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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.

Hoxnaovr 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 é’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 0B Zn) ).
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 ()=Ur()-Up(®) ,
where £ €[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 R 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> ’ 1)

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:

i-1
Ry* 'H((l —T2). g 2l on )

li:

In n=1

*<2>

R ‘
1

i_ﬁz P NG
L o
2:(Li =2 l)
n=l1

where I'; — reflection coefficient from i-th layer deter-
mined by the formula:
R~<2>
;= P : )
R3> T(-T7) e 2hron ). 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; L= 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
=ty A4 | [333107 025
dy=tr-ty A | | 91100 053

ds=t3-tg 43] |3g9.10°% 034

Un(?)

t

e [,

o tl\j \L

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

3

*

di=t -ty 4 | | 25107

-0,96
I =6,22:107° 0,83 ].
d3=t-1p 4| [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, /=1
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 =

Hoxnaovr TYCYPa, mom 19, Ne 4, 2016
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e, 0,1 €, 0, I €3, 03, I3

Ui (9

Us (7)

~

Us (¢ | v

J\ht

‘ | U |
£
Fig. 3. Forming the reflectograms U () — Us(#), 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 1,66:10° -0,4 1,125
Table 3
Calculated parameters of the multiphase liquid layers
layer Layer Losses [Impedance| Dielectric Propa-
number| length a;, dB/m| p,, Ohm | constant ¢ gation 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 a, |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-anaau3a
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-
JEJICHHS TapaMeTPOB CJIOSB 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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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 foused 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).

References

1. Savvides N. Electrical transport, optical properties,
and structure of TiN films synthe-sized by low-energy ion

[Hoxnaovr TYCYPa, mom 19, Ne 4, 2016



12 ELECTRONICS, RADIO ENGINEERING, COMMUNICATIONS, AND COMPUTER SCIENCE

assisted deposition / N. Savvides, B. Window // J. Appl.
Phys. — 1988. — Vol. 64, Ne 1. — PP. 225-234.

2. lon-assisted deposition of mixed TiO,-SiO, films /
R.P. Netterfield, P.J. Martin, C.G. Pacey, W.G. Sainty,
D.R. McKenzie, G. Auhterlunie // J. Appl. Phys. — 1989. —
Vol. 66, Ne 4. — PP. 1805-1809.

3. Superhard nanocomposite Ti-Al-Si-N films deposited
by reactive unbalanced magnetron sputtering / N. Jiang,
Y.G. Shen, H.J. Zhang, S.N. Bao, X.Y. Hou // Materials Sci-
ence and Engineering: B. — 2006. — Vol. 135, Ne 1. — PP. 1-9.

4. Zolotukhin D.B. Generation of a beam plasma by a
forevacuum electron source in a space bounded by dielectric
walls / D.B. Zolotukhin, V.A. Burdovitsin, E.M. Oks // Tech.
Phys. Russ. J. Appl. Phys. —2015. — Vol. 60, Ne 5. — PP. 772-774.

5. Zolotukhin D.B. Monte Carlo simulation of elastic and
inelastic scattering of an electron beam in gas / D.B. Zolo-
tukhin, V.A. Burdovitsin // Proceedings of TUSUR. — 2012. —
Vol. 26, Ne 2. — PP. 55-58.

6. Monitoring of the mass-charge composition of beam
plasma at the residual gas pressures up to 10 Pa / D.B. Zolo-
tukhin, A.S. Klimov, K.P. Savkin, A.V. Tunkov, Yu.G. Yush-
kov // Izvestiya vuz. Fizika. — 2015. — Vol. 58, Ne 9/3. —
PP. 106-109.

7. Generation of magnesium ions using fore-vacuum
plasma electron source / A.V. Tyunkov, Yu. G. Yushkov,
D.B. Zolotukhin, K.P. Savkin// Proceedings of TUSUR. —
2014. — Vol. 34, Ne 4. — PP. 60-62.

8. Deposition of dielectric films on silicon surface by
fore-vacuum plasma electron source / D.B. Zolotukhin,
E.M. Oks, A.V. Tyunkov, Yu.G. Yushkov // Rev. Sci. Instrum. —
2016. — Vol. 87, Ne 6. — PP. 063302.

9. Modified quadrupole mass analyzer RGA-100 for
beam plasma re-search in forevacuum pressure range /
D.B. Zolotukhin, A.V. Tyunkov, Yu.G. Yushkov, E.M. Oks //
Rev. Sci. Instrum. — 2015. — Vol. 86, Ne 12. — PP. 123301.

Zolotukhin Denis Borisovich

PhD student, Department of Physics, Tomsk State University
of Control Systems and Radioelectronics (TUSUR)

Phone: +7 (382-2) 41-33-69

E-mail: ZolotukhinDen@gmail.com

Burdovitsin Victor Alexeevich

Dr. Sc., Professor, Department of Physics, TUSUR
Phone: +7 (382-2) 41-33-69

E-mail: Burdov@fet.tusur.ru

Oks Efim Michailovitch

Dr. Sc., Professor, Head of Physics Department, TUSUR
Phone: +7 (382-2) 41-33-69

E-mail: oks@fet.tusur.ru

Tyunkov Andrey Vladimirovich

Cand. Sc., Associated Professor, Department of Physics,
TUSUR

Phone: +7 (382-2) 41-33-69

E-mail: andrew71@sibmail.com

Yushkov Yury Georgievich

Cand. Sc., Associated Professor, Department of Physics,
TUSUR

Phone: +7 (382-2) 41-33-69

E-mail: yuyushkov@gmail.com

Brown Ian Gordon

PhD, Senior Physicist (retired) Lawrence Berkeley
National Laboratory, Berkeley, California, USA
E-mail: igbrown@comcast.net

3onotyxuH /I.b., Bypnosumuz B.A., Oke E.M.,

TronskoB A.B., IOmkos 10.I"., bpayn S.I.
I'azo-MeTasInYeckasi 3JIeKTPOHHO-ITyYKOBas IIa3Ma
JUISl 0CAXKIEHUS OKCHIHBIX MOKPBITHII B GOpBaKYyMHOI
00.J1acTH aBJIeHHit

CraTbs ONUCBHIBACT HKCIEPUMEHT IO OCAXJCHHUIO OKCHIHBIX
MOKPHITUH HAa KPEMHHUEBBIE MM METaJUIMYECKUe 0Opasibl U3
ra3zo-MeTaJlJIMuecKoi ma3mbl. Takas miaazma reHepupoBajlach
MIpH JIEKTPOHHO-JIyYeBOM HcnapeHnu meramwioB (Mg, Al) c
OTHOBPEMEHHOI MOHHM3aluel raza (KUCIOPOA) W YACTHUI] WC-
MIApeHHOT0 BemecTBa B (DOPBAKyyMHOM JHAIa30HE JaBICHHUN
(1-10 ITa). MccnenoBaHBl: HOHHBIM COCTaB IUIa3MBI, IOJIS
ra3oBOi M MeTallIMYeCKOHl MOHHOI KOMIIOHEHTHI (C UCIOJIb-
30BaHUEM KBaJIPYIOJIBHOIO Macc-CIIEKTPOMETpa), TONLIMHA U
MOBEPXHOCTHOE COMPOTHBIIEHHE MOKPBITUIA.

KiroueBble ciioBa: (opBakyyM, 3JIEKTPOHHBIH HMCTOYHHK C
IIa3MEHHBIM KaTOJIOM, OCaXEHHE TTOKPBITHIA.
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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 /5
(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.

3 7x10°7 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 ¢ > 535 s).

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,

5 Gxlo™ HO' P=12Pa
E 5x10° U =10kV
g :
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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., Kinumos A.C.
Coctas razopoii arMocgepbl IpU B3aUMOAEHCTBUM
371eKTPOHHOI0 MyYKa ¢ MOPOLIKOM OKCH/IA ATIOMHHHS
B opBaKyyMHO# 00/1aCTH 1aBJIEHHIT

[IpencraBneHsl pe3ysbTaThl MCCIEIOBAaHUI COCTaBa Ira30BOU
arMoc(epbl NPH B3aUMOJCHCTBHHM DJICKTPOHHOTO IMyuKa C
MOPOLIKOM OKCHZAA aJIOMUHHS B (oOpBaKyyMHOH oOmacTu
nasieHuil. [loka3aHo, 4To B MOMEHT B3aUMOZIEHCTBUS MyUKa ¢
TIOPOIIKOM IPOUCXOANT WHTEHCHBHOE Ta30BBIACICHUE C II0-
BEPXHOCTH YaCTHI] IIAPOB BOMBI, I'eJIHs, AUOKCHIA YIIepona,
MOHOOKCHJa yIiepoja WM a3oTa. Takum oOpa3oM, mpu 00-
JIy4eHHHU HOPOLIKA OKCH/A AIFOMUHHMS DJIEKTPOHHBIM JIy4OM B
(dopBakyyMHOU OOJIACTH JABJICHHWIA pa3iieT 4acTHI[ 00YCIIOB-
JIeH MHTCHCHBHOM JecopOuueil MoseKkys, aacopOupOBaHHBIX
Ha UX TMOBEPXHOCTH.

KnioueBble c10Ba: OKCHA ATIOMHHUS, IEKTPOHHBIN IydOK,
(dopBakyymHas 001acTh JaBICHUH, Ta30BBIICICHNUE.

Joxnaoert TYCYPa, mom 19, Ne 4, 2016



V.A. Burdovitsin, A.V. Kazakov, A.V. Medovnik, E.M. Oks, 1.G. Brown. Optical radiation in breakdown of the acceleration 17

UDC 537.521.7

V.A. Burdovitsin, A.V. Kazakov, A.V. Medovnik, E.M. Oks, |I.G. Brown

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
plasma» 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 &8 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 70.
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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HccaenoBanue onTHYECKOT0 U3JIy4YeHHs POOOst
YCKOPSIOIIEro NpoMe:KyTKa (popBaKyyMHOro
IHMPOKOANEPTYPHOr0 HMIYJIbCHOTO MJIa3MEHHOT 0
HCTOYHHUKA 3JIEKTPOHOB

[TpoBeseHbI UCCICAOBAHKS ONTHYECKOrO H3ITyUYCHUS, BO3HH-
KaloIero npu mpoboe YCKOPSIOIIETO MPOMEKYTKA HMITYIIb-
CHOTO IIMPOKOANEPTYPHOTO IIa3MEHHOTO HMCTOYHHKA D3JICK-
TPOHOB Ha OCHOBE JYTOBOTO pa3psjia, HYHKIMOHUPYIOMIETO B
(dbopBakyymHoM auanazoHe aaeicHuit (3—20 ITa). ITokasawo,
YTO TI0 CPABHEHHUIO C ONTHYECKUM HM3IYYCHUEM MPH HOPMAlhb-
HOH TeHepaly My4ka Ipu Ipodoe YCKOPSIOUIEro IPOMEKYT-
Ka 3HAYUTEJHHO YBEINYMUBACTCS MHTCHCHBHOCTH CIIEKTpAllb-
HBIX JIMHAH W TOSBIIOTCS JOIMOJHHUTENbHBIEC JIMHAU ra3a U
MeTayuia. Y CTAaHOBICHO, YTO B ONTHYECKOM CIICKTPE H3ITyde-
HUS TIpH TIpo00e JOMHHUPYIOT CIEKTPaJIbHBIC JTHHIUHA aTOMOB
M MOJIEKyJI paboyero rasza, a Takke HAOJIONAIOTCS WOHBI pa-
Oouero rasza. [losiBieHHE CHEKTPabHBIX JMHHUH, COOTBETCT-
BYIOIIUX METAJUTy, CBUJCTCIBCTBYET O (POPMHUPOBAHUH Ka-
TOJHOTO ISITHA Ha MUCCHOHHOM JJIEKTPOJE, KOTOPOE CIIO-
cOOCTBYeT Pa3BUTHUIO Ia30BOr0 pa3psia B YCKOPSIOIIEM IPO-
MEKYTKE UCTOYHHKA.

KuiroueBble ci10Ba: mIa3MEHHBIA HCTOYHUK JJIEKTPOHOB, UM-
MyJBCHBIA ITyYOK AJIEKTPOHOB, AYTOBOM 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 dielec-
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 15x20 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
o r

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; 6 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 4 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 pug/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
" v
N

0+

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
e
£ 02-
[ 3
0.0

-80 -60 -40 -20 O
0, deg
Fig. 4. Angular distribution of the film thickness A:
] — 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

20 40 60 80

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 31eKTPOHHO-IY4€BOr0 HCIAPECHUS
KEePaMHKH Ha OCHOBE OKCH/Ia aJIOMHHUS

B (popBaKyyMHO# 00/1aCTH 1aBJIeHHIT

IIpencraBneHo HCCIENOBaHUE MPOLEcca SIEKTPOHHO-IIyYe-
BOTO HCIIAPEHMSI U OCAXKICHUS U3 MapoBOH (ha3bl KepaMude-
CKHX MaTepHaioB B (OpBaKyyMHOH oOnactu maBieHws. J{ms
HCTIApeHUsT ATIOMOOKCHIHOW KepaMHMKH Ha OCHOBE OKCHZA
QIIOMUHHSL HCIIOJIB30BAJICS IUIA3MEHHBIH DIIEKTPOHHBIA HC-
TOYHHMK, CIICIMAIBHO CO3JaHHBIN A paboThl B (OPBAKyyM-
HOI oOnacty pasieHuit. OnpeznesieHa 3aBUCHMOCTD TOJIIHHBI
HAaIbUISIEMOTO TIOKPBITHS OT PACCTOSHHMS O HCMApsieMOW MH-
LICHU U YIJIa MEX/IY OChIO JJICKTPOHHOIO IMy4Ka M Halpaslie-
HHUEM Ha IeHTP IOUIoKKH. [loka3aHo, 9To B (opBaKyyMHOU
o0yacT! IaBIEHHMI MPOCTPAHCTBEHHOE pacIpeeleHHe TOJ-
LIMHBI TOKPBITHIT GoJiee paBHOMEPHOE 110 CPAaBHEHHIO C HAIIbI-
JICHUEM B BBICOKOM BaKyyMe. OJTO OOCTOSITEIBCTBO MOXKET
OBITH CBSI3aHO C PACCESHMEM YacTHI] MCIIAPEHHOTO BEIIECTBA
Ha MOJIEKyJIaX rasza Ipy BHICOKOM JIABJICHUH.

KiroueBble cjI0Ba: 3JIEKTPOHHO-JIy4€BOE MCIApEHME, ILIa3-
MEHHBIN 3JICKTPOHHBIH HCTOYHHUK, (opBakyyMHas o0JyacTb
JIaBJICHUH, 3apsi/iKa TIOBEPXHOCTH THAJICKTPHKA.
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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 =% = kg = 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

ettt 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
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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)). 1)

Loknaovr TYCYPa, mom 19, Ne 4, 2016



26 ELECTRONICS, RADIO ENGINEERING, COMMUNICATIONS, AND COMPUTER SCIENCE

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
pn = 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

e 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
=— B — Ry™ )t B + R, =Bt B° + R
B F — ROUPE + RS + (B — RONR + RS — 65 7)] [( P RS+ Ry = s+ o)
X(ORy* = 5B f' = 3(°B* = R*I(PB* + Ry f = 287 ~ 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 — =) 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 1024

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.
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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, := py/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,[5], ——— | — hypergeom >
602K2R,2 ypergeomly, Ty bk TR | T perseom 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*f* + R}]

) + (1 + w)*(@*? = RoH)a[7/3 + wl(B* + R3)*(5/3 + w)

7 33+ S——e
xhypergeom([z, ( . @), 5] ;’2 ) + TR+ w)([20/9 + wla®® — 8/9[15/8 + wla*t*R?
0

3 5+3 5. —a*t?

~5/9Ry*2a*(16/5 + w) — 1/9R,®) x hypergeom([z, T‘”], 5 ;’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+(1)(N)£§ at N=N,, )

(to solve initial condition problem); 1+m(N)<<I for
1<N <N, (inflation); 1+w(N)>g(N) for I<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 ) )
_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] 2
o(N)=-1-= Go_, 12| (7)
3| H(V)
The second term in the square bracket represents
the contribution of the viscosity.
Therefore, the equation of state (4) reads:

p(N)z{—l— ;(G]‘\)]Jp(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=—ry| —" 3. 9
kz[Go+G1 J ©)

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

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

_G 2
" 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\/Ectghx , (13)
|Gol 3V3

3
2 —
where tgo=3|tg larctgk—(gj2 , |(1|S£. From the
20 73Go\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+Gy)
py KGN+ G). (20)

en
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+G1 ’ _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” +Gl)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).

<0,006875.. (32)
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Tumorkun A.B.
Mopaenb BSI3KOI KHIAKOCTH B HH(ISIIUOHHOT
BcenenHoii 6e3 camoBocnpou3BeaeHust

PaccmarpuBaercs ommcanme WHQIAIHOHHOW BceneHHOMH,
WHIyIIAPOBAHHOU BS3KOH JKHAIKOCTHIO B TUIOCKOH T€OMETPHH
dpunmana—Slemerpa—Pobdeprcona—Yokepa. [lomaydensl ycio-
BUS CYIECTBOBAHUS PeKUMa MHOIAIUK 03 CaMOBOCIIPOM3-
BE/ICHUSI B TEOPETHYECKON MoOIenu HHQIALHH, KOTOpas co-
rJIacyeTcs ¢ MOCIEeAHUMH JaHHBIMH CIIyTHUKOB [1maHKa.
KiwueBble cioBa: HHQIAONS, YypaBHEHHE COCTOSHHS,
BSI3KOCTb, CIICKTPAIbHBIN HHIIEKC, 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; 29) = 0.124 4 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 «measurey» 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—kl 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)= 220 0) (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 (7
2 ’ens
prleys2p )= L) e ()]
a
(2-a)[ a2 a
r c” —a“D+al(/-1)r" +D
| (o=oreen)]
8na
Then Eq. (16) yields
o)(r):pr(r)_'_zpt(r)zz ml"?C(r) mLens( )
3p(l’) 32m]:ens() mRC()
“_a’D+a|(1-1)r"+D
arf-a a[( ) ] 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
8ma

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+pr +2pt)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=)~ 25600)

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 () 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 o(r) beyond the halo boundary. We
then analyze in detail the numerical limits on ®(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 ~4.84x107"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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[oranos A.A., l'apunosa I."M., Haagu K.K.
IlepecmoTp Moae/M H1eATbHOM )KMIKOCTH 110 OTHOLIEHUIO
K TeMHOIl MaTepuu

ITepecMaTpUBalOTCS HEKOTOpblE OCOOEHHOCTH CdepHyecKH
CHMMETPUYHOTO Tano MIEYHOTro IMyTH, HPEIIONIOKUTETEHO
00pa30BaHHOTO TEMHOW MaTepuel, KOTOpas MOXKET OBITh MO-
JeTMpOBaHa Kak HjeanbHasl )KHUIKOCTh, HA OCHOBE MMEIOIIHX-
cs1 HaOJMIOJaTeNIbHBIX NaHHBIX. KirtoueBas uest COCTOUT B TOM,
4yroObl npumeHuTh (opmanusm Dabepa—Buccepa, kacaro-
MiCS KPUBOHM BpAILEHUS TAIAKTHMKH WM TPAaBUTAlMOHHOTO
JIMH3UPOBAHMUS, K NEPBOMY ITOCTHBIOTOHOBCKOMY IpUOJIMKe-
HUIO, YTOOBI MIOJIyIHTh JaHHbIE 00 ypaBHEHUH COCTOSHHS O(7)
HeabHON XKUAKOCTH, hopMupytomieii rano. Boobie rosops,
JUISL TIPEATIONAraeMol 37eCh MOJEIH HET KeCTKHUX OTpaHude-
HUil Ha ocHOBe 3(dexTa TUH3UPOBAHUSA — OTPAHUUCHHS TOC-
TaTOYHBEIM 00pa3oM BBOASATCS W3 IAHHEIX, BHITCKAIOMUX U3
KPHUBBIX BpalieHHs. Macca JMH3BI-MCTOYHHMKA M JPYTHE Xa-
PaKTEpUCTHKH BBIYHMCICHBI C HCIIOIb30BAaHUEM MOCIEIHHUX
JTaHHBIX.

KnrodeBble cioBa: TeMHas MaTepusi, HcanbHas >KHUIKOCTb,
YPaBHEHUE COCTOSHHS, MACChI FaJIaKTHUK.
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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 f7(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 e
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.

Cc

Fig. 1. Membership functions with additional conditions: a — 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 o1k model.
and half years. The fuzzy neural network is built based
1 5 T T T T - T T T
T 14
&0
=
=
=
S 13
5_ % Targets
2 12f % 4 + OQutputs | |
Errors
—Response
11 1 1 1 1 | | 1 1 |
0.1 . . ' ' — -+ Targets - Outputsn
r <
5 o bt RS T
B 0PN T N g b it el .‘;:::—z-.{‘—’%vﬁm’:

-0.1 y
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Time

Fig. 3. Time-series response by neural networks using ordinary AF

[Hoxnaovr TYCYPa, mom 19, Ne 4, 2016



A.T. Nguyen, A.M. Korikov. Neural network model with fuzzy activation functions for time series predictions 51

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 [IJI51 IPOTHO3MPOBAHMS BPEMEHHOI'0 Psijia

PazpabaTeiBatoTcst MoJeM HEHPOHOB C HEYETKUMH (DYHKIIUS-
MH aKTHBallUM [UIS pEUIeHHs MpOOJIeMBl IPOTHO3HUPOBAHUS
BpeMeHHbIX psnoB. Ha ocHOBe Monenell HEHpOHOB ¢ HeueT-
KAMH (QYHKUMSIMHA aKTUBALMK CO3JAIOTCS MOJENH HEYETKUX
Heiiponnsix cereit (HHC) u mpoBoaurtcs aHamu3 BO3MOXKHO-
creit HHC nnst pemenus 3agay nporHo3MpoBaHusl BpEMEHHBIX
PpSLIOB.

KioueBble ci1oBa: Monens HelpoHa, GyHKIMS MPUHAIICK-
HOCTH, (YHKIHUS 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 entreprencu-
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
(REC) 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-
sities 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 industriesy,
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 technologiesy.

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
pagnounsnyyYeHusl, NpoLlueaLlmnx nepecey€éHHy Ha3eMHYyr Tpaccy

[Mpoanann3upoBaHbl BpeMEHHBIE PEATU3AHH OTHOAIOMNX MPUHIMAEMBIX CUTHAJIOB IIPOCTPAHCTBEHHO Pa3HECEHHBIMHU
aHTEHHAMH M Pa3HOCTHU (a3 MeXy HUMH Ha JEeCATUCEKyHIHBIX MHTepBanax. [IpuBeneHbl SKCIIepUMEHTAIbHbBIE OLCHKH
HMHTEPBAJIOB CTAI[OHAPHOCTH OTMOAIOIIESH M pa3sHOCTH (a3, 3aBUCUMOCTH OT YIJIOBOTO IIOJIOXKEHHSI aHTEHHBI IepejiaT-
YHMKa WHTEPBAJIOB BPEMEHHOI KOppessinuy orudaromeil n pasHocTH (a3, a Taxke kodddunnenta B3auMHOH KOppes-
uu orubaromeit u pasHocty ¢as. [TonmyueHHbIE XapaKTEPUCTHKK CONIOCTABIICHBI C paHee OIyONINKOBAaHHBIMH Pe3YJIb-

TaTaMu.

KiroueBble clioBa: SKCIIepUMEHTAIbHBIC JaHHbIC, Ornoaronas, pa3HocTh (a3, HHTEPBaJl CTAllMOHAPHOCTH, KO durm-
€HT KOPPEIALMH, HHTEPBaJ BPEMEHHOH KOPPEJIALUH, CTATUCTHYECKHUE XapaKTEPUCTUKH, YIJIOBOE MOJIOXKCHUE aHTEHHBI,

HCTOYHUK PaJHOHN3ITydCHNUS.
doi: 10.21293/1818-0442-2016-19-4-57-63

HckaxkeHus oruoOaroIeil MPUHAMAEMbIX CHUTHAJIOB
1 pa3HOCTH (ha3 MEX/Iy CHTHAJIAMH B IIPOCTPAHCTBEHHO
pa3sHEecEHHBIX TOYKAaX Ha Ha3eMHBIX II€PEeCeYEHHBIX
Tpaccax TIpsSMOW BHUIUMOCTH W TUPPAKIUU BHI3BaHEI,
TJIABHBIM 00pa3oM, MHOTOITyYEBOCTEIO H3-32 OTPAKCHUS
PanMoBONIH TOACTHUIIAIONICH MOBEPXHOCTHIO M HAXONA-
IUMUCS Ha HEeW 0oObekTaMu (MECTHBIMH TPEIMETaMH)
[1, 2]. [Ipu neneHrOBaHMH UCTOYHHKA PATUOU3ITYICHUSA
Ha Ha3E€MHBIX IIEPECEUEHHBIX TPAcCax B HEKOTOPBIX YI-
JIOBBIX TMIOJIOKCHUAX AHTCHHBI ICpEAaTdrKa HaGﬂlOI[a-
IOTCS aHOMAJIbHO OOJIbIIME OIIHOKH IEJIEHTOBaHMUs,
BBI3BAaHHBIC HEAJICKBATHOCTHIO TPAUIIMOHHBIX MOJEIEH
MPUHATBIX CHTHAJIOB IPH Pa3pabOTKe alrOpuTMOB Iie-
JICHTOBaHUS YCIOBHSAM PACIPOCTPAHCHUS PATHOBOIH B
YCIIOBHUSAX AKCIIEPHMEHTa. JTO MPHUBOIUT K HEOOXOAU-
MOCTH pa3pa0OTKH CTAaTUCTUYECKHX MOIEJCH IMPHHU-
MaeMBIX CHTHAJIOB, aICKBATHBIX JKCICPUMEHTAIHHBIM
JaHHBIM. MOJeNnu HWCHONB3YIOTCS Ui CHHTE3a ajro-
pPUTMOB 00pabOTKHM CHUTHAJIOB, YAYYLIAIOUIUX TEXHUYE-
CKHE XapaKTePUCTHKU PATUOTEXHUUECKHX cucteMm [1,
3]. VHTepec mpeAcCTaBISAIOT CTAaTUCTUYECKUE XapaKTe-
PUCTUKH OBICTPBIX (IYKTyalWid HPUHATBIX CHTHAJIOB,
KOTOpbIC OOBIYHO HAOJIFOMAIOTCS Ha MHTEPBaIax BpeMe-
HU He 0oJiee HeCKONMbKUX cekyH [ 1-3].

Panee Obutn omyOJNMKOBaHBI PadOTHI MO OLIEHKaM
CTaTUCTHYECKUX XaPAKTEPHUCTUK (IIYKTyaluil ormdaro-
mei, ¢a3sl ¥ pasHOCTH (pa3 MPUHATHIX CHUTHAIIOB IO
BPEMEHHBIM peaH3alusiM JUTHTEIBHOCTRIO -3 MUH Ha
CYXOITyTHBIX PagroTpaccax MpoTsHKEHHOCTHIO 10 210 kM
B CAHTUMETPOBOM JHamna3oHe JMH BoJH [1-8]. B aTux
paboTax OBIIH MOYyYEHBI SKCIIEPUMEHTAIBHBIE OICHKU
JMCIIEPCHHU, KOPPEIALUOHHBIX M CTPYKTYpHBIX (YHK-
U, UHTEPBAIOB KOPPEJSILUK OrMOAIONIMX CHIHAJIOB,
NPUHATBIX Ha pa3sHEeCEHHbIE aHTEHHBI, U pa3HOCTH (a3
MEXIy HUMHU B 3aBUCUMOCTH OT JaJbHOCTH M YIJTIOBOTO
TIOJIO’KEHUS Y3KOHAIIPaBJIEHHON Iepenaronieli aHTeHHBbI,
BBISBIICHBI (DU3MYCCKHUE MPUYUHBI, TPUBOISIIIUEC K IO-
JMYYEHHBIM 3aKOHOMEpHOCTAM. OIHAKO WMEIOIHecs B
PpaCTIOpsHKEHHH aBTOPOB MaTEpHANBI ITO3BOJIIOT AOTION-
HUTh W3BECTHBIE PE3YNbTAaTHl OIICHKAMH WHTEPBAIOB
BPEMEHHOW KOPPEISALUN OXHOBPEMEHHO Ui Orubaro-
el NMPUHUMAEMbIX Ha pa3HECEHHbIE aHTEHHbI CHUTHA-

JIOB M pa3HOCTH (a3 MexIy HUMH, a Takxke Koddhuuu-
€HTa B3aMMHOI KOppessiiuy orudaromeid W pa3HOCTH
(a3 B 3aBHCUMOCTH OT YIVIOBOTO IOJIOKEHUSI HaIpaB-
nerHoit aateHHBI PJIC 1 mpoTsHkEHHOCTH PaguoOTPaCCHI.
OTH XapaKTepHUCTHKH SIBILSTIOTCS BAXXHBIMU IS HICTIOJB30-
BaHMS HOPMAJTLHON MOJIeIN IPHHUMAEMOro curaana [3].

Lesnp paboThI — MOMYYUTH OLEHKH NEPEUNCICHHBIX
BBIIIIE CTATUCTUYECKUX XaPaKTEPUCTHK OBICTPBIX (IyK-
TyalMii orudaromieil MpUHUMAeMbIX CUTHAJIOB U pa3HoO-
cti (a3 Mexy HUIMU NIPU NPOCTPAHCTBEHHO Pa3HEeCEH-
HOM NpUEME ISl pa3IMuHON OPUEHTALIMU OCTPOHANpaB-
JICHHOW aHTEHHBI ITePEAATIYNKA U MPOTSHKEHHOCTH TPACCHI.

CrartucTUUecKHe XapaKTEPUCTHKH  OIPEIeIICHBI
nyTéM 00pabOTKN SKCIEPUMEHTANBHBIX JaHHBIX, ITOJY-
geHHbIX corpygaukamn HUW PTC TYCYP B 2008-
2010 rr. [6-8].

Ha omeHkn craTucTndecknx XapakTepHCTHK IpH-
HUMAaEMbIX CHUTHAJIOB BIMSIOT MApaMETpPhbl SKCIIEPUMEH-
TaJIbHOM ammaparypbl, O3TOMY HPHUBEAEM €€ KpaTKoe
OIHCAHUE.

Onucanue 3IKCIEPUMEHTATbHON YCTAHOBKH

J1st mpoBeneHusl SKCIIEPUMEHTaIbHBIX U3MEPEHUN
WCIIOIb30BAJIMCh MPUEMHO-U3MEPUTEIIbHAS ammaparypa
(IpUEMHBII ITyHKT) U anmaparypa IepeAaroIiero MmyHkK-
ta (PJIC), msrotoBnennas corpyguukamu HWU PTC
TYCVYPa. Ilogpo6HOE omrcaHue MPHEMHO-U3MEPUTEIB-
HOW ammapaTtypsl H3JI0XKEeHO B pabdore [9].

Bo Bpems poBeaeHus 3KCIEPHUMEHTAIbHBIX U3Me-
pennii antenHa nepeaardnka (PJIC) mpuanMmana (uk-
CHPOBAHHBIC YIJIOBBIE TOJOXKEHHS B MHTEpBajie +6° C
maroM 3°, OTCUNTHIBAEMBIE OT HAIPABICHUS HA TIPHEM-
HbI MyHKT. OLIEHKa CTaTUCTHYECKUX XapaKTEePUCTHK
MMPOU3BOAMNIIACH IO BPEMCHHBLIM pCain3alusim orn6a10—
UX MOCJACAOBATCIIBHOCTU HMITYJIBCHBIX pPaJuOCUTHA-
JIOB Ha BBIXOJI€ IPOCTPAHCTBEHHO-PA3HECEHHBIX aHTEHH
U pa3sHOCTH (a3 MEXAY HUMH, KOTOPBIE PErHCTPUPOBA-
JIMCh paHHEH OCEHbBI0 ceaHCaMH JIUTENLHOCTHIO 10 ¢ C
nmuckperHocThio Af = 0,01 ¢ mpu GUKCHPOBaHHOM YTIIO-
BoMm nonokennu anteHHsl PJIC. KauecTtBenHas omeHka
XapaKTEPUCTUK CHTHAJIA IPOU3BOAMIACH BPYYHYIO IIy-
TEM aHa/IN3a KAXKI0H peaan3anud O0IMM KOJHYECTBOM
6onee 600 mrT.
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Armmaparypa MCTOYHHKA H3IYYCHHS U MPUEMHOTO
MyHKTa OBIIa CHHXpOHH3MpoBaHA. Ilpm wm3MepeHmsx
MIPOU3BOAMIIACH 3aMKCh B MaMATh DBM nudpoBsix oT-
CYETOB MPHUHATHIX CUTHAJIOB 3a OIpPEAENIEHHBINH MpoMe-
JKYTOK BPEMEHHU (B OKHE pErucTpanyu). YKpyrnHEHHas
CTPYKTypHasi CXeMa HKCIEePHUMEHTAJIBHOTO KOMILIEKCa
IpUBeZeHa Ha puc. 1.

C‘@ Tpacca PPB =
</ I
Lo —- CHHXPOHHM3aLUs- — — — — — —

Puc. 1. YkpynHEéHHas cTpyKTypHas cxeMa KOMILIeKca IIpu
MPOBEICHUH SKCTIEPUMEHTANIbHBIX U3MEPEHUI

Ipu m3mepenusx PJIC carTumMeTpoBOro quamnazoHa
H3Iyvajia pagHoONMITYIbCHl [HTeNbHOCTRI0 300 He (1Mo
ypoBHIO —3 1b) ¢ wactoToii mosropenns 2 klm. PJIC
nMena 3epKaTbHO-IapaboMudecKyl0 aHTEHHY IHaMeT-
pom 110 cm tuma Kaccerpena ¢ obmydarenem B BHIE
OTKPBITOI'O KOHIA IMPAMOYTOJHLHOI'0 BOJITHOBO/A. ]_I_[I/lpl/l-
Ha JIHA B miockocTy a3uMyTa 1o YPOBHIO —3 b OKOJIO
1,7°. YpoBeHb OOKOBBIX JICIIECTKOB HE MPEBBIIIAET
—15 nb. TIpu 00paboTKe SKCIEPUMEHTAIBHBIX TAHHBIX
paccMaTpUBAIUCh TONBKO CIIydad H3IYyYCHHS Paluo-
BOJTH BEPTHKAJIHHOH MMOJIAPH3ALINH.

[IpuéMHuK ¢ auHAMIYECKUM muamazoHoMm 71 nb
nmeet gyBcTBUTENbHOCTE —100 nb/MBT (3,2 MkB). Ilo-
Joca TpOIycKaHUs NpuEMHHKa coctapiser 25 MIm,
MO3TOMY JMHEHHBIMH HCKAKCHHSAMHU CHTHAJIOB H3-32
BIUSTHUS IPUEMHOTO TpaKTa MOXKHO TipeHeOpeyun. [lepen
aHaJIoTO-IIU(PPOBEIM MPEOOPA30BAHUEM CHUTHAJ MEPEHO-
CHUTCS Ha BUAECOYACTOTY KBaJApaTypHBIM AEMOLYIATOPOM
(merexropom). Ilo kBamparypaMm 3a JJIUTENBHOCTH IIJIO-
CKOIl BEpIIMHBI UMITYJIbCA ONPEEISUIMCh Orudaromas u
pasHOCTh (a3 ¢ MOMOIIBIO (OPMYJ, NMPHUBEIEHHBIX B
paborax [6-8].

AHTeHHas cHUCTeMa TNPHEMHOTO ITyHKTA, COCTOS-
mas U3 BOCBMH IMPSIMOYTOJBHBIX PYTOPHBIX AHTCHH,
PACTIONIOKECHHBIX B /IBa Psifia, HABOJMIACH Ha MCTOYHHUK
W3TYYIEeHUS TI0 MaKCUMyMy cuTHana (puc. 2).

180 1 182
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Puc. 2. Pazmepsl ogHOTO psia aHTEHH (B MM)
(3ammMcTBOBaHO 13 [9])
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[[IupuHa auarpaMMbl HAPaBIEHHOCTH PYNOPHOH
AHTCHHBI B TOPU3OHTAJIBHON IUIOCKOCTH MO YPOBHIO
—3 b cocrasisina okoiio 8,5°.

IIpocTpancTBeHHOE pa3HECEHHE MPUEMHBIX aH-
TEHH IIpH U3MepeHusx cocTaBisio 300 u OA.

Onucanne Ha3eMHBIX Nepece4YéHHBIX TPace

HazemHble nepeced€HHbIE TPacChl PacloiokKEHbI B
Tomckom paiione Tomckoli obmacté K oro-3amany Ot
. Tomcka Ha OO6b-TomckoM Mexmypeube [6—8]. Mecrt-
HOCTb NpPE/ACTABIsIET cOOOH pacdIeHEHHYI0 PaBHHHY C
y4acTKaMH BEpXOBOTO M HU3MHHOTO 3200J1a4BaHHSI.

CraTtucTHUeCKHE XapaKTePUCTHKU ITONYYeHBI JUIs
Ha3eMHBIX TEPEeCceYEHHBIX TPacC, KOTOPHIE pa3ielIeHBI

Ha YeTBIpe TPYNIBI 10 CpeaHel MpoTsHkEHHOCTH 16,8;
19,0; 23,0 u 28,0 kM. CeaHCBl H3MEPEHUH IS KOKIOM
TPAcChl MPOU3BOIMINCE JUI KaXKIOTO U3 IATH yITIOBBIX
nonoxkenuit antennsl PJIC. Tlepenatoniue mo3ummuu BhI-
OMpaJHCh HA OTHOCUTEIBHO POBHBIX, OTKPBITBIX y4acT-
KaX, PacroyIOKEHHBIX OT ONIKAaWIIMX MPENsTCTBUI Ha
pacctosiauu 150-1500 m.

[pensiTcTBUSA Ha JIMHUM «HEepeaaTInK—TIPUEMHUK)
MIPEACTABICHBl U TPYNIBl TPAcC HPOTHKEHHOCTHIO:
16,8 u 19,0 kM B BUJI€ OTACIBHBIX PEJIKUX JIECHBIX Mac-
CHBOB; IEpENAIOIIUe MO3UIUN OBUIM PACIIONOXKEHBI B
oJie, IMTOPOCIINM JIYTOBOH TpaBoil BbIcoToi 10 0,25 M;
23,0 KM B BHJIE 9aCTO BCTPEUAIOIINUXCS JIECHBIX MaCCH-
BOB; a TIEpEaolIye MO3ULIUKN OBUIM PACIOIOKEHBI Ha
MIOJISTHE, TTOPOCIIEH JTyTOBOM TpaBoit BEICOTOM 110 0,5 M,
U KycTapHukamy; 28,0 KM B BHJE TYCTBIX JIECHBIX Mac-
CHBOB; Iepe/alollie MO3UIMU ObUIM PaCIONOKEHBI Ha
HOJISIHE, TPaBa Ha KOTOPOH Oblia CKOIIeHa, OKPYKEHHOM
TYCTBIM JIECOM.

[MpuemHuas no3uims pacrosarajach Ha IpaBoM Oe-
pery p. Tomu ¢ npesbimienuem 80 M Haja OKpysKaromien
MecTHOCTBIO. [IpaBblii Oeper MOKPHIT JIecOM CpenHeit
TYCTOTHI, Aajiee M0 TpaccaM PacIlOJOKEHBI peyHas Jo-
JWHA, OCTPOB C OOLIMPHBIMH HMOKOCAMHM, HACEIEHHBIH
ITyHKT CEIbCKOIO THUMA C JaYHbIMU YJaCTKaMH HEIUIOT-
HOM 3acTpoiiku. OCTalbHBIE YUYAaCTKH TPACCHI MIPEICTaB-
JISIOT co00 paBHUHY ¢ HEOONBIINM YKIOHOM BBEPX 0
abcoxroTHOM oTMeTkH 140 M, OKPBITYIO JIyTOBOM pac-
TUTEJIbHOCTBIO, TIOKOCaMH, MalIHSAMH, JIECOM CpeqHEH
TYCTOTBI, PEIKOIEChEM.

IIpn npoBemeHnM un3MepeHuit OblIa siCHas WM
racMypHasi ioroza 0e3 0151 ¥ BETPOM JI0 5 M/c.

PaccMOTprM OIIEHKH CTaTUCTHYECKHX XapaKTepu-
CTHK OTHOAIONINX BBIXOIHBIX CHTHAJIOB IPOCTPAHCT-
BEHHO Pa3HECEHHBIX MPUEMHBIX aHTEHH U Pa3HOCTH (a3
MEXXy HUMH, TOJydEeHHbIE Ha yKa3aHHbBIX Tpaccax.

HNHTepBaibl CTANMOHAPHOCTH OrU0aIOIIMX
NMPUHUMAEMBbIX CHTHAJIOB U pa3HocTH ¢a3
MexKIy HUMH

O1ICHKH UHTEPBAJIOB CTAIMOHAPHOCTH OrUbaroIeit
U pasHocTd (a3 oTMmeuarorcs B padorax [1-3]. Cornac-
HO 3TUM paboTaM, OBICTpBIE (IIyKTyaluu OrMOaromInX
MIPUHSTHIX CUTHAJIOB CTallMOHApHBI OOBIYHO B TEYECHUE
HECKOJIKMX MHHYT, XOTS 3HA4YUTEIbHbIE HM3MEHEHUS
MOTYT HaOIIOOAaThCS B TeueHHe necsaTu cexyHx [10]. B
9THX paboTax HE MPUBOAATCS KPUTEPHH, COINIACHO KO-
TOPBIM I10 SKCIIEPUMEHTAIBHBIM JaHHBIM (QIyKTyaluu
CUUTAIOTCS CTAIlMOHAPHBIMH, a TAK)XE HE OITyOIMKOBa-
HBI MHTEPBAJIbl CTAI[HIOHAPHOCTU Pa3HOCTH (a3 B 3aBHU-
CHMOCTHU OT MPOTSHKEHHOCTU TPACcChl U YIIIOBOTO II0JIO-
KCHUA nepeaa}omeﬂ antenHbl. OTMeyaeTcs JIMIIb, 4YTO
Ha KOPOTKHX 3aKpBbITBIX Tpaccax OTBOPOTbl AHTCHHbLI
PJIC conpoBoxkaaroTcs «yBENMYEHUEM HECTALIMOHAPHO-
CTH CIy4ailHbIX W3MEHEHHMH ITapaMeTPOB CHTHAJOBY», a
Ha JabHOCTAX Oosee 70 KM HecTalMOHAPHOCTH (IyK-
Tyalii ormOaromell MPOSBIETCS B «3HAYUTEIHHO
MeHbIIeH crermeHm» [1-3].

PaccMoTpuM THOHMYHBIE IIPUMEPHl BPEMEHHBIX
peanu3anuii OrubaronIMX NPUHUMAEMbBIX CHTHAJIOB H
pasHocTH (a3 MEXIy HUMH NIPH HABEACHHM aHTCHHBI
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PJIC oGnacTpio MUHUMYMa Ha IPUEMHEIH ITyHKT. Peamn-
3aIlMy NPECTaBICHBl Ha pUC. 3 UIA TPAcChl MPOTSHKEH-
HOCTBIO 23 KM.
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Puc. 3. Ilpumep BpeMeHHbIX peanu3annii orudaromeil npuHsI-
TBIX CHTHAJIOB: @ — 1 pa3HocTH (a3 Mex 1y HuMH Ha 6aze 30A;
6 — 1T TpacChl NPOTSHKEHHOCTHIO 23 KM IPH YTIIOBOM
nookeHnn anteHHsl PJIC  —6° oTHOCHTENEHO
HAIPaBJICHUS Ha IPUEMHBIH ITyHKT

Ha rpaduxax HabmromaroTcs y4acTKH BpEeMEHH, Ha
KOTOPBIX orubaromias » NpUHSTBIX CHTHAIOB U pas-
HOCTBh (a3 A@ Mexay HUMH QIYKTyHpyeT BOKpPYI IO-
CTOSIHHOTO CPEIHET0 3Ha4eHHs (MHTEepBajbl CTAllMOHAP-
HOCTH), a TaK)K€ MHTEPBaJbl BPEMEHH, Ha KOTOPBIX ITH
XapaKTEPUCTUKU UMEIOT OYEBUIHYIO TEHICHIUIO (TPEH)
K YBEJIMUCHHIO WM YMEHBUICHUIO. AHAJIOTHYHbBIE y4a-
CTKH HaOJIIOJIal0TCsl TAK)Ke Ha OCTAJIbHBIX Tpaccax.

JUisi HaxoXKIEHWs WHTEPBAIOB CTAl[MOHAPHOCTH
«IIOCTOSTHCTBO» CPEAHETO OIPEAeNsIOCh CHavYana BU3Y-
JIBHO, @ 3aTeM YTOUHSUIOCH C IOMOILBIO CKOJB3SIIETO
cpenHero. Ha wHTepBame CTalMOHApHOCTH CpEmHEe
3HaYeHHE M3MEHseTcs He Oojee yeMm Ha 1%. Jlns HaBe-
JIEHHOW Ha NPUEMHBIM IYHKT MEpEAAroLIell aHTEHHBI
P TAKOM KPUTEPUU HA MHTEPBaJaX CTalMOHAPHOCTH
CpelHEeKBaIpaTniecKue (QIyKTyalu orudaromei u pas-
HOCTH (1)33 OKa3bIBarOTCA MPAKTUYCCKU OJJMHAKOBBIMH.

WHTepBanbl craioHapHOCTH orubaromiei u pas-
HocTH (ha3 B OOJBIIMHCTBE CIy4aeB Pa3INYalOTCs IO
JuTenbHOCTH. VIHTEepBa cTallnOHapHOCTH M3MEHSETCS
ciydaiiHo mpu orBopore aHTeHHBl PJIC, mpaktudecku
HE 3aBUCHT OT MPOTSHKEHHOCTU U T€OMETPHUH HCCIIeye-
MBIX TPacc M OT NMPOCTPAHCTBEHHOTO Pa3HECEHHs MpH-
éMHBIX aHTEeHH 710 30A.

W3meHeHns orubarUIUX NPHUHATHIX CHIHAIOB C
orBopotoM aHTeHHbI PJIC OT HampaBieHHs Ha TIPUEM-
HBIN IIYHKT CTaHOBATCA 60.]'166 3HAYUTCIbHBIMHU, YTO
BbI3BAHO CHMIKCHUEM HOJIM MPAMOro CUrHajla U yBEJIU-
YCHUEM BKJaaa OTpa)KéHHI)IX CUTHAJIOB. DTO HE IpoTH-
BOpEUHT pesynpraram pador [1-3].

AHanu3 mokasall, 4YTO MHTEpBaJl CTAllMOHAPHOCTH
orubaroniell OKa3pIBacTCs 3aMETHO MEHbIIE, YeM HH-
TepBaJl CTAIIMOHAPHOCTH PAa3HOCTH (as3.

JIs  COBOKYNTHOCTH HA3eMHBIX IepeCeuEHHBIX
Tpacc AIUTEIHHOCTh WHTEPBaJia CTAI[HOHAPHOCTU OTH-
Garomux He MPOTHBOPEYUT HOPMAJIBFHOMY 3aKOHY pac-
npeneseHust U coctapiseT B cpeadem 0,1 ¢ co cpenne-
kBaaparnueckum otkioHeHuem (CKO) 0,015 c, a pas-
HoctH a3 B cpeaneM 0,2 ¢ co CKO 0,04 c. Otu unTep-
BaJibl CTAlIMOHAPHOCTU HA NOPAAKHM MCEHBIIC, Y€M YKa-
3aHBl B pabortax [1-3]. BepostHO, 3TO 00yCIOBICHO
MPUMEHEHHEM B 3THX paboTax APYTHX KPUTECPHEB CTa-
UOHAPHOCTH.

JUIs 3aKpHITBIX Tpacc MPH YIIOBBIX ITOJOKEHUSIX
anTeHHbl PJIC, OTIMYHBIX OT HAINpaBICHUS HA MPHUEM-
HBIH TMyHKT, HaOJIONAIOTCS 3HAYMTENbHbIE H3MEHEHUsI
pasHoctu ¢a3 Bo BpeMeHu (puc. 4), HanmpuMep, Kak 3To
MMeeT MECTO Ha MHTepBaie oT 1 110 2 c.
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Puc. 4. Tlpumep BpeMEHHO# peau3aiuu pasHoCTH (a3 MEeK Iy
NPUHATHIMU CUTHaIaMH Ha 6a3e 30\ 1711 cyXOIyTHON Tpacchl
MPOTSHKEHHOCTHIO 19 KM IpH YIIIOBOM MOJ0KEHUH AaHTECHHBI
PJIC +6° oTHOCHTENBHO HAPaBICHHS Ha MPUEMHBINA ITyHKT

3HaunTeNbHBIC U3MEHEeHHs pasHocTH (a3 3a 10 c,
MHOTOKpPAaTHO (B cpeqHeM 2—5 pa3) MpeBbIIIAIoIIne CeK-
TOp OomHO3Ha4HOTo u3MepeHus (360°), BEepoOATHO, BBI-
3BaHbl NEPEMEIIEHHEM OTPaKAIOIINX JJIEMEHTOB MECT-
HOCTH (TPYHIT «OJIECTSAIMINX» TOYEK) 0] BO3ACHCTBUEM
BeTpa. DTO B pa3bl OOJIBIIIE, YeM YKa3aHO B paboTax [1—
3]: cormmacHO MOCIENHUM W3MEHEHHs pa3HOCTH (a3 Ha
6aze 30A 3a MmuHyTy He mpebimanu 40-50°. ITpu mpo-
CTPaHCTBEHHOM pa3HOCE TNPHEMHBIX aHTEHH OA pas-
HOCTh (a3 B MHTepBayie OT 1 10 2 ¢ u3MeHsercs B 2—3
pa3a MEHbILEC 3HAYEHHsI, COOTBETCTBYIOIIEIO CEKTOPY
OIJHO3HAYHOCTH.

WuTtepBan mnpocTpaHCTBEHHOW Koppensinuu ¢azo-
BOTO (ppoHTa mpu oTBopoTax anTteHHbI PJIC oka3biBaeT-
csi MeHee OA, a 3HaYMTENbHbIC M3MEHEHUS U (UIyKTya-
LMK Pa3HOCTH (ha3 st IPOCTPAHCTBEHHBIX Pa3HOCOB OA
n 30\ oKa3bIBAIOTCSI HEKOPPEITUPOBAHHBIMU. DTO COIVIa-
cyercs ¢ pesyasratamu padot [1-3].

MOJKHO NTPEATONIOKUT, YTO U3MEHEHHS BO BpeMe-
HU OrHOAIOMIMX TPUHATHIX CHUTHAIOB M pasHOCTH (a3
MEKIy HUMH BBI3BaHbI PA3INYHBIMU JOMUHHUPYIOIINMH
MeXaHM3MaMH: Ha HMHTEpBaJie CTAllMOHApHOCTH (IIyK-
Tyallud BbI3BaHbl IPEUMYIIECTBEHHO (NIyKTyalluUsIMU
JIAJIEKTPUYECKOW MPOHUIIAEMOCTH TpPOHOC(epbl WU
OeCIOPSIOYHBIM TIEPEMEIICHUEM  «OJISCTSIUX» TOYCK
3JIEMEHTOB penbed)a MECTHOCTH B Pa3HBIX HAIIPABIICHUSIX.

3HauuTeNbHBIE U3MEHEHUs (TPEeHIpl) OrnoOarommx
NPUHSTHIX CUTHAJIOB M Pa3HOCTH (a3 MEXIy HUMH MO-
ryT OBITh BBI3BaHBI CYIIECTBEHHBHIM W3MEHEHHEM aM-
TUTATYTHO-()A30BBIX COOTHOIICHUH HWHTEP(HEPUPYIOMIHX
BOJIH M3-3a TIEPEMENICHUS B HEKOTOPOM IPEHMYIIECT-
BEHHOM HAlpaBJICHUN TPYHIT «OIECTSIINX)» TOYEK IOJI-
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60 OJIEKTPOHUKA, USMEPUTEJIbHAA TEXHUKA, PAJUOTEXHHUKA U CBA3b

CTHJIAIONIEH MOBEPXHOCTH, MECTHBIX MPEIMETOB, IIpe-
HATCTBUH.

HWnTepBanbl BpeMeHHON KOppeIsinu
aykryanuii orndaomux NPUHAMAEMBIX CUTHAJIOB
U pa3HocTH (a3 Mek1y HIMH Ha HHTepBajIax
CTALIMOHAPHOCTH

WHTepBaiibl BpEMEHHOU KOPPEJSILIUUA BPEMEHHBIX
(rykTyaruii  ormbarommx WIM pasHOCTH (a3 OIEeHH-
BJINCH ISl HA3€MHBIX IIEPECEYEHHBIX TPacc pa3HBIMH
uccnenoBaressimu [1-3, 11, 12] mo ypoBHI0 l/e aBTO-
KoppermsinnoHHON (yHKIuH. ONEHKH 3THX MHTEPBAJIOB
MPOM3BOIMINCE 110 WMITYJIbCHBIM MOCIEI0BATEIBHO-
CTSIM, PETHCTpHUPYEeMBbIM B Teuerne 1-3 muH [1-3], mmn
3a JUINTENIFHOCTh UMITYJBCHOTO curHama [11, 12].

HanGonee wu3yueHHBIMH SBISIIOTCA  (IIYKTyalluu
orubaroIIeil UMITYJIBLCHOMN MOCIICA0BATEIBHOCTH B 3aBU-
CUMOCTH OT IPOTSKEHHOCTU TPACChl, IIPOCTPAHCTBEH-
HOT'0 pa3Hoca HpI/IéMHbIX AHTCHH W YIJIOBOI'O II0JIOXKE-
Husi nepepawoomied anreHHsl [1-3]. i uHTEpBasioB
BPEMEHHOW KOPPEJSIIY Pa3HOCTH (a3 IOydeHbl 3aBU-
CHUMOCTH TOJIBKO OT NPOCTPAHCTBEHHOTO pa3zHOca MpH-
EMHBIX aHTEHH M NPOTHKEHHOCTH Tpacch [3]. OmgHako
Ha ucciuenyeMblx B [1-3] Ha3eMHBIX MepecedéHHBIX
Tpaccax HHTEpBaJbl CTALMOHAPHOCTH oOrudaromend u
pa3HOCTH (a3 COCTABIAIOT JOJIM CEKYHIbI.

B paborax [11, 12] wuccremyrorcs ¢uykryanuu
orubaromieid 1 pasHocTn (a3 3a AIUTENBHOCTH HMM-
MyJIbCHOTO CHTHAJIa, BBI3BAHHBIC UHTEpP(EpPEHIUEH OT-
PaXEHHBIX BOJIH C Pa3HBIM BPEMEHEM IIPUXO/1a OTHOCH-
TenbHO BosHBI OT PJIC. MHTEepBan BpeMeHHOI Koppeds-
MM BHYTPUHUMIIYJbCHBIX (UIyKTyanuii orubaromei npu
HaBeJECHHBIX NMPUEMOIIEPENAIOIINX aHTEHHAX COCTaBIIs-
eT B cpedHeM 25 HC, a MHTEpBaJ BPEMEHHOH Koppes-
MM BHYTPUUMITYJIbCHBIX (UIyKTyaruid pa3sHOCTH (a3 1mo
COBOKYIIHOCTH HCCIELYeMbIX TpacC — B CpPEIHEM
180 Hc. SIBHOHM 3aBHCMMOCTH HWHTEpBaja BpPEMEHHOU
KOppEISIIMK  BHYTPUUMITYIBbCHBIX (DIyKTyaruii  oru-
Garomieit 1 pasHOCTH (a3 OT JATBHOCTH M YIIIOBOTO TO-
noxenus anteHHs! PJIC ne BosBneno [11, 12].

PaccMoTpuM HHTEpBasibl BPEMEHHON KOpPETSIHUU
Oru0aONIMX MPUHUMACMbBIX CHTHAJIOB U pa3HOCTH (a3
MEXIy HUMH Ha MHTEpBaJIaX CTAlMOHAPHOCTH M BBISIC-
HHUM, 3aBUCAT JIA OHU OT YIJIOBOTO MOJIOXKEHUSI, MPOTS-
JKEHHOCTH TPacchl M MPOCTPAHCTBEHHOTO pa3HOca IpH-
EMHBIX aHTeHH. VHTEpBajibl BPEMEHHOW KOppessLuu
OymeM ompeneniarts MO YPOBHIO /e HOpPMHpPOBaHHOI
BPEMEHHOW aBTOKOPPEISAIINOHHON (PYHKITIH.

AHanu3 mokasal, 4TO MHTEPBaJl BPEMEHHOH Kop-
persinuy OTMOAIOIMX NMPUHUMAEMbIX CHIHAJIOB IPaK-
THUYECKH HE 3aBUCUT OT IEpEeMEILEeHUs] MPUEMHON aH-
TEHHBI NomepEK Tpacchl B npexenax 30A, Mo3ToMy BbI-
YUCJIIAJICA CpellHl/Iﬁ JJIs HpI/IéMHbIX AHTCHH HHTCPBAJI
BPEMEHHOW KOPPEJIALUH OTHOArOIIEH.

[Ipumeps! cpenHHMX O COBOKYIMHOCTH TpacC WH-
TEPBAJIOB BPEMEHHOW KOPPEJSIUM OTHOAIOINX PUHHU-
MaeMBbIX CUTHAJIOB Ty (PHC. 5, a) ¥ pasHOCTH (a3 Ty,
MEXAy HAMH JUIS IPOCTPAHCTBEHHBIX Pa3HOCOB aHTEHH
30X (puc. 5, 6) u 6A (puc. 5, ) B 3aBUCHMOCTH OT YIJIO-
BOTO mosoxkeHust anteHHbl PJIC mpuBenens! amst HHTEp-
BaJOB CTAIllMOHAPHOCTH (cIutomHas jiuHus). IlyHKTH-

pOM TIOKa3aHBl CPEIHEKBAIpaTHUSCKUE 3HAUCHUS WH-
TEpBaJOB BPEMEHHON KOPPESIIMHA IO COBOKYITHOCTH
Tpacc.
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Puc. 5. Cpennee 3nauenue (cruiomnas) 1 CKO (myHKTHD)
HHTEpBaJla BpEMEHHON KOpPEIALMY Orudaromei g
¥ pasHOCTH (a3 Ty, O COBOKYITHOCTH BCEX TPAcC;
HHTEPBaJl CTALIHOHAPHOCTH

Jns ormbaromeit u pasHocTH (pa3 WHTEpBaI Bpe-
MEHHOU Koppersiuu oT oTBopoTa aHTeHHbI PJIC meHs-
eTCsl HEe3HAYWTENbHO Ha WHTEpBale CTAI[MOHAPHOCTH.
HHTepBan BpeMEHHON KOppENSIHA pa3HOCTH (a3 He-
3HAYMTENILHO 3aBHCUT OT MPOCTPAHCTBEHHOIO pa3HOCa
npuéMHbBIX aHTeHH oT 6L 1o 30A. OTcyTcTBYeT sBHas
3aBUCHMOCTh WMHTEPBAJIOB BPEMEHHOW KOppESIMU Ha
HWHTEpBaJIaX CTAllMOHAPHOCTH OT HPOTSDKEHHOCTH HC-
CIIElyeMBbIX Tpacc. JTO PACXOAUTCS C pe3yJbTaraMu
pabot [1, 2], BeposTHO, U3-32 JOMHHHUPYIOIIETO BIIHS-
HUS Pa3HBIX MEXaHU3MOB, BBI3BIBAIOIINX (IYKTyallnu
orudaromeil U pasHOCTH (a3, MPOSBIAIOMINXCS Ha pa3-
HBIX T10 JUTUTENEHOCTH HHTEpBajaX HaOmMoaeHusl.

B cpemreM 1o COBOKYITHOCTH Tpacc M YITIOBBIM
nosiokeHusiM anTeHHbl PJIC wHTEepBanm BpeMEeHHON KOp-
pensiuy orubarolel MPHUHSATOTO CUTHalla COCTaBIIsIET
0,04 c, a pa3HocTH (ha3 BHIXOJHBIX CUTHAIOB MPUEMHBIX
AHTEHH C ITPOCTPAHCTBEHHBIMH pa3HOcamu OT 6A 10 301
oxouo 0,03 c.
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WuTepBanbl koppensiuy orubaroned U pa3HOCTH
(a3 Ha uHTEepBaNax maurenpHOCTRIO 0,1-0,2 ¢ mpumep-
HO OJMHAKOBBI, HO OKa3bIBatOTCS B 5—10 pa3 MeHsbIe,
YeM IIPY BBIYMCIEHUH 110 MHTEpBajlaM BPEMEHH HaOIIo-
neaus 1-3 muH [1-3]. Tak, npu HaBenEHHON HA MPUEM-
Hblii yHKT aHTeHHe PJIC mHTepBanm BpeMeHHON Koppe-
nsiumu - uiyktyanuid orubaromied cocraBisier oT 2 10
4 ¢, a OTBOPOT nepeaaroleld anTeHHsl Ha 15° oTHOCH-
TEJIFHO NMPUEMHOTO MYHKTA NMPHUBOJMT K €r0 yMEHBIIIe-
nuto 10 1,2-1,4 c. Jlna pasHoctu a3 mHTEpBaN Bpe-
MeHHOH Koppemsinun coctaisier 0,3-0,6 ¢ [1-3] mpu
HaBenéHHOHU anTeHHe PJIC Ha mpu€MHBI ITyHKT.

HNuTepBansl BpeMeHHOH KOppeJsiliuu
(aykTyanuii oruéaomux NPUHAMAEMBIX CHTHAJIOB
U pa3sHOCTH (a3 Mexay HUMH Ha 10-cexyHIHBIX
HHTepBaJIax

OlLeHUM HMHTEpBaJIbl BPEMEHHOW KOPPENSLUU OT'H-
0aloNIMX MPUHSTBIX CUTHAIIOB T (pUC. 6, @) U Pa3HOCTH
a3 T, MEXKITY HUMH JJIsl IPOCTPAHCTBEHHBIX Pa3HOCOB
anrenH 30A (puc. 6, 6) u 61 (puc. 6, 6) IO BpEMEHHBIM
peanu3anusaM JUIMTeNbHOCThIO 10 c.

KauecTBeHHO 3aBHCHMMOCTH MHTEPBAJIOB KOPpEIs-
MU OTHOAOIIEH U Pa3HOCTH (pa3 OT YIIIOBOTO ITOJIOXKE-
Hust anTeHHB! PJIC 1 mpoTsHKEHHOCTH TPAcCHl TaKUe ke,
KakK JAJs1 MHTEPBAJIOB CTAallMOHAPHOCTH: HMHTEPBAJ Bpe-
MEHHOW KOppeJsiliMK Orudaroliell yMeHbIIaeTcs, a st
pasHoCcTH (a3 — yBETHINBAETCS.

WHTepBanbl BpeMEHHOW KOPpEINSIMU Orudarolneit
NPUHAMAEMBIX CHTHAJIOB M Pa3HOCTH (a3 MeXIy HUMH
OT MPOTSHKEHHOCTH MCCIIEyEMbIX TPAacC U MPOCTPAHCT-
BEHHOIO pa3HOCA MPUEMHBIX aHTEHH NPAKTUYECKH He
3aBUCST. DTH pe3yJbTaTbl YaCTUYHO PACXOIsITCs C yKa-
3aHHBIMH pe3yapraramu B pabotax [1-3]. CormacHo
9THM paboTaM WHTEPBa] BPEMEHHOH KOPPEISLUH OTHU-
Oaroreil n pazHocTH (a3 ¢ yBenmUIeHHEM MPOTSHKEHHO-
CTH TPACChl yMECHBIIAETCA, & MHTEPBAJI BPEMEHHOH KOp-
pemsiuuu  pa3HOCTH (a3 BO3pacTaeT C yBEIHMYCHUEM
MPOCTPAHCTBEHHOIO pa3HOca MPUEMHBIX aHTEHH. B TO
K€ BpeMsl 3aBHCUMOCTh MHTEpBaJla BPEMEHHOW Koppe-
JISIMK OruOaronield OT YIJIOBOTO MOJIOKEHHsI aHTEHHBI
PJIC cornacyercs ¢ pesynsratamu u3 [1-3].

CpenHuil 0 COBOKYITHOCTH TPAacC M YIJIOBBIM IO-
noxeHusiM aHTeHHsl PJIC nHTepBan BpeMEeHHOH Koppe-
msiumu uryktyanmid ormbatomeit cocrasnsier 0,7 ¢, a
¢ykTyanuii pasHocTH (a3 BBIXOAHBIX CHUTHAJIOB IpHU-
€MHBIX aHTEHH C pasHocaMu OT 6 A 10 30\ mpaKTHIeCKH
MTOCTOSTHEH M cocTaBisieT okono 0,33 c. MHTepBan Bpe-
MEHHOH KOPPENSINYA OTUOAIONIeH OKa3bIBACTCS OOJbIINe
IIPUMEPHO B JIBa pa3a, YeM MHTEPBaJl BPEMEHHOH KOp-
pensun pasHoOCTH (a3. DTH pe3yibTaTbl HE MPOTHBO-
peuar [1-3].

