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MICROSTRIP DISCONTINUITY ANALYSIS                               
USINGFINITE-DIFFERENCE TIME-DOMAIN METHOD

The finite-difference time-domain method with Mur's first-
order absorbing boundary conditions is applied to the analysis
of a microstrip open end and a microstrip gap. Based on Max-
well's equation discretization, computational algorithms are
developed to simulate Gaussian pulse diffraction by the dis-
continuities. Qualitative time-domain data are obtained to
illustrate scattering process evolution. Frequency-domain
results in terms of  -matrix elements are calculated and com-
pared with other available data.

1 INTRODUCTION

Microstrip discontinuities serve as basic building ele-
ments of microwave printed circuits. Based on the knowl-
edge of frequency-dependent parameters of discontinuities
involved in a circuit, complex microwave devices can be
easily analyzed from interconnects of microstrip disconti-
nuities and microstrip line segments. That is why accurate
modeling microstrip discontinuities in terms of  S-matrix
elements is a problem of great importance for modern
microwave printed circuit design. To meet the require-
ments of microwave integrated circuit technology, one
should apply sophisticated computer-aided design (CAD)
tools for the accurate simulation of electromagnetic field
scattering by circuit components.

Various techniques have been used for recent years to
solve microstrip discontinuity problems. A full-wave spec-
tral-domain approach has been applied to the analysis of
arbitrary shaped open microstrip discontinuities in [1].
The full-wave analysis of shielded passive microstrip com-
ponents has been provided in [2] using the method of
moments. In [3], the mode matching technique has been
presented for the analysis of a shielded microstrip step dis-
continuity. The method of integral equations for overlap-
ping regions along with the planar dispersive waveguide
model has been proposed in [4] for microstrip discontinu-
ity analysis.

Presently, the finite-difference time-domain method
(FDTD) is widely used for solving various problems of

electromagnetic theory including the analysis of printed
circuit components. The method has been firstly presented
in [5] to solve three-dimensional electromagnetic scatter-
ing problems and applied to microstrip discontinuity anal-
ysis by many authors [6], [7]. The main advantage of the
FDTD method is its great flexibility in the analysis of a
variety of microwave printed circuit configurations. More-
over, the ability of field simulation both in time and fre-
quency domains allows us to get an insight into a time-
dependent process of signal scattering by circuit disconti-
nuities and to obtain the frequency-dependent characteris-
tics of circuit elements in terms of S-matrices.

In this paper, the FDTD method with Mur's first-order
absorbing boundary conditions (ABC) is applied to the
analysis of a microstrip open end and a microstrip gap.
Qualitative results are obtained in time domain to illus-
trate the electromagnetic field propagation and scattering.
S-matrix elements are derived from the time-domain data
using the Fourier transform. Frequency-dependent results
are compared with other available data showing good
agreement.

2 METHOD OF ANALYSIS

The finite-difference time-domain method is based on
dividing a limited computational domain with an analyzed
structure inside into unit cubic cells and calculating field
values at nodal points of the space mesh at successive
instants of time. An approximate solution of the electro-
magnetic problem can be obtained solving Maxwell's equa-
tions:

(1)

∇ E× µ H∂
t∂

-------,–=

∇ H× ε E∂
t∂

------=
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with appropriate initial, source and boundary conditions
imposed on conductors, interface surfaces and the compu-
tational domain walls. The discretization of Maxwell's
equations using the centered difference approximation
leads to a set of algebraic equations providing an explicit
computational algorithm for the simulation of electromag-

netic field scattering. Each component of  field can be

derived from certain components of  field at four sur-

rounding nodal points. Similarly,  field components are

calculated through  field values at four surrounding

nodal points. To achieve the centered differences for time

derivatives,  and  field components should be alterna-

tively calculated one through another at all nodal points at
successive instants of time.

The ground plane and strip conductors are assumed to
be perfect electric conductors of zero thickness and
involved in the analysis by setting tangential electric field
components on the conductors to zero. Field components
on the dielectric-air interface are calculated using the aver-

age permittivity . For tangential field com-

ponents on the computational domain walls (except the
ground plane) special treatment must be done. These field
components cannot be calculated using field values at the
nodal points outside the computational domain and should
simulate outgoing waves with no reflection. To this end,
Mur's first-order approximate absorbing boundary condi-

tions [8] are imposed on tangential  field components on

the domain walls.
The initial conditions force all field components to be

zero at  throughout the computational domain. At

 Gaussian pulse is excited on the front wall with the

vertical electric field component

. (2)

The other electric field components on the source wall
of the computational domain are forced to be zero. To
avoid undesired return wave reflection by the front wall,
the electric source wall conditions should be switched on
the absorbing boundary conditions when Gaussian pulse
reaches a discontinuity.

3 MICROSTRIP OPEN END

The microstrip open end is a microstrip discontinuity
that is widely used in microwave printed circuits. The
computational model of a microstrip open end is shown in
Fig.1. The structural parameters used for calculation are

mm, , ,

, , , , where ,

 and  are the space discretization intervals in , ,
and  directions, respectively;  is the time discretiza-

tion interval;  is the stability criterion constant

( ) and  is the velocity of light in air. Time-
domain results shown in Fig.2 illustrate the field distribu-

tion calculated for  component on the plane just under-

neath the strip surface at the moment when Gaussian pulse
has been reflected by the discontinuity.

Figure 1 - Computational domain for microstrip open 
end

Figure 2 - Field distribution for microstrip open end

In the figure, one can also see a surface wave travelling
from the discontinuity to the far end of the computational
domain. It can be seen that the time-domain results explic-
itly illustrate Gaussian pulse scattering by the microstrip
discontinuity. But for CAD purposes frequency-dependent

data are required in terms of -matrix elements. The scat-
tering matrix of the microstrip open end consists of only
one element that corresponds to the reflection coefficient.
It can be obtained from the time-domain data as

, (3)

where  is the Fourier-transformed reflected electric

field component calculated underneath the strip at the ref-

H

E

E
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erence plane ,  is the Fourier-transformed

incident electric field component at the same point. The
incident field is obtained as a result of the FDTD model-
ing of the regular microstrip line and the reflected field is
calculated as the difference between the total scattered
field and the incident field. The dispersion characteristic of
the reflection coefficient is shown in Fig.3 together with
the results provided in [6]. It can be seen that both results
agree well with a discrepancy less then 4 %.

4 MICROSTRIP GAP

The computational model of a microstrip gap is shown

in Fig.4. The structural parameters are as follows:

mm, c, , ,

, , . Fig.5 demonstrates time-

domain results for  component distribution on the plane

just underneath the strip surface after Gaussian pulse scat-
tering by the gap. It can be observed that the pulse has
been partly reflected into incident port 1 and partly trans-
mitted into port 2. Frequency-dependent characteristics of
the microstrip gap obtained from the time-domain data are
shown in Fig.6. Calculated results for the scattering
matrix elements are compared with data of [6] revealing
good agreement with maximum discrepancy of 3%.

Figure 3 - Reflection coefficient of microstrip open end Figure 4 - Computational domain for microstrip gap

Figure 5 - Field distribution for microstrip gap Figure 6 - Scattering matrix elements of microstrip gap

z λ1 z∆= Ẽx
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5 CONCLUSION

The finite-difference time-domain method with Mur's
first-order absorbing boundary conditions has been applied
to the analysis of a microstrip open end and a microstrip
gap. Both time-domain and frequency-domain numerical
results have been obtained and discussed for the microstrip
discontinuities under consideration. Frequency-dependent
characteristics for scattering matrix elements have been
compared with other available data showing good agree-
ment.
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Íàä³éøëà 16.10.2003

Ïðåäñòàâëåí àíàëèç îòêðûòîãî êîíöà è ðàçðûâà ìèêðî-
ïîëîñêîâîé ëèíèè ìåòîäîì êîíå÷íûõ ðàçíîñòåé âî âðåìåí-
íîé îáëàñòè ñ ïîãëîùàþùèìè óñëîâèÿìè Ìóðà ïåðâîãî
ïîðÿäêà. Íà îñíîâå äèñêðåòèçàöèè óðàâíåíèé Ìàêñâåëëà
ïîñòðîåíû âû÷èñëèòåëüíûå àëãîðèòìû äëÿ ìîäåëèðîâàíèÿ
äèôðàêöèè ãàóññîâà èìïóëüñà íà íåîäíîðîäíîñòÿõ. Ïîëó-
÷åíû ðåçóëüòàòû âî âðåìåííîé îáëàñòè, êà÷åñòâåííî èëëþ-
ñòðèðóþùèå ïðîöåññû äèôðàêöèè. Ïðîâåäåíî ñðàâíåíèå
äèñïåðñèîííûõ õàðàêòåðèñòèê ýëåìåíòîâ ìàòðèö ðàññåÿ-
íèÿ ñ äàííûìè äðóãèõ àâòîðîâ.

Ïðîâåäåíî àíàë³ç â³äêðèòîãî ê³íöÿ òà ðîçðèâó ì³êðî-
ñìóæêîâî¿ ë³í³¿ ìåòîäîì ñê³í÷åííèõ ð³çíèöü ó ÷àñîâ³é
îáëàñò³ ç ïîãëèíàþ÷èìè óìîâàìè Ìóðà ïåðøîãî ïîðÿäêó.
Íà ï³äñòàâ³ äèñêðåòèçàö³¿ ð³âíÿíü Ìàêñâåëà ïîáóäîâàíî
îá÷èñëþâàëüí³ àëãîðèòìè äëÿ ìîäåëþâàííÿ äèôðàêö³¿
ãàóñîâà ³ìïóëüñó íà íåîäíîð³äíîñòÿõ. Îäåðæàíî ÿê³ñí³
ðåçóëüòàòè ó ÷àñîâ³é îáëàñò³, ùî ³ëþñòðóþòü ïðîöåñè
äèôðàêö³¿. Çðîáëåíî ïîð³âíÿííÿ äèñïåðñ³éíèõ õàðàêòåðèñ-
òèê åëåìåíò³â ìàòðèöü ðîçñ³ÿííÿ ç ³íøèìè äàíèìè.
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Ðîçãëÿíóòà ìîæëèâ³ñòü çàñòîñóâàííÿ ë³í³éíèõ ï³äõîä³â
äëÿ àïðîêñèìàö³¿ ñïåêòðàëüíèõ äàíèõ îäíîïîëþñíîþ ôóíê-
ö³ºþ ³ âèêîðèñòàííÿ äðîáîâî-ðàö³îíàëüíî¿ ³íòåðïîëÿö³¿
ñïåêòðàëüíèõ äàíèõ ç ìåòîþ ïðèñêîðåííÿ ïðîöåäóðè
âèçíà÷åííÿ ïàðàìåòð³â àäèòèâíî¿ åêñïîíåíö³àëüíî¿ ìîäåë³.
Ïðîàíàë³çîâàí³ òî÷í³ñí³ õàðàêòåðèñòèêè çàïðîïîíîâàíèõ
ìåòîä³â ³ ïðîâåäåíå ¿õíº ïîð³âíÿííÿ ç àíàëîã³÷íèìè
õàðàêòåðèñòèêàìè ³íøèõ ìåòîä³â äàíîãî êëàñó.

ÂÑÒÓÏ

Â áàãàòüîõ çàäà÷àõ ïðèêëàäíî¿ ðàä³îô³çèêè âèíèêàº
ïðîáëåìà âèçíà÷åííÿ ïàðàìåòð³â àäèòèâíî¿ åêñïîíåí-
ö³àëüíî¿ ìîäåë³. ßê ïîêàçóº äîñâ³ä ïðàêòè÷íîãî âèêî-
ðèñòàííÿ, çàñòîñóâàííÿ àäèòèâíî¿ åêñïîíåíö³àëüíî¿
ìîäåë³ äàº çìîãó ³ì³òóâàòè ð³çí³ âëàñòèâîñò³ â³äáèâàëü-

íèõ îá'ºêò³â [1-3]. Çîêðåìà, òàêà ìîäåëü ìîæå áóòè
âèêîðèñòàíà äëÿ ðîçãëÿäó â³äáèòòÿ â áàãàòî-øàðîâèõ
ä³åëåêòðè÷íèõ ñòðóêòóðàõ [4].

Íà ïîïåðåäíüîìó åòàï³ äîñë³äæåíü â³äáèâàëüíèõ
ñòðóêòóð ïîçèòèâí³ ðåçóëüòàòè âèì³ðþâàíü áóëè äîñÿã-
íóò³ çà ðàõóíîê âèêîðèñòàííÿ ìåòîä³â öèôðîâîãî ñïå-
êòðàëüíîãî àíàë³çó ðåçóëüòàò³â âèì³ðþâàíü â ÷àñòîòí³é
îáëàñò³ [3]. Òàêèé ï³äõ³ä ïîòðåáóº ðîçãëÿäó ìîäåëåé
âèñîêîãî ïîðÿäêó, ùî âåäå äî íåñò³éêîñò³ ðåçóëüòàò³â.
Íåîáõ³äí³ñòü âèêîðèñòàííÿ ìîäåëåé âèñîêîãî ïîðÿäêó
îáóìîâëåíî òèì ôàêòîì, ùî â åêñïåðèìåíòàëüíèõ äàíèõ,
îòðèìàíèõ, íàïðèêëàä, ïðè äîñë³äæåíí³ ä³åëåêòðè÷íèõ
ñòðóêòóð, ïðèñóòíÿ ³íôîðìàö³ÿ ïðî âñ³ ðîçñ³þâà÷³, ÿê³
áóëè îïðîì³íåí³ çîíäîì, à íå ò³ëüêè ïðî íåîäíîð³äíîñò³
ñòðóêòóðè, ùî áåçïîñåðåäíüî äîñë³äæóþòüñÿ. Àëüòåð-
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íàòèâíèì º âèêîðèñòàííÿ äðîáîâî-ïîë³íîì³àëüíî¿
àïðîêñèìàö³¿ ôðàãìåíòó ÷àñîâîãî ñèãíàëó, ÿêèé áåçïîñå-
ðåäíüî îïèñóº ñòðóêòóðó, ÿêó òðåáà âèâ÷èòè. Ðîçãëÿä
ôðàãìåíòó, ùî áåçïîñåðåäíüî îïèñóº äîñë³äæóâàíó ñòðó-
êòóðó, äîçâîëÿº ñóòòºâî ïîíèçèòè âèì³ðí³ñòü ìàòåìàòè÷-
íî¿ çàäà÷³.

Àëå äðîáîâî-ðàö³îíàëüíà àïðîêñèìàö³ÿ â ñïåêòðàëüíî
ñïîëó÷åí³é îáëàñò³ ïðèïóñêàº ì³í³ì³çàö³þ íåë³í³éíî¿
ö³ëüîâî¿ ôóíêö³¿, ùî ÿâëÿº ñîáîþ ñêëàäíó íåë³í³éíó
îá÷èñëþâàëüíó çàäà÷ó ³ ùî âèìàãàº çíà÷íèõ îá÷èñëþâà-
ëüíèõ ðåñóðñ³â. Òîìó, áàæàíî áóëî á çâåñòè çàäà÷ó
âèçíà÷åííÿ ïàðàìåòð³â àäèòèâíî¿ åêñïîíåíö³àëüíî¿
ìîäåë³ äî ïîñë³äîâíîãî ðîçâ'ÿçêó íàáîðó ïðîñòèõ, ïî
ìîæëèâîñò³, ë³í³éíèõ çàäà÷.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×²

Âèêîðèñòàííÿ àäèòèâíî¿ åêñïîíåíö³àëüíî¿ ìîäåë³ àíà-

ë³çîâàíîãî ñèãíàëó , ùî çàäà-

íèé ó âèõ³äí³é ÷àñòîòí³é îáëàñò³ íà äèñêðåòí³é ñ³òö³

, ó âèãëÿä³

 , (1)

äå  ³  - êîìïëåêñí³ ïàðàìåòðè ìîäåë³, äàº çìîãó ó

ñïåêòðàëüíî-ñïðÿæåí³é îáëàñò³ íà ñ³òö³ 

 âèðàçèòè öåé ñèã-

íàë çà äîïîìîãîþ äðîáîâî-ðàö³îíàëüíîãî ïðåäñòàâëåííÿ

 , (2)

äå .

Ó ìàòðè÷í³é ôîðì³ ìîäåëü ñïåêòðàëüíî ñïîëó÷åíîãî
ñèãíàëó ìîæå áóòè çàïèñàíà ÿê

 , (3)

äå , à -èé åëåìåíò ìàòðèö³ Z ìàº

âèãëÿä . Àïðîêñèìàö³ÿ â ñïåêòðàëü-

íî ñïîëó÷åí³é îáëàñò³ çà äîïîìîãîþ ì³í³ì³çàö³¿ ö³ëüîâî¿
ôóíêö³¿

(4)

äîçâîëÿº âèçíà÷àòè ïàðàìåòðè åêñïîíåíö³àëüíî¿ ìîäåë³
(1) íà îñíîâ³ êîíöåïö³¿ êâàç³ðîçâ'ÿçêó [3].

Îñê³ëüêè åíåðã³ÿ ñèãíàëó íåð³âíîì³ðíî ðîçïîä³ëåíà

íà ñ³òö³ , òî º ñåíñ âèêîðèñòîâóâàòè â ïîáóäîâ³

ö³ëüîâî¿ ôóíêö³¿ (4) íå âñ³ N â³äë³ê³â, à ò³ëüêè îáìåæå-
íå ¿õ ÷èñëî, òîáòî ò³ëüêè ò³, ùî ìàþòü ìàêñèìàëüíó
àìïë³òóäó. Ñóáîïòèìàëüíèé ìåòîä îïòèì³çàö³¿ ïî ÷àñ-
òèí³ ñïåêòðàëüíèõ òî÷îê ïîâèííèé äîçâîëèòè çíà÷íî
çìåíøèòè âèòðàòè ÷àñó íà îäåðæàííÿ êâàç³ðîçâ'ÿçêó [3]
ïðè íåçíà÷íîìó ïîã³ðøåíí³ ïîãð³øíîñò³.

Ââåäåìî â ðîçãëÿä ìíîæèíó ³íäåêñ³â 

äëÿ K â³äë³ê³â, ó ÿêèõ àìïë³òóäà ñïåêòðàëüíî ñïîëó÷å-

íîãî ñèãíàëó  ìàêñèìàëüíà. Âèêîðèñòàííÿ ò³ëüêè öèõ

â³äë³ê³â âèçíà÷àº, ùî â ö³ëüîâ³é ôóíêö³¿ (4) ñêàëÿðíèé

äîáóòîê ìàº âèãëÿä , à ñàìà ö³ëüîâà

ôóíêö³ÿ ìîæå áóòè çàïèñàíà ÿê

. 

Ì³í³ìóì ö³º¿ ö³ëüîâî¿ ôóíêö³¿ çà âåêòîðîì êîåô³ö³ºíò³â

 çàáåçïå÷óþòü îïòèìàëüí³ çíà÷åííÿ , îäåðæóâàí³ ç

ðîçâ'ÿçêó ë³í³éíî¿ çàäà÷³ ,
äå ìàòðèöÿ ñèñòåìè ë³í³éíèõ ð³âíÿíü ìàº âèãëÿä:

 ,

à âåêòîð ïðàâèõ ÷àñòèí ñèñòåìè âèçíà÷àºòüñÿ ÿê

 .

Ï³äñòàíîâêà îïòèìàëüíèõ çíà÷åíü , îòðèìàíèõ ïðè
ðîçâ'ÿçàíí³ ë³í³éíî¿ çàäà÷³, ó ö³ëüîâó ôóíêö³þ äîçâîëÿº
çíèçèòè ðîçì³ðí³ñòü ö³ëüîâî¿ ôóíêö³¿ ³ çàïèñàòè ¿¿ ÿê

. Îñê³ëüêè öÿ ö³ëüîâà ôóíêö³ÿ º

ïðèíöèïîâî íåóí³ìîäàëüíîþ ³ ïîïàäàííÿ â ¿¿ ãëîáàëüíèé
ì³í³ìóì ïðè âèêîðèñòàíí³ ñòàíäàðòíèõ ìåòîä³â ëîêàëü-
íî¿ ì³í³ì³çàö³¿ ãàðàíòóºòüñÿ óñï³øíèì âèáîðîì ïî÷àòêî-
âîãî íàáëèæåííÿ, òî íàéá³ëüø åôåêòèâíèì äëÿ ïîøóêó
êâàç³ðîçâ'ÿçêó º àëãîðèòì ïîñë³äîâíîãî íàðîùóâàííÿ ïî-
ðÿäêó ìîäåë³ ç âèêîðèñòàííÿì îö³íîê ïîïåðåäíüîãî åòà-
ïó ÿê ïî÷àòêîâîãî íàáëèæåííÿ [4]. Òîáòî â ÿêîñò³ ïî-
÷àòêîâîãî íàáëèæåííÿ íà êîæí³ì åòàï³ àëãîðèòìó
âèêîðèñòîâóþòüñÿ îïòèìàëüí³ çíà÷åííÿ ïàðàìåòð³â ìîäå-
ë³, çíàéäåí³ íà ïîïåðåäíüîìó åòàï³, à äëÿ ðîçì³ðíîñò³,
ùî äîäàºòüñÿ, ïî÷àòêîâå íàáëèæåííÿ âèçíà÷àºòüñÿ çà äî-
ïîìîãîþ àïðîêñèìàö³¿ ñïåêòðàëüíèõ äàíèõ îäíîïîëþñ-

íîþ ôóíêö³ºþ çà ð³çíèöåâèì ñèãíàëîì . Áàæàíî
áóëî á ðîçãëÿíóòè ï³äõîäè, ùî á äîçâîëèëè âèêîíóâàòè
öþ àïðîêñèìàö³þ ë³í³éíèìè ìåòîäàìè.
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Ì.Â. Àíäðººâ, Â.Ô. Áîðóëüêî, Î.Î. Äðîáàõ³í, Ä.Þ. Ñàëòèêîâ:  ÑÏÐÎÙÅÍ² Ï²ÄÕÎÄÈ ÄÐÎÁÎÂÎ-
ÐÀÖ²ÎÍÀËÜÍÎÃÎ ÏÐÅÄÑÒÀÂËÅÍÍß Â ÑÏÅÊÒÐÀËÜÍÎ-ÑÏÎËÓ×ÅÍ²É ÎÁËÀÑÒ² ÄËß ÂÈÇÍÀ×ÅÍÍß 

ÀÏÐÎÊÑÈÌÀÖ²¯ ÑÏÅÊÒÐÀËÜÍÈÕ ÄÀÍÈÕ 
ÎÄÍÎÏÎËÞÑÍÎÞ ÔÓÍÊÖ²ªÞ

Ðîçãëÿíåìî ìîæëèâ³ñòü àïðîêñèìàö³¿ ñïåêòðàëüíèõ
äàíèõ îäíîïîëþñíîþ ôóíêö³ºþ çà äîïîìîãîþ ë³í³éíèõ
ìåòîä³â. Íåõàé âèêîðèñòîâóâàíà äëÿ àïðîêñèìàö³¿ ñïå-
êòðàëüíèõ äàíèõ (çàäàíèõ ó ñïåêòðàëüíî ñïîëó÷åí³é
îáëàñò³) ìîäåëü ìàº âèãëÿä:

 , (5)

äå . Áóäåìî âèêîðèñòîâóâàòè ìíîæèíó

³íäåêñ³â , ó ÿêèõ àìïë³òóäà ñïåêòðàëüíî

ñïîëó÷åíîãî ñèãíàëó  ìàêñèìàëüíà. Ïàðàìåòð 

âõîäèòü ó ìîäåëü íåë³í³éíèì îáðàçîì, ùî çàòðóäíÿº
âèêîðèñòàííÿ ë³í³éíèõ ìåòîä³â äëÿ éîãî îö³íêè.

Ùîá îäåðæàòè ìîæëèâ³ñòü âèêîðèñòîâóâàòè ë³í³éí³
ìåòîäè äëÿ îö³íêè ïàðàìåòð³â ìîäåë³ (5), íåîáõ³äíî
îáëàøòóâàòè âèêîðèñòàííÿ ìîäåë³ (5) ï³ä ³íâåðòîâàí³
ñïåêòðàëüí³ äàí³. Íåõàé ³íâåðòîâàíà ìîäåëü ìàº âèãëÿä:

 , (6)

äå ;

.

Çíàþ÷è êîåô³ö³ºíòè , , çàâæäè ìîæíà çíàéòè

,  ³ .

Ó ìàòðè÷í³é ôîðì³ ñèñòåìó ð³âíÿíü (6) ìîæíà çàïèñàòè
ó âèãëÿä³:

 , (7)

äå ìàòðèöÿ  ñêëàäàºòüñÿ ç äâîõ âåêòîð³â-

ñòîâïö³â , , à

âèêîðèñòîâóâàí³ âåêòîðè ìàþòü âèãëÿä: ,

. Êîåô³ö³ºíòè , 

çíàõîäÿòüñÿ ç ðîçâ'ÿçêó ë³í³éíî¿ çàäà÷³  àáî

 , (8)

äå , 

.

Â âèðàçàõ äëÿ åëåìåíò³â Y âðàõîâàíî, ùî

. Ðîçâ'ÿçîê (8) äàº:

  (9)

Àëå âèêîðèñòàííÿ (9) äëÿ âèçíà÷åííÿ øóêàíèõ ïàðà-
ìåòð³â ìîäåë³ º ïðîáëåìàòè÷íèì. Íåâåëèêèé øóì ó Gk

áóäå ïðèçâîäèòè äî çíà÷íèõ çì³í çâîðîòíî¿ âåëè÷èíè, à,
çíà÷èòü, ³ äî âåëèêèõ ïîãð³øíîñòåé âèçíà÷åííÿ øóêàíèõ
êîåô³ö³ºíò³â.

Ùîá âèêëþ÷èòè âèêîðèñòàííÿ çâîðîòíèõ âåëè÷èí
ñïåêòðà, ìîæíà äëÿ àïðîêñèìàö³¿ çàì³ñòü ñèñòåìè ð³â-
íÿíü (6), ùî â³äïîâ³äàº ³íâåðòîâàíî¿ ìîäåë³, âèêîðèñòî-
âóâàòè ìîäèô³êîâàíó ñèñòåìó ð³âíÿíü íàñòóïíîãî âèã-
ëÿäó (ïåðøà ñòóï³íü ìîäèô³êóâàííÿ ìîäåë³):

 . (10)

Ó ìàòðè÷í³é ôîðì³ ñèñòåìà ð³âíÿíü (10) ìîæå áóòè
çàïèñàíà ó âèãëÿä³:

, (11)

äå ìàòðèöÿ ñêëàäàºòüñÿ ç äâîõ âåêòîð³â-ñòîâï-

ö³â , ,

à âåêòîð  º îäèíè÷íèì. Êîåô³ö³ºíòè , 

çíàõîäÿòüñÿ ç ðîçâ'ÿçêó ë³í³éíî¿ çàäà÷³  àáî

 , (12)

äå ,

. 
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ÐÀÄ²ÎÔ²ÇÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2003

Äëÿ öüîãî ìîæíà âèêîðèñòîâóâàòè âèðàçè âèäó

, , ùî äîçâîëÿº

çàïèñàòè øóêàíèé ðîçâ'ÿçîê â íàñòóïíîìó âèãëÿä³:

 . (13)

Òàêîæ ìîæíà âèêîðèñòîâóâàòè ³íøó ìîäèô³êîâàíó
ñèñòåìó ð³âíÿíü (äðóãà ñòóï³íü ìîäèô³êóâàííÿ ìîäåë³)
äëÿ àïðîêñèìàö³¿ ñïåêòðàëüíèõ äàíèõ îäíîïîëþñíîþ
ôóíêö³ºþ:

 . (14)

Ó ìàòðè÷í³é ôîðì³ ñèñòåìà ð³âíÿíü (14) ìîæå áóòè
çàïèñàíà ó íàñòóïíîìó âèãëÿä³:

 , (15)

äå ìàòðèöÿ   ñêëàäàºòüñÿ ç äâîõ âåêòîð³â-

ñòîâïö³â , ,

à âåêòîð ïðàâèõ ÷àñòèí âèçíà÷àºòüñÿ ñïåêòðîì

. Êîåô³ö³ºíòè ,  çíàõîäÿòüñÿ

ç ðîçâ'ÿçêó ë³í³éíî¿ çàäà÷³   àáî

 , (16)

äå , 

. 

Äëÿ öüîãî ìîæíà âèêîðèñòîâóâàòè âèðàçè âèäó

, , ùî äîçâî-

ëÿþòü çàïèñàòè øóêàíèé ðîçâ'ÿçîê â íàñòóïíîìó âèä³:

.(17)

Ïðè ÷èñåëüí³é ðåàë³çàö³¿ ðîçâ'ÿçêó ð³âíÿííÿ (16)
íåîáõ³äíî âðàõóâàòè âèïàäîê, êîëè ìàòðèöÿ Õ ñòàº
âèðîäæåíîþ ÷åðåç ë³í³éíó çàëåæí³ñòü ñòîâïö³â ìàòðèö³

 ïðè "ïîïàäàíí³ ïîëþñà íà äèñêðåò", ùî â³äïîâ³äàº
ñèãíàëó ó ñïåêòðàëüíî ñïîëó÷åí³é îáëàñò³ íàñòóïíîãî
âèãëÿäó:

 . (18)

Öå æ â³äíîñèòüñÿ ³ äî ðîçâ'ÿçêó ð³âíÿííÿ (12) äëÿ
ìàòðèö³ S. ßêùî ïðè ðîçâ'ÿçêó (16) âèÿâëÿºòüñÿ, ùî

, äå  - äåÿêå ìàëå ÷èñëî, òî òîä³ ïðèéìà-

ºòüñÿ, ùî øóêàíèé ïàðàìåòð âèçíà÷àºòüñÿ ÿê .

Äëÿ âèáîðó êðàùîãî âàð³àíòà ë³í³éíîãî ìåòîäó
âèçíà÷åííÿ ïàðàìåòð³â îäíîïîëþñíî¿ ôóíêö³¿ (5) áóëè
âèçíà÷åí³ ¿õ òî÷íîñòí³ õàðàêòåðèñòèêè íà îñíîâ³ ÷èñåëü-
íîãî åêñïåðèìåíòó. Â³í ñêëàäàâñÿ ç áàãàòîðàçîâîãî îö³-
íþâàííÿ (2500 ³ñïèò³â) ïàðàìåòð³â àäèòèâíî¿ åêñïîíåí-
ö³àëüíî¿ ìîäåë³, ùî îá÷èñëþâàëàñÿ çà ôîðìóëîþ

, äå âèêîðèñòî-

âóâàëèñÿ òðè ð³çí³ çíà÷åííÿ ïàðàìåòðà ìîäåë³ : à) 0.25
("ïîïàäàííÿ ïîëþñà íà äèñêðåò"); á) 0.255 ("ïîëþñ
ðàâíîâ³ääàëåíèé â³ä ñóñ³äí³õ äèñêðåò³â"); â) 0.25-0.001j
("â³äñóòí³ñòü ïîëþñó ïðè ïîïàäàíí³ íà äèñêðåò"). Çà
ðåçóëüòàòàìè îö³íþâàííÿ äëÿ 2500 ð³çíèõ øóìîâèõ
ðåàë³çàö³é îá÷èñëþâàëèñÿ ñåðåäíº çíà÷åííÿ, çñóâ ³ ÑÊÂ
îö³íîê ïàðàìåòð³â ìîäåë³ (5). Íà ðèñ. 1 ïðåäñòàâëåí³
çàëåæíîñò³ ÑÊÂ îö³íêè ÷àñîâîãî ì³ñöåðîçòàøóâàííÿ 

â³ä â³äíîøåííÿ ñèãíàë/øóì äëÿ ðîçãëÿíóòèõ âèùå
âàð³àíò³â ìåòîäó. Äëÿ ïîð³âíÿííÿ îòðèìàíèõ ðåçóëüòàò³â
ç òåîðåòè÷íî äîñÿæíîþ òî÷í³ñòþ îö³íþâàííÿ íà ðèñ. 1á
äîäàòêîâî íàâåäåí³ ãðàíèö³ ì³í³ìàëüíî¿ äèñïåðñ³¿
Êðàìåðà-Ðàî, ðîçðàõîâàí³ çà ôîðìóëàìè ç [5].

Îòðèìàí³ ðåçóëüòàòè äåìîíñòðóþòü, ùî êðàù³ òî÷-
í³ñí³ õàðàêòåðèñòèêè ìàº ë³í³éíèé ìåòîä âèçíà÷åííÿ
ïàðàìåòð³â îäíîïîëþñíî¿ ôóíêö³¿ ïî ³íâåðòîâàíèì ñïå-
êòðàëüíèì äàíèì ³ç äðóãèì ñòóïåíåì ìîäèô³êóâàííÿ
ìîäåë³, ùî âèçíà÷àºòüñÿ ñèñòåìîþ ð³âíÿíü (14). Ïðè
öüîìó, ÿê âèäíî ç ðèñ. 1á, îòðèìàí³ òî÷í³ñí³ õàðàêòå-
ðèñòèêè öüîãî ï³äõîäó ïðàêòè÷íî çá³ãàþòüñÿ ç òåîðå-
òè÷íî äîñÿæíîþ òî÷í³ñòþ îö³íþâàííÿ. Ïðÿìà àïðîêñè-
ìàö³ÿ ³íâåðòîâàíèõ ñïåêòðàëüíèõ äàíèõ îáåðíåíîþ ïî-
ëþñíîþ ôóíêö³ºþ íå äîçâîëÿº îäåðæóâàòè çàäîâ³ëüí³
ðåçóëüòàòè. Âèêîðèñòàííÿ ïåðøîãî ñòóïåíÿ ìîäèô³êóâà-
ííÿ ìîäåë³ äîçâîëÿº çíà÷íî çíèçèòè ïîâíó ñåðåäíüî-
êâàäðàòè÷íó ïîìèëêó îö³íêè ì³ñöåðîçòàøóâàííÿ ³
íàáëèçèòèñÿ äî òåîðåòè÷íî äîñÿæíî¿ òî÷íîñò³ îö³íþ-
âàííÿ, à âèêîðèñòàííÿ äðóãîãî ñòóïåíÿ ìîäèô³êóâàííÿ
ìîäåë³ äîçâîëÿº ïðàêòè÷íî âèéòè íà íå¿.
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Ì.Â. Àíäðººâ, Â.Ô. Áîðóëüêî, Î.Î. Äðîáàõ³í, Ä.Þ. Ñàëòèêîâ:  ÑÏÐÎÙÅÍ² Ï²ÄÕÎÄÈ ÄÐÎÁÎÂÎ-
ÐÀÖ²ÎÍÀËÜÍÎÃÎ ÏÐÅÄÑÒÀÂËÅÍÍß Â ÑÏÅÊÒÐÀËÜÍÎ-ÑÏÎËÓ×ÅÍ²É ÎÁËÀÑÒ² ÄËß ÂÈÇÍÀ×ÅÍÍß 

 

Ðèñóíîê 1 - Çàëåæí³ñòü ÑÊÂ îö³íêè ì³ñöåðîçòàøóâàííÿ â³ä â³äíîøåííÿ ñèãíàë/øóì äëÿ ð³çíèõ âàð³àíò³â 
ë³í³éíîãî ìåòîäó âèçíà÷åííÿ ïàðàìåòð³â îäíîïîëþñíî¿ ôóíêö³¿ (0 - áåç ìîäèô³êóâàííÿ ìîäåë³; 1 - ç ïåðøèì 
ñòóïåíåì ìîäèô³êóâàííÿ ìîäåë³; 2 - ³ç äðóãèì ñòóïåíåì ìîäèô³êóâàííÿ ìîäåë³; 3 - ãðàíèöÿ Êðàìåðà-Ðàî)

ÄÐÎÁÎÂÎ-ÐÀÖ²ÎÍÀËÜÍÀ ²ÍÒÅÐÏÎËßÖ²ß 
ÄÀÍÈÕ Ó ÑÏÅÊÒÐÀËÜÍÎ ÑÏÎËÓ×ÅÍ²É 
ÎÁËÀÑÒ²

Ðîçãëÿíóòèé âèùå ï³äõ³ä äîçâîëÿº çíàõîäèòè ïàðà-
ìåòðè ìîäåë³ ïåðøîãî ïîðÿäêó, ùî çâóæóº îáëàñòü éîãî
âèêîðèñòàííÿ. Áàæàíî áóëî áè ìàòè ìåòîä, ùî îäíî-
÷àñíî ìàº òàêó æ ïðîñòîòó òà äàº çìîãó çíàõîäèòè ïàðà-
ìåòðè ìîäåë³ áóäü-ÿêîãî ïîðÿäêó. Öüîãî ìîæíà äîìîãòè-
ñÿ íà îñíîâ³ âèêîðèñòàííÿ äðîáîâî-ðàö³îíàëüíî¿ ³íòåð-
ïîëÿö³¿ äàíèõ ó ñïåêòðàëüíî ñïîëó÷åí³é îáëàñò³.

Äëÿ öüîãî ïðåäñòàâèìî äàí³ â ñïåêòðàëüíî ñïîëó÷åí³é
îáëàñò³ ó âèãëÿä³, ùî äîçâîëÿº ðîçãëÿäàòè ¿õ ÿê â³äíî-

øåííÿ ïîë³íîì³â â³ä :

 , (19)

äå . Íàïðèêëàä, äëÿ âèïàäêó äâîõ-

êîìïîíåíòíî¿ ìîäåë³ (Ì = 2) äàí³ â ñïåêòðàëüíî ñïîëó-
÷åí³é îáëàñò³ ìîæóòü áóòè çàïèñàí³ ÿê

  (20)

i ïðåäñòàâëÿþòüñÿ ÿê â³äíîøåííÿ äâîõ ïîë³íîì³â:

. (21)

Öå äîçâîëÿº âèêîðèñòîâóâàòè äîñèòü ïðîñò³ ï³äõîäè

äëÿ âèçíà÷åííÿ øóêàíèõ ïàðàìåòð³â , çà
ÿêèìè ïîò³ì âèçíà÷àþòüñÿ çíà÷åííÿ ì³ñöåðîçòàøóâàííÿ

, îá÷èñëþþòüñÿ çíà÷åííÿ

ñïåêòðàëüíî-ñïîëó÷åíîãî ñèãíàëó  äëÿ öèõ ì³ñöå-

ðîçòàøóâàíü çà ôîðìóëîþ  ³

ðîçâ'ÿçóºòüñÿ ë³í³éíà çàäà÷à ïî ³íòåðïîëÿö³¿ îòðèìàíèõ
çíà÷åíü ñïåêòðàëüíî-ñïîëó÷åíîãî ñèãíàëó ôîðìóëîþ

 øëÿõîì âèçíà÷åííÿ . ßê âèïëèâàº ç

(19), çíà÷åííÿ   º êîðåíÿìè ïîë³íîìà ,
ùî âèêîðèñòîâóºòüñÿ äëÿ äðîáîâî-ïîë³íîì³àëüíîãî
ïðåäñòàâëåííÿ ñïåêòðàëüíî-ñïîëó÷åíîãî ñèãíàëó (21).

Äëÿ îäåðæàííÿ äðîáîâî-ïîë³íîì³àëüíîãî ïðåäñòàâ-
ëåííÿ ñïåêòðàëüíî-ñïîëó÷åíîãî ñèãíàëó âèêîðèñòîâó-
âàëàñÿ ³íòåðïîëÿö³ÿ ëàíöþãîâèìè äðîáàìè. Ñèãíàë,
çàäàíèé ó L òî÷êàõ , ìîæå áóòè ïðåäñòàâ-

ëåíèé ó âèãëÿä³ ëàíöþãîâîãî äðîáó íàñòóïíîãî âèäó:

 , (22)

äå ïàðàìåòðè ëàíöþãîâîãî äðîáó   
âèçíà÷àþòüñÿ çâîðîòíèìè ð³çíèöÿìè  : 

  

zk

( )

( )∏

∑ ∏
∑

=

=
≠
=

= −

−

=
−

=
M

m

m
k

M

m

M

ml

l
l

k
mm

k
M

m m
k

m
m

k
k

z

zdr

z
z

d
rzG

1

1 1

0
1

0

ζ

ζ

ζ

( )
m

N
mm

m N
d

0

1

ζ
ζζ −=
−

( ) ( )
( ) 2121

2
12221221

0
ζζ+ζ+ζ−

ζ+ζ−+=
kk

1
k

1k
k

zz

drdrzdrdr
zG

( ) ( )
( )

∑

∑

=

−

====
M

m

mk
m

M

m

mk
m

k

k
k

k

zb

za

zQ

zP
zGG

0

1

0

{ } Mmm ,,1K=ζ

( ) ωζτ ∆= jmm ln ( )Mm ,,1K=

( )mG ζ

( ) ( )
( )∑

=
−

−

−

−=
M

m m

N
m

m

m

z

zr

N

z
zG

1
1

1

0

0

1

1

ζ
ζ

ζ

rZG
r

r

= GZr
r

r 1−=

{ } Mmm ,,1K=ζ ( )kzQ

z1 z2 … zL, , ,

( )

L

L
v

zz
v

zz
v

zz
vzV

1
3

2
2

1
1

−−++

−+

−+=

K

{ }Lvvv ,,, K21

( )ll zzzw ,,, K21

( ) ( );1111 zwzVv ==

( ) ( ) ( ) ( ) ( ) ( );, 212
1121

12

12

12

12

12
2 zzw

zwzw

zz

vzV

zz

zVzV

zz
v =

−
−=

−
−=

−
−=

( ) ( ) ( ) ( )
( ) ( ) ( );,,

,, 3213
212312

23

12

12

13

13

23
3 zzzw

zzwzzw

zz

zVzV

zz

zVzV

zz
zz

v =
−
−=

−
−−

−
−

−=

( ) ( ) ( ).,,,,,
,,,,,,,,

;

1221
122112211

1
LLLL

LLLLLL

LL
L zzzzzw

zzzzwzzzzw

zz
v −−

−−−−−
− =

−
−= K

KK

K



14

ÐÀÄ²ÎÔ²ÇÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2003

Çà çíàéäåíèì çíà÷åííÿì ïàðàìåòð³â ëàíöþãîâîãî äðî-

áó  ìîæíà øëÿõîì íåñêëàäíèõ ïåðåòâîðåíü

âèçíà÷èòè êîåô³ö³ºíòè ïîë³íîì³â  ³

 äðîáîâî-ïîë³íîì³àëüíîãî ïðåäñòàâëåííÿ
(21). Ïîò³ì, âèêîðèñòîâóþ÷è ñòàíäàðòí³ ìåòîäè âèçíà-
÷åííÿ êîìïëåêñíèõ êîðåí³â ïîë³íîìà ç êîìïëåêñíèìè
êîåô³ö³ºíòàìè, çà êîåô³ö³ºíòàìè ïîë³íîìà çíàìåííèêà

 âèçíà÷àþòüñÿ çíà÷åííÿ , ùî
äîçâîëÿº âèçíà÷èòè ïàðàìåòðè àäèòèâíî¿ åêñïîíåí-
ö³àëüíî¿ ìîäåë³ (1).

Âèá³ð ñïåêòðàëüíèõ òî÷îê äëÿ ³íòåðïîëÿö³¿ ëàíöþ-
ãîâèìè äðîáàìè çä³éñíþâàâñÿ øëÿõîì ïîñòóïîâîãî
íàðîùóâàííÿ ïîðÿäêó ìîäåë³: ñïåêòðàëüíà òî÷êà, ùî
äîäàºòüñÿ íà êîæíîìó åòàï³, â³äïîâ³äàëà ìàêñèìóìîâ³

ð³çíèöåâîãî ñèãíàëó  ,

äå âèêîðèñòîâóþòüñÿ êîåô³ö³ºíòè ïîë³íîì³â 

òà , çíàéäåí³ íà ïîïåðåäíüîìó L-îìó åòàï³.

Äëÿ ðîçãëÿíóòîãî ï³äõîäó áóëè îòðèìàí³ òî÷í³ñí³
õàðàêòåðèñòèêè ³ ïðîâåäåíå ¿õíº ïîð³âíÿííÿ ç àíàëî-
ã³÷íèìè õàðàêòåðèñòèêàìè ³íøèõ ìåòîä³â äàíîãî êëàñó.
Òî÷í³ñí³ õàðàêòåðèñòèêè àíàë³çîâàíèõ àëãîðèòì³â âèçíà-
÷àëèñÿ çà ðåçóëüòàòàìè îö³íþâàííÿ ïàðàìåòð³â àäèòè-
âíî¿ åêñïîíåíö³àëüíî¿ ìîäåë³ äëÿ 2500 ³ñïèò³â òåñòîâîãî
ïðèêëàäó, ó ÿêîìó îáðîáëþâàí³ äàí³ îá÷èñëþâàëèñÿ çà
ôîðìóëîþ

 

, (23)

äå âèêîðèñòîâóâàëèñÿ ïàðàìåòðè ìîäåë³

, , à  - öå

íåçàëåæí³ âèïàäêîâ³ ãàóñ³âñüê³ âåëè÷èíè ç äèñïåðñ³ºþ

ä³éñíî¿ òà óÿâíî¿ ÷àñòèí  ³ íóëüîâèì ñåðåäí³ì. Òàêà
ìîäåëü â³äïîâ³äàº íàéïðîñò³ø³é øàðóâàò³é ñòðóêòóð³
(îäèí øàð) àáî äâîì íåîäíîð³äíîñòÿì â ÍÂ× òðàêò³. Çà
ðåçóëüòàòàìè îö³íþâàííÿ äëÿ 2500 ð³çíèõ øóìîâèõ ðåà-

ë³çàö³é îá÷èñëþâàëèñÿ ñåðåäí³ çíà÷åííÿ  ³ äèñ-

ïåðñ³¿  îö³íîê ì³ñöåðîçòàøóâàííÿ .

Äëÿ àíàë³çó àëãîðèòì³â îá÷èñëþâàëàñÿ ïîâíà
ñåðåäíüîêâàäðàòè÷íà ïîìèëêà îö³íîê ì³ñöåðîçòàøóâàííÿ

. Îòðèìàí³ çíà÷åííÿ ñåðåäíüî-

êâàäðàòè÷íî¿ ïîìèëêè îö³íîê ì³ñöåðîçòàøóâàííÿ â
çàëåæíîñò³ â³ä â³äíîøåííÿ ñèãíàë/øóì äëÿ
ðîçãëÿíóòîãî ìåòîäó é àíàëîã³÷íèõ éîìó ³íøèõ
àëãîðèòì³â ïðåäñòàâëåí³ íà ðèñ. 2.

 

Ðèñóíîê 2 - Ñåðåäíüîêâàäðàòè÷íà ïîìèëêà îö³íîê 
ì³ñöåðîçòàøóâàííÿ â çàëåæíîñò³ â³ä â³äíîøåííÿ 

ñèãíàë/øóì (1 - ìåòîä äðîáîâî-ðàö³îíàëüíî¿ ³íòåð-
ïîëÿö³¿ â ñïåêòðàëüíî ñïîëó÷åí³é îáëàñò³, 2 - ìåòîä 

Ïðîí³, 3 - ìåòîä ïó÷êà ìàòðèöü [2], 4 - ìåòîä 
ïîøóêó êâàç³ðîçâ'ÿçêó [3-4])

ÂÈÑÍÎÂÊÈ

Îòðèìàí³ ðåçóëüòàòè äåìîíñòðóþòü, ùî ìåòîä äðî-
áîâî-ðàö³îíàëüíî¿ ³íòåðïîëÿö³¿ â ñïåêòðàëüíî ñïîëó÷å-
í³é îáëàñò³ äîçâîëÿº îäåðæóâàòè ñò³éê³ îö³íêè ïðè
á³ëüøèõ ð³âíÿõ øóìó â äàíèõ, í³æ ìåòîä Ïðîí³, îäíàê
éîãî òî÷í³ñí³ õàðàêòåðèñòèêè ïîñòóïàþòüñÿ àíàëîã³÷íèì
õàðàêòåðèñòèêàì ìåòîäó ïó÷êà ìàòðèöü ³ ìåòîäó ïîøóêó
êâàç³ðîçâ'ÿçêó ó âèõ³äí³é îáëàñò³. Ïðè öüîìó ÷àñîçàòðà-
òí³ õàðàêòåðèñòèêè ìåòîäó äðîáîâî-ðàö³îíàëüíî¿ ³íòåð-
ïîëÿö³¿ â ñïåêòðàëüíî ñïîëó÷åí³é îáëàñò³ äîñèòü áëèçüê³
äî ÷àñîçàòðàòíèõ õàðàêòåðèñòèê ìåòîäó Ïðîí³ ³ çíà÷íî
êðàùå çàçíà÷åíèõ õàðàêòåðèñòèê ìåòîä³â ïó÷êà ìàòðèöü
³ ïîøóêó êâàç³ðîçâ'ÿçêó ó âèõ³äí³é îáëàñò³. Äëÿ ðîçãëÿ-
íóòîãî âèùå ÷èñåëüíîãî åêñïåðèìåíòó ÷àñîâ³ âèòðàòè íà
éîãî ïðîâåäåííÿ äëÿ âèêîðèñòîâóâàíî¿ êîíêðåòíî¿ ìîäå-
ë³ êîìï'þòåðà ñêëàëè: äëÿ ìåòîäó Ïðîí³ - 7 ñåê., äëÿ ìå-
òîäó äðîáîâî-ðàö³îíàëüíî¿ ³íòåðïîëÿö³¿ â ñïåêòðàëüíî-
ñïîëó÷åí³é îáëàñò³ - 21 ñåê., äëÿ ìåòîäó ïîøóêó
êâàç³ðîçâ'ÿçêó ó âèõ³äí³é îáëàñò³ - 339 ñåê., äëÿ ìåòîäó
ïó÷êà ìàòðèöü - 1047 ñåê.
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ÍÅÏÅÐ²ÎÄÈ×ÍÈÌ ÐÀÄ²ÀËÜÍÈÌ ÇÁÓÐÅÍÍßÌ Ä²ÅËÅÊÒÐÈ×ÍÎ¯ ÏÐÎÍÈÊÍÎÑÒ²

Ðàññìîòðåíà âîçìîæíîñòü ïðèìåíåíèÿ ëèíåéíûõ ïîäõî-
äîâ äëÿ àïïðîêñèìàöèè ñïåêòðàëüíûõ äàííûõ îäíîïîëþñíîé
ôóíêöèåé è èñïîëüçîâàíèå äðîáíî-ðàöèîíàëüíîé èíòåðïîëÿ-
öèè ñïåêòðàëüíûõ äàííûõ ñ öåëüþ óñêîðåíèÿ ïðîöåäóðû
îïðåäåëåíèÿ ïàðàìåòðîâ àääèòèâíîé ýêñïîíåíöèàëüíîé ìî-
äåëè. Ïðîàíàëèçèðîâàíû òî÷íîñòíûå õàðàêòåðèñòèêè
ïðåäëîæåííûõ ìåòîäîâ è ïðîâåäåíî èõ ñðàâíåíèå ñ àíàëî-
ãè÷íûìè õàðàêòåðèñòèêàìè äðóãèõ ìåòîäîâ äàííîãî êëàññà.

An opportunity of use of the linear approaches for approxi-
mation of the spectral data by unipolar function and use of
rational in-terpolation of the spectral data with the purpose of
acceleration of a procedure of parameter determination of the
additive exponential model has been considered. The proper-
ties of these methods and their comparison with analogous
properties of other methods of the given class are presented.

ÓÄÊ 537.86

Â.Ô. Áîðóëüêî

ÏÎÏÅÐÅ×ÍÎ-ÅËÅÊÒÐÈ×Í² ÕÂÈË² Ó ÄÂÎÂÈÌ²ÐÍÎÌÓ ÁÐÅÃ²ÂÑÜÊÎÌÓ 
ÐÅÇÎÍÀÒÎÐ² Ç ÍÅÏÅÐ²ÎÄÈ×ÍÈÌ ÐÀÄ²ÀËÜÍÈÌ ÇÁÓÐÅÍÍßÌ 

Ä²ÅËÅÊÒÐÈ×ÍÎ¯ ÏÐÎÍÈÊÍÎÑÒ²

Ðîçãëÿíóòî áðåã³âñüêå â³äáèòòÿ ïîïåðå÷íî-åëåêòðè÷íèõ
õâèëü, ùî ïîøèðþþòüñÿ â ñåðåäîâèù³ ç ìàëîþ ðàä³àëüíîþ
êâàç³ïåð³îäè÷íîþ íåîäíîð³äí³ñòþ ä³åëåêòðè÷íî¿ ïðîíèêíî-
ñò³. Ç âèêîðèñòàííÿì êîìïëåêñíî¿ ôîðìè ìåòîäó Êðèëîâà-
Áîãîëþáîâà-Ìèòðîïîëüñêîãî îòðèìàí³ âèðàçè êîåô³ö³ºíò³â
çâ'ÿçêó õâèëü, ùî ïîøèðþòüñÿ. Äîñë³äæåí³ ðåçîíàíñí³
âëàñòèâîñò³ äëÿ ð³çíèõ êóòîâèõ íîìåð³â.

ÂÑÒÓÏ

Óâàãà äî áðåã³âñüêèõ ñòðóêòóð îáóìîâëåíà áàãàòñòâîì
ðàä³îô³çè÷íèõ åôåêò³â, ùî ìîæóòü ñïîñòåð³ãàòèñÿ â íèõ
[1]: â³äáèòòÿ õâèëü, ïåðåòâîðåííÿ ìîä, çâ'ÿçîê ïîâåð-
õíåâèõ ³ ïðîñòîðîâèõ õâèëü. Äîäàòêîâà ðîçìà¿ò³ñòü åôå-
êò³â ìîæå áóòè ðåàë³çîâàíà, ÿêùî çáóðåííÿ ïàðàìåòð³â
ñòàº íåïåð³îäè÷íèì [2]. Îñòàíí³ì ÷àñîì ïðèâåðòàþòü
óâàãó â³ñåñèìåòðè÷í³ õâèëåâ³äí³ ñòðóêòóðè ç ïåð³îäè÷-
íèì çáóðåííÿì ïàðàìåòð³â óçäîâæ ðàä³àëüíî¿ êîîðäèíà-
òè [3-6]. Íàéá³ëüø ïîïóëÿðí³ ìåòîäè, çâè÷àéíî âèêîðè-
ñòîâóâàí³ äëÿ äîñë³äæåííÿ áðåã³âñüêî¿ âçàºìîä³¿ - öå
ìåòîä, çàñíîâàíèé íà ðîçêëàäàíí³ Ôëîêå [1], ³ íàáëè-
æåííÿ çâ'ÿçàíèõ õâèëü [1]. Ó ïðîïîíîâàí³é ðîáîò³ ðîç-
ãëÿäàºòüñÿ äâîâèì³ðíà õâèëåâ³äíà ñòðóêòóðà, íåïåð³î-
äè÷íî íåîäíîð³äíà ïî ðàä³àëüí³é êîîðäèíàò³ . Ó öüîìó

âèïàäêó ìåòîä Ôëîêå [1] íå ïðèäàòíèé ÷åðåç íåïå-
ð³îäè÷í³ñòü ñòðóêòóðè, à òðàäèö³éíèé ìåòîä çâ'ÿçàíèõ
õâèëü [1] íå ïðèäàòíèé á³ëÿ ðàä³óñ³â â³äñ³÷åííÿ
(ðàä³óñ³â ïîâîðîòó).

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×² ÒÀ 
ÀÑÈÌÏÒÎÒÈ×ÍÈÉ ÌÅÒÎÄ ¯¯ ÐÎÇÂ'ßÇÀÍÍß

Ðîçãëÿíåìî íåîäíîð³äíå ñåðåäîâèùå, â ÿêîìó ä³åëå-
êòðè÷íà ïðîíèêí³ñòü ïðåäñòàâëåíà ó âèãëÿä³ ñóìè ñè-
íóñî¿äàëüíèõ ïðîñòîðîâî îñöèëþþ÷èõ ãàðìîí³ê çáóðåí-
íÿ. Àìïë³òóäà  ³ õâèëüîâå ÷èñëî  êîæíî¿ ãàðìîí³êè

ïëàâíî çì³íþºòüñÿ óçäîâæ ðàä³àëüíî¿ êîîðäèíàòè 

, (1)

äå - ïîäîâæíÿ ôàçà ãàðìîí³êè

çáóðåííÿ. Ïðèïóñêàºìî, ùî ìàë³ñòü àìïë³òóä çáóðåííÿ ³
ïëàâíîñò³ çì³íè ïàðàìåòð³â âèçíà÷àºòüñÿ òèì ñàìèì

ìàëèì ïàðàìåòðîì  [7]. Îäíî÷àñíî ç ðàä³àëüíîþ êîîð-

äèíàòîþ  ìè ââåäåìî "ïëàâíó" çì³ííó .

Ó äàí³é ñòàòò³ ðîçãëÿäàþòüñÿ õâèë³ ç êîìïîíåíòàìè

, , , ó âèïàäêó êîëè . Ôóíêö³ÿ 

ïîâèííà çàäîâîëüíÿòè ð³âíÿííþ

. (2)

Ç óðàõóâàííÿì ñèìåòð³¿ ñòðóêòóðè ìè ââåäåìî

ïîòåíö³éíó ôóíêö³þ  ñï³ââ³äíîøåííÿì

. Äëÿ  îäåðæóºìî ð³âíÿííÿ

. (3)

Ïðè  ðîçâ'ÿçîê íåçáóðåíî¿ êðàéîâî¿ çàäà÷³
îäåðæóºìî ó âèãëÿä³ ñóìè ðîçá³æíèõ ³ çá³æíèõ
öèë³íäðè÷íèõ õâèëü

, (4)

äå  - ôóíêö³¿ Õàíêåëÿ,  - êîìïëåêñíà ïðîñòî-

ðîâà ôàçà, ³   - õâèëüîâå ÷èñëî íåçáóðåíîãî

ñåðåäîâèùà.
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Íà â³äì³íó â³ä òðàäèö³éíî¿ áðåã³âñüêî¿ ñòðóêòóðè
[1,2], ó ðîçãëÿíóò³é çàäà÷³ íåçáóðåíå ðàä³àëüíå õâèëüîâå
÷èñëî h íå º êîíñòàíòîþ ³ âèçíà÷àºòüñÿ çà äîïîìîãîþ
ôóíêö³é Áåññåëÿ â òàêèé ñïîñ³á:

(5)

äå t - äîïîì³æíà áåçðîçì³ðíà çì³ííà. Äëÿ õâèëü, ùî
ñõîäÿòüñÿ, ä³éñí³ ÷àñòèíè h ìàþòü ïðîòèëåæíèé çíàê.
Äëÿ îá÷èñëåííÿ  äîñèòü ìàòè ï³äïðîãðàìè äëÿ
ôóíêö³é Áåññåëÿ ïåðøîãî ³ äðóãîãî ðîäó. Äëÿ ÿê³ñíîãî

àíàë³çó áàæàíî çíàòè ïîâåä³íêó  ïðè âåëèêèõ ³ ìà-

ëèõ çíà÷åííÿõ . Äëÿ îäåðæàííÿ â³äïîâ³äíèõ íàáëèæå-

íèõ ôîðìóë ñêîðèñòàºìîñÿ â³äîìèìè àñèìïòîòè÷íèìè

çîáðàæåííÿìè äëÿ  [8]. Ïðè âåëèêèõ çíà÷åííÿõ
 ñïðàâåäëèâ³ íàñòóïí³ àñèìïòîòè÷í³ âèðàçè:

 

 

.

Ïðè ìàë³é âåëè÷èí³  îòðèìàí³ íàñòóïí³ íàáëèæåí³

ôîðìóëè:

 

Ïðè ô³êñîâàí³é âåëè÷èí³ ìàëîãî ïàðàìåòðà  º òàêå

çíà÷åííÿ ðàä³àëüíî¿ êîîðäèíàòè , ùî äëÿ

 âåëè÷èíè  ³  ìîæíà ââàæàòè

ïëàâíî ì³íëèâèìè óçäîâæ .

Ðîçâ'ÿçîê ð³âíÿííÿ (3) ðîçøóêóºòüñÿ ó âèãëÿä³ àñèì-

ïòîòè÷íîãî ðÿäó ïî ñòóïåíÿõ ïàðàìåòðà 

, (6)

äå  ( = 1, 2,…) º øóêàíèìè ôóíêö³ÿìè,  - àìïë³-

òóäà ðîçá³æíî¿ öèë³íäðè÷íî¿ õâèë³, ³  - àìïë³òóäà

õâèë³, ùî ñõîäèòüñÿ. Ôóíêö³¿ exp(i ) ³ exp(-i *)
ñòðîãî çàäîâîëüíÿþòü íåçáóðåíîìó ð³âíÿííþ ³ âèçíà÷à-
þòüñÿ ôîðìóëîþ (4).

Ï³äñòàâëÿþ÷è ðîçêëàäàííÿ (6) ó ð³âíÿíí³ (3) ç îáë³-
êîì (1) ³ (4) ³ äîð³âíþþ÷è äîäàíêè ç îäíàêîâèìè
ñòóïåíÿìè ïàðàìåòðà , îäåðæóºìî ïîñë³äîâí³ñòü äèôå-
ðåíö³àëüíèõ ð³âíÿíü äëÿ ôóíêö³é .

Ó ïåðøîìó íàáëèæåíí³ ïî  ìàºìî íàñòóïíå

íåîäíîð³äíå äèôåðåíö³àëüíå ð³âíÿííÿ äëÿ ôóíêö³¿ :

(7)

Âèõîäÿ÷è ç âèäó çáóðåííÿ, ðîçâ'ÿçîê äëÿ ôóíêö³¿ 

áóäåìî øóêàòè ó ôîðì³

. (8)

Ï³äñòàâëÿþ÷è (8) ó (7), çíàõîäèìî çíà÷åííÿ

êîåô³ö³ºíò³â  ³  

,  .(9)

²ñíóþòü òàê³ çíà÷åííÿ , , , , äëÿ ÿêèõ

âåëè÷èíè  ³  ñòàþòü ìàëèìè é îòðè-
ìàíèé ðîçâ'ÿçîê âèÿâëÿºòüñÿ íåïðèäàòíèì, òîáòî ïåðøå
íàáëèæåííÿ íå º ìàëèì â ïîð³âíÿíí³ ç íóëüîâèì íàáëè-
æåííÿì. Öå çâ'ÿçàíî ç òèì, ùî õâèëüîâ³ ÷èñëà äåÿêèõ
ïðîñòîðîâèõ ãàðìîí³ê çáóðåííÿ ð³âíÿííÿ (7) áëèçüê³ äî
õâèëüîâèõ ÷èñåë ãàðìîí³ê íóëüîâîãî íàáëèæåííÿ [1].

Áðåã³âñüêà âçàºìîä³ÿ õâèëü â³äáóâàºòüñÿ, êîëè
ð³çíèöÿ õâèëüîâèõ ÷èñåë õâèëü, ùî ïîøèðþþòüñÿ,
áëèçüêà äî õâèëüîâîãî ÷èñëà îäí³º¿ ç ïðîñòîðîâèõ ãàð-

ìîí³ê çáóðåííÿ (  - ðîçñòðîéêà õâèëüî-

âîãî ÷èñëà). Ðîçâ'ÿçîê, ïðèäàòíèé ïîáëèçó ïðîñòîðîâîãî
ïàðàìåòðè÷íîãî ðåçîíàíñó â³äøóêóºòüñÿ çà äîïîìîãîþ
êîìïëåêñíî¿ ôîðìè [2] àñèìïòîòè÷íîãî ìåòîäó Êðèëîâà,
Áîãîëþáîâà ³ Ìèòðîïîëüñüêîãî (ÊÁÌ) [7]. Ïåðåäáà-
÷àºòüñÿ ùî, êîìïëåêñí³ àìïë³òóäè  ³  öèë³íäðè÷-

íèõ õâèëü º ôóíêö³ÿìè  ³ çàäîâîëüíÿþòü íàñòóïíèì

ð³âíÿííÿì [2]:

 , (10)

äå   - ôàçîâ³ ðîçñòðîé-

êè â³ä ðåçîíàíñó,

 (q = 1, 2,…) - ôóíêö³¿, ùî ï³äáèðàþòüñÿ ç óìîâè

â³äñóòíîñò³ íåñê³í÷åííî çðîñòàþ÷èõ ÷ëåí³â ó  ïðè

 ³ .
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Ï³äñòàâëÿþ÷è ðîçêëàäàííÿ (6) ó ð³âíÿííÿ (3) ç
âðàõóâàííÿì (10), ³ çð³âíþþ÷è ÷ëåíè ç îäíàêîâèì ïî-
ðÿäêîì ìàëîñò³, îäåðæóºìî ïîñë³äîâí³ñòü ð³âíÿíü äëÿ

. Ó êîæí³ì ïîðÿäêó ìàëîñò³ ìè øóêàºìî ðîçâ'ÿçîê

ïðè "çàìîðîæåíèõ"  ³ . Âîíè ïîâèíí³ áóòè ïðèäàòí³

ÿê äëÿ ìàëèõ âåëè÷èí , òàê ³ íå ìàëèõ. Ó ïåðøîìó

íàáëèæåíí³ ïî  ìàºìî íàñòóïíå íåîäíîð³äíå äèôåðå-
íö³àëüíå ð³âíÿííÿ äëÿ :

(11)

 Ïðè  ôóíêö³¿  çíàõîäÿòüñÿ ç óìîâè â³ä-

ñóòíîñò³ ó ôóíêö³ÿõ  ðåçîíàíñíèõ ÷ëåí³â, ïðîïîð-

ö³éíèõ exp(i ) ³ exp(-i *). Ïðè íåìàëèõ çíà÷åííÿõ 

âåëè÷èíè  âèçíà÷àþòüñÿ íåîäíîçíà÷íî. Ó äàí³é ðî-

áîò³ äëÿ óñóíåííÿ íåîäíîçíà÷íîñò³ âèçíà÷åííÿ ôóíêö³é

 äîäàòêîâî âèìàãàºìî â³äñóòíîñò³ "ïîòåíö³éíî"

ðåçîíàíñíèõ äîäàíê³â, ïðîïîðö³éíèõ exp(i +i ) ³

exp(-i *-i ).
Ïðè âèâîä³ ð³âíÿííÿ (11) ïåðåäáà÷àºòüñÿ, ùî

 â³äíåñåíî äî íóëüîâîãî íàáëèæåííÿ, íåçâàæà-
þ÷è íà òå, ùî h ââàæàºòüñÿ ïëàâíî ì³íëèâèì. Öå çâ'ÿ-
çàíî ç òèì, ùî ÿê íóëüîâå íàáëèæåííÿ âèêîðèñòîâó-
þòüñÿ íå åêñïîíåíòè, à ôóíêö³¿ Áåññåëÿ, ïðåäñòàâëåí³ â
åêñïîíåíòîïîä³áíîìó âèãëÿä³.

Ïðèéìàþ÷è äî óâàãè, ùî ,

 çíàõîäèìî . Ó ïåð-

øîìó íàáëèæåíí³ ïî  îòðèìàíî ñèñòåìó ë³í³éíèõ

äèôåðåíö³àëüíèõ ð³âíÿíü äëÿ êîìïëåêñíèõ àìïë³òóä 

³ . Öÿ ñèñòåìà îïèñóº çâ'ÿçîê ðîçá³æíèõ ³ çá³æíèõ

öèë³íäðè÷íèõ õâèëü ç ³äåíòè÷íîþ êóòîâîþ çàëåæí³ñòþ

   (12)

äå ,

 

Ðîçâ'ÿçîê äëÿ  íå ì³ñòèòü ðåçîíàíñíèõ äîäàíê³â ³ ìàº

ôîðìó

, (13)

äå  ìàº òîé æå âèãëÿä, ùî é ó âèðàç³ (9).

Âàæëèâîþ îñîáëèâ³ñòþ îòðèìàíîãî ðîçâ'ÿçêó º òå, ùî

âåëè÷èíè  ³  ïðîïîðö³éí³ ïåðøîìó ñòó-

ïåíþ  ïðè ìàëèõ çíà÷åííÿõ . Öå ï³äáàäüîðþþ÷èé

ôàêò ³ç ïîãëÿäó ïðèäàòíîñò³ îòðèìàíîãî àñèìïòîòè÷íîãî
ðîçâ'ÿçêó íå ò³ëüêè ïðè âåëèêèõ çíà÷åííÿõ , àëå òàêîæ

ñåðåäí³õ ³ íàâ³òü ìàëèõ .

ÐÅÇÎÍÀÍÑÍ² ÂËÀÑÒÈÂÎÑÒ² ÐÀÄ²ÀËÜÍÎ 
ÍÅÎÄÍÎÐ²ÄÍÈÕ ÑÒÐÓÊÒÓÐ

Ñèñòåìà ó ôîðì³ (12) ïðè ïîñò³éíèõ âåëè÷èíàõ  ³

 ìàº àíàë³òè÷íèé ðîçâ'ÿçîê ó âèãëÿä³ ñóìè ïîêàçîâèõ

ôóíêö³é [2]. Öåé ðîçâ'ÿçîê º îñíîâîþ äëÿ ìåòîäó ÷è-

ñåëüíîãî ³íòåãðóâàííÿ (12) ïðè ïëàâí³é çì³í³  ³ .

Äëÿ ÷àñòêîâîãî âèïàäêó êóñî÷íî ïîñò³éíî¿ âåëè÷èíè ä³-
åëåêòðè÷íî¿ ïðîíèêíîñò³ àñèìïòîòè÷íèé ðîçâ'ÿçîê ïîð³â-
íþâàâñÿ ç³ ñòðîãèì, îòðèìàíèì ìåòîäîì ìàòðèöü ïåðåäà-
÷³. Íà ðèñ. 1 íàâåäåí³ ðåçóëüòàòè äëÿ äâîõ çíà÷åíü ñå-
ðåäíüî¿ àìïë³òóäè çáóðåííÿ (à- =0,15, á-  =0,05; 1, 2

- àñèìïòîòè÷íèé ðîçâ'ÿçîê; 3, 4 - ñòðîãèé ðîçâ'ÿçîê; 1, 3-
n = 0; 2, 4-n = 16). Ââàæàºìî, ùî àìïë³òóäà çáóðåííÿ íå
º ïîñò³éíîþ â ðàä³àëüíîìó íàïðÿìêó, à çì³íþºòüñÿ çà
çàêîíîì "êîñèíóñ ó êâàäðàò³". Íà ðèñ. 2 ïîêàçàíî ÿê
çì³íþþòüñÿ ðåçîíàíñíå áðåã³âñüêå â³äáèòòÿ ïðè
çá³ëüøåíí³ êóòîâîãî íîìåðà ïàäàþ÷î¿ öèë³íäðè÷íî¿
õâèë³ ïðè çá³ëüøåíí³ êóòîâîãî íîìåðà â³ä n = 0 äî n =
16. ßâèùå çðîñòàííÿ àìïë³òóäè åëåêòðîìàãí³òíèõ õâèëü
â ñåðåäèí³ áðåã³âñüêîãî ðåçîíàòîðà ïðî³ëþñòðîâàíî íà
ðèñ. 3 (ïðè  = 3 /2 ³ ð³çíèõ êóòîâèõ íîìåðàõ) òà íà

ðèñ. 4 (ïðè n = 0 ³ ð³çíèõ ïî÷àòêîâèõ ðàä³óñàõ). 

ÂÈÑÍÎÂÊÈ

Àñèìïòîòè÷íèé ìåòîä äîçâîëÿº îòðèìàòè ðåçóëüòàòè
áëèçüê³ äî òî÷íèõ ïðè ìàëèõ àìïë³òóäàõ çáóðåííÿ
çàâäÿêè âèêîðèñòàííþ â íóëüîâîìó íàáëèæåíí³ ôóíêö³é
Áåññåëÿ çàì³ñòü åêñïîíåíö³àëüíèõ. Âèêîðèñòàííÿ àïîäè-
çîâàíîãî íåïåð³îäè÷íîãî çáóðåííÿ çíà÷íî çíèæóº ð³âåíü
á³÷íèõ ïåëþñòîê ÷àñòîòíî¿ çàëåæíîñò³ áðåã³âñüêîãî
â³äáèòòÿ. Ïðè çðîñòàíí³ êóòîâîãî íîìåðà ïàäàþ÷èõ
öèë³íäðè÷íèõ õâèëü ñìóãà áðåã³âñüêîãî â³äáèòòÿ äëÿ
ïîïåðå÷íî-åëåêòðè÷íèõ õâèëü çñóâàºòüñÿ â á³ê á³ëüø
âèñîêèõ ÷àñòîò. Ðåçîíàíñí³ âëàñòèâîñò³ ðàä³àëüíî çáóðå-
íîãî áðåã³âñüêîãî ðåçîíàòîðà ñóòòºâî çàëåæàòü íå ò³ëüêè
â³ä ïî÷àòêîâîãî ðàä³óñà çáóðåííÿ, àëå é â³ä êóòîâîãî
íîìåðà. Äëÿ õâèëü ç îäíàêîâîþ ïàðí³ñòþ äîáðîòíîñò³ òà
ðåçîíàíñí³ ÷àñòîòè â³äð³çíÿþòüñÿ íå ñèëüíî, à ïðè çì³í³
êóòîâîãî íîìåðà íà îäèíèöþ ðåçîíàíñí³ âëàñòèâîñò³
çì³íþþòüñÿ ìàéæå íà ïðîòèëåæí³.

Ðîçãëÿíóò³ ðàä³îô³çè÷í³ åôåêòè ìîæóòü áóòè êîðèñí³
ïðè ïðîåêòóâàíí³ â³äáèâàþ÷èõ, ðåçîíàòîðíèõ òà ãåíåðà-
òîðíèõ åëåìåíò³â ñóáì³ë³ìåòðîâèõ òà ì³ë³ìåòðîâèõ
ä³àïàçîí³â õâèëü.
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Ðèñóíîê 1 - ×àñòîòí³ çàëåæíîñò³ êîåô³ö³ºíòó â³äáèòòÿ â³ä íåïåð³îäè÷íî¿ áðåã³âñüêî¿ ñòðóêòóðè äëÿ 
àçèìóòàëüíèõ íîìåð³â n = 0 òà n = 16

 

Ðèñóíîê 2 - ×àñòîòíà çàëåæí³ñòü êîåô³ö³ºíòó â³äáèòòÿ â³ä íåïåð³îäè÷íî¿ áðåã³âñüêî¿ ñòðóêòóðè äëÿ 
àçèìóòàëüíèõ íîìåð³â n = 0, 4, 8, 12, 16
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Ðèñóíîê 3 - ×àñòîòíà çàëåæí³ñòü êîåô³ö³ºíòó ïåðåäà÷³ â öåíòð³ íåïåð³îäè÷íî¿ áðåã³âñüêî¿ ñòðóêòóðè äëÿ 
àçèìóòàëüíèõ íîìåð³â n = 0, 1, 2, 3

Ðèñóíîê 4 - ×àñòîòíà çàëåæí³ñòü êîåô³ö³ºíòó ïåðåäà÷³ â öåíòð³ íåïåð³îäè÷íî¿ áðåã³âñüêî¿ ñòðóêòóðè       
äëÿ ð³çíèõ ïî÷àòêîâèõ ðàä³óñ³â = 0, /2, , 3 /2
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Ðàññìîòðåíî áðýããîâñîå îòðàæåíèå ïîïåðå÷íî-ýëåêòðè-
÷åñêèõ âîëí, ðàñïðîñòðàíÿþùèõñÿ â ñðåäå ñ ìàëîé ðàäèàëü-
íîé êâàçèïåðèîäè÷åñêîé íåîäíîðîäíîñòüþ äèýëåêòðè÷åñêîé

ïðîíèöàåìîñòè. Ñ èñïîëüçîâàíèåì êîìïëåêñíîé ôîðìû ìå-
òîäà Êðûëîâà-Áîãîëþáîâà-Ìèòðîïîëüñêîãî ïîëó÷åíû âûðà-
æåíèÿ êîýôôèöèåíòîâ ñâÿçè ðàñïðîñòðàíÿþùèõñÿ âîëí.
Èññëåäîâàíû ðåçîíàíñíûå ñâîéñòâà äëÿ ðàçëè÷íûõ óãëîâûõ
èíäåêñîâ.

Bragg reflection of transverse electric wave propagating in
medium with small two-dimensional quasi-periodic inhomoge-
neity of permittivity is theoretically considered. Using com-
plex form of the asymptotic method of Krylov, Bogoliubov and
Mitropolsky, expressions for coupling coefficients of propagat-
ing waves are derived. Resonance properties for different
angular numbers are investigated.

ÓÄÊ 621. 372

Î.O. Äðîáàõèí, Å.Â. Êîíäðàòüåâ, Â.Ã. Êîðîòêàÿ, Ë.À. Ôèëèíñêèé

ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÎÒÐÀÆÅÍÈß 
ÝËÅÊÒÐÎÌÀÃÍÈÒÍÛÕ ÂÎËÍ ÑÂ×-ÄÈÀÏÀÇÎÍÀ (8 - 12 ÃÃÖ)         
ÎÒ ÏÅÍÍÛÕ ÑÒÐÓÊÒÓÐ ÍÀ ÎÑÍÎÂÅ ÂÎÄÍÛÕ ÐÀÑÒÂÎÐÎÂ

Ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå ðåçóëüòàòû èçìåðå-
íèÿ îòðàæåíèÿ è ïîãëîùåíèÿ ýëåêòðîìàãíèòíûõ âîëí ÑÂ×
äèàïàçîíà (8 - 12 ÃÃö) îò ðàçìåùåííûõ â ñâîáîäíîì ïðî-
ñòðàíñòâå îáðàçöîâ ïåíû íà îñíîâå âîäíûõ ðàñòâîðîâ â
çàâèñèìîñòè îò òîëùèíû (ïðåäåëû èçìåíåíèÿ îò 110 äî 2
ìì) è âðåìåíè ñóùåñòâîâàíèÿ ïåíû.

ÂÂÅÄÅÍÈÅ

Â ïîñëåäíåå âðåìÿ ôðàêòàëüíûå ñòðóêòóðû ïðèâëå-
êàþò çíà÷èòåëüíîå âíèìàíèå èññëåäîâàòåëåé. Îäíèì èç
ïðèìåðîâ ôðàêòàëüíûõ ñòðóêòóð åñòåñòâåííîãî ïðî-
èñõîæäåíèÿ ÿâëÿþòñÿ ïåííûå îáðàçîâàíèÿ, íàïðèìåð,
ãóá÷àòûå îáðàçîâàíèÿ [1]. Ãðóáîé ìàòåìàòè÷åñêîé
ìîäåëüþ òàêèõ îáðàçîâàíèé ìîæåò ñëóæèòü "äûðÿâûé"
êóá ñ õàóñäîðôîâîé ðàçìåðíîñòüþ, ïðèíèìàþùåé
çíà÷åíèå â äèàïàçîíå îò äâóõ äî òðåõ. Ìíîãèå áèîëî-
ãè÷åñêèå òêàíè ÿâëÿþòñÿ ïî ñâîåé ïðèðîäå ãóá÷àòûìè.
Èñïîëüçîâàíèå ýëåêòðîìàãíèòíûõ âîëí â ñâÿçè, òåëåâè-
äåíèè, ïðîìûøëåííîñòè, ìåäèöèíå ïðèâîäèò ê ïîñòî-
ÿííîìó âçàèìîäåéñòâèþ áèîëîãè÷åñêèõ îáúåêòîâ ñ ýëå-
êòðîìàãíèòíûìè âîëíàìè, ïîýòîìó èññëåäîâàíèå òàêîãî
âçàèìîäåéñòâèÿ ÿâëÿåòñÿ âàæíûì.

Ïðîâåäåíèå íàòóðíûõ ýêñïåðèìåíòîâ ïðåäñòàâëÿåò
ñîáîé èçâåñòíóþ òðóäíîñòü, áîëåå î÷åâèäíûì ÿâëÿåòñÿ
ïðîâåäåíèå èññëåäîâàíèé íà ìîäåëÿõ. Ïåííûå ñòðóêòó-
ðû íà îñíîâå âîäíûõ ðàñòâîðîâ ìîãóò áûòü ëåãêî îáðà-
çîâàíû, ïðè ýòîì ñóùåñòâóåò âîçìîæíîñòü âàðüèðîâàòü
èõ ïàðàìåòðû â øèðîêèõ ïðåäåëàõ. Òðóäíîñòü ýêñïåðè-
ìåíòàëüíîãî èññëåäîâàíèÿ çàêëþ÷àåòñÿ â äèíàìè÷åñêîì
õàðàêòåðå îáúåêòà è ìàëîì âðåìåíè åãî ñóùåñòâîâàíèÿ.
Èññëåäîâàíèÿ îòðàæàþùèõ è ïîãëîùàþùèõ ñâîéñòâ óêà-
çàííûõ ñòðóêòóð íà ÑÂ× íîñÿò ôóíäàìåíòàëüíûé õàðàê-
òåð. Ïðè ýòîì âñëåäñòâèå äèíàìè÷åñêîãî ïîâåäåíèÿ

èññëåäóåìûõ îáðàçöîâ ïðèìåíåíèå òðàäèöèîííûõ âîëíî-
âîäíî-ðåçîíàòîðíûõ ìåòîäîâ èçìåðåíèé íà ÑÂ× [2]
áóäåò ïðèâîäèòü ê ïîëó÷åíèþ íåêîððåêòíûõ ðåçóëüòà-
òîâ. Äëÿ ïåííûõ îáðàçîâàíèé ïðèíöèïèàëüíûì ÿâëÿåòñÿ
ïðîâåäåíèå èçìåðåíèé â ñâîáîäíîì ïðîñòðàíñòâå.

Öåëü äàííîé ñòàòüè - ïðîäåìîíñòðèðîâàòü àïïàðàòóð-
íûå âîçìîæíîñòè ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ
ñòðóêòóð óêàçàííîãî êëàññà íà îñíîâå øèðîêîïîëîñíûõ
ìíîãî÷àñòîòíûõ ðåôëåêòîìåòðîâ ðåàëüíîãî âðåìåíè [3]
è ïîëó÷èòü êîððåêòíûå ðåçóëüòàòû îá îòðàæàþùèõ è
ïîãëîùàþùèõ ñâîéñòâàõ ïåííûõ îáðàçîâàíèé.

ÎÏÈÑÀÍÈÅ ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÉ 
ÓÑÒÀÍÎÂÊÈ

Äëÿ èçìåðåíèé áûë èñïîëüçîâàí èçìåðèòåëüíî-
âû÷èñëèòåëüíûé êîìïëåêñ äëÿ èçìåðåíèÿ êîýôôèöèåíòà
îòðàæåíèÿ (ÊÎ) íà ìíîãèõ ÷àñòîòàõ [3] íà áàçå
ñòàíäàðòíîãî èçìåðèòåëÿ êîýôôèöèåíòà ñòîÿ÷åé âîëíû
(ÊÑÂ) Ð2-61 (ðèñ.1). Èçìåðåíèÿ áûëè ïðîâåäåíû â
ïîëîñå ÷àñòîò îò 8 äî 12 ÃÃö. Â èçìåðèòåëüíóþ óñòà-
íîâêó âõîäÿò: ãåíåðàòîð êà÷àþùåéñÿ ÷àñòîòû (ÃÊ×)
òèïà Ð2-61, âûõîä êîòîðîãî ÷åðåç ÑÂ× êîàêñèàëüíûé
êàáåëü è êîàêñèàëüíî-âîëíîâîäíûé ïåðåõîä ñîåäèíåí ñî
âõîäîì ðåôëåêòîìåòðà, êîòîðûé ñîñòîèò èç äâóõ íàïðà-
âëåííûõ âîëíîâîäíûõ äåòåêòîðîâ, âêëþ÷åííûõ äëÿ
èçìåðåíèÿ "íà îòðàæåíèå", èíäèêàòîð ß2Ð-67, ÏÝÂÌ ñ
èíòåðôåéñíûì áëîêîì, öèôðî-àíàëîãîâûì ïðåîáðàçîâà-
òåëåì (ÖÀÏ) è àíàëîãî-öèôðîâûì ïðåîáðàçîâàòåëåì
(ÀÖÏ) äëÿ óïðàâëåíèÿ è ââîäà â ÏÝÂÌ ðåçóëüòàòîâ
èçìåðåíèé. Îñîáåííîñòüþ èñïîëüçîâàíèÿ óêàçàííîãî
èíäèêàòîðà ÿâëÿåòñÿ îñóùåñòâëåíèå ñèíõðîííîãî äåòåê-
òèðîâàíèÿ, ÷òî ïîçâîëÿåò ñóùåñòâåííî ïîâûñèòü îòíî-
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Î.O. Äðîáàõèí, Å.Â. Êîíäðàòüåâ, Â.Ã. Êîðîòêàÿ, Ë.À. Ôèëèíñêèé:  ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÅ 
ÈÑÑËÅÄÎÂÀÍÈÅ ÎÒÐÀÆÅÍÈß ÝËÅÊÒÐÎÌÀÃÍÈÒÍÛÕ ÂÎËÍ ÑÂ×-ÄÈÀÏÀÇÎÍÀ (8 - 12 ÃÃÖ) ÎÒ 

øåíèå ñèãíàë/øóì. Èçëó÷åíèå ÑÂ× ñèãíàëà è ïðèåì
îòðàæåííîé âîëíû ïðîèçâîäèòñÿ ðóïîðíîé àíòåííîé

äëèíîé 300 ìì è ðàçìåðàìè àïåðòóðû 80x80 . Äëÿ
óñòðàíåíèÿ íåîáõîäèìîñòè ïåðåêëþ÷åíèÿ äèàïàçîíîâ
èçìåðåíèÿ ïðè èçìåíåíèè óðîâíåé îòðàæåííîãî ñèãíàëà
áûë óñòàíîâëåí ëîãàðèôìè÷åñêèé ìàñøòàá èçìåðåíèé.
Ïðè ýòîì, åñòåñòâåííî, ðåæèìó "êîðîòêîãî çàìûêàíèÿ"
ñîîòâåòñòâîâàëî çíà÷åíèå 0 äÁ, à ðåæèìó îòðàæåíèÿ îò
ñîãëàñîâàííîé íàãðóçêè - çíà÷åíèå -35 äÁ. ÏÝÂÌ ïðè
ïîìîùè ÖÀÏ óñòàíàâëèâàåò ÷àñòîòó â ãåíåðàòîðå.
Àíòåííà ñëóæèò äëÿ îáëó÷åíèÿ èññëåäóåìîé ñòðóêòóðû
è ïðèåìà îòðàæåííîãî ñèãíàëà. Ñèãíàëû ïàäàþùåé è
îòðàæåííîé âîëíû âûäåëÿþòñÿ ðåôëåêòîìåòðè÷åñêîé
ñõåìîé è ñ äåòåêòîðîâ ïîñòóïàþò íà èíäèêàòîð, ãäå âû-
÷èñëÿåòñÿ èõ îòíîøåíèå, ò. å. âíåñåííûé êîýôôèöèåíò
îòðàæåíèÿ.

Íàïðÿæåíèå, ïðîïîðöèîíàëüíîå ëîãàðèôìó ìîäóëÿ
ÊÎ, ïðåîáðàçóåòñÿ ÀÖÏ è ïîñòóïàåò â ÏÝÂÌ. Òàêèå
èçìåðåíèÿ ïðîâîäèëèñü â âûáðàííîì äèàïàçîíå ÷àñòîò.
Äëÿ èçìåðåíèÿ èñïîëüçîâàëàñü ñïåöèàëüíî ðàçðàáîòàí-
íàÿ ïðîãðàììà. Èçìåðåíèÿ õàðàêòåðèñòèê îòðàæåíèÿ
ïðîâîäèëèñü â äèàïàçîíå 8-12 ÃÃö â ðåæèìå ñâèïèðîâà-
íèÿ ñ ïåðèîäîì 0,08 ñ è íàêîïëåíèåì ðåçóëüòàòîâ, òàêèì
îáðàçîì, èçìåðåíèå çàíèìàëî ïîðÿäêà îäíîé ñåêóíäû.

1 - ãåíåðàòîð êà÷àþùåéñÿ ÷àñòîòû (ÃÊ×); 2 - ÑÂ× êàáåëü; 3, 4 -
íàïðàâëåííûå îòâåòâèòåëè; 5 - àíòåííà; 6 - îáðàçåö; 7 - ïîäëîæêà; 8 -
èíäèêàòîð; 9 - ÏÝÂÌ; 10 - èíòåðôåéñíûé áëîê; 11 - öèôðî-
àíàëîãîâûé ïðåîáðàçîâàòåëü (ÖÀÏ); 12 - àíàëîãî-öèôðîâîé
ïðåîáðàçîâàòåëü (ÀÖÏ)

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà èçìåðèòåëüíîé 
óñòàíîâêè

Ïåííûå îáðàçöû ãîòîâèëèñü â âèäå ïëîñêèõ ñòðóêòóð
íåîáõîäèìîé òîëùèíû â ïåíîïëàñòîâîì ëîòêå ðàçìåðîì

270x290x110 , íà äíå êîòîðîãî ðàçìåùàëñÿ
ìåòàëëè÷åñêèé ëèñò. Äëÿ ïðîâåäåíèÿ êàëèáðîâêè
ìåòàëëè÷åñêèé ëèñò òàêæå ïîìåùàëè íà óðîâíå âåðõíåé
ãðàíèöû ïåííîãî îáðàçöà. Äëÿ ïîëó÷åíèÿ ïåííûõ
îáðàçöîâ ïîëüçîâàëèñü äèñïåðñèîííûì ñïîñîáîì, ñóòü
êîòîðîãî ñîñòîèò â òîì, ÷òî ïðè ïðîõîæäåíèè ñòðóè
âîçäóõà ÷åðåç ïåíîãåíåðàòîð ñ ñåòêîé, îðîøàåìîé
ïåíîîáðàçóþùåé æèäêîñòüþ, íà åãî âûõîäå îáðàçóåòñÿ
ïåíà. Êðàòíîñòü ïåíû - âåëè÷èíà, ïðåäñòàâëÿþùàÿ
ñîáîé îòíîøåíèå îáúåìà ïåíû ê îáúåìó æèäêîñòè, èç
êîòîðîé îíà ïðèãîòîâëåíà - çàâèñèò îò óñòàíîâëåííûõ
çíà÷åíèé ðàñõîäà ãàçà è æèäêîñòè. Èñïîëüçîâàëàñü
êðàòíîñòü â äèàïàçîíå 28 - 55, ñðåäíÿÿ äèñïåðñíîñòü 0,1-
1 ìì. Îáðàçöû ïåííûõ ñòðóêòóð ãîòîâèëèñü èç 6 %
âîäíîãî ðàñòâîðà ïåíîîáðàçîâàòåëÿ ÏÎ-02-Ï ïðè
êîìíàòíîé òåìïåðàòóðå.

Äàííûå èçìåðåíèé ôîðìèðóþòñÿ â âèäå ìàññèâà íà
äèñêðåòíîé ñåòêå ÷àñòîò, ïðè ýòîì ìîæåò áûòü ïðîâåäåíî
èçìåíåíèå øàãà ÷àñòîòíîé ñåòêè. Àíàëèç äàííûõ ïðîâî-
äèòñÿ âî âðåìåííîé îáëàñòè ïîñëå äèñêðåòíîãî ïðåîáðà-
çîâàíèÿ Ôóðüå. Ñîõðàíåíèå ôàçîâîé èíôîðìàöèè îñó-
ùåñòâëÿåòñÿ çà ñ÷åò èñïîëüçîâàíèÿ ïðèíöèïà Ôóðüå-
ãîëîãðàôèè. Ðóïîð ôîðìèðóåò äâà îïîðíûõ ñèãíàëà çà
ñ÷åò îòðàæåíèé â ãîðëîâèíå è àïåðòóðå ðóïîðà [4]. Ýòî
ïðèâîäèò ê ôîðìèðîâàíèþ äâóõ ôðàãìåíòîâ âðåìåííîãî
ñèãíàëà, ñîîòâåòñòâóþùèõ âçàèìîêîððåëÿöèè âðåìåí-
íîãî ñèãíàëà îòðàæåíèÿ îò îáúåêòà è îïîðíûõ ñèãíàëîâ.
Ýòè ôðàãìåíòû ïî ñòðóêòóðå ñîâïàäàþò ñ èñòèííûì
âðåìåííûì ñèãíàëîì îòðàæåíèÿ îò ñòðóêòóðû. Ïåðåíîð-
ìèðîâêà îñè àáñöèññ ïîçâîëÿåò ïîëó÷èòü ïðîñòðàíñòâåí-
íîå ðàñïðåäåëåíèå íåîäíîðîäíîñòåé ñòðóêòóðû â
çàâèñèìîñòè îò ïðîäîëüíîé êîîðäèíàòû. Èìåííî òàêàÿ
çàâèñèìîñòü è íàáëþäàåòñÿ íà ìîíèòîðå ÏÝÂÌ. Íàëè-
÷èå ìåòàëëè÷åñêîãî ëèñòà íà äíå ïåíîïëàñòîâîãî ëîòêà
ïîçâîëÿåò îöåíèòü ïîãëîùåíèå â ñòðóêòóðå ïî óðîâíþ
óìåíüøåíèÿ àìïëèòóäû ïèêà, ñîîòâåòñòâóþùåãî îòðàæå-
íèþ îò ìåòàëëè÷åñêîãî ëèñòà ïîñðåäñòâîì ñðàâíåíèÿ
ñëó÷àåâ îòñóòñòâèÿ è íàëè÷èÿ ïåííûõ îáðàçöîâ.

ÐÅÇÓËÜÒÀÒÛ ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÛÕ 
ÈÑÑËÅÄÎÂÀÍÈÉ

Òîëùèíà ïåííûõ îáðàçöîâ ìåíÿëàñü â äèàïàçîíå îò 11
ñì äî 2 ìì. Îáðàçåö òîëùèíîé â 2 ìì ñîîòâåòñòâóåò
ìîíîñëîþ (ñëîé òîëùèíîé â îäèí ïóçûðåê, äèàìåòð ïåí-
íîãî ïóçûðüêà 1-2 ìì) ïåíû íà âîäíîé ïîâåðõíîñòè, êî-
òîðàÿ îáðàçóåòñÿ â ðåçóëüòàòå ðàçðóøåíèÿ ïåíû. Âðåìÿ
íàáëþäåíèÿ îáðàçöà ïåíû ïðåâûøàëî 30 ìèí.

Â òàáëèöàõ 1 è 2 ïðèâåäåí ðÿä ýêñïåðèìåíòàëüíûõ
äàííûõ äëÿ ñëó÷àÿ àíàëèçà ôðàãìåíòîâ ñèíòåçèðîâàííî-
ãî âðåìåííîãî ñèãíàëà, ñîîòâåòñòâóþùèõ âçàèìîêîððåëÿ-
öèè âðåìåííîãî îòêëèêà èññëåäóåìîé ñòðóêòóðû è îïîð-
íûõ ñèãíàëîâ, îáðàçîâàííûõ îòðàæåíèÿìè îò íåîäíîðî-
äíîñòåé â àïåðòóðå è ãîðëîâèíå ðóïîðà, ñîîòâåòñòâåííî.

ìì2 ìì3



22

ÐÀÄ²ÎÔ²ÇÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2003

- 

Äëÿ îáðàçöà òîëùèíîé 11 ñì âíåñåííûé êîýôôèöèåíò
îòðàæåíèÿ îò ïåðåäíåé ãðàíè ïðèíèìàåò çíà÷åíèå 0,0004
(Òàáëèöà 1). Ó÷èòûâàÿ, ÷òî çíà÷åíèå âíåñåííîãî êîýô-
ôèöèåíòà îòðàæåíèÿ îò ìåòàëëè÷åñêîãî ëèñòà, ðàñ-
ïîëîæåííîãî â ïëîñêîñòè ïåðåäíåé ãðàíè îáðàçöà, ñîñ-
òàâëÿåò 0,01 - ïîëó÷èì, ÷òî, ïåðåäíÿÿ ãðàíèöà ïåííîé
ñòðóêòóðû èìååò ñîáñòâåííûé êîýôôèöèåíò îòðàæåíèÿ
0,04 (-28 äÁ). Ýòî ñîîòâåòñòâóåò îòðàæåíèþ îò ãðàíèöû
âîçäóõ-ìàòåðèàë ñî çíà÷åíèåì äèýëåêòðè÷åñêîé ïðîíè-
öàåìîñòè 1,17. Àìïëèòóäà ïèêà, ñîîòâåòñòâóþùàÿ îòðà-
æåíèþ îò ìåòàëëè÷åñêîé ïîäëîæêè ïðè íàëè÷èè ïåíû,
èìååò çíà÷åíèå 0,0007, ò. å. ñëîé òîëùèíîé 11 ñì ïðè-
âîäèò ê îñëàáëåíèþ àìïëèòóäû ýëåêòðîìàãíèòíîé âîëíû
â 11,5 ðàç ñ ó÷åòîì ïðîõîæäåíèÿ â îáå ñòîðîíû.

Ïðè àíàëèçå âçàèìîêîððåëÿöèîííîé ôóíêöèè ñèãíà-
ëîâ îòðàæåíèÿ ñòðóêòóðû è íåîäíîðîäíîñòè â ãîðëîâèíå
ðóïîðà (Òàáëèöà 2) ñîáñòâåííûé ÊÎ ïåðåäíåé ãðàíèöû
ðàçäåëà ïåííîé ñòðóêòóðû ñîñòàâèë 0,014 (-37 äÁ). Ýòî
ñîîòâåòñòâóåò çíà÷åíèþ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè
1,03, åñëè ïðåäïîëàãàòü, ÷òî ñòðóêòóðà ïðåäñòàâëÿåò
ñîáîé îäèí ñëîé ñ óêàçàííûìè çíà÷åíèÿìè ýôôåêòèâíîé
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè è êîýôôèöèåíòà îòðà-
æåíèÿ Ôðåíåëÿ. Çíà÷åíèå ýôôåêòèâíîé äèýëåêòðè÷åñ-
êîé ïðîíèöàåìîñòè, êîòîðîå ïîëó÷åíî èç îòíîøåíèÿ çíà-
÷åíèé ýëåêòðè÷åñêîé è ãåîìåòðè÷åñêîé òîëùèíû, ïðà-

êòè÷åñêè ñîâïàäàåò ñ ýòèì çíà÷åíèåì. Çíà÷åíèå âíåñåí-
íîãî êîýôôèöèåíòà îòðàæåíèÿ îò ìåòàëëè÷åñêîãî ëèñòà,
ðàñïîëîæåííîãî â ïëîñêîñòè ïåðåäíåé ãðàíè îáðàçöà,
ñîñòàâèëî 0,007.

Äëÿ ìîíîñëîÿ ïåíû íà âîäÿíîé ïîâåðõíîñòè (Òàá-
ëèöû 1,2) àìïëèòóäà ïèêà ñîñòàâèëà 0,0034. Ýòî ïðè-
ìåðíî â 2-3 ðàçà ìåíüøå ÷åì îòðàæåíèå îò ìåòàëëè÷åñ-
êîé ïëàñòèíû, ðàçìåùåííîé íà çàäíåé ãðàíèöå îáðàçöà.
Òàêèì îáðàçîì, îäèí ìîíîñëîé ïåíû îñëàáëÿåò îòðàæå-
íèå îò ìåòàëëè÷åñêîé ïëàñòèíû â 2-3 ðàçà.

Íàèáîëåå âåðîÿòíûì çíà÷åíèåì äèýëåêòðè÷åñêîé ïðî-
íèöàåìîñòè óêàçàííûõ ïåííûõ îáðàçöîâ ìîæíî ñ÷èòàòü
1,17-1,21, ÷òî äîâîëüíî áëèçêî ê çíà÷åíèÿì, ïðèñóùèì
ïåíîïëàñòàì. Òàêîé ðåçóëüòàò ïðåäñòàâëÿåò èíòåðåñ, ïî-
ñêîëüêó ñëîé âîäû èìååò îòðàæàþùèå ñâîéñòâà, ñðàâíè-
ìûå ñ îòðàæàþùèìè ñâîéñòâàìè ìåòàëëà, à çíà÷åíèå
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñîñòàâëÿåò ïîðÿäêà 80.

Ðåçóëüòàòû, ïîëó÷åííûå ïðè àíàëèçå îáîèõ âèäîâ
âçàèìîêîððåëÿöèîííîé ôóíêöèè, íàõîäÿòñÿ â õîðîøåì
ñîîòâåòñòâèè ñ ó÷åòîì ìàëûõ óðîâíåé îòðàæåíèÿ.

ÂÛÂÎÄÛ

Ðàçðàáîòàííîå èçìåðèòåëüíîå îáîðóäîâàíèå ïîçâîëè-
ëî ïðîâåñòè êîððåêòíûå èçìåðåíèÿ äèñïåðñíûõ ïåííûõ

Òàáëèöà 1 - Ýêñïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå â ðåçóëüòàòå àíàëèçà âçàèìîêîððåëÿöèè 
âðåìåííîãî îòêëèêà èññëåäóåìîé ñòðóêòóðû è îïîðíîãî ñèãíàëà, îáðàçîâàííîãî îòðàæåíèåì 
îò íåîäíîðîäíîñòè â àïåðòóðå

Óñëîâèÿ 
ñóùåñòâîâàíèÿ 

îáúåêòà

Ãåîìåòðè÷åñêàÿ 
òîëùèíà 

îáðàçöà,ìì

Àìïëèòóäà        
ïèêà îòðàæåíèÿ 

ïåðåäíåé ãðàíèöû 
îáðàçöà

Àìïëèòóäà       ïèêà 
îòðàæåíèÿ çàäíåé 
ãðàíèöû îáðàçöà

Îñëàáëåíèå ñèãíàëà 
â ñëîå, ðàçû

t =1 ìèí 110 0,0004 0,0007 11,43

t =6ìèí 90 0,0004 0,00108 7,41

t =11ìèí 70 0,0004 0,00125 6,40

t =26ìèí 50 0,0033 0,00115 6,96

t> 30ìèí 10 - 0,00175 4,57

ìîíîñëîé 2 - 0,0034 2,35

Òàáëèöà 2 - Ýêñïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå â ðåçóëüòàòå àíàëèçà âçàèìîêîððåëÿöèè 
âðåìåííîãî îòêëèêà èññëåäóåìîé ñòðóêòóðû è îïîðíîãî ñèãíàëà, îáðàçîâàííîãî îòðàæåíèåì îò 
íåîäíîðîäíîñòè â ãîðëîâèíå ðóïîðà

Óñëîâèÿ 
ñóùåñòâîâàíèÿ 

îáúåêòà

Ãåîìåòðè÷åñêàÿ 
òîëùèíà 

îáðàçöà,ìì

ÊÎ îò ïåðåäíåé 
ãðàíèöû îáðàçöà

Àìïëèòóäà ïèêà 
îòðàæåíèÿ çàäíåé 
ãðàíèöû îáðàçöà

Îñëàáëåíèå 
àìïëèòóäû â ñëîå, 

(ðàç)

t =1 ìèí 110 0,00011 0,00055 10,91

t =6ìèí 90 0,00037 0,0008 7,50

t =11ìèí 70 0,00049 0,00088 6,81

t =26ìèí 50 0,00047 0,0008 7,50

t> 30ìèí 10 - 0,00105 5,71

ìîíîñëîé 2 - 0,0034 1,76
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ñòðóêòóð, ïîëó÷èòü îöåíêè ýôôåêòèâíîé äèýëåêòðè÷åñ-
êîé ïðîíèöàåìîñòè, êîýôôèöèåíòà îñëàáëåíèÿ ýëåêòðî-
ìàãíèòíûõ âîëí â çàâèñèìîñòè îò òîëùèíû ñëîÿ ïåíû è
âðåìåíè åå ñóùåñòâîâàíèÿ.
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Íàâåäåíî åêñïåðèìåíòàëüí³ ðåçóëüòàòè âèì³ðþâàííÿ
â³äáèòòÿ ³ ïîãëèíàííÿ åëåêòðîìàãí³òíèõ õâèëü ÍÂ×
ä³àïàçîíó (8 - 12 ÃÃö) â³ä ðîçòàøîâàíèõ ó â³ëüíîìó ïðîñòî-
ð³ çðàçê³â ï³íè íà áàç³ âîäÿíèõ ðîç÷èí³â â çàëåæíîñò³ â³ä
òîâùèí³ (ãðàíèö³ â³ä 110 äî 2 ìì) ÷àñó ³ñíóâàííÿ ï³íè.

Experimental results of measurements of electromagnetic
wave reflection and absorption for some specimens of water
foam in free space for frequency band 8 - 12 GHz as function
of specimen thickness in range 2 -110 mm and time of foam
existence are presented.

ÓÄÊ 621.372.8.01

Ë.Ì. Êàðïóêîâ, Â.Î. Ðûáèí

ÊÂÀÇÈÄÈÍÀÌÈ×ÅÑÊÀß ÀÏÏÐÎÊÑÈÌÀÖÈß ÂÕÎÄÍÎÃÎ ÈÌÏÅÄÀÍÑÀ 
ÌÈÊÐÎÏÎËÎÑÊÎÂÎÉ ËÈÍÈÈ

Ïðåäëîæåíû ïðîñòûå ñîîòíîøåíèÿ äëÿ ðàñ÷åòà äèñïåð-
ñèîííûõ çàâèñèìîñòåé âõîäíîãî èìïåäàíñà ìèêðîïîëîñêîâîé
ëèíèè. Äëÿ àíàëèçà ëèíèè èñïîëüçîâàíî èíòåãðàëüíîå
óðàâíåíèå, ñîñòàâëåííîå ñ ïîìîùüþ ôóíêöèè Ãðèíà, îïðåäå-
ëåííîé â êâàçèäèíàìè÷åñêîì ïðèáëèæåíèè.

Çàäà÷à ñîãëàñîâàíèÿ âõîäíûõ èìïåäàíñîâ ôóíêöèî-
íàëüíûõ ýëåìåíòîâ ÿâëÿåòñÿ îäíîé èç îñíîâíûõ ïðè
ïðîåêòèðîâàíèè ìèêðîïîëîñêîâûõ óñòðîéñòâ ÑÂ× è
òðåáóåò äëÿ ñâîåãî ðåøåíèÿ äàííûõ î âîëíîâûõ ñîïðî-
òèâëåíèÿõ ñî÷ëåíÿåìûõ ìèêðîïîëîñêîâûõ ëèíèé ïåðå-
äà÷è. Òðàäèöèîííî âîëíîâîå ñîïðîòèâëåíèå âû÷èñëÿåòñÿ
â ïðîöåññå ðåøåíèÿ äâóìåðíîé êðàåâîé çàäà÷è ïî íàõî-
æäåíèþ ïîñòîÿííîé ðàñïðîñòðàíåíèÿ âîëíû â èññëåäóå-
ìîé ëèíèè. Ãèáðèäíûé õàðàêòåð âîëíû, ðàñïðîñòðàíÿ-
þùåéñÿ â ìèêðîïîëîñêîâîé ëèíèè (ÌÏË), äåëàåò íå-
âîçìîæíûì îäíîçíà÷íîå îïðåäåëåíèå åå âîëíîâîãî
ñîïðîòèâëåíèÿ. Ïîýòîìó â ñëó÷àå äâóìåðíîãî àíàëèçà
ÌÏË äëÿ îöåíêè åå âîëíîâîãî ñîïðîòèâëåíèÿ îäíîâðå-
ìåííî èñïîëüçóþòñÿ â ðàñ÷åòàõ äâà îïðåäåëåíèÿ [1-4].
Îäíî èç íèõ ñâÿçûâàåò ìîùíîñòü, ïåðåäàâàåìóþ ëèíèåé,
ñ òîêîì â íåé. Âòîðîå - ýôôåêòèâíóþ äèýëåêòðè÷åñêóþ
ïðîíèöàåìîñòü ÌÏË è âîëíîâîå ñîïðîòèâëåíèå ýòîé ëè-
íèè â ñëó÷àå åå âîçäóøíîãî çàïîëíåíèÿ. Íà íóëåâîé
÷àñòîòå ýòè îïðåäåëåíèÿ äàþò îäèíàêîâûå ðåçóëüòàòû, ñ
ðîñòîì ÷àñòîòû äàííûå ðàñ÷åòîâ ðàñõîäÿòñÿ.

Îäíîçíà÷íî âîëíîâîå ñîïðîòèâëåíèå èññëåäóåìîé
ëèíèè ïåðåäà÷è ìîæåò áûòü ðàññ÷èòàíî ÷åðåç âõîäíîé

èìïåäàíñ  ëèíèè. Âõîäíîé èìïåäàíñ âû÷èñëÿåòñÿ

ïóòåì ðåøåíèÿ òðåõìåðíîé êðàåâîé çàäà÷è, îïèñûâàþ-
ùåé âîçáóæäåíèå èññëåäóåìîé ëèíèè áåñêîíå÷íîé
äëèíû ñòîðîííèì ýëåêòðè÷åñêèì ïîëåì. Â [5,6] âûïîë-
íåí ÷èñëåííûé ðàñ÷åò âõîäíîãî èìïåäàíñà ÌÏË. Öåëüþ

íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ íàõîæäåíèå ïðîñòûõ àíàëè-
òè÷åñêèõ çàâèñèìîñòåé äëÿ îöåíêè âõîäíîãî èìïåäàíñà
ÌÏË. Ðåøåíèå ïîñòàâëåííîé çàäà÷è îñóùåñòâëÿåòñÿ
âàðèàöèîííûì ìåòîäîì, ïðèìåíåííûì ê èíòåãðàëüíîìó
óðàâíåíèþ ñ ÿäðîì â âèäå ôóíêöèè Ãðèíà, êîòîðàÿ
ñîñòàâëÿåòñÿ â êâàçèäèíàìè÷åñêîì ïðèáëèæåíèè.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È È ÌÅÒÎÄ ÐÅØÅÍÈß

Íà ðèñ.1 ïîêàçàíî ïîïåðå÷íîå ñå÷åíèå èññëåäóåìîé
ÌÏË íà ïîäëîæêå ñ òîëùèíîé h è îòíîñèòåëüíîé äèýëå-
êòðè÷åñêîé ïðîíèöàåìîñòüþ .

 

Ðèñóíîê 1 - Ïîïåðå÷íîå ñå÷åíèå ÌÏË

Áóäåì ñ÷èòàòü, ÷òî ïîâåðõíîñòíûé òîê íà ïîëîñêå,
øèðèíîé w, èìååò òîëüêî ïðîäîëüíóþ ñîñòàâëÿþùóþ è
îïðåäåëÿåòñÿ âûðàæåíèåì

 , (1)

ãäå  - àìïëèòóäíîå çíà÷åíèå òîêà.
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Çàâèñèìîñòü òîêà îò êîîðäèíàòû y ïðåäñòàâèì ôóíê-
öèåé

 ,

ñîîòâåòñòâóþùåé êâàçèñòàòè÷åñêîìó ðàñïðåäåëåíèþ è
óñëîâèþ íà ðåáðå [1].

Ïîëàãàÿ ïðîâîäíèêè èäåàëüíî ïðîâîäÿùèìè, ïîòðå-
áóåì âûïîëíåíèå íà ïîâåðõíîñòè S ïîëîñêà ãðàíè÷íîãî
óñëîâèÿ

. (2)

Çäåñü   - íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ îò ïî-

âåðõíîñòíîãî òîêà íà ïîëîñêå,  èçâåñòíàÿ ôóíê-
öèÿ, õàðàêòåðèçóþùàÿ ñòîðîííåå ýëåêòðè÷åñêîå ïîëå.

Ïîëå, íàâåäåííîå ïîâåðõíîñòíûì òîêîì, âûðàçèì
÷åðåç ôóíêöèþ Ãðèíà, ñîñòàâëåííóþ äëÿ ÌÏË â êâàçè-
äèíàìè÷åñêîì ïðèáëèæåíèè [6-8]:

, (3)

ãäå

 , , ,  

- âîëíîâîå ÷èñëî,  - âîëíîâîå ñîïðîòèâëåíèå

ñâîáîäíîãî ïðîñòðàíñòâà, j - ìíèìàÿ åäèíèöà. Ôèãóðè-
ðóþùåå â ôîðìóëå âîëíîâîå ÷èñëî k îäíîçíà÷íî íå îï-

ðåäåëåíî è ìîæåò áûòü âçÿòî èç èíòåðâàëà  [6].

Óñëîâèþ (2) ñîîòâåòñòâóåò èíòåãðàëüíîå óðàâíåíèå
îòíîñèòåëüíî ïîâåðõíîñòíîãî òîêà. Äëÿ íàõîæäåíèÿ
ïðèáëèæåííîãî ðåøåíèÿ óðàâíåíèÿ âîñïîëüçóåìñÿ âàðè-
àöèîííûì ìåòîäîì íà îñíîâå ñòàöèîíàðíîãî ôóíêöèî-
íàëà ñëåäóþùåãî âèäà [9]:

 . (4)

Ïðè óñëîâèè  ñîîòíîøåíèå (4) ïîçâîëÿåò ðàññ÷è-

òàòü âõîäíîé èìïåäàíñ èññëåäóåìîé ëèíèè.

ÒÅÎÐÅÒÈ×ÅÑÊÈÅ ÐÅÇÓËÜÒÀÒÛ

Çàäàäèì ïðèáëèæåííîå âûðàæåíèå äëÿ òîêîâ , ,

îïðåäåëÿåìûõ çàâèñèìîñòüþ (1), â âèäå âîëí

 , (5)

ðàñõîäÿùèõñÿ èç ñå÷åíèÿ , ãäå ðàñïîëîæèì òî-
÷å÷íûé èñòî÷íèê ñòîðîííåãî ýëåêòðè÷åñêîãî ïîëÿ, îïè-
ñûâàåìûé äåëüòà-ôóíêöèåé:

 . (6)

Ïîäñòàíîâêà (5), (6) â (4) è èíòåãðèðîâàíèå ïî êîîð-
äèíàòå x ïðèâîäèò ê ñëåäóþùåìó âûðàæåíèþ äëÿ âõîä-
íîãî èìïåäàíñà ÌÏË:

 , (7)

ãäå

,

,

,

.

Èíòåãðàëüíóþ ïîêàçàòåëüíóþ ôóíêöèþ   ïðèáëèçèì
âûðàæåíèåì [10]:

 , (8)

ãäå  - ïîñòîÿííàÿ Ýéëåðà.

Èíòåãðèðîâàíèå êîýôôèöèåíòîâ ôîðìóëû (7) ñ ó÷å-
òîì ïðèáëèæåíèÿ (8) äàåò ñëåäóþùèå ñîîòíîøåíèÿ:
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,  .

Ïðè íàõîæäåíèè êîýôôèöèåíòîâ ,  ïðèíèìà-

ëîñü ðàñïðåäåëåíèå ïî y â (5) ðàâíîìåðíûì.
Âîëíîâîå ÷èñëî k îïðåäåëèì â ôîðìóëàõ èç óñëîâèÿ

ñîâïàäåíèÿ ðåçóëüòàòîâ ðàñ÷åòà ïî ñîîòíîøåíèÿì (7)-
(10) äëÿ íóëåâîé ÷àñòîòû ñ äàííûìè êâàçèñòàòè÷åñêîãî
àíàëèçà ÌÏË. Ýòî óñëîâèå ñ äîñòàòî÷íî âûñîêîé
òî÷íîñòüþ âûïîëíÿåòñÿ ïðè

 . (11)

Â ðåçóëüòàòå âûáîðà ÷èñëà k ïî (11) ñîîòíîøåíèå (7) íà
íóëåâîé ÷àñòîòå ïðèîáðåòàåò ñëåäóþùèé âèä:

 . (12)

Íà ðèñ.2 äëÿ ðàçëè÷íûõ çíà÷åíèé  ïðèâåäåíû

ðåçóëüòàòû ðàñ÷åòà êâàçèñòàòè÷åñêîãî çíà÷åíèÿ âîëíîâî-
ãî ñîïðîòèâëåíèÿ ÌÏË, ïîëó÷åííûå ïî ôîðìóëå

 (13)

ñ ïîìîùüþ ñîîòíîøåíèÿ (12). Ïðåäñòàâëåííûå çàâèñè-
ìîñòè ñ ïîãðåøíîñòüþ, íå ïðåâûøàþùåé 2 %, ñîâïàëè ñ
äàííûìè èç [11], îòìå÷åííûìè íà ðèñóíêå ñèìâîëîì .

Íà ðèñ.3 ïðèâåäåíû äèñïåðñèîííûå çàâèñèìîñòè
âîëíîâîãî ñîïðîòèâëåíèÿ ÌÏË, ðàññ÷èòàííûå ïî
ôîðìóëå (7) ñ èñïîëüçîâàíèåì (9), (10), (13). Ðàñ÷åò

âûïîëíåí äëÿ ïîëîñîê øèðèíîé ìì

ïðè òîëùèíå ïîäëîæêè ìì è çíà÷åíèé îòíîñè-
òåëüíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ìàòåðèàëà

ïîäëîæêè . Êðèâûå 1 íà ðèñóíêàõ ñîîòâåò-
ñòâóþò ìîäóëþ, à êðèâûå 2 - ðåàëüíîé ÷àñòè âîëíîâîãî
ñîïðîòèâëåíèÿ ÌÏË. Ñèìâîëîì  îòìå÷åíû äàííûå èç
[12], ïîëó÷åííûå ïóòåì ñòðîãîãî ÷èñëåííîãî ýëåêòðî-
äèíàìè÷åñêîãî ðàñ÷åòà âîëíîâîãî ñîïðîòèâëåíèÿ ÌÏË
äëÿ äâóõ åãî îïðåäåëåíèé:

 , (14)

 . (15)

Çäåñü P - ìîùíîñòü, ïåðåäàâàåìàÿ ëèíèåé, I - ïîëíûé
òîê â ëèíèè,  - ýôôåêòèâíàÿ äèýëåêòðè÷åñêàÿ ïðî-

íèöàåìîñòü ëèíèè,  - âîëíîâîå ñîïðîòèâëåíèå ëèíèè

ñ âîçäóøíûì çàïîëíåíèåì.

Äàííûå èç [12] äëÿ îïðåäåëåíèÿ (14) ïîìå÷åíû íà
ðèñóíêàõ öèôðîé 1, äëÿ (15) - öèôðîé 2.

Êàê ñëåäóåò èç ïðåäñòàâëåííûõ ðåçóëüòàòîâ, îïðå-
äåëåíèå (14) ñîîòâåòñòâóåò ðàñ÷åòó ìîäóëÿ, à îïðåäå-
ëåíèå (15) - ðåàëüíîé ÷àñòè âõîäíîãî èìïåäàíñà ÌÏË.
Èìååò ìåñòî ñîîòâåòñòâèå ìåæäó õàðàêòåðîì èçìåíåíèÿ
äèñïåðñèîííûõ çàâèñèìîñòåé, ñëåäóþùèõ èç ñòðîãîãî
÷èñëåííîãî àíàëèçà è èç ðàñ÷åòà ïî ïðåäëàãàåìûì
ïðîñòûì ñîîòíîøåíèÿì. Íà íà÷àëüíîì ó÷àñòêå ÷àñòîò-
íîé îñè, ãäå äèñïåðñèÿ ïàðàìåòðîâ ÌÏË âûðàæåíà ñëà-
áî, ðåçóëüòàòû ðàñ÷åòîâ ñîâïàäàþò ñ âûñîêîé òî÷íîñòüþ.

