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Heart rate variability is recognized in medicine as an important prognostic factor. It is generally
believed that the temporal characteristics of the pulse signal do not depend on the measure-
ment point. Specifically, the distal (on the fingers) arrangement of the photoplethysmographic
sensors. Using a high-precision measurement technique, we show that on the way from the
heart to distally located measurement points, the value of each individual beat-to-beat time
may change. It can happen since each subsequent pulse wave propagates through the vessels
with a speed different from the previous one, faster or slower. We show that the magnitude of
deviation from the average value seems to be mediated by systemic factors. The most likely
physiological mechanisms of the detected effect include both modulations of the properties of
passive elasticity of the vascular wall depending on the peak value of systolic blood pressure
and neurogenic modulation of the tone of the smooth muscles of the vessels.

Keywords: heart rate variability, intervalogram, pulse wave, photoplethysmography.
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1. Introduction

Heart rate variability (HRV) is recognized in medicine as an important
prognostic factor for cardiovascular risk, and it has been shown that a low
value of standard deviation of RR intervals (SDNN) is associated with an
increased likelihood of an adverse outcome [1]. There is a proven HRV
measurement technique based on the sequence of RR-intervals (intervalo-
grams) recorded by the ECG method [2], while the details of evaluating
the results are still under discussion [3].

To date, various mobile devices that monitor heart rate and its vari-
ability are used to assess human health have become widespread. They
usually use photoplethysmographic (PPG) sensors, due to their low cost
and ease of use. Special studies have been conducted in order to validate
the use of such sensors as an ECG replacement, including for evaluating
HRV. In [4], the statistical parameters of heart rate variability obtained by
various methods are compared including standard ECG, chest ECG sen-

© Tsoy M. O., Merkulova K. O., Postnov D. E., 2020
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sor of a sports heart rate monitor, and PPG method.
It has been established that, statistically, heart rate
parameters obtained by all three methods are close
and can be considered equally representative for non-
clinical applications. In [5, 6], the applicability of
PPG sensors was assessed as a possible replacement
in the clinical use of ECG. In [5], both the Fourier
spectra of both signals and Poincare plots, which
reflect poin-to-point dynamics, were compared. It is
concluded that the statistical and spectral differences
in the data obtained by both methods are small and
not significant for clinical use. In [6], authors used
autoregressive (AR) analysis, Poincare plots, cross
correlation, standard deviation, arithmetic mean,
skewness, kurtosis, and approximate entropy (ApEn)
to derive and compare different measures from both
ECG and PPG signals. The obtained results support
for the idea of using PPGs instead of ECGs I in am-
bulatory cardiac monitoring.

Each heartbeat creates a pulse wave, the travel
time of which along the vessels at a specific measure-
ment site is called the pulse transient time (PTT). De-
spite the widespread use of average PTT as a marker
of vascular stiffness, very few studies are devoted to
assessing the clinical significance of PTT variability
[7]. In [8], the contribution to the variability of PTT
of the aortic valve opening time was demonstrated,;
this is a very rare example of a study that takes into
account the complex nature of the PTT, as opposed
to its generally accepted interpretation as a function

a EEG
PPGL MP100

sy-i-J e
\

1s

A

of the average elasticity of the vascular wall. The
spatial variability of the pulse signal on the surface
ofthe face was demonstrated in [9]: for the promising
non-contact PPG method, the pulse signal can have
a complex shape, which requires the development of
special techniques.

It should be noted that the variability of PTT in
time has the same physiological reasons as the vari-
ability of the heart rate — this is a change in the degree
of stimulation from the autonomic nervous system.
Moreover, signs of chaotic dynamics were repeatedly
recorded for HRV [10]. Later, it was suggested that
the complex nature of the change in RR intervals can
be largely explained by the influence of respiratory
rhythm [11, 12]. Similar issues with respect to PTT are
currently little studied. When using PPG for recording
heart intervalograms, it is usually assumed that the
measured sequence of time intervals at distal locations
is equivalent to the sequence of RR intervals obtained
by the ECG method, which is justified by the results
of [4-6] and other similar studies.

In this work, we demonstrate that these sequences
are indeed statistically close, but dynamically not
equivalent: the PTT changes from one heart beat to an-
other, demonstrating its own dynamics, in which both
systemic and local components are distinguishable.

2. Methods

The key aspects of the measurement procedure
are illustrated in Fig. 1.

b a Common light on
max
\
PPG1
/
PPG2
min

0 0.1 02 03 04 05

t,s

Peak position

Data___

Parabolic fit -~

Fig. 1. Sensor connection diagram (a), impulse response of a pair of PPG sensors (), method
for preliminary search for signal peaks (c), algorithm for determining the peak position (d)
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Panel (a) shows the arrangement of the measur-
ing channels. To register data, we used the MP100
measuring complex (Biopac Systems, USA), with
one ECG channel (lead I was used) and two PPG
channels connected. Taking the PPG signals from
two fingers of the same hand we presume that they
could show both the coherent part of PTT variability
arizing in large and middle arteris, and the contribu-
tion from local mechanisms.

The measurements were carried out on a group
of 10 healthy volunteers aged 20-35 years during
the rest state. In this brief report, we illustrate the
obtained results with selected representative re-
cordings, while statistics over the group of subjects
will be published later. PPG sensors consisted of a
factory-made electronic module (TZT, China) and a
custom finger mount system, and a connection to the
MP100. Since the precise and simultaneous meas-
urement of the arrival time of the pulse wave was
crucial in our study, the sensors were pre-selected
to ensure the maximum identity of the parameters.
Panel (b) of Fig. 1 shows the response of two sen-
sors to the activation by the step-like signal from
an external light source. As can be seen, a small
discrepancy occurs only at = 0.35 s.

a
\.---"PPG1
0.12f ‘
-PPG2

0.08}
p

0.04}

0 1 1
0.6 0.7 0.8 0.9

Peak to peak time, s

Peak to peak time, s

In order to maximize the accuracy in determin-
ing the peak position in time, data were collected
at a high sampling rate of 2000 Hz, so the time
interval between subsequent points was 0.5 ms. All
recorded signals were low pass filtered with a cut-
off frequency of 25 Hz. At the next stage, the signal
maxima were searched in the signal segments that
exceed the selected threshold, see panel (¢). The
found maxima were used as initial guess data for
an algorithm based on polynomial approximation.
Taken together, the above-described steps have sig-
nificantly improved the accuracy in determining the
position of the peak. In tests of the complete system,
the difference between the channels in determining
the peak position did not exceed 1 ms with a typical
value of less than 0.5 ms.

3. Results

When analyzing the central (by ECG signal) and
distal (by PPG sensors) intervalograms, statistical
and then dynamic characteristics were compared
first. Fig. 2 illustrates representative results obtained
from three intervalograms, where PPG1 and PPG2
signals were taken from the middle and index fingers
of the left hand, respectively.

0.72
0.68
0.64
0.60
100 120 140 160 180 200
Nrr

Fig. 2. Statistical characteristics of the central and distal intervalograms: (a) estimate of the probability density
distribution curves on a set of time intervals of 0.008 s; (b) 100-beats fragment of all three intervalograms

Panel (a) displays estimates of the probabil-
ity density distribution calculated using ECG and
two PPG sensors, separately. As one can see, they
are very close in shape, and the differences can
be explained by the scattering of values between
neighboring bins.

Note that the calculation of the average interval
value for all three signals gives essentially the same
number 0.6591s. Panel (b) shows a fragment of all
three intervalograms in time, where oscillations at
the respiratory rhythm frequency are clearly visible.
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Thus, the results in Fig. 2 support the conclusion
made earlier in [4—6] that the characteristics of
the central and distal pulses are very similar, if not
completely equivalent.

Fig. 3 presents the results of a more detailed
analysis of those differences that seem insignificant
in Fig. 2. During this analysis, for each heart beat,
a new quantity was calculated by which the RR
interval changes on the way to distally located PPG
sensors. Recall that the ECG signal contains times of
many (specifically, 1000) consecutive RR intervals,
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and the signals PPG1 and PPG2 contain the inter-
vals between the same heartbeats, but recorded on
the index and middle fingers of the left hand. Then,
the pairwise subtraction of the distal and central
intervalograms gives two signals:

dPTT, (i) = PPG1 (i) - ECG (i),

dPTT, (i) = PPG2 (i) — ECG (i),
which correspond to the deviation of the i-th cardi-
ointerval when measuring it on a PPG sensor from

dPTT,
+0.005

dPTT, ' 0 o

+0.005T0 @ [ R ofo |l o L4 g 19 da

! W, W, QP @
D , O @ © @ )] O
0 ‘-‘"4 & ol 1] A " b

-0.005] ¢ ® < r,,‘ o | & Do & |9 "f

1.0r b
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& d b ¥ P A ¢
SR 1‘0 i

the value of the same interval calculated from ECG
peaks. This value will be positive if the pulse wave
velocity (PVW, is equal to 1/PTT) has decreased
during the analyzed cardiointerval, and negative in
the opposite case.
Another signal calculated as

dPTT,, =PPG2 (i) - PPG1 (i) =dPTT, (i) —dPTT, (i)
describes the difference in the time of arrival of the
pulse to the two PPG sensors.

p @

¢

@ o ¢ d
4y o @ g

G

0.4 0.6 0.8

Fig. 3. Dynamics (a) and Fourier spectra (b) of the signals of the difference in the values of the cardiointervals recorded
by various sensors. Each open circle corresponds to one heartbeat

From the time series (left) and recurrence map
(right) in panel (@) of the Fig. 3, it can be seen that
the PPG intervals do not follow ECG intervals,
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demonstrating a pronounced rhythm in this devia-

tion, which is also visible in the recurrence map plot.

The maximum value of this deviation is not the same
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for different fingers. Moreover, the time difference
dPTT,, of the arrival of pulses to both sensors be-
haves much less regularly.

The Fourier spectra of all three signals, as well
as the sequence of RR intervals, are shown in panel
(b). The spectrum of the sequence of RR intervals
is grey shaded and shown divided by 5 for better
visual comparision. It has the most complex shape
and demonstrates the pronounced maxima at 0.02,
0.1, 0.15, 0.25 Hz, of which the latter at 0.25 Hz
corresponds to the respiratory rhythm. It is remark-
able that the signals dPTT, and dPTT, show a much
simpler spectrum, since the same low-frequency
spectral components are subtracted when calculat-
ing these signals.

However, the peak in the 0.25 Hz region still
exists and has a slightly different shape than for the
ECG signal. It can be concluded that the observed
rhythm dPTT signal is still the respiratory rhythm,
but delivered to the PTT not from the ECG signal,
but in a different way.

Note that the spectrum of the difference in the
arrival times of pulses on PPG sensors, dPTT,,
does not contain any pronounced peaks, which
corresponds to a random process. Thus, it can be
assumed that a peak at the respiratory rhythm fre-
quency appears on a portion of the route common
to the signals PPG1 and PPG2.

4. Discussion

The results presented above show that on the
way from the heart to distally located measurement
points, the value of each cardiointerval changes.
The obvious reason for this is that each subsequent
impulse propagates through the vessels faster or
slower than the previous one. That is, we showed
that the PTT value, which reflects the total elastic
properties of the vessels along the pulse propagation
path, varies markedly from beat to beat of the heart.

A natural question arises, how reliable are the
above results? According to our data, the value of
the cardio interval varies on average — by 0.5% and
as much as possible — by 2-3%, depending on the
subject and the place of measurement. This does not
look large, but an estimate of the accuracy of our
measurements yields no worse than 0.15%. Thus,
the discussed average values are more than three
times larger than the maximum measurement error,
and peak values are more than 10 times larger. The
second important point is that our measurement tech-
nique is insensitive to systematic errors, such as the
response time of the sensor, since we are considering
changes in the PTTs, and not its magnitude. Thus,
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we consider the presented results are reliable. We
plan to publish more representative statistics in a
subsequent expanded work.

Another natural question concerns the physi-
ological interpretation of the results. The predictive
value of PTT is based on the fact that it is determined
by the total elasticity of the vascular bed. This as-
sumption, in turn, is based on the physical model of
an elastic tube with a constant coefficient of elastic-
ity (Fick's law). However, in reality, the compliance
of the vascular wall non-linearly depends on the
degree of stretching, and the observed change in
PTT can be caused by the variability of the blood
pressure, which, in turn, depends on changes in the
stroke volume of the heart.

The second important circumstance is that the
R-wave of the cardiogram does not accurately reflect
the moment of initiation of the pulse wave. Namely,
the PTT includes a pre-ejection period (PEP), during
which the pressure in the left ventricle rises until the
aortic valve opens [8]. The PEP value also depends
in a complex way both on the current stroke volume
and on the rate of pressure drop in the diastole.

The value of PTT is significantly affected by
muscle sympathetic nerve activity (MSNA). It is
known that the respiratory rhythm is significantly
represented in the MSNA signal [13], which medi-
ates the neurogenic regulation of vascular tone, and
which, as is known, also contains components of the
respiratory rhythm [12, 14]. Finally, the respiratory
rhythm is also presented in PEP [15], as a result of
the action of all of the above.

As follows from the above, the very fact of the
presence of the respiratory rhythm in the signal of
PTT variability does not allow us to draw an unam-
biguous conclusion about physiological mechanisms
and needs further investigations. In this regard, it
is appropriate to draw attention to the fact that the
spread in the arrival times of pulses for both distally
located PPG sensors is random and does not show a
respiratory rthythm. It suggests that the modulation
of PTT by the respiratory rhythm (for any of the
reasons listed above) occurs synchronously in the
vascular bed, common to all fingers, and a random
spread occurs due to local regulation of blood flow
in the smallest vessels of each finger.

Thus, we can consider the results in the context
ofthe general (coherent) component of the PTT vari-
ability, and the contribution of local mechanisms,
which accumulates mainly in the smallest vessels.
The validity of this approach is confirmed by the
fact that the calculation of the correlation coef-
ficient between dPTT1 and dPTT2 gives a value of
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the order of 0.7, and between signals from the same
fingers of both hands — about 0.6, which is slightly
less, despite the anatomically different propagation
paths in the latter case.

Last but not least, how much can the reported re-
sults be useful in biomedical applications? The authors
believe that any of the hypotheses expressed above
opens up its own prospects. If the passive elasticity
of the vascular wall is decisive in the effect, then our
results will help to build a really working blood pres-
sure monitoring system based on PTT measurements,
which is still a challenge. In the case of the predomi-
nant contribution of the active (muscle) component,
a similar advance can be made in the development of
methods for monitoring sympathetic activity.
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1. Introduction

One of the main functions of the skin is the
barrier function, i.e. protection against external
physical and chemical influences, as well as against
the penetration of pathogens into the body. The
stratum corneum (SC), the uppermost continuously
renewing layer of the epidermis, which represents
a multifunctional system and serves as an effec-
tive physical barrier between the body and the
environment, effectively protects against the pen-
etration of pathogens (viruses, bacteria, allergens,
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microorganisms) into the “living” epidermis, and
participates in the regulation of the water balance
of the whole body.

The main components of the SC are keratin,
lipids, water, natural moisturising factor molecules
and antioxidants, whose concentrations are non-
homogeneously distributed in the SC depth [1] and
represent a morpho-functional unity, participating
directly and indirectly in the formation and continu-
ous maintenance of the skin barrier function. The
physical barrier of the SC is provided by corneocytes
and the lateral organization of intercellular lipids
(ICL) [2], which necessarily include the orthorhom-
bic organization phase, a strictly ordered and most
densely packed structure [3]. Lipids are strictly
structured inside lamellas in form of membrane and
are oriented mainly perpendicular to the skin surface,
which directly determines their lateral organization
[3]. In the SC of healthy human individuals, where
the lipid composition is balanced, the orthorhombic
phase of the lateral organization dominates, in which
lipids are most tightly packed, highly ordered and
stay predominantly in a trans-conformation. The
ICL matrix is also called the lipid barrier or the
SC/skin barrier. The thickness of the SC on the hu-
man forearm is =19 pm [4] and varies depending
on the skin area, being maximal on the palms and
soles of the foot [5].

Methods for determining the lateral organi-
zation of ICL, which determines the skin barrier
function [6], include wide angle and small-angle
X-ray scattering, electron diffraction, electron
paramagnetic resonance spectroscopy, infrared
spectroscopy and confocal Raman microspectros-
copy (CRM). All these methods are suitable for
measuring skin biopsies ex vivo, and only CRM has
an advantage of measuring the lateral organization
of ICL in vivo [7, 8].

2. Barrier function of the SC

is non-homogeneous in depth

The question of how the orthorhombic and
hexagonal phases of the lateral organization of
ICL coexist and how they are distributed in the
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SC has remained unanswered for a long time. The
first attempts to answer this question were made by
Pilgram et al. [6] in an in vitro study of unfrozen
human forearm SC tapes, obtained by applying tape
stripping using the electron diffusion method to
distinguish both phases of the lateral organization
of ICL. The results showed that the hexagonal phase
of the ICL organization prevails near the surface of
the SC. The orthorhombic phase is characterized
by a clearly defined maximum inside the SC at a
depth corresponding to the 10-th tape application
[6]. Yagi et al. [9], using the electron paramagnetic
resonance spectroscopy method, confirmed in an
in vitro experiment that the structural organization
of the ICL matrix of the human SC is most dense
at the intermediate SC depths. Later, using the
combination of small-angle and wide-angle X-ray
scattering methods, Doucet et al. [10] determined
for the first time the distribution of the orthorhombic
and hexagonal phases of the lateral ICL organiza-
tion co-existing in the ICL lamellas of the human
abdominal SC ex vivo. The results gave a complete
picture for the entire SC thickness and showed that
the orthorhombic phase of the lateral ICL organiza-
tion prevails at intermediate SC depths, and a clear
maximum is observed at a depth of =<8—10 pm (=50%
of'the SC thickness). The authors have shown in an
ex vivo experiment that the hexagonal phase of the
lateral ICL organization prevails at the surface and
at the boundary of the SC and stratum granulosum,
which coincides with the data obtained earlier in an
in vitro experiment [6]. Thus, the results of in vitro
and ex vivo measurements obtained by different
groups showed a non-homogeneous distribution
of the lateral organization of ICL in the SC with
predominance of the orthorhombic phase at a depth
corresponding to ~35-50% of the SC thickness [6,
10]. Noninvasive in vivo measurements of the lat-
eral organization of ICL in the SC became possible
using CRM after the development of an algorithm
for processing of Raman spectra [8], which is pre-
sented below.

3. An overview of non-invasive methods
for in vivo assessment of the skin barrier function

In clinical practice, a dermatologist often only
conducts a visual assessment of the state of the skin
barrier function by indirect signs, based on practical
recommendations to determine the severity of skin
diseases. These can include those associated with
impaired skin barrier function, such as psoriasis
(PASI: Psoriasis Area and Severity Index) and atopic
dermatitis (SCORAD: Scoring Atopic Dermatitis
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Index) to determine a number of clinical parameters
such as erythema, dryness and swelling of the skin.
This approach is completely non-invasive, however
is subjective, requires the experience of a physician,
and can only be used to make a primary diagnosis
and the assessment of the skin barrier function.
Obviously, an objective study of the skin barrier
function requires the use of accurate measurement
methods [11].

A generally accepted non-invasive method, of-
ten used in vivo in dermatology and cosmetology to
assess the skin barrier function, is the measurement
of the transepidermal water loss (TEWL) [12]. This
method measures a vapor pressure gradient near the
skin surface by sensors located inside an open or
closed chamber [13]. This method is indirect, but the
correlation between the content of the orthorhom-
bic phase of the ICL organization in the SC, which
directly characterizes the skin barrier function,
with the TEWL [14] confirmed the validity of this
method. Thus, an increased TEWL characterizes
the impaired skin barrier function. Presently, there
is no alternative to the TEWL measurements in de-
termining the skin barrier function in vivo, because
the methods of direct analysis of the lateral ICL
organization require the extraction of a biopsy and,
thus, are invasive. Study of the SC by tape stripping
is not a useful alternative, because tape stripping it-
selfis a minimally invasive in vitro method that does
not provide information in the entire SC. Despite
the popularity of the TEWL measurement method,
it has a number of serious practical shortcomings.
These include the complexity of the measurement
procedure and preparation for the measurement
(the requirement of long-term acclimatization of a
volunteer, the need for stable temperature and hu-
midity inside the room, etc.), the large deviation of
measurement results, the impossibility to measure
TEWL after topical skin treatment with cosmetic or
medical products (due to the presence of water in
the formulation and due to the occlusion of the SC),
as well as the impact of perspiration. It should also
be kept in mind that water vapors contained in the
exhaled air of people in the vicinity of the measure-
ment device may influence the TEWL results.

The skin barrier function can be determined in
vivo by the measurement of the superficial pH: an
increase of pH in the skin surface is associated with
a weakening of the SC barrier [15]. Usually, the pH
value on the skin surface is measured with a pH-
sensitive glass electrode. However, pH microscopy
using pH-sensitive fluorescent dyes and the subse-
quent measurement of fluorescence intensity and
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fluorescence lifetime decay are also possible [16].
The pH measurements on the skin surface are not
time-consuming, well reproducible and often used
in dermatology [15], however, the pH measurement
is also an indirect method for measuring the skin
barrier function.

An indirect indicator of the skin barrier function
is the thickness of the SC, which can be determined
non-invasively and in vivo using imaging techniques
such as, for instance, reflection confocal laser scan-
ning microscopy [17], two-photon tomography
[18] and optical coherence tomography [19]. These
methods provide the large scanning area and the
ability to visually identify inhomogeneity in the
SC thickness. However, these devices are unable to
perform structural analysis of the SC components,
responsible for maintaining a skin barrier function.

Optical non-invasive methods based on Fourier-
transform infrared spectroscopy [20] may serve for
in vivo studies of the ICL organization. However, this
method has one major limitation, strong absorption
of radiation by water and as a result, the possibility
to measure only the superficial SC depths [7], or the
need to combine it with a minimally invasive proce-
dure, removal of a part of the SC with tape stripping.

Recently, it has been proposed to use CRM
to determine the skin barrier function to measure
the counteraction of sodium lauryl sulfate penetra-
tion through the SC [21]. Despite the fact that the
proposed method is also indirect and minimally
invasive, the authors have shown a correlation with

TEWL measurements. Kikuchi et al. [7] found a
correlation between the lateral ICL organization
of the human SC, measured in vivo and ex vivo by
Raman spectroscopy, with the ratio of the content
of orthorhombic and hexagonal phases of the lateral
ICL organization, measured ex vivo on the skin bi-
opsy by using wide angle X-ray scattering. Thus, it
is once again confirmed that the orthorhombic phase
of the lateral ICL organization in the SC directly
determines the barrier function of the skin and can
be studied noninvasively and in vivo by CRM.

4. Confocal Raman microspectroscopy
for non-invasive in vivo determination
of the skin barrier function

In the range of 2820-3030 cm’! the ratio of
lipid-related Raman band intensities at 2880 cm!
(anti-symmetric stretching mode of CH,, groups) and
at 2850 cm™! (symmetric stretching mode of CH,
groups) Lyee/15g5, describes the lateral organization
of lipids. In skin research, the main difficulty lies in
the strong superposition of lipid- and keratin-related
Raman bands in this spectral range. To solve this
problem, an algorithm has been developed for sepa-
rating the lipid and keratin contributions of the SC
into the Raman band intensity. The algorithm uses
known Raman spectra of model lipids and keratin
and directly measured Raman spectra for the calcula-
tion of the parameters (Figure 1, @). The following
formula for calculating the lateral organization of
ICL in the SC was proposed [8]:

— - 2880 2880y . 2850 2850
12880 /12850 = GE/KI = ((KZSSO N PK /(1= K2880 PL N - (1= K2850 PL : )/(KZSSO B PK : )

where K, o5 = JI/AD; Kygq, = HE/AD — directly measured from the Raman spectra;
P850 = MI/BD = 0.150 + 0.025; P, 2859 = KI/CD = 0.480 + 0.031,
P 2880 = FE/BD = 0.440 + 0.024; P, 2830 = GE/CD = 0.320 + 0.026.

Further, using the developed algorithm, the dis-
tribution of lateral ICL organization in the human SC
in vivo was determined for the first time (Figure 1,
b). Ahigher I,¢q0/I,¢5, value characterizes a greater
number of lipid chains in trans-conformation, and
thus a denser orthorhombic packing of lipids [8].
As can be seen from Figure 1, b, on the surface
of the SC, the ratio of I,ge,/l5g5, 1S =1.2. Then, it
increases with increasing SC depth and reaches a
maximal value of =1.45 (the highest content of the
orthorhombic phase of the lateral ICL organization,
the most dense and least permeable ICL package) at
a depth of 20-40% of the SC thickness. Further, the
Lygg0/15g50 Tatio decreases and reaches a mini-
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mum value of =0.95 (the highest content of the
hexagonal phase of ICL organization, less dense
and more permeable ICL packing) in the bottom
of the SC.

In order to validate the CRM method, the lateral
ICL organization has been measured in vivo in the
skin of volunteers of two age groups (Figure 2, a)
[22] and in comparison to the porcine ear skin ex
vivo [23], which is known for lower skin barrier
function [24] (Figure 2, b). The results show that
differences are obvious not in the entire SC, but
at certain SC depths: “older” skin is characterized
with higher skin barrier function (more orthorhom-
bic ICL phase) in comparison to “younger” skin at
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Fig. 1. Raman spectrum of human SC (depth 4 um) in vivo (solid line), lipids (dashed line)

and keratin (dash-dotted line) (a) and the distribution of lateral ICL organization in the

SC, measured as I,g4,/1,45, (GE/KI ratio in (a)) obtained in vivo in the skin of 6 volunteers
(mean+SD) (b). The SC thickness is normalized to 100%. Figures adopted from [8].

/ ::'.'.9 — more or less ordered lateral structure of ICL in the SC

20-30% SC depth (Figure 2, a); porcine ear skin
has lower skin barrier function (more hexagonal
ICL phase) in comparison to human forearm skin
at 10-50% SC depth (Figure 2, b). This method
can also be effectively applied to the treated skin in
vivo, i.e. to analyze the influence of cosmetic and
medical formulations on the barrier function related
parameters of the SC [25]. The main limitation of the
CRM is its costs and relatively long measurement
and analysis time.
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5. Conclusions

The lateral organization of lipids in the hu-
man SC measured in vivo is non-homogeneous
and is characterized by a maximal content of the
orthorhombic phase of the lateral ICL organization
(the most dense and least permeable ICL package)
at a depth of 20-40% of the SC thickness. In the
superficial SC depths and in the bottom of the SC,
the content of the hexagonal phase of the lateral ICL
organization (less dense and more permeable ICL
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Fig. 2. The distribution of the lateral ICL organization in the SC obtained in vivo in the
human skin of different age groups (“younger group”: mean 29 y.o., 7 volunteers and
“older group”: mean 50 y.o., 4 volunteers) («) and comparison to porcine ear skin ex vivo
(D). The SC thickness is normalized to 100%. “*” and “x” represents modest (»p<0.1) and
strong (p<0.01) significant differences between the groups. Figures adopted from [22, 23].

package) is maximal. Changes of skin barrier func-
tion were observed at the certain depths of the SC.
Confocal Raman microspectroscopy is an optimal
non-invasive method for in vivo study of the skin
barrier function provided by the SC.
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[puBeaeHbl pe3ynbTarsl MOLEAMPOBAHUS GOPMbI MYbCOBOI BOJHbI
[aBNeHNs B ABYX3NIEMEHTHON MOLENM BUHAKeccens. wactonunye-
CKWI4 y4aCTOK NyNbCOBOW BOJHbI YaLLle BCEr0 aHaNN31poBascs paHee
KaK pesynbrar OTPaxXeHus NPsMON BOJHbI OT 3N1EMEHTOB nepude-
puyeckux cocynoB. OBHAKO M3MEPEHWUs OTPULATENbHONA NIMHEN-
HOW CKOPOCTM KPOBOTOKA MO YNbTPa3BYKOBLIM AOMMAEpOrpamMmmam
O[IHO3HAYHO CBMAETENbCTBYIOT O Hanuyuu 0OpaTHOrO KPOBOTOKA
B apTepuax. poBeneH pacyeT BTOPON MPOM3BOAHONA MyNbCOBOM
BOJIHbI ABNIEHNS C Y4ETOM BO3HWKAIOLWMX B apTEPUsIX NPSMOro U
06paTHOr0 KPOBOTOKA MPU Pa3/NyHbIX BEIMYMHAX 06PATHOrO Kpo-
BOTOKA. [lonyyeHa NMHeHas 3aBUCUMMOCTb BTOPOW MPOWU3BOAHOIM
NyNbCOBO¥ BO/IHbI HA AMACTONMYECKOM Y4aCTKE OT BENMYMHBI 0Obe-
Ma KpoBY¥ 00paTHO BoNHbI. CaenaH BbIBOA O TOM, Y4TO BTOpas npo-
13BOAIHAs NYNbCOBOW BOMHbI AABNEHUS! MOXET ObITh MCMONb30BaHA
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BeepeHue

Kak u3BectHO, BenuunHa 0OpaTHOTO KpoO-
BOTOKA MOXET CIYXKUTb KPUTEPHUEM COCTOSHUSA
nepudepruueckoit cocynuctoi cucrems [1-3].
J1s o1ieHKH COCTOSHUS epr(eprUIecKiX COCYI0B
HanOosiee BaXKHBIM SIBISETCS YYacCTOK JHMACTOJIBI
Ha MyJabCOBOM BoJHE. HEMOHOTOHHOCTH Ha 3TOM
y4acTKke, 0 MHEHHUIO aBTOPOB psna pador [4—6],
o0yciioBiieHa 00paTHBIM KPOBOTOKOM, KOTOPBIH
ompenenseT aMIUTUTYAY AMACTOINYECKOTO MHKa
MIYJIbCOBOM BOJIHBI.

st onpezesneHnus B3aUMOCBSI3M HEMOHOTOH-
HOCTH Ha JUACTOJIMYECCKOM yYacTKE IMYyITbCOBOI
BOJTHBI [IJICUEBOU apTepHUU C BEIMYMHONU 0OPaTHOTO
KpOBOTOKAa HaMH MpeIaraeTcsl UCIOIb30BaTh BTO-
PYIO MPOU3BOJIHYIO MYyJIbCOBOW BOJIHBI JIaBICHHS
JIUACTOJIBI.

Panee B psine pabor [7-10] onucano npumene-
HUE METOJ[a aHAJIN3A ITyJIbCOBOM BOITHBI IO BEJTMUUHE
BTOpOH Mpon3BOnHON. B pabote [7] mpennaraercs
UCIIOJIb30BaTh BTOPYIO MPOU3BOJIHYIO JUIsl TUATHO-
CTUPOBaHUs KIIAMAHHOTO CTEHO3a A0PThI. ABTOPBI
paboThI [§] cpaBHUBAIIN CKOPOCTH MYJILCOBOM BOJHBI
1 BTOPYIO IPOU3BOAHYIO NAIbLIEBOH (POTOTIIETH3IMO-
rpaMMBbl y OOBHBIX apTepHAIbHON THIEPTCH3UEH.
YCTaHOBIIEHO, YTO Y MALMEHTOB C apTEPUATBHOU
TUIIEPTEH3UEH ATH MapaMeTphl AT Pa3IudHyIo
HH(MOPMAIIMIO O CBOMCTBaX apTepHil B IEHTPalb-
HBIX W nepudepruyeckux ydactkax. B paborax
[9, 10] BTOpyIO MPOM3BOAHYIO ITYJIIHLCOBON BOJHBI
npejiaraeTcsi HCmojab30BaTh KaK HHIUKATOP apTe-
pUATIBHOMN )KECTKOCTH Ha CUCTOJIMYECKOM y4acTKe
MyJbCOBOM BOJHBEL. PaHee HaMU ObLIO MOKa3aHO,
YTO BTOpAasi MPOU3BOJIHAS MYJIHCOBOW BOJIHBI Ha
JIMACTOJINYECKOM Y4acTKe MOXKET CBUIETEILCTBO-
BaThb 0 NUCHYHKIUH IHIOTEIUAIBHONU CUCTEMBI
[11], pemonenupoBaHUU COCYIUCTOH CUCTEMBI
CIIOPTCMEHOB, 3aHUMAIOLUXCSH LHUKIMYECKUMHU
BUAaMHU criopTa [12], ¥ CyKUTh KpUTEpUEM pHUCKa
pa3BuTHUs KoJlancouaHou peakuuu [13].

B cBs3u ¢ atuM 11emb paboOTH — YCTAHOBUTH
B3aUMOCBSA3b BTOPOM MPOU3BOIHOM ITyJIbCOBOM BOJI-
HBI JIABJICHUS C BEJIMYUHOM 00paTHOTO KPOBOTOKA B
apTepuanbHOM pyclle.

© baarsipoB P. T., KannrrnH M. 1O., YcaHoB A. 4., dobanH C. 10., Ckprinans AH. B., 2020
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MopenvpoBaHue nynbcoBOV BOMHbI faBNEHUS

Hamu npoBeneHo MoJienupoBaHue MyIbCOBON
BOJIHBI JIaBJICHUS HAa OCHOBE IBYXJJIEMEHTHOM
monenu BuHIkeccens [14, 15]. CormacHO Momenn
@®paHKa ympyroro pesepByapa (AByX3JIEMEHTHOI
MOJIEJIH BUH/IKECCEIIs ) 3aBUCUMOCTh apTEPHATBHOTO
napyenus P () B KDYIHBIX apTEPHAX ONMPEIENIETCS
YpPaBHEHHEM:

TepuH, R — TMAPOCTATHYECKOE COTNPOTHBIEHHE
nepupepuueckux cocynos, C =dV  /dP , —sna-
CTUYHOCTH apTepHil, paBHASI OTHONICHUIO M3Me-
HeHust 001Iero 0obemMa cocy0B V| K M3MEHEHUIO
JABJICHUS B HUX.

O6bemHas cKopoCTh KpoBOTOKA O, ,(f) B 1Ips-
MO} BOJIHE MOXKET OBITH MPUOIMKEHHO OMUCAHA
OUrapMOHMYECKON (QYHKIIMEH ¢ MaKCHMalbHOM

d 1 Py (1) .
L p ) =— (0,0 - 2 ) CK(ipOCTB}O KPOBOTOKA (J, ., BDEMEHEM MaKCUMallb
dt Csa Rs HOM CKOpPOCTH KpOoBOTOKA 7, ., JJIHTEILHOCTBIO
rae O, (f) — oObeMHas CKOPOCTh KPOBOTOKA B ap-  CUCTONbI T M BpeMEHEM Kapuouukia 7
T,
(1 | re-"me=
= Qmax |SIN +1[,0 <t < Ty,
2 Tmax
Qra(t) =1 T (2)
1 T[(t - max)
= Qmax | cOs + 1|, Tpax <t <Ts,
2 Ts — Ifmax
\ 0, T, <t<T.
Hust MonenupoBanust o6parHoii BonHbl 00b-  Tg=0.33¢;7,=0.35¢,7=0.80¢c; Q,, = 0.37 n/c;

€MHasi CKOPOCTh KPOBOTOKa B OOpATHOM BOJIHE 3a-
JlaBajach B BUJIE:

QLf([) = Rf ’ QLA (t— td), (3)
e R, — aMIUTHTyHEIH ko3¢ purmeHT odpaTHOI
BOJIHBI, 3aBUCSIIUM OT TOHYyca nepudepudeckoit
cuctemsl. IlonHas 0oObeMHast CKOPOCTh KPOBOTOKA
BBIYHCIISIIACH KaK CyMMa MPSIMO# 1 00paTHOM BOJIH,
npudeM oOpaTHasi BOJTHA TOSBISETCS C 3aCPKKOI
OTHOCHTEBHO MPAMOM CO BPEMEHEM 3aJIEPIKKH ;.

QL(t) = QLA(Z) + QLf(t)' 4)
Ha puc. 1 mpuBenen Buja 3ajaBaeMoil 3aBU-

CHMOCTH 00BEMHOH cKOpoCTH KpoBOTOKa O, (1)

npu caenywomux napamerpax: I, = 0.09 c;

0,(1), s
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Puc. 1. 3aBucumMocTh 00beMHOI cKOpOCTH KpoBOTOKA O, (1) 32

NIepUO KapANOIUKIIA KaK CyMMa IPsIMOI 1 00paTHOH BOIH

Fig. 1. Dependence of the blood flow velocity Q,(#) over

the period of the cardiocycle, as the sum of forward and
reverse waves

Brnopnsnka n meanunHckas prsnka

C,,=1.0- 1073 5/mMm pr. cT., Rg=870 MM pT. CT./(11/C),
R = 0.30. [TapameTpsl, UCIIOIB3YyEMBbIE JIJIS pacuera
obbemHOrO KpoBoTOKa (,(f), a TaKKe BEIMYHHA
ko3 dumeHTa 00paTHOM BOTHBI U BPeMsI 3a/ICPIKKH
00paTHOW BOJIHBI BBIOMPAIHCH HA OCHOBE aHAN3a
CKOPOCTH PACHpPOCTPAHEHUsS MyIbCOBOH BOJHBI Y
15 310pOBBIX TOOPOBOJIBIEB (CPEAHUI BO3PACT
24.4 rona, SD 3.0 rona; cpennuii poct 168.6 cMm,
SD 8.0 cm; cpennmii Bec 64.0 kr, SD 9.1 xr), nmpu-
BEJICHHBIX B paborax [15, 16].

YucnenHoe pemenue ypasuenus (1) ocymect-
BJISLTA METOZIOM DiiJiepa ¢ UCIIOJIb30BaHHEM PEKyp-
PEHTHOTO COOTHOIIICHUS

Pa(0) + 220

Psa(t + At) = (5)

At ’
RsCsa
rae Af — mar o BpeMeHu. Pe3ynbraTel pacuyeTa ap-

TepUaILHOTO naBnenus P (1) mpu At = 6.25- 1073¢
[PE/ICTABICHBI HA pHC. 2.

1+

Pacuet BTOpO#i NPOM3BOAHON NY/IbCOBOW BOJIHbI

[Tocsie HOPMUPOBKH Ha €IMHUILY BETUYUHBL P,
BBIYMCIISIIACH BTOPAsi MPOU3BOJIHAS HA KAaTaKpOTe
MyJIbCOBOM BOJTHBI JIaBJICHHUS (5) CIICAYIONMIETO BUAA:

N
p—lz
S_N_
i=1

rae N — KOJIMYeCTBO TOYEK MYJIbCOBOW BOJIHBI, B
KOTOPBIX BBIYHUCISIIACH BTOpAsl MPOU3BOAHAS T10

a*
Z[Pa®@].  ©
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Puc. 2. 3aBucumocTh apTepHanbHoOro AasieHus P, (1) ot
BPEMEHH 32 TIEPHO CEPACTHOTO IIUKJIA TS IIPEICTABICHHOM
Ha puc. 1 ckopoctu kpoBoToka O, (7)

Fig. 2. Dependence of the blood pressure P, (f) on time
during the cardiocycle for the blood flow velocity O, (%)
presented in Fig. 1

Bpemenu (N = 94). MurepBan At COOTBETCTBOBAI
MPOAOJIKUTENBHOCTH KAaTaKpPOThI, JEJIEHHON Ha
KOJUYECTBO TOUCK V.

