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EnekmpuyHi MawuHu ma anapamu
UDC 621.314
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L. Bouchaoui, K.E. Hemsas, H. Mellah, S. Benlahneche

POWER TRANSFORMER FAULTS DIAGNOSIS USING UNDESTRUCTIVE METHODS
(ROGER AND IEC) AND ARTIFICIAL NEURAL NETWORK FOR DISSOLVED GAS
ANALYSIS APPLIED ON THE FUNCTIONAL TRANSFORMER IN THE ALGERIAN
NORTH-EASTERN: A COMPARATIVE STUDY

Introduction. Nowadays, power transformer aging and failures are viewed with great attention in power transmission industry.
Dissolved gas analysis (DGA) is classified among the biggest widely used methods used within the context of asset management
policy to detect the incipient faults in their earlier stage in power transformers. Up to now, several procedures have been employed
for the lecture of DGA results. Among these useful means, we find Key Gases, Rogers Ratios, IEC Ratios, the historical technique
less used today Doernenburg Ratios, the two types of Duval Pentagons methods, several versions of the Duval Triangles method and
Logarithmic Nomograph. Problem. DGA data extracted from different units in service served to verify the ability and reliability of
these methods in assessing the state of health of the power transformer. Aim. An improving the quality of diagnostics of electrical
power transformer by artificial neural network tools based on two conventional methods in the case of a functional power
transformer at Sétif province in East North of Algeria. Methodology. Design an inelegant tool for power transformer diagnosis using
neural networks based on traditional methods IEC and Rogers, which allows to early detection faults, to increase the reliability, of
the entire electrical energy system from transport to consumers and improve a continuity and quality of service. Results. The solution
of the problem was carried out by using feed-forward back-propagation neural networks implemented in MATLAB- Simulink
environment. Four real power transformers working under different environment and climate conditions such as: desert, humid, cold
were taken into account. The practical results of the diagnosis of these power transformers by the DGA are presented. Practical
value. The structure and specific features of power transformer winding insulation ageing and defect state diagnosis by the
application of the artificial neural network (ANN) has been briefly given. MATLAB programs were then developed to automate the
evaluation of each method. This paper presents another tool to review the results obtained by the delta X software widely used by the
electricity company in Algeria. References 29, table 15, figures 9.

Key words: analysis of dissolved gases in oil, diagnostics of power transformers, feed-forward neural networks, Rogers
method, IEC method.

Bcemyn. Y naw vac cmapinis ma HecnpagHoCmi CUIOBUX MPAHCHOPMAMOPIE YEANCHO PO32TIA0AIOMbCA Y 2any3i nepedayi enekmpuyHoi
enepeii. AHaniz po3uuHeHo20 2asy BUOLIAEMbCs ceped HAUbLIbU WUPOKO GUKOPUCHIOBYEAHUX MeEmOoois, Wo 3ACmOCO8YIOmbCs 6
KOHmMeKCcmi NONMuKy YIPAasIiHHsg aKkmueamu OJs GUSAGIEHHS NOYAMKOBUX HECNPAGHOCMEN HA IX nonepeouiu cmaodii 6 Cunosux
mparncgopmamopax. [lomenep 01 ompumans pe3yibmamie aHaiizy po3uuHeno2o 2asy 6yno suxopucmano kinoka npoyeoyp. Cepeo
YUX KOPUCHUX 3ACO0I8 3A3HAYUMO MAKI, SIK MEMOoO OCHOBHUX 2a3ie, kKoegiyienmu Poodxcepca, koepiyichmu MEK, icmopuunuti nioxio,
MeHW UKOPUCMOBYBAHI Cb0200HI Koepiyicmu J{epnenbypea, 06a munu memooieé n’smuxymHuxie /fio6ais, Kilbka 6apiaHmie Memooy
mpuxymuuxie Jlroeans ma noeapu@mivnui nomoepag. Ilpobnema. Jlani ananisy pozuuneno2o 2azy, Ompumani 3 pisHux 06 ‘€xmis, wo
EeKCNILyamyomuCsl, Cly2y8anu Ons Nepesipky 30amHocmi ma HaoitiHocmi yux Memooieé npu OYiHYi CMany npaye30amuocmi Cuiog8o2o
mparncgopmamopa. Mema. ITiosuwjenns skocmi 0lazHOCMUKU eNeKMPULHO2O CUTO8020 MPAHCHOPMAMOpa 3a OONOMO0I0 WUNYYHUX
Helipomepedceaux IHCIMpPYMeHmMis, 3aCHOBAHUX HA 080X 36UUALHUX MemOoOax, y 8UNaoKy yHKYIOHYIOU020 CUNI0B020 MPAHCHOpMamopa
6 nposinyii Cemigh na nigniunomy cxo0i Amicupy. Memooonozia. Po3pobxa nemunogozo 3acody 0ns 0iaeHOCMUKU CUTOBUX
Mpancoopmamopis 3 GUKOPUCMAHHIM HEUPOHHUX Mepedic Ha 0CHO8I mpaduyitnux memodie MEK i Podacepca, sikutl 0036015€ paHHe
BUABICHHS HECNPAGHOCMEl, NIOGUWEeHHS HAOTIHOCMI 8CI€l elekmpoeHepeemuyHol cucmemu 8i0 nepedadi enepeii 00 cnojcusayis ma
nokpawjenus besnepepsHocmi ma aAxocmi oocnyzosysanns. Pesynomamu. Poss ‘azanus npoonemu 6yn0 300iCHEHO 3a 0ONOMO2010
HEUPOHHUX MEPENC 360POMHO20 PO3NOBCIOONCEHHS i3 360POMHUM 38'A3KOM, peanizosanux @ cepedosuwji MATLAB-Simulink. Bynu
6paxosani yomupu Oitoui Cuio8i Mpanchopmamopu, uwjo npayiooms 6 PisHUX YMOBAX OMOUYI0U020 Cepedosuud Mma KIMamy, makux
sK: nycmeis, 8ono2a, xo0100. Ilpedcmasneni npakmuuni pe3yibmamu Ola2HOCMUKU YUX CUTOBUX MPAHCHOPMAMOPIE 3 GUKOPUCTIAHHIM
ananizy pozuunenoeo 2aszy. Ilpaxmuune 3nauenns. Cmucno nagedeno cmpykmypy ma cneyughiuni ocobnueocmi cmapinus i30nayii
06MOMOK CUNOBUX MPAHCHopMamopie ma OiazHOCMUKU cmany Oeghekmie 3a 00NOMOo20i0 wWmyyHol Heuponnoi mepedici. Jlani 6ymu
po3spobneni npoepamu 'y MATLAB ons aemomamusayii oyinku KodxcHozo memoody. Lla cmamms npeocmaeénic we ooun 3acié ons
aHanisy pe3yrvmamis, OMPUMAHUX 3a OONOMO2010 NPOZPAMHO20 3abe3neyenns delta X, wjo wupoxo euKoOpucmo8yemvcsa eneKmpuiHoio
xkomnaniero ¢ Amxcupi. bibin. 29, tabn. 15, puc. 9.

Kniouosi crosa: aHai3 po3uuHeHHX ra3iB y mMacJi, 1iarHOCTHKA CHJI0BUX TpaHcdopMaTOpiB, HellpOHHI Mepe:ki 31 3BOPOTHUM
3B's13k0M, MeTo Poxxepca, meton MEK.

Introduction. The power transformer is a capital
device in the power electrical system and we can’t give up
it, many researchers interested to diagnosis and protect
the power transformers to improve their lifespan, their
performance and their reliability [1-5]. For that, improved
techniques for power transformer diagnosis and early
fault detection are really important. The transformer is
subject to electrical and thermal stresses. These two
stresses could break down the insulating materials and
release gaseous decomposition products.

According to literature [4, 6-11], the main causes of
power transformer faults related gases are: overheating,
corona, cellulose degradation by overheating (OH) and
arcing (ARC).

Principally, gases generated from several well-
known faults involved inside the active parts are
represented in the Table 1 [3].

Dissolved gas analysis (DGA) is widely used for
diagnosing the developing faults in power transformers,

© L. Bouchaoui, K.E. Hemsas, H. Mellah, S. Benlahneche
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this method is classified among effective methods.
Several diagnostic criteria have been developed to
interpret the dissolved gases inside the power
transformers [3], the interested reader is referred to IEEE
Guide [12] for more details. These methods should be
able to get the relations between the dissolved gases
inside a power transformer and distinguishing the type of
fault that occurred. Some of these relations are clear,
others are less obvious and ambiguous, or even hidden
relations [13]. Yet, much of the power transformer
diagnostic data requires expert hands to properly analyze,

approve and interpret its results[3, 13].
Table 1

Gases generated inside the power transformer
due to several faults

Chemical symbol Name gas
H, Hydrogen
CH, Methane
C,H, Acetylene
C,Hg¢ Ethane
C,H, Ethylene
CO Carbon monoxide
CO, Carbon dioxide

Non-conventional methods are usually computer-
aided, will be able to detect reliably and efficiency the
incipient-faults for the inexperienced engineer. More than
that, in certain cases, even the well experienced engineers
can benefit further insights [13], several researches have
been published in [14].

Artificial intelligence and/or optimization algorithm-
based expert systems [4, 7-11, 15-18] have been
developed to expose some of the secret relations to well
interpret the dissolved gases in purpose of power
transformer fault diagnosis.

The artificial neural network (ANN) method was
also applied to this type of study, by exploiting their
capacities, their properties in terms of learning and their
processing of complex data in order to extract the
ambiguous relations between dissolved gases inside the
power transformer and the type of faults. Zhang et al. in
[11] use a two-step ANN approach in order to detect
faults in the diagnosis of power transformers by DGA
without cellulose involved or even with -cellulose
involved.

Bondarenko et al. in [4] combine two powerful
technique and propose a fuzzy-ANN to power transformer
oil gases analysis.

Enriquez et al. in [19] propose as tools for power
transformer diagnosis a K-Nearest Neighbors algorithm
(K-NN) classifier with weighted classification distance,
applied to a DGA data, where K-NN is one of the most
fundamental and basic classifiers widely used in pattern
recognition applications, this classifier was developed by
T.M Cover et al in 1967 [20].

A two types of feed-forward neural network
classifiers for power transformer diagnosis has been
designed and used by Seifeddine et al. in [21], the two
types are MLP and the Radial Basis Function (RBF). In
order to train the two NN classifier the authors get the
experimental data from the Tunisian Company of
Electricity and Gas (STEG).

However, the diagnosis presented by [21] is not
precise enough in certain types of faults such as partial
discharge (PD) and temperature overheating faults. Where
in PD fault condition for [21] it is only one type of fault,
whereas in our work here, we separate between PD faults
with low energy density and with high energy density faults.

Likewise, with regard to temperature overheating,
[21] present three ambiguous overheating levels: low,
medium and high, while in our study the diagnosis is
precise and divided into four different states limited by
clear numerical values; which more clearly show the
thermal state of power transformer.

This diagnosis allows us to judge whether or not the
maintenance of the power transformer is necessary. In the
worst cases, immediate shutdown. This judgement is
depending on the maximum temperature supported by the
insulation.

The goal of the work is to improve the quality of
diagnostics of electrical power transformer by artificial
neural network tools based on two conventional methods
in the case of a functional power transformer at Sétif
province in east north Algeria. The type of the used ANN
is Feedforward Neural Network (FNN) trained by
Levenberg-Marquardt Backpropagation (LMBP). The
training patterns set used to learn ANN are a practical
result obtained in this functional power transformer.

Dissolved gas-in-oil analysis. In power transformer
faults detection and analysis, dissolved gas in oil analysis
(DGA) is a famous standard practice. The origin of this
method goes back to 1973, where Halstead carried out of
study in formation of gaseous hydrocarbons in faulty
transformers based on thermodynamic assessment [11].
Under extreme thermal and electrical pressures applied to
the power transformer, also under the effect of aging,
mineral oils and cellulosic materials used for winding
electrical insulations of a power transformer are
degrading. This degradation of the material results in
several types of gas emitted inside that we can use them
as identifying indices of the type and intensity of the
stresses. To estimate the transformer health-state,
concentrations of dissolved gas in oil, relative gases
proportions and gas creation rates, are analyzed and
applied [13]. The most common gases used for
diagnostics are given in Table 1.

In the goal to obtain each gas concentration
separately we collect it from high-vacuum, then we use
the gas chromatography techniques to analyze them [22].
It is possible to diagnose existing defects in the power
transformers by interpretation of the gas contents. The
specialist literature presents several methods for
interpreting these diagnosis results [3]. Several method of
power transformers diagnostic by DGA has been
developed, we can classify them by two main types,
classical and hybrid methods; where the classical types
generally are: Key gases, Doernenburg ratio, Duval
triangle, Rogers ratio, pentagon and IEC methods [6, 15,
17, 22, 23]. However, the second type generally associate
one or more of the classical methods with an artificial
intelligent [4, 7-11], probabilistic approach [15, 16] or
with optimization method [17, 18].

Key gas method. This method uses four individual
gas levels (C,Hy, CO, H,, C,H,), they are often called
«key gases» to detect four types of faults; this method
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depends on the amount of fault gas emitted in the power
transformer by the insulating oil under the effect of the
varying temperatures at the chemical structure breaks [12,
13, 22]. Unfortunately, this methodology suffers from its
findings or it may be incorrect or inconclusive; it can
reach 50 % if it is automatically implemented with
software, this error can be reduced to 30 % if it is applied
manually by experienced DGA users [12].

Ratios methods. There are several types of ratios
method [3, 12, 22] where each method assigns some
combination of codes individually to a particular form of
fault [22]. These methods are based on comparing the
current gas ratios to the preset ratio intervals.

The principle of fault detection is simple and is as
follows once a combination of codes matches the code
pattern of the fault the fault is detected [13, 22]. As a
result of the amount of doable code combination is larger
than the amount of fault sorts, the typical result of Ratio’
strategies such as Doernenburg ratios, Rogers ratios and
IEC ratios is generally «no decision» [13], this is one of
their important limitations, several of their limitations are
described in [12], these limitations either no decision or
false detection were verified in our study as shown at the
end of this article in Table 15.

Other details like the variability of dissolved-gas
data, loading and environmental conditions effects on
these data are typically often taken into account in a real
power transformer diagnostic process [24].

ANN can identify the hidden relations between the
types of faults and dissolved gases in the power
transformer [3] therefore, the ANN approach can be
applied more carefully to solve this issue.

Gas ratio methods. The major benefits of using
Ratios techniques in monitoring the health of the power
transformer are that the problem of oil volume does not
arise. Because this technique needs to compute the Gases
Ratios to detect a fault, and its independent of its absolute
values [3]. The Ratios techniques applied in this research
are the Rogers Ratio and the IEC techniques.

Rogers ratio method. Four ratios are applied in this
assessment: methane/hydrogen, ethane/methane,
ethylene/ethane, and acetylene/ethylene. The fault
diagnosis process of power transformer is achieved through
a simple coding scheme based on ratio ranges. Four states
of power transformer condition can be identified i.e.
normal ageing, PD with or without tracking, thermal fault
and electrical fault of various degrees of severity, the Table
2 give the Roger’s ratio codes [3, 25]

Table 2
Roger’s ratio codes
Ratios Range Code
<0.1 5
0.l1<..<1 0
Methane / Hydrogen <. <3 1
3< 2
<1 0
Ethane / Methane | < 1
<1 0
Ethylene / Ethane 1<..<3 1
3< 2
<0.5 0
Acetylene / Ethylene 05<..<3 1
3< 2

Table 3 gives the Roger’s fault diagnosis table [25].

Table 3
Roger’s fault diagnosis table
N Code Diagnosis
1/0/0[{0]O Normal (N)
21510/ 0]0 Partial discharge of low energy
311210010 Overheating < 150 °C
4(12(1]1 0] 0 Overheating 150 -200 °C
515|100 Overheating 200-300 °C
6001 ]0 Conductor Overheating
21110l 110 Overheating by winding circulating
current
sl1lol21o0 Overheating by core and tank circulating
current
9101(0]0]1 Arcing of low energy
10 0 [0|1.2]1.2 Arcing of high energy
111 0 |0| 2 | 2 | Continuous sparking to floating potential
121 5 |0 0 |1.2 Partial discharge with high energy

IEC method. The exclusion for the Ethane/Methane
ratio was dropped from the diagnostic instructions
suggested by IEC, as is indicate only a small
decomposition temperature range, the IEC method is
derived from the Rogers’ technique. In the IEC process,
three gas ratios are computed and we use it for the
failure’s interpretation, IEC can identify four types of
faults as fellow: normal ageing, PD of low and high
energy density, thermal faults and electrical faults of
various degrees of severity [3, 26].

The codes for various gas ratios and their description
for the IEC method are presented in Table 4 and 5. On the
other hand, the downside to these Ratios approaches is
that all data ranges are not covered and ratios fall beyond
the reach of the tables very frequently [13]. In this work,
an ANN technique was used to resolve the above limited
ratios process limitation.

Table 4
IEC ratio codes

Defined range Codes of different gas ratio
of the gas ratio C,H,/C,H, | CHyH, | C,H,/C,H,
<0.1 0 1 0
0.1-1 1 0 0
1-3 1 2 1
>3 2 2 2
Table 5
IEC fault diagnosis table
N Fault type code
1 | No Fault 0]0] 0
2 | Partial discharge with low energy density 0([1]0
3 | Partial discharge with high energy density 1 (1] 0
4 | discharge of low energy 1.2]10]1.2
5 | discharge of high energy 1 (0] 2
6 | Overheating 7< 150 °C 0 (0] 1
7 | Overheating 150< 7< 300 °C 0 (2] 1
8 | Overheating 300< 7< 700 °C 0 (2] 1
9 | Overheating > 700 °C 0 (2] 2

DGA practical diagnostic results for different
region in Algeria. In this section we present a DGA
practical diagnostic results in four different regions.

Case 1. Mobile station 220 kV, 40 MVA of
El-Meghier (province has a hot desert climate, with
very little precipitation). Through a periodic inspection,
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a DGA pattern has revealed the existence of partial
discharges symptoms from the critical amount extracted
of H, and C,H, (Table 6).

produced as result of an advanced aging process of the
solid insulation. The elapsed life of the transformer was
estimated at 80 %. It was then very necessary to check the

. Table 6  reliability of our protections and to rate the transformer at
DGA values of El-Meghier transformer a moderate loading until its inspection.
Gases Before treatment After treatment Table7
(PPM) 17 April 2001 6 May 2003 | 24 May 2005 DGA values of Sidi-Aiche transformer
H 111 27 41
C(;z 2188 1757 2737 g;srii Values Dielectric parameters Values
CO 293 316 419 H, 11 .
CH, 26 1 <1 CO, | 1944 H.0 in ppm 1
C,Hy 31 20 <1 CO 597
tgd 0.21
CoH, 9 14 <1 CH, | 101 g
Csz 65 <1 <1 C2H4 <1
C,Hg 110 2-Furfuraldehyd in PPM 5.79
The advised maintenance action was then a physical CHy <1

treatment of the transformer via the oil purification. Several
samplings were done after this operation and there was not
any sign of the previous defect. Because the transformer
was fitted by a forced oil flow system, we have thought
about the existence of particles attracted on the surface of
windings or in any region with high electric or magnetic
field. These particles were removed by circulating the oil
during the purification as shown in Fig. 1.

Fig. 1. Remove the particles by circulating the oil during the
purification

The DGA practical measure results of El-Meghier
transformer for three different years presented in Table 6
are graphically shows by Fig. 2.

DGA values
3000 | H,
2500
) 2 s CO,
2000
3 e CO
1500
4 CH,
1000
S5 pi— C2H4
500 3
1 1 6w CyHg
0 47P; 47
17 April 2001 6 May 2003 24 May 2005/ CH,

Fig. 2. DGA trends of El-Meghier transformer

Case 2. Mobile station 220 kV 40 MVA of
Sidi-Aiche (town in middle northern Algeria with a
moderate and humid climate). This transformer
presented a high value of a dielectric losses factor of the
oil (0.21) even though the water concentration was
normal (11 ppm). The DGA revealed abnormal
proportions of methane, ethane, CO and CO,
concentrations giving an idea about the loading of the
transformer. Furanic compounds analysis confirmed the
existence of a 2-FAL (Table 7) in dangerous amount

Case 3. Power transformer 60 kV of Akbou
(industrial town in northern Algeria with a moderate
and humid climate). An excess of combustible gases
concentration was registered through a DGA as shown in
Table 8; a more dangerous one was the acetylene. A gases
ratio confirmed a thermal overheating involving a solid
insulation. Perhaps it touched the current flow system as
LTC contacts, leads contacts, etc. This is the most critical
case that may result in catastrophic failure. The main
action was to stop the transformer for an internal
inspection.

Table 8
Gases concentration of Akbou unit
Gases Values (ppm)
H, 1443
CO, 13561
CO 934
CH, 3899
C,Hy 600
C,Hg 1115
C,H, 113

A hot spot was found at the contacts level of one
connection of the no load tap changer with apparent signs
of tracking, cocking, erosion and overheating with the
surrounded insulation as illustrated by Fig. 3.

T *. k

Fig. 3. Remove the particles by circulating the oil during the
purification

Case 4. Autotransformer 220/150 kV of Darguina
(town in northern Algeria with cold and very humid
climate). This unit exhibited a high arcing in the oil
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without involving the solid insulation. It has been treated
several times but there was no improvement of the
situation because successive Buckholz alarms have been
registered after (Table 9). The power transformer was
de-energized and submitted to further analysis and

diagnostic tests.
Table 9
DGA history of Darguinas autotransformer

Gas (ppm) | 17 April 2001 | 14 March 2003 |23 May 2005

H, 107 <1 645

CO, 1414 434 2099

CO — 40 217

CH,4 27 <1 45

C,H, 25 <1 51

C,Hg 18 <1 <1

CH, 65 7 326

Complementary  electrical tests have been

investigated in order to assess the integrity of the current
circuit and the windings condition. The results were
normal (Table 10 and Table 11) and the problem causing
this generation of gases still not detectable.

¢ Insulation measure: Primary/Ground = 7 GQ;

e Secondary/Ground =5 GQ.

Table 10
Winding resistance measurement with different tap position
150 kV 220 kV
Position | A/N | B/N C/N A/N | B/N | C/N
5 3.53 | 3.57 3.53 5.02 | 5.03 5.01
4 348 | 3.51 3.49 483 | 492 | 483
3 3.49 | 3.50 3.48 466 | 468 | 4.61
2 349 | 350 | 3.50 | 479 | 4.78 | 4.77
1 3.50 | 3.50 3.50 492 | 502 | 4.95
Table 11
Transformation ration
Position | AB/ab | AC/ac | BC/bc | Nameplate value
1 1.553 1.557 1.555 1.557
2 1.502 1.504 1.504 1.506
3 1.452 1.453 1.453 1.455
4 1.401 1.403 1.402 1.404
5 1.350 1.352 1.351 1.353

This mode of failure may be also created by the
magnetic stray flux. The internal inspection revealed an
overheating localized in the connection bolts of the core
yoke caused by arcing of a formed closed loop. Fig. 4
illustrates a hotspot localized in power transformer.

Strong localized heating

Fig. 4. Hotspot localized

Artificial Neural  Networks. ANN  has
demonstrated their capacity in a varied engineering
application such as, estimation, process control,
diagnostics [27], it is ANN's ability and malleability to
approximate functions, data meaning and classifications
that have nominated it to be a proposed and promising
solution that can be used in various types of complex
issues. These properties are particularly very significant
when the process or the state variables of the process
model are nonlinear, poorly identified and uncertain,
therefore hard to model by known traditional methods.

An ANN is a complex and dynamic system of
different topology which is composed by weights linked
together either complete or partial depending on the type
of ANN, these weights are an element of complex data
processing. We can summarize the principal advantages
when we apply ANN in the diagnosis process of power
transformer by dissolved gas as follow [28]:

e high learning capacity hence generalization of the
developed tool;

e development of electronic circuits
hardware implementation easier;

e a great capability for model a complex system based
on their inputs and outputs without needing to know
exactly the mathematical model;

e minimize the time required to give the final
diagnosis results by eliminating the time required to
conduct laboratory experiments

Several types of ANN are presented in the literature
in terms of topology, backpropagations algorithm and
learning mode, among these types Multi-Layer Perceptron
(MLP) is the most widely used [27]. Fig 5 shows the
structure of MLP, which is a type of ANN used in this
research. The weight outputs are computed as follows [7]

Sj=f(insz+91J, M
i=1

where X; are the network inputs will be described in the
following section; W) translate the weight-connection
between the input neuron i and the neighboring hidden
neuron j; ¢; is the bias of the j-th hidden neuron; fis the
transfer function or also called activation function.

make the

Output Layer

Input Layer gigden Layer
Fig. 5. ANN topology
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Topology of ANN used. In this application, a MLP
type ANNs with supervised training based on
Levenberg-Marquardt Backpropagation (LMBP)
algorithm is used. LMBP which remains until now the
most widely applied. According to the literature related
to this topic, LMBP has a good robustness, known for its
high efficiency and relatively fast require much less
iteration to converge compared to some methods, for
this many researchers suggest to use it for power
transformer diagnosis based on DGA.

The optimal size of the ANN that produces the best
results is one of the most frequently phrased questions in
the ANN computation framework. Even though numerous
«hints and tips» such as suggestions have been
highlighted so far by many researchers, but there is still
no straightforward answer to this ANN issue [29].

We using Matlab/Simulink environment to design
this ANN, we notice that each method has its self inputs
and should be match the same as the number of neurons
in the input layer, the same thing for the output layer the
number of units should be the same outputs for each
method.

In this application case, five main preliminary gases
for a failure in power transformers: Acetylene (C,H,),
Ethane (C,Hg), Ethylene (C,H,), Hydrogen (H,) and
methane (CH,) are elected as the inputs characteristics as
illustrated by Fig. 6.

L
L J
H, » Normal
CH [ ] Partial discharge
4
CH b Arcing
2t
™ B
C,H. Overheating
C,H,

Fig. 6. Input and output of the neural network

Input layer. The ANN inputs are a vector contains
the Rogers and IEC Ratios. Generally, the number of
neurons is equal to the number of inputs and the activation
function are linear. Each method has its inputs of the follow
gases: Acetylene (C,H,), Ethane (C,Hg), Hydrogen (H,),
Ethylene (C,H,) and Methane (CH,) in ppm.

Output layer. Contains the desired outputs of the
artificial neural network, in our case are the type of faults
if exist or the power transformer is healthy as presented
by Fig. 6. The outputs are: discharge of low energy and
high energy, arcing, overheating, or normal case which
means healthy state. Each method has a specific fault
detection, the activate function generally are linear
function.

Hidden layer. The wide majority of studies in
classification problems use a single layer or at most two
hidden layers. There is no law to determine exactly the
number of neurons in the hidden layer and it is defined by
trial in order to get the minimum error.

Transfer function. At the hidden layer, the
activation function most widely used in the networks of
neurons is sigmoid tangent (logsig), Fig. 7 show its
curvature.

a = logsig(n)

Fig .7. Activation function

The optimized ANNs used in the process of power
transformer diagnosis is carried out by adjusting the
number of hidden layer and the number of units in each
hidden layer of the MLP. Rogers Ratios and IEC Ratios
methods are two Ratios approaches investigated in this
study. We are using the cross-validation error method
over multiple sets both for Rogers and IEC training data
to find the best results.

Input data. The inputs data are the gas
concentrations given by the chromatographic analysis
tests of the oil samples, these samples are taken over the
life of the transformer (training step), or suspected in the
data set sample (net value under regular conditions of

use). Table 12 displays the sample data set in
concentrations of principal gases in ppm.
Table 12
Samples data

Samples| H, |[CH4| CO| CO, | C,H4| C,Hg | CoH, [Known fault

1 17 | 15 1292|6956 78 | 20 | 35 ARC

2 1046(2809|681| 7820 | 321 | 675 7 PD

3 127| 76 |879|3471| 23 | 32 | 49 ARC

4 11 |101]597(1944| 110 | <1 | <1 OH

5 10727 | — |1414] 18 | 25 | 65 ARC

6 39 | 33 1991|3280 9 7 2 Normal

7 72 [278] 53| 610 | 176 | 289 | <1 OH

8 1 |39 (361|4081| 9 36 1 Normal

9 111 26 |293|2188| 31 9 65 PD

10 |1443|3899|934 [13561| 600 [ 1115 113 OH

The database of diagnostics was created at the power
transformer park in the Sétif region, then has helped us to
make sure for the sensitivity of our programs and the
degree of its reproducibility; where several comparisons
of the acquired results was making with the DELTA X
software used in the Sonelgaz-GRTE laboratories or the
shared data and others are considered to view the
established convergences.

Application of ANN to DGA diagnosis using IEC
method. The input vector

1=[1,1,, Q]z{code(

Acetylene(CyH )
Ethylene(C,H ) |

codd Ethylene(C,H ) . code Ethylene(C,H ) ’
Hydrogen(H, ) Ethane(C,Hy )

these codes are extracted following the IEC method
shown in Table 4.
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The output vector O in IEC method has nine
detectable defects as shown in Table 13, O =[O0, ..., Oq].

Table 13
Database trained by IEC Ratios Method
Inputs Outputs

L | L| L O |G|0C|0:]0| 0| O | G| O
0|0 O 1fo[O0O|O0O]JO]O]O]O]O
ofjtrfofjoftyojo0jojojojojo
r{ryoflofoj1j0|O0[O0O]O0|O0]O
L2{o0(12yo0f0|0|1]0]0]0]0]O0
l1{of2Jojo0|j0|0|]1]J0]0]0]O0
0 |0} 1 ofofofolOoO|1|O|O0O]|O
0 (2{0}jojojojojofO]1[0]O
0 |21 ofofofolO|O|O|1]0O0
0O (2{2}Jofofjofojo0o|0O]O0|O0]I1

The neural network with the IEC method is
composed by three unites in input layer, the hidden layers
comprise a variable number of unites and the output layer
has nine unites. The unites of the output layers generate a
real number between 0 and 1 indicating the possibility of
presence of a fault among the 9 faults designated by IEC
instructions norms. The models of formation for the IEC
technique are presented in Table 13.

Application of ANN to DGA diagnosis using
Rogers method. The vector of inputs

Methane Ethane
12[11312’13314]:|:( j’[ j’

Hydrogen ) \ Methane

[Ethylenej Acetylene

Ethane )\ Ethylene )|
these codes are extracted following the Rogers method
shown in Table 2.

The output vector O in Rogers method has 12
detectable defects as shown in Table 2, 0 =[0,, ..., O;,].

The neural network with the Rogers method is
composed by 4 unites in the input layer; the hidden layers
contain a variable number of neurons and the output
layers has twelve unites. The neurons of the output layers
generate a real number between 0 and 1 giving the
likelihood of the presence of a fault amongst the twelve
faults designated by the Rogers’ procedure. The models
of formation for the Rogers technique are exposed by
Table 14 below.

Figure 8 shows the ANN training performance step
trained by LMBP algorithm based on IEC set.

Figure 9 shows the ANN training performance step
trained by LMBP algorithm based on Rogers set.

Results and discussions. The two artificial neural
networks elaborate previously needs to be checked after the
training step is done. In order to test and verify the
robustness and the best performance of the trained ANN, a
data set pattern of known cause of power transformer faults
was considered in 10 test samples given in Table 12.

Table 14
Data sets trained by Rogers Ratios technique
Inputs Outputs
I |L| LI | I |01]0,|05|04] 05| 06| 07| 05| 09| 01| 011 | O1,
ojojojo|jrjofofojo0|0|0f0O|010|0]|0O0
5(0{0[0]|0]|1]0]|0|0|0|0]|O0|O0O|O0]|O0]O
1,210 0|0 (0OfO|1|O|O|O|O|O|O|O]|O]O
1,2[{1{0(0]0|0O|0O]|1]|0]O|O[O|O]O0O|O0]O
ojt{ojojojofofoj1rjojo0f0j010|07|0
ojojt1jojojofofojo0|1rjofo0|010|07|0
rjoj1|jofofofofofofofrfofofoj|ojo
1{0{2(0(0|j0O|O0OfO]|O|O]|O|1|O]O]O0]|O
ojojoj1r(oj0f0f0|0|0O|O0OJO|1|0O]|0O]O
01(0(1,2|1,2f0|0|0O|O|O|O|O|O|O|1]|]0]O
oj{oj2|2|0/0/0(0O|j0O|O|O|JO|O|O]|1]0O0
510{0(1,2[0(0|{0|0|0O|0O|0O|O[O|O0]O0]|1
Performance is 6.03352e-013, Goal is 1e-009
10° | | | | | | B
107 k 1
g 10* 1
% 10° 1
g
107}
107}
° ° ° ° 41 é[;ochs ® * * 0

Fig. 8. Training performance using LMBP with IEC Ratios
method

Performance is 9.56925e-010, Goal is 1e-009

Training-Blue Goal-Black

10 I I I I I 1
0 20 40 60 80 100 120

122 Epochs

Fig. 9. Training phase performance using LMBP and Rogers
Ratios method

Table 15 summarizes the findings obtained by the
two ANN during testing. According to these results, ANN
associates to Rogers Ratios methods was correctly
diagnosed 8 faults out of 10 faults. However, ANN
associated with IEC Ratios methods only detect 7 faults.

According to our results, the ANN solves all
limitations of type no decision of the traditional methods
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(IEC and Roger) and give a decision, for ANN based
Roger ration method all these decisions are correct
compared the experiment. However, for ANN based on
IEC method the decision is wrong for the sample 2 and 8.
In other hand, the improved IEC by ANN correct the
diagnosis result of traditional IEC for the sample 1. As
illustrated by Table 15 all traditional or ANN-based
methods give wrong results for samples 2 and 8, and the
work should be done by more efficient and robust
methods as a deep learning.

Table 15

Comparison results between ANN DGA
and traditional DGA based on Rogers and IEC

” Fault from | Fault from | Predicted fault
‘dé Actual | traditional | traditional from ANN

E | fault IEC Rogers IEC Rogers
A method method | Method | Method
1 ARC PD No decision| ARC ARC
2 PD No decision OH OH OH

3 ARC | No decision ARC ARC ARC
4 OH OH No decision| OH OH

5 ARC | No decision | No decision| ARC ARC
6 N PD OH PD Normal
7 OH | No decision OH OH OH

8 N No decision OH OH OH

9 PD PD ARC PD OH
10 OH | No decision OH OH OH

Conclusions.

The dissolved gas analysis has been acknowledged
as an important instrument in the health-state monitoring
and the diagnosis of faults of power transformer. The
principal benefit of using ratios techniques is that only
ratios of gases are needed in the computation process,
therefore, the oil quantity that is participated in gas
dissolution is not needed. On the other hand, the
downside is that they struggle to cover all dissolved gas
analysis data set ranges. Each traditional method has their
own limitations generally no decision or false decision as
found in this work.