Ðèñóíîê 2 - Çàâèñèìîñòè êâàçèñòàòè÷åñêîãî 
çíà÷åíèÿ âîëíîâîãî ñîïðîòèâëåíèÿ ÌÏË îò 

îòíîøåíèÿ øèðèíû ïîëîñêà w ê òîëùèíå ïîäëîæêè 
h; ñèìâîëîì 0 îòìå÷åíû äàííûå èç [11]

 

à)

 

á)

Ðèñóíîê 3 - ×àñòîòíûå çàâèñèìîñòè ìîäóëÿ (êðèâûå 
1) è ðåàëüíîé ÷àñòè (êðèâûå 2) âîëíîâîãî 

ñîïðîòèâëåíèÿ ÌÏË äëÿ ðàçëè÷íûõ 
äèýëåêòðè÷åñêèõ ïðîíèöàåìîñòåé ïîäëîæêè 

òîëùèíîé  ìì: ; 

ñèìâîëîì  îòìå÷åíû äàííûå èç [12]
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Simple ratios for dispersive dependence calculation for
entrance impedance of microwave line are offered. The inte-
grated equation composed with the help of Green's function
with is defined in quasidynamical approximation are used for
line analysis.
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Ë.Ì. Ëîãà÷åâà, Â.Ï. Áîíäàðåâ

ÝÊÂÈÂÀËÅÍÒÍÛÉ ÏÎÂÅÐÕÍÎÑÒÍÛÉ ÈÌÏÅÄÀÍÑ             
ÊÐÓÃËÎÃÎ ÎÒÂÅÐÑÒÈß Â ÓÇÊÎÉ ÑÒÅÍÊÅ                  

ÏÐßÌÎÓÃÎËÜÍÎÃÎ ÂÎËÍÎÂÎÄÀ

Èñõîäÿ èç ýíåðãåòè÷åñêèõ ñîîòíîøåíèé, ïîëó÷åíà èíòå-
ãðàëüíàÿ õàðàêòåðèñòèêà, îïèñûâàþùàÿ èìïåäàíñíûå ñâîé-
ñòâà êðóãëîãî îòâåðñòèÿ â óçêîé ñòåíêå ïðÿìîóãîëüíîãî
âîëíîâîäà è ôèçè÷åñêè ïðåäñòàâëÿþùàÿ ýêâèâàëåíòíûé
èìïåäàíñ. Ïðîâåäåí àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ.

ÂÂÅÄÅÍÈÅ

Ðàçâèòèå ñðåäñòâ ñâÿçè è ðàäèîëîêàöèîííîé òåõíèêè
ïðèâåëî ê áîëüøîé ïåðåãðóçêå èñïîëüçóåìîãî ñïåêòðà
ñâåðõâûñîêèõ ÷àñòîò. Ýëåêòðîìàãíèòíàÿ ñîâìåñòèìîñòü
ðàçëè÷íûõ ðàäèîýëåêòðîííûõ ñèñòåì ïðåâðàòèëàñü â
ñåðü¸çíóþ è ñëîæíóþ ïðîáëåìó. Ãëàâíûì èñòî÷íèêîì
ïîìåõ äëÿ ðàçëè÷íûõ ðàäèîñëóæá ÿâëÿåòñÿ ãàðìîíèêè
îñíîâíîé ÷àñòîòû ïåðåäàò÷èêîâ ñâåðõâûñîêèõ ÷àñòîò.

Ýôôåêòèâíûì ïóò¸ì ðåøåíèÿ ïðîáëåìû ýëåêòðî-
ìàãíèòíîé ñîâìåñòèìîñòè ÿâëÿåòñÿ ïîäàâëåíèå ýòîãî
ïàðàçèòíîãî èçëó÷åíèÿ. Âî ìíîãèõ ñëó÷àÿõ ýòî îñóùå-

ñòâëÿåòñÿ ñ ïîìîùüþ ïîãëîùàþùèõ ôèëüòðîâ ãàðìîíèê.
Êàê ïðàâèëî, ýòî ñëîæíûå ñîåäèíåíèÿ ïðÿìîóãîëüíûõ
âîëíîâîäîâ, ëèáî ïðÿìîóãîëüíûõ è êðóãëûõ âîëíîâîäîâ
÷åðåç îòâåðñòèÿ ñâÿçè ðàçëè÷íîé êîíôèãóðàöèè: ùåëå-
âûå - ïðÿìîóãîëüíîé ôîðìû, êðóãëûå, ýëëèïòè÷åñêèå è
äðóãèå. Íàèáîëüøåå ïðàêòè÷åñêîå ïðèìåíåíèå íàøëè
ùåëåâûå îòâåðñòèÿ ñâÿçè.

Ùåëåâûå îòâåðñòèÿ ñâÿçè ðàçäåëÿþòñÿ íà ýêñïîíåí-
öèàëüíûå óçêèå ùåëè, óçêèå ùåëè, è øèðîêèå îòâåð-
ñòèÿ, ñîèçìåðèìûå ñ äëèíîé âîëíû. Èññëåäîâàíèþ ñî÷-
ëåíåíèé ïðÿìîóãîëüíûõ âîëíîâîäîâ, ñâÿçàííûõ óçêèìè
ùåëÿìè ïîñâÿùåíî äîñòàòî÷íî áîëüøîå ÷èñëî ðàáîò, â
êîòîðûõ àâòîðû ïîëüçîâàëèñü ïðèáëèæåííûìè ìåòîäàìè
ýëåêòðîäèíàìèêè [1-5]. Ê îãðàíè÷åíèÿì ýòèõ ðàáîò ìîæ-
íî îòíåñòè òî, ÷òî ðåçóëüòàòû áûëè ïîëó÷åíû â îäíîìî-
äîâîì ïðèáëèæåíèè è íå ðàññìàòðèâàëñÿ ìíîãîìîäîâûé
ðåæèì.
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Ùåëåâûå îòâåðñòèÿ ê íàñòîÿùåìó âðåìåíè õîðîøî
èçó÷åíû, ÷åãî íåëüçÿ ñêàçàòü î øèðîêèõ îòâåðñòèÿõ
ñâÿçè ïðÿìîóãîëüíîé è êðóãëîé ôîðìû.

Ïîýòîìó ïðåäñòàâëÿåò èíòåðåñ çàäà÷à îá ýëåêòðîìàã-
íèòíîé ñâÿçè ïðÿìîóãîëüíîãî è êðóãëîãî âîëíîâîäîâ ÷å-
ðåç îòâåðñòèå ñâÿçè, êîòîðîå ÿâëÿåòñÿ àïåðòóðîé êðóã-
ëîãî âîëíîâîäà. Ïðèíöèïèàëüíûå òðóäíîñòè âîçíèêàþò
â ñâÿçè ñ îñîáåííîñòüþ ãåîìåòðèè äàííîãî ñîåäèíåíèÿ.
Ãðàíè÷íûå óñëîâèÿ â ýòîì ñëó÷àå äîëæíû áóäóò âûïîë-
íÿòüñÿ íà ïîâåðõíîñòè äîñòàòî÷íî ñëîæíîé ôîðìû.

Â ñâÿçè ñ ýòèì òðåáóåòñÿ ðàçóìíîå óïðîùåíèå îáùåé
ïîñòàíîâêè çàäà÷è, ÷òî ìîæíî îñóùåñòâèòü, ïðèìåíèâ ê
ðàññìàòðèâàåìîé ñòðóêòóðå ìåòîä èìïåäàíñíûõ ãðàíè÷-
íûõ óñëîâèé, êîòîðûé äëÿ äàííîé çàäà÷è áóäåò áîëåå
ýôôåêòèâíûì ïî ñðàâíåíèþ ñ àíàëèòè÷åñêèìè ìåòîäà-
ìè. Èìïåäàíñíûé ìåòîä ïðèìåíÿåòñÿ â òåõ ñëó÷àÿõ,
êîãäà èç êàêèõ-ëèáî ïðåäâàðèòåëüíûõ ñîîáðàæåíèé
ìîæíî çàðàíåå íàéòè ïðèáëèæåííîå âûðàæåíèå äëÿ ïî-
âåðõíîñòíîãî èìïåäàíñà, ÷òî áûëî ñäåëàíî â ðàáîòå [6],
ãäå áûë ðàññìîòðåí ìåòîä ðàñ÷¸òà ïîâåðõíîñòíîãî èìïå-
äàíñà, êîòîðûé áûë ïðåäñòàâëåí â âèäå äâîéíîãî ðÿäà
Ôóðüå. Ïðè÷¸ì ïðåäïîëàãàëîñü, ÷òî çíà÷åíèå èìïåäàíñà
íà ïîâåðõíîñòè îòâåðñòèÿ èçâåñòíî. Îäíàêî ýòîò âîïðîñ
òðåáóåò áîëåå ïîäðîáíîãî àíàëèçà è îáîñíîâàíèÿ.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìîòðèì áåñêîíå÷íûé ïðÿìîóãîëüíûé âîëíîâîä
ñå÷åíèåì a b, â óçêîé ñòåíêè êîòîðîãî èìååòñÿ îòâåð-
ñòèå, êîòîðîå ÿâëÿåòñÿ àïåðòóðîé êðóãëîãî âîëíîâîäà
ðàäèóñà R, íàãðóæåííîãî íà ñîãëàñîâàííóþ íàãðóçêó.
Ðàññìàòðèâàåìàÿ ñòðóêòóðà èçîáðàæåíà íà ðèñ. 1.

Ðèñóíîê 1 - Ñèñòåìà êîîðäèíàò êðóãëîãî âîëíîâîäà

Ñâîéñòâà îòâåðñòèé óäîáíî îïèñûâàòü èíòåãðàëüíîé
õàðàêòåðèñòèêîé - ýêâèâàëåíòíûì ïîâåðõíîñòíûì èìïå-
äàíñîì Zýê [7]. Ýêâèâàëåíòíûé ïîâåðõíîñòíûé èìïåäàíñ

Zýê ìîæåò áûòü ââåä¸í, èñõîäÿ èç ýíåðãåòè÷åñêèõ

ñîîòíîøåíèé:

(1)

ãäå  - ñðåäíÿÿ ìîùíîñòü ïðîõîäÿùàÿ ÷åðåç
ïîïåðå÷íîå ñå÷åíèå êðóãëîãî îòâåðñòèÿ ðàäèóñà R;

 - êîìïëåêñíûå ïîïåðå÷íûå ñîñòàâëÿþùèå âåêòîðà
ìàãíèòíîãî ïîëÿ íà ïîâåðõíîñòè êðóãëîãî îòâåðñòèÿ.

Ñðåäíåå çíà÷åíèå êîìïëåêñíîé ìîùíîñòè, ïåðåíî-
ñèìîé âäîëü öèëèíäðè÷åñêîãî âîëíîâîäà îïðåäåëÿåòñÿ
âûðàæåíèåì

(2)

ãäå  - êîìïëåêñíàÿ àìïëèòóäà íàïðÿæåííîñòè ýëåêòðè-
÷åñêîãî ïîëÿ íà ïîâåðõíîñòè îòâåðñòèÿ;

 - êîìïëåêñíî - ñîïðÿæåííàÿ àìïëèòóäà ìàãíèò-

íîãî ïîëÿ íà ïîâåðõíîñòè îòâåðñòèÿ.
Ïðèðàâíèâàÿ ñîîòíîøåíèÿ (1) è (2), ïîëó÷èì âûðà-

æåíèå äëÿ ðàñ÷¸òà èñêîìîãî ýêâèâàëåíòíîãî ïîâåðõíî-
ñòíîãî èìïåäàíñà êðóãëîãî îòâåðñòèÿ:

(3)

ÐÅØÅÍÈÅ

Ïåðåéäåì ê ðàñìîòðåíþ èíòåãðàëîâ, ñòîÿùèõ â ÷èñëè-
òåëå è çíàìåíàòåëå â ôîðìóëå (3), îïðåäåëÿþùèõ ýêâè-
âàëåíòíîå ñîïðîòèâëåíèå.

Áóäåì ñ÷èòàòü, ÷òî ïî îñíîâíîìó âîëíîâîäó ìîãóò
ðàñïðîñòðàíÿòüñÿ âîëíû òèïà ÒÅmn. Òîãäà, èñõîäÿ èç

ãåîìåòðèè çàäà÷è ñëåäóåò, ÷òî íà îòâåðñòèè òîæå âîçáó-
æäàþòñÿ âîëíû òèïà ÒÅmn öèëèíäðè÷åñêîãî âîëíîâîäà.

Åñëè ââåñòè öèëèíäðè÷åñêóþ ñèñòåìó êîîðäèíàò

( , , ), ãäå îñü Z' ñîâïàäàåò ñ îñüþ êðóãëîãî âîëíî-

âîäà, òî ñîîòâåòñòâóþùèå âåêòîðû ïîëÿ ýòèõ âîëí
çàïèøóòñÿ êàê [8]:

(4)
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ãäå - àìïëèòóäà ÒÅmn âîëíû âîçáóæäàåìîé íà

êðóãëîì îòâåðñòèè áîêîâîãî âîëíîâîäà;

- ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ

öèëèíäðè÷åñêîãî âîëíîâîäà;

- ïîïåðå÷íîå âîëíîâîå ÷èñëî;

- n - é êîðåíü ïðîèçâîäíîé ôóíêöèè Áåññåëÿ m -

ãî ïîðÿäêà.
Ðàññìîòðèì èíòåãðàë, ñòîÿùèé â ÷èñëèòåëå âûðàæå-

íèÿ (3), êîòîðûé ìîæíî çàïèñàòü êàê

(5)

Ïðåîáðàçóåì èíòåãðàë (5) ê áîëåå óäîáíîìó âèäó.
Äëÿ ýòîãî âîñïîëüçóåìñÿ ñâîéñòâîì ñìåøàííîãî ïðîèçâå-

äåíèÿ . Â ðåçóëüòàòå èìååì:

(6)

Òîãäà ñ ó÷åòîì (6) äëÿ âîëí òèïà ÒÅmn èíòåãðàë â (5)

çàïèøåòñÿ:

(7)

Âûïîëíèâ âåêòîðíîå ïðîèçâåäåíèå â (7), à çàòåì

óìíîæèâ åãî ñêàëÿðíî íà , íàéä¸ì:

(8)

ãäå  è  - âåëè÷èíû ñîïðÿæåííûå ñ  è  â (4).

Ïîäñòàâëÿÿ â íàïèñàííîå âûðàæåíèå (8), çíà÷åíèÿ

ñîîòâåòñòâóþùèõ âåêòîðîâ íàïðÿæåííîñòè ïîëÿ , 

è ,  èç (4), ïîëó÷èì

(9)

Ïðèíèìàÿ âî âíèìàíèå, ÷òî èíòåãðèðîâàíèå 

è  ïî êîîðäèíàòå  äàåò ìíîæèòåëü , òî â (9)

ïåðâîå è âòîðîå ñëàãàåìîå ñîîòâåòñòâåííî áóäóò ðàâíû:

. (10)

Èëè äëÿ âîëí òèïà ÒÅmn ( )

(11)

Äàëåå, èñïîëüçóÿ èçâåñòíûå ñîîòíîøåíèÿ èç òåîðèè
ôóíêöèé Áåññåëÿ [9] è, èíòåãðèðóÿ âûðàæåíèå (11) ïî

êîîðäèíàòå   â ïðåäåëàõ îò 0 äî R, ïîëó÷èì:

(12)

Ïåðåéä¸ì ê ðàñ÷¸òó èíòåãðàëà, ñòîÿùåãî â çíàìå-
íàòåëå âûðàæåíèÿ (3). Îí îïðåäåëÿåò ñðåäíþþ ìîù-
íîñòü, ïðîõîäÿùóþ ÷åðåç ïîïåðå÷íîå ñå÷åíèå êðóãëîãî
îòâåðñòèÿ ðàäèóñà R. Ýòîò èíòåãðàë, ïîñëå ïîäñòàíîâêè
â íåãî èç (4), ìîæíî çàïèñàòü â ðàçâåðíóòîì âèäå

(13)

Èíòåãðàë ïî êîîðäèíàòå  â (13) ðàâåí ïîñòîÿííîé

âåëè÷èíå . Òîãäà

(14)
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Ë.Ì. Ëîãà÷åâà, Â.Ï. Áîíäàðåâ:  ÝÊÂÈÂÀËÅÍÒÍÛÉ ÏÎÂÅÐÕÍÎÑÒÍÛÉ ÈÌÏÅÄÀÍÑ ÊÐÓÃËÎÃÎ 
ÎÒÂÅÐÑÒÈß Â ÓÇÊÎÉ ÑÒÅÍÊÅ ÏÐßÌÎÓÃÎËÜÍÎÃÎ ÂÎËÍÎÂÎÄÀ

Â ñâîþ î÷åðåäü èíòåãðèðîâàíèå (13) ïî êîîðäèíàòå 

äà¸ò:

(15)

 Òàê êàê íà îòâåðñòèè âîçáóæäàþòñÿ âîëíû âûñøèõ
òèïîâ, òî, èñïîëüçóÿ ïðèíöèï ñóïåðïîçèöèè, äëÿ
ýêâèâàëåíòíîãî ïîâåðõíîñòíîãî èìïåäàíñà ñîãëàñíî (3),
ïîäñòàâèâ òóäà íàéäåííûå âûðàæåíèÿ äëÿ ìîùíîñòåé
(12) è (15), ïîëó÷èì ñëåäóþùåå âûðàæåíèå:

(16)

ãäå  = 120  - âîëíîâîå ñîïðîòèâëåíèå ñâîáîäíîãî

ïðîñòðàíñòâà;

- ìîäóëü àìïëèòóä âîëí òèïà ÒÅm,n,

âîçáóæäàåìûõ íà êðóãëîì îòâåðñòèè.
Êàê ñëåäóåò èç âûðàæåíèÿ (16), íà ÷àñòîòàõ ìåíüøèõ

êðèòè÷åñêîãî çíà÷åíèÿ âñå ñëàãàåìûå â ÷èñëèòåëå

ìíèìûå, à â çíàìåíàòåëå îòðèöàòåëüíûå. Çíà÷åíèÿ 
ïðè ýòîì èìååò åìêîñòíîé õàðàêòåð, à åãî âåëè÷èíà

îïðåäåëÿåòñÿ ñîîòíîøåíèåì àìïëèòóä  âîëí,

âîçáóæäàåìûõ íà îòâåðñòèè. Ïðè êðèòè÷åñêîì çíà÷åíèè
÷àñòîòû äëÿ âîëíû ÒÅ11 öèëèíäðè÷åñêîãî âîëíîâîäà

òîëüêî ïåðâûå ñëàãàåìûå â ÷èñëèòåëå è çíàìåíàòåëå
ðàâíû íóëþ, îñòàëüíûå ñëàãàåìûå ëèáî ìíèìûå (â
÷èñëèòåëå), ëèáî îòðèöàòåëüíûå (â çíàìåíàòåëå), ïðè

ýòîì  îñòàåòñÿ åìêîñòíûì.

Ñ óâåëè÷åíèåì ÷àñòîòû  äëÿ îñíîâíîé âîëíû

ÒÅ11 öèëèíäðè÷åñêîãî âîëíîâîäà ïðèíèìàåò äåéñòâè-

òåëüòíîå ïîëîæèòåëüíîå çíà÷åíèå, äëÿ îñòàëüíûõ âîëí
çíà÷åíèÿ  ìíèìûå. Çíàìåíàòåëü â ýòîì ñëó÷àå

äîëæåí áûòü ïîëîæèòåëüíûì, ÷òî ïðèâîäèò ê

êîìïëåêñíîìó õàðàêòåðó  ñ ïîëîæèòåëüíîé äåéñòâè-
òåëüíîé ÷àñòüþ. Ýòî ñîîòâåòñòâóåò òåîðåìå åäèíñòâåí-
íîñòè äëÿ çàäà÷ ñ èìïåäàíñíûìè ãðàíè÷íûìè óñëîâèÿìè
[9]. Òîãäà ìíèìàÿ ÷àñòü òàêæå îñòàåòñÿ ïîëîæèòåëüíîé,
òî åñòü èìååò èíäóêòèâíûé õàðàêòåð.

Â ïðåäåëüíîì ñëó÷àå, êîãäà â êðóãëîì âîëíîâîäå
ìîæåò âîçáóæäàòüñÿ òîëüêî îäèí òèï âîëíû, Zý  ïðè-

íèìàåò âèä [8]

(17)

Ýòî îäíîìîäîâîå ïðèáëèæåííîå äëÿ ðàññìàòðèâàåìîé
ñòðóêòóðû ìîæíî çàïèñàòü 

. (18)

Êàê ñëåäóåò èç (18) íà ÷àñòîòàõ, ïðè êîòîðûõ
áîêîâîé öèëèíäðè÷åñêèé âîëíîâîä ÿâëÿåòñÿ çàïðå-

äåëüíûì, äëÿ âñåõ òèïîâ âîëí ( ) âåëè÷èíà

 íîñèò ðåàêòèâíûé åìêîñòíîé õàðàêòåð. Ñ ðîñòîì ÷à-

ñòîòû  óâåëè÷èâàåòñÿ è ïðè íåêîòîðîì êðèòè÷åñêîì

çíà÷åíèè ÷àñòîòû , âûïîëíÿåòñÿ óñëî-âèå

. Äëÿ âîëíû ÒÅ11 ýêâèâàëåíòíûé ïîâåð-

õíîñòíûé èìïåäàíñ  ïðèíèìàåò áåñêîíå÷íîå çíà÷åíèå.

Ïðè äàëüíåéøåì óâåëè÷åíèè ÷àñòîòû  ñòàíîâèòñÿ

àêòèâíûì.

Áîëåå òî÷íûå çíà÷åíèÿ  ìîæíî ïîëó÷èòü èç (16),

åñëè çíàòü àìïëèòóäû âîëí , âîçáóæäàåìûå íà

îòâåðñòèè âîëíîé, ðàñïðîñòðàíÿþùåéñÿ â ïåðâè÷íîì
ïðÿìîóãîëüíîì âîëíîâîäå. Âû÷èñëèòü ýòè àìïëèòóäû
ìîæíî ïðè ðåøåíèè äèôðàêöèîííîé çàäà÷è, ÷òî äëÿ
çàäàííîé ãåîìåòðèè, ïðè ïðîèçâîëüíûõ çíà÷åíèÿõ ðàäè-
óñîâ âòîðè÷íûõ âîëíîâîäîâ ÿâëÿåòñÿ âåñüìà ñëîæíîé
çàäà÷åé.

×ÈÑËÅÍÍÛÅ ÐÅÇÓËÜÒÀÒÛ

Ïî ôîðìóëå (17) áûëè ðàññ÷èòàíû çíà÷åíèÿ ýêâèâà-
ëåíòíîãî ïîâåðõíîñòíîãî èìïåäàíñà â çàâèñèìîñòè îò
äëèíû âîëíû äëÿ îòâåðñòèé ðàçëè÷íûõ ðàäèóñîâ ïðè
ïàðàìåòðàõ ïðÿìîóãîëüíîãî âîëíîâîäà a b = 48 24 ìì.
Ðåçóëüòàòû ðàñ÷åòà ñâåäåíû â òàáëèöó 1.

Èç òàáëèöû 1 âèäíî, ÷òî ñ ðîñòîì ÷àñòîòû ðåàêòèâíàÿ

÷àñòü  óâåëè÷èâàåòñÿ è ïðè íåêîòîðûõ çíà÷åíèÿõ

 (äëÿ îòâåðñòèé ñ ðàçëè÷íûìè ðàäèóñàìè) ïðèíè-
ìàåò êîìïëåêñíîå çíà÷åíèå. Ïîÿâëåíèå äåéñòâèòåëüíîé

÷àñòè  ñâèäåòåëüñòâóåò î òîì, ÷òî â ñèñòåìå âîçíèêàþò

ïîòåðè, à ýòî çíà÷èò, ÷òî ÷åðåç îòâåðñòèå íà÷èíàåò
ïðîíèêàòü ýëåêòðîìàãíèòíàÿ âîëíà è ðàñïðîñòðàíÿòüñÿ
ïî áîêîâîìó âîëíîâîäó.

Ïî äàííûì òàáëèöû 1 ïîñòðîåíû ãðàôèêè çàâèñè-

ìîñòè íîðìèðîâàííûõ âåëè÷èí Im /Z0 îò îòíîøåíèÿ

 (ðèñ.2) ïðè åìêîñòíîì õàðàêòåðå  è ãðàôèêè

çàâèñèìîñòè íîðìèðîâàííûõ âåëè÷èí ðåàëüíîé ÷àñòè Re

/ Z0 è ìíèìîé ÷àñòè Im /Z0 îò îòíîøåíèÿ 

(ðèñ.3) ïðè êîìïëåêñíîì õàðàêòåðå 
Íà ðèñóíêå 3 ñïëîøíîé ëèíèåé èçîáðàæåíà ðåàëüíàÿ

÷àñòü êîìïëåêñíîãî , ïóíêòèðíîé ëèíèåé - ìíèìàÿ

÷àñòü , èìåþùàÿ èíäóêòèâíûé õàðàêòåð.
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ÂÛÂÎÄÛ

Àíàëèç, ïðîâåäåííûé â äàííîé ðàáîòå ïîêàçàë, ÷òî
èíòåãðàëüíàÿ õàðàêòåðèñòèêà, îïèñûâàþùàÿ èìïåäàíñ-
íûå ñâîéñòâà êðóãëîãî îòâåðñòèÿ â óçêîé ñòåíêå
ïðÿìîóãîëüíîãî âîëíîâîäà - ýêâèâàëåíòíûé ïîâåðõíî-
ñòíûé èìïåäàíñ çàâèñèò, îò ÷àñòîòû âîçáóæäåíèÿ îñíî-
âíîãî ïðÿìîóãîëüíîãî âîëíîâîäà è ìîæåò ïðèíèìàòü
åìêîñòíîé è êîìïëåêñíûé õàðàêòåð (ïðè ïîëîæè-
òåëüíûõ äåéñòâèòåëüíîé è ìíèìûõ ÷àñòÿõ). Âåëè÷èíà
èìïåäàíñà çàâèñèò îò ñîîòíîøåíèÿ àìïëèòóä âîçáóæäà-
åìûõ íà îòâåðñòèè âîëí. Ïîëó÷åííàÿ ôîðìóëà ìîæåò
áûòü èñïîëüçîâàíà ïðè ðàñ÷åòå ðàçëè÷íûõ âîëíîâîäíûõ
ñèñòåì ñî ñâÿçüþ ÷åðåç êðóãëûå îòâåðñòèÿ.

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Ôåëüä ß.Í. Îñíîâû òåîðèè ùåëåâûõ àíòåíí. - Ì.: Ñîâ.
Ðàäèî, 1948.- 160 ñ.

2. Ýëåêòðîìàãíèòíàÿ ñâÿçü äâóõ îáú¸ìîâ ÷åðåç óçêóþ
ùåëü./ Ëåâèíñîí È.Á., Ôðèäáåðã Ï.. // Ðàäèîòåõíèêà è
ýëåêòðîíèêà, 1965. Ò.10, ¹ 2. Ñ. 260-265

3. Ùåëåâûå ñîåäèíåíèÿ ïðÿìîóãîëüíûõ îäíîìîäîâûõ âîë-
íîâîäîâ. Ýêâèâàëåíòíûå ñõåìû è ñîñðåäîòî÷åííûå ïàðà-
ìåòðû./ Ëåâèíñîí È.Á., Ôðèäáåðã Ï.Ø.// Ðàäèî-òåõíèêà
è ýëåêòðîíèêà, 1966. Ò.11, ¹5. Ñ. 831-838

4. Èññëåäîâàíèÿ ýëåêòðîìàãíèòíîé ñâÿçè äâóõ ïðÿìîóãîëü-
íûõ âîëíîâîäîâ ÷åðåç øèðîêîå îòâåðñòèå ñ êîîðäèíà-
òíûìè ãðàíèöàìè./ Ëÿõîâñêèé À.Ô., Ïåíêèí Þ.Ì.,
ßöóê Ë.Ï. // Ðàäèîòåõíèêà. Ðåñïóá. ìåæâåä. àó÷í. - òåõí.
ñáîðíèê. 1986. Âûï. 77. Ñ. 15-21

5. Ñâÿçü äâóõ âîëíîâîäîâ ïî øèðîêîé ñòåíêå ÷åðåç îäíî-
ðîäíûé âîëíîâîäíûé øëåéô./ Ëîçÿíîé Â. È.// Ýëåêòðî-
äèíàìèêà è ôèçèêà ÑÂ×. Äí - ñê, 1976. Âûï. 5. Ñ. 23-28

6. Ðàñ÷åò ïîâåðõíîñòíîãî èìïåäàíñà â âîëíîâîäå ñ íåðåãó-
ëÿðíîé ñòåíêîé. / Ëîãà÷åâà Ë.Ì., Áîíäàðåâ Â.Ï. // Ðà-
ä³îåëåêòðîí³êà. ²íôîðìàò³êà. Óïðàâë³ííÿ, 1999. - ¹1. -
Ñ.18-20

7. Âîçáóæäåíèå îäèíî÷íîé êàíàâêè è ýêâèâàëåíòíûé ïîâå-
ðõíîñòíûé èìïåäàíñ ðåáðèñòûõ ñòðóêòóð. / Öàëèåâ Ò.À.,
×åðåíêîâ. Â.Ñ.//Ðàäèîòåõíèêà è ýëåêòðîíèêà, 1985.
Ò.30, ¹ 9. Ñ.1689-1694.

8. Ïèìåíîâ Þ.Â., Âîëüìàí Â.È., Ìóðàâöîâ À.Ä. Òåõíè÷åñêàÿ
ýëåêòðîäèíàìèêà. - Ì.: Ñâÿçü, 2002. - 538 ñ.

9. Î åäèíñòâåííîñòè ðåøåíèÿ óðîâíåíèé Ìàêñâåëëà â
îáëàñòè ñ èìïåäàíñíûìè ãðàíè÷íûìè óñëîâèÿìè./
×àïëèí À.Ô.// Èçâ. Âóçîâ ÑÑÑÐ - Ðàäèîýëåêòðîíèêà,
1967, 10, ¹ 12. Ñ. 1213-1214

10. ßíêå Å., Ýìäå Ô., Ë¸ø Ô. Ñïåöèàëüíûå ôóíêöèè.
Ôîðìóëû, ãðàôèêè, òàáëèöû.- Ì.: Íàóêà, 1964. - 344 ñ.

Íàä³éøëà 20.09.2003
Ï³ñëÿ äîðîáêè  24.10.2003

Âèõîäÿ÷è ç åíåðãåòè÷íèõ ñï³ââ³äíîøåíü, îòðèìàíà ³íòå-
ãðàëüíà õàðàêòåðèñòèêà, ÿêà îïèñóº ³ìïåäàíñí³ âëàñòèâîñ-
ò³ êðóãëîãî îòâîðó ó âóçüê³é ñò³íö³ ïðÿìîêóòíîãî õâèëåâî-
äó, òà ÿêà ô³çè÷íî º åêâ³âàëåíòíèì ³ìïåäàíñîì. Ïðîâåäåíî
àíàë³ç îòðèìàíèõ ðåçóëüòàò³â.

Based on energetic relationship the integral characteristic
describing impedance properties of a round hole in a narrow
wall of a rectangular waveguide was received and it phisi-
cally represents an equivalent surface impedance. The analysis
of the received results was done.

Òàáëèöà 1

à/ Zý

R=7,5ìì R=9,5ìì R=11,5ìì

0,80 -j0,45 -j0,608 -j0,807

0,83 -j0,47 -j0,637 -j0,854

0,88 -j0,512 -j0,706 -j0,973

0,96 -j0,565 -j0,796 -j1,141

1,04 -j0,633 -j0,918 -j1,41

1,09 -j0,674 -j0,999 -j1,622

1,14 -j0,722 -j1,099 -j1,934

1,20 -j0,78 -j1,23 -j3,96

1,26 -j0,85 -j1,41 6,006 + j0,33

1,33 -j0,933 -j1,677 3,59 + j0,328

1,50 -j1,19 9,36 + j0,321 1,91 + j0,096

1,60 -j1,41 4,0 + j0,309 1,65 + j0,065

1,84 -j4,35 1,825 + j0,086 1,36 + j 0,029

2,18 2,29 + 
j0,145

1,39 + j0,034 1,21 + j0,0046

2,40 1,8 + j0,08 1,28 + j0,0015 1,15 + j0,0033

λ
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ÓÄÊ 621.396.677.831

Â.È. Ìàãðî, Â.Ì. Ìîðîçîâ, Î.Î. Ðèõòåð

             ÄÈÔÐÀÊÖÈß ÝËÅÊÒÐÎÌÀÃÍÈÒÍÛÕ ÂÎËÍ                      
ÍÀ ÏËÎÑÊÎÌ ÇÎÍÈÐÎÂÀÍÍÎÌ ÇÅÐÊÀËÅ

Ðàññìîòðåí îáùèé ïîäõîä ê àíàëèçó ÿâëåíèÿ äèôðàêöèè
íà ïëîñêîì çîíèðîâàííîì çåðêàëå. Àíàëèçèðóþòñÿ ôîêóñè-
ðóþùèå ñâîéñòâà äàííîé ñòðóêòóðû. Ýêñïåðèìåíòàëüíî
èññëåäîâàíà ñòðóêòóðà äèôðàãèðîâàííîãî ïîëÿ.

ÂÂÅÄÅÍÈÅ

Â ïîñëåäíåå âðåìÿ âîçðîñ èíòåðåñ ê àíòåííàì ñ
ïëîñêîé ðàáî÷åé ïîâåðõíîñòüþ [1, 2]. Äàííûå àíòåííû
ïîëó÷èëè ðàñïðîñòðàíåíèå â ïðèåìíûõ óñòàíîâêàõ ñèñ-
òåì ñïóòíèêîâîãî òåëåâèäåíèÿ. Â íåêîòîðûõ ñëó÷àÿõ îíè
ìîãóò êîíêóðèðîâàòü ñ òðàäèöèîííûìè ïàðàáîëè÷åñêèìè
àíòåííàìè. Èíòåðåñ ê òàêèì àíòåííàì îáóñëîâëåí èõ
îïðåäåëåííûìè êîíñòðóêòèâíûìè è ýêñïëóàòàöèîííûìè
ïðåèìóùåñòâàìè, íåâûñîêîé ñòîèìîñòüþ.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå õàðàêòå-
ðèñòèê àíòåííû ñ ïëîñêèì çîíèðîâàííûì çåðêàëîì.
Òàêóþ àíòåííó íàçûâàþò àíòåííîé Ôðåíåëÿ (ðèñ.1).

Ðèñóíîê 1

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È È ÀÍÀËÈÒÈ×ÅÑÊÎÅ 
ÐÅØÅÍÈÅ

Ðàññìîòðèì çàäà÷ó äèôðàêöèè ýëåêòðîìàãíèòíûõ
âîëí íà ïëîñêîé êîëüöåâîé ñòðóêòóðå ìåòîäîì èíòå-
ãðàëüíûõ óðàâíåíèé. Â îáùåì ñëó÷àå çàäà÷à äèôðàêöèè
ýëåêòðîìàãíèòíûõ âîëí íà èäåàëüíî ïðîâîäÿùåé íå-
çàìêíóòîé ïîâåðõíîñòè S ìîæåò ðàññìàòðèâàòüñÿ êàê
êðàåâàÿ çàäà÷à óðàâíåíèÿ Ãåëüìãîëüöà. Ïðè ýòîì èñêî-
ìàÿ ôóíêöèÿ (âåêòîð âòîðè÷íîãî ïîëÿ ) äîëæíà óäî-

âëåòâîðÿòü óðàâíåíèþ Ãåëüìãîëüöà, ãðàíè÷íûì óñëîâè-
ÿì, óñëîâèþ èçëó÷åíèÿ è óñëîâèþ íà ðåáðå.

Âîçìîæåí è äðóãîé ïîäõîä ê ðåøåíèþ ýòîé çàäà÷è, à
èìåííî,- ñâåäåíèå åå ê èíòåãðàëüíûì èëè èíòåãðî-

äèôôåðåíöèàëüíûì óðàâíåíèÿì äëÿ ïëîòíîñòè òîêà ,

íàâåäåííîãî íà ïîâåðõíîñòè S [3].

Ïóñòü ïîâåðõíîñòè  ïðåäñòàâëÿþò ñîáîé

ïëîñêèå êîëüöà   Îáîçíà÷èì

÷åðåç  è  öèëèíäðè÷åñêèå êîîð-

äèíàòû òî÷åê   è  

Ñîñòàâëÿþùèå  è  âåêòîðà ïëîòíîñòè òîêîâ,

íàâåäåííûõ íà ïîâåðõíîñòè  ðàçëîæèì â
ðÿäû Ôóðüå

Òàê êàê âòîðè÷íûé âåêòîðíûé ïîòåíöèàë A â òî÷êå
 â ðàññìàòðèâàåìîì ñëó÷àå ñîçäàåòñÿ òîêàìè, òåêó-

ùèìè êàê ïî , òàê è ïî îñòàëüíûì ïîâåðõíîñòÿì, òî
èìåþò ìåñòî ñîîòíîøåíèÿ
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Ôóíêöèÿ  ïðåäñòàâëÿåò ñîáîé êîýôôèöèåíòû

 ðàçëîæåíèÿ ôóíêöèè   â ðÿä Ôóðüå âèäà

Ïîñòîÿííûå  âûðàæàþòñÿ ÷åðåç ïî-

ñòîÿííûå  è . Ïîñòîÿííûå  è  îäíî-

çíà÷íî îïðåäåëÿþòñÿ èç óñëîâèé

(3)

ãäå -m-ÿ ãàðìîíèêà Ôóðüå ðàäèàëüíîé ñîñòàâëÿþùåé

âåêòîðà ïëîòíîñòè òîêîâ, íàâåäåííûõ íà ïîâåðõíîñòè .

×èñëåííîå âû÷èñëåíèå äâîéíûõ èíòåãðàëîâ âèäà (1),
(2) îò áûñòðîîñöèëëèðóþùèõ ôóíêöèé ñîïðÿæåíî ñ
íåêîòîðûìè òðóäíîñòÿìè. Ëèøü â ÷àñòíîì ñëó÷àå, êîãäà
ïëîñêàÿ âîëíà ïàäàåò ïî íîðìàëè ê ïëîñêîñòè, ãäå ðàñ-
ïîëîæåíû êîëüöà, óäàåòñÿ ïðèâåñòè èíòåãðàëû, ïîäîá-
íûå (1) è (2), ê îäíîêðàòíîìó. Ïîýòîìó â áîëüøèíñòâå
ïðàêòè÷åñêèõ ñëó÷àåâ öåëåñîîáðàçíî ðàññìàòðèâàòü
äàííóþ çàäà÷ó â ïðèáëèæåíèè ãåîìåòðè÷åñêîé îïòèêè.

Áóäåì ðàññìàòðèâàòü çîíàëüíóþ àíòåííó Ôðåíåëÿ.
Äàííàÿ àíòåííà ñòðîèòñÿ ïóòåì çàêðûòèÿ ïîëîâèíîê çîí
Ôðåíåëÿ, äàþùèõ ïðîòèâîôàçíûé âêëàä. Òîãäà óñëîâèå

êîãåðåíòíîãî ñëîæåíèÿ èçëó÷åíèé â ôîêóñå  áóäåò

 

ãäå   îòêóäà ðàäèóñû ÷åðåäóþùèõñÿ ïðîçðà÷-
íûõ è íåïðîçðà÷íûõ çîí

Ôîêóñíîå ðàññòîÿíèå çîíàëüíîé àíòåííû èçìåíÿåòñÿ ïî
çàêîíó

(4)

Òàêèì îáðàçîì, êàê ïðè èçìåíåíèè äëèíû âîëíû, òàê è
ïðè èçìåíåíèè ÷èñëà êîëåö, íàáëþäàåòñÿ èçìåíåíèå

ôîêóñíîãî ðàññòîÿíèÿ . Ðîëü âòîðîãî ñëàãàåìîãî âîç-

ðàñòàåò ñ óâåëè÷åíèåì äëèíû âîëíû, êîãäà ïåðâûé ÷ëåí
óìåíüøàåòñÿ, à âòîðîé óâåëè÷èâàåòñÿ. Åñëè âòîðîé ÷ëåí
âûðàæåíèÿ (3) ñòàíîâèòñÿ áîëüøå ïåðâîãî, òî àíòåííà

ïðåâðàùàåòñÿ â ðàññåèâàþùóþ. Ôîêóñíîå ðàññòîÿíèå

ðàâíî íóëþ, êîãäà  ò.å ïðè  äàííàÿ àíòåí-

íà ÿâëÿåòñÿ ðàññåèâàþùåé. Ïðè âûïîëíåíèè óñëîâèÿ

 çîíàëüíàÿ àíòåííà ÿâëÿåòñÿ ñîáèðàþùåé. Ñ
ó÷åòîì ââåäåííûõ îáîçíà÷åíèé âûðàæåíèå (3) ìîæíî
ïåðåïèñàòü â ñëåäóþùåì âèäå

Ñóùåñòâåííóþ ðîëü â ÷àñòîòíîé õàðàêòåðèñòèêå àíòåí-
íû Ôðåíåëÿ èãðàåò âåëè÷èíà îòíîñèòåëüíîé àïåðòóðû

, ãäå . Êàê ïîêàçàíî â [4] óñëîâèå íåñåëåê-
òèâíîñòè àíòåííû Ôðåíåëÿ èìååò âèä

.

ÐÅÇÓËÜÒÀÒÛ ÝÊÑÏÅÐÈÌÅÍÒÎÂ

Ýêñïåðèìåíòàëüíî èññëåäîâàíà ñòðóêòóðà äèôðàãèðî-
âàííîãî ïîëÿ íà àíòåííå Ôðåíåëÿ ñ ÷èñëîì êîëåö N=3,
5, 7, 10. Àíòåííà ðàññ÷èòàíà íà äèàïàçîí ÷àñòîò 10.7 …
11.7 ÃÃö. Èññëåäîâàíî ðàñïðåäåëåíèå èíòåíñèâíîñòè
ïîëÿ âäîëü îñè ñòðóêòóðû. Óñòàíîâëåíî, ÷òî ïîëîæåíèå
ìàêñèìóìà èíòåíñèâíîñòè íà ïðîäîëüíîé îñè çàâèñèò îò
äëèíû âîëíû (ðèñ 2). Èññëåäîâàíèå ñòðóêòóðû äèôðà-
ãèðîâàííîãî ïîëÿ ïîêàçàëî, ÷òî íàáëþäàåòñÿ íåêîòîðîå
ñìåùåíèå ôîêàëüíîé òî÷êè ("èñòèííîãî ôîêóñà"). Âû-
ïîëíåíî èññëåäîâàíèå ïîïåðå÷íîãî ðàñïðåäåëåíèÿ
àìïëèòóäû ïîëÿ â ïëîñêîñòè ôîêóñà (ðèñ. 3).

Ðèñóíîê 2 - Íîðìèðîâàííîå ðàñïðåäåëåíèå 
àìïëèòóäû äèôðàãèðîâàííîãî ïîëÿ I âäîëü îñè 

àíòåííû Z ïðè f = 10 ÃÃö; 10,25. ÃÃö; 10,5 ÃÃö 10,75 
Ããö; 11 ÃÃö; 11,25 Ãö 
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Ðèñóíîê - 3 - Íîðìèðîâàííîå ðàñïðåäåëåíèå 
àìïëèòóäû ïîëÿ I â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé ê 
îñè àíòåííû íà ðàññòîÿíèè Z = 0,75 ì, ïðè f = 10,25 

ÃÃö; 11 ÃÃö; 11,5 ÃÃö

Èçìåðåíà äèàãðàììà íàïðàâëåííîñòè ñòðóêòóðû ñ
N=3, 5, 7, 10. Ðåçóëüòàòû èçìåðåíèé ñîâïàäàþò ñ äàííû-
ìè ðàáîò [5, 6]. Óñòàíîâëåíî, ÷òî øèðèíà äèàãðàììû
íàïðàâëåííîñòè àíòåííû Ôðåíåëÿ ëåæèò â ïðåäåëàõ

. Èçìåðåíèÿ ïðîâåäåíû äëÿ ðàçëè÷íûõ òèïîâ îá-
ëó÷àòåëåé. Ìàêñèìàëüíûé êîýôôèöèåíò íàïðàâëåííîãî
äåéñòâèÿ ñîñòàâëÿë 19.6.

ÂÛÂÎÄÛ

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî ïðè óâåëè÷åíèè ÷èñëà
ýëåìåíòîâ N â àíòåííå Ôðåíåëÿ øèðèíà äèàãðàììû
íàïðàâëåííîñòè èçìåíÿåòñÿ íå ñóùåñòâåííî (íå áîëåå
÷åì íà 20 %), îäíàêî ïðè ýòîì ñóùåñòâåííî âîçðàñòàåò
âåëè÷èíà êîýôôèöèåíòà íàïðàâëåííîãî äåéñòâèÿ.

Óâåëè÷åíèå ÷èñëà ýëåìåíòîâ N â àíòåííå Ôðåíåëÿ
ïðèâîäèò ê íåêîòîðîìó ñóæåíèþ ðàáî÷åé ïîëîñû ÷àñòîò.
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Ðîçãëÿíóòî çàãàëüíèé ï³äõ³ä äî àíàë³çó ÿâèùà äèôðàêö³¿
íà ïëîñêîìó çîíîâàíîìó äçåðêàë³. Àíàë³çóþòüñÿ ôîêóñóþ÷³
âëàñòèâîñò³ äàíî¿ ñòðóêòóðè. Åêñïåðèìåíòàëüíî äîñë³ä-
æåíà ñòðóêòóðà äèôðàãîâàíîãî ïîëÿ.

The general approach to analysis of diffraction problems on
sounded Fresnel antenna is considered. The frequency charac-
teristics of Fresnel antenna are analyzed. The radiation char-
acteristics of Fresnel antenna are considered.

ÓÄÊ 537.813

Â.Ì. Îíóôð³ºíêî

         ÑÊÅÉË²ÍÃÎÂ² ÂËÀÑÒÈÂÎÑÒ² ÐÎÇÏÎÄ²Ë²Â ÇÀÐßÄ²Â              
Ó ÍÀÍÎÏÎÊÐÈÒÒßÕ ÏÎÂÅÐÕÎÍÜ

Ðîçðîáëåíà ìîäåëü íåîäíîð³äíî¿ ïîâåðõí³ ôðàêòàëüíîãî
íàíîïîêðèòòÿ çàñòîñîâóºòüñÿ äëÿ çâåäåííÿ çàäà÷³ ïðî
ðîçïîä³ë çàðÿä³â íà ñêëàäíèõ ãåîìåòðè÷íèõ íîñ³ÿõ äî çàäà÷
ïðî  -ðîçïîä³ë ïðîåêö³é íà îäíîð³äíó ïîâåðõíþ òîíêèõ
ïë³âîê ç ãåîìåòðè÷íèìè ôðàêòàëüíèìè ñèíãóëÿðíîñòÿìè.
Óçàãàëüíåíî ìîäåëü äëÿ âèçíà÷åííÿ ìóëüòèôðàêòàëüíî¿
ì³ðè çàðÿäó ó âèãëÿä³ ìîìåíòó ç â³äïîâ³äíèì ïîêàçíèêîì
ôðàêòàëüíîñò³ òà ïîðÿäêîì, ùî âèçíà÷àþòüñÿ ÷åðåç
ïîêàçíèê Ãîëüäåðà. Ðåçóëüòàòè ðîáîòè ìîæóòü âèêîðèñòî-
âóâàòèñü äëÿ ðîçâ'ÿçóâàííÿ çàäà÷ ïðî óïðàâë³ííÿ åëåêòðè÷-
íèì ïîëåì çà ðàõóíîê âàð³þâàííÿ ñêåéë³íãîâîãî ïîêàçíèêà ó
õâèëåâîäíèõ ñèñòåìàõ ç ïîâåðõíåâèì íàíîïîêðèòòÿì.

ÂÑÒÓÏ

Â³äîì³ äîñë³äæåííÿ åíåðãåòè÷íèõ ñïåêòð³â åëåêòðîí³â
íà îäíîð³äíèõ ïîâåðõíÿõ òîíêèõ ïë³âîê (äèâ., íàïðè-
êëàä,[1]) äåìîíñòðóþòü ö³ëó ãàìó ðîçì³ðí³ñíèõ åëå-
êòðîííèõ åôåêò³â, êîëè âëàñòèâîñò³ îá'ºêò³â ïî÷èíàþòü

çàëåæàòè â³ä ðÿäó õàðàêòåðèñòè÷íèõ ðîçì³ð³â ïðè
íàáëèæåíí³ ðîçì³ð³â îá'ºêò³â äî äîâæèíè õâèë³ Äå
Áðîéëÿ (êâàíòîâ³ ïë³âêè, íèòêè, òî÷êè ³ ò.ï.). Îäíàê,
êëàñè÷í³ ðîçì³ðí³ åôåêòè âèÿâëÿþòüñÿ ³ ó âèïàäêàõ
çíà÷íî á³ëüøèõ ðîçì³ð³â îá'ºêò³â ïîêðèòòÿ ³ç çàñòîñó-
âàííÿì âèñîêîäèñïåðñíèõ ÷àñòèíîê, ñòðóêòóðà êîòðèõ
óòâîðþºòüñÿ çà ðàõóíîê âèêîðèñòàííÿ ïîðîøêîâèõ òåõ-
íîëîã³é âèãîòîâëåííÿ êîíñòðóêö³éíèõ òà ìàãí³òíèõ
ìàòåð³àë³â, êåðàì³÷íèõ êîìïîçèö³é ³ ò.ä. Ìàë³ ÷àñòèíêè
ìàþòü ðîçâèíóò³ ãðàíèö³ ðîçä³ëó òà âèñîêó êðèâèçíó
â³ëüíèõ ïîâåðõîíü. Àäñîðáö³éí³ ïðîöåñè íà òàêèõ
ïîâåðõíÿõ ìîæóòü ñèëüíî âïëèâàòè íà ðàä³îô³çè÷í³
âëàñòèâîñò³ òàêèõ îá'ºêò³â.

Ðàä³îô³çè÷íà íàóêà âèìàãàº íà ñó÷àñíîìó åòàï³
ðîçâèòêó óñå á³ëüøî¿ òî÷íîñò³ ó ïîñòàíîâêàõ çàäà÷ ïðî
âèêîðèñòàííÿ âçàºìîä³¿ åëåêòðîìàãí³òíîãî ïîëÿ ç ãåîìåò-
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ðè÷íî òà ñòðóêòóðíî íåîäíîð³äíèìè ïîâåðõíÿìè, ãåòåðî-
ãåíí³ñòü ÿêèõ îáóìîâëþºòüñÿ âèõîäîì íà ïîâåðõíþ
ãðàíåé êðèñòàë³â ç íåîäíàêîâîþ õ³ì³÷íîþ àêòèâí³ñòþ ó
â³äíîøåíí³ äî çîâí³øíüîãî ñåðåäîâèùà. Òàêó íåîäíîð³ä-
í³ñòü óòâîðþþòü òàêîæ âèõîäè äèñëîêàö³é òà ³íøèõ
ìàêðîñêîï³÷íèõ äåôåêò³â, ùî âèíèêàþòü ó ïðîöåñ³ âèíè-
êíåííÿ ïîâåðõí³ àáî çà ³íøèõ àêòèâíèõ âïëèâ³â
(ñòóï³í÷àòèé ð³ñò, ïîðè, ì³êðîòð³ùèíè òà ³í.).

Ðîçóì³ííÿ ðåàëüíî¿ ïîâåðõí³ çàçâè÷àé ïîâ'ÿçóºòüñÿ ç
ìîäåëëþ øàðóâàòî¿ ñòðóêòóðè òâåðäîãî ò³ëà (ìåòàëó)
àáî íàï³âïðîâ³äíèêà, ïîêðèòîãî ïë³âêîþ âëàñíîãî îêèñ-
ëó - ä³åëåêòðèêà. Àòîìí³, ³îíí³ òà åëåêòðîíí³ ïðîöåñè,
ùî â³äáóâàþòüñÿ ïðè çîâí³øí³õ ä³ÿõ - äåôîðìàö³¿,
íàêëàäàííÿ åëåêòðîìàãí³òíèõ ïîë³â, àäñîðáö³¿ òà ³í., ó
áàãàòüîõ âèïàäêàõ âèçíà÷àþòü ôóíêö³îíóâàííÿ ïåðåðà-
õîâàíèõ ñòðóêòóð ó ð³çíîìàí³òíèõ ñèñòåìàõ ì³êðî-,
îïòî- òà àêóñòîåëåêòðîí³êè. Âèá³ð ô³çè÷íî¿ ìîäåë³ ïî-
âåðõí³ â³ä³ãðàº çíà÷íó ðîëü ó ñó÷àñí³é íàíî- òà ìîëåêó-
ëÿðí³é åëåêòðîí³ö³, êîëè ô³çèêà òàêèõ ñèñòåì ñòàº
íåàäåêâàòíîþ ô³çèö³ ìàñèâíèõ òâåðäèõ ò³ë, à ïðîáëåìè
ïîâåðõíåâèõ ÿâèù íàáóâàþòü âñå á³ëüøî¿ àêòóàëüíîñò³.

Íàéïðîñò³øîþ ìîäåëëþ îïèñó âëàñòèâîñòåé ïîâåðõí³
âçàºìîä³¿ ïîëÿ ç ðå÷îâèíîþ º, çâè÷àéíî, ìîäåëü îäíî-
ð³äíî¿ ïîâåðõí³. Çà ö³ºþ ìîäåëëþ ïîêëàäàºòüñÿ îäíîð³ä-
í³ñòü ³ óñ³õ ô³çè÷íèõ âëàñòèâîñòåé ó ïëîùèí³ ïîâåðõí³
(õ,ó). Òàêà ïîâåðõíÿ õàðàêòåðèçóºòüñÿ ñåðåäí³ìè
åôåêòèâíèìè çíà÷åííÿìè åëåêòðè÷íîãî ïîëÿ, ïîâåðõíå-
âîãî çàðÿäó, ïîòåíö³àëó ³ ò. ä. Ðîçãëÿäàºòüñÿ ò³ëüêè
çì³íà öèõ ô³çè÷íèõ ïàðàìåòð³â ïî íîðìàë³ äî ïîâåðõí³,
çà ðàõóíîê ÷îãî çàäà÷à ç òðèâèì³ðíî¿ ïåðåòâîðþºòüñÿ â
îäíîâèì³ðíó. Ïåðåõ³ä äî ñèñòåì ç³ çíèæåíîþ ðîçì³ðí³-
ñòþ (êëàñòåðè ðå÷îâèíè, íèòêîïîä³áí³ ñòðóêòóðè, òîíê³
ïë³âêè: íóëü-, îäíî- òà äâîâèì³ðí³ ñòðóêòóðè ì³êðî- òà
íàíîåëåêòðîí³êè), êîëè ðîçì³ðè íåîäíîð³äíèõ îá'ºêò³â
íàáëèæàþòüñÿ äî õàðàêòåðèñòè÷íèõ äîâæèí ïîëÿ âçà-
ºìîä³¿ (äîâæèíà õâèë³, òîâùèíà ñê³í-øàðó òà ³í.) äåìîí-
ñòðóº íàñê³ëüêè ãðóáèì ìîæå áóòè ó ðÿä³ âèïàäê³â
íàáëèæåííÿ îäíîð³äíî¿ ïîâåðõí³, ó çâ'ÿçêó ç ÷èì âèíè-
êàº ïèòàííÿ ïðî ïðàâîì³ðí³ñòü çàñòîñóâàííÿ òàêîãî ï³ä-
õîäó. Ñòàº çðîçóì³ëèì, ùî ãîâîðÿ÷è ïðî ïîâåðõíþ, ñë³ä
ðîçãëÿäàòè ¿¿ íå ÿê ãåîìåòðè÷íó ïëîùèíó (õ,ó), à ÿê  -
âèì³ðíó ïîâåðõíåâó ôàçó, ðÿä ô³çè÷íèõ âëàñòèâîñòåé
ÿêî¿ â³äì³ííèé â³ä îá'ºìíèõ. Ó çâ'ÿçêó ç öèì àêòóàë³çóº-
òüñÿ çàñòîñóâàííÿ ñïåö³àëüíèõ ìàòåìàòè÷íèõ ìåòîä³â
[2;3] ç âèêîðèñòàííÿì ïðèéîì³â ôðàêòàëüíîãî ãåîìåò-
ðè÷íîãî àíàë³çó [4] òà àïàðàòó äðîáîâîãî ³íòåãðîäè-
ôåðåíö³àëüíîãî ÷èñëåííÿ [5].

Çàïðîïîíîâàíà ó ðîáîòàõ (äèâ., íàïðèêëàä,[6]) ìî-
äåëü íåîäíîð³äíî¿ ïîâåðõí³ çàñòîñîâóºòüñÿ äàë³ äëÿ
çâåäåííÿ ñêëàäíî¿ çàäà÷³ ïðî ðîçïîä³ë çàðÿä³â ³ ñòðóì³â
íà ôðàêòàëüíèõ ãåîìåòðè÷íèõ íîñ³ÿõ äî çàäà÷ ïðî  -
ðîçïîä³ë ïðîåêö³é íà îäíîð³äíó ïîâåðõíþ òîíêèõ ïë³âîê
ç ãåîìåòðè÷íèìè ôðàêòàëüíèìè ñèíãóëÿðíîñòÿìè.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×²

Ç äîñë³äæåííÿì åëåêòðîìàãí³òíîãî ïîëÿ ó ìàòåð³àëü-
íîìó ñåðåäîâèù³ ó âèãëÿä³ íàíîøàð³â ìîæëèâèé ðîçãëÿä
äâîõ îñíîâíèõ çàäà÷. Ç îäíîãî áîêó, ìîæëèâà ïðÿìà

âçàºìîä³ÿ ïîëÿ ç ìàòåð³àëîì, íàñò³ëüêè ñèëüíà, ùî ó
ìàòåð³àë³ âèíèêàþòü çàëèøêîâ³ çì³íè àáî ïîøêîäæåííÿ.
Ç ³íøîãî áîêó, âçàºìîä³ÿ ìîæå áóòè äîñòàòíüî ñëàáêîþ ³
âèêëèêàòè ò³ëüêè îáîðîòí³ çì³íè, çà ÿêèõ âñòàíîâëþ-
þòüñÿ íîâ³ òèì÷àñîâ³ óìîâè ð³âíîâàãè ó ì³êðîñêîï³÷í³é
ñòðóêòóð³ ìàòåð³àëó. Â îñòàííüîìó âèïàäêó â³äáóâà-
þòüñÿ çì³íà óñåðåäíåíèõ åëåêòðîìàãí³òíèõ ïîë³â âñå-
ðåäèí³ òà çîâí³ ò³ëà, âèì³ðþâàííÿ êîòðèõ äîçâîëÿº çðî-
áèòè âèñíîâêè ïðî ìàêðîñêîï³÷í³ åëåêòðè÷í³ õàðàêòå-
ðèñòèêè ìàòåð³àëüíîãî ñåðåäîâèùà.

Ìàñøòàá ì³êðîñêîï³÷íî¿ ñòðóêòóðè âèçíà÷èìî äåÿêîþ

äîâæèíîþ (ä³àìåòðîì) , ùî õàðàêòåðèçóº ïðîñòîðî-
âèé ðîçïîä³ë ÷àñòèíîê, ìîäåëëþ ÿêèõ âèñòóïàº òî÷êîâà
ìíîæèíà. Âèá³ð ÷èñëîâîãî çíà÷åííÿ ö³º¿ äîâæèíè ó
çíà÷í³é ì³ð³ çàëåæèòü â³ä òèïó òà ñòðóêòóðè ðîçãëÿ-
äóâàíîãî ìàòåð³àëó. Ó òâåðäèõ òà ð³äêèõ ä³åëåêòðèêàõ

 ìîæå ïðåçåíòóâàòè ì³æàòîìí³ òà ì³æìîëåêóëÿðí³
â³äñòàí³. Äëÿ ìàòåð³àë³â, ó êîòðèõ ñåðåäíÿ äîâæèíà
â³ëüíîãî ïðîá³ãó âèçíà÷àº ïðîöåñ ïðîâ³äíîñò³, òîáòî äëÿ

ìåòàë³â, ãàç³â ³ ïëàçìè,  ïðåçåíòóº ñåðåäíþ äîâæèíó
â³ëüíîãî ïðîá³ãó. Ó êëàñè÷íîìó ï³äõîä³ äëÿ âèì³ðþâà-
ííÿ ïðîòÿæíîñò³ ì³êðîñêîï³÷íî¿ ñòðóêòóðè îáèðàþòü

ìàñøòàáîì äîâæèíó  ì. Ðîçä³ëåííÿ âíó-

òð³øíüî¿ îáëàñò³ òâåðäîãî àáî ð³äêîãî ñåðåäîâèùà íà

êóá³÷í³ êîì³ðêè ç³ ñòîðîíîþ  óòâîðþº ïîêðèòòÿ îáëà-

ñò³ êîì³ðêàìè, ùî ì³ñòÿòü ó ñîá³  ÷àñòè-

íîê. Ìîæíà òàêîæ ðîçä³ëèòè òîíêèé øàð íà ìåæ³ îäíîãî
³ç ñåðåäîâèù íà ïîâåðõíåâ³ êîì³ðêè îá'ºìîì

, ó ÿêîìó ì³ñòèòüñÿ    ÷àñòè-

íîê. Äëÿ òâåðäèõ ò³ë ³ ð³äèí ì, à

äëÿ áóäü ÿêîãî ãàçó çà íîðìàëüíîãî òèñêó ³ òåìïåðàòóðè

ì. Òàêèì ÷èíîì, çà íîðìàëüíèõ çíà÷åíü

òåìïåðàòóðè òà òèñêó êîì³ðêà äëÿ ãàç³â çíà÷íî á³ëüøà,
í³æ ó ð³äèí ³ òâåðäèõ ò³ë, àëå âñå æ ìàëà ïîð³âíÿíî ç
ìàêðîñêîï³÷íèìè â³äñòàíÿìè. Îäíàê äëÿ ðîçð³äæåíèõ
ãàç³â àáî ðîçð³äæåíî¿ ïëàçìè, íàïðèêëàä, çà òèñêó â 0,01
ìì ðò. ñò. äîâæèíà â³ëüíîãî ïðîá³ãó äîð³âíþº 1 ñì ³ º
ïîð³âíþâàíîþ ç ìàêðîñêîï³÷íèìè â³äñòàíÿìè.

Ùîá ñïðîñòèòè âèçíà÷åííÿ ìàêðîñêîï³÷íèõ òî÷íèõ
õàðàêòåðèñòèê åëåêòðè÷íèõ òà ìåõàí³÷íèõ âëàñòèâîñòåé
ñåðåäîâèùà äîö³ëüíî ìàòåìàòè÷íî ìîäåëþâàòè éîãî â³ä-
ïîâ³äí³ ì³êðîñêîï³÷í³ õàðàêòåðèñòèêè. Ïðàêòè÷íî êîæíà
ñòðóêòóðíà îäèíèöÿ çàì³íþºòüñÿ ñóïåðïîçèö³ºþ ¿¿ åëå-
ìåíòàðíèõ õàðàêòåðèñòèê, ëîêàë³çîâàíèõ ó òî÷ö³, ùî
ïðåçåíòóº ñòàòèñòè÷íå ïîëîæåííÿ ñïîêîþ. Äî òàêèõ õà-
ðàêòåðèñòèê â³äíîñÿòüñÿ ìàñà, çàðÿä, åëåêòðè÷íèé äè-
ïîëüíèé ìîìåíò, ìàãí³òíèé äèïîëüíèé ìîìåíò, åëåêòðè-
÷íèé êâàäðóïîëüíèé ìîìåíò òà ³í. Íàá³ð õàðàêòåðèñòèê,
ùî âõîäÿòü ó ïðåäñòàâëåííÿ ñòðóêòóðíî¿ îäèíèö³ êîæ-
íîãî âèäó, çàëåæèòü â³ä ¿¿ ì³êðîñêîï³÷íî¿ ñòðóêòóðè òà
íåîáõ³äíî¿ òî÷íîñò³ ìàêðîñêîï³÷íîãî îïèñó ñåðåäîâèùà.

Íà â³äì³íó â³ä ì³êðîñêîï³÷íî¿ òåîð³¿ ñåðåäîâèùà, äå
ðîçãëÿäàþòüñÿ âåëèê³ ÷èñëà äèñêðåòíèõ àòîì³â òà ìîëå-
êóë ð³çíî¿ ñòðóêòóðè ³ ð³çíèõ õàðàêòåðèñòèê, ìàêðî-
ñêîï³÷íà òåîð³ÿ ìàº ñïðàâó ò³ëüêè ³ç ñåðåäí³ìè
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Â.Ì. Îíóôð³ºíêî:  ÑÊÅÉË²ÍÃÎÂ² ÂËÀÑÒÈÂÎÑÒ² ÐÎÇÏÎÄ²Ë²Â ÇÀÐßÄ²Â Ó ÍÀÍÎÏÎÊÐÈÒÒßÕ 
ÏÎÂÅÐÕÎÍÜ

çíà÷åííÿìè òà åôåêòàìè. ßêùî ì³êðîñêîï³÷í³ õàðàêòå-
ðèñòèêè ñëàáî çì³íþþòüñÿ íà â³äñòàíÿõ, âåëèêèõ ó
ïîð³âíÿíí³ ³ç ñåðåäíüîþ äîâæèíîþ â³ëüíîãî ïðîá³ãó (çà
âèêëþ÷åííÿì âèïàäê³â ïåðåõîäó ÷åðåç ìåæó ì³æ ð³ç-
íèìè ìàòåð³àëàìè, äå ìàº ì³ñöå øâèäêà çì³íà), òî â³äïî-
â³äí³ óñåðåäíåí³ ìàêðîñêîï³÷í³ õàðàêòåðèñòèêè ìîæíà
ïðåäñòàâëÿòè äâîìà ñèñòåìàìè ïîâ³ëüíî çì³íþâàíèõ
ôóíêö³é ù³ëüíîñò³: îäíà (ñèñòåìà îá'ºìíèõ ãóñòèí)
õàðàêòåðèçóº âíóòð³øí³ òî÷êè çàïîâíåíî¿ ìàòåð³àëîì
îáëàñò³, à äðóãà (ñèñòåìà ïîâåðõíåâèõ ãóñòèí) âðàõîâóº
îñîáëèâ³ óìîâè øâèäêèõ çì³í ó ïåðåõîäàõ ÷åðåç òîíêó
ìåæó íà ïîâåðõí³ ñåðåäîâèùà àáî ÷åðåç ìåæîâèé øàð.

Íåîáõ³äíå ãåîìåòðè÷íå çãëàäæóâàííÿ êîíòóð³â òà
ïîâåðõîíü, ùî âèíèêàº ó êëàñè÷íîìó ï³äõîä³ äî âèì³ðþ-
âàííÿ ïðîòÿæíîñò³ ãëàäêèõ àáî êóñêîâî-ãëàäêèõ ë³í³é òà
ïîâåðõîíü, ïðèçâîäèòü äî àëãåáðà¿÷íîãî âèçíà÷åííÿ ãðà-
íèöü äîâæèí âïèñàíèõ ó êîíòóð ïðÿìîë³í³éíèõ â³äð³ç-
ê³â, ùî äàº ìîæëèâ³ñòü âèçíà÷àòè äèôåðåíö³àë ãëàäêî¿
ë³í³¿ òà ¿¿ äîâæèíó çàñòîñóâàííÿì ôîðìóë ³íòåãðóâàííÿ.
Ñïðîáè çàïðîâàäæåííÿ òàêîãî ï³äõîäó ó çàäà÷àõ âèì-
³ðþâàííÿ ïðîòÿæíîñò³ òî÷êîâèõ ìíîæèí, "øîðñòêèõ",
ñèëüíî ïîð³çàíèõ, ïîðèñòèõ êîíòóð³â ïðèçâîäèòü äî íàñ-
òóïíîãî: äîâæèíà òàêèõ òîïîëîã³÷íî îäíîâèì³ðíèõ ìíî-
æèí äîð³âíþº íåñê³í÷åííîñò³, à ïëîùà - íóëþ, äëÿ ³í-
øèõ ìíîæèí ïëîùà äîð³âíþº íåñê³í÷åííîñò³, à îá'ºì -
íóëþ. Çâè÷àéíî, öÿ ïðîáëåìà âèíèêàº ³ ó ñïðîáàõ çàñòî-
ñóâàííÿ êëàñè÷íîãî àíàë³çó äëÿ âèçíà÷åííÿ ïðîòÿæíîñò³
ìíîæèí çàðÿä³â ³ ñòðóì³â ó ñèëüíî ñòðóêòóðîâàíèõ
ñåðåäîâèùàõ, âêëþ÷åííÿ ÿêèõ ìàþòü âåëèê³ ê³ëüêîñò³
÷àñòèíîê ðå÷îâèíè, ðîçä³ëåíèõ ïðîñòîðîâî íà â³äñòàí³,
ïîð³âíþâàí³ ç ä³àìåòðîì âèä³ëåíî¿ íåîäíîð³äíîñò³.

Ïîíÿòòÿ ôðàêòàëüíî¿ ðîçì³ðíîñò³  ³ ôðàêòàëüíî¿ ì³-

ðè  áàçóþòüñÿ íà îçíà÷åíí³ Õàóñäîðôà - Áåçèêîâè÷à,
öåíòðàëüíå ì³ñöå ó ÿêîìó çàéìàº ïîíÿòòÿ â³äñòàí³ ì³æ
òî÷êàìè ó ïðîñòîð³. Äëÿ âèçíà÷åííÿ ðîçì³ðíîñò³ ôðàê-
òàëüíî¿ ñèëüíî ñòðóêòóðîâàíî¿ ïë³âêè ç ð³çíèì ïîòî÷êî-
âèì ðîçïîä³ëîì çàðÿäó ïîêðèºìî ¿¿ ïðîñòèìè êîìïàêòà-
ìè (ïðÿìîë³í³éíèìè â³äð³çêàìè, êâàäðàòàìè, ïðÿìîêóò-
íèêàìè, êðóãàìè) ç ïîäàëüøèì âèì³ðþâàííÿì â³äñòàí³
ì³æ íèìè.

ÌÓËÜÒÈÔÐÀÊÒÀËÜÍÀ Ì²ÐÀ ÇÀÐßÄ²Â

Îá'ºäíàííÿ ôðàêòàë³â ð³çíèõ ðîçì³ðíîñòåé (ìóëüòè-
ôðàêòàë³â) ìàþòü íåòðèâ³àëüí³ âëàñòèâîñò³ ó ïîð³âíÿíí³
ç ôðàêòàëàìè. Âèçíà÷èìî òàê çâàíó ìóëüòèôðàêòàëüíó
ì³ðó ðîçïîä³ë³â çàðÿä³â ³ ñòðóì³â íà ôðàêòàëüíîìó
ãåîìåòðè÷íîìó íîñ³þ ó âèãëÿä³ íàíîïîêðèòòÿ ïëîùèíè.

Çàñòîñóâàííÿ ðîçáèòòÿ íà ã³ïåðêóáè ç ðåáðîì  ç ïî-

äàëüøèì ï³äðàõóâàííÿì ÷èñëà  êóá³â, ùî ì³ñòÿòü â

óñÿêîìó ðàç³ îäíó òî÷êó ìíîæèíè  äàº ãðóáó îö³íêó

ì³ðè ìíîæèíè, à ÷èñëî  íå íåñå ó ñîá³ í³ÿêî¿
³íôîðìàö³¿ ïðî ñòðóêòóðí³ îñîáëèâîñò³ òàêî¿ ìíîæèíè.
Âèõ³ä ç òàêî¿ ñèòóàö³¿ çàïðîïîíîâàíî ó âèãëÿä³
çàñòîñóâàííÿ çãîðòàííÿ ì³ðè òà ðîçãëÿäó íåîäíàêîâî¿
ìàñøòàáíîñò³ ìíîæèíè (äèâ., íàïðèêëàä, [7]).

Íåõàé ôðàêòàëüíà ìíîæèíà çàðÿäó , ùî ñêëàäàº-

òüñÿ ç  òî÷êîâèõ çàðÿä³â, ìàº â -ò³é êîì³ðö³ ðîçáèòòÿ

 òî÷êîâèõ çàðÿä³â, ùî â³äîáðàæàþòü ðîçïîä³ë ì³ðè íà

ìíîæèí³. Äëÿ -òî¿ êîì³ðêè ââåäåìî â³äíîñíó ãóñòèíó

 ³ ïîáóäóºìî ì³ðó çàðÿäó ó âèãëÿä³ ìîìåíòó

ç ïîêàçíèêîì  òà ïîðÿäêîì :

 

Òàêà ì³ðà õàðàêòåðèçóºòüñÿ ïîêàçíèêîì 
òàêèì, ùî âîíà íå ïåðåòâîðþºòüñÿ â íóëü ³ íåñê³í÷åí-
í³ñòü, êîëè .

Çâàæåíå ÷èñëî êîì³ðîê ïîêðèòòÿ äîð³âíþº

,

çâ³äêè çíàõîäèòüñÿ ïîêàçíèê

. (1)

Íóëüîâå çíà÷åííÿ ìîìåíòó çàðÿäó äàº 

- ÷èñëî êîì³ðîê, ùî óòâîðþþòü ïîêðèòòÿ, à  - ôðàê-

òàëüíà ðîçì³ðí³ñòü ìíîæèíè çàðÿäó.

Âèá³ð âåëèêèõ çíà÷åíü ó âèðàç³  ñïðèÿº óðàõó-
âàííþ ãóñòèíè çàðÿäó ç â³äíîñíî á³ëüøèìè çíà÷åííÿìè

 (äëÿ  òà , ) Íàâïàêè, âèá³ð

  ï³äâèùóº óðàõóâàííÿ âêëàäó êîì³ðîê ç â³äíîñíî

ìàëèìè çíà÷åííÿìè ì³ðè .

Äëÿ ãðàíè÷íèõ çíà÷åíü :

à ó çàãàëüíîìó âèïàäêó ïîêàçíèê Ë³ïøèöÿ-Ãîëüäåðà

 (äèâ., íàïðèêëàä, [7]).

Ïîñë³äîâí³ñòü ïîêàçíèê³â  çâ'ÿçóºòüñÿ ç êðèâîþ

çíà÷åíü ïîêàçíèêà  çàãàëüíîþ ôóíêö³îíàëüíîþ çàëåæ-
í³ñòþ . Äëÿ ôðàêòàëüíèõ ï³äìíîæèí ç ôðàêòàëü-

íîþ ðîçì³ðí³ñòþ  ÷èñëî â³äð³çê³â äîâæèíîþ , íå-

îáõ³äíå äëÿ ïîêðèòòÿ ìíîæèíè  ç ³íäåêñîì   â

³íòåðâàë³ ( ) äîð³âíþº

,

äå  - ÷èñëî ìíîæèí â³ä  äî . Ì³ðà
ìíîæèíè çàðÿä³â

.
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²íòåãðàë ó ïðàâ³é ÷àñòèí³ ìàæîðóºòüñÿ ³íòåãðàëîì ç
çàì³íîþ ï³ä³íòåãðàëüíîãî âèðàçó ìàêñèìàëüíèì çíà÷åí-
íÿì, òàêèì, äëÿ ÿêîãî

. (2)

Îòæå, ³íòåãðàëüíèé âèðàç äëÿ  âèçíà÷àºòüñÿ
àñèìïòîòè÷íîþ ôîðìóëîþ

Ì³ðà  çàëèøàºòüñÿ ñê³í÷åííîþ ó ãðàíèö³ ïðè

, êîëè

, (3)

äå  - ðîçâ'ÿçîê ð³âíÿííÿ (2). Òàêèì ÷èíîì, ïîêà-

çíèê  ôðàêòàëüíîñò³ çàðÿäó âèçíà÷àºòüñÿ ÷åðåç ïîêàç-

íèê Ë³ïøèöÿ-Ãîëüäåðà  ³ ôðàêòàëüíó ðîçì³ðí³ñòü
  ìíîæèíè íîñ³ÿ öüîãî ïîêàçíèêà.

Âèêîðèñòàííÿ (2) òà (3) äëÿ â³äîìîãî ïîêàçíèêà
 íàäàº ìîæëèâ³ñòü âèçíà÷èòè ïîêàçíèê Ë³ïøèöÿ-

Ãîëüäåðà òà :

 (4)

Ôîðìàëüíî ð³âíÿííÿ (4) çàäàþòü ïåðåòâîðåííÿ Ëå-

æàíäðà â³ä íåçàëåæíèõ çì³ííèõ  äî íåçàëåæíèõ

çì³ííèõ . Âîíè âèçíà÷àþòü ïàðàìåòðè÷íå ïðåä-

ñòàâëåííÿ êðèâî¿  - ôðàêòàëüíî¿ ðîçì³ðíîñò³ íîñ³ÿ
ñèíãóëÿðíîñòåé çàðÿäó ç ïîêàçíèêîì Ë³ïøèöÿ-Ãîëüäåðà.

Äëÿ óçàãàëüíåííÿ ìîäåë³ ôðàêòàëüíîãî çàðÿäó 

ðîçãëÿíåìî éîãî êîíñòðóêö³þ íà ìíîæèí³ ç ïåðåòâîðå-

ííÿì ïîä³áíîñò³  òàêèì, ùî ìàº ì³ñöå

ïðåäñòàâëåííÿ   ç ïî-

ïàðíèì íåïåðåòèíîì . Âèáåðåìî òàêå ìàëå äîäàòíå

÷èñëî , ùîá ïîïàðíî íå ïåðåòèíàëèñü äèëàòàö³¿

.

ßêùî - ê³ëüê³ñòü êóëü ç ðàä³óñîì , íåîáõ³-

äíèõ äëÿ ïîêðèòòÿ çàðÿäó , òî äëÿ   ìàºìî

.

Çà äîïîìîãîþ -ïîêðèòòÿ ìíîæèíè  ïåðå-

òâîðþºòüñÿ â  - ïîêðèòòÿ  ç êîåô³ö³ºíòàìè ïîä³á-

íîñò³ . Îòæå,

,

ùî ç óðàõóâàííÿì   ìîæíà ïåðåòâîðèòè â

 àáî  

.

ßêùî óñ³  ïåðåòâîðåíü 

íàëåæàòü ³íòåðâàëó (0;1), òî ðîçâ'ÿçîê îñòàííüîãî ð³â-

íÿííÿ íàçèâàþòü ðîçì³ðí³ñòþ ïîä³áíîñò³ ìíîæèíè .

Ïðè öüîìó çí³ìàºòüñÿ âèìîãà ïðî íåïåðåòèíí³ñòü 
³ ïèòàííÿ ïðî ðîçì³ðí³ñòü ôðàêòàëüíî¿ ìíîæèíè ç
ðîçáèòòÿì íà ñóì³æí³ ï³äìíîæèíè ç òî÷êîâèìè çàðÿäàìè
íà ñï³ëüí³é ãðàíèö³ ï³äìíîæèí çà ðàõóíîê òîãî, ùî -
ì³ðà Õàóñäîðôà óñ³õ ïîïàðíî ïåðåòèííèõ ìíîæèí
äîð³âíþº íóëþ.

Âèçíà÷èìî âëàñòèâîñò³ ðîçïîä³ëó ìóëüòèôðàêòàëüíî¿

ì³ðè  äîäàòíèõ òî÷êîâèõ çàðÿä³â, ðîçïîä³ëåíèõ íà

íîñ³þ  ó âèãëÿä³ êàíòîðîâî¿ ìíîæèíè, ïîáóäîâàíî¿ çà
íàñòóïíèì àëãîðèòìîì. Ó - ìó ïîêîë³íí³ êîæíèé ç
â³äð³çê³â ä³ëèòüñÿ íà äâ³ ÷àñòèíè - ìåíøó, ç â³äíîñíîþ

äîâæèíîþ , òà á³ëüøó - ç â³äíîñíîþ äîâæèíîþ , à

ñåðåäíÿ ÷àñòèíà - âèð³çàºòüñÿ. Ìåíø³é ÷àñòèí³ ñòàâèòüñÿ

ó â³äïîâ³äí³ñòü ÷àñòêó  ì³ðè ïîïåðåäíüîãî n-ãî ïîêî-

ë³ííÿ, à á³ëüø³é ÷àñòèí³ - ÷àñòêó  ò³º¿ æ ì³ðè.

Ó n-íîìó ïîêîë³íí³ ìàºìî ( )  â³äð³çê³â ç äîâæèíîþ

 ³ çàðÿäîì , à ì³ðà   âèçíà-

÷àºòüñÿ ÿê

.

Öÿ ì³ðà º ñê³í÷åííîþ ç  ó òîìó ³

ò³ëüêè òîìó âèïàäêó, ÿêùî âèáèðàòè , äå 
- ðîçâ'ÿçîê ð³âíÿííÿ

.

Äëÿ òî÷êîâîãî ôðàêòàëüíîãî çàðÿäó 

äîäàòíîãî ( ) àáî â³ä'ºìíîãî

( ), çîñåðåäæåíîãî íà ôðàê-

òàëüí³é ìíîæèí³ òî÷îê â³äð³çêó ó ðîçãëÿäóâàíîìó
ìóëüòèïë³êàòèâíîìó á³íîì³àëüíîìó ïðîöåñ³, ÷èñëî
â³äð³çê³â ïîêðèòòÿ ç äîâæèíîþ   (äèâ., íàïðèêëàä, [7])
âèçíà÷àºòüñÿ ó âèãëÿä³

.
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Â.Ì. Îíóôð³ºíêî:  ÑÊÅÉË²ÍÃÎÂ² ÂËÀÑÒÈÂÎÑÒ² ÐÎÇÏÎÄ²Ë²Â ÇÀÐßÄ²Â Ó ÍÀÍÎÏÎÊÐÈÒÒßÕ 
ÏÎÂÅÐÕÎÍÜ

Ç óðàõóâàííÿì (1) ìàºìî

.

×ÈÑÅËÜÍ² ÐÅÇÓËÜÒÀÒÈ

Íà ðèñ.1 ïîêàçàíà ðîçðàõîâàíà çàëåæí³ñòü ä³éñíî¿

 òà óÿâíî¿   ÷àñòèí ïîêàçíèêà çà-

ðÿäó ÿê ôóíêö³¿ â³äíîøåííÿ  á³íîì³àëüíîãî ìóëüòè-

ïë³êàòèâíîãî ïðîöåñó.

Äëÿ  óñ³ çíà÷åííÿ ïîêàçíèêà

çàðÿäó íàëåæàòü ³íòåðâàëó [0;1]  (ðåçóëüòàò çá³ãàºòüñÿ ç
äàíèìè [7]), äëÿ ³íøèõ â³äì³÷àºìî ìîæëèâ³ñòü óïðà-

âë³ííÿ öèì ïîêàçíèêîì çà ðàõóíîê âàð³þâàííÿ  òà .

Äëÿ ³íòåðâàëó  óÿâíà ÷àñòèíà

ïîêàçíèêà çàðÿäó äîð³âíþº íóëþ.

à)

á)

Ðèñóíîê 1 - Ä³éñíà (à) òà óÿâíà (á) ÷àñòèíè 
ïîêàçíèêà çàðÿäó ó ìóëüòèïë³êàòèâíîìó ïðîöåñ³

à)

á)

Ðèñóíîê 2 - Çàëåæí³ñòü ä³éñíî¿ ÷àñòèíè ïîêàçíèêà 
çàðÿäó â³ä  (à) òà  (á)

Íà ðèñ.2 à) ïîêàçàíà ðîçðàõîâàíà çàëåæí³ñòü ä³éñíî¿

 ÷àñòèíè ïîêàçíèêà çàðÿäó ÿê ôóíêö³¿ ïîðÿ-

äêó  ìîìåíòó á³íîì³àëüíîãî ìóëüòèïë³êàòèâíîãî ïðî-

öåñó. Çíà÷åííÿ ðîçì³ðíîñò³ íîñ³ÿ  (îäèíè÷íîãî

â³äð³çêà) îäåðæóºìî, êîëè , à  â³äïîâ³äàº

ïîêàçíèêó çàðÿäó , ùî óçãîäæóºòüñÿ ç â³äîìè-
ìè äàíèìè [7]. Ðèñ.2 á) äåìîíñòðóº íàÿâí³ñòü åêñòðå-
ìàëüíèõ çíà÷åíü ä³éñíî¿ ÷àñòèíè ïîêàçíèêà Ë³ïøèöÿ-

Ãîëüäåðà  â ³íòåðâàë³  (óÿâíà ÷àñòèíà  ó

öüîìó ³íòåðâàë³ â³äñóòíÿ).

ÂÈÑÍÎÂÊÈ

Ó êëàñè÷í³é òåîð³¿ ï³ñëÿ ââîäó ñòðóêòóðè ìàòåð³¿ ó
âèãëÿä³ ñóêóïíîñò³ åëåêòðè÷íèõ çàðÿä³â (åëåêòðîí³â ³
ïðîòîí³â) ñòàâèòüñÿ ïèòàííÿ ïðî òå, ÷è ìîæå ñèñòåìà
òàêèõ çàðÿä³â çíàõîäèòèñü ó ñò³éê³é ñòàòè÷í³é ð³âíîâàç³,
÷è â àòîìàõ ³ ìîëåêóëàõ óñ³õ ò³ë ö³ çàðÿäè ïîâèíí³
çíàõîäèòèñü ó ñòàí³ íåïåðåðâíîãî ðóõó. Ó ðóñë³ ðîç-

2
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ãëÿíóòîãî ïèòàííÿ ïðî ìóëüòèôðàêòàëüíå ìîäåëþâàííÿ
ñóêóïíîñòåé äîäàòíèõ òà â³ä'ºìíèõ çàðÿä³â íà ôðàêòàëü-
íèõ òà äîôðàêòàëüíèõ íîñ³ÿõ ó âèãëÿä³ íàíîïîêðèòòÿ
ïîâåðõîíü ïðîáëåìà ìîæëèâîñòåé êîíñòðóþâàííÿ ñò³é-
êèõ êîíô³ãóðàö³é çàðÿä³â íàáóâàº îñîáëèâîãî çíà÷åííÿ.

Äîñë³äæåíà ìîäåëü çàðÿä³â ³ ñòðóì³â ó íåîäíîð³äíîìó
ñåðåäîâèù³, ÿêà ´ðóíòóºòüñÿ íà óðàõóâàíí³ ñêåéë³íãîâèõ
ñï³ââ³äíîøåíü ó âèì³ðþâàíí³ ïðîòÿæíîñò³ íåîäíîð³äíî¿
ìíîæèíè òî÷îê òà âèÿâëåí³ ñêåéë³íãîâ³ âëàñòèâîñò³ ôðà-
êòàëüíîñò³ ïîâåðõíåâî¿ íåîäíîð³äíîñò³ äîçâîëÿþòü óñâ³-
äîìèòè ïîñòàíîâêó ðÿäó òåõíîëîã³÷íèõ çàäà÷ ïðî êîí-
ñòðóþâàííÿ êåðîâàíîãî ïîêðèòòÿ çà ðàõóíîê ñòâîðåííÿ
àêòèâíèõ òà ðåàêòèâíèõ ôðàêòàëüíèõ ä³ëÿíîê ç ìóëüòè-
ôðàêòàëüíîþ ì³ðîþ.

Ðåçóëüòàòè ðîáîòè ìîæóòü âèêîðèñòîâóâàòèñü äëÿ
ðîçâ'ÿçóâàííÿ àêòóàëüíèõ çàäà÷ ïðî óïðàâë³ííÿ åëåêòðè-
÷íèì ïîëåì ó õâèëåâîäíèõ ñèñòåìàõ ç ïîâåðõíåâèì íà-
íîïîêðèòòÿì çà ðàõóíîê âàð³þâàííÿ ñêåéë³íãîâîãî ïî-
êàçíèêà, ùî õàðàêòåðèçóº ñòóï³íü ôðàêòàëüíîñò³
ïîêðèòòÿ.
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Íàä³éøëà 09.10.2003

Ðàçðàáîòàííàÿ ìîäåëü íåîäíîðîäíîé ïîâåðõíîñòè ôðàê-
òàëüíûõ íàíîïîêðûòèé ïðèìåíÿåòñÿ äëÿ ñâåäåíèÿ çàäà÷è î
ðàñïðåäåëåíèè çàðÿäîâ íà ñëîæíûõ ãåîìåòðè÷åñêèõ íîñèòå-
ëÿõ ê çàäà÷àì îá  -ðàñïðåäåëåíèÿõ ïðîåêöèé íà îäíîðîä-
íóþ ïîâåðõíîñòü òîíêèõ ïëåíîê ñ ãåîìåòðè÷åñêèìè ôðàê-
òàëüíûìè ñèíãóëÿðíîñòÿìè. Îáîáùåíà ìîäåëü äëÿ îïðå-
äåëåíèÿ ìóëüòèôðàêòàëüíîé ìåðû çàðÿäà â âèäå ìîìåíòà ñ
ñîîòâåòñòâåííûì ïîêàçàòåëåì ôðàêòàëüíîñòè è ïîðÿä-
êîì, êîòîðûå îïðåäåëÿþòñÿ ÷åðåç ïîêàçàòåëü Ãåëüäåðà.
Ðåçóëüòàòû ðàáîòû ìîãóò áûòü èñïîëüçîâàíû äëÿ ðåøåíèÿ
çàäà÷ îá óïðàâëåíèè ýëåêòðè÷åñêèì ïîëåì çà ñ÷åò âàðüè-
ðîâàíèÿ ñêåéëèíãîâîãî ïîêàçàòåëÿ â âîëíîâîäíûõ ñèñòåìàõ
ñ ïîâåðõíîñòíûì íàíîïîêðûòèåì.

The designed model of the heterogeneous surface with frac-
tal nano-cover is applied for reduction problems about support
of charges to the composite geometrical supporter to problems
about  -allocations of projections to the homogeneous surface
thin skin with geometrical fractal singularity. The model for
definition multifractal measure of a charge as the moment
with a corresponding fractal exponent and the order which are
defined through exponent Helder is extended. Effects of oper-
ation may be used for the solution of problems on guidance of
an electric field due to a variation an scaling exponent in
wave propagation systems with the surface nanocover.

ÓÄÊ 537.876.23

Â.Ì. Îíóôð³ºíêî, Ò.Î. Øòåôàí

²ÍÒÅÃÐÎÄÈÔÅÐÅÍÖ²ÀËÜÍÅ ÌÎÄÅËÞÂÀÍÍß ÏÐÎÑÒÎÐÎÂÎ¯ 
ÔÐÀÊÒÀËÜÍÎ¯ ÍÅÎÄÍÎÐ²ÄÍÎÑÒ² ÏËÀÇÌÎ¯Ä²Â

Ïðîïîíóºòüñÿ ìîäåëü çàðÿä³â òà  -ïîëüíèõ ìîìåí-
ò³â äëÿ äîñë³äæåííÿ ïðîñòîðîâèõ âëàñòèâîñòåé ïëà-
çìî¿ä³â (íåîäíîð³äíîãî ôðàêòàëüíîãî çàïîâíåííÿ äåÿêî¿
îáëàñò³ çãóñòêàìè îäíîð³äíî¿ ïëàçìè). Çà äîïîìîãîþ
³íòåãðîäèôåðåíö³àëüíîãî ÷èñëåííÿ çàäà÷à çâîäèòüñÿ äî
êëàñè÷íîãî ðîçãëÿäó îäíîð³äíîãî çàïîâíåííÿ îáëàñò³
ðå÷îâèíîþ (ïëàçìîþ), àëå ó òåðì³íàõ - õàðàêòåðè-
ñòèê ðàä³óñ-âåêòîðà ïîëîæåííÿ äëÿ îäíîð³äíî¿ ìíî-
æèíè. Âèÿâëåíî âïëèâ íåãîìîãåííî¿ ñòðóêòóðè ïëà-
çìî¿äà íà âåëè÷èíó ä³åëåêòðè÷íî¿ ïðîíèêíîñò³ òà
ìîæëèâ³ñòü óïðàâë³ííÿ. 

ÂÑÒÓÏ

Îñíîâíîþ ïðîáëåìîþ çàñòîñóâàííÿ åëåêòðîìàãí³òíî¿
òåîð³¿ äî çàïîâíåíèõ ìàòåð³àëüíèì ñåðåäîâèùåì ò³ë òà

îáëàñòåé âèñòóïàº ðîçðîáêà ìåòîäó äëÿ ïðîãíîçóâàííÿ
ðåçóëüòàò³â åêñïåðèìåíòàëüíèõ ñïîñòåðåæåíü òà âèì³ðþ-
âàíü. Äëÿ öüîãî íà îñíîâ³ òåîðåòè÷íî¿ ìîäåë³ ñêëàäà-
ºòüñÿ ìàòåìàòè÷íà ìîäåëü ñåðåäîâèùà, ùî äîñòîâ³ðíî
îïèñóº óñ³ ñïîñòåðåæóâàí³ åëåêòðè÷í³ òà ìåõàí³÷í³
õàðàêòåðèñòèêè, àëå, âîäíî÷àñ, ïðîñò³øà â³ä ò³º¿, ùî
íàäàº àòîìíà òåîð³ÿ. Íåîáõ³äíó ìîäåëü ìîæíà îäåðæàòè
øëÿõîì ïðèéíÿòòÿ äîïóñòèìèõ ñïðîùåíü àòîìíî¿ êàð-
òèíè ñåðåäîâèùà, ùî ñêëàäàºòüñÿ ç àòîì³â ³ ìîëåêóë, ïî-
áóäîâàíèõ ç åëåêòðîí³â, ïðîòîí³â ³ íåéòðîí³â. Äëÿ á³ëü-
øîñò³ ìàêðîñêîï³÷íèõ ÿâèù ïîäðîáèö³ ôîðìè òà áóäîâè
öèõ åëåìåíòàðíèõ ÷àñòèíîê íå ìàþòü âàæëèâîãî çíà÷åí-
íÿ ³ ìîæíà îáìåæóâàòèñü óÿâëåííÿì ïðî íèõ ó âèãëÿä³
íåâåëèêèõ ìàñ ³ çàðÿä³â, ùî çîñåðåäæóþòüñÿ ó äåÿêèõ
ô³çè÷íèõ äèñêðåòíèõ òî÷êàõ (ãåîìåòðè÷íî-ôðàêòàëü-

α

α

α

α
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íèõ) (äèâ., íàïðèêëàä, [1]).
Íåîáõ³äíå ãåîìåòðè÷íå çãëàäæóâàííÿ êîíòóð³â òà

ïîâåðõîíü, ùî âèíèêàº ó êëàñè÷íîìó ï³äõîä³ äî âèì³-
ðþâàííÿ ïðîòÿæíîñò³ ãëàäêèõ àáî êóñêîâî-ãëàäêèõ ë³í³é
òà ïîâåðõîíü, ïðèçâîäèòü äî àëãåáðà¿÷íîãî âèçíà÷åííÿ
ãðàíèöü äîâæèí âïèñàíèõ ó êîíòóð ïðÿìîë³í³éíèõ â³ä-
ð³çê³â, ùî äàº ìîæëèâ³ñòü âèçíà÷àòè äèôåðåíö³àë ãëàä-
êî¿ ë³í³¿ òà ¿¿ äîâæèíó çàñòîñóâàííÿì ôîðìóë ³íòåãðó-
âàííÿ. Ñïðîáè çàïðîâàäæåííÿ òàêîãî ï³äõîäó ó çàäà÷àõ
âèì³ðþâàííÿ ïðîòÿæíîñò³ òî÷êîâèõ ìíîæèí, "øîðñò-
êèõ", ñèëüíî ïîð³çàíèõ, ïîðèñòèõ êîíòóð³â ïðèçâîäèòü
äî íàñòóïíîãî: äîâæèíà òàêèõ òîïîëîã³÷íî îäíîâèì³ðíèõ
ìíîæèí äîð³âíþº íåñê³í÷åííîñò³, à ïëîùà - íóëþ, äëÿ
³íøèõ ìíîæèí ïëîùà äîð³âíþº íåñê³í÷åííîñò³, à îá'ºì -
íóëþ.

Çâè÷àéíî, öÿ ïðîáëåìà âèíèêàº ³ ó ñïðîáàõ çàñòîñó-
âàííÿ êëàñè÷íîãî àíàë³çó äëÿ âèçíà÷åííÿ ïðîòÿæíîñò³
ìíîæèí çàðÿä³â ³ ñòðóì³â ó ñèëüíî ñòðóêòóðîâàíèõ ñåðå-
äîâèùàõ, òàêèõ, ÿê ïëàçìà ó íåñê³í÷åííîìó ïðîñòîð³ àáî
ó îáëàñòÿõ çãóùåííÿ - ïëàçìî¿äàõ. Òàê³ íåãîìîãåíí³
ñòðóêòóðè ìàþòü âêëþ÷åííÿ ó âèãëÿä³ âåëèêî¿ ê³ëüêîñò³
÷àñòèíîê ðå÷îâèíè, ðîçä³ëåíèõ ïðîñòîðîâî íà â³äñòàí³,
ïîð³âíþâàí³ ç ä³àìåòðîì âèä³ëåíî¿ íåîäíîð³äíîñò³.

Â³äîìó ìåòîäèêó íàáëèæåííÿ íåêîîðäèíàòíèõ ìåæ
îáëàñòåé âèçíà÷åííÿ ïîëÿ çà äîïîìîãîþ ïîêðèòòÿ ïðî-
ñòèìè êîìïàêòàìè (ïðÿìîêóòíèêàìè, êðóãàìè, åë³ïñàìè
³ ò.³íø.) [2] áóäåìî âèêîðèñòîâóâàòè äàë³ äëÿ äîñë³ä-
æåííÿ îäíîãî ç îñíîâíèõ ìàòåìàòè÷íèõ àñïåêò³â òåîð³¿
ôðàêòàë³â, ÿêèì º ïèòàííÿ ïðî çá³æí³ñòü äî ôðàêòàëó
óòâîðåíî¿ ïîñë³äîâíîñò³ ìíîæèí. Äëÿ öüîãî íåîáõ³äíå
âèì³ðþâàííÿ â³äñòàí³ ì³æ êîìïàêòíèìè ìíîæèíàìè,
òîáòî ââåäåííÿ â³äïîâ³äíî¿ ìåòðèêè.

Ðîçãëÿä ôðàêòàëüíèõ ìíîæèí ó ìåòðèö³ Õàóñäîðôà
äîçâîëÿº ïîð³âíþâàòè âåëè÷èíó õàóñäîðôîâî¿ ðîçì³ðíî-

ñò³  ( - ñòîðîíà êóáà ïîêðèòòÿ, 

- ê³ëüê³ñòü êóá³â, äî ÿêèõ ïîòðàïëÿº õî÷à á îäíà òî÷êà

ôðàêòàëüíî¿ ìíîæèíè) ç ïîêàçíèêîì ïîðÿäêó  äðîáî-

âîãî ³íòåãðî-äèôåðåíö³àëà

,

êîíñòðóêö³ÿ ÿêîãî âèíèêàº ó çàäà÷³ ïðî âèçíà÷åííÿ
ïðîòÿæíîñò³ ôðàêòàëüíî¿ ìíîæèíè, ùî º ìîäåëëþ äëÿ
îïèñó ïðîñòîðîâî¿ íåîäíîð³äíîñò³.

Âèÿâëåí³ òàêèì ÷èíîì çâ'ÿçêè äàþòü ìîæëèâ³ñòü
îçíà÷èòè ïîíÿòòÿ ³íòåãðî-äèôåðåíö³àëüíî¿ - ôîðìè
äîâæèíè (ïëîù³ òà îá'ºìó)

 
òà âèÿâèòè ñïåêòð ¿¿ çàñòîñóâàííÿ äëÿ ðîçâ'ÿçóâàííÿ
çàäà÷ ôðàêòàëüíî¿ òåîð³¿ ïîëÿ òà åëåêòðîäèíàì³êè [3].

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×²

Ðîçãëÿíåìî îêðåìèé âèïàäîê íåîäíîð³äíîãî çàïîâíåí-
íÿ îáëàñò³ ïðîñòîðó ðå÷îâèíîþ ó âèãëÿä³ ñèñòåìè çàðÿä-
æåíèõ ÷àñòèíîê (åëåêòðîí³â, ³îí³â òà íåéòðàëüíèõ àòî-
ì³â) - ïëàçìè (÷àñòêîâî àáî ïîâí³ñòþ ³îí³çîâàíîãî ãàçó
çà íàÿâíîñò³ åëåêòðîìàãí³òíîãî ïîëÿ, ùî ãàðìîí³÷íî
êîëèâàºòüñÿ).

Â³äîìî (äèâ., íàïðèêëàä., [4]), ÿêùî çîâí³øíº ïîëå
ïðèêëàäàºòüñÿ äî ìàòåð³àëó, ùî ñêëàäàºòüñÿ ç ïîëÿðíèõ
ìíîæèí ç âèïàäêîâîþ îð³ºíòàö³ºþ, òî íà ìíîæèíè ä³º
ìåõàí³÷íèé ìîìåíò, ùî ïðàãíå íàïðàâèòè îñ³ ïîëÿðèçà-
ö³¿ ìíîæèíè ïàðàëåëüíî çàñòîñîâíîìó åëåêòðè÷íîìó
ïîëþ. Ñèëè, ùî ïîâåðòàþòü ìíîæèíè äî âèïàäêîâèõ
îð³ºíòàö³é, ó ïåðøó ÷åðãó º òåïëîâîãî ïîõîäæåííÿ ³ òî-
ìó ñèëüíî çàëåæàòü â³ä òåìïåðàòóðè.

Îñíîâíîþ ì³êðîñêîï³÷íîþ õàðàêòåðèñòèêîþ ïîëÿðè-
çîâàíî¿ ìíîæèíè íåçàëåæíî â³ä ìåõàí³çìó ïîëÿðèçàö³¿
(ïîëÿðèçàö³ÿ ïîñò³éíà, îáóìîâëåíà âíóòð³øíüîþ áóäî-
âîþ, àáî òèì÷àñîâà, ³íäóêîâàíà çîâí³øí³ì åëåêòðè÷íèì
ïîëåì) º -ïîëüíèé ìîìåíò, ùî âèíèêàº âíàñë³äîê
ì³êðîñêîï³÷íîãî ðîçä³ëåííÿ öåíòð³â äîäàòíèõ ³ â³ä'ºìíèõ
çàðÿä³â ³ ðîçì³ùåííÿì ¿õ âçäîâæ äåÿêî¿ îñ³.

Ìàòåìàòè÷íî -ïîëüíèé ìîìåíò ïîëÿðèçîâàíî¿ íåé-
òðàëüíî¿ ìíîæèíè âèçíà÷èìî ôîðìóëîþ

(1)

äå ï³äñóìîâóâàííÿ ïðîâîäèòüñÿ ïî âñ³õ çàðÿäàõ ó ìíî-

æèí³, à - âåêòîðè, ùî ïðîâåäåí³ ç öåíòðà ìíîæèíè äî

çàðÿä³â. ×ëåí  ñïðàâà - öå -ïîëüíèé ìîìåíò åêâ³-
âàëåíòíîãî -ïîëÿ, ùî ñêëàäàºòüñÿ ç óñ³õ, ùî âõîäÿòü ó
ñêëàä ìíîæèíè, äîäàòíèõ ³ â³ä'ºìíèõ çàðÿä³â, ñêîíöåí-

òðîâàíèõ ó ñâî¿õ öåíòðàõ, ùî ðîçä³ëåí³ âåêòîðîì ,
ïðîâåäåíîãî ç öåíòðà â³ä'ºìíèõ çàðÿä³â äî öåíòðà
äîäàòíèõ çàðÿä³â.

Ñïîñòåðåæåííÿ çà òèì, ùî â³äáóâàºòüñÿ ç çàðÿäàìè
(ñòðóìàìè) òà åëåêòðè÷íèìè (ìàãí³òíèìè) ìîìåíòàìè çà
ìàëèõ ïåðåì³ùåíü ñò³íîê êîì³ðîê ïðè ðîçáèòòÿõ íà
ïîâåðõíåâ³ òà îá'ºìí³ êîì³ðêè (äèâ.[5]), íàäàþòü
ìîæëèâ³ñòü âèÿâèòè ³ñíóâàííÿ äåÿêèõ ³íâàð³àíòíèõ
âåëè÷èí, ùî íå çàëåæàòü â³ä ñïîñîáó ðîçä³ëåííÿ íà
êîì³ðêè, ÿêùî ñåðåäîâèùå ñêëàäàºòüñÿ ç íåéòðàëüíèõ
ìíîæèí ç ñèëüíî çâ'ÿçàíèìè çàðÿäàìè (êðóãîâèìè ñòðó-
ìàìè). Äëÿ íàøî¿ ìîäåë³ îïèñó ôðàêòàëüíî¿ íåîäíîð³ä-
íîñò³ ïëàçìî¿ä³â òàêèìè âåëè÷èíàìè º: â ñåðåäèí³ îá'ºìó

- ãóñòèíà çàðÿä³â  òà ñòðóì³â

 ; (2)

íà ïîâåðõí³ - ãóñòèíà çàðÿä³â   òà
ñòðóì³â

 , (3)
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äå  - çîâí³øíÿ íîðìàëü äî ãëàäêî¿ ïîâåðõí³ îáëàñò³ íà

ÿêó ïðîåêòóþòüñÿ âåêòîðè åëåêòðè÷íîãî  òà ìàã-

í³òíîãî    -ïîëüíèõ ìîìåíò³â.
ßêùî âñ³ çàðÿäè çàëèøàþòüñÿ ó ñòàòèñòè÷íîìó ïîëî-

æåíí³ ñïîêîþ, ÿê â åëåêòðîñòàòèö³, àáî áåðóòü ó÷àñòü ó
ð³âíîì³ðíîìó óïîðÿäêîâàíîìó ðóñ³ ïîñò³éíèõ ñòðóì³â,
óñ³ ãóñòèíè íå çàëåæàòü â³ä ÷àñó ³ º ò³ëüêè ôóíêö³ÿìè
êîîðäèíàò. Íåñòàö³îíàðí³ óìîâè âèíèêàþòü â îáëàñò³
ïëàçìî¿äà, êîëè ãóñòèíè º ôóíêö³ÿìè íå ò³ëüêè êîîð-
äèíàò, àëå ³ ÷àñó: âíóòð³øí³ òî÷êè îáëàñò³ õàðàêòå-
ðèçóþòü îá'ºìí³ ãóñòèíè (2), à ïîâåðõíþ ³ ìåæ³ îïèñó-
þòü ôóíêö³¿ ïîâåðõíåâèõ ãóñòèí (3). Äëÿ âèêîíàííÿ
óìîâè çáåðåæåííÿ åëåêòðè÷íîãî çàðÿäó ó ñòðóêòóðîâà-
íîìó íåîäíîð³äíîìó ñåðåäîâèù³ (ùî õàðàêòåðèçóºòüñÿ
ñêåéë³íãîâèì ïîêàçíèêîì )

, (4)

íåîáõ³äíî óçàãàëüíèòè çàëåæíó â³ä ÷àñó îá'ºìíó ãóñòèíó
óñüîãî çàðÿäó, ùî ðóõàºòüñÿ, äîäàâàííÿì ÷ëåíà

 (ÿê ³ ó êëàñè÷íîìó âèïàäêó, äèâ. [5]).
Òîä³ â óñ³õ âíóòð³øí³õ òî÷êàõ îáëàñò³ ³íâàð³àíòí³ ãóñòè-
íè çàðÿä³â (ñòðóì³â) çàïèñóþòüñÿ ó âèãëÿä³

Âèêîðèñòàºìî äàë³ ââåäåí³ ìîäåë³ çàðÿä³â òà -
ïîëüíèõ ìîìåíò³â äëÿ äîñë³äæåííÿ ïðîñòîðîâèõ âëàñòè-
âîñòåé ïëàçìî¿ä³â, ùî ìàþòü âèãëÿä íåîäíîð³äíîãî
ôðàêòàëüíîãî çàïîâíåííÿ äåÿêî¿ îáëàñò³ çãóñòêàìè îäíî-
ð³äíî¿ ïëàçìè. ßê çàçíà÷àëîñü ðàí³øå, öåé âèïàäîê çà
äîïîìîãîþ ³íòåãðîäèôåðåíö³àëüíîãî ÷èñëåííÿ çâîäèòüñÿ
äî ðîçãëÿäó êëàñè÷íî¿ çàäà÷³ ïðî îäíîð³äíå çàïîâíåííÿ
îáëàñò³ ðå÷îâèíîþ (ïëàçìîþ), àëå ó òåðì³íàõ  -
õàðàêòåðèñòèê ðàä³óñ-âåêòîðà ïîëîæåííÿ îäíîð³äíî¿
ìíîæèíè (çãóñòêó ç ñóö³ëüíèì ðîçïîä³ëîì çàðÿäó).
Òàêèé ï³äõ³ä äîçâîëèòü âèÿâèòè âïëèâ íåãîìîãåííî¿
ñòðóêòóðè ïëàçìî¿äà íà âåëè÷èíó ä³åëåêòðè÷íî¿ ïðîíèê-
íîñò³ òà óÿñíèòè ô³çè÷í³ âëàñòèâîñò³ óçàãàëüíåíî¿ ìîäåë³
ó âèïàäêó ïîãëèíàííÿ åíåðã³¿ ó ïëàçì³ çà ðàõóíîê
ç³òêíåííÿ çàðÿä³â ç âàæêèìè ÷àñòèíêàìè.

ÏÐÎÑÒÎÐÎÂÀ ÔÐÀÊÒÀËÜÍÀ 
ÍÅÎÄÍÎÐ²ÄÍ²ÑÒÜ ÏËÀÇÌÎ¯Ä²Â

Ðóõ ó ïëàçìî¿ä³ êîæíîãî çãóñòêó çàðÿäó  ³ ìàñè   

ï³ä ä³ºþ åëåêòðè÷íîãî ïîëÿ  îïèñó-
ºòüñÿ ð³âíÿííÿì

(5)

Ðîçâ'ÿçîê öüîãî ð³âíÿííÿ çíàõîäèìî ó òåðì³íàõ -õàðà-
êòåðèñòèê ðàä³óñ-âåêòîðà ïîëîæåííÿ çàðÿäó

(6)

ïðè÷îìó ôóíêö³ÿ  õàðàêòåðèçóº
ïîëîæåííÿ çãóñòêó ("òîâñòî¿" ôðàêòàëüíî¿ òî÷êè) ó
ïëàçìî¿ä³ çà â³äñóòí³ñòþ ïîëÿ.

Ç óðàõóâàííÿì âëàñòèâîñòåé ³íòåãðîäèôåðåíö³àë³â ç
(6) çíàõîäèìî

³ â³äòâîðþºìî  -õàðàêòåðèñòèêó ðàä³óñ-âåêòîðà

  (7)

Ïîì³÷àºìî, ùî çíà÷åííÿ ñêåéë³íãîâîãî ïàðàìåòðà

  â³äïîâ³äàº êëàñè÷í³é ìîäåë³ îäíîð³äíî¿ ïëàçìè

(äèâ.,íàïð., [4]), êîëè  ãàìà-ôóíêö³ÿ

Åéëåðà .
Äëÿ çãóñòê³â ïëàçìî¿äà ó âèãëÿä³ íåéòðàëüíî¿ ñèñòåìè

çàðÿä³â (÷èñëî åëåêòðîí³â òà â³ä'ºìíèõ ³îí³â äîð³âíþº
÷èñëó ïîçèòèâíèõ ³îí³â) çà (1) ç óðàõóâàííÿì (7) îá-
÷èñëþºìî åëåêòðè÷íèé ìîìåíò äîâ³ëüíîãî åëåìåíòà

îá'ºìó   ïëàçìî¿äà

äå ³íäåêñ  îçíà÷àº ï³äñóìîâóâàííÿ ïî âñ³õ ÷àñòèíêàõ ç

çàðÿäàìè  âñåðåäèí³ . Ï³ñëÿ ïåðåõîäó äî
êîìïëåêñíèõ àìïë³òóä ç ðàõóâàííÿì òîãî, ùî âñ³ çàðÿäè
îäíàêîâ³ çà àáñîëþòíîþ âåëè÷èíîþ ³ äîð³âíþþòü çàðÿäó

, à ³îíè - îäíîâàëåíòí³), ìàºìî

 ßêùî íå áðàòè äî óâàãè âïëèâ ³îí³â, ç ¿õ ìàñàìè, ùî
äóæå âåëèê³ ó ïîð³âíÿíí³ ç ìàñîþ åëåêòðîíà, òî äëÿ

ïëàçìî¿äà ç çàðÿäîì  ³ ìàñîþ  ìàºìî

, (8)

ãäå  - ÷èñëî åëåêòðîí³â â îá'ºì³ 
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Ãðàíè÷íèì ïåðåõîäîì â (8) âèçíà÷àºòüñÿ êîìïëåêñíà
àìïë³òóäà âåêòîðà ïîëÿðèçàö³¿ ñåðåäîâèùà ïëàçìî¿äà

(9)

( - ÷èñëî åëåêòðîí³â ó â³äíîøåíí³ äî îäèíèö³ îá'ºìó).
Îäåðæàíèé ðåçóëüòàò íàäàº ìîæëèâ³ñòü õàðàêòåðè-

çóâàòè ïëàçìî¿ä çà äîïîìîãîþ åëåêòðè÷íî¿ ñïðèéíÿòëè-

âîñò³  òà ä³åëåêòðè÷íî¿ ïðîíèêíîñò³ , ÿê³
ââîäÿòüñÿ çà çàãàëüíîþ ñõåìîþ (äèâ., íàïð., [4]) ³
îá÷èñëþþòüñÿ ç óðàõóâàííÿì (9) çà ôîðìóëîþ

,

çâ³äêè â³äíîñíà ïðîíèêí³ñòü

.

Çà àíàëîã³ºþ ç êëàñè÷íèì âèïàäêîì ñóö³ëüíî¿ ïëàç-
ìè, îäåðæóºìî äëÿ ïëàçìî¿äà, íåîäíîð³äí³ñòü ÿêîãî õà-
ðàêòåðèçóºòüñÿ ñêåéë³íãîâèì ïîêàçíèêîì , ôîðìóëó
äëÿ â³äíîñíî¿ ä³åëåêòðè÷íî¿ ïðîíèêíîñò³

  äå ,

à ïàðàìåòð  ìîæíà íàçèâàòè ïëàçìî¿äíîþ ÷àñòîòîþ.

×ÈÑÅËÜÍ² ÐÅÇÓËÜÒÀÒÈ

Íà ðèñ.1 ïðåäñòàâëåíî çàëåæí³ñòü â³ä ÷àñòîòè   ðàä³-
óñ-âåêòîðà, ùî âèçíà÷àº ïðîñòîðîâó íåîäíîð³äí³ñòü
ïëàçìî¿äà ³ îá÷èñëþºòüñÿ çà ôîðìóëîþ (7). Ñóö³ëüíà
êðèâà 1 â³äïîâ³äàº çíà÷åííþ ñêåéë³íãîâîãî ïîêàçíèêà

 ³ çá³ãàºòüñÿ ç ðåçóëüòàòàìè ðîçðàõóíê³â ðàä³óñ-
âåêòîðà çà êëàñè÷íîþ ìîäåëëþ ñóö³ëüíî¿ ïëàçìè.

Ðèñóíîê  1 - Ðàä³óñ-âåêòîð õàðàêòåðèñòèêè                                               
ïðîñòîðîâî¿ íåîäíîð³äíîñò³ ïëàçìî¿äà                      

ó çàëåæíîñò³ â³ä ÷àñòîòè

Âèäíî, ùî âàð³þâàííÿ ñêåéë³íãîâîãî ïîêàçíèêà íàäàº
ìîæëèâîñò³ óïðàâë³ííÿ ïðîñòîðîâîþ íåîäíîð³äí³ñòþ
ïëàçìî¿äà (êðèâà 2 â³äïîâ³äàº çíà÷åííþ ;

êðèâà 3 - çíà÷åííþ ; êðèâà 4 - çíà÷åííþ

).
Ìîæëèâ³ñòü âàð³þâàííÿ ó øèðîêèõ ìåæàõ

ïðîñòîðîâî¿ íåîäíîð³äíîñò³ ðàä³óñ-âåêòîðà çà äîïîìîãîþ
çì³íè ñêåéë³íãîâîãî ïîêàçíèêà  ïîêàçàíà íà ðèñ.2.

Ðèñóíîê 2 - Ñêåéë³íãîâ³ âëàñòèâîñò³ ðàä³óñ-âåêòîðà 
ïðîñòîðîâî¿ íåîäíîð³äíîñò³ ïëàçìî¿äà

Ðèñóíîê 3- Çàëåæí³ñòü ä³éñíî¿ ÷àñòèíè 
ä³åëåêòðè÷íî¿ ïðîíèêíîñò³ ôðàêòàëüíîãî ïëàçìî¿äà 

 â³ä ÷àñòîòè   äëÿ ð³çíèõ çíà÷åíü ñêåéë³íãîâîãî 
ïîêàçíèêà  (êðèâà 1 - äëÿ ;  -

(êëàñè÷íà ìîäåëü ïëàçìè); ; 

; ; .

