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E.l. Trenkal, A.G. Loshchilov

New approach for increasing the precision of TDR analysis

of multilayer environments

The authors propose the solution allowing to determine the structure and the layers parameters of the multiphase liquid
in real-time mode and thereby to increase the measurement precision. The method is based on using the periodic con-
trollable loads in the measuring probe construction, which can change their own parameters at the required time mo-
ment. In the paper a description of the mathematic model of the proposed solution is presented; an algorithm for deter-
mination of the layers parameters of the multiphase liquid is proposed; the calculation example of the model multiphase
liquid parameters using the proposed algorithm is shown. Also the comparison of the precision of the proposed and

standard approaches is presented.

Keywords: level measurement, multiphase liquid, TDR, method, measuring probe, controllable loads, parameters

measurement.
doi: 10.21293/1818-0442-2016-19-4-5-9

One of the standard processes of modern industry
is measurement of liquid levels in tanks. In spite of the
availability of a variety of methods and techniques for
implementation of this procedure, their application effi-
ciency and measurement precision are often related to
the parameters of measuring liquids and their change
under the influence of external factors. One of the actual
tasks is the analysis of a multilayer medium, which is
the combination of several liquids with different proper-
ties. An example is the monitoring task of layer-by-layer
composition of liquids at the stage of oil-product clear-
ing requiring the determination of the following levels:
the oil, the bottom water and the emulsion layer.

One of the promising methods for solving this task
is the time domain reflectometry (TDR) method, which
was initially applied for the diagnostics of cable lines
[1]. The method is as follows: the investigated object is
affected by a video pulse or step function. Analyzing the
object response to the test signal, its properties are de-
termined.

In the 1960s the TDR method was first applied to
determine the level of the single liquid [2]. In [3] the
application of the method for measuring of the multi-
phase liquid’s levels (fuel oil and seawater) is described.
The article [4] shows the detailed description of physi-
cal principles of the liquid level measurement using the
TDR method. In addition, in this article the comparison
with the alternative methods is presented. Numerous
papers [5—8] describing the practical implementation of
the TDR method for liquids’ level measurement are
known.

The restriction for the existing solutions is that pri-
ori information about the parameters of the multiphase
liquid for the accurate determination of its levels is
used. Consideration of these parameters is performed
either on the basis of reference data or as a result of the
calibration procedure during the mounting of the meas-
urement system. In the latter case the highest accuracy
is achieved.

However, in practice the liquids’ properties are not
stationary and depend on external conditions and can be
changed during the measurement. The interface between

adjacent layers is often an emulsion, whose parameters
are quite difficult to predict. A high temperature of the
measured liquids leads to intense evaporation of the
upper layers and the change of the air layer properties.
This is rarely taken into account when the method is used.

Problem definition

It may be concluded that the values of the prede-
fined parameters of a liquid may be true only in a lim-
ited time interval. To improve the accuracy of the TDR
analysis of multiphase liquids, it is necessary to dy-
namically determine the parameters of each layer during
the measurement.

Thus, a relevant task is to find a method for deter-
mining the multiphase liquid’s parameters. The method
must allow getting the properties of the inner layers of
this liquid in real time.

Theory

One of the ways to improve the accuracy of level
sensors based on the TDR is shown in the patents [9,
10]. The authors offer to use the periodical discontinui-
ties in the probe design for the calibration of signal
propagation speed in the investigated environments us-
ing the delays of the signals reflected from these discon-
tinuities. The disadvantage of such solution is the at-
tenuation of the energy of the useful signal on this dis-
continuities and complication of the reflectogram due to
the presence of a lot of reflections between them.

Based on this calibration method, we offer the fol-
lowing solution of the problem: to use the controllable
loads with the known parameters in the probe design. It
allows to realize two operating modes of the measuring
probe: the calibration mode in which the condition of
the controllable loads is successively changed and the
parameters of the investigated environments are deter-
mined, and the measurement mode in which the control-
lable loads have no effect on the signal propagation in
the probe, or distortion caused by their presence is not
significant.

1. Mathematical model of the proposed solution

In Fig. 1 an example of the measuring probe with
the controllable loads is shown.

[oxnaovr TYCYPa, mom 19, Ne 4, 2016
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For simplicity the case in which each layer of the
measuring liquid contains at least one controllable load
in the measuring probe will be considered. The equiva-
lent circuit diagram of such measuring probe represents
the cascading segments of the transmission lines L;; and
the controllable loads, which represent the lumped ob-
stacle Z;.

controllable
load

Air

(RN

]

2

=3

| Water

Lo

Fig.1. Example of the measuring probe with controllable loads

The model of such probe with the controllable
loads can be described by the method of classic trans-
mission matrix. The full transmission matrix of the
measuring probe 4P is equal to the product of the matri-
ces AL, each of which complies with the segment of the
measuring probe in a layer of the modeled liquid:

N
AP =HAL,~ ,
i=l1
where i — the index of the layer; N — the number of the
modeling layers.
The equation of the transmission matrix of the
measuring probe segment AL; can be written as:

M
AL =([ 1 4i,j - AZi,j)- Ay 41
=1

where j — the index of the controllable load in i-th layer;
M; — the number of the controllable loads in i-th layer;
4;; — the transmission matrix of the measuring probe
segment; AZ;; — the transmission matrix of the control-
lable load.

The transmission matrix of the measuring probe
segments L;; can be written as:

chlvi-lis)  piesh(vih;)
g i’Sh(Yi‘li,j) Ch(Yi'li,j) >
1

where /;; — the length of the segment L, ;; p; — the imped-
ance of the transmission line segment; y; — the propaga-
tion coefficient equal to:
y=a+jB.
In the simplest case, the controllable load can be
written as transmission matrix of a quadripole:

4;

T1 o
Azk_[l/zpk 1}

where Zp; — the impedance of the controllable load Z;.
Voltage on the input of the measuring probe im-
mersed in a multiphase liquid is determined as

v 00— B2 ).
0) ((f) AR

where E(f) — the spectrum of the test signal; Z, — the
output resistance of the generator; F~' — inverse Fourier
transform operator; Z,(f) — the frequency response of
complex input resistance of the probe.

The frequency response of complex input resis-
tance of the probe can be define by formula

Z, (/)= ARy o (f)-Z1+ ARy 1 ()

T AR () Zi+ ARy ()
where Z, — the load resistance on the measuring probe
output.

The main function of the controllable loads Z; is to
perform the mode of full or partial reflection of the test
signal for determination of the layer parameters of the
liquid under investigation, which are calculated based

on the known distance /, from the measuring probe en-

trance to the controllable load.

2. Algorithm of determining the structure and
the parameters of a multiphase liquid

The algorithm of determining the layer parameters
of a multiphase liquid contains the following steps:

1. Formation of the vector of reflectograms.

The sequence of the calculation of the measuring
probe reflectograms for the definite set of the controlla-
ble loads states is conducted. The reflectogram vector
Uy is formed, where k& — the number of a controllable
load providing the mode of the full or partial reflection
of the test signal. Index £ = 0 corresponds to the mode
in which all controllable loads have off-state.

2. Definition of the response array.

Based on the received reflectogram, the two arrays
are formed: R — the array containing the information
about the responses reflected from the phase boundaries
and the end of the measuring probe. R* — the array con-
taining the information about the responses reflected
from the controllable loads.

The elements of the vectors R, R"“" are response
delays relative to the test signal, and the elements of the
vectors R, R™% are the amplitudes of the responses.

During formation of the array R, to avoid the para-
sitic responses caused by signals multiple reflections
from the phase boundaries, the signal selection algo-
rithm is applied [11].

The value of the element Ry complies with test sig-
nal response.

To form the array R, differences of reflectograms
AU(?) determined in the step 1 are calculated:

AU ()=Uk()=Up (1),
where k£ €[1, K]; K — the number of the controllable
loads in the measuring probe.

Loxnaovr TYCYPa, Ne 1 (39), mapm 2016
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The values of the elements RZ comply with delays

and amplitudes of the first responses on each difference
reflectograms AU(?);.
3. Definition of the controllable loads belonging.
Belonging of the controllable loads to the analyzed
liquid layers are defined. For that, element-by-element
comparison of the delay vectors ™" u ™' is provided.

For each element RZ , the appropriate layer index i, in
which the controllable load is located and the number of
the controllable load ; in the i-th layer are provided. As a
result, each element of the array R~ and the vector I
may be characterized by indexes i and j, writing them in

the form of RZ/ and IZ./' :

4. Definition of the layers parameters of the multi-
phase liquid.

The layers’ parameters of the measured liquid &;
and o; are determined for each layer in the following
sequence:

a) based on the parameter of the responses re-
flected from the controllable loads, the average value of
the propagation velocity v; in i-th layer is calculated:

(G, Zl)

:_Z *<1>_R<1> ’ O

b) the dielectric constant and the length of the layer

are determined:
¢ 2
8i=[—j , (2
V;

Ui'(Ri<1> <1>) ®
2
where c¢ — the speed of light.
c) the average value of the attenuation coefficient
o; [V] in i-th layer is calculated:

R<2> H((l FZ) 2'ln‘Cln)

li:

In n=l1

*<2>

RS ‘
1

i_ﬁz P NG
L o
2-(lij=21n)
n=1

where I'; — reflection coefficient from i-th layer deter-
mined by the formula:
R~<2>
;= P : .0
R3> - T(-T7) e hron ). et

n=l1

Modeling

The developed algorithm based on using the peri-
odic controllable loads in the measuring probe construc-
tion has been tested on the mathematic model. The pa-
rameters of the model liquid are shown in Table 1.

The model of the measuring probe contained three
controllable loads (K = 3), which are located in the dif-
ferent layers of the multiphase liquid and provide the

mode of full reflection in the on-state. The distances
from the measuring probe entrance to the controllable
loads are the following: [} = 0,375 m; = 0,75 m;

5=1,125m.
Table 1
Multiphase liquid parameters
Layer Dielectric Losses o, Layer length,

number | constant € dB/m [, m

1 1 0,5 0,5

2 3 1 0,5

3 80 2 0,5

To determine the layer parameters of the multi-
phase liquid, the described algorithm is applied. At the
first stage the reflectograms U(f) in the modes & = 0
(Fig.2) and £ = 1, 2, 3 (Fig. 3) are calculated and the
response arrays R and R are formed

o Ao 0 1
dy=ti—ty 4| |3:33:107 025
- dy=tr—ty Ay | 91107 -0,53|
dy=t5-ty 43| |389108 034

Un(?)

t

e [,

o tl\j \L

Fig. 2. Forming the reflectogram Uy() in the mode k=0

3

di =t —t5 4 | | 25107 _po6
R =|d5=t>—t; =6,22:10° -0,83].
dy=t—ty A | |1,66-10°% 0.4

After forming the arrays R and R, belonging of the
controllable loads to the analyzed liquid layers is de-
fined by comparison of the vectors elements R~
and R™":
Zy: dy <d,
Zy:. d) <d; <d, —belongs to the second layer, i=2, j=1;

3,j=L
In Table 2 the parameters 4°, d', [ corresponding
to the controllable loads are represented in the form of a
table.
Finally, the layer parameters of the multiphase lig-
uid are defined in sequence by formulas (1)—(5). Calcu-
lation results are shown in Table 3.

— belongs to the first layer, i=1, j=1;

Z3: dy <d; <d3— belongs to the third layer, i =

[oxnaovr TYCYPa, mom 19, Ne 4, 2016



8 ELECTRONICS, RADIO ENGINEERING, COMMUNICATIONS, AND COMPUTER SCIENCE

e, 0,1 €, 0, I €3, 03, I3

Ui (0

Us (7)

~

Us (¢ | v

J\ht

‘ | U |
£
Fig. 3. Forming the reflectograms U () — Us(f), where
a — the reflectogram in the mode k=1 (Z, = 0);
b — the reflectogram in the mode k=2 (Z, = 0);
¢ — the reflectogram in the mode k =3 (Z; = 0).

Table 2
Controllable loads parameters
R;kj Distance to the
. > controllable
L 1'J | Response delay [Response ampli- ¥
dij, s tude 4;,, V load li,j >, m
1|1 2,510 0,96 0,375
2 |1 6,22:10"° 0,83 0,75
3 1 1,66:107° -0,4 1,125
Table 3
Calculated parameters of the multiphase liquid layers
layer lL AYE 1 Losses Impedance| Dielectric Propa-
number| ength a;, dB/m| p; Ohm | constant € ggtlon velo-
l,m city v, m/s
1 0,5 0,5 50 1 3-10°
0,5 1 28,86 3 1,73-10°%
3 0,5 2 5,59 80 3,36:10

Comparison of the standard approach and the
new solution

For the evaluation of efficiency of the new ap-
proach it was performed the modeling of the measure-
ment of the multiphase liquid parameters using the stan-
dard and new measurement approaches. The key differ-
ence between the approaches is method for evaluation
of the environment dielectric constant: in the standard
approach the reference data is used; in the proposed
solution the measurement of the environment parame-
ters is performed in calibration mode.

The parameters of the model multiphase environ-
ment and reference data about the dielectric constant of
the layers are presented in the Table 4.

Table 4
Multiphase liquid parameters
Layer | Dielectric Rgferenf:e Losses o, |Layer length
dielectric
number | constant € dB/m /,m
constant €
1 1,05 1 0,5 0,3
2,3 2,1 1 0,5
3 70 80 2 0,5

The measuring probe which is realized the new ap-
proach contained six controllable loads (K = 6). The
positions of the loads in the probe are shown in the Ta-
ble 5. The probe length is equal to height of the tank.

Table 5
Localization of the controllable loads in the probe design

Controllable load The distance to the controllable load
number
1 0,186
2 0,371
3 0,557
4 0,743
5 0,929
6 1,114

In the modeling the noise of generator and receiver
are taken into consideration. The noises parameters are
following: normal law of distribution, RMS-noise of the
generator — 1 mV, RMS-noise of the receiver — 600 pV.
Also in the model the quantization procedure with reso-
lution 16 bit was added.

The calculation result of the length of the layers for
both approaches is presented in the Table 6. Also in the
table the relative measurement errors are shown.

Table 6
Calculated length of multiphase liquid layers
Standard approach Proposed approach
Layer - -

number Layer Relative |Layer length| Relative
length /, m | error 8, % [, m error 8, %

1 0,307 2,333 0,299 0,045

2 0,523 4,6 0,5003 0,062

3 0,468 6,4 0,499 0,102

The presented calculation results show that the
proposed method has higher accuracy compared to
standard method. The higher accuracy of the proposed
solution pre-conditioned by the ability to measure of the
parameters of investigated environment during the
measurement procedure.

Conclusion

To determine the levels of multiphase liquids using
TDR method with high precision, it is necessary to
know the structure of the multiphase liquid and parame-
ters of its layers. Taking into consideration the fact that
the parameters of the measured liquid are often not sta-
tionary and depend on the environment condition, the
procedure of parameters determination, at the best case,
must be provided at the moment of the levels measure-
ment.

In the paper, we propose a solution allowing to de-
termine the structure and the layers parameters of the
multiphase liquid in real-time mode and thereby to in-
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crease the measurement precision. The method is based
on using the periodic controllable loads in the measur-
ing probe construction, which can change their own
parameters at the required time moment. In the paper a
description of the mathematic model of the proposed
solution is presented; the algorithm for determination of
the layers parameters of the multiphase liquid is pro-
posed; the calculation example of the model multiphase
liquid parameters using the proposed algorithm is
shown; the comparison with standard approach is pre-
sented. The presented calculation result shows high effi-
ciency of the proposed method, so using the controllable
loads in the measuring probe construction is a perspec-
tive solution for the task of extracting the multiphase
liquids parameters.
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Tpenkans E.N., Jlomunos A.T'.
HoBblii MeToa noBbiiieHusi TouHocTH TDR-ananu3a
MHOTOCJIOMHBIX cpejt

[IpennoxeHo perieHue, MO3BOJSIOIIEE B PEXKUME PEaTbHOTO
BPEMEHH OIPENeINATh CTPYKTYpYy U IapaMeTphl CIO€B MHOTO-
(hazHOH KUIKOCTH, TEM CAMBIM TOBBICHTH TOYHOCTH HU3MeEpe-
HUsL. MeTol OCHOBaH Ha WCIOJIB30BAHUU B KOHCTPYKLHUH H3-
MEPUTEIBHOTO 30HIA YIPaBISIEMBIX HArpy30K, CIIOCOOHBIX
WU3MEHSTh CBOW MapaMeTphl B HCOOXOJIMMEI MOMEHT BpeMe-
HU. B pabote mpeicTaBicHO OMHCAaHHE MAaTEMaTHYCCKOH MO-
JIeJIA TIPEJVIOKEHHOT0 PEIICHUS; MPEAJIOKEH allTOPUTM OIIpe-
JEJICHHUs TapaMeTPOB CJIOeB MHOrO(a3HON KHMIKOCTH; MOKa-
3aH IpUMEp pacyeTa HmapaMmeTpoB MOJIENIBHONH MHOrodasHou
JKUJIKOCTHU TI0 OTIMCAaHHOMY alrOpHTMY. Tarke MpencTaBICHO
CpaBHEHHE TOYHOCTH TPEJIaraéMoro pelleHus W KiIacchye-
CKOTI'0 MOX0/1a U3MEPEHUSI.

KiwueBble ciioBa: n3MepeHHe YpPOBHS, MHOTO(A3HAs KUM-
koctb, TDR, cmoco0, M3MepHTENbHBIA 30H, YIPaBIsSCMbIC
Harpy3Kku, U3MepeHHUe MapamMmeTpoB.
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D.B. Zolotukhin, V.A. Burdovitsin, E.M. Oks, A.V. Tyunkov, Yu.G. Yushkov, I.G. Brown

Gas-metal e-beam-produced plasma for oxide coating deposition

at fore-vacuum pressures

This article describes an experiment on the deposition of oxide coatings on silicon and metal substrates from a gas-
metal plasma. The plasma was produced by e-beam evaporation of metals (Mg, Al) with subsequent ionization of gas
(oxygen) and evaporated material particles at fore-vacuum (1-10 Pa) pressures. We studied the ion composition and
species fraction in the gas-metal plasma (using quadruple mass-spectrometry), as well as the thickness and surface resis-

tivity of the coatings.

Keywords: fore-vacuum, plasma-cathode electron source, coating deposition.

doi: 10.21293/1818-0442-2016-19-4-10-12

A gas-metal plasma is a plasma containing ions of
both gaseous and metallic species with controlled rela-
tive content. Such plasmas are of paramount interest for
the deposition of nitride [1] and oxide [2] films and
complex composite structures [3] on the surfaces of
chosen substrates. Gas-metal plasmas for technological
applications are routinely produced using arc discharges
with added gas flow, or a magnetron discharge in self-
sputtering mode. In recent work we have demonstrated
the advantages of using a fore-vacuum pressure, plas-
ma-cathode, electron beam source [4-7] for various
applications including the generation of gas-metal plas-
mas by electron beam evaporation of metals in oxygen
for the deposition of oxide coatings [8]. Here we de-
scribe our further research on the features of gas-metal
plasmas at fore-vacuum pressures and the properties of
deposited coatings.

Experimental

The experimental setup is shown in Fig. 1. The
vacuum chamber was pumped using only a fore-vacuum
rotary vane pump (Edwards 80) to a base pressure of
approximately 1 Pa. Oxygen or helium gas was intro-
duced into the chamber, and the working pressure was
set up to 10 Pa.

The electron beam was fagused by a short mag-
netic lens to a diameter of around 5 mm. The beam cur-
rent was measured using a collector placed into the
beam without the target. The electron beam focal point
was located on the surface of a metal (Al or Mg) target
placed under the beam on a graphite crucible. The beam
heated, melted and evaporated the target, and ionized
the background gas and evaporated particles, thus pro-
ducing a gas-metal plasma in the region adjacent to the
substrate. This plasma was used for deposition of the
coating on a thin substrate made of various materials
(stainless steel, corundum ceramics, or silicon) and of
area 1.5x1.5 cm’. The substrate was located 4 cm from
the e-beam axis and 3 cm above the target surface per-
pendicular to it. The deposition duration was measured
from the visually observed beginning of target melting,
and was varied from 1 to 8 min. The energy of ions
bombarding the substrate was controlled by a bias volt-
age of up to 30 V supplied to the bias electrode of 8 cm
diameter positioned under the crucible. Mass-to-charge
composition of the gas-metal plasma was monitored by

a modified quadruple mass-spectrometer RGA-100. The
entrance aperture of the spectrometer was located oppo-
site the substrate and 3 cm from the beam axis; its vol-
ume was pumped by a turbo pump to a base pressure of
less than 0.01 Pa. Micrographs of the deposited coatings
as well as the elemental composition were acquired with
a Hitachi TM-1000 scanning electron microscope
(SEM). The coating thickness was measured using a
Calotest CAT-S-0000. The coating profile was investi-
gated using a 3D non-contact profilometer Micro Meas-
ure 3D Station. For coating surface resistivity measure-
ments, two concentric copper electrodes were formed on
the surface of the films. These electrodes were deposited
by e-beam evaporation of copper in a helium atmos-
phere at a pressure of 2—3 Pa, in the same experimental
setup. The resistance (Ohms) of the oxide coating be-
tween the two copper electrodes was measured by a
tera-ohm meter E6-13A, and the surface resistivity
(Ohm/o) and specific resistivity (Ohm'm) was calcu-
lated using well-known methods taking into account the
copper electrode area and coating thickness.

Turbo pump

L S
= l Fore-vacuum pump

Fig. 1. Experimental setup [8]: / — vacuum chamber;
2 — plasma-cathode electron source; 3 — electron beam;
4 — focusing system; 5 — metal (Al or Mg) target;
6 — graphite crucible; 7 — gas-metal beam plasma;
8 — substrate; 9 — substrate holder; /0 — bias electrode;
11 — modified quadruple ion mass analyzer RGA-100 [9]

Results and discussion
The mass-to-charge spectra of ions extracted from
the gas-metal plasma show that, under similar experi-
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mental conditions, the fractional content of metal ions
depends on the kind of metal evaporated by the beam

(Fig. 2).
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Fig. 2. Fraction of gas and metal ions in the plasma during
evaporation of Al (upper) and Mg (lower), in oxygen
at 3.5 Pa. For both cases, beam current was 25 mA,
beam energy 7 keV

One can see that for the same e-beam power den-
sity the fraction of Mg ions in plasma is greater than for
Al. We explain this as due to the physical properties of
aluminum such as boiling point and specific heat (2792 K
and 284.1 kJ/mole) being more than twice those for
magnesium (1363 K and 131.8 kJ/mole). Thus the alu-
minum evaporation process and the fraction of its ions
in the plasma are significantly less for the same experi-
mental parameters.

The surface resistivity of the coating deposited on
corundum ceramic from a magnesium-oxygen plasma
for a 1 min deposition period is higher than the surface
resistivity of coating deposited on a steel substrate
(Table 1).

Table 1
Surface resistivity for Mg oxide coatings
Substrate Surface resistivity, Experimental
material MOhm/o conditions
Stainless steel 1.2-3.5 Beam current 75 mA
Corundum 3.5-12 and energy 6 keV,
ceramics t=1min

The specific resistivity and the thickness of the
coating deposited from aluminum-oxygen plasma in-
creases with time (see Fig. 3).

SEM photos of aluminum-oxide coatings deposited
on a stainless steel substrate with a copper mask are

shown in Fig. 4, displaying the copper mask as well as

the thickness measuring method.

SEM photos of the oxide coatings deposited on a
silicon substrate are shown in Fig. 5, revealing the high
degree of uniformity of these coatings.
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Fig. 3 Coating thickness (left axis) and specific resistivity
(right axis) vs. time of e-beam evaporation of an Al target in
oxygen. Experimental conditions: beam current 95 mA, beam
energy 13 keV, oxygen pressure 10 Pa

Coating™

(2.3 pm)

copper
mask, for deposition times 2 min (left) and 4 min (right).
Experimental conditions: beam current 95 mA, beam energy
13 keV, oxygen pressure 10 Pa

100 pm

Fig. 5. Photos of the surfaces of coatings deposited
on Si substrates from plasmas of oxygen and metal — Mg (left)
and Al (right)

Conclusion

An electron-beam produced gas-metal beam plas-
ma has been utilized for the deposition of oxide coatings
on steel, silicon and corundum ceramic substrates. We
note that the specific resistivity of aluminum-oxide
films formed by this method has a value which is be-
tween the resistivity of anodized Al,O; (dielectric, with
specific resistivity of ~ 8:10° Ohm'm) as well as pure
aluminum (metal, 2,6:10°® Ohm'm), and differs by at
least eight orders of magnitude from these limit points.

This work was supported by the Russian Founda-
tion for Basic Research (Grant #16-08-00183).
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3onotyxuH /1.b., Bypnosumua B.A., Oke E.M.,

TronskoB A.B., IOmkos 10.I"., bpayn S.T.
I'azo-MeTajIn4eckasi 3JIeKTPOHHO-ITyYKOBas IIa3Ma
IUISI OCAXKIEHHUS OKCHIHBIX OKPBITHII B GOopBaKYyMHOI
00J1acTH AaBJIeHUH

CraTbsl ONMCBHIBAET SKCIEPUMEHT 10 OCAXKACHHIO OKCHJIHBIX
MOKPHITUH Ha KPEMHHUEBBIE MM METAJUIMUECKUE 00paslbl U3
ra3zo-MeTaJlJIMuecKoi mia3mbl. Takas miaazma reHepupoBajlach
MIpH JIEKTPOHHO-IIyYeBOM HcnapeHnu meramwioB (Mg, Al) c
OTHOBPEMEHHOW MOHM3AIMel ra3a (KUCIOPOa) U YacTHIl HC-
MIApeHHOT0 BemecTBa B (POPBAKyyMHOM JHAIa30HE JaBIeHHH
(1-10 ITa). MccnemoBaHBL: HOHHBIM COCTaB IUIa3MBI, IOJIS
ra3oBOi ¥ MeTalJIMYeCKOHl MOHHOH KOMIIOHEHTHI (C UCIOJIb-
30BaHUEM KBaJIPyIOJIBHOIO MaccC-CIIEKTPOMETpa), TONLIMHA U
MOBEPXHOCTHOE COMPOTHUBIIEHHUE MOKPBITUH.

KiroueBble cioBa: (hopBaKyyM, 3JIEKTPOHHBIH HCTOYHHK C
TUIa3MEHHBIM KaTO0M, OCa)KAE€HHE TTOKPBITUI.
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Composition of the gas atmosphere during the electron beam
interaction with the alumina powder in the forevacuum pressure range

The results of the investigation of the composition of the gas atmosphere during the electron beam interaction with alu-
mina powder in the forevacuum pressure range are presented. It is shown that during the beam interactions with the
powder, there is an intensive outgassing from the particle surface. These gases are water vapor, helium, carbon dioxide,
carbon monoxide or nitrogen. Thus, when the electron beam irradiation of alumina powder is performed, the spread of
powder particles is carried out by intensive desorption of molecules adsorbed on the surfaces during location in the at-

mosphere.

Keywords: alumina, electron beam, forevacuum pressure range, outgassing.

doi: 10.21293/1818-0442-2016-19-4-13-16

Nowadays special attention is given to the devel-
opment of three-dimensional printing technology prod-
ucts using different materials [1], including ceramic [2],
and their introduction into manufacturing. Despite of the
variety of printing methods for ceramics (stereolitho-
graphy (SLA) [3], laminated object manufacturing
(LOM) [4], selective laser sintering (SLS) [5], fused
deposition modeling (FDM) [6], three-dimentional
printing (3DP) [7], etc.), all of them implement a same
principle. This principle includes a layer-by-layer form-
ing of a ceramic batch shape using binders and its sub-
sequent post-processing in a high temperature furnace
for binder removal and direct sintering of the powder
particles. It should be noted that exist no articles de-
voted to using an electron-beam for a layer-by-layer
forming of ceramic. One of the reasons complicating the
usage of this technology for ceramic is powder spread-
ing caused by the electron-beam action. The most probab-
le cause of this phenomena is charging of particles [8].

This problem can be solved in two ways: 1) a spe-
cial mechanism of charge compensation and 2) a fore-
vacuum plasma source [10, 11] working in the pressure
range from several to dozens of Pascals to generate the
electron beam. In the latter case, the compensation of
the charge on dielectric surfaces is performed by the ion
flow from plasma produced by the electron beam
propagation.

In the article are presented the investigations of the
alumina powder electron-beam treatment by the fore-
vacuum electron source, previously mentioned in [11,
12]. It is shown that despite the compensation of the
negative charge by the ion flow from beam plasma,
powder particle spread is still observed. Intensive out-
gassing from the particle surface is recognized as one of
the main reasons of this phenomena.

The aim of this work was to investigate the compo-
sition of the gas atmosphere during the electron beam
interaction with the alumina powder in the forevacuum
pressure range.

Techniques and methods

The scheme of the experimental setup is shown in
Fig. 1. The treatment of alumina powder by an electron
beam is performed by two techniques.

15
| Pump
b
Fig. 1. Scheme of experimental setup: a — electron-beam irra-
diation of powder in the crucible; 6 — electron-beam irradia-
tion of falling powder; / — alumina powder; 2 — vacuum
chamber; 3 — graphite crucible; 4 — electron beam;

5 — forevacuum electron source; 6 — emission plasma;

7 — hollow cathode; 8 — anode; 9 — perforate electrode;

10 — extractor (grounded electrode); /1 — magnetic focusing
system; /2 — magnetic deflection system; /3 — discharge
power supply; /4 — accelerating voltage power supply;

15 — container with the hole for powder falling

In the first technique, the alumina powder / in a
graphite crucible 2 is placed in the vacuum chamber 3
and irradiated by an electron beam 4 generated by the
forevacuum plasma electron source 5 [10]. The electron
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beam 4, with diameter about 1 mm, is formed by elec-
tron extraction from emission plasma 6, produced by the
glow discharge with a hollow cathode 7, though the
central hole (diameter —0.75 mm) in the perforated elec-
trode 8 overlapping the emission aperture in the anode
9. The voltage U, applied between the anode 9 and the
grounded extractor 10 performs the acceleration of the
electrons to the required energies. After that, the elec-
tron beam is exposed to focusing by the magnetic coil
11 and scanning by the magnetic deflection system /2
into a square image on the powder surface.

The power of the discharge and the accelerating
voltage is produced by the discharge power supply /3
and the accelerating voltage supply /4 respectively. The
beam current is measured by deflection off to a detached
current collector.

Pumping of the vacuum chamber is produced only
by a forevacuum pump, and pressure P in the vacuum
chamber is controlled by feeding the working gas (air).

The composition of the gas atmosphere is defined
using the industrial residual gas analyzer RGA 100 75
(Stanford Research Systems). The sensor of the analyzer
is pumped by the individual vacuum system comprising
the membrane and turbomolecular pumps. To provide
the necessary pressure drop between the vacuum cham-
ber and the sensor, the diameter of the entry hole in the
analyzer should not exceed 1 mm.

The second technique have two differences: the
alumina powder particles are falling through the hole in
one edge in the container /6 (Fig. 1, b); the irradiation
of falling powder particles is performed by the horizon-
tally oriented electron beam. In this case the diameter of
the beam is 20 mm.

Experimental results

In Fig. 2 are presented the mass spectra of the re-
sidual atmosphere (Fig. 2, a) and the gas atmosphere
(Fig. 2, b, ¢) in the vacuum chamber during electron-
beam treatment of alumina powder in the graphite cru-
cible at different parameters of the electron beam.

It can be seen from these results that there is water
vapor (m/z = 17 u 18) and molecules of residual gas
(helium m/z = 2, carbon dioxide CO, m/z = 44, nitrogen
N, or carbon monoxide CO m/z = 28) in a significant
amount in the vacuum chamber before treatment of the
powder (Fig. 2, a).

During irradiation with a low power density of the
beam (Fig. 2, b) with pressure increasing to P = 3.5 Pa,
the following changes in the mass spectra take place:
the peak height m/z = 17 and 18 decreases that indicates
gradual pumping of water vapor from the vacuum
chamber; the concentration of CO or N, trebles
(m/z = 28); the rise of the peak m/z = 44 (CO,) is ob-
served; the peaks m/z = 32 (which corresponds to the
oxygen) and m/z = 14 (atomic nitrogen) appear. During
irradiation with the power density Ps = 100 W/cm®
(melting of alumina particles is observed, P = 5 Pa), the
working chamber is filled mainly with water vapor, he-
lium and carbon monoxide (Fig. 2, ¢). It should be noted
that the concentration of gases increases almost 8 times
when compared to the initial situation (Fig. 2, a), and

concentration of water vapor increases by 20%. The
latter fact, together with the other results, may indicate
that the pressure rise in the vacuum chamber during
heating alumina powder by the electron beam comes
from intensive outgassing of gas and water molecules
adsorbed on the powder particle surfaces when the
powder was located in atmosphere.
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Fig. 2. Composition of residual atmosphere before treatment
(a) and the gas atmosphere during electron-beam treatment
of alumina powder in the graphite crucible at different
parameters of electron beam (b, c)

The increasing pressure in the vacuum chamber
may also be connected with heating the graphite cruci-
ble, in which the powder is located. In this case the out-
gassing is performed from the crucible surface: its can
be molecules of gases, water; but also can take place
burning of residual organic compounds. Thus, the ap-
pearance of peak m/z = 12 corresponding to carbon in
Fig. 2, ¢ confirms the influence of the crucible on the
results obtained by the first technique.

To eliminate the influence of the crucible on the
composition of the gas atmosphere, the experiment was
conducted using the second technique where the irradia-
tion of the falling powder particles through the hole in
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the container (Fig. 1, b) is performed by the horizontal
oriented electron beam. The dynamic of changes in the
gas atmosphere during the irradiation with beam pa-
rameters U, = 10 kV, I, = 30 mA, P, = 95 W/cm?’ is pre-
sented in Fig. 3.

57x10°1 OFF ; ON OFF . ON ; OFF
£ 6x10° ' '

B 5107
=

200 300 400 500 600
Time, s
Fig. 3. Dynamic of changes in the gas atmosphere during
irradiation of falling powder particles by electron beam
(area ON): I —m/z =17 (H,0); 2 —m/z= 18 (H,0);
3 —m/z=28 (N, umu CO); 4 —m/z =44 (CO,);
5—m/z=14 (N); 6 —m/z=32(0,)

0 i
0 100

When the beam is turned on before the irradiation
moment, the pressure in the vacuum chamber reaches 8
Pa (Fig. 3, area OFF, time ¢ = 0—100 s). As can be seen
from the dynamics in Fig. 3, when the spilling mecha-
nism of powder is turned on and the powder particles
cross the beam, concentration of water vapor and the
investigated gases begin to increase (area ON, ¢ = 100—
185 s). When the spilling mechanism is turned off
(t = 185 s), the pressure in the vacuum chamber equals
to 12 Pa and begins to decrease (area OFF, t =t = 185—
420 s). Then, the concentration of water vapor and gases
down to the initial level (¢ = 420 c). When the spilling
mechanism is turned on and turned off again, the de-
scribed phenomena is observed as well (area ON,
t =420-535 s; area OFF 1> 535 5).

Fig. 4. presents mass spectra obtained during elec-
tron-beam irradiation of the falling particles, when the
pressure is increased to the maximum in the experiment,
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Fig. 4. Composition of gas atmosphere during electron-beam
treatment of falling powder particles

This mass spectra is qualitatively different from the
mass spectra, obtained when irradiation of the powder
was performed in the crucible, by the absence of peaks
of carbon C (m/z = 12) and atomic nitrogen N (m/z = 14).
The concentration of water vapor, helium, carbon diox-

ide, carbon monoxide and nitrogen significantly prevails
over the content of other gases in both techniques.

Thus, the results obtained when investigating the
gas atmosphere composition during the electron beam
interaction with the falling alumina powder-also confirm
that the increasing pressure in the vacuum chamber dur-
ing the treatment is caused by outgassing of gas and
water vapor adsorbed during location in the atmosphere
from the surface of the particles.

Conclusion

The composition of the gas atmosphere during the
electron beam interaction with the alumina powder in
the forevacuum pressure range is investigated by two
techniques: irradiation of the powder in a graphite cru-
cible and irradiation of falling powder particles. The
results of using both techniques indicate that when in-
teraction of the electron beam with powder particles is
performed, the intensive outgassing of water vapor, he-
lium, carbon dioxide, carbon monoxide, nitrogen from
the particle surface is produced. This confirms the as-
sumption that the intensive outgassing is the reason why
particles spread during electron-beam irradiation.

This work is supported by RFBR grant No. 15-08-
00871.
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Bakees 1.10., 3enun A.A., TrouskoB A.B., Knumos A.C.
CocTas razopoii arMmocgepbl IpU B3aUMOAEHCTBUM
3J1eKTPOHHOI0 My4YKa ¢ MOPOLIKOM OKCH/A ATIOMHHHS
B opBaKyyMHOH 00/1aCTH 1aBJIEHHIT

[pencraBneHsl pe3ysbTaThl MCCIEIOBAaHUH COCTaBa Ira30BOH
arMoc(epbl NPH B3aUMOJCHCTBHHM BJICKTPOHHOTO IMyuKa C
MOPOLIKOM OKCHAA aJIOMUHHS B (OpBaKyyMHOH oOmacTu
nasieHui. [loka3aHo, 4To B MOMEHT B3aUMOZEUCTBUS MyUKa ¢
TIOPOIIKOM IPOUCXOANT WHTEHCHBHOE Ta30BBIACICHUE C II0-
BEPXHOCTH YaCTHI] IIAPOB BOMBI, I'eHs, AUOKCHIA YIIIEpona,
MOHOOKCHJIa yIiepoja Wiu a3oTa. Takum obpazoM, mpu 00-
JIy4eHHHU HOPOIIKA OKCH/IA AIFOMUHMS DJIEKTPOHHBIM JIy4OM B
(opBakyyMHOU OOJIACTH JABJICHHI Pa3ieT 4acTHI[ 00YCIIOB-
JICH MHTEHCHBHOM JecopOuueil MoneKys, aacopOupOBaHHBIX
Ha UX TOBEPXHOCTH.

KnrodeBble €/10Ba: OKCHA ATIOMHHUS, JIEKTPOHHBIN ITydOK,
(dopBakyymHas 001acTh JaBICHUH, Ta30BBIICICHHUE.
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Optical radiation in breakdown of the acceleration gap of a forevacuum
pressure, wide-aperture, plasma-cathode, pulsed electron source

We have investigated the spectrum of optical radiation during breakdown in the acceleration gap of a wide-aperture,
plasma-cathode, pulsed electron source based on a vacuum arc discharge in the forevacuum pressure range (3—20 Pa).
The analysis shows that breakdown considerably increases the spectral line intensity and results in additional gas and
metal lines. The spectrum is dominated by atomic and molecular lines from the working gas. The presence of metal
lines under breakdown conditions suggests that cathode spots arise at the emission electrode, assisting the gas discharge

in the acceleration gap.

Keywords: Plasma electron source, pulsed electron beam, arc discharge, acceleration gap, breakdown.
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Pulsed plasma-cathode electron sources operating
at forevacuum pressures of 3—50 Pa allow electron beam
treatment of conducting and dielectric materials without
any additional equipment for surface charge compensa-
tion [1, 2]. However wider application of such sources
is limited by a series of factors, among which is the
breakdown strength of the e-beam acceleration gap.

Breakdown phenomena have been investigated for
forevacuum plasma sources of continuous electron
beams based on a hollow-cathode glow discharge [3, 4]
and of small-aperture (less than 10 mm) pulsed electron
beam sources with current less than 10 A [5], but the
cause of breakdown in fore-vacuum sources of wide-
aperture electron beams with long pulse duration and
currents higher than 10 A is still little understood.

Among the possible causes of breakdown in an ac-
celeration gap is the backward ion flow and «secondary
plasmay in the gap [3], ion charging of dielectric inclu-
sions at the emission electrode or stabilizing grid [6],
acceleration system geometry, and change in perveance
of the gap [7]. All these factors contribute to accelerat-
ing gap breakdown, but which factor dominates in fore-
vacuum wide-aperture pulsed electron sources is not
clear. Here we report on our studies of the spectrum of
optical radiation produced in breakdown of the accelera-
tion gap of a forevacuum-pressure pulsed plasma-
cathode electron beam source based on an arc discharge.

Experimental setup and research technique

The fore-vacuum plasma electron source used is
described in detail elsewhere [8]. A schematic of the
experimental setup is shown in Fig. 1.

Cathode / of the plasma source is a copper rod en-
closed in ceramic insulator 2. Anode 3 is a hollow cop-
per cylinder at the base of which is an emission window
of diameter 90 mm covered with fine stainless steel grid
4. The arc discharge is initiated by an insulator flashover
between cathode / and trigger electrode 5.

The acceleration gap is formed by emission grid 4
and stainless steel grid extractor 6. The electrodes of the
acceleration gap are electrically insulated by high-
voltage insulator 7.

The electron source is located on flange & of the
vacuum chamber pumped by a mechanical forevacuum

pump. The pressure (3—20 Pa) is controlled directly
through gas supply to the vacuum chamber. The work-
ing gas is air.

14 T mmmm—
Fig. 1. Schematic of the experimental setup: / — cathode;

2 — ceramic insulator; 3 — anode; 4 — emission grid electrode;
5 — trigger electrode; 6 — accelerating electrode (extractor);
7 — high-voltage insulator; 8 — vacuum chamber flange;

9 — trigger generator; /0 — pulsed discharge power supply;
11 — DC accelerating voltage source; /2 — optical spectrome-
ter; /3 — optical probe; /4 — collector

The arc discharge, which is the source of the emis-
sion plasma, is ignited using pulsed trigger generator 9
and is powered by pulsed discharge power supply /0.
The extraction of electrons from the arc discharge plas-
ma and their acceleration is provided by DC accelerat-
ing voltage source //. In the experiment, the pulse-
averaged discharge current I, was 25-30 A, and the
pulse duration was 1.8 ms; the voltage across the accel-
eration gap was U, = 8—12 kV. The discharge current /,
and the emission current /, were measured with current
transformers.

The spectra of optical radiation produced in the ac-
celeration gap during its breakdown were analyzed us-
ing optical spectrometer /2 (Ocean Optics 2000USB)
with a wavelength range of 200—1100 nm. The signal to
the spectrometer was transmitted via fiber optics from
an optical probe /3 screened with quartz glass. The
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probe was located in the vacuum chamber at 7 mm from
the extractor, and the entrance aperture of the probe was
directed toward the acceleration gap so as to view most
of it. The spectral lines observed in the experiment were
indentified according to [9-11].

Results and analysis

Breakdown of the acceleration gap was judged
from the accelerating (gap) voltage U, and emission
current /,. Upon gap breakdown, the emission current /,
first increases steeply and then decreases to 0 within
about one hundred microseconds while the accelerating
voltage U, immediately drops to zero. Figure 2 shows
waveforms of the discharge current /,, emission current
1., and accelerating voltage U, under (a) normal and (b)
breakdown conditions. The normal condition provides
stable generation of electron beam without breakdown
of the accelerating gap.
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Fig. 2. Discharge current /,, emission current /,,
and accelerating voltage U, under (@) normal,
and (b) breakdown conditions

Figure 3 shows optical radiation spectra under (a)
normal, and (b) breakdown conditions.

With no breakdown in the gap (Fig. 3, a), the spec-
trum reveals lines of the working gas. In the forevacuum
pressure range (with a mechanical pump only), the re-
sidual atmosphere consists mainly of nitrogen, oxygen,
and water vapor. Thus the optical spectrum contains
atomic lines of H and O, molecular lines of N,, and mo-
lecular lines of OH from water vapor. The atomic lines
of O and H, like the OH lines of, can also be due to wa-
ter vapor [11]. In addition to the lines of neutral atoms
and molecules, the spectrum reveals lines of singly
charged N," ions which are most intense at 391.4 and
427.1 nm.

Under breakdown conditions in the gap (Fig. 3(b)),
the spectral line intensity increases considerably, and

additional gas and metal (Fe) lines appear in the spec-
trum. The gas lines dominate over the metal lines both
in number and in intensity. The lines of neutral molecu-
lar nitrogen N, are more intense than those of ionized
N," and than the lines of neutral OH and O. At A = 574
775 nm, the spectrum reveals three groups of lines
which, according to ref. [12], belong to the first positive
system (FPS) of molecular nitrogen N,.
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Fig. 3. Optical spectra under (a) normal,

and (b) breakdown conditions; p =15 Pa

In the breakdown spectrum, only lines of Fe are
distinguishable among the metal lines, due to the high
percentage of Fe (higher than 70%) in the electrode ma-
terial (stainless steel) of the gap, and only lines of its
neutral atoms.

Thus the predominance of atomic and molecular
lines of the working gas and the presence of N," ion
lines in the breakdown spectrum suggest that break-
down in the acceleration gap of the source is due to the
ignition of a gas discharge. Early in the breakdown,
cathode spots may arise at the emission electrode, as-
sisting the gas discharge in the gap. The formation of a
cathode spot is evidenced by spectral lines of the metal
contained in the material of the emission electrode.

Conclusion

Our study shows that the optical radiation spectrum
produced in breakdown of the acceleration gap of the
forevacuum wide-aperture pulsed plasma electron
source is dominated by atomic and molecular lines of
the working gas. Also observed are lines from ions of
the working gas. The presence of metal lines in the
spectrum suggests that a cathode spot (or spots) is
formed at the emission electrode, assisting the gas dis-
charge in the acceleration gap of the source.

The work was supported by the RFBR grant
No. 16-38-00224.
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HcciienoBanue onTH4YeCKOro U3Jay4eHus Mpooosi
YCKOPSIOIIEro NpoMe:KyTKa (popBaKyyMHOro
IHMPOKOANEPTYPHOT0 HMITYJIbCHOI'O MJIA3MEHHOT 0
HMCTOYHHUKA 3JIEKTPOHOB

TIpoBeneHbI HCCIEIOBAHUS ONTHYECKOTO HM3IyYCHUS, BO3HH-
KaIOIero npu mpoboe YCKOPSIOIIET0 MPOMEKYTKa HMITYJIb-
CHOTO IIMPOKOANEPTYPHOTO IUIa3MEHHOTO HMCTOYHHKA 3JICK-
TPOHOB Ha OCHOBE JYTOBOTO pa3psijia, HYHKIMOHUPYIOMIETO B
dbopBakyymHoM auanazoHe aaeicHuit (3—20 ITa). ITokasaHo,
YTO TI0 CPABHEHHUIO C ONTHYECKUM HM3IYYCHHUEM MPH HOPMalb-
HOM TreHepaliy My4Ka Ipu Ipodoe YCKOPSIOLIEro IPOMEKYT-
Ka 3HAYUTENHHO YBEINYUBACTCS MHTCHCHBHOCTH CIIEKTpAlb-
HBIX JIMHAH W TOSBIIIOTCS JOMOJHUTENbHBIC JIMHAU ra3a U
MeTayuia. Y CTAaHOBICHO, YTO B ONTHYECKOM CIIEKTPE H3Iyde-
HUS TIpH TIpo00e JOMHHUPYIOT CIEKTPaJIbHBIC JIMHUH aTOMOB
M MOJIEKyJI pabodero rasza, a Takke HAOJIONAIOTCS WOHBI pa-
Oouero rasza. [losiBieHHWE CHEKTPaJbHBIX JMHHUM, COOTBETCT-
BYIOIIUX METAJUTy, CBUJCTCIBCTBYET O (POPMHUPOBAHUH Ka-
TOJHOTO ISITHA Ha IMUCCHOHHOM JJIEKTPOJE, KOTOPOE CIIO-
cOOCTBYET Pa3BUTHIO Ia30BOT0 pa3psa B YCKOPSIOIIEM IIPO-
MEKYTKE HCTOYHHKA.

KuroueBble ci10Ba: MIa3MEHHBIA HCTOYHUK DJIEKTPOHOB, UM-
MYJbCHBIA ITyYOK SJIEKTPOHOB, AYTOBOH paspsia, MpoOoi yc-
KOPSIFOIIETO MPOMEKYTKA.
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Electron beam evaporation of alumina ceramics at forevacuum

pressures

The paper presents research results on electron beam evaporation and vapor deposition of alumina ceramics using a
plasma electron source designed specially for operation at forevacuum pressures. The deposited coating thickness is
analyzed depending on the distance to the evaporated target and on the angle between the beam axis and the direction to
the substrate center. It is shown that in the forevacuum pressure range, the spatial distribution of the coating thickness is
more uniform compared to deposition in high vacuum. This fact can be associated with dispersion of evaporated mate-

rial particles at gas molecules.

Keywords: electron beam evaporation, plasma electron source, forevacuum pressure range, dielectric surface charging.
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One of the major features of electron beam evapo-
ration of materials is the possibility to attain high power
densities in which the electron beam far excels other
heat sources [1, 2], being second, in some cases, only to
laser radiation. Concentration of comparatively high
power over a small area provides local heating of mate-
rials, which is particularly important for treatment of
refractory metals and alloys with minimal changes in
their initial structure in the exposure zone. Electron
beam treatment of non-conducting (dielectric) materials,
compared to metals, has specific features associated
primarily with the necessity to neutralize the charge
brought by an electron beam to an irradiated non-
conducting surface [3, 4]. One of the ways of solving
the problem is to use forevacuum plasma electron
sources capable of producing electron beams in the
range of pressures higher than those typical of standard
electron sources. In a forevacuum electron source oper-
ating at 5-20 Pa, the negative surface charge is compen-
sated both by ions from the beam plasma and by ions
from the plasma of a non-self-sustained discharge aris-
ing between an irradiated target and grounded walls of
the vacuum chamber [5]. The efficiency of energy
transport from an electron beam to an irradiated dielec-
tric target in the forevacuum pressure range has been
demonstrated on the example of welding and melting of
ceramic materials [6, 7] and their surface hardening [8].
Another application of electron beams at forevacuum
pressures can be evaporation of non-conducting materi-
als, in particular ceramics, with subsequent vacuum
deposition of coatings. When arrived at an evaporated
target, the accelerated electrons of a beam transfer their
kinetic energy to the target, heat its thin surface layer of
depth no greater than several micrometers, and provides
evaporation right from the material surface, making
these heating method more efficient than others. The
possibility of direct electron beam treatment of diclec-
tric materials is the key feature of forevacuum plasma
electron sources. Moreover, it is possible to realize
evaporation of dielectrics in the sources without a cruci-
ble, which can greatly increase the evaporation effi-
ciency. The aim of our study was to realize and investi-
gate electron beam evaporation of dielectric materials,

in particular ceramics, in the forevacuum pressure
range.

Experiment

In the experiment, we studied how the thickness of
deposited film depends on the spatial location of a sub-
strate on which it is deposited. The substrates were lo-
cated at different distances from the evaporated target
and at the same distance but at different angles to the
beam axis. A schematic of the experimental arrangement
is shown in Fig. 1.

|1

11

Fig. 1. Experimental arrangement: / — cylindrical hollow
cathode; 2 — anode; 3 — emission electrode (perforated plate);
4 — accelerating electrode-extractor; 5 — focusing solenoid;
6 — deflecting magnetic system; 7 — electron beam;

8 — substrates; 9 — evaporated specimen;

10 — graphite holder; /7 — vacuum chamber

The plasma electron source was based on a hollow-
cathode discharge and produced a narrow focused elec-
tron beam in forevacuum. The operating pressure in the
vacuum chamber was 10 Pa and was controlled by gas
supply directly to the chamber. The source was operated
in isobaric mode, i.e., with no gas supply to the cathode
cavity. This mode is typical for forevacuum plasma
electron sources.
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The evaporated material was alumina ceramics
(VK94-1) shaped as a disk of diameter 14 mm and
height 5 mm. The evaporated specimen was placed in
the cavity of a graphite crucible located in the vacuum
chamber in the plane of beam incidence (on the beam
axis).

The beam current sufficient for evaporation of ce-
ramics was ensured by emission through 120 holes of
diameter 0.7 mm in the emission electrode (anode) of
the source. At an accelerating voltage of 10 kV and
beam current of 50 mA, the power density at the target
reached 800 W/cm®. The substrates were made of glass
to dimensions of 1520 mm and thickness of 2 mm and
were arranged at distances multiple of 2.5-3 cm from
the evaporated target and at a fixed angle between the
beam axis and the direction to the substrate center
(Fig. 1). The distance to the first and the last substrate
was 4.5 and 19.5 cm, respectively. Before evaporation,
the target was uniformly heated by a defocused electron
beam for 10 min to preclude fracture of the specimen
under thermomechanical stresses during electron beam
irradiation. Within 20 min after, the electron beam was
focused at the specimen, and at a power density of
600 W/cm’, intense evaporation of the ceramics began.
The evaporation time at constant beam power density
was 20 min.

One of the main parameters characterizing the
evaporator is the spatial distribution of evaporated mate-
rial vapors. The spatial distribution was determined by
measuring the deposited film thickness on the substrates
uniformly arranged on the inner surface of a semi-
sphere with the evaporated material at its center (Fig. 2)
for which we used a MII-4M interferometer.

Fig. 2. Arrangement for measuring the angular distribution
of evaporated material: / — electron beam; 2 — substrates;
3 — graphite crucible; 4 — ceramic specimen

Thus, we constructed an angular distribution of the
film thickness knowing its measured values and the an-
gle between the beam axis and the direction to the sub-
strate center. The elemental composition of the film was
analyzed with a Quanta 200 3D-scanning electron mi-
croscope (EDAX, Netherlands).

Results and analysis

Evaporation in high vacuum has been rather thor-
oughly studied; electron beam evaporation from differ-
ent types of sources (point, wire, two-dimensional) is
considered elsewhere [9]. For evaporation from a two-
dimensional source, as is in the experiment, the distribu-
tion of the deposited layer thickness obeys Knudsen’s
cosine law [10]:

2
m cos“0
mwr

where /4 is the film thickness on a substrate, m; m is the
mass of material evaporated per unit time, kg/s; p is the
density of evaporated material, kg'm>; r is the distance
from the source to the substrate, m; 0 is the angle
between the normal and the direction to the substrate
center.

According to this law, the matter deposited per unit
area per unit time is inversely proportional to the
squared distance from the source to the substrate.

Our experiments demonstrate that for electron
beam evaporation in the forevacuum pressure range, the
deposited film thickness decreases monotonically with
increasing the distance / from the evaporated material
to the substrate (Fig. 3); the experimental points rather
accurately fit the straight line calculated by the cosine
law (1). The evaporation rate in the experiments
was 20-80 pg/cm’s, and the deposition rate was
2.6-10.4 ng/cm?’s. Increasing the gas pressure decreased
both the ceramic evaporation rate and the film deposi-
tion rate.

Another distinguishing feature of electron beam
evaporation at forevacuum pressures is a more uniform
angular distribution of evaporated material.

h

4

W
1

Film thickness, um
T v
N

000 001 002 003 004 005

117, cm”
Fig. 3. Film thickness / vs the squared distance
to the source at 10 Pa for helium (/) and oxygen (2).

Figure 4 presents measurement results for the film
thickness on the substrates uniformly arranged on the
inner surface of a semi-sphere with the evaporated ma-
terial at its center. Most of the evaporated material
reaches the substrate and is rather uniformly deposited
up to angles of +45° with the beam axis (Fig. 4).

For comparison, the same figure shows an angular
distribution calculated by the cosine law (curve 3).
Varying the electron beam parameters scarcely affects
the distribution.

The elemental composition of the film (Table) ob-
tained by evaporation of the alumina ceramics in helium
and oxygen shows that in the inert gas, the film is de-
pleted of oxygen. The ratio of oxygen to aluminum is
0.78, whereas this ratio in the evaporated material is 1.5.

The situation can be changed by adding oxygen in
the vacuum chamber. In this case, the elemental compo-
sition of the film remains unchanged but the atomic
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ratio between oxygen and aluminum becomes close to
the ratio in the evaporated material.

1.0- A A,
= A A A
: 0.8 A !
g A
g A A
= 0.6
& 2
2 041
£
£ 02-
[ 3
0.0 :

-80 -60 -40 -20 0 20 40 60 80
0, deg
Fig. 4. Angular distribution of the film thickness A:
1 — experimental data for a power density 600 W/cm?* and
pressure of 8 Pa; 2 — approximation of the experimental data;
3 — calculations by the cosine law

Elemental composition of the coating

Element| Evaporation in oxygen | Evaporation in helium
Relative content, % Relative content, %
C 11.83 22.43
O 47.56 33.21
Al 31.25 42.55
Si 9.36 1.81
Conclusion

Electron beam irradiation of ceramic materials at
forevacuum pressures allows their evaporation with
subsequent vapor deposition of coatings without nega-
tive charge accumulation at the irradiated surface. The
thickness of thus obtained coatings is more uniform
compared to deposition in high vacuum. This fact can
be explained by dispersion of evaporated material parti-
cles at gas molecules under high pressure.

The work was supported RFBR grant No. 15-38-
20264.
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Oco0eHHOCTH 3/1eKTPOHHO-IY4€¢BOr0 HCIAPEHUS
KEePaMHMKH Ha OCHOBE OKCH/Ia aJIOMHHUS

B (popBaKyyMHO# 00/1aCTH 1aBJIeHHI

IIpencTaBieHo HCCEOBaHUE MPOILECcca SIEKTPOHHO-IIyYe-
BOTO HCIIAPEHUSI U OCAXKICHUS U3 MapoBOH (ha3bl KepaMude-
CKHX MaTepHaioB B (OpBaKyyMHOH oOmactu maBieHms. J{is
UCTApeHUsT AIIOMOOKCHIHOW KepaMHMKH Ha OCHOBE OKCHIA
QIIOMUHHSL HCIIOJIB30BAJIICS IUIA3MEHHBIH DJIEKTPOHHBIA HC-
TOYHHMK, CIICIIMAIBHO CO3JaHHBIN A paboThl B (OPBAKyyM-
HOI oOnacty pasieHuit. OnpezaesieHa 3aBUCHMOCTD TOJIINHBI
HAaIbUISIEMOT'O TIOKPBITHS OT PACCTOSHHUS IO MCTApsieMOH MH-
LICHU U YIJIa MEX/y OCBIO JJIEKTPOHHOT'O Iy4Ka U HaIpaBJie-
HHUEM Ha IeHTp MOUIoKKH. [loka3aHo, 9To B (opBaKyyMHOH
00JIacTH JABJICHUI IPOCTPAHCTBEHHOE pPAaCIpenelIeHHe TOJ-
IIMHBI OKPBITHH OoJiee paBHOMEPHOE 110 CPABHEHHMIO C HAIlbI-
JICHHEM B BBICOKOM BaKyyMe. DTO OOCTOSTENBCTBO MOXKET
OBITb CBSI3aHO C PACCESHMEM YacTHI] MCIIAPEHHOTO BEIECTBA
Ha MOJIEKyJIaX rasa IpHy BICOKOM JIABJICHUH.

KitoueBble cjI0Ba: 3JIEKTPOHHO-JIy4€BOE MCIApEHME, ILIa3-
MEHHBIN 3JICKTPOHHBIH HCTOYHHUK, (GoOpBakyyMHas o0JyacTb
JIaBJICHUM, 3apsi/iKa TIOBEPXHOCTH JIHAJICKTPHKA.
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Construct an f(7)-theory from a bouncing FRW universe

G.G.L. Nashed"?3* and W. El Hanafy'3"
Centre for theoretical physics, the British University in Egypt, 11837 - P.O. Box 43, Egypt
*Mathematics Department, Faculty of Science, Ain Shams University, Cairo, Egypt and
3Egyptian Relativity Group (ERG)

We show that the teleparallel f(7) gravity can provide compatible versions of bouncing cosmologies. In
this work two bounce universe models have been investigated. We present their phase portraits by constructing
the phase space of the models. Also, the thermalization process of the universe during the bouncing period
is discussed. We rewrite the solutions in Einstein frame to represent the torsion gravity as extra degree-of-
freedoms. The evolution of the equation-of-state of the torsion fluid has been studied. Assuming that the matter
component to be a canonical scalar field, we obtain the scalar field potentials induced by the f(T') gravity of
the two suggested models. The evolution of the scalar field equation-of-state during bouncing period has been
investigated. Moreover, we study the energy conditions of these two models. Finally, the slow roll validity in

the bouncing cosmology is discussed.

PACS numbers: 98.80.-k, 98.80.Qc, 04.20.Cv, 98.80.Cq.
Keywords: inflation, scalar field, teleparallel gravity.
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I. EINSTEIN’S COSMOLOGY

Copernican (or cosmological) principle is believed to be
a good approximation to construct a reliable cosmological
model.

ds* = —df* + a(t)6;jdx'dx’, (D)

where a(?) is the scale factor. Standard cosmology today is
a manifestation of Copernican principle and Einstein’s field
equations of general relativity (GR) are given by,

G[_lV = Kzz;wa (2)

where G, is called Einstein tensor, k* = 81G/c*, G is the
Newtonian’s gravitational constant and c is the speed of light
in vacuum. We assume the natural unit systemc =% = kp = 1,
and the stress-energy tensor T, is taken for a perfect fluid as,

(Ipv = puyy + P(M#Mv - g/zv)7 3)

where u, = 52 is the 4-velocity of the fluid in co-moving co-
ordinates, p and p are the density and pressure of the fluid,
respectively.

Applying the Einstein field equations to the FRW universe

leads to Friedmann equations

2
K
H* = —p,
3P
where H = a/a is the Hubble parameter and the dot denotes
the derivative with respect to time. Constraining the Fried-
mann equations by the equation-of-state p = wp, then solve
for the scale factor [1]

2
H+H? = —%(p+3p), 4)

arrw = { ald+o)t -], o=l

Mot w=-1.

*Electronic address: nashed @bue.edu.eg
TElectronic address: waleed.elhanafy @bue.edu.eg

Where a;, Hy and t; are constants. The former is the usual
power-law scale factor, for w > —1/3 the universe is expand-
ing with deceleration, while it is accelerated when w < —1/3.
The later gives de Sitter universe, where w = —1, which does
not allow the universe to evolve, that could be considered in
late phases rather inflation.

H=—§(1+w)H2. (6)

We classify the four different regions in Figure 1 as follows:
(I)-region represents an accelerated contracting universe as
g<0and H <0,

(II)-region represents a decelerated contacting universe as
g>0and H <0,

(III)-region represents a decelerated expanding universe as
g > 0 and H > 0 which characterizes the standard FRW
models,

(IV)-region represents an accelerated expanding universe as
g < 0 and H > 0 which characterizes the so-called inflation
or dark energy phases.

According to the GR phase portraits, it is clear that differ-
ent choice of an equation-of-state produces a different phase
portrait, such that w,, > —1/3 gives decelerated phases, w,, =
—1/3 identifies the zero acceleration curve, while w,, < —1/3
gives accelerated phases as shown in Figure 1. Figure 2 is the
phase portrait of GR plus a cosmological constant, A. From
Fig. 2, it is clear that when A = 0 we return to the phase por-
trait of Fig. 1 and when A > 0 we have the blue curve which
represents a big bang singularity followed by an inflation then
a bounce after crossing the fixed point (stable one) in finite
time. Same discussion can be applied when A < 0, which
represented by the red curve.
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FIG. 1: The standard general relativistic phase portraits. The dot
curve represents the zero acceleration boundary, it divided the phase
space into two regions. The shaded region is the deceleration region,
while the unshaded is the acceleration one. The labels (I)-(IV) give
four possible behaviors.

We investigate the possibility to cross from H > 0 branch
to H < 0 through the de Sitter fixed point H,. The former
branch goes effectively as a phantom-like (w,rr < —1), while
the latter is a non-phantom (w,sy > —1). The conditions for
this transition to occur are listed as follows The conditions for
this transition to occur are listed as follows [? ]

() limy_py,, Hy =0,
(11) liIIIHHHi"f dHJr/dH = 00,
(i) 1 = [ dH/H, < co.

In addition to these conditions, it has been shown that the
crossing is possible only when H(H) is a doubled valued func-
tion [2, 3].

If we want to reproduce the above phase portraits of Fig. 3
or Fig. 4 within GR using linear equation-of-state we will get
a conflict with continuity equation [3]. Therefore, we need to
modify GR.

II. PHASE PORTRAITS OF f(T) COSMOLOGY
A. Teleparallel space

This space is denoted in the literature by many names
teleparallel, distant parallelism, Weitzenock, absolute paral-
lelism, vielbein, parallelizable space. An AP-space is a pair
(M, h,), where M is an n-dimensional smooth manifold and
h, (a =1,--- ,n) are n independent vector fields defined glob-
ally on M. The vector fields h, are called the parallelization
vector fields.
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FIG. 2: ACDM phase portrait.
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FIG. 3: From acceleration to deceleration.

Let A,/ (u = 1,...,n) be the coordinate components of the
a-th vector field h,, where Greek and Latin indices are con-
strained by the Einstein summation convention. The covariant
components h,, of h, are given via the relations

h'h®, = &4 and  hth, = 6L, @)

where ¢ is the Kronecker tensor. Because of the independence
of h,, the determinant 4 = det(h,*) is nonzero. On a telepar-
allel space (M, h,), there exists a unique linear connection,
namely Weitzenbock connection, with respect to which the
parallelization vector fields #, are parallel. This connection is
given by

rayv = haaavhay = _ha,uavhaas (®)
and is characterized by the property that
Vir)ha” = thaﬂ + l—wxlvha/l = 0, (9)

where the operator v is the covariant derivative with respect
to the Weitzenbock connection. The connection (8) will also

Joxnaoert TYCYPa, mom 19, Ne 4, 2016



G.GL. Nashed, W.E. Hanafy. Constructan f(T)-theory from abouncing FRW universe 25

2.x10%

15 % 10% 4

1. x 109

5.x 109

half-stable

A H,
Minkowski inf | 4e Sitter

H i
L = a fixed point
b early
acceleration
(inflation)

q<0
-5.% 102

decelerated

“1x 1093 contraction

radiation
(H>0) phase portrait
expanding FRW. \

-1.5 % 109 4
(H<0)
contracting

-2, x 109 . ;
-4.x 10" “1.x10%!

\

T T T
Hl,xlo“ 2.x10% 3.x 10" 4.x10°" 5.x 10!

FIG. 4: Phantom cross conditions.

be referred to as the canonical connection. The relation (9) is
known in the literature as the AP-condition.

The non-commutation of an arbitrary vector fields V, is
given by

VOVOV, = VOVOV,® = Ry Vo + T4, VOV,

where R?,, and T¢,, are the curvature and the torsion tensors
of the canonical connection, respectively. The AP-condition
(9) together with the above non-commutation formula force

the curvature tensor R”,,,, of the canonical connection I, to

vanish identically. Moreover, the parallelization vector fields
define a metric tensor on M by

8uv = nabhayhbw (10)
with inverse metric
g =n"h . (11)

The Levi-Civita connection associated with g, is

o 1
r(lpv = Eg(w- (avg;m' + aygwr - atrgpv) . (12)

In view of (9), the canonical connection I'*;,,, (8) is metric:
Ve, =0.

The torsion tensor of the canonical connection (8) is defined
as

T =T =T = h" (3% — 0,h). (13)
The contortion tensor K, is defined by
K% =T, =% = h," VOB, (14)

where the covariant derivative V% is with respect to the Levi-
Civita connection. Since I'*,, is symmetric, it follows that
(using (14)) one can also show the following useful relations:

Try,uv = Kayv - Karv,ua (15)

Kcmv = % (Twm + Tayv - T;mv) ’ (16)

where Ty = 8eu TS, and K, = g¢u K€,.. It is to be noted
that 7, is skew-symmetric in the last pair of indices whereas
K, is skew-symmetric in the first pair of indices. Moreover,
it follows from (15) and (16) that the torsion tensor vanishes if
and only if the contortion tensor vanishes. In the teleparallel
space there are three Weitzenbock invariants: I} = T% Ty,
L = T 7,4, and Iy = T*T,, where T* = T,*?. We next
define the invariant T = Al, + Bl, + CI;, where A, B and
C are arbitrary constants [4]. For the values: A = 1/4, B =
1/2 and C = —1 the invariant T is just the Ricci scalar up to
a total derivative term; then a teleparallel version of gravity
equivalent to GR can be achieved [5]. The teleparallel torsion
scalar is given in the compact form

T=T",8."", (17)
where the superpotential tensor

1
S M = 5 (K""a + TP g — 5;Tﬁﬂﬁ), (18)

is skew symmetric in the last pair of indices.

B. f(T) gravity

There are different extensions of TEGR, e.g. Born-Infeld
extension of the TEGR [6, 7], another interesting variant is
the modified teleparallel equivalent of Gauss-Bonnet gravity
and its applications [8-10]. The extension to f(T)-gravity has
been inspired by the f(R)-gravity by replacing the Ricci scalar
in the Einstein-Hilbert action instead of the Ricci scalar. But
the former is by replacing the teleparallel torsion scalar by an
arbitrary function f(7T') [11-14]. We consider the action of the
f(T)-gravity

S= fd“xlhl[%f(T) + Lo |, (19)
2k

where L, is the lagrangian of the matter and || = +/—g =
det (h”“). The variation of the action (19) with respect to the
tetrad gives

1 v AP 7 v 1 v K2 Y~
0 (hS &™) fr=hiT", S ¥ fr+8 &7, T fro+ghif = S W),
(20)

g 2
where f = f(T), fr = #, frr = 6(,’;3) such that the TEGR
theory is recovered by setting (7)) = T. For more details of

f(T)-gravity, see the recent review [15].

C. Modified Friedmann equations

We take the metric to be of the at Friedmann-Robertson-
Walker (FRW) form (1). Therefore, the vierbein may take the
diagonal form

e, = diag(1,a(r), a(r), a(1)). @21)
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This directly relates the teleparallel torsion scalar (17) to Hub-
ble parameter as

T = —6H?, (22)

where H = a/a is Hubble parameter and we use the dot to
denote the differentiation with respect to the cosmic time t.
Where T, is the usual energy-momentum tensor of matter
fields. We consider a perfect-fluid material-energy tensor (3).
Inserting the vierbein (21) into the field equations (20) for
the matter fluid (3), the modified Friedmann equations of the
f(T)-gravity read

1
P = 5o [F(T) +24H fr . (23)

Pu = = [fT) +4GH? + B fy - 481 frr ] 24)
2k2

In the above, the usual Friedmann equations are recovered by
setting f(T) = T. Assuming that the matter fluid is governed
by the linear equation-of-state p,, = w,,pn, the system ac-
quires the conservation (continuity) equation

Pm +3H( + wp)pom = 0. (25)

D. Dynamical view of f(T)

We argue that the modified Friedmann equations of any
f(T)-theory can be viewed as a one-dimensional autonomous
system, i.e. H = F(H), if we use the linear equation-of-state
of the universe matter. As a consequence we can interpret this
differential equation as a vector field on a line introducing one
of the basic techniques of dynamics. In order to prove our
argument we use the useful relation (22), then the field equa-
tions (23) and (24) in flat space can be rewritten in terms of
Hubble parameter as [16]

1
Pm = ﬁ[f(H)_Hf”]’ (26)
-1 1.
Pm = 55 |fH)—Hfn— zHfuu|, 27
2K 3
. daf _ d&f .. .
where fy = 75 and fyu = Zp;. Constraining the modi-

fied Friedmann equations to the linear equation-of-state p,, =
WmPm, We write [16]

f(H) - Hfy
Nil

Since f(H), fy and fyy are functions of H only, hence for
any f(T)-theory we can always write the modified Friedmann
equations in flat space as a one-dimensional autonomous sys-
tem. In order to fix our notations, we follow [17] calling equa-
tion (28) the f(T) phase portrait, while its solution H(?) is the
phase trajectory. Thus the phase portrait corresponds to any
f(T)-theory can be drawn in an (H — H) phase-space of the
Friedmann’s system. In this space each point is a phase point
and could serve as an initial condition. It is clear that when

H=301+ w,,,)[ } = F(H). (28)

f(H) = —6H?, equation (28) reproduces the standard general
relativistic phase portrait, i.e.

H= —%(1 + wn)H>. (29)

The last equation can be represented geometrically as shown
in Figure 1.

One of the modified gravity theories which has been used
widely in cosmology is the f(T") theory. Although, this can be
applied generally in modified gravity, the modified Friedmann
equations of any f(7T')-theory can be viewed as a one dimen-
sional autonomous system [16], i.e. H = F(H). This fea-
ture is not available for other modified gravity theories, e.g.
f(R), which contain higher derivatives of H. In this sense
we find that the phase space analysis is more consistent with
f(T) cosmology. However, similar models have been investi-
gated, without using the phase space, in Gauss-Bonnet modi-
fied gravity [18, 19].

III. BOUNCING MODELS IN f(T) COSMOLOGY

To reconstruct a bouncing universe in the framework of
f(T) and discuss its physical motivation we must follow the
below items:

e Select a bouncing scale factor

e Reconstruct f(T) of the bounce universe

e Draw the phase portrait

o Investigate the thermal evolution (slow roll validity)
e Move to Einstein frame

o Investigate the torsion equation-of-state

e Consider the matter component to be a canonical scalar
field

e Evaluate the scalar potential of the f(T) theory

e Investigate the equation-of-state and the energy condi-
tions

Now are going to apply the above procedure to two models:
A. Model 1
In this model the scale factor is given by

R(1) = B2 + Ry2. (30)

From Eq. (30) we get the Hubble parameter

o p+ P3RS
i . 3D

H) = ooy = 1) =
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The rate of the Hubble parameter is given by

The functions f(¢) and f(T) have the form

>

yo BRI -P) 2\~ — 4H'Ry?
Ht)=——————= = H(H) = - .
O="garre = Foamre
(32)
Y (P4 +3w)B” + Ro)hypergoem([4, 21721, [31,-85)]  (Plhypergoem([3, 3521, [3], -55)]
JO= g re * 62( 3821+ WGP + Ro?) " 3R

from which one can write it in terms of the torsion scalar as

T) =
7 3TR2B%(1 + w)(3B? + B+/6TRy? + %)

(33)

! (cz[TROZ,BZ + 28" + a(TRy? — 68%) \J6TRy? + B21(1 + w)

3 5+3w. 5 TRy>+3B> +B+6TRy? + 2
X hypergoem(1, t30) 2y TR+ 56 +£02 0 +ﬁ)+TR02[3TR02(1+w)ic2,/6TR02+ﬁ2(3w+4)+3ﬁz(3w+4)

2 2 T
1 3(1+w)

X h = )
ypergoem([2 > T

0.3 0.2 0.1 0 0.1 0.2 0.3

FIG. 5: Phase space of the first model.

It is convenient to transform from the matter frame we have
been used to Einstein frame, which gives Einstein’s field equa-
tions form and additional degrees-of-freedom by f(7')-gravity.
So we write the modified Friedmann equations in the case of
f(T)-gravity, i.e.

K2
3 W +pr) (35)

- (p+pr), (36)

H2

2H + 3H?

2 2 2 2
[%], TRy + 3 iﬁoz“ TR +F) | eyl + w) \/(iﬁ,/éTRoz + 982 — TRy — 3,82)T]), (34)

where the standard matter energy density p and pressure p
have their torsion scalar counterpart while py and pr are de-
fined as,

1 4
or = 2_/<2[2Tf -f-T] 37

2 ’ 2 ’
pr = FH(ZTf +f =1D-pr. (38)
are the torsion contributions to the energy density and pres-
sure, respectively, which satisfy the continuity

pT + 3H(pT + pT) =0. (39)

One can show that py and pr vanish where f(T) = T and
the standard Friedmann equations are recovered. We argue
here that the quantities pr and pr can explain the early self-
acceleration of the universe. Then, by using equations (37)
and (38), we can define the effective torsion equation-of-state
parameter as
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pr AHQTf" + f' = 1)
wr=s—-=-1+
pr 2Tf —f-T
1 202 2,252 WA o1 2y 232 243
=— 1B — Ry™ )t B + R, =Bt B+ R
B F — ROUPE + RS + (B — RONR + RS — 65 7)] [( P ROE+ Ry = s+ o)
X(ORy* = 5B f" = 3(PF* = R*I(PB* + Ry f = 281 ~ 4R02/32]}. (40)
As is clear from Fig. 6 that about bounce time (i.e., t = 0)
0- we have either w.rr > 1 and wr > 1 which are needed for a
bounce universe to wash up the anisotropies.

B. Model 2

5 0.5 0 05 1 In this model the scale factor is given by
R(t) = Ry(e™ + ™). (42)

From Eq. (42) we get the Hubble parameter

-20 H
a
(e — 7o) In (i \ a—H)
[0

Ht)y= ——=1tH) = , 43
T wtol o a)tor ( ) el 4 e~at ( ) ( )
The rate of the Hubble parameter is given by
FIG. 6: Eq. of state for total matter and torsion of the first model.
2 2at
. (4 .
H(t) = ——— = H(H) = o* - H". 44
0= 4 gy = HOD (44)

Figure 7 shows the phase portrait of the second models which

We also define the effective (total) equation-of-state parameter is clearly coincides with GR plus a positive cosmological con-

+ 2 ﬁ2 +oR? stant, A > 0, where A in this case is related to the constant «.
Weff = P " Pr _ _ 3R (41) The form of the function f has the form
pPTpr
a -(1+3w), B3+w), ,,
f = W[clhypergoem([—"j(l +w), > LI 5 I,e™)
-(1+3 T7+3
+02" 03 py pergoem([2, ( 5 a))]’ [ 5 w], —eza)}, (45)

where hypergoem(n,d,z) is the generalized hypergeometric function F(n,d,z). One can write Eq. (33) in terms of the torsion
scalar in the form

543w 3 13 5 v-T
FT) = (T + 602" | ¢y Legp(Z2~ 2912 Y70,
2 2 6a
3w+1 3w+5 V-T
+esLeg O : ), (46)
2 2 6

where LegP(v,x) and LegQ(v, x) are the Legendre functions of the first and second kinds respectively.
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FIG. 7: Phase space of the second model.

-50

FIG. 8: Phase space of the second model.

Figure 8 shows that about bounce time (i.e., t = 0) we have
both w,ry > 1 and wr > 1 as discussed in model 1.

1. % 10%

9.9 x 1024
9.8 x 10%4

£9.7x 1021
=~

9.6 x 10%44

9.5 x 10%4

9.4 x 1024<

T

23.x108 -1.x1050 1. x10%

T

y
3.x107%

t
[— p=1 — po-02 B=0.3]

FIG. 9: The temperature of the first model

IV. THERMALIZATION OF THE UNIVERSE

According to the first law of thermodynamics, in the ex-
panding universe, we have

OdS = d(V) + pdV, 47)
with the integrability condition [20]

»*Ss &S
A0V Voo’

the energy density and pressure satisfy

dp _p+p
£ _rtr 4
e [C] (€] (“48)
Using (47) and (48), we evaluate the temperature
f < p(1) )
OF) = @yed PO +p)
o a7 =@y, (49)

where @y = O(7) is an arbitrary constant, with a dimension
K. We assume the boundary condition so that the temperature
® ~ 2.74 K at the present time where #, ~ 10'7 sec. Using Eq.
(49) we plot the temperature of the first and second models as
shown in Figs. 9 and 10. As shown in Fig 9. that the temper-
ature depends on the parameter 5. In Fig. 10 it is clear that
in early time the temperature is low which is a good environ-
ment to slow roll condition. Therefore, we are going to study
the matter content as a scalar field in the next section.

[oxnaovr TYCYPa, mom 19, Ne 4, 2016



30 ELECTRONICS, RADIO ENGINEERING, COMMUNICATIONS, AND COMPUTER SCIENCE

1.x 102 Where ¢? represents a kinetic term of the inflaton and V()
is its potential. Accordingly, the inflaton equation-of-state pa-
8 x 101 rameter wy, := p,y/p, = —1, where V(¢) > @*. This assump-
tion (slow-roll) can not be justified unless the temperature at
- this episode is very law.
gé' * 10 Combining (50), (51), (35) and (36), we write the kinetic
= y and the potential of the scalar field
4.x 1077
Hf - fH
2. x 10241 ¢ (1) = ( J78 ), (52)
0% T T T ]
-20 -10 0 10 20 . i
t .
[— 005 —o=1 0=2] V(@) = 33 [f + (@ - _)f_ _] (53)

FIG. 10: The temperature of the second model In order to be consistent with literature we may use x> = 1/M;

with M, = 1.22 x 10" GeV. The above equations are consis-
tent with the scalar field background (Klein-Gordon) equation

V. MATTER AS A CANONICAL SCALAR FIELD of homogeneous scalar field in the expanding FRW universe
As is well known that standard inflationary models assume é+3Hp + av _ 0. (54)
a scalar field (inflaton) ¢, where its density and pressure are de
defined by
@
Py = 5 + V(p), (50) A. Model 1
@
Py = 5 V(). on Using Eqgs. (52) - (54) we get
pe - 2201+ w) X b [3 5+3w] [5] —-a’t? P [1 3(1+w)][ ] 2R2 55)
= ——| w ergeom|[=, —=—1,[35], ——— | — hypergeom >
602K2R,2 ypergeom\ly, Ty bk TR | T ivperseom Ly 0

and the potential has the form

—36‘2
28a2k2R)°(1 + w)(a?? — Ry?)?
5 7+3w, 7. —af

X hypergeom([z, T]’ [5], R

w(t) = [ 7/5R5(1 + w)([17/3 + wla'*t* - [5 + w]? R} — 2RyD[5/3 + wl[a*1* + R}]

) + (1 + w)*(@*? = Ro)a[7/3 + wl(B* + RG)*(5/3 + w)

7 33+ S—e
xhypergeom([z, ( . @), 5] ;’2 ) + TR+ w)([20/9 + wla®® — 8/9[15/8 + wla*r'R?
0

3 5+3 5. —a*t?

~5/9Ry*2a*(16/5 + w) — 1/9R,®) x hypergeom([z, T‘”], 5 1‘;2 ) 14/3RS([4/3 + wla*r*
0
3(1 + —a?1?

4/3[3/2 + WIQPPRE = 1/3Ro*w) X hypergeom|[<, 20D (2 TNy (56)

27 2 27 Ry?

|
where ¢, and V; are constants of integration. By the same method one can calculate the scalar field ¢

and the potential of the second model. Figures 10—14 shows
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FIG. 11: The Eq. of state of the scalar field of the first model model
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FIG. 12: The Eq. of state of the scalar field of the first model model

the behaviors of the equation of state of the scalar field for
positive and negative quantities of the constant of integration
Vo when the parameter w = 0.

