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Improving Performance of Fitting Energy-Saving
Measures of Buildings Using Artificial Neural Networks
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YBelgorod State Technological University named after V. G. Shukhov
(Belgorod, Russian Federation))

Abstract. The article is devoted to increasing energy saving and energy efficiency of public sector
institutions by automation of the process of energy-saving measures fitting. A classifier based on
an artificial neural network is proposed as a technology for selecting measures. The base numeric
dataset was supplemented by categorical data on buildings and structures. The urgency of the work
is justified by the need to develop solutions aimed at introducing measures to ensure energy saving
and energy efficiency in the public sector. The structure and operating principle of a module
of auto-selecting energy saving measures as a part of the Energy Resources Management Sys-
tem (SUER) are described. The work studies the quality of fitting energy-saving measures with
or without using data on categorical features. An analysis of the selected categorical features,
as well as a comparative analysis of their encoding methods, is carried out. An accuracy evaluation
method of the classifier in the context of the work is proposed. A series of experiments were
conducted by enumerating combinations of numeric and categorical data converting methods,
in order to determine the significance of categorical features in general, as well as to determine
the most effective combination of encoding methods. A comparative analysis of the results of the
experiments was performed and the most successful model was determined, with an addition-
nal assessment of the quality of the model was made based on the metrics of precision, recall
and Fl-score. Conclusions were made on the advisability of supplementing the original dataset
with categorical data to improve the performance of the system.
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MeponpuiTHil. B kadecTBe TexHOIOTHH MOA00pa MEPONPHUITHII B paboTe MpeIiokKeH Kiaccudu-
KaTop, IIOCTPOCHHBIN Ha 0a3e MCKYCCTBEHHOW HelipoHHOW cetd. Habop mH(OpMALMOHHBIX NpH-
3HAKOB JOMOJIHEH KAaTErOpHaJbHBIMU JAHHBIMU 3JIaHUH YUPEKACHUH. AKTYalbHOCTh pPabOThI
o0ocHOBaHa HEOOXOIMMOCTBIO Pa3pabOTKU PElIeHH, HAPABICHHBIX HA BHEIPEHHE MEp MO MO-
BEIIICHUIO dHEprocOepexxeHus: 1 sHeprodddexTuBHOCTH B Ol0/mKeTHOH cdepe. ONMUCaHBl CTPYK-
Typa W NPHUHOUI paboOThl MOJYJIsl aBTOMaTHYECKOro MOA0Opa MEpONpUsTHil 1o YHeprocoepexe-
HUIO B COCTaBE CHUCTEMBI yIpaBlieHUus 3Hepreruueckumu pecypcamu (CYDP). B pabore npousse-
JIeHbl HCCIICJIOBAaHMS KauecTBa IOAOOpa HHEProcOEpErarolinX MEPONpPUITHH € HAIMYHEM H
OTCYTCTBHEM KaTeTOPHAJIbHBIX NPU3HAKOB. [IpoM3BeNeH aHAIN3 BBIICJICHHBIX KaTErOpHaIbHBIX
MIPU3HAKOB, a TAKXKE CPABHUTENIBHBIN aHAJIM3 METOJOB MX KOAUpOBaHUs. [IpeiioxkeHa MeToanka
OIIGHKH TOYHOCTH paboThHl Kiaccupukaropa B KOHTEKCTe pemraeMoil 3amaud. [lytem mepebopa
KOMOMHAIUH METOJI0B IPpeoOpa3oBaHUs KOJIMYCCTBEHHBIX M KaTETOPUAJIbHBIX JAHHBIX NPOBEICH
PSII OKCHIEPHMEHTOB C LENbI0 OIpEeIeHHs 3HAYNMOCTH KaTerOpHaJIbHBIX IPH3HAKOB B IIEJIOM,
a TaKoKe ONpeseNieHus: Hauboee pe3yIbTaTHBHOIO COYETaHHUs METOJIOB X KOAUpoBaHMs. [Ipous-
BEJICH CPAaBHUTEIIbHBIA aHAIN3 MOJMYYCHHBIX PE3YJIBTaTOB C ONpe/eleHHeM Hanbosiee YCIeIHOH
MOJIEH, JUISl KOTOpoH OBbLIa IpOM3BeneHa IOIONHHUTEIbHAs OLCHKAa KadecTBa paboTHI Ha 0Oase
METPHK TOYHOCTH, OTKJIMKA M CpeJHeB3BemeHHoi F-Meprl. CuenaHbl BBIBOIBI O 11€1ecO000pa3Ho-
CTH JIONOJIHEHUSI HCXOJHOr0 Habopa KaTeropuaibHbIMH JaHHBIMM JUIS YJIyYIICHUS MOKa3aTeneH
paboThI pa3paboTaHHON CHCTEMEI.

KnwueBble ciioBa: HCKYCCTBCHHBIC HeﬁpOHHLIe CETH, IPOrpaMmbI 3HepFOC6€pe)KeHI/ISI, OHEPro-

AyJnT, KaTErOpruaJbHbIC JaHHbIE

Jst murupoBanns: Cran, B. K. [ToBeimenne xadecTa nmogbopa 3HeprocOeperaronfx Meponpu-
STUI 3aHUI IPU UCTIOIB30BaHMH HCKYCCTBEHHBIX HelpoHHbIX ceteil / B. K. Cran, /1. I'. ByxaHoB,
10. A. Kouwny // Dnepeemurxa. H3e. gvicut. yueb. 3asedenuil u snepe. ob6veounenuii CHI'. 2026.
T. 69, Ne 1. C. 5-22. https://doi.org/10.21122/1029-7448-2026-69-1-5-22

Introduction

A necessary condition for the development of any state is continuous eco-
nomic growth, accompanied by an increasing in the consumption of resources
and its consumers [1-4]. The main types of energy resources consumed by all
sectors of the economy are heat and electrical energy, cold and hot-water supply,
natural gas, etc. At the same time, the availability of resources in the public sec-
tor, critically important and sensitive to the level of resource provision, is affec-
ted by both the availability of the resource itself and the features of the financial
policy being pursued [5-7]. Federal Law No 261-FZ “On Energy Saving and
Improving Energy Efficiency, and on Amendments to Certain Legislative Acts
of the Russian Federation”, adopted in 2009, is aimed at “creating a legal, eco-
nomic and organizational framework for stimulating energy saving and impro-
ving energy efficiency” [8]. An important addition to this law is the fact that
the Russian government has developed several energy strategies up to 2035
and 2050 [4].

In practice, the achievement of the set goals is ensured by conducting an
energy audit of the facility with the subsequent creation and control of an energy
saving program (ESP). In this case, the basis of the ESP is a set of measures,
developed within the framework of the energy audit and aimed at achieving tar-
get energy saving indicators [9—11].

The study of the subject area showed that the most difficult stage of the
process is the energy audit due to economic and project risks. On the one hand,
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the costs of conducting research and implementing energy saving measures
(ESMs) may not be recouped within the expected useful life of a building.
On the other hand, classical methods of conducting energy audit do not cover all
the typological groups of buildings and measures, and not excluding influence
of the specialists’ competencies involved in the work [12, 13].

The problem of reduction the cost of money and human resources for con-
ducting an energy audit and the effectiveness of the proposed energy-saving
measures arises. Thus, the goal of the work is to automate the fitting of ESMs.
To solve the problem, a number of software systems based on artificial intelli-
gence methods: data clustering, fuzzy logic, expert systems, genetic algorithms
and methods based on the use of artificial neural networks (ANNs) have been
developed. The analysis of this systems showed that there is no common solu-
tion, but at the same time, a large number of them are proposed for individual
types of buildings. Also, most of the solutions considered require high resource
costs for preparing data or employees to work with them [14, 15]. In view of the
wide development and areas of application, when solving such problems, the
work proposes to use ANN [16].

As a result, within the framework of the Energy Resources Management Sys-
tem (SUER) [17], an intelligent module, that performs the selection of energy-
saving measures for a building within the framework of the creation of an ESP,
was developed. The structure of the module is shown in Fig. 1.
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Fig. 1. Diagram of the process of operation of the subsystem of automatic selection

of events of the SUER

At the initial stage, the user [User] enters data about institutions [Data Input]
into the “Actual information” subsystem [Actual Information]. This data repre-
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sents essential information about the institution [Object], as well as information
on the buildings included in its structure [Building]. Buildings have a number
of characteristics [Parameters], which make it possible to, directly or indirectly,
evaluate them. Next, at the initial stage of the ESP generation, all the necessary
information is imported from “Actual Information” [Import Necessary Data]
into “Energy Saving Programs” [Energy Saving Programs]. After, a program
with a basic level of filling will be created [Program Initial Creation]. The next
stage is the generating of a list of events [Forming a list of types of events]: the
essential information is transformed and transmitted to the input of the neural
network [Neural Module]; the network processes the information and returns
at the output a list of event types, which represents a vector of the probabilities
of using a particular ESM. The received information is converted to a normal
form and then undergoes verification [Data Validation] for the possibility
of using a particular event based on data from other subsystems [Related Subsys-
tems]. At the final stage, events are created and appraised [Events Creation] and
a ready to print ESP [Document| can downloaded by User [Getting document].

The neural network fitting process [Network training] should be highlighted
separately. At the preliminary stage, a data sample [Forming Dataset] is dumped
from the ESP subsystem [Selecting Historical Data]. This sample undergoes
filtration procedures [Data Filtering] and normalization [Data Normalization] of
a pre-selected set of building parameters [Feature Selection]. The resulting da-
taset is used to fit the network [Training Model], the result of which is a file con-
taining its parameters and structure [Saving Model]. This process is continuous,
since the database is constantly updated with new ESPs.

The data, which represent information on previously developed ESPs and are
accumulated during the operation of the SUER, were used to train the ANN.
Due to the architecture of the system it was decided to use information on the buil-
ding as a part of the institution as a input data vector. At the stage of the ini-
tial formation of the sample, the following features were excluded from the ge-
neral set:

— categorical features, since it is difficult to assess their influence within
a feature on the output data and the work of the classifier: type of a building
and institution, etc.;

— numeric features that are optional and have a low occupancy rate: width
and length of a building.

Thus, a sample was formed that included about 12,000 records containing
22 numeric features at the input:

— volumes of energy resource use: volumes of energy resources consumed in
the year preceding the year in the ESP started;

— structural characteristics of buildings: year built, total volume and area,
useful and heated volumes and area, areas of dispersion surfaces (outwalls, attic
and basement), number of windows, etc.;

— operational characteristics of buildings: number of employees, number
of visitors.
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And one output feature — a list of energy saving event type identifiers, con-
verted using Multi-Hot Encoding.

To improve the quality of training and subsequent operation of the network,
the data were cleaned and normalized. Data cleaning from outliers was per-
formed using the Box-plot method [18] and a priori information: outliers were
identified based on the specificity of a particular feature using visual classifica-
tion. The result of data cleaning was the exclusion of about 2000 records from
the total sample, or 17 % of the original dataset.

Data normalization was performed using min-max normalization (scaling):
the result of this type of normalization is bringing the feature values into the
range [0; 1] (Table 1). In the context of this work, the need to use this operation
is justified by the large spread of the initial data: the values in the final sample
lie in the range from 0 to 5-10°.

Two methods for data normalization were chosen: linear and logarithmic
scaling [19]. Linear scaling has the following form:

y =(x—min(x))/(max (x)-min(x)), (1

where y — normalized data; x — source data; max(x) and min(x) — maximum and
minimum values in the sample.
Logarithmic normalization has the following form:

y=x-min(x)/10’, ()

where y — normalized data; x — source data; min(x) — minimum values in the
sample; j — scaling factor,

J :logw‘max(x)—min(x)‘. 3)
Table 1
Example of normalized data for training a neural network
Year in Heat . Water. All space Windows Event ids
consumption consumption count

0.622951 0.025641 0.045384 0.042267 0.086957 | 4, 38,40
0.467213 0.013704 0.002771 0.045721 0.060201 36, 38, 40,

41, 50, 51

0.54918 0.035985 0.101683 0.097881 0.197324 38,41

Based on the analysis of some papers [20-23], a classifier based on feedfor-
ward neural network (multilayer perceptron) was developed. The choice of this
type of network is due to its applicability in solving this type of problems (multi-
label classification).

As a result, a neural network with the structure shown in Fig. 2 was deve-
loped [24, 25].
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denze mput | input: | [(None, 22)]

InputLayer | oufput: | [(None, 22)]

Y
denge mput: | (None, 22)

Dense ‘ linear | output: | (None, 22)

Y
dense 1 mput: | (None, 22

Densge ‘ relu | output: | (None, 512)

Y
batch_normalization | mput: | (None, 512}

BatchNormalization | output: | (None, 512)

4
dense 2 mput: | (None, 512)

Dense ‘ relu | output: | (None, 256)

Y
dense 3 mput: | (None, 256)

Dense

sigmoid | output: | (None, 53)

Fig. 2. Structure of the original neural network

The network implementation is done in Python 3.10 using Keras API
(v2.13.1) on top of TensorFlow framework (v2.13.1), trained on Intel Co-
re 17-12700 CPU with DDR5 SDRAM and has the following configuration code:

model = M.Sequential()

model.add(L.Dense(inputs, input_dim=22, activation="linear"))

model.add(L.Dense(512, activation="relu'))

model.add(L.BatchNormalization())

model.add(L.Dense(256, activation="relu'))

model.add(L.Dense(53, activation='sigmoid'))

model.compile(optimizer="adam", loss='mean_squared error', metrics='ac-
curacy').

The basic metrics for evaluating the results of classifier training are accuracy
and /oss function.

Accuracy is calculated as the ratio of correctly predicted values to the total
number of iterations.

Loss function (error): mean squared error (MSE), calculated by the formu-
la (4), is used:

1 N
MSE =—%(y-3)’", @)

where J is the predicted value, y is the real output value, 7 is the total number
of training operations.
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The results of training the developed model on numeric data using the pre-
pared dataset are shown in Fig. 3—4.
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Fig. 3. Classification quality using linear scaling
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Fig. 4. Classification quality using logarithmic scaling

An assessment of the obtained results showed that the proposed approach
proved its feasibility and effectiveness. However, the previously imposed re-
strictions on the data used in the classifier's work could have caused the lower
accuracy of the network. To improve the accuracy, it is necessary to add an ana-
lysis of categorical features. This requires an assessment of the structure and
quality of the data, determining their correlation with the output and numeric
data, and determining the most effective method for their normalization.

Preparing for experiments

To improve the quality of classification, it was decided to supplement the da-
taset with categorical features. Thus, 12 categorical features were added to
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the 22 numeric ones (Table 2). They contain information about the functional
purpose of buildings, the presence of wall insulation, glazing area and a number
of other characteristics that directly affect the energy saving characteristics of
buildings, as well as the ways to improve them.

The categorical data block can be structurally divided as follows:

— Belonging to typological groups: type of building; type of institution in
whose structure the building is included; energy efficiency class of the building;
functional purpose of the building;

— Design features: type of attic floors and the method of their insulation; ma-
terial of window units and their execution; material from which the walls are
made, type of basement rooms;

— Flags (binary features): technical floor, presence of facade insulation.

Table 2
Source categorical dataset sample
Type | Type Ext | Type Facade Wood P'lastlc
. . wall of window | window Warm
No| organi- | buil- | Kee . heat Roof Cellar
sation | din mate- | buil- havin block block roof
& rial | ding & type type
1 2 8 4 False 2 False 1 3 3 1 1
2 1 9 4 |False| 4 True 1 3 3 6 3
3 2 8 1 False | 2 False 1 2 3 1 1
4 11 3 8 False 2 False 1 2 2 1 1
5 1 9 3 |False| 4 True 1 2 3 7 1

From the number of unique values corresponding to each of the features (Fig. 5),
it is clear that the minimum number per feature was two (binary features), and
the maximum was 24 (for “Type building”).

20

15

10

| |||| |||| IIII |III IIIII |“‘

o TYPE EXT TECHNICAL TYPE FACADE WOOD PLASTIC ROOF

ORGANIZANION BUILDING WALLS FLOOR of HEAT WINDOW WINDOW ROOF
MAT BUILDING HAVING BLOCK  BLOCK

TYPE TYPE

Fig. 5. Number of unique values of categorical features:
X-axis — categorical features; Y-axis — number of unique values for each feature
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The specifics of the data used are also determined by the method of storing
them in the database. In this case, each category is already assigned a serial
number (often from 1 to N). Thus, it can be considered that the categorical data
describing typological groups of building features are initially transformed using
Label Encoding [26], which will be described below.

To improve the quality of the initial data for analysis, it was decided to eva-
luate the possibility of switching from Label Encoding to Ordinal Encoding.
For this purpose, graphs of the distribution of values within each of the features
were obtained (Fig. 6). Using the example of the Type Building feature, it can
be seen that the order number in the initial data does not in any way affect the

occurrence of the value in the dataset.
Feature values distribution

107 1

102 4

10!

Entries (logarithmic)

10

T T T T T T T T T T T
1 23 456 8 910111213141516 1718 192021222324
Type building

Fig. 6. Distribution of values using an example of “Type building” feature:
X-axis — serial number of a “Type building” unit; Y-axis — number of entries in logarithmic scale

Categorical data encoding

To work with categorical data, it is necessary to select the type of their trans-
formation. There is a wide range of methods for encoding categorical data de-
pending on the task being solved. All these methods are similar in the need
to determine the set of values corresponding to the encoded feature. Let us
consider the most common ones taking into account the specifics of the coded
data [26-34].

One-Hot Encoding: the value of the target feature is replaced by a vector
consisting of a set of zeros (0) and only one “one” (1), the position of which cor-
responds to the position of the feature in the set of unique values [26, 28]. There
is a variation of this method called Multi-Hot Encoding, which allows storing the
value of several features at once and is used to transform output data: a set of
integer identifiers of energy saving measures is replaced by a set of ones located
in the vector at indices equal to the value of the type. This method allows enco-
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ding any data regardless of its type with the possibility of reverse encoding, but
the number of features at the input increases in direct proportion to the number
of values it receives.

Label Encoding: when using this method, each unique value of the feature
is assigned an integer (sequence number). The main disadvantage of this method
is the creation of redundant dependencies in the data, since from the point
of view of the neural network, the place in the list determines the significance
of the feature value. Most of the existing categorical features in source dataset
have already encoded with it due to the specifics of storing them in the database.
There is a variation of the method called Ordinal Encoding [26, 27, 29],
the main difference of which is the compilation of a correspondence table for
encoding features. Using of this approach is suitable only for ordered series, like
scales of subjective assessments, and it allows you to compensate the disad-
vantages of Label Encoding in some degree.

Binary Encoding is a hybrid of Label and Omne-Hot Encoding: each of
the N-unique values of a feature is assigned with an integer index, which in turn is
entered into a set of binary features (just a binary representation of the labels) [26].
When using this method, the growth of the final number of features corresponds
to the number of digits of the maximum value of the feature and changes accor-
ding to log(N). However, while compensating for some of the disadvantages
of the original methods, it inherits a number of other ones: redundancy of enco-
ding and the creation of redundant dependencies in the data.

Frequency Encoding: it is a simple method, since the share (occurrence)
of the encoded value in the dataset replaces the value of the feature in it.
The advantages include the efficiency of encoding, data scalability, since the
encoded values are in the range from O to 1, and the introduction of a depen-
dence of the significance of the feature on the frequency of its use.

Mean Encoding / Target Encoding involves transforming a feature in ac-
cordance with the value of the target feature [26, 29, 30]. It also depends on the
classification task: for regression — the average value of the target label for
a given value of the encoded feature; for binary classification — the probability
of a single class (event occurrence) for a given value of the encoded feature.
There is a simplified version called M-estimator Encoding that uses a scaling
factor to transform values. It also has varieties like Leave One Out Encoding
and CatBoost Encoding, in which the current vector is excluded when calcula-
ting the value of the target feature. This family of methods also includes James-
Stein Encoding, Weight of Evidence Encoding and its variation — Probability
Ratio Encoding, based on comparing the encoded values with the average values
of the target feature. In case of the problem being solved, using these methods
have no clue, since the target feature is a set of values and encoding them into
one contradicts the final goals of the multi-class classification being produced.

Hashing Encoding is similar to Binary Encoding, except for the fact that
the number of columns (digits) is determined not by the number of unique values
of the feature, but manually (usually from 1 to 100). It suits well for encoding text
data, but inappropriate in this case because the encoded features are already integer.

In addition, since the original categorical data are integers, the trans-
formation methods previously used for numeric data (linear and logarithmic



V. K. Stan, D. G. Bukhanov, Yu. A. Koshlich
Improving Performance of Fitting Energy-Saving Measures of Buildings Using Artificial... 15

scaling) are applicable to them. It will allow to fit the data into the previously
established interval [0; 1].

Ultimately, to find a solution to the problem, several methods of transforming
categorical data were selected and the following experiments were conducted:

— solving a classification problem using only categorical data without any
transformation and scaling to determine their value through assessing the corre-
lation with the output;

— solving a classification problem using scaled numeric data and categorical
data without transformations to assess the impact of categorical data on the accu-
racy of the classification process in general;

— solving a classification problem using scaled numeric data and scaled cate-
gorical data to assess the potential impact of encoding methods on classification
accuracy;

— solving a classification problem using scaled numeric data and categorical
data transformed using the following methods: Binary Encoding, Frequency
Encoding, Helmert Encoding, Backward-Difference Encoding to identify the
most effective encoding method within the framework of solving the problem.

Conducting experiments

To conduct the noted experiments, the number of perceptrons in the hidden
layers was increased from 512/256 to 700/400, respectively. This was done be-
cause the graphs showed underfitting of the resulting neural network when the
number of input parameters increased.

A metric for testing the quality of the model was also developed, because the
standard accuracy metric used in Keras API [35] calculates accuracy by counting
only full matches of values, but given the fact that the output data is an array
of event types, this technique is redundant. The evaluation of the results using
the developed technique is carried out in two stages:

1. Since the result of the neural network is a vector of probability estimates,
the data is transformed into an “encoded” form by setting a threshold value (0.8)
to assess if an ESM fits. Then the resulting set of zeros and ones is transformed
into an integer series of identifiers in order to discard the comparison of missing
events (0 when encoding). Thus, for example, the output vector (1.3117", 2.7647"7,
1.0005 "%, 7.9537, 429877, 2.437, 379877, 1.826 '°, 0.0, 1.795 %, 2.504 >,
227677, 0.0, 32777, 64177, 1376, 345477, 7.4047, 1.076 >, 9.3377,
6.8587"7, 1.4537%,1.3097%,1.05°, 8.1457%,3.0017, 1.759°", 3.874 ', 2.127 ",
9.9997",9.057 ", 4.5827%', 3.556 %, 9.1547', 7.7327, 1.0, 0.0, 7.504*, 3.748°°,
1.0, 7.424°%, 9.997", 5946, 8385, 1.196°', 1.0417", 1.602%, 5.995',
1.5847"° 224175, 43737, 33837 5.037%) will first take the form
(0000000000 0000000000 0000000001 0000010001 0100000000 0000000000),
and at the final stage it gets form like (30, 36, 40, 42);

2. The accuracy of the prediction is assessed by comparing the initial set of
identifiers with those obtained as a result of the neural network: the prediction
is considered successful if more than 50% of the events in the initial set are
included in the predicted set (for extra events, it is assumed that they will be
filtered out at the validation stage in the “Data Validation” module).
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The developed metric uses a 0.8 threshold value. This number was selected
empirically based on available statistical data.

To evaluate the accuracy of the work, a test data set was prepared with
a number of rows corresponding to 10 % of the original dataset.

Results

As a result, a number of experiments were conducted:

Experiment 1: Using only categorical data for fitting without any transfor-
mations. The resulting graphs (Fig. 7) show a correlation between the input and
output data, but it is not as strong as in the case of numeric data.
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Fig. 7. Metrics of ANN fitting using only categorical data without any transformations
Experiment 2: Fitting a network using linearly scaled categorical data only
(Fig. 8). The data obtained show that reducing the values to a single interval

does not affect the fitting quality. The data obtained may also indicate that the
serial number of categorical data unit does not correlate with its impact.
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Experiment 3: Network fitting using numeric data with scaling and categori-
cal data without any transformations (Fig. 9-10). Based on the results obtained,
it can be concluded that the introduction of categorical data into the set, although
slightly, increased the accuracy of classification.
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Fig. 9. Metrics of ANN fitting using linearly scaled numeric data and categorical
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Fig. 10. Metrics of ANN fitting using logarithmically scaled numeric data and categorical data
without any transformations

Experiment 4: Fitting ANN using scaled numeric data and linearly scaled
categorical data (Fig. 11-12). In this case, higher classification accuracy rates
are observed comparing to the previous experiment, which is probably due to the
reduction of all values to a single range [0; 1].

Experiment 5: Network fitting using scaled numeric data and categorical data
transformed using frequency encoding (Fig. 13—14). This combination of data
transformation methods allowed to achieve fitting accuracy above 0.91 in both
cases, which can be considered an improvement in compare with fitting using
numeric data only.
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Fig. 13. Metrics of ANN fitting using linearly scaled numeric data
and categorical data transformed using frequency encoding

In the case of experiments using Helmert, Backward-Difference and Binary
Encoding methods, the fitting ANN using the initial model configuration fai-
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led. Attempting to correct the situation by changing the model hyperparameters
(its architecture, layer structure and fitting setup), as well as additional data
preparation methods, did not help to fix it.
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The summary of the results of fitting and testing the obtained models is pre-
sented in Table 3.

Table 3
Quantitative indicators of the results of training and testing the model based
on different data configurations
N Numeric data Categorical data Model Model

© encoding encoding accuracy aceuracy

(Fitting) (Testing)
1 Linear scaling Data excluded 0.8836 0.89
2 Logarithmic scaling Data excluded 0.872 0.86
3 Data excluded Without converting 0.4833 0.65
4 Data excluded Linear scaling 0.4751 0.53
5 Linear scaling Linear scaling 0.9065 0.46
6 Logarithmic scaling Linear scaling 0.9124 0.43
7 Linear scaling Frequency encoding 0.9058 0.91
8 Logarithmic scaling Frequency encoding 0.902 0.87
9 Linear scaling Bm?)riytifgglrg:ré’nliggﬁgard_ 0.0051 0.0

Discussion

The analysis of the obtained results allows us to consider that categorical

data have value and using it in the process of forming a set of ESMs is justified.
At the same time, the significance of this data class, compared to numeric data,
is significantly lower, and it is demonstrated by the accuracy of the fitting mo-
dels using only numeric data (89 %) and categorical data only (65 %). It is clear,
that the methods previously used to transform numeric data are not applicable
to categorical data: the use of scaling on isolated categorical data did not have
any effect, and when implemented, fitting on a combined dataset even reduced
the accuracy of the model from 89 to 46 %.

A practical comparison of the results of using categorical data encoding
methods showed that the frequency encoding method is the most effective.



B. K. Cman, /I. I'. Fyxanos, 1O. A. Kowauy
20 [ToBbImeHne kayecTBa noadopa sHeprocOeperarIuX MEPONPUATHI 3TaHUH. . .

At the same time, some of methods that use dummy variables turned out to be
inapplicable for fitting current configuration of the classifier. On the other hand,
the results of works [28, 29], show a relatively high efficiency of methods using
dummy variables (One-Hot, Helmert, etc.) in solving linear regression problems.
It is worth noting that these works are similar by the fact that all surveys were
carried out for problems of single-class, and sometimes binary, classification,
in contrast to the multi-class classification used in this work.

The highest classification accuracy (91 %) was obtained for the model com-
bining linear scaling of numeric data with frequency encoded categorical data.
The calculated values of the Precision, Recall and Fl-score metrics for this
model have values 0.75, 0.778 and 0.757 respectively [36, 37]. These indicators can
be considered acceptable, given the presence of a “Data validation” block at the
output of the classifier. However, it is worth accepting the fact that the value of the
Recall indicator, which is primary important in view of the need to provide the user
with a greater number of possible ESMs, does not significantly exceed Precision
and there is a sense in refining the model by increasing this indicator.

However, the question of the possibility and correctness of using methods of
categorical data encoding that using dummy variables in solving the problem
under study remains open. Possible reasons for such an outcome may be the fact
that splitting one feature into several new ones entails introducing a large num-
ber of zeros and other constant values into the set. So, with the original number
of features equal to 12, when using Binary Encoding, their number becomes
equal to 59, and 99 when using Helmert or Backward-Difference Encoding,
which also exceeds the total number of features in the original set equal to 34.
Considering the small number of numeric features in the source dataset (22) and
their normalization to the interval [0; 1], adding 89 new features (that is how
many unique values all categorical features contain in general) consisting of ze-
ros and ones makes the classification problem unsolvable.

CONCLUSION

As a result of the work, a dataset was formed from not only numeric, but also
categorical data. The most suitable methods of data encoding, depending on their
type, were determined experimentally: for numeric data — cleaning from outliers
and scaling, for categorical data — frequency coding.

As a result of the experiments, the highest classification accuracy (91 %) was
demonstrated by a combination of linear scaling of numeric data with frequency
encoding of categorical data. Also, it demonstrates that introducing categorical
data into the dataset, it became possible to achieve an actual increase in accuracy
of 2 % compared to linear scaling without implementing categorical features,
which can be considered a satisfactory result.
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OnpenesieHne TeKymed 4acToTbl B UMPPOBBIX OPraHax
pesieiiHOM 3a1UThI

®. A. Pomaniok”, B. YO. Pymsinues”, ¥O. B. Pymsinnes”

DBenopycckuii HaMOHANbHbIH TEXHHUECKH YHUBEPCUTET
(MuHCck, Pecrrybmmka benapyce)

Pedepar. B nppoBEIX opranax peneiHHON 3alIUTHI B KAY€CTBE MOJIE3HOI MH(OPMAINU HUCIIONb-
3YIOTCSI CUTHaJIbl OCHOBHOM rapMOHMKHU. [l MX BBIJENICHUS M3 CIIOXKHBIX BXOJHBIX TOKOB M
HaNpsDKEHMI 3aIMIaeMoro oObeKTa MPUMEHSIOTCS HepeKypcuBHbIe UdpoBbie GpruiibTpsl Dypsbe.
IMomyuennsle B pe3ynbTate (GUIBTPALMN CUTHAJBI SBISTIOTCA 0a30i urs ompeneneHust nHdopma-
IMOHHBIX MapaMeTPOB KOHTPOJIMPYEMBIX IHU(GPOBBIMH OpraHaMu BedwuuH. [Ipm HOMMHANBEHOI
4acTOTe B JHEProcucreMe MHGOPMALMOHHBIC MapaMeTpbl BBIYUCIAIOTCA 0€3 IONOIHUTEIbHON
MOTPEHIHOCTH. B cilydae OTKIOHEHHS 9aCTOTHI OT HOMHHAJIBHON B CHITy psAa IPHIHH B HH(OpMa-
LIUOHHBIX MapaMeTpax KOHTPOJIMPYEMBIX BEIMYMH MOSBIIAETCSA IONOJHUTENIbHAS COCTABIIOIIAs
norpemHoctd. Korna xone6aHus 4acTOThl HE3HAYMTENbHBI, YKa3aHHAS COCTABILAIOINAs HECYIIe-
CTBEHHA U Ha MPAKTUKE €10 MOXKHO IpeHeOpeub. IIpy 3aMeTHBIX OTKIOHEHHAX YacTOTHI B 3HEPro-
CHCTEeME JIOMONHUTENbHAS COCTABIIIONIAs TIOTPEITHOCTH B HHPOPMAIOHHBIX apaMeTpax MOXKET
HETaTHBHO CKa3aThCsl Ha paboTe (PyHKIMOHAIBHEIX aJTOPUTMOB penieiHoit 3ammtsl. OquH U3 my-
Tell pelleHus IaHHOW IpoOJeMbl — KOPPEKLUsl yKa3aHHOM cocTaBisollell NpU OTKIOHEHUH
JacTOThl OT HOMHHAIBHOW. [IIs1 ee OCyIIecTBIEeHHs HEOOXOAMMO pacrloiaraTb pe3ylbTaTaMu
oLeHKH 4YacToThl. Hanmbomnee panmoHaNbHBIM IS Lelied KOPPEKIMH YacTOTHOHW COCTaBIIIONIEi
MOTPENIHOCTH TIPEJCTABISETC HCIONb30BaHME TeKyllel uacToTel. OmnpeseneHHe yKa3aHHON
JacTOThI IEPEMEHHOTO TOKA 3aKJIFOYAeTCs B M3MEPEHUH MTHOBEHHOI YaCTOTHI B Pa3HbIE MOMEHTHI
BPEMEHU W YCPEIHEHHM 3THX 3HAYCHHH 3a ONpe[eleHHbIH MHTepBald. MIHOBEHHAS! 4acTOTa BBI-
YHCIISETCS] IO MTHOBEHHOMY 3HaYE€HHIO JHHAMHUYECKOTO KOCHHYCa yTJia BBIOOPKH, IUIS OIpesierne-
HHS KOTOPOTO pa3paboTaHbl M HCCIIeIOBaHbI Ba (yHKIMOHAIBHBIX alropuT™Ma. B ocHOBe nepBoro
U3 HUX JISKHUT HUCIOJb30BAHUE TPEX IMOCINIEN0BATENbHBIX 3HAUEHNI OJJHOTO M3 Mapbl OPTOrOHAb-
HBIX CHTHaJIOB. BTOpOI anropuT™ peammsyercst MO IBYM CMEXHBIM 3HAUE€HHSAM KaKIOTO U3 B3a-
HMHO OPTOTOHAJIBHBIX CUTHAIOB. Pe3ynbTaTbl BBIIOJHEHHBIX UCCIECJOBAaHUN MOKA3aIH, YTO pas-
paboTaHHbIE AJTOPUTMBI OMNPEAEICHHs TEKyIUeH YacToThl B LU(POBBIX OpraHax peneiHoin
3aIIUTHl 00ECTICUNBAIOT €€ MOTyYeHHE C MPHEMIIEMOH JTOCTOBEPHOCTHIO B JHAIA30HE N3MECHECHUS
47-51 I't ipu ckopocTr m3MeneHus 1o 4 I'u/c.

KunroueBrble ciioBa: 1udpoBbie oprasbl pesieiHON 3aIlUThl, TEKYIas 4acTOTa, MTHOBEHHAs! 4acTo-

Ta, IMHAMUYCCKUH KOCHHYC, (D)YHKLHMOHAJIBHBIA QJITOPUTM, MOJEIb, BBIYHCIUTEIBHBIA IKCIIEPHU-
MeHT, MATLAB-Simulink, pe3ynsTaTsl HcciaeqOBaHAN
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Determining the Current Frequency in Digital Relay
Protection Devices

F. A. Romaniuk”, V. Yu. Rumiantsev”, Yu. V. Rumiantsev"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. In digital relay protection devices, fundamental harmonic signals are used as useful
information. To isolate them from complex input currents and voltages of the protected object,
non-recursive digital Fourier filters are used. The signals obtained as a result of filtering are
the basis for determining the information parameters of the quantities controlled by digital organs.
At the nominal frequency in the power system, the information parameters are calculated without
additional error. In the event of a frequency deviation from the nominal value due to a number
of reasons, an additional error component appears in the information parameters of the controlled
values. When there are minor frequency fluctuations, the specified component is insignificant
and can be neglected in practice. In case of significant frequency deviations in the power system,
the additional component of error in the information parameters can negatively affect the operation
of the functional algorithms of the relay protection. One of the ways to solve this problem is to
correct the specified component when the frequency deviates from the nominal one. To implement
this, it is necessary to have the results of frequency assessment. The most rational way to correct
the frequency component of the error is to use the current frequency. Determining the specified
frequency of alternating current consists of measuring the instantaneous frequency at different
points in time and averaging these values over a certain interval. The instantaneous frequency
is calculated from the instantaneous value of the dynamic cosine of the sampling angle, for the
determination of which two functional algorithms have been developed and studied. The first
of these is based on the use of three consecutive values of one of a pair of orthogonal signals.
The second algorithm is implemented using two adjacent values of each of the mutually orthogo-
nal signals. The results of the conducted studies showed that the developed algorithms for deter-
mining the current frequency in digital relay protection devices ensure its receipt with acceptable
reliability in the range of 47-51 Hz at a change rate of up to 4 Hz/s.

Keywords: digital relay protection devices, current frequency, instantaneous frequency, dynamic
cosine, functional algorithms, model, computational experiment, MATLAB-Simulink, research
results

For citation: Romaniuk F. A., Rumiantsev V. Yu., Rumiantsev Yu. V. (2026) Determining
the Current Frequency in Digital Relay Protection Devices // Energetika. Proc. CIS Higher Educ.
Inst. and Power Eng. Assoc. 69 (1), 23-33. https://doi.org/10.21122/1029-7448-2026-69-1-23-33
(in Russian)

BBenenue

B mudpoBeix opranax peneiinort 3ammthl (L{O) B kadecTBe MoNe3HOW WH-
dbopmanmu, Kak MpPaBUIIO, MUCHOIB3YIOTCS CHUTHAIBI OCHOBHOM TapMoHUKH [1].
Js ux BBIIETICHUS U3 CIOXKHBIX BXOJHBIX TOKOB M HANPSDKEHUH 3alUIIAeMOTO
00bEKTa MPEUMYIIECTBEHHO NPHUMEHSIOTCS HEPEeKypcUBHBIC LU(POBBIE (GHiIb-
Tpol (LID) @ypre u ux pasnudabie Bapuauuu [2, 3]. [1o BeIOOpKaM MOIy4YEHHBIX
B pe3yJibTaTe MUQPPOBOH (PHIETPAITMN CUTHAIOB BBIYUCISIOTCS MH(POPMAIHMOH-
HBIE TapaMeTphl KOHTponupyembix 1O BennduH.