Artificial neural network is proposed as a solution
and is then used to solve this inconvenience and treat
cases not identified by classical techniques in order to an
almost reliable diagnosis. The majority of limitations has
been removed and the diagnostic results has been
improved, the findings obtained through artificial neural
network are extremely reliable compared to the traditional
methods, where for IEC method the accuracy has been
increased for 20 % to 70 % and from 40 % to 70 % for
Roger method. However, in some sample, all methods
either based artificial neural network or traditional are
misleading and give a false diagnosis, so, the health of
power transformer is vulnerable. Finally, as conclusion
this improved results need more performed by more
effective method such as deep learning.
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MOPIBHSJIbHUIN AHAJII3 ITAPAMETPIB IHIYKTOPA OBEPTOBOI'O
MATHITHOT'O IIOJIAA TP BUKOPUCTAHHI KOHIIEHTPUYHOI
1 IETJbOBOI OBMOTOK

Posensinymuit mpughasnuii inOykmop 06epmogozo MAasHImHo20 nos 015k MEXHON02iUHOT 06po6KU pi3HUX pevwosut. Bukonanuii ananiz
nepeeae i HeOOIKI6 Nem1b080i YKOpOUeHoi 0OMOmMKU 1020 CIMamopa, AKA NPONOHYEMbCA AK ANbMEPHAMUBA BUKOPUCHIOBYBAHOL KOH-
yeumpuunoi diamempanvroi obmomxu. IIopisHAHHA 0OMOMOK NPOBOOUMbCA 34 OONOMO0I0 OEMANbHO20 AHANIZY 2eOMEMPUUHUX
napamempom ix J10608UX YACMUH, A MAKOXHC eLeKMPOMACHIMHUX NApamempie iHOYKMopa 6 yilomy 3d 0ONOMOZO0K HUCENbHO-
NObOBUX PO3PAXYHKIG. BUs6eHo, wo nemibosuil 6apiarnm 0036011€ SMEHWUMU AKMUBHUTL | peaKMUGHUIL ONopu 10006020 PO3CIAHHS
obmomKu i, Wo Halicymmegiuie, GUKTIOUUMU HecumMempilo asHux 00OMomox, 3abe3neuylouu nioguujeHHs 00HOPIOHOCII MACHIMHO2O
nons 8 pobouii kamepi inoykmopa. biomn. 12, tabmn. 5, puc. 12.

Kniouogi cnosa: iHIyKTOp 00€pTOBOr0 MAarHiTHOrO MNOJsI, BapiaHTH OOMOTKH CTAaTOpPa, reOMeTpPH4YHi i eJleKTpoMAarHiTHi
napaMeTpH.

Paccmompen mpexghasnviii unOykmop 6pawjaioujecocs MazHUmHo20 nois 015 MeXHON02U4ecKol 06pabomku pasHvix éeujecms. Boi-
NOJHEH AHANU3 NPEUMYWeCng U HeOOCHAMKO8 Nemnesoll YKOPOUeHHOU 0OMOMKU e20 Cmamopa, Komopdas npeonazaemcs Kak dib-
MmepHamuéa UCnonb3yemoll KOHYeHmpuyeckou ouamempanvroi oomomku. CpasHeHue oOMOMOK NPOBOOUMCA NOCPEOCMEOM Oe-
MANTBLHO20 AHANUZA 2COMEMPULECKUX NAPAMEMPOM UX I0O0BbIX Yacmell, d MAKdHCe SNEeKMPOMASHUNMHBIX NAPAMEMPOS UHOYKIMOPA 8
YenoM nOCpedCmeomM YUCIEHHO-NOIEEbIX PACHenOs. Bula6iieHo, umo nemaesol 6apuanm no360aem yMeHbuUms aKmueHoe U peax-
MUGHOe CONnpomueIieHUs 10608020 paccesHus OOMOMKU U, 4Mo Haubosee CyWecmeeHHO, UCKTIOYUND HECUMMEMPUIO QasHbiXx 06Mo-
Mok, obecneuusas nogviuleHue 0OHOPOOHOCIU MASHUMHO2O0 NOJA 8 pabouell kamepe unoykmopa. bubm. 12, tabun. 5, puc. 12.

Kniouesbie cnosa: MHIYKTOP BPAINAIOLIErocsi MATHUTHOTO 10JIsl, BADHAHTBI 0OMOTKH CTaTOpPa, reoMeTpU4YecKne U 3J1eKTpo-

MarHuTHbIC MapaMeTPhI.

Beryn. TexsomnoriuHa nepepoOka pi3HAX MaTepiamiB
B mojpiOHIOBavax, cemapaTopax i mepeMinryBavax 3iikc-
HIOETBCS 32 JIOTIOMOTOI0 MarHiTHoro nois [1-8]. B tomy
YHCIII CHIIKI 1 PiKi peYOBHHU OOPOOJISAIOTECS B 1HIYKTO-
pax obeproBoro marHiTHoro nossi (IOMII) — enexrpoma-
THITHUX MiuHAX [3, 4, 6-8]. lle BinOyBaeThCs Iij| BILTH-
BoM QepomarniTHUX enemeHTiB (PE) y Burisini Binpiskis
3aJI3HOTO APOTY B LWJIIHAPHYHINA poOodill Kamepi, uyepes
SIKY B OCBOBOMY HAIIPSIMKY IPOITYCKA€ThCs 00pOOIIFoBaHa
pedoBuHa. Taki elmeMEHTH PyXaloThCS 3 MAarHITHHM IIO-
JieM, CTBOPIOIOYH B KaMepi Tak 3BaHUH «BUXPOBHUH mIap.

Crioyatky iHIYKTOpH Maiii (epoMartiTHe ocepls 3
TPhOMa SBHUMH IIOJIIOCAMM, HA SIKHX PO3TAIOBYBAJIUCS
KOTYIIKK TpHdaszHoi cucremu 3miHHOrO cTpymy [1]. Lo
KOHCTPYKIIIO iHAyKTOpa 3aMiHUJIa HESIBHOTIOIIOCHA €JIeK-
TPOMarHiTHa CHCTEMa, aHaJIOTiyHa CTaTtopy TpHdasHUX
acuHxpoHHux ABuryHiB (TAJ).

Enepretnunmii piBeHp i rabaputu iHAYKTOPiB, L0
PO3pOOITIOIOTECS 1 EKCILTYaTYIOThCS, BiMNOBinaroTh TA]]
MOTYXXHICTIO NOPSKY OAWHHIB Ta NECATKIB KimoBaT. To-
My, BpaXOBYIOUH JOCBiJ iX CTBOpPEHHS 1 ekcIuryararii [9],
IUIA THAYKTOPIB TNPHHHSIM AOCHUTH TpocTy TpudazHy
KOHIICHTPUYHY JiaMeTpalbHy OJHOMIAPOBY OOMOTKY.

Ipote npu nepexoxni Bixg TAJl 10 iHAyKTOpa yMOBH
11 poOOTH ICTOTHO 3MIHMJIMCS Yepe3 Te, IO HeMarHiTHUI
HPOCTIp ycepearHi iHIyKTopa 301IbLIMBCS Ha J1Ba TOPS-
KW TIOPIBHSHO 3 NPOMDKKAaMH JBUTYHA. SIKIIo paHirie
NaJiHHsA HalpyrH Ha aKTUBHOMY OIOpi I PEaKTUBHOMY
oropi JIOOOBOrO pO3CisHHS (ha3HUX OOMOTOK CKJIQJIajH
OJMHUII BifcoTka Bix enexrpopymiitnoi cuim (EPC) Ha
AKTUBHIA JMOBXWHI MAIIMHU, TO B IHIYKTOPI BOHH BXKE
CYMipHi. ¥ TakMX yMOBaX CTa€ 3HAYHOIO POJIb HECHUMETPii
n000BUX YacTHH (ha3HMX OOMOTOK, IIO BJIACTHBA BKa3a-
Hilf KOHIEHTpU4HIH oOMotii. HecripuatnuBuM € Takox
SBHO BHPAXEHUH «CTYHNIHYACTHID» PO3MOALT MarHiTopy-

mriiaol cuu (MPC) tpudasHoi miameTpaibHOi 0OMOTKH
110 JTiHi{ KOJTa pO3TOYYBaHHS OCeps CTaTopa.

Teopist eNeKTpUYHUX MAIINH TOKa3ye, 10 BKa3aHUX
HEJIOJTIKIB 1M030aBieHa Tpu(azHa IMETIIHOBA YKOpOUYCHA
00MOTKa, siKa € aBorapoBoro [9]. [Ipote 3 TEXHOIOTIYHUX
MmipkyBaHb B TAJ] Taka 0OMOTKa BBayKae€TbCs HPUHHST-
HOIO JIMIIIE Y Mipy 3pOCTaHHSA iX MOTYKHOCTI 1 rabapHuTiB.

Houinpaicts Bukopuctanas B IOMII neriboBoi 00-
MOTKH 3aMiCTh KOHLIIEHTPUYHOI MOKHA BUSBUTH 32 JIOTIO-
MOTOI0 X MOpIBHSHHS B HOro yMOBax. AJEKBaTHICTb Ta-
KOTO TOPiBHSAHHA OCTaHHIM YacoM IIiABHIIMIACS y 3B’s-
3Ky 3 PO3pOOKOI0 METOJIMKH PO3PaXyHKY €IEeKTPOMArHiT-
HUX TapaMeTpiB 1 XapaKTepUCTHK iHAYKTOpa Ha OCHOBI
YHCEJIHUX PO3PaxyHKiB MarHiTHUX nouis [10, 11].

MeTo10 1i€i po6oTH € TIOPIBHAHHS PO3MIpHHX 1 eje-
KTPOMAarHiTHAX HapaMeTpiB IHAYKTOpa 0OepTOBOrO Mar-
HITHOT'O TOJIsI PH IBOX BapiaHTax Horo tpuda3noi oomo-
TKU: KOHIIGHTPUYHOI OJHOIIAPOBOI JliaMeTpaJIbHOI 1 ImeT-
JIbOBO1 YKOPOYEHOI ABOLIAPOBO].

00’exT nociimkenns. TpudasHuil iHIYKTOp € IBO-
HosocHNM. Moro €JIEKTPOMATHITHA CHCTeMa JTaHa ii rmorre-
peuHuM mepepizoM Ha puc. 1. ['eomeTpuuHi mapameTpu
IHIyKTOpa OOYMOBJIEHI 33/JaHIIMH 3 TEXHOJIOTTYHUX MIipKY-
BaHb aKTHBHOIO JIOBKHHOIO [, = 250 MM 1 pajiilycoM BHYT-
pimrHBO1 MOBepXHi 7y; = 47 MM poO0U0i KaMepH TIpH cepe-
HbOMY 3HAUEHHI MarHiTHOI 1HAyKUii B HiKA B,, = 0,12 Ti.
[um oOyMoBIIeHI akciadbHa JOBXHHA Oceps craTopa /g,
sIKa JIOPIBHIOE /,, pajiycu #oro po3rouyBanHs ry; = 0,06 M
1 30BHIIIHBOI TOBepxHi 7y, = 0,109 M.

Ocepsi BUKOHAHE 3 €JIEKTPOTEXHIYHOI CTalli MapKu
2212 3apromku 0,5 MM i Mae KoeQiIlieHT 3alIOBHEHHS
Kr. = 0,95. Cxema 3’enHaHHS OOMOTKU — «3ipKay, 1 Ha 11
(azy moomstecs Ny = 72 BuTkiB. O00JIOHKA KaMepH To-
BIIMHOIO O, = 5 MM 1 BUKOHYEThCSI 3 HEMArHiTHOT HepiKa-
BiFOUOi CTaIIi.

© B.I. Minux, M.I'. Tumin
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Puc. 1. ITonepeunuii nepepi3 eIEKTPOMArHiTHOT CHCTEMHU
IOMII: / — mmxTOBaHe epoMarHiTHe ocepAst; 2 — ma3u 3 00Mo-
TKOI0; 3 — BEHTWISLIKHI KaHANU; 4 — 000JI0HKa poO0U0i KaMepH

[HayKTOp 3 MEpeniueHNMH MapameTpaMu JIOCIiKY-
BaBcs B [11], e po3paxyHKOM BHsIBIEHA HOMiHaJIbHA (a-
3Ha Hanpyra oomotku cratopa Ugy = 100 B npu uwacrori
fs =50 ', aire Tam po3risaanacs iHIIA 3agava.

CTpyKTypH NOpiBHIOBAaHMX BapiaHTIB 00MOTKH —
KOHLIEHTPUYHOI JiaMeTpaibHOi 1 MEeTILOBOI YKOPOUEHOi
HajJaHi Ha puc. 2 i 3, ne 1, — nomocHuil kpok. Ilpuuomy
JUTA IPYTOl 3 HUX BUOpaHMA Koe(illi€HT BiTHOCHOTO YKO-
pouenss B, = 10/12.
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Puc. 3. Tpudasna nBomoarocHa NETIHOBA
JIBOLIIAPOBA 3 YKOPOYCHUM KPOKOM OOMOTKA cTaTopa

Posmogin dha3zanx oOMOTOK 1O TMa3zax cTaropa IMoKa-
3aHuii Ha puc. 4 1 5 B momnepeyHoMy mepepisi enekTpoma-
THITHOT CUCTEMH 1HIYKTOpA.

VY npuknani Ha puc. 4 B poOodiil kaMmepi BiICYTHI
®FE, i 1me BiANOBigae ilealbHOMY HEPOOOYOMY XOIY
(IHX). Ha puc. 5 kamepa nanoBHena ®E, siki opieHTOBaHI
3a BiCCIO ), a MarHiTHe II0JIe TTIOBEPHEHE Ha KyT O, IO €,
SK po3risiHyTO B [10], KyTOM HaBaHTa)XEHHS y BIANOBiI-
HOMY peXuMi poOOTH iHIYKTOpA.

Puc. 4. Ctpykrypa ogHOImapoBoi AiaMeTpabHOI OOMOTKH 1
MAarHiTHE TI0JI¢ B PEKUMI i7IeaIbHOT0 HEPOOOIOTo X0Iy

Puc. 5. Crpykrypa nBomapoBoi ykopoueHoi 00MOTKH
i MarHiTHE MoJie B PEXXKUMi HOMIHATBHOTO HABAHTAXKCHHS

[lokazana cTpykTypa 3 pPiBHOMIPHHUM pO3IIOALIOM
®E B pobouiit kamepi € ijeanizoBaHoro, sk i B [1, 10, 11],
1 BOHa NOTPiOHA AJIsl TOCTYIHOT OpraHizarii po3paxyHKiB.
PeanpHa cTpykTypa eJleMEHTIB 3a3BHYail BUSBISIETHCS
MEHIII BIIOPSITKOBAHOIO.

®E Bukonyiotses i3 ctani Cr3. Ix posmipu i mpomi-
JKKH MIXK HUIMH y3SITi TaKHMH, 5K 1 B [11], 10 MoxHa 3po-
3yMITH 32 pHC. 5, Jie yce 300paKeHO B €JMHOMY MacIliTa-
0i. BaxiauBuM mapamMeTpoM € KOeQIIIEHT 3allOBHCHHS
KaMepu HUMHU B IUTOMUHI Xy Kp, mo ckiagae 0,32,
VY IuommHMA yz NpUHHATHH Takuil jke Koe(ilieHT: Toi
00’ emHuMi KoediiieHT 3anoBHeHHS K, Mae 3HaYeHHs 0,1.

Jis BapiaHTIB OOMOTKH, MIO PO3TJSAAIOTHCS Ha
puc. 4 i 5, pexxumu poOOTH MOKHA TIOMIHSTH, aJe B IILIO-
MY KapTHHHU MarHiTHOTO TIOJISl IIPAKTUYHO 30€PexyThCsl.

VY monepeunomy nepepizi IOMII (puc. 1) marHiTHE
TI0JIE BBAXKAETHCS TUIOCKomapaiensHuM [ 10]. Tomy kpyrmi
nepepizu OE 3aMiHIOIOTECS KBapaTHUMH 3 BiIIMOBiIHU-
MH IepepaxyHKaMH PO3MipiB.
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OCHOBH  4YHCEIbHO-NIOJIBOBHX  PO3PaxXyHKIB.
JIxepenioM 00€pTOBOTO MArHiTHOTO IOJIsl B IHIYKTOpI €
TpudazHa cucteMa cTpyMiB (pasHUX 0OMOTOK:

iy= Imcos((ost + B) :
iB:Imcos((ost—Zn/3+B); (1)
ic =1 ,cos(og+2m/3+B) ,
ae t — vac; [, — aMIUTiTy1a CTPYMiB; ®; — KyTOBa Y4acToTa;
B — mouaTkoBa ¢asza cTpyMmiB, sKa 3a1a€ HEOOXiJHE IS
KOHKPETHOI'O PEeKHMY PO3pPaxyHKy KyTOBE 3MilllCHHS
HanpsaMky MPC obmotku cTaropa F Big oci y.

[puknag npOro MoOKa3aHwii Ha puc. 5, ne B = 26,7°.
Ha puc. 4 BkazaHi HampsAMKH CTPyMiB y Pa3sHHX 0OMOT-
kax B pexnMi [HX, npu saxomy =0, i Tomy BexTrop MPC
F; cnpssmoBaHwmii 3a Biccro .

MarHiTHEe moNe iHAYKTOpa B HOTO IIEHTPaIbHOMY
MONIEPEYHOMY TIepepi3i OMUCYEThCS 3arajbHOBIIOMHM
JIBOMIpHUM AudepeHianpauM piBHsaaasM [10, 12]:

rotfp 'rot(kA, )] = kJ, | @)

Je |, — abCOoJI0OTHA MarHiTHa IPOHUKHICTB, kK - OpT 3a
aKCIABHOKO BicCIO z; A, J, — CKIIaJIOBi BEKTOPHOTO MarHi-
THOT'O ITOTEHIIATy 1 TYCTHHU CTPyMY.

[MommpeHHs MarHITHOTO TIOJIST OOMEXY€ETHCS TpaHH-
yHOIO yMmoBow [lipixiie 4, = 0 Ha 30BHIIIHINA MOBepxHIi
oceprsi. BrumB 00ONOHKM KaMepW Ha MAarHiTHE IIOJIe
BBaKAETHCS] HECYTTEBHM.

[HCTpYyMEHTOM JIOCHIIKEHD, 10 HAJAIOThCS, € YHCe-
JIbHI PO3paxyHKH MAarHiTHOTO MOJISI METOJOM CKiHUCHHX
eseMeHTiB 3a nporpamoro FEMM [12] 3 ynpasniHHAM
HEI0 CTBOpEeHUM ckpunToM Lua. B 1inomy meronuka pos-
paxyHKy MarHiTHHUX TOJIIB iHIyKTOpa Ta HOro eJeKTpoMa-
THITHHUX MapaMeTpiB, a TAKOK OOIPYHTYBaHHS ITPUHHATUX
JIOTyIIeHb NIeTaabHO omucani B [10, 11], Tomy B miid po-
0OTI 1€ HE TOBTOPIOETHCS.

PiBHOBara Hampyru y QasHiii 0OMOTII cTaTtopa Bia-
MTOBi/Ta€ KOMIUIEKCHOMY piBHSHHIO [10]:
Ug==E,+ XL +(Rs + Rypgg )L, A3)

=5
ne ¢irypyrots Komruiekcu ii ctpymy I ta EPC E,, mo
CTBOPIOETHCS HAa AaKTUBHIH TOBKUHI OOMOTKH.

Jo dbopmynu (3) 1mie BXOAATh akTHBHUI omip R; 1 pe-
aKTHBHUI ortip s1000Boro po3cisHHs X, ¢a3Hoi 0OMOTKH,
a TaKOX aKTHBHHUI{ OMIpP R4, 110 BiZIOOPAXKa€e MOTYKHICTh
MarHiTHUX BTPAT 1 BHU3HAYAETHCS B XOJIi ITEpAIiifHOTO
po3paxyHKy MaraitHoro ot [10].

IopiBHsLILHI PO3paXyHKH TeOMETPUYHHMX MAapa-
MeTpiB BapiaHTiB 00MOTKM y ckJadi imaykropa. Ha
puc. 4 1 5 BXKe moKa3aHa MpUAHATa (POpPMa HaIliB3aKPUTO-
ro mnasza iHIyKTopa, SKHi € TpameueifanbHUM i3 3aKpyr-
JICHHSIMH, 1[0 XapakTepHO Uil aCUHXPOHHUX JIBUTYHIB
TOTO %X radapury.

Ha puc. 6 nana ctpykTypa i30JsMii masa, sika it
JIBOIIIAPOBOi OOMOTKH JIOTIOBHEHA MepeMudkoro. Jlerarti-
30BaHUMH PO3paxyHKaMH BU3HAUCHO, IO y pa3i OJHOIIA-
POBOi OOMOTKH KOpPHCHA IUIOIIA MIepepi3y masa, 1o 3aIH-
mIiacsk Uil PO3MIIICHHS MPOBITHUKIB, S,,=274 MM, a
P IBOIIAPOBi OOMOTII BOHA 3MeHITWiIACS Ha 4 MM
abo Ha 1,5 %.

JIs HAOYHOCTI MOAANBIINX LTFOCTpamid Al OOMOT-
KM TPUHAHATHN OiaMeTp HEI30JIbOBAHOTO CS(PEKTHBHOIO
MpoBigHKUKA dy. = 3 MM, a 130JIbOBAHOTO — dy;s = 3,46 MM,

1 B masy iX KilbKiCTh CKIafae zo, = 18. 3 TeXHOTOTIUHUX
MipKyBaHb e()eKTHBHHI MPOBIAHUK MOXe OyTH MiApO3Ii-
JICHU Ha eJIEMEHTapHI NPOBIJHUKN MEHILIOTO JiaMeTpy.

a 0
Puc. 6. Po3paxyHkoBa MoJienb ma3za 3 i30ismi€ro (b, — TOBIIMHA
i3011s1i1): @ — IpX OAHOIIAPOBii 0OMOTIII, 6 — IIPH ABOLIAPOBIl
oOMoTLI (PO3MipH B MM)

OcHOBHA BiMIHHICTP MK 3aJaHUMH BapiaHTaMHU
00OMOTKH TIOJIATAE B iX JTOOOBUX YACTHHAX, 1 TYT 3aCTOCO-
BYEThCSI PETEIIbHUI PO3PaXyHKOBUI aHaIi3.

Koncrpykiiist T000BUX YaCTHUH OJJHOLIAPOBOI KOHIE-
HTPUYHOT OOMOTKH TI0Ka3aHa Ha PHUC. 7 — B IOJOBXKHBOMY
nepepizi iHAYKTOpa, a TAKOXK HA PHUC. 8 SK BUIJISLI TOPIIIB
OUX YaCTHUH.
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Puc. 7. JJoGboBa yacTHHA KOHIEHTPHUYHOT OOMOTKH
B MepuaiaHHOMY Tiepepisi: 1, 2, 3 — ¢a3Hi 0OMOTKHY;
4 — moBepxHs ocepid; 5 — na3 i3 CTpIKHEM 0OMOTKH;
6 — aKkclaJIbHMI BEHTWIALIIMHWI KaHas

Puc. 8. JloboBa 4acTHHA KOHIEHTPUIHOT OOMOTKH
(Burysix Topus): 1, 2, 3 — gasui 06MOTKH; 4 — ma3 i3 CTPIKHEM
00MOTKH; 5 — HOBEPXHsI PO3TOUYBaHHS OCepAs

VYcs cTpyKTypa 3alIeKHTh Bifl PO3MIPIB «DKTYTa»
MPOBITHUKIB, siKWi chOpMOBaHUIT B MPSIMOKYTHHH Tiepe-
pi3, i Ha puc. 7 BKa3aHi Horo po3mipu s, u by (y MM) paszom

14 ISSN 2074-272X. Enexmpomexnixa i Enekmpomexanixa, 2021, Ne 4



3 MOBEPXHEBOIW i30isillier0. PucyHok mokaszanuii i3 30e-
PEXKEHHSIM TPOMNOPLIH, a yCi po3Mipu Ha HbOMY TT03HAYE-
Hi 0e3 HaJaHHS HU3KH 3HAYEHb JIMIIE JJIs TOrO, 100 BHU-
SIBUTH Mipy JieTali3ailii po3paxyHKiB.

KoncTpykuist 1000BHX YacTHH JBOIIAPOBOI HETIHO-
BOI OOMOTKM JaHa Ha puc. 9, e 3 IUIOCKOI pO3TrOpPTKU
(muB. puc. 3) 3aJMIICHO B CEKIil, a TAKOXK BHUIJISIOM B
MIOJIOBXKHBOMY TIepepi3i iHaykTopa (npaBopyd). TyT oqux
JUKTYT MICTHTb IIOJIOBHHY KIIBKOCTI Zg,, TOOTO 9 NpoBij-
HMKIB, i Horo po3mipu /i by pa3oM 3 i30JALI€I0 CKIIAIM
mo 11 mm. Ha puc. 9, sk i Ha puc. 7 30epexeHi mpormopii
PO3MIpIB, ajie ycsi CYKYIHICTh 1X MO3Ha4YeHb MoKa3aHa Jyis
MIPOSIBY MipH JeTaji3aiii po3paxyHKiB.
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Puc. 9. Po3paxyHkoBa Mozels 1000BOT YaCTHHH NETIHOBOT
JIBOIIAPOBOi OOMOTKY 3 TIO3HAYEHHSIM PO3MIpiB ii eJIeMEHTIB

JIo6oBi 4yacTHHM OOMOTOK pO3piMXKEHi, MK HUMHU
nepeadavaoThesi npoMikku. lle HeoOximHO B ymoBax
HiJBUILEHOT TYCTHHU CTPyMy B OOMOTLI 1 YCKJIaaHEHOT
CHCTEMHU OXOJIO/DKECHHS 1 BEHTWIIALII B IHIXYKTOpI MOpiB-
HSTHO 3 aCMHXPOHHHMMH JBUTyHamH. [lonermeHHs oxouno-
JUKEHHS 1 BEeHTHIIALIT JOCSTaeThCsl BBEACHHAM aKCiabHUX
BEHTWLIIHHAX KaHATIB B OCEpAi CTaTopa, o He Ipak-
THUKY€ETHCS B ACHHXPOHHUX NIBUTYHAX BiJNOBigHHMX raba-
putiB. [IpoTe BUBUEHHS L[bOTO MUTAHHS BHXOIHUTH 33 pa-
MKH LIi€l cTatrTi 1 Oy/ie pO3TIITHYTO OKPEMO.

Ha ocHOBI po3paxyHKOBHX MoJjelieil JT000BUX dac-
THH OOMOTOK IIPOBEJEHI [JeTani3oBaHi pPO3paxyHKH IX
PO3MIpiB, IIO JIO3BOJISE TIPOBECTH iX MOPIBHAJIBHUI aHa-
ni3. B mepury uepry, B Tabi. 1 HagaHi OCHOBHI T€OMETpPH-
YHI [TapaMeTpH JBOX BapiaHTiB OOMOTKH iHAYKTOpaA (TYT i
mami 1s/ — omHOImIApoBa KOHIIGHTPUYHA J(ilaMeTpalibHa,
2s] — BOIIapOBa NETIHOBA YKOPOUYCHA).

TaGnur 1
JIOBXHMHHU €TIeMEHTIB OJTHO- 1 ABOIIAPOBOi OOMOTOK
BapiaHT h[? l[? l/hav IWav lcsav
MM MM MM MM M
Lsl 70 103 460 1420 102
2sl 58 145 379 1259 91

Po3mipu, mo nosHaueHi B Tabm. 1: iz — Haliganbimmit
BiJICTyn OOMOTKH BiJl PO3TOYYBaHHsA OCepAs; [; — BHIIT
71000BOT YaCTUHU OOMOTKH; gy 1 ljpyy — NOBXKHHH APOTY
J1000BOT YACTHHU 1 BUTKA YCEPEOHEHOI KOTYIIKH, /., —
JIOBXKUHA JPOTY yCepeaHEHOI (ha3HOi 0OMOTKH.

Cepe/iHsi OBKHMHA BUTKA 3HAXOAUTHCS K CyMma JI0-
BXKUH MPSAMOJIIHIHUX MAa30BUX /; 1 3irHyTHX JOOOBUX Ya-
CTHH /4, OOMOTKH :

lWav = 2(15 + lfhav)- (4)
3arajybHa TOBKHHA [TPOBITHKUKIB (a3HOT 0OMOTKH
lcs = lWav Ns- (5)

3a nokasHuKaMH Az i [ (puc. 71 9), 1m0 BIIMBAIOTH
Ha rabapuTH iHIYKTOpa, Y OOMOTOK € i mepeBara i HeIo-
TK, aie 3a NOKa3HUKOM 00’eMy /15%/; nBomaposa 0OMoT-
Ka mporpae Ha 17 %, Xxouya B 3aranbHOMY 00’€Mi 1HZYKTO-
pa me MaTuMme 3HAYHO MEHIIY YacTKy. AJie BHUTrpaml 3a
JliaMeTpoM depes /i; Mae MPiOpUTET MOPIBHAHO 3 MPOTpa-
IIEM 32 aKCialbHOI0 JOBKHHOIO uepes /.

CrpyKTypa ceKiil neTyiboBoi 0OMOTKH (JHB. puC. 3)
3aBXIM CUMETPHYHA. Y KOHLEHTPUYHOI OOMOTKH € ILICTh
pi3HHX BapiaHTIB KOTYIIOK (puc. 2), 1 iXx HecumeTpist (1uB.
puc. 7) BUHHKA€ 4epe3 Pi3HI TOBXKUHH JAPOTY JTOOOBHX
YaCTHH [g,y. AJle 1715 NOPIiBHAHHA B TaOn. 1 y3aTi 10BXH-
HHU lga, 1 ly,, ycepeqHEHOI KOTYIIKH. Y pe3yJbTarTi IeT-
Jb0Ba OOMOTKA Ma€ IepeBary 3a MEHIIOK JOBXHHOIO
nporty I, daznoi oomorku Ha 12 %. Oxpim exoHOMIT Mini
1€ CIpHUs€ 3MEHIIEHHIO aKTUBHOTO i PEaKTHBHOTO OTIOPiB
iei OOMOTKH.

[IpoTe HEHOMIKM KOHIEHTPHYHOI OOMOTKH MPOSIB-
JSIFOTHCSL HE JIMIIE B [[bOMY, ajie 1 B HecuMmerpii (a3Hux
O0OMOTOK B I[JIOMY 4epe3 BIAMIHHICTh 1X OKPEMHUX KOTY-
IIOK, 110 TOSICHIOEThCS B Ta0i. 2. TyT mo3naveHi pospa-
XOBaHI PO3MIpH €NEeMEHTIB 1i€l OOMOTKH: [pawks wavk —
cepelHi JIOBKMHU JIOOOBUX YaCTHH 1 OKPEMHUX KOTYIIOK;
Iy lesy — CEpENHI JOBKHMHM BUTKIB 1 yChOTO ApOTY (a3-
HUX OOMOTOK, NPUYOMY CKIJIaJI€HI TO3HAYCHHS BapiaHTIiB
KOTYIIOK BiJanoBinatoTh puc. 7: 1, 2, 3 — HOMep ¢a3Hol
00MOTKH, a, b, ¢, d — BapiaHT i KOTYIIKU.

Tabmums 2

JIOBXMHU €7IeMEHTIB KOHLIEHTPUYHOT 0OMOTKH
Bapiant la 15 2c 2d 3c 3d
Lnawio MM | 324 | 402 | 429 | 635 | 382 589

Lywis MM | 1149 | 1305 | 1357 | 1770 | 1264 | 1677
L MM 1227 1564 1471
Lo M 38 113 106

[IposB HecuMeTpii mossirae y BiMiHHOCTI HaO1IbIIIO-
ro i HaiiMeHIIoro po3mipis: /yau Ha 96 %, lyai — 54 %,
Iy 1 legr — 28 %, 1 IPUYMHOIO 1HOTO € JIOOOBI YaCTHHU
(hazHIX 0OMOTOK.

Juis MammH Manoi i cepenHpOi MOTYKHOCTI IS
MPAaKTUYHAX PO3PAXYHKIB BUKOPHUCTOBYIOTH EMITipUYHI
(dopmyiu, siKi BpaXOBYIOTh OCHOBHI OCOOJIMBOCTI KOHC-
TpykTUBHUX (hopMm KoTymiok [9]. Jljiss KOTYIIKK BCHITHOT
KOHLEHTPUYHOI OOMOTKM CTaTopa OTPUMaHi JOBXUHU
obmoTkn: Iy = 80,3 M; Iy, = 1115 mm; Iy = 307 mm;
I = 75,2 MmM. BunHo, 1110 KTacHYHa METOMKA, TTIOPIBHAHO
3 pO3pOOJICHOI METOIUKO, Ja€ ICTOTHO 3aHIDKCHI Ia-
pamMeTpu 0OMOTOK I W [y, — Ha 21 %; Iy — Ha 33 %;
Iz — Ha 27 %. ToOTo KnacuyHa HaOIMKEHA METOJUKA He
BPaxOBY€e 0COOIMBOCTI OOMOTKH CTaTopa AaHOTO IHIYKTOpA.

Jiss oOMOTKHM JBOIIApOBOI METIHOBOI YKOPOUEHOI
KJIaCHYHAa METOAMKA 32 BIOMOBITHUMH (OPMYJIaMH A€
JoBxkuHu: I = 302 Mm, Iy = 97,5 MM, ly,, = 1104 Mm,
l.s = 79,5 M, 0 Mae BIOMIHHICTB BiZl po3pobIeHO] yTOU-
HeHoi metomuku Ha 20,3 %, 32,8 %, 12,6 % 1 12,3 %
BiJITIOBITHO.

Omnopn ¢a3noi odmoTkm craTopa. Po3spaxoani
TCOMETPHUYHI apaMeTpH OOMOTOK J03BOJISIOTH BU3HAYU-
TH iX aKTHUBHI OIOPH 1 peaKkTHBHI ONOPHU JOOOBOTO PO3Ci-
SIHHSI, IO BXOJATH 110 (3). PeakTnBHI onopy po3cisiHHS Ha
AKTUBHIN TOBXWHI 0OMOTKH aBTOMAaTHYHO BPAXOBYIOTHCS
B EPC E,, sxa BU3HA4YaeThCS Yepe3 pPO3paxyHOK MarHiT-
HOTO TIOJIS HA LI JOBXKHUHI.

ISSN 2074-272X. Enexmpomexnika i Enekmpomexanika, 2021, Ne 4 15



AKTUBHU# eneKTpuYHUi omip (a3Hol 0OMOTKH, 3BeE-

JIeHHUH 10 IPUHATOI pobodoi Temnepatypu T, = 115 °C:
Ry =k, krcy pCLfS,T—blCS > (6)
sc

ne  Se nepepis  e(eKTHBHOTO MpOBiAHHKA, M’
pr = 1,75 10 Om'M — nuromuit omip Mifi 06MOTKH P
6azoiit Temmieparypi 1), = 20 °C; kppe, = 1+tar-(T—Tp) —
tTemnepaTypHuii  koediienr  omopy  (kpe,=1,38);
or = 0,004 °C™' — nuromuii TemneparypHuii KoedilieHT
oropy Miai; k. — koediuieHT 30UIbIICHHS OIOpYy uepe3
BUTICHEHHS cTpyMmy (3a [9] &, = 1).

[HnykTuBHME omip J1000BOro poscisiHHA (azHoi 00-
MOTKH CTaTropa BU3HAYA€ThCS 32 KIIACHYHOIO METOUKOIO
[9], sixa € cHinbpHOIO I 3aIaHUX THITIB OOMOTKH:

2
fs ls Ns }"th
P4 10°

e KoeimieHT MPOBITHOCTI PO3CISHHS JOOOBUX YaCTUH
0OMOTKH cTaTopa

Mg i :0,34%(5,1 ~064B, T, ); 8)
N

X, =158 (7)

JI€ ¢ — KUIBKICTh Na3iB Ha 1oJitoc U dasy.

[MopiBHstHHS onopiB ogHOmApoBoi (1s/) 1 ABomIapoBol
(2s]) o6MOTOK HaBeneHO B Tabi. 3 (B.0. — BIIHOCHI OJIMHU-
ui). IlepeBara npyroi 3 HUX 3a OIIOPaMH OYEBHIIHA: aKTHUB-
HuH omip Ha 11 % MeHIMH, peakTHBHHUI Omip JI000BOTO
poscisaas — Ha 18 %. IIpu po3paxyHKax Iyisi KOHICHTPHY-
HOi OOMOTKH 1i MmapameTpu NPUIHATI yCepeaTHEHUMH, Bil-
TMOBIJIHO YCEepEIHEHNMH € 1 mapameTpu B TadiI. 3.