Ha puc. 3 npuBejeHa 3aBUCUMOCTb [1apaMe-
Tpa P;, XapakTepu3yIIero KPUBU3HY I1yJIbCOBOU
BOJIHBI, OT OTHOIIEHUS MaKCHMaJIbHOW OOBEMHOMU
CKOPOCTH KPOBOTOKa B OOpaTHOW BOJHE K MaKCH-
MaJIbHOW 00bEMHOM CKOPOCTH KPOBOTOKA B IMPSMOH

BOJIHE QLfmax 1 Q1 4 max

W3 puc. 3 cnenyer, yTo HaOmomaeTcs JTMHEH-
Has 3aBUCHUMOCTb BTOPOH ITPOM3BOJHOMN I1yJbCOBOM
BOJIHBI JIaBJIEHHs P; OT BEIMYMHBI 00bEMA KPOBH
00paTHOM BOJIHBI.
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Puc. 3. 3aBucuMoCTh BTOPOi TPOU3BOJHOI ITyIECOBOI BOIHBI
NaBjieHus P OT OTHOIIEHUS MAKCUMAJILHOH 00bEMHOM CKOPO-
CTH KPOBOTOKA B 00paTHO# BOJIHE K MAKCHMAaJIbHOH 00BEMHOM
CKOPOCTH KPOBOTOKa B MPAMO¥i BomtHe O/, ! OLa max
Fig. 3. Dependence of the second derivative of the pulse
pressure wave P, on the ratio of the maximum blood flow
velocity in the reverse wave to the maximum blood flow
velocity in the forward wave QLfmax/ O/ s max
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CremyeT OTMETHTB, UTO HCIIOIB3yeMasi MOJICITb
IIyJIbCOBOM BOJIHBI JIaBJIEHUS] COAEPKUT YIIPOILLEHUS,
B YaCTHOCTH, CBSI3aHHBIC C HCKITFOYEHUEM U3 PACCMO-
TPCHUS BalXXHbBIX 3JICMEHTOB PEryjsiiuu CEpACHHO-
COCYIMCTOI CUCTEMBI U MpOLEecca AbIXaHUsA. YUeT
TAaKUX JOMOJHUTECIbHBIX 3JICMCHTOB YCJIOXKHACT
JIMHAMUKY MOJIETH, JIeaeT ee HeperyisipHon [17,
18]. DTO MOXET MPUBECTU K HEKOTOPOMY H3MEHE-
HUIO (POPMBI 3aBUCUMOCTH P53 0T QLfm w914 max B
MPEANONOXKEHUH, 4TO 00paTHast BoJIHA (hopmMupyeTcst
B TEX K€ YCIOBHSX, YTO H IIPsIMast BOJTHA, TMHEHHBIT
XapakTep 3TOH 3aBUCHUMOCTU JOJDKEH OCTaBaThCs
HEM3MCHHBIM.

BuiBoabl

Jwnacronnueckuii y4acTOK MyJIbCOBOM BOIHBI
yalie BCEro aHaJU3UpOBAJICS paHee KaK pe3yinbraTr
OTpPaXCHHs MPSIMOM BOJHBI OT 3JIEMEHTOB IEpPHU-
(hepuueckux cocynoB. OqHako U3MEpeHUs OT-
pUIaTeNIbHON JTUHEWHOW CKOPOCTH KPOBOTOKA IO
VIABTPa3BYyKOBBIM JIONIUIEPOTPAMMaM OAHO3HAYHO
CBHUJICTEILCTBYIOT O HAJTMYHH 00PaTHOTO KPOBOTOKA
B apTepHUsX.

[IpoBenennslii pacyeT OBLI OCHOBaH Ha ycC-
pPEIHEHHBIX 3HAYEHHSIX MapaMeTpoOB KPOBOTOKa,
MPUBEICHHBIX IS 37J0POBOTO 00CIeyeMoro B [2,
14, 15]. Ucnonb30Banack AByXJIEMEHTHAs MOJIEIb
BHHIKECCEIS C MPEANONIOKECHHEM CYMMapHOTO
00BEMHOTO KPOBOTOKA, ABIISIOLIETOCS PE3YIbTaTOM
CIIO)KEHHUSI BO3HUKAIOUINX B apTEPUAX MPSIMOTO U
obparHoro kpoBoToka. [lonyyeHa nuHeiiHas 3aBu-
CHMOCTH BTOPOHW MPOU3BOJHOMN MyTHCOBON BOJHBI
Ha IMaCTOIMYECKOM YUYacCTKe OT BEJIMYMHBI 00bemMa
KpOBHU 00paTHOW BOJHBHI.

Taxum 006pa3zom, BTOpasi IpOU3BOAHAS TYJIbCO-
BOM BOJIHBI IaBJICHUS MOXET OBITH HMCIOJH30BaHA
IS OLIEHKHM BEJIWYMHBI 0OpaTHOr0 KPOBOTOKA,
KOTOPBIH, B CBOIO OYEpEb, 3aBUCUT OT COCTOSHUS
nepuQepuyeckoil CocyaucToi CHCTEMBI.
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Background and Objectives: Previously, the diastolic section of
the pulse wave was most often analyzed as the result of reflection
of a direct wave from the elements of peripheral vessels. However,
measurements of the negative linear velocity of blood flow using
ultrasound dopplerograms clearly indicate the presence of reverse
blood flow in the arteries. The aim of the work was to establish
the relationship of the second derivative of the pulse pressure
wave with the value of the reverse blood flow in the arterial bed.
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Materials and Methods: The shape of the pressure pulse wave
was calculated based on the two-element windkessel model. The
calculation of the second derivative of the pulse pressure wave was
performed taking into account the direct and reverse blood flow
occurring in the arteries at different values of the reverse blood
flow. Results: The linear dependence of the second derivative
of the pulse wave on the value of the blood volume of the reverse
wave on the diastole is obtained. Conclusions: It is concluded
that the second derivative of the pulse pressure wave can be used
to estimate the value of the reverse blood flow in the artery, which
depends on the state of the peripheral vascular system.
Keywords: pulse wave, second derivative, volume blood flow,
arterial vessels, windkessel model, peripheral resistance.
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BBepeHue

MHorue IpUpPOAHBIC SIBJICHUS U HPOMBIIIJICHHBIC TEXHOJIOTHH CBSI-
3aHBI C TCYCHUSIMH HEOHOPOAHBIX cpef [ 1-18], B 4acTHOCTH, IPOLIECCHI,
CBsI3aHHBIE C TEYCHUEM a3PO30JIeH U 3albUIEHHBIX CPEJl, BCTPEUAIOTCS B
TOPHOU U XUMHYECKOM MPOMBIIUICHHOCTSIX, a9POKOCMHUICSCKHX TEXHOJIO-
rUsSX U T.J1. B psife ciiydaeB BOZHHKAET HEOOXOIUMOCTh UCCIIEIOBAHHUS
JUHAMHKY JUCIIEPCHBIX TOTOKOB, ABMXKYIIMXCS KaK IMOJ IEHCTBUEM
a’POJUHAMHUYESCKUX CHJI, TAK M IO/ BIMUSHUEM CHII JJICKTPUYECKOI
npupoasl [10-18].
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B nanHO# cTarbe NCNONIB3YeTCs P U3BECTHBIX
M3 JIMTEPATYPhI PE3YILTaTOB METONOJIOTMH MaTEMa-
TUYECKOT0 MOAEIUPOBAHUS IMHAMUKHI HEOJHOPOI-
HBIX cpell. O0mmas Teopus THIPOANHAMUKH MHOTO-
(has3HbBIX cpeq npejacTabieHa B padote [1], paOboThI
[3—5] mocBAIIeHbI METOAUKE YHCICHHOTO MOICTHPO-
BaHUs YIapHO-BOJHOBOM TMHAMUKU ra3oB3Beceil. B
MoHorpaduu [2] mpeacTaBieHbl JUHEaApU30BaHHbIE
MaTeMaTHYeCKHEe MOACIN NBYX()a3HBIX MOTOKOB,
TaKK€ METOAaMH MAaTEMAaTHICCKOI'O MOACIIUPOBAHUA
HCCIIeyeTCsl pAaCIIPOCTPAHEHHE aKyCTHYECKUX BOJIH
B aspo3oinsax. Pabora [6] mocBsieHa aHalIuTHYeE-
CKOMY pacu€Ty JMHAMUKH OJUHOYHBIX YaCTHUL, B
TO BpeMsl Kak B pabote [7] mpoBoguTCst 0030p 3Kc-
MEPUMEHTAJIbHBIX U TEOPETHUUECKUX PE3yJIbTAaTOB
IO UCCIICAOBAHUIO BJIMUAHUSA KOHUCHTPAUU YaCTULL
Ha MHTEHCUBHOCTH B3aUMOJIECHCTBUS HECYyLIEH U
nucnepcHoit (asel. Crarbu [8] u [9] mocBsieHbI
COOTBETCTBEHHO MaTe€MaTH4YE€CKOMY MOJAEIHpOBa-
HUIO ABYX(a3HBIX MOTOKOB B CTAallMOHAPHON MO-
CTAHOBKE U IKCIEPUMEHTAJIbHOMY HCCJIEOBAHUIO
TeueHU| razos3Beceil B TpyOax. B ctathe [12]
IIPOBOAMUTCS CONOCTABJIEHUE IKCIIEPUMEHTAIBHOTO
HCCICOAOBaAHUA W YHCICHHBIX paC‘léTOB TECUYCHU
3aMbUIEHHON 3JIEKTPUYECKH 3apsKeHHOU AByx(das-
HOH cpenbl B KaHase 0e3 ydeTa B3auMOOOPaTHOTO
CUJIOBOTO BJIHSIHHSI KOMITOHEHT cMecH. B pabore
[13] mpoBOAMIOCH DKCIEPUMEHTAIBHOE HCCIEA0-
BaHME MaccoNepeHoca JUCIEPCHOM KOMITIOHEHTHI
ITBIICBOU I1J1a3MBbI MNPUMCHHUTEIBbHO K HABIJICHUIO
MOKPBITUH Ha moBepxHocTH. B cratse [14] ocy-
LIECTBJICHO YHUCICHHOE MOACIMPOBAHNE TUHAMUKH
HECTaIlMOHAPHBIX TEYCHUH MBUICBOU TIa3Mbl 0e3
ydeTa BIUSHHS BI3KOCTH Hecylel cpesl. B padbote
[16] obcyxnaercst MPUMEHEHHE DIICKTPUICCKU 3a-
PAKEHHBIX 3aIbUIEHHBIX Cpea B LCJIAX HAaHECCHUS
MOKPBITUN Ha OKpaLIMBaeMble TOBEPXHOCTH.

IIpumensiemass B gaHHON paboTe METOAMKA
MOJIEJIMPOBAHUSA HECTALMOHAPHBIX TEYEHUH He-
OJHOPOAHOU Cpeabl OMUCHIBACT AJIEKTPUYECKH
3apsKEHHYIO0 Ta30B3BECh C BA3KOM, COKMMaAEMOU
W TEIUIONPOBOJHON Hecylleld cpenoi, mpu 3TOM
YUUTBIBAETCS CUIIOBOE B3aUMOJIEHCTBUE KOMIIOHEHT
CMeCH U MEXKOMITOHEHTHBIH TermnooOMeH. Yuer
B3aUMOJICHCTBUSA KOMIIOHEHT MO3BOJIET HCCIENO0-
BaTh 3P (PEKTHI, CBA3aHHbIE C B3AUMOOOPATHBIM BITH-
STHUEM (pa3 Ta30B3BECH, UTO SIBIISETCS aKTyalbHBIM
UL MOACTIUPOBAHUS ATUHAMUKU Ta30BbIX B3BECCH.
IIpennonaraercs, 4TO BCE BKIIOYEHHS JUCIIEPCHOMU
(ha3pl UMEIOT OAMHAKOBBIM pa3Mep M COCTaB, MPH
3TOM CO CTOPOHBI HECYLIEH cpellbl YaCTHULIbI HaXo-
AATCA IO ﬂeﬁCTBHeM CHUJIbl Aa3pOANHAMUYCCKOTO
conporusnenus [1, 2]. [Ipu onucannu ABMIKEHUS
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JNEKTPUYCCKH 3apsHKEHHON MHOTO(hA3HOU cpelbl
yuntbiBaeTcs cuna Kymnona [19], aeiictByromas co
CTOPOHBI JIEKTPUUECKOT0 MOJIs, KOTOPOE CO3JaHO
pacrpeeseHHbIM 3aps/10M JUCIIEPCHON KOMITOHEH-
ThbI Ia30B3BECH.

B psine pat6or [10, 11, 17] npoBoauiock uc-
CJel0BaHUE PAacpOCTPaHEHUS yIAapHBIX BOJH U3
YUCTOTO I'a3a B Ta30B3BECH, a TAKXKE U3 Ta30B3BECEN
B YHCTBIM ra3, U3y4aJoCh BIUSHHUE AUCIEPCHOU
(has3pl Ha mapaMmeTpbl yIapHO-BOJIHOBOTO TEUESHHUS.
B paborax [14, 18] uccnenoBaiack reHepaus
AKyCTUYCCKUX UMITYJIbCOB B I'a3€, BbI3BAHHBLIX JIBH-
JKEHUEM DJIEKTPUYECKHU 3apSKEHHOM TUCIEPCHOMN
KOMIIOHEHTHI IByX(a3HOM Cpebl.

Ienpro maHHON pabOTHI SBISETCS MCCIIEIOBA-
HUE BIMSHUS 3JIEKTPUUYECKOTO 3apsiia AUCIIEPCHON
KOMITOHEHTBI T'a30B3BECH Ha MapaMeTpbl Hecyllel
cpeabl MpU paclpoCTPAHEHUH YAapHOW BOJHBI U3
YUCTOI0 Ta3a B 3albUIEHHYIO CpEeay.

1. MatemaTuyeckasa mogenb

s onucaHust IBUKEHHUS HEOJAHOPOTHOU
cpepl MPUMEHSIETCS CUCTeMa YpaBHCHUU JHMHA-
MHUKH MHOTOCKOPOCTHOM W MHOTOTEMIIEpATypPHOU
ra30B3BECH CO CKOPOCTHBIM CKOJIbXeHUeM (a3 u
MexdaszHbIM TeruiooOMeHoM. OIHUM U3 Hauboee
BKHBIX MapaMeTPOB JMCIEPCHOW KOMITOHEHTBI
TeTePOreHHONW CMECH SIBIACTCS «CPETHSS IIOT-
HOCTBY», TPEJCTaBIAIONAass cO00N MPOU3BEICHUE
00BEMHOTO COICpKAHUS TUCTIEPCHONH KOMITOHCHTBI
Ha (pU3NYECKYIO IJIOTHOCTh MaTepyalia IUCIIePCHON
(haser [1-4]. duzuyeckas MIOTHOCTh MaTepHaia
JINCTIEPCHBIX BKJIIOUYEHUW B MPOIECCE TCUCHUS
MHoTOo(ha3HOM cpe/bl He u3MeHsietcs. [Ipu 3Tom 00b-
E€MHO€ COoJIep)KaHue sIBIsieTCs (PyHKIMEH BpeMEHHOM
Y IPOCTPAHCTBEHHBIX ITIEPEMEHHBIX. J|BIKEHHUE He-
CyIIeH cpeibl ONMUCHIBAETCS CUCTEMOW ypaBHEHUM
Hagbe — Croxca st CAKUMaeMoro TEIIOPOBOTHOTO
rasa ¢ yueToM Mex(a3Horo CHIOBOTO B3aUMOJICH-
CTBHS Y TEIIJIOOOMEHa:

op.
9Py (pV)=0, 1
o (p,V,) (D

opV!

oV (P p=r ) ==F, +aV'p. )

opVE .
LV (o )=E ', )

0 i (17 /
%+VI (Vll (el +p—z—ii)_Vlkai _ﬂ’VlT) -
ol (). o
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8(62) k k
—at +V (esz ):Q: (5)
o 0o
+ = , 6
ax12 8x22 p2q0 ( )

V. = [u,,v,.]; i,k=12.

TeH30p BAZKUX HANPSHKEHHU HECYIIEW cperbl
BBIYHCIIICTCS CIeNyONHM o0pa3om [20]:

ou, 2 ov, 2
=u2—-=D), 1., =u2—-=D),
Towy = H( 3 )s Topwy = I o, 3 )
Ou; Ov Ou; Ov
Tx1x2=p'(_1+_1)a D:_l+_l-
Ox, 0Ox ox;  0Ox,

Mex(da3Hoe cuI0BOE B3aUMOJICHCTBHE OMUCHIBA-
nock ypaBHenusmiu [ 1, 3, 15]:

3

F, 4mcdp1\/(”1_“2)2+(vl_vz)2 (”1_“2)_

—QqyPy a¢7/axl >

3

sz 4mcdpl\/(ul—u2)z+(vl—v2)2 (Vl_Vz)_
— gy P 5(/)/8)62 .

KoMmoHeHTHI BekTopa MeK()a3HOTO CHIIOBOTO
B3aMMO/ICHCTBHUS BKJIIOUAIOT B ce0s CHITY adpoJIMHa-
MHYECKOTO cONPOTUBICHNUS [ 1-3], Tak Kak Hanboee
CYLIECTBEHHOE BIUsSHUE Ha Mex(pa3HOE CHUIOBOE
B3aMMOJICHCTBHE OKA3bIBACT CHJIA a’pPOIMHAMUYC-
ckoro conpotusieHus [1-3], Taxke npu onucaHuu
JMHAMMKHW YacTHIl yuuTbiBaetcs cuiia Kymnona [19].
3neck p, p,, U, v, — NABICHHUE, IIIOTHOCTD, JICKap-
TOBBI COCTaBJISIONINE CKOPOCTH HECYIIEH Cpelbl
B HANpaBJICHUU OCEH X| M X, COOTBETCTBEHHO;
T\, e; — TeMniepatypa W TOJIHAs SHEPIUs rasa; p,
T,, ey, u,, v, — CPEHSAA MIOTHOCTh, TEMIIEPATYPA,
BHYTPEHHSISI DHEPTHS, AEKaPTOBHI COCTaBIISAIOIINE
CKOPOCTH JIUCTIEPCHOM (asbl; 7, — COCTaBIAOLINE
BEKTOpa CUJIOBOTO B3aUMOCHCTBUS AUCIIEPCHOMN
(a3sl u Hecymel cpensl, k = 1,2; O — TemnnoBoi
MOTOK MEXIy AMCIEepCcHOH (a3oil m Hecymei
cpemoit [1-3]; A U W — TETIUIONPOBOIHOCThH U BSI3-
KOCTh HECYyIICH cpeipl COOTBETCTBEHHO. Temre-
parypa Hecymei cpeibl HaXOQUTCS U3 ypaBHCHHS
T,=—-1)(e/p;— 0.5 (ul2 + Vlz)) / R, tne R —ra-
30Bast MOCTOSTHHAS HECYIIeH (a3bl, Y — MOCTOSTHHAS
anauabarel. BHyTpeHH:s 2Heprus B3BELLICHHOH B rase
JUCTIEPCHOM (hashl ONPENENAeTCs Kak e,= popT ,
rae Cp — yZIeTbHAS TEIUIOEMKOCTh CIMHHIIEI MACCHI
BellecTBa aAucnepcHol ¢a3pl. TenaoBol MOTOK

Paanorsrika, 31eKTPOHNKA, akyCTHKa

MEXJy KOMIOHEHTAMH CMECH OINHCHIBACTCS BHI-
paxenneM Q= 6a Nu, A (T, — Tz)/(2r)2. Yucno
Hyccenbra onpeaensieTcss ¢ TOMOIIBI0 U3BECTHOM
anmnpOKCHMAIIUHU B 3aBUCUMOCTH OT OTHOCHTEIIbHBIX
ynucen Maxa, PeitHonbaca u ot uucna Ilpanaris
[2, 3]:

M, :|I71_I72|/C’ Rey, :p1|l7l_l72|2r/u7
Pr=yC,u/h,

Nu,, =2exp(-M,, )+0.459 Re;”> Pr'>,
0<M,<2, 0<Re,, <2:10°.
KoadhdunueHT apoiiHaMU4eCKOTO COTPOTHBIICHHS
BBIUUCIISIICS] C UCTIOJIB30BAaHUEM CIIEAYIOIETO BBI-

paxenwus [1,3]:
24 4

C = +—
d 0.5
Re, Re™,

+0.4.

31ech ¢ — CKOPOCTb 3ByKa, BhlUMCIsEMas

/ RT
U3 ypaBHEHUA: C= 7/7 = 342 m/c, tne M =

= 29-1073 kr/Monb — MONApHAsA Macca BO3AyXa,
TEIUTOTIPOBOAHOCTh HECYIICH Cpelbl Mpearoara-
nack paBHO# A = 0.02553 Bt/(Mm-K), nuHamudeckas
BA3KOCTh Hecymleil cpensl — p = 1.72 107 Ia-c,
vy=1.4,R=2831 Ix/(monb - K).

Cocrapisiomue cuibl KyloHa Ha eUHUILY
00BeMa ra3o0B3BECH OTIPEIEIIOTCS Yepe3 e¢ YIenb-
HBII 3apsiji, 00bEMHYIO TUIOTHOCTh TBEPIOW (a3bl
U HAIPSHKCHHOCTH dJIeKTpudeckoro noist. [loTen-
[Maj IEKTPUYECKOTo I0JIA B pacyeTHOW obiacTu
ompezensercs U3 peuieHus ypaBHeHus [lyaccona.
B mpasoii yactu ypaBHeHus Ilyaccona conepxur-
Csl TJIOTHOCTH 3apsijia Ta30B3BECH, OTHECCHHAs K
a0COIFOTHON TMATIEKTPUYECCKON MPOHHUIIAEMOCTH
Hecymiel cpensl [19]:

divE =P E = Vo, Np=-Lr,
&g, &g,

-9

10
=aP, Gy =Py Gy €y =
Poy = OPs "4y = Ps " 4o> & 367

D/ me=1.

7€ ¢, — yANbHbIH 3aps]] eIMHULBI MaCChl TBEPOI
(paxmun, ¢ — TOTCHIIHAT YIEKTPHIECKOTO TIOJS.

CucreMa ypaBHEHUH JUHAMHKA MHOTO(a3HON
cpenst (1)—(4) pemanach sSIBHBIM KOHEUHO-pa3-
HocTHBIM MeTogoM Maxk-Kopmaka [20, 21]. [lar
[0 BPEMEHU BBIYUCIISIICA, HCXOAs U3 ycioBus Ky-
panta — @punpuxca — Jleu [20]. MOHOTOHHOCTH
pelIeHus: ToCTUrajgach ¢ IOMONIbIO MPUMEHEHUS
CXEeMbI KOppeKIuu [22] mocie nepexoja ¢ n-ro Ha
HOBBII BPEMEHHOM CIoM -1 = 1 "*1,
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IIpu pacyere ynapHO-BOJHOBBIX T€YEHUU
JIBYX(a3HON cMecH JUIsl COCTABISIONINX CKOPOCTH
HeCyIIel cpeabl U TUCIIEPCHON KOMIIOHEHTHI 3a/a-
BaJIMCh OHOPOJHBIE FPAaHUYHBIE yCi10BUA Jupuxie
Ha 3aKPBITHIX KOHI[AX MOJIEIMpyeMoro kanana x = ()
u x = L. J1ns1 OCTanbHBIX JUHAMUAYECKUX (DYyHKIIHI
reTepOTreHHOM CMeCH U Ul COCTABISIOLUINX BEKTO-
POB CKOPOCTEH Hecyllel W JUCIepCHOM (a3bl Ha

u, (t,l,j) =0,

2 (t,l,j)zO,
u (1N, j) =0,
v, (t Nx,j)

e (t,i,Ny) =

IIpumenenHas B JaHHO# paboTe MareMaTH-
yeckass MOJICNb MOXET OBITh MCIIOJb30BaHa JJISI
pacuéra ABYXMEpPHBIX TEUCHHUI BS3KOTO rasza, HO
TaK KaK JJIs1 COCTaBIISTIOIIUX CKOPOCTH Ha OOKOBBIX
MTOBEPXHOCTSIX 33/1aBAINCH OTHOPOIHBIC TPAHUIHBIE
ycioBust Helimana, ToO monepeyHble COCTABISAIOIINE
TEH30pa BI3KUX HAIPSUKCHUH B MOZICIIAPYEMOM TIPO-
[ecce OTCYTCTBOBAJIH.

VYpasuenue [lyaccona [19, 23], onucsiBaromiee
MOTEHIMA DIICKTPUYECKOro moJis (6), pemanoch
METOZOM KOHEYHBIX PAa3HOCTCH C MOMOINBIO HTE-
PALMOHHON CXeMbl MeToJa ycTaHoBiIeHus [23] Ha
CTeHEPUPOBAHHOM /Jisl Ta30IMHAMUYECKUX pacye-
TOB CETKE C LIEJIbI0 YUECTh BIUsHUE CHibl KyinoHa
MIPU pEIICHUY YPaBHCHUHN NTWHAMUKH JBYX(pa3zHOMH
Cpempl, a TAKKe YUeCTh pacIipelelieHue «CcpenHeit
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e, (t,i,Ny ~1),

OOKOBBIX MTOBEPXHOCTIX KaHaJIa 3a/1aBaJIUCh OJTHO-
ponHble TpaHnyHble ycioBus HeiimaHna, cormacHo
METOJMKE KOHEUHO-PA3HOCTHOTO MOJEIUPOBAHUS
JMHAMUKH C)KUMAEMOTO TETIJIONPOBOAHOTO Ta3a [20]
A METOAUKE MOAEIUPOBAHNSA JUHAMUKHY, B3BEIICH-
HOU B C)KMMAaeMOM TOTUIMBOIIPOBOIHOM Ta3e, JIUC-
MIEPCHON KOMIOHEHTHI ¢ U3MEHSIOIIENCS «CpeaHen
IIJIOTHOCTBIO» U dHEpruen [3, 4]:

(

e, (1.1, j)=e,(12,)),
(
(

e(tNj)=e (LN, 1)),
e,(t.i,1)=¢/(1,i2),
€, ([’i’Ny) =6 (Z’i’N}’ _1)'

IUIOTHOCTH» TUCTIEPCHOH (ha3sl B y3/max pa3oueHus
(u3mdeckoil 06IaCTH NPU PEUICHUU YPAaBHECHUS
ITyaccona. [l noreHuana BHyTPEHHETO IEKTPU-
YECKOTO TOJISI Ta30B3BECH 33/1aBAJIHCh OTHOPOTHBIC
rpanuuHble ycioBus Helimana B To# yactu kaHaina,
KOTOpAsI 3aI0THEHA MEKTPUIECKHU 3apsHKEHHOM THc-
IIEPCHOM KOMIIOHEHTOM I'a30B3BECH, U OJHOPOIHBIE
rpaHuuHble yciaoBus [lupuxiie B TN yacTH KaHala,
B KOTOPOH pacToIoKeH OJHOPOHBIH ras:

go(l,])=0, ¢(NX"])=¢(NX_1’j)I
0(i1)=0, o(i,N,)=p(i,N, -1).
Taxkast mocTaHOBKA IPAaHUYHBIX YCIIOBUN CBSI3a-

Ha C TeM, 4TO €CJIA TpaHuIa 00JIaCTH TIPOBOJISIIIA,
TO HOpPMaJIbHAs COCTABJISIONIAs TOKA PAaBHA HYIIIO:

Hay4Hsiri otaen
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j, =1E, =—r6—(p=0
n

(3aech T — KOIPPUIUESHT TPOBOJUMOCTH), CIEIO-

BaTeJILHO 8_(0 =0.
on

ANTOPUTM YHUCIEHHOTO PEHICHHS CHCTEMBI
YpaBHEHHI MaTeMaTHYeCKOH MoJenun ObUT pealu-
30BaH Ha sA3bIKe Fortran.

B pa6ore [ 10] 651710 TpOBEIEHO COMTOCTABICHHE
PE3yaAbTaTOB PacuéTOB HECTALMOHAPHBIX TEUEHUI
HEOJTHOPOJHON Cpeibl, MPOBEACHHBIX OMHCAHHOM
BBIIIIC METOAUKON MOJCIMPOBAHUS, C U3BECTHBIMH
U3 IUTEPaTyPhl pe3yIbTaTaMH YHCICHHOTO MOJICITH-
pOBaHUs, B KOTOPBIX IPUMEHSIICS METOA KPYITHBIX
gactunl [3]. Takxe pe3yapTarsl pacu€ToB yIapHO-
BOJIHOBBIX TEUEHUM 3ambIJICHHOW Cpelbl SIBHBIM
KOHEYHO-Pa3HOCTHBIM MeToioM Mak-Kopmaka Obuin
COTIOCTAaBIICHBI C Pe3yJbTaTaMu (PU3NIECKOTO IKC-
nepumenTa [ 11]. ConocTtaBnenne pacuéToB TeUCHUN
MHOTO(]A3HBIX CpeJl C YUCTCHHBIMH pacdeTaMH, TIPO-
BeZIEHHBIMU Ha OCHOBE JIPYTOi METOJMKH MOJIEJIHNPO-
BaHUs U pe3ysibTaTaMy (PU3MYECKOro IKCIIEPUMEHTA,
MOKa3aJi IPUEMJIEMOE COOTBETCTBHE.

2. Pesynbratbl pacyeToB

B nanHO#1 paboTe YMCIIEHHO MOJICIIUPOBAIIOCH
pacrnpocTpaHeHHue MPsAMOI0 CKauka yIJIOTHEHMS,
JBUXKYIIErocs M3 YMCTOTO ra3a B 3allbUIEHHYIO
cpeny. Mogenupyemast ynapHas TpyOa mpencras-
nsetr cobol KaHal, pa3feiéHHbI Ha JBE YacTH:
B JIEBOM YaCTH KaHalla HaXOIMTCS Ta3, CKATBIH
710 OOJIBIIIETO JABICHUS, YEM Ta3 B MPAaBOW YacTH
kaHana. [Ipu sToM mpaBasi 4acTh KaHajla COAEPKUT
reTeporeHHYI0 Cpely — ra3 ¢ B3BELICHHBIMH B
HEM TBEpPIBIMU YacTHLAMH. B pacuérax mpexamno-
Jaraiock, 4TO JaBleHUE Ta3a B KaMepaX BBICOKO-
r0 ¥ HU3KOTO JaBJeHUH paBHO p, = 196 KIla u
p, = 98 Klla coorsercreenno. Jlucnepcnas dasa
B KaMepe HU3KOTO JaBICHHUS MMella 00bEMHOE
conepxanne o = 0.0005 u UCTUHHYIO TUIOTHOCTH
marepuana p,, = 1850 kr/m3. JInuua kanana co-
cramsiia L = 10 M, mupuHa KaHama cOCTaBIsia
h = 0.1 M; mpeanonarasoch, YT0 BCE YaCTUIIbI TUC-
nepcHON (as3sl UMEIOT HIEKTPHUCCKUH 3apsia OfH-
HaKOBOTO 3HaKa C yJEJIbHBIM MAaCCOBBIM 3apsiioM
qo= 0.001 Kn/kr. U3 pabor [3, 4, 17] cnenyer, 4o
B IpolEecce IBWKEHUS YOApHOW BOJHBI 110 3allbl-
NEHHOU cpejie B HAIMIPABIICHUU JIBHKEHUS yAapHOI
BOJIHBI IPOMCXO/IUT YBETHMUEHUE KOHIIEHTPAIIUY Ya-
CTHII ANUCTIepcHOH (a3sl. PacnipocTpanenne ynapHoit
BOJIHBI M3 YHUCTOIO I'a3a B ra30B3BECh XapaKTepusy-

Paanorsrika, 31eKTPOHNKA, akyCTHKa

€TCs 3HAUNTEIIPHBIM YMEHBIIICHHEM KOHIICHTPAIHH
YACTHII 3@ BOJTHOW CXKATHS, PACIPOCTPAHSIONICHCS B
3aMbUIEHHYIO CPENTY, M YBEITMUCHHUEM KOHIICHTPAIHH
9JacTuI] BONMU3H NEPEIHET0 Kpast yAapHOU BOJHBEI.
B nHauanbHbBIN MOMEHT BpEMEHH pacIipe/ieiieHe
JIABJICHUS, TUIOTHOCTH U TEMIIEpATyphl Ta3a, a TAKKe
00BEMHOTO CoiepKaHMsI YACTHIL TUCTIEPCHON (a3bl
3aJ1aBaJIUCh CJICAYIOIUMHU YCIOBUSIMHU:

0<x<5,p=196Klla, p, = 2.408 KI/M3,
T,=293 K, 0. =0;

x=>5,p=98Klla, p, = 1.204 Kr/M3,
T,=293 K, a=0.0005.

Tak kak Hecyllas cpeia MOACIHUPYETCA Kak
TEPMOIMHAMUYECKH HJEalbHbIN ra3, TO KoJlnuye-
CTBEHHBIC U3MEHEHUS B JIaBJICHUU T'a32 YUYUTHIBAIOT
W3MEHEHUS TJIOTHOCTH M TeMIIEpaTyphl HEeCylIeH
CpeJibl U B LIEJIOM OTPaX<aroT IIPOLIECCHI yIapHO-BOJI-
HOBOT'O T€YEHUs ra30BOM KOMIIOHEHTHI 3al1bUIEHHOM
cpensl. Ha puc. 1 npeacraBieHo MpoCcTpaHCTBEHHOE
pacmpeeneHue AaBieHus raza mpu pacipocTpaHe-
HUU yAapHOU BOJTHBI B TA30B3BECSX C JIEKTPHUECKH
HEHUTpaJIbHON U 3apsKEHHOW IUCHEPCHON KOMIIO-
HEHTOW. BUIIHO, 4TO Ha y4acTke MEXIy BOJIHOU
CXKaTUs U BOJIHOM pa3psiKeHUs B JIEKTPUUYECKU
3apsKEHHON Ta30B3BecH HalOnronaeTcs 00JacTh,
rJe JaBJlICHHE ra3a OTIMYAeTCs OT JABJICHUA ras3a
MIPY TIPOXOKICHUH yAPHOU BOTHBI M3 YHCTOTO Ta3a
B HelTpanbHy!o ra3os3sech. Ha puc. 1 MoxxHO Ha-
OJIroaTh, UTO B JAHHOM 00JACTH JaBIIEHHE Ta3a B
IEKTPUYECKU 3apsDKEHHON ra3oB3BecH 0oJble, a
3aTeM MEHbLIIe, YeM JIaBJICHHUE T'a3a B dJIEKTPUYECKH
HEHTpaJIbHOHM ra30B3BeCH (B HAIIPABJICHUHU JIBHIKE-
HuUs yaapHoi BonHbl). Cuia KynoHa Bo3aeicTByeT
Ha JIUCTICPCHYI0 KOMITOHEHTY ra30B3BECH B HAITpaB-
JIEHUM U3 KaMepbl HU3KOTO JaBJICHHUs, 3aII0JTHEHHOMN
3anbUIEHHOM cpeioi, B KaMepy BBICOKOTO TaBICHHUS
(puc. 2). MakcumanbHOE 3HaYeHHE POJ0IbHON CO-
cTaBJIstoNIei yaenbHol cuiibl Kynona HaOnogaercs
Ha TpaHuIle 3aNbUIEHHON CPEeIbl M YUCTOTO rasa.

Ha puc. 3 npeacrasieno pacupeeneHue npo-
JIOJIbHOU COCTaBJISIIOIIEN CKOPOCTH HECYLIEH Cpebl
BONM3M KOHTaKTa yIapHOW BOJHBI U HEBO3MYIICH-
HOTO rasa. B nponecce pacrnpocTpaHeHus yaapHou
BOJIHBI B KAMEpy HU3KOIO JaBJIEHHUS] MPOUCXOAUT
yYBEJIMYEHHE CKOPOCTH CITyTHOTO MoToKa rasa. [Ipu
3TOM YCKOpPEHHE CIyTHOTO IOTOKAa MPOUCXOTUT IO
Mepe MPOJBUKEHHS YIapHOU BOJIHBI.

Ha puc. 4 uzo0paskeHbl pacpeaeneHus «cpel-
HEHl MIOTHOCTH» TBEPAOH (ha3bl AJIS Ta30B3BECEH C
AIEKTPUYECKHU 3apSDKEHHON M HEUTpaJIbHOU AuC-
MEePCHBIMU KOMIIOHEHTaMHU BJIOJb MPOJOJIBHOM
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Puc. 1. IlpocTpancTBeHHOE pacnpezeneHne AaBIeHUs B
HAIPaBJICHUH MIPOJOJIbHON KOOPAMHATHI VIS 3arbUIEHHBIX
cpen ¢ nuamerpoM yactul d = 100 mxm. Kpusas 2 —snek-
TPUUYECKH 3apsKCHHAsI [a30B3BECh, KpUBasi [ — 3JIEKTPHUCCKH
HeUTpasbHas ra3os3sech. MomeHT Bpemenu ¢ = 10.3 mc
Fig. 1. Spatial distribution of the pressure in the direction of
the longitudinal coordinate for dusty media with a particle
diameter of d= 100 pm. Curve 2 is an electrically charged gas
suspension, curve / is an electrically neutral gas suspension.
The time instant is = 10.3 ms

Fe. Nkg
0+ -

5 ' é X, m

Puc. 2. Pactipenenenue mpoaoinbHO# COCTABISIOIICH yIeTb-
Holt cunbl Kymona Bons kaHama Ha eIMHMILY MAcChl JUC-
MEPCHOM KOMITOHEHTHI Fa30B3BECH
Fig. 2. Distribution of the specific Coulomb force in the
channel along the longitudinal coordinate per unit mass of
the dispersed component of the gas suspension

KoopauHathl. [Iponiecc Macconepenoca AuCnepcHoOn
KOMITOHEHTBI CMECH B HallpaBJICHUHU JIBUIKEHUS ra3a
JUISL DIIEKTPUYECKHU 3apsDKEHHOM ra3oB3BecH Oojee
JUIMTETbHBIA. B CBS3M ¢ 3TUM B 00JIaCTH KOHTAaK-
Ta YUCTOTO ra3a M 3ambUIEHHONW CPEabl «CPEIHSs
MJIOTHOCTBY IucIiepcHO (a3wl Boimne. Ha yuacTke
YBEIUYEHHUS «CPEIHEN IIIOTHOCTH 3HAUEHUE ATON
BEJIMUMHBI B 3JIEKTPUUECKH 3apsKEHHOMN Ira30B3BECH
MEHBIIIE, YeM B HelWTpanbHOH. [Ipu 3TOM npomons-
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Puc. 3. [IpocTpaHCTBEHHOE PACHIPEISIICHUE IPOIOILHOM CO-
CTaBJISIIOLIEH CKOPOCTH Ta3a Ha OMHOM U3 YUaCTKOB KaHaa.
Mowmenrt Bpemenu ¢ = 10.3 mc
Fig. 3. Spatial distribution of the longitudinal component
of the gas velocity in one of the channel sections. The time
instant is z = 10.3 ms

p,, kg/m?
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Puc. 4. [IpocTpaHCTBEeHHOE pacIpeieICHUE «CPETHEH MI0T-
HOCTH» TUCIIEPCHOW KOMIOHEHTHI CMECH B HaNpaBlIeHUU
IpOJ0IbHON KoopauHaThl. KpuBas 2 — 37eKTpudecKku 3aps-
JKCHHasl Fa30B3BECh, KpUBAsl / — IICKTPUUECKH HEHTpabHas
ra3os3Bech. MoMeHT Bpemenu ¢ = 10.3 mc

Fig. 4. Spatial distribution of the “average density” of the

dispersed component of the mixture in the direction of the

longitudinal coordinate. Curve 2 is an electrically charged gas

suspension, curve / is an electrically neutral gas suspension.
The time instant is = 10.3 ms

Hasl COCTaBIISIIONIAsT CKOPOCTH HECYIIEH Cpebl B
TIPOIIeCCe PACITPOCTPAHECHHUS YAAPHON BOIHBI U3 YH-
CTOTO ra3a B ANEKTPUUECKU 3aPSIKEHHYIO Ta30B3BECH
TaKXXe UMEET YYaCTKH CO 3HAUCHUSIMU OTIUIHBIMHU
OT 3HAYEHUSI CKOPOCTH HECYIIEH Cpe/ibl B AJIEKTPH-
YeCKH HeUTpaIbHOH Ta30B3BecH (puc. 5, a).