Ðèñ.3 òà Ðèñ.4 äåìîíñòðóþòü â³äïîâ³äíî âïëèâ
ïðîñòîðîâî¿ íåîäíîð³äíîñò³ ïëàçìî¿äà íà âåëè÷èíó â³ä-

íîñíî¿ ä³åëåêòðè÷íî¿ ïðîíèêíîñò³  ó çàëåæ-

íîñò³ â³ä âåëè÷èíè ÷àñòîòè  òà ñêåéë³íãîâîãî ïîêàç-
íèêà . Ïîì³òíà çì³íà çíàêó â³äíîñíî¿ ä³åëåêòðè÷íî¿

ïðîíèêíîñò³ äëÿ  ç ïîäàëüøîþ ñèëüíîþ
çàëåæí³ñòþ òàêî¿ çì³íè â³ä ïðîñòîðîâî¿ ôðàêòàëüíî¿
íåîäíîð³äíîñò³ ïëàçìî¿äà.
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Ðèñóíîê 4 - Çíà÷åííÿ êîìïëåêñíî¿ ä³åëåêòðè÷íî¿ 
ïðîíèêíîñò³ ôðàêòàëüíîãî ïëàçìî¿äà ó çàëåæíîñò³ 

â³ä âåëè÷èíè ñêåéë³íãîâîãî ïîêàçíèêà äëÿ äâîõ 

÷àñòîò 

ÂÈÑÍÎÂÊÈ

Äëÿ ñòðóêòóðîâàíèõ ïëàçìî¿ä³â, ùî õàðàêòåðèçó-
þòüñÿ ìàñøòàáíîþ òà òðàíñëÿö³éíîþ ³íâàð³àíòí³ñòþ çà
äîïîìîãîþ ñêåéë³íãîâîãî ïîêàçíèêà , íàÿâí³ñòü ñèíãó-
ÿðíèõ íåîäíîð³äíîñòåé ìîæå âïëèâàòè íà óìîâè ³ñíóâàí-
íÿ çàðÿä³â ó òîíêèõ ìåæîâèõ øàðàõ ³ âñåðåäèí³ îáëàñò³.
Öåé òåîðåòè÷íèé ðåçóëüòàò ï³äòâåðäæóºòüñÿ â³äîìèì
ôàêòîì ñòâîðåííÿ øòó÷íîãî ñåðåäîâèùà ç íåìàãí³òíèõ
âèõ³äíèõ ìàòåð³àë³â (ç ìàãí³òíîþ ïðîíèêí³ñòþ â³ëüíîãî
ïðîñòîðó ), ó ÿêèõ îá'ºìíà ìàãí³òíà ïðîíèêí³ñòü

â³äð³çíÿºòüñÿ â³ä   [6].

Ââåäåííÿ  -ïîëüíèõ ìîìåíò³â äëÿ äîñë³äæåííÿ
ïðîñòîðîâèõ âëàñòèâîñòåé ïëàçìî¿ä³â çà äîïîìîãîþ ³íòå-
ãðîäèôåðåíö³àëüíîãî ÷èñëåííÿ çâîäèòüñÿ äî ðîçãëÿäó
êëàñè÷íî¿ çàäà÷³ ïðî îäíîð³äíå çàïîâíåííÿ îáëàñò³
ðå÷îâèíîþ (ïëàçìîþ), àëå ó òåðì³íàõ  -õàðàêòåðèñòèê
ðàä³óñ-âåêòîðà ïîëîæåííÿ îäíîð³äíî¿ ìíîæèíè (çãóñòêó
ç ñóö³ëüíèì ðîçïîä³ëîì çàðÿäó). Çà ðàõóíîê öüîãî âèÿâ-
ëÿºòüñÿ âïëèâ íåãîìîãåííî¿ ñòðóêòóðè ïëàçìî¿äà íà âå-
ëè÷èíó ä³åëåêòðè÷íî¿ ïðîíèêíîñò³. Òàêà ìîäåëü äàº
ìîæëèâ³ñòü óÿñíèòè ô³çè÷í³ âëàñòèâîñò³ ïëàçìîâî¿ ñòðó-

êòóðè ó âèïàäêó ïîãëèíàííÿ åíåðã³¿ çà ðàõóíîê ç³òêíåí-
íÿ çàðÿä³â ç âàæêèìè ÷àñòèíêàìè.

Ðåçóëüòàòè íàâåäåíîãî äîñë³äæåííÿ ìîäåë³ ôðàêòàëü-
íî ñòðóêòóðîâàíîãî ïëàçìî¿äó ìîæóòü áóòè âèêîðèñòà-
íèìè äëÿ ïîñòàíîâêè òà ðîçâ'ÿçóâàííÿ àêòóàëüíèõ òåõ-
íîëîã³÷íèõ çàäà÷ ïðî óïðàâë³ííÿ åëåêòðîìàãí³òíèì
ïîëåì ó õâèëåâîäíèõ ñèñòåìàõ (çà ðàõóíîê âàð³þâàííÿ
ñêåéë³íãîâîãî ïîêàçíèêà).
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Ïðåäëàãàåòñÿ ìîäåëü çàðÿäîâ è -ïîëüíèõ ìîìåíòîâ äëÿ
èññëåäîâàíèÿ ïðîñòðàíñòâåííûõ ñâîéñòâ ïëàçìîèäîâ (íå-
îäíîðîäíîãî ôðàêòàëüíîãî çàïîëíåíèÿ íåêîòîðîé îáëàñòè
ñãóñòêàìè îäíîðîäíîé ïëàçìû). Ñ ïîìîùüþ èíòåãðîäèôôå-
ðåíöèàëüíîãî èñ÷èñëåíèÿ çàäà÷à ñâîäèòñÿ ê êëàññè÷åñêîìó
ðàññìîòðåíèþ îäíîðîäíîãî çàïîëíåíèÿ îáëàñòè âåùåñòâîì
(ïëàçìîé), íî â òåðìèíàõ -õàðàêòåðèñòèê ðàäèóñ-âåê-
òîðà ïîëîæåíèÿ äëÿ îäíîðîäíîãî ìíîæåñòâà. Âûÿâëåíî âëè-
ÿíèå íåãîìîãåííîé ñòðóêòóðû ïëàçìîèäà íà âåëè÷èíó äèýëå-
êòðè÷åñêîé ïðîíèöàåìîñòè è âîçìîæíîñòü óïðàâëåíèÿ.

The model of charges and -pole moments for study of spa-
tial properties of plasmoids (the nonuniform fractal filling of
some area by clots of the homogeneous plasma) is proposed.
The problem is reduced by use of integro-differential calculus
to classical viewing the homogeneous filling area by substance
(plasma), but in terms  -characteristics of a position vector
of a standing for the homogeneous set. Influence of not homo-
geneous structure of a plasmoid on quantity of an inductivity
and an opportunity of operation is detected.

ÓÄÊ 621.6.677.49 - 472.2

 Â.Â. Îðëîâ

ÎÁÍÀÐÓÆÅÍÈÅ ÌÅÑÒÎÏÎËÎÆÅÍÈß ÈÑÒÎ×ÍÈÊÀ ÈÇËÓ×ÅÍÈß       
ÍÀ ÎÑÍÎÂÅ ÊÎÐÐÅËßÖÈÎÍÍÎÉ ÏÐÎÑÒÐÀÍÑÒÂÅÍÍÎÉ ÎÁÐÀÁÎÒÊÈ

Äëÿ ñèñòåìè ïðîñòîðîâî ðîçíåñåíèõ ïðèéìà÷³â ç êîðåëÿ-
ö³éíîþ îáðîáêîþ ñèãíàë³â âèçíà÷åí³ âèìîãè äî ÿêîñò³ âèÿâ-
ëåííÿ âèïàäêîâîãî ñèãíàëó â çàëåæíîñò³ â³ä ðîçì³ðó îáðîá-

ëþâàíî¿ âèá³ðêè. Çàïðîïîíîâàíî ïðîñòèé àëãîðèòì ðîçðà-
õóíêó êîîðäèíàò äæåðåëà âèïðîì³íþâàííÿ íà îñíîâ³ òèì÷à-
ñîâèõ çàòðèìîê âèÿâëåíèõ ñèãíàë³â.
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ÊÎÐÐÅËßÖÈÎÍÍÎÉ ÏÐÎÑÒÐÀÍÑÒÂÅÍÍÎÉ ÎÁÐÀÁÎÒÊÈ

Â íàñòîÿùåå âðåìÿ äëÿ àâòîìàòèçèðîâàííûõ ñèñòåì
ìîíèòîðèíãà èçëó÷åíèÿ â êîíòðîëèðóåìîé çîíå øèðîêî
ïðèìåíÿþòñÿ ðàçíîñòíî-äàëüíîìåðíûå àëãîðèòìû îïðå-
äåëåíèÿ êîîðäèíàò [1,2,3] èñòî÷íèêà èçëó÷åíèÿ íà áàçå
êîððåëÿöèîííîé (ìóëüòèïëèêàòèâíîé) îáðàáîòêè ñèãíà-
ëîâ îò ïðîñòðàíñòâåííî ðàçíåñåííûõ äàò÷èêîâ. Ïðè
ýòîì, äëÿ îáíàðóæåíèÿ ñèãíàëîâ è ðàñ÷åòà ìåñòîïîëî-
æåíèÿ íåîáõîäèìî ðåøèòü çàäà÷è:

1. Âû÷èñëåíèå âçàèìíî êîððåëÿöèîííûõ ôóíêöèé îò
äàò÷èêîâ äëÿ âñåõ âîçìîæíûõ âðåìåííûõ çàäåðæåê ïðè-
õîäÿùèõ ñèãíàëîâ; 2. Îáíàðóæåíèå ñèãíàëîâ íà îñíîâå
âûáîðà ìàêñèìàëüíûõ çíà÷åíèé ïèêîâ êîððåëÿöèîííûõ
ôóíêöèé è ñðàâíåíèå èõ ñ ïîðîãîâûì óðîâíåì; 3. Ðàñ÷åò
êîîðäèíàò èñòî÷íèêà èçëó÷åíèÿ íà îñíîâå ðåøåíèÿ ñèñ-
òåìû ãèïåðáîëè÷åñêèõ óðàâíåíèé, ñîñòàâëåííûõ ïî
âðåìåííûì çàäåðæêàì îáíàðóæåííûõ ñèãíàëîâ îò íå-
ñêîëüêèõ ìóëüòèïëèêàòèâíûõ àíòåíí.

Çàìåòèì, ÷òî â ñëó÷àå àíàëèçà íåñêîëüêèõ èñòî÷íèêîâ
â óñëîâèÿõ øóìîâ, à òàêæå ïðè ÷èñëå äàò÷èêîâ áîëåå
òðåõ, ðåøåíèå êàæäîé èç çàäà÷ íå ÿâëÿåòñÿ îäíîçíà-
÷íûì. Ýòî ñâÿçàíî ñ íåîïðåäåëåííîñòÿìè è ñ îøèáêàìè,
êàê âû÷èñëèòåëüíîãî, òàê è ñòàòèñòè÷åñêîãî õàðàêòåðà.
Êðîìå òîãî, ðàçðàáîòêà òàêèõ ñèñòåì óñëîæíÿåòñÿ, òàê
êàê èññëåäîâàíèå ýôôåêòèâíîñòè îáíàðóæåíèÿ íà âû-
õîäå êîððåëîìåòðîâ îñóùåñòâëÿåòñÿ ïðèáëèæåííûìè ìå-
òîäàìè, ïóòåì àïïðîêñèìàöèè âûõîäíîãî ñèãíàëà íîð-
ìàëüíûì çàêîíîì ðàñïðåäåëåíèÿ [1,2]. Êîîðäèíàòû
èñòî÷íèêà èçëó÷åíèÿ ñèãíàëà îïðåäåëÿþòñÿ òàêæå ïðè-
áëèæåííî, ñ èñïîëüçîâàíèåì èòòåðàöèîííûõ àëãîðèòìîâ
äëÿ ðåøåíèÿ ãèïåðáîëè÷åñêèõ óðàâíåíèé.

Â ñâÿçè ñ ýòèì, ïðåäñòàâëÿåò èíòåðåñ ïîëó÷åíèå àíà-
ëèòè÷åñêèõ âûðàæåíèé äëÿ çàäà÷ îáíàðóæåíèÿ è îïðå-
äåëåíèÿ êîîðäèíàò îäíîãî èñòî÷íèêà â óñëîâèÿõ øóìîâ
ïðè èñïîëüçîâàíèè ìèíèìàëüíîãî ÷èñëà äàò÷èêîâ, îáðà-
çóþùèõ äâå ìóëüòèïëèêàòèâíûå àíòåííûå ðåøåòêè.

Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà òî÷íûì àíàëèòè÷åñêèì
ìåòîäàì èññëåäîâàíèÿ ýôôåêòèâíîñòè îáíàðóæåíèÿ ñòà-
öèîíàðíîãî ñëó÷àéíîãî ñèãíàëà ïîñëå êîððåëÿöèîííîé
îáðàáîòêè è ðàñ÷åòà êîîðäèíàò èñòî÷íèêà èçëó÷åíèÿ
ñèãíàëà ïðè ïðîèçâîëüíîì ðàñïîëîæåíèè 3 äàò÷èêîâ â
êîíòðîëèðóåìîé çîíå. Äëÿ ýòîãî ñíà÷àëà îïðåäåëÿþòñÿ
òèïîâûå ìîäåëè ñèãíàëîâ è øóìîâ, à çàòåì èññëåäóåòñÿ
ýôôåêòèâíîñòü îáíàðóæåíèÿ ñèãíàëà è ïðèâîäèòñÿ
àëãîðèòì ðàñ÷åòà åãî êîîðäèíàò.

ÎÁÍÀÐÓÆÅÍÈÅ ÑÈÃÍÀËÎÂ

Ïðè èñïîëüçîâàíèè àëãîðèòìîâ îáíàðóæåíèÿ ñèãíà-
ëîâ ïî êðèòåðèþ Íåéìàíà-Ïèðñîíà íåîáõîäèìî çàäàâàòü
âåðîÿòíîñòü ëîæíîé òðåâîãè, êîòîðàÿ îïðåäåëÿåòñÿ ïî-
ðîãîâûì óðîâíåì ïðåâûøåíèÿ ñðåäíåêâàäðàòè÷åñêîãî
çíà÷åíèÿ øóìîâ. Â èçâåñòíûõ ðàáîòàõ [1,2] ïîëó÷åíû
âûðàæåíèÿ äëÿ ïîðîãîâîãî óðîâíÿ ëèøü â ñëó÷àå àñèì-
ïòîòè÷åñêîé àïïðîêñèìàöèè ïðîöåññà íà âûõîäå êîððå-
ëÿöèîííîé îáðàáîòêè â âèäå íîðìàëüíîãî çàêîíà ðàñïðå-
äåëåíèÿ âåðîÿòíîñòåé. Â ñâÿçè ñ ýòèì ïðåäñòàâëÿåò èíòå-
ðåñ èññëåäîâàíèå òî÷íûõ âûðàæåíèé äëÿ àíàëèçà ýô-
ôåêòèâíîñòè îáíàðóæåíèÿ â ñëó÷àå ïðèõîäà íà äàò÷èêè
ñèãíàëîâ ðàçëè÷íîé ìîùíîñòè ïðè êîíå÷íîé ïàìÿòè
óñðåäíÿþùåãî ôèëüòðà.

Ðàññìîòðèì çàäà÷ó îáíàðóæåíèÿ ñèãíàëà, ïðèõîäÿ-
ùåãî íà àíòåííóþ ðåøåòêó, ñîñòîÿùóþ èç äâóõ äàò÷è-
êîâ. Ñèãíàë ïðèíèìàåòñÿ íà ôîíå èçîòðîïíûõ øóìîâ è
èìååò çàäåðæêó Ò íà îäíîì èç äàò÷èêîâ, îáóñëîâëåííóþ
ïðîñòðàíñòâåííûì ðàñïîëîæåíèåì èñòî÷íèêà èçëó÷åíèÿ

è áàçû äàò÷èêîâ. Ïîëàãàåòñÿ, ÷òî ñèãíàë  è øóìû

 ïðåäñòàâëÿþò ñîáîé íåêîððåëèðîâàííûå ñëó÷àéíûå

ïðîöåññû, ïîä÷èíÿþùèåñÿ ãàóññîâîìó çàêîíó ðàñïðå-
äåëåíèÿ âåðîÿòíîñòåé ñ íóëåâûì ñðåäíèì è êîâàðèà-
öèîííûìè ìàòðèöàìè âðåìåííûõ îòñ÷åòîâ ïåðâîãî è
âòîðîãî êàíàëîâ

, (1)

ãäå  -åäèíè÷íàÿ ìàòðèöà;  - àìïëèòóäíûé

ìíîæèòåëü, îïðåäåëÿþùèé ðàçëè÷èå àìïëèòóä ñèãíàëîâ,

ñíèìàåìûõ ñ äàò÷èêîâ;  - ìîùíîñòü ñèãíàëà;   è

  - ìîùíîñòè øóìîâ â ïåðâîì è âòîðîì êàíàëàõ.

Ïðîâåðÿåòñÿ ãèïîòåçà  î íàëè÷èè ñèãíàëà

(2)

ïðîòèâ ãèïîòåçû  îá îòñóòñòâèè ñèãíàëà:

. (3)

Ïðè ýòîì ìîùíîñòè ñìåñè ñèãíàëà ñ ïîìåõîé íà âû-

õîäàõ ïåðâîãî  è âòîðîãî  êàíàëîâ, à òàêæå

ñðåäíåêâàäðàòè÷åñêîå çíà÷åíèå íà âûõîäå êîððåëîìåòðà

 îïðåäåëÿþòñÿ âûðàæåíèÿìè:

    ; 

;      

. (4)

Ðàññìîòðèì äèñêðåòíóþ ôîðìó ïðåäñòàâëåíèÿ êîððå-

ëÿöèîííîé îáðàáîòêè ïðè êîíå÷íîì ðàçìåðå  óñðå-
äíÿþùåãî ôèëüòðà. Ïîëàãàÿ, ÷òî äëÿ ñèãíàëà ñ âåðõíåé

÷àñòîòîé ñïåêòðà Ãö èíòåðâàë äèñêðåòèçàöèè

 âûáðàí â ñîîòâåòñòâèè ñ òåîðåìîé Êîòåëü-

íèêîâà è çàäåðæêà ñîñòàâëÿåò  îïðåäåëèì
ðåøàþùóþ ñòàòèñòèêó

,  ,(5)

ãäå  ïðè  ñòàòèñòè÷åñêè íåçàâèñèìû. Â îò-

ñóòñòâèè ñèãíàëà (èëè ïðè âðåìåííîé ðàññòðîéêå >0

ñëàáîãî ñèãíàëà ( >0)  ðàñïðåäåëåíî êàê
ïðîèçâåäåíèå íîðìàëüíûõ íåçàâèñèìûõ ñëó÷àéíûõ
âåëè÷èí [1]

, (6)
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à ïðè íàëè÷èè ñèãíàëà ñ êîìïåíñèðîâàííîé âðåìåííîé
çàäåðæêîé ( =0) - êàê ïðîèçâåäåíèå íîðìàëüíûõ çàâè-
ñèìûõ ñëó÷àéíûõ âåëè÷èí

(7)

ãäå ,

 - áåññåëåâà ôóíêöèÿ ïåðâîãî ðîäà íóëåâîãî

ïîðÿäêà îò ìíèìîãî àðãóìåíòà [4].
Ïëîòíîñòü ðàñïðåäåëåíèÿ âåðîÿòíîñòåé (ÏÐÂ) (3)

ïîëó÷åíà â [1], åå ãàóññîâà àïïðîêñèìàöèÿ îáñóæäàåòñÿ
â [2] äëÿ àíàëîãîâîãî êîððåëÿòîðà äëÿ îáíàðóæåíèÿ
ñèãíàëà ñ îäèíàêîâûì îòíîøåíèåì ñèãíàë / øóì íà

âõîäàõ àêóñòè÷åñêèõ äàò÷èêîâ ( ), à â [3]
ðàññìàòðèâàåòñÿ ÏÐÂ âûáîðî÷íîé ñóììû ñèãíàëîâ
êîððåëÿòîðà ñ îãðàíè÷åííîé ïîëîñîé ïðîïóñêàíèÿ.

Ðàññìîòðèì ïëîòíîñòü ðàñïðåäåëåíèÿ âåðîÿòíîñòåé
ñóììû ïðîèçâåäåíèé (5) äëÿ ÷åòíîãî ÷èñëà

 îòñ÷åòîâ âûáîðêè, ïîëó÷åííóþ â [3]

(8)

ãäå  . (9)

- ìîäèôèöèðîâàííàÿ ñôåðè÷åñêàÿ ôóíêöèÿ Áåññåëÿ
òðåòüåãî ðîäà [4, ô.10.2.15]. Ïîäñòàâëÿÿ (9) â (8), è
èíòåãðèðóÿ ïî îáëàñòè çíà÷åíèé, ïðåâûøàþùèõ ïîðîãî-
âûé óðîâåíü , ïîëó÷èì âûðàæåíèå äëÿ âåðîÿòíîñòè
ïðàâèëüíîãî îáíàðóæåíèÿ ñèãíàëà 

 (10)

Èñïîëüçóÿ òàáóëèðîâàííûé èíòåãðàë [5, ô.2.321-2]
ïðè  >0, ïðèõîäèì ê ñëåäóþùåìó âûðàæåíèþ:

(11)

Äëÿ ïîëó÷åíèÿ âåðîÿòíîñòè ëîæíîé òðåâîãè F èç
(11), ïîëàãàåì =0, ÷òî ïðèâîäèò ê =0 è ìîùíîñòè

ïîìåõè  

. (12)

Íà ðèñ.1 ïðèâåäåíû çàâèñèìîñòè âåðîÿòíîñòè ëîæíîé

òðåâîãè  îò ïîðîãîâîãî óðîâíÿ îòíîñèòåëüíî óðîâíÿ
ïîìåõè  íà âûõîäå êîððåëÿòîðà ïðè ðàçëè÷íîì

÷èñëå  íàêàïëèâàåìûõ îòñ÷åòîâ. Àíàëèç

çàâèñèìîñòåé  ïîêàçàë, ÷òî óâåëè÷åíèå ÷èñëà
îáðàáàòûâàåìûõ îòñ÷åòîâ â 4 ðàçà ïðèâîäèò ê
ïîâûøåíèþ ïîðîãîâîãî óðîâíÿ ïðèáëèçèòåëüíî â 2 ðàçà
ïðè ñîõðàíåíèè íåèçìåííîé âåðîÿòíîñòè ëîæíîé òðåâî-
ãè. Õàðàêòåðèñòèêè îáíàðóæåíèÿ ïîëåçíîãî ñèãíàëà ïðè

, ðàññ÷èòàííûå äëÿ îäèíàêîâûõ äàííûõ óðîâíÿ

ïîìåõè  ïðåäñòàâëåíû íà ðèñ.2 äëÿ ðàâ-
íûõ ìîùíîñòåé ñèãíàëîâ =1 è íà ðèñ.3 äëÿ îòëè-
÷àþùèõñÿ ïî ìîùíîñòè ( =0,5). Èç ãðàôèêîâ íåòðóäíî
çàìåòèòü, ÷òî ïðè D=0,5 îñëàáëåíèå îäíîãî èç ñèãíàëîâ
ïî ìîùíîñòè íà 3 äÁ ïðèâîäèò, ïðèìåðíî, ê òàêèì æå
ïîòåðÿì â îòíîøåíèè ñèãíàë/øóì.

 Âûáîð ÷èñëà íàêàïëèâàåìûõ èìïóëüñîâ ïðîèçâîäèò-
ñÿ ñîãëàñíî òðåáîâàíèÿì ê ÷èñëó ëîæíûõ âûáðîñîâ ïðè

îáçîðå âñåõ  ÿ÷ååê â ñëó÷àå êîíòðîëèðóåìîé çîíû
ïðÿìîóãîëüíîé ôîðìû. Òàê, äëÿ âåðîÿòíîñòè ëîæíîé

òðåâîãè , åñëè ÷èñëî ëîæíûõ âûáðîñîâ íå ïðåâûøàåò
îäíîãî ïðè îáçîðå êîíòðîëèðóåìîé çîíû äâóìÿ êîððåëÿ-

òîðàìè, <1, òî ïðè , íåîáõîäèìî, ÷òîáû

. Òîãäà îáåñïå÷åíèå íåîáõîäèìîé âåðîÿòíîñòè
ïðàâèëüíîãî îáíàðóæåíèÿ îñóùåñòâëÿåòñÿ âûáîðîì ÷èñ-
ëà íàêàïëèâàåìûõ îòñ÷åòîâ ñîãëàñíî ðèñ.2,3.

   

Ðèñóíîê 1                              Ðèñóíîê 2                            Ðèñóíîê 3

M

)},(/exp{)}(/|{|

)()()|( /

22
0

2121
1

11

1

ρ−σρ−ρ−σΨ×

×ρ−πσ= −−

ii

i

zz

Hzp

σσα=ρσ+σσ+σα=σ /;)])([( / 22212
2

22
1

22
ccc

{*}0Ψ

211 σ=σ=α ,

N 2K 1+( )=

( ) ( ) ,
||

exp

)(!)(

||
)(

.

.











ρ−σ
Κ











ρ−σ
ρ×

×
ρ−πσ+










σ
=

+

+

2502

2

50

11

112

1

2

ll

KK

l
lp

K

K

( ) }{ ( )
( ) ( ) i

K

i
K x

iKi

iK
x

x
x −

=
+ ∑ −

+−






 π=Κ 2
2

0

50

50 !!
!

exp
.

.

c

.}
)(

)]([||
exp{||

)(
!)!(!

)!(,

)(

nc

c nc

ncnciK
nc

iKi
nc

K

i
iK

c

ncnc

dl
lsignl

l

KiKi

iK

dllpD

+

∞

+

++−
+

−−
+

=
+

∞

++

∫

∑

∫

ρ−σ
ρ−

−×

×ρ−σ
−
+=

==

2

21

0

1

1

1
2

50

c

.)](/[)(

}exp{)(,

!!!
)!(

)(

∑∑
−

=

+

=

ρ+σ
+

ρ+σρ−×

×−ρ+=

+

iK

j

ji

Kji

iK
K

i

cK

c

D

iK

0
2

0

1
1

11

150

σc ρ

21σσ=σ=σn

∑∑
−

=

+

=

σσ−= +

iK

j

j
nKji

iK
K

i
n ccF iK

0
2

0

50 )/(}/exp{,
!!!

)!(

F
c/σn

N 2 K 1+( )=
F c K,( )

F 10 4–<

21
2 σσσ= /cq

α
α

L2

F

FL22 L 102>

F 10 4–<



45

Â.Â. Îðëîâ:  ÎÁÍÀÐÓÆÅÍÈÅ ÌÅÑÒÎÏÎËÎÆÅÍÈß ÈÑÒÎ×ÍÈÊÀ ÈÇËÓ×ÅÍÈß ÍÀ ÎÑÍÎÂÅ 
ÊÎÐÐÅËßÖÈÎÍÍÎÉ ÏÐÎÑÒÐÀÍÑÒÂÅÍÍÎÉ ÎÁÐÀÁÎÒÊÈ

ÐÀÑ×ÅÒ ÊÎÎÐÄÈÍÀÒ ÈÑÒÎ×ÍÈÊÀ 
ÈÇËÓ×ÅÍÈß ÏÐÈ ÏÐÎÈÇÂÎËÜÍÎÌ 
ÐÀÑÏÎËÎÆÅÍÈÈ ÄÀÒ×ÈÊÎÂ

Òðàäèöèîííî ïðèíÿòî, ÷òî ðàñ÷åò êîîðäèíàò èñòî÷íè-
êà èçëó÷åíèÿ ðàçíîñòíî-äàëüíîìåðíûì ìåòîäîì ïðè ïðî-
èçâîëüíî ðàñïîëîæåííûõ ïðèåìíûõ äàò÷èêîâ îñóùå-
ñòâëÿåòñÿ, êàê ïðàâèëî, íà îñíîâå èòòåðàöèîííîãî ðåøå-
íèÿ ñèñòåìû ãèïåðáîëè÷åñêèõ óðàâíåíèé. Òàê êàê äëÿ
íàèáîëåå ïðîñòîé ðåàëèçàöèè àëãîðèòìà äîñòàòî÷íî äâóõ
ìóëüòèïëèêàòèâíûõ àíòåíí íà îñíîâå 3 äàò÷èêîâ (îäèí
äàò÷èê îáùèé äëÿ îáåèõ àíòåíí), òî â ýòîì ñëó÷àå âîç-
ìîæåí ïîèñê áîëåå ïðîñòûõ ñïîñîáîâ ðàñ÷åòà êîîðäèíàò.

Ïîëàãàåòñÿ, ÷òî íà ïðåäûäóùèõ ýòàïàõ êîððåëÿöèîí-
íîé îáðàáîòêè ïðîâåäåíî îáíàðóæåíèå ïèêîâ êîððåëÿ-
öèîííûõ ôóíêöèé, ñîîòâåòñòâóþùèõ âðåìåííûì çàäåðæ-
êàì ïîñòóïëåíèÿ ñèãíàëîâ íà êàæäûé èç äàò÷èêîâ. Â
ñëó÷àå ïðîèçâîëüíîãî ðàñïîëîæåíèÿ äàò÷èêîâ íàéäåì
àíàëèòè÷åñêîå ðåøåíèå äëÿ îïðåäåëåíèÿ ìåñòîïîëîæå-

íèÿ  èñòî÷íèêà èçëó÷åíèÿ â äåêàðòîâûõ

êîîðäèíàòàõ

(13)

ïî èçâåñòíûì êîîðäèíàòàì äàò÷èêîâ =1,2,3 è

îáíàðóæåííûì âðåìåííûì çàäåðæêàì  êàæäîé

èç àíòåíí, ñâÿçàííûõ ñ ðàññòîÿíèÿìè  îò òî÷êè
èçëó÷åíèÿ äî äàò÷èêîâ

 , (14)

ãäå  - ñêîðîñòü ðàñïðîñòðàíåíèÿ çâóêîâîé âîëíû.
Âîñïîëüçîâàâøèñü òåîðåìîé Ïèôàãîðà, ñîñòàâèì ñèñ-

òåìó èç äâóõ ãèïåðáîëè÷åñêèõ óðàâíåíèé ñ íåèçâåñò-
íûìè (x, y)

 

,

.(15)

Äëÿ èçáàâëåíèÿ îò ðàäèêàëîâ âîçâåä¸ì â êâàäðàò êàæäîå
èç óðàâíåíèé ñèñòåìû (15)

(16)

Äîóìíîæàÿ ïåðâîå óðàâíåíèå (16) íà , à âòîðîå íà

, ïðèðàâíÿâ èõ ëåâûå ÷àñòè, ñ ó÷åòîì çàìåíû ïåðå-

ìåííûõ  1,2,3, ïîëó÷èì

 (17)

Ïðèâîäèì ýòî óðàâíåíèå ê ëèíåéíîìó âèäó

(18)

 èëè , , ãäå

Âîçâîäÿ â êâàäðàò ïåðâîå óðàâíåíèå ñèñòåìû (16)

  (19)

è ãðóïïèðóÿ â (20) ñëàãàåìûå îòíîñèòåëüíî ìíîæèòåëåé

 è , ïðèõîäèì ê êâàäðàòíîìó óðàâíåíèþ îòíîñèòå-

ëüíî . Ïîäñòàâëÿÿ â íåãî çíà÷åíèÿ  è

 èç (20), îïðåäåëèì êîýôôèöèåíòû
êâàäðàòíîãî óðàâíåíèÿ

, (20)

ãäå

,

.
Ñ ó÷åòîì âîçâåäåíèÿ â êâàäðàò ñèñòåì ãèïåðáîëè-

÷åñêèõ óðàâíåíèé (15) è (16), â ðåçóëüòàòå ïîëó÷èì äâà

ðåøåíèÿ ( ),( ) â âèäå

 , (21)

íåîáõîäèìîå èç êîòîðûõ îá èñòèííîé êîîðäèíàòå òî÷êè
èçëó÷åíèÿ âûáèðàåòñÿ ñîãëàñíî àïðèîðíîé èíôîðìàöèè
î ãðàíè÷íûõ ïðåäåëàõ êîíòðîëèðóåìîé çîíû îáçîðà.

ÂÛÂÎÄÛ

Ïîëó÷åííûå àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ îáíàðó-
æåíèÿ èñòî÷íèêà èçëó÷åíèÿ è ðàñ÷åòà åãî êîîðäèíàò
ïîçâîëÿþò ñäåëàòü ñëåäóþùèå âûâîäû:

1. Ðàçðàáîòàíà ìåòîäèêà ðàñ÷åòà íåîáõîäèìîãî ÷èñëà
íàêàïëèâàåìûõ îòñ÷åòîâ â çàâèñèìîñòè îò âåðîÿòíîñòè
ïðàâèëüíîãî îáíàðóæåíèÿ è ðàçìåðîâ êîíòðîëèðóåìîé
çîíû;
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2. Ðàññ÷èòàíû çàâèñèìîñòè äëÿ îïðåäåëåíèÿ ïîðîãî-
âîãî óðîâíÿ, îáåñïå÷èâàþùåãî çàäàííóþ âåðîÿòíîñòü
ëîæíîé òðåâîãè äëÿ ïðîèçâîëüíîãî ÷èñëà íàêàïëèâàå-
ìûõ îòñ÷åòîâ;

3. Ïðåäëîæåíû ôîðìóëû äëÿ ðàçíîñòíî-äàëüíîìåðíî-
ãî àëãîðèòìà, ïîçâîëÿþùèå âû÷èñëèòü êîîðäèíàòû
èñòî÷íèêà èçëó÷åíèÿ â ÿâíîì âèäå, áåç ïðèìåíåíèÿ
èòòåðàöèîííûõ ìåòîäîâ.

Ïðåäëîæåííûå àëãîðèòìû ïîçâîëÿþò ðåøèòü çàäà÷ó
îáíàðóæåíèÿ è îïðåäåëåíèÿ êîîðäèíàò èñòî÷íèêà èçëó-
÷åíèÿ â çàäà÷àõ ïàññèâíîãî ìîíèòîðèíãà êîíòðîëèðóå-
ìîé çîíû.
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Äëÿ ñèñòåìû ïðîñòðàíñòâåííî ðàçíåñåííûõ ïðèåìíèêîâ
ñ êîððåëÿöèîííîé îáðàáîòêîé ñèãíàëîâ îïðåäåëåíû òðåáî-
âàíèÿ ê êà÷åñòâó îáíàðóæåíèÿ ñëó÷àéíîãî ñèãíàëà â çàâè-
ñèìîñòè îò ðàçìåðà îáðàáàòûâàåìîé âûáîðêè. Ïðåäëîæåí
ïðîñòîé àëãîðèòì ðàñ÷åòà êîîðäèíàò èñòî÷íèêà èçëó÷åíèÿ
íà îñíîâå âðåìåííûõ çàäåðæåê îáíàðóæåííûõ ñèãíàëîâ.

For the system of spatially spread receivers with correla-
tional processing of signals the requirements to the quality of
detection of a casual signal are determined depending on the
size of processable sample. The simple algorithm of calculation
of coordinates of the source of radiation on the basis of time
delays of the detected signals is suggested.
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Ïðîâåäåí ñðàâíèòåëüíûé àíàëèç äâóõ ìåòîäîâ âû÷èñëå-
íèÿ ïëîòíîñòè âåðîÿòíîñòåé è ìîìåíòîâ ïðîèçâåäåíèÿ è
÷àñòíîãî íåçàâèñèìûõ ñëó÷àéíûõ âåëè÷èí. Ïîêàçàíî, ÷òî
ïðåîáðàçîâàíèå Ìåëëèíà â ñëó÷àå ìíîãèõ ñëó÷àéíûõ ïåðå-
ìåííûõ óïðîùàåò ïðîöåäóðó âû÷èñëåíèé ïî ñðàâíåíèþ ñ
äðóãèìè èçâåñòíûìè ìåòîäàìè.

ÂÂÅÄÅÍÈÅ

Â ñòàòèñòè÷åñêîé ðàäèîòåõíèêå è òåîðèè ñâÿçè î÷åíü
÷àñòî âîçíèêàåò çàäà÷à êîìïîçèöèè è ïðåîáðàçîâàíèÿ
çàêîíîâ ðàñïðåäåëåíèÿ ñëó÷àéíûõ âåëè÷èí (ïðîöåññîâ).
Ïðè ýòîì øèðîêî èçâåñòíî èñïîëüçîâàíèå èíòåãðàëà
Ôóðüå (õàðàêòåðèñòè÷åñêîé ôóíêöèè) êàê ìîùíîãî àíà-
ëèòè÷åñêîãî ñðåäñòâà äëÿ íàõîæäåíèÿ ïëîòíîñòè ðàñïðå-
äåëåíèÿ ñóììû íåçàâèñèìûõ ñëó÷àéíûõ âåëè÷èí è â
êà÷åñòâå ïðîèçâîäÿùåé ôóíêöèè ìîìåíòîâ. Èçâåñòíû
òàêæå è øèðîêî ïðèìåíÿþòñÿ ôîðìóëû òèïà èíòåãðàëà
ñâ¸ðòêè äëÿ îïðåäåëåíèÿ ïëîòíîñòåé âåðîÿòíîñòåé ñóì-
ìû è ðàçíîñòè äâóõ ñëó÷àéíûõ âåëè÷èí.

Â ñîâðåìåííûõ ðàäèîòåõíè÷åñêèõ ñèñòåìàõ è ñèñòå-
ìàõ ýëåêòðîñâÿçè âñ¸ áîëüøåå ïðèìåíåíèå íàõîäÿò êîð-
ðåëÿöèîííûå àëãîðèòìû ïðè¸ìà è îáðàáîòêè ñèãíàëîâ, â
÷àñòíîñòè, ïðè îïòèìèçàöèè çàäà÷è ïðè¸ìà â ñëîæíîé
ïîìåõîâîé îáñòàíîâêå. Â ýòîì ñëó÷àå íåîáõîäèìî çíàíèå
çàêîíîâ ðàñïðåäåëåíèÿ è ÷èñëîâûõ õàðàêòåðèñòèê ïðî-
èçâåäåíèé è ÷àñòíûõ ñëó÷àéíûõ âåëè÷èí.

 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Åñëè äâå íåçàâèñèìûå ñëó÷àéíûå ïåðåìåííûå  è 

èìåþò ïëîòíîñòè âåðîÿòíîñòåé  è , òî äëÿ

ïëîòíîñòè âåðîÿòíîñòåé ïðîèçâåäåíèÿ  è ÷àñò-
íîãî   ìîæíî èñïîëüçîâàòü ñîîòíîøåíèÿ [1]:

(1)

(2)

Çàäà÷ó îïðåäåëåíèÿ çàêîíà ðàñïðåäåëåíèÿ ïðîèçâå-
äåíèÿ íåñêîëüêèõ ñëó÷àéíûõ íåçàâèñèìûõ âåëè÷èí

 ìîæíî ðåøèòü â íåñêîëüêî ïîñëåäîâàòåëü-
íûõ ýòàïîâ èëè ñâåñòè ê çàäà÷å îïðåäåëåíèÿ çàêîíà ðàñ-

ïðåäåëåíèÿ ñëó÷àéíîé ïåðåìåííîé ,

ïîñëå ÷åãî ñòàíîâèòñÿ âîçìîæíûì èñïîëüçîâàíèå
ïðåîáðàçîâàíèÿ Ôóðüå.

Îäíàêî, âî ìíîãèõ ñëó÷àÿõ äëÿ ðåøåíèÿ ïîñòàâëåí-
íîé çàäà÷è áîëåå åñòåñòâåííûì ÿâëÿåòñÿ èñïîëüçîâàíèå
ñðàâíèòåëüíî ìàëî èçâåñòíîãî èíòåãðàëüíîãî ïðåîáðàçî-
âàíèÿ Ìåëëèíà. Íåïîñðåäñòâåííîå èñïîëüçîâàíèå åãî
ìîæåò â íåêîòîðûõ ñëó÷àÿõ äàòü áîëåå ïðîñòîé ñïîñîá
ðåøåíèÿ.

Íèæå ïîêàçàíà âîçìîæíîñòü èñïîëüçîâàíèÿ ïðåîáðà-
çîâàíèÿ Ìåëëèíà äëÿ ðåøåíèÿ óïîìÿíóòûõ çàäà÷.

1х 2х

)(1 xf )(2 xf

21 * хху =

12 / ххи =

∫
∞

∞−

= ,
||

)()()( 21 x

dx

x

y
fxfyf

∫
∞

∞−

= .||)()()( 21 dxxиxfxfиf

n21 ...* xxxx =

∑== ixx loglogy



48

ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ ÒÀ ÒÅËÅÊÎÌÓÍ²ÊÀÖ²¯

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2003

ÑÂÎÉÑÒÂÀ ÏÐÅÎÁÐÀÇÎÂÀÍÈß ÌÅËËÈÍÀ

Ïðåîáðàçîâàíèå Ìåëëèíà , ñîîòâåòñòâóþùåå
ôóíêöèè , äëÿ çíà÷åíèé  îïðåäåëÿåòñÿ âûðà-
æåíèåì [2,3]

. (3)

Ïðè íåêîòîðûõ îãðàíè÷åíèÿõ íà  ôóíêöèÿ ,
ðàññìàòðèâàåìàÿ êàê ôóíêöèÿ êîìïëåêñíîé ïåðåìåííîé

, ÿâëÿåòñÿ ôóíêöèåé ýêñïîíåíöèàëüíîãî òèïà, àíàëè-
òè÷íîé â ïîëîñå, ïàðàëëåëüíîé ìíèìîé îñè. Øèðèíà

ïîëîñû îïðåäåëÿåòñÿ âèäîì ôóíêöèè . Åñëè 

ïðè  óìåíüøàåòñÿ ýêñïîíåíöèàëüíî, òî ïîëîñà
àíàëèòè÷íîñòè îêàçûâàåòñÿ ïîëóïëîñêîñòüþ. Ñëåäóþùåå
âûðàæåíèå ÿâëÿåòñÿ îáðàòíûì â ïðåîáðàçîâàíèè
Ìåëëèíà è ïîçâîëÿåò íàéòè ôóíêöèþ ðàñïðåäåëåíèÿ

 ïî ïðåîáðàçîâàíèþ :

. (4)

Ôîðìóëû Ìåëëèíà ìîæíî ïîëó÷èòü èç ïðåîáðàçî-

âàíèÿ Ôóðüå, åñëè â (3) ïîëîæèòü  è .

Òîãäà ôóíêöèè  è  áóäóò òðàíñ-
ôîðìàöèÿìè Ôóðüå îäíà îò äðóãîé.

Â ÷àñòíîì ñëó÷àå ïðè  ïðåîáðàçîâàíèå Ìåë-

ëèíà äàåò èçâåñòíîå èíòåãðàëüíîå ïðåäñòàâëåíèå ãàììà-
ôóíêöèè.

Êîòëàðñêèé [4, 5] ââåë ñëåãêà âèäîèçìåíåííîå îïðå-
äåëåíèå, çàìåíèâ â (3) -1 íà . Îäíàêî, â íàèáîëåå
ðàñïðîñòðàíåííûõ òàáëèöàõ ïàð ïðåîáðàçîâàíèé Ìåëëè-
íà [2, 3] èñïîëüçóåòñÿ îïðåäåëåíèå (3).

Â ôîðìå, îáû÷íîé äëÿ ìàòåìàòè÷åñêîé ñòàòèñòèêè,
ïðåîáðàçîâàíèå Ìåëëèíà ïîëîæèòåëüíîé ñëó÷àéíîé
ïåðåìåííîé  ñ íåïðåðûâíîé ôóíêöèåé ðàñïðåäåëåíèÿ

 ìîæíî ïðåäñòàâèòü ñîãëàñíî (3) â âèäå ìàòåìàòè-
÷åñêîãî îæèäàíèÿ

 . (5)

Çàìå÷àåì, ÷òî îíî ìîæåò áûòü èñïîëüçîâàíî â êà÷å-
ñòâå ïðîèçâîäÿùåé ôóíêöèåé ìîìåíòîâ, åñëè ïîëîæèòü

:

 . (6)

Ïðèâåäåì íåñêîëüêî âàæíûõ äëÿ íàøèõ öåëåé
ñâîéñòâ ïðåîáðàçîâàíèÿ Ìåëëèíà.

1.Åñëè ôóíêöèÿ  èìååò ïðåîáðàçîâàíèå Ìåëëèíà,
òî ïàðîé ïðåîáðàçîâàíèÿ Ìåëëèíà ÿâëÿþòñÿ ñëåäóþùèå
ôóíêöèè

 è  , (7)

ãäå , ,  - ïðîèçâîëüíûå êîýôôèöèåíòû. Ýòî ñâîé-
ñòâî ïîçâîëÿåò çíà÷èòåëüíî ñîêðàòèòü òàáëèöû ïðåîáðà-
çîâàíèÿ è îáëåã÷èòü ïîëüçîâàíèå ïîñëåäíèìè.

2.Åñëè ïîëîæèòåëüíàÿ ñëó÷àéíàÿ ïåðåìåííàÿ  èìååò

ïðåîáðàçîâàíèå Ìåëëèíà , òî äëÿ ñëó÷àéíîé ïåðå-
ìåííîé , >0 èìååì

. (8)

3.Ïðåîáðàçîâàíèå Ìåëëèíà  ïîëîæèòåëüíîé

ñëó÷àéíîé ïåðåìåííîé  ðàâíî

, (9)

îòêóäà äëÿ ÷àñòíîãî  ( ) ïîëó÷èì

 . (10)

4.Eñëè  è  - íåçàâèñèìûå ïîëîæèòåëüíûå ñëó-

÷àéíûå ïåðåìåííûå ñ ïðåîáðàçîâàíèÿìè Ìåëëèíà 

è , ñîîòâåòñòâåííî, òî ïðåîáðàçîâàíèå Ìåëëèíà îò

ïðîèçâåäåíèÿ  åñòü

 . (11)

5.Â áîëåå îáùåì ñëó÷àå ïðåîáðàçîâàíèå Ìåëëèíà îò

ñëó÷àéíîé ïåðåìåííîé   ðàâíî

, (12)

îòêóäà äëÿ ÷àñòíîãî  äâóõ íåçàâèñèìûõ

ñëó÷àéíûõ âåëè÷èí ïîëó÷àåì

. (13)

Ñâîéñòâî (12) ïîêàçûâàåò íà âîçìîæíîñòü èñïîëüçî-
âàíèÿ ïðåîáðàçîâàíèÿ Ìåëëèíà äëÿ íàõîæäåíèÿ ïëîòíî-
ñòè ðàñïðåäåëåíèÿ ïðîèçâåäåíèÿ èëè ÷àñòíîãî íåñêîëü-
êèõ íåçàâèñèìûõ ïîëîæèòåëüíûõ ñëó÷àéíûõ ïåðåìåí-
íûõ. Ïëîòíîñòü ðàñïðåäåëåíèÿ ïðè ýòîì îïðåäåëÿåòñÿ
ïî ôîðìóëå (4) ñ èñïîëüçîâàíèåì òàáëèö [3] èëè íå-
ïîñðåäñòâåííûì âû÷èñëåíèåì èíòåãðàëà ñ ïîìîùüþ òåî-
ðåìû î âû÷åòàõ.

Êàê è â ñëó÷àå õàðàêòåðèñòè÷åñêèõ ôóíêöèé, ìîæíî
äîêàçàòü, ÷òî èìååòñÿ îäíîçíà÷íîå ñîîòâåòñòâèå ìåæäó
ôóíêöèåé ðàñïðåäåëåíèÿ è åå ïðåîáðàçîâàíèåì Ìåëëè-
íà. Ñëåäîâàòåëüíî, âû÷èñëåííàÿ ïî (11) ïëîòíîñòü
âåðîÿòíîñòè ïðîèçâåäåíèÿ äâóõ ñëó÷àéíûõ âåëè÷èí
äîëæíà ñîâïàäàòü ñ ïîëó÷åííîé èç âûðàæåíèÿ (1), à
ïëîòíîñòü âåðîÿòíîñòåé (13) ÷àñòíîãî äâóõ íåçàâèñèìûõ
ñëó÷àéíûõ âåëè÷èí - ñ ðåçóëüòàòîì èç âûðàæåíèÿ (2).

Âûøå øëà ðå÷ü òîëüêî î ïîëîæèòåëüíûõ ñëó÷àéíûõ
ïåðåìåííûõ, ïîñêîëüêó òåîðèÿ ïðåîáðàçîâàíèÿ Ìåëëèíà
äàåòñÿ äëÿ ôóíêöèé, îïðåäåëåííûõ òîëüêî äëÿ ïîëîæè-
òåëüíûõ çíà÷åíèé àðãóìåíòà. Ýïøòåéí [6] äàë ñïîñîá
èñïîëüçîâàíèÿ ïðåîáðàçîâàíèÿ Ìåëëèíà äëÿ ñëó÷àéíûõ
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ïåðåìåííûõ ñ äâóñòîðîííèìè ôóíêöèÿìè ðàñïðåäåëå-
íèÿ. Ýòîò ñïîñîá çàêëþ÷àåòñÿ â ðàçáèåíèè ïëîòíîñòåé
ðàñïðåäåëåíèÿ ñëó÷àéíûõ ïåðåìåííûõ  è  íà äâå

, , (14)

ãäå

;  ;

;  .

è äàëüíåéøåì îáðàùåíèè ñ ïàðàìè

), ïî îòäåëüíîñòè. Ïëîòíîñòü âåðî-

ÿòíîñòè ñëó÷àéíîé ïåðåìåííîé  áóäåò ðàâíà

ñóììå

, (15)

ãäå  è  áóäóò îòíîñèòüñÿ ê ïîëîæèòåëüíûì

çíà÷åíèÿì àðãóìåíòà , à  è  - ê îòðèöàòåëü-

íûì. Ïðè ýòîì

, (16)

è ê íåìó ïðåîáðàçîâàíèå Ìåëëèíà ìîæåò áûòü ïðèìå-

íåíî íåïîñðåäñòâåííî. Ïðè âû÷èñëåíèè  ïðåîáðà-

çîâàíèå Ìåëëèíà (óñëîâíîå) ìîæåò áûòü ïðèìåíåíî ê
âûðàæåíèþ

, . (17)

Òîãäà

. (18)

Àíàëîãè÷íî ïðåîáðàçîâàíèå Ìåëëèíà ïðèìåíÿåòñÿ

äëÿ îïðåäåëåíèÿ  è , ãäå .

Íåòðóäíî âèäåòü, ÷òî â ñëó÷àå äâóñòîðîííèõ ñèììåò-
ðè÷íûõ ðàñïðåäåëåíèé ïðåîáðàçîâàíèå Ìåëëèíà íåîáõî-
äèìî âû÷èñëÿòü ëèøü îäèí ðàç. Äàëåå, èñïîëüçóÿ ôîð-
ìóëó îáðàùåíèÿ è óäâàèâàÿ ïîëó÷åííûé ðåçóëüòàò, ïî-
ëó÷èì èñêîìûé çàêîí ðàñïðåäåëåíèÿ ïðîèçâåäåíèÿ ÷àñò-
íîãî íåçàâèñèìûõ ñëó÷àéíûõ âåëè÷èí. Òàêàÿ ïðîöåäóðà
ñîîòâåòñòâóåò ðàñïðîñòðàíåíèþ ïðåîáðàçîâàíèÿ Ìåëëè-
íà íà ñëó÷àé ñèììåòðè÷íûõ äâóõñòîðîííèõ ðàñïðåäåëå-
íèé â âèäå [4, 5]:

, . (19)

Âûðàæåíèÿ (11, 12, 13) ñïðàâåäëèâû äëÿ íåçàâèñè-
ìûõ ñëó÷àéíûõ âåëè÷èí. Íàïîìíèì, ÷òî õàðàêòåðèñòè-
÷åñêàÿ ôóíêöèÿ ñóììû çàâèñèìûõ ñëó÷àéíûõ ïåðåìåí-
íûõ îïðåäåëÿåòñÿ êàê ìàòåìàòè÷åñêîå îæèäàíèå âåëè÷è-

íû  ïî ìíîãîìåðíîìó çàêîíó ðàñïðåäåëå-

íèÿ. Êîòëàðñêèì [5] ââåäåíî ìíîãîìåðíîå ïðåîáðàçîâà-
íèå Ìåëëèíà. Ñ èñïîëüçîâàíèåì ïîñëåäíåãî ïðåîáðàçî-

âàíèÿ Ìåëëèíà ñëó÷àéíîé âåëè÷èíû 
áóäåò îïðåäåëÿòüñÿ âûðàæåíèåì

, (20)

ãäå  - ôóíêöèÿ ðàñïðåäåëåíèÿ çàâèñèìûõ

ïîëîæèòåëüíûõ ñëó÷àéíûõ ïåðåìåííûõ .

ÐÅØÅÍÈÅ ÇÀÄÀ×

Ðàññìîòðèì òåïåðü íåñêîëüêî ïðèìåðîâ íà îïðåäå-
ëåíèå çàêîíîâ ðàñïðåäåëåíèÿ ïðîèçâåäåíèÿ è ÷àñòíîãî
ñëó÷àéíûõ âåëè÷èí. Ïðè ýòîì áóäåì èñïîëüçîâàòü
ïðåîáðàçîâàíèå Ìåëëèíà è èçâåñòíûå ôîðìóëû (1) è
(2). Ýòî ïîçâîëèò ñóäèòü î âîçìîæíîñòè è öåëå-
ñîîáðàçíîñòè èñïîëüçîâàíèÿ ïðåîáðàçîâàíèÿ Ìåëëèíà.

Ïðèìåð 1. Íàéòè çàêîí ðàñïðåäåëåíèÿ âåëè÷èíû
, ãäå  è  - íåçàâèñèìûå ñëó÷àéíûå ïåðå-

ìåííûå ñ ïëîòíîñòÿìè ðàñïðåäåëåíèÿ

, . (21)

1-é ñïîñîá ðåøåíèÿ. Ðàçáèâàåì ïëîòíîñòü ðàñïðåäå-

ëåíèÿ  ñîãëàñíî (14) íà äâå. Ïîñêîëüêó ðàñïðå-

äåëåíèå ñèììåòðè÷íîå, òî

 

 . (22)

Òîãäà

. (23)

 Ïðåîáðàçîâàíèÿ Ìåëëèíà ñîîòâåòñòâåííî áóäóò
ðàâíû

   

, , (24)

ãäå  - ôóíêöèÿ Áåññåëÿ âòîðîãî ðîäà ìíèìîãî
àðãóìåíòà íóëåâîãî ïîðÿäêà. Ïîñêîëüêó ïîñëåäíÿÿ -
íåñèììåòðè÷íà, òî ñîãëàñíî (18) èìååì

, (25)
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è îêîí÷àòåëüíî

 , . (26)

2-é ñïîñîá ðåøåíèÿ.

.

Çàìåíîé ïåðåìåííûõ   ïîëó÷àåì

, . (27)

Àíàëîãè÷íàÿ çàäà÷à äëÿ îáùåãî ñëó÷àÿ íåöåíòðèðî-
âàííûõ è êîððåëèðîâàííûõ âåëè÷èí òàêèì ñïîñîáîì
ðåøåíà â [11].

Çàìå÷àåì, ÷òî ðåçóëüòàò (24) ñ èñïîëüçîâàíèåì ïðåî-
áðàçîâàíèÿ Ìåëëèíà äîñòèãàåòñÿ áîëåå ñëîæíûì ïóòåì,
÷åì (27). Îäíàêî, âûðàæåíèå (23) äëÿ âû÷èñëåíèÿ ìî-
ìåíòîâ ðàñïðåäåëåíèÿ ïîëó÷àåòñÿ äîâîëüíî ïðîñòî.

Ïðèìåð 2. Íàéòè çàêîí ðàñïðåäåëåíèÿ ïðîèçâåäåíèÿ
äâóõ íåçàâèñèìûõ ðåëååâñêèõ âåëè÷èí . Â

ýòîì ñëó÷àå

,

à åå ïðåîáðàçîâàíèå Ìåëëèíà ðàâíî

.

Äëÿ ïðåîáðàçîâàíèÿ Ìåëëèíà îò ïðîèçâåäåíèÿ
ïîëó÷èì

.

Îáðàùåíèåì ôîðìóëû Ìåëëèíà ïî òàáëèöàì [3,
ôîðì.10.5 è 10.60] äëÿ ðàñïðåäåëåíèÿ ïðîèçâåäåíèÿ
íàõîäèì

, (28)

2-é ñïîñîá ðåøåíèÿ. Âû÷èñëåíèÿìè, àíàëîãè÷íûìè
âû÷èñëåíèÿìè â 1-ì ïðèìåðå, ïîëó÷àåì ðåçóëüòàò, ñîâ-
ïàäàþùèé ñ (28).

Ïðèìåð 3. Íàéòè çàêîí ðàñïðåäåëåíèÿ ÷àñòíîãî
 äâóõ íåçàâèñèìûõ ðåëååâñêèõ âåëè÷èí ñ

îäèíàêîâûìè ñðåäíåêâàäðàòè÷íûìè çíà÷åíèÿìè.
1-é ñïîñîá ðåøåíèÿ. Äëÿ ðåëååâñêîãî ðàñïðåäåëåíèÿ

ïðåîáðàçîâàíèå Ìåëëèíà ïðèâåäåíî âî 2-ì ïðèìåðå.

Äëÿ ÷àñòíîãî äâóõ âåëè÷èè èç (13) ïîëó÷àåì

.

Îáðàùåíèåì ôîðìóëû Ìåëëèíà [2, ñòð.253] äëÿ
ïëîòíîñòè âåðîÿòíîñòè íàõîäèì

, . (29)

2-é ñïîñîá ðåøåíèÿ. Èñïîëüçóÿ (13), íàõîäèì

, . (30)

Ïðèìåð 4. Íàéòè çàêîí ðàñïðåäåëåíèÿ ÷àñòíîãî
, ãäå  è  èìåþò ôóíêöèè ðàñïðåäåëåíèÿ

( - ðàñïðåäåëåíèå)

, . (31)

Çàìåòèì, ÷òî òàêîå ðàñïðåäåëåíèå èìååò ñëó÷àéíàÿ

âåëè÷èíà , ãäå - íîðìàëüíûå ñëó÷àéíûå

âåëè÷èíû ñ íóëåâûìè ñðåäíèìè çíà÷åíèÿìè.
1-é ñïîñîá ðåøåíèÿ. Ïðåîáðàçîâàíèå Ìåëëèíà äëÿ

ïðèâåäåííîé ïëîòíîñòè ðàñïðåäåëåíèÿ èìååò âèä

.

Äëÿ ÷àñòíîãî äâóõ ñëó÷àéíûõ ïåðåìåííûõ ïîëó÷èì

.

Ïî òàáëèöàì îïðåäåëÿåì èñêîìûé çàêîí ðàñïðåäå-
ëåíèÿ [1, ñòð.253]

, . (32)

2-é ñïîñîá ðåøåíèÿ. Èñïîëüçóÿ ôîðìóëó (2),
íàõîäèì
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 (33)

îòêóäà ïîëó÷àåì èñêîìûé ðåçóëüòàò (30).
Ïðèìåðû 2, 3, 4 ïîçâîëÿþò ñäåëàòü âûâîäû, àíàëî-

ãè÷íûå âûâîäó ïî ïðèìåðó 1.

ÂÛÂÎÄÛ

Èñïîëüçîâàíèå ïðåîáðàçîâàíèÿ Ìåëëèíà âìåñòî
èçâåñòíûõ ìåòîäîâ ñòàòèñòèêè ïðè îïðåäåëåíèè çàêîíîâ
ðàñïðåäåëåíèÿ ïðîèçâåäåíèÿ èëè ÷àñòíîãî äâóõ ñëó-
÷àéíûõ ïåðåìåííûõ íå äàåò íèêàêèõ ïðåèìóùåñòâ. Îíî
ìîæåò îêàçàòüñÿ ïîëåçíûì äëÿ äàííûõ öåëåé â ñëó÷àå
ìíîãèõ ñëó÷àéíûõ ïåðåìåííûõ, òàê êàê èçáàâëÿåò îò
íåîáõîäèìîñòè îñóùåñòâëåíèÿ íåñêîëüêèõ ïîñëåäîâà-
òåëüíûõ îïåðàöèé òèïà (12) èëè (13). Ïðåîáðàçîâàíèå
Ìåëëèíà îêàçûâàåòñÿ âåñüìà ïîëåçíûì òàêæå äëÿ îïðå-
äåëåíèÿ ìîìåíòîâ ïðîèçâåäåíèÿ èëè ÷àñòíîãî äâóõ èëè
íåñêîëüêèõ ñëó÷àéíûõ âåëè÷èí â ñëó÷àå, êîãäà èñêîìàÿ
ïëîòíîñòü íå ìîæåò áûòü îïðåäåëåíà íèêàêèì èç
ìåòîäîâ èç-çà ñëîæíîñòè âû÷èñëåíèé.
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Ïðîâåäåíî ïîð³âíÿëüíèé àíàë³ç äâîõ ìåòîä³â îá÷èñëåííÿ
ù³ëüíîñò³ éìîâ³ðíîñòåé ³ ìîìåíò³â äîáóòêó òà ÷àñòêè
íåçàëåæíèõ âèïàäêîâèõ âåëè÷èí. Ïîêàçàíî, ùî âèêîðèñòàí-
íÿ ïåðåòâîðåííÿ Ìåëë³íà ó âèïàäêó áàãàòüîõ âèïàäêîâèõ
çì³ííèõ ñïðîùóº ïðîöåäóðó îá÷èñëåíü â ïîð³âíÿíí³ ç
äðóãèìè â³äîìèìè ìåòîäàìè.

Comparable analysis of two calculation methods of proba-
bility densities and moments of product and quotient of inde-
pendent casual values is accomplished. It is shown, that the
Mellin transformation in the case of many casual variables
simplifies the calculation procedure in comparison with other
known methods.

ÓÄÊ 62-55: 681.515

Â.È. Ãîñòåâ, Ñ.À. Ìàãëþé, Â.Í. ßðåìåíêî

ÑÈÍÒÅÇ ÔÀÇÇÈ-ÑÈÑÒÅÌÛ ÑÒÀÁÈËÈÇÀÖÈÈ              
ÁÀËËÈÑÒÈ×ÅÑÊÎÉ ÐÀÊÅÒÛ ÏÎ ÓÃËÓ ÒÀÍÃÀÆÀ

Ðîçãëÿíóò³ ðåçóëüòàòè ñèíòåçà íå÷³òêîãî (ïðàöþþ÷îãî
íà áàç³ íå÷³òêî¿ ëîãèêè) ðåãóëÿòîðà äëÿ ñèñòåìè ñòàá³ë³-
çàö³¿ áàë³ñòè÷íî¿ ðàêåòè ïî êóòó òàíãàæà. Ìåòîäîì
ìàòåìàòè÷íîãî ìîäåëþâàííÿ âèçíà÷åí³ ïðîöåññè â ñèñòåì³ ³
ïîêàçàíî, ùî íà îñíîâ³ âèêîðèñòàííÿ íå÷³òêîãî ðåãóëÿòîðà
ìîæëèâî äóæå çíà÷íå ïîë³ïøåííÿ ÿêîñò³ ñèñòåìè, ÿêå
âèçíà÷àåòüñÿ ïîõèáêîþ ðàçóçãîäæåííÿ ïðè â³äïðàöþâàííÿ
ïðîãðàìíî¿ òðàºêòîð³¿.

ÂÂÅÄÅÍÈÅ

Áàëëèñòè÷åñêàÿ ðàêåòà, â êîòîðîé èñïîëüçóåòñÿ áîëü-
øîå ÷èñëî ëîêàëüíûõ ñèñòåì àâòîìàòè÷åñêîãî óïðàâëå-

íèÿ, ÿâëÿåòñÿ ñóùåñòâåííî íåñòàöèîíàðíûì îáúåêòîì
óïðàâëåíèÿ. Ïåðåäàòî÷íûå ôóíêöèè, êîòîðûìè îïèñû-
âàþò áàëëèñòè÷åñêóþ ðàêåòó êàê îáúåêò óïðàâëåíèÿ,
îòëè÷àþòñÿ îò ïåðåäàòî÷íûõ ôóíêöèé êðûëàòûõ
ëåòàòåëüíûõ àïïàðàòîâ òåì, ÷òî èìåþò íåóñòîé÷èâûå
çâåíüÿ, ïîýòîìó äâèæåíèå íåóïðàâëÿåìîé ðàêåòû ïî
ïðîãðàììíîé òðàåêòîðèè áûëî áû íåóñòîé÷èâûì. Íèæå
ðàññìàòðèâàåòñÿ ñèñòåìà ñòàáèëèçàöèè áàëëèñòè÷åñêîé
ðàêåòû ïî óãëó òàíãàæà (ïî êàíàëó ïðîäîëüíîãî
äâèæåíèÿ), êîòîðàÿ îïèñàíà â ðàáîòå [1]. Ñèñòåìà
ñîñòîèò èç ñëåäóþùèõ ôóíêöèîíàëüíî íåîáõîäèìûõ ýëå-
ìåíòîâ: ýëåìåíòà ñðàâíåíèÿ (ñâîáîäíîãî ãèðîñêîïà ñ
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ïîòåíöèîìåòðè÷åñêèì äàò÷èêîì, õàðàêòåðèçóåìûì êîýô-

ôèöèåíòîì ), óñèëèòåëÿ ñ êîýôôèöèåíòîì óñèëåíèÿ

, è ãèäðàâëè÷åñêîãî ðóëåâîãî ìåõàíèçìà. Â ðàáîòàõ

[1-3] ñèñòåìà ñòàáèëèçàöèè áàëëèñòè÷åñêîé ðàêåòû âû-
ïîëíÿëàñü ñ èñïîëüçîâàíèåì àíàëîãîâûõ êîððåêòèðó-
þùèõ óñòðîéñòâ è àäàïòèâíîãî ðåãóëÿòîðà. Â äàííîé
ðàáîòå ðàññìîòðåíû ðåçóëüòàòû ñèíòåçà öèôðîâîãî
íå÷åòêîãî (ðàáîòàþùåãî íà áàçå íå÷åòêîé ëîãèêè) ðåãó-
ëÿòîðà è ìåòîäîì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ
îïðåäåëåíû ïðîöåññû â ñèñòåìå ñòàáèëèçàöèè áàëëè-
ñòè÷åñêîé ðàêåòû ïî óãëó òàíãàæà. Ïîêàçàíî, ÷òî íà
îñíîâå ïðèìåíåíèÿ íå÷åòêîãî ðåãóëÿòîðà âîçìîæíî
âåñüìà çíà÷èòåëüíîå óëó÷øåíèå êà÷åñòâà ñèñòåìû, õàðà-
êòåðèçóåìîå âåëè÷èíîé òåêóùåé îøèáêè ïðè îòðàáîòêå
ïðîãðàììíîé òðàåêòîðèè.

ÑÈÍÒÅÇ ÖÈÔÐÎÂÎÃÎ ÍÅ×ÅÒÊÎÃÎ 
ÐÅÃÓËßÒÎÐÀ.

Ïðèíÿâ çà âûõîäíóþ êîîðäèíàòó ðàêåòû óãîë òàí-

ãàæà , à çà âõîäíóþ êîîðäèíàòó óãîë ïîâî-

ðîòà ðóëÿ , îïðåäåëèì ïåðåäàòî÷íóþ ôóíê-
öèþ ðàêåòû â âèäå [1-3]

, (1)

ãäå  êîýôôèöèåíò ïðåîáðàçîâàíèÿ ðàêåòû,

ïîñòîÿííûå âðåìåíè ñîîòâåòñòâåííî êîëåáà-

òåëüíîãî è íåìèíèìàëüíî-ôàçîâîãî (  îòðèöàòåëü-

íàÿ âåëè÷èíà) ôîðñèðóþùåãî çâåíüåâ,   êîýôôöèåíò
äåìïôèðîâàíèÿ. Çàâèñèìîñòè óêàçàííûõ ïàðàìåòðîâ ðà-
êåòû îò âðåìåíè åå ïîëåòà ïðèâåäåíû â ðàáîòå [1].

Äëÿ óïðîùåíèÿ ðàñ÷åòîâ ðóëåâîé ìåõàíèçì îïèøåì
ïåðåäàòî÷íîé ôóíêöèåé èíòåãðèðóþùåãî çâåíà:

. Â ýòîì ñëó÷àå âõîä ñèñòåìû

- çàäàííûé óãîë òàíãàæà, âûõîä ñèñòåìû

- îòðàáîòàííûé ðàêåòîé óãîë òàíãàæà,

 - óïðàâëÿþùèé ñèãíàë íà âûõîäå ðåãóëÿòîðà, à
îáúåêò óïðàâëåíèÿ îïèñûâàåòñÿ îáùåé ïåðåäàòî÷íîé
ôóíêöèåé:

  (2)

(Â îáúåêò óïðàâëåíèÿ âêëþ÷åíû àíàëîãîâûå ðóëåâîé
ìåõàíèçì è ðàêåòà). Ïàðàìåòðû ïåðåäàòî÷íîé ôóíêöèè

  îïðåäåëÿþòñÿ:

Ïðè ýòîì ïàðàìåòðû ïåðåäàòî÷íîé ôóíêöèè ,
òàêæå áóäóò ôóíêöèÿìè, çàâèñÿùèìè îò âðåìåíè.

Ìàòåìàòè÷åñêè èõ ìîæíî îïðåäåëèòü ñëåäóþùèìè
ïîëèíîìàìè:

Çàâèñèìîñòè ïàðàìåòðîâ ïåðåäàòî÷íîé ôóíêöèè 
îò âðåìåíè ïîëåòà ðàêåòû ïðèâåäåíû íà ðèñ.1. Âðåìÿ
ïîëåòà ðàêåòû ñîñòàâëÿåò ïðèìåðíî 60 ñ. Øåñòàÿ ñåêóí-
äà ïîëåòà ðàêåòû ïðèíÿòà çà íà÷àëî îòñ÷åòà âðåìåíè
ïîëåòà.

Ìàòåìàòè÷åñêàÿ ìîäåëü íåñòàöèîíàðíîãî êîëåáàòåëü-
íîãî çâåíà îïèñûâàåòñÿ äèôôåðåíöèàëüíûì óðàâíåíèåì

. (3)

Ìàòåìàòè÷åñêàÿ ìîäåëü íåñòàöèîíàðíîãî ôîðñèðóþ-
ùåãî çâåíà îïèñûâàåòñÿ äèôôåðåíöèàëüíûì óðàâíåíèåì

. (4)

Ñîñòàâëåííàÿ â èíòåðàêòèâíîé ñèñòåìå MATLAB
ñòðóêòóðíàÿ ñõåìà ñèñòåìû óïðàâëåíèÿ ðàêåòîé ïî óãëó
òàíãàæà ñ öèôðîâûì íå÷åòêèì ðåãóëÿòîðîì ïðåäñòàâëå-
íà íà ðèñ.2.

Îøèáêà ðàññîãëàñîâàíèÿ Err, ïîñòóïàþùàÿ íà âõîä
íå÷åòêîãî ðåãóëÿòîðà (Controller), ïðåäñòàâëÿåò ñîáîé
ðàçíîñòü ìåæäó çàäàííûì íàïðÿæåíèåì òðåáóåìûì

óãëîì òàíãàæà  è ïðåîáðàçîâàííûì â íàïðÿæåíèå

îòðàáîòàííûì ðàêåòîé óãëîì òàíãàæà :
.
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Ðèñóíîê 2

Ïðåäïîëîæèì, ÷òî çàêîí èçìåíåíèÿ âõîäíîãî
âîçäåéñòâèÿ (ïðîãðàììíàÿ òðàåêòîðèÿ) ñëåäóþùèé:

Ìàòåìàòè÷åñêàÿ ìîäåëü ðàêåòû â èíòåðàêòèâíîé
ñèñòåìå MATLAB ñîñòàâëåíà òàêèì îáðàçîì. Íà âõîä

ìîäåëè ïîñòóïàåò ñèãíàë  c âûõîäà áëîêà Intega-
tor. Íà âõîä áëîêà Polinoms (ñì. ðèñ.3) ïîñòóïàåò
òåêóùåå âðåìÿ  ñ âûõîäà áëîêà Ramp. Íà âûõîäå áëîêà

Polinoms ôîðìèðóþòñÿ ñèãíàëû , , , ,

, êîòîðûå â áëîêàõ ïåðåìíîæåíèÿ Dot Product

óìíîæàþòñÿ íà ñîîòâåòñòâóþùèå ñèãíàëû ñîãëàñíî çàïè-
ñàííûì âûøå äèôôåðåíöèàëüíûì óðàâíåíèÿì íåñòàöèî-
íàðíûõ êîëåáàòåëüíîãî è ôîðñèðóþùåãî çâåíüåâ.

Îøèáêà ðàññîãëàñîâàíèÿ â ñèñòåìå óïðàâëåíèÿ ñ íå-
÷åòêèì ðåãóëÿòîðîì (ñì. ðèñ.2) êâàíòóåòñÿ àíàëîãî-öèô-
ðîâûì ïðåîáðàçîâàòåëåì ÀÖÏ (Zero-Order Hold) ñ
øàãîì êâàíòîâàíèÿ (øàãîì ïîñòóïëåíèÿ äàííûõ â

íå÷åòêèé ðåãóëÿòîð) ñ. Îøèáêà íà âûõîäå

ÀÖÏ , åå ïåðâàÿ  è

âòîðàÿ  ðàçíîñòè ïîäàþòñÿ
íà âõîä íå÷åòêîãî ðåãóëÿòîðà (Controller). Ñèãíàë ñ
âûõîäà ðåãóëÿòîðà ïîñòóïàåò íà ÖÀÏ (ôèêñàòîð
íóëåâîãî ïîðÿäêà Zero-Order Hold1 ñ ïåðåäàòî÷íîé

ôóíêöèåé ) è äàëåå íà âõîä îáúåêòà
óïðàâëåíèÿ.

Ôóíêöèîíàëüíàÿ ñõåìû íå÷åòêîãî ðåãóëÿòîðà ñ ìíî-
ãîêàíàëüíîé íàñòðîéêîé ïðèâåäåíà íà ðèñ.4. Áëîêè íà-
ñòðîéêè ðåãóëÿòîðà (adjustment of fuzzy-controller), áëî-

êè íîðìèðîâêè âõîäíûõ (normin) è âûõîäíîãî (nor-out)
ñèãíàëîâ ïðèâåäåíû ñîîòâåòñòâåííî íà ðèñ.5,6 è 7.

Ðèñóíîê 3 

Ðèñóíîê 4
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Ðèñóíîê 5

  

Ðèñóíîê 6 

Ðèñóíîê 7

Áëîê íàñòðîéêè ðåãóëÿòîðà (adjustment of fuzzy-con-
troller) èìååò ôèêñàòîð (Zero-older hold) ñ øàãîì
êâàíòîâàíèÿ 0,01ñ, êâàíòîâàòåëü ïî óðîâíþ (Quantizer)
c øàãîì êâàíòîâàíèÿ 20c, óñèëèòåëü (Gain) c êîýô-
ôèöèåíòîì 0,05 è ÷åòûðå ïåðåêëþ÷àòåëÿ êàíàëîâ. Ïðè
ïîñòóïëåíèè òåêóùåãî âðåìåíè  ñ âûõîäà áëîêà Ramp
íà âõîä áëîêà íàñòðîéêè ðåãóëÿòîðà äî äåñÿòîé ñåêóíäû
âðåìåíè ïîëåòà ðàêåòû ðàáîòàåò ïåðâûé êàíàë, îò
äåñÿòîé äî òðèäöàòîé ñåêóíäû ðàáîòàåò âòîðîé êàíàë, îò
òðèäöàòîé äî ïÿòèäåñÿòîé ñåêóíäû ðàáîòàåò òðåòèé
êàíàë è ïîñëå ïÿòèäåñÿòîé ñåêóíäû ðàáîòàåò ÷åòâåðòûé
êàíàë. Ñèãíàëû ñ âûõîäîâ 1-4 áëîêà íàñòðîéêè ðåãó-
ëÿòîðà ïîñòóïàþò íà ñîîòâåòñòâóþùèå âõîäû 4,5,6 áëîêà
íîðìèðîâêè âõîäíûõ (normin) è íà âõîä 2 áëîêà íîð-
ìèðîâêè âûõîäíîãî (normout) ñèãíàëîâ (ñì. ðèñ.5-7).
Íà 1-3 âõîäû áëîêà íîðìèðîâêè âõîäíûõ ñèãíàëîâ ïîñ-

òóïàþò äèñêðåòíûå òåêóùèå çíà÷åíèÿ , ,  .

Ñ âûõîäà 1 áëîêà íîðìèðîâêè âûõîäíîãî ñèãíàëà
ïîñòóïàþò äèñêðåòíûå òåêóùèå çíà÷åíèÿ ñèãíàëà
óïðàâëåíèÿ .

Ñèíòåç êàæäîãî êàíàëà íå÷åòêîãî ðåãóëÿòîðà âûïîë-
íÿåì ïî ôîðìóëàì (3.12)-(3.27) èç ðàáîòû [4] äëÿ òðå-
óãîëüíûõ ôóíêöèé ïðèíàäëåæíîñòè.

Äëÿ óïðîùåíèÿ íîðìèðîâêè (ïåðåñ÷åòà çíà÷åíèé ñèã-
íàëîâ â çíà÷åíèÿ ýëåìåíòîâ åäèíîãî óíèâåðñàëüíîãî
ìíîæåñòâà) äèàïàçîíû èçìåíåíèÿ âõîäíûõ è âûõîäíîãî
ñèãíàëîâ (ïàðàìåòðîâ êàæäîãî êàíàëà íå÷åòêîãî ðåãóëÿ-
òîðà) ïðèíèìàåì ñèììåòðè÷íûìè:

  

 .

Òîãäà ôîðìóëû äëÿ íîðìèðîâêè (ïåðåñ÷åòà) ïðèíè-
ìàþò âèä

  (5)

Ïåðâûé êàíàë íàñòðàèâàåòñÿ íà ïàðàìåòðû îáúåêòà,
ñîîòâåòñòâóþùèå øåñòîé ñåêóíäå ïîëåòà ðàêåòû. Äèàïà-

çîíû èçìåíåíèÿ âõîäíûõ ïåðåìåííûõ ,

, , ïîñëå íàñòðîéêè ýòîãî êàíà-
ëà ñëåäóþùèå: [-0,2, 0,2], [-0,3, 0,3], [-0,5, 0,5].

Âòîðîé êàíàë íàñòðàèâàåòñÿ íà ïàðàìåòðû îáúåêòà,
ñîîòâåòñòâóþùèå äâàäöàòîé ñåêóíäå ïîëåòà ðàêåòû. Äèà-

ïàçîíû èçìåíåíèÿ âõîäíûõ ïåðåìåííûõ ,

,  ïîñëå íàñòðîéêè ýòîãî êàíà-
ëà ñëåäóþùèå: [-0,15, 0,15], [-0,3, 0,3], [-1, 1].

Òðåòèé êàíàë íàñòðàèâàåòñÿ íà ïàðàìåòðû îáúåêòà,
ñîîòâåòñòâóþùèå ñîðîêîâîé ñåêóíäå ïîëåòà ðàêåòû. Äèà-

ïàçîíû èçìåíåíèÿ âõîäíûõ ïåðåìåííûõ ,

,  ïîñëå íàñòðîéêè ýòîãî êàíà-
ëà ñëåäóþùèå: [-0,07, 0,07], [-0,5, 0,5], [-1, 1].
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×åòâåðòûé êàíàë íàñòðàèâàåòñÿ íà ïàðàìåòðû îáúå-
êòà, ñîîòâåòñòâóþùèå øåñòèäåñÿòîé ñåêóíäå ïîëåòà
ðàêåòû. Äèàïàçîíû èçìåíåíèÿ âõîäíûõ ïåðåìåííûõ

, ,  ïîñëå íàñòðîéêè
ýòîãî êàíàëà ñëåäóþùèå: [-0,05, 0,05], [-0,3, 0,3], [-0,3,
0,3].

Äèàïàçîíû èçìåíåíèÿ âûõîäíîãî ïàðàìåòðà

 âûáðàíû äëÿ âñåõ êàíàëîâ ðàâíûìè [-70, 70].
Íàñòðîéêà ðåãóëÿòîðîâ ïðîèçâåäåíà ñ öåëüþ ïîëó-

÷åíèÿ ìèíèìàëüíîé òåêóùåé îøèáêè ðàññîãëàñîâàíèÿ è
àïåðèîäè÷åñêîãî ïåðåõîäíîãî ïðîöåññà.

Îòìåòèì, ÷òî ïðè íàñòðîéêå íå÷åòêîãî ðåãóëÿòîðà â

èíòåðàêòèâíîé ñèñòåìå MATLAB öåëåñîîáðàçíî èñïîëü-
çîâàòü áëîê NCD (Nonlinear Control Design), êîòîðûé
ðåàëèçóåò ìåòîä äèíàìè÷åñêîé îïòèìèçàöèè äëÿ
ïðîåêòèðîâàíèÿ ñèñòåì óïðàâëåíèÿ. Ýòîò èíñòðóìåíò,
ðàçðàáîòàííûé äëÿ èñïîëüçîâàíèÿ ñ Simulink, àâòîìà-
òè÷åñêè íàñòðàèâàåò ñèñòåìíûå ïàðàìåòðû (â ñèñòåìå íà
ðèñ.2 íàñòðàèâàþòñÿ ïàðàìåòðû ðåãóëÿòîðà), îñíîâû-
âàÿñü íà îïðåäåëåííûõ îãðàíè÷åíèÿõ íà âðåìåííûå
õàðàêòåðèñòèêè (íàïðèìåð, âðåìÿ ðåãóëèðîâàíèÿ è ïåðå-
ðåãóëèðîâàíèå äëÿ ðåàêöèè íà ñòóïåí÷àòîå âîçäåéñòâèå
èëè ïðåäåëû äëÿ òåêóùåé îøèáêè ðàññîãëàñîâàíèÿ).

                    Ïðîöåññû â ñèñòåìå óïðàâëåíèÿ                                   Ïðîöåññû â ñèñòåìå óïðàâëåíèÿ
             ñ ìíîãîêàíàëüíûì íå÷åòêèì ðåãóëÿòîðîì                         ñ îäíîêàíàëüíûì íå÷åòêèì ðåãóëÿòîðîì

          

à)

           

á)

            

â)

Ðèñóíîê 8

],[ maxmin θθ ],[ maxmin θθ && ],[ maxmin θθ &&&&

],[ maxminmm
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ÐÅÇÓËÜÒÀÒÛ ÌÎÄÅËÈÐÎÂÀÍÈß

Íà ðèñ.8, ñëåâà, ïðåäñòàâëåíû ïðîöåññû â ñèñòåìå
óïðàâëåíèÿ ñ íàñòðîåííûì öèôðîâûì ìíîãîêàíàëüíûì
íå÷åòêèì ðåãóëÿòîðîì.

Àíàëèçèðóÿ ïðîöåññû â ñèñòåìå óïðàâëåíèÿ ðàêåòîé
ìîæíî çàêëþ÷èòü, ÷òî öèôðîâîé ìíîãîêàíàëüíûé íå-
÷åòêèé ðåãóëÿòîð îáåñïå÷èâàåò áûñòðóþ îòðàáîòêó ñòó-
ïåí÷àòîãî âîçäåéñòâèÿ áåç ïåðåðåãóëèðîâàíèÿ, ñ âðåìå-
íåì ðåãóëèðîâàíèÿ íå áîëåå 5ñ è óñòîé÷èâîå ñëåæåíèå
ïî çàäàííîìó óãëó òàíãàæà ñ äîñòàòî÷íî ìàëîé îøèáêîé

ðàññîãëàñîâàíèÿ (  íå áîëåå 3 % îò àìïëèòóäû âõî-

äíîãî âîçäåéñòâèÿ). Åùå áîëüøåãî óìåíüøåíèÿ îøèáêè
ðàññîãëàñîâàíèÿ ìîæíî äîáèòüñÿ ïóòåì óâåëè÷åíèÿ
÷èñëà êàíàëîâ â íå÷åòêîì ðåãóëÿòîðå è ïóòåì âûáîðà
âðåìåííûõ èíòåðâàëîâ äëÿ ïîäêëþ÷åíèÿ êàæäîãî êà-
íàëà. Ïðè ýòîì íåçíà÷èòåëüíî óñëîæíÿåòñÿ áëîê íàñò-
ðîéêè ðåãóëÿòîðà (adjustment of fuzzy-controller) -ñì.
ðèñ.5.

Ïðè èñïîëüçîâàíèè òîëüêî îäíîãî êàíàëà (îáû÷íîãî
íå÷åòêîãî ðåãóëÿòîðà) â ñèñòåìå óïðàâëåíèÿ ðàêåòîé ïî
óãëó òàíãàæà â òå÷åíèè âñåãî ïîëåòà ðàêåòû íå óäàåòñÿ
ïîëó÷èòü òàêîãî êà÷åñòâà ñèñòåìû, êàê ïðè èñïîëüçîâà-
íèè ìíîãîêàíàëüíîãî ðåãóëÿòîðà. Â êà÷åñòâå ïðèìåðà íà
ðèñ.8, ñïðàâà, ïðåäñòàâëåíû ïðîöåññû â ñèñòåìå óïðà-
âëåíèÿ ñ íàñòðîåííûì öèôðîâûì îäíîêàíàëüíûì
íå÷åòêèì ðåãóëÿòîðîì. Õîòÿ óñòîé÷èâîå ñëåæåíèå ïî
çàäàííîìó óãëó òàíãàæà ýòîò ðåãóëÿòîð îáåñïå÷èâàåò

(  ñîñòàâëÿåò 4 % îò àìïëèòóäû âõîäíîãî âîçäåéñò-

âèÿ), íî ïåðåõîäíîé ïðîöåññ - êîëåáàòåëüíûé, ñ ïåðåðå-
ãóëèðîâàíèåì áîëåå 50 %, âðåìåíåì ðåãóëèðîâàíèÿ
áîëåå 20ñ è ìåäëåííûì çàòóõàíèåì.

ÂÛÂÎÄ

Íàëè÷èå ìíîãîêàíàëüíîãî íå÷åòêîãî ðåãóëÿòîðà ïî-
çâîëÿåò ïðîåêòèðîâàòü ñèñòåìó óïðàâëåíèÿ òàêèì ñóùå-
ñòâåííî íåñòàöèîíàðíûì îáúåêòîì êàê áàëëèñòè÷åñêàÿ
ðàêåòà ñ âåñüìà âûñîêèì êà÷åñòâîì óïðàâëåíèÿ
(õàðàêòåðèçóåìîå àïåðèîäè÷åñêèì ïåðåõîäíûì ïðîöåñ-
ñîì ñ ìàëûì âðåìåíåì ðåãóëèðîâàíèÿ è ìàëîé îøèáêîé
ðàññîãëàñîâàíèÿ ïðè îòðàáîòêå ïðîãðàììíîé òðàåêòîðèè
ïîëåòà ðàêåòû). Ïîýòîìó ïðèìåíåíèå íå÷åòêîãî ðåãóëÿ-
òîðà äëÿ òàêîãî îáúåêòà óïðàâëåíèÿ ÿâëÿåòñÿ öåëåñîî-
áðàçíûì è ïåðñïåêòèâíûì.
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Ðàññìîòðåíû ðåçóëüòàòû ñèíòåçà íå÷åòêîãî (ðàáîòàþ-
ùåãî íà áàçå íå÷åòêîé ëîãèêè) ðåãóëÿòîðà äëÿ ñèñòåìû
ñòàáèëèçàöèè áàëëèñòè÷åñêîé ðàêåòû ïî óãëó òàíãàæà.
Ìåòîäîì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ îïðåäåëåíû ïðî-
öåññû â ñèñòåìå è ïîêàçàíî, ÷òî íà îñíîâå ïðèìåíåíèÿ íå-
÷åòêîãî ðåãóëÿòîðà âîçìîæíî âåñüìà çíà÷èòåëüíîå óëó÷øå-
íèå êà÷åñòâà ñèñòåìû, õàðàêòåðèçóåìîå âåëè÷èíîé îøèáêè
ðàññîãëàñîâàíèÿ ïðè îòðàáîòêå ïðîãðàììíîé òðàåêòîðèè.

The outcomes of synthesis of a fuzzy-controller for the sys-
tem of stabilization of a ballistic rocket on a pitch angle. The
method of mathematical simulation defines processes in the
system and is shown, that on the basis of application of a
fuzzy-controller the rather considerable improvement of qual-
ity of the system characterized by the value of an error of a
mismatch is possible at improvement of a program trajectory.

ÓÄÊ 539.2

Â.È. Ãðÿäóí, Â.Ï. Øàïîâàëîâ

ÂÎÇÄÅÉÑÒÂÈÅ ÀÒÎÌÀÐÍÎÃÎ ÂÎÄÎÐÎÄÀ ÍÀ ÝÍÅÐÃÈÞ ÑÂßÇÈ        
Â ÏÎÂÅÐÕÍÎÑÒÍÛÕ ÑËÎßÕ ÃÅÐÌÀÍÈß

Ðàññìàòðèâàåòñÿ ìåõàíèêî-ìîëåêóëÿðíîå ìîäåëèðîâàíèå
ïîâåäåíèÿ àòîìàðíîãî âîäîðîäà â êðèñòàëëè÷åñêîì ãåðìà-
íèè ìåòîäîì MM+. Ïîëó÷åíà ãåîìåòðè÷åñêè îïòèìèçèðî-
âàííàÿ ñòðóêòóðà è íàéäåíû ìèíèìàëüíûå çíà÷åíèÿ ïîòåí-
öèàëà âàí äåð Âààëüñà 6-12 äëÿ íå¸. Êâàíòîâûå ýíåðãåòè-
÷åñêèå ñâîéñòâà ìîäåëè ðàññ÷èòûâàþòñÿ è àíàëèçèðóþòñÿ
â ðàìêàõ ïîëóýìïèðè÷åñêîãî ðàñøèðåííîãî ìåòîäà Õþêåëÿ.

ÂÂÅÄÅÍÈÅ

Ñîâðåìåííîå ñîñòîÿíèå ðàçâèòèÿ ìèêðîýëåêòðîíèêè
õàðàêòåðèçóåòñÿ àêòèâíûì âõîæäåíèåì â íàíîýëåêòðî-
íèêó, ÷òî õàðàêòåðèçóåòñÿ óìåíüøåíèåì ðàçìåðîâ ýëå-

ìåíòíîé áàçû è ïîâûøåíèåì ñòåïåíè èíòåãðàöèè èíòå-
ãðàëüíûõ ñõåì. Ýòî ïðåäóñìàòðèâàåò ïîèñê ôèçè÷åñêèõ
ÿâëåíèé, êîòîðûå áû îáåñïå÷èâàëè îäíîýëåêòðîííûå
ïðîöåññû íà ìîíîàòîìíîì óðîâíå. Ñêàçàííîå òðåáóåò ñî-
âåðøåíñòâîâàíèÿ è ðàçðàáîòêè íîâûõ ñïîñîáîâ óïðàâëÿ-
åìîãî âîñïðîèçâîäèìîãî âëèÿíèÿ íà ïîâåðõíîñòíûå ñëîè
ïîëóïðîâîäíèêîâûõ êðèñòàëëîâ. Îäíèì èç òàêèõ ìåòî-
äîâ ÿâëÿåòñÿ âîçäåéñòâèå àòîìàðíûì âîäîðîäîì íà ïî-
âåðõíîñòü è ïðèïîâåðõíîñòíûå ñëîè òâ¸ðäûõ òåë ñ
öåëüþ èññëåäîâàíèÿ èõ õàðàêòåðèñòèê è ìîäèôèêàöèè
ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ [1]. Ðàíåå èññëåäîâàëèñü

maxθ

maxθ
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òàêæå ðåêîìáèíàöèîííûå ñâîéñòâà àòîìîâ âîäîðîäà íà
ïîâåðõíîñòè ïîëóïðîâîäíèêîâ [2], àäñîáöèîííûå è ëþ-
ìèíåñöåíòíûå [3], èìåþòñÿ ìíîãî÷èñëåííûå ïóáëèêàöèè
è ïî äðóãèì íàïðàâëåíèÿì èññëåäîâàíèé, íàïðèìåð [4].
Îäíàêî, íà íàø âçãëÿä, íåäîñòàòî÷íî èçó÷åííûìè ÿâëÿ-
þòñÿ âîïðîñû âîçäåéñòâèÿ àòîìîâ âîäîðîäà íà êðèñòàë-
ëè÷åñêóþ ñòðóêòóðó è ýíåðãèþ ñâÿçè â ïîâåðõíîñòíîé
îáëàñòè êðèñòàëëà.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Äëÿ âûÿñíåíèÿ âëèÿíèÿ àòîìîâ âîäîðîäà íà ñâîéñòâà
êðèñòàëëè÷åñêîé ñòðóêòóðû ãåðìàíèÿ âîñïîëüçóåìñÿ
ìåòîäîì ìåõàíèêî-ìîëåêóëÿðíîãî ìîäåëèðîâàíèÿ MM+
[5,6], ñóòü êîòîðîãî ñîñòîèò â âîçìîæíîñòè ïîñòðîåíèÿ
ìîëåêóë èç óæå èìåþùèõñÿ àòîìîâ ëèáî áåç íèõ ïóò¸ì
ïðèñîåäèíåíèÿ. 

Ìåòîä MM+ âûáðàí íàìè äëÿ ðåøåíèÿ ïîñòàâëåííîé
çàäà÷è íà îñíîâå òîãî, ÷òî â í¸ì ó÷èòûâàåòñÿ ïåðèî-
äè÷åñêàÿ ñòðóêòóðà ðåøåòêè êðèñòàëëà ãåðìàíèÿ è
íåëèíåéíûé õàðàêòåð ñèë ðàñòÿæåíèÿ. Îí áàçèðóåòñÿ íà
ïîòåíöèàëàõ âçàèìîäåéñòâèÿ 6-12 âàí äåð Âààëüñà

 .

Â íàøåì ñëó÷àå ïëàíèðóåòñÿ ïîñòðîåíèå ìîëåêóë
GeH4 â êðèñòàëëè÷åñêîé ðåø¸òêå ãåðìàíèÿ. Ñ ýòîé
öåëüþ ðàññìîòðèì åãî èäåàëüíóþ ïðîñòðàíñòâåííóþ
ÿ÷åéêó èç âîñüìè àòîìîâ êàê áàçó äëÿ ìîäåëèðîâàíèÿ
ìåòîäîì MM+. Ôàéë, îïèñûâàþùèé êðèñòàëëè÷åñêóþ
ÿ÷åéêó ñ ðàçìåðàìè âåêòîðîâ ðåø¸òêè è êîîðäèíàòàìè
àòîìîâ ãåðìàíèÿ èìååò ñëåäóþùèé âèä
Forcefield mm+
sys 0 0 1
view 40 0,22446 55 15 1 0 0 0 1 0 0 0 1 -0,70712
-0,70712 -55,707
box 5,657 5,657 5,657
seed -1111
mol 1
atom 1 GE1 Ge ** - 0 -1,41425 -1,41425 -1,41425 0
endmol 1
mol 2
atom 1 GE2 Ge ** - 0 1,41425 -1,41425 1,41425 0
endmol 2
mol 3
atom 1 GE3 Ge ** - 0 1,41425 1,41425 -1,41425 0
endmol 3
mol 4
atom 1 GE4 Ge ** - 0 -1,41425 1,41425 1,41425 0
endmol 4
mol 5
atom 1 GE5 Ge ** -0 0 0 0 0
endmol 5
mol 6
atom 1 GE6 Ge ** - 0 0 2,8285 2,8285 0
endmol 6
mol 7
atom 1 GE7 Ge ** - 0 2,8285 0 2,8285 0
endmol 7

mol 8
atom 1 GE8 Ge ** - 0 2,8285 2,8285 0 0
endmol 8
END

Çäåñü ðàçìåðû ðåøåòêè (box) è êîîðäèíàòû àòîìîâ
çàäàíû â àíãñòð¸ìàõ. Êàê âèäèì, êàæäàÿ èç âîñüìè
ìîëåêóë ñîñòîèò èç îäíîãî àòîìà ãåðìàíèÿ è ìîæåò áûòü
ìîäèôèöèðîâàíà ìíîãî÷èñëåííûìè ñïîñîáàìè. Äëÿ
ìîäåëèðîâàíèÿ òàêèõ ïðîöåññîâ êàê àäñîðáöèÿ, õåìî-
ñîðáöèÿ èëè äèôôóçèÿ àòîìîâ âîäîðîäà â ãåðìàíèè
äîáàâèì â ðàññìàòðèâàåìóþ ìîäåëü òðèäöàòü äâà àòîìà
âîäîðîäà â ðàñ÷¸òå ïî îäíîìó íà âàëåíòíóþ ñâÿçü àòîìîâ
ãåðìàíèÿ, õîòÿ ìåòîä ýòó öèôðó ïîçâîëÿåò èçìåíÿòü.
Íîâûé ôàéë ñ ó÷¸òîì àòîìîâ âîäîðîäà ïðåäñòàâëÿòü íå
áóäåì, òàê êàê ñòðóêòóðà îáðàçîâàâøåéñÿ ìîëåêóëû íå
îïòèìèçèðîâàíà. Íî ïðåäñòàâèòü ãåîìåòðèþ îäíîãî èç å¸
âàðèàíòîâ ìåòîä ïîçâîëÿåò. Íà ðèc. 1 îíà ïðåäñòàâëåíà.
Âèäèì, ÷òî âîäîðîä çàíèìàåò ìåæäîóçåëüíîå ïðîñòðàí-
ñòâî ðåøåòêè, çàïîëíÿÿ âñå âàëåíòíûå ñâÿçè àòîìîâ
ãåðìàíèÿ.

Ðèñóíîê 1

2 ÃÅÎÌÅÒÐÈ×ÅÑÊÀß ÎÏÒÈÌÈÇÀÖÈß 
ËÎÊÀËÈÇÀÖÈÈ ÀÒÎÌÎÂ ÂÎÄÎÐÎÄÀ           
Â ÃÅÐÌÀÍÈÈ

Äëÿ ðàñ÷¸òîâ õàðàêòåðèñòèê ìîëåêóë ìåòîäîì MM+
èìåþòñÿ äâå çëåêòðîñòàòè÷åñêèå îïöèè (ñâÿçàííûõ äè-
ïîëåé è àòîìíûõ çàðÿäîâ), è òðè îïöèè îáðåçàíèÿ
ïîòåíöèàëà âçàèìîäåéñòâèÿ àòîìîâ (âûêëþ÷åííîå,
âêëþ÷åííîå è ñìåùåííîå). Â ñâÿçè ñ ýòèì â îáùåì
ñëó÷àå èìååì øåñòü âàðèàíòîâ ðàñ÷¸òà ïðîèçâîëüíîé
çàäà÷è. Êðîìå òîãî, äëÿ îñóùåñòâëåíèÿ íåïîñðåäñòâåí-
íîãî ðàñ÷¸òà ãåîìåòðè÷åñêîé îïòèìèçàöèè êîíêðåòíîé
ìîëåêóëÿðíîé ñòðóêòóðû èìåþòñÿ ÷åòûðå àëãîðèòìà -
Ñòèïåñòà Äåñöåíòà, Ôëåò÷åðà Ðèâñà, Ïîëàêà-Ðèáüåðà è
áëîê-äèàãîíàëè Íüþòîíà-Ðàôñîíà. Òàêèì îáðàçîì, ðå-
øåíèå îäíîé ïîñòàâëåííîé çàäà÷è èìååò äâàäöàòü ÷å-
òûðå âàðèàíòà ðåøåíèé, êîòîðûå íåîáõîäèìî àíàëèçè-
ðîâàòü äëÿ âûáîðà íàèáîëåå ïîäõîäÿùèõ.

Ïðîâåäåííûå ðàñ÷¸òû ãåîìåòðè÷åñêîé îïòèìèçàöèè
ìîëåêóëû Ge8H32 (ðèñ. 1) ïîêàçàëè, ÷òî íàèìåíüøåå

çíà÷åíèå ýíåðãèè îïòèìèçèðîâàííîé ñòðóêòóðû, ðàâíîå
304 êêàë/ìîëü, ïîëó÷åíî ïðè ýëåêòðîñòàòè÷åñêîé îïöèè
àòîìíûõ çàðÿäîâ, ñìåù¸ííîì îáðåçàíèè àòîìíîãî ïîòåí-
öèàëà âçàèìîäåéñòâèÿ è ðàñ÷¸òå ïî áëîê-äèàãîíàëüíîìó
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àëãîðèòìó Íüþòîíà-Ðàôñîíà. Çíà÷åíèå 596,08 êêàë/
ìîëü ïîëó÷åíî ïðè ïåðåõîäå íà âêëþ÷åííîå îáðåçàíèå
ïîòåíöèàëà âçàèìîäåéñòâèÿ äëÿ ïåðèîäè÷åñêèõ ãðàíè÷-
íûõ óñëîâèé ñ ïîëîâèííûì âíåøíèì ðàäèóñîì ðåø¸òêè
ãåðìàíèÿ, ñîñòàâëÿþùèì 2,83 A è íóëåâûì âíóòðåííèì
ðàäèóñîì, à íà ðèñ. 2 ïðåäñòàâëåíà ãåîìåòðè÷åñêè îïòè-
ìèçèðîâàííàÿ ñòðóêòóðà ìîëåêóëû Ge8H32 äëÿ ýòîãî

ñëó÷àÿ. Ñëåäóåò çàìåòèòü, ÷òî ïðè âûêëþ÷åíèè îáðåçà-
íèÿ ïîòåíöèàëà, ðàñ÷¸òíàÿ ýíåðãèÿ ïîñëå îïòèìèçàöèè
ðåçêî âîçðàñòàåò äî 1808 êêàë/ìîëü, ÷òî ñâèäåòåëü-
ñòâóåò î íåäîïóñòèìîñòè ïðåíåáðåæåíèÿ ïåðèîäè÷åñêîé
ñòðóêòóðîé êðèñòàëëà â äàííîì ñëó÷àå. Ïðè èçìåíåíèè
ýëåêòðîñòàòè÷åñêîé îïöèè àòîìíûõ çàðÿäîâ íà ñâÿçàí-
íûå äèïîëè èìååì òàêæå íåñêîëüêî çíà÷åíèé ýíåðãèè
ãåîìåòðè÷åñêè îïòèìèçèðîâàííîé ìîëåêóëû, ïðåäñòàâ-
ëåííîé íà ðèñ.1.

Ðàñ÷¸ò îïòèìèçàöèè ïî àëãîðèòìàì Ñòèïåñòà-Äåñ-
öåíòà è Íüþòîíà-Ðàôñîíà ïðè âêëþ÷åíèè îáðåçàíèÿ
ïîòåíöèàëà íà çàäàííîì ðàññòîÿíèè äà¸ò, ñîîòâåòñòâåí-
íî, 601 è 663 êêàë/ìîëü, à ïðè ñìåù¸ííîì îáðåçàíèè
ïîòåíöèàëà è àëãîðèòìå Íüþòîíà-Ðàôñîíà ïîëó÷àåì 304
êêàë/ìîëü. Òàêèì îáðàçîì, âèäèì, ÷òî ñìåùåíèå
îáðåçàíèÿ ïîòåíöèàëà âçàèìîäåéñòâèÿ àòîìîâ çàíèæàåò
ðàñ÷¸òíóþ ýíåðãèþ îïòèìèçèðîâàííîé ìîëåêóëû. 

Ðèñóíîê 2

Ðàñ÷¸ò ýíåðãèè ïåðâîíà÷àëüíîãî êëàñòåðà èç âîñüìè
àòîìîâ ãåðìàíèÿ òàêæå çàâèñèò îò îïöèé ìåòîäà MM+,
îäíàêî çäåñü ðåøàþùóþ ðîëü èãðàåò òîëüêî îïöèÿ
îáðåçàíèÿ ïîòåíöèàëà - ïðè îáû÷íîì âêëþ÷åíèè îáðåçà-
íèÿ ïîòåíöèàëà ïîëó÷àåì 142, à ïðè ñìåù¸ííîì èìååì
56 êêàë/ìîëü. 

Òàêèì îáðàçîì, ðàñ÷¸òíàÿ ýíåðãèÿ îòòàëêèâàíèÿ âàí
äåð Âààëüñà ïðè íàëè÷èè àòîìîâ âîäîðîäà â êðèñòàëëè-
÷åñêîé ðåøåòêå ãåðìàíèÿ óâåëè÷èâàåòñÿ è ìèíèìàëüíî
ñîñòàâëÿåò 248 êêàë/ìîëü ïðè ñìåù¸ííîì îáðåçàíèè
ïîòåíöèàëà âçàèìîäåéñòâèÿ àòîìîâ. Ïðè âêëþ÷åíèè
îáû÷íîãî îáðåçàíèÿ ïîòåíöèàëà íà çàäàííîì ðàäèóñå
èìååì ïðèìåðíî â äâà ðàçà áîëüøèå çíà÷åíèÿ: 454, 459 è
521 êêàë/ìîëü â çàâèñèìîñòè îò îïöèé è àëãîðèòìà ðàñ-
÷¸òà. Ñëåäóåò ïîä÷åðêíóòü, ÷òî òðè ýòè çíà÷åíèÿ íàéäå-

íû ïðè íàèáîëåå ïîäõîäÿùåì äëÿ êðèñòàëëà îáðåçàíèè
ïîòåíöèàëà âçàèìîäåéñòâèÿ àòîìîâ, ïîýòîìó, óñðåäíÿÿ
òîëüêî èõ, ïîëó÷èì ñðåäíþþ ýíåðãèþ îòòàëêèâàíèÿ ðàâ-
íóþ 478 êêàë/ìîëü â ìîëåêóëå Ge8H32. Ýòî ñîñòàâëÿåò

â ñðåäíåì 2,6 ýÂ íà ìîëåêóëó GeH4. Òàêèì îáðàçîì, ïðè

îáðàçîâàíèè îäíîé ñâÿçè Ge-H â ñðåäíåì ïðåîäîëåâà-
åòñÿ ýíåðãåòè÷åñêèé áàðüåð âåëè÷èíîé 0,647 ýÂ íà îäèí
äîáàâëåííûé àòîì âîäîðîäà.

Èç ðèñóíêà ïîâ¸ðíóòîé îïòèìèçèðîâàííîé ñòðóêòóðû
(ðèñ.3) âèäèì, ÷òî âîäîðîäíûå ñâÿçè Ge-H íå ñîâïàäàþò

ïî íàïðàâëåíèÿì ñ ãèáðèäíûìè ñâÿçÿìè sp3, êîòîðûå
ñâÿçûâàþò àòîìû ãåðìàíèÿ â èñõîäíîì êðèñòàëëå, è
ÿâëÿþòñÿ ïîïàðíî ïàðàëëåëüíûìè. Òèïè÷íîå çíà÷åíèå
óãëà îòêëîíåíèÿ ñâÿçè Ge-H îò ñîîòâåòñòâóþùåé ñâÿçè

sp3 ìåæäó àòîìàìè ãåðìàíèÿ ñîñòàâëÿåò âåëè÷èíó 70,5 ,
îäíàêî, â òð¸õ ñëó÷àÿõ èç äâåíàäöàòè óãîë ñîñòàâëÿåò

âåëè÷èíó 35,2 .

Ðèñóíîê 3

Àòîìû âîäîðîäà â ìîäåëèðóåìîé ñòðóêòóðå ïîïàðíî
ñáëèæàþòñÿ (ðèñ. 4), òàê ÷òî 1D ïîòåíöèàë, ðàññ÷èòàí-
íûé ìåòîäîì Ìîíòå Êàðëî, ìèíèìèçèðóåòñÿ íà ðàññòî-
ÿíèè 0,259 íì (ðèñ. 5) èëè 0,313 íì ìåæäó íèìè. Ýòî
ïîçâîëÿåò ïðåäïîëîæèòü îá óñòàíîâëåíèè ïîïåðå÷íîé

-ñâÿçè ìåæäó ïàðàìè àòîìîâ âîäîðîäà.

Ðèñóíîê 4 - Ïîïàðíîå ñáëèæåíèå àòîìîâ âîäîðîäà â 
ãåðìàíèè

°

°

σ
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Ðèñóíîê 5 - Çàâèñèìîñòü ïîòåíöèàëüíîé ýíåðãèè  
ìîëåêóëû Ge8H32 îò ðàññòîÿíèÿ ìåæäó àòîìàìè 

âîäîðîäà 

3 ÂËÈßÍÈÅ ÀÒÎÌÀÐÍÎÃÎ ÂÎÄÎÐÎÄÀ ÍÀ 
ÝÍÅÐÃÈÞ ÊÐÈÑÒÀËËÈ×ÅÑÊÎÉ ß×ÅÉÊÈ 
ÃÅÐÌÀÍÈß

Äëÿ ó÷¸òà êâàíòîâûõ ñâîéñòâ àòîìîâ ãåðìàíèÿ è
âîäîðîäà, êîòîðûå îòâåòñòâåííû çà ýíåðãèþ ñâÿçè, âîñ-
ïîëüçóåìñÿ ïîëóýìïèðè÷åñêèì ðàñøèðåííûì ìåòîäîì
Õþêåëÿ [7]. Ðàñ÷¸ò ýíåðãèè ìîëåêóëû Ge8H32 ïîñëå

îïòèìèçàöèè ìåõàíèêî-ìîëåêóëÿðíûì ìåòîäîì MM+
äà¸ò â çàâèñèìîñòè îò îïöèé ìåòîäà Õþêåëÿ íåñêîëüêî
îòëè÷àþùèåñÿ âåëè÷èíû. Ïðè åäèíè÷íîé ñïèíîâîé
ìóëüòèïëåòíîñòè ñ ó÷¸òîì d-îðáèòàëåé ïîëó÷àåì -
23018,21 è -23184,56 êêàë/ìîëü äëÿ ïðîñòîé êîíñòàíòû
Õþêåëÿ (ðàâíîé 1,75) è äëÿ êîíñòàíòû, ó÷èòûâàþùåé
âåñîâóþ îðáèòàëüíóþ äèôôóçíîñòü, ñîîòâåòñòâåííî. À
ïðè ñïèíîâîé ìóëüòèïëåòíîñòè ðàâíîé òð¸ì, èìååì äëÿ
ñîîòâåòñòâóþùèõ êîíñòàíò âåëè÷èíû -22756,44 è -
22910,66 êêàë/ìîëü.

 Àíàëîãè÷íûå ðàñ÷¸òû ýíåðãèè îäíîé ÿ÷åéêè èç
âîñüìè àòîìîâ êðèñòàëëà ãåðìàíèÿ ñîñòàâèëè â ñîîò-
âåòñòâèè ñ îïöèÿìè ìóëüòèïëåòíîñòè è êîíñòàíòû ìåòî-
äà Õþêåëÿ òàêèå âåëè÷èíû: -9790,06; -9827,90; -9789,00
è -9827,58 êêàë/ìîëü. 

Ýíåðãèÿ àòîìà âîäîðîäà ñîñòàâèëà îäèíàêîâóþ âåëè-
÷èíó äëÿ îáåèõ êîíñòàíò ìåòîäà è äóáëåòíîé ñïèíîâîé
ìóëüòèïëåòíîñòè, ðàâíóþ -313,63 êêàë/ìîëü. 

Ðàññ÷èòûâàÿ ýíåðãèþ ñâÿçè àòîìîâ âîäîðîäà è
ãåðìàíèÿ â îïòèìèçèðîâàííîé ìîëåêóëå Ge8H32 êàê ðàç-

íîñòü ìåæäó å¸ ýíåðãèåé è ñóììîé ýíåðãèé ÿ÷åéêè ãåð-
ìàíèÿ è òðèäöàòè äâóõ àòîìîâ âîäîðîäà, ïîëó÷èì, â
çàâèñèìîñòè îò îïöèé ìåòîäà Õþêåëÿ, ñëåäóþùèå
âåëè÷èíû: -3192, -3320, -2939 è -3047 êêàë/ìîëü. Ýòè
ñðåäíèå âåëè÷èíû â ïåðåñ÷¸òå íà îäíó ìîëåêóëó GeH4

ñîñòàâëÿþò ýíåðãèè -17,31; -18,01; -15,90 è -16,52 ýÂ, òî
åñòü, -4,33; -4,50; -3,97 è -4,13 ýÂ íà îäíó ñâÿçü Ge-H.
Êàê âèäèì èç ðàñ÷¸òîâ, ðàçáðîñ ðåçóëüòàòîâ ìåòîäà Õþ-
êåëÿ â çàâèñèìîñòè îò åãî îïöèé ñîñòàâèë äëÿ ýíåðãèè
ñâÿçè àòîìîâ âîäîðîäà â ãåðìàíèè ïðèìåðíî 11%.

Ðàññ÷èòàåì ýíåðãèþ îòðûâà îäíîé èç äâóõ ìîëåêóë

GeH4, êîòîðûå ñâÿçàíû ëèøü îäíîé ñâÿçüþ â ãåîìåòðè-

÷åñêè îïòèìèçèðîâàííîé ìîëåêóëå Ge8H32 (ðèñ.2). Ýòî

ïîçâîëèò îöåíèòü ñîîòâåòñòâóþùóþ îòðûâó ýíåðãèþ
äåñîðáöèè ìîëåêóëû GeH4 ñ ïîâåðõíîñòè êðèñòàëëà.

Äëÿ ýòîãî ðàññ÷èòàåì ìåòîäîì Õþêåëÿ ýíåðãèþ îñòàâ-
øåéñÿ ìîëåêóëû Ge7H28 (ðèñ. 6) è ýíåðãèþ äåñîðáè-

ðîâàííîé ìîëåêóëû GeH4. 

Ðèñóíîê 6 - Îñòàòîê Ge7H28 ïîñëå îòðûâà ìîëåêóëû 
GeH4

Ýíåðãèè ìîëåêóëû Ge7H28, êîòîðàÿ îñòàíåòñÿ ïîñëå

îòðûâà ìîëåêóëû GeH4, ñîñòàâëÿþò ñëåäóþùèå âåëè÷è-

íû: -20149,28; -20295,15; -19884,87 è -20017,32 êêàë/
ìîëü äëÿ ñîîòâåòñòâóþùèõ îïöèé ìåòîäà Õþêåëÿ. Àíà-
ëîãè÷íûå ðàñ÷¸òû äëÿ ìîëåêóëû GeH4 ñîñòàâëÿþò âåëè-

÷èíû -2936,78; -2958,96; -2562,34 è -2566,89 êêàë/ìîëü.
Ïîëó÷åííûå çíà÷åíèÿ ýíåðãèé ïîçâîëÿþò ðàññ÷èòàòü

ýíåðãèþ, íåîáõîäèìóþ äëÿ îòðûâà ìîëåêóëû GeH4 êàê

Q = Egeh4 + Ege7h28 - Ege8h32. Ïðè îïöèè åäèíè÷íîé
ñïèíîâîé ìóëüòèïëåòíîñòè ýíåðãèÿ Q ðàâíÿåòñÿ -70,46 è
-72,29 êêàë/ìîëü äëÿ ïðîñòîé è äèôôóçíîé êîíñòàíò
Õþêêåëÿ, ñîîòâåòñòâåííî, ÷òî ñîñòàâëÿåò -3,057 è -3,136
ýÂ íà ìîëåêóëó GeH4. Ïðè òðèïëåòíîé ñïèíîâîé ìóëü-

òèïëåòíîñòè ïîëó÷àåì äëÿ ýíåðãèè Q ïîëîæèòåëüíûå
âåëè÷èíû: 308,17 è 325,23 êêàë/ìîëü, ÷òî ñîñòàâëÿåò
13,369 è 14,109 ýÂ íåîáõîäèìûõ äëÿ îòðûâà îäíîé
ìîëåêóëû GeH4. Âèäèì, ÷òî â ñèíãëåòíîì ñîñòîÿíèè

îòðûâ ìîëåêóëû GeH4 ýíåðãåòè÷åñêè âûãîäåí, òî-åñòü

ìîëåêóëà Ge8H32 ðàñïàäàåòñÿ íà ìîëåêóëó GeH4 è

îñòàòîê Ge7H28. Â òðèïëåòíîì æå ñîñòîÿíèè, ïðè

íàëè÷èè ñïèíîâîé ïëîòíîñòè â ìîëåêóëå (ðèñ. 7), äëÿ
îòðûâà ìîëåêóëû GeH4 íóæíà áîëüøàÿ äîïîëíèòåëüíàÿ

ýíåðãèÿ ïîðÿäêà 14 ýÂ.

Ðèñóíîê 7 - Ñïèíîâàÿ ïëîòíîñòü â ãåîìåòðè÷åñêè 
îïòèìèçèðîâàííîé ìîëåêóëå Ge8H32

1D Potential
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ÂÛÂÎÄÛ

Ìîäåëèðîâàíèå ïðîöåññà äîáàâëåíèÿ àòîìîâ âîäîðîäà
â êðèñòàëëè÷åñêèé ãåðìàíèé ìåõàíèêî-ìîëåêóëÿðíûì
ìåòîäîì MM+ ïîêàçûâàåò, ÷òî ýòîò ïðîöåññ ïðîòåêàåò ñ
ïðåîäîëåíèåì ñèë îòòàëêèâàíèÿ âàí äåð Âààëüñà. Ïðè
ýòîì äîñòèãàåòñÿ ãåîìåòðè÷åñêè îïòèìàëüíàÿ ïåðèîäè-
÷åñêàÿ ñòðóêòóðà.

Êâàíòîâî-ìåõàíè÷åñêèé ðàñ÷¸ò ðàññìàòðèâàåìîé ìîäå-
ëè ïîëóýìïèðè÷åñêèì ìåòîäîì Õþêåëÿ ïîçâîëÿåò
çàêëþ÷èòü, ÷òî, â ñðåäíåì, äîáàâëåíèå àòîìîâ âîäîðîäà
â ìåæäîóçåëüíîå ïðîñòðàíñòâî ãåðìàíèÿ ÿâëÿåòñÿ ýíåð-
ãåòè÷åñêè âûãîäíûì. Ïðè ýòîì, ïîâåðõíîñòíûå ìîëåêó-
ëû GeH4, êîòîðûå ñâÿçàíû ñ ðåø¸òêîé îäíîé ñâÿçüþ,

ìîãóò ïîêèíóòü êðèñòàëëè÷åñêóþ ñòðóêòóðó åñëè àòîì
ãåðìàíèÿ íàõîäèòñÿ â ñèíãëåòíîì ñïèíîâîì ñîñòîÿíèè.