Tabmur 3
Enextpuuni mapameTpu 00MOTOK
Bapi- | R; As X, 1 E, U, Ur
aHT Om B. 0. Om A B B B
Isl 10,349 | 1,847 | 0,473 | 59,9 | 694 | 283 | 21,6
25 10,310 ] 1,516 | 0,378 | 66,5 | 72,0 | 25,1 | 21,4

VYMOBHMII aKTHBHHUH OTIP R4, IO BXOAUTH 10 (3),
3aJIeKHUTh Bl PIBHS HAaBaHTAXKEHHS IHIYKTOpa 1 3HaXO-
nutbes B inTepBaii 0,01 — 0,014 Om.

AHaJIi3 eJIeKTPOMArHiTHHX MapaMeTpiB iHAYKTO-
pa B pexxumi imeaqbHOro HepoGodoro xoay. BuxinHi
PO3paxyHKH €JIEKTPOMATHITHUX IMapameTpiB iHAYKTOpa
BuKoHaHI B pexxumi IHX, cyTTio siKoro € BiICYTHICTH B
poOouiit kamepi ¢epomarHiTHHX ermemeHTiB. Came st
TAKOTO PEKUMY 3aJa€ThCc HEOOXiAHE 3HAUYEHHS MAarHIT-
HOI iHOyKii B,, B mili kKamepi, i BiH € HAWOLIBII HATIPY-
JKEHHM 3a CTPYMOM OOMOTKH CTaTopa, mo HajgaHo B [11].

IMpu HomiHanbHili Hampy3i Uy [Oiroul 3Ha4YeHHS
crpymy I, EPC E, i naniup Hampyru U, X1, i
Ug = (Rt R 140)]; MatOTh 3HaUYEHHS, SIKi TIOKa3aHi B Tab. 3.
BuaHo 3HauHMi BIUIMB Ha PIBHOBAry Hampyr iX HajiHb,
aKi 3anumaroTs it ocHoBHOI EPC Gmusbko 70 % Bix
BXI/IHOI Hampyru, TOAl SIK, IPUMIPOM, a B aCHHXPOHHHUX
JBUTYHAX BOHA Jtocsrae Ourbiie 95 %.

EsexTpuuHi Ta eHepreTHyHi napaMmeTpu iHAYKTOpa
JUIA TBOX BapiaHTiB oOMOTKM B pexumi IHX Hamani B
Tabn. 4, 1€ Pejs, Priggs — NOTYXKHOCTI €IEKTPHYHMX 1 Mar-
HITHUX BTpAT; J;. — TyCTHHA CTPyMy B IPOBIIHHKY; A, —
JIHIHE CTPYMOBE HaBaHTAXKEHHS Ha PO3TOUI( OCepis.

Tabmuus 4
TMopiBHAHHS SACKTPUYHHUX | EHEPreTHYHUX
napaMeTpiB iHIYKTOpa PpY BUKOPHCTaHHI Pi3HUX 0OMOTOK

H Pels szgg_s Bav Jsc Ay
Baplant Br Bt Tn A/ Alecm
1s/ 3760 43 0,117 8,48 687
2sl 4100 41 0,125 9,40 761

I'padixu posnomimy Momymns MarHiTHOI iHAyKuUii B
B aKTUBHIH 30HI iHIyKTOpa HaxaHi Ha puc. 10 1 11. Bonn
BignoBinaroTh IHX i CHMETPUYHOT CHCTEMH CTPYMIB i3
3HAYCHHSAMH 3a TaOI. 3 (111 KOHIICHTPUYHOI OOMOTKH I1e
YMOBHICTb 3 yCepeTHEHHIM (ha3HUX 0OMOTOK).

10 57 =
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Puc. 10. Po3noain MarHiTHOT iHAYKIIT 1O MOJFOCHIHN JTy3i
(J1iBOpyY — Ha cepelHbOMY pajiyci o BUCOTI 3yOrs,
npaBopyd — Ha OBEPXHi poboU0i Kamepn)

0,14
> B. T
; 25

o12———uw—— [

—

0,10
0,08
0,06
0,04

0,02

5

40 30 20 10 0 10 20 30 40

—_— —

mm

Puc. 11. Po3nonin MarHiTHOT iHAYKIIi 110 TOPU30HTANIBHIN
LEHTPANIBHIN OCi B Mekax poO040i kKaMepH

I'padiku cBimyaTh, 10 3 TOYKH 30pYy PIBHOMIPHOCTI
po3mouly MarHiTHOI iHAYKLIT NMeTIb0Ba yKOpOodeHa 00-
MOTKa Ma€ IepeBary, A0 TOTO K JIa€ JEKUIbKa OlibIne
3Ha4YeHHA IHAYKLII B poOoyiii Kamepi. A HEpIBHOMIpHICTh
posmoxiny B 000X BHUMAAKaX BHUKIWKAHA JUCKPETHOIO
CTPYKTYPOIO OOMOTKH CTaTOpA.

SAxmo x posrisagatu okpemi ¢a3zHi 0OMOTKH, TO B 11
MEeTIbOBOMY BapiaHTi CUMETpis € ii CYTTI0. A OTXe Mpu
KOHIIGHTPUYHIA OOMOTIII Yepe3 BiAMIHHOCTI mapaMeTpiB
(hasHux 0OMOTOK (IuB. Tabj1. 2) Mae Miciie 3Ha4YHA HECH-
MeTpist a3HUX CTPYMIB 1 IHIIMX ENEKTPUYHHUX BEIHYHH.
A 11e Bezie 110 BiIoMHX Ipo0JIeM, OCHOBOIO aHANI3Y SIKHX €
HacTyITHa HaOJIM)KeHa METO/IMKA.

BBoauThCS peaKTHBHHI OIip Ma30BOi YacTHHH 00-
Motku X, = E /I, sxuii cknas 1,159 OM i 3a cyTTIO Bpa-
XOBY€E B3a€MOIHIYKTHUBHI OMOPH YCiX (a3, OCKiIbKA (a3-
Ha EPC E, Bu3Hauanacs 3a MarHiTHUM IIOJIEM YCi€l TpH-
(hazHO1 0OMOTKH.

BinMiHHICTE MapaMeTpiB TPhOX OOMOTOK BHHHKIIA
yepe3 Pi3HI JOBXKHHM IX JTOOOBHUX YaCTHH, HABEICHHX B
tabn. 5. Tomy BiIpi3HSIOTbCS akTHBHI R 1 peakTtuBHi X,
OMOpH, SIKi HABEJICHI B Tii e TaOJIHIIL.
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Tabnuus 5
[NopiBHsHHS napaMeTpiB a3 iHgyKTOpa
JUIsL KOHICHTPUYHOT OOMOTKH

@azna | Iy X, Ry Z, I
00MOTKa MM Om OMm OwMm A
1 363 0,473 | 0,275 | 1,529 65,30
2 532 0,573 | 0,403 | 1,776 56,16
3 486 0,508 | 0,368 | 1,708 58,55
av 460 0,473 | 0,349 | 1,671 59,85

{06 BUKIIOYNTH «IepeKic» (asHuUX Hampyr, KOH-
LEHTPUYHA OOMOTKA )KUBUTHCS 32 CXEMOIO «3IpKay 3 HeW-
TpanbHUM JipoToM N (puc. 2). Toxi muist KoxxHOT (ha3u 00-
YHCITIOIOTHCSI OKPEMUH TTOBHUI OT1ip

Zy =Ry + Rygg)? +(X + X, ©)

it Gaznmii ctpym I = U/Z,.

OTprMaHa HECMMETpPHYHA CHCTEMa CTPYMIB JaHa B
Tabn. 5. Y Hilf OKpiM mapaMeTpiB MPOHyMEpOBaHUX (a3-
HUX 00MOTOK 1, 2, 3 HafaHi TAKOX MapaMeTpu ycepenHe-
HOi OOMOTKH av.

HaOyri nitodi 3HadeHHst (a3HUX CTPYMIB MijicTaBIIe-
Hi y ¢popmynu (1), i BUKOHAHUH Psll PO3paxyHKIB MarHiT-
Horo mong npu 3MiHi B Big 0 mo 180° 3 kpokom 2°, mIo
3a0e3neunIio iMiTalito 00epTaHHs MarHiTHOTO MOJIS.

VY KOXHIH pO3paxyHKOBil TOUIli BU3HAYATNICA 3HA-
YeHHsI MarHiTHOI IHAYKII] y (piKCOBaHUX TOYKax poOo4oi
KamepH : 1 — B ieHTpi; 2, 3 — y BepxHiil i npasiii rpaHmy-
HUX TOYKaxX.

Pesynbraté po3paxyHKiB IUII HECUMETPHUYHOI KOH-
LHEHTPUYHOI OOMOTKHM HaJaHi Ha puc. 12 TNOpIBHSHO 3
aHANOTIYHUMH TpadikaMu [UIT CHMETPHUYHOI ITEeTIHOBOL
obomoTku. ['padiku Moka3ywoTh IepeBary IeTboBOI 00-
MOTKH, SKa 3a0e3Ieuye MPaKTUYHO CTaOUIBHICTh MarHiT-
Hoi iHAyKuii. [Ipy KOHIEHTPUYHIM 0OMOTII MalOTh Micle
3HA4HI MyJbcalii MarHiTHOI iHIYKii, OCKIJIbBKM HECHMET-
pHUYHA CHCTEMa CTPYMIB JIa€ eNiNTHUYHE MarHiTHE ToJe.

0,14

B.T :*":-7.‘\ 1,2 3 —2s l P
L2
0,10 5/,__ —
e
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151
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Puc. 12. 3MiHM MarHiTHOI IHAYKLIT B HEPYXOMUX TOYKaxX
po6ouoi KaMepH Ipu 00epTaHHI MarHiTHOTO HOJIS:
1 — y uentpi; 2, 3 — Ha TOBEPXHi Bropi i mpaBopy4

BucHoBkmu.

1. Po3po0iieHa METOMKA JT03BOJISIE HA OCHOBI €THHOIO
MiIXOMy PO3PaxOBYBAaTH T€OMETPHYHI IMapaMmeTpu J000-
BUX YaCTHH KOHIEHTPUYHOI 1 METILOBOT OOMOTOK 3 ypa-
XYBaHHAM IX JIETaJIi30BaHOI CTPYKTYpH 1 pO3MipiB ycix
CKJIaJIOBHX €JIEMEHTIB, 1110 JIa€ 3HAYHO TOYHIIIl pe3yJbTa-
TH TOPIBHSHO 3 KJIACHYHAMHU METOJAMH MPOCKTYBaHHSI
EJIEKTPUYHHUX MAILUH.

2. B yMmoBax iHIyKTOpa MarHiTHOTO ITIOJII POJIb J00O-
BMX YaCTHH OOMOTOK BHUSBIISIETHCS 3HAYHO 1CTOTHIIIOKO,
HDXK B yMOBaxX KIACHYHUX MAaIllMH 3MiHHOTO cTpymy. Lle
MIPOSIBIISIETBCSL B 301IbLICHHI B 5-6 pasiB BiJHOCHOTO

BKJIaay B piBHsiHHA piBHOBaru EPC 1 Hanpyr majinb Ha-
IPYTH Ha PEaKTHBHOMY OIIOpi JIOOOBOTO PO3CISHHS, a
TaKOX 1 Ha aKTUBHOMY OITOpi 0OMOTOK.

3. Jlo BaxxJIMBOI MepeBard MeTIbOBOI YKOPOYCHOT 00-
MOTKHM TOPIBHSHO 3 KOHIEHTPUYHOIO JiaMeTPaJbHOI0
O0OMOTKOIO MOXKHa BiTHECTH MEHIIY JOBXKHHY IPOBIIHH-
Ka JI000BOI YaCTHHH, L0 NMPUBOJUTH 10 3MEHIICHHS aK-
THUBHOT'O ONIOpY OOMOTKH B Iisiomy Ha 11 % i peakTiBHO-
TO Onopy J1000BOro po3cisiHHA — Ha 18 %.

4. IetmpoBa TprdazHa 0OMOTKA € CHMETPHYHOIO, TOI
SK KOHLIICHTPUYHA 0OMOTKA Ma€ SIBHO BHPXEHY HECHMe-
TPir0 4epe3 BIAMIHHOCTI mapaMeTpiB 11 JI0OOBHX YaCTHH,
10 MPH3BOIUTH J0 ICTOTHOTO MOTIPIICHHS EJICKTPOMAr-
HITHUX TTapaMeTpiB iHAYKTOPA B LILIIOMY.

5. Uepe3 ocobaMBOCTI AUCKPETHOT (ha3HOI CTPYKTYpH
KOHLIEHTPUYHOI JiaMeTpaibHOi OOMOTKM 1 Hecumerpii ii
(ha3HMX CTPyMIB MarHitTHe 1moJie B poOodiii kamepi iHIyK-
TOpa € HeCTaOUILHUM 1 MEHII OJHOPIIHUM ITOPIBHSHO 3
METIHOBOIO YKOPOUYEHOIO0 0OMOTKOIO.

6. Jlo mepeBar KOHIIEHTPHUYHOI OOMOTKM MO>KHA BiIHE-
CTH IEKiJIbKa MEHIII PO3MipH YaCTKU iHIYKTOpa B 30Hi il
7T000BUX YaCTHH, @ TaKOX MEHII CKJIAJHY TEXHOJOTi0
BUTOTOBJICHHS 1 YKJIQ[aHHS B T1a3U OCEPAs.

7. llopaneiuuM po3BUTKOM JIOCHI/PKEHb Ma€e OyTH Bij-
NPaLOBaHHS TEXHOJOT] BHIOTOBJIEHHS METIHOBOI YKO-
POYCHOI JBOIIAPOBOI OOMOTKH B YMOBax iHIyKTOpa, BU-
KOHAHHS BiJIOBITHUX HOrO EKCIEPUMEHTAIBHUX OCi-
JUKEHb, a TaKOXK MOKpalIeHHs HapaMeTpiB i€l 0OMOTKH
NUIAXOM i1 omTuMi3alii.

Konduikr inTepeciB. ABTOpH 3asBISIOTH IIPO
BIZICYTHICTh KOH(QJIIKTY iHTEpECiB.
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A comparative analysis of the parameters of a rotating magnetic
field inductor when using concentric and loop windings.
Introduction. Three-phase inductors of a rotating magnetic field
are used in grinders, separators and stirrers for the technological
processing of bulk and liquid substances. This occurs in a cylindri-
cal working chamber under the influence of ferromagnetic elements
in the form of pieces of iron wire, which move together with the
field. Problem. By analogy with three-phase induction motors, for
the stator of inductors a concentric winding is adopted, which is a
diametric single-layer winding. When moving from such motors to
an inductor, its operating conditions have changed due to the sig-
nificantly increased non-magnetic space inside the inductor com-
pared to the motor clearances. The difference in the frontal parts of
the phase windings has become essential for the electromagnetic
parameters and the structure of the magnetic field in the inductor
working chamber. Therefore, a loop shortened stator winding,
which is symmetrical, can be considered as an alternative to a con-
centric diametric winding. Goal. The aim of the work is to compare
the dimensional and electromagnetic parameters of a rotating mag-
netic field inductor in two versions of its three-phase winding: con-
centric single-layer diametrical and loop shortened two-layer.
Methodology. Comparison of the windings is carried out through a
detailed analysis of the geometrical parameters of their frontal
parts, as well as through numerical-field calculations of the elec-
tromagnetic parameters of the inductor as a whole and the distribu-
tion of the magnetic field in its working chamber. Results. A signifi-
cant difference in the geometrical parameters of the frontal parts of
the two windings under inductor conditions was revealed. The loop
version of the winding makes it possible to reduce the length of the
winding conductor, its active resistance, as well as the reactance of
its frontal dissipation. At the same time the asymmetry of the phase
windings is excluded and an increase in the homogeneity of the
magnetic field in the inductor working chamber is provided. Origi-
nality. The scientific novelty of the work lies in the development of a
method of comparative analysis of the windings under the condi-
tions of the rotating magnetic field inductor and in revealing the
advantages of a loop shortened winding compared to the used con-
centric diametric winding. Practical value. The loop shortened
stator winding recommended for the inductor will eliminate the
asymmetry of its electromagnetic system. Thereby, the quality of its
work in the technological processing of different substances is sig-
nificantly increased due to ensuring the homogeneity of the mag-
netic field in the working chamber. At the same time, the copper
conductor of the winding is still saved, and the efficiency of the
inductor is also increased by reducing the power of electrical losses.
References 12, tables 5, figures 12.

Key words: rotating magnetic field inductor, stator winding
versions, geometrical and electromagnetic parameters.
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B.B. llleBuenko, A.H. Muuko, M. Dimov

COBEPHIEHCTBOBAHUE TYPBOI'EHEPATOPOB, KAK TEXHUYECKAS BA3A
OBECIIEYEHMS SJHEPTETUYECKOMW HE3ABUCUMOCTHU YKPAUHBI

Y ecmammi npoeedeno ananiz cmany, npobnem ma nepcnekmug po3eumKy Cyu4acHoi enekmpoenepeemuku. Busnaueno nanpsamku iv
PO3UMKY 3 YPAXYBAHHAM 8UOOPY MEXHIKO-eKOHOMIYHO20 CYeHapilo pO3GUMKY, Cynymuix gaxmopis i ix esacmmozo snausy. Memoio
pobomu 6yn0 6U3HAUEHHs NEPCHeKMUBHUX HANDAMKIG CMA020 PO3GUMKY HAYIOHANLHOI enekmpoeHepemuKy wooo 3abesneyenis
eHepeemuyHoi 6e3nexu YKpainu, nposeoeHHs NOPieHANbHO20 AHANI3Y OXcepell eneKmpoeHepeii, niomeepodicents HeoOXiOHoCmi 800C-
KOHAIEHHs OCHOBHUX Odicepen — mypboceHepamopis. Busnayeno eHympiwiHi ma 3068HIWHI 3a2po3u enepeemuyHi 6esneyi Yxpainu.
Bemanosneno nepesacu i nedoniku, ceimogi meHOeHYii no0anbuio20 6UKOPUCHAHHS CYYACHUX 0Jicepell eIeKMpPOeHepaii - meniogux
(6KIOUAIOYUU AMOMHIE) eNeKMPOCmManyiil i cmanyil 6i0 NOHOBMIOBAHUX Odcepel eHepeii. Bcmanoeneno, wo 6 36'3Ky 3 aKmMueHUM po-
CMOM HaceneHHs naanemu i 3i 36iIbUIEHHAM 1020 eHepeemUuuHOl aKmUueHOCMI eleKmpoeHepeii 8i0 NOHOGTIOBAHUX Oxcepel eHepeil
6yde nedocmammuvo, wo Haoaudxcui 20-30 poxie ocHosHUMU Odicepenamu eleKmpoeHepeii 6yoyms amomHi erekmpocmanyii i ye
niomeepoxcye HeoOXiOHicmb NposedeHHs pobim Nno 800CKOHANEeHHIO mypbozeHepamopis. Bemanoeneni nanpamu e0ockonanenus
KoHCmpyKyiil mypbozenepamopis i cucmem oxonoo0dcenns. 3asnaieno, wo 600CKOHANEHHA mypbo2enepamopie eumMazac 0OHO4aAcHo-
20 niosuwents egpekmusnocmi i cucmem, wjo 3abesnewyiome ix pobomy: cucmem HOCMAYAHHA 2A30M, 000N | MACIOM, CUCMEMU
30y0oicenns. Iloxkazana nHeoOXioHicmb NOBHO20 GNPOBAOIICEHHS ABMOMAMUYHO20 KOHMPONIO CMany mypbozeHepamopis, euxkopuc-
MAKHS NPUTIOMIE CYHACHOT MEXHIYHOI OlaeHOCMUKY HAUOIIbW HANPYICEHUX Y36 I eleMeHmig K 6 pesicumi online, max i npu npo-
6edenHi n1aHosux i agapiiinux pemonmis. Iliomeeposicenns neobxionocmi npogedents pobim no 800CKOHANCHHIO BIMUUSHAHUX MYP-
bocenepamopie 6UKIUKAHO NOABOIO 6 3A2ANbHIll eHepeocucmeMi YKpainyu HO8UX Munie elekmpoeHepeemuyHux oxcepen, AKi Kopuc-
MYIOMbCsi AKMUBHOIO 0EPHCABHOI0 NIOMPUMKOIO. Biosnavena nepchekmugHicmes 6UKOPUCAHHA NOHOGIOBAHUX Odcepel eHepeii 3
MOYKU 30Dy 3HUIICEHHS eKON02IUHUX npobiem, ane auwe 0 IHOugioyanvhux cnoscusadis. Ilpoananizoeani nepesacu, HeOONiKu i
npooremu UKOPUCMAHHS NOHOBNIOBAHUX OXcepel eHepeii, AKi Hatlbinbw nputinamui onsa Yxpainu. bion. 43, Tabn. 3, puc. 5.

Kniouogi cnosa: ejleKTpoeHepreTHKa, eHepreTHYHAa He3aJlesKHiCTh, TypOoreHepaTop, eHepro3odepe:KeHHsl, eK0JIOTis, TeXHidYHa
JIiarHOCTHKA, MacOradapuTHi NOKA3HUKH, MIABUIEHHS NOTYKHOCTI, IOHOBJ/IIOBaHI J:Kepesia eHeprii.

https://doi.org/10.20998/2074-272X.2021.4.03

B cmamve nposeden ananuz cocmosanus, npobnem u nepcnekmus pazeumus co8peMeHHol dnekmposnepeemuxu. Onpedenenvl Ha-
npasieHus ee pazeumus ¢ y4emom 8bl0opa MexHuKO-9KOHOMUUECKO20 CYEHAPUs PA3GUMUs, CONYMCMBYIOWUX (Pakmopos u ux 63a-
umMHo20 ausHuA. Llenvlo pabomel A6IANOCL OnpedeneHue NepCneKmusHbIX HANPAGIEHUl YCMOUYU8020 pa3gumus HAYUOHATbHOU
9eKMPOIHEP2eMUKU € Yenvlo obecneuenus dnepeobesonacnocmu Ykpaunvl, npogeoeHue CpasHUmenIbHo20 AHaIu3d UCHOYHUKOS
9neKmpoIHepauL, NOOmeepIIcoeHue HeOOXOOUMOCIU COBEPULEHCINBOBAHUS OCHOBHBIX UCOYHUKO8 — MYypOoceHepamopos. Ycmanog-
JieHbl 0OCMOUHCMBA U HEOOCMAMKU, MUPOBble MEeHOeHYUY OANbHelue20 UCNONb306AHUA COBPEMEHHBIX UCTOYHUKOE dNeKmpOoIHep-
2UU — MeNnIoBbIX (GKNIOUAS AMOMHbLE) INEKMPOCHAHYUI U CIAHYULL O B0300HOBIAEMbIX UCIOYHUKOE SHepauu. Onpedenenvl 6Hym-
PeHHUe U BHeuiHue Yepo3bl IHepeemuyecKol besonacnocmu Ykpaunvl. Ycmanoeneno, 4mo 6 césa3u ¢ akmugHblM pOCHOM HACeNeHUs
NIaHembl U C Y6eIUdeHUeM e20 IHePLeMUYecKoll akmugHOCMY 1eKMPOIHEPSUU 0N 80300HOBIAEMbIX UCOYHUKOE dHepeul Oyoem
Hedocmamouro, umo onudicatiwue 20-30 1em 0CHOBHBIMU UCTHOYHUKAMU 2eKMPOIHepeul 6y0ym amomubvle dIAeKMpPOCMaHyuu u 5mo
noomeepicoaem HeoOX0OUMOCMb NPOBEOeHUs PAdON N0 COBEPUEHCMBOBAHUIO MYPOO2eHePamopos. YcmaHosenenbl HanpaeieHus
COBEPUIEHCMBOBAHUSA KOHCIPYKYULL MYypOo2eHepamopos u cucmem oxaadxcoenus. Ommeueno, 4mo cogepuieHcmeoganue mypbozene-
pamopos mpebyem 0OHOBPEMEHHO20 NOGbIUEHUs dPPeKmUeHoCmu U cucmem, obecneuusawux ux pabomy: cucmem cHaAOICeHUs
2a30M, 000U U MACIOM, cucmembvl 8030yxcoenus. [lokazana HeobOX0OUMOCMb NOTHO20 BHEOPEHUS ABMOMAMULECKO20 KOHMPOIL
cocmosHus mypoo2enepamopos, UCHONbL306aHUA NPUEMOE COBPEMEHHOU MEXHUYECKOU OUAHOCMUKY Hauboee HanpAXCEHHbIX Y3108
U dNIEMEHmMO8 KaK & pedxcume online, max u npu nposedeHul nIAHOBbIX U A8apulinbix pemonmos. Iloomeepocoenue Heobxooumocmu
npoeedenus pabom no CoBePUIEHCIMBOBAHUI0 OMEYeCMBEHHbIX MYpPO02eHepamopos 8bl36aHO NosAGLeHUeM 6 0bwjell dHepeocucmeme
Vrpaunvl HOBbIX MUN0E 31eKMpPOIHEPLEMUUECKUX UCMOYHUKOS, KOMOPble NOIb3VIOMCA AKMUBHOU 20CYOaPCMBEHHOU NOOOEPIHCKOIL.
Ommeuena nepcnekmugHOCb UCNONb308AHUSA B0300HOBNACMBIX UCIMOYHUKOS DHEPSUU C MOYKU 3PEHUS CHUMNCEHUS IKOIOULECKUX
npobnem, Ho MOIbKO OJi UHOUBUOYATbHBIX nompebumeneti. IIpoananuzuposanvl npeumyuecmsa, HeOOCMamKu u npoodIemMsl UCHOb-
308aHUS B030OHOGIAEMBIX UCMOYHUKOS IHep2ull, Komopble haubonee npuemiemsl 0na Ykpaunvl. bubin. 43, Tabn. 3, puc. 5.
Kniouesbie cnosa: 3J1eKTPOIHEPIreTHKA, 3HEPreTHUecKasi He3aBHCHMOCTh, TypOoreHepaTop, 3HeprocdepeikeHne, K0JI0THs,
TeXHHYeCKasl AHATHOCTHKA, MAacCOrafapuTHbIe MOKA3aTeJIH, HOBBIIIEHHE MOIIHOCTH, BO300HOB IsieMble HCTOUHHKH YJHEPTHH

B pa6oTe HCIoOabL3yIOTCH COKpalleHHbIE 0003HaAYe-
Husi: TT" — TypGoreneparop; A9C — aToMHast SJICKTPOCTaH-
uust; TAC — rernosas anektpocraniys; TIAL — Ternosnek-
tpoueHTpasib; 'IC — runposnekrpocranius, BUI — Bo-
300HOBIIsIEMBbIE UCTOYHUKH SHeprun; BIYY — BerposHepre-
tuueckre ycraHoBku; OJCP — Crpanbl — wiensl Opranu-
3aIEsl  AKOHOMHYECKOTO COTPYAHHYECTBA ¥ Pa3BUTHS,
BTCII — BeicokoTemIiepaTypHbIii cBepxnpoBoaauk; HTCIT
— HU3KOTEMIIEPATYPHBIA CBEPXIIPOBOJHHUK.

BBenenue. B OombIIMHCTBE CTpaH MHpa dIIEKTPO-
SHEPreTUKY pPaccMaTpUBAIOT KaK CaMblii BaXKHBIM CEKTOP
HalMOHAJIHON 3KOHOMHKH. [loaTOMy 1enbio HacTosIen
paOoThI SIBISIETCSI ONPE/CIICHHUE MEPCICKTUBHBIX HAlpaB-
JICHUH YCTOWYMBOIO Pa3BUTHA HAllMOHAIBHON 3JIEKTpO-
SHEPreTHKU C IeTbI0 00CCICUeHHsT IHEProOe30macHOCTH

YKpauHbl, TPOBEACHNE CPABHUTEIHHOTO AaHAIN3a HCTOY-
HHUKOB 3JICKTPOSHEPIMU U NOATBEPIKIACHUE HeO6X0£[I/IMOCTI/I
COBEpILEHCTBOBAaHUsI OCHOBHBIX McTOUHMKOB — TI'. Ilpu
9TOM IJIaBHBIN BOIIPOC, OJIHA U3 HAHOOJIee CEPhE3HBIX IIPO-
OneM JIst JTIF000TO HAIIMOHATEHOTO MPOHM3BOAUTENSI — 3TO
sHeprocoepexenue [1-4]. Pemenue 3amaum sHEprocoepe-
JKeHUSI OCOOCHHO Ba)KHO U1 YKpPaWHEI, TZIe B HACTOSIICE
BpeMsi Ha npou3BocTBO enuHuIbl BBII B cpennem pacxo-
JlyeTcsl TIOYTH B 3 pasza OoJIbIlle SHEPropecypcoB, YeM B
eBponeickux crpanax [1, 3, 5]. DHeprocOepexeHrne BXo-
JUT B YUCJIO BaKHEHIIMX (DAKTOPOB, CHOCOOCTBYIOIIMX
TIOBBIIIICHUIO YPOBHS 3HEPreTHYECKOH 0e30macHOCTH, KO-
TOPOE | ISl CTPAH-IKCIIOPTEPOB, U JIJIsI CTPAH-UMITOPTEPOB
SHEPreTHYECKUX PECYPCOB SBJISETCS OIHHUM W3 BaKHCH-

© B.B. llleBuenko, A.H. Munko, M. Dimov
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[IMX 3JIEMEHTOB YCTOIYMBOTO SKOHOMHUYECKOTO Pa3BUTHSI.
Od4eBHUIHO, YTO TPYAHO pelIaTh MpoOJieMy OOecIedeHus
SHEPreTHYecKoil 0e30MacHOCTH CTpaHbl, €CIH HSHEpro-
cHa0XEHHE TIOJTHOCTBIO WIIM B 3HAYMTEJILHOW CTENeHU 3a-
BUCHUT OT BHEIIHUX MOCTaBIIMKOB [3, 5]. s Ykpaunsl,
Kak ¥ JUIsl BCEX CTpaH, OCHOBHBIM TpeOOBaHMEM IIPH BBIOO-
pe HampaBJICHHIH pa3BUTHS BJIEKTPOIHEPIETHKU SIBIISIETCS
HaJie)XHOE U 3((EKTUBHOE 3HEProodecredeHne IPOMBIII-
JICHHOCTH M HACEJICHHs C 00s3aTeIbHBIM yUeTOM TpeOoBa-
HUI DKOJIOTMYECKOW O€30IMacCHOCTA M COLMAJIBHOM CTa-
OowitpHOCTH. [lepcrieKTHBHBIE 3aa4d IHEPTeTUKH €HHBI
JUTSL BCEX CTPaH: 3TO MOMCK HOBBIX HCTOYHMUKOB U TEXHOJIO-
THHA TIONMYYEHUs 3JIEKTPOIHEPIHH, HEMPEPHIBHOE YBEIUYe-
HHe OOBEMOB BBIPAOOTKH, TOBBILICHHE 3()(HEKTUBHOCTH
IpH Tepelade M paclpeiesieHnH, CHIDKCHHE TOTeph Ha
BCEX yKa3aHHBIX dTamnax [6-8].

[Ipu BBIOOpE HampaBieHWI Pa3BUTHS DIEKTPOIHEP-
TETUKH HEOOXOJMMO YYHTHIBaThb BECh KOMIUIEKC (aKTo-
POB M MX B3aUMHOE BIIMSHHE: TEXHHYECKOE COCTOSHHE
AIEeKTPOOOOPYIOBaHNUS, HAIMOHANBHBIC HAMPABICHUS M
MIPHOPUTETH COBMECTHOTO Pa3BUTHS 3KOHOMHUKH M IIPO-
MBIIIUIEHHOCTH;, TOJUTHYECKHE, SKOJOTHYECKHE, IeMO-
rpadudeckre mpodIeMbl; TEXHOJIOTHYECKHE M PECYpPCHBIE
BO3MOKHOCTH HE TOJBKO 3JIEKTPOMAIIMHOCTPOUTEIHHOM
MIPOMBIIUICHHOCTH, HO W COIyTCTBYIOIIMX OTpPAciei:
TypOMHOCTPOCHHMS, MPEINPUATHI 10 CO3JaHUIO YIIpaB-
JISIEMBIX PEaKTOPOB, NOOBIUM U MepepaboTKH ypaHa [5, 8].

B Hacrosiee BpeMs HE0OXOAMMO BBIOpATh: MpPO-
JIOJDKATh Pa3BHTUC PA3HBIX HAINPABICHWHA WM Pa3BUBATHh
OJTHO, KOHKPETHOE HalpaBJICHUE; COBEPILCHCTBOBATh U
pa3BUBAaTh MOHO-3HEPTETHKY C riio0anu3annei B HaIHO-
HANBHBIX MacmTadax WIA OTAATh MPHOPUTET Pa3BUTHIO
MONU-dHepreTukd (MuHA- ¥ MHKpo-I' DC, comHedHas U
BeTpo3HepreTuka, MUHU-TOL] 1 T.11.).

C koHua 90-x rogoB XX Beka BO BCEX CTpaHax OCO-
6oe BHUMaHME (M TIPAaBUTEILCTBEHHAs MaTepHajbHas
MOJJIEPKKA) yaensercs 3Hepretuke or BUD, «3enenoit
sHepreTuke» [2, 5]. DTo BaxkHOE HampaBlIeHHE, HO OHO HE
obecreunT Bo3pacTarolye MoTpeOHOCTH HAceNeHUs TIa-
HETHI B DIIEKTPOIHEPTUH, KOTOPHIE TOCTOSHHO YBEIHYH-
BAaIOTCS, 0COOCHHO C YYETOM HEIPEPHIBHOTO YBEITHUYCHHUS
YACTBHOTO HEPronoTpeOIeHnsT BO BCEX CTpaHaX MHpA,
puc. 1, puc. 2, tabn. 1 [3, 9, 10].
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3MeKTpo3Heprun (KBT-4 Ha 0THOTO YellOBEKa HACCIICHHS)

Tabmuma 1
[IpoeKT CyIIeCTBYIOIIEro 1 NEPCIEKTUBHOTO POCTa YUCIICHHOCTH HACEIICHUS M CIPOCa Ha OCHOBHBIC BUIbI dHepruu B 2030 T.
MupoBble TeMITbI IPUPOCTa HACETICHHUS U CIIPOCa HAa OCHOBHBIEC BUJIbI SHEPTHH,
Ne Iloxasarens % x ypoBHi0 1970 .
1970-1990 1990-2010 2010-2030 (mporuo3)
1 |KonmuecTBo HaceneHHs +1,8 +1,4 +1,0
2 |BBII +3,5 +3,2 +4,0
3 |DnexTposHeprus +2,6 +3,2 +3,9
4 |DHeprus Ha Iyuly HaceleHHs +0,5 +0,5 +0,7
5 |Omueproemkocts BBIT -0,9 -14 -2,0

AHanu3 BO3MOJKHBIX CHEHApHeB W HaNpaBJeHMI
Pa3BUTHSI MUPOBOIi JHEPIeTHKH U JHEPreTHKH Y KPAUHBI.
B BBIOpaHHO!H MOIEN TEXHHUKO-3KOHOMUYECKOTO Pa3BHTHS
TOCyJapCTBa BO3SMOYKHBI PasHBIC CIICHAPUH: HEOIarompHsT-
HBIH (TIECCHMUICTUYECKHI), ONAronpHATHBIA (YMEpEHHBIN),
MaKCUMAaJIbHO OnaronpusTHei  (onTuMucTiuHbii) [8-10].
Hawnbonee nmpuemmeMbiM 17151 YKpawHBI, YUUTHIBAs CYILECT-
BYIOILIE BHYTPEHHHE M BHEUIHHE (DaKTOPbI, SIBJISETCS, HA
Hall B3MJIAJ, YMEPEHHBI CLIEHApuil, HO U €ro peau3aluu
TpeOyeT 3HAa4YMTEIbHBIX CTPYKTYpHBIX pedopm. B momro-
CPOUYHOM MEPCIIEKTHBE Pa3BUTHE OTEUECTBEHHOM 3KOHOMHUKHU
1 SHEPreTHKH Oy/eT ONpeNeNsThesl COUYeTaHHEM TPeX MPUH-
LIUIOB — CTaTHYECKOTO, LIUKJIMYECKOr0 U JUHAMHYECKOrO [9,
11-14]. CornacHo 3tuM npuHLMam, B Ykpause 10 2050 r.
Oymer mpeoOianaTh WHEPIHS SKOHOMHYECKOTO U DHEPreTH-
YECKOTO Pa3BUTHUS C MOCICAYIOIIAM LIKINYECKIM TIOBTOpE-
HHEeM Ha 0oiee BRICOKOM YPOBHE, a TMHAMIYECKHH TTPHAHITHTT
3aCTaBIsIET OXKMIATh B MEPCIEKTUBE OCTPbIN KOMILIEKCHBIN

KPH3HUC, KOTOPBIH pa3pernTcst, CKOpee BCEro, IMOJTHON CMEHON
HaIpaBIeHU pa3BUTHA 3HepreTuku. 3a nocneguue 100 ner
MO)KHO OTMETHTH TPH TONOOHBIX Kpm3uca: Hadama 1930-x,
Havana 1970-x u xpusuc korna 2010-x romos [9, 11].

