 400 cm (4): dots stand for the experimental values,
lines stand for the theoretical curves of the Eq.(4)

Measurements of the reflected power from
disks made of different materials with different re-
flection coefficients confirm theoretical results for
distances from 250 to 400 cm. The results for the
discs placed at a distance 315 cm are shown in
Figure 5. The reflection coefficients are 0.64 (plas-
tic), 0.67 (paper), 0.515 (textile), 0.45 (wood).

Let’s assume that the LRCS of an object with a
complex geometric shape is known. Then you can
associate it with a flat disk with a diameter approxi-
mately equal to the transverse dimensions of the ob-
ject and can calculate the reflection coefficient from
the Eq. (5). The diameter should be chosen based
on the size of the object as it is important to keep
the r,/w ratio approximately the same as for the real

target. Further a simpler Eq. (4) can be used instead
of the Eq. (3) which requires knowledge of the de-
pendence of LRCS on the distance to the object.

12
=z 8
=
_ 4
T T T 1
0 5 10 15 20
#y,cm

Figure 5 — Radiation power P received by the photo-
detector, depending on the material of disks: paper (1),
plastic (2), textile (3), wood (4), the solid line is stand
for the theoretical curve of the Eq.(4)

Measurements were carried out for various ob-
jects with complex surface shapes. Figure 6 shows
the results of comparison of received power after
reflection from a T-34 tank model (scale 1:43) and
from an equivalent disk with a radius of 5 cm. The
reflection coefficient of the disk was 0.25.

3_
X

20

154
2
=
L 04

5

0 T T T T T T 1

120 220 320 420
z, cm

Figure 6 — Radiation power P received by the photode-
tector, depending on the distance z to the target: crosses
stand for the measured reflected power from the T-34 tank
model, circles stand for the disk with laser radar cross sec-
tion equal to the laser radar cross section of the model, the
solid line is stand for the theoretical curve of the Eq.(4)

Similar dependencies were obtained for other
objects. As expected the largest discrepancies are
observed at small distances where the beam width
is less than the target dimensions. As the distance to
the target increases the beam radius increases and the
values agree much better. Thus replacing a complex
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object with an equivalent LRCS disk allows to obtain
correct estimations of the reflected power at large
distances to the target. Measurements of the power
of the reflected signal at several distances to the ob-
ject make possible to estimate the size of the probed
object. Good quantitative agreement of the theoreti-
cal equation (4) with experimental measurement re-
sults allows it to be used for estimate the maximum
detection range of a target. The maximum range can
be expressed from equations (4)—(6) provided that
the power received by the receiver is the minimum
registered power P, , at which it is still possible to
detect an object against the background of noise, and
provided that z >> wyr,/A 1. e. when the LRCS of the
object tends to the value p,nr>. Thus, the maximum
range is:

. mRwmo,p,r]
max 20°P '

min

In our case, at P, ;, = 0.15 nW, the maximum de-
tection range of the T-34 tank model was 4.3 m.

Conclusions

The paper presents a theoretical model of a
Gaussian beam power reflected from a Lambert cir-
cular reflector. Dependence of the laser radar cross
section on the distance between the radiation source
and the target is considered. Powers of reflected laser
radiation from disks of different radii are measured
experimentally. Theoretical calculations are in good
agreement with experimental data. Measurements of
the reflected from a complex-shaped object radiation
power have shown that dependence of the reflected
light power on the distance to the object agrees well
with the such dependence for disks. The model can
be used for calculation the maximum detection range

" "
_r 2r

e rdrd(p+j]£e W
00

2
i 2

~ pfncd 7w2
Prl L5t !

[y —

The first term in the expression is:

',2
2’ ,L it

I e ra’r'a’(p=nw2 l—e
0

0

The second term is zero and the third is:

1]11]’-6:_2 277, 0059 2r'a’r'af = 1-|1-L . e,:iz
29% w? ¢ 0 w? ’

to an object with a known laser radar cross section
as well as for estimation of the power registered
by the photodetector.

Appendix A. Beam center offset correction

Let us consider how the displacement of the
center of the disk from the center of the laser spot
will affect the power received by the photodetector.
Let’s choose the center of the disk as the origin. Let
the center of the beam be displaced along the OX axis
by a small distance r, <<w. Then the power density
can be written as:

(r cos g1y ) +(r' sin)?

2

I(F)=1Ie v ,

where »” and ¢ — are polar coordinates. It is easy to
convert this expression to the form:

r02 2 2r'r0 cos ¢
2

I(r'):IOei“j-e Woe W

Further we will assume that the distance to the
disk z is much greater than the beam radius and the
disk radius r,. Then the power reflected from the disk
and is incident onto the entrance pupil of the recei-
ving optical systern is equal to:

2
ol 2rr0cosq>
2
e
00

To calculate the integral we note that the second
exponential component has a small value in the inte-
gral and so it can be expanded into a series:

P/ﬂcd )

P=1, rdrde.

w ~
e ~1+ > >

erocosq) 2 , 1 2 , 2
2 rr, COS rr, COS
0Cos® 1 0COSP
w 2 w

Then:

)

2 27Irt 7"7 2
rr cosq) dr d(p+lJ-J-e . rr coscp Fdrdo|.
w? 2990

W

After all the simplifications we obtain the final
expression for the power received by the photodetec-
tor:

(A1)

I, I,
2 i 22 T
o 2 nr 2
|| 1= | 1me o |+ e |,
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To calculate the relative error we find the ratio
of the power difference P, according to the Eq.(4)
and P, according to the Eq.(A.1) to Py:

2
o

w2

2
0
1 2

7
-e
w
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OC00eHHOCTH PACTIPOCTPAHEHUS AKYCTHYECKUX HOPMAJIbHBIX
BOJIH B TOHKUX MOPUCTHIX JIUCTAX TEPMOPACIIUPEHHOTO
rpajgura

0O.B. MypaBbeBal’z, A.B. Baunosa', JI.A. lenncos’, O.II. Bornan'

1 . . .
Hbicesckuil cocyoapcmeenusiii mexuuueckuil ynusepcumem umenu M. T. Kanawmnuxosa,
ya. Cmyoenueckas, 7, e. Hocesck 426069, Poccus

2 . . . . .
Yomypmekuit pedepanvhuiii ucciedosamenvckuil yeump Ypaiockozo omoenenusi Poccuiickoil akademuu Hayx,
ya. umenu T. bapamsunou, 34, 2. Hocesck 426067, Poccus

Hocmynuna 18.07.2024
lpunsama k neuamu 05.09.2024

TepmopacmmpeHnHble TpaguThl OTHOCATCS K HOBOMY KIJIacCy Tpa(UTOBBIX MaTEpHajoOB, 00JIaAal0IINX
YHUKaJIbHBIMUA (U3UKO-XMMHUYECKUMH U MEXaHMYECKHMMH CBOHCTBaMH. CKOPOCTH aKyCTHYECKHUX BOJH —
OJHa M3 BAXHEHIIMX XapaKTEePUCTUK MPH HCCIEJOBAHHUIX MOPHCTHIX MAaTEpPHaloOB, B TOM YHUCIE, TOHKHX
MOPHUCTBHIX JIMUCTOB TEPMOpACIIMPEHHOro rpadura. B craTthe 3KCIEpHUMEHTaIbHO HCCIEA0BaHbI 0COOEH-
HOCTH pacmpocTpaHeHus cuMMeTpuuHod Monael SO Bomubel JIdm0a um SH-BOJHBI TOPHU3OHTANBHON
MOJSIPU3alMKM B JIUCTax TepMopaciiupeHHoro rpadura. s omnpeaeneHus: CKOPOCTEH HCMOIb30BaHA
muddepeHInanbHas cxeMa HW3MEpeHHi, peaqu3oBaHHas Ha 0a3e HU3KOYACTOTHOTO aKyCTHYECKOTO
nedekrockona DIO1000 LF wm cnenmanu3upoBaHHBIX IbE30TNpPEOOpa3oBaTesiel ¢ CyXMM TOYEUHBIM
KOHTakTOM. JIOMOJHUTENBHO ONpe/esieHa CKOPOCTh MPOJOIbHON BOJIHBI B HAalpaBICHUU TOJIIMHBI JINCTA
C HCHOJNB30BAaHMEM IbE30Npeodpa3oBaTesiell Ha OCHOBE MNOJMBHHMWIMACHTPTOpuAa. IlocTpoeHsl
MHAUKATPUCHl CKOPOCTEH HOPMAalbHBIX BOJH B IUIOCKOCTH IpOKAaTa M ITOKa3aHO, YTO MaKCHMajbHas
aKyCTHYeCKasi aHU30TPOMNHUsI €ro CBOWCTB XapaKTepHa AJs MCHoiab3yeMoil SO MOJbl, MPH 3TOM MUHUMYM
CKOPOCTH COOTBETCTBYET IPOAOJILHOMY HAIPaBICHUIO IUIOCKOCTH TpPOKara, B KOTOPOM HaOmogaeTcs
MaKCHMasbHas BBITSAHYTOCTh Ta30BbIX MOp. lccienoBaHO BIMSHUE TOJIIMHBI M IUIOTHOCTH JIMCTOB
TEPMOPaCUIMPEHHOr0 TpaduTa Ha CKOPOCTh HOPMAIBHBIX BOJIH M IOKAa3aHO HAIW4YHE OOJIACTH TOJIIHH,
rae HaOJromaeTcs WX MHHHMMAIbHOE 3HAY€HHE BCIICACTBHE MAaKCHMAIBHOW HEOJHOPOAHOCTH CIIOEB,
¢dbopmupyeMBbIX B mpolecce npokartku. I[IpeasoskeHa MeToAMKa OmpenesNeHHsl TUHAMUYECKUX YIPYTHX
MOJyJiel MOPUCTHIX JIMCTOB TEPMOPACIIMPEHHOTO rpaduTa Mo AaHHBIM AKCIEPHUMEHTAIbHO U3MEPEHHBIX
CKOpOCTE€ HOPMAJIBHBIX BOJH M [OKa3aHO, YTO B IPOJOJBHOM HANpaBIeHUM IUIOCKOCTH IpoKaTa
kodpduument IlyaccoHa NpUHUMAET OTPHULATEIBLHOE 3HAYEHHE, YTO MO3BOJISIET OTHECTH YKa3aHHBIN
MaTepHal K ayKCeTHKaM.

KaroueBble cj10Ba: JIUCTHI TEpMOpPACIIUPCHHOT'O rpa(bHTa, AKyCTHYCCKHUE HOPMAJIbHBIC BOJIHBI, CKOPOCTb
BOJIH, aKyCTUYCCKasA aHU30TPOIUA, AMHAMUYCCKUEC YIIPYTHUEC MOYJIN
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Abstract

Thermally expanded graphite belongs to a new class of graphite materials with unique physical, chemi-
cal and mechanical properties. Acoustic wave velocity is one of the most important characteristics for study
of porous materials including thin porous sheets of thermally expanded graphite. In this paper peculiarities
of symmetric mode SO Lamb wave propagation and SH-wave with horizontal polarization in sheets
of thermally expanded graphite are experimentally investigated. To determine their velocities a differen-
tial measurement scheme on the base of a low-frequency acoustic flaw detector DIO1000 LF and special-
ized piezoelectric transducers with dry point contact was used. Additionally the longitudinal wave velocity
in direction of sheet thickness was determined using piezoelectric transducers based on polyvinylidene
fluoride. Indicatrices of normal wave velocities in the rolling plane were plotted and it was shown that
the maximum acoustic anisotropy is characteristic for the SO-mode. The velocity minimum corresponds to
the longitudinal direction of the rolling plane in which the maximum elongation of gas pores was observed.
Influence of thickness and density of thermally expanded graphite sheets on the velocities of normal waves
was investigated and presence of the thickness range where the minimum velocity values were observed
due to the maximum inhomogeneity of layers formed in the rolling process. Method for determination
of dynamic elastic moduli of porous thermally expanded graphite sheets using experimentally measured
velocities of normal waves was proposed. It was shown that in the longitudinal direction of the rolling plane
the Poisson's ratio took negative values which allow to attribute the specified material to auxetics ones.

Keywords: thermally expanded graphite sheets, acoustic normal waves, velocity, acoustic anisotropy,
dynamic elastic moduli
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BBenenue

TepmopacuipeHHbIE rpaduTe (TPI)
OTHOCATCSI K HOBOMY KIlaccy TpadHTOBBIX Ma-
TEpUaNloB, O00NAJAONMX YHUKAIGHBIMU (H3HKO-
XUMHYECKUMU W MEXaHHYECKHMH CBOHCTBAMH.
ITonyuenue TPI' BkitOYaeT HECKOJIBKO CTaAuil:
WHTEPKAJIAIHS (B3aumoieiicTBHe rpadura
C  KHCJOTaMHu MPUCYTCTBUN  OKUCIIUTEIS);
THAPOJIN3  MHTEPKAJIMPOBAHHBIX  COEIMHEHHH
rpagura ¢ oOpa3zoBaHUEM OKHCICHHOTO Tpadmura;
TepMOpacUINpeHe OKHCIJIEHHOT'O rpadura
IIpH PE3KOM HarpeBe /0 BBICOKUX TeMIeparTyp.
[Monyuennsii TPI' oOmamaeT BBICOKOH YJEIBHOM
MIOBEPXHOCThI0 M MOPHUCTOCTBIO, YTO TO3BOJISIET
MpeccoBaTh €ro B H3IENIUS PA3IHUYHOH (OPMBI
n miotHoctu. IIpeccoBanne wim npokarka TPIT
MPUBOAUT K CHEIJICHUIO 4YepBEeOOpa3HBIX YacTHUI]
0e3 MpUMEHEHHs CBS3YIOLIET0 U TOJXYYEHHIO
CIPECCOBAaHHOTO MaTepHaja — TMOKON rpaduToBoi
(hoNbru pa3nMYHOMN TOMILIUHBI M TUIOTHOCTH [1].

I'paduroBas Qonera obnagaeT yHUKATBHBIM
KOMITJIEKCOM JKCIUTyaTallHOHHBIX XapaKTEPHUCTHK,
KJIFOYEBBIMU M3 KOTOPBIX SBIAIOTCA: CTOHKOCTB
K BO3JCHCTBHIO BBICOKMX TEMIIEpaTyp; BBICOKAs
TEPMOCTAOUIIBHOCTD; BBICOKAs! TEIUIONPOBOIHOCTE;
CTOMKOCTh K BO3/ICHCTBHIO XMMHYECKH arpeccus-
HBIX Cpel; BBICOKAs CTEHNEHb C)KUMAeMOCTH U
BOCCTAHABJIMBAEGMOCTb MOCJE CHSTHUS MAaBJICHUS;
CTOMKOCTh K MCTHPAHHMIO W YAApHBIM Harpyskam,
MPOYHOCTh W THOKOCTH, HU3KUH KOd(hGUIIUEHT
TPEHUSL; BBICOKAS 3JIEKTPOIPOBOJHOCTD [2].

VYKka3zaHHbIE CBOWMCTBA 00ECHEYMBAIOT HCIIOJb-
30BaHue rpaduToBON (QoNBrM IS YIMy4IICHUS
IKCIUTYaTallMOHHBIX XapaKTePUCTUK M HAAEKHOCTH
Ppa3bEMHBIX COEJIMHEHUM TPYOOTIPOBOTHON
apMarypbl,  COCYIOB,  amlaparoB,  HAaCOCOB,
KOMIIPECCOPOB M JAPYroro o0OpymZOBaHUSA, pado-
TAIOIIEro I1OJ AaBJICHHEM B HedTe- M razonodslue,
XUMUYECKOH, HedTernepepadaThIBAIONICH, MaIITIHO-
CTPOUTEIBHON,  METAITyPruYecKor, DSHEpreTH-
YeCcKoH, (apMareBTHIeCKOW, MHUIICBOM W JPYTHX
OTPACIISIX IPOMBILUIEHHOCTH, 4 TAaKKe B aTOMHOM
sHepretuke [3].

HecmoTpst Ha JUIMTENBHBIMN NEpUON HU3YyUYEHMUS,
B HACTOSIIEE BPEeMs K HCCIEIOBAHUIO TEXHOJIOTHH
W3TOTOBIICHHS, CTPYKTYPbI U (PUIUKO-XUMUYIECKHX
U MexaHudeckux cBoiictBam TPI' coxpaHnsercs
0oNBIION WHTEpEC B CBA3M C pa3HooOpazueM
TEXHOJOTHYCCKUX TpuMeHeHuit [4—6]. Bompocam
JKCIIEPUMEHTANIbHOH  omeHkH  Koadduimenra

B

MPOXOXKJIEHUSI U €ro HEPaBHOMEPHOCTU IO ILIO-
majad i nopucthix JMctoB TPIT mocsiieHbl
pabortsl [7, 8].

CKOpOCTh aKyCTHYECKMX BOJIH — OJIHA M3 BaXK-
HEUIUX XapaKTePUCTUK IPU HCCICAOBAHMUSIX HO-
BbIX IIEPCHCKTUBHBIX MAaTepUaJIOB U U3ACIHUU.
3HaHWE CKOPOCTEHW aKyCTHYECKUX BOJIH HEOOXOIH-
MO Kak TpU pa3pabOTKe METOAMK Je()EeKTOCKOIMHUU
MaTepualioB W W3ACIUN Ha HAJIWYUE HECIUIONI-
HOCTEH, TaK W TPH pEIIeHWH 3a7ad aKyCTH4ec-
KO CTPYKTYpOCKONHMH. MeToAbsl aKyCTUYECKOM
CTPYKTYpPOCKOITMM yCIIETITHO HCITONB3YIOTCS IS
ONpeNeCHUsT AUHAMHYECKUX YIOPYTUX MOMIYJeH
MatepuanoB [9—13] Omaromaps HaIW4YUIO OJHO-
3HAYHBIX CBS3€dl CO CKOPOCTSIMH W IUIOTHOCTBIO
MaTepHayioB; MPH OLEHKE OCTATOYHBIX HAampsKe-
HUH C WCIIOJIb30BAaHUEM METOAa aKyCTOYIpPYyTocC-
i [14-16]; mpu OIEHKE HUKINYECKOTO Harpyke-
Hus Ha matepuan [17-19]; npu oueHke CTPyKTypbl
n  (U3NKO-MEXaHMYECKHX CBOMCTB (TBEPIOCTD,
KaueCTBO TEPMOOOPaOOTKH, KaYeCTBO YIPOYHCHUS
u ap.) [20-24] 3a cu€T BBISIBICHHBIX KOPPEISIIHOH-
HBIX CBSI3€H CO CKOPOCTSAMH aKyCTHYECKHX BOJIH.

Teopus pacrpocTpaHeHUs] aKyCTUYECKUX BOJIH
B TOPUCTBIX CpPEAax HCIONB3YeT MPEeHMYIIECCTBEH-
HO ypaBHeHus bwuo [25]. Teopernueckue wuccie-
JIOBAaHUS ~ CKOpPOCTEH  aKyCTHYECKMX  BOJH,
pacripoCTpaHsSIOMHUXCS B MOPUCTOM MaTepuaie, H
UX CBSI3U C YNPYTHUMH CBOMCTBaAaMHU CpeIbl OCHOBA-
Hbl Ha TMPUMEHEHWU Pa3UYHBIX TEOPHi, ypaBHe-
HUM U MOJENEH, JOMOJIHIEMBIX K KJIACCUYECKHM
MPEJICTABICHUSIM HOBBIMH T'PaHUYHBIMH  yCIIO-
BHSIMH, YIIPOIICHUSMH U JOTIOJTHCHUSIMH [26—28].

TeopeTuueckue U 3KCIEPUMEHTANBHBIE HUCCTIE-
JIOBaHWS HANpaBIIeHbl Ha HW3yYeHHE B3aMMOCBS3ZH
CKOPOCTH aKyCTHYECKOW BOJIHBI C IUIOTHOCTBIO
U TIOPUCTOCTBHIO Marepuaja, pa3MepoM, pacIpe-
JIlelIeHneM ©  opueHTaimei mop [29]. B wacrt-
HOCTH, II0OKa3aHO, YTO YBEJIUYCHHUE MOPUCTOCTHU
Marepualia TPUBOJUT K YMEHBIICHHIO CKOPOCTH
MIPOJOTBLHON BOJIHBI, TIPH 3TOM BIUSHUE Ha CKO-
pOCTh  moOmEepeyHOW  BOJHBI  OTCyTcTBYET [30].
YCTaHOBIEHBI 3aBUCUMOCTH CKOPOCTH  aKyCTH-
YECKOM BOJIHBI, PaCHpOCTPAHSIOMICHCS B IOpPHUC-
TOM Marepuajie, OT €€ YacTOThI, YTO TO3BOJIIIIO
MOJIYYUTh JTUCIIEPCHOHHBIC KPUBLIE, OIMUCKHIBAIO-
e aKyCTHUUYECKHE CBOHCTBA IOPUCTOrO Mare-
puana [31-33]. AHanu3 TUCTIEPCHH aKyCTHYECKHUX
BOJIH B TMOPHUCTBIX MaTepuanax IMOKa3bIBACT
BO3MOXXHOCTh BO3HHUKHOBEHHS Ha OTpEIeTEHHBIX
9acTOTaxX PE30HAHCOB, MPHUBOIAININX K PA3THUYHBIM
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BHUJAaM KOJEOAHWH TOpP, U BO3MOXKHOCTH IPOSBIIC-
HUS TIOPUCTBIMH CpPEJaMH TIPH  ONpeAeTEHHbBIX
YCIOBUAX CBOMCTB MeTamarepuaioB C OTpHU-
[ATeTbHBIMA ~ WHEPUMOHHBIMH M YIPYTHMH
cpoiictBamu [30, 34, 35].

OcoOblii HWHTEpEC TMPEICTaBIIeT HCCIIeI0Ba-
HHUE «MEJJIEHHOW» MpOAOJbHOW aKyCTHUYECKOM
BOJHBI (BOdHBI cxkatusa Il Tuma), BoO3HMKaroUIEH
MpH  OMpPENENEHHBIX  PE30HAHCHBIX  YacTOTax.
[ToxazaHo, 4TO Mpo/OJIbHAS BOJHA BTOPOIO THIIA
3aBHCHT OT CBOWCTB Marepuaia, 3aroHSIOIIErO
mopel [36] W TPaKTUYECKH MOJHOCTHIO TIOTJIO-
1IaeTCsl MPU JJIMHE BOJIHBI, HAMHOTO MPEBBIIIAIO-
mei TommuHy oOpasma [37]. AKTHBHO WcCCle-
JIyIOTCSI  BO3MOXKHOCTH ~ H3MEPEHMsI  CKOpOCTei
pacmpocTpaHeHHsT aKyCTUYeCKOW BOJHBI B IIO-
PUCTBIX  cpemax Juisl  3aJad  aKyCTHYECKOU
CTPYKTYPOCKONHH:  OMpPENeNICHUE TeMIepaTyphl
cpennl [38], ucciemoBanue d3PPEKTOB CMaUMBAHUS
U TUIpaTalli¥ B HACBIIICHHBIX XUAKOCTBIO I0-
pucTtbix cpenax [39], coctaa raza B mopax [40].

OKCIEPUMEHTABHBIE U3MEPEHUS CKOPOCTH
aKyCTHYECKOW  BOJHBI,  PaCIpPOCTPAHSOIIEHCS
B TIOPHUCTOM Marepuaje, pealn3yloTcsi TpenMy-
IIECTBEHHO C  HCIOJb30BAHUEM MPOAOIHHBIX,
MOTIEPEYHBIX M TOBEPXHOCTHBIX BOJH 3BYKOBOTO
MW YyJIbTPa3BYKOBOTO juamna3oHa. lmerorcs cBe-
neHuss 00 WCIIONIb30BaHWUU JUIA  WCCIIETOBAHUIMA
HaIpaBJICHHBIX BOJIH TOPHU30HTAILHOW TOJSpHU3a-
uuu [41], a TakkKe BO3MOXKHOCTAX HMCIOIb30Ba-
HUS JUI UCCIIEZOBAaHWH METOAOB MIMPOKOIIOJIOC-
HOM Jla3epHO-YJIbTPa3ByKOBOM criekTpockonuu [33].
Jlucter  TPI' mpexpcraBiasitor  coOoi

MOPUCTBI  MaTepuanl C  HEOJHOPOJHOM

TOH-
KUH

CTPYKTYpOH IO TONIIMHE (CJII0OEM 3aKpBITBIX MOP
C TIOBEPXHOCTEH) W aHW3O0TPOIHUEH CBONCTB IO
TUIOIIA/M, OOYCIIOBJICHHBIX TEXHOJIOTHEH Tpo-
katku. CreayeT OTMETUTb, YTO B OOLIEM ciydae,
CKOPOCTh aKyCTHYECKHX BOJH B IOPHCTOM cpene
ompesenseTcss pAAOM TapaMeTpoB (TIOPHCTOCTb,
3¢ QeKTUBHBIC YNOpyrde MOAYJIHM HACBIIIEHHOTO
MaTepuana; ynpyrue MOJIyJIH CKeleTa U CpPe.sl,
3aMOJTHATOMEH TOPBI (Ta3, JKUIKOCTH), 3aBUCSIIIX
Kak OT CBOWMCTB TBEPIOW (a3bl U MOPOBOM Cpenbl,
TaK U OT MHOTUX Ipyrux (akropoB (reomerpuu
MIOPOBOTO IPOCTPAHCTBA, XapaKTepa KOHTAKTOB
B ckenere, 3(QPEKTUBHOIO JaBjicHUs u 1p.) [26],
MHOTHE M3 KOTOPBIX IpuMeHuTeNnbHO Kk TPI
ABIIIIOTCS HEM3BECTHBIMHM BEIUYMHAMU H MOTYT
OBITH OIPEJIENEHBI TOJIBKO IMITUPHYECKH.

Lenp paboOThI: HJKCIIEPUMEHTANbHBIE HCCIIe-
JOBaHUsI OCOOCHHOCTEH paclpoCTpaHEHHUs aKyc-
TUYECKMX BOJH B TOHKHMX IIOPHUCTBIX JIMCTax
TEpPMOpACIIUPEHHOr0  rpaduTta,  ONpeAeicHHe
UX YIOPYyruX MOJyJied M OLIEHKa aHU30TPONHHU
AaKyCTHYECKUX CBOMCTB KakK B IUIOCKOCTH IIPOKaTa,
TakK 1 10 €T0 TOJIINHE.

MeToauka IKCIIEpUMEHTA

OKCIEPUMEHTAILHO ~ HCCIEJOBAaHbl  JIUCTHI
TEPMOPACIIMPEHHOr0 Tpadura B KOJIHYECTBE 5
00pa3LoB pPa3NTUYHON TOJIUMHBI /i B JWAma3oHe
or 0.2 mo 1.5MM, ¢ INIOTHOCTBIO B Juana3oHe
850970 kr/m’. XapaKTEpPUCTHKH HCCIIEOBAHHBIX
JHUCTOB TEPMOpACIIMpeHHoro rpaduTa (TOMMIHU-
Ha /i, IUIOTHOCTb P W IIOBEPXHOCTHAs IUIOT-
HOCTB p/) TpesicTaBiIeHbl B Tabnuie 1.