Óìåíüøåíèå ýíåðãèè ñâÿçè ìåæäó ïîâåðõíîñòíûìè
àòîìàìè â êðèñòàëëàõ ãåðìàíèÿ ïðè õåìîñîðáöèè àòîìîâ
âîäîðîäà â ðåàëüíûõ ýêñïåðèìåíòàõ äîëæíî ïðèâîäèòü
ê ðÿäó ñëåäñòâèé, êîòîðûå ìîãóò ïðîÿâëÿòüñÿ â
ñëåäóþùèõ ÿâëåíèÿõ:

1) óâåëè÷åíèè ñêîðîñòè ðåàêöèé õèìè÷åñêîãî òðàâëå-
íèÿ ïîâåðõíîñòè êðèñòàëëîâ;

2) óâåëè÷åíèè ñêîðîñòè ðàñïûëåíèÿ êðèñòàëëà ïðè
èîííîé áîìáàðäèðîâêå;

3) òåðìî- è ôîòîäåñîðáöèè ìîëåêóë GeH4;
4) ðàñïûëåíèè àòîìîâ ãåðìàíèÿ ïðè ðåêîìáèíàöèè

àòîìîâ âîäîðîäà íà ïîâåðõíîñòè êðèñòàëëà;
5) èçìåíåíèè ñèììåòðèè ðåêîíñòðóèðîâàííîé ïîâåðõ-

íîñòè êðèñòàëëà;
6) èçìåíåíèè ýëåêòðîôèçè÷åñêèõ ñâîéñòâ ýëåêòðîí-

íîãî ãàçà â îáëàñòè õåìîñîðáîâàííûõ àòîìîâ âîäîðîäà;
7) èçìåíåíèè ïàðàìåòðîâ êîýôôèöèåíòîâ äèôôóçèè

ïðèìåñíûõ àòîìîâ.
Â çàêëþ÷åíèå ñëåäóåò çàìåòèòü, ÷òî êðîìå ìåòîäà

MM+ ðàçðàáîòàíû è äðóãèå ìåòîäû ìåõàíèêî-ìîëåêó-
ëÿðíîãî ìîäåëèðîâàíèÿ, íàïðèìåð, ìåòîäû AMBER,

BIO+ è OPLS [6], ïîýòîìó ïðåäñòàâëÿåò èíòåðåñ ê äàëü-
íåéøèì èññëåäîâàíèÿì ïîäîáíûõ çàäà÷ è ýòèìè ìåòîäà-
ìè. ×òî êàñàåòñÿ ïîëóýìïèðè÷åñêîãî ìåòîäà Õþêêåëÿ
äëÿ ðàñ÷¸òà êâàíòîâûõ ñâîéñòâ ïîëóïðîâîäíèêîâûõ
ñòðóêòóð, òî, ïðè íàëè÷èè áûñòðîäåéñòâóþùåé âû÷èñëè-
òåëüíîé òåõíèêè, åãî ìîæíî çàìåíèòü ìîùíûì ìåòîäîì
ab initio. 
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Ðîçãëÿäàºòüñÿ ìåõàí³êî-ìîëåêóëÿðíå ìîäåëþâàííÿ ïîâå-
ä³íêè àòîìàðíîãî âîäíþ â êðèñòàë³÷íîìó ãåðìàí³¿ ìåòîäîì
MM+. Îòðèìàíà ãåîìåòðè÷íî îïòèì³çîâàíà ñòðóêòóðà ³
íàéäåí³ ì³í³ìàëüí³ çíà÷åííÿ ïîòåíö³àëó âàí äåð Âààëüñà 6-
12 äëÿ íå¿. Êâàíòîâ³ åíåðãåòè÷í³ âëàñòèâîñò³ ìîäåë³
ðîçðàõîâóþòüñÿ ³ àíàë³çóþòüñÿ â ðàìêàõ íàï³âåìï³ðè÷íîãî
ðîçøèðåíîãî ìåòîäà Õþêåëÿ.

Mechanical-molecular modelling behaviour of atomic
hydrogen in crystal germanium is considered by method MM+.
Geometry optimized structure is received and the minimal val-
ues of potential 6-12 of van der Waals for it are found. Quan-
tum energy properties of model are calculated and analyzed
within the bounds of the semi-empirical expanded Hukel's
method.
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Ïðåäëîæåí àëãîðèòì ìîäåëèðîâàíèÿ îïòîýëåêòðîííûõ
êîìïîíåíòîâ â ðåæèìå áîëüøîãî ñèãíàëà, àäàïòèðîâàííûé ê
ìåòîäàì àíàëèçà Âîëüòåððû - Ïèêàðà. Ôîðìà îïèñàíèÿ
ìîäåëåé óïðîùàåò ïðîöåäóðó õàðàêòåðèçàöèè, ìèíèìè-
çèðóåò îøèáêó àïïðîêñèìàöèè ïðè èçìåíåíèè ñïåêòðà, íîð-
ìû âîçäåéñòâèÿ è/èëè íîìåðà èòåðàöèè, ñíèæàåò âû÷èñëè-
òåëüíûå çàòðàòû àíàëèçà îáúåêòîâ äàííîãî êëàññà.

ÂÂÅÄÅÍÈÅ

Øèðîêîå èñïîëüçîâàíèå îïòîýëåêòðîííûõ ïðèáîðîâ
ñäåðæèâàåòñÿ îòñóòñòâèåì èíæåíåðíûõ ÑÀÏÐ, îðèåíòè-
ðîâàííûõ íà èõ ðàçðàáîòêó è ïðèìåíåíèå. Àíàëèç
ïðîöåññîâ â íåëèíåéíûõ öåïÿõ, ñîäåðæàùèõ îïòî-
ýëåêòðîííûå êîìïîíåíòû, îáû÷íî ïðîèçâîäÿò ïðè ìàëîì
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ãàðìîíè÷åñêîì âîçäåéñòâèè, ïðåíåáðåãàÿ ëèáî èõ
íåëèíåéíûìè, ëèáî èíåðöèîííûìè ñâîéñòâàìè [1-2], ÷òî
ïðèâîäèò ê ñíèæåíèþ òî÷íîñòè ïîëó÷åííûõ ðåçóëüòàòîâ
è óìåíüøàåò èõ îáùíîñòü. Ìàòåìàòè÷åñêèå ìîäåëè,
êîòîðûå áû ó÷èòûâàëè óêàçàííûå ñâîéñòâà îïòðîíîâ
îäíîâðåìåííî, â ëèòåðàòóðå îòñóòñòâóþò. Îñîáûé èíòå-
ðåñ ïðåäñòàâëÿþò âîïðîñû ðàçðàáîòêè ìîäåëåé, îðèåíòè-
ðîâàííûõ íà êîìïüþòåðíûé àíàëèç ñòàöèîíàðíûõ ðåæè-
ìîâ íåëèíåéíûõ îïòîýëåêòðîííûõ ñõåì ïðè íåãàðìî-
íè÷åñêîì âîçäåéñòâèè áîëüøîé íîðìû.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Èç âñåãî ðàçíîîáðàçèÿ íàïðàâëåíèé èññëåäîâàíèÿ
íåëèíåéíûõ èíåðöèîííûõ öåïåé (ÍÈÖ) â íàñòîÿùåå
âðåìÿ âûäåëÿåòñÿ èíòåíñèâíî ðàçâèâàþùèéñÿ ïîäõîä íà
îñíîâå ôóíêöèîíàëüíûõ ðÿäîâ Âîëüòåððû (ÔÐÂ) [3-
10].

Ìàòåìàòè÷åñêàÿ ìîäåëü ñòàöèîíàðíîãî ðåæèìà ÍÈÖ
â òåðìèíàõ ÔÐÂ â ÷àñòîòíîé îáëàñòè íà îñíîâå ìåòîäà
ãåíåðàòîðîâ èñêàæåíèé [3 -4] èìååò âèä

 (1)

..............................................................

 

ãäå  - âåêòîð íåëèíåéíûõ ïåðåäàòî÷íûõ

ôóíêöèé (ÍÏÔ) -ãî ïîðÿäêà; [Y( )] - ìàòðèöà ïðî-
âîäèìîñòåé ëèíåéíîãî ìíîãîïîëþñíèêà ÍÈÖ íà

ñóììàðíîé ÷àñòîòå ñïåêòðà âîçäåéñòâèÿ;  -
âåêòîð èçîáðàæåíèé íåëèíåéíûõ èñòî÷íèêîâ òîêà Íîð-
òîíà (ÍÈÒÍ), îïðåäåëÿåìûå êîýôôèöèåíòàìè àïïðî-
êñèìàöèè ðÿäîâ Òåéëîðà èõ ôóíêöèé îòíîñèòåëüíî ðàáî-

÷èõ òî÷åê ïî ïîñòîÿííîìó òîêó è ÍÏÔ -ãî ïîðÿäêà,

; .
Èç (1) ñëåäóåò, ÷òî ôîðìèðîâàíèå ìîäåëè ÍÈÖ â

òåðìèíàõ ÔÐÂ ïðåäïîëàãàåò ðåøåíèå òðåõ çàäà÷: ðàçðà-
áîòêè ìåòîäîâ ðàñ÷åòà ÍÏÔ, ðàçðàáîòêè ïðèåìëåìûõ
ìåòîäîâ àïïðîêñèìàöèè õàðàêòåðèñòèê íåëèíåéíûõ ýëå-
ìåíòîâ (ÍÝ) è ôîðìèðîâàíèÿ âåêòîðîâ èçîáðàæåíèé
ÍÈÒÍ è ðàñ÷åòà ìàòðèöû ïðîâîäèìîñòåé ëèíåéíîãî
ìíîãîïîëþñíèêà ÍÈÖ.

Îñíîâíîé ïðîáëåìîé àíàëèçà ÍÈÖ è ñèñòåì íà îñíî-
âå àïïàðàòà ÔÐÂ ÿâëÿåòñÿ ñõîäèìîñòü ðÿäà ïðè ðîñòå
íîðìû âõîäíîãî âîçäåéñòâèÿ [3-8]. Äëÿ óëó÷øåíèÿ ñõî-
äèìîñòè ÔÐÂ ïðèìåíÿþò ðàçëè÷íûå ìåòîäû: ýêîíîìèçà-
öèè [3], óâåëè÷åíèÿ ÷èñëà ó÷èòûâàåìûõ ÷ëåíîâ ðÿäà [3-
6], íåñòàöèîíàðíûõ ÍÏÔ [7], èòåðàöèé [3, 5, 8].

Àíàëèç óñòàíîâèâøèõñÿ ïðîöåññîâ ÍÈÖ êëàññà Âîëü-
òåððû-Ïèêàðà â ðåæèìå áîëüøîãî ñèãíàëà [3, 5, 8] òðå-
áóåò ðàñ÷åòà ïàðàìåòðîâ ÍÈÒÍ íà êàæäîé èòåðàöèè, ÷òî
ïðåäïîëàãàåò îðãàíèçàöèþ ðåêóððåíòíîãî ïðîöåññà âû-
÷èñëåíèÿ êîýôôèöèåíòîâ ðÿäîâ ìíîãèõ ïåðåìåííûõ,
êîòîðûìè, â îáùåì ñëó÷àå, õàðàêòåðèçóþòñÿ ÍÝ.

Ïîñêîëüêó ðÿä Òåéëîðà äëÿ ýêñïîíåíöèàëüíûõ ôóíê-
öèé, õàðàêòåðíûõ äëÿ ÍÝ áèïîëÿðíûõ ìèêðîýëåêòðîí-
íûõ òåõíîëîãèé, ÿâëÿåòñÿ ìåäëåííî ñõîäÿùèìñÿ è ðàñ-
õîäÿùèìñÿ äëÿ áîëåå ñëîæíûõ è ðàçðûâíûõ ôóíêöèé,
íåîáõîäèìî ïðèìåíèòü áîëåå ìîùíûé ìåòîä àïïðîêñèìà-
öèè, êîòîðûé áû óñòðàíÿë ïåðå÷èñëåííûå íåäîñòàòêè è
ïîçâîëèë ñíÿòü ðÿä âîïðîñîâ ïîñòàâëåííîé ïðîáëåìàòè-
êè êàê íà ýòàïå ôîðìèðîâàíèÿ ñèñòåìû (1), òàê è íà
ýòàïå åå ðåøåíèÿ.

Ñ ýòîé öåëüþ îáîáùåííûå ðÿäû Ôóðüå-ßêîáè íà ïðè-
ìåðå ÍÝ p-n ïåðåõîäà (õàðàêòåðíîãî äëÿ ñâåòî- è ôîòî-
ñòðóêòóð îïòîýëåêòðîííûõ ïðåîáðàçîâàòåëåé) ïðèìåíÿ-
þòñÿ äëÿ ðåøåíèÿ çàäà÷: àïïðîêñèìàöèè õàðàêòåðèñòèê
íåëèíåéíîãî èñòî÷íèêà òîêà, óïðàâëÿåìîãî íàïðÿæåíèåì
(ÍÈÒÓÍ) áîëüøîé íîðìû â âèäå ãàðìîíè÷åñêîãî èëè
ïîëèãàðìîíè÷åñêîãî ñèãíàëîâ, ñïåêòðàëüíîãî àíàëèçà
åãî îòêëèêà íà ïåðå÷èñëåííûå âèäû âîçäåéñòâèÿ; ðàçðà-
áîòêè ìîäåëè ÍÈÒÓÍ, îáëàäàþùåé ðåêóððåíòíûìè
ñâîéñòâàìè; ðàçðàáîòêè àíàëîãè÷íûõ ìîäåëåé äëÿ
ðåàêòèâíûõ ÍÝ p-n ïåðåõîäà.

ÐÅØÅÍÈÅ

Ïðåäëàãàåìûé ïîäõîä ê àëãîðèòìèçàöèè ïðîöåññà ìî-
äåëèðîâàíèÿ îïòîýëåêòðîííûõ êîìïîíåíòîâ ðàññìîòðèì
íà ïðèìåðå ÍÈÒÓÍ, êîòîðûé ÿâëÿåòñÿ îñíîâîé ìîäåëåé
àêòèâíûõ êîìïîíåíòîâ:

, (2)

ãäå Js - òåïëîâîé òîê íàñûùåíèÿ p-n ïåðåõîäà; U(t) -

âõîäíîå âîçäåéñòâèå;  - òåïëîâîé ïîòåíöèàë; m - êîí-
ñòàíòà, çàâèñÿùàÿ îò òåõíîëîãè÷åñêèõ ïàðàìåòðîâ.

Â ñîîòâåòñòâèè ñ ïîñòàíîâêîé çàäà÷è íàéäåì îòêëèê
ÍÝ (2) íà âîçäåéñòâèå âèäà:

, (3)

ãäå  - íàïðÿæåíèå ñìåùåíèÿ; ,  è  - ñîîòâåò-

ñòâåííî àìïëèòóäà, óãëîâàÿ ÷àñòîòà è íà÷àëüíàÿ ôàçà
(ïðè âûâîäå ñîîòíîøåíèé, íå óìåíüøàÿ èõ îáùíîñòè,
áóäåì ïîëàãàòü = 0).

Íîðìèðóÿ âõîäíîé ñèãíàë, (2) ñ ó÷åòîì (3) çàïèøåì
â ñëåäóþùåì âèäå:

(4)

ãäå , ,

 - íîðìà .

Ôóíêöèÿ åõð( ) îòíîñèòñÿ ê êëàññó ïåðèîäè÷åñ-

êèõ íåïðåðûâíûõ îäíîçíà÷íûõ äèôôåðåíöèðóåìûõ
ôóíêöèé, ê êîòîðûì ïðèìåíèìû òåîðåìû, äîêàçûâàþ-
ùèå âîçìîæíîñòü è åäèíñòâåííîñòü èõ ðàçëîæåíèÿ â ðÿä
Ôóðüå. Ðàçëîæèì åå â îáîáùåííûé ðÿä Ôóðüå ïî ñèñòå-
ìå îðòîãîíàëüíûõ ïîëèíîìîâ ßêîáè-Ëåæàíäðà àðãó-

ìåíòà  [11].

(5)
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ãäå êîýôôèöèåíòû àïïðîêñèìàöèè: 

 , (6)

à ( )- ïîëèíîì Ëåæàíäðà i-ãî ïîðÿäêà, îïðåäåëÿ-

åìûé ñîîòíîøåíèåì

  (7)

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà Ai íàéäåì ïðîèçâîä-

íóþ i-ãî ïîðÿäêà áèíîìà . Äëÿ ýòîãî, èñïîëü-

çóÿ ôîðìóëó 0,432 (3) [11] è ïðèìåíÿÿ ê íåé ìåòîä
äîêàçàòåëüñòâà ïî èíäóêöèè ñ ó÷åòîì óñëîâèé a=-1,
p=n=i; x=Vn è ôîðìóëû Áèíîìà Íüþòîíà,

ïîëó÷àåì:

(8)

ãäå [i/2] - öåëàÿ ÷àñòü ÷èñëà.
Ïîäñòàâèâ (8) â (7) è ïðèìåíèâ ìåòîä èíòåãðèðîâà-

íèÿ ïî ÷àñòÿì, ïîëó÷àåì ôîðìóëó i-ãî êîýôôèöèåíòà
îáîáùåííîãî ðÿäà Ôóðüå (5)

(9)

ãäå       

 - ïîëèíîìèàëüíûé êîýôôèöèåíò.
Ó÷èòûâàÿ ôîðìóëû Ýéëåðà  è

 â êâàäðàòíûõ ñêîáêàõ (9) ïðè

óñëîâèè, ÷òî ñóììà èíäåêñîâ  - ÷åòíîå ÷èñëî

èëè íóëü, ïîëó÷àåì , â ïðîòèâíîì ñëó÷àå -

. Âûðàæåíèå (9) ïîçâîëÿåò ðàññ÷èòàòü ïîëíûé

ñïåêòð îòêëèêà ÍÝ (2) íà âîçäåéñòâèå (3). Äëÿ ýòîãî,
ïîäñòàâèâ âûðàæåíèÿ (7), (8) è (9) â (4), ïîñëå ñîîòâåò-
ñòâóþùèõ óïðîùåíèé ïîëó÷àåì

(10)

Ó÷èòûâàÿ ôîðìóëû 1.320.5 è 1.320.7 [11] äëÿ ÷åòíûõ
è íå÷åòíûõ ñòåïåíåé êîñèíóñà, à òàêæå ðàâåíñòâî

, ñïðàâåäëèâîå äëÿ ãàðìîíè÷åñêîãî ñèãíàëà,

ïîëó÷àåì ñîîòíîøåíèÿ, îïðåäåëÿþùèå ñïåêòð îòêëèêà

ÍÝ (2) íà âõîäíîé ñèãíàë (3)
- äëÿ ïîñòîÿííîé ñîñòàâëÿþùåé ñïåêòðà

(11)

- äëÿ ãàðìîíè÷åñêèõ êîìïîíåíò íå÷åòíîãî ïîðÿäêà

(12)

- äëÿ ãàðìîíè÷åñêèõ êîìïîíåíò ÷åòíîãî ïîðÿäêà

(13)

ãäå  - êîýôôèöèåíò, ó÷èòûâà-

þùèé âëèÿíèå êîìïîíåíò ÷åòíîãî ïîðÿäêà íà âåëè÷èíó
ïîñòîÿííîé ñîñòàâëÿþùåé ñïåêòðà îòêëèêà ÍÝ.

Äëÿ ðàçðàáîòêè ìîäåëè, îáëàäàþùåé ðåêóððåíòíûìè
ñâîéñòâàìè, èñïîëüçóåì ñîîòíîøåíèå, êîòîðîå ñâÿçûâàåò
òðè ïîñëåäîâàòåëüíûõ ïîëèíîìà Ëåæàíäðà [11]

(14)

Äëÿ ïîëó÷åíèÿ ðåêóððåíòíîé ìîäåëè ðàññìàòðèâàå-
ìîãî ÍÝ äîñòàòî÷íî èìåòü ñîîòíîøåíèå, ñâÿçûâàþùåå
òðè ïîñëåäîâàòåëüíûõ êîýôôèöèåíòà àïïðîêñèìàöèè -
Ai+1, Ai è Ai-1. Ïîäñòàâëÿÿ (7), (8) â (14) è âûäåëÿÿ

êîýôôèöèåíòû Ai è Ai-1, ïîñëå ñîîòâåòñòâóþùèõ óïðî-

ùåíèé ïîëó÷àåì èñêîìîå âûðàæåíèå

(15)

ãäå   (16)

(16)

Íà îñíîâå ïðåäëîæåííîãî àëãîðèòìà ñîãëàñíî ïîñòà-
íîâêå çàäà÷è ïðèñòóïèì ê õàðàêòåðèçàöèè ÍÈÒÓÍ äëÿ
ïîëèãàðìîíè÷åñêîãî âõîäíîãî ñèãíàëà.
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(17)

ãäå , è  - ñîîòâåòñòâåííî, àìïëèòóäà, êðóãîâàÿ

÷àñòîòà è íà÷àëüíàÿ ôàçà i-òîé ãàðìîíè÷åñêîé êîìïî-
íåíòû ñïåêòðà;

Ïî àíàëîãèè ñ ïðåäûäóùèì îñíîâíîé çàäà÷åé ÿâëÿ-
åòñÿ àïïðîêñèìàöèÿ ýêñïîíåíòû

(18)

ãäå  - íîðìà ñèãíàëà [U(t)-

Udc] ðàâíàÿ .

Âûðàæåíèå (18) - ñëîæíàÿ ïåðèîäè÷åñêàÿ ôóíêöèÿ N

ïåðåìåííûõ  è ïðèíàäëåæèò, êàê è (4), ê êëàññó

ãîëîìîðôíûõ [3]. Â òîæå âðåìÿ, îíà ìîæåò
ðàññìàòðèâàòüñÿ êàê ôóíêöèÿ åäèíñòâåííîé ïåðåìåííîé
Vn = [U(t)-Udc]/UN. Â ýòîì ñëó÷àå ñïåêòð îòêëèêà

ÍÈÒÓÍ íà âõîäíîé ñèãíàë (17) ìîæåò áûòü ïîëó÷åí
ïîñëå ïîäñòàíîâêè åãî â (4), âîçâåäåíèÿ â ñòåïåíü
ñóììû ýêñïîíåíöèàëüíûõ ñîñòàâëÿþùèõ è
ñîîòâåòñòâóþùèõ ïðåîáðàçîâàíèé

 (19)

ãäå qs è rs - öåëûå ÷èñëà (ëèáî íóëè), íà êîòîðûå ïðî-

èñõîäèò ðàçáèåíèå ïîêàçàòåëåé ñòåïåíè, ñîîòâåòñòâåííî,

( ) è ( ) íà N ÷àñòåé. Ñîîòíîøåíèå (19)
ïîçâîëÿåò ðàññ÷èòàòü âåëè÷èíó ïîñòîÿííîé ñîñòàâëÿ-
þùåé, i-þ ãàðìîíèêó êàæäîé èç ñîñòàâëÿþùèõ âõîäíîãî

ïîëèãàðìîíè÷åñêîãî ñèãíàëà è âåëè÷èíó ëþáîé èç
êîìáèíàöèîííûõ ÷àñòîò ñïåêòðà îòêëèêà. Òî÷íûé ðàñ÷åò
àìïëèòóä êàæäîé èç ñîñòàâëÿþùèõ ñïåêòðà ðàññìàòðè-
âàåìîãî ÍÝ ÿâëÿåòñÿ ïðåäìåòîì îòäåëüíîé ïóáëèêàöèè.

Äî ñèõ ïîð ðàññìàòðèâàëñÿ ÍÈÒÓÍ p-n ïåðåõîäà.
Ýêâèâàëåíòíàÿ ñõåìà p-n ïåðåõîäà, êàê èçâåñòíî, ñîäåð-
æèò òàêæå äèôôóçèîííóþ Ñäèô. è áàðüåðíóþ Ñáàð. åì-

êîñòè

(20)

 (21)

ãäå - êîýôôèöèåíò, õàðàêòåðèçóþùèé òèï p-n ïåðåõî-

äà; - âðåìÿ æèçíè íå îñíîâíûõ íîñèòåëåé;  - åì-

êîñòü ïðè íàïðÿæåíèè, ðàâíîì êîíòàêòíîé ðàçíîñòè
ïîòåíöèàëîâ .

Ïîëó÷èì âûðàæåíèÿ, àíàëîãè÷íûå (11-13) äëÿ áà-
ðüåðíîé åìêîñòè. Íîðìèðóÿ âõîäíîé ñèãíàë è âûïîëíÿÿ
íåîáõîäèìûå ïðåîáðàçîâàíèÿ, ïðåäñòàâèì (20) â ñëå-
äóþùåì âèäå:

(22)

ãäå .

Îáîáùåííûé ðÿä Ôóðüå-Ëåæàíäðà äëÿ (24) èìååò
âèä 

(23)

ãäå  - êîýôôèöèåíò ðàçëîæåíèÿ ôóíêöèè ,

îïðåäåëÿåìûé âûðàæåíèåì

(24)

Îïóñêàÿ ïðîìåæóòî÷íûå ïðåîáðàçîâàíèÿ, àíàëîãè÷-
íûå òåì, êîòîðûå áûëè ïðîäåëàíû äëÿ ÍÈÒÓÍ, ïîëó÷à-
åì ñîîòíîøåíèÿ, îïðåäåëÿþùèå ñïåêòð ðàçëîæåíèÿ (23) 

- äëÿ ÷åòíûõ èíäåêñîâ,

. (25)
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- äëÿ íå÷åòíûõ èíäåêñîâ.

(26)

Âûðàæåíèå, îïðåäåëÿþùåå ñïåêòð ðÿäà (23) äëÿ ñèã-
íàëà (17), ïðèíèìàåò âèä

(27)

 Àíàëîãè÷íîå ñîîòíîøåíèå ïîëó÷åíî è äëÿ äèôôó-
çèîííîé åìêîñòè îòêðûòîãî p-n ïåðåõîäà, ñîñòàâëÿþùàÿ
i-ãî ïîðÿäêà êîòîðîé îïðåäåëÿåòñÿ ôîðìóëàìè, ïîäîá-

íûìè (11-13) ñ êîýôôèöèåíòîì  è èñêëþ-

÷åíèåì ïîñòîÿííîé ñîñòàâëÿþùåé â (10). Òàêèì îáðà-
çîì, ó÷åò íåëèíåéíûõ çàâèñèìîñòåé äëÿ áàðüåðíîé è
äèôôóçèîííîé åìêîñòåé ïîçâîëÿåò ìîäåëèðîâàòü èíåð-
öèîííûå ñâîéñòâà ñâåòî- è ôîòî- ñòðóêòóð îïòîýëåêòðîí-
íûõ ïðåîáðàçîâàòåëåé.

Ïðåäëîæåííûé àëãîðèòì ìîæåò áûòü ðàñïðîñòðàíåí è
íà äðóãèå âèäû ôóíêöèé, êîòîðûå ïðèìåíÿþòñÿ äëÿ ìî-
äåëèðîâàíèÿ õàðàêòåðèñòèê ÍÝ, îäíàêî ïîëó÷åíèå Ài (â

ðÿäå ñëó÷àåâ) ñîïðÿæåíî ñ òðóäíîñòÿìè èíòåãðèðîâàíèÿ
[11], êîòîðûå íå ÿâëÿþòñÿ íåïðåîäîëèìûìè.

Â çàêëþ÷åíèå, ïåðåõîäÿ îò õàðàêòåðèçàöèè èçîëèðî-
âàííûõ íåëèíåéíûõ äâóõ- è ÷åòûðåõïîëþñíèêîâ ê õàðà-
êòåðèçàöèè ÍÝ â ñîñòàâå ÍÈÖ êëàññà Âîëüòåððû-Ïèêà-
ðà è îïóñêàÿ ïðîìåæóòî÷íûå âûêëàäêè, ïðèâåäåì âûðà-
æåíèå, îïðåäåëÿþùåå ñïåêòð îòêëèêà ÍÈÒÓÍ âèäà (2),
êîòîðûé ÿâëÿåòñÿ íàãðóçêîé íåëèíåéíîãî èíåðöèîííîãî
ìíîãîïîëþñíèêà, âîçáóæäàåìîãî ïîëèãàðìîíè÷åñêèì
âõîäíûì ñèãíàëîì áîëüøîé íîðìû

(28)

ãäå  è  - öåëûå ÷èñëà (ëèáî íóëè), íà êîòîðûå ïðî-

èñõîäèò ðàçáèåíèå ïîêàçàòåëåé ñîîòâåòñòâåííî ñòåïåíè

( ) è ( ) íà N ÷àñòåé;  - êîýôôèöèåíòû

îáîáùåííîãî ðÿäà Ôóðüå-Ëåæàíäðà (5); Í () - ÍÏÔ ïî-
ðÿäêà  àíàëèçèðóåìîé ÍÈÖ, ó êîòîðîé  - ÷èñëî

÷àñòîò  âçÿòûõ ñî çíàêîì ïëþñ, à   - ÷èñëî ÷àñòîò ,

âçÿòûõ ñî çíàêîì ìèíóñ.

×ÈÑËÅÍÍÛÅ ÐÅÇÓËÜÒÀÒÛ

Ïðîâåðêà äåéñòâåííîñòè ïðåäëàãàåìîãî àëãîðèòìà áû-
ëà ïðîâåäåíà íà ïðèìåðå àíàëèçà ðåæèìîâ êîíâåðòåðà
òðåóãîëüíîãî íàïðÿæåíèÿ â ñèíóñîèäàëüíîå (ÊÒÑ) ñ
ïðèìåíåíèåì ìîäåëè âîëñòðîíà 30Ä101À â óïðàâëÿåìîì
èñòî÷íèêå ñòàáèëüíîãî òîêà (ðèñ. 1).

Äëÿ ìîäåëèðîâàíèÿ òðàíçèñòîðîâ Ò1 è Ò2 èñïîëüçî-
âàëàñü ðàçðàáîòàííàÿ ðåêóððåíòíàÿ ìîäåëü ïåðåíîñà áè-

ïîëÿðíîãî òðàíçèñòîðà ñ ïàðàìåòðàìè:  = 10 - 40, Ikò =

3E-6mA, IÝT = 71E-8mA, Ckb = 10 ïÔ, Cýî (0) = 20 ïÔ,
í = 135 íñ, rá = 3,7 Îì, T = 0,036 B. ÊÒÑ àíàëèçè-

ðî-âàëñÿ ïðè íàïðÿæåíèè ïèòàíèÿ Åï=+/-5Â, ïðè ýòîì
òîê ñâåòîäèîäà âîëñòðîíà âàðüèðîâàëñÿ îò 0,8 äî 25 ìÀ.

Ïðîñòðàíñòâåííûé ðåëüåô çàâèñèìîñòè Êr2 ( )

(ðèñ.2), ïîëó÷åííûé ñ ïîìîùüþ ïðîãðàììû ÌÀÝÑ-Ï
[12] è äîïîëíèòåëüíî ðàçðàáîòàííûõ ïðåä- è ïîñòïðî-
öåññîðîâ, ïîçâîëèë âûÿâèòü îáëàñòü ìèíèìóìà äàííîãî
êðèòåðèÿ äëÿ àìïëèòóäû òðåóãîëüíîãî íàïðÿæåíèÿ, ïðè-
áëèçèòåëüíî ðàâíîé 2 ò, ÷òî ïîäòâåðæäàåòñÿ ðåçóëüòà-

òàìè ýêñïåðèìåíòà [11].
Ïðè ýòîì âûèãðûø ïî âðåìåíè àíàëèçà ðåæèìîâ ÊÒÑ

ïðè âàðèàöèè àìïëèòóäû âõîäíîãî íàïðÿæåíèÿ â ïðå-
äåëàõ 30-800 ìÂ êîëåáàëñÿ â ïðåäåëàõ 3,5 - 6 % çà ñ÷åò
ýêîíîìèè ÷èñëà îïåðàöèé íà ýòàïå ôîðìèðîâàíèÿ ìàòå-
ìàòè÷åñêîé ìîäåëè ÊÒÑ. Ðàñõîæäåíèå ðåçóëüòàòîâ ìà-
øèííîãî è íàòóðíîãî ýêñïåðèìåíòîâ ïðè ýòîì íå
ïðåâûøàëî 4,2 %.
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Ðèñóíîê 1 - Óïðîùåííàÿ ñõåìíàÿ ìîäåëü ÊÒÑ:        
Uâõ (t) - èñòî÷íèê âõîäíîãî ñèãíàëà; Iñì - 
óïðàâëÿåìûé ãåíåðàòîð ñòàáèëüíîãî òîêà

ÂÛÂÎÄÛ

Ïðåäëîæåí àëãîðèòì ìîäåëèðîâàíèÿ îïòîýëåêòðîí-
íûõ êîìïîíåíòîâ, àäàïòèðîâàííûé ê àíàëèòè÷åñêèì è
èòåðàöèîííûì ìåòîäàì àíàëèçà öåïåé êëàññà Âîëüòåð-
ðû-Ïèêàðà.

Ðèñóíîê 2 - Ïðîñòðàíñòâåííûé ðåëüåô çàâèñèìîñòè 
êîåôôèöèåíòà ãàðìîíèê îò ÷àñòîòû - Êr (F):        

F= N f, ãäå f = 72,27 êÃö

Ìàòåìàòè÷åñêàÿ ôîðìà îïèñàíèÿ ïîëó÷åííûõ ìîäå-
ëåé óïðîùàåò ïðîöåäóðó õàðàêòåðèçàöèè ÍÝ â òåðìèíàõ
ÔÐÂ è ïðèãîäíà êàê â ðåæèìå ìàëîãî, òàê è â ðåæèìå
áîëüøîãî ñèãíàëà. Îáåñïå÷èâàÿ ìèíèìàëüíóþ îøèáêó
àïïðîêñèìàöèè ïðè èçìåíåíèè ñïåêòðà è íîðìû âîçäåé-
ñòâèÿ, îíà ïîçâîëÿåò ïîëó÷èòü íåîáõîäèìûé ðåçóëüòàò
äàæå â òåõ ñëó÷àÿõ, êîãäà ðÿä Òåéëîðà, ñîîòâåòñòâó-

þùèé ôóíêöèè ÍÝ, îêàçûâàåòñÿ ìåäëåííî ñõîäÿùèìñÿ,
ëèáî ðàñõîäÿùèìñÿ. Ïðåäëîæåííûé àëãîðèòì äîïóñêàåò
îáîáùåíèå õàðàêòåðèçàöèè ÍÝ, ïðåäñòàâëåííîãî ëþáîé
çàäàííîé ôóíêöèåé, âîçìîæíîñòü ðàçðàáîòêè ðåêóððåíò-
íûõ ìîäåëåé ïîëóïðîâîäíèêîâûõ ïðèáîðîâ è èíòåãðàëü-
íûõ ñõåì, îáåñïå÷èâàåò êîíòðîëü è åñòåñòâåííóþ êîð-
ðåêöèþ âû÷èñëèòåëüíîãî ïðîöåññà ïî ìåðå ðîñòà íîðìû
âîçäåéñòâèÿ è/èëè íîìåðà èòåðàöèè.
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Çàïðîïîíîâàíî àëãîðèòì ìîäåëþâàííÿ îïòîåëåêòðîííèõ
êîìïîíåíò³â â ðåæèì³ âåëèêîãî ñèãíàëó, àäàïòîâàíèé äî
ìåòîä³â àíàë³çó Âîëüòåððè-Ï³êàðà. Ôîðìà îïèñó ìîäåëåé
ñïðîùóº ïðîöåäóðó õàðàêòåðèçàö³¿, ì³í³ì³çóº ïîìèëêó
àïðîêñèìàö³¿ ïðè çì³í³ ñïåêòðó, íîðìè âïëèâó ³/àáî íîìåðó
³òåðàö³¿, çìåíøóº îá÷èñëþâàëüí³ âèòðàòè àíàë³çó îá'ºêò³â
äàíîãî êëàñó.

Algorithm of modeling opto-electronics components in
regime of large sig*nal, which adapted to methods of analysis
Volterra-Picar's is presented. The form of model discription
simplifies a procedure of characterizing, provided minimum
mistake of approximation for variable of specters or norms of
input signal and/or a number of iteration, decreases a compu-
tation time of analysis of object this class.

∆ ∆
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Èññëåäóþòñÿ ìåòîäû ðåàëèçàöèè è âîçìîæíîñòè îïòè-
ìèçàöèè êîíñòðóêöèé ìèêðîïîëîñêîâûõ ôèëüòðîâ íèæíèõ
÷àñòîò. Ïðåäñòàâëåí ìåòîä ïîâûøåíèÿ òî÷íîñòè ìîäåëè
ìèêðîïîëîñêîâîãî ôèëüòðà íèæíèõ ÷àñòîò è ñïîñîá óìåíü-
øåíèÿ ðàçìåðîâ ôèëüòðà, îñíîâàííûé íà îïòèìèçàöèè êîí-
ñòðóêöèè èíäóêòèâíûõ ýëåìåíòîâ ôèëüòðà. Àíàëèçèðó-
åòñÿ çàâèñèìîñòü âûõîäíûõ ïàðàìåòðîâ ôèëüòðà îò èçìå-
íåíèé êîíñòðóêòèâíûõ ðàçìåðîâ ôèëüòðà ïðè îïòèìè-
çàöèè. Ïðèâîäÿòñÿ ðåçóëüòàòû îïòèìèçàöèè ìèêðîïîëîñ-
êîâîãî ôèëüòðà íèæíèõ ÷àñòîò.

ÂÂÅÄÅÍÈÅ

Ïðè ïðîèçâîäñòâå ÑÂ× àïïàðàòóðû, íàðÿäó ñ óìåíü-
øåíèåì ðàçìåðîâ êîíñòðóêöèè, ñòîèò ïðîáëåìà îáåñïå÷å-
íèÿ òî÷íîñòè êîíñòðóêòèâíûõ ïàðàìåòðîâ óñòðîéñòâ,
êîòîðàÿ òåñíî ñâÿçàíà ñ òî÷íîñòüþ èçãîòîâëåíèÿ îòäåëü-
íûõ ýëåìåíòîâ óñòðîéñòâ ÑÂ× è çàâèñèò îò òåõíîëîãè-
÷åñêèõ îãðàíè÷åíèé è ñâîéñòâ èñïîëüçóåìûõ ìàòå-
ðèàëîâ.

Ñîâåðøåíñòâîâàíèå òåõíîëîãè÷åñêèõ ïðîöåññîâ è ïîÿ-
âëåíèå íîâûõ ìàòåðèàëîâ ïðåäúÿâëÿþò ïîâûøåííûå
òðåáîâàíèÿ ê òî÷íîñòè ìàòåìàòè÷åñêèõ ìîäåëåé óñ-
òðîéñòâ ÑÂ×, à òåíäåíöèÿ ìèíèàòþðèçàöèè àïïàðàòóðû
ÑÂ× äèàïàçîíà òðåáóåò ðàçðàáîòêè íîâûõ ïîäõîäîâ ê
êîíñòðóêòèâíîìó èñïîëíåíèþ å¸ ýëåìåíòîâ.

Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ ìåòîä ïîâûøåíèÿ
òî÷íîñòè ìîäåëè ìèêðîïîëîñêîâîãî ôèëüòðà, ïðîâîäèòñÿ
ñðàâíèòåëüíûé àíàëèç ñóùåñòâóþùèõ ìîäåëåé, è
èññëåäóþòñÿ âîçìîæíîñòè îïòèìèçàöèè êîíñòðóêöèè
ôèëüòðà.

Ñóùåñòâóþùèå ìåòîäû ðàñ÷¸òà ôèëüòðîâ íèæíèõ ÷àñ-
òîò (ÔÍ×) ÑÂ× äèàïàçîíà íå ó÷èòûâàþò ïðè ñèíòåçå
íåêîòîðûå ýëåìåíòû ñõåì çàìåùåíèÿ ó÷àñòêîâ ìèêðî-
ïîëîñêîâûõ ëèíèé è íå ïîçâîëÿþò íåçàâèñèìî èçìåíÿòü
â øèðîêèõ ïðåäåëàõ êîíñòðóêòèâíûå ïàðàìåòðû ó÷à-
ñòêîâ ëèíèé.

Òàê, ìåòîäèêà ðàñ÷¸òà ôèëüòðîâ íèæíèõ ÷àñòîò, îñíî-
âàííàÿ íà èñïîëüçîâàíèè ÷åðåäóþùèõñÿ îòðåçêîâ äëèí-
íîé ëèíèè [1], ñîäåðæèò íåîáîñíîâàííûå äîïóùåíèÿ
ïðè ó÷¸òå èíäóêòèâíûõ ñâîéñòâ ó÷àñòêîâ ìèêðîïîëîñ-
êîâûõ ëèíèé, êîòîðûå âûïîëíÿþò ôóíêöèè ¸ìêîñòíûõ
ýëåìåíòîâ. Êðîìå òîãî, òî÷íîñòü èñïîëüçóåìîé ìîäåëè
îêàçûâàåòñÿ çàâèñèìîé îò ñîîòíîøåíèÿ âîëíîâûõ ñîïðî-
òèâëåíèé, à, ñëåäîâàòåëüíî, è ãåîìåòðè÷åñêèõ ðàçìåðîâ
ó÷àñòêîâ ëèíèé, âûïîëíÿþùèõ ôóíêöèè ¸ìêîñòíûõ è
èíäóêòèâíûõ ýëåìåíòîâ.

Â äðóãîé ìåòîäèêå ðàñ÷¸òà è ñèíòåçà ôèëüòðîâ ÑÂ×,
îñíîâàííîé íà ïðåäñòàâëåíèè ¸ìêîñòíûõ ýëåìåíòîâ ôè-
ëüòðà ðàçîìêíóòûìè îòðåçêàìè ìèêðîïîëîñêîâîãî
âîëíîâîäà [2], íå ó÷èòûâàþòñÿ ¸ìêîñòíûå ñâîéñòâà ó÷à-
ñòêîâ ëèíèé, êîòîðûå âûïîëíÿþò ôóíêöèè èíäóêòèâíûõ

ýëåìåíòîâ. Ýòî ïðèâîäèò ê ñíèæåíèþ òî÷íîñòè ìîäåëè
ôèëüòðîâ.

Îòìå÷åííûå íåäîñòàòêè ìîäåëåé çíà÷èòåëüíî ñíèæà-
þò âîçìîæíîñòè òî÷íîãî ðàñ÷¸òà íîìèíàëüíûõ ðàçìåðîâ
ôèëüòðà è, êàê ñëåäñòâèå, íàçíà÷åíèÿ íàèáîëüøåãî ïîëÿ
äîïóñêà íà ïàðàìåòðû ôèëüòðà íà ýòàïå ïðîåêòèðî-
âàíèÿ.

Äëÿ óñòðàíåíèÿ óêàçàííûõ íåäîñòàòêîâ â ðàáîòå ïðå-
äëàãàåòñÿ ìåòîä ðàñ÷¸òà ÔÍ× â ìèêðîïîëîñêîâîì èñïî-
ëíåíèè, êîòîðûé ó÷èòûâàåò âñå ýëåìåíòû ñõåì çàìåùå-
íèÿ ó÷àñòêîâ ôèëüòðà.

1 ÏÐÅÄËÀÃÀÅÌÛÉ ÌÅÒÎÄ ÐÀÑ×¨ÒÀ ÔÍ×

Â ïðåäëàãàåìîì ìåòîäå êîëè÷åñòâî ó÷àñòêîâ ôèëüòðà
è èõ íîðìèðîâàííûå ïðîâîäèìîñòè  îïðåäåëÿþòñÿ ïî

ìåòîäèêå, êîòîðàÿ ïðèâîäèòñÿ â [3] (ðèñ. 1). Ñâÿçü ìåæ-
äó ïàðàìåòðàìè ðåàêòèâíûõ ýëåìåíòîâ è íîðìèðîâàí-
íûìè ïàðàìåòðàìè ôèëüòðà-ïðîòîòèïà èìååò âèä:

; , (1)

ãäå  - êðóãîâàÿ ãðàíè÷íàÿ ÷àñòîòà ïîëîñû

ïðîïóñêàíèÿ;

 è  - èíäóêòèâíîñòü è ¸ìêîñòü;

  - âîëíîâîå ñîïðîòèâëåíèå ëèíèé ïåðåäà÷è.

 

Ðèñóíîê 1 - Ñõåìà ôèëüòðà-ïðîòîòèïà

Ïðè ìèêðîïîëîñêîâîé ðåàëèçàöèè ñîñðåäîòî÷åííûå
ýëåìåíòû ëåñòíè÷íîé ñõåìû ôèëüòðà-ïðîòîòèïà çàìåíÿ-
þòñÿ ó÷àñòêàìè ìèêðîïîëîñêîâîãî âîëíîâîäà (ðèñ. 2).
Ðàçîìêíóòûå ïîïåðå÷íûå ó÷àñòêè âûïîëíÿþò ôóíêöèè
¸ìêîñòíûõ ýëåìåíòîâ ñ âõîäíûì ñîïðîòèâëåíèåì [4]:

, , (2)

ãäå  è  - âîëíîâîå ñîïðîòèâëåíèå è äëèíà

ðàçîìêíóòûõ ó÷àñòêîâ âîëíîâîäà;
 - êîýôôèöèåíò ðàñïðîñòðàíåíèÿ ýëåêòðî-

ìàãíèòíûõ âîëí;
 - êîýôôèöèåíò çàòóõàíèÿ;

 - ôàçîâàÿ ïîñòîÿííàÿ;
 - äëèíà âîëíû â ìèêðîïîëîñêîâîé ëèíèè.
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Ðèñóíîê 2 - Ýñêèç òîêîíåñóùåé ÷àñòè 
ìèêðîïîëîñêîâîãî ÔÍ×

Èíäóêòèâíûì ýëåìåíòàì ñîîòâåòñòâóþò ïðîäîëüíûå
ó÷àñòêè ìèêðîïîëîñêîâîãî ôèëüòðà, â êà÷åñòâå ñõåì
çàìåùåíèÿ êîòîðûõ îáû÷íî èñïîëüçóþòñÿ Ò- èëè Ï-
îáðàçíûå ñõåìû. Íàèáîëåå óäîáíîé äëÿ ðåàëèçàöèè
ïðåäëàãàåìîãî ìåòîäà ÿâëÿåòñÿ Ï-îáðàçíàÿ ñõåìà çàìå-
ùåíèÿ ýòèõ ó÷àñòêîâ. Â ýòîì ñëó÷àå ïîëíàÿ ñõåìà çàìå-
ùåíèÿ ìèêðîïîëîñêîâîãî ôèëüòðà ïðèîáðåòàåò âèä, êî-
òîðîé ïðåäñòàâëåí íà ðèñ. 3. Ñîïðîòèâëåíèÿ Ï-îáðàç-
íûõ ñõåì çàìåùåíèÿ ïðîäîëüíûõ ó÷àñòêîâ ôèëüòðà
îïðåäåëÿþòñÿ âûðàæåíèÿìè [4]:

, . (3)

Ñ ó÷¸òîì çàìåíû ýëåìåíòîâ ôèëüòðà-ïðîòîòèïà (1) íà
ýëåìåíòû (2), (3) ñõåì çàìåùåíèÿ ó÷àñòêîâ ìèêðîïîëî-
ñêîâîé ëèíèè îïðåäåëÿþòñÿ ñîïðîòèâëåíèÿ ïðîäîëüíûõ

 è ïîïåðå÷íûõ , ,  ó÷àñòêîâ ôèëüòðà:

; (4)

; (5)

(6)

Ïðèâåä¸ííûå ñîîòíîøåíèÿ ñïðàâåäëèâû äëÿ íå÷¸òíî-
ãî ÷èñëà çâåíüåâ ôèëüòðà.

Èç ñîîòíîøåíèé (1) è (4) - (6) îïðåäåëÿþòñÿ õàðà-
êòåðèñòè÷åñêèå ñîïðîòèâëåíèÿ ó÷àñòêîâ ìèêðîïîëîñêî-
âûõ ëèíèé. Ïðè ýòîì, ñ öåëüþ óïðîùåíèÿ, ïðåäïîëà-
ãàåòñÿ, ÷òî ïîòåðè â ëèíèÿõ îòñóòñòâóþò ( ). Ïðî-
äîëüíûì ó÷àñòêàì ñîîòâåòñòâóåò õàðàêòåðèñòè÷åñêîå
ñîïðîòèâëåíèå:

, (7)

ãäå  - ôàçîâàÿ ñêîðîñòü ðàñïðîñòðàíåíèÿ ýëåêòðî-

ìàãíèòíîé âîëíû â ëèíèè.
Õàðàêòåðèñòè÷åñêèå ñîïðîòèâëåíèÿ ðàçîìêíóòûõ ó÷à-

ñòêîâ ìèêðîïîëîñêîâûõ ëèíèé, êîòîðûå ìîäåëèðóþò
åìêîñòíûå ýëåìåíòû, îïðåäåëÿþòñÿ èç ñîîòíîøåíèé [5]:

; (8)

(9)

Ôîðìèðîâàíèå ìîäåëåé çàâåðøàåòñÿ îïðåäåëåíèåì
íîìèíàëüíûõ ðàçìåðîâ ó÷àñòêîâ ìèêðîïîëîñêîâûõ ëè-
íèé è ôàçîâûõ ñêîðîñòåé ðàñïðîñòðàíåíèÿ ýëåêòðîìàã-
íèòíûõ âîëí.

 Äëèíû ó÷àñòêîâ îïðåäåëÿþòñÿ èç óñëîâèÿ:
.

 

Ðèñóíîê 3  - Ñõåìà çàìåùåíèÿ ìèêðîïîëîñêîâîãî ôèëüòðà
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Øèðèíû ó÷àñòêîâ ëèíèé íàõîäÿòñÿ ïî èçâåñòíûì
õàðàêòåðèñòè÷åñêèì ñîïðîòèâëåíèÿì ó÷àñòêîâ, äèýëå-
êòðè÷åñêîé ïðîíèöàåìîñòè ìàòåðèàëà è òîëùèíå
ïîäëîæêè [6]:

(10)

; ,

ãäå  - øèðèíà ó÷àñòêà ìèêðîïîëîñêîâîé ëèíèè;

  è   - äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü è òîëùèíà
ïîäëîæêè.

Ïðè ðàñ÷¸òå ó÷èòûâàëîñü, ÷òî:

, , (11)

ãäå  - ñêîðîñòü ðàñïðîñòðàíåíèÿ ýëåêòðîìàãíèòíûõ
âîëí â âàêóóìå;

 - ýôôåêòèâíàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü

ó÷àñòêà;

 - õàðàêòåðèñòè÷åñêèå ñîïðîòèâëåíèÿ ó÷àñòêîâ

ìèêðîïîëîñêîâîé ëèíèè ïðè .

2 ÈÑÑËÅÄÎÂÀÍÈÅ ÐÀÇËÈ×ÍÛÕ ÌÅÒÎÄÎÂ 
ÐÀÑ×¨ÒÀ ÔÈËÜÒÐÎÂ

Ñðàâíåíèå ðàçëè÷íûõ ìåòîäîâ ðàñ÷¸òà ôèëüòðîâ ïðî-
âîäèëîñü íà îñíîâå ìèêðîïîëîñêîâîãî ôèëüòðà íèæíèõ
÷àñòîò ñ ÷àñòîòíîé õàðàêòåðèñòèêîé ìàêñèìàëüíî ïëîñ-
êîãî òèïà (àïïðîêñèìàöèÿ Áàòòåðâîðòà) è ïàðàìåòðàìè:

- ãðàíè÷íàÿ ÷àñòîòà ïîëîñû ïðîïóñêàíèÿ  ÌÃö;

- çàòóõàíèå äÁ íà ÷àñòîòå ÌÃö;

- âîëíîâîå ñîïðîòèâëåíèå ïîäâîäÿùèõ ìèêðîïîëîñêî-
âûõ ëèíèé ïåðåäà÷è  Îì.

Ýòèì ïàðàìåòðàì ñîîòâåòñòâóåò ìèêðîïîëîñêîâûé
ÔÍ× èç 7 ó÷àñòêîâ. Ôèëüòð ðåàëèçóåòñÿ íà ïîäëîæêå ñ
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ  è òîëùèíîé

ìì. Â çàâèñèìîñòè îò ìåòîäèêè ïðîåêòèðîâàíèÿ
áûëè îïðåäåëåíû íîìèíàëüíûå ðàçìåðû ó÷àñòêîâ
ôèëüòðà (òàáë.1).

Ðàñ÷¸ò ÷àñòîòíûõ õàðàêòåðèñòèê ôèëüòðîâ ïðîâîäèë-
ñÿ ñ èñïîëüçîâàíèåì ïàêåòà ïðîãðàìì Microwave Office
(ðèñ.4).

Àíàëèç ãðàôèêîâ, ïðèâåä¸ííûõ íà ðèñ. 4, ïîêàçûâà-
åò, ÷òî ÷àñòîòíàÿ õàðàêòåðèñòèêà ôèëüòðà, ðàññ÷èòàííî-
ãî ïî ïðåäëîæåííîé âûøå ìåòîäèêå, íàèáîëåå òî÷íî
ñîâïàäàåò ñ õàðàêòåðèñòèêîé LC-ïðîòîòèïà. Òàêèì îáðà-
çîì, ïðåäëîæåííàÿ ìåòîäèêà ðàñ÷¸òà èìååò áîëüøóþ
òî÷íîñòü, ÷åì àíàëîãè÷íûå ìåòîäèêè èç [1,2].

Â òàáëèöå 2 ïðèâåäåíû çíà÷åíèÿ ÷àñòîòû ñðåçà è
çàòóõàíèÿ ôèëüòðà íà ÷àñòîòå çàãðàæäåíèÿ, ïîëó÷åííûå
ïî èçâåñòíûì ìåòîäèêàì, ñ ïîìîùüþ ôîðìóë è ðàñ÷¸òà
ïîëó÷åííûõ òîïîëîãèé ïðè ïîìîùè ïðîãðàììû Micro-
wave Office.

Ðåçóëüòàòû âû÷èñëåíèé, ïðèâåä¸ííûå â òàáëèöå 2,
ïîêàçûâàþò, ÷òî ïðåäëàãàåìàÿ ìåòîäèêà îáåñïå÷èâàåò
áîëüøóþ òî÷íîñòü ðàñ÷¸òà îñíîâíûõ ïàðàìåòðîâ ôèëü-
òðà ïî ñðàâíåíèþ ñ ñóùåñòâóþùèìè ìåòîäèêàìè.
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Òàáëèöà 1 -Íîìèíàëüíûå ðàçìåðû ó÷àñòêîâ ôèëüòðà

Ìåòîäèêà ðàñ÷¸òà
 Ó÷àñò

Ðàç-     êè
ìåðû

1 2 3 4 5 6 7

×åðåäóþùèåñÿ 
îòðåçêè äëèííîé 

ëèíèè

, ìì 4,321 0,066 18,193 0,066 18,193 0,066 4,321

 , ìì 1,207 12,028 1,207 21,687 1,207 12,028 1,207

Ñ èñïîëüçîâàíèåì 
ðàçîìêíóòûõ 

ó÷àñòêîâ 
ìèêðîïîëîñêîâîãî 

âîëíîâîäà

 , ìì 1,846 0,113 1,495 0,057 1,495 0,113 1,846

 , ìì 4,040 17,771 16,486 26,829 16,486 17,771 4,040

Ïðåäëàãàåìûé 
ìåòîä

 , ìì 0,840 0,113 0,983 0,057 0,983 0,113 0,840

, ìì 4,257 17,771 16,911 26,829 16,911 17,771 4,257
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ÌÈÊÐÎÏÎËÎÑÊÎÂÛÕ ÔÈËÜÒÐÎÂ ÍÈÆÍÈÕ ×ÀÑÒÎÒ

1 - LC-ïðîòîòèï; 2 - ÷åðåäóþùèåñÿ îòðåçêè äëèííîé ëèíèè; 3 - ñ èñïîëüçîâàíèåì ðàçîìêíóòûõ
ó÷àñòêîâ ìèêðîïîëîñêîâîãî âîëíîâîäà; 4 - ïðåäëàãàåìûé ìåòîä.

Ðèñóíîê 4 - ×àñòîòíûå õàðàêòåðèñòèêè ôèëüòðîâ â îáëàñòè ÷àñòîòû ñðåçà

3 ÑÏÎÑÎÁ ÎÏÒÈÌÈÇÀÖÈÈ ÊÎÍÑÒÐÓÊÖÈÈ 
ÔÈËÜÒÐÎÂ

Ïðåäëàãàåòñÿ ñïîñîá óìåíüøåíèÿ ãàáàðèòíûõ ðàçìå-
ðîâ ôèëüòðà ïóò¸ì èçìåíåíèÿ òîïîëîãèè èíäóêòèâíûõ
ýëåìåíòîâ ôèëüòðà. Ïðåäëàãàåòñÿ, â ÷àñòíîñòè, îòðåçêè
ìèêðîïîëîñêîâîé ëèíèè, âûïîëíÿþùèå ôóíêöèè èíäóê-
òèâíûõ ýëåìåíòîâ, ïðåäñòàâëÿòü â âèäå ñòðóêòóð, ïîêà-
çàííûõ íà ðèñ. 5.

Ðàñ÷¸ò ïàðàìåòðîâ âèäîèçìåí¸ííûõ ó÷àñòêîâ ïðîâî-
äèëñÿ ñ èñïîëüçîâàíèåì ïàêåòà ïðîãðàìì Microwave
Office.

Â ðåçóëüòàòå àíàëèçà ðàçëè÷íûõ êîíñòðóêöèé ýòèõ
ó÷àñòêîâ áûëà ïîëó÷åíà çàâèñèìîñòü ÷àñòîòû ñðåçà ôè-
ëüòðà îò ðàññòîÿíèÿ S (ðèñ. 5) ìåæäó ó÷àñòêàìè ñâÿçàí-
íûõ ëèíèé (ðèñ. 6).

Ðèñóíîê 5 - Èíäóêòèâíûé ýëåìåíò ìèêðîïîëîñêîâîãî 
ôèëüòðà

,   - äëèíà ó÷àñòêîâ;

W - øèðèíà ìèêðîïîëîñêîâîé ëèíèè;

S - ðàññòîÿíèå ìåæäó ìèêðîïîëîñêîâûìè ëèíèÿìè;
R - ðàäèóñ èçãèáà.

Òàáëèöà  2- Ñðàâíèòåëüíûå äàííûå ðàñ÷¸òîâ

‘Ïàðàìåòðû

Ìåòîäèêà

×àñòîòà 
ñðåçà 

,ÌÃö

Çàòóõàíèå íà 
÷àñòîòå 
çàãðàæäåíèÿ 

=1150 

ÌÃö , äÁ

LC-ïðîòîòèï 700,00 30,188

Ðàñ÷¸ò ïðè ïîìîùè 
ôîðìóë

700,00 31,465

Ðàñ÷¸ò ïî èçâåñòíûì ìåòîäèêàì

×åðåäóþùèåñÿ 
îòðåçêè äëèííîé 

ëèíèè

700,00 27,344

Ñ èñïîëüçîâàíèåì 
ðàçîìêíóòûõ 

ó÷àñòêîâ 
ìèêðîïîëîñêîâîãî 

âîëíîâîäà

700,00 32,266

Ðàñ÷¸ò â ïðîãðàììå Microwave Office

×åðåäóþùèåñÿ 
îòðåçêè äëèííîé 

ëèíèè
914,26 10,855

Ñ èñïîëüçîâàíèåì 
ðàçîìêíóòûõ 

ó÷àñòêîâ 
ìèêðîïîëîñêîâîãî 

âîëíîâîäà

651,00 35,624

Ïðåäëàãàåìûé ìåòîä 709,98 30,35

fc fç
aç

l1 l2
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Ðèñóíîê 6 - Çàâèñèìîñòü ÷àñòîòû ñðåçà ôèëüòðà îò 
ñîîòíîøåíèÿ S/h

Ïàðàìåòðû ôèëüòðà ñ èíäóêòèâíûìè ýëåìåíòàìè, âû-
ïîëíåííûìè â âèäå "çèãçàãîîáðàçíûõ" ó÷àñòêîâ ìèêðî-
ïîëîñêîâîé ëèíèè (ðèñ. 6) ïðè S/h = 2,89 ñîîòâåò-
ñòâóþò ïàðàìåòðàì ôèëüòðà ñ èíäóêòèâíûìè ýëåìåí-
òàìè, âûïîëíåííûìè â âèäå ïðÿìîëèíåéíûõ ó÷àñòêîâ
ìèêðîïîëîñêîâîé ëèíèè (òàáë. 3).

Àíàëèç çàâèñèìîñòè ÷àñòîòû ñðåçà ôèëüòðà îò ðàñ-
ñòîÿíèÿ S (ðèñ. 6) è ïàðàìåòðîâ ôèëüòðîâ (òàáë. 3)
ñâèäåòåëüñòâóåò î íåîáõîäèìîñòè âûïîëíåíèÿ óñëîâèÿ
S/h = 3 ïðè îïòèìèçàöèè êîíñòðóêöèè ôèëüòðà. Ïðè
âûïîëíåíèè äàííîãî óñëîâèÿ îòêëîíåíèå ÷àñòîòíîé
õàðàêòåðèñòèêè ôèëüòðà ñ "çèãçàãîîáðàçíûìè" ó÷àñò-
êàìè ìèêðîïîëîñêîâîé ëèíèè íå ïðåâûøàåò 1 % îò åãî
àíàëîãà ñ èíäóêòèâíîñòÿìè, âûïîëíåííûìè â âèäå ïðÿ-
ìîëèíåéíûõ îòðåçêîâ ìèêðîïîëîñêîâîé ëèíèè. Óìåíü-
øåíèå ïàðàìåòðà S/h âåä¸ò ê óâåëè÷åíèþ ýëåêòðîìàã-
íèòíîé ñâÿçè ìåæäó ïàðàëëåëüíûìè ó÷àñòêàìè "çèãçàãî-
îáðàçíîé" ñòðóêòóðû è, êàê ñëåäñòâèå, ê ïîâûøåíèþ
÷àñòîòû ñðåçà ôèëüòðà. 

Â ðåçóëüòàòå ïðîâåä¸ííîé îïòèìèçàöèè êîíñòðóêöèè
èíäóêòèâíûõ ýëåìåíòîâ ôèëüòðà ïëîùàäü, çàíèìàåìàÿ
òîêîíåñóùåé ÷àñòüþ ìèêðîïîëîñêîâîãî ÔÍ×, óìåíü-
øèëàñü â 1,933 ðàçà.

ÂÛÂÎÄÛ

Â ðàáîòå ïðåäëîæåíà ìåòîäèêà ðàñ÷¸òà ãåîìåòðè÷åñ-
êèõ ïàðàìåòðîâ ÔÍ×, îáëàäàþùàÿ ïîâûøåííîé òî÷-
íîñòüþ. Âûïîëíåí ðàñ÷¸ò ñåìèçâåííîãî ÔÍ× â ìèêðî-
ïîëîñêîâîì èñïîëíåíèè è ïðîâåä¸í ñðàâíèòåëüíûé àíà-
ëèç ðàçëè÷íûõ ìåòîäèê. Ïîêàçàíî, ÷òî ïðåäëàãàåìàÿ ìå-
òîäèêà îáåñïå÷èâàåò íàèëó÷øèå õàðàêòåðèñòèêè ôèëü-
òðà ïî ñðàâíåíèþ ñ ñóùåñòâóþùèìè ìåòîäèêàìè.

Ïðåäëîæåí òàêæå ñïîñîá óìåíüøåíèÿ ïëîùàäè, çàíè-
ìàåìîé òîïîëîãèåé ôèëüòðà, îñíîâàííûé íà çàìåíå ïðÿ-
ìîëèíåéíûõ îòðåçêîâ ÌÏË, ìîäåëèðóþùèõ èíäóêòèâ-
íûå ýëåìåíòû, çèãçàãîîáðàçíûìè ñòðóêòóðàìè. Âûïîë-
íåíà îïòèìèçàöèÿ ïàðàìåòðîâ òàêèõ ñòðóêòóð è ïîëó÷å-
íû îãðàíè÷åíèÿ íà ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè
ýëåìåíòîâ.

Íàïðàâëåíèå äàëüíåéøèõ èññëåäîâàíèé ñâÿçàíî ñ
èçó÷åíèåì ìåòîäèê ïðîåêòèðîâàíèÿ äðóãèõ òèïîâ ôèëü-
òðîâ è âûðàáîòêå ïðàêòè÷åñêèõ ðåêîìåíäàöèé äëÿ èõ
ñèíòåçà è êîíñòðóêòèâíîé ðåàëèçàöèè íà áàçå ñîâðåìåí-
íûõ òåõíîëîãèé. 
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6. Ñïðàâî÷íèê ïî ðàñ÷åòó è êîíñòðóèðîâàíèþ ÑÂ×
ïîëîñêîâûõ óñòðîéñòâ / Ñ.È. Áàõàðåâ, Â.È. Âîëüìàí,
Þ.Í. Ëèá è äð. / Ïîä ðåä. Â.È. Âîëüìàíà. - Ì.: Ðàäèî è
ñâÿçü, 1982.-328 ñ. 

Íàä³éøëà 04.09.2003
Ï³ñëÿ äîðîáêè 18.11.2003

Äîñë³äæóþòüñÿ ìåòîäè ðåàë³çàö³¿ ³ ìîæëèâîñò³ îïòèì³-
çàö³¿ êîíñòðóêö³é ì³êðîñìóæêîâèõ ô³ëüòð³â íèæí³õ ÷àñ-
òîò. Çàïðîïîíîâàíî ìåòîä ï³äâèùåííÿ òî÷íîñò³ ìîäåë³
ì³êðîñìóæêîâîãî ô³ëüòðà íèæí³õ ÷àñòîò ³ ñïîñ³á çìåíøåí-
íÿ ðîçì³ð³â ô³ëüòðà, ÿêèé çàñíîâàíî íà îïòèì³çàö³¿ êîíñò-
ðóêö³¿ ³íäóêòèâíèõ åëåìåíò³â ô³ëüòðà. Àíàë³çóºòüñÿ çà-
ëåæí³ñòü âèõ³äíèõ ïàðàìåòð³â ô³ëüòðà â³ä çì³í êîíñòðóê-
òèâíèõ ðîçì³ð³â ô³ëüòðà ïðè îïòèì³çàö³¿. Íàäàþòüñÿ
ðåçóëüòàòè îïòèì³çàö³¿ ì³êðîñìóæêîâîãî ô³ëüòðà íèæí³õ
÷àñòîò.

The methods of realization and possibilities of optimization
of the microstrip low-pass filter constructions are investigated.
The method of increase in accuracy of the microstrip low-pass
filter model and the way of the filter sizes reduction based on
optimization of the filter construction inductive elements are
presented. The dependence of output filter parameters from
variations of the design sizes during optimization is analyzed.
The results of optimization of the microstrip low-pass filter are
listed.

Òàáëèöà 3 - Äàííûå ðàñ÷¸òà ôèëüòðîâ â 
ïðîãðàììå Microwave Office

Ïàðàìåòðû

Âèäû ôèëüòðîâ

×àñòîòà 
ñðåçà  
, ÌÃö

Çàòóõàíèå íà 
÷àñòîòå 

çàãðàæäåíèÿ 
=1150 ÌÃö. 

, äÁ

Ôèëüòð ñ 
èíäóêòèâíîñòÿìè â âèäå 

ïðÿìîëèíåéíûõ 
îòðåçêîâ 

ìèêðîïîëîñêîâîé 
ëèíèè

709,98 30,35

Ôèëüòð                       
ñ èíäóêòèâíîñòÿìè       

â âèäå "çèãçàãî-
îáðàçíûõ" îòðåçêîâ 
ìèêðîïîëîñêîâîé 

ëèíèè ( S/h= 2,89)

710,25 30,40

fc
fç

aç
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ÓÄÊ 621.396.96

Ä.Ì. Ïèçà, Á.Ò. Ñîëäàòîâ, À.Ï. Çàëåâñêèé 

ÎÑÎÁÅÍÍÎÑÒÈ ÀÄÀÏÒÀÖÈÈ ÏÎËßÐÈÇÀÖÈÎÍÍÛÕ ÔÈËÜÒÐÎÂ     
ÏÐÈ ÎÃÐÀÍÈ×ÅÍÈÈ ÂÅÑÎÂÛÕ ÊÎÝÔÔÈÖÈÅÍÒÎÂ

Ïðîâåäåí àíàëèç ýôôåêòèâíîñòè ïðèìåíåíèÿ àâòîìà-
òè÷åñêèõ ïîëÿðèçàöèîííûõ ñåëåêòîðîâ ñ ó÷åòîì îãðàíè÷å-
íèÿ âåñîâûõ êîýôôèöèåíòîâ. Ïîêàçàíî, ÷òî â ðåàëüíûõ óñ-
ëîâèÿõ ôóíêöèîíèðîâàíèÿ ñåëåêòîðà ñóùåñòâóåò îáëàñòü
âçàèìíûõ ïîëÿðèçàöèîííûõ áàçèñîâ, ïðè êîòîðûõ îñëàá-
ëåíèå ïîìåõ ñóùåñòâåííî óõóäøàåòñÿ. Ïðèâåäåíû ðåçóëü-
òàòû ðàñ÷åòîâ.

ÂÂÅÄÅÍÈÅ

Àäàïòèâíûå ïîëÿðèçàöèîííûå ôèëüòðû, íàðÿäó ñ
ïðîñòðàíñòâåííûìè, èñïîëüçóþòñÿ äëÿ ïîâûøåíèÿ ïîìå-
õîçàùèùåííîñòè ðàäèîëîêàöèîííûõ ñèñòåì. Ïîòåí-
öèàëüíûå âîçìîæíîñòè ïîëÿðèçàöèîííîé ñåëåêöèè îïðå-
äåëÿþòñÿ ñòåïåíüþ ïîëÿðèçàöèè âíåøíåãî ïîëÿ [1]

   , (1)

ãäå ,  - èíòåíñèâíîñòü ïîëÿðèçîâàííîãî êîìïîíåíòà

è îáùàÿ èíòåíñèâíîñòü ïîëÿ.
Îáû÷íî, â êà÷åñòâå ýëåìåíòà àäàïòàöèè ïîëÿðèçà-

öèîííûõ ôèëüòðîâ (ñì.ðèñ.1) èñïîëüçóþò àâòîêîìïåí-
ñàòîðû ïîìåõ [1], âåñîâûå êîýôôèöèåíòû êîòîðûõ ìî-
ãóò âû÷èñëÿòüñÿ êàê ïî ìåòîäó ïðÿìîãî ñ÷åòà, òàê è ñ
èñïîëüçîâàíèåì êîððåëÿöèîííîé îáðàòíîé ñâÿçè [2].
Îäíàêî, èñïîëüçîâàíèå êîððåëÿöèîííûõ ñâÿçåé ìåæäó
ïîìåõîâûìè ñèãíàëàìè â îðòîãîíàëüíûõ ïî ïîëÿðèçàöèè
êàíàëàõ, âìåñòî ñòåïåíè ïîëÿðèçàöèè m, íàêëàäûâàåò
áîëåå æåñòêèå îãðàíè÷åíèÿ íà êà÷åñòâåííûå ïîêàçàòåëè
ïîëÿðèçàöèîííûõ ñåëåêòîðîâ. Àíàëèç ýòèõ îãðàíè÷åíèé
è èõ êîëè÷åñòâåííàÿ îöåíêà âûïîëíåíû â ðàáîòå [3].
Äàëüíåéøèå èññëåäîâàíèÿ ïîêàçàëè, ÷òî â ðåàëüíûõ
óñëîâèÿõ ôóíêöèîíèðîâàíèÿ íà êà÷åñòâåííûå ïîêàçàòå-
ëè àäàïòèâíûõ ïîëÿðèçàöèîííûõ ñåëåêòîðîâ çíà÷èòåëü-
íîå âëèÿíèå îêàçûâàåò îãðàíè÷åíèå âåñîâûõ êîýôôèöè-
åíòîâ àâòîêîìïåíñàòîðà. Â ñâÿçè ñ ýòèì, àíàëèç è êîëè-
÷åñòâåííàÿ îöåíêà ýôôåêòèâíîñòè àäàïòèâíûõ ïîëÿðèçà-
öèîííûõ ñåëåêòîðîâ ñ ó÷åòîì îãðàíè÷åíèé âåñîâûõ
êîýôôèöèåíòîâ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé. 

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïðè âîçäåéñòâèè ñòàöèîíàðíîé ïîëÿðèçîâàííîé ïîìå-
õè è óñòàíîâèâøåìñÿ çíà÷åíèè êâàäðàòóðíûõ ñîñòàâëÿþ-

ùèõ âåñîâîãî êîýôôèöèåíòà  è  äèñïåðñèÿ ñóì-

ìàðíîãî ïîìåõîâîãî íàïðÿæåíèÿ íà âûõîäå àäàïòèâíîãî
ôèëüòðà, â ñîîòâåòñòâèè ñ ðèñ.1, ìîæåò áûòü îïðåäåëåíà
êàê

  (2)

ãäå ,  - äèñïåðñèÿ ïîìåõîâîãî

ñèãíàëà â îñíîâíîì è âñïîìîãàòåëüíîì êàíàëàõ ïðèåìà,

ñîîòâåòñòâåííî; ,  - êâà-

äðàòóðíûå ñîñòàâëÿþùèå íîðìèðîâàííîãî êîýôôèöèåí-
òà êîððåëÿöèè ïîìåõîâîãî ñèãíàëà â êàíàëàõ ñåëåêòîðà.

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà àäàïòèâíîãî 
ïîëÿðèçàöèîííîãî ôèëüòðà

Âûðàæåíèå (2) äîñòèãàåò ìèíèìóìà ïðè âûïîëíåíèè
ñëåäóþùèõ óñëîâèé:

   (3)

Ðåøåíèå óðàâíåíèÿ (3) äàåò ñëåäóþùèå çíà÷åíèÿ
îïòèìàëüíûõ âåñîâûõ êîýôôèöèåíòîâ:

   (4)
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Èç óðàâíåíèé (4) ñëåäóåò, ÷òî âåñîâûå êîýôôèöè-
åíòû ïîëÿðèçàöèîííîãî ñåëåêòîðà â îáëàñòè ñèëüíîêîð-
ðåëèðîâàííûõ ïîìåõîâûõ ñèãíàëîâ îïðåäåëÿþòñÿ îòíî-
øåíèåì èõ ñðåäíåêâàäðàòè÷åñêèõ çíà÷åíèé â êàíàëàõ.
Äèíàìè÷åñêèé äèàïàçîí èçìåíåíèÿ îòíîøåíèÿ ìîùíî-
ñòåé ïîìåõè â êàíàëàõ ïðèåìà, â çàâèñèìîñòè îò ñòåïåíè
ðàññîãëàñîâàíèÿ ïîëÿðèçàöèîííûõ áàçèñîâ âíåøíåãî
ïîëÿ è ïîëÿðèçàöèè ïðèåìíîé àíòåííû, âåñüìà áîëüøîé.
Òàêèì æå ÿâëÿåòñÿ òðåáóåìûé äèíàìè÷åñêèé äèàïàçîí
ôîðìèðóåìûõ âåñîâûõ êîýôôèöèåíòîâ. Òàê, â ñîîòâåò-
ñòâèè ñ (4), â ñëó÷àå ïîïåðåìåííîãî íóëåâîãî ïðèåìà ïî
îäíîìó èç îðòîâ êîìïëåêñíîãî ïðèåìíîãî áàçèñà (ìàêñè-
ìàëüíî ðàññîãëàñîâàííûé áàçèñ [4]) òðåáóåìûå êîýôôè-
öèåíòû ïåðåäà÷è âñïîìîãàòåëüíîãî êàíàëà ñîñòàâëÿþò
íóëü è áåñêîíå÷íîñòü. Îäíàêî, ïðè ïðàêòè÷åñêîé ðåàëè-
çàöèè ñõåì ïîëÿðèçàöèîííûõ ñåëåêòîðîâ, êâàäðàòóðíûå
ñîñòàâëÿþùèå êîìïëåêñíîãî êîýôôèöèåíòà ïåðåäà÷è
âñïîìîãàòåëüíîãî êàíàëà äîñòèãàþò íåêîòîðîé êîíå÷íîé
âåëè÷èíû ð, ò.å. âñåãäà îãðàíè÷åíû

. (5)

Îãðàíè÷åíèå âåñîâûõ êîýôôèöèåíòîâ, â çàâèñèìîñòè
îò êîíêðåòíîé ðåàëèçàöèè ôèëüòðà, îáóñëîâëåíî ðÿäîì
ïðè÷èí. Òàê, íàïðèìåð, ïðè àíàëîãîâîé ðåàëèçàöèè
ïîëÿðèçàöèîííîãî ôèëüòðà äèàïàçîí îãðàíè÷åí íåëè-
íåéíîñòüþ óìíîæàþùèõ ñõåì, à ïðè öèôðîâîé - ðàçðÿä-
íîé ñåòêîé âû÷èñëèòåëÿ. Ïîýòîìó íåîáõîäèìî óñòàíî-
âèòü àíàëèòè÷åñêóþ ñâÿçü ìåæäó ýôôåêòèâíîñòüþ ðàáî-
òû ïîëÿðèçàöèîííîãî ñåëåêòîðà è ñòåïåíüþ îãðàíè÷åíèÿ
åãî âåñîâûõ êîýôôèöèåíòîâ.

ÀËÃÎÐÈÒÌ ÐÅØÅÍÈß

Äèñïåðñèÿ âûõîäíîãî íàïðÿæåíèÿ  â ëèíåéíîì

ðåæèìå ðàáîòû ïîëÿðèçàöèîííîãî ôèëüòðà, â ñîîòâåò-
ñòâèè ñ âûðàæåíèåì (2), ÿâëÿåòñÿ êâàäðàòè÷íîé ôóíê-
öèåé âåñîâûõ êîýôôèöèåíòîâ. Ñëåäîâàòåëüíî, ïîâåðõ-

íîñòü, ïîëó÷àåìàÿ ïðè âû÷åð÷èâàíèè çàâèñèìîñòè 

îò âåñîâûõ êîýôôèöèåíòîâ  è  , èìååò âûïóêëóþ

ôîðìó [5]. Èç âûïóêëîñòè  ( ) ñëåäóåò, ÷òî ðå-

øåíèå óðàâíåíèÿ (2) ïðè êîíå÷íûõ çíà÷åíèÿõ êîýôôè-
öèåíòà ïåðåäà÷è âñïîìîãàòåëüíîãî êàíàëà ÿâëÿåòñÿ
óñòîé÷èâûì, à êîýôôèöèåíò ïîäàâëåíèÿ ïîëÿðèçàöèîí-
íîãî îïðåäåëÿåòñÿ âûðàæåíèåì

 . (6)

Ïîñëåäíåå íåïîñðåäñòâåííî ñëåäóåò ïîñëå ïîäñòàíîâ-
êè çíà÷åíèé âåñîâûõ êîýôôèöèåíòîâ (4) â óðàâíåíèå
(2). Îòíîøåíèå äèñïåðñèè ïîìåõîâîãî ñèãíàëà, äåéñò-

âóþùåãî â îñíîâíîì êàíàëå ïðèåìà,  ê îñòàòî÷íîé

äèñïåðñèè , ÿâëÿåòñÿ îäíèì èç îñíîâíûõ ïàðàìåò-

ðîâ ñåëåêòîðà è õàðàêòåðèçóåò ýôôåêòèâíîñòü åãî ïðè-
ìåíåíèÿ.

Ìîæíî ïîêàçàòü, ÷òî ïðè êîíå÷íîì çíà÷åíèè ìîäóëÿ

êîýôôèöèåíòà óñèëåíèÿ âñïîìîãàòåëüíîãî êàíàëà ,

âûðàæåíèå äëÿ êîýôôèöèåíòà ïîäàâëåíèÿ ïîìåõè èìååò
âèä

. (7)

Â ñëó÷àå, êîãäà òðåáóåìûå, èñõîäÿ èç óñëîâèÿ êîì-

ïåíñàöèè, çíà÷åíèÿ âåñîâûõ êîýôôèöèåíòîâ  è 

íå ïðåâûøàþò óðîâåíü îãðàíè÷åíèÿ , ò.å. ,

, (7) ïðèâîäèòñÿ ê âûðàæåíèþ (6). Äåéñòâè-

òåëüíî, åñëè âûïîëíÿþòñÿ óñëîâèÿ (4), òî âûðàæåíèå
(7) ìîæíî ïðåîáðàçîâàòü ê âèäó:

Ñ öåëüþ ó÷åòà âîçìîæíûõ îãðàíè÷åíèé ïðåäñòàâèì
ìîäóëü êîýôôèöèåíòà ïåðåäà÷è âñïîìîãàòåëüíîãî êàíà-
ëà ñëåäóþùèì îáðàçîì:

 , (8)

ãäå  - îòíîøåíèå ñðåäíåêâàäðàòè÷åñêèõ çíà÷åíèé

ïîìåõîâûõ ñèãíàëîâ ïðèåìíûõ êàíàëîâ, ïåðåñ÷èòàííîå ñ
ó÷åòîì ðåàëüíî ôîðìèðóåìîãî êîýôôèöèåíòà ïåðåäà÷è
âñïîìîãàòåëüíîãî êàíàëà ïðè îãðàíè÷åíèÿõ (5).

Óðàâíåíèå (7), ñ ó÷åòîì âûðàæåíèÿ (8), ìîæåò áûòü
çàïèñàíî:

  (9)

ãäå  - äåéñòâóþùåå â êàíàëàõ îòíîøåíèå ñðåäíå-

êâàäðàòè÷åñêèõ çíà÷åíèé ïîìåõè, à ïàðàìåòð

 . (10)

Ïîëó÷åííîå âûðàæåíèå (9) ïîçâîëÿåò ó÷èòûâàòü ýô-
ôåêòû îãðàíè÷åíèÿ âåñîâûõ êîýôôèöèåíòîâ ÷åðåç ïàðà-
ìåòð . Ïðè÷åì, â ëèíåéíîì ðåæèìå ðàáîòû ñåëåêòîðà,
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êîãäà , =1 è âûðàæåíèå (9) ñîâïàäàåò

ñ èçâåñòíûì âûðàæåíèåì (6).

ÐÅÇÓËÜÒÀÒÛ ÐÀÑ×ÅÒÎÂ

Ïî âûðàæåíèþ (9) áûëè âûïîëíåíû ðàñ÷åòû êîýô-

ôèöèåíòà ïîäàâëåíèÿ  â çàâèñèìîñòè îò îòíî-

ñèòåëüíîé èíòåíñèâíîñòè ïîìåõ â êàíàëàõ ïîëÿðèçà-
öèîííîãî ñåëåêòîðà, êîòîðàÿ, â ñâîþ î÷åðåäü, îïðåäåëÿ-
åòñÿ ñòåïåíüþ ðàññîãëàñîâàíèÿ âçàèìíîãî ïîëÿðèçàöèîí-
íîãî áàçèñà. Ðàñ÷åò âûïîëíåí äëÿ îòíîøåíèÿ ïîìåõà/
øóì â ïðèåìíûõ êàíàëàõ ðàâíîì 30, 40 è 50 äÁ (ïðè
ñîãëàñîâàííîì áàçèñå). Çàâèñèìîñòè ïðåäñòàâëåíû,
ñîîòâåòñòâåííî, êðèâûìè 1, 2 è 3 íà ðèñ.2. Ðàñ÷åò âû-
ïîëíåí ïî âûðàæåíèþ (9), ïðè÷åì ðàñ÷åò ëåâûõ âåòâåé
âûïîëíåí ïðè =1, à ðàñ÷åò ïðàâûõ âåòâåé âûïîëíåí

ïðè , îïðåäåëÿåìîì âûðàæåíèåì (10) ïðè  =1.

 

Ðèñóíîê 2 - Çàâèñèìîñòü êîýôôèöèåíòà ïîäàâëåíèÿ 
àäàïòèâíîãî ôèëüòðà îò îòíîñèòåëüíîé 

èíòåíñèâíîñòè ïîìåõè â êàíàëàõ ñ ó÷åòîì 
îãðàíè÷åíèÿ âåñîâ

Èç ðèñ.2 ñëåäóåò, ÷òî ïðè îãðàíè÷åíèè âåñîâûõ
êîýôôèöèåíòîâ ýôôåêòèâíîñòü àäàïòèâíîãî ïîëÿðèçà-
öèîííîãî ôèëüòðà ñóùåñòâåííî ñíèæàåòñÿ. Ïðè ýòîì, ïî
ìåðå óâåëè÷åíèÿ ðàññîãëàñîâàíèÿ ïîëÿðèçàöèè ïðèåì-
íîé àíòåííû ðàäèîëîêàòîðà ñ ïîëÿðèçàöèîííûìè ïàðà-
ìåòðàìè ïîëÿ ïîìåõîâîãî ñèãíàëà (ïî ìåðå óâåëè÷åíèÿ

îòíîøåíèÿ ) îñòàòî÷íàÿ äèñïåðñèÿ ïîìåõè íà âûõîäå

àäàïòèâíîãî ôèëüòðà çíà÷èòåëüíî âîçðàñòàåò. Ýòî ïîä-
òâåðæäàåòñÿ ðåçóëüòàòàìè ðàñ÷åòà çàâèñèìîñòè îñòàòî÷-
íîé, íîðìèðîâàííîé ïî ñîáñòâåííûì øóìàì, äèñïåðñèè
íà âûõîäå àäàïòèâíîãî ôèëüòðà, ïðèâåäåííûìè íà
ðèñ.3. Ïðè ýòîì êðèâûå 1 è 2 õàðàêòåðèçóþò ñëó÷àé,
êîãäà íîðìèðîâàííàÿ äèñïåðñèÿ ïîìåõè â êàíàëàõ ïðèå-

ìà ïðè ñîãëàñîâàííîì áàçèñå ( )=0 äÁ, ñîîòâåòñòâåí-

íî, ðàâíà 30 è 40 äÁ.

 

Ðèñóíîê 3 - Çàâèñèìîñòü îñòàòî÷íîé íîðìèðîâàííîé 
äèñïåðñèè íà âûõîäå àäàïòèâíîãî ôèëüòðà îò 

îòíîñèòåëüíîé èíòåíñèâíîñòè ïîìåõè â êàíàëàõ ñ 
ó÷åòîì îãðàíè÷åíèÿ âåñîâûõ êîýôôèöèåíòîâ

ÂÛÂÎÄÛ

 Ïîëó÷åíî àíàëèòè÷åñêîå âûðàæåíèå, êîòîðîå ïîçâî-
ëÿåò îöåíèòü ýôôåêòèâíîñòü àäàïòèâíîãî ïîëÿðèçàöèîí-
íîãî ñåëåêòîðà ñ ó÷åòîì îãðàíè÷åíèÿ âåñîâûõ êîýôôè-
öèåíòîâ ïðè ïðîèçâîëüíûõ ïàðàìåòðàõ ïîìåõ. Ðåçóëüòà-
òû ðàñ÷åòîâ äàëè îñíîâàíèå ñ÷èòàòü, ÷òî äàëüíåéøåå
ïîâûøåíèå ýôôåêòèâíîñòè ïîëÿðèçàöèîííîé ñåëåêöèè
ïîëåçíûõ ñèãíàëîâ íà ôîíå ïîìåõ ìîæåò áûòü îáåñïå-
÷åíî ïóòåì îïåðàòèâíîé àäàïòèâíîé ïîäñòðîéêè ïîëÿðè-
çàöèè ïðèåìíîé àíòåííû ðàäèîëîêàòîðà â áàçèñ, áëèç-
êèé ê ñîãëàñîâàííîìó.
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Ïðîâåäåíî àíàë³ç åôåêòèâíîñò³ çàñòîñóâàííÿ àâòîìà-
òè÷íèõ ïîëÿðèçàö³éíèõ ñåëåêòîð³â ç âðàõóâàííÿì îáìåæåí-
íÿ âàãîâèõ êîåô³öèºíò³â. Ïîêàçàíî, ùî â ðåàëüíèõ óìîâàõ
ôóíêö³îíóâàííÿ ñåëåêòîðà ³ñíóº îáëàñòü âçàºìíèõ ïîëÿðè-
çàö³éíèõ áàçèñ³â, ïðè ÿêèõ îñëàáëåííÿ çàâàä ñóòòåâî ïîã³ð-
øóºòüñÿ. Íàâåäåí³ ðåçóëüòàòè ðîçðàõóíê³â.

In the article the analysis of efficiency application auto-
matic polarization selectors, taking into account of limitation
weight coefficients. It is show that in the real condition func-
tional of celektor there is area of reciprocal polarization bases,
in which weaken one's noise thet makes its worse. The results
of account is quoting.
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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÖÈÔÐÎÂÎÉ ÑÈÑÒÅÌÛ ÊÎÌÏÅÍÑÀÖÈÈ 
ÍÅÑÈÍÕÐÎÍÍÛÕ ÈÌÏÓËÜÑÍÛÕ ÏÎÌÅÕ

Ìåòîäîì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðîàíàëèçè-
ðîâàí àëãîðèòì îáðàáîòêè ðàäèîëî-êàöèîííîé èíôîðìàöèè,
ïîñòóïàþùåé íà âõîä êîãåðåíòíî-èìïóëüñíîé ÐËÑ,
êîòîðûé ïîçâîëÿåò ïðîèçâåñòè îáíàðóæåíèå è êîìïåíñàöèþ
íåñèíõðîííîé èìïóëüñíîé ïîìåõè (ÍÈÏ) ïî ðåçóëüòàòàì
àíàëèçà äàííûõ îäíîãî (îñíîâíîãî) êàíàëà ïðèåìà ÐËÑ â
îäíîì ýëåìåíòå ðàçðåøåíèÿ ïî äàëüíîñòè. Ïîêàçàíà
âûñîêàÿ ýôôåêòèâíîñòü öèôðîâîé ñèñòåìû êîìïåíñàöèè
ÍÈÏ, ðåàëèçîâàííîé íà ýòîì àëãîðèòìå.

ÂÂÅÄÅÍÈÅ

Ñîâðåìåííûå ðàäèîëîêàöèîííûå ñòàíöèè (ÐËÑ)
ïðåäíàçíà÷åíû äëÿ ðåøåíèÿ çàäà÷ îáíàðóæåíèÿ ñèã-
íàëîâ îò öåëåé ïðè âîçäåéñòâèè åñòåñòâåííûõ è
èñêóññòâåííûõ ïîìåõ. Èìïóëüñíûå ïîìåõè ïðîèçâîäÿò-
ñÿ ñàìûìè ðàçíîîáðàçíûìè èñòî÷íèêàìè è ìîãóò èìåòü
êàê åñòåñòâåííîå (íàïðèìåð, ìîëíèè), òàê è èñêóññòâåí-
íîå ïðîèñõîæäåíèå (íàïðèìåð, çîíäèðóþùèé ñèãíàë
äðóãîé ÐËÑ). Ïîýòîìó çàùèòà îò èìïóëüñíûõ ïîìåõ -
âàæíûé ýëåìåíò êîìïëåêñíîé ïîìåõîçàùèù¸ííîñòè
ÐËÑ.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Àëãîðèòì ôóíêöèîíèðîâàíèÿ ïåðñïåêòèâíîé öèôðî-
âîé ñèñòåìû êîìïåíñàöèè (ÖÑÊ) íåñèíõðîííûõ èìïóëü-
ñíûõ ïîìåõ (ÍÈÏ) íà îñíîâå àíàëèçà âðåìåííûõ,
ýíåðãåòè÷åñêèõ è ñïåêòðàëüíûõ õàðàêòåðèñòèê ÍÈÏ,
âîçäåéñòâóþùèõ íà êîãåðåíòíî-èìïóëüñíóþ ÐËÑ, ïî
ðåçóëüòàòàì îáðàáîòêè ðàäèîëîêàöèîííîé èíôîðìàöèè
òîëüêî îäíîãî (îñíîâíîãî) êàíàëà ïðèåìà ÐËÑ è â
îäíîì ýëåìåíòå ðàçðåøåíèÿ ïî äàëüíîñòè (äèñêðåòå)
ïîäðîáíî èçëîæåí â [1]. Íî â [1] íå ïðîèçâåäåíà îöåíêà
ýôôåêòèâíîñòè àëãîðèòìà êîìïåíñàöèè ÍÈÏ. Â äàííîé
ñòàòüå ìåòîäîì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ èëëþ-
ñòðèðóåòñÿ ðàáîòà àëãîðèòìà è ïðîèçâîäèòñÿ îöåíêà
ýôôåêòèâíîñòè îïèñàííîé ñèñòåìû.

Ñòðóêòóðíî, àëãîðèòì êîìïåíñàöèè îäèíî÷íîé èì-
ïóëüñíîé ïîìåõè, ëåæàùèé â îñíîâå ðàññìàòðèâàåìîé
ÖÑÊ ÍÈÏ, ìîæåò áûòü ðåàëèçîâàí êàê âî âðåìåííîé
îáëàñòè, òàê è â ÷àñòîòíîé [1].

Óñòðîéñòâà êîìïåíñàöèè, îñíîâàííûå íà ðåàëèçàöèè
àëãîðèòìà âî âðåìåííîé îáëàñòè, ìîãóò ïðèìåíÿòüñÿ â
ëþáûõ öèôðîâûõ ñèñòåìàõ ïåðâè÷íîé îáðàáîòêè
(ÖÑÏÎ) ÐËÑ áåç îãðàíè÷åíèé, ò.ê. â ýòîì ñëó÷àå ñòðó-
êòóðà âõîäíîãî ñèãíàëà íå áóäåò èçìåíåíà óñòðîéñòâîì
êîìïåíñàöèè èìïóëüñíîé ïîìåõè. Óñòðîéñòâà êîìïåí-
ñàöèè, îñíîâàííûå íà ðåàëèçàöèè àëãîðèòìà â ÷àñòîòíîé
îáëàñòè, ìîãóò ïðèìåíÿòüñÿ òîëüêî â òåõ ñèñòåìàõ îáðà-

áîòêè, â êîòîðûõ âûïîëíÿåòñÿ ñïåêòðàëüíûé àíàëèç íà
îñíîâå ïðåîáðàçîâàíèÿ Ôóðüå, ïîñêîëüêó â ýòîì ñëó÷àå
ñòðóêòóðà âõîäíîãî ñèãíàëà óñòðîéñòâîì êîìïåíñàöèè
èìïóëüñíîé ïîìåõè èçìåíÿåòñÿ ïîëíîñòüþ.

ÀËÃÎÐÈÒÌ ÐÀÁÎÒÛ ÖÑÊ

Âñëåäñòâèå áîëüøåé óíèâåðñàëüíîñòè, ðàññìîòðèì
ñòðóêòóðíóþ ñõåìó ÖÑÊ ÍÈÏ, îñíîâàííóþ íà ðåàëè-
çàöèè àëãîðèòìà âî âðåìåííîé îáëàñòè [1] (ñì. ðèñ. 1).

Íà âõîä óñòðîéñòâà ïîñòóïàþò êâàäðàòóðíûå ñîñòàâ-

ëÿþùèå , ñîîòâåòñòâóþùèå äàííûì îäíîé ÷àñòîòíîé

ïà÷êè ïðèíÿòîé ðàäèîëîêàöèîííîé èíôîðìàöèè. Ýòà
âõîäíàÿ èíôîðìàöèÿ çàäåðæèâàåòñÿ ëèíèåé çàäåðæêè
ÎÇÓ íà âðåìÿ, íåîáõîäèìîå äëÿ ïðîâåäåíèÿ êîìïåíñà-
öèè âîçìîæíî ïðèñóòñòâóþùåé íåñèíõðîííîé èìïóëüñ-
íîé ïîìåõè. Îäíîâðåìåííî, ýòè æå êâàäðàòóðíûå
ñîñòàâëÿþùèå ïîñòóïàþò íà âõîä ïåðâîãî óñòðîéñòâà
âû÷èñëåíèÿ äèñêðåòíîãî ïðåîáðàçîâàíèÿ Ôóðüå (ÄÏÔ)
äëÿ ïîëó÷åíèÿ ñïåêòðà âõîäíîãî ñèãíàëà. Äëÿ
îïðåäåëåíèÿ ìîìåíòà ïîñòóïëåíèÿ íà âõîä ïðè¸ìíîé
àíòåííû ÐËÑ èìïóëüñíîé ïîìåõè ñïåêòðàëüíûå
ñîñòàâëÿþùèå ïîñòóïàþò íà âõîä âòîðîãî óñòðîéñòâà
ÄÏÔ. Â ñëó÷àå èñïîëüçîâàíèÿ âåñîâîé îáðàáîòêè ñ
öåëüþ ìèíèìèçàöèè óðîâíÿ áîêîâûõ ëåïåñòêîâ ñîñåäíèõ
(ïåðåêðûâàþùèõñÿ) ôèëüòðîâ ïðåîáðàçîâàíèÿ Ôóðüå
óñòðîéñòâà ÄÏÔ âõîäíûå äàííûå äîìíîæàþòñÿ íà

êîýôôèöèåíòû ïðèìåíÿåìîãî âåñîâîãî îêíà .

Ïîâòîðíî îáðàáîòàííûå ñïåêòðàëüíûå ñîñòàâëÿþùèå
âõîäíîãî ñèãíàëà ïî àëãîðèòìó ïðåîáðàçîâàíèÿ Ôóðüå

ïîñòóïàþò íà âõîä óñòðîéñòâà , â êîòîðîì

ïðîèçâîäèòñÿ ïîèñê íàèáîëüøåé ñîñòàâëÿþùåé ñðåäè
çíà÷åíèé àìïëèòóä ôèëüòðîâ ïðåîáðàçîâàíèÿ Ôóðüå è
ïåðåäà÷à íîìåðà ýòîé ñîñòàâëÿþùåé íà âõîä óñòðîéñòâà
âû÷èñëåíèÿ ïàðàìåòðîâ èìïóëüñíîé ïîìåõè ÓÂ.
Íàéäåííàÿ ñîñòàâëÿþùàÿ ñ íàèáîëüøåé àìïëèòóäîé ñ

âûõîäà óñòðîéñòâà  ïîñòóïàåò íà âõîä ïîðîãî-

âîãî óñòðîéñòâà ÏÓ, ãäå ïðîèçâîäèòñÿ ñðàâíåíèå ýòîé
àìïëèòóäû ñ ïîðîãîì îáíàðóæåíèÿ èìïóëüñíîé ïîìåõè

. Â ñëó÷àå ïðèíÿòèÿ ðåøåíèÿ îá îáíàðóæåíèè èì-

ïóëüñíàÿ ïîìåõà ïîñòóïàåò íà âõîä óñòðîéñòâà âû÷èñëå-
íèÿ ÓÂ ïàðàìåòðîâ èìïóëüñíîé ïîìåõè (íà÷àëüíîé
ôàçû, àìïëèòóäû è íîìåðà çîíäèðóþùåãî èìïóëüñà m,
ñðåäè îòêëèêîâ îò êîòîðîãî ïðèñóòñòâóåò îäèíî÷íàÿ
èìïóëüñíàÿ ïîìåõà.)

S· l( )

Kl

X· l( ) max

X· l( ) max

Pí



75

Í.Ï. ×åðíîáîðîäîâà, Ì.Ï. ×åðíîáîðîäîâ:  ÌÎÄÅËÈÐÎÂÀÍÈÅ ÖÈÔÐÎÂÎÉ ÑÈÑÒÅÌÛ ÊÎÌÏÅÍÑÀÖÈÈ 
ÍÅÑÈÍÕÐÎÍÍÛÕ ÈÌÏÓËÜÑÍÛÕ ÏÎÌÅÕ

 

õ - óìíîæèòåëü;  - êîýôôèöèåíòû ïðèìåíÿåìîãî âåñîâîãî îêíà; ÄÏÔ - óñòðîéñòâî, ðåàëèçóþùåå àëãîðèòì ïðåîáðàçîâàíèÿ

Ôóðüå; ÎÇÓ - îïåðàòèâíîå çàïîìèíàþùåå óñòðîéñòâî;  - óñòðîéñòâî âû÷èñëåíèÿ ìàêñèìàëüíîé ñïåêòðàëüíîé

ñîñòàâëÿþùåé  ;       ÏÓ - ïîðîãîâîå óñòðîéñòâî; ÓÂ - óñòðîéñòâî âû÷èñëåíèÿ ïàðàìåòðîâ íåñèíõðîííîé èìïóëüñíîé

ïîìåõè; - - óñòðîéñòâî âû÷èòàíèÿ

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà öèôðîâîé ñèñòåìû êîìïåíñàöèè ÍÈÏ âî âðåìåííîé îáëàñòè

Ïî èçâåñòíûì ïàðàìåòðàì íåñèíõðîííîé èìïóëüñíîé
ïîìåõè â óñòðîéñòâå âû÷èòàíèÿ ïðîèçâîäèòñÿ å¸ êîìïåí-
ñàöèÿ âî âðåìåííîé îáëàñòè: èç êâàäðàòóðíûõ ñîñòàâ-

ëÿþùèõ  çàäåðæàííîãî âõîäíîãî ñèãíàëà ëèíèåé
çàäåðæêè ÎÇÓ âû÷èòàåòñÿ êîìïëåêñíàÿ àìïëèòóäà
èìïóëüñíîé ïîìåõè, âû÷èñëåííàÿ â óñòðîéñòâå ÓÂ.
Ñêîìïåíñèðîâàííûé òàêèì îáðàçîì ñèãíàë ïîñòóïàåò â
äàëüíåéøóþ îáðàáîòêó.

Â îáùåì ñëó÷àå, íà ÐËÑ äåéñòâóåò àääèòèâíàÿ ñìåñü

 ñèãíàëîâ îò
öåëåé, àêòèâíûõ è ïàññèâíûõ ïîìåõ, ïðèíÿòûõ àíòåííîé

ðàäèîëîêàòîðà, ãäå  - íåñèíõðîííàÿ èìïóëüñíàÿ

ïîìåõà;  - àêòèâíàÿ øóìîâàÿ ïîìåõà;  -

îòðàæåííûé îò öåëè ñèãíàë;  - ïàññèâíàÿ ïîìåõà.

Ïðèíÿòàÿ ñìåñü  ïðåäñòàâëÿåò ñîáîé îòêëèêè îò
ïîñëåäîâàòåëüíîñòè N çîíäèðóþùèõ èìïóëüñîâ (ñòðó-
êòóðà èçëó÷àåìîãî ñèãíàëà ïðåäñòàâëåíà íà ðèñ. 2, à)
î÷åðåäíîé ÷àñòîòíîé ïà÷êè.

Ñ öåëüþ èëëþñòðàöèè ðàáîòû àëãîðèòìà ÖÑÊ ÍÈÏ,
îãðàíè÷èìñÿ ðàññìîòðåíèåì ñëó÷àÿ âîçäåéñòâèÿ íà ÐËÑ,
èçëó÷àþùåé ÷àñòîòíûå ïà÷êè èç 8 ïðîñòûõ çîíäèðó-
þùèõ èìïóëüñîâ (N=8 äëÿ ðèñ. 2, à), òîëüêî íåñèíõ-

ðîííîé èìïóëüñíîé ïîìåõè, ò. å. . Â [1] íà
ïàðàìåòðû ÍÈÏ íàëîæåíû òàêèå óñëîâèÿ, ÷òîáû îíà
ïðèñóòñòâîâàëà ñðåäè îòêëèêîâ òîëüêî îäíîãî èç N
çîíäèðóþùèõ èìïóëüñîâ ÷àñòîòíîé ïà÷êè, ò.å. äëèòåëü-
íîñòü ïîìåõè íèï óäîâëåòâîðÿëà áû íåðàâåíñòâó

íèï< , (1)

ãäå  - ïåðèîä ïîâòîðåíèÿ çîíäèðóþùèõ èìïóëüñîâ

(ñì. ðèñ. 2, à)). Òàêàÿ èìïóëüñíàÿ ïîìåõà, ïðèñóòñòâóþ-
ùàÿ ñðåäè îòêëèêîâ îò çîíäèðóþùåãî èìïóëüñà ¹ m (m
º [0, N-1]) ðàññìàòðèâàåìîé ÷àñòîòíîé ïà÷êè, ïðåäñòàâ-
ëåíà íà ðèñ. 2, á. Òàêèì îáðàçîì, â îáðàáàòûâàåìîì
äèñêðåòå äàëüíîñòè ïðèñóòñòâóåò òîëüêî îäíà ÍÈÏ.

 m - íîìåð çîíäèðóþùåãî èìïóëüñà îäíîé ÷àñòîòíîé ïà÷êè, ñðåäè
îòêëèêîâ êîòîðîãî ïðèñóòñòâóåò ÍÈÏ à) - çîíäèðóþùèå ñèãíàëû; á) -
èìïóëüñíàÿ ïîìåõà 

Ðèñóíîê 2 - Ñòðóêòóðà âõîäíûõ ñèãíàëîâ

ÐÅÇÓËÜÒÀÒÛ ÌÎÄÅËÈÐÎÂÀÍÈß

Ïóñòü íà âõîä ÖÑÊ (ñì. ðèñ. 1) ïîñòóïàåò ÍÈÏ ñî
ñëåäóþùèìè ïàðàìåòðàìè: àìïëèòóäà - 5 ðàçðÿäîâ ÀÖÏ,
íà÷àëüíàÿ ôàçà - 15°; ÍÈÏ ïðèñóòñòâóåò â êà÷åñòâå
îòêëèêà òîëüêî îò çîíäèðóþùåãî èìïóëüñà ¹ 3
÷àñòîòíîé ïà÷êè ðàññìàòðèâàåìîãî äèñêðåòà äàëüíîñòè
(íóìåðàöèþ çîíäèðóþùèõ èìïóëüñîâ áóäåì íà÷èíàòü ñ
0, à íå ñ 1), ò. å. m=3 (ñì. ðèñ. 2). Êðîìå íàëîæåííûõ
îãðàíè÷åíèé íà äåéñòâóþùèé ñèãíàë â âèäå

, ïðåíåáðåæ¸ì âíóòðåííèìè øóìàìè ïðè-
¸ìíîãî òðàêòà è øóìàìè ÀÖÏ. Òîãäà ìîäóëè àìïëèòóäû
è ôàçû ñèãíàëîâ ðàññìàòðèâàåìîãî äèñêðåòà äàëüíîñòè
òåêóùåé ÷àñòîòíîé ïà÷êè íà âõîäå óñòðîéñòâà ÄÏÔ â
çàâèñèìîñòè îò íîìåðà çîíäèðóþùåãî èìïóëüñà l
ñîîòâåòñòâóþò ðèñ. 3 è 4, èç êîòîðûõ ñëåäóåò, ÷òî
èìïóëüñíàÿ ïîìåõà ïðèñóòñòâóåò â êà÷åñòâå îòêëèêà îò
çîíäèðóþùåãî èìïóëüñà ¹ 3, à ñèãíàëüíî-ïîìåõîâûå
îòêëèêè îò îñòàëüíûõ çîíäèðóþùèõ èìïóëüñîâ -
îòñóòñòâóþò.

Ïðèâåäåííûå íà ðèñ.3 è 4 äàííûå, îáðàáîòàííûå ïî
àëãîðèòìó 8-òî÷å÷íîãî ÄÏÔ áåç âåñîâîãî îêíà, ïðåä-
ñòàâëåíû ðèñ.5 è 6 â çàâèñèìîñòè îò íîìåðà ôàçîâîãî
ôèëüòðà Ôóðüå n. ÍÈÏ, ïîñëå ðàñôèëüòðîâêè, ïðèñóò-

ñòâóåò âî âñåõ ôèëüòðàõ ñ ìîäóëåì àìïëèòóäû | íèï|

(ñì. ðèñ.5), ðàâíûì ìîäóëþ àìïëèòóäû ÍÈÏ íà âõîäå

óñòðîéñòâà ÄÏÔ íèï| (ñì. ðèñ.3). Ñäâèã ôàç ìåæäó

ñïåêòðàëüíûìè ñîñòàâëÿþùèìè ÍÈÏ ñîñåäíèõ ôèëü-
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X· l( ) max
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S· l( )

( ) ( ) ( ) ( ) ( )tStStStStS
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òðîâ ÄÏÔ (ñì. ðèñ.6) - ïîñòîÿíåí è, ñîãëàñíî âûøå
çàäàííûì ïàðàìåòðàì ïîìåõè, ðàâåí 

… , ãäå  - ôàçà

àìïëèòóäû ³-ôèëüòðà. Ò.î., ÍÈÏ èìååò ðàâíîìåðíûé
àìïëèòóäíûé è ëèíåéíî èçìåíÿþùèéñÿ ôàçîâûé
ñïåêòðû. Ïîñêîëüêó äèñêðåòíîå ïðåîáðàçîâàíèå Ôóðüå
ïðîèçâîäèò êîãåðåíòíîå íàêîïëåíèå îáðàáàòûâàåìûõ
âõîäíûõ äàííûõ ñ îäèíàêîâûìè ìîäóëÿìè àìïëèòóä è
ëèíåéíî èçìåíÿþùèìèñÿ (íàðàñòàþùèìè èëè óáûâàþ-
ùèìè) ôàçàìè, òî ñïåêòðàëüíûå ñîñòàâëÿþùèå ÍÈÏ
ìîãóò áûòü îáðàáîòàíû ïî àëãîðèòìó ïðåîáðàçîâàíèÿ
Ôóðüå ñ öåëüþ êîãåðåíòíîãî íàêîïëåíèÿ àìïëèòóäû
ïîìåõè â îäíîì èç ôèëüòðîâ. Â ñëó÷àå êîãåðåíòíîãî
íàêîïëåíèÿ èìïóëüñíîé ïîìåõè â îäíîì èç ôèëüòðîâ
ñòàíîâèòñÿ âîçìîæíûì å¸ îáíàðóæåíèå.

Íà ðèñ. 7 è 8 ïðåäñòàâëåíû àìïëèòóäà è ôàçà ÍÈÏ
ïîñëå ïîâòîðíîé îáðàáîòêè ïî àëãîðèòìó ÄÏÔ â çàâè-

ñèìîñòè îò íîìåðà çîíäèðóþùåãî èìïóëüñà : ÍÈÏ
êîãåðåíòíî íàêîïèëàñü â ôàçîâîì ôèëüòðå ÄÏÔ, ñîîò-
âåòñòâóþùåìó çîíäèðóþùåìó èìïóëüñó ¹ 3, ñðåäè îò-
êëèêîâ îò êîòîðîãî ïðèñóòñòâîâàëà ïîìåõà íà âõîäå
ÖÑÏÎ (ñì. ðèñ.3 è 4). Ïðè ýòîì àìïëèòóäà êîãåðåíòíî

íàêîïëåííîé ÍÈÏ | íèï| (ñì.ðèñ.7) ñ òî÷íîñòüþ äî

êîýôôèöèåíòà êîãåðåíòíîãî íàêîïëåíèÿ N ñîîòâåòñòâóåò
àìïëèòóäå ÍÈÏ, ïðèñóòñòâîâàâøåé íà âõîäå ÖÑÊ (ñì.

ðèñ.3): , ãäå |  - ìîäóëü
àìïëèòóäû ³-ôèëüòðà âòîðîãî ÄÏÔ. Ôàçà êîãåðåíòíî
íàêîïëåííîé ÍÈÏ (ñì. ðèñ.8) ñîîòâåòñòâóåò ôàçå ÍÈÏ,
ïðèñóòñòâîâàâøåé íà âõîäå ÖÑÊ (ñì. ðèñ.4).

Ðèñóíîê  3 - Ìîäóëü àìïëèòóäû ÍÈÏ íà âõîäå ÖÑÊ 

Ðèñóíîê  4 - Ôàçà ÍÈÏ íà âõîäå ÄÏÔ

Ðèñóíîê 5 - Ìîäóëè àìïëèòóäû ÍÈÏ ïîñëå 
îáðàáîòêè ïî àëãîðèòìó ÄÏÔ 

Ðèñóíîê 6 - Ôàçà ñïåêòðà ÍÈÏ ïîñëå îáðàáîòêè ïî 
àëãîðèòìó ÖÑÊ

Ðèñóíîê 7 - Ìîäóëè àìïëèòóäû ÍÈÏ ïîñëå 
ïîâòîðíîé îáðàáîòêè ïî àëãîðèòìó ÄÏÔ

Ðèñóíîê 8 - Ôàçà ÍÈÏ ïîñëå ïîâòîðíîé îáðàáîòêè 
ïî àëãîðèòìó ÄÏÔ

Ñ öåëüþ îáíàðóæåíèÿ ÍÈÏ, âîçìîæíî ïðèñóò-
ñòâóþùåé ñðåäè îòêëèêîâ â ðàññìàòðèâàåìîì äèñêðåòå
äàëüíîñòè, íåîáõîäèìî íàéòè ñîñòàâëÿþùóþ ñ íàèáîëü-

øèì çíà÷åíèåì ìîäóëÿ àìïëèòóäû  ñðåäè âñåõ

 è ñðàâíèòü íàéäåííîå çíà÷åíèå 

ñ âåëè÷èíîé ïîðîãà îáíàðóæåíèÿ èìïóëüñíîé ïîìåõè

. Ïðè âûïîëíåíèè óñëîâèÿ    ñòàíîâèòñÿ

âîçìîæíûì îïðåäåëåíèå ìîìåíòà ïîñòóïëåíèÿ îäèíî÷-
íîé èìïóëüñíîé ïîìåõè [1].

Òàêèì îáðàçîì, îáðàáîòêà ñïåêòðàëüíûõ ñîñòàâëÿþ-

ùèõ  êâàäðàòóðíûõ ñèãíàëîâ ïî àëãîðèòìó ïðåîá-
ðàçîâàíèÿ Ôóðüå ïîçâîëÿåò ïðîèçâåñòè îáíàðóæåíèå
ÍÈÏ, îïðåäåëèòü ìîìåíò åå ïîñòóïëåíèÿ íà âõîä öèô-
ðîâîé ñèñòåìû îáðàáîòêè ÐËÑ è âû÷èñëèòü å¸ ïàðàìåò-
ðû (ìîäóëü àìïëèòóäû è íà÷àëüíóþ ôàçó).

Äëÿ îöåíêè ýôôåêòèâíîñòè öèôðîâîé ñèñòåìû
êîìïåíñàöèè (ÖÑÊ ÍÈÏ) áûëî ïðîâåäåíî ìàòåìàòè-
÷åñêîå ìîäåëèðîâàíèå öèôðîâîé ñèñòåìû îáðàáîòêè
ðàäèîëîêàöèîííûõ ñèãíàëîâ (ÖÑÎ), ïðèâåäåííîé íà
ðèñ.10. Ñ âûõîäà óñòðîéñòâà ôîðìèðîâàíèÿ êâàäðàòóð-
íûõ ñîñòàâëÿþùèõ ÔÊ íà âõîä öèôðîâîé ñèñòåìû
êîìïåíñàöèè ïîñòóïàëà àääèòèâíàÿ ñìåñü ÍÈÏ, øó-
ìîâîé ïîìåõè, îòðàæåííîãî îò öåëè ñèãíàëà è ïàññèâíîé
ïîìåõè ñî ñëåäóþùèìè ïàðàìåòðàìè äëÿ ðàññìàòðèâàå-
ìîãî äèñêðåòà äàëüíîñòè:

- ÍÈÏ: àìïëèòóäà - 7 ðàçðÿäîâ ÀÖÏ (80 àáñ.åä.); íà-
÷àëüíàÿ ôàçà - 10°; èìïóëüñíàÿ ïîìåõà ïðèñóòñòâóåò ñðå-
äè îòêëèêîâ òîëüêî îò çîíäèðóþùåãî èìïóëüñà ¹ 3
÷àñòîòíîé ïà÷êè;

ϕ1 ϕ0– =

=ϕ2 ϕ1– = ϕ7 ϕ6–  135°–= = ϕi

l

X·

S·í X· 3( ) /N 248/8 31= = = X i( )·

X· l( ) MAX

X· l( ) X· l( ) MAX X· 3( )=

PH X· 3( ) PH≥

G· n( )
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- äèñïåðñèÿ ñîáñòâåííûõ øóìîâ - 3 ðàçðÿäà ÀÖÏ ïðè
íóëåâîì ìàòåìàòè÷åñêîì îæèäàíèè;

- öåëü: àìïëèòóäà - 4 ðàçðÿäà ÀÖÏ ( =10àáñ.åä.),

íà÷àëüíàÿ ôàçà - , äîïëåðîâñêèé ñäâèã ôàçû - ;
- ïàññèâíàÿ ïîìåõà: àìïëèòóäà - 4 ðàçðÿäà ÀÖÏ

( =10 àáñ.åä.), íà÷àëüíàÿ ôàçà - , äîïëåðîâ-

ñêèé ñäâèã ôàçû ïàññèâíîé ïîìåõè - .

 

ÔÊ - óñòðîéñòâî ôîðìèðîâàíèÿ êâàäðàòóðíûõ ñîñòàâëÿþùèõ,
ÖÑÊ ÍÈÏ - öèôðîâàÿ ñèñòåìà êîìïåíñàöèè íåñèíõðîííûõ
èìïóëüñíûõ ïîìåõ, ÄÏÔ - óñòðîéñòâî âû÷èñëåíèÿ äèñêðåòíîãî
ïðåîáðàçîâàíèÿ Ôóðüå

Ðèñóíîê 9 - Öèôðîâàÿ ñèñòåìà îáðàáîòêè 
ðàäèîëîêàöèîííûõ ñèãíàëîâ

Ñôîðìèðîâàííûå óñòðîéñòâîì ÔÊ êâàäðàòóðíûå ñîñ-
òàâëÿþùèå àääèòèâíîé ñìåñè ïîäàâàëèñü íà âõîä ÖÑÊ
ÍÈÏ ñ öåëüþ êîìïåíñàöèè ïðèñóòñòâóþùåé èìïóëüñíîé
ïîìåõè. Äàëåå ñêîìïåíñèðîâàííûå êâàäðàòóðíûå ñîñ-
òàâëÿþùèå ïîñòóïàëè íà âõîä óñòðîéñòâà âû÷èñëåíèÿ
ÄÏÔ. Ïðè âû÷èñëåíèè ÄÏÔ âåñîâîå îêíî íå
ïðèìåíÿëîñü.

Íà ðèñ. 10…13 ïðåäñòàâëåíû ðåçóëüòàòû ðàáîòû
ÖÑÊ ÍÈÏ, ïîçâîëÿþùèå îöåíèòü ýôôåêòèâíîñòü åå ðà-
áîòû. Íà ðèñ. 10 ïðåäñòàâëåíû ìîäóëè àìïëèòóäû ñïåê-
òðà âõîäíîãî ñèãíàëà áåç êîìïåíñàöèè, ÷òî ñîîòâåòñòâóåò
ðåçóëüòàòàì îáðàáîòêè ðàäèîëîêàöèîííîé èíôîðìàöèè â
ÖÑÎ ñ âûêëþ÷åííîé ñèñòåìîé ïîìåõîçàùèòû îò èì-
ïóëüñíûõ ïîìåõ. Åñëè íå ó÷èòûâàòü øóìîâóþ ñîñòàâ-
ëÿþùóþ âõîäíîãî ñèãíàëà, òî ñîãëàñíî çàäàííûì ïàðà-
ìåòðàì, ìîäóëè àìïëèòóä îòêëèêîâ îò öåëè è ïàññèâíîé
ïîìåõè ìîæíî ðàññ÷èòàòü èñõîäÿ èç ñëåäóþùèõ ñîîáðà-
æåíèé. Äëÿ ïðèìåíÿåìîãî 8-òî÷å÷íîãî ÄÏÔ, îòêëèêè ñ

ïîñòîÿííûì ìîäóëåì àìïëèòóäû  è äîïëåðîâñêèìè

ñäâèãàìè ôàçû, êðàòíûìè 360 /8=45 , áóäóò ïîïàäàòü
ñòðîãî â öåíòð ôèëüòðà ÄÏÔ è êîãåðåíòíî íàêàïëèâà-

òüñÿ â í¸ì ñ àìïëèòóäîé, ðàâíîé , ãäå N - êîëè÷å-
ñòâî ôèëüòðîâ ÄÏÔ. Ïîñêîëüêó äîïëåðîâñêèé ñäâèã

ôàçû öåëè çàäàâàëñÿ 180 , òî îòêëèê îò öåëè äîëæåí
íàêîïèòüñÿ â ôèëüòðå ÄÏÔ ¹ 4 ñ àìïëèòóäîé, ðàâíîé

=10·8=80 àáñ.åä. Îòêëèê îò ïàññèâíîé ïîìåõè

äîëæåí íàêîïèòüñÿ â ôèëüòðå ÄÏÔ ¹ 0 ñ àìïëèòóäîé,
ïðèáëèçèòåëüíî (èç-çà íå íåïîäâèæíîñòè ìåñòíîãî
ïðåäìåòà, ïîñêîëüêó äîïëåðîâñêèé ñäâèã ôàçû
ïàññèâíîé ïîìåõè çàäàâàëñÿ íå íóëåâûì) ðàâíîé

=10·8=80 àáñ. åä.