Kpusuc mayana 1930-x romoB mpuBen K yCKOPEHHOM
WHAYCTPHANM3aMell M Pe3KOMY pPOCTy CIpoca Ha 3JeK-
TPOPHEPTUIO W Ha TMPOAYKTHI mepepaboTku He(DTH Iyt
npoMeleHHocTH. Kpusnce Hagana 70-x To0B OBUT BBI-
3BaH nepexogoM CIIA u 3amagxoit EBpomsl x Momenn
MOCTUHAYCTPUAJIBLHOI'O PasBUTUA MU OKOHYAHUEM XOJOI-
HOM BOWHBIL. [Ipy 3TOM aKTUBHU3UPOBAJIOCH YaCTHOE MPE.I-
NPUHUMATENbCTBO, OTMEUECHO YCKOPEHHE Pa3sBUTHS aTOM-
HOHW 9HEpPreTHKH, BO3pPOC CIPOC Ha ra3, Kak Ha OCHOBHOE
TOIUIMBO JUISl PHEPIeTUKH M T.I. B Xone Kpu3uca TeMITbl
pocTa MHPOBOTO 3HEPrOMOTPEOICHUSI CHIDKAIOTCS U MO-
TYT JaXe CTaTh OTPHIATEIFHBIMH, HO TIOCIE KpH3Hca
BCera HaOIIoJaeTcsl yCTOHIMBEIA pocT (puc. 3) [9].
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Puc. 3. M3MeHeHus B OTPeOIEHUH JIEKTPOIHEPTUN TIPH PA3NIUYHBIX CHEHAPHUIX PA3BUTHUS JNIEKTPOIHEPTETUKU

Kpmsuc konma 2010-X TomoB BBI3BAJ HEOOXOIH-
MOCTh TIEPEOICHKH W IPOTHO3WPOBAHUS HOBBIX HAIIpaB-
JICHUH Pa3BUTHS SHEPreTUKU. TeopeTnaeckon 6a3oi mpo-
THO3UPOBaHMs ObUIa BbIOpaHa TEOPUS LIMKIMYECKOTO pa3-
BUTHSA (Teopus «IMHHBIX BoiH» H. KoHapateeBa), koTo-
pasi CHIKaeT OMIMO0YHOCTh MPOTHO3UPOBAHMUS, MTO3BOIIS-
€T YUYUTBIBATb JKOHOMHYCCKUE KPHU3HUCHI, Tpe60BaHI/Iﬂ
JHEProcOCPEeKEHHUsST M IKOJIOTHYECKOH 0e30mMacHOCTH,
MOBBIIIACT TOYHOCTH ONPEACIICHUA CTPATETUYCCKUX IIPO-
61eM 1 00BbEeM J10CTaTOYHBIX MHBECTUIMH. COTiTacHo 3TOM
TEOPUH, IUKJIBI Pa3BUTHSI SKOHOMUKH, TIPOMBIIIIIEHHOCTH
U 3HEPreTHKH UMET MPOAOJDKUTENBHOCTH 50-55 ner u
ompenemsrores [9, 11]:

1) cmygaiiHBEIME ¥ BPEMEHHO JEHCTBYIOIIUMHE (HaKTO-
pamu (CTHXUIHBIE OCICTBYISI, BOWHBI, aBapHH);

2) IOCTOSIHHO JICUCTBYIOIUMU HEIMKIMIECKUMH (ak-
TopamMH (HAYYHO-TEXHHYECKHH mporpecc, nemorpadus,
HaJIM4YHE U TOCTYITHOCTh IPUPOJHBIX PECYPCOB);

3) IOCTOSIHHO JEWCTBYIOIIMMH LUKINYECKUMHU (hakTo-
pamu (g TI' 3T0 3neKTpOMarHUTHBIE U TEIUIOBBIE BO3-
JeWCTBHS, BUOpALINs, «CTApEHHEY).

AHanu3 JUHAMHMKH Pa3BUTHUS SHEPTETHKH, C YUETOM
CYIIECTBYIOIIEH LMKIMYHOCTH, IIO3BOJSIET OXKUAATh K
2040-2050 rogam ciegyrompii KpU3UC MHPOBOH HKOHO-
MUKH{ A SHEPTeTUKH, KOTOPBII IpUBEAET K HOBEIMH Kaue-
CTBCHHBIMH, HHTEIUIEKTYallbHBIMH, SHEPrOMH(OpMAIN-
OHHBIMH YPOBHSIMH B dHepreTuke [9, 14-16].

[Tocme BbIXOOa M3 OYEPETHOTO KPU3UCA KAXKIOMY TO-
CYIapCTBY CIieIyeT BEIOMpATh CIEHAPHH Pa3BUTHS HAIHO-
HaJILHOM OHCPIre€TUKU U3 TPEX BO3MOKHBIX BAPUAHTOB:

1) MHEPIIMOHHO-KaTaCTPODUUECKHIA;

2) cTaOMIIN3aIMOHHO-CTarHAIIMOHHBII;

3) MHHOBAIIMOHHO-PEBOIIOLIMOHHBIH.

Kaxnplii crieHapuii UMeeT CBOM OCOOCHHOCTH U ITy-
TH paspelieHus MpOTHBOPEYHid, CBOM MaclTadbl crpoca
Ha SHEPTOHOCHUTEIN, OCOOCHHOCTH Pa3BUTHS TEXHOJOTHI
MIPOU3BOJICTBA IEPBUYHBIX YHEPTOPECYPCOB U UX MOTPEO-
neHus (cM. puc. 3). s KaxIoro clueHapus XapaKTepHO
HaJu4yue ABYX JTAIlOB: NEPBBIN, COXPaHSIOLIUN OIpesae-
JICHHYI0 HMHEPUHOHHOCTh TPEABIAYIIETO CHEHApHs, U
BTOPOH, Ha KOTOPOM MHEPLUS UCUEPIIBIBACTCS, HACTYIIAET
nepuo crarHallii € Mpu3HakaMu CKPBITOTO WKW ABHOT'O
9HEPreTHYecKoro Kpu3Kca, a 3aTeM JHEpPreTHka Mepexo-
JUT B KadeCTBEHHO HOBOe cocrosiHMe. Ha mocnemnem
9Tare WAET BHEIpPEHHE MHHOBAIMH B HAYKy M TEXHUKY,

MPOUCXOIUT MAKCHUMAIBHBIA MMOIBEM IPOMBIIUICHHOCTH,
(hopMUPYIOTCS HOBBIE BOIPOCHI, KOTOPBIE HA CIEAYIOUIEM
sTarne (IUKIe) HEOOXOAUMO pemaTh U KOTOPHIE OIpeie-
JAT panpHeiee passutue [11, 12, 16].

Hambonee mporpeccHBHBIM B BONPOCAX Pa3BUTHA
SHEPTreTUKN SBIAETCS HMHHOBALMOHHO-PEBOIIOIMOHHBIN
cuenapuii. OH npearonaraeT KauecTBEHHbIE M3MEHEHUS
COBpEMEHHBIX HampasieHuit yxe k 2020-2030 romam 3a
CUCT COBCPUICHCTBOBAHUA TCXHOJIOTMU MOJYUYCHHSA DJICK-
TPOSHEPIHuH, ee MepeJadyll U KOHEYHOro norpedienus. B
3TOM CLIEHAPHHU KIIIOUEBBIMH TEH/ICHIUSIMH Pa3BUTHUS MH-
POBOIi 3HEpPreTHKH OyleT MOBBINICHHE HHBECTUIIMOHHON
aKTUBHOCTH, Pa3BUTHE M BHEIPECHUE HOBBIX TEXHOIOTH,
YBEJIIMYCHUE JTONU 3JIEKTPOIHEPTHU B 00IIEeM oObeMe Hc-
MOJIE3yEeMOM PHEPTHH, padWKalbHOE CHIDKEHHE MOTpeO-
JeHUA YHepropecypcos, [4, 9, 14-16]. MHHOBanMOHHO-
PEBOJIIOIMOHHBIN CIIEHAPUH MpeanoaraeT (popMHUPOBa-
HHUE YHEPTeTHKN HOBOTO THIIA B PA3BUTHIX U B PA3BHBAIO-
IIMXCSl CTPaHax; pocT 00beMa 3JIEKTPOIHEPTHU B 00LIEM
MHPOBOM KOHEYHOM JHepromnorpebnenun or 21,7 %
(2010 1.) mo 28,6 % (2030 r.) 1 10 36,8 % B 2050 T.

MosxxHo oxunatb, yTo K 2050 IT. pa3BUBarOLIUECs
CTpaHbl JOCTUTHYT COBPEMEHHOTO CTaHAApTa SHEProro-
Tpebnenuns: crpan Eponsl n CILIA, paBHoro 5 MBT-uac
Ha 4eJioBeKa B roJl. KosimuecTBeHHbIE pa3iindus CHU3ATCS,
HO YCWJISATCS Ka4eCTBEHHBIC PAa3NU4Ms, T.K. MOKHO TIpe-
MOJIOXKUTH, 4TO mociie 2030 r. B pa3BUTHIX CTpaHaX Had-
HeTcs (OPMHPOBAaHUE DHEPTETHUECKHX CHCTEM HOBOTO
MTOKOJICHNSI, OCHOBAaHHBIX HAa TEXHOJIOTHSX «YMHBIX Ce-
Tel». Y, HeCMOTpsl Ha HENOMYJISIPHOCTb, MOYXHO OXKUAATh
MOBBIIIEHHE POJM ATOMHOW DHEPreTHKH: MPAKTUICCKH
BrnBoe — k 2030 r. u BuerBepo — k 2050 rr., T.K. TOJIBKO
ADC, Kak UCTOYHHUKHU 3JICKTPOIHEPIHU, CMOTYT obecrie-
YUTh €€ HeoOXoIuMBbIH 00beM, [6, 8, 10, 14, 17]. Oxuna-
€Tcsl, YTO Pa3BUTHE NPHU 3TOM IOJIydaT: «TEIUIOBBIE)» pe-
aKTOpbI 3-4 TIOKOJICHUS; PEakTOpbl Ha OBICTPBIX HEWTpO-
HaX; PEaKTOpHBIC YCTaHOBKH B-392, B KOTOPBIX HCIIOJB-
3YIOTCSI HOBBI€ PEIICHUs i YBEIWMYEHHS IIPOCKTHOTO
Cpoka CIyXOBl KopIlyca peakTtopa mo 60 IeT; «Mamas
aTOMHas SHEPreTHUKay, YTO HECKOJIBKO CHHU3HUT MOTpebdie-
HHUe ypaHa («ypaHoBas npoOiiemMa») U IpoOJIeMbl XpaHe-
HUS U TepepaboTKH O0TPabOTaHHOTO SAEPHOTO TOILIHBA.
MoxHo cumrTarh, uro Ommkaimme 20-30 neT aTromHas
AJIEKTPOIHEPreTHKA — BBHICOKOIIPOU3BOAUTEIbHAS, C HU3-
KAM YPOBHEM BBIOPOCOB BEILECTB, 3arps3HSIOIINX aTMO-
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cdepy, ¥ NpaKTHIECKH HEOTPaHHMYCHHBIMH 3aracaMH TO-
IUIMBA, — OyI€T OCHOBHBIM HCTOYHHKOM 3JIEKTPOIHEPTHH
[16, 18, 19].

Bmecre ¢ Tem, mis VYKpauHB WHHOBAIlMOHHO-
PEBOJIIOLIMOHHBIN CLIEHAPUM PA3BUTHSI SHEPTETHKH, SKO-
HOMHKH ¥ TPOMBIIIJIEHHOCTH HEJIOCTHXKUM 110 TEXHHUKO-
SKOHOMHYECKUM U MOJUTUYECKHM ITOKa3aTeNsiM. YKpau-
Ha 10 MaKpO’KOHOMHYECKHM II0Ka3aTessiM SIBIISIETCS Of1-
HOM M3 caMBIX OEIHBIX €BPOIEHCKUX TOCYIapCTB, C HHU3-
KHMH JIOXO/IaMH HaceJIEHHs, YTO IPUBOAUT K OTCYTCTBHIO
COLIMAIBHOTO M AKOHOMHYECKOTO (pyHAAMEHTa yCTOWUH-
Boro pazeutwus. [1o manueM International Finance Corpo-
ration [12, 17], 3HEProeMKOCTh BaJOBOTO BHYTPEHHETO
npoaykra (BBIT) va 1 USD B Harmeii ctpaHe npuOIn3u-
TENBHO B 2-3 pasa BBINIE, YeM B Pa3BHUTHIX €BPOIECHCKHAX
rocyaapcreax. IloaToMy, MOXHO yTBEpXkAaTh, 4TO AJIS
YkpauHBl ~Hambollee BEpPOSTEH  CTAOMIM3AIlMOHHO-
CTarHallMOHHBIA cueHapuit passutus [9, 18]. Ilpu 3tom,
ITOKa HET HOBBIX HCTOYHHUKOB JJIEKTPOSHEPTUU U YCTOH-
YHBBIX CHCTEM €€ aKKyMYJHMPOBAaHHUS, CIEIyeT IPOJ0J-
JKaTh Pa3BUBaTh ATOMHYIO SHEPTETHKY U MOIIEPKUBATH B
pabouem cocrostauu TemioByto (TOC, TOIl) ¢ o00s3a-
TEJNBHBIM COOTBETCTBHEM HAIMOHAIBHON SKOJIOTHYECKOM
HOJIMTUKH MHPOBBIM TpeOoBaHusiM: Knorckomy mnporo-
koiy (2005 r.) u Kondepernmun no ximmMmaty B [lapmxe
(ITapuxckoe cornamenue, 12.12.2015 r.) [18-20].

Cremyer OTMETUTB, YTO CYIIECTBYIOT YTPO3BI SHEpre-
THYeCKol Oe30racHOCTH YKpauHbl, KaKk BHYTPEHHHE, TaK U
BHemHHe. MopaimbHO W (DM3MYECKH ycTapeBIIee 3JIeKTPO-
000py/I0BaHHE SHEPreTUUECKOro KOMIUIEKCA, YCTapeBIIUe
TEXHOJIOTUIECKUE JIMHUH I U3TOTOBJICHHUSI HOBOTO 000py-
JIOBaHMS, 3aBUCUMOCTb OT HKCIOPTa KaKk 000PYI0BaHHMS, TaK
1 TOIUIMBHBIX PECYPCOB, HEIOCTATKH OOCITY>KMBAHUSI, JIAar-
HOCTHKH M PEMOHTa MPHBEJI0 K TOMY, YTO 3HEProchcTeMa
YKpauHbl MMEET OJHM W3 HahOOJIBUIMX IOTEPhH AJIEKTPO-
SHEPIUH B IUKJIE «BBIpAaOOTKa — Iepeayda — pacrpeaeieHne
— noTpebiIeHre», CTaBUT BOIIPOC SHEpreTHyeckoi Oesomac-
HOCTH cTpaHbl. Hampumep, moTepy sHEprum B pacipeesv-
TEJBHBIX CETAX NOX0IAT 10 25 % [5, 21].

K BHyTpeHHUM (haKTOpaM OTHOCSTCS:

e upe3MepHas 3Heproemkocts BBII, xoropas 3a mo-
clenHue ronbl BeIpocia B 1,5 pasza. Pacxompl sHEProHO-
CHUTeJIell Ha N3rOTOBJICHHE OCHOBHBIX BHJIOB JJIEKTPOTEX-
HUYECKOH mpoayKiuu B Ykpaunse B 3,5-9 pa3 Brlie, yem
B Pa3BUTHIX CTpaHax mMupa [4, 16, 22];

® M3HOC OCHOBHBIX (JOHIOB TOILTMBHO-DHEPTETHYECKOTO
Komiuiekca [16];

® HEJIOCTAaTOYHBIH 00bEM MHBECTHUIIMH B 3JIEKTPOIHED-
TETUKY, B TOM YHCJIE B Pa3BUTHE JJIEKTPOMAIINHOCTPOE-
HUS 1 B OOHOBJICHHE OOOpPYHOBaHHS DJIEKTPOCTAHINN, B
Hay4HBIE HCCIICIOBAHMs, B COBEPLICHCTBOBAHUE TEXHO-
JIOTHYECKUX MPOIECCOB HA IMPOMBIIUICHHBIX MPEaNpH-
ATUSAX U B CUCTeMy oOpa3oBanus [4, 23];

® HECOBEPIICHCTBO HOPMATHBHO-TIPABOBOTO oOOectie-
YCHUS ACATCIBHOCTU OTpACid B PLIHOYHBIX YCJIOBUAX,
KPHU3HUC IUIaTeXel Ha BceX ypoBH:X [4, 13].

K BHemHuMM ¢akTopaMm ciieayeT OTHECTH BBICOKHIA
YPOBEHh MOHOMOJM3AIMA B AJIEKTPOIHEPTETHIECCKOM
CEeKTOpe, HEeperyJlupyeMble rOCyAapcTBOM IOCTaBKH WUM-
MTOPTHBIX TOIUIMBHO-YHEPTETUIECKUX PECYPCOB M DJICK-
TpoobopynoBanus [16 ,24], a TakKe 3aBHCUMOCTh aTOM-
HOW SHEPreTHKH, OCHOBHOTO ITOCTABIIHMKA 3JIEKTPOIHEP-

U B YKpauHe, OT UMIIOPTa sIEPHOTO TOIUIMBA U 000py-
JIOBAaHWs, CYIIECTBYIOIINE MPOOIEMBbl XpaHEHUSI OTPado-
TaHHOTO SJIEPHOTO TOIUIMBA U SIIEPHBIX OTXOAOB [8, 16,
24]. Cnemyer OTMETHTh M OoJiee yHaJeHHBIE POOIEMBI
AQTOMHOM SHEPreTHKU: BBIBOJ W3 IKCIUTyaTalH OJIOKOB
ADC, xoTopbie 0TpaboTaIN CPOK (C YIETOM BO3MOKHOTO
NPOJUIEHHs STOTO CPOKa), M 3aJaudl MX IOCIEAyIOLIEero
collepaHus. JTO o0Imas rmpobiemMa, Haj PelIeHueM KO-
TOpOH paboTar0T BO BCEM MHpE.

MoOJKHO czienaTh BBIBOJ, YTO HAIpaBJIEHHWE Pa3BUTHS
SJIEKTPOIHEPTETHKN HOCHUT SIBHO BBIPAXKEHHBIH HAIlIOHAb-
HBIA XapakTep, HO OYEBHIHO, YTO NPU JIIOOOM CLEHAPUH
pa3BUTHS W JIOOOM TEXHHKO-3KOHOMHUYECKOM COCTOSHUH
TOCYZIapCTBa HENPEPBIBHO JOJDKHBI BECTHCH PabOTHI TI0 CO-
BEPUIEHCTBOBaHUIO TI' — OCHOBHBIX MCTOYHHKOB 3JIEKTPO-
SHEPrHH eIlle Ha OYEeHb JuTeNbHOe Bpems [16]. [l smek-
TPOSHEPTETUKN YKpPaWHBI MPU MOCTPOHKE HOBBIX OJIOKOB M
MOJICpHH3AINN pabOTAFONIMX HEOOXOAMMO UCTIONB30BaTh TI7
0ol €IMHIMYHOM MOIITHOCTH, TIPOAOIKATh PAOOTHI 10 UX
COBEPILIEHCTBOBAHUIO. DTO 00ECIIEUUT CTPaHy JAOCTATOYHBIM
00BEMOM DJICKTPOSHEPTHH, T.C. OOCCIICUUT €€ IHEpPreTHde-
CKYIO HE3aBHCHMOCTh, a Tarke TI' cTaHyT mpeaMeToM sKc-
NOpTa BO MHOTHE CTPaHbl MUpa, YTO COXPAHUT 3HAYMMOCTB
YKpavHCKOU NPOAYKLIUH HA MUPOBOM phIHKE [ 16, 25].

Takas orieHKa OyIyIIIero aTOMHOH SIIEKTPOIHEPTeTUKH
MOJKET BBI3BIBAaTh BOIPOCHI 1 BO3payKEHNMsI Ha (hoHe BeeoOIe-
TO YBIICUCHHS <3eNeHoi» sHeprerukoil. Ho yxe B 2018 T.
MAT'ATD nepecMOTpeNo CBOW MPOTHO3BI PA3BUTHS SIIEPHOM
saepretikd. MAI'ATD mporHo3mpyeT pocT HPOHM3BOACTBA
sHeprun Ha ADC 1o 2050 T.: Ipy ONTUMHCTUYECKOM CIIeHa-
pru — 3969 TBr-uac B 2030 1. (11,5 % o6Iiero MHpPOBOTO
o0bema npon3BojcTBa AekTposHepruy) U 6028 TBr-uac B
2050 1. (11,7 %). [1py eCCHMUCTIHYIHOM CIEHAPUH 3TH []-
pot coctapst 2732 TBt-yac B 2030 1. (10,3 % mMupoBoro 00b-
eMa TeHepanuy dJekTposHeprun) u 2869 TBr-yac B 2050 r.
(5,6 %) [8, 10, 13, 26].

Ceromns B Mupe HacuuThIBaeTcsa 450 AeHCTBYONIIX
sHepro6mokoB ADC. [lo MHEHHMIO 5KCIIEPTOB, pacIIpe-
HUE MOITHOCTEH B HACTOSIIEE BpeMs, a Takke OJrbkai-
M€ U JONTOCPOYHBIE NMEPCHEKTUBBI POCTA XapaKTEPHBI,
TJIaBHBIM 00pasom, s Asuu. M3 34 cTposmmxcs peak-
TopoB 19 HaxonsaTca B A3uM, TaM XK€ pa3MelIeHbl 28 u3
BBEJICHHBIX B MOCJEJHEE BpeMs B dKCIUTyaTanuio 39 pe-
aKTOPOB, KOTOpbIe OBUIM MOAKIIOYEHBI K IHEProceTsM
[26]. Bonbias yacte SHEProOJIOKOB SKCILTyaTHPYETCS B
CIIA (100), ®panuuu (58), Anonnu (43), Poccun (36) n
B Kurae (36). OOmras reHepupyromas MomHOcTh ADC
cocrasisgeT cseime 392 I'Br. C 2018 r. BBOO HOBBIX
MortHocTer coctaBmin 302 I'Bt, U3 sKcruTyaTaiu BEIBe-
neHo 117 I'Bt, B pe3ynbprare YHCTBHIA MPHUPOCT YCTAaHOB-
neHHbIx MomrHoctelr ADC pasen 185 I'Bt [10 ,24]. Tlo
mporao3am, k 2030 r. cymmapHass MOLTHOCTH SAEPHBIX
YCTaHOBOK (IIpY MHHOBAIIMOHHO-PEBOIIOLMOHHOM CIIEHa-
puM pa3BUTHA) Bo3pacTeT Ha 88 % [24].

Karactpodsr Ha YeproOsuibckoit ADC (1986 r.) u
Ha ADC «®ykycuma-1» (2011 r.) mpuBena K nepeocmeic-
JICHUIO WJEU O TOM, YTO aTOMHasi TeHepanus — 3To 6e30-
NacHBIA CHOCO0 TOJTyYeHUs AIIEKTPOIHEPrHH. B pesyib-
TaTe BJIACTU SIMOHMY NPHHSUIN PEIIeHNE BECTH pabOoThI O
3aKpBITHIO BCEX aTOMHBIX PEAKTOPOB B cTpaHe. I epma-
HUS, KOTOpas 10 KatacTpo(sl ObIIa OOHUM W3 KPYITHEH-
IUX TOTPeOUTENeH aTOMHOW YHEPTHH, B HACTOSIIIEE Bpe-
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Ms 3akpputa 8§ u3 17 peakropos. [pyrue eBporeiickue
CTpaHbl TAKXKE COKPATWJIM CBOM IUIAHBI IO Pa3BUTHUIO
aTOMHOM 3HepreTuku. OIHAKO, 3TO HE 3aCTaBHJIO HEKO-
TOPBIC CTpaHbl OTKA3aTbCA OT IIJIAHOB IO CTPOUTEJILCTBY
ADC B nononHenue k cymectBytommm ['9C u TOC (Ha
yrie ¥ rase). B psige cTpaH, T1e HelocTaTOYHO YIIIeBOI0-
POIHBIX PECYpCOB, aTOMHasi SHEPreTHKa BOCIPHHUMAET-
csl, Kak 3(h(eKTUBHBIA M 3KOHOMHYHBIH CHOCO0 Moiyde-
HUS DJIEKTPO’HEPrHH. BecemmpHas sjepHas acconuarys
(World Nuclear Association, WNA) 3asBiisier, 4to 6ojiee
45 cTpaH aKTHBHO CTPEMSTCS K Pa3BUTHIO SICPHBIX IIPO-
rpamum [10, 18, 24, 26].

OmHUM W3 JIONOJHUTENBHBIX (aKTOPOB, TMOITBEP-
KIAIOIUX HEO0OXOIUMOCTh CTPOMTENHCTBA HOBBIX OJI0-
koB ADC, MOXHO CUMTaTh HEIOMYCTUMOCTb CTPOHUTEINb-
crBa 0OiokoB TOC, nmoromy 4ro umeHHo BbIOpockl TOC
OIIPEIETISIIOT OCHOBHYIO yrpo3y akosoruu. Cienyer ot-
METHTb, YTO JUISl CTPaH C Pa3BUTON SAEPHON DHEPIETUKON
TEXHOJIOTUH yTHUIIN3alMU PalMOaKTUBHBIX OTXO/I0B MEHEe
3aTpaTHBI, 9YeM TEXHOJOTHH yTwin3anuu oTxonoB TOC,
HalpaBJICHHbIC HAa CHI)KEHHE BPEIHBIX BHIOPOCOB 10 He-
00xoauMBIX ypoBHeii [18, 27].

[TonxydeHne 31E€KTPOIHEPTUH OT BO300HOBIAEMBIX
ncTouHrnkoB Heprun (BUD) MokHO cumTaTh mepcriek-
TUBHOU anbTepHaTHBOM. CormacHO mporHo3y MupoBoro
Oueprerndyeckoro Cosera (World Energy Council,
WEC), Ha nomro sHepruu ot BUD k 2025 r. Oyzaer npuxo-
mutbes 1150-1450 mun. T. yenoBHoro Torusa (5,6-5,8 %
obmrero sHepronotpednenus) [8, 13]. IIpu sTom oxuma-
eTcsl, YTO JI0JI OTAEIBHBIX BUIOB COCTaBHT: OMoMacca —
35 %, conneunast aueprus — 13 %, rugposueprust — 16 %,
BeTposHeprust — 18 %, reorepmansHas sHeprust — 12 %,
sHeprust okeanos — 6 %. IImanuposanock, uto k 2030 .
IPTePHATHBHBIE HCTOYHHKH MOTryT nate 1o 40-50 %
SHEPIHU COBPEMEHHOTO YPOBHSI €€ IOTPEOICH s, YTO Hau-
OONBIIMIT TPHPOCT IPOU3BOACTBA 3IEKTPOSHEPTHU [0
2040 r. ompenenaT pa3BuBaroLMecs cTpansl Asuu (10 45 %
OT MHUPOBO# BBIPAOOTKU 31EKTpodHepruu, [15]) u uro
2040 r. MHPOBOE MPOU3BOACTBO 3JIEKTPOIHEPTHH OT
BUD, npessicur 50 %. IIpennonaratoT, 4To B CTpaHax
EBpornsr nonst BUD (¢ yueTom ruposHEpruu) TOCTUTHET
68-72 %, a Toneko BUD (6e3 ruaposnepreTrkn) odecme-
yart ot 51-56 %. T.e. EBpona craHeT BTOPBIM PErnOHOM
mocne LenTpansHoii n JlaTHHCKOI AMEpHKH, B KOTOPOM
1m0 2040 r. oxumaercss MOJMyYeHHE OONBIICH IMOIOBHHEI
JIEKTPOIHEPTUH 33 CUET HEUCKOMAeMOro TOIUIMBa (Bce
Buasl BUD, Brimowas runpopecypest) [12]. B 1o xe Bpe-
MsI, COTJIACHO MIPOTHO3Y, OXKuaaercs, uro k 2040 r. nomu-
HUPYIOIIUM HCTOYHUKOM TI'CHEpAlLlMU B pa3BUBAIOIIUXCA
cTpaHax A3suM ocTaHercs yroyib; B CeBepHON AMepuKe,
Ha bmwkHem Bocroke u B Adpuke — razoseie TOC; B
IOxHoit u IlenTpanbHOl AMepUKe MEPBOE MECTO COXpa-
HUTCS 32 BBIPAOOTKOM 3JIEKTPOIHEPTUH HA THIPOdJIEK-
TPOCTaHLUSX, M TOJBKO B EBpoIle OCHOBHBIMH MOTYT
cratb BUD. [lostoMy yTBepkaeHne, 94to 0e3 ambTepHa-
THUBHBIX ATOMHOH 3SHEPreTHKe HCTOYHUKOB JHEPIHH Y
YeJI0BEYECTBa HET OyAyILEero, sIBIAETCS, Ha HAIl B3IJIA,
CJIMIIKOM KaTErOpHUYHBIM, HO 3TO TOJBKO JIMIIHUK pa3
MOJYEPKNBAET HEOOXOAUMOCTD ITOUCKA, HCCIEIOBAHUS U
BHEAPCHUA HOBBIX MCTOYHHUKOB JJICKTPOOHCPTHUU, HAIIPU-
Mep, BOJOPOAHON YHEPIeTUKU UM SHEPIUM YIIPABIISIEMO-
IO TEPMOSIEPHOTO CHHTE3A.

OcHoBHBIME HemocTaTkamu BUD crienyer cuurats
HHU3KYIO YAEJIbHYIO IUIOTHOCTh M HEHNOCTOSHCTBO BbIpa-
6OTKH QJICKTPOIHCPIUHU, 3aBUCUMOCTL OT IIOTOAHBIX YC-
JIOBUii, BpEMEHH T0J1a M CYTOK, HEBBICOKHIA KO3((HULIHUEHT
MOJIE3HOTO JEHCTBUS (32 HMCKIIOUEHHEM T'HIPO3JIEKTPO-
CTaHIWH), BHICOKAs CTOMMOCTH IMpPHU MAaJlOW €IMHUYHON
MOIIHOCTH 3YHEProycTaHOBOK. HemnocrostHCTBO mepBHy-
HBIX 3HEPropecypcoB (BeTep, COJIHIIE), BIUIOTh 10 MOJIHO-
TO OTCYTCTBHSA, BBI3BIBAET HEOOXOIMMOCTH YCTAHABIIH-
BaThb M OOCITYXHBATh IOIOJHHUTENbHBIC aKKyMYJISTOPHI
SHEPrHuM W/WIN pPE3epBHBIE HCTOYHHKH. B pesymbraTte,
CTOMMOCTh TPOU3BOJMMON 3HEPIHH OKAa3bIBAETCS BBICO-
KOH JJake NMpU OTCYTCTBUM TOIUIMBHOM COCTaBISIOLIEH B
KOHEYHOU LIEHE 3IEKTPO3HEPIUH.

Huskas ynenpHas MoriHocte BUD Tpebyer yBemide-
HHE KOJIMYECTBa SHEProycTaHOBOK. Harpumep, cpenerono-
BOE 3HAYCHHE YJIeJbHON MOIITHOCTH COJHEYHBIX Oarapei s
CaMbIX COJIHEUHBIX pallOHOB 3€MHOrO Iapa (C y4eToMm ce-
30HHBIX M TIOTOJHBIX KOJIeOaHHii) He mpesbimaer 250 B/,
a Ha TEPPUTOPHH YKPaUHBI CPEHAS IVIOTHOCTH COTHEYHOTO
M3IIyYeHUs Ha TOBEPXHOCTH 3€MJIM B TIOJJICHb SCHOTO JTHS
cocrayser okono 120 Br/m’. B Hammx mmpotax Jaxe B
6e3001auHyT0 ITOTOY COJTHEYHBIe OaTaper peaKo padoTaroT
Ha MOJIHYIO MOIIHOCTb, B CPETHEM 3TOT ITOKA3aTeNb COCTaB-
nseT 50-60 % nerom u 10-15 % 3uMoOiA, T.e. TaHE b MOIIHO-
ctbio 275 Bt B neTHuit JieHb OyJeT TeHEPHPOBATH OKOJIO
140145 Br-uac. B cpeanem B YKpauHe cONHEYHas aHeIb
MoinHocTblo 1 kBt B Tox BbipabartbiBaer 1100 kBr-uac
anekTposHepruu (puc. 4) [2, 16, 28]. Ananorn4Ho, u BeT-
POBHEpreTHKa MMEET HU3KYIO yJETIbHYIO0 MOIIHOCTB: Cpell-
HSISL yZIeNIbHAS TUIOTHOCTD SHEPIHH MOTOKA BETpa, Kak Ipa-
BHJIO, HE TIPEBBIIAET HECKONMBKUX coTeH Br/m’. TIpu cko-
poctu notoka Berpa 10 M/c ynenbHas INIOTHOCTh 3HEPTHH
6yer okoo 500 Br/m’.

kBT .

=3 =
g =]

OHeproaphekTUBHOCTb
COTHEYHbIX NaHenei
n
=3

HBaps Gespant Mapr Anpens  Mait

Puc. 4. Cpennee BBIpaOOTKH AIIEKTPOIHEPTUH COTHEYHBIMU
naHensMu B Ykpause Ha 1 kBT ycTaHOBIEHHON MOIIHOCTH

MioHs  Mionb  ABYCT CeHTsiopb OKTsiops HosGps Hekaops

B VYkpanHe TONBKO B HEKOTOpPHIX pernoHax (4 %
TEPPUTOPUHN) YCTOWYHMBAs CKOPOCTh BeTpa («po3a BeT-
poB») cocrtaBisier 4-4,5 m/c, TOSTOMY yHeNbHas ILIOT-
HOCTB DHEPIUH He3HaumTenbHa, 10 100 Br/m?. Jlst cpas-
HCHUS, TJIOTHOCTb SHCPIUU BOJHOI'O IMOTOKA, UMECIOLICTO
ckopoctb 1 M/c, coctasmsier okono 500 Br/m%, a mmor-
HOCTh TEIIOBOTO IMOTOKAa, KOTOPBIA «IaBUT» Ha CTCHKH
napoBbix KomioB TOC m ADC, pocTuraer HECKOJbKHX
corer kBr/m* [16, 29, 30].

