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RCD NUISANCE TRIPPING: WHO'S GUILTY AND WHAT NEEDS TO BE
DONE?

The reasons for nuisance tripping of residua current devices (RCD) are analyzed in the
article and the affect of many external factorsis discussed. Solutions are described for avoiding

faulty tripping of an RCD.

Keywords: residua current device, RCD, nuisance tripping, harmonic, differentia current,

leakage current.

INTRODUCTION

Residual current devices (RCD) arewidely used all over
the world in households and commercial enterprisesasan
additional protection against electric shock (RCD with
differential tripping currents of upto 30 mA [1, 2]) and as
protection from fire, which can result from temperature
increases due to current flowing through broken cable
insulation and other types of equipment (RCD with tripping
currentsfrom 100to 300 mA [3, 4]).

Since RCD are used so widdly, information about their
nuisance tripping isin the public domain. It's onething if
power outage occursin an apartment in ahouse; this can be
easily fixed, by returning theRCD toitsinitia position. But
it's absolutely a different thing if this outage occurs when
complex commercial eectronic equipment, computers,
servers, etc are working. The losses in this case can be
tremendous; and these losses can be not only material.
Paragraph 7.1.81 of the Operational Codes for Electric
Ingtallations(OCEI-7) dearly prohibitsinstallation of RCDs
for dectric consumersthe disconnection of which can result
in situations dangerous for consumers (disconnection of
firealarms, and thelike). However, it isnot always easy to
predict the consegquences of the disconnection of specific
electricrece verswired through an RCD (such ascomputers,
contralling atechnol ogical process, special communication

© Gurevich V. 1., 2013

devicesand darms, ec.). Thisiswhy the problem of nuisance
tripping of RCD isvery relevant. Thistopicisdiscussedin
multiple articles found in special technical references [5—
10], it is even mentioned in catalogues of large RCD
manufacturers, such asABB, Siemens, Schneider Electric,
Merlin Gerin, Legrand, Eaton, Mudler and others.

Standards[11, 12] describetwo major types of an RCD,
i.e,ACandA. Whilestandard [13] mentionstwo additional
types, i.e., B and F. All of them differ in terms of current
flowing through the RCD. For example, theACtypeRCD is
designed for sinusoidal alternating current only; the A type
isdesigned for alternating sinusoidd current and rectifying
current imposed toit; the B typeisdesigned for alternating
sinusoidal current with a frequency up to 1000 Hz and
pulsing, direct or rectified smoothed current; and theF type
(«F» stands for frequency) is designed for alternating
sinusoidal or pulsing current aswell as for non-sinusoidal
current, which contains harmonics generated by frequency
converters. Many additional types have been «invented»
by manufacturers with the purpose of reducing nuisance
tripping problems, such as, typesU, K, AP-R, Sl and others,
which are not mentioned in standards. RCD can aso be
divided into general use devices (type G — genera) and
selective devices (S—selective). Thelatter have increased
differential trip currentsand are equipped with trip delays.
They are used in branched cascade networks.
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Despitetheavailahility of multipletypesof RCDsinthe
market, the problem of nuisancetrippingisstill rdevant.

1ANALYSS OF REASON FOR RCD NUISANCE
TRIPPING

Let’smakeit dear from the start: wewill not bediscussing
faulty tripping of RCD asaresult of RCD’sfailures. Rather
we will be discussing only nuisance tripping of fully
functional RCDs. The reader may ask: Why? If an RCD is
fully functional and meets all the requirements set for it,
how can it be tripped falsely? The issue is about specific
conditions and operational modes which may occur in
electric mains as well as those parameters of these mains
and modes of operation of electric energy consumers. Due
tothe high sensitivity of the RCD, the operational modes of
the main and consumers characteristics powered through
theRCD have adirect impact on the deviceand often result
in itsfaulty actuation.

1.1 Natural («background») leakage current to the
ground through intact insulation of cablesand electric
loads

It is known that RCD responds to the so-called
differential current, which isadifference between the phase
current (or asum of the phase currentsin a 3-power network)
and current in the neutral. If the current flows to a load
through an RCD via a phase wire and returns to the RCD
through aneutral wire, thedifferential current for which the
RCD issat upwill amount to zero. If part of the phase current
that flows through the RCD is «leaked» to the ground
through faulty insulation and does not return to the RCD
through a neutral wire, a difference of currentswill occur
(differential current) to which the RCD responds. The
distributed capacities related to ground wires, capacities
between coils of transformers and motors related to
grounded housings, capacities of multiple filtersinstalled
in the supply circuits of almost all types of electronic
equi pment arethe waysthrough which current may «leak»
totheground. Thisisactually thecurrent towhich anintact
RCD should react. According to the standards [ 14, 15] the
RCD’strip current may fall in therange of 0,51 o\ — | An-
Thismeansthat afunctional RCD with anominal differential
tripping current of 30 mA (maximum permitted current to
protect people from el ectric shock) can betripped at 50 % of
thenominal current, i.e., at 15mA. For RCD types «A»and
«B» the real trip current depends also on the pulsing
component phase shift and according to standards[11, 12,
14] itfdlsintotherange 0,11l \p — 2pN -

1.2 Digtortion of current form in the RCD circuit

The quality of electric power in household and
commercial mainstendsto deteriorate continuously dueto
expanding application of non-linear |oads, such aspowerful
voltage regulators, frequency converters, UPS, LED light
fixtures, computers, servers, controllersand other low power
electronic deviceswith internal impulse mode power supply

that consume non-sinusoidal current from the mains. This
distorted current, containing a number of high-frequency
harmonics, will flow through RCD aswell, seeFig. 1, Tablel.

Past research [5-10] has shown that distorted current
flowing through RCDs of electro-magnetic type leads to
dgnificant changesin thethreshold of itstripping. Theeffect
of high frequency harmonicson the condition of themagnetic
coreof theinternal current transformer of the RCD and its
other elementsisrather complicated and controversial. In
some cases it is possible to speak of the danger of RCD
malfunction, whereas in other cases — about reduction of
tripping threshold, i.e.,, theincrease of probability of faulty
actuations.

But high frequency harmonicsnot only changetheRCD’s
tripping threshold, but alsoincreasethetota «background»
leakage current through capacities of the mains and
consumers. Thisiswhy wecan find ourselvesin asituation
when even a specially selected RCD, which can work with
distorted currents, may till betripped erroneously.

Fig. 1. Redl oscillogram charts of phase and neutral currents
flowing through RCD connected to supply mains of electronic
communication equipment and resulting in severa faulty
disconnections of equipment

Table 1. Real harmonics composition of currents flowing

through RCD, connected to supply mains of electronic

communication equipment and having registered cases of
nuisance tripping

Harmonic's | Contents of each harmonic
number in %
L1 L2 L3 N
1 100 100 100 100
2 1 0,9 3 1,3
3 146 | 23,7 | 46,3 | 58,2
4 0,9 0,9 25 1,3
5 225 | 173 | 452 | 26,8
6 0,8 3.2 2,6 4
7 152 | 10,8 | 34,6 21
THD, % 34,5 33 80 78
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1.3 Impact of current impulsesin the RCD cir cuit

Besides harmonics, eectric networksof privatedwe lings
and especially networks of commercial enterprises are
affected by atmaospheric and switching overvoltages. These
overvoltages are «cut» by various types of protection
elements, such as gas arrestors, voltage-depended non-
linear resistors (varistors) and specific non-linear
semiconductor elements. These protection eements are
installed directly in the network as separate el ements and
they are part of internal power supplies of all modern
electronic devices. Short (partsof milliseconds) impulsesof
rather high current (hundreds of Amps) occur when these
devices are actuated due to overvoltages and current flow
between phase and ground as well as between neutral and
ground. In any casethiscurrent isactually the differential
current to which RCD should react.

Asarule, internal power suppliesof electronic devices
[16] contain input network filters, which include capacitors
as their main elements and which are connected between
the phase and the ground as well as between neutral and
the ground. When the power supply is switched on, these
capacitors produce the current surge between phase and
ground to which RCD should react. In addition it should
react when the working impulse power supply (thisisthe
main power supply for all modern electronic devices)
consumes current from thenetwork in pulses[16]. Thecrest
factor, in other words, istheratio of peak valuetotheRMS.
Current val ue, consumed by theload, amountsto 3, whileit
is1,41 for ausual sinusoidal signal. Thiscreatesadditional
load for an RCD.

1.4 The effect of the direct current level on RCD
per for mance

Unlikethe above situation (see2.2) with non-sinusoidal
current flowing through an RCD, the expans on of powerful
€l ectronic devices (with their frequency converters, voltage
regulators, invertors, powerful convertors and variable
frequency electric drives) constitue conditions whereby
high frequency sinusoidal current of pul se-width modul ation
and direct or rectified pulsing current flow through RCD
connected to circuits with such devices. Normally RCDs of
AC, A and even F typesare not designed towork in circuits
with this current. Since the input dement of any RCD is
represented by acurrent transformer with aferro-magnetic
core (see Fig, 2), it is obvious that the characteristics of
such atransformer will largely depend on the availability of
direct current level in thecurrent. In other wordsthe moment
when the RCD is actuated will not be determined by its
nominal value of differential current, but by random
fluctuations of load and leakage current.

However, even if we select a type B RCD for these
purposes, but do not take special measures, type B devices
will also be affected by faulty actuations dueto theinfluence
of sgnificant impulse current or background leakage current
just like RCDs of other types.

. @D
| B L
_\: ________ \_t_ P ity _":"'
| — A«':-"
Wiz o
FC

Fig 2. Smplified layout of an RCD. FC — ferro-magnetic core
ring of differentia current transformer; A — contact system'’s
release pusher

2WHAT NEEDSTO BE DONE?

2.1 Reducing the effect of natural (background)
leak age cur rent

In order to avoid faulty actuation of RCD the standard
[15] and OCEI (7.1.83) suggest that it should be selected
considering the actual value of the background leakage; it
should not exceed 30% of thenominal actuation current. In
other wordsfor an RCD with | .y =30 mA thebackground
leakage current should not exceed 10 mA. But what happens
in practice?

In theabsence of actual (measured) val ues of theleakage
current, the OCEI (7.1.83) suggests accepting the leakage
current for electric consumersbased on 0,4 mA for each 1A
of theload current and for wires based on 10 microampere
for 1 meter of length of a phase conductor. As an example
standard[15] providestypical valuesof |eakage current for
several types of electric equipment, see Table 2.

This means that one RCD can be connected to 4-5
computers and 1 printer located within several dozens of
meters from the switchboard where the RCD is installed.
How can wemeasurethereal current of RCD actuation and
the real background leakage current flowing through it?
There are specia devices for this, however, qualified
personnel of commercial enterprises and companies can
measurethiscurrent with asimpledevice, Fig. 3, observing
safety requirements. Initially, the RCD trip current is
measured (by gradual reduction of resistance of R resistor)
whiletheload isswitched off. Then, the samemeasurement
is performed with the load switched on. The differencein
measurementswill be the sought-for val ue of thebackground

Table 2. Typica leakage currents for some types of electric

equipment
Electrical appliances kind Typical leakage
current, mA
Computers 1-2
Printers 0,5-1
Portable domestic €electrical 0,5-0,75
appliances
Photocopy machines 0,5-1,5
Filters ~1,0
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L1
L2
L3

Fig. 3. Measurement of the background leakage current through
RCD

leakage current. If this value is higher than 10mA, then
according to recommendations[15] theloads should besplit,
i.e, install an additional RCD and split the loads between
two of them.

In complicated branched networks which have an
hierarchical (cascade) structure, the RCD should be
connected at each level (cascade). Obviously, the
background leakage current of upstream cascades will be
represented by the sum of the background leakage current
of downstream cascades. Thisiswhy in order to avoid the
faulty actuation of RCD in such networksthey should have
specific selectivity like any other protection systems used
in branched networks. There are S type RCDs (selective,
with varioustrip current valuesand varioustrip delay val ues)
for this purpose. They switch on different types of RCDs
based on the specification of controlled current, Fig. 4.

This cascade connection of RCD allows elimination of
their faulty actuation in a complex network. However, it
should be considered that RCD with atrip current above 30
mA cannot be viewed asareiabl e protection of peoplefrom
electric shock. This means that the significant portion of
the upstream network does not protect people from electric
shock and the RCD isused asafire protection only. On the
other hand, it does not mean that a low power consumer
connected through an ordinary plug somewhere upstream
cannot be protected by a separate RCD with an actuation
current of 30 mA. Inthis Stuation theleakage current from
all downstream cascades will not flow through this RCD
and its faulty actuations can be successfully avoided
providing reliable performance without nuisancetripping.

In some types of RCD marketed as «super resistant» to
nuisance tripping this «resistance» is ensured due to the

10

Fig. 4. An example of cascade connection of RCD in a branched
network

increaseof the minimum leve of differentia trip current from
0,51 AN, Which is actually not prohibited by standards, to
0,75— 0,8l on-

2.2 Prevention of harmonics affect on RCD
per for mance

Prevention of the affect of higher harmonicson theRCD
is the second option to increase the RCD's resistance to
nuisancetripping. Itisclear that an RCD designed towork
with current containing higher harmonicswill behavemore
predictably compared with devices, which are not intended
towork with high frequency current. In fact, thisisthereason
why special typesof RCD (B and F) including special filters
and limiting the effect of harmonicswere devel oped. RCD
of type F are not manufactured as separate devices, they
aremanufactured asatypeA RCD with expanded frequency
characterigtics. Thisiswhy themarking of thistypeof RCD
usually bearstwo letters: AF or A—F.

In the case of non-linear loads present in a network,
which condition increases the level of high frequency
harmonics and loads, and containing direct components,
these loads should be separated from the common network
in such a way so that the non-linear current and current
containing the direct component do not flow through
another RCD, Fig. 5, which will prevent their nuisance

tripping.
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Fig. 5. Incorrect (left) and correct (right) connection of non-linear load with specia type RCD

It should be taken into consideration that the increased
level of high frequency harmonics in the voltage leads to
increase of leakages through capacities of wires and
equipment, i.e., theincrease of the background current thus
making theuse of specia typeRCD inefficient. Theincreased
level of harmonics leads to an increase of voltage drops on
elements connected in series (inductance chokes) built into
thee ectronic equipment of network filters. Thiscanresultin
theincrease of high frequency voltage level and leakagesto
the ground through capacitors of these filters. At the same
time past research suggeds that dectronic RCDs are less
sensitiveto harmoni csthan e ectromechanical RCDs, which
may bestrangeat first sght. Thisisduetothefact thatin an
electronic RCD the controlled current containing harmonics
isnot used directly for actuation of the RCD trip unit, but is
only asource of acontrolling signal, which is cleared from
harmonics, strengthened and converted. In order toinfluence
the RCD trip unit, theenergy of an auxiliary power supplyis
used. Phase voltage of the power network can be used as
such asupply. An exampleof an dectronic RCD (designated
as U-type) is a device manufactured by Eaton-Moeller
company under the brand dRCM-40/4/003-U+.

Unfortunately, the use of an eectronic RCD (in the
standardsthey arereferred to asRCD with dependant power
supply, i.e., requiring an auxiliary power supply) isnot that
simple. The problem isthat when thecontact in theneutral
wireisbroken, theRCD will loseits power supply and stop
functioning, whereasan d ectromechanical RCD will actuate
and disconnect a consumer due to current imbalance. Due
tothis, alot of manufacturers started producing RCDswith
a built-in element, which ensures its actuation and
disconnection load in thecasethat theneutral wireisbroken
(in other words, when the RCD losesits power supply). In
their opinion thisalgorithm was supposed to eliminate an

obstacle in the way of using eectronic RCDs. However,
paragraph 7.1.77 of OCEI-7 prohibitsusing thisRCD, which
disconnects a consumer from the mains in the event of
voltage outage or voltagedipsin inhabited buildings. Why?
Theauthor has no reply to this question. And perhaps, not
only the author, since V.A. Bulat, Doctor of Science, says
thefollowing in his recommendations regarding selection
of acorrect RCD [17]:

«Among electronic RCD or differential automatic circuit
breakersthe preference should be given to thosethat have
protection from disconnection of neutral conductor —the
disconnection can lead to loss of input voltage by RCD
which makes them non operable».

In some European countriesthe use of electronic RCDs
with dependent power supply in stationary electricmainsis
not allowed by national standards. French standard NFC
15-100 (§ 531.2.2.2) specifiesthat they should not be used
in eectric installations of residentia buildings. In Russia
the concept that an electronic RCD should not be used to
protect people from electric shock was shuffled from one
scientific articletoanother for along time. It isinteresting
that therewas one quote (about the danger of disconnection
of zero wire), that was copied by many authors word by
word. However, paragraph A.4.14 of the new edition [18]
expressy says.

«RCD dependant from auxiliary power supply
(electronic) and independent (electromechanical) can be
used in residential installations as shock hazard
protectiony.

Therearenorestrictionsfor RCD usein the new edition
of OCEI-7 a 0.

Theinternational standard[19] allows using electronic
RCDsin twosituations:

—when using an RCD asprotection from indirect contact;

11
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—when using an RCD in network and dectric appliances
services by qualified personndl.

Direct contact means a contact of a person with current
conducting partsinside an dectric appliance, whileindirect
contact meansa contact of aperson with acasing or another
part of an electric appliance, which are normally insulated
and are under voltageonly duetoinsul ation breakage, Fig. 6.
Itisclear that the probability of RCD working in the latter
caseis much lower than in the former case, thisiswhy the
standard allows using el ectronic RCD in thiscase.

Special filters with low current leakage to the ground
connected in series with an RCD are more efficient in
protecting el ectromechanical RCDs of different typesfrom
the harmonics effect.

Anexampleadf thisspeciad filter isFilter FN3268 produced
by the Swiss company Schaffner [20]. These filters are
intended for nominal load currentsof 7, 16, 30, 42, 55, 75
Ampsfor RCDswith adifferentia current of 30 mA and for
currents 100, 130, 180 Ampsfor RCD with differential current
of 300 mA. They not only prevent the influence of high
frequency harmonics on the change of the RCD trip
threshold, but also reduce background leakage current, since
their own leakage current is much less than the current
leaking through capacities of the mains due to high
frequency harmonics. Thisis the reason why these filters
can be more efficient in preventing nuisance tripping of
RCD than the use of special types RCD (Fig. 7).

2.3 Prevention of current pulses effect on RCD
performance

Actually, today it is not a problem to separate short
(several milliseconds) current impulses by means of
electronic circuits and block the effect of these short
impul ses. But when talking about very small and affordable
devices (RCD) including those of el ectromechanical type,
the only way to protect from such impulsesisto use time
lag so that impulses with durations less than thistime lag
could not activate RCD.

Accordingtostandards[11, 12], based on actuation time,
RCD aredistinguished G (general) and S (sel ective) types.

Fig. 6. Examples of direct (Ieft) and indirect (right) contact
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Fig. 7. Special 3-phase filter, type FN 3268 produced by
Schaffner to prevent the effect of harmonics on RCD of all

types

In fact, RCD do not have strict and constant times of
actuation. They possess a typical reverse time-to-current
feature: thehigher isthe differential current, thelessisthe
timelag to disconnect the protected circuit, Table 3.

In technical literature [21] we come across erroneous
interpretations of RCD actuation timeand referencestothree
instead of two types of devices, such asimmediate action
(without time delay), with alittle delay (type G) and with
increased delay (type S), Table 4.

Infact, according tothestandardsthereisnoimmediate
action type device at al. Indeed, for type G RCDs unlike
type Stheminimum actuation time (inthe|EC standard itis
called minimum time of non-operation) isnot standardized.
In other words, theoretically it can be assmall asdesired.

Clearly thisvery small timeof thegeneral type RCD (type
G) actuation does not improve its resistance to nuisance
tripping, but on the other hand type SRCD are not suitable
as human protection devices.

Table 3. Trip time of different types of RCDs a various rates of
differentia current according to IEC 61008-1 standard (Table 1)

RCD trip time at variable values of
RCD differential currents I (rms.), ms
type IoiFe AT=S S lpirr
Min | Max | Min Max Min | Max
G - 300 - 150 - 40
S 130 | 500 | 60 200 50 | 150
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Table 4. Erroneous classification of types of RCD actuation based on its time delay [21]

Time delay, ms at
RCD type
Ir=1lan Ir =20 In=5lan 1, =500 mA

— (_30mm0n use, without <03 <015 <0,04 <0,04

time delay
G X‘é‘trgsm'”' mal timedelay | 1 03 | 0,01...0,15 | 0,01...004 | 001...0,04

Selective, with minimal
S time delay 40 ms 0,13...05 | 0,06...0,2 | 0,05...0,15 | 0,04...0,15

Rather, type S are used to ensure selectivity in the
upstream cascades of branched e ectric networks and have
minimum actuation currents of 100-300 mA. Thisiswhy
many manufacturers produce special type RCDs for
differential current of 30mA (i.e,, intended to protect people)
with aminimal standardized actuation timeof 10 msec (this
meansthey should not be actuated even at current impul ses
of largeamplitudeand lasting lessthan 10 msec). Such RCDs
areclassified asespecially resistant to faulty actuation and
are marked according to the manufacturer’s wish. For
example, Siemens marksthis RCD astype «K», whilethe
ABB company marksthem as«AP-R».

2.4 Elimination of direct component effect on RDC
performance

To eliminate the effect of a direct component on RCD
performance in a network, where the occurrence of this
component (and also high frequency sinusoidal current) is
possible, the special type B RCDs are used, which have a
differential transformer manufactured using special
technology. Very small power taken off from such differential
transformers makes it difficult to use electromechanical
RCDs, which usesthispower for relocation of areleaser of
thetrip unit. Thisiswhy themajority of RCD manufacturers
either do not manufacture type B devices at all, or
manufacture them in the dectronic variant instead of
electromechanical. The standard [ 13] determines the upper
limit of thesnusoidal current frequency for whichin addition
to direct, pulsing and aternating current the type B RCD
should be employed at 1000 Hz. A lot of manufacturers of
thistype of deviceguaranteetheir operation at frequencies
of up to 2000 Hz, whereas for type «B+» devices — up to
20kHz. Type B RCD isthe most universal of al other types
of RCDs, but is also the most expensive.

2.5 Correct selection of RCD type isa key to
successful prevention of nuisance tripping

In real conditions of operation there can be a situation
when acertain separatefully intact RCD deviceworking in
agroup of other RCDsof thesametypeandinstalled in the
same switchboard will have a trip current rating in the
network with similar consumers, which is two times less
than thenominal rating (whichisaccepted by the standards).
In situations such as thisin the event of the occurrence of
somedetrimental factors(e.g., harmonics, current impulse,
results from impulse overloading and arrester actuation,
background leakage current), which donot result in tripping

of other RCDs, this unit can be actuated erroneously.
Moreover, if the affect of detrimental factors repeats,
nuisancetripping of thisRCD installed in agroup of other
RCDs can also repeat itself. To prevent such situations
sometimes it is enough to substitute this RCD unit by the
similar RCD of the same type, but with actuation current
rating higher than that of the RCD which actuated
erroneously.

In some cases nuisance tripping happens because of
accidental combination of events, each of which separately
would not result in thefaulty actuation of RCD. For example,
if thereisacertain constant leve of harmonicsin thecircuit,
which does not lead to RCD tripping and at the sametime
thereis a powerful current impulse (which alone does not
cause actuation), the RCD can be tripped and a consumer
will be disconnected. Even such sophisticated and universal
units as type B RCD can be susceptible to faulty actuation
duetothe effect of significant impulse current or background
leakagecurrent.

To ensure reliable power supply to consumers and
prevention of acd denta nuisancetripping of RCD in aneiwork
with low power quality, the units should be selected in
advance (during design stage) and possess a specia feature
which ensures protection from harmonics, impulse current
and background leakage current effect. If low quality of power
was not anticipated before and appeared to below in practice
or deteriorated because of substitution (addition) of
consumers, the usual RCDsthat were ingalled before (AC,
A) should be substituted by special type RCDs (F, B, U, K).

A similar situation can occur during alengthy use of an
electric installation, when due to natural insulation
degradation process or its pollution (wetting) a gradua
increase of background current occurs. In situations such
asthisa special type of RCDs is usually manufactured on
the basisof standard el ectromechanical unitsof A type, but
supplemented with built-in variable resistors, filters, time
dday el ementson thebas s of RC-chain and haveincreased
(up to 0,75-0,8 of the nominal rating) rating of minimum
differential actuation current, Fig. 8. Electronic RCDs are
more diversified both in terms of design and in terms of
functionality, but they have specificredtrictionsin use, which
have been mentioned above.

A search for devices, which would satisfy all these
requirements among dozens of RCD types manufactured
by many companies, returned thefallowing results, Table5.
As arule, RCDs of the same type and possessing similar
parametersare manufactured for nominal currentsof 25, 40,

13
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Fig. 8. Typical structure of electromechanica RCD especialy
resistant to faulty actuation

63A in two-pol e (for single phase mains) and four-pol e (for
3-phase mains) designs. In order to save space, Table 4
shows parameters of RCD with nominal current of 40Aina
four-pole design only.

| regret to say that even the latest version of the main
standard on RCD [11] doesnot interpret RCD classification
accurately in terms of resistance to faulty actuations. For
example, according to [11] the devices with a standard
resistanceto faulty actuation are type G (general) devices,
whereasdeviceswith increased resistanceto faulty actuation
aretype S(selective) devices. It isobviousthat type Sdevices
intended for differential current in therange of 100-300 mA
and higher will be more resistant to faulty actuations
compared with type G devices with actuation currents of
10-30mA.. But aswas mentioned above, type S unitscannot
be used to protect people from eectric shock. This means
that according to [11] there is no RCD resistant to faulty
actuation intended to protect people from eectric shock at
al. It seems that the authors of the major international
standard on RCD are comfortablewith this situation, since
this concept has been there for along time and is copied

from one edition of the standard to another. However, the
data presented in Table 5 show inconsistency of the
classification offered by the standard.

3AUTOMATIC RECLOSNG OF RCD ASAN
ADDITIONAL OPTION TO IMPROVE RELIABILITY
OF POWER SUPPLY TO CONSUMERS

Theautomaticreclosing (AR) of an RCD cannot becal led
ameans of preventing faulty actuation. It israther away to
correct the results of nuisance tripping. However, an RCD
with AR can bevery efficient in solving the problem in those
cases, when consumers accept short-time power supply
failures. The AR function is easier to implement in some
types of electronic RCDs. To return to the initial state an
electromechanical RCD needsaspecia motor drive, which
of courserequires a separate auxiliary power supply. Some
companies produce AR devices as separate blocks, which
areingtalled close to RCDs of different typesand reclosing
them after tripping intheinitial stateby smulating theaction
of a person’s hand by means of special protruding plastic
lever.

The ABB Company also supplementstheir AR devices
with asmall transformer installed on aDIN-rail closetothe
RCD, which provides power to AR unit’s drive from the
supply mains. Some types of variousAR devicesare shown
inFg.9.

The majority of types of AR devices allow the RCD to
returnintoitsinitial condition dectively: automatically with
asmall timelag or, remotely, on command. These devices
are manufactured by ABB, Schneider Electric, Legrand,
Hager, Circutor, Aoelec and others.

Table 5. Some principa technical features of RCD, type G (general) especiadly resistant to faulty actuation

No. RCD type and Type Nominal Trip Drive type Time delay, Pole
manufacturer current, current, ms number
A lan (at 1=Ixn)
MA
dRCM-40/4/003-U+
1 Cat. number 120850 U 40 30 electronic 10 4
Eaton (Moeller)
2 F37‘Xé%/o'03 A-F 40 30 electro-mechanical 10 4
3 F204 A-40/0.03 AP-R 40 30 dlectro-mechanical 10 4
DFS4F
Cat. number 09134901 .

4 Doepke Schaltgeréte A-F 40 30 €electro-mechanical 10 4

GmbH & Co.
5 5SM3 344-3 F—K 40 30 electro-mechanical 10 4

Siemens

4RC440S130

6 (Clipsd) Sl 40 30 €lectro-mechanical - 4
Schneider Electric
FRCdM-40/4/003-G/B+
7 Cat. number 167881 G/B+ 40 30 electronic 10 4
Eaton (Moeller)

5SM 3 344-4 .

8 A B 40 30 dectronic 10 4

14
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L

Fig. 9. Different types of AR devices for RCD (some of them are shown with RCD)

SIMMARY

In cases RCD nuisance tripping occurs, it yet does not

mean RCD malfunction and necessity of it urgent
replacement. Itisnecessary to analyzeall theexterna factors
influencing for RCD faulty actuation according to
recommendations of the article, and only then to do
conclusions.
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onNTUMN3ALUNA TEXHOJNTOMMYECKOIO NMPOLIECCA MOHTAXA
ANEKTPOPAONOINEMEHTOB HA OCHOBE BEPOATHOCTHbIX
N TEXHUKO-9KOHOMUYECKUX MOLOEJNEN KOHTPOJIbHbIX
OMNEPALMUNA

Hpe;[noxceHa MOA€Jb BApUAHTOB TCXHOJOTHUYCCKOIO IMpolecca B BUAEC KOHEYHOI'O
HaIpaBJICHHOI'O rpa(i)a, MO3BOJISIONIAs HAUTHU ONTHUMAaTbHBIN nmpouecc ¢ y4€ToM JUHaAMUKH
pacnpez[eneHHﬁ BepOHTHOCTeﬁ Z[e(beKTOB B U3ACIIMAX U CBA3AHHBIX € 3TUM HNPUBCACHHBLIX
CTOUMOCTHBIX 3arpart. HpI/IMeHeHI/Ie NpEeaATIOKECHHDBIX Mo;[enei«'[ MIPOUJLIIOCTPUPOBAHO
KOMIIbIOTEPHBIM PACUCTOM OITUMHU3ALUU (bparMeHTa TEXHOJIOIMYCCKOr'o npouecca u3roToBJICHUS

IJ1aThl npeo6pa3 OBaTCJIA.

KuroueBble CJ10BA: TEXHOJIOTUYECKHIT IIpOoLECC, TEXHOJIOINYCCKas orepalnus, KOHTpOJIbHast
onepanus, rpatb, MOACIUPOBAHUE, ITPUBEACHHASA ce0eCcTOMMOCTb.

IHOCTAHOBKA ITPOBJIEMbI

Cpenu nesneit onTUMHU3aLNU TEXHOJIOTUYECKUX TIPOIIeC-
coB (TII), Takux Kak COKpaIieHHE BPEMEH! TEXHOIOTHYeC-
KOTO IIMKJIa, TIOBBIIICHUE K03 (HUIMeHTa 3arpy3Kd 000py-
JTIOBAHUS U IPYTUX aKTYaJIbHBIMU SBIISIOTCS BOIIPOCHI CHU-
JKCHUS ce0ECTOMMOCTH M3TOTOBJIICHUS BO B3aMMOCBS3HU C
KaueCTBOM IIPOIYKIIUH.

Tpaauimonssiii moxxox k onrumusaiwu TT1 [1] cBomurest
K €ro IpeJICTaBICHUIO B BUJIE MOCIIEN0BATEIBHOCTH TEXHOJIO-
ruueckux oneparmii (TO), To ecTh oreparuii, B X0/1€ KOTOPhIX
(hopMHupyIOTCS TIOTPEOUTEIHCKIE CBOWCTBA M3emus. Kaxk-
nast TO xapakTepu3yeTcst IpsMBIMHU IPUBEICHHBIMHE 3aTpa-
TaMH Ha €¢ PeaM3alliio B pacueTe Ha OTHO H3IeIHe:

3 =Cr; +Cqj =t -Cj + E kqy » @

e Cyj, C,j — cTOMMOCTB Tpyaa B 000pyI0BaHUS JUIS | -Oif
TO, coorBercTBeHHO; tj — Bpems BbinonHeHus i-oi TO;

Cy; — TapuHas craBka; E —HOPMATUBHBINA KOO hULmeHT
oKymaemocTu obopynoBaus; Krj — ymeipHbIE KaruTaib-
HBIE 3aTpaThl 114 i -0if TO.