[Ipn HOMUHANIBHOM YacTOTE B YHEPrOCUCTEME YKa3aHHbIE HH(OPMAaIMOHHBIE
napaMeTpsl ONPEeneNAoTcsl 0e3 NONOJHUTENBHON morpemnoctu. B cnyuae or-
KJIOHEHHS YacTOTHl OT HOMHHAJIBHON KOJMYECTBO BBIOOPOK BXOJHOTO CHTHAja
3a MEepUOJ] OKA3bIBACTCS HE LIEIBIM YHCIIOM, a TUCKPETHU3allMsl CTAHOBUTCS aCHH-
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xpoHHOH [1]. DTO mMOpoXKAaeT MOSIBICHWE B HWH(DOPMAIMOHHBIX IapaMmeTpax
KOHTPOJUPYEMBIX BEIUYHUH JAOMOJHUTEIBHOM COCTaBIAIOIICH NOTPEIIHOCTH,
KOTOpYyIo OyZeM Ha3bIBaTh YacTOTHOW. [Ipy HEe3HAYMTENBHBIX KOJICOAHUSIX Ya-
CTOTBI B PHEPrOCUCTEME, UMEIOIIUX MECTO B HOPMAJIBHOM PEXHUME, YaCTOTHAS
COCTABJISIIOIIAs MTOTPEIIHOCTU HECYIIECTBEHHA U Ha MPAKTHKE €0 MOXKHO Ipe-
HeOpeub. B aBapuitHBIX CHUTyalnusax OTKJIOHEHHUS YaCTOTHI OT HOMHUHAIHHOU MO-
ryT OBITh 3HAYUTENBHBIMH. Takue peXUMBbl TOJDKHBI MPEIOTBPAIIaThCS CHCTE-
MaM¥ MMPOTUBOABAPUHHON U PEKUMHOM aBTOMATUKHU [5], KOTOpBIEe oOecreurnBa-
I0T BO3BpaT KoJIeOaHWH YacTOTHl B JOMyCTHMbIE Tpezaensl. OJHaKo B CHITY
pa3nugHBIX (HaKTOPOB yKa3aHHBIE CHCTEMBI MOTYT HE IOAEWCTBOBaTh. Bospac-
Tarollast Ipyu 3TOM YacTOTHAsl COCTABJIAIONIAS MOTPEIIHOCTH MOXKET CYIECTBEH-
HO WCKa3uTh MH(pOpMAaIMOHHBIE MapaMeTpsl KOHTpoiaupyembix L[O BemnuuH.
B pesynbraTte cozmaercs peanbHas BO3MOKHOCTh BO3HUKHOBEHHS HapyLICHHUI
B paboTe (PyHKIHMOHATBHBIX aJTOPUTMOB PENICHHON 3aIHUTHI.

OpHuM M3 IyTed perieHus: TaHHOW MPOoOIeMbI SBISETCS KOPPEKIUSI YacToT-
HOH COCTaBJIAIOIIEH MOIPEIIHOCTH MPU YXOJE YaCTOThl OT HOMUHAJIBHOIO 3Ha-
YEeHHUS.

B ocHoBe peanmuzanuu JAaHHOTO TMOAXOJA JIEKUT HEMOCPEICTBEHHAsS WIH
KOCBEHHAsI OLIEHKA YacTOTHl C IMOCJIEAYIOIIUM €€ HCHOJb30BAHHEM [UISl OCY-
IIECTBICHUS KOPPEKLIHU.

OcHoOBHAfl YaCTh

Jlns neneil KOppeKUHH 4acTOTHOM COCTaBIISAIONIEH MOTperHocTH HHpopMa-
LIMOHHBIX MapaMeTPOB BEIMUYUH, KOHTpoaupyeMmsbix 11O peneitHoil 3amunThl, Tpe-
OyeTcs omepaTMBHOE OIpeNeNieHHE YacTOThl MEPEMEHHOTO TOKa. JTO O3HAdaeT
OBICTpOE W TOYHOE M3MEPEHHUE TeKyIIeH YacTOThl B PeabHOM BPEMEHH U C MU-
HUMAaJIbHOU 3a1epKKOiIL.

Jnst mOoMydeHusl 4acTOThI MIEPEMEHHOTO TOKa B PealbHOM BpEMEHHU LH(po-
BBIMH METOJAaMHU IPEUMYLIECTBEHHO HCIIOJB3YIOTCS JIBA OCHOBHBIX ITOJXOJA:
METOJ IPSMOTr0 CUeTa MMITYJIBCOB M METOZ OOpaTHOrO cueTra MMITYJILCOB [6].
Heo6xoauMo oTMETHTB, YTO 3TH METOABI JOCTATOYHO CJIOXKHBI B peallu3allii 1
X NPUMEHEHHUE U1 PELICHUS 3a/laud KOPPEKLUU YaCTOTHOH COCTABIISIFOLICH
MOTPEIIHOCTH HE SIBIISIETCS LeJIeCO00pa3HbIM.

TexyuIyro 4yacToTy MEepeMEHHOI0 TOKa, KOT/Aa OHa MEHSAETCSI, MOKHO OIepa-
TUBHO OTIPENIENIUTH IyTeM U3MEPEHHS MTHOBEHHOW YacTOTHI B pa3HbIE MOMEHTEI
BPEMEHH M YCPEIHEHUs 3THX 3HAUCHHUH 3a ONpeAeTICHHBIH HHTepBajl. MrHOBeH-
Hasl 4acToTa MpeACTaBisieT co00i CKOPOCTh M3MEHEHUs (Pa3bl yKa3aHHOTO TOKa
B KOHKPETHBIH MOMEHT BpeMeHH [6]. Hamboiee mpocTo ee MOKHO OIICHHUTH Ha
OCHOBE Pa3sHOCTH (pa3 CHUTHANIAa MEXIY COCEAHUMH IUCKPETHBIMH 3HAYCHUSIMH,
KOTOpasi B CyITHOCTH SIBJISIETCS YTIIOM BBEIOOPKU AQ,:

1 Ag
= 1
Y 2 At M

rae At — mar IMCKpeTU3alum.
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Hns ompenenenuss AQ, MOXHO BOCIOJIB30BATHCS MTHOBEHHBIM 3HAUCHHEM
JMHAMHYECKOTO KOCHHYCca yTia BEIOOPKU Cj, = COSAQ,, SIBISIOMIETOCS TapaMeT-
POM, KOIZla UMEEeT MECTO M3MEHEHHUE yKa3aHHOI'O yIia BO BpeMeHH. lIpuHumas
BO BHMMAaHME, YTO BXOIHbIE TOKH U HampspkeHus L{O peneiiHo# 3amuThl B pe-
3ynbTare uX UUGPOBOH (UIBTpalMK MpeoOpa3yoTcs B TapMOHUYECKUE H, KaK
MIPaBUJIO, MIPEACTABISAIOTCS Mapoil opToroHaidbHBIX cocTaBisgomux (OC) ocHOB-
HOM 4acCTOTHI, PACCMOTPHM JIBa aJITOPUTMA NOTy4eHus 3HadeHuil Cy,.

B nepBom anropurMe MrHOBEHHOE 3HaUCHUE TUHAMUYECKOT0 KOCHHYCa yIiia
BBIOOPKHM BBIYHCIISIETCS IO TPEM TOCIIEAOBATEIbHBIM BEIOOPKAM X, X, 1, Xy 2 OJ-
Hoit u3 OC, 3adukcupoBaHHbIM Yyepe3 mmiar At [8—11]:

— xn + xn—2

2

in
2x,
OquI/I,Z[HO, YTO KOoTraa BLI60pKa Xy-1 PaBHA O, OIIPEACIICHUC C[,, HE MpeacTaB-

JsieTcsl BO3MOXKHBIM. B aTOM ciyuyae C;, Berumcisiercst o (2) ¢ UCIoIb30BaHUEM
Takux ke BbIOOpok npyroit OC. Kpurepuem HacTyIuleHUS! TaKOH CUTYyalllu MO-

x |
-1
KET CIIY)KUTb BBIITOJHEHHE YCIOBUSI —— < X

mn
72; Xpin — MAHUMAJIBHO JIOITYCTUMOE OTHOCUTEIBLHOE 3HaueHue BhIOOpku. Cie-
JIyeT OTMETHTh, YTO JAHHBIH AJTOPUTM COXPAHSIET PabOTOCIIOCOOHOCTh MPH YT-
ne casura ¢a3 Mexay OC, OTITHIHOM OT /2, YTO BaXKHO B YCIIOBHSX N3MCHEHHS
4acToThl. Ero coOCTBEHHOE OBICTPOJCHCTBHE MPH yUYeTe OCHOBHBIX (PaKTOPOB
OIICHUBAETCS IBYMS IIaraMU JUCKPETU3auu At.

Bropoii anroput™ omnpejeieHUs MTHOBEHHOI'O 3HAYCHHS TUHAMHYCCKOTO
KOCHHYyCa yIJla BEIOOPKH TPENrojaraeT HCIOIb30BAHUE JBYX IOCIEIOBATEIb-
HBIX BBIOOPOK X, X, | ofHOU 13 OC M 3HAYCHUS YKa3aHHOTO KOCHHYCA C MPEe/Ibl-
aymero mara pacuera Cy, ;) Ilo BbllIeHa3BaHHBIM BEIMYMHAM BBIYUCISETCS
MT'HOBEHHOE 3Hau€HHEe AUHAMUUYECKOI'O CUHYCa yIiia BEIOOPKU Sj(—1)

Si(n—l) = \[1 - Ci(zn—l) (3)

1 GOPMHUPYETCS TOTOIHUTEIBHBIH CUTHAT X4y

rae X,,, — aMIUTUTy/1a CUTHa-

min®

x _ —xC.
n—1 n"i(n-1)
xdn :S—’ (4)

i(n—-1)
KOTOPBIN OPTOTOHAJNICH CUTHANY BhIOpaHHOW OC X, MpH 4acTOTe B KOHKPETHBIH
MOMEHT BPEMEHU.

brmaromapst atomy yrox capura ¢asz MeXIy CHUTHaJIaMH X, € Xj paBeH T/2
" OCTAC€TCA NOCTOAHHBIM ITPU U3MCHCHUHN YaCTOTHI.

MrHOBeHHOE 3HaUYEHHE JHHAMUYECKOT0 KOCHHYCa YIJIa BRIOOPKH OTpeaes-
€TCsI IO pa3HOCTH (ha3 MEXIy COCEIHUMH BBIOOpKaMH ®, — @, ;. [[puHuMas Bo
BHUMaHue, uto C;, = cos(Q, — ¢, 1), €r0 BEIUYNHY MOKHO BBIYMCIUTH 1O BbI-
OOPKaAM X, X1 ¥ Xgny Xi(n-1)
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XX XX )

n""n-1

C

in

)

2 2
X, +Xx,,

OTIMYuTenbHOH OCOOCHHOCTBHIO JAHHOI'O aJiTOPUTMA SIBJIIETCS HEOOXOH-
MOCTb (DOPMHPOBAHUS JIOTIOJIHUTEIBHOTO CUTHAJIA, OPTOTOHAIBHOTO UCXOAHOMY
MIPH 4acTOTe, UMEIOIe MECTO Ha pacueTHOM MHTepBaie. Ero OpicTposeiicTBre
TaKoe ke, Kak y TIEPBOTro aJropuTMa Py TapMOHUIECKOM CHTHAJIE.

Bripaxenus (2), (5) mo3BoJsSIOT MogydaTh JOCTOBEPHBIE MIHOBEHHBIE 3HA-
YeHHs TUHAMUYECKOTO KOCHHYCA yTiia BRIOOPKHU MPH rapMOHUYECKUX CUTHAIAX.
N3-3a uickaxeHuss GoOpMBl YKa3aHHBIX CHTHAJIOB TOJ BO3IECHCTBHEM Pa3TUIHBIX
¢dakropoB C;, MOXET ONPEACIATHCS C OOJBIIMMU TOTPEITHOCTIMH W BO3HH-
KaIUMHU 1pu 3ToM BbiOpocamu C;,. [l WX OorpaHUuYEHUS YCTaHABIUBAaET-
Csl IUarna3oH KOHTpOJHpyeMbix 3HaueHui Cj,. [Ipm BeIXOMEe MIHOBEHHBIM 3Ha-
YeHHEM TUHAMHUYECKOTO KOCHHYCa YIjia BHIOOPKM 3a YCTAaHOBJICHHBIC TIpefe-
ne1 Cj, IpUCBaMBaeTCs BeanunHa, paBHas cos(100wA?).

B pesynbrare BBIIOJHEHHBIX HCCIENOBAaHUMA TOATBEPXkICHA Ieiecoo0pas-
HOCTH OIIPENCIICHHUS] TCKyIIeH JacTOTHl HE IyTEM H3MEpPEHUsS €€ MTHOBEHHOM
BEITMYMHBI U YCPEAHECHUS PE3yJIbTATOB 3a OMpPENCICHHBIM HHTEPBAJ, a MOCPEe-
CTBOM BHayaJle YCPEIHEHUsS MIHOBEHHBIX 3HAYEHHWH NUHAMHUYECKOTO KOCHHYCa
yTJIa BEIOOPKH 3a TPHUHATHIN BPEMEHHON MPOMEXYTOK C IOCISAYIOMAM BBIUHC-
JIEHUEM KOHTPOIUPYEeMON dacToThl. Hambosee mpoCThIM pelieHneM sl MMOTy-
YeHUs] YCPEJHEHHOH BeNMuYMHBI JUHAMHYecKoro kocuHyca Cop,, ABISETCS HC-
nosib3oBanue ajs 3Tol nenu Ld ckonpasiero cpeanero [4].

Tekymas yactora fc,, onpenensercs no 3HaueHuro Cp, ,

1
Sepn = Marccos Cepn- (6)

OpraHmaunﬂ U NMPOBEACHUEC BHIYUCIUTEIBHOI0 IKCIIEPUMEHTA

Orenka 3pPEeKTUBHOCTH OMPEIEICHIS TEKYIIeH YacTOTHI MPEIT0KEHHBIMHU
aJIrOpUTMaMH MPOBOJWIACH C HCIOJIB30BaHUEM IU(GPOBOH MOJEIH, peaanu30-
BaHHOH B cpezie quHaMuueckoro moaenupoBanust MATLAB-Simulink [12-14].

Ha puc. 1 mpuBeneHa ykpymHeHHas CTpykrypa Mmonend. OHa COIepKUT
10 moacucTeM, B KaXIOW M3 KOTOPBIX BBITIOJHSIOTCS PACCMOTPEHHBIC BBIIIIC
omepalyu, U COCTOUT M3 CTaHAApTHHIX ONokoB OmOmmorekn MATLAB-Simu-
link. BeixomHbIe TIOPTHI MOACKUCTEM Ha pUC. | MMEIOT Takue e 00O03HAYCHUS
CHUTHAJIOB, KaK B MAaT€MaTHYECKHUX BBIPAKEHHIX, HCIIONB3YEMBIX B HACTOSIICH
paborTe.

TectoBoe BO3neiicTBre Ha cucteMy QopMmupyercs B Oioke «Bx. curnamy.
OH TO3BOJIIET BOCIPON3BOIUTE paOOUNid, aBapWHHBINA W IOCIICaBapUHAHEIN pe-
JKUMBI B (hOpMe KaK HIealbHOI0 CHHYCOHMIAJIBHOIO CHUTHAJA C BO3MOXKHOCTBHIO
M3MEHEHUS B KOKIOM M3 MEPEUYHUCICHHBIX PEKUMOB aMIUIATY I, a30BBIX CHABH-
TOB M YacTOT, TaK ¥ CHTHAJA C HAJMYMEM B HEM BBICIINX FapMOHHK, allepuo-
ITYECKON COCTaBJIAIONIEH, a TakKe CHHYCOMIAIBHBIX KOJeOaHWA, dacToTa
KOTOPBIX JINHEHHO U3MCHSIETCS BO BPEMEHH.
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MNEPBbIA ANFOPUTM
X »>
Xox ] C; > Cp > fo
Xe >
Li® ckonbasillero Tekywas
Bx. Lo Dypbe [IMH. KOCUHYC cpeaHero vacTtota

curHan 4>|§|
; LBTopoﬂ ANFOPUTM A

G Ccp ] fcp

Sig-y ¥ Xa >
—> C LU® ckonbsswero Tekywas
i(n-1) —»| Ounn. cpeaHero yacToTa
KOCUHYC
IUH. CMHYC  non. curHan
1 KOCHHYC

Puc. 1. Ctpykrypa Mojenu
Fig. 1. Model structure

B moacucreme «l{® Dypre» ompenensroTcss cuHycHas U kocuHycHas OC,
13 KOTOPBIX B JaJIbHEHIIIEM MCIIOJIB3YIOTCS KOCHHYCHAs X., a TaKK€ aMIUIUTY-
na X,,, OCHOBHOM TapMOHMKH BXOJHOTO CHUTHAaJA.

bnoku «Bx. curnam», «l1® Pypoe» u ociuuiorpad A SBISIOTCS OOLIMMU
U 000X aNTOPUTMOB OTIPEIETICHHAS YacTOTHI.

st mepBoro anropuTMma HCIONB3YIOTCS Tpu Onoka. B Omoke «JuH. KocH-
HYC» peau3yeTcsl BhIpakeHHe (2) IS ONpeeNICHHs] MTHOBEHHOTO 3HAYCHHS
TUHAMUYECKOTO KocuHyca C; 1o TpeM BriOopkam kocuuaycHou OC ¢ ygeToM Je-
neHust Ha HyJb npu x, 1 = 0. Jlanee B Omoke «I[® ckomp3simiero cpemHero»
no mectu orcueraM C; dopmupyercs ycpeaHeHHoe 3HaueHue C.,, a B Onoke
«Texymas yacrora» 1no BenuuuHe Cg, COTNIACHO BBIPAXKEHMIO (6) ompenemnsercs
TEKyIlas YacTOTa BXOJHOT'O CUTHAJIA.

Bropoii anroput™m orpeneneHns TeKyIe 9acTOThl COASPKUT IATh OJIOKOB.
B Omoke «/luH. cMHYC M KOCHHYC)» OIpeneisieTcd AWHAMHUYECKHHA KOCHHYC
¢ mpeaplaymiero mara pacuera Cy, i), a 0o gopmyne (3) — AMHAMUYECKUI CHU-
HYC Si»-1). Ilo 1ByM mocnenoBaTenbHbIM BeIOOpKaM KocuHycHOH OC, a Takke
3HaueHUsIM Sy, 1) U Cj,_1) COITIACHO BbIpaxkeHHIO (4) B Onoke «/lom. curaam»
(hopMupyeTcsi OpTOTOHAIBHBIN KOCHHYCHOMY OTIOJIHUTENBHBIM CHTHAI Xgp.
MrHoBeHHOE 3HaYeHHEe TUHAMU4ecKoro kocunyca C;, mo BelpaxkeHuro (5) dop-
mupyetrcst B Onoke «JluH. xocwHyc». biokm «I1® CKOIB3AIMIEro CpemHeroy»
n «Tekymas 4acToTa» aHaJIOTHYHBI HOAOOHBIM OJIOKaM B IIEPBOM aJrOPUTME.

Pe3y.111>TaTm HCCJICA0OBAHUA

Pacuem uacmomut npu paznuuHoil CKOPOCMU ee UIMEHeHUsl U HeU3MeH-
HOM 6x00HOM cucHane. [IpeioxKeHHbBIC alrOpUTMbl OPUSHTHPOBAHEI HA OIpe-
nenenne 4acToThl B muamazone 47-51 I'm. Ilpm HeoOXOIMMOCTH yKa3aHHBIHN
JIMaIa30H MOXKeT ObITh pacmuper. OIHAKO ATO OyAET COMPOBOXKIATHCS TTOTEpeit
TOYHOCTH TJaBHBIM 00pa3oM B MEPEXOHBIX pexkuMmax. Ha puc. 2 mpuBeqcHBI
pe3yJIbTaThl ONMPEACICHHs YaCTOThI f{f) B yKa3aHHOM JHara3oHe MPU CKOPOCTH
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ee u3meHenwus 4 ['n/c (puc. 2a) u B auanazone 49—50 [’ mpu ckopocTu ee u3me-
Henwust 1 ['n/c (puc. 2b) mis nmeporo (kpuBas 1) U BTOpOro (KpuBast 2) alropuT-
MOB. B 00oux ciydasx Kak MepBbIid, TaK U BTOPOH alTOPUTM BBIYHUCISIIOT TEKY-
IIYI0 9aCTOTY C OCTATOYHOW TOYHOCTHIO, OJJHAKO IEPBHIN AITOPUTM JAET TpaK-
TUYECKH JIMHEHHYIO 3aBHUCHMOCTH f{(f), B TO BpeMs KaK pe3ylbTaThl PacdeToB
YacTOTHI TI0 BTOPOMY QJTOPUTMY COIIPOBOXKTAIOTCS pa3zOpOCOM 3HAYEHUH TeM
OOJIBIINM, YeM OOJIBIIIC YaCTOTa OTIMYACTCS OT HOMUHAIbHOM.

a
51 T

0,1 0,2 0,3 0,4 0,5 0,6 0,7 08 tc 09

49,4

49,2

49.0 | | |

1 1
0,1 0,2 0,3 0,4 0,5 0,6 0,7 08 tc 09

Puc. 2. Pe3ynbTathl OnpeelicHUs YaCTOTHI f{f) IpU CKOpocTH ee m3MeHeHus 4 ['iy/c (a)
u 1 T'u/c (b) anst nepBoro (kpuBast 1) u Broporo (KpuBas 2) anropuTMoB

Fig. 2. Results of determining the frequency f{¥) at a rate of change of 4 Hz/s (a)
and 1 Hz/s (b) for the first (curve 1) and the second (curve 2) algorithms

Pacuem yacmomut cuznana, cooepicauiezo nepexooHslit npoyecc paiuy-
HOWl unmencueHocmu. JIJi1 BceX pacCMaTpUBAEMbIX HHMXKE PEXHMOB BXOIHOM
CHUTHaJl U3MEHSETCSI BO BPEMEHH CllefyromuM odpa3oM. B mpomexxyTke Bpeme-
Hu ¢t = 0-0,1 ¢ MozmenupyeTcst HOpMaIbHBIN pexuM, B mpomexyTke ¢ = 0,1-0,4 ¢ —
aBapUUHBIA PEKHUM, YPOBEHL CHTHaia KOToporo B 10 pa3 BeIIe HOPMaILHOTO
pexuma, u B auana3zoHe BpemeHu t = 0,4-0,5 ¢ — mocneaBapuiHBIA PEXUM
C YpPOBHEM JOaBapuiHOro curHana. [lyng ompeneneHuss MOMEHTa BKIIOYEHUS
TapMOHHYECKOTO CHUTHaja, IPU KOTOPOM YacTOTa B NEPEXOAHOM DPEXHUME BbI-
YyHCIsieTcsl ¢ HauOoJbIIell MOrpelHoCThi0, Obljla MPOBEICHA CEpUsl PacyeTOB
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B auamna3oHe u3MeHeHus ¢aszpl BkIroueHus ¢ = 0-180 rpagycoB c 1ma-
rom 15 rpamycos (puc. 3a, b). Kak BugHO U3 pUCYHKOB, OJIUH U3 BApUAHTOB yTia
BKJIFOUEHUS, NAIOMIMH HAUXyIIIMHA pe3ybTaT Uil 000uX anroputMoB ¢ = 0°,
MPUHAT IS JANbHEHIINX pacueToB.

50,5} . -
f, Ty
50,0

49,5 ]

49,0
0 30 60 90 120 150 ¢, rpap. 180

50,51 : : 5
f, Ty
50,0

49,5 i i i

49,0 i
0 30 60 90 1

i
i
2

0 150 rpap. 180

Puc. 3. Otnuns pacyeTHOH 4acTOTHI f OT HOMHHAIIBHON
IPH BKJIFOYEHHH CHHYCOUIAJIbHOTO CUTHANA ¢ Pa3InYHOM (a3oi ¢:
a — IIepBBIil aNroput™; b — BTOpO anropuTm

Fig. 3. Differences between the calculated frequency f and the nominal
frequency when a sinusoidal signal with different phase ¢ is applied:
a — first algorithm; b — second algorithm

CpaBHUBas pe3yibTaThl MOJEIMPOBAHMA, TPECTaBIeHHBIE Ha pHuC. 4 1 5,
MOXKHO YTBEpPXKAaTh, YTO TEKyMIas YacTOTa NMPH CHHYCOMAATHLHOM BO3JEUCT-
BHU ONPEJEINSIeTCs 0 000WM alropuTMaM MPaKTHYECKH OIWHAKOBO 32 BpeMs,
HE TmpeBblmaroniee | Nepuoa MPOMBIIIJIEHHON YacTOThl, U C MpUEMIIEMON
MIOTPEITHOCTRI0 pacdera. [Ipw HecHHYyCOMAAaNbHOM CHTHalle TOYHOE OIpese-
JIeHWE TEKyIIel YacTOTHl 3aTATMBAETCS Ha BpeMsl 3aTyXaHHs arephonde-
CKOHM COCTaBISIFOINEH, NMpUYeM 3HAYEHHS YacTOTHI 10 BTOPOMY aJTOPUTMY
COTIPOBOXKIAIOTCS 3HAYUTEIHHBIMH KOJEOAHUSMH TI0 CPaBHEHHUIO C TEPBBIM
ANTOPUTMOM.

K OOCTOUHCTBY BTOPOI'O aJIrOpUTMa CICAYET OTHECTU ITYCTh U HE3HAYUTECIIb-
HOC, HO YBCIWYCHUC GBICTPOﬂeﬁCTBHH Ipu CUHYCOHJAJILHOM BOSI[CI‘/'ICTBI/II/I B
nepexoaHoM pexxume. Ha puc. 6 mpelncTaBiieH yBEIUYCHHBIN (parMeHT 3aBUCH-
MocTH f{¢) ipu yriie BkirodeHus ¢ = 45°, Kak BUJIHO U3 PUCYHKA, ITOCIIE KOPOT-
KOr0 3aMbIKaHUs B MOMEHT BpemeHHu ¢ = 0,1 ¢ Bpems ompejeneHus TeKyuiei
YacCTOTHI f, IO BTOPOMY aJITOPUTMY HECKOJIBKO MEHBIIE, UeM BpeMs OIpeaese-
HUS YaCTOTHI ¢; 110 TIEPBOMY QJICOPUTMY .
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Peocum 1. CuayconmanbHBIA CUTHAI
a

10 | i
0 0,1 0,2 0,3 0,4 t,c 0,5

50,0
ST
49,8

49,6

494 ‘ ‘ ‘
0 0,1 0.2 03 04 tc 05

Puc. 4. a— BX0oqHON CHHYCOHIATBHBIN CUTHAI i(f); b — pe3y/IbTaThl ONpeaeneH s 4acTOTHI f{f)
Jutst iepBoro (kpuBas 1) 1 BToporo (KpuBast 2) alnropuTMoB

Fig. 4. a— input sinusoidal signal i(¢); b — results of determining the frequency f{¢)
for the first (curve 1) and second (curve 2) algorithms

Peoicum 2. CurHAN ¢ anleprOIUISCKON COCTaBIIMIONIEH
a

-
o
-4
=
I

0AA AN TAMY A A A
\VAAV) \% \VARVAR VARV

51,0
f,Ty
50,5}

50,0

0,1 0,2 0,3 0,4 tc 05

Puc. 5. a— BXOJHOU CHUTHAJ C alIEPHOJUYESCKON COCTABIAIONICH i(f); b — pe3ysbTaThl OnpeaeIeH s
9acTOTHI f{¢) 1u1st iepBoro (kpuBast 1) 1 BToporo (KpuBas 2) alropuTMOB

Fig. 5. a— input signal with an aperiodic component i(¢); b — results of determining
the frequency f{¥) for the first (curve 1) and second (curve 2) algorithms
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50,4 T .
l,0.e.l bz L b i
50,0 J’ Y.
2/’
17
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Puc. 6. Onenka OBICTPOIEUCTBHUS ANTOPUTMOB IIPU YTIIE BKIIOUCHUS ¢ = 45°:
KpuBas | — nepBblii arOpUTM; KpUBasi 2 — BTOPOU alllOPUTM; f;, — MOMEHT BO3HUKHOBCHUS
KOPOTKOI'O 3aMBIKaHUs; ¢ U t, — BpeMs OIPE/IEJICHHS YaCTOThI
10 IEPBOMY U BTOPOMY JIFOPUTMAM COOTBETCTBEHHO

Fig. 6. Evaluation of the algorithm performance at a switching angle of ¢ = 45°:
curve 1 — first algorithm; curve 2 — second algorithm; #,. — short circuit occurrence time;

t; and #, — frequency determination time according to the first and second algorithms, respectively

BbIBO/IbI

1. Pa3pa60TaHH 1 HUCCJICAOBAHbI (bYHKLII/IOHaIILHI)Ie AJITOPUTMbBI OLICHKU TC-

KyIIel 4acToThl B LU(POBBIX OpraHax pelerHON 3aIluThl Ul OpraHU3aluH
KOPPEKIMU YaCTOTHOW COCTaBIISIOLICH MOIPEIIHOCTH ONpelesieHHsT KOHTPOJIU-
PYEMBIX HHPOPMATMOHHBIX TApAMETPOB MPH YXOJI€ YaCTOTHl OT HOMHUHAJIBHOM.

2. CpaBHHTCJ’ILHBIfI AaHaJIN3 MOJIYYCHHBIX PE3YJIbTAaTOB, C YYETOM HPOCTOTHI

peanu3anuu, MO3BOJISET CUMTATh MPEANOYTUTENBLHBIM JIJIS OLIEHKH TEKYIIEH ya-
CTOTHI aJITOPUTM, OCHOBAaHHBIM Ha UCIOJIB30BAHUM TPEX MOCIET0BATEIbHBIX BbI-
OOPOK KaKIOH U3 OPTOrOHATIBLHBIX COCTABIISIOIINX CUTHATIA.
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Teopusi OMNOJSIPHOTO TPAH3UCTOPA
€ YUYEeTOM CTPOEHHUsI TBEPAOro Teja
U HAJINYHS OTPUIATETbHBIX HOHOB

Yacrtn 2

®opMHpOBaHHE YIEKTPUYECKOI0 TOKA CMELIEHHUS U BOJIbT-aMIIEPHOIl XapaKTePHCTHKH
B OUIOJISIPHOM TPaH3HCTOPE

JI. . T'peunxun’

YYO «Benopycckas rocyiapcTBeHHas akageMus csisi» (Muuck, PecriyGmika Bemapycs)

Pedepar. Monuzanuust oTpuIiaTeIbHBIX HOHOB B CTOJI0000Pa3HbIX ITyCTOTAX ONpPEEIIeTCs TeMIIe-
paTypoii, a TakxKe BHEIIHEH NPHI0KEHHON HANPSHKEHHOCTHIO AJICKTPUYECKOro moisi. Benencreue
HOHM3AIUN OTPHUIATEILHEIX HOHOB B 30HE IIPOBOJMMOCTH IOJTYIPOBOAHHKOBOM OCHOBBI 00pasy-
I0TCS CBOOOJIHEIE AJIEKTPOHEI 0e3 UX ABMKEHHMS C 00pa30BaHHEM TOKA IIPOBOAUMOCTH. Takue cBo-
00IHBIE PIEKTPOHBI B COBOKYMHOCTH CO3AI0T BHYTPEHHEE 3JIEKTPHUECKOE IOJIe, KOTOpPOe M3Me-
HSIETCSI U3-3a MPOLIECCOB MOHU3ALUH U peKOMOMHAIMU. V3MeHstommeecs 3IeKTpUIecKoe Moje co-
BeplIaeT KojaeOaHus B MH(PPaKpacHOH 00JIaCTH CHEKTPA, YTO SIBJISETCS NPHYMHON BO3ZHHKHOBCHUS
UIEKTPUIECKOTO TOKa CMEINeHWs. BennumHa TOKa CMEIEHUs OOYCIOBJICHA IPHJIOKEHHBIM
HaNpsHKEHHEM MEXTy SMHTTEPOM M KOJUIEKTOPOM, HO JOCTaTOYHO CIOXKHBIM oOpazoM. Omntm-
MaJIbHOE TIPUIIOKEHHOE HalpspkeHue coctaBisieT ~6 B. Ilpu 3ToM HampspkeHHM pacCUMTaHHBIN
NEKTPUIECKHH TOK B SIMUTTEPE JOCTUTaeT MUIIMAMIIED, a B 6a3e — MUKPOaMIIep, YTO COOTBET-
CTBYET JKCHEPHMEHTAIBHBIM JaHHBIM. HempepbiBHOE KoieOaHHME SJIEKTPHYECKOrO ITOJISI BCIEH-
CTBHE HOHU3ALUH U PEKOMOMHALNY OTPULIATEIBHBIX HOHOB B CTOJI0000PA3HOIT ITyCTOTE IPHBOJUT
K pa3orpeBy TpaH3HCTOpa MH(pakpacHbBIM m3aydeHneM. ONTHManbHBIE YCIOBHS PaOOTHI TpaH-
3UCTOpa pealu3yloTcs, Korja Ha 0a3y MoJaeTcsl IONOJHMTENbHOE HampshbkeHue 2,5-3,0 B.
Jlnst yMeHbIIeHNsT TeMIIepaTyphl pa3orpeBa TPAaH3UCTOPA CO3AAI0T MACCHBHBIN KOJUIEKTOpP, KOTO-
PpHlit 3a3emisieTcs.

KiroueBble €10Ba: TPaH3UCTOP, TOK IPOBOAUMOCTH, TOK CMELICHUS, BOJIBT-aMIEpHAs XapaKTe-
pHucTHKa

Jas uutupoBanus: ['peunxun, JI. M. Teopus OuMmomspHOro TpaH3UCTOpa C y4YETOM CTpOe-
HUS TBEPIOTO Tejla W HAINYMS OTPULATEIbHBIX MOHOB. Y. 2: dopMupoBaHHE IJIEKTPHYECKOTO
TOKa CMEIIEHHsI U BOJBT-aMIIEPHON XapaKTepUCTUKH B OunosipHoM Tpansuctope / JI. U. I'peun-
X¥H // Onepeemuxa. H38. gvicut. yueb. 3asedenuti u suepe. oowvedunenuti CHI'. 2026. T. 69, Ne 1.
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Theory of the Bipolar Transistor, Taking into Account
the Structure of a Solid and the Presence of Negative Ions

Part 2

Structure of a Semiconductor Solid Doped with Arsenic and Indium
L. I. Gretchikhin"

DEducational Institution “Belarusian State Academy of Communication”
(Minsk, Republic of Belarus)

Abstract. The ionization of negative ions in columnar voids is determined by temperature, as well
as by the externally applied electric field strength. Due to the ionization of negative ions in the
conduction band of the semiconductor base, free electrons are formed without their movement,
forming a conduction current. These free electrons together create an internal electric field, which
changes due to the processes of ionization and recombination. The changing electric field oscil-
lates in the infrared region of the spectrum, which causes the displacement current to arise.
The magnitude of the bias current is determined by the applied voltage between the emitter and
collector, but in a rather complex way. The optimal applied voltage is ~6 V. At this voltage, the
calcula-ted electric current in the emitter reaches milliamperes, and in the base — microamperes,
which corresponds to experimental data. Continuous oscillation of the electric field due to ioniza-
tion and recombination of negative ions in the columnar void leads to heating of the transistor by
infrared radiation. Optimal operating conditions for the transistor are achieved when an additional
voltage of 2.5-3.0 V is applied to the base. To reduce the heating temperature of the transistor,
a massive collector is created, which is grounded.

Keywords: transistor, conduction current, displacement current, volt-ampere characteristic
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BBenenue

DNEKTPUICCKU TOK (DOPMHUPYIOT CBOOOIHEIE IICKTPUICCKUE 3apsIbl B BHIIC
AJIEKTPOHOB, 3apsHKEHHBIX OTPUIATENBHBIM 3apsiioM. [lomaramu, 9ro B STOM
ClTydae 3JeKTPOIPOBOIHOCTh OMPEEINSIeTCs n-TIPOBOAMMOCTBIO, a TP HATHIHU
B OCHOBHOM ITOJIOKHUTEIBHO 3aPSHKCHHBIX «IBIPOK» 3JIEKTPOIPOBOIHOCTH SIBIIS-
eTcs p-MPOBOMMOCTBIO ¥ BO3HMKAET BCJIEICTBHE MOHM3AIMU aTOMOB'. IlepBoe
cepbe3Hoe 000CHOBaHUE PabOTHI Pa3HBIX IEKTPOHHBIX KOMIIOHEHT OBLIO OCY-
MIECTBIICHO B paMKaxX (u3HUKH TBepaoro tena [1]. [Tox melicTBHeM IpHIIOKEHHO-
TO DIIEKTPUYECKOTO TIONS AIIEKTPOHBI U TIOJOXHUTEIHHO 3apsDKEHHBIC «IBIPKI
CO3/1a0T AIIEKTpUIecKHuid TOK nmuddy3un u apeticda [2—4].