Âñëåäñòâèå ïðèñóòñòâèÿ ÍÈÏ ìîäóëü ñïåêòðàëüíîé
ñîñòàâëÿþùåé ïàññèâíîé ïîìåõè óâåëè÷èëñÿ â äâà ðàçà
(äî 160 àáñ. åä.), à ìîäóëü ñïåêòðàëüíîé ñîñòàâëÿþùåé
öåëè óìåíüøèëñÿ â 4 ðàçà (äî 20 àáñ. åä.). Ðåçêîå
óâåëè÷åíèå àìïëèòóäû ïàññèâíîé ïîìåõè ìîæåò âûçâàòü
ïîÿâëåíèå ëîæíîãî îáíàðóæåíèÿ, îñîáåííî â ñëó÷àå
ïðèìåíåíèÿ â óñòðîéñòâàõ îáíàðóæåíèÿ (ÓÎ), âõîäÿ-
ùèõ â ñîñòàâ ÖÑÏÎ ÐËÑ, àëãîðèòìîâ âûÿâëåíèÿ öåëåé,

äâèæóùèõñÿ ñ íóëåâîé ðàäèàëüíîé ñêîðîñòüþ îòíîñè-
òåëüíî ÐËÑ, íàïðèìåð, àëãîðèòìîâ ñ èñïîëüçîâàíèåì
êàðòû ìåñòíûõ ïðåäìåòîâ [3]. Óìåíüøåíèå êîãåðåíòíî
íàêîïëåííîé àìïëèòóäû öåëè äî 20 àáñ. åä. èç-çà
ïðèñóòñòâèÿ ÍÈÏ ïðèâîäèò ê ñóùåñòâåííîìó óñëî-
æíåíèþ îáíàðóæåíèÿ öåëè èç-çà òîãî, ÷òî å¸ àìïëèòóäà
ñòàëà ñîïîñòàâèìîé ñ ìîäóëÿìè àìïëèòóä ñïåêòðà
øóìîâîé ñîñòàâëÿþùåé âõîäíîãî ñèãíàëà (ñì. ðèñ. 11).
Ïðè ýòîì îáíàðóæåíèå íå âîçìîæíî íè äëÿ ïðîñòåéøåãî
ïîðîãîâîãî îáíàðóæèòåëÿ, äëÿ êîòîðîãî çíà÷åíèå ïîðîãà
îïðåäåëÿåòñÿ óðîâíåì øóìîâ (íàïðèìåð, [3]), íè äëÿ
ñèñòåì ñòàáèëèçàöèè ëîæíûõ òðåâîã ñ îáó÷àþùåé
âûáîðêîé (íàïðèìåð, [4]).

Ñóùåñòâåííîå âîçðàñòàíèå óðîâíÿ øóìîâ âñëåäñòâèå
ïðèñóòñòâèÿ ÍÈÏ (ñì. ðèñ.10) ïî ñðàâíåíèþ ñ èõ äåé-
ñòâèòåëüíûì óðîâíåì (ñì. ðèñ.11), ïðèâåä¸ò ê òîìó, ÷òî
ìåòåîêàíàë ñòàíöèè, âõîäÿùèé â ñîñòàâ ÖÑÏÎ ñîâðå-
ìåííûõ ÐËÑ, îáúÿâèò ñîîòâåòñòâóþùóþ îáëàñòü ïðî-
ñòðàíñòâà îïàñíîé äëÿ ïîë¸òîâ (â çàâèñèìîñòè îò àëãî-
ðèòìà, íà 3-5 îáîðîòîâ àíòåííû â ñëó÷àå îäíîêðàòíîãî
ïîÿâëåíèÿ ÍÈÏ â ðàññìàòðèâàåìîì ó÷àñòêå
ïðîñòðàíñòâà).

Íà ðèñ. 12 ïðåäñòàâëåíû ìîäóëè àìïëèòóäû ñïåêòðà

ñèãíàëà  ñ óêàçàííûìè âû-
øå ïàðàìåòðàìè (â îòñóòñòâèå ÍÈÏ, ÷òî ýêâèâàëåíòíî
ñëó÷àþ èäåàëüíîé êîìïåíñàöèè) êàê ýòàëîííûå äëÿ ñðà-
âíåíèÿ ñ ïðåäñòàâëåííûìè íà ðèñ. 13 ìîäóëÿìè àìïëè-

òóäû ñïåêòðà ñèãíàëà 

 ñ âûõîäà ÖÑÊ  (÷òî ñîîòâåòñòâóåò ñëó÷àþ
ðåàëüíîé êîìïåíñàöèè).

 Ðèñóíîê 10 - Ìîäóëü àìïëèòóäû ñèãíàëà  áåç 
êîìïåíñàöèè ÍÈÏ

Ðèñóíîê 11 - Ìîäóëü àìïëèòóäû øóìîâîé 

ñîñòàâëÿþùåé ñèãíàëà 

Ðèñóíîê 12 - Ìîäóëü àìïëèòóäû ñìåñè  ïðè 
èäåàëüíîé êîìïåíñàöèè ÍÈÏ. 
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Ðèñóíîê 13 - Ìîäóëü àìïëèòóäû  íà âûõîäå 
öèôðîâîé ñèñòåìû êîìïåíñàöèè ÍÈÏ (ïðè ðåàëüíîé 

êîìïåíñàöèè ÍÈÏ)

Ïðåäñòàâëåííûå íà ðèñ. 13 ìîäóëè àìïëèòóäû ñèãíà-

ëà  ñâèäåòåëüñòâóþò î âûñîêîé ýôôåêòèâíîñòè ðà-

áîòû ÖÑÊ ÍÈÏ: èìïóëüñíàÿ ïîìåõà ïîäàâëåíà ïîëíî-
ñòüþ, à çíà÷åíèÿ êîãåðåíòíî íàêîïëåííûõ àìïëèòóä ïàñ-
ñèâíîé ïîìåõè è öåëè â ñîîòâåòñòâóþùèõ ôèëüòðàõ
ÄÏÔ ïîñëå êîìïåíñàöèè âõîäíîãî ñèãíàëà èçìåíèëèñü
âåñüìà íåçíà÷èòåëüíî (ìåíåå 1%). Óðîâåíü øóìîâ â
ôèëüòðàõ ¹ 3, 5 è 7 íåñóùåñòâåííî âîçðîñ, à â ôèëü-
òðàõ ¹ 2, 3 è 6 - íåñóùåñòâåííî óìåíüøèëñÿ.

ÂÛÂÎÄÛ

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïîêàçàëî, ÷òî ÖÑÊ
ÍÈÏ [1] ïîçâîëÿåò âåñüìà óñïåøíî áîðîòüñÿ ñ îäèíî÷-
íîé ÍÈÏ â îäíîì äèñêðåòå äàëüíîñòè. Íî â ðåàëüíîé
ñèãíàëüíî-ïîìåõîâîé îáñòàíîâêå íå èñêëþ÷åíà âîçìîæ-
íîñòü ïîïàäàíèÿ èìïóëüñíûõ ïîìåõ â îäèí ýëåìåíò ðàç-
ðåøåíèÿ ïî äàëüíîñòè íåñêîëüêî ðàç çà ïà÷êó, ïîýòîìó
äàëüíåéøèå ðàáîòû ïî óâåëè÷åíèþ ïîìåõîçàùèù¸í-

íîñòè ÐËÑ îò èìïóëüñíûõ ïîìåõ íåîáõîäèìî âåñòè â íà-
ïðàâëåíèè ñîçäàíèÿ ñðåäñòâ çàùèòû äëÿ ñëó÷àÿ ïðèñóò-
ñòâèÿ íåñêîëüêèõ ÍÈÏ â îäíîì äèñêðåòå äàëüíîñòè.
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Ìåòîäîì ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïðîàíàë³çîâàíî
àëãîðèòì îáðîáêè ðàä³îëîêàö³éíî¿ ³íôîðìàö³¿, ùî íàäõî-
äèòü íà âõ³ä êîãåðåíòíî-³ìïóëüñíî¿ ðàä³îëîêàö³éíî¿ ñòàíö³¿
(ÐËÑ), ÿêèé äîçâîëÿº ïðîâåñòè âèÿâëåííÿ é êîìïåíñàö³þ
íåñèíõðîííî¿ ³ìïóëüñíî¿ çàâàäè (Í²Ç) çà ï³äñóìêàìè
àíàë³çó äàíèõ îäíîãî (îñíîâíîãî) êàíàëó ïðèéîìó ÐËÑ â
îäíîìó åëåìåíò³ ðîçð³çíåííÿ çà äàëüí³ñòþ. Ïîêàçàíî
âèñîêó åôåêòèâí³ñòü öèôðîâî¿ ñèñòåìè êîìïåíñàö³¿ Í²Ç,
ðåàë³çîâàíî¿ íà öüîìó àëãîðèòì³.

An algorithm of processing the radar data arriving at an
input of the coherent pulse radar has been analyzed by a
method of mathematic modelling. This algorithm allows to
detect and compensate asyn-chronous pulse jumming upon
results of the data analysis of one (main) receive channel of
the radar in the one range bin. High efficiency of the digital
system of asynchronous pulse jamming compensation realized
upon this algorithm is also shown.

ÓÄÊ 621.396.6.004 : 004.942

Ã.Ì. Øèëî, Î.Þ. Âîðîïàé, Ì.Ï. Ãàïîíåíêî
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Çàïðîïîíîâàíî ìåòîä ñèíòåçó ³ îïòèì³çàö³¿ åêñïëóà-
òàö³éíèõ äîïóñê³â ç âèêîðèñòàííÿì ñïðîùåíèõ ³íòåðâàëü-
íèõ ìîäåëåé. Ðîçðîáëåíî ³òåðàö³éíèé àëãîðèòì ïðèçíà-
÷åííÿ äîïóñê³â ç ïîñòóïîâèì óòî÷íåííÿì ìîäåë³. Ïðîâåäåíî
òåñòóâàííÿ ðîçðîáëåíîãî ìàòåìàòè÷íîãî ³ ïðîãðàìíîãî
çàáåçïå÷åííÿ íà ðåàëüíèõ ïðèêëàäàõ.

ÂÑÒÓÏ

Òåõíîëîã³¿ ïðîåêòóâàííÿ ³ âèðîáíèöòâà åëåêòðîííèõ
çàñîá³â íà ñó÷àñíîìó åòàï³ ¿õ ðîçâèòêó ñòàþòü âñå á³ëüø
íàñè÷åíèìè íîâèìè ìåòîäàìè çàáåçïå÷åííÿ ÿêîñò³.
Ñåðåä âàæëèâèõ çàäà÷, ÿê³ ïðè öüîìó âèð³øóþòüñÿ, º
çàäà÷à çàáåçïå÷åííÿ íåîáõ³äíî¿ òî÷íîñò³ ïðè ìàêñè-
ìàëüíî ìîæëèâèõ äîïóñêàõ íà ïàðàìåòðè åëåìåíò³â.

Îá´ðóíòóâàííþ ìåòîä³â ïðèçíà÷åííÿ äîïóñê³â ïðè-
ñâÿ÷åíà çíà÷íà ê³ëüê³ñòü ïóáë³êàö³é [1-5]. Îäíàê
³ñíóþ÷³ ìåòîäè àáî íå äîçâîëÿþòü âðàõîâóâàòè ñóòòºâ³
íåë³í³éíîñò³ âèõ³äíèõ ôóíêö³é åëåêòðîííèõ àïàðàò³â àáî
ïîòðåáóþòü áàãàòî ðåñóðñ³â. Ó çâ'ÿçêó ç öèì â ñó÷àñíèõ
ÑÀÏÐ åëåêòðîííèõ àïàðàò³â â³äñóòí³ çàñîáè äîïóñêîâîãî
ïàðàìåòðè÷íîãî ñèíòåçó [6,7].

Îäíèì ³ç øëÿõ³â ïîäîëàííÿ öèõ òðóäíîù³â º
âèêîðèñòàííÿ ³íòåðâàëüíîãî àíàë³çó  [8,9]. ²íòåðâàëüíèé
ï³äõ³ä äîçâîëÿº âðàõîâóâàòè íåë³í³éíîñò³ âèõ³äíèõ
ôóíêö³é ³ óòâîðþâàòè ñïðîùåí³ ³íòåðâàëüí³ ìîäåë³:
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äå , ,  - ³íòåðâàëè

çíà÷åíü âèõ³äíî¿ ôóíêö³¿, êîåô³ö³ºíò³â ìîäåë³ òà
ïàðàìåòð³â åëåìåíò³â;

 - íèæí³ òà âåðõí³ ìåæ³ ³íòåðâàë³â

ïàðàìåòð³â åëåìåíò³â, êîåô³ö³ºíò³â ìîäåë³ òà âèõ³äíî¿
ôóíêö³¿;

  - îïåðàòîð êîìóòàö³éíîãî ìíîæåííÿ ³íòåðâàë³â;

 - äóàëüíèé ³íòåðâàë.

²ñíóþ÷³ ìåòîäè ïðèçíà÷åííÿ äîïóñê³â íå âðàõîâóþòü
óñ³õ îñîáëèâîñòåé òàêèõ ìîäåëåé. Ìåòîþ ðîáîòè º ðîç-
ðîáêà ìåòîä³â ïðèçíà÷åííÿ îïòèìàëüíèõ äîïóñê³â íà
ïàðàìåòðè åëåìåíò³â åëåêòðîííèõ àïàðàò³â ç âèêîðèñòàí-
íÿì ñïðîùåíèõ ³íòåðâàëüíèõ ìîäåëåé.

ÎÏÒÈÌ²ÇÀÖ²ß ÄÎÏÓÑÊ²Â

Îáëàñòü ïðàöåçäàòíîñò³ ïðèñòðîþ îáìåæóºòüñÿ äâîìà
íåð³âíÿííÿìè, ÿê³ óòâîðþþòüñÿ ï³ñëÿ â³äîáðàæåííÿ
³íòåðâàëüíîãî ð³âíÿííÿ (1) ó ïðîñò³ð ä³éñíèõ ÷èñåë:

; (2)

. (3)

 Ãðàô³÷íîþ ³íòåðïðåòàö³ºþ íåð³âíÿíü (2) ³ (3) º ïàðà

ã³ïåðïëîùèí  ³  (ðèñ.1), ïåðøà ç ÿêèõ îáìåæóº âè-

õ³äíó ôóíêö³þ çíèçó, à äðóãà - çâåðõó. Ã³ïåðïëîùèíè

óòâîðþþòü íåçàìêíåíó îáëàñòü ïðàöåçäàòíîñò³ . Ïðè

ïðèçíà÷åíí³ äîïóñê³â áóäåìî íàìàãàòèñü çàáåçïå÷èòè
íàéá³ëüøå ïîëå ðîçñ³þâàííÿ äîïóñê³â. Âëàñòèâîñò³ òà-
êîãî ïîëÿ ìîæóòü áóòè îö³íåí³ çà äîïîìîãîþ ìóëüòèïë³-
êàòèâíîãî êðèòåð³þ, ÿêèé ìîæå ðîçãëÿäàòèñü ÿê
â³äíîñíèé îá'ºì äîïóñê³â:

 , (4)

äå n - ê³ëüê³ñòü ïàðàìåòð³â åëåìåíò³â;

, àáî  - øèðèíà

³íòåðâàëó, ÿêèé âèçíà÷àº âåðõí³é àáî íèæí³é äîïóñê

;

 - øèðèíà ³íòåðâàëó ïðè îäíàêîâèõ äîïóñêàõ 

íà óñ³ ïàðàìåòðè åëåìåíò³â;

  - íîì³íàëüíå çíà÷åííÿ ïàðàìåòðó.

Äîïóñê  âèçíà÷àºòüñÿ çà äîïîìîãîþ ñï³ââ³äíî-

øåííÿ:

. (5)

Çíà÷åííÿ äîïóñê³â, îá÷èñëåíèõ çà äîïîìîãîþ (5),

â³äïîâ³äàþòü â³äíîñíîìó îá'ºìó  ³ íå çàáåçïå-
÷óþòü íàéá³ëüøîãî ïîëÿ ðîçñ³þâàííÿ. Íà ðèñ.1 ¿ì
â³äïîâ³äàº ã³ïåðïàðàëåëåï³ïåä  . 

 

Ðèñóíîê 1 - Îáëàñòü ïðàöåçäàòíîñò³ òà 
ìàêñèìàëüíèõ îá'ºì³â äîïóñê³â

Çá³ëüøåííÿ îá'ºìó äîïóñê³â ìîæíà äîñÿãíóòè ïîáóäî-

âîþ äâîõ ã³ïåðïàðàëåëåï³ïåä³â ìàêñèìàëüíîãî îá'ºìó 

³  (ðèñ.1) ì³æ òî÷êîþ íîì³íàëüíèõ çíà÷åíü

 ³ òî÷êîþ íà ã³ïåðïëîùèíàõ  ³ .

Äëÿ âèçíà÷åííÿ ðîçì³ðó ðåáåð òàêèõ ã³ïåðïàðàëå-
ëåï³ïåä³â ïåðåòâîðèìî íåð³âíÿííÿ (2) äî âèäó:

. (6)

Ââåäåííÿ ïîçíà÷åíü
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çäàòíîñò³ ó âèãëÿä³:

. (7)

ßêùî óòâîðèòè ã³ïåðïàðàëåëåï³ïåä, îäíà ³ç âåðøèí
ÿêîãî áóäå ëåæàòè â òî÷ö³ íîì³íàëüíèõ çíà÷åíü
ïàðàìåòð³â , à äðóãà íà ïîâåðõí³ ã³ïåðïëîùèíè (7),

òî â³í áóäå ìàòè ìàêñèìàëüíèé îá'ºì êîëè ñòàíå
ã³ïåðêóáîì [10] ç äîâæèíîþ ðåáðà:

.

Òîä³ äîâæèíà ðåáåð ã³ïåðïàðàëåëåï³ïåäó  ç ìàêñè-

ìàëüíèì îá'ºìîì âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì:

. (8)

Àíàëîã³÷í³ ñï³ââ³äíîøåííÿ âèò³êàþòü ³ç ð³âíÿííÿ (3)

äëÿ âèçíà÷åííÿ äîâæèíè ðåáåð ã³ïåðïàðàëåëåï³ïåäó :

. (9)

Ñóìà ðåáåð ã³ïåðïàðàëåëåï³ïåä³â  ³ , âèçíà÷å-

íèõ çà äîïîìîãîþ ñï³ââ³äíîøåíü (8) òà (9), âèçíà÷àþòü

ðåáðà ã³ïåðïàðàëåëåï³ïåäó  ç ìàêñèìàëüíèìè îá'ºìà-

ìè äîïóñê³â äëÿ âåðõí³õ òà íèæí³õ â³äõèëåíü
ïàðàìåòð³â.

ÀËÃÎÐÈÒÌ ÏÐÈÇÍÀ×ÅÍÍß ÄÎÏÓÑÊ²Â

Îñîáëèâ³ñòþ ³íòåðâàëüíèõ ìîäåëåé (1) º çàáåçïå÷åí-
íÿ òî÷íîãî çíà÷åííÿ âèõ³äíî¿ ôóíêö³¿ ïðè çàäàíèõ
ìåæîâèõ çíà÷åííÿõ ïàðàìåòð³â åëåìåíò³â. Â ïðîöåñ³
ïðèçíà÷åííÿ äîïóñê³â ìàêñèìàëüíîãî îá'ºìó âèçíà÷à-
þòüñÿ ³íø³ ìåæîâ³ çíà÷åííÿ ïàðàìåòð³â åëåìåíò³â, äëÿ
ÿêèõ ìîæå áóòè ïîáóäîâàíà á³ëüø òî÷íà ñïðîùåíà ³íòåð-
âàëüíà ìîäåëü. ßêùî ïðîâåñòè ïðîöåäóðó ïðèçíà÷åííÿ
îïòèìàëüíèõ äîïóñê³â ç öèìè ïîíîâëåíèìè ìîäåëÿìè, òî
òàêèì ÷èíîì óòâîðþºòüñÿ ³òåðàö³éíà ïðîöåäóðà ïðèçíà-
÷åííÿ äîïóñê³â ç ïîñòóïîâèì óòî÷íåííÿì ìîäåë³. 

ßê êðèòåð³é âèõîäó ç ³òåðàö³éíî¿ ïðîöåäóðè ìîæå âè-
êîðèñòîâóâàòèñü ñï³ââ³äíîøåííÿ:

, (10)

äå , òà ; - çíà÷åííÿ ïàðàìåòð³â åëåìåíò³â íà

n-é òà n-1-é ³òåðàö³ÿõ;

  - òî÷í³ñòü îá÷èñëåííÿ äîïóñê³â.

Çá³æí³ñòü ³òåðàö³éíîãî ïðîöåñó çàëåæèòü â³ä ïî÷àòêî-
âîãî íàáëèæåííÿ, ÿê³ ìîæóòü ïðèçíà÷àòèñü çà óìîâîþ
îäíàêîâèõ çíà÷åíü â³äõèëåíü ïàðàìåòð³â åëåìåíò³â òà
âèõ³äíî¿ ôóíêö³¿:

; , (11)

àáî çà óìîâè çìåíøåííÿ â³äõèëåíü åëåìåíò³â ó â³äïî-
â³äí³ñòþ ç ¿õ ê³ëüê³ñòþ:

; . (12)

Óìîâè (11) âèêîðèñòîâóþòüñÿ, êîëè ìîæëèâà âçàºìíà
êîìïåíñàö³ÿ â³äõèëåíü ³ êîåô³ö³ºíòè ð³âíÿíü (1) ìàþòü
ð³çí³ çíàêè. Óìîâè (12) êðàùå çàñòîñîâóâàòè, êîëè ïåðå-
âàæíà á³ëüø³ñòü êîåô³ö³ºíò³â ìàþòü îäíàêîâèé çíàê.

Ðîçðîáëåíå ìàòåìàòè÷íå çàáåçïå÷åííÿ äîçâîëÿº ñôîð-
ìóâàòè àëãîðèòì ïðèçíà÷åííÿ åêñïëóàòàö³éíèõ äîïóñê³â.
Âõ³äíèìè äàíèìè ïðè ïðèçíà÷åíí³ åêñïëóàòàö³éíèõ äî-
ïóñê³â º:

-çíà÷åííÿ â³äõèëåíü ³ íîì³íàëüíå çíà÷åííÿ âèõ³äíèõ
ïàðàìåòð³â;

- ïî÷àòêîâ³ çíà÷åííÿ â³äõèëåíü ³ íîì³íàëüí³ çíà÷åííÿ
âõ³äíèõ ïàðàìåòð³â;

- òî÷í³ñòü îïòèì³çàö³¿ àáî ê³ëüê³ñòü ³òåðàö³é;
- ð³âíÿííÿ, ÿê³ îïèñóþòü çàëåæí³ñòü âèõ³äíîãî ïàðà-

ìåòðà â³ä âõ³äíèõ;
- âàãîâ³ êîåô³ö³ºíòè.
Âèõ³äíèìè äàíèìè äëÿ ïðîöåñó îïòèì³çàö³¿ º çíà÷åí-

íÿ â³äõèëåíü âõ³äíèõ ïàðàìåòð³â. Ïðîöåäóðà ïðèçíà÷åí-
íÿ äîïóñê³â º ³òåðàö³éíîþ. Êîæíà ³òåðàö³ÿ ñêëàäàºòüñÿ ç
åòàï³â:

Åòàï 1. Ïîáóäîâà ñïðîùåíî¿ ³íòåðâàëüíî¿ ìîäåë³ ñèñ-
òåìè, ùî ïðîåêòóºòüñÿ;

Åòàï 2. Âïèñóâàííÿ ã³ïåðïàðàëåëåï³ïåäó ìàêñèìàëü-
íîãî îá'ºìó äî îáëàñò³ ïðàöåçäàòíîñò³;

Åòàï 3. Êîíòðîëü óìîâ âèõîäó ç ïðîöåñó îïòèì³çàö³¿.
ßêùî óìîâè ïðèïèíåííÿ ðîáîòè ïðîöåäóðè íå âèêî-

íàí³, ÿê ïî÷àòêîâ³ â³äõèëåííÿ âõ³äíèõ ïàðàìåòð³â áå-
ðóòüñÿ îá÷èñëåí³ çíà÷åííÿ äîïóñê³â, ³ ðîáîòà ïðîöåäóðè
ïîâòîðþºòüñÿ ç ïåðøîãî åòàïó. Ïðè âèêîíàíí³ óìîâ
âèõîäó ïðîöåäóðà ïðèçíà÷åííÿ äîïóñê³â çàê³í÷óº ñâîþ
ðîáîòó.

Àëãîðèòì ìîæå áóòè çàñòîñîâàíèé ³ äëÿ îòðèìàííÿ
á³ëüø òî÷íèõ çíà÷åíü äîïóñê³â, îá÷èñëåíèõ çà âèðàçîì
(5). Ðîçðîáëåíèé àëãîðèòì ñèíòåçó äîïóñê³â áóâ âèêî-
ðèñòàíèé ïðè ðîçðîáö³ ïðîãðàìíîãî çàáåçïå÷åííÿ äî
ïðîãðàìíîãî êîìïëåêñó àâòîìàòèçîâàíîãî îá÷èñëåííÿ
äîïóñê³â "INTOL", ÿêèé âèêîðèñòîâóâàâñÿ ó íàâåäåíèõ
íèæ÷å ïðèêëàäàõ îá÷èñëåííÿ äîïóñê³â.

ui

i 1=

n

∑ b=

xií

u
b
n
---=

Ωt

wi
u
ai

----,  ai 0>–=

wi
u
ai
----,  ai 0<=









Ωt

wi
u
ai

----,  ai 0<–=

wi
u
ai
----,  ai 0>=









Ωt Ωt

Ωt

xi
n( )

xi
n 1–( )

–

xií
---------------------------------- ξ≤

xi
n( )

xi
n 1–( )

ξ

xi

xií
-------

y

yí
-----=

xi

xií
------- y

yí
-----=

xi

xií
------- 1–

1
n
---

y

yí
----- 1–

 
 =

xi

xií
------- 1–

1
n
--- y

yí
----- 1–

 
 =



81

Ã.Ì. Øèëî, Î.Þ. Âîðîïàé, Ì.Ï. Ãàïîíåíêî:  ²ÍÒÅÐÂÀËÜÍ² ÌÅÒÎÄÈ ÏÐÈÇÍÀ×ÅÍÍß 
ÅÊÑÏËÓÀÒÀÖ²ÉÍÈÕ ÄÎÏÓÑÊ²Â

3 ÏÐÈÊËÀÄÈ ÇÀÑÒÎÑÓÂÀÍÍß

Çàïðîïîíîâàí³ ìåòîäè âèêîðèñòîâóâàëèñü ïðè ïðè-
çíà÷åíí³ äîïóñê³â äëÿ õâèëüîâîãî îïîðó ì³êðîñìóæêîâî¿
ë³í³¿ òà êîåô³ö³ºíòó ïåðåäà÷³ ô³ëüòðà íèæí³õ ÷àñòîò.
Ïðè óòâîðåíí³ ³íòåðâàëüíèõ ìîäåëåé õâèëüîâèé îï³ð
ì³êðîñìóæêîâî¿ ë³í³¿ (ðèñ. 2) îá÷èñëþâàâñÿ çà äîïîìî-
ãîþ ñï³ââ³äíîøåííÿ [11]:

äå  - õâèëüîâèé îï³ð;

 - â³äíîñíà ä³åëåêòðè÷íà ïðîíèêí³ñòü ï³äêëàäêè;

 - òîâùèíà ï³äêëàäêè;
 - øèðèíà ì³êðîñìóæêîâî¿ ë³í³¿.

Ðèñóíîê 2 - Ñïðîùåíà ñòðóêòóðà ì³êðîñìóæêîâî¿ 
ë³í³¿

Îá÷èñëåííÿ ïðîâîäèëèñü äëÿ íîì³íàëüíèõ ïàðàìåò-
ð³â: =9.6, =1 ìì, =0.997 ìì, ÿêèì â³äïîâ³äàëî

íîì³íàëüíå çíà÷åííÿ õâèëüîâîãî îïîðó =50 Îì.

²íòåðâàëüíà ìîäåëü óòâîðþâàëàñü ïðè â³äõèëåíí³ êîí-
ñòðóêòèâíèõ ïàðàìåòð³â 3%. Ï³äòðèìóâàëàñü

òî÷í³ñòü îá÷èñëåíü =0.001. Äîïóñòèìå â³äõèëåííÿ õâè-

ëüîâîãî îïîðó çàäàâàëîñü 3%. 

Ðåçóëüòàòè ðîáîòè ³òåðàö³éíîãî àëãîðèòìó íàäàþòüñÿ
ó òàáë. 1 ßê âèäíî ³ç òàáëèö³, äëÿ õâèëüîâîãî îïîðó
ì³êðîñìóæêîâî¿ ë³í³¿ àëãîðèòì îá÷èñëåííÿ äîïóñê³â ìàº
âèñîêó çá³æí³ñòü.

Ñõåìà ô³ëüòðà íèæí³õ ÷àñòîò, äëÿ ÿêîãî îá÷èñëþâà-
ëèñü äîïóñêè, íàäàºòüñÿ íà ðèñ. 3. ïàðàìåòðè ô³ëüòðà
ìàëè íîðìîâàí³ çíà÷åííÿ [12]: R0=R4=1, C1=C3=
=0.368557, L2=0.737714. 

Îá÷èñëåííÿ êîåô³ö³ºíòó ïåðåäà÷³ ïðîâîäèëîñü íà

íîðìîâàí³é ÷àñòîò³ =3. Äîïóñòèìå â³äõèëåííÿ êîåô³-

ö³ºíòó ïåðåäà÷³ çàäàâàëîñü %. Ï³äòðèìóâàëàñü

òî÷í³ñòü îá÷èñëåíü =0.001. Ðåçóëüòàòè îá÷èñëåíü äî-

ïóñê³â íà ïàðàìåòðè ô³ëüòðà íàäàþòüñÿ â òàáë. 2.
Ïðè îäíàêîâèõ äîïóñêàõ íà ïàðàìåòðè åëåìåíò³â

îá÷èñëåííÿ äàº =1.7628, =1.6446. Çàñòîñóâàííÿ

àëãîðèòìó îïòèì³çàö³¿ çá³ëüøèëî â³äíîñíèé îá'ºì äî

=2.0749, =1.8936.

 

Ðèñóíîê 3 - Ñõåìà ô³ëüòðó íèæí³õ ÷àñòîò
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²òåðàö³ÿ
Äîïóñêè íà ïàðàìåòðè, %

    

0 2.0619 2.2079 2.0243 2.0679 2.0069 2.0861

1 2.0774 2.1925 2.0386 2.0543 2.0128 2.0809

2 2.0773 2.1925 2.0384 2.0541 2.0127 2.0808

3 2.0773 2.1925 2.0384 2.0541 2.0127 2.0808
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ÂÈÑÍÎÂÊÈ

Ðîçðîáëåíî ³òåðàö³éíèé àëãîðèòì ïðèçíà÷åííÿ åêñ-
ïëóàòàö³éíèõ äîïóñê³â ç ïîñòóïîâèì óòî÷íåííÿì ìîäåë³.
Âèêîðèñòàííÿ àëãîðèòìó äîçâîëÿº óíèêíóòè îáìåæåíü,
ùî íàêëàäàº çàñòîñóâàííÿ ë³í³éíèõ ìîäåëåé ïðè àïðî-
êñèìàö³¿ íåë³í³éíèõ ôóíêö³îíàëüíèõ çàëåæíîñòåé âèõ³ä-
íèõ ôóíêö³é åëåêòðîííèõ àïàðàò³â. Ïðèêëàäè âèêîðè-
ñòàííÿ àëãîðèòìó ï³äòâåðäæóþòü ìîæëèâ³ñòü çíà÷íîãî
çá³ëüøåííÿ îá'ºìó äîïóñê³â.

Àëãîðèòì ìîæå âèêîðèñòîâóâàòèñü äëÿ îá÷èñëåííÿ
äîïóñê³â ìîíîòîííèõ âèõ³äíèõ ôóíêö³é. Â öüîìó âè-
ïàäêó â³í ìàº âèñîêèé ñòóï³íü çá³æíîñò³. Äëÿ ôóíêö³é,
ùî ìàþòü åêñòðåìóì â îáëàñò³ ïðàöåçäàòíîñò³ íåîáõ³äíî
ïåðåãëÿíóòè ìåòîäè óòâîðåííÿ ³íòåðâàëüíèõ ìîäåëåé.
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Íàä³éøëà 15.09.2003

Ïðåäëîæåí ìåòîä ñèíòåçà è îïòèìèçàöèè ýêñïëóàòà-
öèîííûõ äîïóñêîâ ñ èñïîëüçîâàíèåì óïðîùåííûõ èíòåðâàëü-
íûõ ìîäåëåé. Ðàçðàáîòàí èòåðàöèîííûé àëãîðèòì íàçíà÷å-
íèÿ äîïóñêîâ ñ ïîøàãîâûì óòî÷íåíèåì ìîäåëè. Ïðîâåäåíî
òåñòèðîâàíèå ðàçðàáîòàííîãî ìàòåìàòè÷åñêîãî è ïðîãðàì-
ìíîãî îáåñïå÷åíèÿ íà ðåàëüíûõ ïðèìåðàõ.

The method of synthesis and optimization of operational
tolerances using the simplified interval models is offered. The
iterative algorithm of assigning the tolerances with step-by-
step refined model is developed. The software has been devel-
oped on the based of this mathematical manipulation. The
actual data have been used for testing the software.

Òàáëèöà 2- Äîïóñêè íà ïàðàìåòðè ô³ëüòðà 
íèæí³õ ÷àñòîò

Â³äõè
ëåííÿ

Ïàðàìåòðè

R0 R4 C1 C3 L2

 3.6327 1.4051 2.9020 2.6589 0.8821

 3.1958 1.4282 2.3959 2.5746 0.8225

δε

δε
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Basic principles of digital image watermarking based on
discrete orthogonal transforms are in this paper presented.
Digital image watermarking based on using of Karhunen-
Loeve Transform (KLT) and Discrete Cosine Transform
(DCT) is in the paper presented in more details. Experimental
verification of both methods was realized on static grayscale
images Einstein and Samuel.

1 INTRODUCTION

Digital watermarking represents a viable solution to the
ever-increasing demand for copyright protection mecha-
nisms [1]. A watermark is hidden information within a
digital signal [2]. For image watermarking several tech-
niques have been developed. Watermarking techniques can
be divided into three main groups:

- spatial space watermarking,
- frequency space watermarking,
- parametric space watermarking.
Watermarking in spatial space uses the spatial image

space for embedding of hiding information. Frequency
space watermarking uses the selected discrete orthogonal
transforms (DCT, DWT) for embedding of the hiding
information into the spectral coefficients or into the
sequence coefficients, in generally. Parametric space
watermarking includes algorithms, where a watermark is
embedded into the image in its parametric space (typically
in digital image watermarking techniques established on
fractal image coding, where a watermark is inserted into

the parameters of block's similarity or into the parameters
of block's positions) [3]. To achieve maximum protection
of intellectual property with watermarked media, several
requirements must be satisfied. Embedded watermarks
must be[3]:

- imperceptible - the watermark should be impercepti-
ble, not to affect the viewing experience of the image or
the quality of signal

- undeletable - the watermark must be difficult or even
impossible to remove by a hacker, at least without obvi-
ously degrading the host signal.

- statistically undetectable - A pirate should not be
able to detect the watermark by comparing several water-
marked signals belonging to the same author

- robustness - The watermark should be survived by the
using of the loss compression techniques and signal
processing operations (signal enhancement, geometric
image operations, noise, filtering, etc.)

Proposed requirements that are imposed on watermark-
ing methods are contradictory. It is technically viable and
easy to embed a watermark into an image by its invisibil-
ity, but requirements of its undetectability, undeletability
and its robust create technical problems. Thus, a water-
marking technique for watermark embedding is a compro-
mise between some contradictory requirements. It is an
argument why properties of watermarking methods must
be analyzed. 

In this paper a basic analysis that must be realized after
process of watermark implementation is presented. Com-
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paring of two digital watermarking methods, both based
on discrete orthogonal transforms, is described. In gener-
ally, discrete orthogonal transforms (mainly DCT) is a
base for loss image compression. It is possible to assume
that information which may be lost during lossy compres-
sion, the same information may be modified during water-
mark embedding. Thus, a question is satisfying of
remaining watermark requirements.

2 GENERAL ALGORITHM FOR WATERMARK 
EMBEDDING

Digital image watermarking algorithms based on using
of discrete orthogonal transforms may be described accord-
ing to generally algorithm for watermark embedding
depicted in Fig.1. 

A frequently case of watermarks are binary images,
dimension of watermark is in generally smaller then
dimension of original image. Input parameters in process of
watermark embedding are original image, watermark and
user's key (style of watermark permutation). The original
image is processed by discrete orthogonal transform. After
image transformation we obtain a set of spectral or
sequence coefficients. The set dimension of transformation
(spectral) coefficients equals to the original image dimen-
sion. A first operation with the watermark is reordering of
its pixels by using pseudorandom permutation. The algo-
rithm of watermark permutation must be pseudorandom
because watermark must be reconstructed. A type of used
pseudorandom watermark's pixels permutation is arbitrary
and makes a user's key. A watermark is a binary image.
Thus, values of its brightness are 0 - black point (black
pixel) and 1-white point (white pixel). For satisfying of
robust requirements are these values multiplied in a multi-
plying unit, the multiplication is realized with some con-
stant value. A multiplying unit doesn't need to use, in
generally. Then each pixel is added to some spectral coeffi-
cients of original image. Number of used spectral coeffi-
cients equals to number of watermark's pixels. 

Figure 1 - The basic algorithm of watermark embedding 
into an image. As a transformation is reasoning some 

discrete orthogonal transform. The multiplying must be 
not strictly used 

A choosing of spectral coefficients depends on their
properties. We expect that embedded watermark will be
invisible and immune during operation with watermarked
image. From point of view of human visual system are
good spectral coefficients with the relationship in spatial
space of image to highest image frequencies (details in
images), but mostly operation with an image is its filtering
and embedded data may be lost. Thus, a way for this
requirements are spectral coefficients corresponded to cen-
tral part of frequency space. After modification of spectral
coefficients we compute inverse transform (of modified fre-
quency space) and obtain watermarked image.

 2.1 BASIC MATHEMATICAL DESCRIBING OF 
WATERMARK EMBEDDING

Let original image I is defined according to relation-
ship (1)

 , (1)

where  is a brightness value of

pixel , terminates position of pixel and L

denotes number of bits used do describing brightness value
in each picture element. The original image dimension is

( ).

Watermark W is a binary image (L =1) defined accord-
ing to relationship (2).

  , (2)

where  describes a brightness value of a
watermark. The dimension of watermark W is (M1 M2),

M1 N1, M2 M2. 

Let watermarked image is denoted as . Then process

of inserting of watermark W into the original image I may
be described according to relationship (3).

, (3)

where  is embedding procedure,  is a two-dimensional

inserting mask, that includes operations of superposition,
permutation etc.

3 A GENERAL ALGORITHM FOR WATERMARK 
EXTRACTION

Analogue, we describe a general algorithm of watermark
extraction. Input parameters in process of watermark ext-
raction are original image, watermarked image and user's
key (algorithm of watermark permutation). A general
algorithm for watermark extraction is depicted in Fig.2. 

For the original image we compute discrete orthogonal
transformation; on the original image we compute discrete
orthogonal transformation too. We compare used spectral
coefficients in both images. Because watermarked image
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may be modified (noise corruption, attack of data, etc.),
may be also changed coefficients, that weren't modified in
process of watermark embedding. In this case is an advan-
tage to use a threshold unit which provides selection of
modified spectral coefficients. A next step of watermark
extraction is reordering of used spectral coefficients. After
this manner we obtain extracted watermark. 

Figure 2 - The basic algorithm of watermark extraction 
from watermarked image. The threshold unit must be 

not strictly used 

3.1 BASIC MATHEMATICAL DESCRIBING OF 
WATERMARK EXTRACTION

A process of watermark extraction may be described
according to follow relationship (4)

 , (4)

where  is extraction procedure, (.) describes inverse

permutation of reordered watermark , which is
obtained after comparing of spectral spaces both input

images I and . Because watermarked image may be pro-

cessed, embedded watermark  may be, in generally,

corru .

4 THE ALGORITHM OF DCT WATERMARKING

The algorithm of digital image watermarking based on
two-dimensional discrete cosine transform (DCT) is a
basic and the most processed watermarking method. Its
large distribution is given by large using of digital images,
mainly in JPEG format, which uses this orthogonal trans-
formation.

The algorithm of digital watermarking based on DCT is
follow:

1. Original image is divided to non-overlapped blocks,

that cover all image. The dimension of each block is 8 8. 
2. For each block we compute DCT transform defined

in equation (5)

 

(5)

where 
F(.,.) denotes DCT coefficients,
f(.,.) are values of brightness (pixel's values) in current

block,

 for u=0;
C(u)=1 for u=1,2...7,

 for =0;

=1 for =1,2...7.
3. For obtained spectral coefficients we use its reorder-

ing according to ZIG-ZAG algorithm, depicted in Fig.3. 

Figure 3 - Reordering of spectral coefficients according 
to Zig-zag algorithm

Zig-zag algorithm provides a transposition of spectral
coefficients of a two-dimensional block into one-dimen-
sional vector. Obtained spectral coefficients sequence
includes elements that are equivalent to decreasing fre-
quency parts in actual image block. Thus, the first element
depends on mean brightness value of block, the second ele-
ment depends on low-frequency properties of image blocks,
etc., the last coefficient depends on high-frequency proper-
ties of image blocks (details in image).

4.Because dimensions of image I and watermark W are
different, it is necessary to compute, how many water-
mark's pixels are used in current DCT block. 

Let  and  describes number of

DCT blocks in horizontal and vertical direction of image I,

respectively. Thus, original image I contains  DCT

blocks. In watermark W will be strikes

 pixels for each DCT block. The

process of pixel's selection in watermark W is free, only
number of pixels depends on dimension of watermark W
and on dimension of original image I, too.
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Figure 4 - Example of a possibility of spectral coeffi-
cients modification based on Zig-zag algorith. 

 One of way is watermark dividing into  water-

mark sub-blocks, each sub-block to convert into one-
dimensional vector and this vector add to selected spectral
coefficients in Zig-zag vector (see Fig.4). 

5.Watermark will be permuted, i.e. pixels of watermark
W will be reordered. A watermark with reordered pixels is

denoted . 

6.For satisfying of robust requirements will be per-

muted watermark  multiplied with a constant

, i.e.

. (6)

Thus, we obtain binary image  (permuted water-

mark), its brightness values are 0 - black picture elements,

 - white picture elements. 

7.Selected pixels of watermark  is superposed into

selected DCT spectral coefficients of image block. Super-

position is the addition of value 0 or  to values of
selected spectral coefficients. 

8.Inserting of watermark pixels will be realized for each
DCT image block.

9.After inserting watermark to (DCT) frequency space
of original image we acquire modified DCT spectrum of

original image, its dimension is ( ).

10.We realize the same dividing of this spectrum into
non-overlapped blocks, that cover all image, and that was
used in step 1. For each block we compute inverse DCT
transform according to follow relationship: 

(7)

where describing of parameters is the same as in equa-
tion (5).

11.After computation we obtain watermarked image .

4.1 EXTRACTION OF WATERMARK

We retry that input parameters in process of watermark

extraction are original image , watermarked image 

and user's key (algorithm of pseudo-random watermark
permutation). A process of watermark extraction may be
described in follow steps:

1.Original image  is divided to non-overlapped blocks,

which cover all image. The dimension of each block is

. 

2.For each block we compute DCT transform defined in
(5).

3.Watermarked image  is divided to non-overlapped

blocks, that cover all image. The dimension of each block
is . 

4.For each block we compute DCT transform according
to relationship (5).

5.In both image spectral spaces we retrieve spectral
coefficients that were modified in process of watermark
embedding. Thus, we compare spectral spaces of both
images (we compute difference of values of these spectral
coefficients).

6.We redistribute computed differences into two-dimen-
sional space that is corresponded with pixel's distribution
of permuted watermark. Output of this computational step
is a matrix, which corresponds with permuted watermark,
dimension of this matrix equals to dimension of water-
mark, or permuted watermark, respectively. 

7.Obtained matrix is processed by inverse permutation,
i.e. reordering of values in its space. 

8.Because watermarked image could be modified, we
use thresholding of values. The level of threshold is from

interval . Thresholding makes a comparing of pro-
posed matrix values with some constant value (threshold).
Matrix values that are smaller then threshold value are
interpreted as a black pixel (0-value) and matrix values
that are greater than threshold value are interpreted as

white pixel (value 1, or value ).

9.After thresholding we obtain watermark . Its qual-
ity depends on threshold value and on type of processing
with watermarked image. 

5 THE ALGORITHM OF THE KLT WATER-
MARKING

The algorithm is in generally, the same, as algorithm
based on DCT transform. Karhunen-Loeve transform
(KLT) is the optimal transform among all orthogonal
transforms. It is also known as Hotteling or principal com-
ponents transform [4]. This transform has the best energy
compaction property, and it de-correlates the image data
most efficiently. Moreover, the mean square error distor-
tion due to discarding transform coefficients is the last.
The realization of Karhunen-Loeve transform can be
described by following steps:

1.Dividing of original image I into non-overlapped
blocks that cover all image. The blocks havedimensions

.

h1 h2×

Wp
0

Wp
0

k k 0>( )

Wp kWp
0=

Wp

k

Wp

k

N1 N2×

F i j,( ) 1
4
--- C u( ) C ν( )⋅ F u ν,( ) 2i 1+( )uπ

16
--------------------------cos

2j 1+( )νπ
16

-------------------------- ,cos×

×
v 0=

7

∑
u 0=

7

∑=

Iw

I Iw

I

8 8×

Iw

8 8×

0 k; ><

k

W
•

K1 K2×



87

M. Candik:  DISCRETE ORTHOGONAL TRANSFORMS IN DIGITAL IMAGE WATERMARKING

2.Each block is transformed into vector u of dimension
. 

3.For each block we compute covariance matrix 

, (8)

where operation E[.] represents a mean value.

4.We compute eigenvalues and eigenvectors  of cov-

ariance matrix . The base vectors of Karhunen-Loeve

transform are given by the orthonormalized eigenvectors of

the covariance matrix , that is,

 (9)

where  is corresponding eigenvalue of the eigenvector

. Eigenvalues of the covariance matrix, which are all

non-negative, can be ordered according their magnitude.
The larger is the magnitude, the more energy the eigen-
value contains. We create matrix U, where a first column
contains eigenvector of maximal eigenvalue, second col-
umn contains eigenvector with a second largest eigenvalue,
etc. After reordering of columns it is necessary to save,
how columns were reordered. 

5.The Karhunen-Loeve transform is defined according to
relationship (10):

. (10)

6.Inverse transformation is defined according to rela-
tionship (11),

, (11)

where parameter T describes a matrix transpose.
7.We create two-dimensional block of dimensions

 from the vector u of dimension .

Thus, after theoretical description we focus on practical
aspects of its implementation into watermarking process.
Dimensions of non-overlapped blocks of divided image I
must be not strictly , but this dimension is a good
way to properties compare of both approaches in digital
watermarking. Increasing of its dimensions gives more dif-
ficult computing and long time for KLT transform compu-
tation. Selection of spectral coefficients modifying is the
same, as in DCT watermarking method.

6 EXPERIMENTAL PART

Our experiments we are realized on static grayscale
images EINSTEIN and SAMUEL in pgm (portable gray-
map) format. Their dimensions were N1=N2=256, resolu-

tions of images were 8 bits/pixel, i.e 28=256 levels of
brightness. Used images are depicted in Fig.5. 

Figure 5 - Used original images for digital watermark-
ing: a) EINSTEIN; b) SAMUEL 

As watermarks we use for our experiments binary
images Wmark1 and Wmark2, both of dimensions
M1=M2=64, resolution of watermarks was 1bit/pixel.

Used watermarks are depicted in Fig. 6. 

Figure 6 - Used watermarks: a) Wmark1; b)Wmark2

Embedding of watermarks into original images was real-

ized by multiplying factor =4, i.e. black pixels in water-
mark are represented by zero brightness level and white

pixels in watermark are described by brightness level . 

6.1 SELECTED PROPERTIES OF BOTH METH-
ODS

Quality of extracted watermark and watermarked
images were analyzed with objective and subjective crite-
ria of image quality. As objective criteria of image quality
were used MAE (Mean Absolute Error) and MSE (Mean
Square Error). Mean Absolute Error is defined in (12)

, (12)

and Mean Square Error is defined in (13): 

. (13)
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A practical criterion for describing of watermark modifi-
cation is the number of detected errors (number of changes
in pixel's values) in extracted watermark. Amount of
extracted modified watermark's pixels is denoted as .
Relative amount  of modified watermark's pixel is

defined according to relation (14).

%. (14)

Next objective criteria of image quality used for water-
marked images was Peak-Signal-to-Noise-Ratio defined
according to relationship (15)

(15)

Quality of watermarked image depends mainly on used

multiplying factor . Higher values of multiplying factor

generate smaller quality of watermarked images, across
they improve robustness of embedded watermark. Second
parameter with relation to duality of watermarked image is
used watermark. Modifying of spectral coefficients (and
image pixels) depends on amount of white pixels in water-
mark, because only white pixels create changes in image
by embedding of watermark. 

Obtained quality of watermarked images is described in
Tab.1, effect of thresholding to quality of extracted water-

mark is described in Tab.2. Threshold levels are denoted
with "l". Because we had not analyzed effect of lossy oper-
ations with watermarked images (i.e. robust analysis), we
were focused to lower thresholding levels and survey speed
of errors elimination in extracted watermarks. We retry

that threshold levels are defined in interval . Modi-

fications of watermarks which are produced by process of
embedding and extracting of watermarks are accrued
mainly in rounding of computed values and in produced
error during computation. 

Experimental comparing of both approaches of digital
watermarking shows that higher objective quality of
watermarked images (smaller errors MAE, MSE and
higher PSNR) produces using of Karhunen-Loeve trans-
form in watermark embedding, only one case - embedding

of watermark Wmark1 with the multiplying factor =2

gives in DCT approach higher watermarked image quality
(by using another original images and another watermarks
presented effect was not notable). 

Analogous, as objective watermarked image quality,
subjective image quality criteria to qualification of embed-
ding process are used. Examples of unwatermarked (origi-
nal) image and watermarked images in Fig. 7 are depicted.
For our examples we choose watermark Wmark2, because
this watermark produces more errors by its embedding into
an image - watermark Wmark2 contains more white pixels
(than watermark Wmark1) which cause them. The multi-

plying factor =4 was used by embedding of watermarks. 
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Òàáëèöà 1-Quality of watermarked images

QUALITY OF WATERMARKED IMAGES

MAE MSE PSNR

DCT 
method

KLT 
method

DCT 
method

KLT 
method

DCT 
method

KLT 
method

EINSTEIN

Wmark1

k = 2 0,0022 0,0065 0,0022 0,0115 74,682 67,510

k = 4 0,0700 0,0147 0,0702 0,0459 59,665 61,508

k = 6 0,1011 0,0224 0,1059 0,0985 57,883 58,196

Wmark2

k = 2 0,1888 0,0923 0,1888 0,1624 55,371 56,026

k = 4 0,5827 0,2004 0,7031 0,6342 49,660 50,109

k = 6 0,8848 0,3030 1,4210 1,3784 46,605 46,737

SAMUEL

Wmark1

k = 2 0,0023 0,0066 0,0023 0,0116 74,593 67,505

k = 4 0,0708 0,0148 0,0710 0,0460 59,617 61,503

k = 6 0,1021 0,0222 0,1070 0,0989 57,838 58,177

Wmark2

k = 2 0,1902 0,0926 0,1902 0,1620 55,338 56,035

k = 4 0,5870 0,2039 0,7086 0,6368 49,627 50,091

k = 6 0,8917 0,3073 1,4321 1,3839 46,571 46,720



89

M. Candik:  DISCRETE ORTHOGONAL TRANSFORMS IN DIGITAL IMAGE WATERMARKING

Òàáëèöà  2 Quality of extracted watermarks

Figure 7 - Quality of watermarked images 

a) original image EINSTEIN ; 
b) used watermark Wmark2; 
c) watermarked image, DCT method; 

d) watermarked image, KLT method;

e) original image SAMUEL; 
f) used watermark Wmark2; 
g) watermarked image, DCT method; 

h) watermarked image, KLT method.

QUALITY OF EXTRACTED WATERMARKS

Wmark1 Wmark2

DCT method KLT method DCT method KLT method

EINSTEIN

l = 0

MAE 0,0491 0,0959 0,1901 0,2808

201 393 779 1150

er 4,91 9,59 19,02 28,08

l = 0,15

MAE 0,0022 0,0024 0,0881 0,0999

9 10 361 409

0,22 0,24 8,81 9,99

l = 0,30

MAE 0,0015 0 0,0713 0,0034

6 0 292 14

0,15 0 7,13 0,34

l = 0,45

MAE 0 0 0,04565 0,0002

0 0 187 1

0 0 4,57 0,02

SAMUEL

l = 0

MAE 0,0447 0,0957 0,1901 0,2795

183 392 779 1145

4,47 9,57 19,02 27,95

l = 0,15

MAE 0,0007 0,0027 0,0867 0,1030

3 11 355 422

0,07 0,27 8,67 10,30

l = 0,30

MAE 0 0 0,0706 0,0020

0 0 289 8

0 0 7,06 0,20

l = 0,45

MAE 0 0 0,0457 0

0 0 187 0

0 0 4,57 0

ε
εr

ε

εr

ε
εr

ε
εr

ε
εr

ε
εr

ε
εr

ε
εr
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Figure 8 - Histogram's modifications by watermark embedding: 
a) histogram of the original image EINSTEIN;
b) differemce between unwatermarked and watermaked image histograms, image EINSTEIN, watermark Wmark1, DCT method;
c) differemce between unwatermarked and watermaked image histograms, image EINSTEIN, watermark Wmark1, KLT method;
d) differemce between unwatermarked and watermaked image histograms, image EINSTEIN, watermark Wmark2, DCT method;
e) differemce between unwatermarked and watermaked image histograms, image EINSTEIN, watermark Wmark2, KLT method;
f)  histogram of the original image SAMUEL;
g) differemce between unwatermarked and watermaked image histograms, image SAMUEL, watermark Wmark1, DCT method;
h) differemce between unwatermarked and watermaked image histograms, image SAMUEL, watermark Wmark1, KLT method;
i) differemce between unwatermarked and watermaked image histograms, image SAMUEL, watermark Wmark2, DCT method; 
j) differemce between unwatermarked and watermaked image histograms, image SAMUEL, watermark Wmark2, KLT method.

Some basic statistical properties of watermarked image
are visible on watermarked and unwatermarked image his-
tograms. In Fig. 8 are depicted histograms of both used
original images and accrued differences between unwater-
marked and watermarked images. Depicted dependencies
show that DCT approach in image watermarking creates
changes in a few levels of brightness in image, on the other
hand KLT approach creates important changes in reduced
amount of levels of brightness. Using of watermark with a
small amount of white pixels (pixels of modifications)
decreases possibilities of resolution and detection of used
method, because obtained dependencies in histogram dif-
ferences are similar. 

Second interested parameter in a watermarked image is
distribution of errors that are caused by watermark imple-
mentation. Fig.9 depicts examples of reflected errors dis-
tributions.

Fig.9 shows that distribution of errors depends on
number of white pixels in used watermark; higher amount

of white pixels produces more errors. Intensity of errors
depends on used multiplying factor that is used in process
of watermark embedding.

 Analogous, quality of extracted watermark must be
analyzed. Objective criteria MAE and MSE are identical
in case of binary images (watermarks). Practical criterion
for extracted watermark quality is amount of erroneous

watermark's pixels ( ), or relative amount of modified

watermark's pixels ( ) defined in (14). Quality of

obtained watermarks is described in Tab.2. 
Process of thresholding in process of watermark is

depicted in Fig. 10. Errors in watermark are produced dur-
ing computation, mainly in computation of inverse orthog-
onal transforms.

We remark that watermark is embedded into an image
in its permutation form and first step of extraction's proc-
ess is obtaining of permuted watermark. Examples of per-
muted watermarks are depicted in Fig.11 (permutation of
the original watermark, between any changes). 

ε
εr
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Figure 9 - Distribution of errors in watermarked images: 
a)original image EINSTEIN, watermark Wmark1, DCT method; 
b) original image EINSTEIN, watermark Wmark1, KLT method;
c)original image EINSTEIN, watermark Wmark2, DCT method; 
d) original image EINSTEIN, watermark Wmark2, DCT method;
e)original image SAMUEL, watermark Wmark1, DCT method; 
f) original image SAMUEL, watermark Wmark1, KLT method;
g)original image SAMUEL, watermark Wmark2, DCT method; 
h) original image SAMUEL, watermark Wmark2, KLT Metod.

Figure 10 - Process of watermark thresholding:           
a) l=0; b) l=0,01; c) l=0,04; d) l=0,25.

Figure 11 - Example of watermark permutation: 
a) permuted watermark Wmark1; 
b) original watermark Wmark11; 
c) permuted watermark Wmark2;
d) original watermark Wmark12.

CONCLUSION

In this paper some basic principles of digital watermark-
ing are presented. Presented methods use discrete orthogo-
nal transforms for watermark embedding and watermark
extracting too. The paper demonstrates basic properties of
digital watermarking based on discrete cosine transform
and Karhunen-Loeve transforms. Practical implementation
of watermark requires next analyze - analyze of robustness.
A robustness analyze is a large group of tests, which are
focused to immunity of embedded watermark in next
image processing operations, mainly loss operations of
watermarked image (loss compression techniques, image
quantization, noise, image filtering [5], etc.).

In proposed algorithms the original unmarked image is
required for watermark extraction. They are also more so-
phisticated algorithms in digital image watermarking that
not need original unmarked image for watermark extrac-
tion. 
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Â ñòàòüå ïðåäñòàâëåíà îñíîâíàÿ èíôîðìàöèÿ î ïðèíöèïå
âíåäðåíèÿ öèôðîâûõ "âîäÿíûõ çíàêîâ", îñíîâàííîì íà äèñê-
ðåòíûõ îðòîãîíàëüíûõ ïðåîáðàçîâàíèÿõ. Ïðåäñòàâëåíà
ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà ìåòîäîâ âíåäðåíèÿ "âîäÿ-
íûõ çíàêîâ" â öèôðîâûå èçîáðàæåíèÿ íà îñíîâå ïðåîáðàçî-
âàíèÿ Êàðóíåíà-Ëîýâà. Ýêñòðåìàëüíàÿ ïðîâåðêà ðåàëèçî-
âàíà íà ñòàòè÷åñêèõ èçîáðàæåíèÿõ â òîíàõ ñåðîãî
"Ýéíøòåéí" è "Ñýìþýëü".
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Zoran H. Peric, Danijela R. Aleksic

ASYMPTOTIC ANALYSIS OF NONUNIFORM POLAR QUANTIZATION

 The motivation for this work is maintaining high accuracy
of phase information that is required for some applications
such as interferometry and polarimetry, polar quantization
techniques as well as their applications in areas such as com-
puter holography, discrete Fourier transform encoding, and
image processing. In this paper the simple and complete
asymptotically analysis is given for a nonuniform polar quan-
tizer with respect to the mean-square error (MSE) i. e. granu-

lar distortion ( ). The equation for  is given in a

closed form. The goal of this paper is solving the quantization
problem in case of nonuniform polar quantizer and finding the
corresponding support region. We also gave the conditions for
optimum of the polar quantizer and optimal compressor func-
tion. The construction procedure is given for iid Gaussian
source

1 INTRODUCTION

Polar quantization techniques as well as their applica-
tions in areas such as computer holography, discrete Fur-
rier transform encoding, image processing and
communications have been studied extensively in the liter-
ature. Synthetic Aperture Radars (SARs) images can be
represented in the polar format (i. e., magnitude and phase
components) [4]. In the case of MSE quantization of a
symmetric two-dimensional source, polar quantization
gives the best result in the field of the implementation [4].
The motivation behind this work is to maintain high accu-
racy of phase information that is required for some applica-
tions such as interferometry and polarimetry, without
loosing massive amounts of magnitude information [4].

One of the most important results in polar quantization
are given by Swaszek and Ku who derived the asymptoti-
cally Unrestricted Polar Quantization (UPQ) [6].
Swaszek and Ku gave an asymptotic solution for this prob-
lem without a mathematical proof of the optimum and
using, sometimes, quite hard approximations, which limit
the application. Polar quantization consists of separate but
uniform magnitude and phase quantization, on N levels, so
that rectangular coordinates of the source (x,y) are trans-
formed into the polar coordinates in the following form:

r=(x2+y2)1/2, where r represents magnitude and  is
phase:

 

for I, II, III and IV quadrant.

The asymptotic optimal quantization problem, even for
the simplest case - uniform scalar quantization, is actually
nowadays [2]. In [8] the analysis of scalar quantization is
done in order to determine the optimal maximal ampli-
tude.

Swaszek and Ku [6] didn't consider the problem of find-
ing the optimal maximal amplitude, so-called, support
region. The approximation given by Swaszek and Ku for
the asymptotically Unrestricted Polar Quantization
(UPQ) [6]:

 .

This approximation for i=L is:

 

is not correct for Unrestricted Polar Quantization because

. That is the elementary reason for intro-
ducing support region ( ), where  is restricted

for the analysis of scalar quantization which is based on
using compressor function .

The support region for scalar quantizers has been found
in [8] by minimization of the total distortion D, which is a

combination of granular ( ) and overload (Do) distor-

tions, . The goal of this paper is solving the

quantization problem in the case of nonuniform polar
quantizer and finding the corresponding support region. It
is done by analytical optimization of the granular distor-
tion and numerical optimization of the total distortion.

In the paper Peric and Stefanovic [9] analyses are given
for optimal asymptotic uniform polar quantization. In this
paper the simple and complete asymptotical analyses are
given for a nonuniform polar quantizer with respect to the
mean-square error (MSE) i.e. granular distortion ( ).

We consider D as a function of the vector P=
whose elements are numbers of phase quantization levels at
the each magnitude level. Said by different words, each
concentric ring in quantization pattern is allowed to have a
different number of partitions in the phase quantizer (Pi)

when r is in the i-th magnitude ring. One Restricted Polar
Quantization (RPQ) must satisfy the constraint

  in order to use all of N regions for the quan-

tization. We prove the existence of one minimum and
derive the expression for evaluating Popt (r,m) for fixed
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values of reconstruction levels, decision levels and number
of levels L. We also gave the conditions for optimum of
the polar quantizer, optimal compressor function and opti-

mal numbers of levels. We derive   in a closed form.

We also gave the example of quantizer constructing for
a Gaussian source. This case has the importance because of
using Gaussian quantizer on an arbitrary source; we can
take advantage of the central limit theorem and the known
structure of an optimal scalar quantizer for a Gaussian ran-
dom variable to encode a general process by first filtering
it in order to produce an approximately Gaussian density,
scalar-quantizing the result, and then inverse-filtering to
recover the original [5]. Since each value in the complex
"image" is derived from linear combinations of echo data,
the central limit theorem can be invoked to assert the
probability density function of the real and imaginary
components of each pixel value in the complex image.
Probability density functions are Gaussian [4].

2 CONDITIONS FOR OPTIMALITY AND 
DESIGN OF NONUNIFORM POLAR QUAN-
TIZER

The transformed probability density function for the

Gaussian source is . With-

out loosing generality we assume that variance is:

.

We consider nonuniform polar quantizer with L magni-

tude levels and  phase reconstruction points at magni-

tude reconstruction level mi, . In order to

minimize the distortion we proceed as follows.
First we partition the magnitude range [0, rL+1] into

magnitude rings by L+1 decision levels r=(r1,…, rL+1) and

(0=r1<r2<…<rL<rL+1= ).

The magnitude reconstruction levels m=(m1,…, mL)

obviously satisfy (0<m1<m2<…<mL). Next we partition

each magnitude ring into Pi phase subdivisions. Let 

and  be two phase decision levels, and let  be j-

th phase reconstruction level for the i-th magnitude ring,

. Then ,

and .

The distortion D for UPQ (rL+1= ) is [6]:.

 Total distortion D, for RPQ (rL+1= ) is a combi-

nation of granulation and overload distortions D=Dg+Do:

.(6)

.(7)

We integrated (2) by , and get the equation for gran-

ular distortion:

  

,(8)

(where in sinc (x)=sin (x)/x); (2) we use:

 ,

 . (9)

From:  we can find  as:

. (10)

As final result, we find approximation for  as:

. (11)

We can obtain from High Resolution Theory [1] that
high values for R and critical values for Pi satisfy given

approximation.

The equation for  is obtained by using High Resolution

Theory [1].

 . (12)

We prove that the problem of minimizing the (P) is

a convex programming problem. Function (P) is con-

vex if its Hessian matrix is the positive semidefinite one
[3, p27].
From we obtain:

,

 

(13)

it follows that (P) is a convex function of P.
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The optimization problem for polar quantizer can be for-
mulated in this way: it is necessary to find partial deriva-
tions of (P). Than, we can use the equation:

, where  represents Lagrange multi-

plier.  From  we obtain:

,

and finally:

. (14)

The approximation given by Swaszek and Ku for the
asymptotically Unrestricted Polar Quantization (UPQ)
[6]:

(15)

is not correct for Unrestricted Polar Quantization because

. That is the elementary reason for intro-
ducing support region ( ), where  is restricted
for the scalar quantization analysis, which is based on
using compressor function g.

We replaced , where  is compressor

function, and approximate the sums by integrals

( ), and we get  as:

. (16)

As final result, we find the equation for granular distor-
tion:

 

 

. (17)

The function  is convex of , because

. The optimal number of

levels problem can be solved analytically only for the

asymptotical analysis as it is suggested: from the condition

  we came to the optimal solution for Lopt:

 . (18)

The optimal granular distortion is:

. (19)

We can obtain  like in [6] by using Holder's ine-

qual ity:

(20)

and

 . (21)

For =   RPQ is transformed in UPQ and we get

same distortion as in [6].
Example:
We compared results for Gaussian source. Numbers of

magnitude levels and reconstruction points, reconstruction
points and decision levels are calculated by using [6]:,

, (22)

, (23)

, (24)

 , (25)

 is a compressor function given by:

 .

Method presented in the paper [6] cann't be applied for
some values of N and numbers of level L. For number of

level L, the total number of points is in the range ( ),
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This follows from the fact that r and m are equal for
any N in the range (N1-N2), and since Popt is dependent

of m, N and introduced approximations, then 

will not be satisfied. In addition, for some values of N

from the former range, we cannot reach .

For Gaussian source is:

, .

For estimation of  we gave following approxima-

tion: we found the total number of points [6] as:

.

We considered the most critical values for N=

and N=   where . (see Table 1.)

By Swaszek and Ku [6] for each L=const, m and r are

equal. For N=N1=221 L=11 =232,84, and

=11,84; and for N=N2=264 L=11, =254,48,

=9,52.
For Piopt=round (Pi) we can't satisfy constraint

. The difference cann't be compensated by

rounding   or .

For N=256 we get following results: ;

; ;  (see Table 2.

We get eleven values for Pi by rounding, but eight of

them are different from values in [6].
The optimal numbers of phase levels in each ring were

found by evaluating Pi at the L magnitude decision levels,

again taking the nearest integer values. If a specific value
of N is desired, the Pi values can be adjusted (rounded up

or down) to sum to N exactly, in order to minimize .

Exact optimal value for  is obtained by repeating our

optimization method for different  and choosing the

values for which D= +Do is minimal.
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Table 1

L     

11 221 264 10,26 11,24

23 1013 1104 22,26 23,25

45 3961 4140 44,25 45,25

91 16381 16744 90,25 91,25

181 65161 65884 180,25 181,25
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Dg

maxr

maxr

Dg

 1N  2N δ1 δ2

Table 2

riopt miopt  [6] opt Pi [6] Popt Preal

0 0,1135 0,2278 0,2272 3,2192 3 3,2685

0,2273 0,3419 0,2312 0,2302 9,5798 10 9,7209

0,4576 0,5749 0,2376 0,2364 15,6913 16 15,9147

0,6941 0,8159 0,2481 0,2465 21,3603 22 21,6616

0,9409 1,0695 0,2638 0,2617 26,3733 27 26,7468

1,2028 1,3417 0,2867 0,2841 30,466 31 30,9102

1,4873 1,6413 0,3215 0,3176 33,3000 34 33,8161

1,8058 1,9834 0,377 0,3709 34,4023 35 34,9966

2,1782 2,3963 0,4771 0,4650 33,0337 34 33,7276

2,6473 2,9488 0,7112 0,6726 27,8550 29 28,6924

3,3379 3,9219 1,5513 15,33 16 16,5446

i∆ i∆

∞
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3 CONCLUSION

Swaszek and Ku gave an asymptotic solution for unre-
stricted nonuniform polar quantization without a mathe-
matical proof of the optimum and using, sometimes, quite
hard approximations, which limit the application. We gave
elementary reasons for consideration of Restricted Polar
Quantization. In this paper the simple and complete
asymptotical optimal analysis is given for constructing
nonuniform restricted polar quantizer. We also gave the
conditions for optimality of the nonuniform polar quan-
tizer. We gave an equation for optimal number of points
for different levels and also, optimal number of levels. The

equation for   is given in a closed form. We gave the

asymptotically optimized equations that can be used for
each N. The solutions for these equations always satisfy

the constraint: .
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Íàä³éøëà 08.08.2003

Ïîâûøåíèå òî÷íîñòè ôàçîâîé èíôîðìàöèè, òðåáóåìîé â
èíòåðôåðîìåòðèè è ïîëÿðèìåòðèè è èõ ïðèëîæåíèÿõ â
êîìïüþòåðíîé îáðàáîòêå ñèãíàëîâ.

ÓÄÊ 681.5

À.Å. Àðõèïîâ, Å.À. Áàáåíêî

ÑÌÅÙÅÍÈÅ ÎÖÅÍÎÊ ÄÈÑÏÅÐÑÈÈ ÎÖÅÍÎÊ,                    
ÏÎËÓ×ÀÅÌÛÕ Ñ ÏÎÌÎÙÜÞ ÑÊÎËÜÇßÙÅÃÎ ÊÎÍÒÐÎËß

Â ðàáîòå ïîêàçàíî, ÷òî îöåíêà äèñïåðñèè îöåíêè ìåòîäà
íàèìåíüøèõ êâàäðàòîâ, ïîëó÷àåìàÿ ñ ïîìîùüþ âàðüèðîâà-
íèÿ âûáîðêè ïî ìåòîäó ñêîëüçÿùåãî êîíòðîëÿ, ìîæåò áûòü
ñêîëü-óãîäíî ñèëüíî ñìåù¸ííîé, ïðè÷¸ì îòíîñèòåëüíîå
ñìåùåíèå âñåãäà áåñêîíå÷íî âîçðàñòàåò ñ ðîñòîì îáú¸ìà
âûáîðêè.

ÂÂÅÄÅÍÈÅ

Âàðüèðîâàíèå âûáîðêè ïðèìåíÿåòñÿ ïðè ðåøåíèè
çàäà÷ èäåíòèôèêàöèè (ñì., íàïðèìåð, [1-9]), îáó÷åíèÿ
ðàñïîçíàâàíèþ îáðàçîâ, èíòåðïðåòàöèè ðåçóëüòàòîâ êîñ-
âåííûõ ýêñïåðèìåíòîâ ([2, 3]) è äðóãèõ çàäà÷,
ñâîäÿùèõñÿ ê çàäà÷å ìèíèìèçàöèè ñðåäíåãî ðèñêà ïî
ýìïèðè÷åñêèì äàííûì. Îäíèì èç ñòàíäàðòíûõ ïðèìåíå-
íèé âàðüèðîâàíèÿ âûáîðêè ÿâëÿåòñÿ ïîñòðîåíèå ïñåâäî-
âûáîðîê, ñòàòèñòè÷åñêè îäíîðîäíûõ ñ èñõîäíîé âûáîð-
êîé è ïðèìåíÿåìûõ äëÿ îöåíêè êà÷åñòâà ïðîöåäóðû
èäåíòèôèêàöèè: ìåðîé êà÷åñòâà, íàðÿäó ñ ïðî÷èìè ïîêà-
çàòåëÿìè, ÿâëÿåòñÿ áëèçîñòü çíà÷åíèé îöåíîê ïàðàìåò-
ðîâ, ïîëó÷åííûõ íà ðàçíûõ ïñåâäîâûáîðêàõ. Äåéñòâè-
òåëüíî, óñòîé÷èâàÿ ïðîöåäóðà èäåíòèôèêàöèè äîëæíà
íà áëèçêèõ (ïñåâäî)âûáîðêàõ äàâàòü áëèçêèå îöåíêè ïà-
ðàìåòðîâ. Äëÿ ðåàëèçàöèè òàêîãî ìåòîäà îöåíêè êà÷å-
ñòâà íåîáõîäèìû íàä¸æíûå ìåòîäû ãåíåðàöèè ïñåâäîâû-
áîðîê ñ òðåáóåìûìè ñâîéñòâàìè.

Ðàçëè÷íûìè ñïåöèàëèñòàìè ðàçðàáîòàíû è ïðèìåíÿ-
þòñÿ ðàçíîîáðàçíûå ïî ñâîèì ïðèíöèïàì è ñâîéñòâàì
ìåòîäû âàðüèðîâàíèÿ âûáîðêè, ïîçâîëÿþùèå ñ òîé èëè
èíîé òî÷íîñòüþ ðåøàòü îïðåäåë¸ííûå ïðèêëàäíûå çàäà-
÷è, âîçíèêàþùèå â èíæåíåðíîì äåëå, ìåäèöèíå, áèîëî-
ãèè, ñîöèàëüíîé, ýêîíîìè÷åñêîé, ýêîëîãè÷åñêîé è äðó-
ãèõ ïðåäìåòíûõ îáëàñòÿõ. Ïðè ýòîì â ëèòåðàòóðå êðàéíå
ðåäêè ñâåäåíèÿ, êàñàþùèåñÿ ñâîéñòâ ñàìèõ ìåòîäîâ è
äîñòîâåðíîñòè ðåçóëüòàòîâ, ïîëó÷àåìûõ ñ èõ ïîìîùüþ.
Ñ öåëüþ ñîêðàùåíèÿ äàííîãî ïðîáåëà â íàñòîÿùåé ðàáî-
òå ïîêàçàíî, ÷òî îöåíêà äèñïåðñèè îöåíêè ìåòîäà íàè-
ìåíüøèõ êâàäðàòîâ (ÌÍÊ), ïîëó÷àåìàÿ ñ ïîìîùüþ
âàðüèðîâàíèÿ âûáîðêè ïî ìåòîäó ñêîëüçÿùåãî êîíòðîëÿ,
ìîæåò áûòü ñìåù¸ííîé, ïðè÷¸ì îòíîñèòåëüíîå ñìåùåíèå
âñåãäà áåñêîíå÷íî âîçðàñòàåò ñ ðîñòîì îáú¸ìà âûáîðêè.

Îñîáûé èíòåðåñ ýòî ÿâëåíèå ïðåäñòàâëÿåò â ñâÿçè ñ
èçëîæåííûì â [3] ðåçóëüòàòîì î íåñìåù¸ííîñòè îöåíêè
ñðåäíåêâàäðàòè÷íîãî ðèñêà (â íåêîòîðîì ñëó÷àå), ïîëó-
÷àåìîé ïî ìåòîäó ñêîëüçÿùåãî êîíòðîëÿ.

Äëÿ ïðîñòîòû âûêëàäîê ðàññìîòðèì îäíîïàðàìåòðè-
÷åñêóþ ìîäåëü

.

Øóì  ñ÷èòàåì öåíòðèðîâàííûì, ñ íåçàâèñèìûìè
ìåæäó ñîáîé è ñ  êîìïîíåíòàìè, . Êîìïîíåí-
òû ñëó÷àéíîãî âåêòîðà  òàêæå ñ÷èòàåì íåçàâèñèìûìè.
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Ïóñòü   - èñõîäíàÿ âûáîðêà, 

- îöåíêà ïàðàìåòðà  ïî ìåòîäó íàèìåíüøèõ êâàäðàòîâ.

Ðàññìîòðèì îöåíêó äèñïåðñèè îöåíêè , ïîëó÷àåìóþ

ñ ïîìîùüþ ìåòîäà ñêîëüçÿùåãî êîíòðîëÿ , è íàé-

ä¸ì ñìåùåíèå ýòîé îöåíêè îòíîñèòåëüíî äèñïåðñèè îöåí-

êè , âû÷èñëÿåìîé íà ìíîæåñòâå åñòåñòâåííûõ âûáî-
ðîê. Âñ¸ ýòî íóæíî ïðîäåëàòü â ñðåäíåì.

Äëÿ òîãî, ÷òîáû âåëè÷èíû  è  áûëè

îïðåäåëåíû, ðàñïðåäåëåíèÿ ñëó÷àéíûõ âåëè÷èí  è 
äîëæíû îáëàäàòü îïðåäåë¸ííûìè ñâîéñòâàìè, êîòîðûå
áóäóò óñòàíîâëåíû ïî õîäó ðàññìîòðåíèÿ.

1  ÏÎßÑÍÅÍÈÅ Ê ÈÑÏÎËÜÇÓÅÌÎÉ 
ÑÒÀÒÈÑÒÈ×ÅÑÊÎÉ ÑÕÅÌÅ

Ïðåæäå, ÷åì ïåðåéòè ê îñíîâíîìó èçëîæåíèþ, îñòà-
íîâèìñÿ íà îäíîé íåòðàäèöèîííîé êîíöåïöèè, èñïîëüçó-
åìîé â íàñòîÿùåé ðàáîòå: ôàêòîðû  ñ÷èòàþòñÿ ñëó÷àé-
íîé âåëè÷èíîé.

Â êëàññè÷åñêîé ñòàòèñòèêå (â ðàçäåëàõ, íå ñâÿçàííûõ
ñ ðàñïîçíàâàíèåì îáðàçîâ, ïðèíÿòèåì ñòàòèñòè÷åñêèõ ðå-
øåíèé è òîìó ïîäîáíûõ), êàê ïðàâèëî, èíôîðìàöèîí-

íàÿ ìàòðèöà  ñ÷èòàåòñÿ âåëè÷èíîé äåòåðìèíèðî-
âàííîé, ïîýòîìó òàêàÿ ñòàòèñòè÷åñêàÿ ñõåìà, îáû÷íî,
òðåáóåò ïîÿñíåíèé. Îíà íå íîâà è ÿâëÿåòñÿ îñíîâîé, íà-
ïðèìåð, ïðèâåä¸ííûõ â ñïèñêå ëèòåðàòóðû ðàáîò
Àðõèïîâà À.Å., à òàêæå ìîíîãðàôèÿõ [3,6,10]. Â [3,
ãë.1] ïîñòàíîâêà çàäà÷è íà÷èíàåòñÿ òàê: "Â íåêîòîðîé
ñðåäå, êîòîðàÿ õàðàêòåðèçóåòñÿ ïëîòíîñòüþ ðàñïðåäåëå-

íèÿ âåðîÿòíîñòåé , ñëó÷àéíî è íåçàâèñèìî ïîÿâëÿ-
þòñÿ ñèòóàöèè . Òàêàÿ ïîñòàíîâêà ìîæåò ñâÿçûâàòüñÿ,
â ÷àñòíîñòè, ñî ñëåäóþùèìè ïðè÷èíàìè.

Âî-ïåðâûõ, â íåêîòîðûõ ñëó÷àÿõ çíà÷åíèÿ ôàêòîðîâ
äåéñòâèòåëüíî íå ïîääàþòñÿ ðåãóëèðîâêå. Ïî ôèçè÷åñ-
êîé òåðìèíîëîãèè, ýòî èìååò ìåñòî âî âñÿêîì íàáëþäå-
íèè, à íå îïûòå (ýêñïåðèìåíòå).

Âî-âòîðûõ, çàäà÷à èäåíòèôèêàöèè ìîäåëåé ÷àñòî ñâî-
äèòñÿ ê çàäà÷å ìèíèìèçàöèè ñðåäíåãî ðèñêà. Åñëè îïûò
èëè íàáëþäåíèå èìåþò ñìûñë íå òîëüêî ïðè îäíîì-

åäèíñòâåííîì çíà÷åíèè èíôîðìàöèîííîé ìàòðèöû , íî

íà ìíîæåñòâå òàêîâûõ , òî ñðåäíèé ðèñê òàêæå äîëæåí

ìèíèìèçèðîâàòüñÿ íà ìíîæåñòâå . Ïðîñòåéøåå ïðî-

äîëæåíèå òàêîé ïîñòàíîâêè: ðàññìîòðåíèå  êàê

ñëó÷àéíîé âåëè÷èíû ñ íåêîòîðûì ðàñïðåäåëåíèåì. Åñëè

ê ýòîìó äîáàâèòü óñëîâèå íåçàâèñèìîñòè ýëåìåíòîâ ,
òî òàêàÿ ïîñòàíîâêà ðàâíîñèëüíà ðàññìîòðåíèþ ñòðîêè

 êàê ñëó÷àéíîé âåëè÷èíû ñ íåêîòîðûì ðàñïðåäåëåíèåì

(÷àñòíûì ðàñïðåäåëåíèåì ).

Ñîîòâåòñòâåííî, îöåíêà  ÿâëÿåòñÿ ôóíêöèåé äâóõ

ñëó÷àéíûõ âåëè÷èí  è , ÷òî ïðîÿâëÿåòñÿ âî âñåõ

äàëüíåéøèõ âû÷èñëåíèÿõ. Ïðè òàêîì ðàññìîòðåíèè 

èíîãäà íàçûâàþò ïîëíîé äèñïåðñèåé îöåíêè , â òî

âðåìÿ, êàê äèñïåðñèþ îöåíêè  ïðè

äåòåðìèíèðîâàííîì , âîçíèêàþùóþ òîëüêî çà ñ÷¸ò

øóìà â , èíîãäà íàçûâàþò óñëîâíîé äèñïåðñèåé. Â
íàñòîÿùåé ðàáîòå âåçäå èññëåäóþòñÿ "ïîëíûå"
âåëè÷èíû.

2 ÑÌÅÙÅÍÈÅ ÎÖÅÍÎÊ ÄÈÑÏÅÐÑÈÈ 
ÎÖÅÍÎÊ ÌÍÊ, ÏÎËÓ×ÀÅÌÛÕ Ñ ÏÎÌÎÙÜÞ 
ÑÊÎËÜÇßÙÅÃÎ ÊÎÍÒÐÎËß

2.1Ñíà÷àëà âû÷èñëèì  ïðè ïðîèçâîëüíîì

êîëè÷åñòâå åñòåñòâåííûõ âûáîðîê .

,

ãäå  - ñðåäíåå âåëè÷èí , :

.

Êàê èçâåñòíî èç îáùåé òåîðèè,  ÿâëÿåòñÿ

íåñìåù¸ííîé îöåíêîé , òî åñòü .

Â ñèëó íåçàâèñèìîñòè  è ,

,

ïîýòîìó

(1)

Íà ñëó÷àéíóþ âåëè÷èíó  íóæíî íàëîæèòü óñëîâèå:

ñóùåñòâîâàíèå . Áåç ýòîãî  ìîæåò íå

ñóùåñòâîâàòü, êàê âèäíî èç (1).
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Ïóñòü  - ðàñïðåäåëåíèå ñëó÷àéíîé âåëè÷èíû ,   

- ïðåîáðàçîâàíèå Ëàïëàñà . Òîãäà  áóäåò ïðåîáðà-

çîâàíèåì Ëàïëàñà ðàñïðåäåëåíèÿ ñëó÷àéíîé âåëè÷èíû 

.

Èç ñóùåñòâîâàíèÿ  âûòåêàåò ñóùåñòâîâàíèå

, à èç ïîñëåäíåãî ïî ëåììå 1 ñëåäóåò, ÷òî

. (2)

Òàêèì îáðàçîì, ïðè íàëîæåííûõ îãðàíè÷åíèÿõ

. (3)

2.2 Òåïåðü âû÷èñëèì . Àíàëîãè÷íî ,

,

ãäå  - çíà÷åíèå ñòàòèñòèêè , âû÷èñëåííîé íà

âûáîðêå áåç  -ãî ýëåìåíòà,

.

Çàìåòèì, ÷òî â îáùåì ñëó÷àå ðàâåíñòâî

 ìåñòà íå èìååò. Ýòî ëåãêî óñòàíàâëèâà-
åòñÿ íà ïðîñòåéøåì êîíòð ïðèìåðå

 .

.

Â ñèëó îäèíàêîâîé ðàñïðåäåë¸ííîñòè ïñåâäîâûáîðîê âå-

ëè÷èíà   íå çàâèñèò îò , ïîýòîìó

. (4)

 

Â ñèëó îäèíàêîâîé ðàñïðåäåë¸ííîñòè ïñåâäîâûáîðîê

âåëè÷èíà  íå çàâèñèò îò , à âåëè÷èíà

 - îò  è  ïðè , ïîýòîìó

Ïîäñòàâëÿÿ ïîñëåäíåå âûðàæåíèå â (4), ïîëó÷àåì:

. (5)

Ïðåîáðàçóåì ïîñëåäíåå âûðàæåíèå òàê, ÷òîáû

 ÿâíî âûðàæàëîñü ÷åðåç  ïðîñòåéøèì

îáðàçîì. Ïóñòü , , , , , îáîçíà÷àþò -

þ ïñåâäîâûáîðêó, ïîëó÷àåìóþ èçúÿòèåì -ãî ýëåìåíòà

èç èñõîäíûõ âûáîðîê , , ,  ñîîòâåòñòâåííî.
Òîãäà, àíàëîãè÷íî (1), ïîëó÷àåì:
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(6)

(7)

Ïîäñòàâëÿÿ (6) è (7) â (5), ïîëó÷àåì:

.

2.3. Òåïåðü îöåíèì ñìåùåíèå îöåíêè . Äëÿ

ýòîãî îöåíèì ñâåðõó îòíîøåíèå  è ïîêàæåì, ÷òî

ýòà âåëè÷èíà ìîæåò áûòü ðàâíà íóëþ.

.

Â ñèëó íåðàâåíñòâà Øâàðöà, íåçàâèñèìîñòè

ñëó÷àéíûõ âåëè÷èí  è  è îäèíàêîâîé
ðàñïðåäåë¸ííîñòè ïñåâäîâûáîðîê,

(8)

Äàëåå ê ïðàâîé ÷àñòè (8) ïðèìåíÿåì ëåììó 1 (ñì.
Ïðèëîæåíèå). Ïðåîáðàçîâàíèå Ëàïëàñà ðàñïðåäåëåíèÿ

ñëó÷àéíîé âåëè÷èíû  ðàâíî .

Ñîãëàñíî ëåììå 1,

  .

Ïîäñòàâëÿÿ ïîñëåäíåå âûðàæåíèå â (8), ïîëó÷àåì:

Äîëæåí ñóùåñòâîâàòü ÷åòâ¸ðòûé ìîìåíò . Òîãäà èç
ïîñëåäíåãî âûðàæåíèÿ è (3) ïîëó÷àåì:

. (9)

Îòñþäà âèäíî, ÷òî îöåíêà  áóäåò ñìåù¸ííîé

âñÿêèé ðàç, êîãäà ïðàâàÿ ÷àñòü ïîñëåäíåãî íåðàâåíñòâà
ìåíüøå 1.

2.4. Ðàññìîòðèì îáùèé ñëó÷àé è ïîêàæåì, ÷òî

  

âñåãäà, ëèøü òîëüêî ñóùåñòâóþò êîíå÷íûå  è

. Äëÿ ýòîãî äîêàæåì, ÷òî ïðè äàííûõ óñëîâèÿõ
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x̃1
* x̃1x̃2

* x̃2

--------------------------------------------------------------------- =

=M
x̃1
* x̃1α x̃1
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Ïóñòü  çàäàíî. Òîãäà íåîáõîäèìî íàéòè òàêîå

, ÷òî

,

èëè

.

Òàê êàê  - ìîíîòîííî óáûâàþùàÿ ôóíêöèÿ è

, à  - ìîíîòîííî âîçðàñòàþùàÿ, òî ìîæíî

íàéòè òàêèå ÷èñëà  è , ÷òî  ïðè

. Òîãäà

è, ñîãëàñíî ëåììå 2, (ïîëîæèâ ) ìîæíî íàéòè

òàêîå , ÷òî äëÿ êàæäîãî  çíà÷åíèå ïîñëåäíåãî
âûðàæåíèÿ íåîòðèöàòåëüíî, ÷òî è òðåáîâàëîñü.

ÇÀÊËÞ ×ÅÍÈÅ

1. Îöåíêà äèñïåðñèè îöåíêè ìåòîäà íàèìåíüøèõ
êâàäðàòîâ, ïîëó÷àåìàÿ ñ ïîìîùüþ âàðüèðîâàíèÿ
âûáîðêè ïî ìåòîäó ñêîëüçÿùåãî êîíòðîëÿ, ìîæåò èìåòü
ñêîëü-óãîäíî áîëüøîå ñìåùåíèå ïðè ëþáîì îáú¸ìå
âûáîðêè.

2. Ñ ðîñòîì îáú¸ìà âûáîðêè îòíîñèòåëüíîå ñìåùåíèå
óêàçàííîé îöåíêè áåñêîíå÷íî âîçðàñòàåò.

3. Ýòè äâà ôàêòîðà â ñî÷åòàíèè ñ ðåçóëüòàòàìè [6]
ñâèäåòåëüñòâóþò â ïîëüçó òîãî, ÷òî â òåõ ñëó÷àÿõ, êîãäà
ïðèìåíèìû îáà ìåòîäà: ñêîëüçÿùèé êîíòðîëü è
âàðüèðîâàíèå ñòðîê ìàòðèöû, ïðåäïî÷òåíèå ñëåäóåò
îòäàâàòü ïîñëåäíåìó.

ÏÐÈËÎÆÅÍÈÅ

Â ëåììå çàïèñü  îçíà÷àåò, ÷òî ëèáî  è  -

ðàâíûå äåéñòâèòåëüíûå ÷èñëà, ëèáî .
Ëåììà 1.Ïóñòü - íåîòðèöàòåëüíàÿ ñëó÷àéíàÿ âåëè-

÷èíà ñ ðàñïðåäåëåíèåì ,  - ïðåîáðàçîâàíèå Ëàïëàñà

,  - öåëîå ïîëîæèòåëüíîå ÷èñëî. Òîãäà

.

Äîêàçàòåëüñòâî

.

Ïîâòîðíûé èíòåãðàë â ïðàâîé ÷àñòè ïîñëåäíåãî
ðàâåíñòâà ñõîäèòñÿ òîãäà è òîëüêî òîãäà, êîãäà ñõîäèòñÿ

èíòåãðàë , ïîëó÷åííûé ïåðåìå-

íîé ïîðÿäêà èíòåãðèðîâàíèÿ, è â ýòîì ñëó÷àå èõ çíà÷å-
íèÿ ðàâíû - ïîäûíòåãðàëüíàÿ ôóíêöèÿ ïîëîæèòåëüíà, è,
ñëåäîâàòåëüíî, åñëè êàêîé-ëèáî èç ïîâòîðíûõ èíòåãðà-
ëîâ ñõîäèòñÿ, òî îí ñõîäèòñÿ àáñîëþòíî. Òàêèì îáðàçîì,

Ëåììà äîêàçàíà.
Ëåììà 2.Ïóñòü  - ïðåîáðàçîâàíèå Ëàïëàñà íåêîòî-

ðîãî ðàñïðåäåëåíèÿ âåðîÿòíîñòåé, ïðè÷¸ì 

êîíå÷íî. Òîãäà äëÿ êàæäûõ  è 

. (10)

Äîêàçàòåëüñòâî. Ïîêàæåì, ÷òî ëåâàÿ ÷àñòü èñêîìîãî
íåðàâåíñòâà îãðàíè÷åíà îäíîé áåñêîíå÷íî óáûâàþùåé
ãåîìåòðè÷åñêîé ïðîãðåññèåé ñíèçó, à ïðàâàÿ ÷àñòü
äðóãîé - ñâåðõó òàê, ÷òî çíàìåíàòåëü ïåðâîé ïðîãðåññèè
áîëüøå çíàìåíàòåëÿ âòîðîé. Èç ýòîãî íåìåäëåííî
ïîñëåäóåò èñêîìîå óòâåðæäåíèå.

. (11)

Òåïåðü ðàññìîòðèì . Ïî óñëîâèþ,

êîíå÷íî, ïîýòîìó  - êîíå÷íàÿ

àáñîëþòíî íåïðåðûâíàÿ ìåðà íà , è

ïîýòîìó

. (12)
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Ïðàâàÿ ÷àñòü ïîñëåäíåãî íåðàâåíñòâà - áåñêîíå÷íî
óáûâàþùàÿ ãåîìåòðè÷åñêàÿ ïðîãðåññèÿ ñî çíàìåíàòåëåì

, ïðàâàÿ ÷àñòü (11) - áåñêîíå÷íî óáûâàþùàÿ ãåî-

ìåòðè÷åñêàÿ ïðîãðåññèÿ ñî çíàìåíàòåëåì .

 - ïðåîáðàçîâàíèå Ëàïëàñà ðàñïðåäåëåíèÿ âåðîÿòíî-

ñòåé, ïîýòîìó  òîãäà è òîëüêî òîãäà, êîãäà

. Â ýòîì ñëó÷àå  ðàñõîäèòñÿ,

÷òî ïðîòèâîðå÷èò óñëîâèþ, ïîýòîìó . Ñëå-

äîâàòåëüíî,

,

îòñþäà, â ñèëó (11) è (12), ïîëó÷àåì (10).
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ííÿ çàâæäè íåñê³í÷åííî çðîñòàº ç ðîñòîì îá'ºìó âèá³ðêè.

The possibility of any large discrepancy of the jackknife
estimations of the deviation least squares method estimations
is shown in the paper, furthermore relative discrepancy grows
infinitely always when the size of a selection grows.

ϕ h( )

ϕ h
2
---

 
 

ϕ

ϕ h
2
---

 
  ϕ h( )=

ϕ ϕ 0( )≡ 1= λϕ λ( ) λd
0

h

∫

ϕ h
2
---

 
  ϕ h( )>

K k K
h
2
---ϕ

k h
2
---

 
    ∆

ϕk λ( )
--------------H h +∞ )ϕk h( ),[≥≥∀∃



102

ÍÅÉÐÎ²ÍÔÎÐÌÀÒÈÊÀ ÒÀ ²ÍÒÅËÅÊÒÓÀËÜÍ² ÑÈÑÒÅÌÈ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 2, 2003

ÍÅÉÐÎ²ÍÔÎÐÌÀÒÈÊÀ                  
ÒÀ ²ÍÒÅËÅÊÒÓÀËÜÍ² ÑÈÑÒÅÌÈ

ÍÅÉÐÎÈÍÔÎÐÌÀÒÈÊÀ                 
È ÈÍÒÅËÅÊÒÓÀËÜÍÛÅ ÑÈÑÒÅÌÛ

NEUROINFORMATICS                 
AND INTELLIGENT SYSTEMS

 ÓÄÊ 004.93:007]

E.V. Tumilo-Denisovich 

                    CRITERION OF INFORMATIVENESS "P - M"                   
IN PATTERN RECOGNITION

This paper is concerned with examination of relatively new
criterion for solving pattern recognition problem. It turns out
that this criterion generalizes Bayesian approach. This crite-
rion has a simple form, clear practical sense and is intuitively
obvious, also can be used in multivariant prediction tasks.

INTRODUCTION

Let us consider the pattern recognition problem in the
following state:

Dx - heterogeneous dimension of values of some key

characteristics. Dy - dimension of patterns. The joint dis-

tribution Pxy is known. The task is to obtain optimal deci-

sion rule that is acting from Dx into Dy.

In practice, usually, the joint distribution is unknown.
In this case decision rule is constructed by sample. Never-
theless for simplicity of statement, further we will con-
sider that joint distribution Pxy is known. All

argumentations remain correct if we will replace Pxy by its

sample analogue.
Bayesian approach: The sense of this approach consists

in minimization of the error probability. In that way for
each point x Dx the chosen pattern y* is defined: P

(y*|x)=max P(y|x). It is well known, that Bayesian
approach is the best among others.

Criterion "P - ": The meaning of the value P - 

characterizes informativeness of probabilistic statement
about some event. It takes into account statements cer-
tainty degree (P - probability of event) and precision (the
value, inverse to  - normalized (probabilistic) measure of

the event in the events dimension). The statement is more

informative, when its certainty and precision are high. The
most informative statement is the most certain (P=1) and
the most precise ( =0).

For any given distribution P value of functional
(P)=sup {P(A)- (A)| A Dy} can be used as character-

istic of deviation of distribution P from uniform distribu-
tion, which is considering as the worst in forecasting
("total chaos"). The functional (P) - informativeness of
distribution P - is special case of the total variation dis-
tance between distribution P and uniform distribution.

This criterion is used for selection of the most informa-
tive statement among many. (See [2]). Thus, if random
variable  has distribution P, then the most informative
statement for describing this variable is the following:

 lies in A* with probability P*, 

where A*=arg sup(P (A)- (A)), P*=P(A*).

2-PATTERNS RECOGNITION

Dy={1,2}. P1 and P2 - prior probabilities of patterns 1

and 2, p (x|1) and p (x|2) - conditional densities.
Here we consider that conditional distributions have

densities. In a case, if Dx or its subdimensions are discrete,

then integrals are obviously replaced by sums and densities
are replaced by probability values.

The task is to divide Dx for two subsets: Ex
1 - domain

for the first pattern and Ex
2 - domain for the second one

(Ex
1  Ex

2 = Dx and Ex
1  Ex
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Bayesian approach:

Ex
1={x | p (x|1) P1 p (x|2) P2}={x | P(1|x) P (2|x)}

Ex
2={x | p (x|1) P1 p (x|2) P2}={x | P (1|x) P (2|x)}

Figure1- Bayesian decision rule.

Criterion "P- ": 

Ex
1={x | P (1|x)  1/2}={x | P (1|x) ³ P (2|x)}

Ex
2={x | P (2|x)> 1/2}={x | P (1|x)<P (2|x)}

As we see, these approaches are absolutely equivalent
for 2-patterns recognition.

3-PATTERNS RECOGNITION

The following scheme is easily generalized for any finite
number of patterns.

Classical pattern recognition solves a problem of predic-
tion of the only one pattern. In this case, obviously, crite-
rion "P - " is equivalent to Bayesian approach:

Ex
1={x | 1=arg max P (i|x)}

Ex
2={x | 2=arg max P (i|x)}

Ex
3={x | 3=arg max P (i|x)}

However, often it's more efficiently to let to predict a
set of patterns. For example, let

P (1|x0)=0.41,

P (2|x0)=0.2,

P (3|x0)=0.39, for some point x0.

Bayesian approach gives decision rule "if x=x0, then

y=1 with probability 0.41". The error probability equals to
0.59. But it seems to be reasonable, that the first and the
third patterns are hardly distinguishable and they should
be merged into one. The new rule "if x=x0, then y=(1 or 3)

with probability 0.8" is more informative and has less error
probability. (For more detailed criticism of univariant pre-
dictions and transition to multivariant predictions, see [1,
2]. Also, [3] introduces detailed definitions for multivari-
ant predictions).

So, let us restate the task. We will predict not only one
pattern, but a set of patterns. Within this formulation
Bayesian approach doesn't work properly: due to minimiza-
tion of error probability it gives trivial decision rule "any-

thing goes with probability 1". It is necessary to impose
some penalties for each pattern used.

Criterion "P - " is more suitable for the new task. As

above, Ex
1 - domain for first pattern, Ex

2 - for the second

and Ex
3 - for the third. Also Ex

12 - domain for both first

and second patterns, Ex
13 - for the first and the third, Ex

23

- fir the second and the third.

 

So, for each x Dx the optimal set of patterns in Dy con-

sists of patterns, for which conditional probability is
greater then probability according to uniform distribution.
It is quite reasonable to call "P - " criterion a generaliza-

tion of Bayesian approach.

OBSERVATIONS

Normalization

In a case of k patterns, maximal possible informative-
ness equals to (1 - 1/k). It should be taken into consider-
ation for understanding of quality of predictions. So
obtained informativeness must be divided by (1 - 1/k) for
calculating the quality of prediction in percents.

Criterion "P-Ppr"

As we see, the value of informativeness serves as a dis-
tance between true distribution P and the uniform distri-
bution, which implies our full lack of knowledge about
nature of phenomenon. But sometimes we may know prior
probabilities for each pattern. Then it seems to be reasona-
ble to replace a distance from the uniform distribution by a
distance from the prior distribution Ppr. However, a new

criterion cannot be better then Bayesian. Moreover, this
criterion turned out to be senseless. So, according to this
criterion the solution of 2-patterns recognition task is the
following:
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Fx
1={x | p (x|1) ³ p (x|2)}

Fx
2={x | p (x|1)< p (x|2)}

Although we wanted to use information about prior
probabilities of patterns, it turned out that they do not
affect optimal partitioning of Dx. Moreover, it is clear,

that the pattern with less prior probability wrongly
obtains unnecessary piece of Dx.

Transition to sample distributions

In practice, the distribution P is unknown but we have
some information about nature of phenomenon in the form
of sample. In this case unknown distribution is substituted
by its sampling analogue Pn.

There are some useful proven facts that may help us to
solve sample task:

(Pn)  (P) a. c. - sample informativeness tends to

true one with a growth of sample number. Also, this con-
vergence is not as slow as a convergence of Pn to P, which

is described, for example, by the law of iterated logarithm.
(See [2]).

if In={i| Pn(i)  (i)} and I={i| P (i)   (i)}, then

In I  for almost all distributions P. The exclusions

are made for such distributions P, that : P(j)= (j).
Thus, patterns predicted with a sampling will coincide

with the true ones. Possible exclusion is such patterns,
where true distribution is indistinguishable from the uni-
form. In any case, these patterns do not play any impor-
tant part in prediction for they are not informative. Also,
it seems to be probable, that the most number of distribu-
tions in practice not have this property.

Informativeness and certainty

Let us consider the useful property, that certainty is not
less than informativeness. Thus, if we obtain a high
informative prediction we can be sure in its high certainty.
Low informativeness not necessarily involves low cer-
tainty, but low informativeness points out that the results
obtained are not vastly distinguished from "total chaos", i.
e. the key characteristics are not informative.

CONCLUSION

The new criterion analyzed in this paper is a simple and
obvious generalization of Bayesian approach for solving
pattern recognition tasks. The main significance of this cri-
terion is application to multivariant prediction tasks,
which are more useful in practice than univariant ones.

Application of criterion "P - m" to pattern recognition is
a special case of its application in general prediction prob-
lem. This problem has algorithmic solutions, however they
all has an exponential working time. (See [2]).
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Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ ñðàâíèòåëüíî íîâîãî
êðèòåðèÿ äëÿ ðåøåíèÿ çàäà÷è ðàñïîçíàâàíèÿ îáðàçîâ, ÿâ-
ëÿþùåãîñÿ îáîáùåíèåì Áàéåñîâñêîãî ïîäõîäà. Ýòîò êðèòå-
ðèé èìååò ïðîñòóþ ôîðìó, ÿñíûé ïðàêòè÷åñêèé ñìûñë, èí-
òóèòèâíî î÷åâèäåí è ìîæåò èñïîëüçîâàòüñÿ â çàäà÷àõ ñ
ìíîãîâàðèàíòíûìè ïðåäñêàçàíèÿìè.
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ÏÐÈÌÅÍÅÍÈÅ ÌÅÒÎÄÎÂ ÊËÀÑÑÈÔÈÊÀÖÈÈ                                  
Â ÇÀÄÀ×Å ÎÁÐÀÁÎÒÊÈ ÄÀÍÍÛÕ ÝÊÑÏÅÐÒÍÎÃÎ ÎÏÐÎÑÀ

Ðàññìàòðèâàåòñÿ ïðèìåíåíèå ìåòîäîëîãèè êëàññèôèêà-
öèè ê îáðàáîòêå ýêñïåðòíûõ îöåíîê. Ìåòîäû êëàññèôèêà-
öèè ïðèìåíÿþòñÿ êàê íåïîñðåäñòâåííî äëÿ ïðèíÿòèÿ ðåøå-
íèÿ ïî ýêñïåðòíûì äàííûì, òàê è íà ýòàïå èõ ïðåäâàðè-

òåëüíîé îáðàáîòêè, öåëüþ êîòîðîé ÿâëÿåòñÿ ïîâûøåíèå
èíôîðìàòèâíîñòè è äîñòîâåðíîñòè äàííûõ. Äëÿ ôîðìèðî-
âàíèÿ êëàññèôèêàöèîííûõ ïðèçíàêîâ ââîäÿòñÿ ìîäåëè
ýêñïåðòîâ.
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ÂÂÅÄÅÍÈÅ

Ýêñïåðòíîå îöåíèâàíèå - îäíà èç ñàìûõ äàâíèõ ïðè-
êëàäíûõ èíôîðìàöèîííûõ òåõíîëîãèé, ïðèâëåêàþùàÿ è
â íàñòîÿùåå âðåìÿ ïðèñòàëüíîå âíèìàíèå øèðîêîãî êðó-
ãà ñïåöèàëèñòîâ. Îáúÿñíÿåòñÿ ýòî ðÿäîì îñîáåííîñòåé,
ïðèñóùèõ ìåòîäó ýêñïåðòíûõ îöåíîê.

Âî-ïåðâûõ, äàííûé ìåòîä - íàèáîëåå äîñòóïíûé, óíè-
âåðñàëüíûé, à èíîãäà ïðîñòî åäèíñòâåííî âîçìîæíûé
äëÿ ïîëó÷åíèÿ è àíàëèçà èíôîðìàöèè, èñïîëüçóåìîé
ïðè ðåøåíèè øèðîêîãî ñïåêòðà çàäà÷ óïðàâëåíèÿ, ïðî-
ãíîçèðîâàíèÿ, ïëàíèðîâàíèÿ â ýêîíîìèêå, ñîöèîëîãèè,
ìåäèöèíå, òåõíèêå [1,2,3].

Âî-âòîðûõ, - ïîñòîÿííî ðàñøèðÿþùàÿñÿ ñôåðà ïðèìå-
íåíèÿ ýêñïåðòíîãî îöåíèâàíèÿ - îïðåäåëåíèå ïàðàìåò-
ðîâ è ñòðóêòóðû ñëîæíûõ ñèñòåì, â îñîáåííîñòè ñèñòåì,
íå èìåþùèõ äîñòàòî÷íîé ïðåäûñòîðèè ôóíêöèîíèðîâà-
íèÿ è õàðàêòåðèçóþùèåñÿ âûñîêèì óðîâíåì ñòðóêòóðíî-
ïàðàìåòðè÷åñêîé íåîïðåäåëåííîñòè: ñëîæíûõ ñîöèàëü-
íî-ýêîíîìè÷åñêèõ ñèñòåì [2,4,5], ñèñòåì ïðîåêòíîãî ìå-
íåäæìåíòà [5,6], ñèñòåì çàùèòû èíôîðìàöèè [7,8] è ò.ï.

Îáùåé, âåñüìà ïðèâëåêàòåëüíîé ñòîðîíîé ýêñïåðòíûõ
ìåòîäîâ ÿâëÿåòñÿ îïåðàòèâíîñòü è ïðîñòîòà ïîëó÷åíèÿ
òðåáóåìûõ ñâåäåíèé â ñèòóàöèè, â êîòîðîé ïðèìåíåíèå
êàêèõ-ëèáî èíûõ ìåòîäîâ îêàçûâàåòñÿ áåçðåçóëüòàòíûì,
ñâîåãî ðîäà èíôîðìàöèîííûé ïðîðûâ. Âìåñòå ñ òåì ôîð-
ìàëüíîñòü è ýâðèñòè÷íîñòü ýêñïåðòèçû ïîðîæäàåò íåäî-
âåðèå ê ïîëó÷àåìûì ýêñïåðòíûì îöåíêàì. Ñòðåìëåíèå ê
ïîâûøåíèþ èõ äîñòîâåðíîñòè, â ÷àñòíîñòè, èñêëþ÷åíèþ
âëèÿíèÿ ñóáúåêòèâíûõ ôàêòîðîâ íà ðåçóëüòàòû ýêñïåð-
òèçû, ïðèâîäèò ê ïðèìåíåíèþ òàê íàçûâàåìûõ ãðóïïî-
âûõ ýêñïåðòíûõ îöåíîê [9], ïðåäïîëàãàþùèõ íàëè÷èå
îáÿçàòåëüíîãî ýòàïà ïðåäâàðèòåëüíîãî àíàëèçà ýêñïåðò-
íûõ äàííûõ è èõ ïîñëåäóþùåé îáðàáîòêè. Â ñâÿçè ñ
ýòèì îñîáóþ âàæíîñòü è àêòóàëüíîñòü ïðèîáðåòàþò âî-
ïðîñû ðàçðàáîòêè ïðèåìîâ è ìåòîäîâ îáðàáîòêè ãðóïïî-
âûõ ýêñïåðòíûõ îöåíîê.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Âûïîëíåí ïîëåâîé ýòàï ãðóïïîâîãî ýêñïåðòíîãî
îïðîñà, êîíå÷íîé öåëüþ êîòîðîãî ÿâëÿåòñÿ îïðåäåëåíèå
ïðîôåññèîíàëüíî-âàæíûõ êà÷åñòâ ëèö, ñïåöèàëèçèðóþ-
ùèõñÿ â êîíêðåòíîì âèäå ïðîôåññèîíàëüíîé äåÿòåëü-
íîñòè. Â ñîîòâåòñòâèè ñ ìåòîäèêîé îïðîñà, ýêñïåðòàì
ïðåäúÿâëÿëñÿ çàäàííûé ñïèñêîì ïåðå÷åíü êà÷åñòâ
(ñâîéñòâ), äîñòàòî÷íî ïîëíî îïèñûâàþùèõ èíäèâè-
äóàëüíî-ïñèõîëîãè÷åñêèå õàðàêòåðèñòèêè ëè÷íîñòè, íåî-
áõîäèìûå åé äëÿ óñïåøíîãî âûïîëíåíèÿ ðÿäà âèäîâ
ïðîôåññèîíàëüíîé äåÿòåëüíîñòè â íåêîòîðîé ñîöèàëüíî-
ôóíêöèîíàëüíîé ñôåðå. Ýêñïåðòû îïðåäåëÿëè ñâîþ òî÷-
êó çðåíèÿ ïî ïîâîäó çíà÷èìîñòè (âàæíîñòè) òîãî èëè
èíîãî êà÷åñòâà äëÿ êîíêðåòíîãî âèäà äåÿòåëüíîñòè,
õàðàêòåðèçóÿ ýòî êà÷åñòâî â L-áàëëüíîé øêàëå {0,1,2,…,

}, , ãäå =9 ñîîòâåòñòâóåò íàèâûñ-

øåìó óðîâíþ çíà÷èìîñòè. Ïîëó÷åííûå ðåçóëüòàòû ãðó-
ïïîâîé ýêñïåðòèçû ñîñòàâèëè íåêîòîðóþ ñîâîêóïíîñòü
èñõîäíûõ äàííûõ Õ, êîòîðóþ óäîáíî ïðåäñòàâèòü ìàò-

ðèöåé ðàçìåðîì M N, ãäå M - êîëè÷åñòâî âûíåñåííûõ
íà ýêñïåðòíîå ðàññìîòðåíèå êà÷åñòâ, N - ÷èñëåííîñòü
ýêñïåðòîâ:

. (1)

Î÷åâèäíî, êàæäîìó èç N ýêñïåðòîâ â ìàòðèöå

"ïðèíàäëåæèò" ñâîé j-ûé ñòîëáåö, , òîãäà êàê

ïîëíàÿ èíôîðìàöèÿ î çíà÷èìîñòè êàæäîãî îòäåëüíî
âçÿòîãî êà÷åñòâà ñîñðåäîòî÷åíà ñîîòâåòñòâåííî â i-îé

ñòðîêå, .
Íåîáõîäèìî ðàçðàáîòàòü ìåòîäîëîãèþ àíàëèçà è ñòà-

òèñòè÷åñêîé îáðàáîòêè ðåçóëüòàòîâ ýêñïåðòíîãî îïðîñà,
ïîçâîëÿþùóþ ïðîèçâåñòè èç îáùåãî ñïèñêà êà÷åñòâ ïðå-

òåíäåíòîâ:  îòáîð íåêîòîðîãî ïîä-

ìíîæåñòâà êà÷åñòâ , ïðîôåññèîíàëüíî âàæ-
íûõ, ñóùåñòâåííûõ äëÿ çàäàííîãî âèäà äåÿòåëüíîñòè.
Ïðè ýòîì æåëàòåëüíî, ÷òîáû ìåòîäîëîãèÿ èìåëà äîñ-
òàòî÷íî îáúåêòèâíîå îáîñíîâàíèå è, ïî âîçìîæíîñòè, ïî-
íÿòíóþ èíòåðïðåòàöèþ.

ÂÛÄÅËÅÍÈÅ ÑÓÙÅÑÒÂÅÍÍÛÕ ÊÀ×ÅÑÒ      
Â ÌÅÒÎÄÀÌÈ ÊËÀÑÒÅÐÍÎÃÎ ÀÍÀËÈÇÀ

Ïî ñâîåìó ñîäåðæàíèþ ñôîðìóëèðîâàííàÿ âûøå çà-
äà÷à îòíîñèòñÿ ê çàäà÷àì êëàññèôèêàöèè, òî÷íåå ê èõ
ðàçäåëó, íàçûâàåìîìó êëàñòåðíûì àíàëèçîì (èëè
êëàññèôèêàöèåé áåç îáó÷åíèÿ). Â [10] óêàçûâàåòñÿ íà
íàëè÷èå äâóõ îòëè÷íûõ äðóã îò äðóãà ïîäõîäîâ ê ðåøå-
íèþ ïîäîáíûõ çàäà÷.

Â ïåðâîì ðàññìàòðèâàåòñÿ ðåøåíèå òàê íàçûâàåìîé
îáû÷íîé çàäà÷è òèïèçàöèè, ñóòü êîòîðîãî ïðèìåíèòåëü-
íî ê èçëîæåííîé âûøå ïîñòàíîâêå çàäà÷è ñîñòîèò â ðàç-
äåëåíèè äèàïàçîíà  âîçìîæíûõ îöåíîê êà÷åñòâ

íà äâå îáëàñòè ñ ïîñëåäóþùèì ðàçíåñåíèåì èñõîäíîé
ñîâîêóïíîñòè êà÷åñòâ ïî ýòèì îáëàñòÿì. Òðàäèöèîííî
ýòî ðåàëèçóåòñÿ ïóòåì ðàíæèðîâàíèÿ çíà÷åíèé ñðåäíèõ,
ðàññ÷èòàííûõ äëÿ êàæäîé èç ñòðîê ìàòðèöû :

, (2)

ñ ïîñëåäóþùèì âûäåëåíèåì ïî îïðåäåëåííîìó êðèòåðèþ
÷àñòè ïîëó÷åííîãî ðàíæèðîâàííîãî ðÿäà. Íàïðèìåð,

ïðè ðàíæèðîâàíèè ñðåäíèõ  â ïîðÿäêå

óáûâàíèÿ èõ çíà÷åíèé, âûäåëåíèþ ïîäëåæèò ãðóïïà êà-
÷åñòâ, ñðåäíèå äëÿ êîòîðûõ â ðàíæèðîâàííîì ðÿäó

 èìåëè áû ñàìûå íèçêèå ðàíãè

R=1,2,…,r. Èíîãäà, åñëè îáùèé ïåðå÷åíü êà÷åñòâ 

âêëþ÷àåò â ñåáÿ ãðóïïû êà÷åñòâ , êàæäàÿ

lmax L lmax 1+= lmax

×

X

x11 x12 ... x1N

x21 x22 ... x2N

... ... ... ...
xM1 xM2 xM3 xMN

xij{ }= =

j 1 N,=

i 1 M,=

Q q1 q2 ...,qM, ,{ }=

Q' Q' Q⊂,

0 lmax÷

xij

xi
1
N
---- xij

j 1=

N

∑=

x1 x2 ... xM, , ,

x 1( ) x 2( ) ... x M( ), , ,
Q

Q1 Q2 ...,Qk, ,
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èç êîòîðûõ- îòäåëüíîå ïîäìíîæåñòâî, õàðàêòåðèçóþùåå
òó èëè èíóþ ôóíêöèîíàëüíóþ ñîñòàâëÿþùóþ îáùåé
ñòðóêòóðû êà÷åñòâ (ïðè÷åì  äëÿ ,

  ò.å. ), òî ïî ïðèâåäåííîé

âûøå ìåòîäèêå â êàæäîé ãðóïïå âûäåëÿþòñÿ êà÷åñòâà-
ïðåòåíäåíòû, èìåþùèå ìèíèìàëüíûå â ýòîé ãðóïïå
ðàíãè ñîîòâåòñòâóþùèõ ñðåäíèõ.

Íàèáîëåå "óçêèì" ìåñòîì ìåòîäèêè ÿâëÿåòñÿ âûáîð
êðèòåðèÿ, ïî êîòîðîìó ðåàëèçóåòñÿ âûäåëåíèå ïîäìíî-

æåñòâà  èç ìíîæåñòâà êà÷åñòâ . Îáû÷íî ýòîò êðè-

òåðèé îïèðàåòñÿ íà çàäàíèå íåêîòîðîãî ïîðîãà , â

ñîîòâåòñòâèè ñî çíà÷åíèåì êîòîðîãî ïðîèñõîäèò ðàçäå-

ëåíèå èñõîäíîãî ìíîæåñòâà  íà äâà ïîäìíîæåñòâà: 

è , ãäå . Îïðå-

äåëåíèå çíà÷åíèÿ  - âîïðîñ ñëîæíûé è ìíîãîàñïåêò-

íûé [11,12]. Îäèí èç ïðîñòåéøèõ ñïîñîáîâ åãî ðåøåíèÿ
- ïîñòðîåíèå ýìïèðè÷åñêîé ôóíêöèè ðàñïðåäåëåíèÿ

 çíà÷åíèé ñëó÷àéíîé âåëè÷èíû  è çàäàíèå ïî

ýòîé ôóíêöèè êâàíòèëè , ïðèíèìàåìîé çà ïîðîã .