Bospacranue nuTepBasia KOoppemsaiun QIyKTyarmi
pasHocTH (a3 ¥ yMEHbIIEHHE HWHTEpBaja KOPPEISIHUU
¢uykTyanuii orn0Oaromeil Nnpu OTKIOHEHUHM AHTEHHBI
repeiaTyvKa OT IyHKTa IpHéMa MOXKET ObITH OOBsICHE-
HO BO3PacTaHHEM BKJaga B PE3YIbTHUPYIOIINN CHIHAI
oTpaxk€HHBIX curHaNOB. [Ipn HaBeneHHO# aHTeHHe PJIC
Ha TpUEMHBIN MyHKT cpenHee Ormbaromiedl M cpemHee
pasHocTH (a3 onpenensercs npsmbiM curHanom PJIC, a
¢duykryanuu orubaromiell pasHocTd (a3 00yCIOBICHBI

MaJIbIMH M3MEHEHUSIMH BO BPEMEHH YIJIOBOTO IIOJIOXKeE-
HUSI LIEHTPa TSHKECTH SHEPIeTHYECKOro CIEKTpa pacce-
SIHHBIX BOJIH. JlJI1 OTBEPHYTOM aHTEHHBI IEpeNaTUYHKa
pasHocTh (ha3 ompernenseTcs uHTepdepeHuuend orpa-
JKEHHOTO CUTHajla OT 00bEKTa Ha MECTHOCTH B Hallpas-
nenun anteHHsl PJIC u npsimoro curnana PJIC, a ¢myxk-
TyallMu pa3HOCTH (a3 CTAHOBATCS Ooyiee MeIUIEHHBIMU.
ITpu sToM (urykryaruu orubaroeil curaana o0ycioB-
JIeHbl MHTep(epeHnrell MmapuualbHbIX CUTHAJIOB H3-3a
NepeMeIIEeHHs] COOTBETCTBYIOIINX «OJIECTSAIINX» TOYEK
00BbeKTa, COOTBETCTBYIOLIETO OTPAKEHHOMY CUTHAITY.
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VYron orBopora anteHHsl MPU, rpan
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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 xoppensiuuu ¢aykryaumii
OrudaromuX NPUHUMAEMbIX CUTHAJIOB U
¢aykryauuii paznoctu ¢a3 Mexkay HUMH

Koadduiment B3auMHONW KOPPEISIIAN  MEXKIY
MTHOBEHHBIMU 3HAYE€HHUSMH Pa3sHOCTH (a3 BBIXOIHBIX
CHUTHAJIOB TPOCTPAHCTBEHHO pPAa3HECEHHBIX AHTEHH H
MI'HOBEHHBIMH 3HAYEHHUSIMH Oru0aroinieil BXOJAHOIO CUr-
HaJla OIHOM M3 aHTEHH OLIEHUBAJICS IKCIIEPHMEHTAIBHO
JUTS Ha3eMHBIX Tepeceu€HHbIX Tpacc B padorax [1-3].
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CoracHO >TiM paboTaM OH HE 3aBUCHUT OT NPOTSHKEH-
HOCTH TPACChI U IPOCTPAHCTBEHHOIO pa3HOCa IIPUEMHBIX
aHTeHH. CBeleHNs 0 3aBUCHMOCTH OT YIJIOBOTO IIOJIOXKeE-
Hus anteHHbl PJIC B 31X paboTax He MPUBEICHBI.

I[J'IH BBISIBJICHHS 3TOM 3aBUCHMOCTH OLICHUBAJICA
KOO((QUIMEHT KOPPEIALUH BPEMEHHBIX (QIIyKTyauuit
0FH6aIOUleﬁ BBIXOAHOI'O CHI'HaJIa OZ[HOﬁ AHTCHHBI H
¢dnykTyanuii pazHocTH (a3 MeXIy CHUTHAJIAMH Iapsbl
AHTEHH, a 3aTe€M BBIYHMCIUICS 3TOT e KodddurmeHt
quist irykTyaruii orndaromeii BBIXOJHOTO CUTHaja Apy-
roif aHTeHHEI. [lomydaemple k03(UIIMEHTH KOppes-
MM OTINYAINCh HE3HAYUTENIBHO, TIOATOMY OIpeessi-
¢ cpemHuii KOI(D(HIMEHT BPEMEHHON KOPPEIAILIUH
GbnaykTyanuii orubarmmyX NPUHUMAEMBIX CUTHAIIOB U
GbykTyanuii pasHOCTH (a3 MEKLY HUMH 7'ay £

[Tpumepsl cpeaHUX MO COBOKYITHOCTH TPacc KOdd-
(unmeHTa Koppensuuy (CIUIONIHAS JIMHKS) orudaroeit
U Pa3sHOCTH (a3 ra,z B 3a8BUCHMOCTH OT YIJIOBOTO IIO-
noxenus anteHHs! PJIC npusenens! Ha puc. 7. IlyHkTH-
POM TIOKa3aHbI CPETHEKBAJAPAaTHUECKHE 3HAYCHHUS Ty p
10 COBOKYITHOCTH TpPacc.
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Puc. 7. Cpennwuii mo BceM Tpaccam K03 GHUIHEHT KOPPEISILUH
orubaronieil u pasHOCTH (a3 MeXIy BHIXOAHBIMH CHTHAJIAMU
aHTEHH C IPOCTPAHCTBEHHBIM Pa3HOCOM B 3aBUCHMOCTH OT
YIJIOBOTO TIOJIOKEHHMS NePEAAIoLIeii aHTEHHBI OTHOCHTEIBHO
HanpaBlieHHs Ha NpUEMHBIA yHKT: @ — 30X; 6 — 6L

YcpenqHEHHBIM 10 BCceM TpaccaM MOAyib kodddu-
LMEHTA Fayr C OTBOPOTOM JIyda NEPENArOLIEH aHTEHHBI
OT HaIlpaBJICHWsS Ha NMPHUEMHBIA IYHKT MMEET TECHICH-
MO K BO3PACTaHUI0. DTO MOXKET OBITh OOBSCHEHO BO3-
pactaHueM BKJIaJia OTPaKEHHBIX CUTHAJIOB OT 0OBEKTOB,
pacIoNoXeHHBIX B cTopoHe oT nuHuu «PJIC — mpuém-
HBII IIyHKT» B CPaBHEHHH C BKJIAJOM M3Ty4EHHOTO CHI-
Hana. l3MeHeHHe BO BpeMEHHU NapaMeTpOB OTPaKEH-
HBIX CUTHAJIOB NIPUBOIMT K 3HAYMTEIILHBIM U3MEHECHUSIM
BO BPEMEHHU OJHOBPEMEHHO ISl Oorudaromieid U pasHo-
cti (a3 MpUHUMAEMbIX CHI'HAJIOB. DTO OOYCIIOBIHMBAET
yBesdeHne Ko3hQUIHeHTa 7y .

3aBUCHMOCTh KOOI(DOHUIMEHTA 7oy fr OT YIJIOBOTO
monoxeHust anteHHs! PJIC xopoto cormacyercs ¢ 3aBu-
CHMOCTBIO 3TOro KoddduimenTa oT yrioBoil paccTpoi-
K1 [3], MOCKOJIBKY OHA CBSi3aHA C U3MEHEHUEM IIeHTpa
TSDKECTH YIJIOBOTO JHEPTeTUYECKOTO CIIEKTpa PaccesH-
HBIX BOJIH IIpU NoBopoTe Jiyya anTeHHsl PJIC.

Koaddurment koppesnsiipu orudaroiied 1 pasHo-
cTU (a3 0 COBOKYIIHOCTH HCCIIELYEMbIX TPacc pacIpo-
CTpaHeHHs M3MeHsIIcs B npeznenax +0,9 u ot npocrpan-
CTBEHHOI'O pa3HoCa le/IéMHI)IX AHTCHH HU3MCHACTCA Ma-
no. IlpencrapneHHble 3HadeHMs KO3QOUUMEHTA 7y f
npu HaBen€HHOH aHTeHHe PJIC Ha nmpuEMHBIA MyHKT
coracyrtes ¢ pesyasratamu u3 [1-3]. Pasdpoc oneHok
KOO GUITUEHTOB KOPPEJAINNA OTHOAIONMEd U Pa3HOCTH
(a3 MoxkeT OBITH OOBSICHEH Pa3TUIHBIM PACIIONOKCHU-
€M U TUIIOM OTpa)kaTeJiell Ha paguoTpacce.

CpenHuii 10 COBOKYNHOCTH TPacc MHTEPBAll KOp-
pemsanuu orubaromel ¥ pa3sHOCTH (a3 OIM30K K HyIO U
HE 3aBHCUT OT NPOTSDKEHHOCTH PaMOTPACCHl. DTO CO-
I1acyeTcsi ¢ pe3ynbTaTaMu, NMPUBEIEHHBIME B paboTax
[1-3].

Mo xoaddurmenty koppensuuu orudaromeii u pas-
HOCTH (ha3 MpH AOCTATOYHO OOJIBLIOM OTHOIIEHHH MOIII-
Hoctu curHana PJIC k MOIIHOCTH paccessHHOTO CHTHala
MOXHO Ipy0O OLIEHHUTb, OTBEPHYT JiK Jiyd aHTeHHb! PJIC
OTHOCUTEJILHO HAIIPaBJICHUs HA IPUEMHBIHI ITYHKT.

BuiBoAbBI

Pesynbrarsl 00pabOTKH AKCIIEPUMEHTAIBHBIX JaH-
HBIX TMO3BOJIAIOT CACIIATh CICAYIOMINE BbIBO/bI:

1. [lonmy4yenHsle B [NaHHOM paboTe 3KCIEPUMEH-
TaJIbHBIE OLIEHKH WHTEPBAJIOB CTallMOHAPHOCTH, UHTEP-
BAJIOB BPEMEHHOI KOppeisiiuu orubaromieil 1 pa3HoCTH
(a3 NpUHMMAeMbIX CUTHAJIOB JOINOJHSIOT H3BECTHBIC
3aKOHOMEPHOCTH 3THX XapaKTEPUCTUK OT MPOTHKEHHO-
CTH TpAaCChl U YIJIOBOI'O IMOJIOKCHUSA aHTCHHBI MEpeaar-
YHKa OTHOCHUTENBHO ITyHKTa mpuéMa. HaOmomaercs
HEKOTOPOE PACXOXKACHHE C PaHEee M3BECTHBIMU PE3YIlb-
TaTamu:

— JUIs OTMOAIOIIMX BBIXOMHBIX CHTHAJIOB IIPOCTPAH-
CTBEHHO Pa3HECEHHBIX NMPHUEMHBIX AHTEHH M Pa3HOCTH
(a3 Mexxy HIMH UHTEPBaJI BPEMEHHON KOPPEJISLIN OT
otBopoTa aHTeHHbI PJIC MeHseTca He3HAYUTEIbHO;

— MHTEPBAJI BPEMEHHOW KOPPEISIMN PasHOCTH (a3
BBIXOJHBIX CHUTHAJIOB IPOCTPAHCTBEHHO DPa3HECEHHBIX
le/IéMHbIX AHTCHH HE3HAYUTECJIBbHO 3aBUCHUT OT IMPO-
CTPAHCTBEHHOTO pa3HOca MPUEMHBIX aHTEHH OT OA
10 30A;

— OTCYTCTBYET 3aBUCHMMOCTL MHTCPBAJIOB BPEMCH-
HOW KOppENSIIMU OTrMOAIOUIMX BBIXOAHBIX CHUTHAJIOB
MIPOCTPAHCTBEHHO Pa3HECEHHBIX NPUEMHBIX AHTEHH H
pasHocTH (a3 MeXIy HUMU OT MPOTSHKEHHOCTH UCCIIe-
JIyeMBIX Tpacc.

OTH XapaKTEPUCTUKH CIEIYeT YUUTHIBATh NIPH pa3-
paboTKe ajNrOpUTMOB IIEJICHTOBAaHUSI HCTOYHHKOB pa-
JVOM3IYYECHUs] MM aJITOPUTMOB KBa3UKOTEPEHTHOIO
HaKOIUJICHHUS] CUTHAJIOB.

2. NHTepBas HaONIOAEHHS IIPHUHATHIX CHUTHAJIOB
OIIpeAEIAeT JOMUHIPOBAHUE TOTO MM MHOTO MEXaHU3-
Ma HMCKa)XEHWH DPaIMOBOJIH, NMPHUBOISIIETO K (UIyKTya-
LUSIM OTMOAIOIINX TPUHUMAEMBIX CUTHAJIOB U PAa3HOCTH
(a3 Mexx1y HUIMHU Ha HAa3eMHBIX TIEPECEUEHHBIX Tpaccax
npsAMON BUAMMOCTH W audpaknud. Ilo BpeMeHHBIM
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peanu3anysiM OTHOAIONINX BBIXOAHBIX CUTHANIOB IIPO-
CTPAHCTBEHHO PAa3HECEHHBIX NMPHEMHBIX aHTEHH W pa3-
HocTH (pa3 Mexy HUMHU JIHTeNnbHOCTRI0 10 ¢ onpene-
JIEHbl MHTEPBAJIbl CTAlMIOHAPHOCTHU, Ha KOTOPBIX (IIyK-
Tyaruu OrHOarome M pasHOCTH (a3 MOTYT OBITH BBHI-
3BaHBl NPEUMYIIECTBEHHO (QIYKTyallMsIMU JTUIJIEKTPHU-
YeCKOM NPOHHULIAEMOCTH Tporocdepsl Wik Oecropsi-
JIOYHBIM TIEPEMELICHUEM «ONECTSIINX» TOYEK OTpaxa-
teneil. Ha necsaTucekyHIHBIX MHTEpBajax 3HAYMTEIIb-
HBIC U3MCHEHUS (TPCH[IbI) OrMOAIOIINX BBHIXOIHBIX CHI-
HAJIOB NMPOCTPAHCTBEHHO PAa3HECEHHBIX MPUEMHBIX aH-
TEHH W pa3sHOCTU (pa3 MeXJIy HUMH MOTYT OBITh BBI3Ba-
HbI MEPEMCIICHUEM B HCKOTOPOM IMPCUMYIICCTBECHHOM
HalpaBiICHUHU TPYNI «ONECTIMMX» TOYEK BIEMEHTOB
penbeda MecTHOCTH. B cpemHeM HMHTEpBaibl CTanmo-
HapHOCTHU 0r1/16a101m/1x IIPUHATBIX CHUTI'HAJIOB COCTaBJIA-
ot 0,1 ¢, a UHTEpBAJIBI CTAIIMOHAPHOCTH Pa3HOCTH (a3
HMMEIOT JUIMTENBHOCTH nopsiaka 0,2 c.

3. C OTBOpPOTOM aHTEHHHBI IepefarTynka OTHOCH-
TEJIbHO IIYHKTA NIPUEMA MHTEPBAJl BPEMEHHOMN KOppesi-
LU OTHOAOIINX BBIXOIHBIX CHTHAJIOB ITPOCTPAHCTBEH-
HO pa3HECEHHBIX NPHEMHBIX AHTEHH yMEHbBIIAETCS, a
MHTEPBAJI BPEMEHHOIH KOppEeJsiiMK Pa3HOCTH (a3 3THX
CHTHAJIOB, HAlIPOTHB, YBEITNUNBACTCH.

4. Monyns koaddurmeHTa Koppessinuu orudaro-
mel u pa3HocTu (a3 ¢ OTBOPOTOM JIyda Iepeiarolei
AaHTEHHBI OT HANpAaBJICHHUS HA MPUEMHBINA IMYHKT MMeEET
TeHJEHIMIO K Bo3pacTanuto. [1o 3HayeHuto xoadpunm-
€HTa KOPPeNSLUU MPH JOCTaTOYHO OOJBIIOM OTHOIIE-
HuM MotHoCTH curHana PJIC k MomHOCTH paccesHHO-
rO CHUTH&JIA MOXKHO Tpy0O OLICHHWTb, OTBEPHYT JIHM Jy4
anTteHHb! PJIC oTHOcHUTEeNnbHO HampaBieHHS Ha NpUEM-
HBII yHKT.

HccnenoBanne BBITIONHEHO NMpH (PUHAHCOBOH ITOJI-
aepxke POOU B pamxax HayuHoro mnpoekrta 16-38-
60091 mon_a_jk.

Jlumepamypa

1. Jenucor B.II. IIpocTpaHCTBEHHO-BPEMEHHbIC HCKa-
KEHHUS CAaHTHMETPOBBIX PaJHOCHTHAIOB HAa HA3eMHBIX Tpac-
cax pacIpoCTPAHEHUS M UX BIMSHHE HAa TOYHOCTH MACCHBHBIX
cucteM Mecroonpeznenenust. — Tomck: M3n-so Tom. roc. yn-ta
CUCTEM YIp. U pafuodNeKTpoHuky, 2014. — 502 c.

2. INapeirua I'C. DxcnepuMeHTalbHOE HCCIEA0BAHUE
CTPYKTYPBI 3JIEKTPOMAarHUTHOTO IOJSL IPH PaclpoCTpaHEHHH
PaIMoBONIH CaHTHMETPOBOTO AMAna3oHa Hal 3eMHOH IOBEpX-
HocTblo. — Tomck: U3n-Bo Tom. roc. yut-Ta, 1970. — 127 c.

3. Hlapsirun I'.C. Cratuctuueckas crpykrypa noiast YKB
3a ropu3oHToM. — M.: Paauo u cBs3b, 1983. — 140 c.

4. NlenucoB B.I1. DxcniepuMeHTaNbHBIE TaHHBIE 00 am-
IUTUTYAHBIX U (pa30BBIX MCKKEHUSIX MMITYJIbCHBIX CHI'HAJIOB,
MIPUHATHIX B Pa3IMYHBIX TOYKAX Ha KOPOTKOM OTKPBITOM Tpac-
ce / B.II. [enucos, M.B. Kpytukos, M.B. Ocurmos // 13B.
By30B Poccuu. Pagnoanexrponuka. — 2006. — Ne6. — C. 12-18.

5. Kanuaun AWM. MccnenoBanus pacmpocrpanenus YBK
JI0 paccTostHusI mopsiaka npsmoit Buaumoctr / AW, Kanunus,
JI.B. Hagenenko // Pactipoctpanenue pamuoBond. — M.: Hay-
Ka, 1975. - 66 c.

6. AnukuH A.C. AHanu3 3aBUCHMOCTH pa3sHOCTH (a3 Ha
aHTeHHax (Ha30BOTO paJHOINENICHraTopa OT OPHEHTAlWd Ha-
MIPaBJICHHON aHTEHHBI HCTOYHNKA PAJHOU3IYICHHS B YCIOBH-
sx mepeceu€HHoit mectHocTd / A.C. AnukuH, B.I1. [lenucos,
M.B. Kpyrtukos, H.A. Konsaun // dokmnagsr Tom. roc. yH-Ta
CHUCTEM YHOpaBICHHS U paguodIeKTpoHukd. — 2013. —
Ne 2 (28). - C. 5-13.

7. Aankua A.C. AHaIHM3 aHOMAJBHBIX OMHOOK MENeHT0-
BaHMA (Ha30BBIM METOJOM Ha Ha3eMHBIX Tpaccax / A.C. AHH-
kuH, B.I1. Jlenucos // Marep. Hayd.-TexH. kKoH(}. «Haywno-
TEeXHUYECKHE NMPOOIeMbl B IPOMBIIIIICHHOCTH: HAy4HBIE, WH-
JKEHEPHBIE W TIPOM3BOJCTBEHHbIE MTPOOIEMBI CO3AaHUS TEXHH-
YECKHX CpPEICTB MOHHMTOPHHIA SIEKTPOMAarHUTHOTO IIOIS C
UCTIONB30BAaHNEM HMHHOBALMOHHBIX TexHonoruit». — CII6.,
2012. - C. 101-108.

8. Komamun H.A. Crarucrudeckue XapaKT€pUCTHKU
BHYTPHHMITYJIECHBIX TIPOCTPAHCTBEHHO-BPEMEHHBIX (IIYKTya-
i pasHoctu (a3 Ha IPH3EMHBIX Tpaccax // Marep. Hayd.-
TexH. KoH(. «Hay4yHo-TexHHYeckue NpoOiIeMbl B IHPOMBIII-
JICHHOCTH: WH)KCHEpHbIE W IPOW3BOACTBEHHBIC MPOOIEMBI
CO3laHMsl TEXHHYECKUX CPEACTB MOHHUTOPHHIA JJIEKTpOMAr-
HHUTHOTO TOJISI C HUCIIOJb30BaHUEM HWHHOBAIIMOHHBIX TEXHOJIO-
ruit». — CII6., 2012. — C. 153-159.

9. Poskun M.E. M3MeputenbHblii KOMIUIEKC AT HCCIle-
JIOBaHUSI MPOCTPAHCTBEHHO-BPEMEHHBIX HCKaX€HHI paano-
CHTHAJIOB TPEXCAaHTUMETPOBOTO JMANa30Ha Ha Ha3eMHBIX
tpaccax / M.E. PoBkun, M.B. Kpytukos, A.A. Merepskos,
M.B. Ocurmos, B.A. 3aiies, E.IO. Bytsipun // U3Bectus By-
30B Poccun. Pagnoanexrponunka. — 2006. — Ne6. — C. 7-11.

10. IIu¢ppun S1.C. DxcnepuMeHTaIbHOE HCCIIEA0BAHUE
HEKOTOPBIX BOIPOCOB JAJIBHETO TPOHOCGHEPHOTO PACIPOCTPa-
HeHHs paaumoBonH 10 cMm  auamasoHa // DIEKTPOCBS3b. —
1964. — Ne§. - C. 1-8.

11. Myxomop K.E. Koppensunonsie ¢pyHKImu (Qrykrya-
Ui OrHOAIOIIEH MMITYIbCHBIX CUTHAJIOB, IPOIIEIINX HA3eM-
Hyto Tpaccy PPB [Onekrponssiii pecype]. — Pexxum moctyma:
http://kpfu.ru/staff files/F806936568/04 Sekciya.2.pdf, cBo-
OomHbIi (nata oopamenus: 07.21.2016).

12. Konsanun H.A. BHyTpuuMIynbcHble XapaKTEPUCTUKH
pa3HOCTH ()a3 CAHTUMETPOBBIX PaJHOCHTHAJIOB, IPHHATHIX Ha
HazemusbIx Tpaccax / H.A. Komsinun, E.H. I'punaenxo, M.B. Kpy-
TUKOB // CoBpeMeHHBIE POOIEMBbI CO3AaHUS U IKCILTyaTaluH
paloOTEXHUYECKUX CUCTEM. — YIIbSHOBCK, 2007. — C. 151-153.

AHuknH Anexceii Cepreesuya

KaHz. TexXH. HayK, aCCHCTEHT Ka. paHOTEXHUYECKUX CHCTEM
TYCYPa

Ten.: 8 (382-2) 41-38-98

Omn. moura: rbk@sibmail.com

Kpyrukos Muxaui Biaagumuposuy

3aB. n1ab. pacnpoctpanenus paguoBoiad HUM PTC TYCVYPa
Ten.: (382-2) 41-39-69.

On. moura: rwplab@sibmail.com

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 BbICOKOYaCTOTHbIX TOKOB
B NOJIOCKOBLIX MPOBOAHUKAX (punbTpa Ha OCHOBE ABYMEPHOro

3NeKTPOMArHUTHOro Kpucrtanna

IIpennoskena KOHCTPYKIUSI MHKPOIIOIOCKOBOTO MOJIOCHO-IIPOITYCKAIOMIEro (HIBTpa YETBEPTOTO MOPSAKA HA OCHOBE
JIBYMEPHOI'O 3JEKTPOMArHUTHOrO Kpucrauia. IlomydeHo pacipeneneHue BBICOKOYACTOTHBIX TOKOB B IIOJIOCKOBBIX
NpoBOJHMKAX ycTpoiicTBa. Iloka3aHO, 4TO CHrHAl OCIEIOBATEIBLHO PACIIPOCTPAHACTCS OT OJHOIO Pe30HaTOpa K JIpy-
TOMY, 3TO HO3BOJISIET PEaTN30BaTh (GMIBTP C BEICOKUMH YaCTOTHO-CEJIEKTHBHBIMH CBOMCTBAMH.

Kio4eBble ¢JI0Ba: MOJOCHO-TIPOITY CKAIOIIMH (UIIBTP, SIEKTPOMArHUTHBIA KPUCTAILI.

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

ONeKTPOMarHUTHBIMA KPHCTAJUIAMH TIPHHATO Ha-
3bIBATh MEPUONUYECKUE CTPYKTYPbI, 00IaJaroIHe CIIo-
COOHOCTBIO TONABIATH PACIPOCTPAHEHHE dYepe3 HHUX
9NEKTPOMATHUTHBIX WM3IY4YEHHH B OIPEIENEHHBIX 4ac-
TOTHBIX JUANa3sOHaX, HAa3bIBACMbIX 3allpCIICHHBIMA
3oHamMu [1, 2]. CenexkTuBHBIE YCTpOWCTBAa Ha OCHOBE
TaKUX IMPOCTPAHCTBEHHBIX CTPYKTYp XOpOIIO 3apeKo-
MEHJI0BaJIM ce0s1 B ONTUYECKOM JHala30He U B HACTOS-
I1ee BpeMsl IIMPOKO MCCIIEAYIOTCSl KOHCTPYKIMHM Ha MX
OCHOBE, NPUMEHSAEMBIE yXKE B CBEPXBBICOKOYACTOTHOM
(CBY) guamazone [3-7].

B macrosmieii paboTe mpencTaBieHa KOHCTPYKITHS
MOJIOCHO-IIPOITYCKAIOIIEero (pUIBTPa YETBEPTOTO MOPSA-
Ka, peaM30BaHHOT0 Ha OCHOBE ABYMEpHOTro (2D) amex-
TPOMAarHUTHOTO Kpucramia (puc. 1), ero aMmIuTyaHO-
gacToTHas xapakrepuctuka (AYX) paccuurana mnpu
MOMOIIIY AJIEKTPOANHAMUYECKOTO YUCICHHOTO aHajIn3a
3D-monenu. Ilpu 3ToM B pacueTax MCIOIB30BAIKCH
CJIE/IyIOIIE TTapaMeTPhl TOJUIOKKH: JUAJIEKTPHYECKast
npoHunaeMocTb € = 9,8 u tonmmmua 2 = 1 mm. 50Q-
MOPTHI HOAKJIIOYAINCh K BXOIHOMY M BBIXOJHOMY OT-
pe3Ky MoocKoBoro mpoBoxHuka /. Hactpoiika ¢uibT-
pa OCYIIECTBISUIACh «PYYHBIM» IapaMeTPHUUECKUM
CHHTE30M, IIPU KOTOPOM MOAOMPAIIHCH JUTMHA U IIHPHHA
OTPE3KOB IMOJIOCKOBBIX MPOBOJHHUKOB, a TAKKE BEIHUH-
Ha 3230pOB MEXy HUMHU.
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Puc. 1. Tononorust moaocKOBBIX MPOBOIHUKOB
(cepslit MK YepHBIi UBET) GUIBTPA HA OCHOBE
2D-31eKTpOMarHUTHOTO KPHCTAIIA

IlenTpanpHas 9acToTa TIOJOCHI  MPOIYCKaHUS

fo=1I'T'y, Tarxke Kak ¥ OTHOCUTEJIbHAS IIMPHHA MTOJIO0CHI

nponyckanus — Aflfy = 20%, Obuin 3adUKCHPOBAHBI
(puc. 2).
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Puc. 2. AUX ¢unbTpa Ha 0cHOBE 2D-3J1€KTPOMAarHUTHOTO
KpHUCTaJJIa B IMUPOKOM JTHANa30HE YacToT (6) U B y3KoM (a):
L — npsiMble TOTepH MOIIHOCTH;

R — oOpaTHBIe TOTEpH MOIIHOCTH

OTMCTI/IM, 9TO B KOHCTPYKIHWHU HCIIOJIB30BAHO 3a-
3EMJICHHUEC TIOJIOCKOBBLIX TIIPOBOJAHUKOB Ha OCHOBAaHUEC
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(mozumus 5 Ha puc. 1), KOTOpoe MOXKHO pean30BaTh B
BUJIE CKBO3HOTO OTBEPCTHUS BBICOTOM /I B AUBICKTPUUC-
CKOM MOAJIOXKKE, 3aII0THEHHOTO MPOBOSIINM MaTepHa-
JIoM. Pa3Mepsbl Bcex 4eThIpex KBaJIpaTHBIX OTBEPCTUH S
OIMHAKOBBI H COCTaBNAIOT Bemuunny 0,3x0,3 mm?. TIpu
3TOM Y3KHE MPOTSKEHHbIE OTPE3KH MOJOCKOBBIX MPO-
BOJHHUKOB / COEAMHEHBI C HIMPOKHUMHU OTpe3KaMu 3 WIn
7 TP TIOMOIIH y3KUX KOPOTKUX OTPE3KOB 2, 4 unu 2, 6.
Bce oHu pacnonoxeHsl ¢ BepXHEH CTOPOHBI TUAJIEK-
TPUYECKON TOIJIOKKH, HA HIDKHIOIO CTOPOHY KOTOpPOH
HAHECEHO 3a3eMJIIEMOE METAIUTN3HPOBAHHOE OCHOBAHHE.

Ha puc. 3 m 4 cxeMaTH4YeCKH IPENCTaBICHO pac-
MIPEAEIEHNE BBICOKOYACTOTHBIX TOKOB B MOJIOCKOBBIX
MIPOBOIHUKAX HCCIIEAYEMOTO HOJIOCHO-MPOITYCKAIOIIETO
(bunsTpa, NOIYYeHHOE C UCTIOIB30BaHKEM B 3D-Monenn
CJ1ab0i EMKOCTHOM CBSI3M BXOJIHOTO U BBIXOJHOTO PE30-
HaTtopoB ¢ 50Q-mopTamu, 4TO MOKHO PEaN30BaTh MpU
MOMOIIH «BO3AYIIHOTO» 3a30pa. [Ipu 3ToM nmoodepesHO
ObUT  3a(PMKCHPOBAHBI YACTOTHI IIEPBOTO, BTOPOTO,
TPETBETO W YETBEPTOIO0 PE30HAHCOB, (OPMHUPYIOMINX
TI0JIOCY TPOIYCKaHUs yCTPOMCTBA.
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Puc. 3. PacripeneneHne BRICOKOYACTOTHBIX TOKOB B MOJIOCKO-
BBIX IIPOBOJTHUKAX (QHIBTPA 4-TO MOPSIKA:
a — Ha yactoTax | pe3oHanca; 6 — Ha yactorax Il pesonanca

Kak u cnemoBano oXuaTh, aMIUIATYIA BBICOKO-
YaCTOTHBIX TOKOB Ha Y3KHX HPOTSKCHHBIX OTpe3Kax
TTOJIOCKOBBIX TTPOBOJHUKOB 3HAYMTEIHLHO MPEBOCXOIUT
AMIUTUTYAY TOKOB Ha IIMPOKHUX KBAJAPATHBIX OTPE3Kax.

B pesynbrare MHIYKTUBHOE B3aWMOIEHUCTBUE BO
BCEX Pe30HaTopax ropas3io CHIIbHEe eMKOCTHOro, Oia-
rozmaps 3TOMY CHUTHAJ C BXOZHOTO pE30HATOpa Iepena-
eTCcsl K MEPBOMY PE30HATOPY BTOPOTO psna, aaiee KO
BTOPOMY PE30HATOPY 3TOTO K€ psla, U YK€ TOJIBKO 3a-
TEM K BBIXOJHOMY PE30HATOPY.

Kak BunHO 13 puc. 3, a, Ha 4YacToTax camoro HH3-
KOYaCTOTHOTO pE30HaHCa, (OPMHPYIOIIEro IOJO0CY
MPOINYCKAHKsI, HA TPOTSHKCHHBIX Y3KUX ITapauIeTIbHBIX
OTpe3Kax MOJOCKOBBIX IPOBOAHUKOB B3aUMOAEUCT-
BYIOIIIUX PE30HATOPOB BEKTOPHI BBHICOKOUACTOTHBIX TO-
KOB coOHampaBieHbl. OYeBHAHO, YTO HA YaCTOTAaX YeT-
BEpPTOTO, CaMOI0 BBICOKOYACTOTHOTO PE30HAHCA, ATH
BEKTOPHI OyIyT BCTPEYHO-HANpaBieHs! (puc. 4, 0).

Ha gacrorax BToporo pe3oHaHca, Ha 3THX XK€ IIPO-
TAXKCHHBIX MapaJUICJIbHBIX OTPE3Kax MPOBOJHUKOB, BEK-
TOpa TOKOB COHAIpaBJIE€HbI [l PE30HATOPOB MEPBOTO U
BTOPOT'O PSIOB M BCTPEYHO-HAIIPABIEHBI TSI PE30HATO-
poB Broporo psna (puc. 3, 6). Ha gacrorax Tperbero
pe30HaHCca — COOTBETCTBEHHO Ha00opoT (4, a).
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Puc. 4. Pacnipeienenrie BHICOKOYaCTOTHBIX TOKOB B IMOJIOCKO-
BBIX MPOBOHHUKAX (PUIBTpa 4-TO MOPSIIKA:
a —Ha yactotax Il pesonanca; 6 — Ha yacrorax IV pe3onanca

BaxHo oTMeTnTh, 4TO 32 C4eT OOJBLIOTO CKadKa
BOJIHOBBIX COIPOTHBIICHUH OTPE3KOB JIMHUKA B Tpel-
CTaBJIICHHOM (MIIBTPE pean3yercsl NPOTSHKCHHAs BbI-
COKOYACTOTHAS IoJioca 3arpaxkaeHus (cM. puc. 2). [Ipu
3ToM Ha AUX BOIHM3M 000MX CKIOHOB MOJOCHI IPOITYC-
KaHUS HaOMIONAIOTCA IONIOCA 3aTyXaHUs MOLIHOCTH,
YTO CYyLIECTBEHHO YBEIMYHMBACT KPYTHU3HY Ka)KZOTO
cxioHa. II0oABNEHHIO MOTIOCOB 3aTyXaHUS MOIIHOCTH
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CIOCOOCTBYET ITPEUMYIIECTBEHHO EMKOCTHOE B3aUMO-
JIEWCTBHE MEXy Pe30HATOpaMu IEPBOTO psifia.

I'eomeTpuueckue pasmeps! GpuiIbTpa, C y4eTOM OT-
CTYIOB IIPOBOJHUKOB OT KPaeB MOIOKKH HA BEJINYUHY
1 MM, coctaBisior 20,70%20,65%1,00 MM, Pazmepnt
OTPE3KOB MOJOCKOBBIX IIPOBOAHUKOB (PHIIBTpA:

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

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

(5) - 0,30%0,30 Mm%, (6) — 0,40%0,30 mm?;

(7) — 8,40x8,10 mm".

3a30pel MEXIy pPE30HaTOpaMH OAHOTO psiia —
0,45 MM, mexay psgamu — 0,40 MM. DKCIIepUMEHTAIb-
HBIII MakeT (DuIbTpa IOKa3bIBaeT XOpOILIEE COIIacHe
paccuntanHoii AUX ¢ n3MepeHHOH.

Takum 00pa3oMm, NpeIokKEHa KOHCTPYKLHUS MO-
JIOCHO-TIPOITyCKatoiero ¢GuibTpa Ha ocHOBe 2D-anek-
TPOMAarHUTHOTo Kpucrauia. IlokazaHo pacrpeneneHue
BBICOKOYACTOTHBIX TOKOB Ha YacTOTaX YETHIPEX pe3o-
HaHCOB, (POPMUPYIOLIMX I0JI0CY MporyckaHus. Ha vac-
TOTax IEPBOr0 PE30HAHCA B IAPaUICIBHBIX MUKPOIIO-
JIOCKOBBIX JIMHUSIX C NPEHMYIIECTBEHHO WHIYKTUBHBIM
B3aUMOJICHCTBHEM BEKTOPHI BEICOKOYACTOTHOTO TOKA BO
BCEX OTpE3Kax MPOTSKEHHBIX IOJOCKOBBIX MPOBOIHH-
KOB COHampasiieHbl. Ha gacToTrax 4eTBepTroro pezoHaH-
ca — Ha00OPOT, BCE BEKTOPBI BCTPEUHO-HAIIPABJICHHBIE.
Ha uacrorax BTOpOTO M TPETHEro PE30HAHCOB JIAHHBIC
BEKTOPBI HAa OJHMX MapajUICIbHBIX y4acTKaX COHAIpaB-
JIEHBI, Ha JPYTrUX — BCTPEYHO-HampasieHbl. biaronaps
yHI/IKaﬂbHOﬁ TOIOJIOTUM  MOJIOCKOBBIX IMPOBOJIHUKOB
CHUTHAJ [TOCJIEI0BATENBHO PACPOCTPAHAETCS OT OAHOTO
pe3oHaropa ¢ OOJNBIIMM CKaYKOM BOJIHOBBIX COIIPOTHB-
JICHUH OTPe3KOB JMHUH Kk apyromy. I[Toatomy uccneno-
BaHHBIN (PUIBTP YETBEPTOTO MOPSIKA OOJAaTaeT BHICO-
KAMH YaCTOTHO-CEJIEKTUBHBIMH CBOMCTBAMH: YBEIH-
YEHHOH KPYTHU3HOW OOOWX CKJIOHOB ITOJIOCHI MPOIYCKa-
HUS ¥ PacCHIMPEHHOW BBICOKOYACTOTHOM MOJIOCOM 3a-
TpaKACHHUS.

HccnenoBanve BBINOJIHEHO NpU Moajaepxke Mu-
HHUCTepcTBa 0Opa3oBaHus W Hayku Poccuiickoit ®ene-
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. TpeHkansb, A.T. llowunoe

N3mepeHne ypoBHEN XUOKOCTEN METOAOM UMNYSIbCHOMN

pednekromeTpumn (0630p)

PaccMmoTpeHsr 0CHOBBI MeToz1a pediekToMeTpuH BO BpeMeHHOH obmactu (TDR), a Taxoke nmpuMeHeHHe MeToa s pe-
IICHUS 3a]ja4d U3MEPEHHs YPOBHEH o1HO(A3HBIX 1 MHOTO(A3HBIX KUAKOCTeH. [IpeacTaBlieH aHaN3 CyLIECTBYIOLIMX
ImyOmKaruyit o TeMe. PaccMOTpeHBI IepCeKTHBHBIC HAIIPABIICHNS Pa3BUTHS METOA.

KnaroueBrble ciioBa: ypoBHeMeTpus, pediekromerpus, usmeperne, TDR, ypoBeHb, JKUAKOCTb.

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

B Hactosimiee BpeMs CyIIECTBYeT MHOMKECTBO
MPaKTUYECKUX 3aj]ad, TPeOyIoIUX TOYHOIO M3MEpEeHHs
YPOBHS JKUAKHUX MU CHIIY4YHMX MaTepuanoB. Cpean HUX:
u3MepeHue ypoBHed ¢pakuuii HedpTH B HEedTenoObI-
Balolleil u HedTenepepadaTbIBalOIeii TPOMBIILICHHO-
CTH, ONpEAETICHUE NPONOPLUN NPOLYKTOB AN AAlb-
HEWIIero CMEIIMBAHHUA B XMMUYECKOW WM MULIEBOM
MIPOMBIIJICHHOCTH, OIpEAEICHHE YPOBHEH TOIUIMBA B
TPAHCIIOPTHBIX CPEACTBAX.

B 3aBucumocTi OT TpeOOBaHUN K TOYHOCTH M3Me-
pEeHUs, CBOMCTB M3MEPSAEMON Cpelbl U BHEIIHUX (DaKTO-
pPOB TPHMEHSIOTCSI Pa3JIMYHBIE METOIBl H3MEPEHHUS
ypoBHeii [1]. Cpenu Bcero MHOTOOOpa3Hus MOXKHO BBIE-
JIUTh CJEYIOlIMe HauOosee paclHpoCTPaHEHHBIE METO-
JIbl: MEXAHUYECKUM, 3JIEKTPOCTATUYECKUM, YIbTPa3BYy-
KOBOW U MMKPOBOJIHOBBIH.

MexaHu4yecKkuil MeToJ SBIAETCS OJHUM M3 CaMbIX
MPOCTBIX B pealM3alluu U 3aKIH0UaeTcs, KaK MpPaBUIIO,
100 B KOHTpOJIE TOJIOKEHHMSI MOIUIAaBKa (IIOTUIAaBKOBBIE
YPOBHEMEpBHI), IIABAIOIIET0 HAa MOBEPXHOCTH H3Mepsie-
MOW KMIKOCTH, JHOO Ha M3MEPEHHH CHIIBI, KOTOpas
BO3HMKACT NPH BHITAJIKUBAHUU IIOTPYKEHHOTO B H3Me-
pseMylo KHIKOCTh Oyiika (OykoBble ypoBHeMepsI). He-
JOCTaTKOM MEXaHHYECKOTO METO/a SIBIISICTCS HallMdue
MOABIDKHBIX YacTel, U, KaK CIECTBUE, HEBO3MOXXHOCTb
NPUMEHEHUs] B cpelax, oOpasylolluX HaIWIaHUE HIIH
OTJIOKEHHE 0CAaJIKa Ha IOIUIaBOK MU OyeK.

B ocHoBy anekTpocrarudeckoro Meroaa [2] usme-
peHUsl ypOBHSI MOJOXKEH aHAIMU3 IEKTPUUECKOH eMKO-
CTH, 0Opa30BaHHOM MEXIY IJIEKTPOAAMH, IOTPYXKEH-
HBIMH B JKHIKYIO cpeny. JloCTOMHCTBOM MeToa SIBIIsIeT-
Csl OTCYTCTBHE TIOJIBIKHBIX 4acTeH, HEIOCTATKOM — UyB-
CTBUTEIBHOCTh K HW3MEHEHHIO AJIEKTPUYECKUX CBOICTB
KHUJIKOCTH, @ TaKXKe HEMPUTOAHOCTh IJISI MU3MEPEHUS
YPOBHS BSI3KHX, IIEHKOOOPAa3yOMNX, KPUCTAIIU3YIO-
IIUXCA U BBINAJAIOIMINX B 0CA0K KUAKOCTEH.

VYibTpa3ByKOBBIE YPOBHEMEPHI [3] HCIIOIB3YIOT SIB-
JICHHE OTPAKCHUS YJIBTPa3BYKOBBIX KoOJe0aHWH OT
IJIOCKOCTH pa3felia Cpell «KUAKOCTh — ras3». [lelicTBue
YPOBHEMEPOB 3TOr0 THUIIA OCHOBAHO HAa W3MEPEHUU
BPEMEHHU MNPOXOKIEHUS UMITYJIbCa YIbTpa3ByKa OT U3-
JTydaTens 70 TMOBEPXHOCTH XKHIKOCTH M obparHo. [loc-
TOWHCTBOM YJIBTPa3BYKOBBIX YPOBHEMEPOB SBISIETCS
BO3MOKHOCTH IMCTAHIIMOHHOTO M3MepeHust ypoBHS. K
HEJI0CTaTKaM MOKHO OTHECTH: 3aBHCUMOCTH TTOKa3aHUH
YPOBHS OT IapaMeTpPOB U3MEPSIEMBIX JKUAKOCTEH (TeM-

MepaTypbl, BIAKHOCTH, TABJICHHS, KOHIICHTPALNHU), HE-
BBICOKO€ MPOCTPAHCTBEHHOE pas3pelleHne, CIO0KHOCTb
[IOJIyYEHUs Y3KOU JuarpaMmbl HallpaBJICHHOCTH.
MHUKpPOBOJIHOBBIA METOJ coueTaeT B ceOe MpeumMy-
IIECTBA YIBTPAa3BYKOBOTO M JJIEKTPOCTAaTUYECKOTO Me-
TOZOB M OCHOBAaH Ha aHaJIM3€ 3JIEKTPOMAarHUTHBIX OT-
KJIMKOB OT TpaHUIl pa3ziena cpex. B 3aBucumocTH OT
KOHCTPYKTHBHOTO WCIIONTHEHHS MOTYT OBITH peajn30Ba-
HbI KaK KOHTaKTHBIC (30HIIOBBIC), TaK U OCCKOHTAKTHBIC
(pamapubie) m3mepernus [4]. Ilo mpuHIUMIY AEWCTBHUSL
MHUKpPOBOJIHOBBIE YPOBHEMEPBI JEISTCS Ha pediekTo-
METPUYECKHUE C aHAITM30M BO BPEMEHHOU obnactu [5—7]
U YpPOBHEMEpPHI, HCIOIB3YIOINIHE YaCTOTHO-MOIYIHPO-
BaHHBIC 30HMPYIOIINE CUIHAIBI, [TO3BOJISIOIINE IPOU3-
BOAWUTHL HU3MEPCHHUE YPOBHA Ha OCHOBC CHEKTPAJIbHBIX
XapaKkTepUCTUK oTpaxeHHoro curHana [8—10]. ITocnen-
HHE MEHee paclpoCTpaHEHbl BBHUIY OoJiee BBICOKOH
CTOMMOCTH M CJIO)KHOCTH allapaTHON peau3anui.
Lenpto HacTosieil paboTHI SIBISIFOTCS CHCTEMaTH-
3anus MyOJMWKAIWK ¥ aHAIHU3 TEHACHINA Pa3BUTHS Me-
Toga pedrekToMeTpun BO BpeMeHHOW obOmactu — Time
Domain Reflectometry (TDR) s 3agaum u3mepeHus
YpOBHE#1 0JJHO(A3HBIX U MHOTO(A3HBIX KHIKOCTEH.
OcHOBBI MeTOa pediIeKTOMEeTPUH
BO BpeMeHHOii 00/1acTH
BosnukHoBenue u passutue TDR-meTona cBa3aHo
C MMOMCKOM MPOCTBIX U JOCTYNHBIX CPCACTB JUATHOCTH-
KU MOBpexxAeHui B muHusix nepegadn [11, 12]. Kak uz-
BECTHO, JIMHUS IIepeiadyll MOXET OBITh Ipe/CcTaBlIeHa B
BUJI€ 3KBHBAICHTHON CXEMBI, MPEACTABISIOMEd co00i
MOCIICIOBATEIFHOE BKIIIOYEHHE BIIEMEHTAPHBIX OTpe3-
kOB (puc. 1) OeckoHEUHO MayoW JIHHBI AxX, KaXKIbIH W3
KOTOPBIX XapaKTepPH3yeTcs MOTOHHBIMHU IapaMeTpaMu:
emkocThi0 C, MHOYKTUBHOCTBIO L, aKTHBHBIM COIIPO-
TUBJIEHHEM R ¥ IPOBOAMMOCTHIO G.

RAx Lix

GAx CAx

I

Ax

Puc. 1. DxBuBasieHTHAs cXxeMa OTpe3Ka JIMHUH Nepeaadn

BonHoBoe conpoTuBieHHE OTpe3Ka JIMHUM Teperia-
4K Z, ONpe/IeNsieTcs 110 U3BECTHO (opmyrie
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R+ joL 1
0= . :
G+ joC
JIroOble TOBpeXIeHUS JIMHUK Tepenadn (0OpbIB,
KOpPOTKO€ 3aMBbIKaHHE, OTKJIIOHEHHE HapaMeTpoB IIOIie-
PEYHOTO CeYEeHUs]) IPUBOAAT K JIOKAILHOMY M3MEHEHHIO
ee WMIemaHca M XapaKTepH3yIOTCS KOA(pQPHUIHMEHTOM
OTpaXXEHHSI B TOUKE PACCOIIIACOBAHUSI, PABHBIM

rZ-2
Z+ZO

rie Z — UMIIEIaHC B TOYKE BO3HUKHOBEHUS HEOIHOPO/I-
HOCTH.

Jliist 0OHapyXEeHUs U JIOKAJTU3AIMUA TaKHX MOBPEXK-
JICHUH TIPUMEHSETCS METON pe(ICKTOMETPUH BO Bpe-
MeHHOH obmactu (TDR). Jlns 3TOTO Ha BXOI JIMHUM TO-
JTACTCS 30HTUPYIOIIUI CUTHANI (KOPOTKHU MIMITYJIbC WITH
nepernaj HanpsHKeHHs), KOTOPbIH, PacipoCTPaHssCh 110
JIMHUY TIepeiad, YaCTUYHO HJIM MMOJHOCTBIO OTpaXKaeT-
Csl OT JIOKAJbHBIX OTKJIIOHEHHWH ummenanca. OTpakeH-
HBI CUTHaJ, BO3BPALLAsCh Ha BXOJ HCCIENyEMOH JIM-
HHUH, PErucTpupyercs npueMHukoM. [loiydeHnas xa-
paKTEepUCTHKA HAMPSHKEHUsI Ha BXOJE JIMHUM TEpeaadu
OT BPEMEHU Ha3bIBAETCs peIeKTOrpaMMON.

AHanuz pedueKTOrpaMMbl TTO3BOJISICT TOJYYHUTh
HHGPOPMALIUIO O MPOIOIBHON CTPYKTypE JHHUU Mepea-
9¥, UMesl BO3MOXKHOCTh TOAKIIFOYCHUS JIUIIb K OJHOMY
U3 e¢ BXOJIOB.

Io 3amepikKe OTPaKEHHBIX CUTHAIOB OTHOCHTEIb-
HO 30HMPYIOIIET0 BO3MOYKHO OTNPEIEICHUE MOIOKCHU
HEOJHOPOIHOCTEH B JIMHUH TIepeIayu:

2

TJie U — CKOPOCTb PacIpOCTPaHEHHS JIEKTPOMarHUTHON
BOJIHBI B JIMHUM; T, — 33/I€PXKKa OTPAKEHHOTO CUTHAJIa;
| — paccrosiHME 10 HEOJTHOPOIHOCTH B Kabere.

ITo popme oTpakeHHOTO CHTHAJIa MOTYT OBITH OII-
penerneHsl TUN HeomHOpomHocTH [11] M ee wacTOoTHBIE
xapakrepuctuku [13].

HarsinHocTh M MpOCTOTa TEXHUYECKOHM peanv3a-
uu caenann TDR-Meton BoCcTpeOOBAaHHBIM ISl Pellie-
HUSI IPUKJIAJHBIX 33/1a4 B Pa3JIMUHBIX OTPACISX, B TOM
YHCIIe B 33/1a4€ U3MEPEHHUsT YPOBHsI OHO(pA3HBIX 1 MHO-
roQa3HbIX KHKOCTEH.

IIpumenenue TDR-meToaa 1J1s1 M13MepeHUs
YPOBHel 01HO(A3HBIX JKMAKOCTeH

[lepBeie paborsl mo mnpumenenutro TDR-merona
JUI aHalu3a YpOBHEH XHIKOCTell oTHOcsATCS K 60-M
rogaM mpomuioro Beka [14, 15]. B kadectBe m3mepu-
TeNpHOro 30HAa npocreimero TDR ypoBHemepa wuc-
MOJTB30BAJIACh JIMHUS IIepeJadyr ¢ BO3AYIIHBIM 3aroIHe-
HUEeM (KoakcHWajJbHAas WM IBYXIIPOBOAHAS), KOTOpas
HOTpY’Kanach B HCCIEAYEMYIO CpPely M IO3BOJIAIA OI-
pelenuTh rpaHully pasaena (a3 «BO3AyX — XKHIKOCTHY
10 3aJiep)KKe CUrHajla, OTPaXEHHOTO OT I'PaHUIIbl H3Me-
HEHUS! TUDJIEKTPUUECKOTO 3aII0JTHEHUSL.

B narenre [14] npenioxkeHO caMoKamuOpyromieecs
TDR-ycTpoiicTBO AN U3MEPEHHUs] YPOBHS JKUAKOCTH.
VYerpoiictBo [14] conepkuT reHepaTop NpsIMOYroiIbHBIX
HMIYIBCOB, CTPOOOCKOMUYECKU ocumuiorpad U u3-

MEPUTENBHBIA 30H/, BHIIOIHCHHBIH B BHIE KOAKCHAIb-
HOW JINHUH C BO3IYIITHBIM 3alIOJHEHUEM, ITOTPYKEHHBIH
B cocyl. OTnHYuTenbHON OCOOCHHOCTBIO YCTpOMCTBA
ABJISICTCA HCIIONB30BAHNE B KOHCTPYKLIUH HW3MEPHUTEINb-
HOTO 30HJIa TIEPHOJMYECKHX H3O0JIUPYIOLIMX AIEMEHTOB,
KOTOpPbIE 00eCIeUnBaIOT B¢ (DYHKIIUU:

1) ToYHOE TTO3ULIMOHUPOBAHHUE LIEHTPAIBLHOTO MPO-
BOJJHHMKA OTHOCHTEJILHO BHEITHETO IKPaHa;

2) noKalbHOE M3MEHEHHE BOJHOBOTO COINPOTHBIIE-
HUSI 30HJ1a B MECTaX YCTaHOBKH.

Ha m3mepenHoi pedrekTorpaMmme KpoMe CHTHAJA,
OTPaKEHHOTO OT TPAHUIIBI pa3zena (a3 «BO3IAyX — KHI-
KOCTBY», OyIyT MPUCYTCTBOBATH MEPUOJNYECKUE CHUTHA-
JIBI, BBI3BAaHHBIC OTPAXECHUSAMH OT H30JIHMPYIOMIHX 3Jie-
MEHTOB.

Hanmuuue Takux OTKIMKOB HO3BOJSIET OOECIIEUUTH
NPUBSI3KY BPEMEHHON ocH peuieKTorpaMMbl K KOOp/IH-
Hare 110 JJMHE U3MEPUTEILHOTO 30H 12 (CaMOKaIMOPOB-
Ky yCTpOHCTBa).

B narenre [15] mpenioxena cucrema i onpese-
JICHUS! YPOBHEH U 3JIEKTPUYECKUX XapaKTEPUCTHK >KUJI-
KHX MaTepuaioB, peammsyromas TDR-meron. Cucrema
COIEPIKUAT TEHEePaTop MPSMOYTONBHBIX HMITYIBCOB, OC-
mwoiorpad W W3MEPHUTENBHBIA 30HI, MOTPYKCHHBI B
COCYJl ¢ uccienyeMol xuaxkoctero. IlpuBogsarcs skcne-
PUMEHTAIbHBIE PEIEKTOrPAMMBI CIECAYIONINX JKHUIKO-
creit: 6ensuH (gasoline), Terpaxinopmeran (carbone tet),
pactutenbHoe Macio (vegetable oil), METHIOBBIH ciupT
(methyl alcohol) u Bona (H,0).

IToxaszaHo [5], 4TO aMIUTUTya OTPaKEHHOIO CHUT-
Hasa U, Tem Oomblle, 4eM CHIbHEE OTIIMYME OTHOCH-
TENBHBIX JTUIEKTPUUECKUX MPOHHUIAEMOCTEH CIIOEB &)
(Bo3myX) U &, (MccmemyeMas JKUAKOCTB).

[Ipu 3ToM K03 duIIeHT oTpakeHws | Ha TpaHwUIe

paszena ¢a3 paBeH
K —\/82
N="r—"+=. 4
VE t/E2 ( )

AwMIunTyna  oTpaxeHHOro curHama U, s
HEATU3UPOBAHHOIO Cllydas, IPU KOTOPOM IOTEPSMU B
JIMHUM MOXXKHO NIpeHeOpeyb, paBHa

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

Jusnexrpudeckas MNPOHUIIAEMOCTb >KHUAKOCTU €,

MOXeT OBITh OIpeziesieHa 1Mo GpopmMyiie

2
S G;_D . ©)

CKOpOCTI) pacOopoCTpaHCHUSA SJICKTPOMATIHUTHOI'O

CUIrHaJia Ha OTpe3Ke 30H/a4, r[OI‘py)KeHHOFO B
UCCIIENYEMYIO KUKOCTh, PABHA
C
V) =——= (7

\/g )
T7ie ¢ — CKOPOCTh CBETA.

B pabore [16] mpuBeneH CpaBHUTENbHBIA aHATU3
Pa3IMUHBIX CHOCOOOB M3MEPEHHsT YPOBHSI KHIKOTO Me-
Taiuia B pesepByapax. Cpenyt MHOrooOpasusi aHajn3u-
PYEMBIX METOAOB IPEANIOYTEHUE OTIAHO ABYM METO/AM:
yasrpasBykoBoMy U TDR. Ormeuarorcst BbICOKas pas-
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pematoras ciocobHocTs TDR-MeToma (MeHee 2,5 Mm),
HU3Kas YyBCTBUTEIBHOCTH K IEpernagaM TeMIIepaTypsHl,
OTCYTCTBHE HEOOXOOMMOCTH B YCTaHOBKE BHYTpPH pe-
3epBYapoB JONOIHUTEIBHBIX JAaTYMKOB. DTO MO3BOJISET
WCIIONB30BaTh METOJl MPH BBICOKUX TemrmepaTrypax (10
800 °C), a Taxxke A1 U3MEPEHUS PAJUOAKTUBHBIX CPE]I.
OTMeueHa BBICOKas NoTCHIMAaJIbHAasA HaJIbHOCTH OIIpe-
JIeTICHUS] YPOBHSI.

B pabore [17] npuBoasTCsl pe3yabTarbl dKCIEpH-
MEHTAIBHBIX ~ MCCIEAOBAHUM TOYHOCTH HW3MEPEHUs
ypoBHs xugkoctd TDR-MeTomoM. DKkcriepruMeHTaIbHAsS
YCTaHOBKA CONEPXKHUT: TEHEPATOP TPSMOYTOIBHBIX HM-
nyinecoB (HP 1905A); dopmuposarens ¢pounra (HP
1920A); wsmepurenr BpeMeHHbIX HHTepBajioB (HP
5379A, HP 5360A, HP 5375A); uaMepuTeNnbHbBIN 30HI,
BBITIOJTHEHHBIN B BUJIE KOAKCHATBHOW JIMHUU TI€peiauu ¢
BO3/YIIHBIM 3aIl0JJHEHHEM, U pe3epByap M3 HepKaBelo-
el cranu. {Jist KOHTPOJIsl yPOBHS KUIIKOCTH B OOKOBOIA
CTEHKE pe3epByapa ObUIO BBHIOJHEHO CMOTPOBOE OKHO
W yCTaHOBJIEHA JIMHEWKa, IMO3BOJISIONIAs IPOU3BOAUTH
HU3MEpEHUs YPOBHS C TOUHOCTHIO 0,5 MM.

W3mepeHust BBIOJIHSUIMCH B PEXXHUME BO3IEHCTBUS
MTOCIIEIOBATENEHOCTEIO TIPSMOYTONBHBIX HWMITYIIECOB C
yacToTol cnepoBanus 1 kl'n, ammurynon 5 B u nnu-
TEJBHOCTBIO (ppoHTa, paBHOK 500 mc. B xauectBe Tec-
TOBBIX KHIKOCTEH HCIONB30BAINCH BOAA, a30THAS KH-
CIIOTa, a TaK)Ke BOAHBIC PACTBOPHI XJIOpHIA HATPHUA pa3-
JIMYHOW KOHIEHTpaluu. [lonoxxeHrne ypoBHS KHUIKOCTH
OIIPEAENAIOCH 10 3aJepKKe OTPAKEHHOrO CHUTHala,
BpeMsi MpPUX0/ia KOTOPOTO PErHCTPUpPOBAIOCH IO JOC-
TIDKEHUW YPOBHS HallpsHKEHHWsT CpaBHeHHs (trigger
voltage level). [lns npoBepkn BOCIPOM3BOJMMOCTH pe-
3yJABTATOB W3MEpPEHHs HAMOJHCHWE U OIOPOKHEHUE
pe3epByapa MpOBOIMINCH B TEUCHIE HECKONBKHUX JTHEH.

Bruto moxazano [17], uto Ha (opMy OTpaKEHHOTO
CHUTHAJIa, a CJIEI0BaTEeIFHO, M HA TOYHOCTH OINPEIeIICHHS
3aJIepKKH BIHMAIOT CBOMCTBA XKMIKOCTH, B YaCTHOCTH,
KOHILIEHTPAIHS AIEKTpoauTa. [Ipn yBenmueHnn KOHIIeH-
TpaLK DJIEKTPOJIUTA JUTMUTENLHOCT (PPOHTA OTPaXKEH-
HOTO HMITYJIbCa YMEHBILIAETCs, YTO MPUBOAUT K Ooiee
paHHeW (UKCAlK YCTAaHOBJICHHOTO YPOBHS HaIpsKe-
Hust. CreoBaTesbHO, TS TOBBIMICHUS TOYHOCTH M3Me-
peHuil i KaKIOW M3MEpsSeMOM >KUIKOCTH JIOJIKHA
OBITH MPOM3BE/ICHA MPOLeypa KaTHOPOBKH U YCTaHOB-
JIEeH ONTHUMAJBHBIN YPOBEHb HANPSDKEHUS] CPaBHEHMS.
Otmegaercst [17], 9TO MOTPEUTHOCTH M3MEPEHUS OTKa-
TUOPOBAaHHOTO JOJDKHBIM 00pa3oM HM3MEPHTEIBHOTO
YCTPOWCTBA HE MPEBHIIACT + 3 MM.

Onucannas B padore [17] HEOOXOAUMOCTH B Ka-
JTUOPOBKE CHCTEMBI Ha KOXKIYI0 H3MEPSIEMYIO KHUIKOCTh
yCTpaHseTcs ¢ BHEIpeHueM psiia metonoB [18, 19], oc-
HOBaHHBIX Ha aHayu3e (OpMBI OTPaKEHHOTO CUTHAJIa,
LIEJIBI0 KOTOPOTO SIBISICTCS OIPEAEIIEHHE «BPEMEHH IO-
nera» (Time of flight, ToF) snekrpomMarHuTHON BOJIHBI,
BBIYHCIIEHUE CKOPOCTH M NApaMETPOB CPellbl, B KOTOPO
pacmpocTpaHseTcsi CHTHAI.

[Ipu ananm3e omHO(A3HBIX XUIKOCTEH 3amada Ka-
THOPOBKH CHCTEMBI YIPOIIACTCS TEM, YTO IO OTpaxe-
HUS OT TPAHUIIBI )KUJKOCTH CUTHAJ PacIpOCTPAaHAETCS B
BO3AYIIHOM CpeAe, CKOPOCTh PAcIpOCTPaHEHHs B KOTO-

poii ci1abo OTIMYAeTCsI OT CKOPOCTH cBeTa. VcKiroueHn-
€M SIBISIOTCS CIIy4ad WHTEHCHBHOTO HCIIAPEHUS H3Me-
pSIeMOTO MPOIYKTa, a TaK)kKe 0O0pa3oBaHUE MEeHbI Ha MO-
BEPXHOCTH >KUIAKOCTH.

Yuer naHHBIX (JAaKTOPOB Hapsly C H3MEpPEHUEM
napameTpoB ypOBHEW MHOTrO(a3HbIX XKHIKOCTEH Hpen-
cTapisieT OOJIBLION MPaKTHYECKUH HHTEPEC.

IIpumenenue TDR-meTona N5t M13BMepeHust
YPOBHeH MHOTo()a3HbIX )KHAKOCTeH

ITon MHOTO(Ma3HOW KHUIKOCTHIO TIOHUMAETCSI CIIOU-
CTas CTPYKTYpa, COCTOAIIAas M3 HECKOIBKHX HECMEIIH-
BAaIOIIMXCA CJIOEB JKUAKOCTEH ((pakuuii), MMEIOIHNX
pa3nu4HyIo MWIOTHOCTE. [IpuMepom MHOTOdA3HON KUA-
KOCTH SBJISIETCA Cpela «BO3AYX — HE(PTh — MOATOBapHAas
Boma» B He(PTAHOW mpoMblinuIeHHOCTH. Jls obecrieye-
HUSI TEXHOJIOTHHU TepepaboTKu HeTH yxKe HeI0CTaTou-
HO OIpEEJICHUs] YPOBHSI BEPXHEro CIlios, HEOOXOIUMO
uMeTh MH(OPMAIMIO O TIOJIOKEHHH YPOBHEH KaXKJO0ro
U3 CJIOEB KUAKOCTH.

Ilepoe npumenenne TDR-meronma st anamuza
MHOTO(a3HOW KHUIKOCTU OMUCaHO B [6]. PaboTa BBITION-
HIach B WHTepecax MunmctepctBa 000poHB! CIIA,
LENBI0 SBJSUIOCH OTPEeNIeHNe YPOBHEH CTON0a TOILIH-
Ba, MOPCKOW BOZBI M BO3IyXa B BOCHHBIX TAHKEPaX.

B paborte mpuBemeHB! MOAETH PACHPOCTPAHEHHUS
CUT'HAJIa B MHOTOCJIOMHOMN CTPYKTYpE€ U aJIFOPUTM OIIpe-
JIENICHNs] BBICOT KaXXAOTO M3 KOMIIOHEHTOB MHOrogas-
HOW cpenbl 10 M3MEPEeHHOH peduiekTorpaMmme Iorpy-
KEHHOTO B JKHUIKOCTh KOAKCHAJIBHOTO 30Ha. B kauecTBe
30HIUPYIOLIETO0 CUTHalla B paboTe HCIIOIb30BAJICS Iie-
penan HanpspkeHus ¢ GpoHToM MeHee 150 mc. JkBuBa-
JIGHTHBIA HWHTEpPBaJl AMCKPETU3ALHUU H3MEPUTENbHOMN
YCTAHOBKM COCTAaBJISLI 25 11C.

[IpuBonsTcs [6] BEIpaskeHHUS I ONpEeICHUS BEI-
COTHI CTOJIOOB BO3AYIIHOW cpefbl Dajr ¥ TorwmmBa Doy
0 U3MEPEHHOH pedekTorpamme:

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

e Talr — BpeMs pacIpOCTPaHCHHS AIICKTPOMAarHUTHO-
TO CHTHaja J0 TpaHWIBl pasmena (a3 «BO3AYX —
TOILINBO»;, o — BpeMsl PaclpOCTpaHEHHS DJIEKTPO-
MarHUTHOTO CHTHaJla J0 TpaHHIEI pasaena (a3 «TOILIH-
BO — MOpcKas Boga»; Uar — aMIUIUTYJa CUTHANA OTpa-
’KEHHOTO OT TPaHHMIBI pa3zena (a3 «BOo31LyX — TOILIUBOY,
UpiL — aMIUIMTya CHTHAJa OTPAXEHHOTO OT T'PAaHHUIIBI
pasnena (a3 «TOIIMBO — MOPCKasi BOAAY.