B. Model 2
C. Energy conditions

In this subsection we investigate another major problem
that usually faces bouncing models, that is the violation of
the NEC, which gives rise to ghost instability problem. In the
case of a perfect fluid, these energy conditions strong energy
condition, SEC, and null energy condition ,NEC, must satisfy
p+p =0andp+3p > 0, while the weak energy condition,
WEC, and dominant energy condition, DEC, demand the fol-

31
0
_0.2.
Vy>0
-0.44
<
3
_0‘6.
-0.81
-1 T T T T T :
-4 -2 0 2 4

FIG. 13: The Egq.
model

of state of the scalar field of the second model

-1
_]‘2.
-1.44

& V,<0

-1.61
-1.81

-2- T T T T T

-4 -2 0 2 4

FIG. 14: The Egq.
model

of state of the scalar field of the second model

lowing constrains p > 0 and p + p > 0.

We summaries the energy conditions of the perfect fluid as

Name For perfect fluid

Weak Ps =0, py+ps =05

Null Py + pg 205 (57)
Strong Py + Py 20, py+3ps=0;
Dominant P 2 1Py

Using the above conditions we plot the energy conditions of
the first and second models in figures 15 and 16. As clear from
these figures that the four energy conditions are fulfilled.
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FIG. 15: The energy conditions of the first model model
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FIG. 16: The energy conditions of the second model model

VI. CONCLUSION

The results of this study can be summarized as:
e The GR applications in cosmology are very limited.

e The f(T)-theories have more flexibility to overcome the
limitation of GR.

e The thermal evolution in general has the form © o a=3.
Figure (10) shows that at the early time the temperature
is low and this is a good environment to slow roll con-
ditions.

e The torsion gravity provides a good candidate to de-
scribe the bounce behavior at early time (to wash the
anisotropies).

e The canonical scalar field matter in f(7") does not vio-
late the NEC.
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Hawen Jix." %3 u Xanadu B. Dap'*?

! Lentp Teoperuueckoit pu3nku,
Bpuranckuii ynusepcuret B Erunre

? Kagenpa MaTeMaTHKH, GaKy/IbTeT HAYK,
YHusepcuret Aiin Hlamc

? Erumerckas rpyIia OTHOCHTETbHOCTH

Hamex 1., Xanadpu B. Db
IMocrpoenue f(T)-Teopun u3 KoJedaouIeics
Bcenennoii ®puamana

[Tokazano, uro TenemapamienbHas f{T)-rpaBUTauss MOXET
MPEIOCTABUTH COBMECTHMBIC BEPCHH KOCMOJIOTUH KOJICOAHHIA.
B nmanHO# paboTe OBUIM U3YUYCHBI JBE MOJCIU KOJICOTIOIIMXCS
BCEJICHHBIX, OMHCAHbl UX (pa30BbIe MOPTPETHI MOCPEACTBOM

MOCTPOEHUST MoJenel (a3oBoro mpocrpancTsa. Take 00Cy-
JKJIaeTCsl TpoIlece TepMalHu3anuy BceneHHOW BO BpeMs Iie-
puona KoieOaHMH. 3aHOBO HANMCaHBI PEIICHHS B paMKax
TeopuM DHHIITEHHA C LENbI0 ONHCAaHMs I'paBUTAllUU Kpyue-
HHS KaK JIONOJIHUTENIBHOW cTerneHu cBoOoabl. M3yueHa 5Bo-
JIIOLMS ypaBHEHUsS COCTOSIHUS KpydeHus skuzakocteil. [lomyc-
Kasi, YTO UCCIEAYEMbIi KOMIIOHEHT SBIAETCS KaHOHUYECKUM
CKaJISIpHBIM TIOJIEM, TOMy4eHbI MOTEHIMaNbl oOIacTed cka-
JSIpHOTO MO, BhI3BaHHBIE f{T)-rpaBuTarmeil IByX Ipemio-
JKEHHBIX Mojeneil. MccienoBaHa SBONIONHS YPaBHEHHS CO-
CTOSIHUSI CKQISIPHOTO IIOJSI BO BpeMs IepHuoia KoJeOaHWs.
JlomoTHATENEHO OBUTH HM3YYeHBl JHEPTeTHYECKHE YCIOBHS
IBYX Mozened. B 3axiouenune, o6cyxknaercs 000CHOBaHHOCTb
MEJUICHHOTO BPAIlleHUs] B KOCMOJIOTHH KOJIeOaHuU.
KaroueBble ciioBa: uHQIALMS, CKAIIPHOE TI0JIe, TeJenepa-
JETU3M.
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A.V. Timoshkin

Viscous fluid model in inflationary universe avoiding self-reproduction

We consider the description for the inflationary universe produced by viscous fluid in a flat Friedmann-Lemaitre-
Robertson-Walker geometry. We have obtained the conditions of the existence regime of the inflation without self-
reproduction for the theoretical inflationary model which agree with last results of the Planck satellite data.

Keywords: inflation, equation of state, viscosity, spectral index, tensor-to-scalar ratio.

doi: 10.21293/1818-0442-2016-19-4-34-37

Recent observational data obtained in the BICEP2
experiment [1] and the Planck observational results for
cosmic inflation [2, 3] lead to more detailed studying of
inflation. Inflationary theory describes the very early
intermediate stage of the evolution of the Universe. The
stage of inflation can be extremely short, but the uni-
verse within this time becomes exponentially large.

However, the inflationary theory has the problems
of multiversity, predictability and initial conditions. The
inflationary scenario which avoids self-reproduction and
resolves these problems has been proposed in [4]. There
are several different regimes which are possible in infla-
tionary cosmology. We consider the simplest regime that
is inflation without self-reproduction. In this scenario
the universe is not stationary. Self-reproduction of the
inflationary universe does not allow inflation to finish, it
would never end.

It is shown in [5], F(R) inflation without self-
reproduction may be formulated analogously with the

corresponding scalar models considered in [4]. The de-
scription of inflationary universe from perfect fluid and
F(R) gravity and its comparison with observational
data was considered in [6]. A general review of infla-
tionary cosmology and resolution problems of multiver-
sity and initial conditions is given in [7].

In order to avoid the self-reproduction at the infla-
tionary universe the thermodynamic parameter in the
equation of state must simultaneously satisfy the follow-
ing requirements [4]:

1+ (;)(N ) =1 at N=1 (to have graceful exit),

1+03(N)S§ at N=N,, 1))

(to solve initial condition problem); 1+m(N)<<I for
1<N <N, (inflation); 1+w(N)>g(N) for 1<N<N,,

(no self-reproduction).

Further, we will consider the description of infla-
tion with viscosity in terms of inhomogeneous equation
of state with e-folding parameter N, which is defined
through the scale factor a as a:aoefN , where aq is a
constant and (o(N) is the equation of state parameter.
The number e-folds play a role of time. The energy den-
sity of the Planck unit s(N ) is connected with energy

density of the usual unit by relation &(N ):k4p(N ).

The inhomogeneous fluids in terms time-dependent
equation of state in the presence of viscosity were con-
sidered in papers [9—12]. Inhomogeneous fluid cosmol-
ogy may be interpreted as modified gravity [13, 14].
Various examples inhomogeneous viscous coupled flu-
ids were investigated in [15-17]. Paper [18] was de-
voted to inflationary cosmological models with viscous
coupled fluids.

In this article we will reproduce the inflation by us-
ing an inhomogeneous equation of state parameter and
formulate the conditions for existence of inflation in the
regime of no self-reproduction for the viscous fluid
models satisfying the Planck and BICEP2 results.

Inflationary model with viscosity avoiding
self-reproduction

We will investigate the conditions in the early-time
universe which allow avoiding the regime of self-
reproduction. These conditions are described in terms of
the equation of state parameter and the bulk viscosity.
Note that we consider the inflation in absence of the
matter. Further, we apply the formalism of inhomogene-
ous viscous fluid in a flat Freedman-Lemaitre-
Robertson-Walker (FLRM) space-time.

The gravitational field equations for a perfect fluid
in the FLRM space-time have the following form:

p'(N)+3[P(N)+p(N)]=0.
2 , 2
_k_zH(N)H (N)=p+P.
Here the Hubble parameter is defined as H Ef’
a

where a(t) is the scale factor and k> =8nG with G be-
ing Newton's gravitational constant. The dot denotes the
derivative with respect to time ¢. P and p are the
pressure and energy density of the perfect fluid respec-
tively. Here the prime operating p'(N) and H'(N)
means the derivative with respect to e-folding parameter
dp(N dH(N

N, that is p’(N)EM and H'(N)EL.

dN dN

We now write the Friedmann’s equation for the

Hubble parameter:

3

k—sz(N):p. 3)

We take the equation of state to have the inhomo-
geneous form:
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P(N)=o(N)p(N)+E(N), 4
where {(N) is the viscosity.
Further we will study the conditions (1) for the in-
flationary model with viscosity on the subject avoiding
the self-reproduction.

Let us consider the following linear form of the
Hubble parameter [6]:

H(N)=GyN+G, 5)
where Gy <0 and G} >0 are the parameters.
We choose viscosity to be proportional to the
square of the parameter H [18]:
L(N)=6H%(N), (6)
where 0 is positive dimensional constant. In geometric
units, its dimension is equal [8]=cm 2.

Using the gravitational equation of motion (2) with
(5) and (6), we obtain the expression for the thermody-
namic parameter:

1| 2Gy 2
®(N)=-1-= +k°0|. 7
e o) ?
The second term in the square bracket represents
the contribution of the viscosity.
Therefore, the equation of state (4) reads:

p(N)={—l— Ii(G]ng(N). ®

Now we define conditions, when the thermody-
namic parameter (7) in the equation of state satisfies
simultaneously all requirements of avoiding self-
reproduction (1). Checking condition (1a), we obtain:

1( 2|G|
0=—1y| " _3|. 9
kz[GoJrGl j ©)

Here |G0|<G1<§|G0|, because 6>0. From the

condition (1b) we become the meaning of e-folding pa-
rameter N at the beginning of inflation:

G2
" G|l 2+k%
Thus, initial condition problem is solved at
N=N,,.
Inflation take place if condition (lc) is fulfilled,
that is

(10)

1<N<i—%:N,’n. (11)
Gol 3+k%0
Consequently, the conditions (1b—1c) can simulta-
neously be satisfied if we assume that 1<N<N,
(N <N,,). Now we consider the condition (1d) «no
self-reproduction» of inflation. Taken into account (7),
this condition can be simplified as:
3 2Gy
9H (N)+6H(N)+k—2<0. (12)

The inequality (12) has the solution:

1<N<L Gl—z\/ECthOL , (13)
|Gol 3V3

3
2 —
where tgo=3|tg larctgk—(gj2 , |(1|S£. From the
2 T3Go[\3 4

comparison (10) and (13) in order to avoid initial condi-
tion problem it is necessary that took place the follow-
ing dependence between the parameters:

2
Gy +Gy ZE\/gcthOL. (14)

Thus, we have obtained for the inflationary model
with linear form for A the equation of state in the form
(8). If we want to avoid the self-reproduction and the
problem of initial conditions, the thermodynamic pa-
rameter (7) in the equation of state must simultaneously
satisfy the requirements (9), (10) and (14).

Comparison of inflationary model with
observational data

In this section we will calculate the inflationary pa-
rameters and consider the correspondence between the
spectral index and tensor-to-scalar ratio with Planck and
BICEP2 data.

At first calculate the so called «slow-roll» slope pa-
rameter [8]:

—%. (15)
H

For the linear form of the Hubble parameter (6) it

is equal:

eE=

g=—1 (16)

In order to have acceleration, one must require
€<1. In our case that corresponds:

G —|Gy|
Gol

Another important «slow-roll» parameter in study-
ing inflation is calculated by [8]:

I<N< 17

1
=g———¢. 18
n=e-— (18)
I our case it take place nzg. The power spectrum
is [8]:
2772
ap = (19)
8ne
With equations (5) and (36) we find
K (GoN+G,)
py KGN+ G (20)

e
Taking into account the «slow-roll» parameters,
one can calculate the spectral index n, and the tensor-
to-scalar ratio 7 :
ng=1-6e+2n, r=I16e. (21)
We obtain
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5G| _16]Gy|
GON+Gl ’ _GON+G1 .
From the observation results by the Planck satel-
lite, it is obtained that n,=0.9603+0.0073 . The satis-

faction with this result can be reach if we require that

Gol
———=0.00794+0.000146 .
G()N + Gl
The relation between the equation of state parame-
ter and tensor-to-scalar ratio has a view:

ng =1 (22)

r 1 9
N)=-1+——=k"0. 23
o(N)=-1+—7 -2 (23)

Let us consider the generalization of the linear
form for Hubble parameter:

H(N)=GyN" +G, (24)
where the parameter n is positive integer, Gy <0 and
G1 >0.

We will check correspondence this theoretical
model with Planck observational data. At first we calcu-
late the slow-roll parameters:

AGINTT 1 e
€ I , M 2[8 N ) (25)
It take place the regime of the universe accelera-
tion, if fulfills the inequality e<Il. In our case it is
equivalent the following condition:
NN -G (26)
Gl

For example, at n=2 we obtain the solution:

G
I<N<—-1+ |[I+—. 27
' [Gol

Let us consider the asymptotic case, when N>>1.
Then, the inequality (26) simplifies and by keeping only
order term we obtain:

S
Gl
From here the e-folding parameter N changes in

1

N" (28)

the region 1<<N< G | .
Gl

Now, we find the power spectrum:

) _k2 (GON” +G1)3

AR=——F—ry—. (29)
8nn|G0|N "
The spectral index ng and the tensor-to-scalar ratio
r are equal:
-1 161|Go| N
ng=1-5¢-"— r= %ol . (30)
N G()Nn + Gl

Further, we discuss the coincidence of this infla-
tionary model with Planck observation results. For the
reproducing of the observations it is necessary to de-
mand:

(4n+1)|Go|N" +(n—-1)Gy
N(G()Nn + Gl)

=0.0397+0.0073 . (31)

Another restriction looks as:
n|G0|N nl
G()N "y G1

Thus, we conclude the capacity of this model to
describe the evolution of the inflationary universe.

Conclusion

In this paper we have considered the description of
inflation in perfect fluid model taking into account the
viscosity properties in a Friedmann-Lemaitre-Robert-
son-Walker flat space-time. We paid attention to condi-
tions, which are necessary to avoid the self-reproduction
of the very-early universe in the inflationary epoch. For
this purpose the expressions for thermodynamic pa-
rameter in the equation of state for three inflationary
models in terms of the number of e -folds are obtained.
We have analyzed in every model the conditions of “no
self-reproduction” proposed in paper [4]. It is demon-
strated that perfect fluid description may lead to such
inflationary universe. The expressions for spectral in-
dex, the tensor-to-scalar ratio and power spectrum are
calculated. Also we have expressed the thermodynamic
parameter via tensor-to-scalar ratio and the viscosity.
The detailed consideration of this problem one can find
in [19].

This work was supported by a grant from the Rus-
sian Ministry of Education and Science; project TSPU-
139 (A.V.T)).
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Tumorkun A.B.
Moaenb BSI3KOI KHAKOCTH B HH(ISIIUOHHOT
Bcenennoii 6e3 camoBocnpou3BeaeHust

PaccmatpuBaercs omucanue WHQISAIHOHHOW —BceneHHOI,
WHTyIIAPOBAHHOU BS3KOH JKHAIAKOCTBHIO B TUIOCKOH T€OMETPHH
dpunmana—Slemerpa—Pobdeprcona—Yokepa. [lomaydensl ycio-
BUS CYIECTBOBAHUS PeKUMa HMHOIAIUK 03 CaMOBOCIIPOM3-
BE/ICHUS] B TEOPETHYCCKON MoOIenu HH(IALHH, KOTOpas co-
IJIacyeTcs ¢ MOCIEeAHUMH JaHHBIMH CITyTHUKOB [1manKa.
KiwueBble cioBa: WHQUANHUS, YypaBHEHHE COCTOSHHS,
BSI3KOCTb, CIICKTPAIbHBIN MHIIEKC, CKAJIIPHO-TEH30pPHOE OTHO-
HICHHE.
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Abstract

In this paper we would like to report about recent
research related to the accelerated expansion of
large scale universe due to a specific form of a
holographic dark energy model with Nojiri-Odintsov
cut-off including a specific form of parametrization of
viscosity. Results presented here have been discussed
during QFTG 2016 and SCD 2016 at Tomsk.
keywords: accelerated expansion, the large-scale
universe, dark energy.

1 Introduction

The accelerated expansion of large scale universe is
one of long standing problems of physics puzzling
researchers [1] - [3]. A short review of literature
on problems of modern cosmology shows that
mainly three directions were developed to solve
it (and related problems). In general, according
to recent understanding of physics of large scale
universe DE (= 70%) provides acceleration to
expanding universe; it takes the properties to be
mysterious with negative pressure working against
gravity [4] (and references threin). In modern
cosmology, cosmological constant is the simplest
model of DE ever suggested. However, mainly two
problems arise with that model discussed in recent
literature very intensively [5] (and references therein).
In particular, fine - tuning problem indicating
absence of a fundamental mechanism, which sets
cosmological constant to zero or to a very small value,
because in the framework of quantum field theory,
the expectation value of the vacuum energy is 123
order of magnitude larger than the observed value.

*Email:khurshudyan@yandex.ru

One of the first approaches for solving the mentioned
problems is based on dynamical DE models. One of
the first models of varying DE considered in literature
is the varying cosmological constant having mainly
a phenomenological origin [6], [7] (and references
therein). Among DE models are quintessence,
phantom and quinton DE models, holographic and
tachyonic DE models (see Ref. [4] and references
therein). An active discussion is hold on the
accelerated expansion of large scale universe involving
dark fluids — Chaplygin gas (and its modifications),
van der Waals gas and polytropic gas involving also
viscosity, among others see [8] - [24] and references
therein. On the other hand, various modifications of
the field equations on the lagrangian level have been
considered as more fundamental giving a wide range
of modified GR theories [25], [26] (and references
therein). Consideration of modified GR promises new
insight into understanding of universe (and it is one
of the hot topics for study). Due to the fact, that
all approaches aim to explain available observational
data and the constraints on the models are imposed
by them, it is necessary to have appropriate tools to
distinguish suggested models from each other [27] -
[31]. Recently, in Ref [32] an attempt to explore
nature of accelerated expansion of large scale universe
has been taken. Model considered in Ref. [32] involves
a generalized holographic DE model with a Nojiri -
Odintsov cut - off and pressureless CDM. For the first
time the generalized holographic DE with the Nojiri-
Odintsov cut - off defined as

3¢?

ﬁa (1)

PDE =

with

(2)

c 1 9
Z = Ff I:OéO + Oé]Lf + O{QLf:I
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where Ly it is the future horizon and defined as 2 Cosmography
To simplify discussion relevant with recent

o dt
=af % @
while ¢, ag, a1 and as are numerical constants, has
been considered in Ref [12]. Considered model of
DE gives possibility of unifying of early - time and
late - time universe based on phantom cosmology.
Moreover, one of interesting results (among others)
discussed in Ref. [12] is related to possibility of
phantom — non-phantom transition, which appears
in such a way that universe could have effectively
phantom equation of state at early - time as well as
at late - time. In this paper, we would like to consider
different possibility replacing CDM with viscous dark
fluid of a certain type (conditionally named DM)

(4)

where «, x and 3 are parameters to be determined
from observations and giving positive energy density
for the fluid. The dynamics of the background for
considered toy model is assumed to be GR. Moreover,
if there is non - gravitational dynamics between these
components (which is known as interaction), then to
describe the dynamics of energy densities we should
have

Ppy = —pou + pHar + xH?,

()
(6)

where wpg is EoS parameter of DE and wpjs is EoS
parameter of DM. In particular, we will consider the
following form of interaction

ppe +3Hppr(l+wpg) = —Q,

ppm +3Hppu (1 +wpm) = Q,

(7)

and compare results with a different model assuming
the following form of sign changeable interaction

Q =3Hb(ppE + ppMm),

Q = 3Hbq(ppE + ppM), (8)
where b is positive constants for both cases.

The paper is organized as follows: In section 2 we
will present and discuss results from cosmographic
analysis of models involving different forms of
interaction. In section 3 we will study the models
involving Om and two point Om analysis. Moreover,
validity of generalized second law of thermodynamics
is demonstrated. Finally, a discussion on obtained
results and possible future extension of considered
cosmological models are summarized in section 4.

observational data, as in case of Ref. [32], the
following constraints g € [0,1], a1 € [0,1] and
as € [0,1] on parameters of the generalized
holographic Nojiri - Odintsov DE model are taken
into account. Moreover, the best fit of theoretical
results with distance modulus has been considered.
In this case non - interacting model describes by the
following deceleration parameter

72\/ QdeLf(Oél + 2a2Lf) — HQde(Lf + 1)
= +
2H2L;

q

Ly (H? + Ppy)

9
2HL; ©)

Fig. (1) represents the graphical behavior of the
deceleration parameter, Qpg, Qprr, wpe and wpys
versus redshift for different values of viscosity
parameter .

The top - left plot of Fig. (1) demonstrates
decreasing nature of the deceleration parameter g
indicating present day value increase of it with
increase of x. Moreover, observed increase of
present day value of the deceleration parameter
significantly affects on transition redshift z;., in
particular, increase of x brings appropriate decrease
of transition redshift z;.. The top - right plot
of Fig. (1) demonstrates the graphical behavior
of Qpr and Qp)s parameters versus redshift z
and that the model is free from cosmological
coincidence problem. Interesting behavior has been
observed for EoS parameter of DE. In particular,
bottom - left plot demonstrates that during
considered period of evolution wpg < 0, moreover,
decreasing and increasing nature of EoS parameter
provides phantom crossing in near past giving
present day value of wpp well comparable with
recent observational data. In summary, behavior
of wpg indicates transitions between either past
phantom universe, or quintessence universe and
recent quintessence universe. This is due to viscosity,
which in its turn gives to wpjys graphical behavior
presented in bottom - right plot of Fig. (1). From
this plot we see, that there is a specific range of
the model parameters, when wpy; — 0. This case
is interesting since, in standard model of cosmology
matter is assumed to be pressureless. The values
of model parameters corresponding to this case are
a =115y =01,8 =12 a; = 0.15, oy = 0.2,
ags = 0.25 with Hy = 0.7 and Qpys = 0.27. It can
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be also seen that depends on the value of viscous
parameter x at low redshifts matter described by
Eq. (4) can be either DE, or usual matter. On the
other hand at higher redshiht it is always matter
with wpps > 0. During our study we also found
another interesting behavior of the matter given
by Eq. (4) which can be interesting for another
research. In particular, with o« = 0.85 and y =
—0.1 wpyr — 0 can be observed, however, in
this case during considered redshifts of evolution
it will be a fluid with wpys < 0 only. Presented,
both possibilities are interesting for further study, in
particular, it will be interesting to study structure
formation problem and understand about impact
of the viscosity on the process corresponding to
mention regimes. Comparison of the behavior of
the deceleration parameter ¢ and wpg for various
values of a parameters for y = —0.1 and x =
0.1 showed that for lower values of « only ever
accelerated expanding universe will be observed.
On the other hand, transition universe will be
observed with increasing of a giving decreasing
transition redshift z;. with decreasing present day
value deceleration parameter. On the other hand,
we would like to indicate particular behavior of the
deceleration parameter ¢ for « = 0.85 and x = 0.1
indicating expansion with ¢ = 0 for z € [1.1, 2.0].

2.1 Interacting model 1

There are various reasons to consider interacting DE
models and some of them is cosmological coincidence
problem. However, analysis presented in previous
section demonstrated that suggested model is free
from mentioned problem. On the other hand, study
of the models involving interaction between dark
components today is actual due to other reasons,
for instance, relevant for structure formation study
since interaction can leave unique impact in dynamics
of universe and within observed structures shed the
light on the physics of early universe. There are
already well known forms of interactions considered
in literature very intensively and one of them is given
by Eq. (7). Consideration of it here, gives a model of
universe, where EoS of DE reads as

3bH?L + 2\/QDE£JC —|—HQDE(LJ£ + 1)
3H2L,Qpp

WpE = —

(10)
While the form of the deceleration parameter

L ((1 - 3b)H2 + PD]W) — 2\/QDE.if _
2H?L

q:

HQDE(Lf + 1)
2H2L ’
indicates phase transition between decelerated and
accelerated expansions. Considered interaction will
increase transition redshift z;. and decrease present
day value of the deceleration parameter with
increasing interaction parameter b (for a = 1.15,
B =12, a9 =0.15 a; = 0.2, ag = 0.25, Hy = 0.7
and Qpyr = 0.27). Study of this case shows that non
- gravitational interaction for y = 0.1 will not change
nature of DM, Eq. (4), while with x = —0.1 situation
is different, namely, during evolution the sign of wps
will be changed indicating that at low redshift DM,
Eq. (4), will evolve to DE. On the other hand, we
found that non - gravitational interaction between
considered dark components allows evolution of DE
connecting early phantom phase (independently from
sing of x) with phantom phase of large scale universe.
In both cases theoretical results are consistent with
observational data.

(11)

2.2 Interacting model 2

To complete our study, we consider sign changeable
interaction, Eq. (8), and found that such universe
has the deceleration parameter with the graphical
behavior presented in top panel of Fig. (2) indicating
that increase of b will increase present day value of
it for x = 0.1 and x = —0.1. On the other hand,
increase of b will decrease z;, for both cases. Bottom
panel of Fig. (2) represents the graphical behavior
of wpr and demonstrates that both cases (x = 0.1
and Y = —0.1) can be supported by observational
data, therefore, it is hard to conclude which one of
considered models is favorable.

3 Om analysis and

thermodynamics

Interesting aspect in study of accelerated expansion
of low redshift universe and DE involves development
of tools able to analyze models from different
perspective. In this section we will concentrate our
attention on Om analysis with

z?—1

Om:7(1+z)371’

(12)
where x = H/Hy and Hy to be the value of the

Hubble parameter at z = 0. It is assumed that if
different trajectories have been obtained, then the
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models are different. On the other hand, Om analysis
has been generalized to three-point diagnostic Om3
and also to the two point Om

2(22)? — x(27)

1+ 22)2— (1+21)2

Om(zz,21) = (13)
Later, a small modification of two point Om has
been suggested (Omh?) in Ref. [35] and according to
results for z; = 0, zo = 0.57 and z3 = 2.34 reported
in Ref. [35] the values for two point Omh? are

Omh?(z1; 22) = 0.124 & 0.045,

Omh?(zy; 23) = 0.122 £0.01,
Omh?(z2; 23) = 0.122 + 0.012, (14)

while for ACDM the value is Omh? = 0.1426.
Estimated values of Omh? for non - interacting
model are presented in Table 1. It is evident, that
with a = 0.95 and x = 0.1 gives correct behavior
for Omh?. Moreover, already from studied behavior
of cosmological parameters it has been seen, that
x = 0.1 case is slightly favorable than y =
—0.1 one (in scope of considered constraints on
other parameters of the model). Combining obtained
results we conclude, that for non - interacting model
a € (0.94,1.18) should be considered in future for
x = 0.1. Simple estimation of Omh? for other two
cases indicates that, when interaction is given by
Eq. (7) correct behavior for Omh? can be obtained
with x = —0.1, b = 0.03 (even for higher values of b)
and o = 0.15. On the other hand, when interaction is
given by Eq. (8), then again a narrow range around
x = —0.1 will be favorable. To finalize study of
suggested cosmological models question of validity of
generalized second law of thermodynamics has been
organized. Fig. (3) represents the graphical behavior
of Om parameter and demonstrates validity of
generalized second law of thermodynamics in absence
of non - gravitational interaction. The validity of
generalized second law of thermodynamics has been
checked also for interacting models. The validity of
generalized second law of thermodynamics has been
studied taking into account that

Stot = Sge + Sam + Sh, (15)
where S;, = 872L? it is the entropy associated with
the horizon, while Sy, and Sy are the entropy
associated with the dark matter and the dark energy,
respectively, while dot represents the time derivative,
which has been replaced by the derivative with

respect to redshift z. To obtain mentioned graphical
behavior the following

TdS; = dE; + PV, (16)

with

E; = piV, (17)
for each component has been taken into account,
where V is the volume of the system defined as follows

_dn
T3

%4 L3 (18)

4 Discussion

In this paper cosmological models are considered
where two assumptions concerning to dark
components are under consideration. In particular,
it is assumed that one of dark components can be
a model of generalized holographic DE with Nojiri
- Odintsov cut - off of a specific form. The second
dark component has been assumed to be viscous
inhomogeneous fluid conditionally named DM.
Moreover, two different type of non - gravitational
interactions were taken into account having in
mind that performed analysis will be used in future
during study of structure formation. Cosmographic
analysis of non - interacting model revealed that
the model is free from cosmological coincidence
problem, moreover, transition between decelerated
and acceleration expansion phases exist. On the
other hand, it has been observed, that decreasing of
viscosity parameter y will change nature of DE from
phantom to quintessence (at higher redshifts), while
at lower redshifts it is always a model of quintessence
DE. Study of EoS of viscous fluid shows that it
is usual fluid with wpy; > 0 at higher redshifts,
but at lower redshifts it can evolve either into DE,
or will continue to be usual fluid, for appropriate
values of x. Interesting feature of considered viscus
fluid is transformation into pressureless fluid with
wpys- Having this in mind, we consider two models
involving two forms of interaction and observed that
there are crucial aspects in dynamics of cosmological
parameters differ observed for non - interacting
model. In particular, we observed that in interacting
models transitions are only between early time
phantom and late time phantom universes. However,
this helps also to have transition universe free
from cosmological coincidence problem. It has been
observed that increase of interaction parameter b
will increase transition redshift, when interaction is
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given by Eq. (7), while when interaction is given
by Eq. (8), then transition redshift will decrease. In
the last section of this work within the graphical
behavior of the dynamics of entropy the validity
of generalized second law has been demonstrated.
Moreover, taking into account modified two point
Omh? analysis and estimated values of it for z; = 0,
zo = 0.57 and 23 = 2.34, it has been found that
for non - interacting model xy = 0.1 is slightly
favorable case then y = —0.1. Recall, that y = 0.1
provides DM model which with wpy; > 0 evolves to
pressureless fluid with wpy; = 0. However, considered
interactions support models with x = —0.1 providing
DM to be a quintessence DE in recent universe.
Discussed results are consistent with PLANCK 2015
constraints [36], however, for comprehensive picture
a detailed study of the models within x? should
be organized. This we left to be discussed with
structure formation study. On the other hand, due
to the behavior of wpg at low redshifts interesting
discussion can be organized involving study on
future type singularities [37]. It is also possible to
consider different forms of non - linear and non -
linear sign changeable interactions involving different
parameterizations of viscosity. Moreover, it will
be interesting to study suggested model in case of
existence of extra dimensions, since consideration
of such situation provides modification of GR and
solutions to problems of modern cosmology.
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Figure 1: The graphical behavior of the deceleration parameter ¢ and Qpg (solid lines) with Qpys (dashed
lines) versus redshift z is presented by the top panel. The bottom panel represents the graphical behavior of
wpg and wpys. Presented behavior for Qpp and Qpg is according to the same value of parameters as for ¢,

wpg and wpys. Presented graphical behavior corresponds to non - interacting model.

(x, o, b) Omh?(z1,22) | Omh?(z1,23) | Omh? (29, 23)
(—0. 25 1.15,0) | 0.064 0.085 0.086
(—0.1,1.15,0) | 0.099 0.174 0.181
(0,1.15,0) 0.126 0.255 0.266
(0.1,1.15,0) | 0.153 0.355 0.372
(0.25,1.15,0) 0.196 0.549 0.579
(—0.1,0.75,0) 0.127 0.062 0.056
(—0.1,0.85,0) 0.122 0.073 0.069
(—0.1,0.95,0) 0.115 0.091 0.089
(-0.1,1.2,0) 0.096 0.222 0.233
(0.1,0.75,0) 0.167 0.082 0.075
(0.1,0.85,0) 0.165 0.102 0.097
(0.1,0.95,0) 0.162 0.136 0.133
(0.1,1.2,0) 0.151 0.547 0.582

Table 1: Estimated values of Omh? for non - interacting model
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Figure 2: The graphical behavior of the deceleration parameter ¢ and wpg versus redshift z corresponding
to interacting model with interaction given by Eq. (8). The left panel corresponds x = 0.1 case, while the
case corresponding x = —0.1 is presented on the right panel. « = 0.15, Hy = 0.7 and Qpy = 0.27
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Figure 3: The graphical behavior of Om versus redshift z corresponds to the left plot. The right plot represents
validity of generalized second law of thermodynamics. The case corresponds to non - interacting model
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UDC 524.68

A.A. Potapov, G.M. Garipova, K.K. Nandi

Perfect fluid dark matter model revisited

We revisit certain features of an assumed spherically symmetric perfect fluid dark matter halo in the light of the ob-
served data of our galaxy, the Milky Way (MW). The idea is to apply the Faber-Visser approach of combined observa-
tions of rotation curves and lensing to a first post-Newtonian approximation to «measure» the equation of state (r) of
the perfect fluid galactic halo. However, for the model considered here, no constraints from lensing are used as it will be
sufficient to consider only the rotation curve observations. The lensing mass together with other masses will be just

computed using recent data.

Keywords: dark matter, perfect fluid, equation of state, galactic masses.

doi: 10.21293/1818-0442-2016-19-4-46-49

Dark matter is at the core of modern astrophysics.
Many well known theoretical models for dark matter
exist in the literature. In this paper, we shall revisit the
model of perfect fluid dark matter, developed in Ref.
[1], in the light of the observed/inferred data of our gal-
axy. The solution may be thought of as a dark matter
induced spacetime embedded in a static cosmological
Friedmann-Lemaitre-Robertson-Walker (FLRW) back-
ground. The model considered here assumes that a
spherical dark matter distribution is the only gravitating
source. Actually, there is practically little dark matter
hidden in the disk. Hence, to explain the rotation curve
measurements, we are forced to assume that dark matter
in the halo region is spherically distributed and, if it is
non-baryonic, would not be expected to collapse into a
disk-like structure.

The general static spherically symmetric space-
time is represented by the following metric:

ds® = —ev(r)dt2 + e)\(r)dr2 472 (d62 +sin? Od(pz), )

where the functions v(r) and A(r) are the metric po-

tentials. For the perfect fluid, the matter energy momen-
t
Iy = p(i’ )3

T :Tee =Tg = p(r), where p(r) is the energy density,

tum  tensor TBOL is given by

p(r) is the isotropic pressure. Considering flat rotation

curve as an input, an exact solution of Einstein field
equations is derived in [1]:

&) =By @
) :£+2’ 3)
a ra
4(1+1)-12
:——’ 4
¢ 241 @
4
=, 5
T ©)
1=2v2/cd, (6)

where By>0, D are integration constants and v, is

the circular velocity of stable circular hydrogen gas or-
bits treated as probe particles. The exact energy density
and pressure are

1(2-1)

1| I(4-1) _, D(6-I)1+!
P)= 5 4+(41—32r i 2+)§ Y
: 12 1(2-1)
p(r) r72+D(l+l)r 2+, (8)

8| 4441—12

The free adjustable parameter D, having the di-
mension of (length) 7, in the solution is extremely sensi-
tive and its value can be decided only by observed phys-
ical constraints. In the present case, the constraint is that
the galactic fluid be non-exotic and attractive, i.e., the
equation of state parameter o(r)=p(r)/p(r)=0 must

hold within the halo radius.
In Ref. [2] Faber and Visser considered the metric
in the form
dr?
2m (r)
1=/
r
Comparing it with the metric (1), we have

_ r(l—c/a—D/ra)

ds? :_eZCD(’)dtz + +r2 (d92 +sin? Od(pz). 9)

m(r) - — (10)
(D(r)zlogBo;-llogr. an

The potentials ®gc(r) and @, (r), obtained

respectively from the rotation curve data and gravita-
tional lensing observations, are derived to be
_logBy +!logr

Ore(r) - 5 (12)
0] (r):q)(r)_,_lj‘m(r)dr:logli’o +llogr+
Lens > 5 72 1
4(1+1)-12
D(I+2)r 2+ +I(I-4)logr

(13)

4(12 —41—4)
When the pressures and matter fluxes are small

compared to the mass-energy density then
@ pe (r) =D Lens (r) , otherwise they may not be equal.

One pseudo-mass, inferred from rotation curve
measurements, is given by
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mpc (r):r2®'(r):lr/2. (14)
Another pseudo-mass, obtained from lensing
measurements, is defined as

—a
, CDRC( ) m(r) r[a(l+l—Dr )—c}
+ = . (15)
2 2 4a
For the equation of state parameter for perfect flu-
id, we should evaluate @ and impose the constraint that
up to

Mo (r)=

r)+2p(r
ofr)= 2N 200) (16)
p(r)
which will provide a limit on D . From the first order
approximations of Einstein's equations, one obtains

p(r):zmiem@—mkc(r);“2‘”) [ +a*-D)r0)

4? 8ma (17)
2 'ens
pe () + 20 (r)= [’”RC4 Mo ()]
17
(-2-a)[ ,a_ 2 a
r cr —a“D+al(l-1)r" +D
= [ (( )” )} (18)
8na
Then Eq. (16) yields
w(r)zpr(r)+2p1(r)z2 ka(r) mLens( )
3p(r) 32m1:ens( ) mRC( )
¢ _a’D+a|(1-1)r*+D
Ritbiiani o) (19)

3[—0}’” + a(r” - D) + azD}
Observationally, such exact equalities as p, =p;

are impossible to attain. It follows that the difference in
dimensionless pressures is not zero but [3]

Pt (’)]:

_{[ch —rmLens]} . 0(27”’)2 _

_ A9 [cr“ +2a2D+a((l—l)ra +D)]' 0
8na

which is just the post-Newtonian version of isotropicity
of the perfect fluid. However, this value of the right
hand side for our galaxy is exceedingly small but not
exactly zero.

The next issue is whether the model is Newonian
or not, that is, how much of pressure contribution to
mass is there. For this, we need to compare the Newto-
nian mass given by Egs. (17) and (18),

r rla—c—ar ®D
My (r)=4n.(|;p(r) ( 2 )

and the mass in the first post-Newtonian approxima-
tion [2]

2
4TEV2 I:pr (r) - 7(mRC _mLens)_

rdr= 1)

[%

/
M,y (r):47tj(p+p, +2p,)r2dr:§. (22)
0

The Faber-Visser y -factor, designed to provide a
measure of the size of the pressure contribution, can be
obtained from Eq.(19)

M ens (7) _ 2+30(r)

r)= .

M=)~ 25 600)

There are recent works on constraining the mass

and extent of the Milky Way's halo. We shall use a

virial radius R,;-~200 kpc, and a virial mass

M‘,l~,,~1.5><1012 Solar masses [3]. We adopt them as
the halo radius and mass of our galaxy.

Our strategy is to first find (r) from the Faber-

(23)

Visser Eq. (19) using the input of v, (thatis, /) at some
radius 7. Next, within the halo boundary Ry ~200 kpc,
we impose the constraint ®(r<200kpc)>0 which

means attractive dark matter halo. At the boundary it-
self, we impose that OJ(RMw)IO thereby allowing for a

change of sign in ®(r) beyond the halo boundary. We
then analyze in detail the numerical limits on o(r) us-
ing the observed value of /and different signs of the

adjustable parameter D .
Following Xue et al [4], we take v.(60kpc)=

=175km/s which means /=2v/c§=6.80x10"". We
now consider three cases of signs of parameter D .

The case D=0 imply that the perfect fluid ap-
proximates to dust dark matter (see Fig. 1). The case
D<0 has a number of implications (Fig. 2). The last
sector has positive energy density and negative pressure
(Fig. 3), but the matter is not exotic as it still does not
violate the Null Energy Condition (NEC). For

D>—4.84><10718, the halo radius can be arbitrarily
shifted away from 200 kpc (Fig. 4), which means that
D can be adjusted to the possibility of having a larger
Milky Way halo than considered here.

M(). 1012 M,
1.4 /
12 /

1.0

0.8 /
0.6

0.4 /

02

r, kpe

50 100 150 200
Fig. 1. Dust-like dark matter case

The case D>0 signals the presence of non-
negligible pressure in the halo as opposed to the CDM
paradigm but also leads to a singularity in m(r) that can

only be arbitrarily shifted at will by choosing D but not
removed.
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Fig. 2. The case D<0
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Fig. 3. Positive energy density and negative pressure region
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Fig. 4. The galactic halo radius

In view of the consistency with the recent galactic
data we suggest an overall range ~4.84x10""8 <D<0
which in turn leads to 0<w(r)<2.8x107" for the per-

fect fluid singularity-free equation of state of dark mat-
ter. As we see, the values are concentrated around D~0
leading to a strong constraint of dust-like dark matter
which is supported also by CMB constraints [5, 6]. This
is the main result of our paper.
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[oranoB A.A., l'apunosa I'.M., Haagu K.K.
IlepecmoTp Moae/M HIeaTbHOMH )KMIKOCTH 110 OTHOIIEHUIO
K TeMHOIl MaTepuu

ITepecMaTpUBalOTCS HEKOTOpblE OCOOEHHOCTH CdepHyecKu
CHMMETPUYHOTO Tano MIEYHOTr0 IMyTH, HPEIIOI0KUTETEHO
00pa30BaHHOTO TEMHOW MaTepuel, KOTOpas MOXKET OBITh MO-
JeTMpOBaHa Kak HJeanbHasl )KHUIKOCTh, HA OCHOBE MMEIOIIHX-
csl HaOMoKaTeIbHBIX NaHHBIX. KiTtoueBas ujes COCTOUT B TOM,
4yroObl npumeHuTh (opmanusm Dabepa—Buccepa, kacaro-
MiCS KPUBOHM BpAILEHUS TAIAKTMKH WM TPAaBUTAlMOHHOTO
JIMH3UPOBAHUS, K NEPBOMY IOCTHBIOTOHOBCKOMY IpUOJIMKe-
HUIO, YTOOBI MIOJIyYHTh JaHHbIE 00 ypaBHEHUH COCTOSHHS O(7)
HeaTbHON XKUAKOCTH, hopMupytomeii rano. Boobie rosops,
JUISL TIPEATIONAraeMot 37eCh MOJEIH HET KeCTKUX OrpaHude-
HUl Ha ocHOBe 3(exTa TUH3MPOBAHUSA — OTPAHUUCHHS TOC-
TaTOYHBEIM 00pa30M BBOASATCS W3 IAHHBEIX, BHITEKAIOMIUX U3
KPHUBBIX BpamleHHs. Macca JMH3BI-MCTOYHHMKA M JPYTHE Xa-
PaKTEepUCTHKN BBIYHCICHBl C HCIIOJIBb30BAHUEM IIOCIEIHUX
JTaHHBIX.

KnrodeBble cioBa: TeMHas MaTepusi, HieanbHas >KHUIKOCTb,
YPaBHEHUE COCTOSIHHS, MAacChI FaJlaKTHUK.
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A.T. Nguyen, A.M. Korikov

Neural network model with fuzzy activation functions for time series

predictions

This study develops neural models using fuzzy activation functions to solve the problems of time series predictions.
Several fuzzy neural networks with different types of activation function are created. The paper shows the comparison
result between the feasibilities of these networks for solving time series prediction problems.

Keywords: fuzzy neural network, fuzzy activation function, membership function, time series predictions.
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In recent years, methods based on artificial intelli-
gence have been widely used to solve prediction prob-
lems for data provided in the time series form. Several
neural network models have been developed, such as
the feed-forward network and the Elman network mod-
els [1]. In this paper, we propose fuzzy neural networks
that utilize membership functions as activation functions
(AFs) to obtain time series solutions.

Modeling of membership functions as the
activation functions

According to literature [2], the fuzzy number is a
convex, normalized fuzzy set, whose membership func-

tion u(x) is at least segmentally continuous. Moreover,

p(x) must have a functional value at only one value of

x. This value of x is regarded as the mean of the fuzzy
number.

There are various different types of AF used in
neural networks. In this paper, we propose a new form
of membership function using the triangular fuzzy num-
ber N = (4, B, C), where 4, B and C are three specific
points.

The support of fuzzy number N is defined as fol-
low [2]:

supp(N):[A,C]: Ly (x)>0, Vxe[A,C].

The LR-type membership function, which is de-

fined by expression (1), is used in our paper [3].

ny (x,4,B,C)=1 . 7 (B’C]]; (D

where f7(x), fz(x), which have the form of second-
order polynomial, denote the left and right parts of the
membership function.

If f1(x), fr(x) are second-order polynomials and
their derivatives, equal zero at specific points, the mem-

bership function given by equation (1) could be given
by one of these expressions [3]:

mas o
mes e
mas e
mes o

The shapes of membership functions utilizing tri-
angular fuzzy numbers with the conditions (2)—(5) are
shown in Fig. 1.

C

Fig. 1. Membership functions with additional conditions: @ — conditions by equation (2);
b — conditions by equation (3); ¢ — conditions by equation (4); d — condition by equation (5)
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A fuzzy neural network is represented in a multi-
layer feed-forward network with AND — OR neurons
[4]. More details about the definitions of AND — OR
neurons can be found in [5]. The AND and OR fuzzy
neurons realize pure logic operations on the member-
ship values. The role of the connections is to differenti-
ate between particular levels of impact that the individ-
ual inputs might have on the result of aggregation.

The fuzzy neural network, which is mentioned
above, is termed the first-type fuzzy neural networks.
The present paper proposes the second-type fuzzy neu-
ral network model, whose AFs are given by Fig. 1. The
first-type fuzzy neural networks utilize fuzzy inference
systems by neural network methods. For the second-
type fuzzy neural network model, fuzziness is an attrib-
ute of neurons. Moreover, it is necessary to study the
third type of fuzzy neural network, which is formed by
combining the first and second types.

Application of the second-type fuzzy neural
network to solve the problem of time series
predictions

Time series are sequences of numbers having time-
dependent characteristics. A time series is usually repre-
sented by a vector x(¢), t = 0,1,....., where ¢ — elapsed
time.

Theoretically, the value of x changes continuously
with time ¢. However, for numerical analyses, signals of
physical systems are represented by series of discrete
data. The windowing method [6] is used to divide time
series into segments (windows), and then a training data
set is obtained. After using the windowing method with
the segments of size d, we can create the mapping set of
input-output data. The methods of so-called «theory of
experimenty [7] are used to process the data of the ex-
periment.

In this paper, we investigate the feasibility of the
second-type fuzzy neural network model for the prob-
lem of time series predictions.

The experiment uses the set of time series data,

on a NAR network [8]. The hidden layer comprises 200
neurons with fuzzy AFs. A linear AF is employed for the
output layer.

Table 1
Input-output data set
Input Output
x(1), x(2), x(3)......x(d) x(d+1)
x(2), x(3), x(4), ..., x(d+1) x(d+2)
x(n—d-1), x(n—d), x(n—d+1), ..., x(n-1) x(n)

Hidden layer Output layer

— x(#-1)

x(t-2)A>®\>

x(t-d) -

()

Fig. 2. Network structure

The training process is based on Levenberg-
Marquardt backpropagation procedure [8]. This training
function is the fastest backpropagation-type algorithm.
The Levenberg-Marquardt backpropagation algorithm
was designed to approximate the second-order deriva-
tive with no need to compute the Hessian matrix, there-
fore increasing the training speed. For the training proc-
ess, data are randomly divided with 70% used for train-
ing and 30% for testing.

Figure 3 shows the time-series response after train-
ing with our neural network when using ordinary.

By showing mean squared errors, Table 2 can con-
firms the accuracy of the prediction by each neural net-

which provides daily measured pollution for the last one work model.
and half years. The fuzzy neural network is built based
1 5 T T T T - T T T
T 14
80
=
=
=
S 13
=4 % Targets
2 12f % 4 + QOutputs | |
Errors
—Response
11 1 1 1 1 | | 1 1 |
0.1 . . . . |+ Targets - Outputsn
+ :
5 o e S, 0r o s o B ey
B 0T ;,me%m;m&@%.é’, N i
_0 . 1 1 1 | 1 1 | | 1 1 |
50 100 150 200 250 300 350 400 450 500
Time

Fig. 3. Time-series response by neural networks using ordinary AF
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Table 2
Mean squared errors by neural networks using ordinary and fuzzy AFs
Ordinary AF AF type a AF type b AF type ¢ AF type d
26x107 28x107° 19x10™ 27x107 25x107°

From the test results it follows that the mean
squared errors of predicted data are less than 5%. There-
fore, the neural networks with fuzzy activation functions
can be used for the problems of time series predictions
with an acceptable level of accuracy.

The results also showed that neural networks with
the fuzzy activation functions type b and type d can
provide more precise results than those by neural net-
work models with an ordinary activation function.

Conclusions

The paper shows that the model of second- type
fuzzy neural neuron and fuzzy neural network can well
solve the problems of time series predictions. Therefore,
neural networks with fuzzy impulse activation functions
may be commonly used in various fields, such as busi-
ness, medicine, science, etc. for some problems of clas-
sification, prediction, approximation, etc. For the next
studies, we will analyze the advantages of each fuzzy
activation function and when to use them.
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Hryen A.T., Kopuxos A.M.
Mopeanb HelipOHHOM ceTH ¢ HeUeTKUMH (GYHKIUSIMHI
AKTHBAIMH [IJIs1 IPOTHO3HPOBAHMS BPEMEHHOI'0 Psijia

PazpabaTriBatoTcst MoJieIM HEHPOHOB C HEYETKHMH (DYHKIUS-
MH aKTHBAllMM [UIS pEUIeHHs MpOoOJIeMBl IPOTHO3HUPOBAHHUS
BpeMeHHbIX psanoB. Ha ocHOBe Monenell HEHMpOHOB C HeueT-
KAMH (QYHKIMSIMH aKTHUBALMKM CO3JAIOTCS MOJENH HEYETKUX
Heiiponnsix cereit (HHC) u mpoBoautcs aHamu3 BO3MOXKHO-
creit HHC nmst pemenus 3agay nporHo3MpoBaHKs BpeMEHHBIX
PpSLIOB.

KioueBble ci1oBa: Monens HelpoHa, GpyHKIHS MPUHAIIEK-
HOCTH, (YHKIUS aKTUBALlMM, HMPOTHO3MPOBAHHE BPEMEHHBIX
psIOB.
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Tomsk State University of Control Systems and
Radioelectronics (TUSUR) — is one of the leading engi-
neering universities in Russia. Priority lines of research
at TUSUR correspond to priority directions of science,
technique and technology identified by the Russian
Federation, as well as critical technologies and key di-
rections of global scientific and technological develop-
ment and include: Nanotechnology, Radiotechnical and
Telecommunication Systems, Intelligent Power Elec-
tronics, Intelligent Information Systems and Control
Systems, Information Security, Innovations and Robot-
ics. For its entire history (established in 1962) TUSUR
has been a science and education center for the cutting
edge research conducted for the main high-tech indus-
tries in Russia.

Beginning from the year 2000 TUSUR implements
a complex development model that focuses on entrepre-
neurship. One of the first steps towards the entrepreneu-
rial infrastructure was creation of the first student busi-
ness incubator in Russia in 2004. Two years after, in
2006, TUSUR triumphed at the first State Innovation
program in Education with its project «Development
and implementation of an education strategy to train
engineers able to generate a new massive wave of high-
tech businesses». Today, the next stage of the strategy —
Technology business incubator — hosts its residents.

In 2016 TUSUR became a member of the bigger
program initiated by the Russian Government: «Na-
tional technology platform» (NTP). Together with 11
Russian Universities it started to develop innovative
products and introduce them into key industries, that
according to NTP, will play a primary role in the world
economy for the 20 years to come.

Intense research activity of the university employ-
ees relays on developed research infrastructure. Today,
TUSUR has 8 research institutions, 59 laboratories,
2 design bureaus, 16 research and education centers
(RECQ) including REC «Nanotechnologies», 3 centers of
shared use, more than 30 design bureaus for students, 25
research groups. Since 2010, the number of research
projects tripled in TUSUR. The part of the income com-

ing from research is over 40% in University budget, that
corresponds to the one of the world leading universities.
In the ranking of research efficiency of Russian Univer-
sitiecs TUSUR also holds one of the leading positions
with the output of 1 million rubles per faculty.

As a part of Russian Government Decree Ne 218
from April, 9, 2016 «On state support for development
of university cooperation with high-tech industries»,
TUSUR implements nine large projects aimed to create
national hi-tech production with following industrial
partners: «Micran» LLC, JSC «Reshetnev Information
satellite systems», JSC «Research institute of semicon-
ductors», «Elecard group», JSC «Production company
Milandr», LLC «Tomsk electronic technologies.

The high-level equipment and skilled personnel of
the REC «Nanotechnologies» allow to implement the
cutting-edge research projects for Russian and interna-
tional industries. In 2016 there were built Microwave
SoC transceiver based on SiGe technology and micro-
wave MEMS switch. Within INTAS program TUSUR
completed several international projects in the field of
MMIC (Microwave monolithic integrated circuits) de-
velopment with extreme characteristics for space and
radio astronomic purposes, as well as software for
automated design of MMIC. In cooperation with XLIM
and CNES (France) was conceived a monolithic low-
noise amplifier of 27-37 GHz range with extremely low
noise ratio (1,7 dB) and filtering capacity, that allowed
to enhance the performance of the space communication
system (0,1 pm GaAs mHEMT-technology by OMMIC,
France). Based on the same technology, together with
ASTRON (Netherlands) was designed a monolithic
low-noise amplifier of 0,3—1,2 GHz range for giant tele-
scope being built for the SKADS European project.

Research Institute of Automatics and Electrome-
chanics is one of the key developers and producers for
pre-launch testing equipment installed onboard space-
crafts. In 2016 TUSUR signed an agreement with
Rocket-missile corporation «Energy» for the develop-
ment of onboard equipment for spacecraft — control
module for onboard Li-ion batteries.
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A.C. AHukuH, M.B. KpyTukos

BpeMeHHble XapaKTepUCTUKU CUrHaNoB UCTOYHUKA CaHTUMETPOBOrO
pagnounsnyyYeHus, NpoLlleaLlmnx nepeceyéHHyr HaseMHyro Tpaccy

[Mpoanann3upoBaHbl BpeMEHHBIE PEATU3AIH OTHOAIOMNX MPUHIMAEMBIX CUTHAJIOB MPOCTPAHCTBEHHO Pa3HECEHHBIMHU
aHTEHHAMU ¥ Pa3HOCTHU (a3 MeXy HUMH Ha JEeCATUCEKyHIHBIX MHTepBaiax. [IpruBeneHbl SKCIIepUMEHTAIbHbIE OI[CHKH
MHTEPBAJIOB CTAI[MOHAPHOCTH OTMOAIOIIeH M pa3HOCTH (a3, 3aBUCUMOCTH OT YIJIOBOTO IIOJIOXKEHHSI aHTEHHBI IepejaT-
YHMKa WHTEPBAJIOB BPEMEHHON KOPPEISIIUK OrHOaromel u pasHocTH (a3, a Tarke Ko duiuenTa B3auMHOH Koppeis-
nuu orubaromeit u pasHocty ¢as. [TonmyyeHHbIE XapaKTEPHUCTHKK CONIOCTABIICHBI C paHee OIyONNKOBAaHHBIMH Pe3YJib-

TaTaMu.

KiroueBble c/10Ba: 5KCIIEpUMEHTANIBHBIC JAHHBIEC, OrUbaoIas, pasHocTh (a3, HHTEPBaJ CTALMOHAPHOCTH, KO3hpuuu-
€HT KOPPETSLUN, MHTEPBaJl BPEMEHHON KOPPENAIHHU, CTATUCTHIECKHE XapaKTEPUCTUKH, YTTIOBOE MOJI0KEHUE aHTEHHHI,

HCTOYHUK PaJHOHN3TydCHNUSI.
doi: 10.21293/1818-0442-2016-19-4-57-63

Hckaxenust orubaromiell NMpUHIMAaeMbIX CHUTHAJIOB
1 pa3HOCTH (ha3 MEXJIy CUTHAJIAMH B IIPOCTPAHCTBEHHO
pa3sHEeCEHHBIX TOYKaX Ha HAa3eMHBIX IIepeCcedEHHBIX
Tpaccax NpPSAMOH BHANMOCTH M IU(PPAKIHNU BBI3BAHbI,
IJIaBHBIM 00pa30M, MHOTOIYYEBOCTBIO M3-32 OTPAKEHHS
paIvoBONH IMOACTHIIAIONIEH MTOBEPXHOCTBIO M HaXOns-
IMMHACS Ha HeW 00BEeKTaMu (MECTHBIMH INPEIMETaMN)
[1, 2]. IIpu meleHTOBaHWUYM WCTOYHUKA PaIAOU3ITyUCHUS
Ha Ha3€MHBIX [IEPECEUEHHBIX TPACCAX B HEKOTOPBIX yI-
JIOBBIX IIOJIOKCHUAX AHTCHHBI ICpEAaTdrKa HaGﬂlOZ[a-
I0TCS aHOMaJbHO OOJblIME OMIMOKH IeJICHTOBaHUS,
BBI3BAaHHbBIC HEAEKBATHOCTBIO TPAJAUIMOHHBIX MOJIEIICH
MIPUHSATHIX CUTHAJIOB NMPU pa3paboTKe aJropuTMOB Iie-
JICHTOBaHMS YCJIOBUSIM PAclpOCTPaHEHHs PaJOBOJIH B
YCIOBHUSIX AKCIEPUMEHTa. JTO MPUBOAWUT K HEOOXOmH-
MOCTH pa3pabOTKN CTAaTHCTHYECKUX MOeNel NpHHU-
MaeMbIX CHTHAJIOB, aJEKBAaTHBIX SKCIIEPUMEHTAIBHBIM
JaHHBIM. MOZAENN HCIONB3YIOTCS A CHHTE3a ajro-
PUTMOB 00pabOTKH CHTHAJIOB, YITyUIIAIONINX TEXHUYE-
CKHE XapaKTEePHUCTHKH PAAMOTEXHUYECKUX CHCTeM |[1,
3]. WHTepec mpeAcCTaBIsAIOT CTAaTUCTUYECKUE XapaKTe-
PUCTUKHM OBICTPBIX (IYKTyallMii NPUHATBIX CHTHAJIOB,
KOTOpbIe OOBIYHO HAONIONAIOTCS HA MHTEPBajax BpeMe-
HU HE 0oJiee HeCKOMbKUX ceKyH/ [ 1-3].

Panee Obutn omyONMKOBaHBI PaOOTHI MO OLEHKaM
CTaTHCTHYECKUX XapaKTEepUCTUK (IIyKTyanuii orubaro-
mei, ¢a3sl U pasHOCTH (a3 MPUHATHIX CHTHAIOB IO
BPEMEHHBIM pealn3anusaM JIUTEIFHOCThI0 1-3 MUH Ha
CYXOITyTHBIX pagroTpaccax MpoTsHKEHHOCTHIO 10 210 kM
B CAaHTHMETPOBOM [uana3oHe JIuH BoiH [1-8]. B atux
paboTax OBbLIM MOTYyYEHbI SKCIIEPUMEHTAIBHBIC OILIEHKH
JIMCNIEPCHHU, KOPPEISLUOHHBIX U CTPYKTYPHBIX (DYHK-
LW, WHTEPBAJIOB KOPPEJSIMU OTHOAOIIMX CHTHAJIOB,
MIPUHSTHIX Ha pa3HecEHHbIC aHTEHHBI, U pazHOCTH (a3
MEXIy HUMHU B 3aBUCUMOCTH OT JaJbHOCTH U YIJIOBOTO
TIOJIO’KEHUS! Y3KOHAIIPABJICHHOW TIepesatoieil aHTeHHbI,
BBISBJICHB! (DPU3MUYECKHE MPUYMHBI, NMPHUBOISIIINE K MO-
Jy4eHHBIM 3aKoHOMepHocTsAM. OgHako MMeromuecs B
pacIopspKeHHH aBTOPOB MaTepUalIbl TIO3BOJISIOT JOTIOJI-
HUTH H3BECTHBIC pPE3YJbTaThl OIEHKAMH HHTEPBAJIOB
BPEMEHHOW KOPPEALUN OJHOBPEMEHHO Ul Orubaro-
e NPUHUMAEMBbIX Ha PA3HECEHHBIE AHTEHHBI CUI'HA-

JIOB U pa3sHOCTH (a3 MeXIy HUMH, a Takxke Kod(uuu-
€HTa B3aMMHOI KOppeJsiIMM Orudaroumieidl M pa3HOCTH
(a3 B 3aBUCHMOCTH OT YIJIOBOTO IIOJIOKEHMSI Harlpas-
nenHoi anTeHHs!l PJIC 1 npoTs:KEHHOCTH PaJUOTPACCHI.
OTH XapaKTepHUCTHKHU SBIISIIOTCS BaKHBIMU JUISI MCIIOIB30-
BaHMS HOPMaJIBHOM MOJIENTH IPHHIMAaeMOro curHana [3].

Lenp paboThI — MOMYYUTH OLEHKH MEPEUUCICHHBIX
BBIIIE CTATHCTUYECKUX XapaKTEPUCTHK OBICTPBIX (IyK-
Tyaruil oru6aromnieil NpuHUMaeMbIX CUTHAJIOB M Pa3HO-
cti (a3 MexJy HUMHU NPU NPOCTPAHCTBEHHO Pa3HECEH-
HOM NpUEMeE ISl pa3IMuHON OPUEHTALMU OCTPOHAIpaB-
JICHHO! aHTEHHBI MepeAaTIMKa U MPOTSHKEHHOCTH TPACCHI.

CratucTHueckue XapakTepUCTUKU  OIpeIeseHbI
myTéM 00pabOTKN SKCIEPUMEHTANBHBIX JaHHBIX, MTOJY-
geHHBIX corpynaukamn HUW PTC TYCYP B 2008-
2010 rr. [6-8].

Ha omenkn crarncTniecknx XapakTepHCTHK IPHU-
HUMAaEeMbIX CUTHAJIOB BIMSIOT MapaMeTpPhbl SKCIIEPUMEH-
TaJIbHOM amnmapaTrypbl, O3TOMY HPHUBEAEM €€ KpaTKoe
OIIMCAaHUE.

Onucanne IKCIEPUMEHTAIBHON YCTAHOBKH

Jlng mpoBeneHus SKCIIepUMEHTANBHBIX U3MEepeHHH
HCTIONB30BAIMCH NMPUEMHO-M3MEPHUTEIbHAS ammaparypa
(MpUEMHBII ITyHKT) U anmaparypa IepeaaroIiero myHkK-
ta (PJIC), usrotoBnennas corpyguukamu HUU PTC
TYCVYPa. ITogpo6HOE omrcaHe MPHUEMHO-H3MEPUTEIh-
HOW ammapaTtypsl H3JI0KEeHO B pabdore [9].

Bo Bpemst poBeaeHNs 3KCIEPUMEHTATIBHBIX H3Me-
pernii antenHa nepemardvka (PJIC) mpuanmana ¢uk-
CHpPOBAHHBIC YIJIOBBIC TOJOXKEHHUS B MHTEpBajie +6° C
mraroM 3°, OTCYUTHIBAEMBIC OT HANpaBICHUS Ha MPUEM-
HBII TyHKT. OIEHKa CTaTHCTHYECKHX XapaKTEePUCTHK
MIPOU3BOJMIIACH 10 BPEMEHHBIM peau3alliisiM orudaro-
IIMX MOCIENIOBATENIFHOCTH HMITYJIBCHBIX pPaHOCUTHA-
JIOB Ha BBIXOJI€ IPOCTPAHCTBEHHO-PA3HECEHHBIX aHTEHH
1 pa3sHOCTH (a3 MEXAY HUMH, KOTOPBIE PErHCTPUPOBA-
JIICh PaHHEH OCEHBIO CeaHCaMU JUIUTeNbHOCThIO 10 ¢ ¢
muckperHocThIo Af = 0,01 ¢ mpu GUKCHPOBaHHOM YTIIO-
BoM mionokennu aHTeHHBI PJIC. KadectBeHHas oreHKa
XapaKTEpUCTUK CHTHAJIA IPOU3BOAWIACH BPYYHYIO IIy-
TEM aHaM3a KaXI0H peann3anuu oOIHUM KOJIMYECTBOM
6osee 600 mT.
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Amnmaparypa MCTOYHHMKA H3IYyYCHUS] U TPUEMHOTO
MyHKTa OblIa CHHXPOHM3UpOBaHA. [Ipu u3MepeHmsxX
MPOU3BOAIIIACH 3aIUCh B MaMsATh DBM mudpoBsx OT-
C4YETOB NPUHATBHIX CUTHAJIOB 3a ONPEACIEHHBIA MpoMe-
J)KYTOK BpEeMEHH (B OKHE pETHCTpaluu). YKpyHmHEHHas
CTPYKTYpHasl CXeMa DKCIEpHUMEHTAJIbHOTO KOMILIEKCa
IpUBeZeHa Ha puc. 1.

C‘@ Tpacca PPB =
</ I
Lo —- CHHXPOHHM3aLUsl- — — — — — —

Puc. 1. YkpynHEéHHas CTPyKTypHas cxeMa KOMILIeKca IIpH
MPOBEICHUH SKCTIEPUMEHTANIBHBIX U3MEPEHUI

IIpu m3mepenusx PJIC carTuMeTpoBOTO IUana3oHa
M3JTydasia pauouMITyJIbChl AnuTessHOCThI0 300 He (1o
ypoBHIO —3 1b) ¢ wactoToii mosropenns 2 klm. PJIC
uUMeTa 3epKaJbHO-apabOINYIecKyl0 aHTCHHY AWaMeT-
pom 110 cm tuma Kaccerpena ¢ obmydarenem B BHIE
OTKPBLITOI'O KOHIA IMPAMOYTOJHLHOI'0 BOJTHOBOA. ]_HI/IpI/I-
Ha JIHA B minockocTy azuMyTa 1o YPOBHIO —3 b OKOJIO
1,7°. YpoBeHbp OOKOBBIX JICTIECTKOB HE IIPEBBIMIACT
—15 nb. TIpu 00paboTKe SKCIEPUMEHTAIBHBIX TAHHBIX
paccMaTpUBaICh TOJBKO CiIydyaW H3JIyYEHHS! pajuo-
BOJIH BEPTHKAIBGHOH MOJISIPU3ALINH.

IIpuémuuk ¢ auHamMuueckuM nauanazonHom 71 nb
umeet ayBcTBUTENEHOCTE —100 nb/MBT (3,2 MxB). Ilo-
Jjoca TpoIycKaHuss NpuéMHHKA coctasisieT 25 MI'n,
MO3TOMY JIMHEHHBIMH MCKa)KCHUSIMH CHUTHAJIOB U3-3a
BIMSIHUS IPUEMHOTO TPaKTa MOXKHO mipeHeOpeus. [lepen
aHAJIOTO-II(PPOBHIM MIpeoOpa30oBaHIEM CHTHAJ IIEPEHO-
CHUTCs Ha BUIE0YACTOTY KBaIpaTypHBIM AEMOLYIATOPOM
(merexropom). Ilo kBamparypaMm 3a JJIUTENBHOCTH TLJIO-
CKOI1 BepIIMHBI UMITYJIbCa ONPENEISUINCh orudaromas 1
pasHocTh (a3 ¢ momomiblo (OpMyN, TPUBEAEHHBIX B
paborax [6-8].

AHTeHHas cucTeMa NPHUEMHOTO ITyHKTa, COCTOS-
mas U3 BOCBMH IPSIMOYTOJIBHBIX PYIOpPHBIX AHTCHH,
PAacIONOKEHHBIX B /1BA Psijia, HABOAWIACH HA MCTOUYHHUK
W3ITY9IEeHUS TI0 MAaKCUMYyMY CUTHana (puc. 2).

180 1 182

<&
< L) »
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Puc. 2. Pazmepsl ogHOTO psAna aHTEHH (B MM)
(3ammMcTBOBaHO 13 [9])

3
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[[IupuHa auarpaMMbl HAIPaBIEHHOCTH PYNOPHOH
AQHTEHHbl B TOPH30HTAIBHONH IUIOCKOCTH MO YPOBHIO
—3 nb cocrasisaia okoio 8,5°.

IIpocTpaHCTBEHHOE pPa3HECEHUE IPUEMHBIX AaH-
TEHH IPH U3MepeHusX cocTaBmsuio 304 u OA.

Onucanne Ha3eMHBIX Nepece4YéHHBIX TPace

HazemHble nepeced€HHBIE TPAcChl PacloiokKEHBI B
Tomckom paiione Tomckoili obnmacTé K oro-3amany Ot
r. Tomcka Ha OO6b-TomckoM Mexmypeube [6—8]. Mecr-
HOCTb MNpE/CTaBIsIeT cOOOH pacdIeHEHHYIO PaBHHHY C
y4acTKaMH BEpXOBOTO M HU3MHHOTO 3a00JIa4MBaHHSI.

CratucTuueckue XapaKTepUCTUKH IOITYy4EHBbl AJIS
Ha3eMHBIX TEPECEUEHHBIX TPACC, KOTOPBIC PAa3JeIICHBI

Ha YeTBIpe TPYNIIBI 10 CpeaHed MpoTsHkEHHOCTH 16,8;
19,0; 23,0 u 28,0 kM. CeaHCBI U3MEPEHUI IS KaXKIAOH
TPAcChl MPOU3BOIMINCE JUIS KaXKIOTO U3 TATH YITIOBBIX
monoxenuit antennsl PJIC. [lepenaromnie mo3unny BHI-
OMpaIuCh HA OTHOCUTEIBHO POBHBIX, OTKPBITHIX y4acT-
KaX, PacHoJIOKEHHBIX OT ONIMKAMIIMX MPENnsTCTBUN Ha
pacctosiauu 150-1500 m.

[MpensiTcTBUSA Ha JMHUM «HEepeNaTINK—TIPUEMHUK)
MPEACTABIECHBl I TPYHNBl TPACC MNPOTSHKEHHOCTHIO:
16,8 u 19,0 kM B BUI€ OTAECNBHBIX PEAKUX JECHBIX Mac-
CHBOB; TEpEAIOIINe MO3UIMN OBIIM PACIIONOXKEHBI B
1oJie, MOPOCIIUM JIYTOBOM TpaBod BeicoTOM 110 0,25 M;
23,0 kM B BHJE YaCTO BCTPEUAIOUIMXCS JIECHBIX MacCH-
BOB; a TIEpEAoINe MO3ULIUK OBUIM PacIOIOKEHBI Ha
MOJISTHE, TTOPOCIIEH JTyTOBOM TpaBoit BeICOTOM 110 0,5 M,
1 KyctapHukaMmy; 28,0 KM B BHJIE TYCTBIX JICCHBIX Mac-
CHBOB; IEpeAalolIne MO3UIHUU ObUIM PaCIOJIOKEHBI Ha
TOJISIHE, TPaBa Ha KOTOPO OblIa CKOIIEHA, OKPYKEHHOM
TYCTBIM JIECOM.

[MpuemHuas nmo3umus pacrosnaraiach Ha IpaBoM Oe-
pery p. Tomu c npessiienreM 80 M Haja OKpyKarouiei
MecTHOCTRIO. [IpaBbIii Oeper MOKPHIT JIeCOM CpenHeit
TYCTOTHI, Aajiee M0 TpaccaM PacIlOJIOKEHBI peyHas Jo-
JIMHA, OCTPOB C OOIIMPHBIMU ITOKOCAMH, HACENEHHBIN
ITyHKT CEIbCKOTO THUMA C JaYHbIMU YJaCTKaMH HEIUIOT-
HOM 3acTpoiiku. OCTanbHBIE YYaCTKH TPACCHI MPEACTaB-
JISIOT cO0O0W paBHUHY ¢ HEOONBIINM YKJIOHOM BBEPX IO
abcomoTHON oTMeTKH 140 M, HOKPBITYIO JIyTOBOM pac-
TUTENBHOCTBIO, TTOKOCAaMH, MAIIHAMH, JECOM CpeaHein
TYCTOTBI, PEIKOTIEChEM.

[Tpn npoBeneHny wu3MepeHuii OblIa sICHas WM
racMypHasi iorozia 0e3 JI0Xk/Is 1 BETPOM 10 5 M/C.

PaccMOTprM OIIEHKH CTaTUCTHYECKHX XapaKTepH-
CTHK OTHOAIONINX BBIXOIHBIX CHTHAJIOB IIPOCTPAHCT-
BEHHO pa3sHECEHHBIX MPUEMHBIX aHTEHH M Pa3HOCTH (a3
MEKIy HUMH, TTOJTy4YEHHbIE Ha yKa3aHHbIX Tpaccax.

HMHTEepBaNBI CTANMOHAPHOCTH OTHOAIOIINX
NPUHUMAEMbIX CHTHAJIOB M pa3HocTH (a3
MeKy HUMH

O1leHKH MHTEPBAJIOB CTAIMOHAPHOCTH OTHOAOIIei
U pasHoctu (a3 ormeuarorcs B padorax [1-3]. Cornac-
HO 3TUM paboTaM, OBICTpBIE (IIYKTyaluu OrHOaromINX
MIPUHSTHIX CHTHAJIOB CTallMOHApHBI OOBIYHO B TEYCHUE
HECKOJIBKMX MHHYT, XOTS 3HA4YUTEIbHbIC HM3MEHEHHS
MOTYT HaOIIONAThCS B TeueHHe necsaTu cekyHxa [10]. B
9THX paboTax HE MPUBOAATCS KPUTEPHUH, COITIACHO KO-
TOPBIM TI0 SKCIIEPUMEHTAIBHBIM JTaHHBIM (IIYKTyalnu
CUMTAIOTCSI CTAI[IOHAPHBIMH, a TaK)Xe HE OITyOIMKOBa-
HBI MHTEPBAJbl CTAIIHOHAPHOCTH Pa3sHOCTH (a3 B 3aBHU-
CHMOCTHU OT MPOTSHKEHHOCTU TPAcChl M YIIIOBOTO IOJIO-
JKEeHHUs Tnepearoneil anreHHsl. OTMedaeTcst JUIIb, YTO
Ha KOPOTKHX 3aKpBITBIX TpaccaXx OTBOPOTHI AHTEHHBI
PJIC conpoBoxkaaroTcs «yBeNUYEHUEM HECTALMOHAPHO-
CTH CIydYailHBIX W3MECHEHHMH NapaMeTpOB CHTHAJOBY, a
Ha JanpHOCTAX Oojee 70 KM HecTalMOHApPHOCTH (IIyK-
Tyaluii orudaromied MpOSBIAETCS B «3HAYUTEIHHO
MEHbIIeH creneHuy [1-3].

PaccMoTpuM THOHMYHBIE TIPUMEPHl BPEMEHHBIX
peann3anuii OruOaOIMX NPUHUMAEMBIX CUTHAJIOB U
pasHocTH (a3 MEXIy HUMHU TPH HaBEJCHUHM aHTECHHBI
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PJIC oGnacTpro MUHUMYMa Ha IPUEMHEIH ITyHKT. Peamn-
3aIMy NPeCTaBICHBl Ha pUC. 3 I TPAcChl MPOTHKEH-
HOCTBIO 23 KM.
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Puc. 3. Ilpumep BpeMeHHbIX peanu3annii orudaromei npuHsI-
TBHIX CUTHAJIOB: @ — U Pa3HOCTH (a3 Mex 1y HUMHU Ha 6aze 30A;
6 — IUIs TpacChl NPOTSHKEHHOCTHIO 23 KM IPH YTIIOBOM
nookennn anTeHHsl PJIC  —6° oTHOCHTENBEHO
HAIpaBJICHUS Ha IPUEMHBIH ITyHKT

Ha rpaduxax HabMromaroTcs y4yacTKH BpEeMEHH, Ha
KOTOPBIX orubaromias » NpUHSTBIX CHTHAIOB U pas-
HOCTBh (a3 A@ Mexay HUMH (QIYKTyHpyeT BOKpPYT IO-
CTOSIHHOTO CpPEIHEero 3HaueHHs (MHTepBalbl CTallMOHAp-
HOCTH), a TaK)K€ MHTEPBaJbl BPEMEHH, Ha KOTOPBIX 3TH
XapaKTEePUCTUKU UMEIOT OYEBUIHYIO TEHICHIUIO (TPEH)
K YBEJIMUCHHIO WM YMEHBIICHUIO. AHAJIIOTHYHbBIE Yy4a-
CTKH HaOJIOJIal0TCsl TaK)Ke Ha OCTABHBIX Tpaccax.

Jns HaxoXIeHWS HWHTEPBAJIOB CTAlMOHAPHOCTH
«IIOCTOSTHCTBO» CPEIHETO ONPENEeNsIOCh CHavana BU3Y-
JIBHO, A 3aTeM YTOUHSJIOCH C TIOMOIIBIO CKOJIB3SIIIETO
cpennero. Ha wHTepBane CTalMOHApHOCTH CpERHEe
3HaYCHHUE M3MEHseTcs He Oornee yem Ha 1%. Jlns HaBe-
JIGHHOM Ha NPUEMHBII NYHKT IEpeAarolled aHTEHHBI
IIPY TAaKOM KPUTEPUU Ha MHTEpBalaxX CTalMOHApHOCTH
cpenHekBanparuyeckue (IIyKTyaly oruoaromen u pas-
HOCTH (pa3 OKa3bIBAIOTCS MPAKTUYECKH OJJMHAKOBBIMHU.

WHTtepBanbl craoHapHOCTH orubaromei u pas-
HocTH (a3 B OOJBIIMHCTBE CIIy4aeB Pa3IMYaroTCs IO
JuInTeNnsHOCTU. MIHTEpBan CTallMOHApHOCTH U3MEHSETCS
cinydaiiHO mpu oTBopoTe aHTeHHbl PJIC, mpaktudecku
HE 3aBUCHT OT MPOTSHKEHHOCTH U T€OMETPUH HCCIIeTye-
MBIX TPacc M OT NMPOCTPAHCTBEHHOTO pa3sHECEHHs IpH-
EMHBIX aHTeHH 10 30A.

W3meHeHHs1 OruOaroUIMX TPUHSTHIX CHTHAIOB C
orBoporoM aHTeHHBI PJIC oT HampaBieHHS Ha MpUEM-
HBIIl ITyHKT CTaHOBSTCS Oojee 3HaYUTEIbHBIMH, 4YTO
BBI3BAHO CHIKCHHEM JOJIM MPSIMOTO CUTHAaja U yBelHU-
YeHHEM BKJIaJ[a OTPaKEHHBIX CUTHAJIOB. JTO HE MPOTHU-
BOpEUHT pesynsraram pador [1-3].

AHanu3 mokasall, YTO MHTEpBajJ CTallMOHAPHOCTH
orubaromeil OKas3bIBacTCs 3aMETHO MEHbIE, YeM HH-
TEpBaJI CTAIIMOHAPHOCTH Pa3HOCTH ¢a3.

Jns  COBOKYNMHOCTH HAa3eMHBIX II€PECEUEHHBIX
Tpacc IIUTENbHOCTh MHTEpBaja CTALMOHAPHOCTH OTHU-
GaromMx HEe MPOTHBOPEYUT HOPMAIBHOMY 3aKOHY pac-
npeneneHus U cocrasiseT B cpeaneM 0,1 ¢ co cpenne-
kBagparuueckum otkioHeHuem (CKO) 0,015 c, a pasz-
HoctH a3 B cpeaneM 0,2 ¢ co CKO 0,04 c. Oty unTep-
BaJibl CTAIIMOHAPHOCTU HA NMOPAAKH MCEHBIIC, YCM YKa-
3aHbl B paborax [1-3]. BepositHO, 3TO 00yCIOBICHO
NPUMEHEHHEM B 3THX paboTax APYruX KpHUTEpUEB CTa-
LMOHAPHOCTH.

Jnst 3aKphITBIX Tpacc MPH YITIOBBIX IOJIOKEHHUAX
anTeHHbl PJIC, OTIMYHBIX OT HAlpaBlIeHHWS Ha MPHEM-
HBII TyHKT, HaOIIONAIOTCSI 3HAYUTENbHBIC M3MEHEHUS
pasHoctu (a3 Bo BpemeHH (puc. 4), Hanpumep, Kak 3T0
MMeeT MEeCTO Ha MHTepBaje ot | 10 2 c.
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Puc. 4. [IpumMep BpeMEHHOH pean3aniy pa3HOCTH (a3 MExKIy
NPUHATHIMU CUTHaIaMH Ha 6a3e 30\ 1711 cyXOIyTHOH Tpacchl
MPOTSHKEHHOCTHIO 19 KM IPH YIIIOBOM MOJ0KEHUH aHTEHHBI
PJIC +6° oTHOCHTENBHO HApaBICHUS HA MPUEMHBIN ITyHKT
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3HaunTeNbHBIC U3MEHEeHHs pasHocTH (a3 3a 10 c,
MHOTOKpPAaTHO (B cpeqHeM 2—5 pa3) MpeBbIIIAoIINe CeK-
TOp OofHO3Ha4HOTo u3MepeHus (360°), BepoATHO, BHI-
3BaHbl MEPEMELICHUEM OTPAXKAIOIIUX 3JIEMEHTOB MECT-
HOCTH (TPYHIT «OJECTSAIINX» TOYEK) I0J] BO3ACHCTBUEM
BeTpa. DTO B pa3kl OOJIBIIE, YEM YKa3aHO B paboTax [1—
3]: comracHO MOCIEAHUM HM3MEHEHUs pa3HOCTH (a3 Ha
6aze 30\ 3a muHyTYy He mpeBbimanu 40-50°. [Tpu npo-
CTPaHCTBEHHOM pa3HOCE NPUEMHBIX aHTEHH OA pas-
HOCThH (ha3 B mHTEpBasie OT 1 10 2 ¢ m3meHsercs B 23
pa3a MEHbILC 3HAYEHHs, COOTBETCTBYIOIIEIO CEKTOPY
OIJHO3HAYHOCTH.