Jna naBieHus raza M «CpeaHed IUIOTHOCTH
JIUCTIEPCHOM (pa3bl OTJIMYME OT aHAJOTHYHBIX Ia-
paMeTpOB HEUTpaIbHOU Ta30B3BECHU 3aKIIOYACTCS
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u,, m/c

72

70+

68 .

a/a 0/b

Puc. 5. [IpocTpancTBeHHOE pacipeesneHie MPOAOJIbHBIX COCTABISAIOIUX CKOPOCTEH Hecyllel cpelsl (a) U AUCIEPCHON
KOMITOHEHTHI (0) B HaNpaBJIeHUH NPOAOJILHOI KoopanHaThl. KpuBasi 2 — 3JIeKTpUYeCcKH 3apspKEeHHasi ra30B3BeCh, KpuBast / —
JIIEKTPUUECKH HEHTpalibHasl Ta30B3BECh, MOMEHT BpeMeHH ¢ = 10.3 mc
Fig. 5. Spatial distribution of the longitudinal components of the velocities of the carrier medium (@) and the dispersed
component (b) in the direction of the longitudinal coordinate. Curve 2 is an electrically charged gas suspension, curve / is
an electrically neutral gas suspension, the time instant is # = 10.3 ms

B TOM, YTO 3HA4YCHUS 3TUX BCJIUYMUH AJIA IJICKTPU-
YEeCKH 3apsDKEHHON ra30B3BECH OOIBIIE Ha yIacTKe
KOHTAKTa ra3a U 3anblIEHHON cpesibl, a Ha YYacTKe
YIUIOTHEHUS «CpeIHEel IJIOTHOCTH» MEHbLIe (CM.
puc. 1, 4); 115 CKOpOCTH ra3a Ha YKa3aHHbBIX y4acT-
Kax B HalpaBJI€HUM JBUKEHUS yIapHOW BOJHBI
HaOmrofaeTcs CHavYajga yMEHBIICHUE, a 3aTeM yBe-
nudeHue (cM. puc. 5, a). /laHHas 3aKOHOMEPHOCTh
MOYET OOBACHATHCS TEM, UTO B IIPOLECCE ABUIKCHU A
YIapHOU BOJIHBI IO 3aIbIJIEHHON CpeJie BCIEICTBUE
MeX(})a3HOTO B3aUMOJCHCTBUS HA y4acTKe C OONb-
mel «cpeHed MIOTHOCThIOY AUCHEPCHOHN (a3bl
CKOPOCTb HECYLIEH Cpe/ibl YMEHBIIAETCS, B PE3YJIb-
TaTe Yero MPOUCXOAUT epexol KUHETUUECKON IHep-
Ty ra3a B NOTCHIUAJIbHYIO, T. €. YBCJINYUBACTCA
JaBieHue raza. [{ns HeUTpaJIbHON U 3apsSyKEHHOU
ra3oB3Beceil CKOPOCTh JUCHEPCHON KOMIOHEHTHI
HMeeT MEeHbllIee 3HaYeHHe, YeM CKOPOCTh rasa (cMm.
puc. 5, 6). I[Ipn 3TOM B 3NEKTPUUECKU 3apSHKEHHON
ra30B3BECH BOJIM3M KOHTAKTa 3albUIEHHON Cpelbl
U YHCTOTO ra3a CKOpPOCTh JIBH)KEHHS TUCIIEPCHON
(ha3bI CyIIECTBEHHO HIUKE, Y€M CKOPOCTH IBUKCHUS
aucrnepcHo Qassl B HEHTpalbHOW 3anbUIEHHON
cpene: uy = 61 M/c v u, = 33 M/C B HEHTpATBLHOU 1
3apsKEHHOM ra30B3BECSX COOTBETCTBEHHO.

BbiBOAbI

[IpoBeneHbl YNCIEHHBIE SKCTIEPUMEHTHI TI0 pac-
MIPOCTPAHEHHUIO YIApHON BOJIHBI U3 YUCTOIO ra3a B
3aMbUIEHHYIO CPEY C DIIEKTPUYECKU HEUTPaTIbHON
U 3apsKEHHOM AUCHEepCHBIMM KOMIIOHEHTaMH.

Paanorsrika, 31eKTPOHNKA, akyCTHKa

Bb110 BBISIBIEHO, YTO B AJIEKTPUYECKH 3apsKEHHON
ra3oB3BECH HAONIONACTCS OTIWYUE JaBICHUSI U
CKOpPOCTH Ia3a, «CpeAHeN MIIOTHOCTUY» U CKOPOCTH
JIUCHIEPCHOM KOMITIOHEHTBI OT aHAJOTMYHBIX BEJU-
YUH B Fa30B3BECHU C DIEKTPUUYECKU HEHUTpabHOU
JHUCIEPCHON KOMIIOHEHTO!. [Ipu 3TOM Ha yyacTkax
KaHalla, I1€ 3Ha4€HUE «CPEeAHEH NIOTHOCTU» B
AIIEKTPHUUYECKH 3apsDKEHHOW Tra30B3BECH OOIIbIIE,
4eM B HEUTpalbHOH, HAOMIOAAaeTCS POCT JaBICHUS
Y YMEHBIIEHNE CKOPOCTH Hecyllel cpeapl. JJanHas
3aKOHOMEPHOCTb MOXKET OBITh OOBSCHEHA MEpPexo-
JIOM KMHETUYECKOH SHEPIUH ra3a B IOTEHLUAJIbHYIO
OHEPIrur0 npu yMEHbUICHUU CKOPOCTU ABUKCHUA
raza BCIIEJCTBHE MEX(}a3HOTO B3aMMOICHCTBUS
Ha y4acTKe KaHaja, IJé KOHLEHTpaluus 4acTHUll
JIMCIIEPCHON (has3bl B IJICKTPUUYCCKHU 3aPSIKECHHON
3amblIEHHON cpene Oonblie, YeM B HEHTPalbHOM.
Ominune B pacnpeaeseHuu «CpeaHel MIIOTHOCTH
JUCTIEPCHOH (ha3bl PIEKTPUUECKH HEUTPaIbHOU U
3apsHKEHHON Ta30B3Beceld MOXKET OBITh BBI3BAHO
TeM, 4TO AelicTBue cuibl KyimoHa HampaBieHO
MPOTUBOIOJI0KHO JABHKEHHUIO yIapHON BOJIHBI:
U3 3albUIEHHOM Cpenbl B YUCTBIM ra3, Tak Kak Bce
YaCTHUIIbI JUCTIEPCHON (a3l HMEIOT OJIMHAKOBBIN
10 3HaKy IEKTpUUYECKUil 3apsa. Beiencrsue yero
CKOPOCTb YaCTHULl AUCIEPCHON KOMIIOHEHTHI JJIeK-
TPUYECKU 3apSKEHHOM ra30B3BECH UMEET MEHBIIEE
3HaYeHHE, YeM CKOPOCTb YaCTHULL ISl DIIEKTPUUECKHU
HEeUTpanbHOI ra3oB3BecH. TakuM 00pa30M, KOHIICH-
Tpanus YacTHUI] JUCTIEPCHOH (pa3bl B AIEKTPHUECKA
3apsyKEHHOH ra30B3BECU B 30HE KOHTAaKTa rasa u
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3anbUIEHHON Cpeabl BBILIE, YeM B HEUTpanbHOU. [1o
9TOH MpUYHHE HAOMIONACTCs OTIMYME B pacipese-
JeHUU (PU3HUECKUX TTapaMeTPOB KOMIIOHEHT CMECH
B YAapHO-BOJHOBOM TCUYCHUU IJIA SJICKTPUYUCCKHU
3apsDKEHHON M HEeWTpanbHOW Tra3oB3Beceil. BrisB-
JICHHBIC pa3JIn4us OaBJICHUSA U CKOPOCTHU Hecylueﬁ
Cpellbl IIpU pacupoCTPaHEHUH YIapHOW BOJHBI U3
YUCTOIO ra3a B HEUTPaJIbHYIO U JIEKTPUUYECKU 3a-
PSYKEHHYIO 3aIbUIEHHBIE CpeJibl BbI3BaHbI CUIOBBIM
B3aUMOZEHCTBUEM ra30BOU U TBEPAON KOMIIOHEHTHI
TeTEPOTreHHON CMECH, TBEpAAsi KOMIOHEHTA KOTOPOM
UCTIBITHIBACT Ha ce0e BO3CHCTBHE KaK adpOAUMHAMHU-
YECKUX CHJI, TaK U CUJI, BBI3BAHHBIX JIEKTPUUECKUM
HOJIEM.
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Background and Objectives: The currents of heterogeneous
media occur in nature and in industrial technologies. In this paper,
we consider the propagation of shock waves from pure gas to a
heterogeneous mixture consisting of particles suspended in gas
and having an electric charge. A mathematical model is used
which takes into account the difference between the velocity
and temperature of the components of the mixture. The force
of aerodynamic drag describes interphase force interaction.
Materials and Methods: The carrier medium is described as
a viscous compressible heat conducting gas. The equations of
the mathematical model are solved by an explicit method of finite
differences of second order accuracy, using a nonlinear correc-
tion of the mesh function obtained using a numerical method. The
system of equations of the mathematical model is supplemented
with boundary conditions. Results: Due to numerical modeling, it
has been found that in the electrically charged gas slurry there is
a difference in the pressure and velocity of the gas, the “average
density”, and the velocity of the dispersed component from similar
values in the gas slurry to the electrically neutral dispersed compo-
nent. In addition, in the regions of the channel where the “average
density” in the electrically charged gas slurry is greater than in the
neutral gas slurry, there is an increase in pressure and a decrease
in the velocity of the carrier medium. It is also apparent from the
calculations that the particle velocity of the dispersed component
of the electrically charged gas suspension of the particles is less
than the particle velocity of the neutral gas suspension. Thus,
the concentration of dispersed phase particles in the electrically
charged gas slurry in the gas/dust contact zone is higher, resulting
in a difference in the velocity and pressure distribution relative to
that observed in the electrically neutral gas slurry. Conclusions:
The revealed differences in the parameters of the carrier medium
during the propagation of a shock wave from a pure gas into a
neutral and electrically charged dusty medium arise due to the force
interaction of the gas and solid components of a heterogeneous
mixture. The differences were caused by the effect of Coulomb
force on the dispersed component of the mixture.

Keywords: multiphase media, interphase interaction, shock
waves, Navier—Stokes equation, Coulomb force.
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1. CocTosiHue uccnepyeMoro Bonpoca
1 NOCTaHOBKa 3aAa4U

B HacTostiiee BpeMst H3BeCTHBI THPOCKOITBI JIByX
KJIACCOB: THPOCKOIIBI, OCHOBaHHBIC Ha MPHUHIIMITAX
KJIACCUYECKOW MeXaHWKH [1], ¥ THPOCKOIBI, OCHO-
BaHHbIE Ha HOBBIX (DU3MYECKUX PUHIIUIIAX — TCOPUH
OTHOCHTEJIBHOCTH U KBaHTOBOM MexaHuKH. [Tocien-
HUE, B CBOIO 0Yepe/ib, MTOIPA3CISFOTCS B OCHOBHOM
Ha JIBa TIOJIKJIacca.

1. Tupockomsl, Gazupyronrecss Ha CBOMCTBAX
3JIEMEHTAPHBIX YAaCTHI], CXOJHBIX CO CBOMCTBAMH
KJIACCHUYECKUX THPOCKOIOB, & IMEHHO: HA CBOMCTBE
COXPAHSITh YIIIOBOE TOJOXKEHHE OCH COOCTBEHHO-

ro BpalLeHUs B NPOCTPAHCTBE HEM3MEHHBIM M Ha
cBoiicTBe npeueccun. K 3T0il pa3sHOBUIHOCTH OT-
HOCSITCS siIepHBIE (KOPIYCKYIISIpHBIC) [2], NOHHBIE 1
paanou30TOIHbIE THPOCKOIbL. K HUM Taxoke MOKHO
OTHECTH NOJISAPU3ALMOHHBIE TUPOCKOTBI B CHITY CBOM-
CTBa COXPAaHEHHUA MMM MHEPLHUAIbHOIO Xapakrepa
IUIOCKOCTHU TOJSAPU3ALUH JIEKTPOMArHUTHBIX BOJH
IIPY IOBOPOTAX OCHOBAHUS BOKPYT OCHU NOJIIpU3aTopa
i pe3oHaropa. K 3T1oil ke pa3HOBUHOCTH MOYKHO
OTHECTH ¥ HEKOTOPBIE IPyTUe TUIIBI THPOCKOIIOB [2].

2. I'mpocxkombl, 6asupyromuecs Ha dddexTe
Canpsxa (I'2C), T. e. HA 3aBUCUMOCTH Pa3HOCTH
(a3 BCTPEUHBIX MOTOKOB AIICKTPOMATHUTHBIX BOIH
WIA MaTepuabHbIX IEMEHTAPHBIX YaCTHUI] B KOJIb-
IIEBBIX HHTEPPEpOMETPax OT aOCOMOTHOH YIIIOBOH
ckopocTh. ekt npenckasad B [3], a MOATBEPKICH
CanbsikoM dKcniepuMeHTanbHO [4]. B [5] BbIeneHb
9Tarbl pa3BUTUs Tpex nokoienuit I'9C:

1 — mazepusie rupockonst (JIT),

2 — BOJIOKOHHO-ONITHYecKue Tupockorsl (BOT),

3 — r’UPOCKOIIBI HA «MEJJICHHBIX)» BOJIHAX.

W3zBectHO, uto JII" OBLIHM MPOIEMOHCTPUPOBAHBI
cpazy 1ociie Co3JJaHus J1a3epoB. BaxkHbIe MOJI0KEHHS
UX TEOpUH OBbUIM M3JIOKEHB! B MEPBBIX CTAThsX [0,
7]. Pa3zButHe Teopuu, a TaKKe COCTOSIHHE TEOPUH,
MIPUMEHEHUSI U [IEPCIIEKTUBBI Pa3BUTHUS U3JI0KEHBI B
psizie 0030pHBIX TPYIIOB, B TOM uHcie [5, 8—14 u ap.].

K I'DC oTHOCSATCS THPOCKOIIBI PaAHOBOITHOBOTO
Juarna3oHa, a tTakke CBY-nnana3oHOB U OMM3KHX K
HUM Pa3HOBHIHOCTEW THpOCKOmnoB. B marente [15]
3agBieH CBY-rupockon pagroTeXHUYECKOro TUIa C
MHOI'OCTYIIEHYaThIMU TeTePOIUHAMH U1l CHUYKEHHS
HCXOAHBIX BBICOKMX YacTOT BBIXOJIOB OJHOTO-ABYX
KPYT'OBBIX BOJTHOBOIHBIX PE30HATOPOB 10 3HAUCHUH,
IpHU KOTOPBIX ymoOHO ompenesaTh a3y CaHbsKa.
OHa npornopLuoHaibHa U3MEPIEMON YIIIOBOH CKO-
poctu ocHOBaHUs. B marente [16] Takke ommcana
OJIHA U3 CXEM I'MPOCKOIIa C KPYTOBBIM BOJIHOBOJIOM C
JJIEKTPOMArHUTHBIMU BCTPEUHBIMU TIOTOKAMU BOJIH 1
BbIsIBIICHHEM pa3HOCTH (ha3 Canbsika. B [17] u3noxeHsl
TEOPETUIECKHE ITPOPAOOTKH CXEM THPOCKOIIOB C 3aM-
KHYTBIMH KOHTYPaMH BCTPEYHBIX ITIOTOKOB AIEKTPOHOB
¢ HaxoxAeHUeM (a3bl Canbsika. B [18] — rupockornos
Ha MTOBEPXHOCTHBIX akycTrueckux BonHax ([IAB), a
B [19] — Ha MarauTOCTaTHYCCKUX BoMHAX. [locmename
TPHU THUIIA THPOCKOIIOB MOKA HE HAIIUIU MPAKTUYECKOr0
IIPUMEHEHUSI U3-32 HU3KOW UyBCTBUTEIBHOCTH.
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B nanHoit pabote m3nararorcs GU3NYCCKUEC
OCHOBBI Tpex pasHoBuaHocTedl CBU-rupockomnos.
Ha ocHoBe aHanoruii Mexay ONTUYECKUMH THPO-
CKOIIMYECKMMHU YCTPOMCTBAMU U MUKPOBOJIHOBBIMU
[I0JTy4Y€Hbl COOTHOLIEHMSI /ISl BBIXOAHBIX XapakTe-
PHUCTHK, OCHOBHBIX [TapaMeTPOB THPOCKOIMOB CBEPX-
BBICOKOYACTOTHOTO PaJMOBOJHOBOIO JMAaIla30Ha Ha
OCHOBE MarHeTpOHa, HACTPaWBAEMOTO HaMPSHKEHUEM
(mutpona) [20-24], a raxske st CBU-rupockoros Ha
OCHOBE PE30HATOPHOTrO BoyHOBOAA [ 15, 25, 22, 26],
a Taxke KarymieuHoro tuna [27]. Pe3ynbrarst MoryT
6I>ITI> HCIOJIb30BaHbl AJI OMPEACIICHUSA OCHOBHBIX
apaMeTpPoOB M CBOMCTB MPHOOPOB, COMOCTABICHHUS
pacueToB ¢ mapamerpamu u cBoiictBamu JII, BOI'
U JPYTHX THPOCKOIIOB, a TAKKe TPH OOCYKICHUU
BO3MOXKHOCTH UX peaju3allid U MOCJIEAYIOIIETOo
MIPUMEHEHUs Ha OABHIKHBIX OOBEKTaX.

2. duanyeckue 0CHOBbI PaGoThI

[TepBrrit CBY-rupockon Obut omucaH B [28]
ero asropom U. JI. bepureiinom B 1950 1. ITputop
MIPEJICTABIISIT COOOW IKCIIEPUMEHTAIBHBIN 00pa3ell,
B KOTOpOM ObuT 0OHapyskeH BuxpeBoil s ekt Ca-
HbsIKa. B HEM pasHOCTh (pa3 cUrHamoB ABYX BCTpEd-
HBIX [TOTOKOB 3JIEKTPOMArHUTHBIX paauoBorH CBY
nuanaszona gactotsl 30.4 MI'1p mponopiimonansaa
a0CoIIOTHOH YIIIOBOM CKOPOCTH IOBOPOTa Oapabana
C HAMOTaHHBIM Ha HeM 250-MeTpOBBIM KOAKCHAIb-
HBIM KaOenem-BosiHOBOIOM. Henocrarku 3toro o6-
pasua — HU3Kasl YyBCTBHTEILHOCT, HEOOXOAUMOCTD
MEPeKIIoYaTh HalpaBlieHHE PacIpOCTPAHEHHS BOIH
B KabOese u OoJblie radapuThl — ObIIH yCTPaHSHBI
B JII' u BOI, Hamenmux mupoKoe MpaKkTHYECKOe
npumMeHenne. Hekotopsie HemocTaTku cxemsbl [28]
YCTPAHSIOTCS ¥ B YKa3aHHBIX BbIIIE PAa3HOBUHOCTAX
CBY-rupockonoB. [71aBHOE BX JTOCTOMHCTBO — CIIO-
COOHOCTh (YHKIIMOHUPOBATH B 00J€e TAKEIBIX
[0 CPAaBHEHUIO C IPYTHMHU MPHOOpaMHU yCIOBHSIX
paboThl: IpHU yAapax, O0JIBLINX CKOPOCTAX U YCKOpe-
HUSIX YITIOBOTO M TOCTYHATEIBHOTO JABIKCHUH, IPH
paaualyy, Ipyu TEMIIEPATYPHBIX U JAPYTHX BO3MY-
[ICHUSX. B MarHeTpoHHBIX MPUOOpax MPHCYTCTBYET
HCTOYHUK MAarHUTHOTO IOJIS C JOCTATOYHO OOJIBILIOH
HAIPsHKEHHOCTHIO, CYIIIECTBEHHO IPEBBIIIAIONICH Ha-
MPSDKEHHOCTh MArHUTHOTO TOJ1s 3eMJIH. DTO MTPUBO-
TIAT K TOMY, YTO HEOOIBIITIE N3MEHEHHS MAaTHUTHOTO
TIOJIS U3-32 OPUEHTALMH [TPUOOpa MU IPUCYTCTBUS
CTOPOHHUX ITIOJICH HE BIUSIOT HA XapaKTEPHCTHUKH
CBY-rupockomnoB. Dnekrponsl B CBY-rupockomnax
JIBIDKYTCS TIOJT AEHCTBHEM CKPETICHHBIX MAaTHUTHBIX
Y DJIEKTPUYECKUX TMOJIeH MO OKPYKHOCTSAM C OONBIION
YIJIOBOM CKOPOCTHIO (ITUKIIOTPOHHOE JBHIKEHUE).
[Ipuuem HEHTPBI OKPYKHOCTEH y4acTBYIOT B Me[-
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JIECHHOM, M0 CPAaBHEHUIO C [IUKJIOTPOHHON 4aCTOTOM,
JIper(hoBOM JBMKEHUH, KOTOPOE MPOUCXOIUT CHH-
XPOHHO € 3aMeIJIEHHOM AIEKTPOMAarHUTHOM BOJTHOM.
Ot JABWIKCHUS MaJIO-1YBCTBUTCIIbHBI K YCKOPCHUAM,
B TOM YHCJI€ BEI3BAaHHBIM BHOpanusiMu. Cpok CITyKOBI
CBY-nipu60opoB cOCTABISIET COTHHU THICSTY 4ACOB, UTO
CYIIECTBEHHO MPEBBIIIAET CPOK CITYKOBI IPHOOPOB,
OCHOBAHHBIX Ha JIa3epHOM 3(dekTe B cMecu renus u
HEOHa B JJa3€PHBIX TUPOCKOIIAX, BCIEICTBHE YTEUCK
TeIHsl WIN U3MEHCHHS COCTaBa CMECH. DTO MOXKET
OBITH BaYKHBIM (DAKTOPOM IIPH BEIOOPE TOTO T HHOTO
THUMA IPUOOPOB B TEX CIydasx, KOTJa HET HYX/bl B
BBICOKO TOYHOCTH U3MEPEHHUI.

PaccmarpuBaemsie Tpu pasHoBuaHoctu CBY-
TUPOCKOIIOB Oy/ieM 0003HaYaTh Kak:

CBY-I'M (rupockon — MarHeTpoH) Ha OCHOBE
MarHeTpoHa, HACTPAaUBACMOTO HAIpsDKCHHEM, T. €.
MuTpoHa [16];

CBY-I'B (rmpockonm — BOJTHOBO/) HA OCHOBE
BOJTHOBOJIa-pe3oHaropa [25];

CBU-I'b (rupockon bepireitna) Ha OCHOBE TH-
pockomna 1. JI. Bepureiina unu ero ananoros [27, 28].

OcHOBHBIC (POPMYITBI TSI BEIYUCIICHHS BBIXO/I-
HBIX XapaKTePUCTUK nosryyensl u3 Teopun JII' u BOT,
MIOCTPOCHHOW B COOTBETCTBHH C TTOJIOKEHHUSIMU TEO-
Py OTHOCUTEIIBHOCTH, U3JI0)KEHHBIMH, B YaCTHOCTH,
B [3-4, 6, 12, 14 u np.], a Taxke ¢ y4ETOM Teopun
MHUTPOHOB ¥ MarHeTpoHoB [24, 26]. OcHOBHas ujest
COCTOWT B TOM, YTO KOA(PPUIMESHT MPEITOMIICHUS B
ONTHUYECKUX CpellaX COBMaAaeT ¢ Ko UIIUEHTOM
3aMe/JICHUS BOJTHBI B 3aMEUISIONICH CHCTEME Mar-
HeTpoHa, T.e. B CBU-21eKTpOMaruuTHbIX MOJAX.
3TO O3BOJHIIO IPUMEHHUTE C KOPPEKTHPOBKOI COOT-
BETCTBYIOIINE COOTHOIIECHNUS 13 TEOPHU ONTHUECKUX
rupockonos B Teopur CBU-rupockomnos.

2.1. I'mpockon-MuTpoOH

CBepXBBICOKOUACTOTHEIH THPOCKOI Ha OCHOBE
MUTpOHa — THpockon-MuTpoH (I'M) — sBnsgercs
aHajgoroM JjazepHoro rupockomna [20]. Dto pac-
CMOTPEHUE OTHOCUTCS M K TUPOCKOITY-MarHETPOHY.
I'mpockon cocToUT U3 AByX MUTPOHOB, Pa3BEPHYTHIX
OTHOCHUTEINBLHO ApyT nipyra Ha 180° Tak, 9To BEKTOPHI
UHIYKIUA MAarHATOB KOJUTMHEAPHBI H3MEPUTEIHEHON
OCH IIOABMXKHOI'O 00bEKTa 1 HaIpaBJICHbBI BCTPCYHO.
PaGoTta rupockorna ocHOBaHa Ha BUXPEBOM (P PeKTe
CaHnbska, T.€. Ha IPUHLUIIE CII0KEHHS YITIOBBIX CKO-
pocTeii BpareHus1 OeTyIHX AIeKTPOMarHUTHBIX BOJTH,
CHHXPOHHBIX C BPAIICHUEM «3JICKTPOHHBIX CITUI, U
noBopoTa nojBrKHOTro 00bsekTa (I10) ¢ BhIneneHuem
Pa3HOCTHOM YaCTOTHI IBYX BCTPEUHO OCTYITUX TTOTO-
KOB BOJIH, IPOTIOPIIOHATIBHON a0COIIOTHOM yTIOBOI
ckopoct I10. B otimnuue ot JIT' «cnuib B Kaxk10M
MUTPOHE BPaalOTCS B O/IHY CTOPOHY, II03TOMY IIPH-
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MEHCHBI J[BA MHTPOHA, a TAKKe CXEMa BBIICIICHUS
WX pa3sHOCTHOU vactoTel. B [20] ommcan mpubop,
COCTOSIINI U3 IByX OTACIBHBIX MUTPOHOB, YTO TIPH-
BOJIUT K OONBIION MOTPELIHOCTH MPHU OTIUYUU UX
MaciTaOHBIX K03 durenToB. B [23] npencrapieHo
TEXHUYIECKOE PEIICHUE, IPH KOTOPOM 00a MHUTpPOHA
pa3MelleHbl B JMHOM TePMETHYHOM KOpIyce Tak,
YTO UX PE30HATOPHI UIMEIOT OOIILYIO YaCTh C €IUHBIMHU
MarHuTHIM (OHO c1aboe 110 CPaBHEHHIO C OOBIYHBIMU
MHUTPOHAMH) U SIEKTPHUIECKUM TTosiMu. Kpome Toro,
MUTPOHBI UIMEIOT OJTHU U T€ JK€ UCTOYHUKH MATAIOITUX
HanpsbkeHuil. B [24] npumeHneHa cxema BbIYMTAHUS
9acTOT HE Ha PE3UCTOPaxX, & Ha BOJTHOBOJIE IS ITOBBI-
IIEHUSI TOYHOCTH YCTPOHCTBA.

B HOpManbHOM peXHMMe Ha MOABMKHOM O0b-
exte npubop I'M paboraeT cieayommM o0pa3om.
[Tocne BKJIIOYCHMST MUTAHUS AIIEKTPOHHBIC ITYIIKA
HaYMHAIOT WHXXEKTUPOBATh AJICKTPOHHBIE MOTOKH
B IIPOCTpPaHCTBAa B3aUMOJAEHCTBUH, HaXo[sAUIUeCs
MEXK]y KaToJJaMH U aHOIHBIMHU CUCTEMaMH. DJIEKTPO-
HBI TIOTIAJAI0T B CKPEIICHHBIE MarHUTHBIC M JJIEK-
TPUYECKHE TIOJNS U TIOJ JACHCTBUEM paanalbHBIX
ANEKTPOCTATUYECKUX CHJI M TAHTE€HIIMAIBHBIX CHJI
JlopeHlla HAYMHAIOT JBUTaThCA MO OKPYKHOCTSIM
C OHUKJIOTPOHHOHN YacTOTOW. DIEKTPOHBI OTHAIOT
CBOIO DHEPTHIO DJICKTPOMArHUTHOMY MOJIO MPHU
CHHXPOHHU3ME, KOTJ[a BPAIICHUE HIEKTPOHHOTO 00-
JlaKa 1 IEKTPOHHBIX CIHUIL TPOUCXOTUT CUHXPOHHO
C pacIpoCTpaHCHUEM JJIEKTPOMAarHUTHOH BOIHBI B
a3MMyTaIFHOM HAITPABICHUH B 3aMEJUIIOIICH CHCTe-
Me. BozHUKaOT Oeryiue 31eKTpoMarHuTHBIEC BOJTHBI,
XapakTepusyemble KOoJeOaHUAMU T-THMA, (Pa30BbIe
CKOPOCTH PACIpPOCTPAHCHUSI ITHX BOJH SBIISIOTCS
3aMeIIEHHBIMH IT0 CPABHEHHIO CO CKOPOCTHIO CBETA.

KoncrpykTiBHas cxema pe30HaHCHOTO THPOCKO-
a CBEPXBBICOKOUACTOTHOTO nuana3oHa (CBU-I'M)
npexacrasneHa B [20].

PaccmoTrpum paboty npubopa npu HacTporke u
B HOPMAJIbHOM pexkuMe GyHKIMOHNpoBaHus. [locine
MIOJIKJIFOUEHYSI TUTAIOIINX HANPsDKEHUH BHAYAIE K
HaKaJFHBIM KaToJaM, a 3aTeM K aHOJaM C TIOMOIIBIO
MIEPEeMEHHBIX PE3UCTOPOB MPOU3BOIAT HACTPOUKY
4acTOT KoJeOaHW MUTPOHOB, KOHTPOJIHMPYS UX IO
MOKa3aHUSIM MPEIU3UOHHOTO YacTOTOMEpa 0 MOI-
HOTO ypaBHUBaHUs. [IprOop IIpH 3TOM HOIKEH OBITH
YCTaHOBJIEH U3MEPHUTEIBHON OCBIO B HAIIPABICHHH,
pu KOTOPOM H3MepsieMasi yIIoBasi CKOPOCTh PaBHA
HYJIO, HAaIIpuMeD, Haripasienue Bocrok —3anan. [u-
TaHHE OT IMPHOOPA OTKITIOYAIOT U €T0 yCTAHABINBAIOT
Ha ITOJBWXHOM OOBEKTE.

B HOpMasibHOM pexuMe puOop paboTaet ciiey-
FOLIUM 00pa3oM. 3a cUeT epeBEPHYTOrO MOJIOKEHUS

Paanorsrika, 31eKTPOHNKA, akyCTHKa

BTOPOr0 MUTPOHA 10 OTHOLIEHHUIO K TIEPBOMY HaIlpas-
JICHUsI BpalLEHUs! AIEKTPOHHBIX BTYJIOK CO CIIMLIAMU
SIBIISIFOTCSL BCTpeUHbIMU. [Ipu oTCyTCTBHM M3Mepsi-
eMOl yIJIOBOH CKOPOCTH YacTOThI BPAIICHUS CIIHIL
OJIMHAKOBBI, a Pa3HOCTb YaCTOT paBHa Hyio. Ilpu
HAJIIYHH BPaIIeHUs 00BEKTa BOKPYT H3MEPUTEIHLHOM
ocH ¢ abCOMIOTHOHN yIIOBOM CKOPOCTHIO () yacTora
BBIXOZIHOTO CUTHAJIa, HAIPUMeEp, B IEPBOM MUTPOHE,
YMEHBIIAETCS Ha BEJIMYUHY, TPONOPLHUOHATILHYIO
(), a BO BTOPOM — Ha 3Ty )K€ BEJIMYMHY BO3pACTaET.
Pa3HOCTH 4acTOT BHIXOJHBIX CUTHAJIOB PE30HATOPOB
MUTPOHOB MPOMOPLUOHANIBHA U3MEPSIEMOH YTIIO-
BOM ckopocTu. CUTHajIbl CHUMAIOTCS 3JIEKTPOJaMU
AHOZIOB U BBOJATCS B cucTeMy BblunTanus. Cienyer
OTMETUTh, uTo B CBU-MaruneTpoHe reseparus mnpo-
HCXOAMUT HA OJJHOM BOJIHE (2 HE Ha JABYX BCTPEUHBIX
BOJIHAX), T. €. 9()(EKT CBSI3H BCTPEUHBIX BOJH OTCYT-
ctByeT. Ho 1pu 3TOM NpUX0AUTCS UCIIOIB30BATH JBA
WJCHTUYHBIX MarHeTpOHA Uil U3MEPEHUs YIIIOBOU
CKOpOCTH BpatieHus. [losiBieHue ciBura 4acToTsl BO
BpaLIAIOLIEMCsl MArHETPOHE MOYKHO IOSICHUTD CIIEAY-
I0IMM 00pa3oM. A3UMyTaIbHAsI 3aBUCHMOCTB TIOJIS
B KOJIBIICBOM PE30HATOPE 3aMEJISIONICH CHCTEMBI
MOXET OBITh 3arucana Kak exp(im@), rue m — 1neaoe
grcno. J{ns Tuma KonedaHus, TPH KOTOPOM TIOJIST B
COCEITHUX PEe30HATOpaX KOJIEOIIOTCS B TPOTHBO(A3e,
m clienyeT 3aMeHUTh Ha NV/2, tie N — 4ucio pe3oHa-
TOpPOB B aHOJHOM OJoke. [Ipu BpalieHun aHoJHOTO
0JioKa ¢ YyIJIOBOW CKOPOCTBIO {2 HaxoAsiuecs B
MHEPIHAIBHOM MPOCTPAHCTBE AIIEKTPOHBI OymyT
BOCIIPUHUMATH OCIMJITHPYIOIIEE MOJIe B PE30HATOpaX
AQHOAHOTO OJIoKa ¢ COOCTBEHHOM 4acTOTOH ® B He-
TIOABIYKHOM OJIOKE Ha "acToTe m+NCQ/2 BciuencTeue
MIPOCTPAHCTBEHHON Moaynsinuu nonst [21], Tak kak
MOYKHO 3aIucarh, YTO a3UMYTallbHbIE YIIIbI B UHEP-
UaJbHOW M Bpallalolleiics cucTteMe KOOpAHHAT
CBsI3aHBI COOTHOIIIEHWEM ¢ = ¢ + Qt. Ha 3T0M xe
4acToTe U OyJeT MPOUCXOANTH TCHEPAIHS H3-32 CHH-
XpOHH3Ma BpallleHHs CIHIl ¥ U3MEHEHUs mons. Tak
KaK HalpaBJIeHUs BpalEHHs AJIEKTPOHHBIX 00J1aKOB B
MUTPOHaX NPOTUBOIOJIOKHBI, TO PA3HOCTHAS YACTOTA
Aw =K, - Q, e K,,— 6e3pa3mepHsIii MaciTaGHBbIi
KO3 PUIUEHT, T.€. C YyYeTOM H3JI0KEHHOTO BBIIIE
K,,= N. JIns BBIXOJHOTO CHI'HaJIa B KPYT'OBBIX 4aCTO-
Tax OH ABIAETCS Oe3pa3MepHbIM. K|, —MacmTaOHbIi
KO3(GUIMEHT JIJIs1 BBIXOJJHOTO CUTHAJA, B OOBIYHBIX
4acTOTaX UMEET Pa3MEPHOCTh pajl .

Ipumep. Tlonyuum BbIpakeHHE Ui MacluTal-
HOTrOo Kod(dummenta K Alj st N = 4. Kak cnenyer
M3 COOOpaKCHMH, MPUBEICHHBIX BBINIE, 4aCTOTA
MHUTPOHA COOTBETCTBYET YaCTOTE TIOJISI B PE30HATOPaX
AQHO/IHOTO 0JI0Ka, N3MEHEHHOU n3-3a Bpauenus. Ko-
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K
apdunment K,, B ciaydae oTcyeTa BHIXOJHOTO CHI-

Hasia Av B OOBIMHBIX 4acTOTax, T.€. IpU A®, = 21Av,
4
E.

3uaunt Av =4Q /21, u Q=0.01 pan/c.

Ao, = 0.04 pag/c = 137.51 yr1. mun/c.

[TapameTpsbl BIIOJIHE PUEMIIEMBI [Tl peain3a-
UM, HO Juia BeIxogHOTO curHaina CBU-I'M npexne
BCETO HE I10 YacTOTe, a 10 UHTETPaIy OT ATOH YaCTOTHI
(yrity moBopota):

Ny _
dt

rae y5(0), yX(f) — HayaneHbIi 1 TeKymmii Ga3oBbIe
YINBI IEPUOTUICCKH U3MCHSIOIIETOCS Pa3HOCTHO-
rO BBEIXOAHOTO CHTHaNa. BenmnumHa MacmraOHOTO
ko2 dunreHTa cpaBHIMa C aHAJIOTUYHOW s
IIMPOKO HCTIONIB3YEMbIX BOTHOBBIX TBEPIOTEIbHBIX
THPOCKOTIOB.

CriemyeT OTMETHTH, YTO B Ka4eCTBE UyBCTBU-
TenbHBIX 27eMeHTOoB CBU-I'M M0KHO TpUMEHSATH
MHOTOPE30HATOPHBIE MarHeTPOHBI, B KOTOPBIX
obecnieunBaeTcs OoblIas CTAOUIBHOCTh HECYIel
YacTOThl, HO CIIO)KHEE OCYLIECTBISTh UX Hepe-
CTPOHKY B CBS3HM ¢ O0JIee BBICOKOH, UeM Y MUTPOHOB,
JOOPOTHOCTBIO pe30HaTopoB. s GpyHKIMOHUPO-
BAaHHS YyBCTBHUTEIBHBIX IEMEHTOB TOCTATOYHA
MOIIHOCTB IOTPEOJICHHS Ha YPOBHE JTOJICH-CIIHHALL
Batt B oTiMUme OT MX OOBIYHOTO POMBIIIIIEHHOTO
MIPUMEHECHUSL.

HerpynHo BuAeTh, 4TO MacTabHbIi koa(durm-
eHT I'M Ha HecKoJIbKO OPsIKOB MeHble, yueM B JII.
Ho B psne npuMeHeHH 3TO HE UMEET PEIIAOIIEro
3HaueHms1. HemoctaTkoM mpubopa sBIseTcsl HEBO3-
MOXKHOCTb 00€CIIEUeHHUS OTMHAKOBOCTU MacCIITa0OHbIX
K03((HUIHUEHTOB, NMPUBOIAIMINX K PA3HOCTU UX Ya-
CTOT Ja)ke MU HeBparatoeMcst oobekte. C 1enbio
YCTpaHEHHUS TOTO HENOCTATKa OBUIO MPEIIOKEHO
HECKONbKO perieHu#t [22-25, 29, 30], onaumu u3
MIEPCICKTUBHBIX SIBILIFOTCSI OMHOMArHETPOHHBIC TH-
pockomnsl [29, 30].

YacToTa MarHeTpoHa Ipu BpaIlleHUH U3MEHSICT-
cs Ha Av u3-3a adppexra CaHbsKa:

v=yv,+Av 2)
Ha BpIX0ozme MEKpompoIieccopa HabIIOIAI0T Pa3HOCTh
YaCTOT, PABHYIO: 4S

Av=v—v0=v—ﬁ, 3)

e S = nR? — momas KOHTYpa, OXBaThIBAEMOIO
OCEBOM JIMHMEHW 3aMEJISIONeH CUCTeMBl, L — Ie-
PUMETpP 3TOTO KOHTYpa, R — MojiycyMMa pajinycoB
KaToJIa M aHOJIA.