Êàê èçâåñòíî [13], êâàíòèëü ïîðÿäêà p, 0<p<1 - ýòî çíà-

÷åíèå  ñëó÷àéíîé âåëè÷èíû , äëÿ êîòîðîãî ôóíêöèÿ

ðàñïðåäåëåíèÿ . ×àñòî äëÿ çàäàíèÿ èñïîëü-

çóþò êâàíòèëü ïîðÿäêà 3/4 [12], êîòîðàÿ íàçûâàåòñÿ

êâàðòèëüþ, ò.å. .

Ïîëîæèòåëüíîé ñòîðîíîé ïîäõîäà, ïðèâîäÿùåãî ê
îáû÷íîé çàäà÷å òèïèçàöèè, ÿâëÿåòñÿ òî, ÷òî îíà âñåãäà
èìååò ðåøåíèå, îäíàêî óðîâåíü îáúåêòèâàöèè ýòîãî
ðåøåíèÿ âåñüìà íèçîê èç-çà ôàêòè÷åñêè ïðîèçâîëüíîãî
õàðàêòåðà çàäàíèÿ ïîðîãà . Ñîâåðøåííî íå ïðèíèìà-

åòñÿ âî âíèìàíèå âîçìîæíîñòü åñòåñòâåííîãî ðàññëîåíèÿ
äàííûõ, ïîçâîëÿþùàÿ ðåàëèçîâàòü èõ êëàññèôèêàöèþ
íà ÷åòêî âûðàæåííûå êëàñòåðû, îòäåëåííûå äðóã îò
äðóãà íåêîòîðûì ðàññòîÿíèåì.

Íà âûÿâëåíèå îñîáåííîñòåé ðàíæèðîâàííîãî ðÿäà
îðèåíòèðîâàí âòîðîé ïîäõîä ê ðåøåíèþ çàäà÷è êëàñòå-
ðèçàöèè. Â íåì àíàëèçèðóåòñÿ íàëè÷èå â ñòðóêòóðå ðÿäà
õàðàêòåðíûõ ðàññëîåíèé, îáðàçîâàííûõ ôðàãìåíòàìè
ðÿäà ñ ìåäëåííûì òåìïîì óáûâàíèÿ ñâîèõ çíà÷åíèé, îò-
äåëÿåìûìè äðóã îò äðóãà îòíîñèòåëüíî êîðîòêèìè è êðó-
òûìè ïåðåõîäíûìè ó÷àñòêàìè (ðèñ.1), ÷òî â êîíå÷íîì
èòîãå ïîçâîëÿåò åñòåñòâåííûì îáðàçîì çàäàòü çíà÷åíèå
ïîðîãà , îòäåëèòü ñðåäíèå  îò

îñòàëüíûõ ýëåìåíòîâ ðÿäà è âûäåëèòü ñîîòâåòñòâóþùèå

êà÷åñòâà  â èñêîìîå ïîäìíîæåñòâî .

Äëÿ îáúåêòèâíîãî óñòàíîâëåíèÿ îñîáåííîñòåé â
ñòðóêòóðå ðàíæèðîâàííîãî ðÿäà íåîáõîäèìî ïðîâåðèòü
ïðàâäîïîäîáíîñòü ãèïîòåçû

, (3)

ãäå  - ìèíèìàëüíîå çíà÷åíèå ïîðîãà, ïîäòâåðæäàþùåå
ñóùåñòâåííîñòü ðàçëè÷èé ñîñåäíèõ óðîâíåé ðÿäà. Ïðè

ïðàâèëüíîì ïîäáîðå ýêñïåðòîâ è êîíäèöèîííûõ ðåçóëü-
òàòàõ ýêñïåðòèçû äëÿ ëþáîé ïàðû çíà÷åíèé ,

ïðèíàäëåæàùèõ îäíîìó è òîìó æå óðîâíþ ðàíæèðîâàí-
íîãî ðÿäà, óñëîâèå (3) íå äîëæíî âûïîëíÿòüñÿ. Äëÿ

ðèñ. 1 ýòîìó ñëó÷àþ ñîîòâåòñòâóþò çíà÷åíèÿ ,

. Ïðè ïåðåõîäå çíà÷åíèÿ    íà ñîñåäíèé

ó÷àñòîê óñëîâèå (3) äîëæíî óñòîé÷èâî âûïîëíÿòüñÿ äëÿ

,  . Ïðè ïîïàäàíèè  íà

ïåðåõîäíûé ó÷àñòîê, ò.å. , ïðîâåð-
êà óñëîâèÿ (3) ìîæåò äàâàòü ëþáîé ðåçóëüòàò. 

Î÷åâèäíî, ÷òî . Êàê çàäàòü ? Åñëè êàæ-

äîìó ñëîþ ðàíæèðîâàííîãî ðÿäà ñòàâèòñÿ â ñîîòâåòñòâèå
ñâîé êëàñòåð Ñ1, Ñ2, Ñ3,… (ðèñ.1), òî, ïðèìåíÿÿ èç-
âåñòíûå ìåòîäû êëàñòåðíîãî àíàëèçà, íàïðèìåð, èåðàð-
õè÷åñêèå àãëîìåðàòèâíûå ïðîöåäóðû êëàñòåðèçàöèè
[10,14], ìîæíî ïîñòðîèòü èåðàðõè÷åñêóþ ñòðóêòóðó
ðàíæèðîâàííîãî ðÿäà è, îöåíèâ ïî íåé ïðàâóþ ãðàíèöó
êëàñòåðà Ñ1, îïðåäåëèòü ãðàíè÷íóþ òî÷êó .

Ýëåìåíòû ðÿäà, âîøåäøèå â êëàñòåð Ñ1, îäíîâðåìåííî

áóäóò ýëåìåíòàìè ïîäìíîæåñòâà .

Ñòàòèñòè÷åñêîå îáîñíîâàíèå ïîäîáíîãî ðàçäåëåíèÿ
âîçìîæíî â ñëó÷àå, êîãäà ðàñïðåäåëåíèå ýêñïåðòíûõ
îöåíîê ïî êàæäîìó èç êà÷åñòâ èìååò íîðìàëüíûé
õàðàêòåð.

Ðèñóíîê 1 - Çàäàíèå ïîðîãà  äëÿ ðàíæèðîâàííîãî 
ðÿäà ñ îñîáåííîñòÿìè

Â ýòîì ñëó÷àå ïðîèçâîäèòñÿ íåïîñðåäñòâåííàÿ ïðî-
âåðêà ãèïîòåçû (3) ñ èñïîëüçîâàíèåì ñòàòèñòèêè [15,16]

, (4)

ãäå  è  - ñîîòâåòñòâåííî äèñïåðñèè ðàñïðåäå-

ëåíèÿ îöåíîê äëÿ (i)-îãî è (i+ )-îãî êà÷åñòâ. Ñëó÷àé-

íàÿ âåëè÷èíà Z - íîðìèðîâàííàÿ íîðìàëüíî ðàñïðåäå-

Qr Qt⋅ ∅= r t≠
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k 1=
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∑=
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x0

Q Q'
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xp x0
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F x( ) p= x0

x0 x0 75,=

x0
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ëåííàÿ ñ ïàðàìåòðàìè: ìàòåìàòè÷åñêîå îæèäàíèå

 è äèñïåð-

ñèåé . Ãèïîòåçà (3) ïðèíèìàåòñÿ ïðè ,

âûáîð p îñóùåñòâëÿåòñÿ ëèöîì, ïðîâîäÿùèì îáðàáîòêó
ýêñïåðòíûõ äàííûõ. Äëÿ p, ðàâíîãî ñîîòâåòñòâåííî 0,95;

0,975; 0,99 èìååì çíà÷åíèÿ : 1,64; 1,96; 2,58.
Ê ñîæàëåíèþ â ðåàëüíîé ñèòóàöèè ïðîöåäóðû âûäå-

ëåíèÿ êà÷åñòâ ïóòåì ñòðóêòóðèçàöèè èñõîäíûõ äàííûõ
÷àñòî íå ðàáîòàþò: ðàíæèðîâàííûé ðÿä èìååò ìîíîòîííî
óáûâàþùèé õàðàêòåð áåç êàêèõ-ëèáî îñîáåííîñòåé, ïî-
ïûòêè ïîïàðíîé ïðîâåðêè óñëîâèÿ (3) ñ öåëüþ âûÿâëå-
íèÿ îñîáåííîñòåé â ñòðóêòóðå ðÿäà òàêæå íå äàþò óñòîé-
÷èâûõ ðåçóëüòàòîâ, ïîçâîëÿþùèõ îáîñíîâàííî óòâåð-
æäàòü ñóùåñòâîâàíèå ðàññëîåíèé.

ÌÎÄÅËÈ ÏÎÂÅÄÅÍÈß ÝÊÑÏÅÐÒÀ                 
È ÏÎÂÛØÅÍÈÅ ÒÎ×ÍÎÑÒÈ ÐÅÇÓËÜÒÀÒÎÂ 
ÝÊÑÏÅÐÒÈÇÛ

Àíàëèç äàííûõ ãðóïïîâîãî ýêñïåðòíîãî îöåíèâàíèÿ,
ïëîõî ïîääàþùèõñÿ êëàñòåðèçàöèè, âûÿâèë ñóùåñòâåí-
íûå îòëè÷èÿ ðàñïðåäåëåíèÿ ýòèõ äàííûõ îò òðàäèöèîí-
íîãî îäíîìîäàëüíîãî íîðìàëüíîãî [6,12]. Êàê ïðàâèëî,
äëÿ "ïëîõèõ" ñ òî÷êè çðåíèÿ êëàñòåðèçàöèè äàííûõ õà-
ðàêòåðíû ìíîãîìîäàëüíîñòü, óïëîùåííîñòü ôîðìû ðàñ-
ïðåäåëåíèÿ è, êàê ñëåäñòâèå, ïîâûøåííûé óðîâåíü äèñ-
ïåðñèè ýòèõ äàííûõ. Àíàëèç îøèáîê îòäåëüíûõ ýêñïåð-

òîâ, îöåíèâàåìûõ ïî ðàñïðåäåëåíèþ ðàçíîñòåé

, îáðàçóþùèõ i-ûé ñòîëáåö ìàòðèöû îøèáîê

, (5)

òàêæå ïîêàçàë ñóùåñòâåííûå îòëè÷èÿ ýòèõ îöåíîê îò
òðàäèöèîííî íîðìàëüíîãî ðàñïðåäåëåíèÿ â ñòîðîíó àñè-
ììåòðè÷íûõ ñêîøåííûõ ëèáî ÷ðåçìåðíî óïëîùåííûõ.

Âñå ýòè àíîìàëèè îáû÷íî ÿâëÿþòñÿ ñëåäñòâèåì íàëè-
÷èÿ â ãðóïïå íåñêîëüêèõ ýêñïåðòîâ ñ íèçêèì óðîâíåì
êîìïåòåíòíîñòè. Â òàêîé ñèòóàöèè îáû÷íî ðåêîìåíäóåò-
ñÿ óâåëè÷èòü ÷èñëî ýêñïåðòîâ N èëè ïîñòðî÷íî ïðèìå-
íèòü "î÷èñòêó" ýêñïåðòíûõ äàííûõ îò àíîìàëüíûõ
[6,15]. Ê ñîæàëåíèþ, îáå ðåêîìåíäàöèè íå îñîáåííî äåé-
ñòâåííû èç-çà îáû÷íî îãðàíè÷åííîãî çíà÷åíèÿ N. Áîëåå
ïåðñïåêòèâíûì ÿâëÿåòñÿ àíàëèç ñîâîêóïíîñòè äàííûõ,
ïîëó÷åííûõ îòäåëüíûì ýêñïåðòîì, òàê êàê îáúåì ýòîé
âûáîðêè M ìîæåò áûòü äîñòàòî÷íî áîëüøèì (ïîðÿäêà
100). Ðåçóëüòàòîì ýòîãî àíàëèçà äîëæíà áûòü îöåíêà
óðîâíåé êîìïåòåíòíîñòè ýêñïåðòîâ, â ÷àñòíîñòè, èñêëþ-
÷åíèå èç ïîñëåäóþùåé îáðàáîòêè äàííûõ òåõ ýêñïåðòîâ,
äåéñòâèÿ êîòîðûõ ìîãóò ðàññìàòðèâàòüñÿ êàê àíîìàëü-
íûå. Âîçìîæíîñòü èäåíòèôèêàöèè ýêñïåðòà ïîÿâëÿåòñÿ
â õîäå èçó÷åíèÿ îñîáåííîñòåé áàëëüíûõ îöåíîê, âûñòàâ-
ëåííûì èì ïðè îöåíèâàíèè ñóùåñòâåííîñòè îáñóæäàå-

ìûõ êà÷åñòâ. Â ÷àñòíîñòè, ê íåàäåêâàòíîìó îïðåäåëåíèþ
îöåíîê ìîæåò ïðèâåñòè íåñêîëüêî òèïîâûõ ñòðàòåãèé
äåéñòâèé ýêñïåðòà âî âðåìÿ ïðîâåäåíèÿ ýêñïåðòèçû:

"ñëó÷àéíûé (áåçîòâåòñòâåííûé) ýêñïåðò" - ê ïðîâåäå-
íèþ ýêñïåðòèçû îòíîñèòñÿ ïîâåðõíîñòíî, íå ïûòàÿñü
âíèêíóòü â ñóòü ýêñïåðòíîãî çàäàíèÿ, îöåíèâàåò óðîâíè
ñóùåñòâåííîñòè îòäåëüíûõ êà÷åñòâ ñîâåðøåííî ïðîèç-
âîëüíî, â ðåçóëüòàòå ÷åãî åãî îöåíêè äîñòàòî÷íî ðàâíî-
ìåðíî ðàñïðåäåëÿþòñÿ âäîëü øêàëû èçìåðåíèé;

"æåñòêèé ýêñïåðò" - íå ïðåäñòàâëÿÿ ïî òåì èëè èíûì
ïðè÷èíàì ðåàëüíîé âàæíîñòè îöåíèâàåìûõ êà÷åñòâ, âû-
ñòàâëÿåò çàíèæåííûå îöåíêè, ðàñïðåäåëåíèå êîòîðûõ â
èòîãå îêàçûâàåòñÿ ëîêàëèçîâàííûì â íèæíåé (íà÷àëü-
íîé) ÷àñòè øêàëû èçìåðåíèé;

"ëèáåðàëüíûé ýêñïåðò" - íå ïðîÿâëÿåò, êàê è äâà ïðå-
äûäóùèõ òèïà ýêñïåðòîâ, êàêîé-ëèáî çàèíòåðåñîâàííîñ-
òè, îòâåòñòâåííîñòè â ïðîâåäåíèè ýêñïåðòèçû, íå âíè-
êàåò â ñóòü ýêñïåðòíûõ çàäà÷, îäíàêî, íå æåëàÿ ñëó÷àé-
íî îòáðîñèòü ñóùåñòâåííî âàæíîå êà÷åñòâî, çàâûøàåò
âûñòàâëÿåìûå îöåíêè, â ðåçóëüòàòå ÷åãî îíè îêàçûâà-
þòñÿ ñêîíöåíòðèðîâàííûìè â âåðõíåé ÷àñòè øêàëû.

Ââåäåííûå ìîäåëè äåéñòâèé ýêñïåðòîâ ïîçâîëÿþò âû-
ÿâèòü ñîîòâåòñòâóþùèå òèïàæè ïóòåì àíàëèçà ðàñïðåäå-
ëåíèé îöåíîê, âûñòàâëåííûì êàæäûì èç ýêñïåðòîâ. Äëÿ
ýòîãî ââîäèòñÿ ðÿä ñòàòèñòèê, ïîçâîëÿþùèõ îáíàðóæèòü
è îöåíèòü óðîâåíü àíîìàëüíîñòè äåéñòâèé îòäåëüíûõ
ýêñïåðòîâ. Ê òàêîâûì ñòàòèñòèêàì îòíîñÿòñÿ:

- ñðåäíèé áàëë ýêñïåðòà

, , (6)

- ðàçíîñòü

, (7)

ãäå   - îáùèé ñðåäíèé áàëë ýêñïåðòèçû,

, (8)

- âûáîðî÷íûé âòîðîé íà÷àëüíûé ìîìåíò

, (9)

- âûáîðî÷íàÿ äèñïåðñèÿ

, (10)

- îöåíêà ýíòðîïèè , ðàññ÷èòàííàÿ äëÿ êàæäîãî ýêñ-

ïåðòà ïî äàííûì ñîîòâåòñòâóþùåãî j-ãî ñòîëáöà ìàòðèöû
(1).

Ðàíæèðîâàíèå ââåäåííûõ ñòàòèñòèê ïîçâîëÿåò âûÿ-
âèòü ñìåùåííîñòü èíäèâèäóàëüíûõ ðàñïðåäåëåíèé îöå-
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íîê ýêñïåðòîâ ê êðàÿì øêàëû èçìåðåíèé (ñòàòèñòèêè ,

), ðàñòÿíóòîñòü è óïëîùåííîñòü ðàñïðåäåëåíèé (ñòàòè-

ñòèêè , ). Ìîìåíò  ðåàãèðóåò èíòåãðàëüíî íà

îáà ïðèâåäåííûõ âûøå ïðèçíàêà âîçìîæíîé íåàäåêâàò-
íîñòè ðàñïðåäåëåíèÿ îöåíîê ýêñïåðòà. 

Òàêèì îáðàçîì, âíîâü â õîäå îáðàáîòêè äàííûõ
ýêñïåðòíîãî îïðîñà ïðèõîäèòñÿ ðåøàòü çàäà÷ó êëàññè-
ôèêàöèè, âûäåëÿÿ íà ýòîò ðàç äâà êëàñòåðà - äîñòîâåð-
íûõ è àíîìàëüíûõ (íåäîñòîâåðíûõ) äàííûõ. Êëàññèôè-
êàöèîííûìè ïðèçíàêàìè ÿâëÿþòñÿ ñìåùåííîñòü è àñèì-
ìåòðèÿ èíäèâèäóàëüíûõ ðàñïðåäåëåíèé îöåíîê ýêñïåð-
òîâ, à òàêæå óïëîùåííîñòü, ðàñòÿíóòîñòü ýòèõ ðàñïðå-
äåëåíèé âäîëü øêàëû èçìåðåíèé, ÷òî â îáùåì ñëó÷àå
âûðàæàåòñÿ â ïîâûøåííîé äèñïåðñèè îöåíîê ýêñïåðòà.

Ïîäîçðåâàåìûå íà àíîìàëüíîñòü íàáîðû ýêñïåðòíûõ
äàííûõ (ñòîëáöû ìàòðèöû (1), ñîîòâåòñòâóþùèå àíî-
ìàëüíûì ýêñïåðòàì), èñêëþ÷àþòñÿ èç îáðàáîòêè. Ýòî
ïîâûøàåò èíôîðìàòèâíîñòü îñòàâøèõñÿ äàííûõ, â ÷àñò-
íîñòè, óìåíüøàåò äèñïåðñèþ ñðåäíèõ , ÷òî âëå÷åò çà

ñîáîé áîëåå ÿâíóþ äèôôåðåíöèàöèþ îòäåëüíûõ ïîäìíî-
æåñòâ êà÷åñòâ, ïîçâîëÿÿ â èòîãå âûÿâèòü ñòðóêòóðíûå
îñîáåííîñòè ðàíæèðîâàííîãî ðÿäà, ðàíåå ñêðûòûå ïîâû-
øåííûì óðîâíåì øóìîâ â ýêñïåðòíûõ äàííûõ. Â öåëîì
î öåëåñîîáðàçíîñòè èñêëþ÷åíèÿ èç àíàëèçà äàííûõ òîãî
èëè èíîãî ýêñïåðòà ìîæíî ñóäèòü ïî ïîíèæåíèþ îáùåãî
óðîâíÿ äèñïåðñèè îøèáîê ýêñïåðòîâ (ìàòðèöà (5)) ëèáî

ýíòðîïèè  ðàñïðåäåëåíèÿ ýòèõ îøèáîê.

Óñèëèòü ñåëåêòèðóþùèå ñâîéñòâà êëàññèôèêàöèîí-
íûõ ïðèçíàêîâ ìîæíî, ïåðåéäÿ îò àíàëèçà õàðàêòåðèñ-
òèê ðàñïðåäåëåíèÿ ñòîëáöîâ ìàòðèöû (1) ê àíàëèçó
ñòîëáöîâ ìàòðèöû (5). Â ýòîì ñëó÷àå "æåñòêèé" è "ëèáå-
ðàëüíûé" ýêñïåðòû áóäóò èìåòü ìàêñèìóì ñâîèõ ðàñïðå-
äåëåíèé ñîîòâåòñòâåííî ñëåâà è ñïðàâà îò íà÷àëà êîîð-
äèíàò. Ñàìà ïðîöåäóðà ïîèñêà è èñêëþ÷åíèÿ "àíîìàëü-
íûõ" ýêñïåðòîâ îñòàíåòñÿ ïðåæíåé.

ÂÛÂÎÄÛ

Ïðîâåäåíèå ãðóïïîâîãî ýêñïåðòíîãî îöåíèâàíèÿ ïðåä-
ïîëàãàåò íàëè÷èå îáÿçàòåëüíîãî ýòàïà àíàëèçà è îáðà-
áîòêè ýêñïåðòíûõ äàííûõ. Ýôôåêòèâíîñòü îáðàáîòêè
ýòèõ äàííûõ íàïðÿìóþ çàâèñèò îò èõ èíôîðìàòèâíîñòè
è äîñòîâåðíîñòè, ÷òî â ñâîþ î÷åðåäü îïðåäåëÿåòñÿ óðî-
âíåì êîìïåòåíòíîñòè ýêñïåðòîâ, ñòåïåíüþ èõ îòâåòñòâåí-
íîñòè è îáúåêòèâíîñòè ïðè âûïîëíåíèè ñâîèõ
îáÿçàííîñòåé â ïðîöåññå ýêñïåðòèçû. Ê ñîæàëåíèþ,
ñðåäè äàííûõ ýêñïåðòíîãî îöåíèâàíèÿ íåðåäêî ïðè-

ñóòñòâóþò àíîìàëüíûå ðåçóëüòàòû, ÿâëÿþùèåñÿ ïðÿìûì
ñëåäñòâèåì íåàäåêâàòíîãî ïîâåäåíèÿ ýêñïåðòîâ â õîäå
ýêñïåðòèçû. Ââåäåíèå ìîäåëåé "àíîìàëüíûõ" ýêñïåðòîâ
ïîçâîëÿåò îáíàðóæèòü è èñêëþ÷èòü íåäîñòîâåðíûå äàí-
íûå èç îáðàáîòêè, ïîâûñèòü òî÷íîñòü è èíôîðìàòèâ-
íîñòü ðåçóëüòàòîâ ýêñïåðòíîãî îïðîñà è, êàê ñëåäñòâèå,
ýôôåêòèâíîñòü ñàìîé ýêñïåðòèçû.
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Ðîçãëÿíóòî çàñòîñóâàííÿ ìåòîäîëîã³¿ êëàñèô³êàö³¿ äî
îáðîáêè åêñïåðòíèõ îö³íîê. Ìåòîäè êëàñèô³êàö³¿ çàñòîñî-
âóþòüñÿ ÿê áåçïîñåðåäíüî äëÿ ïðèéíÿòòÿ ð³øåíü çà åêñ-
ïåðòíèìè äàíèìè, òàê ³ íà åòàï³ ¿õ ïîïåðåäíüî¿ îáðîáêè,
ìåòà ÿêî¿ - ï³äâèùåííÿ ³íôîðìàòèâíîñò³ òà äîñòîâ³ðíîñò³
äàíèõ. Äëÿ ôîðìóâàííÿ êëàñèô³êàö³éíèõ îçíàê ââåäåíî
ìîäåë³ åêñïåðò³â.

Application of the methodology of classification to handling
expert estimations is considered. Discriminatory analysis's are
applied as immediately to decision-making on the expert data,
and at a stage of their preprocessing which purpose is rise of
self-descriptiveness and reliability of the data. For creation of
classification tags models of experts are introduced.
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ÓÄÊ 004.93

Ñ.À. Ñóááîòèí

ÌÅÒÎÄÈÊÀ È ÊÐÈÒÅÐÈÈ ÑÐÀÂÍÅÍÈß ÌÎÄÅËÅÉ                           
È ÀËÃÎÐÈÒÌÎÂ ÑÈÍÒÅÇÀ ÈÑÊÓÑÑÒÂÅÍÍÛÕ ÍÅÉÐÎÍÍÛÕ ÑÅÒÅÉ

Ïðåäëîæåíû êðèòåðèè è ìåòîäèêà, ïîçâîëÿþùèå êîëè÷å-
ñòâåííî îöåíèâàòü óðîâåíü ëîãè÷åñêîé ïðîçðà÷íîñòè ìíîãî-
ñëîéíûõ íåéðîííûõ ñåòåé ïðÿìîãî ðàñïðîñòðàíåíèÿ, ÷òî
äàåò âîçìîæíîñòü îñóùåñòâëÿòü ñðàâíåíèå è îáîñíîâûâàòü
âûáîð íåéðîìîäåëåé â çàäà÷àõ èíòåëëåêòóàëüíîãî àíàëèçà
äàííûõ.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Â íàñòîÿùåå âðåìÿ îäíèì èç íàèáîëåå ýôôåêòèâíûõ
ñðåäñòâ ðåøåíèÿ çàäà÷ âû÷èñëèòåëüíîãî ìîäåëèðîâàíèÿ
ÿâëÿþòñÿ èñêóññòâåííûå íåéðîííûå ñåòè (ÍÑ), îáëàäà-
þùèå ñïîñîáíîñòüþ àïïðîêñèìèðîâàòü ìíîãîìåðíûå
íåëèíåéíûå çàâèñèìîñòè ïî òî÷å÷íûì äàííûì. Ñðåäè
ìíîãî÷èñëåííûõ èçâåñòíûõ ìîäåëåé ÍÑ íàèáîëåå ïî-
ïóëÿðíûì êëàññîì ÿâëÿþòñÿ ìíîãîñëîéíûå íåéðîííûå
ñåòè (ÌÍÑ), îáó÷àåìûå òðàäèöèîííî ñ ïîìîùüþ èòåðà-
òèâíûõ ãðàäèåíòíûõ àëãîðèòìîâ ìíîãîìåðíîé íåëèíåé-
íîé îïòèìèçàöèè [1].

Èçâåñòíî, ÷òî ñõîäèìîñòü èòåðàòèâíûõ àëãîðèòìîâ
îáó÷åíèÿ ÌÍÑ çàâèñèò îò ðàçìåðíîñòè îáó÷àþùèõ äàí-
íûõ, íà÷àëüíûõ çíà÷åíèé âåñîâ, à òàêæå îò çàäàâàåìûõ
ìàêñèìàëüíîé äîïóñòèìîé îáùåé îøèáêè îáó÷åíèÿ
(êðèòåðèé êà÷åñòâà îáó÷åíèÿ) è êîëè÷åñòâà äîïóñòèìûõ
öèêëîâ îáó÷åíèÿ (êðèòåðèé äëèòåëüíîñòè îáó÷åíèÿ).
Ýòè äâà êðèòåðèÿ îñòàíîâà öåëåñîîáðàçíî èñïîëüçîâàòü
ïðè ñðàâíåíèè èòåðàòèâíûõ àëãîðèòìîâ îáó÷åíèÿ ÌÍÑ.
Çàôèêñèðîâàâ ïîî÷åðåäíî êàæäûé èç êðèòåðèåâ îñòàíî-
âà îáó÷åíèÿ, ìîæíî ïðîñëåäèòü, êàê äëÿ êàæäîãî àëãî-
ðèòìà îáó÷åíèÿ ÌÍÑ ìåíÿþòñÿ çíà÷åíèÿ äðóãîãî êðè-
òåðèÿ ïðè îäèíàêîâûõ îáó÷àþùèõ âûáîðêàõ. Ðåçóëü-
òàòû ýêñïåðèìåíòîâ ïðèíÿòî îöåíèâàòü ïî òàêèì êðèòå-
ðèÿì, êàê: tîá. - âðåìÿ ðàáîòû àëãîðèòìà îáó÷åíèÿ,

epoch - çàòðà÷åííîå êîëè÷åñòâî öèêëîâ îáó÷åíèÿ è E -
äîñòèãíóòàÿ òî÷íîñòü (îøèáêà) [1-3].

Îäíàêî òàêèõ, òðàäèöèîííî èñïîëüçóåìûõ ïðè ñðà-
âíåíèè ÍÑ è àëãîðèòìîâ èõ îáó÷åíèÿ ïîêàçàòåëåé, êàê
òî÷íîñòü (îøèáêà) àïïðîêñèìàöèè ñåòüþ îáó÷àþùåé èëè
òåñòîâîé âûáîðêè è âðåìÿ, çàòðà÷èâàåìîå íà îáó÷åíèå
ñåòè è (èëè) ðàáîòó îáó÷åííîé ñåòè, íà ïðàêòèêå îêàçû-
âàåòñÿ íåäîñòàòî÷íî. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî äàæå
íåñêîëüêî ÍÑ îäíîãî è òîãî æå òèïà, ñ îäèíàêîâîé òîïî-
ëîãèåé, îáó÷åííûå íà îäíèõ è òåõ æå äàííûõ ñ ïîìîùüþ
îäíîãî è òîãî æå àëãîðèòìà îáó÷åíèÿ è îáåñïå÷èâàþùèå
ïî÷òè îäèíàêîâóþ òî÷íîñòü àïïðîêñèìàöèè è ñðàâíèìîå
âðåìÿ îáó÷åíèÿ è ðàáîòû, èç-çà ðàçíûõ íà÷àëüíûõ
ñîñòîÿíèé (ðàçíûõ çíà÷åíèé âåñîâ ïåðåä îáó÷åíèåì) ìî-
ãóò îáëàäàòü ñóùåñòâåííî ðàçíûì êà÷åñòâîì. Òàêèå ðàç-
ëè÷èÿ â êà÷åñòâå íåéðîìîäåëåé ñâÿçàíû ñ ðàçíûìè óðî-
âíÿìè ëîãè÷åñêîé ïðîçðà÷íîñòè íåéðîìîäåëåé, èçáû-

òî÷íîñòüþ ïàìÿòè è ñâÿçåé ñåòåé, êà÷åñòâîì àïïðîêñè-
ìàöèè îáó÷àþùèõ äàííûõ.

Ïîýòîìó â äîïîëíåíèå ê ðàññìîòðåííûì êðèòåðèÿì
ñðàâíåíèÿ ÍÑ íåîáõîäèìî ðàçðàáîòàòü êîìïëåêñ ÷àñò-
íûõ è îáîáùåííûõ êðèòåðèåâ, ïîçâîëÿþùèõ êîëè÷åñòâå-
ííî îöåíèâàòü âûøåïåðå÷èñëåííûå ñâîéñòâà íåéðîñåòå-
âûõ ìîäåëåé, ñðàâíèâàòü èõ è ïðèíèìàòü ðåøåíèå î
âûáîðå áîëåå îïòèìàëüíîé ìîäåëè äëÿ ðåøåíèÿ
ïîñòàâëåííîé çàäà÷è.

2 ÊÐÈÒÅÐÈÈ ÑÐÀÂÍÅÍÈß ÒÐÅÁÎÂÀÍÈÉ Ê 
ÐÅÑÓÐÑÀÌ ÝÂÌ

Â [4] äëÿ ñðàâíåíèÿ ìåòîäîâ îáó÷åíèÿ ÍÑ ïðåä-
ëàãàåòñÿ íàðÿäó ñ êîëè÷åñòâîì öèêëîâ îáó÷åíèÿ
èñïîëüçîâàòü òàêîé êðèòåðèé, êàê êîëè÷åñòâî äîïîëíè-
òåëüíûõ ïåðåìåííûõ äëÿ îðãàíèçàöèè âû÷èñëèòåëüíîãî
ïðîöåññà Nv. Ïîä äîïîëíèòåëüíûìè çäåñü ïîíèìàþòñÿ

ïåðåìåííûå, íåîáõîäèìûå äëÿ ñîõðàíåíèÿ ïðîìåæóòî÷-
íûõ ðåçóëüòàòîâ âû÷èñëåíèé ïðè ïðîãðàììíîé ðåàëèçà-
öèè àëãîðèòìà îáó÷åíèÿ. Ïðåäïî÷òåíèå ñëåäóåò îòäàâàòü
òåì ìåòîäàì, êîòîðûå ïðè îáó÷åíèè ÍÑ òðåáóþò ìàëîãî
÷èñëà äîïîëíèòåëüíûõ ïåðåìåííûõ, ÷òî ñâÿçàíî ñ îãðà-
íè÷åíèåì ðåñóðñîâ âû÷èñëèòåëüíûõ ñðåäñòâ.

Äîñòàòî÷íî âàæíîé õàðàêòåðèñòèêîé ëþáîé ðàñïîçíà-
þùåé ñèñòåìû ÿâëÿåòñÿ åå ñëîæíîñòü. Èñõîäÿ èç áèîëî-
ãè÷åñêîé ñïåöèôèêè ÍÑ â [5] ïðèìåíèòåëüíî ê íèì
ïðåäëàãàåòñÿ èñïîëüçîâàòü ñëåäóþùóþ òåðìèíîëîãèþ:

- ñòðóêòóðíàÿ (ñòàòè÷åñêàÿ) ñëîæíîñòü ñèñòåìû îïðå-
äåëÿåòñÿ ïîñòðîåíèåì ñèñòåìû èç åå ñîñòàâëÿþùèõ
ïîäñèñòåì;

- âû÷èñëèòåëüíàÿ ñëîæíîñòü (ñëîæíîñòü óïðàâëåíèÿ)
õàðàêòåðèçóåòñÿ ìåðîé âû÷èñëèòåëüíûõ ðåñóðñîâ,
íåîáõîäèìûõ äëÿ äåòàëüíîãî ðàñ÷åòà îñîáåííîñòåé äèíà-
ìèêè ñèñòåìû, îòðàæàåò âûïîëíÿåìûå îïåðàöèè îáðà-
áîòêè èíôîðìàöèè è õàðàêòåðèçóåò ïðàêòè÷åñêóþ ñëîæ-
íîñòü äåòàëüíîãî ïîíèìàíèÿ ïîâåäåíèÿ ñèñòåìû - ìîæåò
áûòü ñâåäåíà ê çàâèñèìîñòè âû÷èñëèòåëüíûõ âîçìîæíî-
ñòåé (ðåñóðñîâ âû÷èñëèòåëüíîé ñèñòåìû), íåîáõîäèìûõ
äëÿ ìîäåëèðîâàíèÿ ïîâåäåíèÿ ñèñòåìû, îò ñïåöèôè-
÷åñêîé õàðàêòåðèñòèêè çàäà÷è - ðàçìåðíîñòè âûáîðêè è
(èëè) ìîäåëè.

Ñòðóêòóðíóþ ñëîæíîñòü íåéðîñåòåâîé ìîäåëè, îñíîâ-
íûìè ñòðóêòóðíûìè ýëåìåíòàìè êîòîðîé ÿâëÿþòñÿ íåé-
ðîíû, áóäåì õàðàêòåðèçîâàòü êîëè÷åñòâîì íåéðîíîâ Ní.,

êîòîðîå äëÿ ÌÍÑ îïðåäåëÿåòñÿ ïî ôîðìóëå:

. (1)∑
=µ

µ=
M

н
NN

1
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Âû÷èñëèòåëüíóþ ñëîæíîñòü íåéðîñåòåâîé ìîäåëè áó-
äåì õàðàêòåðèçîâàòü ÷èñëîì èñïîëüçóåìûõ ÿ÷ååê ïàìÿòè
Nï.ì. è êîëè÷åñòâîì âðåìåíè ðàáîòû tp., çàòðà÷èâàåìûì

íà ðàñ÷åò çíà÷åíèé âûõîäîâ ìîäåëè ïðè çàäàííûõ
âõîäàõ äëÿ îäíîãî ýêçåìïëÿðà èëè âñåõ ýêçåìïëÿðîâ
âûáîðêè.

Âû÷èñëèòåëüíóþ ñëîæíîñòü àëãîðèòìà ñèíòåçà íåéðî-
ñåòåâîé ìîäåëè áóäåì õàðàêòåðèçîâàòü ÷èñëîì èñïîëü-
çóåìûõ ÿ÷ååê ïàìÿòè Nï.à. è êîëè÷åñòâîì âðåìåíè,

çàòðà÷èàåìûì íà îáó÷åíèå ìîäåëè tîá..

Î÷åâèäíî, ÷òî ÷èñëî èñïîëüçóåìûõ ÿ÷ååê ïàìÿòè Nï.à.

áóäåò ðàâíî ñóììå ÷èñëà ÿ÷ååê, íåîáõîäèìûõ äëÿ õðàíå-
íèÿ îáó÷àþùåé âûáîðêè, ÷èñëà ÿ÷ååê, íåîáõîäèìûõ äëÿ
õðàíåíèÿ ïåðåìåííûõ ìîäåëè (â ñëó÷àå ÍÑ - âåñîâ è
ïîðîãîâ), è ÷èñëà ÿ÷ååê, íåîáõîäèìûõ äëÿ õðàíåíèÿ Nv

äîïîëíèòåëüíûõ ïåðåìåííûõ:

. (2)

ãäå  - êîëè÷åñòâî ÿ÷ååê ïàìÿòè äëÿ õðàíåíèÿ îäíîãî
ýëåìåíòà äàííûõ îáó÷àþùåé âûáîðêè, (NS+NM)- êîëè-

÷åñòâî ýëåìåíòîâ äàííûõ îáó÷àþùåé âûáîðêè, N - êîëè-
÷åñòâî ïðèçíàêîâ, õàðàêòåðèçóþùèõ ýêçåìïëÿðû, S - êî-
ëè÷åñòâî ýêçåìïëÿðîâ â âûáîðêå, NM - êîëè÷åñòâî

öåëåâûõ (âûõîäíûõ) ïðèçíàêîâ,  - êîëè÷åñòâî ÿ÷ååê
ïàìÿòè, íåîáõîäèìûõ äëÿ õðàíåíèÿ îäíîãî âåñà ñåòè, Nw

- êîëè÷åñòâî âåñîâ è ïîðîãîâ ñåòè,  - êîëè÷åñòâî
ÿ÷ååê ïàìÿòè, íåîáõîäèìûõ äëÿ õðàíåíèÿ îäíîé äî-
ïîëíèòåëüíîé ïåðåìåííîé àëãîðèòìà îáó÷åíèÿ.

Ïîñêîëüêó ÍÑ ÿâëÿþòñÿ âû÷èñëèòåëüíûìè óñòðîé-
ñòâàìè, âåñüìà âàæíûìè õàðàêòåðèñòèêàìè ÿâëÿþòñÿ
ñëîæíîñòü èõ àïïàðàòíîé èëè ïðîãðàììíîé ðåàëèçàöèè,
à òàêæå âðåìÿ ðàáîòû â ïðîöåññå ðàñïîçíàâàíèÿ îäíîãî
ýêçåìïëÿðà äàííûõ.

Âû÷èñëèòåëüíóþ ñëîæíîñòü i-ãî íåéðîíà -ãî ñëîÿ

T( , i) áóäåì îïðåäåëÿòü ïî ôîðìóëå (3) èëè (4):

=   + + (3)

=  (  + )+ , (4)

ãäå  - êîëè÷åñòâî âõîäîâ i-ãî íåéðîíà -ãî ñëîÿ,

 - âû÷èñëèòåëüíàÿ ñëîæíîñòü îäíîãî ñèíàïñà i-ãî

íåéðîíà -ãî ñëîÿ, - âû÷èñëèòåëüíàÿ ñëîæíîñòü

äèñêðèìèíàíòíîé ôóíêöèè i-ãî íåéðîíà -ãî ñëîÿ äëÿ

îáðàáîòêè äâóõ àðãóìåíòîâ,  - âû÷èñëèòåëüíàÿ

ñëîæíîñòü ôóíêöèè àêòèâàöèè i-ãî íåéðîíà -ãî ñëîÿ.

Çàìåòèì, ÷òî, åñëè ôóíêöèÿ àêòèâàöèè i-ãî íåéðîíà

-ãî ñëîÿ ÍÑ (x)=x, òî  ìîæíî ïîëîæèòü

ðàâíîé íóëþ. Âû÷èñëèòåëüíûå ñëîæíîñòè ñèíàïñîâ,
äèñêðèìèíàíòíûõ ôóíêöèé è ôóíêöèé àêòèâàöèè îïðå-
äåëÿþò ñ ó÷åòîì óñëîâèé ðåàëèçàöèè ñåòè (íà ðàçíûõ
ÝÂÌ ñ ðàçíîé ñêîðîñòüþ ðàáîòû çàòðàòû âðåìåíè íà

âû÷èñëåíèÿ áóäóò ðàçíûìè).
Âû÷èñëèòåëüíàÿ ñëîæíîñòü ñåòè ïðÿìîãî ðàñïðîñòðà-

íåíèÿ ïðè ïîñëåäîâàòåëüíîé ðåàëèçàöèè âû÷èñëåíèé
(ïðè ïðîãðàììíîé ðåàëèçàöèè íà ÝÂÌ ñ ïîñëåäîâà-
òåëüíîé îðãàíèçàöèåé âû÷èñëåíèé) Ò1 îïðåäåëÿåòñÿ èç

âûðàæåíèÿ:

(5)

ãäå M- êîëè÷åñòâî ñëîåâ ñåòè, - êîëè÷åñòâî íåéðîíîâ

â -îì ñëîå ñåòè.

Âû÷èñëèòåëüíàÿ ñëîæíîñòü ñåòè ïðÿìîãî ðàñïðî-
ñòðàíåíèÿ ïðè ïàðàëëåëüíîé ðåàëèçàöèè âû÷èñëåíèé
(íàïðèìåð, ïðè àïïàðàòíîé ðåàëèçàöèè ñåòè) Ò2:

, i = 1,2,…, . (6)

3 ÊÐÈÒÅÐÈÈ ÎÖÅÍÊÈ ÓÐÎÂÍß ËÎÃÈ×ÅÑÊÎÉ 
ÏÐÎÇÐÀ×ÍÎÑÒÈ

Ëîãè÷åñêè ïðîçðà÷íîé íàçûâàþò ÍÑ, êîòîðàÿ ðåøàåò
çàäà÷ó ïîíÿòíûì äëÿ ÷åëîâåêà ñïîñîáîì, äëÿ êîòîðîãî
ëåãêî ñôîðìóëèðîâàòü ñëîâåñíîå îïèñàíèå â âèäå ÿâíîãî
àëãîðèòìà. Òàêàÿ ñåòü äîëæíà îáëàäàòü ìèíèìàëüíîé
ñòðóêòóðíîé ñëîæíîñòüþ è ïðè ýòîì óäîâëåòâîðÿòü
òðåáîâàíèÿì (ïðåäïî÷òåíèÿì) ïîëüçîâàòåëÿ è/èëè òðå-
áîâàíèÿì àëãîðèòìà àâòîìàòèçèðîâàííîãî èçâëå÷åíèÿ
çíàíèé ê âèäó ðåçóëüòèðóþùåé ñåòè.

Êàê áûëî îòìå÷åíî âûøå, ÍÑ îáëàäàþò ïàìÿòüþ,
ðåàëèçóåìîé âåñàìè. ×åì ìåíüøå ïàìÿòü ñåòè, òåì
ìåíüøå îáðàçîâ îíà ìîæåò çàïîìíèòü, íî åñëè äâå ñåòè ñ
ðàçíûì îáúåìîì ïàìÿòè îáåñïå÷èâàþò òðåáóåìóþ òî÷-
íîñòü ðàñïîçíàâàíèÿ (îöåíèâàíèÿ), òî ñåòü ñ ìåíüøåé
ïàìÿòüþ, î÷åâèäíî, áóäåò ïðîÿâëÿòü ëó÷øèå îáîáùàþ-
ùèå ñâîéñòâà. Èçáûòî÷íîñòü ïàìÿòè ñåòè áóäåì õàðàêòå-
ðèçîâàòü ñ ïîìîùüþ êîýôôèöèåíòà èçáûòî÷íîñòè äëÿ
õðàíåíèÿ îáó÷àþùåé âûáîðêè KI:

, >1, S > 0, N > 0. (7)

Åñëè KI>1, òî ïàìÿòü ñåòè èçáûòî÷íà (ðàçìåðíîñòü

ïàìÿòè ñåòè áîëüøå ðàçìåðíîñòè îáó÷àþùåé âûáîðêè),
åñëè KI=1, òî ñåòü ìîæåò çàïîìíèòü âñþ îáó÷àþùóþ

âûáîðêó (ðàçìåðíîñòü ïàìÿòè ñåòè ðàâíà ðàçìåðíîñòè
îáó÷àþùåé âûáîðêè), åñëè KI<1, òî ñåòü íå ñìîæåò â

òî÷íîñòè çàïîìíèòü âñþ îáó÷àþùóþ âûáîðêó (ðàçìåð-
íîñòü ïàìÿòè ñåòè ìåíüøå ðàçìåðíîñòè îáó÷àþùåé âû-
áîðêè), îäíàêî ïðè ýòîì ñåòü áóäåò ïðîÿâëÿòü îáîáùà-
þùèå è àïïðîêñèìèðóþùèå ñïîñîáíîñòè.

Â ñëó÷àå, åñëè êîëè÷åñòâî íóëåâûõ âåñîâ â ÍÑ âåëè-
êî, òî KI áóäåì îïðåäåëÿòü ïî ôîðìóëå:

. (8)
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Ñ.À. Ñóááîòèí:  ÌÅÒÎÄÈÊÀ È ÊÐÈÒÅÐÈÈ ÑÐÀÂÍÅÍÈß ÌÎÄÅËÅÉ È ÀËÃÎÐÈÒÌÎÂ ÑÈÍÒÅÇÀ 
ÈÑÊÓÑÑÒÂÅÍÍÛÕ ÍÅÉÐÎÍÍÛÕ ÑÅÒÅÉ

Ëîãè÷åñêàÿ ïðîçðà÷íîñòü ñåòè ñèëüíî çàâèñèò îò
îáùåãî êîëè÷åñòâà ñâÿçåé â ñåòè è êîëè÷åñòâà ñâÿçåé,
ñîåäèíÿþùèõ êîíêðåòíûå íåéðîíû (êîëè÷åñòâà âõîäîâ
íåéðîíîâ ñêðûòûõ ñëîåâ). ×åì ìåíüøå ñâÿçåé, òåì ïðî-
ùå ñåòü è òåì óäîáíåå îíà äëÿ àíàëèçà è èíòåðïðåòàöèè
÷åëîâåêîì.

Êîýôôèöèåíò ðàçðåæåííîñòè ñâÿçåé ñåòè ïðÿìîãî
ðàñïðîñòðàíåíèÿ KR îïðåäåëÿåòñÿ èç âûðàæåíèÿ:

,  = N, (9)

ãäå  - êîëè÷åñòâî âåñîâ ñåòè, ðàâíûõ íóëþ:

 .

Êîýôôèöèåíò ñâÿçàííîñòè ÌÍÑ KC îïðåäåëÿåòñÿ ïî

ôîðìóëå:

,  = N, (10)

Äëÿ êîýôôèöèåíòîâ ñâÿçàííîñòè è ðàçðåæåííîñòè
ñâÿçåé ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ õàðàêòåðíû ñëå-

äóþùèå ñâîéñòâà: KR+KC = 1; 0 KR 1; 0 KC 1.

Êîýôôèöèåíò ñðåäíåé ñâÿçàííîñòè íåéðîííîé ñåòè
ïðÿìîãî ðàñïðîñòðàíåíèÿ KM ïîêàçûâàåò ñðåäíåå

êîëè÷åñòâî âõîäîâ ñ íåíóëåâûìè âåñàìè äëÿ íåéðîíîâ
âñåõ ñëîåâ, êðîìå ïåðâîãî:

 , (11)

ãäå  - êîëè÷åñòâî âåñîâ i-ãî íåéðîíà -ãî ñëîÿ ñå-

òè, ðàâíûõ íóëþ.
×åì áîëüøå â ñåòè åäèíè÷íûõ ñèíàïñîâ (ñâÿçåé, âåñà

êîòîðûõ ðàâíû ïî ìîäóëþ åäèíèöå), òåì ïðîùå åå ðåà-
ëèçàöèÿ (ïðåæäå âñåãî àïïàðàòíàÿ) è óäîáíåå àíàëèç
÷åëîâåêîì.

Äîëþ åäèíè÷íûõ ñèíàïñîâ â ñåòè ïðÿìîãî ðàñïðî-
ñòðàíåíèÿ KL áóäåì ðàññ÷èòûâàòü ïî ôîðìóëå:

,  = N, (12)

ãäå Nw=1 - êîëè÷åñòâî âåñîâ ñåòè, ïî ìîäóëþ ðàâíûõ

åäèíèöå: .

Äîëþ íååäèíè÷íûõ ñèíàïñîâ â ñåòè ïðÿìîãî ðàñïðî-
ñòðàíåíèÿ KN îïðåäåëèì èç âûðàæåíèÿ:

,  = N. (13)

Äëÿ äîëåé åäèíè÷íûõ è íååäèíè÷íûõ ñèíàïñîâ ñåòè
ïðÿìîãî ðàñïðîñòðàíåíèÿ õàðàêòåðíû ñëåäóþùèå ñâîé-

ñòâà: KL + KN = 1; 0 KL 1; 0 KN 1.

Ïîñêîëüêó ëîãè÷åñêàÿ ïðîçðà÷íîñòü ñâÿçåé ñåòè çàâè-
ñèò â çíà÷èòåëüíîé ñòåïåíè îò ðàçðåæåííîñòè è ïðîñòî-
òû ñâÿçåé, áóäåì åå õàðàêòåðèçîâàòü êîýôôèöèåíòîì,
ïîêàçûâàþùèì äîëþ áèíàðíûõ (íóëåâûõ èëè åäèíè÷-
íûõ ïî ìîäóëþ) âåñîâ â îáùåì êîëè÷åñòâå âåñîâ ñåòè.

Êîýôôèöèåíò ëîãè÷åñêîé ïðîçðà÷íîñòè ñâÿçåé ñåòè
ïðÿìîãî ðàñïðîñòðàíåíèÿ KT áóäåì îïðåäåëÿòü èç âûðà-

æåíèÿ:

,  = N. (14)

Êîýôôèöèåíò ëîãè÷åñêîé íåïðîçðà÷íîñòè (ðàçìûòîñ-
òè) ñâÿçåé ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ KS áóäåì ðàñ-

ñ÷èòûâàòü ïî ôîðìóëå (15) èëè àëüòåðíàòèâíîé åé
ôîðìóëå (16):

, (15)

,  = N. (16)

Äëÿ êîýôôèöèåíòîâ ëîãè÷åñêîé ïðîçðà÷íîñòè è
íåïðîçðà÷íîñòè ñâÿçåé ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ

õàðàêòåðíû ñëåäóþùèå ñâîéñòâà: KÒ + KS = 1;0 KT 1;

0 KS 1.

Äëÿ áîëåå òî÷íîé îöåíêè ëîãè÷åñêîé ïðîçðà÷íîñòè
áóäåì îïðåäåëÿòü ëîãè÷åñêóþ ïðîçðà÷íîñòü ñåòè ÷åðåç
ëîãè÷åñêóþ ïðîçðà÷íîñòü åå ýëåìåíòîâ.

Êîýôôèöèåíò ëîãè÷åñêîé ïðîçðà÷íîñòè i-ãî íåéðîíà

-ãî ñëîÿ ñåòè KE  áóäåò îïðåäåëÿòüñÿ òèïîì èñ-

ïîëüçóåìîé ôóíêöèè àêòèâàöèè. Äëÿ ëèíåéíîé è ïîðî-

ãîâîé ôóíêöèé àêòèâàöèè ïðèìåì: KE =1, äëÿ âñåõ

îñòàëüíûõ ôóíêöèé àêòèâàöèè KE  = 0.

Êîýôôèöèåíò ëîãè÷åñêîé ïðîçðà÷íîñòè ÍÑ ïðÿìîãî
ðàñïðîñòðàíåíèÿ KU áóäåì ðàññ÷èòûâàòü ïî ôîðìóëå:

, KM 0. (17)

×åì áîëüøå KU, òåì âûøå óðîâåíü ëîãè÷åñêîé ïðî-

çðà÷íîñòè ñåòè, è, íàîáîðîò, ÷åì ìåíüøå KU, òåì íèæå

óðîâåíü ëîãè÷åñêîé ïðîçðà÷íîñòè ñåòè.
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Îäíîé èç âàæíåéøèõ õàðàêòåðèñòèê íåéðîñåòåâûõ
ìîäåëåé ÿâëÿåòñÿ êà÷åñòâî àïïðîêñèìàöèè. Êà÷åñòâî
àïïðîêñèìàöèè ïðè îäíîì è òîì æå óðîâíå îøèáêè òåì
âûøå, ÷åì ìåíüøå èñïîëüçóåòñÿ âåñîâ.

Êîýôôèöèåíò êà÷åñòâà àïïðîêñèìàöèè íåéðîñåòåâîé
ìîäåëè KA îïðåäåëèì êàê ñðåäíþþ äîëþ îøèáêè, ïðè-

õîäÿùóþñÿ íà íåíóëåâûå âåñà ñåòè:

, (18)

ãäå E - ñîâîêóïíàÿ îøèáêà, äîïóñêàåìàÿ ñåòüþ
(íàïðèìåð, ñðåäíåêâàäðàòè÷åñêàÿ îøèáêà), òàêàÿ, ÷òî

E , ãäå  - ìàêñèìàëüíî äîïóñòèìàÿ îøèáêà (öåëü

îáó÷åíèÿ).

4 ÌÅÒÎÄÈÊÀ ÏÐÎÂÅÄÅÍÈß 
ÈÑÑËÅÄÎÂÀÍÈÉ ÕÀÐÀÊÒÅÐÈÑÒÈÊ

íåéðîñåòåâûõ ìîäåëåé è àëãîðèòìîâ èõ ñèíòåçà
Ïîñêîëüêó âàæíåéøèìè õàðàêòåðèñòèêàìè èòåðàòèâ-

íûõ ìåòîäîâ îáó÷åíèÿ ÌÍÑ ÿâëÿþòñÿ âðåìÿ îáó÷åíèÿ
tîá., êîëè÷åñòâî çàòðà÷åííûõ öèêëîâ îáó÷åíèÿ epoch è

äîñòèãíóòàÿ òî÷íîñòü (îøèáêà) E, äëÿ îòáîðà íàèëó÷øå-
ãî ñðåäè ãðàäèåíòíûõ ìåòîäîâ îáó÷åíèÿ ÌÍÑ öåëåñîîá-
ðàçíî äëÿ ðàçëè÷íûõ ïðèêëàäíûõ çàäà÷ ñðàâíèòü àëãî-
ðèòìû ïî êàæäîìó èç äàííûõ êðèòåðèåâ, çàôèêñèðîâàâ
ïîî÷åðåäíî îñòàëüíûå.

Äëÿ íåèòåðàòèâíûõ ìåòîäîâ ñèíòåçà ÌÍÑ [1,6], ñëå-
äóåò îöåíèâàòü âðåìÿ îáó÷åíèÿ tîá. è äîñòèãíóòóþ òî÷-

íîñòü (îøèáêó) E.
Çíà÷åíèÿ êðèòåðèåâ Nv è Nï.a. áóäóò ñèëüíî çàâèñåòü

îò îñîáåííîñòåé ïðîãðàììíîé ðåàëèçàöèè êàæäîãî àëãî-
ðèòìà îáó÷åíèÿ. Ïðè ýòîì äëÿ ãðàäèåíòíûõ àëãîðèòìîâ
áîëüøîå çíà÷åíèå áóäåò èìåòü ñïîñîá âû÷èñëåíèÿ
ïðîèçâîäíîé öåëåâîé ôóíêöèè ïî âåñàì. Â ñâÿçè ñ
äàííûìè îáñòîÿòåëüñòâàìè òåîðåòè÷åñêàÿ îöåíêà (2)
äàííûõ êðèòåðèåâ ïðåäñòàâëÿåòñÿ íåóäîáíîé. Ïîýòîìó
áóäåì îöåíèâàòü Nï.a. ñëåäóþùèì îáðàçîì:

(19)

ãäå , ,
, M1 - ðàçìåð çàíÿòîé ïàìÿòè ÝÂÌ

äî çàãðóçêè îáó÷àþùåé âûáîðêè, M2 - ðàçìåð çàíÿòîé

ïàìÿòè ÝÂÌ ïîñëå çàãðóçêè îáó÷àþùåé âûáîðêè ïåðåä
ñîçäàíèåì ïåðåìåííûõ ìîäåëè ÍÑ, Ì3 - ðàçìåð çàíÿòîé

ïàìÿòè ÝÂÌ ïîñëå ñîçäàíèÿ ïåðåìåííûõ ìîäåëè è
ïåðåä îáó÷åíèåì ÍÑ, Ì4 - ðàçìåð çàíÿòîé ïàìÿòè ÝÂÌ

ïåðåä îêîí÷àíèåì ïðîöåäóðû îáó÷åíèÿ ÍÑ.
Òàêèì îáðàçîì, äëÿ îöåíêè çíà÷åíèé êðèòåðèåâ Nv è

Nï.à. ñëåäóåò îïðåäåëÿòü îáúåìû çàíÿòîé ïàìÿòè ÝÂÌ

M1, M3 è M4.

Êðèòåðèè Nï.à., E, Ní., Nï.ì., tp., KI, T1, T2, KR, KC,

KM, KL, KN, KT, KS, KU è KA íåîáõîäèìî îöåíèâàòü

äëÿ ìîäåëåé, ïîëó÷åííûõ â ðåçóëüòàòå èñïîëüçîâàíèÿ
êàê èòåðàòèâíûõ, òàê è íåèòåðàòèâíûõ ìåòîäîâ. Ïðè
ýòîì çíà÷åíèå êðèòåðèÿ Nï.ì., áóäåì îïðåäåëÿòü ïî àíà-

ëîãèè ñ (19) ñëåäóþùèì îáðàçîì:

. (20)

Íà îñíîâå âûøå èçëîæåííûõ ñîîáðàæåíèé ñôîðìó-
ëèðóåì ìåòîäèêó ïðîâåäåíèÿ ýêñïåðèìåíòîâ äëÿ èññëå-
äîâàíèÿ õàðàêòåðèñòèê è ñðàâíåíèÿ íåéðîñåòåâûõ
ìîäåëåé è àëãîðèòìîâ èõ ñèíòåçà.

Ýòàï 1. Ïîäãîòîâèòåëüíûé. Îïðåäåëèòü íîìåíêëàòóðó
ðåøàåìûõ çàäà÷.

Äëÿ êàæäîé çàäà÷è çàäàòü îáó÷àþùóþ è òåñòîâóþ âû-
áîðêè äàííûõ, à òàêæå îïðåäåëèòü çíà÷åíèÿ ïàðàìåòðîâ
çàäà÷è äëÿ ñðàâíåíèÿ ìåòîäîâ ñèíòåçà ÌÍÑ: íàçâàíèå
çàäà÷è, îïèñàíèå çàäà÷è, òèï çàäà÷è (êëàññèôèêàöèÿ,
îöåíèâàíèå), êîëè÷åñòâî ïðèçíàêîâ N, ÷èñëî öåëåâûõ
ïðèçíàêîâ NM, êîëè÷åñòâî ýêçåìïëÿðîâ â îáó÷àþùåé

âûáîðêå S, êîëè÷åñòâî ýêçåìïëÿðîâ â òåñòîâîé âûáîðêå
Sòåñò., öåëåâàÿ ôóíêöèÿ (ôîðìóëà èëè ññûëêà íà íåå),

ìàêñèìàëüíî äîïóñòèìîå çíà÷åíèå öåëåâîé ôóíêöèè

(îøèáêè) .
Äëÿ êàæäîé çàäà÷è ñôîðìèðîâàòü îòäåëüíóþ òàáëèöó

(ïðèìåð ñì. òàáë. 1), â âåðõíåé ÷àñòè êîòîðîé çàïèñàòü
ðåçóëüòàòû âûïîëíåíèÿ ýòàïà 1.

Âûáðàòü ïðîãðàììíîå ñðåäñòâî, ñîäåðæàùåå ïðîöå-
äóðû, ðåàëèçóþùèå ñðàâíèâàåìûå ìîäåëè è ìåòîäû
íàñòðîéêè âåñîâ ÍÑ.

Ýòàï 2. Ýêñïåðèìåíòàëüíî-ðàñ÷åòíûé. Âûáðàòü ïðè-
êëàäíóþ çàäà÷ó. Çàïóñòèòü íà âûïîëíåíèå âûáðàííîå
ïðîãðàììíîå ñðåäñòâî. Îïðåäåëèòü ðàçìåð çàíÿòîé ïà-
ìÿòè M1. Ââåñòè â ïàìÿòü ÝÂÌ îáó÷àþùóþ âûáîðêó

äàííûõ, îïðåäåëèòü ðàçìåð çàíÿòîé ïàìÿòè M2.

Äëÿ ñîîòâåòñòâóþùåé ïðèêëàäíîé çàäà÷è çàäàòü òèï
ìîäåëè ÍÑ è ìåòîä îáó÷åíèÿ. Äëÿ ñîîòâåòñòâóþùåé ìî-
äåëè ÍÑ è ìåòîäà îáó÷åíèÿ îïðåäåëèòü çíà÷åíèÿ íà-
÷àëüíûõ ïàðàìåòðîâ (êîëè÷åñòâî ñëîåâ M, êîëè÷åñòâî
íåéðîíîâ â êàæäîì ñëîå N , òèï äèñêðèìèíàíòíîé

ôóíêöèè è ôóíêöèè àêòèâàöèè êàæäîãî íåéðîíà, íà-
÷àëüíûå çíà÷åíèÿ âåñîâ ñåòè, òèï àëãîðèòìà íàñòðîéêè
âåñîâ è çíà÷åíèÿ åãî ïàðàìåòðîâ).

Ñôîðìèðîâàòü ïåðåìåííûå ìîäåëè ñåòè, îïðåäåëèòü
ðàçìåð çàíÿòîé ïàìÿòè M3. Çàñå÷ü âðåìÿ. Çàïóñòèòü íà

âûïîëíåíèå ïðîöåäóðó, ðåàëèçóþùóþ âûáðàííûé àëãî-
ðèòì íàñòðîéêè âåñîâ ñåòè, îïðåäåëèòü ðàçìåð çàíÿòîé
ïàìÿòè M4, âðåìÿ ðàáîòû àëãîðèòìà tîá. è ÷èñëî çàòðà-

÷åííûõ öèêëîâ îáó÷åíèÿ epoch. Ðàññ÷èòàòü Nï.à. ïî ôîð-

ìóëå (2). Ìàòðèöó âåñîâ è ïàðàìåòðû ïîëó÷åííîé â
ðåçóëüòàòå îáó÷åíèÿ ìîäåëè ïðåäñòàâèòü â âèäå òàáëèöû
(ñì. òàáë. 2).

Îïðåäåëèòü êîëè÷åñòâî íåéðîíîâ â ñåòè Ní., êîëè÷å-
ñòâî âåñîâ Nw, êîëè÷åñòâî íóëåâûõ âåñîâ Nw=0, êîëè÷å-
ñòâî åäèíè÷íûõ âåñîâ Nw=1, à òàêæå îïðåäåëèòü çíà÷å-

íèÿ ïàðàìåòðîâ è êðèòåðèåâ: , , ,

, , , Nï.ì, , KI, T1, T2, KR,
KC, KM, KL, KN, KT, KS è KU.
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Çàñå÷ü âðåìÿ. Íà îñíîâå ïîñòðîåííîé ìîäåëè ïðîèç-
âåñòè ðàñïîçíàâ àíèå ýêçåìïëÿðîâ îáó÷àþùåé âûáîðêè.
Îïðåäåëèòü âðåìÿ, çàòðà÷åííîå íà ðàñïîçíàâàíèå ýêçåì-
ïëÿðîâ îáó÷àþùåé âûáîðêè tð.î., à òàêæå Eîá. è KAîá..

Çàãðóçèòü â ïàìÿòü ÝÂÌ òåñòîâóþ âûáîðêó. Çàñå÷ü
âðåìÿ. Íà îñíîâå ïîñòðîåííîé ìîäåëè ïðîèçâåñòè ðàñ-
ïîçíàâàíèå ýêçåìïëÿðîâ òåñòîâîé âûáîðêè. Îïðåäåëèòü
âðåìÿ, çàòðà÷åííîå íà ðàñïîçíàâàíèå ýêçåìïëÿðîâ òåñ-
òîâîé âûáîðêè tð.î., à òàêæå Eòåñò. è KAòåñò..

Ýòàï 2 âûïîëíÿåòñÿ îòäåëüíî äëÿ êàæäîé çàäà÷è.
Ïðè âûáîðå çàäà÷è ýòàï 2 âûïîëíÿåòñÿ îòäåëüíî äëÿ
êàæäîãî âûáðàííîãî ìåòîäà. Ðåçóëüòàòû ðàñ÷åòîâ äëÿ
êàæäîé çàäà÷è çàíåñòè â îòäåëüíóþ òàáëèöó (ñì.òàáë.1).

Ýòàï 3. Àíàëèòè÷åñêèé. Íà îñíîâå äàííûõ òàáë. 1,
ïîñòðîåííîé ïðè âûïîëíåíèè ýòàïîâ 1 è 2, äëÿ êàæäîé
çàäà÷è ïðîðàíæèðîâàòü ìåòîäû îáó÷åíèÿ è ïîëó÷åííûå
ìîäåëè ïî ñêîðîñòè îáó÷åíèÿ, ðàáîòû, òî÷íîñòè, ñëî-
æíîñòè, ëîãè÷åñêîé ïðîçðà÷íîñòè. Ïðîàíàëèçèðîâàòü è
îáîáùèòü ïîëó÷åííûå ðåçóëüòàòû.

Òàáëèöà 1 - Ôîðìàò òàáëèöû "Çàäà÷à è ðåçóëüòàòû ìîäåëèðîâàíèÿ"

îïèñàíèå çàäà÷è òèï çàäà÷è N NM Sîá. Sòåñò. öåëåâàÿôóíêöèÿ  

Ìîäåëèðîâàíèå 
êîýôôèöèåíòà 

óïðî÷íåíèÿ [6,7]
îöåíèâàíèå 11 1 43 43

ñóììà êâàäðàòîâ 
ìãíîâåííûõ 

îøèáîê
0.0001

êðèòåðèé ñðàâíåíèÿ ìîäåëü è àëãîðèòì îáó÷åíèÿ ÌÍÑ

ðàäèàëüíî-áàçèñíàÿ íåéðîííàÿ ñåòü 
[6]

íåéðîííàÿ ñåòü, ðåàëèçóþùàÿ ìåòîä êëàñòåð-
ðåãðåññèîííîé àïïðîêñèìàöèè [1]

epoch 1 1

tîá. 6.04 12.96

Eîá. 2.79·10-27 9.74·10-6

tð. î. 0.33 6.37

Nï. à 56510 43506

Ní. 44 197

Nï. ì 47872 37558

Nw 560 4422

Nw=0 1 3833

Nw=1 0 391

KI 1.1839 0.4144

T1 0.0493 0.2243

T2 0.0032 0.0107

KR 0.0018 0.8668

KC 0.9982 0.1332

KM 0.9545 0.1260

KL 0 0.0884

KN 1 0.9116

KT 0.0018 0.9552

KS 0.9982 0.0448

KU 0.0238 7.9344

KA 4.98·10-30 1.65·10-8

tò. 0.33 6.37

Eò. 2.79·10-27 9.74·10-6
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5 ÝÊÑÏÅÐÈÌÅÍÒÛ È ÐÅÇÓËÜÒÀÒÛ

Íà îñíîâå ïðåäëîæåííîé ìåòîäèêè áûëè ïðîâåäåíû
ýêñïåðèìåíòû ïî ñðàâíåíèþ íåéðîñåòåâûõ ìîäåëåé
êîýôôèöèåíòà óïðî÷íåíèÿ äåòàëåé àâèàäâèãàòåëåé [6,7],
ïîëó÷åííûõ íà îñíîâå ðàäèàëüíî-áàçèñíûõ ÍÑ [6] è ìå-
òîäà êëàñòåð-ðåãðåññèîííîé àïïðîêñèìàöèè [1]. Â ðàì-
êàõ ïðîâåäåííûõ ýêñïåðèìåíòîâ ðàñ÷èòûâàëèñü çíà÷å-
íèÿ ðàçðàáîòàííûõ êðèòåðèåâ ñðàâíåíèÿ ÍÑ, êîòîðûå
ïðèâåäåíû â òàáë. 1.

Êàê âèäíî èç òàáë. 1, ìåòîä êëàñòåð-ðåãðåññèîííîé
àïïðîêñèìàöèè ÿâëÿåòñÿ áîëåå òðåáîâàòåëüíûì ê âû÷è-
ñëèòåëüíûì ðåñóðñàì è áîëåå ìåäëåííûì ÷åì ðàäèàëüíî-
áàçèñíàÿ ÍÑ. Îäíàêî ÍÑ, ðåàëèçóþùàÿ ìåòîä êëàñòåð-
ðåãðåññèîííîé àïïðîêñèìàöèè, îáëàäàåò ñóùåñòâåííî
áîëåå âûñîêèì óðîâíåì ëîãè÷åñêîé ïðîçðà÷íîñòè ïî ñðà-
âíåíèþ ñ ðàäèàëüíî-áàçèñíîé ÍÑ, è ïîýòîìó â çàäà÷àõ
èíòåëëåêòóàëüíîãî àíàëèçà äàííûõ ïðåäïî÷òå-íèå ñëåäó-
åò îòäàòü ìåòîäó êëàñòåð-ðåãðåññèîííîé àïïðîêñèìàöèè.

Ñðàâíåíèå àïïðîêñèìàöèîííûõ ñâîéñòâ ïîñòðîåííûõ
ìîäåëåé êîýôôèöèåíòà óïðî÷íåíèÿ ïîêàçûâàåò, ÷òî ìå-
òîä êëàñòåð-ðåãðåññèîííîé àïïðîêñèìàöèè îáåñïå÷èâàåò
ëó÷øóþ àïïðîêñèìàöèþ, ÷åì ðàäèàëüíî-áàçèñíàÿ ñåòü,

êîòîðàÿ ÿâëÿåòñÿ ÷ðåçâû÷àéíî èçáûòî÷íîé è çàïîìèíàåò
îáó÷àþùóþ âûáîðêó êàê òàáëèöó, ïðîÿâëÿÿ ñëàáûå
àïïðîêñèìàöèîííûå ñâîéñòâà.

Ðåçóëüòàòû ïðîâåäåííûõ ýêñïåðèìåíòîâ õîðîøî ñî-
ãëàñóþòñÿ ñ òåîðåòè÷åñêèì ïðåäñòàâëåíèÿìè î ñâîéñòâàõ
èññëåäîâàâøèõñÿ íåéðîìîäåëåé è ïîçâîëÿþò ðåêîìåíäî-
âàòü ïðåäëîæåííûå ìåòîäèêó è êðèòåðèè ñðàâíåíèÿ ÍÑ
äëÿ øèðîêîãî èñïîëüçîâàíèÿ íà ïðàêòèêå.
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Çàïðîïîíîâàíî êðèòåði¿ òà ìåòîäèêó, ùî äîçâîëÿþòü
êiëüêiñíî îöiíþâàòè ðiâåíü ëîãi÷íî¿ ïðîçîðîñòi áàãàòîøà-
ðîâèõ íåéðîííèõ ìåðåæ ïðÿìîãî ïîøèðåííÿ, ùî äàº ìîæëè-
âiñòü ïîðiâíÿííÿ òà îáãðóíòîâóâàòè âèáið íåéðîìîäåëåé ó
çàäà÷àõ iíòåëåêòóàëüíîãî àíàëiçó äàíèõ.

The criterions and technique permitting to quantitatively
estimate a level of multilayer feed-forward neural network
logical transparency are offered. It enables to realize a com-
parison and to justify a choice of neural models in the data
mining problems.

ÓÄÊ 004.93:007

Â.Ä. Öûãàíêîâ 

                 ÑÏÈÍÎÂÛÅ ÑÒÅÊËÀ, ÍÅÉÐÎÊÎÌÏÜÞÒÅÐ "ÝÌÁÐÈÎÍ"          
È ÊÂÀÍÒÎÂÛÅ ÂÛ×ÈÑËÅÍÈß

Âîçìîæíîñòü èíòåðïðåòàöèè âèðòóàëüíîãî íåéðîêîì-
ïüþòåðà "ÝÌÁÐÈÎÍ" [1] êàê êâàíòîâîãî âû÷èñëèòåëÿ
áûëà ïðåäïðèíÿòà ðàíåå â ðàáîòàõ [2, 4]. Â íàñòîÿùåé
ðàáîòå ïðåäïðèíÿòà ïîïûòêà ïðîâåñòè ñîïîñòàâëåíèå
ìåæäó ñâîéñòâàìè ñïèíîâûõ ñòåêîë è èíôîðìàöèîííûìè
ïðîöåññàìè â âèðòóàëüíîé íåéðîííîé ñåòè íåéðîêîì-
ïüþòåðà "ÝÌÁÐÈÎÍ". Ïîêàçàíî, ÷òî íåéðîííàÿ ñåòü
íåéðîêîìïüþòåðà ìîæåò áûòü ïðåäñòàâëåíà íåêîòîðûì
èíôîðìàöèîííûì àíàëîãîì ñïèíîâîãî ñòåêëà.

1 ÑÏÈÍÎÂÎÅ ÑÒÅÊËÎ

Â ôèçè÷åñêîì ïîíÿòèè ñïèíîâîãî ñòåêëà "ñïèí" - ýòî
êâàíòîâî-ìåõàíè÷åñêèé ñïèí, êîòîðûé îáóñëàâëèâàåò
ìàãíèòíûå ýôôåêòû, à ñëîâî "ñòåêëî" îòíîñèòñÿ ê áåñïî-
ðÿäêó â îðèåíòàöèè è âçàèìîäåéñòâèÿõ ñïèíîâ. Â îáû÷-
íîì ñòåêëå àòîìû "çàìîðîæåíû" â ñëó÷àéíûõ ïîëîæå-
íèÿõ â ïðîñòðàíñòâå, ò.å. ê èäåàëüíîìó êðèñòàëëó ïðè-
ðîäîé èëè òåõíîëîãîì-ñòåêëîäóâîì äîáàâëåí íåáîëüøîé

Òàáëèöà 2 Îáðàçåö òàáëèöû "Íåéðîñåòåâàÿ 
ìîäåëü"

íîìåð 
íåéðîíà 
â ñëîå

ôîðìóëû 
äèñêðèìèíàíò-
íîé ôóíêöèè
è ôóíêöèè 
àêòèâàöèè

íîìåð
âõîäà

íåéðîíà

íîìåð ñëîÿ

1 2 3

1 0

1

2
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áåñïîðÿäîê èëè ñëó÷àéíîñòü. Ñïèíîâûå ñòåêëà - ýòî âà-
ðèàíò íå ïîëíîñòüþ óïîðÿäî÷åííîé ñèñòåìû. Ïðèìåðîì
ñïèíîâûõ ñòåêîë ìîãóò áûòü íàçâàíû ôåððîìàãíåòèêè, â
êîòîðûõ àòîìû êàê ìèêðîñêîïè÷åñêèå ìàãíèòèêè ìîãóò
îðèåíòèðîâàòüñÿ â îäíîì íàïðàâëåíèè, ìîãóò âíåøíèìè
ïîëÿìè óïîðÿäî÷èâàòüñÿ. Íàèáîëåå èíòåðåñíûå ñâîéñòâà
ñïèíîâûõ ñòåêîë ïðîÿâëÿþòñÿ â ñëîæíîñòè è äèíàìèêå
ïðîÿâëåíèÿ âíóòðåííåãî êîëëåêòèâíîãî âçàèìîäåéñòâèÿ
ìåæäó àòîìàìè, ñîñòàâëÿþùèìè ñòåêëî. Âû÷èñëèòåëü-
íûå ìåòîäû, ðàçðàáîòàííûå äëÿ îïèñàíèÿ è èññëåäîâà-
íèÿ ñïèíîâûõ ñòåêîë, ìîãóò íàéòè ïðèìåíåíèå ïðè
ðåàëèçàöèè áóäóùèõ èíôîðìàöèîííûõ ñèñòåì, ðåøàþ-
ùèõ çàäà÷è êîìáèíàòîðíîé îïòèìèçàöèè, çàäà÷è î êîì-
ìèâîÿæåðå, õðàíåíèÿ è ïîèñêà èíôîðìàöèè â Èíòåðíå-
òå, à òàêæå êîìïüþòåðíûõ ñèñòåì, ïðîèçâîäÿùèõ êâàí-
òîâûå âû÷èñëåíèÿ.

2 ÑÂÎÉÑÒÂÀ È ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ 
ÑÏÈÍÎÂÛÕ ÑÒÐÓÊÒÓÐ

Ñïèíîâûå ñòðóêòóðû õàðàêòåðèçóþòñÿ íåêîòîðûì
íàáîðîì ñâîéñòâ è õàðàêòåðèñòèê. Ïåðå÷èñëèì îñíîâíûå
èç èõ.

Â çàâèñèìîñòè îò âçàèìíîé îðèåíòàöèè ìàãíèòíûõ
ìîìåíòîâ äâóõ ñîñåäíèõ àòîìîâ, â îäíó èëè â ïðîòèâî-
ïîëîæíîì íàïðàâëåíèè îðèåíòèðîâàíû èõ ñïèíû, ïîãëî-
ùàåòñÿ èëè âûäåëÿåòñÿ ýíåðãèÿ ïðè èçìåíåíèè îðèåíòà-
öèè ìîìåíòîâ. Íàïðèìåð, ïðè âûñòðàèâàíèè ìîìåíòîâ â
ñòåêëå â îäíîì íàïðàâëåíèè ýíåðãèÿ âûñâîáîæäàåòñÿ.
Ñëåäîâàòåëüíî, ïîëíàÿ ìàãíèòíàÿ ýíåðãèÿ ìèíèìàëüíà,
êîãäà ìàãíèòíûå ìîìåíòû âûñòðàèâàþòñÿ â îäíîì
íàïðàâëåíèè. Ýíåðãèÿ ñïèíîâîé ñèñòåìû ÿâëÿåòñÿ ôóíê-
öèåé îïðåäåëåííîãî ðàñïîëîæåíèÿ ñïèíîâ, ò.å. âñåõ
ñîñòîÿíèé ñèñòåìû. 

Ñïèíîâûå ñòåêëà ìåíÿþò ñâîþ ñòðóêòóðó è ñâîéñòâà
ïðè èçìåíåíèè òåìïåðàòóðû. Åñëè ïðè âûñîêîé òåìïå-
ðàòóðå ìàãíèòíûå ìîìåíòû èìåþò ðàâíîâåðîÿòíûå îðè-
åíòàöèè âî âñåõ íàïðàâëåíèÿõ è èõ âçàèìîäåéñòâèå
ìèíèìàëüíî, ñòåêëî â òàêîé ôàçå ïðîÿâëÿåò ñâîéñòâà
ïàðàìàãíåòèêà, ó êîòîðîãî âåêòîðíàÿ ñóììà âñåõ ìàãíèò-
íûõ ìîìåíòîâ èëè ñóììàðíàÿ íàìàãíè÷åííîñòü ìèíè-
ìàëüíà. Ïðè ïîíèæåíèè òåìïåðàòóðû âçàèìîäåéñòâèÿ
óïîðÿäî÷èâàíèÿ ìåæäó ìàãíèòíûìè ìîìåíòàìè ñòàíî-
âÿòñÿ äîìèíèðóþùèìè. Ñèñòåìà ñòðåìèòñÿ ê íèçêîýíåð-
ãåòè÷åñêîìó ñîñòîÿíèþ. Èìååòñÿ íåêîòîðàÿ êðèòè÷åñêàÿ
òåìïåðàòóðà, ïðè êîòîðîé ñèñòåìà âíåçàïíî, ñêà÷êîì
ïåðåõîäèò â ôàçó ìèíèìàëüíîé ýíåðãèè èëè ìàêñè-
ìàëüíîé óïîðÿäî÷åííîñòè. Ýòî ôàçîâûé ïåðåõîä èç
ïàðàìàãíèòíîãî ñîñòîÿíèÿ â ôåððîìàãíèòíîå.

Íà èçìåíåíèÿ âíóòðåííåé ñòðóêòóðû ñïèíîâîãî ñòåê-
ëà âëèÿþò òàêæå âíåøíèå ìàãíèòíûå ïîëÿ.

Èìååòñÿ ðàçíîâèäíîñòü ñïèíîâûõ ñòåêîë, òàê íàçûâà-
åìûå ôðóñòèðîâàííûå ñèñòåìû, â êîòîðûõ âñå ñâÿçè
ìåæäó àòîìàìè (äîïóñòèìûå âçàèìíûå îðèåíòàöèè ñïè-
íîâ ðÿäîì ðàñïîëîæåííûõ àòîìîâ) íå ìîãóò áûòü îäíî-
âðåìåííî óäîâëåòâîðåíû êðèòåðèþ ìèíèìóìà ýíåðãèè.

Ìàòåìàòè÷åñêèå ìîäåëè îïèñàíèÿ òåðìîäèíàìè÷åñêè
íåóïîðÿäî÷åííûõ ñèñòåì, ê êîòîðûì îòíîñèòñÿ ñïèíîâûå
ñèñòåìû (ìîäåëü ñ "áåñêîíå÷íûì ðàäèóñîì âçàèìîäåé-

ñòâèÿ" Ä. Øåððèíãòîíà - Ñ. Êèðêïàòðèêà èç Èññëåäîâà-
òåëüñêîãî öåíòðà ôèðìû IBM, 1979), èìåþò ðåøåíèÿ
(íàïðèìåð, äåðåâî ðåøåíèå Ïàðèçè, 1979) â âèäå âåòâÿ-
ùåãîñÿ ãåíåàëîãè÷åñêîãî "äåðåâà" èëè ñåòè ýâîëþöèè,
êîòîðûå îïèñûâàþò ñâÿçü ìåæäó íèçêîýíåðãåòè÷åñêèìè
ñîñòîÿíèÿìè. Ñîïîñòàâëåíèå ñîñòîÿíèé è ïîäñ÷åò ñïè-
íîâ, êîòîðûå îðèåíòèðîâàíû â ïðîòèâîïîëîæíûõ
íàïðàâëåíèÿõ íà ðàçëè÷íûõ óðîâíÿõ äåðåâà, äàþò âåëè-
÷èíó ðàññòîÿíèÿ ìåæäó ñîñòîÿíèÿìè ñèñòåìû. Ìåæäó
êâàíòîâûìè ñîñòîÿíèÿìè ñïèíîâîé ñèñòåìû èìååòñÿ
èåðàðõè÷åñêèé ïîðÿäîê, âûðàæàåìûé ñîîòâåòñòâóþùèì
ãåíåàëîãè÷åñêèì äåðåâîì èëè ýâîëþöèîííîé äèàãðàì-
ìîé. Äëÿ êàæäîãî ñîñòîÿíèÿ îáû÷íî ñîñòàâëÿåòñÿ "êàð-
òà" - ðàñïðåäåëåíèé îðèåíòàöèè âñåõ ñïèíîâ. Íà
"äåðåâå" ìîãóò ãðóïïèðîâàòüñÿ íèçêîýíåðãåòè÷åñêèå ñîñ-
òîÿíèÿ â êëàñòåðû èëè äîìåíû êàê îòäåëüíûå
îáðàçîâàíèÿ èëè ñóáñòðóêòóðû.

Åñëè â ñïèíîâîé ñèñòåìå ÷èñëî ñïèíîâ ðàâíî n,
ïîëíîå ÷èñëî ñîñòîÿíèé ñèñòåìû èëè ïðîñòðàíñòâî åå

ñîñòîÿíèé ðàâíî Õ = 2n.
Äâèæåíèå ñïèíîâîé ñèñòåìû ïðè èçìåíåíèè òåìïåðà-

òóðû îò íàãðåâà ê îòæèãó (îõëàæäåíèþ) ïðåäñòàâëÿåò
ñîáîþ ïîèñê è ñòÿãèâàíèå îðèåíòàöèè ñïèíîâ â îáëàñòü
ïðèòÿæåíèÿ èëè â àòòðàêòîð.

3 ÈÑÊÓÑÑÒÂÅÍÍÛÅ ÍÅÉÐÎÍÍÛÅ ÑÅÒÈ È 
ÑÏÈÍÎÂÛÅ ÑÒÐÓÊÒÓÐÛ

Âïåðâûå íà ñõîäñòâî â îðãàíèçàöèè, äèíàìèêå è
ñâîéñòâàõ ñïèíîâûõ ñòðóêòóð è èñêóññòâåííûõ íåéðîí-
íûõ ñåòåé îáðàòèëè âíèìàíèå è óñïåøíî èñïîëüçîâàëè
Äæ. Õîïôèëä è Ä. Òýíê[5]. Êîìó â îáëàñòè íåéðî-
êîìïüþòèíãà íå èçâåñòíû ñåãîäíÿ çíàìåíèòûå "ñåòè
Õîïôèëäà"! Îñîáåííîñòüþ ìîäåëè íåéðîííîé ñåòè Õîï-
ôèëäà ÿâëÿåòñÿ íàëè÷èå â íåé ìíîæåñòâà ïðîñòûõ ñ
íàáîðîì äâîè÷íûõ ïåðåìåííûõ âîçáóæäåííûõ è çàòîð-
ìîæåííûõ íåéðîíîâ, êîòîðûå âñå ñâÿçàíû ñî âñåìè è
âëèÿíèå ìåæäó íåéðîíàìè ñèììåòðè÷íî. Âçàèìîäåé-
ñòâèå ìåæäó íåéðîíàìè âåðîÿòíîñòíîå è îïðåäåëÿåòñÿ
ìàòðèöåé âåñîâ ñâÿçåé. Èçìåíåíèå âåñîâ ñâÿçåé îáåñïå-
÷èâàåò îáó÷åíèå ñåòè èëè èìèòàöèþ "îòæèãà" ñïèíîâîãî
ñòåêëà. Ïîèñê ðåøåíèÿ ñ ïîìîùüþ íåéðîííîé ñåòè - ýòî
ïîèñê â îáëàñòè ïðèòÿæåíèÿ òî÷êè ñ ñàìîé íèçêîé
ýíåðãèåé â "ãîðíîì ýíåðãåòè÷åñêîì ðåëüåôå", ñîñòîÿùåì
èç õðåáòîâ, âïàäèí è äîëèí. Ñèãíàëû èç âíåøíåé ñðåäû
èíèöèèðóþò âûáîð ðåøåíèÿ. Â îòëè÷èå îò îáû÷íûõ
ðàñïðîñòðàíåííûõ ëèíåéíûõ ïîñëåäîâàòåëüíûõ êîìïüþ-
òåðíûõ àëãîðèòìîâ öèôðîâûõ ÝÂÌ â íåéðîííîé ñåòè
ïðîèñõîäÿò ïàðàëëåëüíûå âû÷èñëåíèÿ â ãèëüáåðòîâîì

ïðîñòðàíñòâå 2n èçìåðåíèé, ãäå n - ÷èñëî ðàçðÿäîâ
íåéðîêîìïüþòåðà.  Âñå ýëåìåíòû êîëëåêòèâíî âçàèìî-
äåéñòâóþò â õîäå ðàñ÷åòà è îäíîâðåìåííî èçìåíÿþò ñâîè
ñîñòîÿíèÿ. Â íåéðîííîé ñåòè êàê è â ñïèíîâîì êðèñ-
òàëëå ïðîèñõîäÿò ïðîöåññû äèâåðãåíöèè èëè ðàñ-
ïðîñòðàíåíèÿ âîçáóæäåíèÿ ïî ñåòè è ïðîöåññû îòáîðà
èëè êîíâåðãåíöèè, êîíöåíòðàöèè âîçáóæäåíèÿ â îïðåäå-
ëåííîì ìåñòå ïðîñòðàíñòâà. Ýòè ïðîöåññû ñõîäíû ñ
áèîëîãè÷åñêîé ýâîëþöèåé ìàêðîìîëåêóë â ïðèðîäå.
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Âåðîÿòíîñòè âûæèâàíèÿ îïðåäåëåííûõ ïîñëåäîâàòåëüíî-
ñòåé ñîñòîÿíèé âîçáóæäåíèÿ íåéðîíîâ èëè îðèåíòàöèè
èõ ñïèíîâ èìåþò ïèêè è äîëèíû â ïðîñòðàíñòâå
ñîñòîÿíèé. Äðóãèìè ñëîâàìè, èìååòñÿ ðàñïðåäåëåíèå
âåðîÿòíîñòåé ñïèíîâûõ ñîñòîÿíèé â ïðîñòðàíñòâå ñåòè.

4 ÍÅÉÐÎÍÍÀß ÑÅÒÜ "ÝÌÁÐÈÎÍÀ" ÊÀÊ 
ÑÏÈÍÎÂÎÅ ÑÒÅÊËÎ

Ïðåäñòàâèì âèðòóàëüíóþ íåéðîííóþ ñåòü íåéðî-
êîìïüþòåðà "ÝÌÁÐÈÎÍ" â âèäå íåêîòîðîãî ñâîå-
îáðàçíîãî ñïèíîâîãî ñòåêëà â âèäå "äåðåâà". Èåðàðõè-
÷åñêàÿ âèðòóàëüíàÿ ñåòåâàÿ íåéðîïîäîáíàÿ ñòðóêòóðà
ðîæäàåòñÿ èëè âîçíèêàåò â ïðîöåññå ñàìîîðãàíèçàöèè â
èíôîðìàöèîííîì n - àòîìå [1], îáùèé âèä êîòîðîãî
ïîêàçàí íà ðèñ. 1. Çäåñü äàí âàðèàíò êîíêðåòíîãî ðàñ-
ïðåäåëåíèÿ ñïèíîâ (1) è (0) â "êðèñòàëëå".

 Ðèñóíîê 1 - Ñõåìà èíôîðìàöèîííîãî n-àòîìà, åãî 
õàðàêòåðíûå ÷èñëà è ñòðóêòóðà íåâÿçêè - J

Íà ðèñ. 2. ïðèâåäåí ïðèìåð 3-àòîìà êàê ñïèíîâîé
ñòðóêòóðû ñ êîíêðåòíûì âàðèàíòîì ðàñïðåäåëåíèÿ ñîñ-
òîÿíèé èëè îðèåíòàöèè ñïèíîâ (0/1), (0/1), (0/0) äëÿ
ïåðâîé ñòðîêè ñåíñîðíîé ìàòðèöû, è (0/0), (1/0), (1/
0) äëÿ âòîðîé ñòðîêè.

Ðèñóíîê 2 - Óñëîâèÿ ñèíòåçà íåéðîííîé ñåòè â 
íåéðîêîìïüþòåðå "ÝÌÁÐÈÎÍ"

Íà ðèñ. 3. ïîêàçàíà âèðòóàëüíàÿ íåéðîííàÿ ñåòü, âîç-
íèêàþùàÿ â âîçáóæäåííîì êðèñòàëëå (3 - àòîìå, ñëåâà
íà ðèñ.1), ïðè óñëîâèè îðèåíòàöèè ñïèíîâ, ïðåäñòàâ-
ëåííîì íà ðèñ. 2. Ñåðûì öâåòîì èçîáðàæåíû àòòðàêòîðû
(110), (011) - îáëàñòè ïðèòÿæåíèÿ âîçáóæäåíèÿ íåéðî-
íîâ. Â îâàëàõ - òèïû íåéðîíîâ, öèôðû íàä íåéðîíàìè -
èõ âåðîÿòíîñòè èëè ÷àñòîòû âîçáóæäåíèÿ, à Õ - ñïåêòð
âîçáóæäåíèÿ âûõîäíîãî ñëîÿ íåéðîííîé ñåòè.

 

Ðèñóíîê 3 - Íåéðîííàÿ ñåòü, ñèíòåçèðîâàííàÿ 
íåéðîêîìïüþòåðîì "ÝÌÁÐÈÎÍ" ïðè óñëîâèè, 

ïîêàçàííîì íà ðèñ.2.

Íèæå, íà ðèñ. 4. ïîêàçàíû: à) ÷àñòü íåéðîííîé ñåòè
ïðè îáðàáîòêå ïåðâîé ñòðîêè ñåíñîðíîé ìàòðèöû (ÑÌ)
ïðè ãëóáèíå U ðàâíîé 5 è á) ïðîöåññ èçìåíåíèÿ ýíòðî-
ïèè ñîñòîÿíèé ÷åòûðåõ êëàñòåðîâ - ãðóïï ñîñòîÿíèé íåé-
ðîíîâ, èìåþùèõ îò 0 äî 3-õ ñïèíîâ ñ îðèåíòàöèåé (1).
Òåïåðü ìîæíî áîëåå ïîäðîáíî ïîÿñíèòü ñóòü îáùíîñòè
ñâîéñòâ âèðòóàëüíîé íåéðîííîé ñåòè è ñïèíîâîãî ñòåêëà.

Âî-ïåðâûõ, âèðòóàëüíàÿ íåéðîííàÿ ñåòü - ýòî âåðîÿò-
íîñòíàÿ ñòðóêòóðà è ïðåäñòàâëÿåò íå ïîëíîñòüþ óïîðÿ-
äî÷åííóþ ñèñòåìó.

Âî-âòîðûõ, â ïðîöåññå èçìåíåíèÿ îðèåíòàöèè ñïèíîâ
â n - àòîìå ïðîèñõîäèò èëè ïîãëîùåíèå, èëè âûäåëåíèå
ýíåðãèè. Íàïðèìåð, ïåðåõîäû òèïà (1/1) à (1/0) - _
èëè òèïà (0/0) à (0/1) - + òðåáóþò çàòðàòû ýíåðãèè
ñî ñòîðîíû âíåøíåãî ïîëÿ, ò. å. òðåáóþò ñìåíû îðèåíòà-
öèè ñïèíà ñ (1) íà (0) èëè ñ (0) íà (1) â ñòðîêå
ñåíñîðíîé ìàòðèöû. Ïåðåõîäû òèïà (1/0) à (0/0) + _
è òèïà (0/1) à (1/1) + + ñâÿçàíû ñ èçëó÷åíèåì ýíåð-
ãèè ñ ïðîòèâîïîëîæíûì âåêòîðîì ïîëÿðèçàöèè. Ïàññèâ-
íûå ïåðåõîäû òèïà (1/1) à (1/1) è òèïà (0/0) à (0/0)
íå ñâÿçàíû ñ èçëó÷åíèåì èëè ïîãëîùåíèåì ýíåðãèè.

Ñëåäóþùåå ñâîéñòâî íåéðîííîé ñåòè, àíàëîãè÷íîå
ñâîéñòâó ñïèíîâîãî ñòåêëà - ýòî íàëè÷èå òî÷êè ôàçîâîãî
ïåðåõîäà ïðè èçìåíåíèè ãëóáèíû ñåòè U èëè æå åå
ìîæíî óïîäîáèòü èçìåíåíèþ òåìïåðàòóðû. Âíà÷àëå îò

U=0 äî U n èäåò íàãðåâ ñïèíîâîãî ñòåêëà, ðàçðóøåíèå

åãî êðèñòàëëè÷åñêîé ñòðóêòóðû, îðèåíòàöèÿ ñïèíîâ äå-
ëàåòñÿ âñå áîëåå áåñïîðÿäî÷íîé. Íà êðèâîé èçìåíåíèÿ
ýíòðîïèè íà ðèñ. 4 á) ìû âèäèì åå ðîñò. Êðèòè÷åñêîé
òåìïåðàòóðå ôàçîâîãî ïåðåõîäà ñîîòâåòñòâóåò óñëîâèå
U=n. Ñ ýòîãî ìîìåíòà ïðè U>n ïðîèñõîäèò "îòæèã"
ñòåêëà è îíî ïðèîáðåòàåò áîëåå óïîðÿäî÷åííóþ ñòðóêòó-
ðó "ôåððîìàãíåòèêà". Îðèåíòàöèè ñïèíîâ óñòðåìëÿþòñÿ
â îáëàñòü ïðèòÿæåíèÿ èëè â àòòðàêòîð (011),
ïîêàçàííûé íà ðèñ. 4 à) òåìíûì öâåòîì.
Â êðèòè÷åñêîé òî÷êå ïðè U=n óæå äîñòèãíóòû âñå
âîçìîæíûå è äîïóñòèìûå ñîñòîÿíèÿ ñèñòåìû. Âñå êà-
íàëû èëè ðàçðÿäû n- àòîìà îõâà÷åíû ïðîöåññîì ñàìî-
îðãàíèçàöèè. Åñëè âñå ñâÿçè óäîâëåòâîðåíû, òî íåâÿçêà
J=0 è îáùàÿ ýíåðãèÿ ñèñòåìû ìèíèìàëüíà. Ïîèñê
àòòðàêòîðà - ýòî ìíîãîêðàòíûé (NS ðàç) öèêëè÷åñêèé
íàãðåâ (0<U n) è îõëàæäåíèå èëè "îòæèã" (U n).

ε
ε

ε
ε

≤

≤ ≥
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à) Âèä íåéðîííîé ñåòè ïðè îáðàáîòêå              
ïåðâîé ñòðîêè ÑÌ.  

á) Ýâîëþöèÿ ýíòðîïèè ñîñòîÿíèé ïðè èçìåíåíèè 
ãëóáèíû ñåòè U

Ðèñóíîê 4 - Ñàìîîðãàíèçàöèÿ ñòðóêòóðû â 
âèðòóàëüíîé íåéðîííîé ñåòè

Èìåííî çäåñü ïðîÿâëÿåòñÿ åùå îäíî âàæíîå ñâîéñòâî
íàøåé ñïèíîâîé ñòðóêòóðû - íàøà ñèñòåìà ôðóñòèðîâà-

ííàÿ. Äåéñòâèòåëüíî, íå âñå 2n òèïîâ íåéðîíîâ â ñåòè
âîçìîæíû ïðè äàííîì íà÷àëüíîì ðàñïðåäåëåíèè îðèåí-
òàöèè ñïèíîâ â 3 - àòîìå, èçîáðàæåííîì íà ðèñ. 2. Íå
âñå ñî÷åòàíèÿ îðèåíòàöèè ñïèíîâ äîïóñòèìû. Çäåñü äåé-
ñòâóåò ïðàâèëî îòáîðà ÷åì - òî íàïîìèíàþùåå ïðàâèëî
çàïðåòà Ïàóëè äëÿ ôåðìèîíîâ.

Òî, ÷òî íàøà âèðòóàëüíàÿ íåéðîííàÿ ñåòü ïðåäñòàâ-
ëÿåò èåðàðõè÷åñêîå âåòâÿùååñÿ ãåíåàëîãè÷åñêîå "äåðåâî"
ðåøåíèÿ òèïà äåðåâà ðåøåíèÿ Ïàðèçè äëÿ ìîäåëè ñïèíî-
âîãî ñòåêëà ñ ìàêñèìàëüíûì ðàäèóñîì âçàèìîäåéñòâèÿ,
î÷åâèäíî èç ðèñ. 3 è 4 à) è íå òðåáóåò äîïîëíèòåëüíûõ

ïîÿñíåíèé. Ïðîñòðàíñòâî ñóùåñòâîâàíèÿ è äîñòèæåíèÿ
âñåõ âîçìîæíûõ ñîñòîÿíèé èìååò ìàêñèìàëüíûé ðàäèóñ
âçàèìîäåéñòâèÿ. Íà ïåðâûõ äâóõ ñëîÿõ íà ðèñ. 4 à)
ïîêàçàíû âåêòîðû è ñèëû âçàèìîäåéñòâèÿ ìåæäó
íåéðîíàìè.

Êàðòîé îðèåíòàöèè âñåõ ñïèíîâ èëè îáùèé âèä ôîð-
ìû õðåáòîâ è äîëèí ýíåðãåòè÷åñêîãî ñîñòîÿíèÿ àòîìîâ
ñòåêëà, à ó íàñ âåðîÿòíîñòè âîçáóæäåíèÿ îòäåëüíûõ òè-
ïîâ íåéðîíîâ ìîæåò ñëóæèòü ïðîñòðàíñòâåííàÿ ãèñòîãðà-
ììà ðàñïðåäåëåíèÿ ÷àñòîò âîçáóæäåíèÿ, ïðåäñòàâëåííàÿ
íà ðèñ. 3 è 4 à) íàáîðîì öèôð íàä òåëàìè íåéðîíîâ.

5 ÊÂÀÍÒÎÂÛÅ ÂÛ×ÈÑËÅÍÈß ÍÀ 
"ÝÌÁÐÈÎÍÅ"

Êàê âèäíî èç èçëîæåííîãî, âèðòóàëüíàÿ íåéðîííàÿ
ñåòü íåéðîêîìïüþòåðà "ÝÌÁÐÈÎÍ" ïðåäñòàâëÿåò ñîáîþ
àêòèâíóþ ïàðàëëåëüíóþ äèíàìè÷åñêóþ ñèñòåìó äðåâî-
âèäíîãî òèïà, ðåàëèçîâàííóþ â ãèëüáåðòîâîì ïðî-
ñòðàíñòâå ñîñòîÿíèé 2n, ãäå n - ÷èñëî ðàçðÿäîâ íåéðî-
êîìïüþòåðà, â êîòîðîé ðåàëèçóåòñÿ äàëüíèé ïîðÿäîê.
Èçìåíåíèå â ëþáîì ýëåìåíòå ñèñòåìû "ìãíîâåííî"
âëèÿåò íà ñîñòîÿíèÿ âñåõ îñòàëüíûõ ýëåìåíòîâ. Ïðîöåññ
âû÷èñëåíèÿ â íåéðîííîé ñåòè ïàðàëëåëüíûé, ÷òî
ÿâëÿåòñÿ ãëàâíûì è îñíîâíûì óñëîâèåì ó óêàçàíèåì íà
âîçìîæíîñòü ðåàëèçàöèè ìíîãîêóáèòîâûõ êâàíòîâûõ
íåéðîêîìïüþòåðîâ è êâàíòîâûõ àëãîðèòìîâ âû÷èñëåíèÿ,
òàêèõ êàê, íàïðèìåð, àëãîðèòìû Øîðà èëè Ãðîâåðà. Çà
ñ÷åò êîëëåêòèâíîãî âçàèìîäåéñòâèÿ ìíîãèõ ïàðàëëåëü-
íûõ âåòâåé íà äåðåâå ïðè âçàèìîäåéñòâèè ìíîæåñòâà
ñïèíîâ äîñòèãàåòñÿ ýêñïîíåíöèàëüíîå óñêîðåíèå ðå-
øåíèÿ çàäà÷. Ýòî, îäíàêî, òåìà îòäåëüíîãî ñîîáùåíèÿ.
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Íàä³éøëà 11.04.03

The analisys of neurocomputer Embrion and spine glace was
conducted. It is shown that the neurocomputer Embrion may
be represented by information analog of spine.
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Â ðîáîò³ ðîçãëÿäàºòüñÿ ìåòîäîëîã³÷íèé ï³äõ³ä ìàòåìà-
òè÷íîãî ìîäåëþâàííÿ ñêëàäíèõ (áàãàòîì³ðíèõ) ñòàö³îíàð-
íèõ íåë³í³éíèõ ñèñòåì àâòîìàòèçàö³¿ ç ê³íöåâîþ ïàì'ÿòòþ
íà áàç³ â³äîìèõ ìåòîä³â ³äåíòèô³êàö³¿ äèíàì³÷íèõ îá'ºêò³â.
Íà îñíîâ³ ìàòåìàòè÷íîãî àïàðàòó ðÿä³â Â³íåðà-Âîëüòåððà
îòðèìàíî ìàòåìàòè÷íó ìîäåëü îïèñó äèíàì³÷íèõ õàðàêòå-
ðèñòèê íåë³í³éíèõ ñèñòåì îá'ºìíî¿ (ïðîøàðêîâî¿) îáðîáêè
³íôîðìàö³¿.

Ïðè âèð³øåíí³ çàäà÷ ï³äâèùåííÿ ÿêîñò³ äèíàì³÷íîãî
ôóíêö³îíóâàííÿ ñèñòåì àâòîìàòèçàö³¿ òà åëåêòðèô³êàö³¿
òåõíîëîã³÷íèõ ïðîöåñ³â âàæëèâå ì³ñöå çàéìàþòü çàäà÷³,
ùî ïîâ'ÿçàí³ ç ï³äâèùåííÿì åôåêòèâíîñò³ àâòîìàòèçîâà-
íèõ ñèñòåì óïðàâë³ííÿ, àâòîìàòèçàö³ºþ ïðîåêòíî-êîí-
ñòðóêòîðñüêèõ ðîá³ò ³ ìåòîä³â êîíòðîëþ ÿêîñò³ òà ³íø.
Ðåàë³çàö³ÿ âêàçàíèõ çàäà÷ ïîòðåáóº ð³øåííÿ íèçêè
ïðîáëåì, ñåðåä ÿêèõ âèä³ëÿþòüñÿ äîñë³äæåííÿ ôóíê-
ö³îíóâàííÿ ñêëàäíèõ ñèñòåì (â ò. ÷. ³ ëþäèíî-ìàøèííèõ
êîìïëåêñ³â) ÿê ïðè áåçïîñåðåäí³é åêñïëóàòàö³¿, òàê ³ íà
åòàï³ ðîçðîáêè (ïðîåêòóâàííÿ). Âèð³øåííÿ âêàçàíèõ
çàäà÷ íåçàëåæíî â³ä ô³çè÷íî¿ ñóò³ îá'ºêòó äîñë³äæåííÿ
àáî ïðîåêòóâàííÿ âèçíà÷àþòüñÿ ìîæëèâîñòÿìè ôîðìàë³-
çîâàíîãî ¿õ óÿâëåííÿ, òîáòî ð³øåííÿì çàäà÷ ³äåíòè-
ô³êàö³¿ òà ìîäåëþâàííÿ ñèñòåìè, ùî ðîçãëÿäàºòüñÿ.

Àíàë³ç òðàäèö³éíèõ ìåòîä³â ³äåíòèô³êàö³¿ òà ìîäåëþ-
âàííÿ, ùî âèêîðèñòîâóþòüñÿ, ïîêàçóº, ùî âîíè: ðîçðî-
áëåí³ ñòîñîâíî äî îêðåìèõ, äîñèòü âóçüêèõ êëàñ³â ñèñ-
òåì, ìàøèí, ïðèñòðî¿â; ÷àñòî íå çàáåçïå÷óþòü íåîáõ³äíî¿
òî÷íîñò³, îñîáëèâî ó âèïàäêó, êîëè ¿õ âèêîðèñòîâóþòü
äî êëàñó ÿâíî íåë³í³éíèõ ñèñòåì; íå ìàþòü âëàñòèâîñòåé

óí³âåðñàëüíîñò³, â ò.÷. é ïî â³äíîøåííþ äî ìàòåìàòè÷-
íèõ ³ ô³çè÷íèõ çàñîá³â âèð³øåííÿ çàäà÷³ â ö³ëîìó; ÿê
ïðàâèëî, ïîòðåáóþòü àïð³îðíèõ çíàíü ïðî ñòðóêòóðó ³
ïàðaìåòðè ñèñòåìè. Îñîáëèâî âàæëèâå çíà÷åííÿ çàäà÷³
³äåíòèô³êàö³¿ ³ ìîäåëþâàííÿ ìàþòü ïðè ðîçãëÿä³ ñêëàä-
íèõ äèíàì³÷íèõ îá'ºêò³â, àïð³îðí³ â³äîìîñò³ ïðî ÿê³ º
íåçíà÷íèìè àáî íåäîñòàòí³ìè, àáî äàí³ ïðî ¿õ ñòðóêòóðó
íîñÿòü åìï³ðè÷íèé õàðàêòåð.

Ìàòåìàòè÷í³ ìåòîäè, ùî çàñíîâàí³ íà ðîçêëàä³ ó
ôóíêö³îíàëüí³ ðÿäè âèõ³äíèõ ñèãíàë³â (âèõ³äíî¿ ³íôîð-
ìàö³¿) ïðè çàâäàíí³ â³äîìèõ âõ³äíèõ (êåðóþ÷èõ, çáóðþ-
þ÷èõ ³ ò.³.) âïëèâ³â ìàþòü óí³âåðñàëüí³ñòü è ñòàòèñòè÷íó
îá'ºêòèâí³ñòü îïèñàííÿ ñèñòåìè, ùî äîñë³äæóºòüñÿ.

²ç â³äîìèõ íà öåé ÷àñ ìåòîä³â ³äåíòèô³êàö³¿
Ë. ôîí Áåðòàëàíô³, Ð.Ë. Àêîôà, Ì.Ä. Ìåñàðîâè÷à,
Ï. Åéêõîôôà, Í. Ðàéáìàíà òà ³íø. [1, 2], ùî äîçâîëÿ-
þòü áóäóâàòè àäåêâàòí³ ìàòåìàòè÷í³ ìîäåë³ ç íàïåðåä
çàäàíîþ òî÷í³ñòþ äëÿ âåëèêîãî êëàñó îá'ºêò³â, ÿê³ ìàþòü
ê³íöåâó ïàì'ÿòü, íàéá³ëüø óí³âåðñàëüíèì é ³íôîðìàòèâ-
íèì º ìåòîä, çàïðîïîíîâàíèé Í. Â³íåðîì [3] äëÿ àíàë³çó
³ ñèíòåçó íåë³í³éíèõ ñèñòåì. Ìåòîä º òåîðåòèêîåêñïåðè-
ìåíòàëüíèì, âêëþ÷àþ÷è, âëàñí³ âèïàäêè, â ÿêîìó øèðî-
êî âèêîðèñòîâóºòüñÿ òåîð³ÿ ë³íåàðèçîâàíèõ ñèñòåì. Â³í
äîçâîëÿº ïðîâîäèòè äîñë³äæåííÿ áåçïîñåðåäíüî îá'ºêòà,
ùî ðîçãëÿäàºòüñÿ, òà ïî çíàéäåíèì äèíàì³÷íèì õàðàêòå-
ðèñòèêàì (ÿäðàì Â³íåðà) áóäóâàòè éîãî àäåêâàòíó ìàòå-
ìàòè÷íó ìîäåëü. Îñíîâà ï³äõîäó, ùî âèêîðèñòîâóºòüñÿ,
ïîëÿãàº â òîìó, ùî âèõ³äíèé ñèãíàë íåë³í³éíî¿ ñèñòåìè ç
ê³íöåâîþ ïàì'ÿòòþ ïðè âïëèâ³ íà ¿¿ âõ³ä ñèãíàëó òèïà
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"á³ëîãî" ãàóñîâñüêîãî ïðîöåñó îäíîçíà÷íî ïðåäñòàâëÿ-
ºòüñÿ ó âèãëÿä³ ðÿäó, ùî ñêëàäàºòüñÿ ç îðòîãîíàëüíèõ
ôóíêö³îíàë³â. Ïðè öüîìó ñèñòåìà ïîâí³ñòþ îïèñóºòüñÿ
â³äïîâ³äíèì ¿é íàáîðîì ÿäåð Â³íåðà, à ¿¿ ìîäåëü ñêëàäà-
ºòüñÿ ç ñ³ìåéñòâà íåë³í³éíèõ ïåðåòâîðþâà÷³â (îðòîãî-
íàëüíèõ ôóíêö³îíàë³â), ê³ëüê³ñòü ÿêèõ çàëåæèòü â³ä
îá'ºêòà äîñë³äæåííÿ òà â³ä íåîáõ³äíî¿ òî÷íîñò³
ìîäåëþâàííÿ.

Ó â³äïîâ³äíîñò³ ç öèì ï³äõîäîì, âèõ³äíèé ñèãíàë 

º ôóíêö³îíàëîì S ç âåëè÷èíàìè, ùî çàëåæàòü â³ä âõ³ä-

íîãî ñèãíàëó , ÿêèé íàäõîäèâ äî äàíîãî ìîìåíòó

÷àñó t,

, (1)

äå  - îáìåæåíà ôóíêö³ÿ, ùî äîð³âíþº çíà÷åííþ âå-

ëè÷èíè  íà ìîìåíò ÷àñó 

 . (2)

Âèõ³äíèé ñèãíàë ïðåäñòàâëÿºòüñÿ ïîë³íîì³àëüíèì ðÿ-

äîì, ïðè öüîìó âèðàç  º ðÿäîì Òåéëîðà.

Äëÿ ïîäàëüøîãî àíàë³çó ³ ñèíòåçó ñèñòåìè, íàïðèêëàä,
ÿêîñò³ åëåêòðîäíî¿ ïðîäóêö³¿ â ìåòàëóðã³¿, îáìåæåí³
îäíîð³äí³ ïîë³íîì³àëüí³ ôóíêö³îíàëè ñòåïåí³ n ïðå-
äñòàâëÿþòüñÿ ñèìâîë³÷íèì ³íòåãðàëüíèì ïðåäñòàâëåííÿì
Âîëüòåððà [4]

 , (3)

ïðè öüîìó ñèìâîë³÷íèé ³íòåãðàëüíèé ðîçêëàä Òåéëîðà
ïðèéìàº âèãëÿä

 , (4)

Ðîçêëàä (3) ïðåäñòàâëÿºòüñÿ á³ëüø ïðîñòèì, ÿêùî âèêî-
ðèñòàòè ðîçêëàä Ñòèëüòüºñà âèãëÿäó

 . (5)

Ó çâ'ÿçêó ç öèì, çâ'ÿçîê ì³æ âõ³äíèì ñèãíàëîì  òà

ðåàêö³ºþ  ñòàö³îíàðíî¿, àíàë³òè÷íî¿, íåë³í³éíî¿ ñèñ-

òåìè ç ê³íöåâîþ ïàì'ÿòòþ, ìîæëèâî çàäàòè ñï³ââ³äíîøå-
ííÿì âèäó

 (6)

äå  - ÿäðà Âîëüòåððà

ñèñòåìè, ÿê³ ïðåäñòàâëÿþòü ñîáîþ ñèìåòðè÷í³ ôóíêö³¿.
Òàêèì ÷èíîì, çàïðîïîíîâàíèé Í. Â³íåðîì ï³äõ³ä äî

ïîáóäîâè ìîäåëåé íåë³í³éíèõ ñèñòåì çàáåçïå÷óº ¿õ ðåàë³-
çàö³þ íà îñíîâ³ ÿäåð Âîëüòåððà îïåðàòîðíèì ìåòîäîì

, (7)

äå K - ìíîæèíà, åëåìåíòàìè êîòðî¿ º íàáîðè ÿäåð; -

ìíîæèíà âõ³äíèõ âïëèâ³â; Y - ìíîæèíà âèõ³äíèõ
âïëèâ³â. Êð³ì òîãî, ðîçêëàä (6) ïîêàçóº, ùî â³í äàº
ìîæëèâ³ñòü âèçíà÷èòè ÿäðà Âîëüòåððà íåçàëåæíî îäèí
â³ä îäíîãî.

Ó íàøîìó âèïàäêó, ñèñòåìà º áàãàòîì³ðíîþ, à òîìó ïî

Í. Â³íåðó ñèãíàë  º ïðîøàðêîâî-îð³ºíòîâàíèì ³

éîãî ìîæíà ºäèíèì ñïîñîáîì ïðåäñòàâèòè ó âèãëÿä³
êàíîí³÷íîãî ðîçêëàäó ïî ôóíêö³îíàëàì â³ä âèïàäêîâèõ

ôóíêö³é. Òàêèì ÷èíîì, âèõ³äíèé ñèãíàë  ñòàö³îíàð-

íî¿ íåë³í³éíî¿ ñèñòåìè ç ê³íöåâîþ ïàì'ÿòòþ ïðåäñòàâëÿ-
ºòüñÿ îðòîãîíàëüíèì ðîçêëàäîì âèäó

 , (8)

äå  - âèïàäêîâèé ñèãíàë, îòðèìàíèé ó âèãëÿä³
ðåàêö³¿ íà çáóðåííÿ ñòàö³îíàðíîãî ë³í³éíîãî ñèãíàëó

âèäó ;  - íàá³ð ÿäåð Â³íåðà;  - ìíîæèíà

îðòîãîíàëüíèõ ôóíêö³îíàë³â, n = 0, 1, 2, ….
Îðòîãîíàëüíà âëàñòèâ³ñòü G-ôóíêö³îíàë³â âèðàæà-

ºòüñÿ â òîìó, ùî ¿õ ìàòåìàòè÷íå î÷³êóâàííÿ

 , (9)

äëÿ áóäü-ÿêèõ  .
Çàãàëüíèé âèãëÿä îðòîãîíàëüíîãî ôóíêö³îíàëó n-î¿

ñòåïåí³ ìàº âèãëÿä [5]
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äå  

Ïåðø³ ÷îòèðè Gn -ôóíêö³îíàëà ó â³äïîâ³äíîñò³ ç (10)

ìàþòü âèãëÿä

 ; (11)

 ; (12)

 

;(13)

(14)

Ë³ òà Øåòöåíîì ìåòîäîì âçàºìíî¿ êîðåëÿö³¿ çàïðîïî-
íîâàíî ìîäèô³êîâàíèé ðîçêëàä [1]. Ñóòü éîãî â òîìó,
ùî âîíè ââåëè â ðîçãëÿä óçàãàëüíåíó ïîõ³äíó â³ä ñèãíà-
ëó b(t), ÿêà áóäå ÿâëÿòèñÿ "á³ëèì" ãàóñîâñüêèì ïðîöå-

ñîì, òîáòî . Ïðè òàêîìó ïðåäñòàâëåíí³

âèõ³äíèé ñèãíàë ñèñòåìè îïèñóºòüñÿ ðîçêëàäîì âèäó

 , (15)

òàêèì ÷èíîì çàãàëüíèé ðîçêëàä äëÿ îðòîãîíàëüíîãî
ôóíêö³îíàëà n-î¿ ñòåïåí³ ïðèéìàº íàñòóïíèé âèðàç

  

(16)

äå N - ³íòåíñèâí³ñòü "á³ëîãî" øóìó.
Òàêèì ÷èíîì, íà îñíîâ³ ìàòåìàòè÷íîãî àïàðàòà ðÿä³â

Â³íåðà-Âîëüòåððà (ÐÂÂ) ïðåäñòàâëÿºòüñÿ ìîæëèâèì
âèçíà÷àòè äèíàì³÷í³ õàðàêòåðèñòèêè íåë³í³éíèõ ñèñòåì
îá'ºìíî¿ (ïðîøàðêîâî¿) îáðîáêè ³íôîðìàö³¿.