Tabauya 1/Table 1

XapaKkTepHCTHKH HcclIeyeMbIX 00pa3IoB TepMopacliipeHHoro rpagura

Characteristics of investigated thermally expanded graphite samples

Ne obpasua  Touuna jaucra -, MM [IIOTHOCTB jiMcTa p, Kr/m3 [ToBepxHOCTHAS TIIOTHOCTH PA,
No. Sheet thickness 4, mm Sheet density p, kg/m? K/
Surface density p4, kg/m?
1 1.52 940 1.429
2 1.03 970 0.999
3 0.6 850 0.511
4 0.4 910 0.364
5 0.2 885 0.177
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B TOHKUX I1aCTuHax BO3MOXKHO Ccy-
M ECTBOBAHUEC HOPMAJIbHBIX BOJIH H3M6a,
q)OpMI/IpyeMBIX BCIICACTBUE II0CJI€OOBATCIBHOI'O

OTpaXXeHUsT M HMHTEp(EpPEeHUMH IUIOCKUX BOJIH,
MaJal0MKX ¥ OTPaKAIOLUIUXCSI OT CTCHOK BOJHO-
Boza. Hopmanbhble BosiHbl JIamOa mozapasnensior-
Ccsi Ha OCECHMMETPUYHBIE MpoxoibHbIE  (S),
AQHTUCHUMMETPUYHBIC M3TUOHBIE (A) M IMONEpeYHbIe
BOJIHBl ~ TOPU3OHTAIBHOW  momsgpusauuu  (SH-
BOJIHBI). OCHOBHOH XapaKTepUCTUKOW HOPMaJIbHBIX
BOJIH  SIBISIIOTCS.  JAWUCHEPCHOHHBIE  KpPUBBIEC,
XapakTepU3yIOLUIMe 3aBUCHUMOCTH TPYIIOBBIX U
(a30BBIX CKOpPOCTEH OT 4YacTOThl KOJIEeOaHUU H
TOJIILIUHBI JIUCTA.

B oGnacti MUHMMaJIBHON TUCTIEPCHU CKOPOCTH
npu fh—0 (h — TonmumHa JaKCTa, f — 4acTOTa BOJIHBI
/) da3oBas u rpynmoBas CKOpPOCTH HYJIEBOH MOZBI
CUMMETPUYHOM BOJIHBI SO HE 3aBUCAT OT YacTOTHI
U OIPENENSIOTCS TOJBKO IUIOTHOCTBIO p Marepua-
Jla ¥ yOpyraMHu cBoiicTBamu cpenbl (Moayis FOura £
u ko3 unument Ilyaccona v) [42]:

E
C = f—
S0 ‘ﬂHo p(l—vz)

[Ipu 5TOM CKOPOCTH HYJIEBOH CHUMMETPUYHOU
Monbl SH—BOJHBI TOPU3OHTAIBHON MOJSPU3ALUU
paBHA CKOPOCTH OOBEMHOM TIONEPEYHON BOJIHBI BO
BCEM JMaIla30He 4acToT:

(M

g u3MepeHHst CKOpOCTEM pacmpocTpaHe-
HUSI HOPMAJIBHBIX aKyCTHYECKHX BOJH B 00pas-
nax TPI' wucnonb3oBaHa MHGPOPMAOHHO-H3MeE-
putenbHas ~ cucrema, coOpanHas Ha  Oase
HU3KOYACTOTHOTO  aKyCTHYECKOro  J1e(heKTOCKO-
na DIO1000 LF (pucynok 1). [us oskcnepu-
MEHTaJbHOTO  BO30yxkaeHust u npuéma SH-
BOJIHBI M CUMMETpUYHOH Moapl SO BomHbI JIpM-
0a wucnonb3oBaHbl nbe3onpeoOpazoBarenn (I1311)
C CyXHM TOYEYHBIM KOHTAaKTOM C paboueil
gacroroir 75 k', oOecneuuBaromye mnepegavy
KoJ1e0aHuH, HarpaBJIeHHBIX TaHTeHIIHATBHO
K TIOBEpXHOCTH JHcTa. M3meHss B3auMHyIO
opuentanuio [19I1, Bo3MOXHO 10OUTBCS H3ITyUe-
Hust  (npuéma) SH-BonHbl ¢ momspu3auueit
nornepex HaIlpaBJIeHUs pacnpocTpaHeHus
0o  cummerpuyHOH — moabl SO BOJHBI
JlbmMba ¢ mosspu3auMedl BIOJb  HAlpaBJICHUS
pacnpoctpanenus.  IIOIl  nmoapxmrowamuces B
pa3fgenpbHOM — BapuaHTe K HHU3KOYAaCTOTHOMY
nedexrockorry  DIO 1000 LF.  OcobenHOocThIO
HU3KouacToTHoro  nedexrockona  DIO 1000 LF
SIBIIICTCS BO3MOXHOCTh COXpaHEHUs pe-
TUCTPUPYEMOTO HMMITyJbCa C 4YacTOTOM JHUCKpe-
Tm3ammun 200 MI'nm oo gajnbHedInen — 4uc-
JeHHOW 00paboTKM, YTO o0ecredynBaeT TOd-
HOCTBH ONpe/eeHUs] BPEMEHHBIX MHTEPBAIOB 5 HC.
Bua ocowuiorpaMmel, TOJNyYaeMoil MpH  Ipo-

G @) 3ByurBaHuu 00Opa3noB JsmctoB TPIT SH-BomHo#
Cor =C, = o WIUTIOCTPUPYET PUCYHOK 2.
Jhuer TPT Tedextockorn DIO-1000PA e
TEG sheet DIO-1000PA flaw detector A
e |
¢ Hamrrarem P BrIX0]I TeHepaTopa 7y
{ Transmitter | Generator output
S0- (SH-)
BOJIHA
wave USB HakoImITenk
{ pmeummm | B0l VCILTHTENs USB
i_______I_{_?‘_:?_iY_F:E______ i Amplifier input flash drive

Pucynox 1 — Cxema onpenenenusi ckopocteid Moabl SO BoiHb! JIsmOGa 1 SH—BONHBI TOPH30HTANBEHON MOJISPU3ALAT

B IIJIOCKOCTH IPOKATKH

Figure 1 — Scheme for determination of velocities of SO Lamb wave mode and of horizontally polarized SH-wave

in the rolling plane

C nensto yuéra Bpemenu B IIDII um Bpemenun
orcuéTa  WMMIOynbca  Hcnonb3oBaHa  audde-

peHIuaJIbHasA CXEMa I/IBMCPCHI/Iﬁ BpEMCHU €TI0
MMPOXOKACHUS COITIACHO PHUCYHKaA 3a.
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0-P= 205.68mxc

BpeMs OpIXoaa BOIHE!

Wave arrival time £;

lo |25

B-SCAN MEHK) HACTP. RF FW

NAPAM. 3EF BbIKI' HA3B. 05 CTPOBbI

Pucynok 2 — Dxorpamma SH-BOJMHBI TpH MPO3BYUYUBA-
Huu aucra TPI'

Figure 2 — Echogram of the SH-wave during sonic test
of the TEG sheet

Cropoctu HopmanbHbIX BOMH Cgy u Cgy
OTIPEIEISUTACH TI0 hopMyJIe:
lz_ll
Csosn = ’ A3)
Lt
rme 4 "t BpEMCHa IIpUXOAa aKyCTHYCCKHX

UMIIyJIbCOB, MpPOIIEAUIMX paccTostHud [, u [, —
COOTBETCTBEHHO.

BBugy HEBO3MOXKHOCTH TOYHOIO OIpeserie-
HUsI BpPEMEHHM Hadajla HMIyidbca Ha (DOHE 30H-
JTUPYIOIIETO HMITYJIbCa, BpeMS NPUXOJa HMITYIb-
ca pEerucTpupoBajoCh IO TOUKE IEpexoia uepes
HOJIb BTOPOTO TIEpHO/ia KosleOaHui (PUCYHOK 2).

BpemenHnast 3azmepxkka B mbe3onpeoOpas3oBa-
Tene  f,, OOyCIOBICHHAs OCOOCHHOCTAMH —€ro
KOHCTPYKLHMM, M Y4YETOM IIEepeHoca TOUYKH H3Me-
peHMii W3 Hayaia WUMITyJbca (PUCYHOK 2), MOXKET
OBITh ONpeJeNIeHa COTJIACHO (hopMyJIe:

IZtl _lltz
=, 4
A *)

e ¢, U t, — BpeMeHa IIPUX0/ia BOJIHBI Ha Oase /| u [,
COOTBETCTBEHHO.

Wsmepenus nposeneHsl Ha 0azax [/, = 200 MM
l,=400 mMm. Cxema W3MEpPEHUH  YIJIOBOH
CKOpPOCTEH  HOPMaJIbHBIX  BOJIH
OTHOCHUTEIILHO OTKJIOHEHHUS HarpasJIeHUs
pacipocTpaHeHus: MW MOJNPHU3aLUM  BOJH  OT
HampaBieHus npokara saucra TPI, mo3Bossito-
mas  OLUEHUTb  aHU30TPOIHIO  AKyCTHYECKUX
CBOWCTB JIMCTa, NPEACTaBICHa Ha PHUCYHKE 3b.
[IpeoOpazoBarenn mnepeMeIaIuch MO0 KPYroBOMY
11abJIoHy C IIaroM, paBHEIM 15 rpagycam.

)41
auarpamMmmbl

Brxone npoxkara
Along the rolling

JIner TPT
TEG sheet
TTomepek mpoKaTa
Across the rolling

ITIzny4garens TIpuemMHNK 1 Hp]lelfmmz 2
Transmitter Receiver 1 Receiver 2
| > .
S0-(SH-)
BOJHA
wave

Iy Baza 200 MM
200 mm base

L Baza 400 MM

-

400 mm base

a

Brons mpoxara Jhuetr TPT
Along the rolling TEG sheet
ITabnoH
| Ilomepex MpoKaTa Template
Across the rolling
IIzny4arens
Transmitter

TIp1eMHIIE
Receiver

S0- (SH-)
BOJIHa
wave

b

Pucynok 3 — [luddepennuanpruas cxema onpezencaus ckopocreii SO u SH BonmH (@) M cxema H3MEpEHUi
YIJI0BOH IrarpaMMBbl CKOPOCTEH HOPMAJIBHBIX BOJIH OTHOCHUTEIIFHO HAMPABICHHS B IUIOCKOCTH MpoKaTta (b)

Figure 3 — Differential scheme for determination of SO- and SH-waves’ velocities (¢) and measurement one of wave
velocities’ angular diagrams relative to the rolling direction ()
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VYrioBas 3aBHCUMOCTB CKOPOCTH aKyCTHYEC-
KUX HOPMaJbHBIX BOJIH ompejaensiack 1o ¢op-
MyJie:

/

C(Oﬂ)zm,

&)
rne [ — paccrosHue, MPOHJEHHOE  BOJIHOM
(I =400 mm); t(or) — BpeMsl IPUX0Ja UMITYIIbCA BOJI-
HBI, PaCIIPOCTPAHSIIOIICHCS B HAITPABICHUH.

Pacuér xo3(hduLUEHTOB aHU30TpOIHU R,
MIPOU3BEEH U3 YCIIOBUSI Pa3HUIIBI CKOPOCTEW BOJH
B npopoiabHoM C. u nonepeuHoM Cy,. Halpabiie-
HUSX B IDIOCKOCTH ITPOKaTa:

C (. 0
R, =2| 2" |.100%. (6)
Cp +Cyp
I[OHOJ'IHI/ITCJ'II:HO OorpeaciicHa CKOpPOCTb
HpO,Z[OJ'ILHOﬁ BOJIHBI B HalpaBJICHUW TOJILIWHbI
mucta (pucyHok 4). B kauecTtBe  akycTtmyec-

KHX I/IBJIy‘laTeJIeﬁ u HpI/IéMHI/IKOB HCII0JIb30BaHbI

npe3onpeoOpasoBarenu, rAe Uil TeHepaluu-
npuéma MPUMEHEHBI BBITIOJTHEHHBIE u3
MOJIMBUHIIHACHT(QTOPHU 1A (IIB/1D) ruoOKue
Nbe30MIEHKA.  OTAMYUTENBHOM  COOEGHHOCTBIO
npeoOpazoBareneii Ha ocHoBe I[IBJI®D sBuser-
Ccs  BO3MOXKHOCTH  IIOJYYEHHS  LIMPOKOIOJIOC-
HBIX M  BBICOKOYACTOTHBIX CHTHAJIOB  MAJIOi
JUINTENTBHOCTH AJISL OTIpeJIeNICHHsI BPEMEHH MPUX0/1a
AKyCTUYECKOH BOJHBI C BBICOKOH TOYHOCTHIO,
a TaKke O0ecleunTbh HAWIIyyllee aKyCTHYECKOe
COIVIaCOBaHUE KOHTAKTHPYIOIIUX MaTepUaoB.

Ckopocts C; IPOONBbHON BOJHBI B HaIpaBlle-
HUM TOJIIMHBL oOpasua /1 ¢ yd4éToM BpeMeHH
3aepKKH B IpeoOpa3oBarele ¢pj,, ONpeaenseTcs
o ¢opmyie:

_h

(7

! P

L=lpypp

rae ¢ — BpeMsl MEXKIY 30HAUPYIOUIUM U HpOIIe]-
IIMM UMITYJTbCaMU.

I3ay4arens IIBAD
Transmitter PVDF

4

JInetr TPT

TEG sheet

TIp ononsHas [-BOTHA
Longitudinal I-wave Y/

TIpnémvank IIBAD
Receiver PVDF

ToxminHa h
Thickness h

b

Hedextockon DIO-1000PA
DIO-1000PA flaw detector

Brxon reneparopa
Generator output

Bxox yeIUTNTens
Amplifier input

IIK
PC

USE HaKOIMITEIE
USB flash driver

v

USB

Pucynok 4 — Cxema ompeznesieHuss CKOPOCTH MPOAOIbHOW BOJHBI B TOJIIMHE 0Opa3sna ¢ HCIOIb30BaHUEM

nbe3onpeodpasoparests Ha ocHoBe [I1BJID

Figure 4 — Scheme for determination of the longitudinal wave velocity through the thickness of the specimen using

a PVDF-based piezoelectric transducer

ITo wusmepennbiM ckopocTsM Cgy un  Cyg,
aKyCTHYECKUX HOPMAJIbHBIX BOJIH MOSBJISETCS
BO3MOKHOCTb OIPEAEICHUsT JUHAMUYECKUX YIIPY-
rux monyieid Marepuana TPI'. Pemenue cucremsl
ypaBHeHu#t (1)—(2) ¢ yuérom m3BecTHOH (HOpMYIIBI
CBsI3M ynpyrux moayinei £ u G:

G = E2(1+v); (8)

MIO3BOJISIET MOYYUTh CIEAYIONHE (HhOPMYITBI IS
— Mmonyns FOura E:

E = Cgp(1-v7); ©)

— Monyns caura G:

_ 2 .
— ko3¢ purmenta [lyaccona:
2 2
— CSO_ZCSH (11)
Cso
Kaxk MpaBuio, onpenesieHue YIPYTHUX
MOAYyJen MIPOU3BOJAT BBIOOPOYHO C
WCIOJB30BAHUEM  Pa3pyLIAIONIMX  HUCHBITAHUM,
nosnyvas 3HAYCHUS CTaTUYECKUX YIOPYTHUX
MOAYJIE€H. YUuUTbIBasi CIIOKHOCTb OIPENEIICHUS
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mpejesa IMpOoNOPLUUOHATIBHOCTH HA  JUarpaMme
MEXaHU4ecKoro  HarpyxkeHuss  jmctoB  TPI,
BO3MOXHOCTh OIPENEICHNs AUHAMUYECKUX YIpY-
rMX MOAyJAEH IO  H3MEPEHHBIM  CKOPOCTAM
AKyCTHYECKHX  HOPMaJbHBIX  BOJH  SIBJIAETCA
€IMHCTBEHHO BO3MOXHBIM METOIOM OIPEEIICHUS
Monynei ynpyroctu jguctoB TPIT B TexHomoruuec-
KOM IIMKJI€ U3TOTOBIIEHMSI.

Pacuér KOCBEHHBIX METOAMYECKHUX MOrpell-
HOCTEH  ONpPENENIEHUs]  BEJIWYMH  IUIOTHOCTH,
CKOPOCTH M YIPYIHMX MOXyJIeH HMpPHU MOTPEIIHOCTH
M3MEPEHHsT MACCHl C HCIIOJIb30BaHUEM BecoB Kro-
matech Pocket Scale MH-200 — 5 mr, u3mepenus
JMHEHHBIX Pa3MEpoB o0pasla C HCIOJIb30BaHUEM
JMHEVKN HM3MepUTeNbHON MeTannueckoil 500 MM
no I'OCT 427-75 — 0,5 MM, U3MepeHus: TOJIILIHUHbI
oOpasua ¢ ucnonszoBanueM Mukpomerpa MK 11 25,
I'OCT 6507-90 — 0,5 MKM, M3MEPEHUSI BPEMEHU —
50uCc (mpu wactore muckpernzanuu 200 MI'm)

Ha mpumMepe oOpasua Ne 1 mpencrasieH B TaOnu-
ue 2.

JUia  oueHKM  CiIy4alHOM — MOIpEenIHOCTH
U3MEpPEHHs MPOBOAMINCH IO MATH pa3 B KaKIOH
30HE HccleayeMblx o0pa3noB. CieayeT OTMETHTH,
YTO 3KCIIEPUMEHTAIBHOE OIPEJEIIEHUE CKOPOCTH
OPOJOJBHOM BOJHBI 1O TOJIIMHE o0pasna c
BBICOKOH TOYHOCTBIO  CONPSKEHO CO  CJIOXK-
HOCTAMHU peaju3all METOJUKH HMIIYJIbCHOIO
BpPEMEHHO-TeHEBOro Merona. CiydwaiiHble morpen-
HOCTH M3MEpeHHH OOyCJIOBIEHbl Manoil 0a3oif
MIPO3BYYMBAHUA M HEPABHOMEPHOCTHIO TOJIIUHBI
CTEHKH JIMCTA; CIOXHOCTBIO HAJEKHOTO MO3MIIH-
OHHMPOBAHUS HU3MEPUTETBHOIO WHCTPYMEHTA
Ha JIETKO AeOpMHUPYEMOil MOBEPXHOCTH; BO3MOXK-
HBIMH Pa3IW4YMsIMHU JIOKQIbHOH IJIOTHOCTH (B TOY-
K€ H3MEpEHWH) OT HWHTErpalbHOW (M3MEPEHHOM
Ha JIACTE B LEJIIOM) BCJIEACTBHE Pa3HOIUIOTHOC-
TH.

Tabauya 2/Table 2
KocBeHHbIE MOTPEMIHOCTH Onpeae eHust GU3nIecKUX BeJTUIHH
Indirect errors of determination of physical quantities
[Inotocts  CkopocTh CKopocTh CkopocTh Monyne  Koaddunment Mopyns
Ap, Kr/m° moasl SO SH-BoHEI MIPOJIOJIBHOM cnura  Ilyaccona, Av IOnra
Density ACq,, M/c ACgy, M/c ABgJ'IHI:/I AG, I'Tla Poisson's, AE, I'Tla
Ap,kg/m®  Velocity of  Velocity of 1» M Shear ratio Av Young's
the SO-mode the SH-wave  Velocity of the = modulus modulus
ACg,, m/s ACgy, m/s  longitudinal wave AG, GPa AE, GPa
AC,, m/s
2.5 25 20 4 0.05 0.006 0.01

Pe3yabTaTnl M 00Cy:KIEHHE

TunuynHsle KapTHHBI YTJI0BOIO PACIPECIICHHUS
CKOpoCTe# (MHOUKaTpuca CKOpocTH) Moasl SO
BosiHbl JI5M0a u SH-BOJIHBI B 3aBUCHUMOCTH OT
HaNpaBlIeHUs] PacHpOCTpaHEHHs  (ITOJIIPU3ALIH)
BOJIH OTHOCHTCJIbHO HaIIpaBJICHUA IIpOKaTa B [C-
KapTOBOM M LMJIMHAPUYECKON CHCTEME KOOpAUHAT
nst oopasia Nel mokaszanel Ha pUCyHKax S u 6.

Hms momer SO Bomubr JIomba (pucyHOK 5)
B MPOAOJBbHOM HalpaBJICHUU IUIOCKOCTH IIpOKaTa
HaOIOaeTCsT MaKCUMallbHOE 3HAa4YeHHUE CKOPOCTH
(okomno 2330 m/c), Ipu 3TOM MUHUMAJIBLHOE 3HAYe-
Hue (okosno 1885 M/C) COOTBETCTBYET HarpasJie-
Huto 90° (momepéxk mpoxata). Paznuume B 3Hadve-
HUSIX CKOPOCTEH B HAIPABJICHMM MPOKATa MU IOJ
yrioM 90° 0CTaTOYHO CYIIECTBEHHO U COCTABIISCT
okoJ10 450 m/c nu 20 %.

B ormmume ot momer SO BommBI JIoMOa cko-
pocte SH-BOJHBI UMEET MUHUMAIIbHBIC 3HAYCHHS
B HampaBicHmIX 30—60° OTHOCHTENHLHO HAIpaBlie-
HUSl MPOKaTa, a MaKCUMaJlbHBIE — B IPOJOIHLHOM
1 TIOMEPEYHOM HAITPABJICHUSIX IJIOCKOCTH MPOKATa,
IpH 3TOM pa3lIU4he B CKOPOCTAX B CPaBHEHHUU
¢ momoii SO He mnpesbimaer 30wm/c unmu 2 %
U COM3MEPHMO C KOCBEHHOH TMOTPENTHOCTHIO
U3MEPEHUH.

Crnemyer OTMETHTh, 9YTO COIJIACHO TEOPHUHU
laccMana o0 pacnpoCTpaHEHHMH —aKyCTUYECKUX
BOJIH B IOPUCTHIX CPeAax OCHOBHBIM JIOMYIICHHEM
SIBIISICTCSl  HE3aBUCUMOCTb  Moayas casura G
nByxdasHOW cpempl OT CBOWCTB Ta3000pasHOM
(aspr [26] TlocnemHee MO3BONSET IMPEIIOIOKHTD,
yto SH-BomHAa TOPU3OHTANBHOW MOJSPHU3AIIH
MOXKET TIEPeIaBaThCS TOIBKO IO TBEPIOH (aze niu
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ckenery TPI. Ilpu sTtoM cummeTpuyHas BOJIHA
C TpOJONbHOW mojsipu3anmed W aedopmanueit
pacTKEHUSI-CKATUSL ~ MEPEHOCUTCS]  YacTUIAMH
nByx¢aszHoit cuctemsl (TPI™ — Bo3ayx).

VY4uurteiBas, 4TO NPOLECC NPOKATKH BBITATH-
BaeT  BO3JYIIHBIE IOPbl  IPEUMYIIECTBEHHO
BJIOJIb HANpaBJIEHHUs IIPOKaTa, IOCJIEIHEE BEAET
K (OPMHUpPOBAHHIO KOMITIO3UTHOrOo Marepuana TPI

a CJIOSIMA — BBITSHYTbIE BO3AYyLIHBIE HOpPHL Ilpu
9ToM  Habmromaercs  3ddexkr  aKycTHYEcKOro
KaHJIMPOBAHUS, INPH KOTOPOM CKOPOCTh aKyc-
TUYECKUX BOJH, PACHPOCTPAHSIOIIUXCS  BIOJb
CIOEB, CYyWIECTBEHHO  BBIIIE, YeM  IOMEpPEK
cioeB.  YKa3aHHBIH  3(QQEKT HOATBEPKAACTCS
9KCHEPUMEHTAIBHBIME PadOTaMH 1O HCCIIeq0Ba-
HUIO CKOpPOCTEH aKyCTHMYeCKHX BOJH B OJHO-

KaK CJOUCTOW Cpelpl, B KOTOPOH CBS3YIOIIMM  HAampaBlIeHHBIX KoMmmo3uTax [43,44], a Ttaxxke
ABISIETCSL CKEJET TEePMOPACIIMPEHHOro rpaduTra, TeOopHel CIOHCTHIX cpex [45].
Cyq 11V/s 150
Cyp, /S 330% 2400 300
2400 3150 450
2300w, .~ 300° 60°
2200 e, A 2850/ 750
2100 ' . A P
'} 2700 g 900
2000 ¥, & s —
2550 105°
1900 %{. e : s
1800 el e . 120°
0 15 30 45 60 75 90 105 120 135 150 165 o, 2250 1350
2100 150°

a

1950 1800 165°

b

Pucynox 5 — 3aBucumoctu ckopoctu Cg, Moxsl SO BonHbI JI9MOa OT YIrIOBOrO HampaBlE€HUs PACHpPOCTPAHEHUS O
B INIOCKOCTH MIPOKaTa B JEKapTOBOH (a) M mumHIpuiecKkol (b) cuctemax koopauHar Juist oopasia Ne 1

Figure 5 — Dependences of the Lamb wave S0-mode velocity Cg, on the propagation angle direction ao
in the rolling plane in Cartesian (a) and cylindrical (b) coordinate systems for specimen No 1

Cagg, /8 | 50
o i 330° 1520 30°
“SH
o 3150 450
1500 L ! ’
300° . / 60°
1510 4 ; i
i % JF S 2859/ 14801/ _ \750
1480 \% | & 2550 1 . XV \ >\ 4 1050
1470 ° 2400 1200
0 15 30 45 60 75 90 105 120 135 150 165 o,— P i

a

195 1ggo 165°

b

PucyHnok 6 — 3aBucumoctu ckopoct Cgy SH-BOMHBI OT YIIOBOTO HANPABICHHUS PACTIPOCTPAHEHUS O B IIOCKOCTH
MpoKaTa B JEKapTOBOH (@) M IWIHHAPUIECKOH (b) crucTemMax KoopAawHAT It oopasia Ne 1

Figure 6 — Dependences of SH-wave velocity Cg; on the propagation angle direction a in the rolling plane
in Cartesian (a) and cylindrical () coordinate systems for specimen No 1
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IloBenenne muaukaTpucsl ckopoctd SH-Bo-
Hbl OTHOCUTENIBHO HAIIPaBJIEHUH B IUIOCKOCTH
IpoKaTa MOeT OBITh  ONUCAaHO  COIJIACHO
MPEJICTABJIEHUSAM O KPHCTAUNIMYECKOH CTPYKType
TPI', uaeHTHYHOW HCXOAHOMY TrpaduTy C TeKca-
FOHANBHOM pemérkoi [4], mOpu d>TOM cxema
OpUEHTHPOBAHMSA  IUIOCKOCTEH  IeKcaroHaJbHOU
pEemETKN MpPH IJIOCKOH NPOKAaTKE COOTBETCTBYET

0a3ucHOl cucreme JErkoro ckonbxeHus — (1120).
CornacHO OpHEHTAlMH  KPUCTAILIOrpa(UIeCKUX
ocell B TeKCaroHaJbHOW pemérke rpadura MaKCcH-
MyM 3Hau€HUU cKOpocTU SH-BOJHBI COOTBETCTBYET
Hanpasinenuo [1010] (mpomonbpHOE HampaBiIeHHE
B IUIOCKOCTH IIpoKara) u HampasieHuto [1210]
(momepeyHoe HaIpaBlieHUE B IJIOCKOCTH TPOKaTa),
a MuHHMYM — HanpasienusMm [2110] (30, 60°).