IMargemus Covid-19 (2020-2021 rr.) BHeca u3Me-
HEHHS B TIPOTHO3BI Pa3BUTHSA JICKTPOIHEPTETHKH, BHI3BA-
na OoIbIIe HAPYIICHUA B SYHEPTETUIECKOM CEKTOpe, YeM
moboe pyroe coOBITHE, U CIEAyeT OKUAATh, YTO €€ TO-
ciencTeug OynyT omymaThes emie aoirue rofsl. IToxa
TPYOHO OLIEHUTH, KaK MOBIHUSAET HACTOALIMHA KpU3HC Ha
pPa3BUTHE DJICKTPOIHEPIeTHKH: YCKOPHUT MU 3aMEIAT
co3naHue Oe30MacHOM M yCTOMYMBON HSHEPreTHUECKOM
CHUCTEMBI. HaH[leMl/lﬂ €€ HC 3aBCpHIMIaAChb, YTO BHOCHUT
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HEOIIPEICIEHHOCTh B BOMPOCHI JHEPronoTpeOieHus, u,
BEPOSATHO, BAKHBIE PEIICHHUS B O0JIACTH YHEPreTHIECKOI
HOJIMTHKH TPOrHO3UPOBaTh paHo. Kpome Toro, skoHOMH-
YyeCKUM KpU3UC BBIZBIBACT 3HAYUTCIILHBIC HN3MCHCHUSA B
CTpPaTEerMuecKoil OpUEHTALMN YHEPreTUYECKUX KOMITAaHUI
U WHBECTOPOB, B aKTMBHOCTH IOTpeOuTeneil sueprun. B
[Iporpamme «IlepcreKTUBBI pa3BUTHS MHPOBOW SHEpre-
TaKw» [3, 12, 21], 3am0keHbl B2 BO3MOXHBIX CLICHAPUSI:
ontumuctraHbIi (The Stated Policies Scenario, STEPS —
CIICHApU TIEPCIIEKTUBHON MOJUTHUKH) U TECCUMHUCTHY-
we1id (Delayed Recovery Scenario, DRS — crienapwuii ot-
JIO)KEHHOTO  BoccTaHOBNIEHHUs). COrjacHO MPOTHO3Y
STEPS, MupoBo#i cripoc Ha SHEPTHUI0 BOCCTAHOBUTCS [0
YpOBHSI Hauasa naHaeMuu K Hadaimy 2023 r., HO B ciyyae
3aTsDKHOM TaHAEMUU OXHUAaeTCs ele OonpImii craf (co-
rmacHo DRS) u cnipoc BoccTaHOBUTCS TOIBKO K 2025 1.

Jlo snmpemun ObUT COCTABJIEH POTHO3, YTO OTPEO-
JIeHue eKTpodHepruu 3a nepuoxa 2019-2030 rr. BeIpac-
teT Ha 12 %. B Hacrosiiee Bpemsi MPOrHo3 NpupocTa u3-
Menmics 10 9 % (STEPS) wmm mo 4 % (DRS). U atot
POCT B OCHOBHOM OY[IET OMPEHENATHCS pa3BUBAIOIIIMUCS
ctpanamu (Kwurait, Munus). B crpaHax ¢ pa3BUTOil 5KO-
HOMHKOH CHPOC Ha 3JIEKTPOIHEPTHIO CHIKAETCS, COKpa-
IIAI0TCS MHBECTUIIMH B SHEPTETHUKY, B IPOU3BOJCTBO HO-
BOH TEXHWKH, YMEHBIIAIOTCS 0OBEMBI CTPOUTENIBHBIX pa-
60T [24]. Ho mpu nr0OBIX ClieHApUsX M OCOOCHHOCTSIX
TEKyIIero Iepuoja BCE HCCIEIOBATENH INPOTHO3UPYIOT
poct sHepronoTpedinenus. [103ToMy MOXXHO yTBEp>KAaTh,
yto Ommxaiime 20-30 JeT, co BceM MOHUMAaHHEM IPo-
OneM aTOMHOW JHEPreTHKH, €XKEIHEBHOE, yCTOHYMBOE
obecrieueHne 3JICKTPOIHEPTHEN HACENEeHUs IUIaHETH Oy-
net obecnieunBatbes ADC, T.e. T, ycTaHOBICHHBIME Ha
osokax [8, 13, 19, 24].

OcHOBHBIC HaNPpPaBJICHUSI U NMPOOJIEMBbI CO3IAHUS
coppemeHHbIx TI'. B MupoBOil IpakTuke C cepenuHbI
MPOLIIOr0 BEKa €QuHM4YHAas MoInHOCTh TI' Bo3pocia B
7-7,5 paz, ot 200 no 1500 MBT, a ecnu BecTn OTCUET OT
1898 r., korma ¢upma Charles Brown (¢ 1971 r. Abegg
and Rauhut) Beimyctmna mepBbiii 6-Tu mosocHbId TIT
momHocTeio 100 kBA, momuocTs yBenuuuiace B 15000
pa3. Ilpu sTom yBenmuuBanuck radaputel 1 Macca 1T,
YTO B ONpEAEIICHHBI MOMEHT CO3J1aJI0 IPOOIeMy UX CO3-
JAHWUSA U TIEPEBO3KH IO JKEIE3HOW IOpOre W OMpPEHeIIIIIO
3aauy MEHAMHU3AIHA 00beMa U Beca IPH BO3PACTAIOMIEH
momrHocTH. 1o 2000 r. HemocTaToYHAsi MOLIHOCTh 3JICK-
TPUYECKUX CETEeH TaKke OorpaHuyuBajia MOHIHOCTH 1T,
T.K. TIPH aBapUilHOM OTKIIIOYEHHWH MOIIHOTO Te€HepaTopa
BO3HHUKAJIU MPOOJIEMBI ¢ YCTOWYHBOCTBIO pabOThI ceTu. B
HacTosiliee BpeMs 00Ias MOIIHOCTh JJIEKTPHUECKHX Ce-
TEH cTajia BBIIIIC, OHU CTaJIk yCTOI‘/lI'-II/lBee K BHE3aIIHbIM
OTKJIFOUCHHUSIM TEHEPHUPYIOIIMX EIUHUIl, W YBEIHYCHHE
momHoctd TI cramo BO3MOXHBIM. IlepcreKTHMBHOCTD
YBEJIMYCHUS] MOIHOCTH MOATBEP)KIACTCS M MEXIyHapo.I-
HOU mpaktukod (pupmer Siemens, ABB Alstom Power,
Hitachi, General Electric, Westinghouse): B BemukoOpwura-
Hun 1 CIHA npoextupytot TI" momHOCTEIO 2000 MBT, BO
Opanmun yxe padoraror asa TI" momuocTeio 1550 MBT,
«General Electric» paspabateiBaer nsa TI' MOHIHOCTBIO
1750 MBT ans xutaiickux ADC. CrenyeT MOJUepKHYTh,
4TO BCE MHPOBBIE (PUPMBI OPUEHTHPYIOTCS Ha 4-X TOJIOC-
HOE UCTIOJIHEHHE TeHepaTopos [16, 30-33].

Jlnst yBenn4eHus MOILIHOCTH JIOTHYHO OBIJIO ObI yBe-
JMYUTH TabapuThl U BEC MAIIWH, HO, KaK ObUIO YKa3aHo,
9TO YCJIOXHAET MX W3TOTOBIEHHE U TPAHCIIOPTUPOBKY,
YBEJIMYMBAET CTOUMOCTh. [loaTOMY yBenn4yeHue MOIHO-
CTH B HACTOsIILIEe BPEMsi pacCMaTpUBaeTcs: 0€3 U3MEHEHHUs
rabGaputoB. IIpy MpOeKTHPOBAHNM YUYHUTBHIBAIOTCS TEXHO-
JIOTHUECKUE BO3MOYKHOCTH CMEXKHBIX IPOM3BOJCTB: BO3-
MOYKHOCTH METaJLTypru4ecKux MNpeanpusTHi, HOpeanpu-
SATUH TypOMHOCTPOEHUS, TPEANPHUATHH IO CO3IaHUIO
YIOPaBJISIEMBIX SIIEPHBIX PEAKTOPOB, BO3MOKHOCTh TPAHC-
moptupoBku TI' x motpeburemo [34-36]. YBenmueHue
MOIIHOCTH II€JIECO00PAa3HO M C TOYKH 3PEHHS] 3KOHOMH-
YecKuX TMokasarenei. Hampumep, oOmras macca, CTOHU-
MOCTh U TOTepu Heckonbkux TI Bcerma Oosibilie Macchl,
CTOMMOCTH U MOTEPh OJAHOW MallIMHbI TAKOU K€ MOILHO-
cru. Iloxcuurano, yro npu ucnonb3oBaHuu ogHoro TI°
BMECTO HECKOJIBKHX, MOIIHOCTb KOTOPBIX B CYMME paBHa
MomHocT oxHoro TI', macca, CTOMMOCTb U HOTEpH

YMEHBIIAIOTCS IPUMEPHO B Ym o CPaBHEHUIO C TAKUMHU
ke nokasarensimu m TI' menplueit MmomHoct. Ha npume-
pe TI'B-300-2 mnoka3aHa BO3MOXKHOCTb YBEIMYEHUS
momtHoctd oT 300 MBT 0 500 MBT 3a cuer usmMeHeHus
3JIEKTPOMArHUTHBIX M T€OMETPUIECKUX TTapaMETPOB KOH-
CTPYKLUH (B JOMYCTHMBIX Hpenesiax) MPaKTHUECKH C CO-
XpaHeHueM radapurtos [16].

Ha snextpocTaHUMsAX KaKAOH 3HEPrOCHCTEMBI pa-
6oraer cornu TI', 1.e. moboii TI" Ha Onoke paboTaeT na-
pajuleNIbHO € JIPYTMMH TeHEpPaTOpaMH SHEProCUCTEMBI.
Jnst ctabunbHOCTH paboThl Bce OHU JOJDKHBI TEHEPUPO-
BaTh COIJIACOBAaHHOE HAIPsHKEHHUE, MHAue MEXAy Mallu-
HaMH, paboTaIOIMMH MApAJUIEIBHO HA OJHY DJIEKTpHUE-
CKYIO CEeTb, BOSHHKHYT ypaBHUTEIbHBIE TOKH. [y 3TOTO
pPOTOPBI BCEX TI'€HEPATOPOB AOJDKHBI BPAIAThCS C CHH-
XPOHHOW CKOPOCTBIO U B Ka)blii MOMEHT BPEMEHH 3a-
HUMaTh OIPEJEIICHHOE YITOBOE IOJIoKeHue. B cmydae
MOTEPH YCTOWYHMBOCTH MPOMCXOIUT MacCOBOE OTKJIIOYE-
HHE TEHEepaTropoB, HSHEProcUCTEMa «Pa3BaJIHMBACTCSY.
Hmenno u3-3a 3toro B 1965 r. B CIIIA npousomia kpymn-
Has aBapud [37]. 7 wtaToB ¢ HaceiaeHHeM 0koJio 30 MIIH.
YEJIOBEK OCTAINCh 0€3 3JIEKTPUYECTBa, YIIEpO MPEeBHICHI
100 mmn. USD. EnuHCTBEHHass 4acThb 3HEPrOCUCTEMBI,
KOTOpas He IOCTpajana, — 3TO paiioH ¢opTa Dpu BO3JIE
Byddamno (turar OHTapHo), KOTOPEIA MUTAJICS OT CTAPBIX
reHeparopoB ¢ yactoTou 25 I'u. B Teuenue 5 muH B cuc-
TEME PacrpeieNICHNs JIEKTPO3HEPTUU HA CEBEPO-BOCTOKE
CIIA mapmn xaoc, Tak Kak U3-3a MEPErpy30K, KOTOpPEIE
KacKaJIoM pacHpOCTPaHWINCh IO BCEH CETH, MPOU3OLLIO
oTtkiroueHue TI' cucTemMol 3aluThl.

K coxanenuro, uem 6osbiie momHocTh T1°, TeM oH
MEHEE «CTaOWICH» MpH MapajuielibHON padoTe. ITo mpo-
UCXOJHUT MOTOMY, YTO HPH POCTE €IMHUYHON MOIIHOCTH
TT ux maccy u rabapuThl CTaparoTCs HE MEHATh. B Mor-
HBIX TI" poTOpBHI CTAaHOBSATCS OTHOCHTENBHO JIerde, MeHee
WHEPUUOHHBIMH U, CJIEZIOBATEIIFHO, MEHEE YCTOMUMBBIMU
B aBapUIHBIX peknMax (Tabi. 2). C KakIsIM HOBBIM IIa-
roM yBenmdeHHs MourHocTH TI mpobiema CHIDKEHHS
YCTOHYMBOCTH CTAHOBHTCS Bce OoJiee akTyalbHOU H Tpe-
OyeT HOMOIHUTENBHBIX HCCIIEAOBAHUM.

Ha puc. 5 nokasana TeHAeHIIMS U3MEHEHHSI OTHOCH-
TEJILHOM Macchl poropa (OTHOIIEHHE MacChl pPOTOpa K
oomeit macce TT', B %) npu usmenennu moraoctu TT.
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Ta6nuua 2

Jannbie TT momHOCTRIO 63-1200 MBT

Puc. 5. 3aBUCHMOCTB OTHOIIICHHSI MAacChl poTOpa K o0IIeii Macce
TI' B 3aBUCUMOCTH OT MOIIIHOCTH

CHmKeHue YCTOMYMBOCTU CHCTEMBI M3-3a OTHOCHU-
TETbHOTO YMEHBIIEHUSI MAacChl POTOPOB T'€HEPATOPOB KOM-
TICHCUPYIOT 33 CYET WCIOJIB30BaHMS OBICTPONECHCTBYIONINX
THPUCTOPHBIX CHCTEM PETyIMpPOBAaHMS BO3OYXKICHHS U aB-
TOMaTHYECKUX PETYISTOPOB HANPSDKEHHS: TIPU MEHbIIEH
Macce poTopa €ro MHEpHUsl YMEHBIIACTCA U MPU MEPEXO.-
HBIX TIpolieccax (WM TpH KOPOTKOM 3aMbIKaHu#) poTop T
Ha4YMHAET «KadaTbCs», T.€. CHIDKACTCS YCTOHYMBOCTH €r0
napajuieIbHON Pa0OThI C AIICKTPUICCKOM CEThIO, HO CHCTEMa
ABTOMATUYECKOTO PEryJHPOBAHHUS BO30YXKICHHUS YBEIMYH-
BaeT TOK Bo30y»kzaeHus. [Ipu 3TOM B reHeparope HapacTaroT
9JIEKTPOMArHUTHBIE CUJIBI, KOTOPbIE KaK OBl CBSI3BIBAIOT €ro
¢ apyrumu TT', 4TO 3aMIMINAET SHEPIOCUCTEMY OT Pa3Bala.

Jist mopnepikaHusl XapakTEpPUCTUK OTEYECTBEHHBIX
TI" Ha MUPOBOM ypOBHE, KPOME YKa3aHHBIX BBILLIE 3ajad,
HYXXHBI JIOTIOJTHATENIbHBIE HCCIIEIOBAHUS IO obecreue-
HUto Oe3aBapuitHON pa®oTel TT B mepexomHBIX pexnMax,
CBSI3aHHBIX C «IHKaMI» U «IIPOBAJaMK» SHEPTONOTpPeO-
JeHus, pabdoThl B peXHUMax IMOTPEOIeHHs PEeaKTHBHOM
MOIIHOCTH, HEOOXOJMMO CHIDKEHHE PacXoloB Ha 00CiIy-
JKMBaHHE W PEMOHTHI, Ha OOECIeueHHEe HaJEKHOCTH U
JIOJITOBEYHOCTH OTIEJIbHBIX Y3JI0B U feraieil. [loBbiie-
Hue 3¢ ¢exruBHOCcTH TI' TpeOyeT Takike COBEpIIEHCTBO-
BaHMA O00€CHEeYMBAIOIINX CHUCTEM (CHCTEM CHaOXXeHHs
ra3oMm, BOJOH M MacjoM), COBEPLICHCTBOBAHUS U IIOBBI-
LIEHUs] HAJIS)KHOCTH CHUCTEMBI BO30Y)KICHUs, BHEIPCHHUS
ABTOMAaTHYECKUX CHCTEM KOHTposst coctostHus TI, wmc-
MOJIb30BAHMSI IPUEMOB COBPEMEHHOM TEXHUUYECKOM uar-
HOCTHKHM HauOojee HaNpsDKeHHBIX Y3JI0B M 3JIEMEHTOB
KaK B omepatuBHOM pekume (online), Tak W IpH MpoBe-
JICHUH TUIAHOBBIX U aBaPUIHBIX PEMOHTOB.

CoBpeMEHHBIH 3Tall XapaKTepU3yeTcs MOSBICHUEM
HOBBIX TUNIOB TI', Mapok cTajiell U U30JILIUMOHHBIX MaTe-

Momuocts, | Bec poropa, Bec TT, OTHOIIIEHHE MAacChl POTOpa

™ MBT pT P T K 001eit Mmacce TlIz, %p Hsrorosutein

TB®-63-2 63 254 123,6 20,6

TB®-110-2E 110 28,9 151 19,1 AO Brextpocna»

TB®D-120-2 120 30,8 179 17,2

TBB-200-2 200 41,8 265 15.8

TI'B-200-2 200 48,7 321 15,2 ITI 3aBos «reKpo-

TI'B-200-2M 200 48,1 256 18,1 TSKMALLD)

TI'B-300-2 300 55,8 364 15,3

TBM-300-2 300 50,4 333 15,1

TBB-320-2 320 55,1 340 16,2

TBB-500-2 500 65 444 14,6 AO Ornextpociia

TBB-800-2 800 84,0 615 13,7

TBB-1000-2 1000 86,5 641 13,5

TBB-1200-2 1200 96 670 14,3
F oo pHuanoB, pa3pabOTKOH HOBBIX CIOCOOOB MPOIJIEHUS CPO-
% . KoB 3kcryaTanuu 1T, ycraHoBneHHbIX Ha 6510kax TOC u
g ADC [23, 36]. Ins ycTaHOBJIGHUSI MPENaBapUITHOIO CO-
2 18 crosiuust T, BbIsiBieHUs! NedeKTOB, MCKIIOUEHHS MIJIH-
E N TEJILHBIX MPOCTOEB N3-32 aBApUHHBIX OTKJIFOUEHUH HE0O-
g ! S XOJUMO BHEJPSTh KOMIUIEKCHBIE CUCTEMBI TUarHOCTHUKHU,
§ 14 [t [25, 30]. ITponomxarorcst pabOTHI 1O JAJIbHEHIIEMY YBe-
Q [
g . JIMYEHUIO MOIIHOCTH B €IMHMIE HCIOJIHEHMS 3a CYET
o ' BHEJIPEHUSI HOBBIX 3JIEKTPOM3OJISLMOHHBIX MaTepHaIOB,
g o 00 300 800 500 1o00 1200 MTOKOBOK C 0o0Jiee BBICOKUMHU TPOYHOCTHBIMH XapaKTepu-
z CTUKAaMH, DJJIEKTPOTEXHUYECKHX CTaJled C MEHbIIUMU
o MowmHocTs T, MBT

YIEeNbHBIMH TIOTEPSAMH, [0 MHTEHCH(DHKALUKM OXJIaxIe-
HUSL 0OOMOTOK U cepaeyHukoB [30-32].

Taxoke npu coznanuu coBpemeHHbIX TI' HeoOXomuMo
KOMIUICKCHOC PEHICHHUC HAYyYHBIX np06neM, CBsI3aHHBIX KaK
HenocpeacTBeHHo ¢ TT, Tak u ¢ cucremamu BO30YKIEHHUS,
peryupoBaHusi, KOHTpoJis U 3amutsl [16, 31]. Ipu paspa-
0OTKE HOBBIX KOHCTPYKLHMH HEOOXOJUMO YUHTHIBATH OCO-
OEHHOCTH pabOTBHI YHEPTOCHUCTEMBI M, COOTBETCTBEHHO, pa-
60oter TI' B HEHOMHMHAIBHBIX PEXNMaX: NPU IIHUKAX» U
«IpOBaNaX» HATPY3KH, PabOTBI C YCIOBHEM OOECIICUCHUS
OayaHca aKTUBHOW W PEAKTUBHOW SHEPIHH B CETH H T.II.
YcraHoBieHHbIe Ha 3rekTpocTaHiuax T He paccuuTaHbl
Ha TaKUE YCJIOBHS pabOThI: OHM HEOCTATOYHO MaHEBPEHHBI
U OTPaHHUYCHBI B PELICHUH BOINPOCA PETYIMPOBAHUS PeaK-
TUBHO! MOIIHOCTH; UMEKT CPOKU AKCIUIyaTaluH, IPEBbI-
IAIOIINE CPOKH, YCTAHOBJICHHBIE 3aBOJIOM-H3TOTOBHUTEIIEM.
[MocnenHee BBI3BIBAET JOMOJIHUTENBHBIE MMPOOJIEMBI: «CTa-
peHHe» M30JLIIUK ¥ M3HOC KOHCTPYKIMOHHBIX MaTepHaJIOB,
CHI)KCHHE MEXaHHYECKOH HANEKHOCTH M IIEJIOCTHOCTH
IIMXTOBAHHBIX CEPAEYHMKOB CTaTopa, 3JIEMEHTOB Kperuie-
HUA U T.1. [16, 36]. [TosTomy mipu npoektupoBanuu TT™ cie-
JIyeT yCTaHABIMBATh JAOTIOJHATEIILHBIC TPEOOBAHNSL:

e ofecrieueHne MOBBIMIEHHOH MaHeBpeHHOcTH TI ¢
BO3MOHOCTBIO XOTSI ObI KPaTKOBPEMEHHOTO IOTpeliie-
HUSI pEaKkTUBHOHN 3Heprum m3 ceTu. lloTpebieHne peak-
TUBHOH 3HEPrMH JOJDKHO OTPaHWYMBATHCA TOJIBKO CTa-
OMIIBHOCTBIO pabOTHI TeHepaTopa B SHEProcUCTEME, a He
TCIUIOBBIMU U MEXaHUYCCKUMU NPOLICCCAaMU B MAIIIMHE,

e o0ecrieyeHre BHICOKOI yNpaBisieMOCTH, BO3MOKHO-
CTH PETYJIHMpOBaHUs 4acToThl Bpamenus TI' (1o kparko-
BPEMEHHBIX ACHHXPOHHBIX PEKUMOB) IIPU COXPaHEHHH
MOIIIHOCTH, 00eCIeYeHne X CTAOMIBHOM CBSI3H C CETHIO C
LENbI0 MOBBIIICHUS] YKOHOMHUYECKHX M OKCILTyaTallOH-
HBIX TTOKa3aTenel anekrpoctanuuu [27, 317;

e olecrieyeHre BO3MOXXHOCTH NPH NPOBEAECHUN PEMOH-
TOB U MoziepHH3auuy TI MOBBIIIATH UX MOIIHOCTH B yCTa-
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HOBJICHHOM rabapuTe, COBEPILCHCTBOBATh CHCTEMY OXJIa-

JKJI€HHs, BHOCUTh HEOOXOQMMbIE M3MEHEHUSI B KOHCTPYK-

LIMI0 HEAKTUBHBIX 3JieMeHTOB TI ¢ MCnonab30BaHHEM CO-

BPEMECHHBIX PacyCTOB, TEXHOJIOTUM 1 HOBBIX MaTepualioB.
CoBpemenHbie TT' JOJKHBL:

® IOJICPXKUBATH TIOCTOSHHBIMU TEXHUYECKHE TTOKa3a-
TENU MPU U3MEHEHHH PEXUMOB pabOThl YHEPrOCHUCTEMBI,
3HaTh JOIyCTUMBIE IIpeaeisl yyactus TI' B noanep:xanuu
OajyaHca akTMBHOW M PEAKTHMBHOW MOIIHOCTEHH;

e [1pu NOBBIMIEHHH MoIHOCTH TI' B mpoiecce ux Mo-
JNepHU3AIMKY JOOUBATLCSA COXpaHEHHUS TabapuToB IS
HCIIOJH30BAHUS CYIICCTBYIOUINX (yHAaMEHTOB U obec-
MIEYUBAOIINX CHCTEM;

® COBEpIICHCTBOBATH CUCTEMY OXJaxkaeHus 11, BecTu
paboTy 1Mo 3aMeHe OXJIAXKTAIOUINX arCHTOB, B YaCTHOCTH,
B TT" momHocThio 300 MBT 1 6oJjiee 110 3aMeHE B3PBIBO-
Y TI0’KapoOoNacHOro Bojopoa Ha Bo3ayx [30];

e uisi obecrieueHuss KoHKypeHTocnocoonoctn TI
MIPOAOIDKATh PabOTHI 10 CHIKEHHUIO MX YIEIBbHONH MacChl
(xr/kBT) 3a cueT COBEpIICHCTBOBAHMUS KOHCTPYKIIMH He-
aKTUBHOM 30HHI [7, 36];

® COBEpIICHCTBOBATH MPOTPAMMEI OIICHKH TEXHHYe-
ckoro cocrostHus TIT ams ompeneneHUs BO3MOXKHOCTH
MPOJJICHHSI CPOKA WX SKCILUTyaTalliH, YCTAHOBIICHHS He-
00XOIMMOT0 ¥ JOCTaTOYHOT'0 00beMa PEMOHTHBIX PadoT;

® MPOJO/DKATh HCCIICAOBAHUS TMEPCICKTUBHOCTH YC-
taHOBKM Ha Oyokax TOC acuuxponusupoBanubix TI' ma-
pauIeIbHO ¢ PabOTAOIIUMH CHHXPOHHBIMU TI' mst mo-
BEIIICHUS HAEKHOCTH W YCTOMYUBOCTH HX pabOTHI U
paboTs! cuctemsl [16];

® COBCPIICHCTBOBATH CHCTEMY HAINPaBIICHHOW IMOJATO-
TOBKH W TEPEMOJTrOTOBKH CIICIIHATICTOB BCEX YPOBHEH
(xBanmpUIMPOBAHHBIX pabOYMX, WHXKEHEPOB), pelIaTh
BOIMPOCHI 00ECIEUYCHUS] SKOHOMUYECCKON 3aWHTEPECOBaH-
HOCTH PaOOTHHUKOB 3JIEKTPOCTAHINHN JJIS YACPKAHUS UX B
HaIlMOHAJILHOU dJIeKTpodHepreTruke [23].

CrnemyeT OTMETUTH, YTO CO3JJaHHEe COBpeMEeHHBIX TT°
HeoOxoxnmo He Tonbko m1a TOC u ADC. CozmaHue HO-
BbIX BHIOB TI' HEoOXoaMMoO M Al COBPEMEHHOU BETpPO-

sHepretuku. [loBeimenne momHocTn BOY 1pebyer yBe-
JIMYEHUs] MOLLHOCTH reHepaTtopos. IIpu 3ToM yBenuuuBa-
€TCsI BEC MAIIMHbI, KOTOPYIO HEOOXOIMMO yCTaHABINBATH
Ha Bce Oombirel BeicoTe. Hampumep, G6amus BOY ¢ TT
morrHocThio 12 MBT (Haliade X, General Electric) nmeer
BeIcOTy 260 M [28, 40]. dns TakuxX yCTaHOBOK BOIPOC
CHIDKEHUSI BECa KaXKI0T0 IEMEHTA 1, B IIEPBYIO 04epeab,
TeHepaTopa — O/IHa U3 OCHOBHBIX 3a/1a4.

Ucnonb3oBanne T ¢ MarHuToO3Ja€KTPUUECKUM BO3-
OyxmeHneM (C BO30YXIEHHEM OT IMTOCTOSTHHBIX MarHUTOB)
BMECTO 3JICKTPOMArHUTHOTO BO30OYXKICHHUS, HE pemacT
3Ty 3amady. [lepcrieKTHBHBIM pelIeHHeM MOKHO CUHTATh
WCIIOJIb30BaHUe TeHepatopoB ¢ obmorkamu u3 BTCII,
YTO TO3BOJIUT CHU3UTH MAaccy M rabapuTBl CBEPXIIPOBO-
JIAIIX TeHEepaTopoB B 3-4 pasza Mo CpaBHEHHIO C OOBIU-
HBIMHU Tako# jxe momqHoctu. ['eneparop ¢ BTCII oomoT-
kamu a1 BOY momHocteio 8 MBT OynmeT uMeTh nua-
metp 3 M u Bec 120 1, TOrAa Kak OOBIYHBIN («TETUIBIN)
TT TaKkoii ke MOIHOCTH Oy/ieT UMEeTh JuaMeTp 9 M U Bec
450 1, T.e. Bec TI" ¢ BTCII oOmoTKamu OyJeT MeHbIIe B
TpHu pasa. IIpu 3Tom croumocts BOY Takske yMeHbIINTCS
ot 6,7 no 3,2 muH. USD. CornacHo mpoBeIeHHBIM HCCIIe-
JIOBaHUSAM, BEC JIOTOJHUTEIFHOTO KPHOTEHHOTO 000py-
nmoBaHUA TpH pa3HbIX KoHCTpyKimsax BTCII reneparopa
cocraBisieT MeHee 4 % oT 0011ero Beca reHepaTopoB, T.€.
nobaBka He3HauMTebHAs [38, 39].

Taxke ipu ucnonszoBanuu s BOY TI co crepx-
MMPOBOAAIIIUMUA O6MOTKaMI/l CHU3ATCA HeO6XOILI/IM])Ie JJIs
HUX YCTAaHOBKH IIPOU3BOACTBCHHLIC ILIOINAANU, KOTOPLIC
O0OBIYHO BeChMa 3HAYUTEIbHBI. Tak, HIs 0o QIIOPHOI
BerpoycTaHoBku SG 14-222 DD (momuocte 14 MBT,
pabounii auamerp 222 M, JuiHa oxHOH soractu 108 m)
HeobxoauMa mwiomans 39-10° M2 [21, 28, 40]. (dxs cpas-
HEHHS, TUIOIAaAh OJHOTO SHeprodmoka ADC ¢ rereparo-
pom momrHOCTRIO 1000 MBT, ¢ peakTropom BB3IP-1000
coctapmster okono 9,1-10° m?). Hekotopbie mapamerpsl
B3OY ¢ TI' mommuocteio 10 MBT ¢ pa3HbIMH THTIaMHU
CBEPXIPOBOIANINX 0OMOTOK MPUBEACHBI B Ta0. 3.

Tabmuma 3

IMapametpst BOVY ¢ pazusivu Trnamu TT" momHOCTEIO 10 MBT CO cBepXIpOBOISIMME 0OMOTKAMHU

TT ¢ oomotkamu u3 | TI' ¢ oomotkamu u3 BTCII| TT ¢ obmoTkamu u3
Tapamerp HTCII TIPOBOJIHMKOB TIPOBOJIHAKOB HTCII npoBogHUKOB
NbsTi (AMSC — American MgB,)
(General Electric) Superconductor) (Kalsi Engineering)
Uacrora BpauieHus gonacreii BOY, o6/mMun 10 10 10
HomumarnsHoe HanpsbkeHHe 00MOTKY cTaTopa reHeparopa, KB 3,3 0,69 4,5
HomuHanbHbI# TOK, A 1750 — 1360
Pabouas Temneparypa oxsnaxuaatomeii cpeast, K 4 80 30
Macca reHepaTopa ¢ JOHOJHUTEIbHBIM KPHOTECHHBIM 143 150 52.5
000pyI0BaHHEM, T
Hapy>xHblil TuaMeTp reHeparopa, M 4,0 4,5-5 5
JlmameTp BeTpOTYpOHHBI, M 160 190 150
Cronmocts (Ha 2018 1.), ThIC. USD 4963 — 3168,0

Jst ADC W3BeCTHBI TaKHe HEOCTATKH, KaK IMPOOJIeMBI
XpaHeHUs U YTHIM3ALKK OTPaOOTAHHOTO SIIEPHOrO TOILIMBA.
Ho mono6ubie mpobiiemsl ecth 1y BUD — Bompoc yTiim3sa-
LMK OTPabOTABIINX YCTAHOBOK M MX OTICIBHBIX 3JIEMEHTOB.
VYrummzanus 6onbiimx BOY, 0cobeHHO X jomacTel, — CloxK-
Hast 3a1a4a. JlonacT KOHCTPYHMPYIOT Tak, 4TO0ObI OHH BbLICP-
JKUBAJIM 3KCTPEMAaJIbHBIC MOTOMHBIC YCJIOBUS: MOpO3, JKapy,
yparasHble BeTpbl. 110 IaHHBIM HCCIIENOBATENBCKOM KOMIIa-
Huu Bloomberg New Energy Finance, Haumnas ¢ 2022 r.,
Toibko B EBpore exxeromHo OyaeT HeoOXOAUMO YTHIT3HPO-
Bath npuMepHo 3800 somacteit BOY [28, 42].

HccnenoBareny 0TMEYaroT, YTO JEMOHTAaX U yTHIIN3a-
[yst HEOOJIBIINX Ha3eMHBIX BOY — ciioHasi, HO B HEKOTO-
pOii crerneHu y)xe oTpaboTaHHasi MPOLEAYpa, HO JEMOHTaX
Oompmx  O(P(IIOPHBIX BETPOTEHEPATOPOB €IIe TOJBKO
NpeacTouT ocBouTh. B BenmkoOpuTanuu nojpcuuranm pac-
XOZBbI HA JEMOHTaX OTCIYKHBIIHX CPOK O(PIIOPHBIX BET-
pomnapkoB (pa3MereHHbIX B Mope). [lo onTumucTHdecKkoMy
mporao3y Oyner HeoOxomumo 3arpatuth 1,85 mupa. USD,
T0 MeccuMUcTHYecKkoMy — oorpiie 5,2 mipa. USD.

Taxxke MOXHO O0XHMAATh, YTO MOSIBICHHE OOJBILINX
TUIONIa/Ie BETPOCTAHIMI MOJKET MOBJIMATH HAa €CTECTBEH-
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HOE TMEepPEeMEIIIeHHe BO3YIIHBIX Macc, OyIeT CrocoOCTBO-
BaTh MPOLECCY CMEIINUBAHUS TEIUIOTO U XOJIOAHOTO BO3MY-
Xa. A COJNHEYHBIE MAHEIH CHU3SIT OTPAXKAIOIIYI0 CIIOCO0-
HOCTh HOBEPXHOCTH 3eMiH. Bce 3T0 mpuBeneT kK M3MeHe-
HUIO KJIMMaTa, K HOBBIM 3KOJIOTMYECKUM IpoOIeMam.

B Egporte ¢ 2009 r. pabotaetr mpoekt EPR (European
Pattern Recognition) nox Ha3Banuem «PV Cycley. Io aroii
mporpamme ¢ 2014 1. camocToATEeNbHAS YTHUIN3AIMSA COJ-
HEYHBIX MaHeNel cTana 00s13aTelIbHON [UIsl BCEX IPOU3BOM-
tenert (Jupexrisa EC 2012/19/EU 00 oTxomax 31eKTpOHH-
ki U anexrpuuectBa — Waste Electrical and Electronic
Equipment, WEEE) [41, 43]. e co3maHbl eHTpEI cOopa
«COJIHCYHBIX» OTXOOO0B. HeKOTOpre [NaHeJIM CYHUTAKOTCA
OIACHBIMM H3-32 CBHMHLA WJIM KaJMHS, U T.K. HEBO3MOXHO
ONPEJIENIUTh CTETIEHb ONACHOCTH, CHELMAINCTHI COBETYIOT
CUUTaTh OMAacHBEIMU Bce conmHeuHble manem. C 2020 r. Bce
MPOU3BOAUTEIIN COJITHEYHBIX naHeneﬁ, KOTOPLIC TOPryrOT Ha
pemEKax CIIA, moDKHBI IPUHAMATE yYacTHE B TIPOrpaMMe
cOopa «conHeyHo-dHepreruyeckoroy» ytwis (mpoekr EPR).
[osToMy riTaBHOM TPOOIEMON ISl KCHIOIB30BAHMUS COTHEY-
HBIX NTaHENEH SBISIETCs] 00ECTICUEHHE COPa3MEPHOCTH 3aTpaT
Ha TIPOM3BOJICTBO U YTHIIN3ALIHIO.