DKCIEPUMEHTAIBHBIC UCCIICIOBAHUS BBIMOHSIIACH
C KCIOJIB30BAaHMEM TECTOBBIX JKUIAKOCTEH C IIUPOKUM
JTHAMAa30HOM JMIICKTPHUYCCKUX MPOHHUIIaeMOcTel (0T 4
1o 80) 1 B pa3IMYHBIX IUAlla30HaX TeMIeparyp (0T MH-
Hyc 5 o 45 °C nns torumsa u ot 0 go 80 °C g auc-
THUTUPOBAHHON BOIBI).

B paborte [6] oTMeueHO crienyromee:

— CHCTEMbI, 00CCIIEYMBAIOIIKNE COINIACOBAHHUE H3-
MEPHUTEIHLHOTO 30H/Ia C MOABOAALINM KaOelleM U BBIXO-
oM pedekToMeTpa, IMO3BOJIOT MOJIYYHThH JIydIlee
MIPOCTPAHCTBEHHOE pa3peIleHHE;
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— IpemiaraeMas  yCTaHOBKA,  pealu3yromas
TDR-metoxn, obecrieunBaeT BBICOKYIO JHHEHHOCTh H3-
MepeHHH (Bbllle 7 MM) W paspelieHue o JUIMHe (10
5 MM);

— cucTeMa MOXET OBITh MCIIOJIb30BaHA ISl Ompe-
JCJICHUSI BBICOTHI CTOJ'I6OB TOIIMBA H MOpCKOI‘/II BOJbI
NIPY HAJIWYHHU SMYJIBCUU W CMEIINBAHUS KUIKOCTEH;

— W3MCHEHHE IUAIEKTPUIECKOW IMPOHHUIIAEMOCTH,
THUNA KUOKOCTH, TEMIIEPaTyphbl, a TakXKe HaJHdue 3a-
TPSA3HEHWH HE TNPHUBOIAT K 3HAYUTEIBHBIM IOTEPSM
TOYHOCTH U3MEPEHUH.

B pabGore [5] maHo pa3BepHYTOE OINHMCAHHE
TDR-meroaa, onvcadbl 0a30BbIe MPUHIMITBI peIICKTO-
METPHH BO BPEMEHHOI1 001aCTH, IOKa3aHO IPUMEHEHHUE
METoJIa JUIsl U3MEPEHHsI YPOBHS U IpaHUILIbI pazaena ¢as
JKUJKUX U CBIIY4YuX IPOAYKTOB. IIpuBeneHo cpaBHEHUE
C TOIUIABKOBBIM, 3JIEKTPOCTATUYECKUM, YIBTPa3BYKO-
BBIM M PaJapHBIM METOJIOM I10 PA3IMYHBIM KPUTEPHSIM.
K orpaHndeHussM MCHONB30BaHUSI METOAA OTHOCUTCS
HU3MEpEHUe BSI3KUX CPel W Cpel ¢ BHICOKOH TypOyJeHT-
HocThI0. Cpenn TpeOoBaHMIT K MPOBEACHUIO U3MEPEHUI
MHoro¢asHeix cpen TDR-meTomoMm ykazaHBI Cliemyto-
LIM€e: BEPXHUH CIOW U3MEPSAEMOI0 IPONYKTa HE JOJDKEH
OBITH 3MEKTPOMPOBOASIIINM; JUIIEKTPHUECKasi IMPOHU-
[[aeMOCTh MHOTO()a3HOM KHUIKOCTH IOJDKHA BO3PACTaTh
C KaXX1bIM HOBBIM CJIOEM.

B paGore [20] npemioxena u3MepuTenbHas CHUCTe-
Ma, peanu3yromas cTpoOOCKONUECKUN PeKUM U3Mepe-
HUst. DyHKIUS aBTOMAaTHYECKOTO CIBHIa II0 BPEMEHH
MEXAY 30HIUPYIOIMIUM U CTPOOUPYIOUIMM CHTHAJIAMH
pearm3oBaHa ITyTEM WCIIONB30BAHMASA IBYX OIOPHBIX
TEHEPATOPOB C HE3HAUUTEJIBHONM OTCTPOMKOM 4acTOTHI.
[Ipu wyacroTe clemoBaHUS WMIIYABCOB fj, PaBHOM
20 MI'u, u BenmuuuHe OTCTpOiKH Af paBHol 6,8 kI'w,
00eCIIeYMBACTCSI HHTEPBAI CTPOOOCKOIMYCSCKOI BBIOOP-
ku mopsiaka 17 mc. Mcmons30Banne CTPOOOCKOIIHYECKO-
TO CMECHTEIs MO3BOJISIET 3apEerHCTPUPOBaTh peduiekTo-
rpamMMy ImyteM o0paboTku N OTKIMKOB 00bEKTa Ha Tec-
TOBO€ BO3JCHCTBUE.

Kpome Toro, ocobenHocThio [20] sBIsIETCS KOHCT-
PYKLMSL U3MEPUTEIBHOIO 30HAA, BBIIOIHEHHOTO B BUIE
KOAKCHAJIIbHOW JIMHWM CO CTyNEHYaThiM H3MEHEHHEM
IUaMeTpa MEHTPaJbHOTO TPOBOTHHUKA. OTpaKeHHBINH
UMIYIBC, BOSHUKAIONIMN B TOYKE M3MEHEHHs IOIeped-
HOTO CEUEHHs 30H/A, HCIIONB3YeTCS IS KalIHOpPOBKHU
ycrpoiictBa. [y ompeneneHus IIWHBI BHYTPEHHHX
CJIOEB JKHIKOCTH HCIOJB3YIOTCS AlPHOPHBIC 3HAUYEHUS
TURIIEKTPUIECKOW TPOHHUIIAEMOCTH H3MEPSIEMBIX JKHJI-
KOCTeH. Pa3BuTHe NpeIoKEHHBIX TEXHUUYECKUX pelle-
HUHA HalUI0 OTpakeHHe B JPYrHX paboTax aBTOpPOB
[21, 22].

AHaNOrMYHBIA MOAXOJ K IpoLeAype KalIuOpPOBKU
npenyioxkeH B narente [23]. st onpeneneHus AUdJIEK-
TPUYECKON MPOHULIAEMOCTH ra30BOM Cpebl HAJl )KHUIKO-
CTBIO B KOHCTPYKIIMH 30HJAa MPHUMEHEHBI PETYISpPHBIC
HEOAHOPOTHOCTH, TPENCTABISIONIAE COOON yTOIIIIECHHS
HM3MEPUTEIILHOTO CTEPXKHS (CM. puC. 2, a).

ITo 3anmep’kke OTKIMKOB OT PETYJSPHBIX HEOIHO-
POAHOCTEH MOXET OBITh ONpe/ielieHa CKOPOCTh PacIpo-
CTpaHEHMs CHTHaJa KaK B BO3JIYyIIHON cpene, Tak U B
CaMOM JKUIKOCTH.

IR \LU\,/U'

Puc. 2. 3011 ¢ peryisipHbIMU HEOAHOPOAHOCTSIMH
u ero peduiekrorpamma [23]

CymecTBeHHBIH BKJIan B passurue TDR-meroma
HM3MEPEeHUs] ypOoBHEH MHOTO(a3HBIX KHUAKOCTEH BHECEH
UTAJIbIHCKUM KOJUICKTHBOM I10J] PYKOBOJACTBOM Ajpea
Karanpno (Andrea Cataldo) [24-31].

Pabora [29] mocesiieHa aHAIU3y MCTOYHUKOB HE-
OIIPEICIICHHOCTH OICHKU YPOBHEH M JTUIICKTPHUUCCKUX
MIPOHUIIAEMOCTEH JKHUIKOCTEH MPH HUCIONB30BAHUH TEX-
Hukn TDR-m3mepennii. OmnpezneneHsl U 00CYKAAIOTCS
CIIEAYIOIINE UCTOUYHHUKH MTOTPENTHOCTEH:

" HEeMICATbHOCTh (HECTAOMILHOCTD) COCIUHCHHS
Ka0eIsi C N3MEPUTEIEHBIM 30HI0M;

® paccomiacoBaHUE M3MEPHUTEIBHOTO 30H/AA U IOI-
BOJISILIETO KaOes;

® OMHYECKHE TOTEPH B TOABOAIIEM Kabeie W u3-
MEPUTEIILHOM 30H/IC;

® YaCTOTHASI 3aBUCHUMOCTH JUAJICKTPUYCCKOHN Mpo-
HUIACMOCTHU U3MEPAEMBIX )KH)IKOCTeﬁ;

= 3(h(heKT MHOTOKPATHOTO NEPEOTPAXKCHUS CUTHA-
JIOB OT TpaHMII pa3jeina ¢as.

[TokazaHo, 4TO METOJ MPHUMEHUM IS OTHOBpE-
MEHHOTO U3MEpEHHs YPOBHEH U AMAIEKTPHUESCKUX TIPO-
HHULAEMOCTEN JKUAKOCTEH C HEONPEIEICHHOCThIO B
mpenenax +2%.

B pabote [25] ocoboe BHMMaHHE Y/AENEHO BIIHS-
HUIO TIOTePh Ha TOYHOCTh M3MEpPEHHs YPOBHEH
TDR-meronoM. PaccmarpuBaroTcs Kak OMHYECKHE I10-
TEPU B MarepHaliaX KOHCTPYKIIMH U3MEPUTEIHHOIO 30H-
Jla, TaK ¥ MMOTEPH MPOBOAMMOCTH, OOYCIIOBJICHHBIC pac-
CesTHHEM DHEPTUU CUTHAJA B U3MEPSIEMON YKUIKOCTH.

Jlnst ydera BIUSHUS OMHYSCKUX MOTEPh MPUMEHS-
eTCsl KATHOPOBKA, KOTOPasi COCTOUT B U3MEPEHUH KO-
(PUIIEHTOB OTPAKEHHUSA B PEKMMAaX KOPOTKOTO 3aMbIKa-
HUS ¥ XOJIOCTOTO XOa Ha BBIXONIE U3MEPUTEIHHOTO 30H-
na. Cauraercs, 9TO OTKIOHEHHE MOIYIS Ko HUIIeHTa
OT OTPaXEHHUS OT €IWHHIBI BBI3BAHO OMHYECKHUMH IIO-
TEpSIMH, BEJIMYHHA KOTOPBIX ONpPEHEIsieTcs Kod(huim-
€HTOM A, paBHBIM

A=exp(2al), (10)

rae o — K03 GHUIUESHT 3aTyXaHUsI N3MEPUTEILHOTO 30H-
na; L — nirHa u3MepUTeNIbHOTO 30HA.

B nmanpHeiiem, B mporecce 00pabOTKU pe3yibTa-
TOB H3MEPEHUH, HaWJeHHOE 3HadeHHe Kod(h(HUIMEeHTa
A wucronb3yercsl Al KOPPEKTUPOBKH KOI(D(HHIUEHTOB
OTPaXXeHUs OT IpaHul pasaena (a3 U3MepseMOH KUI-
KOCTH:
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I'xop=4-Tusm (11
rae ['kop — CKOPPEKTHPOBAHHBIN KO3 PHUITUEHT OTpaxe-
Hust; ['y3m — M3MepeHHbIH K0d(DOUIIUEHT OTpaskeHHsI.

DKCHepUMEHTAIBHO TOKa3aHo [25], 4To mpemio-
JKCHHasA MCTOAHKA IMO3BOJIACT YCTPAHUTH CUCTEMATUYC-
CKYIO TIOTPEUIHOCTh M3MEPEHHsI YPOBHS, 3HaYE€HHE KO-
TOpPOU Ha MPAKTUKE MOXKET COCTaBIATH OT 1 10 2,4% B
3aBUCHMOCTH OT JHMIJIEKTPUYECKOH IPOHHUIAEMOCTH
N3MepsieMOM JKUAKOCTH.

Taroke B pabote [25] paccMOTpeHa mporenypa om-
peaesieHusT MOrOHHOM NPOBOIMMOCTH >KUIKOCTH. BbI-
pakeHHe UIS ONpENeIeHUS MPOBOAUMOCTH, COIIACHO
MIPEUIOKEHHON MPOIeype, UMEET BUJL

6=K,G,=—L—= (12)

rae Kp — koaddunment GopMbl H3MEPUTENHEHOTO 30H/1a;
Zy — BOJIHOBOE cornpotusienue; [y, — ko3 puuueHT or-
pakeHus, TOJIydeHHBIH B pexXnMe OO0JIbIION BpeMeHHON
BBIIAEPKKHU [32].

CyIHOCTh METOZa 3aKIIIOUaeTcsd B ONpPEAEICHHU
ko3 durmenra hopmpl Kp M3MEPUTETHHOTO 30HIA II0
pe3yapraraM npoaosKuTeNnbHbIX TDR-u3Mepenuid Tec-
TOBOM JKUJKOCTU C U3BECTHOM XapaKTEPUCTUKON MPOBO-
JUMOCTH, IOCJE Yero HaimeHHbsld Kkod(h¢uiment Kp
MOXET OBITh HCIIOIB30BaH AJSI U3MEPEHUS IPOBOIUMO-
CTH HEU3BECTHON >KUAKOCTH.

B paborax [26, 31] npemyioxkeH KOMOMHUPOBAHHBIN
HNOAXOA K ONPEAETICHHUI0 YaCTOTHBIX XapaKTepUCTHK
JAUDJICKTPUICCKUX HpOHMHaeMOCTeﬁ AHAJIM3UPYEMBIX
XKHUAKOCTeH. B OCHOBe moaxonma JEKUT alrOPUTM BBI-
YHUCIIEHUS YacCTOTHOM XapaKTEepUCTUKU Kod(hHIMEeHTa
Marpuibl paccestHus Sy (f) n3MepHUTeNFHOrO 30HAa Ha
OCHOBAaHMM W3MEPEHHOW peQIeKTOrpaMMbl, MOETb
M3MEPHUTENFHOTO 30HAA, YYHWTHIBAIOIIAS Iapa3HTHbIE
napamMeTpbl KOHCTPYKIMH, ¥ alrOPUTM MHUHHUMH3ALUH
HEBSI3KH XapaKTePHCTHK MOJAENN U SKCIIEPUMEHTA, IO-
3BOJIIOIIUM ONpENENUTh MapaMeTpbl MOAEIN JHUJIEK-
TPUUECKOH MPOHUIIAEMOCTH KHUJIKOCTH.

Jlist onMcaHus KOMIUIEKCHOM 4aCTOTHO-3aBUCHUMOM
JIMJIEKTPUYECKOM POHUIIAEMOCTH B paboTe UCIOJb30-
Bana mojientb Cole-Cole [26]:

e ()= +— 2o j2 - (13)

1+ j—=—
frel
TAe frg — YacTOTa peNaKCaliM IUIICKTPUKA; &, — OHU-
JNEKTPUUECKasd NMPOHHUIAEMOCTh Ha OECKOHEYHOH dac-
TOTE; & — CTaTHuYecKas IUAJIEKTpUUecKas IMpOHHUIIAae-
MOCTb; £)— AUIIEKTPUUIECKasi TPOHUIIAEMOCTh BaKyyMa,
O4. — CTaTH4ecKasi NPOBOAMMOCTh; B — KO3 QHUIMEHT,
XapaKTepU3YIOIMI paccesHe Ha 4YacToTax peJiakca-
WM.

B paborax [26, 31] naHO cpaBHeHME pa3paboTaH-
HOTO KOMOWHHMPOBAHHOTO ITOAXOJa C TEXHUKOH H3Mepe-
HUSL TURJIEKTPUYECKOH MPOHMIAEMOCTH MPH ITOMOIIH
BEeKTOpHBIX aHanmm3atopoB memeir (VNA). Iloxazano,
YTO KOMOMHUPOBAHHBIN Tojxo1 Ha ocHoBe TDR-m3me-

PeHUil C MOCIESAYIOIUM PACUETOM YaCTOTHBIX XapakTe-
PHCTHK TI03BOJISIET 0€3 YBEJIMUYEHHUS] CTOMMOCTH YCTPOU-
CTBA IOBBICUTH €r0 TOYHOCTh, Aejlas €€ CpaBHUMOMU C
TOYHOCTBIO BEKTOPHBIX YaCTOTHBIX U3MEPHUTEIIEH.
Pa6oter [33, 34] nocesmiensl aHanu3y 3¢ddekra
MHOTOKPATHBIX MEPEOTPAKECHUI CHUTHAIA HA TPaHHUIIAX
pasznena MHorodasHeix cpen. Ha momenu pacmpocrtpa-
HEHHS CUTHaja B Tpexda3Hoil cpene (puc. 3) CIUIonTHOH
KPHUBOW TOKa3aHbl TPACKTOPHM CUTHAJIOB, BBI3BAHHBIX
OTHOKPATHBIM OTPa)XCHUEM 30HIUPYIOIIETO CUTHAJIA OT
TPaHHMIIBI pa3jieNa cpell, — OTKIMKOB IIEPBOTO MOPSIKA.

/ / /

i 2 3

ine € €7 53

Puc. 3. Mopenb pacnipocTpaHeHuUs: CUTHAJIOB

KpoMe OTKIMKOB IEpBOTO MOpsIKa, HA BXOX ped-
JIEKTOMETPa TOCTYMAIOT U JOMOJHHUTENbHBIE OTKINKH,
BEI3BAaHHBIC MHOTOKPATHBIM OTPa)XEHHWEM CHTHAJIOB OT
TpaHUIBI paszaena (a3, — OTKIMKH BBICIINX MOPSIKOB.

Ha puc. 4 npuBeneH mnpumep peduIeKTOrpaMMbI
MHOTO(a3HOW JKUAKOCTH CO CIEAYIOIIMMH MapaMeTpa-
MH cioeB: €, =1, ,=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-
pytomuit cursan (mo3. /); OTKJIMKHU IIEPBOTO IOpPsIIKa
(103. 2—4); OTKJIMKH BBICIIUX ITOPSAKOB (T103. ).

Hanmane oTKINMKOB BEICIINX TOPSIAKOB HA pedriek-
TOrpaMM€ MOXKET TMPUBECTH K HEOTHO3HAYHOCTH MHTEP-
IpeTanuy pe3yabTaToOB U3MEPEHUs] U OLIMOKE oIpese-
JeHusi ypoBHA. [l yCTpaHEHHs JaHHOTO HCTOYHHKA
MOTPENIHOCTH B [34] Tpe/UIOKeH aarOpUTM CENEKIIUN
TIOJIE3HBIX CUTHAJIOB.

B [35, 36] BbinonHeH aHaiIW3 BIUSHUS 3aTyXaHUs
CUrHajla Ha TOYHOCTb M3MEPEHHs TOJIIUH CJIOEB MHO-
rodassbix xunkocteid TDR-meronom. [linst yerpaHeHust
CHCTEeMaTHYEeCKOH MOTPENIHOCTH HPEIIOKEHO HCIOJb-
30BaTh 3apaHee W3MEPEHHbIC XapaKTePHCTHKH 3aTyxa-
HUSI KQ)XJOTO M3 CIIOEB. YUeT 3aTyXaHHs B IPOMEXKY-
TOYHBIX CJIOSX TIO3BOJIMUI OOECHEYHUThH IOTPEIIHOCTh
n3MepeHus ypoBHei He Oonee =10 mm [36].
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3akarouyeHnue

IIpoBeneHHbI 0030p TO3BOJSAET BBIICIHUTH Clie-
JyIoLIMe OCHOBHBIE HanpasiieHus pa3Butus TDR-meTo-
Jla B 3ajiaue M3MepeHHs YPOBHs OJHO(A3HBIX U MHOTO-
(ha3HBIX KUAKOCTEH:

®  COBEpIICHCTBOBAHUE TEXHUYECKUX XapaKTepHu-
CTHK pe(IIEKTOMETPOB M BXOASAIIMX B HUX (PyHKLHO-
HAJIBHBIX Y3JI0B (T€HEpaTopOB CUTHAJIOB, TPHEMHHUKOB,
cxeM (hopMHUpPOBaHUS OMOPHON YacToThl) [20-22] must
MOBBIIICHUS Pa3pelIalonieid CIIOCOOHOCTH O NalTbHO-
CTH W CHIKEHUS WHCTPYMEHTAIBHOW ITOTPEUTHOCTH
CPEICTB U3MEPEHHUS;

" COuYETaHHWE BPEMEHHBIX M YACTOTHBIX METOHOB
aHaJIN3a C IENBI0 ONMpPEICICHUS YaCTOTHBIX 3aBUCHMO-
CTel mapamMeTpoB m3MepsieMbIX cpen [26, 31] u ux yder
IIPU OTIPEICJIEHNH TOJIIIH CIO0EB;

® YTOYHEHHE MOJEIU H3MEPHUTEIHHOTO 30HAA,
COBEpIICHCTBOBaHHE AJITOPUTMOB peEIIEHHs OOpaTHOM
3ama4n [26], aBTOMATU3AIMSI HHTEPIIPETAINH PEPICKTO-
rpamm [33, 34];

"  COBEPIICHCTBOBAHHE KOHCTPYKIIUH H3MEPH-
TENBHOTO 30H/A, a TAaKKe BHEIPEHHE alTOPUTMOB Ka-
JTUOPOBKH U YTOYHEHUS ITapaMeTPOB UCCIIETyEMBIX Cpell
[20, 23] B peanpHOM MacmTabe BpEMEHH.

B kagecTBe BO3MOXHOTO IEPCIIEKTUBHOTO HalpaB-
neHust pazutus TDR-texHomoruu usMepeHus mnapa-
METPOB XKUJIKHX MHOTOCIONHBIX Cpel CIeIyeT yHoMs-
HYTh METOJIbI HeJTMHEWHOU pedrekromerpun [37, 39] u
HEJIMHEHHOM CBEPXIIMPOKOIOIOCHONH —PpaJAHOIOKaLuU
[38], ycrnenHo npUMEHSFOIIUECs IS PEIICHUS OIM3KUX
M0 TEXHUYECKOW CYIIHOCTH 3ajad M3MEPEHUS W Juar-
HOCTHKHU.
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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 MlNy — 20 'y ¢ anccunaTBHoM Koppekumen AYX

Pa3paboTan ¥ M3roTOBJIEH MOMYJb CBEPXIIHMPOKOIIOIOCHOTO yCHWIIUTENs ¢ pabouynmMm amamnazoHoM yactoT 10 MI'm —
20 I'T'y, 0cOOEHHOCTBIO KOHCTPYKI[MH KOTOPOTO SIBIISIETCS IPUMEHEHUE AUCCUNATUBHOM 1IENH JUIs KOPPEKIMU aMILIU-
TYJHO-4aCTOTHOM XapaKTepHCTHKU JAHHOTO ycunuTens. IIpuBeneHs! pe3yabTaThl SKCIIEPUMEHTANBHBIX UCCIIEI0BaHUI
OCHOBHBIX ITapaMeTPOB JAHHOTO YCHIUTENS, a TAKXKE PE3yJIbTaThl KOMITBIOTEPHOTO MOJCITHPOBAHUSL.

KiioueBble €10Ba: aMIUIMTYIHO-9aCTOTHASI KOPPEKIUS, THOPHIHAS HHTETPAIbHAS CXeMa, MOHOJIHUTHASI HHTETPalIbHAS
CXeMa, yCHIIUTEIIb C pacipeieNIiEHHBIM YCHIEHHEM, BO3BPATHBIE TOTEPH, KOd(Q(HUIUESHT IIyMa.

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

OmHUM W3 OCHOBHBIX TPeOOBAaHWH I COBpEMEH-
HBIX CHCTEM CBSI3M U NEepeNiady JaHHBIX SBISETCS OBICT-
poxeiicTBHe, HampuMep INepefaya JaHHBIX B ONTHYE-
CKHX CHCTEMax IMPOUCXOAUT CO CKopocThio 10 I'dut/c
(OC-192) u 40 I'our/c (OC-768) Ha xamam [1]. st
o0ecrieueHns TaKoOro OBICTPOAEHCTBUS NPUMEHEHUE
CBEPXIIUPOKOIIOJIOCHBIX yCHﬂHTeJ’Ieﬁ SABJIACTCA NPAKTU-
YCCKHU 6e3aﬂbTepHaTl/IBHl)IM PCUHICHUCM.

BropsiM He MeHee BayKHBIM NPUMEHEHHEM I10100-
HBIX YCHJIMTENCH SIBISIETCSl MX HMCIIOJIb30BaHUE B M3Me-
PUTEIBHON U T€HEPAaTOPHON TEXHUKE CBEPXBBICOKOYAC-
totHOrO (CBY) nmanazona. B CBU-TpakTe Takux m3me-
PHUTEJIBHBIX NPHOOPOB, KAK BEKTOPHBIC aHAIU3aTOPHI
nenei, aHaJIM3aTophbl CIEKTpa, U3MEPUTENH KOdPhuIm-
€HTa IIyMa, KaK MPaBHIIO, MCIOIB3YIOTCS YCHIUTEIH C
pacupenenéuusiM  ycuinerneM (YPY), mo3Bomstomue
peanu30BaTh YCHJIEHHE CHrHaja MpU CPaBHUTEIBHO
HHU3KOM KO3(HIMEHTE IIyMa U ¢ LIMPOKUM JIMHAMUYe-
CKHM JHamna3oHoM [2].

M3BecTHBI MaJOMOIIHBIE KOMMEPYECKHE apCeHU -
rajulieBble M HUTPHUITAUIMEBbIE MOHOJWTHBIE HHTE-
rpaneHble cxembl (MUC) YPY ¢ paGounm nuana3zoHomM
no 24 ITu, takme xak CHA4220-98F (UMS) [3],
TGA2227 (TriQuint) [4], MP540 (Muxkpan) [5, 6] u
HMC460 (Analog Devices) [7]. IIpencraBneHHbII MO-
IIynb peann3oBaH ¢ npumeHeaneM HMC460, T.x. ¢ Tod-
ki 3peHus aBropa naHHas MUC sBnsercs HambOonee
c0aTaHCHUPOBAaHHOW MO CBOMM TEXHHUYECKHM IapaMerT-
paM u He TpeOyeT UCIOJIb30BAHUS B CXEME BKJIFOYCHUS
CBEPXILUPOKOIIOJIOCHBIX MHAYKTUBHOCTEH, YTO YCJIOX-
HSIET U ynopoxaeT KoHCTpykuuto CBY-monyms.

OCHOBHOM HENOCTAaTOK CYLIECTBYIOIIUX MOIYJen
CBEPXILIMPOKOIIOJNIOCHBIX ~ YCHIIUTENEH —  JJOBOJBHO
Oompmas HepaBHOMepHOCTh AUX (crmam ycwieHHs OT
0,5 no 2 nb na okraBy). Kpome storo, B mpuémMaoM
TpaKTe ¢ POCTOM YACTOTHI Bo3pacTaroT notepu. Oomas
HepaBHOMepHOCTh AUX MoxeT mocturarh 6omnee 5 nb.
Jlnist KoMIleHcaluy BCeX IMOTEph MPEAIaraeTcsi HCHOJb-
30BaTh AMCCUIIATUBHYIO Koppekuuo AUX.

Llens naHHO#M pabOTHI — MPENCTABUTH PE3YJILTATHI
paspabotku W aHanuza mapamerpoB CBY-monyns c
JanasoHoM padouunx yactor 10 MI'u — 20 I'T'y ¢ mpu-
MEHEHHEM ONTHMAIBLHON MO COIIACOBAaHHMIO M IIyOHHE
KOPPEKIMH MCCUIIATUBHON KOPPEKTUPYIOUIeH LenH

(AKL).

CTpyKTypHasi cxemMa M Tpedyemble MapaMeTpbl
CBEPXIIHMPOKOINOJI0CHOTO yCHIUTEIS

CuHTe3 MOIynsi CBEPXIIMPOKONOJIOCHOTO YCHIIHU-
TEIsl OCYLIECTBIISICTCSA HA OCHOBE METO/d ONTUMHU3ALINY,
MI03TOMY BayKHBIM TI€PBOHAYAILHBIM 3TAllOM €r0 Peau-
3aliK SIBJSIETCS 33/1aHie MCXOMHBIX mapamerpoB. Mcxo-
Il M3 NPUMEHHUMOCTH MPEACTABISIEMOr0 YCHIIUTENS B
NpUEMHOM TpakTe W3MepHuTelss KodpduiueHTa nryma
X5M-18 u anammzaropa cnekrpa CK4M-18, Obutn
c(OpMyIUpOBaHBl OIpeAEIEHHbIE TPEOOBaHMS K €ro
TEeXHUYECKUM TapameTpam (Tabnuia).

TpeGyemble TeXHUYECKHE IAPAMETPbI

[Tapametp 3HayeHue
Juana3on pabouux yactot, [Tt 0,01-20
VYcuneunue, n1b He menee 30
Benuunna xoppexiuu, 1b 4...51b

He menee —12
He menee —10
He Gonee 5
He menee 12

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

OrneHka JOCTHKHUMBIX IapaMeTpoB IO Taldiuie
MoKasaia, 4YTo HEOOXOAMMOE YCHIICHHE NOCTHIaeTcsl B
TPEXKACKAIHON CTPYKTYPHOU CXEME YCHUIIMTENS, KOTO-
pas mpelcTaBieHa Ha puc. 1.

QO +Lnut

JKILL

CBY
BBIXOJI

Puc. 1. CtpykTypHas cxema yCHINTENS

Cxema MOCTpOEHAa HA OCHOBE MOHOJHUTHOW WHTE-
rpasnsHOi cxembl (MUC) HMC460. CornacHo mOKy-
MeHTanuu mpousBogurest Ha MUC HMC460 [7] HeoO-
XOJMMO JiBa HANPSOKCHHUS MUTAHUS: TOJIOKHUTEIBHOE
Ui (+8 B) u orpunarensroe cmemienne U, (0,9 B).
[Ipu TakoM CMELICHUH U MUTaHUH 00ECIICYMBACTCS OIl-
TAMaJIbHBIA pexuM padborsl MUC. beuto mposeneHo
MOJICJIMPOBAHUE CXEMBI 0 pUC. 1, KOTOpoe Mokasalo,
YTO JUCCHUIIATHBHAS KOPPEKTUPYIOIAs LEb, UCXOAS U3
yCioBUA MHUHUMAJIbHBIX [IYMOB H MaKCHUMaJIbHOM
BBIXOJIHOW MOIIIHOCTH, BKJIIOYAE€TCS MEXKAY BTOPBIM M
TPETHUM KacKaJaMH.

Joxnaoert TYCYPa, mom 19, Ne 4, 2016
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JuccunaTuBHasi KOPPEKTHPYIOUIAS eNb

JKI[ mpencrapnser co0Oi YacTOTHO-3aBUCHMBII
[1-00pa3usiii arrentoarop [8]. Koppekuus AUX peanu-
30BaHa C MOMOIIBIO TONOJOTHYECKHX CBS3aHHBIX pac-
LICTUIEHHBIX XOJIOCTOXO/HBIX JIMHUK (OTMEYeHbl * Ha
puc. 3) U MHIYKTUBHBIX DJIEMEHTOB, BBIIOJHEHHBIX C
MMOMOIIBI0 OTPE3KOB 30JI0TOW MpPOBOJOKK (L; u L,).
[IpumeHeHne CBS3aHHBIX pacLICIUIEHHBIX JIMHUKI 00Y-
CJIOBJICHO KaK HEOOXOJMMOCTHIO KOPPEKIMH Iapa3uT-
HBIX COCTaBJISIFOLMX 3JIEMEHTOB L; U L,, Tak W JUIs BbI-
COKOYAaCTOTHOTO IIIYHTUPOBAaHUSL PE3UCTOPOB R, R, U R;.

Ucxomst w3 tpeOyemoro ycuieHus (HE MeHee
27 nb), anst IKL] 6610 BEIOpaHO 3HAYCHHE HAYAILHOTO
ocnabnenus: arrerroaropa — 15 nb. OnrumasibHOl am-
IUIMTYAHOM XapakTtepuctukon ocnadienust KL Oymer
XapaKTepUCTUKa, OJM3Kasi K JorapupMu4yeckoi. IKBHU-
BaJICHTHAs CXeMa IpeaiaraeMoll KOppeKTHpYyIoleil 1e-
MY TIOKa3aHa Ha puc. 2.
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Puc. 2. DxBuBanentHas cxema JIKI{

Jlnst ymoOcTBa pacuéTra mepBOHAYANBHBIX 3HAUYCHUMA
JJIEMEHTOB IMPHUMEM, YTO JaHHAs CXeMa CUMMETpUYHA
OTHOCHTENIEHO OCH A, HO TaK Kak JaHHas [enb OyaeT
HAXOIWTHCSA MEXKIy KacKaJaMH YCHJICHHUS, BXOTHBIC U
Beixogabie KCBH koTophIX oTimyaroTes MexIy cOOOH,
IS ONTHUMAJILHOTO COIVIACOBAHMS KacKaJoOB BBEIACHO
ycnoBue, pu koropoM Cmm, # C’1,. Peanmzamms naHHo-
TO YCIIOBHS JOCTUTAETCS C TIOMOIIbI0 aCHMMETPHYHOTO
MPUMEHEHHSI PACHIETUIEHHBIX CBS3aHHBIX XOJIOCTOXOJI-
HbIX TUHUHA. VIcXonHbIe 3HAYEHUs] CONPOTUBICHUN R| U
R, MOXXHO paccuuTarh IO METOIUKE, MPEACTABIEHHON B
[9], uctions3yst hopmynbl anst cuMmeTpudHoit [1-o6pasz-
HOM IICIIH:

N+1
Ri=Ry~—— | 1
IRON—I (1
2
N -1
Ry=Ry| ——|, 2
2=Ro| = 2

rie Ry — BOJHOBOE COMNpOTHBIEHHE, N — ociabieHue
arreHtoaropa B pasax. Mcnons3ys (1) u (2), nomyuaem
3HadeHus Ry = 71,63 Om u R, = 136,14 Om. I'myOuna u
BHUJ KOPPEKIMH OyIyT ONPENeNAThCs PEaKTUBHBIMU
sneMmenTamu L, L, Cn,, Ci,, C’'m,.

TpéxMepHast 3IEKTPOMAarHUTHAsE MOJIEIb TOIIOJIO-
rum JJKII npencrapnena na puc. 3.

T

Puc. 3. TpéxmepHas 2JIeKTpOMarHUTHAS MOJEITb
tononorun JIKI{

OCHOBHBIE KOPPEKTHPYIOIIHE 3IEMEHTH (MHIyK-
TUBHOCTH L| W L,) BBINOJHEHBI C MOMOUIBIO 1UIEi(OB
M3 30JI0TOM MPOBOJIOKU. Takxke MOMOSHUTENbHAs KOp-
PEKIUSI OCYIIECTBIISICTCSI TOMOJOTHUSCKAMH 3JIEMEHTA-
MH, PACIIOJIOKECHHBIMHU BO3JIC PE3UCTOPOB R U R,.

PacuérHple BO3BpaTHBIC MTOTEPU U TIOTEPU HA IMPO-
XOJI TIPENCTABICHBI HA pHUC. 4. DICKTPOMarHUTHOE MO-
JISIIMPOBAHKUE W ONTUMHU3AIIMS TOIOJIOTHA, a TaKXe BCE
AHANTHYECKUE PACYETHl MPOM3BOAMINCE C TOMOIIBIO
CAIIP ADS xommnannu Keysight.
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Puc. 4. I'padmku pacu€THBIX BO3BpaTHBIX HOTEPH U MOTEPh
Ha npoxox st KL

U3 puc. 4 BunHO, 4TO MIyOWHA KOPPEKLUH COCTaB-
qsiet 4,5 n1b (20 I'T). Takke Obula IpOBEICHA ONTH-
MU3alys MO 33JaHHOMY YPOBHIO BO3BPAaTHBIX HOTEPE.
Jlnst obecrieueHnst XOPOIIEro COrIacoOBaHMUsI MEXIy Kac-
KaJilaMH TOIIOJIOTHsI OblIa paccuMTaHa il YPOBHS BO3-
BpaTHBIX MoTeph He Oonee —20 nb B pabodem auamna3oHe
YacToT.

TexHoJI0rus H3rOTOBJIEHUSI M KOHCTPYKIMSA
CBY-monyns

IIpencraBneHHbIi MOLYNb CBEPXILIMPOKOIIOIOCHO-
ro CBY-ycunurens H3rOTOBIEH MO TEXHOJOTHH THO-
puaHbIX uHTerpaibHeix cxeM (I'MC), mmpoko npume-
Hsiemoit B AO «HII® Muxkpan». Kopnyc CBY-monymns
U3TOTOBJIEH U3 alroMHHUEBOro cruiaBa J[16-T u mokpsIT
craBoM Sn—Bi (omoBo—BucMyT). MHKpOIOIOCKOBEIE
IUIaThl M3TOTOBIEHBI M3 IOJIUKOPAa C OTHOCUTEIBHOM
TUDJICKTPUIECKOW TPOHHUIAEMOCTRI0 9,9 M TommuHON
0,254 mm. CBY-nmuHUM niepenadyl BBITOTHEHBI METOIOM
BaKyyMHOT'O OC&)KIEHU 30JI0Ta, TOIOJIOTHIECKHE PE3H-
CTOpBl — METOJOM BaKyyMHOTO OC&XICHHUs TaHTala.
Bce aneMeHThl CMOHTHPOBaHBI B KOPILYC METOAOM Haii-

[Hoxnaovr TYCYPa, mom 19, Ne 4, 2016
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KH C HCIIONF30BAHNEM HU3KOTEMIIEPATYPHBIX IPUIIOEB.
B kagectBe CBY-pa3péMOB HMCIIONB30BAHBI KOAKCHAIb-
HO-MHKPOIIOJIOCKOBEIE ~ Tiepexonbl  cepun  [TKM2-20
(Mukpas), s QUIBTPALMKA MUTAHUS W O0ECIICUCHUS
anekTpoMarHuTHOU u3ossiiuu CBY-monynst ucnoss3o-
Babl GuibTpel mutanus EMI/RF 4300-009 (Tusonix) u
MPOKJIQJIKA M3 TOKOIPOBOJSIIETO KOMIIO3UTHOTO Marte-
pHaia Ha OCHOBE MEJIKOAMCIIEPCHBIX PE3MHOBBIX M Ce-
peOpsiHBIX TpaHyil. [l NCKIIIOUEHHsT BO3MOXKHOCTH aB-
ToreHepanuu B kaHase CBY-tpakra ObUl MCTONIB30BaH
TUCTOBOM KoMmo3uTHBIA Matepuan (Ecosorb), o6ma-
JAIOMKN CBOMCTBaMHU ImupokononocHoro CBY-mormo-
Tutens. [luTaromue HaNpsKSHUS JOMONHUTENBHO CTa-
OMIIM3UPOBAHBI C MIOMOIIBIO TUHEHHBIX CTAOMIN3aTOPOB
C YIABTPAaHU3KHM COOCTBEHHBIM YPOBHEM IIaJCHHS Ha-
NpsDKEHUs Ul UCKIIIOUEHHS BO3MOXKHOTO IIeperpena
CBY-monyns. Takxe Ui IOMOJHUTENIBHON Temiepa-
TYpHOH cTabuinu3auuu B cxeme (GopMupyroen Hamps-
JKEHUSI CMEILIEHHs] TPUMEHEHBI TEPMUCTOPBI C 00paTHOM
TEMIIepaTypHOIl 3aBUCHMOCTBIO.

CBY-TpakT ycHJIHMTe s

Ucnonp3ys ¢aiiner S-mapaMeTpoB OT MPOU3BOIH-
tenert kommurekrytonmx (MHUC HMC460, xorneHcarop
ATC550, pazpém-niepexon [TKM2-20), MOKHO MOIHO-
cTeio  cmomenupoBate CBY-tpakt ycumnmrens. Taxoke
OBUIO TIPOBENEHO IOJHOE AIEKTPOMArHWTHOE MOJEIHU-
pOBaHHE TOIIONOTHI IMOABOISIMIMX MHKPOIOIOCKOBBIX
IUIaT € paspbiBaMU I Pa3ACIMTCIbHBIX KOHACHCATOPOB.

Pacuérapie AUX ycumutens ¢ KL u 6e3 JKI]
MIPUBEICHBI Ha PUC. 5 B CPaBHEHUH C M3MepeHHoH AUX
coOpanHOro ycuiutens. Bce m3amMepeHus: mpoBeneHsl C
MOMOIIBI0 BEKTOPHOIO aHanmu3aropa uemneit P4226
(AO «HII® Muxpany).
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Yacrora, [Tu
Puc. 5. I'paduku n3mepennsIx 1 pacuéTHeIx AUX ycnnurens

¢ KL u 6e3 JIKI

Kak Buano u3 puc. 5, pacu€raple 3HaueHuss AUX
HUMEIOT OYEeHb XOPOIIYI0 CXOJHUMOCTh C M3MEPEHHBIMH.
ITpumenenne JIKL] ymensuiaer HepaBHOMepHOCTE AUX
¢ 8 mo 3,5 nb Bo BcéM paboduem auana3oHE YacTOT.
IMonsém AUX B obmactu yactor or 10 MI'n no 3 I'T1x
o0ycnoBiieH BHYTpeHHel cxemoTexHukoii YPY wu mon-
po6no omnwmcan B [10]. Koppekius yka3aHHOTO 4acToT-
HOTO JMamna3oHa He BXOIWJIA B 3aJa4d 3TOi paboThl, HO
TaK>Ke BO3MOKHA ¢ npuMeHeHueM apyrux JKILI.

BosBpaTHBIE TOTEPH 11O BXOAY M BBIXOY CMOAEIIH-
poBanHoro CBY-tpakta ycwimTens NpPUBEACHHI Ha
puc. 6 B CpaBHEHUH C BO3BPATHBIMU ITOTEPSIMH [0 BXOAY
U BBIXOZly PEaJIbHOTO yCTPOMCTBA.
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Puc. 6. I'padukn m3MepeHHBIX U PaCYETHBIX BO3BPATHBIX
TIOTEPH IO BXOY U BBIXOY YCHIIUTEIIS

Kak BumHO M3 puc. 6, 3Ha4eHUs] BO3BPATHBIX MO-
Tephb MO BXOLY M BBIXOYy YCHJIMTEIS YKJIAJIBIBAIOTCS B
M3HauaNbHBIe TpeOoBaHMs ¢ OonmbmmuM 3amacoM. Bos-
BpaTHbIE IOTEpH HE MeHee —15 nb 1o Bxony U HE MeHee
—15 nb o BeXOmy. U3 mpencTaBieHABIX TpapUKOB BUA-
HO, uTo Beime 10 I'T rpadgux pacy€THbIe BO3BPATHBIX
MOTEPh CYIIECTBEHHO OTIIMYAETCSI OT U3MEPEHHOT0. DTO
CBSI3aHO C METOJOM H3MEpPEHHH. S-TlapaMeTphl YCHIIH-
TeJs, UCTIOJIb3yeMbIe JIIsl pacuéra, ObLIIM CHSTHI MPOU3-
BOJIUTENIEM MHKPOCXEMbl C ucnoib3oBanuem CBY-
30H70B, U mocie 4actoTel 10 [T mMexay ucnonbiye-
mbiMu CBY-30H7amu, Kak MOpaBUIIO, YK€ BO3HHUKAET
9JIEKTPOMAarHUTHasl CBS3b, YTO MPHBOIUT K MOTOOHBIM
pesynbraraM, yxymmaeT pasesa3ky (S12) m cHmxaer
TOYHOCTh HM3MEPEHHUS BO3PATHBIX IMOTEPb Ha BBICOKUX
4acToTax.

H3mepenune ko3 dpunmenta mymMma 1 KOMIIPeCCHH

Wzmepenuns: koddduienTa myma ObUTH HpOBejie-
HBI ¢ oMonipio uamepurens XSM-18 (AO «HII® Mu-
Kpan») u reneparopa myma I'IIM2 (AO «HII® Mu-
Kpan»). M3mepeHHblii rpaduk kxodddunueHra nryma
IIPEJICTaBJICH Ha pUC. 7.

+ Lh =)

Kosgduument myma, ab
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Yacrora, [T
Puc. 7. 3mepennslii rpaduk koddUnuenTa nryma yCuInTens

W3MepeHus KOMIOpPECCUH ObUTH MPOBEACHBI C IO-
MOII[BIO OMIMOHATBHOTO BEKTOPHOIO aHalu3aTopa lie-
neit P4AM-18 (AO «HII® Muxkpany). M3mMepeHHsIi rpa-
(UK KOMIIPECCUH IO BBIXOAY YCHJIMTENS IMPEICTaBICH
Ha puc. 8.

Wsmepenns nposoamwuck ¢ marom 0,5 T, ms
Ka)KJOM 4aCTOTHOM TOYKHU OIpeleNsiach MOLUIHOCTb, HA
KOTOPOH MPOUCXOANUT Ckartue Ha 1 nb, 3aTem B aBTOMa-
TU3UPOBAHHOM pEXHUME OBUI MOCTPOEH MPEACTaBICH-
HBII TpaduK 3aBHCHUMOCTH BBIXOAHOW MOIITHOCTH OT
YacCTOTHI.

Kax BuaHO u3 rpadukoB, NpENCTABICHHBIX Ha
puc. 7 u 8, pa3paboTaHHBIN YCHIINTENb IOJIHOCTHIO CO-
OTBETCTBYET U3HAYAILHBIM TEXHIYCCKUM TPEOOBAHUSIM.
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Puc. 8. I3smepeHHbI# rpad K BEIXOTHONH MOITHOCTH
yCuIIMTeNs npu cxxatuu Ha 1 nb

Buemmnit Bun CBU-Tpakra pazpaboTaHHOTO YCH-
JIUTENIS IpeICTaBIeH Ha puc. 9.

A\ & Lo I'_ - S el
Puc. 9. Buemnnit Bun CBU-1pakra ycuiurens

I

—

Hcnonp3oBaHne MPEACTaBICHHOIO YCWINTEIS B
npudopax X5M-18 u CK4M-18 (MukpaHn) mno3BossieT
MOJY4YUTh PaBHOMEPHYIO XapaKTEepUCTUKY K03 uuu-
€HTa IIyMa M3MEPUTEIBHOIO TPakTa BO BCEM pabouem
JMana3oHe YacToT, YTO MOBBIIIAET METPOJIOTHYEcKue
XapaKTEePUCTUKU U3MEPUTEIBHBIX IPUOOPOB.

Ha mpencrasnennsit Mmonyins CBU-ycumurens mo-
JTy4eHHI 1Ba IATEHTAa Ha Imoe3Heie moaenu [11, 12].

Pabora BBITONHEHA TIpH (PUHAHCOBOW IMOIAEPIKKE
MununcrepcrBa 00pa3oBanus u Hayku P®, cormamenne
Ne 14.577.21.0188 ot 27.10.2015 r., umaeHTH(HKATOP
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. YymaHoB, U.A. MNMapraués, U.B. MokpywuH, J1.41. CepebpeHHuKoB, B.A. KpakoBckumn

AKycToonTu4yeckue 3aTtBopbl Ha ocHoBe KpucTtansna RKTP

W3roTtoBnens! npoToTunsl akyctoontudeckux (AO) 3atBopoB Ha ocHoBe kpuctamioB RKTP B xopmyce ¢ KUIKOCTHBIM
OXJIXKAEHUEM U KOHTpOJIeM padoueil Temneparypbl. [l H3rOTOBIEHHBIX 3aTBOPOB U3MEPEHBI OCHOBHBIC XapaKTEPH-
CTHKH, TaKHe Kak pabodas 4acTOTa YIPaBIIAIOMIETO BHICOKOYACTOTHOTO (BY) curHanma (4acToTHas XapaKTEPUCTHKA),
a¢pexTuBHOCTE audpaknmu, kodddumuent crosueii Bomuasl (KCBH) mbezonpeobpasoBaTenell Ha IEHTpaIbHOH pabo-

Yel JacTore.

KiroueBsle cioBa: akycroonruueckuil 3arsop, kpucramur RKTP.

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

Haubomee pacmpocTpaHeHHBIM Ha CETONHSIITHHIMA
JICHb MaTepHaloM Ul HW3TOTOBJICHHS aKyCTOONTHYE-
ckux (AQO) 3aTBOpPOB SIBISIETCS TUIABICHBIA KBapll, I10-
CKOJIKY UMEET BBICOKHE 3HAUCHHUSI IOPOTa ONTHIECKOTO
nospesknernst (10,5-10,6 TBT/cM?) H  OTHOCHTEIBHO
IIMpOKyIo mojocy npomyckanus (0,2—4 mxM). Makcu-
MaJlbHasi aKyCTHYeCKasi CKOPOCTh 3TOTO Marepuaja co-
crapmsier 5,95:10° m/c, xod(duuMeHT aKycToonmTHue-
cxoro kadectsa 1,56:10" ¢*/kr [1]. Mmerotcs Takoke
aJNbTepHATUBHBIE MaTepUalIbl, HO K&KAbIH N3 HUX MMEeT
CYIIECTBEHHBIE HEIOCTAaTKM, HANpHMEpP Y3KYIO II0JIOCYy
ONTUYECKOI MPO3PAYHOCTH, HU3KUI TOPOT ONTHYECKOTO
TIOBPEXICHHSI.

Bricokoomurie kpuctamiel  KTiOPO, (RKTP)
npousBofcTea kommanun «Kpucramn T» umeror psaa
MIPENMYILECTBEHHBIX 0COOEHHOCTEN Tepes] HEKOTOPBIMU
AO-marepuasiamy, Hauboyiee BaXXHBIMH W3 KOTOPBIX
SABIISFOTCS BRICOKHE ONTHUYECKast poyHocTh (3 TBT/cm)
u ko3 dumment AO-kauecta (4,2-10°"° ¢*/kr), otHocu-
TEJIbHO HU3KUI KOA(QQUIMEHT aKyCTHYECKOro 3aryxa-
Hus [2]. Tlone3usim kauectBoM RKTP siBisiercst BbIco-
Kasi CKOPOCTb pacIlpOCTPaHEHMs] aKyCTHYECKOW BOJHBI
(~7,76:10° wm/c) [3], 4T0 OGecredrBaeT MOBBIIICHHOE
osicTponeiictBue AO-ycrpoiicts. K mpounm nocrowH-
ctBaM KpuctamioB cemeiictBa KTP moxHO oTHectu
CJIEYIOIIHE: HETMTPOCKOITMYHOCTD, BBICOKAsl YCTOWYH-
BOCTb K XMMHUYECKHM M MEXaHHUYECKHM IOBPEXKICHUSIM
U I0OCTATOYHO IIMPOKas T0JI0Ca MPO3PavHOCTH B AUAra-
30HE UTHH BOJH u3ay4eHus 0,35-4,5 Mxm.

COBOKyHHOCTb OIMMCAaHHBIX BbILIC MMApaMETPOB I10-
3BOJISIET ClIEJIaTh BBIBOJ O TOM, YTO 3aTBOPBI Ha OCHOBE
kpuctaiuia RKTP ¢opmupyror 6osee xoporkuii GppoHT
ONTHYECKOTO MMITYJIbCa TIPH HEM3MEHHOW ameprype
OINTHYECKOTO ITydyka M TpeOyIOT MEHbLIEH MOIIHOCTH
YIPaBISONIETO CUT'HANA M0 CPABHEHHIO C 3aTBOPAMH Ha
IUTaBJICHOM KBapie. DTH O0COOSHHOCTH MO3BOJISIOT YII-
POCTHTH KOHCTPYKIMIO 3aTBOpa W ApaiiBepa yIpaBiie-
HHUSI 3aTBOPOM.

Onucanne KOHCTPYKIMHA

Koncrpykmus AO 3aTBOpa BKIIFO4aeT B ce0s CBETO-
3BYKOMPOBO/I, BbIpe3aHHbI U3 MoHOKpucTamuia RKTP,
MPOBOJALLMI CJION Ha OBEPXHOCTHU Z-Cpe3a KpUcTaiia,
c(OpPMHUPOBAHHBII METOJJOM BAaKyyMHOTO DacIIbUICHUS,
JIBe TpeoOpa3oBaTesbHbIE TUIACTHHBI U3 TOTO K& Marte-
puana, 4To M CBETO3BYKONpoBOA, win Y+36° — cpesa
Huobara ymutust (LiNbO;). [ToBepx miacTUH HaHECEHBI

METAJUTMYECKUE ICKTPOIBl M3 MHIAMS WM ATIOMHUHHS.
[TmacTrHBI IPUBapeHbI K CBETO3BYKOIPOBOAY METOIOM
xXonogHoH nudQy3nOHHON WHOMEBOH CBapKH MPOTHBO-
TIOJIOKHOM JIpYI OTHOCHUTENIBHO Jpyra OpHEHTalueH
JIOMEHOB.

DnexTpuueckas cxeMa Ibe30mpeodpazoBarens co-
OTBETCTBYET IIOCIIE/IOBATEILHOMY BKJIFOUEHHIO JIBYX
KOH/IEHCATOPOB, MEXIy OOKJIaJIKaMH KOTOPBIX pacHo-
JIO)KEH Ibe303IIEKTPHUUECKII MaTeprai. 3a CYeT TaKkoro
CEKIIMOHMUPOBAHMs yMEHBIIAETCSI EMKOCTHAasl COCTaB-
JISFOIAst HArpy3KH MPH OTHOCHUTENBHO OOJIBIION JJIMHE
AO-B3anmoneiictus. [ImacTHHKN HW3ITydaroT cuH(a3-
HBIC BOJIHBI, CO3/1aBas aKyCTHYECKOE MOJIE C IIOCKUM
BOJIHOBBIM (PPOHTOM, HampaBICHHBIM HOPMAJIBHO K OII-
TUYECKOH OCH CBETO3BYKOIPOBoAa. OIMMCaHHBIA OIXO0
MO3BOJISIET TOOUTHCS JIYHUIIETO COIIACOBAHMS HArpy3KH
¢ noxBonsmeii BU-nnHuel, TeM caMbIM MOBBICUTH 3(¢)-
(exTuBHOCTH qudpakumy.

OnTuMasnbHas TeOMETPHUSI CBETO3BYKONPOBOJA BhI-
OpaHa, MCXO/isl U3 JaHHBIX, PUBEACHHBIX B [4], U 3Kc-
MIepUMEHTAJIbHBIX PE3YJbTaToB 110 N3MepeHuto (oroyr-
PYTHX TIOCTOSHHBIX M KOd(QHIHUEHTa aKyCTOONTHYE-
ckoro kauectna [2, 5-6]. [eomerpuss AO sueliku, opu-
SHTaIWs BEKTOpa MOJAPHU3ALMH MaJafolIero Ha CBETO-
3BYKOIIPOBOJI JIA3EPHOTO ITyYKa OTHOCHTEIILHO KPHCTAall-
norpauIeckux OceH, HalpaBIeHHsS ONTHYECKOTO |
aKyCTHYECKOTO ITy4YKOB OTOOpaXkeHbI Ha puc. 1.

U(r)

V4

AKycTHYEeCKast o
BOJIHA ~—__ K

ONTHYECKHH
IVE

X

Puc. 1. KoHCTpyKLIMSI aKyCTOOIITUYECKOH sTUeHKU

PasMephl CBETO3BYKONPOBOAa 23X8x8 MM’ BIONb
oceil X, Y u Z cooTBeTCTBEHHO. Pa3Mepsl Iu1acTuH
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MbE30TPEO0pazoBaTeNisi B IUIOCKOCTH BO30YKICHUS
10%7 mm” 1 Tonumnua 40—5 Mkm. AO-sueiika moMeIeHa
B METAJUIMYECKUH KOPIIYyC C CUCTEMOW OXJIAKICHMSL.
Uepe3 mNOABOAANIME INTYHEPHl IHUPKYIHPYET OXJIAXK-
Jarolas JKUIKOCTh. B Kopryce B HEMOCPEACTBEHHOMN
OJIM30CTH K CBETO3BYKOIIPOBOY YCTaHOBJICHA TEPMOIIa-
pa U BBIBEAEH pa3beM [JIs KOHTPOJS TEMIIEPATYPHI.
BHemHuii BUI W3TOTOBICHHOTO 3aTBOpa IIOKAa3aH Ha
puc. 2.

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

Onncanne 3KCNEPHUMEHTATBHON YCTAHOBKH

DKcrniepuMeHTalbHAas yCTaHOBKA (puc. 3) mocTpoe-
Ha cieayromuM obpasom. I'eHeparop umiynbcoB / 3a-
IycKaeT pa3BepTKy ocuwwuiorpadga 4 u BKIHOYaeT
BY-reneparop 2. Jlanee ycunennsiii BU-curnan nocry-
rmaetr Ha 3arBop J. JludparupoBaHHOE CBETOBOE IIOJIE
BBIJICIISIETCSL TIPOCTPAHCTBEHHBIM (UIBTPOM H (POKYCH-
pyercs Ha @Y, curHan Ha BBIXOJE KOTOPOTO PETHCTPH-
pyercs ocummorpadom. M300paXkeHns OCIIILIOTpaMM
COXpaHsroTCs Ha OBM.

B xauecTBe MCTOYHHMKA H3IyYEHHUS HCIONB3YeTCS
TeINf-HEOHOBBIH J1azep 6, U3MyJaloNNid HAa JJTUHE BOJI-
Hbl 633 HM. KommumaropoMm 7 GhopMHpyeTCst TyYOK He-
obxogumoro nuamerpa. llomsipuzaropom & 3amaercs
JIMHENHas MOJsSIpU3alys, BEKTOp KOTOPOW OpPHUEHTUPO-
BaH MapaJuIe]bHO BOJHOBOMY ()POHTY aKyCTHYECKOTO
nyuka. OCHOBHOM ONTHYECKHUM My4OK TacUTCS HENpo-
3pa4HbIM JKpaHOM 9, auparupoBaHHBIE ITyYKH Ha-
npaBisitoTest Ha OOV 3. [l CHIKEHUS 3aCBETKH OT
ITOCTOPOHHUX MCTOYHHUKOB M3ITyUCHHS YCTaHABIMBACTCS
cBeTohmIbTp 1.

[ / |>:lex. 5 Brix. 3

Puc. 3. Cxema skcniepUMEHTaIBHON yCTaHOBKHU: / — TeHepa-
top mmmyibcoB AKUII-3301; 2 — BU-reneparop Agilient
N5181B; 3 — BU ycunurens; 4 — ociuiorpad Tektronix
TDS1012C-EDU; 5 — AO-3atBop; 6 — nazep JITH 207A;
7 — xoymumarop; 8 — noyspous;; 9 — Henpo3payHbli dKpaH;

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

V3MepeHnsT MPOBOAATCS TPH MABIX MOITHOCTSIX
BBICOKOYACTOTHOTO CHTHANa, YTOOBI COXPaHHUTH JIMHCH-
HYIO0 3aBUCHMOCTh 3((QEKTUBHOCTH AU(DPAKIUHU OT HH-

TEHCUBHOCTH aKyCTHYECKOrO My4Ka M MapamerpoB 3a-
TyXaHus. A TarkKe NMPH MajbIX MOIIHOCTIX IPH AHU-
(dpakiun Pamana—Hara WHTEHCHBHOCTH Iudparupo-
BAaHHOTO CBETa COCPENOTOYEHAa B + MEPBOM MOPSIKE
IuGpakIum.

H3mepsiroTcsi OCHOBHBIE NapaMeTphl, XapaKTepH-
3ylome paboTy 3aTBOpa B KaueCTBE MOIYIIATOpA J00-
POTHOCTH, TakHMe Kak padodas 4acToTa YIpPaBJISIOUIErO
BY-curnana (vacroTHas XapakTepHCTHKa), IIyOMHa
Monyssiuun  (3ddexTuBHOCTS TUdpaknuu),  ObICTpO-
JIEHCTBHE.

JKCMepUMEeHTAILHbIE Pe3yJIbTAThI

OnucaHHbIC BBIIIE XapaKTEPUCTUKU OLCHUBAIUCH
st AO-3aTBOpPOB C ThE30IIpeoOpa3oBaTeIsIMA Ha OCHO-
Be KpucTauia Hnobara autus (Y+36°-cpe3) u kpucramia
RKTP (Z-cpes).

CornacoBaHue Imbe3onpeodpazoBaresell MpPOU3BO-
JIMJIOCH TTOCPENCTBOM KOAKCHAIBHOTO TpaHcdopmaropa
Ha (eppuToBOM Komble. [l M3MepeHHsT 4acTOTHOM
xapaktepuctuku KCBH B wu3MmepurenbHOi cxeme
(cM. puc. 3) Bmecro BU-ycunmrens ycraHaBiIMBanach
JIETEKTOpHAas TOJIOBKA, K KOTOPOH uepe3 JJIMHHBIA Ka-
Oenp coemuHsach Hccienyemas Harpyska. JleTexkTu-
PYIOIIU#T BHIXO/ COCIMHSIICS C U3MEPHUTEIBHBIM BXOIOM
ocrmutorpada. BU-reHeparop 3amyckajics B pexuMe
Kayarolencs: 4acTOThl ¢ BEPXHEW I'PaHUYHON 4acTOTOM
120 MTI'n. Ionygyennsie nuarpammel KCBH moxasanbt
Ha puc. 4. KCBH Ha neHTpanpHbIX pabodnx 4acToTax
coctasuin 1,3-1,35.
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Puc. 4. Yacrornsre xapaxrepuctuku KCBH nee3onpeodpaso-
paresst Ha ocHoBe: a — RKTP, 6 — nuobata nutus

M3mepenne 4acTOTHOW XapaKTEPUCTHUKHU 3aTBOpa
MIPOBOIMIIOCH 110 cxeMe Ha puc. 3. BU-reneparop 3amyc-
KaJiCsl B PeKUME Kauarollehcsl YacTOThl ¢ TPAaHUYHBIMU
gactoramu 20 u 80 MI'. MI3MepeHHBIe 4acTOTHBIE Xa-
PaKTEepUCTUKN O0TOOpaXkeHbI Ha pHC. 5.

MakcumanbHasi 3QheKTHBHOCTh TUPPAKIUK TPH
MOIIHOCTH yripasisitomiero curuana 1 Bt cocraBuna 3 u
3,6% s nmbe3onpeobpaszosareneid 3 RKTP u Hrobara
JUTHS COOTBETCTBEHHO.
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Puc. 5. 3aBucumocts 3ppexTHBHOCTH qUDPAKIMU OT YaCTOTHI
Ui ibe3onpeobpasopateneit u3 RKTP u Huobara nutus

BricTpozneiicTBue 3arBopa SIBISETCA MapamMeTPOM,
3aBHCAILINM OT CKOPOCTH aKyCTHYECKOH BOJIHBI U arep-
TYpbI onTU4ecKoro my4ka. [ist u3mepenus: GppoHTa or-
TUYECKOTO HMITyJIbCca HCIIOJIB30BAJIaCh CXeMa, aHajo-
TUYHas MOpeablAyLIeMy 3KcnepumeHTy. PopMupoBaics
cyneprayccoB my4uok, BU-reneparop 3amyckajics B HM-
MYJILCHOM peXuMe (aaurTensHocTh uMnynbca 0,1 Mkc,
nepuos moBTopeHus 5 Mkc). OueHuBanach IIUTEINb-
HOCTh (DpOHTA ISl MyYKOB AnamerpoM 2—-5 M. Pacxo-
JKICHHWE M3MEPECHHBIX M PACUCTHBHIX 3HAYCHUH HE Mpe-
BbIIIato 5%.

3akarouyeHnue

Nzrorosnensl AO-3aTBOPBI HA OCHOBE KPHCTAIIIOB
RKTP B kopiyce ¢ KUAKOCTHBIM OXJAKIEHUEM U KOH-
TposeM pabodeil TeMIepaTyphl.

[To ypoBHIO U3MeHeHus curnana Ha 3 nb ot muko-
BOTO 3HAa4YEHHs MOJI0Ca PAdOYUX YaCTOT 3aTBOpa C Ibe-
3ompeoOpaszoBareiem u3 kpucrawia RKTP cocrasuia
8 MI'n, amst 3aTBOpa C MbE30IPeodpa3oBaTENeM U3 HHO-
Oara JTUTHS -
6 MI'n. LlenTpansHas pabouas yacToTa Ul 3aTBOpA C
nee3onpeodpazosareneM n3 RKTP cocraBmna 61 MIm,
JUTS 3aTBOpa C Tbe30Tpeodpa3oBaTeNieM U3 HHoOaTa Ju-
g — 40 MI'n. KCBH Ha nieHTpanbHON 4acTOTe KaxIo-
O 3aTBOpa JeXKUT B mpenenax 1,3—1,35. MakcumanbHas
3¢ GeKTHBHOCTh AUMPAKINH TPH MOIIHOCTH YIPaB-
nsromero BU-curnana, pasHoit 1 Bt i 3atBopa ¢ nbe-
3ompeodpaszosareiem u3 RKTP, cocrasuna 3%, u3 HHO-
Gara nutHs — 3,6%.

[TokazaHa BO3MOXKHOCTb M3TOTOBJIECHUS 3()(PEeKTHB-
HBIX AO-3aTBOPOB, HUCTIONB3YsI KaK JJIsI CBETO3BYKOIIPO-
BOJIa, TaK M IS TIbe3onpeoOpa3zoBaresnell OMH U TOT XKe
Matepuan — kpuctaa 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 moagenen nogaBneHUA NapasuUTHbIX MOA,
onToanekTpoHHoro CBY-aBToreHepaTopa Ha OCHOBE UHXEKLUOHHOW

M MHOIFOKOHTYPHOM CXeM

PaCCMOTpeHLI BO3MOXXHOCTH ITOBBIIICHHUS CHGKTpa.IILHOfI YUCTOTBI H3JIYUYCHHSA OITODJIEKTPOHHBIX aBTOTCHEPATOPOB
CBLI-/:[I/Iana30Ha Ha OCHOBE ONTOBOJIOKOHHOW JTMHUU 3aICPKKU 3a CHET IPHUMCHCHUST CI/IHXpOHI/I?)aHI/Ieﬁ MO Ha OCHOBC

WHXCKIIMOHHON U MHOI‘OKOHTypHOﬁ CXEM.