DNEKTPUYECKUH TOK, BO3HUKAIONIWMKA BeiencTsue auddysmm u apeiida,
MPOTHUBOPEYHNT OIMPEIEICHNI0, KOTOpoe OBIIO JaHO MaKCBEIUIOM Ha OCHOBaHHH
3aMMCaHHBIX MM YPaBHEHHH, OMHCHIBAIOIINX B3aWMOJEHCTBHE 3JEKTPUUECKUX
W MarHuTHelx noJjied. M3 ypaBHeHui MakcBemna clieyeT, 4To B IPUPOJIE
CYMIECTBYIOT TOJBKO JBa THIIA DJIEKTPUYECKUX TOKOB — TOK IPOBOJAMMOCTH
U TOK cMerieHus [5, 6]. Eciim BBOAWTH HOBBIC BHIBI DJICKTPHYECKHX TOKOB,

! YT06b1 HOHM30BATH aTOM ¢ SHeprueil normsauuu 10 5B u pamaycom 1 A, He06XOIHMO mpy-
NIOXHUTH BHEIIHee dexTpuueckoe mone £ = 10" B/m. Cosnats Takoe BHeIIHee MOJe IPOCTO He-
BO3MOXKHO. Toraa o Kakux MOJ0KUTEIbHO 3apPsDKEHHBIX «IbIPKaxX» UAET peub?
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TO HaJ0 pa3pabaThiBaTh MOJ[ 3TU TOKA M HOBYIO AJICKTPOJUHAMHKY C JIOKa3a-
TENLCTBOM, YTO TeOpUs MakcBesia MPOTHBOPEUUT MOTYUCHHBIM SKCICPHUMEH-
TaJbHBIM JaHHBIM. OIHAKO CIPaBEAIUBOCTD TEOPHH MaKcBellia dKCICPUMEH-
TaJbHO JIOKa3aHa BO BCEX CIIy4asx, B TOM YHCJIE€ U JJIA MOJYIPOBOTHUKOB
¢ mpumMecsiMu U 0e3 npumeceit [7].

Ha ocHOBaHWMM ypaBHEHHUH, MPEACTABICHHBIX MaKCBEIIOM, SJICKTPUICCKUN
TOK TIPOBOJAMMOCTH OMNPEIEIACTCS NBHKCHHUEM CBOOOJHBIX DJICKTPUYECKUX 3a-
PAI0B MIPEUMYIIECTBEHHO CBOOOIHBIX 3JEKTPpOHOB. Torna

I,=eny,S, (1)

TJIe e — 3apsill IEeKTPOHA; 7, — KOHIEHTPALUsl CBOOOHBIX 3JICKTPOHOB; V, — 1O~
JIBMDKHOCTD 3IICKTPOHOB; S — IJIOIMIAAb CEYCHHUS, Yepe3 KOTOPYIO JBHKYTCS CBO-
GOIHBIE FMEKTPOHBI; B MMEKTPOHMKE OHA cocTasisieT He Goee 100x100 mrm” [2, 3].

DJIEKTPUUYESCKUIA TOK CMEICHHUS SBISETCS MOTOKOM BEKTOpa CKOPOCTH H3Me-
HEHHS DJICKTPUIECKOTO TOJIsI Yepe3 HEKOTOPYIO MOBEPXHOCTH, T. €. 3]

oD
Jp = j )5, 4. )

rae D — BEKTOp DIIEKTPHYECKOTO CMEIIEHHsI, KOTOPBIA CO31aeTcsi CBOOOIHBIMH
ANEKTPUUCCKUMH 3aPsiIaMHU.

[lepeHoc 3HEpPrUM TOKAaMHM CMEIICHHS OIPEICNISIeTCSs BEKTOPOM YMOBa —
[TofinTHHTA, ¥ TOJBEKO B ATOM ClIydae BBITONHsCTCS 3akoH Oma [S]. Jlims ToxoB
npoBoauMocTH 3akoH Oma He BhIMonHSAETCA. [lo 3nekTpuveckwM MpoBOAaM
U ONTOBOJIOKHY MPOTEKAET TOJBKO TOK CMEIIEHHS M PacCHpOCTPaHICTCS IO IO0-
BEPXHOCTHU JIJIsl MPOBOJHUKOB U TIO I[CHTPAJILHOMY JUAJICKTPUKY ISl OIITOBO-
JokHa. [ToBepXHOCTHBIN CIOM Ka)KI0TO TBEPAOTrO Teja SBISETCS TUAJIEKTPUKOM,
[0 KOTOPOMY PaCIPOCTPAHSIOTCS TOKH CMEIIECHUS B BHUJE AIEKTPOMATHUTHBIX
BoyiH. Takoe ompeneneHue TOKy cMmeneHus Obuto 1ano Hukomnoit Tecna He3aBu-
cuMo oT MakcBeruia.

[ TpaH3uCTOpPOB pa3paboTaHBI /1Ba THUIA KOHCTPYKIWH — OUIOJSPHBIC U
noneBbie. [1o paHee cOpMUPOBAHHBIM TPECTABICHHUSIM B O0OHMX THITaX TpPaH-
3WCTOPOB UCHONB3YIOTCS N1Ba p—n Tepexona. Gopmupyrorcs oba nepexoaa Imy-
TEM JICTUPOBAHMSI OCHOBHOTO MOJIYPOBOHUKA Pa3HBIMH MPUMECIMH. Y Karojaa
Y aHO/Ia BBOJIAT OJMH THII MPHUMECH, a MEKAY HAMHU JIPYTOH THII, T. €. BO3HUKA-
10T JIBa BapuaHTa MPOBOJAUMOCTEH: n—p—n WIH p—n—p.

B OunonsipHOM TpaH3UCTOpPE BHEIIHWE MPOBOJHUKH O003HAYAKOTCS KOJUICK-
TOp — SMUTTED, a BHYTPEHHsI 007acTh — 0a3a. B moneBoM TpaH3KuCTOpE 3TO UCTOK —
CTOK, a BHYTPEHHSsSI — 3aTBOp. B anekTpuueckux cxemax o0a THIla TPaH3UCTO-
POB MOKITIOYAIOTCS K UICTOYHHKY TOKA B TpeX BapuaHTax: | — ¢ OOIINM KOJJIEKTO-
poM (uctokom); 2 — ¢ o01eit 6a30ii (3aTBOPOM); 3 — C OOIIIUM IMUTTEPOM (CTOKOM).

HauGonee vacto mpuMmeHsieTCs TPETHIl BapUaHT BKIIIOUCHWSI, TTOKAa3aHHBIM
Ha puc. 1. J{ig Takoro BapuaHTa BKIIIOUEHHS OHITOISIPHOTO TPAH3UCTOpa AKCIIe-
PUMEHTAIBHO TOJTy4YeHa BOJIbT-aMIIepHas XapaKTePUCTHUKA, KOTOpas MpHUBEIeHa
Ha puc. 2 0e3 yka3aHHs TOro, KaKhe MPUMECH U KAaKUM METOIOM BBOJUJIKCH
B KPEMHHEBYIO OCHOBY.
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N
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HACBILICHHST AXTHBHAS Is, MKA
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—C

T
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i 0 U U 0 b
Puc. 1. Cxema BKIIIOUEHHS TPaH3UCTOPa Puc. 2. CemeiicTBa BXOIHBIX (a) U BEIXOAHBIX (b)
C O0OIIMM DMUTTEPOM XapaKTePHCTHK OUITOJISIPHOTO TPaH3UCTOPA

Flg 1. Common emitter transistor B CXEMC BKIIFOUCHHS C OGH.[I/IM OMUTTEPOM

circuit diagram Fig. 2. Families of input (a) and output (b)
characteristics of a bipolar transistor
in a common-emitter circuit

Ilony4yeHHast BoJbT-aMIIEpHAsl XapaKTEPUCTHUKAa KPEMHHEBOI'O TPaH3UCTOPA
10 BUy COOTBETCTBYET BOJIBT-aMIIEPHON XapaKTEPUCTUKE KPEMHHEBOTO JHOAA
npu ero oOpaTHOM BKJtoueHHH [7]. OTauyre TONBKO B TaHTEHCE YIJla HaKJIOHA
Y B 3HAUCHHSAX MPHIIOKEHHOTO HATIPSHKEHUS MEXTy SMUTTEPOM H KOJJICKTOPOM.
VYTo5 HaKJIOHA ONpeNesieTcs COOTHOLICHNEM, KaKO MEXaHU3M MOHHU3ALMH SIB-
JSIETCSl OMPENeIONIMM BCIIEICTBHE BO3JCHCTBHUS TEMIlEpaTypbl WM BO3ACH-
CTBUS BHEIIHETO MPUIIOKEHHOTO 3JEKTPUIECKOTO TOIS.

B HacTtosiiiee BpeMsi B OUIIOJISIPHOM TpaH3UCTOPE 0a3y U30JIMPOBAIM U MOTy4H-
71 BMeCTO 0a3bl 3aTBOP, KaK y MoJeBoro Tpanzucropa. CremoBaTensHO, 00a THUMA
TPAH3KUCTOPOB PabOTAIOT HA OIHOM U TOM e (H3M4IecKoM mpuHLmIe. Mx ormmane
COCTOUT B pa3HOM KOHCTPYKIIMU HCTIOTHEHUS. OOYCIOBICHO 3TO TEM, YTO BO3HHUK-
HOBEHHUE 3JIEKTPHUECKUX TOKOB IIPOMCXOIUT HE BCIIEACTBHUEC HMOHM3ALUKM aTOMOB,
a BCJIEACTBHE HWOHHW3AIMU OTpUIATENFHBIX HOHOB [8—10], KoTOpBIEe 00pa3yroTcs
B TBEPAOM TeJle HA MOBEPXHOCTU KPHCTAUIA. YUHUTHIBas HOHU3ALMUIO OTpULIATEIb-
HBIX MOHOB, a TaKkXke IMporiecc (OpMUPOBAHUS TOKa POBOJUMOCTH M TOKa CMeTIIe-
HUS, 10 MaKCBeIUTy, pacCMOTPHM ITOIPOOHO TWHAMUKY PaOOTHI TPAH3UCTOPA C 00-
MM 3MUTTEpoM (cTokom). [t oGocHOBaHUs 00IIel TeOpHH PadOTHI TPAH3UCTOPA
JpYTYe TUIIBI BKIIOYEHHST MOYKHO HE pacCMaTpHBaTh.

UroObl BBISICHUTH AMHAMHKY pabOThI TPaH3HCTOpA MPH HAJTHYHH OTpHUIIA-
TEJIBHBIX HOHOB U MX MOHM3ALUHU, HEOOXOIUMO PEIIUTh CIECAYIOIINE 3a/1a4u:

— paccMOTpETh MpoLecC HOHU3ALMU OTPULATENBHBIX HOHOB MO ACHCTBHEM
TEMIEePaTyphl U MPUIOKEHHOTO BHEITHETO 3JIEKTPUIECKOT0 TOJIS;

— BBISICHUTb, I'/le U B KaKUX YCJIOBUSAX BO3HHMKAET TOK IPOBOAUMOCTH U TOK
CMEILLCHHUS;

— MPOU3BECTH PACUET BOJBT-AMIIEPHBIX XapaKTEPUCTUK OUMOJSPHOTO TpaH-
3UCTOpPA C OOLIMM IMUTTEPOM B CPABHEHHH C dKCIIEPUMEHTAILHBIMH JAHHBIMH.

OcHoBHAA YacTh

Honuzayua ompuyamenvHviX UOHO8 6 CHMOI0000PA3HBIX NYCMOMAX.
Kaxnpiii 57eKTpoHHBIN MpuOOp 00nagaeT cBoel XapaKTepHOW BOJbT-aMIIEPHOM
XapaKTEpUCTUKON. IIpUMEHUTENBHO K AHOAAM M TPaH3UCTOpPaM BOJIbT-aMIIep-
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HYIO XapaKTEPUCTUKY MPEACTABIISIN HA p—71 TIEPEXO0JIe C UCIIOIb30BAaHUEM JKC-
TTOHEHITHAIBHONW 3aBUCUMOCTH OT NPHIIOKEHHOTO HamlpsokeHus [2—4], 9To mpo-
TUBOPEYHT IKCIIEPUMEHTAILHBIM JTaHHBIM.

Jlna mepeBojia CBA3aHHOTO AJIEKTPOHA B OTPULIATEIbHOM HOHE Ha MOBEPXHO-
CTH KPHUCTaJUIa TOJTYIIPOBOJAHUKOBOH OCHOBHI B CBOOOIHBIH HEOOXOAMMO IIpe-
OJIIOJIETh JHEPTUI0 CBSI3M OTPHUIATEIIHHOTO HOHA C IMOBEPXHOCTHIO KpHUCTAaJUIa
B CTOJI0000PA3HOM IMyCTOTE

AE =AE, - E,, 3)

rae AE; — cMeleHne TpaHuIbl HOHU3AUK aTOMOB TOTYyIPOBOJAHUKOBOH OCHO-

BBI, KOTOpas OIpeleisaeT IPaHUIly Hadajla 30HBI IIPOBOAUMOCTH MOJIYIIPOBOJSHU-

KOBOTO KpHuCTaiia; £, — 9HEprus CpoACTBa aTOMOB IPHMECH, KOTOpPBIE Haxo-
JSITCS B 30HE MMPOBOJTUMOCTH.

Ilepexon (3) Ans oTpUIIATEIFHOTO HOHA

HE 3alpelleH, 1 OH B 30HE MPOBOAUMOCTH

- 3

1 BCJIEJICTBUE MOHU3AIMU TEPEXOANUT U3 CBS-
3aHHOTO COCTOSIHHSI B CBOOOJHOE COCTOS-
= Hue. OOpa3yromuiics MOJI0KUTENBHBIN 3a-
— PSR B Hauyase 30HBI MPOBOAUMOCTH CBOUM
1 2 TI0JIeM KOMIIEHCHPYET MOJe’, CO3IaBaeMoe
OTPULATEILHBIMA HMOHAMHU TIPUMECH, 4YTO

AE MOKa3aHo Ha puc. 3.

Puc. 3. ®opMUpOBaHHUE SIEKTPHUECKOTO BosnukHOBEHHE CBOOOIHBIX 3JIEKTPO-
IOJIs1 Ha IMTIOBCPXHOCTH KpUCTaJljla HOB IIpU HWOHU3AIUN OTPULATCIBHBIX
TOJTYHPOBOZHMKOBOM OCHOBBI NPUMCCAMH. o yop B 30HE MPOBOJMMOCTH 00YCIIOBJIE-
1 — cBsI3aHHBIC OTPULATEIBHBIC HOHEI, .
2 — cBOGOIHBIC OTPHIATEIBHEIC HOHBL; HO BO3ACUCTBHUEM TEMIICpATYPbl U BHECII-
3 — TOK CMEIICHHUS HCro JJICKTPHUYCCKOr'0 IIOJIA. CBO6OZ[HI>IC
Fig. 3. Formation of an electric field JQJIEKTPOHBI HAXOAATCA BBIIIE TPAHUIIBI
on the surface of a semiconductor crystal HOHHM3ALUK aTOMOB KPHCTajla IOJYIpo-
i ities: 1 — tive i ; v
by impurities bOllFld qega 1ve 1005, BOJHHUKOBOMU OCHOBBI. AHanornyHoe BO3-
2 — free negative ions; ~
3 _ displacement current Jeicteue onpezaeneHo B [7, 11] ana ato-
MOB IIPUMECHU B JUOZAaX, KOI'Ja BKIIFOYACT-
Ci 06paTHO€ BHCIIHECC JJICKTPHUYICCKOC IIOJIC. HpI/IMeHHTeHBHO K TpaH3UuCTOpaM
BEPOATHOCTH NEPEX0Ja 3JICKTPOHOB OTPHUIATCIIbHBIX HOHOB ITPUMECHU HA I'paHU-
€ MOJIYOPOBOAHUKOBOI'O KpHCTallla U3 CBA3AHHOI'O COCTOSHHUA B CB06OI[HOC
mona HCﬁCTBHeM BHCHIHCTO JJICKTPUYCCKOI'O MOJIA IpHU SaﬂaHHOﬁ TEMIICPATYpPC

onpenensiercs mo popmyie [117°

eAo : AE eAg :
,=[1- 2 |exp - RN @)

% 310 0YCHB BAXHOE SABJICHHE, C KOTOPHIM CTONKHYIIHCH BIIepBbIe. K 4eMy 9T0 HOBOE SIBICHHE
MOJKET MPUBECTH, KpOME pabOTHI TPAH3UCTOPOB, Ceifuac TPyIHO MPEIBUICTD.

> B [[aHHOM cllyyae pedb WIET O YHCTO aBTOMICKTPOHHOM DMHCCHH, 03 yueTa M3MEeHEHHs
TEeMIIepPaTyphl.
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Ha npocTtpaHcTBe NMpHUMECHBIX aTOMOB B BHJI€ OTPHUIATEIbLHBIX HOHOB HAJIO-
JKEHHOE BHEIIHEE 3JIEKTPUUECKOE MOJ€ HABOAUT Pa3HOCTh MOTECHLMAIOB BENU-
YUHOU

Ap=E,2r,. ()

HanpspkeHHOCTD anekTpudeckoro nons £, B paBeHcTBe (5) co3maeTcst Benu-
YUHOW HANpsHKeHHS, TPUIOKEHHOTO MEXOy JIMHTTEpoM M 0a3oil. OTHOCH-
TelbHasg IUAJIEKTpUUYECKas MPOHHUIIAEMOCTh KOHTaKTa MOJEKYJ aJIIOMMHUN —
KpEeMHUH U allFOMUHUNA — FrepMaHui MPU B3aUMOJIEHUCTBUU TPEXaTOMHBIX MOJIe-
KYJI BOKPYT CTOJI0000pa3HOi MycTOTH paBHa [12]

e = 32inSiPAl ©6)
" 3gkT

31ech paccMaTpHBaeTCA B3aMMOJCHCTBHE JBYX pasHBIX TPEXaTOMHBIX
MOJIEKYJI MOJIyTPOBOJHIUKOBONH OCHOBBI M AIIFOMUHUS; KOHIICHTPAIHS TUTOTh-
HBIX JJICKTPUYECKHUX MOMCHTOB I’lp TPEXATOMHBIX MOJIEKYJI KPEMHUA (I/IJ'II/I rep-
MaHUWs) W aTIOMHHHS BOKPYT CTOJI0000PA3HBIX IMYCTOT; Ps; U Paj — 2JIEKTpH-
YEeCKHUE JMIIOJIA aTOMOB KPEMHHUS M QTIOMHHUS (MM TePMaHHs U aTFOMUHHS);
€9 — aOCOIOTHAS UAJIEKTPUYECKAsk MPOHUIIAEMOCTh BakyyMma 1o 3ommepders-
ny; k, — mocrostHHas bonpnMana; 7 — TeMmeparypa TpaH3uCTopa.

3HaueHUe AMAICKTPUUYCCKOW MPOHUIAEMOCTH JUIsi KOHTAKTa AlOMUHHA —
KpPEMHHU W aJIOMAHUN — repMaHuil cocTaBuT & = 12,44 u g, = 8,29 cooTBeT-
cTBeHHO. HeOoubllioe oTianune JAMANCKTPUYCCKUX MPOHHIIAEMOCTEH OT 3Haye-
HUH, TOIYICHHBIX I TUOA0B [7], 00YCIOBICHO pa3HBIM pa3MENICHHUEM DIICK-
TPUUYECKUX TUTOJIEH B TIEPBOM M BO BTOPOM CITyJasX.

I[JI;I TPAH3UCTOPOB MaJCHUC HAIIPS)KCHHA Ha aTOMax IMPUMECU BHYTPU CTOJI-
0000pa3HOii MTyCTOTHI COCTABUT

Ap=U—rTa 7)
€, (rAl + rSi(Ge))

Ecnu pasnocts noteHnuanos (7) yMHOXKHTD Ha 3apsii SJIEKTPOHA, TO IOJTY-
YUM SHEPTHUI0, KOTOPYIO OTPULATEIbHBIA HOH NPUMECH NPHOOPETAeT OT BHEIL-
HETO MPHUJIOKEHHOTO AJIeKTpudecKoro moisi. Ecnu ata sHeprust Oyaer paBHa Win
OonplIe HEPTUM CPOACTBA OTPHULATEIBHOIO MOHA IPHUMECH, TO NPOU30HUIET
MOHM3aLHA OTPULATENEHOTO MOHA U AJIEKTPOH NMepenIeT U3 CBA3aHHOTO COCTOsI-
HUS B CBOOOJTHOE, T. €. BBIIOJIHSAETCS YCIIOBHUE

eA9>E,. (8)

Ycnosue (8) repmaHmii — MBIIIBIK ¥ KPEMHHNA — MBIIIBSK TOJKHO BBITION-
HATBCSI COOTBETCTBEHHO IPH MPSAMOM MpHIIOkKEHHOM HampsbkeHun 3,50 u 3,36 B,
a JUIsl KOHTAKTOB I'€pMaHui — MHIUN U KPEMHMM — MHAWN TIPUJIOKEHHOE HaIps-
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skenue cocraBut 0,630 u 0,637 B. Ilpu momaue Takux HaNpsHKEHUN BHEITHEE
JIEKTPUYECKOE I0JIe CO BPEMEHEM HE HM3MEHSETCS W JJIEKTPUYECKHH TOK BO
BHEIIHEW OJJIEKTPUYECKON Iienu OyJer o0iafaTh TOCTOSIHHBIM 3HaueHHUEM.
B TpaH3ucTtope Takux KOHTAaKkTOB 1Ba. [l03TOMy MakcMMalbHOE HAIpSHKCHHE,
IoJaBaeMoe Ha TPaH3UCTOp, cocTaBisieT: ~8,26 B — ¢ repmaHmeBoil OCHO-
BOH, ~7,99 B — ¢ KpeMHUEBOI OCHOBOIL

Kpome sToro, HeoO6x0quMo 00eCTIeYHTh ellle OYeHb BasKHOE ISl TPAH3HCTO-
pPOB ycioBHe. DIIEKTPHUECKHE TOKH, (hOpMUpyeMBbIe OTPUIIATENFHBIMA HOHAMHU
MBIIIBAKA ¥ UHANSA, CYIIECTBEHHO OTIINYAr0TCS. YTOOBI 3TO yCTpaHUTh, HEOOXO-
MO 00eCTIeUUTh JOCTaTOYHYIO pa3HOCTh BO BPEMEHHU B TPOLIECCE JICTHPOBAHUS
MBIIIBIKOM W WHIUEM. Bpems JerupoBaHMS MBIIIBIKOM JOJDKHO OBITH 3HAYH-
TENPHO MEHBIIE BPEMEHH JIETUPOBAHUS WHAWEM. OJTH BpEeMeHa HSKCIEpUMEH-
TaJIBHO ONPE/Ie/IEHBI, HO ONITHMAEHOE COOTHOIIIGHHE OCTACTCS HEsICHBIM ',

OO6pazoBaHue OTPUIATENFHBIX HOHOB B 30HE MPOBOJWMOCTH MOIYTIPOBOJ-
HUKOBOW OCHOBBI NPHUBOAHWT K BOSHHKHOBEHHUIO MEPEMEHHOTO DJIEKTPHYECKOTO
MOJISt BHYTPH CTOJI0000pa3HOM IMyCTOTHI, a MPH HAIMYHHU TaKOTO MOJISI BOSHUKAET
ANEKTPUIECKHUI TOK CMEIICHUS BJIOJIb TIOBEPXHOCTH MOTYIIPOBOIHIUKOBOH OCHO-
Bbl. ClleioBaTenbHO, B TPAH3UCTOPAX BO3HUKAET TOJIBKO DIIEKTPUYECKUI TOK
CMEIIEHHs ¥ PacIPOCTPAHSAETCS ITOT TOK MEXIY TOBEPXHOCTAMH KPHCTAIIOB
ATIOMHUHAS W TIOJTYIPOBOJHUKOBOW OCHOBBI. [l03TOMY TpaH3MCTOpPHI M3rOTOB-
JSIFOT TaK, YTOOBI KOHTAKTHI AIIOMUHHUS HA AIMUTTEpe, 0a3e M KoJUIeKTope (UCTO-
Ka, 3aTBOpa M CTOKA) pacIioyiarajrch Ha OJHOM MOBEPXHOCTH HaJl MOJIYTPOBO/I-
HHUKOBOW OCHOBOH C TPUMECAMH.

Bo3nuknoeenue nekmpuueckozo moka cmeuieHus ¢ OUNOIAPHOM MPAaH-
3ucmope. O01Aas KOHCTPYKTHBHAS OCOOCHHOCTh TPAaH3UCTOPOB NpH AU Dy3H-
OHHOM JIETHPOBAHUH TIPUMECEH Toka3zaHa Ha puc. 4. MOHOMOIEKYJISIPHBINA CITOMH,
JIETUPOBAHHBIN MBIIIBSIKOM, IPUCYTCTBYET BO BCEX CTOJIO000pa3HBIX MyCTOTaX
10J] KOJUIEKTOPOM, 0a30i M IMUTTEPOM, a JOTIOJHUTEIHHO UHIUIN — TOJIBKO 1O/
KOJUIEKTOPOM U 3MHTTEpOoM. Korma HaHOCHTCS M3TOTOBJICHHAS TUIACTHHA TIOJTY-
MPOBOJHHMKA Ha MOBEPXHOCTHb ANIOMUHHEBBIX DJIEKTPOJOB, MOJIEKYJISIPHBIE TO-
BEPXHOCTH CHETUISIFOTCS CBOUMH MOJICKYJIaMH TaK, 4T0 0Opa3yeTcst oomias CToJ-
0000pa3Has mycToTa.

Mornekynbl B cTon0000pa3HBIX MyCTOTax Ha KpHCTAJIE MOIXYyHpPOBOAHUKA
pacnagaloTcsl Ha aTOMBI, KOTOpPbIe, B3aUMOACUCTBYSl C KPHUCTAJUIOM IOIYIIPO-
BOJHHKA, MPEBPAIIAlOTCS B OTPHUIATEIbHBIE MOHBI. DHEPreTHYECKH MPUMECH
OTPHULATETHHBIX MOHOB MBIIIBSAKA M WHAWSA HAXOHSTCS Ha TPAHULE CMEICHHS
SHEPTUU HOHU3AIMH aTOMOB TIOJYIPOBOJHUKOBON OCHOBBI, 32 KOTOpPOH 00pa-
3yeTcs 30Ha MPOBOAMMOCTH KpHCTAIa MONYNpOBOAHWKA. Ha ocHOBaHHH
SHEPTEeTHUECKONW CXEMBI PACIIOJIOKEHHS TPHMeEce B CTOn0000pa3Hoil mycTo-
Te [13, puc. 9] cMenieHne TpaHUIBI MOHU3AIIMM aTOMOB KPEMHHUS M T€pMaHHS

* B pesyiIbTaTe TEXHONOTHS MPOM3BOICTBA WHIIOB [N MHKPOCXEM DEATHM3YEeTCS HA YPOBHE
HUHTYHUINN.

> PaHee 1oJ1araiu, 4ro CBOOOIHbIE IEKTPOHbI B 30HE IIPOBOAMMOCTH CO3JIAI0T TOK IPOBOIH-
MocTH Benencteue aupdysun. Takol dIeKTpUUeCKHil TOK B NPHUHLHUIIE HEBO3MOXKEH, TaK Kak
3JIEKTPOHBI BHYTPU KPUCTAJIIA IBUTAThCS HE B COCTOSIHUU.
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COCTABJISICT IIHPUHY 30HBI MPOBOJUMOCTH COOTBETCTBEHHO IS MBIIIBSIKA H
repmanus 1,158 u 0,829 3B.

10 9 8

Puc. 4. O6uwmii Buz cTon6000pa3HbIX MyCTOT HAa Pa3HBIX 3JIEKTPOAAX
MIOJTYTIPOBOAHUKOBOT'O TPAH3UCTOPA: 1 — KPUCTAILT MOIYTIPOBOIHHKA; 2 — ATOMBI HHANS;
3 — KpUCTa/LI KOJUIEKTOPA; 4 — KprucTat 06a3sl; 5 — KPUCTAIT IMUTTEpa (ATIOMUHUHN);
6 — MOJIEKyJIbl Ha KPUCTAJIIE IEKTPOAOB U3 aTIOMUHHS,;

7 — MOJIEKYJIbI Ha TIOBEPXHOCTH KPUCTAJUIA MIOJTYIIPOBOIHUKOBOM OCHOBBI;

8 — aTOMBI MblILIbsAKA B CTOI0000PA3HBIX MyCTOTAX MOIYIPOBOAHUKOBOIT OCHOBBI;

9 — mpocnoiika u3 quanekrpruka Al,O3; 10 — 37eKTprUUecKuil TOK CMELeHHs

Fig. 4. General view of columnar voids on different electrodes of a semiconductor transistor:
1 — semiconductor crystal; 2 — indium atoms; 3 — collector crystal; 4 —base crystal;
5 — emitter crystal (aluminum); 6 — molecules on a crystal of aluminum electrodes;
7 — molecules on the surface of a semiconductor crystal; 8 — arsenic atoms in columnar voids
of the semiconductor base; 9 — npocioiika u3 andnexrpuka Al,Os dielectric layer;
10 — electric displacement current

Urto6b!I moyYnTh CBOOOIHBIE AIEKTPOHBI B 30HE TIPOBOJIMMOCTH TPH MOHH-
33U OTPULIATSIIbHBIX HOHOB MBIIIbLIKA HA OCHOBAHUHM YHEPIeTHYSCKOW CXEMBI
pacnonoxxennst npumeceit AE =1,158-0,80=0,358 B cTombooOpa3HOi TycTO-
Te, HeoOX0oaMMO TIpeoosieBath 3Hepruio 0,358 5B, a nmpu noHM3aNUKM WHIUS —
sHepruro 0,858 5B. AHamorn4yHo s repMaHUs 3TH BEIMYUHBI COCTaBJIS-
o1 0,029 u 0,529 »B. Otcioga crnenyer, 4yTo sl KPEMHUEBOTO TPAH3UCTOPA
MBIIITBSK B AMHUTTEPHON 30HE CO3/aeT 3JIEKTPOMArHUTHOE HW3JIy4YeHHE YacTo-
TO#t Vv, = 8,656 - 10" 'y, a muamit v; = 1,279 - 10" I'u. B repMaHneBOM TpaH3H-
CTOpE COOTBETCTBEHHO Vv, = 7,012 - 10T u v; = 8,656 - 10" ', B o6oux ciy-
yasx 3TO Iuana3oH WHpaKpacHOro u3inydeHus. Hanmbompimas MOITHOCTE H3ITY-
YeHHUs BO3HUKAET B SMUTTCPHOU 30HE. BO3HUKIIMI MOTOK MOUIHOCTH HH(ppa-
KpPacHOTO U3TYYCHHS B COOTBETCTBHUH C PHC. 2 MOXKET PACIPOCTPAHATHCS TOIBKO
B HANpaBJIICHUU OT SMUTTEpa B 0a3y MEXIy MOIYMPOBOIHUKOM U allOMUHHE-
BBIMH DJIEKTPOJAMH W MPEUMYIIECTBEHHO BJOJb ATFOMHHHUEBHIX AIIEKTPOJOB IO
TJIMHO3EMHOMY TIOKPBITHIO. [ JIMHO3EM HCIIOJIb3YETCS B KayeCTBE AMIJICKTPUKA
MEXIy JJIEKTPOJaMU M TIOSTOMY HE SBISIETCS NPENSATCTBHEM I PacipocT-
paHeHHs 3JIEKTPOMArHUTHOTO HW3NY4YEHHs] B 30HaX KOHTaKTa SMHTTep — 0Oaza
u 0aza — koyekrop. Korma Ha 6a3y monmaercsi HampsbkeHHe, paboTaeT He MoJ-
HBII pa3Mep 0a3bl, a TOJIBKO ee 4YacTh. HackllleHHas 4acTh B KOHTaKTE SMUT-
Tep — 0a3a u oOeqHEHHAs YacTh B KOHTAaKTe 0a3a — KOJUIEKTOP HCKIIOYAFOTCS
u3 paboThl 6a3el. B aToM 3akirouaercs addekr Spmm.



JI. U. I'peuuxun
42 Teopust OUTIOISIPHOTO TPAH3UCTOPA C YIETOM CTPOCHUSI TBEPJOro Tea U Hajauuus... . 2

[TonHoe BO30Y X aeHHE MPUMeCEN MBINIbSIKa Ha OCHOBE KPEMHUS POU30HUIET
npu temneparype ~4152 K, a Ha ocHoBe repmanus ~336 K. CnenoBarenbHo,
TPaH3UCTOPBI HA TEPMAHNUEBON OCHOBE JOJKHBI Pa0OTaTh IIPU TEMIIEpaTypax He
Beime 63 °C. B pesynbTare mpu JUIMTEIbHOH pabOTe MPOUCXOAMT Pa30rpeB
JNEKTPUYECKON CXEMBI U TepMaHHUEBBIN TPAaH3UCTOP Ha MU3MEHEHHE TeMIlepary-
pel He pearupyeT. DPpdekTuBHOCTH PabOTHI TE€pPMAHMEBOrO TpaH3HCTOpa He-
CKOJIbKO yxyamaercs. [loaToMmy repMaHueBbI TPaH3UCTOP MPUMEHSETCS B pei-
KHX CITy4asiX U U3rOTaBIMBAETCA B OTPAaHUYECHHBIX KOJINYECTBAX.

Ha ocHOBaHMM DKCIEPUMEHTANIBHBIX AAHHBIX MIOJIATAIOT, YTO B 30HE SMUTTE-
pa KOHILEHTPAIHs aKLENTOPHbIX npumMeceii nocturaer 10'7 — 10" cm >, a B Gaze
KOHIIGHTPALHS JOHOPHO# mpumecH coctapmsier 10" — 10" cm™. B paccmarpusa-
€MOM BapHaHTE C YYETOM CTapoil TEpMUHOJOTHMHM aKLENTOpHass MPUMECh —
3TO MHAWI U NOHOpHas mpumech — MblmbiK. Ha mnomanu 100x100 MKM cO-
nepxutcs 1,342 -+ 10° cT016000pasHBIX MycTOT. MBIUIBAK 3aMOMHAET TONb-
ko 10° mycror. Toraa 107 MyCTOT, KOTOPbIE 3arONHEHbI HHIUEM, [0 CPABHEHHIO
C Joyel MyCTOT, KOTOpBIE 3aIlOJIHEHBI MBIIIBIKOM, COCTaBHT HPUMEPHO Y =
=1,342 -10*. B 0oTCyTCTBHE JIOMONHUTEIBHOTO CUTHAA Ha 6a3e dIeKTpUYECcKHit

TOK B 0a3¢ JOJKEH COOTBETCTBOBATh AIEKTPUUIECKOMY TOKY B SMUTTEPE.
Crenyer yIUTHIBAaTh HE TOJBKO TO, KAK COOTHOCSITCS TUIOMIAIH 3aII0THEHHBIX
CTOJI0000Pa3HBIX MYCTOT C PA3HBIMHU MPUMECSIMHU, HO U UX MOIIHOCTH, KOTOPBIC
3aBUCAT OT BPEMEHH XKM3HU BO30YKIACHHOTO cocTosHUA. OTHOIIEHUE dTUX Bpe-
MEH KH3HU BO30YKIIEHHBIX COCTOSIHUN PaBHO OTHOIICHUIO WX HEPTUN BO30YXK-
neHus. V3 sHepreTHuecKoi CXeMBbl PacIojIoKeHUS MpuMeceil B ¢cTo0000pa3Hoit
MIyCTOTE CIIEYET, YTO TAKOE€ OTHOIIICHUE BPEMEH >KM3HU WHIUS U MBIIIbIKA CO-
CTaBIsIeT IJIs KpeMHueBoro TpaHiucropa 0,868/0,358. CremoBaTenbHO, s

KPEMHHEBOTO TPaH3KMCTOpa HoTydaeM > PeKTHBHOE 3HaYeHHe y ~ 3,254 -10%.

VYObUTE OTpHLIATENHLHBIX HOHOB B 30HE MPOBOJIUMOCTH BBEJICHHBIX NpUMecei
Ha TIOBEPXHOCTb I'€pMaHMsl WM KPEMHHS HEMPEpPBIBHO BOCIOJHAETCS MyTeM
CIIOHTAHHOI'O MEPEX0AA NEKTPOHOB OTPULATENIBHBIX HOHOB B HCXOIHOE COCTO-
SIHWE, T. €. Ha TPaHUIly Iepexofa MEXIYy pacHpelesieHHEM UX IO 3HEprusiM B
KpUCTajule repMaHus WM KpeMHUs. KonnuecTBo OTpHLATENbHBIX HMOHOB Ha
YpOBHE CMEIEHHON IPaHUIbl HOHU3AIUU aTOMOB MOJYTPOBOJHUKOBON OCHOBBI
OyZIeT HaXOAWTHCS B CB3aHHOM COCTOSTHHH ITOCTOSTHHO.

Hexotopas nonis oTpuLaTeNbHBIX HOHOB IPUMECH MOJ ACHCTBUEM TEMIIEpa-
TYpHl ¥ TIPUIOKEHHOTO BHEIIHETO 3JEKTPUYECKOro o Oyaer mpeOsBaTh Ha
YpOBHE 3HEPTHH CPOJACTBA, KOTOPHII HAXOAWTCA B 30HE MPOBOJUMOCTH IOIY-
MIPOBOAHHUKOBOI OCHOBBEL. B 3TOM ciy4yae MOHHM3alUs OTPULATENBHBIX HOHOB
MIPOUCXOANT CaMOIIPOM3BOJIIBHO, YTO TMpPHBENET K 0Opa3oBaHHUI0 CBOOOIHBIX
3JIEKTPOHOB B 30HE MPOBOAMMOCTH. CBOOOAHBIE JIEKTPOHBI, HAKAIUIMBAsICh Ha
YPOBHE 3HEPTUM CPOACTBA, OyIyT CaMONPOM3BOJBLHO BO3BPALIATHCS OOpaTHO.
[Ipu 3TOM BO3HUKAIOT 3J€KTPOMArHUTHBIE BOJIHBI, KOTOPBIE PACTIPOCTPAHSIIOTCS
BJI0JIb ITOBEPXHOCTH KPUCTAJUIA IOJYyIPOBOAHUKOBOM OCHOBBI M aIIOMUHUSA, CO-
31aBas TOK cMelleHus. PaHee mojaranu, 4yTo HE OTpUIATENbHBIE WOHBI, a CBS-
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3aHHBIC 3JICKTPOHBI ABJISIOTCS TSDKEIBIMEY, & CBOOOIHBIC DIIEKTPOHBI SIBIISIOTCS
«ISTKAMU» ¥ OHH OTJIHYatoTcs mo macce’ [2].
HanpsbkeHue Ha TpaH3UCTOP MO- l

JaeTCsl TONBKO OJHOTO HarpaBiie-
HHUS OT SMUTTEPA K KoJuieKkTopy. Jis
o0Imiei IIonman MoIynpOBOJIHUKO-
Boro kpucramia 100x100 Mk’
VIOPOCTHM  KOHCTPYKIIMIO TPaH3U-
CTOpa W MPEJICTABUM B BHJIE, IPUBE-
JEHHOM Ha puc. 5. DKclepuMeH-
TadbHO JOOMBAIOTCS, YTOOBI IIUPH-
Ha 0a3pl cocraBiana [, =25 MKM.