WurepBan mpocTpaHCTBEHHOW Koppensiun ¢azo-
BOTO (ppoHTa mpu oTBopoTax anTeHHBI PJIC oka3biBaeT-
csi MeHee OA, a 3HaYMTENbHbIE M3MEHEHUs U (IIyKTya-
M Pa3HOCTH (ha3 Il MPOCTPAHCTBEHHBIX Pa3HOCOB OA
u 30\ 0Ka3bIBAIOTCSI HEKOPPEITUPOBAHHBIMU. DTO COIVIa-
cyercs ¢ pesyasratamu padot [1-3].

MOJXHO MTPEATIONOKUT, YTO U3MEHEHHS BO BpeMe-
HU OTMOAIOMNX MPUHATHIX CUTHAJIOB M Pa3HOCTH (a3
MEKAYy HUMH BBI3BaHbI PA3INYHBIMU JOMHUHHUPYIOMINMH
MEXaHU3MaMHU: Ha HHTEpBale CTAI[HOHAPHOCTU (IyK-
Tyallud BbI3BaHbI IPEUMYIIECTBEHHO (IyKTyallUuUsIMU
JIAJIEKTPUYECKOW MPOHUIIAEMOCTH TPONOC(Epbl WIH
OCCIOPSIIOYHBIM MIEPEMEIIICHHEM  «OJIECTSIIUX» TOUYCK
3JIEMEHTOB penbeda MECTHOCTH B Pa3HBIX HAIPABICHUSIX.

3HauuTeNbHBIE W3MEHEHHsI (TPEH[b) OrMOAroLINX
NPUHSTHIX CUTHAJIOB M Pa3HOCTH (a3 MEXIy HUMH MO-
ryT OBITh BBI3BaHBI CYIIECTBEHHBHIM W3MEHCHHEM aM-
IUINTYAHO-(a30BBIX COOTHOIICHUH HHTEP(HEPUPYIOMINX
BOJIH M3-3a TIEPEMENICHUS B HEKOTOPOM IPEHMYIIECT-
BEHHOM HAIPaBJICHUN TPYHIT «OIECTAIINX» TOYCK TOJI-
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MSATCTBUM.

CTHJIAIONIEH MOBEPXHOCTH, MECTHBIX MPEIMETOB, IIpe-

HnTepBanbl BpeMEHHON KOppeIsiuu

aykTyanuii orndaomux NPUHAMAEMBIX CUTHAJIOB

OJIEKTPOHHUKA, USMEPUTEJIbHAA TEXHUKA, PAJUOTEXHHUKA U CBA3b
U pa3HocTH (a3 Mek1y HUIMH Ha HHTepBajIax
CTAlIMOHAPHOCTH

WHTepBabl BpEMEHHON KOPPEJSLIUUA BPEMEHHBIX
¢GaykTyanuii ormbaronx WM pasHocTH (a3 oreHu-

BAJINCH ISl HA3€MHBIX IEPECeYEHHBIX TPacCc Pa3HBIMH
uccnenoBaresmu [1-3, 11, 12] no ypoBHio 1/e aBTO-
KoppesinnoHHOW (yHKIuH. OIEHKH 3THX UHTEPBAJIOB
MPOU3BOIIINCH TI0 HMITYIBCHBIM ITOCJICIOBATEIHHO-
CTSIM, PETHCTpHUPYEMBbIM B Teuerne 1-3 muH [1-3], mmmn
3a JUITENIFHOCTh UMITYJBCHOTO curHama [11, 12].
Haubonee u3y4eHHBIMH SIBISIOTCS (IyKTyaluu
OorubaroIIeii UMITYJIBCHOMN MOC/ICA0BATCIBHOCTH B 3aBH-
CUMOCTH OT HPOTSKEHHOCTU TPACChl, IPOCTPAHCTBEH-
HOT'O pa3Hoca HpI/IéMHI)IX AHTCHH W YIJIOBOI'O ITIOJIOXKE-
Husi nepepawomed anteHHsl [1-3]. lins uHTEpBasioB
BPEMEHHOW KOPPEJSIIUY PAa3HOCTH (a3 MOydeHbl 3aBH-
CUMOCTH TOJNBKO OT NMPOCTPAHCTBEHHOIO pa3HOCa MpH-

EMHBIX aHTEHH M NPOTHKEHHOCTH Tpacchl [3]. OxgHako
Ha wucciuenyeMbix B [1-3] Ha3eMHBIX MepecedéHHBIX

TpacCax HHTCPBAJIbl CTAIIMOHAPHOCTHU 0FPI6aIOH.[eﬁ u

pa3sHOCTHU (a3 COCTABISIIOT A0 CEKYH/IBI.

B pab6orax [11, 12] wumccuenmyrorcs (uaykryarmu
ormbaromed W pasHOCTH (a3 3a UIUTEIBHOCTD HM-
MYJILCHOTO CHUTHAja, BbI3BaHHbIC MHTEp(EpeHLUeH OT-
PaXEHHBIX BOJIH C Pa3HBIM BPEMEHEM IIPUXO/a OTHOCH-

TenbHO BonHBI OT PJIC. MiHTEepBan BpeMeHHOM Koppes-

MM BHYTPUHUMIYJIbCHBIX (IyKTyanuii orubarome npu
HaBEeIEHHBIX MPUEMOINEPEJAIOIUX aHTEHHAX COCTABIIS-
€T B CpeAHEM 25 HC, a MHTEpBaJl BPEMEHHOU KOpPpEIs-
IIMH BHYTPUUMITYJIECHBIX (UIyKTyaruid pa3sHOCTH (a3 mo
COBOKYITHOCTH HCCIEIYeMBIX Tpacc —
180 HC. SIBHOI 3aBHCHMOCTH WHTEpBala BPEMEHHOM

B CpeIHeM
KOppeIsIIMU  BHYTPUUMITYIBCHBIX (pyKTyaruii  oru-
Garomeit 1 pasHOCTH (a3 OT JaTHHOCTH M YIJIOBOTO TIO-
noxenus anteHHsl PJIC He BoaBneno [11, 12].

PaccMOTpuM HMHTEpBaIbl BPEMEHHOU KOPPEISIHU
Oru0aroNMX MPUHUMACMbBIX CHTHAJIOB U pa3HOCTH (a3

MEX1y HUMH Ha MHTEpBaJIaX CTAI[MOHAPHOCTU M BBISIC-
HUM, 3aBHCAT JU OHU OT YIJIOBOIO IOJIOXKEHUS, MPOTS-
KEHHOCTH TPACCHl ¥ MPOCTPAHCTBEHHOTO pa3HOCa MpHU-
EéMHBIX aHTEHH. VIHTepBaibl BPEMEHHOH KOPPEISIUH

Oynem ompenensaTb N0 YPOBHIO l/e HOPMHpPOBAaHHOM
BPEMEHHOW aBTOKOPPEISIINOHHOHN (DYHKITHH.

AHanu3 TOKa3al, YTO MHTEpBall BPEMEHHOI KOp-
perany orubaromuX NPUHUMAEMbIX CHTHAJIOB IIPAK-

TUYECKU HE 3aBUCUT OT IEpeMElIeHMs] NPUEMHOM aH-

TEHHBI MomepEK Tpacchl B npexenax 30A, mo3ToMy BbI-

YHUCISUICS CPeIHHUN JIsi MPUEMHBIX aHTEHH WHTEpBal
BPEMEHHOW KOPPEJALUH OTHOAFOIIEH.

[Tpumeps! cpeqHUX TO COBOKYIHOCTH TpacC WH-
TEPBAJIOB BPEMEHHOW KOPPEJSIIMK OTHOAIOINX TPUHU-
MaeMBIX CUTHAJIOB Tz (PHC. 5, a) ¥ pasHOCTH (a3 Ty,

MEXAy HUMH ISl TPOCTPAHCTBEHHBIX Pa3HOCOB aHTEHH

30A (puc. 5, 6) u 6\ (puc. 5, 6) B 3aBUCHIMOCTH OT YIJIO-
BOTO TonoxkeHust anteHHsl PJIC mpuBeneHs! amst HHTEp-
BAJIOB CTAIlMOHAPHOCTH (crutomHas yuHUs). [lyHKTH-
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pOM IOKa3aHbl CPEJHEKBAJpPATHYCCKUE 3HAYCHHS HH-
Tpacc.

TEPBaJIOB BPEMEHHON KOPPEJSIIMU IO COBOKYITHOCTH
0,8
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Puc. 5. Cpennee 3Hauenue (cruomnas) 1 CKO (myHKTHD)

HHTEpBaJla BpEMEHHON KOpPEIALMY Orudaromei g
¥ pasHOCTH (a3 Ty, MO COBOKYITHOCTH BCEX TPAcC;

HHTEpBAJl CTAHOHAPHOCTH

Jns ormbaromeit n pasHoctu (pa3 WHTEpBAI Bpe-

MEHHOH KOppPEeJSIHUH OT OTBOpoTa aHTeHHHI PJIC meHs-
eTcs HE3HAYNTEIbHO HA HHTEPBAJC CTAIlMOHAPHOCTH.
WHuTepBan BpeMEHHOI KOppeNsuN pa3HOCTH (a3 He-
3HAYUTENIFHO 3aBUCUT OT MPOCTPAHCTBEHHOTO pa3HOCa
MpuéMHBIX aHTeHH OT 6A 10 30A. OTCyTCTByeT sBHAs

3aBUCUMOCTL HMHTCPBAJIOB BpeMeHHOfI Koppeiaauuu Ha
HWHTEpBaJIaX CTAIlMOHAPHOCTU OT HpOTH)KéHHOCTI/I uc-

clenyeMbIX Tpacc. JTO PpacXOJUTCS C pe3ylibTaramu

pabot [1, 2], BeposATHO, W3-32 TOMHHHUPYIOIIETO BIIHS-

HUSI Pa3HBIX MEXAaHU3MOB, BBI3BIBAIOIINX (QIyKTyalllH
orubaroniel U pazHOCTH (ha3, MPOSBIAIOIINXCS Ha pas-

HBIX 110 JNIUTEJIBHOCTU NHTEPBAJIax Ha6J'IIOI[eHI/I$[.

B cpemreM mo COBOKYITHOCTH Tpacc M YITIOBBIM
monoxeHussM anTeHHbl PJIC uHTEpBan BpeMeHHOH Kop-
pensiuu orHOarolel MPHUHATOTO CUTHAllA COCTABIISIET
0,04 c, a pa3HocTH (ha3 BBIXOJAHBIX CUTHAIOB MIPUEMHBIX
okouio 0,03 c.

AHTEHH C IMPOCTPAHCTBEHHBIMH pa3HOCaMH OT O6A 10 304
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WuTepBanbl koppensiuy orubaroned U pa3HOCTH
(a3 Ha uHTepBanax jiaurensHocThio 0,1-0,2 ¢ mpumep-
HO OJMHAKOBBI, HO OKa3bIBatoTCsI B 5—10 pa3 MeHsIue,
YeM IIPU BBIYMCICHUH 110 MHTEpBajlaM BPEMEHH HaOIIro-
neaus 1-3 muH [1-3]. Tak, npu HaBeAEHHON Ha MPUEM-
Hblil myHKT anTeHHe PJIC uHTepBasn BpeMeHHOU Koppe-
nsuuu - QuykTyanuid ormbaromiei cocraBisier oT 2 10
4 ¢, a OTBOPOT Mepenaronieil anTeHHsl Ha 15° oTHOCH-
TEJIFHO NMPUEMHOTO MYHKTA NMPHUBOJMT K €r0 yMEHBIIIe-
nuto 0 1,2-1,4 c. Ing pasHoctu Qa3 mHTEpBaAN Bpe-
MeHHOH Koppemsiun coctaBisier 0,3-0,6 ¢ [1-3] mpu
HaBenéHHOHU anTeHHe PJIC Ha mpu€MHBII ITyHKT.

HNuTepBansl BpeMeHHON KOppeJsiiiu
(aykTyanuii oruéaromux NPUHAMAEMBIX CHTHAJIOB
U Pa3sHOCTH (a3 Mexkay HUMH Ha 10-cexyHIHBIX
HHTepBaJIax

OrLeHUM HHTEpBaJIbl BPEMEHHOW KOPPENSLUU OTH-
0aloUIMX MPUHSTHIX CUTHAIIOB T (pUC. 6, @) U Pa3HOCTH
a3 T, MEXITY HUMH ]IS NPOCTPAHCTBEHHBIX Pa3HOCOB
antenH 30A (puc. 6, 6) u 61 (puc. 6, 6) IO BpEMEHHBIM
peanu3anusaM JUITeNsHOCThEO 10 c.

KauecTBeHHO 3aBHCHMMOCTH HHTEPBAJIOB KOPpEIs-
MK Orubaroniell n pasHOCTH (a3 OT YIIOBOTO IMOJIOXKeE-
uust anTeHHs! PJIC 1 mpoTsDKEHHOCTH TPACCHI TAKKE XKE,
Kak JJIsi MHTEPBAJIOB CTAallMOHAPHOCTH: MHTEPBal Bpe-
MEHHOH KOppeJANN OrHOaromeld yMEeHBIIaeTCs, a st
pasHOCTH (a3 — yBEITHIHBACTCS.

WHTepBasnbl BpeMEHHON KOppeNsAu orudaromien
NPUHUMAEMBIX CHTHAJIOB M Pa3HOCTH (a3 MeXIy HUMH
OT MPOTSHKEHHOCTH MCCIEIYEMBIX TPAacC U MPOCTPaHCT-
BEHHOTO pa3HOCa MPUEMHBIX aHTEHH NPAKTUYECKH He
3aBUCST. DTH pe3yJbTaThl YaCTHYHO PACXOIATCS C yKa-
3aHHBIMH pesynbratamMu B paborax [1-3]. Commacuo
9THM paboTaM WHTEPBAT BPEMEHHOH KOPPEISLUH OTHU-
Gatorieit 1 pasHOCTH (Da3 ¢ yBENMUCHUEM NPOTSHKEHHO-
CTH TPacChl yMEHbIIAETCS, 2 HHTEPBAJ BPEMEHHOM KOp-
pensiyMu  pasHOCTH (a3 BO3PACTAET C YBEJINUECHHEM
MIPOCTPAHCTBEHHOTO pa3HOCa MPUEMHBIX aHTEHH. B TO
e BpeMs 3aBUCHMOCTh HHTEpBaja BPEMEHHOH Koppe-
JSAIUKM Orubaromeil OT YIJIOBOTO IOJIOKEHUS! aHTEHHBI
PJIC cornacyercs ¢ pesynbraramu u3 [ 1-3].

CpenHuil M0 COBOKYITHOCTH TPAcC U YIIOBBIM IO-
noxeHusM anteHHs! PJIC uHTEpBan BpeMEeHHOU koppe-
nmsmmu - Qorykryanuid ormbaromeld cocrasmser 0,7 ¢, a
¢ykTyanuii pasHocTH (a3 BBIXOAHBIX CHUTHAJIOB MpH-
€MHBIX aHTEHH C pa3HocaMu OT 6 A 10 30\ MpaKTHYIEeCKH
nocTosiHeH U cocrasisieT okoso 0,33 c. MuTepBan Bpe-
MEHHOH KOppEeJSIMY Orubarommeil oka3pIBaeTcsl OOoJbIe
MIPUMEPHO B JjBa pa3a, YeM WHTEPBal BPEMEHHOI Kop-
pemsanuu pasHocTH (a3. DTH pe3yabTaTsl HE MPOTHUBO-
pedar [1-3].

Bospacranue nHTepBaia Koppessiun GiayKTyanui
pasHocTH (a3 ¥ yMEHbIIEHHE HWHTEpBaja KOPPEISLUU
¢uykTyanuii orm0aromeil Nnpu OTKIOHEHWHM AHTEHHBI
repeiaTyvka OT IMyHKTa MpHUEMa MOXET OBITh 0OBsICHE-
HO BO3pacTaHHEM BKJaJa B PE3YIbTHUPYIOMINN CHIHAI
oTpakEéHHBIX curHanoB. [Ipu HaBeneHHO# anTeHHe PJIC
Ha TIpUEMHBIA MYHKT CpelHee orubaronell u cpemHee
pasHoctu (a3 onpexnensercs npsimeiM curHanom PJIC, a
(irykTyarmu ormbaromieit pazHoctd (a3 00ycIOBICHBI

MaJIBIMH M3MEHEHUSIMA BO BPEMEHH YIJIOBOTO IOJIOXKeE-
HUSI LIEHTPa TSHKECTH SHEPIeTUYECKOro CIEKTpa pacce-
SIHHBIX BOJIH. JlJI1 OTBEPHYTOM aHTEHHBI INEpeNaT4HKa
pasHOCTh (ha3 ompernensercs HHTepdepeHuuend orpa-
®KEHHOTO CHTHaja OT 00beKTa Ha MECTHOCTH B HallpaB-
nenun anteHHsl PJIC u npsimoro curnana PJIC, a dayx-
Tyallud pa3HOCTH (a3 CTaHOBSITCS OoJiee MEIUICHHBIMH.
[pu >ToM ¢irykTyanum ormbaromieil curnana o0ycioB-
JIeHbl MHTep(epeHurel MmapuualbHbIX CUTHAJIOB H3-3a
NepeMeIIeHHsT COOTBETCTBYIOIINX «ONECTSAIINX» TOYEK
00BEKTa, COOTBETCTBYIOLIETO OTPAKEHHOMY CUTHAITY.
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VYron orBopora anteHHsl MPU, rpan
8
Puc. 6. Cpennee 3nauenue (cmomnas) 1 CKO (myHkTup)
HMHTEpBajla BpeMEHHOM KOppessiuuy orudaromei g
U pasHOCTH (a3 T, 110 COBOKYIIHOCTH BCEX TPAcC;
10-cexyHIHBII HHTEPBAT

Koapdunuent xoppesiuuu ¢Gaykryauuii
OrndarIMX NPUHAMAEMBIX CUTHAJIOB H
¢ayxryanuii pasHocTu a3 MekAy HUMHI

KoapdumumenT B3auMHONH KOppENAUN  MEXAY
MTHOBEHHBIMU 3HA4YE€HHSIMH Pa3sHOCTH (a3 BBIXOMHBIX
CHUTHAJIOB TPOCTPAHCTBEHHO pPa3HECEHHBIX AHTEHH H
MTHOBEHHBIMH 3HAYEHUSAMM OruOaroiieil BXOAHOTO CUr-
HaJla OIHOM M3 aHTEHH OLIEHUBAJICS SKCIIEPHUMEHTAIBHO
JUTS Ha3eMHBIX MEepPeceuéHHBIX Tpacc B paborax [1-3].
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CornacHO >TiM paboTaM OH HE 3aBHUCHUT OT MPOTSKEH-
HOCTH TPACChI U IPOCTPAHCTBEHHOTO pa3HOCa MPUEMHBIX
aHTeHH. CBeleHNs O 3aBUCHMOCTH OT YIJIOBOTO ITOJIOXKeE-
uust anTeHHb! PJIC B 3Tux paboTax HEe IPUBEICHBL.

Jist BBIABIEHMS 3TOM 3aBUCUMOCTH OLICHMBAJICS
KOO QUIMEHT KOPPENISALUH BPEMEHHBIX (QIyKTyaluii
orubaromeil BBIXOJHOTO CHTHaja OJHOM aHTEHHBI U
¢urykTyanuii pasHocTH a3 MeXIy CHUTHAJIAMH Iapsbl
aHTEHH, a 3aTeM BBIYHMCIUICS JTOT e KoddduimeHt
Juis irykTyaruid orndaroreii BBIXOJHOTO CUTHala Apy-
roit anreHHsl. [lomydaemble k03((UINEHTH KOppess-
MM OTINYAINCh HE3HAYUTENIBHO, TIOATOMY OIpEesiI-
csi cpemHuid KO3(PPUIMEHT BPEMEHHOH KOpPPESAINH
(rykTyanuii  OrHOArOIMX NPUHUMAEMBIX CHUTHAJIOB U
GbaykTyanuii pasHOCTH (a3 MEXKIY HUMH 7y, -

[Tpumepsl cpeaHUX MO COBOKYITHOCTH TPacc KO3(-
(unmenTa Koppensuuy (CIUIONIHAS JIMHKS) Orudaroleit
U Pa3sHOCTH (a3 ra,z B 3aBUCHMOCTH OT YIJIOBOTO IIO-
noxenus anteHHsl PJIC npuBenens! Ha puc. 7. IlyHkTH-
POM TIOKa3aHbI CPETHEKBAJAPAaTHUECKHE 3HAYCHHUS Tayp
10 COBOKYITHOCTH TpPacc.
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Puc. 7. Cpennwuii 1o BceM TpaccaM K03 GHIHMEHT KOPPEISLIH
orubaroleit u pasHOCTH (a3 MeX/y BHIXOAHBIMH CUTHAJIAMHU

aHTEHH C IPOCTPAHCTBEHHBIM PA3HOCOM B 3aBUCHMOCTH OT
YTJIOBOTO TOJIOXKEHHUS Nepeiarolieil aHTeHHBI OTHOCUTENBHO

HamnpaBJIeHHUS Ha MPUEMHBINA MyHKT: @ — 30A; 6 — 6A

YcpenHEHHBIM 10 BCceM TpaccaM MOAyib kodddu-
IIMEHTA 7'zyr C OTBOPOTOM JIyda IEpefarouieil aHTeHHBI
OT HANpAaBJICHUS HA NPUEMHBIA MYHKT MMEET TEHICH-
IIMIO K BO3PACTaHHIO0. DTO MOXKET OBITh OOBSICHEHO BO3-
pacTaHuEeM BKJIaZa OTPAKEHHBIX CUTHAIOB OT O0BEKTOB,
PACIONIOKEHHBIX B cTOpoHe OoT JuHHU «PJIC — mpuém-
HBIH ITyHKT» B CPaBHEHHMHU C BKJIAJOM HM3ITy4EHHOTO CHI-
Hanma. l3MeHeHHe BO BpPEMEHHM NapaMeTpoB OTPaxEH-
HBIX CHUT'HAJIOB NPUBOJUT K 3HAYUTEJILHBIM U3MEHEHHAM
BO BPEMEHHU OJHOBPEMEHHO ISl Oorudaromieid U pasHo-
cti (a3 MpUHUMAEMBIX CHIHAJIOB. DTO OOYCIIOBIHMBAET
yBenuueHue Ko3QOUIUEHTA 7y f.

3aBUCHMOCTh KOOX(DOHUIMEHTA 7oy fr OT YIIOBOTO
monoxeHust anteHHB! PJIC xopomo cormacyeTcs ¢ 3aBu-
CHMOCTBIO 3TOro Koa(dduimenTa oT yrioBoil paccTpoii-
Kk# [3], MOCKONIBKY OHa CBf3aHa C M3MEHEHHEM LIEHTpa
TSDKECTH YIJIOBOTO HEPTETHYECKOTO CIIEKTpa PacCesH-
HBIX BOJIH IIpU MOBopoTe Jiy4ya aHTeHHsl PJIC.

KosdduimenTt koppensuuu orubaromieir ¥ pasHo-
ctH (ha3 Mo COBOKYITHOCTH HCCIIEAYEMBIX TPACC PacIpo-
CTpaHeHus M3MeHsIcs B npeaenax £0,9 u ot npocrpan-
CTBEHHOTO pa3HOca MPUEMHBIX aHTEHH MU3MEHSETCsl Ma-
no. IlpencrapneHHble 3Ha4eHHMs KOBQOUUMEHTA 7y f
npu HaBenéHHOI aHTeHHe PJIC Ha nmpuEMHBIA MyHKT
coracyrTes ¢ pesyasratamu u3 [1-3]. Pasdpoc oneHok
k03 PUITMEHTOB KOppENSAIMHA OTHOAONIEH W Pa3HOCTH
(a3 MOXeT OBITh OOBICHEH PA3THMYHBIM PaCIHOIOKECHH-
€M U TUIIOM OTpa)kaTeJiel Ha paguoTpacce.

CpenHuil O COBOKYITHOCTH Tpacc MHTEPBAI KOp-
pemAnuu orubaromel ¥ pasHOCTH (a3 OIM30K K HyIIO U
HE 3aBHCUT OT NPOTSDKEHHOCTH PaMoTPacchl. ITO CO-
IIacyeTcsl ¢ pe3ynbTaTaMu, MPUBEIEHHBIMU B paboTax
[1-3].

Mo xoaddurmenty koppensunu orudaromei u pas-
HOCTH (ha3 MpH AOCTATOYHO OOJIBIIOM OTHOIIEHHH MOIII-
HoctH curHana PJIC kK MOIITHOCTH paccessHHOTO CHrHaja
MOXHO Ipy0O0 OLICHHUTH, OTBEPHYT JiK Jiyd aHnTeHHb! PJIC
OTHOCHUTEJIbHO HalPaBICHUs HAa IPUEMHBIN IIYHKT.

BriBoabl

Pesynberarbl 00pabOTKH AKCIIEPUMEHTAIBHBIX JaH-
HBIX TO3BOJISIOT CAENaTh CIIEAYIOIINE BHIBOIBI:

1. [lony4yeHHsle B [NaHHOM paboTe 3KCIEPUMEH-
TaJIbHBIE OLIEHKH WHTEPBAJIOB CTallMOHAPHOCTH, UHTEP-
BAJIOB BPEMEHHOI KOppeisuy orubdaromieil 1 pa3HoCTH
(a3 NMpUHHMAeMbIX CUTHAJOB JONOJHSIOT HM3BECTHBIC
3aKOHOMEPHOCTH 3THX XapaKTEPUCTHK OT MPOTHKEHHO-
CTH TPAacchl M yIJIOBOTO IMOJIOKEHUSI aHTEHHBI Nepear-
YHKa OTHOCHTENBHO ITyHKTa mnpuéMa. HaOmomaercs
HEKOTOPOE PACXOXKACHHE C paHee M3BECTHBIMU PE3ylb-
TaTaMmu:

— A7t OTUOAIOIMX BBIXOAHBIX CHTHAJIOB IIPOCTPaH-
CTBEHHO Pa3HECEHHBIX NMPHUEMHBIX AHTEHH W Pa3HOCTH
(a3 Mex1y HIMH UHTEpBaJl BDEMEHHOW KOPPEJSLU OT
oTrBopoTa aHTeHHB! PJIC MeHseTCsl He3HAUUTEIBHO;

— WHTEPBaJI BPEMEHHOM KOPPEISINH pa3HoCTH (a3
BBIXOJHBIX CHTHAJIOB IPOCTPAHCTBEHHO DPa3HECEHHBIX
NpUEMHBIX aHTEHH HE3HAYUTENbHO 3aBHCUT OT IpO-
CTPAaHCTBEHHOTO pa3HOCAa NPUEMHBIX AaHTEHH OT OA
10 30M;

— OTCYTCTBYET 3aBUCHMOCTh WHTEPBAJIOB BpPEMEH-
HOW KOppEIsSIIMU OTHOAIOMIMX BBIXOAHBIX CHUTHAJIOB
MIPOCTPAHCTBEHHO Pa3HECEHHBIX NPUEMHBIX AHTEHH H
pasHocTH (a3 MeXIy HUMHU OT MPOTSHKEHHOCTH UCCIIe-
JyeMBIX Tpacc.

OTH XapaKTEPUCTHUKHU CIICyeT YUUTHIBATH IPH pa3-
paboTKe aNropuTMOB IIEJICHTOBAHUS HMCTOYHHMKOB pa-
JVOM3IYYCHUs] WM aJITOPUTMOB KBa3UKOTCPEHTHOTO
HaKOIJICHHUS CUTHAJIOB.

2. NHTepBan HaOMIONEHHS TIPHHATHIX CUTHAIIOB
oTpezieTIsIeT JOMUHUPOBAHUE TOTO MJIM MHOTO MEXaHU3-
Ma HCKa)XEHHH PaIMOBOJIH, NMPHUBOISMIETO K (irykTya-
LUSIM OTUOAIOIINX NTPUHUMAEMBIX CUTHAJIOB U PA3HOCTH
(a3 Mexx1y HUMH Ha Ha3eMHBIX TIEPECeUEHHBIX Tpaccax
mpsAMON BUIUMOCTH W audpakiouu. Ilo BpeMeHHBIM
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peanu3anysiM OTHOAIONIMX BBIXOAHBIX CUTHANIOB IIPO-
CTPaHCTBEHHO PAa3HECEHHBIX NPHEMHBIX aHTEHH M pa3-
HocTH (pa3 Mexay HUMHM jMTensHOCTRIo 10 ¢ ompene-
JIEHbl MHTEPBAJIbI CTAl[HIOHAPHOCTHU, Ha KOTOPHIX (IIyK-
Tyallidl OTHOAOIIeH M pa3HOCTH (a3 MOTYT OBITH BBI-
3BaHbl MPEUMYIIECTBEHHO (QIyKTyallUsIMU JUAJIEKTPHU-
YecKo MPOHUIIAEMOCTH Tporocdepsl Wiu Oecropsi-
JOYHBIM TIEPEMELICHUEM «OIECTIINX» TOYEK OTpaXka-
teneil. Ha necsiTucekyHIHBIX HMHTEpBajax 3HAYUTEINb-
Hble U3MEHEHHs (TPEH[Ibl) OTHOAOIIMX BBIXOIHBIX CHI-
HaJIOB NPOCTPAHCTBEHHO PAa3HECEHHBIX NMPUEMHBIX aH-
TEHH W pa3sHOCTH (a3 MeXJy HUMH MOTYT OBITh BbI3Ba-
HBl TIEpEMEIEHHEM B HEKOTOPOM IPEUMYILECTBEHHOM
HaMpaBICHUH TPYNI «ONECTSIIMX» TOYEK >IEMEHTOB
penbedpa MecTHOCTH. B cpemHeM HMHTEpBaibl CTalHO-
HapHOCTH OTMOAIOUIMX NPUHATBHIX CHTHAJIOB COCTABIIS-
1ot 0,1 ¢, a UHTEpBANBl CTAIIMOHAPHOCTH pa3sHOCTH (a3
HMEIOT JUIMTENbHOCTD nopsaka 0,2 c.

3. C OTBOPOTOM aHTEHHBI IIepefaTduKa OTHOCH-
TEJIbHO IIyHKTA NpUEMA MHTEPBAJl BPEMEHHON KOppesi-
UM OTHOAFOIINX BBIXOIHBIX CHTHAJIOB ITPOCTPAHCTBEH-
HO pa3HECEHHBIX NPHEMHBIX AHTEHH yMEHBIIAETCS, a
WHTEPBaJ BPEMEHHOH KOPPEJSIIMU PasHOCTH (a3 dTHX
CUTHAJIOB, HATIPOTHB, YBEININBACTCSL.

4. Monyne kod(duIEeHTa KOpperanuu orudaro-
e ¥ pasHocTH (a3 ¢ OTBOPOTOM Jiyua IMepeaaroreit
AQHTEHHbI OT HAIlPaBJICHWsA HA MPUEMHBIA ITyHKT UMEET
TEHJEHINIO K Bo3pacTanuto. [1o 3HayeHnto xoadpunm-
€HTa KOPpEISIHH TPH AOCTaTOYHO OOJIBLIOM OTHOILE-
Huu MomHocTy curaana PJIC x mMomHocTH paccesHHO-
rO CHUTH&JIAa MOXKHO TpyOO OLIEHHWTh, OTBEPHYT JIM JIyY
anTeHHbl PJIC OTHOCHUTENBHO HampaBlieHHs Ha MpUEM-
HBIH ITyHKT.

HccnenoBanue BBITOMHEHO NMPU (PMHAHCOBOH I1MOJ-
nepxke POOU B pamkax HayuHoro mpoekra 16-38-
60091 mon_a k.
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Anikin A.S., Krytikov M. V.
Temporal properties of centimeter RF signals, which
transmitted through cross-over terrestrial track

For signals received by spaced antennas we analyzed the time
realizations and phase shifts on 10-seconds intervals. The
experimental estimations for envelope and phase shift station-
arity intervals, relation between envelope and phase shift time
correlation interval and antenna angular position, and enve-
lope and phase shift cross-correlation coefficient are shown.
The achieved properties were compared to previously pub-
lished results.

Keywords: experimental results, envelope, phase shift, sta-
tionarity interval, correlation coefficient, time correlation in-
terval, statistical properties, antenna angular position, RF
emitter.
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C.A. XopgeHkoB, H.M. BoeB

UccnepgoBaHue pacnpeaeneHusi BbICOKOYaCTOTHbLIX TOKOB
B NOJIOCKOBLIX NMPOBOAHUKAX (punbTpa Ha OCHOBE ABYMEPHOrO

3M1IeKTPOMarHUTHOro Kpucrtanna

IIpennoskena KOHCTPYKIUSI MHKPOIIOJIOCKOBOTO MOJIOCHO-TIPOITYCKAIOMIETo (HIBTpa YETBEPTOTO MOPSAKA HA OCHOBE
JIBYMEPHOTO 3JIEKTPOMAarHUTHOTO KpHcTayuia. [lodydeHo pacrpeneneHHe BBICOKOYACTOTHBIX TOKOB B IOJIOCKOBBIX
MIPOBOJHHKAX ycTpoiicTBa. [lokazaHo, 9TO cHUTHAJ MOCIIENOBATENEHO PACIPOCTPAHSIETCS OT OHOTO PE30HATOpa K ApY-
TOMY, 3TO HIO3BOJISIET PEaTM30BaTh (GMILTP C BEICOKUMH YaCTOTHO-CETIEKTHBHBIMH CBOHCTBAMHU.

KnroueBble ¢JI0Ba: MOJIOCHO-TIPOITY CKAIOIIMH (UIIBTP, SJIEKTPOMArHUTHBIA KPUCTAILI.

doi: 10.21293/1818-0442-2016-19-4-64-66

ONEeKTPOMarHUTHBIMA KPHCTAJUIAMH TPHHATO Ha-
3bIBATh MEPUOIUYECKUE CTPYKTYPBI, 00IaJaronye CIio-
COOHOCTBIO TIOJABIATH PACIPOCTPAHEHUE 4Yepe3 HUX
SNEKTPOMATHUTHBIX WM3IY4YEHHH B OIpENENEHHBIX Yac-
TOTHBIX JUaNasoHax, HAa3bIBACMbIX 3allpCIICHHBIMA
3oHamu [1, 2]. CenekTuBHBIE YCTpOMCTBA Ha OCHOBE
TaKUX MPOCTPAHCTBEHHBIX CTPYKTYp XOpOIIO 3apeKo-
MEHJJOBaJIM ce0s1 B ONTHYECKOM JIMala3oHe U B HACTOS-
I1ee BpeMsl IIMPOKO HCCIIEAYIOTCS KOHCTPYKLUH Ha MX
OCHOBE, IIPUMEHSIEMBIE YK€ B CBEPXBBICOKOYACTOTHOM
(CBY) guamazone [3-7].

B Hacrosimieit pabote npezacraBieHa KOHCTPYKINS
MOJIOCHO-IIPOITYCKAIOIIET0 (UIBTPa YETBEPTOTO TOPSA-
Ka, peaTM30BaHHOT0 Ha OCHOBE ABYMEPHOTO (2D) 3mex-
TPOMAarHUTHOTO Kpucramia (puc. 1), ero amMImIuTyaHO-
gacToTHas xapakTtepuctuka (AUX) paccuutana mnpu
MOMOIIIN JIEKTPOANHAMUYECKOTO YUCICHHOTO aHaln3a
3D-monenmu. Ilpu 3ToM B pacuyeTax HCHOIB30BAIHCH
CIJIE/TyOIIME TTApaMETPhI TTOJUIOKKH: JUDJICKTpHIECKas
npoHuraeMoctb € = 9,8 u tonmmmua 2 = 1 mm. 50Q-
MOPTHI HOAKJIIOYAINCh K BXOIHOMY M BBIXOJHOMY OT-
pe3Ky nosockoBoro nposogauka /. Hactpoiika ¢umbr-
pa OCYIIECTBISUIACh «PYYHBIM» IApaMETPHUCCKHM
CHHTE30M, IIPU KOTOPOM MOAOMPAIINCH JUTMHA U IIHPHHA
OTPE3KOB ITOJOCKOBBIX MPOBOJHHUKOB, & TAKKE BEITHUH-
Ha 3230pOB MEXy HUMHU.
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Puc. 1. Tononorust mojJocKOBBIX IPOBOIHUKOB
(cepslit K YepHBIi UBET) GUIBTPA HA OCHOBE
2D-31eKTpOMAarHUTHOTO KPHCTAIIA

LenTpanpHass dYacToTa TMOJOCH IPOITYyCKAaHUS
fo=1I'T'y, Tarxke Kak ¥ OTHOCUTEJIbHAS IIMPHHA TTOJIOCHI
npomyckanusa — Aflfy = 20%, Obun 3adUKCHPOBAHBI
(puc. 2).
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Puc. 2. AUX ¢unbTpa Ha 0cHOBE 2D-3JI€KTPOMAarHUTHOTO
KpHUCTaJJIa B IMUPOKOM JTHANA30HE YacToT (6) U B y3KOM (a):
L — nipsiMBIe TIOTEPH MOIITHOCTH;

R — obpaTHBIe MOTepH MOITHOCTH

OTMCTI/IM, 9TO B KOHCTPYKIHWU HCIIOJIB30BAHO 3a-
3EMJICHHUEC TIO0JIOCKOBBLIX TIIPOBOJAHUKOB Ha OCHOBAaHUEC
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(mozumus 5 Ha puc. 1), KOTOpoe MOXKHO peaTn30BaTh B
BUJIE CKBO3HOTO OTBEPCTHUS BBICOTOM /I B IMBIECKTpUIC-
CKOH MOAJIOXKKE, 3alI0JIHEHHOTO MPOBOISIIIUM MaTepua-
JIoM. PazMepnl Bcex 4eThIpeX KBaApaTHBIX OTBEPCTUH J
OJMHAKOBHI M COCTaBMAIOT Bemmunny 0,3x0,3 mm’. [pu
3TOM Y3KHE€ MpPOTSKEHHbIE OTPE3KH MOJOCKOBBIX MPO-
BOJHHUKOB / COEAMHEHBI C HIMPOKUMHU OTpe3KaMu 3 WIIN
7 TIpHU MOMOIIH y3KUX KOPOTKUX OTPe3KoB 2, 4 unu 2, 6.
Bce oHM pacnonoxeHbl ¢ BEpXHEH CTOPOHBI JUAJIEK-
TPUUECKON TOATOXKKH, Ha HIDKHIOI CTOPOHY KOTOpPOM
HAHECEHO 3a3eMJIIEMOE METATH3UPOBAaHHOE OCHOBAHHE.

Ha puc. 3 u 4 cxemaTuuecku NpeACTaBIEHO pac-
MIPE/ICNIEHNE BBICOKOYACTOTHBIX TOKOB B MOJIOCKOBBIX
MIPOBOIHUKAX HCCIIEAYEMOTO HOJIOCHO-MPOITYCKAIOIIETO
¢unbTpa, MOIyYeHHOE C HCIIOIh30BaHueM B 3D-monenn
CJ1ab0i EMKOCTHOM CBSI3U BXOJHOTO U BBIXOJHOTO PE30-
HaTtopoB ¢ 50Q-nmopTaMu, YTO MOXKHO pean30BaTh MPU
MTOMOIIM «BO3IYIIHOTO» 3a30pa. Ilpu 3ToM nmoodepenHo
ObUTH  3a()MKCHPOBAaHBI YACTOTHI IIEPBOTO, BTOPOTO,
TPETBETO M YETBEPTOrO PE30HAHCOB, (HOPMHUPYIOLIHX
MOJIOCY MPOIYCKAHUsI yCTPOUCTBA.

d Vecccccect tr>>2335 1 ¢
A VVecececcect 42>} ¢t
P VVeccececcet i1V 1
P VVleccccect it ¢t
¢—% VVeccecectt it 0 Y 1’—¢
A VVececeecttt MtV VY ¢4
A Vececect Mt M2 L2 @
P Vecet ittt MM A LY @
2 Vo>t tecccecect V ¢#
leccccccccc 2330551
Ceccccccec il S>> >>
o> A leccecececet
Ab bt el A h Vot at A4 A
A bt rececl 2 ¥Vt 202
S N SRR 2 N 2 N N N
At rtecciV 2 V>t 202
MM brecceciV p A Vit
PrecccciV tt ¥V >4 10
pececcccecl 1t V>335 1
pececccce tt >0 1
a
A Veccececctlececcecececr ¥
P VVeccecettVVleccececett ¥
A VVecceceett IV eccececetrt }
A VVececet Mt iV Veeceectrt ¥
o VW VetttV MV VW Vet P
A VYV etttV VbV Vet
A YV Vet BV VYV Vet ¥
P Vet bttt itV Vet
2 Voot i

()
)
)
)
)
)
)
)
)
e

fccccccece

cCecceccececen Cecececeee

S>>
teecV>>>>1
teccecececet
lecececececet
lecececececet
leccecececet
tecccececet
lececececeet

cececcecect

Ao >
Vo>>>>1e«el
Vecececececee)
Jeccecececeel
Vecececececeel
Veccecececeel
Jeccecececeel
Jeccecececeel
Vecececececee

S>> S>>
cecccccecen

o
Puc. 3. Pactipenenenne BRICOKOYACTOTHBIX TOKOB B MOJOCKO-
BBIX IIPOBOJTHUKAX (HIBTPA 4-TO MOPSIKA:
a — Ha yactoTax | pe3oHaHnca; 6 — Ha yactorax Il pe3onanca

Kak m cnenoBano oXupaaTh, aMIUTMTYZA BBICOKO-
YACTOTHBIX TOKOB Ha Y3KHX HPOTSDKCHHBIX OTpE3Kax
MOJIOCKOBBIX NPOBOAHUKOB 3HAYUTEIBHO IIPEBOCXOIUT
aMIUIMTYy TOKOB Ha IIMPOKUX KBAJIPAaTHBIX OTPE3KAX.

B pesynbrare MHAYKTHBHOE B3aHMMOJICUCTBUE BO
BCEX PE30HATOpax ropas[o CUIIbHEe eMKOCTHOTro, Oma-
rojapsi 3TOMy CHT'HaJl ¢ BXOJHOTO pe3oHaTopa mepesa-
eTcs K MEePBOMY PE30HATOpPY BTOPOTO psifa, jAajiee Ko
BTOPOMY PE30HATOPY 3TOTO K€ Psfa, U YK€ TOJIBKO 3a-
TEM K BBIXOJHOMY PE30HATODY.

Kak BunHO U3 puc. 3, a, Ha 4acTOTax camMoro HH3-
KOYAaCTOTHOTO pPEe30HaHCa, (OPMHUPYIOIIETO TOJIOCY
MPOIMYCKAHKS, HA TMPOTSHKEHHBIX Y3KUX MMapajuieTbHbBIX
OTpe3KaxX TMOJOCKOBEIX IIPOBOJHUKOB B3aUMOJICUCT-
BYIOIIUX PE30HATOPOB BEKTOPHI BBICOKOYACTOTHBIX TO-
KOB CoHampaBiieHbl. OUYeBHHO, YTO HA YacTOTaX YeT-
BEPTOr0, CaMOro BBICOKOYACTOTHOTO PE30HaHCa, 3TH
BEKTOPHI OyIIyT BCTPEUHO-HANpaBieHs! (puc. 4, 0).

Ha vacTrorax BToporo pe3oHaHca, Ha 3THX ke Mpo-
TAXKCHHBIX MapaJUICJIbHBIX OTPE3Kax MPOBOJHUKOB, BEK-
TOpa TOKOB COHAIpPABJICHBI I PE30HATOPOB MEPBOTO U
BTOPOT'O PSIOB U BCTPEUYHO-HAIPABICHBI ISl PE30HATO-
poB BrOporo psaa (puc. 3, 6). Ha yacrorax Tperbero
pe30HaHCa — COOTBETCTBEHHO HA000pOT (4, ).
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Puc. 4. Pacnipeienenre BHICOKOYaCTOTHBIX TOKOB B IMOJIOCKO-
BBIX MPOBOTHKUKAX (PUIBTPa 4-TO MOPSIIKA:
a —Ha yactotax Il pesonanca; 6 — Ha yacrorax IV pe3onanca

BaxHo oTMeTuTh, 4TO 32 CH4eT OOJBLIOTO CKAYKa
BOJIHOBBIX COIPOTHBIICHUH OTPE3KOB JIMHUHA B Tpel-
CTaBJIICHHOM (DHIIBTPE pean3yercsl NPOTSHKCHHAs BbI-
COKOYACTOTHAs MoJIoca 3arpaxiaeHus (cM. puc. 2). [lpu
sToM Ha AUX BOIHM3M 000MX CKIOHOB HOJOCHI IPOITyC-
KaHUs HaOMIONAlOTCs IONIOCA 3aTyXaHUs MOLIHOCTH,
YTO CYIIECTBEHHO YBEJIUYMBACT KPYTH3HY KaXKIOTO
cxyioHa. Il0oABIEHUIO TNONIOCOB 3aTyXaHUS MOIIHOCTH
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CHOCOOCTBYET ITPEMMYIIECTBEHHO EMKOCTHOE B3aUMO-
JEWCTBHE MEXIy Pe30HATOpaMu IEPBOTO psifia.

I'eomeTpuueckue pazmeps! (GpuibTpa, C y4eTOM OT-
CTYIIOB IIPOBOJHUKOB OT KPaeB MOUIOKKH HA BEIIMUUHY
1 mM, coctaBiasgior 20,70%20,65%1,00 MM, Pazmepsnl
OTPE3KOB MOJOCKOBBIX IIPOBOAHUKOB (PHIIBTpA!

(1) -8,80%0,30 Mmm*; (2) — 0,70%0,30 Mm?;

(3) - 8,20%8,10 Mmm*;  (4) — 0,60x0,25 mm?;

(5) - 0,30%0,30 Mmm*; (6) — 0,40%0,30 mm*;

(7) — 8,40x8,10 mm".

3a30pel MEXIy pE30HAaTOpaMH OJHOTO psiia —
0,45 MM, mexay psgamu — 0,40 MM. DKCIIepUMEHTAIb-
HBII MakeT (DuIbTpa IOKa3bIBaeT XOpOIIEe COIIacHe
paccuntanHoit AUX ¢ n3MepeHHOH.

Takum 00pa3om, NpeIoKEHa KOHCTPYKIHUS IMO-
JIOCHO-TIpOIyCKatoero GpuibsTpa Ha ocHOBe 2D-anek-
TPOMarHUTHOTO Kpuctajuia. IlokazaHo pacrpeneneHue
BBICOKOYACTOTHBIX TOKOB Ha YacTOTaX YETHIpeX pe3o-
HaHCOB, (JOPMUPYIOIIMX ITOJIOCY IMporyckaHus. Ha vac-
TOTax MEPBOTO PE30HAHCA B MapajlieIbHBIX MHUKPOIO-
JIOCKOBBIX JIMHUSX C IMPEUMYIIECTBEHHO UHIYKTUBHBIM
B3aUMOJICHCTBHEM BEKTOPHI BEICOKOYACTOTHOTO TOKA BO
BCEX OTpE3Kax NMPOTSKEHHBIX IMOJOCKOBBIX MPOBOIHH-
KOB COHampaBiieHbl. Ha gacToTrax 4eTBepTroro pe3oHas-
ca — Ha00OPOT, BCE BEKTOPHI BCTPEUHO-HAIIPABJICHHBIE.
Ha dacToTax BTOpPOTO M TPETHEr0 PE30HAHCOB JAaHHBIC
BEKTOPHI HA OJHUX MapajUIeIbHBIX yJacTKaxX COHAIpaB-
JIEHBI, Ha JIPYTrUX — BCTPEYHO-HampasieHsl. biaronaps
yHHKaJ'IBHOfI TOTIOJIOTUM TOJIOCKOBBIX IMPOBOJAHUKOB
CHUTHAJI [TOCJIEI0BATENBHO PACPOCTPAHIETCS OT OAHOTO
pe3oHaTopa ¢ OOJNBIIMM CKaYKOM BOJIHOBBIX COIIPOTHB-
JICHUI OTpe3KOB NHMHUI Kk Apyromy. [lostomy uccneno-
BaHHBIH (PUIBTP YETBEPTOTO TOPSAAKA 00TaTAET BBHICO-
KAMH YaCTOTHO-CEJICKTUBHBIMH CBOMCTBAMH: YBEJIH-
YEHHON KPYTH3HOM 00OMX CKIIOHOB ITOJIOCHI IPOITyCKa-
HUSl U PacIIMPEHHON BBICOKOYACTOTHOW IIOJIOCOM 3a-
TPaXKICHUSL.

HccnenoBanue BBIIOJHEHO NpU nojaepxke Mu-
HHUCTepCTBa 00pa3zoBaHUs M Hayku Poccuiickoit Dene-
panuu, rpant MK-9119.2016.8.
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Khodenkov S.A., Boev N.M.

Investigation of distribution of high-frequency currents
in filter strip conductors based on a 2D electromagnetic
crystal

The design of the bandpass filter based on a 2D electromag-
netic crystal is suggested. Parametric synthesis of the con-
struction was carried out with the help of numerical electro-
dynamic analysis of 3D-model. Also distributions of high-
frequency currents at the frequencies of four resonances form-
ing bandwidth were observed. At first resonance frequencies
of the of high-frequency current vectors, in all segments of
parallel gaunt strip conductors, are co-directional. At frequen-
cies of the fourth resonance — on the contrary, all of the vec-
tors are counter-directional. At frequencies of the second and
third resonances the vectors on one parallel section are co-
directional, but on other section they are counter-directional.
Due to unique topology of strip conductors, the signal sequen-
tially propagate from one resonator to other. Therefore the
studied filter of the fourth order possesses high frequency-
selective properties: increased steepness of both slopes of
bandwidth and expanded high-frequency stop band.
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E.U. TpeHkans, A.T. llowunoB

N3mepeHne ypoBHEHN XNOAKOCTEN METOAOM UMNYSIbCHOMN

pednekTtomeTpumn (0630p)

PaccMmoTpeHsr 0cHOBBI MeTOzIa pediekToMeTpuH BO BpeMeHHOH obaacti (TDR), a Taxke nmpuMeHeHne MeTona IS pe-
IICHUS 3a[]a4d U3MEPEHHs YPOBHEH 01HO(A3HBIX 1 MHOTO(a3HbBIX KUIKOCTeH. [IpeAcTaBIeH aHAN3 CYLIECTBYIOLINX
ImyOMKaui 1o TeMe. PaccMOTpeHBI mepceKTHBHBIC HAIIPABIICHUS Pa3BUTHS METOJA.

KnroueBrble cioBa: ypoBHeMeTpust, pediuekromerpust, nsmeperne, TDR, ypoBeHb, JKUAKOCTb.

doi: 10.21293/1818-0442-2016-19-4-67-73

B Hactosimiee BpeMs CyIIECTBYEeT MHOMKECTBO
MPaKTUYECKUX 3ajad, TPeOyIOUUX TOYHOTO MU3MEepEeHHs
YPOBHS JKUAKHUX MU CHITY4YHX MaTepuaynoB. Cpean HUX:
u3MepeHue ypoBHed ¢pakuuii HedpTH B HEedTemoObI-
Baloleil u HedTenepepadaTbIBalOmIeii TPOMBIILICHHO-
CTH, ONpEAETICHUE NPOMOPLUN NPOTYKTOB AN AAlb-
HEHIIero CMEIIMBAHUSA B XUMHYECKOW MM IHIIEBON
MIPOMBIIIJICHHOCTH, OIPEIEICHHE YPOBHEH TOIUIMBA B
TPAHCIIOPTHBIX CPE/ICTBAX.

B 3aBucumoctr oT TpeOOBaHMH K TOYHOCTH H3Me-
PEHHs, CBOMCTB M3MEPsIeMOi Cpeibl U BHEIIHUX (haKTo-
POB TPUMEHSIIOTCA pa3IWYHbIE METOABI H3MEPEHUs
ypoBHeii [1]. Cpenu Bcero MHOTOOOpa3Hs MOXKHO BBIIE-
JUThH CJEyIOIMe Haubosiee pacipoOCTpaHEHHBIE METO-
JIbl: MEXaHUYECKUM, NIEKTPOCTAaTUYECKUH, YIbTPa3By-
KOBOW U MUKPOBOJIHOBBIIA.

MexaHn4ecKuil METof| SBIAETCS OJHUM M3 CaMbIX
MPOCTBIX B pealM3allud U 3aKII04YaeTcs, Kak MpaBUIo,
100 B KOHTpOJIE TOJIOKEHHMS TOIUIaBKa (IOTUIAaBKOBBIE
YPOBHEMEpHI), TIABAIOIIET0 HAa MOBEPXHOCTH H3Mepsie-
MOW KMIKOCTH, JHMOO Ha M3MEPEHHH CHIIBI, KOTOpas
BO3HMKACT MPH BHITAJIKUBAHUU IIOTPYKEHHOTO B H3Me-
pseMyIo KHUIKOCTh Oyiika (OykoBble ypoBHeMepsI). He-
JOCTaTKOM MEXaHWYECKOTO METO/a SIBIISICTCS HalMuue
HOABIKHBIX YacTel, U, KaK CJIEICTBUE, HEBO3ZMOKHOCTb
MIPUMEHEHHsI B Cpelax, oOpasylolluX HAIWIAaHUE HIIH
OTJIOKEHHE 0CaJKa Ha MOIUIaBOK MU OyeK.

B ocHoBy anekTpocrarudyeckoro Meroaa [2] usme-
peHUsl ypOBHSI MOJOXKEH aHAIMU3 IEKTPUUECKOH eMKO-
CTH, 0Opa30BaHHOM MEXKIY IJIEKTPOAAMH, IOTPYXEH-
HBIMH B JXHJIKYIO cpery. JloCTOMHCTBOM MeToa SIBIsIET-
Csl OTCYTCTBHE TIOIBM)KHBIX 4aCTEH, HEOCTATKOM — yB-
CTBUTEIBHOCTh K HW3MEHEHHIO HJIEKTPUYECKUX CBOICTB
KHUJIKOCTH, @ TaKXKe HEMPUTOAHOCTh IJISI MU3MEPEHUS
YPOBHS BSI3KHX, IIEHKOOOPA3yIOMNX, KPUCTAJIIH3YIO-
IIUXCA U BBINAJAIOMINX B 0CAI0K KUIKOCTEH.

VYIbTpa3ByKOBBIE YPOBHEMEPHI [3] HCIIONB3YIOT SIB-
JICHUE OTPaXXCHHs YIBTPa3BYKOBBIX KOJICOAHMH OT
IJIOCKOCTH pa3zelia cpell «KUAKOCTh — ras3». [lelicTBue
YPOBHEMEPOB 3TOr0 THUIIA OCHOBAHO HAa H3MEPEHUU
BPEMEHU NPOXOXKIEHUS UMITyJIbCa YIbTpa3ByKa OT U3-
JydaTerst 10 MOBEPXHOCTH >KUAKOCTH M oOpartHo. [loc-
TOWHCTBOM YJIBTPa3BYKOBBIX YPOBHEMEPOB SBISETCS
BO3MOYKHOCTH IHMCTAHIIMOHHOTO M3MepeHHs ypoBHS. K
HEJI0CTaTKaM MOKHO OTHECTH: 3aBHCUMOCTbH ITOKa3aHUH
YPOBHSL OT MAapaMeTPOB M3MEPSAEMBIX KUAKOCTEH (TeM-

Heparypbl, BIAKHOCTH, AABJIEHHs, KOHICHTpPAIUN), He-
BBICOKO€ MPOCTPAHCTBEHHOE pa3pelleHne, CIO0KHOCTb
MOJyYeHHs] Y3KOH TUarpaMMbl HarlpaBJIeHHOCTH.
MHUKpPOBOJIHOBBIA METOJ] cOUeTaeT B ceOe MpeumMy-
IIECTBA YJIBTPAa3BYKOBOTO M JJIEKTPOCTAaTHYECKOTO Me-
TOZOB ¥ OCHOBAaH Ha aHAJM3€ 3JIEKTPOMarHUTHBIX OT-
KJIMKOB OT TpaHUIl pa3ziena cpea. B 3aBucumoctH OT
KOHCTPYKTHBHOTO HCIIOJTHEHHUSI MOTYT OBITH pealn3oBa-
HBI KaK KOHTaKTHbIE (30HJOBBIE), TaK M OECKOHTAKTHbIC
(pamapusie) m3mepernus [4]. Ilo mpuHIUIY AEWCTBHUSL
MHKpPOBOJTHOBBIE YPOBHEMEPHI JEISATCA Ha peQieKTo-
METPHUYECKHE C aHATH30M BO BpEMEHHOI obmactu [5—7]
U ypOBHEMEpHI, HCIHONB3YIONINE YaCTOTHO-MOIYIHPO-
BaHHBIC 30HUPYIOIINE CUTHABI, ITO3BOJISIOIINE IPOU3-
BOJIMTh M3MEPEHUE YPOBHS Ha OCHOBE CIIEKTPalbHBIX
XapaKkTepUCTUK oTpaxeHHoro curHana [8—10]. Ilocnen-
HHE MEHee paclpoCTpaHEHbl BBHUIY OoJiee BBICOKOH
CTOMMOCTH M CJIO)KHOCTH amlapaTHON peau3anuH.
Lenpro Hacrosiei pabOTHI SIBISIFOTCS CHCTEMaTH-
3amus MyOIWKauid M aHAJN3 TEHACHINH pa3BUTHS Me-
Toga pedekToMeTprun BO BpeMeHHOH obOmactu — Time
Domain Reflectometry (TDR) mist 3amaun u3mepeHus
YpOBHEit 0JITHO(A3HBIX U MHOTO(A3HBIX KHKOCTEH.
OcHOBBI MeTOa pediIeKTOMEeTPHH
BO BpeMEeHHOii 00/1acTH
BosnukHoBenue u passutue TDR-meTona cBa3aHo
C MOWCKOM TPOCTBIX M JOCTYITHBIX CPEICTB TUAarHOCTHU-
KU TIOBpeXkAeHuil B nuHusax nepenaun [11, 12]. Kak us-
BECTHO, JINHUSA Iepeiadyll MOXET OBITh Ipe/CcTaBlIeHa B
BUJI€ 3KBHBAICHTHOH CXEMBI, MpPEACTABISIOMEd coOo0i
MOCJIE0BATEIbHOE BKJIIOUYCHHE BJIEMEHTAPHBIX OTpe3-
KkoB (puc. 1) OeckoHEUHO MayoW JITHHBI Ax, KaXKIbIH W3
KOTOPBIX XapaKTepPH3yeTCs] MOTOHHBIMU IapaMeTpaMH:
eMKOCTbI0 C, MHIYKTUBHOCTBIO L, aKTHBHBIM COIIPO-
TUBJICHUEM R 1 IPOBOAUMOCTHIO G.

RAx Lix

GAx CAx

I

Ax

Puc. 1. DxBuBasIeHTHAs cXxeMa OTpe3Ka JIMHUH Nepeaadn

BonHoBOE conpoTHBIEHNE OTpe3Ka JIMHUY Hepena-
4K Z, ONIpe/ieNsieTcs 10 U3BECTHOI (hopmMyrte
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R+ joL 1
0= . :
G+ joC
JIroOble TOBpeXIeHUS JIMHUK nepenadn (0OpbIB,
KOPOTKO€ 3aMBbIKaHHE, OTKJIIOHEHHWE NapaMeTpoB IIOIIe-
PEYHOTO CeYEeHUsI) IPUBOAAT K JIOKAJIbHOMY U3MEHEHHIO
ee HMIICAaHCA W XapaKTepH3YIOTCSA KOIPQPHUIIEHTOM
OTpaXXEHHsI B TOUKE PACCOTIIACOBAHUS, PABHBIM

rZ-2
Z+ZO

rae Z — UMIIeJJaHC B TOYKE BOSHUKHOBEHHUSI HEOIHOPOI-
HOCTH.

st oOHapy)XeHHsI U JIOKAIN3AIMU TaKUX TOBPEXK-
JICHUI TIpUMEHSETCS. MEeTo pe(IeKTOMETPHH BO Bpe-
menHoit obnactu (TDR). [lnst aTOTO HA BXOJ JIMHHUM TTO-
JIaeTCsl 30HJUPYIOIUHA CUTHAN (KOPOTKHH MMITYJIbC HIIH
nepernay HanpsDKeHHs), KOTOPBIi, paclpoCTpaHssACh 110
JIMHHUYU TIepefadd, YaCTUYHO MIIH MOJHOCTBIO OTPakaeT-
Csl OT JIOKAJIBHBIX OTKJIOHEHHWH mmrenanca. OTpaxkeH-
HBIIl CUTHaJ, BO3BpAlLasCh Ha BXOJ MCCIEAYEMOW JIu-
HHUH, PETHCTPUPYeTCs INpUeMHHMKOM. llomydeHHas xa-
PaKTepHCTHKA HANPsDKEHHs Ha BXOIE JIMHUM Iepeadn
OT BpEMEHH Ha3bIBaeTCs pediekTorpaMMoH.

AHanu3 pedieKkTorpaMMbl  TI03BOJISIET TOJNYYHTh
nH(pOpMAaLIMIO O MPOAOIBHON CTPYKTYpE JIMHUU Tiepe/a-
YH, UMesl BOBMOKHOCTh ITTOJKIIIOUEHHS JIUIIb K OJHOMY
U3 €€ BXOJIOB.

[o 3agepikke OTpaXKEHHBIX CHTHAJIOB OTHOCHTEIb-
HO 30HIMPYIOLIEr0 BO3MOXKHO OIIPEACIICHUE MOJIOKSHUH
HEOJHOPOIHOCTEH B JIMHUU Nepeavn:

IJI€ V — CKOPOCTh PacIpOCTPAHEHUS AEKTPOMAarHUTHON
BOJIHBI B JIMHUU; T, — 3aJ€pKKa OTPAKEHHOIO CUTHAJa;
| — paccrosiHME 10 HEOJHOPOIHOCTH B Kabere.

ITo ¢opme oTpaskeHHOTO CHUTHajla MOTYT OBITH OII-
peneneHsl THI HeomHopoaHocTH [11] m ee dacToTHBIC
xapakrepuctuku [13].

HarnsgHocTh M MpOCTOTa TEXHUUYECKOW peannsa-
un caenanu TDR-metox BocTpeOOBaHHBIM ISl periie-
HUS NIPUKIAIHBIX 3a/1a4 B PasIMUHBIX OTPACIiX, B TOM
YHCIIe B 3a/1a4€ U3MEPEHHUST YPOBHsI OMHO(pA3HBIX 1 MHO-
roQ)a3HbIX KHKOCTEH.

IIpumenenue TDR-meToaa 1J1s1 M13MepeHUs
YPOBHeil 04HO(a3HbIX JKMAKOCTeH

[lepBeie paborsl mo mnpumenenuro TDR-merona
JUIs aHaJlu3a YPOBHEH JKUAKOCTEH OTHOocATCS K 60-M
rogaM mponmioro Beka [14, 15]. B kadectBe m3mepu-
TenpHOro 30HAa npocreimero TDR ypoBHemepa wuc-
MOJTb30BAJIACh JIMHUS IepeJadl ¢ BO3MLYIIHBIM 3aroIHe-
HUeM (KoakcHWajJbHas WM IBYXIIPOBOAHAS), KOTOpas
MOTpY’Kanach B MCCIEAYEMYIO CpeLy W I03BOJILIA OIl-
pelenuTh rpaHully pasaena (a3 «BO3AyX — JKHIKOCTHY
IO 3a/IepP’KKe CUTHANA, OTPAXKEHHOTO OT TPAHUIIBI H3Me-
HEHMS JUAIEKTPHUECKOTO 3ar0THEHHUS.

B narenre [14] npenioxkeHO caMOKamTuOpyromieecs
TDR-ycTpoiicTBO ANl U3MEPEHHs] YPOBHS JKUAKOCTU.
VYerpoiicTBo [14] conepkuT reHepaTop NpSMOYTOIbHBIX
HMITYJIbCOB, CTPOOOCKONMYECKUH ocIwuiorpad W u3-

2

MEpHUTEIbHBIN 30HA, BHIIOJHEHHBIH B BU/IE KOAKCHAJIb-
HOM JIMHUHM C BO3AYLIHBIM 3allOJTHEHUEM, TTOTPYKEHHBIH
B cocyl. OTnHYHTENbHON OCOOCHHOCTBIO YCTpPOMCTBA
SIBIISIETCSI MCIIONBb30BAHNUE B KOHCTPYKIMH H3MEPHUTENb-
HOTO 30H/Ia TIEPHOJMYECKUX U3OJIHUPYIOLINX IEMEHTOB,
KOTOpBIC 00ECTICUNBAIOT 1BE (PYHKITHH:

1) TouHOE MO3UITMOHUPOBAHUE LIEHTPATBHOTO TPO-
BOJJHMKA OTHOCHTEJIHHO BHEIITHETO IKpaHa;

2) NoKajJbHOE M3MEHEHHE BOJIHOBOTO COIPOTHBIIE-
HUSI 30H]1a B MECTaX YCTaHOBKH.

Ha n3mepenHO# pedrekrorpaMMe KpoMe CHUTHaja,
OTPaXEHHOTO OT TPaHHMIIBI paszaena (a3 «Bo3myx — KUI-
KOCTB», OyIyT MPUCYTCTBOBAaTh MEPHOANYECKHE CHUTHA-
JIbI, BBI3BAHHBIE OTPAKEHHMSAMH OT H3OJIMPYIOIIUX 3Ie-
MEHTOB.

Hamuuue Takux OTKIMKOB IO3BOJSIET 0OECIIEUUTH
NPUBSI3KY BPEMEHHON OCH peuieKTorpaMMbl K KOOp/IH-
Hare 10 JJMHE U3MEPHUTEILHOTO 30H 12 (CaMOKaIMOPOB-
Ky YCTpOMCTBa).

B narenre [15] mpenioxena cucrema i onpese-
JICHUS! YPOBHEH U JJIEKTPUYECKUX XapaKTEPUCTHK JKUJI-
KHX MaTepHainos, peannsyromas TDR-meron. Cucrema
COZIEPXKHUT TEHEPaToOp NPSIMOYTOJFHBIX HMITYJIECOB, OC-
mutorpad M M3MEPHUTENBHBIN 30HA, MOTPYKEHHBIH B
COCyJl ¢ uccienyeMou xxuaxkoctero. IlpuBoasarcs skcne-
PUMEHTaJIbHBIE PEICKTOrPaMMbl CIEAYIOIINX JKUIKO-
creit: 6ensuH (gasoline), Terpaxnopmeran (carbone tet),
pactutenbHoe Macio (vegetable oil), METHIOBBIH ciupT
(methyl alcohol) u Bona (H,0).

IToxaszaHo [5], 4TO aMIUTUTya OTPaKEHHOIO CHUT-
Hasa U, Tem Oomblle, YeM CHIbHEE OTIIMYME OTHOCH-
TENBHBIX JTUAIEKTPUYECKUX NPOHHUIAEMOCTEH CIIOEB €
(Bo3myX) U &, (MccnemyeMas JKUIKOCTB).

[Ipu 3ToM K03 duIHIeHT OTpaskeHHs | Ha TpaHUIe

pasaena (1)a3 paBcH
K —\/82
N=—"—"7F—"=. 4
VE t/E2 ( )

AMIuaTyna  oTpaxkeHHOro curHama U, s
HJEATU3UPOBAHHOIO ClIydasi, IPU KOTOPOM IOTEPSMU B
JIMHUY MOXHO IIpeHeOpeyb, paBHa

U,=U;- T, %)
rie U; — aMIumTyaa najarouero (30HAMPYIOLIETO)
CHUTHaJIa.

Jwanexrpudeckas NPOHUIIAEMOCTb >KHUAKOCTH €,

MOXeT OBITh OIpeziesieHa 1o GpopmMyiie

2
6 :gl(:_;j . ©)

CKOpOCTI) pacopoCTpaHCHUSA SJICKTPOMATrHUTHOI'O

CUIrHaJia Ha OTpGBKe 30H/a, HOI‘py)KeHHOFO B
UCCIIENYEMYIO KUJKOCTh, PABHA
C
V) =——= @)

\/g )
7€ ¢ — CKOPOCTh CBETA.

B pabore [16] mpuBeneH CpaBHUTEIbHBIA aHATN3
pa3IMUHBIX CHOCOO0B M3MEPEHHsT YPOBHSI KUIKOTO Me-
Tajuia B pesepByapax. Cpenu MHOrooOpasus aHajIu3HU-
PYEMBIX METOAOB IPEANIOYTCHUE OTIAHO ABYM METO/AM:
yasrpasBykoBoMy U TDR. Otrmeuarorcst BeicOKas pas-
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pematoras ciocobHocTh TDR-MeToma (MeHee 2,5 Mm),
HU3Kasl YyBCTBUTEIBHOCTD K IEpenagaM TeMIepaTyphl,
OTCYTCTBHE HEOOXOIMMOCTH B YCTaHOBKE BHYTPH pe-
3epByapoB JONOJIHUTEIBHBIX JaTIMKOB. DTO MO3BOJISET
UCIIOJIB30BaTh METOJl IPU BBICOKHX TemIeparypax (I1o
800 °C), a Taxxe A1 U3MEPEHUST PATUOAKTUBHBIX CpE]l.
OTMmedeHa BBICOKAs MOTEHIMANbHAS JAJIbHOCTH OIpe-
JIeTIeHHs] YPOBHSL.

B pabote [17] npuBoasTCSl pe3yabTaThl SKCIIEpH-
MEHTAIbHBIX MCCIEIOBAaHUH TOYHOCTH H3MEPEHUs
ypoBHs xunkoctd TDR-meTtomom. DkcnepuMeHTa bHAs
YCTAHOBKa COJEPKUT: T€HEpaTop MpPSIMOYTOJIbHBIX HM-
nyinscoB (HP 1905A); dopmuposarens ¢pounra (HP
1920A); wm3mepurens BpeMeHHbIX uHTEepBasoB (HP
5379A, HP 5360A, HP 5375A); n3MepuTenbHbIN 30H],
BBITIOJIHEHHBIN B BUJIE KOAKCUAIbHOM JIMHUU NIEPEaUH C
BO3/YIIHBIM 3aI0JIHEHHEM, U pe3epByap U3 HEpKaBero-
el cranu. J{Jist KOHTPOJIsl yPOBHS )KUIKOCTH B OOKOBOIA
CTEHKE pe3epByapa OBUIO BBHIIOJHEHO CMOTPOBOE OKHO
U YCTaHOBJIEHA JMHEHKa, MO3BOJISIONIAS NPOU3BOIUTH
HU3MEpEHUs YPOBHS C TOYHOCTHIO 0,5 MM.

W3mepeHnst BBINONHSUINCH B PEXXKUME BO3/ICHCTBUS
MOCIIEIOBATEILHOCTBIO TIPSIMOYTOJIBHBIX HMITYIbCOB C
yacToTod cnepoBanus 1 kl'n, ammurynon 5 B u nnu-
TeNnbHOCThIO (ppoHTa, paBHOit 500 mc. B xadectse Tec-
TOBBIX XMJKOCTEH HCIIONB30BAINCh BOJAA, a30THAsl KHU-
CJIOTa, a TAaKXKe BOJHBIE PACTBOPHI XJIOPH/Ia HATPHUSI pas-
JIMYHOM KOHUEeHTpauuu. [lonoxeHnne ypoBHs KHIKOCTH
OTIpeNeNIATIOCh M0 3alepXKKe OTPa)KEHHOTO CHTHala,
BpeMsI IpUXoJa KOTOPOTO PErHcTPUpOBAIOCh MO J0C-
TIDKCHUW YPOBHS HallpsHKEHHWsT CpaBHeHHs (trigger
voltage level). [lns npoBepkn BOCIPOU3BOJMMOCTH pe-
3yJIbTaTOB HM3MEPEHHsI HAIOJHEHHE W OIOPOKHEHHUE
pe3epByapa ITPOBOIMINCH B TEUCHHE HECKOJIIBKUX JTHEH.

Bruto mokazano [17], uTo Ha (opMy OTpaKCHHOTO
CHTHAJIa, a CIIEA0BATENBHO, U HA TOYHOCTD OIPEACICHHSA
3aJep)KKN BIIMSIOT CBOWCTBA JKHIKOCTH, B YaCTHOCTH,
KOHIIEHTpAIHs IeKTpoinTa. [Ipu yBenndeHnn KOHIIeH-
TpaLK DJIEKTPOJIUTA JUTMTENILHOCT (POHTA OTPAXKEH-
HOTO HMITYJIbCa YMEHBILIAETCs, YTO MPUBOAUT K Ooiee
paHHell (QuKcanuM YCTaHOBJIEHHOTO YpPOBHS Harpsoke-
Hus. CrefoBaresbHO, A MOBBIIICHUS TOUHOCTU U3Me-
peHui Uil KaXIOM M3MepsaeMOM XHUIKOCTU JAOJKHA
OBITH MPOM3BEJICHA MPOIeypa KaTHOPOBKH M YCTaHOB-
JIH ONTHUMAJbHBIA YPOBCHb HANpPSDKCHUS! CPaBHEHMS.
Otmeuaercst [17], 94TO MOrPEIIHOCTh U3MEPEHUS] OTKa-
JTUOPOBAaHHOTO JOJDKHBIM 00pa3oM HM3MEPUTEIHHOTO
YCTpOICTBa HE MPEBBIIIACT + 3 MM.

Onwucannas B pabore [17] HeoOX0AMMOCTh B Ka-
JUOPOBKE CUCTEMBI Ha KAXKIYI0 U3MEPAEMYIO KUAKOCTh
yCTpaHseTCs C BHEIpEeHHeM psiia metonoB [18, 19], oc-
HOBaHHBIX Ha aHanu3e (OPMbI OTPAKESHHOTO CHUTHAJIA,
LIEJIBI0 KOTOPOTO SIBJISIETCS] ONPEAEICHUE «BPEMEHU MO-
nera» (Time of flight, ToF) snekrpomMarHuTHOW BOJIHBI,
BBIUHCIIEHHE CKOPOCTHU U IapaMeTPOB CPebl, B KOTOPOI
pacIpoCTpaHseTcs: CHTHAL.

[Tpn ananmse oqHO(A3HBIX KUIKOCTEH 3amada Ka-
JUOPOBKHM CHCTEMBI YIPOIIAETCS TE€M, YTO JI0 OTpa)ke-
HUSI OT TPAHUIIBI XKHUJKOCTH CUTHAJ PACIPOCTPAHSIETCS B
BO3YIIHON CpeJie, CKOPOCTh PACHPOCTPAHEHUS B KOTO-

poii ci1abo OTINYAETCs OT CKOPOCTH cBeTa. VcKiroueHn-
€M SBISIOTCS CIIy4al MHTEHCHBHOTO HMCIAPEHUS H3Me-
psIeMOTO NPOJIYKTa, a TaKXkKe 00pa3oBaHUE MEHBI Ha MO-
BEPXHOCTHU JKUIKOCTH.

VYuer paHHBIX (DAKTOPOB HapsIy C H3MEpEHHEM
rapameTpoB ypoBHEW MHOTro(a3HbIX XKHIKOCTEH mnpen-
cTapisieT OOJIBLION MPaKTHYECKUH HHTEPEC.

IIpumenenne TDR-meToaa aj1st u3MepeHust
YPOBHel MHOTo(ga3HbIX KMIKOCTel

ITox MHOTO(A3HOM KHUIKOCTHIO TIOHUMAETCSI CIIOU-
CTasi CTPYKTypa, COCTOAMIAs U3 HECKONBbKHX HECMEIHU-
BAaIOIMIMXCA CJIOEB JKUAKOCTEH ((pakumii), MMEIOIINX
pa3nuyHyIo MWIOTHOCTE. [IprMepom MHOTO(A3HON KUI-
KOCTH SIBJISIETCS Cpesia «BO3MyX — He()Th — MOATOBapHas
BOoIa» B He(dTsHOU mpombimuieHHOCTH. s obecriede-
HUSI TEXHOJIOTHHU TepepaboTKu HeTH yxKe HeI0CTaTou-
HO OIpEEJICHUs] YPOBHSI BEPXHEro CIlios, HEOOXOIUMO
uMeTh MH(OPMAIMIO O TIOJIOKEHHH YPOBHEH KaXKJ0ro
U3 CJIOEB JKUAKOCTH.

Ilepoe npumenenne TDR-merona nnst anamuza
MHOTO(a3HOM KHUIKOCTU OMUCaHO B [6]. PaboTa BhITION-
HIach B wHTepecax MunmctepctBa 00opoHsl CIIIA,
LENBI0 ABJUIOCH OTpeeNieHne ypOBHEH cTon0da ToIum-
Ba, MOPCKO BOZBI M BO3/lyXa B BOCHHBIX TaHKEPaX.

B pabore mpuBeneHb! MOIENb PaCIpPOCTPAaHEHUS
CUT'HAJIa B MHOTOCJIOMHOM CTPYKTYpE€ U aJIFOPUTM OIIpe-
JICTICHNS] BBICOT Ka)KAOTO M3 KOMIIOHEHTOB MHOTrogas-
HOW cpelpl 10 HM3MEPEeHHOH peduiekTorpaMme mMorpy-
KEHHOTO B JKHUIKOCTh KOAKCHAJIBHOTO 30Ha. B kauecTBe
30HJMPYIOIIEro CUrHaja B paboTe HCIIOIb30BAJICS Iie-
penan HanpspkeHus ¢ GpoHTOoM MeHee 150 mc. JkBuBa-
JICHTHBIA MHTEpBaJl IUCKPETU3alMM H3MEpUTEIbHON
YCTAHOBKH COCTABJISLI 25 1IC.

IIpuBonsTcs [6] BeIpaskeHUs IJIsl ONIPENETIEHUS BbI-
COTHI CTOJIOOB BO3AYIIHOW cpefbl Dajg ¥ TotwmBa Doy
0 U3MEPEHHOH pedieKkTorpamme:

DARR =¢*TAIR » ®)
Doy =c- Tor -Uon ©)
2-Uar -Uor

e Talr — BPEMS PACIIPOCTPAHEHUS AJIEKTPOMArHUTHO-
TO CHTHaJla JI0 TpaHWIBl pasgena (a3 «BO3AYX —
TOIIINBO»;, Ton — BpeMs PaclpoCTpaHEHHS DJIEKTPO-
MarHUTHOTO CHTHaJla J0 TPaHHIEI pasaena (a3 «TOILIH-
BO — MOpcKas Boga»; Uar — aMIUIUTYa CUTHANA OTpa-
YKEHHOTO OT TPAaHUIIBI pazzena (a3 «BO3IyX — TOIUTUBOY;
UpiL — aMIUIMTya CHUTHAJa OTPaXEHHOTO OT TPAaHHUIIBI
pa3zmena (a3 «TOIIIHBO — MOPCKas BOJAY.

DKCTIepUMEHTAIbHBIE UCCIIEIOBAHMS BHIMOIHSIUCH
C HCTOJIb30BAHUEM TECTOBBIX >KHMJIKOCTEH C HIUPOKUM
JTHANa3oHOM JAUIIEKTPUUYECKUX NMPOHHUIlaeMocTed (0T 4
1o 80) 1 B pa3IMYHBIX JUANa30HAaX TeMIeparyp (0T MH-
Hyc 5 1o 45 °C nns torumsa u ot 0 go 80 °C mns auc-
THJUTUPOBAHHOU BOIBI).

B paborte [6] oTMeueHO crienyromee:

— CHCTEMBbI, 00CCIIEYHBAIOIIKNE COINIACOBAHHUE H3-
MEPUTEIBHOTO 30H/1a C IOJIBOASAIINM KabeleM U BBIXO-
oM pedekToMeTpa, IMO3BOJSIOT MOJIYYHThH JIydIlee
MIPOCTPAaHCTBEHHOE Pa3pEIICHHUE;
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— TpeiaraemMasi  yCTaHOBKA,  pealu3ylomas
TDR-metoxn, obecrieunBaeT BBICOKYIO JMHEHHOCTh HU3-
MepeHH# (Bblle 7 MM) W paspelieHue o JuimHe (10
5 MM);

— cHcTeMa MOXKeT OBITh HCIIOJNB30BaHA Ul OIpe-
JCJICHUA BBICOTHI CTOH6OB TOIIMBA H MOpCKOI?I BOJbI
NIPY HAJIWYHHU SMYJIbCUHU WA CMEIINBAHUS KHKOCTEH;

— W3MEHEHHUE IHMIICKTPUUECKOM MPOHUIIAEMOCTH,
THUIIa JKUJIKOCTH, TEMIIEPATyphbl, a TAaKXKe HaIW4ue 3a-
TPSI3HEHUH HE MPHUBOAAT K 3HAYUTEIBHBIM MOTEPSIM
TOYHOCTH M3MEPEHUI.

B pabGore [5] maHo pa3BepHYTOE OIMCAHHE
TDR-mertoza, onucanbl 0a30Bble NPUHIUIBI peQIIeKTO-
METPHH BO BPEMEHHOI1 001aCTH, IOKa3aHO PUMEHEHHUE
METO/Ia JUIsl U3MEPEHUsI YPOBHS U TPaHUIIBI pa3nena ¢as
JKUJKUX U CBIIYyYuX IpOAYKTOB. IIpuBeneHo cpaBHEHUE
C TIOIUIaBKOBBIM, 3JIEKTPOCTAaTUYECKUM, YJIBTPa3BYKO-
BBIM M PaJIapHBIM METOJIOM IO PA3INYHBIM KPUTEPHSIM.
K orpanu4eHusiM HCHONB30BaHUS METOAA OTHOCHTCS
MU3MEPEHNE BA3KHUX CPEA U CPEl ¢ BHICOKOH TypOyleHT-
HocThi0. Cpenyt TpeOOBaHMH K MPOBEICHUIO U3MEPECHUH
MHOro¢a3Heix cpen TDR-meTomoM ykazaHBI Cliemyro-
LI1€e: BEPXHUH CIOH U3MEPSAEMOIO IPONYKTa HE JOJDKEH
OBITH 3IEKTPONPOBOISAIINM; IUIEKTPUUECKasl MPOHHU-
[[AEMOCTh MHOTO()a3HON >KUAKOCTH JOJDKHA BO3PACTATh
C KaXXAbIM HOBBIM CJIOCM.