Tabnuya 3/ Table 3
PesyubTaTsl onpeaeseHns CKOPOCTell yIPYrUX BOJIH M AKYCTHYECKO AHU30TPONIHH
Results of elastic wave velocities and acoustic anisotropy determination
Cyp, M/C Cyp, m/s Cgypp» M/C Cgypyp, m/s
Ne
Bnons ITonepex
obpas- p, kr/m’ h, mm ph, Kr/M° npokata [Tomepex Bnons npOKapTa C,,m/c
a h, pokKara npokara
! p. ke/m’ mm Pk m’ Along Across  R.,.% Cpm/s
No the roll- Across Along the the roll-
. the rolling rolling .
ing g
1 940 1.52 1.429 2204+3 1818+3 19.2  1536+6 1535+7  0.11 35248
2 970 1.03 0.999 2031+3 1674+2 19.3 143948 1415+4 172 36148
3 851 0.6 0.511 1939+3 1684+4  14.1 1390+6 1405+4  -1.02  555+2
4 910 0.4 0.364 2024+5 1750+3 145 144948 1454+4  -036 450+1
5 887 0.2 0.177 2193+4 184542 172 1626+3  1610+11 0.97 -
Pesynbrarel onpenenaceHuss CKOPOCTEH ympy- BiusHMEe TONILUMHBI  MCCIENOBAaHHBIX JIUC-

TMX BOJH W AaKyCTHYECKOH aHM30TPONHUM IS
ISTH  MCCIIEOBAHHBIX 00pa3LOB MPEICTABICHEI
B Tabmuue 3. Kak BuaHO, MMeeTcs OJHO3HAuHAs
cBsi3b ckopoctedl mMoabl SO BomHbI JIoMbOa u cKo-
poctu SH-BoNHBI, Kak BAONb, TaK W MOMEPEK
npokara (pUCYHOK 7).

Co. 'S @ ITomepek Across Brons Along

e
i

1400

2300
2100
1900
1700

1500

1350 1450 1500 1550 1600 1650

Cygp, V'S
Pucynok 7 — Koppemsiuust - ckopocreit Cgy, Momsl SO

BomHel JIomM06a nm Cg; SH-BOAHBI B TNPOXOIBHOM U
HOTIEPETHOM HAIPaBICHUSX MIOCKOCTH MPOKATa

Figure 7 — Correlation of Lamb wave SO0-mode Cg, and
SH-wave Cg, velocities in longitudinal and transverse di-
rections of the rolling plane

TOB Ha ckopoctd Monmbl SO BomHBel JIomba u
ckopoct SH-BOJTH WILTIOCTPUPYET PHUCYHOK 8.
[Monaraem, 4TO BJIMSTHHE TOJIIUHBI JINCTA SIBISICT-
Csl ONpPEJNENSIONINM, BBUAY TOTO, YTO 3HAYCHHUS
IUIOTHOCTH  HMCCJICZIOBAHHBIX JIMCTOB  MEHSIOTCS
B HeOONBIIMX Tperenax (ot 885 mo 970 kr/m’),
a 3HAYCHUS TOJIIUHBI — B CYIIECTBEHHO OOJBIINX
npenenax (ot 0,2 mo 1,5 mm) (Tabmuma 1).
HeoOxomuMo ~ OTMETHTH, YTO JUIS  BCeX
WCCIIEZIOBAaHHBIX 00pa3loB HaOIIOMaeTcss HEOTHO-
3HaYHasi 3aBUCHMOCTH CKOPOCTEH HOPMAaTBbHBIX
BOJH OT TOJNIIMHBI JIUCTa € MHHUMAJIbHBIM
3HayeHneM B oOmactu  TtoamumH  0,6-0,8 MM.
ITocnennee MoxeT OBITH OOYCIIOBICHO 3HAYUTEIID-
HOW HEOJHOPOJHOCTBIO CTPYKTYpPBI IO TOIIIWHE
JMCTa BCJIEJCTBAE COBMECTHOTO BIHSHUS Ooee
IUTOTHBIX TOBEPXHOCTHBIX CIOEB C 3aKPBITHIMU
nopaMd ¥ I[EHTPAIBHOTO  MEHee  IUIOTHOTO
MOPHUCTOTO CJIOS, 4TO OOYCIIOBJICHO TEXHOJIOTHEH
npokara. Toukue muctel (0,2 MM) sSBIISIOTCS OoJiee
OJTHOPOJTHBIMH T10 CTPYKTYPE BBHJLY JIBYCTOPOHHETO
dhopmupoBaHusl 0ojiee TUIOTHBIX TOBEPXHOCTHBIX
cnoéB  (pucyHok 9a). Tomcteie nuctel (1 MM U
Oonee) WMeEOT 0Oojiee PaBHOMEPHYIO CTPYKTYpPY
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BBUJY MECHBILEIO BIUSHUA TONIIUHBI IUIOTHBIX
MIOBEPXHOCTHBIX CJIOEB B CPAaBHEHUH C BHYTPEH-
HUM MEHEE€ IUIOTHBIM TIOPUCTBIM CJIOEM OOIbIIeH
tommuHbl. s auctoB  TommuHon  0,6—0,8 Mm
TOJIIIMHA [OBEPXHOCTHBIX CIIOEB  COU3MEpUMA
C TONIIMHOM BHYTPEHHEro cjos, a, CleloBa-
TENBHO, UMeeT Ooliee HEPaBHOMEPHYIO CTPYKTY-

py (pucynox 9b). YuuteiBas, uto s Moisl SO
BonHbl JIomM0a u  SH-BOJHBI TrOpH30HTAIBLHOM
MoJsIpU3allid B HM3KOYAaCTOTHOM  JIMama3oHe
MMEEeT MECTO paBHOMEpHAas OJIIopa CMEUIeHUH
[0 TOJIIIMHE JHCTa, CTENEHb HEPaBHOMEPHOCTHU
CTPYKTypbl 1o TonuuHe jucta TPIT oxasbiBaeT
CYILLIECTBEHHOE BIIMSHUE HA X CKOPOCTH.

Cgq /S ™ o]
- Hosepscos Broxs Along Co /s ® IToniepex Across © Brons Along
2400 1700
2200 ° b 1600 .
®
2000 ® . 1500
°
o . e
1800 . e 1400 ) b
L4 ]
1600 13200
0 0.5 1 1,5 0 0,5 1 1,5
h,mm h,mm
a b

Pucynox 8 — 3aBucumoctn ckopocreil Cgy u Cg; BOIH, paclpoCTPaHAIOIIMXCA BAOJIb U IONEPEK MpoKaTa OT TOJN-
IIMHBI JINCTOB TEPMOPACIIMPEHHOTO rpadura /i

Figure 8 — Dependences of SO- and SH-waves velocities in longitudinal and transverse directions of the rolling plane
on the thickness of thermally expanded graphite sheets %

a

Pucynok 9 — ®oT0 MaKpOCTPYKTYphl MOMEPEUHOr0 CEUEHHs JIUCTOB TepMmopacuiupentnoro rpagura: Ne 1 (Ton-
uHa £ = 0,2 Mm) (@) 1 Ne 3 (tommuna /2 = 0,6 mm) (b)

Figure 9 — Photo of thermally expanded graphite sheets’ cross-section macrostructure for: No 1 (thickness # = 0.2 mm)
(a) m No 3 (thickness # = 0.6 mm) (b) samples

IIJ'ISI MMpOAOJIbHBIX 00BEMHBIX BOJIH, paclpocCT-
PAHAOIINUXCA 110 TOJIIUHE JIMCTAa, MAaKCHUMaJIbHasA
CKOpPOCTb COOTBETCTBYCT MHUHHUMAaJIbHOM IJIOTHOC-

Tn nucta (pucyHok 10), 4To cormacyercs ¢ u3BecT-
Hol koppersauueit ckopoctu C; ¢ monynem IOnra £
U IUIOTHOCTBIO cpebl p: C)~(E p)%.
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Pucynok 10 — 3aBucumocts ckxopoctd C; IPOIONBHOM
BOJTHBI B HAIIPaBJICHUH TONIIMHBI IPOKATa OT IUIOTHOCTH
p JMCTOB TEPMOPACIIHPEHHOTO IpaduTa

Figure 10 — Dependence of the longitudinal compres-
sive-tension wave velocity C; in the thickness rolling
direction on the density of thermally expanded graphite
sheets p

[IpencraBieHHble pe3yabTaThl OLEHKH KO-
¢unMeHTa aKyCTHYECKOW aHM30TPOIMHU  HCCIIe-
JIOBaHHBIX  JINCTOB MO  JaHHBIM  CKOpOCTEH
YOPYTUX MOJl, W3MEpPEHHBIX B TMPOJOJIBLHOM H
MOTIEPEYHOM HANpPaABICHUAX IUIOCKOCTH TIPOKAaTa,
CBUJICTENILCTBYIOT O TOM, YTO HauOOJbIIKE 3HAa-
YEeHUS! yKa3aHHOro Koa(dduimenta nocturaroTcs
npu  ucnonb3oBaHud uMeHHo SO wmogsr (14—
19 %) nna uccnemoBanubix jauctoB TPI. B To
Ke BpeMs mpuMeHeHne SH Monbl juist 3TOH Liemu
Hed(P(PeKTUBHO BBHJY TNPEHEOPEIKUMO  MAJOTO
N3MEHEHUS UCCIIEAYEMOI BEJTMYMHEI.

Cnemyer  OTMETHTh  BBICOKMH  YPOBEHb
AKyCTHUYECKOM aHM30Tponuu ckopocted SO MOJBI,

PesyabTaTsl pacuéra JHHAMHYECKHX YIPYTHX MOAYJIeH

Results of dynamic elastic moduli calculation

pacmpocTpaHsIouieiicss BAOAb IPOKATa U MPOJ0JIb-
HOM BOJHBI — MO TOJUIMHE mpokara. [Ipu sTom
pasnmuaue ckopocteit Moxer mgocturatb ~500 %.
ITonyuyenusie pe3ynbTaThl HE MPOTHUBOpEYAT [IaH-
HBIM, TIOJy9CHHBIM IPU HCCICAOBAHUH aHU3O0TPO-
MMM MEXaHWYeCKUX CBOMCTB [46], cBuUaeTe/b-
CTBYIOIIIUM O CYIIECTBEHHOM YBEIWYCHUU Ipenena
IIPOYHOCTH W YHPYTHX MOIYJIEH B HalpaBICHUU
napajuieJIbHO OpPHUEHTHPOBAHHBIX CJOEB rpadura
B TPI' (B mmockoctu mpokara). Kpome Toro,
COINIACHO CIIPaBOYHBIM JAHHBIM O CBOMCTBax
TPI' umeeT MeCTO YBEJIHMYEHHE DIIEKTPUYECKOTO
comporusnenuss TPI' B 50-100 pa3, n ymeHbIeHne
kod(dunmenta TternonpoBogHoctn B 20-30 pa3
B HAIPaBJICHUH IO TOJIIMHE MPOKaTa B CPABHECHUHU
C HampaBJIEHUEM BJOJb IIPOKATa.

Ha ocHoBe mNoONMy4eHHBIX HSKCHEPUMEHTAIBHO
JMAHHBIX O CKOPOCTSIX YIPYTUX BOJH W HCIOIb-
3oBanneM Qopmyn (9)—(11) paccuurtansl nuHa-
Mu4eckue yrpyrue wopnyiu FOura u caBura
u  koadduruent IlyaccoHa B MNPOJOJBHOM U
MOTNIEPEYHOM HAIPaBJICHUSIX IUIOCKOCTH IPOKaTa,
npejcraBiicHHbie B TabOnmue 4.  Kak  BujHO,
MOAYJb CABUTA JIA JINCTOB Pa3JUYHON TOJILHHBI
m3MeHsercss B amanazoHe 1,7-2,41'Tla u umeer
MPAKTUYCCKA OJMHAKOBBIC 3HAUYEHUS, W3MEPEH-
Hbl€ B HANpaBJIECHUU KakK BJOJb, TaK U MONEPEK
npokata. B To ke BpeMsi UMEeT MeCTO CyLICCTBEH-
HOe pazmmuue wMoayis FOHra, u3MepeHHHOTO
B IPOAOJBHOM U IMONEPEUYHOM HaIPaBICHUSIX MPO-
Kara, 4TO B CPETHEM B I10JITOpA-/1Ba pa3a OoJIbIIIe.

Tabnuya 4/ Table 4

Ne Monyns G, I'Tla Monyns tOwnra E, I'Tla Koa¢punumenr Ilyaccona v

obpasua Modulus G, GPa Young's modulus £, GPa Poisson's ratio v

No. Brons npokara Brons npokara Bpons mpokata Brons npoxara Brons npoxara Bpons mpokaTa
Along the roll-  Along the roll-  Along the roll-  Along the roll-  Along the roll-  Along the roll-

ing ing ing ing ing ing

1 2.22 2.21 4.56 2.55 0.03 -0.42

2 2.01 1.94 4.00 2.21 -0.01 -0.43

3 1.65 1.68 3.20 2.04 -0.03 -0.39

4 1.91 1.92 3.72 2.38 -0.02 -0.38

5 2.35 2.30 4.22 2.19 -0.10 -0.52

BecbMa BakHO, UTO B MPOAOJIBHOM HAIpaBlie-  XapaKTEPU3YIOLIUN  COMPOTUBICHUE  MaTepualia

HUH TUIOCKOCTH mNpokara xoddduuument Ilyaccona,

MonepecUYHbIM I[e(bOpMaIII/IHM, CTPEMUTCA K HYIIO,
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YTO O3HAYaeT OTCYTCTBHE IONEPEYHOM Iedopma-
LMW TpU PACTSHKEHUU B YKAa3aHHOM HaIPaBICHUM.
B 10 e Bpems, B TMONEpPEeYHOM HaIpaBICHUH

UIOCKOCTH — mpokata  kodddurment Ilyaccona
NPUHUMACT  OTPUIATENbHBIC  3HAUCHHS,  YTO
MO3BOJIIET OTHECTH yKa3aHHBIA —Marepuan K

ayKCETHUKaM, Uil KOTOPBIX XapaKTEpHO IOIepey-
HO€ pacIIMpeHUue NpU IMPOJOJIBHOM pPacTsKe-
Hud. IlosmydeHHBIE pe3ysbTaTbl HE MPOTHUBOPEYAT

HCCIENOBAHUSAM  JIPYIMX  IOPUCTBIX  CTPYyK-
C, m/s —SH
2300 --- 80
Cip mrmrmsermmmmrmmip = = = == oo
2100 -
1900 -
1700 -
Conr
1500 T T T T T 1
0 50 75 100 150 200 250 300
£, kHz

a

Typ (MeraMarepuayioB), KOTOpPbIC MPOSBISIOT
ayKkceTnueckue coiictna [34, 35].
[TomydeHHble 3HAYEHUS YOPYTUX MOMYJICH

MO3BOJIMJIA PACCUUTATh JIUCIIEPCUOHHBIC KPHBHIC
(ha30BbIX U rPyNIIOBBIX cKopocTeld SH-Mob! U cuM-
merpuuHoir SO mozapl (BomH JIaom0a), mcmonb3yst
nporpaMmMHoe obecnedenue «Acoustic Waveguide
Tracer» (CBUAETENBCTBO O TOCYAAPCTBEHHON pe-
rucTpauun nporpamMmel Uit OBM Ne2013615397)
(pucynok 11).

C, m/s —SH
2300 --- S0
2100 -
1900 |
Cggmmmmmmnmnme smmeee e
1700 - e
Cen N
1500 . . ‘ ‘ ‘
0 50 75100 150 200 250 300
f Ktz
b

Pucynox 11 — /lucniepcuonnsie kpuBble rpymmoBbix ckopoctedr C SH-Bomubsl u moasl SO B mpoponsHOM ()
U B ITOTIEpEYHOM (b) HanpaBJICHHUSX B TNIOCKOCTH MpoKata Juist oopasma Ne 1

Figure 11 — Dispersion curves of the group velocities C of SH-wave and SO-mode in the longitudinal (a) and
transverse (b) directions in the rolling plane for sample No 1

Bunno, uro B HccienyeMoM JAManazoHe vac-
tor (75 k') B TOHKOM JIHCTE HaONIOJACTCST BO3-
Oyxnenue oe3aucriepcnoHHoi SH-BomHbL. [l cuM-
MerpuyHOH SO MOABI MPOSBISAETCS AMCIEPCUA
CKOpPOCTH (3aBHCHUMOCTH OT dYacToThl). CoriacHo
pucyHky 11 nucnepcus e€ Mana mpu pacmpocTpa-
HEHUU B IPOJOJIBHOM HAIIPABICHUU B IJIOCKOCTH
MIPOKaTa M MPOSBISIETCS B CYLIECTBEHHO OOIbIIEH
CTEeTIeHN B TIONEpeyHOM HampasieHuu. llomyden-
Hele 3HadyeHus ckopocred Cgy u Cg, npu 75 kI'mg
COOTBETCTBYIOT 3KCIEPUMEHTAJIbHBIM 3HAUYEHUSAM
Ta0MHIBI 3, ITO TOBOPHUT 00 ameKBaTHOCTH TIPEI-
JOKEHHOH METOIUKH OLCHKH JAMHAMHYECKHX
YOPYTUX MOAYJIEH IO H3MEPEHHBIM CKOPOCTIM
HOPMAaJIbHBIX BOJIH.

3akJjaroueHue

DKCHEepUMEHTAIBHO — MCCIE0BaHbBl  0COOCH-
HOCTH pacOpOCTPAaHEHUS aAKyCTHYECKHUX  BOJH
B TOHKHUX TMOPHUCTBHIX JIMCTAX TEPMOPACUIUPEHHOTO
rpadura (TPT). [Tokazana BO3MOKHOCTb

3¢ (GeKTUBHOTO BO30YXKIEHHUS B TAaKUX JIUCTOBBIX
Marepuaiax cummerpudHod SO Monbl BoiHBI JIamba
u SH-Mozpl, UMEOIIEH TOPU30HTAIBHYIO MOJISPU-
3alMI0, U JOCTaTOYHO TOYHOM OLEHKU CKOPOCTEMN
yKa3aHHBIX MOJl B HHU3KOYACTOTHOW OOJIACTH.
B pesynbrare wucciienoBaHUs BIMSHUSA TOJIIMHBI
muctoB  TPI' Ha CKOpOCTM HOPMAJIBHBIX MOJ
yCTaHOBJIEHO, 4TOo B oOnactu tommuH 0,6—0,8 MM
HaOJIONIAIOTCS. MUHUMAJIbHBIC 3HAYCHHSI CKOPOCTEHH,
YyTO, KakK [PEIIoaraercsi, BbI3BAHO BECbMa
BBICOKOM HEOJHOPOAHOCTBIO CTPYKTYpPbl CIJOEB,
(hopMHUpPYEMBIX B TIPOIIECCE TPOKATKH.

OLeHEHBI  UHIUKATPUCBI  CKOPOCTEH  HOp-
MaJIBHBIX BOJIH B IUIOCKOCTH MPOKATa WU IOKA3aHO,
YTO MAaKCHUMajbHasi AaKyCTHUeCKash aHU30TPOMUS
xapakrepHa 1t SO MOAbl, MPU 3TOM MAKCHUMYyM
CKOPOCTH COOTBETCTBYET HAIPaBIEHUIO PaCIPOCT-
paHeHus e€ BJI0JIb IPOKaTa, B KOTOPOM HAOIOACTCsI
MaKCHUMaJIbHAs BHITSIHYTOCTh T'a30BBIX TOP.

IIpennoxena METOAMKA ONpENEIICHUS
NUHAMAYECKUX  VOPYIHX  MOXOYJAEH  MOPUCTHIX
quctoB TPI' mo skcrnepuMeEHTaJbHO H3MEPEHHBIM
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CKOPOCTSIM  HOPMAJIBHBIX BOJIH W  IIOKa3aHO,
YTO B IONEPEYHOM HAIPABIEHUM IUIOCKOCTH
npokara kod¢pduuuent Ilyaccona mnpuHUMaeT

OTpULATCIIbHBIC 3HAYCHUA, YTO IMO3BOJISICT OTHECTU
YKaSaHHBIf/i MaTepual K ayKCETUKAM.
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Kunerndyeckoe WHAEGHTHPOBAHHE IIUPOKO HCIOJB3YETCS JUIS M3MEepeHHsS (U3UKO-MEXaHHMYECKHX
CBOWCTB MaTepHalioB, Kak OJMH M3 Hauboljiee yHHMBEPCAJIbHBIX METOJOB HEPa3pyIIAIOLUIET0 KOHTPOJI.
B macrosmieii paboTe HCIONB30BaHBl HOBEHIME IOCTHXKEHHS B OOJACTH MCKYCCTBEHHOI'O HHTEIUIEKTa
U BO3MOKHOCTH OMONHMOTEK s3bIKa MporpaMMupoBanusi [IMTOH, MO3BOJISIONIME HA OCHOBAaHWU JIAHHBIX
JyarpaMMbl MUKPOYJapHOTO Harpys>KeHUs MaTepuajia MPOBECTH TOYHBIE M3MEPEHMsI TBEPIOCTH UYTI'yHOB
pasnuuHbIX Mapok. [lokasaHo, 4TO NpUMEHEHHE MAIIMHHOTO OOYYEHHUS IMO3BOJSIET YCTPaHHUTh IpyOble
OMOKN M CHU3UTH MOTPELIHOCTH KOCBEHHOTO OINpeesieH s TBEPAOCTH B HECKOIBKO pa3 — a0 10 exquHuMI
no bpunennio HB. Takxe ycraHoBieHO, 4TO ()OPMHUPOBAHHE JOTOJIHUTEIBHBIX MPU3HAKOB AJIsI 00yUeHHs
MoJiesiell (Ha OCHOBAaHMHU TPAIUIMOHHO HCIOJNB3YEMbBIX XapaKTEPHCTHK: TIIyOWH BHEIPEHHS, CKOPOCTH
MepeMelleHHs] UHJICHTOpAa M KOHTAaKTHBIX YCWIMH B ONpeAeiIEHHbIE MOMEHTBHl BPEMEHH) ITOJIOKUTEIb-
HBIM 00pa3oM CKa3bIBAaeTCs HAa TOUYHOCTH WM3MEPEHHH, OAHAKO MpPU 3TOM HMX KOJWYECTBO TAKXKE JOJIKHO
OBITH ONTUMHU3U-POBAHO. B03MOKHOCTH 3()(heKTHBHOTO HCIONB30BaHMSI MAIIMHHOTO OOY4eHUs AJIsl OLeH-
KM TBEPJOCTH JOKa3aHa IMYTEM CpPaBHEHMs PacyETHBIX 3HAYEHUH TBEPAOCTH C AAHHBIMM, MOIYYEHHBIMU
CTaHJAPTHBIMH METOJaMM HCIBITaHUH. JIOCTOMHCTBOM pa3pabOTaHHON METOAWKH KOHTPOJIS SIBISIETCS
TO, YTO pa3pabOTaHHbIE AITOPUTMBI MOTYT NPHUMEHSTHCS JAJIsl ONEPATUBHON IUArHOCTHKH TBEPAOCTH
YyryHa ¢ MCIOJb30BaHUEM YXKe CYLIECTBYIOLEro o0opyaoBanus. [IpenokeHHbIi MOIX01 IpeaAcTaBIIseT-
csl 1eNecOO0pa3HbIM PaclpOCTPAaHUTh Ha OINpelesieHHE IPYTHX MEXaHWYEeCKUX XapaKTEepPUCTHK 4YyryHa:
mnpefena TEKy4decTH, IoKaszareis Ae(GopMalMOHHOTO YNPOYHEHUs, MOJ3Y4YEeCTH, pelaKcaluH, OIpese-
JSIEMBIX METOJaMH UHJICHTUPOBAHHSI.

KiroueBnle ciioBa: WHACHTUPOBAHUC, YYT'YH, HCKyCCTBCHHLIﬁ HWHTCIIJICKT, MAaIlIMHHOC 06yqu1/Ie, TBépZ[OCTI)
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Abstract

Kinetic indentation is widely used to measure physical and mechanical properties of materials
as one of the most universal methods for non-destructive testing. This paper uses the latest advances in
artificial intelligence and capabilities of the Python programming language libraries allowing to carry out
accurate measurements of cast iron hardness based on the data of the material’s micro-impact loading dia-
gram. It has been shown that use of machine learning allows eliminating gross errors and reducing the error
of indirect hardness evaluation in several times — down to 10 units according to Brinell HB. It has also been
established that formation of additional features for training models (based on traditionally used characteris-
tics: penetration depths, indenter movement speed and contact forces at certain points in time) has a positive
effect on the accuracy of measurements, but amount of measurements should also be optimized. Feasibility
of effective use of machine learning to evaluate hardness has been demonstrated by comparing of calcu-
lated hardness values with data obtained with standard testing methods. Advantage of the developed testing
method is the fact that the developed algorithms can be used for prompt diagnostics of cast iron hardness
using existing equipment. It is appropriate to extend the proposed approach for determination of other
mechanical properties of cast iron: yield strength, strain hardening index, creep, relaxation, determined
by indentation methods.

Keywords: indentation, cast iron, artificial intelligence, machine learning, hardness
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BBenenune

‘-Iyr YH SABIISICTCA OHUM nu3 OCHOBHBIX
MaTepI/IaJ'IOB, I/ICHOJ'H:3yCMI>IX B MaIlInHO-
CTpOUTEIBLHOM  TIpou3BoAcTBe. Ero  mmupoxoe

MpUMEHEHHEe OOYCIIOBJICHO JOCTATOYHO BBICOKHMH
MEXaHWYECKUMH XapaKTepUCTUKaMHU TIPU OTHO-
CUTENFHOW TMPOCTOTE BBILIABKU. Pa3paborka
HOBBIX TEXIIPOIIECCOB M JIETMPOBAHWE IPUBEIH
K TOSBICHHUIO BBICOKONIPOYHBIX YYTYHOB C YiIyd-
MIEHHBIMM ~ XapakTepucTukamu.  OpgHako 10
HACTOALIETO BPEMEHHM  CYILECTBYeT IpobiemMa
[OJTlyYeHUs] YyryHa C 3aJaHHBIMH CBOMCTBaM
B Takoil CTEmeHH, YTOObl MOXKHO OBLIO MpeacKa-
3bIBaTh C IIOJIHOM YBEPEHHOCTBIO €r0 CTPYKTYpY
nociie IJIaBKH M TepMHuecKod oOpaborku. [lpu
BBIIUIABKE UYyryHa HEOOXOAMMO CTPOroe coOito-
JIEHNE TEXHUYECKHX YCJIOBHH €ro IpOM3BOJCTBA,
BKJIIOYAsi XUMHYECKMH COCTaB, paclpeielIcHHe
TEeMIepaTypbl 1Mo 00bEMY  OTIMBKH, BpeMs
MPOBEACHNSA TOM MM WHOW omepauuu u Ap. [1, 2].
Haxke HeOOMbIINE OTKJIOHEHMS MapaMeTpoB OT 3a-
JIOKEHHBIX B TEXHUYECKHUX YCIOBHSIX B KOMII-
JIeKCe MOTYT TIPUBECTH K BBIIYCKY MapTHH
OTJIMBOK C HErOJHOM MHKPOCTPYKTYpOH U (hu3nko-
MEXaHMYECKMMU CBOHCTBaMHU. OTO  BBI3BIBAET
HEOOXOUMOCTb M3TOTOBIICHUS 00pas31oB-
CBUJETENEH IpH IJIaBKE M IMPOBEACHHE HCCIEN0-
BAHHUU CTPYKTYPBI U CBOMCTB MOIYYEHHOTO YYT'yHA.