Ecm nmetorcs BapranThl pearmmsanii TO, oTmgaronmecs,
HarmpuMep, 1o 3atpatam Krj wm Bpemern {j, To BapuadTst TI1
TIPEZICTaBUM B BUJIE HAPARIEHHOTO I'paca, BEPIIMHBI KOTOPOTo
COOTBETCTBYIOT 3Tamam, a ayru — Bapuaatam TO TIT. [Tpuaem
JUTMHA TyTY XapaKTepU3yeT 3aTpaThl HA OMEPALIIO, a KayKIbIid
Bapuant TT1, cocrositimii u3 K oneparuii, mpencTaBiseT myTh (L
13 HA9aJIbHOM BEPIINHBI B KOHETHYIO C 3aTPaTaMU;

k

3;1:2% , )

i=1
rae 3“ —3arparsl 3; st p-ro Bapuanra TI1. OnTumanbHbIM

*
Ha3bIBalOT Takod TII, KOTOpOMY COOTBETCTBYET IyTh L C
3aTpaTaMH.

© Bacunesckuii B. B., ITomsxkos M. A., 2013

3}; =min3, )

To ectb 3agaua ontummszanmu TII cBOTUTCS K HAXOXKIE-
HUIO KpaT4aMIero ImyTy B HaIpaBJICHHOM rpade BapuaH-
ToB TII.

AHAJIM3 PE3YJIBTATOB IPEJABITYIIIUX
HCCJIEJJOBAHUAM

W3Becrten mogxon k onrumusarmu TI1 [2], mpu koropom
B HEM BBIICIAIOTCS HeoOs3aTeNIbHbIE, KaK MPaBUIIO, KOHT-
ponbhbie oneparmn (KO) v IpHHAMAOTCS PEIIEH s O BKITIO-
yeHuu 3Tux onepauuii B TII TonbKo npu HAJIMYUM onpee-
JICHHOH BepOATHOCTH Ie(eKTOB B m3eTmsX. [[pumep Takoro
TII — mportecc MOHTaxa 3JIeKTpopaanodaeMentos (IP3)
Ha TIeYaTHYIO TaTy, BKodaromuii KO BXoZHOTo KOHTPOIs
OPD, xauecTBa MaliKu, IPAaBUIBHOCTH MOHTaXKa U (DYHKIIU-
OHHpOBaHMS. B KauecTBe KpUTEPHS ONTHMU3ALMN UCTIONb-
3yercs (3), Py 3TOM HCKITIOUCHHBIE OIIEPAITAN COOTBETCTBY-
IOT [yTaM ¢ 3”1 =0.

JlaHHBIM MOIXOJ HE YYUTHIBAET PA3IUYUN B KaueCTBE
MIPOIYKLIMH, U3TOTOBJIEHHOM 110 pa3auyHbIM Bapuantam TI11,
€CIIM Ha BBIXOZHOM KOHTPOJIE HE TapaHTHPYETCsl OOHapyxe-
HHE BCeX IeEKTOB, a TAK)KE KOPPEKIIUIO KAYECTBA H3ICTHI
1o pesyisraram KO, Mozesu KoTopoii orcans! B [3].

Iesab uceie10BaHUS — TOBBIIICHHE KAY€CTBA OITUMH-
3aiuu TII 3a cuer yuera B KpUTEPUHU ONITUMU3ALMH [IEPEXO-
JIOB KOpPEKIMH KayecTsa n3aenus B xone KO u BeposaTHbIX
3aTpaT Ha YCTPaHEHHE NPOM3BOICTBEHHBIX JE()EKTOB Ha
TIOCIIEIYIOIINX 3Talax MPOU3BOACTBA I SKCIUIyaTalluu
W3JENHSL.

OCHOBHAS YACTb

st BB160pa ontumansHoro TII mpencraBuM BapruaHTHI
TII B BHIE HanpaBieHHOro rpada (prc. 1). Kaxmas sepim-
Ha rpada, 3a UCKIIOYEHHEM KOHEYHOW S, MpencTaBisieT
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Sa Sk

Sz
tly s
~3i
3

Puc. 1. I'pad Bapuantos TII

COCTOsIHUEC TH, TO €CTb CTCICHb 'OTOBHOCTH U3JACIINSA, pac-

HpefeneHue BeposTHoCTell konmdecTsa |y, nedexros Q% ()

m-ro Buga (m=1,M) [3] B u31e1HH, BEpOSTHOCTB TOIXHOCTH

P, ynenbuble 3arpathl Ha 3* no nanxomy TII. Koneunas

BEPIIMHA S, MPEJCTABIISET COCTOSHHUE B MIPEENAX KU3HEH-
HOT'O [IMKJIA U3/IENUs], B KOTOPOM OOHapy)XeHBI U yCTpaHe-
HBI BCE IPOM3BOACTBEHHbIE NedekThl. [pynma BepunH ¢
OJMHAKOBBIM PAHIOM XapaKTepH3yeT pa3Hble BapuaHTsl TI1
C OIMHAKOBOM CTENEHbIO TOTOBHOCTH U3JEIHS, HO pa3yiny-
HBIMU paclpeeaeHUsIMU Q% (I,,) 1 3aTpaTamu 3i°‘. Hanpu-

Mep, BEpIIMHBI IEPBOr0 paHra Sjq u S_|_i2 COOTBETCTBYIOT
CTENEeHU TOTOBHOCTH «BXOJAHOM KOHTpOJb DPD nmpoBenen»,
HO Pa3HBIMH METOJaMH: BHEITHUM OCMOTPOM, aBTOMATH-
YECKHM KOHTPOJIEM JJIEKTPUICCKUX XapAKTEPUCTUK B M-
POKOM Jxana3zoHe TeMmieparTyp.

BepositHOCTE TOTHOCTH PI‘EL MPEACTABIISET OO U3ETUMA
HCXOMHOM COBOKYITHOCTH, KOTOPHIE HE OBLTH 3a0paKOBaHBI
k maaHoMy 3tany TI1. B pesynsrare OpakoBKu H3eHiA OTie-
paumii Ha pa3nyHbIX STanax TII BINONHAIOTCS Haja pa3iiny-
HBIM YHCJIOM OOBEKTOB, UTO BIHACT HA 3aTPATHI 3i°‘. Jlns
oOecIiedeHNs COOCTABUMOCTH 3aTpaT IepecunuTaeM UX K

o
€IMHULIE TPOAYKLUH, IPU3HAHHON T'OTHOM! =
Pr

OreHnM BIUSIHAE OTIETHHON OIepamyy Ha COCTOSHUE
TII. Ins ouenku crenenu BiausHus TO u KO Ha kauecTBO
H3JIENUS BOCIIONB3yeMCSt MOACIISIME STHX OIIepanuii, Ipe-
noxeHHbMH B [3]. Tak 11 TO MHIMACHTHON BepIIMHAM S,

u Sprpada sapuantos TII (puc. 1):

lm=Lm , ,
QAllm) = > (Q%Um) Ui (m=1m)), Im=0Lm, @)
Im=0

PP =PF, ©®

3P =393, 6)

rne U v —BepOsSTHOCTH BHECEHHS B U3eaue B xoxe i-oil TO
mi

poBHO |, nedexroB Mo Buaa; L, — MakcuMaabHOE KOIHU-

18

4ecTBO Ae(eKToB M-ro Buna B uzaenuu. Gopmyna (5) yuu-
TBIBAET TOT (haKT, YTO OPAKOBKA N3/EIIHS BBITIOIHSETCS TOJIb-
ko B xozte KO. [lns epuiunbl Sy, PP = 1. 3atparsl 3; Ha pea-
nmuzauio TO onpenenum o popmyre (1).

Jia KO uH1uaeHTHON BepiHaM S, U SB rpacda Bapu-
anros TII (puc. 1):

Lm
Qm©0) +1-P,m) 2. Q% (m) Im=0
Qh(lm) = - =1 . @
Qm(lm) ! P]lml O< Im < Lm

PP =P% Py, )

rae P,y —BeposTHOCTH HeoOHapyxeHus Mo B xoae KO;
Pri —BepOATHOCTB TOrO, YTO U3AEIHS, OCTYIUBIINE HA KOH-
TPOIb, OyIyT IPU3HAHBI TONHBIMH (JOMYIIEHHBIMH K CIICIY-
fo1ieit oneparuu) B xoze j-oit KO.

[TpuBenenHsle ynenbHbIE 3aTpaThl Ha peanusanuo KO
oIpenesuM 1o Gopmyse:

3 =3k + ngm’ Lem- Pai +Cpi - Qsi, ©

mGMi

rae 3jk — IPUBEJECHHbIE YIEIbHBIE 3aTPaThl HA KOHTPOIIb B
xozie i-oit KO; Lpgyy, — komudecTBo 1edexkroB M-ro Buaa B
u3zeuu yerpaHeHHbIx B xone KO; 3gy, —3arpartsl Ha yetpa-
HEHHe OHOTOo JedekTa M-ro BHa B u3enuu; Pgj —Bepost-
HOCTb IONAAaHUs U3IeJ1H, ToCTynuBIIMX Ha | -10 KO B uuc-
JI0 BOCCTAHOBJIEHHBIX B X07i¢ | -0ii KO; C; —croumocTs Opa-
KOBaHHOTO B xoje i-oi KO usnenus; Qg — BEpOATHOCTD
IO TAHUST U3/IeJHH, TOCTYNUBIIKX Ha | -fo KO B unco 6pa-
KOBaHHBIX; M —MHOXECTBO XapaKTepHCTUK U3/ISIIHs KOHT-
pomupyembIx B xozae KO.

IMocnemosarenbHo mpuMeHsis popmyisl (4)—9) Ha myTn

pi m3 So B Spfi, MIOJTYYHM 3aTpaThl 3if, pacrnpeneneHus

er] (I), m=1M ¥ BeposTHOCTH PII . Ha ocHOBaHMHM 5THX
OLIEHOK HailieM yelbHbIE IPUBEICHHBIE 3aTPaThL

3.f M L f
3u=—5+ 2Com" 2. Qmlm)-Im’ (10
Proma 12

rae Cgypy, —3aTpaThl Ha OOHApPYXKEHUE U YyCTPAHEHHE OHOTO
IPOU3BOIACTBEHHOrO JeheKTa M-Io BUa Ha MOCIEAYIOLIHUX

- *
Tarax )KU3HSHHOTo HukiIa. ONTHMATbHBIHA yTH |1 OTpe-
AenuM 110 Kputepuio (3), cpaBHUBAs 3aTPATHI 3, JUIs BCEX

myTel B rpade BapuanToB T11.

[orennmansHo rpad BapuadTos TII MoxeT UMeTh OOIb-
I10¢ KONMYECTBO BepunH pamnra f. PeanbHo nmeercs nsa —
Tpu BapuanTta TO, KOTOpbIe paHKUPOBAHBI [0 OTHOIIEHHIO
Ka4eCTBO/CTOMMOCTD. THUITHYHbIC BADHAHTHI «JIEIIEBO, HO HE
KaueCTBEHHO» U «KaudeCTBEHHO, HO oporo». J{iss KO peas-
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HO€ KOJINYECTBO BAPUAHTOB JIBA —UETHIPE. OTCYTCTBUE KOHT-
OIS, PyYHOI KOHTPOIB («IEHIEBO, HO HEKAYECTBEHHO), aB-
TOMATUYECKUI KOHTPOJIb (KKaY€CTBEHHO, HO JI0POT0»).

Jli1st apToMaTH3amMK npoueayps! ontumuzamu TI1, onu-
canHas B [3], KOMITbIOTEpHAS IPOrpaMMa OLCHKHU IMHAMU-
ku pacnpenenenuit Qp,(l,,) B xone TII, nononnena 6moxoM
OnpeleeHus 3aTpaT 3’H 10 peUIoKeHHOU MeTouke. st

WUTIOCTPALUU 3TOM METOJIMKU PacCMOTPUM MPUMED OITH-
Mu3anuu ¢parmenra TIT MOHTaka 3JIEMEHTOB Ha IUIATY
peodpa3zoBaTes.

Jannsiii TTI BkIItOUaeT cieayrouie OCHOBHBIE olepa-
un: TO1 — koMIDTEKTaIus Y311, COACPIKAIIETO IUIATY U AJIe-
MeHTBI, TO2 —MoHTaX U maiika 37eMeHToB Ha iaty; KO1—
KOHTPOJIb TPAaBHUIILHOCTH KOMIDTEKTYFOIIHX ; KO2 —KOHTpOIH
MIPABWJILHOCTH AJIEKTPUUECKUX COeAMHEHUH Tu1aThl. [Tprume-
HsieTCs ()OPMATTU30BAHHBIN MTOAXOM, MPU KOTOPOM yUIHTBI-
BaeTCsl BOBMOXKHOCTD NepenpoBepku pesynsraToB KO ¢ no-
MOIIIBIO JIOMOIHUTENBHBIX (KOPPEKTHUPYIOIIHX) Onepaliuii B
COOTBETCTBUH ¢ METOIMKO# [ 3], ¥ HE YUUTHIBAETCS CTENIEHD

aBroMatnzamu KO. [1pu aTom npearionaraercs, 4To 00beM
oxBara KOHTponeM B KaxzoM cirydae 100 %-Hblit. YunTbiBas
TaKOM OJIX0/], PACCMOTPUM TPH BO3MOXKHBIX BapuaHra T1I,
KOTOPBIM COOTBETCTBYIOT Clemyrolue myTu: g — T 6e3
KO; py —TII ¢ KO nocne kaxo#t TI1, Ho 6e3 nepenposep-
KH pE3yNIbTATOB KOHTPOJs (0e3 KOPPEKTHPYIOLIMX Omnepa-
mwit); pz — TII ¢ KO mocne xaxpoit TII ¢ nepenposepxoit
Ppe3yIbTaToB Kaxkaoi otaenbHoi KO (¢ KoppeKTUpyroIuMu
OIEePALUSIMH).

B KauecTBe NCXOIHBIX JaHHBIX 151 OLIEHKH 3aTPaT UCTIONb-
3yIOTCs TaHHBIe Ta0Jl. 1, a Takke NprBeieHHbIE B Ta0I. 2 pe-
3yIIBTaThl MOJEINPOBAHNS IMHAMUKH paclpeeeHui Bepo-
SITHOCTEH 1e()eKTOB U BEPOATHOCTHBIE XapakTepuctuku T11,
MOY4EHHBIE C TOMOIIBIO AHATUTHYECKUX BBIPAKeHHH [3].

Pe3ynbrarsl pacuera cpeHUX NPUBEICHHBIX 3aTPaT Ha
niposeienne TI1 1o pa3HBIM ITyTSM IIPEACTaBIICHBI B Ta0I. 3,
r1e Cg —CTOMMOCT GPAKOBAHHBIX M3NENUH, Loy, —BEPOAT-
HOCTb HAJIMYHS CKPBITHIX 1€PEKTOB.

Taoanna 1. I/ICXOZ[HI)Ie JIAHHBIC JJIA ONITUMH3allun TII u3roToBICHUS TUIATHI npeo6p33033TeJ1ﬂ 10 SKOHOMHYECKOMY KPUTEPUIO

Tun onepauuu t, C'Il'i , rpH E, roxn kti , rpu 38m . IPH Cg . rpu
TO1 0,5 10 0,17 0 - -
TO2 0,7 15 0,17 0,3 - -
KO1 6e3 nepenpoBepky pe3y/ibTaToB 0,5 10 0,17 0,16 5 50
KO2 6e3 nepenpoBepku pe3ynbTaToB 0,5 20 0,17 0,16 10 300
KO1 ¢ nepenpoBepkoii pe3yabTaToB 0,8 10 0,17 1 5 50
KO2 ¢ nepenpoBepkoii pe3yabTaToB 0,8 20 0,17 1 10 300
Tabmuma 2. Pe3ynbraTel MOACIHPOBAHUS BEPOATHOCTHBIX XapakrepucThk TIT
Tun oneparuu Qg Pai Lem. Pr
T
TO1 - - - 1
TO2 - - - 1
KO1 6e3 nmepenpoBepKH pe3ysibTaToOB 0,0088 0,026 0,1 0,85
KO2 6e3 nmepenpoBepku pe3ysibTaToB 0,01 0,0028 0,1 0,82
KO1 ¢ mepenpoBepkoii pe3yapTaToB 0,0053 0,0275 0,3 0,972
KO2 ¢ mepenpoBepkoii pe3yapTaToB 0,0007 0,0031 0,2 0,99
Ta6muna 3. Pesynsrarel MopenupoBanus TI1
Bapuant - - - C 3arparsl Ha 0 k P
o
™m | . 3 ) ) e, | 77| |9
= & = ~
3 = - 2 2
s = = =
8-4 Q Q Q
Sl g st g st S =
2o o o = o
58 S 5 R S
153 o o o
g = 5 S )
L"-)’ 5} o 5}
© © ©
(5] o (5]
@) Q @)
Ly 5 - 11,01 - 160 176,01 1 1 0,39
Uy 5 5,45 11,01 | 40,03 | 30,44 61,5 0,67 0,1
T 5 8,32 11,01 | 16,38 0,48 40,71 1 0,96 0,04
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W3 noy4eHHbIX pe3yllbTaToB BUIHO, UTO ONTUMATIbHBIM
O KPUTEPHUIO | ABISIETCS MyTh |13, @ SKOHOMUS HA KOHT-
POJIBHBIX ONEPALIUSX IO ITYTSM [l U Lo IOJTHOCTBIO HUBEIH-
pyercs 3aTpaTaMy Ha ycTpaHeHHe Opaxa, rapaHTHiHOe 00-
CIT’)KUBaHME 1 BO3BPATHI OpaKOBaHHBIX M3zennid. HanMens-
LIMe 3aTPaThl 110 JAHHOMY IIyTH JOCTHTraroTcsi Oiaromaps
nposeneHuto KO 1 koppekTupyonyx oneparnuii B COOTBET-
CTBHUH C METOIIHKOH [2].

BbIBO/JbI

1. C ucnosnp30BaHHEeM HPEIOKEHHBIX panee [3] aBTopa-
MU BepoaTHOCTHBIX Mozenel KO u TO nonyuens! TexHUKO-
HKOHOMMYECKHE MOJIENHU ITHX ONEpPaLUii.

2. Ilpennoxena monens BapuanToB TI1 B Buie KoHEUHO-
'O HalpaBJICHHOTo Tpada, NO3BOJISIOIIAS HAUTH ONTHMaJIb-
Helid TII ¢ yueToM AMHAMUKH pacHpencieHuil BEposSTHOC-
Tel nedekToB B n3aenusax B xoae TII v CBSA3aHHBIX € 3TUM
MIPUBEJECHHBIX CTOMMOCTHBIX 3aTpaT.

Bacunescekuii B. B.%, TTomsiko M. 0.2

3. HpI/IMCHeHI/Ie MPEAJIOKCHHBIX Mo,ueneﬁ MIPOUJIIIOCT-
PUPOBAHO KOMITIBIOTEPHBIM PACUCTOM OINITUMU3ALNN q)par-
meHTa TII U3roToBIICHMS IIATEHI npeo6pa3OBaTeJm.

I[aﬂbHefIHIHe HCCJICAOBAaHNA HAlTPABJICHBI HA OIIpEALCiIC-
HUEC I'paHUll ONTUMAJIbHOCTU BI)I6paHHOFO BapuaHTa TII.
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ONITUMIZALNIA TEXHOJJOI'TYHOI'O MPOLECY MOHTAXKY EJEKTPOPAJIOEJIEMEHTIB HA OCHOBI
IMOBIPHICHUX TA TEXHIKO-EKOHOMIYHHUX MOJIEJEN KOHTPOJIbHUX OITEPAIIIIA

3anpornoHoBaHa MOZEIb BapiaHTIB TEXHOJIOTTYHOIO MPOLECY y BUNIAL KIHIIEBO HANPABIEHOro rpady, MO J03BOJSIE 3HAWTH ONTH-
MaJIbHHII TIpoLeC 3 ypaxyBaHHSIM JUHAMIKU PO3NOALUTY HMOBIpHOCTEH NedeKTiB y BUpoOax i OB’ 13aHUX 3 UM IIPUBEICHUX BapTICHUX
3aTpar. 3aCTOCYBaHHS 3aIIPOIIOHOBAHHMX MOJIENEH MPOLTIOCTPOBAHO KOMII IOTEPHHM PO3PAaXyHKOM ONTHMi3alil ()parMeHTy TEXHOJIOTId-

HOI'0 INpouecy BUI'OTOBJICHHS IJIaTU IEPETBOprOBayda.

KJi04oBi cjioBa: TEXHOJIOTTYHHI mmpouec, TEXHOJIOTIUHA onepauiﬂ, KOHTpOJIbHA onepauiﬂ, rpa(b, MOJCJIFOBaHHs, MPUBEACHA CO-

6iBapTiCTh.

Vasilevskij V. V.1, Polyakov M. A2

1Graduate student, Zaporizhian National Technical University, Ukraine
2Associate Professor, Ph.D., Zaporizhian National Technical University, Ukraine

OPTIMIZATION OF TECHNOLOGICAL PROCESS FOR RADIO COMPONENTS INSTALLATION BASED ON
PROBABILISTICAND TECHNICAL-ECONOMICAL MODEL SCONTROL OPERATIONS

The existing approach to the optimization of the technological processes does not adequately account for differences in quality of
products, manufactured by different embodiments of technological process, if output control is not guaranteed to detect all defects. Also
not taken into account correction of products quality, which is based on results of control operations. The purpose of research is
improving quality of technological processes optimization based on accounting for correction of quality during control operations and
probabilistic costs for eliminating defects on the following stages of manufacturing.

To achieve this purpose we proposed a model of different variants of technological process as a course directed graph. This model
allows finding optimal technological process with taking into account dynamics of defects distributions during of technological process
and adjusted costs.

For illustration of proposed model we calculated the fragment of converter’s board manufacturing process.

Keywords: technological process, technological operation, control operation, graph, modeling, reduced cost.
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METO[ CUMHTE3A OOMYCKOBbIX OTKITIOHEHUU HA
FTEEOMETPUMECKUE NAPAMETPblI MUKPOMOJTOCKOBbIX
YCTPOWUCTB

B HpeZ[CTaBHeHHOﬁ pa60Te pa3pa60TaH METOA CHUHTE3a NOIYCKOBBIX OTKJIOHEHHH Ha
TE€OMETPUYECCKUE MTapaMETPbl MUKPOITOJIOCKOBBIX yCTpOﬁCTB. MeTOZ[ BKJIFOUAET B ceOsl: METOAUKY
pacueTa CXEMbl MUKPOIIOJIOCKOBBIX HPIHPIﬁ, OCHOBAaHHYIO Ha UCIIOJIb30BaHW U KBa3UJIMHAMUYECKUX
HpPI6J'IPI)KeHPIﬁ 1 KBa3UCTaTUYCCKOI'oO aHalin3a HeOZ[HOpOZ[HOCTeﬁ TOIOJIOTMH, CUHTE3 JIOIIyCKOBBIX
OTKHOHCHPIﬁ, I/ICHOJ'IB3YIOU.[I/II71 MHTCPBAJIbHBIC MOJIC/IM; ONTUMHU3ALIMIO JTOIYCKOBBIX OTKJIOHCHUU
IIYTEM BBCJCHHU S BECOBbIX KO3(1)(1)I/IHPICHTOB; aHau3 JOITyCKOB, O6yCJ'IOBJ'IeHHI>IX TCXHOJIOTHYCCKUMHU
OrpaHUYCHUSIMU. HpI/IBeZ[eH MIPpUMEP HUCIIOJIb30BaHUS pa3pa60TaHHoro METoJa.

KawueBbie ciioBa: JAOIMYCKOBBIE OTKJIOHEHHUS, TONOJOI'MYE€CKUEC HEOAHOPOAHOCTH,

KBa3UIUHAMUYECKOe NPUOIKEHHE, QUIIBTP.

BBEJIEHIE

B Hacrosmee Bpems Texnuka CBY pa3BuBaercs B Harpas-
JICHUM YMEHBILIECHUSI Pa3MEpOB KOHCTPYKIMU. DTO BIIEYET
3a co00i HEOOXOIMMOCTh PEIICHUS 3aJa4d 00CCIICUCHUS
TOYHOCTHU M3TOTOBJICHHS! YCTPOWUCTB, KOHCTPYKTHUBHBIE Ia-
paMeTphl KOTOPBIX 3aBHUCST OT TEXHOJIOTHYECKUX OIPaHUYe-
HHH 1 CBOWCTB PUMEHSIEMbIX MaTepuaios [1].

YcoBepLIeHCTBOBAaHHE TEXHOIOIMYECKUX TPOLIECCOB U
TIOSIBJICHHE HOBBIX MAaTEPHAJIOB CIIOCOOCTBYIOT YBEITHICHUIO
pa3zHooOpa3usi KOHCTPYKTHBHOTO HcronHeHuss CBY-ycr-
PO¥CTB Ha MUKPOIIOIOCKOBBIX THHILIX . CoBpemeHHbIe CATIP
CBUY, taxue kak HFSS, FEKOwu np., natoT BO3MOXHOCTb MOZIe-
JIMPOBaTh M ONTUMH3UPOBATH TOIIOIOTHIO TOJIOKOBBIX YCT-
POJCTB C IeNbI0 MOTyIeHHS TPeOyeMOoi BRIXOJHON XapaKTe-
puctuki [ 2]. TTocKonbKy pa3peniaromnias Clroco0HOCT TEXHO-
JIOTMYECKUX TIPOIECCOB elIle Jaieka OT coBepimeHcTsa [3],
BO3HHKAET HEOOXOAMMOCTh CHHTE3a I0ITYCKOB HA T€OMETPH-
YeCKHe TapaMeTphI YCTPOHCTB [4], a, clieoBaTesbHO, HCTIONb-
30BaHMS TOYHBIX MATEMATHIECKUX MOJIETIEH, YIUTHIBAIOIINX
BJIMSTHUE BCEX HJIEMEHTOB TOIIOJIOTHH JUTS OIIMCAHUS YCTPOHCTB
CBY Ha MukporonockoBbix jimaui (MITT) [5].

Ienbro paboThI ABJISETCS YCOBEPILIEHCTBOBAHUE MOJIE-
JIel ONMCaHusi MUKPOIOJIOCKOBBIX YCTPOMCTB, MO3BOJISIO-
IIMX CHHTE3MPOBATH JIOIYCKOBBIE OTKJIOHEHHS Ha Tapamer-
PBIATHX YCTPOMCTB; aHAJIN3 BIHSHUS OCOOCHHOCTEH TEXHO-
JIOTUYECKUX JTAIOB NMPOU3BOJCTBA HA JOMYCKOBBIE
OTKJIOHEHHS [TapaMEeTPOB C ITOMOIIBI0 HHTEPBAIBHBIX Me-
TOJIOB Ha3HAYEHNS JOITYCKOB.

METOIMKA PACYETA CXEM HA
MHOI'OCBSI3AHHBIX MILI C IPUMEHEHAEM
KBASWIMHAMMYECKOI'O NNPUB/IMUKEHAS U
KBA3MCTATHMECKOI'O YYETA

TOIOJIOr MYECKUX HEOTHOPOIHOCTEMR

B kadectBe nmpuMepa, WILTIOCTPUPYIOIIETO IIPUMEHEHNE
npenigaraeMoil meronuku mozenuposanust MIUI, agantu-

POBaHHOH K CHHTE3Y JOIYCKOBBIX OTKJIOHEHHI, paccMoT-
PHM TOIOJIOTHIO IITWJICYHOT0 PHiIbTpa.

Kak BuiHO 13 puc. 1, Tonosnorus ¢unsTpa nMeer gocra-
TOYHO CIIOKHYIO KoHurypanuto. 1o 3Toi npuunne npen-
JIaraeTcsl UCMOIb30BaTh METOA ACKOMIIO3ULMU U «pa3jie-
JIMTH» TOMOJOTHI0 puibTpa Ha 0a3oBble dneMenThl (B2),
BKJTFOYAIOIINE B ce0st 00J1aCTH CBS3aHHBIX U OZIMHOYHBIX JIH-
Huit [ 7], puc. 2.

J1J1s1 y9acTKOB CBSI3aHHBIX M OAMHOYHBIX JIMHUI B pabore
[8] u3nokeHa MeToqMKA KBa3UANHAMHIESCKOrO MOIEIHPO-
Banusg MITJI. CormmacHo 3Toi METOIUKE MaTpHUIla PACCesSTHUS
OTpe3Ka CBSI3aHHBIX JMHUN PACCUUTHIBAETCS C HCIIOIB30Ba-
HUEM COOTHOILIEHUI!

S14;=81,+ S DT(1) Sy, T(1) Sy, @
S11,=S;, D7 T(1)-Syy; Slpp=Slyy; Sly;=Slyy,

rie  D=E-T(1)-S,, T(1):S,,;  T(1)=V-0(l)-V1;
O()=diag(e); V — cobcrBennbIii BEKTOp MATPHIBI
colc;c co- MaTpPHIIBI B3aNMHBIX U COOCTBEHHBIX I10-
TOHHBIX EMKOCTEH C YUeTOM U 0e3 yueTa JUAIeKTPUIECKOro
3aI0JTHEHMS JINHUH, COOTBETCTBEHHO; K — IToCTOsTHHAs pac-
npoctpanenust; | — mmHa yaacrtka csizanubx MITJT.

[ =
ot | -

Puc. 1. ®HY Ha 0IMHOYHOM LIITUICYHOM PE30HATOPE

© Mumernko M. B.,@apaponos A. 0., KoBanenko . A., Cummmmnus 0. A., 2013
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Puc. 2. Mogens mmuneunoro ®HY: a) rononorust mmmieynoro ®HY; 6) o6benunenne b3; 1, 2 — obnacru cBs3anubix auuuid; 3, 4, 5 —
obnactu oquHOouHBIX MILJI, BKiTrOUaromme HeogHopoaHocTH Tononoruy; XX u T — Marpuiisl xomocroro xoaa u T-nepeceveHus,
COOTBETCTBCHHO

Martpuiia coeTUHEHHS OMHOYHBIX JINHUH HJIN HATPY30K
¢ N-IIPOBO/IHO¥ CBSI3aHHOM JIMHUEH PACUMTHIBACTCS C IOMO-
LIBIO cOOTHOIIEeH!H [8]:

s_| E+RY)H(E-RY)

(E+R-Y)1.2.RY
2(E+R-Y)? 1)

(E+R-Y) 1 (E-R'Y)

rae E —enuHndHas Marpuna, R—Marpuiia BOITHOBBIX COnpo-
THBJICHNI ONMHOYHBIX JTMHH#H (Ha puC. 2, @ H1300payKESHBI KaK

obnactu 3,4,5); Y =¢-CO-V -, [€e () -Vil—ManI/ILla BOJI-
HOBBIX TIPOBOTUMOCTEN CBSI3aHHBIX JIMHUM; C = 3-108 m/c;
€e¢p (®) — uaronanbHas MaTprna 9Q(EKTHBHUX IHICKTPH-
YECKUX IPOHUIAEMOCTEH, MOIYIEHHBIX C TOMOIIBIO COOT-
HOILICHHIA, TPE/ICTABICHHBIX HIKE.

DddexTrBHAS TUANEKTPHUIECKAs IPOHNIIAEMOCTh B KBa-
3UIMHAMAYECKOM TIPHOMKEHAH £, (o) omuceIBaeTcs BBI-

paxenwnsvu [9]:
— eciM anre0pandyecKas CyMMa TOKOB JIMHUM HE paBHa

n
HYJIIO(|222|K #0), 10
k=1

2.4, (0) | 1+ (koh)? '20 J
seq)i(m): ' , &)
1+ (k )legez‘\(/?ilrm') D

e

—CCJIn anre6paI/IquKaﬂ CyMMa TOKOB JIMHUN paBHA HYIIO

(lzzznllki :0),T0
k=1

2 ge(bi (O)b‘+ (koh)4 grle /Voi ]
Cey _1—Seq)i (0)/8rZ+2 (koh)* 2, (0) /T /Voi +b !