Ðîçãëÿíåìî õàðàêòåðèñòèêè ñèñòåì, âèõ³äíå çîáðàæå-

ííÿ ³íôîðìàö³¿ êîòðèõ âèçíà÷àºòüñÿ ñï³ââ³äíîøåííÿì

 

(17)

äå

 - ÿäðî ð-ãî ïîðÿäêó ÐÂÂ;

 

 - ôóíêö³¿ ñïîòâîðåíü íèçüêî¿ òà âèñîêî¿ ÷àñ-

òîòè â³äïîâ³äíî;  - ìàñèâè ³íôîðìàö³¿.

Âèçíà÷àºìî ïî (16) îïåðàòîð ð-ãî ïîðÿäêó ó âèãëÿä³

 . (18)

Òîä³ âèðàç, ùî îïèñóº äèíàì³÷í³ õàðàêòåðèñòèêè
(ÄÕ), ïðèéìå âèãëÿä

 . (19)

Ïðè âèêîðèñòàíí³ ñåïàðàáåëüíèõ ô³ëüòð³â òà âõ³äíèõ
âïëèâ³â âèðàç ÄÕ âèçíà÷àºòüñÿ ó âèãëÿä³ ñóìè ìíîæèí

 , (20)

äå  - îäíîì³ðí³ êîìïîíåíòè îïåðàòîðà

 .

Íåõàé â ÿêîñò³ âõ³äíèõ ìàñèâ³â âèêîðèñòîâóþòüñÿ
ñåïàðàáåëüí³ ñèãíàëè ñèíóñî¿äàëüíîãî âèäó íèçüêî¿ ÷àñ-
òîòè, ÿê ó ñèñòåì³ àíàë³çó ÿêîñò³ åëåêòðîäíî¿ ïðîäóêö³¿,
ùî ðîçðîáëåíà àâòîðîì ö³º¿ ñòàòò³ [6,7]. Òîä³ òî âèðàç,
êîò-ðèé îïèñóº äèíàì³÷í³ õàðàêòåðèñòèêè, ìàº âèãëÿä

, (21)

àáî ïðè åêñïîíåíö³àëüíî-ñèíóñî¿äàëüí³é ôîðì³ âõ³äíîãî
ìàñèâó

 (22)
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Ðåàêö³ÿ ô³ëüòðà íèçüêèõ ÷àñòîò (ÔÍ×), ùî â³äîêðå-
ìëþº ³íôîðìàòèâíèé ñèãíàë, ðîçðàõîâóºòüñÿ çà äîïîìî-
ãîþ äâîì³ðíî¿ çãîðòêè

 , (23)

äå  - äâîì³ðíèé ïðîøàðîê;  - ôóíê-

ö³ÿ ñïîòâîðåíü ÔÍ× (äâîì³ðíà ³ìïóëüñíà õàðàêòåðèñ-
òèêà).

Ïðèñòð³é ëîãàðèôìóâàííÿ ôîðìóº àìïë³òóäíó

õàðàêòåðèñòèêó âèäó  ,

ÿêà àïðîêñèìóºòüñÿ óñ³÷åíèì ðÿäîì Òåéëîðà

 , (24)

ïðè öüîìó ïîä³áíå ðîçêëàäåííÿ ìîæå âèêîðèñòîâóâàòèñÿ
³ ïðè ³íø³é àìïë³òóäí³é õàðàêòåðèñòèö³ â áëîö³ íåë³í³é-
íîñò³. Ï³äñòàâëÿþ÷è ñï³ââ³äíîøåííÿ (21) ó (22) ³ ðîçðà-

õîâóþ÷è äâîì³ðíó çãîðòêó ç  , âèçíà÷àºìî

 (25)

äå  - ÿäðî ÐÂÂ ð-ãî ïîðÿäêó.

Îòðèìàíó ìîäåëü ìîæíà âèêîðèñòîâóâàòè ïðè ïîáó-
äîâ³ ñèñòåì êîíòðîëþ ñêëàäíèõ äèíàì³÷íèõ áàãàòîì³ð-
íèõ îá'ºêò³â àâòîìàòèçàö³¿ ³ êîíòðîëþ ÿêîñò³ ïðîìèñëî-
âî¿ ïðîäóêö³¿, îñîáëèâî íà îñíîâ³ ãðàô³òó. Íà áàç³ ðîç-
ðîáëåíèõ ìîäåëåé ñåïàðàáåëüíèõ ô³ëüòð³â (17), (20),

(25), àâòîðîì ñòàòò³ çàïðîïîíîâàíî äâ³ ñòðóêòóðè ô³ëü-
òð³â íèçüêî¿ ³ âèñîêî¿ ÷àñòîò ó âèãëÿä³ ðîçïîä³ëüíèõ
ñòðóêòóð òà êðóãîâèõ ô³ëüòð³â, ìîâà ïðî ÿê³ ï³äå ó
íàñòóïíèõ ðîáîòàõ.
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ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ñëîæíûõ (ìíîãîìåðíûõ)
ñòàöèîíàðíûõ íåëèíåéíûõ ñèñòåì àâòîìàòèçàöèè ñ êîíå÷-
íîé ïàìÿòüþ íà áàçå èçâåñòíûõ ìåòîäîâ èäåíòèôèêàöèè
äèíàìè÷åñêèõ îáúåêòîâ. Íà îñíîâå ìàòåìàòè÷åñêîãî àïïà-
ðàòà ðÿäîâ Âèíåðà-Âîëüòåððà ïîëó÷åíà ìàòåìàòè÷åñêàÿ
ìîäåëü îïèñàíèÿ äèíàìè÷åñêèõ õàðàêòåðèñòèê íåëèíåéíûõ
ñèñòåì îáúåìíîé (ïðîñòðàíñòâåííîé) îáðàáîòêè èíôîð-
ìàöèè.

In operation the methodological approach of mathematical
simulation of multivariate stationary nonlinear systems of
automation with final memory on the basis of known methods
of identification of dynamic plants is considered. The mathe-
matical sample piece of exposition of dynamic responses of
nonlinear systems of a volumetric information is obtained on a
base of a mathematical means of series (lines) of Wiener-Wol-
terra.

ÓÄÊ 681.5

Ñ.À. Äóáîâèê
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Ðàññìàòðèâàåòñÿ çàäà÷à ñòàáèëèçàöèè îäíîãî èç ñîñòî-
ÿíèé ðàâíîâåñèÿ íåëèíåéíîãî ñëàáî âîçìóùåííîãî îáúåêòà â
óñëîâèÿõ ïîëíîé èíôîðìàöèè î âåêòîðå ñîñòîÿíèÿ. Äëÿ ðå-
øåíèÿ çàäà÷è ïðåäëàãàåòñÿ âåðîÿòíîñòíî-àñèìïòîòè÷åñ-
êèé ìåòîä, îñíîâàííûé íà ôóíêöèîíàëå äåéñòâèÿ. Äàííûé
ïîäõîä ñðàâíèâàåòñÿ ñ ãàðàíòèðîâàííûì óïðàâëåíèåì,

ÿâëÿþùèìñÿ ðåøåíèåì çàäà÷è ðîáàñòíîãî  - ñèíòåçà.

ÂÂÅÄÅÍÈÅ

Â çàäà÷àõ óïðàâëåíèÿ äâèæåíèåì òèïè÷íîé ÿâëÿåòñÿ
ñèòóàöèÿ, êîãäà îáúåêò îïèñûâàåòñÿ íåëèíåéíûì ñëàáî
âîçìóùåííûì óðàâíåíèåì. Íîðìàëüíîå ôóíêöèîíèðîâà-
íèå ñèñòåìû â òàêîãî ðîäà ñëó÷àÿõ ñâÿçûâàåòñÿ ñ îäíèì

I1 x y,( ) HH× x y x1 y1, , ,( )Iâx x1 y1,( ) x1d y1d

E2p

∫=

E2 HH× x y x1 y1, , ,( )

I2 x y I1, ,( ) 1 I1 x y,( )+[ ]ln=

I2 x y,( ) 1–( )p 1+ p 1– I1
p x y,( )

p 1=

M

∑≈

Iâ÷

Iâèõ x y,( ) 1–( )p 1+ p 1– gp x y Xp Yp, , ,( ) ×
E2p

∫
p 1=

M

∑=

HH× x2 x1j y2 y1 j–,–( )
j 1=

n

∏× x2d y2,d

gp x y Xp Yp, , ,( )

H∞

H∞
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èç ñîñòîÿíèé ðàâíîâåñèÿ, êîòîðîå ìîæíî íàçâàòü
îñíîâíûì èëè øòàòíûì. Ïðèìåðîì ÿâëÿåòñÿ çàäà÷à
óïðàâëåíèÿ êîðàáëåì â óñëîâèÿõ âåòðîâîëíîâûõ âîçìó-
ùåíèé, â ðàìêàõ êîòîðîé îñóùåñòâëÿåòñÿ ñòàáèëèçàöèÿ
ïîëîæåíèÿ è êîíòðîëèðóåòñÿ âåðîÿòíîñòü îïðîêèäû-
âàíèÿ. Â óñëîâèÿõ óäîâëåòâîðèòåëüíîé ñòàáèëèçàöèè
ôàçîâàÿ òî÷êà ïîäàâëÿþùóþ ÷àñòü âðåìåíè ïðèíàäëå-
æèò ìàëîé îêðåñòíîñòè îñíîâíîãî ñîñòîÿíèÿ ðàâíîâåñèÿ.
Òåì íå ìåíåå, ñðåäè ðåàëèçàöèé âîçìóùåíèÿ íå äîëæíû
èñêëþ÷àòüñÿ òàêèå, êîòîðûå ïðèâîäÿò ê áîëüøèì óêëî-
íåíèÿì îò øòàòíîãî ñîñòîÿíèÿ ðàâíîâåñèÿ, â òîì ÷èñëå
âûâîäÿùèå ôàçîâóþ òî÷êó íà ãðàíèöó îáëàñòè óñòîé÷è-
âîñòè. Òàêèì îáðàçîì, ïðîöåäóðà ñèíòåçà â ðàññìàòðè-
âàåìûõ çàäà÷àõ ìîæåò ôîðìèðîâàòüñÿ â âèäå êîìïî-
çèöèè àëãîðèòìîâ äâóõ òèïîâ: ëîêàëüíîé ñòàáèëè-çàöèè
è ãëîáàëüíîãî êîíòðîëÿ áîëüøèõ óêëîíåíèé. Âûäåëèòü
óêàçàííûå àëãîðèòìû â îáùåé ñòîõàñòè÷åñêîé çàäà÷å
óäàåòñÿ ñ ïîìîùüþ àñèìïòîòè÷åñêîãî àíàëèçà ïî ïàðà-
ìåòðó âîçìóùåíèé. Îñíîâíûìè ýëåìåíòàìè ýòîãî àíàëè-
çà îêàçûâàþòñÿ êîíñòðóêöèè, âïîëíå àíàëîãè÷íûå
èçâåñòíûì ñðåäñòâàì òåîðèè âåðîÿòíîñòåé è åå áàçîâûõ
òåîðåì: çàêîíà áîëüøèõ ÷èñåë, öåíòðàëüíîé ïðåäåëüíîé
òåîðåìû è îöåíêè âåðîÿòíîñòè áîëüøèõ óêëîíåíèé [1].
Èíòåðåñíî îòìåòèòü, ÷òî íåêîòîðûå èç îñíîâíûõ
êîíñòðóêöèé ýòîé âåðîÿòíîñòíîé òåîðèè ñîõðàíÿþòñÿ è â

äåòåðìèíèðîâàííîé çàäà÷å - óïðàâëåíèÿ [2,3].
Ñîïîñòàâëåíèå óêàçàííûõ ïîäõîäîâ ÿâëÿåòñÿ îäíîé èç
öåëåé íàñòîÿùåé ñòàòüè.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Èññëåäóåòñÿ çàäà÷à ðàöèîíàëüíîãî âûáîðà  - âåêòî-

ðà óïðàâëåíèÿ  îáúåêòîì, äâèæåíèÿ êîòîðîãî îïèñû-

âàþòñÿ íåëèíåéíûì ñëàáî âîçìóùåííûì äèôôåðåí-
öèàëüíûì óðàâíåíèåì äëÿ  - âåêòîðà ñîñòîÿíèÿ 

 , . (1)

Çäåñü - ìàëûé ïàðàìåòð,  -  -âåêòîð âîçìó-
ùåíèé,  - ãëàäêèå ìàòðè÷íûå ôóíêöèè. Âûáîð
óïðàâëåíèÿ ñâÿçûâàåòñÿ ñ íåêîòîðûì ñîñòîÿíèåì ðàâíî-

âåñèÿ  íåâîçìóù¸ííîé ñèñòåìû; ïîñëåäíÿÿ ïîëó÷àåòñÿ

èç (1) ïðè . Èìåííî, íåîáõîäèìî ñòàáèëèçèðîâàòü

 è, ïðè ýòîì, îáåñïå÷èòü íåêîòîðîå êà÷åñòâî è íàäåæ-

íîñòü ñòàáèëèçàöèè. Êàòåãîðèþ "êà÷åñòâî" ìîæíî ïîíè-
ìàòü êàê â êëàññè÷åñêîì ñìûñëå, è òîãäà ýòî ïðÿìûå
ïîêàçàòåëè êà÷åñòâà ïðîöåññîâ, òàê è â ðàìêàõ ìåòîäà
ïðîñòðàíñòâà ñîñòîÿíèé, â êîòîðîì êà÷åñòâî, êàê
ïðàâèëî, õàðàêòåðèçóåòñÿ êâàäðàòè÷åñêèì ôóíêöèîíà-
ëîì. Ó÷èòûâàÿ âïîëíå îïðåäåëåííóþ ñâÿçü ìåæäó òåì è
äðóãèì [4,5], åñòåñòâåííî ñîñðåäîòî÷èòü âíèìàíèå íà
êâàäðàòè÷åñêîì êðèòåðèè, êàê áîëåå ìîùíîì è
óíèâåðñàëüíîì ñðåäñòâå ñèíòåçà ìíîãîìåðíûõ ñèñòåì.
Ñôîðìóëèðóåì íåêîòîðóþ îïîðíóþ çàäà÷ó, ñâÿçàííóþ ñ

èíòåðâàëîì : ìèíèìèçèðîâàòü ôóíê-

öèîíàë 

(2)

íà äâèæåíèÿõ ëèíåàðèçîâàííîé ñèñòåìû

, (3)

â êîòîðîé , à ìàòðèöû èçâåñòíûì

îáðàçîì âû÷èñëÿþòñÿ êàê ÷àñòíûå ïðîèçâîäíûå ïî

àðãóìåíòàì ôóíêöèé ïðàâîé ÷àñòè (1) â òî÷êå ,

ïðè÷åì òðîéêà  - íåâûðîæäåíà, à óïðàâëåíèå

âûáèðàåì â âèäå ëèíåéíîé ôîðìû ñîñòîÿíèÿ .
Ýòî îçíà÷àåò, ÷òî ìû îãðàíè÷èâàåì èçëîæåíèå ñëó÷àåì
ïîëíîé èíôîðìàöèè. Âòîðîå ñëàãàåìîå â (2) çàäàåò
èíòåíñèâíîñòü óïðàâëåíèÿ â (1), (3). ßñíî, ÷òî íàøè
òðåáîâàíèÿ ê êà÷åñòâó äîëæíû áûòü êàê-òî óâÿçàíû ñ
èíòåíñèâíîñòüþ âîçìóùåíèÿ, êîòîðóþ áóäåì îöåíèâàòü

ïîñðåäñòâîì ôóíêöèîíàëà 

 . (4)

Êðîìå òîãî, â ñèñòåìå (1) ñîîòíîøåíèåì èíòåíñèâ-
íîñòåé óïðàâëåíèÿ è âîçìóùåíèé îïðåäåëÿåòñÿ íàäåæ-
íîñòü ñòàáèëèçàöèè â ñìûñëå âîçìîæíîñòè âûõîäà
ôàçîâîé òî÷êè íà ãðàíèöó íåêîòîðîé êðèòè÷åñêîé îáëà-

ñòè , ñîäåðæàùåé ñîñòîÿíèå ðàâíîâåñèÿ . Äëÿ ñèñ-

òåìû (1) ðàññìàòðèâàåìîãî òèïà íàèáîëåå õàðàêòåðåíåí
òîò ñëó÷àé, êîãäà êðèòè÷åñêàÿ îáëàñòü ñîâïàäàåò ñ îáëà-

ñòüþ ïðèòÿæåíèÿ , òî åñòü , íî ìîãóò ïðåä-

ñòàâëÿòü èíòåðåñ è áîëåå "óçêèå" ãðàíèöû: .

 Âîïðîñ î ìåñòå çàäà÷è (2), (3) è ìåòðèêè (4) â òàêîé
îáùåé çàäà÷å ñòàáèëèçàöèè ñ ó÷åòîì êà÷åñòâà è íàäåæ-
íîñòè çàâèñèò òåïåðü îò äîïîëíèòåëüíîé èíôîðìàöèè
îòíîñèòåëüíî âîçìóùåíèé. Ðàññìîòðèì äâà ñëó÷àÿ -
âåðîÿòíîñòíûé è ãàðàíòèðóþùèé.

2 ÂÅÐÎßÒÍÎÑÒÍÎ-ÀÑÈÌÏÒÎÒÈ×ÅÑÊÈÉ 
ÌÅÒÎÄ ÊÎÌÏÎÇÈÖÈÎÍÍÎÃÎ ÑÈÍÒÅÇÀ 

Ïóñòü âîçìóùåíèåì â óðàâíåíèÿõ (1), (3) ÿâëÿåòñÿ

"áåëûé øóì" , òî åñòü ôîðìàëüíàÿ ïðîèçâîäíàÿ

îò ñòàíäàðòíîãî âèíåðîâñêîãî ïðîöåññà. Òîãäà óðàâíåíèå
(3), ïðåäñòàâëÿþùåå ñîáîé àíàëîã öåíòðàëüíîé ïðåäåëü-
íîé òåîðåìû, àïïðîêñèìèðóåò (òî÷íûé ñìûñë, íàïðè-
ìåð, â [6]) ðåøåíèÿ (1) â ñèòóàöèè íîðìàëüíûõ

óêëîíåíèé îò ñîñòîÿíèÿ ðàâíîâåñèÿ , òî åñòü óêëîíå-

íèé ïîðÿäêà . Â ýòîì ñëó÷àå äëÿ ïîëó÷åíèÿ ñòàáèëè-

çèðóþùèõ óïðàâëåíèé íåîáõîäèìî íà ðåøåíèÿõ
ñòîõàñòè÷åñêîãî óðàâíåíèÿ (3) ìèíèìèçèðîâàòü ôóíê-

öèîíàë , ïðåäñòàâëÿþùèé ñîáîé óñðåäíåííîå çíà÷åíèå
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ïðåäåëà (2) ïðè , : . Ñóùå-

ñòâîâàíèå ïðåäåëà ãàðàíòèðóåòñÿ óñëîâèåì íåâûðîæ-

äåííîñòè òðîéêè  è îïòèìàëüíîå â ñìûñëå 
óïðàâëåíèå èìååò âèä

, , (5)

ãäå ìàòðèöà  óäîâëåòâîðÿåò àëãåáðàè÷åñêîìó óðàâíå-

íèþ Ðèêêàòè

. (6)

Ñëó÷àé íîðìàëüíûõ óêëîíåíèé, õîòÿ è îêàçûâàåòñÿ
òèïè÷íûì äëÿ ñòàáèëèçèðîâàííîé ñëàáî âîçìóùåííîé
ñèñòåìû, òåì íå ìåíåå íå ÿâëÿåòñÿ àáñîëþòíî äîñòîâåð-
íûì ñîáûòèåì äëÿ (1): ñîõðàíÿåòñÿ âîçìîæíîñòü óêëî-

íåíèé îò  ïîðÿäêà  âïëîòü äî âûõîäà ôàçîâîé òî÷êè

(1) íà ãðàíèöó  îáëàñòè ïðèòÿæåíèÿ òî÷êè .

Îêàçûâàåòñÿ, äàëåå, ÷òî âåðîÿòíîñòü  òàêîãî êðèòè÷å-

ñêîãî ñîáûòèÿ îöåíèâàåòñÿ ñ ïîìîùüþ ôóíêöèîíàëà .
Äåéñòâèòåëüíî, äëÿ âåðîÿòíîñòè áîëüøèõ óêëîíåíèé

(ïîðÿäêà ) ïðîöåññà (1) èçâåñòíû ãðóáûå îöåíêè,
êîòîðûå âûðàæàþòñÿ ÷åðåç ôóíêöèîíàë äåéñòâèÿ, íî
íà÷àòü óäîáíåå ñ áîëåå ïðîñòîãî ñëó÷àÿ.

Â ñâÿçè ñ ïðîáëåìîé áîëüøèõ óêëîíåíèé, ìîæíî
ïðîäîëæèòü àíàëîãèþ ìåæäó ìàðêîâñêèìè ïðîöåññàìè

òèïà (1) è ñóììàìè ñëó÷àéíûõ âåëè÷èí. Ïóñòü  -
ïîñëåäîâàòåëüíîñòü íåçàâèñèìûõ îäèíàêîâî
ðàñïðåäåë¸ííûõ ñëó÷àéíûõ âåëè÷èí ñ ìàòåìàòè÷åñêèì

îæèäàíèåì è äèñïåðñèåé , óäîâëå-

òâîðÿþùèõ óñëîâèþ Êðàìåðà: ñóùåñòâóåò  òàêîå,

÷òî . Îáîçíà÷èì .

Òðåáóåòñÿ îïðåäåëèòü âåðîÿòíîñòü  â òîì ñëó-

÷àå, êîãäà  çàâèñèò îò  òàê, ÷òî ñóùåñòâóåò  è

 (à íå , êàê â öåíòðàëüíîé ïðåäåëüíîé

òåîðåìå). Ðåøåíèå èìååò ñëåäóþùèé âèä [1]:

, (7)

ãäå

 , 

.

Îïðåäåëÿþùóþ ðîëü â îöåíêàõ âåðîÿòíîñòåé áîëü-

øèõ óêëîíåíèé èãðàåò ôóíêöèÿ óêëîíåíèÿ , äëÿ

êîòîðîé èç (7) èìååì

. (8)

Òàêàÿ ãðóáàÿ ôîðìà ïðåäñòàâëåíèÿ ðåçóëüòàòîâ (ñ
òî÷íîñòüþ äî ëîãàðèôìè÷åñêîé ýêâèâàëåíòíîñòè), ïîêà-
çûâàþùàÿ ýêñïîíåíöèàëüíóþ ñêîðîñòü ñõîäèìîñòè, íî

íå ñîäåðæàùàÿ êîíñòàíòû , øèðîêî èñïîëüçóåòñÿ
â òåîðèè áîëüøèõ óêëîíåíèé. Ìîæíî îòìåòèòü åù¸, ÷òî
ãðóáàÿ ôîðìà (8) ÿâëÿåòñÿ ïðÿìûì ñëåäñòâèåì ýêñïî-
íåíöèàëüíîãî íåðàâåíñòâà ×åáûøîâà

Äëÿ ìàðêîâñêèõ ïðîöåññîâ (2) âåðîÿòíîñòü áîëüøèõ
óêëîíåíèé ìû áóäåì îöåíèâàòü èìåííî â ãðóáîé ôîðìå.
Àíàëîãîì ôóíêöèè óêëîíåíèÿ â ýòîé áåñêîíå÷íîìåðíîé
çàäà÷å îêàçûâàåòñÿ íîðìèðîâàííûé ôóíêöèîíàë äåéñò-
âèÿ [6]

. (9)

Ïðèâåä¸ì ðåçóëüòàò Âåíòöåëÿ-Ôðåéäëèíà, äëÿ ÷åãî
ñôîðìóëèðóåì óñëîâèÿ îòíîñèòåëüíî ñèñòåìû, êîòîðàÿ
ïîëó÷àåòñÿ â ðåçóëüòàòå çàìûêàíèÿ èñõîäíîé ñèñòåìû
(1) óïðàâëåíèåì (5), (6):

, (10)

ãäå âåêòîð ïåðåíîñà  çàâèñèò ðåãóëÿðíûì îáðàçîì îò
ìàëîãî ïàðàìåòðà.

À). Âåêòîð-ôóíêöèÿ  è ìàòðè÷íàÿ ôóíêöèÿ

 â  îãðàíè÷åíû è ðàâíîìåðíî

íåïðåðûâíû.

Á). Ìàòðèöà  ïðè ëþáîì  ñèì-

ìåòðè÷íà è ðàâíîìåðíî íåâûðîæäåíà.

Ïóñòü  - äèôôóçèîííûé ïðîöåññ â  ñ ïåðå-

íîñîì , ìàòðèöåé äèôôóçèè  è íà÷àëüíîé

òî÷êîé , ïðè÷åì  ïðè   ðàâíîìåðíî

ñõîäèòñÿ ê , òî åñòü   è ïðåäåëü-

íûé âåêòîð ïåðåíîñà  è ìàòðèöà äèôôóçèè 

óäîâëåòâîðÿþò óñëîâèÿì À è Á. Ïóñòü, äàëåå, ôóíêöèî-

íàë  çàäàåòñÿ ôîðìóëîé (9). Òîãäà  ÿâëÿ-

åòñÿ ôóíêöèîíàëîì äåéñòâèÿ äëÿ ñåìåéñòâà ïðîöåññîâ

 ïðè  â ñìûñëå ìåòðèêè 

ðàâíîìåðíî îòíîñèòåëüíî íà÷àëüíîé òî÷êè. Ýòî îçíà-
÷àåò, ÷òî, ñîâåðøåííî àíàëîãè÷íî (8), äëÿ ëþáîãî ðåãó-

ëÿðíîãî áîðåëåâñêîãî ìíîæåñòâà 

. (11)

Ïåðåõîäÿ ê ïîíòðÿãèíñêîé ôîðìå çàäà÷è, îáîçíà÷èì
â (9)

,

T2 ∞→ T1 0= J E L0∞ u( )[ ]=

A B C, ,( ) J

u t( ) uJ t( ) DX t( )= = D ρ 2– BTP–=

P
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S ϕ( ) ST1T2 ϕ( ) σ ϕt( )( ) 1– ϕt
·

a ϕt( )–( ) 2 td

T1

T2

∫= =

x̃
·
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÷òî ðàâíîñèëüíî ââåäåíèþ ôóíêöèîíàëà äåéñòâèÿ â
ôîðìå

 , . (12)

Òåïåðü, ïî ïîñòðîåíèþ, îãðàíè÷åíèå íåîáõîäèìî
çàïèñàòü â âèäå

 , . (13)

Ñþäà åùå ñëåäóåò äîáàâèòü óñëîâèå ïðèíàäëåæíîñòè

òðàåêòîðèè  ìíîæåñòâó  (ñîáûòèå, âåðîÿòíîñòü êîòî-

ðîãî îöåíèâàåòñÿ) èç ñåìåéñòâà ôóíêöèé, íåïðåðûâíûõ
íà îòðåçêå

. (14)

Ðåçóëüòàòîì ðåøåíèÿ ýòîé çàäà÷è â ñëó÷àå 

ÿâëÿåòñÿ òðîéêà , îïðåäåëÿþùàÿ ìèíèìàëü-

íîå çíà÷åíèå (12) , è èñêîìóþ

îöåíêó

(15)

âåðîÿòíîñòè  âûõîäà ôàçîâîé òî÷êè (1) íà ãðàíèöó

 îáëàñòè ïðèòÿæåíèÿ ñîñòîÿíèÿ . Â ñëó÷àå

ïðåâûøåíèÿ ýòîé âåëè÷èíîé íåêîòîðîãî ïîðîãîâîãî

çíà÷åíèÿ , â ñèñòåìå äîëæåí áûòü ïðåäóñìîòðåí

ïåðåõîä íà áîëåå èíòåíñèâíîå óïðàâëåíèå ,
ïàðèðóþùåå êðèçèñíîå ðàçâèòèå ïðîöåññà. Âîïðîñ
ñèíòåçà òàêîãî óïðàâëåíèÿ ïðåäñòàâëÿåòñÿ âïîëíå ÿñíûì
è çäåñü íå ðàññìàòðèâàåòñÿ.

Òàêèì îáðàçîì, âåðîÿòíîñòíàÿ òðàêòîâêà âîçìóùåíèé
â ñèñòåìå (1) è ïîñëåäîâàòåëüíîå ïðèìåíåíèå âåðîÿò-
íîñòíî-àñèìïòîòè÷åñêèõ ìåòîäîâ (ìîæíî ñêàçàòü âåðîÿò-
íîñòíûõ, òàê êàê òåîðèÿ âåðîÿòíîñòåé íå ìûñëèìà áåç
àñèìïòîòè÷åñêèõ ìåòîäîâ) ïîçâîëÿþò ïðîöåäóðó ñèíòåçà
â çàäà÷å ï. 1 ôîðìèðîâàòü â âèäå êîìïîçèöèè àëãî-
ðèòìîâ äâóõ òèïîâ: ëîêàëüíîé ñòàáèëèçàöèè (5), (6)
ïîñðåäñòâîì óïðàâëåíèÿ  è ãëîáàëüíîãî êîíòðîëÿ
áîëüøèõ óêëîíåíèé (12)-(15) ñ îöåíêîé êðèòè÷åñêîé

âåðîÿòíîñòè  è, â ñëó÷àå , ïåðåõîäà íà ëþáîå

àíòèêðèçèñíîå óïðàâëåíèå , ïðèâîäÿùåå ôàçîâóþ

òî÷êó çà êîðîòêîå âðåìÿ â îêðåñòíîñòü . Òàêîé ñïîñîá

íàçîâåì âåðîÿòíîñòíî-àñèìïòîòè÷åñêèì ìåòîäîì êîìïî-
çèöèîííîãî ñèíòåçà (ÂÀÊÑ-ìåòîäîì).

3 ÃÀÐÀÍÒÈÐÓÞÙÈÉ ÌÅÒÎÄ ÐÎÁÀÑÒÍÎÃÎ 

 - ÓÏÐÀÂËÅÍÈß È ÅÃÎ ÑÐÀÂÍÅÍÈÅ Ñ 
ÂÀÊÑ-ÌÅÒÎÄÎÌ

Ïóñòü âîçìóùåíèÿ â (3) ïðèíàäëåæàò êëàññó ôóíê-
öèé , êâàäðàòè÷íî èíòåãðèðóåìûõ íà ïîëîæèòåëüíîé
ïîëóïðÿìîé. Óïðàâëåíèÿ áóäåì âûáèðàòü èç ìíîæåñòâà

ñòàáèëèçèðóþùèõ  òàêèì îáðàçîì, ÷òî íà äâèæåíèÿõ

(3) îáåñïå÷èâàåòñÿ ñ ó÷åòîì (2), (4)

. (16)

Ýòî ñîîòâåòñòâóåò ãàøåíèþ â ìàêñèìàëüíî âîçìîæíîé
ñòåïåíè "ýíåðãèè" îò âíåøíèõ âîçìóùåíèé ïîñðåäñòâîì
ñòàáèëèçèðóþùèõ (äåìïôèðóþùèõ) óïðàâëåíèé [3]. Ðå-
øåíèå óêàçàííîé çàäà÷è ñóùåñòâóåò âìåñòå ñ íåîòðèöà-

òåëüíî îïðåäåë¸ííûì ðåøåíèåì  óðàâíåíèÿ Ðèêêàòè

(17)

è îïòèìàëüíîå óïðàâëåíèå â ðàññìàòðèâàåìîì ñëó÷àå
ïîëíîé èíôîðìàöèè î âåêòîðå ñîñòîÿíèÿ îïðåäåëÿåòñÿ
ñîîòíîøåíèÿìè (5), (17). Óêàçàííàÿ çàäà÷à ýêâèâàëåí-
òíà ïðåäåëüíîìó ñëó÷àþ õîðîøî èçâåñòíîé äèôôåðåíöè-
àëüíîé èãðû [7] äëÿ óðàâíåíèÿ (3) ñ êðèòåðèåì

 ïðè . Ïîñòðîåííîå òàêèì îáðà-

çîì óïðàâëåíèå îêàçûâàåòñÿ íàèëó÷øèì ïðè âîçìóùå-
íèè, íàèõóäøåì èç äîïóñòèìûõ, ÷åì è îáúÿñíÿþòñÿ
ãàðàíòèðóþùèå ñâîéñòâà òàêîãî ðåøåíèÿ.

Ñëàáûå ñòîðîíû ìåòîäà ðîáàñòíîãî  - óïðàâëåíèÿ
íåîäíîêðàòíî îòìå÷àëèñü. Îíè ñâÿçàíû ñî ñëîæíîñòüþ
îïðåäåëåíèÿ êîíñòàíòû (16) è âûòåêàþùèìè îòñþäà
ïðîáëåìàìè ñóùåñòâîâàíèÿ ðåøåíèÿ óðàâíåíèÿ (17).
Äëÿ íàñ âàæíî äðóãîå îáñòîÿòåëüñòâî: ïîëíàÿ èíôîðìè-
ðîâàííîñòü óïðàâëÿþùåé ñòîðîíû î âåêòîðå ñîñòîÿíèÿ
ëèíåàðèçîâàííîé ñèñòåìû (óðàâíåíèå (5)), à çíà÷èò è î

âåêòîðå èñõîäíîé ñèñòåìû (1) ( ) çäåñü ñî-

âåðøåííî íå èñïîëüçóåòñÿ äëÿ êîíòðîëÿ óêëîíåíèé îò
ñîñòîÿíèÿ ðàâíîâåñèÿ - àëãîðèòì óïðàâëåíèÿ àïðèîðíî
ñîðèåíòèðîâàí íà íàèõóäøåå â ñìûñëå (16) âîçìóùåíèå

. Î÷åâèäíî, ÷òî ýòî ñîâñåì íå òî, ÷òî òðåáóåòñÿ â
ðàìêàõ çàäà÷è ï.1.

 ÇÀÊËÞ×ÅÍÈÅ

Ñîïîñòàâëåíèå äâóõ ïîäõîäîâ â çàäà÷å ñòàáèëèçàöèè
ñîñòîÿíèÿ ðàâíîâåñèÿ íåëèíåéíîé äèíàìè÷åñêîé ñèñ-
òåìû (à ðåàëüíûå ñèñòåìû âñåãäà íåëèíåéíû): ñòîõàñòè-
÷åñêîãî êîìïîçèöèîííîãî è äåòåðìèíèðîâàííîãî ãàðàí-
òèðîâàííîãî ïîêàçûâàåò, ÷òî îáà èñïîëüçóþò àíàëîãè÷-
íûå êîíñòðóêöèè äëÿ îïèñàíèÿ èíòåíñèâíîñòåé èçìå-
íåíèÿ óïðàâëåíèÿ, ñîñòîÿíèÿ è âîçìóùåíèÿ. Âî ìíîãèõ
ñëó÷àÿõ ïðèìåíåíèå êîìïîçèöèîííîãî ìåòîäà ïðåäñòàâ-
ëÿåòñÿ áîëåå öåëåñîîáðàçíûì, òàê êàê ïîçâîëÿåò êîíòðî-
ëèðîâàòü è ïàðèðîâàòü äåéñòâèòåëüíî íàèõóäøåå äâèæå-
íèå ñèñòåìû â íàïðàâëåíèè ïîòåðè óñòîé÷èâîñòè. Íå
ìåíåå âàæíî è òî, ÷òî â ñëó÷àå øòàòíîãî ðàçâèòèÿ ïðîöå-
ññà ÂÀÊÑ-ìåòîä îáåñïå÷èâàåò îïòèìàëüíîñòü, ÷åãî òàê-

æå íåò â ãàðàíòèðîâàííîì ìåòîäå ðîáàñòíîãî  -
óïðàâëåíèÿ. Âîîáùå, íà ÂÀÊÑ-ìåòîä ìîæíî ñìîòðåòü
êàê íà ñðåäñòâî ñåìàíòèçàöèè (ñòðóêòóðèðîâàíèÿ)
èíôîðìàöèè [8]. Êàê ïîêàçûâàåò îïûò äèñöèïëèí,
îðèåíòèðîâàííûõ íà óïðàâëåíèå ñëîæíûìè ïðîöåññàìè

I v( ) I0 tf
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∫= = =
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â óñëîâèÿõ íåîïðåäåëåííîñòè - ñèñòåìû èñêóññòâåííîãî
èíòåëëåêòà, îáúåêòíîå ïðîåêòèðîâàíèå - ñèñòåìû óïðàâ-
ëåíèÿ äîëæíû ñòðîèòüñÿ êàê ïðåîáðàçîâàòåëè ñåìàíòè-
÷åñêîé èíôîðìàöèè. Ó ýòîãî âûâîäà åñòü è äðóãàÿ ñòî-
ðîíà: ðåãóëÿòîð äîëæåí ïðåäñòàâëÿòü èç ñåáÿ ñåòü, ïðè-
÷åì, âñå ýëåìåíòû ñåòè ñèíòåçèðóþòñÿ çàðàíåå, off-line, à
ðåêîíôèãóðàöèÿ ñåòè îñóùåñòâëÿåòñÿ â ïðîöåññå óïðà-
âëåíèÿ, on-line, ïî ìåðå ïîñòóïëåíèÿ äàííûõ î äåéñòâèè
âîçìóùåíèé. 
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Ðîçãëÿäàºòüñÿ çàäà÷à ñòàá³ë³çàö³¿ îäíîãî ç³ ñòàí³â ð³â-
íîâàãè íåë³í³éíîãî ñëàáêî çáóðåíîãî îá'ºêòà â óìîâàõ ïîâ-
íî¿ ³íôîðìàö³¿ ïðî âåêòîð ñòàíó. Äëÿ ð³øåííÿ çàäà÷³ ïðî-
ïîíóºòüñÿ ³ìîâ³ðí³ñíî-àñèìïòîòè÷íèé ìåòîä, çàñíîâàíèé
íà ôóíêö³îíàë³ ä³¿. Äàíèé ï³äõ³ä ïîð³âíþºòüñÿ ç ãàðàíòî-

âàíèì êåðóâàííÿì, ùî º ð³øåííÿì çàäà÷³ ðîáàñòíîãî -
ñèíòåçó.

The problem of stabilization of one from balance states from
of the nonlinear poorly disturbed object in conditions of the
full information of a state vector is considered. For the deci-
sion of the problem it is offered probabilistic-asymptotic
method based on functional of action. The given approach is
compared with the guaranteed management being the decision

of a problem robust - Synthesis.

ÓÄÊ 517.92

 Â.Ã. Êîçûðåâ

      ÎÏÒÈÌÀËÜÍÛÉ ÐÅÃÓËßÒÎÐ ÂÛÕÎÄÀ                      
ÑÈÍÃÓËßÐÍÎ ÂÎÇÌÓÙÅÍÍÛÕ ÑÈÑÒÅÌ

Ïîñòðîåíî àñèìïòîòè÷åñêîå ïðèáëèæåíèå îïòèìàëüíîãî
òåðìèíàëüíîãî ðåãóëÿòîðà âûõîäà ñèíãóëÿðíî âîçìóùåííûõ
ñèñòåì, ðàâíîìåðíîå ïî îáëàñòè óïðàâëåíèÿ. Ïðèáëèæåíèå
ïðåäñòàâëåíî â îáùåé êîìïîçèöèîííîé ôîðìå ðåøåíèÿ ëè-
íåéíî-êâàäðàòè÷íîé çàäà÷è îïòèìàëüíîãî óïðàâëåíèÿ.

ÂÂÅÄÅÍÈÅ

Äâèæåíèÿ óïðàâëÿåìûõ òåõíè÷åñêèõ îáúåêòîâ îáëà-
äàþò îáû÷íî ñâîéñòâîì ðàçíîìàñøòàáíîñòè (ðàçëè÷èÿ
õàðàêòåðíûõ âðåìåí). Îíî çàêëþ÷àåòñÿ â íàëè÷èè ó
äâèæåíèé áûñòðî è ìåäëåííî èçìåíÿþùèõñÿ ñîñòàâëÿ-
þùèõ. Íàïðèìåð, ñðåäè äâèæåíèé ëåòàòåëüíîãî àïïàðà-
òà ìîæíî âûäåëèòü ìåäëåííûå ëèíåéíûå è áûñòðûå
óãëîâûå. Ëèíåéíûå äâèæåíèÿ ËÀ - ýòî äâèæåíèÿ åãî
öåíòðà ìàññ. Îíè âñåãäà áîëåå ðàçìåðåííûå, ïëàâíûå,
÷åì ðåçêèå è íåðåãóëÿðíûå óãëîâûå äâèæåíèÿ - âðà-
ùåíèÿ âîêðóã öåíòðà ìàññ. ËÀ çíà÷èòåëüíî áîëåå èíåð-
öèîíåí ïî îòíîøåíèþ ê ïîñòóïàòåëüíîìó äâèæåíèþ, ÷åì
ê âðàùàòåëüíîìó. Ðàçíîìàñøòàáíîñòü íàáëþäàåòñÿ è ó
äâèæåíèé äðóãèõ îáúåêòîâ - áûñòðîõîäíûõ ñóäîâ, ýë-
åêòðîýíåðãåòè÷åñêèõ óñòàíîâîê ñ áûñòðîäåéñòâóþùèìè
àïïàðàòàìè óïðàâëåíèÿ, ñèëîâûõ ýëåêòðîïðèâîäîâ, ðà-
äèîôèçè÷åñêèõ ïðèáîðîâ ñ ïàðàçèòíûìè åìêîñòíûìè è
èíäóêòèâíûìè ñâÿçÿìè è äð. Ó âñåõ ýòèõ îáúåêòîâ èìå-
þòñÿ ñîñòàâëÿþùèå äâèæåíèÿ, îäíè èç êîòîðûõ èçìåíÿ-

þòñÿ ìåäëåííî, à äðóãèå - áûñòðî, ïðè÷åì ðàçëè÷èå
õàðàêòåðíûõ âðåìåí ñîñòàâëÿåò ïîðÿäîê è áîëåå. Àíàëî-
ãè÷íîå ñâîéñòâî ïîÿâëÿåòñÿ è ó ñèñòåìû óïðàâëåíèÿ
îáúåêòîì. Ïîäîáíàÿ ñèñòåìà òàêæå áóäåò îáëàäàòü áûñò-
ðî è ìåäëåííî èçìåíÿþùèìèñÿ ñîñòàâëÿþùèìè â çàêîíå
óïðàâëåíèÿ. Äàæå åñëè óïðàâëåíèå îñóùåñòâëÿåòñÿ
òîëüêî ïî îäíîìàñøòàáíûì ïàðàìåòðàì, ýòî ïðîèñõîäèò
â ñèëó ìíîãîñâÿçíîñòè îáúåêòà. 

Íàëè÷èå áûñòðûõ äâèæåíèé ó äèíàìè÷åñêèõ ñèñòåì
çàòðóäíÿåò èõ èññëåäîâàíèå. Îíî ïðèíóäèòåëüíî íàâÿ-
çûâàåò ìàëûé øàã èíòåãðèðîâàíèÿ ïðè ÷èñëåííîì ìîäå-
ëèðîâàíèèè, óâåëè÷èâàåò ìàøèííîå âðåìÿ ðåøåíèÿ çà-
äà÷, ïðèâîäèò ê íàêîïëåíèþ îøèáîê èíòåãðèðîâàíèÿ,
çàòðóäíÿåò ðàñ÷åò çàêîíîâ óïðàâëåíèÿ è èõ ðåàëèçàöèþ
ïðè âñòðàèâàíèè â áîðòîâûå êîìïüþòåðû îáúåêòîâ. Ïî-
äîáíàÿ îñîáåííîñòü èçâåñòíà ïîä íàçâàíèåì æåñòêîñòè
ñèñòåì. 

ßâëÿÿñü çàòðóäíÿþùèì ôàêòîðîì âîîáùå ïðè èññëå-
äîâàíèè ñèñòåì, ðàçëè÷èå õàðàêòåðíûõ âðåìåí äâèæå-
íèé ìîæåò áûòü îáðàùåíî, òåì íå ìåíåå, íà ïîëó÷åíèå
ïðåèìóùåñòâ ïðè òàêîì èññëåäîâàíèè. Ýòî óäàåòñÿ ñäå-
ëàòü, åñëè ìîæíî ïðèìåíèòü àñèìïòîòè÷åñêèå ìåòîäû. Â
íàñòîÿùåé ñòàòüå âûïîëíåíî àñèìïòîòè÷åñêîå èññëå-
äîâàíèå îïòèìàëüíîãî ðåãóëÿòîðà âûõîäà ïðåäñòàâ-
ëåííûõ ñèñòåì. Ñâîéñòâî ðàçíîìàñøòàáíîñòè âûðàæà-

H∞

H∞

H∞
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åòñÿ ââåäåíèåì ìàëîãî ìíîæèòåëÿ ïðè íåêîòîðûõ ïðî-
èçâîäíûõ óðàâíåíèé ñèñòåìû. Òå ïåðåìåííûå, ïðè
ïðîèçâîäíûõ êîòîðûõ íàõîäèòñÿ ìàëûé ïàðàìåòð, ÿâëÿ-
þòñÿ "áûñòðûìè", äðóãèå - "ìåäëåííûìè". Òàêîé ïîäõîä
èçâåñòåí â ëèòåðàòóðå ïîä íàçâàíèåì òåîðèè ñèíãóëÿð-
íûõ âîçìóùåíèé [1]. Ñ åãî ïîìîùüþ ñòðîèòñÿ àñèìïòî-
òè÷åñêîå ïðèáëèæåíèå ðåãóëÿòîðà ëþáîé ñòåïåíè òî÷-
íîñòè, ÿâëÿþùååñÿ óïðîùåíèåì òî÷íîãî ðåøåíèÿ.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìàòðèâàåòñÿ ìàòåìàòè÷åñêàÿ ìîäåëü ëèíåéíîé
óïðàâëÿåìîé ñèñòåìû ñ áûñòðûìè è ìåäëåííûìè äâèæå-
íèÿìè â âèäå íîðìàëüíîé ñèñòåìû ëèíåéíûõ äèôôåðåí-
öèàëüíûõ óðàâíåíèé ñ ìàëûì ïàðàìåòðîì ïðè ÷àñòè
ïðîèçâîäíûõ è ïðîèçâîëüíûìè íà÷àëüíûìè óñëîâèÿìè

(1)

ãäå  - ìàëûé ïàðàìåòð.

Â ýòèõ óðàâíåíèÿõ  - "ìåäëåííàÿ" ïåðåìåííàÿ,  -

"áûñòðàÿ". Â ñàìîì äåëå, ïðè  ïðîèçâîäíàÿ ôóíê-

öèè  áóäåò áîëüøîé: 

(âíå -îêðåñòíîñòè òåõ òî÷åê ôàçîâîãî ïðîñòðàíñòâà, â

êîòîðûõ .

Çíà÷èò ïåðåìåííàÿ  èçìåíÿåòñÿ áûñòðî. Óðàâíåíèÿ (1)
çàäàíû íà ôèêñèðîâàííîì îòðåçêå âðåìåíè ;

, ,  - âåêòîð ñîñòîÿ-

íèÿ;  - âåêòîð óïðàâëåíèÿ.

Ïàðàìåòð  â óðàâíåíèÿõ (1) ïðèíÿòî íàçûâàòü ñèí-

ãóëÿðíî âîçìóùàþùèì, à ñîäåðæàùèé åãî ÷ëåí  -

ñèíãóëÿðíûì âîçìóùåíèåì [1]. Äàííîå îïðåäåëåíèå ñâÿ-
çàíî ñ òåì, ÷òî, õîòÿ ýòîò ÷ëåí è ÿâëÿåòñÿ ìàëûì â îïðå-
äåëåííîì ñìûñëå, îí âûçûâàåò ñóùåñòâåííîå èçìåíåíèå
ðåøåíèÿ.

Äëÿ ñèíãóëÿðíî âîçìóùåííîé ñèñòåìû (1) ðàññìîò-
ðèì çàäà÷ó ïîñòðîåíèÿ îïòèìàëüíîãî óïðàâëåíèÿ

, ñâîäÿùåãî ê ìèíèìóìó êâàäðàòè÷íûé ôóíê-
öèîíàë

(2)

(øòðèõ îáîçíà÷àåò òðàíñïîíèðîâàíèå).
Îòíîñèòåëüíî âûðàæåíèé (1) è (2) ïðåäïîëîæèì,

÷òî:

I. Ìàòðèöû    è   íå-

ïðåðûâíû íà îòðåçêå ;

II. - ïîñòîÿííàÿ íåîòðèöàòåëüíî îïðåäåëåííàÿ ìàò-
ðèöà. Áóäåì èñïîëüçîâàòü äëÿ íåå ïðåäñòàâëåíèå

, ãäå H - ïîñòîÿííàÿ ìàòðèöà ðàçìåðà ,

;  - ïîñòîÿííàÿ ïîëîæèòåëüíî îïðåäåëåííàÿ

ìàòðèöà ;

III.  - íåîòðèöàòåëüíî, à  - ïîëîæèòåëüíî

îïðåäåëåííûå è íåïðåðûâíûå íà  ìàòðèöû.
Ââåäåì áëî÷íûå ìàòðèöû (àðãóìåíò t â îáîçíà÷åíèÿõ

ïåðåìåííûõ îïóñêàåì)

, , 

, 

, ,

 .

Ïðè âûïîëíåíèè óñëîâèé I-III îïòèìàëüíîå â ñìûñëå
êðèòåðèÿ (2) óïðàâëåíèå  äëÿ ñèñòåìû (1) ñó-
ùåñòâóåò è èìååò èçâåñòíûé âèä [2] 

 , (3)

ãäå  -ìàòðèöà-ðåøåíèå ìàò-
ðè÷íîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ Ðèêêàòè ñ
óñëîâèåì íà ïðàâîì êîíöå

.(4)

Åñëè ìàòðèöû ðàçáèòü íà áëîêè: 

, , , 

òî óðàâíåíèå (4) ïåðåïèøåòñÿ êàê ñèñòåìà òðåõ óðàâíå-
íèé ñ óñëîâèÿìè íà êîíöå

 

(5)

(6)

Ñèñòåìà ìàòðè÷íûõ äèôôåðåíöèàëüíûõ óðàâíåíèé
(5) ñ óñëîâèÿìè (6) ïðåäñòàâëÿåò ñîáîé ñèíãóëÿðíî âîç-

ìóùåííóþ (ïðè ) ñèñòåìó. Åå ðåøåíèå çàäàåò
ìàòðèöó îáðàòíîé ñâÿçè â ôîðìóëå îïòèìàëüíîãî ðåãó-

dy
dt
------ A1 t( )y A2 t( )z B1 t( )u,  y

t 0=
+ + y0,= =

λdz
dt
----- A3 t( )y A4 t( )z B2 t( )u, z

t 0=
+ + z0,= =

λ 0>
y z

λ 0→

z
dz
dt
----- 1

λ
---

 
  F y z u t, , ,( ) O

1
λ
---

 
 = =

λ
F y z u t, , ,( ) A3 t( )y A4 t( )z B2 t( )u+ +≡ 0=

z
0 t T≤ ≤

y En∈ z Em∈ x col y z,[ ] En m+∈=

u Er∈
λ

λdz
dt
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u u t( )=

I u t( )[ ] 1
2
---x' T( )Φx T( ) 1

2
--- x' t( )Q t( )x t( ) u' t( )R t( )u t( )+[ ] td

0

T

∫+=

Ai t( ) i 1 4,=( ) Bj t( ) j 1 2,=( )

0 T,[ ]
Φ
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q q×
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0 T,[ ]
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A1 A2

1
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1
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S1

1
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1
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u u t( )=

u R 1– B'Kx–=

K K t( ) n m+( ) n m+( )×–=

dK
dt
------- KA– A'K– KSK Q, K

t T=
–+ Φ H'FH≡= =

K
K1 λK2
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= Φ
Φ1 Φ2
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= Q
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dK1
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dK2
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+K1S2K3 λK2S2'K2 K2S3K3 Q2,–+ +

λ
dK3

dt
---------- λK2'A2– λA2'K2– K3A4– A4'K3'– +=

+λ2K2'S1K2 λK2'S2K3 λK3S2'K2 K3S3K3 Q3,–+ + +

K1
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Φ1, K2
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1
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ëÿòîðà (3). Êàê ìû è ãîâîðèëè, åìó ïðèñóùå òî æå
ñâîéñòâî ðàçíîìàñøòàáíîñòè ïðîöåññîâ, ÷òî è îáúåêòó
óïðàâëåíèÿ (1).

Â ñëó÷àå ðåãóëÿòîðà, îäíàêî, ðàçíîìàñøòàáíîñòü áî-
ëåå ïðîáëåìíîå ñâîéñòâî:

1) ìàòðè÷íûå äèôôåðåíöèàëüíûå óðàâíåíèÿ (5) èìå-
þò áîëåå âûñîêèé ïîðÿäîê, ÷åì èñõîäíûå âåêòîðíûå
äèôôåðåíöèàëüíûå óðàâíåíèÿ îáúåêòà (1); 

2) öèôðîâàÿ ðåàëèçàöèÿ ðåãóëÿòîðà ñ áûñòðî è ìåä-
ëåííî èçìåíÿþùèìèñÿ êîýôôèöèåíòàìè â ðåàëüíîì âðå-
ìåíè òðåáóåò ïîâûøåííûõ ðàñõîäîâ ðåñóðñîâ áîðòîâîãî
êîìïüþòåðà ââèäó íåîáõîäèìîñòè ÷àñòîé äèñêðåòèçàöèè
ïðîöåññîâ ïî âðåìåíè èç-çà íàëè÷èÿ áûñòðûõ êîìïîíåíò
â óïðàâëåíèè.;

3) êîíå÷íûå (ïðè t = T) óñëîâèÿ (6) ñèñòåìû (5)
íåîãðàíè÷åííî âîçðàñòàþò ïðè . Ýòî ñîçäàåò äî-
ïîëíèòåëüíûå òðóäíîñòè ÷èñëåííîãî èíòåãðèðîâàíèÿ
ñèñòåìû (5).

Òàêèì îáðàçîì, îñîáåííîñòè çàäà÷è (5), (6) çàòðó-
äíÿþò ïîñòðîåíèå ðåãóëÿòîðà. Ïîýòîìó öåëåñîîáðàçíî
åãî àñèìïòîòè÷åñêîå óïðîùåíèå. Â äàííîé ñòàòüå ñòðî-
èòñÿ àñèìïòîòè÷åñêîå ïðèáëèæåíèå ìàòðèöû Ðèêêàòè K,
êîòîðîå ïîñëå ïîäñòàíîâêè â ôîðìóëó (3) äàåò àñèìïòî-
òè÷åñêîå ïðèáëèæåíèå ðåãóëÿòîðà.

Âïåðâûå àíàëîãè÷íàÿ çàäà÷à ðàññìîòðåíà â [3, 4]. Íî

â ýòèõ ðàáîòàõ ìàòðèöà  âûáèðàëàñü ñïåöèàëüíûì

îáðàçîì òàê, ÷òîáû êîíå÷íûå óñëîâèÿ (6) áûëè îãðàíè-

÷åíû ïî ïàðàìåòðó . Ìû ðàññìàòðèâàåì ñëó÷àé ïðîèç-

âîëüíûõ, â òîì ÷èñëå íåîãðàíè÷åííûõ ïðè 
óñëîâèé (6). Àñèìïòîòèêà ðåøåíèÿ óðàâíåíèé (5) ñ íå-
îãðàíè÷åííî áîëüøèìè êîíå÷íûìè óñëîâèÿìè (6) ïîëó-
÷åíà â [5]. Îäíàêî â ýòîé ðàáîòå ðàññìîòðåí ðåãóëÿòîð
ñîñòîÿíèÿ, ñîîòâåòñòâóþùèé ïîëîæèòåëüíîé îïðåäåëåí-

íîñòè òåðìèíàëüíîé ìàòðèöû  (åäèíè÷íîñòè

ìàòðèöû ). Íàìè ðàññìàòðèâàåòñÿ îáùèé ñëó-

÷àé ðåãóëÿòîðà âûõîäà, ïðè êîòîðîì ìàòðèöà  íåîòðè-

öàòåëüíî îïðåäåëåííàÿ, ñîîòâåòñòâåííî  - ïðÿìî-
óãîëüíàÿ. Äëÿ ýòîãî ñëó÷àÿ âûðàæåíèÿ èç [5] äëÿ
ïðåäñòàâëåíèÿ ðåãóëÿòîðà íåïðèãîäíû.

Çàìåòèì, ÷òî êàê è â [5] àñèìïòîòè÷åñêîå ðàçëîæåíèå
ðåøåíèÿ çàäà÷è (5), (6) íåëüçÿ â îáùåì ñëó÷àå ïîñòðî-

èòü â âèäå , ãäå  - ðåãóëÿðíûé ðÿä, à  -
ïîãðàíñëîéíûé ðÿä. Ïîýòîìó çäåñü èñïîëüçóåòñÿ ñïåöè-
àëüíîå ïðåäñòàâëåíèå ìàòðèöû K â âèäå êîìïîçèöèè èç
òðåõ áîëåå ïðîñòûõ ìàòðèö, è ýòî ïðåäñòàâëåíèå ïîçâî-
ëÿåò ïîñòðîèòü èñêîìóþ àñèìïòîòèêó. Îíî ñëóæèò îáîá-
ùåíèåì íà ñëó÷àé ðåãóëÿòîðà âûõîäà ñîîòâåòñòâóþùåãî
ïðåäñòàâëåíèÿ èç [5]. 

Ìàòðèöó Ðèêêàòè  ìîæíî çàïèñàòü â âèäå [6]

, (7)

ãäå ìàòðèöû ,  è  ïîä÷èíÿþòñÿ óðàâíåíèÿì

, ,

, , (8)

(  - åäèíè÷íàÿ ìàòðèöà),

, .

Êîìïîçèöèîííîå ïðåäñòàâëåíèå ìàòðèöû Ðèêêàòè (7)
èñïîëüçóåòñÿ â äàëüíåéøåì äëÿ ïîñòðîåíèÿ åå àñèìïòî-
òèêè.

Ìàòðèöû ðàçîáüåì íà áëîêè

, , ,

, 

(  è  - åäèíè÷íûå ìàòðèöû ðàçìåðîâ  è

 ñîîòâåòñòâåííî), è òðè óðàâíåíèÿ (8) ïåðåïèøåì
â âèäå òðåõ ñèñòåì óðàâíåíèé äëÿ áëîêîâ. Óðàâíåíèÿ

äëÿ   èìåþò òîò æå âèä (5), ÷òî è óðàâíåíèÿ

äëÿ  , íî ñ íóëåâûìè óñëîâèÿìè íà êîíöå

 , (9)

à óðàâíåíèÿ äëÿ   è  

çàïèøóòñÿ òàê:

(10)

(11)

λ 0→

Φ

λ
λ 0→

Φ H'FH=

H:H E=
Φ

H

K ΠK+ K ΠK

K

K P W'H' HMH' F 1–+( ) 1– HW+=

P W M

dP
dt
------- PA– A'P– PSP Q–+= P

t T=
0=

dW
dt

-------- W A SP–( )–= W
t T=

E=

E

dM
dt

-------- WS t( )W'–= M
t T=

0=

P
P1 λP2

λP2' λP3

= W
W1 λW2

W3 λW4

= M
M1 M2

M2' M3

=

E
En 0

0 Em

=

En Em n m×
m m×

Pi i 1 3,=( )

Ki i 1 3,=( )

Pi
t T=

0= i 1 3,=( )

Wi i 1 4,=( ) Mi i 1 3,=( )

dW1

dt
----------- W1 A1 S1P1– S2P2'–( )– –=

-W2 A3 S2'P1– S3P2'–( )  W1
t T=

En,=,

λ
dW2

dt
----------- W1 A2 λS1P2– S2P3–( )– –=

-W2 A4 λS2'P2– S3P3–( )  W2
t T=

0,=,

dW3

dt
----------- W3 A1 S1P1– S2P2'–( )– –=

-W4 A3 S2'P1– S3P2'–( )  W3 t T=
0,=,

λ
dW4

dt
----------- W3 A2 λS1P2– S2P3–( )– –=

-W4 A4 λS2'P2– S3P3–( )  W4
t T=

1
λ
---Em.=,

dM1

dt
----------- W1S1W1'– W1S2W2'– W2S2'W1'– –=

-W2S3W2', M1 t T=
0,=

dM2

dt
----------- W1S1W3'– W1S2W4'– W2S2'W3'– –=

-W2S3W4', M2
t T=

0,=

dM3

dt
----------- W3S1W3'– W3S2W4'– W4S2'W3'– –=

-W4S3W4', M3
t T=

0.=
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Äàëåå áóäåì ñòðîèòü àñèìïòîòèêó ðåøåíèé óðàâíåíèé

äëÿ  è (10), (11), êîòîðàÿ ïî ôîðìóëå (7) äàñò àñèì-

ïòîòèêó âñåé ìàòðèöû K è, ñîîòâåòñòâåííî, àñèìïòîòèêó
ðåãóëÿòîðà ïî ôîðìóëå (3).

ÀÑÈÌÏÒÎÒÈÊÀ ÑÎÑÒÀÂËßÞÙÈÕ ÌÀÒÐÈÖ  
,  È 

Â äîïîëíåíèå ê óñëîâèÿì I-III ïîòðåáóåì âûïîëíåíèÿ
óñëîâèé

IV. Âñå ìàòðèöû  ,  ,

,   ðàçà íåïðåðûâíî äèôôåðåíöèðóåìû

íà  (  - íåêîòîðîå íàòóðàëüíîå ÷èñëî: =
0,1,2…);

V. Ñèñòåìà (1) ïî òåðìèíîëîãèè [3, 4] óïðàâëÿåìà â
ïîãðàíè÷íîì ñëîå, òî åñòü

 íà ;

VI. Ñèñòåìà (1) íàáëþäàåìà â ïîãðàíè÷íîì ñëîå

[3,4], òî åñòü 

 íà , ãäå  - ðåøåíèå óðàâíåíèÿ

.

Àñèìïòîòèêà . Àñèìïòîòè÷åñêèå ðàçëîæåíèÿ

êîìïîíåíò  ìàòðèöû  ïðè âûïîëíåíèè

óñëîâèé II-VI ïîñòðîåíû â [4] íà îñíîâå ðåçóëüòàòîâ [1].
Ýòè ðàçëîæåíèÿ, çàïèñàííûå â îáùåïðèíÿòîé ôîðìå

  , (12)

ãäå  - ãëàâíàÿ ÷àñòü, ïðåäñòàâëÿþùàÿ ñîáîé

(äëÿ ãëàâíîé ÷àñòè) ñóììû ñòåïåíåé  ñ ìàòðè÷íûìè

êîýôôèöèåíòàìè, çàâèñÿùèìè îò âðåìåíè, à  -

ìàëûé îñòàòîê ðàçëîæåíèÿ 

, (13)

ãäå  - "ðàñòÿíóòîå" (èëè "áûñòðîå")

âðåìÿ. Îñòàòîê èìååò ïîðÿäîê .

Êîýôôèöèåíòû ðàçëîæåíèé (13)  è 

îïðåäåëÿþòñÿ ñ ïîìîùüþ èçâåñòíîãî àëãîðèòìà [1],
çàêëþ÷àþùåãîñÿ â ïîäñòàíîâêå ðàçëîæåíèé (13) â óðàâ-

íåíèÿ òèïà (5) äëÿ  âìåñòî  è ïðèðàâíèâàíèÿ

êîýôôèöèåíòîâ ïðè îäèíàêîâûõ ñòåïåíÿõ  â îáåèõ
÷àñòÿõ óðàâíåíèé, ïðè÷åì îòäåëüíî ïðèðàâíèâàþòñÿ
êîýôôèöèåíòû, çàâèñÿùèå îò t, è îòäåëüíî - çàâèñÿùèå
îò . Ýòî è äàåò óðàâíåíèÿ äëÿ îïðåäåëåíèÿ
êîýôôèöèåíòîâ (ñì. [3, 4]). Ãðàíè÷íûå óñëîâèÿ äëÿ íèõ
çàïèñûâàþòñÿ ñ ó÷åòîì (9) òîæå àíàëîãè÷íî [1]. 

Ñôîðìóëèðóåì äîêàçàííóþ â [4] òåîðåìó êàê ëåììó 1:

Ëåììà 1. Ïóñòü âûïîëíåíû óñëîâèÿ II-VI è îïðåäå-
ëåíû êîýôôèöèåíòû ðàçëîæåíèé (13) äî íîìåðà 
âêëþ÷èòåëüíî. Òîãäà -ûå ìàòðè÷íûå ñóììû (13) ÿâëÿ-
þòñÿ àñèìïòîòè÷åñêèìè ïðèáëèæåíèÿìè äëÿ ìàòðè÷íûõ

êîìïîíåíò  ïðè , ðàâíîìåðíûìè íà îòðå-

çêå , òî åñòü äëÿ îñòàòêîâ ðàçëîæåíèé âûïîëíÿ-

þòñÿ îöåíêè 

 

, (14)

ãäå   äëÿ âñåõ äîñòàòî÷íî ìàëûõ  è âñåõ

,  - íåêîòîðàÿ ïîñòîÿííàÿ. 

Äëÿ ïîãðàíè÷íûõ ôóíêöèé 

 ïðè ýòîì ñïðàâåäëèâî íåðàâåí-

ñòâî 

  ïðè , (15)

ãäå  - íåêîòîðàÿ ïîñòîÿííàÿ. 

Àñèìïòîòèêà . Ïîëó÷èì àñèìïòîòèêó ðåøåíèÿ

çàäà÷è (10)

 , (16)

ãäå àñèìïòîòè÷åñêîå ïðèáëèæåíèå -ãî ïîðÿäêà

 áóäåì èñêàòü ïî-ïðåæíåìó êàê ñóììó ñòåïåíåé

 ñ ìàòðè÷íûìè êîýôôèöèåíòàìè, çàâèñÿùèìè
îòäåëüíî îò "ìåäëåííîãî" âðåìåíè  è "áûñòðîãî"
âðåìåíè , à èìåííî:

 , (17)

, (18)

à îñòàòîê ðàçëîæåíèÿ  ïîäëåæèò îöåíêå.

Äëÿ ïîëó÷åíèÿ êîýôôèöèåíòîâ ðàçëîæåíèé (17),
(18) ñîãëàñíî àëãîðèòìó [1] ïîäñòàâèì ýòè è ðàíåå ïîëó-

÷åííûå ðàçëîæåíèÿ (13) â óðàâíåíèÿ (10) â êà÷åñòâå 

è  ñîîòâåòñòâåííî. Ïðèðàâíèâàÿ êîýôôèöèåíòû ñëåâà

è ñïðàâà ïðè îäèíàêîâûõ ñòåïåíÿõ  (îòäåëüíî äëÿ

 è îòäåëüíî äëÿ ,  ), ïîëó÷èì óðàâíåíèÿ
äëÿ èõ îïðåäåëåíèÿ. Ãðàíè÷íûå óñëîâèÿ íàõîäÿòñÿ
òàêæå ïî àëãîðèòìó [1].

Â ðåçóëüòàòå â "ìèíóñ" ïåðâîì ïðèáëèæåíèè (äëÿ

êîýôôèöèåíòîâ ïðè ) ïîëó÷àåì óðàâíåíèå è ãðàíè÷-
íîå óñëîâèå

Pi

P W M

Ai t( ) i 1 4,=( ) Bj t( ) j 1 2,=( )

Q t( ) R t( ) p 2+

0 T,[ ] p p

rank B2 t( ) A4 t( ) B2 t( ) ...,A4
m 1– t( ) B2 t( ),,,, m= 0 T,[ ]

rank C*' t( ) A4' t( ) C*' t( ) ..., A4'( )m 1– t( ),,,,[

C*' t( ) ] m= 0 T,[ ] C* t( )

C*'C* Q3=

P t λ,( )
Pi t λ,( ) P t λ,( )

Pi t λ,( ) Pip t λ,( ) oPip t λ,( )+= i 1 3,=( )

Pip t λ,( )

λ
oPip t λ,( )

Pip t λ,( ) λk
Pik t( ) ΠkPi τ( )+[ ]

k 0=

p

∑= i 1 3,=( )

τ t T–( )/λ=

λp 1+

Pik t( ) ΠkPi τ( )

Pi Pi

λ

τ

   

p
p

Pi t λ,( ) λ 0→
0 t T≤ ≤

Pi t λ,( ) Pip t λ,( )– oPip t λ,( )≡ λp 1+ O 1( )=

i 1 3,=( )

O 1( ) C≤ λ
t 0 T,[ ]∈ C 0>

ΠkPi τ( )

i 1 3,=  k; 0 1 ...,p, ,=( )

ΠkPi τ( ) C aτ( )exp≤ τ 0≤

a 0>
W t λ,( )

Wi t λ,( ) Wip t λ,( ) oWip t λ,( )+= i 1 4,=( )

p

Wip t λ,( )

λ
t

τ

Wip t λ,( ) λk Wik t( ) ΠkWi τ( )+[ ]
k 0=

p

∑= i 1 3,=( )

W4p t λ,( ) 1
λ
---Π 1– W4 τ( ) λk W4k t( ) ΠkW4 τ( )+[ ]

k 0=

p

∑+=

oWip t λ,( )

Wi

Pi

λ
W, P ΠW ΠP

λ 1–
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(19)

Â íóëåâîì ïðèáëèæåíèè (ïðè )

 

(20)

(âûðàæåíèÿ âèäà  îáîçíà÷àþò çäåñü è äàëåå

ïåðâóþ ïðîèçâîäíóþ ôóíêöèè  ïî âðåìåíè  ïðè

).
Ñîãëàñíî ëåììå èç ðàáîòû [3] ïðè âûïîëíåíèè

óñëîâèé I-III, V, VI ñîáñòâåííûå ÷èñëà ìàòðèöû

 ëåæàò â ëåâîé ïîëóïëîñêîñ-

òè äëÿ âñåõ , òàê ÷òî  èìååò äëÿ âñåõ

òàêèõ  îáðàòíóþ ìàòðèöó, è àëãåáðàè÷åñêèå óðàâíåíèÿ
èç (20) ðàçðåøèìû.

Òàêèì æå îáðàçîì ìîæíî çàïèñàòü óðàâíåíèÿ è êî-
íå÷íûå óñëîâèÿ äëÿ îïðåäåëåíèÿ ïîñëåäóþùèõ ÷ëåíîâ
ðàçëîæåíèé (17), (18). Ââèäó ãðîìîçäêîñòè îíè çäåñü íå
ïðèâîäÿòñÿ.

Ïóñòü âûïîëíÿåòñÿ óñëîâèå IV. Ïðè ýòîì óñëîâèè îï-
ðåäåëèì êîýôôèöèåíòû ðàçëîæåíèé (17), (18) äî íîìå-
ðà  âêëþ÷èòåëüíî è ñîñòàâèì ñóììû (17), (18) ïîðÿ-

äêà . Òîãäà ñïðàâåäëèâà

Ëåììà 2. Ïðè âûïîëíåíèè óñëîâèé II-VI ñîâîêóï-
íîñòü ÷àñòè÷íûõ ñóìì (17), (18) ÿâëÿåòñÿ ðàâíîìåðíûì
àñèìïòîòè÷åñêèì ïðèáëèæåíèåì ðåøåíèÿ çàäà÷è (10)

ïðè  íà îòðåçêå  ñ òî÷íîñòüþ äî ïîðÿäêà

, òî åñòü ñïðàâåäëèâû îöåíêè 

 

, (21)

ãäå  - îãðàíè÷åííàÿ íà  ïðè âñåõ äîñòàòî÷íî

ìàëûõ  ôóíêöèÿ (  - íåêîòîðàÿ ïî-

ñòîÿííàÿ). Ïðè ýòîì âñå -ôóíêöèè èìåþò
ýêñïîíåíöèàëüíóþ îöåíêó

 ïðè  ( ; 

 è ; ), (22)

ãäå  - íåêîòîðàÿ ïîñòîÿííàÿ.
Äîêàçàòåëüñòâî ìîæíî ïðîâåñòè àíàëîãè÷íî [1] (íî â

ìàòðè÷íîé, à íå â âåêòîðíîé çàïèñè). Ñíà÷àëà, êàê è â

[1], äîêàçûâàåòñÿ ýêñïîíåíöèàëüíîå óáûâàíèå  -
ôóíêöèé (22). Äëÿ ýòîãî ïîñëåäîâàòåëüíî (äëÿ

) ðàññìàòðèâàþòñÿ óðàâíåíèÿ òèïà (19),
(20) è ñ ïîìîùüþ òåîðåìû îá óðàâíåíèè ñ ïî÷òè
ïîñòîÿííîé ìàòðèöåé [7] äîêàçûâàþòñÿ òðåáóåìûå
îöåíêè (22). Çà-òåì äîêàçûâàåòñÿ ñàìà àñèìïòîòèêà äëÿ

, òî åñòü îöåíèâàåòñÿ îñòàòî÷íûé ÷ëåí

èç (16) â âèäå (21). Äîêàçàòåëüñòâî ïðîâîäèòñÿ äëÿ
çàäà÷è (10) ïî àíàëîãèè ñ [1]. Ïðè ýòîì íåîáõîäèìî

ó÷èòûâàòü àñèìïòîòèêó äëÿ  ( ) è, êðîìå

òîãî, íåîãðàíè÷åííîå óñëîâèå íà êîíöå äëÿ .

Âñå ýòè îòëè÷èÿ, îäíàêî, íå ñêàçûâàþòñÿ
ïðèíöèïèàëüíî íà õîäå äîêàçàòåëüñòâà. 

Àñèìïòîòèêà . Ïîëó÷èì òåïåðü àñèìïòîòèêó
ðåøåíèÿ çàäà÷è (11) â âèäå

 ( ), (23)

, ( ), (24)

. (25)

dΠ 1– W4

dτ
--------------------- Π 1– W4 A4 T( ) S3 T( )P30 T( )– –[–≡

S– 3 T( )Π0P3 ], Π 1– W4 0( ) Em.=

λ0

dW10
dt

------------- W10 A1 S1P10– S2P'20–( )– –=

W20 A3 S'2P10– S3P'20–( ) W10 T( ),– En.=

0 W10– A2 S2P30–( ) W20 A4 S3P30–( ),–=

dW30

dt
------------- W30 A1 S1P10– S2P'20–( )– –=

W40 A3 S '2P10– S3P'20–( ) W30 T( ),– Π– 0P3 0( ),=

0 W30– A2 S2P30–( ) W40 A4 S3P30–( ),–=

dΠ0W1

dτ
------------------ 0, Π0W1 0( ) 0 Π0W1 τ( ) 0≡( ),= =

dΠ0W2

dτ
------------------ Π0W1 A2 T( ) S2 T( )P30 T( )– S2 T( )Π0P3–[ ]– –=

Π0W2 A4 T( ) S3 T( )P30 T( )– S3 T( )Π0P3–[ ]– Π0FW2 τ( ), +

Π0W2 0( ) W20 T( ),–=

dΠ0W3

dτ
------------------Π0fW3 τ( ), Π0W3 0( ) Π0fW3 σ( ) σ,d

∞–

0

∫=

dΠ0W4

dτ
------------------ Π0W3 A2 T( ) S2 T( )P30 T( )– S2 T( )Π0P3–[ ]– –=

Π0W4 A4 T( ) S3 T( )P30 T( )– S3 T( )Π0P3–[ ]– Π0FW4 τ( ), +

Π0W4 0( ) W40 T( ),–=

ãäå  Π0FW2 τ( ) W10 T( )S2 T( ) W20 T( )S3 T( )+[ ]Π0P3;=

Π0fW3 τ( ) Π 1– W4 A3 T( ) S '2 T( ) P10 T( ) Π0P1+[ ]– –{–=

S– 3 T( ) P'20 T( ) Π0P'2+[ ] };

Π0FW4 τ( ) Π 1– W4 A4
1( ) T( ) S3 T( )P30

1( ) T( ) ––[{–=

S– 3
1( ) T( ) P30 T( ) Π0P3+( ) ]τ S '2 T( ) P20 T( ) Π0P2+[ ]––+

S3 T( ) P31 T( )[ Π1P3+ ] }– W30 T( )S2 T( ) +[+

+W40 T( )S3 T( ) ]Π0P3.

F 1( ) T( )
F t( ) t

t T=

a t( ) A4 t( ) S3 t( )P30 t( )–=

t 0 T,[ ]∈ a t( )
t

p

p

λ 0→ 0 t T≤ ≤
p 1+

Wi t λ,( ) Wip t λ,( )– oWip t λ,( )≡ λp 1+ O 1( )=

i 1 4,=( )

O 1( ) 0 T,[ ]
λ O 1( ) C, C 0>≤

Π

ΠKWi τ( ) C aτ( )exp≤ τ 0≤ i 1 3,=

k 0 1 ...,p, ,= i 4= k 1 0 1 ...p, , ,–=

a 0>

Π

k 1 0 1 ...p, , ,–=

Wi t λ,( ) oWip t λ,( )

    

Pi t λ,( ) i 1 3,=

W4 t λ,( )

M t λ,( )

Mi t λ,( ) Mip t λ,( ) oMip t λ,( )+= i 1 3,=

Wip t λ,( ) λk Mik t λ,( ) ΠkMi τ( )+[ ]
k 0=

p

∑= i 1 2,=

M3p t λ,( ) λk M3k t( ) ΠkM3 τ( )+[ ]
k 0=

p

∑=
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Ïîäñòàâëÿÿ ðàçëîæåíèÿ (24), (25) è ðàíåå ïîëó÷åí-
íûå ðàçëîæåíèÿ (17), (18) â óðàâíåíèÿ (11) â êà÷åñòâå

 è  è ïðèðàâíèâàÿ êîýôôèöèåíòû ïðè îäèíàêîâûõ

ñòåïåíÿõ  â ëåâîé è ïðàâîé ÷àñòÿõ óðàâíåíèé (îòäåëü-
íî - êîýôôèöèåíòû, çàâèñÿùèå îò  è îòäåëüíî - îò ),
ïîëó÷èì óðàâíåíèÿ äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ
ðàçëîæåíèé (24), (25). Ïîäîáíî [1] íàéäåì è êîíå÷íûå
óñëîâèÿ äëÿ êîýôôèöèåíòîâ.

Â ðåçóëüòàòå ïðè  èìååì

(26)

Ïðè :

(27)

 Òàêèì æå ñïîñîáîì ìîæíî âûïèñàòü óðàâíåíèÿ è äëÿ
ïîñëåäóþùèõ êîýôôèöèåíòîâ ðàçëîæåíèé (24), (25),
êî-òîðûå íå ïðèâîäèì ââèäó èõ ãðîìîçäêîñòè.

Ïóñòü ìû íàøëè (ïðè âûïîëíåíèÿ óñëîâèÿ IV) ÷ëåíû
ðàçëîæåíèé (24), (25) äî íîìåðà  âêëþ÷èòåëüíî è ñîñ-

òàâèëè ñóììû (24), (25).

Ëåììà 3. Ïðè óñëîâèÿõ II-VI ñóììû (24), (25) äàþò
ðàâíîìåðíûå àñèìïòîòè÷åñêèå ïðèáëèæåíèÿ -ãî ïîðÿä-

êà äëÿ êîìïîíåíò  ðåøåíèÿ çàäà÷è (11) ïðè

 íà îòðåçêå , òî åñòü ñïðàâåäëèâû îöåíêè 

, 

( ), (28)

ãäå  íà  ïðè âñåõ äîñòàòî÷íî ìàëûõ 

(  - íåêîòîðàÿ ïîñòîÿííàÿ), 

à âñå  - ôóíêöèè ïîä÷èíÿþòñÿ ýêñïîíåíöèàëüíîé
îöåíêå

 ïðè  (  

 è ), (29)

ãäå  - íåêîòîðàÿ ïîñòîÿííàÿ.
Äîêàçàòåëüñòâî. Ýêñïîíåíöèàëüíûå îöåíêè (29) î÷å-

âèäíû â ñèëó óðàâíåíèé (26), (27) è ýêñïîíåíöèàëüíûõ
îöåíîê (22) èç ëåììû 2. Îñíîâíàÿ îöåíêà (28) äîêàçû-
âàåòñÿ àíàëîãè÷íî ñîîòâåòñòâóþùåé îöåíêå èç [5].

ÀÑÈÌÏÒÎÒÈÊÀ ÌÀÒÐÈÖÛ  È 
ÀÑÈÌÏÒÎÒÈÊÀ ÐÅÃÓËßÒÎÐÀ

Èñïîëüçóÿ àñèìïòîòè÷åñêèå ïðèáëèæåíèÿ ìàòðèö P,
W è M, ïîëó÷èì àñèìïòîòè÷åñêîå ïðèáëèæåíèå âñåé
ìàòðèöû Ðèêêàòè K. Ñîñòàâèì ìàòðèöó

, (30)

ãäå

 ;

 ; 

 ;

ïðè ýòîì äëÿ  ïðèìåì àíàëîãè÷íîå 

áëî÷íîå ïðåäñòàâëåíèå

.

Òåîðåìà. Ïðè âûïîëíåíèè óñëîâèé II-VI ìàòðè÷íûå

ôóíêöèè  ( ) ÿâëÿþòñÿ -ìè àñèìïòî-

Mi Wi

λ
t τ

λ 1–

dM3 1–,
dt

------------------ 0,  M3 1–, T( ) Π 1– M3 0( ),–= =

dΠ 1– M3

dτ
--------------------- Π 1– fM3

τ( ) Π– 1– W
4
S3 T( )Π 1– W '

4
,≡=

Π 1– M3 0( ) Π 1– fM3 σ( ) σ.d

∞–

0

∫=

λ0

dM10

dt
------------- W10S1W '10– W10S2W '20– W20S '2W '10– –=

W– 20S3W '20, M10 T( ) 0,=

dM20

dt
------------- W10S1W '30– W10S2W '40– W20S'2W '30– –=

W– 20S3W '40, M20 T( ) Π0M2 0( ),–=

dM30

dt
------------- W30S1W '30– W30S2W '40– W40S '2W '30– –=

W– 40S3W '40, M30 T( ) Π0M3 0( ),–=

dΠ0M1

dτ
------------------ 0  Π0M1 0( ), 0  Π0M1 τ( ) 0≡( ),= =

dΠ0M2

dτ
------------------ Π0fM2 τ( ), Π0M2 0( ) Π0fM2 σ( ) σ,d

∞–

0

∫= =

dΠ0M3

dτ
------------------ Π0fM3 τ( ), Π0M3 0( ) Π0fM3 σ( ) σ,d

∞–

0

∫= =

ãäå  Π0fM2 τ( ) W10 T( )S2 T( ) W20 T( ) Π0M2+[ ] ×+{=

S3 T( ) }Π 1– W '4;×

Π0fM3 τ( ) Π– 1– W
4

S '2 T( ) W '30 T( ) Π0W '3+[ ] +{=

+S3 T( ) W '40 T( ) Π0W '4+[ ] } W '30 T( ) Π0W3+[ ]S2 T( ) +{–

+ W40 T( ) Π0W4+[ ]S3 T( )}Π 1– W'4 τΠ 1– W4S3
1( ) T( )Π 1– W '4.–

p

p

Mi t λ,( )

λ 0→ 0 t T≤ ≤

Mi t λ,( ) Mip t λ,( )– oMip t λ,( )≡ λp 1+ O 1( )=

i 1 3,=

O 1( ) C≤ 0 T,[ ] λ
C 0>

Π

ΠkMi τ( ) C aτ( )exp≤ τ 0≤ i 1 3,  ;=

 k 0 1 ...,p, ,= i 4  k; 1 0,– 1 ...,p, ,= =

a 0>

K

K̃ t λ,( ) P̃ t λ,( ) W''˜ t λ,( )H' HM̃ t λ,( )H ' F 1–+[ ] 1– HW̃ t λ,( )+=

P̃ t λ,( )
P1p t λ,( ) λP2p t λ,( )

λP'2p t λ,( ) λP3p t λ,( )
=

W̃ t λ,( )
W1p t λ,( ) λW2p t λ,( )

W3p t λ,( ) λW4p t λ,( )
=

M̃ t λ,( )
M1p t λ,( ) M2p t λ,( )

M'2p t λ,( ) M3p t λ,( )
=

K̃ t λ,( ) K1 t λ,( )

K̃ t λ,( )
K1p t λ,( ) λK2p t λ,( )

λK'2p t λ,( ) λK3p t λ,( )
=

Kip t λ,( ) i 1 3, ;= p
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òè÷åñêèìè ïðèáëèæåíèÿìè äëÿ ôóíêöèé 

( ) ïðè , ðàâíîìåðíûìè íà îòðåçêå

, òî åñòü 

, (31)

ãäå äëÿ îñòàòêîâ  âûïîëíÿþòñÿ îöåíêè

, 

 , (32)

ïðè  ðàâíîìåðíî íà  (òî åñòü â (32)

 äëÿ  è , ãäå 

è  - íåêîòîðûå ïîñòîÿííûå).
Äîêàçàòåëüñòâî ïðîâîäèì â ïîñëåäîâàòåëüíîñòè, ïðè-

íÿòîé â [5]. Äîêàæåì ñíà÷àëà, ÷òî ìàòðèöà

 ñóùåñòâóåò è ðàâíîìåðíî

îãðàíè÷åíà ïðè  è äîñòàòî÷íî ìàëûõ . Èç
ëåììû 3 èìååì

, (33)

ãäå  â ñîîòâåòñòâèè ñ (8) ðàâíà

.

Èç ïîñëåäíåãî âûðàæåíèÿ âèäíî, ÷òî ìàòðèöà 

íåîòðèöàòåëüíî îïðåäåëåííàÿ (ïîñêîëüêó  ïîëîæè-
òåëüíî îïðåäåëåííàÿ). Ïîýòîìó ñîãëàñíî íåðàâåíñòâó
äëÿ îïðåäåëèòåëÿ ñóììû äâóõ ìàòðèö, îäíà èç êîòîðûõ

ïîëîæèòåëüíî îïðåäåëåííàÿ (â äàííîì ñëó÷àå ), à

äðóãàÿ íåîòðèöàòåëüíî îïðåäåëåííàÿ ( ),

äëÿ  è 

. (34)

Èç (33), (34) ñëåäóåò, ÷òî ïðè äîñòàòî÷íî ìàëûõ 

 Ñëåäîâàòåëüíî,  ñóùåñòâóåò

ïðè âñåõ  è âñåõ äîñòàòî÷íî ìàëûõ .

Ìàòðèöà  òàêæå ðàâíîìåðíî

îãðàíè÷åíà ïðè  è äîñòàòî÷íî ìàëûõ . Ýòî
ñëåäóåò èç ðàâíîìåðíîé îãðàíè÷åííîñòè èñõîäíîé ìàò-

ðèöû  ïðè  è  êàê
îáðàòíîé ê ñóììå ïîëîæèòåëüíî îïðåäåëåííîé ïîñòîÿí-

íîé ìàòðèöû  è íåîòðèöàòåëüíî îïðåäåëåííîé, çàâè-

ñÿùåé îò  è  ìàòðèöû : 

 

òî åñòü  â ñàìîì äåëå ðàâíîìåðíî

îãðàíè÷åíà ïðè  è äîñòàòî÷íî ìàëûõ .
Òåïåðü ñïðàâåäëèâîñòü òåîðåìû íåïîñðåäñòâåííî ñëå-

äóåò èç ôîðìóëû (7) è ëåìì 1 - 3. 

Èç òåîðåìû ñëåäóåò, ÷òî ïîäñòàíîâêà ìàòðèöû  â

ôîðìóëó (3) âìåñòî  äàåò àñèìïòîòè÷åñêîå ïðèáëèæå-

íèå ðåãóëÿòîðà ñ òî÷íîñòüþ äî .
Ñèíòåçèðîâàíû àëãîðèòìû îöåíêè ïîòîêîñöåïëåíèé

ðîòîðà è ñòàòîðà àñèíõðîííûõ äâèãàòåëåé ïðè íàëè÷èè
ïîñòîÿííûõ ïîãðåøíîñòåé èçìåðåíèÿ òîêà è íàïðÿæå-
íèÿ. Àëãîðèòìû óñòðàíÿþò èçâåñòíóþ ïðîáëåìó "÷èñòî-
ãî" èíòåãðèðîâàíèÿ è ìèíèìèçèðóþò îáú¸ì âû÷èñëåíèé.
Ðàññìîòðåíû âîïðîñû ïîìåõîçàùèù¸ííîñòè îò ýôôåêòà
êâàíòîâàíèÿ â ïðåîáðàçîâàòåëå ÷àñòîòû ñ øèðîòíî-
èìïóëüñíîé ìîäóëÿöèåé.
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Íàä³éøëà 26.09.2003

Ïîáóäîâàíî àñèìïòîòè÷íå íàáëèæåííÿ îïòèìàëüíîãî
òåðì³íàëüíîãî ðåãóëÿòîðà âèõîäó ñ³íãóëÿðíî çáóðåíèõ ñèñ-
òåì, ð³âíîì³ðíå çà îáëàñòþ êåðóâàííÿ. Íàáëèæåííÿ ïðåä-
ñòàâëåíî â çàãàëüí³é êîìïîçèö³éí³é ôîðì³ ð³øåííÿ ë³í³éíî-
êâàäðàòè÷íî¿ çàäà÷³ îïòèìàëüíîãî êåðóâàííÿ.

An uniform at control field asymptotic approximation of the
optimal terminal output regulator of a singular perturbed sys-
tem is constructed. The approximation is presented in the gen-
eral composition form of a linear quadratic optimal control
solution of problem.

K1i t λ,( )

i 1 3, ;= λ 0→
0 t T≤ ≤

Ki t λ,( ) Kip t λ,( ) oKip t λ,( ) i 1 3,  ;=( )+=

oKip t λ,( ) 

oK1p t λ,( ) λp 1+
O 1( )=

oKip t λ,( ) λp
O 1( )= i 2 3,  =( )

λ 0→ 0 T,[ ]

O 1( ) C≤ t 0 T,[ ]∈∀ λ 0 λ0, ](∈∀ C 0>
λ0 0>

HM̃ t λ,( )H' F
1–

+[ ] 1–

t 0 T,[ ]∈ λ

M̃ t λ,( ) M t λ,( ) O λp 1+( )+=

M t λ,( )

M t λ,( ) W σ λ,( )B σ λ,( )R 1– σ( )B' σ λ,( )W ' σ λ,( ) σd

t

T

∫=

M t λ,( )
R t( )

F 1–

HM t λ,( )H'

λ 0>∀ t 0 T,[ ]∈∀

det HM t λ,( )H' F 1–+ detF 1–≥( )

λ

det HM̃H' F 1–+[ ] det HMH' F 1– O λp 1+( )+ +[ ]≥ =

det HMH' F 1–+[ ] O λp 1+( ) 1
2
---det F 1–[ ] 0,>≥+

 
 

t 0 T,[ ].∈

HM̃ t λ,( )H' F 1–+[ ] 1–

t 0 T,[ ]∈ λ

HM̃ t λ,( )H ' F 1–+[ ] 1–

t 0 T,[ ]∈ λ

HM t λ,( )H ' F 1–+[ ] 1– t 0 T,[ ]∈ λ 0>

F
1–

t λ HM t λ,( )H '

HM̃H ' F 1–+[ ] 1– HMH ' F 1– O λp 1+( )+ +[ ] 1–= =

= HMH ' F 1–+[ ] E HMH ' F 1–+[ ] 1– O λp 1+( )+[ ]⋅{ } 1– =

= E HMH ' F 1–+[ ] 1– O λp 1+( )+[ ] 1–  HMH ' F 1–+[ ] 1–( ),

HM̃ t λ,( )H ' F 1–+[ ] 1–

t 0 T,[ ]∈ λ 0>
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K
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ÈÒÅÐÀÖÈÎÍÍÎÉ ÄÂÓÕÊÀÍÀËÜÍÎÉ ÑÈÑÒÅÌÛ ÓÏÐÀÂËÅÍÈß      
ÏÐÈ ÑËÓ×ÀÉÍÛÕ ÂÎÇÄÅÉÑÒÂÈßÕ 

 Ðàññìàòðèâàþòñÿ ýêñòðåìàëüíûå õàðàêòåðèñòèêè ïî-
êàçàòåëÿ ýôôåêòèâíîñòè è çàêîíû ñàìîíàñòðîéêè ïîëîñû
ïðîïóñêàíèÿ âòîðîãî, òî÷íîãî êàíàëà èòåðàöèîííîé äâóõ-
êàíàëüíîé ñèñòåìû óïðàâëåíèÿ ïðè èçìåíåíèè èíòåí-
ñèâíîñòè ñëó÷àéíûõ ïîìåõ â êàíàëàõ.

Äëÿ ïîâûøåíèÿ òî÷íîñòè âîñïðîèçâåäåíèÿ ïîëåçíîãî
ñèãíàëà ïðè íàëè÷èè ñóùåñòâåííûõ àääèòèâíûõ ïîìåõ,
ïðèâîäèìûõ êî âõîäó êàíàëà óïðàâëåíèÿ, ìîæåò áûòü
èñïîëüçîâàí èòåðàöèîííûé ïðèíöèï "ãðóáîãî" è "òî÷íî-
ãî" âîñïðîèçâåäåíèÿ ñèãíàëà, ðåàëèçóåìûé ñ ïîìîùüþ
ìíîãîêàíàëüíûõ, â ÷àñòíîñòè äâóõêàíàëüíûõ, ñèñòåì
óïðàâëåíèÿ, ïîëó÷èâøèõ íàçâàíèå èòåðàöèîííûõ [1].

Â ðàáîòå [2] ââåäåí êðèòåðèé êà÷åñòâà èòåðàöèîííûõ
äâóõêàíàëüíûõ ñèñòåì óïðàâëåíèÿ ïðè ñëó÷àéíûõ âõîä-
íûõ âîçäåéñòâèÿõ, õàðàêòåðèçóþùèé ýôôåêòèâíîñòü
èñïîëüçîâàíèÿ âòîðîãî, òî÷íîãî, (èëè êîìïåíñèðóþùå-

ãî) êàíàëà, â âèäå âûèãðûøà â òî÷íîñòè , ðàâíîãî
îòíîøåíèþ óñòàíîâèâøèõñÿ çíà÷åíèé äèñïåðñèé îøèáîê

ïåðâîãî, ãðóáîãî, (èëè îñíîâíîãî) êàíàëà  è äâóõ-

êàíàëüíîé ñèñòåìû â öåëîì : .  è

,  ïîëåçíûé ñèãíàë ñèñòåìû è äâå ïîìåõè,
ïðèâåäåííûå êî âõîäàì ñîîòâåòñòâåííî ïåðâîãî è âòî-
ðîãî êàíàëîâ óïðàâëåíèÿ, ïðåäñòàâëÿþò íåêîððåëèðîâà-
ííûå ìåæäó ñîáîé ñòàöèîíàðíûå ñëó÷àéíûå ïðîöåññû,
çàäàííûå òèïîâûìè ñïåêòðàëüíûìè ïëîòíîñòÿìè

 è ,  âèäà

  

(1)

ãäå , ,  è , ,  - íà÷àëü-

íûå (ïðè =0) çíà÷åíèÿ ñïåêòðàëüíûõ ïëîòíîñòåé è
ïîñòîÿííûå âðåìåíè êîððåëÿöèè ñëó÷àéíûõ ïðîöåññîâ

, , ;  - ñòàöèîíàðíûé ñëó÷àéíûé

ïðîöåññ, ñîîòâåòñòâóþùèé ïåðâîé ïðîèçâîäíîé èçìåíå-
íèÿ ïîëåçíîãî ñèãíàëà;   - óãëîâàÿ ÷àñòîòà

(ñêîðîñòü), ðàä/ñ.

Â ðàáîòå [3] íà îñíîâàíèè ââåäåííîãî êðèòåðèÿ 
îïðåäåëåíû ñóììàðíûå ôóíêöèîíàëû êà÷åñòâà, ïîçâî-
ëÿþùèå àíàëèçèðîâàòü âëèÿíèå ïîëîñû ïðîïóñêàíèÿ

 âòîðîãî, òî÷íîãî, êàíàëà è õàðàêòåðèñòèê âõîäíûõ

ñèãíàëîâ , ,  íà ýôôåêòèâíîñòü è ïðîöåññû

ýêñòðåìàëüíîé ñàìîíàñòðîéêè èòåðàöèîííûõ äâóõêà-
íàëüíûõ ñèñòåì ñ ðàçëè÷íûìè çàäàííûìè ýòàëîííûìè
îïåðàòîðàìè êàíàëîâ. Ïðè ýòîì â ñëó÷àå, êîãäà ýòàëîí-
íûå îïåðàòîðû ïåðâîãî è âòîðîãî êàíàëîâ ðàçëè÷íû è
ñîîòâåòñòâóþò êîëåáàòåëüíîìó è àïåðèîäè÷åñêîìó çâå-
íüÿì (ïåðâûé âàðèàíò èòåðàöèîííîé äâóõêàíàëüíîé

ñèñòåìû), à ïîìåõè  è  ïðåäñòàâëÿþò ñîáîé áå-

ëûé øóì ( ), ðåàëüíûå îïåðàòîðû êàíàëîâ

,   è âûèãðûø â òî÷íîñòè   èìåþò âèä

  (2)

 (3)

à â ñëó÷àå, êîãäà ýòàëîííûå îïåðàòîðû êàíàëîâ îäèíà-
êîâû è ñîâïàäàþò ñ îïåðàòîðîì ôèëüòðà Áîòòåðâîðòà 2-
ãî ïîðÿäêà (âòîðîé âàðèàíò äâóõêàíàëüíîé ñèñòåìû),
ñîîòâåòñòâåííî ïîëó÷åíî

,

(4)

(5)

ãäå

 (6)
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À.À. Õóäÿåâ:  ÝÊÑÒÐÅÌÀËÜÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÀ×ÅÑÒÂÀ È ÇÀÊÎÍÛ ÑÀÌÎÍÀÑÒÐÎÉÊÈ 
ÒÎ×ÍÎÃÎ ÊÀÍÀËÀ ÈÒÅÐÀÖÈÎÍÍÎÉ ÄÂÓÕÊÀÍÀËÜÍÎÉ ÑÈÑÒÅÌÛ ÓÏÐÀÂËÅÍÈß ÏÐÈ ÑËÓ×ÀÉÍÛÕ 

  

 (7)

Çäåñü: ,  - ôîðìèðóþùèå ïàðàìåòðû (ìàñøòàá-

íûå ìíîæèòåëè) ñîîòâåòñòâåííî ïåðâîãî è âòîðîãî êà-
íàëîâ, èìåþùèå ðàçìåðíîñòü âðåìåíè [4]; â ýòîì ñëó÷àå

ñîáñòâåííàÿ ÷àñòîòà  ( ) îïðåäåëÿåò

ïîëîñó ïðîïóñêàíèÿ ñîîòâåòñòâóþùåãî i-ãî êàíàëà ñ ýòà-

ëîííîé íàñòðîéêîé, ; - êîýôôèöèåíò äåìïôèðîâà-

íèÿ ïåðâîãî êàíàëà ñ ýòàëîííîé íàñòðîéêîé; -
îïåðàòîð äèôôåðåíöèðîâàíèÿ ïî âðåìåíè.

Äëÿ óäîáñòâà àíàëèçà âëèÿíèÿ ïàðàìåòðîâ âõîäíûõ
âîçäåéñòâèé íà êà÷åñòâî èòåðàöèîííîé ñèñòåìû ñ çàäàí-
íûì ïåðâûì êàíàëîì ( ) ñïåêòðàëüíûå ïëîò-

íîñòè (1) ìîãóò áûòü ïðåäñòàâëåíû â âèäå

,  , 

, (8)

ãäå

, ; 

, , (9)

Èç (6), (7), (9) ñëåäóåò, ÷òî áåçðàçìåðíûé ïàðàìåòð 
õàðàêòåðèçóåò îòíîøåíèå ïîëîñ ïðîïóñêàíèÿ òî÷íîãî è
ãðóáîãî êàíàëîâ è îïðåäåëÿåòñÿ îòíîøåíèåì èõ
ñîáñòâåííûõ ÷àñòîò; ïàðàìåòðû  è ,  -  îòíîøå-

íèå ïîëîñû ïðîïóñêàíèÿ îñíîâíîãî (ãðóáîãî) êàíàëà ê

øèðèíå ñïåêòðà ïðîèçâîäíîé ïîëåçíîãî ñèãíàëà  è

ñïåêòðîâ ïîìåõ ,  ñîîòâåòñòâåííî. Îáû÷íî äëÿ

âîñïðîèçâîäÿùèõ ñèñòåì ïîëåçíûé ñèãíàë  óçêîïî-

ëîñåí, ò. å.   è , à ïîìåõè  è 

áëèçêè ê ïðîöåññàì òèïà áåëîãî øóìà, ò. å.  ,

 è  ,  .

Èñïîëüçóåì ïîëó÷åííûå ðåçóëüòàòû äëÿ ïîäãîòîâêè
ðåøåíèÿ îáùåé çàäà÷è ñèíòåçà àäàïòèâíîé èòåðàöèîííîé
äâóõêàíàëüíîé âîñïðîèçâîäÿùåé ñèñòåìû ñ ýòàëîííîé
íàñòðîéêîé êàíàëîâ óïðàâëåíèÿ. Äëÿ ýòîãî â ðàìêàõ
ñòàòüè ðàññìîòðèì ýêñòðåìàëüíûå õàðàêòåðèñòèêè ïîêà-

çàòåëÿ ýôôåêòèâíîñòè  è ïîëó÷èì çàêîíû ñàìî-
íàñòðîéêè ôîðìèðóþùåãî ïàðàìåòðà  òî÷íîãî êàíàëà

ïðè èçìåíåíèè èíòåíñèâíîñòè ìåøàþùèõ âîçäåéñòâèé

 è  â êàíàëàõ äâóõêàíàëüíîé ñèñòåìû.

1 ÝÊÑÒÐÅÌÀËÜÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ 
ÏÎÊÀÇÀÒÅËß ÝÔÔÅÊÒÈÂÍÎÑÒÈ               
È  ÇÀÊÎÍÛ ÑÀÌÎÍÀÑÒÐÎÉÊÈ ÔÎÐÌÈÐÓ-
ÞÙÅÃÎ ÏÀÐÀÌÅÒÐÀ  ÒÎ×ÍÎÃÎ ÊÀÍÀËÀ

Ôîðìóëû âûèãðûøåé â òî÷íîñòè (3) è (5) è ðåçóëü-
òàòû èõ ïðåäâàðèòåëüíîãî àíàëèçà, ïîëó÷åííûå â [3],
ïîçâîëÿþò îöåíèòü öåëåñîîáðàçíîñòü îñóùåñòâëåíèÿ

ñàìîíàñòðîéêè òî÷íîãî êàíàëà  ïî îäíîìó ïàðàìåòðó

, ãäå , è îïðåäåëèòü

çàêîíû ñàìîíàñòðîéêè. Ñàìîíàñòðàèâàþùàÿñÿ ñèñòåìà,
ðàáîòàþùàÿ ïî òîìó èëè èíîìó ïðèíöèïó, äîëæíà îáåñ-
ïå÷èòü íàñòðîéêó ïàðàìåòðà êîìïåíñèðóþùåãî (òî÷íîãî)
êàíàëà  íà îïòèìàëüíîå çíà÷åíèå ïîêàçàòåëÿ ýôôåê-

òèâíîñòè  ïðè çàäàííîì îïòèìàëüíîì çíà÷åíèè

ôîðìèðóþùåãî ïàðàìåòðà îñíîâíîãî êàíàëà .

Âûáîð çíà÷åíèÿ  ìîæåò áûòü îñóùåñòâëåí â
ðåçóëüòàòå ðåøåíèÿ çàäà÷è ïîñëåäîâàòåëüíîãî ñèíòåçà
êàíàëîâ èòåðàöèîííîé ñèñòåìû [4].

Äëÿ áîëåå ñëîæíûõ ñòðóêòóð îïåðàòîðà òî÷íîãî êàíà-
ëà, îòëè÷àþùèõñÿ îò ýòàëîííûõ, ìîæåò èìåòü ìåñòî íå-
ñêîëüêî ïåðåñòðàèâàåìûõ ïàðàìåòðîâ . Ïðè ýòîì äëÿ

íàñòðîéêè ïàðàìåòðîâ òî÷íîãî êàíàëà ìîæåò áûòü ïðè-
ìåíåí ìåòîä ãðàäèåíòà, ïðè êîòîðîì, â îáùåì ñëó÷àå,

, ãäå  - âåêòîð ñêà-

ëÿðíûõ ìíîæèòåëåé;  - âåêòîð ôóíêöèè ñêîðîñòåé

èçìåíÿåìûõ ïàðàìåòðîâ;  è

 - ïàðàìåòðû-ôóíêöèè, õàðà-
êòåðèçóþùèå îòíîñèòåëüíóþ òî÷íîñòü ïåðâîãî
(îñíîâíîãî) êàíàëà.

Äëÿ ðàññìàòðèâàåìûõ ñëó÷àåâ ôóíêöèîíàëîâ êà÷å-
ñòâà (3) è (5) ñ îäíèì ïåðåñòðàèâàåìûì ïàðàìåòðîì   

è ,  ñîñòàâëÿþùàÿ  áóäåò

ðàâíà.
Äëÿ ïåðâîãî âàðèàíòà (3):

, (10)

ãäå

.

Îïòèìàëüíîå çíà÷åíèå , ïðè êîòîðîì äîñòè-
ãàåòñÿ ìàêñèìàëüíîå çíà÷åíèå , ìîæåò áûòü

îïðåäåëåíî èç óðàâíåíèÿ . Äëÿ ãðàôè-

÷åñêîãî ðåøåíèÿ óðàâíåíèÿ ïîñëåäíåå óäîáíî ïðåäñòà-
âèòü â âèäå
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(11)

 Èç (11) âèäíî, ÷òî ïðè  ýêñòðåìóì èìååò ìåñòî

äëÿ çíà÷åíèé < 1, ò. å. ïðè èíòåíñèâíîñòè ïîìåõ â

êîìïåíñèðóþùåì êàíàëå ìåíüøåé, ÷åì â îñíîâíîì

< . Çàìåòèì, ÷òî â ðàññìàòðèâàåìîì ñëó÷àå

ïðè  îïòèìàëüíûå çíà÷åíèÿ , îïðå-

äåëÿþùèå çàêîí ñàìîíàñòðîéêè òî÷íîãî êàíàëà

( ), çàâèñÿò òîëüêî îò îòíîøåíèÿ

 ñïåêòðàëüíûõ ïëîòíîñòåé ìåøàþùèõ

âîçäåéñòâèé  è  íà âõîäå ñîîòâåòñòâåííî

âòîðîãî è ïåðâîãî êàíàëîâ. Ñîîòâåòñòâóþùèå ãðàôèêè

çàâèñèìîñòè  îò  ïðè   ïðèâåäåíû

íà ðèñ. 1, à (êðèâûå 1). Èç (3), (11) íàéäåì ýêñòðå-

ìàëüíîå (ìàêñèìàëüíîå) çíà÷åíèå , çàâèñè-

ìîñòü êîòîðîãî   îò  ïðè

 ïðèâåäåíà íà ðèñ. 1, á (êðèâûå 1).

Äëÿ âòîðîãî âàðèàíòà (5)

,

ãäå

.

Ðåøèâ óðàâíåíèå , íàéäåì îïòèìàëü-

íîå çíà÷åíèå , ïðè êîòîðîì äîñòèãàåòñÿ ìàêñè-

ìàëüíîå çíà÷åíèå . Óðàâíåíèå óäîáíî ïðåäñòà-

âèòü â âèäå

. (12)

Èç (12) ñëåäóåò, ÷òî â äàííîì ñëó÷àå, ïðè ïðèíÿòûõ

 ýêñòðåìóì èìååò ìåñòî òàêæå äëÿ çíà-

÷åíèé  < 1, ò. å. ïðè  < . Îäíàêî, â

îòëè÷èå îò ïåðâîãî âàðèàíòà, ýòî óñëîâèå âûïîëíÿåòñÿ

óæå òîëüêî ïðè . Ãðàôèêè çàâèñèìîñòåé

îïòèìàëüíûõ çíà÷åíèé  è  îò 

ïðèâåäåíû ñîîòâåòñòâåííî íà ðèñ. 1, à (êðèâàÿ 2) è ðèñ.
1, á (êðèâàÿ 2).

a)

á)

Ðèñóíîê 1 - Ãðàôèêè ýêñòðåìàëüíûõ çàâèñèìîñòåé 
,  - (à) è 

,  

 - (á) äëÿ ïåðâîãî (êðèâûå 1) è âòîðîãî 
(êðèâûå 2) âàðèàíòîâ çàäàíèÿ ýòàëîííûõ 

îïåðàòîðîâ èòåðàöèîííîé äâóõêàíàëüíîé ñèñòåìû

Åñëè îòíîøåíèå  ìîæåò áûòü ïðÿìî èëè êîñâåííî

èçìåðåíî, òî ïðè èçâåñòíûõ íåèçìåíÿåìûõ ïàðàìåòðàõ

îñíîâíîãî êàíàëà ( , ) çàâèñèìîñòè

 , ,

îïðåäåëÿþò çàêîíû ñàìîíàñòðîéêè ôîðìèðóþùåãî ïàðà-
ìåòðà òî÷íîãî êàíàëà èòåðàöèîííîé äâóõêàíàëüíîé ñèñ-
òåìû äëÿ ñîîòâåòñòâóþùèõ ðàññìîòðåííûõ âàðèàíòîâ
çàäàíèÿ åå ýòàëîííûõ îïåðàòîðîâ.

Èç ðèñ. 1 ñëåäóåò, ÷òî ýôôåêòèâíîñòü ââåäåíèÿ òî÷-

íîãî êàíàëà , îöåíèâàåìàÿ ïî îïòèìàëüíîìó çíà÷å-

íèþ âûèãðûøà â òî÷íîñòè (i=1,2), ïîâûøàåòñÿ ñ

óìåíüøåíèåì  (ñ óìåíüøåíèåì èíòåíñèâíîñòè ïîìåõè

 âî âòîðîì êàíàëå) è ñ óâåëè÷åíèåì  äëÿ îáîèõ

.
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ðàññìîòðåííûõ âàðèàíòîâ. Òàê, íàïðèìåð, ïðè

,  è  èìååì:

; , ò. å. äèñïåðñèÿ îøèá-

êè èòåðàöèîííîé ñèñòåìû ïðè îïòèìàëüíîé íàñòðîéêå
ïàðàìåòðîâ òî÷íîãî êàíàëà óìåíüøèëàñü áîëåå ÷åì â 10
ðàç (äëÿ ïåðâîãî âàðèàíòà) è áîëåå ÷åì â 8 ðàç (äëÿ
âòîðîãî âàðèàíòà) ïî ñðàâíåíèþ ñ äèñïåðñèåé îøèáêè
îñíîâíîãî êàíàëà. Âìåñòå ñ òåì, â ïåðâîì ñëó÷àå òàêîå
ïîâûøåíèå òî÷íîñòè èìååò ìåñòî ïðè ïîëîñå ïðîïóñêà-
íèÿ âòîðîãî êàíàëà, ïðèìåðíî ðàâíîé ïîëîñå ïðîïóñêà-

íèÿ ïåðâîãî (ïðè ), à âî âòîðîì

ñëó÷àå - òðåáóåò ðàñøèðåíèÿ ïîëîñû ïðîïóñêàíèÿ âòîðî-
ãî êàíàëà áîëåå ÷åì â 2 ðàçà ïî ñðàâíåíèþ ñ ïåðâûì

(ïðè  ).

Â ñâÿçè ñ ýòèì æåëàòåëüíî, ÷òîáû ïðè óçêîïîëîñíîì

ïîëåçíîì ñèãíàëå  è øèðîêîïîëîñíîé ïîìåõå 

( ) ÷òî èìååò ìåñòî â ðàññìàòðèâàåìîì ñëó÷àå,

îñíîâíàÿ ñèñòåìà (ïåðâûé êàíàë)  îáåñïå÷èâàëà áû
äîñòàòî÷íî õîðîøåå ñãëàæèâàíèå ïîìåõè, ïðè êîòîðîì

<   è  >1.
Ïðàêòè÷åñêèé èíòåðåñ ìîæåò ïðåäñòàâëÿòü è ñëó÷àé,

êîãäà øèðèíà ñïåêòðà  ïîìåõè  â îñíîâíîì

êàíàëå ñîïîñòàâèìà ñ ïîëîñîé ïðîïóñêàíèÿ êàíàëà .

Òîãäà, ïîëàãàÿ  è , äëÿ âûèãðûøà â òî÷-

íîñòè  âìåñòî (3) ïîëó÷èì [3]

(13)

ãäå

 

Ïîñëå äèôôåðåíöèðîâàíèÿ (13) è ïðåîáðàçîâàíèÿ ðå-
çóëüòàòà ê óäîáíîìó äëÿ äàëüíåéøåãî àíàëèçà âèäó äëÿ
íàéäåì

 

; (14)

ãäå

; (15)

.

Îïòèìàëüíîå çíà÷åíèå   ìîæåò
áûòü îïðåäåëåíî èç óðàâíåíèÿ

. (16)

Èç (14) - (16) âèäíî, ÷òî ïðè 

) è , êîãäà  ,

óðàâíåíèå (14) ñîâïàäàåò ñ (10), à óðàâíåíèå (17) - ñ
(11), è  ìîæåò áûòü îïðåäåëåíî ãðàôè÷åñêè

òî÷êàìè ïåðåñå÷åíèÿ ôóíêöèè  ñ îñüþ àáñöèññ.

Ïðè   îïðåäåëÿåòñÿ óæå àáñöè-

ξ1 ξ2 2/2= = λ0 0 2,= µ0 5=
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ññàìè òî÷åê ïåðåñå÷åíèÿ ôóíêöèé  è

.

Ðèñóíîê 2 - Ãðàôèê çàâèñèìîñòè  

ïðè 

Ðèñóíîê 3 - Ãðàôèê çàâèñèìîñòè 

 ïðè 

Íà ðèñ.2 è ðèñ.3 ïðèâåäåíû ðåçóëüòàòû ðåøåíèÿ
óðàâíåíèÿ (17), ïîëó÷åííûå ïðè : ãðàôèêè

îïòèìàëüíûõ çíà÷åíèé  (ñì. ðèñ.2)

è ñîîòâåòñòâóþùèå ìàêñèìàëüíûå çíà÷åíèÿ âåëè÷èíû

 (ñì. ðèñ.3), îïðåäåëÿþ-ùåé

âûèãðûø â òî÷íîñòè (13). Èç ãðàôèêîâ âèäíî, ÷òî ïðè
 ñ óâåëè÷åíèåì   óìåíüøàåòñÿ, ÷òî

ôèçè÷åñêè î÷åâèäíî. Ñ ðîñòîì  ñïåêòð ñèãíàëà,

êîòîðûé äîëæåí âîñïðîèçâîäèòüñÿ íà âûõîäå êîìïåí-
ñèðóþùåãî êàíàëà, ñóæàåòñÿ è ýòî ïîçâîëÿåò ñîîòâåò-
ñòâóþùèì îáðàçîì óìåíüøèòü åãî ïîëîñó ïðîïóñêàíèÿ

. Âìåñòå ñ òåì, ëåãêî çàìåòèòü, ÷òî âëèÿíèå  íåñó-

ùåñòâåííî äëÿ çíà÷åíèé 0< <1. Ïðè øèðèíå ñïåêòðà

ïîìåõè , ïðåâûøàþùåì ïîëîñó ïðîïóñêàíèÿ îñíîâ-
íîé ñèñòåìû ( < ), èìååò ìåñòî çàêîíîìåðíîñòü: ÷åì

áîëüøå , òåì áëèæå  ê åãî çíà÷åíèþ ïðè áåëîì

øóìå ( = 0).

Îáîáùàÿ, ìîæíî ñêàçàòü, ÷òî ñëàáàÿ çàâèñèìîñòü

ýêñòðåìàëüíûõ õàðàêòåðèñòèê ôóíêöèîíàëà êà÷åñòâà 
îò  (ñì. ðèñ.2,3) ñóùåñòâåííî îáëåã÷àåò ðåøåíèå

çàäà÷è ñîçäàíèÿ ñàìîíàñòðàèâàþùåéñÿ äâóõêàíàëüíîé
ñèñòåìû, èáî èçìåíåíèå ôèçè÷åñêèõ ïàðàìåòðîâ âòîðîãî,
òî÷íîãî êàíàëà ìîæåò ïðîèçâîäèòüñÿ òîëüêî â çàâèñ-

èìîñòè îò îäíîé îòíîñèòåëüíîé âåëè÷èíû , â îñíîâ-

íîì îïðåäåëÿþùåé âëèÿíèå èçìåíåíèÿ èíòåíñèâíîñòè
ïîìåõ íà îïòèìàëüíûå çíà÷åíèÿ ôîðìèðóþùåãî ïàðà-

ìåòðà òî÷íîãî êàíàëà .

2 ÐÅÇÓËÜÒÀÒÛ ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÛÕ 
ÈÑÑËÅÄÎÂÀÍÈÉ

Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå èòåðàöèîííîé äâóõ-
êàíàëüíîé âîñïðîèçâîäÿùåé ñèñòåìû ñ ñàìîíàñòðîéêîé
òî÷íîãî êàíàëà âûïîëíåíî íà àíàëîãîâîé ýëåêòðîííîé
ìîäåëè ñîãëàñíî ñòðóêòóðíîé ñõåìå, ïðèâåäåííîé â
ðàáîòå [4] (ñì. ðèñ.2), äëÿ ïåðâîãî âàðèàíòà (2) çàäàíèÿ

îïåðàòîðîâ àâòîíîìíûõ êàíàëîâ ,  è ìåøàþùèõ

âîçäåéñòâèé , , îïðåäåëÿåìûõ ðàâåíñòâàìè (8).

Ïðè ýòîì ñ; ; .