Bup no crpenke
Kaxnast anmexkTpuuecku 3apspKeHHas e oEm o

Majiad MO0 HIMPUHC IMOJIOCKA CO34acT I < ® 9
HEOAHOPOAHOC DJJICKTPUYCCKOEC TII10-

€. YUToOblI co31aTh OAHOPOAHOE TIO- Puc. 5. OBumii BiA GUIONAPHOTO

JIe, HEOOXOIMMO IIAPUHY TIOJIOCKU TpaH3UCTOpa cBepxy: | —amutTep; 2 — O6asa;
JOBOJIMTH O 3HAYCHUS ~25 MKM H 3 — rIMHO3eMHas IPOCIIOiKa; 4 — KOIIEKTOP
Gomee’. ITosTOMy MHHUMAJIBHBIN Fig. 5. General view of a bipolar transistor

from above: 1 — emitter; 2 — base;

asMEp SMUTTEpPa CICAYECT NPUHATH .
p P P y P 3 — alumina layer; 4 — collector

Sy = 25x25 mkm’. Ilupuny nsomnu-
pytoumx nojioc rauHo3zemMa Al,O; Mexy allOMUHHEBBIMHU SJIEKTPOJAMH J0CTa-
TOYHO peann3oBaTh ~2 MKM. Torma pasmep 6asel cocTaBuT S, ~ 2075 MM,
a pasMep KoJuteKTopa S; ~ 7300 MxM’.

Hanpspxenne nmomaercst ot aMuTTEpa K KOJulekTopy. Ha meTanie monaBaemoe
HanpsKeHHE CO3J1aeT HKBUIIOTEHIMAIBbHYIO MOBEPXHOCTh. lloryiomenue snek-
TPOMAarHUTHOI'O W3Iy4YEHHUS BO3HHUKAET TOJIBKO Ha TJIMHO3EMHBIX AUAJIEKTpUYe-
CKHX BcTaBkax. OOmias JyIMHA TIIMHO3EMHBIX BCTAaBOK B pacCMaTpHUBAaeMOil KOH-
cTpykumu (puc. 5) coctaBnsier 187 mMkMm, a oOpamiieHHe SMUTTEpa objagaer
uHON 79 MkM. [losroMy maseHue oOIIEro moaaBacMoro HaNPSHKEHUS MEXILY

SMUTTEpPOM U 0azoi coctaBuT: AU, :%U ~0,42U, a mexnay 6a3o0il u KO-

aekropoM AU, =0,58U. YuutbiBasg yciaoBue (1), onTHMalbHOE HaIpsDKEHHE
MEXJly KOJUIEKTOPOM M SMHUTTEPOM HE JOJDKHO MpeBblaTh ~6 B, T. . Ha Koi-
JIEKTOpE HaNpsDKEHUE PaBHO HYJIO, @ Ha 0ase MpH BHEIIHEM HanpsbkeHun ~6 B,
310 cocTaBuT 3,48 B. CoOTBETCTBEHHO B 30HE DMHUTTEpA IMaJICHUE HATIPSHKCHUS
cocraBut 2,52 B, uro menee npenensHoro (3,26 B). B pesynbrare ycnosue (6)
HE HapyIaeTcs.

VYpoBeHb 3HEPruM CPOACTBA OTPHUIATEIILHOIO MOHA MBIIIbsIKA U MHIUS Ha
MOBEPXHOCTH T€PMAaHMs WM KPEMHHUS HaXOAUTCS B 30HE IPOBOAUMOCTH 3THX
KPUCTAUIOB W O0JIaJaeT dJHEeprueidl CBs3M, PABHOW CMEIICHHIO IOTEHIIHANa
MOHM3AllMM aTOMOB KpHCTajsla MOJYNPOBOAHMKA. JJIT aTOMOB KpPEeMHHS 3TO

8 DnexTpon sBIsETCSH DyHIAMEHTANBHOMN YACTHIEH, I IOITOMY Pa3HBIX SIEKTPOHOB B IPHPO-
Ji¢ He CYILECTBYET.

7 Y IMBUTENBHO, UTO TEOPETHUECKH 3apsKEHHAs MOJOCKA JICHCTBUTENBHO CO3/IaeT OHOPOJI-
HOE I10JIe TIPH IIHpHHE 25 MKM u Goree.
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OTpHUIaTENbHBIN ypoBeHb sHeprun 1,158 3B, a s atomoB repmanus 0,829 3B.
Takoii »Hepruel OTpPUIATEIbHBIC WMOHBI CBS3aHBI C aTOMaMU KPHUCTaslIa
MOJyTIPOBOJTHIKA HAa €ro IMOBEPXHOCTH BHYTPH CTOJIO00Opa3HOW MYCTOTEHI.
ATOMBI TIpUMECH MBIIIbIKA W WHAWS OONAJal0T dHEpPrHeld CpOACTBa COOT-
BerctBeHHO 0,8 m 0,3 5B [14]. UT0oOBI ATH OTpUIIaTEIHHBIC HOHBI TIEPEBECTH
B 30HY IIPOBOAMMOCTH, HEOOXOAMMO 3aTpaTHTh pPaboTy. 3HAUCHHS ITUX PabOT
npuBeneHsl Ha puc. 9 B [13].

OTpunarenbHbIle HOHBI ATOMOB MMPUMECH HAXOJSATCS Ha TPAHHIIE 30HBI MPO-
BOJAMMOCTH KPUCTAJUIa KPEMHUSI MJIM TePMaHusl, a UX BO30YKACHUE C IEPEBOIOM
B 30HY NPOBOJUMOCTH IPUBOJIUT K OOpPa30BAaHHIO CBOOOIHBIX JIJIEKTPOHOB.
CB00OOHBIE 3JEKTPOHBI BOZHHKAIOT BHYTPU 30HHI MpoBoauMocT. CoBepriaTh
IBIKCHWE BHYTPH KpHUCTaJZla OHM HE MOTYT, HO BHYTPH CTOJO000pa3HOM
IMyCTOTHl (POPMUPYIOT BHEITHEE DIIEKTPHUECKOE IMosie. Takoe Toje M3MEHSIETCs
BO BPEMEHH BCJIEICTBHE CIIOHTAHHOTO MEPeX0/ja Ha OCHOBHOM YPOBEHb SHEPTHH
30HBI POBOAMMOCTH, MIPEBPAIIasICh B CB3aHHBIC AIEKTPOHBI. OmbITamu DiixeH-
BaJibJla YCTAHOBJICHO, YTO BOKPYT M3MEHSIONIETOCS BO BPEMEHHU dJIEKTPHUIECKOTO
MOJISl BO3HUKAET M3MEHSIONIeecs] MarHUTHOE TIoie, T. €. (QopMUpyeTcs AIeKTpo-
MarHuTHas BOJTHA.

DNEKTPOMarHuTHBIE BOJIHBI B CTOI0000pa3HOM MyCTOTE MEPEHOCIT IHESPTUIO
BeKTOpoM YMoBa — [loliHTHHIa B BUJE TUIOCKOM BOJIHBL. B 3TOM ciiyyae cpenHee
3HAYEHHE TOTOKA IHEPTUU DJIEKTPOMATHUTHON BOJIHBI B OTIENBHON CTOI0000-
pa3HOM IyCTOTE PaBHO [6]

(11)

3[[60]) HAIIPsS2KEHHOCTL DJICKTPUYCCKOTI'O ITOJIA E; CO34a€TCAA HC BHCIIHHUM

MPUIIOKEHHBIM TIOJIEM, a TIOJIeM BO30YKICHHBIX CBOOOHBIX JIEKTPOHOB BCIIE -
CTBHE CaMOIPOU3BOJIHLHON MOHU3AIUU OTPULIATEIIEHBIX NOHOB B 30HE MPOBOJIH-
MOCTH, (hOpMHUPOBaHUE KOTOPOTO MTOKA3aHO Ha pUC. 5.

[MoBepxHOCTHAS KOHIICHTPAIMS OTPHIIATEIHLHBIX HOHOB B 30HE MPOBOJAUMO-
cTi (popMHpyeT 3apsKEHHYIO TUIOCKOCTh. [Ipoiiecchl BO30YKACHUS U CIIOHTaH-
HOTO TMEePEeX0/ia CO3/IAI0T HENpPEPhIBHOE KoJcOaHne HAaBEICHHOW HANPSKEHHOCTH
JNIEKTPUIECKOTO MOJIsA. B KOHEYHOM MTOre CO371aeTCs TOK CMENICHUs. Bennunny
aAMIUTUTY]IbI HABEICHHOW HAIPSIKEHHOCTH 3JIEKTPUYECKOTO IMOJISI BHYTPH CTOJ-
0000pa3HOM ITyCTOTHI MPEACTABUM B OOIIEM BHIE CICAYIONINM 00pa3oM:

pre— N (12)
2’TERSi(Gc)SrEO

3nechk eN, — TIOTHOE KOJIMYECTBO aTOMOB IPHMECH B CTOJIO00Opa3HOU IIy-
CTOTE B BUJIC OTPHUIATEIILHBIX HOHOB; JIJIS MbItbsika N, = 3, a juist uHgus N, = 2;

8‘1 — BCPOATHOCTDb B036y)K,[[6HI/I$I OTpHULATCIIbHBIX MOHOB aTOMOB IIPUMECHU Ha

rpaHMLIE 30HBI MPOBOIMMOCTH, KOTOpas omnpezeinsercs ¢popmynoil (2), nmpeono-
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JeBast SHEPTHIO CBSA3U C TOIYNPOBOAHHKOBBIM KPUCTAILIOM; RsiGe) — P dexTus-
HBIH pajuyc CTOI0000pa3HOW MYyCTOTHI HA MOBEPXHOCTH KPHCTAIIA KPEMHHUS,
KOTOpBIiT HA OCHOBAaHHH puc. 3 paseH 1,54 - 10 m. Jlnst cTon6ooGpasHoii mmy-
crotel €, =1. B ypaBuenun (4) temneparypa I, ABIS€TCS TEMIEPATYyPOM dIIEK-

TPOHHOTO Ta3a, KOTOpas Ha pa3HbIX T'paHHUIlAX Iepexoia MOXKET HECKOJIBKO OT-
JTUYAThCS OT TeMITepaTyphl Kopiryca Tparsuctopa [20]. B psae cirydasx 3To cire-
JIyeT YYUTHIBATh.

Hcnone3yst Teopuio pasMepHocTeil Ha ocHOBaHUU Gopmyisl (11) ¢ yuetom
3aKOHA TIOJIHOTO TOKAa PE3yNbTUPYIOMMHA d(HHEKTHBHBIA JIIEKTPUUECKUA TOK
CMEILEHUS CIIEAYEeT ONPEACIIUTh B BUIE

I, =[(B+P)S,-0,42+ RS, 0,58+ (P, + B)S,]/U. (13)

3nech Py u P, — moTOK BekTOopa YMoBa — [IoMHTHHTA [JI MBITITBSIKA ¥ HHINS
B 30HE 3MHUTTepa; P; — MOTOK BekTopa YMoBa — [loitHTHHTa B Gaze; Py u Ps —
TeMIepaTypHbId MOTOK BekTOpa YMoBa — IIOMHTHUHra JUisi MBIIIbSIKA U UHIUA
B 30HE KOJUIEKTOpA C yUETOM pacCesHUs U TOTJIOMEHUS Ha TIMHO3EeMe, PUMe-
HAEMOTO Ha TpaHHUIaX Mepexona MexAy 30Hamu; U — pa3HOCTh MOTEHIIUAJIOB,
KOTOpasi MPUIIOKEHA MEXIY SMUTTEPOM M KOJUIEKTOpOM; S, S3 — IIIomaap co-
OTBETCTBEHHO SMUTTEpPA U KOJUIEKTOpA, TJC MPOMCXOJIUT MOHU3AILUS OTpUIla-
TEJIBHBIX MOHOB aTOMOB IPUMECH MBIIIbsIKA U UHIUA; S; — TO e 0a3bl, B KOTO-
PO¥ IPOUCXOIUT MOHHU3AITUS TOJIBKO aTOMOB MEITIbsKa. Dopmyia (13) sBiseTcs
BOJIbT-aMIIEPHON XapaKTePUCTHKOW KaK TePMaHHEBOTO, TaK U KPEMHHUEBOIO
TPAH3UCTOPOB.

Pacuer TokoB cMmemienus mo (13) JOCTAaTOYHO CIHOXKHBIA, W TOJTOMY OBLI
pa3paboTaH aJIrOPUTM pacueTa U MPOU3BEICHBI COOTBETCTBYIOIINE BRIYUCIICHUS.
B pesynmbraTe TOK CMEMIEHUS MOA YMHUTTEPOM OTPEILISIETCS TIEPEBOIOM OTPH-
[ATeNFHBIX MOHOB MBIIIBAKA W WHIUS TOJ ACHCTBHEM TEMIEepaTyphl U MPHIIO-
JKEHHOTO AJICKTPUYECKOro motisi. Tok cMeleHus B 0a3e Ompeesercss nepeBo-
JIOM B 30HY MPOBOJAMMOCTH TOJBKO OTPUIIATEIHHBIX MOHOB MBIIIBSKA MO JCH-
CTBHEM TeMIIepaTypsl W TPHIOKEHHOTO J3JeKTpudeckoro mois. llpm stom
CJIeyeT YYUTHIBATh, YTO ICKTPUUYCCKUI TOK CMEIICHHS B 0a3e, BO3HUKAIOIIHIA
BCIIEZICTBUE MOHU3AINH TOJIHKO MBIIIBIKA, HE TOJDKEH CYIIECTBEHHO OTINYAThCS
OT BO3HHUKAIOIIETO TOKAa CMEIICHUS B IMHUTTEPHOH 30HE. UTOOBI Kak-TO 3TO
00eCcneunTh, 3MEKTPUICCKUE TOKH, BO3HUKAIOIINE B PA3HBIX 30HAX TPAH3UCTOPA,
MTOBEPXHOCTH JJIEKTPOJOB YBEIMYUBAIOT OT AMUTTEPA K KOJJIEKTOPY C yU4E€TOM
MaJIeHUs HaNpsDKeHUs Ha TpaHUIlaX Iepexoja OT OJHOH 30HHI K Apyroi. Ilocne
ompezieNicHHs] TOKOB CMEIICHHS B TPAH3UCTOPE PACCMOTPHUM, KaK QOPMHUPYIOTCS
BOJIT-aMIIEPHBIC XAPAKTEPUCTUKH B OUIIOJSIPHOM TPAH3UCTOPE M OMPEISITIM
ONTUMAJbHBIE YCIOBHS (YHKIIMOHUPOBAHMS ITOTO BHJIA TEXHHKH C OOIIMM
SMUTTEPOM.

Bonvm-amnepnsle xapakmepucmuku OunoaapHoz0 MpAH3UCmMopa ¢ 00-
wum Imummepom. Tak Kak dHEPTUsl CPOJCTBA BBOAMMEBIX IPUMECEH B IIOIIY-
MIPOBOJTHUKOBYIO OCHOBY PAacCIIOIaraeTcsi B 30HE MPOBOJAUMOCTH U MPU 3TOM BO3-
HUKAIOT TOKU CMEIICHUSI HEMOCPEICTBEHHO B CTOJI0000pA3HOM MyCcTOTE, Ha Tpa-
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HUIIE Tepexoja MOJYNPOBOAHUK — MeTal (allOMHHHN) 3IIEKTpOMAarHUTHAas
BOJIHA TOKAa CMEILEHUS U3MEHSETCs BCIIEJICTBUE OCIAa0JIEHUsSI CKOPOCTH PacIpo-
CTpaHEHUS] ¥ HAJIMYUS AUDIEKTPUYECKOH MPOCIONKH B KOHTAKTE MEXIy 3JICK-
TpoJaMH, Kak MoKa3aHo Ha puc. 3.

Jli1s1 KpeMHHEBOIO TPAH3UCTOPA BBIIOIHEH PAacyeT TOKOB CMEIEHHs B 3aBU-
CHUMOCTU OT NPHJIOXKEHHOTO HANpPsDKEHHS] MEXIY IMUTTEPOM M KOJIJIEKTOPOM.
Pesynbrarel nmpuBenens! B Tabn. 1. M3 tabn. 1 ciexyer, 4yTo mpu Hampske-
HuM 7 1 8§ B MeXIy 3MHUTTEpOM M KOJJIEKTOPOM B 0a3e BO3HHMKAET 3JIEKTpUUe-
cKuil TOK OoJbIoii BenuuuHbl. [Ipn Takux Tokax OylIeT MpOUCXOANTH MOIIHBIHA
pas3orpeB TpaH3UcTOpa WHPPAKPACHBIM U3ITyYEHHEM BHYTPU 30HBI IPOBOIUMO-
CTHU ¥ OH MOJKET IIPEKPATUTh CBOIO PadoTy.

Tabruya 1
3HavyeHHs 3JIEKTPHYECKUX TOKOB B 3aBHCHMOCTH OT MPHJI0KEHHOT0 HANPS:KeHUs
B OUIIOJIAPHOM TPAH3UCTOPE MEXKIY IMUTTEPOM H KoJuIekTopoM (BAX)

Values of electric currents depending on the applied voltage in a bipolar transistor
between the emitter and collector (VAC — Volt-Ampere Characteristic)

[Tanenue HanpsxeHus

SMUTTEp — KoJiekTop, B| 8 7 6 5 4 3 2 1
[Tanenue HanpsxeHus

Ha sMuTTEpE, B 3,36 2,94 2,52 2,10 1,58 1,26 0,84 0,42
[Tanenue HanpsxeHus

Ha Oaze, B 4,64 4,06 3,48 2,90 2,32 1,74 1,16 0,58

DIEeKTpHYECKUI TOK

B OMUTTEPE IIPHU UOHU-
3a1Mu HHIMS, A 3,79-1027,98-10°(1,71-107 |3,78:10%|6,17-10°| 2,13-10°| 6,18-10° | 2,44-10°°
DNeKTpUUECKUHN TOK

B OMUTTEPE IIPHU UOHU-
3alUK MBIIIbIKA, A 8,45:10°4,41-10°|2,34-10°[1,28:10°|0,64-10°| 0,44-10°|0,308-107¢| 2,78-107
DIIeKTPUUECKUI TOK
B Oaze, A 7,80 | 0,613 |3,39:10°(1,47-10°|5,81-10°(2,62:10°| 1,33-107° [0,90-10°°

Hawnbonee ontumanpHas paboTa OWIOISPHOTO TPAH3UCTOPA PEATHIYETCS
IIpH TI0J]aue HANPSDKEHUS MEXITy KOJUIeKTopoM u smutrepoM 6 B. Ilpu Takom
HaIPSOKEHUH 3JICKTPUYCCKUI TOK CMEIICHHSI B OCHOBHOM (POPMHPYETCS B 30HE
SMUTTEpPA U COCTABJSIET MIJUIMAMIIEPHI, @ B 30HE 0a3bl dJEKTPUUECKUI TOK He
MpeBbIIaeT MUKpoamiiep. llomydeHHbIE TeopeTHYecKH 3HAaueHHsS JIIeKTpHhue-
CKHX TOKOB COOTBETCTBYIOT IKCIIEPHUMEHTAILHBIM JTaHHBIM.

B oanexTpoHMKE TPaH3UCTOPHI MPUMEHSIOTCS B OCHOBHOM ISl yCHIJICHHS
ANEKTPUYECKUX CUTHANOB. J[1s1 3TOro Ha 0a3y MOMOJHUTENBHO TMOJA0T HAIps-
skerue ot 2,5 1o 3,0 B [2, 3]. B onTumanbsHOM pekume pabOThl OUITOISPHOTO
TpaH3UCTOpa MEXITy 0a30i M KOJUIEKTOPOM TomaeTcs HampstkeHue ~6 B. Ilpu
ATOM HAIpPsHKEHWHW Ha 0ase majeHne HanpspkeHus cocTaBisieT ~3,48 B. Ecnu nHa
9TO HAMpPSDKEHUE HAKIAABIBAaTh JAOMONMHHUTENHHO 2,5-3,0 B, To snexTpuaeckuit
TOK B 0a3e OymeT Bo3pactaTh. Ho m TemmepaTypa IOKHA TakKe BO3PACTaTh.
KoHkpeTHbIE pacyeThl ANEKTPUUECKOr0 TOKa B 3aBUCUMOCTU OT MPHUIIOKEHHOTO
HaNpsOHKEHUS Ha 6a3y U yBEIMUYEHHs TeMIIEpaTyphl IPUBEIEHBI B Ta0I. 2.
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Tabauya 2
DJIeKTPHYECKHi TOK B 0a3e, A, B 3aBUCHMOCTH OT NPHJIOKEHHOT0 BHELTHETO
HANPSKEHUS U YBeJTNYEHUs TeMIIEPAaTyPhl TPAH3UCTOPA OTHOCHTENIBLHO 20 °C

Electric current in the base in amperes depends on the applied external voltage
and the increase in transistor temperature relative to 20 °C

Hsmenenue JlonoNHHUTENBHOE HATIPSKEHHE, oJaBaeMoe Ha Oa3sy, B
TEMIIEPATYPEI
orHocurenapHo 20 °C 0 1,0 L5 2,0 2,5 3,0
0 3,39-10° | 1,71-107* | 3,91-107* | 9,04-10* | 2,11-10° | 4,9510°°
5 4,89-10° | 2,34:10™% | 4,89-10* | 1,23-107° | 2,81-107 | 6,51-107

[onmy4aercst, yTo yBenMueHHE HaNpsbKeHUs B 6aze Ha 2,5-3,0 B npuBoaut
BO3PACTaHUIO TOKA B 0a3e U IO MOPSIKY BEIHMYUHBI COBIAAAET C TOKOM B DMUT-
Tepe. B aTux ycnoBusx ko GUuueHT ycuiieHHs: OUITONSIPHOTO TPaH3UCTOpa Ha
KPEMHHEBOH OCHOBE OyAeT MaKCHMaJbHO BO3MOXHBIM. ODKCIIEPHUMEHTaJIbHbIC
JTaHHBIE TEOpUs MOJATBEPKAAET. Y TUBUTENHHO!

BaxkHO Takke BBIICHHUTB, KaK TEOpHUS MOSICHAET MOyYEHHBIE BOJIBT-aMIIEP-
HBbIE€ XapaKTEpUCTHKH OIBITHBIM IIyTeM. Bo3elicTBre BHELIHETO 3JIEKTPUUYECKO-
TO IOJII BHYTPh 30HBI IIPOBOJUMOCTH KPHCTAJIA IOIYIPOBOIHUKOBOW OCHOBBI
HE NIPOHUKAET, IOATOMY HE OKa3bIBAET BIMSIHHA Ha HOHU3ALMIO OTPHLATEIBHBIX
noHoB. CBOOOIHBIE 3JIEKTPOHBI BHYTPH 30HBI IPOBOAMMOCTH BO3HUKAIOT M3-32
BO3JEVCTBHA TOJIBKO TEMIIEPATYpEl. B 30HE MPOBOAMMOCTH BCIEACTBHE HOHM3A-
WU OTPHULATEIBHBIX HMOHOB C IMOBBIIIEHHEM TEMIIEPATYPBbl SKCIOHEHIMAIBHO
BO3pAcTaeT KOHIEHTPALHsI CBOOOJAHBIX 3JeKTpOHOB. [Ipu 3aganHol Temmnepary-
pe BO3HHMKAeT OIpeAeTeHHas BEeIMYMHAa ToKa cMemieHus. Ha puc. 2 mokasana
HayabHasi 00JIaCTh HAa OCH W3MEHEHUS [I0JJaBa€MOTr0 HAIPSIKEHUS! OT BHEILIHETO
HCTOYHHMKA.

ITo mepe Bo3pacTaHMs ITOJABAEMOr0 HAIPSDKEHUS Ha TPAH3UCTOP TAHTEHC
yIia HakjJIOHa K OCH OpAMHAT JJIEKTPUYECKOTO TOKA CMELIEHMsI BO3pacTaeT
C YBEJIMUCHHUEM TeMIIEpaTypbl. OTO 00yCIOBIEHO TEM, UTO C MOBBIIICHUEM TEM-
nepaTypbl BO3pacTaeT oOmasi MOIIHOCTh MH(PAKPAaCHOIO U3Iy4EHHs U IPOUC-
XOIWUT 3aMETHBIA Pa3orpeB BCe KOHCTPYKLUMH TpaH3ucTopa. YToOBI 3TOT mpo-
[IECC YMEHBIINTh, MAKCUMaJIbHO YBEIHMUNBAIOT Maccy KOJJIEKTOpa.

C poctoM Temmeparypsl U MPHU ONPENEIEHHOM NPHIOKEHHOM HalpsDKEHUH
BKJIIOUAETCS TEPMOABTOAIEKTPOHHAs 3Muccus. Korma mpeomoneBaercst pabota
BBIXO/Ia 3JIEKTPOHOB M3 KPHCTaUIa IMOIYMPOBOJHUKOBOW OCHOBBI, HECKOJIBKO
BO3pacTaeT ToK cMeleHus. [Ipu nmomHom npeononeHun paboThl BBIXOAA U3 KPU-
CTaJljla OJYNIPOBOAHUKOBOM OCHOBBI B COOTBETCTBHH C BEPOATHOCTBIO MPEOJIO-
JeHust paboThl BBIXOAA, omnpenensieMoil popmymnoit (7), aIeKTpUIecKuil TOK pa-
BEH HYJII0. DTO dKCIIEPUMEHTAIBHO 00HApYKEHO (puc. 2).

BBIBO/JIbI

1. Ha ocHOBaHumM MMPOBCACHHBIX TCOPETUYCCKUX I/ICCJ'IG}.'[OBB.HI/IIZ 6I/IHOJ'I$IpHO—
ro TpaH3UCTOpa, B KOTOPOM B KadCCTBC HpPIMCCGIZ HCIIOJIB30BaHbI MBIIIBAK
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Y WHJUH, yCTAHOBJICHO, YTO €r0 BOJbT-aMIIEPHAsT XapaKTSPUCTHKA OIpEeIIsieT-
sl TOKAMH CMEIICHUSI.

2. YCTaHOBICHBI YCIIOBUS, IPU KOTOPBIX OUTIOJISIPHBIN TpaH3UCTOP 00JIaaeT
MaKCUMaJIbHBIM KO3 (QUIIEHTOM YCUIICHHS.

3. OmpeneneHbl ONTUMAILHBIE YCIOBHS (DYHKIIMOHUPOBAHUS OHITOISIPHOTO
TPAaH3UCTOPa C TPHUMECAMH MBINIbSIKA M WHAWSA: HAMNPSHKEHHE MUTAHUS KO-
JICKTOPp — OMUTTECP 6 B, TOrJa Ha SMUTTEPC MAACHUC HAIIPSKCHUA COCTaBJIA-
et 2,52 B, a Ha 6aze 3,48 B. JlonosHUTEN HOE HANIPsDKEHHE Ha 0a3y HE MOJDKHO
npeBbImarh 3 B. DkcreprMeHTaIbHO STH 3HAYCHUS MOTHOCTHIO MOITBEPIKICHBI.

4. HpOBe):[eHHLIe HCCIICA0BaHWA IMO3BOJIMJIN BBISICHUTH XapaKTEp IMOBCACHUA
BOJIbT-aMIIEpPHON XapaKTEPUCTUKK OWITONSIPHOTO TPAH3UCTOpa IIPH Pa3HbIX
HATPSHKSHUSIX TTUTAHHUS.
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TexHoJI0ruH yay4YIIeHHsl IKCIUIyaTAlHOHHBIX XapaKTePUCTHK
AUHAMMYECKHUX Ia305KMIKOCTHBIX TeIVI0IHEePreTHYeCKNX
YCTAHOBOK IIPH YNIPABJIsieMOM J1a3ePHOM MHAYLHPOBAHUHU
peryJiMmpyeMbIX JIOKAJIbHBIX KOHQUIYPalMii TONOJOrH4ecKHX
MHKPO- M HAHOCTPYKTYP HAa BHYTPeHHell MeTa/NIn4eCKOoi
NMOBEPXHOCTH padovYuX Kamep

Yacts 2
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DBenopycckuii HaMOHATbHBI TeXHIUecKuil yHuBepcuTeT (MuHCK, Pecry6muka Benapycs),
2)BJIazLI/IMI/IpcI<I/1171 TOCYJapCTBEHHBII yHUBEPCUTET HMeHH Allekcanpa [ puropreBuda

n Huxomnas I'puropsesnya CrosneroBsix (Biaagumup, Poccuiickas ®enepanns),
YEpeBamcknii rocynapetBennsiii yansepenter (Epesan, Pecry6imika ApMeHms)

Pedepat. Bo BTOpoii yacTu cTaThy MPOBEIEHO HCCIEIOBAaHUE U MOJACINPOBAHUE 3IEKTPOpU3UYe-
CKHUX XapaKTepHCTUK JeTaled pa3sHOro MNpeJHAa3HAuYEHHUs C OIPEICIICHHOM Ia3epHO-UHAYLH-
po-BaHHO# KOH(DUrypalueii MUKpPO- U HAHOCTPYKTYPHBIX OCOOCHHOCTEH Ha MOBEPXHOCTH H3[e-
T, AKTyaJbHOCTH JAHHOTO PacCMOTPEHHS CBS3aHA C TEM, 4TO IpU (QYHKIMOHHUPOBAHUH JIFOOOM
SHEPreTHYECKOH yCTAHOBKU HEOTHEMIIEMON €€ YacThIO SIBIISIFOTCS 3HAUEHMs ee 3IeKTpodu3Hde-
CKUX XapakTepucTHk. [IpoBeseHHBIE HCCIEOBAHUS MO3BOJIIIOT YIPABIATh MU KaK B MOABOJH-
Mo mIaTdopmMe COOCTBEHHO HIEKTPONUTAHHSA OT COOTBETCTBYIONIIUX I'€HEPATOPOB ISl yCTAHOB-
KH, TAK U B OTBOJMMOW OT Hee SHEepruM Juisi obecredeHHus paboThl COOTBETCTBYIOIIUX OJIOKOB,
JNIEKTPONHUTAHIE KOTOPBIX OCYIMIECTBISICTCS PHEPrOyCTAaHOBKAMH PA3HOTO Kilacca MpH HX (QyHK-
LIMOHUPOBAHUM B TpeOyeMbIX PEXUMAax, BKIKOYas M IKCTPEMasbHble AUHAMUYECKUE PEKUMbI
9KCIUTyaTanud. B mcciieoBaHny peusb HAET KOHKPETHO O JEMOHCTPAIIMOHHBIX CXEMax C MPOTOTH-
[IaMH CHCTEM C UCIIOJIb30BAHUEM MHKPOCBUTKOB 1D-CTpyKTyp AMOKCHIA TUTaHa B METAJLIOyTJIe-
POIOHBIX COeAMHEHUAX (YTIIEPOX — 30JI0TO) B yclIoBUsAX HenoyHoro C—Au nerupoBanus. [Ipu sTom
OblIa peann3oBaHa TPEXITAIHAas CXeMa C HCIOIb30BaHUEM JIa3epHON aOnAIMu U3 THTAaHOBOH Mu-
LIEHU C CUHTE30M TOHKOW IOPUCTON IICHKHM IUOKCUJAA TUTAHA U €€ OCAKACHUEM Ha JIEMOHCTpa-
LHOHHYIO TOJUIOKKY M3 KBapIeBOro crekia. Jlanee Mpou3BOAMICS BBOJ JHMHEHHBIX IETIOYEK YI-
Jeposa, CTa0MIN3NPOBAHHBIX HAHOYACTUIIAMHM 30JI0TA 110 KpasiM JIMHEHHBIX LEeToYeK, B MaTPHILY
MOPUCTON IUIGHKH JMOKCHJA THTaHa CTPYHHBIM PACIbUICHUEM M PEaIn30BBIBANIOCH (HOPMHUPOBA-
HUE MacCHUBa MUKPOCBHUTKOB, IIOIy4aeMOI0 ¢ IIOMOILBI0 MEXaHUYECKOro Bo3aekcTus. IIposene-
HO MaTeMaTHYeCKOe M KOMIIBIOTEPHOE MOJEIHPOBAHUE TOMONIOTHIECKUX MUKPO- U HAHOCTPYKTYP
HA IIOBEPXHOCTH METAJUIMYECKUX KOMIUIEKCOB C YIPaBIAEMbIMH IpPU JIA3€PHOM BO3JCHCTBUH
KOH(GUTypanusMy. BEITOTHEHHBII aHAIN3 MO3BOJSIET CAENATh BBIBOJ, HA OCHOBE MPEIOKEHHBIX
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IpoLEyp € NPOLEecCaMU PEryJIUpOBaHUS TOMOJIOTHUECKON CTPYKTYpOH MUl pacCMOTPEHHBIX HO-
BEPXHOCTHBIX OOBEKTOB INPU HX JIA3EPHOM CHHTE3€, O MEPCNEeKTUBHOCTH JJAHHOTO HANpaBlIeHMUS,
YTO CBSI3aHO C BO3MOXKHOCTBIO YIIPABICHUS ()yHKIHOHATEHBIMA OBEPXHOCTHBIMU XapaKTEePUCTH-
KaMH B TpeOyeMOM HalpaBJICHUH, B YACTHOCTH MO UX JIEKTPOPU3NIECKAM IapaMeTpaM Ul pas-
JIMYHBIX U3EIUH, B yCTPOMCTBaX, UCIOIB3yEMbIX B SHEPTETHKE.

KnrodeBble ci10Ba: >1neKTpodu3NKa yCTPOWCTB CHCTEM JHEPIeTUKH, YNPaBISEMbIE ITOBEPXHO-
CTHBIEC XapaKTEPUCTUKH IIPU JIa3¢pHOM BO3ACHCTBUM, METAILIOYTIIEPOAHbIEe KOMIUIEKChl, C—Au Lie-
MOYEYHBIE CTPYKTYPBI, MUKPOCBUTKH Ti0,, perynupyemble TeIOH3U3NIECKHE U INEKTPOPH3H-
JecKHe AUHAMHYIECKHE TPOLIECCHI

Jnsi muTupoBaHusi: TeXHOJOTHUH YIy4IICHHUsS SKCIUIyaTAallMOHHBIX XapaKTEPUCTUK IWHAMHUUe-
CKHUX Ta30)KUAKOCTHBIX TEIIODHEPreTHYECKHX YCTAHOBOK IIPH YIIPABIISIEMOM JIa3€PHOM HHIYIIH-
POBAHMH PETyYJIMPYEMBIX JIOKAJIbHBIX KOHQUTYPALM TONOJIOTMYECKUX MUKPO- M HAHOCTPYKTYP Ha
BHYTpEHHEH MeTaJuIn4ecKoi moBepxHocTH pabounx kamep. Y. 2 / T. B. PenxoBa [u ap.] // Duep-
eemuxka. H3e. svicui. yued. 3agedenuti u snepe. obveounenuii CHI". 2026. T. 69, Ne 1. C. 50-63.
https://doi.org/10.21122/1029-7448-2026-69-1-50-63

Technologies for Improving the Operational Characteristics

of Dynamic Gas-Liquid Thermal Power Plants with Controlled
Laser Induction of Adjustable Local Configurations

of Topological Micro- and Nanostructures on the Internal Metal
Surface of Working Chambers

Part 2

T. V. Ryzhova”, D. D. Tumarkina®, D. N. Bukharov”, V. D. Samishkin®,
A. F. Lelekova?, M. M. Arakelyan”, A. O. Kucherik?, S. M. Arakelyan”

YBelarusian National Technical University (Minsk, Republic of Belarus),
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Abstract. The second part of the article presents a study and modeling of the electrophysical
characteristics of parts with various purposes featuring a specific laser-induced configuration
of micro- and nanostructural surface features on the product. The relevance of this study is due
to the fact that during the operation of any power plant, the values of its electrophysical cha-
racteristics are an integral part of it. The conducted research enables control over these chara-
cteristics both in the input platform for power supply from corresponding generators to the instal-
lation and in the output energy used to ensure the operation of respective units, whose power
supply is provided by energy installations of different classes during their operation in required
modes, including extreme dynamic operating modes. This study specifically addresses demonstra-
tion circuits with prototypes of systems using microscrolls of 1D titanium dioxide structures
in metal-carbon compounds (carbon — gold) under C—Au chain doping conditions. In this case,
a three-stage process was implemented using laser ablation from a titanium target, synthesizing
a thin porous titanium dioxide film and depositing it onto a demonstration quartz glass substrate.
Subsequently, linear carbon chains, stabilized by gold nanoparticles at their edges, were introduced
into the porous titanium dioxide film matrix by jet spraying, forming an array of microscrolls
through mechanical action. Mathematical and computer modeling of topological micro- and
nanostructures on the surfaces of metal complexes with laser-controlled configurations was per-
formed. The conducted analysis allows us to draw a conclusion, based on the proposed procedures
and processes regulating the topological structure of the considered surface objects during their
laser synthesis, about the prospects of this direction, which is associated with the possibility
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of controlling the functional surface characteristics in the required direction, particularly regarding
their electrophysical para-meters for various products used in energy devices.