K
ompezessieTcs Belpakennem K, =

K, Q1); k= yk0) +j 4Q(t)dr, (1)
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[Ipupamenne ¢a3bl BEIXOAHOTO CHTHANA H3-
MEpSIIOT Yepe3 IMPUpAICHAE T BPEMEHH, 3a1aBacMOe
TEHEepaToOpOM B MUKPOIPOLECCOPE:

t
‘Pv—% = K5 [ Q@ dihv,. ()
0 f

B Poccum 1 3a pyOesxoM BBITTyCKaeTCs O0JIbIIOe
KOJIMYECTBO MHKpPOIPOIecCCOpoB. B wacTHOCTH, B
CIIIA —sto mukpomnporeccops Intel Xeon 3403, xo-
TOPBIE XapaKTEePU3YyIOTCs TAKTOBOM yacToToi 2 [T,
PaspsAHOCTBIO 64 OUT M IPYTHMH TapaMeTpamHu, 00e-
CICYNBAIOIIUME (PYHKINOHUPOBAHUE OJHOMATrHH-
TPOHHBIX TUPOCKOMUYECKUX U3MEPUTENICH YITIOBOU
ckopoctu (OM I'MYC). Moryt ObITh IPUMCHEHBI H
MHKPOKOHTPOJIIEPHI, HanmpuMep, Texas Instrument
CC2640 c TakroBoit yactoroit 2.4 I'T u pazpsia-
HOCTBIO 32 OuT. B ero cocras BXOIAT TakXe aBa
KOMITapaTopa. BeITycKaoTcst IpOMBIIIIIEHHOCTHIO U
cOopkn KomrapaTopoB. Hampumep, oTedecTBeHHAs
MHUKpocxema 1udpoBoro gazoBoro remeparopa 5861
JID2Y npennazHaveHa i u3MepeHust pasoBoro pac-
COITACOBAaHMS MEKAY IBYMSI TAPMOHHICCKIMH CUT-
Haymamu. B ee cocTaB BXOIST 1Ba IETUTEIS 9aCTOTHL,
(hazoBbIi KOMIaparop U GOPMUPOBATEIH CUTHAJIOB
paccornacoBaHusL.

PaccmoTpuMm mpomecc paboTel ogHOMArHe-
TPOHHOTO TUPOCKOIIAa-MarHeTpoHa 0ojiee moaApoGHO.
[Nocne noaxsrodeHNs MUTaHUS MPUOOD Yepe3 HeOOIb-
Ioe BpeMs TOoToB K padore. Da30BbIi KoMIIapaTrop
BKJIFOUAIOT B PabOTy NMpH HEMOABHKHOM OOBEKTE
IUTS OTIPENICTICHNST COOCTBEHHOM YaCTOTHI TeHEPAIHN
MarHetpona. [Ipon3BomsT kanuOpoBKy npubopa npu
pa3MelIeHIH MarHeTPOHa, HAaIPUMep, OCHIO YYBCTBH-
TEJNLHOCTHU 10 JIMHUKM BocTok—3aman B mIockocTu
TOpU30HTA. OHpelIeJ'IHI-OT 110 BBIXOAHBIM CHI'HaJIaM
MarHeTpoHa M IeHepaTopa HOMHUHAIBHYIO (IIpHU
Q = (0) yacToTy MaraeTpoHa. B urore 4acToTs! BbI-
XOIHBIX CUTHAJIOB MarHeTpOHa M TEHEPaTopa pery-
JUPYIOT TaK, 4TOOBI OHU CTaIM paBHBIMHU V,. Ilocne
3TOTO, HAIIPUMEP, C TIOMOIIBIO TOBOPOTHOTO CTONA,
H3MEPUTENBHYIO OCh TPUOOPa HAMIPABIISIOT B IIOCKO-
ctu ropu3oHTa Ha CeBep, T.€. BII0JIb CEBEPHOM COCTaB-
JTISTIOIIEH YTIIOBOM CKOPOCTH BPAIICHNs 3eMJTH. 3aTeM,
rociie 00pabOTKH, CUTHAIIOB B MUKPOIIPOLIECCOPE H
KajmOparope, OnpeeNtOT MacITaOHbIA KO PHIIN-
ent npubopa K,. Macmrabneiii kosppuunent OM
I'MYC BnBoe MeHbIlle, UeM B JBYXMarHeTPOHHBIX
TUPOCKOTIMYECKUX M3MEPHUTEIAX YIIOBBIX CKOPO-
creit (M 'Y C), mockoiibKy B OHOMAarHETPOHHOM
CHUCTEME, KaK OTMEYAJIOCh BBIIIE, CABHUT YaCTOTHI
paseH Av (dbopmyisl (2, 3)). s 1ByXMarHeTpoH-

OP—0Qy =V, T=
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HOM cucTeMbl OH paBeH 2Av, Tak KaK CIBUTH YaCTOT
TeHepaluu B KaXJIOM MarHeTpOHE OJMHAKOBBI U
[IPOTUBOIIOJIOKHBI 110 3HAKY.

HNmeeTcst cxeMa OJJHOMarHeTPOHHOIO THPO-
CKOIMYECKOT0 M3MEPUTENs YIIIOBBIX CKOPOCTEH C
peBEpPCUPOBAHUEM BEKTOpa MarHUTHOW MHIYKIIUU
(OMPTNYC)[30]. OTimariem OT ONMCAHHOTO BEIIIIE
mpubopa SIBISETCS PEBEPCHPOBAHNE BEKTOPA Mar-
HUTHOM MHAYKLUH, YTO YCIOXKHSAET KOHCTPYKLHUIO,
HO TIPUBOJIMT K TIOBBIIIEHUIO TOYHOCTU. Maremaru-
YEeCKHE MOJICIH IPHOOPOB BO MHOTOM aHAJIOTMIHEL.
OTMeTHM, YTO 4aCTOTA TeHEPALIUH MUTPOHA 3aBUCUT
OT HaIPsDKEHUS MEXKITY KaTo1oM U aHoioM. Takum 00-
pa3oMm, JUI THPOCKOITMYECKUX TPUMEHEHUH He00X0-
JIMO UCTIONB30BaTh CTaOMITM3UPOBAHHBIC HCTOUHUKU
MUTaHMS WIK TUTaTh 00a MarHeTpoHa (MUTPOHA) OT
OJTHOTO MCTOYHHUKA.

2.2. CBepXBbICOKOYAaCTOTHBIN T'HPOCKOI

BOJIHOBOHOI0 THIIA

UyBCTBUTEIBHBIM DJIEMEHTOM CBEPXBBICO-
KOYaCTOTHOTO PE30HAHCHOIO TMPOCKOINA SIBJISETCS
KPYTOBOH B IUIaHE BOJIHOBOJ C MPSIMOYTOIBHBIM MU
JPYTUM MONIEPEYHBIM CEYEHUEM, HAIIPUMED, KPYTJIbIM
[15], c TOoHKUMU METaJUTMYECKUMU CTEHKAaMU, — TOTIa
OCHOBY ATOTO IpHOOpa COCTaBIISI€T TOPOUIAJIBbHBIN
pe3oHarop, B KOTOPOM JTOOPOTHOCTB BBIIIE, YEM B
BOJIHOBOZIaX Apyrux TUNOB. K KOCBEeHHOMY aHaIory
paccMaTpuBaeMOro Mproopa MOKHO OTHECTH MUKPO-
BOJIHOBBIM THPOCKOT 110 TlaTeHTy [15].

B cocraB mpubopa BXOAUT KPYroBOH BOJHO-
BOJ-PE30HATOP € HPSIMOYTOJIbHBIM WU KPYIJIBIM
MOMEPEYHbIM CeueHUEM O00OJIOUKH ¢ TOHKMMU
CTEHKaMHM, 3aKpEIUIEHHbII Ha KOpIyce MOJBHX-
HOTO 00BbEKTa, adCONIOTHAs YIJI0Bas CKOPOCTh M
KOTOPOTO MOJJICKUT ompenesieHuto. [linockocTs
0CEBOH JIMHUM KPYIOBOIO PE30HATOPA IEPIEHIU-
KyJsIpHa U3MepuTelbHOlH ocu OZ npubopa. [Tpu
NpAMOYIOJbHOM CEYEHUU PE30HATOpPA LIMPOKasi
CTOpOHA TapaienbHa u3Mepurensaon ocu OZ. B
MOJIOCTH PE30HATOPA BBOJUTCS BO30YANTENh B BUAE,
HanpuMep, KpyIvIoro WThIPs AJis [TOJIBEASHUS SJHEP-
THUU 3JIEKTPOMATHUTHBIX CBEPXBBICOKOYACTOTHBIX
konebanuii. YacToTa MOABOAMMOTO HAIIPSIKEHUS
U pa3Mepbl pe30HaTOPa COOTBETCTBYIOT YCJIOBUSAM
pe30HaHca EKTPOMarHuTHBIX BoJIH. Kpome Toro,
BBOJATCS €I11€ /1 DIEKTPOIOB, KOHCTPYKTUBHO aHa-
JIOTHYHBIX BO30YANUTEIIO0, HO MTPEIHAa3HAYCHHBIX IS
OTBOJIa YHEPTHU JIEKTPOMATHUTHBIX KoJeOaHUH U
SIBIIAIOIIMXCA 30H1aMU. KonnuecTBo 30H10B J0JIKHO
OBITH TAaKMM, YTOOBI OHM IO3BOJISUIM OTOOPA3UTh
KPHUBYIO 3JIEKTPUUECKOI HAallPsHDKEHHOCTH HE MEHEee
4YeM JUIsl TIOJTHOM BOJIHBI HETOABM)KHOW HMHTEpde-
PEHIIMOHHOM KapTHHBI, 00Pa30BaHHOHN BCTPEUHBIMH
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OCTyIIMMH BOJHAMH, CIIEIOBATEIBHO, UX ITOIKHO
OBITh 1O KpaiiHeil Mepe 8. B pe3onarope pa3zmenieHo
¢dazoBpamaroniee yCTpolcTBO, OCHOBaHHOE, Ha-
npumep, Ha 3¢ppexre Dapajest ¥ nIpeACTaBISIIONIEEe
co0oit HeB3anMHBIN 31neMeHT. Da3zoBpaniaroniee
YCTPOHCTBO MOXKET OBITh BBIIIOIHEHO B BUE (heppH-
TOBOTO (hazoBpamaress. 3a CYeT STOr0 HEB3aUMHOTO
DJICMEHTA BCTPCUHBIC B3JICKTPOMArHUTHBIC BOJIHBI
MIPETEePIICBAIOT ITPH MPOXOJIE Yepe3 HETo pa3IHIHbIe
(ha3oBbIe CABHUTH, YTO MOXKET OBITH MCIOJIB30BAHO
JUTSL KOPPEKIUU aApeida u s APYTrux Ielei.
Bo30OynuTens 37eKTPOMAarHUTHBIX KoneOaHUil co-
eJIMHEH C BBIXOJIOM TeHeparopa CBY kosnedanuii ¢
MOMOIIbIO KOAKCHAIBHOTO Kabessi, 3TOT K€ BBIXOJ
COCITMHCH aHAJOTHYHBIM KOAKCHAIBHBIM KadeleM
C COOTBETCTBYIOIUM BXOJOM CXEeMbl 00paboOTKH
CUTHAJOB. 30HIBI TAKXKE C TIOMOIIBIO KOAKCHAIb-
HBbIX KaOeJel COeNMHEHBl C COOTBETCTBYIOIUMHU
WM BXOJIaMH CXeMbI 00pa0boTKu CUTHANOB. OJ1H U3
BXOJIOB ATOH CXEMBI COEAUHEH KaOeJIEM ¢ UCTOYHU-
KOM ITOCTOSIHHOTO HarnpspkeHus. Cxema o0paboTKu
CUTHAJIOB TIpe/CTaBisieT co00i COBOKYMHOCTH n+1
(ha309yBCTBUTEIBEHBIX BHIIPSIMHUTEICH, BHITIOTHEH-
HbIX Ha ocHOBe CBU-TpaH3UCTOpPOB U BXOIALIUX
B OJIOK (ha304yBCTBHTEIIBLHBIX BBINIPSIMHUTEICH, C
nociaceaoBareiibHO COCAMHECHHBIMH C HUMH (1)I/I.HI)—
TpaMH, COCTABJISIFOIIUMU OJIOK (GHITBTPOB. DUITBTPHI
npeaHa3zHadeHsbl u1st crinaxuBanus CBY-konebanmii
HECYIIEH YaCTOTHI, BRIXOABI KOTOPBIX COTUHEHEI CO
Bxoaamu n+1 aHamoro-undpoBsIX MpeodpasoBare-
JIeH, cocTaBisonux OJIOK. Beixoas! 7+1 ananoro-
uudpoBsIX nMpeodpazoBarenei, BXOIAIINX B OJIOK,
COCIMHEHBI CO BXO/IaMU OOPTOBOTO KOMIIBIOTEpA.

OyHKIIMOHUPOBaHUE MPUOOpa MPOUCXOAUT
ciexyromuM odpazom. [locie ero momkiIrOYeHus K
HUCTOYHHUKAM NHUTAaHUA I'CHCPATOP HAYMHACT BbIpa-
OarbiBaTh HanpsbkeHne CBUY-kosnebaHuii, KOTOpoe
gyepes KOaKCHaJIbHbIN Kabesb OABOANUTCS K IITHIPIO.
[Tocnenuuii BO30yX1a€T AIEKTPOMAarHUTHOE TI0JIE B
MOJIOCTH PE30HATOPa, B pe3ysbTare 4ero B Hampas-
JICHUW TI0 YaCOBOH CTpEJIKE, a TaKKe B IPOTHUBO-
MOJIOKHOM HAaNpaBJICHUU B KOJBIIEBOM PE30HATOPE
(hOpMUPYIOTCS JIBa BCTPEYHBIX MOTOKA OETyIIUX
QJICKTPOMAruMTHBIX BOJIH OILHHaKOBOﬁ 4aCTOThI, 3a-
JIaBa€MOI1 F€HepaTOPOM.

Wntepdepupys, OHU CO3MAI0T CUCTEMY CTOSTUMX
ANIEKTPOMATrHUTHBIX BOJH — HETIOABIKHYIO OTHOCH-
TEJBHO pe30HaTopa HHTEPPEPEHIIMOHHYIO KapTHHY.
[Ipu nosiBIIEHHH MOCTOSHHOW YINIOBOW CKOPOCTH
® TMOBOPOTa KOPITyca BOKPYT M3MEPUTENBbHON OCH
HHTepPEPEHINOHHAS KAPTHHA, OCTaBAsICh HETIOBIK-
HOMU 10 yIly B MHEPLHUAJILHOM IIPOCTPAHCTBE, CMe-
IIaeTCsI OTHOCUTEIHHO KOPITyCa M, COOTBETCTBEHHO,
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pe3oHaTopa Ha BEIHYHHY, paBHYIO (aze CaHbsKa U
MIPOTIOPLUOHATBHYTO U3MEPSIEMOH YTIIOBOH CKOPOCTH
®. [Tpu 3TOM OTHOCHUTENTBHO KaKI0TO U3 30HI0B (ha3bl
Canbsika OynyT UMETh pa3IMYHbIC 3HAYCHHUS.

H3BecTHO, 9TO MOKa3aTenab MPETOMIICHHUS HE
BIMSIET Ha 4yBCTBUTEIbHOCTH, BOI: B padote [12]
npuBejieHa cieytomias popmysna s Ga3pr CaHbsika
IUTSL KaTYIIKHA U3 OJTHOTO BHTKA!

Q
Ag = 8nSn?*(1-a) — 6
| bemnSr(-a) 3, (©)
e a =1-— —xoadpunuent ypneuenus Openens.
n

OcranbHble 0003HaYeHHs ONTMcaHbl Boiie. [lonaras,
Kak u B ciy4ae ¢ ['M K = n, nenaem BBIBOJI O TOM,
9T0 K03((HUIMEHT 3aMeUICHHs HE BIMSIET HAa Mac-
mMTaOHBIA KOAPPUIHEHT, © UMEEM C YIETOM MHOTO-
KpPaTHOTO YHCJa MPOOEroB 71 IIEKTPOMAarHUTHBIX
BOJIH TI0 PE30HATOPY CleAyoLyo (GopMyay A
¢a3p! CaHbska: ©
Ap = 8nSmE. 7

Yucno npoberoB m 3IeKTPOMArHUTHBIX BOJIH
oneHuBaetcs npu kanuodposke CBU-I'B mytem mo-
Jaun umnyiabcoB CBY-curnajioB u onpenesieHus
BPEMEHU YMEHbILIEHUS aMIUIMTYAbl HalpsDKEHUS Ha
BBIXOJIHBIX IITHIPSX, HaripuMep B 1.41 paza. DToT xe
pexum (B [26] mipecTaBieH Kak pabounii) UCIIONb-
3yeTcs ISl ONpeNeNIeHUs] B TUCKPETHbIE MOMEHTHI
BpeMeHH (ha30BbIX CBUIOB.

Ilpumep. YcnoBue pe3oHaHCa B BOJIHOBOJIHOM
pesonarope K=L/A=1,2,34...
Bamagum A = 0.25 cm; K= 100. Umeem:

K= 2nr —r= ﬁ orkyna r = 3.98 cm.

A 2n

Hecyas yactora, 3aaBaeMasi reHepaToOpoM,
paBHa: v=c/A=12-10""T'u. IIpu m = 10° maciuTa6-
HBII K09((HUIIUEHT paBeH:

m@=2mk2/v, (8)

K ¥
K,,=0.0166 ¢”'. YuuTsias myTs BOHBL, L = 21rm =
=2.499-10* m.
Jlnst cpaBHEHUSI paccuuTaeM MacITaOHBIN KO-
a¢¢unuent BOI npu anmmHe BOJTOKOHHOW KaTYIIKH

L,=2.499- 103 m; A= 1 MKM:

-2
K,foF =Llﬂ=2,499.103_12-56 3.98-10 _

Ac 10°-3-10°

=4.164c7".

MacmtabHblit ko3 dumuent 8 BOI' npu BbI-
OpaHHBIX mapaMeTpax Ha JBa MOpsAKa OoJblIe,
yem B CBU-I'B, pu m = 10* — Ha Tpu mopsaka.
CrenoBaTenbHO, JaHHBIH THIT THPOCKOIOB IIeJe-
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cooOpasno nmpuMeHsaTh Ha [10 ¢ GoNbIIUMH YTIIO-
BBEIMU CKOPOCTSIMH, Tlle HE TPEOYIOTCS BBICOKHE
TOYHOCTb M UYBCTBUTEIHHOCTb.

Tperuit Tum CBY-rupockonos — 3To KaTyIey-
HBIM TUPOCKOTI, SIBIISIOIIUNACS pa3BUTHEM TMPOCKOIIA
N. JI. Bepmreiina [2] B HanmpaBiIeHUH MUHUATIOPH-
3anmu. Bmecto GapabaHa ¥ KOAKCHAIBHOTO KaOems
B [27] mpuMeEHEHBI HECKOJIbKO BCTABICHHBIX APYT
B Jpyra UWIMHIAPUYECKUX KapKacoB C KaTyIIKaMH-
BOJTHOBOZIAMH MUKPOIIOJIOCKOBOTO TUMa. brarogaps
9TOMY HPUHIMITY TabapHUTHl MpHOOpa MOTYT OBITH
YMEHBIIICHEI O0JIee YeM Ha MOPSIIOK.

3aknioueHue

B crarbe paccMoTpeHbl (pU3HUECKUE OCHOBBI
pabotbl u cxemuble pemenus st CBU-rupockomnos:
TUPOCKOIa-MarHeTpoHa, HACTPaMBaAEMOTO Hampsi-
JKeHHEeM (MHTPOHA), PE30HAHCHOTO BOJIHOBOJIHOTO
THPOCKOIIA U THPOCKOIIA KaTyIICYHOTO THITa Ha 0aze
ycoBeplIeHCTBOBaHHOTO rupockomna U. JI. bepureii-
Ha. [IpuBeieHbl OCHOBHBIE COOTHOILIEHUS, OITUCHIBA-
folIMe uX cBorcTBa. COOTHOLICHUS /171l ONPEICIICHHS
BBIXOJ/IHBIX BEJIMYHH TPUOOPOB MOTyUSHBI HA OCHOBE
HCII0JIb30BaHUS TEOPUHU JIa3€PHBIX U BOJIOKOHHO-OII-
TUYECKUX TUPOCKOIIOB, B KOTOPOH YUTEHO BIIMSHUE
Ko uIIeHTa IIPETOMIICHHS CPEeIbl Ha X CBOMCTRA.
B pabore ucnonb3oBaHa aHanorus koddduuneHta
3ameieHusa B CBU-rupockomnax ¢ mokasaresiem mnpe-
JIOMJICHHUSI B ONITUYECKUX THMPOCKOMAX CO CPEAAMHU.
Ha ocHoBe 3TOl aHaIOruy U NOJTy4E€Hbl OCHOBHBIE
cootromeHus (3), (5), (6), (7). BeraucieHo 3HaueHue
MacmTadHOro Kod(QHUIHeHTa, KOTOPBI CBS3BIBACT
BbIXO/IHOM curHa)l CBY-THpOCKOIIOB C yTIIOBO# CKO-
POCTBIO BpallieHHs 00BEKTOB U XapaKTEPU3yeT, B TOM
YHCIle, YyBCTBUTEIBHOCTh K M3MEHEHUSIM YITIOBOM
CKOpocTH. 3HaueHwUst 3Toro Koddduuuenra mis CBY-
TUPOCKOTIOB TTOYTH B 10 pa3 mpeBHIIAIOT 3HAYCHHS
3TOro mapameTpa i TBEPAOTENbHBIX BOJIHOBBIX
TUPOCKOIOB, YTO Ja€T BO3MOXKHOCTh UCIOJIB30BATh
CBY-rupocKorbl B BHICOKOTOYHBIX HABUTAIIMOHHBIX
CUCTEMaX.
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Background and Objectives: In the present paper the physical
backgrounds of three types of microwave gyroscopes are presented.
Materials and Methods: Using the relativistic approach the
relations for output characteristics are derived to determine the
main parameters and properties of the microwave gyro devices:
voltage tuned magnetron (mitron) and microwave gyros based on
the resonant cavity, and for microwave gyro with coil. Results
and Conclusion: The results can be used to determine the main
parameters of these devices and their properties. The calculated
parameters are compared with the parameters and properties of
Laser Gyros, Fiber Optics Gyros and with other types of gyros. The
discussion of their realizations issues and subsequent applications
at the moving objects is given.
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BeepeHue

l'apmonmnueckue KoneOaHUsS SBISIOTCS OCHO-
BOM OOJIBIIMHCTBA COBPEMEHHBIX CUCTEM NEepelauu
uHpopmanuu. IlepenaBaemast HHGOpMAIHS B iepe-
JaT4UKe MOIYJIUPYET FapMOHUYECKHE KOJIeOaHMs
[0 aMILUTUTYE, YacTOTe WiIu (as3e, a B MPHEMHHUKE
MPOUCXOAUT OOPATHBIN MPOIECC — NEMOIYIISIIUS.
[ mepenaun nHPOPMAINH MOKHO HCIIONB30BATh
TaKXX€ Xa0THUECKHE CUTHaJIbl, CTEHEPUPOBAHHbIE
JEeTePMUHIPOBAHHBIME I'eHEpaTopamMu xaoca. Bos-
MOXHOCTH yTIPaBJICHUS 371eCh 3HAUNTEIBHO IIUPE,
MOCKOJIbKY Xa0THYECKHUE KoueOaHus Jaxe MpH He-
0OJBIINX BapUaLUAX YIIPABISIOMIUX [1apaMETPOB U
HaYaJIbHBIX YCIOBUN AEMOHCTPUPYIOT CYLIECTBEHHO
oTnuyaroueecs nosejnenue. Kpome toro, xaoTu-
YECKUE CUTHAJIbl SIBIAIOTCS LIMPOKOINOIOCHBIMH,
U HOBBILIEHHBIM MHTEPEC K TaKUM CHUTHajaM B
PaaMOTEXHUKE TPAAMIHMOHHO CBA3aH C MX 0OJb-
el HHPOPMAITMOHHOW EMKOCTBIO IO CPAaBHEHUIO
C Y3KOIOJIOCHBIMU KojieOanusimu [1-6]. B To xe
BpeMsl MHOTUE MCCIIEJIOBAaHUS CBUACTEIbCTBYIOT
00 OTHOCUTENHbHO HU3KOH MOMEXOYCTOHYMBOCTH
CUCTEM Tepenayu WH(POpMAIH, OCHOBAHHBIX Ha
CUHXPOHHU3ALIUKU T€HEPATOPOB C XaOTHUYECKOH ITu-
HaMuKkoH [7-9].

B knmaccmueckmx cucrteMax mepemadd HH-
¢dopMaruu MIMPOKO HCIOIB3YyEeTCSI METOJ Koppe-
JSLHUOHHOTO NpUEMa, KOTOPBIN SIBISETCS TaKXKe
BeCbMa MPUBJIEKATEIbHBIM IPU HCIOJIb30BAHUH
Xa0THYECKON Hecylell ¥ ero ujes UCHoab3yeTcs
B LIEJIOM psJe paboT Mo XaoTHYEeCKOH mepenaue
nHpopmaruu [10—14]. OGBIYHO cUUTAETCS, YTO
M3-32 YyBCTBUTEIBFHOCTH K I3MCHEHHUIO HAYaIbHBIX
YCIIOBHH B IPUEMHHKE HEJIb35 MOCTPOUTH TOUHYIO
KOITMIO CUTHAJIA IEPEAaTINKa, TIOCKOIbKY JaKe IIpU
3aJJaHUY OJTM3KUX HauaJIbHBIX YCIOBUM B TPUEMHHKE
U NepeJaTuuKe CUCTEMBI C TUHAMUYECKUM Xa0COM
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CHavaja dBOJIOIMOHUPYIOT IT0 OIM3KUM TPAeKTOPH-
sIM, @ 3aTEM pa30eraroTcs B CHITy SKCIIOHCHI[HATBHOM
PacXoJUMOCTH U CTAHOBSTCS COBCEM HEIOXOXKHU
Jpyr Ha apyra. IloaTroMy oquH U3 IPUHIUIIOB N1epe-
nagu HH(OpMAaIMy Ha OCHOBE Xa0Ca COCTOHT B TOM,
YTOOBI CO3/1aTh HA0OP OMOPHBIX (DYHKIIHIA (OTPE3KOB
BPEMEHHOI0 psiia, COOTBETCTBYIOIIMX CHUMBOJIAM
nepenaBaeMoro curxana). OmopHele QyHKIIUU
M3BECTHBI B IIPUEMHUKE U NepelaTuuke, U B KOp-
PEIAIIMOHHOM MMPUEMHUKE MTPOUCXOAUT CPABHECHUC
B3aMMHON KOPPEJSLMU CUTHajla B KaHaje CBS3U U
onopHoi (yHKIMU. PelieHne o mpueme TOro Wiu
HMHOTO CHMBOJIa 3aBUCHUT OT TOrO, C Kakoi omop-
HOW (pyHKIMEIl B3aMMHas KOppeNalus OKa3ajach
MakcuMaibHOU [15]. OmHaKo pa3BUTHE TUPPOBHIX
TEXHOJIOTHH MO3BOJSET UACATHLHO TOUHO 337aBaTh
HayajbHbIE YCJIOBUSA M CO3[aBaTh KOIMIO CUTHaja
nepeaaryuka Jsro00i amuHbl. I 9TOoro 10CTaTouHO
HCII0JIb30BaTh MJIEHTUYHBIE MPOLETypPbl PACUETOB
YPaBHEHMH BOJIIOLUY Xa0TUUECKOI'0 FeHepaTopa B
MIPUEMHUKE U IIepelaTuuKe, 3a/1aBasi IPU 3TOM UJIEH-
TUYHbIC HAYaJIbHBIC YCJIOBHUS. HOCTpOCHI/IC KOIIMH
CUTHaJIa IepejaTyuKa B IPUEMHHUKE [T03BOJISET UC-
MOJIb30BAaTh CTAHAAPTHBIC CXEMbI KOPPECIIALITUMOHHOTO
MpUEMHIKA, pa3pabOTaHHbIC IS Tepeaaun HHPop-
Manuy € MOMOUIBIO MPOCTHIX ACTCPMUHUPOBAHHBIX
CUTHAJIOB.

1. OnucaHue metoaa

OxHuM H3 croco0OB mepeaadn JABOMYHBIX
CUTHAJIOB B KJIACCHUYECKHUX CHCTEMax Mepenadu
HHPOPMAIMU SIBJISIETCS. KOPPEISIHOHHBIN MpHEM,
B YaCTHOCTH peaﬂHSOBaHHbIﬁ B CUCTEMaAX nepeaaiu
¢ IBOMYHOM (ha3oBoi manumymsiueit (binary phase

AN

JLIUL
m(l)

shift key (BPSK)) [16]. [IpuHIumm nocTpoeHus Takou
CHCTEMBI Nlepead UHHOPMaLUU TPOMILTIOCTPHPO-
BaH Ha puc. 1. B nepenarynke CMrHaji s; MCIOJb-
3yeTcs JUIsl KOAUPOBAaHUS JIorH4yeckoi 1, a curnan
5, — JUIs KOMpoBaHus Joruyeckoro 0. Mupopmanm-
OHHBIN cUTHAJI m(f) yIpaBuseT paboToN 3IEKTPOH-
HOTO KJIF0Ya TaKuM 00pa3oM, 4to korma m(t) = 1,
M0 KaHaly CBA3HM NEPENAETCs CUTHAN §;, a KOrIa
m(f) = 0, o KaHayy CBA3M NEPENACTCS CUTHAI §,. B
Ka4€CTBC OMMOPHLIX CUTHAJIOB 00BIYHO HCIOJB3YIOT
CHHYCOMJAJIbHBIHA curHan ¢ dasoi 0 (s,) u ¢ dasoii
7 (s5,). B IpueMHMKe BEPXHSIS U HYKHSS BETBH CX€-
MBI ()aKTHYECKH HAXOIST B3aMMHYIO KOPPEIISIIUIO
MeX/1y TiepeZiaBaeMbIM CUTHAIIOM z(7) M1 OOPHBIMH
CHTHAJAMH S, S, (IPOBOJAUTCS YMHOKEHHE TPH
MMOMOIIN YMHOXUTEJIA, a 3aTEM CITIAXKUBAHUC TIPU
oMoy GuisTpoB I, F,). Ecii koppensuus npu-
HATOI'O CUrHajia z ¢ OIOPHBIM CUT'HAJIOM Sl BBIIIC,
4€M KOPPEJIALHS CUTHAJIA Z C OIOPHBIM CUTHAJIOM Sy,
TO AUCKPUMUHATOP D NPUHUMAET PEILIEHUE O TOM,
YTO MPHUHATA JIoTH4eckas 1. B mpoTuBHOM cirydae
JUCKPUMUHATOP D NPUHUMAET PELIEHUE O TOM, UTO
npuHAT Jorudeckuit 0. Takum oOpa3oM, B pUeM-
HUKE (GopMupyeTcs NpUHATHINH HHYOPMAITHOHHBII
curHan m’(f).

DTa ke CTPYKTypa CUCTEeMBbI repenayu HHPop-
Ml MOXKET OBITh UCIIOJNIb30BaHA B TOM CIydae,
€CJI1 OIOPHBIC CUTHAJIBI Sl, S2 SIBJIAIOTCSA XaOTH-
YECKUMHU CUTHAJaMH. DTU XaOTHUECKHE CHUTHAIIBI
TFCHCPUPYIOTCA B NPUEMHUKE U NECPEAATUUKE ITPU
TTOMOIIY WACHTUYHBIX HU(QPOBBIX MPOIEIyp TeHEe-
panuu xaoTu4yeckoro curHaia. [Ipu sTom s HUX
UIACHTUIHBIME SIBISIOTCS TTapaMeTpPhl YUCICHHBIX
pacueToB, HaYaJbHBIC YCJIOBUSA U YIPABIAIOMIUC

S _J,

3

><_

communication
channel

AP}

L
|

F

><_

Puc. 1. brnok-cxema Kj1acCHuecKol CHCTEMBI Ilepeiaun HHPOPMAIIH ¢ KOPPEJISLIUOHHBIM IpU-
EMHHKOM: 5§, S, — OTIOPHBIC CHUIHAIbL, F|, F, — GUIBTPBI, D — TMCKPUMUHATOP

Fig. 1. Block diagram of a classical communication system with a correlation receiver, here s,
and s, are reference signals, F'; and F, are filters, D is a discriminator
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MapaMeTphl Xa0TUYECKOM cucteMsl. [Iponsmoctpu-
PYEM UJEI0 UCTIOIb30BaHUSI Xa0THUECKUX CUTHATIOB
B KaQu€CTBE OIOPHBIX HA IPUMEPE CUTHAJIOB CUCTEM
¢ 3anazasiBaHueM. Kpome Toro, npoBenem cpaBHe-
HHE TOMEXO0YCTOMYMBOCTH KJIACCUYECKON CUCTEMBI
nepenaun naGopmaruu BPSK u cucteMsl ¢ Toit xe
CTPYKTYpOI, HO OCHOBaHHOM Ha Nepe1aye CUTHAJIOB
CHUCTEM C INHAMHYECKHM Xa0COM.

B xauecTBe XxaoTHUECKOT0 reHepaTopa BO3bMEM
TeHepaTop ¢ 3ama3/bIBalonield 0OpaTHON CBS3bIO,
onrChIBaeMbIi auddepeHnnaIbHBIM ypaBHEHUEM
MIEPBOro MOPsIJIKA C 3ara3/ibIBaHUEM:

ex(t) =—x(t)+ [ (x(t = 7)), (M

e € = 6.7 — mapaMmeTp MHepIUoHHOCTH, T = 100 —
BpeMsl 3ama3/iblBaHus, HellHeHas QyHKIUA UMeeT
BUJ f{x) =a - sin(x), a =4 — napaMeTp HEIMHEHHOCTH.
[Ipu >TUX 3HAYEHHSX MAPAMETPOB B CHUCTEME

(1) HaOmroaeTCs Xa0THYECKOE MOBeIeHHE (puc. 2).
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Puc. 2. Xaotnueckuii BpeMEHHOM psiJi CUCTEMBI C 3ara3/ibl-
BaHueM (1)
Fig. 2. Chaotic time series of the time-delay system (1)

Hucnepcus curnana paBHa NpuMepHo 3.7, cpeqHee
6nu3Ko K Hymto. CIeKTp CUTHajla UMEET MaKCUMYM
Ha yacToTe, O6iu3koii k 0.025, 94To XapakTepHO ISt
PEXXHUMOB, SBOIIOIMOHUPYIOIINX Ha 0a3e MATOoM rap-
MOHHUKH OCHOBHO MOJTBI CHCTEMBI C 3aI1a3IbIBAaHIEM
[17] ¢ BEIOpaHHBIM HAMHU BPEMEHEM 3aICPXKKH.

2. CpaBHeHue NoMexoycToiMYMBOCTH
cucTem nepeaayu uidopmaumu

[IpoBenem cpaBHEHHE NTOMEXOYCTOMYHUBOCTH
KJIACCUUYECKOH U JIBYX XaOTHUECKUX CXEM Iepefadn
uHpopMarun. B k1accnueckoil cucreme nepenaun
MH(QOPMALMU CHTHAJIBL S|, S, SBISAKOTCA CUHYCOH-
JanbHbIMH ¢ (hazamu 0 u T cooTBeTcTBEHHO. H(OP-
MaHHOHHLIﬁ CUrHajl B nNepcaaTiuKke nepexjrovacT
CUTHAJl B KaHaje cBs3u. Ecnu nepenaercs curnain
§|, TO 3TO COOTBETCTBYET JIOTUYECKOH I, a eciu
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5, — norudeckomy 0. DakTHuecku MHOOPMAIUMOH-
HBII CUTHAJ IEPEKIII0YaeT 3HaK CUTHANA 33/1a0IIEr0
reHeparopa, TaK 4YTo §; COOTBETCTBYET JOTHYECKOM
l,as,=—s, —noruueckomy 0.

IlepBblii BapraHT XaOTUYECKOM CXEMBI MpE.-
[ojlaraeT HaJU4Me B MEpeJaTunKe XaoTHIECKOro
curuaa ot cucremsl (1), Tak uto s, = x(), s, = —x(7).
B mpuemHuKe MBI OTyYaeM KOMHUIO CUTHAJIA ITepe-
JaT4rKa, 3armyckas TUPPOBYIO KOIUIO TeHEepaTopa
HepeAaTInKa ¢ TEX e HadaJbHBIX YCIOBHM, YTO U
B mepenaryuke. JlanpHeimas ob6paboTka curHana
MPOHMCXOIUT TOYHO TaK ke, KaK U B KIIACCHUECKOM
IIPUEMHHUKE.

Bropoii BapuaHT Xa0OTUYECKOM CXEMBI — B IIEPE-
JaT4rKe uMeeTcs 2 mudpoBEIX TeHepaTopa xaoca,
napaMeTpbl KOTOPBIX HJACHTUYHBI, a HadyallbHbIC
YCJIOBUS pa3jIMyaloTCs MPU F€HEepaluu OMOPHBIX
CHUTHAJIOB 5|, S,. B mpueMHuKe, 3Has HayaabHbIE
YCJIOBUA U NIapaMeTphl B EPEJATUUKE, Mbl MOXKEM
TIOJTyYUTh KOIIMU CUTHAJIOB s/, §,. OOpaboTka cur-
HAJIOB MPOMCXOJIUT TaK K€, KaK U B MEPBBIX JIByX
cXemax.

[Iar B yKclIEeHHONH CXeM€ MHTErpUPOBaHUSA
ypaBaenus (1) paBeH 1, ¢ TaKUM ke [1aroM BBEICHO
JUCKPETHOE BpeMS B KJIIACCUYECKOM cucteme nepe-
naun nHpopmanuu. [Ipu BEIOpaHHBIX MapaMmeTpax
Xa0THYECKOI'0 FeHepaTopa U 11are MHTErpupoBaHUs
KOJMYECTBO TOYEK HA XapaKTEPHOM INEPHONE Bpe-
MEHHOTI0 psja okasbiBaeTcs okosio 40. Jlns Bcex
TPEX CHUCTEM CBs3M OyleM HaXOAUTh KOJIUYECTBO
omMOOK IpH Neperaue HHPOPMAIIHH 10 3aITyMIICH-
HOMY KaHaJly cBs3H. [Ipu 3TOM qucnepcust CHHYCO-
UJAJBHOIO CUTHaja BbIOpaHa paBHOM JUCHEPCHU
Xa0THUECKOTO CUTHAJIA, @ YaCTOTa CHHYCOUIATBHOTO
CUTHaJa — OJU3KON K OCHOBHOH YacCTOTE B CIIEKTPE
Xa0THYECKOTro curHania. JlnuHa Outa Bo Bcex ciayda-
six paBHa 400 yCIIOBHBIM €TUHHUIIAM BPEMEHHU (II1aram
UHTETPUPOBAHMUS).

Ha puc. 3 npeacraBieHbsl BpeMEHHbBIE PsIAbI
nepenaBaeMoro 7(t) u npuHUMaeMoro m (f) uadop-
MaIMOHHOTO CHUTHaja, a TaK)Ke CUTHajla B KaHaje
CBSI3U JUIA Tpex uccienyemsix cucreM. Ha puc. 3, a
B MOMEHTHI MEPEKIIOYCHUSI NHPOPMAITHOHHOTO
CHUTHaJIa BUIHBI U3MEHEHHUS (ha3bl CHHYCOUIATBHOTO
curHana. Ha puc. 3, 6 B MOMEHTbI IEPEKIIOYEHUS
TaK)Xe MPOUCXOIUT U3MeHeHue 3Haka. Ha puc. 3, ¢
B MOMEHTHI MEPEKIIOYCHUS] HHPOPMAITHOHHOTO
CHUTHaJIa MIPOMCXOJUT MEPEKIIOUCHNUE C OTHOM Xao-
TUYECKOM CUCTEMBI Ha APYTYIO.

Wndopmanmonnslit curnai m '(£), BeLACIsEMbIN
B IIpUEMHUKE, 3a CUeT (PUIBTPAINH HEMHOTO C/IBH-
HYT OTHOCHUTENBHO (), YTO JIETKO y4YecTbh, 3Has
mapaMeTpsl QUIBTPOB IPHEMHHUKA.