4)

e

2
€ .0)]e. (0
D= 1+§f +4 (koh)*(L+e,) | 1- 0 _e(p()n;
er er VO

€ — IMAJICKTPHYECKast IPOHUIIAEMOCTh MaTepHaa ITOI0K-
K TomumHoi h; €4 (0) — KkBasncTaTHdeckas onerka s¢-

(EKTMBHO¥ IPOHHUIIAEMOCTH Ha HYJIEBOH YacTOTe; kg —BOII-

HOBOE 4UCJI0 CBOOOJHOro IpocTpaHcTsa; T,Vy,n — QyHk-
UM, KOTOPBIE CBSI3BIBAIOT TEOMETPHUCCKUE HapaMeTphl
MILI[9].

Tononormyeckre HEOTHOPOTHOCTH YINUTHIBAIOTCS ITyTEM
BHECEHMS B CXEMY JOMNOJHUTENBHBIX eMKOcTel. MeTonuka
pacyera eMKOCTeN HEOMHOPOAHOCTEH, TO3BOIISIOLIAS AHAIH-
3HPOBATh TOTIOJIOTMIO YCTPOMCTBA B IieioM, TipuBeneHa B [ 10].

Jlns1 pacdera 3TUX eMKOCTEN UCIIONb3YETCSI UHTErpallb-
HOE ypaBHEHHE!

(P(rp): IG(rp’rq)'G(rq)dSq : ©®
S,

1 jz £p(0)

€r

D=_|1+ 4(k0h)4(
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e G(rq) — pacnpesieIeHHe TIOTHOCTH 3apsi/ia Ha MOBEpX-
HOCTH S, IPOBOJHUKOB C 33/[aHHBIM 3HAYCHHEM TIOTCHIIHA-
na; G(I’p , I’q) — ynkums [puna KpaeBoii 3a1a4u.

DKBUBAJICHTHAS| EMKOCTb HEOIHOPOIHOCTH PACCUMTHIBA-
ercs o cootHoureHuro [10]:

1 Nx My
G=— 2 Z(Gnm - c50nm) Shm, @)
P n=l m=1

I7ie (j — HOTEHIHAI i-0if MOMOCKH; NX, My — KOIMIECTBO
YYaCTKOB, Ha KOTOPBIE MOJIENEHBI MOJIOCKH BAOJb U IOIE-
PEK, COOTBETCTBEHHO; S, — IUIOmMaAb NM-OT0 y4acTKa,
Gpnm — IIOBEPXHOCTHBIN 3apsii B LEHTPE NIMFOro y4acTKa,
G onm — NOBEPXHOCTHBIH 3aps] B LIEHTpe NM-Oro y4acTka,
PaBHOYIAJIEHHOTO OT KOHLIOB MOJIOCKH.

Marpuua paccesiHus y4acTKa OMMHOYHOM JIMHHUH, B KO-
TOPYIO BKITFOUEHA EMKOCTh HEOITHOPOIHOCTEH, B OOIIIEM BHIC
HMEET BU/I;

-1 2
1+2-jXc/R 2+R/ jXc
S= : ()
2 1

2+R/jXc 1+2-jXc/R

e XC=—1/ (2~1r'f-CH); Cy —€MKOCTB TOMONIOTHYECKHX HEO-
JTHOPOIHOCTEH, PACCUUTAHHBIX TP MOJCITUPOBAHUN BCEH
tononorun MILI [10]; R— conpoTrBiieHHE OAWHOYHO# JIH-
HUH B KBA3UIUHAMHUUYECKOM puOirmkeHnu [9].

Janee nposoautcs pexommosuims B3 [7], BeieacTBue
Yero MoxydacM 3HA4YCHHE BBIXOAHOW (YHKIUU (QUIBETpa B
KBa3UIMHAMHYECCKOM MPHOIMKEHUH C YIETOM BIIUSHHS TO-
MOJIOrMYECKUX HeoHopoaHocTeit. Ha puc. 3npencraBieHbt
Pe3yIBTaThl MOACTHPOBAHS IIITAJIEYHOTO (DUIIBTPA C yde-
TOM 1 0€3 ydeTa BIMSHHUS TOMOJIOTHIECKIX HEOTHOPOIHOC-
TeH, a TAKXKE PE3yNIbTaThl, MOTy4YeHHbIE ¢ HoMoIbio HFSS.

221,

nE
0

-10

-20

-25

1 2 3 £, ITn

Puc. 3. BoixoiHast XapakTepUCTHKA ILITHICYHOr0 O{HO3BEHHOI'O
OHY:
1 — pesynbrar MonenupoBanus B HFSS; 2 — pacuer ¢ yuerom
BIIMSIHUSL TONOJIOTHYECKUX HEOJHOPOIHOCTeH; 3 — pacuer 6e3
y4eTa BIMSHHUS TOMOJIOTHYECKUX HEOHOPOIHOCTEH

W3 puc. 3 caemyert, 9TO TOYHOCTH TPETIOKEHHOIN METO-
JIUKU JOCTAaTOYHO BBICOKA. DTO 03HAYAET, YTO IPUMEHEHUE
METOAMKHU pacueTa cxeM Ha MHorocBsa3aHHbelx MILJI B kBa-
3UMHAMHWYECKOM ITPUOIIKEHUH C YYE€TOM BIIMSHUS TOIIO-
JIOTHYECKUX HEOJHOPOJHOCTEH JacT BO3MOXKHOCTBH Ooiee
TOYHO CUHTE3MPOBATh JOIYCKOBBIE OTKJIOHEHHUS Ha Mapa-
MeTpsl MITJL

HNCAIEAOBAHUE JOITY CKOBbIX
OTKJIOHEHMIA YIEMEHTOB KOHCTPYKIIAA

Jlist cuHTe3a NOMyCKOBBIX OTKJIOHEHHI HAa TEOMETPUYEC-
kue napamerps! MITJT nctions3yroTcst HHTEpBaIbHbBIE MOIENH,
KOTOpPBIE YUHUTHIBAIOT 3aBUCUMOCTh BHIXOITHON XapaKTEPHUCTH-
K1 (WIBTpa OT ITapaMeTpoB KOHCTPYKIMH, B3AaUMHYIO KOM-
TICHCALIMIO OTKJIOHEHUH M UIMEIOT IOCTATOYHYFO TOYHOCTB [11].

JLytst co3anust yNpOIEHHBIX JIMHEHHBIX HHTEPBAIBHBIX
MoyIerield MCTIONbB3YeTCsl METO/] KacaTelbHbIX, KOTOPBIN 1aeT
BO3MOXKHOCTb ITOITyJaTh TOYHbIE 3HAUCHHS BBIXOJHOM Xapak-
TEPUCTUKH Ha TPAHMIAX JIOITyCKOB BXOMHBIX MapaMETpPOB.
OpnHaKo MeTo/] HAKIIAbIBaET JIOMOMHHUTEIBHBIE OTPaHMYEHHS
Ha QyHkIHo. OyHKOUS JOIDKHA OBITH TIaIKOH U HE UMETh
TOYEK, B KOTOPBIX YAaCTHBIE NPOM3BOJHBIC PaBHBI Hylio. B
MIPOTHBHOM CITy4ae MO>KHO HCIIONb30BaTh BHYTPEHHIOIO UH-
TEPIOJISALHIO, KOTOPasi OMKCHIBACTCS BhIpaskeHneM [11]:

n n
Ye=ao+ D, @y Xj+ Zdual(ari Xij ©
i=1 77 i=1 - ’
a;>0 a; <0

r7e | —4nciIo napaMeTpos; a,= [gri_H; gri_B] —KOMMYTAaIH-
OHHBIE MHTEPBAIBHBIE KOO()QUIMEHTEI; X; — HHTEPBAIl H3-
MEHEHHs BXOIHOIO ITlapaMeTpa MpU pacdere JOIMYCKOB OT
HOMHHAJIBHOTO JI0 TpaHNYHOTO 3HaueHust; dual — omepatop
mpeoOpa3oBaHusl OOpATHBIX apU(METHUECKUX OIeparui
HaJl MHTEPBAJIAMY B IIPAMBIE; ,; — IEPENATOTHBIE KOdhDu-
LMEHTBHI YIIPOLICHHOH (yHKIHUH.

HccnenoBanne 10MyCKOBBIX OTKJIOHEHUH BBITOITHEHO HA
mpuMepe MukpononockoBoro mmreasoro ®HY, puc. 1,
peanuzoBanHoro Ha nomiokke RT/Duroid 6010.2 TommuHoi
h = 0,635 MM ¢ OTHOCHTEBHOM TUIITECKTPUUECCKOM TIPOHH-
raemocthio €, = 10,2, ipezicraBiieHHOTo B pabore [6].

[TpuMeHneHne MeTona ASKOMITO3UIMN M KBa3UANHAMH-
YeCKOro MpUOIKSHUS TS pacyeTa BBIXOIHOH XapaKTepuc-
Tuky mmwieyHoro ®HY naeT BO3MOXXHOCTb CHHTE3UPOBATh
JIOITyCKOBBIE OrPAaHWYEHHUS HA BCE KOHCTPYKTUBHBIC TIapa-
METpBI QUIIBTPA, BKIIFOYAs OIBOISLINE THHIH.

st oripeneneHnst K03 PUIHNEHTOB MHTEPBATBHON MO-
JIeTIM M JOITyCTUMBIX OTKJIIOHEHHWH MapaMeTpoB KOHCTPYK-
MU (GUIBTPa, JOIyCTUMOE OTKJIOHEHHE BBIXOIHOW (YHK-
11y ObUIO IPUHATHIM O 4 = 11 %. YacTora cpe3a aHanusu-
pyemoro ¢unbtpa f = 2T [6].

OTKIOHEHUS TTapaMeTpoB (PpUiIbTpa, MOTYIESHHBIX TPU
MOJICITUPOBAHUHN BBIXOAHBIX XapaKTEPUCTHK Oe3 yueTa H C
Y4ETOM TOIOJIOTMYECKUX HEOIHOPOIHOCTEH, MpeacTaBie-
HbI B Ta0. 11 Ta0i1. 2, COOTBETCTBEHHO.

Amnanus 3HaueHnit IHTEPBATBHBIX Kod(pQuImenTos (3, ,,
a, ) MOKA3BIBACT, YTO MPAKTHYCCKH BCE MAPAMETPhI KPH-
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Ta6anma 1. OTkiI0HEHYS apamMeTpoB GuibTpa 6e3 yuera 3HaYeHUH eMKOCTEH TONOJIOrMYeCKUX HEOJHOPOAHOCTEH

[Mapametp 3;2:' l;fﬁ)_ i H aiB P Wiy, MKM g, MKM
Wlc, W2c 1,31 2926 1145 0,267 6,7405 17,224
g 0,2 —10928 —10788 1 6,7405 6,8283
Lc 45 2591 2633 0,241 6,8506 6,7405
W1s, W2s 0,3 -3383 -10852 0,993 21,620 6,7405
S 2,22 343,43 337,03 0,031 6,7405 6,8684
Lc 4,85 2760 2753 0,252 6,7405 6,7574
Ws 0,3 1815 1811 0,166 6,7405 6,7588
W1f, W2f 0,56 2514 2513 0,208 6,7405 6,7439
g 10,2 en. 1,2496 1,2654 - 0,025 en. 0,024 en.
h 0,635 -3106 —2986 — 10,074 10,478

Ta6anuma 2. OTKIOHEHUs TapaMeTpoB (GHIBTPA C yUSTOM 3HAYEHUIT EMKOCTEH TOIOJIOIMYECKHX HEOHOPOJHOCTEI

Hapavetp 322;: ;i}[) &i &i B P Wi, MKM Wp, MKM
Wlc, W2c 1,31 2841 1108 0,268 6,5934 16,9020
g 0,2 —10598 —10461 1 6,5934 6,679
Lc 4,5 2513 2556 0,241 6,7057 6,5934
W1s, W2s 0,3 -3411 —10586 0,998 20,4634 6,5934
S 2,22 338,23 331,95 0,032 6,5934 6,7181
Lc 4,85 2701 2696 0,254 6,5934 6,6051
Ws 0,3 1778 1773 0,167 6,5934 6,6109
WI1f, W2f 0,56 2476 2475 0,214 6,5934 6,59611
[ 10,2 en. 1,1968 1,2126 — 0,024 en. 0,024 en.
h 0,635 —2948 —2833 — 10,121 10,531

THYHBI K JOITyCKaM, TI03TOMY JIJISI pacdyeTa 3Ha4eHN I OTKIIO-
HEHHH napameTpoB (W 1 Wg), Ta01. 11 Tabdi. 2, GbUTH UC-
TIOJIb30BaHBI BECOBBIE KOI((GHUIMEHTH! P, 4TO MO3BOIMIO
pacIMpuTh oJie normycka [12].

W3 anam3a Tabim. 1 v tabn. 2 cnemyer, 9To y4eT BIUSHUSL
TOIOJIOTMYECKIX HEOTHOPOXHOCTEH IPH pacieTe 3aTyXaH!s
nmieaHoro GpuibTpa, prc. 1 mpuBoauT K Ooree cTporum
3HAYEHHSIM JIOITYCKOBBIX OTKIIOHEHNH Ha T€OMETPHIECKHE Ma-
pamerpsl GUIBTPA; IPHU STOM OTKJIOHEHHE BEIXOJHON (DYHK-
un coctaBmio +10,93 % u —8,56 %, a 6e3 yuera BnusHUSA
TOIOJIOTMYECKUX HEOAHOPOIHOCTEN 3TH OTKJIOHEHHS COCTa-
sun +11,21 % u —9,32 %, coorBeTcTBeHHO. Kax BumHO 13
PE3YIIBTATOB, OTKJIOHEHHWE BBIXOMHOW (DYHKIMHM BBIIIIO 32
Hpeziesbl AOIYCTUMOTrO OTKJIOHEHUS O 4, B CIIydyae KOI/a 3ary-
XaHUe QUIHTPa PaCCIUTHIBAIIOCH O€3 ydeTa TOMOJIOTHIECKIX
HEOJHOPOJHOCTEH; M OKa3aJloch B NpEAeIax JIOIyCTUMOrO
OTKJIOHEHHSI , B CIIydae KOrza 3aTyXaHue (QIIsTpa pacCanuThI-
BaJIOCH C YYETOM TOIOJIOTHYECKIX HEOJHOPOJHOCTEH.

[nprHa TOMYCKOBBIX OTKJIOHEHUH MOYKET OBITH PacCIIi-
peHa, eCIii y4ecTh B3aNMHOE BIIMSTHUE JOITYCKOB, UTO CBSI3a-
HO C OCOOEHHOCTBIO MUKPOAJIEKTPOHHOI TEXHOJIOTUH, IPH
KOTOPOH BCE YIACTKH M3TOTABIMBAIOTCS B SANHOM TEXHOJO-
rudecKkoM Imkite. Torna nHTepBaIbHAS MOIETb MOXET OBITh
chopMupoBaHa Ul MEHBILETO YUCTIa TapaMeTpoB. bynem
CYUTATh, YTO APAMETPBI BCEX yIACTKOB (PHIIBTPa N3MEHS-
I0TCS HA OJMHAKOBYIO BEJTHIHHY.

A=38,/N, (10)

rae N —gucio aHanM3upyeMBIX TapaMeTPOB (PIIIBTPA.
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OTKJIOHEHUSI TApaMETPOB (PIITBTPA C YIECTOM B3aUMHO-
TO BIIHSIHUS JTOITYCKOB, TIONYYCHHBIX MTPHU MOJACTHPOBAHUU
BBIXOJTHBIX XapPaKTEPUCTHK O€3 ydera U C y4eTOM TOMOJIOTH-
YEeCKMX HEOTHOPOIHOCTEH, MPEICTAaBIICHEI B Ta0I. 3, Ta0I. 4,
COOTBETCTBEHHO.

W3 ananm3a ta6mn. 3 v Tadm. 4 ciuemyeT, 9To, Kak 1 B Ta0m. 1
1 Ta0I1. 2, y4eT BIUSAHUS TOIMOJIOTMIECKAX HEOTHOPOTHOC-
Tell ipu pacyere 3aTyXaHus MIMICYHOTo PUiIbTpa, puc. 1,
OBLTH TTONYYeHBI OoNee CTPOTHe 3HAUSHHUS TOIMYyCKOBBIX OT-
KJIOHEHHH Ha T€OMETPHUYECKHE IMapaMeTpsl GUIbTpa; Ipu
9TOM OTKJIOHEHHE BRIXOAHON (hyHKINH cocTaBmio +9,89 %
u — 8,2 %, a 6e3 y4yera BIUSIHUS TOMOJIOTMIECKAX HEOTHO-
POAHOCTEH 3TH OTKIIOHEHHM: cocTaBmiy +11,76 % u —8,55 %,
COOTBETCTBEHHO. 13 3TOTO CIiemyeT, 9To, Kak U B CIIyJae CHH-
Te3a B3aMMOHE3aBUCHMBIX JIOITyCKOBBIX OTKIOHEHUH, IPH
BBIYHMCIICHUH B3aMMO3aBHUCHUMBIX JOITYCKOB OTKIIOHCHHE
BBIXOTHOHM (DYHKITUH BBIIILIO 32 TIPEAEITHI JOITYCTUMOTO OT-
KJIOHEHUS O, B Cllydae KOI/a 3aTyXaHHe (QuibTpa paccyu-
THIBAJIOCH 0€3 yUeTa TOIOIOTHIECKAX HEOJHOPOTHOCTEH; 1
0Ka3aJIoCh B IIpefieiax JI0IMyCTUMOro OTKJIOHEHUs O 5, B CIIy-
Yae Korna 3aTyXaHue (QUIIBTpa PaCCUUTHIBATIOCH C YIETOM
TOITOJIOTMIECKUX HEOTHOPOITHOCTEH.

KauectBo nsroronenus ycrpoiicrs Ha MITJI 3aBucur ot
pa3pemnIaromei CocOOHOCTH TEXHOIOTHYECKOTO TIpoIecca.
[TosTOMY BO3HHKAaeT HEOOXOIMMOTD MPOBEICHHS aHATN3a
JIOITYCKOBBIX OTKJIOHCHUI Ha TEOMETPUIECCKHE TTapaMETPHI
MIIJI ¢ menpio BBISCHEHHS BO3MOXKHOCTH H3TOTOBJICHHS
CBY-ycrpoiicTBa ¢ oOecriedeHreM 3aIaHHbIX TapaMeTPOB.
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Ta6anuma 3. OTKIOHEHHs TapaMeTpoB (HIBTPA C YIETOM B3aUMHOIO BIIMSTHHUS JIOIMYCKOB 0Oe3 ydeTa 3Hau4eHUil eMKOCTeil Tonoioruyec-

KHX HEOTHOPOIHOCTEH

[Tapamerp 3;12: g{;f- i H &i B P Wy, MKM g, MKM
W1ic, W2c 1,31 8289 9437 0,857 7,56611 6,6457
Lc 45 1228 1239 0,112 6,7068 6,6457
W1s, W2s 0,3 —3608 —11005 1 20,2688 6,6457
Ws 0,3 1816 1810 0,165 6,6457 6,6691
W1f, W2f 0,56 2514 2513 0,228 6,6457 6,6500

g 10,2 en. 1,248 1,268 - 0,032 ex. 0,032 ex.

h 0,635 -3124 —2969 - 13,0194 13,7021

Ta6anua 4. OTKIOHEHHUS apaMeTpoB (HUIBTPaA

C YY4E€TOM B3aUMHOI'0O BJIIUSIHUSA JOITYCKOB U 3HAYEHUH EMKOCTEH TOIMOJIOTHYECKUX

HEOTHOPOJHOCTEH

[Tapametp 332‘;' iif_ i H &iB P Wy, MKM g, MKM
Wlc, W2c 1,31 7837 8598 0,817 7,1223 6,4915
Lc 45 1139 1150 0,109 6,5551 6,4915

W1s, W2s 0,3 -3632 —10523 1 18,8061 6,4915
Ws 0,3 1744 1738 0,165 6,4915 6,5135

WI1f, W2f 0,56 2448 2447 0,232 6,4915 6,4943

£ 10,2 en. 1,1513 1,1716 - 0,032 ex. 0,032 ex.

h 0,635 — 2420 — 2284 — 15,4361 16,3532

OCHOBHBIMH T€XHOJIOTHYECKUMH 3TallaMHU 3T OTOBJIEHHS
MUKPOIOJOCKOBBIX ycTpoiictB CBY saBnstoTca cozgaHue
¢oromabdiona, murorpadus u tpapnenue [13]. s oteue-
CTBEHHOT'0 IIPOU3BOICTBA XapaKTepHO [3]:

— CO3/IaHNE SMYJIbCHOHHBIX IUIEHOYHBIX (POTOIIa0IOHOB
¢ TOYHOCTBIO 30 MKM;

— NpOoeKnMoHHAs (oTonuTorpadus ¢ pasperaromnei
CIIOCOOHOCTEIO 2,5 MKM;

— BeMyuHa oarpasa H =t- 005(450) MKM, e t —Tomn-
IIMHA METaTH3AIIH.

B aToM ciygae mHTEpBaTbHAS MOAEIB MOXKET OBITH COp-
MHpPOBaHa I MEHBILETO YUCIIa IapaMeTPoB, a OTKIOHE-
HUE 715 HUX (OPMHUPYETCS CIEAYIOINM 00pa3oM:

A=Agpy +Ar;

e A,A — TPaHUYHBIC 3HAYEHUS OTKIOHECHMH apaMeTpPOB

HIKHEE ¥ BEpPXHEE, COOTBETCTBEHHO; A g1y, AdIIl —TpaHud-
HbIE OTKJIIOHEHHUS TapaMeTpoB, 00YCIIOBICHHBIE TOYHOCTBIO
co3anus GoromabiaoHa; Agy — PaHUYHBIE OTKIOHEHUS
TTapaMeTpoB, 00YCIIOBIIEHHBIE pa3pEeIAIONIel CIIOCOOHOCTHIO
npouecca (oronurorpaduy; Ay — rpaHUYHbIE OTKIOHEHUS
apamMmeTpoB, 00YCIIOBIICHHbIE BEJMYHHON ITOATPaBa.

A OTKJIOHEHUS TapaMETPOB AUDIEKTPUYECKON MOAT0XK-
ku RT/Duroid 6010.2 pernmaMeHTHPYFOTCsT KOMITAHUEH-TIpO-
ussonureneM Rogers Corporation. Comtacuo [14] Benuunna
JIMBIIEKTPUYECKOM TIpoHUIaeMocTn momiokku RT/Duroid
6010.2 paBna ¢, = 10,2 £ 0,25, TonmuHa HOAJIOXKKH
h= (0,635 0,0254) mm.

OTKJIOHEHHS TapaMEeTPOB TOIOJIOTHH (IITBTPA TPEACTaB-
JIeHBI B Ta0I. 5.

Ta6muna 5. OTkiIOHEHHs MapaMeTpoB (HUIBTPA, BhI3BAHHEIE

TEXHOJIOTUYECKUMU OrpaHUYCHUAMU

= Bemuuuna OTKII0HEHHE
g apamMoTpoB rnapameTpoB
<
=%
E X, MM Wy, MKM R, MKM
W1lc,W2c 1,31 20,998 5,502
Lc 45 20,925 5,490
W1sW2s 0,3 21 5,499
Ws 0,3 21 5,499
W1f W2f 0,56 21 5,499
g 10,2 eo. 0,25 eo. 0,25 eo.
h 0,635 254 25,4

[Nonp3ysick maHHBIMU Ta0I1. 5, OBUTO paccUUTaHO 3aTyXa-
HHE aHATTM3UPYEMOT0 (DHIBTPA 1 BBISBIECHO, YTO IIPH y4eTe
BIIMSTHHS TOIIOJIOTHYECKHNX HEOTHOPOIHOCTEH OTKIOHEHHE
BBIXOIHOH QyHKIMHU cocTaBmio +8 % u —25 %,; a Oe3 yuera
BIUSHAS TOIIOJIOTHYECKUX HEOTHOpoaHOCTeH — +16 % u

—21 %. 13 sT0r0 Ccremyer, 9To MpUMEHEHHE METOAUKA MO-
nenupoBanust MITI ¢ yueToM BIHsSHUSA TONOJIOTHYECKUX HEO-
JTHOPOIHOCTEH TO3BOJIIET 00JIee TOYHO OLEHUTH BO3MOX-
HOCTB M3TOTOBJICHUSI MHKPOITOIIOCKOBOTO ycTpoiictBa CBY
C MPUMEHEHNEM KOHKPETHOH TEXHOIOTHH.

BbIBO/JIbI

IMpuMeHeHre MeTONA TEKOMIIO3UIINY 1 Ka3HIHHAMMYIEC-
KOTO TIPUOJIMKEHUS TIPH MOJIETUPOBAHUH MHKPOITOIOCKO-
Boro mmuwieyHoro ®HY ¢ yyerom TONOJIOrMYECKUX HEO-
nropomHocteit (TH) mpuBOIUT K YBETMYEHHIO TOYHOCTH
pacueToB BHIXOAHBIX XapaKTEPUCTHK YCTPOMCTBA, a TAKKE
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JIaeT BO3MOXKHOCTh YUHWTHIBATh BIIMSIHUE BCEX JJIEMEHTOB
TOIIOJIOT UM MUKPOIIOJIOCKOBBIX JINHUH. DTO, B CBOIO O4Yepe/Ib,
YBEJIMYMBAET TOYHOCTH Ha3HAYEHHS J0ITycKoB. CpaBHEHHE
pacYeTHBIX 3HAYCHUH YpOBHS 3aTyXaHHs Ha 4aCTOTE Cpe3a ¢
pe3yiIpTaTaMy 3JIeKTpoMarHuTHoro aHainusa B HFSS noka-
3aJ10, YTO PacyeT 3aTyXaHus C y4eTOM BIIMSIHUS TOIOJIOTH-
YEeCKUX HeoHopoaHocTel Ha 7 % TouHee, ueM pacueT 0e3
yuera BnustHusE TH; iput TOM OBLIIH TIOITy4€HBI O0J1ee CTpo-
T'Me 3HaUeHHUs JIOIyCKOBBIX OTKJIOHEHHWH Ha reoMeTpHuyec-
KHe rapameTpsl GUiIbTpa.

[pu nccnexoBanny B3aMMOHE3aBUCHMBIX M B3aNMO3a-
BHCHMBIX JIOITYCKOB OBLJIO BBISIBIICHO, YTO ITPH pacyeTe 3aTy-
XaHus mnuiedHoro Guietpa, puc. 1, 6e3 yuera BiusHUSA
TOIOJIOTHYECKUX HEOTHOPOAHOCTEH (hopMHpyeTCs Hea ek-
BaTHasi MOZIEJIb CHHTE3a JIOIYCKOB, TOCKOJIBKY, B 3TOM CITy-
Yae, 3HAYEHUE OTKIIOHEHHMS BBIXOIHOM (DYHKIIMH NIPEBBICH-
JI0 3HAaYE€HHeE JIOIyCTUMOTO OTKIOHEHUS O 4. YUeT BIMAHUSL
TOMOJIOTMYECKUX HEOTHOPOJHOCTEH IIPH pacyeTe 3aTyXaHHs
aHAIM3UPYEMOT0 YCTPOMCTBA MTO3BOIMI CHOpMUPOBATH
MOJENb CUHTE3a JIOITYCKOB, IPU KOTOPOU OTKIOHEHUE BBI-
XOHOU (hyHKIIMU HE IIPEBBICUIIO 3HAYEHHUE O 5.

W3 sT0r0 cnemyert, 4To HCNONb30BaHUE METOAUKH pacue-
Ta BBIXOAHBIX (pyHKIMI MITJI ¢ yaeToM BIMSIHUS TOTIOJIOTH-
YECKUX HEOJHOPOAHOCTEH TaeT BO3MOXKHOCTh 060JIe€ TOUHO
CHHTE3MpOBATh JOITYCKOBBIE OIPAHUYCHNUS M OLICHUTD CTe-
TIeHb OTKJIOHEHHS BEIXOAHOMN (QYHKIINH.

AHaM3 MAKPO3JICKTPOHHOH TEXHOIIOTHH TTO3BOJINII BBI-
SIBUTh OCHOBHBIE TEXHOJOTHUECKUE STAllbl M3TOTOBJICHHS
MHUKPOIOJIOCKOBBIX ycTpoiicTB CBY 1 BBISIBUTE HX OrpaHH-
yeHwus1. BenencrBue storo Opu1a chopMupoBaHa HHTEPBaIb-
Hast MOJIEJIb C YUETOM B3aMMHOTI'O BIMSIHUS AOITyCKOB. Tak-
XKe, KaK U B IIEPBOM Cilydae, 0ojiee CTPOTrHe JIOMYCKOBBIE
OTpaHUYCHUS Ha TapaMeTphl GUITBTPa OBUIH MONTYYEHBI IIPU
aHaNIM3€ BBIXOJHOW (QYHKIUHU (UIBTPA, pACCUUTAHHOU C
Y4ETOM BJIMSIHUS TOTIOJIOTHYECKHX HEOJHOPOJHOCTEH.
K Tomy e aHanu3 B3anM0O3aBUCHMBIX JIOIYCKOB ITOKa3al,
YTO IPUMEHEHHE METOIUKH PacueTa BBIXOAHON (pyHKIMU
(GUIBTPa C YIETOM BIMSHHS TOHOJIOTMIECKHX HEOAHOPO-
HOCTEH M03BOMISAET HE TOJIBKO CHHTE3UPOBATh OOrIee CTporue
JIOITYCKOBBIE OTPaHWIEHHMS, HO ¥ OLIEHUTH BO3MOXXHOCTb H3-
TOTOBJICHUSI AHAJIM3HPYEMOIO YCTPONHCTBA HA KOHKPETHOM
TIPEIIPUSATHH.

HampasneHnue nanbHEHIMX HCCIENOBaHUM CBSI3aHO C
OIIPENIENICHNEM JIOMYCKOBBIX OIPaHWYEHHI Ha MapamMeTpbl
MIUI CBY ycTpo#CTB ¢ y9€TOM B3aMMHOTO BIHMSIHUS J10-
ITyCKOB 3JIEMEHTOB KOHCTPYKIIH.

10.

11.

12.

13.
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METOJ CUHTE3Y JONIYCKOBUX BIAXWJIEHb HA TEOMETPUYHI MAPAMETPU MIKPOCMYKKOBUX

IPUCTPOIB

B mpencraBneHiit podoti po3pobIeHO METON CHHTE3Yy AOMYCKOBUX BIIXMIJICHb HAa T€OMETPUYHI NapaMeTpy MIiKPOCMY>KKOBHX IpH-
crpoiB. Lle#t MeTon BKIIOUae B cebe METOOMKY PO3PaXyHKYy CXEMH MIKPOCMY)KKOBHX JIHIH, siIka OCHOBaHA Ha BHKOPHCTAHHI KBa3innWHa-
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MIYHHX HAOJIMKEHb Ta KBa3iCTATHYHOIO aHaJi3y HEOJHOPITHOCTEH TOMOJIOTIl; CHHTE3Y TOMYCKOBHX BiIXHJICHb, 0 BAKOPUCTOBYE iHTEP-
BaJTbHI MOJIEITi; ONTHUMI3AIlif0 TOMYCKOBHX IIUISIXOM BBEJCHHS BaroBUX Koe(illiEHTIB; a TAKOXK aHAII3 JOMYCKiB, 00YMOBICHHX TEXHOJIOTI-
YHUMH OOMEXeHHSIMU. HaBeeHo MpuKIiaa BUKOPUCTAHHS METOLY, IO PO3POOIICHO.
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SYNTHESISMETHOD OF TOLERANCE DEVIATIONSTOTHE GEOMETRICAL PARAMETER OFTHE MICROSTRIP
DEVICES

Abstract — in this study, the synthesis method of tolerance deviations on the geometrical parameters of microstrip devices was
developed. The synthesis and the research of tolerance limits of the geometric parameters single-link hairpin microstrip low-pass filter
was provided. Method of calculation of the filter circuit is based on a quasi-dynamic and quasi-static approximation analysis of topology
discontinuities. Interval models are used for the synthesis of tolerances. Optimization of geometric tolerances of the filter parameters is
performed with weights coefficients.