Keywords: electrophysics of energy system devices, laser-controlled surface characteristics,
me-tal-carbon complexes, C-Au chain structures, TiO, microscrolls, regulated thermophysical
and electrophysical dynamic processes
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BBenenune

Bo BTOpOI#1 "acTu cTaThu MpECTaBIEHO JANbHEHIee pa3BUTHE HCCIIeI0Ba-
HUH 10 TOMOJOTHYECKAM MHUKPO- W HAHOCTPYKTypaM Ha TIOBEPXHOCTH METaJIIH-
YCCKUX KOMIUICKCOB C YIIPaBJIACMBIMU IIPU JIA3€PHOM BO3I[€I‘/'ICTBI/II/I qJYHKHI/IO-
HaJIBHBIMH XapaKTEPUCTUKAMU M UX MOJICIIMPOBAHUIO HA OCHOBE (hPAKTAILHOTO
TOJIX0/1a, 3JI0XKEHHOT0, B YaCTHOCTH, B padorax [1, 2].

AKIIEHT cJieaH Ha PaCCMOTPEHHUH TOMOJIOTHYECKUX MHUKPOCBHTKOB JTHOKCH-
Jla THTaHa C YIJIePOAHO-30JI0ThIM C—Au [IeNOYHBIM JIETUPOBAHUEM, B YACTHOCTH
IIpH TIPOBEJCHUH MOJEIHUPOBAHUS CTPYKTYPHBIX OCOOCHHOCTEH M YIpPaBICHUS
ANEKTPOPHU3UICCKUME XapaKTePUCTHUKaMu. [Ipy 3TOM peann30BaHbI MOJIENU Kiia-
CTEPHBIX CTPYKTYP M UEMOYEYHBIX KOH(GUTypauuil [Uis HEOAHOPOIHBIX 0OBEKTOB
¢ pa3Ho# Tononorueld. OTAETBHO H3ydeHa AEKTPOo(Pr3NKa KITaCTEPHBIX TOMOIOTH-
YECKMX CTPYKTYp C pa3HOH KOHIIGHTpalueidl aToMoB 30ji0Ta. B ¢uHanze craTthu
KpaTko 0O0CYXIAroTcs BOIMPOCHI BO3MOXKHOCTH Pa3paOOTKH AJIEMEHTOB M CHCTEM
Pa3IMYHOTO MPEAHA3HAUCHHUS, BKITFOYAsl 3JICKTPOTEXHUKY, MUKPO- U HAHOBJICKTPO-
HUKY W (DOTOHMKY, Ha HOBBIX (U3HUYECKHX TPHHIIUIAX KaK TMEePCIIEKTHBHOE
HaTpaBJlieHWE Pa3BUTHS B camoe OJlvpKaiiinee BpeMsi CEKTOpa BHICOKOTEXHOIOTHY-
HBIX MHHOBAIIMOHHBIX Pa3pabOTOK, KOHKYPEHTHBIX Ha MEPOBOM YPOBHE.

Tononornyeckue MUKPOCBUTKH THOKCH/IA TUTaAHA
€ YIJIepOIHO-30J10ThIM JIeTHPOBAHHEM — MO/IeTUPOBAHHE
CTPYKTYPHBIX 0COOEHHOCTEN U 3JIeKTPOPU3UIECKUX XaPAKTEPUCTHK

Knacmepuwsie cmpykmypot u mooenu 011 HeOOHOPOOHBIX 00bEKMO8 ¢ pas-
HOIl mononozuei. PaccMOTpUM OIUH M3 MPHUMEPOB JPYrOro Kiacca HEOTHO-
POIHBIX CTPYKTYp, KOTOpBIC SBISIOTCS BEChbMa MEPCIEKTHUBHBIMH JIJISL Pa3iiiy-
HBIX NPUIOKEHUH. Peub UAET 0 MUKPOCTPYKTYpaxX JUOKCHUAA THTAHA, KOTOPHIE
HaXOJIT NIMPOKOE MPUMEHEHHE B KAYSCTBE MHHOBAIIMOHHOW 3JIEMEHTHOM 0Oa3bl
it snekTpodusuku [3]. Tak, 0Opa3ibl MUKPOCBUTKOB JUOKCH]IA THTaHA C JIO-
0aBICHHEM HAHOYACTHUI] METAINIOB MOTYT MPUMEHSTHCS KaK 3HAUUMas aabTep-
HaTWBa TIPH pa3pabO0TKEe CONHEYHBIX JIeMEeHTOB [4]. dopmupoBaHHE TaKHUX
KJIaCTECpHOI'0 THIIA 00BEKTOB CTAHOBHUTCS BO3MOYKHBIM 6J1ar02:[apﬂ HaJIN4YHIoO
Ha MX MMOBEPXHOCTH MHOXKECTBA JIe(DEKTOB, KOTOPBIC CIIOCOOCTBYIOT YCHIICHHIO,
B YaCTHOCTH, JICKTPOIPOBOIMMOCTH, KOTOpasi o0cyxkaanach B [5]. Kpome Toro,
B JIAHHOW CTPYKType 3TOro MaTepHaia HaOI0JaeTcsl TMOSBICHUE JOCTATOYHO
3HAYUTETHLHOTO OTOTOKA B CIIydac OOIyUCHHS €€ IIOBEPXHOCTH CBETOM [6].
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DKCTIepUMEHTAIBHO CYMIECTBYET JOCTATOYHO OOJBIIOE YMCIO METOIOB IIO-
Jy4eHUsS CHUCTEM MHUKPOCBUTKOB AMOKCHAA TuUTaHa [7-9]. OmHUM M3 OPOCTHIX
M yAOOHBIX METONOB SIBJSeTCA TpexdTamHas cxema [10], koTopas U MCHOIB30-
BaJjach HaMHU.

Ha mepBoMm 3Tarme MeTomoM Ja3epHOi abisuy U3 TUTAHOBOW MHIIEHU CUH-
TE3WpOoBajIaCh TOHKAs MOPHUCTAas MJIEHKAa JUOKcHaa TuTaHa. OHa ocaxkganach Ha
nou10kky K3 ITO-crekna. CuHTE3 IUICHKH peaIn30BbIBAJICA Ha JIa3epHOM ycTa-
HoBke LDesigner F1. MomHOCTh J1a3epHOTO HM3JIyYEHUS COCTABISIA BEIUYH-
Hy 10 Br. JlazepHoe BO3aeHCTBHE MPOU3BOIMIOCH HA JAMHE BOJIHBEI 1,06 MKM
B UMITYJIbCHOM pexkume. HacToTa clieloBaHusl UMITYJIbcOB cocTaBisia 20 kI,
ux mmtenabHOocTh 100 He. Mcmonb30Baics pexuM CKaHUpOBaHus paboueli 00ma-
CTH OOJIyYeHHsI JIa3ePHBIM ITyYKOM AuameTpoM 30 MKM CO CKOpOCThIO 15 Mm/c.
Bpems BozaeiicTBus coctabiisuio 9 muH. Ha BTOpoM 3Tame MeTogoM CTpyHHOTO
pacnbuteHust (Spraying-Jet) B MaTpuIly TOPHCTOHW IJICHKH JUOKCUAA TUTaHA
MPOM3BOJMIIOCH PACTIBUICHUE CTaOMIU3UPOBAHHBIX HAHOYACTHIIAMHU 30JI0Ta IO
KpasM JIMHEWHBIX Ienodek yriepoaa [11]. DTo MO3BOMMIO YIydYIIUTh ONTHYE-
CKHE U DJICKTPOHHBIC CBOIMCTBA TaHHOW MOPUCTON TUIeHKH. Ha TpeTheM atare u3
MOJIYICHHOU MOPUCTOMN IIICHKHA (OPMUPOBAIICS MACCHB MUKPOCBUTKOB, IOTyYa-
MBI C TTOMOIIPI0 MEXaHWYECKOTO BO3AEUCTBUS IIBIKYIIETOCS JIE3BUS IO 3a-
JAHHOW TPAeKTOPHUU METOJOM Jie3BuitHOH pe3ku (blading-metomom) [12].

Takum o0pa3om, OBUIM CHHTE3UPOBaHbI 00pa3I[bl MUKPOCBUTKOB IMOKCHIA
TUTaHA C YIOPSAJOUCHHON CTPYKTYPOU M BapbUPYIOIIECHCS CTETIEHBIO pa3BETBIIE-
Hus 31eMmeHToB. MccnenoBanne POM-nu3o0pakeHuii Takux o0OpasioB, MOTYUYCH-
HBIX ¢ moMoIIbI0 MuKpockoma Quanta 200 3D, mokasanmo, 4TO MHKPOCBHUTKH,
o0Opa3yrolue MacCHBBI, 00JaJal0T PAa3BETBICHHOW ICHIPUTHOW CTPYKTYpOM
(puc. 1, macmtad yka3aH Ha PHUCYyHKaXx).

200 e

Puc. 1. POM-u300pakeHre MacCHBa MUKPOCBUTKOB C ICHAPUTHON CTPYKTYpPOit
B cily4ae uxX GOpMHUPOBaHHUS IIPHU PACCTOSHUM
MEXAY MHUKPOJIE3BUEM U ITOBEPXHOCTHIO IIJICHKHU IOPSAAKA:
a— 10 mxwm (ykazan macmtad 500 Mxm); b — 15 MM (ykazan macmtad 200 Mxm)
Fig. 1. SEM-image of an array of microscrolls with a dendritic structure in the case
of their formation at a distance between the microblade and the film surface of the order of:
a— 10 pm (the scale is 500 um); b — 15 pum (the scale is 200 pm)

[Tpu 3TOM OIlleHMBaNIACh UX (PpakTalbHAas pa3MepHOCTb. [Iporeaypa pacdyera
C COOTBETCTBYIOIIUMHU CChUIKAMH Ha JIUTEPATypy MPHBEICHA B MEPBOW YaCTH
cTatbu, B I[aHHOﬁ YaCTHU MbI TOJIBKO KpaTKO MNEPCUYUCIIIEM 0a30BEIE ITYHKTBI.
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[Ipu sTOM, HampuMep, I 00pasma u3 puc. la oreHka GppakTaaTbHOW pa3MepHO-
CTH C HCIIOJIb30BaHUEM MeToa mojcueTa siueek (boxcounting), pearm30BaHHOTO
B cpene MATLAB 7, coctaBmia 3Hauenue 1,74, 9TO MO3BOJMIO TOCTATOYHO
YETKO OTHECTH PACCMATPUBAEMYIO CUCTEMY K JCHIPUTHON CTPYKTYpe.

CpenHuii TuaMeTp MUKPOCBUTKOB B CUCTEME U3 PUC. la BApbUPOBAJICS OKO-
JI0 3HAYCHUS 9 MKM, a PacCTOSHHS MEXKIY 3JIEMEHTaMU HaXOJWIMCh B JUaIa-
30He oT 32 no 137 MM ¢ momyckom nopsaka 10 %. Ha puc. 1b 3nadenue cpen-
HEro JiuaMeTpa MUKPOCBUTKA COCTABUIIO BEIMYHMHY MOPSIKa 16 MKM.

Takum 00pa3oM, MOXKHO YTBEPKAATh, YTO TUAMETP MUKPOCBUTKOB, a TAKKe
WX BBICOTA COCTABIISUTM BEIUYHHBI IMOPSIKA PACCTOSHHUS MEXIY IOIJIOKKOM
MUKPOJIC3BUEM, HCIIOJIb3YEMbIM TIPpH (POPMUPOBAHUH MUKPOCBUTKOB.

[IpuMeHeHrEe BO3MOXKHOCTEH HWMHTAIIMOHHOTO MOJCIMPOBAHMS IO3BOJIS-
€T omucarth HaON0JaeMble TeOMETPHUYECKHE OCOOEHHOCTH 3THUX CTPYKTYD,
OKa3bIBAIOIME BIUSHUEC Ha (DYHKIIMOHAIBHBIC XapPaKTCPUCTHKH TMOJTYYCHHBIX
00pasIos.

Jls omucaHMs TaKMX CTPYKTYPHBIX OCOOCHHOCTEH B MOJYYEHHBIX 00pazax
MPUMEHSIICS TOJX01 (PEHOMEHOIOTHYECKOT0 HMMHUTAIMOHHOTO MOCITUPOBAHUS,
KOTJa WCCIIeyeMOoe SIBIICHHUE TPEACTaBIILIOCh B obOmeM Bume [13], a mMomens
rmoxOupanach Ha OCHOBE CXOJICTBA MOJIENH M PEATBHOTO MOJIEITHPYEMOTO 00h-
ekra [14].

Jia omucaHusl TOPIEBOTO CEYSHHS MHUKPOCBUTKA HCIOIB30BAIIOCH ypaBHE-
Hue cnupanu Apxumena [15]:

X = ®? COS(®1); y= ®t2 Sin(®t)9

rae O, — TeKymmid yroi moBOpoTa.

Jnst 3amaHus MIepOXOBAaTOCTH M HEOJHOPOTHOCTH IS TIOJNyYEHHOH CTpyK-
TYpbl TpUMEHsTH Au(pPYy3nOHHOE NPUONMKEHHE, OCHOBAHHOE HA PEIICHUH
ypaBHeHus Jlamnaca npu mocrostHHOM Koadduimente muddysun d-:

Ou(x,y.t) _ [ Qu(x..0)  Ou(x.y.1)
ot ox? o ’

rne Ou(x,y,t) — KOHIEHTpalHs BEUIECTBA B TOYKE JIEKApTOBa MPOCTPAHCTBA C
KOOpIWHATAMH X, ¥ B MOMEHT BPEMEHH ! B JUCKPETHOW OOJACTH C HAJIOXKEH-

HOU paBHOMEPHOU CETKOU.

VYpaBHenue nuddy3ur B AUCKPETHOM BHUJC PEIIAJIOCH C HUCIOJIb30BaHHUEM
muckpetHoro kinetoyHoro aBromara (KA). OH ¢opmmupoBancs u3 Habopa mpa-
BWJI, KOTOPBIE ONpENENSIN, KaKk Ha KaKIYI0 SYEHKY HMOBIHSIIOT HEKOTOPHIE CO-
celHNE SYEHKH pacueTHON 001acTH, Ha3bIBaeéMbIC OKPECTHOCTBIO COCEICTBA.
Texymas siueiika SBISUIACH COCEOM JPYroil, eciu y Hee Oblia BO3MOXHOCTB
OpsSMO BO3JEHCTBOBATh HA JPYTyI0 SYEHWKY COTJIACHO 3aJaHHOMY HpaBHIy 3a
OJIMH ITar, 9T0 00CYKIaJI0Ch B IIEPBOM YaCTH JaHHOW CTAThHH.

B npunnune, npaBuio KA morio Obl HCTIONB30BaTh 000 YUCIO COCENEH.
Opnako coobpaxkeHust 3()(HEKTUBHOCTH TUKTYIOT MPAKTHUECKHH Mpeaen Yucia
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W JUTMHBI TIPSMBIX CBsi3el coceneil. B wactHOCTH, Mt popMUpOBaHUS IByMeEp-
HeIX KA on1HO 13 Hanbomee MomyIspHBIX OKPECTHOCTEH SBISIETCS OKPECTHOCTD
Hetimana ¢ OnwkaWIMMH YETBIPbMS COCEISMH IS KaxJoW sueliku. Torma
MpaBUIIO PYHKITHOHMPOBaHUSI KA TakoBO, UTO Ha KaXKIIOM UTEpaIyiyl BEIOMpaET-
csl crmydaiiHas sdeika, KOTopas MEHSETCS CBOMM 3HAYEHHEM PaBHOBEPOSTHO
C OJHUM U3 CBOUX COCENIEH.

CTpyKTypHBIE HEOAHOPOAHOCTH T€HEPUPOBAINCH UTEPAIIIOHHO, HAYMHAS OT
cTapToBOd QUrypbl. MHOXKECTBO COCTOSTHHM SY€EeK pacyeTHO# obmactu Gpopmu-
pOBaioCch U3 IBYX BO3MOXKHOCTEeH: 1 — sueiika 3aHsiTa, 0 — siyelika cBoOOMHA.
[IpaBuno KA 3amaBanmoch ciiemyroniiuM oOpa3oM: eCiIH paccMaTpuBaeMas ssaeiika
cBOOO/IHA M OJIHA U3 €€ cocellell B paMKaX OKPEeCTHOCTH coceictBa Heiimana
3aHsTa, TO C 33JaHHOW BEPOSITHOCTHIO p OHA CTAHOBUJIACKH 3aHATOH. Cxema pas-
HbIX utepanuii KA co ctapToBoil CTpyKTypou B BUE KBajparTa B IIEHTPE JaeTcs
HAa COOTBETCTBYIOIIEM U300paKEHUU MPU MPOBEIICHUH aHAIH3A.

OCHOBHBIM nmapaMeTpoM MOJCIIN ABJIAIACh BEPOATHOCTDL p STYEHKH GI)ITB 3a-
HATOH, KOTOpasi COOTBETCTBOBAJIa HOPMHUPOBAHHOMY K03 duruenTy nuddys3un.
Jlannas Mozens B paMkax KA mo3BoJisieT 3a1aBaTh TUI 00Pa3yIONINX CTPYKTYPY
gacTull. DTO AaeT BO3MOXKHOCTh BBOJUTH B CTPYKTYPY MHUKPOCBUTKOB IpPUMEC-
HBIE aTOMBI, HAI[pUMEP 30JI0ThIE HAHOYACTHIIBI, YTO MPUHIMITHAIBHO I pa3-
JUYHBIX TPUIIOKEHUH.

B namem cirygae gactuiia, MapkupoBaHHAs 3HAUCHUEM 1, oTmpeiensiiach Kak
JIUOKCHUJ TUTaHa, YacTUIla ¢ MapKUPOBKOW 2 — 30JI0Tasi HaHO4YacTuia. Tum mMo-
JIeJIbHOM YaCTUIbI YCTAHABIUBAIICA C 33JJaHHOW BEPOSTHOCTHIO, OIMpeaesieMoit
B COOTBETCTBHH € KOHLCHTPALMEH 30JI0THIX YaCTHIl B cucTeMe p,. Torxa Bepo-

ATHOCTh YAaCTHIbI OBITH U3 COCTaBa JMOKCHJA THTaHA ONpeJeNsnaach Kak pas-
HOCTB p,;, =1—p,.

Jns omucaHMs BHIA CBEPXY MAacCHBa MUKPOCBHUTKOB MPHMEHSIACH HpoLe-
Iypa B paMKax yHHBEpCalbHOW NU(PPY3MOHHON MOJIENH, MO3BOJISIONICH reHe-
pUpOBaTh NEHIPUTHBIE CTPYKTYpbl. MozaenbHOe HpUOIIKEHHE paccMaTpuBa-
JIOCh B paMKax noaxona nuddy3noHHo-orpaHuueHHoi arperanuu (DLA), pea-
JMM30BaHHON B XOJ€ HWTEPalIOHHOTO TMpolecca. MHuUIManu3anus MOAeH
3aKJII0Yanach B Pa3MEIEHUM CTApPTOBOM CTPYKTYpPbl Ha HMKHEW IpaHUIe pac-
4yeTHOU oOmacTu. B Havane Kaxaol UTepaluy B pacueTHYIO 001acTh BBOJMIACH
0JTHa MOJIEJIbHASI YacTHIIA.

Ota yacTula coBeplIalia ciIydaiHoe Oy XKIaHHe IO HalpaBJICHUIO K HIDKHEH
TpaHHIIEe PacuyeTHOH 00JacTW — JBUrajach BHH3, BJIEBO HJIM BIPABO Ha OJAHY
siueiiKy 3a OJuH mar Omyxnanusi. @opMUpOBaHUE MOJICIBHON CTPYKTYpPHI pea-
nIM30BBIBaJIoCh B paMkax KA c okpectHocThio Hefimana mo criemyromemy mpa-
BUIIY: €CII B OJHOM U3 YETHIPEX KIETOK OKPECTHOCTH COCENICTBA BO BPEMS CMe-
LIEHUS] YacTHUIIBI MOSIBIISIACH 3aHATAs siUCHKa, TO C 3aJaHHONW BEPOSITHOCTBIO §
MPOU3BOJMIIACE arperanus ¢ Held. Kak ToJIbpKO YacThiia arperupoBaia, TO TEKy-
11as UTEepaLUs 3aKaHINBAJIaCh.

Ha BepTuKanbHBIX TpaHUIAX PacueTHOM 001acTH peaTr30BhIBAIMCH EPHO-
JUYECKHE TPAaHUYHBIC YCIIOBUS, 3aKIIOYABIIMECS B OTPOKEHUH OT HUX MOJIEIb-
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HOMW 4acTHUIIbl TIPU €€ JBWkKeHUU. Ha HUKHeW rpaHulie peaiu3oBhIBAIOCh YCIIO-
BHE arperaiuu, Korja TeKyIlas YacTHIla Ha Hel (PUKCHpOBAJIaCh U CTAHOBUJIACH
3apOBIILEBON CTPYKTYpOl it (POPMHUPOBAHHS HOBOTO MOJEIBHOTO MHKPO-
CBUTKA.

BapbeupoBanue OCHOBHBIX MMHUTAI[MOHHBIX MMaPaMETPOB MOJIEIH OCYIIECTB-
JISJIOCh C TIOMOIIBIO CICAYIOMUX JBYX IOKAa3aTeliel: BEPOSITHOCTH arperauu
YaCTHIl U BEPOSATHOCTH MX CAUHWYHBIX CIyYaWHBIX CMEUIEHHA. JTO TIO3BOJISIET
CTCHEPHPOBATh MOJICIIN PA3IMYHON CTPYKTYPHI U3 TAKUX OOBEKTOB, & TAKKE 3a-
J1aBaTh NPEUMYILIECTBEHHOE HAIIPABIEHUE POCTA OTUX CTPYKTYP.

OmnucaHHbIe BhIIIE MO/ ObUTH peann3oBaHbl B cpeie MATLAB Ha kBaj-
paTHOM pacueTHOW 00JIAaCTH B OTHOCUTENBHBIX eAuHMIax. Ha puc. 2 nmpuseneHa
MOJICNIb TOPIIEBOTO CEUEHHUS MHKPOCBHUTKA C IIIEPOXOBATON IMOBEPXHOCTHIO,
COOTBETCTBYIOIIAsI IOPUCTOM CTPYKTYPE UCXOTHON MOBEPXHOCTH CHUCTEMBI. Mo-
JIEIM TOPLEBOIO CEUCHHS MUKPOCBUTKA C IIEPOXOBATON MOBEPXHOCTHIO MOTYT
YYHUTBIBATHCS TPU PACCMOTPEHHUH DIEKTPOPUINIECKUX W ONTHUECKUX CBOWCTB,
00yCIIOBIIEHHBIX OCOOEHHOCTSAMH TeoMeTpuu oOBekTa. M3 puc. 2 MOXHO
OIICHUTh BJIMSIHUE MOJEIHLHOIO HOPMUPOBaHHOTO kKod(¢uiueHra nuddysuu p.
Tak, mpu OAMHAKOBOM KOJIMUECTBE MTEpAIUil JuIsi O0jiee BHICOKUX 3HAUCHUH p
TOJNIIIMHA CTEHOK TEHEPHPYEMOH CTPYKTYphl CTAaHOBUTCS COOTBETCTBEHHO
oompmme. Ha puc. 2a nmpuBeneHa Mofens TopieBoro ceueHus npu p = 0,05, Ha

puc. 2b —mpu p = 0,01. Kpome sToro, Ha puc. 2¢ IpUBEIeH CIIy4all y4era KOH-

IIEHTpaIi Au-HaHOYACTHII.

a b ¢
Y,a. u,

Y.a.u Y,a.u. 50
" 100 150
200 200 200
300 300 §(5)8
0 40 300

100 200 300 400
Xoau 100 200 300 400 450 100 200 300 400

X, a u
’ X, a. u.

Puc. 2. Monenu TopIieBoOTo ceueHus MEKpocBuTKa mipu: a — p = 0,05; b — 0,01.
Jlnst ciyyast yueta THIa MOJICNIbHOM YaCTHUIIBI H300PaKCHUST OTMEYCHO [[BETOM:
0 — momtokka, 1 — TMOKCHI TUTaHa, 2 — 30J10TO (C) (cM. HUXe puc. 3)

Fig. 2. Models of the end section of the microscroll at: a—p = 0.05; b —0.01.
In case of taking into account the type of model particle, the images are marked with color:
0 — substrate, 1 — titanium dioxide, 2 — gold (c) (see below Fig. 3)

[epexox k aOCONIOTHBIM €AMHUIIAM TMO3BOJISET BBIOIHHUTH CPaBHEHHE MO-
JIENN C peanbHON CTPYKTypoi. st puc. 2 macmTaOHBI KOAPHUIIMEHT MOKHO
MOJIOXKHUTH PaBHBIM 1,1 MKM, Toraa aOCONIOTHBIM pacueTHBIM nuamerp Oyner
mopsiaka 10 mxm. 1o TakoMy anropuTMy pacdeTHBIC THaMETPhI OYIyT COTriaco-
BaHBI CO CPETHUM 3HAYCHUEM JIJISl H3MEPEHHBIX B 9KCIIEPUMEHTE 00pa3IioB.

Ha puc. 3 npuBeneHsl Moaenu BUIa CBEPXY Il MUKPOCBHTKOB B MPHOIH-
skeHnn DLA mipu pa3nnaHOW KOHIIEHTPAITUH 30JI0THIX HAHOYACTHII (C) B OTHOCH-
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TeJBbHBIX eAuHUIAaX. CHHUM LBETOM HA pUC. 3 OTMEYEHbl MOAEIbHbIE YaCTHILIbI
u3 3050Ta. Prc. 3a mosydeH mpu KOHIEHTpalMH 30J0ThIX dacTul ¢ = 20 %,
puc. 3b —mpu ¢ =70 %.

Y, a. u|
50
100
150
200
250

20 60 100 140 200 20 60 100 140 200

X, a.u. X, a.u.

Puc. 3. DLA Mozens cucTeMbl MUKPOCBUTKOB IpH: a — ¢ = 20 %, b — 70 %

Fig. 3. DLA model of the micro scrolls system at: a — ¢ =20 %, b—70 %

OCHOBHOI1 apaMeTp MOJEIH — BEPOATHOCTh arperauu (s) oKa3bIBaeT BIIH-
SIHUE Ha MOZEJBbHYIO CTPYKTYpY. Ero BbICOKME 3HaU€HHsI O3BOJISIOT TE€HEPUPO-
BaTh OoJiee pa3BETBICHHBIE CTPYKTYpHL. B cilyyae HU3KMX 3HaYEHHUH CTPYKTypa
MHUKPOCBHTKA CTPEMHTCS K TUIY JTMHEHHOTO 00bekTa. Tak, Ha puc. 3 aHamoruy-
Hble (hparMeHTH H300pakeHUs QuUryp ¢ obo3HaueHHeM (TI0Ka3aHO TOJHKO Ha
puc. 3a) uudpamu 1, 2 nonyuensr npu s = 0,3, ¢parment 3 — mpu s = 0,6,
¢parmenT 4 —mpu s = 0,8.

Pacuetnas ¢paxTanbpHas pasMEpPHOCTb MOJENBHOIO MAaccHBa CTPYKTYp IIO
n300paxxeHnIo Ha puc. 3a cocraBiser BennuuHy 1,77. Kpome Toro, B Moaenu
YUUTBIBAJIACh KOHIIEHTPAIMsI HAHOYACTHUI[ 30J0Ta KaK OJHOI'0 U3 OCHOBHBIX Ila-
paMeTpoB, OKa3bIBAIOLIMX BIMSHUE Ha (YHKUUOHAIBHBIE XapaKTEPUCTHKH
(HampuMep, IEKTPOIIPOBOAUMOCTE) 00pasIia.

Paznumna ¢pakraabHBIX pa3MepHOCTEH MOIETHHOW CTPYKTYPHI M peahbHO-
ro IMOJIyY€HHOTO B 3KcIiepuMeHTe obpas3uma He mpeBocxoauT Benuuuny 0,02,
YTO CBHJETEIBCTBYET 00 OTHOCHTEIBHOW MMOTPEIIHOCTH MOJCITHUPOBAHUS TTOPSI-
ka1 %.

AHanoruuHbIi nepexol K a0CONIOTHBIM €IWHHUIIAM TIO3BOJIUI CPAaBHUTH JJIH-
HBl MOJICNBHBIX CTPYKTYp W 00pa3loB, MONXYyYEHHBIX B 3KcriepuMeHTe. Hampu-
Mep, IUIS puc. 3a, TOJIOKMB MAcIITaOHBI KOA()(PHUIMEHT paBHBIM CpeaHEMY
JUaMeTpy MHKPOCBHUTKOB 9 MKM, HOJYy4YMM aOCONIOTHBIE JIMHBI MOJIEIBHBIX
00pas3ioB, He NpeBocxojsiue 2,25 MM M COIVIaCYIOIIUECS C MaKCHMAaJlbHbIM
3HA4YE€HHUEM JJIS1 U3MEPEHHBIX PeajbHbIX 00pPa3IOB.

Takum 00pa3oM, peanrn30BaHHOE COOTBETCTBHE (PAKTAIBHBIX pa3MEpHO-
CTel, a TakXxke pa3MepoB (AJTUH) MOJENel CTPYKTYpP C M3MEPEHHBIMH BEIMYHHA-
MH [O3BOJIIET OXKUAATh TAKXKE M COOTBETCTBMS 3HAUCHMH [UIS PAaCUETHBIX U U3-
MEpPEHHBIX (PYHKIMOHATIBHBIX XapaKTepUCTUK (HAmpUMep, 3JIEKTPOHUZNIECKUX
WJIM ONITUYECKUX ), 00YCIOBJICHHBIX Pa3MEPHBIMU CTPYKTYPHBIMU 3 dekTamu.

Dnexkmpoghuzuxka Knacmepuvix YenoUeYHsIX MONOJI0ZUYECKUX CIPYKIYD
C pa3Hoil KoHyenmpayueii amomos 3onoma. [lokaxxem, KakuM 00pa3oM UMEH-
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HO JJEKTpOoHU3NUECKE XapaKTEPUCTHKH 3aBHCAT OT KOHIEHTpPAIMH HaHOYa-
CTHIL MeTaJlj1a (30J10Ta, B HALlIEM Clly4yae) B MOJOOHBIX JIMHEHUATBIX CTPYKTypax.

OneKTpuYecKrue CBOWCTBA METAIJIOYTIIEPOAHBIX ILIEMOYEHHBIX CTPYKTYp Ha
IJIOCKOM TTOBEPXHOCTH PAaCCUYUTHIBAIOTCS HA OCHOBE COOCTBEHHOTO COTPOTHBIIE-
HUSI CErMEHTOB IIETOYKU R,

., 1 KOHTAKTHOTO COIIPOTHBIICHHSI MEX[Y LIEHOoYKa-
mu R, [16]

R=R

int

+R..

BHyTpeHHEEe CONPOTUBIICHUE HA IIOCKOCTH (B TOPU30HTAILHOM HAampaBIie-
HUM TIPU PACCMOTPEHHUH B 001IeM ciydae 3D cTpyKTyphl) MEXIY IBYMS COCE-
HUMU TOYKaMH B IICMOYKE (€€ M0 aHAJIOTMU C YIJIEPOJIHBIM HAHOTPyOKamu Oy-
neM orMmedats nHAeKcOM CNT) MoeT OBITh OIICHEHO B BUIE

R, =

int

4L
2 b

T (GCNT +8 10101 C metat )DCNT

roe L — CpeaHAd AJIMHA LCIOYKU, ) — Cp€aHAd KOHUCHTpAalUd HAHOYACTHUILL

metal

MeTaa B uenoyke; Dy, — IUMaMeTp HAHOLENOYKH; Gy; — COOCTBEHHas

QJICKTPONPOBOANMMOCTE LEIIOYKHU, O — TO XK€ MCTANIMYCCKUX YaCTHI] COOT-

metal
BCTCTBCHHO.

)Ipyroﬁ KOMITIOHCHT COIIPOTHUBJICHUA — KOHTAKTHOC COITPOTHUBJICHUE Rc MEXK-
Aoy AByMs pacCMaTpuBaCMbIMH HETIOYKaAMH (SI[GCB MOXXHO TOBOPUTH O TYH-
HCIbHOM 3(1)(1)6KT€ C IMPBDKKOBBIM MEXAHU3MOM J3JIEKTPOIIPOBOAUMOCTHU IJId 3a-

pi[)lOBI:IX HOCI/ITCHCI\/'I) OHpeZ[eﬂﬂCTCﬂ II0 COOTHOLLICHUKO HaHﬂayapa — EIOTTI/IKC-
pa (LB) [17]

R. z#,
2e"MT

IJie e — 3aps JEKTpoHa; i — moctosiHHas [lnanka; M — HOMEp KOHTaKTHOTO
KaHana; 7 — BepOATHOCTH Mepead 3apsA0BOTO HOCUTENS (3JIEKTPOHA), KOTOpas
MOJKeT OBITh paccuuTana B Buje [18]:

_dvdw pu 0<d< DCNT + Dmetal +2d

T = exXp vdw >
h / \/Sme | Wmetal - WCNT |

rae m, — macca dJIEKTPOHa, d — paccTosHHE MEXIy OCSIMH IBYX IEMOYETHBIX
00BEKTOB (HAHOTPYOOK); W,,...;» Weyr — PaOOTBI BBIXOZA 3apsiioB U3 MeETalIu-

YCCKHUX HaHO4YaCTull H HaHOprGOK COOTBCTCTBCHHO, dvdw

— Ban-gep-
BaanbcoBo paccrosinue [19].
Pe3ynbTaThl 3KCIEPUMEHTATBLHBIX M3MEPEHHU MPUBENCHBI Ha puc. 4 i

ABYX HCIOJIB30BAHHBIX CXEM U3MCPCHUS.
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a b
——contact 50| 7 A I, nA 507
—— tunnel 40
40
304
30 20
104
20 ; : L

0 0,5 1,0
—104 U,V

10

/—//—lc 0

= . = . . 304

g 0 0,5 1,0 ]
UV 40

—504

Puc. 4. amepeHHbIe 3aBUCUMOCTH JJIs1 BOJIbT-aMIIEPHBIX XapakTepucTuk (BAX):
BAX — 3aBHCHMOCTb IUIS1 IBYX UCIIOJIBb30BaHHBIX CXEM H3MEPEHUS;
a — KOHTAaKTHAs U TyYHHENbHas; b — TyHHenpHast BAX mpu n3MeHEHHN MOSIPHOCTH HANPSHKEHUS
Ha [TOJIBOJTMMBIX MUKPOKOHTAKTaxX K 00pasiry

Fig. 4. Measured dependencies for the Volt-Ampere Characteristics (VAC):
VAC — dependence for two used measurement schemes: a — contact and tunnel;
b — tunnel VAC when changing the voltage polarity on the microcontacts applied
to the sample

Pacyers! nmpoBoaunuck Hamu i 3HaueHui: L = 20 MxM; Dgyp = 10 MKM;
G o = 416 - 107 C/v; dy, = 170 - 102 M5 w,,., = 5,1 3B; Wy, = 4,7 2B

metal
C BapbUPOBAHUEM 3HAYEHAH O HpI/I 9TOM IIpHU MOJACIIMPOBAaHUU TYHHEIIBHO-

metal *
ro MeXaHH3Ma JJICKTPOMPOBOJMMOCTH aHAIM3UPOBAIACh 3aBUCUMOCTh KakK IS
HIOJIOKUTENBHBIX, TAK M OTPUIIATEIIbHBIX 3HAUYCHUI 00JIacTel MPHKJIIaJbIBAEMBIX
AIIEKTPOHAIPSKEHUH (Cp. ¢ pHc. 4b).

R, OMm
1x10° 1
5x107F ) 1
,,,,,,,,,,, e
0 L . L .
0 2x107 4x107 6x10° 8x10° 0,01

GOmetal

Puc. 5. 3aBHCIMOCTB CPEJHETO HIIEKTPOCONPOTUBICHUS (BEPTHUKAIBHAS OCh) OT KOHIICHTPAIIUH
METaJUINYECKUX HAHOYACTHII (30JI0Ta) B IeTI0UKe (yKa3aHa Ha TOPU3OHTAIBHOI OCH B JOJIIX):
1 — u3MepeHHoe 3HaueHue; 2 — MOJIeIIbHbIE JaHHbIC

Fig. 5. Dependence of the average electrical resistance (vertical axis) on the concentration of metal
nanoparticles (gold) in the chain (indicated on the horizontal axis in fractions):
1 — measured value; 2 — model data
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OrmeHka CpeaHEero 3HAYCHUs DJIEKTPOCONMPOTHUBICHUS (pHC. 5) Ha OCHOBE
naHHBIX U3 puc. 4b cocramna Bemmumay 2,7 10" OM st KOHIEHTpALMH
HAaHOYACTHIl 30JI0Ta B Lenoyke J,,., <50 %, HO Hanbosee TOYHBIC pacueTHbIC

pe3yapTaTel ¢ morpemocteio Topsaka 10 % mgoctwrammch B ciaydae, HE
npeBocxozsmem 1,39 %.