B nonamisitomieM  OOJNBIIMHCTBE — CIIydaeB
Ha TPEANpUATHSIX KOHTPOIb CTPYKTYpbl YyTyHa
OCYILECTBISIETCA  pa3pylIAOMUMU  METOAAMH,
BKJIIOYasl METaJUIOrpauio, UCIBITAHUS Ha Pa3pbIB,
TBEPAOCTD U Jp. [Ipu BbIcOKOI MHDOpMATHBHOCTH
9TH METOJIbI TPYAOEMKH U AJTUTENBHEL [IpuMeHeHue
HEpa3pylaIX METOJO0B, KaK IpaBHIIO, Orpa-

HUYMBAETCS MAarHUTHBIM ¥ YJIBTPa3BYKOBBIM
METOAaMH, KOTOpble TOXe OOJIaAaloT  PAIOM
OTpaHUYCHUM.

OnauM  n3 Hanbojee TMEepCIeKTHBHBIX, II0
HameMy MHCHHIO, SABJIACTCA METOJ AWMHAMHUYCCKO-
ro WHJCHTHPOBAaHWA. B OTIHUYMe OT CTaHAapTHHIX
METOJIOB H3MEpeHHsl TBEPAOCTH OH He Tpelyer
CO3JIaHMsI 3aMKHYTOM CHJIOBOM CHCTEMBI ISt
BIIABJIMBAHHS WHJCHTOPA W MOXET NPUMEHSTHCS
JUIS  KOHTPOJS  WM3JIEIHMHA  CIIOKHOW  (DOPMBI.
HellOCTaTKOM €ro sABJBICTCA TOT (1)aKT, qYTO CBEAC-
HUS O 4YyryHe OepyTcsi ¢ MOBEPXHOCTHBIX CJIOEB,
OIHAKO  JNs  M3ACNUH, MPOMEANINX  MeXa-
HOOOpabOTKy, JTOT HEIOCTATOK HHUBEIUPYETCS.
B Toxe BpEMs, KaK IMOKa3bIBAC€T IMpaKTUKa, JWUHA-

MHYECKHE XapaKTEPUCTHKH HE BCErAa HMEIOT
YCTOWYMBYIO CBSI3b CO CTATHUECKHMHU BCIIEJCTBHE
paynuus B JIOCTUTaeMbIX  JeopManusx u
CKOopocTsiX JedopManuu. 3agada yCTaHOBJICHHS
TaKOH CBA3M MOJKET YCIEIIHO peIaTrbcs C MOMO-
b0  HWHCTPYMEHTOB MCKYCCTBEHHOTO  MHTEJ-
nekta (UMW) [3], koTopble  HIMPOKO  HCHOJb-
3yIOTCA B Pa3jIMUHBIX  MCCIENOBAaHUAX UL
YBEJIMYEHHUSI TOYHOCTH TPEACKa3aHUsl TOro WIN
WHOTO TmapameTpa wmatepuana [4,5]. Ilpu stom
LIIMPOKOE  PACHPOCTPAHEHHE MOJIYUYMIM TaKue
cpeacTBa IS aBTOMAaTHM3allMd  MPOLECCOB
MaITUHHOTO OO0y4YeHUs, Kak, Hampumep, OuOImo-
teka PyCaret s3pika mporpammmpoBanus Python,
npoaykT Automated ML o6nayHod muaTgopMel
Azure W JAp., KOTOpBIE YIPOIIAIOT HCIOJIH30Ba-
Hue MW wu pacmupsior o0sacTh BO3MOXKHOTO
npuMeHeHus [6].

Ilensto HacTOsMIEH pabOTHI SABISIOCH H3yUe-
HUE BO3MOXHOCTH KOHTpOJs TBEPAOCTH Mo bpu-
Hewro HB uyryHa MeTomoM yJIapHOro MHKpPO-
WHJCHTUPOBAHMS C MCIOJIb30BAHUEM JHMArpaMMbI
Harpy)KeHUs Marepuana u o0OpabOTKH JaHHBIX
C TIOMOIIBI0 TAaKOTO HWHCTPYMEHTa HCKYCCTBEH-
HOT'O MHTEJIJIEKTA KaK MallMHHOE 00y4YeHUeE.

OobopynoBanue 1 MaTepuaJIbl

B ominume OT TpaaUIMOHHOTO W3MEpPEeHMs
TBEPAOCTH METOJIOM CTaTHYECKOTO BJIABIMBAHHS
WHAEGHTOpAa JMHAMHUYECKOE  HMHCTPYMEHTAIBHOE
WHACHTUPOBAHUE TMOJIpa3yMeBaeT PETUCTPALIUIO
BCEH JMarpamMMbl HarpyKeHHUs, KOTJa HWHICHTOP
HaXOJIUTCS B KOHTAaKTe C HCIBITYEMBIM MaTepua-
soM (pucyHok 1).

Orta  JauarpaMma
uenslii  HaOOp JaHHBIX:
HOTO  KOHTaKTHOTO
MaKCHUMaJbHOTO /.., YOPYroro s, u IUlacTHYec-
KOro  h, BHEIPCHHWS, [MAMETP  KOHTAKTHOTO
ornedarka d,, cKopocTe mnomiéra V., M OTCKOKa
WHJAEHTOpa V. .., BpeMs aKTHBHOIO JTama yJapa
t,, KO3hDOHUIMEHT BOCCTAHOBICHHUS CKOPOCTU
e=Vyin/Viax» ~ OHEpPruro  ympyroro W, u
IJIACTHYECKOTrO JehopMUPOBAHUS w,[7].
Otn rapaMeTpbl MTO3BOJISIOT paccuuTaTh
IUHaMU4YecKyro TBépmocts [1,[8,9], Momyms
ynpyrocta E, tumactudHocth O W ap. OjHako,
KaK II0Ka3bIBalOT MCCIICAOBaHMA, 3HadeHue H,
IUIOXO  KOPPEIMPYIT CO CTaTUYECKOHM  TBEp-

nocteio [10].

MO3BOJISIET ~ ONPEACIHTD
3HaYCHUE MaKCUMallb-
yeunusi P, rIyouny

max?
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Pucynok 1 — XapakrepHble 3aBHUCUMOCTU BHEIPEHUS HHJEHTOpAa B UYyTyH: @ — U3MEHEHHE CKOPOCTU B Ipoliecce
Y/IapHOTO KOHTAKTa; b — CHUIIOBasi TMarpaMMa Harpy»XeHUsl ¢ — CXeMa OTIIedaTKa

Figure 1 — Characteristic dependencies of indenter’s penetration in cast iron: a — velocity change during the impact
contact; b — force-penetration diagram; ¢ — imprint scheme

IIpy Hanuuum JOCTATOYHO PA3BUTON TEO-
pUH OIpeAeNieHUs JAUHAMHYECKHX XapaKTePUCTHUK
MaTepHalioB CBA3b MEX1Yy HUMHU HE BCErJa sIBISCTCS
oueBuHON. /[l €€ ycTaHOBIIGHUS HEOOXOIUM
TPynO3aTpaTHBIA aHalu3, MO3BOJISIIOUIMI  ompe-
JIEJUTh CTCIEHb B3aUMOBIMUSHUS OIpPEnesieMbIX
CBOMCTB M KOTOPBIA MOT' OBl IOBBICUTH TOYHOCTBH
UX U3MEPEHHUSL.

B Hacrosimelt pabore JaHHBIC JUISI MalTMHHO-
ro o0ydeHus: ObUIH MOJTyYEHBI C TIOMOIIBIO MMPUOOpa
NOMX-Y[11] c TpemMs [aT4ukaMu, KOTOpBIE
OTIIMYATINCh MEXKIY co00i Maccoit m, pagmycom R
U CKOpDOCTBIO NOMNETa HHAEHTOpa V.., Kak
npencraBieHo B Ttabmune 1. Jansbpiii  npubop
MO3BOJISIET ONPEICIUTh AUHAMHUYECKYIO TBEPIOCTh
U YKa3aHHbIE paHee MapamMeTphl.

Tabnuya 1 /Table 1

IMTapameTpbl HHAEHTOPOB AATYHKOB MPUOOPa
noMX-4

IFMH-CH sensors’ indenter characteristics

Howmep m,T R, MM V nax> M/C
JlaTHHKa m,g R, mm Viax> MV/S
Transducer

number

119 3.775 0.6 2.05
026T 3.889 1.0 1.66
007 3.805 0.9 1.88

Wsmepenust mpoBoamnuch Ha 79 o0Opasmax
YyTyHa, HMEIOLIETO0  Pa3IM4YHYK  CTPYKTYypy:
BBICOKOIIPOYHOM, cepom, MEPENETBHOM,

C BepMUKYISIpHbIM Tpadurom. [lapamerpsl cur-
Hala W XapaKTepPUCTUKHA (OCHOBHBIC TIPU3HAKH,
UCTOJb3yeMble B JajbHEWINEM Il MAIlUHHOTO
oOyuenwust) (Tabmuma 2), NMOJYYCHHBIE Ha KaKOM
13 00pasIoB, YCPEIHSIIHCH IO IECATH H3MEPEHHUSIM.

Tabnuya 2 /Table 2

OCHOBHBIE MPU3HAKHU, UCTIOIb30BAHHBIE JIJIsI
o0y4eHust MmojeJieit

Main features used to train models

P« MakcumanbsHoe yceunue / Maximum force

MakcumanbHas riryOrHa BHEAPEHUS /
i Maximum penetration depth

['nyOuHa ocTaTOYHOrO OTIHEYaTKA
h, (TumacTryeckast COCTaBIISIONIAs] BHEAPCHS) /
Plastic imprint
VYupyras cocTaBisitoras riryOnHb
h, BIIABJIMBaHU HHACHTOpA /
Elastic penetration depth
d JlnameTp KOHTAaKTHOTO oTnevarka /
¢ Contact diameter
W DHeprus ynpyroro aehopMupoBaHus /
Y Elastic energy
E Momymns ynpyroctu / Elastic modulus
H, Junamuueckas tBEpaocts / Dynamic hardness
v CKopoCTh OTCKOKA MHJICHTOPA /
min Rebound velocity
; Bpewms aktuBHOTO 3Tana ynapa /
a Time of active part of impact
. KoaddurmeHnT BoccTaHOBICHHS CKOPOCTH /
Restitution coefficient
[Tmactuanocts / Plasticity
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3HaueHusl cTaTHYecKoil TBEpmoctH 1o bpu-
HEJUTI0, KOoTopast Oblla HCKOMBIM 3HAYCHHEM
npu 00y4eHUH MOAEJIeH, HAXOAMINCh B AUANIa30HE
or 112 no 441 HB u Obuln n3MepeHbl Ha CTaTu-
YeCcKOM TBepaoMepe bpuHenns B COOTBETCTBHH
¢ 'OCT 9012-59 [12].

O0padoTKa JaHHBIX U pe3yJIbTaThl

Jlns oOydeHmsT Momeneit MCIOIb30BAICS SI3BIK
nporpammupoBanus  Python. Ilpu »TOoM Hamm
Op0 m3ydeHa O(OPEKTUBHOCTH HCIOIB30BAHMS
Uit OOydYeHUs TOJIbKO OCHOBHBIX IPH3HAKOB,
MpeACTaBiIeHHbIX B Tabnuue 2 (BapuanT 1), u
o0ydeHHUs ¢ WCIOIB30BAaHUEM TOJMHOMHAIBHBIX

MPU3HAKOB, TIOJYYCHHBIX U3 JIOMOJHUTEIBHBIX
MpU3HAKOB,  (OPMUPYEMBIX  MyTEM  Pa3Ind-
HBIX MaTEeMaTHUYECKUX ONepauuid, ©U OCHOB-

HBIX (BapuaHT 2). /g xaxaoro natunka oOy4deHue

CpaBHeHue MeTPHUK JIs1 PAa3JIHYHBIX MoJeJ/Iei

Metrics comparison of different models

NPOBOAMIIOCH OTHAENbHO. [ BceX BapUaHTOB
aBTOMaTH4Yeckue o0paboTKa JaHHBIX, OOyuYeHHE,
BaIMJALUsl U CPAaBHEHUE MOJEJEH MPOU3BOIUINCD
¢ nomoupto Oubimorexku PyCaret. M3 deThpéx
JOCTYIHBIX MOAYJEH Uil YCTaHOBIICHHS LEJIEBOTO
TUIIA MOAENM MamuHHOro oOyudeHuss B PyCaret
(xknaccuukanysi, perpeccus, KiacTepuzauusi H
MMOUCK aHOMaJWi) OBUI HWCIOIB30BAH MOIYIh
perpeccum. CpaBHEHHE  TPOBOAMIOCH IO
TaKUM METPHUKaM, Kak: cpenHsas aOcCOJIOTHas
ommbka (MAE), cpenHsisi KBaapaTu4Has OIIHMO-
Ka (MSE), KopeHb cpeqHel KBaApaTWUYHOM OIIHO-
kit (RMSE), xo>ddumment nerepmumarmu (R),
CpeAHeKBagpaTHYecKas JorapupmMuueckas OIHO-
ka (RMSLE), cpenHsss aOCONIOTHAs TIPOICHTHAS
omnbka (MAPE) u Bpemst o0yuenust (77).

Pesynbrarsl cpaBHEHUS MOJeNeH Tpy 00ydeHUH
TOJIBKO 110 OCHOBHBIM NPHU3HAKaM (BapuaHT 1) npex-
CTaBJICHBI B TabIMLE 3.

Tabnuya 3 /Table 3

Moguens/ Model MAE ~ MSE  RMSE R’ RMSLE ~ MAPE TT,c/TT,s
Linear Regression 13.3 318 17.5 0.938 0.078 0.059 1.83
Ridge Regression 14.0 337 18.2 0.932 0.083 0.065 0.03
Lasso Regression 14.3 346 18.5 0.931 0.090 0.068 0.04
Elastic Net 14.2 346 185 0.931 0.090 0.068 0.03
Lasso Least Angle Regression | 344 184 0.930 0.084 0.066 0.03
Bayesian Ridge 14.9 401 19.9 0.921 0.089 0.068 0.03
Extra Trees Regressor 15.6 534 222 0.887 0.111 0.080 0.14
Random Forest Regressor 173 548 228 0.884 0.112 0.086 0.18
Gradient Boosting Regressor 167 568 234 0881 0.113 0.081 0.10
AdaBoost Regressor 189 628 24.5 0.868 0.118 0.092 0.10
Extreme Gradient Boosting 190 765 275 0838  0.134 0.094 0.08
Decision Tree Regressor 215 825 283 0819  0.136 0.104 0.03
LGBoosting Machine 46.5 3450 55.6 0.401 0.219 0.193 0.26
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Kaxk Bugno w3 Tabmunel 3, Hauboiee
ONTUMAJbHOM  MOJENBI0  SABISETCS  JIMHEHHAas
perpeccus, oOamaromas HaUMEHBIITAMUA

snaueHussmu MAE, MSE, RMSE, RMSLE, MAPE
v HaubonmpimuM R”. BhIOpaHHas Mojels MpoLLIa
MmoBTOpHOE 00ydeHue ¢ 50 urepanusmMu k-OouHON
KpOCC-BaJMIallu, OINpPENeICHHEM ONTHUMAIBHOTO
KOJIMYECTBA MPU3HAKOB MpPHU PAHKHUPOBAHUU IO
BR)XHOCTU C HMCIOJNb30BaHHeM Moxayinst SelectFrom-
Model 6ubmmorexku Scikit-learn u onTuMuzanuein
no MAE. XapaxkrepucTuku OOy4YeHHOW MOJEIH
MpeJCTaBlIeHbl Ha pUcyHKax 2 U 3. M3 pucyHnka 2
BHUJIHO, YTO ONTHUMAJIbHBIM KOJIMYECTBOM MPU3HAKOB
Ut 00ydeHusi MoAeH OblI0 6. DTUMH NPU3HAKAMHU

SIBJISIACE P, hp, d., Vi 0, e.

max? min?

16.5
16.01
15.51
15.0

<

S14.5]
14.0

13.57

13.01

I
|
6 7
ntity

4 5
Feature qua

Pucynox 2 — Beibop OITUMAJIbHBIX apameTpoB
10 3aBHUCUMOCTH cpenHed  aOcomoTHOH — ommOKu
OT KOJINYECTBA IPU3HAKOB

Figure 2 — Choose of optimal characteristics via mean
absolute error dependency on the amount of features

W3 pucyHka 3 BHJHO, YTO HEBSI3Ka — pa3HUIlA
MEXJly H3MEpEHHOW U TMpeJICKa3aHHOM MOEbIo
TBEpOCThIO AHB — He 3aBHCHT OT 3HAYCHUS
abcomoTHoro 3Hauenust HB. [lpu atom s Tectu-
pyeMoi MOJENN 3HaYECHHE R? 6b10 paBHbIM 0,924,
YTO MEHBIIIE YeM B Ta0auIle 3, MOCKOJIbKY MCIOIb-
30BAJIOCh MEHBIIIEE KOJIUYECTBO UTEPALMMA — 5.

C uenbio BO3MOXKHOIO YIYYIIEHHs TOYHOCTHU
MoaeIn 6I)IHI/I CKOHCTPYUPOBAHBI JOIMOJHUTCIILHBIC
npu3Haku (2-d  BapuaHT oOy4yeHus), a TaKKe
MOJTMHOMHUAJIbHBIE TPU3HAKK 2-H CTENeHHU, KOTOphIe
(hOPMUPOBAIUCH U3 OCHOBHBIX U JIOTIOJIHUTEIIbHBIX
(3-it Bapumant).  IlpuszHaku  ObUITM  TOJTYYECHBI
npu momomy Moxayist PolynomialFeatures 6u6-
muotekn  sklearn.preprocessing,  JIOMOJIHUTEIILHO
UCTIONb30Bajlach  OMONIMOTEKAa  aBTOMATHUYECKOM

redepaiuu npusHakoB AutoFeat. JlomonHUTENBHBIC
U TOJUHOMHUAJIBHBIC TPU3HAKA TCHEPUPOBAIUCH
JUTS TIOJTHOTO HA0OPa MCXOTHBIX JaHHBIX (Tabnuia 2).

mmm Train, R2=0.970

40 Test, R?=0.924

40

20 20

AHB

Ty

100 150 200 250 300 350

Predicted hardness

400 450 0
Pucynok 3 — Paznuna mMexy U3MEPEHHBIM M NpECcKa-
3aHHBIM 3HaueHueM TBEpHocth AHB nas Mojenu,
HCIIOJIB3YIOIEH JIMHEHHYIO PErPECCUIo

Figure 3 — Difference between measured and predicted
hardness AHB for a linear regression model

Ha  pucynke4  mpeacraBieHa — MaTpuna
KOppEJsIUi MEXJY OCHOBHBIMH HpU3HaKamu (OT
P .« 0 €), NONOJHHUTENIbHBIMU IpHU3HAKaMHU (OT
Viin'log(e) 10 1/hp) u ueneBblM mapamerpoMm —
HB. U3 pucyHka 4 BHUJHO, YTO JONOJIHUTEIbHBIE
NpU3HAaKd He oO0nazaloT OoJbllel Koppesuue
¢ TBEPAOCTBHIO, YeM OCHOBHBIE. Kpome Toro,
oubnmmotexoii AutoFeat ObuTH MOAOOpaHBI pa3HbIE
JOTIOJTHUTENIbHBIE TPU3HAKK IS Pa3HbIX JaTdu-
KOB: HallpuMep, MpHU3HAK Hd3‘hp”2 oOnagan
HauOonpled  koppemsiqued ¢ HB  cpenu
JIOTIOJIHUTENIBHBIX MpPU3HAKOB Uil jAatduka 119,
OJJHAKO OTCYTCTBOBAJl CpEIU JIOTIOJHHUTEIBHBIX
NPU3HAKOB JJISl JABYX JAPYTHX JaTYMKOB. OTO
O3Ha4aeT, YTo OOLIMe HOBbIE NPU3HAKH, KOTOPHIC
MOXHO ObIJIO OBl HCHONB30BaTh il JIIOOOTO
JaT4yrKa, MOAKIoYaeMoro k npubopy MOMX-Y
He Obut oOHapyxeHbl. OpHAKO TPH CO3AAHUH
JOTOJHUATENBPHBIX ~ MPHU3HAKOB A KaXIOro
OTAEIBHOIO JaT4hKa MOXKHO JOOUTBbCS HEKOTO-
POro yay4IIeHHsI TOUYHOCTH MOJEIH.

[Ipu oOyueHnn Mozemnel ¢ MOIMHOMHATIBHBIMU
OpU3HaKaMH C ToMoIplo Oubiamorekn PyCaret
ONTUMAJILHOE KOJIMYECTBO MIPU3HAKOB JUIS O0yUEHHS
HOBBICHIOCH 10 13 (P0s Ao 1y oy s Wy Hyy Vi
t,, 8, e, H'*h__, V.. -log(e)), u3 KOTOpIX naree
(hopMHPOBAINCH TOJIMHOMHUAIBHBIE 2-H CTEMEHH.
Ha pucynke 5 mpencrasieH rpaguk 3aBHCHMOCTH
NpPEeACKa3aHHOrO 3HA4YeHUs OT HUCTUHHOro. Kak
MOKHO 3aMETHUTh, MOJAEISIM C HOJTMHOMHAIBHBIMH
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NpU3HAKaMHU HE CBOMCTBCHHBI HAIMYHE BLI6pOCOB

b

HECJIIMHCHHOCTh B NpeaACKazaHun HWJIW CHUIIBHOC

CMCIICHHUC.

1.00

0.75
0.50
-0.25

-0.00

|
s s s LQ(‘_P_-‘:

AR

)

Pucynok 4 — Matpuna Koppemsiui mpu3HakoB

Figure 4 — Feature correlation matrix

450 4
400 1
350 1
300 1

250 +

Predicted HB

200

150 4

100 1 ! ! I I ]
200 250 300 350 400 450
True HB

PucyHok 5 — 3aBHCHMOCTh TPEACKA3aHHOTO 3HAYCHUSA
HB 0T HMCTHMHHOrO Ui MOJENH C MOJUHOMHAIbHBIMHU
MIPU3HAKAMUA

Figure 5 — Dependency plot of predicted HB value on true
HB value for a regression model with polynomial features

[Tocne oOydeHus: ObLIM pacCUUTAHBI HEBSI3KU
OLIEHKH  TBEPJOCTHU WCTUHHOTO  3HA4YEHUs
TBEPAOCTH, W3MepeHHOH mnpudopom HNOMX-U
(ucmonp3yst anropuT™M, W3NOXKEHHBIA B [11]); mmst
MOJIENIH, HCIIOJIB3YIONIeH OCHOBHBIE MPHU3HAKH; U
JUIS MOJAENH C TOJIMHOMHUAJIBHBIMU TPHU3HAKAMH.

n

I'paduxu sinepHod oueHku miuoTHocTH AHB [13]
u 3aBucuMocTd AHB OT MCTUHHOTO 3Ha4eHHs IS
naruuka 026 T npencraBieHbl HAa PUCYHKE 6.

—— original
—— option 1
—— option 2

0.051

0.04+

o

o

&
1

Density

0.021

60

» original
» option 2

T U SSNNISHSE SSUS NSNS FSUES SRS S

20

AHB

250 300
True HB

b

350

Pucynok 6 — Pacripenenenue morpemHocreil  oOyueH-
HBIX MoOfeNel mnpu wucnoiab3oBaHuu patuuxa 026T:
siepHasi olieHKa motHoctu AHB (a) u 3aBucumocts AHB
OT UcTHHHOTO 3HaueHus1 HB (b)

Figure 6 — Trained model’s error distribution for 026T
transducer: kernel distribution estimation of AHB (a) and
dependency of AHB on the true HB value (b)

W3 pucynka 6 BHIHO, YTO MOJa pacTpeaeIeHHs
AHB s Momeild C  JOINOJHUTEILHBIMA U
MOJMHOMHAIBHBIMA ~ TPU3HAKaMHd  (BapHaHT 2)
MEHbIIIe, YeM Moja pactpenaenenus AHB npubdopa
(ucxonmuas) W JMHEWHOM Monenu (BapuaHT 1) —
2,86 u 9,43 coorBercrBeHHo. s JmMHEHHON
U TOJMHOMHAJIBHOM  MoOjened  MCHOIb30BaH
JIByXcTOpoHHUH Kputepuii KommoropoBa—CmupHOBa
(D-P) [14]. PaccuntanHO€ 3HA4YE€HHWE BEIUYHHBI
D cocraBuiio 0,42, a 3nauenne P — menee 0,0001.
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OTO TOBOPUT O TOM, YTO BBIOOPKH, IOIyYEHHBIE
Ipy IOMOIIM  JaHHBIX MOJENIEH, SBISAIOTCA
CTaTHCTUYECKHU Pa3IMYHBIMU, IPUUEM CTaHJAPTHOE
OTKJIOHEHHE BBIOOPKHM, TMOMYYEHHOW NPH ITOMOILIH
MOJIEJIN C MOJUHOMHUAIBHBIMH TPU3HAKAMH MEHb-
1le, YeM B Cilydae JUHEHHOM Moxenu — 4,48 npotus
10,48, cOOTBETCTBEHHO. AHAIOIMYHOE HAOIIIOIaeTCs
U 17151 BEBIOOPKH, TTOJTyYeHHOM MPH IIOMOILHY pruodopa,
CTaH/JapTHOE OTKJIOHEHHE KOTOpoi paBHO 12,51.

Taxke Ha pUCyHKe 7 IOKa3aHa MOTPELIHOCTb
M3MEpEeHUs TBEPJOCTH.

transducer
. 007
26T
. 119

+
L

60

50+

Polynomi'al models
(option 2)

Linear Models
(option 1)

Ori ginal

Pucynok 7 — Ilorpemnoctu u3aMepenus TBEPAOCTU

Figure 7 — Hardness measurement error

W3 pucynka (mocTpoeHHOro JJ1s BCeX JaTYMKOB)
BUJHO, 4TO 3HaueHuss AHB oOy4eHHBIX Momenei
(BapuanTt 2) He npeBbimaet 25 HB, B To BpeMs kak
AHB nans u3MepeHWi, TpPOBEICHHBIX MPHOOPOM
NOMX-Y, npesbrmator 60 HB.