B pa6ore [20] npennokeHa u3MepHUTEIbHAS CUCTE-
Ma, peaau3yronas cTpoOOCKOITMYECKUI PEXUM H3Mepe-
HUg. DYHKIMS aBTOMAaTHUECKOTO CIBHIa II0 BPEMEHH
MEXAY 30HIUPYIOMIUM W CTPOOMPYIOUIMM CHTHAJIAMH
peann30BaHa ITyTEM HCIONB30BAHUS JBYX OIOPHBIX
TEHEepaToOpoOB C HE3HAYUTEIHHOW OTCTPOWKON YacTOTHI.
IIpn wactoTe crenoBaHWS WMITYJIBCOB f), PaBHOM
20 MI'u, u BenmuuuHe OTCTpOiKK Af paBHol 6,8 kI'w,
obecrieunBaeTcss HHTEpBall CTPOOOCKOITUYECKOH BBIOOP-
ku opsaka 17 nc. Mcmons3oBanne cTpoOOCKOIHYECKO-
TO CMECHTEINs MO3BOJISIET 3apEerHCTPUPOBaTh peduieKTo-
rpamMMy myteM o0paboTku N OTKIIMKOB 00bEKTa Ha Tec-
TOBO€ BO3JECHCTBHUE.

Kpome Toro, ocoberHocThI0 [20] SBISETCS KOHCT-
PYKIIMSI M3MEPHUTEIFHOTO 30HAA, BBHIITOJHEHHOTO B BHUJIE
KOAKCHAIbHOW JIMHWM CO CTyNEHYaThiM H3MEHEHHEM
JMaMeTpa LEHTPaJbHOTO INPOBOAHMKA. OTpaskeHHBIN
MMITYJIbC, BOSHUKAIOUINN B TOUKE M3MEHEHHs IOTeped-
HOTO CEUEHMs 30HJAA, WCHOJIB3yeTcs IS KaTHMOPOBKH
ycrpoiictBa. st ompeneneHusl UIMHBI BHYTPEHHHX
CJIOEB XHMJIKOCTH HCIOJIB3YIOTCSl AllPUOPHBIE 3HAYCHUS
JU3JIEKTPUYECKON MPOHUIIAEMOCTH HM3MEPAEMBIX KU
KOCTe!. Pa3BuTHe NpemyioKEHHBIX TEXHUUYECKHUX pellle-
HUHA Haluio OTpakeHHe B JpPYrux paboTax aBTOPOB
[21, 22].

AHaNOTHYHBIA MOAXOJ K IpoUeaype KaTuOpOBKH
npenioken B narente [23]. s onpeneneHus IUdJIEK-
TPUYIECKON TPOHUIAEMOCTH Ta30BOH Cpebl HAML XKHIKO-
CTPIO B KOHCTPYKIMM 30HJA NMPUMEHEHBI PEryJsipHbIC
HEOHOPOTHOCTH, TPECTABIISIOMNE COOON YTONIECHHS
HU3MEPUTENFHOTO CTEPXKHS (CM. pHC. 2, a).

ITo 3amepkKe OTKIMKOB OT PETYJSPHBIX HEOTHO-
POIHOCTEH MOXKET OBITH OMpEENICHa CKOPOCTh PACIIpo-
CTpaHEHHs CHI'Hala Kak B BO3JIYIIHOH cpene, Tak U B
CaMO JKUIKOCTH.

IR \LU\,/U'

Puc. 2. 30111 ¢ peryisipHbIMU HEOAHOPOAHOCTSIMH
u ero peduiekrorpamma [23]

CymecTBeHHBIH BKJIan B passurue TDR-meroma
HM3MEPEeHUs] ypOBHEH MHOTO(a3HBIX KUAKOCTEH BHECEH
UTAJIbTHCKUM KOJUICKTHBOM I10J] PYKOBOJICTBOM Ajpea
Karaneao (Andrea Cataldo) [24-31].

Pabora [29] mocesiieHa aHATU3y MCTOYHUKOB HE-
OTIPENICIICHHOCTH OLICHKU YPOBHEH M TUAICKTPUICCKHUX
MIPOHUIIAEMOCTEH JKUIKOCTEH MPH MCIONB30BAaHUH TEX-
nukn TDR-m3mepennii. OmpeneneHsl U 00CYKAAIOTCS
CIEIYIOMINE UCTOYHUKH MTOTPEITHOCTEH:

® HEHICaTbHOCTh (HECTAOMIBFHOCTH) COCIMHEHUS
Ka0eJs ¢ U3MEPUTEIEHBIM 30HIOM;

® paccoriacoBaHHE M3MEPHUTENBHOTO 30HAA U IOI-
BOJSILIETO Ka0es;

" OMHYECKHE IOTEePH B MOABOZSIIIEM Kabere U m3-
MEpHTEIHEHOM 30H/IE;

® 4aCTOTHAsl 3aBHCUMOCTH AMAIEKTPHYECKOW MpO-
HUAaCMOCTHU UBMEPACMBIX )KI/I}IKOCTCI‘/‘I;

= 3)()eKT MHOTOKPATHOTO NEPECOTPAKCHUS CHUTHA-
JIOB OT TPpaHHUII paszena ¢as.

[TokazaHo, 4TO METON MPHUMEHUM I OTHOBpPE-
MEHHOTO U3MEpEHHsI YPOBHEH M AMANIEKTPHUCCKUX TIPO-
HUIIAEMOCTEH JKHIKOCTEH C HEOINPEICICHHOCTRIO B
npenenax +2%.

B pabote [25] ocoboe BHMMaHHE YJAEIEHO BIIHS-
HUIO TIOTePh HAa TOYHOCTh M3MEpPEHHsS YpOBHEH
TDR-meronoM. PaccmarpuBaroTcs Kak OMHYECKHE IIO-
TEpU B MaTepraax KOHCTPYKUHUHA U3MEPUTEIBHOTO 30H-
Jla, TaK U MOTEPH MPOBOAUMOCTH, 00YCIIOBJICHHBIE pac-
CesHUEM YHEPTUU CHTHAJIA B U3MEPSIEMOM KHUTKOCTH.

Jlns ydeta BIUSHHS OMHYCCKUX MOTEPh MPUMCHS-
eTcsl KaJTMOpOBKa, KOTOpasi COCTOMT B M3MEPEHHH KO3 (-
(OUIIEHTOB OTPAKCHHS B PEKMMAaX KOPOTKOTO 3aMbBIKa-
HUS ¥ XOJIOCTOTO XO/a Ha BBIXONIE U3MEPUTEIHHOTO 30H-
na. Cauraercs, 9TO OTKIOHEHHE MOIYIS Koo dHUIreHTa
OT OTpaXEHUS OT €IUHHIBI BHI3BAHO OMHYECCKHUMH IIO-
TepsIMH, BEIMYHMHA KOTOPBIX omnpenensercs kodhuiu-
€HTOM A, paBHBIM

A=exp(2al), (10)

rae o — K03 GHUIUESHT 3aTyXaHUsI H3MEPUTEILHOTO 30H-
na; L — ninHa U3MEepUTENIbHOTO 30HAA.

B nmanepHeiiiem, B mpoiiecce 00pabOTKH pe3ysibTa-
TOB M3MCPCHUH, HaiiieHHOE 3Ha4YeHHe Ko3(dduineHra
A wcnosnb3yercst sl KOPPEKTHPOBKK KO (PHUIIMEHTOB
OTpaXeHUsI OT TpaHuIl paziena (a3 U3MepseMOn KuJ-
KOCTH:
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I'xop=4-Tyzm » (11)
rae ['kop — CKOPPEKTHPOBAHHBIN KO3 PHUITUEHT OTpaxe-
Hust; ['y3m — U3MepeHHbIH K0 OUIIUEHT OTpaskeHHsI.

DKCHepUMEHTANIBHO TOKa3aHo [25], 4To mpemio-
JKEHHasi METO/IMKa T03BOJISIET YCTPAHUTh CHCTEMaTHye-
CKYIO TIOTPEUIHOCTh M3MEPEHHsl YPOBHS, 3HA4YEHHE KO-
TOpPOU Ha MPAKTUKE MOXKET COCTaBIATH OT 1 10 2,4% B
3aBUCHMOCTH OT JMIJIEKTPUYECKOM IPOHHUIIAEMOCTH
H3MepsIeMO KUAKOCTH.

Taroke B pabote [25] paccMoTpeHa Iporenypa or-
peneneHnsl TOTOHHOM ITPOBOXMMOCTH JKHUAKOCTH. BbI-
pakeHHe Ui OMpeNeNIeHUs HPOBOJMMOCTH, COIIACHO
TIPEATIOKCHHON TIPOLEyPe, UMEET BHT

6=K,G,=—L—= (12)

rae Kp — koodunment GopMbl H3MEPUTENHEHOTO 30H/1a;
Zy — BOJIHOBOE corpotusienue; Iy, — ko3 puuueHT or-
pakeHusl, TTOJyYEeHHBIH B pexXnMe OO0JIbIION BpeMeHHON
BBIIEPKKH [32].

CyIHOCTh METOZa 3aKIIIOUaeTcd B ONpPEAEICHHU
ko3 durmenra hopmpl Kp M3MEPUTETHHOTO 30HIA II0
pe3yapraraM npoaosKuTenbHbIX TDR-u3mepenuid Tec-
TOBOM >KHJIKOCTH C U3BECTHON XapaKTEPUCTHKON IPOBO-
JMMOCTH, TIOCJIE Yero HaijaeHHbl kodhduuueHt Kp
MOXET OBITh HCIIOIB30BaH AJSI U3MEPEHUS IPOBOIUMO-
CTH HEU3BECTHON >KU/IKOCTH.

B paborax [26, 31] npemyioxeH KOMOMHUPOBAHHBIN
MOAXOA K ONPEAETICHUI0 YaCTOTHBIX XapaKTepUCTHK
JURJIEKTPUUECKUX MPOHMIIAEMOCTEl  aHATU3UPYEeMBbIX
KHUJKOCTeH. B OCHOBe monxosa JIEKHUT aJropuT™M BBI-
YHCIIEHUsS YaCTOTHOW XapaKTEepUCTUKU KO3 HIMEHTA
Marpuibl paccestHus Sy (f) n3MepHUTeNFHOrO 30HAa Ha
OCHOBAaHMM HW3MEPEHHOW peQIIeKTOrpaMMbl, MOETb
W3MEPHUTENFHOTO 30HAA, YYWTHIBAIONIAS Iapa3HTHBIC
napamMeTpbl KOHCTPYKIUH, ¥ aJrOPUTM MHUHUMH3ALUH
HEBSI3KM XapaKTEpPUCTHK MOJEIU U 3KCIIEPUMEHTA, IO-
3BOJISIIOIUH OMPENENUTh ITapaMeTpbl MOAETH JTUIJIEK-
TPUUECKON MPOHUIIAEMOCTH KHUIKOCTH.

JIi1st onrcaHusl KOMIUIEKCHOM 4acTOTHO-3aBUCUMOM
JIMAJIEKTPUUECKOH POHUIIAEMOCTH B pabOTe UCIOIb30-
BaHa mojenb Cole-Cole [26]:

e ()= +— 2o j20 - (13)

1+ j—=—
frel
TAe frg — YacTOTa pelaKCaliM IUIIEKTPUKA; &, — AU-
JNEKTPUUECKas NMPOHUIAEMOCTh Ha OECKOHEYHOH dac-
TOTE; & — CTaTHuYecKas IUAJIEKTpUUecKas NpOHHUIIAe-
MOCTb; £)— AUIIEKTPUUIECKasi TPOHUIIAEMOCTh BaKyyMa;
O4. — CTaTH4ecKasi NPOBOJMMOCTh; P — KO3 QHUIMEHT,
XapaKTepU3YIOLUIMHA paccessHue Ha 4YacToTaX penaxca-
LIUH.

B paborax [26, 31] naHO cpaBHeHHE pa3paboTaH-
HOTO KOMOWHHMPOBAHHOTO ITOAXOJa C TEXHUKOW M3Mepe-
HUSL TURJIEKTPUYECKOH MPOHHIAEMOCTH TPH ITOMOIIH
BEeKTOpHBIX aHanmm3atopoB memeir (VNA). Iloxazano,
YTO KOMOWHUPOBAHHBINA mMOaxo Ha ocHoBe TDR-m3me-

peHuil ¢ MOCIEeAYIONIUM PACUETOM YaCTOTHBIX XapakTe-
PHCTHK TI03BOJISIET 0€3 YBEJIHMUYCHHUS] CTOMMOCTH YCTPOU-
CTBA IOBBICUTH €r0 TOYHOCTh, Aejlas €€ CpaBHUMOHU ¢
TOYHOCTBIO BEKTOPHBIX YaCTOTHBIX U3MEPHUTEIIEH.
Pa6oter [33, 34] nocesmiensl aHanmu3y 3¢ddekra
MHOTOKPATHBIX MEPEOTPAKCHUI CHUTHAIa Ha TPaHHUIIAX
pasznena MHorodasHeix cpen. Ha momenu pacmpoctpa-
HEHHS CUTHaja B Tpexda3Hoi cpexae (puc. 3) CIUIONTHON
KPHMBOM TOKa3aHbl TPACKTOPHH CHUTHAJIOB, BBI3BAHHBIX
OJTHOKPATHBIM OTPaXCHUEM 30HIUPYIOIIETO CHTHANIA OT
TPaHHUIBI pa3jieNia cpell, — OTKIMKOB IMEPBOTO MOPSIKA.

/ / /

i 2 3

ine € €7 53

Puc. 3. Moaenb pacipocTpaHeHus: CUTHAJIOB

Kpome oTkiMKOB mepBoro mopsjaka, Ha BXox ped-
JIEKTOMETpa IOCTYNAIOT W JIONOJHUTEIbHBIC OTKIHKH,
BBI3BAHHBIE MHOTOKPAaTHBIM OTP)XEHHEM CHUTHAJIOB OT
TPaHHMIIBI pa3zena ¢as, — OTKIUKH BBICIINX TOPSIKOB.

Ha puc. 4 npueneH mpumep pediaeKTorpaMMsl
MHOTo(a3HON XUIKOCTH CO CIIEAYIONIMMHU Mapamerpa-
MH cioeB: €, =1, ,6=3, &5=80, ,=0,65 M, ,=0,25 M,
13 = 0,1 M.

Puc. 4. PednexTorpaMma u3MepUTENTHFHOTO 30HAa
B MHOTO(a3HOH cpene

Pegnexrorpamma (cM. puc. 4) comepXHT: 30HAHU-
pytomuii cursan (mo3. /); OTKJIMKHU IIEPBOTO IOpPsIIKa
(1103. 2—4); OTKIIMKH BBICIIUX ITOPSAKOB (T103. ).

Hasmame OoTKINMKOB BBICIINX MOPSIAKOB HA pedIiek-
TOTpaMMe MOXXET TPUBECTH K HEOJHO3HAYHOCTH MHTEP-
MpeTaluy pe3yabTaToB U3MEPEHUs] U OMIMOKE ompese-
JeHust ypoBHA. I yCTpaHEHHs IOaHHOTO HCTOYHHKA
MOTPENTHOCTH B [34] mpemnokeH aarOpuTM CENeKITNH
MIOJIE3HBIX CUTHAJIOB.

B [35, 36] BbinosHEH aHAIW3 BIWSHUS 3aTyXaHUs
CUTHaNa Ha TOYHOCTb M3MEPEHHS TOJIIMH CJIOEB MHO-
rodassbix kunkocteld TDR-meronom. [linst ycrpaHeHust
CHCTEeMaTHYEeCKOH MOTPENIHOCTH HPEIIOKEHO HCIOJb-
30BaTh 3apaHee W3MEPEHHBIC XapaKTePHCTHKH 3aTyxa-
HUSI KQXJOTO M3 CJIOEB. YUET 3aTyXaHHs B IPOMEXKY-
TOYHBIX CJIOSX TIO3BOJIMUI OOECHEYHTH ITOTPEIIHOCTh
n3MepeHus ypoBHei He Oonee =10 mm [36].
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3akarouyeHnue

IIpoBeneHHBIN 0030p MO3BONSET BEBICIHUTH Clie-
JyIOLIME OCHOBHBIE HampasiieHus pa3Butus TDR-meto-
Jla B 3aj7aue M3MEpPEeHHs YPOBHsS OJHO(A3HBIX U MHOTO-
(ha3HBIX JKUIKOCTEH:

"  COBEpUICHCTBOBAHHE TEXHUYECKHUX XapaKTepH-
CTHK pe(IISKTOMETPOB M BXOASAIIMX B HUX (PyHKIHO-
HaJIbHBIX Y3JI0B (T€HEpaTopOB CUTHAJIOB, MPUEMHHUKOB,
cxeM (hOpMHUpPOBaHUS OMOPHOW dYacToThl) [20-22] must
MOBBIIICHUS pa3peliaroiieil CrlocoOOHOCTH O JalbHO-
CTM W CHIKCHHS HMHCTPYMEHTAJIBHOH ITOTPEIIHOCTH
CPE/ICTB N3MEPEHNS;

" COYETaHME BPEMCHHBIX M YAaCTOTHBIX METOJIOB
aHaIM3a C IEIbI0 ONPEAETICHHsI YaCTOTHBIX 3aBHCHUMO-
CTel mapamMeTpoB m3MepsieMbIX cpen [26, 31] n ux yder
IIPU OTIpEJEJICHUH TONIIIH CIOEB;

" yTOYHEHHE MOJEIU W3MEPHUTEIBHOIO 30H/A,
COBEpPILIEHCTBOBAHNE AaJTOPUTMOB pELICHUS OOpaTHOM
3aja4u [26], aBTOMaTH3ays HHTEpIpeTanun pediekro-
rpamm [33, 34];

® COBEpLICHCTBOBAHUE KOHCTPYKIMU H3MEPH-
TEJIFHOTO 30HJa, a TAKXKE BHEIPEHHE aJTOPUTMOB Ka-
JTMOPOBKH M YTOUHEHUSI [TapaMETPOB HCCIIEIYEMbIX Cpel
[20, 23] B peanpHOM MacmTabe BpEMCHH.

B kauecTBe BO3MOXHOTO MEPCIEKTHBHOTO HAIpPaB-
sgeHust pasutus TDR-TexHonmorum usMepeHus mnapa-
METPOB JKHJIKUX MHOTOCIIOWHBIX CpEJ CIEAYET yIOMs-
HYTh METOJbI HeUHEHHOU pediekromerpun [37, 39] u
HEJIMHEWHON CBEPXUIMPOKONOIOCHON paJHOIOKauU
[38], ycrenHo mpUMEHSIOIIUECS IS PEIICHUS OIH3KUX
[0 TEXHUYECKOW CYIIHOCTH 3ajad M3MEpEHUs U auar-
HOCTHKH.
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Measurement of liquid levels using time-domain
reflectometry method

In this paper the basis of the time domain reflectometry (TDR)
method and application for level measurement of single-phase
and multiphase liquids are considered. The analysis of the
existing publications is presented. The promising directions of
the method development are considered.
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VIIK 621.375.4

H.B. Apo6oTyH

Moaynb cBepXLWMUPOKONOSIOCHOIO YCUNMUTENA AMana3oHa
10 MINy — 20 'y ¢ anccunaTBHoOM Koppekumen AYX

Pa3paboTan ¥ M3roTOBJIEH MOMIYJb CBEPXIIMPOKOIIOJIOCHOTO yCHWIIMTENs ¢ pabodynmM amamnazoHoM dactoT 10 MI'm —
20 I'T'y, 0cOOEHHOCTBIO KOHCTPYKI[MH KOTOPOTO SIBISIETCS IPUMEHEHUE AUCCUNATUBHOM 1IEMH JUIs KOPPEKIMU aMILIU-
TYJHO-4aCTOTHOM XapaKTEepHCTHKU JAHHOTO ycunuTens. IIpuBeneHsl pe3yabTaThl SKCIEPUMEHTANBHBIX UCCIIEA0BAHUI
OCHOBHBIX ITapaMeTPOB JAHHOTO YCHIUTENS, a TAKXKE PE3yJIbTaThl KOMITBIOTEPHOTO MOJASIUPOBAHUSL.

KiioueBble €10Ba: aMIUIMTYJHO-9aCTOTHASI KOPPEKIUS, THOPHUIHAS HHTETPAIbHAS CXeMa, MOHOJIHUTHASI HHTETpalIbHAS
CXeMa, yCHIIUTEIIb C pacipeieNIéHHBIM YCHICHHEM, BO3BPAaTHBIE TOTEPH, KOd(QHUIUESHT IIyMa.

doi: 10.21293/1818-0442-2016-19-4-74-77

OmHUM W3 OCHOBHBIX TPeOOBAHWH I COBpEMEH-
HBIX CHCTEM CBSI3M M INepe/lady JaHHBIX SBISIETCS OBICT-
poxeiicTBue, HampuMep IMepefaya JaHHBIX B ONTHYE-
CKUX CHCTeMaXx IPOUCXOIUT cO ckopocthio 10 I'out/c
(OC-192) u 40 I'our/c (OC-768) ma xaman [1]. s
obecrieueHnsi TaKoOro OBICTPONEIHCTBHUS TNPUMEHEHHUE
CBEPXILIMPOKOIIOJIOCHBIX YCUIIUTENCH SIBISIETCS TPAKTHU-
YyecKkH 0e3abTePHATHBHBIM PELICHUEM.

BropeiM He MeHee Ba)XHBIM INPUMEHEHHEM 0100~
HBIX YCHJIMTENIEH SBISIETCSl MX HMCIIOIb30BaHUE B M3Me-
PUTEIILHON M T€HEPaTOPHOI TEXHUKE CBEPXBBICOKOYAC-
totHOTO (CBY) nmanazona. B CBY-TpakTe Takux m3me-
PUTENBHBIX TPHOOPOB, KAaK BEKTOPHBIC aHAIU3aTOPbI
HeTel, aHaJTU3aTOPhl CIIEKTPa, U3MEPUTETH K03 uiu-
€HTa IIyMa, KaK MPaBHIIO, UCIOJIB3YIOTCS YCHIUTEIH C
pactipenenéuusiM  ycwienneM (YPY), mo3Bomsromue
peanu3oBaTh YCWIEHHE CHTHaja MpU CPaBHUTEIBHO
HHU3KOM KO3 (HIUEHTE IyMa U ¢ NIMPOKUM JIMHAMUYe-
CKHM JIMamna3oHoM [2].

W3BecTHBI MaJOMOIIHBIE KOMMEPYECKHE apCeHU -
rajulMeBble W HUTPHUITAIJIMEBbIE MOHOJIWTHBIE HHTE-
rpanshble cxembl (MUC) YPY ¢ pabounm nuana3zoHoM
mo 24 ITu, takme xak CHA4220-98F (UMS) [3],
TGA2227 (TriQuint) [4], MP540 (Muxkpan) [5, 6] u
HMC460 (Analog Devices) [7]. IIpencraBneHHsIii Mo-
IIynb peann3oBal ¢ npumeHeHneM HMC460, T.x. ¢ To4-
ku 3peHus aBtopa ganHas MUC sBnsercs Hambonee
cOaTaHCHPOBAaHHOW MO CBOMM TEXHHYECKHM IapaMerT-
paM U He TpeOyeT UCIOIb30BaHUSI B CXEME BKIIFOUCHUS
CBEPXLIMPOKOIIOJIOCHBIX WHIYKTUBHOCTEH, YTO YCIIOXK-
HSIET U ynopoxaeT KoHCTpykuuto CBY-monyms.

OCHOBHOM HENOCTAaTOK CYLIECTBYIOIIUX MOJIYNen
CBEPXIIMPOKOIIOJIOCHBIX ~ YCHIIUTENEH —  JIOBOJBHO
Oompmast HepaBHOMepHOCTh AUX (cmag ycwieHHs OT
0,5 no 2 nb na okraBy). Kpome atoro, B mpuémMaom
TpaKTe ¢ POCTOM YacTOTHI Bo3pacTaroT norepu. OOmas
HepaBHOMepHOCTh AUX MoxeT mocturars Oonee 5 nb.
Jlns KoMIleHcay BCeX MOTEph MPEAaraeTcsi HCIOJb-
30BaTh AMCCUIIATUBHYIO Koppekunio AYX.

Ienp nanHON paboThI — MPEACTABUTH PE3YIBTATHI
pa3paboTku u aHaigu3a mnapameTpoB CBU-momyns ¢
Jrana3zoHoM padouunx yactor 10 MI'u — 20 I'T'y ¢ mpu-
MEHEHHEM ONTHMAIBLHON MO COIIACOBAaHHIO M TIIyOWHE
KOPPEKIMH JHCCUIIATUBHON KOPPEKTUPYIOUIeH LenH

(AKL).

CTpyKTypHasi cxemMa M TpedyemMble MapaMeTpbl
CBEPXIIHPOKOINOJIOCHOTO YCHIIMTEJIS

CuHTE3 MOIyNsl CBEPXIIMPOKOIOJIOCHOTO YCHIIHU-
TEIsl OCYLIECTBIISICTCSA HA OCHOBE METO/d ONTUMHU3ALINY,
MI03TOMY BayKHBIM TI€PBOHAYAILHBIM 3TAllOM €r0 peau-
3aliK SIBJSIETCS 33/1aHie MCXOMHBIX mapamerpoB. Mcxo-
Il U3 NPUMEHHUMOCTH MPEICTABISIEMOrO YCHIIUTENS B
NpUEMHOM TpakTe M3MepuTelss KodpduipeHTa nryma
X5M-18 u anamuzaropa cnekrpa CK4M-18, Obutn
c(OpMyIUpOBaHbl OIpeAETIEHHbIE TPEOOBaHUS K €ro
TEeXHUYECKUM TlapameTpam (Tadnuia).

TpeGyemble TeXHUYECKHE IAPAMETPbI

[Tapametp 3HayeHue
Juana3on pabouux yactot, [Tt 0,01-20
VYcuneunue, 1b He menee 30
Benuunna xoppekuuu, 1b 4...51b

He menee —12
He menee —10
He 6onee 5
He menee 12

BosBparnsie norepu (Bxox), n1b
Bo3ssparnsle notepu (Boxon), 1b
Koagpdurment myma
Kommnpeccus P1 o Beixony, 1bm

OrneHka JOCTHKHUMBIX IapaMeTpoB MO TadiuIie
MoKasaia, 4YTo HEOOXOAMMOE YCHIICHHE NOCTHIaeTcsl B
TPEXKACKaJHOH CTPYKTYpHOH CXeMe YCHIMTENs, KOTO-
past mpezcTaBieHa Ha puc. 1.

QO +Lnut

JKILL

CBY
BBIXOJI

Puc. 1. CtpykTypHas cxema yCHIUTENs

Cxema MOCTpOCHA HA OCHOBE MOHOJHTHOW WHTE-
rpansHOit cxembl (MUC) HMC460. CornacHo mOKy-
MeHTanuu npoussogurerst Ha MUC HMC460 [7] HeoO-
XOJMMO JIBa HANPSOKCHHUS MUTAHUS: TIOJIOKHUTEIBHOE
Ui (+8 B) u orpunarensroe cmemienue U, (0,9 B).
[Ipu TakoM CMELICHUH U MUTaHUH 00ECIICYMBACTCS OIl-
TUMaNBHBIN pexxuMm pabdotrst MUC. Bbeumo mposeneno
MOJICJIMPOBAHUE CXEMBI M0 pUC. 1, KOTOpoe MoKa3alo,
YTO JHUCCUIIATUBHAS KOPPEKTHUPYIOLIas LEMb, UCXOOs U3
yCHOBI/IH MUHHUMAJIBHBIX H_IyMOB nu MaKCHMaﬂLHOﬁ
BBIXOJHOW MOIIHOCTH, BKJIFOYAETCA MEXKIY BTOPBIM M
TPETHUM KacKaJlaMH.
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JuccunaTuBHasi KOPPEKTHPYIOLIAS EeNb

JKI[ mpencraBnser coboif 4acTOTHO-3aBUCHMBII
[T-o6pa3znernii arrentoatop [8]. Koppekuns AUX peann-
30BaHa C MOMOIIBIO TONOJIOTHYECKHX CBS3aHHBIX pac-
LICTUIEHHBIX XOJIOCTOXO/HBIX JIMHUK (OTME4YeHbl * Ha
puc. 3) U MHIYKTUBHBIX DJIEMEHTOB, BBINOJHEHHBIX C
MTOMOIIBI0 OTPE3KOB 30JI0TOW MpPOBOJOKK (L; u L,).
[IpuMeHeHne CBS3aHHBIX pacUICIUIEHHBIX JIMHUHN 00y-
CJIOBJICHO KaK HEOOXOJMMOCTHIO KOPPEKIMH Iapa3uT-
HBIX COCTaBJISIFOILIMX 3JIEMEHTOB L; U L,, Tak W JUIs BbI-
COKOYAaCTOTHOTO LIIyHTUPOBAaHUSI PE3UCTOPOB R, R, U R;.

Ucxomss w3 tpeOyemoro ycuieHus (HE MeHee
27 nb), anst JJKL] 66110 BEIOpaHO 3HAYCHUE HAYAILHOTO
ocnabnenust arreHroaropa — 15 nb. OnrumanbHoOl am-
IUIATYIHOW XapakTepuctukoi ociabmenus KL Oymer
XapaKTepuCTUKa, ONu3Kkas K JiorapupmMu4eckoid. JKBH-
BAJICHTHAs CXeMa NpeAaraéMoi KOppeKTUpYIoIeH Iie-
M TIOKa3aHa Ha puc. 2.

—{

-
T

Cy R C'm,
O I, O
|
L | Ly
|
|
|
C']'[] Rl : Rl C']'lj
o i i
LI'I1 | Ll‘[|
|
— I —
A

Puc. 2. DxBuBanentHas cxema JIKI{

st ymoOcTBa pacuéTra mepBOHAYANBHBIX 3HAUYCHUIMA
JJIEMEHTOB MPUMEM, YTO JaHHAs CXeMa CUMMETpUYHA
OTHOCHTEJIEHO OCH A, HO TaK KakK JaHHas I[enb Oyaer
HAXOIWTHCS MEXKIy KacKaJaMH YCHJICHUS, BXOIHBIC U
BeixogHble KCBH koTOpBIX OoTiHYaroTCs MEXIy COOOH,
IS ONTHMAJILHOIO COIVIACOBAaHMS KAacKaJoOB BBEIECHO
ycioBue, npu Kotopom Cr, # C’m,. Peanmzarus ganHo-
TO YCIIOBHS JOCTUTAETCS C TIOMOIIbI0 aCHMMETPHIHOTO
MPUMEHEHHSI PACHIETUIEHHBIX CBS3aHHBIX XOJIOCTOXOJI-
HbIX TUHUHA. VIcXonHbIe 3HAYEHUsI COMTPOTUBICHUN R| U
R, MOXXHO paccuuTarh O METOIUKE, MPEICTaBIEHHON B
[9], ncnone3ys hopmyssl must cummeTpuaHoi [1-06pas-
HOM IICIIN:

N+1
R = , 1
| RON_l (1)
2
N -1
Ry =Ry Ak ()

rie Ry — BOJHOBOE COMNpOTHBIEHHE, N — ociabieHue
arreHtoaropa B paszax. Mcnons3ys (1) u (2), nomyuaem
sHaueHus Ry = 71,63 Om u R, = 136,14 Om. I'nyOuna u
BHUJ KOPPEKIMH OyIyT ONPENeNAThCS PEaKTUBHBIMU
sneMmenTamu L, L, Cn,, Ci,, C’'m,.

TpéxMepHass 3IEKTPOMAarHUTHAsT MOJIEIH TOIOJIO-
ruu JJKII npencrapnena na puc. 3.

)

Puc. 3. TpéxmepHas 2JIeKTpOMarHUTHAS MOJEIb
tonostorun JIKI

OCHOBHBIE KOPPEKTHUPYIOIIHE 3IE€MEHTH (MHIYK-
TUBHOCTH L| W L,) BBINOJHEHBI C ITOMOUIBIO 1UIei(oB
M3 30JI0TOM MPOBOJIOKU. Takxke MOMOJHUTENbHAs KOp-
PEKIUsI OCYIIECTBIISICTCS TOMOJOTHUCCKAMH 3JICMEHTA-
MU, PACIIOIOKEHHBIMHU BO3JIC PE3UCTOPOB R U R,.

PacuérHpie BO3BpaTHBIC MTOTEPU U TIOTEPU HA MPO-
XOJI TIPENCTABICHBI HA pHUC. 4. DICKTPOMarHUTHOE MO-
JISIIMPOBAHKUE W ONTUMHM3AIIMS TOIIOJIOTHIA, a TAKXXE BCE
AHATNTHYECKUE PACYETHI TPOU3BOAWINCH C TIOMOIIBIO
CAIIP ADS xommannu Keysight.
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Puc. 4. I'padyku pacu€THBIX BO3BpAaTHBIX HOTEPH U MIOTEPh
Ha npoxox st KL

U3 puc. 4 BunHO, 4TO MIyOWHA KOPPEKLUH COCTaB-
qsiet 4,5 nb (20 I'T). Takke Obula IPOBEICHA OINTH-
MU3alys MO0 33JaHHOMY YPOBHIO BO3BPAaTHBIX MOTEPE.
Jnst oGecrieueHnst XOPOIIEro CoriacoBaHMsI MEXIy Kac-
KaJilaMH TOIIOJIOTHS OblIa paccunTaHa IJIsl YPOBHS BO3-
BpaTHBIX NoTeph He 6onee —20 b B pabodem nuanazone
YJacToT.

TexH010rHs H3rOTOBJCHUS M KOHCTPYKIHSI
CBUY-monyas

IIpencraBneHHBI MOIYNb CBEPXIIMPOKOIIOIOCHO-
ro CBY-ycunurens H3rOTOBIEH MO TEXHOJOTHH THO-
punHbIX uHTerpaibHbIx cxeM (I'MC), mmpoko npume-
uaemoit B AO «HII® Muxkpan». Kopnyc CBU-momyns
U3TOTOBJIEH U3 alroMHuHUEBOro cruiasa J[16-T u mokpsIT
craBoM Sn—Bi (omoBo—BucMyT). MHKpONOIOCKOBEIE
IJIaThl M3TOTOBJIIEHBI M3 TOJHKOPAa C OTHOCHTEIBHOM
JIMDIIEKTPUIECKO MPOHUIaeMocThio 9,9 u TommuHON
0,254 mm. CBY-nuHUM 1iepenadnl BHIMOIHEHB METOIOM
BaKyyMHOTO OC2)KJICHUS 30JI0Ta, TOIIOJIOTHIECKHE PE3H-
CTOpBl — METOJOM BaKyyMHOTO OC&XICHHUsS TaHTala.
Bce aneMeHThl CMOHTHPOBaHBI B KOPILyC METOAOM Haii-

[oxnaovr TYCYPa, mom 19, Ne 4, 2016
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K{ C HCIIOJIB30BAaHUEM HHU3KOTEMIIEPaTypHBIX IMPUIIOEB.
B xagectBe CBY-pa3péMOB HCIIONB30BaHBI KOAKCHAIB-
HO-MHUKPOTIOIIOCKOBBIE mepexonsl cepun  [TKM2-20
(Muxkpan), ausi GUIBTpPALMKA MTUTAHUS U OOeCIHeYeHHs
anekTpoMarHuTHON u3ossiimn CBY-moaynst ucmnons3o-
BaHbl GuibTpel nutanust EMI/RF 4300-009 (Tusonix) u
MPOKJIAIKA U3 TOKOIPOBOJSIIETO KOMIIO3UTHOTO Mare-
pHaga Ha OCHOBE MENKOJUCIIEPCHBIX PE3UHOBBIX U Ce-
peOpsHBIX rpanyi. s UCKITIOYEHHsS BO3MOXHOCTHU aB-
ToreHepauuu B kaHase CBY-tpakra ObUl MCTIONIB30BaH
TUCTOBOM KoMmo3uTHBIA Matepuan (Ecosorb), o6ma-
JAIOMAN CBOMCTBaMHU ImupokononocHoro CBY-mormo-
tutend. [luTaronye HampspKEHUS JTOMONHUTENBHO CTa-
OMITM3UPOBAHEI C TIOMOIIBIO IMHEHHBIX CTaOMIN3aTOPOB
C YNBTPAHU3KUM COOCTBEHHBIM YPOBHEM IIaJICHUS Ha-
HNpsDKeHU JUI MCKIIIOYEHHS] BO3MOXKHOTO Ieperpena
CBY-monyns. Takxe Ui IOMOJHUTENIBHON Temiepa-
TYpHOH cTabuian3auuu B cxeme (GopMHUpyIOLIel Hampsi-
JKEHUsI CMEIIEHHs] TPUMEHEHBI TEPMUCTOPBI C 00paTHOM
TeMIepaTypHON 3aBUCHMOCTBIO.

CBY-TpakT yCHJIMTes

Hcnone3ys ¢aiinsl S-mapaMeTpoB OT MPOM3BOAH-
tenert kommurekrytommx (MHUC HMC460, xorneHcarop
ATC550, pazpém-niepexon [TKM2-20), MOXHO MOTHO-
cteio cmomenupoBare CBY-tpakr ycummrens. Taxoke
OBUIO TIPOBENCHO IOJHOE 3JIEKTPOMAarHUTHOE MOJEIH-
pOBaHME TOIOJOTHI MOABOMIMINX MHUKPOIIOIOCKOBBIX
IUIaT C pa3pbIBaMU JUTA pPa3AeIUTeIbHBIX KOHIEHCATOPOB.

Pacuétapie AUX ycumurens ¢ JKI[ u 6e3 JKII
MIPUBEICHBI Ha PUC. 5 B CPaBHEHUH C M3MepeHHoH AUX
coOpanHOro ycunutens. Bce n3aMepeHus: mpoBeeHBI C
MOMOIIBI0 BEKTOPHOIO aHamu3aropa neneit P4226
(AO «HI1® Mukpany).
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Puc. 5. I'paduku n3mepeHnsIx 1 pacuéTHIx AUX ycnnurens

¢ KL u 6e3 JIKIT

Kak BugHO m3 puc. 5, pacuéraeie 3HaueHHs AUX
HUMCIOT OYC€Hb XOpOUIYI0 CXOAUMOCTH C U3MEPCHHBLIMU.
ITpumenenne JIKI] ymensiiaer HepaBHOMepHOCTE AUX
¢ 8 mo 3,5 nb Bo BcéM pabouem amMana3oHE YacTOT.
TTonsém AUYX B obOmactd wactor or 10 MI'q no 3 I'Tx
00ycIoBIIEH BHYTpeHHeH cxeMoTexHukoil YPY wu mon-
pobHo omucan B [10]. Koppekuust ykazaHHOTO YacTOT-
HOTO JMalia3oHa He BXOMMJIA B 3aJa4d 3TOH paboThl, HO
TaK)Xe BO3MOKHA ¢ npuMeHeHuem apyrux JKILI.

BosBpaTHbIE IOTEPH 110 BXOAY M BBIXOY CMOJEIIH-
poBanHoro CBY-tpakta ycwimTens NpUBEACHHI Ha
puc. 6 B CpaBHEHUH C BO3BPATHBIMU ITOTEPSMH IO BXOAY
U BBIXOZly PEaJIbHOTO yCTPOICTBA.
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Puc. 6. I'padukn m3MepeHHBIX U PaCUETHBIX BO3BPATHBIX
TIOTEPB IO BXOMY U BEIXOJY YCHIIUTEIS

Kak BugHO M3 puc. 6, 3Hau€HHs] BO3BPAaTHBIX IO-
Tepb MO BXOAY U BBIXOAY YCHUIMTENs YKIAABIBAIOTCA B
n3HavajgbHBIe TpeOoBaHMA ¢ OoipmMM 3amacoM. Bos-
BpaTHbIE OTEpH HE MeHee —15 1b 1o Bxoxy U HE MeHee
—15 nb o BeXomy. U3 mpencTaBIeHABIX TPapUKOB BU-
HO, uyTo Bhimie 10 I'T1y rpaduk pacuéTHBIE BO3BPATHBIX
MOTEPh CYIIECTBEHHO OTAMYACTCS OT H3MEPEHHOTO. JTO
CBSI3aHO C METOAOM H3MEPEHHUH. S-apamMeTpbl yCHIIH-
TeJs, UCTIONIb3yeMbIe /ISt pacuéra, ObIIIM CHSTHI MPOU3-
BOJIUTEIEM MHKPOCXEMbl C ucnois3oBanuem CBY-
30H70B, U mocie 4actoTel 10 I'T1 mMexay ucmonssye-
mbiMu CBY-30H7amMu, Kak MpaBUIIO, YK€ BO3HHKAET
9JIEKTPOMAarHUTHAs! CBS3b, YTO MPHBOIUT K MOTOOHBIM
pesyabraram, yxyamaer pasmsasKy (S12) m cHmkaer
TOYHOCTh M3MEPEHHsS] BO3PAaTHBIX ITOTEPh HA BBICOKHX
4acTOTaxX.

H3mepenune ko3 dpunmenta mryma 1 KOMIPeCCHH

Wzmepenus: koadduipenTa myma ObUTH TpOBejie-
HBI ¢ ToMoIbio u3Meputens XSM-18 (AO «HII® Mu-
KpaHn») u reHeparopa myma ['llIM2 (AO «HII® Mu-
Kpan»). M3mepenHsblii rpadux kodpduimeHTa myma
IIPECTaBIICH Ha pUC. 7.

+ Lh =)

Kosgduument myma, ab
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Puc. 7. 3mepennslii rpaduk kodQdUnuenTa nymMma yCuInTens

W3MepeHus: KOMIOpecCUH ObUTH MPOBEACHBI C I0-
MOII[BIO OMIMOHATBHOTO BEKTOPHOTO aHaln3aTopa Iie-
neit PAM-18 (AO «HII® Muxkpany). M3mMepeHHsIi rpa-
(DMK KOMIIPECCHU TI0 BBIXOAY YCHWJIMTENS IPEICTaBIICH
Ha puc. 8.

Wsmepenus nmposoaunuch ¢ marom 0,5 I'Tn, ans
Ka)KJJOH 9aCTOTHON TOYKHM OIpEessiIach MOITHOCTb, Ha
KOTOpOH mpoucxoaut cxkarue Ha 1 nb, 3arem B aBTOMa-
TU3UPOBAHHOM DEXHME OBIT NOCTPOEH IPEACTaBIICH-
HBIH TpauK 3aBHCHMOCTH BBIXOJHOHW MOIIHOCTH OT
JaCTOThI.

Kax BuaHO u3 rpadukoB, NpENCTAaBICHHBIX Ha
puc. 7 u 8, pa3pabOTaHHBIA YCHUIIUTENb TOJHOCTBHIO CO-
OTBETCTBYET M3HAYAJILHBIM TEXHHYECKUM TPEOOBaHUSIM.
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Yacrora, [T
Puc. 8. I3smMepeHHbI# rpadK BEIXOTHONH MOITHOCTH
yCUIIUTEINS NIpU cxkatuu Ha 1 nb

Buemmnnit Bun CBU-Tpakra pa3paboTaHHOTO YCH-
JIUTENIS IpeICTaBIeH Ha puc. 9.

B\ & Lo I'_ - S el
Puc. 9. Buemnnit Bun CBU-tpakra ycuiurens

I

—

Hcnonp3oBaHue MPEACTaBICHHOIO YCHUINTEIS B
npudopax X5M-18 nu CK4M-18 (MukpaH) nosBossier
MOJY4YUTh PaBHOMEPHYIO XapaKTEepUCTUKY K03 HIu-
€HTa IIyMa M3MEPUTEIBHOIO TPakTa BO BCEM pabouem
Jana3oHe 4YacTOT, YTO MOBBIIIAET METPOJIOTUYECKUE
XapaKTEePUCTUKU U3MEPUTEIBHBIX IPUOOPOB.

Ha npencrasnennsiii moxyns CBU-ycunmrens mo-
Jy4YeHHI J1Ba TIATEHTa Ha ImoJie3HsIe Moaenu [11, 12].

PaGora BeImonHEHA Mpu (UHAHCOBON MOIIEPIKKE
MunncrepctBa 00pa3oBaHus u Hayku P®, cormamenne
Ne 14.577.21.0188 ot 27.10.2015 r., unentudukarop
RFMEFI57715X0188.
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Drobotun N.B.
10 MHz — 20 GHz Microwave Amplifier Module with
Dissipative Transmission Correction

This paper presents a 10 MHz — 20 GHz microwave amplifier
module with dissipative transmission correction. The
experimental research of the main parameters of the amplifier
is shown in comparison to the data originated from EM
simulations.

Keywords: transmission gain correction, MHMIC, MMIC,
distributed amplifier, return loss, noise figure.
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M.B. YymaHoBg, U.A. MNMapraués, U.B. MokpywuH, J1.41. CepebpeHHuKoB, B.A. KpakoBckumn

AKycToonTu4yeckue 3aTtBopbl Ha ocHoBe Kpuctanna RKTP

W3rotoBnens! npoToTunsl akyctoontudeckux (AO) 3aTBopoB Ha ocHoBe kpucTamioB RKTP B xopmyce ¢ KUIKOCTHBIM
OXJIXKACHUEM U KOHTpoOJIeM padoueil Temnepatypsl. [l H3rOTOBIEHHBIX 3aTBOPOB U3MEPEHBI OCHOBHBIC XapaKTEPH-
CTHKH, TaKHe Kak pabodas 4acTOTa YIPaBIIAIOMIEIO BHICOKOYACTOTHOTO (BY) curHana (4acTOTHas XapaKTEPUCTHKA),
s pexTuBHOCTE audpakimu, kodddumuent crosueii Bomasl (KCBH) mbezonpeobpasoBaTenel Ha IEHTpaIbHOH pabo-

qel gacTore.

KiroueBsle cioBa: akycroonruueckuil 3arsop, kpucramut RKTP.

doi: 10.21293/1818-0442-2016-19-4-78-80

Haubomee pacmpocTpaHeHHBIM Ha CETONHSIITHHMA
JICHb MaTEepHaloM I W3TOTOBJICHHS aKyCTOONTHYE-
ckux (AQO) 3aTBOpPOB SIBISIETCS TUIABICHBIA KBapll, IO-
CKOJIKY UMEET BBICOKHE 3HAUCHHUSI IOPOTa ONTHIECKOTO
nospexxaenns  (10,5-10,6 I'Br/cM’) M OTHOCHTEIBHO
IIMpOKyIo mojocy npomyckanus (0,2—4 mxm). Makcu-
MallbHasi aKyCTHYeCKasi CKOPOCTh 3TOT0 Marepuaja co-
crapmsier 5,95:10° m/c, xod(duuMeHT aKycToonmTHue-
cxoro kadectsa 1,56:107" ¢*/kr [1]. Mmerotcs Takoxe
aJNbTepPHATUBHBIC MaTEepUalIbl, HO KaKAbIH N3 HUX MMeEeT
CYIIECTBEHHBIE HEJIOCTaTK{, HAIPUMEpP Y3KYIO II0JIOCY
ONITHYECKOW MPO3PaYHOCTH, HU3KHH TTOPOT ONTHYECKOTO
TIOBPEXICHHSI.

Bricokoomubie  kpuctamiel  KTiOPO, (RKTP)
npousBoacTBa komnanuu «Kpucramn T» umeror psn
MPEUMYIECTBEHHBIX 0COOEHHOCTEN Tepes] HEKOTOPBIMU
AO-marepranaMu, Hamboiee BaXXKHBIMH M3 KOTOPBIX
SABIISFOTCS BRICOKHE ONTHUYECKas IpoyHocTh (3 TBT/cm)
u ko3 dumment AO-kauecta (4,2-10"° ¢*/kr), otHocu-
TEJIbHO HU3KUI KOA(QQUIMEHT aKyCTHYEeCKOro 3aryxa-
Hus [2]. Tlone3usim kauectBoM RKTP siBnsiercst BbIco-
Kasi CKOPOCThb paclpOCTPaHEHHs] aKyCTHYECKOW BOJHBI
(~7,76:10° wm/c) [3], 4TO OGecredrBaeT MOBBIIICHHOE
osicTponeiictBue AO-ycrpoiicts. K mpounm nocrowH-
ctBaM KpuctamioB cemeiictBa KTP moxHO oTHectu
CJIEYIOIE: HETMTPOCKOITMYHOCTD, BBICOKAsl yCTOWYH-
BOCTb K XMMHUYECKHM M MEXaHHUYECKHM MOBPEXKICHUSIM
U I0CTATOYHO IIMPOKAs TI0JI0ca MPO3PadHOCTH B AUAara-
30HE UTHH BOJH u3iay4eHus 0,35-4,5 M.

COBOKYITHOCTh ONMCaHHBIX BBIIIE TAPAMETPOB I10-
3BOJISIET CHIENIaTh BBIBOJ O TOM, YTO 3aTBOPHI HA OCHOBE
kpuctasuia RKTP dopmupyror 6onee xoporkuii GppoHT
ONTHYECKOTO MMITYJIbCa IIPpH HEM3MEHHOW ameprype
OINITHYECKOTO ITydyka M TpeOyIOT MEHbIIEH MOIIHOCTH
YIPaBISFOIETO CUTHANA TIO0 CPABHEHUIO C 3aTBOPAaMH Ha
TUTaBJIEHOM KBaplie. OTH OCOOCHHOCTH TO3BOJISIOT YII-
POCTUTH KOHCTPYKIMIO 3aTBOpa W JpaiBepa ympasie-
HHS 3aTBOPOM.

Onucanne KOHCTPYKIMHA

Koncrpyxkmmst AO 3aTBopa BKITIOUaeT B ce0s CBETO-
3BYKOIIPOBO/I, BbIpe3aHHbIM u3 MoHOkpuctaiia RKTP,
MPOBOJALLMI CJION Ha MOBEPXHOCTHU Z-Cpe3a KpUcTajlia,
c(OpPMHUPOBaHHBIH METOJJOM BaKyyMHOTO DacCIbLUICHUS,
JIBe TpeoOpazoBaTesbHbIE TUIACTHHBI U3 TOTO YK€ Marte-
pHana, 4To U CBETO3BYKONpoBox, mwimm Y+36° — cpesa
Huobara ymtust (LiNbO;). [ToBepx ruiacTMH HaHECEHEI

METAJUTMYECKUE ICKTPOIBl M3 MHIMS WM ATIOMHUHUS.
[TnacTuHBI IPUBapeHbI K CBETO3BYKONPOBOAY METOIOM
xonmogHoH nudQy3nOHHON WHAMEBOI CBapKd MPOTHBO-
IIOJIOKHOM JIpYr OTHOCHUTEJIBHO JIpyra OpHEHTaluen
JIOMEHOB.

DJeKTpudecKas cxema Ibe3oIpeodpa3oBarers co-
OTBETCTBYET TMOCJIEA0BATEILHOMY BKIIIOYCHUIO JIBYX
KOH/IGHCATOPOB, MEXIy OOKJIaJKaMH KOTOPBIX pacHo-
JIOKEH IMbE30AIEKTPHUECKUI MaTepHai. 3a CYeT TaKkoro
CEKIIMOHMPOBAHUS YMEHBIIAETCSI E€MKOCTHAsl COCTaB-
JISFOIast Harpy3KH MPH OTHOCHUTENBHO OOJIBIION JJIMHE
AO-B3anmogeiictus. [ImacTHHKU W3ITydaroT cuH(a3-
HBIC BOJIHBI, CO3/1aBasi aKyCTHYECKOE MOJIE C IIOCKUM
BOJTHOBBIM (PPOHTOM, HANpaBICHHBIM HOPMAIBHO K OII-
TUYECKOH OCH CBETO3BYKOIPOBOoAa. OIMMCaHHBINA OIXO0
MO3BOJISIET TOOWTHCS JIYHIIETO COIIACOBAHMS HArpy3KH
¢ moaBoxAmed BU-nmuHMeH, TeM caMbIM TOBBICHTH (-
(dexTuBHOCTH qudpakumy.

OnTuManbHas TeOMETPHUSI CBETO3BYKONPOBOJA BBI-
OpaHa, MCXO/isl U3 JaHHBIX, PUBEACHHBIX B [4], U 3Kc-
MIepUMEHTAJIbHBIX PE3YJbTaToB 110 N3MepeHuto (oroyr-
PYTHX TIOCTOSHHBIX M KOd(pQHIMEHTa aKyCTOONTHYE-
ckoro kauectna [2, 5-6]. [eomerpuss AO sueliku, opu-
SHTaIWs BEKTOpa MOJAPH3ALNH TaJafollero Ha CBETO-
3BYKOITPOBOJI JIA3EPHOTO ITyYKa OTHOCHTEIFHO KPHCTA-
norpaduIeckux Ocei, HalpaBIeHHS ONTHYECKOTO U
aKyCTHYECKOTO ITyYKOB OTOOpakeHbI Ha puc. 1.

U(r)

V4

AKycTHYEeCKast o
BOJIHA ~—__ K

ONTHYECKHH
IVE

X

Puc. 1. KoHCTpyKIIMSI aKyCTOOIITUYECKOH sTUeHKU

PasMephl CBETO3BYKONPOBOAa 23X8x8 MM’ BIONb
oceil X, Y u Z cooTBeTCTBEHHO. Pa3zMepsl IU1acTuH
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MbE30TPEO0pazoBaTeNisi B IUIOCKOCTH BO30YKICHUS
10x7 mm? u Tommmnaa 40—5 MkM. AO-stueiika moMerniena
B METAJUIMYECKUH KOPIIYyC C CUCTEMOW OXJIAKICHMS.
Uepe3 moaBOISNIME INTYHEPHl LUPKYIHPYET OXJIAX-
Jlarolas KMIKOCTb. B kopmyce B HENOCPeICTBEHHOM
0JIM30CTH K CBETO3BYKOIIPOBOJly YCTaHOBJIEHA TEPMOIIa-
pa U BBIBCACH pPa3beM [Jid KOHTPOJIA TEMICPATYPHI.
BuenHuii BUA H3rOTOBIEHHOTO 3aTBOpa IIOKa3aH Ha
puc. 2.

Puc. 2. BHemnuii BUI 3aTBOpa B KOpITyce
C CUCTEMOM OXJIaXKACHUS

Onncanne 3KCNEPUMEHTATBHON YCTAHOBKH

DKcrepuMeHTalbHAas yCTaHOBKa (puc. 3) mocTpoe-
Ha cieayrommM obpasom. I'eHeparop umiynbcoB / 3a-
MycKaeT pa3BepTKy ocuwwuiorpadga 4 u BKIHOYaET
BY-reneparop 2. Jlanee ycunennsiii BU-curnan nocry-
rmaet Ha 3arBop J. JludparupoBaHHOE CBETOBOE IIOJIE
BBIJIENISIETCS. IPOCTPAHCTBEHHBIM (PHIBTPOM U (OKyCH-
pyercs Ha @DV, cUrHai Ha BBIXOAE KOTOPOTO PETUCTPH-
pyercs ocmwniorpagom. M300paxeHus oCIuIIorpaMm
coxpansrorcs Ha DBM.

B kadecTBe MCTOYHHMKA HM3IY4EHHS HCHOIB3yETCS
TeTNIf-HEOHOBBIH J1azep 6, M3MyJaloNMid HA JJIHHE BOJI-
Hbl 633 HM. Komumaropom 7 GhopMupyeTCs TydoK He-
obxomumoro nuamerpa. Ilomspuzaropom & 3amaercs
JIMHEWHAas TOJsApU3alusi, BEKTOp KOTOpPOH OpPUEHTHUPO-
BaH MapaJule]bHO BOJHOBOMY ()POHTY aKyCTHYECKOTO
nyuka. OCHOBHOM ONTHYECKHUM MYy4OK TacUTCsl HEMpo-
3payHbIM JKpaHOM 9, anuparupoBaHHBbIE IyYKH Ha-
npapisitoTest Ha OOV 3. [l CHIKEHHUS 3aCBETKH OT
MTOCTOPOHHUX NCTOYHUKOB M3ITyUCHHUS yCTAHABINBACTCS
cBetomieTp /1.

[ / |>:Cu11x. 5 Brix. 3
3 10,
| __7!_.1 L-j‘u‘_:_-_-_.{

Puc. 3. Cxema skcniepUMEHTaIBHOM yCTaHOBKHU: / — reHepa-
top mmmyibcoB AKUII-3301; 2 — BU-reneparop Agilient
N5181B; 3 — BU ycunmtens; 4 — ocuiorpad Tektronix
TDS1012C-EDU; 5 — AO-3atBop; 6 —nazep JI'H 207A;
7 — KoJmMmarop; 8 — noyspous;; 9 — Henpo3payHbli dKpaH;

10 — cobuparomast nuH3a; /1 — CBETOQUIBTD;
12 — mpoctpaHcTBeHHbIH GuibTp; /3 — OIY

W3mepeHnst TPOBOISATCS MPH MAJBIX MOI[HOCTSX
BBICOKOYACTOTHOTO CHTHAJNIA, YTOOBI COXPAHWUTD JIMHEH-
HYIO0 3aBUCHUMOCTh 3(PQEKTUBHOCTH AUDPAKIMHA OT HH-

TEHCUBHOCTH aKyCTHYECKOTO MydYKa M IMapameTpoB 3a-
TyXaHUs. A TaxkKe NPH MaJbIX MOIIHOCTSX INpH AH-
¢pakmmn Pamana—Harta wHTEHCHBHOCTH Oudparupo-
BAaHHOTO CBETa COCPENOTOYEHa B + IMEpBOM MOpPSIKE
TUpPaKInH.

H3mepsiroTcsi OCHOBHBIE NHapaMeTphl, XapaKTepH-
3yromue paboTy 3aTBopa B KaueCTBE MOIYIATOpa J00-
POTHOCTH, Takue Kak padoyas 4acToTa YNpPaBJISIOUIEro
BY-curnana (vacroTHas XapaKTEpHCTHKa), NIyOMHa
Monysiiu  (3ddexTuBHOCTS TUdpaKknuu),  OBICTpO-
TIeHCTBHE.

JKCMepUMEeHTAILHbIE Pe3yJIbTAThI

OmnuncaHHBIC BBIIE XapaKTEPUCTHKU OILECHUBAIICH
it AO-3aTBOPOB C IbE30MPEe0OPa30BaATENSIMU Ha OCHO-
Be KprcTauia Hnobara mutus (Y+36°-cpe3) u kpucramia
RKTP (Z-cpes).

CornacoBaHme MbE30MPeOOpazoBaTeNieil MPOU3BO-
JUJIOCH MOCPEACTBOM KOaKCHAJIBHOIO TpaHcdopmaropa
Ha (epputoBOoM Kosble. JIJii M3MEPEHHS YaCTOTHOM
xapaktepuctuku KCBH B wusMmepurenbHOi cxeme
(cM. puc. 3) Bmecro BU-ycunmrens ycraHaBiIMBaiach
JIETEKTOpHAas TOJIOBKA, K KOTOPOHM uepe3 JJIMHHBIA Ka-
Oenp coemuHsNach Hccienyemas Harpyska. JleTexkTu-
PYIOIINIT BBIXOZ COECIMHSUICS C U3MEPHUTEIHHBIM BXOJIOM
ocuwntorpada. BU-renepatop 3amyckaics B pexume
Ka4aoIlencsl YacTOThl C BEPXHEH IPaHUYHOM YacCTOTOU
120 MTI'. Iomywuennsre nuarpammel KCBH moxa3anbt
Ha puc. 4. KCBH Ha neHTpaipHbIX paboumx gacToTax
coctasun 1,3-1,35.
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Puc. 4. Yacrornsre xapaxrepuctukn KCBH nee3onpeodpaso-
Barest Ha ocHoBe: a — RKTP, 6 — nuobara jautus

M3MmepeHue 4acTOTHOM XapaKTEPUCTUKH 3aTBOpA
MIPOBOIIIIOCH IO cxeMe Ha puc. 3. BU-reneparop 3amyc-
Kajcs B peXHMe KauaroIleHcss 9acTOThl ¢ TPaHUYHBIMHU
gactoramu 20 u 80 MI'i. MI3MepeHHBIe YacTOTHBIE Xa-
PaKTEepUCTUKN O0TOOpaXkeHbI Ha pHC. 5.

MakcumanbHasi 3(Q(HeKTHBHOCTh TUPPAKIUU TPH
MOIITHOCTH yIpasJsitoniero cursana 1 Bt cocrasuna 3 u
3,6% s nbe3onpeobpasonareneii u3 RKTP u arnobara
JIUTHUS] COOTBETCTBEHHO.

Joxnaovr TYCYPa, mom 19, Ne 4, 2016



80 OJIEKTPOHHUKA, USMEPUTEJIbHAA TEXHUKA, PAJUOTEXHHUKA U CBA3b

4 Ddd KTHBHOCTD ndpakmu, % | |
- fl
3 LiNbO; RKTP
2 I
. N

1 e | D

- @ %d “ﬁ?y "
0 lﬁ-ﬁqs—

20 25 30 35 40 45 50 55 60 65 70 75 80
Yacrora, MI'g

Puc. 5. 3aBucumoctb 3pPexTHBHOCTH qU(PAKIMU OT YaCTOTHI
Ui ibe3onpeobpasopateneii u3 RKTP u Huo6arta nutus

BricTpozaeiicTBue 3arBopa SIBISETCA MapamMeTPOM,
3aBUCSIINM OT CKOPOCTH aKyCTHYECKOH BOJIHBI U amep-
TYpBI ONTHYECKOTO My4ka. J[ns m3mepenus ¢ponra orm-
TUYECKOTO HMITyJbCca HCIIOJIB30BAJIaCh CXeMa, aHajo-
TMYHas OpeaplayieMy 3kcrepumenty. dopmuposancs
cymeprayccoB Iy4ok, BU-reHeparop 3amyckajics B UM-
MYJIECHOM peXuMe (aaurTensHocTh uMmynbca 0,1 Mkc,
nepuoj MoBTopeHus 5 Mkc). OueHuBanach UINTENb-
HOCTh (DpOHTA ISl MMyYKOB AuamerpoM 2—5 M. Pacxo-
JK/IEHHE M3MEPEHHBIX M PACUETHBIX 3HAYCHUH He mpe-
BEImano 5%.

3akarouyeHnue

NzrotoBnensr AO-3aTBOPEI HA OCHOBE KPHUCTAIIIOB
RKTP B kopmyce ¢ XKUAKOCTHBIM OXJAKIEHUEM U KOH-
TposeM pabodeii TeMnepaTypsl.

ITo ypoBHIO U3MeHeHuUs curHana Ha 3 nb ot muko-
BOTO 3HAUEHHMs T10JI0Ca PadOYMX YaCTOT 3aTBOPA C Ibe-
3ompeoOpaszoBareneM u3 kpuctawia RKTP cocraBmia
8 MI'L, anst 3aTBOpa € MbE30IIPe0Opa30BaTENEM U3 HHO-
Oara JTUTHS -
6 MI'u. LlenTpanbhast paboyas yacTtoTa AJsl 3aTBOpa C
mee3onpeodpazosateneM m3 RKTP cocraBmina 61 MIm,
JUIS 3aTBOpA € MbE30Npeodpa3oBareneM n3 Huoobara Ju-
s — 40 MI'n. KCBH Ha nieHTpansHON 9acToTe KakJao-
TO 3aTBOpa JISXHUT B mpegenax 1,3—1,35. MakcumanbHas
3¢ (eKTHBHOCTh IU(PPAKIUN TPHU MOIIHOCTH YIIPaB-
nsromero BU-curnana, pasHoit 1 Bt s 3atBopa ¢ nbe-
3onpeodpaszosaresniem u3 RKTP, cocrasuina 3%, u3 Huo-
6ara nutHs — 3,6%.

[TokazaHa BO3MOXKHOCTb M3TOTOBJICHUS 3()(PEeKTHB-
HbIX AO-3aTBOPOB, UCIMOINB3Ys KaK JJIsi CBETO3BYKOIIPO-
BOJIa, TaK M IS TTbe30npeoOpa3zoBareineil OMH U TOT XKe
marepuain — kpuctaia RKTP.
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Chumanov M.V., Pargachev I.A, Mokrushin I.V.,
Serebrennikov L.Y., Krakovsky V.A.
Acousto-optical Q-switches based on the RKTP crystal

Q-switches based on the RKTP crystals were created in the
case with liquid cooling and control of working temperature.
For the created Q-switches the main characteristics such as the
working frequency of the operating high-frequency signal (the
frequency range), efficiency of diffraction, standing wave
factor of transducer at the central working frequency were
measured.

Keywords: acousto-optical Q-switch, RKTP crystal.
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YK 621.373.1

A.C. 3agopuH, A.A. JlykuHa

UccnepoBaHue mogenen nogaBneHUA napasnTHbIX MoA,
onToanekTpoHHoro CBY-aBToreHepaTtopa Ha OCHOBE UHXEKLUOHHOWM

M MHOTFOKOHTYPHOMN CXeM

PaCCMOTI)EHLI BO3MOKHOCTH ITOBBIIICHUA CHGKTpaHLHOﬁ YUCTOTBI H3JIYUYCHHSA OITODJIEKTPOHHBIX aBTOTCHEPATOPOB
CBI‘I-I{I/IaHEBOHa Ha OCHOBE ONTOBOJIOKOHHOW JIMHUU 3aICPKKU 3a CHET IPHUMCHCHUST CI/IHXpOHI/I3aIII/IeI71 MOJZ Ha OCHOBC

WHXXCKITNOHHON U MHOI‘OKOHTypHOﬁ CXCM.

KonaroueBble cioBa: ontoanexktpoHuslii CBU-aBroreneparop, $a3oBelif nryM, nmporpaMMHasi MOJIEIb, OIITOBOJIOKOHHAS

JIMHUSA 3a/1ePKKH.
doi: 10.21293/1818-0442-2016-19-4-81-84

W3BecTHO, YTO UyBCTBUTEIBEHOCTh, CKOPOCTD IIEpe-
Jaud WHGOpPMalWHM, TadapuThl M DHEPrornorpedicHue
PalMOIOKAIIMOHHBIX ¥ U3MEPUTEIBHBIX PaJIMOTEXHUYE-
CKHX CHCTEM BO MHOTOM 3aBHUCST OT YPOBHSI CIIEKTPaJIb-
HOW YHCTOTBI W YAaCTOTHOW CTaOMIBHOCTH CHTHAJIOB,
(hopMHupyeMBIX 3aJalONIMMH CHCTEMHBIMH aBTOTCHEPA-
topamu (Al'). DyHnameHTaIbHBIE OTPAHWYCHUSA Ha-
3BaHHBIX XaPAKTEPUCTUK CBA3aHBI CO CTOXACTHIECKUMHU
(IIyKTYyalnusMu TOKOB M HaIPsHKEHHH, 00YCIIOBICHHBIMH
TEIJIOBBIM, IPOOOBBIM U (pIIMKKEp-IIyMaMH B HOIYIPO-
BOJHMKOBBIX anemeHTax Al [1, 2]. [Inga xonudecTBeH-
HOM OLIEHKM CIEKTPaIbHOM 4MCTOTHI curHana Al wuc-
TOJIb3yeTCsl OlleHKa L(f) ero CIeKTpaibHOW IUIOTHOCTH
MOIIIHOCTH B OJIMHOYHOM OOKOBOHW ToJyioce st 3ajaH-
HOW OTCTPOHKH Ha BENUYUHY f,, OT HECYIIEH JacTOTHI
fo AT’ B ogmHOYHON OOKOBOH TOJIOCE, TIEpECUUTAHHAS B
monocy 1 I'm. CHmxkenue BemuumHbl L(f) A" 00BIYHO
oOecrieunBaeTcsl 3a CYET TIIATENBHON 4YacTOTHOH ce-
JIEKIIMU CUTHAJA, HUPKYJIUPYIOLIET0 B eI 00paTHOM
cBa3u Al. DpPeKTHBHOCTh TaKOH CENEeKIHH, KaK H3-
BECTHO, ompenersieTcsi ToOpoTHOCThI0 () pe3oHaTropa
AT, npornopuroHansHON KpyTH3HE ero (pa3o4acTOTHOM
xapaktepuctuku (PUX). Knaccuueckas teopus BiIMs-
HUSI OIYMOB M BEJMYHMHBI () HA TUHAMHUKY HEIMHEHHBIX
cucreM, B ToM unciie U Al, moka3pIBaeT, 4To IpH HaJIU-
YUW IIYMOB B cHeKTpe L(f) MOXHO BBIJIEIUTH COCTAaB-
nsronme, onuckiBatonie ammumutynasie (AL) u ¢aso-
Bele (OIII) urymoBsie dmykryanu [1, 2].

HsBectHO, yTO M1t AI' TOMCOHOBCKOTO THIa BOJIH-
31 paboueii yactotel A" fy nuuus usnyuenus L(f) Al
OIIPEAENAETCS, B OCHOBHOM, CIEKTPAaIbHOH ILIOTHO-
cTho (pazoBbIX 1IyMOB. B yka3zaHHOW oOyacTu 3aBHCH-
MOCTb aMIUIMTYAHON COCTABIISIOIIECH LIyMa OT OTCTPOMU-
KH TPaKTUYECKU OTCYTCTBYET, U €€ ypOBeHb 0o0pazyer
JIMIIb «ITyMOBOM mbenectam» Juaud L(f). Kpome storo,
YCT@HOBJIEHO, YTO OCHOBHBIM CIIOCO0OM CHIOKeHHs L(f)
IIpY 33laHHOM YPOBHE IIYMOBBIX HUCTOYHUKOB Al sB-
JSIFOTCSL yBENUYeHHE AOOPOTHOCTH () HAKOIUTEIHHOTO
anemenTa Al B munamazone CBY ¢azosrit mym (DILL)
SIBISIETCSl OTHUM M3 OCHOBHBIX (DAaKTOPOB, OTPaHHUH-
BAaIOIIUX MPHMEHEHHUE CIIOKHBIX CUTHAJIOB B PaJinOCBS-
34, paIMOJIOKALINH U B U3MEPHUTEIIBHBIX CHCTEMAX.

Kax moxazano B [3], 3HAYMTETHLHOTO TTOBBIIICHUS
NoOpoTHOCTH pe3oHaropa () B CAHTUMETPOBOM JMama-

30HE MOKHO JIOCTHYB 32 CUET HCIIOJNB30BAHMS B CXEME
AT' MennakoHBEpTEpOB, T.€. YCTPOMCTB, 0OecIeUrBalo-
MHAX [POMEXYTOYHBIE IPeoOpa3oBaHUs  SHEPTUH
CBY-konebaHnit B DSHEPTUI0 CBETOBOW BOJHBL JTa
9Heprusi crnocodHa 3(h(EeKTUBHO HAKAIMBATHCS B OITO-
IEKTPOHHBIX pPE30HATOpax «Oerymel BOJHBI», Hpen-
CTaBJISAIONINX co00M onroBonokoHHbIe (OB) muHuM 3a-
JEPKKU Ha BpeMsI T,

t,=nl/c, (1
IJe 7 — TPYNIOBOM MoKa3aTeib MPEJOMIICHUS U JUIMHA
OB, ¢ — ckopOCTh CBETa B BaKyyMe.

Takne pe3oHATOPbl HCMONB3YIOTCA ISl MOCTPOE-
HUS ONTOICKTPOHHBIX TeHepatopoB (OOI), puc. 1
[3-5]. Mx akBuBaNeHTHas NOOPOTHOCTH (J,; Ha HECY-
el yactore f,r onpeaensiercs Gopmyioii [6]

Q}_’f :Qopt fi . (2)
f opt
3neck Q,, — nobporHocTs OB-pe3onaTopa Ha onruye-
CKOH 4acToTe fo,

Qopt = 27Tfopt'td .

Tlepenaroruii
JIa3€pHBIH MOMYIb  DJIEKTPONTHYECKHIA
(TJIM) moxysitop (DOM) @
#Z: (| S Z
= Onruyeckoe
T BosiokHo (OB)
ITonocHo-
POy CKAIOMMi | 2= CBY TpuemHbiit
Gumstp (THD) | 7~ yCHIIMTENIb  ONTOJJIEKTPOHHBIH
(CBU-Y) mozys (ITOM)

Brixon 45: =
onr Jlenurens
MOILHOCTH
(M)

Puc. 1. Ctpykrypnas cxema OOI"

Ouenxka Q1o Gopmyine (2) mns [ ~ 4 kM j1aet 3Ha-
gerne ~10°. Cronb BeIcOKast 106poTHOCTE OB-pesona-
TOpa obecreynBaeT HU3KHH ypOBEHb (Pa30BBIX IIYMOB
OOI. Ilpu orcrpoiike ot Hecymed f~ 10 k[h,
L(f) ~—150 nb/T'1; [3-5].

Henocrarkom yka3aHHOTO pe30HaTopa sIBISETCS
Oonbllasi MIOTHOCTh PE30HAHCHBIX YacTOT, XapaKTepH-
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3yemasi BEIMIMHONH MEXMOIOBOTO YACTOTHOTO MHTEpBasIa
Af, 0bpatHO nponopioHanbHOTro AodporHocTy O [6]:
Af=1/ty. 3)

W3 mpueneHssix ¢dopmyn BuaHo, 4yto st OOI,
pabotaromiero Ha yacrore 10 I'Tw pu / ~ 4 kM, MexMo-
IIOBBIN MHTEpBad pe3oHartopa Af cocraBmser ~50 kI
[TpoGnemoii, Takum o00pa3zoMm, SBISETCS IOJABICHHUE
MapasuTHBIX MOJ, OJIM3KO PACIOJIOKEHHBIX K YacTOTe
reneparun OOT.

Cnoco0bl nogaBjaeHus napasuTHbix Mog O3

OpmHUM U3 CI0COOOB TIOAABICHHUS MAPa3UTHBIX MO
ABJIACTCA HCIIOJIB30BAHUC KOHKYPECHIHMW MO B HCJIU-
HelHoii cpene OOI.

[Ipn sTOM pe3oHaHCHas cucTeMa obOpasyercss H3
HEeCKONbKUX oTpe3koB OB paznmuunoit junsl [5, 7]. Ha
pHc. 2 1oKa3aHa OJJHa U3 TAaKUX CXEM.

SF: b (D %
M OB-2

X
o | ~— -
e Veunurenb [1OM-2
JIM-1 -] 4&:9
Brixox <_<].@_2
oor . z%: s

[TOM-1
Puc. 2. CtpykrypHas cxema aByxkoHTypHOTO OO

Jmaer OB Ha puc. 2 momoOpaHbl Tak, 4TOOBI B
npezeaax MOJO0CHl MPOIYCKaHHUs IMOJIOCHO-IIPOIYCKaro-
mero (GUILTpa TOJIBKO OJIHA PE30HAHCHAS MOAA SIBJISIET-
cs1 o0mieit st o6oux koHTypoB ODI. DTOT THN KOICOA-
HUH 1 JIOJDKEH IPEBAIMPOBATh HaJl OCTAIbHBIMH MOJIaMH.

AnbTepHATUBON cxeMe puc. | sBiseTcs mpencTaB-
neHHas Ha puc. 3 cxema OOl ¢ MHKXEKUMOHHOW CHUH-
xpormzanueit (UC) mox [5, 8]. HanHas cxema oObenn-
HSET HeNMHeWHyo cpeny apyx OOl — Bexymiero (Mas-
ter loop) u Bemomoro (Slave loop). MexaHu3m 3Toif CBsI-
3M OCHOBaH Ha MH)KEKIMM Yepe3 HallpaBJICHHbIE OTBET-
Butenu (HO) wactu reHepupyeMoil B METISIX 00paTHOM
cBsi3u reaeparopoB CBU-MoOIHOCTH B KOHTYp COCEHE-
ro reHeparopa. Pabora 1aHHOW CXeMbI TaK)kKe€ OCHOBaHA
Ha KOHKYPEHLIMH MOJI IBYX T€HepaTopoB. 371eCh, KaK U B
cXeMe IO puc. 2, KOHKYPEHTHOE MIPEUMYIIECTBO UMEIOT
MOABI ¢ ONM3KMMH 4YacToTaMH. BzammoneicTBue 3THX
MOJ B HEJIMHEWHOW cpene NMPUBOIUT K (pa3oBOH CHH-
XPOHH3AIMH OCHOBHBIX U TTOAABIICHUIO MAPA3UTHBIX MO/,

Lenpro maHHOTO COOOLICHUS SIBISETCS OOCYyKe-
HHE Pe3yJIbTaTOB MCCIICIOBAHMS HA OCHOBE KOMIBIOTEP-
HOTO MOAETHPOBaHUS 3(P(PEeKTOB CHHXPOHU3AINH U TIO-
nmaBieHns Mox B cxemax OOl Ha puc. 2, 3.

Cumyasinmonnas mogens O9I

Crporoe aHaJMTHYECKOE OINMCAHHWE PabOThl TaKUX
NPUHIUIHAIBHO HEJIMHEHHBIX CHCTEM, KaKk aBTOreHepa-
TOPBI, KaK W3BECTHO, BO3MOXKHO JIMIIb TPH OOJBIIOM
yucliie ynpouamomux gonymenuit [1, 2]. Tlostomy ans
pa3pabotku moxenu OB MBI UCHONIE30BAIA KOMITBEO-

TepHoe MozaenupoBaHue. COOTBETCTByIOIas Mpo-
rpaMMHAas MOZIEIIb, HCTIOIb30BaHHAS HAMU JUISl KOMITBIO-
TepHO# cumymsinuu cxem OO0 (pue. 1-3), 6piTa HaTH-
cana B cpezne Matlab/Simulink. B kauectBe mpororurna
IpOTrpaMMbI  HUCIIOJIB30BAIMCH Pa3pabOTKU aBTOPOB [9,
10]. bnok-cxema mporpaMmbl COOTBETCTBOBAJIa CXEMaM
puc. 1-3. TIpu 3ToM OJIOKHM YKa3aHHBIX CXEM JOIOJIHS-
JICh IIYMOBBIMH MCTOYHUKAMH, OTHOCHTENIBHBIM IIIy-
MoM uHTeHcuBHOCTH Ja3epoB (Related Intensity Noise),
TEIUIOBBIMH, IPOOOBBIMH U (DIHUKKEp-IIyMaMH yCHIIUTE-
Jel, a Takke MAcCHBHBIX DJIEMEHTOB cXeMbl. EnWHCT-
BEHHBIM HEJIMHCHHBIM 3JIEMEHTOM B KOHTYpax CaMOBO3-
Ooyxxnennss OO cuMTamiCh AIEKTPOONTHYECKUE MOLIY-
JISITOPBI, CBS3BIBAIOIIME ONTHYECKYI0 MOIIHOCTH [y Ha
BXOIHOM | BbIxomHOM [(f) moprax DOM c ympasisio-
UM HampspkeHueM b, cooTHoieHueMm [3],

10 =201 s (sinalli Ve +V W]} @)
z

rae o — BHOcuMBbIe motepu DOM; 1 — mapamerp, ompe-
nenseMblii k03 uImeRToM 3aTyxXaHWsS MOXYJSATOpa
(1+m)/(1); Vp — HampspkeHHE CMeIeHus; V; — momy-
BOJIHOBOE HANPSHKEHHUE MOLYIIATOPA.

>

=0
iM-2 SO0M-2 @ 0B-2

Bemymuit OOT"

22 | -2
X

[1IOM-2

Brixoxg O2I'-2

Brixog OOT-1

Hanpasnennsrit

OTBETBHUTEIb TIOM-1
== | HO "
= Benomerii OOI
l TIII®-1
Y=p0—\ /@
TJIM-1 3OM-1

Puc. 3. CtpyxrypHas cxema OOI" ¢ HHXEKIIHOHHOM
CUHXPOHU3aLUEN MOJ

[Tpu pazpaboTke asropuT™a BeraucieHuit L(f) yuu-
TBIBAJIOCH, YTO OTCYET OJHOCTOPOHHEH CIIEKTpaJIbHOM
IDIOTHOCTH MOITHOCTH (a3oBeix mymoB O3I mpousso-
JUTCSL OT HECyIIeH YacTOTHI Ja3epHOTO MCTOYHMKA V. B
9TOM Cily4ae, mpeHedperas (eMTOCEKyHJHbBIM MacIiTa-
6oMm m3MeHeHUH [(f) M paccMaTpuBas ONTHYECKOE BO-
JIOKHO JIMIIb KaK JHMHHUIO 33JEPKKH PagHOIacTOTHOTO
curaama OOI Ha T4, MOXKHO cumuTaTh, 9T0 v = (. Takoe
MPUOTMKEHHE I03BOJISIET CYHIECTBEHHO COKOHOMUTD
TEXHUYECKHE PECYPCHI M BpeMs MoJeupoBanus L(f).

Janee npu monenupoBannu L(f) cxem OOI o puc.
1-3 B KayecTBe MOJOCHO-TIPOITYCKAIOMEro (HIBTPa
(IIT1®) paccmarpuBaics GUIBTP ¢ TOJIOCOW MPOIyCKa-
Hus ~10 MI'a. B coorBerctBuum ¢ (1) u (2) mis ykazaH-
HOTO MEXMOAOBOTO MHTepBana anumHa OB cocraBut
[=20m.
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KomnieHcamust moTepb CHTHAJIa B MACCHBHBIX KOM-
MMOHEHTaX CXeM puc. 1-3 u MeamakoHBEPTOpaxX IMETIU
obparHoii cBsa3u OO obecrieunBanack IMHEHHBIMU yCH-
surenssmu CBU-Y ¢ koaddunuentom ycunenus ~50 nb.

HccnenoBanue 3aBucuMoctd L(f) OHOKOHTYPHOTO
OOI' mpoBogmiock Ha anuHax 3aaepkku OB 100 u
750 m. IIpu aToM paccunTanHast o Gopmyrne (2) SKBuU-
BaseHTHas a00poTtHOCT, OB-pe3onaropa cocrapisuia
1,58:10* u 1,138:10° cooTBeTCTBEHHO.

®da3oBble HIYMbI 0JHOKOHTYpPHOro OJI

PesysnpraThl pacuera OXHOCTOPOHHEW CIIEKTpajib-
HOHM IDIOTHOCTH MOLIHOCTH (a30BBIX IIYMOB L(f) I
marHoro tuna O3 u pazmuunsix anuH OB / mpencras-
JICHBI Ha puC. 4.