Takum 00pa3oM, MPHUBEICHHBIC BHIIIE COOTHOIICHHS MMO3BOJISIOT (OPMHUPO-
BaTh MOJCIIU 3JEKTPOIPOBOJUMOCTH IIETIOYCYHBIX CTPYKTYyp. [lpm 3TOM yxke
MaJjioe 3HaYeHHEe KOHIICHTPAIlMA HAHOYACTHII 30JI0Ta B TAKMX CTPYKTypax JOCTa-
TOYHO JUISI YIPaBIEHHS SJEKTPOPU3NUECKIMH XapaKTePHUCTUKaMH 00pa3IoB.
OTO0 SBIAETCSA MPUHIUITHAIBHON BO3MOXXHOCTBIO IS PErYIMPOBAHUS DJIEKTPO-
(bm3uky ¢ TpeOyeMbIMH 3HAYSHUSIMH ITapaMeTPOB MTOJTO0HBIX 0OBEKTOB IS pas-
JINYHBIX TPUIIOKEHUMN.

BbBIBO/IbI

1. PaCCMOTpeHBI BOIIPOCBI W MOJCIIU CHUHTE3a IOBEPXHOCTHBIX MHKPO-
U HaHOCTPYKTYp OIpEIeNICHHOW KOH(PHUIYypaluu Ha MpUMepe IEHIPHTHBIX
CTPYKTYp M Je(EeKTOB C YNpaBseMOil TOIMOJOTHel NMpH JlazepHOW almauuu c
MOBEPXHOCTH METAJUIMYECKUX KOMILIEKCOB B YCIOBHSIX OINpPEIEICHHBIX PEXKHU-
MOB Jla3epHOro Bo3neicTBus. [lonoOHBIE TEXHOJNOTHMM MPEACTaBIAIOT 3HAUYU-
TEJIbHBIA MHTEpEC MpU J1a3epHOil 00paboTKe neTanell SHepreTHUECKUX yCTaHo-
BOK, B YaCTHOCTH IJIsl VIIPABJIICHHUS B WX MeprU(EepUIHBIX O10KaxX 0O0eCTeUeHHs
(YHKIMOHUPOBAHUS YCTAHOBOK C COOTBETCTBYIOIIMMH IEKTPODHU3MUECKUMHU
XapaKkTepUCTUKAMH TPeOYyeMOTo 3HaYCHUSI.

2. IlpuBeneHs! pe3yabTaThl SKCIIEPUMEHTAIBHOTO CUHTE3a CUCTEMbBI MUKPO-
CBUTKOB JHOKCHAAa THUTaHa C aTOMaMH 30JI0Ta B BHJAE aCCOLUMPOBAaHHBIX
AU-HaHOYACTHUI, NOJTYYEHHBIX OPUTHHAIBHBIM TPEXATAIIHBIM METOIOM CHHTE3a.
BrimonHeHa oleHKa MPOCTPAaHCTBEHHBIX Pa3MEpOB U (DpaKTaJIbHBIX pa3MEpPHO-
CTel JaHHBIX LEMOYEYHBIX CTPYKTYpP B TaKMX 00pa3lax B paMKaX MMHTALHOH-
HOW MOJENM B MPUOIMKEHHH XOPOIIO M3BECTHBIX MOAXO0J0B MaTeMaTHYecKOro
1 KOMIIBIOTEPHOIO MOJIEJIMPOBAHUS KJIETOYHOrO aBToMara u Au((y3HOHHO-
OrpaHUYEHHON arperanuu B okpectHocTH Helimana. Ilo naHHOM mponenype
MPOaHaIM3UPOBAaHA MOJIENb TOPIIEBOTO CEYCHUS] MUKPOCBUTKA B MPHOJIMKEHUH
cnupany ApxuMmena C y4eTOM MIepOXOBaToCTH MOBepxHOCTH oOpasua. Ilomy-
YEHHBIE BEJIMUMHBI MOTPEIIHOCTH MOJEIHUPOBAHUS B CPABHEHHH C HKCIIEPUMEH-
TaJIBHBIMU JAaHHBIMH [OKa3aJd aJEKBAaTHYI0 NPUMEHHUMOCTb NPENI0KEHHBIX
MoOJeNeil Ul ONUCAaHUsI CUCTEM MHUKPOCBUTKOB. IIpOBEIEHBI SKCIIEPUMEHTHI 110
eKTPodHU3UKE MOAOOHBIX KIACTEPHBIX TONOJIOIMYECKUX CTIPYKTYP C Pa3HOM
KOHIIEHTpalMel aTOMOB 30J10Ta B TAKUX LIEIIOYHBIX OOBEKTaX.

3. PaccMoTpeHHBIE 00BEKTHI € YIIPABISIEMO MUKPO- M HAHOTOIOJIOTHEH MpH
WX JIa3ePHOM CHHTE3€ Ha TOBEPXHOCTH MaTepualla MPEJCTABISIOT 3HAYUTEINb-
HBIH WHTEpEC U pa3lWYHbIX MPUWIOKEHHH B acleKTe PeryjIupoBaHHs B 3a-
JaHHOM HampaBlieHMH (YHKIHOHATBHBIMU/3IIEKTPOPU3NIECKUMHU XapaKTepu-
CTHKaMHU TaKHUX CTPYKTYp. DTO AOJDKHO TMO3BOJHTH Pa3paldaThIBaTh 3JIEMEHTHI
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U CHUCTEMBI PA3IMYHOrO NPENHA3HAYCHHs, BKIIOYAs JJIEKTPOTEXHHUKY, MHKPO-
W HAHODJIEKTPOHHKY M (POTOHHKY, Ha HOBBIX (PM3UUECKUX NPUHIHIAX, B TOM
YHUCJIE IS DHEPreTHUECKMX YCTAHOBOK — IMPOTOTHUIIOB Pa3jIM4YHBIX YCTPOMCTB
¢ TpeOyeMBIMH 3JEKTPOPUZNIESCKUMH XaPaKTEPHUCTUKAMH.

4. TIpoBeneHHBIE HCCIENOBAHUS IEMOHCTPUPYIOT YHUBEPCAIBHOCTD JTAHHOTO
MOX0Jja MOBEPXHOCTHOW MH)KEHEPHH Ul PA3INYHBIX MAaTEPHAJIOB C JIETHPYIO-
MU XUMHYECKHMU 3JIEMEHTaMH U KOMIUIEKCaMH MPaKTUYECKH JI000ro cocra-
Ba, BKJIIOYasl CUHTE3 TOHKUX IIJIEHOK METAUIOYTJICPOIAHBIX U aJIMa30Mon00HBIX
COEIMHEHHUH MIMPOKOro Kiacca. Takue CTPyKTypbl OTHOCUTENIBHO JIETKO (hopmu-
PYIOTCS € TOMOIIBIO JIA3ePHOW abNSAIMK Ha OTBETCTBEHHBIX NETAJSAX TeEIIo-
SHEPreTHYECKUX TeHEPAaTOPOB Pa3HONH KOHCTPYKLUH C ONTHMH3ALUEH X (QyHK-
LUOHAJIBHBIX XapaKTEPUCTUK B 33JJaHHOM HaIIPABICHUH, KOTOPOE MOJIyYUT CBOE
pasBUTHE B caMoe OyimKaiiliee BpeMsi KaK CEKTOpP BBICOKOTEXHOJOTHYHBIX HH-
HOBaIllMOHHBIX pa3padOTOK, KOHKYPEHTHBIX Ha MHPOBOM YPOBHE, B TOM YHCIE
U B cepe SHEPreTUKy.

PaboTa BbinonHeHa B pamkax [[ocygapCcTBEHHOro 3agaHus B chepe Hay4yHowm
aesTensHocTn MuHucTepcTBa Hayku 1 Beicllero obpasoBaHusi Poccuiickon de-
aepauun (Tema FZUN-2024-0019, lNocsaganue Bnly).
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Pacuer BJMSIHUSI OTPABJIEHHSI HA TPOU3BOAUTEIbHOCTh
MACCMBHOI0 KATAJINUTUYECKOI0 peKOMOMHATOPA BOIOPOIA
Jokajaudywiuei cucremsl 0ezonacaoctu AJC ¢ BBIP

B. B. Copoxun”

DBenopycckuii HALMOHATbHbIHA TeXHHYecKui yHuBepeuter (MuHCk, Pecy6uka Benapyce)

Pedepar. Ha coBpeMeHHON aTOMHOM 3J€KTPOCTaHIMH NIPELYCMOTPEHBI JTOKATU3YIOIINUE CUCTEMBI
6€30MacHOCTH ISl yAep KaHUs IPH aBapUM PAJMOAKTHBHBIX BEIECTB M MOHU3HUPYIOLIETO H3ITyde-
HUS B TIPEAyCMOTPEHHBIX MPOEKTOM TpaHunax. Jljis 3alluTel TPaHULBl MPUMEHSETCS CHCTe-
Ma yAaleHus! BOTOPOAa, BKIIOYAIONIast TACCHBHBIC aBTOKATATUTHIECKHE pekoMOnHaTopel. Cucre-
Ma NPEeIOTBpaAIacT 00pa30BaHNE TOPIOYNX M B3PHIBOOMACHBIX KOHIIEHTPAIM BOZOPOAA 3a CUET
MIPEBpaMICHNUs MOCIEIHET0 B BOAY B XOJ€ PEAKIMM C KHCIOPOAOM BO3IyXa HA KaTalH3aTope.
OcHOBHOIT MaTepHal KaTajau3aTopa — 0OBIYHO IUIATHHA ¢ Jojel namtagusa. Hapsoy ¢ Bogoponom
aBapHifHasi cpela COJEPXKUT CIeNN(HUIECKUE BEIeCTBAa, M3BECTHBIE KaK KaTAIHUTHYECKUE SBI.
Sl yMEHBIIAIOT aKTUBHOCTD KaTAIN3aTOPa M CHIDKAIOT IPOU3BOAUTENEHOCTE PEKOMONHATOPOB.
JlI1 MIaTUHOBOrO KaTaau3aTopa ONAacHbI BELIECTBA-IOHOPBI Hapbl 3JIEKTPOHOB, HAIIPUMEP TEl-
nyp. KonnuectBa BbIIETUBIINXCS KaTaIUTHYECKUX S]0B HA CTaJUM IUIABJICHUS AKTUBHON 30HBI
JIOCTaTOYHO JUISl CHMXKEHUS aKTUBHOCTU KaTajlu3aTopa. YPOBEHb CHI)KEHMsI OLICHEH pacyeTaMH.
Snel B a9p030JIbHOM (hOpME OIIACHBI B 30HE OTPBHIBHBIX TEUEHHH Y IOBEPXHOCTH KaTAIUTHYECKOTO
asieMeHTa. Sl B aToMapHOil (MoJeKysipHO#T) (hopMe OmacHbI [yl KaTain3aropa 1o BCeW iu-
HE 3JE€MEHTA. SIA BbI3BIBAET IOCTENCHHOE CHIKCHUE IPOHM3BOIUTENBHOCTH PEKOMOMHATOPOB
C POCTOM KOJIMUECTBA MpOpearupoBaBliero Bogopoa. CKOpoCcTh OTpaBIEHHUs 3aBHCHUT OT THIIA
1 KOHIIEHTPAIHN $171a, MacChl aKTUBHOM IIATHHBI HAa €IMHUIIE TOBEPXHOCTH KaTanm3aTopa. Pacue-
TOM TIIOKa3aHa BO3MOXXHOCTh CHIDKEHHS TIPOM3BOJUTENFHOCTH IACCHBHOTO KATaIMTHYECKOTO
pexoMOMHATOpa BOAOPOJA BCIEACTBHE OTPABICHUS KaTalu3aTopa B ycioBusx aBapuu Ha ADC
¢ BBOP. IlpencrasieHsl KOJMYECTBEHHBIE AaHHBIC MO OTPABICHHIO pekoMOuHaTopoB THma FR
n PBK. Dddexr orpaBnenns ciemyer y4uTHIBaTh IPH BEIOOpE NPOHM3BOJUTEIBLHOCTH CHCTEMBI
yIaJIeHUs BOJIOPOIA JIOKAIN3YIOIIEH cucTeMbl Oe3onacHocTr 3Heprodnoka ADC ¢ BBOP.
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Calculation of the Impact of Poisoning Effect

on the Performance of a Passive Catalytic Hydrogen Recombiner
of a Localizing Safety System at a Nuclear Power Plant
Equipped with Water-Cooled Water Reactors

V. V. Sorokin"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. A modern Nuclear Power Plant (NPP) is equipped with localizing safety systems
to contain radioactive substances and ionizing radiation within the boundaries specified by
the design in the event of an accident. To protect the border, a hydrogen removal system is used,
including passive autocatalytic hydrogen recombiners. The system prevents the formation
of flammable and explosive concentrations of hydrogen by converting hydrogen into water during
a reaction with atmospheric oxygen on a catalyst. The main catalyst material is usually platinum
with a proportion of palladium. Along with hydrogen, the emergency environment contains spe-
cific substances known as catalyst poisons. Poisons reduce catalyst activity and decrease the per-
formance of recombiners. Electron pair donor substances, such as tellurium, are dangerous for
the platinum catalyst. The amount of released catalytic poisons at the stage of active zone melting
is sufficient to reduce the activity of the catalyst. The level of reduction is estimated by calcu-
lations. Aerosol poisons are dangerous in the zone of separated flows near the surface of the
catalytic element. Poisons in atomic (molecular) form are dangerous to the catalyst along the entire
length of the element. The poison causes a gradual decrease in the productivity of recombiners
as the amount of reacted hydrogen increases. The rate of poisoning depends on the type and con-
centration of the poison, and the mass of active platinum per unit surface area of the catalyst.
The calculation shows the possibility of a decrease in the productivity of a passive catalytic hydro-
gen recombiner due to catalyst poisoning under accident conditions at a Nuclear Power Plant with
Water-Moderated Water-Cooled Reactors. Quantitative data on the poisoning of recombiners
of the FR- and RVK-types are presented. The poisoning effect should be taken into account when
selecting the performance of the hydrogen removal equipment of the localizing safety system
for a power unit at a Nuclear Power Plant with Water-Moderated Water-Cooled Reactors.

Keywords: Nuclear Power Plant, Water-Moderated Water-Cooled Reactors, severe accidents,
hydrogen safety, localizing safety system, hydrogen removal system, catalytic recombiners,
catalyst, catalytic poisons, performance, calculations
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BBenenue

Ha coBpeMeHHOW aTOMHOHM AJIEKTPOCTAHIIMH TPEAYCMOTPEHBI JOKAIH3YIO-
M€ CUCTEMBl 0€30MacHOCTU I YAepKaHWUA MPH aBapuu pPaJuOaKTHBHBIX Be-
IIECTB U MOHM3HUPYIOIIETO M3IYYCHHS B IMPEIyCMOTPEHHBIX MPOEKTOM TpaHH-
nax. ['pannmy cucrembr oOpasyet repmernunoe orpaxnaenue (I'O), BHyTpu Ko-
Topor dopmupyercst 30Ha Jokamusanuu. s 3ammuTel 'O ot pazpyuieHus
Y TIOJIIEP)KaHUS €ro paboTOCITOCOOHOCTH HEOOXOAMMO PEIINUTh MPOOIeMy, CBSI-
3aHHYIO C HaKOIUICHHEM M BO3MOXXHBIM BOCIDIAMEHEHHEM BOJIOpPOJa MPH TsIKe-
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noii aBapuu. ComyTcTByromue 3¢ (GeKThl TOBBIIIEHUS JAaBICHUS H TEMIIEPATyPhI
CHOCOOHBI Pa3pyIINTh OTPAKIACHUE.

B mpoexte ADC ¢ BBOP mpeagycmoTpena cucteMa ynajaeHHS BOIOpPOa,
BKITIOUAIONIAsl TTACCUBHBIE aBTOKATAIMTUYECKHE PeKOMOMHATOpPHL. BHYyTpH KOp-
myca peKkoMOMHATOpa pa3MelICHBl KaTalIuTHYeCcKue 31eMeHThl. Kopmyc npen-
CTaBIsIeT COOOI BEpPTUKANBHBINA KaHaJ, COOOMIAIONIMICS Yepe3 OTKPHIThIC BEpX-
HUW W HWKHHUHA KOHIIBI ¢ 00beMOM 30HEHI JIoKanu3anuu. [Ipn Hanmaum Bogopoaa
B aTMOC(epe Ha KaTaTUTUYCCKUX JICMEHTaX MPOUCXOUT XUMUYECKas PeaKIlus
COEIMHEHHS BOJIOPOJA U KHCIIOPO/a, COMPOBOKIAIOMIASICS BBIJEICHHEM TEILIO-
Thl. DOpMUpYETCS YCTOWYUBBINA BOCXOIAINI KOHBEKTHBHBIN TIOTOK, 00ECTIeuH-
BAOIIUI MOCTYIUICHUE Ta30BOM CMECH K KaTaJlu3aTOpPy W OTBOJ MPOAYKTOB pe-
akuu. B pesynbrate paboThl peKOMOMHATOPOB KOHIIGHTPAIHMS BOJOPOAA BHYT-
pu 'O cHmxaercs. IlaccuBHBIM NMPUHUUI OEHCTBUSA, a TAKKE HE3aBUCUMOCTh
(byHKIIMOHANBHBIX 3JIEMEHTOB CUCTEMBI OT JPYTUX CHCTEM SHEPro0JioKa U JApyT
OT JIpyra 00eCIeUnBalOT € BHICOKYIO CTEIeHb HamexxHocTH [1-3]. B kadecTBe
KaTajau3aTopa 0OBIYHO HCIONB3YeTCs TUIATHHA ¢ JOOABKOH Mmasiaivsl.

[Ipu obocHOBaHMU PaOOTOCTIOCOOHOCTH CHUCTEMBI yIANCHUs BOJOpOJAa Clie-
IyeT OIEHUThH €€ JEHCTBHE B CIOXKHBIX YCIOBHUAX TsDKENOW aBapuu. [lmaBneHue
TOIUIMBA COIPOBOXIACTCS Pa3pyIICHUEM CTEHOK TETUIOBBIICISIONINX 3JICMEH-
TOB, TOIUTMBHBIX TaOJETOK, BBIXOJOM B aTMoc(epy NMpoayKToB neneHus. Taxxke
B arMocdepy MOoMmagaroT MPOAYKTHl Pa3IoKeHUs IPYTHX MaTepHuaioB, HAXOms-
IIUXCS B 30HE JIoKanu3anuu., Cpein HUX MOTYT OKa3aThes crenuduyeckue cyo-
CTaHITMH, CIOCOOHBIC YMEHBIATh AKTHBHOCTH KaTaim3aTopa (OTpaBiIsATh),
M3BECTHBIC KaK KaTAJIUTHUYECKUE sibl. BCliecTBUE OTpaBICHUS CHIDKASTCS TIPO-
M3BOJUTENHHOCTH PEKOMOMHATOPOB.

AHanu3 HayYHOW JIUTEPaTyphl M TEXHWYECKHX ITOKYMEHTOB ITOKa3al, YTO
OJHO3HAYHAs KOJWYECTBCHHAs OICHKA CHIIKCHHUS TPOU3BOIUTEIBLHOCTH HE
YCTaHOBJICHA, a B YaCTH SKCIIEPUMEHTAIBHON MPOBEPKU MPOBEICHB MHOTOYHC-
JICHHbIC pa3HOHANPABIICHHBIC HCCIEJOBAaHUS YacTO C MPOTHBOPCYHBBIMH HIIH
TPYZHO HMHTEPIPETHPYEMbIMH pe3yibTaTaMu. Mo, Hampumep, JeTyd, H ero
MHOTO KaK B COCTaBe MPOJYKTOB JICJIICHUS, TaK U B aTMoc(epe 30HbI JIOKaI13a-
uuu. V3 nurepatypsl 0 XUMUU U3BECTHO, YTO MOJI OTPaBJIAET IJIATUHOBBIN Ka-
tanmu3zarop [4]. OTpaBicHHE IUIATHHOBOTO KaTajau3aTopa HOJOM B peKoMOWHa-
Tope HaOmromanu B [S], He HaOMOgaM 0€3 BBIACHCHMS, MOTJIO WM HET MIpo-
SIBUTBCS OTPABJICHWE B UMEBIIUXCS YCIOBHUSX, B [6], YCTAaHOBUJIM OTCYTCTBHE
sadpdexra B [3, 7]. Henocrarok nHpopmanum ckaszpiBaercst Ha npakTuke [8—10],
pacTeT HeollpeIeIeHHOCTh KOJIMYECTBEHHBIX OIIEHOK Oe3omacHocTH [11].

Habnromanuce sab1 B MOJIEKYJSIPHBIX (pOpMax, Kak CPaBHUTEIBHO JIETKO
yaanseMble ¢ TOBEPXHOCTH KaTalIM3aTopa U He MPEMSATCTBYIONIUE NalbHEUIICH
ero paboTe, TaK ¥ BXOJAIINE B IPOYHYIO CBI3b C KaTAIU3aTOPOM, BILIOTH JIO €r0
HEBOCCTaHABJIMBACMOH Ae3aKTUBAIMHK [12] B X0/Ie ITATHOIO TEXHOJIOTHYECKOTO
mporiecca. Takyke U3BECTHHI SbI, IPEMSATCTBYIONINE JOCTYIy PeareHToB K KaTa-
nu3aTopy (Kokc, otioxeHus ). Harpe karanusaTopa pekoMOMHATOpPa BOAOPOAA
Ha 20-30 °C BmImIEe TemmepaTtypsl aTMOCephl perraeT MmpodieMy YIaacHUsS



V. V. Sorokin
Calculation of the Impact of Poisoning Effect on the Performance of a Passive Catalytic... 67

Boabl [13], mo 117 °C — moHookcuma yriepoaa [14] (umu no Gonee BBICOKOWM
TeMnepaTtypsl, mo JauHbM [15]). [Iporpes u npomyBKka KaTaau3zaTopa B MPUCYT-
CTBHH BOJOPO/a, IOJAaBAEMOro U3 0ajuloHa, MPEeayCMOTPEHBI I BOCCTaHOBIIE-
HUSl aKTUBHOCTH KAaTAJUTHYECKUX DJIEMEHTOB, KOTOpasi, COIJIaCHO HaOIIIO/IeHH-
SIM, CHUYKAaeTCa CO BPEMEHEM IPH IKCIUTyaTalluu yCTPOMCTBA B peKUME OXKHJIa-
Hus. IlocnencTBrus HEBOCCTaHABINBAEMON J€3aKTUBALMU YCTPAHSIOTCS 3aMEHOM
KaTaJIMTHYECKHUX JJIEMEHTOB (B XOJ€ aBapuH peajn30BaTh MEPONIPHUITHE HEBO3-
MO>KHO).

[IpousBoguTens pekoMOMHATOPa OOBIYHO COOOIIAET CHHMCOK S70B, B OTHO-
HIEHUH KOTOPBIX OH MPOBEPEH W MOKa3al HeoOXOAMMYI0 YCTOHUMBOCTH [2, 3].
B mpoekrte sneprodmoka ADC pekoMOWHATOPHI MCTIONB3YIOTCS MCXOnIsS M3 Xa-
PaKTEpPUCTHK, YKA3aHHBIX Mpou3BoauTeneM [1].

Komnanust AECL (Kanana) siBisnace 0AHOM U3 NMEPBBIX OpraHU3aLUN B MU-
pe, MPOBOAMBILIEH KOMILIEKCHBIE HCCIIEOBaHMs TI0 MPOobiieMe BOAOPOAHON Oe3-
omacHoctu [16]. IIpoBepsinack U yCTOWYMBOCTh pEKOMOMHATOPOB K siaM. AHa-
JIM3 TIPOBOAWIICA VIS TSDKENbIX aBapuil. OnpeneneHo OTCyTCTBHE BPeJHOI'O BIIU-
SHUSl 3aJIMBa YCTPOWCTBA CIIPEEM CIPHHKIEpHOro pacTtBopa. llposepeno
JIeUCTBUE S1JI0B: Hoja, HoaMeTHIa, TUApa3uHa, XJiopa, XJIOpoOBOA0PO1a, MOHOOK-
cuna yriaepoaa. Bpemunoro addexra He oOHapyxkeHo. Ilpu ucnbITaHuu B cpene
a’p0o30J1s1 00TydIEeHHOTO ¥ HEOOIy4eHHOTO TOIUIMBA TaKkKe He OOHApy)KEHO CHU-
JKEHHSI TIPOU3BOAUTENHHOCTH. KaTanuTudyeckre aJeMeHTHl NMPOBEpSINCh HE B
cocTaBe peKOMOMHATOpa, a B COCTaBE 3KCIIEPUMEHTAIBHOr0 ydyacTka. Ciemyer
OTMETHUTH, YTO B peakTopax Ha Tsxkenoil Boae Tuna CANDU crenens nerpana-
LMY AKTUBHOM 30HBI IIPU TSKEJION aBapuu ropasno MeHsle, yeM y PWR, kak u
aBapuilHble BBIXOABI BOJOPOAA. BhIropaHne M OCTaTOYHOE TETUIOBBIIEICHHUE
TOIIJIMBA TAK)Ke HIPKE BCIEICTBUE MCIIONB30BaHMS NMPUPOIHOTO Min ciaabo 06o-
TallleHHOI0 ypaHa B KauecTBE JACIALIETOCs MaTepuaya M HENpephIBHBIX IEpe-
IPy30K B Xoze KamnaHu. [Ipo6iiema oTpaBieHus HE CTOUT OCTPO.

W3BecTHBI OTBETH TIpeacTaBuTENEH oneparopa Broporo 0i1oka ADC « uam-
ana-Iloitar» (CHIA) nmanmomamsHOMy peryisTopy (US Nuclear Regulatory
Commission), B KOTOPBIX CoepKaTcss HHPOPMAIHsI U MOSICHEHHUS], YTOUHSIOIIIE
oT4eT 1o 000CHOBAHUIO OE30MACHOCTH OJI0Ka B YaCTH BIMSHUS SJI0B Ha KaTall-
THYeCKHe pekoMOuHaTophl. OmepaTrop OMUCHIBACT KaTaduTH4eckue siabl [17],
MPUBOJIUT UX KJIACCH(UKALIUIO, OLICHKY CKOPOCTH CHIDKEHHS PEaKIHU Ha OTpaB-
JICHHOM KaTajlu3aTope BABOE, cooduiaeT, yTo aisl 3¢¢eKkTa oTpaBlieHHS HAAO0
MMETh BBICOKYIO KOHLIEHTPALHMIO s/1a B TEUCHUE MPONOJDKUTENIFHOIO BPEMEHH,
gero o0brgHO HeT Ha ADC ¢ PWR. KoHnenTpamnus Bogoposa B KOHTEHHMEHTE
HE MOXET MPEBBICUTH 2 00. %, YTO HEOMACHO HE3aBUCUMO OT HAJUYUs WIH OT-
CYTCTBHUS S0B.

O6001IeHNe YKCIEPUMEHTAIBHBIX TaHHBIX 110 OTPABJICHUIO KaTaJIH3aTOPOB
(MIaTHMHOBBIX M MaJJIaMEBbIX) NMpoBeaeHO B [6]. B paboTre BBIsAICHEHO, YTO Oca-
KIEHUE MOJIEKYJISIPHBIX (DOpPM Ha TOBEPXHOCTH KaTalIW3aTopa HIET CYIIECTBEH-
HO MHTEHCHBHEE, YEM a3PO30JIbHBIX; 3aMEHA MHEPTHOIO KOMIIOHEHTa aTMocde-
PBI KCIEPUMEHTAILHOM YCTaHOBKM (a30T) BOJASHBIM MapoM (TIpU IUIOTHOCTH,
CYIIECTBEHHO MEHBINEH IJIOTHOCTH HACBIIICHHOTO Mapa) He CHI)KAeT WHTEH-
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CHUBHOCTH PEKOMOHMHAIINH, pEKOMOWHAITUEH yIpaBiseT NeUIIUTHEIN peareHT nu3
napsl KUCI0poa U BogopoA. OnpeneneHHbIX pe3ynbTaToB M0 OTPaBICHUIO KaTa-
nu3aropa B [6] He ToiydeHo. B uTore BrICKa3aHO MHEHHE O BO3MOXHOW HE3HA-
quTeNnbHOU ponu 108 (mpuMeHuTenbHO K ADC ¢ PWR).

[Ipu ananu3ze Bompoca o BIUAHUU 410B B cinyyae ADC ¢ BBOP xenatensHo
YCTaHOBUTH KOJIUYECTBEHHYIO cTOPOHY 3¢ dekra, TOCKONIbKY yAeTbHbIE MOKa3a-
tenu BBOP Boie, vem y PWR, a cpenu BBOP BBOP-1200 otnuuaercs 60ib-
1Ieid MOIIHOCTBIO U OOJBIINM YpOBHEM BBITOpaHHs ToruiuBa. [1o oueHkam, BbI-
XOJBI BOJIOpO/ia MpH aBapusx Ha 6inokax ADC ¢ BBOP MoryT nocrurarts omnac-
HbIX 3HadeHu# [18, 19]. PacueTs OyzeM MpOBOAUTE IJIsi KOHKPETHBIX MOJIENeH
pexomounatopoB tuna FR (AREVA) u PBK (Pycckue sHepreTuueckue TeXHO-
JIOTUH), KOTOPBIMU 4acTO KOMIUIEKTYIOTCS CHCTEMbI YJaJIeHUsI BOJIOpOJa dHEp-
roomokoB ¢ BBOP. B cocraBe benopycckoit ADC akcIutyaTupyroTcst 1Ba dHep-
ro6noka ¢ BBOP-1200, ocnamennsix pekomObunaropamu PBK-3 u PBK-4.

Karanutudeckue siabl B aTMocdepe repMeTHYHOT0 OTPAKISHUS

B ycnoBusix HOpManbHON JKCILTyaTalliM TOTUTMBHAS TaOJETKa yJEp:KUBACT
B CBOEH CTpyKType 10 98 % mpoaykroB aenenus. [loTeps mioTHOCTH 000I0UKH
TBAJIa ¥ BBICOKAs TeMIleparypa TaOJIeTOK MPHU TSKEIIOW aBapud MPUBOIAT K BbI-
X0y HAKOIUICHHBIX MPOAYKTOB JCICHUS U KOMIIOHEHT TOTUIMBA. YacTh BEIIeCTB
BBICBOOOKIAETCS M3 MaTepUAIIOB BHYTPUKOPITYCHBIX DJIEMEHTOB. BbIxoxa 3aBu-
CHUT OT HAa4YaJbHOW KOHIEHTpaInu u KoddduimeHTa nepexoma, KOTOPHIA B CBOIO
ouepellb ONpeeIsIeTcsl napameTpaMyu aBapuUHOW aKTUBHOW 30HBI, TEMIIEPATy-
POt 30HBI M CKOPOCTRIO ITOTOKa rasa [20, 21].

HavaneHas koHIEHTpanus MPOIYKTOB JENEHUS 3a7aeTCs YPOBHEM BBITOpa-
HUS TOIUTMBA W W3BECTHBIM PACIpPENCICHUEM CONEPIKAHHSI OCKOJKOB EICHUS
JUTSL PEaKTopa ¢ TEIUIOBBIM CIIEKTPOM HEHTpOHOB [22, puc. 3.14]. Y3 uMerommx-
Csl OCKOJIKOB JICJICHHS ONMACHOCTh KaK KaTaJUTHYECKUE SIbI IS TUTATHHBI U TaJ-
TS IPEICTABISIOT JOHOPHI Maphl AJIEK-
TpoHOB [12], WX XapaKTepUCTHKH TIPHUBE-
JleHbI B [23].

st TonmydeHus — KOJWYECTBEHHBIX
OIICHOK BIIMSHUS OTPAaBJICHHS IIeNIec000- o
pa3HO BHIOpaTh TEIUTYp, HMCIOIIUMACS B
OOJBITIOM KOJUYECTBE M XapaKTEPU3YIO- p.
IIMICS BBICOKUMH TUIOTHOCTBIO ITAPOB H L1
BEPOSTHOCTBIO TpPEOBIBaHKUS B MOJICKY- v
nspaoit  gopme. ['paduk 3aBUCHUMOCTH //
NIABJICHUs HACBILICHHUS MAapoB TEIypa OT
TeMIeparypsl npHuBeaeH Ha puc. 1, on mo- 0 200 ;ec 400
CTPOCH Ha OCHOBC OKCTpAlOLINUA J1aH- Puc. 1. Tpadyk 3aBUCHMOCTH JIaBJICHHSI
HbIX [24]. [laBreHne, coriacHO puC. 1, CO- HACHIIEHHA IIApOB TEILTYPa OT TEMIIEPATyphI
ctaBnsier okono 0,4 Ila mpu 120 °C, uyemy Fig. 1. Graph of the dependence
COOTBETCTBYCT KOHIICHTpAIIM MapoOB TEI- of the saturation pressure of tellurium
JTypa B BO3IyXe 4 ppm. vapor on temperature

p,11a
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Pacuyer oTpaBiieHus1 MOJIeKYJISIPHBIMH (D)OPMAMHU S110B

Pacuer orpaBieHuss MONEKYJIApHBIME (hOpMaMU SJIOB B YacTH BIMAHHS Ha
MIPOU3BOAUTEILHOCTh MOYKET OBITH MPOBEACH B 00IEeM BHIE 0e3 SBHOTO ydeTa
CBOWCTB OTpaBistoniell cpenbl. [IycTh SAbI CHHXKAIOT CKOPOCTh XMUMHYECKOM
peakiuu ks B 1/4 pas

ks = A(ks)o, e

rne (ks)o — CKOPOCTh XUMHUECKOI peakIiii HEOTPABICHHOTO KaTaju3aTopa.
CoO0TBETCTBEHHO MPOU3BOAUTENBHOCTh YMEHBIIAETCS B G= G(A)/G(A=1) pas.
Pacuer Benercs ayig ycnoBui TSKENOW aBapuM B 30HE JIOKAJIU3aLUU: AaBJie-
nue 0,3 MIla, temneparypa 125 °C, xoHueHTpanus Bojgopoaa 4 06. %. Jns pe-
komOuHaropa FR90/1-1500 ucnomns3yercs moxens [25], mist PBK-3 [26]. U3me-
HEHHE CKOPOCTH PEaKIMH 3aJaeTcs BEIHMYNHOU A W OompenessieTcs ypaBHEHH-
eM (1). Pe3ynbpTatel npuBeAeHHI Ha puUC. 2.

1,0 ),',F
ﬁf’

G -~
21’4
)7
Fal
0,5 /r
0 0,5 A 1,0
Puc. 2. CHrxenne npou3BOAUTEIFHOCTH PEKOMOMHATOPA P OTPABIICHUH:
1-FR;2-PBK
Fig. 2. Reduction in recombiner performance due to poisoning:

1-FR;2-RVK

YeThIpeXKpPATHOE CHUIKEHUE CKOPOCTH PEAKLIMM IMPUBOIUT K YMEHBIICHUIO
MPOM3BOAUTENBHOCTH B 1,8 pasa, mpuueM pasHHLA B MposiBiIeHUH 3¢dekra ms
pexomOuHaTopoB Tuna FR 1 PBK HeznauntTensna. OCHOBHOW MPUYMHONW CHU-
JKEHUSI ABIISIETCSl pOCT HeloXkora Bojxopoaa. [t mabopaTopHBIX ycioBuil (HOp-
MaJIbHBIC TaBJICHUS U TeMIepaTypa) rpadiKi MIPUMEPHO TaKHe XKe.

BbIuucnuM KOHLIEHTPALHMIO 513, COOTBETCTBYIONIYIO 3HAUCHHUAM KO3 PUIIH-
eHTa A. OTHOCUTEIbHOE YMEHBIIEHHE CKOPOCTH PEaKINH M3-3a 0B OIpees-
eTcsl BeIpakeHueM [12]

ok, = — dkydu, )

r1e # — KOJMYECTBO sia B TpaMMax Ha I'paMM IUTaTHHBL; ® — KOHCTAaHTA.
Wurterpan dopmynst (2) In(ks) = — ou + C. [TockonbKy H3HAYATBHO KaTalU-
3atop He oTpasieH, To C = In((k;)o), 1 ¢ yuerom BeIpaxkeHus (1)

In(4) = — ou. 3)
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W3BecTHBI XapaKTepHbIE BEIWYMHBI MOCTOSIHHOW ®: 18 — mns Se; 23 —
st As [12]. JIns ucnionb3oBanust popMyiisl (3) B BBIYHCICHUX 3agaquM o = 20
KaK TUIIMYHOE 3HaueHWe. BenwumHa u 3aBUCUT OT MacC aKTUBHOH IUIATHHBI
B YCTpPOWCTBE M MOTJOUIEHHOTO sha. Macca IUIaTHHBI MPUBOAUTCSH (IOJKHA
MIPUBOANTHCSA) B TEXHHYECKOM OMNHMCAHWU YCTpoiicTBa. Maccy MOTJIOIEHHOrO
A1a yAOOHO OIpeAessTh, 3Hasl MPOU3BOAUTEIFHOCTh PEKOMOMHATOPA 1O BOJO-
poay Gyp, peIIeHHEM MPOTOPIIUU

Ga/Gy, = 0ACa/0i1,Cri, = DACA/ D, Cit, = (2/11a)*> Ca/Ch- 4)

3neck o — ko3 duimeHT MaccoooMena; C — MaccoBasi KOHIICHTPALUS; s —
Macca MOoJIS si/la B TpaMMax; HHIEKCH: A — s11; Hy — Bomopoa.