Hay4Hbir oTaen
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Puc. 3. BpemeHHbIe psiibl niepenaBaeMoro m(f) (4epHbIi
LBET) ¥ MPUHUMAEMOTO 1 '(f) (IyHKTHP ) HHHOPMALIHOHHOTO
CUTHaJa, a TaK)Ke CUTHAja B KaHaje CBs3U (Cephlil LIBET)
JUIS TPEeX HCCIIEAYEeMbIX CHUCTEeM Iepeaads MHOpMalHu:
KJIaCCUYECKOi (a), XaOTHYEeCKOH ¢ M3MEHEHHEM 3HaKa
repeiaBaeMoro curaana (6) U XaoTHYECKOH ¢ pa3InYHbIMU
HayaJIbHBIMH yCIOBHAMH (8)
Fig. 3. Time series of the transmitted information signal
m(t) (black), the received information signal m '(¢) (dashed
line), and the signal in the communication channel (gray)
for the three studied communication systems: the classical
system (a), a chaotic system with a change in the sign of the
transmitted signal (b) and a chaotic system with different
initial conditions (¢)

Puc. 4 nnmoctpupyet yCTOWYUBOCTD MPEJJIO-
JKCHHOTO METOJIa Tepenadyu HHQOPMAIMH K IITyMaM
B KaHaJle CBS3U. 3[1eCh IPE/ICTABICHBI BPEMECHHbBIC
pAnbl iepegaBaeMoro mi(f) U mpuHUMaeMoro m '(f)

Paanorsrika, 31eKTPOHNKA, akyCTHKa

HH(POPMAIIMOHHOTO CHUTHAJA, a TAK)KE CHTHAla B
KaHaJe CBA3H AJISI XA0TUUYECKOH CUCTEMBI C Pa3Iny-
HBIMH HauaJbHBIMH YCIOBHSIMH TIPU TOOABICHUU
B KaHAJ CBS3M HOPMAJIBHOTO IIyMa C JUCIEPCHEH,
PpaBHOM AMCIIEPCUM CUTHAJa B KaHAJE CBS3U.
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Puc. 4. Bpemennsie psanel nepenaBaeMoro m(t) (4epHbIi
L(BET) ¥ IPUHUMaeMOoro m '(f) (MyHKTHP) HHGOPMALIMOHHOTO
CUTHAJIa, a TaK)Ke CUTHAJA B KaHaJle CBSI3M (CEpbIi IBET)
JUISL XAaOTUYECKOI CHCTEMBI C Pa3IMYHBIMU HadaJIbHBIMH
YCIOBUSIMH HPH T00aBICHUH IIyMa

Fig. 4. Time series of the transmitted information signal m(f)

(black), the received information signal m '(¢) (dashed line), and

the signal in the communication channel (gray) for a chaotic
system with different initial conditions when adding noise

Bumno, 9T0 32 cueT mo6aBICHUS ITyMa aMILTH-
TyJa CUT'HaJla B KaHajle CBA3M CTaja CyLIECTBEHHO
BBIIIIe, HO MTH(POPMAITMOHHBIN CUTHAJ TIPAKTUYECKH
HE U3MEHUJICS.

Hamu ObUIO mMpoBeneHO CpaBHUTEIBHOE HC-
clleJJoBaHWE MOMEXOYCTOMYHUBOCTU BCEX TpeX
PACCMOTPEHHBIX CUCTEM Iepefadyu MHPOpMaIuu.
Just uupoBEIX CUCTEM Iepenadyu HHPOpMauu
OOBIYHO CTPOSAT 3aBUCUMOCTH OMTOBOH OIIMOKHU
(Bit Error Rate, BER) ot Bennaunsl £,/N,), KoTopas
MpeACTaBIsICT CO0O OTHONICHUE YHEPTHH OUTa
E,, x snepruu myma N, B monoce npuema [16]. Ha
puc. 5 mpencrasnena sapucumocth BER ot E;/N,
JUTS KITACCHYIECKOM CXeMBI TIepenadn HHpOopMauu
U JIByX CXEM XaOTHUYECKOU nepenadn HHPOpMaIuu.

BujHo, 4T0 10MeX0ycTOMYMBOCTh Xa0TUUECKON
CHCTEeMBI C MU3MEHEHHEM 3HaKa MepenaBaeMoro
cUrHasa OJIn3Ka K IOMEX0yCTOHYMBOCTH KilaccHye-
CKOH CXEMBI, a IOMEX0YCTONYMBOCTh Xa0THYECKON
CHCTEMBI, B KOTOPOH NJIsI TeHepalul CUTHAJOB
S|, S, 3a[AI0TCA PA3JIMYHbIE HAYaJIbHbIE YCIOBHS,
HECKOJIbKO YCTYIaeT IOMEX0YCTOMYUBOCTH KJIaCCH-
yeckoi cxembl. HecMOTpst Ha 3T0, IPEVIOKEHHBIE B
CTaThe Xa0TUYECKHUE CXEMbI CBSI3U UMEIOT IPEeruMy-
IIIECTBO B TOM, UTO 00JI1a1al0T HEKOTOPOI CTETICHBIO
KOH(UICHIINATbHOCTH. [Ipy 3TOM IIJIsi TOTO YTOOBI
MIEPEXBATUTh COOOIIIEHIE, HEABTOPHU30BAHHBIN MTOJTh-

205



rss. Capart. yH-1a. HoBs. cep. Cep. Prznka. 2020. T. 20, Bbir. 3

BER

1 E

0,1 =

001 =

0,001 =

0,0001

-20 -10 0 10
E,/N,, dB

Puc. 5. 3aBucumocts BER ot Eb/ N, mist Kaccu4eckoi cu-

cTeMbl iepeadu HHGopMaruu (OKPYKHOCTH), Xa0THIECKOU

CUCTEMBI CBSI3H C U3MEHEHHEM 3HaKa Mepe1aBaeMoro CUrHaia

(KpecTHKH) U XaOTHYECKON CXEMBI CBA3H C PA3IUYHBIMU Ha-
YaJlbHBIMU YCIOBUSAMH (TOYKH)

Fig. 5. BER dependence on E /N, for the classical commu-

nication system (circle), a chaotic communication system

with a change in the sign of the transmitted signal (crosses),

and a chaotic communication system with various initial
conditions (points)

30BaTeNb JOJKEH 3HATh HE TOJBKO YNPaBIAIOLINE
rapaMeTpsl reaepatopos [ 18, 19], Ho 1 HaganbHBIC
YCIJIOBUS aBTOTEHEPATOPOB B MEpeIaTuHKe.

OTMeTHM, 9TO JPYTHUE XaOTHUCCKUE CHCTEMBI
nepenadyd MHGOpMAIMU, OCHOBaHHBIC Ha 3(dexTe
Xa0TUYECKOH CHHXPOHU3ALUU WIM HEIUHEHHOM
MOIMEIIMBaHUH, UMEIOT €lle MEHBIIYI0 TIOMEXO0Y-
croitunBocTsh [20, 21].

3aknioueHue n o6cyxaeHue

B pabote mokazaHo, YTo HACOIOTHS KOPPEISIH-
OHHOTO NIPHEMa, Ha KOTOPO MOCTPOEHBI Ki1accuie-
CKHE CHCTEMBI ITepeaaur HHPOPMAIUN, MOKET OBITh
HCIOJIb30BaHA U B TOM Cllydae, KOrja B KauecTBe
OTIOPHBIX CHUTHAJIOB HCIIOJIB3YIOTCS XaOTHUECKUE
CUTHAJIbl, FEHEPUPYEMbIE aBTOKOIEOATEIbHBIMU
CHCTEMaMH CO CIOXHBIM ToBeAcHHEM. Ilpn sTom
MIOMEX0YCTOMUYMBOCTh XaOTUUYECKOH CHUCTEMBI C
HM3MCHCHHMEM 3HAaKa IepeJaBacMoro CUrHasla MpH-
OKaeTcst K TOMEX0yCTOHYNBOCTH KITACCHYECKOH
CHUCTEMBI Tepefaun MHQOPMAIH ¢ HAWIYUIINMHU
XapaKTepUCTUKAMU [TIOMeXoycToiunBocTu. B 10 xe
BpEMsI TTIOMEXOYCTOMYMBOCTh XaOTHUYECKON CXEMbI
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CBS3M C PA3JIMYHBIMU HayaJlbHBIMU YCJIOBUSIMU He-
CKOIIbKO Xyke. [lo-BHIMMOMY, 3TO CBSI3aHO C TEM,
YTO AK€ NPU PA3IUUHBIX HAYaJIbHBIX YCIOBHUAX
CYIIECTBYIOT OTPE3KH BPEMEHH, Ha KOTOPBIX Bpe-
MEHHBIE PAJIBI XaOTUYECKUX CHUCTEM, UMEIOIINX
OIMHAKOBBLIC YIIPABJIAIOIIUEC ITAPaMETPhI, HO pa3JIn4-
HBIC HayaJbHBIC YCIOBUS, CTAHOBATCS ONU3KHMHU.
OTO0 NPUBOIUT K TOMY, YTO IIPY HEKOTOPOM YPOBHE
aJITMTUBHOTO ITyMa HaOIIOIAl0TCS OIIMOKH TpUeMa
3allyMJIGHHOTO CHTHAJIA.

dusnueckas peanu3alus CUCTEM Iepenadu
UHGOPMAILUU C XAOTHUECKOH HecyIell BO3MOXKHA
IIPY HCITOIB30BAHNH YHCTO I (PPOBHIX TEXHOIOTHH
U1 hopMHupoBaHus XaoTHueckod Hecyme. [Ipu
3TOM BCE€ PACUETHI IPOBOSTCS BHYTPH IH(PPOBOI
CXEMBbI C UCTOJb30BAaHUEM 3apaHee 3aJaHHBIX Ha-
yaJIbHBIX YCIIOBUH, B KaHAJ CBSI3U [10/1a€TCs aHAJIO-
TOBBIM CUTHAI, TIOJYUYEHHBIA ¢ BbIXoJa IUPPOBOI
cxembl nipu nomotu [[AIL. B mpuemuunke curnan
U3 KaHaJa CBSI3U OIU(POBLIBACTCS MPU MOMOIIU
ALIT u cpaBaHBaeTcs ¢ MUGPOBOH KOTIMEH CUTHATIA,
reHepupyeMoro nuppoBoil cxemoil ¢ 3apaHee u3-
BECTHBIMU Ha4YaJIbHBIMU YCJIOBHUSIMHU, TAKUMH XK€,
Kak B nepenarunke. Hanbomnee neméBblii BapuaHT
— MCIOJIb30BAaHUE MUKPOKOHTPOJIIIEPOB. HaCTOTHBIN
JIMara3oH TaKOro BapuaHTa — OT €UHHMII JI0 JICCSITKOB
Mmerarepll. Mcrnonb3oBaHue CUTHaJIbHBIX IPOLIECCO-
POB NO3BOJIACT MPOABUHYTLCS B JUAINTA30H JCCATKOB
— coteH Merarepl]. HakoHen, npyuMeHeHne TOOBbIX
MNporpaMMHupyCMbIX JIOTUICCKUX MHTETPAJIbHBIX
cxeMm (ITJIMC) coBMEeCTHO C TOTTOBBIMH BBICOKOCKO-
poctHbiMu ALIT u ITAII no3BosisieT UCoNb30BaTh
muarmaszod xo 1 '

Cepbe3Hoil mpoOieMoOl A1 Xa0THUECKUX
CHUCTEM Iepenaydl HHPOPMaIUH, IPEITI0KESHHBIX B
JlaHHOH paboTe, ABISAETCS TaKKe IpodieMa CHHXPO-
HU3AIMH IPUEMHIKA U NiepeaaTanka. Heodxommmo
CHHXPOHHU3UPOBATh HAYAJIO T€HEPAIMH OTIOPHOTO
CUTHaJIa B IPUEMHUKE, YTOOBl OH COOTBETCTBOBAJ
OTIOPHOMY CHTHaIly, CTEHEpUPOBAHHOMY B Tepe-
JaTYMKE M 3aTeM HPUHATOMY NPUEMHHUKOM I0CIe
MPOXOXKJIEHUS 0 KaHay cBs3u. Kpome Toro, Ha
BCEM IPOTSIKEHUM CeaHca CBSI3M ONOPHBbIE CUTHa-
JIbl B MIPUEMHUKE U MNECPEAATUUKE DOJIKHBI 6]>ITI>
WAEHTUYHBIMU. Eclii Ipy reHepannu nenoiab30Barh
KBaplEeBbIi reHEPaTOP, TO TOYHOCTH BOCITPOU3BEIe-
HUSI TAKTOBOM YaCTOTHI B TPHEMHHKE OyAeT mOopsiIKa
107%. Ecnu nonarark, 4To pacxoK/IeHHE CUTHAJIOB
nepeiaTunKa U MPUEMHUKA JTIOJIKHO OBITh HE Oolee
YEeTBEPTH XapaKTEPHOTO Mepro/a, TO 3TO IPUMEPHO
2.5-104 OUT, MoCIIe 4Yero HeoOXOTUMO CHHXPOHHU3H-
pOBaTh MPUEMHUK U NICPECAATUHK, J'II/I6O 3allyCTUTDH
IpoLecc 3aHOBO.

Hay4Hsiri otaen
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Osxumaercs, 9T0 KOHPUICHIINATBHOCTD HC-
CIIeJIOBAaHHBIX METOAOB Tepenadyu mHpopmanuu
C TIOMOIIBIO XaO0THUECKOU Hecymiei Oyxaer, 1Mo
KpaliHell Mepe, He Xy>Ke, UeM JJIs1 CUCTEM CBSI3U C
MEPEKIIIOUEHUEM XaOTHUECKUX PEKUMOB, KOTOPbIE
CTaJId OZIHUM U3 DTAJIOHOB B XaOTHUYECKOM Nepeiade
uHpopmanmu. CylnieCTBEHHBIM OTIHYHAEM Ipel-
JJOXKCHHBIX CHCTEM CBA3U OT HM3BCCTHBIX MOXET
OBITH TO, UTO TTAPAMETPHI XaOTHUECKON CHCTEMEI B
NnepeaaTiuKe MOTyT OCTaBaTbCs HCU3MCHHBIMU, YTO
3aTpyAHSET AJi HEaBTOPU30BAHHOTI'O 110JIb30BATEIIS
PEKOHCTPYKIIMIO CUTHAJIA, OCHOBAHHYIO HA OLICHKE
mapamMeTpoB Nepeaaroueil cuctemsl. B To ke BpeMs
HOMCXOyCTOﬁ‘IHBOCTL PacCMOTPEHHBIX METOJ0B
nepeaaYn HHPOPMaIUH CYIIECTBCHHO JTyUIIIe.
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Background and Objectives: The object of research is com-
munication systems based on the methods of correlation receiving.
The aim of the study is a comparative assessment of the noise
immunity of three different information transmission systems at
the same levels of external noise. Materials and Methods: The
methods of numerical simulation of time-delay systems are used.
For the self-oscillating systems with delay, the approach based on
correlation receiving is used for communication systems. Results:
It is shown that the principle of correlation receiver, which is applied
in classical communication systems, can also be used in the case
when chaotic signals generated by self-oscillating systems with
complex behavior are taken as reference signals. Conclusion:
The noise immunity of the communication system based on the
methods of correlation receiving and dynamical chaos is close the
noise immunity of a classical communication system.
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BBepeHue

JluHaMHYeCcKHe CHCTEMBI, COJlepXKaIIhe MeM-
PUCTHBHBIC JIEMEHTHI, TO €CTh IEMEHTHI, 001a-
JAfOIIHNe «IIaMATBIO», COCTABIAIOT OCOOBII Kitacc
JMHAMHYECKHX CHCTEM, KOTOpbIE MOTYT OBITh Ha-
3BaHBl MEMPUCTHUBHBIMU cucTeMaMu. IIpumepom
MEMPHUCTHBHOTO JBYXIIOJIIOCHUKA MOXKET CIIYKUTh
Mempucrop Uya (MEeMpHUCTHUBHAS MTPOBOAUMOCTD
WIH CONPOTUBJICHHE B TEOpEeTHYECKol padote [1]
peanu3yeTcs Ha MPAKTUKE C TTOMOIIBIO Pa3IHIHBIX
¢usnyecknx ycrpoicts [2-9]). Ilox MmempucTus-

HBIMH 3JICMCHTaAMH U YCTpOﬁCTBaMH B O606H.ICHHOM
CMBICJIE TTOHUMAIOT ABYXIIOJIOCHUKU C XapaKTECpH-

CTHKOM BHUJA:
dz
x(0) = Gy, 2,0Y(©). 5= fO,20),

IIe X U Y — HEKOTOpble IepeMeHHbIE, COOTBET-
CTBYIOIIME BO3JICHCTBUIO M OTKIHKY (Hampumep,
TOK W HaIlpsDKEHHUE), a z — epeMeHHasi, 3aJaromuas
MT'HOBEHHOE COCTOSTHHE MEMPUCTHBHOTO YIEMCHTA.
XapaKkTepucTHKa MEMPHCTHBHOIO sieMenTa G,
(Hampumep, MPOBOJAMMOCTH) B TEKYIIUH MOMEHT
BPEMEHHU 3aBUCHUT OT MEPEMEHHOH z(f), 3HaUeHHE
KOTOpPOH B JaHHBIH MOMEHT BPEMEHH CBSI3aHO CO
BXOJIHOU MepeMeHHOH y MHEPIUOHHO, T.€. 3aBU-
cuT oT mipeasicropun Mmempucrtopa [10, 11]. Ecin
ypaBHEHHE MEMPUCTUBHOU IEPEMEHHON UMEET BUJ]
dz/dt = f (), To

t

2(6) = 2(0) + f fy@ude, (1)
0

T.€. COCTOSIHME€ MEMPUCTUBHOT'O JIEMEHTa B MOMEHT
BpPEMEHHU  3aBUCUT OT HAYaJbHOTO 3HAYECHHS Mepe-
MeHHOU z(0) 1 «IMaMATb» 0 HauaJbHOM COCTOSIHHH
MEMPHUCTHBHOTO 3JIEMEHTa COXpaHsieTcsi OecKoHeu-
HO J0aro. Takoii MEMPUCTUBHBIN 21€MEHT MOXKHO
Ha3BaTh «UJeaJbHbIM». PeanbHble yCTpOMCTBA HE
00ma1ar0T OECKOHEYHO JOJATOH MaMAThIO, OJHAKO
P HEKOTOPBIX YCIIOBUSX BIUSHUE HAYallbHOTO
COCTOSIHUSL MOXET COXPaHATHCS Ha JOCTAaTOYHO
JUIMTEJILHOM BPEMEHU. B «HeuzeasbHOM» ciyyae
MEMPUCTHUBHBIH 27IEMEHT MOXKHO pacCMaTpUBaTh Kak
HEKOTOPYIO IIEeIOYKY HHEPLMOHHON HETMHEHHOCTH.
IIpu coorBeTcTBYIOIIEM BBIOOPE XapaKTEPUCTUKHU
OHAa MOXXET CYLIECTBEHHO MOBIHATh Ha JUHAMHUKY
cuctembl. Hanpumep, npuBeCTH K BOSHUKHOBEHHUIO
JUHAMUYECKOTO Xaoca, KaKk 3TO UMEeT MECTO B
PaIUOTEXHUYECKOM TeHepaTope ¢ MHEPIUOHHOUN
HEIMHEHHOCTHI0 AHUIIEHKO — AcTaxoBa [12].
MeMpHUCTHBHBIE CUCTEMBI M3YYalIUCh B paboTax
[13-22], B KOTOpBIX OBUIA OMHCAHBI OCOOCHHOCTH
ux JuHaMukd. Hannune naeanbHbIX MEMPUCTUBHBIX
3JIEMEHTOB B Psijie CIy4aeB MPUBOAUT K BO3ZHUKHO-
BEHHUIO B ()a30BOM IIPOCTPAHCTBE ITHHAMHUYECKOMH
CHCTEMBbl MHOTO00Opa3uil, COCTOAIMNX U3 TOUEK
paBHOBeCHsA U 3aMKHYTBIX opOUT. OHU HE SBIIS-
I0TCSl U30JIMPOBAHHBIMU U 00pa3yloT HENpephIB-
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HO€ MHBapHMaHTHOE MHOXXECTBO MPUTSATMBAIOLINX
TPAacKTOPHUH, T.€. NPUTITUBAIOIIEE MPEAEIbHOE
MHOecTBO. OHO SIBJISIETCS aTTPAKTOPOM CUCTEMBI,
HO He 00JajaeT BCIOAY MJIOTHOI TpaeKTOpHEHl.
OCOOCHHOCTH TIOBEACHUST TUHAMUYIECKUX CHCTEM C
TAaKUMU MIPUTATUBAIOIUMHU MHOKECTBAMU OTTMCAHbI
B [13, 14, 17,20-22].

B psine pa®ot ObIIM YCTaHOBIEHBI U UCCIIEAO-
BaHBI 3(Q(PEKTH CHHXPOHHU3AINN B MEMPUCTHBHBIX
cucremax [18, 23-28]. [Ipu uccneqoBaHun CUH-
XPOHHU3ALKUHU MOXKHO BBIIECIUTH CIIEIYIOLINE BHUJIbI
MCMPHUCTUBHBIX B3aHMOILeI7[CTByIOH.[PIX CUCTEM:
«OOBIYHBIC» CHCTEMBI (HAIpUMEp, IEPUOTHIESCKIE
rerepatopsl Bal aep Ilona u @duruXsio — Harymo
WJIM TEHEpaTophl Xaoca, TaKue Kak ocLmlIsTopsl Jlo-
peHua), CBA3aHHBIC YEPE3 MEMPUCTHUBHBIC DJICMCHTBI
[23-28]; MEMPHUCTHUBHBIC CHCTEMBI C OOBIYHOM pe3n-
CTHBHOH MM MHOI HEMEMPHUCTUBHOM CBs3bIO [18,
29-31] 1 MEMpPHUCTHBHBIE CUCTEMBI C MEMPUCTHBHON
cBs3pto. [locnennuil ciyyail, HACKOJIBKO HaM M3-
BECTHO, II0Ka €ele He paccMmarpuBaiica. bombuioe
KOJIMYECTBO CTaTeil MOCBAIICHO CHHXPOHMU3AIUU
HCKYCCTBEHHBIX MEMPUCTUBHBIX HEHPOHHBIX Ce-
Teit [29-35], B KOTOPBIX ONPEACISAIOTCS YCIOBUS
UX MOJHOM WJIW 3ama3AbIBarolleil CHHXPOHU3ALMH.

B MEMPUCTUBHBIX CUCTCMaX CUHXPOHU3ALIUA
KoJieOaHNH MMEET 0COOEHHOCTH, OAHAKO ITOJHOE
OTIHUCAaHUE PTUX OCOOEHHOCTEH O HACTOSIIETO
BPEMEHM OTCYTCTBYET. B Lienom cuHXpoHM3aLus
MEMPHCTUBHBIX CHCTEM €Il HEAOCTATOUHO HCCIe-
noBaHa. OCOOCHHO 3TO KacaeTcs CHHXPOHH3AINU
MEMPUCTHUBHBIX T€HEPATOPOB, KaK UACHTUYHBIX, TaK
U C PACCTPOMKOI 4acTOT.

B Hacrosimiell paboTe MccnenyroTcs aBa pe3u-
CTMBHO CBSI3aHHBIX I€HEparopa, COAEpIKalluX MeM-
PUCTHUBHBIE TPOBOAUMOCTH. PaCCManI/IBaeTCﬂ Kak
[IOJIHAsE CUHXPOHM3ALUS UISCHTUYHBIX T€HEPaTOpOB,
TaK U CHHXPOHH3AIM YacTOT B TEHEpaTopax ¢ pac-
CTPOMKOU. BBIABIIAIOTCS 0COOCHHOCTH AP PEKTOB CHH-
XpOoHU3alUuU, CBA3AHHBIC C MCMPUCTUBHBIM XapaKTe-
POM napLHaIbHBIX CUCTEM. AHAIN3UPYETCSI BIUSHNE
«HEUACAJTbHOCTU» MEMPHUCTHUBHLIX 3JIEMCHTOB U JIJI1-
TEJILHOCTb IIPOLIECCOB YCTAHOBJIEHUS B 3TOM CIIyyae.

1. Uccnepyemasa mopenb

B nanHoIi paboTe paccMaTpuBaIOTCS JIBa MEM-
PUCTUBHBIX T€HEPaATOpa, B3aUMOJIEHCTBYIOMIUX
gepe3 OOBIYHYIO MPOBOANMOCTE (IMCCHITATUBHAS
cBs3b). [lapunanbHbie MEMPHUCTUBHBIE T€HEPATOPHI
npeacTaBisaroT coboir LCR-koHTYpHI ¢ mOCTOSH-
HOU OTPHUIATEIbHON MPOBOAUMOCTBIO U C MEM-
PUCTUBHOU MPOBOAUMOCTHIO. OTAEITBHO B3ATHIN
0100HBII reHepaTop MoIPOOHO ONMKUCaH B paboTax

Paanorsrika, 31eKTPOHNKA, akyCTHKa

[20-22]. Beuto moka3zaHo, 4YTO B cllydyae MEeMpH-
CTUBHOM MPOBOJMMOCTH C «UJEAJTbHON MaMsThIO»
TakoW TeHeparop obOiiajaeT JIMHUEH paBHOBECHI
U JeMOHCTpUpYyeT OudypKauu Npu MOCTOSHHBIX
rapaMeTpax CUCTEMbl U U3MEHEHHUM HadaJbHbIX
ycnoBuii (Tak Ha3slBaeMble Oudypranun 0e3 ma-
pametpoB [36]). [IpuTtaruBaromniee npeaeabHOE
MHOXECTBO B ()a30BOM IPOCTPAHCTBE CHUCTEMBI B
KOJIeOaTeIbHOM PEeKUME MPEACTABISIET CO00H 00b-
€IMHEHHE IBYMEPHOU MOBEPXHOCTH, COCTOSIICH 13
HEeNPEPbIBHOIO MHOXKECTBA 3aMKHYTHIX TPACKTOPHIA
U JABYX MOJTYHPSMBIX, 00pPa30BaHHBIX YCTOHUUBBIMU
TOYKaMH PaBHOBECHSI.

ypaBHeHI/Iﬂ CUCTEMbI JIBYX CBSA3aHHBIX MCEM-
PUCTHBHBIX TeHepaTopoB (puc. 1) B 6e3pa3sMepHbIX
MNEPEMCHHBIX UMECIOT BU!
[5(1 =y — G(z)x1 + k(xy — x1),

Y1 =—x1+ By,

Zl =X1— 621,

Xy =Yy, — G(2)xy — k(x; — x1),
V2 =p(—=x3 + By2),

Z’Z = xz - 6Z2.

2

ITepemennble x|, X, NPEACTABIAOT COOOH HOPMH-
POBaHHBIE HANpPsIKEHUS Ha KonjaeHcaropax C; u
C5; ¥|» ¥, — TOKH 4Y€pe3 UHAYKTUBHOCTU L, u L,;
Zy, Z, — TIEPEeMEHHBIC, YIPABJIAIOLINE MEMPHUCTHB-
HBIMU IPOBOAUMOCTSIMH (MEMPHUCTUBHbIE IEPEMEH-
HbIe). B cooTBeTCTBUY C [ 1] MX MOXKHO MOHUMATh Kak
HOPMHUPOBaHHbIE MArHUTHBIE IOTOKU. B peanbHbIX
MEMPUCTUBHBIX YCTPOMCTBAX 3TU IE€PEMEHHbBIE
UMEIOT JIpyroil ¢usmdeckuit cmpici. Hampumep,
B MOJYIIPOBOAHUKOBBIX MEMPUCTOPAX OHU MOTYT
03HA4aTh TOJIIHUHY CJIOS C BBICOKOW KOHIIEHTpauuen
MUTPAIMOHHBIX TpuMeceii [2]. [TapiuanbHbie reHe-
paTopbl [0JIaratoTCsi UACHTUYHBIMHU 32 UCKIIIOUEHU-
€M pacCTpOMKU 4acTOT. DTOT0 MOXKHO TOOHTHCH,
€CII BCE JIEMEHTHI IByX reHepaTopoB (cM. puc. 1)
BbI6paTI> OIMHAKOBBIMHU 3a UCKITFOUCHUEM UHAYKTUB-
HOCTEH, OTHOILLIEHUE KOTOPBIX OIPEeIIsieT OTHOLIe-
HHUE YacTOT TeHepaTopoB. YpaBHEHUS CUCTEMBI (2)
coiepKar cieAyIomue 6e3pa3MepHbIe mapaMeTphl:
k — xo3punueHT, perynupyomuil cuny cBA3u;
p=w3/w?=1L,/L, — k0o5)UIHMEHT YacTOTHOI
pacctpoiiku; f=0.035 — mapameTp, onpeaenseMblit
BEJIMYMHON OTPULATEIbHOTO CONPOTHUBIICHUSI.
Bynem nonaraTth, 4TO 3aBUCUMOCTb MEMpU-
CTMBHBIX MPOBOJAUMOCTEN OT NMEPEMEHHBIX Z| U
Z, 3a/1acTCs OJTHOHM W TOH ke Tnaakod pyHKumen
G(z) = a + bz, tae a = 0.02, b = 0.8. YpaBHeHus,
OIMMCBIBAIOINEC TUHAMHUKY MEMPUCTUBHBIX ICPEMCH-
HBIX, B O0IIEM CITydae cozepskaT Majblil mapameTp
0, KOTOPBIA ONIpeJeNsieT «HEN1eabHOCThY MEMPH-

211



rss. Capart. yH-1a. HoBs. cep. Cep. Prznka. 2020. T. 20, Bbir. 3

S
|

— C]_

— Y
Ll IC gC L2
G(zy)

G(2,)

@02:: U, -R,

Puc. 1. PagnoTexHndeckast cxemMa UCCIeyeMOH CHCTEeMBI IBYX AUCCHIIATUBHO CBSI-
3aHHBIX MEMPUCTHBHBIX T€HEPATOPOB
Fig. 1. Schematic circuit diagram of the studied system of two dissipatively coupled
memristive self-oscillators

CTUBHBIX JJICMEHTOB. B peaiabHBIX MeMpHCTOpax
«HEHJICaTbHOCTHY SBJSETCS CIEACTBHEM Ipoliecca
nupdy3un HOCUTENeH 3apsga B aKTUBHOM CJIOE
[37, 38]. PaBeHcTBO 0 = 0 COOTBETCTBYET «HJIC-
ampHOMY» MeMmpucTopy. [Ipu 3ToM B (hazoBOM mpo-
CTPaHCTBE CHCTEMEI (2) CyIIECTBYET HHBAPHAHTHOE
MHOT000pa3ue (II0CKOCTh) E, cocTosIIee U3 TOYEK
PaBHOBECH: C KOOPJMHATAMH X 5 = 0, Vip = 0, u
NPOM3BOILHBIMY 2| M Z,. [Ipy (PUKCHPOBAaHHBIX 3HA-
YCHHSAX MapPaMETPOB YaCcTh INIOCKOCTH COCTOHT M3
YCTOWUYMBBIX TOUEK, & YACTh — U3 HEYCTOWUYNBBIX. B
pe3ynbTare MoTepy yCTOMYMBOCTH TOYKAMH PaBHO-
BECHs B MapIUaJbHBIX T'€HEpaTOpaX BO3HHUKAIOT
konebanus. [Ipu 3ToM, Kak U B OTAEIBHO B3STOM
MEMPHUCTHBHOM TeHepaTope, B cucteme (2) Oynmer
CYIIECTBOBATH MHOXECTBO PAa3IUYHBIX (ha30BBIX
TPaeKTOPHIA, COOTBETCTBYIOIIIX yCTAHOBUBIIEMYCS
PEXKHUMY, XapaKTEPUCTHKH KOTOPBIX HEIIPEPBIBHBIM
00pa3oM 3aBUCAT OT HAYAJIBLHOTO COCTOSHUSI.

«HeunneanbHbie» MeMpucTOpHI (0 # 0) urpatot
POITb MHEPIIMOHHBIX HETMHEIHBIX 2JIEMEHTOB, KOTO-
pBIC HE SIBIISIOTCS B CTPOTOM CMBICTIC MEMPHUCTHB-
HBIMH, TaK KaK Ha9aJbHBIC 3HAUCHUS TICPEMEHHBIX
z, 5(0) co BpeMeHeM MepecTaroT BIUATh Ha 3HAYEHHS
HI;OBOI[I/IMOCTGI\/'I G(zl,z(t)). B pesynbrare ncuesaet
MHOroo0Opasue Touek paBHoBecus. [Ipu ompene-
JIGHHOW CBSI3M MOXXHO OXHUJATh CHHXPOHHU3AIIMIO
KoJIeOaHUI B3aMMOJICHCTBYIOIUX MEMPHCTHBHBIX
cucteM. PaccMoTpumM 3¢ (eKThI MOTHON W 4acTOT-
HOM CHMHXpOHM3AIMK KoebaHui B cucteme (2), a
TaKXKe UCCIICyeM BIUSHUE TapaMeTpa J Ha sIBICHHE
CUHXPOHH3AIUH.

2. MonHasi CUHXPOHN3ALUA AEHTUYHDBIX
MEMPUCTUBHbLIX reHepaTopoB

[Monnas (cuHbpazHas) CHHXpOHU3AIUS KOJe-
OaHMil ©UMeeT MECTO B MONHOCTHIO WICHTUIHBIX
B3aUMOJICHCTBYIOIINX CHCTEMAaX M 03HAYALT, UTO CO-
OTBETCTBYIOIIUE (Da30BBIC TPACKTOPHH, TPUHAIIICIKA-

212

M€ UHBAPUAHTHOMY MHOT000pa3uio (CUMMETpHY-
HOMY HOANPOCTPAHCTBY) S: X = X, =X, Y| =V, =,
2, = 2, = z, ABJIAIOTCSA YCTONYUBBIMU OTHOCHTEIBHO
BO3MYIIIEHUM, TPaHCBEPCAJIBHBIX K 3TOMY MHOIO-
obpasuto. [Tonaras B ypaBHeHHUsX (2) X, =X, ¥, =,
1=z, X%=xtu y,=y +v,z,=z+wHu packiaabl-
Bas MpaBble YaCTH YPABHEHUH B sl B OKPECTHOCTH
3HAUYEHUH X, y, z M0 MajbIM MPUPALICHUSAM U, V, W,
OTPaHUYMBASCH NIEPBBIM MOPSIKOM MaJIOCTH, MOXK-
HO TOJIYYUTh YPaBHEHMs VISl MaJIbIX BO3MYILEHUI
u, v, w:

u=v—[G(z)+ 2k]u — G,(2)xw,
v =—-u+pfv, 3)
w=u—9ow,

e G (z) = dG(z)/ds. TloBenenue BO3MyIIEHUH BO
BPEMEHH, PACCYMTAHHOE BJOJb TPACKTOPHH, MPH-
HaJUIeKalle NHBaApUaHTHOMY MHOTr000pasuio S,
XapaKkTepu3yeT yCTOWIUBOCTD WU HEYCTOMYUBOCTh
9TOW TPAEKTOPUH B HAIIPABJIICHUSX, TPAHCBEPCAIb-
HBIX S. ECii MEMPUCTOPHI SIBISIOTCS «HJ1€ATbHBIMID)
(0=0), To U3 ypaBHEeHUH (2) creayeT, YTO 3HAYCHHE
Z IS pEIeHUs, TPUHAISKAIIETO MHOTOOOPa3Hio S,
B IIF000I MOMEHT BPEMEHHU ¢ 3aBUCHT OT HAYaJIBHOTO
3HaueHus z(0). JleiicTBuTenbHO

t

z(t) = z(0) + f x(1)dr. 4)

0

ITepemennsie x(¢) u y(¢) TakKe 3aBUCAT OT Ha-
YaJIbHBIX yCcJOBUH. Takum 00pa3om, mapaMeTpbl
cuctemsl (3) U yCIOBUSI YCTOWYMBOCTH TPAeKTO-
pUU B MHBApHAHTHOM MHOT000pa3mu S 3aBUCAT
OT HavyaJbHBIX YCJIOBUI. BBIX0J Ha Ty WM HHYIO
TPAEKTOPHIO, JICKAIIYIO B S, 3aBUCUT OT KOOPJAH-
HAT HadaJbHOM TOYKH, OCOOCHHO OT HAYaIbHBIX
3HAYEHUH MEMPUCTHBHBIX nepeMeHHbIX z,(0) =
=2,(0) =2(0). IIpn 6 > 0 perieHne ypaBHEHUS IS
z B S UMEIOT BUJ!
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KopHees 1. A. n ap. B3anmHas cnHxpoHn3auns AnCCnnaTtnBHO CBA3aHHbIX reHepaTopoB (@

t
z(t) = z(0)e %t + 70t J e x(t)dr.  (5)
0

Bnusnue naganbHoro 3HaueHus z(0) B 9TOM ciryyae
SKCIOHEHIIMAJIBFHO YOBIBACT, U CKOPOCThH «3a0bIBa-
HISD» XapaKTepu3yeTcs BEIMINHON 0. HenpepriBHas
3aBUCUMOCTb YCTOMYMBOCTH CUHXPOHHOI'O PEeKUMa
OT HayaJIbHBIX YCIIOBUI HCUYE3aET.

HccnenoBanue pexuma MOTHOM CHHXpOHU3a-
U pu p = 1 ABYyX MEMPHUCTUBHBIX T€HEPATOPOB
oKasaio, 4yTo npu J = 0 B ”HBApHAHTHOM MHOTO-
o0pasum S, Kak U B OTJACIBHO B3SITOM T€HEpaTope,
CYyLIECTBYET JBYMEpHas MOBEPXHOCTb U3 3aM-
KHYTBIX IEPUOAUYECKUX TPAECKTOPUN, KOTOPBIE
HECKOJIBKO PA3JINYaloTCs 1Mo (GopMe U JuaMerpy,
a Tak)ke MHOXKECTBAa TO4eK paBHOBecusi. Eciu oHO
CTaHOBUTCS ACHMITOTHYECKU YCTOHUUBBIM B TPAHC-
BEPCAIBHOM HAMpPABICHUH, TO BO3HUKACT PEKUM
noJiHOM cuHxponusauuu. [Ipeacrasnenue o xapax-
Tepe arTpakTopa MOKHO IOJYYUTh HAa OCHOBAaHUU
IpoeKIuil (pa3oBbIX MOpTpeToB (puc. 2, a—g). OH

z |
0.3F
0.2}
0.1}
0.0f
0.1+
-0.2+ H
0.3} i

02} '
0.3} i

MPEICTaBISIET COOOH MHOXKECTBO MEPUOTMUECKHUX
KPUBBIX, ITOJIyYCHHBIX TSI MHOXKECTBA Pa3ITHIHBIX
HavyaJbHbIX 3Ha4YeHUH z,(0). npu GUKCUPOBaHHBIX
x)5(0), 1 2(0) i Tpex snaueHusX 2,(0): 2)(0) = 0.1
(em. puc. 2, a); z,(0) = 0 (em. puc. 2, 0); z,(0) =
=—0.1 (c™. puc. 2, 8). Cepast 001aCTh COOTBETCTBYET
MHO)KECTBY 3aMKHYTHIX TPASKTOPHH Ha aTTPaKTOpPe,
MOJTYYaeMbIX ISl COOTBETCTBYIONIETO MHOXKECTBA
HAYAIBHBIX YCIOBUI. DTO MHOXECTBO HECKOJIBKO
MEHSAETCS ¢ U3MEHEHUEM 2,(0) (em. puc. 2, a, 6). [lns
(parmMenTa Ha puc. 2, ¢ popma 3TOT0O MHOXKECTBA
TTOBTOPSIET CIydail, MPUBEEHHBIN Ha pUC. 2, a, YTO
CBSI3aHHO C CHMMETpHEH aTTpakTopa. ATTPaKTop
TaK)Ke BKIIOYAET OTpe3ku Ha ocu OZ, oOpa3oBaH-
HBIC YCTOHYHMBBIME PABHOBECUSIMHU (CEpBIC JINHUH).
UYepHBIM LBETOM Ha puc. 2 u3o00pakeHa OogHA U3
MHOXXCCTBAa BO3MOKHBIX 3aMKHYTBIX KPUBBIX Ha I10-
BEPXHOCTHU aTTpakTopa. EANHCTBeHHAS 3aMKHYyTast
KpHUBas, IpUBEICHHAS Ha pHC. 2, 2, COOTBETCTBYET
MPUTATHBAIOLICMY TIPEACIHbHOMY LUKy B CHCTEME
IIPU BHIOPAHHBIX TTApaMeTpax B CIIy4ae «HEHICATb-

HOTO» Mempuctopa (0 = 0.1).