Íà ðèñ.4 ïðèâåäåíû îñöèëëîãðàììû èçìåíåíèÿ ïåðå-
õîäíûõ õàðàêòåðèñòèê èòåðàöèîííîé äâóõêàíàëüíîé

ñèñòåìû (âûõîäíîé âåëè÷èíû ) ïî çàäàþùåìó âîç-

äåéñòâèþ  ïðè èçìåíåíèè ôîðìèðóþùåãî ïàðàìåòðà

òî÷íîãî êàíàëà  â ðàáî÷åé îáëàñòè ýêñòðå-

ìàëüíûõ õàðàêòåðèñòèê ñèñòåìû:  (âòîðàÿ

îñöèëëîãðàììà);  (òðåòüÿ îñöèëëîãðàììà);

 (÷åòâåðòàÿ îñöèëëîãðàììà); (âðåìÿ ðàçâåðò-

êè ðàâíî ñ). Ïðè ýòîì íà âõîä ñèñòåìû

ïîäàâàëàñü ïîñëåäîâàòåëüíîñòü ïðÿìîóãîëüíûõ èìïóëü-

ñîâ äëèòåëüíîñòüþ ñ, êîòîðàÿ ïðè 

ïðàêòè÷åñêè áåç èñêàæåíèé âîñïðîèçâîäèëàñü íà âûõîäå

. Íà ïåðâîé îñöèëëîãðàììå ïîêàçàíà îøèáêà

 îñíîâíîé ñèñòåìû ,
ïîñòóïàþùàÿ äëÿ îòðàáîòêè íà âõîä âòîðîãî, òî÷íîãî

êàíàëà .
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Ðèñóíîê 4 - Îñöèëëîãðàììû èçìåíåíèÿ ïåðåõîäíûõ 
õàðàêòåðèñòèê èòåðàöèîííîé äâóõêàíàëüíîé 
ñèñòåìû ïðè ðàçëè÷íûõ íàñòðîéêàõ âòîðîãî, 

òî÷íîãî êàíàëà 

Íà ðèñ.5 ïîêàçàíû îñöèëëîãðàììû ñëó÷àéíûõ

ïðîöåññîâ îøèáîê  è

 èòåðàöèîííîé ñèñòåìû ïî ñëó-

÷àéíîé ïîìåõå  ïðè ðàçëè÷íûõ . Ïåðâàÿ

îñöèëëîãðàììà ïðåäñòàâëÿåò âíåøíåå âîçäåéñòâèå ;

âòîðàÿ (ïðè ) ñîîòâåòñòâóåò îøèáêå îäíîêà-

íàëüíîé (ãðóáîé) ñèñòåìû ; òðåòüÿ, ÷åò-

âåðòàÿ, ïÿòàÿ è øåñòàÿ - îøèáêå èòåðàöèîííîé

äâóõêàíàëüíîé ñèñòåìû  ïðè ;2;5;10

(âðåìÿ ðàçâåðòêè ðàâíî ñ). Âèäíî, ÷òî ïðè

 îøèáêà  îò äåéñòâèÿ ïîìåõè  íà âûõî-

äå ñèñòåìû ïðàêòè÷åñêè îòñóòñòâóåò.

Ðèñóíîê 5 - Îñöèëëîãðàììû  îøèáîê  ,        

èòåðàöèîííîé  äâóõêàíàëüíîé ñèñòåìû ïî ñëó÷àéíîé 
ïîìåõå  ïðè ðàçëè÷íûõ 

Ðèñóíîê 6 -  Îñöèëëîãðàììû îøèáîê ,  

èòåðàöèîííîé äâóõêàíàëüíîé ñèñòåìû ïî ïîìåõå    â 
âèäå  ïîñëåäîâàòåëüíîñòè ïðÿìîóãîëüíûõ 
èìïóëüñîâ ïðè ,  è ïðè 

ðàçëè÷íûõ 

Íà ðèñ.6 ïîêàçàíû îñöèëëîãðàììû äëÿ îøèáîê 

è  èòåðàöèîííîé ñèñòåìû, õàðàêòåðèçóþùèå ïðî-

öåññ êîìïåíñàöèè äåòåðìèíèðîâàííîé ïîìåõè  â

âèäå ïîñëåäîâàòåëüíîñòè ïðÿìîóãîëüíûõ èìïóëüñîâ òîé

æå äëèòåëüíîñòè ñ ïðè ïåðåñòðîéêå ôîðìèðó-

þùåãî ïàðàìåòðà òî÷íîãî êàíàëà  (ïðè ýòîì =0,

): ïåðâàÿ îñöèëëîãðàììà - ïðè 
(ïåðâûé, ãðóáûé êàíàë); âòîðàÿ, òðåòüÿ è ÷åòâåðòàÿ -
ïðè çíà÷åíèÿõ ; 2; 5.

Ïðèâåäåííûå îñöèëëîãðàììû äèíàìè÷åñêèõ ïðîöåñ-
ñîâ è äðóãèå ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäî-
âàíèé ïîäòâåðæäàþò âîçìîæíîñòü êîìïåíñàöèè îøèáîê
è ýôôåêòèâíîñòü ïåðåñòðîéêè ôèçè÷åñêèõ ïàðàìåòðîâ
òî÷íîãî êàíàëà èòåðàöèîííîé äâóõêàíàëüíîé ñèñòåìû
ïðè èçìåíåíèè õàðàêòåðèñòèê âíåøíèõ âîçäåéñòâèé.
Ïðè ýòîì âîçìîæíàÿ öåïü ñàìîíàñòðîéêè ñðàâíèòåëüíî
ïðîñòà è äîëæíà âêëþ÷àòü â ñåáÿ äâà èçìåðèòåëÿ äèñ-

ïåðñèé ñèãíàëîâ ,   è äåëèòåëü (îïðåäåëÿþùèé

èõ îòíîøåíèå), íàïðÿæåíèå, ñ âûõîäà êîòîðîãî ìîæåò
èñïîëüçîâàòüñÿ äëÿ èçìåíåíèÿ ïàðàìåòðîâ íàñòðîéêè
òî÷íîãî êàíàëà. Òàêîå èçìåíåíèå ïàðàìåòðîâ â ïðîöåññå
ñàìîíàñòðîéêè íå ïðèâîäèò ê íàðóøåíèþ óñòîé÷èâîñòè
äâóõêàíàëüíîé ñèñòåìû (åñëè ñîõðàíÿåòñÿ óñòîé÷èâîñòü
òî÷íîãî êàíàëà), à òàêæå íå ñîïðÿæåíî ñ íåîáõîäèìî-
ñòüþ ïàðàìåòðè÷åñêîãî èëè ñèãíàëüíîãî âîçäåéñòâèÿ íà
îñíîâíóþ ñèñòåìó (ãðóáûé êàíàë), êîòîðàÿ ìîæåò èìåòü
çíà÷èòåëüíîå óñèëåíèå ïî ìîùíîñòè.
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èçìåíåíèè èíòåíñèâíîñòè ìåøàþùèõ âîçäåéñòâèé  è

 â êàíàëàõ óïðàâëåíèÿ èòåðàöèîííîé äâóõêà-

íàëüíîé ñèñòåìû. Ïðè ýòîì ìàêñèìàëüíûå çíà÷åíèÿ

âûèãðûøà â òî÷íîñòè  òåì áîëüøå, ÷åì áîëüøå

ïàðàìåòð  è ìåíüøå ïàðàìåòð .

2. Ïîêàçàíî, ÷òî ïðè çàäàííûõ ïàðàìåòðàõ ïåðâîãî,

ãðóáîãî, êàíàëà ( ) è øèðîêî-

ïîëîñíîé ïîìåõå  â òî÷íîì êàíàëå îïòèìàëüíûå
çíà÷åíèÿ ïåðåñòðàèâàåìîãî ïàðàìåòðà òî÷íîãî êàíàëà

, , îïðåäåëÿþùèå îïòèìàëüíóþ ïîëîñó ïðî-

ïóñêàíèÿ äâóõêàíàëüíîé ñèñòåìû, çàâèñÿò â îñíîâíîì îò

ñîîòíîøåíèÿ  èíòåíñèâíîñòåé ïîìåõ â

òî÷íîì è ãðóáîì êàíàëàõ è ïðàêòè÷åñêè íå çàâèñÿò îò
ïîñòîÿííîé âðåìåíè êîððåëÿöèè  ñëó÷àéíîé ïîìåõè

 â ãðóáîì êàíàëå ñèñòåìû.

3. Ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëå-
äîâàíèé, ïîäòâåðæäàþùèå ýôôåêòèâíîñòü ïåðåñòðîéêè
ïàðàìåòðîâ òî÷íîãî êàíàëà äëÿ äîñòèæåíèÿ ìàêñèìàëü-
íîé ñòåïåíè êîìïåíñàöèè îøèáîê èòåðàöèîííîé äâóõêà-
íàëüíîé ñèñòåìû óïðàâëåíèÿ ïðè èçìåíåíèè âíåøíèõ
âîçäåéñòâèé.
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Extreme responses of efficiency index and laws of second,
precision channel bandwith self-adjusting of the iterative type
two-channel control system upon changing of random noise
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Ïðåäëîæåíà ìîäèôèêàöèÿ ìåòîäà êîíå÷íûõ ñîñòîÿíèé
äëÿ ñèíòåçà óïðàâëåíèé ìíîãîìåðíûìè íåëèíåéíûìè äèñê-
ðåòíûìè ïî âðåìåíè òåðìèíàëüíûìè ñèñòåìàìè ñ äèô-
ôåðåíöèðóåìûìè íåëèíåéíîñòÿìè. Ðàññìîòðåí ïðèìåð.

ÂÂÅÄÅÍÈÅ È ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ìíîãèå ìîäåëè äèíàìè÷åñêèõ ñèñòåì èìåþò îïèñàíèÿ
â âèäå ñèñòåì íåëèíåéíûõ êîíå÷íî-ðàçíîñòíûõ óðà-
âíåíèé. Òàêèå ìîäåëè îñîáåííî õàðàêòåðíû äëÿ îïè-
ñàíèé ñëîæíûõ ñèñòåì, â ÷àñòíîñòè, ýêîíîìè÷åñêèõ
ïðîöåññîâ. Â êà÷åñòâå ïðèìåðîâ ìîæíî ïðèâåñòè ìîäåëè
èç ðàáîò [1 - 3]. Äëÿ óïðàâëåíèÿ ïîäîáíûìè ñèñòåìàìè
øèðîêî èñïîëüçóþòñÿ ìåòîäû êîíå÷íîìåðíîé îïòèìè-
çàöèè (ìàòåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ), ïîñêîëüêó
â äèñêðåòíûõ ïî âðåìåíè çàäà÷àõ êîëè÷åñòâî èñêîìûõ
çíà÷åíèé óïðàâëÿþùèõ âîçäåéñòâèé êîíå÷íî. Òåì íå
ìåíåå, çà÷àñòóþ ðàçìåðíîñòü òàêèõ çàäà÷ ÷ðåçìåðíî
âåëèêà äàæå äëÿ ñîâðåìåííûõ êîìïüþòåðîâ è ñóùåñòâó-
åò íåîáõîäèìîñòü ðàçðàáîòêè áîëåå áûñòðîäåéñòâóþùèõ
ìåòîäîâ. Äëÿ ðåøåíèÿ çàäà÷è òàêîãî ðîäà èñïîëüçóþòñÿ
íåñêîëüêî ïîäõîäîâ. Äëÿ çàäà÷ ñ äèñêðåòíûìè ìíî-

æåñòâàìè ñîñòîÿíèé ñóùåñòâóþò ìåòîäû, îáúåäèíåííûå
íàçâàíèåì "ìåòîäû ïîñëåäîâàòåëüíîãî àíàëèçà âàðè-
àíòîâ", êîãäà èùóòñÿ ïðîöåäóðû îòáðàêîâêè íà ðàííèõ
ñòàäèÿõ ïðîñìîòðà íåêîíêóðåíòîñïîñîáíûõ ïîäìíîæåñòâ
âàðèàíòîâ. Ê íèì îòíîñÿòñÿ òàêèå èçâåñòíûå ìåòîäû,
êàê äèíàìè÷åñêîå ïðîãðàììèðîâàíèå, âåòâåé è ãðàíèö è
äðóãèå [4]. Çàäà÷è ñ íåïðåðûâíûìè ñîñòîÿíèÿìè òàêæå
ìîæíî ïðèáëèæåííî ðåøàòü ýòèìè ìåòîäàìè, ââîäÿ äè-
ñêðåòèçàöèþ ñîñòîÿíèé. Äðóãîå íàïðàâëåíèå - çàìåíà
òåì èëè èíûì îáðàçîì ìíîãîìåðíîé çàäà÷è ìàòåìàòè-
÷åñêîãî ïðîãðàììèðîâàíèÿ ñîâîêóïíîñòüþ çàäà÷ ìåíü-
øåé ðàçìåðíîñòè. Çà÷àñòóþ çäåñü ñóùåñòâåííóþ ðîëü
èãðàþò ÷àñòíûå ñâîéñòâà ìîäåëåé ñèñòåì è ïîñòàíîâîê
çàäà÷ èõ îïòèìèçàöèè.

Â äàííîé ðàáîòå ïðåäëàãàåòñÿ ìåòîä, îòíîñÿùèéñÿ ê
ïîñëåäíåé èç óïîìÿíóòûõ ãðóïï, îðèåíòèðîâàííûé íà
òåðìèíàëüíûå çàäà÷è âèäà
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ãäå  - ñîîòâåòñòâåííî  - è  - ìåðíûå âåêòîðû ñîñ-

òîÿíèÿ è óïðàâëåíèÿ,  - èçâåñòíûé âåêòîð íà÷àëüíûõ

óñëîâèé,  - èíäåêñ, óêàçûâàþùèé íà íîìåð äèñêðåòíîé

òî÷êè ïî îñè âðåìåíè,  - íåïðåðûâíàÿ âìåñòå ñî ñâî-
èìè ÷àñòíûìè ïðîèçâîäíûìè ïåðâîãî ïîðÿäêà âåêòîð-

ôóíêöèÿ, - (n r) - ìàòðèöà êîýôôèöèåíòîâ ïðè r -

ìåðíîì âåêòîðå óïðàâëåíèÿ .

ÌÎÄÈÔÈÊÀÖÈß ÌÅÒÎÄÀ ÊÎÍÅ×ÍÛÕ 
ÑÎÑÒÎßÍÈÉ

Äëÿ ðåøåíèÿ àíàëîãè÷íûõ (1) çàäà÷ â íåïðåðûâíîì
âðåìåíè íàìè ïðåäëîæåí òåðìèíàëüíûé ìåòîä,
íàçâàííûé "ìåòîä êîíå÷íîãî ñîñòîÿíèÿ" [5-10], îñíî-
âàííûé íà èñïîëüçîâàíèè èíòåãðàëüíîãî ñîîòíîøåíèÿ
Â.Ì. Àëåêñååâà [11]. Â ýòîì ñîîòíîøåíèè, êàê è â
ìåòîäå êîíå÷íîãî ñîñòîÿíèÿ, öåíòðàëüíóþ ðîëü èãðàþò
òàê íàçûâàåìûå ïåðåìåííûå êîíå÷íîãî ñîñòîÿíèÿ è ñî-
îòíîøåíèÿ, èõ îïðåäåëÿþùèå. Òàê, äëÿ íåïðåðûâíîãî
àíàëîãà çàäà÷è (1)

(2)

ñîîòíîøåíèå Àëåêñååâà èìååò âèä:

, (3)

ãäå  è åñòü óïîìÿíóòàÿ âûøå ïåðåìåííàÿ

êîíå÷íîãî ñîñòîÿíèÿ, îòîáðàæàþùàÿ êîíå÷íîå ñîñòîÿíèå
ñèñòåìû (2) â ïðåäïîëîæåíèè, ÷òî â ìîìåíò  ñèñòåìà

(1) èìååò ñîñòîÿíèå  è íà èíòåðâàëå 

óïðàâëåíèå íóëåâîå.
Óðàâíåíèÿ, îïðåäåëÿþùèå ïåðåìåííûå êîíå÷íîãî ñîñ-

òîÿíèÿ è ïåðåõîäíóþ ìàòðèöó  êàê ôóíêöèè ïåðâîãî
àðãóìåíòà äëÿ (2), ïîëó÷åíû Àëåêñååâûì è èìåþò âèä

 

(4)

Îïèðàÿñü íà íåïðåðûâíûé àíàëîã îïðåäåëåíèÿ ïåðå-
ìåííîé êîíå÷íîãî ñîñòîÿíèÿ èç (4) êàê ðåøåíèå íåóïðà-
âëÿåìîé ñèñòåìû, ñëåäóþùåé èç (2) ïðè ,
îïðåäåëèì ïåðåìåííóþ êîíå÷íîãî ñîñòîÿíèÿ äëÿ
äèñêðåòíîé ñèñòåìû (1) êàê ôóíêöèþ ïåðâîãî èíäåêñà

(5)

Ñëåäóþùàÿ èäåÿ íåïðåðûâíîãî àíàëîãà ìåòîäà
êîíå÷íîãî ñîñòîÿíèÿ - çàìåíà àðãóìåíòà â öåëåâîé ôóíê-

öèè êðèòåðèÿ: âìåñòî êîíå÷íîãî ñîñòîÿíèÿ  ïîä-

ñòàâëÿåòñÿ ïåðåìåííàÿ êîíå÷íîãî ñîñòîÿíèÿ

 êàê ôóíêöèÿ âòîðîãî àðãóìåíòà. Â ðåçóëü-
òàòå âìåñòî èñõîäíîãî êðèòåðèÿ ïîëó÷àåì êðèòåðèàëü-
íóþ ôóíêöèþ âðåìåíè, êîòîðóþ â íåïðåðûâíîì ñëó÷àå

îáîçíà÷àëè . Â ñèëó ñâîéñòâà
 ïðè ëþáîì  çàäà÷à (2) ýêâèâàëåíòíà

çàäà÷å . Àíàëîãè÷íóþ îïåðàöèþ âûïîëíèì

äëÿ äèñêðåòíîé çàäà÷è (1), îïðåäåëèâ åå êðèòåðèàëüíóþ
ôóíêöèþ ñëåäóþùèì îáðàçîì:

. (6)

Äëÿ êðèòåðèàëüíîé ôóíêöèè âðåìåíè çàäàåì
æåëàåìóþ òðàåêòîðèþ âî âðåìåíè êàê ðåøåíèå êîíå÷íî-

ðàçíîñòíîãî óðàâíåíèÿ ñ íåêîòîðîé ïðàâîé ÷àñòüþ ,

êîòîðàÿ, ñîáñòâåííî, è îïðåäåëÿåò òðàåêòîðèþ:

 . (7)

Òàê, åñëè çàäàòüñÿ

 , (8)

òî ðåøåíèå (7) ñ óâåëè÷åíèåì èíäåêñà  áóäåò ïî

ýêñïîíåíòå ñ ïîñòîÿííîé âðåìåíè  ïðèáëèæàòüñÿ ê

.
Äàëüíåéøèé ýòàï â ïðèìåíåíèè ìåòîäà êîíå÷íîãî

ñîñòîÿíèÿ äëÿ íåïðåðûâíûõ ñèñòåì è çàäà÷è (2) -
ïîëó÷åíèå âåêòîðíî-ìàòðè÷íîãî äèôôåðåíöèàëüíîãî
óðàâíåíèÿ äëÿ ïåðåìåííîé êîíå÷íîãî ñîñòîÿíèÿ êàê
ôóíêöèè âòîðîãî àðãóìåíòà. Âû÷èñëÿÿ ïðîèçâîäíóþ ïî
âðåìåíè îò (3) â ñèëó ñèñòåìû (2), ïîëó÷àåì

. (9)

Ïîëó÷èì àíàëîãè÷íîå êîíå÷íî-ðàçíîñòíîå óðàâíåíèå
äëÿ çàäà÷è (1). Èç (1) è (5) ñëåäóåò
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(10)

Ïîëó÷åííîå ñîîòíîøåíèå íå ÿâëÿåòñÿ àíàëîãîì (9),
ïîñêîëüêó â íåì ïåðâûé è âòîðîé èíäåêñû çàâèñèìû â

îòëè÷èå îò (9), ãäå àðãóìåíòû  è  ìîãóò èçìåíÿòüñÿ

íåçàâèñèìî äðóã îò äðóãà ïðè ñîáëþäåíèè îãðàíè÷åíèÿ

. Îáùèì æå ìåæäó (9) è (10) ÿâëÿåòñÿ òî, ÷òî

â îáîèõ âûðàæåíèÿõ óïðàâëåíèå îïðåäåëÿåòñÿ ÷åðåç
ïåðåìåííûå êîíå÷íîãî ñîñòîÿíèÿ êàê ôóíêöèè âòîðîãî
àðãóìåíòà (èíäåêñà).

Íà÷èíàÿ ñ âûðàæåíèÿ (10), àíàëîãèè ìåæäó íåïðå-
ðûâíûì è äèñêðåòíûì ñëó÷àÿìè çàêàí÷èâàþòñÿ è äàëåå
ïðîöåäóðà ïîëó÷åíèÿ òåðìèíàëüíîãî óïðàâëåíèÿ èìååò
îñîáåííîñòè, õàðàêòåðíûå òîëüêî äëÿ äèñêðåòíîãî
ñëó÷àÿ.

Èñõîäÿ èç îïðåäåëåíèÿ (5) è âûðàæåíèÿ (10), ïîëó-
÷èì ïîñëåäîâàòåëüíîñòü àíàëîãè÷íûõ (10) âûðàæåíèé
äëÿ óâåëè÷èâàþùèõñÿ íà åäèíèöó çíà÷åíèé ïåðâîãî
èíäåêñà.

Ïåðâîå ñëàãàåìîå ëåâîé ÷àñòè (10) ñ óâåëè÷åííûì
ïåðâûì èíäåêñîì ïîëó÷èì, ïîëàãàÿ â (5)  è
ñäâèãàÿ íà åäèíèöó èíäåêñ 

 . (11)

Âòîðîå ñëàãàåìîå ëåâîé ÷àñòè (10) ñ óâåëè÷åííûì

ïåðâûì èíäåêñîì ïîëó÷èì, ïîëàãàÿ â (5) :

. (12)

Âû÷èòàÿ (12 èç (11), ïîëó÷àåì

. (13)

Äëÿ ñîêðàùåíèÿ ïîñëåäóþùèõ çàïèñåé ââåäåì
îáîçíà÷åíèå

,(14)

ãäå  èìååò  ðåêóðñèâíûõ âõîæäåíèé, íà÷èíàÿ ñ

 è ïåðåïèøåì (13) â âèäå

 .

Äëÿ òîãî, ÷òîáû óâèäåòü çàêîíîìåðíîñòü, ïðîèçâåäåì
åùå îäíî óâåëè÷åíèå íà åäèíèöó ïåðâîãî èíäåêñà

Â îáùåì ñëó÷àå ïîëó÷àåì

 

Èç ïîñëåäíåãî âûðàæåíèÿ ïðè  ñëåäóåò

, (15)

Çàìåíÿÿ â ïðàâîé ÷àñòè (15)   ïðàâîé ÷àñòüþ (1),

ïîëó÷àåì

(16)

Âûðàæåíèå (16) ÿâëÿåòñÿ äèñêðåòíûì àíàëîãîì ìîäåëè
êîíå÷íîãî ñîñòîÿíèÿ (9). Îòìåòèì îäíî âàæíîå
ïðèíöèïèàëüíîå îòëè÷èå (16) îò (9): åñëè â ìîäåëè (9)
óïðàâëåíèå â ïðàâóþ ÷àñòü âõîäèò â âèäå ñîìíîæèòåëÿ
âåêòîðíî-ìàòðè÷íîãî ïðîèçâåäåíèÿ, òî â (16) - íà ñàìîì
íèæíåì óðîâíå ðåêóðñèè îòíîñèòåëüíî âåêòîð-ôóíêöèè

. Ýòî îáñòîÿòåëüñòâî ïîäòâåðæäàåò îòíîñèòåëüíóþ

ñëîæíîñòü äèñêðåòíûõ çàäà÷ â ñðàâíåíèè ñ íåïðåðûâ-
íûìè, êîòîðàÿ îòìå÷åíà è â äðóãèõ çàäà÷àõ àíàëèçà è
ñèíòåçà (íàïðèìåð, â äèñêðåòíîì ïðèíöèïå ìàêñèìóìà).

Âåðíåìñÿ ê ìåòîäó êîíå÷íîãî ñîñòîÿíèÿ. Â åãî íåïðå-
ðûâíîì àíàëîãå óïðàâëåíèå îïðåäåëÿåòñÿ èç ñîîòíîøå-
íèÿ, ïîëó÷àåìîãî ïðèðàâíèâàíèåì ïðîèçâîäíîé îò êðè-
òåðèàëüíîé ôóíêöèè ïî âðåìåíè â ñèëó óðàâíåíèé (9)
æåëàåìîé ïðîèçâîäíîé êðèòåðèàëüíîé ôóíêöèè, êîòî-

ðóþ ïî àíàëîãèè ñ (7) îáîçíà÷èì , ò. å.

îòêóäà ñ ïîìîùüþ ïñåâäîîáðàùåíèÿ ìîæåò áûòü îïðå-
äåëåí âåêòîð . Â äèñêðåòíîì ñëó÷àå ïðèðàâíÿåì (8),

ãäå , âûðàæåíèþ äëÿ êðèòåðèàëü-

íîé ôóíêöèè â ñèëó êîíå÷íî-ðàçíîñòíîãî óðàâíåíèÿ
(16)

(17)
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Íåëèíåéíîå îòíîñèòåëüíî óïðàâëåíèÿ  óðàâíåíèå (17)

è ÿâëÿåòñÿ òåì ñîîòíîøåíèåì, èç êîòîðîãî îïðåäåëÿåòñÿ
èñêîìîå óïðàâëåíèå äèñêðåòíûì ìåòîäîì êîíå÷íîãî
ñîñòîÿíèÿ. Â îòëè÷èå îò íåïðåðûâíîãî ñëó÷àÿ, ãäå
óïðàâëåíèå ïîëó÷àåòñÿ â ÿâíîì âèäå, çäåñü äëÿ åãî
îïðåäåëåíèÿ â êàæäûé äèñêðåòíûé ìîìåíò  íåîáõî-

äèìî ðåøàòü ñêàëÿðíîå íåëèíåéíîå óðàâíåíèå ñ 
íåèçâåñòíûìè (ïî ÷èñëó êîìïîíåíò âåêòîðà ), ò. å.
ôàêòè÷åñêè -  -ìåðíóþ çàäà÷ó íåëèíåéíîãî ïðîãðàììè-
ðîâàíèÿ. Ñðàâíèâàÿ ñ òðàäèöèîííûì ñïîñîáîì ðåøåíèÿ
çàäà÷è (1) ìåòîäàìè ìàòåìàòè÷åñêîãî ïðîãðàììèðîâà-
íèÿ, êîãäà ðàçìåðíîñòü îïòèìèçàöèîííîé çàäà÷è ðàâíà

, âèäèì, ÷òî ðàñ÷åò ÌÊÑ-óïðàâëåíèÿ â îáùåì
ñëó÷àå ïðîèçâîäèòñÿ íàìíîãî áûñòðåå. Îäíàêî ïðè ýòîì
óñëîæíÿåòñÿ ïîäãîòîâèòåëüíàÿ ðàáîòà, ïîñêîëüêó
"ðó÷íîå" ôîðìèðîâàíèå óðàâíåíèÿ (17) äëÿ ñëîæíûõ

ôóíêöèé ïðàâûõ ÷àñòåé ïðè äîñòàòî÷íî áîëüøîì 
ïðàêòè÷åñêè íåðåàëüíî. Âûõîäîì èç ýòîé ñèòóàöèè
ÿâëÿåòñÿ èõ àâòîìàòè÷åñêîé ôîðìèðîâàíèå íà
êîìïüþòåðå ñ èñïîëüçîâàíèåì ðåêóðñèâíûõ ïðîöåäóð.
Ïðè ýòîì íåò íåîáõîäèìîñòè ôîðìèðîâàòü ýòè
óðàâíåíèÿ â àíàëèòè÷åñêîå âèäå, åñëè âêëþ÷èòü
÷èñëåííûé ðàñ÷åò ðåêóðñèé êàê ñîñòàâíóþ ÷àñòü ìåòîäà
ðåøåíèÿ íåëèíåéíîãî óðàâíåíèÿ (17).

ÏÐÈÌÅÐ

Äëÿ äåìîíñòðàöèè îñîáåííîñòåé ðàñ÷åòà äèñêðåòíîãî
ÌÊÑ-óïðàâëåíèÿ ðàññìîòðèì ïðîñòîé ïðèìåð.

Ïóñòü ÷àñòíûé âèä ñèñòåìû (1) ñëåäóþùèé:

(18)

Òðåáóåòñÿ îïðåäåëèòü ,  è   òàêèå, ÷òîáû ê

äèñêðåòíîìó ìîìåíòó  ïåðåìåííàÿ 

ñòàëà ðàâíîé æåëàåìîìó çíà÷åíèþ . Íèæå ïðèâåäåí
ëèñòèíã ïðîãðàììû íà ÿçûêå MathCad, ïðåäíàçíà÷åííîé
äëÿ ðåøåíèÿ äàííîé çàäà÷è. Â óêàçàííîì ëèñòèíãå
ôóíêöèè Find è Minerr ïðåäíàçíà÷åíû äëÿ ðåøåíèÿ
ñèñòåì àëãåáðàè÷åñêèõ óðàâíåíèé âèäà (17), çàïèñàííûõ
ïîñëå ñëóæåáíîãî ñëîâà Given (Find - òî÷íîãî ðåøåíèÿ,
Minerr - ïðèáëèæåííîãî, ñ ìèíèìàëüíîé íåâÿçêîé), íà
ãðàôèêàõ ïîêàçàíû ôàêòè÷åñêîå (ñïëîøíîé ëèíèåé) è
òåîðåòè÷åñêîå (ïóíêòèðíîé ëèíèåé) ïîâåäåíèå
êðèòåðèàëüíîé ôóíêöèè, êîòîðàÿ â äàííîì ñëó÷àå âçÿòà

â âèäå (7), (8) ïðè , ïîñêîëüêó öåëüþ

ÿâëÿåòñÿ ïðèâåäåíèå êîîðäèíàòû ê çàäàííîìó çíà÷åíèþ

 (â ëèñòèíãå îáîçíà÷åíî Jz).
Ñëåäóÿ (17), âûïèøåì ïîñëåäîâàòåëüíî óðàâíåíèÿ

äëÿ  è  áåç íèæíèõ èíäåêñîâ äëÿ ,

òàê êàê ïðàâàÿ ÷àñòü (18), ãäå , îò  íå
çàâèñèò. Äëÿ  èìååì

Â ïîñëåäíåì âûðàæåíèè  ñîêðàùàåòñÿ,

 ,  

, , 

,  

, , , 

.
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.
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.
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МКС-управление дискретной системой: xj = (xj-1)2 + uj

k 0.5 N 3 x0 2 Jz 30 u1 0 u2 0 u3 0

Расчет МКС - управления u1, u2, u3

Given x0
2

u1
4

x0
8 .k Jz x0

8
0

u1 find( )u1 =u1 0.542 x1 x0 2 u1 =x1 3.458

Given x12 u2
2

x14 .k Jz x14 0

u2 find( )u2 =u2 2.658 x2 x1
2

u2 =x2 9.301

Given x2
2

u3
1

x2
2 .k Jz x2

2
0

u3 minerr ( )u3 =u3 28.25 x3 x2 2 u3 =x3 58.25

Фактическое поведение переменной конечного состояни

как функции второго аргумента zj, j=0,1,2,3

z:= x08
x14

x22
x31,,,[ ]

Желаемое поведение переменной конечного состояния

как функции второго аргумента zTj, j=0,1,2,3

zT:= x0T x1T x2T x3T,,,[ ]
j

x0T x0
8
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Íà ïðèâåäåííîì âûøå ãðàôèêå âèäíî, ÷òî òåîðåòè-
÷åñêîå è ôàêòè÷åñêîå ïîâåäåíèå êðèòåðèàëüíîé ôóíê-

öèè, çàäàííîé â âèäå , ïîëíîñòüþ ñîâïàäàþò, à

çíà÷åíèå   ðàâíî çàäàííîìó çíà÷åíèþ.

ÂÛÂÎÄÛ

1.Ïîëó÷åíà ìîäåëü êîíå÷íîãî ñîñòîÿíèÿ (16) äëÿ
äèñêðåòíûõ ñèñòåì âèäà (1).

2.Ïîëó÷åíà ìîäèôèêàöèÿ ìåòîäà êîíå÷íûõ ñîñòîÿíèé
(17) äëÿ ñèíòåçà óïðàâëåíèé ìíîãîìåðíûìè íåëèíåé-
íûìè äèñêðåòíûìè ïî âðåìåíè òåðìèíàëüíûìè ñèñòå-
ìàìè ñ äèôôåðåíöèðóåìûìè íåëèíåéíîñòÿìè (äèñêðåò-
íîå ÌÊÑ-óïðàâëåíèå).

3.Äèñêðåòíîå ÌÊÑ-óïðàâëåíèå ðåàëèçóåòñÿ â âèäå

ïîñëåäîâàòåëüíîñòè èç  -ìåðíûõ çàäà÷ ìàòåìàòè-
÷åñêîãî ïðîãðàììèðîâàíèÿ â îòëè÷èå îò ðåøåíèÿ äàííîé
çàäà÷è "â ëîá", êîãäà ðåøàåòñÿ îäíà çàäà÷à ìàòåìàòè÷åñ-
êîãî ïðîãðàììèðîâàíèÿ ðàçìåðíîñòè  .

4. Â îòëè÷èå îò ìåòîäà äèíàìè÷åñêîãî ïðîãðàììèðî-
âàíèÿ, ãäå òàêæå ìíîãîìåðíàÿ çàäà÷à çàìåíÿåòñÿ ïîñëå-
äîâàòåëüíîñòüþ çàäà÷ ìåíüøåé ðàçìåðíîñòè, ïðè ðàñ÷åòå
äèñêðåòíîãî ÌÊÑ-óïðàâëåíèÿ íåò íåîáõîäèìîñòè ñîõ-
ðàíÿòü ïðîìåæóòî÷íûå ðåçóëüòàòû êàê ôóíêöèè ñîñòîÿ-
íèÿ â äèñêðåòíûå ìîìåíòû âðåìåíè.

5.Äëÿ îòíîñèòåëüíî ñëîæíûõ çàäà÷ íåîáõîäèìî àâòî-
ìàòè÷åñêîå ôîðìèðîâàíèå óðàâíåíèé òèïà (17), ïîñ-
êîëüêó ñîîòâåòñòâóþùàÿ "ðó÷íàÿ" îïåðàöèÿ âåñüìà òðó-
äîåìêà è ÷ðåâàòà îøèáêàìè.

ÏÅÐÑÏÅÊÒÈÂÛ

Ïðåäëîæåííûé ïîäõîä â ñîâîêóïíîñòè ñ ñîîòâåò-
ñòâóþùèì ïðîãðàììíûì îáåñïå÷åíèåì äëÿ àâòîìàòè-
÷åñêîãî ôîðìèðîâàíèÿ óðàâíåíèé äèñêðåòíîãî ÌÊÑ
ñóùåñòâåííî óñêîðÿåò ïðîöåññ ðàñ÷åòà òåðìèíàëüíûõ
óïðàâëåíèé äëÿ çàäà÷ âèäà (2) â ñðàâíåíèè â èçâå-
ñòíûìè ìåòîäàìè. Ïåðñïåêòèâíûì íàïðàâëåíèåì ðàçâè-
òèÿ ìåòîäà ÿâëÿåòñÿ åãî îáîáùåíèå íà ñìåøàííûå ñèñòå-
ìû ñ ìàòåìàòè÷åñêèì îïèñàíèåì â âèäå ñîâîêóïíîñòåé
íåëèíåéíûõ äèôôåðåíöèàëüíûõ è êîíå÷íîðàçíîñòíûõ

óðàâíåíèé. Ïîñëåäíèé âèä ìîäåëåé ïðèìåíÿåòñÿ â ñëó-
÷àå êîìïüþòåðíîãî óïðàâëåíèÿ íåëèíåéíûìè íåïðåðûâ-
íûìè äèíàìè÷åñêèìè îáúåêòàìè êàê äëÿ ñîöèàëüíî-
ýêîíîìè÷åñêèõ, òàê è òåõíè÷åñêèõ ñèñòåì.
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Íàä³éøëà 22.09.2003

Çàïðîïîíîâàíà ìîäèô³êàö³ÿ ìåòîäó ê³íöåâèõ ñòàí³â äëÿ
ñèíòåçó êåðóâàíü áàãàòîì³ðíèìè íåë³í³éíèìè äèñêðåòíèìè
ó ÷àñi òåðì³íàëüíèìè ñèñòåìàìè ç äèôåðåö³éîâàíèìè íåë³-
í³éíîñòÿìè. Ðîçãëÿíóòèé ïðèêëàä.

There was offered a terminal state method modification for
synthesis controls in multidimensional nonlinear terminal dis-
crete systems with differentiable nonlinearities. The example
is considered.

jNx ,

30333 == xx ,

N r

N r⋅
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ÂÎÇÄÅÉÑÒÂÈßÕ

Èçëîæåíû ðåçóëüòàòû èññëåäîâàíèÿ ñèñòåì àâòîìàòè-
÷åñêîãî óïðàâëåíèÿ ÷àñòîòàìè âðàùåíèÿ ðîòîðîâ äâóõâàëü-
íîãî äâóõêîíòóðíîãî ãàçîòóðáèííîãî äâèãàòåëÿ ñ îïòèìàëü-
íûìè ïî áûñòðîäåéñòâèþ è íå÷åòêèìè öèôðîâûìè ðåãóëÿ-
òîðàìè ïðè ïðîèçâîëüíîì âõîäíîì âîçäåéñòâèè íà ðàçëè÷-
íûõ áàçîâûõ ðåæèìàõ ðàáîòû äâèãàòåëÿ ìåòîäîì ìàòåìà-
òè÷åñêîãî ìîäåëèðîâàíèÿ

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ñóùåñòâóþùèå ñïîñîáû ðåãóëèðîâàíèÿ ãàçîòóðáèí-
íûõ äâèãàòåëåé ÃÒÄ îñíîâàíû, â îñíîâíîì, íà ïðèìåíå-
íèè âûñîêîíàäåæíûõ ãèäðîìåõàíè÷åñêèõ ñèñòåì. Íî
êîìïîíåíòû ýòèõ ñèñòåì òðåáóþò î÷åíü âûñîêîé òî÷-
íîñòè èçãîòîâëåíèÿ è íàñòðîéêè, ñèãíàëû óïðàâëåíèÿ â
íèõ âû÷èñëÿþòñÿ ìåõàíè÷åñêè, óñîâåðøåíñòâîâàíèå ãèä-
ðîìåõàíè÷åñêèõ ñèñòåì ÿâëÿåòñÿ âåñüìà äîðîãîñòîÿùèì,
àëãîðèòìû óïðàâëåíèÿ îãðàíè÷åíû è òðóäíî ïåðåñòðàå-
âûåìûå. Ïîÿâëåíèå âñå áîëåå ñëîæíûõ ÃÒÄ, ðàáîòà-
þùèõ ïî÷òè íà ïðåäåëå ñâîèõ âîçìîæíîñòåé, ðàçðàáîòêà
ñâåðõìèíèàòþðíûõ òâåðäîòåëüíûõ áîëüøèõ èíòåãðàëü-
íûõ ñõåì, ïîâûøåíèå öåí íà òîïëèâî îáóñëîâèëî
ðàçðàáîòêó ýëåêòðîííûõ öèôðîâûõ ñèñòåì ñ ïîëíîé
"îòâåòñòâåííîñòüþ". Òàêèå ñèñòåìû ïðîùå è ëåã÷å ãèäðî-
ìåõàíè÷åñêèõ, èõ ãîðàçäî ëåã÷å ñîâåðøåíñòâîâàòü, ïðè-
÷åì çíà÷èòåëüíî ñîêðàùàåòñÿ ïðîãðàììà èñïûòàíèé äâè-
ãàòåëÿ. Ðàçðàáîòêà è èññëåäîâàíèå öèôðîâûõ ñèñòåì

àâòîìàòè÷åñêîãî óïðàâëåíèÿ ïàðàìåòðàìè ÃÒÄ ÿâëÿåòñÿ
àêòóàëüíîé ïðîáëåìîé. Ðåøåíèþ ýòîé ïðîáëåìû ïîñâÿ-
ùåíû ðàáîòû [1-6]. Â ýòèõ ðàáîòàõ ñèñòåìû àâòîìàòè-
÷åñêîãî óïðàâëåíèÿ ïàðàìåòðàìè äâóõâàëüíîãî äâóõêîí-
òóðíîãî ãàçîòóðáèííîãî äâèãàòåëÿ èññëåäîâàíû ïðè ñòó-
ïåí÷àòûõ âõîäíûõ âîçäåéñòâèÿõ, êîãäà ðåàêöèè ñèñòåì
õàðàêòåðèçóþò èõ áûñòðîäåéñòâèå. Äàííàÿ ðàáîòà ïîñâÿ-
ùåíà èññëåäîâàíèþ ñèñòåì ïðè ïðîèçâîëüíûõ âõîäíûõ
âîçäåéñòâèÿõ, êîãäà êà÷åñòâî ñèñòåì, õàðàêòåðèçóåìîå
òî÷íîñòüþ îòðàáîòêè âõîäíûõ âîçäåéñòâèé, îïðåäåëÿåò
òåêóùàÿ îøèáêà ðàññîãëàñîâàíèÿ.

2 ÐÅØÅÍÈÅ ÇÀÄÀ×È

Ïðåäñòàâëåííàÿ â èíòåðàêòèâíîé ñèñòåìå MATLAB
còðóêòóðíàÿ ñõåìà ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ
÷àñòîòîé âðàùåíèÿ ðîòîðà âåíòèëÿòîðà, ñîñòîÿùåé èç
îïòèìàëüíîãî ïî áûñòðîäåéñòâèþ öèôðîâîãî ðåãóëÿòîðà
SubSystem è îáúåêòà óïðàâëåíèÿ (èñïîëíèòåëüíîå
óñòðîéñòâî + ÃÒÄ), èçîáðàæåíà íà ðèñ.1. Ïðåäñòàâëåí-
íàÿ â èíòåðàêòèâíîé ñèñòåìå MATLAB còðóêòóðíàÿ
ñõåìà ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ ÷àñòîòîé
âðàùåíèÿ ðîòîðà êîìïðåññîðà, ñîñòîÿùåé èç îïòèìàëü-
íîãî ïî áûñòðîäåéñòâèþ öèôðîâîãî ðåãóëÿòîðà SubSys-
tem è îáúåêòà óïðàâëåíèÿ (èñïîëíèòåëüíîå óñòðîéñòâî +
ÃÒÄ), èçîáðàæåíà íà ðèñ.2.
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Ðèñóíîê 1

 Ðèñóíîê 2

Oáùàÿ ïåðåäàòî÷íàÿ ôóíêöèÿ îáúåêòà óïðàâëåíèÿ
âìåñòå ñ èñïîëíèòåëüíûì óñòðîéñòâîì äëÿ ýòèõ ñèñòåì
îïðåäåëÿåòñÿ ïî ôîðìóëå [2-4]

, (1)

ãäå ; ;  äëÿ ñèñòåìû

óïðàâëåíèÿ ÷àñòîòîé âðàùåíèÿ ðîòîðà âåíòèëÿòîðà;

; ;  äëÿ ñèñòåìû óïðà-

âëåíèÿ ÷àñòîòîé âðàùåíèÿ ðîòîðà êîìïðåññîðà;

 ;  ;

 ;  .  

G0 s( ) x s( )
m s( )
----------- α s r+( )

s s2 bs a+ +( ) s c+( )
--------------------------------------------------e τ1s–= =

α αB≡ α0α1α2= c b1= r rB≡

α αK≡ α0α1α3= c b1= r rK≡

rB b3

α3
α2
------α8+= rK b2

α2

α3
------α7+=

b b2 b3+= a b2b3 α7α8–=
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Àìïëèòóäû èìïóëüñîâ äëèòåëüíîñòüþ  îïòèìàëü-
íîãî óïðàâëÿþùåãî âîçäåéñòâèÿ íà îáúåêò óïðàâëåíèÿ
ïðè ëèíåéíî èçìåíÿþùèìñÿ ñèãíàëå íà âõîäå ñèñòåì
óïðàâëåíèÿ íà n-ì èíòåðâàëå ðåãóëèðîâàíèÿ îïðåäåëÿ-
þòñÿ ïî ôîðìóëàì [7]

, ;

,

;

,

;

,

; (2)

ãäå ;  ;

;

;

; ; , .

   - øàã êâàíòîâàíèÿ. , ãäå  - îøèáêà ñèñòå-

ìû â ìîìåíò  . .  - ïîðÿäîê îáúåêòà

óïðàâëåíèÿ (âìåñòå ñ èñïîëíèòåëüíûì óñòðîéñòâîì).

 - ïðèðàùåíèå ñêîðîñòè íà èíòåðâàëe

ðåãóëèðîâàíèÿ  , ãäå   - ïåðâàÿ ðàç-

íîñòü (ñðåäíÿÿ ñêîðîñòü) âõîäíîãî âîçäåé-ñòâèÿ íà

èíòåðâàëe ðåãóëèðîâàíèÿ  ,  -

ïåðâàÿ ðàçíîñòü (ñðåäíÿÿ ñêîðîñòü) âõîäíîãî âîçäåé-

ñòâèÿ íà èíòåðâàëe ðåãóëèðîâàíèÿ  . 

Öèôðîâîé ðåãóëÿòîð íà êàæäîì ïîäûíòåðâàëe

 èíòåðâàëà ðåãóëèðîâàíèÿ 

ìîæíî îïèñàòü ïåðåäàòî÷íîé ôóíêöèåé

    (3)

èëè ðàçíîñòíûì óðàâíåíèåì

, (4)

ãäå  ïðè èíäåêñå  è , 

ïðè èíäåêñå .
Ïîëó÷åííûå â ðåçóëüòàòå èäåíòèôèêàöèè ÷èñëåííûå

çíà÷åíèÿ ïàðàìåòðîâ îáùåé ïåðåäàòî÷íîé ôóíêöèè îáúå-
êòà óïðàâëåíèÿ âìåñòå ñ èñïîëíèòåëüíûì óñòðîéñòâîì
äëÿ áàçîâûõ ðåæèìîâ ðàáîòû ãàçîòóðáèííîãî äâèãàòåëÿ
- ìàêñèìàëüíîãî ðåæèìà ÌÐ, ñðåäíåãî (êðåéñåðñêîãî)
ðåæèìà ÑÐ è ðåæèìà ìàëîãî ãàçà ÐÌÃ ïðèâåäåíû â
òàáëèöå 1 .

Ñîñòàâëåííàÿ ñîãëàñíî ôîðìóëàì (2) äëÿ ïåðåäàòî÷-
íîé ôóíêöèè îáùåãî îáúåêòà óïðàâëåíèÿ (1) â èíòåðàê-
òèâíîé ñèñòåìå MATLAB ñòðóêòóðíàÿ ñõåìà îïòèìàëü-
íîãî ïî áûñòðîäåéñòâèþ öèôðîâîãî ðåãóëÿòîðà ïðèâå-
äåíà íà ðèñ.3.

Ïðè ïðîèçâîëüíîì âõîäíîì âîçäåéñòâèè  u(t)  êîòîðîå
èçìåíÿåòñÿ ñ ìàêñèìàëüíîé ñêîðîñòüþ max è ìàêñè-

ìàëüíûì óñêîðåíèåì max, óäîáíî ðàññìàòðèâàòü ýêâè-

âàëåíòíîå ãàðìîíè÷åñêîå âîçäåéñòâèå 

 , (5)

ïàðàìåòðû êîòîðîãî îïðåäåëÿþòñÿ èç ñîîòíîøåíèé [8]

  ; . (6)

Â ñâîþ î÷åðåäü, åñëè çàäàíû ïàðàìåòðû ýêâèâàëåí-
òíîãî ãàðìîíè÷åñêîãî âîçäåéñòâèÿ, òî ìàêñèìàëüíàÿ ñêî-
ðîñòü wmax è ìàêñèìàëüíîå óñêîðåíèå  max ïðîèçâîëü-

íîãî âõîäíîãî âîçäåéñòâèÿ íàõîäÿòñÿ èç ñîîòíîøåíèé

  ; . (7)

Íèæå ïðåäñòàâëåíû ïðîöåññû â ñèñòåìàõ (ñì. ðèñ.1 è
2) ñ îïòèìàëüíûì ïî áûñòðîäåéñòâèþ öèôðîâûì ðåãóëÿ-
òîðîì ïðè ïîñòóïëåíèè íà âõîä êàæäîé ñèñòåìû ýêâèâà-

ëåíòíîãî ãàðìîíè÷åñêîãî âîçäåéñòâèÿ ,

ãäå ; , ïðè ðàáîòå ãàçî-

òóðáèííîãî äâèãàòåëÿ íà ìàêñèìàëüíîì (ïðîöåññû íà
ðèñ.4), êðåéñåðñêîì (ïðîöåññû íà ðèñ.5) ðåæèìàõ è â
ðåæèìå ìàëîãî ãàçà (ïðîöåññû íà ðèñ.6). Ïðè òàêèõ
ïàðàìåòðàõ ãàðìîíè÷åñêîãî âîçäåéñòâèÿ ïðîèçâîëüíîå
âõîäíîå âîçäåéñòâèå èìååò ñëåäóþùèå ìàêñèìàëüíûå

ñêîðîñòü è óñêîðåíèå: ;

.

h

m0 K0 U S0 σ∆+∆( ) Rσn 1–+= ntp t ntp h+<≤

m1 K0 q1 U S0 σ∆+∆( ) h σ∆+[ ] Rσn 1–+=

ntp h+ t ntp 2h+<≤

m2 K0 q2 U S0 σ∆+∆( ) h σ 1 q1+( )∆+[ ] Rσn 1–+=

ntp 2h+ t ntp 3h+<≤

m3 K0 q3 U S0 σ∆+∆( ) h σ 1 q1 q2+ +( )∆+[ ] Rσn 1–+=

ntp 3h+ t ntp 4h+≤ ≤

K0
ac

αhr 1 2 B λh B+cos–( ) 1 C–( )
--------------------------------------------------------------------------------= R

ac
ar
------=

S0 4h
1
r
---–

a bc+
ac

---------------
h 3 2q1 q2+ +( )

1( 2B λh B+ ) 1 C–( )cos–
------------------------------------------------------------------–+=

q1 2 B λh C+cos( ); q2– B 2C B λhcos+= =

q3 B– C= λ a
b
4
---

2
–= B e bh–= C e ch–=

h ∆U θn= θn

ntp tp Nh τ1+= N 4=

∆σ σn σn 1––=

ntp t n 1+( )tp<≤ σn

ntp t n 1+( )tp<≤ σn 1–

n 1–( )tp t ntp<≤

ntp t ntp Nh+<≤ ntp t n 1+( )tp<≤

W z( ) M z( )
θ z( )
------------

m0 m1z 1– m2z 2– m+ 3z 3–+ +

U 1 z 1– z 2– z+ 3–+ +( )∆
-----------------------------------------------------------------------= =

mi mkθi k– U mi k–

k 0=

3

∑∆–

k 0=

3

∑
 
 
 
 

/ U∆=

θ U∆= i k– 0≥ θ 0= m 0=

i k 0<–

ω
ε

uý t( ) Uý ωýtsin=

Uý
ω2

max
εmax

----------------= wý

εmax
ωmax
-------------=

ε

ωmax Uýωý= εmax Uýω2
ý=

uý t( ) 10 πt
10
------

 
 sin=

Uý 10– ωý
π
10
------ 0 314ðàä/ñ ,≈=

ωmax Uýωý 0 314ðàä/ñ ,= =

εmax Uýω2
ý 0 986 ðàä/ñ ( )2,= =

Òàáëèöà 1

MP 1,01 0,57 4,0821 3,5319 6,92 12,455 16,7

CP 0,66 0,32 6,2377 4,0216 7,45 13,651 16,7

ÐÌÃ 0,23 0,14 1,9352 1,2184 1,8 0,703 16,7

αB αK rB rK b a c
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Ðèñóíîê 3

Ïðîöåññû â ñèñòåìå (ñì. ðèñ.1)                               Ïðîöåññû â ñèñòåìå (ñì. ðèñ.2) 

a)

 

á)

â)

a)

á)

â)

Ðèñóíîê 4

0 2.5 5 7.5 10 12.5 15 17.5 20
-10

-5

0

5

10

t, c

x (t)
u (t)

3.5

-1
-0.5

0
0.5

1
1.5

2
2.5

3
3.5

0 2.5 5 7.5 10 12.5 15 17.5 20
t, c

)
θ (t)

600

0 2.5 5 7.5 10 12.5 15 17.5 20
t, c

)

m(t)

-1000
-800
-600
-400
-200

0
200
400
600

0 2.5 5 7.5 10 12.5 15 17.5 20
-10

-5

0

5

10

t, c

x(t)
u(t)

3.5

2.5 7.5 10 12.5 15 17.5 20

0 2.5 5 7.5 10 12.5 15 17.5 20
t, c

)
θ (t)

-1.5
-1

-0.5
0

0.5

1.5
1

2.5
2

3
3.5

0 2.5 5 7.5 10 12.5 15 17.5 20

0 2.5 5 7.5 10 12.5 15 17.5 20
t, c

)

m(t)

-3000
-2000
-1000

0
1000
2000
3000
4000
5000



147

Â.È. Ãîñòåâ, À.Þ. Êàðäàêîâ, Ñ.À. Ìàãëþé:  ÈÑÑËÅÄÎÂÀÍÈÅ ÑÈÑÒÅÌ ÀÂÒÎÌÀÒÈ×ÅÑÊÎÃÎ 
ÓÏÐÀÂËÅÍÈß ×ÀÑÒÎÒÀÌÈ ÂÐÀÙÅÍÈß ÐÎÒÎÐÎÂ ÄÂÓÕÂÀËÜÍÎÃÎ ÄÂÓÕÊÎÍÒÓÐÍÎÃÎ ÃÒÄ ÏÐÈ 

Ïðîöåññû â ñèñòåìå (ñì. ðèñ.1).

  

a)

á)

â)

Ïðîöåññû â ñèñòåìå (ñì. ðèñ.2)

a)

á)

â)

Ðèñóíîê 5

Îïòèìàëüíûå ïî áûñòðîäåéñòâèþ öèôðîâûå ðåãóëÿ-
òîðû â ñèñòåìàõ (ñì. ðèñ.1 è 2) íà âñåõ ðåæèìàõ ðàáîòû
ãàçîòóðáèííîãî äâèãàòåëÿ ðàáîòàþò ñ øàãîì êâàíòîâàíèÿ
h=0,25 c.

Äëèòåëüíîñòü èíòåðâàëà ðåãóëèðîâàíèÿ ïðè òàêîì
øàãå êâàíòîâàíèÿ ñîñòàâëÿåò 1ñ (tp=Nh=1c). Äëÿ òàêîãî
èíòåðâàëà ðåãóëèðîâàíèÿ ñêîðîñòü èçìåíåíèÿ ýêâèâà-
ëåíòíîãî âõîäíîãî âîçäåéñòâèÿ äîñòàòî÷íî âûñîêàÿ.

Ïðåäñòàâëåííàÿ â èíòåðàêòèâíîé ñèñòåìå MATLAB
còðóêòóðíàÿ ñõåìà ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ
÷àñòîòîé âðàùåíèÿ ðîòîðà âåíòèëÿòîðà, ñîñòîÿùåé èç
íå÷åòêîãî ðåãóëÿòîðà Ñontroller è îáúåêòà óïðàâëåíèÿ
(èñïîëíèòåëüíîå óñòðîéñòâî + ÃÒÄ), èçîáðàæåíà íà
ðèñ.7.  Ïðåäñòàâëåííàÿ â èíòåðàêòèâíîé ñèñòåìå MAT-
LAB còðóêòóðíàÿ ñõåìà ñèñòåìû àâòîìàòè÷åñêîãî óïðà-
âëåíèÿ ÷àñòîòîé âðàùåíèÿ ðîòîðà êîìïðåññîðà, ñîñòîÿ-
ùåé èç íå÷åòêîãî ðåãóëÿòîðà Ñontroller è îáúåêòà óïðà-
âëåíèÿ (èñïîëíèòåëüíîå óñòðîéñòâî + ÃÒÄ), èçîáðàæåíà
íà ðèñ.8.

Ñèíòåç íå÷åòêèõ (ðàáîòàþùèõ íà áàçå íå÷åòêîé
ëîãèêè) ðåãóëÿòîðîâ ÍÐ äëÿ ñèñòåì (ñì. ðèñ.7 è 8)
âûïîëíÿåì ïî ôîðìóëàì (5.16)-(5.30) èç ðàáîòû [9] äëÿ
ýêñïîíåíöèàëüíûõ ôóíêöèé ïðèíàäëåæíîñòè ñ øàãîì
êâàíòîâàíèÿ (ñ øàãîì ïîñòóïëåíèÿ äàííûõ â íå÷åòêèé

ðåãóëÿòîð) h=0,01 ñ. Îøèáêà íà âûõîäå ÀÖÏ , åå

ïåðâàÿ  è âòîðàÿ

 ðàçíîñòè ïîäàþòñÿ íà âõîä

ÍÐ. Ñèãíàë ñ âûõîäà ÍÐ ïîñòóïàåò íà ÖÀÏ (ôèêñàòîð

íóëåâîãî ïîðÿäêà ñ ïåðåäàòî÷íîé ôóíêöèåé

) è äàëåå íà íåïðåðûâíóþ ÷àñòü
ñèñòåìû (îáùèé îáúåêò óïðàâëåíèÿ - èñïîëíèòåëüíîå
óñòðîéñòâî + äâèãàòåëü). Â íå÷åòêîì ðåãóëÿòîðå íàñòðà-
èâàþòñÿ äèàïàçîíû èçìåíåíèÿ âõîäíûõ è âûõîäíîé ïå-

ðåìåííûõ , , ,

 è ïàðàìåòð  äëÿ âñåõ ýêñïîíåíöèàëü-

íûõ ôóíêöèé ïðèíàäëåæíîñòè: ,

 ãäå u - ïàðàìåòð (ýëåìåíò) åäè-
íîãî óíèâåðñàëüíîãî ìíîæåñòâà U=[0,1] Äëÿ óìåíü-
øåíèÿ ÷èñëà ïàðàìåòðîâ íàñòðîéêè íå÷åòêîãî ðåãóëÿ-
òîðà äèàïàçîíû èçìåíåíèÿ ïåðåìåííûõ ïðèíÿòû ñèììåò-

ðè÷íûìè: ,   è ò. ä. 

 Ïðè ïîñòóïëåíèè íà âõîä ñèñòåì (ñì. ðèñ.7 è 8)
ýêâèâàëåíòíîãî ãàðìîíè÷åñêîãî âîçäåéñòâèÿ íàñòðîéêà
íå÷åòêèõ öèôðîâûõ ðåãóëÿòîðîâ ïðîèçâîäèëàñü ñ öåëüþ
ïîëó÷åíèÿ ìèíèìàëüíîé òåêóùåé îøèáêè ðàññîãëàñî-
âàíèÿ. 

 Íèæå ïðåäñòàâëåíû ïðîöåññû â ñèñòåìàõ (ñì. ðèñ.7
è 8) ñ íå÷åòêèìè öèôðîâûìè ðåãóëÿòîðàìè ïðè ïîñòó-
ïëåíèè íà âõîä êàæäîé ñèñòåìû ýêâèâàëåíòíîãî ãàð-

ìîíè÷åñêîãî âîçäåéñòâèÿ , ãäå

, ïðè ðàáîòå ãàçîòóðáèííîãî

äâèãàòåëÿ íà ìàêñèìàëüíîì (ïðîöåññû íà ðèñ.9),
êðåéñåðñêîì (ïðîöåññû íà ðèñ.10) ðåæèìàõ è â ðåæèìå
ìàëîãî ãàçà (ïðîöåññû íà ðèñ.11). 
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Ïðîöåññû â ñèñòåìå (ñì. ðèñ.1)                                              Ïðîöåññû â ñèñòåìå (ñì. ðèñ.2)

 

a)

á)
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Ðèñóíîê 6
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Ðèñóíîê 8

Îïòèìàëüíûå ïàðàìåòðû íå÷åòêîãî öèôðîâîãî ðåãó-

ëÿòîðà , , ,   â ñèñòåìå

(ñì. ðèñ.7) íà ìàêñèìàëüíîì ðåæèìå èìåþò ñëåäóþùèå
÷èñ-ëîâûå çíà÷åíèÿ: [-1,15], [-1,4], [-25], [-100];
oïòèìàëü-íûå ïàðàìåòðûíå÷åòêîãî öèôðîâîãî ðåãóëÿòî-

ðà , , ,   â ñèñòåìå (ñì.

ðèñ.8) íà ìàêñèìàëüíîì ðåæèìå èìåþò ñëåäóþùèå ÷èñ-
ëîâûå çíà÷åíèÿ: [-0,17], [-2,5], [-100], [-1000].

Îïòèìàëüíûå ïàðàìåòðû íå÷åòêîãî öèôðîâîãî ðåãó-

ëÿòîðà , , ,  â ñèñòåìå (ñì.

ðèñ.7) íà ñðåäíåì (êðåéñåðñêîì) ðåæèìå èìåþò ñëå-
äóþùèå ÷èñëîâûå çíà÷åíèÿ [-0,15], [-1,8], [-50], [-800];
oïòèìàëüíûå ïàðàìåòðû íå÷åòêîãî öèôðîâîãî ðåãóëÿòî-

ðà , , ,  â ñèñòåìå (ñì.

ðèñ.8) íà ñðåäíåì (êðåéñåðñêîì) ðåæèìå èìåþò ñëå-
äóþùèå ÷èñëîâûå çíà÷åíèÿ: [-0,22], [-4,2], [-70], [-
1600].

Îïòèìàëüíûå ïàðàìåòðû íå÷åòêîãî öèôðîâîãî ðåãó-

ëÿòîðà , , ,  â ñèñòåìå (ñì.

ðèñ.7) â ðåæèìå ìàëîãî ãàçà èìåþò ñëåäóþùèå ÷èñëîâûå
çíà÷å-íèÿ: [-1], [-3,5], [-100], [-800]; oïòèìàëüíûå ïàðà-

ìåòðû íå÷åòêîãî öèôðîâîãî ðåãóëÿòîðà , ,

 â ñèñòåìå (ñì. ðèñ.8) â ðåæèìå ìàëîãî ãàçà

èìåþò ñëåäóþùèå ÷èñëîâûå çíà÷åíèÿ: [-0,4], [-2,5], [-
100], [-1600].

Íà âñåõ áàçîâûõ ðåæèìàõ ðàáîòû ãàçîòóðáèííîãî
äâèãàòåëÿ îïòèìàëüíûé ïàðàìåòð [c] â íå÷åòêèõ ðåãóëÿ-
òîðàõ âûáðàí ðàâíûì [20].

Ñëåäóåò îòìåòèòü, ÷òî ïîñëå íàñòðîéêè íå÷åòêèõ
ðåãóëÿòîðîâ â ñèñòåìàõ (ñì. ðèñ.7 è 8) oïòèìàëüíûå ïà-

ðàìåòðû ðåãóëÿòîðîâ , , , 

íà áàçîâûõ ðåæèìàõ ðàáîòû ãàçîòóðáèííîãî äâèãàòåëÿ
îêàçûâàþòñÿ ðàçëè÷íûìè, ò.å. äëÿ êàæäîãî ðåæèìà íå-
îáõîäèìà ñâîÿ íàñòðîéêà. Áîëåå òîãî, íàñòðîéêà íóæíà
è ïðè ðàçëè÷íûõ âîçäåéñòâèÿõ íà âõîäå ñèñòåì.

Ïðîöåññû, ïðåäñòàâëåííûå íà ðèñ.4-6, äëÿ ñèñòåì
óïðàâëåíèÿ ÷àñòîòàìè âðàùåíèÿ ðîòîðîâ âåíòèëÿòîðà
(ñì. ðèñ.1) è êîìïðåññîðà (ñì. ðèñ.2) ÃÒÄ ñ îïòèìàëü-
íûìè ïî áûñòðîäåéñòâèþ öèôðîâûìè ðåãóëÿòîðàìè è
ïðîöåññû, ïðåäñòàâëåííûå íà ðèñ.9-11, äëÿ ñèñòåì
óïðàâëåíèÿ ÷àñòîòàìè âðàùåíèÿ ðîòîðîâ âåíòèëÿòîðà
(ñì. ðèñ.7) è êîìïðåññîðà (ñì. ðèñ.8) ÃÒÄ ñ íå÷åòêèìè
öèôðîâûìè ðåãóëÿòîðàìè îïðåäåëÿþò êà÷åñòâî óêàçàí-
íûõ ñèñòåì (õàðàêòåðèçóåìîå âåëè÷èíîé òåêóùåé îøè-
áêè) è äàþò âîçìîæíîñòü ñðàâíèòü ýôôåêòèâíîñòü ðàáî-
òû ðåãóëÿòîðîâ. 
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a)

á)

â)

a)

á)

â)

Ðèñóíîê 11

Ìàêñèìàëüíàÿ òåêóùàÿ îøèáêà (áåç ó÷åòà íà÷àëüíîãî
âûáðîñà â ìîìåíò çàõâàòà âõîäíîãî ñèãíàëà) â ñèñòåìàõ
(ñì. ðèñ.1 è 2) ñ îïòèìàëüíûìè ïî áûñòðîäåéñòâèþ öèô-
ðîâûìè ðåãóëÿòîðàìè íà âñåõ ðåæèìàõ ðàáîòû ÃÒÄ
ñîñòàâëÿåò ïðèìåðíî 5-7%, à íà÷àëüíûå âûáðîñû îøèá-
êè ñîñòàâëÿþò 30-33% îò àìïëèòóäû âõîäíîãî ñèãíàëà.
Îñîáåííî âåëèêè íà÷àëüíûå àìïëèòóäû óïðàâëÿþùèõ
èìïóëüñîâ íà âõîäå îáúåêòà óïðàâëåíèÿ. 

Ìàêñèìàëüíàÿ òåêóùàÿ îøèáêà (áåç ó÷åòà íà÷àëüíîãî
âûáðîñà â ìîìåíò çàõâàòà âõîäíîãî ñèãíàëà) â ñèñòåìàõ
(ñì. ðèñ.7 è 8) ñ íå÷åòêèìè öèôðîâûìè ðåãóëÿòîðàìè íà
âñåõ ðåæèìàõ ðàáîòû ÃÒÄ ïðèìåðíî íà ïîðÿäîê ìåíüøå,
à íà÷àëüíûå âûáðîñû îøèáêè ñîñòàâëÿþò 7-12% îò
àìïëèòóäû âõîäíîãî ñèãíàëà. Íà÷àëüíûå àìïëèòóäû
óïðàâëÿþùèõ èìïóëüñîâ íà âõîäå îáúåêòà óïðàâëåíèÿ â
ñèñòåìàõ ñ íå÷åòêèìè öèôðîâûìè ðåãóëÿòîðàìè òàêæå
âî ìíîãî ðàç ìåíüøå ïî âåëè÷èíå. 

ÂÛÂÎÄÛ

Íà îñíîâàíèè ïðîâåäåííûõ èññëåäîâàíèé ìåòîäîì
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ìîæíî çàêëþ÷èòü, ÷òî
öèôðîâûå íå÷åòêèå ðåãóëÿòîðû îáëàäàþò çíà÷èòåëüíûì
ïðåèìóùåñòâîì ïî ñðàâíåíèþ ñ îïòèìàëüíûìè ïî
áûñòðîäåéñòâèþ öèôðîâûìè ðåãóëÿòîðàìè, îáåñïå÷èâàÿ
áîëåå âûñîêîå êà÷åñòâî ñèñòåì ïðè îòðàáîòêå âõîäíûõ
âîçäåéñòâèé òèïà ýêâèâàëåíòíîé ñèíóñîèäû, êîòîðîé
àïïðîêñèìèðóåòñÿ ïðîèçâîëüíîå âõîäíîå âîçäåéñòâèå ñ
îãðàíè÷åííûìè ñêîðîñòüþ èçìåíåíèÿ è óñêîðåíèåì. Ïî
ìåðå óâåëè÷åíèÿ ñêîðîñòè èçìåíåíèÿ è óñêîðåíèÿ

ïðîèçâîëüíîãî âõîäíîãî âîçäåéñòâèÿ (óâåëè÷åíèÿ ÷à-
ñòîòû è àìïëèòóäû ýêâèâàëåíòíîé ñèíóñîèäû) êà÷åñòâî
ñèñòåìû (îïðåäåëÿåìîå âåëè÷èíîé òåêóùåé îøèáêè) ñ
îïòèìàëüíûìè ïî áûñòðîäåéñòâèþ öèôðîâûìè ðåãóëÿòî-
ðàìè ðåçêî óõóäøàåòñÿ è ðàáîòà ñèñòåì ñòàíîâèòñÿ íå-
óñòîé÷èâîé, â òî âðåìÿ êàê ñèñòåìû ñ öèôðîâûìè íå÷åò-
êèìè ðåãóëÿòîðàìè ñîõðàíÿþò âûñîêîå êà÷åñòâî ðàáîòû
è ïðè äîñòàòî÷íî áîëüøèõ çíà÷åíèÿõ ñêîðîñòè èçìå-
íåíèÿ è óñêîðåíèÿ âõîäíîãî âîçäåéñòâèÿ.

Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèé ïîçâîëÿþò
ñäåëàòü âûâîä î ïåðñïåêòèâíîñòè òåîðåòè÷åñêèõ è ïðà-
êòè÷åñêèõ ðàçðàáîòîê öèôðîâûõ ñèñòåì àâòîìàòè÷åñêîãî
óïðàâëåíèÿ ïàðàìåòðàìè ãàçîòóðáèííûõ äâèãàòåëåé ñ
öèôðîâûìè íå÷åòêèìè ðåãóëÿòîðàìè.
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Âèêëàäåíî ðåçóëüòàòè äîñë³äæåííÿ ñèñòåì àâòîìà-
òè÷íîãî êåðóâàííÿ ÷àñòîòàìè îáåðòàííÿ ðîòîð³â äâîâàëü-
íîãî äâîêîíòóðíîãî ãàçîòóðá³ííîãî äâèãóíà ç îïòèìàëüíèìè
çà øâèäêîä³ºþ ³ íå÷³òêèìè öèôðîâèìè ðåãóëÿòîðàìè ïðè
äîâ³ëüíîìó âõ³äíîìó âïëèâ³ íà ð³çíèõ áàçîâèõ ðåæèìàõ
ðîáîòè äâèãóíà ìåòîäîì ìàòåìàòè÷íîãî ìîäåëþâàííÿ.

The outcomes of research of automatic control systems of
rotation frequencies of curls two-spool (double-rotor) and dou-
ble-loop gas-turbine engine with optimum on speed and fuzzy
digital controllers are explained at arbitrary entry effect on
various base power setting by a method of mathematical simu-
lation.

ÓÄÊ 62-83-52

 Ä.Í. Äî÷âèðè

ÎÏÒÈÌÈÇÀÖÈß ÄÈÍÀÌÈÊÈ ÒÈÐÈÑÒÎÐÍÎÃÎ ÝËÅÊÒÐÎÏÐÈÂÎÄÀ     
Ñ ÓÏÐÓÃÈÌ ÇÂÅÍÎÌ ÏÎ ÊÐÈÒÅÐÈßÌ ÊÀËÌÀÍÀ-ÔÐÎÁÅÍÜÞÑÀ

Ðàçðàáîòàíû ìåòîäû îïòèìèçàöèè ïåðåõîäíûõ ïðîöåñ-
ñîâ äëÿ òèðèñòîðíîãî ýëåêòðîïðèâîäà ñ óïðóãèì çâåíîì íà
îñíîâå ñîâðåìåííîé òåîðèè àâòîìàòè÷åñêîãî óïðàâëåíèÿ.
Âûâåäåíû ôîðìóëû äëÿ ðàñ÷åòà îïòèìàëüíûõ êîýôôèöèåí-
òîâ ðåãóëÿòîðîâ (îáðàòíûõ ñâÿçåé) ñèñòåìû. Ðàçðàáîòàíà
ñõåìà ïîñëåäîâàòåëüíîãî êîððåêòèðóþùåãî óñòðîéñòâà íà
áàçå äâóõ îïåðàöèîííûõ óñèëèòåëåé, êîòîðàÿ îáåñïå÷èâàåò
ìàêñèìàëüíîå áûñòðîäåéñòâèå ïðèâîäà. Ïðèâåäåíû êðèâûå
ïåðåõîäíûõ ïðîöåññîâ ñèñòåì ïðèâîäîâ.

Ó÷åíûå Ðîññèè, Ãåðìàíèè è äðóãèõ ñòðàí ìèðà äëÿ
êîìïåíñàöèè óïðóãèõ êîëåáàíèé è ïîëó÷åíèÿ ìàêñè-
ìàëüíîãî áûñòðîäåéñòâèÿ ñèñòåì òèðèñòîðíûõ ýëåêòðî-
ïðèâîäîâ ïðåäëàãàþò ðàçëè÷íûå êîððåêòèðóþùèå
óñòðîéñòâà â îñíîâíîì â âèäå ÷åòûðåõïîëþñíèêîâ ñîñòî-

ÿùèõ èç  ,  è   ýëåìåíòîâ [1-3]. Ïðè ïðàêòè÷åñêîé

ðåàëèçàöèè  ôèëüòðà íåîáõîäèìà êàòóøêà ñ
áîëüøîé èíäóêòèâíîñòüþ (â ïðåäåëàõ 30-50 Ãí), à
êîððåêöèÿ íà âõîäå ðåãóëÿòîðà ñêîðîñòè ïðè åìêîñòè

ìêÔ ãåíåðèðóåò âûñîêî÷àñòîòíûå ñèãíàëû

ïîìåõ. Ýòî âûçûâàåò ñðûâ ðàáîòû ñèñòåìû èìïóëüñíî-
ôàçîâîãî óïðàâëåíèÿ òèðèñòîðíîãî ïðåîáðàçîâàòåëÿ
(ÑÈÔÓ ÒÏ).

Öåëüþ ñòàòüè ÿâëÿåòñÿ ïîâûøåíèå ïîìåõîçàùèùåí-
íîñòè ñèñòåìû, åå òî÷íîñòè è îïòèìèçàöèÿ ïåðåõîäíûõ
ïðîöåññîâ. 

Îïòèìèçàöèÿ ïåðåõîäíûõ ïðîöåññîâ òèðè-ñòîðíîãî
ýëåêòðîïðèâîäà ñ óïðóãèì ìåõàíè÷åñêèì çâå-íîì ìîæåò
áûòü îñóùåñòâëåíà è áåç òðàäèöèîííûõ ìåòî-äîâ, åñëè
èñïîëüçîâàòü òåîðåìû Êàëìàíà-Ôðîáåíüþñà [4].
Îïòèìàëüíîå óïðàâëåíèå îáåñïå÷èâàåòñÿ ââåäåíèåì
ëèíåéíûõ îáðàòíûõ ñâÿçåé ïî âñåì ïåðåìåííûì ñîñòî-
ÿíèÿ ñèñòåìû ýëåêòðîïðèâîäà. Äëÿ îïðåäåëåíèÿ îïòè-

ìàëüíûõ êîýôôèöèåíòîâ îáðàòíûõ ñâÿçåé (ðåãóëÿòîðîâ)
ïî êðèòåðèÿì Êàëüìàíà-Ôðîáåíüþñà íåîáõîäèìî óðàâ-
íåíèÿ äèíàìèêè ïðèâîäà ïðåäñòàâèòü â ôîðìå Êîøè

, (1)

ãäå

; ;  ;

; ;  - ñèãíàë óïðàâëå-

íèÿ;  è  îòíîñèòåëüíûå èçìåíåíèÿ

óãëîâûõ ñêîðîñòåé è ìîìåíòîâ ýëåêòðîäâèãàòåëÿ è ìåõà-
íèçìà, à òàêæå óïðóãîãî ìîìåíòà ñîåäèíèòåëüíîãî âàëà;

 è  ìåõàíè÷åñêèå ïîñòîÿííûå âðåìåíè äâèãàòåëÿ è

ìåõàíèçìà;  è  ïîñòîÿííûå âðåìåíè óïðóãîãî âàëà

è ÿêîðíîé öåïè äâèãàòåëÿ; ,   è  êîýôôèöèåí-

òû ïåðåäà÷ ÒÏ è äâèãàòåëÿ (ïî âíóòðåííåé î. ñ. è ïðÿ-
ìîìó êàíàëó) [1,3].

Ðàññìàòðèâàåìàÿ ñèñòåìà ÿâëÿåòñÿ ïîëíîñòüþ óïðàâ-
ëÿåìîé è íàáëþäàåìîé, ò. ê. ìàòðèöû
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(2)
è

  (3)

èìåþò  .

Ñîãëàñíî òåîðåìå Êàëìàíà-Ôðîáåíüþñà [4] âíà÷àëå
íåîáõîäèìî ñîñòàâëåíèå ñëåäóþùèõ ñïåöèàëüíûõ
ìàòðèö:

  (4)

ãäå ,  è  êîýôôèöèåíòû õàðàêòåðèñòè÷åñêîãî ïî-

ëèíîìà  ìàòðèöû A,

êîòîðûå èìåþò ñëåäóþùèå êîíêðåòíûå çíà÷åíèÿ:

   ; ;         

; . (5)

ãäå  ñóììàðíàÿ ìåõàíè÷åñêàÿ ïîñòîÿííàÿ

âðåìåíè ïðèâîäà,
Åñëè æåëàåìîå ðàñïðåäåëåíèå ïîëþñîâ ñèñòåìû

âûáðàòü ïî çàêîíó Áàòòåðâoðòà ñ êîýôôèöèåíòàìè ,

 òî äëÿ ðåøåíèÿ çàäà÷è òðåáóåòñÿ îïðåäåëèòü
ñëåäóþùèå ðàçíîñòè óêàçàííûõ êîýôôèöèåíòîâ:

  (6)

ãäå  ÷àñòîòà, îïðåäåëÿþùàÿ áûñòðîäåéñòâèå ñèñòåìû

(äëÿ äàííîé ñèñòåìû [5]).

Ñ ïîìîùüþ (4) ñîñòàâëÿåòñÿ ìàòðèöà òèïà

 , ò. å.

 , (7)

ãäå 

  

    .(8)

Êîýôôèöèåíòû ðåãóëÿòîðîâ (îáðàòíûõ ñâÿçåé) ñèñòå-
ìû îïðåäåëÿþòñÿ âûpaæåíèåì

 , (9)

ãäå .

Îáðàòíàÿ ìàòðèöû  ñ ó÷åòîì (7) èìååò âèä

  , (10)

ãäå
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Ñîãëàñíî (6), (9) è (11) îáùèå âûðàæåíèÿ äëÿ îïðåäå-
ëåíèÿ îïòèìàëüíûõ êîýôôèöèåíòîâ îáðàòíûõ ñâÿçåé
(ðåãóëÿòîðîâ) ñèñòåìû ïðèìóò âèä
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  (12)

Ïîäñòàâëÿÿ çíà÷åíèÿ  èç (11) â (12) ñ ó÷åòîì (8),

îïðåäåëèì ðàñ÷åòíûå ôîðìóëû îïòèìàëüíûõ êîýôôèöè-
åíòîâ ðåãóëÿòîðîâ (îáðàòíûõ ñâÿçåé) ñèñòåìû ýëåêòðî-
ïðèâîäà

  (13)

Èññëåäîâàíèÿ ïåðåõîäíûõ ïðîöåññîâ ðàññìàòðèâàå-
ìîãî ïðèâîäà íà êîìïüþòåðå ïðîèçâîäèëèñü íà áàçå äàí-

íûõ   

   

 è ïîëó÷åííûõ âûøå èç (13) çíà÷åíèé êîýô-

ôèöèåíòîâ ðåãóëÿòîðîâ  

 è . Ñõåìà êîìïüþòåðíîé ìîäåëè

ïðèâîäà ïðåäñòàâëåíà íà ðèñ. 1. Êðèâûå ïåðåõîäíûõ
ïðîöåññîâ ñèñòåìû ñ îáðàòíûìè ñâÿçÿìè òîëüêî ïî òîêó
ÿêîðÿ è ñêîðîñòè äâèãàòåëÿ, ïðåäñòàâëåííûå íà ðèñ. 2,
à. á äàëåêè îò îïòèìàëüíûõ, ò. ê. ñîïðîâîæäàþòñÿ ñèëü-
íûìè êðóòèëüíûìè êîëåáàíèÿìè. Ïðè ðàáîòå ñèñòåìû
ïðèâîäà ñî âñåìè îáðàòíûìè ñâÿçÿìè ïåðåõîäíûå ïðî-
öåññû çíà÷èòåëüíî óëó÷øàþòñÿ (óïðóãèå êîëåáàíèÿ ïî÷-
òè ïîëíîñòüþ ïîãàøåíû) è ñòàíîâÿòñÿ áëèçêèìè ê îïòè-
ìèçèðîâàííûì (ðèñ. 3, à. á).

Îòðèöàòåëüíîé ÷åðòîé îïòèìèçàöèè ïåðåõîäíûõ ïðî-
öåññîâ ïî êðèòåðèþ Êàëìàíà-Ôðîáåíüþñà ÿâëÿåòñÿ ñëî-
æíîñòü èçìåðåíèÿ óïðóãîãî ìîìåíòà è óãëîâîé ñêîðîñòè
äëÿ ðÿäà ìåõàíèçìîâ. Îäíàêî îöåíî÷íûå âåëè÷èíû 

è  ìîæíî ïîëó÷èòü ïðè ïîìîùè íàáëþäàòåëüíîãî

óñòðîéñòâà, ïîñòðîåííîãî ïî ïðèíöèïó ôèëüòðà Êàëü-
ìàíà-Áüþñè íà áàçå ýòàëîííîé ìîäåëè ìåõàíè÷åñêîé
÷àñòè ýëåêòðîïðèâîäà. Ñõåìà íàáëþäàòåëÿ ñîäåðæèò
÷åòûðå èíòåãðàòîðà è òðè îïåðàöèîííûõ óñèëèòåëÿ [6].

Äëÿ ïîëó÷åíèÿ âûñîêîòî÷íûõ îöåíî÷íûõ âåëè÷èí  è

 íàáëþäàòåëü ñíàáæåí ñîáñòâåííûìè îáðàòíûìè ñâÿ-

çÿìè ñ êîýôôèöèåíòàìè ïåðåäà÷è  .

 

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà òèðèñòîðíîãî ýëåêòðîïðèâîäà ñ óïðóãèì ìåõàíè÷åñêèì çâåíîì è 
ðåãóëÿòîðàìè â îáðàòíûõ ñâÿçÿõ.
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1
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Ðèñóíîê 2 - Ïåðåõîäíûå ïðîöåññû óïðóãîãî ýëåêòðîïðèâîäà ïðè îáðàòíûõ ñâÿçÿõ òîëüêî ïî òîêó ÿêîðÿ è 
ñêîðîñòè äâèãàòåëÿ: à) ïðè ñòóïåí÷àòîì óïðàâëåíèè; á) ïðè íàáðîñå íàãðóçêè.

 

Ðèñóíîê 3 - Ïåðåõîäíûå ïðîöåññû óïðóãîãî ýëåêòðîïðèâîäà ïðè âñåõ îáðàòíûõ ñâÿçÿõ: à) ïðè óïðàâëÿþùåì 
âîçäåéñòâèè; á) ïðè íàáðîñå íàãðóçêè.

Ñèíòåç íàáëþäàòåëÿ ïðè ó÷åòå âîçìóùåíèÿ ïðèâîäà
ïðîèçâîäèòñÿ ñîãëàñíî óðàâíåíèÿì

(14)
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òè÷íûé ôóíêöèîíàë

 (15)
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 ;  

.
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ãäå ïîëîæèòåëüíî îïðåäåëåííàÿ ìàòðèöà, ÿâëÿþ-
ùàÿñÿ ðåøåíèåì ñëåäóþùåãî óðàâíåíèÿ Ðèêêàòè:

 . (17)

Àíàëèòè÷åñêîå ðåøåíèå (17) âåñüìà çàòðóäíèòåëüíî,
âñëåäñòâèå åãî íåëèíåéíîñòè. Òðóäíîñòü ìîæíî ïðåîäî-
ëåòü ïðè ïðèìåíåíèè ìàòðèöû Ãàìèëüòîíà

  (18)

Õàðàêòåðèñòè÷åñêîå óðàâíåíèå ìàòðèöû H âñåãäà
ìîæíî ïðåäñòàâèòü â âèäå ñëåäóþùèõ ñîìíîæèòåëåé:

  (19)

ãäå  ïîëèíîì n-ãî ïîðÿäêà ñèñòåìû, êîðíè êîòîðîãî

èìåþò îòðèöàòåëüíûå äåéñòâèòåëüíûå ÷àñòè, 

ñîïðÿãàþùèé ïîëèíîì . Çàìåíÿÿ â ïîëèíîìå

îïåðàòîð "s" íà ìàòðèöó H è ðåøèâ ëèíåéíîå ìàòðè÷íîå
óðàâíåíèå

 , (20)

îïðåäåëÿåì çíà÷åíèÿ , êîòîðûå óäîâëåòâîðÿþò
óðàâíåíèþ Ðèêêàòè (17). Òàêèì ïóòåì íàéäåííûå

çíà÷åíèÿ  ââîäÿòñÿ â (16), ñ ïîìîùüþ êîòîðûõ
îïðåäåëÿþòñÿ îïòèìàëüíûå êîýôôèöèåíòû îáðàòíûõ
ñâÿçåé, îáåñïå÷èâàþùèå ìèíèìèçàöèþ îøèáêè âûõîä-
íûõ ñèãíàëîâ íàáëþäàòåëÿ è îáúåêòà ðåãóëèðîâàíèÿ
ñèñòåìû.

Äëÿ ðàññìàòðèâàåìîãî ýëåêòðîïðèâîäà [6]

 

ò. å.      .

Èññëåäîâàíèÿ äèíàìèêè (íà êîìïüþòåðå â ïðîãðàììå
Mat Lab) ðàññìîòðåííîãî ïðèâîäà ïîêàçàëè, ÷òî êðèâûå
ïåðåõîäíûõ ïðîöåññîâ ñèñòåìû ñ íàáëþäàòåëüíûì óñ-
òðîéñòâîì ïî õàðàêòåðó ÿâëÿþòñÿ ïî÷òè òàêèìè æå,
êàêîâû ïåðåõîäíûå ïðîöåññû ó ñèñòåìû ïðèâîäà (ðèñ.
1), ïðåäñòàâëåííûå íà ðèñ.3,à,á. Îïòèìàëüíîå
óïðàâëåíèå ñèñòåìû îáåñïå÷èâàåòñÿ è ïðè 10-15 %-îì
äðåéôå ïàðàìåòðîâ íàñòðîéêè íàáëþäàòåëÿ îò ïàðà-
ìåòðîâ îáúåêòà ýëåêòðîïðèâîäà.

Âûñîêîýôôåêòèâíîå, ñ òî÷êè çðåíèÿ ïîäàâëåíèÿ
óïðóãèõ êîëåáàíèé è ïîëó÷åíèÿ ìàêñèìàëüíîãî áûñòðî-
äåéñòâèÿ, à òàêæå íàäåæíîå â ýêñïëóàòàöèè êîððåêòè-
ðóþùåå óñòðîéñòâî ìîæíî êîíñòðóèðîâàòü íà áàçå äâóõ
èíòåãðàòîðîâ è òðåõ îïåðàöèîííûõ óñèëèòåëåé. Äëÿ
ýòîé öåëè çàïèñûâàþòñÿ óðàâíåíèÿ äâèæåíèÿ ïðèâîäà ñ

ó÷åòîì âÿçêîóïðóãîé ìåõàíè÷åñêîé ïåðåäà÷è â îïåðà-
òîðíîì âèäå

(21)

ãäå

  ;

Y - âûõîäíîé ñèãíàë îáúåêòà (ò. å.  );  -  ïîñòî-

ÿííàÿ âðåìåíè âÿçêîãî òðåíèÿ ìåõàíè÷åñêîé ïåðåäà÷è
ïðèâîäà. Ðåøåíèå (21) âûðàæàåòñÿ, êàê

  (22)

Ââîäÿ çíà÷åíèÿ ,  è  â (22), îïðåäåëÿåì
ïåðåäàòî÷íóþ ôóíêöèþ îáúåêòà

  (23)

ãäå ; .

Òàê êàê êîððåêòîð äîëæåí êîìïåíñèðîâàòü âëèÿíèå
âòîðîãî ñîìíîæèòåëÿ â (23), ïåðåäàòî÷íàÿ ôóíêöèÿ
êîððåêòîðà äîëæíà âûãëÿäåòü òàê

 , (24)

ãäå  è  - ñîîòâåòñòâåííî âõîäíîé è âûõîä-

íîé ñèãíàëû êîððåêòîðà. Èç (24) âûòåêàåò ñëåäóþùåå
ðàâåíñòâî:

  (25)

Ñîîòâåòñòâóþùàÿ óðàâíåíèþ (25) ñòðóêòóðíàÿ ñõåìà
êîððåêòîðà ïðåäñòàâëåíà íà ðèñ.4, ÷àñòîòíûé àíàëèç
êîòîðîé äàë âîçìîæíîñòü óñòàíîâèòü åå îïòèìàëüíûå
ïàðàìåòðû [7]

, (26)

Ïîëó÷åííîå êîððåêòèðóþùåå óñòðîéñòâî ÿâëÿåòñÿ ïî-
ñëåäîâàòåëüíûì è åãî íåîáõîäèìî âêëþ÷èòü íà âõîäå
ðåãóëÿòîðà ñêîðîñòè òàê æå, êàê ýòî ñäåëàíî â ñõåìå
(ðèñ.5) äëÿ òèðèñòîðíîãî ïðèâîäà ñ ïîä÷èíåííûì
ðåãóëèðîâàíèåì.
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ÇÂÅÍÎÌ ÏÎ ÊÐÈÒÅÐÈßÌ ÊÀËÌÀÍÀ-ÔÐÎÁÅÍÜÞÑÀ

Ðèñóíîê 4 - Ñòðóêòóðíàÿ ñõåìà ïîñëåäîâàòåëüíîãî 
êîððåêòèðóþùåãî óñòðîéñòâà óïðóãîãî 

ýëåêòðîïðèâîäà

Ðåçóëüòàòû èññëåäîâàíèÿ ñèñòåìû ïðèâîäà (ðèñ.5) íà
êîìïüþòåðå ïðåäñòàâëåíû íà ðèñ. 6 è 7. Êðèâûå
ïåðåõîäíûõ ïðîöåññîâ, ïðèâåäåííûå íà ðèñ. 6, à è á, ñî-
îòâåòñòâóþò òî÷íîé íàñòðîéêå êîððåêòîðà ïî óñëîâèÿì
(26). Ýòè êðèâûå ñâîáîäíû îò óïðóãèõ êîëåáàíèé è
ÿâëÿþòñÿ îïòèìèçèðîâàííûìè è ïî áûñòðîäåéñòâèþ.
Êðèâûå ïåðåõîäíûõ ïðîöåññîâ, ïðèâåäåííûå íà ðèñ. 7 à
è á, ïîëó÷åíû ïðè äðåéôå ïàðàìåòðîâ êîððåêöèè îò èõ
îïòèìàëüíûõ çíà÷åíèé. Ïðîöåññû â ýòîì ñëó÷àå ïðè
óïðàâëÿþùåì âîçäåéñòâèè ÿâëÿþòñÿ ñèëüíîêîëåáàòåëü-
íûìè è íåïðèåìëåìûìè äëÿ ïðàêòè÷åñêèõ öåëåé.

Äëÿ ïîäòâåðæäåíèÿ ïîëó÷åííûõ âûøå òåîðåòè÷åñêèõ
ðåçóëüòàòîâ áûëè ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëå-
äîâàíèÿ íà äåéñòâóþùåé áóìàãîäåëàòåëüíîé ìàøèíå.
Êðèâûå, ïîêàçàííûå íà ðèñ.8 à, á, â, ñîîòâåòñòâóþò
ðàáî-òå ñåêöèîííûõ ïðèâîäîâ áåç êîððåêöèè, à êðèâûå
íà ðèñ.9 à,á, â ïîëó÷åíû ïîñëå âêëþ÷åíèÿ êîððåêòîðà
(ðèñ.4) íà âõîäå ðåãóëÿòîðîâ ñêîðîñòè ïðèâîäîâ.

 

Ðèñóíîê 5 - Êîìïüþòåðíàÿ ìîäåëü óïðóãîãî òèðèñòîðíîãî ýëåêòðîïðèâîäà ñ ïîä÷èíåííûì è 
ïîñëåäîâàòåëüíûì êîððåêòèðóþùèì çâåíîì

Ðèñóíîê 6 - Ïåðåõîäíûå ïðîöåññû óïðóãîãî ýëåêòðîïðèâîäà ñ òî÷íîé íàñòðîéêîé êîððåêöèè ïðè ñòóïåí÷àòîì 
âîçäåéñòâèè: à) ïî óïðàâëåíèþ è á) ïî íàãðóçêå
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Ðèñóíîê 7 - Ïåðåõîäíûå ïðîöåññû óïðóãîãî ýëåêòðîïðèâîäà ïðè äðåéôå ïàðàìåòðîâ êîððåêöèè 

( ) îò ïàðàìåòðîâ îáúåêòà ïðè: à) óïðàâëÿþùåì è á) âîçìóùàþùåì 

âîçäåéñòâèè

Ðèñóíîê 8 - Ýêñïåðèìåíòàëüíûå êðèâûå ïåðåõîäíûõ 
ïðîöåññîâ óïðóãèõ ýëåêòðîïðèâîäîâ áóììàøèíû áåç 
êîððåêöèè: à) ïðåññîâîé ñåêöèè; á) è â) ñóøèëüíîé 

ñåêöèè

Ðèñóíîê 9 - Ýêñïåðèìåíòàëüíûå êðèâûå ïåðåõîäíûõ 
ïðîöåññîâ óïðóãèõ ïðèâîäîâ ñ êîððåêòîðîì 

ïîñëåäîâàòåëüíîãî òèïà: à) ïðåññîâîé ñåêöèè; á) è â) 
ñóøèëüíîé ñåêöèè

T3 T1  T4 T6=; T8; T3 T2== =
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ÂÛÂÎÄÛ

1. Íà îñíîâàíèè òåîðåì Êàëìàíà-Ôðîáåíüþñà âûâå-
äåíû îáîáùåííûå âûðàæåíèÿ äëÿ ðàñ÷åòà îïòèìàëüíûõ
çíà÷åíèé êîýôôèöèåíòîâ îñíîâíûõ îáðàòíûõ ñâÿçåé
òèðèñòîðíîãî ýëåêòðîïðèâîäà ñ óïðóãèì çâåíîì;

2. Îïðåäåëåíû îïòèìàëüíûå êîýôôèöèåíòû
ñîáñòâåííûõ îáðàòíûõ ñâÿçåé íàáëþäàòåëÿ (ôèëüòðà
Êàëìàíà-Áüþñè) ðåøåíèåì óðàâíåíèÿ Ðèêêàòè è ñ ïîìî-
ùüþ Ãàìèëüòîíîâîé ìàòðèöû. Èñïîëüçîâàíèå ãèáêîé
îáðàòíîé ñâÿçè ïî îöåíî÷íîìó ñèãíàëó ïðîèçâîäíîé ñêî-
ðîñòè äâèãàòåëÿ (îò íàáëþäàòåëÿ) ýôôåêòèâíî ïîäà-
âëÿåò ñèëüíûå óïðóãèå êîëåáàíèÿ â ñèëîâîé ýëåêòðî-
ìåõàíè÷åñêîé ÷àñòè ïðèâîäà. Ýòèì îáåñïå÷èâàåòñÿ è
ïîìåõîçàùèùåííîñòü ÑÈÔÓ ÒÏ;

3. Ñ öåëüþ ïîëó÷åíèÿ ïðåäåëüíîãî áûñòðîäåéñòâèÿ è
ýôôåêòèâíîãî ãàøåíèÿ óïðóãèõ êîëåáàíèé â ñèñòåìå
ïðèâîäà àíàëèòè÷åñêèì ïóòåì ðàçðàáîòàíà ñòðóêòóðíàÿ
ñõåìà ïîñëåäîâàòåëüíîãî êîððåêòèðóþùåãî óñòðîéñòâà
íà áàçå äâóõ èíòåãðàòîðîâ è òðåõ îïåðàöèîííûõ
óñèëèòåëåé.
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Íàä³éøëà 13.09.2003

In the work on the base of modern theory of automatic con-
trol are elaborated methods for optimization of transient pro-
cesses of thyristor electrical drive with elastic section. The
formulas for calculation of optimal coefficients of regulators
(feedback connections) of the system are deduced. Scheme of
successive corrector, with two integrators and three opera-
tional amplifiers, which make sure maximal quickaction of
drive, is elaborated. The curves of transient processes for the
drive systems are given.

ÓÄÊ 62-83:621.313.333

Å.Å. Ïîòàïåíêî, À.Â. Ñîëîìàõà, À.À. Êóëèêîâ

ÎÖÅÍÊÀ ÏÎÒÎÊÎÑÖÅÏËÅÍÈÉ ÀÑÈÍÕÐÎÍÍÛÕ ÄÂÈÃÀÒÅËÅÉ       
ÏÐÈ ÍÀËÈ×ÈÈ ÏÎÃÐÅØÍÎÑÒÅÉ ÈÇÌÅÐÅÍÈÉ ÒÎÊÀ È ÍÀÏÐßÆÅÍÈß

Ñèíòåçèðîâàíû àëãîðèòìû îöåíêè ïîòîêîñöåïëåíèé ðî-
òîðà è ñòàòîðà àñèíõðîííûõ äâèãàòåëåé ïðè íàëè÷èè
ïîñòîÿííûõ ïîãðåøíîñòåé èçìåðåíèÿ òîêà è íàïðÿæåíèÿ.
Àëãîðèòìû óñòðàíÿþò èçâåñòíóþ ïðîáëåìó "÷èñòîãî"
èíòåãðèðîâàíèÿ è ìèíèìèçèðóþò îáú¸ì âû÷èñëåíèé. Ðàñ-
ñìîòðåíû âîïðîñû ïîìåõîçàùèù¸ííîñòè îò ýôôåêòà êâàí-
òîâàíèÿ â ïðåîáðàçîâàòåëå ÷àñòîòû ñ øèðîòíî-èìïóëüñíîé
ìîäóëÿöèåé.

ÂÂÅÄÅÍÈÅ

Â ñîâðåìåííûõ ñèñòåìàõ óïðàâëåíèÿ àñèíõðîííûìè
äâèãàòåëÿìè (ÀÄ) (âåêòîðíîå óïðàâëåíèå è ïðÿìîå
óïðàâëåíèå ìîìåíòîì è ïîòîêîñöåïëåíèåì) êëþ÷åâûìè
êîîðäèíàòàìè èõ âåêòîðà ñîñòîÿíèÿ ÿâëÿþòñÿ ïðîåêöèè
âåêòîðîâ ïîòîêîñöåïëåíèé ðîòîðà è (èëè) ñòàòîðà íà îñè
ðàçëè÷íûõ áàçèñîâ è ñêîðîñòè âðàùåíèÿ ýòèõ âåêòîðîâ.
Èçâåñòíî, ÷òî ïîòîêîñöåïëåíèå ìîæíî íàéòè èíòåãðèðî-
âàíèåì ÝÄÑ. Îäíàêî, ïðè "÷èñòîì" èíòåãðèðîâàíèè
âîçíèêàþò îøèáêè èç-çà íåèçâåñòíûõ íà÷àëüíûõ óñëî-
âèé è èíòåãðàëîâ îò ïîãðåøíîñòåé äàò÷èêîâ òîêà è
íàïðÿæåíèÿ. Äëÿ óñòðàíåíèÿ îøèáîê îò íà÷àëüíûõ
óñëîâèé è îãðàíè÷åíèÿ îøèáîê îò ñìåùåíèÿ íóëåé

äàò÷èêîâ â ðàáîòå [1] ïðåäëîæåíî çâåíüÿ "÷èñòîãî"
èíòåãðèðîâàíèÿ çàìåíèòü íà èíåðöèîííûå çâåíüÿ ïåð-
âîãî ïîðÿäêà. Îäíàêî, ïðè íèçêèõ ÷àñòîòàõ òàêàÿ çàìå-
íà ïðèâîäèò ê íåäîïóñòèìî áîëüøèì ïîãðåøíîñòÿì
àìïëèòóäû è ôàçû ïîòîêîñöåïëåíèÿ. Â ðàáîòàõ [2, 3]
ïðåäëîæåíû äðóãèå ìåòîäû îáõîæäåíèÿ ïðîáëåìû
"÷èñòîãî" èíòåãðèðîâàíèÿ, êîòîðûå íå óñòðàíÿþò îøèá-
êè îò ñìåùåíèÿ íóëåé äàò÷èêîâ è îáëàäàþò âû÷èñëè-
òåëüíîé ñëîæíîñòüþ. Â ðàáîòå [4] ñèíòåçèðîâàíû ïðî-
ñòûå àëãîðèòìû óñòðàíåíèÿ ïðîáëåìû íà÷àëüíûõ óñëî-
âèé è îãðàíè÷åíèÿ âëèÿíèÿ ñìåùåíèÿ íóëåé.

Öåëüþ äàííîé ñòàòüè ÿâëÿåòñÿ ìîäåðíèçàöèÿ
àëãîðèòìîâ ðàáîòû [4] ñ öåëüþ óñòðàíåíèÿ âëèÿíèÿ
ñìåùåíèÿ íóëåé äàò÷èêîâ.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Â ïðåäïîëîæåíèè, ÷òî ñêîðîñòü èçìåíåíèÿ ìîäóëÿ
âåêòîðà ïîòîêîñöåïëåíèÿ ðîòîðà ( ) ãîðàçäî ìåíüøå
ñêîðîñòè åãî èçìåíåíèÿ çà ñ÷åò âðàùåíèÿ â ñòàòîðíîì

áàçèñå  ñî ñêîðîñòüþ , óðàâíåíèÿ èçìåíåíèÿ

ψ

α, β( ) ω0
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âåêòîðà ïîòîêîñöåïëåíèÿ èìåþò ñëåäóþùèé âèä:

. (1)

Âåêòîð  ñâÿçàí ñ âåêòîðîì ÝÄÑ  óðàâíåíèåì

, (2)

à ÝÄÑ, â ñâîþ î÷åðåäü, îïðåäåëÿåòñÿ âûðàæåíèåì

. (3)

Â (1) - (3) è äàëåå ïðèíÿòû ñëåäóþùèå îáîçíà÷åíèÿ:

   - âåêòîðû òîêà è íàïðÿæåíèÿ ñòàòîðà (ýòè è äðóãèå

âåêòîðû çàäàíû ïðîåêöèÿìè íà îñè áàçèñà ( ),

 - èíäóêòèâíîñòè ñòàòîðà è ðîòîðà,  - âçàèìíàÿ

èíäóêòèâíîñòü ñòàòîðà è ðîòîðà,  - ñîïðîòèâëåíèå

ñòàòîðà,  - êîýôôèöèåíò ðàññåèâàíèÿ,  - îïåðàòîð
äèôôåðåíöèðîâàíèÿ,

(4)

Óðàâíåíèÿ (1) è (2) âñëåäñòâèå îáðàòèìîñòè ìàòðèöû
  ïîçâîëÿþò çàïèñàòü

 (5)

Ïðåäïîëàãàåòñÿ, ÷òî äàò÷èêè, èçìåðÿþùèå , èìå-
þò ñìåùåíèÿ íóëåé, ïðèâîäÿùèå ê ñìåùåíèþ âûðàæå-
íèÿ (3) íà ïîñòîÿííûé âåêòîð , îïèñûâàåìûé óðàâíå-

íèåì

. (6)

Ïîýòîìó èçìåðåíèåì âåêòîðà  áóäåì ñ÷èòàòü

âûðàæåíèÿ

  (7)

Öåëüþ äàííîé ñòàòüè ÿâëÿåòñÿ îöåíêà  è  ïî

âûðàæåíèÿì (1), (6), (7).

2 ÑÈÍÒÅÇ ÔÈËÜÒÐÎÂ ÎÖÅÍÊÈ

Áóäåì ðàññìàòðèâàòü (1) è (6) êàê óðàâíåíèÿ îáúå-
êòà, à (7) êàê èçìåðåíèå. Ïðåæäå ÷åì ïðèñòóïèòü ê
ñèíòåçó ôèëüòðà, èññëåäóåì âîññòàíàâëèâàåìîñòü ñèñòå-
ìû (1), (6), (7). Â ñîîòâåòñòâèè ñ òåîðåìîé [5], äëÿ ïîë-
íîé âîññòàíàâëèâàåìîñòè íåîáõîäèìî è äîñòàòî÷íî,

÷òîáû ïðè  èç ñèñòåìû (1), (6), (7) ñëåäîâàëî

.  Ïóñòü , òîãäà èç (7) ñëåäóåò

  (8)

Ïîäñòàíîâêà (8) â (1) ñ ó÷åòîì (6) äàåò

  (9)

Ïîñêîëüêó  òî ïðè  èç (9) è (8)

ñëåäóåò . Ñëåäîâàòåëüíî, ñèñòåìà (1), (6), (7)

ÿâëÿåòñÿ ïîëíîñòüþ âîññòàíàâëèâàåìîé ïðè  è

äëÿ íåå ìîæíî ïîñòðîèòü íàáëþäàòåëü [6, 7] â âèäå

  (10)

  (11)

ãäå çíàêîì ” ” îáîçíà÷åíû îöåíêè ñîîòâåòñòâóþùèõ

ïåðåìåííûõ;  - ìàòðèöû êîýôôèöèåíòîâ óñèëåíèÿ

íàáëþäàòåëÿ ðàçìåðîì . Äëÿ ñíèæåíèÿ îáúåìà
âû÷èñëåíèé ïðè ðåàëèçàöèè íàáëþäàòåëÿ â ñîîòâåòñòâèè
ñ [8, 9] ïðåäñòàâèì åãî â âèäå äâóõ áëîêîâ: íàáëþäàòåëÿ
ïðåîáðàçîâàííîãî âåêòîðà ïîòîêîñöåïëåíèÿ

  (12)

è íàáëþäàòåëÿ ïîãðåøíîñòåé ÝÄÑ (â äàëüíåéøåì
ïðîñòî ïîãðåøíîñòåé). Â (12)   - ïîñòîÿííàÿ ìàòðèöà

êîýôôèöèåíòîâ óñèëåíèÿ íàáëþäàòåëÿ. Äëÿ ðàçäåëåíèÿ
íàáëþäàòåëÿ ââîäèòñÿ íåîñîáîå ïðåîáðàçîâàíèå [8, 9]

 

Çäåñü  - ïîñòîÿííàÿ ìàòðèöà, îïðåäåëåííàÿ
íèæå. Â ñîîòâåòñòâèè ñ ýòèì ïðåîáðàçîâàíèåì

  (13)

Ïîäñòàíîâêà (13) â (10) ñ ó÷åòîì (11) è ñðàâíåíèå ñ
(12) äàþò óðàâíåíèÿ

  (14)

  (15)

Âûøå áûëî ïîêàçàíî, ÷òî ñèñòåìà (1), (6), (7) ïðè
 ÿâëÿåòñÿ ïîëíîñòüþ âîññòàíàâëèâàåìîé. Ïîýòîìó

ïðè  âûáîðîì ìàòðèöû  ìàòðèöó 

ìîæíî ñäåëàòü ãóðâèöåâîé, çàäàâ åé ëþáîé æåëàåìûé

ñïåêòð. Âñëåäñòâèå ãóðâèöåâîñòè ìàòðèöà 

áóäåò îáðàòèìîé. Òîãäà èç (15) ìîæíî çàïèñàòü

  (16)

Ïîäñòàíîâêà (13) â (11) äàåò óðàâíåíèå íàáëþäàòåëÿ
ïîãðåøíîñòåé

  (17)

Ïîñêîëüêó íåîñîáîå ïðåîáðàçîâàíèå (13) íå íàðóøàåò
ïîëíîé âîññòàíàâëèâàåìîñòè ñèñòåìû, òî ñïåêòð ìàòðè-
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ÄÂÈÃÀÒÅËÅÉ ÏÐÈ ÍÀËÈ×ÈÈ ÏÎÃÐÅØÍÎÑÒÅÉ ÈÇÌÅÐÅÍÈÉ ÒÎÊÀ È ÍÀÏÐßÆÅÍÈß

öû ïåðåä  ìîæíî çàäàâàòü ïðîèçâîëüíî. Òàêèì îáðà-

çîì, íàáëþäàòåëü ðàçäåëåí íà äâå ÷àñòè: (12) è (17),
ïðè÷åì óðàâíåíèå (12) íåçàâèñèìî îò óðàâíåíèÿ (17),
âñëåäñòâèå ÷åãî ýòè óðàâíåíèÿ èíòåãðèðóþòñÿ ïîñëåäî-
âàòåëüíî, ÷òî ñóùåñòâåííî ñíèæàåò çàãðóçêó âû÷èñëè-
òåëÿ. Âåêòîð  îöåíèâàåòñÿ ïî çàâèñèìîñòè (13). Ñëå-
äóåò îòìåòèòü, ÷òî óðàâíåíèå (12) ïîëíîñòüþ ñîîòâåò-
ñòâóåò ñèñòåìå (3) ðàáîòû [4], ñèíòåçèðîâàííîé áåç

ó÷åòà ñìåùåíèÿ .
Âûøå ïðè ñèíòåçå íàáëþäàòåëÿ ïðåäïîëàãàëîñü, ÷òî

ñêîðîñòü  èçâåñòíà. Â òîì ñëó÷àå, êîãäà îíà íå èçâå-
ñòíà, åå ìîæíî îöåíèòü ñëåäóþùèì îáðàçîì. Óìíîæèì

ñëåâà óðàâíåíèå (1) íà . Èç ïîëó÷åííîãî ìîæíî
íàéòè

  (18)

Çàìåíèâ â (18)  íà åãî îöåíêó , ïîëó÷èì

  . (19)

Ñèñòåìà óðàâíåíèé (12), (16), (17), (19) îáðàçóåò

àäàïòèâíûé ôèëüòð äëÿ îöåíêè  
Ðàññìîòðèì âîïðîñ ïîìåõîçàùèùåííîñòè ñèíòåçè-

ðîâàííûõ àëãîðèòìîâ. Â âûðàæåíèå (3) âõîäèò ïðîèç-
âîäíàÿ îò òîêà, êîòîðûé ñîäåðæèò âûñîêî÷àñòîòíóþ
ïîìåõó, îáóñëîâëåííóþ øèðîòíî-èìïóëüñíîé ìîäóëÿöè-
åé ïðåîáðàçîâàòåëÿ ÷àñòîòû. Óñòðàíèòü ýòó ïðîáëåìó
ìîæíî äâóìÿ ìåòîäàìè. Âî-ïåðâûõ, ìîæíî âîñïîëüçîâà-
òüñÿ âûðàæåíèåì [10]

  . (20)

ãäå  - ñêîðîñòü âðàùåíèÿ âåêòîðà òîêà â ñòàòîðíîì

áàçèñå, ïðè÷åì ñ äîñòàòî÷íîé ñòåïåíüþ òî÷íîñòè ìîæíî
ïîëàãàòü

 . (21)

Ïîñëåäîâàòåëüíûå ïîäñòàíîâêè (21) â (20), (20) â
(3), à (3) â (7) óñòðàíÿþò ïðîáëåìó äèôôåðåíöèðîâà-
íèÿ. Âî-âòîðûõ, âìåñòî óðàâíåíèé ïîòîêîñöåïëåíèÿ ðî-
òîðà (1) - (3) ìîæíî ðàññìàòðèâàòü óðàâíåíèÿ ïîòîêî-
ñöåïëåíèÿ ñòàòîðà

 , , ,

êîòîðûå íå ñîäåðæàò ïðîèçâîäíîé òîêà. Ïîòîêîñöåïëå-
íèÿ ðîòîðà è ñòàòîðà ñâÿçàíû ñîîòíîøåíèåì

 ÇÀÊËÞ×ÅÍÈÅ

Ñèíòåçèðîâàíû àëãîðèòìû îöåíêè ïîòîêîñöåïëåíèé
ðîòîðà è ñòàòîðà àñèíõðîííûõ äâèãàòåëåé ïðè íàëè÷èè
ïîñòîÿííûõ ïîãðåøíîñòåé èçìåðåíèÿ òîêà è íàïðÿæå-
íèÿ. Îöåíêà îñóùåñòâëÿåòñÿ ñ ïîìîùüþ íàáëþäàòåëÿ

÷åòâåðòîãî ïîðÿäêà. Â îòëè÷èå îò êëàññè÷åñêîãî
íàáëþäàòåëÿ, ñèíòåçèðîâàííûé íàáëþäàòåëü ïðåäñòàâ-
ëåí â âèäå äâóõ ïîäñèñòåì âòîðîãî ïîðÿäêà êàæäàÿ,
ïðè÷åì îäíà ïîäñèñòåìà íåçàâèñèìà îò äðóãîé. Ýòî
ïîçâîëÿåò èíòåãðèðîâàòü èõ ïîñëåäîâàòåëüíî. Èçâåñòíî
[11], ÷òî îáúåì âû÷èñëåíèé ïðè èíòåãðèðîâàíèè ñèñòå-
ìû äèôôåðåíöèàëüíûõ óðàâíåíèé ïðîïîðöèîíàëåí êóáó
ïîðÿäêà ñèñòåìû. Ïîýòîìó â êëàññè÷åñêîì íàáëþäàòåëå

îáúåì âû÷èñëåíèé ïðîïîðöèîíàëåí 43=64. Îáúåì âû÷è-
ñëåíèé â ñèíòåçèðîâàííîì íàáëþäàòåëå ïðîïîðöèîíàëåí

23+23=16, ò. å. äîñòèãíóòî ñíèæåíèå îáúåìà âû÷èñëåíèé
â 4 ðàçà. Â ñòàòüå òàêæå ïðåäëîæåíû ìîäèôèêàöèè ñèí-
òåçèðîâàííûõ àëãîðèòìîâ, ïîâûøàþùèå èõ ïîìåõîç-
àùåùåííîñòü.

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. X. Xu, R. De Doncker and D. W. Novotny. Stator Flux Orien-
tation Control of Induction Machines in the Field Weakening
Region// IEE-IAS Annual Meeting Conf. Rec. - 1988. - Pp.
437-443.

2. T. Ohtani, N. Tacada and K. Tanaka. Vector Control of
Induction Motor without Shaft Encoder// IEEE Trans.
Indust. Applic. - 1992. - Vol. 28, ¹ 1. - Pp. 157-164.

3. J. O. P. Pinto, B. K. Bose and L. E. Borges da Silva. A Sta-
tor-Flux-Oriented Vector-Controlled Induction Motor Drives
with Space-Vector PWM and Flux-Vector Synthesis by Neural
Networks// IEEE Trans. Industry Applications. - 2001. -
Vol.37, ¹ 5. - Pp. 1308-1317.

4. Ïîòàïåíêî Å. Ì., Ïîòàïåíêî Å. Å. Îöåíêà âåêòîðîâ ïî-
òîêîñöåïëåíèé è èõ ñêîðîñòåé â äâèãàòåëÿõ ïåðåìåííîãî
òîêà//Â³ñíèê ÍÒÓ "ÕÏ²". Òåìàòè÷íèé âèï. "Ïðîáëåìè
àâòîìàòèçîâàíîãî åëåêòðîïðèâîäà. Òåîð³ÿ ³ ïðàêòèêà". -
Õàðê³â: ÍÒÓ "ÕÏ²", 2003. - Ò.1,¹ 10 C.105-107.

5. Êâàêåðíààê Õ., Ñèâàí Ð. Ëèíåéíûå îïòèìàëüíûå ñèñòåìû
óïðàâëåíèÿ. - Ì.: Ìèð, 1977. - 650 ñ.

6. Àíäðååâ Þ. Í. Óïðàâëåíèå êîíå÷íîìåðíûìè ëèíåéíûìè
îáúåêòàìè. - Ì.: Ãë. ðåä. ôèç. - ìàò. ëèò. èçä-âà "Íàóêà",
1976. - 424 ñ.

7. 7.Êóçîâêîâ Í. Ò. Ìîäàëüíîå óïðàâëåíèå è íàáëþäàþùèå
óñòðîéñòâà. - Ì.: Ìàøèíîñòðîåíèå, 1976. - 184 ñ.

8. Friedland B. Treatment of Bias in Recursive Filtering// IEEE
Trans. on Automatic Control. - 1969. - Vol. AC-14, ¹ 4. -
Pp. 359-367.

9. Ïîòàïåíêî Å. Ì. Ðîáàñòíûå êîìáèíèðîâàííûå ñèñòåìû
óïðàâëåíèÿ ñ íàáëþäàòåëÿìè// Ïðîáëåìû óïðàâëåíèÿ è
èíôîðìàòèêè. - 1995. - ¹ 2. - Ñ. 36 - 43.

10. Ïîòàïåíêî Å. Å., Ïîòàïåíêî Å. Ì. Ñèíòåç áûñòðîäåéñòâó-
þùèõ àëãîðèòìîâ îöåíêè âåêòîðà ñîñòîÿíèÿ àñèíõðîí-
íîãî äâèãàòåëÿ// Òåõí³÷íà åëåêòðîäèíàì³êà. Ñïåö.
âèïóñê: Ïðîáëåìè ñó÷àñíî¿ åëåêòðîäèíàì³êè. - 2002. -
×àñò.4. - Ñ. 33 - 36.

11. Øìèäò Äæ. Ëèíåéíûå è íåëèíåéíûå ìåòîäû ôèëüòðàöèè/
/ Ôèëüòðàöèÿ è ñòîõàñòè÷åñêîå óïðàâëåíèå â äèíàìè-
÷åñêèõ ñèñòåìàõ/ Ïîä ðåä. Ê. Ò. Ëåîíäåñà. - Ì.: Ìèð,
1980. - Ñ. 49 - 73.

Íàä³éøëà 20.08.03
Ï³ñëÿ äîðîáêè 26.09.03

Ñèíòåçîâàíî àëãîðèòìè îö³íêè ïîòîêîç÷åïëåíü ðîòîðà ³
ñòàòîðà àñèíõðîíèõ äâèãóí³â ïðè íàÿâíîñò³ ïîñò³éíèõ
ïîõèáîê âèì³ðó ñòðóìó ³ íàïðóãè. Àëãîðèòìè óñóâàþòü
â³äîìó ïðîáëåìó "÷èñòîãî" ³íòåãðóâàííÿ ³ ì³í³ì³çóþòü
îáñÿã îá÷èñëåíü. Ðîçãëÿíóòî ïèòàííÿ ïåðåøêîäî-çàõèùå-
íîñò³ â³ä åôåêòó êâàíòóâàííÿ â ïåðåòâîðþâà÷³ ÷àñòîòè ³ç
øèðîòíî-³ìïóëüñíîþ ìîäóëÿö³ºþ.

Algorithms of an estimation of flux linkages of the rotor
and the stator of induction motors are synthesized at presence
of constant values of measuring errors of a current and a volt-
age. Algorithms eliminate a known problem of a "pure" inte-
gration and minimize volume of calculations. Questions of a
noise-immunity from effect of quantization in the frequency
converter with a pulse-width modulation are considered.
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