IlIpumepor pacuema c ucnonvzoseanuem opmyn (2)—(4). IlepBsiii, mycTh
A = 0,9 u macca atuabl B pekoMmOuHatope 40 T, U3 ypaBHEHHs (2) TOITy-
gum u = 0,0053, a macca temmypa (MonsipHast macca 128 r/Mob), 3aTpaueHHOTO
JUISL OTpaBJieHUs Takoro ypoBHs, coctaBut 0,21 1. Ecnu 3a uac B mabopaTOpHBIX
YCIOBUSX TpopearupoBaio 3,9 Kr Bojopona mpu KoHneHTpauuu 4 00. %, To
KOHIIEHTpAIMA 5/1a B aTMoc(hepe 30HbI JIOKAIU3ALUN €, = 2,7-1075 00. %, i
0,27 ppm. Bropoii, npu KOHLEHTpauuu Teutypa 2 ppm, Bogopoaa 4 06. % moc-
ne monmydyaca paboTel pexomOunaropa FR90/1-1500 B aBapuifHBIX yCIIOBHU-
ax A=047u G =0,75, MIPOM3BOANTEIBHOCTh YCTPOWCTBA CHU3UTCA Ha 25 %.
Tpernii, B 3kcriepuMeHTax [6] KoHIIEHTpanus Hona 6pu1a Meree 10 ppm, sKcITo-
3WNUS TOPSIIKA Yaca, OTpaBJIeHWE He HaOmoganoch. OTpaBieHHE TMPH TaKUX
YCIIOBHUSX OBLIO OBI 3aMeUeHO Jake pu @ ~ 1.

[lo nanubIM omeparopa [17], cHUKEHHE CKOPOCTH peakiH Ha KaTajau3aTope
BIIBOE ITOJ JACHCTBHEM SiAa MpHUBENET K (OPMHPOBAHHUIO KOHIIEHTPAIIMH BOJIO-
poma 1,75 06. % mo cpaBHEHHIO C HWCXOIHOH, paBHOH 1,5 00. %. JlaHHbIE
HAaIIeH MPOBEPKH: €CIIU MPOU3BOJUTEILHOCTh YCTPOMCTBA cocTaBiseT 1,25 Kr/u
P KOHIIEHTpanuu Bozgopoaa 1,75 06. % ¥ CHIKEHHOW HAIOJIOBHHY CKOPOCTH
peaxnuu, To IpH HMOJTHOM CKOPOCTH PEeaKLUH U KoHIeHTpaumu 1,5 06. % mpous-
BOJIUTENBHOCTh cOCTaBUT 1,31 kr/4, pa3Huma Menee 5 %, OIlEHKA omeparopa
BrOoporo 6;10ka ADC «Muanana-I1o#HT» moATBEpKIAETCS.

Pacuer oTpaB/ieHMs a3P030JbHBIMHA (hOPMaMH SIT0B

Bonpimass yacTe $S70B IpH aBapuM OKa3bIBAaeTCs HE B MOJICKYJISIPHOH,
a B adpo30ibHOH Gopme [10, 27]. Ilpu BeIxoae U3 pacKaleHHOH TaONeTKH B I0-
TOK, U3 OTBEPCTHS T€UU B 30HY JOKAJIHU3AIMH, TPOUCXOIAT PE3KOe OXJIaKICHHE
[apoB, UX KOHAEHcAUUs ¢ 00pa3oBaHHEM a’po30isl. Juamerp 4acTHLBI a3p0o30-
751 d MOXXHO OLEHHUTH B 1 MKM, OTIENbHBIC a3pO30JIbHBIE YaCTUIBI MOTYT 00B-
€MHATHCS B KIacTephI.

Adp030J1b KakK sII MOXKET JeHCTBOBaThH NBOsIKO. HemocpencTBeHHO OTKIIaIbI-
BaThCS HA KAaTaJIMTHYECKOW MOBEPXHOCTH KaK KOpKa, 3aTpyIHSoOmas oOMeH
IIPOAYKTaMU U pEarecHTaMu ¢ OCHOBHBIM NOTOKOM. OIOCpPEnOBaHHO B ropsueM
pEKOMOMHATOPE, C POCTOM TEMIIEpaTyphl ra3a 1o XOAy BIONb KaTaTUTHYECKUX
3JIEMEHTOB, YaCTHLIA a3po30Jisi OyIeT HarpeBaThCsl U MOXKET BBLACISTH MOJIEKY-
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nsipHBIe hopMBl sima. Takoit mporecc Habmomgancs B [27]. UccnemoBamoch mpe-
BpallleHHue a’po30JIbHON (OopMBI Hoauma 11e3us B Ta3000pa3HbIid oxd, oOHapy-
sxkeH 1,0-3,0 % Beixox peakruu npu 800 °C. KonmeHntparust a3po30ii B Tasze
COCTaBJIsIIa HECKOJIBKO TpaMM Ha MeTp KyOmdeckuii. B padote [28] cpenu BO3-
MOJKHBIX 3JIEMEHTOB, CITOCOOHBIX HMCIIAPUTHCSA U3 ad3PO30JbHON (hOPMBI, Ha3BaH
TEJUTY P, KOIMUECTBEHHBIE JTAHHBIE O MPOIIECCE HE MPUBOIMIHCH.

Koaddumment muddy3um adpos3ons cornmacHo dopmyne DiHIMTEHHA Dy =
= RT.J6Nxmdp = 1,3 - 107" M*/c, rne R — yHuMBepcabHas ra30Basi MOCTOSHHAS;
T. — abcomtoTHas TeMIieparypa cpenbl; Ny — 9iciio ABOTrajapo; |1 — JUHAMUYEC-
cKasl BA3KOCTb cpejibl, paHas 2,3 - 107 Ia-c. Kosdduuuent mddysun Bomo-
pona Dy, = 6,6 - 107 m*/c. Otromenue (D/Dyy,) Malo, HO3TOMY CKOPOCTb I10-
CTYIUICHUS a’po30JIs Ha MOBEPXHOCTH OyaeT HU3KoH (4), a 3hdexT oTpaBieHHs
HeszameTHbIM (1), (3), uyTo Habmoganock B [6]. CnegoBatensHo, muddy3us adpo-
30JI51 HE MOXET TIPUBECTH K 3HAYMMOMY OTpPABJICHUIO KaTaln3aTopa.

B nccnenoBanmm [27] mpoBepsUIOCH ACHCTBHE adp0O30Jis B KAYECTBE KaTaJH-
TUYECKOTO 572, MPOU3BOUTENHLHOCTh ycTpoticTBa (Tumt FR) ocraBanacek B mpe-
nenax 50-70 % ot HomuHanbHOW. [TprumHON HabMIOHaeMOro 3 QPeKTa MOKET
OBITE TypOynenTHas nuddys3us. OHa BOSHUKACT B JaMUHAPHOM B IICJIOM ITOTOKE
Cpensl BHYTPU peKOMOWHATOpa B a3pOJIMHAMHYECKOM ClIefe 3a II0X0 O0TeKae-
MBIMH DJIEMEHTAMH KOHCTPYKIIMH W 3aTyXaeT BHHU3 10 XO/Ay TeueHus. B pekom-
omnaTopax tuma FR mioxo oOTekaeMBbIil 3JIEMEHT OAWH — 3TO YYacTOK BXOJAa
B Kaccery [25]. B pekomOunatopax tuna PBK mmoxo oOTexkaeMbIx 3iieMeHTOB
HECKOJIBKO: ATO IJIAHKHA PaMOK, yIEPKUBAIOUINX [IMIMHIPHICCKUE KaTaluTHye-
CKHe dJeMeHTHI [29].

Byznewm cunrats mepeHoc a’spo30iis Ha KaTATUTHYECKYIO TIOBEPXHOCTD 33 CUET
TypOyJICHTHOCTH OCHOBHBIM MEXaHHU3MOM (DOpPMHUpPOBAaHUS KOPKU U OINHCHIBATH
€T0 C UCIOJIb30BaHUEM TypOYyJICHTHOTO Kod(HIMeHTa IepeHoca B3aMeH MoJie-
kyssipaoro. Koaddunuent nupdysun Da, 00ycnoBiaeHHBIH TypOyJIeHTHOCTBIO,
0603HaunM Kak (D,). Ilome3yschk TpoitHOM aHAJOTHEH, MOXKHO OMPEICIUThH
(Dp)e ~ v ~ 0,09kt2/8t, k= 3U2/2, &= 15v( U/B)z, rie ki — KMHETHYECKask SHEPTHs
TypOyJIEHTHOCTH; & — CKOPOCTh AMCCHUIALUK KHHETHUYeCKOM sneprum; U — mac-
mrtad CKopocTH; O — JMHEHHBIH MacimTal; v, — K0d((UIHEHT TypOyJIEeHTHOH
Bsi3kocTH [30]; Bs3KOCTH Ta3a v =25 - 107 mM%/c (BO3IyX).

Karanmutudaecknii 351eMEHT 2 UMEET IMIHHAPHICCKYI0 GOpMY U CIICAYIOIIHE
pasMepsl: quamerp 5 MM, JanuHa 65 MM (puc. 3). Katamutuueckuit sanmeMeHT 2
B cOope ¢ paMkoHi 1 00pa3yeT CIIOKHYIO adpoANHAMHYECKYIO CTPYKTYypy. B ka-
YEeCTBE AJIEMEHTa CTPYKTYPHI BBIACIUM IIIOXO 00TEKaeMyr0 4acTh 3, BKIIFOYATO-
Iyl TUCK JuaMeTpoM 13 MM (J4acTh TUTAHKH paMKH) M Y4acTOK LWJIHHIpHYE-
CKOW TMOBEPXHOCTH KaTaluTHyeckoro siemenrta 2. [loTok B3ammMoneiicTByeT
C IUI0X0 00TEKaeMOil 9acThio 3, 00pasysi 30Hy OTpPhIBa U TypOYIICHTHOCTH 4, 3aTeM
JIBIDKETCS BIIOJIb 0Opa3ylolieii aneMenTa 2 1o ero KoHma. boee Menkue cTpykTyphl
He paccMatpuBaroTcs. CunTaeM, 4To BTOpOH psAA paMok [29] mo xofy moToka mo-
JIOOEH TIepBOMY B YacTH XapakTepa OOTeKaHWs. YCTYIl MEXOy AWCKOM W IJIFH-
JIPOM MMEET BBICOTY 4 MM U OTIpeJesisieT IIUPUHY 30HBI OTPHIBA, B KOTOPOW ITOTOK
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umeer TypOyneHTHbIl xapakrep [31]. [Ipuaumaem 6 = 4 mm. CKOpOCTb IpH BXOJIE
B HeoTpaBieHHbIH pekomOmHaTop PBK mpwm 0,3 MIla, temneparype 125 °C, koH-
LeHTpauuu Bogopoaa 4 06. % cocrasisger no pacuery 0,38 m/c, mpon3BogHUTENb-
HoCTh 3,5 kr/4. [Ipunumaem U = 0,38 m/c, Torna (Da),~ 1,3 - 10 m%/c. Tloncra-
HOBKa 3Ha4YeHHWU B BhIpakeHue (4) ompenenseT Ga = 1,2 /MUH Tpu BEIOpaH-
HOIl KOHILIGHTPALMH a3p0301s B arMocdepe 30HbI Tokamu3amuu 10 mr/v’. Obimas
miomaab IMOBEPXHOCTU KaATAIUTUYCCKUX DJJICMEHTOB COCTaABJIACT 8,4 M2.
JITs1 TIOKPBITHS [UTOTHOM KOPKO# TONIIMHON 3 MKM | M® MOBEPXHOCTH KATAlH-
3aropa moTpedyeTrcs 6 T a’po30Jis IIOTHOCTHIO 2 r/em’, uto saiimer 40 MuH
BpPEMEHH.

N\

Xonras /HI | 13
L \ _!( |

4

| ot

Puc. 3. Cxema o0TeKkaHMs KaTAIMTHYECKOTO dJIeMeHTa pekomOuHaropa PBK:
1 — pamMka; 2 — KaTaIUTHYECKHN 3JIEMEHT; 3 — II0X0 00TeKaeMast 4acTh;
4 — 30Ha OTpHIBa U TYPOYJIEHTHOCTH

Fig. 3. Flow diagram of the catalytic element of the RVK recombiner:
1 — frame; 2 — catalytic element; 3 — poorly streamlined part; 4 — separation and turbulent zone

OneHnM OTpaBlIeHHE KOJIMYECTBEHHO. JliMHA TypOyJIeHTHOM 30HBI COCTaB-
JIET OOBIYHO 50, TaK YTO OTPABICHHON MOJHOCTBIO OKaxkeTcs 20/65 = 0,31, uu
31 % mnomanu karanuzaropa. Pacuer mpousBoautensHoctd PBK-3 ¢ yuetom
MOTEPU YCTAHOBJICHHOM YAaCTH IUIOIMIAMN KATAIUTUYECKON IMOBEPXHOCTH ISt
ycioBuil B 30He jokanu3anuu (nasnenue 0,3 MIla, Temneparypa 125 °C, koH-
neHTpaus Bomopoaa 4 00. %) maer ciemyromiue pe3yJbTaThl: HEeIOXKOT YBe-
mautes ¢ 0,41 no 0,54, a mpoU3BOAUTENBHOCTh CHU3HUTCA C 3,54 mo 2,61 kr/y,
i 10 74 %. IloTepa npou3BOAUTENIBHOCTA HE paBHA B TOYHOCTH MOTEpE ILIO-
a KaTaIMTHIEeCKOH IMOBEPXHOCTH, MMOCKOJBKY OCTABIIHUICS KaTaau3aTop pa-
0OTaeT Mpu OTHOCUTEILHO 0OJice BHICOKOM YPOBHE KOHIIEHTPAI[MH BOIOPOJA.
st pazyMHO# ynoOHO# KOHCEPBATHBHOW OIICHKU CHIDKCHUS MTPOU3BOJAUTEIE-
HOCTH MOKHO TIPHHATH €€ MPOTOPLIHUOHATHFHON TOTEPE TUIOIIATH.

Jns pexomOunatopa FR mpu Harexkanwu rasa mnapajuiesibHO TILIACTH-
HaMm O = 3 MM (TOJNIIMHA TUIACTUHBI) MOTEeps wiomaau cocraButr 15/140 = 0,11 ua-
CTH, TIpY HATEKaHWH Trasa IoJ YIIIOM K IutactuHaMm & = 10 MM (IIMpuHA menu
MeXIy ItacTuHamu) noreps 1o 50/140 = 0,36. Harekanue mox yrioM BO3HHKA-
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€T TPH HaJMYNU TOPU3OHTAIHFHONW COCTABIISIFOIIEH CKOPOCTH Y BXOJa B KacCeTy
C KaTaIUTHYEeCKHMMH TutacThHaMHu. OOBIYHO TOPH3OHTANBHAS COCTABIISAIOIIAS
OTCYTCTBYET, IIO3TOMY B KadeCTBE XapaKTEPHOM BEIMUYMHBI IOTEPU INPOU3BO-
JIUTEIILHOCTHU CIIETyEeT UCTIONIb30BaTh Beauuuny 0,11.

BBIBO/IbI

1. [IpoBeneH aHanu3 BAMSIHUSA KaTATUTHYECKUX S70B HA 3(PPEKTUBHOCTH pa-
00THI peKOMOWHATOPOB BOAOPOIA CHCTEMBI yNAICHHUS MOCIEIHEr0 JOKaIH3yIo-
mei cucreMsl 6e3omacuoctd ADC ¢ BBOP. KonnuecTBa BuIAEIMBIINXCS SI0B
npu Tskenon aBapuu BBOP moctatodHO m7s CHUYKEHUS MPOU3BOAUTEIBHOCTH
peKoMOMHATOPOB. SI7 BRI3BIBAET ITOCTETIEHHOE CHI)KEHHE TIPOM3BOJAUTEIHHOCTH
PEKOMOMHATOPOB C POCTOM KOJIMYECTBA MPOpearupoBaBIlIero Bojopoaa. Mexa-
HU3MBI JICHCTBUS J10B B OpME BelIeCTB U B hopMe a3p0o30Jieid pa3IndHEbIL.

2. JIns TUTAaTHHOBOTO KaTallM3aTOpa OIMACHBI BEIIECTBA-IOHOPHI Maphl AJIeK-
TPOHOB, HANIPUMEp TeIUTyp. SIapl B (popme BemecTB CHIDKAIOT CKOPOCTh XUMHU-
YecKOW peakIMu PeKOMOWHAIMM BOAOPOJa Ha MOBEPXHOCTH KaTajau3aTopa.
YpoBeHb CHIKEHUS OIICHEeH pacuetamu st pekomOuHaropoB FR u PBK, npen-
JIOKEeHBI TpadUK CHIKEHUS MPON3BOAUTEIHHOCTH B 3aBUCHMOCTH OT CKOPOCTH
peakuu u ¢GopMysia, YCTaHABIUBAIOUIAs CBS3b MEXAY J030i MOTIIOIIEHHOTO
sila ¥ YMEHBIICHUEM CKOPOCTH PEakUUU. YBEIMUECHUE MAcChl aKTUBHOM TIATH-
HBI B KATATUTUYECKUX 3JIEMEHTaX OCIa0IIsIeT AeWCTBUE MOJIEKYIISIPHOTO sia.

3. JlelicTBue S/10B B a3p0O30JIbHOH (hOpME MOKET MPOSIBISITHCS B adpOJIMHA-
MHYECKOM CJIeJie 3a IUNIOXO 00TEKaeMBIMH 3JIEMEHTAMU KOHCTPYKLIHUH. A3pP030JIb
M30JIUPYET MOBEPXHOCTh KAaTaIN3aTOpa KOPKOMW, MPEMATCTBYIOMIEH TPaHCIOPTY
peareHTOB M MPOIYKTOB peakinu. B pekomOmHaropax trma FR mroxo ob6Tekae-
MBI 3JIEMEHT OAMH — 3TO y4YacTOK BXOJa B KacceTy, JOJsS MOBEPXHOCTH TOJ
Kopkoii mo pacuery 0,11. B pekomOunaropax tuna PBK mmoxo obTekaembix
AJIEMEHTOB HECKOJIFKO: 3TO IJIAHKH PaMOK, yAEPKHUBAIOUINX IFIIHHAPUIECKHE
KaTaJIMTUIECKUE JIEMEHTHI, JOJS MOBEPXHOCTH moj kopkoi 0,31. B kadectBe
KOHCEPBAaTUBHOW OIICHKH CHW)KCHUS TPOU3BOJUTEIBHOCTH PEKOMOMHATOpA
MOJKHO TIPHHSTH €€ MPOMOPIHUOHATHFHON TOTepe TUIOIIAIN KaTaTUTHIECKOH To-
BEPXHOCTH IO KOPKOH.

4. DddexT oTpaBIeHHs CIEIYyEeT YYUTHIBATH IPU BBHIOOPE KOJIMYECTBA
PEKOMOWHATOPOB CUCTEMBI YJAICHHS BOIOPOJAa JIOKATH3YIOIIEH CHCTEMBI
6e3omacHocTH HEprodmoka ADC ¢ BBOP.
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HeiipoHHasi ceTh IPOrHO3MPOBAHMS
TEIJIOBOI0 MOTPedJIeHH sl 31aHMS

M. B. Koaocos”, A. YO. Jlunoska®, ¥O. JI. JIunoska”
YCubupcknit benepanshbii yausepenter (KpacHosipek, Poccnitckas ®enepars)

Pedepat. [IporHozupoBanue cnpoca Ha TEIUIOBYIO SHEPTUI0 HEOOXOAUMO Ul JOCTHXKEHUS OIl-
TUMAJIbHOTO YNpPaBJIEHUsI SHEPronorpedneHneM 3j1anus. Llenpio JaHHOH CTaThH SBIAETCS BBISB-
JICHUE BaKHEHIIMX (PaKTOPOB, BIMSIONMX HAa TOYHOCTH IPOTHOZHUPOBAHUS TEILIONOTPEOICHHS
3JIaHUH C IPUMEHEHNEM HEHPOHHBIX CETeH, 4TO COOTBETCTBYET HAILMOHAIBHOM CTPAaTEruyl pa3BH-
THSI HCKyCCTBEHHOTO MHTeekTa PD. B craThe nccienyercst 3aBUCUMOCTh TOYHOCTH MOJIEIHPO-
BaHMS OT Pa3IMYHBIX KOMOMHANMH MapaMeTPOB OKPYXKAIOIIEH CPEeAbl, a TAKXKE OT NMPUMEHECHUS
pa3HBIX (pYyHKIMH aKTHBAIWH HEHPOHHBIX CETEH, MIMPOKO HCIIONB3yEMBIX B NPAKTHKE CO3MAHHS
CHCTEM HCKYCCTBEHHOTO MHTesIeKTa. [IpogeMoHCTpHpOBaHO, YTO MOJENH MAITHHHOTO 00y4eHHS,
OCHOBaHHBIE Ha OOJBIIOM KOJNHUYECTBE AAHHBIX O TEIIOBOM MOTPEONIEHNH, UMEIOT OONBIINE BO3-
MOXXHOCTH B IPOTHO3MPOBAHMM peajbHBIX MOJENCH U TeHACHLUWH NOTpeOJieHWs, a 3HAuYCHHE
cpenHell aOCONIOTHOW IMPOLEHTHOH OIIMOKY JIydiled MOJENN HPOTHO3MPOBAHHS COIIOCTABUMO
C BEJIMYMHON MaKCHMAJILHOTO Ipejeia JOMyCKaeMoil OTHOCHTENIBHOW MOTPEIIHOCTH U3MEpeHHit
TEIJIOBOI SHEPruM M3MEPHUTENIFHEIM KaHAJIOM TeIulocueTynka. Ha ocHOBe NaHHBIX, MONTYyYEHHBIX
C TIOMOIIBIO Pa3padOTaHHON CHCTEMBI AUCTAHIMOHHOTO MOHMUTOPHHTA MHIWBUIYaIbHBIX TEILIO-
BBIX ITyHKTOB 3[aHUH, IPOAEMOHCTPHPOBAHO CPABHEHUE JCHCTBUTEIBHBIX 3HAUCHUH TEIJIOBOTO
MOTpeOIeHNs] ¥ BEIUYUH TEIJIOBOTO MOTPEOIIEHHs, MONYyYEHHbIX C UCIIOIB30BAHUEM MOJENHU MPO-
THO3HMPOBaHMs. DKOHOMUS SHEPTHH, TEINIOHOCUTENS U IIPOYero Ha 00bEKTe He MOXKET OBITh U3Me-
pEHa HanpsAMYIo, IOCKOJIbKY OHa HpEICTaBisieT co0oi oTcyTcTBHE moTpedieHus. [loatomy yHH-
BEpPCAJBHBII ITOJIXO0]] C MCIIOIb30BAaHUEM HCKYCCTBEHHOTO MHTEIUIEKTA JUISI TEXHUYECKH O0O0OCHO-
BAaHHOTO ¥ YKOHOMHYECKH LIeJIecO00pa3HOTO METO/[a MPOTHO3HPOBAHUS PE3yIbTaTOB IIPUMEHCHUS
SHEProcOEeperaoux PeIeHNH Ul CPaBHEHUS M3MEPEHHOTO JHEepPromnoTpeOiIeHns A0 M IMOocIe
BHE/IPEHUS 5HEProdPpPeKTUBHOTO MEPONPHUATHS MOXKET IO3BOJIUTH HOBBICUTH 3(PPEKTHBHOCTH
NPHUHATHSA pelIeHUH B cdepe cOepexxeHust FJHEPreTHIECKUX PECypPCOB.

KiroueBbie cioBa: >HEprodh(GEKTHBHOCTh 3[aHUS, TEIUIOCHAOKEHHE, OTOIUICHHE 3JaHHH,
HEWpPOCEeTh, MCKYCCTBEHHBIM UHTE/UIEKT, HHIUBUAYaIbHBIA TEIIOBOM MYHKT, KOMIIBIOTEPHOE MO-
JIETMPOBaHIE, MOHUTOPUHT TEILIOMOTPEOIeHHSI

Jns mutuposanusi: Komocos, M. B. HelipoHHast ceTb MpOrHO3UPOBAHHS TEILIOBOTO HOTpeodie-
wus 3ganust / M. B. Komocos, A. 0. Jlunoska, 1O. JI. Jlunoska // Dnepeemuxa. H38. evicui. yueb.
3a6edenuil u snepe. ooveounenuii CHI'. 2026. T. 69, Ne 1. C. 77-94. https://doi.org/10.21122/
1029-7448-2026-69-1-77-94

Neural Network for Predicting Building Heat Consumption
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Abstract. Heat demand forecasting is necessary to achieve optimal management of building ener-
gy consumption. The purpose of this article is to identify the most important factors influencing
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the accuracy of forecasting heat consumption of buildings using neural networks, which is in line
with the national strategy for the development of artificial intelligence of the Russian Federation.
The article studies the dependence of modeling accuracy on various combinations of environmen-
tal parameters, as well as on the application of different activation functions of neural networks,
widely used in the practice of creating artificial intelligence systems. It is demonstrated that ma-
chine learning models based on a large number of data on thermal consumption have great possi-
bilities in predicting real patterns and trends of consumption, and the value of the average absolute
percentage error of the best prediction model is comparable to the value of the maximum limit
of the tolerable relative error of thermal energy measurements by the measuring channel of
the heat meter. On the basis of data obtained using the developed system of remote monitoring
of individual heating points of buildings, a comparison of actual values of heat consumption
and values of heat consumption obtained using the prediction model was demonstrated. Savings
of energy, heat carrier and other things at the object cannot be measured directly, because the sa-
vings represent the absence of consumption, so a universal approach using artificial intelligence
for a technically sound and economically feasible method of predicting the results of the applica-
tion of energy-saving solutions to compare the measured energy consumption before and after
the implementation of energy-efficient measures may allow to improve the efficiency of decision-
making in the field of saving energy resources

Keywords: building energy efficiency, heat supply, building heating, neural network, artificial
intelligence, individual heat supply unit, computer modeling, heat consumption monitoring

For citation: Kolosov M. V., Lipovka A. Yu., Lipovka Yu. L. (2026) Neural Network for Predi-
cting Building Heat Consumption. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. As-
soc. 69 (1), 77-94. https://doi.org/10.21122/1029-7448-2026-69-1-77-94 (in Russian)

BBenenne

B 2019 r. npunsta HannoHaneHas cTpaTerus pa3BUTHs HCKYCCTBEHHOT'O WH-
TEJUIEKTa, B KOTOPOH OMPENeIsIOTCS e ¥ OCHOBHBIE 3a/1a4l HCKYCCTBEHHOTO
nHTennekTa B Poccuiickoit @enepanyy, a Takke MEpbI, HalpaBIEHHbBIE HA €ro
UCIIOJIb30BaHME B LIEJAX 00eCleUYeHHs HAlMOHAIbHBIX MHTEPECOB U Pealn3aliuu
CTpaTEerMYeCcKUX MPHOPUTETOB, B TOM YHCIIEC B O0JACTH HAYYHO-TEXHOJOTHYE-
cKoro pas3BuTHA. VHTepec K HCCIe0BaHUSIM Ha TEMY HCKYCCTBEHHOI'O MHTEIN-
JIEKTa TIPUBEJ K MOSBJICHHUIO OTPOMHOTO KOJMYECTBAa HUX BapHalWi, BKIIOYAs
HACKYCCTBEHHBIN MHTEJUIEKT, IOCTPOCHHBIM HAa HEUPOCETEBBIX alropurMmax. B to
e BpeMs KOJIMYECTBO MyOJMKAMi MO TeMaTHKE NMPUMEHEHHS HEHMPOHHBIX ce-
TE B CHCTEME MOHUTOPUHTA U YIIPABJICHUS YJHEPTrod(P(PEKTUBHOCTHIO OTAILINBA-
eMBIX 37aHui BechbMa orpanndeHo. OMHON U3 3a1ad yrpaBieHHS dHEeprodddhek-
TUBHOCTBIO SIBISIETCS pa3pabOTKa HHCTPYMEHTapHs U OLIeHKU 3P PEeKTUBHOCTH
BHE/IPEHUSI YHEProcOeperaroux pPEelIeHU C HCIOJIb30BaHUEM MOAEJIEH Ipo-
THO3UPOBAHMUS SHEPTONOTPEOICHHS.

00630p 0COOEHHOCTEH MOCTPOEHHSI MOJeNel MPOTHO3HPOBAHUS TEIJIOBOTO
crmpoca 371aHui mpencTasiieH B [1]. Monenn MammHHOTO OOy4YeHMs, OCHOBaH-
HbI€ Ha OOJIBIIOM KOJHYECTBE JAHHBIX O HArpysKe, MPOJeMOHCTPUPOBAIH CBOU
OoJbIIMe BO3MOXKHOCTH B IPOTHO3UPOBAHMWHU PEAIBHBIX MOJENEH M TEHACHIMH
notpebsieHnst. [lokazaHo, YTO TEIUIOBBIE HATPY3KH, TEMIepaTypa HapyXHOTO
BO3/yXa U YacOBOM MHJEKC MMEIOT HauOoJIblliee BIMSHUE U Hapsay ¢ AOIOJIHU-
TENbHBIM HCIONb30BAaHUEM JAHHBIX IO CKOPOCTH BETpa M HMHIEKCY IHs, YTO
yJIydIIaeT CpelHEKBaJpaTUYHOE OTKIOHEHHE, MX CICEAyeT B IEPBYIO Odepelb
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YYHUTHIBATh B MOJEINSX MPOTHO3WPOBAHMUS TEIJIOBOTO moTpebneHus. Y, Hampo-
TUB, BKJIFOUEHUE BCEX JOCTYITHBIX MapaMETPOB HE MPUBOJIUT K JTOCTUKCHHIO
OoJee BRICOKOM TOYHOCTH MPOTHO3a. [IpencTasieHHas B [2] METOIOIOTHS COIIO-
CTaBJIGHUS TOYHOCTH METOJIOB, MCIOJB3YyEeMBIX I KOJIWYECTBEHHOW OIICHKH
HEOTIPEICIICHHOCTH B ONPEACICHUH OO0INeHd SKOHOMUHU SHEPTHH, MOXET OBITh
WCTIOJIb30BaHA IS OIIEHKH HEONPEAENCHHOCTH B MMPOTHO3aX 3KOHOMHH, BO3HU-
Karomeil u3-3a omuoOku Mojenu. [lokazaHo, YTO IMIMPOKO HMCIIOJIB3yeMbIC CTaH-
JApTHBIE METOIBI, KaK MPABWIIO, HEJOOIICHUBAIOT HEOIPENeIeHHOCTh, IPUIeM
3Ta TEHJCHIUS CHIbHEE JUIS YacOBBIX MOJIEINEH, YeM JUIsi THEBHBIX M3-3a 0oJjee
CHJIBHOM aBTOKOPPENANHMN B OCTaTKaX MOJIENH B YaCOBOM MAacITabe BpEeMEHH.
B paborte [3] comocTaBneHs! 1Ba OCHOBHBIX MOJIX0Aa K PACCMOTPEHHIO HEOIIpe-
JIEIEHHOCTEW MPOTHO30B YIpaBlIeHUs MonelaMmu 3naHuid. IlokazaHa cyme-
CTBEHHasl pa3HHIIA B OMIMOKAX MMPOTHO3a ISl 3[JaHHH C Pa3HBIMH XapaKTepUCTH-
KaMH Orpaxaaroniux KOHCTPYKHI/Ifll IJIA TIJIOXO0 H30JIMPOBAHHBIX 3Z[aHHﬁ nu aJis
31aHUI C BBICOKOW CTEMEHBIO U30JISLHUU.

TouyHOE KpaTKOCPOYHOE MPOTHO3UPOBAHUE CIPOCA HA TEIUIOBYH) 3HEPTHUIO
HEOOXOAMMO JIJIsl JIOCTHIKEHUS ONTHMAILHOTO YIPABICHHS SHEPrONOTPeOICHH-
€M 3JIaHUs, SKOHOMHH 3aTPaT, IKOJOTHUECKOH YCTOMYUBOCTH U OTBETCTBEHHOTO
notpedneHus 3Hepruu. Kpome Toro, KpaTKoCpoyHOE MPOTHO3UPOBAHUE TETLIO-
BOI1 SHEPTUH CIIOCOOCTBYET HOCTHKEHHUIO HYJIEBOTO SHEPTONOTPEOICHNUS 3JaHH
B XOJIOOHOM KimMate. B [4] omeHWBanuCh MIeCTh paclpOCTPAHEHHBIX alITOPHUT-
MOB TJIyOOKOTO OOYYEHHs JJIsi MPOTHO3MPOBAHHSA DHEPreTUYECKONW Harpy3KH,
BKJIFOYAsi OAMHOYHBIC U THOPHUAHBIE MoJenn. HanexkHoe U TOYHOE TPOTHO3UPO-
BAaHUEC HArpy3KkuM Ha OTOINICHUC MOXET NPCAOCTAaBUTH HMCUCPHBIBAIOINYIO HH-
(bOpMa]_II/IIO I MOHUTOPHWHTA WU YIIPABJICHUA CUCTEMAaMU OTOIUICHHA, BCHTUIIA-
MU ¥ KOHJAMIMOHMPOBAHUS BO3AyXa B 3JIaHUSIX, YTO MO3BOJIICT 3PPEKTUBHO
CHU3UTh HEONPEACICHHOCTh B OTHOIICHUH MOTPEOHOCTH B 3Hepruu. B [S] npo-
JIEMOHCTPHUPOBAH TOTEHIMAJ U MPOTHO3UPOBAHUS HArpy3KH Ha OTOILICHHE
C Y4eTOM KOMIUIEKCHOTO BBIOOpa (hM3MUYECKUX TIEpPEMEHHBIX, BIHUSIOMNX Ha I10-
YacoBbIC JAMHAMUYECKHE W3MEHEHHs CE30HHON Harpy3kd 37aHus. Pe3ynbra-
THI [6] TOMYEPKUBAIOT BAXKHOCTH JACTAILHOTO aHaIM3a MpeaBapuTEIHLHON 00pa-
0OTKM MaHHBIX B MOZEIAX O0yUEHUS Ui TOYHOTO MPOTHO3UPOBAHUS CIIPOCa Ha
MOTPeOJICHUE YHEPTUU B PEATHHBIX YCIOBHIX. MoJenn MalImHHOTO O0ydYeHUS
MOTYyT YJIYUYIIWUTH MPOU3BOAUTCIBHOCTH CHUCTEM TeHJ’IOCHaG)KeHI/ISI, TOYHO IIpO-
THO3UPYSA MOTpeOJeHne HSHEepruM 3JaHHeM M HWCIOJb30BaHHME Harpysku [7].
B [8] mpencrasiieH mporHo3 NOTpeOJICHUs TEIUIOBOM YHEPTUU Ha OCHOBE peailb-
HBIX JAHHBIX HHTEUICKTyaJIbHOTO YYeTa TeIIOTHI C YYeTOM BO3MOXKHOCTCH
HeHpOoHHBIX ceTell. ToYHOe MPOTHO3UPOBAaHUE SHEPTOMOTPEOICHHUS 3IaHUS UMe-
eT pelarolee 3HA4YeHHE I PalMOHAIBLHOTO MPOSKTUPOBAHUS HYHEPTOCHUCTEM
3manuii [9]. B [10] obcyxkmaroTcsi TeXHHYECKHE PEIICHHUs, CIIOCOOCTBYIOIIHE
WHTETPAIAN JIEKTPUICCKUX M TEIUIOBBIX ceTei, a B [11] mokazaHo HaiM4ue 1o-
TEHIMaJIa SKOHOMHHY SHEPTUH 3a CUYET ONTHMH3AINH apaMeTPOB TEILUIOTOTPEO-
JIAIOIUX CUCTEM IJIA Pa3IIMYHBIX reorpa(bnqecm/lx PEruoOHOB.

W3BecTHO, 4TO MPUHIHMIT pabOThl HEWPOCETH — MEXaHW3Ma OOpabOTKU HH-
(hopMaIu CBOIUTCA K TOMY, YTO aKTUBAIllUU B OJTHOM CIIO€ MPUBOJIAT K aKTHBA-
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LUSIM B CJIEAYIOILEM CJIO€, H, HAKOHELl, KAKOW-TO 11a0JIOH akTUBalMi B (prHaIIb-
HOM cJIoe — 3TO BEIOOp HelpoceTn. BMmecTe ¢ TeM anropuT™ oO0y4eHUs] HEHpOH-
HBIX CeTeH HeIOCTATOYHO OCBEIIEH B padoTax.

Lenbto cTaThy sBIsETCSA BBISIBICHHE BaKHEHINNX (HaKTOPOB, BIUSIOMIMX HA
TOYHOCTb IIPOrHO3UPOBAHUA TGHJ’IOHOTpe6J'IeHI/I$I 3)13HI/II71 C TNIPUMEHCHUEM
HEHUPOHHBIX CETEW M aKTUBHOTO JUCTaHIIMOHHOTO KOMIBIOTEPHOTO MOHMTOPHUH-
ra, OLEHHUBAIOIIETO U, BO3MOXKHO, B OyAyIlIeM KOPPEKTHUPYIOLIEro MeXaHHW3Ma
ynpasieHHs Y3HEPro3(HEeKTUBHOCTHIO 30aHUM.

OcHOBHAA YacTh

CymecTByeT MHOXECTBO MOTCHINAIBHBIX WHTEIEKTYaNbHBIX 3a/1a4, KOTO-
phle pa30UBAIOTCS Ha CJIOW aOCTpaKIuH (IpuUMep — pa3dop pedw, pacro3HaBaHUE
pYKOIHCei), HO Bce OHU CBOJATCS K HMOIYYEHHIO CHIPOTO HCXOAHOTO MaTephaia
Y TIOCITIEAYIONIEMY BBIICTICHHIO OTACIBHBIX MapaMeTpoB, KOTOpble KOMOWHUPY-
IOTCs sl 00pa3oBaHusl aOCTPaKTHBIX MBICIIEH U T. 1. B Hamiem cinydae B Kaue-
CTBE HMCXOJHOTO MaTepHaja IAMCTAHIIMOHHO Ha CEepBEp IMOCTYNAIOT 3HAYCHHUS
TEIUIOBBIX (TEMIIEpaTyp B XapaKTEPHBIX TOYKaX WHAMBHUIYAILHOTO TEIUIOBOTO
MyHKTa 3[aHMUs) ¥ THAPAaBIMYECKUX (IaBIIEHUI, pacXxoJ0B) IMapamMeTpoB, KOTO-
pBI€ BIIOCTIEACTBUU TPEOOPA3yIOTCS B YIIPAaBIEHYECKHE ACWCTBUS PETYIUPYIO-
IIUX KJIAIlaHoB.