KoaroueBble cioBa: ontoanextponusrii CBU-aBroreneparop, $a3oBelil nryM, mporpaMMHasi MOJIeb, OIITOBOJIOKOHHAS

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

W3BecTHO, YTO 4yBCTBUTENBEHOCTh, CKOPOCTD TIEpe-
Jaud WHGOpMalWM, TadapuThl M DHEPrornorpedicHue
PalMOIOKAMOHHBIX ¥ U3MEPUTEIBHBIX PaJIMOTEXHUYE-
CKHX CHCTEM BO MHOTOM 3aBHUCST OT YPOBHSI CIIEKTPaJIb-
HOW YHCTOTBI W YAaCTOTHOW CTaOMJIBHOCTH CHTHAJIOB,
(hopMupyemMbIX 3aJalOUIMMH CHCTEMHBIMH aBTOTEHEPa-
Topamu (AI'). dyHmameHTaJIbHBIE OTPAHWYEHHUS Ha-
3BaHHBIX XaPAKTEPUCTUK CBA3aHBI CO CTOXACTHIECKUMHU
(ITyKTyalussMy TOKOB M HAPSHKEHUH, 00YCIIOBICHHBIMU
TEIJIOBBIM, IpOOOBBIM U (pJIMKKEP-IIyMaMH B HOIYIPO-
BOTHMUKOBBIX aneMeHTax Al [1, 2]. [lng xonudecTBeH-
HOHM OLIGHKM CHEKTpasibHOM 4McTOThl curHaiga Al uc-
T0JIb3yeTCs OleHKa L(f) ero CIeKTpajIbHOW IUIOTHOCTH
MOIIIHOCTH B OJMHOYHOM OOKOBOH Ioyioce Ui 3ajaH-
HOW OTCTPOWKH Ha BENIMYHHY f,, OT HECYIIEH J9acTOTHI
fo AT’ B onmHOYHON OOKOBOW TOJIOCE, TIEpEeCUUTAHHAS B
monocy 1 I'm. CHmxkenue BemumuuHbl L(f) A" 00BIYHO
obecrieunBaeTcs 3a CYET TILIATEIbHOM YacTOTHOW ce-
JIEKIIMU CUTHAJA, HUPKYJIUPYIOUIET0 B HeTIe 00paTHOMN
cea3u Al DGeKTHBHOCTh TaKOH CENEKIHMH, KaK H3-
BECTHO, OIpeJeNsercss NOOPOTHOCThIO () pe3oHaropa
AT, npornopiuoHanbHON KpyTH3HE ero (ha3ouacTOTHOM
xapaktepuctuku (PUX). Kiaccuueckas teopust Bius-
HUSI OIYMOB M BEJIUYUHBI () Ha IWHAMHUKY HEIMHEHHBIX
cucreM, B ToM unciie u Al, moka3bIBaeT, 4To NMpH HaJU-
YUM IIYMOB B cHEKTpe L(f) MOXHO BBIJEIHNTH COCTaB-
nsromue, onvckiBaromue ammumtyaaeie (Al u daso-
Bole (OIII) mrymoBeie dmykryanuu [1, 2].

W3BectHO, yTO M1t AI' TOMCOHOBCKOTO THMa BOIH-
3u paboueii yactorel A" fy nuHus usnyuenus L(f) Al
OIIPEAENAETCS, B OCHOBHOM, CIEKTPalbHOH IUIOTHO-
cTblo (pazoBbIX 1IyMOB. B yka3zaHHOW oOyacTé 3aBHCH-
MOCTb aMIUIMTYAHON COCTABJISIIOIIEH 1IyMa OT OTCTPOM-
KU TIPAKTHYECKH OTCYTCTBYET, U €€ ypOBEHb OOpasyer
JIUIIb «ITyMOBOU mbenecTam muann L(f). Kpome atoro,
YCTAHOBJICHO, YTO OCHOBHBIM CIIOCOOOM CHYDKeHHUs L(f)
IIPY 33/IaHHOM YPOBHE HIYMOBBIX MCTOYHUKOB Al siB-
JSIOTCSL YBENWYCHHE HOOPOTHOCTH () HAKOIMUTEIHLHOTO
anementa Al B mmamazone CBY ¢azosrit mym (DIL)
SIBISIETCSl OTHUM M3 OCHOBHBIX (DAaKTOPOB, OTpaHHIH-
BAaIOIIUX MPHMEHEHHUE CIIOKHBIX CUTHAJIOB B PaJnOCBS-
34, PaIMOJIOKALMH U B U3MEPUTEIIBHBIX CHCTEMAX.

Kax moxazano B [3], 3HAYMTETHHOTO TOBBIIMICHUS
JOOpOTHOCTH pe3oHaropa ) B CAaHTUMETPOBOM JMaria-

30HE MOKHO JIOCTHYb 32 CUET HCIIOJIB30BAHMS B CXEME
AT' MennakoHBEpTEpOB, T.€. YCTPOMCTB, 0OeCIIeUHBalO-
IMAX [POMEXYTOYHBIE IPeoOpa3oBaHUs  SHEPTUH
CBY-komnebaHnii B DSHEPTUI0 CBETOBOW BOJHBL JTa
SHEPrus crocobHa 3(P(EKTHBHO HAKAIUBATHECS B OMNTO-
SNEKTPOHHBIX PE30HATOpax «Oerymield BONHBD), Mpen-
CTaBJISIONINX co0oi onrToBonokoHHble (OB) nmuHuM 3a-
JIEPKKU Ha BpeMsI T .

t,=nl/c, (1
rae n — TPYNIOBOI MOKa3aTesb MPEJOMIICHUS U JUIMHA
OB, ¢ — ckOpOCTh CBETA B BaKyyMe.

Takne pe3oHATOpbl HCHONB3YIOTCS ISl MOCTPOE-
HUS ONTOICKTPOHHBIX TeHepatopoB (OOI), pumc. 1
[3-5]. Mx akBuBaNeHTHas NOOPOTHOCTH (J,; Ha HECY-
el yactore f,r onpeaensercs Gopmyioii [6]

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

Qopt = 27Tfopt'td .

Tlepenaroruii
JIa3€pHBIH MOMYIb  DJIEKTPONTHYECKHIA
(TJIM) moxysitop (DOM) @
%Z:: >>—@—> S //
= Onruyeckoe
T BosiokHo (OB)
ITonocHo-
nporyckaomuii | = CBY TpuemHbiit
Gumstp (MD) | 7~ yCHIIMTENIb  ONTOJJIEKTPOHHBIH
(CBU-Y) mozys (ITOM)

Brixon %S: =
onr Jlenurens
MOILHOCTH
(M)

Puc. 1. Ctpykrypnas cxema OOI"

Ouenka Q1o Gopmyine (2) mns [ ~ 4 kM j1aet 3Ha-
gerne ~10°. Cromp BeIcOKast 106poTHOCTE OB-pesona-
TOpa obecreynBaeT HU3KHH ypOBEHb (Pa3OBBIX IIYMOB
OOI. IIpu orcrpoiike ot Hecymed f~ 10 k[m,
L(f) ~—150 nb/T'ny [3-5].

Henocrarkom yka3aHHOTO pe30HaTopa SIBISETCS
Oosbllasi IJIOTHOCTh PE30HAHCHBIX YacTOT, XapaKTepH-
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3yemasi BEIMIMHONH MEXMOIOBOTO YaCTOTHOTO MHTEpBasa
Af, 0bpaTHO nponopiroHanbHOro godporHocta O [6]:
Af=1/ty. 3)

W3 mpuBeneHHsIx ¢Gopmyn BuaHO, 4to it OOI,
pabotaromiero Ha yacrore 10 I'T'w ipu / ~ 4 kM, MexMo-
JIOBBIN MHTEpBaa pe3oHatopa Af cocraBmser ~50 kI
[Ipobnemoii, Takum o00Opa3oM, SIBISIETCA IONABICHUE
MapasUTHBIX MOJ, ONM3KO PacIOJIOKEHHBIX K 4acTOTe
reaeparun OOI.

Cnoco0bl nogaBaenuss napasuTHbix Mmog O3

OnHUM 13 c0CO00B MONABICHUS APA3UTHBIX MOJ
ABJIACTCA HCIIOJIB30BAHUEC KOHKYPEHIMMW MOJ B HCJIU-
HerHoii cpene OOI.

[Ipu sTOM pe3oHaHCHas cucTeMa obOpasyercss 3
HEeCKONbKUX oTpe3koB OB paznuunoit jumns [5, 7]. Ha
pHc. 2 oKa3aHa OJJHa U3 TaKUX 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 aAByxkoHTypHOTO OO

Jmaer OB Ha puc. 2 momoOpaHbl Tak, 4TOOBI B
npezienax MoJOChl MPOIYCKaHHsI MOJI0CHO-TIPOITYCKako-
mero (UIbTpa TOJIBKO OJIHA PE30HAHCHAS! MOAA SIBJISIET-
¢ o0meit st o6oux koHTypoB ODI. DTOT THIT KOJIEOAa-
HUI ¥ JIOJDKEH MPEBAIMPOBATh HAJl OCTAIbHBIMUA MOJJAMHU.

AnpTepHaTUBOM cxeMe puc. 1 sBiseTcs mpencTas-
JeHHas Ha puc. 3 cxemMa OOl ¢ MHXXEKUMOHHOW CHH-
xpormanueit (MC) mox [5, 8]. danHas cxema oObenn-
HSET HeNMHeWHyo cpeny apyx OOl — Bexymero (Mas-
ter loop) u Bemomoro (Slave loop). MexaHu3m 3T0H CBS-
31 OCHOBaH Ha WH)KEKIIUH 4Yepe3 HaIpaBICHHBIE OTBET-
Butenu (HO) wactu reHepupyeMoil B MeTsiX oOpaTHOI
cBs3u reaeparopoB CBU-MomHOCTH B KOHTYp COCeHe-
ro reHeparopa. Pabora qaHHON CXeMbI TaK)ke OCHOBaHA
Ha KOHKYPEHLIMH MOJI JIByX I'€HepaTropoB. 31eCh, KaK U B
cXeMe I10 pUC. 2, KOHKYPEHTHOE MPEUMYIECTBO UMEIOT
MOABI ¢ ONM3KMMH YacToTaMH. BzammoneicTBrue 3THX
MOJ B HEJIMHEWHOW cpene NPUBOIUT K (a3oBOH CHH-
XPOHHU3AIMH OCHOBHBIX ¥ TIOIABIICHHIO TIAPA3UTHBIX MO]I.

Henpro maHHOTO COOOIICHHS SBISIETCA OOCYXKIe-
HHUE Pe3yJbTAaTOB UCCIIEIOBAHUS Ha OCHOBE KOMITBIOTEP-
HOTO MozaenupoBaHus 3((HEKTOB CHHXPOHU3AIMH U T10-
nasieHust Moa B cxemax OOl Ha puc. 2, 3.

Cumyasinmonnas mogens O9I

Crporoe aHaJMTHYECKOE OINMCaHHWE PabOThI TaKUX
IMPUHIUITUATIBHO HETNHENHBIX CHUCTEM, KaK aBTOI'CHEpa-
TOpPbI, KaK M3BECTHO, BO3MOXHO JIMIIb IIPU 6OJ'II)IIJOM
yyciie ynpouammux gonymenui [1, 2]. Tlostomy mis
pa3pabotku moxenu OB MBI UCIOJIB30BAIA KOMITBEO-

TepHoe MopenupoBanue. COOTBETCTBYOLIas — IMPO-
rpamMMHasi MO/IeJlb, UCIIOJIb30BaHHAS HAMH UIsl KOMITbIO-
TepHO# cumyrsnun cxem OO (puc. 1-3), O6puta Hamu-
cana B cpeae Matlab/Simulink. B kauectBe mpororumna
IpOTrpaMMbl  HUCIIOJIB30BAIACH Pa3pabOTKU aBTOPOB [9,
10]. bnok-cxema mporpamMmbl COOTBETCTBOBAJIa CXeMaM
puc. 1-3. Tlpu 3TOM OJIOKHM YKa3aHHBIX CXEM JOIOJIHSI-
JIUCh IIYMOBBIMH MCTOYHHKAMH, OTHOCHTEIBHBIM IIIY-
MoM mHTeHcuBHOCTH na3epoB (Related Intensity Noise),
TEIUIOBBIMU, IPOOOBEIMH ¥ (DITUKKEP-IITYMaMHU YCHITUTE-
Jel, a TakXe MACCUBHBIX 3JEMEHTOB CXeMbl. EIUHCT-
BEHHBIM HEJIMHEHHBIM 3JIEMEHTOM B KOHTYpax caMOBO3-
Ooyxxnernss OO cuMTamich AIEKTPOONTHYECKHE MOIY-
JISITOPBI, CBSI3BIBAIOIIME ONTUYECKYI0 MOILIHOCTh I Ha
BXOIHOM | BbIxomHOM [(f) moprax DOM c ympasisio-
UM HaIpsbDKeHUueM Vi, cooTHoieHueM [3],

10 =201 ¥ (sinalli Vr+Vs W)} @)
z

rae o — BHOcuMBbIe motepu DOM; 1 — mapamerp, ompe-
nemseMblii ko3 duimerToM 3aTyxaHWS MOXYIATOpa
(1+m)/(1); Vp — HampspkeHHe cMemeHus; ), — momy-
BOJIHOBOE HAINPSHKEHHUE MOLYIIATOPA.

>

=0
iM-2 SO0M-2 @ 0B-2

Bemymuit O9OT"

22 | -2
X

[1OM-2

Brixox ODI'-2

Brixog OOT-1

Hanpasnennsrit

OTBETBHUTEIb TIOM-1
| HO "
= Benomsrit OO
l TIIID-1
y=p-—\ /@
TJIM-1 3OM-1

Puc. 3. CtpyxrypHas cxema OOI" ¢ HH)XEKIIHOHHOM
CUHXPOHU3aLUEN MO

[Tpu pazpaboTke asropuT™a BeraucieHuit L(f) yuu-
TBIBAJIOCH, YTO OTCYET OJHOCTOPOHHEH CIEKTpaJIbHOM
IDIOTHOCTH MOITHOCTH (Pa3oBeix mymoB O3I mpousso-
JUTCSL OT HECYLIEH YacTOTHI JIA3€pPHOTO UCTOYHMKA v. B
9TOM cily4ae, mpeHeOperas (eMTOCEKYHIHBIM MAacIITa-
O0oM m3MmeHennid [(f) W paccMmarpuBas ONTHYECKOE BO-
JIOKHO JIMIIb KaK JWHUIO 33JEPKKH PaguodacTOTHOTO
curaaia OOI Ha T4, MOKHO cuuTaTh, 9To v = (. Takoe
MpUOIMKEHHE I03BOJISIET CYHIECTBEHHO COKOHOMUTH
TEXHUYECKHE PECYPCHI M BpeMsl MoaenupoBanust L(f).

[Janee npu monenupoBannu L(f) cxem OOI o puc.
1-3 B KadecTBe MOJOCHO-TIPOITYCKAIOIIETO (QIIBTPa
(IIT1®) paccmarpuBaiicss GUIBTP € TOJIOCOU MPOIyCKa-
Hus ~10 MI'a. B coorBerctBuu ¢ (1) u (2) mis ykazaH-
HOTO MEXMOIOBOTO MHTepBana anuHa OB cocraBut
[=20m.
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KommeHcanust motepp cUrHana B IMTACCHBHBIX KOM-
MOHEHTaX cXeM puc. 1-3 W MenuakoHBEpTOpax METIH
obparHoii cBs3u OO obecrieunBanach JMHEHHBIMU yCH-
surensimu CBU-Y ¢ koaddunuentom ycunenus ~50 nb.

Hccnenosanue 3aBucuMoctd L(f) OHOKOHTYPHOTO
OOI' mpoBoguinochk Ha anuHax 3aaepkku OB 100 u
750 m. IIpu aToM paccunTanHast o dopmyie (2) SKBHU-
BasieHTHas no0poTtHOcTh OB-pe3onaropa cocraBisiia
1,58:10* 1 1,138:10° cooTBeTCTBEHHO.

®a3oBble NIyMbI 0JHOKOHTYpHOro O3I

Pesynprarel pacueTa OJHOCTOPOHHEH CIEKTpallb-
HOW TIJIOTHOCTH MOIIHOCTH (Pa30BBIX IIyMOB L(f) mms
nauaHoro tana OO u pazmumunbix 1ymmH OB [ ipencras-
JIEHBI Ha pHC. 4.
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Puc. 4. OmHOCTOPOHHSS CIIEKTpaIbHASI IUIOTHOCTh
MOIITHOCTH (a30BBIX IIyMOB L(f) omHOKOHTYpHOTO OO
npu [=100m—a; [=750M—-6

CpaBHHUTENIbHBIM aHANN3 MPEICTaBICHHBIX Ha
puc. 4 naHHbIX cuMynsiiud L(f) OHOKOHTYPHBIX CXEM
OOI" noareepixkaaer 3aBucuMoctH (2), (3) SKBUBaJIEHT-
HOW JOOPOTHOCTH M MEXMOJI0BOTO MHTEpBaJa Iapa3uT-
HBIX MO pe30Haropa Af OT JUIMHBI BOJIOKHA /.

®a3zosble myMbl O3 ¢ HHIKEKIIMOHHOI
CHHXPOHHU3a1Mei Mo/

Kak mokazanmu aBTops! [8], B3anmoneiicTBre Koje-
0aTeNbHBIX MPOIECCOB B METIISIX 00OpPaTHON CBS3H BEdy-
mero u BegoMoro OO MOXKET MPUBECTH K UX CHHXPO-
HU3aLUU U TIOJABICHUIO MAapa3sHTHBIX MOX B CIEKTPax
puc. 4. Ha cxeme puc. 3 Takoit 0OMeH dHEPTrUsIMU MO B
nemsix «master» U «slave» oOecriedynBaeTcs Harpas-
nenHbiM oTBeTBUTENEeM (HO). DTo Tak Ha3piBaeMas MH-
xekuuoHHas cBsizb (MC) konTypos OOI [8, 9]. Pesyib-
TaT pacueTa cnekTpos usnnyuenus OOI mo puc. 1 u 3, a
TaK)KE€ COOTBETCTBYIOLIETO pacmpeneneHus L(f) amus
cxembl OOI'-UC, npu mmHax OB B nepBoM U BTOpOM
KOHTypax, paBHbIX /;= 75 M. u [, = 750 M cooTBeTCT-
BEHHO, TpeicTaBieH Ha puc. 5. CpaBHHMBas IaHHbBIE

puc. 4 u 5, BUJMM CHW)KEHHE YPOBHS MAPa3UTHBIX MO B
cxeme ODI-UC ~10 gb.
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Puc. 5. OxHOCTOPOHHSS CHIEKTpaJIbHAS INIOTHOCTh
MOIIHOCTH (a30BEIX HIyMoB L(f) mo puc. 3

3ametnM nanee, 4to coracHo (2) u (3) mist  um-
Hbl OB [, = 750 M olieHKa SKBHBaJICHTHON TOOPOTHOCTH
konebarenpHoN cuctembl OOI Oyner

O=nfyt=1,138x10°.

C npyroii cTOpOHBI, aHAJIOTHYHAs OlleHKa J, MONy-
YeHHas U3 CIIEKTpOrpammsl puc. 4, 6 uzmyueHus OO -
UC, paBnas ~1,22><105, BIIOJIHE CONOCTAaBUMa C IPHBE-
JIEHHOM BBIIIE TEOPETUUECKON OLIEHKOM.

®a3zoBblie LyMbl O3I' ¢ MHOTOKOHTYPHOM
CHHXPOHHM3ALUEH MO/

Paccmorpum panee pesynbrarel pacdera L(f) OO
(cM. puc. 2) ¢ AByMs pe30HAHCHBIMH KOHTYPaMH, U3TO-
tToBiieHHbIMHA U3 OB ¢ gmunamu /1= 83 m u L= 414 m.
Pacuernsiil cnextp nznyuyenus O3I ¢ oguHOUHBIM OB-
pe3oHaTopoM mpHBeneH Ha puc. 6. Ha Hem xopormio
BUJIHBI TApa3UTHBIE DKBHIUCTAHTHO PACIOJIOKEHHBIE
MOJbl. 3JHaYEHHE MEKMOAOBOTO HHTEpBaja COOTBETCT-
ByeT ¢opmyne (3) u paBHO Af =50 xI'1I.

-90 |
= OIHOKO! Hadg

N =TT ABYXKOHTYpHAd
-110 )y

. e

-150

YpoeeHb ha30BbIX IIYMOB, 1BH/1

-170
1 10 100 1000 10000
YacToTa OTCTPOHEN, K[ 11
Puc. 6. OnHOCTOPOHHSAS CHIEKTpanbHasl INIOTHOCTh
MOIIHOCTH (pa30BbIX 1yMoB L(f) o puc. 1 u 2

O1neHKy HarpyXeHHOW HOoOpoTHOCTH () pe30HAHC-
HOH CHCTEMbI paccMaTpHBaeMOrO T€HEepaTropa MOXHO
MOJyYUTh O IIHUPUHE PE30HAHCHBIX NMUKOB CIIEKTPAJIb-
HBIX pactpenenenuid (puc. 6). DTH ke JaHHBIE COnep-
JKaT KPUBbIE OJHOCTOPOHHEHN CIEKTPaIbHOM MIIOTHOCTH
MouHocTH (azoBbix mymoB L(f) Ha puc. 4-6. OOuie-
MIPUHATOH 371€Ch sBNgeTcs annpokcumarys /1. Jlncona:
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2 2

&)
rae fo — UeHTpanbHas 4actora; G — KOd(QPUIHEHT ycu-
JICHUs] aKTHBHOTO mpubopa; F — Kod(pQHUIHUEHT Iryma
aKTUBHOTO mpubopa; k — mocrosHHas boneimana; T —
abcosroTHas Temrieparypa; P — HOMHWHajbHas MOIL-
HOCTb, IIOJIBOANMAs K PE30HATOPY; f, — BEPXHsS I'PaHHU-
1a UINKKep-1IyMOB.

U3 (5) cnemyer, uro B 3aBHCUMOCTH L(f) MOXHO
BEIJICIATh HECKOJIBKO XapaKTEePHBIX OOJIacTel, B KOTO-
pBIX KpuBas L(f) anmpoKCHMEpPYETCs CIATaroIIMH C
YaCTOTOW JIMHUSAMH, XapaKTePH3YIOIIUMHUCS HAKIOHOM
cootBercTBeHHO —30, —20, —10 1 0 mermben Ha AeKaxy.
U3 (5) MOXXHO BHIETh, YTO TEPECEUCHHUE MEPBBIX JBYX
NPSIMBIX HAOJIIOAAETCsl HA YacToTe f,, & BTOPOM M TPETh-
el — Ha vactote fo/2Q. Yka3aHHBIC COOTHOIICHUS JAI0T
BO3MOXXHOCTh OLICHKH TIpaHHIlbl (ukkep-rymoB OOT,
a TaKkXKe Harpy)KeHHOU 1oOpoTHOCTH () €ro pe3oHaropa
10 SKCIIepUMeHTanbHOM KpuBoi L(f). Tak, Hampumep,
u3 rpaduka puc. 6 caenyer, uro f,=2,1-10* T'u, a Bermu-
guHa fo/20 = 1,7-105 I'u. Orcroma s f0210~109 I'o
nonyunm Q = 2,94-10",

C mpyroii CTOpOHBI, pacdeTHOE 3HAYCHHWE Harpy-
KEHHOW J0OpoTHOCTH AByXKOHTypHOro OOJI' ompene-
JIeTCS Kak cpemHee apupMeTHIecKoe T0OpPOTHOCTEH
00oux KOHTYpOB [5, 7]. Ans maHHBIX pHUC. 6, BOCHIOIB30-
BaBIIUCh (2), monyuuM ouenky O0=3,7-10*, 6mmskyro k
CETIaHHOM BHIIIIE.

3akaouenue

[IpencraBneHHble BBINIE PE3YJIBTAaTHl PACUETHBIX
HKCIIEPUMEHTOB II0Ka3aly aJeKBaTHOCTh pa3paboTaH-
HBIX NPOTPAMMHBIX MOJIENIeH, a Takke 3(PPEeKTUBHOCTD
MOJABIICHUS MApPa3UTHBIX MOJ B ONTOIJIEKTPOHHBIX
CBY-aBroreneparopax ¢ HMOMOLIbI0 HHXEKIMOHHOW M
MHOTOKOHTYPHOH CXEM.

[Ipu 3TOM JydmIue pe3yapTaThl IOKAa3hIBAET HHKEK-
nuonnast cxema OOI. B coorBerctBum ¢ (2) 31ech, MO
CPaBHEHHIO C JBYXKOHTYpHBIM T'€HEpaTropoM pHC. 2,
o0ecrieunBaeTCsi BHIMIPHINI { B Harpy:KeHHOH 100poT-
HOCTH OINTOBOJIOKOHHOTO PE30HATOPA, PaBHBIN

€=2lmax /(Imin +Imax) » (6)
TI€ /min ¥ Imax — AuHBI BoslokoH OB n OB, B KoHTYypax
cxeMm puc. 2, 3.

OTcrona ciemyer, 9To MakCuMyM (—2 JOCTHTraeT-

s Tipu OOJIBIIOM PA3THUYNH B [UIMHAX BOJIOKOH.
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M.IO. Kataes, A.K. JlykbsiHOB, S. Maksyutov

MoancuumMpoBHHLIN MeTOA SMNUPUYECKUX OPTOroHasrbHbIX (hyHKLMIA
BOCCTaHOBIIEHUA ob6Lero cogepxaHusi yrinekucrioro rasa

N3 CNYTHUKOBbLIX AAaHHbIX

PaccmatpuBaercs MomuduKanus METOAa SMIUPHUUECKIX OPTOrOHaNbHBIX QyHKIMK (DOd) misa pemeHus 3aga4n Boc-
CTAHOBJICHHS! OOIIEro COJEPKaHUs YTJIEKHCIOTO Ta3a 10 pealbHbIM JaHHBIM H3MEPEHHI CIyTHHKOBBIM IIPHOOPOM
GOSAT. Moaudukanus 3aKII049aeTcs B ydeTe CHHTYJISIPHOTO Pa3JIoKEeHUs He TOIBKO MAaTPUIIEI H3MEPEHHBIX CUTHAIOB
(OCHOBHOH ITOJX0]T), HO TAKXKe MAaTPHUILI OOIIETO COACPKaHUs yIIICKUCIIOro ra3a (Mogudukanus). [IpuBoases pe3ynsb-
TaThl 00pa0OTKY OCHOBHBIM U MOJU(ULIUPOBAHHBIM METOIOM SMIIMPUYECKUX OPTOTOHAIBHBIX (DYHKLIMHA TaHHBIX H3Me-
PEHHBIX CITyTHUKOBBIX CIIEKTPOB OTPA)KEHHOT'O OT IIOBEPXHOCTH COJIHEYHOTO M3iy4eHus B OuvokHelt MIK-obnactu criek-
Tpa s cranuun Lamont Hazemuoii cetu TCCON u3mepenus odmero conepxanusi CO,.

KiroueBble ciioBa: armocdepa 3eMiH, Ta30Bbli COCTaB, JUCTAHIMOHHBIC CIIyTHUKOBBIE METO/BI, OTPaXXEHHOE OT I10-
BEPXHOCTH COJIHEYHOE U3iyueHue, Pypbe-CeKTPOMETP, SIMIIMPHIECKUE OPTOrOHAIBHBIC (DYHKIIIH.

doi: 10.21293/1818-0442-2016-19-4-87-90

W3BecTHO, uTO HAONIOMACMbIC U3MEHEHHS KIIMMAaTa
CBSI3aHbI C €CTECTBEHHBIMU M aHTPONOTeHHBIMHU (haKTo-
pamu. Pasznenenue Bkiiafia 3TUX KOMIIOHEHT B 0OIeM
mpoliecce — BaKHEWIIas 3ajada, KOTopas HMPUBOIUT K
HEOoOXOIMMOCTH TPOBE/ICHHS TNI00ATILHOTO MOHUTOPHH-
ra napaMeTpoB armocdepbl 3eMin, Cpeiid KOTOPhIX Ha-
XOIATCS M Takue mapHUkoBbie rasbl, kak CO, u CHjy.
ITomumo mepBOHM, Ba)KHOW SBISIETCSl 3ajlaua OLEHKU
BKJIaZia B ()OPMHPOBAHUE KIMMATa IOJCTHIAIOIICH MO-
BEPXHOCTHU U TPOLIECCOB 0OMEHA BBIJIEISIEMBIX €10 ra30-
BBIX KOMIIOHEHT, K KOTOPBIM Takxke oTHOCcsATCs ra3el CO,
u CHy. [Insg perneHus BBIIEH3I0KEHHBIX 33/1a9 OLEHKH
M3MEHEHHH KJIMMara MPUMEHSETCS TTOIXO/, CBSI3aHHbIH
C Pa3pabOTKOW PA3IMYHOIO Pojia KIMMATHYECKUX MOJie-
neit (manpumep, NCAR Community Climate Model
(CCM) [www.cgd.ucar.edu/cms/ccm3]), anst pa3pabor-
KU KOTOPBIX TPEOYIOTCSl NMPOCTPAHCTBEHHO-BPEMEHHbIE
JIAHHBIE COCTABJLIOIMX arMocdepbl (MeTeoposoriye-
CKH€, Ta30BbIC U a3PO30JIbHBIE COCTABIISIONINE), JaHHbIE
0 MOBEPXHOCTH 3eMin U jp. TOJBKO CITyTHUKOBBIE MPHU-
OOpEI MO3BOJISIOT MONYYaTh PEryJsSPHBIC MO0 BPEMEHU U
MIPOCTPAHCTBY 110 BCEH MOBEPXHOCTH 3eMIlH, H3Mepe-
HUSI KITMMATO00PAa3y oKX MapaMeTpOB.

OmHrM W3 Takux mpubopoB sBusercs Dypbe-
cnekrpomMeTp cperanero paspemenust GOSAT, ycTaHoB-
JICHHBI Ha CIYTHHKE SIMOHCKOIO KOCMHYECKOTO areHT-
crBa IBUKI [www.gosat.nies.go.jp/en]. AHaJlOTHYHbIC
N0 XapakTepucTukaMm sBistorcss npuboper: OCO-2
[oco.jpl.nasa.gov], Sciamachy [www.sciamachy.org], u
IASI [iasi.cnes.fr/fr].

TexXHOIIOTUN TIPOBEJCHHUS YHHUKAJIBHBIX HAYYHBIX
9KCIIEPUMEHTOB U3Y4EHHs aTMOC(EPHI CO CITyTHHUKOB C
LIEJIBIO ONPENENICHHs €€ MapaMeTPOB pa3padaThIBAIOTCS
yxke Oomee 50 met. 3a 3TO BpeMs IMOIyYeHBI MPHOOPHL,
KOTOPBIE TO3BOJISIIOT MPOBOAUTH U3MEPECHHUS M3Iy4CHHS
B YNBTpaMOIETOBOM, BUANMON, HHPPAKPACHOH U MHUK-
POBOJIHOBO# OOJNACTSAX CIEKTpPa C BBICOKMM KaueCTBOM,
MIPOCTPAHCTBEHHBIM M CIEKTPAIbHBIM pPa3pelIeHHeM.
Uucino CreKTpalibHBIX KaHAJOB OT MEPBBIX CIYTHHKO-
BBIX NMPUOOPOB JIO TOCIEAHUX BO3POCIIO B THICSUH pa3,

YTO TO3BOJIIET BOCCTAHABIMBATH MapaMeTphl atMocde-
PBI C BBICOKOM TOYHOCTBIO IT0 MIPOCTPAHCTBY M BPEMCHH.
OpHako OOJBIIOE KOJIMYECTBO MOCTYMAIOMNX JAHHBIX
MIPUBOIUT K HEOOXOMUMOCTH MX HaKalIMBaTh U 00pada-
ThIBaTb, YTO MNPCABABJIACT ocoOnIe Tpe6OBaHI/lﬂ K METO-
JlaM 00pabOTKY M BBIYHCIUTEIBHBIM cpeacTBaM. C pas-
BUTHEM IPUOOPHON 0a3bl CHYTHHKOBBIX HW3MEPEHUM
pa3BUBAIOTCS W METOABI 0OPaOOTKU HOBBIX ITOIXOJOB,
HOBBIX TIPOTPaMMHBIX IpwiokeHuid. [ToaTtomy mpema-
racMasi B CTaTbe MOMU(UKAIMS METOIa pPEIICHUs 00-
paTHO 3aJa4d BOCCTAHOBJIICHHS OOILNETr0o COACpIKAHUS
MAPHUKOBBIX Ta30B IO NAHHBIM CITyTHUKOBOro ®dypbe-
CIIEKTPOMETpA SBISIETCS BEChMa aKTYaIbHOM.
H3BecTHBIC NOAX0/ABI pelIcHUs 00PATHOM 3aJa4K
Mopgenp u3MepeHuid, onpeaesomas IpsMyo 3a-
Jady, B OOIIEM BHJE MOXXET OBITh IpEICTaBIIEHA Cie-
JYIOLIUM BBIPAXKCHUEM:
S=F(w,b)+e¢, @))
e S — BEeKTOp U3MEPEHHBIX CO CITyTHHUKA MHTEHCHBHO-
CTeH OTPa)XEHHOTO OT IMOBEPXHOCTH CONHEYHOTO H3IIY-
yenusi; F — omeparop mpsiMoi 3ajaud, Kak IpaBHIIO,
HEJIMHEWHBI;, W — BEKTOp HCKOMBIX IapameTpoB (B
HallleM citydae olliee cojiepkaHie MapHUKOBBIX Ta30B),
b — BekTOp MemawmuUX mapameTpoB atMocdepsl (3TO
3(h(}EeKThl MHOTOKPAaTHOTO PACCEsIHUsI, TEePEOTPaKeHHUs
0T 00Ja4YHBIX 00pa30BaHUiA, adPO30JIbHBIC CIIOH H JIp.);
€ — BEKTOp IIyMa U3MEPUTEIHHOTO Iprbopa.

OO0patHas 3amava 1mo oTHomeHHoO K (1) 3axmoya-
eTcs B HAXO0XKJCHUM OLIEHKU BEKTOPA W IIPHU U3BECTHOM
BekTOpe b 1o u3MepeHHbIM curHanam S (Y4uTbIBast BbI-
cokoe oTHomeHue curHan/mym > 100). M3BectHble
noaxonsl [1-8] k pelieHuro OOpaTHBIX 3ajad aTMo-
cepHOil ONTHKHM OCHOBBIBAIOTCS Ha PELIEHUH oOpart-
HOH 3a/1a4y METOAOM HaMMEHBUIMX KBaJpaToOB IIPH ycC-
noBuu JmHeapuzanuu (1). B atom ciryyae npsimast 3aza-
4a MOXKET OBITh IIPE/ICTAaBJICHA B BUJIE

S =Aw 2)
WIH
0S=Adw, 3)
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3Iech A — MaTpulla BECOBHIX K03(PHUINEHTOB,
0S=S—-So — BexTOp BapualUil U3MEPSAEMOr0 CUTHaJIA
OTHOCHTEJEHO MOJIENBHOTO, IIPU 33JaHHOM alipHOPHOM
3HAUCHUH MCKOMOTO IIapaMeTpa wo, OW =W — W0 — Bek-
TOp BapHalWii HCKOMOIO IlapaMeTpa OTHOCHUTEIBHO
anpUOPHOTO 3HAYCHMUSL.

W3zecTHO, 4TO GONBIIMHCTBO U3MEPHUTEIBHBIX 3a/1a4
NIPUBOAAT K HEKOPPEKTHBIM OOpaTHBIM 33/1a4aM BOCCTa-
HOBJIEHHSI HCKOMBIX ITapaMeTPOB, YTO BBIHYKAAET IpHU-
MEHATh COOTBETCTBYIOIINE MAaTEMaTHYECKHE METOIbI.
[pu pemennn oOpaTHO# 3a1a9u TSI HEMHHEHHOTO BHIA
npsiMoit 3amaun (1) MPUMEHSIOTCS BapHUAIlIOHHBIE aJro-
PHUTMBI, MUHUMU3UPYIOLINE PA3INYHOTO POAA LIEJIEBBIC
GbyHKIUH:

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 anpuopHoii mH(popMarmm 00 oO0meM comepKaHuN
MCCIIeyeMOro rasa.

Otmernm, uto 11 ciay4dast (2), (3) Beipaxenus (4)
u (5) HEe OyOyT MEHAThCS, TONBKO BMecTo F(w,b) Oynmet

cToaTe Aw (uiau Adw ). TouHOCTH perieHus 3amad (4),
(5) 3aBHCHT OT OJIM30CTH 3aJaHUSI HAYAJIBHOTO MPHUOJIH-
KEHUst WO K TOYHOMY peleHuto. Kak npasuio, peie-
HHE 3THX YPaBHEHUH NPUBOAUT K UTEPALOHHBIM aJro-
pUTMaM, KOTOpBIE SBISIOTCS BEChbMa 3aTPAaTHBIMHU 110
CBOUM BBIUHCIIMTEIIFHBIM pecypcaM u TpeOyroT IpumMe-
HEHHS CIIEU(PHIECKIX METOIOB PEIICHHS, yIUTHIBA,
YTO BO3HHUKAIOIIME TPU PEUICHUH MATPHIBI SBISIOTCS
Ooxnpmioro pasMepa (Hampumep, UIS CIIyTHHKOBOTO
npubopa GOSAT uuncio CHeKTpabHBIX KaHAJIOB CO-
crasiseT 80000).

Hamu panee ObUT peAsioxKeH MPOCTO U HE pecyp-
COEMKHH B BBIYMCIIUTEIBHOM ILIaHE 1oaxoa, OCHOBaH-
HBI Ha METO/IE AMITMPUYECKUX OPTOTOHAIBHBIX (DYHK-
uui. OCHOBHOUM BapuaHT, mpejiokeHHblii B [10], yc-
MEeMIHO I03BOJISIET B MUHHMMaJIbHOE BpeMsi oOpadarsl-
BaTh OOJBIIE MacCUBHI u3MepeHuin mpudopa GOSAT.
OpHako, UMeeTcss BO3MOXKHOCTH TIPOBECTH MOAM(UKA-
IIUI0 3TOTO METONA, YTO JAacCT BO3MOXKHOCTH IIONYYHUTH
Ooee TOUHOE pelIeHne OOPATHOM 3aJadH.

Mopandpukanus MeToga onpeaeJeHus 00mero
cojiepKaHusI

I'TaBHBIM OTJIMYHMEM TIpeaiaracMoil MoIuGbUKAILMN
OT OCHOBHOT'O METO/Ia SIBJISIETCSI CHHTYJISIPHOE PasJioiKe-
HUE HE TOJILKO MaTpHUIlbI HSMGPCHHﬁ, HO W Marpulbl,
coJieprkalleil o0liee colepIKaHne YIIIEKUCIIOro rasa.

Momudukanuio paHee HPEIUIOKEHHOTO HaMH Me-
TOJa, paHee IpeAcTaBleHHOro B paborax [10-12],
MOXHO IPEACTaBUTh HECKOJIBKUMH IIaraMu:

IIAT 1. Beruncnenne KOBapHAIIHOHHBIX (YHKIINI:

Oobmee conepxanme

C,,=AWAW! /N, AW=W-E(W).
M3mepeHHble curHalibl
C,=ASAS” /N, AS=S—E(S).

LIIAT 2. BpluncieHue CUHTYJISIPHOTO Pa3loKEHUs
SVD

T T
C,=U,A, Uy, C=UAUs,
U, U” - cobereennbre BEeKTOpa U A — cOOCTBEHHBIE

3HAYCHUS.
LIAT 3. Beruucnenue koapdunueHroB 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 matpuua U — cuMMeETpHUYHa.
IIpennonoxus JIMHEHHYIO 3aBUCUMOCTb MEXKIY
koapdunmenTamu A u B B Bume A=DB , noMHOXHUB

cieBa B:ASUZw Ha D, nonmyyum DB:DASUST TOra
AWUT =DASUT | orxyna
AW=U,,DASU! .

LIAT 4. Beraucnenue o0miero coaep kanus
W=E(W)+U,DS-ES)U..
Marpuua npencraBuMa B BUIE
p=AB” BB”)!.
Torpa mosiydaeM OKOHYATEILHOE BBIPAXKCHUE IS
orpe/ieNieHUs] OOILEro COACPKAHUsI ra3a, KOTOpOe CBS-

3bIBAET CHHTYIIIPHOE PA3JIOKCHNE KaK BEKTOpa OOIIEero
COZIepKaHus, TaK U MAaTPUILBI CUTHAJIOB

W=E(W)+U,AB” (BB" )" /(S—E(S))UT .

Panee HaMU HCIIOJIB30BAJIOCH CUHTYJISIPHOE Pa3iio-
JKCHHE TOJIBKO MAaTPHIIEI CUTHAJIOB.

Pe3ynbTaThl CpaBHEHHSI OCHOBHOI'O 1
MOIM(PUIMPOBAHHOI0 METO0B

s mpoBepku pabOTOCIIOCOOHOCTH MOIU(PHUIIUPO-
BanHOTO Metoma DO®, npencraBieHHOro maramMu 1-4,
HaMH BBITIOJHAJIOCH pelleHne OOpaTHOW 3amavyd B He-
CKObKO 3TarnoB. Ha mepBom sTtame mpoxoxmno obyde-
HUE — [IOJIy4E€HUE 3HaYeHU Matpul A u B U1 AaHHBIX
ypoBHs 00pabotku L2 GOSAT (3HaueHus oOmiero co-
nepxxanust CO,), a 3aTeM, Ha BTOPOM dTare, MPoXoauia
00paboTKa M3MEPEHHBIX MaHHBIX ypoBHI L1 GOSAT
(HeTmoCpeICTBEHHO M3MEPEHHBIC CUTHANBI). J[rHA BEHI-
O6opku nmamHbix it cranmud  TCCON  Lamont
[https://tccon-wiki.caltech.edu/Sites] u GOSAT papasi-
nmace omHoMy roxay. Jammueie m3mepernit GOSAT Opa-
JUCh U3 mowaau 1x1 rpagyc ¢ LEHTPOM B CTaHLMH
Lamont. [Tocne oOy4eHus u pemeHns 0OpaTHOM 3a1auu
CTaHAApPTHHIM W  MOTU(UIMPOBAHHBIM  OIXOAAMH
30, pe3ynpTaThl BOCCTAHOBICHHOTO OOIIEro coiep-
xaansg CO, CpaBHUBAIUCH CO 3HAYCHUAMU IS CTAHIINU
Lamont. Ha puc. 1 moka3aHo cpaBHEHHE M3MEPEHHBIX
Ha craHiMu Lamont W BOCCT@HOBJIEHHOrO OOLIEro co-
nepxkanuss CO, 1O JaHHBIM CITyTHHUKOBOTO HpubOopa
GOSAT (cm. puc. 1, a) U OTKIIOHEHUE ITHX 3HAUCHUMA
Ipyr ot apyra (cm. puc. 1, 6). U3 pucyHka BUAHO, YTO
omIMYHe OOIIEro cofep)kaHus s cTaHmuu Lamont u
BOCCTAHOBIICHHBIX II0 CITyTHHKOBBHIM HaHHBIM HE TIpe-
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BOCXOIHT 4 ppm, 4TO cocTaBisieT okono 1% ot Bennyn-
HBI OOILETO CollepIKaHMs, KOTOPOE MEHSIETCS B IpeAeax
390405 B Teuenue roma (cm. puc. 1, a). OcHoBHAsI Mac-
ca 3HAYCHUIl BOCCTAHOBIICHHOTO OOIIEro COIepKaHUsI
CO, cocpenoroueHa B Auamnasone 2 ppm (cM. puc. 1, 6).
Haz[o OTMETUTD, YTO 3HAYUTECIILHOI'O YJIYYLIICHUA B TOY-
HOCTH pelleHns] 00paTHOM 3a/ja4u He MPOU30LLI0. DTO
MOXHO OOBSICHUTH HaJMYHMEM MHOKECTBA MEILIAIOUINX
(aKTOpOB, KOTOpBIE HAJ0 YYUTHIBATH IIPH PELICHUH
oOparHOH 3a/a4M, HalpUMep, ONTHYECKas TOJIIa a3po-
30JI4, YO HAONMIONEHHS M OCBEIIEHHOCTH MSATHA 0030-
pa, obmee comepkaHue BIaXXKHOCTH, penbed u nmp. Ox-
HUM K3 MelammMX (akTopoB SBISETCS ONTHYECKAs
TOJIIA a3p030Jisi, OCOOEHHO B CpeJHel yacTh armocde-
pbl, KOTOpas BHOCHUT OCJa0JEeHHE B MPOXOAsAIIEe COJl-
HEYHOE M3JIy4YE€HHE, HO TPYAHO KOHTPOJIHUPYETCS BBUIY
MaJIOCTH U UMEET CE30HHYI0 BaprabeabHOCTh [9].
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Puc. 1. CpaBuenue u3mepennsix Ha ctanuu TCCON Lamont
1 BOCCTAHOBJIEHHBIX 001uX copepkanuit CO, Mo JaHHBIM
cnytHHKOBOTO Iproopa GOSAT (a) 1 OTKIIOHEHHE ITHX
3HAa4YEeHUH APYT OT Apyra (6)

Jlnst Oomplielt HATISAHOCTH HA pPUC. 2, @ U 3, a
MIpUBENIeHbl Tpa(UKH CpaBHEHHs OOLIETO COMIEpKaHUs
CO, s cramumu Lamont ¥ BOCCTaHOBJICHHOIO IIO
JaHHBIM cHyTHHKOBoro mnpubopa GOSAT B ortHOCH-
TEJIBHO APYT OT Apyra Buze. Ha puc. 2, 6 u 3, 6 npuse-
JIeHBI OTKJIOHeHMs obmiero copepxxkanust CO, mis craH-
muu Lamont 1 BOCCTaHOBJICHHOTO O AAHHBIM CITyTHH-
KOBOTO TpuOopa B BuAe ructorpamm. CpaBHHUTEITBHBIN
aHaJ M3 THCTOTPAMM IIOKa3bIBAET, YTO B CJIydae MOJH-
¢dunEpoBanHOro Merona (cM. puc. 3, 6) YHCIO OTKIOHE-
HMH, ONM3KUX K NaHHBIM Lamont, sBisgeTcs HanOOJIb-
LIEM 10 CPaBHEHHIO C OCHOBHBIM METOJIOM (YHCIIO 3Ha-
yeHHil B pailoHe Hyns). Eciu 11 ocHOBHOro meroza
CTaHAapTHOE OTKJIIOHeHHue cocTasisier 0,7 ppm, To ajs

MOAU(DUIUPOBAHHOTO METOA CTAHJAPTHOE OTKIOHEHHUE
cocrasysiet 0,58 ppm.
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M BOCCTaHOBJICHHBIX 00X conepxkanuii CO, 0 TaHHBIM
cinytHHKOBOTO Tiprbopa GOSAT (@) 1 OTKIIOHEHHE STHX 3Ha-
YEeHHUH JpyT OT ApyTa B BHJE THCTOIPaMMBI (0) ISl OCHOBHOTO
meroa 20D
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Puc. 3. CpaBaenne m3mepeHHbIX Ha ctanimu TCCON Lamont
1 BOCCTaHOBJICHHBIX 001X conepxanuit CO, 10 JaHHBIM
ciytHHKOBOTO Iprbopa GOSAT (a) u oTKIIOHEHHE HTHX
3HAYEHHUHl APYT OT Jpyra B BUJE TUCTOrpaMMBbl (6)
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3akarouyeHnue

IIpoBeneHHBIE B CTaThEe MCCIEIOBAHMSA IOKA3bIBA-
FOT BO3MOYKHOCTH BOCCTAHOBJICHHUS OOIIEr0 COAEPIKaHM
CO, 1o runepcneKTpasbHbIM U3MEPEHHSIM OTPAKEHHO-
IO COJIHCYHOI'O M3JIyYCHHS MPH PEIICHUH 3a7a4 MOHH-
TOPUHTa OKPY)KAIOIICH CPelbl CIIyTHUKOBBIMU IMPHOO-
pamu B Onmxaeit UK-o6nactu cnekrpa. PaccMoTpennas
B CTaThe MOJM(PHUKALNSI METOIA IMITUPUICCKHX OPTOTO-
HAIBHBIX (QYHKIMIA 00paOOTKH JMaHHBIX CITyTHUKOBBIX
M3MEPEHUH MOXET OBITh NMPUMEHEHA IS IOJYYCHUS
JIOCTOBEpHOH HWH(OPMAIMK O BPEMEHHOM MOBEICHHU
o0ImIero comepkaHus YrIEKUCIOro ra3za. Hecmorps Ha
OTCYTCTBHUE SIBHBIX MPEUMYIIECTB MOAN(DHUIIUPOBAHHOTO
METOJ[a, €r0 TOYHOCTH B IIEJIOM ITOBBICHIIACH, YTO T'OBO-
PUT O BO3MOXKHOCTH HCIIOJIB30BaHMS HMEHHO 3TOTO B
JIANTbHEHIINX MacCOBBIX 00pa0OTKax AaHHBIX CIYTHH-
koBoro ®dypwe-ciektpomerpa GOSAT. IlpoBeneHubie
YHCJICHHBIC YKCIICPUMEHTHI TIOKA3aJIH, YTO OTKJIIOHCHHE
MEX]y NaHHBIMH BOCCTAHOBJICHHBIX 3HAUCHHI OOIIETO
coaepxkanus CO, cO CIIyTHUKA U JaHHBIMU Ha3eMHOU
cranun TCCON Lamont 3a AJIMTENbHBINA IPOMEKYTOK
BpPEMEHH COCTaBJIsIeT He 0oJjiee OMHOTO IMPOIEHTa. JTO
MO3BOJISIET TOBOPUTH O BO3MOXXHOCTH TIPUMEHEHUS pas-
paboTaHHOTO MeTOoda I MAaccoBOM 0OpabOTKH CITyT-
HUKOBBIX JAaHHBIX, HOTy4eHHBIX mpubopom GOSAT, a
TaK)K€ MHOTUMH JPYTUMH MOJA0OHBIMU IPHOOpaMHU.

HccnenoBanue BBIMOJIHEHO NP (PUHAHCOBOW IOA-
nepxke POOU B pamkax HaygHoro mpoekra 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 MOLWHOCTUN KaHaNoB NnNpu HeOpToroHasyibHOM

MHoXecTBeHHOM goctyrne NOMA

IMpeioKeH alropuT™ pacieTa KaHaIbHBIX KOI(P(UIHEHTOB MOIIHOCTH B HEOPTOTOHAIEHOM METO/IE MHOXKECTBEHHOTO
OCTyma. AJTOPUTM MO3BOJBSIET PaccYUTaTh KOI(PPUIMEHTH MOLIHOCTA HA OCHOBE alPHOPHOI MHPOPMALUK O KaHaje
pacrpocTpaHeHHs | 3arnpoca Ha 00ecrleyeHne MPOITyCKHOM CIToCOOHOCTH KaHana. [IpojeMOHCTpUpOBaH pe3yibTaT Ma-
TEMATU9eCKOro pacyera Ko3(GQUIEeHTOB MOIHOCTH JUIsi HECKOJIBKUX CIICHAPUCB OpraHU3alliy KaHaa CBs3U. Pe3yIb-
TaThl pacyeTa MOKa3ald, YTO METOJ] HEOPTOrOHAJIBHOTO MHOXECTBCHHOTO JIOCTyMa OOCCIEYHMBACT JYUIIYI0 MAaKCH-
MaJIbHYIO IIPOMYCKHYIO CIIOCOOHOCTh KaHAJIOB, YeM METO]I OPTOTOHAILHOIO MHOXECTBECHHOTO JIOCTYTIA.

Kirouessble ciioBa: NOMA, OFDMA, SCMA, PDMA, pacnipenenenue MoutHocty, SG.

doi: 10.21293/1818-0442-2016-19-4-91-94

Meton HEOPTOTOHAIBHOTO MHOXKECTBEHHOTO J[OC-
tyna NOMA (Non-orthogonal Multiuser Access) npu-
3HaH pa3paboT4YMKaMM CHCTEM CBSI3M OJHUM H3 Iep-
CIICKTHBHBIX METOIOB MHOXECTBCHHOTO IOCTYyMa JUIs
HCIIOJNB30BAaHUS B CHCTEMax CBSI3U IISITOTO MOKOJICHHS.
CrnencTBreM HEOPTOTOHAIBHOTO YIDIOTHEHUS KaHAJIOB
SIBIISICTCST MEKKaHANbHAs mHTepdepeHuns. B Teuenme
2014-2016 rr. OBIIO OIMYOJMKOBAaHO HECKOJBKO PadOT
[1-6], mocBsmeHHBIXx MeTomry NOMA © TepcreKTHBe
€r0 MCIOIB30BAHMS, HAPSILy C METOIOM MHO)KECTBEHHO-
TO JOCTyHma Ha OCHOBE pa3pexkeHHBIX KomoB SCMA
(Sparse Code Multiple Access) [7, 8] B cucremax cBs3H
msitoro nokosieHus SG. I1o oreHke 3apyOeKHBIX aBTOPOB
U Hamed coOCTBEHHOH, MOJyYeHHOW Ha OCHOBaHUU
pe3ynbraroB MoaeiaupoBanusi, metoq NOMA crnocobeH
TEOPETUYCCKH YBEIMYHUTh CIIEKTPAIBHYI 3PQPEKTUB-
HocTb Ha 50% otHocutrensHo OFDMA [9] yxe npu
MYJIBTUILUICKCHPOBAHUHM JIBYX KAaHAJIOB. YBEIWYCHUE
KOJTMYECTBA KaHAJIOB BENET K emle OONbIIeMy pPOCTY
CHEKTpaNbHOW 3(p(PeKTHBHOCTH BMECTE C POCTOM BEI-
YUCITUTETHHOHN CI0KHOCTH U CJIOKHOCTH PEaji3alliu.

CHCTEeMHBIN BBIUTPHIII MHOKECTBEHHOTO JIOCTYyTIa
NOMA 3akmogaeTcs B BO3MOXKHOCTH pa3sMEIICHHS
OopIle OFHOTO TIONB30BATENS B EOUHOM YacCTOTHO-
BpemMeHHOM pecypce (UBP). Dto nemaer BO3MOXKHBIM
OpraHmu3anuro CBsA3U C 60J'lbLLII/lM MaKCUMAaJIbHbBIM YHUC-
JIOM a0OHEHTOB, YEM B CETAX 4-r0 MMOKOJEHUs, UCIIOb-
sytoux Merog OFDMA.

YBenmu4eHUe CIEKTPaTbHOW A(PQPEKTUBHOCTH U
YBENIMYEHHE MaKCHMAaJbHOTO KOJMYECTBA IOJIH30BaTe-
Jiel Ha eIUHUITY YaCTOTHO-BPEMEHHOTO pecypca TOCTH-
raercs IMyTeM BBEICHHS IOMOJHHUTEILHOTO JOMEHA IS
MYJIBTHUILICKCHPOBAHUS KaHAJOB — MOIIHOCTH. [lomp30-
BaTeNbCKUE KaHAIBl (PU3MUECKU pa3sMemaloTcs B eAu-
HOM YaCTOTHO-BPEMEHHOM pecypce, HO MMEIOT OTINY-
HYI0 JIpyT OT JIpyra MOIIHOCTb. Pa3nuuue MynbTUILIEK-
CHpOBaHMsI Ha npuMepe 4 IMoJb30BaTENLCKUX KaHAJIOB
OFDMA u NOMA npexcrasieno Ha puc. 1. B OFDMA
KKl KaHAJ 3aHUMaET olpeeieHHbli cermeHT YBP,
a B NOMA B oanom cermente UBP moxer onHoBpe-
MEHHO MPHUCYTCTBOBAaTh HECKOJBKO ITOJIb30BATEIBCKUX
KaHAJIOB C OTIIMYHOW IPYT OT APYra MOIIHOCTBIO CHUT-
HAJIOB.
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— Kanan 1 — Kanan 3 Hacrora
— Kanan 2 — Kanan 4

Puc. 1. MynbsrunnexcupoBanue OFDMA u NOMA

MomHOCTB, KOTOpast BEIICTSIETCS KAKIOMY KaHAIY,
oTIpeneNseT MOMeX0yCTOHYMBOCTh KaHalla U €ro MpoIy-
CKHYIO criocoOHOCTh. KoppekTHBIH pacdeT KaHaIbHOM
MOIITHOCTH SIBIISIETCSI OMHUM U3 BaKHEHIINX KPUTECPHEB
s dexrunoit paborst NOMA-cucrembl. B 3apy0ex-
HbIX BcTouHuKax [10] mpemmaraeTrcs pacueT ko3 urm-
€HTOB MOIIHOCTH, ONHUPAasiCh Ha COOOpa)KeHHE MaKCH-
MHU3aI[MM CyMMapHOH CKOPOCTH Tepeladd NaHHbIX. B
HACTOSIIICH CTaThe MPeIaraeTcsi PaCCYMTHIBATH MApPIU-
aJBHYI0 MOIITHOCTH KAHAJIOB, OMUPAsICh HAa BBHIIIOJTHEHUE
TpeOOBaHUH K MPOITYCKHOM CITOCOOHOCTH BCEX KaHAJIOB.

PaccmorpuM cutyaruro, Korjga B 30He 00CITy)KUBa-
Hus OasoBoii cranmuu eNB (eNodeB — o6o3naueHwme
6azoBoii cranmun B crannaprax 3GPP) maxomurcs He-
cxkoipko ycrpoiictB UE (User Equipment — momns30Ba-
Tenbckoe obopynosanue), a K — kommuectBo UE. Kax-
JIOMy KaHally BBIICISETCS MapHUaNbHas MOIIHOCTH py.
Torpa tpaHcnoptHblii curHan S(i) sBISETCS CyMMOM

KaHAJIEHBIX CUMBOJIOB X} () C BECOM +/ pj, :

K
SG)=3 ok X (). (1)
k=1

Ha cropone mpueMHHKa AEMOIYIALNS CHUTHAIA
OCYIIIECTBIISIETCS. METOIOM TIOCIIEIOBATEIHHOTO TIO/IaB-
nerns nomex SIC (Serial interference cancellation) [9].
[Ton moHsATHEM «IEMOIYIAIMS KaHajay IOApa3yMeBa-
eTCsl AEMOIYISALUS BCEX CHMBOJIOB MOIYJISLNH, KOTO-
pBIe MepenaHsl B 3TOM KaHane. B mepByro odepens ae-
MOJYJIUpPYETCsS KaHaJl IOJIb30BaTeNsl C MaKCHUMajIbHOI
9HEPreTUKOM. J[eMOIyIMpOBaHHbIE CUMBOJIbI PETEHEPU-
PYIOTCS, T.€. BOCCTaHABIMBAIOTCA JO HW3HAYaJILHOIO
U7EaTbHOTO COCTOSHUS M BBIYMTAIOTCS W3 HPUHSATOTO
curHana. TakuM o0pa3oM, CTaHOBUTCS BO3MOXKHOM Jie-
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MOJYIIAIUS BTOPOTO IT0 MaKCUMaJIbHOMY YPOBHIO SHEp-
reTuky kaHama. [lo memouke ocCymecTBIAeTCs IeMOLIy-
JISILMS KaHAJIA KaX]I0T0 CIIEAYIOIEero abOHeHTa.

OTHOILIICHHE CUTHAII/IIIyM Ha BXOZAE JEMOIYJSITOpa
k-ro NOMA kaHana pacCuuThIBaeTCsS MCXOMs M3 MOIL-
HOCTH aJIUTUBHOM TOMEXU k-TO KaHalla U CUCTEMHOM
MIOMEXH OCTAJIBHBIX HEIEMOIYJINPOBAHHBIX KaHAJIOB,
pPacnooxKeHHbIX B ToM ke UBP:

O Pk

X , 1<k<K,
Oy - p-+Nk
SNRy. = i=kz+1 l 2)
O - Pk k=K
Nk s b

rae Ny — MOIIHOCTh MOMEXH Kk-TO KaHana; o — ko3hdu-
IUEHT OocialleHnus B KaHAe; p; — MapiualbHas MOII-
HOCTb k-TO KaHaja; p; — mapiuajibHas MOIIHOCTh KaHa-
0B [ <k.

IMocrenoBarenbHas qEMOMYIISINS KAHATIOB H JIajlb-
HeHIasi KOMIIEHCAUs TTO3BOJISIFOT UCKITIOYHTh CHCTEM-
Hyto nomexy. Mcnons3ys teopemy lllennona [11], mo-
JYYUM BBIPAKCHUE IJISI TEOPETUIECKOW MaKCHMAalbHON
MIPOIYCKHOM criocoOHOcTH KaHanoB NOMA ¢ anautus-
HBIM O€JIBIM TrayCCOBBIM IIIyMOM B TIOJIOCE TIpHeMa [

Fology(l+——E Pk 1<k <K,
ok Y, pit+Ng
Ry = i=k+1 l 3)
F-logy (1+ 2k Py k=K,
Ny

K
CymMMa mapuuaibHBIX MOIIHOCTEH z p; KaHaloB
i=k+1

i < k sBIIsIeTCSI CHCTEMHOM ITOMEXOH [Tl KaHaja k.

AJITOPUTM pacrnpeieJieHUs] MOIIHOCTH

,HJ'ISI OINITUMAJIBHOTO pacupeaciCHUus MOIIHOCTH
MEXY MOJIb30BaTEeIbCKUMH KaHalaMi Ha CTOpOHe Oa-
30BOH CTaHIMHK JI0JDKHA OBITH M3BECTHA alpuopHasl MH-
dopmanms o cocrosHuE kaHaima PPB, kortopas moxer
ObITH TNONy4YeHa N0 (QHU3NYECKOMY KaHaly OOpaTHOM
cBs3U (CIy)KeOHBI KaHal WA KaHaj YIPaBICHIUS).
BwMmecte ¢ TeM 10 ciay)keOHBIM KaHajaM IiepegaeTcst 3a-
IIPOC Ha BBIIENICHHE YacTOTHO-BPEMEHHOTO pecypca.
ITosTomMy OymeM HMCXODWTH U3 TOTO, YTO IIPU paclperne-
JICHUM MOIIHOCTH M3BECTHA alpHopHas MH(opmarus o
kaHaie PPB, a or abOHEHTCKOro ycTpoiicTBa MONy4YeH
3anpoc o0ecCredYeHus: TpeOyeMoi CKOPOCTH Mepeayu.
Ilon pacmpeneneHneM MOIIHOCTH IOIPa3yMeBaeTCs
pacdeT nmapuuaIbHOW MOIIHOCTH p, TIPH KOTOpOH obec-
neynBaeTcs 3aJlaHHasi CKOPOCTh Iepenayn R KaHaJloB
NOMA, a o61mast MOIIHOCTb, TpeOyemast Ul OpraHu3a-
IIMM KaHala CBS3H, 10JKHA OBITh MUHIMAJIBHOM.

[Ipennonoxum, uto B UBP Tpebyercs pasmMecTHTsh
K mnonb3oBarenbCKux KaHajoB. i 3TOro Hy»XHO pac-
CUUTATh MOIIHOCTh KaXJIOTO KaHajla, OCHOBBIBAsICh Ha
TpeOOBAaHUU K CKOPOCTH Mepelauydl W CIyKeOHOH HH-
thopmanmu o coctossHuM KaHaioB PPB, momydennoii mo
KaHaly oOparHoii cBs3u. [IpuMem jomyiieHue, 4To no-
JIy4eHO uJeajbHOe u3MepeHue kaHana PPB, a um-
MyJIbCHAsl XapaKTEPUCTHKA CaMOro KaHaja He W3MEHs-

eTCsl WM W3MEHSeTCS HEeCYIIeCTBEHHO 3a BpeMms (op-
MHPOBAHHS U TIEPEadu CUTHAA.

Hcxons u3 konmuuecTBa KaHaIoB K, MPOUCXOAMUT
¢dbopmupoBanre M komOuHanuii yrutorHenusi. [lox mo-
HATUEM ((KOM6I/IHaHI/l§I yHJ'IOTHeHl/Iﬂ» no,upasyMeBaeTca
MOPSAJIOK PACTONIOKEHHsI KaHAJOB B OJHOM YacCTOTHO-
BPEMEHHOM PECYPCHOM cerMeHTe. Bcero pasimuuHbIX
KoMOMHaIuil yrtoTHeHus kanamoB M = K! Kaxmoi
KOMOWMHAITUY yIUIOTHCHUS KaHajla COOTBETCTBYET WHJIU-
BUIyaJIbHBIM pacuyeT MOLUIHOCTH.

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 [| [ ygyoma | 5,
Croii 2 UE?IOMA UE}\IOMA UEEIOMA »
Croii 1| UENOMA || | UENOMA | yENOMA 1 p

~_

YacToTHO-BPEMEHHOM
CerMeHT
Puc. 2. ®opmupoBaHie KOMOHHAIMN YIUIOTHEHHS

B kauectBe mpuMepa Ha puc. 2 M300pakeHBI Bce
komOuHanuu yrotrHeHus 3 NOMA-kananos. Konuue-
cTBO KomOmHammi M = 3! = 6. YacTOTHO-BpeMeHHOH
CerMEHT pecypca pasJielieH Ha 3 Cllos, Ha KaXIIOM H3
KOTOPBIX PACIIOJIOKEH 10JIb30BATEILCKHUI KaHAI.

briok-cxema anroputma pacdera KaHaJbHOM MOIL-
HOCTH n300pakeHa Ha puc. 3.