3aKjao4eHue

PaccmoTpeHO HCIIONIB30BAHME HHCTPYMEHTOB
MaIlIMHHOTO OOYyYeHHs JJs TMPOTHO3MPOBAHUS
3HaUYeHMM craruuecko TBEpJocTH 1o bpunemo
M0 JaHHBIM JUHAMHYECKOTO HWHICHTHUPOBAHMUS.
[TokazaHo, 4TO MpUMEHEHNE CTAaHAAPTHBIX OHOINO-
TeK s3bIKa mporpammupoBanus Python mo3Bomser
YCTPaHUTh T'PyOble OIMTUOKH M3MEPECHHSI U CHU3UTH
MIOTPELIHOCTh KOCBEHHOT'O OIPENEICHUSI TBEPIOCTH
B 2 pasa. IIpu sTOM B OONBIIMHCTBE CIy4yaeB 3Ta
MOTpenrHocTh He npesbimaet 10 HB, uTo sBusercs
HEIOCTI)KUMBIM PEe3yJbTaTOM TIPU HCIOJIB30BAHUU
OOBIYHBIX OSMITMPUYECKUX 3aBUCHUMOCTEH MEXIY
JIMHAMUYECKOM M CTaTU4YeCcKoW TBEPIOCThIO. Takike
YCTaHOBJIEHO, 4TO (HOpPMUPOBAHUE IOMOTHUTEIb-
HBIX  TIPU3HAKOB  TIOJIOKUTENBHBIM  00pa3oM

CKa3bIBA€TCsd Ha TOYHOCTHU HBMGPCHHﬁ, OJHAaKO
IIpyu 5TOM HX KOJIMYCCTBO TAKKC JOJDKHO OBITH
OINITUMHU3UPOBAHO.
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[TomymipoBOMTHUKOBEIE MaTepHWalbl Ha OCHOBE OKCHIOB ZnO u RE3+MnO3 paccMmaTpuBaroTCs
KaK [OTCHUHWAJbHBIE KaHIWIAThl JUId CHMHTPOHMKH. B  paboTe mnpeacTaBaeHbl METOIUKA H
pe3yspTaThl UccienoBaHus d((eKTa MarHUTHOIO KpPYroBOIO JAMXPOM3Ma Uil IUIEHOYHBIX CTPYKTYp
Zn,Co,O, Zn;, ,CoALO u RE, *"A **MnO, B nmamasose BHAMMOro mH3mydeHus. IIoKa3aHo, uTO
NIOBE/ICHHE MAarHUTHOIO KPYrOBOIO JUXPOM3Ma IIJIEHOK MAaHIaHWTa OTPAKaeT HE TOJIBKO MArHUTHYIO,
HO M 3apsJI0BYIO COCTABIISIONIYI0 MaTepuaga. OTO YKa3blBaeT HA BO3MOKHOCTh MCCIEJOBAaHUS MarHUTHBIX
Y TPAHCIIOPTHBIX XapaKTEPUCTUK IUIEHOK C MOMOLIbIO MArHUTHOIO KPYrOBOI'O JIMXPOH3Ma CIIEKTPOCKOIIHUH.
ITockoabKy MarHMTHBIM KPyrOBOHM JAMXPOM3M TAaKKE HANPAMYIO 30HAUPYET OCHOBHBIE U BO30Y:KIEHHBIC
JJIEKTPOHHBIE COCTOSHUS IUIEHKH, OBUIN IOJYYEHBI JaHHBIE, OOHOBISIONIME PACYETHBIE MapaMeTpsl Ul
OIHCAHMsl 30HHOW CTPYKTYpbl MaHraHutos. B ciydae miéuok Zn, Co,O u Zn;,Co,Al O ycranosieHo,
4TO CIEKTpalibHas (opMa MAarHUTHOIO KPYrOBOIO JHXPOU3Ma BBICTYNAET B Ka4eCTBE MHCTPYMEHTA Ul
obnapyxenns Hanodactuil Co B Matpuiie TBEpmoro pacteopa ZnO:Co u ZnO:(Co+Al).

KiioueBble cjI0Ba: MarHUTO-ONTHYCCKAs CIICKTPOCKOIIHA, TOHKHUC OKCHUIHBIC HJ'IéHKI/I, HaHO4YaCTUIIbI,

3apsAa0Bad U MaroHuTHas MOACUCTEMBI, SJICKTPOHHBIC COCTOSHUA
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Abstract

Semiconductor materials based on ZnO and RE**MnOj, oxides are considered as potential candidates
for spintronics. This article presents the methodology and results of studying the effect of magnetic circular
dichroism for Zn, ,Co0,0, Zn, , ,Co,AL,O and REI_X3+AX2+MnO3 film structures in the visible radiation range.
It has been shown that the magnetic circular dichroism behavior of the manganite films reflects not only
the magnetic, but also the charge component of the material. This indicates the possibility of studying
the magnetic and transport characteristics of the films using the magnetic circular dichroism spectroscopy.
Since the magnetic circular dichroism effect also directly probes the ground and excited electronic states

of'the film, it has been obtained data that update calculated parameters for describing the manganites band
structure. In the case of the Zn, ,Co,0 and Zn, , ,Co,Al O films, the magnetic circular dichroism spectros-
copy acts as a tool for detecting Co nanoparticles in the solid solution matrix of ZnO:Co and ZnO:(Co+Al).

Keywords: magneto-optical spectroscopy, thin oxide films, nanoparticles, charge and magnetic subsystems,
electronic states
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BBenenue

[lonck u wuccrnegoBaHWE HOBBIX MarHUTHBIX
MOJIyIIPOBOJHUKOBBIX MaTe€pHasioB, MPOSIBIIIOMINX
BBICOKYIO CIIMHOBYIO MOJIIPU3ALMI0 HOCHTEJIEH
npu BBICOKHX TemIeparypax, SIBIISICTCS
aKTyaJbHOW HAay4YHO-TEXHUYECKOH 3amaucii. B aTtom
HanpasieHud WHkn  Zn; Co,O, Zn;, Co,A-
1O u REl_)(3JrA)(2+MnO3 (RE — penkoszemenbHbIN
JJIEMEHT, A — ménouyHO3eMeNIbHBIN METa)
paccMaTpUBarOTCs KaK NOTCHUMAIbHBIC KaHIUAATHI
JUIsl CIIMHTPOHHBIX YycTpoiictB [1,2]. B maHHBIX
MaTepHuajax 3apsaoBas U MarHUTHAs MOJCHCTEMbI
SBISIFOTCS  CYILIECTBEHHO CBS3aHHBIMH, II03TOMY
o0paslpl  JEMOHCTPUPYIOT  YHHMKaJbHbIE U
[IPAKTUYECKNU 3HAYMMble CBOHCTBA, TaKUE Kak
(heppoMarseTu3M Mpu KOMHATHOU TemriepaType [3],
KOJIOCCAJIbHOE  MarHWTOCOIPOTHUBICHHUE [4] u
MarauTokanopuaeckuii  dddexr [5]. Ilpu sTOM
HESCEH XapakTep CBA3M MEXKAY 3apsSAOBBIMH H
MarHUTHBIMH  COCTOSIHUSIMH,  OTIPENEISIOIINMU
MAaKpOCKOIIMYECKUE CBOWCTBA MaHraHuToB. Kapru-
Ha DJEKTPOHHBIX COCTOSHUN MaTephajoB BHA
RE,_*"A *MnO, 110 KOHIIa He yCTaHOBIIEHA.

Teopernueckoe ucciaea0BaHUE 3IIEKTPOHHOU
CTPYKTYpbl MarHMTHOTO Marepuayia O0a3upyercs
Ha €ro ONTHYECKUX WIM MarHUTOONTHYECKUX
cBoiicTBax [6, 7]. Ilpm 3TOM MarHUTOONTHYECKHE
JaHHBIC SIBISIIOTCSA  Ooiee  MHQOPMATHBHBIMH.
OpHako  pacuéT  DJEKTPOHHOM  CTPYKTYpBI
IJIEHOK Ha OCHOBE CHEKTPAJbHOW 3aBHCHUMOCTH
marautoontuueckoro  3dpdexkra  Keppa (BK)
TaKK€ HMEET CBOM HEJOCTaTKH, MOcKonbky OK
KpPUTHYECKH 3aBHCUT OT KadyecTBa IIOBEPXHOCTH
obpasuoB. IlosTromy naHHBIE 00 DJIEKTPOHHBIX
COCTOSIHMSIX MAaHTaHWTa, MOJy4YEeHHBIE B OTpa-
KEHHOM cBeTe ¢ momoipio DK panee, He MMEIOT
nesioctHOCTH. I1ocKoJIBKY KeppoBCKOE BpalleHUE
OIHMCHIBACTCSA CIIOKHOM (DYHKIMEH araroHaabHON

W HEJAWaroHAJThHOH KOMIIOHEHT TEH30pa JH-
JIEKTPUYECKOH TPOHHUIIAEMOCTH, HAOJFOIAJIHCh
CyIIeCTBeHHBIE W3MeHeHHus (opmer DK cmekrpa
B 3aBHCHMOCTH OT TOJIIUHBI IHIEHOK [8, 9],

KOHIICHTparuu A-3jieMeHTa [7] W THma JIu-
TaKcHalbHOH nedopmaruu Matepuana [10].

B  cmysae marepmanoB  Zn,,Co,O un
Zn,, Co,AlLO, B KOTOPEIX KOOAIBT MPE/CTABISACT
coboit TBEpmBIN pacTBOp B peméTke ZnO (manee
Zn0:Co wu ZnO:(Cot+Al), COOTBETCTBEHHO),
Npupojia MarHeTuaMa JI0 CHX IOp OCTaércs
IucKyccuoHHou [3, 11].

ITockonpky ~ MarHuTOoONTHYECKUH  A(PexT
MarHuTHoro  kpyrosoro  guxpousma (MK
HampsMyl0 30HIUPYET pa3M4YHble MarHUTHBIC

BKJIaAbl B MaTcpuajic, a TaKXXC €ro OCHOBHBLIC M
BO30YKIAEHHBIC JIIEKTPOHHBIC COCTOSIHUS, H3y4Ye-
HHE OKCHAHBIX TUIEHOK ¢ mnomolmpio MK]]
CHEKTPOCKOIHY SIBIISIETCS Ype3BbIYaliHO MH(OpMa-
TUBHBIM. CllelyeT OTMETUTh, YTO CIIEKTPAIBLHOM
3aBUCUMOCTH d(deKra ymenseTcs HETOCTATOUHO
BHUMaHUA, TOrla KaK HWMCHHO OHa OTpa)xacT
0oOMEHHBIE W CIHH-OpOWTAaJIbHBIE B3aMMOICHCTBUS
B Marepuaie. JJanHbii 3¢ (heKT yacTo UCHOIb3yeTCs
JUTSL  UCCJICJIOBAHHMS MArHUTHBIX CBOWCTB  ILIE-
HOK [12], mockonbky MKJ[ nuHeen mno Hamar-
HUYCHHOCTH M OTpaxkaeT (GopMmy e€ IOJIeBOH Win
TEMIIEPAaTypHOW 3aBHCUMOCTH, WCKIIIOUasi BKJIAJ
HEMarHuTHOW  cocrtaBisiromield. B Hacrosmein
paboOThl OCHOBHOE BHHMMAaHHUE YJICJIICHO HMMEHHO
criekrpaibHoi 3aBucumoct MK/ mnénoxk.

Oo0Opa3ubl 1 METOI UCCIIET0BAHMS

B kauectBe MmI€HOYHBIX O0PA3LOB MAHTAHUTA
TonmmHoir ot 20 mo 150 HM  umcciieoBaHBI
HoJNUKpUCTaIndeckue obpasusl  Lag ;Sr) ;MnO;,
Pr; (St ,MnO; n Pr,,¢Sr,,MnO; (LSMO u PSMO,
COOTBETCTBEHHO), OC@XIEHHBIE Ha  IOJUIOKKY
7r0,Y,0;; a Takke MOHOKpDHCTaJIMYECKas
mwiénka Laj,Cay;MnO; (LCMO)  TomnumHoi
50 uM, BbIpameHHas Ha kpucramie LaAlO;.
[onukpucraanuueckue MIECHKA MOJIYYEHbl METO-
JIOM  pEeaKTHBHOIO BbICOKOYACTOTHOI'O  MarHe-
TPOHHOT'O PACHBIIEHHUs] Ha MOCTOSIHHOM ToKe [13].

OnurakcuanbHas  TUIEHKA  BBIpallleHa  MyTEéM
XUMHMYECKOTO  OC@KJICHHUS METaNIOPraHUuYeCcKUX
coequHeHnii u3 mapoBod  ¢daser [14].  Tlocne

ocakmenns TwieHKy LCMO/LAO omxuramd B
Te4yeHHe 4Jaca B arMocepe KHCIOpoAa MpH TeM-
nepatype 800 °C. IlonukpucTaliIMYeCKUe IUIEHKU
Zn, ,5C0(,,0 u Zn, ;5Co, ;3Al,,O Obln BbIpale-
Hbl Ha CTEKISIHHOH MOJJIOKKE C TOMOIIBIO
CTaHJAPTHOM CHCTEMBbl PaJUOYacCTOTHOIO MarHe-
TPOHHOTO pacrbuieHus [15].

MarauTHelii KpyroBOoW JUXPOU3M OIHUCHIBAET-
Ccd KaK YacTh KOMIUIEKCHOW BemW4YuHBI d(ddexTa
Qapanes (OP) [16]. B asrtom ciydae auHEHHO
MOJSIPU30BaHHAsl BOJIHA  pacCMaTpUBAeTCsl  Kak
CYIIEpPITO3UIIUS JABYX HICHTHYHBIX KPYTOBBIX BOJH
C pa3HOi moJsfpHU3alMel: MO JIEBOMY U IPaBOMY
kpyry. Ilpn mnpoxoxaeHnum TakoW BOJHBI 4Yepes
ONTUYECKH AaKTHUBHYI0O HaMarHWYeHHYIO Cpeny
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BJIOJIb HAIpPAaBJICHUS MArHUTHOTO TOJS (ha30BbIC
CKOPOCTH W aMIUTUTyZa MpaBO-TOJISPU30BaHHON
M JIeBO-TIOJSIPU30BAHHOW BOJH OTJIWYHBI JPYT
oT npyra. PasHmma B (a3oBoil CKOPOCTH BOJH
HampsMYyIO CBA3aHA C PAa3HOCTHIO WX ITOKazaTernen
npeomieHus (An). Pa3Huma B aMImiuTyne OMHCHI-
BAaCT pa3HUIy B IOKA3aTelsx moriomeHus (Ak)
yKa3aHHBIX BOJTH. Takum o6pazom, DD onmuceBaeTCs
Pa3HOCTBIO TMOKa3aTelel MPeToMIICHHs JBYX BOJH
C KPYroBOH MOJIpU3AIeii W MpeacTaBisieT coOoit
MOBOPOT  TUIOCKOCTH  TOJISIPH3AINH  TaJaromien
BONHBI. PasHuma B TOKa3aTensX MOTJIOMICHHUS
JIByX BOJIH C KpPYrOoBOHM MOJsipU3allMedl BbI3bIBAET
AITUITHYHOCTH TAAI0IEeH BOJIHBI M MPEICTaBISIECT
cooot MKJI. KommiekcHas BeanuumHa DO
B 0011IeM BHIe OTHIChIBaeTCs BeipaskenneM (1) [16]:

0y~ (An — iAk). (1)

®enomenonorndeckn Gopma MKl cnekrpa
MOBTOPSIET CIEKTPAIbHYIO 3aBHUCUMOCTH JICHCTBH-
TEJIBHOW YacTH HEJUAarOHAJIBHOH KOMIIOHEHTHI
TEH30pa JTUAJICKTPUUYCCKON MPOHUIIAEMOCTH (€X)),
HETIOCPEAICTBEHHO  OTP@KAIOIIEH  BHYTPEHHIOIO
npupoay Matepuana. MKJ sddext onmcreiBaercs
BBIPAKCHUEM:
nel, — kel

n +k?
! "
rae €', u g, — peanbHas M MHHMAs 4acTu &,
COOTBETCTBEHHO.

13 Beipaxkenus (2) xopowo BUAHO, 4To 6 ~ €',
npu ycinoBun n << k [16].

Oddexr MKJl m3mepsncs Ha OpUTHHAIBHOU
AaBTOMAaTHU3MPOBAHHOM YCTaHOBKE, CO37JaHHON Ha
0a3ze Monoxpomaropa MJIP-12, a Ttaxxe d¢oro-
aNIeKTpoHHOro ymHoxurenss Hamamatsu E678-11C.

0~ 2)

>

B oakcmepumeHTe  HCMONB30BaHA — MOIYIIALINS
COCTOSIHUSI ~ HONAPHU3alMH  CBETOBOH  BOJHBI.
B kagectBe MonynsTOpa BBICTyHaJla IpHU3Ma

U3 IUIABICHOTO KBapla C MPHUKICEHHBIM K HEH
MbE30JIEKTPUUECKUM KEPAMUUYECKUM 3JIEMEHTOM.
Koryma Ha mpe30371eMEHT MomaBajoch NepeMeHHOe
HanpspKeHUE 4acTOTOH , COOTBETCTBYIOLICH cOO-
CTBEHHOM 4acTOT€ CHCTEMbI, B KBaplEBOM IMpU3ME
BO30yXxanacy ymnpyras crosdas BoiHa. Kpyrosas
MOJISIpU3alMsl CBETOBOM BOJHBI ObLIa CreHEPHUPO-
BaHAa Ha BBIXOAE M3 KBaplEeBOM MNPHU3MBI 3a CYET
MajieHus Ha He€ JTMHEWHO-TIONSIPU30BaHHON BOJIHBI
¢ ymoM 45° MEeXIy IIOCKOCTBIO TOJISIPU3AINHA U
TOPU30HTANBHOM OChbio Mpu3Mbl. B ciyuae MK]]
ONTHYeCKass TUIOTHOCTH (D) JUIsi CBETOBBIX BOJIH

npaBoit (D+) u neBoit (D-) KpyroBO# MOsIpU3aIiu
paziuuHa. [lpy wW3MEpeHWHM MAarHUTHBIA BEKTOP
M CBETOBOM Jyd OBUIM HANpaBlIeHBl HOPMaJbHO
IUIOCKOCTH TUIEHOK. TakuM o0pazoM, BelTWYHHA
adhdexra (0) wm3MepsIach Kak pa3sHOCTh D+ —
D- nns aByX MPOTHMBOIONOXKHBIX —HarpaBiIeHUN
MPIIOKEHHOTO MAarHUTHOTO Toyist  (pucyHOK 1).
CrekTpalibHBIE 3aBUCUMOCTH 3¢ (heKTa B TuanazoHe
1,1-4,5°B Obumm wu3MepeHBI TIPU TEMIIepaType
ot 77 mo 300 K B mpmiIo)kKeHHOM MarHUTHOM TIOJIE
800 kA/M. TouHOCTE U3MEpEHUH BeTUIUHBI dhdheKTa
cocramsura 10", a crmexrpansHoe paspemenne
0,02 5B B 3aBUCHUMOCTH OT JJIMHBI BOJIHEI.

Pe3yabTaTsl H 00CyKICHUE

Cnekxtper MK/l mnsg miénok Zn,4Co;,,0 n
Zn,, 15Co, ;sAl ;O noka3aHsl Ha pucyHke 2a.

Pucynok 1 — Cxemarnyeckoe H300paKeHHUE MPHPOJIBI
3¢ pexTa MarHUTHOTO KPYrOBOT'O JAUXPOU3MA M TPHHIIHIT
€ro U3MepeHust

Figure 1 — Schematic representation of the nature
of the magnetic circular dichroism effect and the principle
of its measurement

Bunxo, 9TOo (OpMBI CIEKTPOB MPAKTUUECKH
COBMAJAIOT, YTO TOBOPUT O €IUHONM KapTHUHE
OCHOBHBIX M BO30YXIEHHBIX  DJIEKTPOHHBIX
cocTosiHMi 00pa3noB. CHEKTphl XapaKTepHU3YIOTCS
OBYMSI MaKCHMyMa IPOTHBOIOJOKHBIX 3HAKOB!
MIMUPOKMH MUHMMYM B obOmactu 1,3-3,2°B u
MakcumyMm mpu 3,8 3B. Cnexrper MKJ]I nccnenye-
MbIX IJIEHOK COMNOCTaBJISIUCH co cnekrpamu MK
wiéHok ZnO:Co, He cojiepKaluX BTOPUYHBIX (a3
U TNpOSBIIOMMX (EeppOMArHUTHOE IIOBEACHUE
npu KoMHaTHOW Temmepatype [3, 11]. B otnuuune
oT MIEHOK Zn,,45C0,,,0 n  Zng;5Coy 5Al) ;0
obOpasipr ZnO:Co  XapaKTepu3yloTCAd  TOJI0XKH-
teapHbIM curHasiom MKJI B oGmactu 1,5-3,5 3B
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(xpuBast 1 Ha pucyHke 2a). JlonmoaHUTENHHO OBUIH
HCCIIEJIOBAHbI CIIEKTpalibHble 3aBUcUMoOcTH MK/
s crtomHoN TuiéHKH CO W METaJUTMYECKUX
HaHouactuly Co, JUCHEPTUPOBAaHHBIX BHYTPHU

Matpunbl SiO, (pucynke 2b). Kak m B ciyuae
¢deppomarautHoit miéHkn ZnO:Co,
XapaxkTepusyeTcs

CIIToIIHas

Co MOJI0KUTENb-

1.0

JIEHKa

o
&)

(rel. units )

©
(=)

®, OTH. ef.

Pucynok 2 — CriekTpaipbHble 3aBUCHMOCTH MAarHHUTHOTO KPYTOBOTO JUXPOM3Ma IIpHM KOMHATHOI

HeIM curHasioM MKJ] B oOmactu 1,1-3,5 3B,
JIEMOHCTPUPYIOIIUM  IIUPOKUN aCUMMETPUUHbBIN
MakCUMyM C IIeHTpoM Tsbkectn mipu 1,8 3B
(xpuBas 1 Ha pucynke 2b). Ilpu stom ciektp MKJ]
st HaHowactuir CoO  ONMHMCHIBAETCS  DKCTPEMY-
MoM B obOmactu 1,3-3,53B (kpuBas 2 Ha pHCYH-
ke 2b).

1.0}
— 1
2
g 05
Qo
00
&
5 -05}
® 2
1.0}
L L L L L
15 20 25 30 35
E, aB (eV)
b
TeMmneparype

u H=2800xA/M: a—nnéuka ZnO:Co 06e3 comepxaHus BTOpUUHBIX (a3 (kpuBas 1) u mn€Hku Zn,,5Coq Al ;O
U Zn;:3C0,,,0 ¢ OTHOCUTENBHBIM COAEPKAHUEM METAIMYECKOro KoOaynbTa (KpuBble 2 M 3, COOTBETCTBEHHO);
b —mnénka Co tomuumuoi 30 HM (xpuBas 1) n Hanowactunsl Co B Marpune SiO, cO CpeiHHM pa3MepoM YacTHIL

B nuametpe D = 7,7 um (xpuBas 2)

Figure 2 — Spectral dependences of magnetic circular dichroism at room temperature and A = 800 kA/m: @ — ZnO:Co
film without the content of secondary phases (curve 1) and Zn,, ;sCo, 3Al, ;O and Zn, ;5Co, ,,0 films with a relative
content of metallic cobalt (curves 2 and 3, respectively); b — Co film 30 nm thick (curve 1) and Co nanoparticles in a
Si0, matrix with an average particle size in diameter D = 7.7 nm (curve 2)

Takum o0pazom YCTaHOBIIEHO, 4yTO
dbopma cmektpa MKJ[ 3aBUCHT OT COCTOSIHUS,
B KOTOPOM HAaxOOWTCs KOOAnbT: B BHIE TBEPIOIO
pacTtBopa B pemérke ZnO, B BUJE METAIINYECKON
IUIEHKH, B BUAE METAJUIMYECKUX HAHOYACTHII.
Xopouiee coracue Mexay cnekrpamu  MK]/]
B obmactu 1,3-3,2 3B, HaOmomaemoe i 00pa3IoB
7Zn15C0(,,0 n Zn,,5Co 5Al O, a Taxxke mis
Hanouactuy Co, CBHUAETENBCTBYET O HaJUYUU
BTOPUYHOH (a3l B  HCCIEAYyEeMBIX IUIEHKaX.
B »TOM ciydae, BBICOKORHEPIeTHYECKHIH MaKCH-
MyM 1pu 3,8 3B crneayeT OTHECTH K MOJISIPU30BaH-
HOMY COCTOSHHIO HOCHUTENEH 3apsga B Marpule
tBEéproro pactBopa ZnO:Co u ZnO:(Co+Al).
OO6paboTka u aHanM3 AaHHBIX s TIEHOK ZnO:Co
noApoOHo u3noxkeH B pabore [17]. Temmeparypa
6nokuposku (7},) oOHapyxeHHbIX HaHouactul Co,
a Takke WX CpeqHHH pasmep B amamerpe (<D>)
uccienoBanel B padore [18]. Bemuumna <D>

oleHuBaiach 1o Gopmysne buna—JIuBUHTCTOHA:
T, = K5 (4mr°/3)/25ks,
rne K, —oHeprus  >pQeKkTMBHOH  MaruuTo-
KpUCTAIUTHYeCKoil anmsorpormu  (4,3-10° [ix/v?);

kg — mocrosiHHas bonblMaHa; 7 — paAnyCc 4acTUIIbL.
Hna Zng15C0y,0 T,=40K wn <D>=3,9 HMm,
st Zng 55Co, 5Aly ;O 90K u 5,2HM, coot-
BeTcTBeHHO. [lomydeHHbIe pe3yabTaThl MO3BOJISIOT
M0-HOBOMY B3WJISIHYTh Ha CHEKTPAJILHOE TIOBEJACHNE
MK][ pa3iduHbIX  MaTepuajoB, COJAEpPIKAIIUX
ko0aneT. Tak, Harpumep, cuekTpsl MK mtst momu-
KpucTautmdeckux  oopasnoB  Co-P TommumHO#
~ 3—7 um [19] yka3blBalOT Ha HAJIUYKUE HAHOYACTHUIL
Co B TIPUTIOBEPXHOCTHOM CJIO€ CTEKIISTHHOM TTOITIOMKKH.