Main technological stages of microstrip microwave devices manufacturing and their resolutions are presented in this research.
Deviations of dielectric substrate parameters are limited by producer.

Computations showed that taking into account topology discontinuities allows to increase accuracy of microstrip filter frequency
responses calculation and also more accurate estimate deviations of frequency responses from nominal values.

Analysis of tolerances which are caused by restriction of technologies showed that applying of computation method of frequency
responses of filter taking into account topology inhomogeneity alows to estimate possibility of producing of analyzed device on base
enterprise.

Keywords: tolerance deviations , topology discontinuities , quasi-dynamic approximation, filter.
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METOO AOAMTALWN ABTOKOMIMEHCATOPA NP BO3OENCTBUMU
KOMBUHUPOBAHHbIX NMOMEX

B crarbe npeuiokeH METOA aalTall iy aBTOKOMIIGHCATOpa B Hauajle Pa3BePTKU JaTbHOCTH.
ITpoBenen aHanu3 NPOTSHKEHHOCTH MACCHBHBIX IIOMEX OT METE000pa30BaHUM M JAMIIONBHBIX
orpaxareneid. [TosrydeHa 3aBUCHMOCTB JAJIbHOCTH ITACCHBHOMN IIOMEXH OT BBICOTBI, YUHTHIBAIOIIAs
YroJl MecTa Jiyda U BBICOTY TOYKHU CTOsIHUS pajgapa. Ha npumepe pamapa 36/16 mokasaHo, 4To
NPEUIOKEHHBIN METOJ 11eNecooOpa3Ho MPUMEHSTh AJIs YIIoB MecTta <6°. [l yrioB mecra >6°
IPEIIOYTUTENBHOM SBIISIETCS Al TAIMs] BECOBBIX KOI((UIIMEHTOB aBTOKOMIICHCATOPA B KOHIIE

Pa3BEPTKU NAJIbHOCTHU.

KuarwueBsble cjioBa: pazaap, noMexo3amnura, aBTOKOMIICHCATOp IIOMEX, KOM6PIHI/IpOBaHHI>Ie

IOMEXH, Yroji Mecra, obJiaka.

BBEJIEHHE

C 1enbio yMEHbBIIEHHS BIMSHUS ITACCHBHOM ITOMEXHU Ha
HAaCTPOHKY BECOBBIX KO3()(hMIIMEHTOB aanTaIis aBTOKOM-
neHcaropa nomex (AKII), kak npasuiio [1], BeITOHSAETCS B
KOHIIE Pa3BEPTKU AAIBHOCTH, IOCKOJIbKY MOIIHOCTb OTpa-
YKEHHBIX CUTHAJIOB Ha OOJBIINX JaJIbHOCTSX CYIIECTBEHHO
yMmeHbIIaercs. IIpoBeieHHbIe aBTOpaMH M UX KOJJIETaMHU
HccIeI0BaHusl B yeloBusix nmonurona Kamyerun Sp (Actpa-
xaHckas 0071., PCOCP) mokasaiy, 4To 1axe Ha JaJbHOCTH
100 kM cUrHAIIBI, OTpaYKEHHBIE OT MOIIHBIX IPO30BBIX 00JIa-
KOB, MOTYT IIPEBBIMIATH JUHAMHYECKUH JUana3oH pajgapa.
Takxum 00pa3zoM, HaCTpOIKa IPOCTPAHCTBEHHOTO a/TAIITHB-
HOro (MIBTPa B KOHIIE PA3BEPTKU JAITBHOCTH HE peIIacT
mpoOieMy, CBSI3aHHYIO C BO3ICHCTBHEM ITaCCHBHOM TOMeE-
X¥ Ha TIPOIIECC aanTaIluy BeCOBBIX KoddurrenToB AKII.

YuuTsiBasi HECTALIMOHAPHBIA XapaKTEP OTPAXKEHUNA OT
TTACCUBHBIX IIOMEX , IPEACTABIISIET MHTEPEC OIIEHUTH BO3MOXK-
HOCTb aJIalTalllA aBTOKOMIICHCATOPA AaKTHBHBIX ITIOMEX Ha
MHTEpBallaX JaJIbHOCTH, /i€ OTPAsKEHUsSI OT MACCUBHBIX I10-
MeX OTCYTCTBYIOT.

ITOCTAHOBKA 3AJTAYN

B BoeHHOI#1 0071aCTH, UCXOJIS U3 CYIIECTBYIOIICH TAKTUKA
[IOCTAHOBKH JUIIOILHEIX IOMeX [2], MOXKHO CYMTATh, YTO
OTpaKeHUs OT MpeTHAMEPEHHBIX MacCUBHBIX Tomex (ITIT)
SIBJISIFOTCSI JIOKATbHBIMU. Pazmepsl obnaka U3 OfHO#M mavyku
JIMTIONTBHBIX OTpaskaTeliel B BEPTUKAIBHON (TOPU30HTAb-
HOIT) mrockocTr coctaistior 0,6... 1 kM uepes 5 muH mocite

copocau 1,6...2 km yepe3 10 mun nocie copoca. [1pu atom
Ha pa3BepTKe JAITEHOCTU BCEra HalayTcsl BpeMeHHbIE HH-
TepBansl 1711 camoHacTporiku AKII, na koropsix I1IT orcyT-
CTBYIOT. JIOKaJIbHBII XapakTep TakKe UMEIOT OTPaKEHHBIE
CHTHAJTBI OT MOIIHBIX Ky4eBO-10KIEBbIX (TPO30BBIX) 001a-
k0B [3], a TaK)ke OT MECTHBIX TIOMEX.

Mopdorormaeckas KraccH()UKALHS 00TaKOB COCTOUT 3
10 ¢opm, 20 BunoB u 36 pasHOBUIHOCTEH. B CBsI3U ¢ 3THM
TIpeCTaBIsIeTCS 1eI1eCo00pa3HBIMH PACCMOTPETH TOIBKO TE
BU/BI 00JIAKOB, KOTOPBIE MOTYT ITOKPBIBATH 3HAYNTEIHHYIO
yacTb 30HBI 0OHapyxeHus1 PJIC 1o asumyTy, TaibHOCTH U
BEICOTE, CO3/1aBast HAMOOJIeEe CII0KHBIE YCIIOBHS TS PaOOTHI
AKITI. OcHOBHBIE JaHHBIE IT0 STHM BHAIAM 00JIAKOB IIPUBE-
el B Ta0I. 1.

[Ipoananusupyem pacnonoxenue cinos I111 Ha pa3Bept-
K€ JaIbHOCTH B 3aBUCHMOCTH OT YIJIOMECTHOTO HarpasJie-
aust myda PJIC u Beicots mosutin PJIC Hax ypoBHEM MOpSI.

PaccMorpum reomeTpHio 3aaa4du (prc. 1) Ha IIIOCKOCTH,
coxepykarmeit menTp 3emiu C u mya PJIC OA. 3emnast mo-
BEPXHOCTH MPHOIMKEHHO MOXKET OBITh IIPE/ICTABIEHA OK-
pyxHocTBIO pannyca R,. [Tycts BoicoTa mosuuun PJIC Han
ypoBHeM Mopsi — h, Beicota rparmus! IIT — h. B takom
cirygae rpaauta [1I1 MmoxeT OBITh IpeICTaBIIeHa OKPY)KHO-
cThIO ¢ ieHTpoM B Touke C pamuycom R +h. Touka nepece-
uennst syda PJIC ¢ okpyxHOCTBIO pamiycom R +h coorser-
cTBYeT T. A Ha puc. 1.

Heo6xommo ompemenuts monoxkenue rpaHuis! 1111 Ha
pasBeptre gampHOCTH PJIC, T.e. onpenenmts mHy otpeska OA.

Ta6muma 1. [lanHbEIe 0 paccMarpuBaeMbIX (hopMax o0JIakoB

O06o3HaueHue HasBanue Bricora HwkHeil rpanunel, kM | Tousmuna ciost, kM
As BBICOKOCJIOHCTHIE 2...6 1...2

Sc CIIOHCTO-KY4EBbIe 05...15 0,2...0,8

Ns CIIOHCTO- 0K IEBhIC 0,5...19 2...3

Cb KY4€BO-/10)K/IEBbIC 0,6...1,2 3...8

© Tuza O. M., Cupenxko A. C., 3Bsarunnes E. A., 2013
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Puc. 1. Teomerpus 3anauun

PEINIEHUE

BBenem nossipHyto cucteMy KOOpAHHAT C TIOJIIOCOM B T.
O n nomstproit ocbto OM, coOTBETCTBYIOMIEH HYIIEBOMY YIITY
MecTa. Yron Mecta T. A 0003HauuM 0. YpaBHEHHE OKPYX-
HOCTH pajyca ac HEeHTPoM B T. (g, 0q) B IOISpHOI cHcTe-
Me KOOpIUHAT I, ¢ onpenessiercs B Buae [4]:

r2—2rrgcos(¢—0g) +1é = a2, @

e I' — HOApHBIA paauyc, ¢ — mosIpHLI yroi, (rg,0q) —
KOOPIMHATHI IIEHTPA OKPY)KHOCTH, & — PaJANyC OKPY)KHOCTH.
C ygerom (1), koopmunar nentpa 3emmu C(R,+h,, —90°)
1 BBEJICHHBIX 0003HAYEHHI YpPaBHEHNE OKPY>KHOCTH, COOT-
BercTBytomel rpanuue 111, onpenenurcs B Buze:

r2—2r(Ry +hy)cos(90° + ¢) +(Ry + gy )> = (Ry + h)?, ()

N

r2+2r(Ry +hy)sing+(Ry +hy > = (Ry +h)> =0. (3)

[TockonbKy BO BBEIEHHON CHCTEME KOOpPAUHAT MOJSIP-
HBIM YTon (p COBNAZIAET C YITIOM MECTa 0, HICKOMBII OTPE30K
OA ompenenuTcs penenreM ypaBHeHus (3) OTHOCHTEBHO
I' C IOICTaHOBKOM @ = 6.

JIMCKpUMHUHAHT ypaBHEHHS ONIPENENACTCS B BUIE.

D/4=+(Ry +ho2sin20—(Ry +ho 2 +(Ry +h)2 .

Io ycnoBmio 3anaun h>h, cienoparenbHoO, IMCKPHMH-
HaHT (4) GyIeT MOMOKUTENBHEIM, a ypaBHeHue (3) Gymer
UMETB JIBa ISHCTBUTEBHBIX KOPHS:

rllz Z—(R3 +ho)5|n9i

£J(Ry +hp)2sin20—(Ry +ho )2 +(Ry +h)Z . (B)

Awnanu3 BeipaxkeHus (5) 1 yCIIOBHiA 3a1a4H TOKA3bIBAET,
YTO TOJILKO HOJIOKUTENIBHBIN KOPEHB OyIeT SBIATHCS €€ pe-
LICHUEM, B TO BPEMs KaK BTOPO (OTpHIATEIbHbI) KOPEHb
OyZeT COOTBETCTBOBATH BTOPOH TOUKE NEpeceUeHHs MPSIMOH
OA (comepsxaiueii ;mya PJIC) ¢ okpyxHOCTBI0. OKOHYATEIb-
HO HMEEM!

OA=\/(R3 +h0)25in26—(R3 +h0)2 +(R3 +h )2 -
—(R; +hg)sin®. ©6)

[TpuMeHNM MOJTy9eHHYIO 3aBUCHMOCTD JAJIbHOCTH OT
BbIcoThl rpanuip! [Tk PJIC 36/16 ykpanHCcKoro npou3Bo-
CTBa, KOTOpas MCIOJB3YeTCs B CHCTEMaX MPOTHBOBO3IYIII-
HOI 000poHBI MHOTHX cTpaH Mupa. PJIC nmMeer 1Be 30HBI
o030pa o yriy Mecra, HasbiBaeMble «HIKHD (0...6°) u
«gepxHs (6...30°). 3naueHus yrioB mecta ydeit PJIC npu-
BeJIeHbI B Ta0II. 2.

Ta6anma 2. Yois! mecra stydeii PJIC 3616

Howmep syua VYroin mecra, °©
Huwxnss 30Ha BepxHss 30Ha
1 0,75 9
2 2,25 15
3 3,75 21
4 525 27

3aBHCHMOCTH JaIbHOCTH OT BBICOTHI TpaHuubl ITTT s
yrmomectHbIx iiydeit PTIC 36116 npusenena B Buze rpaguxon
Ha pHUC. 2, a (HIKHsAs 30Ha) U 2, 6 (BepXHsIs 30Ha).

Kak BuHO 13 puc. 2, a (¢ yuetoM Tadi. 1), BepXHsis [paHH-
11a obmaxos Buna Cb s 1-4 mydax HrkHe#t 30HbI OyIeT pacro-
naratbest Ha abHocTH oT 90 110 265 kM. [TosTomy aganranius
AKII B KOHLIE pa3BEPTKU JATIBHOCTH P JATTbHOCTH ASHCTBUS
PJIC 90 kM MOXET ITPUBECTH K HACTPOHKE BECOBOTO KO3 (-
IHEHTAa Ha MACCHBHYIO TIoMexy. CUTYaIus Taroke OymIeT ycy-
TYOJSITECSI M3-32 OOJNBIIIOTO UMITYJIRCHOTO 00beMa Ha OO0JIb-
IIMX JAJIBHOCTSIX : BCJICACTBHE YBEMHIEHHS IUTOMIAIH [oNepey-
HOTO CeYeHHUs Jyda 3(PQEeKTUBHAS IUIOMAIb PACCESHUS
00J1aKoB OyIeT yBeMHMIUBATHCS. DTOT (paKT OBLT SKCIIEPHMEH-
TaJbHO NOATBEP:KIEH Ha noaurone Kamyctun fp.

AHam3 prc. 2, 6 TOKA3bIBACT, YTO JaXKe NPH BBICOTE BEP-
xHelt rpanuiibl 1119 kM B KOHIIE pa3BepTKH JaIbHOCTH OyeT
CYIIECTBOBATh YYACTOK CBOOOIHEIH OT moMeX. Tak, Harpu-
Mep, 171t 1-To ;my4a BepxHeit 30HbI BepxHsist rpanwia [111 oymer
COOTBETCTBOBATH MAJTBHOCTH OKOJIO 55 KM, 11
2-r0 — 35 kM, amst 3-ro u 4-ro — 2025 kM. Beujy Toro, uto
cymiectBoBanue [1I1 ot obnakoB Ha Bbicorax Oonee 10 km
BEChbMAa MAJIOBEPOATHO, BBHINOIHEHUE aJaNTalli B KOHIE
Pa3BepTKH JAILHOCTH B BEPXHEH 30HE MPEICTABISIETCS I1e-
JIeCO00pa3HEBIM.

OmHrM 13 BO3MOXKHBIX BAPHAHTOB BEIOOpA YJacTKa aiart-
taru AKII B myyax HM)KHEN 30HBI SIBISETCS] HauyaJIbHBIN
Y4aCTOK Pa3BEPTKH JabHOCTH. ONpenennM rpaHuIbl STOr0
ydactka. Eciy, HanpuMep, ATUTETHOCTD 30HIUPYIOMIETO
uMIynsca T, =15Mke, To 1omycTUMOe BpeMs afanraluu

AKII, B coorercraum ¢ [ 5], cocraur 107, =15 mkc . B pac-
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Puc. 2. 3aBUCHMOCTb JAIBHOCTH OT BbICOTHI TpaHuLpl I1IT 1ist iyueid HukHel (a) 1 BepxHeit (6) 30HbI

CMaTpPHUBAaeMOM IMPHMeEpPE 3TO COOTBETCTBYET MHTEPBAY
nmanpHOCTH 2,25 kM. C y4eTOM MUHUMATHHOW HHCTPYMEH-
TaJNBHOM albHOCTH («MepTBOii 30HbI») PJIC 36/16, paBHO#
3,5 kM, 1 amanranuy HeOOXOIUM yIacToK oT 3,5 1o 6 kM. B
npolecce UCCIeA0BaHui aBTopamu o Gopmyne (6) GbutH
MPOBEJCHBI PACYETHI 3aBUCUMOCTH JAJTBHOCTH OT BBICOTHI
IIT st 1. . .4 smyqeit HyokHEH 30HB ynomsiHyToi PJIC Ha masb-
HocTsax ot O 10 8 kM. Pe3ynbsraThl MPOBEICHHBIX PacueTOB
MPUBE/ICHBI HA pHC. 3.

Touku nepecedyeHrss MOIYYEHHBIX 3aBUCUMOCTEN IS
Ka)<JIOTr0 U3 JTydel ¢ MPsIMOii F=6 KM COOTBETCTBYIOT BBICO-
tam (0,08; 0,24; 0,4; 0,55) km.

CpaBHeHHe, IOTy4YeHHBIX B PE3YJIBTaTe pacuera BBICOT, C
HWKHEH Tpanwuieit obmakoB Buma Cb, mpuBeneHHol B
Tabm. 1, mo3BOISIET cAENaTh BEIBO O BO3MOXKHOCTH aarTa-
IIMM BECOBBIX KOA((HUIHMEHTOB aBTOKOMIIEHCATOPA B HUX-
Heii 30He obHapyxenust PJIC 36/16 Ha HauaibHOM y4acTKe
Pa3BepTKH JAITBHOCTH.

OaneHocTe, KM

nyy 1
S g2

cenyd 3
——-nyvd

1 1 L L 1 1
0.3 0.4 05 0.6 o7 0a 03
BrlcoTa, KM

Puc. 3. 3aBHCHMOCTD TaJbHOCTU OT BBICOTHI rpaHuibl T1TT st
Tydeid HrkHel 30HbI Ha yyacTke 0...8 kM

30

BbIBO/JbI

ITomyueHa 3aBUCUMOCTb MEXAY JATBHOCTBIO U BEICOTON
[T, yunTeiBaromas yron MecTa iyda U BBICOTY TOUKH CTO-
stHus PJIC. C noMoIIbo NOTy4eHHOM 3aBUCHMOCTH Ha IpU-
Mmepe PJIC 36/16 npoaHain3upoBaHO pacIioNoXeHHe rpa-
Hun 111 Ha pa3BepTke TaTBHOCTH I Pa3HBIX YIIIOMECTHBIX
JIydel BepXHeW 1 HIKHeW 30HbI OOHAPYKEHUS.

IIpoBeneHHbI aHAIN3 MOKA3aJl, YTO IPH YIIIax MecTa
ny4eii PJIC <6° uenecoodpasHo BeionHsTh axanrarmio AKIT
Ha HaYaJIbHOM YJacTKe pa3BepTKH qambHOCTH. C yBennde-
HUEM ymia MecTa JanbHocTh A0 111 u ee npoTsKeHHOCTh
YMEHBIIIAIOTCS, TI0TOMY B BEpXHEH 30HE CTAHOBUTCSI LieJIe-
co00pa3HBIM BEITIOTHATH ananraiuio AKII B koHIie pa3Bep-
TKH JATBHOCTH.

JlanpHeime uccie0Banus NpeanonaraeTcs NpoBOAUTD
B HaIpaBJICHUHN Pa3padOTKU aJITOPHTMa, ITO3BOJISIOLIETO Ha
OCHOBaHHH allOCTEPHOPHBIX JAHHBIX BHIOMPATH IS aariTa-
un AKII ygacTok rapaaTupoBanHO cBoOOoaHBIH ot [11I1.
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METOJ AJANTAIIi ABTOKOMITEHCATOPA IIJT AIEFO KOMBIHOBAHUX 3ABA T

B crarti 3anpornoHoBaHO MeTOJ| aJanTanil aBTOKOMIIEHCATOpa Ha I104aTKy PO3TOPTKU JNanbHOCTI. IIpoBefeHo aHaii3 MPOTSHKHOCTI
[IACHBHUX 3aBaJ BiJl MCTEOYTBOPEHb Ta AMIOJIBHUX BinOuBauiB. OTPUMAHO 3aJIeKHICTH BUCOTH IIAaCHBHOI 3aBaJy Bill JAIBHOCTI, e
BPaxoBaHO KyT MiCIIsI IPOMEHIO Ta BUCOTY TOUYKH CTOSIHHS panapa. Ha npukiani pagapa 36/16 mokasaHo, 1o 3anpornoHOBaHUIT METO
JIOLIIBHO 3aCTOCOBYBATH JUIS KyTiB Micist <6°. st KyTiB Micis >6° nepeBaXHOIO € afanTailis BOrOBUX KOe(illieHTiB aBTOKOMIIEHCaTopa
B KiHIIi PO3TOPTKH JAJIBHOCTI.

KurouoBi cioBa: panap, 3aBazo3axuct, aBTOKOMIIEHCATOp 3aBajl, KOMOIHOBaHI 3aBaJi, KyT MICIs, XMapH.

PizaD. M.}, Sirenko A. S?, Zviahintsev E. A2

! Doctor of technical sciences, professor, Zaporizhian National Technical University, Ukraine

2 3Genior lecturer, Zaporizhian National Technical University, Ukraine

THE METHOD FOR CANCELLERADAPTATION IN COMBINED CLUTTERAND JAMMING ENVIRONMENT

In this article we propose a method to adapt canceller at the beginning of the range sweep. The analysis of the extent of clutter from
meteorologica formations and chaff has been provided. It was found that the most difficult conditions to adapt canceller weights occur
when exposed to the combined interference in the presence of reflections from the cumulonimbus. We have come up with dependence of
the distance on clutter height, taking into account the elevation angle of the beam and stationing height of the radar. On the example of
36D6 radar we have shown that the proposed method is useful for elevation angles smdler than 6 degrees. For elevation angles greater
than 6 degrees an adaptation of canceller weights at the end of the range sweep is preferred.

Keywords: radar, ECCM, canceller, clutter and jamming, elevation, clouds.
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PACYET LUWINEU®HbIX HAMPABJIEHHbIX OTBETBUTEJNIEW HA MM
C YYETOM OUCINEPCUU U NOTEPb B JINHUAX

[MonyuyeHbl MPOCThIC AHATUTHYECKAE COOTHOLICHUS JIJIsl pacueTra MmapaMmeTpoB HueH(HBIX
HanpaBieHHbIX orBeTBUTeNeld Ha MIIJI. [TokazaHo, 4TO B 3aBUCUMOCTH OT BEJIMYUHBI
KO3 PHIIMEHTA JAENCHHS MOIIHOCTH B BBIXOIHBIX ILJICYaX CXEMbI H3MCHSFOTCS TEXHOIOTHYECKUE
OTpaHHUYCHHUS, IPUCYIINE TAKAUM OTBETBUTEIISIM. [IpHUBEICHBI TAaK)KE aHATUTHYCCKUE HOPMYIIBI,
C BBICOKOI TOYHOCTBIO U B IMPOKOM YaCTOTHOM JIHaNa30He 00eCIeUHBAIOLINE 111 OCHOBHOM T-
BosHbl MITJI pacuer nucnepcuu 3G GEKTUBHOM TUINEKTPUUCCKOI MPOHUIIAEMOCTH U MOTEPh B

MaTepuaie MmoAJI0KKH.

KuaioueBnle ciaoBa: kodpUIMEHT AelIeHHs, HallpaBIeHHEIH oTBeTBUTENb, MIIJI,

JAUCHIEpCUsi, NOTECPU.

BBEJIEHHE

Llnetidubie HanpaBieHHble orBerBuTen (HO) Haxonsr
mupodaiiniee npumeHeHue B Texuuke CBY He Tobko B Ka-
YeCTBE Pa3Bs3bIBAIOIINX YCTPOHCTB CO CBOMCTBAMH MOCTOB,
HO M KaK 3JIEMEHTHI armapaTypbl JUIs HalpaBJIeHHOTo 0T0o-
pa OIpeAeNIeHHON YacTH MOIIHOCTH U3 OCHOBHOM JIMHUH.
ITpu pazpaborke HO nHa Oa3e nuHMiA epenadr HHTErpalb-
HOT'O THIIA U, B Y4CTHOCTH, MUKPOIIONOCKOBBIX JTHUH (MITJT)
HauOoJIbIIIee pacIpOCTpaHEHHE TTOMYYMIN IBYX-, TpeX- U
peske deTslpexuuieri(pHble CTPYKTYphl. B criry cumMmMerprin
HO nipu nx pacuere, kak nmpasuio [1, 2], ucrons3yercs Me-
TOI cHH(pA3HOTO U MPOTHBO(a3HOTO BO30yxkacHUA. [Ipu
9TOM B CIIydae OTCYTCTBHS JUCIIEPCHH U TOTEPD B JINHUAX U
TIPY YCIIOBUH HEATIBHOIO COMIACOBAHHS MOXKHO 10CTaTOd-
HO TIPOCTO ITOTYYUTh AHATWTHYECKHE COOTHOLICHUS IS
AIIEMEHTOB MaTpuIl paccesHus Takux HO. OqHaxo B peansb-
He1x HO nrHMN niepenadn o0agaoT qucnepcrei, Kotopas
MOXET CYIIECTBEHHO BIUATH HA pabodne XapaKTepUCTUKH
ycrpoiicTBa. Koln4ecTBEHHYIO OLIEHKY TaKOrO BIIMSIHUS
MOXHO TTOIyYHTh B porecce aHanu3a HO ¢ momornsio as-
TOMATH3HPOBAHHBIX CUCTEM, TIPH 3TOM, OHAKO, HEOOXOIH-
MO 3apaHee 3HaTh T€OMETPHIECKHE TapaMeTPhI TOIOJIOTHH
HO, pacuer KOTOpBIX CpeACcTBAMU HCHOIB3YEMBIX aBTOMA-
THU3UPOBAHHBIX CHCTEM SIBIISIETCS TOCTATOYHO TPYIOEMKHM.
K ToMy e B coBpeMeHHOH OTeUeCTBEHHOU U 3apyOeKHON
JTUTEpaType aBTOpaMHU JaHHOW paOOTHI He HAMICHEI CBeIe-
HUS [0 aHAJUTHYECKOMY pacdeTy kak mapamerpoB HO c
YHCIOM IUTEH(OB OOJBIIE ABYX, TAK U JUCIEPCHH U ITIOTEPH
B MILJ [1, 2]. B 370t CBSI3M MPENCTABISAETCS aKTya bHBIM
MOJTyYIEeHHE aHATUTHIECKIX COOTHOIICHHH AT pactiera Ia-
pameTpoB Tpex- u gersipexuuieripHpx HO, a Takoke auctiep-
cui YPPEKTUBHON TUIIEKTPUICCKOA IPOHUIIAEMOCTH U
noreps B MITJL.

© Pomanenxo C. H., Imutpenxo B. II., Bockoboitnuk B. A., 2013

32

1 PACYET TAPAMETPOB
NAEAJIMBUPOBAHHBIX HO

Ocku3bl Tononoruil paccMarpuBaeMelx HO ma MILT
noka3aHsl Ha puc. 1, rae mudpst 1, 2, 31 4 cooTBETCTBYIOT
HOMEpaM ILied YCTPOMCTB, a Zl, Zz' Zg, Z4— BOJIHOBEIE CO-
TIPOTHBIICHNUSI COOTBETCTBYIOIINX OTPE3KOB JINHUH.

Ha puc. 1 mapamerp Aj, i=1, 2, 3, 4 — aimHa BOJHEI B i -0i
JIMHUH, KOTOPYIO HEOOXOMMO OIIPEEISITh C YHETOM AUCIEp-
cuH, a Z,—BOJHOBOE CONPOTHBIIEHHE TOBOIAIIINX JTHHAM.

KomrurexcHblie MaTpuipl paccesaus nuieidnsx HO mo-
T'YT OBITH ITOTYYEHBI C HCIIOIB30BAHUEM METOa CHH(A3HO-
TO U IPOTHBO(a3HOTO BO3OYKICHHS; TIPH OTCYTCTBHH IUC-
MIEPCHU U TIOTEPh B JIMHUAX, ¥ TIPH UI€AIEHOM COIJIacoBa-
HHHU OHK MMeroT Buz [1, 2]:

— st pyxuuteiigroro HO
00 | Y%
S 1 00Y j
NV T I @
v, j o
— myst Tpexuureiigroro HO
0 0 Y2-1 j2y
o 1|0 0 2% ¥
- : @

Y2 Y2-1 j2y, 0 0
iy, -1 0 O
DneMeHTBl MaTPHIbI PacCesTHUS YeThIpeXIuIeH(pHOro

HO nonygaroTcst aHaIOTHIHO U ¢ YIETOM TIOTHOW CHMMET-
PHH YCTPOMCTBA MOTYT OBITh 3aIMCAHBI B BHIE.

Y2 _(F.C)\2
Sy =S = Sug =Sy = ) D(E G)

)
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0)

Y N |k -l L
- v .. Wl . W . | 4

6)

Puc. 1. Ockussl Tononoruit HO na MITJT: aByxuwteiiHoro a),
tpexuuieiipHoro 6), YyeTpipexuueH(pHOro B)

jEH+F-G)F H+EG)

%2 =52 R = S > @

S.|.3:S.31:SZ4:S42:j(E'H_F'G)(E'H2+DF-G+E.G_F,H)'(5)
E-H)2—(F-G)2

Sl4=541=523=53,2=( " -(F-G)°

D

B npuBeneHHbIX hopmynax:
E=Z0-Z1-Zy-Z4-Zo-25-(Z4—25).
F=225(Zs-2).
G=20-24-2p-Z4-Z0-25-(Z4+25)
H=2,-22-(Z4+Zy)

D=(F-H-E-G)?+(E-H+F-G)?.

JUist BBITIONHEHNUS YCIIOBHS MIICATbHOTO COIVIACOBAHHS
(S11 = 0) HeobXomMO ObeCHIeUnTS!
—B aeyxuuteiigaom HO

Y2 =Y$-1, )

—B Tpexuureiipnom HO
2
Yy = %Yzl . ®)
1+Yy
Zy .
B coorrontenusix (7) u (8) Bemuuunbl Y = A i=123-

i
HOPMHUPOBAHHBIC BOITHOBBIC IPOBOJUMOCTH COOTBETCTBY-
roux orpeskoB JmHuA HO.

Kax cnenyer u3 (3) u (4), ans yerbipexuuieriproro HO
OTHOBPEMEHHOE BEHITIOTHEHHE YCIIOBUH HIEaTFHOTO COITIa-
coBanus (S = 0) u monHo#t passs3ku (S, = 0) naroT cBs3b
Mexnay E, F, G, H B Bume

F-H+E-G=0. ©

Koa¢¢urmenT aeieHust MOITHOCTH MEXK Ty TUICYaMu 3 U
4 oripenenseTcss OTHOIICHUEM

2
oSl (10)
>
[Saal
Torna ms aeyxuuieiihroro HO u3 (10) ¢ ucrons3oBanu-
em (7) u (1) crenyer

k=YY =1/(%-1).