Kanan obpatHo# cBsi3u

K

d)opanOBaHue KOMOMHAIMK YIJIOTHEHUA

oM Ry k|01 K [N K
Y Y Y

Pacuer pi" mo(3)

AR

1 1
P1s->PK

M
‘pf”,-.-,p}? PP

1..M 1..M
Pacuer &V =X pk

A

Bei6op m, ipu  P" — min

m m
P1 s PK

MynbTunnekcop

l dopmMupoBaHKe CUrHalIa
Puc. 3. Anroputm pacuera napuyaibHOI MOIIHOCTH KaHAJIOB
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U3 (3) momygum BeIpaskeHHE [T pacdeTa KodpQu-
LIUEHTOB MOLHOCTH Py IIPU 33JaHHOW MPOIYCKHOM CIO-
COOHOCTH B ToJioce F M M3BECTHBIX XapaKTEPUCTHUKAX
KaHaja CBA3H N, 1 0.

Ry K
QF =1)-(og- D, pi+Ng)
i=k+] , 1<k<K,
Pr= o
Ry
F _1).
Q- DNy k=K.
Ok

ITo cdopmysne (4) mocienoBarenbHO PAaCcCYUTHIBA-
10TCsI KO3((GHUIUEHTH MOIIHOCTH ISl BCEX KOMOWHALIMH
YIUIOTHEHHA. B nepByro ouepenb MPOU3BOAUTCS PacdeT
MOIIHOCTH TocienHero K-ro kaHana, 3arem (K — 1)-ka-
HaJyia 1 fanee 1o nernouke. [lociaeaanm paccunThIBaeTCs
MOIIIHOCTh 1-ro KaHaina, T.K. Ui €€ pacuera y>ke Haije-
HBI TIApIUAJIEHBIE MOITHOCTH OCTaJNbHBIX KaHayoB. O0-
11as MOLIHOCTG P, KOTopast 10JKHA OBITh 3aTpaucHa Ha
OpPTaHM3alMI0 MHOTOKAaHAIIbHOM CBSI3U, OIPEAEIACTCS
CYMMOH IapLUUaJIbHbIX MOIIHOCTEN BCEX KaHAJIOB:

K
P=Y pi . (%)
=1

Pesynbrar BeIMHCIEHHUS pj 3aBUCUT OT KOMOMHA-
UM YIUIOTHEHHUS. 3ajadeil anropurMa sSBISAETCS OIpe-
JeJleHHe KOMOMHAIMK € ONTHMAaJbHBIMU KOd(dHUINeH-
tamu. Kaxpoil KoMOMHAIIMK 7 COOTBETCTBYET 3HAUCHUE

P . W3 paccuuTaHHbIX 3HadeHuil P," ompenensercs

KOMOUHAUMA M, OpU KoTopoil P!" npuHUMaeT Hau-

MeHbIee 3HadeHne. KoahhUIueHTsl MOIIHOCTH TaK JKe
COOTBETCTBYIOT BbIOpaHHOW KoMOMHanuu m. Paccuu-
TaHHbIE KOI(GHULIUECHTH! U BEIOPAHHBIN MOPSIIOK YILIOT-
HCHHS KaHAJIOB MOCTYMAIOT Ha BXOI MYJIBTHILICKCOPA,
TJIe MPOUCXOMUT JANbHeHIIee GopMUpOBaHHE CHTHATIA.

IMosnyyeHHbIe pe3yabTaThI

B maremaTmueckoil MOAETH MPOU3BOAWICS pacyer
k03¢ durmentror momHOCTH NOMA -KaHAJIOB B €IUHOM
YaCTOTHO-BPEMEHHOM CEIMEHTE [0 aJrOpUTMY, Hpel-
CTaBJICHHOMY BBbIILIE, IS 3 CIIEHAPHEB MHOTOKaHAIBHOM
cBa3u. AmnpuopHas uHpopmanus o kaHaie PPB u 3a-
pamiMBaeMast poIycKHasi ClIoCOOHOCTh MPECTABICHBI
B Tabmune. Pacuer koaddummento mist 2, 3 u 4-x Ka-
HaioB NOMA Tpebyer 2, 6 u 24 uTepaiu COOTBETCT-
BeHHo. [To dopmyne (3) mocTpoeHa 3aBUCUMOCTH IPO-
IMyCKHOHM CIIOCOOHOCTH KaHAJIOB OT MOIIHOCTH IIyMa B
kanaie PPB (puc. 4).

CueHapum Mo/ieJIMPOBAHUS
Tpebyemast CKOPOCTB T1e- 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 paCHOJIOKEHBI BO
Bcell mocTynHoil momnoce F. B neBoM BepxHeM yriy

puc. 4 TpHUBEAEHa pPACCUMTAHHAS IapOUaibHAs MOII-

HOCTbh Ka)kJIOro KaHajla. 3aBUCHMOCTH UE?_F4DMA xa-

pakrepusytor 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
=
22 .
= e
2 o EyeeaeX™ | ; ;
=0 10 20 30 40 50
OtHolenue curnan/uym, 1b
7]
10
1 =0,5239
A Py =0,4298 : ;
2 81 py=0,0448 CUUENOMATT I
3 ps =0,0015
é (3 evvrevesssrs ure RSSO UUURPNE. W SPURRRRT F\ W
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. 3aBucuMoCTh IPOIYCKHOM CITIOCOOHOCTH KaHAJIOB OT
CHEKTPaJbHOM MOLTHOCTH LIIyMa: @ — CLeHapuil 1;
6 — cueHapuii 2; ¢ — crieHapuii 3

Oo6mas nmpomyckHas ciocobHocTh cuctem NOMA
n OFDMA sBiseTcss CyMMO# TPOIMYCKHBIX CITOCOOHO-
CTel Ka)KAOTo KaHaja MPU COOTBETCTBYIOLIEM 3HAYCHUH
OTHOIIIEHWS CHUTHAJ/IIYM B 3TOM KaHaie. B creHapmsx
1, 2 u 3 oOuiass mporyckHas CHOCOOHOCTb CHCTEMBI
NOMA npesbimaer OFDMA Ha 35, 54 u 52% cootset-
cTBeHHO. CTOUT OTMETUTbH, YTO AJITOPUTM pacuera Ko-
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3¢} PUIIEHTOB MOITHOCTH TTO3BOJISIET PacCUUTaTh KOd(-
(UOUEeHTHl A1 00ecHedYeHHs] TEOPeTHYECKH MAaKCH-
MaJIbHO# MPOITYCKHOM CIIOCOOHOCTH KaHalia 1o Teopeme
[Ilennona. IIpu pacuere MOLIHOCTH B pealbHON CUCTE-
M€ CBSI3M JJOJDKHBI YYUTHIBATHCSl MOTPEITHOCTH OLEHKH
KaHayia pacrnpoctpaneHuss PPB u 0coOeHHOCTH KOH-
KPETHOH CUTHAJIbHO-KOJOBOM KOHCTPYKIMU. JTO CBs3a-
HO C TeM, YTO pa3JIMYHble CHTHAJIbHO-KOIOBHIE KOHCT-
PYKIIMH HEOAWHAKOBO NPHOIIKeHH! K npexaeny IllenHo-
Ha, a CTEeTeHb NMPUOIMKEHUs 3aBUCHT OT THIIA TIOMEXO-
YCTOWYMBOTO KOAWPOBAHUS 1 THUIIA MOYIISLIH.

3akarouyeHnue

Paccmorpen anroputMm pacdera kod(QUIMEHTOB
MOIIHOCTH KaHaJIOB B METO/I€ HEOPTOIOHAJILHOIO MHO-
xectBeHHOro noctyna NOMA. PaccuuranHble Kk03¢-
(DUITUEHTHI MOIITHOCTH 00ECIICUUBAIOT TPeOyeMyIo Tpo-
MyCKHYIO crocoOHOCTh NOMA-KaHaAJIOB TIPH ampuop-
HOW mHpopmaunu o kaHaie PPB. Anroputrm spisiercs
WUTEPALMOHHBIM C KOJMYECTBOM BbluMciaeHut M = K,
rae K — xomudectBo NOMA-kaHanoB. B pesynsratax
MOZEIHMPOBAHUSI  TPOAEMOHCTPHPOBAHBI  PE3YIIBTATHI
BBIYMCIIEHNH M TIOKa3aHO, YTO OOIIast MPOITyCKHasK CIIO-
cobHocth cucteMbl NOMA mnpeBocxomur OFDMA.
CTOUT OTMETHTb, UTO NPEACTABICHHBIH METOX HE Yy4H-
TBIBACT NPHOPUTET OJHUX KAHAJIOB Hal OPYTMMH. DTO
03HAUaeT, YTO €CJIIM MOIIHOCTU Iepefaydl He XBaTaeT
U YOOBIIETBOPEHMSI BCEX IPEIbABICHHBIX TpeOoBa-
HHH, TO BCE KaHAIIBI «IIOCTPAJaloT» OAMHaKoBo. Pa3pa-
0oTKa anroputMa pacuera kKo3pQUIMEHTOB MOLITHOCTH C
YYETOM NPUOPUTETA MOXKET PEIIUTh 337ady yBEIHICHUsI
MPOITyCKHOW CIOCOOHOCTH OJHOTO KaHama 3a Cyer
YMEHBIIEHUS 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.
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B.A. MakoBKuH, H.B. 3amaTuH

Cuctema MOHUTOpPUHra nu o6padboTkn nHcpopmaumm

O COCTOSIHUM pe3epByapHOro napka

IMpemnoxkena mporpaMMHO-anIapaTHas cucreMa cbopa, 00pabOTKH M NPEACTaBICHHs JaHHBIX O COCTOSIHUH PE3epBY-
apHOTO Mapka 1 00beMe UMEIOIINXCS B pe3epByapax BemecTB. Pa3paboTaHa apXUTeKTypa anmapaTHOW 4acTH CHCTEMEI
i cOopa ¥ nepenadun nHGOpMaIUy IPOBOAHBIM M OECIIPOBOAHBIM criocobamu. ONHCaHbl apXUTEKTYpa U MPOLIEAYPhI

(YHKIMOHHPOBAHYSI IPOTPAMMHON YaCTH NPHIIOKEHHUSI.

KiroueBble ciioBa: pesepByap, ypoBHEMED, CUCTEMa, 00bEM, OECIIPOBOIHAS TEXHOJIOTHSL.

doi: 10.21293/1818-0442-2016-19-4-89-95-100

Ha mHOXecCTBE NpeAnpusTHil IIPOU3BOAATCS WU
HCHOJIB3YIOTCS Pa3/IMYHOE ChIPhE€ M IPOLYKTHI B BHJIE
KHUIKUX U cbimyuux MarepuanoB [1]. K takum mpen-
TIPUSATHAM OTHOCSTCSI:

— HedrenepepadaTbIBalONINE TPEANPHUATHS, HC-
TMOJIB3YIONIME W Tpou3BoAsre HedTh, OCH3UH, Kepo-
CHIH, Ma3yT, CXKIKEHHBIH Ta3  1Ip.;

— JIOMOCTPOMTENIbHBIE KOMOHMHATBI, HCIIOIB3YIO-
e W TPOW3BOISIINE CTpPOHMAaTrepuasbl, Takue Kak
LIEMEHT, NINHA, CUJINKaTHBIE CMECH U TIP.;

— CEIbCKOXO3AHCTBEHHbIE  KOMIIAHUM:
yaoOpeHus U 1p.;

— XUMHYCCKas MPOMBIIIJICHHOCTb: MPOAYKIHA U3
YIJIEBOJOPOHOTO, MUHEPANBHOTO M JPYroro ChIphs, a
TaKke OOoJIbIIast YaCTh KOHEYHOH MPOIYKINHY;

— u ap. [3].

Jlist XpaHeHUs! ¥ WCIIONB30BaHMS MaTepHaIoB Ha
MIPEATIPUATHSX HCIIONIB3YETCS COBOKYITHOCTh pa3iHd-
HBIX PE3epByapoB, HA3bIBAEMBIX pE3EpPBYapHBIM Iap-
koM. OHM MOTYT OBITH pacrpeneseHbl 0 BCEMY IpE-
MIPUATHIO, UHOTZIA HAXOISICh B COTHSIX METPOB APYT OT
apyra. PesepByapHble MapKu MOJDKHBI 3KCILTyaTHpO-
BaThCAd MaKCUMAJIBHO 3()(GEKTHBHO NPH MHHHMAJBbHBIX
3arparax, o0OecreunBas HEOOXOAUMYIO TOUYHOCTh OIpe-
JeneHust 00beMa XpaHUMBIX MaTePHAJIOB.

Bmecte ¢ Tem Ha OOJBIIMHCTBE pe3epPByapHBIX
MapKOB HCIOIB3YIOTCS YCTapeBLIEE M3MEPUTENIBHOE
obopynoBaHue (WK Jake PyYHOE OIpeNeieHUue 00be-
MOB BEIIECTB), IPUMHUTHBHBIE METOAWKH M CHCTEMBI
cOopa u 00pabOTKH HaHHBIX, 3aIHCh JAHHBIX BPYUYHYIO
B TETPaJH WM MPOCTHIE CPEICTBa 0OPabOTKH JaHHBIX,
nanpumep Excel. Kak crmencrteue, Ha mnpeanpuaTHAX
BO3HMKAIOT CJIEYIOLINE TPOOIEMBI:

— HM3Kas CKOpOCTh cOopa, TMepefadyn M aHaIu3a
JIAHHBIX O KOJIMYECTBE BELIECTB HA PE3€pBYyapHBIX Iap-
KaX, KOTopasi 0COOEHHO aKTyallbHa, €CJIM MapKu pac-
MpCaACICHbBI Ha BCEM IMPCANPUATUN WA HAXOOATCA B
Pa3HbIX TOpoJax;

— HM3Kasi TOYHOCTh MOIYYaeMbIX JaHHBIX O KOJIU-
YeCTBE BEIIECTB Ha PE3EPBYaPHBIX MapKax;

— TPOCTOM M3-32 HEBEPHBIX PACUETOB IUHAMHUKH
WCIIONIB30BaHMS MIIH IPOU3BOJICTBA CHIPHS;

— HHU3KO€ KayeCTBO CMECEH M3-3a IOTPELIHOCTEN
TIIPY pacyeTe MPOLEHTHOTO COOTHOILIECHUS BEIECTB;

3epHO,

— JIOTIOJTHUTEINIbHBIE 3aTpaThl M3-32 COIYTCTBYIO-
KX OIMOOK B OyXraJlTepHH, HEBEPHBIX pacyeToB 00b-
€MOB IIPOM3BOJCTBA, JUHAMHUKH HCIIOJIb30BaHUS CHIPBS
U T.1.;

— HM3Kas KylnpTypa Tpyda B
napKax.

ITosTomMy HEOOXOAMMBI KapAWHAIBHBIE N3MEHEHUS
B METOJIMKE U aBTOMAaTH3allMu U3MepeHusi, coopa u 00-
pabOTKH JaHHBIX B pe3epByapHbIX mapkax [2, 6, 7].

[Ipennaraemoe pemeHne — 3T0 pa3pabOTKa aBTO-
MaTU3MPOBAHHOW CHCTEMBI MOHUTOPWHIra COCTOSHHUS
pe3epByapHOTo MapKa ¢ IPUMEHEHHEM HOBBIX METOAWK
W aKTyaJIbHBIX TEXHOJIOTHH, MO3BOJISIOIIMX HE TOJIBKO
pemars onMcaHHBIe MPOOJIEMBI, HO Takke B Oymymiem
pa3BHBaTh M MOAEPHU3UPOBATH CHCTEMY.

IMocranoBka 3axaun

OpnHol W3 BaKHEHIIMX YacTel aBTOMAaTH3UpPOBaH-
HOW MH(OPMALIMOHHOW CHUCTEMBI MOHHMTOPHHTA pe3ep-
BYapHOTO TapKa SIBJISETCA TEXHHYECKOE OOECleucHue
cucrembl. HeoOxonumel pabovasi cucreMa HMEPBHYHBIX
npeoOpa3zoBarelieil ¥ OTIaKEHHAsT METOJMKA Tepenadn
JIaHHBIX, HauuHasi OT WU3MEPEHUs YPOBHEH cMeced B
pe3epByapax W 3akaHUMBas oOpaOOTKOW M repenadeit
aKTyaJIbHBIX JIaHHBIX HENOCPEACTBEHHO pabouemy
nepcoHany. CucTemMa JOIDKHA BBITIOJIHSTH CIIEIYIOLINE
3aJa4u:

1) m3MepeHne ypoBHEH BEIIECTB B pe3epByapax;

2) cuMThIBaHHWE JAHHBIX W Iepeiada Ha cepBep;

3) momydyenue U 06paboTKa JaHHBIX;

4) BbIUHCIEHWE 00bEMa BEIECTB;

5) mpencTaBieHHE MONYYEHHBIX PE3yJIbTaToB, BU-
3yaau3aysl.

Msoroo0pasue cnoco0OB HM3MEpeHHs YPOBHS W
BUJIOB M3MEPUTENIBHBIX YCTPOHCTB, KOTOPBIE NMPUMEHS-
IOTCSI HA pe3epByapHbIX Napkax, 0OycClIOBIEHO pabouu-
MH YCIIOBUSIMH, CTOUMOCTBIO IIPHUOOPOB, CIIOXKHOCTBIO
UX YCTAHOBKM, TOYHOCTBIO IONYyYaeMbIX MAAHHBIX M
T.IL [4].

Bonbiioe 3HaueHWE MMEIOT YCIOBHS, B KOTOPBIX
JOJDKHBI BBITOJMHATHCS W3MEPEHUS! NIPH MHUHUMAIBHOU
MOTPELIHOCTH:

— 3aIbUICHHOCTH B PE3EPBYapaX;

— Y3KHe pe3epByaphl U pe3epByapbl ¢ Y3KUMH OT-
BEPCTHSAMY;

— HaJIMYUC CUJIbHBIX DJICKTPUUICCKUX noneﬁ;

pe3epByapHbIX
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— ycnoBus, TpelOyromue OeCKOHTAKTHBIX H3Me-
peHuii;

— HaJIM4He B pe3epByapax B3PHIBHBIX MapOB;

— BBICOKHE TEMIIepaTyphl U HAJMYUE HCIIapEHHI;

— paIualroOHHOE BO3JIEHCTBUE.

W3 mmpokoil HOMEHKJIATYphl MEPBUYHBIX MPE00-
pasoBareyieii C y4eTOM OIMCaHHbBIX BBIIIE YCIOBHH B
KauecTBE M3MEPHTEIsl YPOBHS BEIIECTBA B pe3epByape
BBIOpaH J1a3epHBIN NalbHOMEpP (M3MEpEeHHEe pacCTOSHHUS
C MOMOIIBIO pacyeTa BPEMEHH IOCTHXKCHUS CBETOBOTO
UMIYIIbCa J0 H3MEpsSeMOro OObeKTa WM H3MEepeHHe
pasHOCTH (a3 MEXIy OTIPABKOM W IPHUEMOM BOIHBI).
[TpuunHbI, TOBNHSABIINE HA BEIOOP TAHHOTO THIIA YPOB-
HEMEpOB:

— U3MEpEeHHEe YPOBHA B CIOXKHBIX YCIOBHSIX
(mbUTH, KaMHH, OOJIBILION YTOJI OTKOCA CHITYy4Yero mare-
puana v T.I.);

— HU3MCPCHUE B NJIMHHBIX U BBICOKHMX €MKOCTAX C
BHYTPEHHUMH KOHCTPYKIHSIMHU;

— BO3MOXXHOCTbH YCTAQHOBKHM Ha PacCTOSIHUHU OT W3-
MEpSIEMON MTOBEPXHOCTH;

— W3MepeHue Yepes Maarolue KaMHH U TTBLIB;

— 0e30macHOCTh IS IJ1a3;

— MUHUMAJBHBIM PHUCK JIOKHBIX OTPa’KeHHBIX
CUTHAJIOB;

— MakcHUMabHas JaIbHOCTH 30 M;

— TOYHOCTH +1MM.

CUIBHBIMM CTOpPOHAM Jla3epa SIBIISIOTCS: Y3KHM
JIy4, OTCYTCTBHE PACXOXIEHHMS JIyda M JIOKHBIX OTpa-
JKEHHBIX CUTHaJOB [5]. OTMeueHHbIE CBOWCTBA Jia3ep-
HOTO JIy4a MO3BOJISIFOT IPOBOJMTH M3MEPEHHS TaM, Ie
HEBO3MO)KHO HCIOJB30BaTh YIABTPA3BYKOBEIE M paaap-
HBIC YPOBHEMEPEI, KOTOpBIE, HAIPAMEp, HE MO3BOJISIOT
HA/ICKHO U3MEPATH YPOBEHb B [UIMHHBIX M Y3KHX TaH-
Kax BCIJICJICTBHE BO3HHKHOBEHHS JIOKHOTO OTPaXKCHHS
OT CTEHOK. YHUKaJbHbIE CBONCTBA Ja3epa MO3BOJIIIOT
€ro HCIOJB30BaTh I W3MEPEHUS CHITYYHX BEUIECTB,
UMeouX O0oJbLION yron orkoca (KoHycHOcTh). ITpum
HUCIIOJIb30BAHUU O6])I'-IHI)IX padapHbIX WIN YJIbTPa3BYyKO-
BBIX YPOBHEMEPOB HAJIMYUE KOHYCHOCTH BBI3BIBAET
BO3HMKHOBEHHE JIOKHBIX OTPAKEHHBIX CHUTHAJIOB, C
KOTOPBIMH OHH IUIOXO CIIpaBiisitoTcs. [Jist a3epa Takux
npo0JieM He CYIIEeCTBYET.

K dncimy HemocTaTKOB ONTHYECKOTO ypOBHEMEpa
CIIeyeT OTHECTH ero 0ojee BBICOKYIO UYBCTBHUTEIH-
HOCTh K TIBUIM M BO3MOXKHO€ YaCTHYHOE ITOTIIOIICHHE
CUTHaNa cMechio. J{is 60pbObI ¢ MBUTBI0 MOTYT TIpUMe-
HATBCS MBUIETACSAIINEe TPYOB! — I CO3MaHHUSA CTaTude-
CKOM 30HBI BOJU3H ONTHYECKOM CHCTEMBI, HO B JaHHOM
cilyyae IUIaHUpyeTcs pa3paboTka CIElHaIbHBIX alro-
PUTMOB, MO3BOJAIOMIUX OTCCKATH JIOKHBIC CHUTI'HAJIBI OT
IIBUIM, NAJAOMMX KaMHel u T.a. st 60pbObI ¢ apyru-
MH BO3MOXXHBIMH HeXelaTeJdbHbIMH 3(pdexramMmun B
JlanbHeleM OyayT TpOBEIEHbBI JOMOIHUTEIbHBIE HC-
CIIeZIOBaHUS U pa3paboTaHbl HEOOXOIMMEIE aITOPHTMEL.

[Ipu aHanmm3e TEXHUYECKUX CPEACTB [UIA Tepenadn
JAHHBIX BO3MO)KEH BBIOOP MEXIy MPOBONHBIM U Oec-
MIPOBOIHBIM BHAMH NepeIadl TaHHBIX.

PesepByapHble Tapku MOTYT HaXOAWTHCS B OJHOM
MecTe (III0IMIagu 3aHMMAaeMOTr0 MECTa MOTYT BapbUpO-

BaThCS B 3aBUCHMOCTH OT KOJHMYECTBA M THIIOB pe3ep-
ByapoB) WJIH PaCHpEAEICHBl MO0 BCEMY MNPEOIPHUATHIO.
Paboune craHmmy, Ha KOTOpBIE MOCTymaeT HH(popma-
LU, HAXOOATCS YOAJIEHHO OT CaMHX pe3epByapoB, B
IIOMCULICHUAX WIIH odmcax. YcraHoBka IMMPOBOJAHBIX CEC-
Tel pa3jIMyHOTO THUIA MOXKET OBITh OTrpaHUYeHa H3-3a
HEOOXOANMOCTH NepeCceKaTh MyTH, IO KOTOPBIM JIOJDKEH
NepeMeIaTbesl TPy30BOH TPaHCIIOPT, CHIIBHOTO KIIMMa-
TUYECKOT'O BIIMSIHUSL M HEOOXOIMMOCTH OBICTpOH ycTa-
HOBKM M MOJIEpHHU3aLUU ceTell 0e3 UIMTEIbHOW ocTa-
HOBKH TPOHM3BOACTBA. B TO ke Bpems OecnpoBOAHEIC
TEXHOJIOTHH TPEAOCTABIIIOT BO3MOXHOCTH OBICTPOM
YCTaHOBKH HEOOXOANMOTO 000pYyZOBaHHS HEMOCPEACT-
BEHHO Ha pe3epByapbl U BOMM3M pabodeil craHmm, 0e3
HEraTMBHOTO BMEIIATEIbCTBA B MHPPACTPYKTYPY Mpe/-
MpuATUs, ¢ BO3SMOXHOCTBIO MEPEAaun JaHHbIX Ha OII-
TUMaJbHON CKOPOCTH.

Jls GecripoBOIHON Iepeaay JAaHHBIX BBHIOPAHBI
JIBa BapUaHTa TEXHUYECKOW peasn3annuyl CUCTEMBI:

1) ¢ ucnonb3oBanuem TtexHoioruun GSM uepes
GSM/GPRS monembr;

2) ¢ ucnomnp3oBaHmeM TexHoiorun Wi-Fi wepes
ananrepsl Ha Wi-Fi-poyTep.

OCHOBHBIMH TPEUMYIICCTBAMHU MONOOHBIX ceTeit
SIBIISTEOTCSL:

— BO3MOXXHOCTH Pa3BEpPHYTh CETh 0€3 MPOKIIaJKH
Kabens, 4TO YMEHbBIIAET CTOMMOCTh DPa3BEPTHIBAHMS
W/WIA pacIINPEHUs CeTH;

— aBTOHOMHasi paboTa YCTPOMCTB, BO3MOXKHOCTb
YIAJIEHHOM HACTPOMKM C MOMOUIbIO CHELHAJIbHBIX
KOMaHJI;

— IMPOKas pPaclpoCTPaHEHHOCTh Ha PHIHKE H
JIOCTYIHAsI CTOUMOCTb;

— €OUHBIA CTaHIAPT, rapaHTUPYIOLIUHA COBMECTH-
MOCTb 000pYIOBaHUS.

BpI60p 3THX TEXHOIOTHUH OMPEACIACTCS TUIIOM pe-
3epBYapHOTO Mapka, €ro pa3MepoM M pacIpereleHHO-
cThi0 Ha mpegnpustun. Wi-Fi-cetn momoiinyt mmns He-
OOJIBILINX pE3epPBYyapHBIX MAPKOB C paboyell cTaHIMeH,
Haxonsueics B 30He aeictBust cetu. GSM nydie nos-
XOIMT Juisi OOJBLIMX pPE3epBYyapHBIX MAapKOB, TaK Kak
JTAJIBHOCTD €r0 JICHCTBHS OrpaHMYeHa JIMIIb 30HOW Jei-
CTBHSI MOOMJIBHOW ceTn. Takyke BO3MOXKHA peasn3anus
COBMEIIEHHBIX CHCTEM ISl OOBEAMHEHUS Pa3IUuHBIX
30H MOHUTOPHUHTA B EUHYIO CETh.

B naHHOU cucreMe uCHONB3yeTCs Iepenadya WH-
¢dopmanuu 1o texHonoruu GSM, crpoeKTHpoBaHa ar-
mapaTHas apxXUTEeKTypa CUCTeMBI (puc. 1).

Hcnonb3yembie B CUCTEME YCTPOICTBA:

— yposaemep SICK DT-50;

— Moxynb cbopa manebIX (MCI) MCHA-200 nmm
ormudparop;

— GSM/GPRS monem IIMO1;

— cepBep/paboyast CTaHIus.

Mertoauka cbopa W mepenadyd IaHHBIX YCIOBHO
JIEJIATCS Ha CIIEAYIOIINE 3TaIbL:

1) nonydenue u ouudpoBKa MOITYyYAEMOTO aHaJIO-
roBoro curHana «CurrentLoop» ¢ nomompsto MCJI unu
HUHOTO YCTPOMCTBA,;

2) nepenaya naHHbIx ¢ MCJ] Ha GSM-monem 1o
nnrepdeiicy RS-232;
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3) momydyeHHWE MAaHHBIX C pe3epBYapOB Ha TJIaB-
HeI MozeM 110 cetn GSM;

4) mepemada JaHHBIX Ha PabOUyIO CTAHIHIO (TIep-
COHAJBHBIM KOMIIBIOTED) M0 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 ypOBHEMEp IlepelaeT aHa-
JIOTOBBI CUTHAJI, a JaHHAs MOJENb MOIeMa MOXET TI0-
Jy4aTh TOJBKO IMUQPOBBIC cUTHANBL. ECu T TaHHBIX
Ha BBIXOJE YpOBHEMEpa W BXOAE MOAEMa COBIIAJIACT,
TO MOXHO OOOWTHCH 0e3 mpeoOpa3oBareisi CHrHaiIa
MEXTy HUMH.

Tak Kak Ha CEpBEPHOM YACTH pacIoIaraeTcs TOJb-
KO OOMH MOJEM, TO OH IOCJIEIOBATEIbHO IOJydYaeT
JAHHBIE C KaXJOT0 pe3epByapa, YTO MOXKET HEraTHBHO
CKa3aTbCd Ha CKOPOCTHU IOJTYUCHUA JaHHBIX. Bo3moxxkHa
MOJIEPHU3AIMS JIAHHOM apXHTEKTYpHI, €CIIM K CepBep-
HOW wactu 00aBuTh MCJ] ¥ MOJKIIOYUTE K HEMY KO-
JIMYECTBO MOJIEMOB, PAaBHOE KOJMYECTBY TeX, KOTOpPHIE
HCIOJNB3YIOTCS Ha pe3epByapHOM Napke, M HACTPOUTH
Kbl HA TOIy4YeHHe HH()OPMAIINU C COOTBETCTBYIO-
mIero MozeMa. DTOT BapHaHT MO3BOJHUT OJHOBPEMEHHO
KOHTPOJIMPOBATh BCE PE3ePBYaphl B peaTbHOM BPEMEHH.

Bribop Mexay napajuielbHbIM M TOCIIEN0BATENb-
HBIM TIONYYEHHEM JaHHBIX OCYIIECTBIIETCS 3a CYET
JIBYX KPUTEPUEB: KOJIMYECTBO PE3EPBYapoB M (PHHAHCO-
BBIe pecypchl. Takum o6pa3oM, pH HEOONBIIOM KOJH-
YEeCTBE Pe3ePByapOB JOCTATOYHO OIPAINUBATH KayKIIbIA
OT/IENBHO, OJIHAKO YeM OOJIblIe CTAHOBHUTCS IapK, MpU
HaJIMYUU PECYPCOB, NMPEANIOYTUTENBHO MEPEXOAUTH Ha
MapaJulenbHbI cOop maHHBIX. OCHOBHBIM IpeUMYIIe-
CTBOM TaKOW METOIMKH SBISIETCSI BO3MOXKHOCTB IIepe-
X0Jla MEXAY 3THMH criocobamu cOopa JJaHHBIX B KpaT-
YalIme CPOKN ¢ MUHIMAJIbHBIMI M3MEHEHUSIMH B CHC-
teme. st 3TOro 1OCTATOYHO MPHOOpEecTH HEeoOXOIu-
MO€ KOJHMYECTBO NMPHOOPOB M HACTPOHUTH KAXKIBIA M3
HUX.

Pa3zpaboranHas apxuTeKTypa NpeAyCMaTPHUBAET
BO3MOXXHOCTH TIONTyYeHHs NAHHBIX Kak paboueil craH-
LueH, Tak ¥ cepepoM. Mcnonb3zoBaHue cepBepa BMECTO
paboueil CTaHIMM HaeT CIEeXyIOIIHe MPEeUMYIIECTBa
TIPH SKCIUTyaTaluu:

1) pasmeneHne NPUIOKEHHUS HA MOAYJIH, KOTOPOE
MO3BOJISICT YBEJIUYUTh €ro TMOKOCTh M MPOCTOTY pas-
BCPThIBAHUAA,

2) BBIJENICHUE I10JIH30BATENLCKOrO HHTEp(eiica
OT OCHOBHOH JIOTMKH Pa0OThl NPWJIOKEHHS, TIPH 3TOM
OTCYTCTBYET HEOOXOANMOCTH IEPEyCTaHOBKH M OOHOB-

JICHUS TPWIOKCHUN ITONIb30BATEINICH, €CIA M3MCHEHHUS
WX HE KacawTcs (HampuMep, MPaBKU B CHCTEME Ha cep-
Bepe, 100aBICHUE MOJJICPXKKH HOBOM BapUallid CYUTHI-
BaHUs JAHHBIX, I00aBJICHHE BO3MOXKHOCTEH MPOU3BO-
IIATH OoJiee TOYHEIE JIMOO JOIOJHHUTENBHBIE BBIYUCIIE-
HUA);

3) nmoGamnenune API-momyns mmst B3anMonecTBUS
C KIHCHTCKUMH MPUIOKECHUSIMH, TaKUM 00pa3oMm, BO3-
MOYKHO BBIHECEHHE BBIYHCICHHN Ha CEpBEp, a MOJIb30-
BaTEJII0 OTIPABIISIETCS TOJILKO KOHEUHBIN PE3YJIBTAT, UTO
CYIIECTBEHHO CHI)KACT HArpy3Ky Ha PabOYMX CTAHIIUAX.

Takum 00pa3oM, MOBHINIACTCS THOKOCTH CHCTEMEI
U oOierdyaeTcs MOJCpHHU3AIMS TPWIOKCHHUS 0e3 BMe-
IIATENILCTB B HEMOCPEICTBECHHO PabOTy MPEANPHUSITHUS.

ApXHUTEKTypa NpPOTpaMMHOM 4YacTU CHUCTEMBI
MpecTaBIcHa Ha pHC. 2.
[Tporpammuas yacTh cepsepa
Node.js
+
Ruby + ModBus (MatemaTixa)
API Node. js MongoDB
r 3
ITepeaua TaHHBIX YEPE3
SSL u JOIMOIHUTENBHOE
mgpoBaHie
KimeHTckoe Beo- MoOGHIIBEHOE
PIIOKEHHE NPUIOKEHHE HPWIOKEHHE

Puc. 2. Apxutextypa nporpaMMHOl YaCTH CUCTEMBI

COop maHHBIX, B 3aBUCHMOCTH OT BBIOpaHHOH ap-
XUTEKTYPHI allapaTHONH YacTH, OCYIIECTBISETCS JHOO
mo mnporokonam cetn GSMc momompio AT-komaHT,
1160 1o npotokoiay Modbus, eciii IPOUCXOJUT CUUTHI-
Banne ¢ MC]/l. JlanHble omepanuu BBITOJHSIOTCS B
«JIeMOHe», HanucaHHoM Ha Ruby, koTopslii npeaHasHa-
4eH st paboThl B ()OHOBOM PEXKHUME B TEUEHHE BCETO
BPEMCHH IKCIUTyaTalluu CUCTCMBI.
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Mopnyns, ucrons3ytonuii mpotokod AMQP, Heoo-
XOIMM A7l (POPMUPOBAHUS OYEPEH, HOTOKA JAHHBIX,
HaIpaBIIEMBIX Ha JaJbHEHIIYI0 00paboTKy.

Mozynu, HanMCaHHBIE C HCIIOIb30BAHUEM ILIAT-
dopmer Node.js, comepkar HEOOXOTUMBIN MaTeMaTuye-
CKMIl ammapar, MeToIbl M (YHKLUWH, BBIYHCISIOLINE
00BbeMBI BEILIECTB B pe3epByapax, BHIIOIHSIOIUE 00pa-
0OTKy TaHHBIX, ¥ IPOYHE MTOJJOOHBIE OIIEPALIIH.

JIOKyMEeHTOOpPHEHTHPOBaHHAsT CHCTEMa YyIIpaBJe-
Hus 6asamu maHHbIX (CYBJ]) MongoDB coxpepxwur B
cebe Bce HEOOXOAMMEIE JaHHBIE O COCTOSTHUH PE3epBY-
apHOTO TapKa M HMCIOJNb3YeTCsl JUIl XpaHEHHs TaHHbBIX.
JloKyMeHT-OpHeHTUPOBaHHbIE 0a3bl JaHHBIX HMEIOT
MHOTO OOIIETO ¢ PESIMOHHBIMH, U, KaK yTBEPKIArOT
ee pazpaborunku, MongoDB Moxer paccmarpuBaThbCs
Kak IpsMasl aJbTepHaTHUBa PESIMOHHBIM 0a3aM JaH-
HBIX (MO)KGT BBITIOJIHATE T€ K€ 3aJa4d, KaKUe-TO Jy4d-
e, kakue-to — HeT). Jannas CYBJ] nydime noaxoaut
JUIsL 3TOM TpeIMeTHOM obnacTy Onarogapsi eée 0OCHOBHO-
My PEKJIaAMHPYEMOMY CBOMCTBY — O€CCTPYKTYypHOCTH.
Tak kak npu pa3paOoTKe Mopayiel aHanM3a JaHHBIX
HEOOXOAMMO XpaHEHHE CBOWCTB M XapaKTEPUCTHK HC-
MOJIb3yEMBIX PE3EPBYapOB M BELIECTB M A3TH JaHHBIC
MOTYT OBITH OYCHb Pa3HOOOPA3HBIMU W XaOTHYHO Opra-
HHU30BaHHBIMH, B 3aBHCUMOCTH OT IOCTABJIECHHBIX 3a-
nad, Heobxonuma rubkas CYB/I, Takas kak MongoDB.
IIpu wncnonp3oBannn MongoDB Hambonee pacmpo-
CTPAaHCHHBIC 3alpoChl MOJYYCHHA OTUX HOAHHBIX BbI-
MOJIHAIOTCS TOpas3no ObIcTpee, YeM B PEJSILUOHHBIX
0a3ax JaHHBIX, TAKKE TOPa3/o Jierdye BINOJIHATh U3Me-
HEHHE M J00aBJIEHHE XapaKTepHCTHK pe3epByapoB MU
XPaHSIIUXCS B HUX BELIECTB.

API-Momysp UcTIONB3yeTCs U B3aUMOACUCTBHSI C
KJIMEHTCKUMH HPHIOKEHUSIMH, OCYLIECTBIISIET OTIPAB-
Ky JJAHHBIX U MOJTy49eHHEe HH(POPMAIUU O TPUHUMAEMBbIX
MOJIb30BATEIEM PEIICHHSAX.

B kauecTBe TEXHOJIOTUH MOCTPOEHHS KIMEHTCKOTO
npuioxenust ucnoib3yercss NodeWebKit (temepp u3-
BecTHO Kak NW.,js, cpena pa3pabotku kpoccruiatdop-
MEHHBIX TPHIOKEHHUH ¢ rpadguyeckuM nHtepdeiicom, ¢
HTML B kauectBe npencrasinenus U NodelS mist noc-
Tyna K cucremMHomy API). [lanHoe pemieHue umeer
CIIe/IyOIIHE TIPEUMYIIIEeCTBa:

1) mopTupyeMOoCTh — NPUIOXKEHHE MOXET pado-
Tath Kak Ha [IK, Ha omepammoHHBIX cucTeMax Linux,
MacOS, Windows, Tak 1 Ha IUTaHIIETaX W APYTHX MO-
OWMIBHBIX YCTPOMCTBAaX, C ONEPALHOHHBIMH CHCTEMaMHU
Android, 10S, WindowsMobile, u maxe moxer pado-
TaTh B Ka9€CTBE BEO-TIPIIIOKEHUS yepe3 Opaysep Mmoib-
30Bares;

2) mpocTora pa3pabOTKH — NMPHIIOKEHUE pa3pada-
TBIBAETCSl Kak OOBIYHOE BEO-NPHIIOKEHHE U COOTBETCT-
BEHHO He TpeOyeT MOCTOSHHON NEePEeKOMIMIISILIH.

Jnst pa3paboTky OM3HEC-TOTUKU PaOOTHI KIMEHT-
CKOr0  NPWIOXKEHHs  HUCIONb3yeTrcs  (perMBOpK
Angular]JS. JlaHHBII (pelMBOpPK TO3BOJISIET CTPOUTH
JOTHKY pa0oThl BeO-IPHIIOKEHUH, WCIOIB3Ys Hau-
MEHbIIEE KOINYECTBO MTOBTOPSIEMOCTH KOJa, JETKO Tec-
THpYyeTCA U 001agaeT HabOpOM yXKe TOTOBBIX K HCIIOJNb-
30BaHUIO KOMIIOHEHTOB.

I'padmueckmii wnHTepdeiic momb3oBarens (GUI)
mumrercst uva HTMLS, CSS3 u Twitter Bootstrap. Wn-
tepdeiic BeIMONHEH B CTUIIE, peaimkeHHoM Google u
CTaHAAPTU3UPOBAHHOM ISl pa3pabOTKH CBOMX MPHIIO-
xenuii Material Interface.

Crpykrypa 0a3bl JaHHBIX, HCIIOJIb3yeMasi B CUCTe-
Me, JI0JKHA HauOoJjiee MOJIHO OTPaXkaTb COCTOSIHUE pe-
3epByapHOro napka. Hanbosnee akryaibHble Ha JTaHHBIA
MOMEHT JaHHBIE — 3TO 3Ha4eHHs O0beMa BEIIECTB B
pe3epByapax, IMHAMHUKA WX HCHOJB30BAHUS WM Ha-
MIOJTHEHUS, COCTOSHHE pe3epByapHOro mapka (WHGOp-
MaIysi, MO3BOJISIFOIIAS OIPENCITUTh, WCIONB3YEeTCs JIH
pe3epByap, POIEHT 3allOJIHEHNUS, KaKOH MPoIiecc B HEM
MIPOUCXOIUT, paboTaeT U 000pyAOBaHHE, KaKHE BEIIe-
cTBa XpaHaTcs W T.a.). Ha puc. 3 m300pa>keHbl OCHOB-
HbIC HEOOXOIMMBIC CYNIHOCTH 0a3bl NAHHBIX, OMHCHI-
BalOIlME JJAaHHBIE CBOICTBA B BUJIE JIOTUUECKOM MOJIEIH.
PaccMoTpeHBl TOJNBKO OCHOBHBIE XapaKTEPHCTHKH Be-
IIECTB U PE3EPBYapoB M3-3a CIIOXKHOCTEH B OTOOpaske-
HUM Ha MOJIETH OECCTPYKTYPHBIX NaHHBIX, OMHCAHHBIX
panee.

Tak Kak «CHIPBIX» IAHHBIX (JaHHBIE PACCTOSHUS
OT ypoBHEMEpa JI0 BEIEeCTBAa B pe3epByape), Morydae-
MBIX OT Pe3epByapHOTO MapkKa, HEJOCTATOYHO, OTpe/e-
JieHHast “H(GOPMAIIKs 3aIHChIBAETCS KOHEYHBIM I0JIb30-
BaTeNIeM FJIM MHBIMH CPEJICTBAMU W MPUOOpaMu mepen
IKCIUTyaTalueil CUCTEMBI, TAKUMH KaK XapaKTepUCTHKH
BEIIIECTBA, XapaKTEPUCTHKH pe3epByapHOIo mapka, Ha-
CTPOUKH YCTPOMCTB U IIp.

[Mono6nas uHpopMaius HeoOXoaUMa JJIs BBIYHC-
JieHns1 o0beMa BEIIeCTBa, IMHAMHUKH €ro0 HCIIOIb30Ba-
HUSI WIN TIPOM3BOJCTBA, MOHUTOPHHIA 33 COCTOSHHUEM
mapkKa W T.IL., TaK KaK 3HAYCHUH YPOBHS IJIS PEIICHHS
AHHOHM 3amaud HemocTaroyHo (Ooiee mMoapoOHO naH-
Has wmHpopManus ommcaHa B padore [5]). Ilpencras-
JICHHAas! BBIIIIE MOJIENb 0a3bl JaHHBIX UMEET TOJIbKO OC-
HOBHYIO CTPYKTYpY, HEOOXOAMMYIO Ui peuieHus Oy-
IyIUX 3a7ad, MpeCcTaBIeHa s O3HAKOMIICHUS M MO-
KeT OBbITh U3MEHEHa I0J] TPeOOBaHUS NMPEANPUITHH U
JIPYrUX NOJIb30BaTelIeH.

[MpencraBneHo crieayrolee ONMUCaHUE UCIIOJIb3Ye-
MBIX CYIIHOCTEI:

1. «CocrosiHne pe3epByapa» OIUCHIBAET COCTOSI-
HHE pe3epByapa B ONpENCICHHBIA MOMEHT BPEMEHH,
cofepkuT MHGOPMALIMIO O pe3epByape, KOIMIEeCTBEH-
HBIX XapaKTePHCTHUKAX XPAHAIICHCS CMECH U XapaKTe-
PUCTHUKHU BHEIIHEN CPEbI.

2. «PesepByap» ONHCHIBA€T OCHOBHBIE XapakTe-
PUCTHKH pEe3epByapoB, HCIONb3yeMble Ha TpeaIpu-
SATHU.

3. «Tun pe3epByapa» ONKCBHIBAET Pa3IH4YHbIC BHU-
JIBl pe3epByapoB, KOTOPBIE MOTYT HCIIOIb30BaThCA WA
YK€ HCIIOJIb30BAJIMCh Ha pe3epByapHOM mapke. Cymr-
HOCTh CHEIHUalbHO pa3paboTaHa ¢ BO3MOXKHOCTBIO CO3-
JTAHWSI Pe3epByapoOB pa3HOTO THIIA.

4. «BemiecTBoO» OMHCHIBAET CONIEpIKAIIUECS B pe-
3epByapax BemlecTBa (IIOA BEMIECTBAMHU MOApa3yMeBa-
IOTCS ChIpbE, IEMEHTHBIE CMeCH, OOBIYHBIE BEIIECTBA U
Tp.), CONEPXKUT aTpulyThI [8].
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5. «Tun BemiecTBa» OMHCHIBAET THITHI CBHIPHS, Ta-
KM€ KaK CBIy4He, )KUIKUE, BI3KHE U TIp.

6. «XapakTepUCTUKNA BHEITHEW Cpelbl» OIMHCHIBA-
IOT COCTOSIHHE BHEUIHEH cpejibl, HeOOXOMUMBI ISl aHa-
JIM3a TO0JIb30BATENIeM BIMSHUS BHEUIHMX (haKTOPOB Ha
CMECh.

7. «YcTpoICTBO» OMUCHIBAET YCTPOICTBA, C KOTO-
PBIX OyZIeT OCYLIECTBIATHCS Ieperada JaHHBIX Ha pa-
00uyl0 CTaHLWIO, KOTOpPBIE NOJDKHBI OYyIyT OIpaliu-
BaThbCsl YCTPOHCTBOM.

8. «Ilopt» omnuceBaer wucnonszyemele COM-
MOpThl paboyell CTaHIMK, C KOTOPBIX OYAyT OCYIIECTB-
JISITBCSL 3aIPOCHI K MpUOopaM Ha pe3epByapHOM IapKe.

TemmepaTvpa

CocTosHHe pezepryapa e Tum pezepeyapa
PK | Cocrosmmiie peizepByapa I PK | P D PK| Tim pesepevapa 1D
LS eiepEyap
YpoBeHb BelecTRa s Ftt peseppyapa ! Haspanue THna pesepeyvapa
- +! '+
OGbeM BeleCTBA . - Bricota
) FK1| Tun pesepevapa ID
TIponeHT 3am0IHEHHOCTH pe3epByapa Y L | JunaneTp
. ~ L FKZ| Yerpoiicteo 1D
CocTtosiHHe pabOTBL VCTPOICTBA . BricoTa Konycea
: FK3| Bemectro ID -
Bpems cuntbiBaHHA JaHHBIX JuanmeTp KoHyca
FK 1| Buemmussa cpena ID +
FK2| Pesepeyap ID I Yerpoiicto
* PK | Bemectro ID PK | ¥Yerpoiictso D
DENIeCTBO 117
NapaKTepHCTHKH BHEIIHEH Ccpeibl > . ) .
Haspanue BCIICCTRA Hazpanne YeIponeTEQ
4 ) e 3 N VE 0 T H
PK| Buemmsnn cpexa 1D [INOTHOCTE BeMECTEA - ngr\Ie].II_)LT]. OHCTEQ
. opT
. FK1| Tun semectra ID P
Bpems sanucu BHemH el cpe/ibl

Il v

Jlarnenue Hopr
Tun remecTra

BiaskHocTs PK HO])T ID
PK| Tim BemecTra ID

Hazpanue nopra
Hazpauune tuna BeIleCTBa P]L‘[]l."']l:'i\'d'l'u}[
Puc. 3. Jlorndeckast Moiesib 6a3bl JaHHBIX
3akJilouenue OmnmcaHHas apxXUTEKTypa ¥ METOAUKH Pa3pabOTKH

[IpemmoxkeHHYI0 MOJENb W apXUTEKTYPy MOXKHO
MPUMEHATh HAa pPEaNbHBIX MPOMBINUICHHBIX IPEIIpH-
ATUSAX JUI1 MOHUTOPHHTA 32 COCTOSIHUEM PE3epBYapHOTO
nmapka. AmnmapaTHas 4acTh CHUCTEMBI 00JaJaeT HU3KOH
CTOMMOCTBIO U TIPOCTOTOM B YCTaHOBKeE, Onarojapst 4e-
MY MOXXHO B KpaTKHe CPOKH IEPEXOANTh K e IKCILTya-
TallMu, a TaK)Ke BO3MOXXHOCTBIO MOJIEpHU3ALUH (3ame-
HBl YacTeil CHCTEMBbI), 1 BO3MOXXHOCTBHIO YBEIHYECHUS
MacuTaboB CUCTEMBI.

ApXUTEKTypa IPOrpaMMHOM 4acTH CUCTEMBI IO-
3BOJISIET pa3pabaThiBaTh W UCIOJIB30BATh €€ KaK Ha pa-
0OuMX CTaHIMAX, TAK U Ha cepBepax, Ojaromaps uemy
BO3MOXEH OJHOBPEMEHHBI NOCTYI HECKOJIBKUX ITOJb-
30Baresield, B TOM YHCIIE U3 YAaJeHHBIX MecT. Mcromb-
30BaHHE JOKYMEHT-OPUCHTHPOBAHHOW 0a3bl IaHHBIX
MTO3BOJISIET OCYIIECTBIATh MOUCK IO JAHHBIM PE3EpBY-
apHOTO TapKa, B JAHHOM ciyd4ae ObICTpee, YeM MpH
HCIOJIb30BAHNU PEIIALIMOHHBIX 633 JaHHBIX. MOJIyJ'I])-
HBIA TPUHLUI pa3pabOTKU CHUCTEMBbI 00Jerdaer BO3-
MOXKHOCTH €e NanbHeiimei MogepHu3anmu. PaspaboTka
KPOCCIUTaT(OPMEHHOTO TPpa(UISCKOTO TOJIb30BaTEIb-
CKOTO TPHJIOKEHHUS MO3BOJISIET Habtoaarh 3a paboToi
MapKa ¥ aHaJM3UPOBATH JaHHBIE C KOMITBIOTEPOB, He3a-
BUCHMO OT BHIOPaHHOM OIEpaliOHHON CUCTEMBI (B TOM
YHCIIe UMEETCsl BO3MOXKHOCTh paboTaTh U3 Opaysepa), a
TaKXKe C COBPEMEHHBIX MOOWIBHBIX YCTPOWCTB W Tpa-
(hUYeCKHX IIAHIIICTOB.

CUCTEMbl MOHHUTOPHUHIA PE3CPBYaApHOI'0 IMapKa ILIaHU-
PYIOTCd K NPUMCHCHHUIO Ha NPOU3BOACTBCHHBLIX IIPEI-
IIPpUATHUAX.
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The article contains new software and hardware models for
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data. The authors explain the architecture of system hardware
part meant to receive and transfer the data by wired and wire-
less ways. Also, the architecture and procedures of the system
software part are described.
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YK 621.3.011.73

A.E. l'opsavHos, J1.U. Babak

MeToanka aBTOMaTU3MPOBAHHOIO CMHTE3a NapamMeTpPUYeCKUX
Moaenen naccuBHbIX KOMNOoHeHToB CBY-MOHONUTHbIX

MHTEerparibHbIX CXeM

IMpemnoxkena MeTOAMKA aBTOMAaTH3MPOBAHHOIO CHHTE3a ITapaMETPHUUECKUX MOJENEH MacCHBHBIX KOMIIOHEHTOB
CBY-mononmTHEIX nHTEerpanbHelX cxeM (MUC) B Bune skBuBanieHTHEIX cxeM (DC), nmpu 3ToM 31eMenTs JC 3aBUCAT
OT KOHCTPYKTHUBHBIX ITapaMeTPOB KOMIIOHEHTOB (HarpuMep, FeOMETPHIECKUX pa3MepoB). MeToMNKa ITO3BOJISET aBTO-
MaTU3UPOBATh PELICHUE 3aJau MOoHcKa CTPYKTypsl DC, a Takke OIpeAeIeHHUs ONTUMAIbHBIX IOPSAAKOB alllIPOKCHUMU-
PYIOLIMX MHOIOMEPHBIX IOJIMHOMOB 110 OTJEJIbHBIM IIEPEMEHHBIM, B KAUeCTBE KOTOPBIX BHICTYNAIOT KOHCTPYKTHBHBIC
napametpsl. Kak npumep, npencTaBieHo NOCTpOCHUE apaMeTpUIecKod Moiesin uHTerpaabHoro MJ/IM-konaeHcaTopa
s 0,15 mxm GaAs-pHEMT-texnonoruu nrotosnenust MUC.

KnrodeBbie cnopa: CBU-MOHONUTHBIE MHTETpalbHBIE CXEMBbI, NTACCUBHbIE KOMIIOHEHTHI, TapaMeTpHUuecKasi MOJEINb,
MOJIENTN B BUJIE DKBHBAJICHTHBIX cXeM, cuHTe3, GaAs, M/IM-koHaeHcaTop.

doi: 10.21293/1818-0442-2016-19-4-101-107

Jns moseimenus 3¢(QeKTHBHOCTH TPOEKTHPOBa-
Hust CBY-moHOnmuTHBIX uMHTErpanbHeix cxem (MUC)
IIMPOKO HCTIONB3YIOTCSA IMapaMeTpU4ecKue MOIEIH,
OTIHCHIBAIOIINE 3aBHCUMOCTH JJIEKTPHYECKHX XapaKTe-
PHUCTUK aKTHBHOTO WJIM TIACCHBHOTO KOMIIOHEHTA OT €T0
KOHCTPYKTHBHBIX MapaMeTpoB (Hanpumep, reoMeTpuye-
CKHX pa3mepoB) [1-6].

B wactHOCTH, mapaMeTpUYecKHe MOICIH IPUME-
HSIOT TIPU MIOCTPOCHHUH TOMIOJIOTHY MHTETPATBHBIX CXCM.
3nech TpeOyercsl BBINOJIHUTH IEPEXol OT 3HAYCHUH
AIIEKTPUUYECKUX TapaMeTPOB MACCHBHBIX KOMIIOHEHTOB
(compoTuBieHUi, eMKOCTEH, HHIYKTUBHOCTEH H T.1.) K
KOHCTPYKTHBHBIM TIapamMeTpaM, OMIPEACIISFOIINM TOIO-
JIOTUIO KOMITOHEHTOB. JIpyriM NpUMEHEHUEM SIBISFOTCS
NapaMETPUUYECKU M CTPYKTYPHO-IIApaMETPUUYECKUM
cuare3 CBY-yctpoiicts [6—10]. B atux cimy4asx mis
yueTa mapasuTHHIX 3(PQPEKTOB MpearoaracTcsi ocylie-
CTBJICHHUEC OIITHMMH3AaIlUU UJIK CUHTE3a yCTpOﬂCTBa C ucC-
IIOJIb30BAHUEM TOYHBIX Mo;[enei/i PCaJIbHbIX KOMIIOHCH-
TOB TP BapHAIMU UX KOHCTPYKTUBHBIX ITAPAMETPOB.

OmgHuM U3 CHOCOOOB MOCTPOCHHS MapaMeTpuye-
CKUX MoeNel B BUie SKBUBaJICHTHBIX cxeM (DC) sBis-
eTCs almpOKCHMAIHs (HalpuMep, ¢ MOMOIIBI0 MHOTO-
MEpPHBIX TIOJIMHOMOB) 3aBUCHMOCTEH 3HAUCHUIA AIIEMEH-
ToB OC OT KOHCTPYKTHUBHBIX mapameTpoB [3, 4]. Ilpu
9TOM BCEBO3MO)KHBIE KOMOWHAIIMK IHUCKPETHBIX 3HAYe-
HUN KOHCTPYKTHBHBIX MapaMeTpoB (OpMHUPYIOT Tak
Ha3bIBAEMYIO CE€TKY KOHCTPYKTHUBHBIX COCTOSIHUM KOM-
nonenta [3, 4]. [lapamerpuueckas DC-mofenb B TaKOM
ciydae mpenactaBisieT co6oit OC, 371eMEHTB KOTOPOit
OITMCHIBAIOTCSI C MOMOIIBI0 MHOTOMEPHBIX IOJIMHOMOB,
IJIc B Ka4eCTBE IIEPEMEHHBIX BBICTYHAKOT KOHCTPYKTHB-
HBIC TTapaMeTPhl KOMIIOHCHTA, HAIIPUMEP: JUIMHA W IIIH-
puHa OOKITaJOK KOHIEHCATOpa, KOJMYECTBO BUTKOB Ka-
TYIIKA HHIYKTUBHOCTH H T.J.

HeoOxomumMpIM yCcrioBHEeM [UIS TIOCTPOCHHS ITapa-
METPHUYECKON MOJIEIN KOMIIOHEHTa Ha OCHOBE aIlpOK-
CHUMAIUH SIBIISIETCS HEOOXOAWMOCTh €AWHON (OIHON W
ToW xe) CTpyKTypsl DC i BCeX BO3MOXKHBIX KOHCT-
PYKTHBHBIX cOCTOSIHMIA. OJIHAKO CYIIECTBYIOIIUE METO-

UKW TTOCTPOCHUS MapaMeTpuieckux Mojeneit [3, 4] ve
JTAIOT peIIeHHs 3aJa4qy ITONCKa Takoi obmieit (Tem Ooee
ONTUMAIIBHON) CTPYKTYpHI IC.

B cBsi3u ¢ 3TUM OOBIYHO MOAXOAAIIAS CTPYKTypa
OC HaxoauTcs myTeM 1pod u ommbok. BHavase paspa-
OOTUMK BBHIOMPAET HEKOTOPYIO HAYaJIbHYIO CTPYKTYpY
OC ¥ BBIMONHAET YKCTPAKIUIO 3HAYCHUN €€ 3IIEMEHTOB
JUISl KaK0TO KOHCTPYKTUBHOTO COCTOSIHUSI KOMIIOHEH-
Ta. B ciydae, ecnu HEKOTOpbIE W3 TOJYYEHHBIX IS
BCEX KOHCTPYKTUBHBIX cocTosiHMi DC-mozenell BbI-
OpaHHOH CTPYKTYpHl HEe 00ECHEeYMBAIOT HEOOXOIMMOit
TOYHOCTH, BBIOMpAeTcs Ipyrasi, Ooliee CIIOXKHAs CTPYK-
Typa OC, 1 poriecc IOBTOPSIETCSI.

B pesynprare Takux wuTepauuMil omnpenensercs
CTpyKTypa mapamerpuueckori OC-monmenu, obecriedu-
BaIOIIAs MPUEMIIEMBIH KOMIIPOMHCC MEXAY TPeOyeMbIM
3HAQYEHUEM OIIMOKH MOJENIM Ha BCEHl CeTKe KOHCTPYK-
TUBHBIX COCTOSIHUH M CI0KHOCTHIO DC.

3HAYUTENBFHON TPYIOEMKOCTBIO O0NafaeT TakKe
CYIIECTBYIOIIUI CHOCO0 HAXOXKICHUS MHOTOMEPHOTO
anmnpoKCUMUpYIoLero noiuHoma [3, 4], rae nopsaku
MOJIMHOMA TI0 K)XKIOM NepeMEHHOH OI0UPaIoTCs TOXKe
myTeM 1poO. B pesynbrare Ha mpakTHKE MPOIECC IIO0-
CTPOCHHS TAapaMETPUICCKON MOIENH MOXKET 3aHATh
MIPOIOIDKUTENIEHOE BPeMS — IO HECKOJIBKHUX THEH.

B crarpe mpemuiaraeTcsi HOBasi METOIMKA aBTOMATH-
3MPOBAHHOTO CHHTE3a MapaMeTPUIEeCKUX MOJeNel mac-
cuBHbix CBUY-komnonenToB. OHa oOecrieunBaeT aBTO-
MaTU3MpPOBAaHHOE pEILIeHUE 3a/a4 KakK OIpeAeIeHHs
cTpykTypbl OC, Tak U MOCTPOEHUS] MHOTOMEPHBIX IO-
JIMHOMOB, OIMCBHIBAIOLIMX 3aBHCUMOCTH 3j1eMeHTOB DC
OT KOHCTPYKTHUBHBIX I1apaMeTpoB KoMIloHeHTa. Dddek-
TUBHOCTH METOIMKH MPOJEMOHCTPHPOBAHA HA IIPUMeEpe
CUHTE3a mapameTrpuueckoil monenn MJ/IM-konzaeHca-
topa mia 0,15 mxm GaAs-pHEMT-TexHonorun w3ro-
tonerns MUC.

AJITOPUTM aBTOMATH3HPOBAHHOIO CHHTE3a
napamerpudeckux IC-moneneit CBU-komnoneHTos

B kagectBe 6a3pl MCIONB3yeTCS MpENIOKEHHAS B
[11] meromuka cuHTe3a (ONpeAeseHUs CTPYKTYpHI U
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3HaYeHHH 3eMeHTOB) DC-Mozeneii CBU-KOMIIOHEHTOB.
OHa OCHOBaHA Ha JEKOMIIO3WIIUM MOJEIH, ONTHMAIb-
HOM BBIOOpE CTPYKTYPHI 3B€HBEB M MPSAMON IKCTPAKIIUI
JIIEMEHTOB 3BEHBEB. [IpenMymiecTBAMH METOIMKH SIB-
JIAKOTCA aBTOMaTu3alusd W Majlo€ BpPEMsS IMOCTPOCHUA
MOJIEJNH, & TAK)Ke BO3MOXKHOCTh KOHTPOJISI €€ CTPYKTYPBI
C MOMOLIBIO 33/1aHKS AOIYCTUMOTO MHOXKECTBA 3BEHBEB.

B 3anave nocTpoeHus mapamMeTpuieckux Mojenei
¢ nomouibto MeToauku [11] Bo3amoxkHO nosyueHue IC-
Mozened sl KaXJIOro OTHEIBHOTO KOHCTPYKTHBHOTO
COCTOSIHUSI KOoMITOHeHTa. OTHAKO TIPU 3TOM HE TapaHTH-
pyeTcs, 94TO Ui BCeX KOHCTPYKTHUBHBIX COCTOSHHN Oy-
JIET OIpezAeieHa OaHa U Ta ke cTpykTypa DC, naxe npu
YCIIOBHHM OJWHAKOBBIX OTPAaHMYEHHH Ha MHOXECTBO
JIONTYCTHMBIX 3BeHbeB. Takum 00pa3zoM, cama 1o cede
MeTonuka [11] He oOecrieyrBaeT MOCTPOCHUS aeKBar-
HBIX IApaMETPUUECKUX MOJIEIICH.