. =100
-]
g .10
=
=]
B -120
25 l
2 = -130
= 05
==
4 -140
o
2
=] -150
=
-160
1 10 100 1000 10000
YacToTa OTCTPOMKH, Ky,
a
. -1o00
-]
g .0
oy
= 120 \‘V\]\‘
o -
2 =
=
§“:E-13O I “ HH
&3
2 -140
5
g -150
=
-160
1 10 100 1000 10000
YacToTa OTCTPOiKH, K 11
o

Puc. 4. OmHOCTOPOHHSS CIIEKTpaNIbHAS TUIOTHOCTh
MOIITHOCTH (a30BBIX ITyMOB L(f) omHOKOHTYpHOTO OO
npu [=100m—a; [=750M—-6

CpaBHHUTENbHBIM aHANN3 MPEICTaBICHHBIX Ha
puc. 4 naHHbIX cumynsiiud L(f) OJHOKOHTYpPHBIX CXeM
OOI" noareepxkaaer 3aBucuMoctH (2), (3) SKBUBaJICHT-
HOW JOOPOTHOCTH M MEXMOJI0BOTO MHTEpBaJla Iapa3uT-
HBIX MOJI pe30Haropa Af OT JUIMHBI BOJIOKHA /.

®a3zossble myMbl O3 ¢ HHIKEKIIMOHHOI
CHHXPOHM3aUeld MO

Kak mokazanmu aBtops! [8], B3amMomeiicTBre Koje-
0aTeNbHBIX MIPOLECCOB B METIIAX 00paTHOW CBSA3M BEIy-
mero u BenoMoro OO MOXKET MPUBECTH K UX CHHXPO-
HU3ALUU U TIOJABJICHHUIO MAapasHTHBIX MOJ B CHEKTPax
puc. 4. Ha cxeme puc. 3 Takoif 0OMEeH SHEPTHSIMHA MOJ B
newiax «master» u «slave» obOecrieunBaeTcs Harpas-
nensbM oTtBeTBUTENeM (HO). D10 Tak Ha3bpIBaeMas MH-
skekimonHast cBsizb (MC) xontypoB O3l [8, 9]. Pesynb-
TaT pacdera cnekTpo usnydeHus OOI mo puc. 1 u 3, a
TaKk)Xe COOTBETCTBYIOIETO pacmpeneneHus L(f) s
cxembl OOI'-UC, npu muHax OB B mepBoM U BTOpoM
KOHTypax, paBHbIX /;= 75 M. u [, = 750 M cooTBeTcT-
BEHHO, TpeicTaBieH Ha puc. 5. CpaBHHMBas IaHHbBIC

puc. 4 u 5, BUJUM CHW)KEHHE YPOBHS Mapa3uTHBIX MO B
cxeme ODT-UC ~10 gb.
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Puc. 5. OnHOCTOPOHHSA ClIEKTpalbHAas IIOTHOCTh
MOIIHOCTH (pa30BEIX HIyMoB L(f) mo puc. 3

3ametnM nanee, 4to coracHo (2) u (3) mist M-
Hel OB /, = 750 M olieHKa SKBHBaJICHTHON JOOPOTHOCTH
konebarenpHol cuctembl OOI Gyner

O=nfyt=1,138x10°.

C npyroii cTOpOHbI, aHAJIOTHYHAs OlleHKa (J, MOJy-
YeHHasl U3 CIEKTporpammsl puc. 4, 6 uznyueHus OOl -
UC, paBHas ~1,22><105, BIIOJIHE CONOCTAaBUMa C IpHBE-
JIEHHOM BBIIIE TEOPETUUECKON OLIEHKOM.

®a3zoBblie LyMbl O3I' ¢ MHOTOKOHTYPHOM
CHHXPOHHM3ALUEH MO/

Paccmorpum nanee pesynsrarsl pacdeta L(f) OO
(cM. puc. 2) ¢ AByMs pe30HAHCHBIMH KOHTYPaMH, H3TO-
ToBieHHbIMA U3 OB ¢ mmunamu /1= 83 m u L= 414 m.
Pacuernsiii cnextp nznyuyenus O3I ¢ onuHOUHBIM OB-
pe3oHaTopoM mpuBeAeH Ha puc. 6. Ha Hem xoporro
BUJIHBl Tapa3UTHBIE DKBHIMCTAHTHO PACIOJIOKEHHbIC
Mozbl. 3HaYeHHE MEKMOJIOBOTO MHTEpBajla COOTBETCT-
ByeT ¢opmyne (3) u paBHO Af =50 xI'1I.

-90 |
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-110 )y
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-150

YpoeeHb ha30BbIX IIYMOB, 1BH/1
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Puc. 6. OnHOCTOPOHHSAS ClIEKTpanbHasl IVIOTHOCTh
MOIIHOCTH (a30BbIX 1yMoB L(f) o puc. 1 u 2

O1neHKy HarpyXeHHOW HOOpoTHOCTH () Pe30HAHC-
HOH CHCTEMbI paccMaTpHBacMOrO T€HepaTropa MOXHO
MOJYYUTh MO IIHUPUHE PE30HAHCHBIX NMUKOB CIIEKTPaJIb-
HBIX pacrpeneneHuid (puc. 6). OTH ke JaHHBIE conep-
JKaT KpUBbIE OIHOCTOPOHHEH CHEKTPaJbHOU MJIOTHOCTH
MOITHOCTH (a30BbIX myMoB L(f) Ha puc. 4—6. Obme-
IIPUHATOH 37€Ch siBiIsAeTcs annpoxkcumanys /. Jlucona:
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)
rae fo — UeHTpanbHas 4actora; G — KOdQPUIHEHT ycu-
JICHUs] aKTHBHOTO Tpubopa; F — Kod(pPHUIUEHT Iryma
aKTUBHOTO Mpubopa; k — mocrosiHHas Bonbimana; T —
abcoiroTHas Temriieparypa; P — HOMHWHaJbHas MOII-
HOCTb, TIOJIBOANMAs K PE30HATOPY; f, — BEPXHSS I'PaHHU-
1a (IMKKep-1IyMOB.

U3 (5) cmemyer, uto B 3aBHCHUMOCTH L(f) MOXHO
BBIJICTIUTh HECKOJIBKO XapaKTepHbIX 001acTed, B KOTO-
pBIX KpuBas L(f) ammpoKCHMHpPYETCsl CIIaJaloIIUMH C
YacTOTOM JIMHHUAMH, XapaKTePHU3YIONIMMHUCS HAKIOHOM
cootBercTBeHHO —30, —20, —10 1 0 mermben Ha meKany.
U3 (5) MOXXHO BHIETH, YTO TEPECEUCHHE MEPBHIX IBYX
NPSIMBIX HAOJIIONAETCsl HA 4acToTe f,, & BTOPOI M TPETh-
el — Ha vactote fo/2Q. Yka3aHHBIC COOTHOIICHUS JAI0T
BO3MO)KHOCTh OLICHKH TIpaHHIlbl (ukkep-rymo OOT,
a TaKkXKe Harpy)KeHHOU oOpoTHOCTH () ero pe3oHaropa
M0 dKCTIepUMeHTanbHOM kpuBoi L(f). Tak, Hampumep,
u3 rpaduka puc. 6 cnenyer, uro f,=2,1-10* T'u, a Beru-
guHa fo/20 = 1,7-105 I'u. Orcroma s f0210~109 I'o
nonyunm Q = 2,94-10",

C npyroii CTOpOHBI, PAacueTHOE 3HAYEHHE Harpy-
KEHHOW J0OpoTHOCTH AByXKOHTypHOro OJI' ompene-
nsSeTcs Kak cpenHee apuMeTHYecKoe NOOpOTHOCTEH
0boux KOHTYpOB [5, 7]. Ans maHHBIX pHUC. 6, BOCTIONH30-
BaBIIKCH (2), monyduM onerky O0=3,7-10*, 6mmskyro k
CCJIaHHOM BBILIIE.

3akJ/0ueHne

[IpencraBneHHble BBINIE PE3YJBTATHl PACUETHBIX
9KCIICPUMEHTOB IIOKa3aly aJeKBaTHOCTh pa3paboTaH-
HBIX NPOTPAMMHBIX MOJIENICH, a Takke d(PPEeKTUBHOCTD
MOIaBICHNUS ITAPA3UTHBIX MOJ B ONTO3JIEKTPOHHBIX
CBY-aBroreneparopax ¢ HOMOLIbK0 HWHXXEKIIMOHHOW U
MHOTOKOHTYPHOH CXEM.

ITpu 3TOM JydIIMe Pe3ynbTaThl OKa3bIBAET WHIKEK-
nunonnas cxema OOI. B coorBerctBum ¢ (2) 31ech, MO
CPaBHEHHUIO C JIBYyXKOHTYPHBIM T'€HEpaTopoM pHC. 2,
obecrieynBaeTCsl BBIMTPHIII { B HarpykeHHOH A00poT-
HOCTH ONTOBOJIOKOHHOTO PE30HATOPA, PaBHBIN

€=2lmax /(Imin +Imax) » (6)
TI€ [min ¥ Imax — AuHBL BostokoH OB 1 OB, B koHTYpax
cxeM puc. 2, 3.

Ortctrona cnenyert, 9to MakcuMyM (—2 nocTuraer-

Cs1 IpH OOJIBIIIOM Pa3INYUH B JUIMHAX BOJIOKOH.
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M.IO. Kataes, A.K. JlykbsiHOB, S. Maksyutov

MoancuumMpoBHHLIN MeTOA IMNUPUYECKUX OPTOroHasbHbIX (hyHKLMA
BOCCTaHOBIEHMA ob6Lero cogepxaHusi yrrinekMcrioro rasa

N3 CNYTHUKOBbLIX AAaHHbIX

PaccmatpuBaercss MomuQuKanusa METOAa SMIUPHUECKIX OPTOrOHAIbHBIX QyHKIHK (DOd) M pemeHus 3aga4u BoCc-
CTAHOBJICHHSI OOIIEro COJEPKaHUs YTJICKHCIOTO Ta3a 10 pealbHbIM JaHHBIM H3MEPEHHI CIyTHHKOBBIM IIPHOOpPOM
GOSAT. Moandukanus 3aKII09aeTcs B y4eTe CHHTYIJISIPHOTO Pa3IOKEHHUs He TOJBKO MAaTPUIIEI N3MEPEHHBIX CUTHAIOB
(OCHOBHO# 1TOJX0JT), HO TAaKXKe MAaTPHUIBI OOIIET0 CoepKaHus YIIIEKHCIIoro ra3a (Moauduxamnys). [IpusoasTces pe3yns-
TaThl 00pabOTKM OCHOBHBIM U MOJM(UIUPOBAHHBIM METOJIOM SMIIMPUYECKUX OPTOTOHAIBHBIX (DYHKIUH JaHHBIX H3Me-
PEHHBIX CITyTHUKOBBIX CIIEKTPOB OTPA’KEHHOTO OT IIOBEPXHOCTH COJIHEYHOTO M3iydeHus B OuvokHelt MIK-obnactu criek-
Tpa s cranuuu Lamont Hazemuoii cetu TCCON u3mepenust odmero conepxanus CO,.

KioueBble ciioBa: armocdepa 3eMiH, ra30Bbli COCTaB, JUCTAHIMOHHBIC CITyTHUKOBBIE METO/BI, OTPAXXEHHOE OT I10-
BEPXHOCTH COJIHEYHOE U3iyueHue, Pypbe-CeKTPOMETP, SIMIMPHIECKUE OPTOrOHAIBHBIC ()YHKIIIH.

doi: 10.21293/1818-0442-2016-19-4-87-90

N3BecTHO, uTO HaONMIOaEMBIE N3MEHEHHS KIMMaTa
CBSI3aHBI C €CTECTBEHHBIMH M aHTPOIIOTCHHBIMHU (hakTo-
pamu. Pa3neneHue BKIaga 3THX KOMIIOHEHT B 0OIIeM
mponecce — BaKHEHIIAs 3ajada, KOTOpas MPHUBOIUT K
HEOOXOAMMOCTH MPOBEACHUs I00AIEHOI0 MOHHUTOPHH-
ra napaMeTpoB armocdepbl 3eMii, Cpeiu KOTOPhIX Ha-
XONATCA W Takue NapHukoBbie rasbl, kak CO, u CHjy.
ITomumo mepBOM, Ba)KHOW SBISIETCSl 3ajlaua OLEHKU
BKJIaJia B ()OPMUPOBaHKUE KIMMara MOJCTHIIAIONIEH TO-
BEPXHOCTHU U TPOLIECCOB 0OMEHA BBIJIEISIEMBIX €10 ra30-
BBIX KOMIIOHEHT, K KOTOPBIM Takke oTHOcsATCs ra3el CO,
u CHy. [Ins perneHus: BBIIEH3I0KEHHBIX 33/1a9 OLCHKU
M3MEHEHHMH KJIMMara IMPUMEHSETCS TTOAXO/, CBSI3aHHBIN
C pa3paboTKON PA3IMYHOTO Posia KIMMATHUECKUX MOJie-
neit (nmanpumep, NCAR Community Climate Model
(CCM) [www.cgd.ucar.edu/cms/ccm3]), anst pa3pabor-
KH KOTOPBIX TPEOYIOTCSl MPOCTPAHCTBEHHO-BPEMEHHBIC
JIAHHBIE COCTABIIONIMX arMocdepbl (MeTeoposoruye-
CKH€, Ta30BbIC U a3PO30JIbHBIE COCTABJISIONINE), JaHHbIE
0 MOBEPXHOCTH 3eMin U Jip. TOJBKO CITyTHHKOBBIE MPH-
OOpBI TIO3BOJISIIOT TIOJTyYaTh PETYJSPHBIE 10 BPEMEHU H
MIPOCTPAHCTBY 110 BCEH MOBEPXHOCTH 3eMIlH, H3Mepe-
HUSI KIIMMaTo00pasyoNuX MapaMeTpoB.

OmanM w3 Takux mpubopoB sBisieTcs Dypbe-
cnexTpomMeTp cpennero paspemenust GOSAT, ycraHos-
JICHHBIN Ha CITyTHHKE AMOHCKOTO KOCMHYECKOTO arcHT-
ctBa IBUKI [www.gosat.nies.go.jp/en]. AHaJIOTUYHEIC
IO XapaKTepUCTHKaM sBisAtoTcs mpubopsr: OCO-2
[oco.jpl.nasa.gov], Sciamachy [www.sciamachy.org], u
IASI [iasi.cnes.fr/fr].

TexHONOTMM TIPOBENCHUS! YHUKAJIbHBIX HAy4YHBIX
9KCIIEPUMEHTOB U3Y4EHHs aTMOC(EPHI CO CITyTHHUKOB C
LIEJIBIO ONPENICNICHNs €€ MapaMeTpoOB pa3padaThIBAIOTCS
yxe 6onee 50 ner. 3a 3TO BpeMs MOIy4eHBI MPUOOPHI,
KOTOPBIE TI03BOJISIIOT TIPOBOANTD W3MEPEHUS M3ITYICHHS
B YIBTpaHOIETOBOM, BUANMON, HHPPAKPACHON U MHUK-
POBOIHOBOII 001AaCTAX CIIEKTPa C BBHICOKHM Kau€CTBOM,
MIPOCTPAHCTBEHHBIM M CIEKTPAJIBHBIM pPa3pElICHHEM.
Uucno creKTpalbHBIX KaHAJIOB OT MEPBBIX CITyTHHUKO-
BBIX NPUOOPOB JI0 TIOCIIEAHUX BO3POCIO B THICSYH pa3,

YTO TTO3BOJIICT BOCCTAHABIMBATh MapaMeTpsl atMocde-
PBI C BEICOKOH TOYHOCTBIO IO IIPOCTPAHCTBY M BPEMEHH.
Opnako OOJBIIOE KOJIMYECTBO MOCTYMAIOMIMX HTAHHBIX
MIPUBOIUT K HEOOXOAMMOCTH MX HaKaIIMBaTh M 00pabda-
THIBaTh, YTO TPEABSIBIACT 0COObIC TPEOOBAHUS K METO-
JlaM 00pabOTKK M BBIYHCIUTEIBHBIM cpeacTBaM. C pas-
BUTHEM IPUOOPHON 0a3bl CHYTHHKOBBIX HW3MEpEHUIl
pa3BHBAIOTCS W METOABI 0OpPaOOTKM HOBBIX MOAXOIOB,
HOBBIX MPOTPaMMHBIX HpuiokeHud. [TosTomy nperma-
raemas B CTaTbe MoAM(UKaIMs MeToja peleHus o0-
paTHOIl 3a7add BOCCTAHOBIJICHHSI OOIIEro COAEpXKaHUS
MTApHHUKOBBIX Ta30B 110 JaHHBIM CIYTHHKOBOro dypbe-
CIEKTPOMETPA SIBISIETCS] BECbMA aKTyaJ bHOM.

M3BecTHBIC MOAXO0/ABI pelIcHUs 00PATHOM 3aJa4H

Mopene U3MepeHHid, OoNpeaesaomas IpsaMyro 3a-
Jady, B OOIIEM BHJE MOXKET OBITh IpEICTaBlieHa Cle-
JIYIOLIUM BBIPAKEHUEM:

S =F(w,b) +¢, (1)
rae S — BEeKTOp M3MEPEHHBIX CO CITyTHHKA HHTECHCHUBHO-
CTel OTPaXEHHOTO OT ITOBEPXHOCTH COJHEYHOTO M3IIYy-
yenusi; F — omeparop mpsMol 3amadd, Kak IpaBHIIO,
HEITMHEHHBIH; W — BEKTOp HCKOMBIX IapameTpoB (B
HAaIlleM ciTydae o0Iee copepkaHue MapHUKOBBIX T'a30B),
b — BekTOp MemaNIMX HapameTpoB arMocdeps (3To
3¢ (deKTl MHOTOKPAaTHOTO PACCESHUS, IEePEOTPaKEHUT
0T 00JIa4YHBIX 00pa30BaHUiA, adPO30JIbHBIC CIIOW U JIP.);
€ — BEKTOD IIIyMa U3MEPHUTENBHOTO prubdopa.

OO6partHas 3amava o otHomeHHoO K (1) 3axmoya-
eTcs B HaXO0XKJCHUM OLICHKU BEKTOPA W IIPHU U3BECTHOM
BekTOpe b 1o M3MepeHHbIM cUrHanam S (Y4uThIBas BbI-
cokoe oTHomeHue curHan/mym > 100). 3BectHble
noaxoasl [1-8] k pemieHuio OOpaTHBIX 3aJad aTMO-
cepHOil ONTHKM OCHOBBIBAIOTCS Ha PEUIEHHH 0o0Opart-
HOM 3a/1auy METOJO0M HaMMEHBLIMX KBaJpaToB IPH ycC-
noBun JuHeapuzanuu (1). B atom ciryyae npsimast 3a1a-
Ya MOXeET OBITh ITPEICTaBJICHa B BUIIC

S =Aw 2)
WIH
0S=Adw, 3)
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3Mech A — MaTpulla BECOBHIX K03(PHUIMEHTOB,
0S=S—-So — BexTOp BapualUil U3MEPSAEMOr0 CUTHaJIA
OTHOCHTEJEHO MOJICNBHOTO, IIPU 33JJaHHOM alpHOPHOM
3HaYEHUH UCKOMOT'O IIapaMeTpa wo, OW=Ww —Wo0 — BeK-
TOp BapHalUii HCKOMOIO IlapaMeTpa OTHOCHUTEIBHO
anpUOPHOTO 3HAYCHHUSL.

U3zecTHO, 4TO GONBIIMHCTBO U3MEPUTEIBHBIX 3a/1a4
MPUBOAAT K HEKOPPEKTHBIM OOpaTHBIM 3a/1a4aM BOCCTa-
HOBJIEHHSI UCKOMBIX ITapaMeTpOB, YTO BBIHYXKAAET IpHU-
MEHATH COOTBETCTBYIOIINE MaTeMaTHYSCKHE METOIBI.
[Tpu perieHn 0OpaTHOM 3a1a4u [T HETMHSHHOTO BUIA
npsMoii 3agaun (1) IPUMEHSIOTCS BapHALMOHHBIC aJTro-
PHUTMBI, MUHIMHU3HPYIOLIHE Pa3IMYHOrO POAa IeIeBbIe
(hyHKUINN:

A(W)={(S—F(w,b)Rs' (S-F(w.b))} (4
WIH
AW)={(w-wo)R;,'(w—wo) +
(S—F(w,b)Rs' (S—F(w.b))"}, )
rae Rg, R,, — KoBapuanuoHHble MaTpULIbI U3MEPEHUI

u anpuopHoil mHpopMammm 00 oOmeM comepKaHuu
HCCIIeIyeMOro rasa.

Otmertnm, yto 11 ciny4dast (2), (3) Beipaxkenus (4)
u (5) HEe OyoyT MEHATHCS, TONBKO BMecTo F(w,b) Oymet

cToaTh Aw (uiau Adw ). TouHOCTbH perieHus 3amad (4),
(5) 3aBHCHT OT OJM30CTH 3aJaHUS HAYAJIBHOTO MPUOIIH-
JKeHMS WO K TO4HOMY pemieHuio. Kax mpasuno, pere-
HHE 9THX YPaBHEHUI NPUBOAUT K UTEPALIIOHHBIM aJIro-
pUTMaM, KOTOpBIE SIBIISIOTCS BecbMa 3aTpaTHBIMU II0
CBOUM BBIYHCIIMTEIILHBIM pecypcaM u TpeOyroT IpuMe-
HEHUS CIEU(PUISCKUX METOJOB PEIICHUs, YIUTHIBa,
YTO BO3HHUKAIOIIHE TPU PEIICHHH MATPHIBI SBISIOTCS
Oompmioro pasMepa (Hampumep, UIS CIIyTHHKOBOTO
npubopa GOSAT d4uCIIO CIIEKTPaJIbHBIX KaHAJIOB CO-
crasiseT 80000).

Hamu panee Ob1T peAsioxKeH MPOCTOI U HE pecyp-
COEMKHH B BBIYMCIUTEIBHOM IIJIaHE noaxoa, OCHOBaH-
HBII Ha METO/IE AIMITUPUYECKUX OPTOTOHAIBHBIX (YHK-
. OCHOBHOM BapHuaHT, mpemiokeHHelii B [10], yc-
MENIHO I03BOJISIET B MUHHMMAalIbHOE BpeMsi oOpadarhbl-
BaTh OOJIBIIME MacCUBHI u3MepeHuin mpuoopa GOSAT.
OpHako, UMeeTcss BO3MOKHOCTh TPOBECTH MOoAU(pHKa-
IIUI0 3TOTO METONA, YTO JAacCT BO3MOXKHOCTH ITONYYHUTH
Ooee TOUHOE pelICHNE OOPaTHOM 3aJadH.

Mopanpukanus MeToa onpeaecHus 001ero
cofiepKaHusI

['maBHBIM OoT/IMYMEM TIpemaraeMoil MoITu(pUKAIHN
OT OCHOBHOTO METOJIa ABJISETCS CUHTYIIAPHOE pa3Jioke-
HUE HE TOJbKO MaTpULbl U3MEPEHHUH, HO U MATpULbL,
cojiepxarieit oduiee cogepKaHue yriaeKUuciIoro rasa.

Moaudukanuio paHee NPEIUIOKEHHOTO HAMH Me-
TONa, paHee TMpPEACTaBIeHHOro B paborax [10-12],
MOXHO MPEACTaBUTh HECKOJIBKUMH IIaraMu:

IIAT 1. Beruucnenne KoBapHallMOHHBIX (DYHKIIWH:

Oomee conepkanme

C,,=AWAW! /N, AW=W-E(W).
M3mepeHHble curHalibl
C,=ASAS” /N, AS=S-E(S).

LIIAT 2. BpluncieHue CUHTYJISIPHOIO Pa3IOKEHUs
SVD

T T
C,=U,A, Uy, C=UAUs,
U, U” - cobereennbre BeKTOpa U A — cOOCTBEHHBIE

3HAYCHWUS.
LIAT 3. Beruucnenne koapdunueHTroB A u B

AW=U, A, AS=U,B.

U3 cdopmyn mns xospduuuentoB AW u AS
MO>KHO MOJTYYHTh:

A=AWUL u B=ASUT,

Tak kak matpuna U — cuMMeTpHUYHa.
IIpennonoxus JIMHEHHYIO 3aBUCUMOCTb MEXKAY
koapdunmentamu A u B B Bume A=DB , noMHOXHUB

cieBa B:ASUZw Ha D, nonmyyum DB:DASUST TOora
AWUT =DASUT | orxyna
AW=U,,DASU! .

LTAT 4. Beraucnenne o0mero comaep kanus
W=E(W)+U,DS-ES)U”.
Marpuua npencraBuMa B BUIE
p=AB” BBY)!.
Torpa mosiydaeM OKOHYATEIBHOE BBIPAXKCHUE IS
oIpe/ieTIeHUs] OOIEro CO/ACPKAHUSI ra3a, KOTOPOe CBS-

3bIBACT CUHIYJISIPDHOC PA3JIOKCHHUC KaK BCKTOpa 06H.[6F0
COAEpIKAHMA, TaK U MAaTPUIIBI CUTHAJIOB

W=E(W)+U,AB” (BB")"/(S—E(S))UT .

Panee HaMu HCIIONB30BAJIOCH CHHTYJIISIPHOE Paslio-
YKEHHUE TOJIBKO MaTPHIIbI CUTHAJIOB.

Pe3yjbTaThl CpABHEHHSI OCHOBHOIO U
MOAU(HUIMPOBAHHOIO METO/I0B

s mpoBepku paboTOCIOCOOHOCTH MOAUDUITHPO-
BanHOTO Metoma DO®d, npencraBieHHoOro maramMu 1-4,
HaMHM BBINIOJHSUIOCH pelIeHHe OOpaTHOW 3ajaddl B He-
CKonbKo 3TanoB. Ha mepsBoM 3tame mpoxoamio oOyde-
HUE — [IOJIy4E€HUE 3HaYeHU Matpul A u B U1 jaHHbIX
ypoBHs 00pabdotku L2 GOSAT (3HaueHus obmiero co-
nepxxanust CO,), a 3aTeM, Ha BTOPOM dTaIe, MPoXoauia
00paboTka M3MEPCHHBIX MaHHBIX ypoBHS L1 GOSAT
(HenocpeACTBEHHO M3MEpPEHHbIE CUTHaibl). J{nnHa BbI-
Ooopku nmampbix s cranmud  TCCON  Lamont
[https://tccon-wiki.caltech.edu/Sites] u GOSAT papas-
nmace omHoMy roxy. Jammueie m3mepernit GOSAT Opa-
auch U3 momaan 1x1 rpagyc ¢ mEHTPOM B CTaHIUH
Lamont. [Tocne oOy4eHus u pemieHnss 0OpaTHON 3a1auu
CTaHIAPTHBIM W  MOIU(HIIMPOBAHHBIM  IIOIXOAAMH
30, pe3ynpraThl BOCCTAHOBICHHOTO OOIIEro coiep-
xanust CO, cpaBHUBAIINCH CO 3HAYCHUSIMHU AJISI CTAaHLIUH
Lamont. Ha puc. 1 noka3aHo cpaBHEHHE H3MEPEHHBIX
Ha cTaHiMu Lamont W BOCCT@HOBJIEHHOrO OOLIEro co-
nepxkanuss CO, 1O JaHHBIM CITyTHHUKOBOTO Hpubopa
GOSAT (cm. puc. 1, a) U OTKIIOHEHUE ITHX 3HAUYCHUMA
apyr ot apyra (cM. puc. 1, 6). U3 pucyHka BHIHO, 4TO
OTJIMYME OOIIETO colepkaHMs Iyl craHnuu Lamont u
BOCCTAHOBJICHHBIX I10 CITyTHHKOBBIM IaHHBIM HE TIpe-
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BOCXOIHT 4 ppm, 4TO cocTaBisieT okono 1% ot Bennyn-
HBI OOIETO COollepIKaHKs, KOTOPOE MEHSIETCS B MpeAesax
390-405 B Teuenue roga (cM. puc. 1, a). OcHOBHas Mac-
ca 3HAYCHUIl BOCCTAHOBICHHOTO OOIIEro COMIEpKAHUs
CO, cocpenoroueHa B auamnasone 2 ppm (cM. puc. 1, 6).
Haz[o OTMETUTD, YTO 3HAYUTECJIILHOI'O YJIYYIICHUA B TOY-
HOCTH pelleHus] 00paTHOM 3a/iad4u He MPOU30ILI0. DTO
MOXXHO OOBSICHHTH HaJIMYHMEM MHOKECTBA MELIAIOUINX
(haKTOpOB, KOTOpBIE HAJ0 YUHUTHIBATH IIPH PEUICHUH
oOpaTHOW 3a1auy, HapUMEp, ONTHYECKas TOJIIA a’3po-
301151, YTOJI HAOMIONCHHS U OCBEIIEHHOCTHU IISITHA 0030-
pa, obmee comepkaHue BIaKHOCTH, penbed u mp. Ox-
HUM U3 MeIalmMX (akTopoB SBISETCS ONTHYECKAs
TOJIIA a3p030Jisi, 0COOCHHO B CpeHel yacTu atMocde-
pBI, KOTOpas BHOCHT OciiallieHHe B MPOXOASIIEe COJ-
HEYHOE M3IYy4YECHHE, HO TPYAHO KOHTPOJIHUPYETCS BBUIY
MaJIOCTH U UMEET CE30HHYI0 BaprabeabHOCTh [9].

4041
402
400
398
39611
394
392

s Lamont, TCCON * |
3901 GOSAT '
388

Obimee conepxanne COp, ppm

200 400 600 800 1000 1200 1400

Uneno usmepennii

il
=S W o

KIOHEHHE. ppm

=-0,5

i (I)I

'
1]

E(I}D 4(‘]{} I 660 S(I]O Ilﬂlﬁﬂ 12I0(J I4b(]
Uncso wamepeHnii
o
Puc. 1. CpaBuenune u3mepennsix Ha ctanuu TCCON Lamont
1 BOCCTAHOBJIEHHBIX 00IuX copepkanuii CO, mo JaHHBIM
cnytHHKOBOTO proopa GOSAT (a) u OTKIOHEHHE ITHX
3HAa4YEeHUI OpyT OT apyra (0)

Jlnst Oonbllielt HATIAAHOCTH HA pPUC. 2, @ U 3, a
MIpUBENICHbl Tpa(UKH CpaBHEHHs OOLIETO COIEpKaHUs
CO, s cranumu Lamont ¥ BOCCTaHOBJICHHOIO IIO
JaHHBIM cHyTHHKOBoro mnpubopa GOSAT B ortHOCH-
TENIBHO JAPYT OT Apyra Bune. Ha puc. 2, 6 u 3, 6 npuse-
JICHBI OTKJIOHeHHs obmiero conepxxkanuss CO, mis craH-
mun Lamont 1 BOCCTaHOBJICHHOTO 1O JaHHBIM CITyTHH-
KOBOTO TpruOopa B Buae ructorpamm. CpaBHHUTEITHHBIN
aHaJIM3 THCTOTPAMM IIOKa3bIBAET, YTO B CIIydae MOJH-
(GbUIMPOBaHHOTO MeToa (CM. PHC. 3, 6) YUCIIO OTKIIOHE-
HMH, ONM3KKUX K JaHHBIM Lamont, sBisieTcs HanOOIb-
IIEM 10 CPAaBHEHHIO C OCHOBHBIM METOZOM (YHCIIO 3Ha-
yeHHU! B paifoHe Hyss1). Ecnu ams ocHOBHOro Mmerona
CTaHIapTHOE OTKJIOHeHHe cocrasisier 0,7 ppm, To ajs

MOAU(DUIIPOBAHHOTO METO/IA CTAHIAPTHOE OTKIOHEHHUE
coctassiet 0,58 ppm.
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Puc. 2. CpaBuenue m3mepenHsix Ha ctanimu TCCON Lamont
¥ BOCCTaHOBJICHHBIX 00X conepkanuit CO, 0 TaHHBIM
cinytHHKOBOTO Tiprbopa GOSAT (@) 1 OTKIIOHEHHE STHX 3Ha-
YEeHHUH JpyT OT ApyTa B BHJE THCTOIPaMMBI (0) ISl OCHOBHOTO
meroga 20D
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Puc. 3. CpaBrenne m3mepeHHbIX Ha ctanimu TCCON Lamont
M BOCCTaHOBJIEHHBIX 00mHX copepxanuii CO, 10 JaHHBIM
ciytHHKOBOTO iprbopa GOSAT (@) 1 OTKIOHEHHE ITHX
3HAUYEHUI JAPYT OT JAPyra B BUJE TUCTOrpaMMBI (0)
Uit MoauUIMpoBaHHOTO MeToa DOD
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3akarouyeHnue

IIpoBenieHHBIE B CTaThe MCCIEIOBAHMS IOKAa3bIBa-
FOT BO3MOYKHOCTb BOCCTAHOBJICHHS OOIIIET0 COACPIKAHMS
CO, 1o runepcrneKTpatbHbIM U3MEPEHHSIM OTPAKEHHO-
IO COJIHEYHOTO U3JIy4YeHHUs! IPHU PEIICHHU 33ja4 MOHH-
TOPHHIa OKpY’XKalollel Cpeabl CIyTHUKOBBIMH MPHOO-
pamu B Onmxaeit UK-o6nactu cnekrpa. PaccMoTpennas
B CcTaTbe MOAM(UKALNSI METOJIa IMITUPHUECKUX OPTOTO-
HaIBHBIX (DYHKIUH 0OpabOTKM IaHHBIX CITyTHHKOBBIX
M3MEpPEHUIl MOXKET OBITh NPUMEHEHa sl MOJIYy4CHHS
JIOCTOBEpHOH WH(OPMAIIMK O BPEMEHHOM MOBEICHHUU
o0rmIero conep:kaHus YIIEKUCIOro ra3za. Hecmorps Ha
OTCYTCTBHUE SIBHBIX MPEUMYIIECTB MOJAUPHUIIUPOBAHHOTO
METO[a, €r0 TOYHOCTH B IIEJIOM ITOBBICHIIACh, YTO TOBO-
PUT O BO3MOXXHOCTH HCIIOJIB30BAHMS WMEHHO 3TOTO B
JIATTbHEHIINX MacCOBBIX 00pa0OTKax AaHHBIX CIyTHH-
koBoro ®dypwe-cnektpomerpa GOSAT. IlpoBeneHubie
YHCIICHHBIE YKCIIEPUMEHTHI MOKa3ald, YTO OTKIOHEHUE
MEXIy JaHHBIMH BOCCTAHOBJIEHHBIX 3HAUYEHHWH OOIIEro
conepxkanus CO, cO CIlyTHUKA U JaHHBIMU Ha3eMHOU
cranun TCCON Lamont 3a AJIMTENbHBINA IPOMEKYTOK
BPEMEHH COCTaBIIeT HE OoJiee OTHOTO IMPOIEHTa. JTO
MO3BOJISICT TOBOPUTH O BO3MOKHOCTH TIPUMCHEHUS pas-
paboTaHHOTO METOJa ISl MacCOBOM OOpabOTKHU CITyT-
HUKOBBIX JAaHHBIX, MOITy4eHHBIX mpubopom GOSAT, a
TaK)Ke MHOTUMH JPYTUMH IT0T00HBIMU IPHOOpaMH.

HccnenoBanue BEHIIONHEHO MpU (HYUHAHCOBOW MOA-
nepxke PODU B pamxax HaygHoro mpoekrta Ne 13-05-
01036.
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Kataev M.Yu., Lukyanov A.K., Maksyutov S.

Modified method of empirical orthogonal functions to
retrieve the total amount of carbon dioxide from satellite
data

We consider a modification of empirical orthogonal functions
(EOF) method to solve the problem of recovery of the total
amount of carbon dioxide based on the real data measurements
obtained from satellite device GOSAT. The modification con-
sists in taking into account the singular value decomposition
of not only the matrix of the measured signals (the basic ap-
proach), but also of the matrix total carbon dioxide content
(option). The processing results obtained with primary and
modified method of empirical orthogonal functions when
measuring satellite spectra reflected from the surface of solar
radiation in the near infrared spectrum region are shown. Geo-
graphic location of the data received from satellite is associ-
ated with the station Lamont belonging to TCCON network of
ground-based measurements of the CO2 total content.
Keywords: atmosphere, gas composition, remote satellite
sensing, reflected surface solar radiation, Fourier-spectro-
meter, empirical orthogonal functions.
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VIK 621.396.41

A.B. Kprokos, A.A. Oemnpos, [1.A. lNokamecToB

AHrOpVITM pacyeTa MOLWLHOCTUN KaHaNoB npu HeopToroHasyibHOM

MHoXecTBeHHOM aoctyrne NOMA

ITpeaokeH alropuT™ pacyera KaHaubHbIX KO3((GUIIMEHTOB MOIIHOCTH B HEOPTOTOHAIBHOM METO/IC MHO>KECTBEHHOTO
JocTyma. AJTOPUTM TO3BOJISIET PACCYUTATh KOA(PPHUIUEHTH MOITHOCTH Ha OCHOBE anmpHOpHON WHPOPMAIH O KaHAJe
pacIpoCTpaHeHUs | 3aIpoca Ha odecedeHre MPOoIyCKHOM cocoOHOCTH KaHana. [IpoeMOHCTpHpOBaH pe3yiIbTaT Ma-
TEMaTH4YEeCKOro pacdera K03 (OUINEHTOB MOIHOCTH JUI HECKOJIBKHX CLCHAPHEB OPTaHU3AINH KaHalla CBI3U. Pesyib-
TaThl pacyera I0Ka3ajM, YTO METOJ HEOPTOrOHAIEHOIO MHOXKECTBEHHOTO JOCTyNa OOECIeYMBAeT JIyUIIYI0 MAaKCH-
MaJIbHYIO IIPOIYCKHYIO CIIOCOOHOCTH KaHAJIOB, YEM METOJI OPTOrOHAILHOTO MHOXKECTBEHHOT'O JOCTYTIA.

Kirouessble ciioBa: NOMA, OFDMA, SCMA, PDMA, pacnipenenenue MoutHocty, 5SG.

doi: 10.21293/1818-0442-2016-19-4-91-94

Meton HEOPTOTOHAIBHOTO MHOXKECTBEHHOTO J[OC-
tyna NOMA (Non-orthogonal Multiuser Access) npu-
3HAaH Pa3pabOTYMKAMH CHUCTEM CBS3U OJHHUM U3 Iep-
CIIEKTUBHBIX METOJIOB MHOXXECTBEHHOTO JOCTYyMa s
HCTIOJNB30BaHUs B CHCTEMAaX CBSI3U IISITOTO TOKOJICHHS.
CrnencTBreM HEOPTOTOHAIBLHOTO YIUIOTHCHUS KaHAJIOB
SIBISICTCSL MEKKaHANbHAs wHTepdepeHnus. B Teuenue
2014-2016 rr. OBIIO OIMYyONMKOBAaHO HECKOJBKO PadOT
[1-6], mocBsamennbix Merony NOMA u mepcneKkTuBe
€r0 WCIOIH30BAHMS, HAPAIY C METOIOM MHO)KECTBEHHO-
TO JOCTyma Ha OCHOBE pa3pexeHHbIX KomoB SCMA
(Sparse Code Multiple Access) [7, 8] B cucremax cBsi3u
msitoro nokosieHus SG. I1o oreHke 3apyOeKHBIX aBTOPOB
U Hamed coOCTBEHHOH, MOJYyYeHHOW Ha OCHOBaHUM
pe3ynbraroB MoaeaupoBanus, metoq NOMA crmocobeH
TCOPCTUYCCKU YBEIMYHUTH CICKTPAIBHYI 3PQPEKTUB-
HocTh Ha 50% otHocurensHo OFDMA [9] yxe npu
MYJIBTUILUICKCHPOBAHUHM JIBYX KAHAJIOB. YBEJIWYCHUE
KOITMYECTBA KaHAJIOB BENET K emle OONbIIeMy pPOCTY
CHEKTpaNbHOW 3(Pp(PEeKTHBHOCTH BMECTE C POCTOM BEI-
YUCITUTETHHON CI0KHOCTH U CJIOKHOCTH PEaji3allHu.

CHCTEeMHBIN BBIUTPHIII MHOXECTBEHHOTO JIOCTYyTIa
NOMA 3akimrogaercs B BO3MOXHOCTH Pa3MELICHUS
OoJNbIIIe OFHOTO TIIONB30BATENsl B EOUHOM YacCTOTHO-
BpeMeHHOM pecypce (UBP). Dto nemaer BO3MOXKHBIM
OPTraHU3aIMI0 CBSI3H C OOJBIIUM MAaKCUMAaJIbHBIM YHC-
JIOM a0OHEHTOB, Ye€M B CETAX 4-TO MOKOJICHHS, UCTIONb-
sytoux Metog OFDMA.

VYBenmuueHHe CIEKTPaTbHOW A(PQPEKTUBHOCTH U
YBENIMYCHNE MaKCHMAIBHOTO KOJIHYECTBA IMOJH30BaTE-
JIel Ha eMUHHITY YaCTOTHO-BPEMEHHOTO pecypca JOCTH-
raeTcs IMyTeM BBEICHHS IOMOTHHUTEIBHOTO JOMEHA IS
MYJIBTHILICKCHPOBAHUS KaHAJIOB — MOIIHOCTH. Ilomp30-
BaTENbCKUE KaHAJBl (PU3MUECKH pa3sMemaoTcs B €Iu-
HOM YaCTOTHO-BPEMEHHOM pecypce, HO MMEIOT OTIHY-
HYIO JPYT OT JApyra MOIIHOCTh. Paznuune MynbTHUILIEK-
CHpOBaHUs Ha MpuMepe 4 MOJIb30BATEIbCKUX KaHAJIOB
OFDMA u NOMA mpencrasieno Ha puc. |. B OFDMA
KKl KaHAJT 3aHUMaeT olpeJieleHHbIi cermeHT YBP,
a B NOMA B oaHom cermente UBP moxer onHoBpe-
MEHHO MPHUCYTCTBOBAaTh HECKOJBKO IOJIb30BATEIIbCKUX
KaHAJIOB C OTIIMYHOHN IPYT OT APYra MOIIHOCTBIO CHUT-
HAJIOB.

¥
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— Kanan 1 — Kanan 3 Hacrora
— Kanan 2 — Kanan 4

Puc. 1. MynsrunmnexcupoBanue OFDMA u NOMA

MoIHOCTb, KOTOpast BEIACISAETCS KAXKIOMY KaHATY,
OTIpEZETSIET MOMEXOYCTOHYMBOCTD KaHaANIa U €ro MpOoIy-
CKHYIO criocoOHOCTh. KoppekTHBIH pacdeT KaHaIbHOMN
MOIIHOCTH SIBISIETCSI OMHUM M3 BaKHEHIINX KPUTEPUCB
sapdextuBHON paboTel NOMA-cucremsl. B 3apyGex-
HBIX ucTouHMKax [10] mpemnaraercs pacyer ko3 duiu-
€HTOB MOIIHOCTH, ONHUPAsCh Ha COOOpa)KEeHHE MaKCH-
MHU3AaLMA CyMMapHOHW CKOpPOCTH I€peladd JaHHbIX. B
HACTOSIIIEH CTaThe MpeJylaraeTcsi pacCUUTHIBATh MapL-
aJIBHYI0 MOIITHOCTH KaHAJIOB, ONUPAsCh HA BHITOJHEHHUE
TpeOOBaHUH K MPOITYCKHOW CIIOCOOHOCTH BCEX KaHAJIOB.

PaccmoTpuM cuTyanuro, Korzna B 30He 00CITyKHBa-
Hus OasoBoii cranmuu eNB (eNodeB — oGo3naueHme
6a3oBoii craniuu B crannaprax 3GPP) maxomurcs He-
cxkoipko ycrporictB UE (User Equipment — momns30Ba-
Tenbckoe obopynosanue), a K — kommuectBo UE. Kax-
JIOMY KaHally BBLACNACTCS MapuuaibHas MOIIHOCTH py.
Torpa tpaHcnopTHblii curHan S(i) sBIsETCS CyMMOM

KaHAJIBHBIX CUMBOJIOB X} () C BECOM +/ pj, :

K
SG) =3 ok X G) . (1)
k=1

Ha cropone mpueMHHKa AEMOIYIALNS CHUTHAIA
OCYIIIECTBIISIETCS. METOIOM TIOCIIEOBATEIHHOTO TIO/IaB-
nerns nomex SIC (Serial interference cancellation) [9].
[Ton moHsATHEM «IEMOIYIAINA KaHajay IOApa3yMeBa-
eTCsl AeMOIYISAUS BCEX CHMBOJIOB MOIYJIAIINH, KOTO-
pBIe IepenaHsl B 3TOM KaHane. B mepByro odepens ae-
MOJYJIUPYETCs KaHaJl IOJb30BaTeNsi ¢ MaKCHUMaJbHOI
9HEPreTUKOM. J[eMOmyIMpOoBaHHbIE CUMBOJIbI PETEHEPU-
pPYIOTCS, T.€. BOCCTaHABIMBAIOTCA JO HW3HAYaJIbHOIO
U7EaTbHOTO COCTOSHUS M BBIYUTAIOTCS U3 IPUHSATOIO
curHana. TakuM o0pa3oM, CTaHOBUTCS BO3MOXKHOMH Jie-
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MOZYJISILUSI BTOPOT'O 110 MAKCUMAJILHOMY YPOBHIO HEp-
reTuku kasana. ITo nenodke ocymecTBisieTcss AEMOAY-
JISILMST KaHAJIa KaX]I0To CIIEAYIONEero abOHeHTa.

OTHOILIICHUE CUTHAII/IIYM Ha BXOJE JEMOIYJSITOpa
k-ro NOMA kaHana pacCuMThIBaeTCs MCXOMs U3 MOIII-
HOCTH aJJIATUBHOU TMOMEXH A-TO KaHaja U CUCTCMHOM
MOMEXH OCTAJIBHBIX HEIEeMOIYTUPOBAHHBIX KaHAJOB,
pacrosyioxeHHbIX B ToM ke UBP:

O Pk

X , 1<k<K,
Oy - p-+Nk
SNRy. = i=kz+1 l @)
O - Pk k=K
Nk s b

rae N; — MOIIHOCTh IMOMEXH Kk-TO KaHania; o — ko3hdu-
IIUEHT OCIa0NIeHUs B KaHANe; py; — MapluaibHas MOII-
HOCTb k-TO KaHaja; p; — mapiuajibHas MOIIHOCTh KaHa-
0B [ <k.

IMocrenoBarenbHas [EMOMYIISIAS KAHATIOB H JIajlb-
HEHIas KOMIICHCAIIUS ITO3BOJISIOT UCKIIIOYMTL CUCTEM-
Hyto nomexy. Mcnons3ys teopemy lllennona [11], mo-
JMYyYUM BBIPAXKCHUE IS TEOPETUICCKOW MaKCHMAalbHON
MPOIYCKHOM crioco0HocTH kKaHaimoB NOMA ¢ anautus-
HBIM O€JIBIM TayCCOBBIM IIIyMOM B TIOJIOCE TIpHeMa [

Fology(l+——E Pk 1<k<K,
ok Y, pit+Ng
Ry = i=k+1 l A3)
F-logy (1+25 Pk k=K,
Ni
K
CyMMa NapLuaibHbIX MOUIHOCTGH Y. p; KaHAIOB
i=k+1

i < k sBIIsIeTCSI CHCTEMHOM ITOMEXOH [T KaHaja k.

AJITOPUTM pacrnpeieJieHUs] MOIIHOCTH

s onTUMAaNbHOTO pacHpeneNeHuss MOIIHOCTH
MEXy MOJb30BaTEIbCKUMH KaHalaMi Ha CTOpOHe Oa-
30BOH CTaHIMH JIOJDKHA OBITH M3BECTHA alpuopHasl MH-
dopmanms o cocrosHuE kaHana PPB, kotopas moxer
OBITH TONy4YeHa N0 (QHU3NYECKOMY KaHaly OOpaTHOM
cBs3U (CIYy)KCOHBI KaHal WIA KaHaj YIIPaBICHIUS).
Bwmecte ¢ TeM 1o ciy>keOHBIM KaHajlaM IepeaeTcsl 3a-
IPOC Ha BBIIEJICHHE YacTOTHO-BPEMEHHOTO pecypca.
[TosTomMy OymeM HCXOAMTH M3 TOTO, YTO HPH pacIpese-
JICHUM MOIIHOCTH M3BECTHA alpHopHas MH(opMaIus o
kaHane PPB, a or abOHEHTCKOTO yCTpOMCTBa IMOJIy4YeH
3anpoc obecrieueHus TpeOyeMol CKOPOCTH MepenadH.
Ilon pacmpeneneHneM MOIIHOCTH IOIPa3yMeEBaeTCs
pacder mapuuagbHOM MOIIHOCTH p, IPH KOTOPO# obec-
MeuuBaeTCs 3aJaHHas CKOPOCTh Iepenauun R KaHAJoB
NOMA, a o61mast MOIIHOCTb, TpeOyemas JUIsi OpraHu3a-
IIMM KaHala CBS3H, IOJDKHA OBITh MUHUMAJIBHOM.

[Ipennonoxunm, uto B UBP Tpebyercs pasmMecTHTh
K monb30BaTenbcKUX KaHANOB. [ 3TOro HY)KHO pac-
CUUTATh MOIIHOCTh KaXJIOTO KaHajla, OCHOBBIBAsICh Ha
TpeOOBaHUU K CKOPOCTH MEpeAadyd W CIyKeOHOW HH-
tdhopmanmu o coctossHuK KaHanoB PPB, momydennoit mo
KaHaJy oOparHoii cBs3u. [IpuMem jomylieHue, 4To no-
JIy4eHO uJeajbHOe u3MepeHue kaHana PPB, a uwm-
MyNbCHAs XapaKTEepUCTHKAa CaMOro KaHajda HE M3MEHs-

eTCsI WM W3MEHSEeTCS HECYIIeCTBEHHO 3a BpeMs (op-
MHUPOBAaHHSA U IIepeJadrl CUTHAIA.

Hcxons w3 xonuuecTBa KaHAJIOB K, MPOMCXOAUT
¢dbopmupoBanre M komOuHaiwii yrutotHenusi. [lox mo-
HATUCM ((KOM6I/IHaL[I/I§I yHHOTHeHI/IH» HoapasyMeBaeTc;I
TIOPSAZIOK PACTONIONKEHHsI KaHAJIOB B OJHOM YacCTOTHO-
BPEMEHHOM PECYPCHOM cerMeHTe. Bcero pazimuuHbIX
KoMOMHaIuMil yrutoTHeHus kaHamoB M = K! Kaxmou
KOMOWMHAITUY YIUIOTHCHUS KaHajla COOTBETCTBYET WHJIU-
BUIyaJIbHBIM pacueT MOLTHOCTH.

m=1 m=2 m=3
Cnoii 3 UE{\JOMA UE{\]OMA UEE\JOMA 7
Croii 2| UENOMA || UENOMA |} | ypNOMA || py
Cuoii 1| UENOMA [ yENOMA 1 | gNOMA 1| py

m=4 m=5 m=6
cooii 3| ueyoma || [ yeyoma [| [ ygxoma | 5,
Croii 2 UE?IOMA UE}\IOMA UEEIOMA »
Croii 1| UENOMA [ | UENOMA | yENOMA 1 py

~_

YacToTHO-BPEMEHHOM
CerMeHT
Puc. 2. ®opmupoBaHie KOMOHHAIMN YIUIOTHEHHS

B kauectBe mpuMepa Ha puc. 2 M300pakeHBI Bce
xoMmOmHarun yrmwiotHeHuss 3 NOMA-kananoB. Kommae-
cTBO koMOmHammii M = 3! = 6. YacToTHO-BpEeMEHHOH
CerMEHT pecypca pasJielieH Ha 3 Cllos, Ha KaXIIOM H3
KOTOPBIX PACIOJIOXKEH M0JIb30BATENbCKUI KaHaJ.

Bbrok-cxema anroputMma pacdera KaHaJbHOM MOII-
HOCTH n300pakeHa Ha puc. 3.

Kanan obpatHo# cBsi3u

K

d)opanOBaHue KOMOMHAIMK YIJIOTHEHUA

oM Ry K |01k [N K
Y Y Y

Pacuer pi" mo(3)

AR

1 1
P1s->PK

M
‘pf”,-.-,p}? PP

1..M 1..M
Pacuer &7 =X pk

A

Bei6op m, ipu  P" — min

m m
P1 s PK

MynbTunnekcop

l dopmMupoBaHKe CUrHalIa
Puc. 3. Anroputm pacuera napuuaibHOI MOIIHOCTH KaHAJIOB

Loknaoet TYCYPa, mom 19, Ne 4, 2016



A.B. Kproxos, A.A. [lemuoos, /[.A. [lokamecmos. Ancopumm pacuema MOWHOCMU KAHATO8 93

U3 (3) momyuum BeIpaskeHHE [T pacdeTa KodpQu-
LIMEHTOB MOIHOCTH Py IIPHU 33JaHHOW MPOIYCKHOM CIO-
COOHOCTH B ToJioce F' M M3BECTHBIX XapaKTePUCTHKAX
KaHaja CBA3HU N, 1 0.

Ry K
QF =1)-(og- D, pi+Ny)
i=k+] , 1<k<K,
Pr= Ok
Ry
F _1).
@~ DNy k=K.
Ok

ITo cdopmysne (4) mociienoBarenbHO PAaCcCYUTHIBA-
10TCS KO3((GHUIUEHTH MOIITHOCTH ISl BCEX KOMOWHAIIMH
yIUIOTHEHHA. B niepByro ouepenb MPOU3BOAUTCS PacdeT
MOIIHOCTH Tociennero K-ro kaHana, 3arem (K — 1)-ka-
HaJsa 1 fanee rno nernouke. [lociaeaanm paccanTeIBaeTCs
MOIIHOCTH |-TO KaHama, T.K. JUIs e pacdera y)ke Haiie-
HBI TIapIUalbHBIE MOITHOCTH OCTaJbHBIX KaHasoB. O0-
I1asi MOIIHOCTG Py, KOTOpast I0JKHA OBITh 3aTpaucHa Ha
OPTaHM3aII0 MHOTOKAaHAIIbHOM CBSI3U, OIPEAEIACTCS
CyMMOH HapIfaJbHBIX MOILTHOCTEH BCeX KaHAJOB:

K
P=Y pi . (5)
=1

Pesynprar BEIUUCIEHHUS p; 3aBHCHT OT KOMOWHa-
WU YIUIOTHEHHS. 3ajadell alrfOpuTMa SIBISIETCS OIpe-
JieTieHne KOMOMHAIMK C ONTUMAaJIbHBIMU KO3 QHUIHEH-
tamu. Kaxxnoit koMmOWHAIMy m COOTBETCTBYET 3HAYCHUE

P . W3 paccuuTaHHbIX 3HadeHuil P’ ompenensercs

KOMOMHAUMA M, OpU KoTopoil P!" npuHUMaeT Hau-

MeHbIee 3HaueHne. KoahGUIMeHTsI MOIIHOCTH TaK JKe
COOTBETCTBYIOT BbIOpaHHOW KOMOMHanuu m. Paccuu-
TaHHbIe KO3((HUIMEHTH U BEIOPAaHHBIN MOPSIOK YILIOT-
HEHMsI KaHAJOB MOCTYMAIOT Ha BXOJ MYJIBTHILICKCOPA,
TJIC MPOUCXOMUT NANbHEkIIee GOopMUPOBAaHHE CHTHATIA.

Hoay4yeHHbIe pe3yabTaThI

B maremaTtmueckoit MOAETH MPOU3BOMWICS pacyer
k03¢ durmentor momHOCTH NOMA -KaHAJIOB B €IUHOM
YaCTOTHO-BPEMEHHOM CETMEHTE II0 aITOPUTMY, TpeI-
CTaBJIICHHOMY BHIIIIE, U 3 ClIIeHApHEB MHOTOKaHAIBHOM
cBsi3u. AmnpuopHas uHpopMmauus o kanaie PPB u 3a-
MpanIrBaeMasi MPOITyCKHast CIOCOOHOCTH MPECTABICHBI
B Tabmuue. Pacuer xoaddurmentos s 2, 3 u 4-x ka-
HanioB NOMA TpeOyet 2, 6 u 24 utepaiud COOTBETCT-
BeHHo. [To ¢opmyne (3) mocTpoeHa 3aBHCUMOCTD MPO-
MMyCKHOHM CMOCOOHOCTH KaHAJIOB OT MOIIHOCTH IIyMa B
kanaie PPB (puc. 4).

CueHapuy Mo/1eJIMPOBAHUS
Tpebyemast CKOPOCTB Tie- MomHoctu nryma
penauu, 6ut/c/T'y B KaHaie, 1b
1 R =3,R,=8 Ny =-10, N, =-40
Rlzl,R2:3,R3=6 N1=*5,N2:*15,N3=440
3 Rl:l,R2:3,R3:4, N1:—15,N2=—20,
R3:5 N3:—30,N3:—45

3aBUCUMOCTH UE%\BMA xapaktepu3ytror NOMA-

KaHaJbl, KOTOpbIE OIHOBPEMEHHO paCIHOJIOKEHBI BO
Bcell mocTynHoi monoce F. B neBoM BepxHeM yriy

puc. 4 TpHUBEAEHa pAaCCUMTAHHAS MapOuagbHas MOII-

HOCTbh Ka)KJIOI'0 KaHajla. 3aBUCHMOCTH UE?_F4DMA xa-

pakrepu3ytor OFDMA -kaHallbl, KOTOPBIE UMEIOT OIH-
HAKOBYIO TIONIOCY Tiepenaun F/K, 9To sBIseTcS MpUYIHU-
HOI HaJIOXKeHHs KaHAJIOB Ha rpaduke.

P =0,9718

—
(=)

=
5
28t p=00282
=
]
A
[ YU SRS SR SO 5 S R
26
]
5
S
g 4 |.
Q
3
22 L.
Q
ES
=
Q
o
=0
0 10 20 30 40 50
OtHotueHue curaan/mym, ab
a
10
=
=
g 8
=
O
£
56
=]
o]
e
2|
=
Q
=
= e
2 o EyeeaeX™ | ; ;
=0 10 20 30 40 50
OtHolenue curnan/uym, 1b
7]
10
1 =0,5239
= Py =0,4298 : :
2 81 py=0,0448 CUUENOMATT I
3 ps =0,0015
é (3 ey oupr N N
5] NOMA :
£ UE; OFDMA
€ UE[) 54
S 4l N\ T A
Q
3
=
5
O 2l g e ng UE
=
(=}
[=%
= ’
0

7%

0 10 20 30 40 50
OTHoIIeHHE CUTHAN/IIyM, 15
6
Puc. 4. 3aBucuMOCTb NPOIYCKHOH CITOCOOHOCTH KaHAJIOB OT
CHEKTPaJIbHOM MOLTHOCTH LIIyMa: @ — CLeHapuii 1;
6 — cueHapuii 2; ¢ — crieHapuii 3

Oo6mas nmponyckHas criocobHocTh cuctem NOMA
n OFDMA sBisercss CyMMO# TPOIYCKHBIX CITOCOOHO-
CTeH KaXKI0TO KaHaJa MPH COOTBETCTBYIOMIEM 3HAYCHUH
OTHOIICHHUS CHTHAJ/IIYM B ATOM KaHaie. B cueHapmsx
1, 2 u 3 oOuiass NpoIycKkHas CHOCOOHOCTb CHCTEMBI
NOMA mpessimaer OFDMA Ha 35, 54 u 52% cootBet-
cTtBeHHO. CTOHUT OTMETHTH, YTO ANTOPHUTM pacueTra Ko-
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3¢} PUIIEHTOB MOITHOCTH TO3BOJISIET PacCUUTaTh KOd(-
(ummenTsl g obecrieueHus TEOPETHYECKH MAaKCH-
MaJIbHO# MTPOITYCKHOM CIIOCOOHOCTH KaHalia 1o TeopeMe
Illennona. Ilpu pacuere MOILIHOCTU B peajibHOM CUCTE-
M€ CBSI3M JJOJDKHBI YUUTHIBAThCSl MOTPEITHOCTU OLICHKH
KaHayia pacrnpoctpaHeHuss PPB u ocoOeHHOCTH KOH-
KPETHON CUTHAJIbHO-KOJOBOM KOHCTPYKIMU. JTO CBS3a-
HO C TEeM, YTO pa3iIMyYHble CHTHAJIbHO-KOIOBHIC KOHCT-
PYKIIMH HEOAWHAKOBO NPHOIIKeHH! K npexaeny IllenHo-
Ha, a CTEeTeHb NMPHUOIMKEHUS 3aBUCHT OT THIIA IIOMEXO-
YCTONYMNBOTO KOMUPOBAHHSA U TUTIA MOIYJIALINH.

3akarouyeHnue

Paccmorpen anroput™m pacdera ko3((UIMEHTOB
MOIITHOCTH KaHAJIOB B METOJI€ HEOPTOTOHAJIFHOTO MHO-
xectBeHHOro noctyna NOMA. PaccuuranHble ko3¢-
(DUIUCHTHI MOIITHOCTH 00ECIICUUBAIOT TPEOyeMyIO Mpo-
MyCKHYIO0 crocoOHOCTE NOMA-KaHAIOB TIPU ampuop-
HOW mHpopmaumu o kanaie PPB. Anroputm sBisiercs
WUTEPALMOHHBIM C KOJMYECTBOM BbluMciaeHut M = K,
rae K — xomuaectBo NOMA-kaHanoB. B pesynsratax
MOZEIHPOBAHUS  TPOAEMOHCTPHPOBAHBI  PE3YIIBTATHI
BBIYMCIICHIH U TIOKa3aHO, YTO O0IIas MPOIyCKHAs CIIO-
cobnocth cuctembl NOMA mnpeBocxomut OFDMA.
CTOHUT OTMETHTH, UTO TIPEACTABICHHBI METOA HE y4H-
THIBa€T NMPHOPUTET OJHHUX KAHAJIOB HAJ OPYTUMH. DTO
03HAYaeT, YTO €CIM MOIIHOCTU Iepelaydl He XBaTaeT
JUISL yIOBJIETBOPEHUSI BCEX MPEOBSBICHHBIX TpeOoBa-
HU, TO BCE KaHAIbI «IIOCTPAJaloT» OAnHaKoBo. Pa3pa-
0oTKa anroputMa pacuera kKo3pQUIMEHTOB MOLITHOCTH C
YYETOM NPUOPUTETA MOXKET PEIIUTh 3a7ady yBEIHICHUsI
MIPOITyCKHOW CHOCOOHOCTH OJHOTO KaHama 3a Cyer
YMEHBILIECHUS IPYTOTO.
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Kryukov Ya.V., Demidov A.Ya., Pokamestov D.A.
Power calculation algorithm in non-orthogonal multiple
access NOMA

In the article, the algorithm to calculate channel coefficients of
the power method in non-orthogonal multiple access is pro-
posed. The algorithm allows to calculate the power factor on
the basis of a priori information about the channel of distribu-
tion and a request for provision of bandwidth. The results of
the mathematical calculation of power factors for multiple
scenarios organization of communication channel are shown.
The calculation results revealed that the non-orthogonal multi-
ple access method provides a better maximum channel capac-
ity than orthogonal multiple access method.

Keywords: NOMA, OFDMA, SCMA, PDMA, power divi-
sion, 5G.

Loknaoet TYCYPa, mom 19, Ne 4, 2016



B.U. Makosxun, H.B. 3amsamun. Cucmema MoHumopunea u 06pabomxu uHgopmayuu 0 COCMOosIHUU Pe3epeyapHo20 NapKa 95

YK 65.011.56

B.A. MakoBKkuH, H.B. 3amaTuH

Cuctema MOHUTOpPUHIra n o6padboTkn nHcpopmaumm

O COCTOSIHMM pe3epByapHOro napka

IMpemnoxkena mporpaMMHO-anIapaTHas cucreMa c6opa, 00pabOTKH M NPEACTAaBICHHs JaHHBIX O COCTOSIHUH PE3epBY-
apHOTO Mapka 1 00beMe UMEIOIINXCS B pe3epByapax BemecTB. Pa3paboTaHa apXUTEKTypa anmapaTHOW 4acTH CUCTEMEI
Jutst cOopa U nepenadr HHGOpPMaIMU IIPOBOAHBIM M OECTIPOBOAHBIM criocobamu. ONHCaHbl apXUTEKTYpa U IPOLEYPhI

(YHKIMOHUPOBAHUS IPOrPAMMHON YaCTH NPHIIOKEHUSI.

KiroueBble ciioBa: pesepByap, ypoBHEMEp, cUCTEMa, 00beM, OECIIPOBOIHAS TEXHOJIOTHSL.

doi: 10.21293/1818-0442-2016-19-4-89-95-100

Ha MmHOXecCTBE HNpeanpusaTHil IIPOU3BOAATCS WU
UCTIOJIB3YIOTCS. PAa3INYHOE ChIPbE M NMPOAYKTHI B BHUJE
KUIKUX M cbimy4ux MarepuanoB [1]. K taxum mpen-
MIPUSATHIM OTHOCSTCSI:

— HedrenepepadaTpIBalONINE TPEANPHATHS, HC-
MOJIB3YIONIME U TPOU3BOAsIINEe He(Th, OCH3UH, Kepo-
CHIH, Ma3yT, CXKIDKEHHBIH Ta3 U 1Ip.;

— JIOMOCTPOMTENIbHBIE KOMOHMHATBI, HCIIONB3YIO-
Iye W TPOW3BOISIINE CTpPOMMAaTrepuasibl, Takue Kak
LIEMEHT, NINHA, CWJINKaTHBIE CMECH H TIP.;

— CEIBbCKOXO3IHCTBEHHbIC  KOMIIAHHUH:
yaoOpeHus U 1p.;

— XMMHYecKas MPOMBIIUIEHHOCTh: MPOAYKIHS U3
YIJIEBOJIOPOIHOTO, MUHEPANbHOTO U JPYroro ChIphbs, a
TaKke OoJbIIast 4aCTh KOHEUHOH MPOTYKIINHY;

— u ap. [3].

JUis XpaHEeHUs U HCIOJIb30BaHUS MaTepUaoB Ha
MIPEANIPUATHAX HCIONIB3YETCS COBOKYITHOCTH Da3id-
HBIX PE3epByapoB, HA3bIBAEMBIX pe3epBYapHBIM Hap-
koM. OHM MOTYT OBITH pacrpezelIeHbl 10 BCeMy Tpe-
MIPUATHIO, UHOTZIA HAXOISICh B COTHSIX METPOB APYT OT
apyra. PesepByapHble MapKu MOJDKHBI 3KCIUTYyaTHpO-
BaThCAd MaKCUMAJIBHO 3()(GEKTHBHO NPH MHUHHMAJIBbHBIX
3arparax, oOecreyrBas HEOOXOAUMYH TOYHOCTH OMpe-
JieTieHus] 00beMa XpaHUMBIX MaTepHaIOB.

Bmecre ¢ TeM Ha OOJIBIIMHCTBE pPe3epBYapHBIX
MapKOB HCIOJB3YIOTCS YyCTapeBlIee H3MEPUTENIBHOE
obOopynoBaHue (WM JJake pydyHOE OIpeAereHne o0be-
MOB BEIIECTB), NMPUMUTHBHBIE METOAWKH M CHCTEMBI
cbopa 1 00pabOTKM JaHHBIX, 3alUCh JAHHBIX BPYYHYIO
B TETPaJH WM MPOCTHIE CPENCTBAa 0OpabOTKH JaHHBIX,
nanpumep Excel. Kak criencreue, Ha mHpennpusTUsLX
BO3HMKAIOT CJICIYIOINE TPOOIEMBI:

— HM3Kas CKOpOCTb cOopa, TMepefayn M aHajIu3a
JAHHBIX O KOJIMYECTBE BELIECTB Ha Pe3epByapHBIX Map-
KaX, KOTopasi 0COOEHHO aKTyallbHa, €CJIM MapKu pac-
IpeAesieHbl Ha BCEM MPENNpUATHH WIM HaXO#sTcs B
Pa3HBIX TOpoaax;

— HM3Kasi TOYHOCTH MOIYyYaeMBbIX JaHHBIX O KOJIU-
YECTBE BEIIECTB HAa PE3EPBYAPHBIX MapKax;

— TPOCTOM M3-32 HEBEPHBIX PACYETOB IUHAMHUKH
WCIIONB30BAHMS MIIH IPOU3BOJICTBA CHIPHS;

— HHU3KO€ Ka4eCTBO CMECEH M3-3a MOTPEHIHOCTEN
TIIPY pacdeTe MPOIEHTHOTO COOTHOILIECHHUS BEIIECTB;

3€pHO,

— JIOTIOJIHUTENbHBIE 3aTpaThl M3-32 COIYTCTBYIO-
IIMX OMHOOK B OyXraJlTepuu, HEBEPHBIX PACUETOB 00b-
€MOB TPOW3BOJACTBA, JUHAMHUKH HCIIOJIb30BaHUS CHIPHS
U T.J.;

— HM3Kas KylnbTypa Tpyda B
napKax.

ITosTomMy HE0OXOAMMBI KapAWHAIBHBIE N3MEHEHUS
B MCTOJUKE W aBTOMAaTHU3aIllUH U3MEPEHUs, cOopa u 00-
pabOTKH JaHHBIX B pe3epByapHbIX mapkax [2, 6, 7].

[Ipennaraemoe pemeHne — 3T0 pa3pabOTKa aBTO-
MaTU3MPOBAaHHOW CHCTEMBI MOHUTOPWHra COCTOSHUS
pe3epByapHOTo IapKa ¢ IPUMEHEHHEM HOBBIX METOANK
U aKTyaJIbHBIX TEXHOJIOTMH, MO3BOJISIOIIUX HE TOJBKO
pemars ONHCaHHBIE MPOOIEMBI, HO TAKXKE B OymyIem
pa3BUBATh U MOJCPHU3UPOBATH CHCTEMY.

IMocranoBka 3axaun

OpHOM U3 BaKHEHIINX YacTel aBTOMAaTH3MPOBAH-
HOW MH(DOPMAIIOHHON CHCTEMBI MOHHTOpPHHTA pe3ep-
BYapHOTO IapKa SIBISETCA TEXHHYECKOE OOECleucHne
cucrembl. HeoOxomnumbl pabovasi cucreMa MEepBHYHBIX
npeoOpa3zoBarelieil ¥ OTIIAXKEHHAs] METOJMKA Tepeaadn
JlaHHBIX, HauuHas OT WM3MEPEHUs YpOBHEU cMeced B
pe3epByapax W 3akaHuuBas 00pabOTKOW W mepenadcit
aKTyaJIbHBIX JIaHHBIX HENOCPEACTBEHHO pabouemy
nepcoHany. CucTeMa JOIDKHA BBITIOJIHSATH CIIETYIOIINE
3aJa4n:

1) m3MepeHHe ypoBHEH BEIIECTB B pe3epByapax;

2) cuWTHIBaHWE JaHHBIX U TIeperada Ha cepBep;

3) momydeHue U 06paboTKa JaHHBIX;

4) BpIMHCIEHUE 00bEMa BEIICCTB;

5) mpencTaBieHHE MONYy4YEHHBIX PE3yJIbTaTOB, BU-
3yanu3anus.

Muoroobpasue cnoco0OB H3MEpeHHs YpPOBHS U
BUJIOB M3MEPUTEJIBHBIX YCTPOHCTB, KOTOPBIE MPUMEHS-
I0TCSI Ha pe3epBYapHBIX ITapKax, 00ycJIOBIEHO paboun-
MH YCIIOBUSIMH, CTOMMOCTBIO TPHOOPOB, CIIOXKHOCTBIO
WX YCTaHOBKH, TOYHOCTBIO TIIOJIYYaeMbIX IAHHBIX H
T.IL [4].

Bonpimoe 3HaueHWE MMEIOT YCIOBHS, B KOTOPBIX
JOJDKHBI BBITTOTHATBCS W3MEPEHUS! NIPU MHUHUMAIBHOU
HOTPENIHOCTH:

— 3aIbUICHHOCTH B PE3EPBYapax;

— Y3KHe pe3epByaphl U pe3epByapbl ¢ Y3KUMH OT-
BEPCTHSMU;

— HaJIMYUC CUJIbHBIX DJICKTPUYCCKUX HOHCﬁ;

pe3epByapHbIX
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— ycnoBus, TpelOyromue OeCKOHTAKTHBIX H3Me-
peHuii;

— HaIW4Me B pe3epByapax B3PHIBHBIX APOB;

— BBICOKHE TEMIIEPATyphl M HAJIMYHE UCIIApEHUH;

— paIualMOHHOE BO3JIEUCTBHE.

W3 mmpoxoil HOMEHKJIATyphl MEPBUYHBIX MPE00-
pasoBaresieii ¢ y4eTOM OITMCAaHHBIX BBINIE YCIOBHH B
KaueCcTBE M3MEPUTEINIl YPOBHS BELIECTBA B Pe3epByape
BBIOpaH Ja3epHBIN aibHOMED (M3MEpEeHHE PacCTOsSHHUS
C TIOMOINBIO pacdeTa BPEMEHH JIOCTIKCHUSI CBETOBOTO
UMITyJIbCa /10 M3MEPSEeMOTO OOBEKTa WIIM HM3MEpeHHe
pasHOCTH (a3 MEXIy OTIPABKOM W IPHUEMOM BOIHBI).
[Tpu4nHbI, MOBIMABIINE HA BHIOOP JAHHOTO THIIA YPOB-
HEMEPOB:

— U3MEPEHHE YPOBHSA B CIOXKHBIX YCIIOBHAX
(bUTH, KaMHH, OOJIBILION YTOJl OTKOCA CHITYy4Yero mare-
puana v T.I.);

— HU3MEPECHUE B MJIMHHBIX U BBICOKHMX €MKOCTAX C
BHYTPEHHUMH KOHCTPYKIHSIMHU;

— BO3MOXXHOCTb YCTAHOBKU Ha PacCTOSHUU OT W3-
MEpSIEMON MTOBEPXHOCTH;

— M3MEpEHHe Yepe3 MaJaroliie KaMHH U TbLIb;

— 0e30MacHOCTb JUIs TJ1a3;

— MHUHHUMAJBHBIH PHUCK JIOKHBIX OTPa’KCHHBIX
CHUTHAJIOB;

— MakcHUMabHas JaIbHOCTH 30 M;

— TOYHOCTb | MM.

CUIBHBIMH CTOpPOHAM J1a3epa SIBIISIOTCS: Y3KHUH
JIyd, OTCYTCTBUE PACXOXKIECHHUS JIyua U JIOXKHBIX OTpa-
JKEHHBIX CUTHaJoOB [5]. OTMeueHHbIE CBOWCTBA Jiazep-
HOTO JIy4a MO3BOJISIIOT MPOBOAUTH U3MEPEHHS TaM, Ine
HEBO3MO)KHO HCIIOJIB30BaTh YIBTPA3BYKOBBIE M pagap-
HBIE YPOBHEMEPHI, KOTOPBIEC, HAPUMEP, HE MO3BOJISIOT
HAJIS)KHO M3MEPSTh YPOBEHb B JUIMHHBIX M Y3KUX TaH-
KaxX BCJIEACTBHE BO3HWKHOBEHHS JIO)KHOTO OTPa’KCHUS
OT CTEHOK. YHHKAaJbHBIE CBOMCTBA JIa3€pa MO3BOJIIOT
€ro HCIIONb30BaTh Ul M3MEPEHHs CHIIYYHX BEIECTB,
UMEoUIMX OO0JbIION yron orkoca (KOHycHOCTh). Ilpm
HCIIOJIb30BAHHUHU O6LI‘{HI)IX padapHbIX WIN YJIbTPa3BYyKO-
BBIX YPOBHEMEPOB HAJIW4YME KOHYCHOCTH BBI3BIBAET
BO3HMKHOBEHHME JIOKHBIX OTPAKEHHBIX CHUTHAJIOB, C
KOTOPBIMH OHH IUIOXO CIIpaBisitoTcs. st mazepa Takux
npoO0JieM He CYIIECTBYET.

K umcny HeZoCTaTKoB ONTHYECKOTO ypOBHEMEpa
CJIElyeT OTHECTH €ro 0ojiee BBICOKYIO HyBCTBUTEIb-
HOCTh K TIBUIM W BO3MOXKHOE YAaCTHYHOE IOIVIOIICHHE
curHana cMecbio. J{is 60pbObI ¢ MBUTBI0 MOTYT TPUMeE-
HSTBHCS TbUIETacAIINe TPyObl — IJIsl CO3/aHMS CTaTude-
CKOH 30HBI BOJIM3U ONTHYECKOH CHCTEMEI, HO B JaHHOM
cilyyae IUIaHUpYeTcs pa3paboTKa CIElHaIbHBIX alro-
PUTMOB, MO3BOJAIOMIUX OTCCKATH JIOKHBIC CHUT'HAJIBI OT
MIBUIH, NaJIAONMX KaMHel u T.a. [yt 60pb0ObI ¢ apyru-
MH BO3MOXXHBIMH HEXeNaTelbHbIMH d(¢dexramMu B
JanbHedIIeM OyIyT IPOBENICHBI JOTOIHUTEIbHBIE HC-
CJIEIOBAHUS U pa3paboTaHbl HEOOXOANMBIE aNTOPUTMEL.

[Ipn anHanmm3e TEXHUYECKUX CPEACTB AT Iepenaqn
JTAaHHBIX BO3MOXKCH BBIOOp MEXIy MpPOBOIHBIM U Oec-
MIPOBOIHBIM BU/IaMH MEpeadl JaHHBIX.

PesepByapHble MMapku MOTYT HaXOAWUTHCS B OIHOM
MecTe (MI0IaaAn 3aHMMAaeMOro MecTa MOTYT BapbHpO-

BaTbCsl B 3aBUCHMOCTH OT KOJHMYECTBA M THUIIOB Pe3ep-
ByapoB) WM PAcIIPEAENEHbl M0 BCEMY IPEANIPUATHIO.
Paboune craHmmu, Ha KOTOpBIE MOCTyHaeT mH(OpMa-
IUsI, HaXOIATCSA YOAJCHHO OT CaMUX pEe3epByapoB, B
MOMEIICHUAX WIN oducax. YCTaHOBKA IPOBOAHBIX Ce-
Teil Pa3NIMYHOTO THIIA MOXET OBITh OrpaHMYeHa H3-3a
HEOOXOAMMOCTH TNIepeCceKaTh MyTH, IO KOTOPBIM JIOJDKESH
TepeMenaTbesl TPy30BOH TPaHCIIOPT, CHIIBHOTO KIIMMa-
THUYECKOTO BIIMSIHUSI M HEOOXOIMMOCTH OBICTpOH ycTa-
HOBKM M MOJIEpHH3ALUK ceTell 0e3 UIMTENbHOU OcTa-
HOBKH TPOM3BOACTBA. B To ke Bpemst OecrnpoBOIHBIE
TEXHOJIOTHH TIPEJOCTABISIOT BO3MOXKHOCTH OBICTPOH
YCTaHOBKH HEOOXOIMMOT0 00OpPYIOBaHUS HEIOCPECT-
BEHHO Ha pe3epByapbl U BOMM3M pabodeil craHmy, 0e3
HEraTHBHOTO BMEIIATeNbCTBA B HH(PACTPYKTYpy Hpen-
NPUSTHS, C BO3MOXKHOCTBIO TEPEAaddl JIAaHHBIX Ha OIl-
TUMaJbHOW CKOPOCTH.

Jnst GecripoBOIHOM Iepenayu JaHHBIX BBHIOPAHBI
JIBa BapHMaHTa TEXHUYECKOW peas3annuyl CUCTEMBIL:

1) ¢ ucnonb3oBannem TtexHonorun GSM uepes
GSM/GPRS monemsr;

2) ¢ wucnonp3oBaHueM TexHoiormn Wi-Fi gepes
amanrepsl Ha Wi-Fi-poyTep.

OCHOBHBIMH TIPENMYIIECTBAMH MOAZOOHBIX ceTei
SIBIISTFOTCSL:

— BO3MOXXHOCTH Pa3BEPHYTh CETh 0€3 NMPOKIAIKH
Kabes, 4TO YMEHbIIAET CTOMMOCTh DPa3BEPTHIBAHMS
W/WITH PaCIINpPEHHs CETH;

— aBTOHOMHasi paboTa YCTPOMCTB, BO3MOXKHOCTb
YAAJCHHOH HACTPOMKH C TIOMOIIBIO CIICIMAIBHBIX
KOMaHI;

— IIUPOKas PAcCIpOCTPAaHEHHOCTh Ha pBHIHKE H
JIOCTYIHAsl CTOUMOCTb;

— eIWHBIA CTaHAAPT, TAPAHTHPYIOIINHA COBMECTH-
MOCTH 000pYIOBaHHS.

Br160p 3THX TEXHOIOTHI ONpEneNsIeTCS THIIOM pe-
3epByapHOTO MapKa, €ro pasMEpoM M pPacClpeneleHHO-
cThi0 Ha mpeanpustun. Wi-Fi-cetn momoiinyt mist He-
OOJIBIINX pe3ePBYyapHBIX MAPKOB ¢ paboucii CTaHIUCH,
HaxoJsuIeics B 30He aeiictBust cet. GSM nydine noj-
XOAMT Juisi OOJNBUIMX pPE3epBYyapHBIX MAapKOB, TaK Kak
JIATHOCTD €ro JeHCTBHS OrpaHWYCHA JIUIIL 30HOU JeH-
CTBHSI MOOWIIBHOHU ceTH. Takke BO3MOXHA peayn3anus
COBMEIICHHBIX CHCTEM MJIsI OOBEAMHEHUs Pa3IMYHBIX
30H MOHUTOPHHTA B €IMHYIO CETh.

B nmanHO# cucTeMe ucmonb3yeTcs mepenadya HMH-
¢opmanuu 1o TexHonorun GSM, crpoeKTHpoBaHa arr-
mapaTHas apxXUTEeKTypa CUCTeMEI (puc. 1).

Hcnonbp3yeMble B CHCTEME yCTPOHCTBA:

— yposaemep SICK DT-50;

— Moxyns cbopa nmanubeix (MCH) MCH-200 wnm
onugparop;

— GSM/GPRS momem ITMO1;

— cepBep/pabouast CTaHIHsL.