OTKyZa, IpH 3aaHHoM K, monmyuarorcs u3BectHbie [1, 2] co-
OTHOILEHHS 1715l ONPEIENIEHUs BOTHOBBIX CONPOTHBIIEHUH Z;
uz,

L 1)

21=20Vk; 2,=2;-
1 0 2 0 K+l
Awnanormano, s tpexuuieiiproro HO us (10) ¢ ucmons-
3oBaHneM (8) v (2) MOKHO TOTyIHTE (POPMYITBI TSI pacdeTa

Z,Z,uZ,
_Zo

Zy Zovk+1
=0 _ 7z, =20 _ LovK+L
/_k-i-l—'\/E 2 \/E 23 5 . (12)

Cremyer OTMETHTS, uTO B popmyax (12) mpu onpeerne-
HUH Z, McTIonb3yeTcs, Kak cienyet u3 (2) u (10), Tonbko Be-
JIMYMHA Yl. [Ipu >Tom Z1 OTIpeIIeTIsIeTCsl OMHO3HAYHO U HE
3aBHCHT OT Z, U Z,, KOTOpBIE CBA3aHBI COOTHOMmEHHEM (8),
e Y, yKe CIenyeT cauTaTh n3BecTHOM. [Toatomy BBIOOD
onHo# u3 BeuunH Y, uitn Y, B (8) MOKeT ObITh IPOU3BOIIB-
HBIM, HallpEMep, €CITH B KaUeCTBE HCXOIHOM BEIOPATD BEJH-
unHy Y, Torna Y, Haiinercs us (8). CrenosarensHo, Gopmy-
161 (12) 15t Z, 1 Z, ABNSIOTCS OTHUM M3 BAPHAHTOB BBIOOpA

Z

Y,, Hampumep, Y, = \/EYO' ITpu BeIOOpE Yo =Y HOIy4uM
Jpyroil BapuaHT (HOpMYII Ul pacyera IapaMeTpoB Tpex-
uuteiipaoro HO

ZO
71 = ——n——o,
1 /_k 1 /—k ZZ —_Zo, 23_—201”(—}—1.(13)

33



PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

Takum o6pa3oM, BeIOOp cooTHomteHui (12) v (13) He
ABIISAETCS €AMHCTBEHHBIM, OCKOJIBKY 3Ha4YeHHs Y, (1mn Y,)
MOTYT OBITh BEIOPAHBI IPOU3BOJIBHO HCXOIIs1, HAPUMED, 3
COOTBETCTBYIOIMX TEXHONOTMYECKHX UM HHBIX OTPAHUYCHHH.

B ciryqae getsipexnuieiipaoro HO nponsBonsHO MOTYT
OBITh BEIOPaHBI JTIOOBIE 1B U3 YETHIPEX TAPAMETPOB Z,, Z,,
Z,, Z,; ocTaBLIMeECs 1Ba TapaMeTpa HalIyTcs U3 COBMECT-
Horo pewenus ypapaenuii (9) u (10). [Tpu 3ToM cooTHOMIE-
Hue (10) mpeobpasyercs K BUIY

(E-G-F-H) . 1
EHIFO) 2k +1=0 (14)

B Tabnune 1 1151 cpaBHEHUs IpeCcTaBIIeHb! TapaMeTphl
Bcex paccMmarpuBaeMbix HO, BBIYMCIIEHHBIE IPH PA3ITMIHBIX
3Ha4eHUsIX K. AHamM3 TaOMMYHBIX JaHHBIX TIOKA3BIBALT, YTO
npu k > 1 apyxuureiidusrit HO nmeer mydmme TeXHOIOTH-
YeCcKHe MapaMeTPhI 110 CPABHEHUIO C TPEXIUICH(HBIM 1 de-
THIPEXIUIEH(HBIM, TTOCKOIBKY M3 MPAKTHKH H3BECTHO, YTO
BenmnunHa Zq =157,3130m (B tpexuureiiprom HO) mn
Z; =150 Owm (B wersIpexunieiihpaom HO) TexHonornaecku
Hepeanuszyema Ha MIIJI ¢ oTHOCUTENBHON OUIIEKTpHUEC-
KO ITPOHUIIAEMOCTBIO NOMIOKKH &, ~10. Ognaxo, npu k <1
0oJIee TEXHOIOTUYHBIMHU CTAHOBSITCS TpexuuieidHbli (na-
paMeTpbl KOTOPOTo BEMUCIISAIOTCS 1O hopmynam (13)) u ye-
TeIpexuuteridusiiit HO.

Heo6xoanmo oTMeTnTb, 4TO pacdeT YeThipexnied(Ho-
ro HO o popmynam (9) u (14) odnamaer Oonpiueii rubKoc-
ThIO (IO CPAaBHEHHIO C TPEXILICH(HBIM) U MO3BOJISET MOJI0-
Opatb TpeOyeMble TapaMeTpbl HCXO U3 HAKIIAAbIBAEMBIX
OTpaHUYEHUH.

[Nomy4eHHbIe BBIIIE COOTHOLIEHHS ISl PAcUeTa BOJIHO-
BBIX CONPOTHBIICHHUH, OYEBUIHO, OYXyT CIPaBEAIMBEI IS
HO, BBINIOTHEHHBIX HA OCHOBE 1 APYTHX THUITOB HANIPABJISIO-
X CHCTEM — KOAKCHAIBHBIX, IIIEJIEBBIX H Jp.

2 YYET JUCHEPCUM U IOTEPH B MILJT

Kax BunHO u3 Tabumump! 1, pu pasnudHbx K BOTHOBBIE
COIIPOTHBIICHHUS YETBEPTHBOMHOBEIX oTpe3koB MITJI B HO
MOT'YT CYIIIECTBEHHO OTJIMYATHCS 110 BETMIHHE 1, KaK ClIe/I-
CTBHE, TaK K€ 3HAUUTEIHHO OYIyT pa3indaThcs 3HAUYCHUS

3] PEeKTUBHBIX TUNIEKTPUYECKNX IIPOHNIIAEMOCTEH COOTBET-
CTBYIOIUX OTPEe3KOB MUHHUH. [IpHu 3TOM U 2neKkTpudyecKue
JUTMHBI 3THX OTPE3KOB Ha OIHOM M TOH ke yactore OymyT
Pa3IUYHBIMH, YTO YCIOXKHAET MPOLECC MPOESKTUPOBAHUS
HO. YtoOsI O1leHUTh N3MEHEHNS] TEOMETPUIECKOH JUTHHBI
orpe3koB MILJT HeoOXOIMMO UMETh COOTHOIICHUS, TI03BO-
JISFOIIME C BBICOKOW TOYHOCTBIO BBIYMCIISATH 3HAUEHHUS d(-
(eKTUBHBIX AMAIEKTpUUYecKuX nponunaemocreit MITJI B
HIMPOKOM YaCTOTHOM AMAIA30HE.

B pabore [ 3] Ha 0OCHOBE HEPreTHYECKOro MOAX0a C Uc-
TIOJIE30BaHNEM CTAIMOHAPHOTO (DYHKIIMOHAJIA, XapaKTepH-
3YIOLIETO KOMIUIEKCHYIO MOIIHOCTh TOKA B MPOBOIHUKAX
CTPYKTYPHI, TIOJTy4eHBI aHAJTUTHYECKHE (DOPMYITBI IS pac-
yera qucnepcud 3QQEeKTHBHON ANAIEKTPUIECKOH POHHU-
naemoctd MILJI ¢ yueToM moTeps, KOTOpbIe UMEFOT BUJ

-(omZer /]
1- (koh)2(e; +Deagqo/er Ao +D

Eapp = Eopp0”

g (I+esgg)

tgd 2
t98,40 =— 9 S+ (kgh .
9Os¢p¢ B (koh) LMP@ gr(1+8r)‘| , (16)

rne Sa(bcbo :—(Sr +001)A0
SN

N=

— CTaTUYCCKOC 3HAYCHUC

OTHOCHUTEITHHO# 3()(heKTUBHOM AUAIICKTPUUCCKON IPOHHUIIA-
emoctu notoxkku MIUT; €, —oTHOCHTENBHAS AUDIIEKTPU-
yeckass NpoHULaeMocTh nomnoxkku MIUJI; h — tonmuna
otk MITJT; 198 — TaHTeHC yIa AUdIEeKTPUIECKHUX

2n
norepb Matepraia nomioxki MIUT; Ky = . =M4/Eglg —
0
BOJIHOBOE YHMCJIO [UIS BAKyyMa,

I=01-¢)/A+er); Ap=InW/2h)-oy;
W —mmpuna MIUT; A, =o,—0pq—IN@A+1/n);

Ta6muna 1. [Tapamerpsr HO nipu paznuuubix 3HaueHusix K
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Bun k Zy Z, Z3 Zy Pacuer
HO Om Om Om Om 1o Gopmyie
2-X nwieiipHbIN 1 50 35,355 - - (11)
3-x nwteipHbI 1 120,711 35,355 35,355 - (12)
1 120,711 50 70,711 - (13)
4-x muieiHbIi 1 100 86 35,076 30,451 (9) u (14)
2-X nuieHpHbIH 2 70,711 40,825 - - (11)
3-x nuIeiihHbIH 2 157,313 35,355 43,301 - (12)
2 157,313 50 86,603 - (13)
4-x ueidHpIi 2 150 130 33,29 24,38 (9) u (14)
2-X nuteipHbIN 1/3 28,868 25 - - (11
3-x nuIeipHpIH 13 86,603 35,355 28,868 - (12
1/3 86,603 50 57,735 - (13)
4-x et HbIit 13 100 86 59,623 78,415 (9) u (14
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€ €
D = {1+ 4(koh)? MM)O{ 030 _ (& +1)}+
STAO ey 2

/2
€0 " (&r —1)j .

+(k0h)4( Y

g e 9Capg0),

83(1)(1)0 dSr
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Ipwu BeIBOAE (15) 1 (16) Npeamonaranocs, uro B MITJT
pacrpocTpaHsieTcs OCHOBHasl 7T-BOJIHA U TIONIEPEUHBIE TOKU

B TIOJIOCKAaX OTCYTCTBYIOT, & IIOTEPH B JIMIJICKTPHKE MaJbl
(tgd << 1), 9TO MPaKTUUECKH BCETA UMEET MECTO JUIS HC-
MOJb3YEMBIX AUAIEKTprudeckux nomioxkek MILI. J{ns npu-
Mepa B TabIHIax 2 u 3 IpUBEIeHBI PE3yNIBTaThl pacyera 3¢-
(heKTHBHBIX 3HAYEHHUH TUIIEKTPUIECKON TPOHUIIAEMOCTH 1
TaHTEHCa YIJIa ITOTepPb ISl HEKOTOPBIX TUITMYHBIX 3HAYSHUH
napameTpoB notoxku MITL.

[MorpemHocts pacueToB 3(h(EKTUBHBIX HMapaMeTpoB
MIUT no popmynam (15) u (16) B cpaBHEHHH CO CTPOrOit
ANIEKTPOIMHAMHUYECKON METOAMKOM He mpeBblmaer 2 % B
IIMPOKOM 4acTOTHOM auana3one [4]. [Ipencrasnennsie dhop-
MYJIBI MOT'YT CYIIIECTBEHHO OOJIETYNTH ¥ YCKOPUTH IPOIEcC
nogbopa mapamerpos HO mpy uX MpoeKTUpOBaHHH C IT0-
MOIIIBIO aBTOMaTH3UPOBAHHBIX CHCTEM.

3AKVIIOYEHUE

B pabore mist pacuera mapamerpos nnteidusx HO Ha
MILJI nomy4yeHsl aHATUTUYIECKUE COOTHOLIECHUS], OJJHAM U3
IIapaMEeTPOB KOTOPBIX SIBISIETCS] KO (HUIIMEHT eJIEHHS MOIII-
HOCTH K B BBIXOMHBIX IIe4ax cxembl. [loka3aHo, 4To mpH

k > 1 msa neyxuuetidroro HO, B oTiinume OT Tpex- ¥ 4eThI-
pexuuieiidHoro, MMana3oH N3MEHEHHS BOITHOBBIX COIIPOTHB-
JICHU! YIOBJIETBOPSET TEXHOIOTHUECKUM OTPAaHUYEHUSM.
OpnHaxo pH k < 1 60ree TeXHOIOrHIHBIMH SIBIISIFOTCS TPEX-
nmernsii HO, mapaMeTpbl KOTOPOTro BBIYUCIISIOTCS IO
dopmynam (13), u uersipexunteiihubrii HO.

Ta6anua 2. 3HayeHus 3¢ eKTHBHON AndNIeKTprUYecKoi mporunaemocta MITJT

w/h g 83(1)(1) pu h/}\.o
0 0,05 0,1 0,2 04 0,8 1,6
0,5 1,817 1,838 1,892 2,023 2,193 2,298 2,336
1,0 2,35 1,862 1,887 1,948 2,083 2,233 2,313 2,340
2,0 1,932 1,962 2,030 2,158 2,275 2,328 2,344
0,5 2,682 2,759 2,934 3,275 3,593 3,739 3,784
10 3.8 2,774 2,866 3,061 3,392 3,651 3,758 3,789
2,0 2,919 3,030 3,238 3,526 3,709 3,775 3,794
0,5 6,180 6,756 7,716 8,832 9,432 9,629 9,682
10 9,7 6,462 7,142 8,122 9,073 9,516 9,652 9,688
2,0 6,915 7,708 8,619 9,316 9,593 9,672 9,693
Taomuma 3. DddhexTrBHBIC 3HaYEHHs TaHICHCA yIIa MOTeph B momIokke MITJT
4
0 0,05 0,1 0,2 04 0,8 1,6
0,5 0,299 0,310 0,337 0,394 0,455 0,486 0,496
10 0,5 0,316 0,329 0,359 0,416 0,467 0,490 0,497
2,0 0,342 0,358 0,390 0,442 0,480 0,494 0,499
0,5 0,595 0,638 0,728 0,867 0,959 0,990 0,997
1,0 1,0 0,627 0,679 0,776 0,903 0,972 0,993 0,998
2,0 0,679 0,741 0,840 0,941 0,984 0,996 0,999
0,5 2,96 3,52 4,26 4,81 4,96 4,99 5,0
10 5,0 3,12 3,77 4,47 4,88 4,98 4,99 5,0
2,0 3,38 4,12 4,69 4,94 4,99 50 5,0
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PO3PAXYHOK IIJTEH®HHUX CITPSIMOBAHMX BIJITAJTYKYBAUIB HA MCJI 3 YPAXYBAHHSM JACHEPCIi I BTPAT
Y JIHIAX

OTpuMaHO NPOCTi aHANITUYHI CHIBBIHOIIEHHS JUIl PO3PaxyHKy IapaMeTpiB HuleH(HUX CHpsIMOBaHUX BiaramyxysauiB Ha MCIJIL.
IToka3aHo, IO B 3aJIEKHOCTI BiJj BEIUYUHU Koe(illieHTa PO3MOUTY IOTY)KHOCTI Y BUXIHUX IIEYaX CXEMH 3MIHIOIOTHCS TEXHOJOTIYHI
0OME)KEHHS BIIACTUBI TAKUM BifgramyxyBauaMm. HaBeneHo Takox aHATITHYHI (POPMYIH, SIKi 3 BUCOKOIO TOUHICTIO 1 B IIMPOKOMY 4aCTOTHO-
My Aiana3oHi 3abe3neuytots st ocHoBHOI T-xBuimi MCJI po3paxyHok nucnepcii eeKTHBHOI JieleKTpHYHOI IPOHUKHOCTI Ta BTparT B
Marepiai migKIaJuHKH.

KurouoBi cioBa: xoedinieHT moxiny, cnpsmoBanuii Binramyxysad , MCJI , nucnepcist , Brpatu.

Romanenko S. N.%, Dmitrenko V. P2, Voskoboynyk V. A3

!Ph. D., associate professor, Zaporizhian National Technical University, Ukraine

23ph, D., associate professor, Zaporizhian National Technical University, Ukraine

CALCULATIONOFMICROSTRIPDIRECTIONAL COUPLERSWITH DISPERSIONAND LOSSESIN TRANSMISSION
LINES

Simple analytica relations for calculating parameters of microstrip directional couplers are obtained. It is shown that depending on
the power splitting ratio k in the output ports of the circuit the technological restrictions of couplers are changed. At k >1 for double-stab
four-port directiona coupler, unlike three- and four-stab couplers, the range of characteristic impedance satisfies the technological
restrictions. However, at k <1 three- and four-stab directional couplers become more technological. Analytical formulas for high
precision caculation of the dispersion of effective permittivity and losses in the substrate valid for the main microstrip T-wave in a wide
frequency range are also presented.

Keywords: splitting ratio, directiona coupler, microstrip line, dispersion, losses.
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MIHIMISALUIA KINbKOCTI IHPOPMATUBHUX O3HAK MNMPU NOBYAOBI
KITACUDIKATOPA POCJIIMHHUX OB’EKTIB

B crarTi moxa3aHa MOXJIMBICTh 3MCHIICHHS KUIBKOCTI IH()OPMAaTHBHUX O3HAK 3 IIOYaTKOBUX
256 3naueHb 10 4 npu noOynoBi kiacudikaropa POCIMHHUX 00’ €KTIB 3a pe3ylbTaTaMu
JIUCTaHLifHOrO 30HyBaHHs. [I1s1 moOynoBH po3mi3HaBaabHOI Mozxelni OyB BUKOPHCTAHHIMA
MHOXXMHHUH JIHIHHUH nuckpuMmiHaHTHUH anani3 ®imepa. s obpaHoro Habopy NaHUX,

BCTaHOBJIEH] ONITHMAJIbHI ialla30HH O3HAKH.

KuaiodoBi c1oBa: po3nizHaBaHHS, CIEKTpanbHi KOe(ili€HTH SCKPaBOCTI, O3HAKH,

Kiacudikarop.

BCTYII

OcHoBHa BUMoOTa 0 iH(opMarii —3MiHa ysIBICHHS IIPO
00’ €KT JOCITIPKEHHS BiZ[IIOBTHO /10 IOCTABIIEHNX 3a7a4. 3MiCT
1 KiTbKicTh iH(OpMaIii, o Oyira orprMaHa 3a JOIOMOT 00
JCTaHIIHHUX METO/iB, 0OyMOBJIEHa piBHEM INEPBUHHUX
3HaHb i 3a371aJ1eriab c(HhOpPMYITOBAHNMH BUMOTaMH, 3a/1a4a-
Mu. Came 0OMEXeHICTh 1 BU3HAYEHICTD iH(OpMaIlii 103BO-
JSAI0TH (opMaizyBaTd oTpuMadi Bigomocti. OTpuMana
iHpopmanis Moxxe OyTh pizHOMaHiTHa 32 (OPMOIO 1
3MIiCTOM, MaTH Pi3HOMAaHITHY MiHHICTb, IO BU3HAYAETHCS
iHTepecamu criokuBada iHpopmauii [1].Oxniero 3 KiIo4o-
BUX ITPOOJIEM B pillIeHH] pi3HOMAHITHUX 3aBJaHb aHAJI3Y 1a-
HuX (OiHKa perpecii, po3risHaBaHHsA 00pa3iB, KJIacTepH3a-
ITist, IPOTHO3YBAHHSA) € BimOip iHPOPMATHBHUX O3HaK. Pe-
QJTBHI IIPOLIECH B TEXHIYHUX CUCTEMAX MOJKYTh OITHCYBATHCS
BEJIMKOIO KUTBKICTIO Pi3HUX 03HaK. [Ipr boMy He 3aBKIH yei
3 HUX € 1CTOTHUMH 200 3HAYNMHMH, TOOTO HEOOX1THUMH VIS
OGYIOBH aIeKBaTHOI MOZIENi TIpotiecy (perpeciiHoi Mozeri,
Kiracuikamiiaoi Mmozeni Ta in.). KpiM Toro, akryanbHiCTh
BiOOpy iHPOPMATHBHHUX O3HAK CTa€ OCOOIMBO BiTIyTHOIO
Y 3B’ 13Ky 3 XapaKTEPHOIO TS O1JIBIIOCTI aJITOPUTMIB aHAITIZY
JTAHWUX TPOOJIEMOIO «IPOKIISATTS PO3MipHOCTI». LIst mpobe-
Ma TIOJIATa€e B Pi3KOMY HaIiHHI eEeKTUBHOCTI alropuT™My abo
pi3KoMy 30LTBIIIEHHI HEOOX1HOTO OOYHCITIOBAIIEHOTO PECYP-
¢y s e(heKTUBHOI pOOOTH aIrOPUTMY IPH 301BIIICHHI PO3-
MipHOCTI (30LIBIIEHH] YKClia O3HAK) BUPINTyBaHOI 3a1adi
aHaJi3y JaHuX.

Ha cporozai 3amporoHOBaHO BENHKY KUTBKICTh METO/IIB
BimOopy iH(pOpMATUBHIX 03HAK 200 3HIKEHHS PO3MipHOCTI
[2]: MeTom TONOBHIX KOMITOHEHT, MOZIEII 1 METOH (paKTOp-
HOTO aHaJi3y, baraToBuMipHe IKaTyBaHH i iHII. KoxkeH 3
PO3pOOIIEHIX METO/IiB Ma€ CBOI IIepeBary i HeIoJiky, y 6a-
raThOX BUIAIKAX € OOMEKEHHS Ha 3aCTOCYBaHHS TOTO 200
iHIIIOro MeToxy. BIumB KiJIbKOCTI O3HAK HA SKICTH PO3ITi3HA-
BaHHA 00’ €KTiB (Y TOMY PaxyHKY i POCIHHHHX 00’ €KTIiB)
PO3IIIAHYTO V psizti pobor [3, 4, 5]. Aste B ix po6oTax KiacH-
¢ikaris 00’ €KTiB MPOBOMUITHCS 200 JIMIIIE HA J]Ba KJIacH, a00
TIPOBOIMIIMCS KIIaCH(iKaIlist HepOCIUHHUX 00’ €KTiB (Xapak-

© Ilama €. O., 2013

TEp CTATHCTHYHOTO 3B’ SI3KY MiX Koe]ilieHTaMH BiIOUTTS
POCITMHHNX 00’ EKTIB BIAPI3HSETHCS Bl CTATUCTHYHOTO 3B’ 13-
Ky MK Koeilli€HTaM1 BiJOWUTTS HEPOCITHMHHOTO IIOXO/KEeH-
Hs1), a0 Oyrna 3amporoHoBaHa GibIIa KiJIbKICTh O3HAK, HIXK
y i cTaTTi.

Mera poOOTH HOJISTaE y AOCHiIKEHH] BIUIUBY KiTBKOCT1
iH(opMamiifHNX 03HAK Ha SKICTh PO3Mi3HABAHHS POCITMHHHX
00’ €EKTIB HA TPH KJIaCH 32 EKCIIEPIMEHTAJIBHO OTPUMaHIMHU
JTaHUMH JTICTaHIIi THOTO 30HyBaHHS POCITMHHUX 00’ €KTIB, I1I0
00yMoBIIeHa BUIOM pociiHH. KiTbKiCTh 00paHuX KITaciB, sSKa
JIOpiBHIOBaJIa TPHOM OOYMOBJIEHA THM, IO B SIKOCTI HIEPIIIO-
TO Kl1acy 00paHO KOPHCHY KYIETYpY (KYKypyn3y), a B sIKOCTi
JIBOX 1HINMX KiIaciB — Oyp’ sHU — MumIiid Ta amOpo3is. He-
00XiIHICTH pO3noALTY OYp' HiB Ha 1B KJIAaCH OOTPYHTOBaHA
THM, II10 JUTS 3HUIIEHHS OMHOIOIBHUX Oyp’ stHiB (MuIITiif) Ta
JIBOIIONBHUX (aMOpPO3isT) 3aCTOCOBYIOTH pi3Hi repOirmm [6].
PiBeHB HMOBIpHOCTI BipHOTO PO3ITi3HABAHHS BCTAHOBUMO
piauM 90 % 1151 KOXKHOI POCIIUHY, 1€ € TIPUHHATHAM [UTS
peaNbHUX MOTHOBUX yMOB. Po3mi3HaBaHHA pocCiuH Oyie
TIPOBEJIEHO Ha KOPUCHI (KyKypym3a —IIepIiuii Kinac) i Oyp’ -
uu (aMOpo3ist — IPyTHii Kilac, MHUIIH — TPeTiit Kiac).

1 METOIY 3SMEHIIEHHA KUIBKOCTI O3HAK

OCKiNbKY BEJTMKA PO3MIPHICTE (KiJTBKICTD IIOYaTKOBHX 03-
HaK) CTAHOBHTB CYTTEBY MPOOIEMY TIPH TTOOYIOBI Kiachdi-
Karopa, OyITo 3aIpOIIOHOBAHO BEJMKY KiTbKICTh METOIB 3MEH-
TreH st po3mipHocTi [ 6]. BinbimicTs mx MeTomiB 3a6e3medy-
FOTB (PYHKIIIOHAJIBHE BiTOOpa KeHHS, TaK 110 MO>KHA BU3HAYHTH
BiZl0OpaKeHHs IOBLITBHOTO BEKTOpPY O3HAK. Kitacuaammu mpo-
LIeAypaMH € aHAaJi3 TOTOBHUX KOMITOHEHT 1 (DaKTOPHMIA aHAITI3,
00mIBa 3 HIX 3MEHIITYIOTh PO3MIiPHICTB IIITXOM (POpMYBaH-
HSTiHIHHNX KoMOiHaMii 03HaK. AJe KoeimieHTH BiJOHTTS Bit
pocnuHA B iH(padepBOHOMY Jiara3oHi He € HAOOPOM CTaTH-
CTHYHO HE3aJIGKHNX O3HAK [ 7]. B 1150My BHITaIKY HE MOKITH-
BO 3aCTOCOBYBAaTH pO3pO0IIeHi i arpoOoBaHi BHUIEHABEICH]
METOIY 3MEeHIIeHHs iH(opMamiitHnX o3HaK. ToMy mpaBmIib-
Huii BHOIp 1 BigOip KiTbKOCTI iH(pOpMAaIIiitHIX 03HAK MOYKHA
3IACHAUTH 32 TOTIOMOT OO CY0' €KTUBHOTO TIepe0opy pi3HIX
TIO CKJIa Ty HaOOpiB O3HAK i BHOOPOM HAHOLTBII iHQOpMATHB-
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HOTO 3 HHX TP iX JIOIMyCTUMIH KUTBKOCTI. B siKoCTi mokasHuKa
1H(pOpPMATHBHOCTI Kpallle BCbOro BUKOPUCTATH HMOBIPHICTh
MPaBUIIBHOTO PO3Mi3HABAHHS OKpeMol pociutu [8]. Onru-
MaJIbBHUM BUPINIaIbHAM IPABUIIOM TIPH OLIHII IIHOTO ITOKa3-
HHKa € npaBuio baifeca.

Hanpuxotaz, mis 6aratoBUMipHOTO HOPMaJIEHOTO BUTIA -
Ky JUIsl IBOX KJIACiB, KOJIM anpiopHi HMOBIPHOCTI TSI KOXKHO-
TO KJIacy piBHi, TO 0alieCOBCKHMI piBEHb MOMUITKH BU3HAYAETH-
sl pIBHSHHSM:

P(e) 1 T exp(—%-uz)du. @

\/E'n ri2

ner2— KBaJ[paTHYHA MaXaJIOHOOi1COBa BiZICTaHb, SKa AOPiB-
HIOE:

r2=(ug—p2)t- S (g — o), ©

J€ W1, Hp — BEKTOPU-CTOBOLI O3HAK MEPILIOro Ta APYroro
KJ1acy, Z — KOBapHaIliiiHa MaTpHIIs.

Taxum urHOM, HMOBIPHICTh TIOMHMJIKH 3MEHIIYETHCS ITPH
301IBIICHHI I, TParHy4H 0 HYIS IIPH CpSIMYBaHHi I' 10 He-

CKiHUeHHOCTi. Y pa3i He3aleXHHX 3MIHHUX
> = diag(c?,...,63), Mmaemo
2_d Hi1 —Hi2,2
re=> (—9)". )
=1 i

BunHo, 1m0 KoXkHa 3 03HAK KO)KHOTO KJIACy BIUIMBA€E Ha
piBeHb HMOBipHOCTI TOMITKH. HalkpaiMu B oMY CeHCi
€ Ti O3HAKH, Y SIKUX Pi3HULII CEpEeTHiX 3HAUYCHb BEJIHKA B IT0-
PIBHSHHI i3 CTAHNAPTHAMH Bi IXIICHHAMH.

[pu poboTi 3 GaraToCIIeKTPaTbHIMH JAaHUMH, SIKi Xapak-
TEPU3YIOTh KOSQIIIEHTH BIIOUTTS POCIHH, MOXXYTh 3aCTO-
COBYBAaTHCSI METON YaCTKOBOTO TIepedopy, 10 SKUX BiTHO-
CSITB «TIOCTIJOBHOT CETIEKIIi1 BIIepe Ty, «IOCIiJOBHIH CeIeKIii
Ha3a», €y3araJbHEeHi» allrOpUTMH CEJIEKIIi1, «MiHIMAaTbHIH»
aJTOPUTM, AITOPUTM «T1IOK i MEX», alTOPUTM «CTOXACTHY-
HOTO TIOITYKY> 1 iH. AJie BHIIIe3a3HAYCHI METOAN HE TapaH-
TYIOTB OZIEpKaHHS ONTUMAJIBHOTO pe3ysTary [9]. Tomy 1o,
koe(imieHTH BiZOUTTSA POCIHH, B 3arallbHOMY BHUIAJIKY, €
HEpiBHOIIHHIMH Ta CTATHCTUYHO 3aJICKHUMH 1 TIPH YaCTKO-
BOMY IIepe0opi € BipOTigHICTH TOTO, IO BEJUKA YaCTHHA
BapiaHTIB CKJIaaHHS HA0OPiB 03HAK BUKIIFOYAETHCS 3 PO3T-
nsmy. ToMy BUKOPHUCTaHHS alTOPUTMIB 9aCTKOBOTO ITepebo-
Py HE 3aBXI¥ JOMITEHE, OCKLIBKY MTOKA3HUKH PO3ITi3HABAH-
HS IIPH 1X 3aCTOCYBAaHHI MOXKYTH ITOTi PITUTHUCE.

3aranpHa KiTBKiCTh HAOOPIB O3HAK Y pa3i MOBHOTO Iepe-
00py BU3HAYAETHCS BETHINHOIO

m
P=YCpL=2"-1, @
i=1
e Cim — KUIBKICTh OEIHAHB 3 MO i} M—KUIBKICTh OO~

HOKHMX O3HAK B [TOYATKOBIM cucreMi; i=1,2,...,m.
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2 EKCIIEPUMEHT I OPOBKA PE3YJIBTATIB

Bumipu cniekrpaibHuX KoeDilieHTiB BiTOUTTS MIPOBOIH-
ymcst Ha rionti TOB «Arpocgipma «MartsiiBka», BiTbHSHCEKO-
To paiioHy, 3amopi3bkoi 00JacTi Ha MOYaTKy YEepBHS NPHU
MinnmBii xmapHocti. [lome Oyio 3acamkeHe KOPHCHOIO
KyJIBTYPOIO — KYKypyI3010, sIka Ha MOMEHT 3HSTTS BUMIpiB
MaJia Bik 6—7 Heqib et cxofiB. OKpiM KOPHCHOI KYJTBTYpH
Ha 11011 Oyyn IpUCyTHI HacTynHi Oyp’ stHU: aMOpo3is, Oepis-
Ka, MUIIiH, THUpil, macTyma cyMka, cypinuns i iH. Cepen
Oyp’ sHIB, JUT TIOJAJIBILIOTO JIOCHIIPKeHHsI, Oy BiniOpaHi
MHUIIIH Ta aMOpO3is, TaK sIK BOHU CKJIAIaJIH MIEPEBaXKHY JIOJTIO
Oyp’ stHiB Ha roni. [TepemireHHst 00’ eKTHBa IpriiMaya CIieK-
TpOMETpa BiJl OJHIET POCTHHU JO 1HIIOI B MPOAOBXK PAIKA
TIPOBOAMIIOCS PIBHOMIPHO, TPUOJIM3HO HA MOCTIHHIN MIBH-
kocTi pyxy (0,5-1) m/c. BuMipu crieKTpaibHHX XapaKTepuc-
THK POCIMH IIPOBOAMIIMCS 3@ JOIOMOIOI0 MPUIIAMY, SIKHA
aBTOMaTHU4HO 3 repiofioM 1 S 30epiras nmorouny iHpopma-
1ito (KoediLieHT BiTONUTTS i KOOPAMHATH MiCIIsl) 1 30BHILHBO-
0 BUIIIsLy pociuHu. [IpucTpiif 11st OCIipKEHHS CIIEKTpPiB
cknanascs 3: cnekrpomerpa Red Tide650 3 BorokoHHO-01I-
THyHUM Kaberem P200-2-UV-VISi ninzoro 74-VIS (pipma
Ocean Optics); Web-kamepa A4Tech PK-838G mis ¢doro-
rpadyBaHHs 300paXeHHs POCIIHH.