KonctpyktuBHoe coctosinue CBY-kommnoHeHTa
MOKHO XapaKTepH30BaTh BEKTOPOM X = (X, X2, ..., X,),
rae x; (h =1, 2..., n) — KOHCTPYKTHBHBIE MapaMeTpbl
KOMITOHEHTa; # — YHUCIIO KOHCTPYKTHBHBIX IapaMeTpOB.
O003HaYNM KOHCTPYKTHBHEIE cocTossHus CBY-komro-
HeHTa Kak K, (¢ =1, 2..., ), rae O — 4uCIIO KOHCTPYK-
TUBHBIX COCTOSHHUNA. Torma KaXIoMy KOHCTPYKTHBHOMY
cocTosiHuI0 K, OylET COOTBETCTBOBATH OINPEIETIEHHOE
3HaY€HHE BEKTOpa KOHCTPYKTHBHBIX IIapaMeTpoB
Xg= (X1gs X2gs oo 5 Xng)-

Jnst pemieHust 0003HaueHHOW BbIIIE TPOOIIEMBI
cuHTe3a mapamerpuueckoil momenu CBY-kommoHeHTa
MOYKHO NPEIUIOKHTH CIEAYIOILYI0 METOAUKY:

1) nomyuenue (M3MepeHHE) MapaMeTpoB paccesi-
Hus S;(K,) naccupHoro CBY-KOMIOHEHTa KaK JIBYXIIO-
JIOCHUKA WM YETHIPEXIOTIOCHUKA IJIS1 BCEX TPeOyeMbIX
KOHCTPYKTHBHBIX cocTosiuuid K, (¢ = 1,2..., 0); i, =1,
2, .., N; N —uncio noproB CBU-komroHeHTa;

2) 3amaHHe €OUHOTO0 MOP(OJOrHYECKOr0 MHOXKE-
CTBa AOMYCTHMBIX CTPYKTYPHBIX CXeM MOJEIH U CTPYK-
Typ (cxeMm) 3BEHBEB, KOTOpbhIE OYyZyT HCIONB30BaThCS
JUIsl BCEX KOHCTPYKTUBHBIX cocTosHui K, (¢ =1, 2...,
Q) naccuHoro CBY-koMmnoHeHTa;

3) HaxoXAeHUe I KaKAOro KOHCTPYKTHBHOTIO
cocrosnusa K, cormacHo meroxpuke [11] coorsercTByro-
LIEr0 MHOXECTBA S, BO3MOXKHEIX CTPyKTYp DC-Moznenmy,
OIMCHIBAIONIMX IACCHBHBIH KOMIIOHEHT C HOTPEIIHO-
CTBIO HE XYK€ 3alaHHOM BeIMUYUHBI €. B pesynbrare
U1t ) KOHCTPYKTUBHBIX COCTOSHHU OyneT moiydeHo O
TaKMX MHOXECTB CTPYKTYP: Sy, Sy, ..., Sp;

4) BBIOOp B TMOJyYEHHBIX Ha Iare 3 MHOXKECTBaX
crpykryp OC-moneneit S, (g = 1, 2..., Q) obweii cTpyk-
TypHI (CTPYKTYpBI TapameTpudeckoit IC-Momemn), mpu-
CYTCTBYIOIIEH B KaXJOM MHOXECTBE S,;

5) eciu Ha miare 4 He YyAAIOCh OMNPENENIUTH
CTPYKTYpy HapameTpuueckoii DC-monenu, obecrneun-
BaIOIYI0 OIIMOKY He Ooliee €, HEOOXOANMO pacimpe-
HHE MOpP(OJIOTHYECKOTO MHOXECTBAa  JIOIYCTHMBIX
CTPYKTYp MO0 YBEIHYCHHE BEIHUYHMHEI € U MEPEXOd K
mrary 3;

6) TOCTpOEHHE ITOJIMHOMOB, OIICHIBAIOIINX 3aBH-
CHMOCTH 3HAUEHUH KaKJIOTO 3JIEeMEHTa BBHIOPAHHON HA
mrare 4 9C oT KOHCTPYKTUBHBIX apameTpoB CBU-kom-

MMOHEHTa. TaKoe MOCTPOCHHE MOXKET OBITH BBITOJHEHO
Ha OCHOBE MHOTOMEPHOW MOJIMHOMHUAJIBLHON anmpoKCH-
Mau 3HauyeHWH 31eMeHToB DC Ha CeTKe KOHCTPYK-
THUBHBIX cocTOsTHUH [11]. YcoBepIeHCTBOBaHHBIN BapH-
AHT alrpoOKCUMalK NPEACTAaBICH HUKE;

7) BepU(UKALUA MapaMETPUYCCKON MOJCIH KOM-
HIOHEHTA.

B kauectBe ommOKH B Ipoliecce CHHTE3a apamer-
pudeckoi Moaenu ucnonssyercs adbcomorHas CKO A
IapaMeTpOB PACCESIHUS MOJIEIIH:

[
Bysj =y 2 A8 (1)

rue
; (2)

M — KONMYECTBO YaCTOTHBIX Touek; S; ™ — u3Mepen-
Hble mapamMeTpbl CBU-koMmoHeHTa KaK MHOTOTIONIOC-
HUKa; AS',«jl\/l"del — mapameTpsl Moaeaun CBU-kommoHeHTa.

Takum 00pa3oM, H3 MHOXKECTBA BO3MOXKHBIX
cTpykTyp DC-Moaenel, MoTyuyeHHbIX I KaKI0ro KOH-
CTPYKTHBHOTO COCTOSIHMSI KOMIIOHEHTa, ajJrOpUTM OIl-
pelnensieT cxemy, ClIoCOOHYIO C JOCTaTOYHON TOYHOCTBIO
OIMCaTh BCE KOHCTPYKTHBHBIE COCTOsiHUS. [Ipu Hamm-
YUK HECKOJIbKUX TMOTEHIUAIBHBIX CTPYKTYp Mapamer-
pHUYecKoi MOIENN Pa3pabOTINK CaMOCTOATEIEHO BBIOH-
paet HauboJsee MPHEMIIEMYIO U3 HHX.

[Tpu aBTOMaTH3MPOBAHHOM CHHTE3€ MapaMeTpuue-
ckux Mojenei maccuBHbIX CBY-KOMIOHEHTOB paspa-
00TYMKY HEOOXOIMMO CaMOCTOSTEIBHO BBIOJIHUTD
ni. 1 u 2. OcranpHble Mard METOANKN MOTYT OBITh BbI-
IIOJIHEHBI aBTOMATHYCCKH.

AJITOPUTM aBTOMATU3HPOBAHHOI'0 MOCTPOEHUS
aNMnpoKCMMHUPYIOIIMX MHOTOMEPHBIX MOJHHOMOB

Jlyist aBTOMaTH3MPOBAaHHOTO PEIICHUS 33/1a4l MHO-
TOMEPHOH amlIpoKCUMAlLMM B ONHCAHHOW BBIIIE METO-
JIMKE CHHTE3a HAMH HYKE MPEJIaracTcsi alrOPUTM I10-
CTPOCHHSI TOJMHOMOB, OIMCHIBAIOUIMX 3aBHCUMOCTH
3IIEMEHTOB HapameTprdeckoil IC-MOIeTH OT KOHCTPYK-
THUBHBIX N1aPaMETPOB KOMIIOHEHTA.

O6o3Hauum vepes e, (t =1, 2, ..., T) 3HaueHus (ma-
paMeTpsbl) cocpenoToueHHBIX AeMeHToB OC; T — olriee
gyuciao 3meMeHToB OC. 3HaueHHe KaXkJIoTo 3JIeMeHTa
¢, Kak (QYHKIUMIO KOHCTPYKTHBHBIX IapaMeTpoB
CBY-koMIIOHEHTA X{, X, ..., X, OylIeM MPHOIMKESHHO
OIMCHIBATH COOTBETCTBYIOIIUM MOJINHOMOM P;:

e; (X1, X2, oey X)) = Py (X1, X2, oo 5 Xy)- 3)

B o0mieM ciydae MOJMHOM SIBISIETCS MHOTOMeEp-
HBIM U MOXET OBbITh 3allMCaH B BHJE CYMMbI OHOUJIC-
HOB-MOHOMOB:

AGS (@) =[5 (@) = 5} (o)

n
- ® o 0 0
B(x,x,0%,)= z Cogan..a, X 2 Xy
o +0g+...+a,=0

“)

31ech oy, — MOKa3aTeNu CTeMNeHel MepeMeHHbBIX X,
(h=1,2, ..., n), OHU MOTYT IPUHHUMATH TOJBKO ILIEJIbIE
snauenusg 0, 1, 2 my; c(t) — BEIIECTBEHHbLIC

b b 2 e b ala2~~-(xn

k03¢ durmenter momuHOMa. [lopsmOK MHOTOMEpPHOTO
NOJMHOMA P; paBeH HauOoIbLIeMy IOPSIKY BXOISLIUX
B HEro OAHOWICHOB-MOHOMOB; IIOJ HMOPSAAKOM MOHOMa
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MTOHUMAETCS CyMMa CTEIIeHeHW BXOIAIINX B HEro Iepe-
MeHHBIX [12]). BBoguTcst Taxke MOpsAIOK 71, TIOJTMHOMA
P, no xaxmoi nmepemeHHout x; (h = 1, 2..., n), oH paBeH
MaKCHMAaJbHOMY 3HA4YEHHIO CTENEHH o BennmumnHy
my = my + mp+...+ m, HA30BEM CyMMAapHBIM ITOPSIKOM
MHOFOMepHOFO IIoJIMHOMA 110 BCEM HepeMeHHbIM, HJIn
MPOCTO CYMMAapHBIM ITOPSIAKOM.

3amaueii ammpoKCHMAIUH SBISCTCS OMpPEHCIICHHE
()

ojoty..., TOTHHOMA P(xy, x3, ..., x,),

KO3 PUILIUEHTOB ¢

AMMPOKCUMHPYIOLIETO 3aBUCHUMOCTE €/(X|, X, ..., X;) IO
Habopy 3a/laHHBIX 3HAYEHHH DJIEMEHTA €, BO BCEX KOH-
CTPYKTUBHBIX cocTosuuax K, , g =1, 2, ..., O (npeamno-
JIara€Tcs, 4To 3THU 3HAUYCHUA HaXOOATCA HyTeM 3KCTpaK-
U OC B KaXK10M KOHCTPYKTHBHOM COCTOSTHUM K ,):

ey =€ (Xig Xog o 5 Xng)- 5

JIst mocTpoeHUsI MHOTOMEPHBIX MTOJMHOMOB IIeTie-
c000pa3HO HCIONF30BAaHHE METOAAa HAaWMEHBIINX KBAa[-
paroB (MHK) [13]. B atom ciydae TpeOyeTcs Tarxke
3aaTh TMOPSAKHA TOJMHHOMA M1, (MaKCUMallbHBIE 3Hade-
HUS CTETNEeHEeW «;) MO KaXKIOoW TMepeMeHHOH x;. Uem
OOJIbILIE 3T MOPSIKY, TEM JIydllie B OOIIEeM cliydae Tou-
HOCTh BOCTIPOHM3BEIACHHS 3aBUCUMOCTH €/X|, X2, ..., X;,).
OnHaKo, ¢ IPYroil CTOPOHBI, IPU OONBIINX MOPSIKAX /),
PE3KO pacTeT YUCIO MOHOMOB, YTO BENIET K YBEIUICHUIO
BPEMEHU pacyeTa 3HAYCHUMN MoJuHOMA P;, T.e. (hakTHye-
CKH K YMCHBIICHHIO OBICTPOJCHCTBUS IapaMeTpHye-
ckoit Mopenu. TakuM 0Opa3oMm, HEOOXOANMO HAWUTH TO-
JIUHOM, KOTOPBIA 00ECIIeYnBAcT HYXKHBIA KOMITPOMHECC
MEXIy TOYHOCTBIO M ObIcTponeiictBueM mozenmu. Kax
YK€ OTMEYaJoCh, B CYMISCTBYIOMMX Mmoaxomax [3, 4]
OTIpeIeIIeHNE TOPSIKOB TOJIHHOMA P, 10 OTAEIbHBIM
MIePEMEHHBIM BBIMOJHIETCS CaMHM Pa3padOTINKOM IIy-
TéM Tiepebopa ONpeeNIeHHbIX (BBIOMPAEMBIX 3MITUPH-
YEeCKH) 3HAUYEHUH M, 3TO YBEJIUUMUBAET BpEeMS U TPYIO-
€MKOCTh IMOCTPOCHHUS TApaMETPHUUSCKON MOJICIIH.

3amaua OMpENeICHUsS MOIXOISIIIETO AlMPOKCUMHU-
PYIOIIETO MMOIMHOMa MOXKET OBITH aBTOMAaTU3UpPOBAaHA C
TTOMOIIBIO CIICAYIOMIETO aJITOPUTMA:

1. Tlomyuenue 3naueHuii e, snemenra OC e, s
KaKJIOr0 KOHCTPYKTHBHOIO COCTOSIHMS KOMIOHEeHTa K,
¢=12,...,0).

2. 3amaHvie MAaKCUMAaJbHO JOMYCTHMOM BETUINHBI
Ao OIMOKK anmpoKCMMaUMHU 3HAYEHUH ey, C MOMOUIbIO
noiuHoMa P,.

3. 3amaHue LENBIX HEOTPHIATENBbHBIX 4yucen M,
KOTOPBIC ONPEACIISIIOT MaKCHMMAaJIbHO BO3MOXHBIC 3HA-
YCHUA HOpﬂ[lKOB my, MHOFOMepHOFO IIOJIMHOMA I10 KaxX-
JIO¥ IepeMeHHOH X, (T.€. my, < M,,).

4. TlocnemoBaTelbHOE HAXOXKJIECHUE C HCIIONB30-
BanneM MHK MHOxecTBa monmuuomoB Py (d =1, 2, ...,
D), xaxaplii U3 KOTOPHIX ommchiBaeT ieMeHT JC e,.
YKkazaHHBIC TIOJTMHOMBI CTPOSTCS JJISI BCEX BO3MOXKHBIX
KOMOHMHAINI TOPSIKOB /71, OTHOCHTENBHO KaXIOH Tie-
peMeHHOH X, mpu Bapuaruu B npexaenax 0 < my, < M,
YHUCJIO TAaKUX TOJTUHOMOB paBHO D = (M + 1)(M,+ 1)...
(M, +1).

5. OmpenesneHrue CyMMapHOTO TMOpSIKa My, IS
Kaxxoro nojgunoma Py, d =1,2, ..., D.

6. Pacuer 3HaueHUs OMIMOKH A, U KX I0TO I10-
muHoma Py, d=1,2, ..., D.

7. Omnpenenenne cpenu momuHOMOB Py (d = 1, 2,
..., D) nominoma P,,, KOTOpbI 00€ecre4nBaeT HEO0OX0-
JMMBIA ypOBEHb OWMOKU A, < Ay IPU MMHMMAJILHOM
CyMMapHOM Hopsiake (T.€. My, = min myy, d=0, 1,2, ..., D).

8. Ecmu 3amaHHBI ypOBeHb OIIMOKM MeHee A,
00eCIICYMBAIOT HECKOJILKO IOJIMHOMOB C OJMHAKOBBIM
CYMMAapHBIM TIOPSIIKOM My, CPEAM HUX BBIOMpACTCs IMO-
JIUHOM C HAMMEHBIIICH OMIMOKOM.

9. Ecau HU oquH U3 MOJMHOMOB P,; He oOecreun-
BaeT TpeOyeMblii ypOBEHb OLIMOKHM HIDKE A,, BBIOMpa-
I0TCs1 OoJIee BEICOKHE MaKCHMAJIBHBIE TTOPSIKU M), MHO-
TOMEPHOI0 TOJMHOMA M0 KaXI0H NMEepEMEHHOU X, Ie-
pexomuMm K 1. 4.

B kagectBe ommOku A, mpenjaraercs HCIOIb30-
BaTh MakCHMaJbHYyI0 oTHOcuTenbHYyI0 CKO BOCmpoms-
BEJICHUS TIOIMHOMOM P, 3a[JaHHBIX 3HAYEHUH e, die-
MeHTa OC e, Ha CETKE KOHCTPYKTMBHBIX COCTOAHMK K,
q=1,2,...,0:

|P,(x1q,x2q,...,an)—e,q|
A; =max .
q g

Takum 00pa3oM, NPEAJIOKEHHBIH aNTOPUTM HE
TOJIBKO BBITTONHAECT HAXOXIIEHHE MHOTOMEPHOTO TOJH-
HOMa P, ¢ TpeOyeMbIM ypoBHeM ommuOKu A, < Ay, HO U
obecrieuynmBaeT MHUHUMAIBHBI CyMMapHBIA ITOPSIOK
nonuHoMa my. [Ipu mocTpoeHuu napaMeTpuyeckoi Mo-
JIed  HeoOXOAMMO BBIIOJMHHATH TIPEIJIOKEHHBIH ajro-
PUTM AJIS KaXKAOTO SJIEMEHTa e, BRBIOPaHHOU CTPYKTYPHI
OC, B pe3yJbrare nojay4aeM Habop MOJUHOMOB P; (1 =1,
2, ..., T), onuckiBaomui Bce aneMeHTsl DC-MOoiemu.

CuHTe3 mapaMeTpu4ecKoii Moxe I
uHTerpajbHoro MJIM-koHaeHcaTopa

PaccmoTpuM cHHTE3 mHapaMeTpUYEeCKOW MOJACTH
MJIM-koHzeHcaTopa, usroroBieHHoro mno 0,15 MM
GaAs-pHEMT-trexnonorum CBY MUC. [dns neneit mc-
CIIEZIOBAaHMS METOOVKH B KaueCTBE MCXONHBIX JTaHHBIX
B3STHI IApaMETPHl PAacCesHUs, pacCYNTaHHBIC B THara-
30He dactoT a0 60 I'T' mo mumeromeiicss Bepupuupo-
BaHHOW Momenn MJIM-koHzaeHcatopa B OuOIHMOTEKe
PL15-10 xomnanuun Win Semiconductors. Bapbeupye-
MBIMUA KOHCTPYKTHBHBIMH ITapaMeTpPaMy B MOJCIH BbI-
CTYNalOT TeOMETPUYECKHE pa3Mepbl OOKIIaJ0K KOHJCH-
caropa — NIMpUHA W U JUIMHA [, T.e. X = w, X, = [. D1
napaMeTpsl HU3MEHSITCS B auanasoHe 10-100 mxm.
Pacuet napamerpoB paccesanuss MJIM-koHaeHcaTopa 1o
BepH(UIIUPOBAHHOW MOJENN OBLT BEHINONHEH B 25 KOH-
CTPYKTHBHBIX COCTOSHHAX, Ha pHUC. | OHH OTMEUYCHBI
YepHBIMA KPY>KKaMHU.

B coorBercTBuM ¢ Meromukoir [l11] BeIOEpeM
[T-o6pasuyro crpykrypy OC-momenu MJIM-koHaeH-
cartopa (puc. 2, a). Ha ocHoBaHuM mipoBeneHHOTO B [11]
MOP(QOJIOTHYECKOTO ~ aHalIM3a 3aJaJiM BO3MOXKHBIC
CTPYKTYpBI 3BEHbEB Y—Y3 MOZENN: B LICHTPAJILHOM 3Be-
HE Y, MOTYT HCIOJBb30BaThCs IEMH pHC. 2, 6—0, B Ma-
paJUIeNBHBIX 3BEHBAX Y| U Y3 — menw puc. 2, 0, 6, 0, e,
OTHCHIBAONINE MMapa3uTHBIC EMKOCTH KOHACHCATOpa Ha
3eMJII0 1 ToTepr B GaAS-TIOATIOKKE.

OO0pr4HO Jkemaemoe 3HaueHHe aOcomorHO CKO
napaMeTpoB paccesHusi A IJis IOCTPOEHUS TOYHBIX
moneneii CBU-KOMIIOHEHTOB HaXOOWTCA B AgHAla30HE

(6)
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0,001-0,05. OmHako B HACTOAIIEM TIpPHMEpe U Ha-
[JISTHOCTU U TIOJyYeHHsl OOJIBIIEro Yuciia BO3MOXKHBIX
cTpykTyp OC mapaMeTprudecKo MOAeNu 3aaJiM Mak-
CHMaJIbHO JOIYCTHMBIH YpOBEHb OIMOKU Ajg = 0,2.

KOHCprKTHBHbIC COCTOSAHHUA:

@ UcxozHbie
O TlpomeKyTOUHBIE
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Puc. 1. CeTka KOHCTPYKTHBHBIX COCTOSIHUM
MJIM-koHnaeHcaTopa
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Puc. 2. CtpykTypHBI€ OrpaHUdeHUS AJI MOJEIU
MJIM-koHzeHcaTopa

C wucnons3zoBaHueM Metonuku [11] mist xaxmoro
KOHCTPYKTHBHOTO COCTOSIHHSI OBIJIO TOJy4€HO HECKOJIb-
KO paznuyHbIX cxeM DC. AHanu3 mokaszaji, 4To B 3TOM
MHOJKECTBE CTPYKTYP UEThIpE CXeMBbI (pHUC. 3) SBISIOTCS
0OIIMMH /7151 BCEX KOHCTPYKTHBHBIX COCTOSTHUN M MOTYT
ObITH BBIOpaHB!l B KadecTBe DC il apaMeTpuyuecKoi
MOZIENH KOHJEHCATOoPA.

Jus cxem Ha puc. 3 paccCUMTaHBl OUIMOKH Tapa-
MeTpOB paccesHus Ay (Tadn. 1). B mocnenneii crpoxe
TaOJMIBl TPHUBENCHBl MAKCHMaJbHBlE OLIMOKHM 3THX
MogeneH Ajgimax 10 BCEM KOHCTPYKTHBHBIX COCTOSHHSAM.

U3 Tabn. 1 ciemyer, 4TO HaUMMEHBINNE 3HAYCHUS
OImUOOK &5 OOECIEUUBAIOT CTPYKTYPBl  pHUC. 3, a
(&smax = 0,0048) u puc. 3, 2 (Esmax = 0,0048). 3nauenus
omKOOK Uil CTPYKTYp pHC. 3, O, 6 Ha MOPSIOK BHIIIE,
4TO JleniaeT uX BhIOOp B kauectBe DC Ui mapamerpu-
Yeckol Mozenu HenmpuemiemMbiM. M3 aByx cxem
puc. 3, a u 2 U1 mapaMeTpUIECKONH MOIENH IeTeco00-
pa3Ho BEIOpaTh cxeMy pHC. 3, a Kak OoJiee MPoCTyIO.

B Tabn. 2 npuBeneHs! 3HaYeHUS 3MeMeHTOB OC Ha
puc. 3, a, moy4eHHbIE ¢ TOMOIIBI0 MeTonuku [11] mams
Ka)KJIOr0 KOHCTPYKTHBHOT'O COCTOSIHUS KOHJIGHCATOPA.

C R
C R L
R,\ ub R,\ ub
C\'ub Csub C C
sub sub
1 I T T
a o
R L c
Rsub R.&'uh
C.\'ub C.\'ub
E. E.
8 2

Puc. 3. Ctpyxtyps! napamerpuueckoir 9C-monenu
MJIM-koHzeHCaTOpa, NOJYUYEHHbIE B pE3yJIbTaTe
aBTOMAaTHU3UPOBAHHOTO CHHTE3a

Taboauma 1
3nauyenus omubok moxeseii M/IM-kongeHncaTopa
B Pa3JIM4YHbIX KOHCTPYKTHBHBIX COCTOSHUAX (puc. 3)

KC* Omnbka A\S\
’ Mogens | Mogens | Mogens | Monens
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 AaIIpoK-
CHUMaIlliu 3aBUCUMOCTEH 31eMeHTOoB DC OT KOHCTPYK-
THBHBIX ITAPAMETPOB — FEOMETPHUUECKUX Pa3MepoB w U [
(Tabmn. 2) 3amaauM MaKCHMAaJIbHO AOMYCTHMYIO OTHOCH-
TEJBbHYI0 OLIMOKY aNIPOKCHMAIUH Ul KaKAOTo 3iIe-
MeHTa Ay = 5%. Paccmorpum Oonee moapoGHO mO-
CTPOEHHE AaIPOKCUMHPYIOILEr0 MOJWHOMA MJisl dJie-
MmeHTa e; = C B OC (cM. puc. 3, a). B aTom ciryuae BbI-
OpaHbl ClieIyIOUIMe MaKCHMAallbHbIE TOPSAKH JAByMep-
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Horo monmuHOMa Py(w, [) = Po(w, [) 0 mepeMeHHBIM
wul: M,, = M, = 2. Ilepebop Bcex BO3MOXHBIX COUYETA-
HUW TIOPSAIKOB #1,, M 1M; OTHOCUTENIBHO 3THUX TEepEMeEH-
HbIX B nipeaenax 0 <m, <M, =2 u 0 <m; < M;=2 naer
9 pa3UYHBIX AaMNMPOKCUMHUPYIOIUX MOJMHOMOB Py
(d=1,2,...,9). 3HaucHHUs TOPSAKOB U PACCUNTAHHBIX
omnOoK A, 11 9 W3 3TUX TOJMHOMOB IPUBENIEHHI B
Tao. 3.

Tabnuma 2
3HaueHus 31eMeHToB JC-Moaen M/IM-koHaeHcaTopa
B Pa3JIMYHbIX KOHCTPYKTHBHBIX COCTOSIHHAX (CM. puc. 3, a)

KC*,
C, nd L, ul'u R,MOM | Cypp, 0D
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 u OIMIMOKH 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

Jannapie TaOn. 3 MONTBEPKIAIOT TOT 3aKOHOMEp-
HBI (DaKT, 9TO MPH YBEITUYCHUH IMOPSAIKOB TOJIAHOMA
P¢ 1o mepeMeHHBIM W ¥ [ OIIMOKa anmmpoKcuMaIuu Ac
yMmeHbImaercs. [Ipu 3ToM Hambojee TOYHO HMCXOTHBIE
3HadeHus »neMeHTa C Ha CeTKe KOHCTPYKTHUBHBIX CO-
CTOSIHUM ONMUCBHIBAET MOJIMHOM Pry C CyMMAapHBIM IIO-
psAAKOM mye = 4. OIHAKO TOIyCTUMBIA YPOBEHB OIINOKH
Ac < Ay = 5% Ttaxke 00eCIIeYnBaIOT MOJIMHOMBI Py U
Pcg, obnmamaromye MEHBIIUM CYMMAapHBIM MOPSIKOM

(msg7 = mgg = 3). Takum oOpa3oM, IJIs ONMICAHUS 3aBU-
cuMocTH deMeHTa C OT FeOMETPUUECKHUX Pa3MepoB W U
I MJIM-KoHIIeHCaTOpa alrOPUTM BBIOEPET MOTUHOM Psg.

B pe3synbrare BBINOIHEHUS AITOPUTMA ISl KAXKI0-
ro anemenTa OC Ha pHc. 3, @ NOTYYUM CIEeIyIoNue Mo-
JIMHOMBI:

C(w, ) =1,12x107+ 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° + 6,991x10w + 4,392x10 ] —
—2,64x10 "w* + 7,308%10 "wl. (10)

Cnez[yeT OTMETUTD, YTO IPU MOCTPOCHUHN ITOJIMHO-
MOB OBUIM TOJIyYEHBI KOI(PPHUIUEHTH OTIEIBHBIX MO-
HOMOB, Gmm3kue Kk Hymo (Menee 10°°). Tak kak nx
BIIMSTHUE TIPEHEOPEKMMO MaJlo, JaHHbIE MOHOMBI OBbIIH
WCKJIIOUCHBI U3 TIOJIMHOMOB.

Cucrema aBymepHbIX moiarHoMoB (7)—(10) B coBo-
KYIHOCTH c0 cTpyKTypoit OC Ha puc. 3, a IpeacTaBIseT
co00Oi  MOCTPOCHHYIO  MAapPaMETPHUUYECKYI0  MOJEIb
MJIM-koHzeHcaTopa.

PucyHok 4 WUTIOCTpUPYET CpaBHEHHUE MapamMeTpoB
paccesHus, pacCYUTAHHBIX MO HCXOMHOW (OmONMMoTEu-
HOH) W paspaboranHOi Momenu, it MJIM-koHzaeHca-
Topa 30%30 mMkMm. Takoe ke cpaBHEHHE OBLIO BBINOJIHE-
HO JUIsl APYTUX TEOMETPUUECKUX Pa3MepOB KOHIEHCATO-
pa B y311aX KOHCTPYKTHBHOM ceTku (cM. puc. 1). 3Haue-
HHE OIIMOKHU ITapaMeTpPOB PacCEsHUsI B NCXOIHBIX KOH-
CTPYKTHBHBIX COCTOSIHMSIX HE rpeBbimaeT 3% 1o Mopuy-
o 1 4° o dase.

[Siil, [S12], 1B

O(Sh), (P(Slz), rpan

0,1 20 40
Yacrora, [Ty

Puc. 4. CpaBHeHHe mapaMeTPOB paccesHUsI UCXOTHOH
u pa3paboTanHoi moaeneit MJIM-konneHcatopa 30%x30 MM

[Ipn Bepudukammu mapaMeTpUUECKUX MOAETCH
HEOOXOIMMO TaK)Ke OLEHUTH CITOCOOHOCTH BOCIIPOU3BE-
IeHusT Mofenblo xapakrepuctuk CBY-kommoHeHTa B
[IPOMEXKYTOUYHBIX KOHCTPYKTHBHBIX COCTOSIHUSIX, T.€. B
COCTOSIHMSIX, OTIIMYAMOIIMXCS OT HCXOMHBIX, Ha Oase
KOTOPBIX ObUTAa MOCTpOeHa Momeib. Jast Bepudukarum
Moaenu MJIM-koHeHcaTopa ObLIM B3SATHI CICTYHOIIUE
coyeTaHusi JUIMHBI W ImupuHbl wx[: 20x20, 40x40,
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60x%20, 85x60 (cm. puc. 1, cBernbie KpyKku). Ha puc. 5
MIPUBEICHO CPAaBHEHHE IMapaMEeTPOB PACCESTHHS HCXOM-
HOW W pas3paboraHHON Momened MJIM-koHmeHcaTropa
85%60 Mxm. OmubOKa mapaMeTpoB PACCESTHUS B MMPOMeE-
JKYTOUHBIX KOHCTPYKTHBHBIX COCTOSIHUAX HE ITPEBbILIA-
et 4% no moaysro 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 pacCesTHUSI HCXOTHOM
u pazpabortanHoi Mmogeneid MIM-konzaeHcaTopa 85x60 MkM

[IpuBeneHHbIE NaHHBIE MOKA3BIBAIOT, YTO pa3pabo-
TaHHas rapamerpuyeckas monenb MJIM-koHzneHcaTopa
C JIOCTaTOYHOM TOYHOCTHIO BOCHPOW3BOIMT 3HAYEHUS
MmapaMeTpOB pacCessHUA B YACTOTHOM [HAlla30HE [0
40 I'Tx kaK B UCXOAHBIX, TAK M IIPOMEKYTOUHBIX KOHCT-
PYKTUBHBIX COCTOSHUSX. [IpemrokeHHass MeTOnWKa
CHHTE3a IapaMeTPUUYECKUX MOAENiell  IaCCHBHBIX
CBUY-komrnioHeHTOB Obllla peain30oBaHa B IMPOrpaMMe
Parametric, HamWcaHHOW B BBIYUCIUTEIBLHON cpene
Matlab. OtmeruM, yTo oOILEe BpeMs Uil aBTOMaTH3HU-
poBaHHOrO cuHTe3a moaenu MJIM-koHaeHcaropa ¢ 1o-
Moo nporpamm Extraction-P u Parametric cocraBu-
10 45 MuH, BKIIo4as noctpoerue DC-Moieneil B Kax-
JIOM KOHCTPYKTHBHOM COCTOSIHMH COTJIACHO METOAMKE
[11], BBIOOp cTPYKTYpHI mapaMeTpudeckor IC-momenn
W HaxXOXJCHHE MHOTOMEPHBIX AalpPOKCHMHPYIOIIHX
MOJIMHOMOB JJIsi BCEX 3JIeMEHTOB Mozenu. [Ipm stom
OonpIIasi 4acTh BPEMEHH MOTpeOoBasIach IS 3aJaHUs
MCXOJHBIX JIaHHBIX M BepU(HUKAMKA MOJEIU B IPOMeE-
YTOYHBIX KOHCTPYKTHBHBIX COCTOSHUSX. Jlns cpaBHe-
HUS YKa)XK€M, YTO BpeMs MOCTPOEHHs aHAJIOTWYHOIl ma-
paMeTpUUecKoil MOJeIH «pYy4HBIM» criocobom [1] co-
CTaBJISIET MOPSAKA OAHOTO-ABYX THEH. DTO MOMYepKHUBa-
eT 3((EeKTUBHOCTH U BBICOKYIO CTENIEHb aBTOMATH3ALH
Ipe/iIaraeMold METOJVMKH, a TaKXKe e€ MPaKTHYECKyIo
3HAYMMOCTb.

3akaro4yeHnue

[IpemnokeHHass METOAWKA CHHTE3a IMapaMeTpude-
ckux wmopeneir CBU-kOMITIOHEHTOB 00JamaeT psaoM
IpEMMyLIECTB. B 4acTHOCTH, OHa NaéT BO3MOXHOCTH
ABTOMATH3UPOBAHHOTO ITOWCKA ONTUMAJIBHOW CTPYKTY-
put DC-napaMeTpudeckoi Momenu Ha 06aze cuntesa IC-
MOJZIEJI€ BO BCEX KOHCTPYKTUBHBIX COCTOsSHMsX. lIpu
3TOM pPa3pabOTUYUK MOXKET OCYIIECTBISATH KOHTPOJIb
cTpykTypbl OC C MOMOLIBI0 OrpaHryYeHus: MOp(HOoIOoTu-
YECKOTO MHOXECTBA JIOIYCTUMBIX Lienei B 3BeHbsix [11],

YTO BaXHO IUISI COXpAaHEHUS (U3MYHOCTH MOJEIH |
ynpasieHus cioxHocteio JC. Taxxe meromuka obec-
MIEYNBAET BBICOKYIO CTENEHb aBTOMAaTH3allMU IOCTpOe-
HUSI MOJIETIH IIPU 3HAYUTEIBHOM BBIUTPBIIIEC BO BPEMEHH
[0 CPaBHEHHIO C CYIIECTBYIOUIMMH IOIXOAAMHU. ITO
MO3BOJISIET YIPOCTUTh U YCKOPUTH CO3/IaHHE MOAEIeH U
OMONMOTEK DJIEMEHTOB JUIsl Pa3IMYHBIX TEXHOJIOTHI
n3rotoBneHus: CBY-ycTpoilcTB Kak Ha AMCKPETHBIX
KOMIIOHEHTAaX, TaK 1 B MOHOJIUTHOM HCITOJTHEHHH.
PaGora BeImonHeHa B pamkax npoekta Ne 16-47-
700286 «AHamm3, WcciemoBaHWE W pa3paboTka mep-
CTIIEKTUBHBIX PAJUOTEXHUYECKHX CHUCTEM M YCTPOWCTB
CHJIOBOM 3JIEKTPOHMKU Ul POOOTOTEXHHYECKHUX KOM-
IUIEKCOB KOCMHYECKOTO, BO3JYIIHOTO, MOPCKOTO M Ha-
36MHOT0 0a3MpOBaHMS», MOJYYHBIIETO HMOAAEPHKKY IO
pe3yibraraMm KoHKypca «KoHkypc npoektoB ¢yHzaa-
MEHTJIbHBIX HAayYHBIX HCCIICIOBAHUH, MPOBOANMBII
PO®DU u cydosexkramu Poccuiickoii deneparumy.
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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 pym 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. TioTukos

AHanNMUTN4YeCKMN CUHTE3 U aHaANn3 BapuaHTOB
Cuctembl ynpaBirieHus 00BLEeKTOM C 3ana3gbiBaHUEM

Brmonnen cunrte3 BapuantoB CAY 00BeKTOM ¢ 3ama3abiBaHueM. [IpoBeeHBI nCccaeI0BaHus TapaMeTPHIECKOM rpy0o-
ctu cuHte3upoBaHHbIX CAY IpH BapualMsaxX MapaMeTpoB OOBEKTA YNPABICHUS M YyBCTBUTEIBHOCTH K CIIyYalHbIM
BHEIIHUM Bo3MyIeHusiM. OnpezienieH Hanboee paroHAIBHEIH BAPHAHT ITOCTPOCHNUS CHCTEMBI YIIPaBICHHS.
KnioueBble c10Ba: 3ana3pIBaHNe, CHHTE3, CHCTEMA, PETYIISTOP, BapHaIlHs, BO3MYIICHHE.

doi: 10.21293/1818-0442-2016-19-4-108-111

OObBeKTHI, ONUCHIBAEMBIE MaTeMaTHYECKUMH MOJie-
JSIMM C 3ara3/iblBaHHeM, BCTPEYArOTCs BO MHOTHX OT-
pacisx NPOMBIIUICHHOCTH. B wacTHOCTH, 3TO Xapak-
TEPHO JUISl TETUIOPHEPreTUKH. TpaAuIIMOHHO B KadecTBE
YOPaBISAIOMUX YCTPOUCTB Tipu co3manun CAY TakuMu
00beKTaMu TpUMEHSIOTCS TumoBble [IM-perynsropsr.
HX OCHOBHBIE NMPEUMYILECTBA — IPOCTOTA PEATH3ALUN
1 HAaCTPOWKH, a OCHOBHBIM TpeboBanueM Kk CAY sBis-
eTcs oOecredyeHne MapaMeTpuyeckoidl rpy0oCTH IpH
BapuanusxX MapaMeTpoB U KauecTBO OTPabOTKH BHeII-
HUX BO3MYLICHUH.

C pa3BUTHEM MHKPOIPOLECCOPHBIX  CHCTEM
YIpaBJeHUSI CIOXXHOCTh YIIPABISIOIEr0 YCTPOHCTBA
nepectaer ObITH crepxwuBatomuM (axropom. Llenbro
HacTOsIIEH paboThl SBISAETCS MCCIEIOBAaHUE BO3MOXK-
HOCTH CHIDKEHHs mapamerpudeckoil rpydoctn CAY u
MOBBIIIIEHUE Ka4eCTBA OTPabOTKM BHEUIHHX BO3MYIIIE-
HUA Ha OCHOBAaHMM MWCIIOJIb30BaHMSA OO0JIEE CIIOXKHBIX
PETYISATOPOB.

Ha puc. 1 npencrapnena moxaeinb CAY 00beKTOM C
3ama3fbIBaHueM (Ta30BBIH TPAKT KOTJIA), COCTOAIIAs W3
[MU-perynsitopa U oobekTa ynpasienus (OY) B OCHOB-
HOM KaHaJie (pacxo]l MbUIEyToJIFHOTO TOIUIMBA) U KaHaja
BO3MYIICHHUS (pacxox Bo3ayxa). 3aech U — curHan 3a-
nmaHus, Ry (1),Ry(7),Ry (1), fi,f2 — curHamsl Bo3Mmy-
meHnH, Y — BeixogHOW curHan. Kosgduuments: pery-
JIITOpa COOTBETCTBYIOT TUIIOBOM HACTPOMKE MO KpuUTeE-
pPHI0O MHHAMYMa MHTETPAJIBbHOTO KBaJPaTUYHOTO ITOKa-
3aTens (IUCTIePCHN).

B mpouecce 3kciutyarannu 60jee BCEro BapHary-
SIM TIOJIBEPKEHBI KO UIMEHT ycuneHus o0bexTa K U
BpeMsi 3amasfblBaHus T, . ['paduku mepexonHbIX mpo-

neccoB Y(#) B CAY mpu CTynmeHYaTOM BO3ICHCTBUHU
/>, paBHOM 10% OT HOMHMHAJIBHOTO 3HAUYCHHMS, IS

pacueTHbIX 3HaueHui napameTpoB OY U UX U3MEHEHUN
MIOKa3aHbl COOTBETCTBEHHO HA pHC. 2, a, 0.

Taxke B X0Je MOIEIMPOBAHMS HCCIEIOBATIOCH
BIIMSTHHAE CIYYalHBIX MPOIECcCOB (pHC. 2, ) CO CIeAyIo-
IAMH  XapakTepUCTHKaMU: R, (T)=Rp (T)=R, (1) —
muddepeHpyeMble  MpoLEcCHl € OCHMILIMPYIOMIEH
KOPPEISLHUOHHON (QyHKIHEH

R.(1)=c- i {cos(o)or) e sin(mor)}
®o

npu o’ =25, a=0,15 l/c; ® = 0,35 pan/c u 6°=0,9;
o= 0,08 1/¢c; my = 0,15 pan/c cOOTBETCTBEHHO; R, () —

muddepenunpyemprii MapKkoBCKHid mpouecc 2-ro mo-
psiZiKa C KOPPEISLHOHHON (ByHKIMEH
2

A P —wﬁ‘\ﬂ
R __.[ _
(1) 1 oe e

npu 6°=0,09; o.=3; B=41/c.

[ToCKOMbKY M3MEPEHHIO TOAJICKHUT TOJIBKO BBIXOI-
Hasl KOOpAMHATA, CUHTE3UPYEM aCTATHYECKUN MOJIMHO-
muanbHeid perymsatop (ITP) [1-3] mis 3amanHOTO 00B-
ekrta (puc. 3). JIis 3ToT0 BBEAEM JOMOJHUTEIHHBINA HH-
TErpaTop Mo BBIXOHOI KOOpJHHATE.

[epenatounast (yHKUIMS 3aMKHYTOTO KOHTypa
CAY umeer Buf

B'(s)
A (5)-Cls) B'(s) B'(s)
Hper ($)=—— s * = ’
1 B @) R(s) A (s5)-Cs)+B"(5)-R(s) D(s)
A(5)-C(s)
rme A"(s),B*(s) — 3amaHHBIe TOJMHOMBI OOBEKTa;
D(s) - JKeTaeMbIit MTOJINHOM, pUIeM
D(s)=A (s)-C(s)+ B (s)-R(s).
Ecin  degd™(s)=n, 10  degR(s)=n-1,

degC(s)=degR(s), degD(s)=degA(s)+degC(s), Tme
deg(*) — creneHp MOTMHOMA.

B kauecTBe xemaeMoro moimHOMa BRIOEpEM CTaH-
JIapTHBIN 1oMHOM HBIOTOHA C M3BECTHBIMH HOPMHPO-
BaHHBIMU KOI(QQHUIMEHTAMH ¢;, ONPENEISIOIUMH Xa-
paKkTep IpOLECCOB B CUCTEME, M BEIMYMHOW CperHe-
reomerpuueckoro kopusi (CI'K) Qg , 3anarouieii Bpemst
NPOTEKaHMUs IEPEXOIHBIX TPOLECCOB:

D(s)=5"+a,_1-Qo-s" " +a,5-QF-s" 2 +..+Q,

00eCTIeYNBAIOIINI aNepUOINUECKUI MTePEeXOIHbIA Tpo-
ecc.

Juist nonyuenust kod¢p¢uuuento [P pemaercs
crcTeMa anreOpanvecKux ypaBHEHHUH, ToirydaeMast u3

D(s)=A"(5)-C(s)+B" (5)-R(s)
MIpUpaBHUBAHUEM KO3()(HUINEHTOB TIIPU COOTBETCT-
By}OH.II/IX CTCIICHAX S.
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Puc. 3. Mogens CAY c ITP

BapuanTt 1. J[n1 xoppektHoro cuntesa IIP npen-
CTaBHM 3BEHO YHCTOTO 3ala3JbIBaHMs B BUAE OTHOIIE-
HUSl TOJIMHOMOB C MNOMOIIBI0 ammpokcumanuu Ilange
3-ro nopsinka [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 wmcxomaoro oOwekTa (T,=5,2C) morydaem

CIIEIyIOIME MepeAaToYHble (PYHKIMK 3BEHA 3aIa3/bl-
BaHHs U 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 noauHOMOB peryinsaTopa u 3HaueHne CI'K
OyIyT CIIeIyFOIINMHU:
degR(s)=5,degC(s)=5,degD(s)=11,0291 =0,4.
Torna
Ri(5)=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 ¢ acraruye-
ckuM 1P pu uzmenenuu K, t, ¥ BAMSHUM CIIy4alHBIX

MPOLIECCOB IOKA3alIM, YTO KOJIEOATEIbHOCTh U BpEMs
MEPEXOAHBIX IMPOIECCOB 3HAUMTENBHO CHHU3MIINCH NPH
MPAKTUYECKH HEU3MEHHOM BIMSHUHM CIy4alHBIX IIpO-
neccoB. IIpy 3TOM MOPSNOK PEryNATOpa MONYyUYHICS
BBICOKUM, 4TO, OYEBHUHO, IPUBEAET K TPYAHOCTIM MPHU
€r0 HACTPOMKE B PEaTIbHBIX YCIOBHUSX.

Bapmnant 2. [[ns pemeHust npoOieMbl BBEICOKOH
CJIOKHOCTH PETYJIATOpPa YMEHBIIUM MOPSIOK IpH all-
npokcumanuu [lasie 3BeHa 3ama3abIBaHus O IIEPBOTO:
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2.6-5+1
R )=

[epenarounast GyHKIUs OOBEKTA 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
s44+0,77-57 +0,17-5% +0,01-s
CreneHy NOJMHOMOB peryisitopa OynyT 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 MonenupoBanust CAY ¢ TakuMm pery-
JISITOPOM TIOKa3allk, YTO OHA CTaja 3HAYUTENbHO Oosee
YyBCTBUTEJbHA K W3MEHEHHSM NapaMeTpoB oOBEKTa, a
CTETICHb BIMSHHS CIydallHBIX MPOLECCOB HECKOJBKO
yMeHbImiIack. [Ipn 3ToM CIIOXHOCTB perynsTopa ocTa-
JIach TOCTaTOYHO BBHICOKOH.

Bapuant 3. OnieHIM BO3MOXKHOCTh IAalTbHEHUIIIETO
ynpomeHus peryisaropa. [lepenatounas ¢pyakuus OY

0,11 _ 0,11
54.52 +21-s+1 (B-s+1)-(18-5+1)
HMeeT MOJIbI, 3HAYUTEIBHO (B 6 pa3) OTIMYAoNIfecs 1Mo
BermunHe. OTOPOCHM «OBICTPYIO» COCTaBIISIOUIYIO:

. 0,11
o= 7
[lepenatounast ¢yHKIUS 00OBEKTa CO 3BEHOM 3a-
na3abiBaHusA, IMPEACTAaBICHHAA aHHpOKCHMaHHeﬁ Haz[e
1-ro nopsinka, NpUMET BUJ
011 -2,6-s+1 1 —0,01-5+0,003
18-5+1 2,6-5+1 5 §31044-5>+0,02-5
CTCHGHI/I IIOJIMHOMOB U 3HAUYCHUA UX K03(1)(1)I/IIII/I-
€HTOB OYAYT CIICIYIOUIIMHU:
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 noka3zaHbl rpagyky HEepexXOAHBIX IPO-
L[ECCOB, MOJIy4YUBUIMECS B PE3yJbTaTe MOMAEIUPOBAHUSL
CAY HuCXOIHBIM 00BEKTOM C INeperaTodHol (QyHKuuen
Ho(s) .

CpaBHeHre TpadUKOB TIEPEXOIHBIX IMPOIECCOB,
MIPUBEJICHHBIX Ha pUC. 4 U 2, MOKA3bIBAET, YTO HCIIOJIb-
30BaHUE MNOJMHOMMAJIBHOTO PETYJSATOpPa BTOPOTO IMO-
psiaka B cpaBHeHMM ¢ TunosbIM IIH-perynstopom mo-
3BOJISIET 3HAUYUTENBHO HOBBICUTH IpybocTh CAY.

Tak, npu yBenMUeHUH KOI(PQPHIMECHTa yCHUICHHS
OV u BpeMeHH 3ama3jbplBaHUsl OT HOMHHAJIBHOTO 3Ha-
YEHUsl BpeMsl MEPEXOJHOro mpouecca B cucreme ¢ [P
MeHbIIe, 9eM B cucteme ¢ [IH-perymsatopom, Oonee uem
B 2 pasa.

BruIBOABI

1. B pabote uccienoBanbl BO3MOXHOCTH HUCITOJb-
30BaHUS COBPEMEHHBIX AHAINTHYECKUX METOJOB IS

Hy(s)=

Hi(s)=1,2-

CHHTE3a DPETYyJISITOPOB OOBEKTAMH C 3ama3/bIBAaHHEM,
MTOJIBEP)KEHHBIM TMapaMEeTPUYECKUM W BHEIIHHM BO3-
MYTIEHISIM.

2. llpumeHeHHE MOIMHOMHAIBFHOTO METOAa TO-
3BOJIMJIO AQHAINTHYECKH CHUHTE3UPOBATH PETYJISTOPEI
pa3IM4HON CTENEeHH CIIOKHOCTH, BbIOMpas MOPSIKU
nepenarouHbix (GyHKUMH anmnpoxcumanuu [lage 3BeHa
3ama3/ibBaHusl ¥ 00bEKTa yIpaBJIeHUsI.

3. IloBbllleHHE CTENEHW MOJIMHOMA YHCIUTENS
repeiaTouHol (PYHKIUH MOJIMHOMHAIBLHOTO PEryJisiTo-
pa, B CPaBHEHWHU C TUIOBBIM PEIICHHEM MPaKTUICeCKU
HE BIMSAET HAa TOMEXOYCTOHIHBOCTE CAY.

4. TlpuMmeHeHHE pETyJITOpa BTOPOTO MOpPSAKA
(BapmaHT 3) MO3BOJSET 3HAYUTEIHHO TMOBBICUTH Tapa-
MeTpudeckyto rpyoocts CAY B CpaBHEHHH C THIIOBBIM
peLIeHneM.

Yor/u' T Pl ——— K=0,11 |
k=015
- K=0,01 |
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2,0 f
1,5 | _ .
1,00 {4 .
0,5 /A | -
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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

CToxacTun4yeckue anropuTMmbl pelieHns ob6paTHbIX 3aaay
3KOHOMMYECKOro aHanu3a ¢ orpaHu4YeHusiMm

TIpennoKeHbl CTOXaCTUYECKHE aNrOPUTMBI PEIICHHS OOpaTHOH 3alavd, YYHTBHIBAIOLIHE OTPAHMYCHUS ApTyMEHTOB
¢yHKIMEM W KOI(PQPUIUEHTH OTHOCHTENFHOH BaXHOCTU. s WX peanm3amuy OBUT HCIONB30BaH OOBEKTHO-
OPHEHTHUPOBAHHBII TOIXO0J], YTO MO3BOJSET BBHIIOJIHATH MOAU(HKAIMIO CHCTEMBI, PeIlaTh MHOTOYpPOBHEBBIC 3a/1a4H,
MIPUMEHSTH Pa3JINYHbIe METObI PELIeHHS 3a1a4 KaKI0ro ypoBHs. [IpuBeneH npuMep pemeHus 3agaqu GOpMUPOBAHUS

npUOBLIH.

Knarwuebie ciioBa: O6paTHLIe BBIYMCJICHUA, OIITUMU3ALUA, cnyqaﬁﬂmﬁ IIOUCK, 06L€KTHO-OpI/IeHTI/Ip0BaHHLIﬁ noaxond.

doi: 10.21293/1818-0442-2016-19-4-112-116

ITon «oOparHo# 3a7a4einy MOHUMAIOT OIPEICICHHE
Ha0oOpa UCXOMHBIX BEIMYHH, 00ECIECUYNBAIOIIETO JOCTH-
JKeHHE 3aJlaHHOTO pe3ynbTara. [lepBoHa4ambHO perre-
HHEM 3aJad IOJOOHOTO pOAa 3aHUMAJCS aKaJeMHK
A.H. TuxoHOB, ncciexys CBOWCTBa O0OBEKTOB, HEIOC-
TYNHBIX WA HEYIOOHBIX JJISl HETOCPEACTBEHHOTO H3Y-
YeHHs, T.e. OCYIIECTBISAS BOCCTAHOBJICHHE NMPHYUH MPH
WX 33/IaHHOM CJIEJICTBUH.

[To3xe Bb.E. OnuniioBsiM ObLIa OMyOJHKOBaHA TEO-
pust 0OpaTHBIX BeYUCICHHH [1], Tme mox oOparHOU 3a-
Jadell TOHMMAETCs OIpe/IeNIeHHe MPUPOCTOB apryMeH-
TOB NpsAMON (QyHKIMH (IEpEeMEHHBIX (QyHKLUH), HA OC-
HOBAaHUU IIETICBOTO TIPEAIMCAHUS YENIOBEKa B BHIE €€
MPUPOCTAa W JOTIONHUTEIBHON WH(pOpMAINM: HaYallb-
HBIX 3HAYCHUH apryMeHTOB W (YHKIUH, KO3 (UIIHEH-
TOB OTHOCHUTENBHOW BaXHOCTH apryMEHTOB (naiee B
cratbe OyIyT pacCMOTpPEHBI OOpaTHBIC 3aJadd TaKOTO
pona). Takum 00pa3oM, M3MEHEHHE LeNeBol (QyHKIUH
MPOMCXOAUT B OOJIBIIEH CTENEHU 3a CYET apryMEHTOB,
HUMEIOIUX OoJblee 3HaYeHUE K03(duImeHTa oTHOCH-
TEIbHOUW BaxxHOCTH. Hampumep, [uisl IBYX apryMEHTOB
¢yukuun f(x,z) cucrema ypaBHEHHN OyleT IMETh BHI

ytAy=f(xtAx(a),z £ Az(P)),
ﬂ (o}

Az B’

TIe V,X,z — ACXOAHBbIC 3HaueHHs (PyHKIHU M apryMeH-
TOB; Ay — HeoOXoaumMblii mpupocT GyHKUMH; O, —
KO3 PUIUESHTHI OTHOCUTEIBHON BOKHOCTH apryMEHTOB
X U z COOTBETCTBEHHO.

Pemras nanHyo cucreMy OTHOCUTENbBHO Ax U Az,
MOJIyYUM HEOOXOAMMBIE PUPOCTHI apPI'yMEHTOB.

IIpocToTa maHHOrO ammapara W akTyaJbHOCTh pe-
IIaeMBIX C €ro IOMOINBIO 3a7a4 OOYCIOBHJIM €ro NpH-
MEHEHHE B Pa3IMYHBIX cepax: 3KOHOMHKe, 00pa3oBa-
HuM [2—4]. Ha ocHOBe JaHHOTO MeTona OBLI TaKXke pas-
paboTaH MOTU(PHUIUPOBAHHEIN METOI 0OPATHBIX BBIUHC-
neHnid [5], ¢ TOMOIIPI0 KOTOPOTO MOXHO BBIYHCIIUTH
HOBBIC 3HAUCHHsI apryMEHTOB (DYHKIIMHM Ha OCHOBE Ha-
YaJbHBIX 3HAYCHUI apryMEHTOB M pe3ysibTara u Kod¢-
(UIIMEHTOB OTHOCUTENIbHON BaskHOCTH. [Ipm Haxoxme-
HUU PEUICHMSI UCIIOJIb3YETCsl JTMHEUHOE YPaBHEHUE CBsl-
31 MEXJy apryMEeHTamu, O3TOMY JaHHBIM MEeTon NpHu

KOMITBIOTEPHON peaim3anud He TpeOyeT BBIIOTHEHUS
MIPOBEPKH COOTBETCTBHUS YCTAHOBIECHHBIX KO3 HUIIeH-
TOB Ba)KHOCTH ITOCTABJICHHOW IIEITH.

Kpome toro Bb.E. OnuHIOBEIM OBLTH HCCIIEIOBAHBI
3a/a4M, KOrJa Ha 3HAYEHUS apryMEHTOB HAaJO)KEHBI OT-
paHWYEHUS W, CIIEIOBATEFHO, BOZMOXXHO BO3HHKHOBE-
Hue pedunuta pecypca. B padore [6] mpenioxena ure-
paluuoHHas MpoLeaypa, OCHOBaHHAs Ha MOCJEIO0Ba-
TEJIbHOM YBEJIMUYEHUU DPE3YJIBTUPYIOUICH IIE€PEMEHHOM.
Jlo TONHOTO WCYEepIaHWs PECYpCOB JHOO JTOCTHIKEHUS
3aJJaHHOTO 3HAYCHHS IIeTCBOH (DYHKIIMU IMTOBTOPSIOTCS
CJICAYIOIINE IIArd: HAXOXJICHUE PEHICHUS C ITOMOIIBIO
00paTHBIX BBIYUCIICHHUN; TPOBEPKA COOTBETCTBUS TOIY-
YEHHOTO DEIICHUS 3aJaHHBIM OTPAaHWYCHHUSIM H Iepe-
pacdeT mpHUPOCTOB B ciiydae oOHApyXeHUs nedunura B
HEKOTOPOM pecypce.

[Ipu umcie aprymeHToB OOJbIIE IBYX 3a1ada yc-
JIOXKHSIETCA W BO3HHUKACT HEOOXOAMMOCTH HCIIONB30Ba-
HUS NIPOLEAYPBI CBEPTKHU.

Hcnonp3oBaHWE CTOXaCTHYECKHX METOIOB IIpU
pelieHur 3aad momo0HOro poja MO3BOJSET U30ekKarh
CJIOKHBIX BBIYHMCIICHUN W HAaWTH MPUONMKEHHOE pellre-
HUE C yYETOM KO3(P(PHUIIMCHTOB BaXKHOCTH, OTPAHUICHUI
apryMEHTOB, B TOM YHCJIC pPacCMaTpUBATh CUTYAIWH,
KOTZla TIEpEMEHHBIE MOTYT IMPHHUMATH TOJNBKO IIEJIBIE
3HaYEHUS TUOO0 3HAYCHUS U3 3aJaHHOTO Habopa.

[Tockompky oOparHas 3amada MOXKET OBITh Tpel-
CTaBlieHa B BUJE 33/Ja4d INIOOAIBbHOW ONTHUMM3ALNH, B
KOTOpPOH HY)KHO MHHHMH3UPOBATH PA3HUIy MEXIy 3a-
JAHHBIM 3HA4Y€HHEM 11e1eBOW (YHKIMU M MOJIYyYEeHHBIM
peleHneM, ObUIM PacCMOTPEHBI CyHIEeCTBYyOLIMe pabo-
ThI, IOCBSAIIEHHBIC MUHUMU3AIMH QYHKIIUH.

AJITOPUTMBI CJIYYAHHOI0 MOMCKA

[osiBneHWe WIEH HCIOIB30BAHUS CIIyYANHBIX Be-
JIUYMH TIPU TOWCKE PEIICHUS CBSI3BIBAIOT C UMCHEM
V.P. Dmbu. B Hamieii ctpaHe HccieqoBaHus aJrOPHTMOB
ciydaifHoro morcka OepyT Hadano B paborax JI.A. Pac-
TpuruHa [7, 8]. ANTOpUTMBI MOWCKA MOAPA3EIIIOT Ha
HEHarnpaBlieHHbIE (BCe CiydaliHbIE WCTBITAHHUS CTPOST
HE3aBHCUMO JIpyT OT JpyTa) M HampaBieHHbIE (MCITBITa-
HUS CBSI3aHBI MEXY C000if).

Hawubornee nmpocThiM METOJIOM pELIeHUs 3aja4 IJ10-
6aﬂbHOI>i OINTUMU3AINU SABJIACTCA METOJ HEHAIIpaBJICH-
HOTo ciy4aiiHoro moucka. OH 3akitoyaercst B IMojyde-
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HUM CIyYaiHbIX 3HAUCHWH apryMEHTOB W3 3aJaHHOTO
WHTEpBaa, pacueTe LesieBoH (QYHKIMU U CPABHEHUH €&
BEJIMYMHBI C HAMJTYYIINM U3 BBIYHMCIEHHBIX. Ecii HOBOE
paccuNTaHHOE 3HA4YECHHE pPEe3yNbTaTa OKa3aJoCh MEHb-
e, TO OCYILECTBJIAETCS 3allOMHHAHHE IOJyYeHHOTO
pewennsi. Takum o0pazoM, [uisi pyHKLIUHM OZHOTO apry-
MEHTA [0CIIeJ0BATEIbHOCTD [IaroB Oy/IeT Cleayromast:
Iar 1. I'enepupoBanue Ha uHTEpBane [r; R] pas-
HOMEPHO pacupeesIeHHOM clly4yallHOW BEJIMYMHBL X .
Iar 2. Ecmu f(X)< fmin ( fmin — MAHAMAaIBHOE

HalileHHOe 3Ha4eHHe (DYHKIHHW), TO MIPOUCXOMUT 3aIo-
MHHAaHHE HOBOW TOYKM B KaueCTBE TEKYILETO PELICHHS
Jmin =S (X)), Xmin =x .

[larn moBTOpSIOTCS B TEUEHHE 3aJaHHOTO YHUCIa
peanu3zanuii 1100 10 MOJTyYEHHs PELICHHS ¢ yKa3aHHOH
TOYHOCTBIO. Takol crioco® HaXOXKJCHUS PEILICHUS SBIISI-
eTcs peasn3anreil Meroaa npod 1 ommnoboK.

JlaHHBI anropuT™M MOXKET OBITH COBMEIIEH C JIO-
KaJIbHBIM TIOMCKOM, KOTZJa W3 CJIyJalHO BBIOpaHHBIX
TOYEK OCYIIECTBIISIETCS JIOKAJIBHBIN CIYyCK B ONDKaid-
Ui MUHUMYM. M3 HalIeHHBIX JIOKaJIbHBIX MHHHMY-
MOB BBIOMpAETCs TOUKA C HAMMEHBIIINM 3HaYeHueM [7].

brnaromapst cBoel mpocToTe W THMOKOCTH JaHHBIN
METO TIOJIy4YHJI IIMPOKOE PacIpOCTpaHEHUE TIPH pellie-
HUU pa3iIu4HbIX 3agad. Hampumep, B cratbe [9] pac-
CMaTpUBAETCsI UCIIOJIb30BAaHUE METO/la HEeHAlpaBJIeHHO-
r0 CIy4ailHOTO TOWCKA Uil PEeIleHHs KOMOMHATOPHOM
3aJa4d BHIOOpA ONTHUMAIBHOTO MOpT(hesss OMpKEBBIX
OII[IOHOB, YTO MO3BOJIMJIO IMOJYYUTH LIEIOYHCICHHBIC
3HAYEHUS] HCKOMBIX BEIHUHH.

K anropurmaM HampaBIICHHOTO ITOWCKa OTHOCSIT
QJITOPUTM NApHOH MPOOBI, C BO3BPATOM IPH HEYJauHOM
mare, HawTy4IIei mpoOs! u T.4. [8].

B anroputme mapHO# mpoOBI IO 00€ CTOPOHBI OT
HCXOHHOﬁ TOYKHU ACJIAIOTCA JiBa IMMOMCKOBBIX IHara Ciy-
qaitHoW BenuuuHbL. [locie 3Toro ocymiecTBisieTcs me-
pexon B HOBYIO TOYKY B HAlpaBJIE€HUHU HAWITYYIIEro 3Ha-
yeHust (QyHKIMU. B anroputme c BO3BpaToM IIpH He-
yAaUHOM IlIare 3a7aeTcsl HadyaJbHasi TOYKa X M CIydai-
HBIM 00pa3oM OCYIIECTBIAETCS MOAEIMPOBAHUE MPU-
pamenus dx . Ecmu 3HaueHue (QpyHKIMK B HOBOW TOYKE
X+dx mydiie, 4eM B TOUYKE X , TO OCYLIECTBIISETCS IIe-
pexon B 3Ty TOUKY. B HekoTopsIx paboTax mpezaraercs
HCKJIIOYaTh TO HAINPaBIEHHE, KOTOPOE HE MPHBOIUT K
yAydmeHno 3HadeHns ¢yHkun. B cratee [10] ommcei-
BaeTcs mpoctoil anroputm ontumusaiuu (SOPT), B
KOTOPOM cnyqaﬁﬂaﬂ BCJIMYMHA TMpUpaAICHUA UMECT HE
paBHOMEpHOE pachpejeseHue, a pacnpeneneHue ['aycca.
Taxxe npeajiara€Tca MHOIOKparHO BbI3BIBATH AJITOPUTM
JUTSL BBIOOpa HAMITYUIIETr0 PeIeHUsI U3 MOTyYEeHHBIX.

HenocrarkoM npuBeseHHBIX ajJrOPUTMOB Hallpas-
JICHHOTO TIOMCKa SIBIISIETCS TO, YTO OHU B KadeCTBE pe-
LIEHUsI MOTYT OINPEAEINTH JIOKATbHBIH MHUHUMYM, a HE
mI00anpHBIA. B cBs3M ¢ ATEM pa3pabarbIBaroTCs pas-
nnuHble Mogudukanuu. K HUM, B 4acTHOCTH, MOXKHO
OTHECTH aJalTUBHbIE adroputMbl. Hampumep, Takum
aNnropuTMOM sBIIIeTcs cirydaiiEpii momck ARSET
(Adaptive Random Search Technique) [11] u auHamu-
yeckuit cinyuaiineiii mouck DRASET (Dynamic Random

Search Technique) [12]. B aganTuBHOM ciIy4aiiHOM IIO-
HCKE B 3aBUCHMOCTH OT 3HAYEHUS LEIEBON (YHKIUN
MPOCTPAHCTBO IMOWCKA CyXKaercs (Korma IpPOUCXOIUT
MTOWCK HAWITYUIIIeTo 3HAYCHNS) WIIN paciupsercs (Kkoraa
HAMICHO pEIICHUE C MPUEMIIECMON TOYHOCTHIO), TAKUM
00pa30M, YMEHBIIIAETCSI BEPOSATHOCTh HAXOKICHHUS JIO-
KaJbHOTO MHHHMYMa BMECTO TNIOOAJIBHOTO M3-33 HEI0C-
TaTOYHOTO WCCIICIOBAHUS OTHCNBHBIX YYacTKOB. B ai-
roputMe DRASET nocne HaxoxXOeHUS pPELIEHUs [J0-
MOJTHHUTEBHO OCYIIECTBIIICTCS JOKAIBHBIA TIOUCK BO-
KpYT HaliIGHHOW TOYKH JUIS TONy4eHHUs Ooliee TOYHOTO
3HAUCHMUS.

Taxoke CyIIEecTBYIOT aJTOPUTMBI TOHCKA II00ah-
HOTO MHHHUMYMa, KOTOpPBIE HCIIONB3YIOT TIPOLEAYPY
cinydaiiHoro Omyxmauus [7], HampuMep, METOA «3a-
IIYMJICHUS» Tpadu€HTa U METO/I CITIa)KUBaHUs, KOTOprﬁ
MOXKET 6])ITI) HCIOJIB30BaH B Cliy4dae€, €CJIui MUHUMU3U-
pyemasi QyHKIMS 00Opa3oBaHa MyTeM HAJIOKCHHS Ha
YHUMOJAJBHYI0 (DYHKIUIO MEIKHX OTKJIOHEHH; BOC-
MIPOU3BOJAT MOBEICHUE KUBOW U HEXKUBOM mpupoasl [13,
14]; ocHOBaHBI Ha UHTEPBAJILHBIX MoAX0Aax [15, 16].

K menocrarkam Meroja ciydallHOro MOMCKa OTHO-
CAT HEOOXOOMUMOCTh BBHIITOTHEHUS OOJBIIOTO YHCIa HTe-
pauuil Uid MONYy4YEeHHUs pPELIeHHs] C 3aJaHHOW TOYHO-
CTBIO, 9YTO TpeOyeT 3aTpaT BEIYMCIUTEIBHBIX PECYPCOB,
a TaKoKe CYIIECTBYIOIYIO TIOTPEITHOCTD BEIYMCICHHN.