T

-0.2F
0.3

-0.2+ H
-0.3+ l

0.2 0.0 02 I

a/a 6/b

0.2 0.0 02 I

0.2 0.0

e/d

0.2 0.0 02 I 02 I

8/c

Puc. 2. [Ipoeknuu ($Ha3oBBIX TPACKTOPUI Ha MPUTATHBAIOIIEM IIPEISIIEHOM MHOKECTBEe cUcTeMbl (2) mpu £ = 0.1 u d = 0:
a — z,(0) € [-0.3:0.3], z,(0) = 0.1 (cepas nosepxHOCTH), z,(0) = z,(0) = 0.1 (4epHas kpusas); 6 — z,(0) € [-0.3:0.3],
2,(0) = 0 (cepas moBepxHoCTh), z,(0) = 0.1, z,(0) = 0 (aepnas kpusas); 6 —z,(0) € [-0.3:0.3], z,(0) = 0.1 (cepas mOBEPXHOCTH),

z,(0) = 0.1, z,(0) = =0.1 (uepHas kpuBas); 2 — npoekuus GasoBbIx Tpaekropuii npu k =0.1 u 6 = 0.1, z,(0) € [-0.3:0.3],

z,(0) = 0.1 (uepnas kpusas). Jlpyrue Hadanbnblie ycnopus: x,(0) = x,(0) = 0.001, y,(0) = y,(0) = 0.001

Fig. 2. Projections of phase trajectories on the attracting limit set of the system (2) at k= 0.1 and 6 = 0: (@) z;(0) € [-0.3:0.3],

z,(0) = 0.1 (gray surface), z;(0) = z,(0) = 0.1 (black curve); (b) z,(0) € [-0.3:0.3], z,(0) = 0 (gray surface), z;(0) = 0.1,

z,(0) = 0 (black curve); (¢) z,(0) € [-0.3:0.3], z,(0) = 0.1 (gray surface), z;(0) = 0.1, z,(0) = —0.1 (black curve); (d) pro-

jection of phase trajectories at £ =0.1 and 6 = 0.1, z;(0) € [-0.3:0.3], z,(0) = 0.1 (black curve). Other initial conditions:
x,(0) = x,(0) = 0.001, ,(0) = »,(0) =0.001

He Bce TpaekTopum B cepoit obmactu Ha
puc. 2 mpuHaMIEkaT CTPOro MHBApHAHTHOMY
MHOT000pasuio S, XOTs Ha NPOEKUHUAX X, X, U
Y1» Y, OHH MOTYT OBITh Tak OJIU3KO PACIONIOKEHBI

M

K OMCCEeKTpHCEe, YTO OTKJIOHEHUE OT Hee Ha Iiia3
He3aMeTHO. {71 perncTpamuu pexuMa IOJIHON
CHHXPOHH3AIKMHU HCIOJIb30BAJIOCH Cllelylolnee
yCIJIOBHE:!

1
b= MZ[(xl(fi) — x,(t))% + (1 (t) — ¥2(£:))?] < 0.00001, ©)

0

Paanorsrika, 31eKTPOHNKA, akyCTHKa
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rae i — HOMep OTCYeTa 10 BpeMEHHU, M — 9HCIO IO COCTOSHHUS BTOpOro MeMmpucrtopa. [loporosoe
oTcueToB. OTKIOHEHHE 3HAUCHUM z,(f) U z,(f) Ipu  3HaueHHe KodhuumeHTa CBA3M OOpaIlaeTcsa B
pacueTe BeU4KHBI D HE YUUTHIBAJIOCh, TOCKOJIBKY B HOJIb TOJIBKO IPH BBIOOpPE HAYAIBHOTO COCTOSTHUS
ciy4ae x,(¢) = x,(2), y,(¢) = y,(¢) TaKKe BBINIONHACTC B MHBAPUAHTHOM MHOT000pasuu S, 4TO B pac-
PaBeHCTBO z () = z,(7). CMaTpPUBAaEMOM CIIy4dae COOTBETCTBYCT PABCHCTBY

Paccmorpum BivsHue HavanbHbIX 3HadeHud  z,(0) = z,(0). HauanbHble 3Ha4€HMs MEMPUCTHUB-
MEMPHUCTHUBHBIX nepeMeHHbX z,(0) u z,(0) Ha  HBIX MEPEMEHHBIX, NPU KOTOPHIX PEANU3yeTCs
YCTAHOBJICHHE PEKMMa IOJTHOW CHHXPOHH3ALIUU  KOJIEOATEeIbHBIH PEKUM, OTPAHHUYCHBI (TIPUMEPHO
IIpH Pa3IHUHBIX Kod(duImeHTax cBsA3M B ciydae B uHTepBaie [—0.2, 0.2]), mo3TOMY 3HAUNTEIHHON
«HJ€aNbHBIX» MEMPHUCTUBHBIX NMPOBOJAUMOCTEH  paccTpolku 3nayenui z,(0) u z,(0) 3anaTh He yna-

(0=0). Ha puc. 3, a, 6 npuBeicHBI TUarpaMMbl pe-  eTcs. BaXxHO OTMETHUTH, YTO TIOPOTOBOE 3HAUCHHE
’KIMOB IPH IByX (DMKCUPOBAHHBIX 3HAYEHHUSAX 2,(0).  Kod(pduUHEeHTa CBA3M HENPEPHIBHO 3aBMCUT OT
HauanpHble 3HaUEeHNS BCEX APYTUX INHAMHYCCKUX  HAaYalbHBIX 3HAUCHHH TUHAMHUYCCKUX MEPEMECH-
HEPEMEHHBIX ObLIM BEIOPAHBI OTMHAKOBLIMY U paB-  HBIX Z;(0) 1 z,(0), 4TO HE MOKET OBITH CBA3AHO C
uHeiMu 0.001. CepsIM TOHOM BBIICTICHA 001AaCTh, CO-  «OOBIYHOW» MYIBTHCTAOMIBHOCTBIO M SBISICTCS
OTBETCTBYIOLIAs PEKUMY MOJHONH CHHXPOHU3ALUKU  CJIEJCTBUEM «HUJ€aJbHOI» MEMPUCTUBHOCTH.
KoJIcOaHWH TeHEPAaTOPOB COTNIACHO KpuTepuio (6).  CHHXpPOHHBIH M HECHHXPOHHBIN KojieOaTenbHBIC

B Gernoii 061acT BO3MOXKHBI KAK HECUHXPOHHBIE  PEXUMBI MPOUJUIIOCTPUPOBAHBI HA puc 3, 6, 2. B
KoJIe0aTeNbHbIC PeKUMBI, ISl KOTOPBIX 3aMKHYTBIE  Clly4ae MOJHOW CHUHXPOHHU3AIUU MPOCKIUH Tpa-

TPAeKTOPUH HE JeKaT B MHBAPUAHTHOM MHOT000-  €KTOpHWH pacroiararoTcs CTpOro Ha OHCCEKTpHCe.
pasum S, Tak U yCTOWYMBBIC TOYKH paBHOBECHA. B ciydae HECHHXPOHHBIX KOJEOaHUI NMPOCKIHS
MOo>KHO BUIETH, YTO PEXKUM IIOJHOM CUHXPOHM3a-  TPAEKTOPHUU TAKXKE JIEKUT HA IPSIMOH, HO 2Ta Ips-

MY KOJICOAHUH UMEET MOPOT TI0 CBSI3U, 3aBUCAIINN  Masi OTKIIOHSAETCS OT OMCCEKTPUCKHL. DTO 03HAYACT,
OT HAYaJIbHOTO COCTOSIHUS MEPBOTO MEMPHUCTOpPA  YTO TPACKTOPHS B YCTAaHOBHMBIIEMCS PEXUME HE
(T.e. OT 3HAYEHHWS MEMPUCTHUBHOHN NMEPEMEHHOW  CTPEMHUTCS K MHBAPHAHTHOMY MHOI000pa3uto S

z,(0)). AHaJOTMYHO OH 3aBHCHT M OT HA4ajbHO-  IIOJHAs CHHXPOHHM3ALHUs OTCYTCTBYET.
k(U [EEEEEE %[ =
0.5} 1 o5} 1 o2} 0.2}
0.4} 1 04t 1 o1t 0.1}
0.3} 1 03t { 00} 0.0}
0.2} 1 02t 1 -01} 01}
0.1r 1 01F 1 -0.2F -0.2F
0002 01 00 2,(0) 02 0002 01 o0 'zl'((l)' 02 253020100 01 021, 03 3:02-0100 0.1 02 A
a/a 0/b 6/c e/d

Puc. 3. O6nacTb nosHoN CHHXPOHU3ALUK Kojlebanuit (cepbiit ToH) cucteMsl (2) ipu d =0 u z,(0) = 0 (a) 1 z,(0) = 0.1 (6).
I[Mpoexnuu xonedanuii (6, ) B cirydae CAHXpOHHOTo pexuma npu z,(0) =z,(0) = 0.1 (cBeTI0-cepast JTMHUS) U HECUHXPOHHOTO
pesxuma npu z,(0) = 0.15, z,(0) = 0 (TemHo-cepas nunus) npu k =0.01. YUepHoit myHKTHPHOH NMHKEH TTOKa3aHa OMCCEKTpHUCa
npsiMoro yrna. Jlpyrue nadanbusie yeaosus: x;(0) = x,(0) = 0.001, y,(0) = y,(0) = 0.001
Fig. 3. The region of complete synchronization of oscillations (gray tone) in the system (2) at = 0 and z,(0) = 0 (@), and
2,(0) = 0.1 (b). Oscillations projections (c, d) in the case of synchronous mode at z,(0) = z,(0) = 0.1 (light gray line) and
non-synchronous mode at z,(0) = 0.15, z,(0) = 0 (dark gray line) at £ =0.01. The black dotted line shows the bisector of a
right angle. Other initial conditions: x,(0) = x,(0) = 0.001, y,(0) = y,(0) = 0.001

Ha puc. 4 moka3aHbl TuarpaMMBbl Ha IUIOCKOCTH OTnu4HOE OT HYINS 3HAUCHHE MapameTpa o
HayaJbHbIX 3Ha4eHui z,(0), z,(0), TOCTPOEHHBIE 1711 BEJET K Pa3pyIICHUIO MOBEPXHOCTU PABHOBECHH.
pa3nu4Hoii cuisl cBsi3u pu 0 = 0. Ha Hux uepusiMu  IIpu aToMm miist mro0oro ko3 duiuenta cesazu k> 0

TOYKAMH OTMEYCHbl CHHXPOHHBIE PEKHUMbI, COOT-  HMMEET MECTO IOJIHAs CHHXPOHHU3AlHs KojeOaHni
BETCTBYIOIIHE ycIOBHIO (6). YBenmueHue kodpdu-  HE3aBUCHMO OT HaJYaJIbHBIX YCI0BHH. OHAKO BpeMst
LUEHTa CBSA3U IPUBOIUT K YBEIMUYCHUIO O0JACTH  YCTAHOBJICHHS CHHXPOHHOTO PEXKHUMA IPH MaJbIX O
CHHXPOHHU3ALINH, YTO BHIHO Ha puc. 4. MOJXKET OBITh OYEHb BEITHKO.
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20 R O 1 220 1 2200

0.1 BEa 0 /( 0.1} 0.1t
L 4 -I" L

0.0} 1 00§, 0.0} 0.0}
- - .t“. 8 F

-0.1 N \}-" 4 -0.1f -0.1 0.1t

02k e s 02b 0 Creie, 4 g2bh o, = d o g2h,  TESEST
02 -0.1 0.0 21(0) 0.2 0.2 -0.1 0.0 2.(0) 0.2 0.2 -0.1 0.0 2.(0) 0.2 -0.2 -0.1 0.0 Z.(0) 0.2

a/a o/b 8/c e/d

Puc. 4. O6macTb MOTHOM CHHXPOHU3ANNH KOJIeOaH!i (IepHbIe TOYKH) IBYX HICHTHYHBIX TeHepaTopoB 1pH J = () Ha TI0CKO-
ctu z,(0), z,(0) mpu pa3nu4HbIX 3HaYeHUAX Koddpuuunenta ceasu: k= 0.01 (a); k= 0.1 (6); k= 0.3 (6); k= 0.5 (2). Apyrue
HaganbHble ycrnous: X, (0) = x,(0) = 0.001, y,(0) = y,(0) = 0.001
Fig. 4. The region of complete synchronization of oscillations (black dots) of two identical self-oscillators for ¢ = 0 on the
(z,(0), z,(0)) plane at various values of the coupling coefficient: k= 0.01 (a); k= 0.1 (b); k= 0.3 (c); k= 0.5 (d). Other initial
conditions: x(0) = x,(0) = 0.001, y,(0) = y,(0) = 0.001

PaccMoTpum BiHSHME J Ha JIUTEIBHOCTD
HEPEXOIHOTO MpoIecca 7, , NPUBOISIIETO K yCTa-
HOBJICHHIO TIOJTHON CHHXPOHU3AIIUY B COOTBETCTBUU
¢ kpurepueM (6). [Ipu pUKCUPOBAHHOM 3HAYCHHH
ko3 dunmenta cea3u k = 0.001 O6buta paccunTana
3aBHCHUMOCTbD JUIUTENIbHOCTU IEPEXOAHOTO IpoLecca
OT BEJTUYUHBI 0 IS IBYX Ha4aJIbHbBIX YCIOBHUH: COOT-
BETCTBYIOIIMX OTCYTCTBHIO IIOJIHOM CUHXPOHU3ALIUN
npu 6 = 0 ¥ IPUBOASIINX K TOJTHON CHHXPOHU3ALUU
IpH JIF0OOM 3HAYCHUH . Pe3ynbTaTsl MpUBEACHHI HA
puc. 5. B nepBoM ciryyae IIUTENBHOCTD I1EPEXO/-
HOTO IPOIecca CTPEMHUTCS K OCCKOHEYHOCTH TpU

ir

3e+06

2e + 06

le+ 06

0 1 1 1
0 0.005 0.01 0.015 o

Puc. 5. 3aBUCUMOCTb JIUTENBHOCTH HEPEXOTHOTO
nporecca ¢, o napamerpa é npu k= 0.001 1 Hagab-
Hpix ycaosusx: x,(0) = 0.15, x,(0) = 0.01, y, = 0.01,
¥,=0.001,2,(0)=0,2,(0)=0.15 (unus 7); x,(0)=0.05,
x,(0) =0.01,y, =y,=0.1,2,(0) =2,(0) = 0 (-iunus 2)
Fig. 5. Dependence of the duration of the transition
process ¢, on the parameter d at k= 0.001 and following
initial conditions: x,(0) = 0.15, x,(0) = 0.01, y, = 0.01,
,=0.001, z,(0) =0, z,(0) = 0.15 (line 7); x,(0) = 0.05,
x,(0) =0.01,y, =y, =0.1, 2,(0) = z,(0) = 0 (line 2)

Paanorsrika, 31eKTPOHNKA, akyCTHKa

0 — 0 1 BBIXOJUT Ha HEKOTOPBIIl TOCTOSTHHBIN ypo-
BEHB C pOCTOM 0. [Ipy 10CTaTOYHO MabIX 3HAYEHHAX
0 AIUTENBHOCTD IEPEXOJHOTO MPOIIECCa MOXKET IIpe-
BBIIIATH JII000E 3aJaHHOe BpeMs HaOmofaeHus. Bo
BTOPOM CIy4ae JJIMTEJIbHOCTh IEPEXOIHOrO IPOLEeC-
ca Bceraa KOHeYHa U ci1a00 3aBUCHT OT BEJIMYUHBI .
Taxkum o0paszom, Ipu MaNOM J, KOTAa MEMPUCTOPHI
OIMM3KM K «HJeanbHbIM», Ha KOHEYHOM BPEMEHH
HAOTIONCHNSI TIOBEACHNE CBA3aHHBIX I'€HEPaTOPOB
OyzeT Majo OTIINYATHCS OT OBEICHHUS «UCATbHOM»
MEMPHUCTUBHON CUCTEMBI.

3. CMHXpOHM3aLms 4acToT
MEeMPUCTUBHBIX FEHEPaTOPOB C PacCTPOMKOMN

PaccmoTpum cuctemy (2) npu HATUYUH MAION
4acTOTHOU paccTpoiiku (p # 1). MoxHO mpenro-
JIOXKUTh, YTO, KaK ¥ B ClIy4ae OOBIYHBIX aBTOTEHE-
paTopoB, CBA3aHHBIX 4epe3 MeMmpuctop [27], mms
PE3UCTUBHO B3aUMOJICHCTBYIOIUX MEMPUCTHBHBIX
CUCTEM C YaCTOTHOM pacCTpOMKON MpeaebHOe
MHOXKECTBO TPAaCKTOPHI BKIIIOYAET KaK MEPUOIH-
YeCKHe, TaK ¥ KBa3UTIEPUOIUICCKHIE TPACKTOPHH, a
peaynzaiiusi COOTBETCTBYIOIIETO PEKHMa 3aBUCUT OT
HaYaIbHBIX 3HAUCHUH TUHAMUIECKHX TIePEMEHHBIX.
[IpoBeneHHbIe pacdyeThl MOTHOCTHIO MOITBEPAUIN
JaHHOE TIpeATIoNoKeHne. B 3aBHCHMOCTH OT Ha-
YalbHbIX 3HaUYeHUH mepemennbix z,(0), z,(0) npu
OJTHUX M TeX K€ 3HAUCHHUAX KOA(P(UIIMEHTA CBA3H
k u mapaMeTrpa 4acTOTHOW pacCTpPOWKH p Habiro-
JAIACH KaK MEePHONNYEeCKUe (CHHXPOHHEIE), TaK U
KBa3UIepruoudecKke (HECUHXPOHHbIE) KOIeOaH sl
YucneHHO OBIIM MOCTPOCHBI 00JTaCTH YAaCTOTHOU
CHHXPOHH3AIMU Ha TIOCKOCTH MapaMeTpoB k U p
npu pasnu4HbiXx 3Havenusx z,(0), z,(0). Ha puc.
6, a npuBeaeHBI ABe 00TACTH CHHXPOHU3AIUH
KoJieOanuii B cucteme (2) npu 0 = 0, MOTyYeHHBIC
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AT Pa3iMYHbIX HAYaJdbHBIX 3HAUEHUH z,(0) (mpu
O/INHAKOBBIX HAYaJIbHBIX 3HAYSHHUSAX MPOYUX Mepe-
MeHHBIX). OHH TOCTPOCHBI JJISI MaJbIX 3HAYCHUN
K03(h(hUIEHTA CBA3H U COOTBETCTBYIOT CHHXPOHHU-
3anuu gepe3 (pa3oBEIi 3aXBar.

C poctom ko3 duiirenTa cBs3M HAOIIOIAETCS
3¢ PeKT mogaBIeHNs aBTOKOJIeOaHIH OJJHOTO U3 Te-
HEpPaTOpOB, a 00JACTh CYIIECTBOBAHNUS NTEPHOIUIE-
CKOTO (CHHXPOHHOTO) PeKUMa PE3KO PACIIHPSIETCS
(1ma rpadukax He M300pakeHo). OCOOCHHOCTHIO
MEMPHUCTHBHOW CHCTEMBI SIBIISIETCS 3aBUCHMOCTH
I'PaHUI] YACTOTHO-(a30BOT0 3aXBaTa OT HAUaIbHbIX
YCIOBHA. DTO XOPOIIO BHIHO Ha puc. 6, a. Takas

3aBUCHMOCTD SIBIISIETCSl HempepbiBHOM. Hempe-
PBIBHAS 3aBUCHUMOCTH I'PAHUI] 00IaCTH 3aXBaTa OT
HAYaJbHOTO 3HAYCHHS OTHOW M3 MEMPHUCTHBHBIX
MepEeMEHHBIX IPOUIUTIOCTPUPOBAHA Ha pHC. 6, 6, Ha
KOTOPOM TIpUBEICHA 00JacTh CHHXPOHU3AIUU Ha
IIJIOCKOCTU 3HAYEHUI 4acCTOTHOH PacCTpPOMKH p U
BenuMHbL Z;(0) Mpu pUKCUPOBAHHBIX JPYTHX Ha-
qaneHBIX yenoBusx u k= 0.003. Takxke Ha puc. 6, 8, 2
IpUBeICHBI (ha30BEIC MIPOSKINH, COOTBETCTBYIOIINE
CHHXPOHHOMY PEXHUMY IEPUOANYECKUX KOJIeOaH A
Y HECHHXPOHHOMY PEKUMY AByXIaCTOTHBIX OMECHUIH,
HaOTIOTAIONUMCSI TIPU OJJHUX U TEX JKe MapaMeTpax
CHCTEMBI, HO pa3HOM BBIOOpE HAYAIBHBIX yCIOBHH.

k S p Ty [ o f
i 0.2} N
0.008 1.005 § . 0.2
0.006 | ' 01f
1.000 f 0.0f 0.0t
0.004
0 0.1} 0.1}
. 0.995 £
0.002 | . ? 0.2t 0.2t
0.000 : : —— 0.990 : : : 03— - 03 .
096 098 1 102 P T-013-0065 0 2Z,(0)0.13 -0.3-0.2-0.1 0.0 0.1 02Z; -0.3-0.2-0.1 0.0 0.1 0.2T,
a/a 0/b 8/c e/d

Puc. 6. B3auMHass CHHXpOHH3AIKS YaCTOT MEMPUCTHBHBIX T'eHepaTtopoB (2) ¢ paccTpoiikoil mo yactotam npu 0 = 0: a —
CHHXPOHM3AIMSA ISl PA3IHYHBIX HAYaIbHBIX 3HAYEHUSIX MEMPHUCTHBHBIX NepeMeHHbIX mpu z,(0) = z,(0) = 0 (qunus /) u
2,(0)=0,2,(0) = 0.1 (iunus 2); 6 — 061aCTH CHHXPOHU3ALMH HA IIOCKOCTH 3HAYEHUH YACTOTHON PACCTPONKH p U BETUIUHBI
z,(0) mpu z,(0) = 0, k = 0.003. daszoswie npoekunu (6, 2) npu k = 0.003 u p = 0.993, unTrOCTPUPYIOIIKE PEKUM YACTOTHOM
cunxponusaiuu npu z,(0) = 0.11 1 z,(0) = 0 (¢) u Guenuit BHe obnacTn cunxponusanuu npu z;(0) = z,(0) = 0
Fig. 6. Mutual frequency synchronization of memristive self-oscillators (2) with frequency detuning at J = 0: (a) synchroni-
zation for various initial values of memristive variables at z;(0) = z,(0) = 0 (line /) and z;(0) = 0, z,(0) = 0.1 (line 2); (b) the
synchronization region on the plane of the frequency detuning p and z,(0) at z,(0) = 0, k£ = 0.003. Phase projections (c, d) at
k=0.003 and p = 0.993 illustrating the frequency synchronization mode at z;(0) = 0.11 and z,(0) = 0 (c) and beats outside
the synchronization region at z,(0) = z,(0) = 0

3aknioyeHme

IIpoBeneHHOE YUCIEHHOE MOJCIHPOBAHUE
JUHAMUKH PE3UCTUBHO-CBA3aHHBIX MEMPUCTHUBHBIX
TeHEepaTOPOB MOKAa3ano, YTO paccMaTpHBaEMbIe
MEMPHUCTHBHBIC CHCTEMBI IEMOHCTPHUPYIOT KaK (-
(heKT mOTHOH CHHXpOHHU3AHH (IIPH MTOTHOU UICH-
TUYHOCTHU MapLUUAIBHBIX CUCTEM), TaK U 3PHeKT
CUHXPOHM3AIUHU YacTOT KoJeOaHuii (Mpu HaTUIUH
YaCTOTHOW paccTpoiikn). To ecTh MEMPUCTUBHBIM
reHeparopaM INpucynie (QyHIaMEHTAJIbHOE sBIIE-
HUE CHHXPOHHU3AINH, YTO MO3BOJSET OTHECTH X
K KJIacCy aBTOKOJIEOATENBbHBIX cHcTeM. B To ke
BpeMsl, ISl UICATbHBIX MEMPUCTUBHBIX CHUCTEM
(mpu 6 = 0) > PeKTh CHHXPOHU3AIUU HUMEIOT CBOU
ocobeHHocTH. Panee B pabote [27] Oblia onucana
0COOEHHOCTH CHHXPOHHU3AINY TE€HEPATOPOB BaH Jep
[Tons1, B3aMMOAEICTBYIOIINX YEPE3 MEMPUCTUBHYIO

216

MIPOBOJMMOCTh. B Takoil MEMpUCTHBHON cuUcCTeMe
TaKxke 00pa3yercsi MHOI0oOpa3ue paBHOBECHH U
3¢ (deKT CHHXPOHU3AINN XapaKTepU3yeTcs Hermpe-
PBIBHOW 3aBUCHUMOCTBIO TPaHUIBI YaCTOTHO-(]a-
30BOT0 3aXBaTa OT HAYallbHBIX yCIOBHH. OHAKO,
MTOCKOJIbKY TUHAMUKA MTapIIHaIbHOTO TeHepaTopa He
MMeeT MEMPHUCTUBHBIX CBOMCTB U XapaKTepU3yeTcs
CYIIECTBOBAaHMEM YCTOWYMBOTO MPEJISITHHOTO IIHKIIA,
B CITydae WACHTUYHBIX MapIHAIBHBIX B PEKIME 0~
HOM CUHXPOHHU3AIIMH cllaraeMoe CBsI3U oOpamiaercs
B HOJIb ¥ CUCTEMa JIEMOHCTPHUPYET MOBEJCHUE, aHa-
JIOTUYHOE TOBEJEHUIO MapIHUAIBHOTO TeHeparopa.
To ecTpb B cily4ae MOJHOW CHHXPOHH3ALUU MEM-
PUCTHBHBIN XapakTep B3aWMOICHCTBHS B JaHHOM
cinydae He mposBisercs. [Ipu B3anmopaelcTBuu
MEMPHUCTUBHBIX TEHEPATOPOB YYBCTBUTEIBHOCTh K
HavYaJIbHBIM YCJIIOBHUSIM TIPOSIBIISIETCSI YK€ TIPH B3a-
AMOJENCTBUN UIEHTUYHBIX CHUCTEM. DTO CBSI3aHO
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C HAIMYHMEM YK€ Yy caMOM MaplUajJIbHOW CUCTEMBI
MHOT000pa3Hsl paBHOBECHI! U CIIOKHOTO yCTPOIiCTBA
MPUTATUBAIOIIETO MHOXECTBA. B mapuuanbHOM
reHepaTope PEeKUM MEPUOIUUECKUX KoJaeOaHui
CBfI3aH HE C NPeAeNIbHBIM HUKIOM (M30JIMPOBAHHOM
3aMKHYTOH KPHUBOH), a C INIOTHBIM MHOXXECTBOM
3aMKHYTBIX KPUBBIX, UMEIOIIHUX PA3HbIE AMIUIUTY/IbI
[20-22]. B sToM ciy4ae mosiHas CHHXPOHHM3AIUS
KoJIeOaHMI XapaKTepu3yeTcs HaJIHIUeM [Topora 1o
CBA3H, BEJIMUUHA KOTOPOTO HETIPEPHLIBHO 3aBUCHUT OT
HayaJbHBIX YCIOBUI, B YaCTHOCTU OT Ha4daJIbHBIX
3HAQUCHUU NMEPEMCHHBIX, 3ada0IUX COCTOAHUA
MEMPHUCTUBHBIX JIEMEHTOB. MeHss 3TH 3HaYeHMUS,
MOXHO HaOJI0/1aTh WK HE HAOMIOAATh PEXXUM TOJI-
HOW CUHXPOHU3ALNH.

[Ipn BBENEHMHM YACTOTHOM PaccTPONKH MeM-
PUCTUBHBIX I'€HEpAaTOPOB U BapHallUM MapaMmerpa
CBSI3M UMEET MECTO Kiaccudeckui apdexT yacTort-
HO-(a3oBoro 3axpara. B aTom ciryuae cBolicTBa
paCCManHBaeMOﬁ CHUCTEMbI ABYX MCMPUCTUBHBIX
TCHEepaToOpOB, B3aMMOACHUCTBYIONIUX Yepe3 OObIu-
HYIO MNpOBOAMMOCTbH, aHAJOTHWYHBI CBOMCTBaM
«OOBIYHBIX» MEPUOAMYECKUX TCHEPaTOPOB, B3aH-
MOJEHCTBYIOIUX YEPEe3 «U€aIbHbIH» MEMPHUCTOP
[27]. Tlpu mocTOSITHHOM 3HaYeHWUW KO3 PUIIMEHTA
CBA3U MMECET MCECTO HENPCPbIBHAA 3aBUCUMOCTb
TpaHUI 00IACTH CHHXPOHHU3AINN YaCTOT OT Haualb-
HBIX ycioBuil. TakuM 00pa3oM, BIUSTHUE HAYATbHBIX
yCIIoBUM Ha 3P (GEKThI CHHXPOHHU3AIUH MOKHO pac-
CMaTpUBaTh Kak 00IIee CBOWCTBO MEMPHUCTHUBHBIX
CUCTEM.

Bce cka3anHOe BBIIIE KacaeTcsl «UACATbHBIX)
MEMPUCTUBHBIX CUCTEM, AJIS KOTOPBIX MEMpPH-
CTHBHBIC 3JIECMCHTBI KIIOMHAT» CBOC€ HMCXOIAHOC
cocrostHue OeckoHewHO ponro. OgHako peanbHbIC
MCMPHUCTHUBHBIC 3JIEMEHTBI HE MOT'YT B CTPOI'OM
CcMBIciIe 001a1aTh TAKUM CBOMCTBOM. B HacTosei
paboTe pacCMOTPEHO BIUSHHUE KOHEYHOW MaMsITH
MEMPHUCTUBHBIX JJIEMEHTOB Ha mpuMepe s derra
IMOJTHOM CUHXPOHU3AIIUN MCMPUCTUBHBLIX I'CHEpaA-
TOpoB. bbul0 MOKa3aHO, YTO BBEAEHHUE MapaMeTrpa
0, XapaKTepU3yIOLIEro CKOPOCTh «3a0bIBAHUS»
MEMPHUCTOPAaMU CBOEIr0 UCXOAHOI'O COCTOSIHUSL, IPH-
BOJIUT K MCUC3HOBEHHUIO 3aBUCHMOCTU XapakTepa
YCTaHOBUBILIETOCS PEKUMaA OT HauyaJIbHbBIX YCIOBUH.
B pexumMe mepuoanmdeckux KojeOaHMM MomHas
CHHXPOHU3AIMK HaAOJFoaeTcs MpH JTH000# cuiie
CBSI3M MapLUaJIbHBIX TCHEPATOPOB U MPHU JIOOBIX
HayaJIbHBIX YCIIOBUAX. OHAKO BpeMs yCTaHOBICHUS
CTallMOHAPHBIX CUHXPOHHBIX KOJIEOAHUH 3aBUCUT
HE TOJBKO OT 3HAYCHHSI TapaMeTpa o U CHIIBI CBSI3H,
HO TaKKe U OT HaYaJIbHBIX ycaoBuid. [Ipu 6nuzoctu
MEMPHUCTHUBHBIX JIEMEHTOB K «U1€aJIbHBIMY (Majioe

Paanorsrika, 31eKTPOHNKA, akyCTHKa

0) ¥ COOTBETCTBYIOIIEM BBIOOpE HAaYaIBHBIX yCIIO-
BUI BpeMsl YCTAHOBJIEHUS! CUHXPOHHOTO peXnMa
MOXET OBITh OUeHB OoNbIKM. [Ipu orpaHIYEeHHOM
BPEMEHM HAOMIOACHHSI CUCTEMA BEJIET CeOs KaKk MeM-
PHUCTHBHAs!, IEMOHCTPUPYS Ty K€ UyBCTBUTECIIBHOCTh
HaOII01aeMOT0 TTOBEICHUS K HAYaIbHBIM YCIIOBHSIM.
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Background and Objectives: Dynamical systems containing
memristive elements, i.e. elements with “memory”, represent a
special class of dynamical systems that can be named memristive
systems. In memristive systems, the synchronization of oscil-
lations has some features. However, a complete description of
these features is still lacking. For the most part, this concerns the
synchronization of memristive self-oscillators, both identical and
with frequency detuning. In this paper, we study two resistively
coupled self-oscillators containing memristive conductivities. We
consider both the complete synchronization of identical self-
oscillators and the frequency synchronization of self-oscillators with
detuning. The features of synchronization effects associated with
the memristive nature of partial systems are revealed. The influence
of “non-ideality” of memristive elements and the duration of the
establishment processes in this case are analyzed. Materials and
Methods: Using numerical integration methods for various param-
eter values, approximate solutions of a system of ordinary differential
equations that describe the dynamics of two coupled memristive
self-oscillators are obtained. Projections of phase trajectories are
plotted on various planes, as well as regions of synchronization of
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oscillations of the system under study. Results: It is shown that the
memristive systems under consideration demonstrate both the effect
of complete synchronization (with full identity of partial systems) and
the effect of frequency synchronization (in the presence of frequency
detuning). The complete synchronization of oscillations is character-
ized by the presence of a threshold for the coupling, the value of
which continuously depends on the initial conditions, in particular,
on the initial values of variables that specify the states of memristive
elements. With a constant value of the coupling coefficient, there
is a continuous dependence of the boundaries of the frequency
synchronization region on the initial conditions. The introduction
of a parameter characterizing the rate of memristors “forgetting”
their initial state (“non-ideality”) leads to the disappearance of the
dependence of the type of the steady state on the initial conditions.
Conclusion: The fundamental phenomenon of synchronization is
inherent in memristive self-oscillators, which allows them to be at-
tributed to the class of self-oscillating systems. The influence of the
initial conditions on the effects of synchronization can be considered
as a general property of “ideal” memristive systems.

Keywords: memristor, memristive systems, synchronization,
self-oscillations.
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BBepeHue

XaoTudecKkoe MOBEJICHNE SBISETCS OJHUM U3
(yHIaMEHTAIBHBIX CBOWCTB HEIMHEHHBIX THHAMH-
YECKHX CHCTEM, B TOM uHucje oToOpaxenwuii [1-7].
HaunGomee merko m J0CTOBEpHO MOKHO JHATHO-
CTUPOBATh Xa0C C IOMOIIIBIO CTAPIIETO MOKAa3aTels
JlsamyHoBa [8], KOTOPBIKA OyIeT MOJOKHUTEITbHBIM
JUISL XaOTHYECKOTO pexuma. XaoThudeckas JuHa-
MHKa MOXKET BO3HUKATh B qu(pPeomopdu3max pas-
MEPHOCTH JIBa U BBIIIE WM AK€ B OIHOMEPHBIX
sHgoMopdu3max. s oToOpaskeHUH, B OTIHIHE
OT TOTOKOBBIX AMHAMHYECKUX CHCTEM, HAIHUUE

© [lonosa E. C., Crarkesnd H. B., Kysxeuos A. 1., 2020

HYyJIEBOrO MoKa3zarens JIsnmyHoBa B cIeKTpe He
SIBIIIETCS 00sI3aTeNIbHBIM, IOCKOJIbKY (ha3oBas Tpa-
eKTOpUs OyneT NUCKPETHOW M HET HENpephIBHOM
TPAaeKTOPHUH, BJIOJIb KOTOPOM Majble OTKIOHEHUS
HEe M3MEHSIOTCS co BpeMeHeM. Hainuue HyneBoro
IoKasaresis B CIeKTpe OyIeT CBUAETENIbCTBOBATD
0 BO3MOYKHOCTH BJIOKEHHS TAKOIO OTOOPa)KEHUS B
MIOTOK, T. €. 0 TAKOH BBIPOXKACHHOMN CUTYaINH, KOTAa
JIBMYKEHUE N300paxaroleil TOUKH BO BpeMeHH OyneT
COOTBETCTBOBATh TPAEKTOPUH HEKOTOPOH IIOTOKOBOM
JTMHAMHUYECKOM CUCTEMBI.

OnuH U3 IPOCTEHIINX CITOCOO0B TTOCTPOCHUS
0TOOpaKCHUH COCTOWT B 3aMEHE KOHEUHBIMHU pa3-
HOCTSIMH NIPOM3BOJHBIX 10 BpeMeHHU B nuddepen-
LIMAJbHBIX YPaBHEHUSX, ONMCHIBAIOLIUX AUHAMU-
YECKYIO CUCTEMY. DTOT IPUEM BOCXOIUT K IIEPBHIM
HCCIIeJOBaHUAM B 00JIaCTH HEJTMHEHON THHAMUKH
U MIPOAOJIKAET UCIIONIb30BaThCs U B HACTOSIILEE Bpe-
Ms [9-13]. JuckpeTtusanus oboramaer THHAMUKY.
Hampumep, BMecTO OJHOMEPHOTO MOTOKa C IPO-
creifel Oudypkanuen «cenmo-y3en» mnojiyqaercs
JOTHCTUYECKOE OTOOpakeHHe ¢ KacKaaoM Oudyp-
Kaluil yIBOCHHS MEepHO/ia U YHUBEPCATHHOCTHIO
Oeiirenbayma. JIuckpeTHBIH OCIMILIATOP BaH JEp
[Tonst AeMOHCTPUPYET MPOCTESHIITYIO HHBAPHAHTHYIO
KpPHUBYI0, UTO COOTBETCTBYET TOPY B IOTOKOBOH CH-
creme. [{ns cucremsl Peccnepa BMecTo npeneiabHbIX
IIUKJIOB ¥ OU(ypKanuil yIBOCHHS NEpUoaa B IHC-
KPETHOI BEpCUH CTaHOBSATCS BO3MOKHBI MHBAPHAHT-
HBI€ TOPBI, UX yaABoeHUs U T.A4. [ 12]. C Touku 3peHus
pasHooOpa3ust JUHAMUYECKUX PEKUMOB OCOOBII
MHTEPEC NPEACTABIISIIOT OTOKOBBIE MOJEIH C aB-
TOHOMHOH KBa3UNEPHUOAMUYCCKON TUHAMUKOM [14,
15]. B pesynbrare AMCKPETU3ALIMU B TAKUX CUCTEMaX
MOXHO OXMJaTh BO3HHKHOBEHHE TOpa B (ha30BOM
MPOCTPAHCTBE OTOOPAKECHUS U €r0 pa3pyIicHue.