3 ycixX eKCrIepUMEHTATBHIX IaHHX, VTS TIOIAJIBIIOr0 JOCTTi-
JoKeHHs Oyr1o BiiOpaHo 2268 crieKTpatbHIX KoedillieHTIB BiIONT-
11 pocsvH. Kpurepiem Bigbopy Oyiia MOXXIHBICTB Bi3yaIbHOTO
BU3HAYEHHS BUJLY POCIIVH 110 300paKeHHSIX 1 (hOpMi CTIeKTpastb-
HOi KpUBOI (BiICYTHICTH OOMEKEHb 1 HAIMIPHOI 3allTyMJICH-
Hocti). Ha3Ba i KinbKicTs BUOIpOK POCTIHH, siKi Oyiu BimiGpaHi
JUTS TIOZJTBIIIONO JIOCHIKEHHS, HaBesieHi B Taour. 1.

Hacrymaum eranom Oyna 00poOKa oTpuMaHnX AaHUX 1
BHU3HAYCHHS BIUTMBY KUTHKOCTI O3HAK Ha SIKICTh pPO3ITi3HAHHS
pocmmH. CrieKTpaltbHi KoeilieHTH BiTOUTTSI POCIIHH, SIKi OyITH
OTpHMaHi CIIEKTPOMETPOM, 33 JONOMOTOK HAaITCaHOTO
Makpocy Oynu BBezieHi B iporpamy Excel 2010, B pesynsrari
40ro Oyl10 OTpUMaHO 3 MACUBH YKCEI: MATPHILIS KOeillieHTIB
BIZIOUTTS 17151 KyKypyn3u — 699x256, marpuiis koedimieHTiB
BIOUTTS uist MU0 — 687x256 i MaTpuis koedillieHTiB
BIIOUTTS JUtst aMOpo3ii —882x256.

Jaui, kokHa 3 TPbOX MaTpPHIIB ITiJIaBaIacs HOPMYBaH-
HIO 3a JTiHIHHUM 3aKOHOM

Hi = Hi min

o = Himin_, ©
Hi max — Hi,min

J€ ®j,}lj —HOPMOBAaHI Ta BUMIpPSHI CIIEKTpaJIbHi KoedilieH-

TH SCKPaBOCTI Ha JOBXHHI XBUIi 7‘1" BIJIOBIIHO,

Ta6auusa 1. BumoBuit ckinan H0CiiKyBaHHX POCIHH

Bun JlaTuHChKa Kinbkictb
POCITHHU Ha3Ba EK3eMILIIPIB
Kykypynsa zea 699
AmOpo3is A mk_:)r_c_) S',a. 882
artemisiifolia
Munriii Setariaviridis 687
Ycporo 2268




ISSN 1607-3274.  PanioenexTpoHika, inpopmaruka, ynpasiinas. 2013. Ne 2

i, max + i, min —MaKCHMaJlbHi Ta MiHiMaJIbHi BUMipsiHI CTIeK-
TpaibHi KOeiL[ieHTH SICKPABOCTI.

3ajexHicTh HOpMOBaHMX KOe(Dili€HTIB BiIOUTTA, po3pa-
X0BaHUX 10 (opmyi (5), Bi TOBKUHHM XBUTI TSI KYKYPYA3H,
MuIIiro i aMOpo3ii HaBezxeHi Ha puc. 1.

J171s1 BU3HaYEHHS BIUTUBY KUJTBKOCTI iH(OpMAaIiHUX 03HAK
Ha SIKICTb pO3MTi3HaBaHHS POCIMHHUX 00’ €KTIB Ha 3 KJIacH 3a
eKCIIepIMEHTAIBHIMHE JaHUMH OyB BUKOPHCTAHNI MHOXKHH-
HUI JTiHIHHWHA TUCKpUMiHAHTHHUN aHati3 Dimrepa, mpu npose-
JIeHHI SIKOTO JUIs BiOOpY HaOIIbIT 1HGOPMATHBHUX O3HAK
Oyia BUKOHaHa IPOLIETypa MOKPOKOBOTO BKJIFOUEHHS 3MiHHHX.
Bynn po3paxoBaHi 3Ha4eHHS KJ1acu(iKaiHHAX MaTPHIb U1
KOKHOTO Ha0OpYy O3HaK, ISl OKpEMHUX HAOOpiB O3HAK po3pa-
xoByBas Wilks Lambda, ouineHo orpuMaHy cucteMy Kiia-
cu(ikamiiiHIX PiBHAHB 1 aJICKBATHICTH OTPUMaHOi Moieni. Pe-
3yIBTATH IOCIiKEHHST 00pOOJIEH] 13 3aCTOCYBaHHSIM CTATHC-
T4HOro nakery nporpamu «STATISTICAG.1® for Windows
kxoMrtaHii StatSoft Inc, a rakoxk «Microsoft Excel 2003». Ox-
PEMI CTaTHCTUYHI IPOLEAYPH 1 aJITOPUTMH PeaTi3oBaHi y BUT-
TSI CHEIIATFHO HATIMCAHIX MAKPOCIB Y BiJIIIOBTHHAX TIPOTpa-
Max. J[yis1 ycix BUIIB aHaI3y CTAaTHCTHYHO 3HAYMMUMH BBaXKa-
i BimmiaHOCTI Tipr p<0,05.

3MEHIIEeHHS O3HAK NMPOBOIUIN A0 THUX IIp IOKH
HMOBIPHICTH BIpHOT'O PO3Ii3HABaHHS OJHI€T 13 POCINHH —
KyKypyA3H, MUIIIi0, aMmOpo3ii He crane mertre 90 %. Binbip
iH(pOpMaLiHHIX 03HAK IPOBOAMBCS B MEXKaX OJJHOI0 HA0O-
py, To06TO 183 03HaKHM BimOMpaHcs 3 MOYaTKOBOro HabopYy,
o ckmaaas 256; 813 183; 733 81; 463 731 T. 1., moku He OyB
JTOCSITHYTHI 3aTOBUTHHUI BapiaHT i 5 o3Hak. Kitacudika-
IiifHa MaTpUII 1 4 03HAK HABOUTEHCSI IIsl KOHCTATAIlii (hak-
Ty 3MEHILIEHHS HIMOBIPHOCTI BIpHOTO po3Mi3HaBaHHs. Pe3yib-
TaTU pO3paxyHKIB HaBeeHl Ha puc. 2—6. Ha pucyHkax npuii-
HSITI HACTYIHI CKOPOUYEHHS: a — aMOpo3is, K — Kykypyn3a,
M —MULIA.

3HavueHHs] IMOBipHOCTEH BipHOTO PO3ITi3HABAHHS IS
183, 81, 73,46, 301 3indopMallifHIX 03HAK Y BUITISI KIJIaCH-
(ikamiitHIX MaTPUIIb HE HABOISTHCS, AJIe BPAXOBYIOTECS IIPH
mo0yIoBi Tpadika 3aIeKHOCT] yCepeTHEHNX 3HaYeHb IMOB-
ipHOCTEi#1 B 3aJIeKHOCTI Bl KUTBKOCTI O3HAK, SIKMI HABOIUTD-
csi Ha puc. 7.

H||M|

Puc. 1. 3anexHicTh HOPMOBAaHUX KOE(DIliEHTIB BIIOUTTA Bil
JOBKUHH XBUJI JUI aMOpOo3il, MUILIF0, KyKypya3H

Puc. 2. Knacudikariiina MaTpuiist ajst aoctepiopHoi HMOBIp-
HOCTI PO3Mi3HAHHS POCITHH HA TPH KJIACH 3 BUKOPUCTAHHSIM
256 o3Hak

Puc. 3. Knacudikariiina Matpuiist st anoctepiopHoi HMOBIp-
HOCTIi PO3Mi3HAHHS POCITHH HA TPH KJIACH 3 BUKOPUCTAHHSIM
7 o3HaK

Puc. 4. Knacudikaniiina MaTpuist st anoctepiopHoi HMOBIp-
HOCTI pO3Mi3HaHHS POCIIMH Ha TPU KJIACH 3 BUKOPUCTAHHIM
5 o3Hak

Puc. 5. JlaHi TUCKPUMIHAHTHOTO aHANI3y NPH KIacudikamil
POCIIHH Ha TPHU KJIaCH 3 BUKOPHCTAHHAM 5 03HaK

Puc. 6. Knacudikaniiina Matpuist st anoctepiopHoi HMOBIp-
HOCTI pO3Mi3HaHHS POCIIMH Ha TPU KIIACH 3 BUKOPUCTAHHIM
4 o3HaK
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Amosipuicrs 100 4

Bipnare

POINIMHABAHNKA,
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85

75 T T T KinskicTs o3Ha%
256 183 81 73 a6 30 7 s 4 8

Puc. 7. 3anexHicTs HMOBIPHOCTI BIPHOTO PO3MI3HAHHS POCIHH
(cepennboi 3a TpbOMa Ki1acaMH) Bi KUTBKOCTI iH()OPMAaTHBHHX
03HaK

3 BUIIIEHABEICHUX PO3PAXyHKIB, BUIHO, 10 IPUHHATHAM
3 TOUKH 30pY SIKOCTI PO3Mi3HABAHHS POCIMHHHUX 00 €KTIB Ha
Tpu Kinacu (KyKypyas3a, MULIiH, aMOpo3is) € 3MEHIICHHS
KIJIBKOCTI O3HAK JI0 5, IpH IIboMY IMOBIpHICTb BIpHOTO pO3-
mi3HaBaHHS U1 aMOpo3ii ckiragae 96,71 %, mis muriro

95,48 % 1 muist kykypynsu — 90,98 %. [Tpu npomy Haiio116-
Wi BKJIa] B JUCKpUMiHANIHHY XapaKTepHUCTUKY 3 5 o0pa-
HUX O3HAK JIa€ TOBXXWHA XBUITi 462,5 HM, CyTTEBUIA BKJIa] lae
TAKOXK O3HAKA 3 JOBKHMHOIO XBIUTE0 643,49 um. Tx CyMapHHH
BHECOK B 3araJIbHUI BiZICOTOK BipHOTO PO3ITi3HaBaHHS poc-
JIMHH CKJIaga€ roHan 64 %.

Cepen 00paHUX pPOCJIHH, HaliKpalie po3mi3HaBaHHIO
mignaeTbess aMOpo3ist. 1le Moxke OyTH 3yMOBIICHE TEOMET-
PI€FO JIUCTKIB, TX TOBIIMHOFO 1 MILTBHICTIO, BiTHOCHOIO HAsSIBH-
ICTIO MITMEHTIB (XJI0pOd1iy, KAPOTHHIB, KCAHTOMIIIB i iH).
3MeHIIeHHs 03HAK, B IEPIITy Yepry, BIUIMBAE HA 3MEHIICH-
HS1 KIMOBIPHOCTI BIpHOTO PO3Mi3HABaHHS KOPUCHOI KYJIBTY-
PH — KyKypyI13u.

Takox, mpu mepebopi o3HAK OyT0 BCTAaHOBJIECHO, IO
KUTBKiCTh O3HAK MOXKe OYTH 3MeHIIeHa 3 5 10 4, ipu IIboMY
HMOBIpHICTD PO3ITi3HABaHHS JJIS KOXKHOTO Kilacy He Oyme
mwkde Hix 3amana (90 %). Takox, st BUIAIKY 4 O3HAK,
OyTi BCTaHOBJICHI ONITUMAJIbHI O3HAKH — JIOBKUHH XBHIIb,
axuMmu €; 395,68 uM, 462,5 1M, 643,49 um i 729,8 am. Kokna 3
YOTHPHOX JOBXKHH XBIJIb 3MiHIOBaJIach B uana3oHi +50 M,
B pi3HUX KoMOiHatlisx. J{ist gomycky 50 HM Juist KOKHOT 10B-
YKUHU XBHJIi, AMOBIpPHOCTI BIpHOT'O PO3ITi3HABAHHS CYTTEBO
He 3MIHIOBAIIUCh 1 TS KOXKHOI pocinu Oynu Oinbiire 90 %.
Ha pucynkax 819 HaBomsithest knacudikaiiiiina MaTpui i
JIaHi JIMCKPUMIHAHTHOTO aHAITI3Y JUTst BUITAAKy 4 o3HaK (BOHM
BiJIPi3HAIOTHCA Bil HAOOPY O3HAK, IO HABOJMBCS HA PUCYH-
Ky 5). IIpu cripo6i 3MEHIITNTH KiIbKICTh O3HAK 10 3 IIA ITOTO
Habopy O3HAK, HMOBIPHICTH BipHOTO PO3Ii3HABAHHS IJIS
ambpo3ii cknana 99,43 %, st muttito 97,23 %, 1151 KyKypya-
3u 85,4 %, 1110 He € 33I0BIILHUM [Tl BCTAHOBIJICHOTO PiBHS
BIIIIOBITHOCTI.

BUCHOBKHA

B pesymbrati mpoBeneHNX eKCIiepIMEHTaTBHIX JTOCTII-
JKEHB, OyJI0 BCTAHOBIICHO IO KUTBKICTE iH(pOpMaIiitHuX 03-
HaK MOYKHA 3MEHIIIATH 110 4 TIpH BIAIIOMY TIepeOopi IoIaTKo-
BHX O3HaK. 3MCHITICHHSI 03HAK TACTh MOYKITMBICTH 3MEHITTUTH
BapTiCTh KJIacuQikaTopa, CIPOCTUTH HOTo CXeMYy, ITiIBUIIUTH
HaitHicTh. Tak, mpu oOpanux 4 TOBXKHUHAX XBAIH (03HAKAX):

40

Puc. 8. Knacudikanilina MaTpurst 1uist anocTepiopHoi
HMOBIPHOCTI pO3Mi3HAHHS POCIMH Ha TPH KIacH
3 BUKOPUCTAHHSM 4 03HaK

Puc. 9. Jlani 1MCKpUMIHAHTHOTO aHaNi3y MpY KiIacK(ikanii
POCIIMH Ha TPH KJIAcH 3 BUKOPHCTAaHHSIM 4 03HAaK

395,68 am, 462,5 aM, 643,49 HM 1 729,8 HM, IMOBIPHICTE BipHO-
TO pO3Mi3HABaHHSI 15 aMOpo3ii ckinanae 99,31 %, st Mutiito
97,52 % i mst kykypymzu — 94,42 %. HaiiOinpmmii BKIas B
JIUCKpUMIHALIHY XapaKTepUCTHKY 3 4 00paHMX O3HaK Jlae
JoBxkuHa XBIUTE 395,68 HM, BHECOK B 3araJTbHHIA BiJICOTOK BipHO-
TO PO3Ii3HABAHHS POCIIMHH 5IKOi cKiiamae 72,4 %.
[TincyMOBYFOUH OTpHMaHi pe3yIIBTaTH, MOKHA CKA3aTH, [0
JUTSL BIICBHEHOT'O aICKBATHOTO PO3ITi3HABAHHSI BU/TY POCIIHHH
cepell TphoX 00paHuX (KyKypymn3H, aMOpo3ii, MUILIiFO) TocTaT-
HB0 4 o3HaKu. [IpH 1I50MY TIepIia 03HaKa IIOBUHHA HAJICKATH
noexuHi xBuii  ~ (400£50) uMm, apyra — ~ (460+£50) HM,
Tpets —~ (640+50) um i gerBepTa 03Haka —~ (750+50) HMm.
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MUHUMMU3ANUA KOIMYECTBA UHO®OPMATUBHBIX TIPU3HAKOB ITPU ITIOCTPOEHUU KJTACCUDPUKATOPA
PACTUTEJIBHBIX OFBEKTOB

B crarbe moka3aHHas BO3MOXHOCTh YMEHBIIICHUS KOJIMYECTBA HH(OPMATUBHBIX IIPH3HAKOB C HAYAIBHBIX 256 3HaueHuit 1o 4 npu
MOCTPOCHUH KJIACCU(HUKATOPA PACTUTEIILHBIX OOBEKTOB 10 pe3y/bTaraM JUCTAaHIMOHHOIO 30HANPOBaHUs. 11 TOCTPOCHHUS paclio3HaBa-
TENBbHOM MO/ieNH ObUT UCITOIb30BaH MHOKECTBEHHBIH JINHEHHBIH TUCKpUMUHAHTHBIH aHanu3 Ountepa. J{jist BEIOpaHHOro HabOpa JaHHEIX,
YCTaHOBJICHBI ONTUMAJbHBIC JHANA30HbI IPU3HAKOB.

KunioueBble ci10Ba: pacrio3HaBaHue, CIICKTpaIbHbIe KOA()OUIUEHTH! SPKOCTH, IIPU3HAKH, KIACCH(UKATOP.

ShamaE. O.

Post-graduate student, Zaporizhian Nationa Technical University, Ukraine

MINIMIZATION OF THE NUMBER OF INFORMING SIGNS WHEN CONSTRUCTING THE CLASSIFIER OF
VEGETABLE OBJECTS

In the article a possibility is considered as to decrease information features at discrimination of vegetable objects. The multiple
discriminant Fisher analysis with step-by-step inclusion of variables was used as an algorithm of discrimination. The information
features were selected on the basis of the subjectively individua approach. The features were selected from frequency areas in which
there existed the greatest difference by a reflection coefficient value between spectral reflection coefficients for each kind of plants. The
specia-purpose literature on these themes was also taken into account. For the analysis of the discrimination efficiency by the classifier
of plants (for a different amount of features) a probability of plant proper discrimination was used. A minimum admissible level of the
correct detection probability for each kind was set as 90 %. For investigation there were used the real reflection coefficients of plants —
maize, bristlegrass and ambrosia that were measured in field conditions.

Keywords: recognition, spectra brightness coefficients, signs, classfier.
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AOCNIAXEHHA MACOIFABAPUTHUX | TENNOBUX XAPAKTEPUCTUK
FTEPMETUYHUX BJIOKIB PAQIOENNIEKTPOHHUX ANMAPATIB

JloCIipKeHO 3aeXHICTh 00’ €My, Macu Ta MacorabapuTy Bill KUIBKOCTI IUIAT 1 BiCTaHi MK
HUMH Y TepPMETHYHHX OJIOKaxX panioesieKTpoHHUX anapaTiB. [TokasaHo, 110 onTuMi3alis Hecyqanx
KOHCTPYKIiIH MOXe 3MEHIIUTH MacorabapuTHi mokasHuku y 1,5-3 pasu mopiBHsHO 3
OJIHOIUIATHOIO KOMIIOHOBKOIO. AHAJII3y€ThCS 3aISKHICTh MAKCUMAJIEHOT TEMIIepaTypH Ha KOKHIN
IUIaTi B BificTaHe# Mk mnatamu. Haifripimii TenaoBrii pexxuM CIIOCTepiraeThes MpH BifCTaHi
MiK IataMu 2—5 MM. MoJeloBaHHS TEIUIOBUX PEXHUMIB 3/iHCHIOBAJIOCH ITPOrPaMHUMHU

3aco0aMy iH)KCHEPHOIO aHaizy.

KuiouoBi cioBa: repmeTnuHi GJIOKH, HeCydi KOHCTPYKLIl, KOMIIOHOBKa, MacorabapuTHi i
TEIJIOBI XapaKTEPUCTUKY, IPOrPaMHi 3ac00H, IHKCHEPHUH aHaJIi3, ONTHUMI3allis.

BCTYII

[poexTyBaHHS paliOEIEKTPOHHHUX arlapaTiB BiIOyBa€eTh-
cs13 ypaxyBaHHSIM NOTpPeO CIIOXKNBadiB y pO3IIUPEHH] (PyHK-
LIOHATEHUX MOXKIIMIBOCTEH IIPUCTPOIB 1 3MEHIIEHHI X rada-
puTiB Ta MacH. PyHKIIOHAIBHI MOXJIMBOCTI 320€311EUyI0THCS
Ha eTal CXeMOTEXHIYHOTO ITPOEKTYBAaHH , KOJIM BU3HAYA€ETh-
CsTIepeTiK eIEKTPOpaTiOeIEeMEHTIB 1, BIITIOBIIHO, iX rabapuTu
Ta Maca. OmHaK MacorabapuTHI OKA3HUKH MPUCTPOIB MO-
KYTBb 3HATHO MIEPEBHUIIYBATH 3araJIbHAM 00’ €M Ta Macy eJIeK-
TPOPaAiOCIEeMEHTIB y 3B’ 13Ky 3 HEOOXiTHICTIO BUKOPHCTAHHS
HECY4NX KOHCTPYKIIH TSI pO3MIIIEHHS eIeKTPOpaioese-
MEHTIB Ta (GYHKIIOHATBHUX BY3IIB [1, 2].

DopmMyBaHH MaCOrabapUTHHX TIOKA3HHUKIB HECYIUX KOH-
CTPYKLi# BiIOyBa€ThCS HA €Talli KOMIIOHOBKH araparypu.
Ha npomy erami BHOHparOTCA BiZICTaHI MiXK €JIeKTpOpaIioe-
JIEMEHTaMH, PO3MIipH IUIAT Ta BiACTaHI MiXK HUIMH, pO3MipH
KOPITYCHHUX E€JIEMEHTIB Ta CHOCIO 3aXHCTy BiJ 30BHIIIHIX
BIDTHBiB. KOMIIOHOBKA ITPOBOANUTECS 3 ypaxXyBaHHIM O0Me-
’KEHb Ha MAaKCHMaJIbHO JIOITyCTUMY TEeMIIEPATYPY eNEeKTPO-
pamioeTIeMEHTIB i IOTiPIIEHHAS TEIIOBOTO PEKUMY IIPH 3MEH-
TIIeHi rabapuTiB pHCTpPOIB [ 3, 4].

Oco0IrBO BUCOKI TETUIOB1 HABAaHTA)KEHHS BHHUKAIOTH Y
TepMETHYHHX OJIOKaX, sIKi 4aCTO BUKOPHCTOBYIOTHCS Y OOp-
TOBIiH pallioeIeKTPOHHIN anmapaTypi 3 JKOPCTKUMHU Macora-
O6apuTHUMH 0OMEKEeHHAMU. Taki 6JIOKH 9acTo MAIOTh Tep-
METHYHY eTa)XepHY KOHCTPYKIIIO 3 BUCOKIMH 3HaUCHHAMH
koedimieHTa 3aTIOBHEHHS OJIOKA 1 BiICYTHICTIO CITONYYeHHS
30BHIMIHBOTO i BHYTPIITHBOTO TEIUIOHOCIIB. 3 TOYKH 30py
00YHCIICHHS TEIIOBUX PEKUMIB PaIiOCIEKTPOHHI IPHCTPOI
MAIOTh HaA3BIYAHO CKIIHY KOHCTPYKIIiF0. BHACIiIOK 1150~
ro iH(opMaIIis PO PO3MOILT TeMITepaTypH B OJIOKaX paiio-
€JIEKTPOHHHUX allapaTiB BU3HAYAIACh TiIJTHKH B TIPOIIEC] €KC-
MEePUMEHTAIIBHUX JIOCIDKEHb, IO ITPU3BOIUIIO 10 YTBOPEH-

HsI HEONTUMAJILHIX KOHCTPYKIiH 1 301IbIIeHH] TEPMiHIB ITpo-
€KTYBaHHS Pa/li0eJIEKTPOHHHX aIlapartis.

MosKIMBICTh BUPIIIEHHS Hi€i MpoOIeMH 3’ IBUTach 3 11o-
SIBOIO TIPOrPaMHHUX 3ac00iB 1H)KEHEepHOro aHamisy [5, 6].
JlocBiz 3acTocyBaHHS X 3aC001B ITOKA3aB, 1110 BOHU € e(heK-
TUBHUMM JUTS IOCITIJDKEHHS TEIUIOBHX PEXKUMIB Pai0eTIeKT-
POHHUX amapaTiB Ta ix ontumizatii [ 7—10]. Aie oqHo4acHo-
TO JOCTiDKEHHS MACOrabapuTHHUX 1 TETUIOBUX XapaKTepHC-
THK paIiOeNeKTPOHHUX amapaTiB HE MPOBOIWIOCH, IO
YCKIIQIHIOE PO3POOKY METOMUK 1 alTOPUTMIB ONTHMIi3amii
HECYIHX KOHCTPYKITIH.

Mertoro poOOTH € TOCTiIKEeHHS 3B’ sI3Ky Macorabapur-
HUX [TOKA3HUKIB 1 TEIDIOBUX PEKUMIB TEPMETUIHUX OJIOKIB
eTa)XepHOI KOHCTPYKIIii. /{715 BUpilieHHs TOCTaBIIeHO1 3a1a4i
HEOOX1THO:

— pO3pOOUTH CHpOIIIeHY KOHCTPYKITIIO 1 TEIIIOBY MOZIEIN
TepPMETHYHOr0 OJIOKa eTa)kKepHOi KOHCTPYKIIII ;

— IOCITiTITH MacorabapyuTHI TOKa3HUKH Pi3HUX CTPaTeTii
OITHUMI3alIil;

— JIOCIIZITH TEIJIOBI XapaKTePUCTUKH TePMETHYHUX
OJIOKIB eTaXepHOI KOHCTPYKIIl.

PesynbraTi TAKMX JOCTI PKEHb MOKYTh BUKOPHCTOBYBA-
THUCS AJIs1 BHOOPY ITapaMeTpiB HeCyInX KOHCTPYKIIiH 3a Or-
TUMAJEHAUMH MacorabapUTHIMH ITOKa3HUKAMU.

1 KOHCTPYKIISA TEPMETUYHOI'O BJIOKA

Jl71s BU3Ha4YEHHsI y3arajJbHEHUX BIaCTUBOCTEN NPOLIETYp
KOMIIOHOBKH HEOOX1THO BHKOPHCTOBYBATH CIPOIICHI KOH-
CTPYKLI1 IPHUCTPOIB, SIKi MiCTATH y3arajabHeHi enemenTd. [Ipn
aHai3i MacorabapuTHIX MOKA3HUKIB CIIPOIICHA KOHCTPYK-
1ist OJIOKa HEe BPaxOBYeE Macy i TabapuTH eIeKTpopaioese-
MEHTIB, 3’ €JHyBadiB i €JIeMEHTiB 00’ eMHOTO MOHTaXYy. ['a-
0apUTH EIEKTPOPAIiOSIIEMEHTIB BPaX OBYFOTHCS BiIIOBIIHOIO
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BiJICTAaHHIO MiX IpyKOBaHUMH Iu1aTaMu. B KoHCTpyKmii Ta-
KOX BiZJoOpakeHo, 110 yci IUIaTH MaloTh OIHAKOBI pO3MipH.
L1i npuryrieHHs1 BpaxoBYIOTHCS Y CHPOIIEHIH KOHCTPYKIIT
TePMETHUYHOrOo OJI0Ka eTa’kepHOi KOHCTPYKIii, MOKa3aHOTo
Ha puc. 1, ne no3HavdeHo: 1 — Kpuika Koprycy, 2 — ApykKo-
BaHi IJ1aTH; 3 — CTOSIKH; 4 — OCHOBA KOPITyCY.

00’ eM repMeTHYHOTO OJTOKa BU3HAYAETHCS CITIBBIIHO-
IIICHHSIM !

V=Ll @

e Ly, Ly i Ly —mupuHa, JoBXKKHA 1 BUCOTA KOPIIYCY.
Po3mipu kopITycy OOYHCIIOIOTECS Yepe3 MmapaMeTpu
€JIEMEHTIB KOHCTPYKIIii 3 JOIIOMOTOFO CITiBBiTHOIIICHE

L=lL+2a+2d;; Ly=I,+2b+2d;

Lg =hy+nd; +(n-Dhy, +h, @

ne |y il, — mopxuHa i ImMpHHA ApYKOBaHOI IUIATH; @ i b —
BiJICTaHb IU1AT Bij] OOKOBHUX CTiHOK KPHIIKH Koprycy; d,. —ToB-
IMHA KPHIITKHU KOPITYCY; N—KIIBbKiCTh IPYyKOBAHMUX IUIaT; Ny, i

h, —BijicTaHb IATH BiJ OCHOBH KOPITYCY Ta BEPXHBOI CTIHKH
KpHIIKK KOpItycy; N, —BincTaHb MiX IiaTaMmu.

-S:—

Puc. 1. CrpomieHa KOHCTPYKLiS TEPMETHYHOTO OIoKa

[Tmomia momepeyHOro mepepizy KOPIyCy NOCATae
MiHIMaJTBHOTO 3HAYCHHS [TPU BUKOHAHHI YMOB:

a+d,

b+d,
b+d,

|1: Sy a+dK ) €)

=],

Je S, —IUIomIa IUIaTy.

[Tonma KOXXKHOI TUIATH OOYHCITIOETHCS 3 ypaxyBaHHSIM
MOHTAa’KHOT IIJTOII YCiX eJIeKTpOpaioeNeMeHTIB, KIIbKOCTI
TUTaT, KITBKOCTI CTOSIKIB 1 TX IIJTOIII ITOTIEpevHOro Iepepizy:

Si=24ms,, @
n

1€ S, —3araabHa MOHTa)KHA IIOMIA, Ky eJeKTPOpaioese-
MEHTH 3aiiMaroTh Ha YCiX IIIATaX; M—KUTBKICTh CTOSKIB, HA
SIKAX 3aKPIIUTIOIOTHCS IJIaTH; S, —IUIOIIA MOIEePeYHOro Ie-
pepi3y cTosIKa.

ITpu oGuncnenHi Macu O10Ka BpaxoByBaJIMCh Maca Oc-
HOBH 1 KPHIIIKK KOPITYCY, Maca IIar i CTOSIKIB!

Mg =My + M + My, + M, ©

Je Mg— Mmaca Omoka; m, i m,, M, i M, — Maca OCHOBH i
KPHIIKH KOPITyCY, IUIAT i CTOSIKIB.

Jonanku y criBBigHOmEHHi (5) 004HCIIOIOTHCS 3 A0TIO-
MOTOIO BUPA3iB:

Mo =p0(|—1_2d1<)(|-2 _ZdK)'do;
My =p1<d1<[2(|-1+ L2 _dK) L3+(L1_2d1<)(|-2 _2dK)] ;

mn:prlllIZdn; mc:pcm[ho"'(n_l)hn]s(:' ©)

1€ Po 1 Py P 1 P —FYCTHHA MaTepialy OCHOBU 1 KPHIIKU
KOPITYCY, IPYKOBaHHMX ILIaT i CTOSIKIB; Og— TOBILMHA OCHOBH
KOPITyCY.

Crissimrorrenss (1), (6) BUKOPHCTOBYIOTHCS TSt OG9HC-
JICHHS MACOra0apUTHHAX MOKa3HUKIB TEPMETUIHNX OJIOKiB
€Ta)KepHOI KOHCTPYKIIii.