K HemocratkaM BO30OHOBIISIEMOM SHEPIETHKU CIICAYET
OTHECTH TaKXke 0COOSHHOCTH paboThI reHeparopoB or BUD
Ha OOIIIYI0 SHEPIETHYECKYIO CUCTEMY, BJIMSIHUE Ha € YCTOM-
YHUBOCTB. 113-3a HECTAOMIIBHOCTH MOJTYYCHHS JNIEKTPOIHEPIUH
ot BUD konuiecTBO 311eKTpOCTaHIMi Pa3HOTo BUjia C BO300-
HOBJISIEMBIMH HCTOYHHKAMH JOJDKHO OTPaHNIMBATECS. JTO, B
YaCTHOCTH, KacaeTcsi 00eCreyeHust yCTOHYMBOCTH IMHAMUYE-
CKHX IPOIIECCOB B CHCTEMAX SHEPTOCHAOKEHHS 1, COOTBETCT-
BEHHO, U3MEHEHUII B OpraHH3alluy JTUCTIETYEPCKOro YIpaB-
neHns. OOImas SHEpreTHYecKas CHCTeMa HE MOXKET HCIIOIb-
30BaTh Oonbiie BID Ge3 yBenmmyeHHs] KOJIMYECTBA MAHCB-
PEHHBIX MOLTHOCTeW. 3HaunTenpHOe BHenpenus BUD, ecim
OHO HE COIPOBOXKIIAETCSl YCTAHOBKOW JIOTIOJIHUTENBHBIX HC-
TOYHMKOB aKKyMYJIMIPOBaHHSI SHEPIUH, TpeOyeT JOIOIHHU-
TEJTBHBIX CHCTEM PETyJIMPOBAHIS MOIIHOCTH, YTOOBI cOamaH-
CHpOBATh IOCTOSIHHBIE KOJIeOaHUs BBIPAOOTKM M MOTpeOIIe-
HUA SHeprud. Tarke yBEIMUEHHE KOIMYECTBA JIEKTPOCTaH-
mit or BUD B 3Heprocucteme NpuBEAET K COKpALIECHUIO
BKJIaJ]a B 3HEProoOECHEUEeHNE TPaJUIMOHHBIX JIEKTPOCTaH-
LIMH, YTO XOPOIIIO, HO YCJIOKHUT BO3MOXKHOCTb PETyJIMpPOBa-
HMS 9acTOTHI ¥ HANIPSDKEHMS B CITydae MOTEpU TeHEpaliy WIIH
Harpy3ku [2, 40]. Obecnieuenne OamaHca OTPEOIICHHS dIICK-
TPO3HEPTHM W TOAZCP)KAHUE YACTOThl HANPSDKEHUS B CETH
SIBJISIFOTCSL OCHOBHBIMM TEXHUUYECKUMH TIpOOJIEMaMH B SHEp-
TOCHCTEMAX CO 3HAYUTEIHPHON MOIIHOCTBIO YCTAHOBIICHHBIX
BUD. B Vkpaune, o pacueraM YKpIHEpPro, MakCUMasbHas
YCTaHOBJIEHHAs! MOIIIHOCTb COJIHEYHBIX M BETPOCTAHIIMH, KO-
TOPYIO MOXKET IPUHSATh OOBEIMHEHHAs! SHEpreTHYecKas CHC-
TeMa Oe3 OTKIIOHeHHH B paborte, coctaBisier 3 ['Br [2, 3, 21].

BbiBoabl.

Jist yCcTOMYMBOrO pPasBUTHS DIIEKTPOIHEPIETUKH
YkpauHbI ¥ 00€CIICUECHHUS ¢ YHEPreTHICCKON Oe30macHo-
CTH HE00XO0IMMO:

1.IIpn BBHIOOpPE TEXHUKO-dKOHOMHYECKUX PEHICHUH
Pa3BUTHUS JIEKTPOIHEPIETHKH CIIEIYEeT OPUCHTUPOBATHCS
Ha CTaOWIM3alMOHHO-CTAarHAIIMOHHBIA CIIEHApHil ¢ yBe-
JIMYEHNEM BJIOXKEHHH Ha BBIIOJIHEHHUE SKOJIOTHYECKUX
MIPOTPaMM.

2. IIpoBomuTh pabOTHl IO CTPOUTENHCTBY HOBBIX OJ10-
KOB U IO COBEPIICHCTBOBAHHIO 3JIEKTPOOOOPYIOBAHMS
pabotaromux ADC, KaKk OCHOBHBIX UCTOYHHUKOB JJIEKTPO-
sHeprun Ha Ommkaiimme 20-30 met. [Ipu cTpouTenscTBe
HOBBIX 0J10k0B ADC HE00X0AMMO BHEAPSITH HOBBIE THUIIBI
peakTopoB, OoJiee COBEpIIEHHOE OOOpPYIOBaHHE, HOBBIC

TEXHOJIOTUH TONy4YeHUs, NMpeoOpa3oBaHMs, Iepeladd U
pacmpeneneHus 3JIeKTPOIHEPTHH.

3. Ilpomomxkars paboOThl 1O coBepiicHcTBOBaHUO TT:
MOBBIIAThL UX MOIIHOCTH (10 1500 MBT u Gomnee), wc-
MOJIF30BATh HOBBIE KOHCTPYKIMHM CHCTEM BO30YXIEHHUS,
BHEAPSATH COBPEMEHHBIE CHCTEMBI OXJIXKICHHS U T.1. Jls
ycranoBieHHBIX TI' pacmupste mporpammy oOcCITyKHBa-
HUSI ¥ TIOCJIEPEMOHTHBIX WCIBITAaHUH, TIPOBOJUTE MOZEP-
HHU3ALHUIO C MCHOJIBb30BaHUEM COBPEMEHHBIX TEXHOJIOTHH
U MarepuajioB C IEJbI0 NMPOJICHUS CPOKOB 3KCILTyaTa-
OuH, HUCII0JIbB30BaTh KOMILIEKCHBII KOHTPOJIb TEXHUYEC-
ckoro cocrostust TT™ B pexxume online.

4. TlopnepxxuBarh B pabodeM COCTOSIHUHM, TMPOBOIUTH
MOJIEPHHU3AINIO JIeKTpoobopynoBarusa 6;1okoB TOC mus
obecrieueHns YCTOWYMBOTO SHEPrOCHAOKEHUS MOTpPeOu-
TeNnel MO0 MOMEHTa ITycka HOBHIX OimokoB ADC u co3na-
HUS OIPOMBIIIIEHHO-3HaYMMbIX cTaHuuit ot BUD. Crpou-
TENBCTBO HOBBIX OJO0KOB TOC HerenecooOpa3HO u3-3a
3HAYUTCIIBHOI'O BIINAHUS HA 3KOJIOTHUIO.

5. IlpomomkaTth pabOTHI IO Pa3BUTHIO 3JIEKTPOIHEpre-
tuku ot BUD. Jlns anexkrpocraniuit or BUD, koTopsie
paboTaoT Ha OOBEAWHEHHYIO SHEPrOCHCTEMY, YCTaHAB-
JUBATh MCTOYHUKH MaHEBPEHHBIX MOITHOCTEH, 4TO obec-
MEYNUT YCTOWYHMBYIO pabOTy B MEPEXOMHBIX PEXKIMaX,
COBEpPLIEHCTBOBATh CHCTEMY AWCIIETYEPCKOTO YIpaBiie-
Hust. HeoOxomuMo mponoipkaTh paboOThl MO PEIICHHIO
po0JIeM 3KOJIOTHH, KOTOPhIE MOTYT BO3HHMKATh NPU HC-
nosib3oBanuu BUD, B 4acTHOCTH, MO BOMPOCY yTHIW3aA-
IIMH DJIEMEHTOB YCTaHOBOK, KOTOpPbIE OTpaboTaiu ycra-
HOBJICHHBII CPOK 3Kciutyaraimu. J{ist sHeproobecneue-
HUS MHIUBHUIYaJbHBIX HOTpeOHTENel YKpauHbBI meeco-
00pa3HO pa3BHUBaTh CONHEYHYID W BETPOIHEPTETUKY
(momrHOCTRIO 10 100 XBT).

6. Bo300HOBUTH HCCIeIOBaHHS 110 HMCHOJIB30BAHUIO
BBICOKOTEMIIEPATypPHBIX CBEPXIIPOBOAHUKOB JUIS CO3/a-
HUst anekTpoobopynoBanust (TT u apyrux sieMeHTOB
SHEProCUCTEMBI) CO CBEPXITPOBOISIIIMMU OOMOTKAMH.

Kouduaikr iHTepeciB. ABTOpH 3asBJISIOTH PO
BIZICYTHICTh KOH(QJIIKTY IHTEpECIB.
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Improvement of turbogenerators as a technical basis for
ensuring the energy independence of Ukraine.

The paper defines the directions of improving turbogenerators as the
basis for ensuring the energy independence of Ukraine. The analysis
of the state, problems and prospects for the development of modern
electric power industry. Goal of the work is to identify promising
directions for sustainable development of the national electric power
industry in order to ensure energy security of Ukraine, to conduct a
comparative analysis of electricity sources, to confirm the need to
improve the main sources — turbogenerators. Methodology. During
the research, an analytical analysis of the electricity sources, which
are installed at power plants in Ukraine and the world, was carried
out, taking into account the growth of the planet's population and its
energy activity. Cyclic theory was chosen as the theoretical basis for
forecasting. On the basis of this theory, global development trends,
advantages and disadvantages of currently used sources of electricity
- thermal (including nuclear) power plants and stations that operate
from renewable energy sources - have been established. A review of
literary sources on the methods of the energy sector forecasting the
development, including the development of the energy sector in
Ukraine, has been carried out. Originality. It has been established
that due to the active growth of the planet's population, with the in-
crease in its energy activity, obtaining electricity from renewable
energy sources is not enough, that for the next 20-30 years nuclear
power plants will be the main sources of electricity. The internal and
external threats to the energy security of Ukraine, directions of de-
velopment of turbogenerator construction, ways to improve tur-
bogenerators, to increase their energy efficiency, power per unit of
performance, to increase the readiness and maneuverability factors,
and overload capacity have been identified. Practical significance.
The need to continue the modernization and improvement of the
turbogenerators of nuclear power plant units, as the main sources of
electricity, has been proved. The directions of their improvement are
established: increasing the power in the established sizes, making
changes to the design of the turbogenerators inactive elements, re-
placing the cooling agent to keep Ukrainian turbogenerators at the
world level, improving auxiliary systems, improving and increasing
the reliability of the excitation system, introduction of automatic
systems for monitoring the state turbogenerators. Possible limits of
use, advantages, disadvantages and problems of using renewable
energy sources for Ukraine have been established. References 43,
tables 3, figures 5.

Key words: electric power industry, energy independence,
turbogenerator, energy saving, ecology, technical diagnos-
tics, weight and size indicators, power increase, renewable
energy sources.
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INDIRECT ACTIVE AND REACTIVE POWERS CONTROL OF DOUBLY FED
INDUCTION GENERATOR FED BY THREE-LEVEL ADAPTIVE-NETWORK-BASED
FUZZY INFERENCE SYSTEM — PULSE WIDTH MODULATION CONVERTER
WITH A ROBUST METHOD BASED ON SUPER TWISTING ALGORITHMS

Aim. This paper presents the minimization of reactive and active power ripples of doubly fed induction generators using super
twisting algorithms and pulse width modulation based on neuro-fuzzy algorithms. Method. The main role of the indirect active and
reactive power control is to regulate and control the reactive and active powers of doubly fed induction generators for variable
speed dual-rotor wind power systems. The indirect field-oriented control is a classical control scheme and simple structure. Pulse
width modulation based on an adaptive-network-based fuzzy inference system is a new modulation technique,; characterized by a
simple algorithm, which gives a good harmonic distortion compared to other techniques. Novelty. adaptive-network-based fuzzy
inference system-pulse width modulation is proposed. Proposed modulation technique construction is based on traditional pulse
width modulation and adaptive-network-based fuzzy inference system to obtain a robust modulation technique and reduces the
harmonic distortion of stator current. We use in our study a 1.5 MW doubly-fed induction generator integrated into a dual-rotor
wind power system to reduce the torque, current, active power, and reactive power ripples. Results. As shown in the results figures
using adaptive-network-based fuzzy inference system-pulse width modulation technique ameliorate effectiveness especially reduces
the reactive power, torque, stator current, active power ripples, and minimizes harmonic distortion of current (0.08 %) compared to
classical control. References 22, tables 4, figures 30.

Key words: doubly fed induction generators, pulse width modulation, neuro-fuzzy algorithms, indirect field-oriented control.

Mema Y cmammi npedcmasneno MiHimizayilo nyavcayiti peakmuHoi ma aKxmueHOi NOMYNUCHOCMI ACUHXPOHHUX 2eHepamopie
NOOGIUHO20 JCUGIEHHSI 3 GUKOPUCIAHHAM ANI2OPUMMIE CYNEPCKPYMKU MAd WUPOMHO-IMIYIbCHOI MOOYIAYil HA OCHOBI Helpo-
neuimkux aneopummis. Memood. Ocnosna ponb Henpamo2o YNpaeniHHas AKMUGHON MA PeaxmuHol0 NOMYMHCHICMIO NONAAE Y
Kepyeanui ma pezynosanni peakmusHoi ma akmuHoi NOMYydcHOCmel ACUHXPOHHUX 2eHepamopie 3 NOOGIIHUM HCUBNEHHAM OA
8imMpoeHepeemuyHUX CUCmeM 3 NOOGILIHUM POMOPOM 3MiHHOI weuokocmi. Henpame kepyeanns, opienmosane na noe, - ye Kiacuiuna
cxema Kepysanus ma npocma cmpykmypa. LLlupomuo-imnyabcHa Mooynsayis, 3acHO8AHA HA CUCMEM] HEeYIMKUX UCHOBKIG HA OCHOBI
aoanmueHoi mepeosici, € HOBUM MeMmOoOOM MOOVIAYIL, XAPAKMEPUSYEMbCA NPOCMUM AI2OPUMMOM, AKULL OAE 2apHi 2apMOHIYHI
cnomeopenHs nopienano 3 iHwumu memodamu. Hoeusna. [Ilpononyemvca adanmuena mepedca Ha OCHOBI HEUIMKO20 BUCHOBKY 13
WUPOMHO-IMIYIbCHOIO  MOOYaAyiclo. 3anpononosana nodyoosa memooy mooyaayii Oazyemvcs Ha mMpaouyiiHitl wupomHo-
IMRYAbCHIT MOOYAsYIl ma cucmemi HeuwimKuX 6UCHOBKI6 HA OCHOBI A0ANMUGHUX Mepedc 0N OMPUMAHH HAOIIHO20 Menmoody
MOOYIAYIT ma 3MeHWeHHsl 2APMOHINHUX CROMBOPEHb CIMPYMY cmamopd. Y nauiomy 00caiodicenti Mu GUKOPUCHIOBYEMO ACUHXPOHHUL
2eHepamop 3 NOOBIUHUM HCUBNEHHAM nomydxcuicmio 1,5 MBm, inmezpoganuil y eimpoenepeemuyHy cucmemy 3 HOOGIUHUM POMOPOM,
oo 3MeHWUmuU NYI6Cayii KPymHo2o MOMEHNy, Cmpymy, aKkmueHoi nomyxcnocmi ma peakmugnoi nomyoicnocmi. Pezynomamu. Sk
NOKA3AHO HA PUCYHKAX 3 Pe3VAbMamamu, GUKOPUCTHAHHA MemOoOy WUPOMHO-IMIYIbCHOT MOOYAAYIT HA OCHO8I HeUimKUX 6UCHOBKI6
cucmemu a0anMuUBHUX Mepexc NOKPAUYe epeKmusHicmy, 0CoOIUBO 3MEHULYE PEaKMUBHY NOMYHCHICIb, KPYIMHUL MOMEHM, CIpPYM
cmamopa, nyrvcayii akmugnoi NOMyjucHoCmi, ma Minimizye eapmonitine cnomesopenns cmpymy (0,08 %) nopienano 3 knacuunum
xepysannsam. bibin. 22, Tadmn. 4, puc. 30.

Knouosi cnosa: acMHXpOHHI reHepaTopu 3 NOABIHHHUM :KUBJIEHHSIM, IIUPOTHO-IMIIYJIbCHA MOAYJIAIisA, Helipo-HewiTKi
AJITOPUTMH, HelIPpAIMe KepyBaHHs, OPiCHTOBaHE Ha MoJIe.

Introduction. In recent years, the traditional pulse
width modulation (PWM) technique has drawn much
attention from industry and research groups. The main
advantages of the traditional PWM technique are its ease
of implementation and simple algorithm compared to
space vector modulation (SVM). But, this strategy gives
more harmonic distortion of voltage and electromagnetic
torque ripples. To overcome the drawbacks of the
traditional PWM technique, a fuzzy PWM strategy has
been presented [1, 2]. In the fuzzy PWM strategy, the
hysteresis comparators are replaced by the fuzzy
controllers. This proposed strategy minimized the
harmonic distortion of voltage compared to the classical
PWM technique. In [3], the authors proposed the use of a
PWM technique with a neural algorithm applied to the
doubly fed induction generators (DFIG) drive, where the
hysteresis comparators are replaced by neural algorithms.
The simulation results show that the neural PWM
technique is better than the classical PWM strategy in
terms of reducing the harmonic distortion of voltage and
torque ripples. In [4, 5], the fuzzy PWM strategy reduced

the harmonic distortion of voltage compared to SVM and
neural SVM techniques.

Recently, the Indirect Active and Reactive Powers
Control (IARPC) method has been widely used for the
control of AC machines. JARPC, based on classical PI
controllers, has attracted a lot of research control
machines for the last two decades. The IARPC method is
one of the most used control techniques for wind power.
This technique is simple algorithms. This technique is
similar to field-oriented control (FOC). In [6], the authors
proposed the use of an IARPC method with the neural
SVM technique. In [7], an IARPC command based on a
two-level fuzzy SVM technique has been proposed. The
simulation results show that the IARPC control with
fuzzy SVM strategy is better than traditional [ARPC with
classical SVM strategy in terms of minimizing the torque
and active power ripples. In [8], a modified IARPC
control scheme was proposed based on neuro-fuzzy
algorithms with SVM strategy, where PI regulators were
replaced by four controllers based on neuro-fuzzy
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algorithms. In [9], the IARPC control is the robust control
compared to the direct active and reactive powers control
(DARPC) of DFIG. IARPC control and three-level fuzzy
SVM techniques are combined to reduce the torque,
active and reactive power ripples of the DFIG [10].

The aim of this paper is the reduces the active and
reactive power ripples and improve the effectiveness of the
indirect active and reactive powers control using the
proposed pulse width modulation technique and super
twisting algorithms (STA) for doubly fed induction
generators based dual-rotor wind turbine (DRWT) system
under variable speed wind and also to minimize fluctuations
in current, active power, torque, and reactive power.

In this work, the IARPC with STA controllers and
three-level ~Adaptive-Network-based Fuzzy Inference
System — Pulse Width Modulation (ANFIS-PWM)
technique has been considered. The original contribution of
this work is the application of the STA controllers and
three-level ANFIS-PWM technique in the IARPC method
with a DFIG-based DRWT system. The proposed method
is compared with a classical IARPC control. The
simulation results validate that the STA-IARPC with
ANFIS-PWM technique reduced the torque, active and
reactive powers ripples of the DFIG-based DRWT systems.

Three-level ANFIS-PWM technique. The classical
PWM technique goal is to control the three-level inverter.
In the three-level PWM technique, six hysteresis
comparators were used. The PWM technique, which is
designed to control the classical three-level converter, is
shown in Fig. 1. PWM techniques are widely used as
front-end converters in electronic drives. The advantage
of a classical three-level PWM technique is a simple
modulation scheme and easy to implement compared to
the SVM strategy. Its application has been in electronic
drives and controls. But this technique gives more
harmonic distortion of voltage and electromagnetic torque
of AC machine drive.

Fig. 1. The classical three-level PWM strategy

In order to improve the classical three-level PWM
performances, complimentary use of the ANFIS algorithm
is proposed. The principle of the three-level ANFIS-PWM
technique is similar to the classical three-level PWM
technique. The difference is using the ANFIS algorithm to
replace the classical hysteresis comparators. Figure 2
shows the principle of the ANFIS-PWM strategy of a
three-level inverter. Major advantages of proposed PWM
techniques are as follows: minimized active and reactive
powers ripples, a simple algorithm, and robust strategy. On
the other hand, voltage space vectors generated by the

three-level inverter in the coordinate system a-f are shown
in Fig. 3, there are a totally of 27 vectors: 25 active vectors
and three zero vectors in a-f coordinate systems. In this
work, the modulation method with the use of 6 controllers
from the same technique has been applied.

ANFIS
ANFIS
ANFIS

Fig. 2. The three-level ANFIS-PWM strategy

8 6 5
() L) L]
% 7 4 e
Qll 1 2e
12 @ 1 16 182
[ ]
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Fig. 3. Voltage space vectors generated by three-level inverter
in the coordinate system o—f

The schematic diagram of the ANFIS regulator is
given in Fig. 4. Membership functions in triangular shape
are shown in Fig. 5. The rule base of the ANFIS is shown
in Table 1.

K1
0=
=04
du/df—K2 °
Neural algorithm

Output
Fig. 4. Block diagram of the ANFIS algorithm
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Fig. 5. Membership functions
Table 1
ANFIS rules of the hysteresis comparators

ANE NB NM NS EZ PS PM | PB
e

NB NB NB NB NB NM | NS EZ
NM NB NB NB NM NS EZ PS
NS NB NB NM NS EZ PS PM
EZ NB NM NS EZ PS PM | PB
PS NM NS EZ PS PM PB PB
PM NS EZ PS PM PB PB PB
PB EZ PS PM PB PB PB PB
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ANFIS algorithms were originally introduced in 1993
[11], the advantage of an ANFIS algorithm is a simple
method and robust. This regulator has combined the
advantages of the fuzzy and neural controllers. In order to
make the ANFIS algorithm, we used the conventional
neural network with Conjugate Gradiant with Beale-Powell
Restarts algorithm. In MATLAB software, traincgb is the
word we use to accomplish this algorithm.

The schematic diagram of the neural regulator of the
ANFIS algorithm is shown in Fig. 6.

Fig. 6. Schematic diagram of the neural regulator

The neural controllers consist of an input layer, two
hidden layers, and an output layer. The parameters of the
neural regulator for the ANFIS algorithms are shown in
Table 2.

Table 2
Parameters of the neural regulator

Parameters Values

Conjugate Gradiant with Beale-

Training Powell Restarts (traincgb)
TrainParam.Lr 0.05
TrainParam.goal 0
Performances Mean Squard Error (mse)
TrainParam.mu 0.8

Number of input layer 1

Number of neurons for input 2

layer

TrainParam.eposh 300

Number of output layer 1

Number of neurons for output 1

layer

TrainParam.show 50

derivative Default (default deriv)
Number of hidden layer 1

Number of neurons for 5

hidden layer

Coeff of acceleration of 0.8

convergence (mc)

Functions of activation Tensing, Purling, traincgb

Figure 7 shows the neural network training
performance of the ANFIS algorithm of the PWM
technique by using the conjugate gradiant with the Beale-
Powell restarts algorithm.

IARPC strategy. The IARPC algorithm was
originally introduced in the 1970s [12]. The IARPC
strategy goal is to control the reactive and active powers
of the DFIG-based DRWT systems (Fig. 8)

Vgs = 0, vy =vs, ()
Vqs = 0’ Vds =0 (2)
M 4
[ds _L_Idr +L_S;
s S
3)
M
[qs = —L—]q,,

Best Training Performance is 0.0033793 at epoch 138

|
Train ||
— — — Best |

Mean Squared Error (mse)

0 2‘0 4‘0 6‘0 éO 160 1‘20
139 Epochs
Fig. 7. Training performance

The expression of the rotor voltages are:
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Fig. 8. Structure of the IARPC strategy

The IARPC strategy of a three-phase DFIG-based
DRWT system with PWM technique is shown in Fig. 9.

STA-IARPC  method with ANFIS-PWM
technique. The main objective of using the STA- IARPC
method is to develop a robust control of active and
reactive powers of the DFIG-based DRWT system. In our
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SSC — Stator Side Converter [ Grid
RSC — Rotor Side Converter 1
Pg,.— Active Power Reference
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Fig. 9. IARPC strategy of the DFIG

system, the reactive and active powers are respectively
controlled by V. and V.

In the aim to design an advanced IARPC method
with very small active and reactive powers undulations
and without harmonic distortion of current, in our work,
we suggest employing a new IARPC method based on a
three-level ANFIS-PWM technique and STA algorithms
for a DFIG-based DRWT system. This is for essential
objects, including minimizing torque ripple and
improving active and reactive power quality provided to
the grid.

Since the STA algorithm generalizes the basic
second-order sliding mode control design by integrating
second-order derivatives of the sliding variable. This
strategy is proposed by Levant in 1993 [13]. The STA
algorithms have gained importance in the recent past due
to their fast response and superior control characteristics.
The STA algorithm maintains the advantages of the
classical sliding mode control. This algorithm eliminated
the phenomena of chattering compared to the classical
sliding mode control strategy. In [14], the authors
suggest the use of a direct torque and flux control
(DTFC) with the STA algorithm employed to DFIG
drive. A neural STA regulator was designed to improve
the DTFC control of DFIG [15]. Fuzzy controller and
STA algorithm are combined to reduce the torque ripple
of DFIG controlled by DTFC control [16]. ANFIS-STA
algorithm is proposed to reduce the harmonic distortion
and electromagnetic torque ripple of DFIG [17]. In [18],
direct field-oriented control (DFOC) was proposed based
on the STA algorithm with the SVM strategy. The
experimental results show that the DFOC with the STA
algorithm is the robust control compared to the classical
DFOC strategy. In [19], direct reactive and active power
control (DRAPC) strategy based on the STA algorithm
has been proposed. In [20], a modified DRAPC strategy
was proposed based on the neural STA algorithm with a
two-level SVM technique, where the PI regulators are
replaced by the neural STA algorithms. However, active
and reactive power ripples are considered the main
drawback of the conventional DRAPC method. In [21],
the authors proposed the use of a DRAPC with an
ANFIS-STA algorithm applied to the DFIG-based wind
turbine.

The output signal from the STA regulator is
comparable with the control signal obtained from linear

PI regulators. The mathematical model of the STA
regulator can be written as follows [22]:

u=K plS| sen(S)+u;
%— sgn(S) >
ar Kjsgn(3).
where S is the switching function determined for the STA
regulator; r is the exponent defined for the STA regulator;
K; and K, are the coefficients of the integral and
proportional parts of the STA regulator, respectively.

The schematic diagram of the STA regulator is
presented in Fig. 10.

/s »z‘ >

U1 U(Q)

>

Fig. 10. Schematic diagram of the STA regulator

Compared with the traditional IARPC strategy, the
STA-IVC with three-level ANFIS-PWM technique
ensures diverse advantages such as the reduction of torque
ripple, harmonic distortion of current/voltage, active
power ripples. Furthermore, it keeps the robust control, a
simple method of control with almost no changes in the
basic structure of the IARPC strategy. The IARPC
strategy of a three-phase DFIG-based DRWT system with
the application of the classical STA regulators and
ANFIS-PWM technique is shown in Fig. 11.

Grid

L

Fig. 11. IARPC strategy of the DFIG with the application
of STA algorithm and ANFIS-PWM technique

In this control strategy, the reactive and active powers
are controlled by the four STA regulators (Fig. 12).

Simulation results. The DFIG used in this work is a
1.5 MW, 380/690 V, 50 Hz, a machine whose nominal
parameters are reported in Table 3. Both control schemes
classical IARPC and proposed control are simulated and
compared in terms of reference tracking, robustness
against machine parameter variations, and current
harmonics distortion. The simulations are lead with the
MATLAB software.
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Table 3
Parameters of the simulated DFIG
P,, MW 1.5
V., V 380
p 2
R, Q 0.012
R, Q 0.021
L, H 0.0137
L,H 0.0136
L, H 0.0135
J, kg-m® 1000
/» Nm-s/rad 0.0024
f. Hz 50

First test. The objective of this test is to study the
behavior of both IARPC strategies while the DFIG’s
speed is considered maintained at its nominal value.
Figures 15-18 show the obtained simulation results. The
simulation waveforms of the reference and measured
active power of the DFIG are shown in Fig. 15. To
compare the performance of the proposed control with the
performance of the classical IARPC command with the
traditional PWM technique. At the load condition, the
reactive power becomes identified as the load active
power. On the other hand, these waveforms demonstrate
that the analyzed STA algorithm allows obtaining control
signal with the waveforms similar to the output signals
from linear PI regulators. It can be seen that the active
power is controlled properly at the given reference value.

The trajectory of the estimated of reactive power for
the proposed control schemes is shown in Fig. 16. It can
be stated that the reactive power is controlled properly at
the nominal value.

The simulation waveform of all electromagnetic
torque of the DFIG for the considered control system is
shown in Fig. 17. The amplitude of the electromagnetic
torque depend on the value of the load active power.

The simulation waveform of all stator phase currents
of DFIG for the considered control system is shown in
Fig. 18. The amplitude of the stator currents depends on
the state of the drive system and the value of the load
active and reactive powers. On the other hand, Fig. 13, 14
show the harmonic spectrum of the stator current of the

DFIG-based DRWT system for the classical IARPC and
proposed control strategy. It can be observed that the
THD value is minimized for a proposed control (0.08 %)
when compared to classical IARPC with a three-level
PWM strategy (0.47 %).

The response time of the torque, reactive and active
powers for both methods are shown in Table 4. It can be
stated that the proposed control minimized more the
response time of the electromagnetic torque, reactive and
active powers compared to classical IARPC with a three-
level PWM strategy.

Table 4
Comparative analysis of response time
Response time
Active power | Torque | Reactive power
IARPC-PWM 0.135 s 0.135s 0.122 s
Proposed control 3 ms 3 ms 3.7 ms
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The zoom of the active power, reactive power,
torque, and stator current of the DFIG-based DRWT
system is shown in Fig. 19-22, respectively. As can be
seen, the proposed control minimized the ripples in
torque, current, active and reactive powers compared to
the classical IARPC control.
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Second test. For analyzing the robustness of the used
proposed strategy, the DFIG parameters have been
intentionally changed such as the values of the stator and
the rotor resistances R, and R, are doubled and the values
of inductances L, L, and M are divided by 2. The DFIG is
running at its nominal speed. Simulation results are
presented in Fig. 23-27. As shown by these Figures, we
notice that parameter variations of the DFIG increase
slightly the time-response of the proposed strategy. On
the other, hand these results show these variations present
a clear effect on the torque, reactive power, stator current,
and active power curves and that the effect appears more
important for the classical IARPC than that with the
designed strategy (Fig. 28-30). According to the
simulation results in Fig. 23, 24, the THD value of the
output stator current is about 2.06 % and 0.11 % for
classical TARPC and proposed strategy, respectively.
Thus it can be concluded that the proposed strategy is
more robust than the classical IARPC control.
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The zoom of the active power, reactive power, and
torque of the DFIG-based DRWT system is shown in
Fig. 28-30, respectively. As can be seen, the designed
strategy minimized the ripples in torque, active and
reactive powers compared to the traditional TARPC

strategy.
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that robust strategy as the STA-IARPC strategy with three-
level ANFIS-PWM technique can be a very attractive
solution for devices using DFIG such as DRWT systems.
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CHUHTE3 IU®POBOI'O PETYJISAITOPA I'OJIOBHOI'O KOHTYPY TPUKOHTYPHOI
CUCTEMM JIIHIMHOI'O EJEKTPOIIPUBOJY POBOUYOI'O OPTAHY MEXAHI3MY
BOPTOBOI ABIAIIIMHOI TEXHIKA

B mpuxonmypniii cucmemi ninitinozo enexmponpugody, pooouuli opean K020 peanizye NOCMYNAbHe Nnepemiljentss npu GUKOHAHHI
KoManou 60pmoeozo KoMn 1omepa 1imanisHo20 anapamy, 6paxo8amuii 8naue NyibCayiil WupomHo-iMnyIbCHO20 Nepemeoplosaya no-
Ccmitinoi Hanpyau Ha npoyec no3uyionysanus. 3 yMosu Kinyegoi mpusanocmi npoyecy no3uyiony8anHts CUHMe308aH0 Yupposuii pecyis-
Mop 20106HO20 KOHMYPY CUCmeMu i 3anponoHO8aANA 1020 peanizayis y 6uensaodi pekypcusnoco yugposozo ginempy. bion. 12, puc. 4.
Knrouoei cnosa: JiHIHMI e1eKTPONPHUBOI, AUCKPEeTHA NepeAaBaibHa (QYHKILifA, INMPOTHO-IMIIYJIbCHA MOAYJIALINA, IOMUHJIKA
NO3ULIOHYBaHHsA, ONITHMAJILHUII peryJsiTop.

B mpexxoumypnoil cucmeme IuHeNHO20 SNEKMPONPUSOOA, pabouull Opean KOmMopozo peanuzyem NOCHynamenvHoe nepemeujerue
npu BLINOIHEHUU KOMAHObL BOPMOBO20 KOMNIOMEPA NEMAMETbHO20 ANNAPAMA, YYMEHO UAHUE NYTbCAYUL WUUPONHO-UMNYTbCHO2O
npeobpazoeamenss NOCMOAHHOZ0 HANPANCEHUS HA NPOYecc NO3UYUOHUposanus. M3 ycioeus KOHEYHOU ONUMeNbHOCmU npoyecca
NO3UYUOHUPOBAHUS CUHMESUPOBAH YUDPOBOU Pe2YISIMOp 2IAGHO20 KOHMYPA CUCHEMbl U NPEONIONCEHA e20 Pearu3ayus 8 eude pe-
KypcusHozo yugposozo gpurempa. bubn. 12, puc. 4.

Kniouesvie crnosa: NTMHEHHBIH JIEKTPONPHUBOJA, AUCKPeTHasi mepegaTodHasi (GYHKIWsS, NIMPOTHO-HMITYJIbCHAsE MOIYJISIIHS,

OIMOKA MO3NIIHOHUPOBAHHUS, ONITHMAJIBHBIH PeryasTop.

Beryn. IloctaHoBka mnpoGjieMH B 3arajbHOMY
BUTIsAAI. B KOHTEKCTI MmpoOieMu CTBOPEHHS €IeKTpHd-
HOro Jitaka [1] icHye BakjIMBe HAYKOBO-IIPAaKTUYHE 3a-
BIAHHS — 3aMiHa Ha WOro OOpTy TigpaBIiYHUX Ta ITHEB-
MaTHYHUX MPHUBOMIB, IO YIPABISIOTH JIHIHHAM TepeMi-
MEHHSIM poOOYMX OpPTaHiB BiIMOBITHUX MEXaHi3MiB, X
EJeKTPUYHUMH aHAJIOTaMH Ha OCHOBI JiHIHHUX abo mia-
roBux JIBUryHiB. OCHOBHA BUMOra JI0 HHX - 3a0e3MeuuTn
TOYHE HOSI/ll_IiOHyBaHHSI HiCﬂﬂ 3aBCPUICHHA MMOCTYNAJIbHO-
ro pyxy 0e3 KOJMBaHHS 3yCHILIS.