Hcxons W3 TemmepaTypHOHl  3aBHCHMOCTH
JIEKTPUYECKOTO CONMPOTHUBICHUS IJIEHOK MaHTaHH-
Ta, ONpeJesieHa TOYKa Iepexosa MOITyIpOBOJHUK-
avonektpuk Ty [12, 13]. OTmedeHo, uTo 3Ha4YeHHE
Tyj; 3aBUCHT OT TONLIMHBI MOJMKPUCTAIINYECKUX
wieHok PSMO (x=0,4) u nexur B HHTEpBase
155-200 K [12]. [Jms  smurakcuampHOM — LC-
MO mnénkn Tpp=265K [13]. Tlnénkn PSMO
(x=0,2) TPOAEMOHCTPUPOBAIN TUIIECKTPUICCKOEC
MOBEJIEHNEe BO BCEM HCCIIEIyeMOM TeMIepaTyp-
HoM uHTepBaje [12]. Ilpumep cnekTpaibHOR
3aBucumMoctd MKJI nusnektpuyeckoil u mosiympo-
BOJIHUKOBOM IUIEHKM MAaHTaHWUTA, [PEICTaBIEH
Ha pUCYHKE 3a U pUCYyHKE 4@, COOTBETCTBEHHO.
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Pucynok 3 — Jludnextpuueckass — II€HKa
a — cXeMa Pa3IoKEHUs CIIEKTPa MarHUTHOTO KPYroBOTO
JxpousMa Ha JInHuH popmbl ["aycca, mTpuxoBast TMHUS —
CYNEpHO3UlMs JHHUHM pa3lloKEeHUs, COBMAJANOMAs C
9KCIIEPUMEHTAIIBHBIM ~ CIIEKTPOM; b — TeMIepaTypHbIe
3aBUCHMOCTH HMHTEHCHBHOCTH JIMHMH pas3noxeHus (/)

MaHIraHuTa:

B CpaBHCHHHU C TEMIICPATYPHBIM XOJOM HaAMarHM4YC€HHOCTU
(M) obpasiia Bo BHeIIHEM MarHuTHOM ToJie (H =400 kA/m),
HAIPaBJICHHOM HOPMAaJIbHO [UIOCKOCTH IIEHKU

Figure 3 — Manganite film in insulating state: @ — decom-
position scheme of magnetic circular dichroism spectrum
into Gaussian lines, the dashed line is a superposition of
decomposition lines, coinciding with the experimental
spectrum; b — temperature dependences of the intensity of
the decomposition lines (/;) in comparison with the tem-
perature variation of the sample magnetization (M) in an
external magnetic field (4 =400 kA/m) directed normally
to the film plane

B cmekrpax  HaOmomaercs — acCHMMETPHS
OCHOBHBIX MaKCUMYMOB, YTO TOBOPUT O HAJIOKEHUU
HECKOJIbKUX pe3oHancoB. Crekrpst MK ans mné-
HOK BCEX THUIIOB TIPOBOIWMOCTH OBLIM AaIIpOK-
CHMHPOBAHBl MUHUMAJEHBIM KOJHMYECTBOM JIMHUI
¢dopmbr l'aycca. AMIumMTyza ITWHUH, TOJIOXKEHUE
U HIMPYHA JUHUM Ha TOJOBUHE BBICOTHI SIBIISUTUCH

mapamMeTpaM TOATOHKK. Ha pucyHKax Xoporro
BUJIHO, uTO cnekTp MKJI nusnekrpruyeckoil mi€HKu
OTMCBIBACTCS] YETHIPHMS CIIEKTPATBLHBIMU JIMHISIMHU
(mmmanu (1), (2), (4) u (5) Ha pucyHKe 3a), B TO BpeMs
KaK JUIsl TIOMYTIPOBOTHUKOBOTO O0pa3iia XapakTep-
HBI TISITh COCTABJISIFOIIAX KOMIIOHEHT B BHIUMOM
nuanasoHe cuekrpa (muHuu (1)—(5) Ha pucynke 4a).
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Pucynok 4 — [lonynpoBofHUKOBasl MIEHKA MaHTAHUTA:
a—CcXeMa pa3loXKEeHUS MarHuTHOrO KpYroBOTO JOMX-
pousma Ha JuHUU (opmbl ['aycca, mTpUXOBask JIMHUS —
CYNEepHo3ulMsl JIMHUM pPa3okKeHHs, COBMHAjaroIas c
9KCIEPUMEHTAIBHBIM ~ CIIEKTPOM; b — TeMIeparypHbIe
3aBUCUMOCTH WMHTEHCUBHOCTH JMHHMU pasnoxeHus (/)
B CPAaBHEHUU C TEMIEPaTypHBIM XOJOM HaMarHW4E€HHOCTH
(M) oOpasua Bo BHEIIHEM MarHUTHOM 1oJie (H =400 kA/m),
HaMpaBIeHHOM HOPMAaJIbHO IJIOCKOCTH IUIEHKU

Figure 4 — Manganite film in a conductive state: a — de-
composition scheme of magnetic circular dichroism spec-
trum into Gaussian lines, the dashed line is a superposition
of decomposition lines that coincides with the experimen-
tal spectrum; b — temperature dependences of the inten-
sity of the decomposition lines (/,) in comparison with the
temperature variation of the sample magnetization (M) in
an external magnetic field (4 = 400 kA/m) directed nor-
mally to the film plane
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Jli1 Ka4eCTBEHHOT'O CIHEKTPAILHOTO aHaIH3a
ObUI MPOCIICKEH TEMIIEPaTypHBI XOJ HHTEHCHUB-
HOCTH yka3zaHHBIX JwHUH (1)—(5) B cpaBHeHHH C
TEMIIEPaTypHBIM TOBEJCHUEM HaMarHUYEHHOCTH
wi€Hok. B ciydae audnekrpudeckux 00pas3LoB
HaOmromaeTcs — KJIACCHYECKMH — cilydail,  Korza
TEeMIIepaTypHble KPUBbIE HAMarHMYEHHOCTH U
WHTEHCUBHOCTH JIMHUW COBIAAAIOT (PUCYHOK 3b).
Jnst mosrynpoBOIHUKOBOro o0Opasua HaOogaercst
HETHIIMYHOE  MAarHUTOONTHYECKOE  IOBEICHHE,
KOTJa TOJIbKO MHTEHCHBHOCTH JMHHUH (5) ciemyer
32 HaMarHM4E€HHOCTBIO BO BCEM HCCIIEAYEMOM
HWHTEpBasie TemrepaTtyp (pucyHok 4b). MHTeHCHB-
Hocth JymHUE (1), (2) m (4) ¢ TOHMWKEHHEM
TEMIIEpaTypbl PacTET 10 HEKOTOPOW TOYKH, CIIEAYs
32 HAMarHWYeHHOCTBIO 00pasua, a janee U3MEHSET
cBO€ HampaBieHue. Takoe M3MEHEHHE XoJa
OOBSICHSICTCS TIEPEepacHpeaeICHUEM CIIEKTPaIbHOM
HWHTEHCUBHOCTHU MEXIY BO30YKICHUIMHU
pasnu4HoOi mpupoas! B obnactu 0-2 5B, TunuuHoe
JUIst MIOJIyIIPOBOJHUKOBBIX o0pa3uos [23—
25]. CnepoBarenbHOo, B obOnact Himwke 1 95B
MpearonaraeTcsi HaTuyue emé OAHOr0 MakCHuMyMa
(muaus  (0) wa pucynke 4a). ns muaum  (3)
XapakTepeH POCT WHTEHCHUBHOCTU C TOHMKEHHUEM
TEMIIEpaTypbl, OJHAKO €€ TeMIepaTypHbId XOJ
OTIIMYaeTcsl OT XOAa HaMarHWYeHHoCTH. Takas
KapThHa ewmé pa3 MOATBEpXkAaeT, 4ro JuHHA (3)
HE CBS3aHA C MAarHUTHOW NOAPEIIETKON MaTepuraa.

3akirouenune

VYeraHoBineHo, 4Tto  APQPEKT  MArHUTHOTO
KpPYTOBOTO JIMXPOU3Ma, B YaCTHOCTH €r0 CIIeKT-
panbHas  Qopma,  SBISETCS ~ KaueCTBEHHBIM

WHCTPYMEHTOM JUIsi oOHapyxeHus: HaHowacTui Co
B IUIEHOYHBIX CTPYKTYpax

Zn CoO mn Zn; CoALO, a taxke
MIpEJICTaB/IAET XOPOILIYIO aJIbTEpPHATHBY BBICOKO-
TOYHOM CHEKTPOCKOMUU PEHTT€HOBCKOIO IOTIIO-
IEHUSI TIPU CHHXPOTPOHHOM U3ITyueHUH. Takas
METOJIMKA HCCJCIOBAHUS MOXET OBITh TaKXKe
MpUMEHEHAa K JPyTUM CcocCTaBaM pa30aBICHHBIX
MIOJTyTIPOBO/THUKOBBIX OKCHIOB. B ciywae 3ame-
MIEHHBIX MAaHTAHUTOB CIEKTPOCKONUS MArHUTHOTO
KpPYTOBOTO JTUXpOM3Ma TOKa3zaja ceds KauecTBEH-
HBIM MHCTPYMEHTOM JUISI M3YUCHHS DJICKTPOHHBIX,
MAarHUTHBIX W 3apsIOBBIX COCTOSSHUM B TUIEHKax
Buta RE, *"A *"MnO,.

Brepeeie  0OHapyxeH
CUTHAJI B  BHIUMOM

MarHuTOOIITHYECKUU
JIara30He  CIEKTpa,

OTpaXaIOIMI HM3MEHEHHE B 30HHOM CTpPYKType
MaHranuta. CienoBaresibHO, TeMIIEPaTyphl Pa3oBbIX
MEPEX0I0B «METAI—U30JISITOPY U «(heppoMarHeTHK—
napamMarHeTUK» JAJs MaHraHuTa MOTYT OBITbH
OTpENENeHbl, MCXOId W3 TEMIEpPaTypHOIo XoAaa
WHTEHCUBHOCTH CHEKTPAJIbHBIX JTMHUH MarHUTHOTO
KpPYTOBOT'O JUXPOU3Ma.

VYCTaHOBIIEHO, 4YTO 3JIEKTPOHHAs CTPYKTypa
MJIEHOK MAaHTaHUTA HE 3aBUCHUT OT TOJIILMHBL, COCTAaBa
U TUna NoAsoxXkH. KiroueByro posib MrpaeT JHLIb
MPOBOAMMOCTh MaTepuana. IlomydeHHble naHHBIE
OOHOBJISIFOT OCHOBY JUISI TEOPETHUECKOTO OMHMCAHUS
30HHOHU CTPYKTYpPbl MAHTaHUTOB B LIEJIOM.

BaarogapHocTun

PaGora BhITIOJTHEHA B paMKax HAyYHOH TeMaTH-
KH TOCYyJapCTBEHHOTO 3amaHus MHcTuTyTa QU3NKH
Cubupckoro otaeneHusi Poccuiickodl akagemMun
HayK.
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IIpencraBnena paspabotka wu3Meputenss BYU-curHamoB OoNbIION  MOIIHOCTH, OCHOBAaHHOTO
Ha METOJE KAJIOPUMETPUUYECKHX HM3MEPEHHUH, KOTOPBIA B PAJE CIIydacB SBISICTCS €IUHCTBEHHO BO3MOXK-
HBIM. YCTPOWCTBO NPEJICTABISIET CUCTEMY JJIEMEHTOB, OOMEHUBAIOIIUXCS JTUOO 3HEprueit, 1mdo nHdop-
Manuel, paboTa M B3aUMOCBSI3b KOTOPBIX OOECIEUMBACT YCTOMYMBOCTH €ro (DyHKIMOHWPOBAHMA.
OCHOBHBIMM 3JIEMEHTAaMHU HM3MEPUTENS SBISAIOTCSA: COIVIACOBaHHAs HAarpy3ka M JBYXKOHTYpHast BOJIO-
BO3AYIIHAs CHUCTEMa OXJaXJACHHs, mpeoOpasyroumme BY-sHepruio cHavasa B TEIJIOBYIO 3SHEPIHUIO
JJIEKTPUYECKOTO TOKa, a 3aT€M BO BHYTPEHHIOIO SHEPTUIO TeruloHocutens (pabouero tema). Cucrema
HW3MEpEHUsl W yNpaBieHHs oOecreunBaeT OToOpakeHHMEe HH(OpMAlMW HAa MOHHUTOP W BbIpAOOTKY
BHYTPEHHHUX YHPABIAIOLUINX CUTHAIOB. B pabote nesnaercs akLeHT Ha mpolecce mpeoOpa3oBaHMs SHEPTHH
3JIEKTPOMArHUTHOTO HM3JIy4YEHHUs] BO BHYTPEHHIOIO SHEPrUI0O TEIUIOHOCHTENS, TaK KakK COIJIACOBAHHAs
BY-Harpy3ka HHTErpupyercsi B CHUCTEMY OXJaXACHUS M TpeOyeT CHEelMalbHBIX KOHCTPYKTHUBHBIX H
TEXHOJOTMYECKUX pelIeHui Al obecneueHus >PQPeKTHBHONW padoThl. [ mcnbiTanus pa3zpabOTaHHOTO
BY-nornoturens MOIHOCTHIO 10 5 KBT cipoekTupoBana cuctema oxiaxkaeHus u usmepenust BU-curnana.
[TapameTpsl CHUCTEMBI OXJIQKICHHS ONPEACISUTUCH HCXOIS W3 MHMHUMH3ALMU BPEMEHH JOCTHKCHHMS
TETJIOBOTO PaBHOBECHS! (BPEMEHHU YCTAHOBJICHUS MTOKA3aHUI) U 3a/1aHHBIX MTapaMeTpoB (BXOJHAS TeMIlepa-
Typa He Ooinee 35 °C, mepemnan TtemmepaTypsl He Oonee 40 °C). Ilo smekTpoanHaMHYEeCKOH MOAEIH,
MIOCTPOCHHOW METOJIOM YacCTHUYHBIX OO0JIaCTEH, OIpeleNeHbl I'€OMETPUUYECKUE pa3Mepbl, NPU KOTOPBIX
K03 PULIHEHT CTOSTUYEH BOIHBI [T0 HAPSKEHUIO HAIPY3KHU B pab0ueM 4aCTOTHOM JHaria3oHe (OT IOCTOSIHHOTO
toka no 1300 MI'm) Oymer HammenbmmuM. [IpeacraBieHBl pe3yibTaThl MPOSKTUPOBAHUS W3MEPUTEIS
Oonpioit BU-MomHOCTH, 0XNIaX/1aeMOT0 KHIKOCTBIO (BOJOM), PacCMAaTpPUBAIOTCS MPOMCXOSNINE B HEH
TerI0(hU3NIECKUe MPOLECChI U BIMSHUE HATMUUS TEIUIOHOCHUTEIISI B KOHTYPE OXJIAXKICHHUS.

KiroueBblie ¢j10Ba: METO KAIOPUMETPUIECKOTO JIETEKTUPOBAHHMS, CUCTEMA OXJIAKICHHUS, METO/] YaCTHUHBIX
obnacreii, BU-Harpyska
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Abstract

Development of a high-power RF signal meter based on the method of calorimetric measurements,
which in some cases is the only possible one is presented. The device is as a system of elements exchanging
either energy or information, the operation and interconnection of which ensures the stability of its func-
tioning. The main elements of the device are: a coordinated load and a two-circuit water-air cooling system
that convert RF energy first into thermal electrical energy, and then into internal energy of the coolant (work-
ing fluid). The measurement and control system provides information display on the monitor and genera-
tion of internal control signals. The work focuses on the process of converting electromagnetic energy into
internal energy of the coolant, since the matched RF load is integrated into the cooling system and requires
special design and technological solutions to ensure efficient operation. A cooling and measurement system
has been designed to test the developed RF absorber with a power of up to 5 kW. The parameters of the cool-
ing system were determined based on minimizing the time to achieve thermal equilibrium (time to establish
readings) and the set parameters (input temperature no more than 35 °C, temperature difference no more
than 40 °C). Based on calculations of the electrodynamic model constructed by the partial domain meth-
od, the geometric dimensions were determined at which the voltage standing wave ratio of the load in the
operating frequency range (from DC to 1300 MHz) will be the smallest. The article presents the results
of designing a high-frequency wattmeter cooled by a liquid (water), examines the thermophysical processes
occurring in it and the influence of the presence of a coolant in the cooling circuit.

Keywords: colorimetric detection method, cooling system, partial domains method, microwave load
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BBenenue

MeTon  KamopUMETPUYECKOTO  JETEKTHpPOBa-
HAS W u3MepeHus BY-curHamoB ¢ Oompmmm (OT
JECATKOB BaTT JO HECKOJIBKUX COTEH KHJIOBATT)
YPOBHEM MOIITHOCTH SIBJISIETCA B PAAE CIIydaeB
CIMHCTBECHHO BO3MOXKHBIM METOAOM [1], KOTOpHIit
OCHOBaH Ha TEPMOJWHAMHYECKOM  IPHHIIATIE
neiictBusg. OH OTIMYaeTcss OT JIPYTMX METOOB
MOBBIIIEHHON TOYHOCTBIO H3MEpeHus [2], KoTopas
onpeaesieTcss 3PPEKTUBHOCTHIO MPEOOPa30BaHUS
SHEPrUM  AJIEKTPOMAarHUTHOTO  M3IIy4EHHUS  BO
BHYTPEHHIOIO JHEPTUI0 TEIUIOHOCHTEINA, a TaKke
TOYHOCTBIO ONpEACICHUSI MapaMeTpoOB  OXJIak-
JAIOMeH JKUOKOCTH  (TeMIIepaTyphl, pacxomna).
BaxHelmumm 37eMEHTOM JaHHBIX CHCTEM H3Mepe-
HUS SBIISIETCS MOIIHBIN BU-mormotutens (oxoHEU-
Has corjacoBaHHas Harpyska) [3, 4], BCTpOEHHBIH
B cucteMy oxiaxaeHns. Co3laHue Takux Harpy3oK
BBI3BIBAET OINpE/AETIEHHbIE TPYIHOCTH, CBSI3aHHBIC
C HEoOXOJWMOCTBHIO BHECEHHS B KOHCTPYKITHIO
JIOTIOJHUTENIBHBIX  AJIEMEHTOB [5], obecneunBao-
X TpeOyeMbld YPOBEHb TEIUIOOTAA4YH IpH
XOpOILIEM corjlacoBaHUU Harpys3ku ¢ BU-tpakrom.

B nanHOW cTarhe NPHUBOASATCS PE3YNbTATHI
MIPOEKTUPOBaHUs  coracoBaHHod — BU-Harpysku
OOJIBIION MOITHOCTH, OXJIAKJAEMOH IKHUIKOCTHIO

pe3yibTaThl MPOSKTUPOBAHMSI CHCTEMBI M3MEPEHHSI
BU-momuocty ¢ ucioib3oBaHueM mgaHHoit BY-
Harpy3ku. [1oqo0HBIE CHCTEMBI MOTYT OBITH yCIICTII-
HO MPUMEHEHBI B 001acTH paguoTexHuku [12].

Pacuér u onpenesieHue TeXHUYECKUX
napaMeTpoB BaTTeMeTpa

Ha pucynke | mpeacraBieHa CTpyKTypHas
cxXeMa KallOpUMETPUYECKOH CHCTEMBI W3MEPEHUs
BU-curmana. OgHuM H3 OCHOBHBIX DJIEMEHTOB
sisercst BY-mormotutens (1), cocTosmmii U3
KEepaMHUYECKOrO pPEe3UCTUBHOTO 3nemeHnta (BU-
pe3ucTopa), MOMENIEHHOTO B COINACYIOIINN JKpaH.
Cucrema OXJIaXIEHUS TOTIOTHTENS IPECTaBISIET
co00# 3aMKHYTYIO CXeMy IHUPKYISAIUH KHIKOTO
TEIUIOHOCUTENS (BOJBI) B COUYCTAHUU C BO3MYIITHBIM
OTBOJOM TeIlIA, KOTOPBIA MPOUCXOJUT B PEIIETKAX
paguatopa (4) C TIOMOIIBIO BEHTHISATOPOB (2).
TermoHocUTENs TOCTYyMaeT W3 TEPMETHYHOTO
baka (5) ma Bxom BU-marpy3km (1) ¢ momorrsto
OUPKYISIIHOHHOTO HAcoca IIEHTPOOEIKHOTO TH-
ma (3), y KOTOpOTO BXOI — OCEBOW, BBIXOA —
panuanbHblid. Hamop mpu sTtom co3ma€rcs IencT-
BHEM TIOABEMHOW CHIIBI JIOTIACTH pabodero Koieca
Ha JKUAKOCTB, T. €. IaBJICHUE KUIKOCTH TTOBBIMIALT-

(BOmOl), ONMCAHO BIMAHHME HAIUYMSA TEIUIOHO- CS B OCHOBHOM 3a CYET JEHCTBHS LEHTPOOECKHBIX
cutens Ha  S(PQPEKTMBHOCTL  mpeobpasoBanmsi CWI. Takum 00pa3oMm, B 3aMKHYTOM KOHTYype
BU-curHana B TEIUIOBYHO OHEPIHIO, a TaKkKe OXJAXKJIEHHUs HpeoOsalaeT BbIHYKIAECHHAs KOHBEK-
paccMOTpEeHbI Ternogu3nIecKue mporec-  IUsl, Tak Kak JABM)KEHUE *KHUJKOCTH OCYIIECTBIISIET-
col [1, 6-11] B xoHType oxnaxneHus. llpuBeneHbl cs myTEM BO3ACHCTBUS HA HEE BHEIIHUX CHIL
2
Bwib 5T, Vi

Buead: T, Py

Buxad u3 57 T,

f

Pacxadorep: 0

Pucynok 1 — CtpykTypHas cxema KaJlopuMeTpuieckoil cucreMbl udmepenust BU-curnana: 1 — BU nornorurens; 2 —
BEHTWIATOPBI; 3 — HUPKYJSIIMOHHBIN Hacoc; 4 — paauaTop; 5 — TepMeTHYHBIN OaK

Figure 1 — Block diagram of a calorimetric RF signal measurement system: 1 — HF absorber; 2 — fans; 3 — circulation

pump; 4 — radiator; 5 — sealed tank
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AIIEKTPOMATHUTHON SHEPTUH B TEIUIOBYIO, SIBJISCTCS
TypOYIIEHTHOCTh TEUYEHHS TEIUIOHOCUTENS BHYTPH
KOJIBIICBOTO 3a30pa W BHYTPH pe3uctopa (pucy-
HOK 2).

[Iponeccer  Temonepeaayn HENOCPEACTBEH-
HO CBSI3aHBI C YCJOBHEM JIBIDKCHUS JKHIKOCTH.
dakropom, OKa3bIBAIOIINM CYIIECTBEHHOE
BIMAHME Ha A(PPEKTUBHOCTH MNPeoOpa3oBaHUs
V —a— VA A S A 4
[/, 4
2 :
< o
j" i i i i il il il

Pucynok 2 — TypOyJeHTHOCTh T€USHHsI TETIJIOHOCUTENSI BHYTPH KOJIBIIEBOTO 3a30pa U Pe3UcTopa

Figure 2 — Turbulence of the coolant flow inside the annular gap and the resistor

Oxnaxpaomas — KHIKOCTh  IOCIE  BXOAa
B Harpy3Ky TMpOXOAWT HECKOJBKO YYacTKOB,
OTMEUEHHBIX Ha PUCYHKE 2.

Ha ywactke a-b mnpoucxoauT TEpBUYHOE
Harp€BaHue€ TCIUIOHOCUTCIIA U COOTBCTCTBEHHO
OXJIAXKJICHNE KEPAMUIECKOTO PE3UCTUBHOTO AIIEMEH-
Ta TypOyJEHTHBIM IIOTOKOM JKHIKOCTH B 3a30pe
C MaJIoi TIOUIaabpI0 MPOXOMHOTO ceueHus. Harpes
TCIUIOHOCUTCIIA HNPOUCXOAUT MNPECHUMYIICCTBEHHO
C BHYTPEHHEH YacTu TpyOOmpoBoa.

Yyactok b-c-b XapakTepusyercs CMEIICHHEM
IIOTOKOB JKUJKOCTH, IIapaMETpPbl KOTOPBIX pPABHBI
13-32 OCEBOM CUMMETPHHU U PAaBHOMEPHOTO Harpesa
pesucTopa.

OcHOBHaAsI 4acThb HarpeBaHus IMPUXOAUTCA Ha
Y4acTOK c-d, TaKk Kak OXJaXAAIoMas >XUIKOCTh
IBWKETCS ~ BHYTpU  TpyOOmpoBoJa, BHELIHUM
JIUaMETPOM  KOTOPOIO  SIBJISIETCS. ~ BHYTPEHHUU
JMaMETp TOPSYEro KepaMUIeCKOro JIEMEHTa.

ITorox oOxJaKaKOWENd JKUAKOCTH BHYTPHU
MPOXOAHBIX KAaHAJIOB  IIOIVIOTUTECIIA, HACBIIICH-
HBIH  OECHOpSIIOYHO  JBIDKYLIMMHUCS  BUXPSIMHU,
paszmensieTcsi Ha JBE COCTaBISIOIINX BSI3KHIA
MOACION W sAnpo moroka [6]. B Bs3koM mopciioe
MPOMCXOAUT TMEPEeHOC TeMJIOThl  MOCPEICTBOM
TEIUIONPOBOJHOCTH 10  HOPMalHM K  CTEHKE.
B sape TypOyJeHTHOro IOTOKa MEpeHOC Teruia
OCYHICCTBIIACTCA HNHTCHCUBHBIM HCIIPECPLIBHBIM

HepeMeIINBaHUEM MOJIEKYJI KUJKOCTH.
JlaHHOE  sBJIEHHE CONPOBOXKJIAETCS AKTUBHBIM
BO3HMKHOBEHUEM 3aBUXPEHHU, KOTOpBIE MEPEXO-
JAT B SAPO W, Pa3BUBAACH, 3AIOIHSIOT BECh
TypOyNeHTHBI TOTOK. M3-32 BSI3KOCTH KHIKOCTH
BUXpU TMOCTENEHHO 3aryxaroT. OMNHCaHHBIA Tpo-
L[ECC SIBJSICTCS HENPEPBIBHBIM, HO HE OCHOBHBIM
IpU ONpENCICHUM XapaKTepa TEILIONepenayH.
MHTEHCHBHOCTD TEIUIONEPENAUN B JAHHOM CIlydae

ONpEIENIeTCS]  TEPMUYECKUMM  COIPOTUBICHUEM
IMPUCTCHHOT'O IIoJACJ104, rae n MMPOUCXOOUT
HauOoJbllIee H3MEHEHUE TeMIIEPaTyphl BCIIEACTBUE
TEIUIOIPOBOJHOCTH.