JlanHas pabora MOCBSIICHA Pa3pabOTKEe alropuT-
MOB CIYYalHOTO TOMCKA JUIsl pelieHuss 00paTHOW 3aja-
yn. Jljig peanuzanyu aJropuTMOB MPEIoiaraeTcsl uc-
MOJIb30BaHUE 00BEKTHO-OPUEHTUPOBAHHOTO MOIXOA.

CroxacTuyecKue aJIrOPUTMbI pellleHUs
o0paTHoii 3a1aun

B3anmocBs3p nokazaTeneil MoxKeT OBITh IIpeNCTaB-
JIeHa B BUZE JepeBa, TAe Ha HYJICBOM YPOBHE PacIioiio-
JKEHO 3HA4YCHUE pe3yNbTHpYIomed (yHKINHU, a Ha HIK-
HUX — apryMeHThI. B cBOIO ouepenb KaxAbli JIUCT 3TOrO
JiepeBa MOXKET OBITh Pe3yIbTHPYIOIIMM [OKa3aTeIeM

(puc. 1).

Xo

o o |

R

M]:O Opq 1,{2:1 \0.12 anl

up 1:1 u12=1

Puc. 1. IlpencraBnenue 3ajauu B BUE JAepeBa

VY35BI IepeBa UMEIOT CIICAYIOIINE XapaKTCPUCTHKH:

® HAaYaJbHOE 3HAYCHUE X ;

® KOOQQHUIMEHT OTHOCUTECIBHOH Ba)XXHOCTH O
(cymMmma KO3 PUIMECHTOB OTHOCUTEIHHON Ba)KHOCTH
apryMEHTOB OIHOTO YPOBHS M OTHOCSIIMXCS K OJHOMY
PE3yABTHPYIOIIEMY IIOKA3aTeNi0 JIOJDKHA OBbITh paBHA
CIMHHIIC);

® MUHUMAJILHOE 7 M MAaKCHMaJlbHOE R 3HAYCHUS,
KOTOpPbIE MOXKET IIPUHUMATh JaHHbBIH OKA3aTelNb;
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® MH/IMKAaTOp U , XapaKTepHU3yIOUIHi BO3MOXHOCTh
WCIIONIb30BaHMsl JTAHHOTO BJIEMEHTa, W IPUHUMAIOIIUH
nBa 3HaueHus: 1 (Mcronp3oBaHue BO3MOXHO) u 0 (mc-
IOJIb30BaHUE HEBO3MOXKHO).

KoadduimeHT OTHOCUTENIFHOM BaKHOCTH O yKa-
3bIBAET CTEIEHb MU3MEHEHHS PE3yJIBTHPYIOLIETO IoKa3a-
TeJIsl 32 CUET AAHHOTO apryMeHta. OH MOXET OTpaxaTh
MIPEANOYTEHNE UCCIIeIOBATEINS B ONPEICJICHUH BEINYHH,
a TaKKe PaCCUMTHIBATHCS HA OCHOBE JJAHHBIX 3a IPEJIbl-
JylIye IepUoIbl U, TAKHM 00pa3oM, IOKa3blBaTh Hawu-
Oornee BeposTHBIC 3HAYCHUSI apryMEHTOB JUIS JOCTHIKe-
HUS pe3yJbTara.

3HayeHUe WHIUKATOPA # CTAHOBUTCS PAaBHBIM HY-
JI0 B Cllydae, €ClIM W3MEHEHHE apryMeHTa HE MOXET
OBITH BBINOJHEHO M3-32 CYIIECTBYIOLIETO OTPAaHUYEHUS
WM OTCYTCTBHS TOJIO)KUTEIFHOTO U3MEHEHHUS LIENIeBOi
¢yukun. Takke NJaHHBI HHIUKATOP yCTaHABIMBACTCS
PaBHBIM HYJIIO JUIS BEJIMYMH-KOHCTAHT.

OO1mas 3aga4a MOXKET BKJIFOUaTh HECKOJIBKO MOJ3a-
Jad, peIeHHe KOTOPBIX OCYLIECTBIAETCSA MHOCIHenOoBa-
TENBHO IyTeM 00X0Ja BEpIIMH JepeBa CBEPXY BHU3.
Tak, ans 3ama4u Ha puc. 2 cHavyaina OyAyT BBIYMCIICHBI
3HAUEHUs X, Xy, X,, 0OECIIEUNBAIOLIIE 33/IaHHYIO BEJH-
YMHY pesyJabTara X, Aajee — Xp|, Xy JUIA ITOJIY4EHHS
3Ha4YeHUs X,. Hike OymayT ommcaHbl mpouenypsl Ul
pemeHus: oHOM noxszanayn. [Ipu 3ToM HadanbHOE 3Ha-
YeHHe KOPHS pacCMaTpHUBaeMOro moxaaepena Oymem 000-
3Ha4aTh y= f(Xx), a ero 3HaYCHHUE, KOTOPOEC HEOOXOIH-

MO IOJIYYUTh, — y*.

s perieHust oOpaTHOM 3amauu ObUTM pa3padoTa-
HBI J1Ba anropurMma. IlepBblil npencrasiser coOoi Mo-
JTU(UKAINIO CITyYaifHOrO MOMCKa, BTOPOH — MTEpalnoH-
HOH NpoLeypbl, OCHOBAHHOM Ha NPUpPAILEHUH (DYHKLIHH.

UT00BI CITydaitHBIN MOUCK MOKHO OBLIO MCTIONB30-
BaTh JUIS PEIICHUS] OOpaTHOM 3a1a4uu, HEOOXOIMO:

® yuecTh KO3 UIIMEHTH BAXKHOCTH apTyYMEHTOB;

® NIPEACTaBUTh OOpATHYIO 3ajady B BHJIE 3alaqu
I00aJIbHON ONTHMH3ALUK, TAE€ HY)KHO MHHHMH3HPO-
BaTh Pa3sHULly MEXIY IOJyYEHHBIM PEIICHUEM U HCKO-
MBIM y*.

Jist aTOro OBUT MCIOJIB30BaH UHTETPAJIBHBINA MOKa-
3aTeib, KOTOPBII OTpaykaeT CTENeHb IOCTIKEHHUS IJIO-
0aJbHOr0 MMHMMYMa M COOTBETCTBHE IPHPOCTOB apry-
MEHTOB Kod(duieHTaM BakHOCTH. TakuM 00pazom,
ITOPUTM MOXKET OBITh MPECTABIEH B BHJE CIEIYIO-
IIMX IIATOB:

IHar 1. I'emepupoBanue Ha uHTepBanax [7,R;]
PaBHOMEpPHO pacIpeesIEHHbIX CJIy4YalHbIX BEJINYMH
X;;, (i=l.m, n — xonmmyecTBo aprymeHtoB). Pacuer
3HaYeHus QyHKIMH Y, = f(X;) .

[ar 2. Beruucnenyre UHTErpanbHOro MoKa3aTens:

o] o Jal
S,

c= -+
1
i=1

e Ax; =x;;—X; .
[lepBas yacTh crnaraeMoro MpUHUMAET MUHUMAJIb-
HO€ 3HaYeHHE, paBHOE HYJIO, KOIJa BEIWYMHA PE3yllb-

THPYIOIIETo MOKasaTels OyaeT Oiu3ka 3ajaHHOMY ),
BTOpast 4acTh — IIPH COOTBETCTBHU NMPUPOCTOB K03 DHu-
LUEHTaM BaKHOCTH.

[ar 3. CpaBHEeHHE C HAWIYYIIUM 3HAYCHUEM HH-
TETPAJBHOTO TMOKA3ATENS: €CIH C<Cpin , TO HOBOE pe-
LIEHHUE
Ymin =S (X¢) s Xmini =Xz -

Kputepuem octaHoBa sBIS€TCSI BBIIOJIHEHHE 3a-
JJAHHOTO YKCJIa UTEepaluil MO0 MOJIyYeHUE PEIIEeHUs C
yKa3aHHOH TOYHOCTBIO.

PaccmoTpuMm Temepb anropuTM, OCHOBaHHBIA Ha
MOZIEIMPOBAHUY NPUPAILEHNS (QYyHKLIUH.

YcraHaBIMBaeTCs Iar NPUPAIIEHUS] apTyMEHTOB Ay.

IIar 1. YcTraHOBUTH HOBOE 3HAYEHUE PE3YJBTH-
PYIOLLIEro nokasarens y; =y, +Ay.

3alIOMHHAaCTCA B Ka4gCCTBEC TEKYIIETO

Iar 2. C nomoup0 aJlropuTMa MOAEIUPOBAHUS
MTOJTHOM TPYIIITBI HECOBMECTHBIX COOBITHIN BHIOPAThH y3€i
W3 BEPIIUH-IIOTOMKOB, Il KOTOPBIX 3HAUCHHS WHIHUKA-
Topa paBHO |, B cooTBeTcTBHH C Ko3(durmenTamu
BaXXHOCTH O],07,...,0,,, . JJIsI 3TOro BBIMONHSETCS pac-

4eT HOPMHUPOBAaHHBIX 3HAUEHUN BEPOSTHOCTEH IO
bopmyie

n
*
Pi =04 Zaj >
Jj=1

rae j — HOMEp BEepIIMHBI, UISI KOTOPOH 3HA4YCHUS WH-

JIMKaTopa paBHoO 1.

Ecnu y3en He HalifieH, TO OCYLIECTBIISIETCS 3aBEp-
mieHre paboTHI aITOPUTMA.

Iar 3. OmpenensieTcst 3HaYCHHE xi & BBIOpaHHOI

Ha MpPEABIIYIIEM IIare BEPIINHBI k, TPH (HUKCHPOBAH-
HBIX 3HAYCHUSX OCTAJIbHBIX BEIWYMH JUIS TTONYYIEHHS
3aJJaHHOTO ) .

IMar 4. IIpoBepka COOTBETCTBUS OTPAHUYEHUIO
B3
1 <X, <R;. Ecmm ycnoBue BhINONHSETCA, TO

*
Xtk =X; , 1 BCEM BEpIUUHAM, HE SBJSIIOLIMMCS KOH-

CTaHTOM, IPUCBAUBAETCS UHJUKATOP, PAaBHbIA €AUHHULIE,
awnHaue — f; =0. [lepexon k mary 1.

IIar 5. [IpoBepka ycioBus: y* =y, . Eciu ycnoBue

BBINOJHACTCS, MPOUCXOIUT 3aBEpIICHHE PabOTHI anro-
pHUTMa, MHAUe — Mepexoz K mary 1.
INonyueHnHble 3HaYeHUsT X; OyIyT PEILIEHUEM 3aadu.

Jnga peanuzanuu NpPEACTaBIEHHBIX AJITOPUTMOB
ObUT HCIIOJB30BaH OOBEKTHO-OPHEHTHPOBAHHBIN I101-
xon. Ha puc. 2 mpencraBneHa guarpamMmma OCHOBHBIX
knaccoB. Kitace «Y3en» mpezcrasisier co0oil BepIIHY
JiepeBa, KOTopas CBsi3aHa ¢ JApyrumH ys3namu. Kiacc
«Meton» sBIsieTcss abCTPakTHBIM, ero nmotoMku «Ilpu-
pamenne ¢yHKIMN» U «CirydailHBIH MOWCK» TpegHa-
3HAUYEHBI JUI PEeLIeHUs] 00paTHOM 3a/1a4M C UCIIOIb30Ba-
HHEM COOTBETCTBYIOIIMX CTOXACTHUECKHX AJITOPUTMOB.
Knacc «Mopenb» npenHasHadeH ajsi XpaHeHHs (yHK-
IIUH, CBA3aHHBIX C PAacueTOM Pe3yJIbTHUPYIOLIETro IOKa-
3aTens.

JlaHHast CTpyKTypa, MOJy4eHHas IyTeM MOIUdH-
Kaluyu cyuecTBytomeil [17], npenocraBiaser BO3MOX-
HOCTh JIBHEHIIEro pa3BUTHS CHCTEMbI: JOOABICHUS
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HOBBIX METOJIOB, MOJIENEH; PElICHHS MHOTOYPOBHEBBIX
3aja4 MyTeM MOCJIeA0BaTeILHOrO 00X0/1a BCEX YPOBHEH
rpacda (cBepxXy BHHU3), a TaK)Ke MPIUMEHEHHSI Pa3TUIHBIX
METOJIOB PEIlIeHHUS 1033 1au.

VY3en
—Kosd . BakHOCTH 1 Mozenb
— 3HaueHue
1.4 — Munumym | + DyHKusi()
— Makcumym
|: — Ilpupoct
— HavansHoe 3HaueHue Pacuer A Pacucr B
— Koneunoe 3nauenue
— Maukarop Dy () [y (
— BeposiTHOCTH HOPM
+ Jlo6aBuTh oToMKa ()
+ Pacuer Beposrtaoctu ()| | 1 Meron
+ Bri6op BepumHsI ()
+ O6x07 () +Pacuer ()

~

CirydaliHbIi TIOUCK

|
[Mpupamenue GpyHKIN

-+ Pacuer () +Pacuer ()

Puc. 2. Ctpyxrypa xi1accoB

B kavecTBe nmprMepa 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,

IIepeMEHHBIE 3aTPaThL.
Ucxomnapie nannbie (TBIC. PYyO0.): profit = 200,

revenue = 400, const costs =50, variable costs = 150.

CraBuTcs 3a/1aua OINpEAEIIeHHs YPOBHS BBIPYUKH, Iepe-
MEHHBIX WM IOCTOSIHHBIX 3aTpaT Ul yBEIWYEHHs IpH-
o Ha 150 THIC. pYO. IIpm 3TOM KO3PPHUIMEHTHI OT-
HOCHTENBbHOM 3HaunMocTH paBHBL: 0=0,8; B=0,1;y=0,1.

JlanHas 3ajada MOXET UMETh 0oJiee OHOTO pelle-
HHS B 3aBUCHMOCTH OT HaIllpaBJICHUs W3MEHEHHs BeJH-
yuH. Hampumep, yBennueHne NpHOBUIM MOXET Ipo-
W30UTHU 3a CUET YBEIMYEHHMS BBIPYUKH, YBEINYEHUS IO-
CTOAHHBIX M IICPEMEHHBIX 3aTpat, a TaKKE 3a CUHCT YBC-
JIMYEHUS] BBIPYYKH M YMEHbIIEHHs 3arpar. B Tabm. 1
MpCACTaBJICHBI PE3YJbTAThl JId ClIydas, Korjga yBeInde-
HUE BBIPYYKU COIPOBOXKIAETCS] CHIDKCHUEM 3aTpar.

Tabnuima 1
Pe3yabTaThl pelieHust 3a1aun

3Haue- 3HaueHHUs apryMEHTOB

Merton noucka
HUe Bei- [[Tocrosiuuble| [lepemenHbIE
perieHus -
pyuka| 3aTpaTbl 3aTpaThl

Moaudurmmpo- 350 520 35 135
BaHHBINA METO/I
00paTHBIX BBI-
YHCICHUI
CurrygaifHbrit 350,04 (519,94 34,97 134,93
riouck (1 mmm.
TOUEK)
[Ipupammenue 350 521 36 135
GbyHKIUHR
(mar = 1)

B momuduimpoBanHOM MeTone OOpaTHBIX BBIYHUC-
JICHWIl HalpaBlieHHe M3MEHEHHs apryMEHTOB yKa3blBa-
€TCsl C MOMOIIBIO BHAa 3aBUCHMOCTH: MpsiMasi WK 00-
parHas. Tak, pe3ysnbTarsl Ta0M. 1 MOMyUYeHBI IS Chydasi,
KOTJIa MEXXY BBIPYUYKOW U 3aTpaTaMH OOpaTHasi 3aBHCH-
MOCTB, a Me)KZly IIOCTOSSHHBIMHU U HepeMeHHblMI/I — Hpﬂ—
Masi. B MeTozie ciy4aifHOro moucKa HarpaBiCHUE U3Me-
HEHHSI MOXKHO TTOJTyYUTh IIyTEM YCTaHOBJICHUS COOTBET-
CTBYIOIIMX HIKHUX M BEPXHUX TPAHUI (MHAYC PEIICHUS
B Pa3HBIX peaU3alisiX MOTYT 3HAYUTEIBHO OTIIMYATh-
cs1). JAns 3amagn OBUTH MCHONB30BaHBI CIEMYIOIIUE OT-
paHUYCHHS:

400< revenue <800 ,

10<const costs<50 ,

120<variable costs<150.

[Ipn ncronbp30BaHWM aNrOpUTMa Ha OCHOBE IIPHU-
pamieHusi (QYHKIUM BO3MOXKHO HAXOXKIAEHHE pELICHUS
TOJIBKO JUISl Cily4as, KOTAA INPOMCXOAWT HAaWMEHbIIee
W3MEHEHHE apryMeHTa C HauOOJBIINM 3Ha4€HHEM KO-
s PuIIeHTa OTHOCUTENBHOI BaxxHOCTH. Hampumep, B
TalJ. 2 TPeACTaBIEHbl BAPUAHTHI YBEIUYCHUS DPe3yib-
Tara B Cllydae aiJUTHBHON MOJAENH [BYX apryMEHTOB.
Jlist cyMMBI IByX apTyMEHTOB YBEIHUYCHUE DPE3yJIbTH-
PYIOILEro ToKa3areisi MOYKHO HOJIyYUTh JIBYMsI CIIOCO-
Oamu: yBeqMuuB 00a apryMeHTa U yBeJIU4YHB OoJiee 3Ha-
YUTENIBHO apryMEHT C HauOOJBLIMM 3HAauYeHHEM KO3(-
(unyeHTa BaXXHOCTH, YMEHBUIMB IIPH 3TOM apryMeHT C
MEHBIIMM 3Ha4eHHEeM Kod(QQUIEeHTa OTHOCHUTEIHHON
3HAYMMOCTH. Mertox mpupamieHus (QyHKIHH MO3BOJISET
HalTH PELIEHUE TOJBKO Ul MEPBOTO ciydas. AHajo-
THYHO JJIs1 BTOPOTO BapuaHTa Mozenu (pa3HOCTh apry-
MEHTOB) MeTOJ NpUpAIeHHs (YHKLUUH BBIIOIHUT IO-
UCK PEIICHUS TOIBKO B CIIyyae yBEIWYEHHs apryMEHTa
¢ HaWOOJBIINM 3HAYCHHUEM KOIPPHUIMEHTA BaXKHOCTH
pu YMCHBUICHHUU 3HAYCHU apryMeHTa ¢ HAMMCHBIIIUM
3HaueHHEeM KO3 GUIMEeHTa 3HAYUMOCTH.

Tabnuia 2
BapuaHThI 10CTH:KEHHS HEJTU

Monenb [Ipupocr pesyibrara
A(0)+B(B),a>p A BT A ,B”
A(o)-B(p),0>p AT B* A" ,B”

3akiaouyeHnue

Ha ocHoBe mpocToro ciryyaifHoro moucka u urepa-
LIMOHHOM TPOLEayphl NMpupaiieHus QyHKuuM pazpabo-
TaHbl aJITOPUTMBI pelleHns: oOparHo 3axaun. VX mpe-
HUMYIIECTBOM SIBIISIETCSI MPOCTOTA KOMIBIOTEPHOH pea-
JU3alMHY, B CIy4ae UX HCIOIb30BAHUSA OTCYTCTBYET He-
00XOIMMOCTD PELICHUs] CHCTEMBI YPaBHEHUH, TpUMEHe-
HUS MPOLENYpPHl CBEPTKH M MHOTOKPATHOTO PpEIICHUs
3a7la4n C TOMOIIBIO OOpaTHBIX BBIYMCICHUI B ciIydae,
KOTZIa YHCJIO apryMeHToB Ooibmie nByX. Kpome Toro,
CIy4yallHbIi IOMCK IIO3BOJIAET IIOJIYYWUTh PELICHUE C
y4eToM Ko3((HIIMEHTOB OTHOCHTEIBHONH Ba)KHOCTH M
OTPAHMYEHUI Ha BEIMYMHBI APTyMEHTOB, YTO HEBO3-
MOXHO MOJYYUTH TOJIBKO C IMOMOLIbBIO O6paTH]>lX BbI-
gyuciaeHnil. K HemocTarkaM MOXHO OTHECTH CYILECT-
BYIOIIYIO TOTPEIIHOCTh BBIYMCIECHUI H3-3a HCIOJIB30-
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BaHMS CTOXaCTHYECKHMX METOIOB, METO HAa OCHOBE
HpHUpaneHus GyHKIUHA MOXKET ObITh MCIOJIb30BaH JIUIIb
B HEKOTOPBIX BapHaHTaX M3MEHEHHs apTyMEHTOB: KOTJa
CyMMa MOJIyJEeH NMPUPALIEHUN apryMEHTOB MUHUMaJlb-
Ha. Jlnsg peanusaluy aJropuTMOB ObUI HCIIOIB30BaH
00BbEKTHO-OPHEHTHPOBAHHBIN MOJXOJI, CTPYKTYpa Npes-
CTaBJISICTCA B BUJC AC€PCBA, HA HU)KHEM YPOBHE KOTOPO-
IO IPUBOJATCA apryMEHTHI, 8 Ha BEPXHEM — PACCUMTBI-
BaeMbIil Ha UX OCHOBE PE3yIbTUPYIOIIUI MOKA3aTelb.
JlaHHast CTpyKTypa MpeaoCTaBiseT BO3MOXKHOCTh M3Me-
HEHUS W JaJbHEHINEero pasBUTHA CHUCTEMBI, a TaKXKe
pelIeHns MHOTOYPOBHEBBIX 3a7ad M HCIIOIb30BAHUS
pa3NUyYHBIX METOIOB pEIIeHWs MoA3anad. B kauecTse
IpyMepa IPUBOAUTCS 3a1a4a (GOPMHUPOBAHHS MPUOBLIN.
[IpencraBneHHbIe aITOPUTMBI U MOTYT OBITH MCIOJIB30-
BaHbI [TPY pEILICHUU 0OPaTHBIX 33]a4 B 9KOHOMHUKE.
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Gribanova E.B.
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.
Keywords: inverse computations, optimization, random
search, object-oriented approach.
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A.A. CeeTtnakoB, O.A. lNyrayeBa

CuHTe3 rpagMeHTHbIX MeTOA0B MUHMMU3aLUN (PYHKLIUA MHOTMUX
nepeMeHHbIX C NPUMEeHeHMeM npaBbIX OOpaTHbLIX MaTpuy

Ipemnaraercst HeTpaJMIUOHHBINA MOAXOMX K CHHTE3y METOM0B MUHMMH3AIMU (QYHKIMI MHOTHX NepeMeHHbIX. Ha mpu-
Mepe pelleHus IpocTeiell 3ajaun B Heil CHHTe3UupyeTcsl HOBBIM IPaJIMEHTHBIA METOJ| pellleHHs JaHHOH! 3a/1aul, OCHO-
BaHHBII Ha CBEJICHUM €€ Ha Ka)KI0H uTepaluy K peleHUI0 HeJOONPEIeICHHBIX JIMHEHHBIX alreOpaudeckux ypaBHEHUH
U BBIUHCIICHUIO UX PEIICHUH C MPUMEHEHHEM MPaBbIX OOPAaTHBIX MATPHII.

KiroueBble cii0Ba: rpafueHT, npasas o0paTHas MaTpULA, MaTPULIAa, MUHUMU3aLUs QyHKINH.

doi: 10.21293/1818-0442-2016-19-4-117-121

IHocTanoBka npocTeiilei 3aqa4u MUHMMH3a-
MM GYHKIMH MHOTHX NepeMeHHBIX

[Tycth HekoTOpas mepeMeHHas BeIHMYuHa Y sBIs-
eTCs 33JJaHHOW W U3BECTHOW HaMm QyHkuuei f(-) Hesa-
u,,U,,..,U,, rtoe
HaTypaJbHOE YHCIO Takoe, uTo 1<n<oo. IIpeacraBum

JaHHOC MPEAINOJJOKCHUEC AHAJIUTUYCCKHU U COOTBETCT-
BCHHO 3alluIIEM CJICAYIOIICEC paBEHCTBO:

y:f(ulvMZB""”n)~ (1)

3nece ¥y M uy,Uy,...,U; — UYUCICHHBIE 3HAYCHUSA

BUCHUMBIX TIEPEMCHHBLIX n -

¢yHKIMU Y ¥ He3aBUCUMBIX nepeMeHHbx Up,Us,...,U,
COOTBETCTBCHHO. Beromy naee OyzeM mpeamnonararh, 4ro:
1) naHHass QpyHKIMS SBISETCS HENPEPHIBHON U XOTS
Obl pa3 muddepeHIHPYeMOil 0 KaKAOH U3 IepeMeH-
HBIX U;,i=Ln;
2) oHa SIBISIETCSl YHUMOJAIBHOM (GyHKIMEH U or-

pelieNieHa Ha BCeM BEKTOPHOM npocTpaHcTBe V' .
Jlyist yOpoIIeHUs] U KOMITAKTHOCTU TOCIIEMYFOIIIX
3amuceil ¥ BBIKJIAJ0K BCIOAY Janee OyeM Mmojab30BaThCst

BEKTOPOM-CTPOKOl U U BEKTOPOM-CTOJIIOIOM uT’ mo-
Jiarasi Mpy 3TOM, YTO OHH OIPEAENISIOTCS CIEIYIOUMMU
paBEeHCTBaMHU:
a) u=(uy,up,u3,.. . uy), (2a)
6) ul =(u)’, (26)
rae T — cUMBOJI Omepanyu TPaHCIIOHHUPOBAHHS BEKTO-
pOB 1 MaTpul. Bocmonb30BaBIIKCh JaHHBIMH BEKTOPa-
MU, TIpeicTaBuM cooTHotmnernue (1) B creayromem 6oiee
KOMITAKTHOM BHJIE:
y=f@=£@". 3)
Jnst ynoOcTBa U COKpAIleHUs] TOCIESAYIOMEro 13-
JNOXKEeHUs HAPSLy C TEPMUHAMH «BEKTOP U. » M «BEK-
TOp U» BCIONy Jaiiee OyaeM HCIIOJIb30BaTh KaK MX CHU-
HOHMMBI TEDMUHbI «TOYKA U » M «TOYKA U », OTAABas
IPU 3TOM IPEANOYTEHUE TOMY U3 HHUX, KOTOPBIH Haubo-
Jiee COOTBETCTBYET CYIIHOCTH 00CYKIaeMOT0 BOTIPOCa.
3agaua MHUHHMHU3ALUKM PACCMATPUBACMON HAMHU
¢yHKIMK Y= f (uT) 3aKJIF0YaeTCsl B TOM, YTOOBI HAalTH

BEKTOP ul, YIOBJIETBOPSIOIINNA PaBEHCTBY

u! =argmin{f(u’ ):u’ eV"}, “)

rae cuMBOa argmin{...} — (apryMEHT MHHHMYyMa) 03-

HA4aeT, YTO BEKTOP ul sBusercs Taknm BEKTOPOM, TIPH
T

KoTopoM GYHKIMS y=f(u ) NpPUHUMAaET MUHHMAaJIb-

HOE 3HAUCHNE Y, 1 IpH 5ToM u, V.

st pemieHnst TaHHOW 3a/1a4yl B HACTOSIIEE BpeMs
MMEETCsl 3HAYMTENIFHOE YHMCIO METOOB U pealu3ylo-
OUX WX aJTOPUTMOB, OA3MPYIOMMXCS Ha pPa3IMIHBIX
unesx u nomxonax [1, 2]. OgHako, HECMOTpPS Ha 3TO,
OCTaeTcsl aKTyaJbHOH MpoOieMa COBEpIICHCTBOBAHUS
y)K€ MMEIOIMINXCA W CO3JaHMS HOBBIX METOIOB M ajro-
PUTMOB €e pelIeHus, 00JafalomuX TeMU WIH WHBIMU
MPEUMYIIECTBAMH IO CPABHEHUIO C YK€ MMEIOIINMUCS
METOJaMHU U aJilrOpUTMaMu.

CuHTe3 rpaeHTHBIX METOA0B MUHUMM3AINU
(yHKUMI MHOTUX IlepeMEHHbIX ¢ IPUMEeHeHHeM
NMPaBbIX 00PATHBIX MATPHUIL

W3BecTHOE B HacTosIIIee BpeMsl CEMEWCTBO Ipajiu-
CHTHBIX METOJ0B MHHUMH3AIMKA (PYHKIMA MHOTHX ITe-
PEMEHHBIX TIOyYEHO IBPUCTHUECKAMH PACCYKICHUSIMHU
C WCIIONB30BAHHEM IIPH ATOM CBEICHUH O TpagHEHTE
MUHUMH3APYEMOH (YHKIUH W IEeNd 3aJa9d ¢ MHHU-
muzain [1]. Hioke HamISIAHO WIUTIOCTPHUpPYETCS, YTO
9TH ¥ MOJO0HBIE UM METOBI MOJKHO HE MEHEE yCIIEIITHO
CHHTE3UPOBATh M C MpUMEHeHueM Oosiee (opMallbHBIX
METOZIOB, €CM: 1) BOCTIOIB30BATECS CBEACHUEM 3aJlaull
HUX CHUHTE3a K PCIICHUIO JIMHEMHBIX anre6pa1/1qe01<1/1x
YpaBHEHUI U 2) UCIIOIb30BATh [UISl PEILICHHUS ITOCIETHUX
IpaBble 0OpaTHBIE MAaTPHULEI [2].

Jns momydeHuss HEOOXOAMMOTO HaM ypaBHEHUS
BOCIIOJIb3yEMCSI JIMHEMHOW 4acTeio psga Teilopa

ing:ivivi ey (uT):
y=f")=f(ug)+ghu’ +05(Au’) (5)

3/1eCh uOT — Kakas-nmi0o Touka u3s V", B okpecTHOCTH
KOTOpPOM Hac uWHTepecyeT moBeaeHne QyHKIuH (3);
Au” :uT—ug — IIpupalieHHe BeKTopa ug, a
Au:(AuT)T; gT — rpaaueHT Qyukuuu (3), ompeme-

JIIEMBII PaBEHCTBOM

o o Th] 0
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riae 6% y, — acTHas MPOM3BOIHAs ¢ynkuuu (3) 1o
1

MEepeMEeHHON u; ,i=1,n, BBIUMCIEHHas B TOYKE ug;

O, (AuT) — CyMMa BC€X OCTaJIbHBIX 4JIEHOB psiaa Teil-
JIopa, MMEIOMMX TMOPSJIOK IO KOMIOHEHTaM BEKTOpa
Au' Bpime BTOPOTO.

IIpu sTOM Oynem cumTarh, YTO MPUPAIECHHS AuT
TaKOBBI, YTO ciaraeMeiM O, (AuT) MOXXKHO 0€3 KaKoro-

6o ymep6a i AadbHEHINX PacCMOTPEHHH IpeHeo-
pedb, U COOTBETCTBEHHO OyIE€M CUHTAaTh €ro pPaBHBIM
Hymo. B aToM ciydae noiydaem Oosiee 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-
IUIIEM €ro JWUCKPETHBIH aHaJor INPUMEHHTENIBHO K
k -1t mteparmu, toe k=1, 2, 3,.... B pesynbrare momy-
YHM CIIEIYIOIIEE, PABCHCTBO:

T
V1=V +8kAuy 3

TOE Vk+l Ef(uzﬂ) > Vi Ef(uz) , @ 3HAK = O3HAYaer,

YTO JIeBas 4aCTh COOTHOIIEHHS paBHA MO ONpPEeICHUIO
€ro MpaBo YacTu.
T
3HaYeHUs y; U TPAJMEHTA g, 31eCh SIBISIOTCS

(DPMKCHPOBaHHBIMHM M M3BECTHBIMH, a 3HAUCHUE Vj.| H
MIpUpaIieHne Auz — HEW3BECTHBIMH IIEPEMEHHBIMHU

BEJIMYNHAMH, 3HAYEHHUsSI KOTOPBIX CBSI3aHBI PaBEHCTBOM
(8). Takum 0Opa3oM, JAHHOE PAaBEHCTBO MOXKHO BITOJTHE
000CHOBaHHO PAacCMaTPUBATh M WCIIOJIb30BaTh KaK JIU-
HelHOoe anreOpandecKoe ypaBHEHHE OTHOCHUTEIHHO He-
W3BECTHBIX 3HAYEHUH Vi, U Auz. B pesynbrare mo-
JYy4YUM CIIEAYyIOIlee OCHOBOIONAramomee il HalIux
JaTbHEeNIINX 1eneil ypaBHeHHe:

Vierl 8k Auz =Yk - ©)

Jnst ynoOcTBa M yNpoIEHHsT paCCMOTPEHHH U BBI-
KJIaJIOK TpHIaJiM [TaHHOMY YpPaBHEHHIO TpaJIUIHOH-
HBII B JINHEHHOH anredpe BeKTOpHO-MaTpuuHbIi B, C
9TOil menpio BBeneM B paccMmoTperme (I1x(n+1))-

MepHylo Marpully A; u (n+1)-MepHBIH BEKTOp-CTOII-

Gerr xz , OTIPEIIETINB UX PaBEHCTBAMH
a) A =(li-g)
6) x; =(yiar idup)" (106)

BEPTHKAJIBHOE TPOETOUHE : B KOTOPBHIX OTAENAET Iep-
BbI€ KOMIIOHEHTBl «1» M « Yj,1» OT BEKTOPOB g, H

(10a)

Auy . BocCnonp30BaBIIMCh [@HHBIMH PABEHCTBAMH,
MpeacTaBUM ypaBHeHUE (9) B clenyromemM BUe:
T
A kX k= Vi - (1 1)

AHanu3upys JaHHOE YpaBHEHUE, HETPYIHO BH-
JIETh, YTO:

1) OHO COBMECTHMO IpH JIIO00# TIpaBoOit YacTH yy ;
2) ecmm g;=0,, rne 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 HanGornee o0mieM BUe MHOKECTBO €TI0 PELICHUH

xz MOYKHO TIPE/ICTABUTH CIIEAYIONINM PAaBEHCTBOM:
T _4-T1

X, =A Vg 12)

3nech A;H — mpaBast oOpaTHast K Aj; MaTpua,
BBIUHCIIIEMAs! COTJIACHO PaBEHCTRY [2]
-m_, T Ty-1

A =7 (Az)) (13)

rae zz — HEKOTOpHIN 3amaHHbI (n+1)-MepHBIH Bek-

TOP-CTOJIOEI] TaKOH, YTO MPOM3BEICHNE Akzz #0. YMm-

HOXWB ClieBa 00€ 4aCTH JaHHOTO PaBEHCTBA HAa MaTpH-

uy Ay, HETPYZIHO BHJIETh, YTO AkA;H =1, u, Takum

00pa3oM, MOXKHO 3aKJIFOYUTh, YTO MaTpHIIA A;H , Om-
penensiemast paBeHCTBOM (13), JeHCTBUTENBHO SBISCTCS
paBoit 0OpaTHOM K A MaTpHIICH.

MHOX€eCTBO BEKTOPOB zz, YAOBJIETBOPSIOLINX
JAHHOMY HEpaBEHCTBY, HECUETHO M, TakHUM 00pazoM,
3a/1aBasi pa3IM4YHbIE BEKTOPBI zz U UCIONB3Ysl UX B
(13), MOXXHO TOJIyYUTh HECYCTHOEC MHOXECTBO pa3jiHy-
HBIX TIPaBBIX O0paTHBIX K Aj Marpui. [Ipu sToM, Kak
HENOCPENICTBEHHO BUIHO W3 JAHHOTO PaBEHCTBA, KaX-

T
ZIOMy BEKTOPY Z; COOTBETCTBYET €IMHCTBEHHAs Mar-

puma A;H , 8, Kak BUIHO w3 (12), kaxkmas Takas MaTpu-

La OmpeneNnseT €AWHCTBEHHOE pEIICHHE YPaBHEHUs
(11). IlpuBenem dYeTslpe mpuUMepa, HAIISIHO HILTIOCT-
PHUPYIOIINX paccMaTpHBaeMble BO3MOXKHOCTH PEIICHUS
ypaBHeHHs (11) ¢ TpuMeHEHWEM TpaBBIX OOpATHBIX
MaTpHIl.

IIpumep 1. 3agagum BexTOp le B COOTBETCTBHH C

paBEeHCTBOM le =(1,0:0,, )T, rae 0, — HyneBoi n-Mep-
HBI BEKTOP-CTPOKa. BEHIMOIHKUB BCce HEOOXOIMMBIE BbI-
yHucieHus coracHo paseHcTBaM (13) u (12), yuutsiBas

pu 3ToM (9), MOTyYUM, UTO peIIeHHe xlT ypaBHEHHSA
(11) B 3TOM cIy9ae onpeenseTcsi paBeHCTBOM

Xt =i 0)" (14)
7 oKkazbiBaeTcs (n+1)-MEpHBIM BEKTOPOM, ¥ KOTOPOTO
OTJIMYHA OT HYJIS TOJBKO MepBasi KOMIOHEHTa X|, a BCE
OCTAJIBHBIC 71 €0 KOMIIOHEHT PAaBHEI HYIIIO.

ITpumep 2. Ilycts BekTOp zg YIAOBIETBOPSET pa-
BEHCTBY zg =(0,: l)T. B osTroM ciydae, BBITOJTHHB
MIPEACTABICHHYIO BBIIIE IOCIEAOBATEIFHOCTD OIEpa-
[OUH, TIOTy4aeM, 9TO pelIeHne xg ypaBreHwus (11) ymo-

BJIETBOPSIET PABEHCTBY
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x3=(0,:8,1)" i (15)
u gpuserca  (n+1) -MepHBIM BEKTOPOM C OTIIMYHOM OT
Hyns (n+1) -if KOMIIOHEHTON U PaBHBIMU HYJIO €T0 Iep-
BBIMH 7 KOMITOHEHTaMH.

-1
3necy g, — obpauleHHas 7 -5 KOMIIOHEHTa Ipa-
T
AWeHTa g, .
[Tpumep 3. Bribepem B KauecTBe BEKTOpa zg BEK-

TOp 13T =(ligy )T . Iloncrasus ero B (13) u BBITOTHUB
OYEBH/THBIE OIEPALH, MTOIYYUM CIIELYIONee PaBeHCTBO:

A =g g (16)

B KOTOPOM cJIaraeMoe g kgz olpeNeNsieTCs paBeHCTBOM

n
818 =2 85 - (17)
i=1

Toe gijx — I-1 KOMIIOHEHTa IpaJueHTa gz, i=Ln, n

TaKUM O6p2130M, II0 ONPEACIICHUIO SBIIACTCA HUYEM
HHBIM, KaK KBaJApaToM €BKJIUI0BOM HOPMBI I'paAnlCHTa

gz , AMEIOIIUM CTPOTO IOJIOKUTEIIbHOE 3HAUCHUE IIPU

gr #0, u paBubiM Hymo npu g; =0, . Pemenue xg

ypaBHeHHs (11) B maHHOM ciydae BBIYWCIISIETCSI CO-
ITIACHO CIIEAYIOIIEMY PaBeHCTBY:

x5 =(lige) (+grg) ve. (18)
IIpumep 4. bBynem cuuTars, 4TO BEKTOP z}; ompe-
JIEISCTCS] PABEHCTBOM ZI =e1+1 =(1,0; L,0; ... 1,0)T , T.C.
sBisieTcst (n+1) -MEpHBIM BEKTOP-CTOJOIIOM, BCE KOM-
moHeHTsl kotoporo paBHbl 1,0. IloctaBuB ero B (13),
HoJyyaeM, 4To Ipasasi oOpaTHast K Aj MaTpula A;H
B IaHHOM CITy4ae OIpeJeNseTCsl PABEHCTBOM
n
A =1+ gn) - (19)
i=1
Pemenue XI ypaBHenust (11), BeruMciaeHHoe ¢ Hc-

IIOJIB30BaAHHUEM ,HaHHOﬁ Marpulbl, MOJy4YacTCd B COOT-
BETCTBHU CO CJICAYIOIIHUM PABCHCTBOM:

n
T_.T -1
xg =e, (14D gik)” Vi (20)
i=l1
HemocpencTBeHHON NpPOBEPKOi, T.€. MOCTaBIsA B

(11) pewenns (14), (15), (18) u (20) 1 BBIIONHSS COOT-
BETCTBYIOIIME apu(MeTHdyeckne omnepanuy, MOXKHO

yOeqUTHCS B TOM, YTO BEKTOPHI XIT xg x§ u X4T Jei-
b b

CTBUTEIBHO SBIIOTCS pemeHussMH ypaBHeHus (11).
Wcnonp3ys nansable pemieHns U paBeHCTBO (106), MOX-
HO COOTBETCTBEHHO CHHTE3MpPOBaTh cilemyromue 4 nre-

PalMOHHBIX METO/Ia MUHUMHU3AIMK QyHKIUH [ (uT) :
(21a)
(216)

T _.T
lL.a)u_, =u.,

0) ¥ir1 =Yk

2.2) up, =u; —(0,g, ) v, (22a)
6) ¥,,,=0: (226)
3.a) ug,, =y —gp (+geg)) v s (23a)
6) ¥y =¥ (+grgp) s (236)
4. a) uzﬂ =uz —ez (1+ekgg )_lyk R (24a)
6) ¥y =Y, (+ergg) . (246)

3nech 0,_; — HyneBo (n—1)-MepHBIA BEKTOP-CTPOKA,

a ez — 1 -MEpHBIH BEKTOP-CTOJIOCI, KaXKAast U3 KOMIIO-

HEHT KoToporo pasHa 1,0.

[IpuBenem Kparkue KOMMEHTapwu, 0Oojiee IOJHO
pacKpbIBaolIe Handosee CylecTBEeHHbIE 0COOCHHOCTH
CHHTE3UPOBAaHHBIX METOJOB MHHHMHU3AINK (QyHKINH

f (uT) , I OTPaHUYCHUS, KOTOPBIE HEOOXOAMMO YUUTHI-

BaTh IpH BBIOOpE BEKTOpa z', ¢urypupytomero B or-
penenennu (13) MaTpuub! A;H .
Bo-nepBbIX, Kak BBITEKAeT U3 ONPEICICHUS BEKTO-

pa ZF n paseHcts (14), (21a), (216), ucnons3oBanue
BEKTOpa le MIPEAEIBEHO YIPOIIAeT BHIYNCICHHE MaTpH-

L(bI A];H U pELICHUS XF ypaBuenus (11). OxHako mo-

Jy4aeMblil TpHU 3TOM UTEpaloHHbIH MeTox (21a), (210)
OKa3bIBAETCA COBEPIICHHO OECIIONEe3HBIM, TaK KaK €ro
NPUMEHEHHE HHUKAaK HE pellaeT 3a/1ady MUHUMH3aLUH

dysKIIIA [ (uT) .

Bo-Bropsix, Meron (22a), (220) Taxxe OKa3bIBaeT-
Ccs  MAaJONPUTOAHBIM JUII MHHUMH3ALUUH  (QyHKIUH

f (uT) , TaK KaK ero MprMeHEHHEe MO3BOJIIET H3MEHSTh

TOJIBKO 7 -0 KOMIIOHCHTY U, BEKTOpa llT , 4TO, O4YC-

BHIHO, SIBHO HEJOCTATOYHO JUIS OTHICKAHUS MHHHMYMa
fing:ieivi ey (uT) . Bomee Toro, mockombky v, =0, TO
Ha (k+1)-# W TOCIHEHyIOIIUX HMHTETPANUAX JaHHAs

KOMITIOHCHTA TaKXEC HC 6y11eT B OTOM CJiy4dac UBMCHATLCA
U COOTBETCTBCHHO HC 6yz[eT B 3TOM CJIy4a€ HUKAKOI'O

MIONCKAa MUHUMYMa QYHKIHU f (uT) 110 TIepBbIM (1+1)

T
KOMITOHEHTaM U ,Uy,...,U,;_| BEKTOpa u .
OpnHako BHOJHE OYEBUAHO, YTO €CIM BMECTO BEK-

TOpa z} WCTIONB30BaTh BEKTOP z?,

ONpeAeAeMblil
PaBEeHCTBOM BHJa
T i T .5 .7
2;=00;1:1:0,41;) ,j=2,n+l (25)
TO MOXKHO 03 KaKux-IM00 OONBIINX yCHUJINI CHHTE3H-
pOBaTh WTEPAMOHHBIA METO/ MOKOOPJHMHATHOW MUHH-

T
muzanuu ¢yHkun f(u” ). s 3Toro HeoOXoauMO H
JIOCTATOYHO OPTaHW30BATh LUK 110 j W HA KaXXIOW M3
UTeparyii BEIYUCIATH IPaByl0 00OpaTHyI0 K Aj MaTpu-

-1 T T
Iy Akj , CLICHUE X3 ; M BBIYHCIICHUE BEKTOpA U, | H

3HA4YC€HUA V1 B COOTBETCTBHUU C PaBEHCTBAMU
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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 HTEPALIMOHHBI METOL
SIBJIAICTCS] TPATUEHTHBIM METOIOM MHHHMH3AINU (QyHK-

mun  f (uT). Hanpasnenue npupaieHus Aug B JIaH-
HOM CJIy4Yae COBIIJaeT C HAIpaBICHUEM €€ aHTHIPa/Iu-

eHTa (—gZ) B TOYKE uz, a ero eBKIWIOBa HOpMa

T T
”Allk” 3aBUCUT KaK OT IpaJuCHTa gk " KBaJpara €ro

2
€BKIIUI0BOM HOPMEI ”gl“ , TaK ¥ OT 3HAYCHUS i

Ed
[ing:ivivad (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 TOUYKE uz , @ er0 eBKJIHMI0Ba HOpMa ”Auz“
T T
3aBHCHT OT HOPMBI (g, || TPaaMeHTa g; M OT 3HAYEHHs

Vi GyHKIMH [ (uT) B TOUYKE uz , MOHOTOHHO yMEHb-
IIAsiCh M CTPEMSICh K HYIIIO C yBeJIMueHueM k. Kak Herno-
Cpe/ACTBeHHO BUAHO U3 (230), 3HaYeHue yj,; QyHKIUH
T T T
S(u") B Touke w, , oxasbBaercs B (1+g;g, ) pas

MEHBIIE €€ 3HAYEHHS B TOUKE uz M C YBEIWYEHUEM k
MOHOTOHHO U C MOHOTOHHO yMeHblgkaIT()meﬁCﬂ CKOpO-
CTBIO cTpeMHTCs K e€ 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

BEJIMYHHY, IPONOPLUOHAIBHYIO 3HAUEHUIO }; U MHO-
JKUATEII0 (1+ekgz)_l. IIpu sTOM HampaBieHue mnepe-

MEILEHUS TOYKU uz U €ro BeIWYMHA CYIIECTBEHHO 3a-
BUCAT OT TOTO, KaKOB YIOJI (0 MEXIy BEKTOPOM el u
TpagueHToM g . Tak, eclli JaHHBIA yroil paBeH m/2,
TO MUMEIOT MECTO PaBEHCTBA Au,f :ez Vi U Vi1 =Vk»
TakuM 00pa3oM, HHKaKOTO YMEHBIICHUS 3HAYCHUS

dysKIHIN [ (uT) B JAaHHOM cirydae He Oymer. OHO Oy-
JEeT MaKCUMAJIBHBIM TPH ezz—gz, T.e. TOTZa, Korma

Yol ¢ MeXIy BeKTopaMu ez u gz paBeH —T.
Bo Bcex mpyrux ciydasix, KOrJa MMEIOT HEpaBeHCTBA
—T<@<7m/2, oHO OyZeT M3MEHSTHCSA MPOMOPIIUOHANTb-
HO COS®.

IIpuBenéHHBIE BBIIE MPUMEPH! HAIVISIHO MIIIHOCT-
PUPYIOT IIKpoUaiiiiue BO3MOXKHOCTH CHHTE3a UTepalu-

OHHBIX METOIOB MHHHMMHU3AIMK (yHKIMH f (uT) c

NPUMEHEHNEM TpaBbIX 00paTHbIX K Ay Marpuu. OHH

K€ IMOKa3bIBAKOT, YTO: 1) HCIOJIb3Ysl NaHHBIC MaTpUIlbI,
MOXXHO MOJYYUTh KaK COBEPHICHHO 6eCHOJ'IC3HI)I€, TakK U
OpeaACTaBIIAIOIINC 3HAYUTEIbHBIA HUHTCPCC HUTCPALIUOH-

HBIE METOAbl MUHUMHU3AIMU QYHKIHMU [ (uT); 2) Hau-
OOJIBIINI HHTEPEC TPENICTABISIOT METO/IbI, IOy YeHHbIC
C IPUMEHEHHEM BEKTOPA Z3T HE TOJBKO MOTOMY, YTO €T0
MIPUMEHEHHE TTO3BOJISICT TOJyYUTh TPAJANCHTHBIN METOX
MUHUMH3AOAN QYHKOUHA [ (uT) , HO U CHHTE3HPOBATh
HEYETHOE CEMEUCTBO TPAJNEHTHBIX METOIOB ITOJO0OHOTO
Ha3HA4YEHMS, 3aJaHHBIX C TOYHOCTBIO JIO ANArOHAIBLHOM
TIOJIOKUTENBHO OlpenenéHHol marpuusl D mopsinka
k. dns monmydeHusi Kakoro-mnbo KOHKPETHOTO METona
13 JAaHHOTO CeMeicTBa He0OXOIMMO M JOCTaTOYHO BMe-
CTO BEKTOpa Z3T UCTIONIb30BaTh BEKTOP z,f, orpezense-
MBI paBEHCTBOM
T T
7; =Dty 27)
rne Dy — muaroHanbHas Mopsiika 71 MaTpUIia.
PaBeHcTBa (8)—(27) HOMHOCTBIO M BIIOJIHE OJHO-
3HAYHO MPE/ICTABISIIOT COBOKYITHOCTH OTEpalHid, KOTO-
pele HEOOXOIMMO BBINOJHUTH HAa Kk - HHTETpanuu
k=1,2,3,.... OgHaKO OHH HHUKaK HE TIPEICTABILIIOT
Havajo ¥ OKOHYaHHWE ITPoIlecca MUHIMHU3AINH (QyHKINH

f (uT), T.e. HE TPEACTABIAIOT HUKAKUX NEHCTBHN M

IIpaBwJi, CBA3aHHBIX C 3aJaHUEM Ha4vaJbHOM TOYKHU llg

¥ yKa3aHWEM YyCJIOBHH OCTAaHOBKH JaHHOTO TpoIlecca.
Bwmecre ¢ TeM BIOJNIHE OYEBUIHO, YTO M TO U APYroe He
TOJIBKO OKa3bIBAIOT CYIIECTBEHHOE BIMSIHHE Ha IIPO-
JOJDKHTENBHOCTD (YMCIIO HMHTErpanuii, HeoOXOIMMBIX
JUIS TIONYYCHUs PEIICHHs) Npolecca MHUHHUMU3AUU

¢byskmn  f (uT) , HO W SIBJSIFOTCSL HEOOXOJMMBIMH yC-

JIOBUSIMU JIJISL €70 peaTu3aliim.
BocnomnHsist TaHHBIN Po0es1, OTMETUM, BO-TICPBBIX,

YTO B JIIOOOM CIIy4ae TOUKY ug HEoOX0AMMO BEIOMpATh

T
TOIBKO U3 obnacTu onpenencHus Gyakuuu f(u” ). Bo-
BTOPBIX, €CITH PAacCMATPUBATH TOJIBKO CXOJAIIHUECS Me-
TOIBI MUHAMU3AIMHA (GYHKIUA [ (uT) , KOTOpBIE TPEXkK-

Jie BCETO U MPEICTABISIOT HAaNOOJIBIINI MHTEpEC C TOU-
KM 3p€HHS UX MPUTOJHOCTHU U MOJE3HOCTHU AJISl PEIICHUS
3aJa4n, TO HETPYAHO BHUIETh, YTO BHIOOpP HAYaIBHOU

TOYKHU ug, HEOOXOMMMOHN Ui 3alycka Iporecca, BO-
o0rmIe TOBOpS, HE SBISAETCS aKTyalbHOM 3amadei, T.K.
KaKylo OBl HAYaJbHYIO TOYKY ug 13 MHOXKECTBA OTMeE-
YEHHBIX BBIIIE TOYEK HE BEIOPATh, BEIYUCIISIEMAs TTOCIIe-
JIOBATCIIBHOCTh TOYEK ulT,ug,ug,... Oy#eT yIoBIETBO-
PATH COOTHOIIEHHUIO BHIA

klin ul =u), (28)
o0

T.€. OyJIeT CXOUTHCS K HCKOMOH TOUKe u,kT . B-TpeThux,

B TEX ClIy4dasdXx, Koraga aKTyaJ’IBHOﬁ SABJIICTCA HEC TOJIBKO
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CXOAMMOCTh JJAHHOM ITOCIEA0BATENHHOCTH K TOUKE u*T s

HO M €€ CKOPOCTb, BEIOOp HAYaJIHHON TOUKH ug OKa3bl-
BaeTCs aKTyalbHOU 3amadeii. COBEpIICHHO SCHO, YTO B
T000M 3 MOAOOHBIX CIlydaeB HAYAIBHYIO TOUYKY ug

HE00XOAMMO BBIOMpATh Kak MOXKHO ONMKEe K MCKOMOI
TOUKE uE, UCTIONB3Yysl TIPU 3TOM BCE HMCIOIIUECS U

JOCTYIIHbIE CBEICHUS O JIAaHHOW TOYKE W IOBEICHUU
¢bynkm  f (uT) B €€ OKpeCcTHOCTH. B camoMm nene,

TaKOU BI)I60p TOYKH ug pu NMpoYrnx OAWHAKOBLIX YC-

JIOBUAX MUHUMU3UPYET YUCIIO I/IHTeI‘paHI/Iﬁ, HeO6XO)II/I-
MBIX UIA TonmaiaHus B JOCTAaTOYHO MaTyl0 OKPpECTHOCTh

TOYKH llI , 1 COOTBETCTBCHHO, COKpalacT CyMMapHLIﬁ

00BEM BBIUUCIICHUH U BpeMs HX pealn3aliu.
B-4eTBEPTHIX, HE MEHEE OYEBUIHO U TO, YTO BO

MHOTHX CJy4YasX OKAa3bIBAETCS BIIOJIHE OIPABIAHHBIM

BBIOMpATh HAYAIBHYIO TOUKY ug B COOTBETCTBHU C pa-

BCHCTBOM

up =05l +upu), (29)
T.¢. HCTIONB30BATh B KAUCCTBE TOUKH Ug LCHTPAIBHYIO
TOYKY obsacty 3aqanusi pyHkuuu f (uT) .

W, HakoHen, 3aBepliasi CHHTE3 IIPEAIaraeMoro
IPaIMEHTHOrO MeToja MUHUMU3AUMH QyHKIIK f(ul),
OTMETHM, YTO JJIsi OCTAaHOBKH MPOIecCa MOUCKA TOUKH
u] MOXHO HCIOIB30BaTh KaKoe-TMGO OZHO U3 Clie-
IYOIIUX IBYX HEPABCHCTB:

a) “Auz” <A, (30a)

6) Hg{“SAg (306)

W 3aBepUIaTh MOWCK JaHHOM TOYKU IIPU €ro BBINOJIHE-
HUHU. 37ech ||0|| — Kakas-mu0o0, HalpuMep eBKIHMIOBA,
HOPMa 71 -MEPHBIX BEKTOPOB; A, U Ag — HEKOTOpbIE

3aJJaHHBIC JOCTATOYHO MAaJIble ITOJIOKUTENBHbBIE YHCIIA,
3HA4YEHHs KOTOPBIX BBIOMPAIOTCS C YYETOM JKEIaeMoii

TOYHOCTH OIIPCACICHUA TOYKU ll*T , 4 TaKXKC IJINTCIIb-

HOCTH IIpoLiecca €€ OThICKaHMsL.

3aka4uenue

[TpencrapieHHble BBINIE PE3YJLTAThl, MTO3BOJSIOT
3aKJIIOYUTh, YTO HCIIOIb30BAaHUE TIPaBbIX OOPATHBIX
Marpul] OTKpPbIBAET MIMPOKHE BO3MOXXHOCTU CHHTE3a
pPa3IMYHBIX METOJOB U AQJITOPUTMOB MHHHMH3ALUU
(YyHKIUH MHOTHX TICPEMEHHBIX U CO3IaHUS Ha HX OC-
HOBE BBIYHMCIIMTEILHOTO aJrOPUTMA, PEATU3YIOIIEro He
OIMH, a ILIeJI0€ CEMEWCTBO METOAOB IMOAOOHOI0 Ha3Ha-
YeHus.
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Svetlakov A.A., Pugacheva O.A.
Synthesis of Gradient minimization methods of functions
of several variables with the right inverse matrix

It offers an unconventional approach to the synthesis methods
of minimizing functions of many variables. For example, the
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
inverse matrix.

Keywords: gradient, right inverse matrix, matrix, minimiza-
tion of the function.
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KannbpoBo4yHbIN MoAysb ANSA KOMMSeKca NoKanbHOM runeptepmMmum

«DPeHUukKc-2»

3amgada KaTMOPOBOYHOTO MOMYJIS B KOMIUIEKCE JTOKAIbHON THIEPTEPMHH 3aKITI0YASTCsl B HArPEBAaHUM MTOJBYATHIX Ha-
rpeBaTesel ¢ IeNblo NX KaTHOPOBKH JI0 3aJaHHOI TeMIepaTyphl M CTAONIN3aluH TEMIIEPATYPBI C TOYHOCTHIO HE MEHEe
0,1 °C. Pe3ynbTaT OOCTUraeTCs 3a CUET UCIOJIb30BAHUS BBICOKOTOYHBIX JATYMKOB U CUCTEMbl aBTOMAaTHYECKOIO PEry-
JIIPOBAHUS C HUCIIOIH30BAaHUEM HPONOPIHOHAIEHOTO MHTErpaltbHO-Iuddepenupyomero peryiasropa. Ilo pesymnbra-
TaM HCIIBITAHUH OIPE/IeNICHO, YTO TOYHOCTH CTAOWJIM3ALMH, KOTOpas ONpPENEeNsIeTcsl TOYHOCTBIO JaT4YhKa, COCTaBISIET

+0,04 °C.

KiroueBble ci10Ba: cTabuiIM3anus TEMIIEPATyphl, TEMIIEPATypa, CUCTEMa aBTOMaTHYECKOTO yIIPaBICHHMS.

doi: 10.21293/1818-0442-2016-19-4-125-128

Kommnekc nokaneHOU runeprepmun «®DeHukc-2»
(manee KIJII, Kommuiekc) mpemHasHadeH Ui JICUCHHS
OHKOJIOTHUYECKUX W NIPYyTUX 3a00JIeBaHUN ITyTEM CO3.a-
HUS W TONAEp)KaHUS Ha 3aJaHHOM YPOBHE BBICOKOH
TeMIIepaTypsl B 00beMe )KUBOW TKaHU, OTPaHUYECHHOM C
MTOMOIIBI0  CHENHANbHBIX HarpeBateneil. Komriexc
«DeHnKc-2» MO3BOJSIET OCYHIECTBISATh TEIIOBOE BO3-
JeficTBHE KaK Ha IOBEPXHOCTHBIE, TaK M Ha TIIyOOKO
PACIIOJIOKCHHBIC OIMyX0JId. B OCHOBE (DYHKIIMOHHPOBA-
Hust KoMmIutiekca JIGKUT HUCIOJIB30BAaHHE IMOCTOSHHOTO
TOKA JUIsl HarpeBa CICHUANBHBIX HarpeBaTelici, 4yTo He
JacT HUKAKUX HETaTUBHBIX BO3JCHCTBUI Ha OpPTraHU3M
nauyeHTa win MeauuuHckoro mnepcoHana. KJIIT «De-
HUKC-2» BO3JICHCTBYET HA TKaHU TEMIIeparypou, ctabu-
nu3upoBaHHON Ha ypoBHE 45 °C ¢ TouHOocThIO +1,0 °C.
[onnepxanme TeMIepaTypbl Ha 3aJaHHOM YPOBHE
OCYIIECTBIIACTCS 0€3 HMCIIOIh30BaHUS JTOTONTHUTEIHHBIX
TEPMOJATYUKOB 32 CYET 0C000I KOHCTPYKIMH Harpena-
Tenel, 006ecreunBaroINX KOHTPOIb TeMIepaTypsl [1].

OpHako CyIIeCTBYeT cephe3Has mpobiiema — obec-
NeYeHUe HeoOXOAMMON TOYHOCTH KanuOpoBku. Jlis
KaJTHMOPOBKM WroOJIbYAThIX HArpeBaTeliell Ha OlepaTuB-
HYIO TEMIIepaTypy B KOMILUICKCE JIOKAIBHOW THIIEpPTEp-
MHUU HCIIONB3YeTCs] KaTHOPOBOYHBIN MOMIYNb. 3asBICH-
Hasl TOYHOCTh CTAOWIIM3AIUU TEMIIEPATYPhl HTOBIATHIX
HarpeBareneii coctaBisieT +1,0 °C [1]. Torma TogyHOCTH
KamuOparopa IOHKHA OBITh KAK MUHUMYM Ha TIOPSIIOK
BhIme u coctaBiaTh +0,1 °C. ObecrneunTs TaKyto BBICO-
KYIO TOYHOCTb KpaifHe CI0KHO, 0COOCHHO, €CIIH YUUTHI-
BaTh, YTO JHANA30H TEMIEpaTyp KaJHOPOBKU JOCTATOU-
HO MUPOKUN U cocTarisieT oT 45 1o 85 °C. Kpome To-
ro, 3asBJICHHAs TOYHOCTh KaJUOPOBKH JOJDKHA COXpa-
HATHCS B TCYCHUE JTUTEIBHOTO BpeMenu (10 8 u) [2, 3].

Hecxkonbko ynpolaer 3ajaqy To, 4To He TpeOyeTcs
OCYIIECTBIIATh KAJIMOPOBKY TIPU TEMIEpaType HIKE
TeMIIepaTypsl OKpyKaromeld cpensl. J(mama3oH Temiie-
paryp KaJiuOpOBKH BCErla BBINIC TEMIIEPATypPhl IKC-
mnyataiuu Komruiekca, mO3TOMY OXJIQXAAlOLUK 3e-
MEHT JJIs MOAYJS He HY)XEH, a ero OXJIaxaeHHe OymeT
MIPOUCXOUTH 32 CUET OTJAA4YH TEIUIOBOW PHEPTUH OKPY-
JKarole cpene.

Emme oqHIM Ba)KHBIM MOMEHTOM SIBIIIETCS )KECTKOE
OrpaHUYCHHUE MO radapuTaM KaJIUOPOBOYHOTO MOMIYJIS.

OH 1O/DKEH TOMEIIAaThCsl B CTAHIAPTHOE I10CAJI0YHOE
MecTo 200%60%40 mm.

TexHHYECKOEe pEICHHE, YIOBIECTBOPSIOIIEE BCEM
MIEPEYNCIICHHBIM BEIIIE TPeOOBaHIIM, HE OOHApPYKEHO,
XOTS M CYIIECTBYIOT KalMOPaToOphl, KOTOPHIE TOCTATOY-
HO Oyu3KM 1O TpeOyeMbIM mapamerpam. Tak, B KauecTBe
aHaJyiora, 00ecrneynBaronero KaTuopoBKy HarpeBarelieH,
paccMarpuBalics JKUJIKOCTHBIN TepmocTtar. Hemocrarka-
MU TaKOrO TEXHUYECKOTO PEILeHHUs SBISIOTCS ero 0oJib-
e rabapuThl U UCTIONIb30BaHUE JKUIKOCTH (ne3uHdu-
IUPYIOIIET0 pacTBopa) B mporecce kamuoposku. K ero
HeJ0CTaTKaM MOXKHO OTHECTH HaJW4He IOTOJIHHTEIb-
HOTO MCTOYHHKA IUTAaHUS, IIyM B 3BYKOBOM JIMala3oHe,
a TaKKe HEJJOCTATOYHYIO TOYHOCTh KaIUOPOBKY [4].

Taxoke aHAIOTOM, KOTOPBI OBLIT MCIIONB30BaH Kak
MIPOTOTHIT TIpU pa3paboTKe MOAYIS, SBISETCS KaarnOpo-
BOYHBIH MOAYJH C TEPMOCTATOM, Kamepa KOTOPOTO BBI-
MOJTHEHAa W3 Menu. B mpenmaraeMoM KaarmOpOBOYHOM
MOJyJle, B OTIMYHE OT KHUAKOCTHOTO TEPMOCTAaTa, TEM-
neparypa CTaOWIM3UpPYyeTCsl HEe B )KUAKOCTH, a B TBEp-
JIOM TeJle, U3 KOTOPOI'o BBINIOJIHEHA Kamepa. DTO 103BO-
JII€T OTKAa3aTbCA OT HMCIIOJIB30BAHUA AOIIOJIHUTCIBHOI'O
BHEIITHETO 00OpYIOBaHMS IPH pabOTe KOMILIEKCa, YTO
YMEHBIIIAET €ro pa3Mepbl, HO CTaBUT 3ajady obecrede-
HUSI XOPOLIETO TEIUIOBOTO KOHTAKTa KaauOpyeMoro Ha-
TpeBaTels CO CTCHKAMH KaMepHhI.

B xone noarorosku KJII' k KIMHUYECKUM HCIIBITA-
HUSM OBDIa TIOCTaBJICHA 3a/1ada IIOBBICHTH TOYHOCTH
crabum3anuu Temneparypsl kamnoposku 1o +0,1 °C ¢
mojiep>)KaHNeM YKa3aHHOM TOYHOCTH B TEUEHHE 8 9 |
BO3MO)KHOCTBIO 3aJlaHHs OIEPAaTUBHON TEMIIEpaTyphl
KaIMOPOBOYHOTO MOXyIsi ¢ M(GPOBON MHAMKAIMEH Te-
KyLlel TeMIeparypbl KaIMOPOBKH.