Meronuka cOopa W Tepemaddl AAHHBIX YCIOBHO
JIETINTCS Ha CICAYIOIINE TAIbI:

1) nonydenue u ouudpoBKa MOITYy4aEMOTO aHaJIo-
roBoro curHana «CurrentLoop» ¢ nomompso MCJI unu
HHOTO YCTPOMCTBA,

2) nepenaya naHHbIx ¢ MCJ] Ha GSM-monem 1o
nnrepdeiicy RS-232;
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3) momydyeHHWE MaHHBIX C PE3epBYapOB Ha TJIaB-
HeIM MozeM 110 cetr GSM;

4) mepenmada JaHHBIX Ha PabOUyIO CTAHIHIO (TIep-
COHAJIBHBIM KOMIIBIOTEP) 10 UHTEpdeiicy RS-232.

GSM monem VpoBHemeEp
P 4 RS-232 4-20 ma
1 — i —
asm!
|
GSM momem I GSM monem YposHemeEp
| 7 Rs-232 4-20 ma
I —
|
GgsM|]  GSM mozem VposHemep
| :
L / 77 g RS-232 4-20 ma

Puc. 1. ApxuTexTypa annapaTHONW 4aCTH CHCTEMBbI

Hammane MCJI wim onpdaropa HE0OXOIUMO ISt
JAHHBIX YCTPOWCTB, TaKk KaK ypoOBHEMEp IepelaeT aHa-
JIOTOBBII CHTHAJ, a JaHHAs MOJEIb MOAEMa MOXET TI0-
Jy4aTh TOJIBKO HU(POBBIC CUTHANBL. Ecim Tnn nanHBIX
Ha BBIXOJE ypOBHEMEpa M BXOJIE MOJEMa COBIIAJIACT,
TO MOXHO oOoWTHCh 0e3 mpeoOpasoBareist CHUTHaIA
MEXIy HUMH.

Tak Kak Ha CEpBEPHOI 4acTH pacnoiaaraeTcsi ToJb-
KO OIWH MOJEM, TO OH IIOCJIEJOBAaTeIbHO MOJTydaeT
JIAHHBIE C Ka)XXJOT0 pe3epByapa, YTO MOXKET HEraTHBHO
CKa3aTbCd Ha CKOPOCTHU IOJTYUYCHUA JaHHBIX. Bo3moxkHa
MOZIEPHU3AIMS TAHHOW apXHUTEKTYpBI, €CIH K CepBep-
HOW gacth J00aBuTh MCJl U MOJKIIOYUTE K HEMY KO-
JIMYECTBO MOJIEMOB, PAaBHOE KOJIMYECTBY TEX, KOTOPHIE
UCTIONB3YIOTCA Ha pe3epBYapHOM IapKe, W HacCTPOHUTH
Ka)XIbIH Ha MOydeHne MH(OpPMAalK ¢ COOTBETCTBYIO-
IIETO MoAEeMa. JTOT BapHaHT MO3BOJIUT OJHOBPEMEHHO
KOHTPOJMPOBATh BCE PE3EPBYaphl B PEaIbHOM BPEMEHH.

Bei6op Mexay mapauienbHBIM M IOCIIENL0BATENb-
HBIM TIOJYYEHHEM JaHHBIX OCYIIECTBISIETCS 3a CUET
JIBYX KPUTEPUEB: KOJIIMYECTBO PE3EPBYapOB M (PHHAHCO-
BBIe pecypchl. TakuM 00pa3oM, MpH HEOONBIIOM KOJIH-
YEeCTBE pe3epBYapOB JOCTATOYHO OINPAIINBATh KasKAbIA
OTZAEJBHO, OJHAKO 4eM OOJblle CTAaHOBHUTCS MapK, MpH
HaJIMYUU PECYPCOB, MPEANOYTUTEILHO NEPEXOAUTH HA
MapaJuleIbHbI cOop maHHBIX. OCHOBHBIM IpEeUMYIIe-
CTBOM TaKOW METOIMKH SIBISIETCSI BO3MOXKHOCTB IIepe-
X0Jla MEXAY dTHMH criocobamu cOopa aHHBIX B KpaT-
YJalIIne CPOKH ¢ MUHUMAJIbHBIMHA U3MCHEHHUSAMH B CHC-
Teme. s 3TOrO JOCTaTOYHO HPHOOpEcTH HEeoOXoau-
MO€ KOJMYECTBO NMPHOOPOB M HACTPOMTH KaXKIbIH U3
HUX.

Pa3paboranHass apxuTeKTypa NperycMarpuBaeT
BO3MOYKHOCTh NOJyYCHHMS! JAHHBIX Kak pabodell craH-
LueH, Tak ¥ cepepoM. Mcnonb3zoBaHue cepBepa BMECTO
pa0odell CTaHIMM JacT CIEAYIOIUE INPEUMYIIECTBA
TIPY 3KCILTyaTaluu:

1) pasmeneHue MPUIOKEHHUS HA MOAYJIH, KOTOPOE
MO3BOJISICT YBEJIUYUTh €r0 THOKOCTh M MPOCTOTY pas-
BCPThIBAHUAA,

2) BBIICICHHE TIOJB30BAaTEILCKOTO HWHTEpdeiica
OT OCHOBHOH JIOTMKHM Pa0OThI NMPWIOKEHHS, TIPH 3TOM
OTCYTCTBYET HEOOXOAMMOCTbH IIE€PEyCTaHOBKH M OOHOB-

JICHUs TIPWIOKCHUMN TOJ30BaTENICH, €CIA M3MCHCHHUS
WX HE KacarTcs (Hampumep, IpaBKU B CHCTEME Ha cep-
Bepe, 100aBlICHNE TTOJICPIKKH HOBOI BapHAaIMU CUUTHI-
BaHMs JJAHHBIX, JOOABICHUE BO3MOXXHOCTEH MPOHM3BO-
IUTHL OoJiee TOYHBIE JIMOO IOIMOJHUTENLHBIE BBEIYUCIIE-
HUSA);

3) moGamnenue API-mMomyns miast B3anMonecTBus
C KIMEHTCKUMH TPHUIOKEHUSIMH, TAKUM 00pa3oM, BO3-
MOJKHO BBIHECCHHE BBIUHCIICHHI Ha CEpBEp, a IOJIb30-
BaTEJI0 OTIPABIISIETCS TOJIBKO KOHEUHBIH PE3yIbTarT, 4To
CYIIECTBEHHO CHI)KACT HArpy3Ky Ha PabOYMX CTAHIIUX.

Takum 00pa3oM, MOBBIIACTCS THOKOCTH CUCTEMEI
¥ obnerdyaercs MOJCPHU3AIU TPWIOKEHUs 0e3 BMe-
[IATeIBCTB B HEMTOCPEACTBEHHO pabO0Ty MPEIIPUSITHSL.

ApXHUTEKTypa TNpPOTPaMMHOM YacTU CHCTEMBI
MpeAcTaBieHa Ha puc. 2.
[Tporpammuas yacTh cepsepa
Node.js
+
Ruby + ModBus (MatemaTixa)
API Node. js MongoDB
F 3
Ilepenaua [aHHEIX Yepe3
SSL u JOIMOIHUTENBHOE
mgpoBaHie
Knuenrckoe Beod- MoGunsHoe
IPHIIOKEHIE IPHIOKEHHE TIPIIIOKEHHE

Puc. 2. ApxuTextypa nporpaMMHO 4aCTH CUCTEMBI

COop maHHBIX, B 3aBUCHMOCTH OT BBIOpaHHO ap-
XUTEKTYpHI aIrmapaTrHOi 9acTH, OCYIIECTBISIETCS JIHOO
mo mnporokonam cetn GSMc momombio AT-komaHT,
1160 1o npotokoay Modbus, eciii IPOUCXOUT CUUTHI-
Banne ¢ MC/l. JlaHHble omepamyy BBITOIHIIOTCS B
«ZIeMOHey, HanrcaHHOM Ha Ruby, KoTopblif peaHasHa-
YeH 11l paboTel B (DOHOBOM PEXHME B TEUEHHE BCETO
BPEMCHH SKCILTyaTallul CUCTEMBI.
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Mopnyns, ucrons3ytomuii mpotokod AMQP, Heoo-
XOIMM A7t (POPMUPOBAHUS OYEPEH, MOTOKA JAHHBIX,
HaIpaBIIEMBIX Ha JaJbHEUIIYIO 00paboTKy.

Mozynu, HanMCaHHBIE C HCIIOIb30BAHUEM ILIAT-
¢dopmbl Node.js, comepxar HEOOXOAMMBI MaTeMaTHyie-
CKMIl ammapar, MeToIbl W (YHKIWH, BBIYHCISIONINE
00BbeMBI BEIIECTB B pe3epByapax, BHIIOIHSIOIUE 00pa-
OOTKY TaHHBIX, ¥ IPOYHE TTOJOOHBIE OIIEPALIUH.

JIOKyMEHTOOpPHEHTHPOBaHHAsT CHCTEMa YIpaBJe-
Hust 6azamu manHbIX (CYBJ]) MongoDB coxpepxur B
cebe Bce HEOOXOAMMEBIE JaHHBIE O COCTOSTHUH PE3epBY-
apHOTO TTapKa M HMCIOJNb3YeTCsl Ul XpaHEHHs IaHHBIX.
JIOKyMEHT-OpUCHTUPOBAaHHbIE ©0a3bl JAHHBIX HMEIOT
MHOTO OOIIETO ¢ PESIUMOHHBIMHU, U, KaK yTBEPKIAIOT
ee pazpaborunku, MongoDB Moxer paccmarpuBaThbCs
Kak TpsiMasl aJlbTepHaTHBa PEJSIIMOHHBIM 0azaM JaH-
HBIX (MO)KCT BBITIOJIHATE TC K€ 3aJa4d, KaKUC-TO JIy4d-
me, kakue-to — HeT). Jannas CYBJI nydime nmoaxoaut
JUIsl 3TOH TpeMeTHOI obnacTu Onarogapsi ee 0CHOBHO-
My PEKJIIAMHPYEMOMY CBOWMCTBY — O€CCTPYKTYypHOCTH.
Tak kak npu pazpaOoTKe Mopayiel aHanu3a JaHHBIX
HEOOXOAMMO XpaHEHHE CBOWCTB M XapaKTEPUCTHUK HC-
MOJTBb3yEMBIX PE3EPBYapoOB M BEUIECTB M OTH JIaHHBIC
MOTYT OBITh OYE€Hb Pa3HOOOPa3HBIMH M XaOTUYHO Opra-
HHU30BaHHBIMH, B 3aBHCUMOCTH OT IIOCTABJIECHHBIX 3a-
na4, Heooxonuma rudkas CYB/I, takas kaxk MongoDB.
IIpu wucnonp3oBanmn MongoDB Hambonee pacmpo-
CTPAaHCHHBIC 3alpoChl MOJYYCHHA OTUX HJAaHHBIX BbI-
MOJNIHSIOTCS TOpas3no ObIcTpee, YeM B PEJSLHUOHHBIX
0a3ax AaHHBIX, TAKKE TOPa3/o Jierdye BHIMOIHATh U3Me-
HEHHWE M JI00aBJIEHHE XapaKTepPHCTHK pe3epByapoB M
XPaHSIINXCS B HUX BEIIECTB.

API-Monysb UCTIONB3YETCsl Ui B3aUMOAEUCTBHUSA C
KJIMEHTCKUMH TPUJIOKEHUSIMH, OCYIIECTBIISIET OTIPAB-
Ky JaHHBIX H MOJTyd9eHHe HH(POPMAIINN O IPHHUMAEMbIX
MIOJTb30BATEIIEM PEIICHHSAX.

B kadecTBe TEXHOIOTUH TOCTPOEHHS KIIMEHTCKOTO
npunoxenust ucnoib3yercss NodeWebKit (temeps u3-
BecTHO Kak NW.,js, cpena pa3paboTku kpoccruiatdop-
MEHHBIX TPHIOKEHHH ¢ rpagudyeckuM nHTepdeiicom, ¢
HTML B kauectBe npencrasinenus U NodelS st moc-
Tyna kK cucremMHomy API). [lanHoe pemieHne umeer
CIIe/TyOlHe TIPEUMYIIIEeCTBA:

1) mopTupyeMocTh — NPHUIOKEHHE MOXKeT pabo-
TaTh Kak Ha [IK, Ha omepammoHHBIX cucTeMax Linux,
MacOS, Windows, Tak ¥ Ha IUIaHIIETax U APYTHUX MO-
OWMIBHBIX YCTPOMCTBAaX, C ONEPALMIOHHBIMU CHCTEMaMHt
Android, 10S, WindowsMobile, u naxe moxer pado-
TaTh B Ka9€CTBE BEO-TIPIIIOKEHHUS yepe3 Opaysep Mmoib-
30Bares;

2) mpocToTa pa3pabOTKH — MPHUIIOKEHUE pa3pada-
TBIBAETCSl KaK OOBIYHOE BEO-TPHIOKEHHUE U COOTBETCT-
BEHHO He TpeOyeT IMOCTOSHHOW ePEKOMITHIISILIH.

Jns pa3paboTKy OM3HEC-TOTUKU PabOTHI KIMEHT-
CKOTO  TPWIOXKEHHsS  HUCIONb3yeTcss  (QperMBOpK
Angular]JS. JlansbBII (pelMBOpPK TO3BOIISIET CTPOUTH
JOTHKY pabOThl BEO-TIPUIOKEHUH, WCHONB3Yys Hau-
MEHBbIIIee KOINYECTBO MOBTOPSEMOCTH KOJA, JIETKO Tec-
THUpYyeTCs U 00magaeT HabOPOM yXKe TOTOBBIX K HCIIOJNb-
30BaHUIO KOMIIOHEHTOB.

I'padmuecknit muTepdetic mompzosarens (GUI)
mumercss Ha HTMLS, CSS3 u Twitter Bootstrap. 1n-
Tepdelic BHIOTHEH B cTWie, npemnoxeHHoM Google n
CTaHAAPTU3UPOBAHHOM JUIA Pa3paOOTKH CBOMX IPUIIO-
xeHuil Material Interface.

Crpykrypa 0a3bl JaHHBIX, HCIIOJIb3yeMasi B CUCTeE-
Me, J0JDKHA HauboJjiee TOJIHO OTpaXkaTb COCTOSIHUE pe-
3epByapHOro napka. Hanbosee akryaibHble Ha JTaHHBINA
MOMEHT JaHHBIE — 3TO 3Ha4eHHs O0beMa BEIIECTB B
pe3epByapax, IMHAMHKA WX HCIHOJB30BAHHS WM Ha-
TIOJTHEHHS, COCTOSTHHE pe3epByapHOro mapka (wH(Op-
Manusi, MO3BOJIIOIAS ONPENENINTh, HCHOJIb3yeTCs JIN
pe3epByap, MPOLEHT 3aMOIHEHHNS, KAKOH TPOLIECC B HEM
MIPOUCXONUT, paboTaeT U 000pyHOBaHHE, KaKHe BeIle-
cTBa XpaHATcsa U T.A.). Ha puc. 3 n300pa>keHbI OCHOB-
HbIE HEOOXOAMMBIE CYIIHOCTH 0a3bl JaHHBIX, OIUCHI-
BalOIIUE JAHHBIC CBOICTBA B BU/IE JIOTUUECKOI MOJIEIIH.
PaccMOTpeHBI TOJNBKO OCHOBHBIE XapaKTEPHCTHKH Be-
IIECTB M PE3ePBYapoB M3-3a CIIOXKHOCTEH B OTOOpaske-
HUM Ha MOJEIH OECCTPYKTYPHBIX NaHHBIX, OMHCAHHBIX
paHee.

Tak Kak «CBIPBIX» NaHHBIX (aHHBIE PACCTOSHHSA
OT ypoBHEMepa J0 BEIIECTBa B pe3epByape), Moirydae-
MBIX OT PE3EpBYapHOro IapKa, HEAOCTATOYHO, OTpEle-
JIeHHast MHGOPMALHS 3aIIUCHIBACTCS! KOHEYHBIM I10JIb30-
BaTeJIeM WJIM WHBIMH CPEACTBAMH M IIPUOOpaMH Iepesn
9KCIUTyaTallue CHCTEMBI, TAKUMHU KaK XapaKTEPUCTUKU
BEIIIECTBA, XapaKTEPUCTHKH pe3epBYapHOTo Mapka, Ha-
CTPOMKH YCTPOMICTB U IIp.

[Tono6uas uHpopManus HeoOXomuMa JJIs BBIYKC-
JeHusi o0beMa BeIIeCTBa, TUHAMHUKH €ro HCIIOJIb30Ba-
HUSI WIN TPOM3BOJCTBA, MOHUTOPHHIA 332 COCTOSHUEM
mapka M T.II., TaK KaK 3HaUCHWH yPOBHS OIS PEIICHUS
AHHOHM 3ama4nM HemocTaroyHo (Oonee mompoOHO maH-
Has wmHpopManus ommcaHa B pabote [5]). IIpencras-
JICHHasl BBILIIE MOJZeNb 0a3bl JaHHBIX MMEET TOJIBKO OC-
HOBHYIO CTPYKTYpPY, HEOOXOAMMYIO Ui pelIeHus Oy-
OyIWX 3ajad, TMpeACcTaBiIeHa sl O3HAKOMIIEHHS U MO-
KeT ObITh M3MEHEHa I0J TPeOOBaHMUS MPEANPHUATHH U
JIPYrUX IOJIb30BaTeIeH.

IIpencrapieHo ciemyrollee ONUCAHUE HCIOJb3ye-
MBIX CYI[HOCTEIL:

1. «CocrosiHne pe3epByapa» OIUCHIBAET COCTOSI-
HHE pe3epByapa B ONpPENENCHHBII MOMEHT BpEMEHH,
COIEPKUT WHPOPMALHUIO O pe3epByape, KOJIMYECTBEH-
HBIX XapaKTEPUCTHKAX XPAHALICHCS CMECH M XapakTe-
PUCTUKYU BHEIIHEW Cpenbl.

2. «PezepByap» ONHCBIBaCT OCHOBHBIE XapakTe-
PHCTHKH PE3epByapoB, HCIIOIb3yEMbIE Ha MpEAIpH-
STHH.

3. «Tun pesepByapay ONUCHIBAET pazIU4YHbIC BHU-
JIbl PE3EpPBYapOB, KOTOPBIE MOTYT HCIIOJIb30BATHCS HIIH
YK€ HCIOJIb30BAIMCh Ha pe3epByapHoM mapke. Cymi-
HOCTh CIEIHalbHO pa3paboTaHa ¢ BO3MOXKHOCTBIO CO3-
JIaHUS pe3epByapoB Pa3HOTO THIIA.

4. «BemecTBO» OMMCHIBAET COIEPIKAIINECS B pe-
3epByapax BellecTBa (101 BemlecTBaMH MOApa3yMeBa-
I0TCSI CBIPBE, IIEMEHTHBIE CMECH, OOBIYHBIC BEIIECTBA U
Tp.), COOEPKUT aTpuOyTHI [§].
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5. «Tum BemiecTBa» ONUCHIBAET THUIBI CBHIPbS, Ta-
KM€ KaK CBIIIY4Hne, KUIKHUE, BASKHUE U Tp.

6. «XapakTepuUCTUKNA BHEITHEH CPEAb» OIMCHIBA-
0T COCTOSTHHE BHEUIHEH Cpesbl, HEOOXOMUMBI IJIsl aHa-
JM3a TOJNB30BaTEIeM BIIMSHUSI BHEHIHUX (haKTOPOB Ha
CMECh.

7. «YcTpoICTBO» ONMMUCHIBAET YCTPOICTBA, C KOTO-
pBIX OyZET OCYIIECTBIATHCS INepefada AaHHBIX HA pa-
00Uyl0 CTaHIHWIO, KOTOpPBIE NOJDKHBI OyIyT OIpaiiu-
BaThCsl YCTPOHCTBOM.

8. «Ilopt» omnuceBaer wucnonszyemele COM-
MOPTHI paboyell CTaHIMK, C KOTOPBIX OYIyT OCYILECTB-
JISITBCS 3aIPOCHI K MPpUOOpaM Ha pe3epByapHOM IapKe.

CocTosHne pezepevapa e Tun pesepevapa
PK | Cocrosmmiie peizepByapa I PK | Pesenmvan ID PK| Tim pesepevapa 1D
sepBvap
YpoeeHb BenecTBa - Hus pesepyapa - Hazpanne THIA pesepBvapa
OOpeM BelecTBa - - BricoTa
) FK1| Tun pesepevapa ID
TIpolieHT 3aMoMHEeHHOCTH pesepryapa Y L | Juamerp
. ~ o : FKZ| Yerpoiicteo 1D
CocTtosiHHe pabOTBL VCTPOICTBA . BricoTa Konycea
: FK3| Bemectro ID -
Bpens cunThIBaHNA JAHHBIX JuameTp koHyca
FK 1| Buemmussa cpena ID +
FK2| Pesepeyap ID I Yerpoiicto
* PK | Bemectro ID PK | ¥Yerpoiictso D
bLenmecTeo 11
NapakTepHCTHKH BHEIIHei cpe/ibl > . e
Haspanue BCIICCTRA II(I SBaHIE “LTPQHLTB:I
PK| Buemmsnn cpexa 1D [INOTHOCTE BeMECTEA - gurxle];l_\)\:nmﬂcma
- ]
j FK1| Tun pemectpa ID orT
Bpens sanncH BHemHell cpe/ib +
Temmepatvpa ¢
Jlarnenue Hopr
Tun remectra
BinamkuocTs PK HO])T ID
PK| Tim Bemecta ID
Hazpanue nopta
Haspanue Tana BeIleCTBa P]L‘[ll.h'll:'l_\'d'l'u}[
Puc. 3. Jlorndeckast Mozielb 6a3bl JAHHBIX
3aki0ueHue OmnucaHHast apxXUTEKTypa U METOIUKH Pa3pabOTKH

[IpennoxxeHHYI0 MOIETh M APXUTEKTYPy MOXKHO
MIPUMEHATh Ha PEATBbHBIX NPOMBIIUICHHBIX MpEIIpH-
ATHUSIX JUIE MOHUTOPHHTA 32 COCTOSTHUEM PE3EPBYapHOTO
mapka. AmnmaparHas 9acTh CHCTEMBI 00JalaeT HU3KOH
CTOMMOCTBIO U TIPOCTOTOH B YCTaHOBKE, Omarofapst de-
MY MOYKHO B KpaTKue CPOKH MEPEXOAUTh K ee IKCILTya-
TalllH, a TaK)Ke BO3MOXKHOCTBIO MOJIEpHH3aLUK (3aMe-
HBl YacTeil CHUCTEMBI), U BO3MOXXHOCTBIO YBEIMYECHHUS
MacuTaboB CUCTEMBI.

ApXHUTEKTypa MPOTrpaMMHON YacTH CHCTEMBI II0-
3BOJISIET pa3pabarbiBaTh M HCIOJIB30BaTh €€ Kak Ha pa-
0OuMX CTaHIMAX, TaK U Ha cepBepax, Ojarofaps uemy
BO3MOKEH OJJHOBPEMEHHBIH TOCTYN HECKOIBKHX IT0JIb-
30Bareliel, B TOM YHCIIE U3 YAaJeHHBIX MecT. Mcmoib-
30BaHHE JOKYMEHT-OPHEHTHPOBAHHON 6a3bl JaHHBIX
MIO3BOJISIET OCYIIECTBIATH MOUCK IO JTAaHHBIM PE3EPBY-
apHOTO Tapka, B JAHHOM cCiy4ae ObICTpee, YeM MpHu
HCIOJIb30BAHUU PEIIALMOHHBIX 633 JaHHBIX. MOJIy_]'I])-
HBII NPUHLUI Pa3paOOTKH CHUCTEMBI OOJerdaer BO3-
MOXKHOCTH €¢ NanbHeimeii MogepHu3anuu. PaspaboTka
KpPOCCIUTaT(OPMEHHOTO Tpa(UIeCKOTO TOJIb30BaTEIIb-
CKOTO TPHJIOKEHHUS T03BOJIsIeT HaOmomaTs 3a paboron
rapka ¥ aHaJIM3UPOBATh AHHBIE C KOMIIBIOTEPOB, HE3a-
BHUCHUMO OT BBIOPaHHOM OINEepariioHHON CUCTEMBI (B TOM
YHCIIe UMEETCs BOZMOXKHOCTH paboTarh U3 Opaysepa), a
TaKk€ C COBPEMEHHBIX MOOWIBHBIX YCTPOWCTB M Tpa-
(PMUECKUX IJIaHIIETOB.

CUCTEMbl MOHHUTOPHUHIA PE3CPBYapHOT0 IMapKa ILIaHU-
PYIOTCd K NPUMCHCHHUIO Ha MNPOU3BOACTBCHHBLIX IIPEI-
IpuATUAX.
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less ways. Also, the architecture and procedures of the system
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A.E. lNopsvHoB, J1.U. Babak

MeTtoanka aBTOMaTU3MPOBAHHOIO CMHTE3a NapamMeTpPUYeCKUX
Moaenen naccuBHbIX KOMNoHeHToB CBY-MOHONMUTHbIX

MHTEerparibHbIX CXeM

IMpemnoxkena MeTOAMKA aBTOMAaTH3MPOBAHHOIO CHHTE3a IapaMETPHUUECKUX MOJENEHl NacCHBHBIX KOMIIOHEHTOB
CBY-mononuTHEIX HHTEerpanbHeIX cxeM (MUC) B Bune skBuBasieHTHEIX cxeM (DC), npu 3ToM 31emenTs JC 3aBUCAT
OT KOHCTPYKTHBHBIX IIapaMeTPOB KOMIIOHEHTOB (HarpuMep, FTeOMETPHIECKUX pa3MepoB). MeTomKa T03BOMISET aBTO-
MaTH3UPOBaTh PELICHUE 3aJau MOoKMcKa CTPYKTypsl DC, a Takke OIpeAeNIeHHUs ONTUMAIbHBIX MOPAAKOB alllPOKCHMU-
PYIOLIMX MHOIOMEPHBIX IOJIMHOMOB 110 OTJEJIbHBIM IIEPEMEHHBIM, B KaUeCTBE KOTOPBIX BHICTYNAIOT KOHCTPYKTHBHBIC
napametpsl. Kak npumep, npeacraBieHo NOCTpOCHUE apaMeTpUUecKod MoJiesin uHTerpaabHoro MJ/IM-konaeHcaTopa
s 0,15 mxm GaAs-pHEMT-texnonoruu nsrotosnenust MUC.

KnroueBbie cnopa: CBU-MOHONUTHBIE MHTETPalbHBIE CXEMBbI, MTACCHBHBIE KOMIIOHEHTHI, apaMeTpHUecKasi MOJENb,
MOJIENTH B BUJI€ DKBHBAJICHTHBIX cxeM, cuHTe3, GaAs, M/IM-koHaeHcaTop.

doi: 10.21293/1818-0442-2016-19-4-101-107

Jns moseimenus 3¢ QekTHBHOCTH NTPOEKTHPOBa-
Hust CBY-moHONMMTHBIX HWHTErpanbHeIx cxem (MUC)
IIMPOKO HCIOJIB3YIOTCS IMapaMETPHUCCKHE MOJEIH,
OIIMCHIBAIOIINE 3aBHCUMOCTH JIEKTPHUUECKUX XapakTe-
PHUCTHK aKTUBHOTO HMJIM MACCHBHOTO KOMIIOHEHTA OT €ro
KOHCTPYKTHUBHBIX MTapaMeTpoB (Hampumep, reoMerpude-
CKHX pa3mepoB) [1-6].

B wactHOCTH, mapameTrpuyeckue MOJETH IIpHMe-
HSIOT NIPU IIOCTPOEHHUH TOTIOJIOTHU MHTETPAIBHBIX CXEM.
3nech TpeOyeTcsl BBINOJHHUTH IEPEX0ol OT 3HAYCHUH
NEKTPUUECKUX IapaMEeTPOB MACCHUBHBIX KOMIIOHEHTOB
(compoTuBieHU, eMKOCTEH, HHIYKTUBHOCTEH H T.1.) K
KOHCTPYKTHBHBIM TapaMeTpaM, ONPEIEISIONIM TOIO-
JIOTHIO KOMIIOHEHTOB. J[pyruM NMPUMEHEHUEM SIBIISIFOTCS
NapaMeTPUYECKU U CTPYKTYpHO-IIApaMETPUUECKUM
cuare3 CBY-ycrpoiicts [6—10]. B stux cimygasx mns
ydyeTa mapasuTHHIX (PQPEKTOB MpEIoaaraeTcsl ocyuie-
CTBJICHHEC OIITUMH3AIIUH HUJIM CUHTE3a yCTpOﬁCTBa C ucC-
IIOJIb30BAHUEM TOYHBIX MO}IGJ’ICﬁ PCaJIbHBIX KOMITOHCH-
TOB IIPY BapHall UX KOHCTPYKTHUBHBIX MTApaMeTPOB.

OmgHuM U3 CHOCOOOB TOCTPOCHHS MapaMeTpuyie-
CKUX MojieNel B BU/ie SKBUBAJICHTHBIX cxeM (DC) sBis-
eTcs anmpoKcuMaryst (HanpuMep, ¢ MOMOIIBI0 MHOTO-
MEpHBIX TOJIMHOMOB) 3aBHCUMOCTEH 3HAUCHUH 3JIEMEH-
ToB OC 0T KOHCTPYKTHBHBIX mapamerpos [3, 4]. Ilpu
9TOM BCEBO3MOXKHbIE KOMOWHAIMU JUCKPETHBIX 3Hade-
HUM KOHCTPYKTUBHBIX I1apaMeTpoB (OPMHPYIOT TaK
Ha3bIBACMYIO CCTKY KOHCTPYKTUBHBIX COCTOSIHUM KOM-
noHeHTa [3, 4]. [Tapamerpuueckas IC-Moaenb B TAKOM
ciydae mpeacTaBisieT co6oit OC, 37eMEHTB KOTOPOi
OITMCHIBAIOTCSI C MOMOIIBI0 MHOTOMEPHBIX IOJIMHOMOB,
I7ie B KaY€CTBE MEPEMEHHBIX BBICTYIIAIOT KOHCTPYKTHB-
HBIE TapaMeTpbl KOMIIOHEHTa, HapuMep: JUIMHA U IIU-
pHHA OOKIIaOK KOH/IEHCATOpa, KOJMYECTBO BUTKOB Ka-
TYIIKH UHIYKTHBHOCTH H T.1I.

HeobOxomnmbIM ycitoBHEM il TIOCTPOEHHS Tapa-
METPHUYECKOH MOJETH KOMIIOHEHTa Ha OCHOBE aIIpPOK-
CUMAITH SIBJISIETCS HEOOXOMMMOCTh €IUHON (OIHON W
ToW xe) cTpykTypsl DC i BCeX BO3MOXKHBIX KOHCT-
PYKTHBHBIX cOCTOsIHMIA. OJTHAKO CYIIECTBYIOIIME METO-

JIUKU TTOCTPOCHUS MapaMeTpuiecKux Mozeneit [3, 4] ne
JTAIOT PEIICHHS 3aa4u [TONCKa TaKkoil obmieit (Tem Oonee
ONTUMANIEHON) CTPYKTYpHI IC.

B cBs3u ¢ 3TMM OOBIYHO MOAXOAAIIAST CTPYKTYpa
OC HaxoauTcs myTeM 1pod u ommbok. BHavae paspa-
0OTYMK BHIOMPAET HEKOTOPYIO HAYaIbHYIO CTPYKTYpY
OC ¥ BBINOJHAET SKCTPAKIMIO 3HAUCHUH e€ 2JIEMEHTOB
JUISl Ka)K/I0TO KOHCTPYKTUBHOTO COCTOSIHUSI KOMIIOHEH-
Ta. B ciygae, ecnu HEKOTOpbIE W3 TOJNYYEHHBIX IS
BCEX KOHCTPYKTUBHBIX cocTosiHMi DC-mozenell BbI-
OpaHHOH CTPYKTYpHl HE OOECIECUMBAIOT HEOOXOIMMOI
TOYHOCTH, BBIOMpAeTcs apyras, Ooliee CIIOXKHAS CTPYK-
Typa OC, 1 npouecc HOBTOPSIETCSI.

B pesynprare Takux WTepanMi ONpenensercs
CTpyKTypa mapamerpudeckoii DC-monenu, obecriedn-
BaIOIIAs MPUEMIIEMBIH KOMIIPOMHCC MEXAY TpeOyeMbIM
3HauUeHWEM OLIMOKHM MOJIENN Ha BCEil CeTKe KOHCTPYK-
TUBHBIX COCTOSIHUH H CIOKHOCTHIO0 DC.

3HAYUTENLHON TPYIOEMKOCTBIO O0NafaeT TakKe
CYIICCTBYIOIIUI CHOCO0 HAXOXKJICHUS MHOTOMEPHOTO
anmpoKCUMUpYIOLIEro nonuHoma [3, 4], rae nopsaku
MOJIMHOMA TI0 Ka)XKJ0H NepeMEeHHOH OI0UPaIOTCs TOXKe
myTeM 1poO. B pesymbrare Ha TpakTHKE MPOIECC IT0-
CTpPOCHHS TAapaMeTPUICCKON MOIENd MOXKET 3aHATh
MIPOIOIDKUTENIEHOE BPeMs — IO HECKOJIBKHUX THEH.

B craTtpe mpeuiaraeTcsi HOBasi METOJMKA aBTOMATH-
3MPOBAHHOTO CHHTE3a IapaMeTPHYSCKUX MoJeneil mac-
cuBHbix CBU-kommnoneHnToB. OHa oOecrieunBaeT aBTO-
MaTU3MPOBAaHHOE peIICHHE 3aJauy KaK OIpeaesICHUs
cTpykTypbl OC, Tak U MOCTPOEHHUS] MHOTOMEPHBIX IIO-
JIMHOMOB, OMMCBHIBAIOUINX 3aBUCUMOCTbH 31eMeHTOB OC
OT KOHCTPYKTHUBHBIX ITapaMeTpoB KomrioHeHTa. Dddek-
TUBHOCTH METOJIMKH MPOJAEMOHCTPHPOBAHA Ha ITpUMeEpe
CUHTE3a mnapameTrpuueckoil monenn MJIM-konzaeHca-
topa mia 0,15 mxm GaAs-pHEMT-TexHonorun wsro-
tonerus MUC.

AJITOPUTM aBTOMATH3UPOBAHHOTO CHHTE3a
napamerpuuecknx IC-mogeneii CBU-koMnonenTon

B kagectBe 6a3pl MCMONB3yeTCS NMpENIOKEHHAS B
[11] mertomuka cuHTe3a (OHpeneNeHUs CTPYKTYpbl H
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3HadeHHH 3eMeHTOB) DC-Mozaeneit CBU-KOMIIOHEHTOB.
OnHa OCHOBaHa Ha AEKOMIIO3MLIUH MOJEIH, ONTHMAaJlb-
HOM BBIOOpE CTPYKTYPBI 3BEHBEB M NMPSIMON IKCTPAKLIUH
3JIEMEHTOB 3BEHbEB. [IpemMyInecTBaMH METOAUKHU SIB-
JSIFOTCSL aBTOMATH3alUsl U Majloe BpeMsi MOCTPOCHUS
MOJIENH, & TAaK)Ke BOBMOKHOCTh KOHTPOJISI €€ CTPYKTYPBI
C TOMOIIBIO 33/1aHKS AOITYCTUMOTO MHOYKECTBA 3BEHBEB.

B 3agave nmocTpoeHus mapamMeTpuieckux Mojenei
¢ noMoIibio MeToauku [11] Bo3amoxHO nonyuenue IC-
Mozeel ISl KaXIOro OTIEIbHOTO KOHCTPYKTHBHOTO
COCTOSTHHSI KOMIIOHEeHTa. OHAKO IPH 3TOM HE TapaHTH-
pyeTcsi, 9TO Al BCEX KOHCTPYKTHBHBIX COCTOSHHH Oy-
JIET OIpezeTieHa OqHa U Ta e cTpykTypa DC, naxe npu
YCIIOBUM OJMHAKOBBIX OTPAHMUYCHHI HAa MHOXXECTBO
JIOIyCTUMBIX 3BEHBEB. TakmM oOpa3om, cama mo cebe
Metoauka [11] He obecrieunBaeT MOCTPOCHUS aJECKBAT-
HBIX TIApaMETPHUECKUX MOJEIICH.

KonctpyxtuBHoe coctosinue CBY-kommnoHeHTa
MOKHO XapaKTepH30BaTh BEKTOPOM X = (X, X2, ..., X,),
rae x;, (h =1, 2..., n) — KOHCTPYKTHBHBIE MapaMeTpbl
KOMITOHEHTa; # — YHUCJIO KOHCTPYKTHBHBIX IAapaMeTPOB.
O0603HaYNM KOHCTPYKTHBHEIE cocTossHUs CBY-komro-
HeHTta Kak K, (¢ =1, 2..., ), rae O — 4uCIIO KOHCTPYK-
TUBHBIX COCTOSAHUH. Torna KaxaoMy KOHCTPYKTHBHOMY
cocTosiHMI0 K, OylEeT COOTBETCTBOBATH OINPEIETIEHHOE
3HAQUCHWE BEKTOpa KOHCTPYKTUBHBIX IapaMeTpOB
Xg= (X1gs X2gs o 5 Xng)-

Jnst pemieHust 0003HauUSHHOW BbIIIE ITPOOIEMBI
cuHTe3a mapamerpuueckoil monenun CBY-kommoHeHTa
MOYKHO TIPEATIOKUTE CIIETYIONIYI0 METOIUKY:

1) nmomyuenue (M3MepeHHE) MapaMeTpoB pacces-
Hus Sj(K,) naccuHoro CBY-KOMIOHEHTa KaK JByXIIO-
JIFOCHUKA WJIN YETHIPEXIOIFOCHHUKA JUIS BCEX TPeOyeMbIX
KOHCTPYKTHBHBIX cocTosiuuii K, (¢ = 1,2..., 0); i, =1,
2, .., N; N —uncno noproB CBU-kommoHeHTa;

2) 3ajaHue eAuHOro MOpP(OIOrHYecKOro MHOXE-
CTBa JIOMYCTUMBIX CTPYKTYPHBIX CXE€M MOJIEIH U CTPYK-
Typ (cxeM) 3BEHBEB, KOTOpHIE OYyOyT HCIONB30BaTHCS
JUIsl BCEX KOHCTPYKTMBHBIX coctosHui K, (¢ =1, 2...,
Q) naccusHoro CBY-koMmnoHeHTa;

3) HaxoXAeHHEe I KaKAOro KOHCTPYKTHBHOTO
cocrosnus K, cormacHo meropuke [11] coorsercTBylo-
LIET0 MHOXECTBA S, BO3MOXKHEIX CTpyKTyp DC-Moznenmy,
OIMCHIBAIONINX ITACCHBHBIH KOMIIOHEHT C HOTPEIIHO-
CTBIO HE XYK€ 33JlaHHOH BEIMYMHBI &. B pesymbrare
Ut ) KOHCTPYKTUBHBIX COCTOSHHU OymeT moydeHo O
TaKHX MHOXECTB CTPYKTYP: Sy, Sy, ..., Sp;

4) BBIOOp B TOJyYEHHBIX Ha Iare 3 MHOXKECTBaX
crpykryp OC-moneneit S, (g = 1, 2..., Q) obwmei cTpyk-
TypHI (CTPYKTYphI TapameTpudeckoit DC-MoIemnn), mpu-
CYTCTBYIOIIEH B KaXJJOM MHOXECTBE S,;

5) ecniu Ha miare 4 He YyAAIOCh OMNPEIEIUTH
CTPYKTYpy HapameTpuueckoit DC-monenu, obecrneun-
BaIOIyI0 OIIMOKY He Ooliee &), HEOOXOANMO paciupe-
HHE MOP(OJIOTHYECKOTO MHOXECTBAa  JIOIYCTHMBIX
CTPYKTYp JHOO yBEIWYECHHE BEIWYMHBI € M MEPEXOA K
mary 3;

6) mocTpoeHHE TOJIMHOMOB, ONHCHIBAIOIINX 3aBHU-
CHMOCTH 3HAYCHUH KaXKIOTO SJIEeMEHTa BBIOpaHHOW Ha
mrare 4 9C oT KOHCTPYKTHUBHBIX mapameTpoB CBY-kom-

MOHEHTAa. Takoe IMOCTPOEHHE MOXKET OBITh BBIIOIHEHO
Ha OCHOBE MHOTOMEPHOI MOJMHOMUAIBHOW allpOKCH-
Mauu 3HadeHWd 31eMeHToB DC Ha ceTke KOHCTPYK-
TUBHBIX cocTosHUH [11]. YcoBepiieHCTBOBaHHBIN BapH-
AHT alllpOKCUMAIIMU NPEACTABICH HUXKEC,

7) BepudUKALUA MapaMETPUICCKON MOICIH KOM-
TIOHEHTA.

B kauecTBe ommOKH B ITpoliecce CHHTE3a apamer-
pudeckoit Moaenu ucnonssyercs adbcomorHas CKO A
NapaMeTpOB PacCEsHUS MOAEIH:

[
Bysj =y 2 A0S (1)

rue
; (2)

M — KONMYECTBO YacTOTHBIX Touek; S, — u3Mepen-
Hele mapameTpel CBY-kommoHeHTa KaKk MHOTOIIOJNIOC-
HUKa; AS‘,«jl\/l"del — mapameTpsl Mogearn CBU-kommoHeHTa.

Takum 00pa3oM, H3 MHOXKECTBA BO3MOXKHBIX
cTpykTyp DC-Mojienei, MoayuYeHHBIX JIsl KaXI0T0 KOH-
CTPYKTHBHOTO COCTOSIHMSI KOMIIOHEHTa, aJTrOpUTM OIl-
pelensieT cxeMy, ClIoCOOHYIO C JOCTaTOYHOH TOYHOCTHIO
OIMCaTh BCE KOHCTPYKTHBHBIE COCTOstHUS. [Ipum Hanm-
YHU HECKOJIBKMX TOTCHLIUATIBHBIX CTPYKTYyp Hapamer-
pHYecKoil MOAeIN pa3paboTYHK CaMOCTOSITEIIBHO BBIOH-
paeT HanboJee MPUEMIIEMYTO U3 HUX.

[Tpy aBTOMAaTH3UPOBAHHOM CHHTE3€ MapaMeTpuye-
ckux Mozeneil maccuBHBIX CBU-kOMIIOHEHTOB paspa-
00TYNKY HEOOXOAMMO CaMOCTOSTENIBHO BBIIOJIHHUTD
ni. 1 u 2. OcranpHple Mard METOANKN MOTYT OBITh BbI-
IIOJIHEHBI aBTOMATHYCCKH.

AJTOpUTM aBTOMATU3HPOBAHHOTO MOCTPOEHMSI
aNNpoOKCHMHUPYIOLIMX MHOTOMEPHBIX MOJIMHOMOB

Jlyisl aBTOMaTH3MPOBAaHHOTO PEIICHUS 33/1a4l MHO-
TOMEPHOW aIpOKCUMAaluK B OIMCAaHHOW BBIIIE METO-
JMKe CUHTE3a HAMH HIDKE MpeularaeTcs arOpHTM MO-
CTPOCHUS TOJMHOMOB, ONHCHIBAIOIINX 3aBHCHMOCTH
AIIEMEHTOB TapaMeTprdeckoil IC-MOAETH OT KOHCTPYK-
THBHBIX ITapaMETPOB KOMIIOHCHTA.

O6o3Haunm uepes e, (=1, 2, ..., T) 3nauenns (ma-
pameTpsbl) cocpeoToueHHbIX AteMenToB OC; T — olriee
gyucao 31eMeHToB OC. 3HaueHHe KaXkJoTo 3JIeMeHTa
e, Kak (QYHKIUMIO KOHCTPYKTHBHBIX IapaMeTpoB
CBY-koMImOHEHTA X{, X3, ..., X, OylIeM HPHOIHKESHHO
OITMCHIBATH COOTBETCTBYIOIIUM MOJIUHOMOM P;:

e; (X1, X2, uey X)) = Py (X1, X2, oo 5 Xy)- 3)

B o0memM cirydae MOJMHOM SBISIETCS MHOTOMEp-
HBIM M MOXXET OBITh 3aIlMCaH B BHIE CYMMBI OJHOYJIC-
HOB-MOHOMOB:

AGS (@) =[5 (@) = 51 (@)

n
- 0} o 0 0
B(x,x,00%,)= z Cogay..a, X 2 Xy
oy +0p+...+a,=0

“)

31ech oy, — MOKa3aTeNnu CTeMeHel MepeMeHHbIX X,
(h=1,2, ..., n), OHU MOTYT IPUHHUMATH TOJBKO IIEJIbIE
snauenusg 0, 1, 2 my; c(t) — BEIIECTBEHHbLIC

b b 2 b ala2~~-(xn

K03 GUIUEHTH TOMUHOMA. [lOpsIOK MHOTOMEpPHOTO
MoJMHOMA P, paBeH HauOONbIIEMy HOPAIKY BXOASAIINX
B HETO OIHOYJIEHOB-MOHOMOB; IIOJ| MOPSIIKOM MOHOMa
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MMOHUMAETCS CyMMa CTEIleHeW BXOIAIIMX B HEro mepe-
MeHHBIX [12]). BBoguTcs Taxke MopsaoK my, MOIHHOMA
P, no xaxmoi nepemennout x; (h =1, 2..., n), oH paBeH
MaKCHUMaJbHOMY 3HA4CHHIO CTEMEHH o BennuunHy
my = my + mp+...+ m, HA30BEM CYMMAapHBIM [HOPSIKOM
MHOFOMepHOFO IIoJIMHOMAa 110 BCEM HepeMeHHI)IM, NJIn
MPOCTO CYMMAapHBIM IHOPSIAKOM.

3amaucii ammpoKCHMAIUH SBIACTCS OMpPEICICHHUE
()

ojty.., TOTHHOMA P(xy, x5, ..., x,),

KO3 PHUIIUECHTOB ¢

aTIMPOKCUMHPYIOLIETO 3aBUCHUMOCTE €/(X|, X, ..., X;) IO
Habopy 3a/laHHBIX 3HAYECHHH DJIEMEHTA €, BO BCEX KOH-
CTPYKTUBHBIX cocTosuuax K, , g =1, 2, ..., O (npeamno-
JIaraeTcsl, 4TO ATH 3HAYCHUS HAXOJATCS MyTEM DKCTpakK-
U OC B KaK10M KOHCTPYKTHBHOM COCTOSTHUM K ,):

ey =€ (Xig Xog oo 5 Xng)- 5

JIst moCcTpOeHUsI MHOTOMEPHBIX MOJTMHOMOB IIETic-
co00pa3HO HCIONF30BAaHHE METOAAa HAWMEHBIINX KBA[-
paroB (MHK) [13]. B atom ciydae TpeOyeTcs Tarxxke
3aaTh TOPSIKA TOJMHHOMA M1, (MaKCUMAallbHBIE 3Hade-
HUS CTETNEeHEeW «;) MO KaXKIOW TMepeMeHHOH x;. Uem
OOJIbILIE 3T MOPSIIKY, TEM JIydllie B OOIIEeM Cliydae Tod-
HOCTH BOCTIPOM3BEICHUS 3aBUCHMOCTH e/X1, X2, ..., Xp).
OnHaKoO, C IPYroil CTOPOHBI, IPH OONBIINX MOPSIKAX /1),
PE3KO pacTeT YUCI0 MOHOMOB, UTO BEJIET K YBEIMUCHHUIO
BPEMEHH pacyueTa 3HAYCHUM MoJMHOMA P;, T.e. (hakTHye-
CKH K YMCHBIICHHIO OBICTPOJCHCTBUS IMapaMeTpHyc-
ckoit Mozgenu. TakuM oOpa3om, HEOOXOANMO HAWUTH TO-
JIMHOM, KOTOPBIA 00ECICUYUBACT HYKHBIH KOMIIPOMUCC
MEXIy TOYHOCTHIO M ObIcTpomeiictBueM Mmozenu. Kax
YK€ OTMEYaJioch, B CYIISCTBYIOMIMX Mmoaxomax [3, 4]
OTIpe/ICIICHUE TIOPSIKOB TOJIMHOMA P, 10 OTAEIhHBIM
MIePEMEHHBIM BBIMOJHIETCS CaMHM Pa3padOTINKOM Iy-
TéM mepebopa ONpeAeNeHHBIX (BBIOMPAEMBIX 3MITUPHU-
YECKH) 3HAUCHUH My, ITO YBEIUUYMBAET BPEMS U TPYIO-
€MKOCTh MOCTPOCHHUS MapaMeTPUIECKON MOJIEIIH.

3ajava ompeAeNeHus] MOAXOASIIETO anmpOKCUMHU-
PYIOIIETO MOIMHOMa MOXKET OBITH aBTOMAaTU3UpPOBAaHA C
MOMOUIBIO CIEAYIOIIErO AIrOpUTMAa:

1. Tlomyuenue 3nauenuii e, snemenra OC e, s
KaKJIOr0 KOHCTPYKTHBHOIO COCTOSIHMS KOMIOHEHTa K,
¢=12,...,0).

2. 3amaHuie MAaKCIMAaJbHO JOMYCTHMOM BETUINHBI
Ao OIWMOKK anmpoKCMMaUMy 3HAYEHUH ey, C MOMOUIbIO
noiuHoMa P,.

3. 3agaHue 1ENBIX HEOTPHUIATENBHBIX 4Hucen M),
KOTOpBIE OMPEIENSIOT MaKCMMallbHO BO3MOXKHBIE 3Ha-
YeHHsI TIOPSIAKOB #1;, MHOTOMEPHOTO IMOJIMHOMA IO KaX-
JIO¥ IepeMeHHOH X, (T.€. my, < M,,).

4. TlocnenoBaTelbHOE HAXOXKIEHUE C HCIOJb30-
BanneM MHK MHoxecTBa monmuuomoB Py (d =1, 2, ...,
D), kaxzabli U3 KOTOpBIX OmHchbIBaeT anemeHT JC e,
YkazaHHBIC TIOJTMHOMBI CTPOSTCS JJISI BCEX BO3MOXKHBIX
KOMOHMHAITNI TIOPSIKOB 11, OTHOCHTENBHO KaXIOH Tie-
peMeHHOH X, mpu Bapuanuu B mpenenax 0 < m;, < M),
YHCIIO TaKWX IMOJMHOMOB paBHO D = (M| + 1) (M, + 1)...
(M, +1).

5. OmpeneneHre CyMMapHOTO TOpSAKA My IS
Kaxxoro nojguaoma Py, d =1,2, ..., D.

6. Pacuer 3HaYeHUs OMMOKH A,y I KaXI0Tro 1o-
muaoma Py, d=1,2, ..., D.

7. Omnpenenenne cpenu NomuHOMOB P, (d = 1, 2,
..., D) nomnoma P,,, KOTOpbI 00ecre4nBaeT HEO0OXO-
JMMBIA ypOBEHb OWMOKU A, < Ay IPU MMHMMAJILHOM
CyMMapHOM Hopsiake (T.. My, = min myy, d=0, 1,2, ..., D).

8. Ecnu 3amaHHBI ypOBeHb OIIMOKM MeHee A,
00€eCreunBaloT HECKOJIBKO IMOJIMHOMOB C OJMHAKOBBIM
CYMMapHBIM IOPSAKOM 715, CPEAM HUX BBIOMpAeTcsl Io-
JIUHOM C HAMMEHBIIICH OIIMOKOM.

9. Ecau HU oUH U3 MOJMHOMOB P,; He oOecreun-
BaeT TpeOyeMblii YpOBEHb OLIMOKH HIDKE A, BBIOMpa-
10TCs1 O0JIee BEICOKHE MaKCHMABHBIC TTOPSIKU M), MHO-
TOMEPHOI0 MOJMHOMA M0 KaXI0H NMEepeMEHHOU X, Ie-
pexoanM K 1. 4.

B kagectBe ommbOku A, mpenjaraercs HCIOIb30-
BaTh MakCHMajbHYyI0 oTHOcuTenbHyI0 CKO BOCmpoms-
BEJICHUS TIOIMHOMOM P, 3a[JaHHBIX 3HA4YEHUH e, dIe-
MeHTa OC e, Ha CETKE KOHCTPYKTHBHBIX COCTOAHMN K,
qg=1,2,...,0:

|P,(x1q,x2q,...,an)—etq|
A; =max .
q €q

Takum 00pa3oM, IPEATIOKEHHBIH alrOpuTM He
TOJIBKO BBITTONHAECT HAXOXIIEHHE MHOTOMEPHOTO TOJH-
HOMA P, ¢ TpeOyeMbIM ypoBHeM OommuOKu A, < Ay, HO U
obecrieuynBaeT MHUHUMAIBHBI CyMMapHBIA IIOPSIOK
nonuHoMa my. [Ipu mocTpoeHuu napaMmeTpuyeckoi Mo-
JIed HeoOXOIMMO BBIIONHUATE TIPEIJIOKEHHBIH ajro-
PUTM AJIS K&KAOTO AJIEMEHTa e, BRBIOPaHHOU CTPYKTYPHI
OC, B pe3yJbrare nojay4aeM Habop MOJUHOMOB P; (1 =1,
2, ..., T), onuckiBaomuii Bce aneMeHTsl DC-MoIemu.

CuHTe3 mapaMeTpu4ecKoii Moxe I
HHTerpaabHoro MIM-konaeHcaropa

PaccMoTpuM CHHTE3 mNapaMeTpUYecKoil Mojenu
M/M-konzaeHncaropa, u3roropieHnoro mo 0,15 Mkm
GaAs-pHEMT-texnonorun CBY MUC. s ueneit uc-
CIIEZIOBAHMSI METOIVKHN B KaueCTBE WCXOMHBIX JTaHHBIX
B3STHI TIapaMETPHl PacCesHUs, pacCINTaHHBIC B JHaIia-
3oHe "actoT 70 60 I'Tm mo mmeromeiicst BepupuImpo-
BaHHOW Momenn MJIM-koHzaeHcatopa B OuOmMOTEKe
PL15-10 xommanuun Win Semiconductors. Bapbeupye-
MBIMH KOHCTPYKTUBHBIMH NapaMeTpaMH B MOJICIIU BBI-
CTYNalOT TeOMETPUYECKHE pa3Mepbl OOKIIaI0K KOHJCH-
caropa — NIMpWHA W U JUIMHA [, T.e. X; = W, X, = [. D1
napaMeTpsl H3MEHSITCS B auanasoHe 10-100 mxm.
Pacuet napamerpoB paccesanust MJIM-koHaeHcaTopa 1o
BepH(UIIUPOBAHHOW MOJENN OBUT BEITIONHEH B 25 KOH-
CTPYKTHBHBIX COCTOSHHAX, Ha pHC. | OHH OTMEUYCHEI
YEPHBIMA KPY>KKaMHU.

B coorBerctBun ¢ wmetomukoit [11] BeIOEpeM
IT-o6pasnyro crpykrypy OC-momenun M/IM-koHAEH-
caropa (puc. 2, a). Ha ocHoBaHmm nposeneHHoro B [11]
MOP(QOJIOrHYECKOT0  aHajIM3a 3aJaJiM  BO3MOXKHbBIE
CTPYKTYpBI 3BEHbEB Y —Y3 MOZENN: B LICHTPAJIILHOM 3Be-
HE Y, MOTYT HCIOJb30BaThCs IEMH pHC. 2, 6—0, B Ma-
paJUIeNBHBIX 3BCHBAX Y| U Y3 — menu puc. 2, 0, 6, 0, e,
OIMCHIBAIOLINE apa3uTHBIE EMKOCTH KOHAEHCATOpa Ha
3eMJII0 1 ToTepr B GaAS-TIOAIIOKKE.

OO0pr4HO JkemaeMoe 3HaueHHe aOcomotHo CKO
NapaMeTpoB paccesHusi A i IOCTPOEHUS TOYHBIX
moneneii CBU-KOMIIOHEHTOB HaXOOWTCA B AHAla30HE

(6)
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0,001-0,05. OmHako B HacTOAIIEM TMpPHMEpE I Ha-
DISAHOCTH U TOMY4eHHs OOJBLIEro 4YHciia BO3MOXKHBIX
cTpykTyp OC mapaMeTprudecKol MOAenH 3aJadiM Mak-
CHMaJIbHO JOIYCTHMBIH YpOBEHb OIIHOKH Ajg = 0,2.

KOHCprKTHBHbIC COCTOSAHHUA:

@ UcxozHbie
O TlpomeKyTOUHBIE
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Puc. 1. CeTka KOHCTPYKTHBHBIX COCTOSIHUM
MJIM-konaeHcaTopa
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Puc. 2. CtpykTypHBI€ OrpaHUYeHH AJIs MOJENIU
MJIM-koHzeHcaTopa

C wucnons3zoBaHueM Metonuku [11] mis xaxmaoro
KOHCTPYKTHBHOTO COCTOSIHUS OBLJIO MOJYYEHO HECKOJIb-
KO paznuyHbix cxeM DC. AHanu3 mokaszaji, 4To B 3TOM
MHOXECTBE CTPYKTYP YETBHIPE CXEMBI (pHUC. 3) SIBISIOTCS
OOIIMMU 111 BCEX KOHCTPYKTHBHBIX COCTOSHHUIA U MOTYT
ObITH BEIOpaHbI B KadecTBe JC s MapaMeTpHUYCCKON
MOJIENT KOH/IEHCATOopa.

Jus cxem Ha puc. 3 paccUWTaHBl OUIMOKH ITapa-
MeTpOB paccesHus Ay (Tabn. 1). B mocnennei crpoxe
TaONMUBl TPUBEJCHBI MAaKCUMaJbHbIC OLIMOKH 3THX
MogeneH Agimax 10 BCEM KOHCTPYKTHBHBIX COCTOSHHSAM.

W3 Tabn. 1 cmemyer, 9TO HaWMEHbBIINE 3HAYCHUS
OImUOOK &5 OOECIEUUBAIOT CTPYKTYPBl  pHUC. 3, a
(€smax = 0,0048) u puc. 3, 2 (Esmax = 0,0048). 3Hauenus
OIIUOOK JUI CTPYKTYp pHUC. 3, 6, 6 HA TIOPSIOK BEHIIIE,
9TO JejaeT uX BeIOOp B KauecTBe DC I mapaMeTpu-
YECKOH MOJIeNM HempuemieMbiM. M3  nByx cxem
puc. 3, a u 2 U1 mapaMeTPHUIECKON MOJIENH IIeTIeco00-
pa3HO BEIOpATh cXeMy pHC. 3, a Kak 0oJiee MPOCTYIO.

B Tabn. 2 npuBeneHs! 3HaYeHUS 3IeMeHTOB OC Ha
puc. 3, a, moTyYeHHbIE ¢ TTOMOIIBI0 MeTonuku [11] s
Ka)XI0TO KOHCTPYKTHBHOTO COCTOSTHUS KOHIICHCATOPA.

C R
C R L
R,\ ub R,\ ub
C\'ub Csub C C
sub sub
1 L T T
a 0
R L c
Rsub R.&'uh
C.\'ub C.\'ub
E. E.
8 2

Puc. 3. Ctpyxtyps! napamerpudeckoir 9C-monenu
MJIM-koHzeHcaTOpa, NOJYUYEHHbIE B pE3yJIbTaTe
aBTOMAaTU3UPOBAHHOTO CHHTE3a

TaOoauma 1
3nayenus omubok moxeseii M/IM-kongencaropa
B Pa3JIMYHbIX KOHCTPYKTHBHBIX COCTOSHUAX (puc. 3)

KC* Omnbxa A\S\
’ Mogens | Mogens | Mogens | Monensb
wx[, MKM
puc.3,a | puc.3,6 | puc.3,6 | puc.3,e
10x10 0,000313 | 0,0475 0,0474 0,000312
10x30 0,000393 | 0,0843 0,0843 0,000393
10x50 0,000457 | 0,1119 0,1119 0,000456
10x70 0,001056 | 0,1369 0,1369 0,001055
10x100 | 0,001771 | 0,1719 0,1719 0,00177
30x10 0,000264 | 0,057 0,057 0,000264
30x30 0,000328 | 0,0803 0,0803 0,000326
30x50 0,000936 | 0,1 0,1 0,000935
30x70 0,00136 0,119 0,119 0,00136
30x100 | 0,00239 0,147 0,147 0,00239
50x10 0,000238 | 0,0598 0,0598 0,000237
50%30 0,001078 | 0,0786 0,0786 0,00108
50%x50 0,001327 | 0,0956 0,0956 0,001326
50%x70 0,001926 | 0,1122 0,1122 0,00192
50100 | 0,003251 | 0,136 0,136 0,003249
70x10 0,000658 | 0,0624 0,0624 0,000658
70x30 0,00112 0,0784 0,0784 0,001113
70x50 0,00173 0,0935 0,0935 0,00173
70x70 0,00254 0,108 0,108 0,00254
70x100 | 0,00343 0,130 0,130 0,00343
100x10 | 0,00091 | 0,066 0,066 0,00091
100x30 | 0,00159 0,0797 0,0797 0,00159
100x50 | 0,00196 0,0926 0,0926 0,00196
100x70 | 0,00371 0,105 0,105 0,00371
100x100 | 0,00480 0,124 0,124 0,00480
Ajgimax 0,00480 0,1719 0,1719 0,00480

*KC — KOHCTPYKTHBHOE COCTOSIHUE.

[Ipu peweHun 3agayu MOJMHOMUAIBHOW AaIlIpoOK-
CHUMalliU 3aBUCUMOCTEH 31eMeHTOB DC OT KOHCTPYK-
THUBHBIX TAPAMETPOB — TEOMETPUIECKUX Pa3MEpOB W U [
(Tabmn. 2) 3amaauM MaKCHMAaJIbHO AOMYCTHMYIO OTHOCH-
TEJbHYI0 OLIMOKY alNpOKCUMAIMU U1 Ka)XIOTo 3Je-
MeHTa Ay = 5%. Paccmorpum Oonee moapoGHO mmO-
CTPOCHHE aIlIPOKCUMHPYIOILEro MOJWHOMA MJIsl dJie-
MmeHTa e; = C B OC (cM. puc. 3, a). B aTom ciydae BbI-
OpaHbl ClielyloUe MaKCUMallbHbIe TOPSAKH JABYyMep-
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Horo momuHOMa Py(w, /) = Po(w, [) 0 mepeMeHHBIM
wul: M,, = M, = 2. Ilepebop Bcex BO3MOXHBIX COUYETA-
HUH TIOPAIKOB M,, M M; OTHOCUTEIBHO 3THX IEPEMEH-
HbIX B ipeaenax 0 <m,, <M, =2 u 0 <m;< M,=2 naer
9 pa3NUYHBIX aNMNPOKCUMHUPYIOIUX MOJHMHOMOB Py
(d=1,2,...,9). 3HaucHHUs TOPSIAKOB U PACCUYMTAHHBIX
omnOoK A, 1 9 W3 3TUX TOJMHOMOB IPUBENEHHI B
Tao. 3.

Tabnuma 2
3HaueHus 31eMeHToB JC-Moaenn M/IM-koHaeHcaTopa
B Pa3JIMYHbIX KOHCTPYKTHBHBIX COCTOSIHHAX (CM. puc. 3, a)

KC*,
C, nd L, nl'u R,MOMm | Cypp, D
WX[, MKM
10x10 0,056 43,39 156,39 2,6
10x30 0,14604 59,35 2134 3,61
10x50 0,23631 75,5 270,89 4,63
10x70 0,32613 91,16 327,44 5,55
10x100 0,46143 114,79 407,24 7,04
30x10 0,14602 40,77 120,39 4,04
30x30 0,40433 53,16 146,49 5,44
30x50 0,66228 65,45 172,65 6,71
30x70 0,92075 77,78 197,42 8,07
30x100 1,30934 95,78 232,75 10,11
50x10 0,23623 40,9 110,15 5,03
50x30 0,66714 51,27 127,52 6,62
50x50 1,08886 61,74 144,39 8,26
50x70 1,51612 72,32 160,48 9,9
50x100 2,15902 87,57 184,01 12,36
70x10 0,32606 41,65 105 5,85
70x30 0,92055 50,89 117,97 7,75
70x50 1,51584 60,32 130,27 9,65
70x70 2,11249 69,45 142,06 11,55
70x100 3,0107 82,82 160,36 14,53
100x10 0,46114 43,35 100,75 7,09
10030 1,30834 51,41 109,72 9,35
100x50 2,15735 59,31 118,25 11,71
100x70 3,009 67,09 127,14 13,89
100x100 4,2931 78,4 139 17,5

Ta6numa 3
Tlopsaku H OIMMOKH ANMPOKCHMHUPYIONINX MOJTHHOMOB
st diiementa C mogenn M/IM-konaencaropa

PC m,, m my Ac, %
Pey 0 0 0 2003,6
Po 0 1 1 386,9
Pe 1 0 1 386,9
Pey 2 0 2 149,2
Pes 1 1 2 133,1
Pes 0 2 2 1492
Py 1 2 3 23

Pcg 2 1 3 2,2

Pco 2 2 4 1,9

Jlannble Tabn. 3 TOATBEP)KAAIOT TOT 3aKOHOMEp-
HBIH (aKT, YTO MPH YBEIWYEHHH HOPSIKOB MOJIMHOMA
Pc no nepeMeHHBIM W 1 [ ommnOKa anmpokcuMariu Ac
yMeHbInaercs. [Ipu 3ToM Hamboiee TOYHO HCXOAHBIC
3Ha4YeHHs1 1eMeHTa C Ha CeTKe KOHCTPYKTHBHBIX CO-
CTOSHHUI OIMCBIBACT NMOJMHOM Py ¢ CYMMapHBIM IO-
pAaKoM msy = 4. OTHAKO JOMYCTHMBIH YPOBEHb OLTHOKH
Ac < Ay = 5% Ttakke 00eCIIeYUBAIOT MOJIMHOMBI Pr; U
Pcg, obnagaromuye MEHBIINM CYMMAapHBIM ITOPSIIKOM

(msg7 = mgg = 3). Takum oOpa3oM, IJIs ONICAHUS 3aBU-
cuMocTH dneMeHTa C 0T FeOMETPUUECKHUX Pa3MepoB W H
! MIM-KoHI€HCATOpa aJTOPUTM BEIOEpeT NOMMHOM Pcg.

B pe3synbrare BBITOIHEHUS aITOPUTMA ISl KAXKI0-
ro anementa JC Ha puc. 3, @ OTYyUYUM CIIEAYIOUIUE T10-
JIMHOMBI:

C(w, ) =1,12x102+ 1,56x10*w + 2,382x10 "/ +
+6,838x10 "w* +4,23x10 *wi; (7)
L(w, ) =4,03x102+3,01x10 *w + 7,932x10 Y/ +
+3,174x10 w? — 4,278x10 %wl — 1,478x10 77, (8)
Rw, )=0,1771 = 5,36x10"w + 3,511x10°/ +
+1,052x10*w? — 7,489x 10wl — 1,598x10 -
—6,014x107w + 4,493x10 "W + 1,515x10wi*; (9)
Coup(w, [) = 1,43x107° + 6,991x10>w + 4,392x10 ] —
—2,64x10 "w* + 7,308%10 "wl. (10)

Cnez[yeT OTMETUTH, YTO NPU MOCTPOCHUUN ITOJIMHO-
MOB OBUIM TOJYYEHBI KOA(PPHUIMEHTH! OTIEIBHBIX MO-
HOMOB, Omu3kue Kk Hymo (Menee 10°°). Tak kak nx
BIIMSTHUE TIPEHEOPEKMMO MaJlo, JaHHbIE MOHOMBI OBbIIH
WCKITIOUCHBI U3 TIOJIMHOMOB.

Cucrema aBymepHbIX noiauHoMoB (7)—(10) B coBo-
KyMHOCTH co cTpykTypoii IC Ha puc. 3, a mpeacTaBiseT
co0Oil  MOCTPOCHHYIO  MAapaMETPHUYCCKYI0  MOJEIb
M/M-koHzaeHcaTopa.

PucyHoK 4 WIUTIOCTPUPYET CpPaBHEHHUE MapamMeTpoB
paccesHus, pacCUMTAaHHBIX MO HCXOMHOW (OmOmmored-
HOW) m pa3paboTtanHOW Mozmenw, ainsi MJIM-koHzaeHca-
topa 30%30 mxMm. Takoe ke cpaBHEHHE OBLIO BBINOJIHE-
HO JUIsl APYTUX FE€OMETPUUECKUX Pa3MepOB KOHAEHCATO-
pa B y3/1aX KOHCTPYKTHUBHOM ceTkH (cM. puc. 1). 3Hade-
HHE OIIMOKH IapaMeTpOB PacCEsHUs] B MCXOAHBIX KOH-
CTPYKTHBHBIX COCTOSIHMSIX HE IpeBbIIaeT 3% 1o mMoxy-
o u 4° o dase.

[Siil, [S12], 1B

O(Sh), (P(Slz), rpan

0,1 20 40
Yacrora, [Ty

Puc. 4. CpaBHeHHE apaMeTPOB paccesHUsI UCXOTHOM
u pa3paboTanHoit moxeneit MJIM-konneHcatopa 30%x30 MM

[Ipn Bepupukanmu mapaMeTpUUECKUX MOAETIeH
HEOOXOIMMO TaKXKe OLEHUTH CITOCOOHOCTH BOCIIPOM3BE-
JIeHUS MOJeNblo xapakrepuctuk CBY-kommoneHTa B
MPOMEKYTOYHBIX KOHCTPYKTHBHBIX COCTOSHHSAX, T.€. B
COCTOSIHUSIX, OTIMYAIONIUXCS OT HMCXOMHBIX, Ha 0ase
KOTOPBIX OBUIA MOCTpoeHa Mopaenb. [ Bepudukarm
monenu MJIM-koHaeHcaTopa ObLTH B3STHI CIEAYIOIINE
coYyeTaHus JUIMHBI W ImupuHbl wx[: 20x20, 40x40,

Moxnaovr TYCYPa, mom 19, Ne 4, 2016



106 VIIPABJIEHUE, BBIYUCIIUTEJIDHAA TEXHUKA 1 HHPOPMATHKA

60x%20, 85x60 (cm. puc. 1, cBeTnsie KpyKKku). Ha puc. 5
MPUBEJICHO CPaBHEHHE IApaMETPOB PAacCEsSHHUS HCXOI-
HOW W paspaboraHHo#l Mojenelr MJIM-konaeHcaropa
85%x60 mMxm. Ommbka mapaMeTpoB paccestHus B IpoMe-
KYTOUHBIX KOHCTPYKTHUBHBIX COCTOAHHAX HC MPEBbINIA-
et 4% 1o mMonysro u 5° o dase.

[S11], 1S12], 1B

O(Sh1), (P(Slz), rpan
o

Q
100l 2 |
0,1 20 40
Yacrora, ['T1x
Puc. 5. CpaBHeHHE TapaMeTPOB pacCcessHUS HCXOTHOM
u pazpabortanHoi Mmogeneir M/IM-koHaeHcaTopa 85%60 MkM

[IpuBeneHHbIE NaHHbBIE MOKA3BIBAIOT, YTO pa3pabo-
TaHHas napamerpuyeckas monenb MJIM-koHneHcaropa
C JIOCTaTOYHOM TOYHOCTHIO BOCHPOW3BOIMT 3HAYCHUS
MapaMeTpoB pacCesiHWsS B YaCTOTHOM JWANa3oHe JI0
40 I'T'y xaK B UICXOAHBIX, TaK U MPOMEXKYTOUYHBIX KOHCT-
PYKTHBHBIX COCTOSHUSX. IIpe/iokeHHass METOAMKa
CHHTE3a MapaMETPUYECKUX MOJAENEH  IAacCHBHBIX
CBY-koMIIOHEHTOB OBLIa peali3oBaHa B IIpOrpaMMme
Parametric, HammcaHHON B BBIYMCIWUTENBHONH cpene
Matlab. OtmeruM, yTo oOIIee BpeMsi Uil aBTOMaTH3HU-
poBaHHOroO cuHre3a moaenu MJ/IM-konaeHcaropa ¢ 1o-
Moo nporpamm Extraction-P u Parametric cocraBu-
10 45 MuH, BKIIo4as noctpoeHue DC-Mofeneil B Kax-
JIOM KOHCTPYKTHBHOM COCTOSIHMH COTJIACHO METOAMKE
[11], BBIOOp CcTPYKTYpHI MapaMeTpudeckoir IC-mMomenn
W HaxOoX/JEHHE MHOTOMEPHBIX aNIPOKCHMHUPYIOMINX
MIOJIMHOMOB U BCEX 3JIEMEHTOB Moznenu. Ilpu stom
Oonpmiasi 4acTh BPEeMEHHU MOTpeOOBaNach IS 3aJaHU
UCXOAHBIX JAHHBIX M BepH(UKAMH MOAENU B IpOMe-
KYTOUHBIX KOHCTPYKTHBHBIX COCTOSTHMAX. JlIsi cpaBHe-
HUSl YKaXKEM, 4TO BPEMsl IOCTPOCHUS aHAJIOTMYHOH Ma-
paMeTpUuecKoil MOJETH «PpYy4HBIM» criocobom [1] co-
CTaBJISIET MOPSIKA OAHOTO-ABYX THEH. DTO MOIYepKHUBa-
eT 9((EeKTUBHOCTD U BBICOKYIO CTEIIEHb aBTOMATH3ALIH
npe/iIaraeMoil METOIMKH, a TaKkkKe €€ MPaKTHYEeCKYIo
3HaYUMOCTb.

3aku0ueHue

[IpennoxxeHHass MeToAMKa CHHTE3a MapaMeTphye-
ckux wmopeneir CBU-KkOMITIOHEHTOB o00damaeT psaoM
IpeMMyLIECTB. B dacTHOCTH, OHa IAaéT BO3MOXHOCTH
aBTOMAaTHU3UPOBAHHOTO MMOWCKA ONTHUMAIBbHOW CTPYKTY-
pr1 DC-mapameTprudeckoit Monenu Ha 6a3e cuaTe3a JC-
MOJIEIE BO BCEX KOHCTPYKTUBHBIX COCTOSHMsX. lIpu
TOM pa3pabOTYMK MOXKET OCYIIECTBIATh KOHTPOJb
cTpykTypbl OC ¢ MOMOMIBIO OrpaHUYCHUS] MOP(OIOTH-
YeCKOro MHOKECTBA JIOMYCTUMBIX Liernel B 3BeHbsx [11],

YTO BaXXHO IJISI COXpaHEHWS (U3MYHOCTH MOJEIH |
ynpasieHus ciokHocteio JC. Taxxke meromuka obec-
MICYMBAET BBICOKYIO CTEIIEHb aBTOMAaTHU3aIMU IOCTPOE-
HUSI MOJIETIH IIPU 3HAYUTEIBHOM BBIUTPBINIEC BO BPEMEHH
[0 CPaBHEHUIO C CYIIECTBYIOUIMMHU MOAXOAAMHU. ITO
MO3BOJISIET YIPOCTUTH U YCKOPUTH CO3/IaHHE MOAEIeH U
OMONMMOTEK DJIEMEHTOB [UISl PA3IMYHBIX TEXHOJIOTHM
nirotoBneHus: CBY-ycTpoilcTB Kak Ha JUCKPETHBIX
KOMIIOHEHTAaX, TaK 1 B MOHOJIMTHOM HCITOJTHEHHH.
PabGora BhImONHEHAa B pamkax npoekta Ne 16-47-
700286 «AHanmm3, WcciemoBaHWE W pa3paboTKa Tmep-
CTIIEKTUBHBIX PaJHOTEXHUYECKHX CHCTEM U YCTPOWCTB
CHJIOBOM 3JIEKTPOHHMKU JUI POOOTOTEXHHYIECKUX KOM-
IUIEKCOB KOCMHYECKOTO, BO3YIIHOTO, MOPCKOTO M Ha-
36MHOT0 0a3MpOBaHMS», MOJYYHBIIETO MOAACPHKKY IO
pesynbrataM KoHkypca «KoHkypc mnpoekToB ¢yHzaa-
MEHTAJIBHBIX HAYYHBIX HCCIIEIOBAHUM, MPOBOANMBIIL
PO®DU u cydowsexramu Poccuiickoii depepanum.
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Goryainov A.E., Babak L.I.
Technique for automated synthesis of scaled models of
passive MMIC-components

A technique for constructing scaled models of passive MMIC-
components (resistors, capacitors, inductors, etc.) in the form
of equivalent circuits (ECs) is presented. In such models, the
elements of EC depend on constructive parameters (e.g., sizes,
etc.) of component. The technique allows the automate the
search of EC schematic as well as the determination of opti-
mal degrees of approximating polynomials for each construc-
tive parameter. As an example, the synthesis of scaled model
of MDM-capacitor produced using 0.15 pm GaAs pHEMT-
process is presented.

Keywords: MMIC, passive components, scaled model, equiv-
alent circuit, synthesis, GaAs, MDM-capacitor.
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VIK 62-503.51

A.A. BopoHeHkoBa, B.B. TroTukos

AHanNMUTN4YeCKMN CUHTE3 U aHaANn3 BapuaHTOB
CuctemMbl ynpaBirieHus 00BLEKTOM C 3ana3abliBaHUEM

Brmonnen cunres BapuantoB CAY 00BeKTOM C 3ama3abiBaHueM. [IpoBeeHbI nccaeI0BaHus TapaMeTpHIecKoi rpy0o-
ctu cuHTe3upoBaHHbIX CAY IpH Bapualysax IapaMeTpoB OOBEKTa YHNPAaBJICHUS M YyBCTBUTEIBHOCTH K CIIyYalHBIM
BHEIIHUM Bo3MyIieHnsiM. OnpezienieH Hanboee paroHAIBHEIH BAPUAHT IIOCTPOCHNUS CHCTEMBI YIIPaBICHHS.
KiioueBble cj10Ba: 3ana3pIBaHNe, CHHTE3, CHCTEMA, PETYIISTOP, BapHaIlHs, BO3MYIICHHE.

doi: 10.21293/1818-0442-2016-19-4-108-111

OObeKTHI, ONUCHIBAEMBIE MaTeMaTHYECKUMH MOJie-
JSIMM C 3ara3/blBaHUEM, BCTPEYAIOTCs BO MHOTHX OT-
pacisx NPOMBIIUICHHOCTH. B wacTHOCTH, 3TO Xapak-
TEPHO JUISl TETIOPHEPreTHKU. TpauIIMOHHO B KadecTBE
YOPaBIAOMIX YCTPOUCTB Tipu co3manun CAY TakuMu
o0beKTaMu TpUMeEHSIOTCS TumoBble [IM-perymsropsr.
HX OCHOBHBIE NPEUMYILECTBA — IIPOCTOTA PEATU3ALUN
W HACTPOWKH, a OCHOBHBIM TpeboBanueM K CAY sBis-
eTcs o0OecredeHHe I[apaMeTpHUYecKol TrpyO0oCTH TIpH
BapHalUsIX MapaMeTpoB U KayecTBO OTPaOOTKH BHEII-
HUX BO3MYLICHUH.

C pasBUTHEM  MUKPOIPOLECCOPHBIX  CHUCTEM
YIpaBJeHUSI CIOXXHOCTh YIIPABISIIONIET0 YCTPOHCTBA
nepectaeT ObITH crepuBaroIUM (akropoMm. Llembro
HacTOsIIEH pabOTHI SIBISIETCSI MCCIEOBAaHUE BO3MOX-
HOCTH CHIDKEHHUS Tapamerpudeckoil rpyboctu CAY wu
MOBBIIIICHUE KayeCTBA OTPaOOTKM BHEUIHHX BO3MYIIIE-
HUA Ha OCHOBaHMHM HCIIOJIB30BaHMUSA O0JEe CIOKHBIX
PETYISATOPOB.

Ha puc. 1 npencrasinena mogenb CAY o0bekToM ¢
3ana3pIBaHieM (Ta30BbIM TPakT KOTJa), COCTOSIIas U3
[MU-perynsitopa U o0bekTa ynpasienus (OY) B OCHOB-
HOM KaHaJie (pacxo]l MbUICyToJIFHOTO TOIUIMBA) M KaHaja
BO3MYIICHHUS (pacxox Bo3ayxa). 3aece U — curHan 3a-
nmaaus, Ry (1),Ry(7),Ry (1), fi,f2 — curHamsl BO3Mmy-
meHni, Y — BeixogHOW curHan. Kosgduumentst pery-
JIITOpa COOTBETCTBYIOT TUIIOBOM HACTPOMKE MO KpHUTE-
PHI0O MHHAMYMa MHTETPAJIBHOTO KBaJPaTHYHOTO IOKa-
3aTens (TUCTIePCHN).

B mpouecce skcrutyarannu 6ojee BCEro Bapuary-
SIM TIOJIBEPKEHBI KO GHUIMEHT ycuineHus o0bexTa K u
BpeMsl 3amasfblBaHusl T, . 'paduku mepexomHbIx mpo-

mneccoB Y(#) B CAY mpu CTynmeHYaTOM BO3ICHCTBUHU
/>, paBHOM 10% OT HOMHMHAJIBHOTO 3HAUYCHHMS, IS

pacueTHbIX 3HaueHui napameTpoB OY U UX U3MEHEHUN
MOKa3aHbl COOTBETCTBEHHO HA pHC. 2, a, 0.

Taxke B X0J€ MOIEIMPOBAHMS HCCIEI0BATIOCH
BIIMSHUE CIy4aiHBIX MPOLECccoB (pHC. 2, 8) CO CIEayo-
IAMH  XapakTepUCTHKaMU: R, (T)=Rp (T)=R, (1) —
muddepeHpyeMble  IIPOLECCHl € OCHMUIMPYIOMIEH
KOPPEIALUOHHON (yHKIMEH

R.(1)=c- i {cos(o)o 1) X sin(coor)}
®o

npu o’ =25, a=0,15 l/c; o = 0,35 pan/c u 6°=0,9;
o =0,08 1/c; my = 0,15 pan/c cOOTBETCTBEHHO; R, () —

muddepenunpyemprii MapkoBCKMid mpouecc 2-ro mo-
psi/IKa C KOPPEISLHOHHON (ByHKIMEH
2

A P —wﬁ\ﬂ
R __.[ _
(1) 1 oe e

npu 6°=0,09; o.=3; B=41/c.