B pabote [13] Obu1 npemioxen 0030p AUHA-
MUKH OTOOpa)KEHUH, MOITYYEHHBIX B PE3yNIbTaTe
JUCKPETU3ALUU aBTOHOMHBIX TPEXMEPHBIX CUCTEM
C KBa3WIMEepHOJUYECKUM ToBeaeHuem. B [12, 13]
OBLJIO MMOKA3aHO, YTO B TaKUX OTOOPaKEHUSAX BO3-
MOXXHO HaOJI0ZaTh ABYMEPHBIH TOpP, YABOCHHS
WHBAapUAHTHBIX KPUBBIX, & TAKXKE XaOTHYECKYIO U
TUIEPXa0TUUECKYI0 AMHAMUKY. OIHaKo aBTOpHI HE
KJIACCU(HULMPOBAJIH B CUCTEMaX 0COOBIN THUI Xa0TH-
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YECKOIro MOBEACHMsI, KOIJa B CIIEKTpe MoKa3aresneil
JlamyHOBa COAEPIKUTCSA OAMH TOJOKUTEIbHBIN,
OJIVH HYJIEBOW U OJIMH OTPHULIATENbHBIN TOKA3aTeNn
JlsnynoBa [16—-19]. B pabdorax [16—18] Takoit Tun
Xa0THYECKOTO aTTpaKkTopa ObIIT Ha3BaH KBa3HIIEPH-
OJIMUECKUM aTTpakTopoM DHo. B HenaBHell pabote
[19] Obl1a moKa3aHa BO3MOYKHOCTH BOSHUKHOBEHHMSI
TaKoTo 0co0O0ro THMa Xaoca (C JTOTOJHUTEIbHBIM
HYJIEBBIM [10Ka3aTeJIeM B CIIEKTPE) Ha IpUMeEpe I10-
TOKOBOH IIECTUMEPHON TUHAMHYECKON CHCTEMBI,
MpEeACTaBIAIONIeH 1Ba CBSA3AHHBIX OCLUJUISTOPOB
KBa3UIEPUOANIECKHX Konebanuil. B Taxoii cucreme
Xao0C C JIONOJHUTEJIbHBIM HYJEBBIM IOKa3aTeleM
JlsmyHoBa BO3HUKAET B pe3ynbTare kackana oudyp-
Kallli yABOECHHI ABYX4aCTOTHOTO TOPA.

B pamkax nanHo# paboThl OyneT mokaszaHa
BO3MOKHOCTh BO3HUKHOBEHMS XaOTHYECKHUX aT-
TPaKTOPOB, CIIEKTP MOKa3aTesIel KOTOPBIX CONEPIKUT
OJIMH TOJIOXKHUTEIbHBINA, OJMH OMU3KUH K HYIIO H
OJIMH OTpHIlaTeJ'ILHLIﬁ NoKa3aTeJIii Ha NpuMepe auc-
kpetHoro ocimuisitopa Jlopenna-84. [pencrasnen
CIIeHapUil BOBHUKHOBEHHSI Xa0ca ¢ OJM3KUM K HYITIO
nokasarenem JlsmyHoBa, Tociie kackaga oudypka-
LU MTHBapUAaHTHOM KPUBOU.

Pabora mocrpoeHna cinenyrmomum odpazom. B
pasgene 1 mpencTaBiaeH OOBEKT UCCIEIOBAHUS —
TpexMmepHas motokoBas cuctema Jlopenna-84, peanu-
30BaHa NpolLeaypa TMCKPETH3aUH U MTOTY4E€HO COOT-
BETCTBYIOIIIEE TPEXMEpHOE oToOpakeHue. B pasnene
2 TOKa3aHbl WUTFOCTPAIMK 00JacTH MPOCTPAHCTBA
rapaMeTpoB, Tyie HaOIromaeTcs IByMEpHBIH Top. B
paszese 3 u3ydeHbl BONPOCHI pa3pylIeHUs] HHBApH-
AHTHOM KPUBOH, a TAK)KE HCCIICIOBAHbI O0JIACTH, TTIC
(hopMupyeTcsi Xaoc C JAOMOJHUTENBHBIM HYJIEBBIM
mokasareneM JIsmmyHOBa B pesynbraTe Kackama Ou-
(ypxanuii yiBoeHnit ”HBapHaHTHOI KPUBOIL.

1. O6beKT uccnenoBaHus

B kadyecTBe 00beKTa HCCIIEJOBAHUS PacCMO-
TpuMm ocmmuisitop Jlopenna-84 [20-24]. Jlanuas
MoJIeNb OblIa pa3paborana JaBapaoM JIopeHIIoOM B
1984 r., kak oHA U3 BO3MOXKHBIX MOJIEJIEH JIJIsI OITH-
caHust IUPKyisuu arMocdepsl [20]. Moaenbs nmeet
TpexMepHoe (ha30BOE MPOCTPAHCTBO U OTIUCHIBACTCS
CHUCTEMOH Tpex OOBIKHOBEHHBIX An((depeHIInaNb-
HBIX YpaBHEHUI:

x=—ax—y’—z" +aF,
y=—y+xy—-bxz+G, (1)
Z=—z+bxy+xz.

3nech X, y, z — IMHaMUYeCKUe IIepeMeHHbIe, a, b, F,
G — nmapameTpsl cuctembl. J[aHHas MOJEIb MOXKET
JEeMOHCTPHUPOBATh KacKaabl OM(pypKanuid ymBoe-

Paanorsrika, 31eKTPOHNKA, akyCTHKa

HUS [epruosia, aBTOHOMHBIE KBa3UIIEPUOIUYECKHE
KoNeOaHMsl, a TAKXKE UX pa3pylleHUE, B pe3yJIbTaTe
KOTOPOTO BO3ZHHUKAIOT XAOTHUCCKHE KOJIeOaHMS.
OnHOM U3 0COOEHHOCTEN MOJEIH SIBIISIETCS BO3MOXK-
HOCTb BO3HUKHOBEHUS B CCTEME TOMOKJIMHUYECKUX
aTTpakTopoB [21].

Jns mepexona K AMCKPETHOM MOJEITHN UCIIOIB3Y-
€M METOJ UCKYyCCTBEHHOU JUCKPETU3alUH, KOTOPbIH
COCTOHMT B MOJU(DUKAIIMK MCXOAHON MOTOKOBOM
CUCTCMbI IIYTEM 3aMCHbBI IMMPOU3BOAHBIX HA KOHCY-
HbI€ Pa3HOCTH, YTO COOTBETCTBYET MpOCTEHIIEMY
METOJY YUCIICHHOTO penieHus auddhepeHInanbHOro
ypaBHEHHsI MeTo/IoM Ditnepa. J[anHbIi MeTox pea-
JU3YeTCsl CAEAYIOLUUM 00pa3oM.

[TycTb ecTh HEKOTOpast cucTeMa OOBIKHOBEHHBIX
qudhepeHIATBHBIX YPAaBHEHHH

x=f(x), )
C KOTOPOM BBIIIOJIHAETCS ClIeNyIoIlas allpoKCuMa-
L[Us IPOU3BOIAHBIX:

xX—(x

et = X) s 3)
rne i — mapameTp, IPeICTaBISIOMUNA co0oM 1mar
UHTETPUPOBAHMUA, X, , |, X, — 3HAUCHUS TUHAMUYECKOH
MepeMeHHOH JI0 U TI0CJIe OAHOTO IIara HHTerpupo-
BaHUs 1O cxeme Diinepa. Takum oOpazom, BMECTO
JuddepeHInaNIbHOr0 ypaBHEHHS (2) MOXKHO aHAIIH-

3UPOBaTH CIACIYIOIIEE OTOOPAKEHHE:
xn+1 = ‘xn + hf(xn ) (4)

[TpumenuB naHHBINA MOAXOA K cucteMe nudde-
PCHIMATIBHBIX ypaBHEHUH (1), MOIyduM TpexMepHoe
0TOOpa’keHHe CIEeTYIOMIEro BUIA:

x"“ = x" +h[_a'xn _yi _ZVZI +aF]7
y’Hl = yﬂ +h[_yn +xnyn _bxnzn + G]’ (5)
z,,=z,+h-z, +bx,y, +x,z,].

OTto0Opaxenue (5) MOXKHO Ha3BaTh IUCKPETHBIM
ocunmsitopoM Jlopenna-84. B kauecTBe 0CHOBHOTO
WHCTPYMEHTA HCCIIEJOBAaHUS TWHAMUKH OTOOpa-
JKeHUsl OyJeM UCIOIb30BaTh METOJ KapT JAUHAMMU-
YECKUX PEKUMOB, TIPH 3TOM IS HACHTH(DHUKAINT
JUHAMUYECKUX PEXKUMOB OyaeM HCIOIb30BaTh
cnekTp nokasareneit Jlanynosa. Jlannas kapra crpo-
UTCs CIEIYIOUIUM 00pa30M: MIOCKOCTh TAPaMeTPOB
CKaHUPYETCS] C HEKOTOPHIM HEOONBIINM IIaroMm, B
KaX/10} TOUKe MI0CKOCTU apaMeTPOB C HOMOLIbIO
anropuTMa beHeTTHHA W OPTOrOHATU3AIUH IO
I'pammy-IlMunry [25] paccuuTbIBaeTCs MOTHBII
CIEeKTp nokasareneid JlsnyHoBa. B coorBercTBuM
CO 3HAUECHUSIMU MOKa3aTelaed NMarHOCTUPYETCs
HaOTIOMaeMbI PEeXUM, M TOUKa Ha IUIOCKOCTH IIa-
paMeTpoB OKpAIIMBAETCS B TOT UM UHOHU 11BeT. B
HAIIMX YUCJICHHBIX KCIEPUMEHTaX IS pacuera
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CTieKTpa rmokasareJeit JIsmyHoBa Opanacek TpaekTo-
pust puHoi 27000 utepanuit. s oToOpaxeHuii B
CIIEKTpe MOKa3aTeNell HeT 003aTeIbHOTO YCIOBHS
MPUCYTCTBUA HYJIEBOro noka3atens JIsmyHoBa, Tak
Kak JMHaMHKa CUCTEeMBbl AuUcCKpeTHa. Takum 006-
pa3oM, ATl TPEXMEPHOTO OTOOPAKEHUS BO3MOXKHBI
CJIeTyIOIIMe THITB IMHAMUYECKOTO MOBEICHUS

— yCTOWYMBAas HEMOABMXKHAs Touka, 0 > A, >
> A, > A5 (kpacHblii UBeT, P);

— unBapuanTHas kpusas, A; = 0, 0> A, > A,
(xenrerit BeT, /C);

—1op, A; =A,=0,0>A; (cunuii user, 7);

—xaoc, A; >0, 0>A,> Ay (cepoiit uet, C);

— XaoC ¢ HyJIEBBIM IOKa3areneMm JlsmyHoBa,
KBa3UIEPUOAUIECKUI arTpakTop DHo, A, > 0,
A, =0, 0> A, (uepnbiii user, CO);

— runepxaoc 1, A} > A, >0, 0 > A5 (Genprit
uset, HC1);

*

B ckoOkax yKas3aHBl IIBET, KOTOPHIM OTMEYEHBI
TOYKH COOTBETCTBYIOIIETO PEKKMMaA Ha KapTe, a TAKKE €ro
CHMBOJILHOE 0003HAYEHHE.

—THIIEPXa0c C HyJeBBIM OKa3aTeneM JIsmyHo-
Ba, A; > A, >0, Ay =0 (Genbiii user, HCO).

3HavYeHne HyJIs B YHCICHHBIX SKCIIEPUMEHTAX,
KOHEUHO, UMEET OMPEIEICHHYI0 TOYHOCTh. [l
MOCTPOCHHS KapT B NaHHOH paboTe mopor Hyis
6511 yctanosineH paBHbIM 0.0003. Takum ob6pazom,
3HaueHUs nokasareneit JIsmynosa Gosiee 0.0003
CUUTAJIHUCH ITOJIOXKUTCJIIbHBIMHU, €CJIN OHU ITOIIaJaJInu
B quana3oH [-0.0003 —0.0003], To Takol moka3areib
CUUTAJICS HYJIEBBIM; U Bee 3HaueHus Mensiie -0.0003
CUMTAIOTCS OTPHULATENEHBEIMH. B coOTBETCTBUM C
yYKa3aHHOH Kiaccu(puKkanued Mbl U Oy/ieM TUarHo-
CTHPOBATH TUHAMHUYECKHE PEIKIMEI.

Ha puc. 1 npeacrasiena kapta AMHAMHYECKUX
PEXXHUMOB Tt 0TOOpaskeHus (5) Ha TUIOCKOCTH Mapa-
meTpoB (G, F) pu & = 0.1. Ha puc. 1 cripaBa Takxe
MIpeACTaBIICHA IIBETOBAS MAUTPA, B COOTBETCTBUH C
KOTOpOW OBLIM OKpalieHbl O0JIACTH C Pa3IUYHBIMHU
OUHAMHYCCKUMHU peXKuMaMu. TakuMm oOpa3om, U3
CEMH BO3MOXHBIX THUIIOB JTUHAMHNYCCKOI'O IIOBEACHUA
B CHCTEME HAaOTIONACTCS TOJIBKO YETHIPE: YCTOHIMBAs

2.5 G

2.5

Puc. 1. Kapra nuHaMu4ecKuX pesKuMOB TUCKpETHOTrO ocimuiaTopa Jlopenua-84 (5) npu
a=0.25,b=4,h=0.1. P— HenoaBmXHas TOUKa, KpacHbIi 1BeT; /C — MHBapHaHTHAsI KPU-
Bast, XeJThIH uBeT; 7 — Top, cuHuii uBet; C() — xaoc ¢ HyJIEBbIM I0Ka3zaresaem JlsnyHoBa B
CIIEKTpe, YePHBII [[BET; 0 — pa3beranue Ha 6ECKOHEYHOCTH, TOIy00i 1BeT (1BeT online)
Fig.1. Chart of dynamical regimes of the discrete Lorenz-84 oscillator (5) fora =0.25, b=
4, h=0.1. P1is a fixed point, red color; /C is an invariant curve, yellow color; 7'is a torus,
blue color; C0 is chaos with zero Lyapunov exponent in the spectrum, black color; o is
the regime of divergency, light blue color (color online)
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HETIOJBIDKHAS TOUKA (KPacHBIH IBET), HHBapHAHTHAS
KpuBasi (3KENTHIN 1BET), TOP (CHHUI I[BET) U Xa0C C
HYJIEBBIM MOKa3aTelieM JIsmyHoBa (YepHbIi BET).

OO6cyauM yCcTpoicTBO TNIOCKOCTH MTAPaMETPOB.
IIpu ManbIX 3HaYEHUIX TapaMeTpa [ B cucteme Ha-
OmroaeTCs TOJNIBKO YCTOWYMBOE COCTOSIHUE PaBHO-
Becus. Kapra o6agaetr cumMeTprei OTHOCHTEITBEHO
auHuu paseHcTBa G = 0. VI3 cocTostHNS paBHOBECHS
C YBEJIMYEHHUEM IapameTpa F poxaaercs HHBapH-
aHTHasl KpUBas, MpUYEM HaONIOJAIOTCS JBE HaU-
Oonee SPKO BBHIPAKCHHBIC JIMHUHU, B OKPECTHOCTH
G =0, c moporom 6udypkanuu F~1 u qns nocrarou-
HO 0OJbINKX 3HaYCHHI mapametpa G (G > 2). OTu
JIMHHUU COOTBECTCTBYIOT JIMHUAM IOTCPU yCTOfI‘IPIBO—
CTH COCTOSIHUSI PABHOBECHS B IOTOKOBOM CHUCTEME.
Jis ManbIx 3HaueHUH mapaMmerpa G TakXkKe Xapak-
TEPHO BO3HHKHOBEHHE OOJACTH CYIIECTBOBAHUS
JBYMEPHOI'O TOpa CO BCTPOEHHOM CUCTEMOMH S13BbIKOB
MHBAapUAHTHBIX KPUBBIX.

OnHo#l U3 XapaKTepHBIX 0COOCHHOCTEH AM-
HaMHKH 0TOOpakeHUs (5) SABJISICTCS BO3MOXKHOCTh

0.5

[§e]
L

a/a

oudypkanuii yiBoeHUsS WHBAPUAHTHON KPUBOWM.
JlaHHasi 0COOCHHOCTH SABIISIETCSI IPEEMCTBEHHOU
OT TOTOKOBOW CUCTEMBI, B KOTOpO# Habmromna-
JUCh KacKaabl OM(ypranuil yaIBOGHHS LHUKJIOB.
HNHTepecHOW 0COOCHHOCTBIO SABISETCS TO, UYTO B
pesynbTare Kackaaa Oudypkanuil y1BoeHUS HHBA-
PHAHTHOH KpHUBOW B 0TOOpakeHUH (5) poskaaercs
XA0TUYECKUU PEXKUM, XapaKTEPU3YIOILUNCS OAHUM
MIOJIOXKUTEIbHBIM, OIHUM HYJEBBIM M OIHHUM OT-
pULaTCJIbHBIM IMOKa3aTCJIIEM HHHyHOBa, 4YTO HE
XapakTepHO JJIst oToOpaxkeHuid. [lanee paccMoTpum
Oonee monpoOHO TpaHCHopMay HHBAPHUAHTHBIX
KPUBBIX, BO3HUKAIOLUX MPU pa3IMyHbIX Hapa-
MeTpax.

2. O6nacTb CyLecTBOBaHNS ABYMEPHOro Topa

PaccMoTpuM OCOOCHHOCTH JTUHAMUKHU CHCTE-
MBI B 00JIACTH MaJibIX 3HaYeHUH nmapamerpa G. Ha
puC. 2 TpPEACTaBICHBI yBEIUUEHHBIC (PArMEHTHI
KapThl THHAMUYECKAX PEKUMOB IS JaHHOH 00-
JaCTH.

0.45

3 F 3.5

o/b

Puc. 2. VBennueHHbIe PparMeHTbI KAPTHI ANHAMUYECKUX PEKHUMOB B OKPECTHOCTHU 00J1aCTH TOPaA JIMCKPETHOTO OCLMILIATOPA
Jlopenna-84 (5): a=0.25,b=4,h=0.1
Fig. 2. Enlarged fragments of the chart of dynamical regimes in the area of the torus for the discrete Lorenz-84 oscillator (5):
a=025b=4,h=0.1

[pu yBenuyenuun napamerpa G U MalbIxX 3Ha-
YEHHSAX Mmapamerpa F IpOHCXOAUT OH(ypKarus
yIBOE€HUsI 0a30BOi OJTHOOOOPOTHONH MHBAapHUAHT-
HOU KpUBOW, Ha puc. 3, a, 3, 0, 3, 6 IPEJACTABICHBI
JaHHbIC TpaHC(hOpMAIMK HA PUMEPE JTBYMEPHBIX
npoekuii orodbpaxenus (5). Ha puc. 2, a xopoio
BUJIHA JIMHUS POXKICHHS Topa. Top pokaaercs Ha
0a3e 0IHOOOOPOTHON WHBAPHAHTHON KPUBOH TIpH

Paanorsrika, 31eKTPOHNKA, akyCTHKa

MaJIbIX OTKJIOHEHHUAX OT HyIIs napamerpa G 1 yBelu-
yeHuu napametpa F. Ha puc. 3, 2, 3, 0 mpeacraBieHb!
npuMepbl (Ha30BBIX TOPTPETOB JBYMEPHOTO TOpa.
[Ipu GonbImIUX 3HAYCHUAX MapameTpa F BHYTpH
o0yacT JByMEpPHBIX TOPOB HAOMIOAAIOTCS SA3BIKH C
MHBAapUaHTHBIMU KPUBBIMU. SI3bIKM UMEIOT pa3Hble
quclia BpalleHus, Ha puc. 3, e — 3, u MoKa3aHbl NPH-
MephI (pa30BBIX TOPTPETOB IS PA3TUIHBIX S3BIKOB.
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Ha puc. 2, 6 moka3an ¢parMeHT KapThl ITOKa-
3aresieil JIAmyHoBa, IEMOHCTPUPYIOLINI CTPYKTYPY
SI3BIKOB. XOPOIIO BUIHO, YTO BHYTPH SI3BIKOB IPO-
UCXOAST Ou(ypKanuu yABOCHHUS MHBAPHAHTHOM
KpUBOH. A B pe3yibTare Kackala BO3HHMKAET Xaoc
¢ HyneBbIM mokazartenem JlsmynoBa. CTpykTypa
HEKOTOPBIX S3BIKOB MMECT XapakTepHBIE (OpMBI
tuna CrossRoad-Area u Spring-Area [1, 3, 26,
27]. Crpyxtypsl CrossRoad-Area umeroT cienyro-
niee yCTpOUWCTBO: 00IacTh YCTOMYHUBOCTH 2-TOPa
OTpaHMYCHA JINHUSAMHU YABOCHHUH, a TAaKXKe ABYMS
JMHUSMH CKIIAI0K, 00pa3yIOIINX HIDKHIOK TPAHUILY
OTPOCTKOB. JINHUU CKJIa10K IPOAOJIKAIOTCS BHYTPb
001acTH yCTOMYNBOCTH 2-TOPa U CXOJATCS B TOUKE,
KOTOPYIO B TEOPHH KaTacTpo( Ha3bIBAIOT TOUKOI
coopku. Ctpykrypa Spring-Area uMeeT CXOXKHUE
OCOOCHHOCTH: JIMHUN KaCaTEeNIbHBIX OM(ypKamuid,
(hopMUPYFOIIUX OTPOCTKH TPAHUIIBI 00JIACTH 2-TOPA,
Tak)Ke UMEIOT TIepeceueHue B Touke coopke. [Ipun-
LUIUAIBHO IPYroe YCTPOMCTBO B HUXKHEH 0bnacTu
CTPYKTYPBI: TaM UMEIOTCSI €IIE IBE 0COObIC TOUKH,
COOTBETCTBYIOIIHME BBIpoXkIeHHOM flip-Oudypxarmm,
MEXy KOTOPBIMH HAXOTUTCS JUHHS OH(ypKaluu
JKECTKOTO Iepexofia uyepe3 MYJIbTUIIIMKATOp p=-1.
BaxHbIM M NPUHUMIHAIBHBIM OTIIMYUEM JaHHBIX
CTPYKTYpP B pacCMaTpUBaeMOM CJyyae BJsETCs TO,
4TO BCE TpaHC(OpMAIK NPOUCXOJSAT HE C HEMOA-
BIKHBIMH TOUKaMHU (KakK B KJIACCHYECKOM CIIydae
[26, 27]), a u1st HHBApUAHTHOW KPUBOM.

3. KBasunepuoauyeckuii aTrpakTop HO

B xoHTEKCTE NaHHOM 3a/1a4u BeCbMa UHTEpEC-
HBIM IPEACTABIISAETCS BONPOC UCCIIeI0OBaHMS KacKa-
na oudypxaumii yaBoeHus ”HBApUAHTHOW KPUBOI
[15,28-33]. HanHas npoOrema sSBIsieTCs IUCKYCCH-
OHHOM yxe Oomnee 40 ieT. BONBITMHCTBO YHCTICHHBIX
HKCIICPUMEHTOB TIOKa3bIBAIOT, YTO KacKaJl Oudypka-
UM yIBOCHUS MHBAPHUAHTHOW KPUBON KOHEYHBIN:
MPOUCXOIUT HECKOJIbKO OndypKammii yaBoeHHs
U 3aTeM MHBapUaHTHas KpuBas pa3pyliaeTcs Io
Kakomy-1u0o0 apyromy cuenaputo [15, 28-32], 3a-
YaCTyIO 3TO MOTEPs IFIaJKOCTH IO CIieHapHIo Adpaii-
moBu4a — [llmnpaNKOBA [5]. OMHAKO B HEKOTOPHIX
paboTax aBTOPBI MPENIONaraloT BO3MOKHOCTb U
OeckoHeunoro kackana [33]. B pamkax maHHoOU
paboThl MBI TAaK)KE HE CMOXKEM JaTh OJHO3HAYHOTO
OTBETa Ha ATOT BOMPOC, OJHAKO JIJIsl paccMaTpUBa-
eMOM MOJICJIN MbI CHUTAEM, YTO €CTh NPCAITOCBIIKN
npeamnoiaraTh, YTO B HEW BO3MOXKEH CIICHAPUH,
JIEMOHCTPUPYIONIUI OCCKOHEUHBIN Kackaj Oudyp-
Kaluil yIBOCHHS NHBAPUAHTHOUI KPHUBOM.

Paanorsrika, 31eKTPOHNKA, akyCTHKa

B pabGorax [16—18] ObLIO BBEICHO TOHSITHE
KBa3UIEPUOANUECKOro aTTpakTopa DHO, KOTOPHIH
npeacTaBisieT coO0l MPOU3BEIECHUE aTTPAKTOPA
DHO Ha TOp, YTO MPHUBOAUT K (HOPMUPOBAHUIO Xa-
OTHUYECKOTO aTTpakTopa, Y KOTOPOT0 COXPaHEHO
IByMEpHOE HEHTpampbHOe MHOTOOOpasme Topa B
ITOTOKOBOW CHCTEME, a B CIEKTPE IOKas3aTeneu
JIanmyHOBa MOsABIsIETCS TOMOTHUTEIbHBIN HYJIEBOM
MoKasarellb, OTBEYAIOIINI HEHTPaIbHOMY MHOTO-
o0Opasuto Ha Tope. [IpuMepbl TakuX aTTPaKTOPOB
OBLIM TIPOAEMOHCTPUPOBAHBI HA OTOOpaKCHUH
[18] m HeaBTOHOMHO# TOTOKOBO# cmcTteme [16,
17], B KOTOPBIX OJWH HYJIEBOUW MOKA3aTelb SBIIS-
ercst o0si3arenbHbIM. HenaBuo B [19] Obut onucan
YHHUBEPCAJIbHBINA clieHapuil (opMUpPOBAHUSA Ta-
KOTO THIAa aTTPAaKTOPOB Ha MpPHUMEpPE MOTOKOBOU
cucteMbl. OCHOBHOW MeXaHU3M, NPHUBOASIIUN
K BO3HUKHOBEHHIO TAaKOI'O aTTPaKTOpa, CBA3aH C
MOIVIOLIEHHUEM aTTPAKTOPOM CUETHOI'O MHOXKECTBA
CEeJJIOBBIX TOPOB C ABYMEPHBIM HEUTpaJIbHBIM
MHOT000pa3ueM, BOSHUKIINX B pe3yJibTaTe Kackaaa
Ooudypkanuii y1BoeHUss MHBApUAHTHBIX KPHUBBIX
WJTU ABYXYaCTOTHBIX TOPOB.

i nccnenoBaHus MEXaHU3Ma BOZHUKHOBEHUS
KBa3UIEPUOJUUECKOI0 aTTpakTOpa DHO NPOCIEANM
Kackajx Oudypkanuil yIBOCHHS WHBapUAHTHOM
kpuBoid. Ha puc. 4 mpencraBieHsl rpaduku IByX
cTapuux rokaszaresiei JlsmyHoBa B 3aBUCUMOCTH
oT mapamerpa G, rae mnokazaHa MocJieqoBaTelb-
HOCTH Y/IBOCHMI WHBapWaHTHOW KpuBoH. Ha puc.
3—-6 npexactaBiieHa 0a30Basg MHBapHAHTHAs KpU-
Basl, I KOTOPOW pacCMATpHUBAJINCh NaJbHEHIINE
Tpancpopmanuu. C yBeluueHHEM MapaMmeTrpa
G vHBapuUaHTHAas KpuBas NpeTepreBaeT KacKal
ou¢ypkanuit ynsoenus. Ha rpadukax xopomo
npocMarpuBatoTcs 10 oudypkanuii ynBoeHus uH-
BapWaHTHOW KpUBOW. 3aTeM WHBAPHUAHTHASI KPUBAS
paspymaetcs, GOpMUPYS XaOTHUECKUH aTTPaKTop.
CrnekTp nokasareneil JIamyHoBa Takoro aTTpakropa
HUMEET OJIMH NOJIOKUTEIIbHBIN, OJTMH HYJICBOW U OJTMH
OTpuULATeNIbHbIN Noka3atenu JlanyHoBa, 4To COOT-
BETCTBYET KBa3UIIEPUOINUECKOMY aTTPAKTOPY DHO.
AHanoruysele TpaHcHOpPMaLIUU IPOUCXOJIAT Ha Oaze
U IpYTrUX SI3bIKOB MHBAPUAHTHBIX KPUBBIX, B KOTO-
PBIX B pe3ysbTaTe Kackaga Onugypkaiuii yIBoeHUs
WHBAPUAHTHBIX KPUBBIX BO3HUKAET XaOTHYECKHM
aTTPaKToP.

Ha puc. 5 npencrasnens! rpaduky nokasarenen
JlsmyHoBa JU1st ABYX Pa3JIMUHbIX A3bIKOB MHBAPHAHT-
HBIX KpuBbIX. Ha puc. 5,6, 61 5, 0, e Takke Mokasa-
HBI 0a30BbIe HHBApPHAHTHBIC KPUBBIE  XaOTHUECKUE
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Puc. 4. I'padux nByX mepBbIX Mokaszareneid JIsmyHoBa (a) u ero yBeanmdeHHbIe (parMeHTHI (6)—(e) TUCKPETHOTO OCIUIIIS-
topa Jlopenua-84 (5) B 3aBucumoctu ot napamerpa G: a =0.25, b =4, h = 0.1, F = 3.325. KpacHast TMHUSI COOTBETCTBYET
crapiiemy rnokasareinto JIsmyHoBa, 3esieHas IMHUS — BTOpOi Toka3aresns JlsmyHoBa (et online)

Fig. 4. Plots of the first two Lyapunov exponents and their enlarged fragments for the discrete Lorenz-84 oscillator (5) in
dependence on the parameter G: a = 0.25, b=4, h=0.1, F = 3.325. Red line corresponds to the largest Lyapunov exponent,
green line — to the second Lyapunov exponent (color online)

aTTPaKTOPHI, BOHUKIIINE HA X OCHOBE. MIHTEpecHOH
0COOCHHOCTBIO SIBJISIETCSI TO, YTO WHBapHAHTHAs
KpHBas B Ipolecce YABOCHUH OCTaeTcs Iaakoi,
He TpaHC(POPMUPYETCS B XaOTHUECKUN aTTPAKTOP
no crenapuio Adpaitmosnua —IllunsHukosa [5].
C yBenuuenueM napamerpa G WHBapHaHTHas
KpHUBasi pACIIUPSIETCS U BO3ZHUKACT XAOTHUECKHI
aTTPAKTOP, Jajee MOCTENEHHO MOTIIONIAs CEeIIOBBIC
WHBapUaHTHbIE KPUBBIE, BOSHUKILIUE B PE3ybTaTe
Kackaja Oudypkanuid yaiBOeHHs, TAKUM 00pa3oMm,
HaOJII0JIaeTCs Pa3BUTHE XaOTHYECKOT0 aTTPaKTOpPa.

Ha rpadukax nmoxazareneit JlsmyHnosa B 00-
JTaCTAX XAO0THYECKON NHMHAMHUKH XOPOIIO BHIHBI
MPOBaJIbl BTOPOTO Moka3areds JIsimyHoBa B oTpuIiia-

228

TEIbHYI0 00J1aCTh, KOTOPBIC MPECTABISIIOT COO0H
OKHA TIEPUOIUIHOCTH, OJTHAKO, B TUX OKHAaX pea-
JU3YeTCsl He HEMOIBUKHAS TOUKA, 8 HHBAPHAHTHAs
KpuBas. BHYTpH TakuX OKOH TaKkKe MPOUCXOIAT
Kackajabl OudypKanuii yIBOCHHUS WHBapUAHTHBIX
KPHUBBIX.

3aknioyeHue

Takum obOpaszoMm, B paboTe HcClleJOBaH JIHC-
KpeTHbIN ocmmisitopa Jlopenna-84, npeacrasis-
FOIUH cOO0H TpeXMEpHOE 0TOOpaXKeHHE (Tpexmep-
HbI U heomopdusm). B oToOpaskeHnn nmokasaHa
BO3MOXKHOCTB Peaji3alii yCTOHINBOTO COCTOSIHUS
paBHOBECHsI, HHBAPUAHTHON KPUBOU, TPEXMEPHOTO
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Puc. 5. I'paduxu noka3zaresneit JIsnyHnosa (a, ), AByMepHbIe MPOESKIXHU (HAa30BBIX MOPTPETOB AUCKPETHOro ocumuisstopa Jlo-
penma-84 (5) aist A36IKOB MHBAPHUAHTHBIX KPUBBIX C PA3IMYHBIMU YKcIaMu Bpatienus, a = 0.25,b=4, h=0.1: a — F = 3.325;
60— F=3325 G=0356-F=3325G=037,2-F=3350-F=335G=0289; e F=2335 G =0.315.
Ha puc. 5, a, 5, 2 KpacHas JIMHUSI COOTBETCTBYET CTaplleMy roka3sareito JIsmyHoBa, 3eeHast JIHHUS — BTOPOIl ToKa3arelib
JIsmyHoBa, ¢puoneroBas TMHUSA — TPETUH TTOKa3zaTens JIamyHoBa (uBeT online)
Fig.5. Plots of the Lyapunov exponents (a, d), two-dimensional projections of phase portraits of the discrete Lorenz-84 oscil-
lator (5) for different tongues of invariant curves with various winding numbers, a = 0.25, b=4, h = 0.1. (a) F = 3.325; (b)
F=3.325 G=0.35;(c) F=3.325,G=0.37; (d) F=3.35; (¢) F=3.35, G=0.289; (f) F = 3.35, G=0.315. In Figs. 5, a,
5, d red line corresponds to the largest Lyapunov exponent, green line — to the second Lyapunov exponent, violet line — to
the third Lyapunov exponent (color online)

TOpa M Xaoca ¢ HyJIeBbIM Ioka3arenem JlsmyHosa.
IToxazaHa BO3MOXXHOCTb BO3HHKHOBEHHs Xaoca
C HyJIeBbIM TOKa3aresneM JIAmyHoBa B pe3ylibrare
Kackaja OudypKamuii yIBOCHUsS WHBapUAHTHOM
KPUBOH, TPEJCTABIAIONIETO coOO0W KBa3HIEPHO-
IUYecKuil arTpakrop DHo. [IpomeMOHCTpUpOBaHBI
TUIHYHBIE CTPYKTYPHI HA IIOCKOCTH MMapaMeTpoB,
takue kak CrossRoad-Area, Spring-Area, 6a30BbIM
PEIKMMOM KOTOPBIX ABJIACTCSA MHBaApUAHTHAA KpHUBasi.
TunuaHbIE CTPYKTYPH M XaOTHYECKHE KOJIeOaHMUs
MOTYT BO3HHMKATh Ha 0a3e pa3iIMYHBIX WHBApHUAHT-
HBIX KPUBBIX.
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Background and Objectives: Chaotic behavior is one of the
fundamental properties of nonlinear dynamical systems, including
maps. Chaos can be most easily and reliably diagnosed using the
largest Lyapunov exponent, which will be positive for the chaotic
mode. Unlike flow dynamical systems, the presence of zero Lya-
punov exponent in the spectrum is not an obligatory condition for
maps. The zero exponent in the spectrum of a map will indicate the
possibility of embedding such a map in a flow. In the framework the
present paper, using as an example a three-dimensional discrete
Lorenz-84 model, it is shown that there can appear chaotic attrac-
tors whose Lyapunov exponent spectrum contains one positive,
one zero, and one negative exponents. Such a specific attractor
represents the production of a two-dimensional torus and the Hé-
non attractor and was called the Quasi-periodic Hénon attractor. A
scenario of development of such kind behavior is an open problem.
Materials and Methods: The discrete Lorenz-84 oscillator ob-
tained by discretizing the three-dimensional flow Lorenz-84 model
is considered as an object of the present research. The dynamics
of the map is studied numerically. The main analysis is carried out
using the charts of dynamical regimes based on the calculation of
Lyapunov exponents. Lyapunov exponents were calculated by the
Benettin method with Gramm-Schmidt orthogonalization. Results:
The scenario of occurrence of the Quasi-periodic Hénon attractor
via a cascade of invariant curve doubling bifurcations is described.
Conclusion: We study the discrete Lorenz-84 oscillator, which is a
three-dimensional map (three-dimensional diffeomorphism). In the
map the possibility of implementing a steady state of equilibrium,
an invariant curve, a torus-attractor, and chaos with zero Lyapunov
exponent in the spectrum was shown. It is also demonstrated that
the chaotic mode with zero Lyapunov exponent, the Quasi-periodic
Hénon attractor, can appear as a result of a cascade of doubling
bifurcations of the invariant curve. Typical structures on the pa-
rameter plane, such as CrossRoad-Area, Spring-Area, whose base
mode is an invariant curve, are illustrated. These structures and

Paanorsrika, 31eKTPOHNKA, akyCTHKa

chaotic oscillations can arise on the basis of various invariant curves.
Keywords: invariant curve doubling, quasi-periodic Hénon at-
tractor, dynamical chaos, map.
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BBepeHue

Nzyuenuto peakuuu CIUsSHUS—ICICHUS TSHKEIBIX HOHOB MOCBSIIEHO
OOIBIIIOE KOMMUECTBO TCOPETHUCCKIX M AKCIIEPUMEHTAIBHBIX padoT, Ha-
npumep [1-5]. DTo cBs3aHO B MEPBYIO OYepelb C TeM, YTO JAaHHBIC pe-
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aKLMHU MO3BOJISIOT MOJy4YaTh CBEPXTSKEIble fapa
WU 9K30THYECKHE M30TOIBI, JISKAILUE BIATU OT
JUHAU 6eTa-cTa0MIbHOCTH. J{JIs OMUCaHus JaHHBIX
peakuii HeoOXOUMO YMETh OIHCHIBATH IPOIIECC
CTOJIKHOBEHHUsI UCXOJHBIX si7iep. JJaHHOMY Bompocy
MOCBSIICHBI, HampuMmep, padbotsl [6-9]. I[Ipuaem
TOYHOCTbH ONMCAHHS BXOIHOIO KaHajla BIMSET Ha
Ka4eCTBO BCEX MOCIEAYIOIUX PE3ylbTaToOB MOAE-
nupoBaHus [10]. B nocnennee Bpems nosaBUICA P
padot, Haripumep, [9, 11, 12], cTpemsmuxcs yaecTsb
MIpU pacyeTe B3aUMOJCUCTBUS CTAJIKUBAIOLIUXCS
aTOMHBIX SJIepP, UX BCEBO3MOXHBIC Ae(OpMaIlUi 1
opueHnTanuu. Hanpumep, B pabote [9] yuuTbiBaroT-
cst 7 mapaMeTpoB (OpMbl CUCTeMBL. BmecTe ¢ Tem
YBEIMYCHUE KOJTMYECTBA YIUTHIBAEMBIX TAPAMETPOB
(dopMBI cucTeMBl (YBEITHYCHHE Pa3MEPHOCTH IIPO-
CTPAaHCTBa KOJUIEKTUBHBIX KOOPAWHAT CHUCTEMBI)
IIJIOXO CKA3bIBAETCS HA CKOPOCTH U CIOXHOCTH
OCYLIECTBJICHUSI BBINOJIHEHUs AMHAMUYECKHUX pac-
yeToB. Tak, B paccMarpuBaeMoil MOIE€IIH BpeMs KOM-
MBIOTEPHOTO pacdeTa MOKET JOCTUTaTh HECKOIBKUX
CYTOK (B 3aBHCHMOCTH OT SHEepruu peaknun). [loato-
My aKTyaJIeH MOMCK TaKuX MpHOIMKEeHUH, KOTOpbIe
MO3BOJISIA OBl YYUTHIBATH OOJBIIOE KOIHYECTBO
CTeTeHeH CBOOOIBI CHCTEMBI, HO HE TIPUBOJIUIH ObI
K CyIIECTBEHHOMY YCIOXKHEHHUIO Ipoliecca Moje-
JTUPOBAHMUS.

B Hactosieii pabore nu3ydaercst BOIpoc 0 BO3-
MOXKHOCTH 3aMOpa)XMBaHUS HEKOTOPBIX CTeNeHei
CBOOOMBI CHCTEMBI B3aMMOACHCTBYIOIIHX SIACP.
Pesynprarel mpuOIIKEHHBIX PACIETOB COIOCTAB-
JIAIOTCS] AKCIIEPUMEHTAIBHBIMU JAaHHBIMU [1] 1 ¢
pe3yapTaTaMi MOJHOLEHHBIX PAacdeToB IIpolecca
CTOJIKHOBEHHSI C(EepPUIECKOTO B OCHOBHOM COCTO-
AHUM Aapa-cHapsna (Hanpumep °S mmm %4Ni) ¢
BBITAHYTBIM siipoM-MuIeHbto (238U). BoiGpannbie
peakLUMU CUJIbHO OTIIMYAIOTCS COOTHOILIEHUEM Mace
CTaJIKUBaroUuxcs siuep. MzyueHne aHHbIX peaKiuii
MTO3BOJIUT CYIUTH O BIMSTHUHM MACCHI s[pa CHapsia Ha
pe3yibTaT MOJIEIMPOBAaHUS IPOLIECCa CTOIKHOBEHUS
aTOMHBIX S7AEP.