2 TOCJIKEHHSI MACOTABAPUTHIX
TOKA3HHKIB

MacorabapuTHi TOKa3HAKA OJIOKIB PaIioeIeKTPOHHUX
arapariB OLIHIOIOTECS X 00’ €eMOM, Macor0 Ta Macorabapu-
TOM — 100yTKOM MacH i 00’ emy O6moka. OcTaHHil mapaMeTp
€ aHAJIOTOM CITiBBiTHOLICHHS LIHA/AKICTh, SIKIIO BBAYKATH,
10 Maca OJIoKka BU3HAYa€ HOro BapTiCTh, a SKiCTh IPUCTPOIO
obepHena 10 00’ emy 6moka. JlocmimKkeHHsT Macorabapur-
HUX MOKa3HHKIB IIPOBOJMIIOCH aHATI30M MacorabapuTHIX
XapaKTEePHUCTHK OJIOKA, IO YTBOPIOETHCS SIK 3aJI€KHICTh Ma-
corabapuTHHX ITOKA3HHUKIB BiJl KUTBKOCTI JPYKOBAHKX IIIaT TA
BiJICTaHi MXK HUMH. Y BiJIIOBIAHOCTI i3 MacorabapuTHUMHA
MIOKa3HUKAMH YTBOPIOIOTECS XapaKTePHCTUKH: Fa0apHuTHA,
Hecyda Ta MacorabapuTHa.
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

['abGapuTHi XapakTeprCTHKN OJIOKa yTBOPIOBAINCH SIK
cim’ 51 rpadikiB 3aeKHOCTI 00 €My KopITycy (B JIiTpax) Bif
KiJIBKOCTI IPYKOBAaHUX IUTAT. Y 3B’ 3Ky 3 BEJIMKOIO KLTBKICTIO
mapameTpiB y criBBiqHoImeHHsX (1) Ta (6), anani3 macoraba-
PHUTHHX XapaKTEPUCTUK ITPOBOIUTHCS 3 YpaXyBaHHAM Jies-
KHX KOHCTPYKTHBHHUX 00MexeHb. OOUNCIIeHHS TPOBOIUTE-
cst pu ToBiuHax d,. = d, = 2mm, d,= 7 MM, riamerp crosika
MaB 3Ha4eHHs d .= 7 MM, a 3arajbHa IUIOMA YCiX eleKTpopa-
mioenemeHTiB — Sg= 0,04 mm2. Bigcraus miar Bix 60KoBHX
CTIHOK KPHUIIKH KOpITyCYy BHOHpaizach OJHAKOBOIO
a=b=5mm. OrHAKOBUMH TAKOK 33aBAJTHCh BiJICTaH] Mi
IUTIaTaMH, a BIICTaHi IIaT BiJl OCHOBH Ta KPHUILIKH KOPITYCYy HE
3MiHIOBaIHUCh i fopiBHIoBamM hy= 20 My, h = 10 MM. O64wc-
JIEHI NPY BKa3aHUX KOHCTPYKTUBHUX OOMEKEHHSIX TabapHTHI
XapaKTepUCTHKH T€PMETUYHOrO OJIOKa eTa)KepHOi KOHCT-
pyKuii mokasasi Ha puc. 2.

I3 puc. 2 BUmHO, MO 3aJEXKHICTH 00’ €My OJIOKa Bif
KIJIBKOCTI IUIaT Ma€ MiHIMYM IpH KUTBKOCTI IiTat N=5-7.
[NopiBHSHO 3 OMHOIUIATHIME OJIOKAMH OMTHUMI3aIlis KUTBKOCTI
IUIAT J03BOJISIE 3MeHuTH 00’ €M 010ka Ha 4060 %. Onru-
Mi3allist MOKJIMBA TP OyAb-sIKii BiZICTaHI MiX ApyKOBaHHU-
MU [UIATaMH.

Hecydi xapakTepucTHKH OJI0Ka YTBOPIOBAINCS SIK CIM’ 5T
3aJI©KHOCTEH MaCH KOPITYCY BiJl KITBKOCTI IpyKOBaHMX ILIAT.
Oouwcneni 3 gonoMororo ciiBigHonieHHs (5) i (6) Hecyui
XapaKTepPUCTHKHI TepMETHYHOTO OJI0KA HAJAIOThCS HA pHC. 3.
ITpu oOunCTIeHHAX BPaX0BYBaJIOCh, IIIO CTOSIK, KPHIIIKA 1 Oc-
HOBa KOPITYCY BHTOTOBIISJIUCSI 3 QJIOMiHIIO TYCTHHOIO
p= 2700 kr/m?, a GararonrapoBi qpyKOBaHi [IATH MAIOTh Ty~
crudy p= 1800 kr/m>.

I3 puc. 3 BuaHO, 1110 301TBIIEHHS KIJIBKOCTI IUIAT € eek-
THUBHUM 3aXOJOM 3MCHIIEHHS Macu Oioka. Bubopom
KIUIBKOCTI I1aT Maca Oroka 3MmeHIryersest y 1,5-2,5 pasu
MTOPIBHSAHO 3 OMHOIUIATHAM KOpITycoM. Taka eeKTHBHICTh
00yMOBJICHA 3MEHIIICHHSIM IO OCHOBH KOPITYCY, IKa Ma€
3HAYHY TOBIIMHY JJIS 320€3IeUeHHsT MEeXaHI9HOI MIITHOCTI
KOHCTPYKIIii i repMeTH3arii 3’ enHyBadiB. EkcTpemanbHi 3Ha-
YEHHS Ha HECYJHX XapaKTEePUCTHKAX CIIOCTEPIraloThCs NPH
MEHIIHX 3HAYeHHSX KUTBKOCTI TIaT OPiBHSHO 3 rabapUTHH-
MU XapaKTePUCTHKAMH.

|

)

(1~

30mMM
_________‘__.——-——"_'__.——-

20mm

[&]

10mMM

MM

0 5 10 15
Puc. 2. T'abapuTHi XapaKTEPUCTHKH TE€PMETUIHOrO OJI0Ka

MacorabapHTHI XapaKTepHCTHKN YTBOPIOIOTHCS SIK CIM’ 5T
3aIeKHOCTeH Macorabaputy (100yTok Mack Ta 06’ emy 0J10-
Ka) BiJl KUTbKOCTI JpyKOBaHHX ru1at. OOYHCIIeHi 3a J0OMO-
roto criBBigHoIeHb (1)—(6) MacorabapuTHi XapakTepucTH-
KH JOCIIDKYBAHOTO OJIOKA ITOKa3aHi Ha puc. 4.

I3 puc. 4 BuaHO, M0 eKCTpeMaNbHI 3HAYEHHSI KIJTHKOCTI
IUTaT Ha MacorabapuTHHUX XapaKTePUCTHKAX 3MEHIIYIOTHCS i
JIeXKatsh B Jiarna3oHi Bix 3 10 5 npykoBaHUX muiat. 3HaYEHHS
OIITUMAJIEHOTO Macorabapury y 2—3 pa3u MEHIIe Macora-
0apuTy OIHOIUIATHOTO KOPITYCY.

Amnarnoriyni rabapuTHi, Hecydi 1 MacorabapuTHi Xapak-
TEPHUCTHKU MAIOTh TepPMETHYHI OJIOKH eTa’KepHOI KOHCTPYKIIT
13 IHIIMMHY TTapaMeTpaMy OCHOBH, KPHIIIKH KOPITYCY, CTOSIKa
1 IpyKoBaHoi r1aty. Ll XapaKkTepucTUKH MOXYTh BUKOpHC-
TOBYBATHCSI IIPH ONITHMi3allii KOMIIOHOBKH OJI0Ka /1715 BHOO-
Py KUTBKOCTI IpyKOBaHUX ru1at. Bubip Bifcranei Mix 1iara-
MH ITPOBOJIUTHCS 3 ypaxyBaHHSIM TEIUIOBHX PEXHUMIB OJIOKIB.
JI1s 1bOr0 BUKOPHCTOBYIOTHCS TEIIOBI XapaKTEPUCTHKA
PpaioeneKTPOHHHX ITPUCTPOIB.

KU | m

h, = 40Mm
"
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// 30Mm
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- 10mm
! i Smm
. n
0 5 10 15

Puc. 3. Hecydi XxapakTepuCTHKH TepPMETHYHOTO OJIOKa

Puc. 4. MacorabapuTHi XapaKTepHUCTHKHA T€PMETUIHOTO OJIOKa

3 JOCJIIJPKEHHSA TEIUIOBUX PEXKUMIB

JlocmimKeHHST TeIDIOBUX PEXHMMIB MPOBOAMIOCH IIPO-
rpaMHUMH 3aC00aMH iHKEHEpHOTo aHatizy [5]. s mporo
YTBOPIOBAJIMCS TEIUIOB MOJIENT, B IKHX BUKOPHUCTOBYBAIINCH
NPUITYIIECHHS:

— Bi/IBiX Teruia Bix OJ0Ka y HABKOJHIIHE CEPEIOBUIIEC
BiIOyBA€THCS TUTHKU KOHBEKIII€O Ta BUIIPOMIHIOBAHHSM Y
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TIOBITPSTHOMY IIPOCTOPi, B CEepeAnHi OJIOKa BPaxOBYETHCS
TaKOXX KOHIYKTUBHUI MEXaHI3M I1epe/jadi Terua;

— repMeTHYHHUI OJIOK 3aIIOBHIOETHCS APTOHOM;

— PO3MOI1JT TYCTHHH TEIIOBOTO TIOTOKY IO IIOBEPXHi JpY-
KOBAaHHX IUIAT 33/1aBaBCs OHAKOBHMM 1 pIBHOMIPHUM Ha yCiX
IUIaTax;

—MeTasti3alis 6araTonapoBuXx JPYKOBAHHUX IIAT BPaxo-
ByBaJIacs aHI30TPOITi€l0 KOe(DiIliEHTIB TETUIONPOBITHOCTI Y
aKclaJIbHOMY Ta pajiajbHOMY HalpsIMKaXx, HIII MaTepiain
BB)KAJIHCSI OTHOP1THUMHU Ta 130TPOITHUMH;

— IpyKOBaHi IJIaTH, PO3TAIIOBYBAJIMCH Y OJIOI TOPU30H-
TaJBHO, IO Bi/AMOBia€ HAUTIPIIOMY TEILIOBOMY PEKUMY.

JlociimKeHHs TeTI0BOro PeXXUMy OJIOKiB POBOAMIIOCH
NpH KibKoCTi at N = 3. B mporieci A0ci KeHb 3a1aBaiach
TeMIlepaTypa HaBKOJIHUIIHBOIo cepegosumma t, = 50°C 1 xo-
edimierT yopHOTH ycix moBepxons € = 0,91 KoedimieHT Ter-
JIOIPOBIZTHOCTI CTOSIKIB, OCHOBH 1 KPUILIKH KOPITYCY JOPiB-
HioBaB A, =140Bt/m-K. bararomaposi apykoBaHi miatu
Ma koeilieHT TerwronposigHocTi A, = 2(20)Bt/m-K Bimmo-
BIJIHO y aKciaJIbHOMY Ta paJiialbHOMY HanpssMKax. Ha kokHii
JIpyKoBaHi# miiati po3citoBaiiachk noTyxHicts P = 2Bt. Mo-
JIeITFOBaHHSI PO3IIOALTY TEMIIEpATyp B TepMETHYHOMY OJrori
€Ta)XXePHOI KOHCTPYKIIii MPOBOMMIOCH B cepenouiii Solid
Works3a gomomororo moayiist Flow Simulation. Tocmimky-
BaBCsI PO3MOLT TEMITEPATYp Ha eJIEMEHTaX KOHCTPYKIIiT OJIoka
TIPY 3MiHI BiJICTaHI MiX IPYKOBaHUMH IIATaMH.

B mporreci mocimimkeHb 3’ ACOBaHO, IO MPH 3a3HAYCHUX
TIOTY)KHOCTSIX TIepena]] TeMIepaTypH I0 TOBepXHi OI0Ka He
nepesuntye 0,16°C. OcHOBHI niepenay TeMIepaTypy BUHA-
KaJIF Mi>K TIOBEPXHEIO KOPITYCY 1 HABKOIIMIIIHIM CEPEIOBHIIIEM
(mo 14°C), a Takox 1o crosiky (no 10°C). MakcumanbHe 3Ha-
YEeHHs TEMITEPATypPH CIIOCTEPIraioch Y IIEHTPi CepenHbOi APY-
KOBaHOI 1atH 1 gocsirano 72°C mpu BiACTaHI MIX M1aTaMu
h, = 5mmM. Ile 3HaueHHs TeMmmepaTypy Mo)ke OyTd KpUTHY-
HIM 715 TOBEPXHi KOPITYCiB JESKIX €IEKTPOPaIiOeIeMEHTIB.

3a pe3ymsraTaM¥ JOCHIHKEHb YTBOPIOBAINCH TEILIOBI
XapaKTePUCTHKH TePMETUIHOTO OJIOKA, SIK CiM’ 5T 3aJI€IKHOC-
TEH TEIDIOBOT'O OIOPY IUIAT Bifl BiICTaHI MK IDTATAMH:

Je R j— TemnoBuii onip MiX HEHTPOM i-TOI ILIATH 1 HABKO-
JMIIHIM cepeloBuIleM; t,; — TeMIepaTypa B LEHTpI i-Tol
JpYKOBaHOI I1aty; Py — 3arajibHa MOTYXKHICTB, IO PO3Ci-
IO€ThCSA yCiMa TtaTaMu OIoKa.

YTBOpEHi TEII0B1 XapaKTEpPUCTHUKH TEPMETHIHOTO OJI0-
Ka i3 3a3HaYCHIMH IapaMeTpaMU eIeMEHTIB KOHCTPYKIIii
HAJAIOThCs Ha puc. 5, ae rpadiku 1, 2 i 3 BiANOBIAAI0TH
HIDKHIN, CepeHii 1 BepXHiH I1aTam.

[IpuBeneHi Ha puc. 5 TEIIIOBI XapaKTEPUCTHKHA ITOKA3y-
0T, II0 HAHOINBIII TEIJIOBI OMOPH YTBOPIOIOTHCS MpHU
Bijcrani Mix rmatamu 2—5 mm. [TosiBa 1ux eKcTpeMaIbHIX
IISTHOK 00yMOBIIeHA (hi3MIHUMHU MIPOIIECaMH MOOITU3Y 110~
BEpXHI TBEPJOTO Tijia, I¢ YTBOPIOETHCS Iap HEPYXOMOTO
TEIUIOHOCIS Yepe3 SKUH TeTUIOBUIA MTOTiK B HABKOJIUIITHE Ce-
penoBHIe TepeIacThCs TEIUIONPOBIAHICTIO. 30UTBIICHHS

Kr [m

h, = 40mm
—

\
\\\ / — 30Mm
=
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Puc. 5. Terosi XxapakTepUCTHKN T'epPMETUYHOrO OJI0Ka

BiJICTaHi MIXX IUTATAMH{ YTBOPIOE YMOBH JUIS PYXY TETUIOHO-
Cisl, IOSIBM KOHBEKTHBHOTO TEIUIONEPEHOCY 1 3MEHIICHHS
TeIIoBoro omnopy. L{poMy cripusie Takox 301JIBIICHHS I10-
BEPXHI KOPITYCY.

JlociimKeHHS TeTIOBOTO PeXUMY IUIaT I0Ka3ajo, o B
TepPMETUYHOMY KOPITyCi HaHO1IbII TEIIOHABAHTAKEHOIO €
ceperqHs maTa i3 TemwioBuM omopoM R =3,66 K/Bt mpu
BiJIcTaHi Mix rmaTamu hy, = 5MM. MakcuMaibHe 3Ha9CHHS
TEIJIOBOT'0 OIIOpPY HIDKHBOI IutaTH Ha 15 % Hikde TeroBo-
TO OITOPY CEPEIHBOI IUTATH, 301TBIIICHHS Bi/ICTaHI MiX I1aTa-
MH CYTT€BO BIUIMBAE Ha iX TeIuioBuii omip. [Tpn Bincrani Mix

wratamu N, = 40 MM TeIUIoBHiT OMip cepeIHbOI IIaTH 3MEH-

myetbes 10 R,=2,4 K/Br, mo Bixnosinae Temmeparypi y
LEHTpi cepennboi ath t; = 64,4°C. BiacransaM Mix 1miaTa-
mu 2-5 MM BiamoBigae Temrepatypa 72°C. 3a3HadeHi Ter-
JIOBI PEXHUMH 3aJ0BOJIBHIIOTH YMOBaM €KCILTyaTalil
OLIIBIIIOCTI ENIEKTPOpPaIiOeIEeMEHTIB TIPH TEMITepaTypi HaBKO-
JIMITHBOTO cepenoBrma t, = 50°C. Asne 30iIbIIEHHS HOTYXK-
HOCTI MOYKE TPU3BECTH JI0 IIEPEBUILICHHS TEMIIEPATyPH KOP-
ITyCiB eNEKTPOPATIOSTIEMEHTIB Hal JOIYCTAMUMH.

Term1oBi XapaKTepUCTHKU MOXKYTh BUKOPHCTOBYBaTHCh
TIpY KOMITOHOBII 1 OIITHMi3aIlii TepMETHYHUX OJIOKiB €TaXKep-
HOI KOHCTPYKII1 I71s1 BU3HAYECHHS BiZICTAHEH MK IPyKOBAaHH-
MU IUTaTaMH. 3aCTOCOBYIOTHCS Ii XapaKTEPUCTUKHU MICIIS
BH3HAYEHHS KIIBKOCTI IDTAT 3 TOTIOMOTOI0 Ta0apUTHHX, He-
CY4YHX YM MacOrabapuTHHX XapaKTePHUCTUK B 3AJISKHOCTI Bill
cTpaTerii onTuMi3aii: MiHiMaJIbHOI MacH, MiHIMaJIBHOTO
00’ eMy un Macorabapwury.

BUCHOBKHA

JocmimkeHAsT cTpaTeriii KOMIIOHOBKH TePMETHIHHUX
OJOKiB eTa)kepHOi KOHCTPYKIIIT ITOKa3aJIo, M0 3MiHa KUTBKOCTL
JPYKOBaHUX IUIAT JO3BOJISAE 3HAYHO IOKPALIUTH Macorada-
PUTHI IOKa3HUKH OJIOKiB. 30UTHIICHHS KiJIBKOCTI ITAT MOXKE
3MEHILIHTH I1i IOKa3HUKH Yy 1,5-3 pa3u B 3a1exHOCTI Bij cTpa-
Terii KOMITOHOBKH. J{7151 BUOOPY KiTBKOCTI IJIaT BUKOPHUCTO-
BYIOTBCS Ta0apHTHI, HECYUi 1 MacorabapuTHI XapaKTepUCTH-
ku. B mepmoMy BUTIaKy BiZOYBa€THCS ONTHMI3AIIS 00’ €My
0710Ka. Y IpyroMy i TpeTbOMY BHIIAKaX OIITUMi3yETHCS Maca
61oka Ta fioro macorabaput — 100yTOK Macu Ha 00’ €M 0J10-
Ka. MoxHa BBa)kaTH, IO MacorabapuT xXapaKTepH3ye
CITiBBiTHOIIIEHHS IliHa/AKICTh anapaTypH.
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HCCIEAOBAHUE MACCOIABAPUTHBIX U TEIIVIOBBIX XAPAKTEPUCTUK TEPMETHUYHBIX BJIOKOB PA/INO-
SJIEKTPOHHOM ATIITAPATYPT

HccnenoBana 3aBHCIMOCTh 00bEMa, MACChl M MacorabapyTa OT KOJIMYECTBA IIIAT U PACCTOSIHUS MEKTy HUIMHU B TePMETHYHBIX OJIOKax
PannOdIIEeKTPOHHEIX ammaparoB. [Ioka3aHo, 9T0 ONTHMH3ANNS HECYIUX KOHCTPYKIIUH MOKET yMEHBIINTH MaccorabapuTHBIE OKa3aTen
B 1,5-3 pa3a 1o cpaBHEHHIO C OHOIIIIATHOH KOMIIOHOBKOH. AHAIU3UPYETCsI 3aBUCHMOCTh MAaKCHMAIIbHOH TeMIIepaTyphl Ha Kak 10 T1aTe
OT PAcCTOSIHUH MEX Ty IuIaTaMu. XyIIIHH TEIIOBOH pexXuM HaOIIofaeTcsl NP PacCTOSHUU MEXIY IutataMu 2—5 MM. MonenupoBanue
TEIUIOBBIX PEKXHMMOB OCYIIECTBIISUIOCH IPOrPAMMHBIMHI CPEACTBAMH MH)KCHEPHOTO aHAIN3a.

KunroueBble ci10Ba: repMeTndHble OIIOKH, HECYIME KOHCTPYKIMH, KOMIIOHOBKA, MacCOrabapHTHbBIE M TEIUIOBBIE XapaKTEPUCTHKH,
IIPOTrpaMMHBIE CPECTBA, MHXKECHEPHBIH aHaIN3, ONTUMU3AIHSL.
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RESEARCHING THEMASS, SIZEAND THERMAL CHARACTERISTICSOFELECTRONIC DEVICE SEALED UNIT

The dependence of volume, mass and size on the number of boards and the distance between them in sealed unit of electronic devices
is researched. Mass and size characteristics are calculated excluding the mass of electronic components, wiring harness and connectors.
During packaging the total mounting of electronic components does not change. Dimensions of each board are included the rock areas and
guard bend at the board boundaries. The square boards are used to reduce the volume.
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Overdl dimensions of the unit are given as the family of block volume dependencies on the number of boards if range of board-
distancesis equal from 5 to 40 mm. The minimum volume of the unit is provided from 5-7 boards. Then the volume is reduced by 1,5—
2 times in comparison with one-board units. The mass of the block is reduced 1,5-3 times under the same conditions.

The dependence of maxima temperature on each board from distance between the boards is analyzed. The temperature mode is the
worst if distances between the boards are from 2 to 5 mm.

The research of the mass, size and therma characteristics has adlowed to reduce design errors and to improve the quality of the
electronic device design simultaneoudly.

Keywords: sealed units, supporting structures, layout, thermal characteritics, software, engineering analysis, optimization.
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METO[ YYETA BJIINMAHUA CUCTEMbl MEHEOXMEHTA
HAOEXHOCTU NPEANPUATUA NMPU PACYETHOWU OLIEHKE
MOKA3ATEJIEN BE3OTKA3HOCTM 3NEKTPOHHbIX CPEACTB

B crarbe PaccCMOTPEHbI OCHOBHBIE aCII€KThl COBPEMEHHOI'0 1M0J1X0/Ja K IMPOTrHO3UPOBAHUIO
rmokasarejieii 0e30TKa3HOCTH QJIEKTPOHHBIX CPEACTB OTBETCTBEHHOI'O Ha3HAYCHUS. HOKaBaHO,
4TO IpUu pacquHoﬁ OIICHKE WHTCHCHBHOCTH OTKAa30B TaKHMX HM3JICITUK CIIEAYECT YYUThIBATH HE
TOJIBKO T€XHHUYCCKHUE U NPOrpaMMHBIC CPEACTBA, HO U @aKTOpH, XapaKTEPU3yIUe CUCTEMY

MCHEPKMEHTA HAAC)KHOCTHU NPECANTPUATUA.

KnaioueBrble ciioBa: 3JICKTPOHHBIE CPEACTBA, HAACIKHOCTh, MHTCHCUBHOCTb OTKAa30B.

B npuHATBIX B HACTOSIIIEE BPEMS METOIHUKAX pacdyera
MHTEHCHBHOCTH OTKa30B 3JIEKTPOHHBIX cpencts (IC) ypo-
BeHb TpeOOBaHMI K pa3paboTKe W U3TOTOBJICHHUIO arapa-
TypbI (0OTPabOTAHHOCTH TEXIIPOLECCa M YPOBEHb OPraHu3a-
MU IPOU3BO/CTBA AIllIAPaTyPhl) YIUTHIBACTCS C IIOMOLIBIO
«Koagdurmenra kagecTsa MpOU3BOACTBA armaparypsi» [ 1]:

Apsp =Kp -Ag,

7€ Apryp —MHTEHCHBHOCTB 0TKa30B OC; K, —Kkoadumu-
€HT KaueCTBa [IPOU3BO/CTBA alllapaTypsl; Ay —CymMMapHast
MHTEHCHBHOCTb OTKAa30B KOMIUICKTYIOIIUX JIEMEHTOB.

Koadduiment K, yanThIBaeT U OTpa)kaeT cpeaHecTa-
THUCTHYECKYIO Pa3HHILy B HHTEHCHBHOCTH OTKa30B 3JIEMEH-
TOB B allmapaType, pa3padaTbiBaéMOi 1 H3TOTOBJISIEMOM 110
TpeOOBaHUAM Pa3TUIHON HOPMATHBHON TOKYMEHTAIHH
(HI). Tax, B cipaBounnke «Hanexxuaocts P> [1] puse-
JICHBI CIIEMYIOIINE 3HaYeHHS K03(D(PUIeHTa B 3aBUCHMOC-
tn ot HJI:

— I10 KOMITJIEKCY CTaHAapToB «Mopo3-...»! ;

— 10 nonoxennto «PK-...»: .
Herpynuo 3ameTnts, 9To K03(hunuent K, npencras-

JsieT co0Oi MHTErpabHYIO OIEHKY BIHMSHHUS TpeOOBaHHMH

© AptioxoBa M. A., XKagunos B. B., ITonecckuit C. H. 2013
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H/I Ha MHTEHCUBHOCTH OTKa30B anmnapartypsl. Kpome toro,
ko3 (durment skcruryaramuu (K,), KOTOPBIA yIUTHIBAET
CTEIICHB JKECTKOCTH YCIIOBHH SKCIUTYaTAIUH U IIOKa3bIBACT,
BO CKOJIBKO Pa3 MHTEHCHBHOCTH OTKA30B JJICKTPOPAINOH3-
nenmii (OPU) B ammapaType KOHKPETHOTO Kitacca (TpyIIbl
sxcruryataruu 1o FOCT PB 20.39.301 [2]) Bbimie mpu Beex
[POYKX PABHBIX YCIOBHSIX, YEM B HA3EMHOM CTALIHOHAPHOM
armapartype [1], Tak *e mpecTaBIseT HHTErPaIbHYIO OICH-
Ky BJIMSIHHS BHEITHHUX BO3eHCTBYyOMMX (pakropos (BBD).
Bompocsr muddepennnpoBanHoii oneHku BiusHuss BBD
TIPH pacueTax Kod(QQUIMEHTa paccMOTpensI B [ 3], e mo-
Ka3aHo, 9TO B psjie cirydaeB quddepeHImpoBanHast OlleHKa
BiysAHUS BB® 1o3BOMIAET MOBBICUTH TOYHOCTH OLIEHKH KO-
s¢durmenTta K~ B MOIEI HHTEHCUBHOCTH 0TKa30B OPU 1,
CIICIOBATEIbHO, IPOTHO3MPOBAHNSI MOKa3aTeNnel 6e30TKa3-
HoctH DC B IIETIOM.

Hcxomst 3 3TOT0, a TaK XKe IPUHAMAs BO BHUMAHHUE TO,
4T0 HapsAdy ¢ TpedoBanmsMu HJI mpu mpoexrupoBarmu DC
IEHCTBYIOT U TPEOOBAHUS CHCTEMBI MEHEIKMEHTA Ka4eCTBa
(CMK), B cocTaB KOTOPBIX BXOASAT CHCTEMBI MEHE/PKMEHTA
uangexnoctr (CMH), st onpenenenust 3HadeHus K03¢hhu-
muenTa K, npu Hanuduu arrecropaHHoil CMK cnenyer
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HPUMEHSATH HE TOJBKO YHCTO CTATUCTHYECKUE, HO M IKCIIEp-
tHbIe otieHku. Tak, B RIAC-HDBK-217Plus[4] npusenena
METOMKA SKCIEPTHON OLICHKH Kod(durrenTa K, B OCHO-
BY KOTOPBIX MOJIOKEHA CIICAYIONIAs KiaccH(pHKAIUs KaTe-
ropuii otka3oB OC:

— KOHCTPYKTUBHBIC OTKa3bI (design);

— IPOM3BOJCTBEHHBIC 0TKa3bI (Manufacturing);

—3KCIUTyaTaloHHbIe 0TKa3bI (induced);

— JIerpajIaliMoOHHbIe OTKa3bI (Wearout);

— OTKa3bl KOMILUICKTYFOLIMX JJIeMEHTOB (parts);

— OTKa3bl IPOrpaMMHOro obecriedeHus (Software);

— OTKa3bl, 00YCIIOBJICHHBIC HECOBEPIICHCTBOM CHCTEMBI
ynpasneHus (System management);

— OTKa3bl, 00YCIIOBIICHHbBIC HECOBEPIIICHCTBOM METOIOB
koHTpois (No defect).

OrpezieneHns MEPBBIX YETHIPEX BUIOB OTKA30B IPUBEIIC-
HbI B [OCT 27.002[5], 17151 ocTaBHBIX HOSICHEHUS TIPUBEIIC-
HBI HIDKE.

OTKa3bl KOMIUICKTYIOIHX IEMEHTOB — OTKa3bl, BOSHHKA-
IOLLKE [0 IPUYUHE TAKMX U3MEHEHHI MTapaMeTpOoB dJIeMEH-
Ta, MPU KOTOPBIX OH HE MOXKET BBIIONHATD CBOH (DYHKIIHH.

OTKa3bl IPOrpaMMHOT0 00ECTICYCHHUsI — OTKa3bl, BO3HH-
Karolye Mo MPUYMHE MPOSIBICHUS TaKHX OMIMOOK B KOIE
HPOrpaMMBbl, TIPH KOTOPBIX OHA HE MOXKET BBITIONHSATH CBOH
GyHKIIH.

OtKa3bl, 00YCIIOBICHHBIC HECOBEPLICHCTBOM CHCTEMBI
yIpaBIIeHHUs — OTKa3bl, BO3HUKAIOIIUE [10 MPHYHHE HE Mpa-
BUJILHOW TPAKTOBKU TPEOOBAaHUI TEXHHMYECKOTO 3aJaHHMs,
HECOBEPLICHCTBOM MEPOIPUATHIH pOrpaMmbl odecriede-
HUSL HAQJCKHOCTH U (WJIM) HE JOCTATOYHOCTBIO PECYPCOB,
BBIJICTICHHBIX JUIS1 €€ BBITIOJIHEHHSI.

OTKa3bl, 00YCIOBICHHBIE HECOBEPIICHCTBOM METOJIOB
KOHTPOJIS — OTKA3bI, BO3HUKAIOLIHE 10 IPUYHHE HEe BO3MOX-
HOCTH BBISIBJICHHS JIATEHTHBIX Ie(DEKTOB CYIECTBYIOIMMH
METOaMHU TECTHPOBAHHMS U KOHTPOJIS.

B [4] Taxske npHBEIEHO THIIOBOE TIPOIIEHTHOE pacIpee-

Jienue otka3zoB DC Mo Kax a0l U3 PaCCMOTPEHHBIX BBIILIE
KaTeropuii, KOTOpoe IMoKa3aHo Ha puc. 1.

Kak cnemyer u3 puc. 1, nons orkazoB IC, BRI3BaHHBIX
OTKa3aMU KOMIDICKTYIOIINX IEMEHTOB, focTrraet 22 %, 9to
JUIIHUHA Pa3 MOATBEPKIACT HEOOXOAUMOCTh ITOBBIIIICHUS
TOYHOCTU M JIOCTOBEPHOCTU OLUEHKU UX MHTEHCUBHOCTEH
oTka30B. KpoMe Toro, 101t KOHCTPYKTUBHBIX W TIPOU3BOJI-
CTBCHHBIX OTKa30B B CyMMe COCTaBIsieT 24 %, 9To Taxxke
CBUJICTEIBCTBYET O IIETICCO00Pa3HOCTH MOBEIIICHUS TOYHO-
CTH U JIOCTOBEPHOCTH OLIECHKH 3HaUeHUs Kodpduumenta Ky ,
ocobeHHO Tt DC KOCMUYECKHX aIllaparoB C TUTSTBHBIMA
CpOKaMH aKTUBHOTO CyIIeCTBOBaHUs [ 6].