TToCKOMBKY M3MEPEHHIO TOAJICKHUT TOJIBKO BBIXOI-
Hasl KOOp/MHATA, CUHTE3UPYEM aCTATHYECKUUN TOJNHO-
muanbHeid perymsatop (ITP) [1-3] mns 3amaHHOTO 00B-
ekta (puc. 3). [lnsg sToro BBeAEM JOTOTHUTENBHBINA HH-
TErpaTop Io BBIXOJHON KOOPIUHATE.

[epenatounas (QyHKIMS 3aMKHYTOTO KOHTYypa
CAY umeer Buf

B'(s)
A (5)-Cls) B'(s) B'(s)
Hper ($)=—— T - = J
1 B ©)R(s) A (s)-Cs)+B"(5)-R(s) D(s)
A(5)-C(s)
rne A"(s),B*(s) — 3amaHHBIe TOJMHOMBI OOBEKTa;
D(s) - JKeTaeMbIit MTOJINHOM, pUIeM
D(s)=A4 (s)-C(s)+ B (s)-R(s).
Ecim  degd™(s)=n, t10  degR(s)=n-1,

degC(s)=degR(s), degD(s)=degA(s)+degC(s), Tme
deg(*) — creneHp MOTMHOMA.

B kauecTBe xemaeMoro moipHOMa BHIOEpEM CTaH-
JIapTHBIN 1oJMHOM HBIOTOHA € M3BECTHBIMH HOPMHUPO-
BaHHBIMH KOX(QQHUIMEHTaAMH ¢;, ONPENEIISIOIUMH Xa-
paKkTep IpOLECCOB B CUCTEME, M BEIMYMHOW CpelHe-
reomerpuueckoro kopas (CI'K) Qg , 3anarouieid Bpemst
NPOTEKaHMUs IEPEXOIHBIX TPOLECCOB:

D(s)=5"+a,_1-Qo-s" " +a,5-QF-s" 2 +..+Q,

00eCTIeUNBAIOIINI aNlepUONUECKUI MTePEeXOAHbIA Tpo-
1ecc.

Jus nonyuennst kod¢p¢uuuentor [P pemaercs
crcTeMa anreOpanvecKix ypaBHEHHUH, ITojrydaeMast u3

D(s)=A"(s5)-C(s)+B" (5)-R(s)
MpUpaBHUBaHNEM KO3()(UINEHTOB TIIPU COOTBETCT-
By}OLLII/IX CTCIICHAX S.
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Puc. 3. Mogens CAY c ITP

BapuanTt 1. J[n1 xoppektHoro cuntesa IIP npen-
CTaBHM 3BEHO YHCTOrO 3ala3/bIBaHMs B BUAE OTHOLIE-
HUSl TOJIMHOMOB C NOMOIIbI0 ammpokcumanuu Ilane
3-ro nopsnka [4]:

312 5 60 120

=T st sty

T3 T T

H_ — 3 3
=3 60 120
ST +—-5 ‘i‘iz‘S-{'i3

T3 Ty Ty

IZie T, — BpeMs 3ama3/bIBaHHsI.
Hns ucxomHoro oObekta (T,=5,2c) momydaem

CIIEIyIOIIE MepeAaToYHbie (PyHKIMH 3BEHA 3ara3/bl-
BaHUA M 00BEKTA:

3 2
-5~ +2,3-57-2,2-5+0,85
Hel(s): 3 2 >
s”+2,3-54+2,2-5+0,85

$042,69-5° +3,11-5 +1,75-5° +0,37-s2 +0,02-5s  A*(s)
Crenenu nmoauHOMOB peryinsatopa u 3HaueHne CI'K
OyIyT CIIeIyIOIINMHU:
degR(s)=5,degC(s)=5,degD(s)=11,0291 =0,4.
Torna
Ry(s)=7,24-5° +10,62-5% +5,33-5> +1,86-5% +0,39-5+0,02,

Ci(s)=s"+1,71-s* +1,09-5> +0,58-5% +0,12-5+0,03.
PesynbraTel momenupoBanuss CAY ¢ acrartude-
ckuM 1P pu uzmenenuu K, t, ¥ BAMSHUM CIIy4alHBIX

MPOLIECCOB IOKA3aIM, YTO KOJIEOATEIbHOCTh U BpEMs
MEPEXOHBIX MPOILECCOB 3HAUMTENBHO CHHU3WINCH NPHU
MIPAKTUYECKH HEU3MEHHOM BJIMSHUU CIy4alHBIX IPO-
neccoB. IIp 3TOM MHOPSIIOK PETyJATOpa IOJIYyYHIICS
BBICOKUM, 4TO, OYEBHUJHO, IPUBEAET K TPYAHOCTIM MPU
€r0 HACTPOHKE B PEATIbHBIX YCIOBHUSX.

Bapmnant 2. [[ns pemeHust npoOieMbl BBEICOKOH
CJIOKHOCTH PETYNATOpPa YMEHBIIUM MOPSIOK INpH all-
npokcumanuu [laze 3BeHa 3ana3abIBaHus O TIEPBOTO:
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2.6-5+1
Ha)=5

[epenarounast GyHKIUs 0OBEKTA IPU STOM
11 -2, 1 1
Hy(s)=1,2- 0, 6-5+

54.52+21-s+1 2,6:s+1 s
~ —0,002-5+0,001
54 4+0,77-57 +0,17-5% +0,01-s
CreneHy NOJIMHOMOB peryinsitopa OynayT ciemyro-
IIUMU:
degR(s)=3,degC(s)=3,deg D(s)=7,0, =0,28.
ITonuHOMBEI perynaropa npuMyT BUL,
Ry(5)=27,55-5" +21,76-5% +4,96-5+0,25,

Cy(s)=5>+1,16-5% +0,54-5+0,19.

Pesyneratel MonenupoBanus CAY ¢ TakuMm pery-
JSITOPOM TIOKa3allk, YTO OHA CTaja 3HAYUTENbHO Ooiee
YyBCTBUTEJIbHA K W3MEHEHHSAM NapaMeTpoB 0OBEKTa, a
CTENCHb BIMSHHS CIyYalHBIX IPOLECCOB HECKOJIBKO
yMeHbImIack. IIpyu 3ToM CIIOXHOCTB perynsTopa ocra-
Jach I0OCTAaTOYHO BBICOKOH.

Bapuant 3. OnieHIM BO3MOXKHOCTh HaJIbHEUIIIETO
ynpomeHus peryisaropa. [lepenatounas ¢pyakuus OY

0,11 _ 0,11
54.52+21-s+41 (3-s+1)-(18-s+1)
HUMEeT MOJIbI, 3HAYUTENBHO (B 6 pa3) OTVIMYAIOLIHECs 110
BernunHe. OTOPOCHM «OBICTPYIO» COCTABIISIOLIYIO:

\ 011
He(s)=—2tt
0= 551

Iepenarounas (QyHKIHMS 0OBEKTA CO 3BEHOM 3a-
Ma3abpIBaHMs, TpEICTaBlIeHHas anmpokcuManuei [Mame
1-ro mopska, IPUMET BH/T

011 -26-s+11_  -0,01-5+0,003
18-s+1 2,6-s+1 s §310,44.5240,02-5

CreneH MOJMHOMOB W 3HAYEHHS MX KOd(PPUIM-
€HTOB OYIYT CIEAYIOMMMEHU:

degR(s)=2,degC(s)=2,degD(s)=5,Q3=0,28,

Ry(s)=4,94-5% +2,34-5+0,14,

C3(s)=5%+0,61-5+0,19.

Ha puc. 4 noka3zaHbel rpagyky HEpPEeXOAHBIX IPO-
LIECCOB, TOJIyYHMBIIMECS B PE3YJIbTaTe MOJCIUPOBAHUS
CAY uCXOIHBIM 00BEKTOM C INepeiaTouHol (QyHKuuen
Hy(s) .

CpaBHeHre TpadUKOB TIEPEXOIHBIX IPOIECCOB,
NIPUBEICHHBIX Ha pHUC. 4 U 2, TIOKa3bIBAET, YTO HCIOJb-
30BaHME MNOJIMHOMHAIBHOTO PETyJSTOpa BTOPOTro MO-
psnka B cpaBHeHUH c TUNoBbIM I[TU-perynstopom mo-
3BOJISICT 3HAYHUTEILHO MOBBICHTE TPyOocTh CAY.

Tak, mpu yBenuueHHH KO3 HUIMEHTA YCHICHUS
OY u BpeMeHHM 3ama3bIBaHusl OT HOMHHAIFHOTO 3Ha-
YEHUsl BpeMs MEPEXONHOro mpouecca B cucreme ¢ [P
MeHbIIe, 9eM B cucteme ¢ [I1-perymsatopom, Oonee uem
B 2 pasza.

BruIBOABI

1. B pabote uccienoBanbl BO3MOXHOCTH HUCITOJb-
30BaHMSl COBPEMEHHBIX AHAIUTHYECKUX METOJOB IS

Hy(s)=

Hi(s)=1,2-

CHHTE3a PETyIsATOPOB OOBEKTaMH C 3ama3/bIBaHHEM,
MTOJIBEP>KEHHBIM TMapaMETPUYECKUM M BHEUIHHM BO3-
MYIICHHUSM.

2. llpumeHeHHE MOIMHOMHAIBFHOTO METOAa TO-
3BOJIJIO AHAINTHYECKH CHHTE3UPOBATH PETYIISTOPEI
pa3MYHON CTENeHH CIIOKHOCTH, BBIOMpasl MOPSIKU
nepenaTouHbIX (QYHKIMHA annpokcuMaimu [lane 3BeHa
3ama3aplBaHus U 00BEKTa YIIPABICHUS.

3. IloBbllleHNE CTENEHW MOJIMHOMA YHCIUTENS
MepeaTOYHON (DYHKIUK TOJTHHOMHAIBHOTO PETYISATO-
pa, B CPaBHEHWH C TUIOBBIM PEIICHHEM NPaKTUICCKU
HE BIUSAET HA TOMEXO0YCTOHINBOCTE CAY.

4. IlpumeHEHHE peryasTopa BTOPOTO IOPSAIKA
(BapuaHT 3) MO3BOJSET 3HAYUTEIHLHO TMOBBICUTH Tapa-
MeTpudeckyio rpyoocts CAY B CpaBHEHHH C THUIIOBBIM
pelIeHneM.

Yor/u' T Pl ——— K=0,11 |
k=015
- K=0,01 |

3,0
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2,0 f
1,5 | _ .
1,00 {4 .
0,5 /A | -

0 He s s e
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-1,0
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a

- Y/ | —— r=52¢]

: t=75¢|
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2.0 f |
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Puc. 4. Pesynbratel MonenupoBanust CAY (BapuaHt 3)
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Voronenkova A.A., Tyutikov V.V.
Analytical synthesis and options' analysis of a control
system for an object with delay

The synthesis of automated control systems (ACS) options for
an object with delay is performed. Research of parametric
roughness of ACS with the parameters variations of the con-
trolled object and of its sensitivity to random external pertur-
bations is carried out. The most rational variant of control
system is defined.

Keywords: delay, synthesis, system, controller, variation,
perturbation.
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VIK 004.42

E.B. NpubaHoBa

CtoxacTn4yeckue anropuTMmbl pelleHns obpaTHbIX 3aaay
3KOHOMMYECKOro aHanu3a ¢ orpaHu4YeHusiMm

TIpeayoKeHbl CTOXaCTUYECKHE aNrOPUTMBI PEIICHHsS OOpaTHOH 3alaud, YYHTBHIBAIOLIHE OTPAaHMYCHUS APTYMEHTOB
GyHKIMM W KOI(PQPHUIUEHTH OTHOCHTENFHOH BaXHOCTH. s WX peanm3anmuyd OBUT HCIONB30BaH OOBEKTHO-
OPHEHTHUPOBAHHBII IOIXO0J], YTO MO3BOJSET BBHIIOJIHATH MOAU(DHKAIMIO CHCTEMBI, PeIlaTh MHOTOYpPOBHEBBIC 3a/1a4H,
MIPUMEHSTH pa3JINuHbIe METObI PELISHHs 3a/1a4 KaKI0ro ypoBHs. [IpuBenen npuMep pemeHus 3agaqu GOpMUPOBaHUS

npUOBLIH.

Knrwueble ciioBa: O6paTHI)Ie BBIYUCJICHHS, OIITUMH3AlHs, CJ'Iy‘-IafIHLIfI IIOMCK, 0GLGKTHO-OpI/IeHTI/IpOBaHHLIﬁ noaxond.

doi: 10.21293/1818-0442-2016-19-4-112-116

Ion «obparHoit 3aa4eii» NOHMMAIOT OIpe/eICHUE
HaboOpa UCXOMHBIX BEIMYHH, 00ECICUYNBAIOIICTO JOCTH-
JKeHHE 3aJJaHHOTO pesynbTrara. [lepBoHadambHO perre-
HHEM 3aJad IOJOOHOTO pOAa 3aHUMAJCS aKaJeMHK
A.H. TuxoHOB, uCclenys CBOHCTBa OOBEKTOB, HEHOC-
TYNHBIX WA HEYIOOHBIX JJIS HETMOCPEACTBEHHOTO H3Y-
YeHHs, T.e. OCYIIECTBISSA BOCCTAHOBJICHHE NMPUYUH MPH
WX 33/IaHHOM CJIEJICTBUH.

ITozxe Bb.E. OnuniioBsiM ObIa OMyOJHKOBaHA TEO-
pus 0OpaTHBIX BeYUCICHHH [1], Tme mox oOparHOU 3a-
Jlayell MOHUMAETCs ONpeesIeHHe NPUPOCTOB apryMeH-
TOB NpsAMON (QyHKIUH (IEpEeMEHHBIX (QyHKIUH), HA OC-
HOBAaHUH IIETICBOTO TIPEHAIUCAHNS YEIOBEKAa B BHIC €€
MPHUPOCTA W JIOTIONHUTETHHON WH(POPMAIUHN: Hadallb-
HBIX 3HAYCHUH apryMEHTOB W (YHKIUH, KOd(PHUIIHCH-
TOB OTHOCHUTENBHONH Ba)KHOCTH apTyMEHTOB (Iajiee B
cratbe OyIyT pacCMOTpPEHBI OOpaTHBIE 3aga4d TaKOTO
pona). TakuM 0Opa3oM, M3MEHEHHE LeNeBOr (QyHKIUH
MPOMCXOAUT B OOJIBIICH CTENEHU 3a CYET apryMEHTOB,
HUMEIOIIUX OoJbliee 3HaYeHUE K03(duimeHTa oTHOCH-
TEeIbHOW BaxxHOCTH. Hampumep, [uisl IBYX apryMEHTOB
¢ysknuu f(x,z) cucrema ypaBHEHHUH OyIeT UMETh BUJ

ytAy=f(xtAx(a),z £ Az(P)),
ﬂ (o}

Az B’

TIe V,X,z — ACXOAHbIC 3HaueHHs (PyHKIHNU M apryMeH-
TOB; Ay — HeoOXoaumMblil mpupocT GyHKUMH; O, —
KO3 PUIUESHTHI OTHOCUTEIBHON BOKHOCTH apryMEHTOB
X U z COOTBETCTBEHHO.

Pemras nanHyo cucreMy OTHOCHTENBHO Ax U Az,
MOJIyYUM HEOOXOAMMBIE PUPOCTHI API'yMEHTOB.

IIpocToTa naHHOrO ammapara W akTyaJbHOCTh pe-
IIaeMBIX C €r0 IOMOIIBIO 337a4 OOYCIOBHJIM €ro MpH-
MEHEHHE B Pa3IMYHBIX cepax: IKOHOMHKe, 00pa3zoBa-
HuM [2—4]. Ha ocHOBe JaHHOTO MeTona OBLI TaKXKe pas-
paboTaH MOTU(PHUIMPOBAHHEIN MeTO 0OPATHBIX BBIYHC-
JeHuil [5], ¢ MOMOUIbI0 KOTOPOTO MOXHO BBIYUCIIMTH
HOBBIC 3HAUCHHs apTryMEHTOB (DYHKIIMHM Ha OCHOBE Ha-
YalbHBIX 3HAYCHUI apryMEHTOB M pe3yibrara u Kod¢-
(DUIIMEHTOB OTHOCHUTENIBHOW BakKHOCTH. IIpm Haxoxne-
HUH PELIeHUs HCIIONb3yeTCs IMHEHHOe YpaBHEHHUE CBS-
31 MEXIY apryMeHTaMM, NMO3TOMY JAaHHBIH METOA MpHU

KOMIIBIOTEPHOM peaju3any He TpeOyeT BbINOIHEHHS
MIPOBEPKH COOTBETCTBUS YCTAHOBJICHHBIX KO3 HIICH-
TOB Ba)KHOCTH MOCTABJICHHOH IIENH.

Kpome toro B.E. OnuHIOBEIM OBLTH HCCIIEIOBAHBI
3a7a4u, KOrJa Ha 3HAYEHHs apryMEHTOB HAJOXKCHBI OT-
paHMYEHHS W, CIEAOBATEIBHO, BOZMOKHO BO3HHKHOBE-
Hue aeduiuTa pecypca. B pabore [6] mpemnoxena ure-
paiyoHHas Tpollenypa, OCHOBaHHAas Ha IOCJIEN0Ba-
TEJIbHOM YBEJIWYECHUH PEe3yIbTUPYIONIEH MepeMEeHHOM.
Jlo TOJHOTO WCYEpIIaHHsI PECYpCcOB JIMOO IOCTHKEHHS
3aJ]aHHOTO 3HAa4YeHHs LEJNEBOH (DYHKIMU IMOBTOPSIOTCS
CEIyIOUINe IIaru: HaXOXKACHUE PELICHUs C MOMOUIbIO
0OpaTHBIX BBIYKMCIIEHHUH; POBEPKa COOTBETCTBHUS ITOIY-
YEHHOTO pEIICHHs 3aJaHHBIM OTPAHWYCHHSIM U TIepe-
pacdeT IpHupocCTOB B caydae OOHAPYKEHUS NeUINTA B
HEKOTOPOM pecypce.

ITpu umcne aprymeHTOB OONbIIC ABYX 3aJada yc-
JIOXKHSIETCS W BO3HUKAECT HEOOXOAMMOCTH MCIOJIb30Ba-
HUS IPOLIEAYPHI CBEPTKH.

Vcnonb30BaHHE CTOXaCTUYECKUX METONOB IpHU
peleHny 3a1ad Mmojo0HOro poja MO3BOJET M30ekarh
CJIOXKHBIX BBIYHMCIICHHH W HaWTH NPHOIIDKEHHOE pellie-
HUE C Y4eTOM KO3(QPHUIIEHTOB BaXKHOCTH, OTPaHHUYCHUH
apryMeHTOB, B TOM YHCJIE€ paccMaTpuBaTh CUTYyallUH,
KOTZ]a MEpEeMEHHbIE MOTYT NPHHUMATh TOJIBKO IIETIBIE
3HAYEeHUS 100 3HAYECHUS U3 3alaHHOTO Habopa.

IMockonbky oOpaTHas 3amada MOXET OBITH Npen-
CTaBJECHA B BHJC 3a7a4d II00ANbHON ONTHUMM3AINH, B
KOTOPOH HYKHO MHHHMH3HMPOBATh PA3HUIy MEXKAY 3a-
JAHHBIM 3HA4YCHHEM 11e1eBOW (YHKIMU M MOIYYEeHHBIM
pelieHneM, OBUTM PacCMOTPEHBI CyHIECTBYOIMe pabo-
TBI, TOCBANIEHHBIE MUHUMH3ALUH (DYHKIIHH.

AJITOPUTMBI CJIYYAHHOI0 MOMCKA

IlosiBneHue Maeu HUCMOIb30BAaHUS CIIyYallHBIX Be-
JIUYMH TPHU TOHCKE pEUIEHUS CBS3BIBAIOT C HUMEHEM
V.P. Dmibu. B Hameii ctpaHe uccieqoBaHus aJrOPUTMOB
ciIydaifHOTO Torcka OepyT Hadano B paborax JI.A. Pac-
TpuruHa [7, 8]. ANTOpUTMBI MMOWCKA MOAPA3CIAIOT Ha
HCHAIpaBJICHHbIE (BCE CIy4aiHbIC HCIBITAHUS CTPOST
HE3aBHCHUMO JpYT OT ApYyra) U HalpaBleHHbIC (UCIIbITa-
HUS CBSI3aHBI MEXY c000if).

Hawubonee nmpocThiM METOIOM pELIeHHs 33/1a4 I10-
0aJbHOW ONTHMH3ALUK SIBISETCS METOJ HEHAlpaBieH-
HOTO ciy4aiHoro moucka. OH 3aK/Ilo4aercsl B MOJyde-
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HUM CIyYailHBIX 3HAUCHHWH apryMEHTOB W3 3aJaHHOTO
WHTEpBaa, pacueTe LesieBoH (QYHKIMU U CPABHEHUH e
BEJIMYMHBI C HAMJTYYIINM U3 BBIYHUCIEHHBIX. Eciii HOBOE
paccunTaHHOE 3HAYCHUE DPE3yibTaTa OKa3aloCh MEHb-
e, TO OCYLIECTBIAETCS 3allOMMHAHUE IIOMYYEHHOIO
peuenusi. Takum o0pazoM, Uit pyHKIUH OZHOTO apry-
MEHTa II0CIIEe0BaTeIbHOCTD 1I1aroB OYyJET CleNyIoIast:
Iar 1. I'enepupoBanue Ha uHTEepBaie [r; R] pas-
HOMEPHO paclpeesIeHHOM clly4yallHOW BEJIMYUHBL X .
Iar 2. Ecmn f(X)< fmin ( fmin — MHHAMAaIBHOE

HalileHHOe 3Ha4eHne (DYHKIWH), TO MPOUCXOTUT 3aIo-
MHHAHHE HOBOW TOYKH B KaueCTBE TEKYILETO PEIICHHS
Jmin =S (X)), Xmin =x .

[larn moBTOpSIOTCS B TEYEHHE 3aJaHHOTO YHUCIa
peanu3anuii 1100 10 MOJTyYeHHs PELICHHs ¢ yKa3aHHOH
TOYHOCTHIO. Takoi crnoco0 HaXOXJICHNS PELICHHS SBIIS-
eTcs peasin3anreil Metoaa npood 1 OmmnoOoK.

JlaHHBII anTOpPUTM MOXKET OBITH COBMEIIEH C JIO-
KaJIbHBIM TIOMCKOM, KOTZAa W3 CIIy4alHO BBIOpaHHBIX
TOYEK OCYIIECTBISETCS JOKAJIBHBIM CITyCK B OMMKai-
Uil MUHUMYM. M3 HallI€HHBIX JIOKAJIbHBIX MHUHUMY-
MOB BBIOHpAETCs TOUKa C HAMMEHBIIIUM 3HaueHueM [7].

Bnaromapst cBoe#l mpocToTe W THOKOCTH MAaHHBIN
METOJ TIOJIy4YHJI IIMPOKOE PacIpOCTpaHEHUE TIPH pellie-
HUU pa3iIuuHbIX 3a7a4. Hampumep, B cratbe [9] pac-
CMaTpUBAETCS UCIIOJIb30BAaHHE METO/Ia HEHAIPaBJICHHO-
r0 CIy4aifHOTO TMOWCKA ISl PEeIIeHHS KOMOMHATOPHOM
3aja4nd BBIOOpA ONTHUMAIBHOTO MOPT(hesss OUpKEBBIX
OIIIIOHOB, YTO MO3BOJIMJIO MOJYYUTH LIEJIOYHCICHHbIE
3HAYEHUS NCKOMBIX BEJTHIHH.

K anropurmMaM HampaBICHHOTO ITOWCKa OTHOCST
QJITOPUTM NApHON MPOOBI, ¢ BO3BPATOM TP HEYIAYHOM
mare, HawTy4mei npoos! u T.4. [8].

B anropurme mapHOi TpoOBI IO 00€ CTOPOHBI OT
HCXOHHOﬁ TOYKHU JCIAIOTCA JiBa IMMOMCKOBLIX IHara Cly-
yaiiHOM BennuuHbl. [locne 3toro ocyuiectBisieTcs me-
pexon B HOBYIO TOYKY B HANPaBICHUHM HAMIIYYIIEro 3Ha-
yeHust QyHKIMU. B anropuTme c BO3BpaToM IpH He-
yAa4HOM HIare 3aJaeTcsl HavyalbHas TOUKa X M CIydai-
HBIM 00pa3oM OCYIIECTBISIETCSI MOIEIMPOBAHUE IPHU-
pamenus dx . Ecmu 3HaueHue (QpyHKIMK B HOBOW TOYKE
X+dx mnydiie, 4eM B TOUYKE X , TO OCYLIECTBIISETCS Iie-
pexon B 3Ty TOUKY. B HekoTopsIx paboTax mpezsaraercs
HCKJIIOYaTh TO HANpaBJIEHHE, KOTOPOE HE TPHBOIUT K
yAydImeHuo 3HadeHns ¢yHkun. B cratee [10] ommcei-
BaeTcs mpoctoi amroput™m onrtuMmuzaimu (SOPT), B
KOTOPOM cnyqaﬁHaﬂ BCJIMYMHA TMpUpalICHUA UMCECT HE
paBHOMEpHOE pachpejesieHue, a pacnpeaeneHue ['aycca.
Taxxe npempiara€Tcsd MHOTOKPATHO BBI3bIBATH aJITOPUTM
JUTsl BBIOOpA HAWITYUIIEro PeIeHHs 13 Oy YeHHBIX.

HenocrarkoM npuBeAEHHBIX ajJrOPUTMOB Hallpas-
JICHHOTO TIOWCKa SIBIISIETCS TO, YTO OHU B KadecTBE pe-
IIEHUSI MOTYT OINPEACINTH JIOKATbHBIH MHUHUMYM, a HE
m100anbHBIH. B CBsI3M ¢ 3TUM pa3pabaTeIBaloTCS pas-
nnuHble Mogudukanuu. K HUM, B 4acTHOCTH, MOXKHO
OTHECTH aJalTHUBHbIC adropuTMmbl. Hampumep, Takum
aNnropuTMOM sBIIsIeTCs cirydaiieeii momck ARSET
(Adaptive Random Search Technique) [11] u auHamu-
yeckuil ciy4daiinblii nouck DRASET (Dynamic Random

Search Technique) [12]. B agantuBHOM ciydaifHOM 110-
HCKE B 3aBHCHMOCTH OT 3HA4€HHs LENeBOH (PyHKIUH
MPOCTPAHCTBO IIOHMCKA CyXaeTcsl (KOrAa IPOUCXOIUT
MOUCK HAWTYYIIEeTO 3HaYEHH) WM paciuupsieTcs (Koraa
HalJeHO pelieHre ¢ MPUEeMJIEMOM TOYHOCTBHIO), TaKUM
00pa3oM, YMEHBIIIAETCSI BEPOATHOCTh HAXOXKICHHUS JIO-
KaJIbHOTO MUHMMYMa BMECTO TNI00aJIbHOTO M3-3a HEJ0C-
TaTOYHOTO HCCIEIOBAaHUS OTJENBHBIX Y4acTKoB. B ain-
roputMme DRASET nocne HaxoXaeHUs peLIeHUs J0-
MOJTHUTENIBHO OCYILECTBIIAETCS JOKANbHBIM TOUCK BO-
KpYr HaWZEHHOH TOYKM AJISI MOJTydeHHs Oojiee TOYHOTO
3HAYCHUSI.

Takxe CyIIECTBYIOT alNrOpPUTMbI MOUCKA IIIOOAIb-
HOTO MHHHUMYyMa, KOTOpBIE HCIIOIB3YIOT MPOLEAYPY
ciydaifHoro Omyxnmanus [7], Hampumep, METOm «3a-
IIYMJICHHSDY TPalMeHTa U METOJ] CTIaKUBaHUS, KOTOPBIi
MOKET OBITh WCIIOJIb30BaH B Cilydae, €CJIM MHHUMHU3H-
pyemast (GyHKIMS oOpa3oBaHa MyTeM HAJIOKCHHS Ha
YHUMOJAJBbHYIO (YHKIMIO MEJKHX OTKJIOHEHWH; BOC-
MIPOU3BOJIAT MOBEICHUE KUBOW U HEXKUBOM Mpuposl [13,
14]; ocHOBaHBI Ha UHTEPBAJIBHBIX MoAX0AaX [15, 16].

K Henmocrarkam MeTona CiydaifHOro MOMCKa OTHO-
CSIT HEOOXOAMMOCTh BBITIOJTHEHHS OOJIBIIOTO YHCIIA UTE-
panmii [UId TOJNydeHWs] pEIIeHUs C 3aJaHHOH TOYHO-
CTBIO, 4TO TPeOyeT 3aTpar BBIYUCIUTENBHBIX PECYPCOB,
a TaKXKe CYIIECTBYIOUIYIO TOTPEIIHOCTD BEIYUCICHHH.

Jannas pabora mocBsImieHa pa3padOTKe aaropuT-
MOB CITy4allHOTO ITOWCKa JUIsl pellieHust o0parHoil 3aia-
gyy. [ peanuszanuu aJropuTMOB IMPEIIIONIaraercsl uc-
TMIOJIb30BaHUE 0OBEKTHO-OPHUEHTHPOBAHHOTO MOIXO0/IA.

CroxacTH4ecKkHe aJIrOPUTMbI pellleHHs
o0paTHoii 3aga4n

B3anmocBs3p nokasareneit MOXeT OBITh IPEICTaB-
JIeHa B BUJE /IEPEBa, I7Ie Ha HYJICBOM YPOBHE PacIIOJo-
JKEHO 3Ha4YeHHUE Pe3yNpTHupyroumeld GyHKIuM, a Ha HIK-
HUX — apryMeHTHI. B CBOIO ouepenp KaxAbli JIUCT 3TOrO
JIepeBa MOXKET OBITh PE3YIBTHPYIONIMM MOKa3aTesieM

(puc. 1).

Xo

o o |

R

M]:O Opq 1,{2:1 \0.12 anl

up 1:1 u12=1

Puc. 1. IlpencraBnenue 3ajaun B BUE AepeBa

VY351BlI IepeBa UMCIOT CIICAYIOIINE XapaKTCPUCTHKH:

® HAaYaJIbHOE 3HAYCHUE X ;

® KOOQQUIMEHT OTHOCHUTEIBHONH Ba)XXHOCTH O
(cymMmma  KO3(hPUIMECHTOB OTHOCUTEIBHON BaKHOCTH
apryMEHTOB OJHOTO YPOBHS M OTHOCSIIMXCS K OJHOMY
PE3yABTHPYIOIIEMY [OKA3aTeN0 JIOJDKHA OBbITh paBHA
CIVHHIIC);

® MUHUMAJILHOE 7 M MAaKCHMaJlbHOE R 3HAYCHUS,
KOTOpPbIE MOXKET IIPUHUMATH JaHHbBIH TOKA3aTelNb;
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® MH/INKATOp U , XapaKTepHU3yIOUIHi BO3MOXHOCTh
WCIIONIb30BaHMSl JTAHHOTO BJIEMEHTa, W IPUHUMAIOIIUH
nBa 3HavyeHus: 1 (Mcronp3oBaHue BO3MOXHO) u 0 (mc-
TIOJTb30BaHUE HEBO3MOXKHO).

KoadduipieHT OTHOCUTENBFHOI BaKHOCTH O yKa-
3bIBAET CTENEHb MU3MEHEHHS PE3yJIbTHPYIOLIETO IoKa3a-
TeJIsl 32 CUET AAHHOTO apryMenta. OH MOXET OTpaxarh
MIPEANIOYTEHNE UCCIIeIOBATEINS B ONPE/ICICHUH BEINYHH,
a TaKKe PaCCUMTHIBATHCS HA OCHOBE JJAHHBIX 3@ TIPEJIbl-
JIYIIMAE MEPUOMBI M, TAKUM 00pa30oM, MMOKa3bIBaTh Hau-
OoJiee BEpOSITHBIC 3HAYEHHSI apI'yMEHTOB JUIsl JOCTHXKeE-
HUSI pe3ysbTara.

3HaueHWe WHANKATOpa U CTAaHOBHUTCS PaBHBIM HY-
JIO B Cllydae, €ClIM W3MCHEHHE apryMeHTa HE MOXET
OBITH BBINOJHEHO M3-32 CYIIECTBYIOUIETO OTPaHWYEHUS
WM OTCYTCTBUSI TOJIOXKUTEIBHOTO U3MEHEHUS IETICBOM
¢dyukimn. Takke AaHHBIA WHIUKATOP YCTAHABIUBACTCS
PaBHBIM HYJIIO JUISl BETMYMH-KOHCTAHT.

OO01as 3a1a4a MOXKET BKJIFOYATh HECKOJBKO I1O3a-
Jla4, pelICeHHE KOTOPBIX OCYIIECTBISIETCS MOCIENI0Ba-
TeJIBHO MyTeM 00XoJa BEPIIMH JEpeBa CBEPXy BHU3.
Tak, anst 3amauu Ha puc. 2 cHavyana OyAyT BBIYMCIICHBI
3HAUEHUS X, Xy, X,, 0OECIIEUNBAIOLIHE 33/IaHHYIO BEJH-
YUHY pes3yJabTara X, Aajee — Xp|, Xy JUIA MOJIY4YEHHS
3Ha4YEeHUsS X,. Hirke OymyT ommcaHbl mpouenypsl Ul
pemeHus: oxHOM noxszanadyu. [Ipu 5ToM HadanbHOE 3Ha-
YEeHHE KOPHSI pacCMaTpuBaeMoro mnojyiepesa oymaem 06o-
3Ha4aTh y= f(Xx), a ero 3HaYCHHUE, KOTOPOEC HEOOXOIH-

MO MOITyUHTh, — ) .

Jliis perieHust oOpaTHOM 3amauu ObUTM pa3padoTa-
HBI J1Ba anroputMma. IlepBblil npencrasiser co0oi Mo-
JTU(UKAIMIO CITyYaifHOrO MOMCKa, BTOPOH — MTEpaluoH-
HOH NpoIeayphl, OCHOBAHHOM Ha MpUpPAILEeHNH (QYHKIIHH.

UT00BI CITydaiHBIN MOUCK MOKHO OBLIO MCTIONB30-
BaTh JUIS peIIeHHs1 00paTHOH 3a1a4n, He0OXOANMO:

® y4ecTb KO3 (PHUIIMECHTH BAKHOCTH apTYMEHTOB;

® NIPEJCTaBUTh OOpaTHYIO 3ajady B BUJAE 3aladd
00anbHONH ONTHMH3ANWK, TAE€ HYKHO MHHHUMH3HPO-
BaTh Pa3HUIy MEXJIY IOJYYEHHBIM pEIICHHEM U HCKO-
MBIM ).

Jist aTOr0 OBUT MCTIOJIB30BaH UHTETPAJIBbHBINA MOKa-
3aTeib, KOTOPBII OTpaXkaeT CTEeIeHb JTOCTIKEHHUS IJIO-
0aJbHOr0 MUHMMYMa M COOTBETCTBHE IPUPOCTOB apry-
MEHTOB KoddduieHTaMm BakHOCTH. TakuM o00paszom,
ITOPUTM MOXKET OBITh TPENCTaBIECH B BHJIE CICIYIO-
MIMX IIAroB:

ar 1. I'emepupoBanue Ha uHTepBajax |[7#,R;]
PaBHOMEPHO paclpeleNieHHbIX CIy4allHBIX BEJIUYUH
X;;, (i=l.m, n — xonmmyecTBo aprymeHtoB). Pacuer
3HaYeHus QyHKIMH Y, = f(X;) .

[ar 2. Beruucnenyre UHTErpanbHOro NoKa3aTens:

], 4 fay
S,

c= -+
1
i=1

e Ax; =x;;—Xx; .
[lepBas yacTh crmaraeMoro NPUHUMAET MUHUMAJIb-
HO€ 3HaYeHME, pPaBHOE HYJIO, KOTJa BEIWYMHA PE3yllb-

THPYIOIIETO MOKa3aTesi OyaeT Oiu3ka 3ajaHHOMY ),
BTOpAasi 4YacTh — MPH COOTBETCTBHU MPUPOCTOB KOAPPu-
LUEHTaM BaKHOCTH.

[ar 3. CpaBHeHHE C HAWIYYIIUM 3HAYCHWEM HH-
TETPAIBHOTO TMOKA3ATENS: €CIH C<Cpin , TO HOBOE pe-
LIEHHUE
Ymin =S (X¢) s Xmini =Xz -

Kputepuem ocrtaHoBa sBIS€TCSI BBIIOJIHEHHE 3a-
JIAHHOTO YKCjIa UTEepaluil 00 MOJyYeHUE PEIIeHUs C
yKa3aHHOH TOYHOCTBIO.

PaccMoTpuMm Temepb anropuTM, OCHOBaHHBIH Ha
MOZIETIMPOBAHUH NPUPAIICHNS (QYyHKIINH.

YcranaBiauBaeTCs IIar NpUpaieHus apryMeHToB Ay.

IIar 1. YcraHOBUTH HOBOE 3HAYEHUE PE3YJBTH-
PYIOLLIEro nokasarens y; =y, +Ay.

3alIOMHHAaCTCA B Ka4gCCTBC TEKYIIETO

Iar 2. C nomoup0 aJropuTMa MOAEIUPOBAHUS
MTOJTHOM TPYIIITBI HECOBMECTHBIX COOBITHIN BHIOPATH y3€i
13 BEPIIMH-MIOTOMKOB, ISl KOTOPBIX 3HAUEHUSI WHAUKA-
TOpa paBHO |, B COOTBETCTBHH C KOX(P(PHUINECHTAMHU
BaXXHOCTH 0L],0.),...,0,, . JJISI 3TOTO BBIIOJTHSETCS pac-

4€T HOPMHUPOBAHHBIX 3HAYECHUU
bopmyie

BEPOSITHOCTEH IO

n
*
Pi =i Zaj >
Jj=1

rae j — HOMEp BEepIUIMHBI, UISI KOTOPOH 3HA4YCHUS WH-

JIMKaTopa paBHoO 1.

Ecnu y3en He HalifieH, TO OCYLIECTBIISIETCS 3aBEP-
HIeHUE PabOThI ANITOPUTMA.

[ar 3. OmpenensieTcs 3HaYCHUE x; & BBIOpaHHOI

Ha MpPEABIIYIIEM IIare BEPIINHBI k, TpH (UKCHPOBAH-
HBIX 3HAYCHUSX OCTAJIbHBIX BEIWYMH JUIS TTOIYUICHUS
33JJaHHOTO ) .

IMar 4. IIpoBepka COOTBETCTBUS OTPAHUYEHUIO
B3
1 <X, <R;. Ecmm ycrnoBue BhINONHSETCA, TO

*
Xtk =X; , 1 BCEM BEpIIMHAM, HE SBJIIIOIIMMCS KOH-

CTaHTOM, MPUCBAUBAETCSI HHANKATOP, PABHBIN €IUHHUIIE,
awnHaue — f; =0. [lepexon x mary 1.

Iar 5. [IpoBepka ycioBus: y* =y, . Eciu ycnoBue

BBINOJIHAETCS, POUCXOIUT 3aBEpIICHHE PabOTHI aJro-
pHUTMa, HHaYe — Mepexos K mary 1.
[Momy4eHHble 3Ha4YeHUsT X; OyAyT peleHHEM 3aaquH.

Jns peanuzanuu TPEACTABIEHHBIX alTOPUTMOB
OBUT HCIOJB30BaH OOBEKTHO-OPHUCHTUPOBAHHBIA ITOJ-
xon. Ha puc. 2 mpencrapneHa nuarpaMMa OCHOBHBIX
knmaccoB. Kimace «Y3em» mpeacraBisieT coO0H BEpIIHHY
JepeBa, KOTopasi CBsi3aHa C JpPyrmMu y3mamu. Kiacc
«Metom» sBIAIETCS aOCTPAKTHBIM, ero MoToMKku «lIpu-
pamenne ¢yHKuum» u «CirydaiiHBII TOWCK» TIpeaHa-
3HAYEHBI [T pelIeHUs] 00paTHOH 3a7a4d ¢ HCIOIbh30Ba-
HHEM COOTBETCTBYIOIINX CTOXACTHYECKHUX ATOPUTMOB.
Knacc «Mopenb» mnpenHasHadeH ajisi XpaHeHHs (yHK-
UM, CBA3aHHBIX C PAacueTOM PE3yJbTHPYIOIIETO IOKa-
3aTesl.

JlanHas cTpyKTypa, MOJNyYCHHAs IyTeM MOIU(U-
Kaluuu cyuectByromei [17], mpegocTapisieT BO3MOXK-
HOCTh JAJIGHEHINIETO Pa3BUTHS CUCTEMEI: JTOOABICHUS
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HOBBIX METOZOB, MOJEICH; pelIeHHsT MHOTOYPOBHEBBIX
3a1a4d IMyTeM I0CIeoBaTeIbHOT0 00X01a BceX ypoBHEH
rpacda (cBepxXy BHHU3), a TaK)Ke MPUMEHEHISI Pa3TNIHBIX
METOZIOB peleHHs Io3a1ay.

Vi3en
— Koadd. BaxxnoCcTH 1 Monenn
— 3HavyeHue
1..*|— Munumym | + Qynkius()

j—

— Makcumym
|: — Ilpupoct
Pacuer A Pacuer B

— HavanpHoe 3HaueHHE
— Koneunoe 3nauenne
— Unnukarop

— BeposTHOCTh HOpM

+ Jlo6aBuTh notomxa ()

+Dyrkmus () HOyHKIms (

+ Pacuer Bepositoctu ()| | 1 Meroxn
+ Br16op BepumHsI ()
+ O6x07 () +Pacuer ()

~

CirydaliHbI{ TIOUCK

|
TIpupamenne pyHKIuH

+ Pacuer () +Pacuer ()

Puc. 2. Ctpyxrypa xi1accoB

B kavecTBe mprMepa pacCMOTPUM MOJETb (HOpPMH-
poBaHUS PUOBLTH, TPUBEICHHYIO B [5]:
profit=revenue—const costs—variable costs ,
roe  profit —
const costs — TIOCTOSTHHBIC 3aTpaThl; variable costs —

HpI/I6BIJ'IB; revenue — BBIpYyYKa,

IepeMEHHBIE 3aTPAThL.
Ucxomnpie nanubele (ThIC. pyO0.): profit = 200,

revenue = 400, const costs =50, variable costs = 150.

CraBuTcs 3a7a4a OnpeAeicHUs YPOBHS BEIPYYKH, Tepe-
MEHHBIX W IOCTOSIHHBIX 3aTpar Ui YBEJIWYCHUS TpU-
opur Ha 150 THIC. pYO. [Ipm 3TOM KO3PPHUIIMEHTHI OT-
HOCHTENBHOM 3HaunMocTH paBHBL: 0=0,8; B=0,1;y=0,1.

JlanHas 3a1a4a MOXKET UMETh O0Jiee OHOTO pelle-
HUS B 3aBUCHUMOCTH OT HAlpaBJICHHS U3MEHEHUS BEI-
ypH. Hampumep, yBenmueHne HpPHUOBUIA MOXKET IIpo-
M30MTH 32 CUET YBEIWYEHUS BBHIPYYKH, YBEIUICHUS I10-
CTOSIHHBIX M IIEPEMEHHBIX 3aTpaT, a TaKXKe 3a CUET yBe-
JIUYCHUSI BBIPYYKH M yMCHbIICHHs 3arpar. B Tabm. 1
MpeACTaBIeHBl PE3YAbTATHI JJIs Clydas, KOTja yBelude-
HUEC BBIPYYKH COMPOBOXKIIACTCS CHIDKCHHEM 3aTpar.

Tabnuima 1
Pe3yabTaThl penieHust 3a1aun

3Haue- 3HaueHHS apIyMEHTOB

Merton noucka
HUE Bei- [[Iocrosuuble| [lepemenHbIE
pelieHus -
pyuka| 3aTpaTbl 3aTpaThl

Moaudurnmpo- 350 520 35 135
BaHHBINA METO/I
00paTHBIX BBI-
YHCJICHUI
Corrygaifusrit 350,04 (519,94 34,97 134,93
niouck (1 mm.
TOUEK)
[Ipupammenue 350 521 36 135
GbyHKIUH
(mar = 1)

B mMomudummpoBaHHOM MeTOne OOpaTHBIX BBIYHUC-
JICHWH HaIlpaBJeHWE M3MEHEHHsS apryMEHTOB YKa3bIBa-
€TCsl C TIOMOIIBI0 BHAA 3aBUCHMOCTH: TIPsIMas WIH 00-
parHas. Tak, pe3ynprars! Tabm. 1 MOTy4eHsI Ui CiTydas,
KOTJIa MEXKY BBIPYUYKOM U 3aTpaTaMH OOpaTHasi 3aBHCH-
MOCTB, a Me)K}ly IIOCTOAHHBIMU U HepeMCHHbIMI/I — Hpﬂ-
Mas. B Merone ciiyyailHOro rnoucka HampaBJI€HHE U3Me-
HEHUSI MOKHO TIOJIYYUTh MYTEM YCTAaHOBJICHUS COOTBET-
CTBYIOIIMX HIKHUX M BEPXHUX TPAHUI] (MHAYC PEIICHUS
B Pa3HBIX pealU3alisiX MOTYT 3HAYUTEIBHO OTIHYATh-
cs1). Jns 3amagn OBUTH MCHONB30BaHBI CIESTYIOIIUE OT-
paHWYCHHUS:

400< revenue <800 ,

10<const costs<50 ,
120<variable costs<150.

[Ipn ncronbp30BaHWM aNTrOpUTMa Ha OCHOBE IIPHU-
pamieHusi (YHKIUM BO3MOXKHO HAXOXKAECHHE PELICHUS
TOJNIBKO JUIS CIy4Yasi, KOTJa IPOMCXOIUT HauMEHbLIee
W3MEHEHHE apryMeHTa ¢ HanOOJbLIMM 3Ha4E€HHEM KO-
¢ dureHTa OTHOCUTENBHOH BaxkHOCTH. Hampumep, B
TalJl. 2 TIPEACTABICHBl BAPUAHTHI yBEJIUUYCHUS DPe3yib-
Tara B Clly4ae aJINTHBHOM MOIENU ABYX apryMEHTOB.
Jnst cyMMBI IByX apTyMEHTOB YBEIHYEHHE Pe3YIbTH-
PYIOILIETro TTOKa3aTesl MOYKHO TOJIyYHTh JIBYMsI CIIOCO-
OamMu: yBesMuuB 00a apryMeHTa U yBeJIM4YHB OoJiee 3Ha-
YUTEIBHO apryMEHT C HauOOJNBLIMM 3HauYeHHEM KO3(-
(unyenTa BaXHOCTH, YMEHBUINB IIPH 3TOM apryMEHT C
MEHBIINM 3Ha4eHHEeM KOd(QHIMEHTa OTHOCHTEILHOM
3HaYUMOCTH. MeToJ| IpupanieHusi QyHKIUH TTO03BOJISET
HaWTH pEIICHUE TONBKO AJsS MEepBOro ciydas. AHalo-
THYHO JUIsl BTOPOTO BapHaHTa Monenu (pa3HOCTh apry-
MEHTOB) METOJ NpUpAIIeHUs (YHKIUH BBIIOIHUT MO-
HCK PELICHHS TOJNBKO B ClIydae yBEIWYCHHUS apryMeHTa
C HauOOJBIIUM 3HAYCHHEM KOA(PQHINEHTa BaXHOCTH
pu YMCHBUICHHUU 3HAYCHUA apryMeHTa ¢ HAMMCHBIIIUM
3HaYeHUEM KO03(D(DHUITMCHTA 3HAYMMOCTH.

Tabnuia 2
BapuaHThI JOCTH:KEHHS HETU

Monenb [Ipupoct pesyibrara
A(0)+B(B),a>p A BT A ,B”
A(o)-B(p),0>p AT B* A" ,B”

3akiaoueHue

Ha ocHoBe npocToro ciyyailHOro 1novcka u urepa-
IMOHHOM TIPOLEYpbl NMpupalieHus QyHKUUH pazpabo-
TaHbl aJITOPUTMBI pelleHnst oOparHo 3axaun. Vx mpe-
HUMYIIECTBOM SIBIISIETCSI NMPOCTOTAa KOMIBIOTEPHOH pea-
JU3alMY, B CIy4ae MX HCIOIb30BAHUS OTCYTCTIBYET HE-
00XOIMMOCTb PELICHUs] CHCTEMBI YPaBHEHUM, ITPUMEHe-
HUSL TIPOLEAYpPHl CBEPTKH M MHOTOKPAaTHOTO PEHICHUS
3a7a9u C TTOMOIIBIO OOpaTHBIX BBHIYMCIICHUI B ciydae,
KOTZIa 4YMCIIO apryMeHToB Ooibmie aByX. Kpome Toro,
CIy4yallHbI IIOMCK IIO3BOJIAET IIOJIYYUTh PELICHUE C
y4eToM Ko3((HIIMEHTOB OTHOCHTENHHONH Ba)KHOCTH M
OTPAaHMYECHUI Ha BEIMYMHBI aPTyMEHTOB, YTO HEBO3-
MOXHO MHOJYYUTH TOJIBKO C IMOMOLIbIO O6paTHI>IX BbI-
yucneHnuil. K HemocTarkaM MOXHO OTHECTH CyIIECT-
BYIOLIYIO IIOIPEIIHOCTb BBIYMCICHUM H3-3a HCIIOJIb30-
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BaHMS CTOXaCTHYECKHMX METOIOB, METO HA OCHOBE
npupaeHus QyHKIIUU MOXKET ObITh UCIIOIb30BaH JIHIIb
B HEKOTOPBIX BapHaHTaX U3MEHEHHs apryMEHTOB: KOTJa
CyMMa MOJIYJEH NMPUpALIEHU apryMEHTOB MUHUMaJlb-
Ha. Jlnsg peanusalMy aJropuTMoB OBbUI HCIIOIB30BaH
00BEKTHO-OPHUEHTUPOBAHHBIN MOAXO/, CTPYKTypa Mpe-
CTaBJISICTCA B BUJC A€PCBA, HA HU)KHEM YPOBHC KOTOPO-
TO MPHUBOJSITCS ApTYMEHTHI, @ Ha BEPXHEM — PACCUHTHI-
BacMbIli Ha WX OCHOBE PE3YJbTUPYIOIIMI IOKa3arelb.
JlaHHast CTPYKTypa MpeaoCTaBIsIeT BO3MOXXHOCTD M3Me-
HEHUS W JaJbHEHIIEero pasBUTHA CHUCTEMBI, a TaKXKe
pelieHns] MHOTOYPOBHEBBIX 3a7ad M HCIIOIb30BAHUS
pa3NUYHBIX METOOB pEIICHHs Mon3anad. B kauecTtse
MpUMepa MPUBOANUTCS 3a1a4a (OPMHUPOBAHUS TPUOBLIH.
[TpencraBneHHbIC aNTOPUTMBI U MOTYT OBITH HCIIOJIB30-
BaHbI [TPU PEILICHUU OOPATHBIX 3a]]a4 B JKOHOMHUKE.
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Stochastic algorithms to solve the economic analysis
inverse problems with constraints

Stochastic algorithms for solving the inverse problems are
considered. These simple algorithms allow taking into account
the limitations of the arguments of the function and the coeffi-
cients of relative importance. Object-oriented model imple-
mentation allows to modify the system, to solve multi-level
problems, and to apply different methods for each level. The
article presents a sample solution for profit generation.
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A.A. CeeTtnakoB, O.A. lNyrayeBa

CuHTe3 rpagneHTHbIX MeTOA40B MUHUMU3aLUN (PYHKLIUA MHOTMUX
nepeMeHHbIX C NPUMEeHeHMeM npaBbIX OOpaTHbLIX MaTpuy

IMpemnaraercst HeTpaJMIUOHHBINA MOAXOM K CHHTE3y METOI0B MUHMMH3AIMU (QYHKIMI MHOTHX NepeMeHHbIX. Ha mpu-
Mepe pelleHus IPOoCcTeiIe 3ajaun B Heil CHHTe3UupyeTcsl HOBBIN IPaJMEHTHBIH METOJl pelleH s JaHHO! 3a/1aul, OCHO-
BaHHBII Ha CBEJICHUM €€ Ha KaKI0H UTepaluy K peIICHUIO HEJOONPEIC/ICHHBIX JIMHEHHBIX alreOpaudeckux ypaBHEHUH
U BBIUHMCIICHUIO UX PEIICHUH C MPUMEHEHHEM MpaBbIX OOPaTHBIX MATPHII.

KiroueBble ci10Ba: rpaiueHT, npasas o0paTHas MaTpULA, MaTPULIA, MUHUMU3ALUs QyHKINH.
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IHocTanoBka npocreiilei 3aqa4u MUHUMH3a-
MM GYHKIMH MHOTHX NepeMeHHBIX

[Tycth HekoTOpas mepeMeHHasl BeTMYUHA Y sBIIs-
€TCs 33JaHHOW M U3BeCTHOW HaMm QyHkumei f(-) Hesa-
u,,U,,..,U,, rtoe
HaTypaJbHOE YHCIO Takoe, 4To 1<n<co. IIpeacraBum

JaHHOC MPEAINOJJIOKCHUEC AHAJIUTUYCCKHU U COOTBETCT-
BCHHO 3alluIIEM CJICAYIONICEC paBEHCTBO!

y:f(ulvMZB""”n)~ (1)

3nece y M uj,Uy,...,U; — UYUCICHHBIE 3HAYCHUSA

BUCHUMBIX TI€PEMCHHBLIX n -

¢yHKIMU Y ¥ He3aBUCUMBIX nepeMeHHblx Up,Us,...,U,
COOTBETCTBEHHO. Beromy maee OymeM mpeamnonararh, 4ro:
1) naHHast QGyHKIMS SBISETCS HEIPEPBIBHON U XOTS
Obl pa3 muddepeHIHPYEMOil 0 KaXKIOH U3 IepeMeH-
HeIX U;,i=Ln;
2) oHa SIBISIETCSl YHUMOJAIBHOM (yHKIHMEH 1 or-

pejieNieHa Ha BCEM BEKTOPHOM npocTpaHcTBe V' .
Jlyist yOpoIeHUs] U KOMITAKTHOCTU TOCIIEMYFOIIIX
3amuceil ¥ BBIKJIAJO0K BCIOAY Jlanee OyeM MmoJb30BaThCs

BEKTOPOM-CTPOKOH W U BEKTOPOM-CTOJIOIIOM uT’ mo-
Jarasi Ipy 3TOM, YTO OHU OMPENEIISIOTCS CISIYIOMINMH
paBEHCTBaMHU:
a) u=(uy,Up,u3,..,uy), (2a)
6) ul =(u)’, (26)
rie T — CUMBOJ oOmepaly TPaHCIIOHHUPOBAHHS BEKTO-
poB u MaTpul. Bocronb30BaBUIMCh JAHHBIMH BEKTOPA-
MU, TIpe/icTaBUM cooTHoImneHue (1) B creayromeM doee
KOMITAKTHOM BHJIE:
y=f@=£@". 3)
Jnst ynoOcTBa U COKpAIeHHUs TOCIESAYIOMEro 13-
JNOXKEeHHs Hapsily C TCPMHHAMH «BEKTOP U. » M «BEK-
TOp U» BCIONy Jaliee OyaeM HCIOJIb30BaTh KaK MX CH-
HOHMMBI TEDMUHbI «TOYKA U » M «TOYKA U », OTAABas
IPU 3TOM IPEANOYTEHHE TOMY U3 HHMX, KOTOpPbIM Hanbo-
Jiee COOTBETCTBYET CYIIHOCTH 00CYKIaeMOT0O BOTIPOCa.
3agaua MHUHHMH3ALUUKM PACCMATPUBACMON HAMHU
¢yHKIMK y=f (uT) 3aKJIF0YaeTCsl B TOM, YTOOBI HAaliTH

BEKTOP ul, YIOBJIETBOPSIOIINNA PAaBEHCTBY

ul =argmin{f(u’ ):u’ eV"}, “)

rae cuMBOoa argmin{...} — (apryMEHT MHHHMyMa) 03-

HAJaeT, 9TO BEKTOP ul sBusercs Taknm BEKTOPOM, IIPH
T

KoTopoM GYHKIMA y=f(u ) NPUHUMAaET MUHHMAJIb-

HOE 3HAUCHNE Y, 1 IpH 5ToM u, V.

st pemieHnst TaHHOW 3a/1a4yl B HACTOSIIEE BpeMst
MMEETCsl 3HAYMTENIFHOE YHMCIO METOOB U pealu3ylo-
IMHAX WX ITOPUTMOB, Oa3MPYyIOIIMXCS Ha Pa3IMIHBIX
unesx u nomxonax [1, 2]. OmHako, HECMOTpS Ha 3TO,
ocTaeTcs aKTyallbHOM mpoOieMa COBEPIICHCTBOBAHUS
y’K€ MMEIOIIMXCSI ¥ CO3/1aHHsA HOBBIX METOJOB M ajro-
PUTMOB €€ peleHus, o0NafalouX TEMU HIH WHBIMH
MPEeUMYIECTBAMH [0 CPABHEHHUIO C YK€ MMEIOIIMUCS
METOJ[aMH U aJITOPUTMaMHU.

CuHTe3 rpaiMeHTHBIX MEeTOJ0B MUHUMM3ALMHI
¢yHKUUI MHOTHUX IIepeMEHHbIX ¢ IPUMEeHeHHeM
NMPaBbIX 00PAaTHBIX MATPHIL

W3BecTHOE B HacToOsIIIEe BPEMsI CEMEWCTBO Ipajiu-
EHTHBIX METO/I0B MHUHUMM3AIMH (QYyHKIMH MHOTHX IIe-
PEMEHHBIX TOJYIEHO IBPUCTHUECKUMH PACCYKACHUIMHI
C HWCIOJIb30BaHUEM IIPH 3TOM CBEICHHH O TpajUeHTE
MHUHAMH3UPYEMOH (YHKIMN W e 33Ja4d e¢ MHHU-
muzarn [1]. Hioke HaDISIIHO WILTIOCTPUpPYETCS, YTO
3TH U TIOI00HBIE UM METOJBI MO>KHO HE MEHEE YCIIEIIHO
CHHTE3MPOBaTh U C MpUMEHEHHEeM Ooiiee (HopMaTbHBIX
METOJIOB, eCiM: 1) BOCIIOIB30BATECS CBEACHUEM 3aJ1aull
UX CHHTE3a K PEIICHHIO JIMHEHHBIX alredpanvyeckux
YpaBHEHUI U 2) UCIIOIb30BaTh YISl PEILICHHUS ITOCIIETHUX
IpaBble 0OpaTHBIE MAaTPULIEI [2].

Jnst momydyeHus: HEOOXOIMMOTO HaM ypaBHEHUS
BOCIIOJIb3yEMCSl JIMHEHMHOW 4acThio psga Teitnopa

¢byHKIHIT (uT):
y=f")=f(ug)+ghu’ +0,(Au’) (5)

3/1eCh uOT — Kakas-mi0o Touka us V", B okpecTHOCTH
KOTOpPOH Hac uWHTepecyeT moBenaeHne QyHKIuH (3);
Au” :uT—ug — IIpUpalieHHe BeKTopa ug, a
Au:(AuT)T; gT — rpaaueHT Qyukuuu (3), ompene-

JIieMBbIl paBEHCTBOM

o o Th] 0
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riae 6% y, — acTHad MPOM3BOIHAs ¢ynkn (3) o
1

MepeMeHHON u; ,i=1,n, BBIUUCIEHHas B TOYKE uOT;

0O, (AuT) — CyMMa BC€X OCTaJIbHBIX 4JIEHOB psiaa Teil-
JIopa, MMEIOIMMX TOPSJIOK IO KOMIIOHEHTaM BEKTOpa
Au" Boime BTOPOTO.

IIpu sTOM Oynem cumTarh, YTO MPUPAIECHHS AuT
TaKOBBI, YTO ciaraeMeiM O, (AuT) MOXXHO 0€3 KaKoro-

6o ymep6a i AadbHEHIINX PacCMOTPEHHH MpeHeo-
pedb, U COOTBETCTBEHHO OyIE€M CUHTAaTh €ro pPaBHBIM
Hymo. B aToM ciydae nomyuaem Oosee mpocToe paBeH-
CTBO

y=f@)=f(uy)+ghu’, @)

n
rae g:(gT)T ,a gAuT =Z giAu; — CKaIsIpHOE MPOU3-
i=1
T T
BEJICHUE BEKTOPOB g U Au .

Bocnonb3yemcs tenepb JaHHBIM PaBEHCTBOM U 3a-
IHUIIEM €ro JUCKPETHBIH aHaJor INPUMEHHTENIBHO K
k -1 mtepammu, toe k=1, 2, 3,.... B pesynbrare momy-
YHM CIIEIYIOIIEE, PABEHCTBO:

T
V1=V +8kAuy (3

THE Vi4l Ef(uzﬂ) > Vi Ef(uz) , @ 3HAK = O3HAYaer,

YTO JIeBasl 4aCTh COOTHOILIEHHS paBHA IO OMpPEeICHHIO
€ro MpaBoii YacTu.
T
3HayeHUs y; W TPAjMCHTA g, 31eCh SBISIOTCS

(PMKCHPOBaHHBIMH M M3BECTHBIMH, a 3HAUCHUE Vj.| H
IIpuparieHne Auz — HEW3BECTHBIMH IIEPEMEHHBIMHU

BEJIMYNHAMH, 3HAYE€HHUsS KOTOPBIX CBSI3aHBI PaBEHCTBOM
(8). Takum 0Opa3oM, JaHHOE PAaBEHCTBO MOXKHO BITOJTHE
000CHOBaHHO PAacCMaTPUBATh M WCIIOIb30BaTh KaK JIU-
HeliHoe anreOpandecKoe ypaBHEHHE OTHOCHTEIBHO He-
W3BECTHBIX 3HAYEHUH Vi, U Auz. B pesynbrare mo-
Jy4YUM CIIEAYyIOIlee OCHOBOIONArampmee il HaIIux
JaTbHENIINX 1eNell ypaBHeHHe:

Vierl 8k Auz =Yk - ©)

Just ynoOcTBa M yIpoIIeHUsT pAaCCMOTPEHU U BbI-
KJIaJIOK TNpHIaJiM JaHHOMY YypaBHEHHIO TpaJHIIMOH-
HBIH B JIMHEHHOH anredpe BeKTOpHO-MaTpuuHbIi BuJ. C
9TOM menbio BBemeM B paccMmoTpenue (I1x(n+1))-

MepHyIo Marpully A u (n+1)-MepHBIH BEKTOp-CTOI-

Gerx xz , OTIPEIIETINB UX PaBEHCTBAMHU
a) A =(li-g)
6) x; =(yiar idup)" (106)

BEPTHKAJIbHOE TPOETOUHE : B KOTOPBIX OTAENAET Iep-
BbI€ KOMIIOHEHTBI «l1» M « Yj,1» OT BEKTOPOB g, H

(10a)

Auy . BocCnonp30BaBIIMCh [@HHBIMH PABEHCTBAMH,
MpeacTaBUM ypaBHeHUE (9) B clenyromemM BUe:
T
A kX k= Vi - (l 1)

AHanusupys JaHHOE YpaBHEHUE, HETPYIHO BH-
JIETh, YTO:

1) OHO COBMECTHMO IIpH JIIO00# TIpaBoOii YacTH yy ;
2) ecmm g;=0,, tne 0, -HyJIeBOH n -MEpHBINA
BEKTOP-CTPOKA, TO OHO MMEET €ANHCTBEHHOE PEIICHHUE
T 0 ).
X, =(k:0,) " 5
3) ecmu g; #0,, TO OHO MMEET HECUCTHOE MHO-

’KECTBO PEIICHUH.
B HanGonee o0mieM BUe MHOKECTBO €TI0 PELICHUH

xz MOYKHO TIPE/ICTABUTH CIIEAYIONINM PAaBEHCTBOM:
T _4-1

X, =A Vg 12)

3nech A;H — mpaBasi oOpaTHast K Aj MaTpuIa,
BBIUMCIIIEMAs] COTJIACHO PaBEHCTRY [2]
-m_, T Ty-1

Al =z (Az)) (13)

rae zz — HEKOTOpBIN 3amaHHbI (n+1)-MepHBIH Bek-

TOP-CTOJIOEL] TaKOH, YTO MPOU3BEICHNE Akzz #0. YMm-

HOXWB ClieBa 00€ 4acTH JaHHOTO PaBEHCTBAa Ha MaTpH-

uy Ay, HETPYZIHO BHJIETh, YTO AkA;H =1, u, Takum

00pa3oM, MOXKHO 3aKJIFOYUTh, YTO MAaTPHIIA A;H , Om-
penensiemast paBeHCTBOM (13), IeHCTBUTENBHO SBISCTCS
paBoif 00paTHOM K A MaTpHIICH.

MHOX€eCTBO BEKTOPOB zz, YIOBIIETBOPSIOIINX
JAHHOMY HEpaBEHCTBY, HECUETHO M, TakMM 00pazoM,
3a/1aBasi pa3IMYHbIE BEKTOPBI zz U HCIONIBb3YSl UX B
(13), MOXXHO TOJIyYUTh HECYCTHOEC MHOXECTBO pa3jiHy-
HBIX TIPaBBIX OOpaTHBIX K Aj Marpum. [Ipu 3TOM, Kak
HENOCPEJICTBEHHO BUAHO W3 JaHHOTO PaBEHCTBA, KaXK-

T
ZIOMy BEKTOPY Z; COOTBETCTBYET €IMHCTBEHHAs Mar-

puma A;H , 4, Kak BUIHO w3 (12), kaxkmas Takas MaTpu-

L@ OIpenenseT €AWHCTBEHHOE pEIICHHE YPAaBHEHUS
(11). IlpuBenem dYeThlpe mpuMepa, HAISIHO HILTIOCT-
PHUPYIOIINX PaccMaTpHBaeMble BO3MOXXHOCTH PEIICHUS
ypaBHeHHs (11) ¢ TpuUMEHEHWEM TpaBBIX OOPATHBIX
MaTpHII.

[Ipumep 1. 3agagum BexTOp le B COOTBETCTBHH C

PaBEeHCTBOM le =(1,0:0,, )T, rae 0, — HyneBoi n -Mep-
HBI BEKTOP-CTPOKa. BEHIMOMHKUB BCe HEOOXOAMMBIE BbI-
yHcIeHus coracHo paseHcTBaM (13) u (12), yuutsiBas

pu 3ToM (9), MOTyYUM, UTO peIIeHUe xlT ypaBHEHHSA
(11) B 3TOM cydae onpenenseTcs: paBeHCTBOM

Xt = 0)" (14)
7 okazbiBaercs (n+1)-MEpHBIM BEKTOPOM, ¥ KOTOPOTO
OTJIMYHA OT HYJIS TOJIBKO MepBasi KOMIOHEHTa X|, a BCE
OCTAJIBHBIE 71 €0 KOMIIOHEHT PaBHEI HYIIIO.

ITpumep 2. Ilycts BekTOp zg YIAOBIETBOPSET pa-
BEHCTBY zg =(0,: l)T. B osToM ciydae, BBITOJTHHB
MIPEACTABICHHYIO BBIIIE IOCIEAOBATEILHOCTD OIEpa-
[OWH, TIOTy4aeM, 9TO peIIeHne xg ypaBreHwus (11) ymo-

BJIETBOPSIET PABEHCTBY
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x3=(0,:8,1)" i (15)
u gpuserca  (7+1) -MepHBIM BEKTOPOM C OTIIMYHOM OT
Hyns (n+1) -if KOMIIOHEHTON U PaBHBIMU HYJIO €T0 Iep-
BBIMH 71 KOMIIOHEHTaMH.

-1
3necy g, — obpauleHHas 7 -5 KOMIIOHEHTa Ipa-
T
AMeHTa g, .
[Tpumep 3. Bribepem B kauecTBe BEeKTOpa zg BEK-

TOp Z3T =(ligy )T . IloacraBuB ero B (13) U BBITOJHUB
OYEBH/IHBIC OTIEPAIINH, TOTYYHM CJIEAYIOIIee PABEHCTBO:

Al =g rgig) (16)

B KOTOPOM cJIaraeMoe g kgz olpeneNnsieTcs paBeHCTBOM

n
818 =2 85 - (17)
i=1

o€ gijx — I-A1 KOMIIOHEHTa IpaJueHTa gz, i=Ln, n

TakuM 00pa3oM, MO OMpPEHCTCHHUIO SBIICTCS HUYEM
MHBIM, KaK KBaJpaTOM EBKJIMIOBOW HOPMBI I'paJHeHTa

gz , AMEIOIIUM CTPOTO IIOJIOKUTEIIbHOE 3HAUCHUE IIPU

gr #0, u paBHbiM Hymo npu g; =0, . Pemenue xg

ypaBHeHHs (11) B maHHOM cirydae BBIYMCIISIETCSI CO-
IJIACHO CIIEAYIOIIEMY PaBeHCTBY:

x3=(lige) (+grg)  ve. (18
ITpumep 4. bynem cuuTars, 4TO BEKTOP z}; ompe-
JIEIACTCS] PABEHCTBOM ZI =e1+1 =(1,0; L,0; ... 1,0)T , T.C.
sBisieTcss (n+1)-MEpHbIM BEKTOP-CTOJNOIIOM, BCE KOM-
moHeHTsl kotoporo paBHbl 1,0. IloctaBuB ero B (13),
HoJyyaeM, 4To Ipasasi oOpaTHast K Aj MaTpula A;H
B IaHHOM CITy4ae OIpeJeNseTCsl PAaBEHCTBOM
n
A =+ gn) - (19)
i=1
Pemenue XI ypaBHaenust (11), BeruMciaeHHoOe ¢ Hc-

IIOJIb30BaAHHUEM ,HaHHOﬁ MaTpulbl, MOJYy4YacTCd B COOT-
BETCTBHU CO CJICAYIOIINM PABCHCTBOM:

n
T_.T -1
xg =e, (14D gik)” Vi (20)
i=l1
HemocpencTBeHHON NpOBEPKOi, T.€. MOCTaBIsA B

(11) pewennus (14), (15), (18) u (20) 1 BBIIONHSS COOT-
BETCTBYIOIIME apu(MeTHyeckne omnepanuy, MOXKHO

yOeUTHCS B TOM, YTO BEKTOPHI XIT xg x§ u X4T Jei-
b b

CTBUTEIBHO SBIIOTCS pemieHussMH ypaBHeHus (11).
Wcnonp3ys nannele pemeHus U paBeHcTBO (106), MOoXx-
HO COOTBETCTBEHHO CHHTE3MpOBaTh ciemyromue 4 nre-

PaLMOHHBIX METO/Ia MUHMUMHU3alUK QpyHKIUH [ (uT) :
(21a)
(216)

T _.T
l.a)u_, =u.,

0) ¥ir1 =Yk

2.2) up, =u; —(0,5g, ) v, (22a)
6) ¥;,=0; (226)
3.0) ul, =u; —g; (1+gxg)) " Ve » (23a)
6) Vi =Y, (+grgy) (236)
4. a) uzﬂ =uz —ez (1+ekgg )_lyk R (24a)
6) ¥yt =¥, (+epgy) (246)

3nech 0,_; — HyneBo# (n—1)-MepHBIA BEKTOP-CTPOKA,

a ez — 1 -MEpHBIH BEKTOP-CTOJIOC, KaXKAast U3 KOMIIO-

HEHT KOToporo pasHa 1,0.

[IpuBenem kparkue KOMMEHTapuu, 0Oojiee IOJHO
pacKpbIBarole Hanodojee CylecTBEeHHbIE 0COOCHHOCTH
CHHTE3UPOBAHHBIX METOJOB MHHHMH3AIWK (QyHKINH

f (uT) , I OTPaHUYCHUS, KOTOPBIE HEOOXOAMMO YUUTHI-

BaTh IpH BHIOOpE BEKTOpa z', ¢urypupytomero B or-
penenennu (13) MaTpub! A;H .
Bo-nepBbIX, Kak BBITEKAET U3 ONPEICICHUS BEKTO-

pa ZF n pasencts (14), (21a), (216), ucnonszoBanue
BEKTOpa le MIPEAEIBEHO YIPOIIAeT BHIYNCICHHE MaTpH-

L(bI A];H U pELICHUS XF ypaBuenus (11). OxHako mo-

Jy4aeMblil TP ITOM UTEpaloHHbIH MeTox (21a), (210)
OKa3bIBAETCA COBEPIIEHHO OECIIONEe3HBIM, TaK KaK €ro
NIPUMEHEHHE HHUKAK HE pelIaeT 3a/1ady MUHUMH3aLUH

byHKIIT [ (uT) .

Bo-Bropsix, Meron (22a), (220) Taxxe oKa3bIBaeT-
Cs  MAaJONPUTOAHBIM Ui MHHUMH3ALUH  (QyHKIUH

f (uT) , TaK KaK ero IprMeHEHHEe MO3BOJIACT H3MEHATh

TOJIBKO 7 -0 KOMIIOHCHTY Uu; BEKTOpa llT , 4TO, O4YC-

BUIHO, SIBHO HEJOCTATOYHO Ui OTHICKAHUS MHHUMYMa
fingzieiv ey (uT) . Bomee Toro, mockombky v, =0, TO
Ha (k+1)-# W TOCIHEIyIOIIUX HMHTETPANUAX JaHHAs

KOMITIOHCHTA TaKXEC HC 6yI[€T B OTOM CJ1y4dac U3MECHATHCA
U COOTBETCTBCHHO HC 6y}:[eT B 3TOM CJIy4a€ HUKAKOI'O

MIONCKAa MUHUMYMa QYHKIHU f (uT) 110 TIepBbIM (1+1)

T
KOMITIOHEHTaM U ,Uy,...,U,_] BEKTOpa u .
OpnHako BHIOJHE OYEBUAHO, YTO €CIU BMECTO BEK-

TOpa z} UCTIONb30BaTh BEKTOP z?,

ONpeAeAeMblil
PaBEHCTBOM BHJa

2;=(0,41:0,41 ), j=2.n+1 (25)
TO MOXKHO 03 KaKkux-I1M00 OONBIINX yCHUJINI CHHTE3H-
pOBaTh WTEPAMOHHBI METO/ MOKOOPJHMHATHOW MHUHH-
Mu3auuu GyHKIMU f (uT). st aToro HeoOXomuMo U
JIOCTATOYHO OPTaHW30BATh LUK 110 j W HA KaXIOW W3
UTEpaLUil BBIYUCIATH NPaBylo 0OpaTHYIO K Aj Marpu-

-1 T T
Iy Akj , PCLICHUE X3 ; ¥ BBIYHCICHUE BEKTOpA W, | H

3HA4YC€HUSA V] B COOTBETCTBHUU C PaBEHCTBAMHU
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T _.T T
a) uk+1,j_uk,j-1+zjyj’ (26a)

0) y+1=Y;- (266)
B-Tperbux, kak BumHO u3 (23a), (230), npencras-
JICHHBIA TaHHBIMH PABCHCTBAMH HTEPALIMOHHBIA METOL
ABJIACTCA T'PaAUCHTHBIM METOAOM MUHHUMU3AINU q)yHK-

i f (uT). Hamnpasnenne mpupamieHus Aug B JIaH-
HOM CJIy4Yae COBII3JaeT C HAMpaBICHUEM €€ aHTHIPa/Iu-

eHTa (—gZ) B TOYKE uz, a ero eBKIMI0Ba HOpMa

T T
”Allk” 3aBUCUT KaK OT IpaJuCHTa gk " KBaJpara €ro

2
€BKIIUI0BOM HOPMBI ”gl“ , TaK ¥ OT 3HAYCHUS i

Ed
ing:ieivad (uT). B okpecTHOCTH TOYKM U — MHHH-

MyMa QYHKIMH [ (uT) , TJIC BBIMOJHACTCS TPUOIIKCH-
T 2
HO€ PaBEHCTBO “gk ” ~(0, HampaBJCHUE TPUPALICHUS

Allg TAKXXE€ COBIAAACT C HAIIPABJICHUEM aHTUI'DAAUCH-

Ta (—gz) B TOUKE uz , @ er0 eBKJIHMI0Ba HOpMa ”Auz“
T T
3aBMCHT OT HOPMBI (g, || TPaaueHTa g, M OT 3HaYeHHs

Vi GyHKIMH [ (uT) B TOUKE uz , MOHOTOHHO yYMEHb-
IIAsiCh ¥ CTPEMSICh K HYITIO C yBeJMueHueM k. Kak Herno-
CpeACTBeHHO BUAHO U3 (230), 3HaYeHue yj,; QyHKIUH
T T T
S(u") B Touke w, , oxasbiBaercs B (1+g;g, ) pas

MEHBIIE €€ 3HAYEHHS B TOUKE uz M C YBEJINYCHUEM k
MOHOTOHHO W C MOHOTOHHO YMeHBHiaIFlQHIGI;'ICﬂ CKOpO-
CTBIO cTpeMHuTCs K €€ 3HaueHno f((u ) ).
B-ueTBEPTHIX, U3 ONpeNe/ieHNus] BEKTOpa el
BeHCTBa (24a) BUIHO, YTO BCE KOMIIOHEHTHI 4;; BEKTOpa

u pa-

ll}; B JaHHOM CJIy4a€ HU3MCHAIOTCA Ha OJHY U Ty XKC

BEJIMYMHY, IPONOPLHOHAIBHYIO 3HAUEHUIO }; M MHO-
JKUATEII0 (1+ekgz)_l. IIpu sTOM HampaBieHue mnepe-

MEILEHUS TOYKU uz U €ro BeJIMYMHA CYIIECTBEHHO 3a-
BUCAT OT TOTO, KaKOB YTOJI (0 MEXIy BEKTOPOM el u
TpagreHToM g . Tak, eclli JaHHBIA YTroil paBeH m/2,
TO MUMEIOT MECTO PaBEHCTBA Aulz:ez Vi U Vi1 =Yk
TakuM 00pa3oM, HHKaKOTO YMEHBIICHUS 3HAYCHUS

¢byakIun  f (uT) B IaHHOM cirydae He Oymer. OHO Oy-
JEeT MaKCHMAJIBHBIM TPH eZ:—gz, T.e. TOTZAa, Korna

Yol @ MeXIy BeKTopaMu ez u gz paBeH —T.
Bo Bcex mpyrux ciydasix, KOorzla MMEIOT HEpaBEHCTBA
—T<@<m/2, oHO OyZeT M3MEHITHCSA MPOMOPIIUOHANTb-
HO COS®.

IIpuBenEHHBIE BBIIE IPUMEPHI HAIVISIHO MIIIHOCT-
PUPYIOT IIKpoUaiiiue BO3MOXKHOCTH CHHTE3a UTepalu-

OHHBIX METOJOB MWHUMF3AIHUKA (QYHKIHHA [ (uT) c

NPUMEHEHNEM TpaBbIX 00paTHbIX K Aj Marpuu. OHH

K€ IMOKa3bIBAKOT, YTO: 1) HCIOJIb3Ysl NJaHHBIC MaTpUIIbI,
MOXXHO MOJYYUTh KaK COBEPUICHHO 6€CHOJ'I63HI)I€, TakK U
OpeaACTaBIIAIOIINC 3HAYUTEIHHBIA HUHTCPCC HUTCPALIUOH-

HBIC METOAbl MUHUMHU3AIMN QYHKIMU [ (uT); 2) Hau-
OOJIBIINI HHTEPEC TPEICTABISIOT METO/IbI, IOy YeHHbIC
C IPUMEHEHHEM BEKTOPA Z3T HE TOJBKO MOTOMY, YTO €TO0
MIPUMEHEHHE TTO3BOJISICT TOJIyYUTh TPaJNCHTHBIN METOX
MUHUMH3AIAN QYHKOHHA [ (uT) , HO U CHHTE3HPOBATh
HEYETHOE CEMEUCTBO TPAJMEHTHBIX METOIOB ITOJ0OHOTO
Ha3HA4YEHMs, 3aJaHHBIX C TOYHOCTBIO JI0 ANArOHAJILHOM
IIOJIOJKUTENIBHO OnpenenéHHon Marpuubl D nopsnaka
k. Ans momydeHusi Kakoro-mnbo KOHKPETHOTO METona
13 JAaHHOTO ceMeiicTBa HEOOXOAMMO | IOCTAaTOYHO BMe-
CTO BEKTOpa Z3T HCIIONB30BaTh BEKTOP z,f, olpezense-
MBI paBEHCTBOM
T T
z, =Dyg;, @7
rne Dy — muaroHanbHas Mopsiika 71 MaTpUIIa.
PaBenctBa (8)—(27) MONHOCTHIO W BIIOJHE OJHO-
3HAYHO MPE/CTABISIIOT COBOKYITHOCTH ONEpalHii, KOTO-
pBle HEOOXOIMMO BBHINOJHUTH Ha K - HMHTETpanuu
k=1,2,3,....
Ha4ajo ¥ OKOHYaHHWE MPoIlecca MUHUMHU3AINH (yHKINH

OmHako OHM HHUKAaK HE TMPEICTABISIOT

f (uT), T.e. HE TPEACTABISAIOT HUKAKUX NEHCTBUN M

IIpaBuJi, CBA3aHHBIX C 3aJaHUEM Ha4aJbHOM TOYKHU llg

¥ yKa3aHWEM YCIOBHH OCTAaHOBKH JaHHOTO MpoIlecca.
Bwmecre ¢ TeM BIoiHE OYEBUIHO, UYTO M TO U JAPYyroe He
TONBKO OKAa3bIBAIOT CYIIECTBEHHOE BIHUSHHE Ha IIPO-
JIOJDKUTENIBHOCTD  (UMCIIO MHTErpanuii, HeoOXOIMMBIX
JUIS TIONyYEHUs] PELICHUs) Mpolecca MHUHUMH3ALUH

¢byskmn - f (uT) , HO W SIBJSIFOTCSI HEOOXOJMMBIMH yC-

JIOBUSIMU JIJISL €70 pean3aliim.
BocnomnHsist TaHHBIN Po0es1, OTMETUM, BO-TIEPBBIX,

YTO B JIIOOOM CIIy4ae TOUKY ug HEoOX0MMO BEIOMpaTh

T
TOJIBKO U3 obnacTu onpenencHus Gyakuuu f(u” ). Bo-
BTOPBIX, €CITH PacCMaTPUBATh TOJIBKO CXOJSAIIUECS Me-
TOIBI MUHAMU3AIMHA (QYHKIUH [ (uT) , KOTOpBIE TIPEXK-

Jie BCETO M MPEICTABISIOT HAaHOONBIINI HHTEpEC ¢ TOU-
KM 3pEHHS UX MPUTOIHOCTHU U MOJE3HOCTHU AJIS PEIICHUS
3aJa4n, TO HETPYAHO BHUIETh, YTO BHIOOpP HAYaIbHOU

TOYKHU ug, HEOOXOMMMOHN IS 3alycka Iporecca, Bo-
o0ImIe TOBOpSI, HE SBIAETCS aKTyalbHOM 3amadeil, T.K.
KaKylo OBl HAYaJbHYIO TOYKY ug M3 MHOXKECTBA OTMeE-
YEHHBIX BBIIIE TOYEK HE BEIOPATh, BRIUUCISIEMAs TTOCIIe-
JIOBaTCIIBHOCTh TOYCK ulT,ug,ug,... Oy#eT yIoBIETBO-
PATH COOTHOILICHHIO BUIA

klin ul =u), (28)
o0

T.€. OyZIeT CXOUTHCS K NCKOMOMH TOUKe u,kT . B-TpeThux,

B TCX ClIy4dasdXx, Koraga aKTyaJ'IBHOﬁ ABJISICTCA HEC TOJIBKO
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CXOJAMMOCTh JJAHHOM ITOCIEA0BATENHHOCTH K TOUKE u*T s

HO M €€ CKOPOCTb, BEIOOp HAYaIBHON TOUKH ug OKa3bl-
BaeTCs aKTyalbHOU 3amadeii. COBEpIICHHO SCHO, YTO B
T000M 3 MOAOOHBIX CIlydaeB HAYAIBHYIO TOUYKY ug

HE00XOAMMO BBIOMpATh KaK MOXKHO ONMKEe K MCKOMOI
TOYKE uE, UCTIONB3Ysl TIPU 3TOM BCE HMCKOIUECS U

JOCTYIIHbIE CBEICHUS O JAaHHOW TOYKE M IOBEICHUH
¢bynkm  f (uT) B €€ OKpeCTHOCTH. B camoMm nene,

TaKOU BI)I60p TOYKH ug pyu NMpoYnX OAWHAKOBLIX YC-

JIOBUAX MUHUMU3UPYET YUCIIO HHTeraHHﬁ, HeO6XO}II/I-
MbIX UIA TommaiaHus B JOCTAaTOYHO MaTyl0 OKPpECTHOCTh

TOYKH llI , 1 COOTBETCTBCHHO, COKpalacT CyMMapHLII;'I

00BEM BBIUUCIICHUH U BpeMs HX pean3aliy.
B-4eTBEPTHIX, HE MEHEE OYEBUIAHO U TO, YTO BO

MHOTHX CJy4YasiX OKAa3bIBACTCS BIIOJHE OIPABIAHHBIM

BBIOMPATh Ha4albHYIO TOUKY ug B COOTBETCTBHH C pa-

BEHCTBOM

up =05l +upnu), (29)
T.C. HCTIONB30BATh B KAUCCTBE TOUKH U( LCHTPAIBHYIO
TOYKY obsacty 3aqanusi pyHKuuu f (uT) .