TexHnueckoe pelieHue

st peiiennst mocTaBlIeHHON 3a/1aul pa3paboTaHa
CTPYKTYpHasi CXeMa CHCTEMbl aBTOMAaTHYECKOTO YITpaB-
nenusi (CAY) temneparypoil KaTuOpOBOYHOTO MOIYJIS,
MpencTaBlIeHHas Ha puc. 1.

3amaromuii curHan (3C) omepaTHBHOM TeMmepary-
PBI KATHOPOBKHM B IIU(POBOM BHIE MMOCTYIAET OT ITyJIbTa
ynpasienus (I1Y) Ha cymmarop S, rae cpaBHUBaeTcs C
curHangom ooparHoii cszu OC, MOCTynamuM oT 1ud-
poBoro marduka temmneparypsl (LIJT). Cymmarop S,
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[N /d-perynarop ¥ WIMPOTHO-UMIYJIbCHBIM MOZYJIATOP
(IINM) peanuzoBanbl Ha MUKpoKoHTposuiepe MK. Cu-
JIOBOH perynaupyonmii (MCHomHuTeNnsHbINH) PO-opras,
o0ecreunBaomyil HarpeB TePMOCTaTa, pealn30BaH Ha
tpansuctope (VT) u narpeBarene RT. TernoBoit moTok
MOILHOCTBIO P nocrynaer Ha tepmocrar T, KOTOphI B
nanHoii CAY sBnsiercsi oObektoMm yrpasieHus OV, u
HarpeBaeT ero JI0 3aJaHHOl Temreparypsl. Temmnepary-
pa okpyxatomeil cpens! (Toc) BbICTyIIaeT B pojiM BO3-
MymIaiomero BozneWcTBus. PeanpHas Temmeparypa B
kamepe tepmoctara (T), m3MepeHHas ¢ TOMOIIbI0 -
poBoro marumka temmeparypsl LIJIT, otoOpaxkaercs Ha
MozyIe otoopaxkeHus remneparypsl (MOT).
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LT — mudpoBoii 1aTYMK TEMIIEpaTypsl
MOT — Moayb 0TOOpaXKeHUs TEMIIEpaTyphl
RT — pe3ucTtuBHBII HarpeBaTesnb TEpMOCTaTa
I1Y — nyneT ynpasineHus
Toc — TeMneparypa OKpy>Karomen cpepl
T — Tepmocrar
Puc. 1. CtpykTypHas cxema CUCTEMbl aBTOMAaTHYECKOTO
yTpaBIeHHs

Kamepa Tepmocrara

Kamepa Tepmocrara BBIIIOIHEHA B BUJE MACCUBHO-
ro KOpIyca M3 MeJHu, B KOTOPOM MMEIOTCS KaHAJIbl IS
BBe/ICHHs KauOpyeMbIX MroJipdaThiXx HarpeBareneil. Ha
KOpIIyC KaMepbl HAMOTAH MEIHBII IPOBOJ, BBIIOJIHSIO-
muil ponb pesuctuBHoro Harpesarenss PH. Temnosoe
COIIPOTHUBIICHHE MEXIY HarpeBarelieM M KOpITycoM Ka-
Mephl TepMOCTara MpeHeOpEeKUMO Majlo 3a CHET IUIOT-
HOTO TIPWJICTaHUs W HCIIONB30BaHMs TepMmonacThl. Ka-
Mepa C HarpeBaTejeM IOMENIeHa B TEIUIOM30JIHPYIO-
IIyI0 000I0UKy U3 «TepMOdIIeKcay, TeIIOMPOBOIHOCTh
KOoTOpOro o4eHp mMajia u cocrasiser 0,032 °C/m. B nep-
BOM NPHOIIKEHUH KaMepy T MOXHO CUMTaTh MHTETpa-
TOPOM TETIIOBOTO MOTOKA P B cucTeMe aBToMaTH4IeCcKOro
YIpaBIEHUS.

Hudporoii naTunk TeMnepaTyphl

W3mepenne temneparypsl IPOU3BOAUTCS] YCTaHOB-
JICHHBIM Ha Harpeparelle TepMocTara HU(GPOBBIM JaTdH-
koM AT temneparyper ADT7420 ot mpom3BomuTemns
Analog Devices. /latunk uMeeT BO3MOXXHOCTh PabOTEHI
npu HanpsbkeHud 5 u 3,3 B. Ilpu HanpsokeHUH MUTaHUS
5 B B pabouem jauana3zoHe NPOSIBISETCS CUCTEMaTHye-
ckas norpemrHocts +0,25 °C (puc. 2), 4To HEOITYCTHMO
B JIAHHOM ITpUMeHeHHH. [Ipyu McIoap30BaHNy HAIpsDKe-
Husg nutanus 3,3 B 3Ta mOrpemHocTs HCKIOYAeTcst
(puc. 3) [5]. Harauk comepxuT 16-pa3psaHbIA cUTMa-
nensra AL, oOmamaeT BBICOKOI CKOPOCTBIO Mpeodpa-
30BaHus (6 Mc). s CBSI3M JaT4MKa ¢ MUKPOKOHTPOJI-
nepom ucnoisb3yercs uarepoeiic 12C.
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Puc. 3. IlorpenHocTs faT4yuKa TeMIEpaTypbl
IIpU HaIpsDKeHuH nutanus 3,3 B

MuKpOKOHTpPOJLIEp

MHUKpOKOHTPOJIJIEp HCHOJIB3YeTCs /sl BBINOJHE-
Hust gynkuuii [TU/]-perynsitopa B cucreme aBTOMaru-
YeCcKOro YIpaBJeHHs] HarpepareieM. B kauecTBe MUK-
poxoHTpOoiepa Obul  BBIOpaH §-paspsoabiii  MCU
STM8S105C B xopnyce LQFP44. B mukpokoHTpOImiepe
Ha ypoBHE nepudepun npucyrcreyetr Mmonyib 12C. MK,
YCTaHOBJICHHBIH B MOJYJIE, SIBISETCS BEAYLINM Ha IINHE
12C. Tlepemaya maHHBIX MO IIMHE OCYIIECTBISIETCA C
gactoto 400 kI, K mmHe momkmtodeHsl mudpoBoid
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JATYAK TEMIIepaTypsl ¥ MOAYIb BEIBOAA MH(OpPMAIIHH.
Brixon ynpasneHus: TaliMepa MCIIONIB3YETCSl Ul IeHe-
pauuu HIMM-curnana, ¢ oMol KOTOPOro OCyLIECT-
BIISIeTCA yIpaBlIeHHe HarpeBareneM. Ha mare mperny-
CMOTPEHbI pa3bEeMbI JIA MOAKIIOUYCHUSA nepe,uHeix'I I1aHe-
JIM 1 TAHCJIN 3aJaHusl TEMIICPATypPhI.

MopenupoBanue

Juis BeIOOpa ko3 ¢unmentos I /I-perynstopa
OBUIO NPOBEAEHO MOJEIMPOBAHHE CHCTEMBI aBTOMAaTH-
YecKoro yrmpaeieHus B cpeae Simulink Matlab. 3anato-
miee 3HaueHHe Temreparypsl BeiOpaHo 45 °C. Kamepa
TepMOCTaTa B MOJENH OblIa MPeICTaBICHA HHTETPATO-
poM. IlepexonHass xapaKTEpUCTUKA 3aMKHYTON CUCTEMBI
TIpUBEICHA Ha puC. 4.
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Puc. 4. IlepexogHas XapaKTEpUCTUKA MOJEIN 3aMKHYTOI
CHUCTEMBI 110 33JJaI0IEMy BO3JCHCTBHIO U PE3YIbTaThI
U3MEpEeHUH TeMIepaTyphl AaTYUKa U UIJIbI B IpoLiecce

HarpeBa TEpMOCTaTa

W3 xapaKkTepucTUKH BUAHO, YTO TEMIEpaTypa J0C-
TUDJIA 33laHHOTO 3HAYEHUs MPHUMEpHO 3a 17 MuH, 4TO
YAOBIETBOPSIET YCIOBHSM TEXHHYECKOTO 3ajaHus. B
YCTaHOBHBIIEMCSI peXuMe BeIxomHoW curHanm CAY
MPEACTABIIEH HA PUC. 5.
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Puc. 5. Beixoanoii curran CAY B ycTaHOBHBIIEMCS peXXUME

U3 puc. 5 BumHO, YTO OTKIOHCHHE BBEIXOAHOTO CHUT-
Haja OT 33JaHHOHM ONEpPaTUBHOW TeMIIEpaTypbl COCTAB-
nser 0,01 °C, 9To sBIsAETCS BIOMHE DOMYCTHMBIM. M3
rpaduka BHIHO, YTO CIy4aifHas MOTPEIIHOCTH TEeMIIe-
parypsl (ee mepeMeHHas COCTaBIIAIOIAas)) MHOTO MEHB-

me CcucreMarniyeckoil. BriOpanHble KO3(PUIIHEHTHI
nmuckperHoro [IM/I-perymsropa OBIIM HCHONB30BaHBI
Ipu pa3zpaboTKe HporpaMMbl Ui MHKPOKOHTpOJIIEpa
MOZYJISL.

Pe3yabTaThl 3KCHEePUMEHTAIbHBIX
HccJIeI0BaHu

g mosyueHus mokasaTeneil kauecTBa peryaupo-
BaHMs SKCIIEPUMEHTAILHOTO 00pasna ObUT UCTIOIb30BaH
OTIIIOYHBIA PEXHMM MHKPOKOHTpOJIEpa, B KOTOPOM
BO3MOXKEH JOCTYI Ko BceM naHHbM [TH]]-perynstopa B
pEeXHME pearbHOTO BpEeMEHH. JlaHHBIE TeMIeparypbl
ObUTH TIOJTy4YeHBI KaK OT NU(POBOTO JaTduKa TEMIIepa-
TYpBI, PacIOIOKEHHOTO Ha TEPMOCTATE, TaK U OT IOBe-
PEHHOTO WIOJIBYaTOTO W3MEPHUTEINsT TeMIEparyphl, MO-
MELIEHHOI'0 B TepMocCTar. Pe3ynprarsl uaMepeHuil npea-
CTaBJeHbl Ha rpajuke B CpPaBHEHHMH C pe3yJbTaraMH
MoJieupoBanHus (cM. puc. 4).

B pesynbrare nposeneHus u3MepeHuid Obiia onpe-
JielieHa CTaTH4ecKasi pa3HHULA TEMIIEpaTyp C IaT4uka H
MOBEPEHHOI'O HTIOJIBYaTOr0 HM3MEPUTENs] B YCTaHOBHUB-
nieMcst pexxume, kotopas coctasuna 0,04 °C. U3zmepen-
Hasl TeMIIepaTypa KOPPEKTUPYETCs MPOrpaMMOii MHKpPO-
KOHTpOJIJIepa Ha yKa3aHHYIO BEITMUHHY M 0TOOpaxaeTcs
Ha Moxyne otobpaxkenus temmeparypsl MOT. Cydaii-
HOE€ OTKJIOHCHHE OT OINEPaTUBHOIO 3HAYECHHS U3MEPEH-
HOH TeMIepaTypbl 110 NOKA3aHUsM LU(PPOBOTO AaTYHKA
(puc. 6) cocrasmser £0,039 °C.
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Puc. 6. Ilokazanus mudpoBOro AaTdanKa
B YCTaHOBHBLIEMCS PEIKIME

Takum 00pa3oM, McCIeTOBaHUS, IPOBEACHHbBIEC aB-
TOpaMH, IIPOJEMOHCTPUPOBANIN PEIIEHUE TTOCTABICHHOMN
3aga4d — ObUT pa3paboTaH KaJMOPOBOYHBIM MOIYIIb,
MOJIHOCTBIO COOTBETCTBYIOIIMH IMOCTaBJIEHHBIM TPeOo-
BaHUAM. J[aHHBIN Moaynb obecrneynBaeT TOUYHOCTh Ka-
nuoposku +0,1 °C B auanazone ot 45 10 85 °C B Teue-
HHE HECKOJIBKMX YacoB, MMEET BO3MOXHOCTbH 33JIaHHS
OIepaTHBHON TeMIeparypbl ¥ IH(POBYIO HHIUKAIHIO
TEKyIIeH TeMIeparypbl KaJMOPOBKH, a TaKKe YKJIabl-
BaeTcs B TpeOyeMble rabapuTHBIE pa3MepHI.
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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. BuHTtoHsAk, B.[1. CemeHoB, B.A. Kabupos, A.B. Ko63es, A.O. CynanmaHoB

OueHKa BeNMMYMHbI napa3nTHbLIX MHnyKTMBHOCTeVI ToKOoOBeAyWUX WUH
B UCTOYHUKE NUTAHUA UCNbITAaTeJNIbHOIro KOMNJrieKkca And Nporpy3kKku
aBTOMATU4YeCKUX BbIKIo4YaTesrien NoCTOSAHHOro Toka

HpOI/I3BOZ[I/ITCH OLICHKa METOAO0B pacycTa ImapasuTHbIX (COGCTBGHHHX) I/IHZ[yKTI/IBHOCTeﬁ Ha NMpUMEPE KOHCTPYKIHUU TO-
KOBCAYIIUX IIMH B UCTOYHUKE NHUTAHUS UCHBITATEIIBHOTO KOMIIJICKCA JIs MPOrpy3KH aBTOMATHYCCKUX BBIKJTIFOUATENICH
TIIOCTOSTHHOI'O TOKa, IMOCTPOC€HA UMHUTALlMOHHAA MOJEJIb UCTOYHUKA NMUTAHUA I pacueTa PIH,ZlyKTI/IBHOCTCI;'I, npencras-
JICHBI CPABHUTECJIbHBIE NAHHBIC PE3YJIbTATOB PAaCUC€TOB U MOIACIUPOBAHMSA, MOATBEPIKAAIOIINE NOCTOBEPHOCTL UCIHOJIb-

3yeMBIX METOJOB M a€KBATHOCTh UMHTAIIMOHHOW MOJEIH.

KiroueBble cjI0Ba: MCTOYHHWK MHUTAHHSA, TOKOBEAYIIUE IIWHBI, HHIYKTUBHOCTH, pacuer, moaenupoBanne, COMSOL

Multiphysics.
doi: 10.21293/1818-0442-2016-19-4-129-132

VcnpITaTenbHBI KOMIDIEKC U TPOTPY3KH (TIpo-
BEPKH) aBTOMAaTHYECKHX BBIKIIOYATENCH MOCTOSHHOTO
Toka [1] (B mambHEHIIEM — HUCIBITATENbHBIA KOMITJIEKC)
MpegHa3Ha4eH IS TeHepalMu TOKa MIHOBEHHOTO pac-
LEIUICHUSI C IENbI0 MPOBEPKH 3aLIUTHBIX XapaKTepu-
CTHK aBTOMAaTHYECKUX BBIKJIIOYATEel B JAMAIa30HE TO-
KOB 710 26 KA. B cocTaB MCTOYHMKA MUTaHUSI UCIIBITA-
TCJIBHOTO KOMIUICKCA BXOAAT CECMb MUMITYJIbCHBIX CTa6I/l-
JIU3aTOPOB TOKa C MHUKPOIPOLECCOPHOM CHCTEMOU
ynpasieHus [2] (B manpHeimeM — cTaOWIM3aToOpEl TO-
Ka), BKJIFOUCHHBIX MMapaJuIeIbHO U COCAMHEHHBIX MEKIY
cOo0OW MEIHBIMH TOKOBEIYIIUMH INWHaMH. KOHCTpyK-
TUBHOE BBITIOJTHEHUE TOKOBEAYIIUX INWH HCIIBITATEINb-
HOTO KOMIDIEKCa TPECTABISET COO0 HEMPOCTYIO 3ala-
4y, TeM 0oJjiee 9TO WX Iapa3uTHBIE IMapaMeTpsl (aKTHUB-
HOE COIPOTHBICHHE U COOCTBEHHas HHIYKTUBHOCTB)
OTPEEIISIOT TA0APUTHYIO MOIIHOCTh M aMILIUTYIY BbI-
OpOCOB HaNPsHKCHUH Ha CTAOWIIM3aTOPax TOKa MPH Cpa-
6aTbIBaHI/ll/I ABTOMATHUYECCKOI'0 BBIKJIKOYUATEIA IIOCTOSAH-
HOTO TOKa. DTH BBIOPOCHI HAIPsDKEHHS (IIEpEHAIpsiKe-
HUS1) CITIOCOOHBI BRIBECTH U3 CTPOSI MTOTYIIPOBOTHHKOBBIE
mpuOOPBI, YTO HEOMHOKPATHO IIONTBEPKAAIOCH IIPU
TIPOBEICHUH HATYPHBIX HCITBITAHUH.

[TosToMy pacdeT BETMYMHBI MMAapa3sUTHBIX (COOCT-
BEHHBIX) WHIYKTHBHOCTEW TOKOBEAYIIMX IIMH HCTOY-
HUKA TIHTaHUS HMCIBITATEIHbHOTO KOMIUIEKCA M OIpese-
JICHHE BO3MOXKHBIX MEPEHANpPsDKEHUH SBISIETCS aKTy-
AJILHOM 3a7a4yeH.

KoHCTpyKTHBHOE HCIOJIHEHHE TOKOBETYIINX
IIHH NCTOYHUKA MUTAHUS UCTIHITATETLHOTO
KOMILIEKCa

Tak xak BeJIMYMHA MAPa3HTHBIX WHIYKTHBHOCTEU
OIIPEAEIAETCS] TEOMETPHUYECKHMH pa3MepaMH, paccMoT-
PUM KOHCTPYKIIUIO TOKOBEIYIIUX IIMH MCTOYHUKA IIH-
TaHUS HWCHBITATEIIFHOTO KOMIUIEKCa, IMPEICTAaBICHHYIO
Ha puc. 1. KOHCTpyKTHBHOE MCIIONHEHNE TOKOBEIYIIIHX
[OIMH OTIPENENACTCS PACIIONIOKEHHEM CTa0MIN3aTOPOB
toka (M1 — U7) 1 BBIXOJOB MCTOYHUKA MUTAHUS WCITBI-
TaTenpHOro Komiuiekca (B+ u B—), koTopeie ycTaHoBIe-
Hbl Ha Pa3HBIX TOPU30HTAJBHBIX ypoBHIX (Y| — Ys) B
nByx croiikax tuma Rittal DK-TS 7820.730. ToxoBeny-
M€ MIMHbI HCTOYHHKA IMTUTAHUA HUCIBLITATCIIBHOIO KOM-
IUICKCa BBITIOJHEHBI B BUJC JABYX «Maructpaiei» (M; u

M,), cOemUHEHHBIX MEXKIy COOOH IBYMS IEepeMbIYKaMHU
(IT; u II,), ¢ mapa3sUTHEIMH WHIYKTUBHOCTAMH Ly H
L;. lluHa TOJIOXUTENHHOM MOSIPHOCTH (+) TEpBOM
«MarucTpammy M; MOAKIIOYeHAa K IMOJOKHUTEIBHOMY
Bbixony (B+) mCTOYHWKAa MWTaHWSA HCHBITATEIHHOTO
KOMIUIEKCa ¢ Mapa3uTHOW UHYKTUBHOCTBIO Lg|, a IIMHA
OTPHIATENHHON MONSIPHOCTH (—) BTOPOH «MarucTpanm
M, moakiroueHa K OoTpuuarenbHoMmy Bbixogy (B—) wuc-
TOYHUKA MUTAHUSI UCIBITATEIBLHOIO KOMILUIEKCA C Mapa-
3UTHON UHIYKTUBHOCTBIO Lp).

M,
Vs Ly na4
+ | L
i
e
s
Y4 I~
o /LI]HO
Lun ~ellvi6 1680 mm
Y3 .
o —Lu
I
e
L n7
VY, - Lz
I
Lg,
v, /[T:? B—
B+ Lp>
[1K3

W_

Puc. 1. KOHCprKI_II/ISI TOKOBCAYIIUX IIMUH UCTOYHUKA MUTAHUSA
HCIIBITATECJIBHOI'O KOMIIJIEKCA 11 IPOIPY3KH aBTOMATUYECKUX
BBIKJIIOUYATEICH MMOCTOSHHOTO TOKA
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Puc. 2. DxBuBaneHTHas cCXeMa UCTOYHHUKA ITUTAHUS UCTIBITATEILHOTO KOMIUICKCA
JUIA TIPOrpy3KHU aBTOMAaTUYECKUX BBIKJIFOYATEJICH TTOCTOSTHHOTO TOKa

BbIxons!l cTabmim3aTopoB TOKa IMOIKIIOYAIOTCSA K
«MarucTpaasiM» 4epe3 BBIBOIBI, 00Iafalomye napasur-
HOW WHIYKTUBHOCTBIO Ly Kakmas «maructpaib» co-
CTOMT M3 ABYX MOHOJMTHBIX MEAHBIX IIWH (TIOJOXH-
TENbHOM «1» M OTPHUIATENFHON «—» TOJIPHOCTH), HO
JUIsl yoOCTBa JTAJIbHEHIIIEr0 PaCCMOTPEHUS APa3UTHBIX
HHAYKTUBHOCTEH OHU pa3feJieHbl Ha OTJENIbHBIE Y4acT-
KU C Mapa3uTHBIMU UHIYKTUBHOCTAMHU Ly — Lyyyp,. Tlpu
W3y4YEeHNUH WCTOYHMKA IUTAHUS HCIBITATEIbHOIO KOM-
IUIEKCa B PEXHUME KOPOTKOTO 3aMbIKaHHMsS B KadeCTBeE
Harpy3ku wucroib3yercss ll-oOpazHas MemHas IIMHA
(ITK3), HampaBieHHe MpPOTEKaHUS TOKa Harpy3ku (Iy)
YKa3aHO CTPEJIKOM.

B coorBercTBHM ¢ 00O3HaYEHUSIMH, HPUHATHIMHU
MIPY ONHMCAHUY KOHCTPYKIMH TOKOBEIYIMX IIHH (puc. 1),
COCTaBMM SKBHUBAJICHTHYIO CXEMY HCTOYHHUKA MUTAHHS
UCTBITAaTEIbHOTO KOMIUIEKCA, MPEICTaBIEHHYIO0 Ha PHUC.
2. Hanpaenenust nporekanust TokoB (/; — [;) cradunmza-
TopoB Toka (M1 — 17) yka3zaHsl CTpesKaMu.

BrIcokmii ypoBeHb TOKa NCTOYHUKA MUTaHUS U3Me-
PHUTEJIIFHOTO KOMIUIEKCA, KOHCTPYKTHBHBIE 0COOCHHOCTH
W3MEPHUTENIFHOTO KOMIUIEKCA W MOZIYJIbHBIH MPHHIUII
€ro TOCTPOEHHSI HAaKJIa(bIBAIOT OPAaHNYEHHS HAa KOHCT-
PYKTHBHOE HCIIOJHEHHE TOKOBEAYIIUX IIIMH, YTO B CBOIO
o4epenb BOIUIOUIAETCS B HECUMMETPHUYHOM ITOJKITIOYE-
HUU «MarucTpajei» u cTabmim3aTopoB Toka (puc. 1 u 2)
K Harpys3ke.

Pacyer napasuTHbIX MHAYKTHUBHOCTEH
TOKOBeYIIMX IIHH

[Tapa3uTHy0 MHIYKTHMBHOCTh TOKOBEAYLIMX IIHH
IIPU IOCTOSHHOM TOKE U HM3KOI 4acToTe, B COOTBETCT-
BHU C PHC. 3, MOXKHO paccuuTarh 1o dopmyie [3]

2_
1Mo ln( d )+V_1X1n(1+y2)+garctg(y) x1, (1)
T b+c 2y2 i

rae L — napasuTHas MHAYKTUBHOCTB; g — MarHUTHas

TIOCTOSIHHAS; d — PACCTOSHHAE MKy OCSIMH IIHH; b — TOI-

C
IMYuHa IIWH; ¢ — IIWpUHA IWH; ¥ =E 5 ! — JUIMHA IIWUH.

b
Lt

7

d
Puc. 3. Pa3meps! mapaienbHbIX y9acTKOB TOKOBEAYIIUX 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 =Lz =L ~L/4~1,635x107 Th. (2)

ITo ananoruu c (2) MOXXHO pacCUUTaTh Napa3UTHBIE
WHIYKTUBHOCTH OCTAJbHBIX YYacTKOB TOKOBEIYIIHX
IIMH.

Tak Kak TOKOBeIyIIMEe MIMHBI HCTOYHHKA MUTAHHA
HCIIBITATEIbHOTO KOMIUICKCA BBIMIOJHEHBI B BHJE JBYX
«vaructpanein» (M; m M,), BciencTBue MarHUTHOM
CBSI3M B HUX MOXeT BO3HUKHYTh JJIC B3aMMHOI HHAYK-
Uy, oOyCJIOBICHHAs HAIWYMEM B3aUMHOW WHAYKTUB-
HOCTH MEXIy «MaructpamiMm» [4]. Blanmuyro nHIyK-
THUBHOCTb JBYX JIEXKAIUX B OJHOW IUIOCKOCTH IPAMO-
YTOJIBHUKOB, B COOTBETCTBUH C pHUC. 4, MOXKHO paccyu-

TaTh 1o opmyre [3]
+ (5\12 - l) X

2, 2
L12=—&><—SIS2 X lJr(Suz—l)x—a1 T
2.2 2, 2v2 12
) +(2lu2v2_2)x5(a1 +a3) b +by)

4 43 22
2r2 4r4
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1

4 2 2 4
+§(1—14u2 +21u4)><3a1 +10ai aj +3a; +

r4
3b +106703 +3b3
. O

7

+%(1—14v2 +21v4)><

rae Ljp — B3aMMHAs WHAYKTUBHOCTH «MAarucrpaleiny;
S1,S,  — miomanb n My
ay=A41/2, ay=4/2, y=B/2, by=B,/2 — nnuuwbI
COOTBETCTBYIOIMX CTOPOH «MarucrTpaneii»; r — pac-
CTOSIHUE MEXY LEHTPaMU «Marucrpayiein»; u=cos(®) ;

«Maructpanei» M,

v=sin(®); ® — yrom Mexmy HamnpaBICcHHEM r W Ha-

IpaBJeHUEM, TapajICIbHBIM CTOPOHaM A U A ;
A
i 5
Ay
N
B, E/ TG)

Y A4

A

Puc. 4. Pazmeps! «maructpaneid» TOKOBEIYLIUX HIUH

Ucxons u3 (3) u puc. 4, B3auUMHAasE HHIYKTUBHOCTH
«Marucrpanei» M; u M,, npu A4 =4, =155wmm,

B =1100 mm, Bp=1455mm, r=625,7 MM, ©=16,48 °,
COCTAaBIISIET

Ly ~—6,397x107° I'n, 4)

Tak kak B3aMMHas UHJyKTUBHOCTb «MarucTpaieiny
M, u M, B fecaTK pa3 MEHbIE HHAYKTUBHOCTH y4acT-
KOB IIMH Ly — Ly, €€ MOXKHO HE YYUTHIBATH B JlAJIb-
HEHIIeM pacCMOTPEHHH TTapa3uTHBIX HHIYKTUBHOCTEH.

Hecmortpst Ha 1O, uTO B [3, 5] mpencraBineHo 00-
[IMPHOE KOJIMYECTBO METOJIOB PacueTa MHAYKTHBHOCTEH
JUISL PA3IMYHBIX KOHCTPYKTHBHBIX MCHOJHEHUI TOKOBE-
IyIUX OIMH, UX pacdeT SIBJSIETCS TPYLOEMKOM 3aaadei.
Hapsiny ¢ smmupuyeckumu ¢GopMyiaaMH U METOLAMH
pacdera MOKHO HCIIOJIb30BaTh YMCIEHHBIE METO/IBI pac-
4ye€Ta U COOTBETCTBYIOLIMUE IMPOIrpaMMHBIC CpE€ACTBA MO-
ACTIMPOBaHUA, KOTOPBIC IMO3BOJIAIOT YYUTBHIBATHL PEajib-
HBIE KOHCTPYKTHBHBIE OCOOCHHOCTH TOKOBEIYIINX IIUH
Y 3HAYUTEJIFHO YNPOILAIOT 3a/a4dy pacueTa Mapa3uTHBIX
WHIYKTUBHOCTEH.

N3mepenne HHAYKTHBHOCTH TOKOBETYIIMX IIMH
B cpeae moaeanposanuss COMSOL Multiphysics

Jns pacuera mapasuTHBIX MHAYKTUBHOCTEH TOKO-
BEAYIIMX LIMH WCTOYHMKA IUTAHHUS HCIBITATEIILHOTO
KOMILIEKCa TOaXoasaT cpena moaenupoBanns COMSOL
Multiphysics n meroauka [6], OCHOBaHHasi Ha H3Mepe-
HUW DHEPTUM MArHuTHOTO IIOJISI KaK MHTErpasia mno 06’b-
€My OT IJIOTHOCTH MarHWTHOW SHEPTUH, C JaTbHEUITUM
MEePeCcyYETOM €€ B 3BHAUCHUC MHAYKTUBHOCTHU.

MonenupoBaHue NMpOBOAUTCS B Iojpasnese Mag-
netic and Electric Fields monyns AC/DC, B TpexmepHOM
IIPOCTPAHCTBE M NPH CTanMoHapHOM aHaimze. [locie
nMmnopTupoBanusi 3D-Moxenn TOKOBENyIIMX IIWH HC-
TOYHHKA TTUTAHUS MU3MEPHUTEIBHOTO KoMIutekca (puc. 1)

¢ TIOMOIIBI0 TeoMeTprdecKoro maHcTpymMenta Blok cos-
JaeTcs KyOMdeckoe MPOCTPAHCTBO Pa3sMepoM 2X3x2 M
(co cmemennem —0,75 x —0,5 x —0,5 M) 151 UIMHATAAN
BO3JYLIHOIO NPOCTpPaHCTBA. B nanbHEHIIEM Kaxaomy
3JIEMEHTY MOJIEJIM Ha3Ha4yaeTcsi COOTBETCTBYIOIINI Ma-
Tepuan (Bo3myx M Menp). s uMuTanuu crabuiIn3aro-
poB Toka (M1 — 17) ucnone3yeTcs MeHasi IIepeMbIUKa C
3a30poM (g), IOAKIIIOUEHHas K BBHIBOJIAM «MarucTpa-
nei», u snement Gap Feed, pasnena Single-Turn Coil,
KOTOPBIN 33/1aeT TOK B 3a3ope (g). Ilapamerps! pazoue-
HUS CETKH 3a7aroTcs cpenoit momemmpoBanus (Physics-
controlled mesh) ¢ pasmepom snemenToB — Normal.

Jis w3MepeHust mapasuTHOW (COOCTBEHHOW) WH-
JIYKTUBHOCTH OTAENBHBIX YYacTKOB TOKOBEIYLIUX IIUH
CTaOMIM3aTOPhI TOKA ITIOOYEPEIHO 3aMBIKAIOTCS JPYT Ha
Jpyra ¥ Ha Harpysky, T€M CaMbIM CO3[aBas KOHTYDBI
HU3MEPCHUA. Haan/IMep, JJI1 UIBMEPEHUS UHAYKTUBHOCTHU
Ly v Ly U1 3ambikancs va U2 (cM. puc. 2), Ipu 3T0M
anemeHT Gap Feed N2 orxmouancs (M2 ucnonb3yercs
Kak MeJHas epeMbluka — 3aMKHYTasl LIeTlb), a B Ka4ecT-
BE Marepuasla OCTAJbHBIX CTaOMIM3aTOPOB TOKA U Ha-
TPY3KH BBIOMpAIICS BO3MYX (Pa3OMKHYTAs IIETIb).

B pesynbrare MopenupoBaHUsS C IOMOIIbIO HMHCT-
pymenra Global Evaluation mnonydeHHOe 3HaYeHHE
sHepruu MaruutHoro nosst (mf.intWm), npeoOpasyercs
B CYMMapHO€ 3HAUCHNE MHAYKTUBHOCTH Y4acTKOB TOKO-
BElyLIHUX UIMH (M3MEPsIeMOro KOHTYpa) 1o dopmyie [4]

Ly =22n, (5)
1

rne Ly — cymmapHas MHOYKTMBHOCTb YYaCTKOB LIWH;

W,, — SHeprus MarHuTHOro nomus; [/ 2 TOK, IpOTe-

KaoIUK B U3MEPSIEMOM KOHTYpE.

B uncrpymenre Global Evaluation 3nauenue wH-
JIYKTUBHOCTH (5) paccumThIBaeTCsl C IOMOILIbIO BbIpa-
xkerus — 2*mf.intWm/(12).

3HayeHHWEe WHIYKTUBHOCTEH OTIENBHBIX YYacTKOB
TOKOBEIYIINX IIKUH BeraucigeT u3 (5). Hanpumep npu
3ambikaanu W1 Ha N2 (cM. puc. 2) MHOYKTUBHOCTH Ly
U Ly BBIYUCISIOTCS 110 (hopmyre

L
Lym = Lun z% (6)

JaHHBIC, TIpeACTaBICHHBIE B TaONMIE, MOATBEpP-
HKIAFOT XOPOLIYI0 CXOIUMOCTb PE3YJIBTaTOB MOACIUPO-
BaHUS U pacueroB (1). Ha mpsampIx ygacTkax TOKOBEMy-
IIUX [IMH PacXOXKAEHHE PE3YIbTaTOB MOJEIUPOBAHUS U
pacueToB He npeBbimaeT 3%. PacxoxxaeHue paccuuTas-
HBIX 3HAYECHUH HHZ[yKTHBHOCTefI MEPEMBIYECK U BBIBOJOB
HNCTOYHUKA MUTAHUA U3MCPUTCIBLHOIO KOMIUICKCA C pe-
3yJIbTaTaMH MOJETUpOBaHUs He mpesbimaet 9%. [lan-
Hoe pacxoxnaeHne (9%) oOyClOBIEHO HETOYHOCTHIO
pacuetoB 1o (1), T.K. yKa3aHHbIE Y9aCTKH TOKOBEIYLIHX
IIMH PacIlOJOKEHBI B Pa3HBIX IUIOCKOCTSX M PacdeT HX
NapasuTHBIX HMHIYKTHBHOCTEH TpeOyeT NpUMeHEeHUs
JOPYTUX METOIVMK M 3HAYUTENbHO yclnoxHsercs. Ha oc-
HOBAaHHUH 3TOTO CPABHEHHMS PE3YJIBTaThl MOACIUPOBAHUS
MOXKHO CYHMTATh JOCTOBEPHBIMH, & MOCTPOCHHYIO HMH-
TAIMOHHYIO MOJEIb — aJeKBaTHOM.

Hoxnaoer TYCYPa, mom 19, Ne 4, 2016
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I/IH}Z[yKTI/IBHOCTB Y4YaCTKOB TOKOBEAYIIUX IIWH UCTOYHUKA
NUTAHUA UCHBITATCIBHOI0 KOMILICKCA JIJISl IIPOI'PY3KHU
ABTOMATHYECKHX BBIKJIIOYaTe e MOCTOSTHHOIO TOKA

MNHayKTUBHOCTH Paccuuran- Pesynsrar | Pacxo-
y‘laCTKa TOKOBeZ[y- HOC 3Ha4Yc- MO}ICJ’IPIpOBa- JKIACHUC,
UX IAH uue, I'm ", ['H %
Lun 1,591x107 | 2,69
LHB
Lun 1,606x107 | 1,77
L
Lus 1,635x107 | 1,607x1077 1,71
Ly
Luny 1,596x107 | 2,38
LIHlO
Lus 1,605%1077 1,83
LLLIll
Liy+LiustLiptLu, | 8,907x107 | 8,134x107 8,68
Ly+Lg, 5,107<107 | 4,679x10°" 8,38
3akjao4uenue

Paspaborannast B cpene monenupoBanus COMSOL
Multiphysics uMuTaI[IOHHAs MOJEIb JJIs pacueTa WH-
MYKTHBHOCTEH TOKOBEAYIIMX IIHH B CHIBHOTOYHBIX
HCTOYHUKAX IUTAHUS MO3BOJISAET PACCUUTATh WHIYK-
TUBHOCTA KOHCTPYKTHBHO CIIOKHBIX IIUH, He 00na-
JIAIOLUX CUMMETPHUEM.

HecMmotps Ha TO, YTO TIOTy4YEHHBIC 3HAUCHHUS T1apa-
3UTHBIX MHIYKTHBHOCTEH yYaCTKOB TOKOBEAYIIUX IITUH
HNCTOYHUKA THMTaHUS HCIBITATENIFHOTO KOMIUIEKCa Ha
MEPBBIA B3MIAL MOTYT TOKa3aThCSd HE3HAYUTEIHHBIMH
(cotam HIH), @i paboOYnX TOKOB B IHAIa3oHE OT 4 110
26 KA OHH SABJSIOTCSA MPUYMHON BOSHUKHOBEHHUS 3HAYU-
TEJILHBIX BBHIOPOCOB HANpPSDKEHUS IPpU CpadaThIBAHUU
aBTOMATHYECKOTO BBIKITFOUATEIISI TOCTOSTHHOTO TOKA.

AMIUATYIa BBIOPOCOB HANPSIKCHUS HAKJIAIBIBACT
OTPaHMYCHUS Ha BBIOOP IMOIYIPOBOJHHUKOBBIX MPHOO-
POB, YCTaHOBJICHHBIX B BBIXOIHOW IENH CTaOMIM3aTO-
POB TOKa (CHHXPOHHBIX BBEIIpsAMUTENEH) [2], wim Tpe-
OyeT IpUMEHEHHS CTICIAFHBIX 3alIUTHBIX IeTIeH.

[TomyueHHbIe 3HAYEHUS MAPA3UTHBIX HHIYKTUBHO-
creil (Tabnuia) OymyT UCIOJIb30BaHbI IIPU HOCTPOCHUH
MMHUTAMOHHOW MOZAETH WCTOYHHKA MUTAHUS HCIIBITa-
TEJILHOI'O KOMILIEKCa, Ha OCHOBE KOTOpOM OyIayT orpe-
JACJICHBI aMIUIMTY/bI B])l6pOCOB HaIlps>KECHUs, BO3HH-
KaloIMX B MPOLECCEe NPOrpy3KH aBTOMATHUECKUX BbI-
KITIOUaTesIei MOCTOSIHHOTO TOKA, U MPOBEJCHA ONTHMHU-
3aIMsi KOHCTPYKTUBHOTO MCTIONTHEHHS TOKOBEIYIIUX [IIHH.
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Vintonyak N.P., Semenov V.D., Fedotov 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. Muxanb4yeHko

CumMmmMmeTpUupoOBaHMe HanNpsXXeHUN Ha BbIXOAHbIX KOHAEHCcaTopax
TpéxdasHOro TPEXypoBHEBOro akTUBHOIO BbINPAMUTENA
B peXume nepenayvv aHeprum B Harpysky

PaccMoTpeH HOBBII CIIOCOO CHMMETPHUPOBAHUS HANPSHKEHUH Ha BBIXOAHBIX KOHAEHCaTOpax TpEx(azHOro TpéXypoBHE-
BOI'0 aKTMBHOTO BhIIpsAMUTENA. [1odydyeH 3aKOH M3MEHEHHUS TOKa, C HOMOLIbIO KOTOPOr0 MPOU3BOJUTCS CUMMETPUPO-

BaHUE HAINPSHKEHUI.

KnroueBble cioBa: TpéxdasHblii TPEXYPOBHEBBIH AKTHBHBIM BBHIIPSIMUTENb, KOPPEKTOp KO3((HUIMEHTa MOIIHOCTH,
CUMMETPUPOBAHUE HANIPSDKEHUH, EMKOCTHBIN JEINTENb HATPSKEHUS.

doi: 10.21293/1818-0442-2016-19-4-133-135

IIpomecchl cTabWIM3anyy HaNMpPsDKEHUH Ha BBIXO-
HBIX KOHJeHcaropax TpEx(a3HbIX TPEXYPOBHEBBIX aK-
TUBHBIX BhIIpsAMHUTeNeH (AB) ¢ eMKOCTHBIM enuTeneM
HAMpPSDKEHUS] B OTEUECTBEHHON M 3apyOeKHOU juTepa-
Type OCBEIlleHbl HE Ha JOCTaTOYHOM YPOBHE U3-3a
CJIO)KHOCTH TIOJTYYCHUS aHATUTHYCCKUX 3aBHCUMOCTEH,
YCTaHABJIHMBAIONINX 3aKOHOMEPHOCTH XapakTepa H3Me-
HEHUSI MOLYJIHPYIOIIUX BO3IEHCTBUI.

VipoliueHHas CTpyKTypHas cxema Takoro AB noka-
3aHa Ha pUC. 1, Te IPUHATHI CIEAYIOMNEe 0003HAYCHUS:
G4, G, G — UCTOYHUKU TIEPEMEHHOTO HAMPSDKEHUS; L 4,
L, Lc — BXognable crmakuBatomue apoccenu; Cp, Cy —
KOHJICHCATOPHI 3BEHa MOCTOSHHOTO TOKa; Ry — compo-
TUBJICHUE HATPY3KH.

oLl L
2
=
jas)

AB

Puc. 1. Ynpomeénnas cTpykTypHas cXeMa CUI0BOMU LIeIH
TpéxypoBHeBoro AB

B takoro poxa ctpyktype AB mmMeeT Mecto Hepas-
HOMEpPHOE JIeJIeHHe HaIlpsDKEeHUH Ha KoHaeHcaTtopax Cp,
Cy. llpuunHOM TOMY SIBIAIOTCS: HAJIMYHE Napa3UTHBIX
[1apaMeTPOB U HEPABEHCTBO EMKOCTEH KOHJIECHCATOPOB
3BEHa MOCTOSHHOTO TOKa; HECUMMETPHUSI BXOJHOIO HC-
TOYHMKA TPEX(PA3HOTO MEPEMEHHOI0 HANpPSDKEHHMS; He-
PaBEHCTBO MapaMeTPOB CUIIOBBIX MOITYIPOBOJHHKOBBIX
KJIIOUEeH ¥ BXOJAHBIX CrIIaXKUBAIOLIMX Apoccenent [1].

B cymecrBytomux crocodax CHMMETpPHpOBaHHE
HaTpsDKCHUH HA BBIXOJHBIX KOHACHCATOpax TPEXYpPOB-
HEBOTO AKTUBHOTO BBINIPSIMUATEIS MPOMCXOIHUT 33 CUET
BO3ICHCTBUS HAa IIUPOTHO-UMIYJIBCHBIE MOAYJISATOPHL
IIpyn HcroNb30BaHMM KIIACCUYECKOW CHHYCOMAAIbHOU
[IIMM BBOAMTCS NMOCTOSIHHAsA COCTABIISIOLIAS B CUTHAI
3aJaHKMs Ha TOK JUIs Moayistopa. Ho Takod cmoco®
WMEET CYUIECTBEHHbIH HEJOCTaTOK — pEryJupoBaHUE
BO3MOYKHO TOJBKO NPH HAJIMYUM HArpy3ku. B ciyudae,
KOrJla UCHOJB3YeTCd  MPOCTPaHCTBEHHO-BEKTOpPHAs
WM, cuMMeTpUpPOBaHUE OCYILECTBISAETCS 3a CUET
MEePEeKIIIOYEHNUs] MKy 0a30BBIMU BEKTOPaMH HalpshKe-

HUS, U3 KOTOPHIX (OPMHPYIOT OIUH M TOT XK€ IPO-
CTPAHCTBEHHBIH BEKTOP, B 3aBUCHMOCTH OT HaIlpaBiie-
HHUI TOKOB B (ha3HBIX Jpoccersx [2].

Ipunuun popMuUpOBaHUS TOKA CETH

Jlist nosicHeHust npuHOMNA (GOpPMHUPOBaHUS TOKOB
(a3, moTpedIIEMBIX U3 CETH, HEOOXOAMMO 00PaTUTHCS K
onHo(ha3HOI cxeme 3aMerieHus Ha puc. 2 [3].

Ha sToll ynpoueHHoll cxeme reHepaTop CETEeBOro
¢azHoro HampsokeHuss G4 MPECTAaBICH COOTBETCTBYIO-
IOIMM €My HCTOYHHKOM HAMNpPSDKCHUS Uy, a CTIIAKHUBAIO-
UH Apoccenb — HHAYKTUBHOCTBIO Ly C MaJleHUEM Ha-
NpsDKEHUS Ha Hell — uy 4. Hanpsbkenue, neicTByrolee Ha
cpenuelt Touke ITA TpaH3UCTOPHOW CTOWKH Mpeodpas3o-
BaTeNsl, 3aMEMIEHO WCTOYHHUKOM IEPEMEHHOTO Hamps-

KEHUS Uryy.
Urg

« Ly
i) ¢ i

Puc. 2. Cxema 3amenieHus OfHOI (ha3bl

[Tpu BHIOpaHHOM HamNpaBJICHUU TOKA I, pean3yerT-
Csl PEKUM IIEpeJayu SHEPIUU B HAIPy3Ky — PEKUM BbI-
npsmiteHus. [ aToro pexxuma pabotsl npeodpaszosa-
TeJs CIIPaBEaIUBO

ug—ugg —umy =0. €]
Beripazus u3 (1) HanpsoKeHUE i, MOTYUHM
Uy =g —Ury- )

CBs3p MEX/y HalpsDKeHHEM Ha WHIYKTUBHOCTH M
TOKOM OITpeieNsieTcs BeipakeHueM (3):
urg =Ly A, 3)
dt
3Hasg 3aKOHOMEPHOCTH H3MEHEHHs TOKa iy M Ha-
TIPSOKEHUS U4, MOXKHO OTIPEAEIHUTH XapaKTep U3MEHEHUs
HaIpsDKeHUS Tpeo0pa3oBaTens Uy
ura =g ~Lg-24, )
dt
Cxema 3amemenust AB 1uis1 ycTaHOBHBLIIErocst
pesxxuMa padoThl
Jliist omucanust crioco0a perylTupoBaHUs Harpske-
HUW Ha KoHjeHcatopax AB HeoOxomuMo cxemy 3ame-
IIEHUS Ha pUC. 2 NPUBECTH K BUAY, NPEACTABICHHOMY
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OJIEKTPOTEXHHUKA

Ha puc. 3. JInsg 3TOro CTOHKH, COCTOSIIUE W3 YETBIPEX
TPAH3KCTOPOB M IIECTH TUOAOB, HECOOXOIUMO 3aMEHUTH
CTOWKAaMH C TpeMsl UAcIbHBIMH KITIOYaMH, a KOHJeHCa-
Topbl Cp, Cyy — ICTOYHUKAMH TTOCTOSTHHOTO HAMPSIKSHUS
Gp, Gy C HAIPSDKEHUSIMU Up U Uy,

Til’A Tif'[f Til’(v TPE’ Gp TH’
liNA T lllp
SPBE Sve RS ﬂz» LRHD iuH
| . —
Spcir S‘LTM( + iu“”
Suc G
TiMA Tl'.w; ‘TiM(‘ fE

Puc. 3. Cxema tpéxypoBHeBoro AB ¢ uneanbHbIMu KIIFOYaMHu

Knrouamu Spy, Spa, Spc cooTBeTcTByMOIIME (ha3bl A,
B, C nonkimroyaroTcst K HAIPsHKEHUIO Up UCTOUHHMKA Gp,
KITto9aMu Sy, Sup, Syc — K HANPSHKEHUIO Uy, ICTOUHUKA
Gy, ximouamu Sy, Sy, Sye — K 3emiie, T.e. K HYJIEeBOMY
MTOTCHITHAITY.

Jlns M3MeHeHUs BENWYWHBI HaNpsDKEHWS Ha KOH-
JICHCATOPAX Up WIH Uy B Ty WIK HHYK CTOPOHY HEOO-
XOIMMO, YTOOBI CpelHee 3HAueHHE TOKa Iy 3a MEPHO.
BXOJIHOTO TIEpPEeMEHHOTO HampspDkeHHs: AB He ObIIO paB-
HO Hymo. [Ipu 3TOM U3 ceTH HEOOXOAMMO MOTPEOIATH
TOKH, KOTOPBIC OIUCHIBAIOTCA CICAYIOUIMMH BBIpaxke-
HUSMU:

iy :[ilm + 'Sin(k'mint)]sm(@mt)’

ig :[ilm + it -sin(k-mmt)}sin[w,-nt—2?71} (5)

. . . . . 2
ic :[llm + it ~sm(k-(ui,,t)]sm[mmt+?nj,

e iy, — aMIUIUTyJa MepBOil TapMOHUKH (Da3HOTO TOKa,
ijm — aMIUTHTYyNa k-W TapMOHHKH (a3HOTO TOKA;, M, —
4acToTa TMEepPBON TAPMOHHMKH TOKa; kK — HOMEp JOTOIHHU-
TeJIHHOU TAPMOHUKH TOKA.

Jaee mpuBOAATCS BBIpaXKEHHS TONBKO IS (ha3bl
A, TX. i apyrux (a3 oHH OyIyT OTIUYAThCS HATHYU-
eM casura Ha 120 snexkTpuueckux rpaaycos. Mcxoast u3
(3) u (5), momyunM BBIpa)KeHHE UTS HATPSDKEHUS iy HA

CITIAY)KUBAIOIIEM IPOCCEIIC
ikm 'XLA (k+1

Upg =i X4 -c08(@jpt) + ) ‘sinf (k -+ 1)yt ]~

i - Xpa(k=1)
LS sinf (kDo) ©6)
rie X, , — MHIyKTHBHOE CONPOTHBIEHHE Apoccens L.

Tenepb MOXHO OIpENEINT 3aKOHOMEPHOCTH H3-
MEHEHHS HANPSKEHHS 1774
UrLA =ty -SI(@48) =iy - X 1, - cOS(0p8) —

i XL 1),
L X1 (k1) sin[ (k1) ojt], ™

Tae i), — aMIDIATYIA MEepBOH TrapMOHUKH (pa3sHOTO Ha-
MPSDKEHHUS.

Mopyaupyomue GpyHKIuH

Ob6mas Mopynupyromas GyHKIusS mdpy 11 Gas3sl
A uMeeT clenyrouii BUT;

mdyyy = Z{m -sin(mint)—%-cos(mmt)—
m m
i X (k+1)
Z'Llnm

+M sin[(k - 1) : (’Jint]’ (8)

-sin[(k +1)-(ol~ntJ+

2. UTTm

TA€ U, — MaKCUMalbHash aMIUTUTYNa HaNpPSOHKEHUS Uiy,
Y BBIYUCIISIETCS CICAYIOIIUM 00pa3oM IPH YCIOBHH, YTO
Up = Uy
_ Up +uyy . ( 9)

2

Ilpun nonoxutensHoM 3HaYeHMH (YHKIHM mdyy
OyIeT IpOUCXOAUTh KOMMYyTAaIHs Kifoda Spy B IPOTH-
BOTaKTe C KIOUOM Sy,. IIpu oTpUIaTebHOM 3HaYEHUH
¢dyskmn mdp, OyaeT MpOUCXOANTh KOMMYTAIUs KITFO-
4a Syz4 B IPOTUBOTAKTE C KIFOUOM Sy 4.

3HaunT, MOAYyAMUpYIomWas GyHKUUS mdpy A KO-
ya Spy OymeT UMEeTh CICTYFOITUI BHI;

mdryy, ipu mdyyy >0,

mdpy= 10
P 0, mpu mdyp4 <0. (19)

UTTm

ITo ananormm c¢ (10) Momymupytomas (QyHKIUsS
mdy U K109a Sy OTHCHIBACTCS CIICAYIOIIUM 00-
pazom:

md4, npu mdyy <0,
md 4 = (11)
0, mpu mdyy4 >0.
Hakonen, momynupyromas GyHKOus mdy, Ui
kmoua Sy, OyIeT UMeTh BUJ
1-mdyy, npu mdp4 >0,
md 4= (12)
1+ mdry, ipu mdp4 <0.

Xapaktep W3MEHCHUS MOAYAHPYIOMINX (QYHKITHA
kimouert Sp, Sy, Sy npeacrasieH Ha puc. 4, a—6 COOT-
BETCTBEHHO.

Onpenesnenne TOKOB cXeMbl 3aMellleHUsI

ToKU ipy, ipg, Ipc ONPEHEIAIOTCS IMPOU3BENCHUEM
COOTBETCTBYIOIINX MOAYIUPYIOUMX (OYHKUUHA mdpy,
mdpg, mdpc Ha COOTBETCTBYIOLIME (pa3HbIE TOKHU iy, ip,
ic. Toxu ipy, iy, Iyc ONPEAENSIOTCS MPOU3BEICHUEM
COOTBETCTBYIOIIMX MOAYIUPYIOMUX (GyHKIMNA md)yy,
mdyp, mdyc Ha COOTBETCTBYIONIME (Da3HBIC TOKH iy, ip,
ic. VI, HakoHeU, TOKH iyy, ing, inc OTIPEACIISIOTCS TPOU3-
BEJICHUEM COOTBETCTBYIOIIUX MOIYIHAPYIOMHX (HYHK-
it mdy,, mdyg, mdyc Ha COOTBETCTBYIOIIUE (a3HBIC
TOKH iy, ip, ic.

Tok ipy ompenensercs CyMMOR TOKOB ipy, ipp, ipc,
TOK Iz — CyMMOM TOKOB Iy, Iyp, ipsc, TOK Iyy — CYMMOM
TOKOB iNA: iNB: iNC-

Hcxons u3 quarpamMm Ha puc. 4, a—6, MOXHO BBIJIe-
JIUTh CEMb HHTEPBAIIOB BPEMEHH:

0<t<t; Hh<t<ty L<t<t;
I3 <t<ly 14 <t<lts 15 <1<l
te<t<T.
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Oyukuuu md _, o.e.

—— — Monynupytomue gynkmuu dasst 4
— —— — Monymupytomue gpynkimu ¢assl B
— - — — Monynupyromue ¢pyHkunu passr C
Puc. 4. [lnarpaMmMbl MOIYTUPYIOIUX (PyHKIIHI:
a — U1 Kiroue Sp; 6 — i Kirouer Sy, 6 — s Kinodei Sy

Jus ynoOcTBa BBeAEM TOHSATHE OOIIAX MOIYIHPO-
BaHHBIX TOKOB M 0003HAYUM HX KaK i,44, Imdps imac. OHA
BBIYHCIISIIOTCSI IO CIIETYIOIIMM BBIPKSHHUSIM:

Imag =mdriq iy,
Imag =mdnp *ip, (13)
imdc =mdyic “ic-
Torma MOXKHO 3aIIMICATh TSI TOKOB ip, iy
Imac, ipu 0<t<1,
Imda +imdc > TIPA {) <t <ty,
Imdd»> TIPH by <t <13,
ips =9imdd +imap, IPU 13 <t <ty (14)
ImdB > TIPY B4 <f <[5,
imdB +imdc, TIPH 15 <t <fg,
Imdc > TIpH tg <t <Tj,;
imda +imap, P 0<1<ty,
ImdB> IPH 1 <t<tlp,
ImdB +imdC> IPY by <t <13,
iMs =\imdc, TpH 13 <t <ty, (15)
imda +imdc> OPU 14 <t<ls,
imda> TIPH 15 <t <lg,

ImdA +imdp > OPpY L <t <Tjp.

Jlns ToKa iy MOXKHO 3aIicaTrh CIemyrolee:

ImdA *+ImdB ~imdc > pu 0<t<1,

~imdd +imdB ~ImdC > IPY ) <t <13,

~IndA +ImdB +imdc, IpY 1) <t<t3,

INY =~Tmdd —imdB +timdc, PN 13 <t <l4, (16)
ImdA ~imdB +imdC > TIPU 14 <t <ls,

ImdA —ImdB ~imdC» IPH 15 <t <lg,

ImdA +imdB —imdC > PH tg <t<Tin~

MHOTOYHCIIEHHBIME pacdeTaMH YCTaHOBJIEHO, YTO
npu k =3, T.e. IPU BBEIICHUH TPEThEH rapMOHUKH TOKA,
CpelHee 3HAYeHHE TOKa iyy 3a MEPHOJ MEPBOIM TapMo-
HUKH YK€ He OyJIeT paBHO HYJIIO.

B gactHOCTH, ITpH CIEAYIOMKX MapaMeTpax MoJe-
JIMPOBaHUsl CXeMbl 3aMmelleHus no puc. 3: L, =1 mIH,
®;; =314 pan/c, i1,=1A, im=1A, wu;=2800B,
up=uy=400B, uy,=311B, cpeanee 3HaueHuEe TOKa
iys Oymer paBHo 0,198 A. To ecTp cpenHee 3HauEHHE
TOKa Iyy MEHBUIE I, B IATh pa3. Eciv u3MEHUTH 3HAK
AMIUTUTYIOBl TPEThEH TapMOHUKH TOKA iy,, TO CpEIHEe
3HAYCHHME iyy TAKXKe IOMEHSIET CBOM 3HAK.
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1. YcTaHOBJIEHBI 3aKOHOMEPHOCTH (DOPMUPOBAHUS
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pOBaTh HANpPSDKEHHS HA BBIXOIHBIX KOHICHCATOPAX CM-
KOCTHOTO JETHTENsS HAIpsHKEHUS TPEXYPOBHEBOTO aK-
THUBHOTO BBITTPSIMHUTEIIS.

2. Vcnonp3ys TONydeHHBIE BBIPAKEHUS MOIYJIH-
pyroImx (QYHKIMA MOXXHO PacCUUTATh YCPEIHCHHBIC
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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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TpeOoBaHus K MOATOTOBKE PyKONUCEH cTaTel, NpeAcTaBAAeMbIX A My0IUKAIMHU B )KypHAaJe
«Jlokaanbl ToMCKOro rocyiapcTBEHHOI0 YHMBEPCHTETA CHCTEM YIIPABJICHHS H PAIM03JIEKTPOHUKI)

1. DJeKTpOHHBIH BapUaHT CTaTbH JOJDKEH OBITh
IpejAcTaBleH B Buie (aiiia, HA3BAaHHOIO II0-PYCCKH
(hammiMelt mepBoro aBTOpa, Ha IAMCKETE WIIM JIUCKE B
dopmate Word 2003. IlpeamoururensHee IpeacTaBUTh
€ro M0 3JEKTPOHHOM MoYTe.

2. OpuruHan Ha OyMa)XHOM HOCHTENIE IOJDKEH
MIOJTHOCTBIO COOTBETCTBOBATH MIEKTPOHHOMY BapHaHTY.

3. Crarbsa DoKHA WMETh (B TOPSAKE Clie0Ba-
aus): YJK; W.0. ®amunun aBTOpOB; 3ariaBue; aHHO-
tauus (He pedepart); KIroueBble CJI0BA; OCHOBHOM TEKCT
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CTaThM, AHHOTAIMIO, KJIIOYeBbIe cioBa. CBeneHus 00
aBTOpax BKIIOYAIOT B ce0s hamMuiMio, UMs, OTHECTBO,
VYEHYI0 CTeleHb, YY€HOE 3BaHUE, IOJDKHOCTh, MECTO
paboTshl, TeneoH, SMEKTPOHHBIN ajipec.

4. Tekct cTaThu MOIDKEH OBITH pa3MEIICH B JIBE
KOJIOHKH 0€3 MPHUHYINUTEIBHBIX IIEPEHOCOB Yepe3 OTUH
naTepBasr mpudtom Times New Roman 10 xerns na
OIIHOH cTopoHe nucTta Oenoi nucueit Oymaru dopmara
A4, 6e3 momapok u BCTaBoK. Jlisi obnerueHus Gpopma-
TUPOBaHMs TpHUJIaraercss IMAaGJOH CTaTbH, KOTOPBII
pa3mMeleH Ha caite: journal.tusur.ru. Pazmep cratbu
CO BCEMH aTpuOyTaMu JOJDKEH OBITh, KaK IPaBUIIO, HE
Oostee MATH CTPaHUIL.

5. OpnHU U Te e CHMBOIIBI B TEKCTE, PopMyIax,
TaOIUIAX W PUCYHKAX JOJDKHBI OBITH €AMHOOOPa3HBIMU
M0 HamWcaHWio. Pycckue W rpedeckre CHMBOIBI HAOU-
paroTcs MpsIMBIM MIPH(GTOM, a JIATUHCKHE — KypCHUBOM,
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, TpEUECKHE CHMBOJIbI, MaTeMa-
THYECKUEe 3Haku (+, —, X, €, =, CKOOKH, ...) U nuQpPbI
BCeraa HaOMparoTCsl MPSIMBIM HE XUPHBIM MpudTOM, a
nepeMeHHble, 0003HAaYeHHbIE JIATHHCKUMU OyKBaMH —
KypCHBOM, KPOME CJIOB, X COKpAalleHUH, UMEeH (yHK-
Ui, mporpamm, GupM U XuMHUIeckux (opmyn (const,
input; sin x(t)); U L T B2; HoO, Adobe Acrobat,
Cisco ¥ T.1.); BEKTOpHBIEC BETHMYUHBI — KUPHBIM, TIPSIMO
(ue xypcu) — A, M(f), B. Lllabnons! anst Habopa ¢op-
MyJI HEOOXOIMMO B3STh U3 ITa0JI0HA CTaTHU.

7. Bce ymotpebnsemble 0003HAYCHHS W COKpa-
IICHUS JTOJDKHBI OBITH TOSICHEHBL.

8. EnmunHnupl usMmepeHus (GU3NYECKUX BEIMYMH
JIOJKHBl COOTBETCTBOBaTh MEXIyHApOAHON CUCTEME
ennaull (CHM) u HamumcaHbl NO-PYCCKM 4epe3 mpoden

(x, [Tu; 20 I'Tw; 7, rpam; 7 °C). HdecsaTuuHble 4yucia
MTUIIYTCS Yepe3 3amsATyo (He TOUKY).

9. TaOuuupl ¥ PUCYHKH JOJDKHBI UMETh TEMAaTH-
YEeCKHE 3aroJOBKH (HE MOBTOPSIONINE (Ppa3bl-CCHUIKHA Ha
HuX B Tekcre). (Puc. 1. Hazanme pucynka; Tabnmma 1.
Hazpanme tabnmmer). Bompmme Onoku pacmudpoBKu
YCIOBHBIX OOO3HA4YEHUH JIydlle NPUBOAUTH B TEKCTE.
Tlognmucu n Hagmucu — Times New Roman, 9 or, ne
KHUPHBIM, HE KypCHBOM, IIEPEMEHHbIE — TaK)Ke KaK U B
TekcTe. Ha Bce pUCYHKHM W TaOJMIBI JOJDKHBI OBITH
CCBUIKH B TeKCTE (... Ha puc. 3, ... B Ta0I. 2).

10. Pucynku u ¢ororpaduu 10KHBI OBITH YePHO-
0eJbIMH, YETKUMH, KOHTPACTHBIMH, aKKypaTHBIMH,
CTPYNIIUPOBAaHHBIMU. ['padukn — He >KHUPHO, CETKa —
4yeTko. EnuHuIbI n3mMepenus — Ha pycckom. Jlecstuy-
Has 3amaTas (He To4yka). PUCYHKH MOTYT OBITH BHITIOJ-
HeHsl B mporpammax CorelDraw, Illustrator, Word,
Visio M HOJDKHBI 1aBaTh BO3MOKHOCTH BHECEHHS HC-
TIpaBJICHUMN.

11. Nmmroctparuu, JOHKHBI OBITH pa3pelieHueM
He menee 600 dpi. Macmta® u300pakeHHsT — 8 WIH
16,7 cM nmo mupuHe (IPU YCIOBUM YUTAEMOCTH BCEX
HaJnucei, BbIMOJHEHHbIX IwpupToM Times New
Roman 9 xerms).

12. Ha Bce UCTOYHUKH, YKa3aHHbIE B CIIMCKE JIUTE-
parypsl, TOJDKHBI OBITH CCBUIKU 10 TEKCTY (HyMepauus
B MOPSAKE YIIOMUHAHUSA, Harpumep, [1, 2], [5-7]). Omu-
CaHWE€ MCTOYHUKOB IOJDKHO cooTrBeTcTBOBaTh [ OCT
7.1-2003 u TOCT P 7.0.5-2008 u comepxaTh BCIO He-
00XOANMYIO I MACHTU(HKAIIMK HCTOYHHKA HHOOp-
Malliio, & UMEHHO: 0Jis1 Henepuoouyeckux uz0anuti —
(baMUIHMIO M MHUIMANBI aBTOPA, IIOJIHOE Ha3BaHKE pabo-
TBI, MECTO W3/IaHMsI, HA3BaHWE W3/aTeNIbCTBA, IO/ M3/1a-
HHS, KOJIMYECTBO CTPAHULL, 05l NEPUOOUYECKUX U30d-
Hut — (pamMuIMIo, HHULUAJIBI aBTOPA, TOJTHOE Ha3BaHUE
paboThI, Ha3BaHUE KypHaIa, TOJl BHIITyCKa, TOM, HOMEp,
HOMepa cTpaHull (cM. IpuUMepbl ohopMIIeHUsT OHOIHO-
rpaduii).

ByMaxkHbpli BapHaHT PYKOIMUCH CTaTbU JOJKEH
OBITH TIOAIIMCAH aBTOPAMH U (IUII CTOPOHHUX aBTOPOB)
HUMETh CONPOBOJMTENIFHOE MHCHMO Ha OJIAHKE OpraHH-
3aIH.

[TmaTa 3a myOGnuKamio pyKonuceil He B3UMAaeTCsL.

MarepuanbpHble IIPETEH3UU ABTOPOB, CBSA3aHHBIE C
pacrpocTpaHeHHEM MaTepualioB WX CTaTeid Imocie
OHy6HI/lKOBaHI/IH, HC IMIPUHUMAIOTCA.

ABTOpBI HECYT TOJIHYIO OTBETCTBEHHOCTH 3a CO-
Jep)KaHue CcTaTedl M 3a IMOCIEACTBHS, CBS3aHHBIE C HX
Iy OJIMKanue.
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