Harpetslii  TemioHOCHTENb TIOCIE  OXJIAXK-
JICHUsI HUCIBITYeMOro oOpasla MomajgaeT B pac-
IPEICIIUTEIIBHBI  KOJJIEKTOP,  OTKyAa  IIOCTY-

[IaeT Ha TPU paguaropa € BO3AYIIHBIM OXJIaXKIe-
HUeM. TermnmooOMeH MeXIy OXJIaXKIAeMOH K-
KOCTBI0 U OXJAXJAWIIEH Cpelod IMpoTeKaeT
He 3a CU€T WX HEMOCPEICTBEHHOTO CONPUKOCHO-
BeHus [7], a myTémM mepemaud Temjga depes
METaJUIMYeCKUe CTEHKHU TPyOONpoBoOJa, TEIIIOCHEM
C KOTOPBIX OCYHIECTBIACTCA IONCPECUHLIM II0-
TOKOM aTMoc(epHOro Bo3ayxa. TpyObl Ha 3TOM
Y4aCTKE BBIIIOJHCHBI B BHUAC 3MCEBUKOB, YTO
UHTEHCHU(DUIUPYET Teronepenadyy, Tak Kak IpH
noBopoTe MoTtoka Ha 180° BO3HHMKaeT IIEHTPO-
OCKHBIA APQPEKT, T. €. IMOTOK KHUIKOCTU OyIer
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OT)KUMAaThCsl K BHemHeW creHke. Ilpu sToM B
[ONEPEYHOM  CEUEHMM  BO3HHMKAeT  BTOpUYHAS
LUPKYISALUS, 332 KOTOPOH HEU30EIKHO CIIeayeT
YBEIIMYCHHE CKOPOCTH IOTOKa. JlaHHBIE (hakTOphI
CIIOCOOCTBYIOT YBEIUYEHHUIO TYpOYJISHTHOCTH U
cpennero kod(hduiuenta Tterooraaun. Cremyer
OTMETHTb, YTO IIOABOJ OXJIKIAEMOM KHUIKOCTH
B 3MEEBUK HPOU3BOAMUTCS CBEpPXy, a OTBOJ
OCYIIECTBISICTCS. CHH3Y. OJTO OO0yCIIaBIMBaeTCs
TE€M, YTO MpPHU OXJAXKICHUU YAEIbHBIA BEC BOAbBI
YBEIMYMUBACTCS, € YacCTHULIBI CTPEMSITCS BHHU3,
YTO TAK)KE YBEJIIMYUBAET TEINIOOTAAYY.

CucremMa IUPKYJSLUMU TEIUIOHOCUTENS B JaH-
HOU ycTaHOBKe 3aMmkHyTas. I[locie mpoxoskneHus
yepe3 BO3AYIIHYI0 CHUCTEMY OXJKICHHUS BOJa
MOCTyNaeT B COOUPATENBHBI KOJUIEKTOP, OTKYJa
IOCTYIAeT B TePMETHYHBIN OaK.

Kak Obuto OoTMEUEHO paHee, NEPEeHOC TEIIO-
Tbl BHYTPU  TEIUIOHOCUTENSI  OCYILIECTBISETCS
B OCHOBHOM IyTéM mnepeMemuBanus. JlaHHbBIN
MPOLIECC JIOJDKEH OBITh MHTEHCHUBEH TaK, YTOOBI
TeMIlepaTypa >KUJIKOCTU MO CEUYCHMIO siipa MOTOKa
OCTaBallach IMPAKTUYECKH MOCTOSHHOU. Pe3koe
W3MEHEHUE TeMIepaTypsl OyneT HaOmoaaThes
JIMIIb BHYTPU TOHKOTO CJOs Y moBepxHoctu. [Ipo-
IIECC KOHBEKTHUBHOI'O TEIJIOOOMEHA OIKCHIBAETCS
cucreMoil nuddepeHInaNbHbIX ypaBHEHUH: ypaB-
HEHHUEM TEeIUIONPOBOAHOCTH, ypaBHeHHMeM HaBbe—
Crokca, ypaBHeHHEM cIUIOmHOCTH [1, 8, 9]:
dt

— =0
T

Vi, (1)

pd—m:p'q+gradP+p'V20); @)

dt
6_p+a(pmx)+a(p(0y)+a(p®2):O’ (3)
ot ox oy oz

rae o — Ko3hGUIUEHT TEeIUIO0TAa4YH; p — IJIOTHOCTh
BEIIECTBA, ¢ IUIOTHOCTL TEIIJIOBOTO ITOTOKA;
WL — JMHAMUYECKasl BS3KOCTh; P — JaBICHHE XKHUJI-
KOCTH.

UroObl  OrpaHuuuTh  3a7adyy M JaTh
MOJIHOE MAaTeMaTH4YeCKOoe OIHUCaHuEe Mpolecca
peoOpazoBaHMs DIEKTPOMATHUTHONW OSHEPTrUU B
SHEPTUI0 TeIIoHOCUTeNs BHYTpu BU-normorurens,

ObUIM  HCIIONB30BAaHBI ~ KpaeBble  YCJIOBUS B
copokynHoctu ¢ CFD wmogenupoBanueMm. OITO
[IO3BOJIMJIO  BU3YyaJIM3UPOBaThb  T'PAJUEHT  TEM-

neparypbl TCIDIOHOCUTCIIA B paCCManHBaGMOfI MO-
A€M B BHUAC HIBCTOBOI'O IIOJIA H ):[O6I/ITBC}I Takoi
HWHTCHCUBHOCTH IIpoHecca IMepeMeIlIrBaHus, YTOOBI

MOTOK  TEIJIOHOCHUTENS
xapakrep [10].

VYcnoBUs 0THO3HAYHOCTH COCTOSAT U3:

1. l'eomeTpuuecknx YCJIOBHUH, T. €. H3BECTHBI
BHYTPEHHHE W BHEIIHUE JOUAMETPbl TpPyOBl H
KOJIBLIEBOTO 3a30pa, a TAKKE OMNPEIENICHbl IJINHBI
paccMaTpHBAaEMBIX YYacTKOB.

2. ®usndeckux ycioBuil. B paccMarpuBaemoit

HOCHJI  TypOYJIEeHTHBIH

YCTaHOBKE pabodMM  TeJIOM SIBISETCS  BOJA,
OHa HecknMaemMa U €€ (U3NYECKUE CBOMCTBA:
TeIUIONPOBOAHOCT A7),  Teroémkocts  C,(7),

JMIMHAMHWYECKas BS3KOCTh W(Z), TUIOTHOCTH p(f) —
3aBHCAT OT TEMIIEPATyPHbI.

3. I'paHWYHBIX yCIIOBH, KOTOpBIE XapakTe-
PU3YIOT OCOOCHHOCTH IPOTEKaHMs IIpolecca Ha
rpaHunax tema. To ecThb 0coObI WHTEpec Oyaer
MPEJCTABIATh KOI(PQPHUIIMEHT TEIUIOOTAa4U, KOTO-
pBI ompenenseTcss U3 CHEAYIOUUX IOJIOKEHUH.
[ToTox TemIoOTH, KOTOPBIM OyleT mepenaBaTbes
OT CTEHKH K YKHMJKOCTH, TPOXOJIUT 4Yepe3 BS3KOCT-
HBII MONCION, MPUJIEralolMi K THOBEPXHOCTH, U
MOXKET OBITh OIIPENeNEH 1o 3aKoHy Dypbe:

a

dQ:—X( j dF d-.
an n—0

OpnHako AJisl 3TOTO e AIIEMEHTa MOBEPXHOCTH
dF cnpaBeuuB 3akoH Herorona—PuxmMaHa:

dQ = a(t,— t,)) dF dr.

IIpupaBHuBas mpaBble YacCTU TUX YPaBHEHUH,

IIOJIYyYUM:
( ]uau

A

(1)
rae A — k03 QUIHMEHT TeMIONPOBOAHOCTH (SIBIISETCS
¢dusndeckumM napameTpom); f,, f, — TEMIEpaTypbl
CTEHKH U XKHUJKOCTH COOTBETCTBEHHO.

TemwmoBol W T'UAPOJUHAMUYECKHM  pacyér
MO3BOJIWJIM  ONPEJENIUTh ONTHMAaJbHBbIE TI'eOMEeT-
pudeckue napamerpel  BY-nomtoturens, npu
KOTOPBIX MpeoOpa3oBaHue AIEKTPUUECKONH DHEPTrUH
B TemwioByro HaubOosiee dpdekruBHo. JlnuHa
pesuctuBHoro snementa (BY-pesuctopa) cocras-
nser 130 Mm, BHyTpeHHui auamerp 9 MM (63 Mm?),
BHEIIHMN quamerp 13 M, quamerp TpyOompoBojia
(MONUIIPONTMIIEHOBBI  KOXKYX, B KOTOPBIH IOMe-
mén CBY-pesuctop) paBen 16 MM (mIiomansb
KOJIBIIEBOTO 3a30pa MPOXOfa BOABI PaBHA 68 MM?).
C nomompto CFD-MonenupoBaHus yCTaHOBIIEHO,
9TO OpH TemIooTade pesuctopa ~27 Br/cm®
nepenag Temneparyp He mnpesbimaer 40 °C,

ot

o=- —
on
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TUAPABIUYECKUE TOTEPU KOHCTPYKIIMH COCTaBHU-
1 0,327 aTtMm.
JlanHple 00  W3MEHEHMH  TEeMIIepaTyphl
Opd  OXJAXKICHUM  KEPAaMHUUYECKOrO  DJIEMEHTa
Jal0T  BO3MOXKHOCTh  OINpPEAENTUTh  3HAUCHUE
KputepuanbHoro  uywcna  Peiimompaca  [11].
Pacuér mpoBonmuica s 3HAaYEHUNH MaKCUMAaJbHO
nocturuytoi momHoctu P=5kB u mnepenane
temnepatyp 40 °C npu MakCUMaJbHO JOIyCTUMOM
temneparype Ha Bxoge BY-narpyskum 35 °C.
Pacxom TemmoHocuTeNnss MpU  9TOM  COCTaBUI
G = 2 Kr/MuH, a paCCYUTHIBAEMOEC 3HAYCHUE YHCIIA

Re,,., > Re, = 2:10°,
YTO PEXKHUM  TEUYEHUs
TypOYyJICHTHBIH XapakTep.

Jnsa cormacoBanusi BU-nornotutenst ¢ BOJHO-
BEJYIIMM TPaKTOM HeoOXoauMo pa3paborarh
€ro JJIEKTPOJAMHAMUYECKYI0 MOJENb C YYETOM
HaJlMyusl OXJIAKIAIOUIEH >KUAKOCTU B IMPOXOJHBIX
3a30pax, TE€OMETPUYECKHE IMapaMeTpbl  KOTO-
pBIX CTpPOTO OIpEAETEHbl HCXOAS W3 TEIIOBOU
CXEMBI.

CornacHo  3JEKTPOIMHAMUYECKON  MOJENH,
BY-nornorurenb, KOHCTPYKLMUS KOTOPOrO Mpe.-

MOXHO Ca¢CjlIarb BBIBOM,
TCIINIOHOCHUTECIIL  UMECT

Peitnonpaca npeseicuio Re, ., ~ 2,94 10°. CTaBJIEHA HAa PUCYHKE 3, MOKHO IIPEACTABUTH B BUJIE
CpaBHuBas ~ NONY4eHHBIH  pe3yabTaT ¢  COEAMHEHHBIX MEXKAy COOOH OTPE3KOB YacTHYHO
KPUTHYECKMM  3HaueHMeM uuciaa PeiHONbACa  3aIOJIHEHHBIX BOJIHOBOJOB KPYIJIOTO CEYEHHUS.
CBY- pc JUCTOP oxnaaﬁnammaa KHAKOCTh

W////

YYYYYYYY‘KYYYYYYYYYYY‘KYYY

777

A D 4

=

B 4

WW/////////

L

-

Pucynok 3 — Dnekrponnnammdeckas moaens BU-mornoturens: I, 11, 11 — koakcuansHbIe BoHOBOAKL; [V — 00macTh

norjoweHust BU-snepruun

Figure 3 — Electrodynamic model of the RF absorber: I, II, III are coaxial waveguides; IV is the RF energy absorption

region
O6mactu 1, II, III KOaKCHaJIbHbIE BOJIHO-
BOJBI, TMapaMeTpPsl  KOTOPBIX  OOECIICUMBAIOT

COTJIACOBAaHME HATPY3KH C TIOABOJSAIIMM TPAKTOM.
O6mactp IV — o0mactb, B KOTOPOW MPOUCXOIUT
moryomenne BY-sHeprum m mpeoOpazoBanme e&
B TEIJIOBYIO DHEPTUIO OXJIAXKTAIOMIEH KHUIKOCTH.
DTy 00JacTh CYHTAeM KPYIJIBIM HEPETyJISIPHBIM
SKPaHWPOBAHHBIM BOJHOBOJIOM C HYETBIPEXCIIOH-
HBIM  3alolHeHWeM  (CXeMaTHYecKHid  paspes
MIPEICTaBIICH HA PUCYHKe 4). BHenTHMIA, 4eTBEPTHIH,
CIIOM  3amoJIHEH  BO3JyXoM. Brtopoil  croit
MIPEICTABIIIET COOOW TIOPUCTBIA KepaMHUICCKUI
BY-pesuctop,  KOTOpbIH  TpU  MOTJIOLICHUH
BY-sHeprum  1MOCTENEHHO  HarpeBaeTcss [0
KpUTHYECKOM Temriepatypbl. IlepBbld U TpeTuit

CJIOM SIBJISIFOTCS YacThIO KOHTypa OXJIAXKACHHUS, 10
KOTOPOMY HETIPEPHIBHO IIUPKYJINPYET OXTAXKIAFOIIAS
KUIKOCTE (BOJIA).

JnsmocTpoeHusa 3IeKTpoIMHAMUYECKOM MOIeNIN
BY-nornmotuTens OpUMEHWIA METOA YaCTUYIHBIX
obmactet [4, 13]. [laHHBIA METON OTHOCHTCS
K TPyNIe YMCICHHO-aHAIUTHYECKUX, T. €. Ha Tep-
BOM OJTafe peann3aluyd MPOBOTUTCS aHAJIUTH-
YEeCKOe pelIeHre 3a7a4yd, KOTOPOe 3aTeM CBOIUTCS
K CHCTEME JIMHEWHBIX ajNreOpandecKux ypaBHEHHUI
Ha BTOpPOM OJTare. MeTom OTIHYaeTcs OONBIIoi
VHUBEPCATBHOCTBRIO M PSAOM  JOCTOMHCTB
MpH YHUCIEHHOW pealu3aliil BBUAY TOTO, YTO
MO3BOJISIET JIETKO TIONYYHTh OOIIHME COOTHO-
MCHUS  aMIUTATYOHBIX  KOA(h(UIIMEHTOB  BOJH,
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pPacnpoCTpPaHAIOLUIMXCS B paccMaTpUBaeMOM BOJI-
HOBOZHOM TpakTe. Kpome TOro, MeToa 4acTUYHBIX
obnacreit CTPOTHH  3JIEKTPOJUHAMHUYECKUN
METOA, M JJs TOCTaBICHHOM 3aJaud sBIsIeTCA
HanOosee OBICTPONEHCTBYIONIMM II0 CPAaBHEHHIO
C YHUCIIEHHBIMH METOJaMH, JIeXKAallUMHU B OCHOBE
takux CAIIP, kak HFSS, CST STUDIO wu np.

2-0i1 cioh

1-# cnoi

A-p1if croi 3-mii cnoit

Pucynok 4 — CxemaTuueckuii  paspe3 Kpyrjioro He-

PEryJSIPHOTO  HKPaHUPOBAHHOTO BOJHOBOJA C  4e-
TBIPEXCIIONHBIM  3amojHeHueM: 1,3 ciaom — yacTh
KOHTYypa OXJIOKICHMs, 3aloJIHEHbl  OXJIaXkJarolen

JKUJKOCTBIO; 2 cnoii — kepamuueckuit BU-pesucrop;
4 crnoit — 3am0JHEH BO3IyXOM

Figure 4 — Schematic section of a circular irregular
shielded waveguide with a four-layer filling: 1, 3 layers
are part of the cooling circuit, filled with coolant; 2 layer
is a ceramic RF resistor; 4 layer is filled with air

N3 OECcKOHEYHOro KOAKCHAJbHOTO  BOJIHO-
Boga | mna BY-nmepexony mnamaeT OCHOBHas
T-BojIHA €IWHMYHOW MOIIHOCTU. B BoaHOBOAC
I nudpakuuoHHOe TIONE TPEJACTaBUM B  BUJC
MaJaoIEeld OCHOBHON BOJIHBI M CyMMBbI OTPAaKEH-
HBIX COOCTBEHHBIX BOJIH KOAKCHAIILHOT'O BOJTHOBO/IA:

EV | JEY | s,
HD HD
0
)
E) 2“) 5‘1) 2 (M,
+A0 ZA (1) >

H(I)

Dy = 2D D (1) = By D
rae E'(n=2¢ '%, Hi"(r) = iy i % — OJIeK-
TPUUYECKOE U MArHUTHOE IOJII OCHOBHOM BOJIHBI
KOaKCUAJIbHOTO BOJIHOBONA; B =k,v&Y — MOCTOSH-

Has pacrmpocTpaHeHUS OCHOBHOM BOJI-
HBI KOAKCUAJIbHOI'O BOJIHOBOA BIOJIb OCH z; &)
JUDJIEKTpUYeCcKasl MPOHUIIAEMOCTh Marepuala, 3a-
MIOJTHSIOIIETO MPOCTPAHCTBO MEX]Y IEHTPATbHBIM
ITPOBOJHUKOM U DKPAHOM KOAKCHAIBHOTO BOJTHOBOJIA;
k, = g1, MOCTOSTHHAST PacHpOCTPaHEHUS B

CBOGOZ[HOM IIPOCTPAHCTBE; €, L, — AUITICKTPHUICCKas

U MarHUTHAs IOCTOSHHbIE; A, U A, — aMIIUTYHbIE
k03(ppUIIMEHTHI OTPaKEHHBIX OCHOBHOW BOIJIHBI U
BOJIH BBICIIAX THIIOB, COOTBETCTBEHHO. J[yisi BOJIH
tuna -E (n > 1):
) () — iR . oy ) o)

E () =B, -a,” - (J (o)1) x

) ) Wy
xYy (o) - D))= Jo (o) - D)) Y (a,” - 7));

Hw(l)(r) )

(Vi@ 1) Y@ - D)= Jy(a - D))-Y(al) - 1)),

10)8(1

)

2. =) . )
WEEH, —a,

rae BY = o,” — IOCTOSsIHHBIE pac-
npocTpaHeHuss n-o (n>1) coOCTBEHHOW BOJHBI
B j-oM BomHOBome. IlomepedHas TOCTOSIHHAsS
pacrpoctpanenus o  ompezenseTcs U3 AUCIEp-

CHUOHHOI'O YPAaBHCHUS:

>

Jy(@ D) Yy (@ +d)) = Jy (o) ) Yy (@ D)) =0,

rae J,(x), Y,(x) — dynxuun beccens 1-ro u 2-ro
pona. ltpux nmpu QyHKIIMM O3HAYAET HAXOXKJCHHUE
MIPOU3BOJIHOM 10 APTYMEHTY, CTOSIIEMY B CKOOKax;
d;, D; — pajinyCbl ICHTPAIBLHOTO IPOBOJHAKA 1 9Kpa-
Ha B j-OM PETYJISPHOM KOAKCHATHHOM BOJHOBOJIC.

B ¢opmyne (4), u nanee B (5) u (6) ydreHo
TO, YTO BCJIEJICTBHE CUMMETPUHU pPacCMaTPUBAEMOM
BY-cTpyKTyphl, Ha CTHIKax BOJIHOBOJIOB CPaBHEHUS
BO30YKIaOTCS TOJIBKO CHMMETPUYHBIC COOCTBEHHBIC
BOJIHBI E-THIIa.

[lone mudpakuum B obmactax j=II, III
MPEJCTAaBIIA B BUJICe OECKOHEYHOW CYMMBI TIPSIMBIX
U O00paTHBIX COOCTBEHHBIX BOJIH KOAKCHAIBLHOTO
BOJIHOBOJIA:

EY
HY [
‘ )
i E(J *IBL”Z +ic E;J Bz
) ) @) ’
n=1 H n=l1 _H,,
rae EY, HY — 3anuch 31eKTPUYECKOro M MarHur-
HOTO MOJeH  paccMaTpUBAEMOro  BOIHOBOJA —

BBIpOKEHMS Ul COOCTBEHHBIX (QYHKIMU 3IIEKTPHU-
YECKOr0 M MArHUTHOTO Mosied 7-BOJMHBI U CHM-
METPUYHBIX E-BOJTH OAHOPONHO 3aOJHEHHOTO
KOaKCHaJIbHOTO BOJHOBOAA; B, u C, — aMIUIUTY]-
Hble KO()(QUIMEHTH MaJAI0MUX M OTPAKEHHBIX
BOJIH, COOTBETCTBEHHO; BH(ILIH) — TIOCTOSIHHBIE pac-
MIPOCTPAHEHNUs ATUX BOJIH BIOJb MIPOAOJIBHON OCH Z.

B obmactu IV  mome mpencraBuiam B
Buie OeckoHeyHOro Habopa CTOSYMX  BOJH
YeTBIPEXCIOWHOTO  KPYIJIOTO  AKPaHHUPOBAHHOTO

BOJIHOBO/IA (PUCYHOK 4):
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) ® E™W ) sin(BY (2)-z
palglee o

H" [ cos (B (2)-z)
e N(z),— aMIumTyaHble KOS(GQUIMEHTH 3THX
BOJIH, 3aBHUCSIIME OT IPOJOJBHON KOOPAMHATHI,
EM) H"™ — cobcreHHble DyHKIMH HX 3JIEKTPH-
YeCKOro (MarHWTHOTO) TIOJIEH.

3anucany yCIOBHE pPAaBEHCTBA KacaTelIbHBIX
KOMITOHEHT T1osieH (4)—(6) Ha CTBIKaX BOJIHOBOAOB [—
IV, 1 yMHOXUB Ha COOTBETCTBYIOIINE KOMIIOHEHTHI
noJiell COOCTBEHHBIX BOJH PETYIISPHBIX BOTHOBOJIOB,
MHTEIPUPOBAIA 110 CEUEHUI0 COOTBETCTBYIOLIETO
peryasipaHoro BosiHOBO/AA. C y4ETOM SHEPTEeTHIECKOM
OpPTOTOHAIBHOCTH COOCTBEHHBIX BOIH, IOIYYHIH
CHUCTeMY JIMHEHHBIX aireOpandecKux ypaBHEHHN
OTHOCHUTENIFHO aMIUTUTY/ BOJIH B Ka)KIOM OOJIACTH.
PemmB naHHyr cucreMy ypaBHEHMM, HAalllJId
HCKOMBIE KO (PUITEHTHI 4, Bn(/), Cn(j) u N(2),,.

IIpm 3ammcu momel  COOCTBEHHBIX  BOJH
BOJTHOBOJIOB COOTBETCTBYIOmHUX obmactet I u IV
[10JIarajoch, YTO METAJUIMYECKHE ITOBEPXHOCTH
3TUX BOJIHOBOJIOB — UJ€AIbHO IIpoBodIue. JJaHHoe
MIPEAIIOJIOKEHHE BIIOJIHE IOITYCTUMO JUJISl YKa3aHHBIX
BOJIHOBOJIOB, TaK KakK YJEIbHOE COIPOTUBICHUE
M€Y, U3 KOTOPOH M3rOTOBJIEHBI BOJIHOBOJIBI, MHOT'O
MEHBIIE YAEJIbHOIO COIIPOTUBIIEHUS YIIIEPOAUCTOIO
npoBozsiero ciosi BU-pesucropa.

Ob6nacte IV ¢ mmaBHBIM H3MEHEHUEM NPOQH-
Jis. BOJIHOBOJIA PACCMATPUBAIACh KaK CTYIEHUYAThIN
[IepexXo]], alIPOKCUMHUPYIOLIMI JaHHOE IIJIaBHOE
HW3MEHEHHE, KOJIMYECTBO CcTylneHeil K onpenensercs
[0 BHYTPEHHEH CXOJMMOCTH PEIICHUs 3aJ1auu.
JuanekTpryeckas IpOHUIAEMOCTh BOJABI JUISL pac-
CMaTpUBAEMOr0 JMAINla30Ha 4YaCTOT HUMEET TOJIBKO
nercTBUTEbHOE 3HaUueHue paBHoe 81 [14].

IIpu mnpoBeneHMH YHCIEHHBIX HCCIEIOBAaHUI
BIIMSIHASI T@OMETPHUUECKHUX MapaMeTpPOB IMOITIOTUTE-

Jil Ha €ro COIVIaCOBAHMUE C IMOABOMASIIUM TPAKTOM
MPOU3BOMWIICS PACYET aMIUTUTYIbl OTPAKEHHOU
OCHOBHOH BOJHBI 4, B KOAKCHaJIbHOM BOJIHOBOZE |
(pucyHok 3).

PesynbraTthl  YHCIIEHHBIX  3HAYSHHWH  KOA(]-
(uruenTa crosuelt BoHbI 110 Hanpspxernto (KCBH)
KCBH = 1+]4|/1-|4,|, B nuana3oHe 4acToT Ipen-
CTaBJICH B TaOJIHIIC.

Jost MIPOBEAECHUS HUCIBITAaHUN ObLIa
cupoektupoBaHa BU-Harpy3ka ansi  u3MepeHus
BY momnoctu no 5 kBt Mcxoas u3 pacu€toB u
ONTHMU3AINU TAPAMETPOB IJIEKTPOTUHAMHYECKON
MOJIeNIM, OBUIM  OIpPEJEJICHbl T€OMETPHUYECKUE
pasmepsl, ipu kotopbix KCBH narpysku B padouem
YaCTOTHOM Juana3oHe (OT MOCTOSHHOIO TOKa JIO
1300 MI'm) ©Oymer Haumenbmum (<1,1...1,15).
KoHcTpykuus Harpy3kd NpHuBeleHa Ha PHUCYHKE 5,
rme a=206mMm, b=782mM, =294 MM,
d=38,7Tmm, a,=7°20", a,=5°45". BxoxHoi BoJ-
HOBOJI Harpy3KH — KoakcHaibHbIi 38,5/17.

Tabnuya / Table

Pe3ysbTaThl UncjeHHbIX 3HAYeHU I KO (pPuLmeHT
cTosiueil BOJTHBI 110 HANIPSIKEHU IO

Results of numerical values of voltage standing
wave ratio

Yacrora, MI'n1 KCBH
Frequency, MHz VSWR

50 1,021

100 1,032

200 1,052

400 1,108

700 1,032

1000 1,143

1300 1,154

Ve

.

V)
[ ]

’.//I__ (A

e Ak, IRRE
Gissii  tssissss ’ ‘. ......................

I//II/’ JfrILISLS
A

gf,',::,';,,,:::;z:,"”/

Pucynok 5 — Konctpykuus sxcepiuMeHTansHoro oopasna BU-warpys3kn

Figure 5 — Design of the experimental RF load sample
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Ha pucynkax 6 u 7 npeacraBieHbl 3aBUCHMOC-
@ KCBH »skcnepumentansHoro ootpasma BU-
Harpy3kl B YacTOTHOM Juamna3oHe. M3Mmepenus
MIPOBOAMIINCH Ha BEKTOPHOM aHAJIM3aToOpe Lemnen
OB30P TR 1300/1 ¢ KOMIUIEKTOM KaJIMOPOBOUYHBIX
Mep Nel.2 mpu HOpMaIbHOM aTMOC(HEPHOM
JIaBJICHUHU, TEMIIEpAaType OKpY>KaIOLIEro BO3/ayXa
25 °C u Bnaxknoctu 42 %.