PaccMoTpuM OCHOBHBIE (YHKIHMH aKTHUBAIMH, IIHPOKO IMPHUMEHSEMBIE B
MPaKTUKE CO3/IaHMsI CHCTEM MCKYCCTBEHHOI'O MHTEIUIEKTa. AKTHBAaLUs B HEUpPO-
Hax — gucno ot 0 no 1, BeIpakaroliee, HACKOJIBKO CUCTEMa YBEpeHa, YTO BXO/I-
Hast HHPOPMAIIHS COIEPIKUT COOTBETCTBYIONTYIO HHM)OPMAIIHIO 00 OITHMH3UPY-
€MOM MapamMeTpe SHeprodPPeKTUBHOCTH 31aHHS.

[lepexon akTHBaMii d OT OJHOTO CIOA, TOIYCTHM, HCXOTHOTO — BXO/IAIIE-

(0) U]

ro a K ciIeayrmeMy a' ' npEaAcCTaBIACTCAa B BUAC BhIPAXKCHHUA

aV = G(Wa(o) + b),

rne W — matpuiia 00beIMHEHHBIX BECOB, KaXasi CTPOKA KOTOPOH OMHUCHIBACT
COCIMHECHUS MEXIy HEHpOHAMM OJHOTO CJIOS C KOHKPETHBIM HEHPOHOM Clie-
IYIOIIETO CIIOS, @ — BEKTOP-CTOJIOCI, OOBEIUHSIONIMI BCE aKTUBALMU CJIOS;
b — BexTop-cTONOEI] CABUTOB (CMEIIECHHUIA).

B kauecTBe cxxuMaroiei pyHKIUHA G MOXKET OBITh MCIIOJIb30BaHA CHTMOU/I-

Hasi (YHKIHSA CHKATHS, G( x) =1/ (1 +e ), i (GYHKIUS BBRIIPSIMIICHHOTO ITH-

HeWHOro moxnyis RelLU (a):max(O,a). 3nauenus BecoB W u cMewenuil b

HE00X0MMO TI0100PAaTh.

OOyuatomasicss HEHpPOHHAs CETh, KOTOpas IO CYTH SBIsieTcsl (DYHKITHEH,
B HallleM cly4yae Ha BXOJle¢ NMpPUHHMAaeT 11 3HAYEHUH OT TEIUIOPErucTparopa
(Temmepatypbl ¥ pacxoabl BoABI) U 13 3HaUYeHM MOTOTHBIX (DAKTOPOB (TEMIIe-
paTypa Bo3/yXa, CKOPOCTh BETpa, O0JIAYHOCTh U T. [I.), OJIOYHO POHIOMHU3UPO-
BAaHHBIX U B3AUMHO CUHXPOHU3UPOBAHHBIX 10 BPpEMCHHU.
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Paznuma mMexny (hakTHUeCKHM BBIXOJIOM U BBIXOJOM HEHPOHHOW CETH OIle-
HHUBACTCS C TIOMOIIBIO QYHKIIMH CTOMMOCTH HeiporHoi cetn C, KOTOpasi paBHa
CyYMMe€ KBaJIpaTOB Pa3IMuUi MEXTy MPOMEXKYTOUHOW BBIXOJHOW aKTUBAaIMEd U
KellaeMbIM 3HadeHueM, a rpamueHT QyHkuun VC yKa3plBaeT HalpaBJeHHE
HAUOOJBIIETO CITyCKa, — B KAKOM HAIPAaBJICHUU CIEAYET CACNaTh IIar, 4TOOBI
ymenbuth C ObICTpEE BCEro, a JUIMHA 3TOr0 BEKTOpa-TpajMeHTa MO3BOJISIET
BBISIBUTH HamOojee KPyTOol CkIIOH. TO eCTh aNropuTM MHUHHMMHU3ANUU (yHK-
i C COCTOUT B TOM, 4TOOBI BHIYHCIUTE HampasieHue VC, 3aTeM MHOTOKpart-
HO TIOBTOPUTH HEOOJbINME maru BHU3. Anroput™ 3¢ddekruBHoro pacuera VC,
SIBIISFOLIUICS. OCHOBOM O0yuUeHUS HEHPOHHOW CETH, HAa3hIBACTCS OOpaTHBIM pac-
MPOCTpaHEHNEM OIIHUOKH. JTOT MPOIECC MHOTOKPATHOTO MONTAIKHUBAHUS BXOJI-
HBIX JJAHHBIX (YHKLIWH Ha BEJIMYMHY, KPaTHYIO oTpunarensHomy VC, ecTb rpa-
JIUEHTHBIN CITYCK.

VYunthiBas, 9TO B 3amade YNPaBICHUS IHEPTONOTPEOICHHEM HEKOTOpHIE
BXOJIHBIE MapaMeTphl TerlocueTurnka (K mpumMepy, TeMmreparypa BOAbI B MOJa-
foIeM TpyOOIpoBOE) U CaMH SIBIISIFOTCS (DYHKIMSIMH KIUMATOJIOTHIECKUX T1a-
paMeTpoB, CI0KHOCTh BRIYHCICHHUS (DYHKIIUN CTOMMOCTH KPAaTHO BO3PacTaeT.

OcHOBHOM anropuT™M 0oOydeHHs Halled HEUPOHHOW CETH — 3TO UCUHCIICHHE
o0paTHOTO pacrpocTpaHeHus: OmuOKH. HeoOXoauMo OLIEHWUTh CTENeHb YyB-
CTBUTENBHOCTH (QyHKIMU cTouMocTH C OAHOrO 00ydaromero mpumepa CeTH
C HEWPOHOM MOCETHEr0 CIOS C MHIACKCOM L, paBHO#M KBaapaTy pasHOCTH IO-

o L
CJIICAHCH aKTHBallu1 a( )

R A LS KOPPEKTUPOBKH IIEPEMEHHBIX: BEca W

2
U KOHKPETHOTo 3Ha4eHus: pyHkuun y, C = (a(L) - y) ,

(L)

rac a u CMCIIC-

L
anst b ), T. €. KaK OHU IpHUBEAYT K Hambosiee d(H(PEKTHUBHOMY YMEHBIICHUIO

(2)

¢yukiuu 3atpar. [IpeoOpasyem a'” mOCPEACTBOM CHEUUATBHON HEIUHEH-

HOM GyHKIMKM G — curMoBumHOW, miau ReLU, Torma mociie MPUCBOCHHS CIIe-

L o _
OUaJJbHOT'O HMMCHHU Z() B3BCIICHHOU CYMMC W(L)a(L ! +b(L) IOJIy4Ynm CZ(L) =

—o(w" a7 +50) = o).

HeGonbmme m3MeHeHus Beca, BIHMSAIOMNE Ha CTOMMOCTb, U1 KOHKPETHOTO
oOyuJatolero npumepa k:

oc, & ad" ac,
owtH) N o't 8z )’

9y = Z(a(L) —y); 0a") = O'(Z(L)); oz =a*,

oa'") o= ow'"

OyHKIYS TOTHON CTOMMOCTH BKJIIOYAET B ce0sl yCPEAHEHUE BCEX 3aTpar 1o
MHOJKECTBY Pa3WYHBIX OOYJarOIINX IMPHUMEPOB k, CIIEZOBATENBHO, U €€ MPOU3-
BOJIHYIO HEOOXOIMMO YCPEIHHUTD TI0 BCEM O0YUaIOIINM ITpUMepaM 7
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oC 1% ac,

o) T prd owt)’

Kommnonent BCKTOpa IrpagucHTa COCTOUT U3 YACTBIX MMPOU3BOJHBIX (1)YHKLII/II/I
CTOMMOCTH I10 BCEM B€CaM U CMCIICHUAM

ac
L op') |

HcxonHble qaHHbie 17151 MOACIHUPOBAHUS UCKYCCTBEHHOT'O MHTEJUIEKTA MOJTY-
YeHBl B Pe3yJbTaTe MATHIETHETO0 MOHHTOPWHTA TEIUIOTHIPABINYECKUX DPEKH-
MOB TEIUIOBBIX ITyHKTOB Oosiee uem 250 3manwmii [12]. dns nemoHcTpanuu pado-
THI TaHHOTO METOJIa PAacCMOTpPEHa MOJIENb TEIUIONOTPEOICHHSI OTHOTO U3 ITHUX
3naHuil. B xadecTBe MaHHBIX IS IPOTHO3MPOBAHUS MPHUHSATH JaHHBIE OTOIH-
TeabHOU crucTeMsl 30aHus T. Kpachosipcka ¢ 13.12.2017 no 25.02.2024.

CrenyonyM 1aroM siBISIETCSI BBIOOP MOJMHOXKECTBA M3 UCXOIHOTO, YTOOBI
TONILKO HanOoJiee BayKHBIE BXOJHBIE TIPU3HAKH OBLIH BKJIFOUEHBI TIPH pa3padoTKe
Mozenu. B n30paHHOM MMOJAMHOXKECTBE MPHUHSTHI MATH NMapaMeTPOB: CPEIHECY-
TOYHAsl TEMIepaTypa HapyXHOTO Bo3ayxa, °C, OTHOCHTeNbHAsl BIAXKHOCTh, %o,
CKOpPOCTh BeTpa, KM/4, 00JIAYHOCTh, %, ¥ COJHEuYHas 3Heprus, MJx/(M?-CcyT.).
PaccmoTpum, Kak MOMy4yeHHBIE AaHHBIE CBSI3aHBI JPYr ¢ Apyrom. [ms storo
BOCIIOJIb3yeMCSl MaTeMaTHYECKOW Mepol Koppensiuu. MaTteMaTuueckoil Mepoit
KOPPEJSIIHY ABYX CIyYalHBIX BEJIMYUH CIYKUT KOI(D(UIUEHT KOPPENSIUU

, o 200-y)
LY -y

[onyyeHnnsle 3HaYeHUsT KOAPPUIMEHTOB KOPPEISIHHA TapaMeTPOB MOJIEIH
MIPOTHO3UPOBAHUS YHEPTONOTPEOICHUS IPEICTABICHBI Ha puC. 1.

W3 puc. 1 BuaHO, 9T0 HambobIIee abCOMIOTHOE 3HAUCHHE KOA(DPUITHEHTOB
KOPpESIIIUYA HAOIIOIAETCsl MEXK/Y TEIUIOBBIM NOTPEOICHUEM 3/1aHusl, CPEIHECY-
TOYHOM TemmepaTypod Hapy>KHOrO0 BO3/yXa, a Tak)Ke 3HAYEHUEM COJIHEUHOU
SHEPTUH.

Jmarpamma paccesHus, IpeACTaBIeHHAs HA pHUC. 2, B yI00HOM BHJE TOKa-
3BIBAET paCHpECIICHUE AJIEMEHTOB MHOXECTBA B IJIOCKOCTH U MOXET IMPOJie-

MOHCTPUPOBATh 3aBUCHMOCTH BBIOpAaHHBIX HapaMeTpoB Ipyr oT apyra. Ocoboe
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BHUMAaHHUE CIENyeT yICIUTh MapaM ¢ HauOOJBIINM 3HaYCHUEM KO3 HIMeHTa
KOpPEeISIHH.
- 1,00

Ternosoe norpedienne 3nanns, IKan/cyr. -0,95 | 0,10 -0,13 -0,01 -0,72
-0,75
CpenHECyTOUHAs TEMIIEPATypa HAPY/KHOTO Bo3ayxa, °C -0,17 0,19 0,07 0,50
o 0,25
OTHOCHTENBHAS BIAKHOCTh, %o L —0,17 puuom 0,31 0,16
0,00
CxopocTb BeTpa, KM/4 0,19 -0,31 ] 0,29
—0,25
O6naanocts, % 0,16 0,29 —0,31 ~0,50
Comueunas sueprust, M/Lx/(v>cyr.) (W& —040 0,00 —0,31 —0,75

CkopocTb BETpa, KM/4
O61auHOCTh, %
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Puc. 1. 3nauyennst k03GGHUIMEHTOB KOPPEISALNH 1aPAMETPOB MOACIIH
MIPOTHO3UPOBAHHS YHEPTONOTPEOICHNS

Fig. 1. Correlation coefficient values for the energy consumption
forecasting model parameters

[Tocne Toro kak OBLIM OMpEACTCHBI MCXOJIHBIC JNaHHBIC, MOKEM IepeHTH
K MOCTPOEHUI0 HEWpOoHHOU ceTu. HelipoHHas ceTh NIl MPOTHO3UPOBAHMS TETI-
JIOBOTO TMOTPEONIeHUs 3/1aHusl OblJla TTOCTPOEHA C TpeMsi BHYTPEHHUMH CIIOSIMH
C KOJMYECTBOM HEHpPOHOB, paBHbIM 100 mis KaXAoro ciosi, ¢ IPUMEHEHHEM
¢yukiuu aktuBaiuu ReLU st kaxkaoro ciost. B kauecTBe BXOIHBIX MapameT-
POB HCIOJB30BAINCH PAa3MYHbIE KOMOMHAIIMK MCXOJHBIX MaHHBIX. Ha puc. 3
MIPEACTABICH MPUMEP CXEMbI MOCTPOCHUSI HEMPOHHOW CETU MPOTHO3UPOBAHUS
TEIUIOBOTO MOTPEOJICHUS 31aHUS C TPEMS BXOJIHBIMH MTapaMeTPaMHU.

Jlnst onpenenenus jgydiield KOMOMHAIIMY BXOJIHBIX MapaMeTpoB ObLIO CO3/ia-
HO 15 HEHPOHHBIX CeTeH ¢ pa3IMYHBIMA KOMOWHAITUSIMU BXOTHBIX TapaMeTPOB,
JUTSE KOTOPBIX PacCYUTAaHBI HECKOJBKO KITFOUEBBIX MMOKa3aTelei OLUEHKH HX -
(hEeKTUBHOCTH.

[Mokazatenu oneHKH 3()(HEKTUBHOCTH HEOOXOMMMBI I KOJUYECTBEHHOIO
OTpakKeHUSI TOTO, HACKOJIBFKO TOYHO Pa3paOOTaHHBIE MOJAEIH MOTYT IPOTHO3M-
poBaTh MOTPEOICHHYIO TETJIOBYIO DHEPTHIO.
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Fig. 2. Scatter diagram of the parameters of the energy consumption forecasting model
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Puc. 3. TlpumMep cxeMbl MOCTPOCHUS HEHPOHHOH CETH MPOTHO3UPOBAHUS
TEIIOBOTO MOTPEOIICHNS 3IaHUS

Fig. 3. Example of a neural network for predicting
heat consumption of a building
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[TockonbKy TpyAHO HAHTH OJMH TTOKA3aTelh, KOTOPBIA OBl TOMUHUPOBAJ HAJT
JIPYTHMH TI0 BCEM TapameTpaM, OOBIYHO B THIIMYHBIX 33][a4aX CTATUCTHYECKOW
PErpeccry UCIIONB3YIOTCS HECKOJIBKO MOKa3aTeNeil Ui moiaydeHus: Oolee moJi-
HOTO TpeAcTaBieHus 00 >(P¢eKTHBHOCTH MPOTHO3a. JIIs oreHkm HEHpoH-
HOW CeTH WCHOJbh30BaHBI Hanbollee 4acTO MpUMEHSIeMble MOKa3aTeld OLEHKU
3G PEKTHBHOCTU: KOPEHb M3 CpEeIHEKBaApaTuyHOW ommoOku (RMSE), cpenssis
abcomroTHas TporneHTHas omuoka (MAPE), cpemHss aOCONMIOTHas OIMOKa
(MAE), xo3>}dunment Bapwanuu cpenHekBagpatundHoil ommbOku (CV-RMSE)
¥ K03 durment nerepmunamuu (R°).

Kopenr w3 cpemHekBaapaTUIHONW OIMMOKH HU3MEpSET CPEAHIO pa3HH-
Iy MEXIy 3HAYCHUSIMH, CIPOTHO3MPOBAHHBIMH MOJENBIO MPOTHO3HPOBAHUS,
1 (PaKTUYECKUMH 3HAYCHUSIMHU:

RMSE = \/%Z(y(x)—aL )2.

UeMm Hmke 3HAUYCHWE KOPHS CpelHell KBagpaTUYHON ONIMOKH, TEM JIydIle
MOJieb TPOrHO3upoBaHusA. KopeHb cpemHel KBaIpaTUYHOW OMIMOKM HMEET
MPEUMYIIECTBO B TOM, UYTO MPEACTABISET BENUMUNHY OIIMOKH B €MHUIAX H3Me-
PEHMsI IPOTHO3UPYEMOTO CTOIIOIIA, UTO YITPOIIAeT MPOIeCcC HHTEPIIPETAIIH.

Cpennsist abcomoTHAS IPOIIEHTHAS OIIHUOKA:

1 yix)—a
wapg =Ly P g0 0,
n=| y(x)
Cpennsisi abcoNMOTHAsE OMIMOKAa — CpelHee aOCONIOTHBIX Pa3HOCTEH MEXIY
[ECJIEBBIM 3HAYCHHUEM 1 3HAYCHUEM, IIPEACKA3aHHBIM MOACJIBIO:

MAE =%Z|y(x)—aL |

B otnuume oT cpemHEeKBaApaTUYECKUX OMIMOOK, TNIe MCIIOJIB3YETCS KBaapat
Pa3HOCTH, CpEIHsSI aOCOJIFOTHAS ONTHOKA SBIIACTCS JTMHEHHON OIIEHKOM, ITO3TO-
MY BEC pa3HOCTEW OJIMHAKOB HE3aBUCHUMO OT JUANAa30Ha.

Koaddunuent Bapuanuu cpeHeKBaApaTHUHON OIIUOKH

Koaddunuent aerepMuHaiuy — 3T0 0JIs1 AUCIIEPCUN 3aBUCUMOMN TIEpEMEH-
HOM, 00BsICHsIEMAsT pacCMAaTPUBAEMOI MOJIEIBIO 3aBUCUMOCTH:

o 20)a)
BRG]
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IIpu cOope MaHHBIX ¢ HHTEUICKTYaIbHBIX TEIUIOBBIX CYCTIMKOB HEOOXOIUMO
BCEI/Ia YYUTHIBATh BO3MOXXHOCTh YTCUKU KOH(DHIECHIIMATHLHOW MH(POpPMAIUU, a
TaKKe Mpo0JIeM, CBSI3aHHBIX C CETIMH MepeIadyn NaHHbIX. JlaHHbIE, TIOTyYCHHBIC
C MTOMOIIBIO PeaTbHBIX U3MEPUTENBHBIX YCTPOMCTB, BCET/Ia ITOABEPIKECHEI IIyMY,
BBIOpOCaM, OTCYTCTBYIOIIMM 3HAUYECHUSAM U JTyOIUPYIONIMM 3HAUCHUSIM, TI03TOMY
nepe]] UCTOJIb30BAaHUEM IOJIYYCHHBIX JAaHHBIX HEOOXOJIUMO TPOM3BECTH IIPO-
mecc ouucTKH. lIporecc OYMCTKU MaHHBIX BBIMONHSAETCS I TOTO, YTOOBI CHa-
yaya OOHapYXHUTh, a 3aTEM WHTEPIOIUPOBATH BBISBICHHBIC MPOIYIICHHBIC H
aHoMaJTbHBIE 00pas3IbI.

Paznenenne Habopa MaHHBIX HEOOXOAMMO i OECHPHUCTPACTHOW OICHKH
3¢ (heKTUBHOCTH TPOTHO3UpPOBaHU. J[OCTaTOUYHO Ciy4ailHBIM 00Opa3oM pasne-
JIUTh HA0Op JAaHHBIX HA TPCHUPOBOUHBIN HAOOP JaHHBIX, KOTOPBIH IPUMEHSICTCSI
IUIE OOYYEeHHsT MOJIIENH, a TakKe Ha HabOp TECTOB, KOTOPBIA HEOOXOAMM IS
OOBEKTUBHOW OIICHKH OKOHYATEIhHOW Mojenu. Pa3jencHue mpousBeNeHO CITy-
JalfHBIM 00pa30M B OTHOIIIEHWH JBa K OJTHOMY B IOJIb3Y TPEHUPOBOYHOTO HA0O0-
pa IaHHBIX.

Pesynbratel MomenupoBaHusI CBeJAcHBI B Tabn. 1, B KOTOpOW mapaMeTphl
MPEACTABIISIIOT COOTBETCTBEHHO: CPEIHECYTOUHYIO TeMIIepaTypy HapyKHOTO
Bozayxa 7, °C, OTHOCHTEIBHYIO BIaXHOCTh H, %, cKopocTh BeTpa W, kM/4, 00-
naunoctk C, % u conHeuHyto 3Hepruro S, MJx/(M?-cyT.). B xaxmol crpoke
IIBETOM BBIJICJICHBI TIEPBUYHBIC HE3aBUCUMBIC TIAPAMETPHI, 0 KOTOPHIM IIPOBO-
JTUIIOCH MOAETUPOBAHHE.

Tabruya 1
CpaBHeHHe TOYHOCTH PA3IMYHBIX MOeIei
Comparison of accuracy of various models
Newm| T | H| W | C| S RMSE MAPE MAE | CV-RMSE R’

1 0,578 18,6 0,419 17,45 0,915
2 0,579 17,4 0,404 17,49 0,915
3 0,572 18,9 0,402 17,28 0,917
4 0,571 18,6 0,402 17,27 0,917
5 0,643 19,0 0,438 19,44 0,894
6 0,601 19,4 0,425 18,18 0,908
7 0,576 18,1 0,403 17,40 0,915
8 0,594 17,1 0,407 17,96 0,910
9 0,647 21,0 0,441 19,54 0,893
10 0,599 19,8 0,421 18,09 0,909
11 0,681 21,7 0,469 20,58 0,882
12 0,671 20,4 0,463 20,28 0,885
13 0,690 20,9 0,497 20,84 0,879
14 0,746 24,0 0,506 22,53 0,858
15 0,748 24,6 0,518 22,61 0,857

Ha puc. 4 n300paskeHBI TPEHUPOBOYHEIH, TECTOBBII U MpeAcKa3aHHBIN HA0O-
PBI JaHHBIX, CITy>KallIye A7 IEMOHCTpaury padoTel HEHPOHHOH CeTH MPOrHO3U-
pOBaHUA TEIUIOBOTO MOTPEOICHUS 31aHuUsI.
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Fig. 4. Example of neural network prediction results
for forecasting building heat consumption

W3 puc. 4 BuaHO, 4YTO MOJIENIb IPOrHO3UPOBAHUS YUUTHIBAET HEIIMHEHHOCTh
B XapakTepe pacrpeneneHus AaHHbIX. CpaBHEHHE OPUTHMHAIBHBIX 3HAUCHUH H
3HaYeHHUH, TOJYYEHHBIX C HCIIOJIb30BAaHHMEM MOJENH TpeAcKa3aHMs, Ha BCEM
BPEMEHHOM HHTEpBaJle, I0Ka3aHO Ha puC. 5.
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Puc. 5. CpaBHeHI/Ie OpUTHHAJIIBHBIX 3HAYCHUN U 3HaquHﬁ, IOJIYYCHHBIX € UCIOJIb30BaAaHUEM
MOJICJIU TIPEJICKa3aHus, Ha BCEM BPEMCHHOM MHTEPBAJIC

Fig. 5. Comparison of original values and values obtained using the prediction
model over the entire time interval

[Ipu paccMOTpeHHH CHCTEMBI OTOIUIEHUS CIEIYET OTMETUTh, YTO MEPUOJ
ee pabOThl 3HAYUTEIHLHO MEHBIIE IENOT0 Toja, a 3HAYHWT, MOJCIh OJDKHA
9TO OTpaxkaTh. [103TOMY B KauecTBe MCXOJHBIX JNAHHBIX JJISI MOJIENU OTOepeM
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TOJIBKO T€ JIaHHBIE, KOTOPBIE COOTBETCTBYIOT MEPUOJY OTOTUICHHS 3/IaHHS, U TI0-
BTOPHUM IPOIIECC.

[TonydeHHble 3HAUYCHUS KO3(PPUIIMEHTOB KOPPENSIUN MapaMETPOB MOJCIH
MIPOTHO3UPOBAHUS SHEPTOMOTPEOICHHUS 32 OTOMUTENBHBIA MTEPHOJ] TPeCTaBIIe-
HEI Ha puc. 6.

- 1,00

TerutoBoe norpebienue 3nanus, ['Kan/cyr. -0,93 | 0,19 -0,37 -0,28
0,75
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Puc. 6. 3naueHns K03PUIUEHTOB KOPPEIIUH TapaMeTPOB MOACITH
MIPOrHO3MPOBAHHS SHEPTONOTPEOICHNS 32 OTOIHTEIBHBII EPHOLT

Fig. 6. Values of the correlation coefficients of the parameters of the energy consumption
forecasting model for the heating period

Puc. 6 mokassiBaer, 4To HanbosblIee A0COMIOTHOE 3HAaUYECHHE KO PHLIMeHTa
KOppeNsIiiuYA HaOMI0AaeTCs MEXK/y TEIUIOBBIM MOTPEOJICHUEM 3JIaHUS U CPEIIHE-
CYTOYHOM TeMIepaTypol Hapy>KHOTO BO3Ayxa. 3HaYCHUS KOI(PPUIIMEHTOB KOP-
peNnry MeXITy TeTUIOBBIM IMOTPEOIEHUEM 3/1aHUS U OCTATBHBIME ITapaMeTPaMu
PE3KO BO3POCIH, YTO TOBOPUT O TOM, YTO B OTOIMHUTEIHLHBIA NMEPUO U3MCHEHUE
JTAaHHBIX MapaMeTPOB OKa3bIBaeT 00JICe CHIILHOE BIUSHHUE Ha TEILIOBOE MOTPEO-
JICHHE 3JaHUs.

IMocTpoum amarpamMmy paccesHHs Jis JaHHBIX 33 OTONHTEIBHBIN MEPHOI,
MIPEACTABICHHYIO Ha pHC. 7.

Kak M0xHO BUIETh U3 pUC. 7, 3HAUECHHS] OTHOCUTEIBHOU BIAXXHOCTU CKOPO-
CTH BETpPa W COJHEYHOW paJMalUU CXOASITCA K TOCTOSIHHOMY 3HAUEHHWIO TIPH
YMEHBIIIEHUH TEMITEPATYPHI.
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Fig. 7. Scatter diagram of the parameters of the energy consumption forecasting model
for the heating period

[IpoBenem MmojaenupoBaHWe Ha HOBOH BBIOOPKE AHHBIX, IPEICTABIISIO-
IIMX HUCKIIFOUUTEIIBHO OTONMUTENBHBIN NEepuoj. B naHHON MOAENM CeTH Takxke
HCIIOJIb30BAIUCH TPU MPOMEKYTOUYHBIX CJIOS, HO B OTIMYME OT MPEIbIAYIIETO
ciydasi B IBYyX TIEpPBBIX CJIOSIX BMecTo (yHKIuM akTuBanuu ReLU ucmnonb3osa-
nmach (QyHKIOUS akTUBanuu ‘‘sigmoid”. Pe3ympTaThl MOJENMPOBaHUS CBEICHBI
B Ta0mI. 2.

Jlnst meMoHCTpanuu paboThl HEHPOHHOW CETH MPOTHO3MPOBAHUS TEIUIOBOTO
noTpebyeHns 3AaHusl n300pa3uM TPEHUPOBOYHBIHM, TECTOBBIN U MpelCKa3aHHbIN
HAOOPBI IAHHBIX JIJIS OTOIUTEIILHOTO MEePHO/Ia, KaK MOKa3aHo Ha puc. 8.
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Tabnuya 2
CpaBHeHHE TOYHOCTH PA3THYHBIX MoJIesei

Comparison of accuracy of various models

Newom | T|H|W|C| S RMSE MAPE MAE CV-RMSE R’

1 0,535 8,69 0,411 11,33 0,851
2 0,513 8,52 0,400 10,87 0,863
3 0,505 8,30 0,387 10,70 0,867
4 0,512 8,69 0,399 10,84 0,864
5 0,503 8,43 0,392 10,67 0,868
6 0,510 8,41 0,392 10,80 0,865
7 0,522 8,52 0,397 11,06 0,858
8 0,499 8,04 0,383 10,58 0,870
9 0,503 8,02 0,372 10,67 0,868
10 0,506 8,30 0,390 10,72 0,867
11 0,536 8,36 0,402 11,35 0,851
12 0,545 8,61 0,398 11,55 0,845
13 0,540 9,25 0,419 11,44 0,848
14 0,533 8,33 0,389 11,29 0,852
15 0,556 9,27 0,423 11,78 0,839
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MIPOTHO3UPOBAHHS TETLIOBOTO MOTPEOIEHHs 31aHUS TSl OTOMUTENILHOTO TIEpUoa

Fig. 8. Example of neural network prediction results for forecasting building
heat consumption for the heating period

U3 puc. 8 MOXKHO yBUIETH, YTO MOJIENb MPOTHO3UPOBAHUS TAKXKE YUUTHIBAET
HEJIMHEWHOCTh B XapakTepe pacrpeneieHus NaHHbIX. CpaBHEHHE OpPUTHHAIB-



M. V. Kolosov, A. Yu. Lipovka, Yu. L. Lipovka
Neural Network for Predicting Building Heat Consumption 91

HBIX 3HAYCHHUH U 3H8.'~I€HPII>1, TMOJYYCHHBIX C HUCIIOJB30BAHUEM MOICIIN IPEACKA-
3aHUA Ha BCEM BPEMCHHOM MHTCPBAJIC, ITIOKA3aHO HA PUC. 9.

YTo05I OIICHUTHL TOYHOCTH MOJICIMPOBAHUA, IPOBEACM CPABHCHUC cpez[Heﬁ
a0COIMIOTHOM HpOI_ICHTHOf/i OIIHOKHU leqmeﬁ MOZACIIN MPOTrHO3UPOBAHUA CO 3HA-
YCHUCM IIpcJciia I[OHYCKaGMOﬁ OTHOCHTCILHOU MOrpeuIHOCTU I/I3MepeHl/Iﬁ TCII-
JIOBOM OHCPIUr U3MEPUTEIIBHBIM KaHAJIOM TEIIJIOCUCTYHKA.
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Puc. 9. CpaBHEeHHUE pe3yIbTaToOB MIpeCKa3aHus HEHPOHHON CETH U UCXOAHBIX JaHHBIX
TEIIOBOTO MOTPEOJICHNS 3JaHuUsI AJIsI OTONMHUTEIILHOTO ITEPHoa

Fig. 9. Comparison of neural network prediction results and initial data
on building heat consumption for the heating season

CornacHO HOPMaTUBHBIM JAHHBIM, 3HAUEHHE MAKCHUMAJIBHOTO IpeJena Jo-
ITyCKaeMON OTHOCUTEIBHON MOTPEIHOCTA U3MEPEHHH TEMIIOBON YHEPTUH H3MeE-
PHUTENBHBIM KaHAJIOM TEIUIOCUETUYHKa cocTaBisieT 5 %. 3HaueHue cpenneit abco-
JIIOTHOW TIPOLIEHTHON OIIMOKH JIydIlell MOJIENH MPOTHO3HPOBAHHS COCTABHIIO
npuMepHo 8 %, YTO CpaBHUMO CO 3HAUYEHHEM MAaKCHMAJIBHOIO Ipejena AOILycC-
KaeMO# OTHOCHTENIbHOM MOTPEeIIHOCTH U3MEpPEHHH TEII0BOM 3HEPTUr H3MepH-
TEJIbHBIM KaHAJIOM TEIIOCUYETYHKA, K MOXKET OBITh UCIIOJIL30BAHO ISl MIPAKTHU-
YeCKUX LEeJIEH.

Jia nccrnepoBaHui, OCHOBaHHBIX Ha JAHHBIX, UX O0BEM M Ka4eCTBO CEPb-
€3HO BIHMSIOT Ha BBIOOP MCHOJIB3YEMBIX METOJOB M TOYHOCTH MOJIYy4aeMbIX
pe3yibTaToB. B mocneanue roapl ObICTPO MOSABISIIOTCS HOBBIE ANTOPUTMBI Ma-
LIMHHOTO 00yueHHs, YTo B OyIyleM MOXKET MO3BOJIMUThH IOIYy4aTh TOYHOCTH
MOJeNel IPOTrHO3UPOBaHMSA, CTPEMSINYIOCS K TOYHOCTH PEAIbHBIX Ipubo-
POB M3MEpEHHsI TETIOBOM SHEPTHH, TIO3TOMY pa3padoTKa mpoleayp o0ydeHus,
W ONpeAesICHUs] HAWTy4lIero Habopa BXOJHBIX JaHHBIX, 0€3yCIOBHO, 3aCITy>KH-
BalOT n3yueHus. HeifiponHsie cetu, co3gaHHble I Pa3iTudHbIX OOBEKTOB, MOTYT
HMMETh Pa3INYHbIN NMOPAIOK BaKHOCTH BXOJHBIX NMpHU3HaKoB. Eciu npeanonara-
€TCs MPOTHO3UPOBAHUE C YUETOM BHYTPEHHHX (PaKTOPOB 3[JaHHUS, TAKHX KaK H3-
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MeHeHHe (U3NYECKNX XapaKTePUCTHUK, (YHKIMHA 3TaHUSA, COCTOSHUS JIOAEH
1 $aKTOpOB BHYTPEHHEH Cpenbl, TO ONTUMAIBHBII Ha0Op BXOAHBIX XapaKTepH-
CTHK ¥ YPOBHEH BaKHOCTH TaK)K€ MOTYT CYIIECTBEHHO OTIIMYATHCS.

JaHHbIe MOJIENM MPOTHO3UPOBAHUSI 0OYUYAIOTCS M TECTUPYIOTCS Ha OCHOBE
peatbHBIX HCTOPUYECKUX IOTOMHBIX IaHHBIX, 3apPETUCTPUPOBAHHBIX KOMMY-
HaJIBHBIMHU TPEINPUATUIMH U METCOCTaHIMSIMH. DTO O3HAYaeT, YTO B TaKUX
JAHHBIX HET HEONpPEAEIEHHOCTH. JIJI1 MPOTHO3UPOBaHMS TEMIIOBOIO CIIPOCa MO-
TYT OBITh JOCTYITHBI TONBKO JaHHBIE MTPOTHO3a MOTOMBI, KOTOpPHIE, O€3YCIOBHO,
coJiepKaT OIMMOKHM mporHo3upoBanusd. CieroBaTeI-HO, MOJEIH MPOTHO3UPOBA-
HUS TETUIOBOTO MOTPeOIeHN] HAMTYYIINM 00pa3oM MOAXOAT He ISl IPOTHO3U-
poBaHHA OyIyIIero TEIJIOBOTO CHpOca, a JJIS MPOTHO3UPOBAHUS PE3yIbTAaTOB
MIPUMEHEHUS SHEProcOeperaix peeHH.

BbIBO/IbI

1. IMony4ens! 3HaYeHUS KOI(DPUIIMEHTOB KOPPEISAIUN TapaMETPOB MOJIEITH
MIPOTHO3UPOBAHUS SHEPTOMIOTPEOIEHHUS, KOTOPBIE TIO3BOJISIOT MPOAEMOHCTPHPO-
BaTh 3aBUCHMOCTH BBIOPAHHBIX MAPAMETPOB JIPYT OT APYTa, YTO SIBIISETCS HEOO-
XOJUMBIM yCIIOBHEM PAaH)XKMPOBAHUA STHUX MMapaMeTpoOB, MAIOIINX IPEBATHPYIO-
U BKJIAJ. YCTaHOBJIEHO, YTO KOA((MHUIINEHTHI KOPPEISIMHA MEXTy TETUIOBBIM
HOTpC6JIeHI/I€M 3JaHUA U KIIMMATOJOTMYCCKUMU IapaMeTpaMu, paCCHYUTAHHBIC
AJId OTONUTEJIIBHOTO ME€pUoaa, 3HAYMMO IMPEBBIIIAIOT aHAJIOTMYHBIC IMOKAa3aTCIIu,
MOJIyYEHHBIC IO TAHHBIM 32 KaJCHAAPHBIN ro.

2. IMocTpoeHbl MONIENH TETUIOMOTPEOJICHUST 31aHUH C HCIIOJIB30BAHUEM HC-
KYCCTBEHHOTO MHTEJUIEKTa TI0 JaHHBIM, TIOMYYEHHBIM B PE3yJIbTaTe MATUICTHE-
0 MOHHUTOPHWHTA TEIIOTHAPABINYSCKIX PEKUMOB TEIUIOBBIX MyHKTOB 3JaHHHA
r. KpacHospcka.

3. [IpousBeneHo cpaBHEHHE TOYHOCTH MOJENEH C pasTUYHbIMH Habopamu
BXOJIHBIX IIapaMETPOB II0 HECKOIbKUM KpurepusMm. [lokasaHo, 4TO TOYHOCTB
Jy4Iied MoJeTH MPOTHO3MPOBAHMS COMOCTaBMMa CO 3Hau€HUEeM Ipejesna Jo-
MMyCKaeMON OTHOCUTEIBHOM MOTPEIIHOCTY U3MEPEHHUM TEIUIOBOM SHEPTUU U3Me-
pUTEIBHBIM KaHAJIOM TEIIOCUETUHKA.
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