Ha xapakTepHCTHKH TOYHOCTI JIIHIHHOIO €JeKTpo-
MIPUBOJY BIUIMBAIOTH 3MIiHM HAaBAaHTAXXEHHS 1 JUCKpET-
HICTb YNpaBJiHHS, SIKAa CIPHYMHSE ITyJIbCALlil HaNpyru
KHMBJICHHS €JIEKTPOJIBUTYHA.

Ha erani npoekTyBaHHS TOYHUX CHCTEM ITO3HUIIOHY-
BaHHS iCHYe MpoOiieMa BpaxyBaHHS BIUIMBY ITUX (PAKTO-
piB Ha AWHAMIYHI XapaKTEPUCTHKH: MIBHIKO/I0, TIepepe-
TYJIIOBaHHSA, CTIHKICTh, 3 MOAANBIIO0 iX ONTHMI3AIlETO.

AHaJi3 OCHOBHHX AOCJHiI:KeHb i myOJikauii Ta
MOCTaHOBKA MpodJeMu. B pobori [2] po3kpuTo 3aranbHi
MPUHIIUIN TTOOYJIOBH CHCTEM aBTOMAaTH30BAaHOTO €NEKT-
POIIPUBOJY Ha OCHOBI 3BHYAMHUX 1 JIHIHHUX €JIEeKTpo-
JBUTYHIB IOCTiifHOTO cTpyMy. Bucoki BuMoru no xapax-
TEPUCTUK TOYHOCTI JIIHIHHUX €JeKTPONPUBOMIB IS aBia-
[iHOI, KOCMIYHOI TEXHIKH, TOYHUX TEXHOJOTIYHUX IPO-
IIECiB, Yepe3 HasBHICTH B IX CKJIaJli CHIIOBOTO MEPETBOPIO-
Baya 3 MUPOTHO-IMITyIECHOIO MoxayJrmieto (IIIIM) Buxi-
JHOI HaIpyTH, YCKIAIHIOIOTh MPOIENypy aHami3y i CHH-
Te3y iX TMHAMIYHHUX XapaKTePUCTHK 13 33/1aHOIO SKICTIO.

ToMy B Bimommx pobOoTax, MPHUCBSIYCHHUX PO3POOIIi
CHCTEM JUIs 3a3Ha4YeHHUX 00JlacTei, OCHOBHA yBara Mmpuii-
JISIETBCSL 1X MPAaKTUYHOMY KOHCTPYIOBAaHHIO Ha OCHOBI
aHaJli3zy PEeXHUMIB PoOOTH MexaHIUYHUX By3diB [3], mpo-
rpaMyBaHHIO KEPYIOUMX KOHTPOJIEPIB HA OCHOBI HEUITKOI
noriku  [4-6] 3 BHKOPUCTaHHSM EKCIIEPUMEHTAIbHUX
naHux. Tak, mporpaMyBaHHsS HaBYAJIBHOI'O KOHTpOJIEpa
JUTA CUCTEMU TTO3WIIIOHYBaHHS MOJadi BepcTara 3 YHCIIO-
BUM YIIPaBITiHHSIM BUKOHAHO Ha OCHOBI €KCIIEPUMEHTAIIb-
HUX AaMIDNTYAHO-YaCTOTHUX XapaktepucTuk [7]. s
JIOCITIHKEHHS TIPOIIECiB B JIIHIMHUX €JIEKTPOIPHUBOJIAX 3

PI3HMMH THNAMH HAaBaHTAXXEHHS LIMPOKO BHKOPHCTOBY-
€ThCSl €JIEKTPOHHE MojemtoBanHs [8-10].

Mo>kHa BiI3HAYNTH, 110 METOJM TEOPETUYHOI'O aHa-
73y 1 cuHTe3y cucteM 3 raubokoro LIM no renepimHbo-
r0O 4acy He OTPHUMaJIH CBOTO MOJAJIBIIOro pO3BUTKY. BoHn
3aCHOBaHI Ha OOJIKY JIMIE TOCTIHHOI CKIagoBOi, a0 XK
BPAaxyBaHHIO JWUCKPETHOCTI PETYJIOBAaHHS «B MaJOMYy»,
konmu cucremu 3 IIIIM exBiBaJeHTHI cucremam 3 amInIi-
TYIHOIO IMITYJIBCHOIO MOAYJIALIETO.

I1i meTonu He 103BOJISIFOTH BpaxyBaTH BILIUB ITyJIbCa-
il HATIPYTHY >KUBJICHHA JITHIHHOTO IBUTYHA, SIKi € HACTIJKOM
rianookoi 1M, npu cuHTE3i AMHAMIYHHMX XapaKTEPUCTHK
CHCTEMH TO3MI[IOHYBAaHHSA 3 3aaHoi0 sKicTio. OueBHIHA
HasIBHICTh IPOOJIEMH, SIKa MOTPEOYE CBOTO PIILICHHSL.

Meta po6oTu mossirae B CHHTE31 LU(POBOTO peryJis-
TOpA TOJIOBHOTO KOHTYPY JIIHIHOTO €JIEKTPOIPHBOIY POOO-
4Oro opraHy MexaHizMy OOpTOBOI aBial[iiHOI TEXHIKH, SKUH
3abe3nedye TIepeximHuii Tpolec KIHIEBOI TPHUBAJOCTI 3
ypaxyBaHHAM BIUTMBY IyJbcallii meperBopioBada 3 1111IM,
10 J03BOJISIE MiABUIIUTH TOYHICTH MO3UITIOHYBaHHSI.

Buknanennst ocHoBHoro martepiaay. Cxema, sika
MpUBEJeHa Ha pHC. |, CKIIATAETHCS 3 TPHOX KOHTYPIB:
CTPYMY, IIBHIKOCTI, IOJIOKCHHSI.

Kontyp ctpymy BKIiItOYae B ceOe peryisaTop CTpymy,
JaHKy (OPMYBaHHS CTPYMY 1 JIAaHKY HECKOMIICHCOBAaHOT
CTaJol yacy, sika BHU3HAYAETHCS CTAIUMH 4acy (uUIbTPIB
JUIS 3TIA/DKYBaHHS MyJbcallii cTpyMmy. IX mepenaBambHi
(hyHKIIIT, BIIIOBIIHO:

1+p-T
KCC(p):KCSpl_?—TCE;
1
Kpelp)=———F—
re(p) R,(1+pTg)
1
Kcr(p)zm»

ne Kcs — KoeillieHT mepeaadi MmporopIiiiHOi CKIIAI0BOT;
Tc — crana iHTerpyBaHHS KOHTYPY CTpyMY; T — €IeKTprd-
Ha CTaja sIKops JBUIYHA; R,— aKTUBHHM OMNp SAKOPS; O -
HECKOMIIEHCOBAHA CTaJa.

© 10.0. llenucos, O.1. [lerncos, O.0. Bypcana
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Jlxepemom  mymnbcamiii  CTpyMy €  IIHPOTHO-
immyiscHu# nepetBoproBay (LIIT), skuif KUBHUTHCS Bix
6opToBoi Mepexi JiTanpHOro amapary. Ha puc. 1 HIIIT
NPE/ICTaBICHO CYKYIHICTIO iMIysibcHOro enemenra (IE) 3
KOe(illieHTOM MiACHICHHS K;p, SIKUil TOPIBHIOE OJMHHUIII,
ta ¢opmyrodoro enementa (PE), CK — cucrema kepy-
BaHHA 3 KoediuientoMm miacwieHHs Kcx. Bpaxysarn
BIUIMB ITyJIbCAlliil Ha SKICTh IEPEXiIHOTO NpPOLECy CHCTe-
MH TO3ULIOHYBaHHS Yy 3arajJbHOMY BHIJIOI MOXHa 3
BUKOpHCTaHHAM TmepenaBanbHoi (yrkmii I, skuit €
JIaHKOIO KOHTYPY CTPyMY.

B [11] 3a pe3ynbTaTom aHami3y CIIEKTPY HANpyrH Ha
Buxozi IIIIT B 6a3uci opTOrOHAIBHUX OUCKPETHUX (QYH-
KUiii Youma OoTpUMaHO MOIYJISILIHHI XapaKTePHCTHKH,
SKi BiZJOOpa)KarOTh 3aJIEKHOCTI aMILUIITYJ CHEKTPaIbHUX
CKJIaJIOBHX B[l IIIAPyBAaTOCTI PETYIFOBaHHS.

[MepenaBanbay ¢ynxniro I 3HalizeHo y Bl
BekTOpa. MOro po3MipHICTh BHM3HAYAETHCS KINBKICTIO
BpaxoBaHMX (QYHKIIH Yoiiua, sika 3aleXNUTh BiJ 4aCTOTH
3pi3y CHCTEMH i TOXHOKHU arpoKCUMAIil.

KomnonenTta i-ro BekTopa mepenaBaibHOI (YHKIIT
nasaku 3 LM (dopmyrodoro enemMenTa):

) erls)
exp| ——q |—exp| ———
):mKl-Wal i i

K' s (g p

e m — Kinbkicth anpokcumyrounx Qyskmii; K7 = 1,
SIKIIO MOJYJIFOETHCS IMITYJIBC OAMHHYHOI aMILTITYAN Tpsi-
MokyTHOI popmu; ¢ =p-T, ne T - nepiox komyrarii LIIIT;
i=0,1,2,..m-1 - HOMep KOMIIOHEHTH BEKTOpa Iepeaa-
BaJbHOI (YHKLIi 3 [iama3oHOM 3MiHM INIAPyBaTOCTI
i/m<y<i+l/m.

3a pe3yabpTaTaMH CTATHCTUYHOI JIiHEapu3amii MOIy-
JSIIAHUX XapakTEepPUCTUK Ha OCHOBI mojiHnomiB Epmita

Use(p)
-)®—) Ker(p) Ks —)@—) Kedp) 21 Ker(p)

(D

B [11] oTtpumano nepenaBaibHy (yHkuito nanku 3 [IM
ot 0 <y < 1, sKa 3 ypaxyBaHHAM YOTHPBOX (PYHKITiI
VYounia Mae HaCTyNTHUN BUTJIS:

5
Kic-Kic D e
k=2

K s (9) = p : )

e Kic = 1,086; Ky = 0,114; K¢ = 0,280; Kyc = 0,246;
Ksc = 0,446 — xoedimieHTH CTaTHCTUYHOL JiHEeapH3alii,
ski BiamoBimatote IIM iMmynbscy mpsMOKYTHOI (opMu
OIMHUYHOI aMIUTITYIH HAa OJHHUIHOMY Hepiofi.

3 (2) BuIHO, IO BHACTIJIOK CTATUCTHUYHOI JIiHEApH-
3amii YOTHPHOX MOAYIALIAHUX XapakTepucTuk, LIIM
«Y BEIMKOMY» 3aMIHIOE€THCS €KBIBAIEHTHOIO aMILIITYIHO-
IMITYJIbCHOIO MOJIYJISILIIEI0 YOTUPUCTYIIHYACTOTO IMITYJIb-
Cy. AMIUIITYd CTYICHIB BH3HAYAIOTHCS BiAMOBIIHUMHU
KoeQillieHTaMy CTATUCTHYHOI JTIHeAPH3aLlii.

KoHTyp mBHAKOCTI MICTHTH JaHKY (OpPMyBaHHS
MPOTH-€.p.C. 3 IEpPEIaBATBHOIO (DYHKIIIE0

R
KFE(p):m:

ne Ty — eNeKTpOMEeXaHIYHa CTalla; i TAaKOXK JIAHKY (hopMy-
BaHHS IIBUIKOCTI 3 KoedimienTom nepenadi 1/Kg, ne Kg —
KOEQIIIEHT IPOTH-€..C. IKOPS JBUTYHA.

Jo xoHTypiB cucTemMu BKIIOYeHI maBayi: Kgo —
ctpymy, Kgs — mBHAKOCTI, Kgp — TIONOXKEHHS, a TaKOXK
MPONOPIIHHUI PEeryasTop KOHTYPY HIBHAKOCTI 3 Koedi-
uieHToM miacuienHst Kg . Perynstopu KoHTYpiB cTpymy
Ta MBHUKOCTI HAJIAIITOBaHI HA MOAYJIbHUN ONTHMYM.

Crpykrypa i napameTpu u(ppoBOro peryisropa ro-
JIOBHOTO KOHTYPY (IIOJI0KEHHS) Y NOJaJIbIIOMY OTpHUMaHi
B pe3yJIbTaTi Horo onTuMiszanii 3a KpUTepieM IBUAKOMIT 3
ypaxyBaHHsM 1ysbscaniit HITT.

-0,25q(k-1)

1(p) E(p) V)

VVKe 1>

Krd(p) Kre(p)

K SS

Ksp

p

Puc. 1. CrpykrypHa cxema

JuckpetHi nepegaBanbHi GyHKUii KOHTYpIiB cuc-
TeMH MO3MIiOHYBaHHs. [lepeTBOPHMO CTPYKTypHY CXe-
My (puc. 1) B cxemy (puc. 2), B siKiif 3BOPOTHUI1 3B’ S130K

o 1MmpoTu-c.p.C. JABHUI'YHA HC BanOBaHHfI, OCKiJ'[LKI/I
Ty >> Te[11].

KIE

—)®—) Ker(p) Ks

Kerp) >

1(p) E(p) "p)

Kpup) 2| Krcp) VKg 1>

Kex P Kre(p)

Use(p)
TK(c(p) >

(€ Kcc(p) |6 Kerlp) [€7

Kex (€9 Kopulp) (€= KFc(p)(J

K SS

Ksp

1/p

Puc. 2. IlepeTrBopeHa cxema
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a) Kouryp crpymy. Ilpritmemo npumyImeHHs npo Te,
IO Jiana3oH 3MiHM IIMAapyBaTOCTI PEryJIOBaHHS IPU Bpa-
XyBaHHI 40THphOX (DyHKLIH Yomua (m = 4) 3HaXOAUThCS B
30Hi i = 0, TooT0 0 <y < 0,25. Toni, 3 ypaxyBauusm (1),
nepeaBaibHa QYHKINS KOJia 3BOPOTHOTO 3B’SI3KY KOHTYPY
cTpyMy € Mou(biKOBaHE Z-NePETBOPEHHS:

w ﬂ,(Z,g) =Zy {KSCKCSKCK
-0,25pT
4(1-e 1

R, (1+ pTf) '

B pesynbrari MoamM(ikoBaHOTO Z-TIEPETBOPEHHS 3
3aMiHOI0 p = g/T, OTpUMAEMO:

1+pTE><
rTc

p(1+p 0')

F'.(z,€)
(z—l)l(z—e_ﬁ)’ ®

. 4K, Ko T?K
s pianasony 0 <e <0,25, e K p, = %,
CO'

F'l(z.6) = Al[g z—1)+0, 25]( )
#o (e

o0 75,3)}

W*fb(Z,S) :be

1 1 1 T
==, h=——, L=—, f=—.
B B B o
s niamazony 0,25 <e <1
* F* z,&
W () = K gy —22:) )

(z —1)(2 —e_'B) ’
ne Fy(z,6)= z[o, 254 (z—e‘ﬁ |+ e (z—eO’ZSﬁ | (z—l)}

JliBe 3HaueHHs (4) MOpIBHIOE TpaBOMYy 3HAYEHHIO
nepeaBanbHOl yHkuii (3), TooTO:

W 5 (z,~0) =z im W 5 (z,8) =W 4 (2,0)=
w(z0)=z lim w(z.8) =W 4(z2,0)

0,254 (z—e_'B)+A3e_ﬁ(1—eo’25'3)(z—1) ()

(z—l)(z—e_ﬂ)
Lle cBiquuTh Mpo Te, 0 B MOMEHT KBaHTYBaHHS Iie-
penaBajbHa (QyHKIIiS HE MICTHTh CTPUOKIB.
[NepenaBanbHa QyHKIIS 3aMKHEHOTO KOHTYPY CTpPY-
My Ui cXeMH (puc. 2)

=Kp

* 1
W foe (z,0)= m )
3 ypaxyBaHHsM (5) MaEMo: ‘
W fe(2.0)=
(zfl)(zfe_ﬂ) (6)

(==1)(=- ﬂ)+Kﬂ,[O 254(z—c7 )+ 4 1- 0’25/’)(2—1)}

0) Konryp mBuakocti. [lepenaBamsHy QyHKIITO
YAaCTHHU PO3IMKHEHOTO KOHTYPY IIBUAKOCTI, SIKMW OJep-
JKaHO B pe3yJbTaTi MepeTBOpeHHs cxemu (puc. 1), B cxe-
My (pHc. 2), OTpUMYEMO B TIPOLECT HACTYITHOTO MOH(]i-
KOBaHOTO Z-TIePETBOPEHHS:

pTc

K
CK

WCS(Z,S):ZM{KCS Hpo

4(1 _p 025 pT) R,
X
3pobumo 3aminy p = g/T 1 oTpEMaeMo:

By By, B B
2,6)=Zy Ky | =+ —2+L 4 0 |
cs( ) M{ 05{613 2 q+/3

q q
(1=,
4K Ky T 1 1 1 1
pe Ky =00 B=— B=—s, By=—, B=—3.
B pesynbraTi MOIM(IKOBaHOTO Z-TIEPETBOPEHHS IS
inTepBaiy 0 < ¢ < 0,25 maemo:

* F* I(ng)
W 1(z,6) = Kog e ™
2(z-1) (z—e '3)
a s inTepBaiy 0,25 <& < 1 maemo:
3
* F X 2(29‘9)
W s2(z,6) =Ko, - 3

2(2—1)2(z—efﬂ)’
e

F* p1(z,6) = By [2282 +2(0,44+0,52-25%) -0, 94}
)(z e ﬂ)+

+2B, e P (z—e_0’75ﬂ)(z—1)2 + ZBl(z —1)2 (z—e_ﬁ);

x(z=e )+ 2By 26 -2 -0,75](z -

F* a(z,6) = By[0,52+ 2(2—1)(0,52 — 0,0625) ]x
X(z—e_o’zsﬂ)+Bz (z—l)(z—e_ﬁ)z~0,5+

+2Bgze P (1= 0P ) (z 1)
3 nepenaBanbHOT (yHKLIT (8) MaeMo Ti JiBe 3HAUSHHSL:

W (z,-0) =z im W, (z,6) =
el

By(0,442+0,22)(z—¢ 7
=Ky, + ®

2(2—1)2 (z—eﬁﬁ)
By (z1)(z-¢ 7 )+ 2By (1= )(z=-1)?

2(2—1)2 (z—e_ﬂ)

[TepenaBanbHa (QyHKIIS PO3IMKHEHOTO KOHTYPY
mBuakocti 1t 0 < ¢ <0,25:

W*ssl (z,6)= W*fbc (2,0) W*csl (z,8),
am 0,25<e<1:
W 352(2:6) =W e (2,0)- W 5(2,2)

[lepenaBanpHa QyHKINS 3aMKHEHOTO KOHTYPY IIBH-
nxocti g 0 < e <0,25:

4
T

W*ssl(zag)
1+W fhe (2,0)- W ,n(2,-0)

W p(2,8) =

am 025<e<1:
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W, (z,€)
* * :
1+ 1o (2,0) W 12 (2,-0)

B) KonTtyp nosoxennsi. I[lepenaBanbua ¢yHkumis
PO3IMKHEHOTO KOHTYPY MOJNOKEHHS:

W*beZ(Zag) =

* * KspZ

W pp1 (2:6) =W i (26)—F—, 056025;
* * KSPZ

w ﬂ,pz(Z,S):W beZ(ng)' ~_1 , 025<e<I.

3 ypaxyBanusM (6) — (9) micis BiINOBIAHUX mepe-
TBOPEHb Ma€eMO IepelaBaibHI (QYHKI{ KOHTYpY MOJIO-
JKCHHSI B PO3IMKHEHOMY CTaHi:

*
W p1(z,€) = Kq x

(@) + Pap (o) +Pay (o) +za(e)  (10)
(z— 1)[23173 (1) + 22, (1) + 2By (1) + bO(l)J ’
g 0 <e<0,25;
W pa(z,6) = Ko x
X246123(8)+Z3azz(€)+22a21(€)+2020(€) (1)

E

(z-1) [23133 (1) + 220y (1) + 2By (1) + by (1)}

ne 0,25 <e<1,

Ky = KOiKsp >

al3(5) = B352 + 2Bz€+231 +2B0€_ﬂ€ N
apy () :B3(O,44+0,55—252 pe -e*ﬁ)+

2B, [0,25 —e- 5(1 + e*f’)] —231(2 + e*/f)—
2By (24707 )e*ﬂg;
a11(2)= B3| 0,06+27 ~0,50 -7 (0,44+0,55—252)}+
2B, [s(1+e*ﬂ)—o,25(1+e*f’)+g-e*ﬁ}+
12B, (1 +2e7 ) +28B, (1 +2¢707568 ) e Pe.
a0 (€) = By [—e‘ﬂ (0.06+¢7 - 0,55” N
428y (~se 40,256 )~ 28,¢7F ~ 25, 1107,
by(1) =2(1+ Koedse ™ )
by (1) = Ko, (0,5A1 - 6A3e‘ﬂ) + Koy (0,45B; + By)—2¢77 ;
by(1) = 2(1 + 2e‘ﬁ)+
1Ky, [33 (0.,05-0,45¢) -, (1477 )J N
Ko, [6A3e_ﬂ 054 (1+¢ 7 )}
by (1) = Ko, (0, Sae ~245077) -
~Ky, (0, 05Bye” — By ) ~2¢7P,

ty3(6) = By (0,56-0,22) + 2Bye P* (1—e‘°’25ﬂ ) +B,-0,5;

ay(¢) = Bs [0, 0625~ 0,5(1 +e P )5 +0,0625¢ 7 } _
-B; (1 +e ) —4ByePe (1 _OBF );
ay1(e) = 2B()€7ﬂg (1 —e 0235 ) +

+0,5B,¢ 7 — B;(0,5625-0,5¢);

a) (8 ) =0.

Cunte3 nHM$ppoBOro peryjsTopa KOHTYpY MOJIO-
sKeHHAI. MeToro cHHTe3y € 3a0e3neueHHs KiHIEBOi TpH-
BaJIOCTI MEPEXiqHOTO MPOIEeCy B KOHTYPi MO3HIIOHYBaH-
Hi TpU MiHIMATBHOMY TiepeperyiroBaHai. s mporo
CKOPHCTAEMOCS HAMOLIBII 3aralibHUM, IPYTHM TMOJITHOMI-
anpHUM piBHsHHAM cuHTe3y [11]. [IpeacraBumo nepena-
BanbHI (yHKLIT PO3IMKHEHOTO KOHTYPY IIOJIOXKEHHS B
HACTYITHOMY BHIJISII:

. P'i(z,6)
w (z,e)=—————— 1 0 < <0,25;
Jopl
' (z-1)0"1(2)
* P*2(ng)
w (z,6)=————— m10,25<¢e<1,
Jfop2
' (z-1)0"1(2)
ze
P*I(Z,€)=

. (12)
|

=Ky [013(8)24 +ay5(8)2° +ay1(6)2% + a1 (&)z
P'y(z,8) = Ko a(8)z* +a (&) +ay ()2 |, (13)

%
0'(2)=b()+ by (N + 2 (D+hy(D).  (14)
MiHiMaTbHA TPUBATICTh MEPEXiTHOTO MPOLIECY:
Smin =ZQ +tr—rn,

ne lp - cryneni 3namenHukis (10), (11), o = 1 - BoacHui
acTaTH3M KOHTYPY TIOJIOKEHHS, ¥ = 1 - HOro acTaTtusm 3a
pe3yapTaTaMu NpoUeaypy cUHTe3y. Tomy Sy, =4.

Juis criiikoi HeTlepepBHOI YaCTHHH KOHTYPY TTO3HUIIi-
oHyBaHHS Ha iHTepBanax 0 <¢<0,2510,25 <e¢ <1 cnpa-
BEJUINBE CITIBBIIHOIIEHHS:

P'(z,0)-M"(z,00+(z-1) N(z,00=2*,  (15)
e M*(Z,O) = (| - NOJIHOM CTYIEHIO /), =r — 1=0,
N'(z.0)=dyz* +d32> +dyz* +diz+dy  (16)

- TIOJIIHOM CTyNEeH!O [y >Ip, fie [, = 4 cTyneHb Pl*,(z, e).
B pesynbrari (15) npuitmae BUTIISII:
CoKo [6113(0)24 +a15(0)2° +a11(0)z° +010(0)ZJ+
. (17

+(Z—1)(d4z4 —i—01'3z3 +d222 +dlz+d0) =z

[MopiBHIOEMO KOE(illiEHTH OJHAKOBHX CTYIECHIB Z,
1a 3 (17) oTpumyemo:
1

Cp=——,
i (S
3 a10(0)
4,0)=Ya;,0), dy=0, dy="C"
) %:01 0), dp 1 4,0)
2
a1, (0)
L @0(0)+a(0) 2 o
4,0 7 40 0
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B pesynbrati Maemo:

2 1
Zaln (0) Zaln (O) 0
N*(z,O):z3 0 +22 0 zalo( )
4,(0) 4,000 4,(0)
[lepenaBambHa QyHKLIS TOCIIIOBHO YBIMKHEHOTO
OINITHMAJIEHOTO PETYNIATOpA:

K:CP(Z’ 0) = Q I(ZE.M (*Z’O) *
(z=1)7 N (2,0

3 ypaxysauusm (14), (16), (18) orpumyemo:

2y (1) +2hy (1 )+sz< )+ho(1)

z3%aln( )+22 Zaln( )+zay0(0)

Po3minuMo 4YHCENBHUK 1

(18)

Ko (2,0)=

.(19)

3HameHHHK (19) Ha

2
Ky a;,(0) i otpumaemo:

0
*(.0)="Z gz vz gzt
Koep - 1 -1 -2 B
+0(12 +a22
. (20)
:AUOUT [Z,O]
AU [2,0]
ae
by (1 1 1
YU R U U
Ko a1,(0) Ko a,(0) KoY a1,(0)
0 0 0
1
zaln(o)
1 a(0)
1= b20() P =0
KoY a1, (0) >4, (0) Z ay, (0)
0 0

3 (20) 3Hax0aMMO, IIO:
3 2
AUgur [2.0]= AU [2,0] 14z -AUgur [2,0) Yoz
1 1

* . .
OtpumaHoMy z-300paxenHto AUpyr [z, 0] Biamosi-
Jla€ OpUTiHAJI PiI3HUIIEBOTO PiBHIHHS:

AUgur [nT]=

= Zj:ykAUIN* [(n—k)T] —Ej:akAUOUT* [(n=)T] o

Pisnunese piBHsiHHS (21) po3B’s3ye 1udpoBHil pe-
KypCHBHUH QunbTp (pHcC. 3), IKUH MICTUTh YOTHPH JIAHKU
3aTpUMKH Ha oauH nepiox komyTaii LTI i migcnmoBaui
y KoJIaX IpsIMOi 1 3BOPOTHOI mepepad 3 KoedilieHTaMu
MACUIICHHS Ly, 4. Peamizanis mudpoBoro QimbTpa MoX-
JIMBa Ha OCHOBI MIKpPOKOHTPOJIEPA, 110 TPOTPaMYETHCSI.

AHani3 mepexiiHoro mpomecy B ONTHMi30BaHii
cucreMi mo3unioHyBaHHs. [Ipu BKIFOYEHHI ONTHMAlb-
HOTO pEeryJisiTopa, IO CHHTE30BAaHO, 10 KOHTYpY MOJIO-
JKCHHS, ONTHUMAJIbHI TepenaBanbHI (YHKII 3aMKHEHOT
CHCTEMH IO3MI[IOHYBaHHA IJIs Ha 1HTepBanaxX MOTOYHHX
3HaYeHb MTapaMeTpy &:

w 12fbp(Z £)=P 12(2, €)M

3 ypaxyBaaaaMm (12), st 0 < ¢ < 0,25 maemo:

* a13(g)z4 + a12(£)z3 +a 1(8)22 +ay9(6)z
fop = .

W, (22)

4,(0)-2*

AUpyrln.t]

AUp[nr]

Puc. 3. CtpykTypHa cxema peryisTopa MoJ0KEeHHs

Amnanoriyso, 3 ypaxyBanHsaMm (13), MOXXHa OTpUMaTH
ONTHUMAJIBbHY TIepelaBaibHy (PYHKIIII0 3aMKHEHOI CHCTEMHU
no3unionyBanus s 0,25 <e < 1.

300paxeHHs MepexigHol XapaKTePUCTHKH CUCTEMHU
TIO3UIIOHYBaHHSI:

H12 [Z S]Z—W fbp(z :5')

3 ypaxyBaHHsM (22) MaeMo:

*

H(z,6)= p (0)[ ap3(e )

1 1 1
+ayp (&) —+a(6) ——=+a (&) 5 ——|
z— z(z—l) z (z—l)
300paXXeHHIO MEPEeXiqHOT XapaKTEPUCTUKU JUTsS 3Ha-
genb 0 < ¢ < 0,25 Biamosinae opurinam:

1
) 0)[a13(8)+

*

Hy(n,¢)=

+ap(&)[n=1]+ay,(&)[n-2]+ ayp(&)[n-3]]

AHaNOriyHO MOXKHA OTPHMATH MEPeXiJHy Xapakre-
puctuxky H *z(n, &) s 3HadeHb 0,25 <e < 1.

I3 Bupasy (23) BuaHO, 10 B ONTHMI30BaHii 3a Kpu-
TepieM MIBUAKO/II CHCTEMI IepeXiTHUI MpOoIec MO3HIIio-
HYBaHHSI 3aBEPUIYETHCS 3a YOTUPU MEpioAM KOMyTauii
LITT. TIpormec onTuMi3allii HOYHMHAETHCS 3 3aTPUMKOIO Ha
HYJIbOBHH TIepioJi, HA SIKOMY CHCTE€Ma pO3IMKHEHa BHa-
CIIIZIOK TOTO, 1[0 CUTHAJI 3BOPOTHOTO 3B’SI3KY 3’SBISIETHCS
3 3aTPUMKOIO Ha OJIMH TIEPiOz.

Jnst cucteMn TO3MLIOHYBaHHSA, IO BHKOHAaHA HA
ocHoBi niHiitHOTO nBHUTYHa JIEJ] AT605TY, po3paxoBasi
MepexiiHi XapaKTepUCTHKH ISl pi3HUX 3HAueHb ff = T/o.
[Tapamerpwu niniiiHoro auryna: Tz = 5- 103¢, Tyy=0,1 c,
R, =3 Om, K¢ =10,38 B-c/m. Koediuientu nepenadi nat-
YHKIiB KOHTYpIiB CHCTEMH TNO3UIioHyBaHH:: Kgc = 15 B/A,
KSS =20 B'C/M, KSP =200 B/m.

[TapameTpu perynsiTopiB cTpyMy i MIBUAKOCTI OTPH-
MaHi 3 YMOBHU HaJalITyBaHHsS WX KOHTYpiB Ha MOJIYJIb-

TcR KT
Huit ontumym: Kog = Ty Ky :_4REKM )
ey

Yy gs

2K.0’
Jnst miHiMizanii mynbcariit ctpymy, B [12], nokasa-
HO T¢ > 2 ¢. YV momansmx pospaxyHkax ¢ =10 ¢, mo

(23)
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BU3HAYMJIO  HACTYMHI  KOeQillieHTH  MiICHICHHS:
Kee=02; Kes = 43; Koc = 2; Kos = 0,17-10 % Ko = 0,34.

3rigHo (23) Ui pi3HUX 3HaYeHb f§ PO3paxoBaHi
HepexijiHi  XapaKTepPUCTHKA CHUCTEMH MO3UI[IOHYBaHHSI.
Pesynbraty mpeacTaBieHi Ha puc. 4.

H.:n.é':‘l A5
1,2 4
7
1,0 /\ /«—_ﬁ&
—
— 3
0,8

g i i
Puc. 4. [TepexiaHi XapaKTePUCTUKK CUCTEMH TTO3UI[IOHYBaHHS:
kpuBi 1-4 — s f=0,5; 1; 2; 4, kpuBa 5 — 3aIeXKHICTh

b2 . . *
MaKCHMaJbHUX IyJbcaliid Bix f B cranomy pexxumi — A .. (f)

. £
>
n

Jus ¢ = 0,25 po3paxoBaHi ycTajieHi 3Ha4€HHS Bill-
XHWJICHHS MepeXifiHOT XapaKTepUCTUKH Ha Mepiofli KOMYy-
Tauii - H'.[0,25]. Ix pisHums 3 ycTaneHuMH 3HAYCHHSIME
HEePEXiJIHOI XapaKTePUCTUKH B MOMEHT CIPalbOBYBaHHS
IMITYJILCHOT'O €JIEMEHTY BHU3Haya€ MaKCUMaJlbHi BiHOCHI
3HAYEHHs MyJbCalliii mapaMeTpy, o cTabiTi3yeThes,
10610 A", = H ,[0,25]-1.

Pesynsrati pospaxyHKy A'(f) mpencraBmeni Ha
puc. 4 kpuBoo 5. BoueBup, 1110 3HWKEHHS f§ TPU3BOAUTD
10 3H)KEHHS ITyJIbcamiil, IpoTe MPU HOMY 3MEHIIYEThCS
IIBUKICTB MEPEXiAHOTO MPOIIECY 1 3pOCTaE MmepeperyIro-
BaHHS: KpuBa 1 Ha puc. 4.

HanmipHe 36inblieHHs f TPU3BOAUTD JI0 3pPOCTaHHS
myJbcalliid, 0 HEraTMBHO BIUIMBAE 1 HA XapakTepi mepe-
XiJJHOTO TIpoIiecy. I3 KpuBHX, SIKi MpeACTaBNIeHI Ha puc. 4,
BUJIHO, 1[0 KOMITPOMIC M)XK SIKICTIO MIEPEXiTHOTO MPOIECY
1 BEJIMYMHOIO MyJbcaliil Bixnosigae f = 1+2.

Jnst OMHOTO 3 TAKUX KOMIIPOMICHHX 3HAuYeHsb, ff = 1,
pO3paxoBaHi MapaMeTpH JIAHOK ONTUMATBEHOTO PETysATO-
pa KOHTYpY MOJIOKEHHS: ty = 32,3; uy =-37.9; 1o = 72,6;
U = —17, o = 0,5, Oy = 0,1

OTpuMaHi 3Ha4YCHHS MapaMeTPiB ONTUMAIBHOTO 3a
MIBUIKOIEI0 MU(PPOBOTO PETYISATOPA TIOJNOXKECHHS JT03BO-
JISIFOTH peaizyBaTH MEpPexiHy XapakTepucTuky 2 (puc. 4),
3a yotupu iHTepBaiu komytauii LI mpu BigHOCHMX
3HAYEHHSX MyJbcallii Ha piBHi 0,04.

3 kpuBHX 2 1 3 Ha puc. 4 BUIHO, 1110 NEpeXifHi Mpo-
1ecH, SKi BIAMOBIJAIOTH PEKOMEHJOBAHUM 3HAYCHHIM
S = 1+2, cynpoBOMKYIOThCS HE3HAUHUM TIEpepPeryIOBaH-
HsM, SKOTO MOXXHA TO30YTHCS, SKIO 30UTBIIUTH iX
TPUBANICTh, M0 MOXJIMBO MpPU 30UIBLIEHHI CTYIEHIO
MHoTowIeHy (16).

BHCHOBKHM Ta NMepCEeKTHBH PO3BUTKY.

1. 3amponionoBani mepenasanbHi Qymkmii T, sxi
JO3BOJISIFOTHh OLIHWTH ITyJIbCalii mapamMeTrpy Io cradifi-
3YEThCSI MPU TIIMOOKOMY DEryJIOBaHHI B TMEpeXiJHUX 1
CTAJINX PEXKUMAX.