I'paduk  HA  puCyHKE 6  COOTBETCTBYET
H3MEpeHHIo oOpasua 0e3 oxJakIaromei KuiaKoc-
ta. Crnenyer ormeruts, uto ypoBeHb KCBH
B paboueM Juana3oHe 4YacTOT JOCTATOYHO BBICOK
M IOCTHIaeT 3HayeHus Oosee yeM 1,5.

KCBH

1,50
1,45

/
/

1,40
1,35
1,30
1,25

1,20

\
g

1,15
1,10

1,05

1,00

200 400 600 800 1000 1200 My

Pucynok 6 — 3aBucumocts K03 uitnerTa crosaeii Bo-
HBI 110 HANpPsDKEHUIO SKCIEepUMEHTanbHoro obpasna BU-
Harpy3ku 0e3 oXJIaxJIarolel )KUIKOCTH B YaCTOTHI

Figure 6 — Dependence of the voltage standing wave ra-
tio for the experimental sample without coolant of the RF
load on the frequency

I['padpux Ha pucyHke 7 COOTBETCTBYET CIIy-
yal, KOrja Harpy3ka TIOJHOCTBIO —3aloJIHCHA
TEIUIOHOCHUTEJIEM JUCTUILTUPOBAHHON — BOJOM
npu Ttemneparype 25°C (pH=6,5, ynenbHas
IEKTpUYECKas MPOBOAUMOCTh MPHU TEMIEpaType
25 °C e Gonee 5,1-10™* Cm/m). U3 rpaduika cemyer,
yto KCBH narpy3ku He npessimaer 1,15 BIuoTs
o 1300 MI'n, a B quana3oHe OT IMMOCTOSHHOTO TOKa
no 400 MI'u KCBH Huxe 1,1, 94TO0 cOOTBETCTBYET
YPOBHIO COBPEMEHHBIX 3apyOeKHBIX aHaJOroB
Ta-KUX Harpy3ok. Takum oOpa3oMm, HaaWUuue TOH-
kux (He Oosee 2 MM) CIOEB JKUIKOCTH (BOJBI)
3HAYUTEIHHO BJIMSCT HA YaCTOTHBIC XapaKTepPHUC-
TUKU Harpy3KH.

Kontponpr mapamerpoB npu wucnbiTanun BU-
Harpy3kd OCYIIECTBISUICS C IOMOIIBIO JaTUYMKOB
pacxoma OKHUIKOCTH W JaBIICHUS, JIaTYUKOB
TEMIEPaTypbl OXJTKIAFOIICH JKUIAKOCTH Ha BXOC
Y Ha BBIXOJIE 00pa3Ia.

KCBH
1,15

1,10
1,05

™
N

/1

N\ /
\/

p

1,00

200 400 600 800 1000 1200 MI'n

Pucynok 7 — 3aBucuMocTth ko3¢ duitnerra crosaeii Boi-
HBI 110 HANPSDKEHUIO AKCIePUMEHTaIBHOTo oopasua BY-
HArpy3KH ¢ OXJIQXKIAFOLICH KUAKOCTBIO OT YaCTOTHI

Figure 7 — Dependence of the voltage standing wave ra-
tio for the experimental sample with a coolant of the RF
load on the frequency

JaTurky, MO3BONSIONIME MOJNYYUTHh 3HAYCHUS
Temjionepenaga MNOpu  OXJKICHUU  PE3UCTOPA,
pacrmoyiokeHsl B siipe mHoToka. Jlns momyueHus
TOYHBIX 3HAYEHUH, B KOHTYpPE OXJIKICHUS
YCTaHOBJEH TYpOYJIEHTHBIH  PEXKUM  TEUCHHS
KHUIKOCTH. DTO pelieHHe OOYCIOBICHO TeM, YTO
IpU JAaHHOM PEXUME pacupelieieHUEe CKOPOCTHU IO
CEYeHHI0 TPYOBI MMEET BHJ| yCEUESHHOW Mapabolibl,
T.€. B sAApe TypOYJIEHTHOTO IIOTOKa CKOPOCTb
KHUJIKOCTH OyAeT MpaKTHYECKH HEU3MEHHOW IS
BCEX TOYEK (MUCKIFOYCHHUEM SBISETCS TOHKHA
BSI3KOCTHBIM TOJICTIOW BOJW3W CTEHKH TPYOBI).
JlaMuHapHBIA ~ peXUM ~ TEUYEHHUS  XapaKTepeH
TeM, YTO KaXAbld CJIOM JKMIKOCTH HMEET
Pa3IUYHYI0 CKOPOCTh MPOJOJBHOIO JIBUXKCHUS,
T.€. paclpelneieHne HOCUT MapaboIUYeCcKHid
xapakrep. JlaHHBIN (aKkTOp YCIOXKHAET pacuéT TeM-
MepaTtypbl KHUJAKOCTH Ha MCCIENYEMOM YYacTKe,
TaK KakK MOSBIACTCS HEOOXOAMMOCTh TPOHU3BECTH
YCPEIHEHUE TEMIEPATypbl II0 CEYEHHUIO, YTO
HETaTUBHO BIJIMAET HA TOYHOCTb IOJIYYEHHBIX
SKCIEPUMEHTANIbHBIX NaHHbIX. [loyyenue cpeaneit
TEMIEpaTypel NpPU JaMUHAPHOM pEXKHME OIHHM
M3MepeHneM ©0e3 TOCIEeAYIONMX  BBIYHCICHHUN
BO3MOYKHO JIMIIb B TOM ClIy4ae, eCau Iepe]l MECTOM
M3MEpEeHMsI KUJIKOCTh MEepeMelIaTh, 3TO YCIOKHUT
KOHCTPYKIMIO YCTaHOBKM M TIOBJIUSET Ha TpeOo-
BaHHE 3KOHOMHYHOCTH.

B kauecTBe OCHOBHOTO OJI0Ka ympaBiCHHS
JTaTYUKAMU  MCIIONB30BAJICA  MHUKPOKOHTPOJUIEP
ATmega328, KOTOpBI TOAJIEPKUBACT pPAOOTy C
JaTYuKaMu pasHbIX THIOB W uHTepdeiic 12C. s
0TOOpakKeHUsI TMOJTYYCHHBIX IAaHHBIX yCTAaHOBJICHA
WHAMKAlUg B BHUJAE€ MOHOXPOMHOI'O CHMBOJIBHOTO
nuctiest 1602a QAPASS, BCTpOGHHOTO B KOPILyC
ycrpoiictBa. PaGora ¢ jgucmiieeM MNPOU3BOAMTCS
no muHe uHTepdeiica [2C, yTo ynpornaer nepenagy
JIAHHBIX C MUKPOKOHTpPOJLIEPA.
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B xkauectBe AAaTYHUKOB TEMICPAaTypPhbl ObLIH

BBIOpaHbl TepMmomapbl K-TUma ¢ JUana3oHOM
mMepernii ot  muHyc 250°C  nmo 1300 °C,
NPUHLMI ~ JEHCTBHUA  KOTOPBIX OCHOBaH  Ha
TepModsiekTpuueckoM 3¢ dexre.  BozHukaromas

npu  usMmepeHusx Tepmo-O/IC  ciaumkom Mana
JUISL U3MEPEHHs MHUKPOKOHTPOJUIEPOM HAIMPSMYIO.
CHHUMaeMble € JaTYMKOB TEMIIEPATypbl 3HAYEHUs
YCHJIMBAIOTCS M OLM(POBBIBAIOTCS NPH MTOMOILU
aHanoro-uudposoro npeodpazosarenst MAX6675.

Jatuuk pacxola TEIIOHOCUTENSI — HUPPOBOH,
ocHoBaHHBIH Ha 3¢ddekre Xomna. [lo xommuecTBy
3apETUCTPUPOBAHHBIX ~ HMMITYJICOB  IIpEPBIBAaHUN
B E€IVHHIY BpPEMEHH OIpPEIENAeTC CKOpPOCTh
MTOTOKA KHJKOCTH U €€ pacXo/l.

W3mepenust pacxona M 3HAUEHUI TeMIEpaTyp
TEIUIOHOCHUTENSI Ha BXoje M BbIxoje BY-Harpysku
JTAI0T BO3MOXHOCTb ONPEAEIUTh 3HAYEHUS TEIUIO-
BOI MOIIHOCTH, OTBOJUMOH OT KepaMH4YeCKOro
JNIieMEHTa cHuCTeMoll oxjiaxkaeHus. KammOposka
BY-u3mepenuil npoBoauiack Ha IEPEMEHHOM TOKE
50 I'n mojgauelt Ha YCTPOIMCTBO COOTBETCTBYIOIICH
MomHocTH [12]. Ha pucynke 8 mpezncrasieH rpa-
¢uk orHomenus P, /P, MOIIHOCTH, M3MEPEHHON
Ha Harpy3ke C IIOMOIIBIO BOJBTMETPA U aMIep-
MeTpa, K MOIIHOCTH, OIpPENEIIeMO M0 AaT4hKaM
nepenajga TeMIepaTypel M pacxofa KHJIKOCTH
B 3aBHCHMOCTH OT BEJIMYMHBI OTBOAMMOM MOII-
Hocru P /P...., rtae P, =5kBr. Bpewms
YCTaHOBJIEHHs IIOKa3aHUIl HE MPEBBIIAET OIHOU
MUHYTBl Ha MomHOCTAX Huxke 1kBT, u 10-u
MHUHYT Ha MaKCUMaJIbHON MOIIIHOCTH.

Prem 1000
3 ‘l
I D U (N N N [:rj
99,0 -———— _—t Ll
. | | | |t =P F 1
98,5 -——m————go= =T~~~ ——F =
e N S N O O I O
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915 = ==~~~ T T T
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Pucynok 8 — 3aBUCHMOCTh ~ OTHOLIEHHMSI  MOIIHOCTEH

P.../P,, K OTHOLIEHHIO MolHocTel P, /P, .

Figure 8 — Dependence of the ratio of powers P
on of the ratio powers P,,,,,,/P

erm

/P,

therm

max

Kak cnenyer u3 rpaduka 3aBUCHMOCTH JaHHOE
OTHOIIIEHHE JocTaTouHo Onu3ko K 100 %, ocoOeHHO
Ha OOJIBIIMX YPOBHSIX MOIIHOCTH, YTO YKAa3bIBaeT
Ha 3(pPEeKTHBHOCTH paOOTHI KOHTYPA OXITAKICHHUS.

3aKjaoueHue

[IpencraBnena paszpabotka wm3mepurens BU-
cUrHajga OOJbLIONW MOIIHOCTH METOAOM OIpesere-
HUS ~ TapaMeTpoB  OXJAKAAIOIMIEH  KHJIKOCTH.
[IpennoxkenHass >aeKTpOAMHAMUYECKas MOJIENb
BY-narpy3ku y4uThIBA€T €€ TEXHOJOTMYECKHE U
KOHCTPYKTHBHBIE OCOOCHHOCTH — HAJINYUE CIIOEB
MOMIOIIAIONIETO  MOIIHOCTh  MUPOJIMTHYECKOTO
yriaepoa M JBWXKYLIETrocs TeIUIOHOcUTenst (Bo-
Ibl), HAIW4YME KOTOPBIX CYIIECTBEHHO BIHMSET Ha
BEIMYMHY KOd(QHUIMEHTa CTOSYed BOJIHBI 10
HanpspKeHuro. [ 9KCIIepUMEHTaNbHONW TPOBEPKU
pazpaboTaHa ¥ W3TOTOBJEHA JBYXKOHTYpHAs
3aMKHYTasl CHCTEMa OXJIAXKACHUS, MO3BOJSAIOMIAS
obOecrnednTh ypoBeHb paccenBaeMoil BU-MomHocTH
Jo 5 kBt. Taxke paccMOTpeHBI POLECCHI, BIHSIO-
mue Ha 3¢ dexTuBHOCTH MpeodpazoBanust BU-mom-
HOCTH B TEIJIOBYIO M, COOTBETCTBEHHO, HA TOYHOCTh
n3MepeHui. B pe3ynbraTe ONTUMHU3ALKUUA CUCTEMBI
TOYHOCTB U3MEpEHUH cocTapmiia 6omee 95 %.
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MMPABUJIA O®OPMJIEHUS CTATEH

Crarpy, HampaBlICHHbBIC B PENAKIMIO JKypHaja, JIOJDKHBI YIOBJICTBOPSTH TpPeOOBaHMSAM «MHCTPYKIMM O MOpsiIKe
oopmieHus KkBaaH(pUKAMOHHON HAay4yHOH paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Mareprax cTaTbd HOIDKCH COOTBETCTBOBATh ITPO-
(wITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTaBICHUSI.

3. IloctynuBiIne B peAaKIUIO CTaTbU MPOXOJST JBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAaHUS — aKTYaTbHOCTh TeMa-
THUKHU, I/IH(i)OpMaTI/IBHOCTB, Hay4YHas HOBU3HA.

4. CraThs IpeACTABISIETCS B paclieuaTaHHOM U B 3JIEK-
TPOHHOM BHJE B (opmaTe TEKCTOBOTO pemaktopa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 meneHus
Ha KOmoHKH). OOBEM CTaThil HE MJOIDKCH TIPEBBINIATH
14 crpanu, Briodas TekeT (mpudt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnuipl, rpadpudecknii Ma-
Tepuall, BCIO HEOOX0MMYI0 HH(OpMaLnIo Ha aHIIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHuIle CTaThu yKa3bIBaIOTCS: Ha-
3BaHME CTaThH, (aMuwinud aBTOpoB ((amuius aBropa,
C KOTOPBIM CJIEZyeT BECTU MEPENuCKy, OTMeuaeTcsi 3BE3-
JIOYKOH M YKa3bpIBAaeTCs €ro ajpec OSJIEKTPOHHOW MOou-
THI), HA3BaHWUA W TOYTOBBIC ajpeca opraHu3anuil (ynuima,
HOMEp JI0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PYCCKOM W aHTIIMHCKOM s3bIKaX. CTaThbs BKITIO-
gaeT: aHHOTanuio (B mpexenax 200-250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBeeHUE, B KOTOPOM JICTAETCs Kpat-
KM 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMyampyer-
Cs 11eJ1b pabOThI; OCHOBHYIO YacTh; 3aKJIIIOYEHHUE, B KOTOPOM
B CXKaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJyYEHHBIS
pe3yabTaThl ¢ yKa3aHHEM WX HOBM3HBI, NMPEUMYLIECTB U
BO3MOKHOCTEHN MPUMEHCHUA; CIIMCOK HCIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/IH, KJIFOUECBBIC CJIOBA, CITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MNPEACTABIIAIOTCA Ha PYCCKOM
1 QHIVIMHCKOM fA3BIKAX.

6. AHHOTanMs IOKHA OBITH WH(POPMATHBHOHN (co-
JIepKaTh «BBDKIMKY» M3 BCEX Pa3/IeIOB CTAThH — BBEJICHUS
C yKa3aHHEM IIeTH PadOThl, METOAWKH, OCHOBHOHM 9acTH U
3aKITIOUCHU ).

7. I'pacdmueckuii Marepuan DOJKEH OBITH KOHTPACT-
HBIM U 4€TKUM. HeoOXxoammo mpuaepKuBaThCsl €IUHOO-
Opa3us TEXHWKH HCIIOJHEHUsS] OJHOTHITHBIX HILIIOCTpa-
uuii. PucyHOK JoipkeH pacrnonararbesi mociie  adsara,
coziepyKallero cchlIky Ha Hero. He nomyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasjelia W crarbu. M30-
6paSPITeJ'IBHBIﬁ Mar€puall BCTaBJIACTCA B TCKCT CTAaTbH,
a Takke Ja€Ttcsl B BHJE OTIACNBHBIX (aitnoB (popmar tif,
jpg, paspemenue He meHee 300 dpi). Texct Ha prcyHKax
HabMpaeTcs OCHOBHOM TapHUTYPOIl; pa3mMep KeTiis Con3Me-
pUM C pa3MepoM pHCYHKa (KeJaTelbHO 8 IMyHKTOB). Bce
PUCYHKH HYMEPYIOTCS B COMPOBOXKIAIOTCS TTOIPHCYHOU-
HBIMH TroAnucsiMu. PparMeHTsl pHUCYHKa 0003HAYAIOTCS

CTPOYHBIMH KYPCUBHBIMHU JIATHHCKUMH OYyKBaMH — «a»,
«b» u T. . Hagnucw Ha pHCyHKax M TOAIKCH K PHCYH-
KaM JIaloTCs Ha PyCcCKOM M aHIIIMICKOM si3blkax. Bcee co-
KpameHus: 1 0003HaYeHUs! JOJDKHBI OBITh pacimgpoBa-
HBl B ITOAPHCYHOYHOW IIOANMMCH. PHCYHKHM IKelaTelbHO
MIPE/IOCTaBISATh B 1[BeTe. Ha prcyHKax JOMKHBI ObITH yKa-
3aHbl OCH C 0003HAYEHHEM IPUBOJMMBIX BEIMYMH U Mac-
mraboB. Ha rpadukax He Hy)XKHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CIIM 3TO He ocummiorpamMma. Bo Bcex cirywasx
Ha pUCYHKaX JOJDKEH OBITh MpHUBEAEH MacIITal.

8.V rpadukoB, WMEIONMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JOJDKHBI OBITH OTKPBITHI, & 3aCE€UKH Ha-
IIpaBJICHBI BHYTPb paMKH. Ha prcyHKkax, MpeacTaBIsIFonx
co0oii rpaduKky 3aBUCHMOCTEH, HE CIIeyeT JIeNlaTh pa3Mep-
HYIO CETKY, CJICyeT JaTh JIMIIb 3aCEYKH Ha OCSX, MPUYEM
BCE 3aCEUKH JIOJDKHBI ObITh onndposanbl. Ecii ocu Ha pu-
CyHKax oIM(poBaHbl, TO OHHM 3aBEPIIAIOTCS Ha ITO3UIINU
OYepeIHOM 3aCeuKH, IJIe 3aceyKa HE CTAaBUTCS, & BMECTO
YHCIIOBBIX 3HAYEHHUH TAaroTCsi 0003HAYCHUS IEPEMEHHOI 1
enuHMIa u3MepeHus. Ecin ocn He orudpoBbIBAIOTCS, TO
OHU 3aBEPILIAIOTCS CTPEIKAMH, PSIJIOM C KOTOPBIMH JArOTCS
0003HaYCHNS TIPEMEHHBIX 0€3 eIMHUI] H3MEPEHUSI.

9. IonyToHoBBIe (oTOTpaduu MPUOOPOB MM UX Ua-
CTEH MPEICTABISIOTCS TPH MyONUKAMK B TEX CIIydasx,
KOT/Ia OHM HECYT CYIIECTBEHHYIO MH(OPMAIHMIO, KOTOPYIO
HeIb3s1 BEIPa3UTh MHBIM criocoboM. dotorpaduu T0IKHB
OBITH BBHICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMHU, C XOPOIIO
Pa3IMYUMBIMHU JICTAISIMH.

10. Wmmoctpanmu (rpaduku, auarpaMmbl, CXEMBbl,
4YepTekH), pucoBaHHbie cpenactBamu MS Office, momkHBI
ObITh KOHTPAacTHbIMU W uy€TkuMmH. Hemomyctumo HaHece-
nue cpencrBamu MS Word kaknx-Jm00 351eMEHTOB MTOBEPX
BCTABJIIEHHOTO B (haill pyKONHMCH PHCYHKA (CTPENKH, MOA-
IMUCH) BBHUIY OONBIIOrO pHCKa WX MOTEPH HA dTalax pe-
JTAKTUPOBaHMA 1 BEPCTKH. MIumocTpannuy HOMKHBI UMETh
pasMepbl, COOTBETCTBYIOIIME HX HHGOPMATUBHOCTH:
8-8,5 cMm (Ha onHY KOMOHKY), 17—17,5 cM (Ha 1BE KOJOH-
k1) win 23 cM (Bo Bech aucT). [loaToMy skenmarenbHO M30-
OparkaThb OT/ICIBbHBIC HJIEMEHTHI ¥ HA/IIIMCH Ha PUCYHKE TaK,
4TOOBI IIPH YMEHBUIEHHH MaciiTaba pHCyHKa JIO OJHOTO
13 YKa3aHHBIX pa3MepoB OYKBBI U HUQPHI TPHOOPETH BbI-
coTy 2-2,5 MM, DJIIEMEHTHI CXeM 3—5 MM, OT/IeIbHbIe TOUKH
1 MM, a JIMHUK JTOJDKHBI OBITH TIPH ATOM pa3HeCeHbI Ha pac-
crosiaue He MeHee 0,5—1 mm.

11. Haamucu n 0003HaYeHNsT HA MIUTIOCTPAIIUSAX Clie-
JyeT pacrionararb TaK, 4TOObl OHM HE CONPHKACAINCH
HU C KakuMu €€ vacTsaMmu. Ha 3agHuii TuiaH WuiiocTpanuu
YKETIaTeIIFHO He I0OABIATh CephIii (IIBETHON) (POH HIIH CETKH.

12. Tabmuiel HE MOMKHBI IyOImUpoBaTh rpadu-
kn. Kaknas tabnuma nmeer 3aronoBok. Ha Bce TaOmuiipt




MNPABUJIA O®OPMJIEHUS CTATEM

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUS, NPUHSTHIC B CTa-
The, PAacIIM(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €/IH-
Hun uamepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWTHECS B peOax-
tope MathType nenmukom. HabGop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsl, Homepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytores iumib (hopMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOxoauMO HCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 m,
MOJCTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IIT, CHMBOJI —
14,5 nt, moncumBon — 12,5 nt. Ctunu: Teket, QyHKIHUs,
yucno, kupwumina — mpudr «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >xupHbIii;
TpeYeCcKnuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoii; nepemennas — mpudrt «Times New
Romany, kypcus.

17. OtnenbHbIE CTPOYHBIC OYKBBI M CHELHAJIbHBIC
CHUMBOJIBI HaOHMpaIOTCsT B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30oBaHus penakropa ¢opmyua. [Ipu Habope
dbopmyr U OyKBEHHBIX O0O3HAYCHHN HEOOXOAUMO Y4YH-
TBIBaTh CJICYIONIME MpaBHiIa: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsl; Tpedeckre OyKBbI, MaTeMaTHYECKHE CHUM-
Bouibl (grad, div, In, min, max wu ap.), CAUHHIBI U3MEPE-
nus (B, Ik, B, kr u np.), kupunindeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
JJIEMEHTOB U COCIMHEHUH (B T. 4. B MHJEKCE) HAOUparoTcs
NMPSIMO; JTaTHHCKHE OYKBBI — IIEPEMEHHBIC I CHMBOJIBI (pr-
3WYECKUX BENWYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM IIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHI B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITh MOJHOCTBIO UIEHTHYHO. B pac-
mHdpoBKe GOPMYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI M X TOPSJIOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TIOPSAKY CIeA0BaHus B (hopMyrax.

19. Cricok MCHONb30BaHHBIX MCTOYHUKOB COCTaBIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK TIO TEKCTY, JOJDKCH
coziep Karh 1ojHbIe OubIorpaduyeckue JaHHbIe U IPUBO-
JIATCSI B KOHIIE cTarbi. He pekomeHnyeTcsi 1aBarh CChUIKU
Ha MaTtepualibl KOH(EPEHIIii, CTaThH U3 AIEKTPOHHBIX XKYp-
HayioB 0Oe3 uaeHtudukaropa DOI, yueOHbIe mOCOOMS, UH-
TepHeT-pecypchl. CChUIKM Ha HEOITyOIMKOBaHHBIE PaOOTHI
He JomyckatoTcst. JKenaresnbHo, 4TOObI KOJTMYECTBO CCHUIOK
66110 He MeHee 10; camoruTupoBanue — He Oomee 20 %.

20. ABTOpBI Ha OTAENIBHOM CTPaHULIE IPENOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMuIIHs, UMS, OTYECTBO,
yueHasl CTENEHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMas
JIOJDKHOCTB, aJIpEC AIEKTPOHHOI CBS3H.

21. Crarbu, n3nararomue pe3ynbTaTbl UCCIEI0BaHUH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE pa3pelIeHue Ha OINyOJIMKOBaHHE B OTKPBITOM
reyarH.

22. IIpu HeoOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSl HAMMCHOBaHKUE (POH/IA, OKa3aBuIero (puHaH-
COBYIO TIOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIONHEHA paboTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3BIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBJie-
HHE B peJIaKIUIO cTaTeil, paHee y)Ke OImyOIMKOBAaHHBIX HIIH
NPUHSTHIX K NeYaTH APYTUMH U3IaHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIME MEPEUUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamaiTcs aBropaM. JlaToll MOCTYMJIEHUS CUHUTAeTCs
JICHb TIOJIyYeHHsI pelaKkiiieil IepBOHAYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIlaM, OCYIIECTBIIs-
IOIIIM TIOCJIEBY30BCKOE 00ydeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEIbCTBO), B TOJ 3aBEPIICHUS OOyUCHUS;
HE B3UMaET IUIaTy C aBTOPOB 3a OMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a COOOM MpaBoO MPOM3BOIUTH pellak-
TOPCKHE NPABKH, HE UCKAXKAIOLINE OCHOBHOE COZIEPKaHNE
CTaThH.
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BenomcrBennsblii — 748352 NupuBuayansubiid — 74835

[Ipennaraem yciyru 1no pa3smelieHuo peKjiaMbl
B xKypHaJje «[Ipubopsl 1 METObI U3MEPEHUI

Jlns Pecniy6nuku benapychb Hnst ctpan CHI'

Bra petciamtoro Moy Croumocts B Oein. py6. c HAC ~ Croumocts B poc. pyo.

Ha o6noxke (ctp. 2, 3)

IOJTHOIIBE THBII 689,88 26975
?ggﬁ;ﬁ?ﬂ?iﬁtHouBeTﬂmﬁ 536,49 20950
?ggﬁ:T)ﬁyffiitHouBeTHHﬁ 263,27 11235
?ql){oypTl\IZ:T)Igf)I,{iZ?)Ho-6enmﬁ 363,10 11235
BuyIpypiaia 181,56 5390

(popmar 1/2), uepro-6embiii

Pa3Mmerienue pexiaMbl B 04epeIHOM HOMEPE OCYILECTBISETCS MOCIE MPEABAPUTEIBHON OILIAThI
3aKa3z4MKoM
Wudopmanuio s pexaamonarenaei MoXHO NOIyduTs o ten. (+375) 44 566 47 88,
e-mail: |.katkova@bntu.by
Ajapec u Tese(oHbI pelaKIuu:
Pecny6nuka benapycs, 220013, . Munck, np. HezaBucumoctu, 65, xop. 17, ka6. 432
ten.: +375 17 293 96 67
www. pimi.bntu.by e-mail: pimi@bntu.by
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