OueBuAHO, UTO AJIs pa3inuHbIX KitaccoB DC pacnpene-
JICHUE OTKA30B MOXKET OBITh U WHBIM, HO IIPH OTCYTCTBUH
TaKUX JaHHBIX JIaHHOE pacnpenenenue (cMm. puc. 1) moxer
HCIIONB30BAaThCs JUIsl pacdyera koddduimenta K, mo mate-
MaTHUYECKON MOJICITH, IPUBEIACHHON B [4]:

KA :HP'HlM 'HE +HD 'HG +HM 'H|M X
XHE'HG+HS'HG+H|+HN +HW' (1)

rae I1p — k03 UIUEHT, yIUTHIBAIOMIUHI OTKA3bl KOMILIEK-
TYIOIIHX 3JIEMEHTOB; 11| —K03(h(hUIMEHT, yIUTHIBAIOIIII
OTKa3bI B HAYaJIbHbIN 1ieproj (B IIEPUOJT TapaHTUIHOTO CPO-
Ka); [1g —Kkod(pHHULIMEHT, yIUTHIBAIOIMI OTKa3bI U3-3a BIIH-
sHUSA BHEMIHeH cpenbl; [/ — ko3 (UIUEHT, yduThIBAIOIIMI
KOHCTPYKTUBHBIE OTKa3bl; [/ — K03 (ULUEHT, yuUThIBAIO-
A OTKa3bl, 00YCIIOBIICHHBIC HECOBEPIIICHCTBOM YIIPaB-
JIeHHs IOBBIIIEHHEM HaAeXHOCTH; 1)) — K03 dUIMEHT,
YUUTBIBAIOIIUH IPOU3BOICTBEHHbIE OTKa3bl; [1g —Ko3(du-
[UCHT, YYUTHIBAIOIINI OTKA3bl, OOYCIOBICHHEIC HECOBEP-
LIEHCTBOM CUCTEMBI YIipaBiieHus; /1) —koddduuuent, yuu-
TBIBAIOIIUH IKCILTyaTallUOHHbIE OTKa3bl; [/ — K02hduiu-
€HT, yYUTHIBAIOIIN# OTKa3bl, 00YCIOBICHHBIE HECOBEPILICH-
CTBOM METOZIOB KOHTPOJIS; ]y — K03()(DHUILHUEHT, yYUThIBA-
FOLINI IerpaIalliOHHBIC OTKA3bI.

| ——

Puc. 1. TunoBoe pacnpezneneHue otka3zoB IC Mo KaTeropusM
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Kaxk cenyer u3 Beipaxkenns (1) K, npencrasisier codoi
HE MHTErpalibHyI0, Kak B [1], a MHOrodakropuyto (mudde-
PCHLMPOBAHHYIO) OLCHKY KauecTBa mpousBoxactea JC. Ha
pHcC. 2 puBeZIeHa THITOBast THCTOrpaMMa BIMSHHUS KO3 (hhu-
renToB Moyiend (1) Ha 3HadeHue K, , IpUBeeHHAs B [ 7].

W3 puc. 2 xopo1io BUHO, YTO HANOOJBIIN BKJIA/1 B 3HA-
yeHue K, BHocAT kodpduuuentsl [, Iy, IIp u llg, a
ko3 dunuentst 11y, 11} u Iy —HaUMEHBIIH.

3naveHus kodpduimenta 11, monenu (1) paccuutsl-
Baercs 1o opmyie:

t—0,62

ity :W'(1—$E$), @

rae t — rapaHTHiAHbIA cpok (HapaOoTka); SSpeg— K0dhdu-
LIMEHT OOHAPY>KEHUsI IATEHTHBIX 1ePEKTOB.

3nauenns koddourmenta SSyqg B BEIpaxkeHHH (2) pac-
CUUTBIBAETCS 110 (hopMyIe:
S
ESS’
rae SS— uncio oOHapyKeHHBIX aedeKToB, ESS — obmuiee
YHCIIO JIATCHTHBIX Ae(EKTOB.

3nauenus koddumenta [1g monenu (1) paccunTriBa-
ercs 1o opmye:

SSgss =

0,6 5
0,855.{o,g.[l_e*°~°65'(“+°~6) }r 0,2»(1— -0.046G" 71)}

0,205

1)

HE:

rie AT — U3MCHEHHE TeMIlepaTypbl; G — CpeIHEKBaIpa-
THYHOE YCKOPEHHUE CIy4aliHOW BHOpALUH.
Ha puc. 3 mpuBeneH Bux 3aBucumoctd /1g ot G,
3nagenne AT B BeIpaxkeHuH (3) pacCYUTHIBACTCS 10
¢dopmye:
AT =Tpas — Towe
re Tpg; — TeMieparypa B paboueM pexume; T, —Temrle-

patypa B peXXUMeE OXKHUIAHUS.

Puc. 2. Tunosas rucrorpaMma BIUsHHASL KOdQUIIEHTOB
maremarnyeckoit monenu K
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Puc. 3. 3aBucumocts [7 gor G

Ha puc. 4 npuBeseH Bua 3aBucuMoctu I1g oT AT.
3nauenns kodGuuueHToB I1p, I p, Iy, g, 11| , ITy
u I\, Mozenu (1) paccauTsIBaeTCs Mo (hopMmyre:

1

1 = o; [-In(R)] @

TIe o U Bj —HOCTOSHHBIC KO3 (DHUIMEHTHI I-0i KaTeropHu
0TKa30B; R —sKkcnepTHas OLeHKa i-0if KaTeroOpuH OTKA30B.
PexomeHnnyemble 3HaueHHUs KOI(DPHUIUESHTOB o U [
TIPUBEIICHBI B Ta0. 1.
3nagenne R B Bbpaskennu (4) paccunrsiBaercst 1o Gop-

Myle!
R=Jt ®)

e Gjj — 3HAYEHHUE -TO KPUTEPHS i-OH KaTeropuu OTKasa,
Wij —BecoBoit koaduLmeHT j-ro Kputepus i-oit kareropuu
OTKa3a; N — KOJIMYECTBO KPUTEPHUEB | -0l KATECTOPUH OTKa3a.

3nagerms ko> urpentos Gjj n W, mozem (5) onpene-
JISIFOTCS TTO BOITPOCHHUKY, TpuBeeHHOMY B [4]. Ha puc. 5, B
KauecTBe MpUMepa, MpruBeneH (pparMenT TabInIlbl, comep-
’KaIled BOIPOCH! U COOTBETCTBYIOIINE OTBETAM Ha ITH BOII-
pochI 3HadeHHs K03 uimeHToB Gij n W; .

3Hauenus kodaduunenta I1g monenu (1) paccuursisa-
ercs o opmyse:

C112:(t-2)°

s ©)

G
I oL —KOHCTaHTa pocTa Haae:KHOCTH (o = R)).
3nauenne R B Beipakenuu (6) paccuaursiBaeTcst o Gop-
myite (5) st kareropuu «ITOBBIIICHIE HATEKHOCTHY.
Ha puc. 6 npuBeeH TUIMYHBIN BUA 3aBUCUMOCTH []; OT

R o dpopmyse (4).
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Crnenyer OTMETHTB, YTO B «HJICATbHOM> CITydae 3Hade-
Hus kodddunuentor 77; Oynyr paBHbl O (cM. puc. 6) u, B
coorBerctBuH ¢ (1), 3HaueHue K, Taxke Oymer paBHO O.
Hpyrumu cnoBamu «ujeansHas» CMH no3sonsier cozgats
«abcoroTHO HagexHoe» DC, UTo eBa JIM JOCTH)KUMO Ha
npakTuke [8].

Hecmotpst Ha 3T0 orpannyeHne, NpUMEHEHUE MOJIEIN
(1) MoxeT OKa3aThCs MOJE3HBIM ISl YTOUHEHHUS IIPOTHO3-
HOU OLIEHKH MHTEHCUBHOCTEHN 0TKa30B OC Ha paHHUX 3Ta-
nax npoexktuposanus. Ha puc. 7 npuBeneHa yKpynHeHHas
(YHKIMOHAJIBHAS MOJIEIb IPOIIECCca IIPOrHO3UPOBAHHMS Ha-
nexxnoct IC ¢ yaerom pakropos CMH.

Ha Bxon 6noka AO (cM. prc. 7) mocTymaeT TeXHHYECKOe
3ananue (T3) Ha paspadorky DC. OrpaHnYeHHS HAKIIA/IbIBA-
totcst CMK, CMH u [Iporpammoii obecrieuenust HaaexxHoc-
it ([TOH). Pe3ynerarer AO noctynator B 0110k A2, rie mpouc-
xouT OpMHUPOBAHNE UCXOAHBIX IAHHBIX, KOTOpBIE OCTYIIa-
10T B 0110k A3 ju1s1 pacuera 3Ha49eHnH kodduumeHTos /7.

B Onoke A4 BeIBOISITCS 3HAUEHNST KO3 PUIMEHTOB 11, KO-
TOpBIE Tepeiatorcs B 070k A5 st pacuera K » . B 61ioke A6Ha
ocHoBe OTyera 1o aHAJIM3Y HAISKHOCTH (3HAYCHHS A 5. ) 13 OJ10-
ka Alw3Hadennst K , pacCuUMThIBACTCS 3HAYCHUE A pry .

B Grioke A7 mpoucxomuT MpoBepKa MOTY4EHHOTO 3Have-
HHSl Ha COOTBETCTBHE TpeOoBaHMsAM 13 1 B Clydae MOIOKH-
TEJILHOTO pe3ylIbTaTa JaHHbIe epesiatorcs B 0ok A8 st BbI-

0 02 04 06 02
Puc. 6. I'paduk tumoBoif 3aBucumoctn 11, or R

Nporpama KoncTpyxroposan

CMK obecnenaima AoiyMaHTaLpA KA Avanus oTkaaos

ITyCKa KOHCTPYKTOPCKOM NOKYMEHTAlMH. B mpoTHBHOM CiIy-
9ae IPOUCXOIUT BO3BpAT HA HaYaIbHBIH oTar (6o AO) st
koppexrrpoBkH nporeccoB CMK, CMH u meporpusituii [TOH.
B 3axiroueHny cienyeT OTMETHTB, YTO HE BCETa pacyeT
MHOro(hakTopHOro ko3(uImenHTa Kayecrsa NpoU3BOACTBA
1o Mozend (1) TpUBOIUT K TAKOMY CHIDKCHHIO 3HAYCHUS K
KOTOpoe obecrieunBaeT TpeOyeMblil ypoBeHb A pry 4. B Takux
citydasix TpeOyercs JeTalbHbli aHanu3 OTyera [0 aHanu3y
HaJIe&KHOCTH U pa3padoTKa MEPOIPHATUIH 10 CHUYKEHUIO UH-
TEHCHBHOCTEH OTKa30B KOMIUTCKTYIOIIHX MIeMEHTOB [9].
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METO/I YPAXYBAHHS BILTABY CUCTEMHW MEHE X KMEHTY HA JIAHOCTIIIAIPAEMCTBA ITPH PO3PAXYH-
KOBII OL[IHIII TOKA3HUKIB BE3BIIMOBHOCTI EJIEKTPOHHHUX 3ACOBIB

V crarTi po3mISHYTO OCHOBHI aCHEKTH Cy4acHOTO X0y 10 MPOTHO3YBAaHHS HaIHHOCTI eJIEKTPOHHHUX 3acO0IB BiANIOBIIAIBLHOIO
npu3HadeHHs. [Toka3aHo, 0 NP PO3paxyHKOBIH OLIHII IHTCHCHBHOCTI BiIMOB TaKMX BUPOOIB CJIil BpPaXOBYBaTH HE TUIBKM TEXHIYHI i
IporpaMHi 3acobH, ane (pakTopH, IO XapaKTepU3yITh CUCTEMY MEHEIKMEHTY HailfHOCTI MiANIPHEMCTBA.
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IMPACT CONSIDERATION METHOD OF DEPENDABILITY MANAGEMENT SYSTEM OF THE ENTERPRISE FOR
ESTIMATED ASSESSMENT OFTHE ELECTRONIC EQUIPMENT RELIABILITY

The current period of creation of the electronic equipment of a responsible and special purpose is characterized by universal
introduction of the Quality Management Systems at the enterprises developers and producers of electronic equipment. Quality Management
System and its component — Dependability Management System are aimed at providing the guaranteed level of indicators of quality
(including and dependability indicators).

In the reliability prediction method recommended by the Russian standards influence of procedures of Dependability Management
System is considered with the help of «Coefficient Quality Production Equipment» (K ). This coefficient considers and reflects an
average difference in fallure rate of elements in the equipment developed and manufactured on requirements of various standard
documentation (1 — for a complex of the standards «Moroz ...» or 0,2 — for the situation «RK-...»).

However, such approach to forecasting reliability prediction of electronic equipment at the early design stages, based on use of
average statistical data rather approximate. It doesn’t consider neither features of Dependability Management System of the concrete
enterprise, nor completeness of the Support Reliability Program when developing.

Therefore more adequate approach to an assessment of value of the coefficient K , realized in methodology 217Plus™ is represented.
According to this methodology when forecasting value of the coefficient K, are used not only statistical estimates, but also an expert
assessment of Dependability Management System effectiveness during the developing and production of the equipment.

The article discusses all the features of application of methodology 217Plus™ for an assessment of the coefficient K ,: mathematical
model of multiple-factor coefficient of qudity of production, anaysis of influence of its components on the general level and functional
model of reliability prediction process.

Keywords. electronic equipment, reliability, failure rate.
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WCCNEOQOBAHUE U3SMEHEHWIA 3HTPOMNWU U SHEPIMU HA 3TAMAX
AEKOMMNO3ULUUN CUTHATA

HpOBeZ[eHO HCCJICAOBAHUC MMOBCACHUSA SHTPOIMU U SHEPruu CuUrHalia Ha 3Tanax €ro
JACKOMITIO3UIIUH . Hpez[noxceﬂ METO[ pasAcJ€HUs UCXOAHOI'O CUI'Halla CIIO)KHOU QJOpMI)I Ha
HE3aBUCUMBIC COCTABJIAIONINE C IOMOIIBIO MATEMATUYECKOTO arlrnapara BeﬁBJ’IeT-HpeO6paBOBaHPIH

U TEOPHU MH(POPMALHH.

KawuyeBblie ciioBa: BeﬁBJ’IeT-HpeO6pa3OBaHHe, pasaeieHue curHaina, onTuMajlbHas

JICKOMITO3UIIM A CUTHaJ1a.

BBEJIEHUE

OnHoit u3 3a1a4, 3¢ (HeKTUBHOE pelIeHne KOTOPOi 1In-
POKO BOCTpeOOBaHO B I POBOI 00paOOTKE CUTHAIIOB, SIB-
JISIeTCST Pa3JIoKEHNE UCXOIHOTO CUTHANA CIIOKHON (OPMBI
Ha COCTaBJISIOIINE, TPEOOBAHHUE K KOTOPHIM OITPENeNseTCs
WCXOJIS U3 TTPUKIIATHOM 331a4H.

Cy1ecTByeT MHOYKECTBO ITOJIXO/I0B K PEIICHUIO TAHHOMH
1po6JieMbl. MHOTHE 13 HAX OCHOBBIBAIOTCS Ha NCTIONB30Ba-
HHUH 3apaHee U3BECTHBIX MPEAIIONOKEHUH OTHOCHUTEIBEHO
obpabarsiBaeMoro curana [1]. Tak, Hanpumep, LIUPOKO
UCTIONB3YeTCs IOJIXO/, KOrZia TOYHO M3BECTHO KOJTMYECTBO
IIMKOB B CUTHAJIE, MX (hopMa U IIPUMEPHO U3BECTHO UX pac-
TIOJIO’KEHUE. AJITOPUTM B 3TOM Cilydae paboTaeT Ciemyro-
myM 00pa3oM: CHHTE3HPYETCS MCKYCCTBEHHBIM CHTHAI,
cozepkamuii TpedyeMoe KOTMYECTBO ITUKOB, PACHIONIOKEH-
HBIX B MECTaX, I/I€ IPEANONIOKHUTEIBHO HAXOAATCS ITUKH HC-
CJIEyeMOT0 CUT'HANIA. 3aTEM BBIYUCIISIETCS PA3HALA MEXTY
HCKYCCTBEHHBIM CHTHAIIOM (MOJIEIIBIO) U peabHBIM CHIHA-
JioM. Jlanee, Ha OCHOBE AAHHBIX 110 pa3HOCTH 3HAYEHUIN MO-
JIETIN ¥ PEaJbHOTO CUTHAJIA, CHCTEMa KOPPEKTUPYET Imapa-
METpBI IMKOB MOzAenH (LIMPHUHY, BBICOTY, PACIIOIOKEHHE,
K03 DUIHEHTEI HECUMMETPUYHOCTH (POPMBI | T.XI.) B CTO-
POHY YMEHBIIECHHS CHTHAjJa OUIMOKW W BHOBbH IOBTOPSIET
cpaBHEHHE. B nTore cucremMa NpUXOAWT B CTALIOHAPHOE
COCTOSTHHE, KOTZIa ITapaMeTpbl MOAENH OT IIara K IIary He
N3MEHSIOTCS ¥ Pa3HUIA MEKTY MOAENBIO U PEAILHBIM CHUT-
HaJIOM COCTaBJISIET HEM3MEHHYIO BenmunHy. Hemocratok sto-
IO METOJa COCTOUT B TOM, UTO OH UMEET BEPOSTHOCTHBIM
XapakxTep MOMy4CHHUS aICKBaTHON MOJIEIH.

Jpyroii noixon K pelIeHUIO JaHHOW 3a/1aul, KOTOPBIH
TIOJTB3YETCsI OONBIION MOIYISIPHOCTHIO B TOCIIENHEE BPEMS,
OCHOBaH Ha TPUMCHEHWUM BeHBIET-TpeobpasoBanus [2].
DTOT MOIX O/ IPUBJIEKATENICH TEM, YTO BEHBIIET-TIpeoOpaso-
BAHHE SIBISICTCS MATEMATHICCKA TOYHBIM (IIPH COOTBETCTBY-
FOILEM [OPSAKE BEHBIIET-AEPEBa) CIIOCOOOM Pa3/IeIuTh CHI-
HaJl Ha COBOKYITHOCTb O0a3MCHBIX (DYHKIIUH, ITOTOKCHHBIX B
OCHOBY BeHBIIET-TIpeoOpazoBanus. B oTnudne ot mpeodpa-
3o0BaHuA Dypbe, T7Ie pa3IoKeHNE TPOUCXOANT HA OECKOHEU-
HBIE BO BPEMEHH, HO CTPOT0 JIOKAJIIN30BAHHBIE 10 YaCTOTE
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CHHYCOHM/JIAIbHBIE KOMIIOHEHTHI, 0a3uCHBIMU (DyHKIHMSIMU
BeliBIIeT-NipeoOpazoBaHust SIBISIOTCS (DYHKINH, HMEIOLINE
OTIpe/IeTICHHYIO JIOKAJIM3AIHIO KaK II0 YacToTe, TaK U 110 Bpe-
MeHHU. DTO HO3BOJISIET M0J00paTh 0a3uCHyIO (hyHKIHUIO Ta-
K1M 00pa3oM, 4ToOb! OHa MaKCHMaJIFHO COBIIAaja ¢ CKO-
MBIMH KOMITOHEHTaMH, Ha KOTOpBIE TpeOyeTcsl pa3ioXHuTh
CHUTHAJI, ¥ PE3YIETaTOM Pa3JIOKEHHUsI B TAKOM CITydae CTaHET
MOJIEINb CUTHAJIa KaK KOMIIO3UIINS HICKOMBIX KOMITOHEHTOB.
Lenbto raHHOM pabOTHI SBIISIETCS HCCIIEIOBAHNE H3MEHE-
HMSI SHEPT MU 1 SHTPOIIMH Ha TamaXx JEKOMITO3UIINY CUTHAIIA.

1 BEUBJIET-IIPEOGPA3OBAHUE CATHAJIA

BeiiBiieTsl cranu HEOOXOAUMBIM MaTEMaTHYECKUM HH-
CTPYMEHTOM BO MHOTUX UCCIICAOBAHUX . VX HCHIONB3YIOT B
TeX CIlydasx, KOraa pe3y/IbTaT aHaIu3a CUrHaIa JOJKEH Co-
JepKaTh HE TOJBKO IPOCTOE MEPEYHCIICHUE er0 XapaKTep-
HBIX 9acToT (MacurraboB), HO ¥ CBEIEHHUS 00 OMpeIeIeHHBIX
JIOKAJTBHBIX KOOPAMHATAX, IPH KOTOPBIX 3TH YaCTOTHI ITPOSIB-
JISTFOT cedsl.

Taxum 06pa3om, aHaIm3 1 00padOTKa HECTAIIMOHAPHBIX
(BO BpeMeHM) WITH HEOAHOPOMHBIX (B TIPOCTPAHCTBE) CHTHA-
JIOB pa3HBIX THIIOB MPEICTAaBISIOT COOOW OCHOBHOE IOJIE
[IPUMEHEHNH BEMBIIET-aHAIN3A.

BeiiBner-npeobpa3oBaHue mpeacTaBisieT co00it cBepT-
Ky (DyHKIIMH BEWBJIETa C CHTHAJIOM. JIpyrumMu clIoBaMH, Beii-
BJIET-TIPEOOpa30BaHUE COCTOUT B Pa3JIOKEHUH CUTHAJIA IO
0a3ucy, CKOHCTPYHPOBAaHHOMY M3 00JIaJaroIIe onpeeeH-
HBIMH CBOMCTBaMHM (yHKIHH (BEHBIIETa) TOCPEICTBOM Mac-
ITaOHBIX M3MEHEHUH U IIEPEHOCOB.

Beiisner-npeobpazoBanve (yrxmun f(t) ompemensiercs
CITEIYIOIINM BEIpaskeHueM [3]:

WeolfO]- = [ 100 %jdt, (1)

rie a—wmacirab BIT; b —1ieHTp BpeMeHHOM JTOKaIH3aInH;
¢(t) — MaTepuHCKHIi BEHBIIET.

BeiiBier-ananms npemiaraet st 00pabOTKH JaHHBIX 00-
IIMPHBII HA0Op HHCTPYMEHTOB, KOTOPBIE IIOMOTAIOT pa3ze-
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JIUTh MUCXOJHBIN CUTHAJI HA COCTABJIAIOLINE U YBUIETh €r0
CTPYKTYpY Ha pa3HbIX MaciTabax. BeliBier-¢GuiabTpsl mmo-
3BOJISIIOT HE TOJIBKO OOPOTHCS € IIyMaMH, HO U U3BJIEKATh
TpeOyeMble KOMIIOHEHThI CUTHAJIA.

INockonbKy BeliBiIeTHI 0011a/1af0T XOPOIIEH YaCcTOTHO-Bpe-
MEHHOH ajanTanneid, OHA MOTYT CIIY)KUTb YIOOHBIM MHCT-
PYMEHTOM JJIsl HCCIIENOBAHUS YAaCTOTHBIX XapaKTEPUCTHK
CHUTHAJIA.

2 OTPEJIEJIEHHE OITTAMAJIGHOM
JIEKOMITO3ULINN CUTHAJIA

Curnaun, nMeroruii pazmepHocTs N, MokeT ObITh pasiio-
’KEH MHOTOYPOBHEBBIM OTHOMEPHBIM BEHBJIET-IIpeodpa3o-

parmem na 2"V/2 YPOBHEH, KOTOpBIE TPECTABIISIOT COOOH

Habop anmpokCUMUPYIOIIHX (CA) 1 neranusupyromux (CD)
ko3 dummenToB [4]. Uncio ypoBHE#H pa3iokeHUs — 10CTa-
TOYHO BEJIMKO M YCTAHOBJICHUE OIPaHUYCHHS [IyOUHBI Je-
KOMITO3HIIMH BO MHOT'OM 3aBHCHUT OT OITBITA HCCIIEIOBATEIIS .

B patore P. P. Kodmana [5] st nonydeHus ontumas-
HOM JEKOMITO3MIIMH CHTHAJA MPEITIOKEHO HCIOIb30BaTh
KPUTEPUIi MUHIMYMa SHTPOIIUH.

HHbopManmoHHas SHTPOIHSI — 3TO Mepa HEOIPEeIICH-
HOCTH WITH HeNpencKka3yeMocTr HHpopmanuu [6]. DHTpo-
IS XapaKTeprU3yeT BEPOSITHOCTh P, ¢ KOTOpOii ycTaHaBIH-
BAeTCS TO WM HHOE COCTOSIHHE, H SIBJISIETCS. MEPOU Xa0TH4-
HOCTH WJIM HeoOpatuMmocTH. Bee mpoleccel B mpupone
MPOTEKAIOT B HAMIPABIICHHHN YBEITUYCHHS SHTPOITHH. TepmMo-
JMHAMUYECKOMY PABHOBECHIO CHCTEMBI, B KOTOPYO HE I10-
CTYyIaeT SHEPIUsl U3BHE, COOTBETCTBYET COCTOSIHHE C MaK-
CHUMYMOM SHTpOIHHU. PaBHOBECHE, KOTOPOMY COOTBETCTBY-
eT HauOOJNbIINH MAaKCHMYM JHTPOIHH, Ha3bIBACTCS
a0CONIOTHO yCTOHYMBEIM. TakuM 00pa3oM, yBEIHUYCHHE
SHTPOITMHU CUCTEMBI O3HAYAET ePEX0 B COCTOSIHIE, HMEIO-
iee OOJBIITYI0 BepoATHOCTE. HeoOpaTuMBbIe mpoIieccsl mpo-
TEKalOT CaMOIPOU3BOJIBHO IO TeX IIOp, IIOKa CHCTeMa He
JOCTUTHET COCTOSIHHSI, KOTOPOMY COOTBETCTBYET HAHOOIb-
115t BEpOSTHOCTb, & SHTPOIHUS JOCTUTHET CBOETO MAKCUMY-
Ma [ 7-8]. Cornacto teopuu K. IllenHona, mpupoct uapop-
MAIlMH paBEH yTPaueHHON HEOTPEIEeTIEHHOCTH CHCTeMBI [9]:

N
H =-3 P?log(P?). @
j=1

Cyts MeTonma Kohmana cocTont B ciiemyromieM: Ha ode-
PEIHOM YPOBHE Pa3JIOKEHHUsI CUTHAJIA PACCIUTHIBACTCS 3HA-
YEHHE CyMMBI SHTPOMNHI ANNPOKCUMHUPYIOIINX U JETaIIN-
3UPYIOMIHNX KO3 (QUIHUCHTOB BEHBIIET-Pa3IOKEHNS CUTHAIIA,
€CIIH TTOTy4EeHHOE 3HaYEHHE OOMbIIIE, YeM Ha IPEABIIYIEM
YPOBHE Pa3IOKEHH, IEKOMIIO3UINIO MPOAOKAIOT, B IIPO-
THBHOM CJIy4ae IpPeAbIAYIIHil ypOBeHb (YPOBEHSB, OIYUICH-
HBII Ha TPEABIAYIICH UTEpaLi) IBISICTCS 3aKII0IUTEIb-
HBIM. VITOroBasi AEKOMIIO3UIIMS CUTHAJIA TIPEACTABIIIET CO-
0011 HabOp YpOBHEH: € IIEPBOTO 10 YPOBHS C MUHUMAJEHOM
SHTPONHUEN.

3 OIPEJAEJIEHUE ITOHSTHS SHEPT U1
CUTHAJIA

IToHATHST MOLTHOCTH U 3HEPTUM B TEOPUU CUTHAJIOB HE
OTHOCSTCS K XapaKTEePUCTUKaM KaKUX-THO00 (PM3MIECKUX Be-
JIMYHH CUTHAJIOB, A ABJIIFOTCS UX KOITMYECTBEHHBIMU XapaKTe-
PHUCTHKAaMU, OTPa’KAIOIIMMH OIPEACIICHHBIE CBOICTBA CHT-
HaJIOB M IMHAMUKY U3MEHEHHUS NX 3HaYCHUH BO BPEMEHH, B
MPOCTPAHCTBE HJIH IO JIFOOBIM IPpYTrHM aprymMmenTam [ 3].

Jly1 Tpon3BONIBHOTO, B OOIIEM CIIydae KOMIUIEKCHOTO,
CHTHaJa MTHOBEHHAS! MOIITHOCTh PaBHA KBaIpaTy (pyHKINN
€T0 MOZYIISl, ISl BEIIECTBEHHBIX CUTHAJIOB — KBaJIpary (yH-
KIUH aMILIATYI. DHEPrus CUTHAJIA, TAKXKE [0 ONPEEIICHHUIO,
paBHa MHTErpagy OT MOLIHOCTH 10 BCEMY MHTEPBAy Cy-
IIIECTBOBAHWSI WJIN 33/IaHMSI CUTHAJIA.

DHeprusi CHrHaJIOB MOXET OBITh KOHEYHOW Ml Oecko-
HewyHoH. KoHneuHyro sHepruio MMeroT (MHUTHBIE CUTHAIIBI 1
CUTHAJIBI, 3aTyXalOIIUe 10 CBOUM 3HAYEHUSAM B IIpeAenax
KOHEYHOH AJUTENBHOCTH, KOTOPBIE HE COAEPXKAT JENbTa-
GbyHK1HMI 1 0cOOBIX TOUEK (pa3pbIBOB BTOPOrO POJIa U BET-
Bei, yXOIAIIIX B OCCKOHEYHOCTB). B MpoTHBHOM Ciydae ux
SHEprus paBHa OeckoHeUHOCTH. beckoHeuHa Tarke sHep-
I'Hsl NEPUOIUYECKAX CUTHAJIOB.

4 UCCIEJOBAHUE ITOBEJEHUSA SHTPOITMU U
SHEPI'MHU CUT'HAJIA ITPU EI'O JEKOMITO3UIINNA

J1u1s1 vicciie ioBaHysI IOBECHNUSI SHTPOIMH U SHEPIHH CHT-
HaJjla Ha dTalax ero BEHBIIeT-1eKOMITO3UIIMH, BEIUMCINM CO-
OTBETCTBYIOIIME 3HAYCHHS BEJIMYMH Ha KQ)KJIOM YPOBHE Jie-
KOMITO3MIIMH. B KauecTBe HCXOMHOro CUrHajIa pacCMOTPUM
CHUTHAJI, IPEACTABISIONNN cymMmMy curycoun. [Ipumep cur-
HaJla, COCTOSIIIMNA U3 CYMMBI JBYX CHHYCOUJ C YaCTOTaMH
30T u 200 'y, mpencrasiien Ha puc. 1, a ero crekTp — Ha
puc. 2.

[MpoBenem pa3niokeHue TECTOBOIO CUTHAJIA C TOMOLIBIO
BeiiBner-npeodpaszoBanust. B recroBoM curnaia 512 orcue-
TOB, MOATOMY MaKCHMAJIbHOE KOJIMYECTBO €r0 IEKOMIIO3H-
1un — 8. BBIMIOIHUM pa3iioxKeHHe curHasia Ha 7 ypoBHEH 1
Ha Ka)JIOM M3 HUX BBIYUCIMM 3HAYEHHE SHTPOIUH H SHEP-
ruu (prc. 3-4). IIpu 3TOM BBEIEM PABHUIIO: TIEPBOO KOMIIO-
HEHTY CHTHAJIa MOYKHO ITOJTY4UTb, €CIIU BBITIOJIHUTE BEHB-
neT-npeodpa3oBaHNe CUTHAJIA Ha ONMPENEICHHOM YPOBHE,
OCTaBHUB KO3((GHUIMEHTHI arpOKCUMAIMH HEeU3MEHHBIMH
1 O0HYHB K03(P(PHUITUECHTHI IETATN3AIUH; BTOPYIO KOMITO-
HEHTY CUTHAJIa MOXHO IOJTYYHTh, BEIMUTAS IIEPBYIO KOMIIO-
HEHTY U3 0011ero curaana. Takke Ha KaXXIOM U3 ypoBHEH
BEHBIIET-IEKOMITO3ULIMH BBIYMCIAM CYMMAapPHYIO SHTPOITHIO
TIePBOIA U BTOPO# KOMITOHEHT (puc. 3).

3Ha4yeHHe SHEPruM NMEepBOW KOMIIOHEHTHI MOCTEIICHHO
YMEHBIIAETCs, & BTOPOI KOMIIOHEHTHI YBEITNYUBACTCS. DTO
CBSI3aHHO C €CTECTBEHHBIM H3MEHEHHEM aMILIHTY] CUTHa-
JIOB B pe3y/IbTaTe IeKOMIO3UIMH. B kauecTe nHpopMaTHB-
HOTO [OKA3aTeJIst LS BBIICNICHHS] KOMIIOHEHT CUTHAJIA SHEp-
WS He IaeT Pe3ysIBTaToB.
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