Mopenb

B paccmarpuBaemoit monenu [13, 14] mpo-
M3BOJIUTCS OMUCAHHME BXOJHOTO KaHala peakiui
CITUSTHUS — EJICHISI, 2 IMEHHO IIPOIIeCcC COMMKEHUS
U CTOJIKHOBEHHUS siApa-CHAPSNA U SApa-MUIICHH.

OCHOBHBIMHU pe3yJbTaTaMH MOJCIUPOBAHUS
BXOJHOTO KaHajla PEaKUHWi CIUSHUA — ICICHUS
SIBISTIOTCSL CCUCHHE 3aXBaTa sapa-cHapsiaa sIpoM-
MHIIEHBIO (CEYEHHUE Mepexojia CUCTEMBl yepes
KYJIOHOBCKHI Oapbep) U pacrpesieliecHne 3HAYCHUH
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PacCTOSHUH MEXIy LEeHTpPaMH MacC CTaJIKHUBAIO-
muxcs saep B MoMeHT 3axBata [10]. JlanHbie xa-
PaKTEPUCTUKU CHCTEM OyAayT MpoaHaIH3UPOBAHBI
B HacTosIIeH padore.

B paccmarpuBaeMbIX peakmusax sAPO-CHAPST
HMMeeT B HaYaJIbHBIIl MOMEHT BPEMEHH (B OCHOBHOM
coctostHun ) chepudeckyro popmy. OHO HaeTaeT Ha
J1e(hOopMHUPOBAHHOE B OCHOBHOM COCTOSIHUU SIAPO-
MuieHb. s Toro 4to0sl 3aaath GopmMy Takou
cucTeMsl (puc. 1), He0OX0UMO UCTIOIB30BATh XOTS
OBl UeThIpe mapamMeTpa (YCThIPe KOJICKTUBHBIX KO-
opauHathl). [lapameTp 7 3a1aeT pacCTOSHIE MEXKAY
[ICHTPAaMH MACC CTAJIKUBAIOIINXCS SAEP, TapaMeTPhI
0, M 0,, OTTHCBIBAIOT nedopManuu B3auMOACHCTBY-
romux saep [15], opuenranronnsiii mapamerp 0,
oTIpenensercss Kak yrojd MEXAY OCbI0 CHMMETPUHU
Jne(hOpMUPOBAHHOTO Apa U TUHUEH, COeTUHAIOMIEH
IICHTPBI MacC CTATKUBAIOIIUXCS SIICP.

Puc. 1. ®opma cucreMbl BO BXOAHOM KaHaje peakiuu
Fig. 1. Shape of the system in the entrance channel

DBOIIOINS KOJNIEKTUBHBIX KOOPIUHAT CUCTEMBI
q(g=r,0,0 - 0,) M COOTBETCTBYIOIIMX MM MMITYJIECOB
P OTIIUCHIBACTCS C IIOMOIIBIO JIMHAMHYECKHUX ypaBHE-
Huii Jlamxesena [6, 7, 10], comepkanmx cToXacTu-
YecKoe craraeMoe (CIIydaiHyro CHITY):

‘jﬁ:ﬂﬁvpva
5 (1
) 1 H,
pﬁ :Kﬁ_gp"p'? aq']ﬂ _7/ﬂvlui]vp7]+0,b’v§v.

[To MOBTOPSIFONITUMCST MHACKCAM V U 7] 3/I€Ch
MOJPasyMeBaeTCsi CyMMHPOBAHHE, }p, — KOMIIO-
HEHTBl (PPUKIIMOHHOTO TEH30pa CUCTEMBI J; tg, ¥
4, — KOMIIOHEHTBI TCH30pA /1, 00paTHOTO TEH30PY
WHEPIIHH 11; K/), — KOHCEPBAaTHUBHAs CHJIa, KOTOPYIO
MOXKHO OTIPeNeNnuTh Kak [16]:
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_ a(I/Caul + VGK + Vroz )+ a(thef + Fdff )
9q Vi oq i

Ky =

()
3nech mepBoe cjaraeMoe OIMUCBIBAECT CUITY, 00y-
CJIOBJIEHHYO KylOHOBCKUM (V) ¥ anepHbM (V4)
B3aMMOJICHCTBUSIMY CTAIKHBAIOIIIXCS SJIEP, & TAKIKE
BpaIlleHHEM CUCTEMBI; BTOPOE CJIAraeMOe OTHChIBACT
KOHCEPBATUBHYIO CHITY, BO3HHKAIOIIYIO BO B3aHMO-
JISUCTBYIOIINX aTOMHBIX SIIPax, Kaxka0e U3 KOTOPBIX
paccMarpuBaeTCs Kak TEPMOJJMHAMHUYECKas CHCTEMa.
JlaHHast KOHCEpBAaTUBHAS CUJIa OIpeNeNsieTcs Tep-
MOJIMHAMUYECKUM TOTEHITHAJIOM KaKJ0TO U3 Sep,
a UMEHHO WX CBOOOJHOW 3HEpruu [ empMroibia:
F=FE—TS. CBoOOIHYTO YHEPTHIO BEIYHCIISIEM B paM-
Kax MeToj/1a 000I04eUHBIX morpaBok [17,18]:

F(g,T)=F,p,,(q, T)+0E(T=0) - exp(—al?/E,).(3)

3necy E,; = 20 MoB, T — temneparypa CHCTEMBI,
orpeziensemMas U3 MojieNi pepMHu-ra3a COOTHOIIe-
*

Huem T =+E /a, rie a — napamerp IJIOTHOCTH
yposHeii [19], a E* — sHeprus Bo30y kK IeHHs KaKI0TO
13 CTAJIKUBAIOLIUXCS SEP.

Makpockonudeckasi 4acTh CBOOOIHON SHEPTUU
F, ppr(q,T) B cootBercTBuH € [16] onpenensiercs ne-
XOJISl U3 COOTHOTICHHSI

Fion (q,T) = Epy (q)—aT’. “4)
TaxuM 00pa3oM, KOHEYHOE BEIPAKCHUE IS
F(q,T) nppuauMaet BUI:

F(q’T):ELDM(q)_aTZ +

+ SE(T =0)exp(-aT?/E, ). (5)

Jlns mapaMeTpoB INIOTHOCTU YPOBHEW a U d Mbl
HCIIOJIb30BAJIM, COOTBETCTBEHHO, BhIpaxeHus (4) u (5)
u3 [19]. [Tpu npoBeieHUH PacYE€TOB MBI CYUTAEM, YTO
SHEprus BO3OYKIeHNS £ CHCTEMBI JeTHTCS MEXKLY
ApaMu MPONOPLUOHATIBHO YUCIY COAEPKALIUXCS B
HUX HYKJIOHOB, T.€. TEMIIepaTypa 000uX saep OnuHa-
koBa. CymmapHasi sHeprust BO30yKAeHuUs onpeaens-
€TCsl Ha KaXKJOM IlIare HHTETPUPOBAHUS ypaBHEHHIHA
JlamxkeBena (1), ucxons u3 TpeOOBaHUS BBITTOJIHEHUS
3aKOHA COXPAaHCHHS YHEPTHHU:

1 "
EamA _qupvluqv - Vpot = E : (6)

[TorenunanbHass SJHEPTHUS CUCTEMBI me y4u-
THIBA€T KYJIOHOBCKOE U SJIEPHOE B3aUMOIECHCTBUS
CTAJIKUBAIOIUXCS SAEP, BpalaTeJbHYI0 SHEPIUIO

CHCTEMBI, @ TaKkke 1e(pOPMAIMOHHYIO SHEprHIo £ of

Ka)JIOTO M3 SI7IeP, PACCUUTAHHYIO C YYETOM SIIEPHOM
o0ooyeyHol cTpyktypsl [15, 17, 18]:

®r3rKa aToMHOro A4pa v 3nemMeHTapHbIX 4acTry

V :VC'ou1+VG'K +7, +

pot rot
+ E;ef (T =0)+ Edi/ (T =0). @)

Cnaraemoe 0, ¢, Bxonsiee B ypapnenue (1),
BBITOJIHSET PONb CIydailHON CHIIBI, KOTOpas obe-
CIIEYMBAET MEPEX0J] IHEPIUH OT OJHOYACTHUYHBIX
CTerneHel cBOOObl CUCTEMBI K KOJIEKTHBHBIM. O0-
PaTHBII IIepexo/] SHEPTHH 00CCIICINBACTCS HATNIHUCM
B YpaBHEHUAX PPUKLHUOHHOTO TeH30pa. DaKTHUECKH
ClTydyaifHasi CHJIa OTMCHIBACT (MIYKTYyaIlH B CHCTEME.
CnyuaiiHoe ymcio &, IMeeT CIIeyIOIUe CBOMCTRA:

<&, >=0,
< 5,0 ()¢, (t,) >= 25ﬂv5(t1 —1,).

AMIIIUTyaa CIydailHOW CHJIBI Gﬁv CBsI3aHa C
(G Py3MOHHBIM TEH30pOM D 5 , KOTOPBIH PACCUMTHI-
BACTCSI C TIOMOIITHIO MOAU(DUIITPOBAHHOTO COOTHOIIIE-
Hus DUHIITeHa Dﬁv: T Vpye THE T* — >dpdexTuHas
TeMIeparypa, CB3aHHasi C TEMIIEPaTypOl CUCTEMBbI

T n ¢ mapamMeTpoM JOKaJIbHON 4acTOThI KOJIJIEKTUB-
HOTO JIBWKEHUS @ cooTHOIIeHneM [20]

®)

ha hh_w

T*:TCOt ST , (9)

rae w =2 M»aB.

[Ipu ommcaHum SHEPTUU KYJTOHOBCKOTO OT-
TaJKUBAHUS CTAJIKHBAIOIIUXCS SAEP HCHIOIb3YyeTCs
BBIpa’KCHIE
92,7 e’
32744,
B KOTOPOM IPEJIONAracTcs, 4To sIAPAa UMEIOT Pe3KUit
Kpail (He yunThIBacTcsl U QPy3HOCTh SACPHOIL mMo-
BEPXHOCTH), @ MIPOTOHBI PACTIPEIICIICHEI IT0 00BEMY
a1pa paBHOMepHO. IHTerpupoBanue Npou3BOIUTCS
mo odbeMaM 000X B3aUMOICHCTBYIOMHUX sinep. B
psine ciy4aeB BelpaskeHue (10) MoxkeT ObITh CBEACHO
K JIByM ITOBEPXHOCTHBIM WHTETpaiam [21].

3a NpUTSHKEHUE aTOMHBIX A7Iep OTBETCTBEHHO
sJIepHOE B3auMoJieiicTBre. BriOopy BUa sijepHOTro
B3aMMOJICHCTBHA MOCBAIIEHO OOJIBIIOE KOJIMYECTBO
pabor [7, 12, 22]. B Hacrosieit pabote Mbl IOIb3Y-
eMcs BeIpakeHueM [12]

1 ~ —=n —n
VGK:E(.[VI(V_V aataet)'pp(r ,ap)dr +

Coul

H'Ol_—th dv,, (10)

+IVP(F—?",ap)-p,(?",at,H,)dF”), (11)

I7Ie B IEPBOM CJIaracéMOM WHTETPUPOBAHHE BEIETCS
1o o0beMy sIpa CHapsa, a BO BTOPOM — IO 00beMy
SpA MULICHH; p, , — INIOTHOCTH COOTBETCTBYIOIIETO
sapa (mo o0beMy KOTOPOTO BEHETCS MHTETPUPOBa-
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HHE); V,  — NMOTCHIMAI B3aHMOICHCTBHS HYKIOHOB

3TOTrO siApa ¢ Onmkaiiieil TOukod MOBEPXHOCTHU

BTOpOTO si1pa. Bennunna V),  3anuckeisaercs B (hopme

noreHuuana Bynca — Cakcona:

-1
r—R (a ,x' ',z

1+ exp 1 ( 19 )y 3 ) R

a
2

Vi(f,a,,0)=V,

(12)

-1

.(13)

— r_R:(apaZ)
Vp(l",OLp)ZVg 1+exp —_—

g
Ilapamerpsl noTeHImana V, i a, ONpenensorcs

B paborax [6, 7]. Benmuuunsl R u R['f TIPEJICTABIISIOT
cO00#i PacCTOSTHUS OT LEHTPA MacC COOTBETCTBYIO-
IIETO SI/Ipa 10 TOYKHU Ha €ro ITOBEPXHOCTH, UMEIOIeH
1100 JeKapTOBbI KOOPAMHATHI (X, ', z”) ISl IpOU3-
BOJIBHO OPHEHTHPOBAHHOTO B IIPOCTPAHCTBE Aeop-
MHUPOBAaHHOTO SIIpa-MUIIEHH, TMOO0 LMJIMHAPUYECKHIE
KOOPIUHATHI (p, ¢, z) 11 C(HepUIeCKOro B OCHOBHOM
COCTOSIHHY sIIIpa-CHapsIIa:

Rtl/(at’x/’y!’zl): 125 'Arl/fs . )x/Z +y12 +Z,2’

(14)
R'(a,,z)=1.25-4)Jp’(a,,2)+2z".(15

[TnoTHOCTH sAnepHOTO BeliecTBa (HYKJIOHOB)
Ka)XIIOTO W3 sIIEpP ONpenersieTcs (GopMyIaMu:
-1
r—R!(o,,x",y",z")
a, ’

p,(7,0,,0,)=p, 1+exp(
(16)

r—R)(a,,z)

p,(F,o,)=p,|1+exp , (17)

d
rae p, = 0.17 ™3 u mapamerp, onuchIBaromHil
nuhPy3HOCTH ANEPHOM TOBEPXHOCTH, a,;= 0.54 pm,

R (a,,x",y",2") =

= (12547 —0.8647 | Jx" + y7 +2",(18)

R'(a,,z)=

=(1.25-41°-0.86 4, )\ Jp*(a,,2)+ 2. (19)

[Ipu pacuere noTeHIMATHHOMN SHEPTHUH CUCTEMBI,
COCTOSIIECH M3 ABYX CTAJKUBAIOUIUXCS SIICP, KPOMeE
SHEPrHi KYJIOHOBCKOTO U SIIEPHOTO B3aUMOICHCTBHI
HEOOXOIUMO YUYHUTBHIBATh TAKXKE NePOPMAIHOHHYIO
SHEPIHI0 KKAOTO0 U3 aaep (puc. 2).

BpamarenpHas 2HEpPTUsi CUCTEMBI 3aBHCUT OT
YIJIOBOTO MOMEHTA CUCTEMBI L, MPUBEIEHHON MacChl
CHCTEMBI M, OT PacCTOSHUS MEXKIy IECHTPaMU Macc
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Puc. 2. 3aBUCUMOCTb IOTEHIIMAILHONW SHEPTUU pacCMaTpU-
BaeMBIX siJIep OT UX Ae(OpMaIIOHHOTO ITapaMeTpa o

Fig. 2. Dependence of the potential energy of the nuclei under
consideration on their deformation parameter o

CTAJIKUBAIOIUXCS SAep 7, OT MOMEHTOB MHEPLHH
KaX/I0T0 M3 CTAIKUBAIOLIMXCS saep J, u Jp, pu
pacdere KOTOPBIX MPEAINONaraeTcs, YTO aTOMHEIC
A/pa MOXKHO paccMaTpuUBaTh Kak Bpallaloliuecs
TBepAbIe Tena (TBepIoTeNnbHOe npudmmxkenue [23]).
B xoneuHoM utore, BpaiaresibHasi 3HEPrisi CHCTEMBbI
paccuuThIBaeTCs 10 (hopmyIe
1
)
JedopmaninonHas sHeprus aTOMHBIX si7ep Ipu
HYJIEBOW TEMIIEpaType OMPENeNsIeTcs] KaK YHEPTHus
nedopmaldy B MOJEINHU KHUJIKOWH Karuld IUIoc 000-
JI0ueYHast MOIPaBKa:

E,.(q,T =0)= E{3)(q)+SE(q,T =0).

|4 ALY (Mr? +J,+J ). (20)

2

MakpockonuiecKkas 4acTh JaHHOW dHEPrUU
(E\%)) paccuuTana B MOJIEIIH KHIKOH KarlTi, MHKPO-
CKOTIMYECKas 4acTh (JF) MmoxydeHa ¢ TMOMOMIBIO
MeTona 000104edHbIX MONnpaBok CTPYyTHHCKOTO
[17]. U3 puc. 2 MOXHO BUAETH, YTO SIAPA-CHAPSIIBI
UMECIOT B OCHOBHOM COCTOSIHUU C(epUuIecKyto (op-
My (MHHHUMYM DHEPTHU COOTBETCTBYET 3HAYCHHUIO
napameTpa aepopmanuu o = (), a SAPO-MUIICHD
B OCHOBHOM COCTOSIHUH SIBJISICTCS 1e(hOPMHUPOBAH-
HbIM (o0 = 0.227). Takum 00pa3oM, HCIIOJIb3YEMbIH
HAMHU METOJ pacuera ae(GopManuoOHHONH YHEPTUU
CTAJIKMBAIOLINXCS e MO3BOJISCT YIUTHIBATH Ha-
YanpHbIC Ie(OPMAIUH CTATKUBAIOIIUXCS SIIEP, YTO
CYIIECTBEHHO BIIMSCT HA KAYECTBO MOJICITMPOBAHUS
BXO/IHOTO KaHaia [24]. Kpome Toro, moTeHmmarn sapa
238U spnsercs KeCTKUM, T. €. 171 AedopMaIuu
JAHHOTO sIpa HEOOXOIUMO 3aTPATUTh JOCTATOYHO
OOJIBIIIYIO YHEPTHIO.

HayyHbiri otaen



B. N. N\nTHeBCKNF 1 ap. FlccneqosaHme npr pacyeTe MpoLecca CTOMKHOBEHKA aTOMHBbIX HAGDN @

[TapameTpsl CHCTEMBI SIBISIOTCS HE3aBHUCH-
MBIMH, TIOOTOMY TEH30p WHEPIIUH UMEET JAUAro-
HaJIbHBIA BUI:

m, 0 0 0
0 0 0

m = Map (22)
0o 0 M 0

0 0 0o J

JBe U3 ero KOMIIOHEHT ONHMCHIBAIOT MHEPLIUIO
siApa-MHIICHH (m,,) U sapa-cHapsiaa (m,,) 1o oT-
HOIICHUIO K UX IedopMarmsaM. MHepIws cucteMsl
10 OTHOILEHUIO K PalalbHOMY JBHKEHUIO OITUCHI-
BaeTcsl IpUBEIEHHOM Maccoil cuctemsl M. MHepuus
S/Ipa-MHIIEHU 110 OTHOIICHUIO K M3MEHEHUIO €ro
OpPHUEHTALUHU B IIPOCTPAHCTBE ONUCHIBAETCS MOMEH-
TOM HHEpUHHd J,. OPUKIHOHHBIA TCH30p CHCTEMBI
TaK)Ke SIBIISICTCSl AMArOHAJbHBIM:

Var ¥ Ver! 0 0 0

0 Vo T }/""d 0 0
Y = ap ap . (23
0 0 .0 @3)

0 0 0 7,

Ero KOMIOHEHTSI 7, 7,,, 7, H V5 PACCUUTHI-
BAIOTCS B MOJICNIM MMOBEPXHOCTHOTO TpeHHus [6].
KommonenTs! TeH30poB (21) u (22), 0TBeTCTBEHHbIE
3a BHYTPHUSAEPHBIE MPOLECCHI, MPOUCXOSIINE TPH

nedopMaIyu CTaikuBaromuyxcs aaep (m,, u m, s

ap

nucl nucl

MHEPLMOHHOIO TEH30pa, & TAKKE " Uy Jst
(PPUKIIMOHHOTO TEH30pa) PACCUUTHIBAIOTCS B TECOPUHU
JTMHEWHOTO OTKJIMKA 1 JIOKAITEHOTO TapPMOHHYECKOTO
npubmmkenus [25].

PesynbTathl M ux 06cyxaeHue

OCHOBHY!O POJIb ITPU MOJICTUPOBAHUY ITPOLIECCa
CTOJIKHOBEHHSI aTOMHBIX SIJICp UIPaeT 3aBHCUMOCTh
MOTCHIINAIBHOI SHEPIUU CHCTEMBI OT IapaMETPOB
ee GopMBI.

3aBUCHMOCTB IMOTCHITHAILHOM SHEPTUH CHCTEMBI
(oHepruu B3auMOMEHCTBUS) OT MapaMeTpoB nedop-
MalluU CUCTEMBI NIPEJICTaBlIeHa Ha pUC. 3. AHaIU3H-
pys puc. 3, a, MOXKHO IIPUNUTHU K BBIBOLY O TOM, 4TO
SAPO-CHAPSIT HAYHET Je(pOPMHUPOBATHCS 3a10JTO 10
IepeceveHust KyJIoHOBCKoro Oaprepa. Ha cpaBam-
TEIFHO OOJBIIOM PACCTOSIHUH OT KyJIOHOBCKOTO 0a-
prepa (Korma IeHCTBYIOT TONBKO CHIIBI KYJIOHOBCKOTO
OTTAJIKUBAHUS) OKA3bIBACTCS BBITOJHOM HEMHOIO
CIUTIOCHYTas (hopMa siapa-cHapsia. [lanee, mo mepe
BKJIIOUCHUS STCPHBIX CHJI, CTAHOBUTCSI BBITOAHOM
BBITSIHYTast popMa HaJIeTaromIero sijpa. Takum oopa-
30M, (hopMa siIpa-CHapsIIa B MOMEHT IIepexo/ia uepes

®r3nKa aToMHOro A4pa v 3nemMeHTapHbIX 4acTrl

TIOTCHIINATIBHEIN Oaphep OMPEAeIsIeTCs] CKOPOCTHIO
nojyeTa sapa k Oapeepy. [Ipu BbicOKOH sHEpruu
peaxnuu sIpo OyaeT OBICTPO MOIXOANTH K Oapbepy 1
B MOMEHT IIepeX0/ia OCTAHETCsI CILTIOCHYTHIM. B mpo-
THUBHOM CJly4ae, IPU HU3KOH CKOPOCTH paauaIbHOrO
JIBIDKEHUSL, SIZIPO-CHAPST yCIIeeT MprodpecTu chepu-
YEeCKYIO WX JTaKe BRITSHYTYIO (hOpMY O MOMEHTa
nepexojia uepes 0apbep.

Ha puc. 3, 6 npencraBieHa 3aBUCHMOCTh TI0-
TEHIIHAJIBHON DHEPTUN CTAIKUBAIOIIUXCS sIEp
OT PACCTOAHMS MEXJYy HUX LIEHTpaMH Macc u Je-
¢dopmarun sapa-mumenu. [lpu GpukcupoBaHHOM
3HaueHuu napamerpa R, (npu R, > 15 dm) xo:
POLIO MPOCTEKUBACTCS MUHUMYM MOTEHLIUATbHON
SHEPTUH, COOTBETCTBYIOIINI 3HAUCHUIO TTapaMeTpa
a,~0.227 (OCHOBHOE COCTOSHHE SAPA-MHULIEHH). DTO
03HAYaeT, YTO AAPO-MHUIICHb IPAKTUUECKH HE OyJeT
MEHATH CBOIO (popMy 70 TeX IOp, ITOKa CHCTeMa He
MPHUOJTU3UTCS K TOTEHIMATbHOMY 0aphepy. [1o Mepe
MIPOJIBIDKEHUS 32 KYJIOHOBCKHI Oapbep MHTEHCHUB-
HOCTb BSaHMOHeﬁCTBHH CTAJIKUBAIOIUXCA AJCP YBC-
JIMYUBACTCSI, COOTBETCTBEHHO B CHCTEME HAYMHAIOT
JIEHCTBOBATh CHJIbI, CHOCOOHBIE M3MEHUTH (HopMy
CTAJIKUBAIOLINXCS SiAEp. 3a KYJOHOBCKUM OaphepoM
SHEPreTUYECKH BBHITOAHBIMU CTAHOBSTCS OOJee BHI-
TAHYTbIE (YOPMBI STEP.

3aBUCUMOCTH NMOTEHIIUAILHON SHEPTUHU CHCTE-
MBI (9HEPTHHU B3aUMOJECHCTBHUS) OT TApaMeTpoB O, u
R, npuseneHa Ha puc. 3, 6. Buano, uto o nocru-
KECHHsSI CUCTEMOM BEPIIUHBI KyJIOHOBCKOTO Oaphepa
(mITpuxoBasi IMHUS ), OpPUEHTAITMOHHASI 3aBUCIMOCTD
MOTEHIUAIBHOM YHEPTUU CUCTEMBI SBIISETCS AOCTa-
TOYHO c7a00, T. €. AAPO-MHUIICHb COXPAHSIET CBOIO
HAYaIbHYI0 OPHEHTAIUIO MPAKTHUYECKH HEH3MCH-
Hoil. Ilociie mepexona uepe3 KyJIOHOBCKUN Oapbep
1 BIUIOTH OO JIMHUN TEOMETPHUICCKOTO KaCaHUA AACP
(TTIyHKTHpHAS JTHHUS) YHEPTETHUECKH BBHITOTHBIMHU
SIBJISIIOTCSL OPUCHTAIIUU C MaJbIMH 3HAUYCHHUSIMU
napamerpa 0,.

Takum 006pa3om, U3 aHaJI3a BAIa KapThl MOTCH-
UAJIbHON PHEPTHUH MOXKHO MPHUUTH K BBIBOAY, UTO
IIPU PACCMOTPEHHUH MPOIeCcCca CTOIKHOBCHHS aTOM-
HBIX SIEpP TOJBHKO IO MOMEHTA MEPEeCEUYeHUs UMHU
KYJIOHOBCKOTO Oaphepa M3MEHEHUE OPUEHTAIUU U
nedhopManuu sapa-MuieHu OyneT MUHUMAIIbHBIM B
OTIINYXE OT U3MECHEHHS Ie(OPMAIIHH sIApa-CHAPSAA.

OCHOBHBIMH pe3ylibTaTaMi, KOTOpPbIe HY>KHO
MOJTYYUTH IPU MOACTUPOBAHUH TIPOIIECCA CTOIKHO-
BEHHS aTOMHBIX sIZIEp, SBISIOTCS CEUYEHHE Mepexona
CUCTEMBI uepe3 KYJIOHOBCKUHN Oaphep U pacCTOsSHHUE
MEXKAY HCHTPpaAMU MacCC CTAJIKHUBAOMIUXCA AOEP B
MoMmeHT riepexoza [10].
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fm
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Puc. 3. 3aBUCHMOCTb [IOTCHIHATBHOM SHEPT U CHCTEMBI JIBYX CTAIKUBAOIIMXCS S
(54Ni + 238U) ot paccTosiHus MeskLy UX HEHTPaMHU Macc; a — eopMalliy spa-cHa-
psina (apo-MHUIIEHb OPHEHTHPOBAHO 110/ yIiIoM 30 rpaycoB K IMHUH, COCAUHAIONICH
LEHTPBI MACC CTAJIKUBAIOLINXCS A1€P, K UMeeT Je(hopMalifio, COOTBETCTBYIOLIYIO €ro
(bopme B ocHOBHOM cocTosiHuM (0, = 0.22)); 6 — nedopmanuu sapa-MUIIEHH (41pO-
MHIIICHb OPHEHTUPOBAHO 1O/ YIiioM 30 IpagycoB K JIMHHUH, COCAUHSIIOMICH IEHTPBI
MaccC CTaIKHBAIOLINXCS SAEP, SIAPO-CHAPS ABISIETCS CHEPUIECKIM); 6 — OPUCHTALIUH
Je(OPMHUPOBAHHOTO SIpa-MUIIEHH (JedopManuy 000uX sep 3aGuKCHPOBaHEI U CO-
OTBETCTBYIOT HX Je(hopMaisiM B OCHOBHOM COCTOSIHUH )
Fig. 3. Dependence of the potential energy of the system of two colliding nuclei
(6*Ni + 238U) on the distance between their centers of mass; a — deformation of the
projectile nucleus (the target nucleus is oriented at an angle of 30 degrees to the line
connecting the centers of mass of the colliding nuclei, and has a deformation that
corresponds to its form in the ground state (a, = 0.22)); b — deformation of the target
nucleus (the target nucleus is oriented at an angle of 30 degrees to the line connect-
ing the centers of mass of the colliding nuclei, the projectile nucleus is spherical);
¢ — orientations of the deformed target nuclei (deformations of both nuclei are fixed
and correspond to their deformations in the ground state)

CeueHue nepexo/ia CUCTEMbI Uepe3 KyITOHOBCKUI
Oapbep 3aBUCUT OT BEpOATHOCTU P COOTBETCTBYIO-
LIero mpoliecca:

o = :—ZZ (2L +1)P(L), (4

e k2 = 2MEc_m_/h2.

MpI nipoBenu MOJEIMPOBaHUE Ipoliecca CTOJ-
KHOBEHHUS aTOMHBIX AAep ¢ (PUKCUPOBAHHBIMHU
3HAYEHUSIMU TEX MJIM MHBIX [apaMETPOB CHCTEMBI.
B wacTtHOCTH, KpOMe MOTHOIEHHOTO (KOrna Bce
mapamMeTpbl MOTYT MEHSTBHCS CO BPEMEHEM) pac-
9eTa, MBI IPOU3BOIUM PACUETHI: C (PUKCHPOBAHHON
nedopmanueil sapa-cHapsaa; ¢ GUKCHPOBAHHON
nedopmanueil sapa-MumieHd; ¢ GUKCUPOBAHHOMN
OpHEHTAaIMel siApa-MUIICHU; ¢ (UKCUPOBAHHBIMH
nedopmanmeil u opueHTanuen sapa-mumenn. Cpas-
HUBAs MONYyYCHHBIC PE3yNbTaThl MEXKIy COOOH, MBI
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YBHIUM, BO3MOYKHO JIM YIIPOIICHUE pacueTa IIyTeM
HAJIOXKEHUsI OTPAaHMYCHUI Ha BOZMOKHOCTB JBOJIO-
[ HEKOTOPBIX MTAPaMETPOB.

B tabmuie npuBeneHa 3aBUCHMOCTD CEUCHUS
mepexona CHCTEMBI depe3 KyITOHOBCKHH Oapsep OT
SHEPTHH peakIuu. XOpOIIO BHIHO, YTO pacueT C
¢bukcupoBaHHOH Jedopmanmend aapa-cHapsa (ap)
JIaeT 3aBBIIICHHBIC 3HAYCHUS CEUCHUIL, B TO BPEMsI KaK
PE3YIBTaThI BCEX OCTAIBHBIX PACUCTOB MPAKTHYCCKH
HE OTIIMYAIOTCS OT PE3YNNBTATOB MOJHOIIEHHOTO pacye-
Ta. Pe3ynbTrarsl MOJIGNTMPOBaHMS IOCTATOYHO HETLIOXO
COIVIACYIOTCSI C IKCIIEPUMEHTAIbHBIMU TaHHBIMU [ 1].

Ha puc. 4 mpencraBiiensl pacnpeneneHus co-
ObITH ITepexo/ia Yepe3 KyJOHOBCKUiT bapbep 1o pac-
CTOSTHUSIM MEK/Ty IIEHTPAaMH MacC CTAIKHBAIOIINXCS
snep. [IpuBeseHbl pe3ynbTaThl MOACIUPOBAHUS C
(bukcupoBaHHOU aedopmarmeld siapa-cHapsaa C
OHOBPEMEHHO (PMKCHPOBAHHBIMH 3HAYCHHSIMH I1apa-
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Ceuenusi epexoja CHCTeMbI, MoydeHHoii B peakuusx %Ni + 238U u 368 + 238U, uepes kynonoscknii 6apnep. [puse-
JICHBI PE3YTLTATHI PACICTOR, NPOBEICHHBIX MPH YCTOBHN 3aMOPAKHBANNSI 3HAYCHHIT OTHOTO (L, o, MTH 6,) HITH JIBYX
(¢, 1 0,) NapaMeTPOB, a TaKs e Pe3y.IbTATHI OIHOLEHHBIX PACYETOB H IKCIIEPHMEHTaIbHbIE AaHHbIe [1]

Table. Cross sections of transition of the system, obtained in the %*Ni + 238U and 39S + 238U reactions,
through the Coulomb barrier. The results of calculations performed under the condition of freezing the values

of one (ap, a, or 0) or two (a, n 0) parameters, also the results of full calculations and experimental data are presented
E, s o 5 5 s IMonuslii pacuer / | DkcrnepuMeHTanbHbIE AaHHbIE [1] / Peakmus /
MeV ap at 0t at, 0 Full calculation Experimental data [1] Reaction
259.6 1.21 0.74 0.62 0.68 0.44 0.91
269.8 1549 | 9.97 9.20 9.42 6.97 4.7 s
Ni+ 238U
281.5 6598 | 459 49.9 48.7 41.4 332
300.5 219.5 | 220.2 | 2263 | 2275 219.8 117.1
149.4 10.86 | 10.27 | 10.12 | 9.82 9.67 10
155.1 73.58 | 68.69 | 68.72 | 68.82 66.69 45.49 36
S +28y
160.8 219.2 | 2049 | 205.4 | 206.9 204.1 206.9
171.2 688.8 | 669.2 | 668.5 | 6784 658.2 367.95
0.15F 238 27N 0ie4 36 238
“Ni+ U \ —— Full calculation S+7U B —— Full calculation
010t . ---- Fixeda, ---- Fixed o,
Sy | s Fixed 6,and o, 0.02 TR Fixed 6,and a,
0.05 |
=z =z
0 0.00 el
no 000 14 15 £ 13 14 15
= 0.015 F =
0.010 |
0.010 |-
0.005 | 0.005
0.000 0.000

a/a

kuBaromuxcs anep L = 0: a— E_, =259.6 MaB (ceepxy) u £

c.m.

o/b

Puc. 4. Pacnpez[enel{m{ COOBITHIA nepexoja 4epes KyJ'IOHOBCKI/Iﬁ 6apLep 0 PaCCTOAHUAM MEXKAY UCHTpaMH MaccC CTall-

=300.5 M>B (cum3y); 6 — E_, =149.4 M>B (cBepxy) u

E_, =171.2 MaB (cuusy)

Fig. 4. Distribution of Coulomb barrier transition events by the distances between the centers of mass of colliding nuclei
L=0:a-E,, =259.6 MeV (top) u E,, =300.5 MeV (bottom); b - E_,, = 149.4 MeV (top) u E,, =171.2 MeV (bottom)

METPOB JiehopMaIvy 1 OpUCHTAITUH SIpa-CHAPsIA U
MIOJIHOLIEHHOI'0 pacyeTa. XOopolIo BUHO, YTO pacyeT
¢ pukcupoBaHHOM HedopMarnuei siapa-cHapsina (Tpe-
pBIBHCTas JIMHUS) BO BCEX PACCMOTPEHHBIX CIydasix
SIBHO OTJIMYAETCS OT MPAKTUYECKH CIMBAIOLIMXCS
pE3yNbTaToOB BCEX OCTANBHBIX pacueToB. Ciemyer
3aMETHUTh, YTO JAHHOE OTIIMYKE 3aBUCUT OT SHEPTUU
peakuuu 1 Maccsl siapa-cHapsiia. [louarHo, uto uem
TsDKEJIee Macca spa cHapsia, TeM CHIIbHEe ero Jie-
(hopMaIys BIUSET HA MIPOIECC CTOIKHOBCHUS.

3aknioyeHume

AHanu3upys pe3ylbTaThl, [OJIy4eHHbIE B Ha-
cTosIei paboTe, MOKHO MPUHTH K BBIBOAY, UTO

®r3rKa aToMHOro A4pa v 3nemMeHTapHbIX 4acTry

npeHeOpexeHne BO3MOKHOCTBIO H3MCHEHUS Tapa-
METpOB AehopMaIy U OPUSHTAINN B IPOCTPAHCTBE
Anpa-MHIICHU, B ClIydae IOCTATOYHO TSKEIOTO
Spa-MUIICHH, a TAKKe B CIIydae, €CIId OHO HMEET
JIOCTATOYHO JKECTKUI MOoTeHuuan (cM. puc. 2), npu-
BOJIUT K (PM3UYECKH OOOCHOBAaHHBIM pe3yJbTaTam,
MaJIo OTAMYAIOMIUMCS OT PE3YABTATOB ITOJTHOLIEHHOTO
pacuera. [Ipuuem, uem Jierde HayeTaroIee s;apo, TeM
9TH OTIMYHSI MEHBIIE. B TO jke Bpems mogo0HOe pH-
OmKeHre NPUBOAUT K CYILIECTBEHHOMY YIIPOILIEHHIO
pacdera U, COOTBETCTBEHHO, K YMEHBIICHUIO Bpe-
MCHH BBITIOJTHEHHS PacueTa Ha KOMIIBIOTEPE 3a CUET
YMEHBIIEHUsI KOJIUYeCTBa ypaBHEHUU JlaHxkeBeHa
(1), TpeOyronmx YMCICHHOTO HHTETPUPOBaHUs. TakK,
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B OINMCAaHHON MOJENH, 3aMOpaXMBaHUE ABYX U3 4e-
THIpEX CTeTNeHel CBOOO/IbI MPUBEIO K JBYKPATHOMY
YMEHBIICHUIO BPEMEHH BBITIONTHEHUS THHAMHYECKOTO
pacueTa Ha KOMIIbIOTEPE.
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Background and Objectives: A large number of theoretical and
experimental papers have been devoted to the study of the fusion-
fission reaction of heavy ions. This is primarily due to the fact that
these reactions allow us to obtain superheavy nuclei or exotic isotopes
that lie far from the beta-stability line. To describe these reactions,
you must be able to describe the collision process of the initial nuclei.
Moreover, the accuracy of the entrance channel description affects
the quality of all subsequent modeling results. Recently, a number
of works have appeared that seek to take into account all possible
deformations and orientations when calculating the interaction of
colliding atomic nuclei. At the same time, increasing the number of
system shape parameters taken into account (increasing the dimen-
sion of the space of collective coordinates of the system) increases
the complexity of performing dynamic calculations. So, the purpose of
this work is to find an approximation that takes into account the main
physical processes that occur when two atomic nuclei collide, but
does not lead to serious complication of calculations. Materials and
Methods: In this paper, we consider the collision of atomic nuclei
in the hot fusion reactions 3¢S + 238 and 84Ni + 238U, To model this
process, a dynamic stochastic model is used. It takes into account
the shell structure of colliding cores and their mutual orientation in
space. Four deformation parameters are used to describe the shape
of the system under consideration. The dynamic evolution of these
parameters is described in the framework of the Langevin equations.
Results: The paper discusses the possibility of freezing some of
the degrees of freedom of the system. It is shown that a relatively
heavy target nucleus, deformed in the ground state, weakly changes
its deformation and orientation in space during the evolution of the
system up to the transition through the Coulomb barrier. The numeri-
cal results are compared with the experimental data. Conclusion:
The prohibition of the evolution of the target nucleus deformation
and orientation degrees of freedom does not significantly affect the
simulation results, namely, the probability of the system passing
through the Coulomb barrier and the distance between the centers
of mass of colliding nuclei at the moment of the penetration through
the Coulomb barrier. The choice of the reactions under consideration
allows us to judge the effect of the mass of the projectile nucleus
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on the results of calculations, and also allows us to generalize the
results obtained in the present work to a wide range of reactions with
the mass ratio of colliding nuclei lying in the range from 0.15 to 0.27.
Most of the reactions currently used for the synthesis of superheavy
elements are in this range.

Keywords: nuclear collision, Langevin equations, collective co-
ordinates.
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