W, HakoHel, 3aBepliasi CHHTE3 IIPEAIaraeMoro
IPaIMEHTHOrO MeToja MUHUMU3AUMH GyHKIK f(ul ),
OTMETHM, YTO JJIsI OCTAHOBKH MPOIecCa MOUCKA TOUKH
u] MOXHO HCIOIB30BaTh KAKOE-THGO OHO M3 Clie-
IYIOIIUX IBYX HEPABCHCTB:

a) “Auz” <A, (30a)

6) Hg{“SAg (306)

W 3aBepUIaTh MOWCK JAaHHOM TOYKU IIPU €ro BBINOJIHE-
HUHU. 37ech ||0|| — Kakas-mu0o0, HalpuMep eBKIMIOBA,
HOPMa 71 -MEPHBIX BEKTOPOB; A, U A, — HEKOTOpbIE

3aJJaHHBIC JOCTATOYHO MAaJIble IOJIOKHUTENBHBIE YHCIA,
3HA4YEHHs KOTOPBIX BBIOMPAIOTCS C YYETOM IKelnaeMoit

TOYHOCTH OIIPCACIICHUA TOYKU ll*T , 4@ TaKXXC IJINTCIIb-

HOCTH IIporecca €€ OTBICKaHUSI.

3aka4uenue

[TpencrapieHHble BBINIE PE3YJbTAThl, MO3BOJSIOT
3aKJIIOYNTh, YTO HCIIOIb30BAaHUE TIPaBbIX OOPATHBIX
MaTpHI[ OTKPHIBACT IIMPOKHE BO3MOXHOCTH CHHTE3a
Pa3IMYHBIX METOJOB M AQJITOPUTMOB MHUHHMH3AIUU
(GYHKIUH MHOTHX TEPEMEHHBIX M CO3JaHUS Ha MX OC-
HOBE BBIYHMCJIMTEIIEHOTO ajJrOPUTMA, PCaTH3YIOIIEro He
OJIMH, a ILIeJI0€ CEMEWCTBO METOAOB MOAOOHOI0 Ha3Ha-
YEHMHSL.
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simplest solution of the problem it is synthesized a new gradi-
ent method for solving this problem, based on intelligence it
on each iteration to solve underdetermined linear algebraic
equations and computation of their solutions with the right
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KannbpoBo4yHbIN MoAysb ANS KOMMSeKca NoKanbHOM runepTepmMmum

«DPeHUukKc-2»

3amgada KaTMOPOBOYHOTO MOMYJS B KOMIUIEKCE JIOKAIbHON TMIEPTEPMHH 3aKITI0YASTCsl B HArPEeBaHUH MTOJBUATHIX Ha-
rpeBaTesel ¢ IeNblo X KaTHOPOBKH JI0 3aJaHHOI TeMIepaTyphl M CTAOMIN3alUH TEMIIEPATYPBI C TOYHOCTHIO HE MEHEe
0,1 °C. PesynbraT gOCTUraeTCs 3a CUET UCIIOJIB30BAHUS BBICOKOTOYHBIX JATYMKOB U CUCTEMBI aBTOMAaTHYECKOIO PEry-
JMPOBAHUS C HUCIIOJIb30BAaHUEM NPONOPIHOHAIFHOTO HHTETpanbHO-IupGepeHupyonero peryisropa. Ilo pesynbra-
TaM HCIBITAHUH OIPE/eNICHO, YTO TOYHOCTh CTAOWIIM3ALMH, KOTOpasi ONPEAENIeTCs] TOYHOCTBIO JaT4YhKa, COCTaBISET

+0,04 °C.

KiroueBble ci10Ba: cTabuim3anis TeMIIEPaTypbl, TEMIIEPATypa, CUCTEMa aBTOMATHYECKOTO YIIPaBICHHMS.

doi: 10.21293/1818-0442-2016-19-4-125-128

Kommnekc nokansHOU runeprepmun «®DeHukc-2»
(manee KIJII, Kommuiekc) mpemHa3sHa4YeH Ui JICUCHHS
OHKOJIOTHUECKUX W IPYTUX 3a00JIeBaHUA ITyTeM CO37a-
HUS W TONACp)KaHUS Ha 3aJaHHOM YPOBHE BBICOKOH
TEeMIIepaTypsl B 00beMe )KUBOW TKaHHU, OTPaHUYCHHOM C
MIOMOIIBIO  CHEHHANBHBIX Harpepateneil. Komruiexc
«®DeHnKc-2» TMO3BOJSET OCYIIECTBIATh TEIIOBOE BO3-
JeicTBHE KaK Ha TOBEPXHOCTHBIE, TaK M Ha TIIyOOKO
pacriojoKeHHbIe Oyxoiu. B ocHoBe (yHKIMOHUpPOBa-
HUs KoMmIulekca JEKUT HCIOJIB30BaHME IOCTOSHHOTO
TOKa JUIsl HarpeBa CIELUANbHBIX HarpeBaTeliei, yTo He
JlaeT HUKaKUX HETraTHBHBIX BO3JEHCTBUI Ha OpraHU3M
nanyeHTa win MmeauuuHckoro mnepconana. KJIIN «De-
HUKC-2» BO3JCHCTBYET Ha TKaHU TeMIIEpaTypoi, cTadu-
nu3upoBaHHON Ha yposHe 45 °C ¢ tounocTsio +1,0 °C.
[onnepxanwe TeMIepaTypbl Ha 3aJaHHOM YpOBHE
OCYIIEeCTBISIETCsL 0e3 MCIIONB30BaHUS JOMOTHATEIEHBIX
TEPMOIATUYHMKOB 32 CYET 0COO0I KOHCTPYKIIMH HarpeBa-
Tenel, 006ecreunBaroIINX KOHTPOIb TeMIepaTypsl [1].

OpHako CyIIECTBYET cephe3Has mpobiiema — obec-
NeYeHUe HeoOXOAMMON TOYHOCTH KanuOpoBku. Jlis
KaTMOPOBKM HroJBYaThIX HarpeBaTeliell Ha olepaTuB-
HYI0 TEMIIepaTypy B KOMILJIEKCE JOKaJIbHOW THIeprep-
MHH HUCIIOJIb3YETCSl KaJHMOPOBOYHBIH MOMYNb. 3asiBICH-
Hasi TOYHOCTh CTAOWIIN3AIMU TEMITEPaTyphl UTOJTBYaTHIX
Harpesarenedd cocrasiser +1,0 °C [1]. Torma ToyHOCTB
KanuOpaTopa MOJDKHA OBITh KaK MHHUMYM Ha TIOPSIIOK
BhInie 1 coctaBisaTs 0,1 °C. ObecneunTs TaKyro BBICO-
KYIO TOYHOCTb KpaifHe CI0KHO, 0COOCHHO, €CIIH YUUTHI-
BaTh, YTO JHAINA30H TEMIEpaTyp KaJuOpOBKH JOCTATOU-
HO MHUPOKUH u coctasmuser oT 45 mo 85 °C. Kpome To-
ro, 3asBIICHHAss TOYHOCTh KAJIMOPOBKHU JIOJDKHA COXpa-
HATHCA B TEUEHUE JATUTENBHOTO BpeMeHu (110 8 1) [2, 3].

Heckonpko ynpolnaer 3aiady To, 4To He Tpedyercs
OCYIIECTBIAT KAIMOPOBKY NPH TEMIIEpaType HIKe
TeMIepaTypsl OKpykaroliel cpensl. J[uama3oH Temme-
paryp KaiuOpOBKM BCErJa BBIIIE TEMIEPATyphl 3KC-
mryaraun KoMruiekca, Mo3TOMY OXJIQXKTAFOIIUN dJie-
MEHT JJIs MOAYJIS He HY)XEH, a €ro OXJIaXJIeHHe OymeT
MIPOUCXOUTH 32 CUET OTJAAYH TEIUIOBOW IHEPTHUH OKPY-
JKaroUlei cpene.

Eme oqarM Ba)KHBIM MOMEHTOM SIBIIIETCS )KECTKOE
OrpaHHYeHHUE IO radapuTaM KaJluOPOBOYHOTO MOIYIIS.

OH JOKEH TOMEIIAThCsl B CTAHNAPTHOE IOCAJ0YHOE
MecTo 200%60%40 mMm.

TexHnueckoe pemeHne, YIOBIETBOPSIOIIEE BCEM
MIepEYHCICHHBIM BBIIIE TPEOOBaHMUAIM, HE OOHApYKEHO,
XOTSl ¥ CYIIECTBYIOT KaJIHOpaTopbl, KOTOPHIE AOCTATOU-
HO ONU3KM 1O TpeOyeMbIM mapamerpam. Tak, B KauecTBe
aHaJyiora, 00ecreynBaronero KaTuOpoBKy HarpeBarTeeH,
paccMmarpuBaics KUIKOCTHBIM TepmocTtar. Hempocrarka-
MU TaKOTO TEXHUYECKOTO PEIIeHHUs SBISIOTCS ero 00Jb-
mye rabapuThl U UCTIONb30BaHUE JKUIKOCTH (e3uHpu-
IUPYIOIIET0 pacTBoOpa) B mpoiiecce kamuoposku. K ero
HeJ0CTaTKaM MOXKHO OTHECTH HaJIW4He IOTOJIHUTEINb-
HOTO MCTOYHHKA MUTaHUS, IIyM B 3BYKOBOM JIMala3oHe,
a TaKKe HEJOCTATOYHYIO TOYHOCTh KAIUOPOBKY [4].

Taxxe aHaIOroM, KOTOPBIH OBLT MCIIOIB30BAH Kak
MPOTOTHIT TIPH pa3paboTKe MOy, SBISETCS KaIuOpo-
BOYHBIH MOJYNb C TEPMOCTATOM, KamMepa KOTOPOTO BBI-
MONHEHa W3 Meau. B mpeanmaraemoMm KaanOpOBOYHOM
MoAyJe, B OTIMYHE OT XKHIKOCTHOTO TEPMOCTATa, TEM-
neparypa CTaOWJIM3UpyeTcs He B )KUAKOCTH, a B TBEp-
JIOM TeJse, U3 KOTOPOro BBINOJIHEHA KaMepa. DTO MO3BO-
JIACT OTKa3aTbCA OT HCIIOJB30BaHUSA AOIOJIHHUTCIIBHOI'O
BHEIITHETO 00O0pYJOBaHMS NPH PadOTEe KOMILIEKCa, YTO
YMEHBIIAET €r0 pa3Mepbl, HO CTaBUT 3ajady obecrede-
HHSI XOPOUIETO TEIUIOBOTO KOHTaKTa KaauOpyeMoro Ha-
rpeBaTens co CTeHKaMH KaMephl.

B xone nmoarorosku KJII' k KIMHUYECKUM HCIIBITA-
HUSIM OblTa TIOCTaBJIeHA 3aJava IIOBBICHTh TOYHOCTh
crabum3anuu Temneparypsl kamuoposku 1o +0,1 °C ¢
MOAJEP)KaHUEM yKa3aHHOM TOYHOCTH B TE€UEHHE § 4 U
BO3MOXHOCTBIO 3a/IlaHMsl OINEPATUBHOM TEMIEpaTypsI
KaJIMOPOBOYHOTO MOIyIsi ¢ M(POBOH MHAMKAIMEH Te-
KyIlel TeMIepaTypbl KAIMOPOBKH.

TexHnueckoe pelieHue

JUis pelieHus MOCTaBICHHON 3a7a4n pa3paboTaHa
CTPYKTYpHasl CXeMa CHCTEMbl aBTOMaTHYECKOTO YIIpaB-
nenust (CAY) temneparypoil KaTMOpOBOYHOTO MOJIYJIS,
IpescTaBiIeHHas Ha puc. 1.

3amaromuii curHan (3C) omepaTHBHOM Temmepary-
PBI KAIMOPOBKHU B L(POBOM BHJE IIOCTYIIAET OT IyJIbTa
ynpasienus (I1Y) Ha cymmarop S, rae cpaBHUBaeTCs C
curHanoMm odparHoit ces3u OC, MOCTyNmaromuM OT ud-
poBoro maruuka temmneparypsl (IIJT). Cymmarop S,
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[N /d-perynarop ¥ WIMPOTHO-UMIYJIBCHBIM MOZYJIATOP
(IIMM) peanuzoBanbl Ha MukpokoHTpoiuiepe MK. Cu-
JIOBOH peryaupyrommii (MCONMHUTEeNbHBINH) PO-opran,
o0ecreunBaomMil HarpeB TEPMOCTaTa, peaan30BaH Ha
tpausuctope (VT) u narpeBarene RT. TernoBoit moTok
MOILHOCTBIO P nocrynaer Ha tepmocrar T, KOTOphI B
nanHoii CAY sBnsiercsi oObektom ympasineHus OV, u
HarpeBaeT ero A0 33JaHHOW TeMIepaTypsl. Temmepary-
pa okpyxaromeil cpens! (Toc) BbICTyIIaeT B pojiu BO3-
MyIIalomero Bo3felcTBus. PeanpHas Temmeparypa B
kamepe tepmocTara (T), mMepeHHas ¢ TOMOIIbI0 -
poBoro marumka temmeparypsl LIJIT, otoOpaxkaercs Ha
MoxyIe otodpaxkeHus remneparypsl (MOT).
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LT — mudpoBoii aTYMK TeMIepaTypsl
MOT — Moayb 0TOOpaXKEeHHs TEMIIEPaTyphl
RT — pe3ucTtuBHBII HarpeBaTenb TEpMOCTaTa
I1Y — nyneT ynpaBineHus
Toc — TeMneparypa OKpy>Karomen cpesl
T — Tepmocrar
Puc. 1. CtpykTypHas cxema CUCTEMbl aBTOMAaTHYECKOTO
yTpaBIeHHs

Kamepa TepmocTara

Kamepa Tepmocrara BBIIIOIHEHA B BUJE MACCUBHO-
ro KOpIyca U3 MeJu, B KOTOPOM MMEIOTCS KaHAJIbI JIJIs
BBEJICHHS KaMOpyeMbIX MrolipdaThiXx Harpesareneil. Ha
KOpITyC KaMepbl HAMOTaH MEIHBIN MPOBOJ, BBIIOJIHSIO-
oyl ponb pesuctuBHOro Harpesarenss PH. Temnosoe
COIIPOTHUBIICHHE MEXAY HarpeBarelieM M KOpIyCcoM Ka-
Mephl TepMOCTaTa IPeHeOpEeKMMO Majlo 3a CHET IUIOT-
HOTO TIpWJIETaHWS M WCIOJIB30BaHMs TepMmomnacTel. Ka-
Mepa C HarpeBaTejeM MOMENIeHa B TEIUIOM30JIHPYIO-
Iy 000JI0UKY M3 «TepMOQIIEKcay, TEIIONPOBOTHOCTD
KOTOpOro o4eHb Mana u cocrasiser 0,032 °C/m. B nep-
BOM NPHOIIKEHUH Kamepy T MOXHO CUMTaTh MHTETpa-
TOPOM TETIIIOBOTO NMOTOKA P B cucTeMe aBTOMaTHIeCKOro
YIpaBI€HUS.

IMudposoii 1aTYMK TEMIIEPATYPbI

W3mepenne temnepaTrypsl IPOU3BOAMUTCS YCTaHOB-
JICHHBIM Ha Harpesarelie TepMocTara Iu(poBbIM JaTdH-
koM AT temmeparyper ADT7420 ot mpom3BomuTemns
Analog Devices. /latunk uMeeT BO3MOXXHOCTH PabOTEHI
npu HanpspkeHud S u 3,3 B. Ilpu HanpsokeHUH MUTaHUS
5 B B pabouem nuana3oHe HpOSBISETCS CUCTEMAaTHYe-
ckast orpemHocTh +0,25 °C (puc. 2), 4To HENOITYCTHMO
B JIAHHOM IIpUMEHEHHH. [IpH MCIoNb30BaHUM HaIpshKe-
Hus nuTaHusa 3,3 B 3Ta mOrpemHocTs HCKIIIOYaeTCs
(puc. 3) [5]. Harauk comepxut 16-pa3psoHbIil curMa-
nmenbra AITI, obmamaer BBICOKOH CKOPOCTBIO TpeoOpa-
3oBaHus (6 Mc). JIJia CBSI3M JaTYMKA C MUKPOKOHTPOJI-
nepom ucnosb3yercs uarepdeiic 12C.
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Puc. 2. IlorpemHocTs faT4uKa TeMIEpaTypbl
IIpU HANIPSDKCHUU NuTaHus 5 B
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Puc. 3. IlorpenHocTs faTuuKa TeMIEpaTypbl
IIpU HalpsDKeHuH nutanus 3,3 B

MuKpOKOHTpOJLIEp

MHUKpPOKOHTPOJIJIEp HCHOJIB3YeTCsl /ISl BBITOJHE-
nust gynkuuii [TM/]-perynstopa B cucreme aBTOMaru-
YecKOro YIpaBJeHUS] HarpepareieM. B kauecTBe MUK-
poxoHTpoiiepa Ob1  BBIOpaH 8-paspsaabiii  MCU
STM8S105C B xopryce LQFP44. B mukpokoHTpOImiepe
Ha ypoBHe nepudepun npucyrcTsyeT Moayns 12C. MK,
YCTaHOBJICHHBIH B MOJYJIE, SIBISETCS BEAYIMM Ha IINHE
12C. Tlepemaya maHHBIX MO IIMHE OCYIIECTBISIETCSA C
gactotod 400 kI, K mmHe momkimtodeHsl mudpoBoid
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JaT4uK TEMIIEpaTypsl U MOIYJb BBIBOAA MH(OPMAIHH.
Beixon ynpasneHus: TaliMepa HCIIOJIB3YETCS Ui I'eHe-
pauuu IHMM-cursana, ¢ HIOMOILBIO KOTOPOIO OCYLIECT-
BIISIETCSl yIpaBlieHue HarpesareneMm. Ha mmare mpeny-
CMOTPECHBI pa3bEeMbI JJIA MOAKITIOUYCHUSA Hepe}lHeﬁ maHe-
JIM Y TAHCJIN 3aJaHus TEMIICPATypPhI.

MopenupoBanue

Jns Beibopa ko3¢ ¢unmento [N ]I-perymsropa
OBUTO TPOBEAEHO MOJEIMPOBAHHE CHCTEMBI aBTOMAaTH-
yeckoro ympasieHus B cpege Simulink Matlab. 3anato-
miee 3HaueHHe Temreparypsl BeiOpaHo 45 °C. Kamepa
TepMocTara B MOJENH Obla MpeAcTaBlIeHa WHTErparo-
pom. IlepexonHas XxapakTepUCTUKA 3aMKHYTOW CHCTEMBbI
MpHUBEICHA Ha pucC. 4.
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Puc. 4. IlepexogHas XapaKTEpUCTUKA MOJEIN 3aMKHYTOH
CHUCTEMBI 110 33JAI0LIEMy BO3JECHCTBHIO U PE3YIbTaThI
U3MEpEeHUH TeMIepaTyphl AaTYUKa U UIJIbI B IIpoLiecce

Harpesa TEpMOCTaTa

W3 xapaKkTepucTUKH BUAHO, YTO TEMIEpaTypa J0C-
TUDJIA 33JlaHHOTO 3HA4YEHUs MPHUMEpHO 3a 17 MuH, 4TO
YIOBJICTBOPSICT YCIOBUSIM TEXHHYECKOTO 3ajaHus. B
YCTaHOBUBIIEMCSl peXwuMe BbIXomHOW curHan CAY
MIPECTaBIeH Ha puc. 5.
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Puc. 5. Beixoanoii curaan CAY B ycTaHOBHBILIEMCS peXXUME

W3 puc. 5 BUIHO, YTO OTKIIOHEHHE BBIXOJHOTO CHT-
Haja OT 33JaHHOHM ONEpaTHUBHOW TEeMIIEpaTypbl COCTAB-
nser 0,01 °C, 9To sIBIsETCS BIOTHE AOMYCTHMEIM. 3
rpajuka BHJHO, YTO CIydYaifHas MOTPEIIHOCTH TEMIIe-
parypsl (ee mepeMeHHasi COCTaBIIAIONIasl) MHOTO MEHb-

e CcUcTeMarhieckoi. BwiOpanHble KO3(DUITMCHTHI
muckperHoro [IMI-perymaropa OBIIM HCIONB30BaHbBI
Ipu pa3paboTKe MpOorpaMMbl UIT MHKPOKOHTpOJIIEpa
MOJTYJIAL.

Pe3yabTaThl 3KCIePHMEHTAIBLHBIX
HCcJIeI0BaAHUI

Jlis monyueHHs TOKazaTeneil kauecTBa peryaupo-
BaHMs SKCIIEPUMEHTAILHOTO 00pasna ObUT UCIIOIb30BaH
OTJIAJOYHBIH PEXKUM MUKPOKOHTPOJLIEPA, B KOTOPOM
BO3MOXKEH JOCTYI Ko BceM naHHbM [TW]]-perynstopa B
peXUME peaJlbHOro BpeMeHHU. [laHHBIE TeMIlepaTrypsl
OBUTH TIOJTyYeHBI KaK OT HU(POBOTO JaTdMKa TEMIIepa-
TYpBbI, PacIIOJIOKCHHOTO Ha TEPMOCTATe, TaK U OT MOBe-
PEHHOTO WIOJBYATOTO H3MEPHUTENsT TeMIeparypshl, MO-
MELLIEHHOTO B TEPMOCTAT. Pe3ynbTarsl H3MEpEHUN npen-
CTaBJeHbl Ha rpajuke B CpPaBHEHHMH C pe3yJbTaTaMH
MoJienupoBaHus (cM. puc. 4).

B pesynbrare nposeneHus u3MepeHuid Obuia onpe-
JieJleHa CTaTU4YecKasl pa3HUlla TeMIeparyp ¢ AaT4uka U
MOBEPEHHOIO WIOJIBYATOT0 U3MEpPUTENss B YCTaHOBUB-
nieMcsl pexxume, kotopas cocrasuia 0,04 °C. U3mepen-
Has TeMIeparypa KOppeKTUpyeTcs TpOTrpaMMoii MUKpPO-
KOHTpOJIIepa Ha YKa3aHHYIO BEJIMYMHY U OTOOpaXkaeTcst
Ha Moxyne otoOpaxeHus temmeparypsl MOT. Cryvaid-
HOE OTKJIOHEHHE OT OIIEPaTHBHOIO 3HAYCHHS U3MEPEH-
HOIl TeMIepaTypbl 10 MOKa3aHUsM LU(PPOBOTO AaTYHKa
(puc. 6) cocrasmser £0,039 °C.
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Puc. 6. Ilokazanus mudpoBOro AaTInKa
B YCTAHOBHBIIEMCS PEIKIME

Takum 00pa3oM, McCIeNOBaHMs, IPOBEACHHbIEC aB-
TOpaMH, IIPOJEMOHCTPUPOBANIN PEIIEHUE TTOCTABICHHOMN
3ajaun — ObUI pa3paboTaH KaJuOPOBOYHBIA MOIYIIb,
MOJIHOCTBIO COOTBETCTBYIOIIMH IOCTaBIEHHBIM TPeOo-
BaHMsM. JlaHHBIA MOAYyJb OOecreYyrBaeT TOYHOCTh Ka-
nmuoposku +0,1 °C B auanazone ot 45 10 85 °C B Teue-
HHE HECKOJIBKMX YacoB, MMEET BO3MOXHOCTbH 3aJIaHHA
OIIEpaTHBHON TeMIeparypsl ¥ IH(POBYIO HHIUKAIHIO
TEKyIIeH TeMIeparypbl KaJMOPOBKH, a TaKKe YKJIabl-
BaeTcs B TpeOyeMble rabapuTHBIC pa3Mephl.
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Khan K.I., Semenov V.D., Pakhmurin D.O., Kobzev A.V.
Calibrating module for local hyperthermia complex
«Phoenix-2»

The objective of calibrating module is to heat needle heater
and maintain its temperature on certain level with maximum
deviation £0.1 °C. The purpose is achieved using precision
temperature sensor and proportional-integral-derivative con-
troller in automatic control system. According the test results,
the static error does not exceed 0.04 °C

Keywords: temperature stabilization, temperature, automatic
control system.
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YIK 621.315, 621.3.022

H.IN. BuHtoHsAk, B.[1. CemeHoB, B.A. Kabupos, A.B. Ko63eB, A.O. CynanmaHoB

OueHKa BeNMM4YMHbI napa3nTHbIX VIHAYKTVIBHOCTGVI ToKOBeAyLWUX WUH
B UCTOYHUKE NUTaHUA UCNbITaTeJNIbHOIro KOMMNJieKca And NPporpy3kKku
aBTOMATU4YeCKUX BbIKIo4YaTesriem NoCTOAHHOro Toka

HpOI/I3BOZ[I/ITCH OLICHKa METOAO0B pacycTa ImapasuTHbIX (COGCTBGHHHX) I/IHZ[yKTI/IBHOCTeﬁ Ha NpUMEPE KOHCTPYKIIHUU TO-
KOBCAYIIUX IIHUH B UCTOYHUKE NHUTAHUSA UCHBITATCIIBHOTO KOMIIJICKCA JIs MPOrpy3KH aBTOMAaTHYCCKUX BBIKJTIOUATENICH
TIIOCTOSTHHOI'O TOKa, IMOCTPOC€HA UMHUTALlMOHHAA MOJEJIb UCTOYHUKA NMUTAHUA I pacueTa PIH,ZlyKTI/IBHOCTCI;'I, npencras-
JICHBI CPAaBHUTECJIbHBIE JAHHBIC PE3YJIbTATOB PAaCUC€TOB U MOIACIUPOBAHUSA, MOATBEPKAAIOIINE JOCTOBEPHOCTL UCIOJIb-

3yEMBIX METOJOB M aCKBATHOCTh MMHTAIIMOHHOW MOJEIH.

KiioueBble cjioBa: MCTOYHHWK MHUTAHHS, TOKOBEAYIIUE IIWHBI, HHIYKTUBHOCTD, pacuer, moxenupoBanne, COMSOL

Multiphysics.
doi: 10.21293/1818-0442-2016-19-4-129-132

VcnpITaTebHBIA KOMIDIEKC ISl TIPOTPY3Kd (TIpo-
BEPKH) aBTOMATHYECKHX BBIKIIOYATENICH MOCTOSHHOTO
Toka [1] (B mambHEHIIEM — HUCIBITATEbHBIA KOMITICKC)
MpegHa3Ha4eH U TeHepalii TOKa MIHOBEHHOTO pac-
LEIUICHUSI C IENBI0 MPOBEPKH 3aIIUTHBIX XapaKTepu-
CTHK aBTOMAaTHYECKUX BBIKJIIOYATEsel B AMala3oHe TO-
KOB 710 26 KA. B cocraB MCTOUHWKA MUTAHUS HUCIIBITA-
TECJIBHOT'O KOMIIJICKCAa BXOAAT CEMb UMITYJIbCHBIX cTaou-
JU3aTOPOB TOKA C MHUKPOIPOIECCOPHOW cHCTEMOH
ynpasieHus [2] (B manpHEHIIEM — CTaOMIM3aTOPBI TO-
Ka), BKJIOYEHHBIX MapajyieNIbHO M COCTUHEHHBIX MEXKTy
c000if METHBIMH TOKOBEAYIIMMH IMHMHAMH. KoHCTpyk-
THBHOE BBIMIOJHEHNE TOKOBEAYIIMX IIWH HCIBITATENb-
HOTO KOMIDIEKCa MPEJCTABIAET cO00I HEPOCTyIO 3afa-
4y, TeM 0ojiee 9TO WX Hapa3uTHBIC IMapaMeTphl (aKTHUB-
HOE COIpPOTHBJICHHE W COOCTBEHHAs HHIYKTUBHOCTB)
OTIPEICNIAIOT TabaAPUTHYIO MOIIHOCTh U aMIUIUTYAY BBI-
OpOoCOB HamnpshKEHUH Ha CTaOMIIM3aTopax TOKa MpH Cpa-
6aTbIBaHI/ll/I ABTOMATHUYCCKOI'0 BBIKJIKOYUATEIA IIOCTOSH-
HOTO TOKa. DTH BBIOPOCHI HAINpPsDKEHUS (TIepeHamnpshke-
HUSI) CIIOCOOHBI BBIBECTH M3 CTPOSI MOITYTIPOBOHUKOBBIE
MprOOPBI, YTO HEOIHOKPATHO IOATBEPXKIAIOCH TIPH
TIPOBEICHUH HATYPHBIX HCITBITAHUH.

[MosToMy pacdeT BETHMYMHBI MApPa3UTHBIX (COOCT-
BEHHBIX) WHAYKTHBHOCTCH TOKOBEAYIIUX IIMH HCTOY-
HUKa TUTaHUA WCHBITAaTEIHHOTO KOMIUIEKCAa W OTperie-
JIeHWE BO3MOXKHBIX NepeHANpsDKCHUH SBISIETCS aKTy-
aJbHOM 3ajaueil.

KoHCTPpYKTHBHOE HCIOJIHEHHE TOKOBETYIINX
IIMH NCTOYHNKA MUTAHUS UCTIHITATEIHHOTO
KOMILIEKCa

Tak kak BeJIMYMHA MMAPA3HTHBIX WHIYKTHBHOCTEU
OIIPEAEIAETCSI TEOMETPHUYECKUMH Pa3MepaMH, paccMoT-
PUM KOHCTPYKIHIO TOKOBEAYIIUX IIHH MCTOYHHMKA ITH-
TaHUs HWCHBITATEIIFHOTO KOMIUIEKCa, IPEICTAaBICHHYIO
Ha puc. 1. KOHCTpyKTHBHOE MCTIIONHEHNE TOKOBEAYIIIHX
[OIMH OTIPENENSICTCS PACIIONIOKCHUEM CTa0MIN3aTOPOB
toka (M1 — N7) u BBIXOIOB MCTOYHWKA TTUTAHMS HCITBI-
TatensHOTO KoMmIutekca (B+ u B—), kotopsie yctaHOBIIE-
HBl Ha pa3HbIX 'OPU3OHTAJIBLHBIX ypoBHIX (Y| — ¥s) B
nByx croiikax tuma Rittal DK-TS 7820.730. TokoBemny-
e HIMHbI UCTOYHHKA IIMTAHUSA HUCIIBITATCIIbHOIO KOM-
TUIEKCa BBITIOJIHEHBI B BUJIE JBYX «Maructpaiein» (M; u

M,), cOemUHEHHBIX MEXIy COOOH BYMS IEepeMbIYKaMHU
(IT; u II,), ¢ mapa3sUTHEIMH WHIYKTUBHOCTAMHU Ly H
Lp;. lluHa TOJIOXUTENHHOM MONSPHOCTH (+) TEpPBOM
«MarucTpamm» M; MOAKIIOYeHAa K MOJOKHUTEIBHOMY
Bbixony (B+) HCTOYHMKAa NWTaHWA HCIBITATEIHHOTO
KOMIUIEKCa ¢ Mapa3uTHOW UHJYKTUBHOCTBIO Lg|, a IIMHA
OTPHILATENFHON MONSIPHOCTH (—) BTOPOI «MaructTpanm
M, noakiroueHa K OoTpuuarensHoMmy Bbixogy (B—) wuc-
TOYHHUKA MUTAHUS UCIBITATEIHHOIO KOMILUIEKCA C Mapa-
3UTHON UHIYKTUBHOCTBIO Lp).
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Puc. 1. KOHCprKI_II/ISI TOKOBCAYIIUX IIUH UCTOYHUKA MUTAHUSA
HCIIBITATECJIBHOI'O KOMIIJIEKCA IS TIPOIPY3KU aBTOMATUYECKUX
BBIKJIIOYATENICH MOCTOSIHHOT'O TOKa
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Puc. 2. DxBuBaneHTHas cCXeMa UCTOYHHUKA TUTAaHUS UCTTBITATEILHOTO KOMIUICKCA
JJIA TIPOrpy3KH aBTOMAaTUYECKUX BBIKJIFOYATEJICH TTOCTOSSHHOTO TOKa

BbIxonsl cTabmim3aTopoB TOKa IMOIKIIOYAIOTCA K
«MarucTpansiM» 4epe3 BBIBOABI, OOIaJaroNIie Mapa3uT-
HOW WHIYKTUBHOCTBIO Ly Kakmas «Marucrpais» co-
CTOMT M3 JBYX MOHOJMTHBIX MEAHBIX IIWH (TIOJIOXH-
TENbHOM «+» M OTPHUIATENBHON «—» TMOJSIPHOCTH), HO
JUIsl yoOCTBa JTAJIbHEHIIIEr0 PaCCMOTPEHUS MApa3UTHBIX
MHAYKTUBHOCTEH OHHU pa3esieHbl Ha OTJENbHBIC yJacT-
KU C Mapa3uTHBIMU UHIYKTUBHOCTAMHU Ly — Lyyyp,. Tlpu
U3yYCHUU UCTOYHHMKA IMUTAHMUSA UCIBITATENBHOIO KOM-
IUIEKCA B PEXHMME KOPOTKOTO 3aMBIKaHUS B KaueCTBE
Harpy3ku wucroib3yercst Il-oOpazHas MemHas IIHMHA
(ITK3), HampaBieHHe TpPOTEKaHUS TOKa Harpy3ku (Iy)
YKa3aHO CTPEJIKOM.

B coorBercTBHM ¢ 00O3HaYEHUSIMH, MPUHATHIMHU
MIPY ONHMCAaHUX KOHCTPYKIIMU TOKOBEIYIHX MHH (puc. 1),
COCTaBMM SKBHBAJICHTHYIO CXEMY HCTOYHHKA MUTAHHS
UCTIBITATEIbHOTO KOMIUIEKCA, MPEICTaBICHHYIO Ha pUC.
2. Hanpaenenust npotekanust TokoB (/; — [;) cradunuza-
TopoB Toka (M1 — 17) yka3zaHsl CTpesIKaMu.

Bricokuii ypoBeHb TOKAa HCTOUHUKA MUTAHUS U3Me-
PHUTEJIFHOTO KOMIUIEKCA, KOHCTPYKTHBHBIE 0COOCHHOCTH
N3MEPHUTEIFHOTO KOMIUIEKCA W MOIYJIBHBIA HPUHIUI
€ro TIOCTPOEHHS HAKJIA(BIBAIOT OTPAaHNYCHHS HAa KOHCT-
PYKTHBHOE HCIIOJHEHHE TOKOBEAYIIUX IIIHH, YTO B CBOIO
o4epenb BOIUIOUIAETCS B HECUMMETPHUYHOM ITOJKITIOYE-
HUH «MaruCcTpalei» u crabunm3aropoB Toka (puc. 1 u 2)
K HarpysKe.

Pacyer napasuTHBIX MHAYKTHBHOCTEM
TOKOBeyIMX IIHH

[Tapa3uTHY!0O MHAYKTUBHOCTH TOKOBEAYIIUX IIMH
IPHU IOCTOSHHOM TOKE U HM3KOI 4acToTe, B COOTBETCT-
BUU C PHC. 3, MOXKHO paccuuTarh 1o dopmyie [3]
L=t ln(i)+ YZ !

T b+c) 2y?

><ln(1+y2)+garctg(y) xI, (1)
Y

rae L — napasuTHas MHAYKTUBHOCTB; g — MarHUTHas

TIOCTOSIHHAS; d — PACCTOSHHAE MKy OCSIMH IIHH; b — TOI-

C
IMyuHAa IWH; ¢ — IHWpPUHA HIWH; '}/=g 5 ! — JUIMHA IIHUH.

b
Lt

7

d
Puc. 3. Pa3meps! mapamienbHbIX y9acTKOB TOKOBEAYIINX IITHH

Ucxons u3 (1) u puc. 3, mapa3uTHas HWHIYKTUB-
HOCTh YYacTKOB HMH Ly — Lpyu, mpu d=155wmwm,
b=10 MM, ¢=120MmM, /=950 MM cocTaBisgeT

Lunt =L =Lugs =L ~L/4~1,635x107 Tu. (2)

ITo ananoruu c (2) MOXXHO pacCUUTaTh Napa3UTHBIE
WHIyKTUBHOCTH OCTAJbHBIX YYacTKOB TOKOBEIYIINX
LIHH.

Tak Kak TOKOBeIyIIMe MIMHBI HCTOYHMKA MUTAHHS
HCIIBITATEIbHOTO KOMIUICKCA BBIIIOJHEHBI B BUJE NIBYX
«vaructpanein» (M; m M,), BciencTBue MarHUTHOM
CBSI3M B HUX MOET BO3HUKHYTh JJIC B3aMMHOI MHIYK-
Uy, oOyCJIOBICHHAs HAIWYMEM B3aUMHOW WHAYKTUB-
HOCTH MEXIy «MaructpamiMm» [4]. Blanmuyro nHIyK-
TUBHOCTH JIBYyX JICKAIUX B OJHOM IUIOCKOCTH IPSIMO-
YTOJIBHUKOB, B COOTBETCTBUH C pHC. 4, MOXHO paccyu-
Tath 1o (opmyse [3]

2 2
le :—“—OX@X l+(5u2—l)xw+(5vz—l)x
4r 7 2r
2 2 2 2\ 12 2
| +2bz +(2lu2v2_2)x5(a1 +az)§b1 +b7)
2r 4r
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1

4 2 2 4
+§(1—14u2 +21u4)><3a1 +10ai a; +3a; +

r4
3b +1067b3 +3b3
. O

7

+%(1—14v2 +21v4)><

rae Ljp — B3aMMHAs MHAYKTUBHOCTH «Marucrpaleiny;
S1,S,  — miomanb n My
ay=A41/2, ay=4/2, y=B/2, by=B,/2 — nnuubI
COOTBETCTBYIOIMX CTOPOH «MarucrTpaneii»; r — pac-
CTOSIHUE MEXY LEHTPaMU «Maructpayiein»; u=cos(®) ;

«Maructpanei» M,

v=sin(®); ® — yrom Mexmy HalpaBICHHEM r W Ha-

MpaBJIeHUEM, TapajIeIbHBIM CTOPOHaM A U A ;
A
i 5
Ay
N
B, E/ TG)

Y A4

A

Puc. 4. Pazmeps! «maructpaneid» TOKOBEIyIIUX HIUH

Ucxons u3 (3) u puc. 4, B3auUMHas HHIYKTHUBHOCTh
«Maructpaneiy M; u M,, npu A4 =4, =155wmMm,

B =1100 mm, Bp=1455mm, r=625,7 MM, ©=16,48 °,
COCTAaBIISIET

Ly ~—6,397x107° I'n, 4)

Tak kak B3auMMHas UHJyKTUBHOCTb «MarucTpaieiny
M, u M, B fecaTku pa3 MEHbIIE HHAYKTUBHOCTH y4acT-
KOB IIMH Ly — Ly, €€ MOXKHO HE YYWTHIBATH B JlAJIb-
HEHIIeM pacCMOTPEHHH TTapa3uTHBIX HHIYKTUBHOCTEH.

Hecmortpst Ha 1O, uTO B [3, 5] mpencraBinero 006-
IIMPHOE KOJIMYECTBO METOJIOB pacueTa MHAYKTHBHOCTEH
JUTSL PA3INYHBIX KOHCTPYKTHBHBIX MCIOJHEHHI TOKOBE-
QyLUX LIMH, UX pacdeT SBJSIETCS TPYLOEMKON 3aa4uei.
Hapsiny ¢ smmupudeckumu GopMylIaMH U METOOAMH
pacdera MOXKHO HCIIOJIb30BaTh YHCIEHHBIE METOJBI pac-
4yeTa ¥ COOTBETCTBYIOIINE IPOrPaMMHBIE CPEACTBA MO-
JIETUPOBaHMs, KOTOpPBIE TO3BOJISIIOT YYHTBHIBATh Pealb-
HBIE KOHCTPYKTHBHBIE OCOOCHHOCTH TOKOBEAYIINX IINH
1 3HAQYUTENIFHO YNPOINAIOT 3aady pacueTa MMapa3suTHBIX
UHIYKTHUBHOCTEH.

N3mepenne HHAYKTHBHOCTH TOKOBEIYIIMX IIMH
B cpeae moaeanposanuss COMSOL Multiphysics

Jns pacuera mapasuTHBIX MHAYKTUBHOCTEH TOKO-
BEAYIIMX LIMH HCTOYHMKA IUTAHHS HCIBITATEILHOTO
KOMILIEKCa TOaXoasaT cpena moaenupoBanus COMSOL
Multiphysics u Metoauka [6], OCHOBaHHasi Ha H3Mepe-
HHUW SHEPTUH MarHUTHOTO TIOJISI KaK MHTErpasa 1o o0b-
€My OT IUIOTHOCTU MarHUTHOM SHEPTUH, ¢ AajdbHEHIINM
MIEPECYETOM €€ B 3HaUCHNE WHTyKTHBHOCTH.

MonenupoBanne MMpoOBOAUTCS B moapasnene Mag-
netic and Electric Fields momgynss AC/DC, B TpexmepHOM
MIPOCTPAHCTBE M TpPH CTalMOHapHOM aHaimze. [locie
nMmropTupoBaHusl 3D-Moxenn TOKOBEOyIIMX IIWH HC-
TOYHHKA TTUTAHUS M3MEPHUTEIBHOTO KoMIutekca (puc. 1)

¢ TIOMOIIBI0 TeoMeTprdeckoro maHcTpymMenta Blok cos-
JaeTcs KyOMueckoe MPOCTPAHCTBO pasMepoM 2X3x2 M
(co cmemennem —0,75 x —0,5 x —0,5 M) 151 UMHTALAN
BO3JYIIHOTO IPOCTpPAaHCTBA. B nanpHEHIIEM Ka)XIoMmy
SJIEMEHTY MOJIEJIM Ha3Ha4yaeTcsi COOTBETCTBYIOIINI Ma-
Tepuain (Bo3myX M Menp). [y uMuTanuKu cTabHIN3aTo-
poB Toka (M1 — 17) ucnone3yeTcs MeHas IIepeMbIiKa C
3a30poM (g), IMOAKIIOUEHHAas K BHIBOJIAaM «MarucTpa-
nei», u snement Gap Feed, pasgena Single-Turn Coil,
KOTOPBIN 33/1aeT TOK B 3a3ope (g). Ilapamerps! pazowue-
HUS CETKH 3amaroTcs cpemoit momemmpoBanus (Physics-
controlled mesh) ¢ pazmepom snemenToB — Normal.

s u3MepeHust mapasuTHOW (COOCTBEHHOW) WH-
JIYKTUBHOCTU OTAENBHBIX YYacTKOB TOKOBEAYLIUX IINH
CTaOMIIM3aTOPhI TOKA ITIOOUEPEHO 3aMBIKAIOTCS JPYyT Ha
JIpyra M Ha Harpy3Ky, TeM CaMbIM CO3/1aBas KOHTYPbI
n3Mmepenus. Harpumep, 11t iaMepeHnst HHAYKTHBHOCTH
Ly u Ly U1 3ambikancs va U2 (cM. puc. 2), pu 3ToM
anemenT Gap Feed M2 orxmrouancs (M2 ucnonb3yercs
Kak MeJHas epeMbluka — 3aMKHYTasl IIeTlb), a B Ka4ecT-
BE Marepualia OCTAJBHBIX CTaOMIM3aTOPOB TOKa W Ha-
TPy3KH BBIOMpAIICS BO3AYX (Pa3OMKHYTAs IIETIh).

B pesynbrare MomennpoBaHUs C ITOMOIIBIO HHCT-
pymentra Global Evaluation monydeHHOE 3Ha4YeHHE
9Hepruu MarHuTHOTO noJjs (mf.intWm), npeoOpasyercst
B CYMMapHO€ 3Ha4Y€HUE UHAYKTUBHOCTH Y4aCTKOB TOKO-
BEyLIMX HIMH (M3MepsieMOoro KOHTypa) 1o Gopmyie [4]

L=, (5)
1

rne Ly — cymmapHas MHOYKTMBHOCTb YYaCTKOB LIUH;

W,, — SHeprus MarHMTHOro nomus; [/ 2 TOK, IpOTe-

KaloIUil B ©I3MEPIEMOM KOHTYpE.

B uncrpymenre Global Evaluation 3nauenue wH-
JIYKTHBHOCTH (5) paccunThIBae€TCsl C TOMOIILIO BBIpa-
xkerus — 2*mf.intWm/(12).

3HayeHne WHIYKTUBHOCTEH OTJENBHBIX YYacTKOB
TOKOBEIYIINX IHH BeraucigeT u3 (5). Hanpumep npu
3ambikaann V1 Ha M2 (cM. puc. 2) MHOYKTUBHOCTH Ly
U Ly, BBIYUCTISIOTCSA 110 hOopMyde

L
Lym = Lun z% (6)

JanHble, TpecTaBleHHbIC B TaOIuUIle, MOATBEp-
JKIAIOT XOPOIIYI0 CXOAUMOCTD PE3YJIbTaTOB MOJCIHPO-
BaHUS U pacueroB (1). Ha mpsampIx ygacTkax TOKOBEMy-
KX [IHH PACXOXKCHUE PE3yIbTaTOB MOACINPOBAHUS
pacueToB He npebimaeT 3%. PacxoxaeHune paccuuTaH-
HBIX 3HAYECHUH HHﬂyKTHBHOCTeﬁ NIEPEMBIYCK U BBIBOAOB
HNCTOYHUKA MUTAHUA U3MCPUTECIBHOIO KOMILUICKCA C pe-
3ylbTaTaMi MOJEIUPOBaHUS He mpeBbimaer 9%. [lan-
HOoe pacxoxaeHue (9%) OOyCIOBICHO HETOYHOCTEHIO
pacueroB 1o (1), T.K. yKa3aHHbIC YYACTKH TOKOBEIYIIHX
IIMH PACIOJIOKEHBI B Pa3HBIX IUIOCKOCTAX M PacyeT HX
MapasUTHBIX HMHAYKTUBHOCTEH TpeOyeT NpUMEHEHHS
JIPYTHX METOAMK W 3HAYUTENBHO ycioxHseTcs. Ha oc-
HOBaHHMHU ATOTO CPABHEHHS PE3YJIBTAThl MOJICIUPOBAHHUS
MOYKHO CUYHMTaTh AOCTOBEPHBIMH, a TIOCTPOCHHYIO MMH-
TAI[MOHHYIO MOJIEIb — aJIeKBATHOM.

Hoxnaoer TYCYPa, mom 19, Ne 4, 2016
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I/IH}Z[yKTI/IBHOCTB Y4YaCTKOB TOKOBEAYIIUX IINH UCTOYHUKA
NMUTAHUA UCHBITATCIBHOI0 KOMILIECKCA /IJISl IIPOI'PY3KHU
ABTOMATHYECKHUX BBIKJIIOYaTe e MOCTOSTHHOIO TOKAa

MNHnyKTUBHOCTH Paccuuran- Pesynsrar | Pacxo-
y4dacTKa TOKOBENY- HOC 3Ha4yce- MOJCIIMpOBa- |KACHUC,
KX IAH Hue, ['H "y, [H %
Lun 1,591x107 | 2,69
LHB
Lo 1,606x107 | 1,77
L
Lus 1,635x107 | 1,607x1077 1,71
Ly
Lun 1,596x107 | 2,38
LIHlO
Lus 1,605%1077 1,83
LLLIll
Ly+tLystLptLys | 8,907x107 | 8,134x107 | 8,68
Ly+Lg, 5,107<107 | 4,679x10°" 8,38
3akjao4uenue

Paspaborannast B cpene monenupoBanus COMSOL
Multiphysics uMuTaIIIOHHAs MOJENb JJIS pacueTa WH-
MYKTUBHOCTEH TOKOBEAYIIMX INHH B CHIBHOTOYHBIX
HUCTOYHUKAX IHUTAHUS MO3BOJNSAET PACCUUTATh WHIYK-
TUBHOCTH KOHCTPYKTHBHO CIIOXHBIX IIUH, He 0O0ia-
JAIOLUX CUMMETPHUEM.

HecMmortpst Ha TO, YTO TIOTy4YEeHHBIC 3HAUYCHHUS TTapa-
3UTHBIX WHIYKTHBHOCTEH YYACTKOB TOKOBEAYIIHMX IINH
HWCTOYHMKA NHUTAHUS WCIBITATEBHOTO KOMIUIEKCAa Ha
MePBBII B3I MOTYT IIOKa3aThCsl HE3HAUYHUTEIHHBIMHU
(cotnu HI'H), u1a pabouUX TOKOB B quamna3oHe oT 4 J10
26 KA OHH SIBIIAIOTCS MPUIUMHON BO3ZHUKHOBEHUS 3HAYU-
TENBHBIX BBIOPOCOB HAMPSHKCHUS TPH cpabaTbIBAHUU
aBTOMATHYECKOTO BBHIKITFOUATEIISI TOCTOSTHHOTO TOKA.

AMIUIATYIa BBIOPOCOB HATPSHKCHUS HAKIIAIBIBACT
OTPaHWYCHUS Ha BBIOOP IMOIYMPOBOIHUKOBEIX MPHOO-
POB, YCTaHOBJICHHBIX B BBIXOIHOW IEMH CTaOMIM3aTO-
POB TOKa (CHHXPOHHBIX BBHIIpsAMUTENEH) [2], Wi Tpe-
OyeT IpUMEHEHHS CIICINATbHBIX 3alIUTHBIX IIETIEH.

[TomyyeHHbIE 3HAYEHUS MAPA3UTHBIX HHIYKTUBHO-
crell (Tabnuia) OymyT UCIOJIB30BAHbI IIPU HOCTPOCHUH
UMHUTALMOHHOW MOJAETH WCTOYHHKA MUTAHUS HCIIBITa-
TEJBHOTO KOMIUICKCA, Ha OCHOBE KOTOPOH OymyT ompe-
JICJICHBl aMIUTATYIBI BBIOPOCOB HATPSIKCHUS, BO3HHU-
KalolMX B IPOIECCE MPOTPY3KH aBTOMATHUCCKUX BHI-
KITIOUaTesIel MOCTOSTHHOTO TOKA, U TPOBEJCHA ONTHMHU-
3aI[usl KOHCTPYKTHBHOTO FICTIOTHEHHS TOKOBEIYIIHX IIIHH.
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Vintonyak N.P., Semenov V.D., Kabirov V.A., Kobzev A.V.,
Sulaymanov A.O.

Evaluation of the parasitic inductances magnitude for the
bus-bars in the power supply testing system to load
automatic circuit breakers DC

The article evaluates methods for the calculation of spurious
(self) inductance based on the example of con-design of bus-
bars in the power supply testing system used to load of auto-
matic circuit breakers DC. Also, a simulation model of the
power supply for the calculation of inductances is built, and
comparative data on the results of calculations and simula-
tions, confirming the accuracy of the used methods and the
adequacy of the simulation model are provided.

Keywords: power supply, current-carrying bus, inductance,
calculation, simulation, COMSOL Multiphysics.
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0.C. Mynukos, IA. Muxanb4eHko

CumMmmMmeTpupoOBaHMe HanNpsXKeHUN Ha BbIXOAHbIX KOHAEHCcaTopax
TpéxdasHOro TPEXypoBHEBOIro akTUBHOIO BbINPAMUTENA
B peXXume nepenayvv aHeprum B Harpysky

PaccMoTpeH HOBBII CIIOCOO CHMMETPHUPOBAHUS HANPSHKEHUH Ha BBIXOAHBIX KOHAEHCAaTOpax TpEx(asHOro TpéxypoBHe-
BOI'0 aKTHBHOTO BBIIpsAMHTENA. [loydyeH 3aKOH U3MEHEHHUS TOKa, C IOMOLIbIO KOTOPOr0 MPOU3BOIUTCS CUMMETPUPO-

BaHUE HAIPSHKEHUI.

KinroueBble ciioBa: TpéxdasHblii TPEXYPOBHEBbI aKTUBHBIA BBIIPSIMHUTENb, KOPPEKTOp KO HUIKMEHTa MOIIHOCTH,
CUMMETPUPOBAHUE HANIPSKEHUHM, EMKOCTHBIN JEINTENb HAPSKEHUS.

doi: 10.21293/1818-0442-2016-19-4-133-135

IIpomecchl cTabMIM3anyy HANPsDKEHUH Ha BBIXOJ-
HBIX KOHJeHcaropax TpEx(a3HbIX TPEXYPOBHEBBIX aK-
TUBHBIX BhIIpsAMHUTeNeH (AB) ¢ eMKOCTHBIM JenuTenemM
HAIpsDKCHUSI B OTEYECTBEHHOW M 3apy0exHOH JnTepa-
Type OCBEIIEHbI HE Ha JOCTaTOYHOM YpPOBHE H3-3a
CJIOKHOCTH TIOJyYEHHUS] aHAIUTHYECKHX 3aBHCUMOCTEH,
YCTaHaBIMBAIOIIUX 3aKOHOMEPHOCTH XapakTepa H3Me-
HEHUS] MOJYJIUPYIOIINX BO3IEHCTBUI.

YopoleHHas CTpyKTypHas cxema Takoro AB moxka-
3aHa Ha puc. |, TIe IPUHATHI CIEIYIONHNe 0003HAYCHHS:
G4, G, G — UCTOYHUKU TIEPEMEHHOTO HAMPSDKEHUS, L 4,
L, Lc — BXognable crmakuBatonue apoccenu; Cp, Cy —
KOH/IGHCATOPBI 3BE€HA MOCTOSIHHOTO TOKa; Ry — COIpO-
TUBJICHUE HATrPy3KH.

P

L.

Esan

™

AB | M

LoLL L

Puc. 1. Ynpomeénnas cTpykTypHas cXema CHI0BOMU LIeIH
TpéxypoBHeBoro AB

B takoro poxa ctpyktype AB mmeeT mecto Hepas-
HOMEpHOE JIeJIeHUe HaIlpsDKeHUH Ha KoHIeHcaTtopax Cp,
Cy. llpranHOM TOMY SIBIAIOTCS: HAJIMYUE Mapa3UTHBIX
[1apaMeTpOB U HEPABEHCTBO EMKOCTEH KOHJIECHCATOPOB
3BEHA TMOCTOSHHOTO TOKAa; HECUMMETpPHUS BXOJHOTO HC-
TOYHMKA TPEX(PA3HOTO MEPEMEHHOTrO HANpPSIKEHHUS; He-
PaBEHCTBO MapaMeTPOB CUIIOBBIX MOITYHIPOBOJHHKOBBIX
KJIIOUEeH ¥ BXOJHBIX CTIIaXXUBAIOLIUX Apocceneit [1].

B cymecrBylomux crocodax CHMMETpPHpOBaHUE
HATIPSDKCHAH HA BBIXOJHBIX KOHACHCATOpax TPEXYpPOB-
HEBOTO AKTUBHOTO BBIIPSIMUATEIS MPOWCXOINUT 33 CUET
BO3ZCHUCTBUS Ha IMUPOTHO-UMIYJIBCHBIE MOIYJISTOPHL
IIpyn Hcronb30BaHMM KIIACCUYECKOW CHHYCOMAAIbHOU
HIMM BBOAUTCSA MOCTOSIHHAS COCTAaBIISIIONIAS B CHTHAN
3alaHusl Ha TOK il Mopaynsropa. Ho rtakoit cmocob
HUMeeT CYIIECTBEHHBIM HEIOCTaTOK — pEryJIMpOBaHHE
BO3MO>KHO TOJIbKO NPU HAJIWYMK Harpy3ku. B ciyuae,
KOTJJa  HUCHOJIB3YyeTCAd  MPOCTPAaHCTBEHHO-BEKTOpPHAs
IIMNM, cuMMeTpHUpPOBaHHE OCYILECTBIAETCS 3a CUET
MEepEeKIIIOYEHHSI MKy 0a30BBIMU BEKTOPaMH HaIpsDKe-

HUSI, U3 KOTOPBIX (OPMHUPYIOT OIMH H TOT K€ IpO-
CTPAHCTBEHHBIH BEKTOpP, B 3aBUCHMOCTH OT HaIpaBlle-
HHUI TOKOB B (ha3HBIX Jpoccersx [2].

Ipunuun popMUpPOBAHUS TOKA CETH

Jlist nosicHeHust nmpuHOMNA (GOpPMHUPOBaHUS TOKOB
(a3, morpedIIeMbIX U3 CETH, HEOOXOIMMO 00PaTUThCS K
onHo(ha3HOM cxeme 3aMerieHus Ha puc. 2 [3].

Ha stoli ynpouieHHOIl cxeme reHepaTop CETE€BOro
¢asHoro HanpspkeHus G, MPEINCTABIEH COOTBETCTBYIO-
M €My MCTOYHHWKOM HAaNpsOHKEHUS Uy, a CTIAXHUBAIO-
Wi ApOCCeNb — MHAYKTUBHOCTBIO L, C MajieHUEM Ha-
NpsKEHUS Ha Hel — uy 4. Hanpsbkenue, neicTByrolee Ha
cpexneit Touke [TA TpaH3MCTOpPHON CTOWKH TpeoOpaso-
BaTeNs, 3aMELICHO HCTOYHHUKOM IIEPEMEHHOTO Hamps-

KEHUS Urpy.
Urg

« Ly
i) ¢ i

Puc. 2. Cxema 3amenieHus OfHOH (a3bl

[Tpu BHIOpaHHOM HamNpaBIICHWU TOKA i, pean3yerT-
Csl PEKUM IIEpeJayu dHEPIUU B HArPy3Ky — PEXKUM BBbI-
npsmiteHus. [ aToro pexxuma pabotsl npeodpaszosa-
TeJs CIIPaBeaJIuBO

ug—ugg—umy =0. €]
Beripasus u3 (1) HanpsoKeHUE g, MOTYUHM
Uy =g —Ury- ()

CBsI3b MEX/Iy HANpPSDKCHUEM Ha WHIYKTUBHOCTU U
TOKOM OIIpeiensieTcst BeipakeHueMm (3):
diy
upg=Ly-—. 3)
dt

3Hasg 3aKOHOMEPHOCTH H3MEHEHHs TOKa iy M Ha-
MPSDKEHUS Uy, MOXKHO ONPENEIUTh XapaKTep U3MEHEHUs
HalpsDKeHUS TPeo0pa3oBaTens Uy
ura =g ~Lg-24, @)
dt
Cxema 3amemenust AB 1uis1 ycraHoBUBHIErocst
pesxxuMa padoThl
Jliist omucanust crioco0a perylTupoBaHUs Harpske-
HUI Ha KOHjeHcatopax AB HeoOxonuMo cxemy 3ame-
IIEHUS Ha pUC. 2 NPUBECTH K BUAY, NPEACTABICHHOMY
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Ha puc. 3. JInsg 3TOro CTOHKH, COCTOSIIUE W3 YETBIPEX
TPaH3UCTOPOB U LIECTH IAHMOJIOB, HEOOXOIUMO 3aMEHUTh
CTOMKaMH C TpeMs UAeaIbHBIMH KIII0YaMH, a KOHJCHCA-
Topsl Cp, Cy; — NICTOYHUKAMH TTOCTOSTHHOTO HATIPSIKEHUS
Gp, Gy C HAIPSDKEHUSIMU Up U Uy,

— —
TII’A Tlm Tl/'(' Ipy G Iy
liNA T lllp
S | g | b 1
| . —
Spcir S‘LTM( + iu“”
Suc G
TiMA Tl'.w; ‘TiM(‘ fE

Puc. 3. Cxema TpéxypoBHeBoro AB ¢ upeanbHbIMU KITFOYaMHU

Knrouamu Spy, Spa, Spc cooTBeTcTBYIOUIME (ha3bl 4,
B, C monkimovarTcst K HANpsHKEHUIO Up UCTOYHUKA Gp,
KIto9aMu Sy, Sup, Syc — K HAPSHKEHUIO Uy, ICTOUHUKA
Gy, ximouamu Sy, Sya, Sye — K 3emiie, T.e. K HyJIEeBOMY
MTOTCHITHAITY.

JIs M3MEHEHUsI BENWYWHBI HANpsDKECHHUS Ha KOH-
JICHCATOPAX Up WIH Uy B Ty WIK HHYK CTOPOHY HEOO-
XOIMMO, YTOOBI CpeIHee 3HAueHHE TOKa Iy 3a MEePHO.
BXOJIHOTO TIEPEeMEHHOTO HampspkeHHs: AB He ObIIo paB-
HO Hymo. [Ipu 3TOM U3 ceTH HEOOXOAMMO MOTPEOIIATh
TOKH, KOTOPBIC OIUCHIBAIOTCSA CJICIYIOUIMMH BBIpaXke-
HUSIMU:

iy :[ilm + .sin(k-coint)]Sin(COinf)a

ip :[ilm + it -sin(k-wint)}sin(wint—z?n} (5)

. . . . . 2
ic :[llm + it ~sm(k-(oi,,t):|sm(oomt+?nj,

€ i, — aMIUTUTYZa IEpBON rapMOHMKHU (pa3HOTO TOKa;
iym — aAMIUIATYOa k-W TapMOHUKH ()a3HOTO TOKa; ;, —
4acTOTa MEPBOi TaPMOHUKH TOKa; k — HOMEP JIOTIOJIHHU-
TEJIbHOW F'APMOHUKH TOKA.

Jlaniee pUBOASATCS BBIPAXKEHUS TOJIBKO JUIS (as3bl
A, T.K. Ui 1pyrux (a3 oHH OyIyT OTINYATHCS HAIWNYH-
eM casura Ha 120 snexTpudeckux rpaaycon. Mcxons u3
(3) u (5), momyunM BBIpa)KCHUE UIS HATIPSHKCHUS U4 HA

CTIIXKHBAIOTIIEM JIPOCCETe
ikm 'XLA (k+1
2

U =im X4 'COS(O)inf)+ ) ~sin[(k+l)0),-,,t]—

-sin[ (k=)o ], (6)

rac XLA — MHAYKTUBHOC COMPOTUBIICHUEC APOCCEIIA LA.
Tenepf, MOKHO OHNpeACINTh 3aKOHOMCEPHOCTH U3-
MCHCHUWA HAIIPSIXKCHUA Ujq:

UrLA =ty -S04 8) =iy - X 1, - cOS(0p8) —

_ikm -XLA(k—l)
2

i XD G 1) ]
XD Gl o],

Tae i), — aMIDIATYyAAa MEepBOH rapMOHUKH (pa3sHOTO Ha-
MPSDKSHHUS.

Mopyaupyomue GpyHKIuH

O0mast mopynupyromast GpyHkius mdpy s §asel
A uMeeT clenyroIuid BUT;

mdyyy = Z:Im -sin(m,-nt)—%-cos(mmt)—
m m
i X (k+1)
Z'uHm

Iy X7 (K=1) .
+km+nfn).sm[(k—1).mmt], ®)

-sin[(k+1)-o)int}+

TA€ U, — MaKCUMalbHas aMIUTUTYNa HaNpPsOKEHUS Uriy,
Y BBIYUCIISIETCS CICAYIOIIUM 00pa3oM IPH YCIOBHH, YTO
Up = Uy
_ Up +uyy . ( 9)

2

Ilpun nonoxutensHoM 3HaYeHMH (yHKIMM mdyy
OyaeT MpONCXOAUTh KOMMYyTaIys Kiitoda Spy B IPOTH-
BOTaKTe C KIOUOM Sy,. IIpu oTpUIlaTebHOM 3HaYEHUH
¢dynkmu mdp, OyaeT MpOMCXOANTh KOMMYTAIUs KITFO-
4a Sjz4 B IPOTUBOTAKTE C KIFOUOM Spy4.

3HauuT, MoAyJMpYyomas GyHKUUs mdpy A KO-
ga Spy OymeT UMETh CICAYIOIIHIA BUI:

mdryyy, ipu mdyyy >0,

mdpy= 10
P4 0, mpu mdyp4 <0. (19)

UTTm

ITo ananorum c¢ (10) momymupytomias (QyHKIUs
mdy U K1r09a Sy OTHCHIBACTCS CIICAYIOIIUM 00-
pasom:

md4, npu mdpy <0,
md 4 = (11)
0, ipu mdyy4 >0.
Hakonen, momynupyromas GyHKOus mdy, Ui
kimoua Sy, OyIeT uMeTh BUA
1-mdyy, npu mdp4 >0,
md 4= (12)
1+ mdry, ipu mdp4 <0.

Xapaktep W3MEHCHUS MOAYIHPYIONINX (QYHKIIHIA
kimodeit Sp, Sy, Sy npeacTasieH Ha puc. 4, a—6 COOT-
BETCTBEHHO.

OmnpenesieHHe TOKOB CXeMbI 3aM el eHUsT

ToKU ipy, ipg, Ipc ONPENEIAIOTCS IMPOU3BENCHUEM
COOTBETCTBYIOIINX MOAYIUPYIOUMX (YHKIUH mdpy,
mdpg, mdpc Ha COOTBETCTBYIOILIHME (pa3HbIC TOKHU iy, ip,
ic. Toxu ipy, iy, Iyc ONPEAENSIOTCS MPOU3BEICHUEM
COOTBETCTBYIOIIMX MOAYIUPYIOIUX (GyHKIMHA md)yy,
mdyp, mdyc Ha COOTBETCTBYIOIIME (Da3HBIC TOKH iy, ip,
ic. VI, HakoHeU, TOKH iyy, ing, inc ONIPEACIISIOTCS POU3-
BEJICHUEM COOTBETCTBYIOIIUX MOIYIAPYIOMHX (YHK-
wuit mdy,, mdyg, mdyc Ha COOTBETCTBYIOIIUE (a3HBIC
TOKHU iy, ip, ic.

Tok ipy ompenensercs CyMMOR TOKOB ipy, ipp, ipc,
TOK Ij;z — CyMMOM TOKOB Iy, IyB, Ipsc, TOK Iyy — CYMMOM
TOKOB iNA: iNB: iNC-

Wcxonst w3 nuarpamMm Ha puc. 4, a—8, MOXKHO BBIJE-
JIUTH CEMb HHTEPBAJIOB BPEMECHH:

0<t<t; Hh<t<ty L<t<t;
<1<l 14 <t<lts 15 <1<l
te<t<T.
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Oyukuuu md _, o.e.

—— — Monynupytomue gynkmuu dasst 4
— —— — Monynupytomue gynkiuu ¢asst B
— - — — Monynupyromue ¢pyHkuuu paszsl C
Puc. 4. [lnarpaMmbl MOy TUPYIOIUX (yHKIMIL:
a — Ui Kiroue Sp; 6 — i Kimrouer Sy, 6 — s Kinodei Sy

Jis ynoOcTBa BBeAEM MOHSATHE OOIIUX MOIYIHPO-
BaHHBIX TOKOB M 0003HAYUM HX KaK i,44, Imdps imac. OHI
BBIYHCIISIFOTCSI IO CIIETYIOLIMM BBIPKEHHUSIM:

Imdq =mdrig iy,
imap =mdrip -ip, (13)
Ipdc =mdpc -ic.
Torma MOKHO 3amuCaTh I TOKOB ip, iy
Imac, ipu 0<t<1,
bmdd +imdC, OPH 1] <t<ty,
Imdd> IPY By <t<f3,
ips =%imdA +imap, IPH 13 <t<ty4, (14)
ImdB> IPH 14 <t <ls,
ImdB +imdcC > IPH t5 <t <lg,
idea pH tg <Z‘<7:-n;
ImdA +imag > mpA 0<1<1y,
Lndp, IpU 4 <t<iy,
imdB +imdC > IPY by <t <13,
ins =3 imdc > TIPH 13 <t <ly, (15)
Imdd +imdc» PN t4 <t<ts,
Imda» TIPH 15 <t <tg,

ImdA +imdp > OpY te <t <Tjp.

Jlns Toka iy MOXKHO 3aIicarh CIemyroIee:

ImdA *+ImdB ~imdc > pyu 0<t<1,

~imdA +imdB —ImdC > IPY ) <t <13,

~ImdA +mdB +imdc, IpH 1) <t<t3,

INY =~Tmdd —imaB timdc, IPU 13 <t <l4, (16)
ImdA ~imdB +imdC > TIPM 14 <t <ls,

ImdA ~mdB ~ImdC > TIPU t5 <t <l

ImdA +imdB —imdC > IPH Lg <t<Tin-

MHOTOYHCIIEHHBIMHA pacdeTaMH YCTaHOBJIEHO, YTO
npu k =3, T.e. IPU BBEIICHUH TPEThEH rapMOHUKHA TOKA,
CpelHee 3HaYeHUEe TOKa iyy 3a MEPHOJ MEPBOM TrapMo-
HUKH yKe He OyJIeT paBHO HYJIIO.

B gactHOCTH, IIpH ClIEAYIOMKX MapaMeTpax Moe-
JIMPOBaHUsl CXEMBbl 3aMmeleHus no puc. 3: L;, =1 mIH,
®;; =314 pan/c, i1,=1A, im=1A, uu;=2800B,
up=1uy=400B, uy,=311B, cpeanee 3HaueHuEe TOKa
iys Oymer paBHo 0,198 A. To ectp cpenHee 3HauEHHE
TOKa Iyy MEHbUIE I, B IATh pa3. Eciu u3BMeHUTH 3HAK
AMIUTUTYIOBl TPEThEH TapMOHUKH TOKA iy, TO CpEIHEe
3HAYCHHE iyy TAKXKe IOMEHSIET CBOM 3HAK.
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Mulikov D.S., Mikchalchenko G.Ya.
Balancing output capacitor voltage for three-phase three-
level active rectifier in power transition mode to the load

Principle of sinusoidal current consumption is considered. The
method to balance output capacitor voltage for three-phase
three-level active rectifier in power transition mode to the load
is proposed. It shows that capacitor voltage balancing is pro-
vided by third harmonic current injection.

Keywords: three-phase three-level active rectifier, power
factor corrector, voltage balancing, capacitive voltage divider.
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Yeasrcaemvre asmoput!
C 2016 200a uzmensemcs popmam neuamu xcypnana,
6600AMCA HOGbLE NPABUNA U MPEOOBAHUA K OPOPMIIEHUIO CHAMbU.

TpeOoBaHus K MOATOTOBKE PyKONUCeH cTaTel, NpeAcTaBAAeMbIX A1 My0IUKAIMHU B )KypHAaJe
«Jlokaansl ToMcKOro rocyiapcTBeHHOI0 YHMBEPCHTETA CHCTEM YIIPABJICHHS H PAIM03JIEKTPOHUKI)

1. DJeKTpOHHBIH BapUaHT CTaTbH JOJDKEH OBITh
IpejAcTaBleH B BHie (aiiia, HA3BaHHOIO II0-PYCCKH
(hammiMelt mepBoro aBTOpa, Ha IMCKETE WM JIUCKE B
dopmate Word 2003. IlpeamoururensHee NpeacTaBUTh
€ro M0 3JEKTPOHHOM MoYTe.

2. OpuruHan Ha OyMa)XHOM HOCHTENIE IOJDKEH
MOJTHOCTBIO COOTBETCTBOBATH MIEKTPOHHOMY BapHaHTY.

3. Crarbsa DoMKHA WMETh (B TOPSAKE ClieJI0Ba-
aus): YJK; M.0. ®amunnn aBTOpOB; 3arjiaBue; aHHO-
tauus (He pedepart); KIroueBble CJI0BA; OCHOBHOM TEKCT
CTaThM; CHHCOK OubamMorpaduii mMoj I0I3aroJI0BKOM
«Jlurepatypa»; cBeneHus 00 aBTopax; Jajee Ha aHr-
nuiickoM si3bike: ®damunuu  aBtopoB M.O., 3armnaBue
CTaThM, AHHOTAIMIO, KJIIOYeBbIe cioBa. CBeleHUs 00
aBTOpax BKIIOYAIOT B ce0s (hamMuiMIO, MMS, OTHYECTBO,
VYEHYI0 CTeleHb, YUYE€HOE 3BaHHUE, IOJDKHOCTh, MECTO
paboTshl, TenedoH, MEKTPOHHBIN ajipec.

4. Tekct cTaThu NOIHKEH OBITH pa3MEIICH B JIBE
KOJIOHKH 0€3 NMPHUHYINUTEIBHBIX IIEPEHOCOB Yepe3 OTUH
natepBasl mpudtom Times New Roman 10 xerns na
OJTHOH cTopoHe Jucra Oenoi nucuell Oymaru dopmara
A4, 6e3 momapok u BCTaBOK. Jlisi oOnerueHus Gpopma-
TUPOBaHMs TpHUJaraercss MAaGJOH CTAaTbH, KOTOPBII
pa3mMeleH Ha caite: journal.tusur.ru. Pazmep cratbu
CO BCEMH aTpHOyTaMu JOJDKEH OBITh, KaK IPaBUIIO, HE
0oJiee AT CTPaHUIL.

5. OpnHU U Te e CHMBOIIBI B TEKCTE, PopMyIax,
TaOIUIAX W PUCYHKAX JOJDKHBI OBITH €AMHOOOpPA3HBIMU
M0 HamWcaHuio. Pycckue W rpedeckre CHMBOIBI HAOU-
paroTcs mpsIMBIM IPH(GTOM, a JIATUHCKHE — KypCHBOM,
KpOME CJIOB, MX COKpalleHHH, MMeH (QYHKIMH, Mpo-
rpamM, GpupMm u Xxumudeckux hopmyi.

6. ®opmynbl J0JKHBI OBITh HaOpaHbl B (op-
MmyibpHOM penakrope (Equation, MathType) nporpammer
Word. Pycckue OykBBI, TpEUSCKHE CHMBOJIBI, MaTeMa-
THYECKHe 3Haku (+, —, X, €, =, CKOOKH, ...) U nupbl
BCeraa HaOMparoTCcsl MPSIMBIM HE XUPHBIM MpudTOM, a
nepeMeHHble, 0003HAaYeHHbIE JIATHHCKUMH OyKBaMH —
KypCHBOM, KPOME CJIOB, X COKpAalleHUH, UMEeH (yHK-
Ui, mporpamm, GupM U XuUMHU4Ieckux (opmyn (const,
input; sin x(t)); U L T B2; HoO, Adobe Acrobat,
Cisco # T.1.); BEKTOpHBIC BETHMYUHBI — KUPHBIM, TIPSIMO
(ue xypcus) — A, M(f), B. Lllabnons! anst Habopa ¢op-
MyJI HEOOXOIMMO B35Th U3 ITa0JI0HA CTaTHU.

7. Bce ymorpebnsemble 0003HAYCHHS W COKpa-
IICHHUS JTOJDKHBI OBITH TIOSICHEHBI.

8. EnuHunel u3MepeHus (U3MYECKUX BEIMYUH
JIOJKHBl COOTBETCTBOBaTh MEXIyHApOAHON CUCTEME
eanaul (CHM) u HammcaHbl NO-PYCCKH uepe3 Tpoded

(x, [Tu; 20 I'Tw; 7, rpax; 7 °C). HdecsaTuuHble 4yucia
MTUIIYTCS Yepe3 3amiATyo (He TOUKY).

9. TaOuuubl ¥ PUCYHKH JOJDKHBI UMETh TEMAaTH-
YEeCKHE 3arojOBKH (HE MOBTOPSIONINE (Ppa3bl-CCHUIKHA Ha
HuX B Tekcre). (Puc. 1. Ha3zBanme pucynka; Tabnmma 1.
Hazpanme tabnmuer). Bompmme On0ku pacmudpoBKu
YCIOBHBIX OOO3HA4YEHUH JIydlle NPUBOAUTH B TEKCTE.
Tlognmucu n Hagnmucu — Times New Roman, 9 or, ne
KHUPHBIM, HE KypCHBOM, IIEPEMEHHbIE — TaK)Ke KaK U B
Tekcte. Ha Bce pUCYHKHM W TaOJHIBI JOJDKHBI OBITH
CCBUIKH B TeKCTE (... Ha puc. 3, ... B Ta0I. 2).

10. Pucynku u ¢ororpaduu 10KHBI OBITH YePHO-
0eJbIMHM, YETKUMH, KOHTPACTHBIMH, aKKypaTHBIMH,
CTPYNIIUPOBAaHHBIMU. ['padukn — HE >KUPHO, CETKa —
4yeTko. EnuHunbI n3mMepenns — Ha pycckom. Jlecstuy-
Has 3amaTas (He To4yka). PUCYHKH MOTYT OBITH BHITIOJ-
HeHsl B mporpammax CorelDraw, Illustrator, Word,
Visio M HOJDKHBI aBaTh BO3MOKHOCTH BHECEHHUS HC-
TIpaBJICHUMN.

11. Mmmroctparuu, JOMKHBI OBITH pa3pelieHueM
He menee 600 dpi. Macmta® u300pa)keHHsT — 8 WIH
16,7 cM nmo mupuHe (MPU YCIOBUM YUTAEMOCTH BCEX
HaJanucei, BbIMOJIHEHHbIX IwpupToM Times New
Roman 9 xerms).

12. Ha Bce UCTOYHUKH, YKa3aHHbIE B CIIMCKE JIUTE-
parypsl, IOJDKHBI OBITH CCBUIKU 10 TEKCTY (HyMepauus
B MOPSAKE YIIOMUHAHUSA, Hapumep, [ 1, 2], [5-7]). Omu-
CaHWE€ WCTOYHUKOB IOJDKHO cooTBeTcTBOBaTh [ OCT
7.1-2003 u T'OCT P 7.0.5-2008 u comepxaTh BCIO He-
00XOAUMYIO I MACHTU(HKAIMK HCTOYHHKA HHOOp-
Mallilo, a UMEHHO: 051 Henepuoouyeckux uz0anutl —
(baMUIMIO M MHHIMANBI aBTOPA, II0JIHOE Ha3BaHHE pado-
TBI, MECTO U3/IaHMs, Ha3BaHHE M3JATENbCTBA, FOJ U3/1a-
HHS, KOJIMYECTBO CTPAHULL, 05l NePUOOUYECKUX U30d-
Hut — pamMuIMIo, HHULUAJBI aBTOpA, TOJTHOE Ha3BaHUE
paboThI, Ha3BaHUE KypHaIa, TOJl BHIITyCKa, TOM, HOMEp,
HOMepa cTpaHull (cM. npuMepsl odopmiieHns: 6uoIHOo-
rpaduii).

ByMaxkHpli BapHaHT PYKOIUCH CTaTbU JOJKEH
OBITH TIOAIIMCAH aBTOPAMH U (IUII CTOPOHHUX aBTOPOB)
HUMETh CONPOBOJMTENIFHOE MHCHMO Ha OJIAHKE OpraHH-
3aIH.

[TmaTa 3a myOnuKamio pyKonuceil He B3UMAaeTCsL.

MarepuanbpHble IIPETEH3UU ABTOPOB, CBS3aHHBIE C
pacrpocTpaHeHHEM MaTepualioB HMX CTaTeid 1ocie
OHy6HI/lKOBaHI/IH, HC IMIPUHUMAIOTCA.

ABTOpBI HECyT TOJIHYIO OTBETCTBEHHOCTH 3a CO-
Jep)KaHue CcTaTedl M 3a IMOCIEACTBHS, CBS3aHHBIE C HX
Iy OJIMKanme.
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