2. JIns kiHIEBOro Miama3oHy 3MiHHM IINMapyBaTOCTi B
npoueci HIIM cuHTe30BaHHH PEryysTOp KOHTYpPY HOJO-
JKEHHsI 1 3aIPOITOHOBAHa HOro peasizalis y BUTILSII HUd-
POBOTO PEKYPCHBHOTO (DUIBTPY, KUl TO3BOJISIE 3aBEPILH-
TH TIEpeXiTHUH Tpolec 3a YOTHPH IEPioTd KOMyTaii
LIITT mpu MiHIMaNEHOMY TIEpEPETYITIOBaHHI.

3. BcraHoBiieHo, 110 KOMIPOMIC MK TOKa3HHKaMH
SKOCTI TI€PEXiJHOTO Tpolecy i MIHIMyMOM MyJbCalii
mapameTpy, o cTabiizyeTscs, (IOJI0KEHHS) BiIMOBiIaE
3Ha4YeHHsM ff = 1+2.

OTtpumaHi pe3ynbTaTH OLIHKM BIUTUBY [ Ha Xapak-
TEp MEepexXiJHOro MpOoLecy 1 BeIMYHHY MyJIbCallii CHUCTe-
MU TO3UIIOHYBaHHS BiAMOBIAIOTh MepeiaBaIbHINA QyHK-
mii (1), ska copaBe[yiuBa i OOMEXKEHOTO Jiarma3oHy
perymoBanns. IlepenaBanmbHa ¢yHkuis (2) BigoOpaxkae
ekBiBaJieHT Mix riuouHoro IIIIM i AIM 6Gararoctyminya-
cToro immyinbcy. Ha ii ocHOBI MOXHa BCTAHOBHTH 3aKO-
HOMIpHICTB 3MiHHM Iynbcanii B ychoMy mianasoni IIM i 3
ypaxyBaHHSIM I[IbOTO HANAIITYBAaTH PETYJATOP KOHTYDY
MO3WIIIOHYBAaHHS Ha KIHIEBY TPHUBAIICTh MPOIECY, IO
moTpedye OKPEMOTO pO3TILIY.

MosxnuBe OTpUMaHHS TiepeqaBaabHOI (HyHKIIT JTaH-
ku 3 LIIM «y Benukomy» 3 ypaxyBaHHSIM HeNliHIHHOCTEH
MOJYJSALIHHNX XapakTeprucTUK Moneii. st boro Heoo-
X1THO BUKOPHUCTOBYBaTH 0araTOBHMIpHE Z-TIEPETBOPEHHS
i psinu Bosbreppa Uit BUOKpEMIIGHHS JIIHIMHOI Ta HeJi-
HIHOT CKJTaJIOBUX PEAKIIii JaHKHU Ha 30yPEHHS .

Konduikr inTepeciB. ABTOpH 3asBJIAIOTH PO Bif-
CYTHICTh KOH(]JIIKTY 1HTEpECiB.
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Synthesis of the digital regulator of the main contour of the
three-circuit system of the linear electric drive of the working
body of the mechanism of onboard aviation equipment.

Goal The purpose of the article is to further develop analytical
methods for calculating and synthesizing power electronics systems
with deep pulse width modulation (PWM). A three-circuit linear
electric drive system for positioning the working body of the mecha-
nism of onboard aircraft equipment, in which the linear electric
motor is controlled from a pulse width converter (PWC), is consid-
ered. The power converter is included in the current loop. It has a
noticeable effect on the level of current ripple, travel speed and
positioning accuracy of the operating mechanism of a linear electric
drive. Methodology. To analyze the processes in the current loop, a
discrete transfer function of a pulse-width converter for PWM in the
final zone and «in the largey is obtained on the basis of the statisti-
cal linearization of the modulation characteristics of the multi-loop
PWM model. The modulation characteristic of each circuit of the
model is obtained as a result of the Fourier series expansion in
Walsh functions of the output voltage of the PWM during the PWM
process. Statistical linearization of modulation characteristics is
performed based on Hermite polynomials. Results. During the
analysis, discrete transfer functions of closed current loops, velocity
and open loop position were obtained, for which a digital controller
was synthesized in the form of a recursive filter. Originality. The
parameters of the regulator links are found, which make it possible
to complete the transient process in four PWC switching periods
with an overshoot of no more than 6 %. The analysis of the speed-
optimized positioning process of a linear electric drive based on the
LED AT 605TU motor is carried out. Practical significance. The
purpose of the analysis was to establish the relationship between the
switching period of the PWM and the value of the uncompensated
constant, at which the pulsations of the positioning process are
minimal while ensuring the minimum overshoot and maximum
speed. It was found that the specified requirements are satisfied by
the ratio between the switching period, PWC and uncompensated
constant in the range of one or two. References 12, figures 4.

Key words: linear electric drive, discrete transfer function,
pulse width modulation, positioning error, optimal regulator.
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TPAHUYHWH BILIUB HEIZJEHTUYHOCTI EMHICHUX EJIEMEHTIB
BHUCOKOBOJIBTHOI'O IIVIEYA HA YHACTOTHI XAPAKTEPUCTHUKHU NOAIVIbBHUKA
HAIIPYTU (AHAJITUYHE JOCJIIIKEHHS)

Ha ocnosi paniwe po3eunymoi meopii wupokocmy206ux noOilbHUKi6 Hanpyau 3 napanenvHo-nociioosuum 3’conannam R-, C-
eneMenmie enepuie 00epaicani ananimuyHi upasu Oas AMIAIMYOHO-4ACMOMHOI Ma (azo-4acmomuoi xapakxmepucmux noOLTbHUKA
Hanpyau 3 ypaxy8amHAM epaHuyHo20 6UNAOKY HEIOeHMUYHOCI EMHICHUX eNleMeHMI8 GUCOKOBONbIMHO20 nieyd. Busnauenuii 3a2ane-
HULL Xapaxkmep 3a1elCHOCmell YaCMOMHUX XapaKmepucmuK 6i0 3Ha4eHHs. OONYCKY EMHICHUX elleMeHmis, Koe@iyienma OinenHs nooi-
JILHUKA HANPY2U 8 WUPOKOMY 0ianasoHi 3minu yacmomu. 3anpononoeani cnpowjeni anpokCcumyioui aupasu Oisl MaKCUMAIbHux 3Ha-
YeHb YACMOMHUX XAPAKMepUCmuK ma eusHavena ix noxubka. Pexomenoosano yseoenns 6 HOpMamueHy OOKyMeHmayilo wupoKocmy-
206UX NOOLILHUKIE HANPYau I0KOPU208AH020 3HAUeHHs Koeiyienma Oinenns. bion. 13, tabi. 2, puc. 3.

Kniouosi crosa: mopiyibHUK HaANPYrd, YaCTOTHI XapaKTePUCTHKHU, AaHAJITHYHI BUPa3H, A0NYCK €EMHICHUX eJleMeHTiB, KOpUIy-
BaHH{ NapaMeTpiB.

Ha ocnose panee pazeumoil meopuu wupoKONOIOCHbIX OeAumeneil HanpsdiceHusi ¢ NapaLieibHO-NOCIe008AMENbHbIM COCOUHEHUCM
R-, C-anemenmos énepegvie nOIYyueHbl AHATUMUYECKUE GbIPANCEHUS 0I5l AMNIUMYOHO-YACIMOMHOU U (PA30-4aACMOMHOU XapaKmepu-
CmMuK Oeaumens HanpsdICeHUsl C Y4emom npedeibHo20 CAYYas HEUOCHMUYHOCIU EMKOCIHBIX dAEMEHMO8 GbICOKOBOILIHO20 Neyd.
Onpedenen obwuil xapakmep 3a8UCUMOCHEN YACHMOMHBIX XAPAKMEPUCMUK OM 3HAYEHUsT OONYCKA EMKOCHHBIX DJIEMEHMO8, KO3
uyuenma Oenenus Oenumensi HANPANCEHUsL 8 UWUPOKOM OUANA30HE UusMeHeHus: yacmomul. TIpeonosicenvl ynpoweHHble annpokCcuMu-
pyrowue 8blpadceHust Oisk MAKCUMATbHbIX 3HAYEHUT YACMOMHbBIX XAPAKMEPUCMUK U OnpedeieHbl ux nozpeuwiHocmu. Pexomendyemcs
66e0eHUe 8 HOPMAMUBHYIO OOKYMEHMAYUI0 UUPOKONOIOCHBIX Oelumeinell HanpsjiceHus. OMKOPPeKMUpOSaHHO20 3HAYeHUsl KOIPPu-
yuenma Oenenus. bubn. 13, tabmn. 2, puc. 3.

Kniouesvie cnosa: neanTesib HANPSIKeHHs, YACTOTHbIE XAPAKTEPUCTHUKHU, AHAIIMTHYECKHE BBIPAKEHHUS, JOMYCK €MKOCTHBIX

3JIEMEHTOB, KOPPEKTHPOBKaA IIapaMeTpPoB.

Beryn. MutTeBi 3HaueHHsS HANpYrd BHCOKOBOJIBT-
HUX EJIEKTPOCHEPTreTHYHUX CHUCTEM Ta iX 3MiHH Yy Haci €
OJTHMM 13 HaWBaKJIMBIIIMX MacuBIiB iH(opMmalii cTaHy Ta
XapaKTEePUCTUK TaKUX CUCTEM (CJILA 3a3HAYUTH, IO TaKUH
MacuB € MOCTIHHO 3MiHIOBaHUM). JlecsiTku 1 OliblIe poKiB
TOMY IUTSL OJIep KaHHA iH(pOpMaIii Ipo 3HAYCHHS BHCOKOT
HaIrpyru BHUKOPUCTOBYBAJIUCH (1 BUKOPUCTOBYIOTHCS JIO-
Terep) eNeKTPOMarHiTHI TpanchopmaTopu Hampyru (ic-
HYIOTh HaBiTh «TpaHc(OpPMaTOpU HAIPyTrH» MOCTIHHOTO
cTpymy). lle moB’s3aHO 3 THUM, IO B SKOCTI €IEMEHTIB
KEpyBaHHS TaKUX CHCTEM BUKOPHCTOBYBAINCH pelleiHi
MIPHUCTPOI, MIAKIIOYCHI 10 BUXITHHUX Kill TpanchopmaTo-
piB Hampyru. Pobora Takux peneiHUX MPUCTPOIB OpieH-
TOBaHA HA BiACTINIKOBYBaHHS ycTajeHHX (abo HaOmike-
HUX JI0 HUX) pexHuMiB eHeprocucteM. [lotpedbu cyuacHo-
rO eTamy PO3BUTKY €JIEKTPOCHEPIeTHKH BHMAararoTh Iie-
pexoly A0 BUKOPUCTaHHS 3aMicTh TpaHc(OpPMAaTOpiB Ha-
MIPYTH TOIUTBHUKIB HANPYTH PI3HOMAaHITHUX THUIIB, TIPHU
bOMY JIOJJaTKOBOIO II€PEBAror0 MOIUILHUKIB HANPYTH €
MOJKJIMBICTH Ofiep)KaHHS iH(popMarii He TUTBKH s ycTa-
JICHUX, ajleé ¥ [UI1 MUTTE€BHX 3Ha4YeHb HANPYTH Iepexil-
HUX PEXUMIB (L0 € BayKJIIMBUM JUIsSI YJJOCKOHAJICHHS CHC-
TeM KepyBaHHS). Pa3om 3 TuMm, mepexii 0 IIHPOKOTro
BUKOPHMCTaHHS TOJUIBHUKIB HANpYyru IMoTpedye IpoBe-
JIEHHS TOAATKOBHX JOCIHIKEHb, 30KpeMa 1 THX, IO MPo-
MTOHYIOTHCS B JIaHIN CTATTI.

B HarmionansHOMYy TeXHIYHOMY yHiBepCHTETI YKpa-
fHn «KuiBchkuil moMiTEXHIYHUNA I1HCTHTYT iMeHi Irops
CiKOpChKOTO» CHCTEMHI JTOCHIPKEHHS BHUCOKOBOJBTHHX
MOIUTBHUKIB Hampyru HpoBoAsaThea 3 1985 p. Cytp mux
[lOCJ'li[l)KeHI) ToJjisArae B ToMy, o fAK AJjist CUCTEM 3MiHHOFO
CTPYMY, TaKk i JUIS HOBHX CHCTEM HOCTIHHOTO CTpyMY,
HEOOXITHO pEecTpyBaTd MHUTTEBI 3HAUEHHS HAIpYTH,
OCKIJIbKM, HANpHKIAA, Ui CHUCTEM 3MIHHOTO CTpyMy

BO)XJIMBUMH € TaKOX NEPEeXiJHi PeKUMH aBTOMATUYHOTO
MOBTOPHOTO BMHUKaHHS, KOMYTalliiHUX 1 TPO30BUX Mepe-
Hampyr ToIo. /s cucteM NOCTIHOTO CTPyMY BHACIIIOK
HelJlealIbHOCTI BUIIPSIMIISIYIB Ta iHBEPTOPIB, a TakoxX Qi-
JbTPIB, OyJie XapaKTEPHOIO HASIBHICTH ITyJIbCALlil BUCOKO]
Hanpyru (He KaXy4u BK€ TAKOX PO BAXKIIHMBICTh PEECT-
pamii mepeximHUX TpoleciB Ta mepeHampyr). Tomy, sk
JUTS CUCTEM 3MIHHOI, TaK i Ui CHCTEM IOCTIHHOI HaIpy-
I'l, BOKJIMBHM € CTBOPCHHS LIMPOKOCMYT'OBHX BHCOKOBO-
JBTHAX TOJUIBHUKIB HampyTd. | B oMy CEHCi BHCOKO-
BOJIBTHI TOAITPHUKY HAPYTH MOXYTh OyTH yHi(ikoBaHi
SIK JUISL CUCTEM 3MIHHOI, TaK 1 JJIg1 CHCTEM ITOCTiIMHOI Ha-
NpYTH, 10 3a0e3Me4nTh CYTTEBE 3MEHILEHHS X BapTOCTi
Ta MIiABUIIUTH 1X JOCTYIHICTb.

VY OUIBIIOCT] BHMIAIKIB BHCOKOBOJBTHE IIICUE IIH-
POKOCMYTOBUX IOJAUIBHHUKIB HANPYI CKIANAEThCS 3 Be-
JIUKOT KUTBKOCTI MapalieIbHO-MIOCTIIOBHUX 3’€IHAHb R-,
C- eNeMeHTIB, sIKi, 3araJlbHO, HE € OJTHAKOBUMU (iICHTHY-
HUMHK). BpaxyBanus HeimeHTH4HOCTI R-, C- €JIEMEHTIB
BHCOKOBOJIBTHOTO TIJIeYa € XapaKTepHOIO O3HAKOIO BHILE-
3a3HAYEHNX JTOCIIIKEHD.

B pmamiit cTarTi moka3zaHa Ba)KJIMBICTH BpaxXyBaHHS
MOXJIMBOI HEIJEHTHYHOCTI €MHICHHX EJIEMEHTIB BHCOKO-
BOJIBTHOTO IIJIe4a IIMPOKOCMYIOBHMX IOAIIBHHUKIB HAIpy-
I'M, IPOJAEMOHCTPOBAHO II PO3paxyHKOBE BU3HAYEHHS, Ta
HaBe/IECHI PEeKOMEHMallil MIOJ0 CYTTEBOTO 3MEHIICHHS i
HEraTUBHOT'O BIUIMBY, 1110 € aKTYaJIbHOIO ITPOOJIEMOIO.

Orusig myOaikanid. B cywacHiit xoHmenmii «imd-
poBa MiACTaHIis» BiANanae HEOOXiAHICTh BUKOPUCTAHHS
TPAIUIIMHAX pelelHUX eJEMEHTIB CHUCTeM KepyBaHHS,
OCKIJIbKM 00poOKa CHUTHAJIIB KaHaIIB HAIPYTH Ta CTPyMy
Oyzne BimOyBaTHCH 32 CXEMOIO «aHAJOTOBUH JTaTYHUK BEIHU-
YUHU — aHAIOrO-IM(PPOBUH NMEPETBOPIOBAY — CHCTEMaA
00poOku 1mdpoBoi iHpopMmamii». [Ipn oMy icHYyIOUI
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TpaHcopMaTopy Hanpyrd 3 BHCOKOBApTICHUMH BUTpa-
TaMH 130JLIIHHUX Ta MAarHITHUX MaTepialliB MOXYTh Oy-
TH 3aMiHEHI BUCOKOBOJBTHUMHU LIMPOKOCMYTOBUMH ITOTi-
TpHUKAaMHA HampyTH [1]. B 3B’s3Ky 3 UM, B OCTaHHIX IIy-
OJiKamisix MO BHCOKOBOJBTHHM TOAUIBHUKAM Harpyru
MIPUIUTAETHCS 3HAYHA yBara IiJBUINEHHIO TOYHOCTI Ma-
TEMATUYHHUX MOJIEJIeH, CTaOlIBHOCTI iX mapamerpis, Bpa-
XYBaHHIO PI3HOMAaHITHUX (PaKTOPiB, OCOOIMBOCTSIM MeET-
POJIOTIYHOrO KaniOpyBaHHS i HOPMYBAaHHIO XapaKTEpHUC-
TUK TIOHINBHUKIB Hampyrd. Tak, B [2] MOBiOOMIIAETBCS
PO MiATBEPDKEHHS 3MIHU KOe(ili€HTa MIJICHHS eTaI0H-
HOTO TMOJUIbHUKA HaNpyTH HNOCTIHHOTO CTpyMy B Jiama-
30mi 100-1000 kB B posmipi 2,5:10° (2,5 ppm). B [3]
CTBEPIUKY€EThCA Tpo 3MiHy no 158,4 ppm koedimienra
JieHHs nmoauibHUKa Harpyru «500 kB/2 MA» mocriiiHo-
IO CTpPyMy B OTOUYYIOYOMY CEPEIOBHILI 3 TEMIIEpaTyporo
35 °C B 3anexHOCTI BiJl TepMiHy pOOOTH MOIIIBHHKA B
miamazoni 30-200 xBwiuH. B [4] nmokasyerbes, Mo moi-
JIBHUK HAaNpyTH nocTiifHoro crpymy no 1000 kB moBuHeH
MaTH CMyTy nportyckaHHs IoHaiiMenme 10 x['m. ITy6ai-
Kamii [5, 6] IpuCBAYEHI CTBOPEHHIO pealbHIX KOHCTPYK-
Uil MIMPOKOCMYTOBHX TMOJUIBHHUKIB HANPYTH, MPH LOMY
B [5] po3paxoBY€ETHCS YaCTOTHHHA «BiATYK» MOMITFHIKA 32
CXEMOIO 3aMillleHHs, a B [6] BIH BCTAHOBIIIOETHCS €KCIIe-
PUMEHTAJIBHO 3 BHUKOPHUCTAHHSM IHAYKTHBHOI'O ITOIiJIb-
HuUKa Harpyru. B [7] moka3aHo, 110 €MHICHMH «KOMeEp-
LifHWIT TOAUTEHUK HAanpyTu 22 KB CyTTEBO 3MiHIOE CBOT
XapaKTepUCTHKH Ticis 18 romun OGe3nepepBHOT poOOTH.
B [8] po3pobnenuit metox KamiOpyBaHHS IPOMECIOBOTO
NOJUIbHUKA HANPYTH 3MiHHOrO cTpyMy Ha piBHI 400 kB,
IpH IHOMY CKIIAZOBI HEBH3HAYEHOCTI METOJa MAlOTh
3HaveHHA: 1o KoediieHty ainenHs £0,26 %; no ¢a3oBo-
My KyTy £3,6:107 pax. B [9] po3paxoByioThes XxapakTe-
PUCTUKHM BUMIPIOBAJIbHOI CHCTEMHU IMIYJIBCHOTO MOIUThb-
HUKa HAMPYTH 3 MapalelbHO-TIOCITIIOBHUM 3’ €IHAHHIM
R-, C- eneMeHTIB BUCOKOBOJILTHOT'O IUI€YA, MPU3HAYCHOT
JUTA BUMIPIOBAaHHS arepioguyHOTO KOMYTAIIfHOTO iMITy-
nbcy 1o 400 kB. PosrnsiHyTi cxeMu 3aMillieHHs pPi3HHX
THUITIB BHUCOKOBOJIFTHUX IOJUIBHHUKIB HaNpyru MaroTh
€KpaHOBaHI IMapaje/IbHO-MIOCTIIOBHI 3’€qHanus R-, C-
€JIEMEHTIB BHCOKOBOJIbTHOTO IUIEYa, «HAOpaHi», K Ipa-
BUJIO, 3 OJHAKOBUMH 3HAUCHHSIMH €JIEMEHTIB.

JlonaTKkoBOIO TEpeBaror0 BUCOKOBOJIBTHUX IOJLIb-
HUKIB HAIIPYTH € MOXJIUBICTH JOCSTHEHHSA YHIKaIbHOI
BJIACTHBOCTI 3a0€3MEUEeHHS CTaI0i BEJIMYMHH iX aMIUIITY-
JTHO-4aCTOTHOT XapaKTEPUCTHUKHU B Jiara3oHi BiJ HYJs 10
YacTOT MErareploBOrO jAiana3oHy, IO J03BOJISIE PiBHO-
LIHHO PEECTPYBATH CUTHAIM HANpPYTW BiJl MOCTIHHOTO
CTPyMy IO CIUIECKIB KOpOTKOYacHuX immynbciB [10]. Pa-
30M 3 TUM, ISl BIACTUBICTh MOUIBHUKIB HAIPYTH MOXeE
OyTH CyTT€BO 3HELiHEHa BIUIMBOM HEIJEHTHYHOCTI pea-
JIbHUX 3Ha4eHb Rg;~, Cry~ eneMenTiB [10] iX BUCOKOBOJIb-
THOTO Iieva (BiAXUICHHSIM Rpy, Cry Bil HOMiHAJIbHHX
3HaueHb Ry, Cy).

OCKIJIbKH CTBOPEHHSI BHCOKOBOJIbTHUX MOJILHUKIB
HAMpyrd moTpedye 3HAYHOI KUIBKOCTI R-, C- €JIEMEHTIB
BHCOKOBOJIBTHOTO TuIeda (BiJ ECATKIB J0 THUCSY), BUHH-
Ka€ HeOOXIIHICTh BHKOPHCTaHHS IX MEHII KOIITOBHHUX
cepiii, sIKi 3BUYalfHO XapaKTEepPHU3YIOTHCS 3HAUHUM JIOITyC-
KOM (HOPMOBaHHM BiIXwieHHIM Rpy, Cry Bim Ry, Cy).
Ilpy wpOMy 3HayeHHS JONYCKY JUIL DE3HCTOPIB
Ar=(Rpy—Ry)/Ry Ta xonnencaropis A-=(Cry—Cy)/Cy

CYTTEBO BiJPI3HAIOTHCS: ISl PE3UCTOPIB Ag Ma€e 3HAUCHHS
mopsiaky +0,01 (£1 %), a 1 KoHAEHCAaTopiB Ac IocsTae
+0,2 (£20 %).

Mae 3Ha4eHHS, K PO3MOAUIIIOTECS Ryy, Cry BCepe-
JIUHI JOITyCKY:

3akoH posmofineHHs Rgy, Cry BCEpeOUHI IOMYCKY
Moxe OyTtw: TpUKyTHUM [l1], mpAMOKYTHHM, Ta IHIIUM
(mapabonigHIM TOIIO). BIUTHB HEIIEHTHYHOCTI eNeMEeHTIB
BHCOKOBOJIBTHOTO IUIEYa HAa XapAKTEPHCTUKU MOALIbHHUKA
HAIpPYTHU 3aJISKUTh SK BiJl TPAHHYHAX 3HAUCHD Ag, Ac IS
€JIEMEHTIB BUCOKOBOJITHOTO IlIeYa, TaK 1 Bi] 3aKOHY PO3-
MOJTITeHHS Ryy, Cry BCEpEIMHI BiAMOBITHUX IHTEPBAIIB.

OTiKe, METOI0 CTATTI € BU3HAYCHHSI B aHAJITUIHOMY
Bl/IILi MAaKCUMAJIbHOI'O I'PaHUYHOI'O BIUIMBY Hei[leHTl/I'-IHOC-
Ti EMHICHUX €JIEMEHTIB BHCOKOBOJIBTHOTO IUIEYa Ha aMIl-
JITyIHO-4acTOTHY XapakrepucThky (AUYX) Ta ¢aso-
4acTOTHY XapakTepucTuky (PUX) noainbHuKa HarpyTy 3
napasesbHO-TIOCTIJOBHUM 3’ €JHaHHAM R-, C- €JIeMEHTIB.

3 po3rmsamy Teopil IMHUPOKOCMYTOBHX MOIUTFHUKIB
Hampyru [l] BHTiKae, m0 IFOMY BHUMAIKy BigIOBiga€e
TpaHUYHE TUCKPETHE DPO3MOIUICHHS €IeMEHTIB BHCOKO-
BOJIBTHOTO IUI€Ya, KOJIM MOJOBHHA HOTO EMHICHUX €leMe-
HTiB Mae 3HadeHH: C' = Cp(1-Ac¢), a 1HIIa HOTO MOJIOBH-
Ha: C"" = Cy(1+A().

B Takiif mocTaHOBII PO3pPaxyHOK YaCTOTHUX Xapak-
TEPUCTUK BHCOKOBOJBTHOTO IIMPOKOCMYTOBOTO MOMIIIb-
HUKa Hampyru npoBoauBcs B [12] 3a J0mMOMOTor0 BUKO-
pucranHsi okpemux npukiaanis AUX ta ®UX npu pizHuX
3HAYCHHAX Ac, ajie TP BOMY He OyIIH PO3KPHTI 3araibHi
0COOJIMBOCTI YaCTOTHHX XapaKTEPUCTHUK IINPOKOCMYTO-
BUX HOAUIBHUKIB HALIPYTH.

Metoanka npoBeqeHHsT TocTiKeHHs. Cxema 3aMi-
IIEHHS] BUCOKOBOJIFTHOTO TIOJIIJIbHUKA HANPYTH JUIsl BUIIa[-
Ky, 10 po3riaaaeTsed 3a [10], npencrasnena Ha puc. 1.

BrummBoM HeigeHTHYHOCTI R-€JIE€MEHTIB BHCOKOBO-
JBTHOTO TIeYa HEXTYEMO, OCKUIBKH 3a3BHYail Agp << Ac.
B nopanemomy iHnexc «C» B 1Mo3Ha4eHHI Ac OIYCKa€eTh-
csa, oTke Ac=A, TfaR =R,=...=R,=R.

3rifgHo 3araibHOi Teopii MIMPOKOCMYTOBUX ITOJIIEHHU-
kiB Hanpyru [1] Bupasu A st AUX Ta @ ms @UX noaiis-
HHKAa HATIPYTH 32 pHC. | MOXKyTh OyTH TIpeCTaBICH] y BHIi:

A= |Uout| :iA*

>

v Kk
2
A= K-1 21” K-1. V" M
l+=——f| +*|1+=—=5
[ K f] 7( K j
p = aretg ©=r) RS
f+ +y2(5+K]
K1 K -1

ne K — HoMiHaJIbHE 3HaYCHHS KoedillieHTa MiJICHHS MOIi-

JpHMKa Hampyru (y 3aragspHoMy BuUmaaky K>1);

A" — HopmoBane 3HaueHHs AUX; 7= wRCy — 6e3po3mip-
n

HHUH mapameTp KyToBoi 4acTotd @; Cy = —ZC,- — cepe-
i=l
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nHE 3Ha4eHHs C-eJIEMEHTIB BUCOKOBOJILTHOIO IIEYA, SIKE nR CO 1
JUIA BHUIAAKY, IO PO3TISINAEThes, BiamoBimae Cy = Cy; r= K—-1’ - (K-1).
/f, 0 — QyHKUIi HEINEHTHYHOCTI ENEMEHTIB; o = ' = —A,

HagiTh 13 npuiiHATHMH CTIPOILICHHAMH (6), (7) ana-
A, SIKi BU3HAYAIOTHCS HIDKUIE: niTHYHE MOCTiKeH s 3anexHocTel A, ¢ Bix y, A, K B
f= 1 D(a‘) +l D(a"), S=L G(a') +l G(a"), (3) 3SAraibHOMY BHNAZKY € HEMOXIHBHM. TOMy OyzneMo BH-

2 2 2 2 KOPHUCTOBYBATH MiJXiJl TpaHUYHUX 3HaueHb [13], a Takox

" —

Taax=«o

ne oHsITTS HenepepBHocTi dyHkwii 4 (y, A, K), ¢(y, A, K),
2 2, 2 IO BUTIKAE 3 iX (HI3MIHOTO 3MICTY.
a“(-1+y°(3+2a .
D(a) = ! 2( 7 ( 2)) > C)) I'pannyni 3HauenHs GpyHkuii 4 (y, A, K).
A+y)+y"(1+a)7] 1.1. dxmo A=0, TO A =1 st Oyb-SIKUX 3HAYCHD

rrat(B3-a+yi(+a)) 7, K, ockinbku Bupasu f, 6 (6), (7) B ibOMy BHIaAKy H0pi-

G(a)= . (5)
(1+72)[1+72(1+a)2] BHIOIOTH HYIIIO. B .
1.2. Sxmo y=0, To Takoxk A = 1 1 Oyap-IKUX 3HA-

yeHb A, K, mo (i3UYHO BIANOBIZAE 3arajbHONPUNAHATIH
MPaKTHLI KaliOpyBaHHS IIUPOKOCMYTOBUX HOAUIHHUKIB
HANpPYTy Ha BUCOKI HAIpy3i MOCTIHHOTO CTPyMY.

1.3. Ananizytouu (1), (6), (7) npuxoaumMo 10 BUCHO-
BKY, L0 MOKHa OJEpaTW I'PaHUYHUN BUpa3 A A" B
Habmmkenni —0. Jliiicko, yrpumyioun B (1), (6), (7)
WICHH MOPSAKY OJMHHUIN, 4 TAKOXK WICHH MOPSAKY //<<I,
3HaEMO

K -1 2
A (7)—1+ . Ay?. (®)

AHani3y}0qH (8) IPUXOIMMO JI0 BUCHOBKY, 10 A’ 32
3HaueHp y<<l 3aBxIu 3pocTae B 06macti A >1 3a mapa6o-
JYHOIO 3aJISKHICTIO Bi y, IPUIOMY MPONOPIIHHO KBa-
paty nomycky A” Ta BimHomrenHio (K—1)/K, To6TO, Haii-
OLITBII CHITBHO IS 3aJIEXKHICTD TPOSBISETHCS TSI BUCOKO-
BOJIBTHHX ITOJUIBHUKIB HANIPYTH, U1 AKuX K>>1.

1.4. 3a iHIIOTO TPaHUIHOTO 3HAYECHHS )—>00 MAEMO:

A (3-A%) A?
Taeay Eyel )
1, BIIIOBiTHO:
£t (10)
y—® K-1 A
1+———
K 1-A?

3 (10) Burikae, 10 B 1I-OMY BHMAIIKY 3aBXK/1H A <1
npHdoMy BimxwieHHS A Bif OJMHHIN 30iIBIIYETHCS 3i
3pocTaHHsAM K Ta 3HadeHHS OOMycKy A (B OCHOBHOMY,
PONOpLiitHO A%, OCKITBKHM U peanbHOi 06/acTi 10MmycKy
0<A<0,2 BHECOK 3HAMEHHUKA 1-A? cknanae 1 — 1,0417).

1.5. Mae mpWHIMIIOBE 3HAYCHHS, SK A" Habmmxa-
€ThCs 710 CBOro rpaHuyHOoro upasy (10): «3Bepxy» abo
«3HHU3Y» 32 YMOBH y—o0. lns mporo, cymstau 3 (1), mocra-

Puc. 1. Cxema 3aMillleHHs1 BUCOKOBOJIBTHOTO TIO/ITbHAKA THHO BU3HAYUTH MOBEAIHKY O B 00iacTi y—o0. Byno mpo-
HAIPYTH 3 1apalesIbHO-TIOC/I I0BHUM 3’ € IHAHHSIM BEJCHO IepeTBOPeHHs Bupasy (7) MUIIXOM JiICHHS YHce-
R-, C-eneMenTiB BHCOKOBOIBTHOIO MIeya NBHUKIB T4 3HAMEHHHMKIB HOro CKIafOBHX Ha y', HpH

1IbOMy OYJTH OflepYKaHi HICHH TOPSIKY OMHHII, 1/7 Ta
1/7. Dani, yaepsKyiodu 4ieHH mOpsaKy OAMHHLG Ta 1/77,
OyB OTpUMaHHii BHpa3

’

IMigcraasiroun B (3) — (5) 3HaueHHs a ' = —A,
A 0fepKUMO:
2R (-1472(B=24)) A (-1+2(3+2A 2 2
_Y (—1+7°( ) 7 (+7/(+))6 5[ A A
) —_—==e— X
A+AM+771=AP] (+7)1+721+A)] ) TIIR 2p
0s o PR (SB+A+72(1-A)) .\ PP (SB-A+y2(1+A))
A+0+71-87  A+pD)0+771+A)]
B [1] npu BuBeaenHi (1), (2) npuiimManuch 3araibHO-

BiZIOMI CITiBBIIHOLIEHHS JUIS [TapaMeTpPiB HU3bKOBOJIBTHO-
ro mieda

Il_

L(11)

(7 3 A 1+(1- A) 3+A 1+(1+A)
(1-AF  (1-ap 1+A (1+ap

Bupa3s y xBagpaTtHux nyxkkax 3a 0<A<0,2 3aBxau
Oinbine Hysst. OTKe, O 32 YMOBU y—>00 HaOIMIKAETHCS 10
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CBOTO TPaHMYHOTO 3HAYCHHS AZ/( I—AZ) 3HM3Y. Binmosiza-
HO, (yHKIs A"(y) HAGIMKAETBCSA [0 CBOrO IPAHHYHOTO
3ra4yeHHs (10) 3aBxkau 3Bepxy.

1.6. 3 orisigy Ha Te, IO B 3aJISKHOCTI BiJ y BiAOy-
JEThCs MEPexil BiJ 3HAYCHB A™>1 1o 3nauens A*<1, KO-
pucHuM Gyse 3’sicyBanns 3HaueHHs A 3a y=1. J[1s 1boro
Bunaaky migcranoska y=1 B (1), (6), (7) micis BUKOHaHHS
CKOPOYEHb JIA€:

A*()= (12)

1 .
\/1_2 A K-l KoL)
4+A" K
Amnaniz (12), SIK i (8)—(11), 3a ymoBu A=0 miaTBep-
jokye 3Hauenns A =1. OcKigbki B 00MACTi MPAKTHIHOTO
intepecy mae micue 0<A<0,2 i Tomi A*/(4+A*<<1, Bupas3
(12) moxe OyTH mpencTaBieHUN y BUTIISAI
4
A K—ll_K—l). (13)
4+A* K 2K
Jlns 3aauens K>>1 ta A=0,2 1oaaHOK A0 OJUHULI B
(13) cxmamae 0,0002. ToGTo, BCi 3aJeKHOCTI A*(y) JUTSt
0<A<0,2 OyayTb NpPaKTHYHO IMPOXOAUTH HYEPe3 TOUYKY
A(D=1.
1.7. Jlocnimxenns A B miamasomi 0<p<l. 3 ycix
MOTIEPEIHIX O3HAK B [[OMY J(ialma3oHi MOBHHEH 3HAXOIH-

A*(D) =1+

e * v
THCh MAaKCUMyM (QYHKUIT A,y . 011 HOro 3HaXopKeHHs
. . . *
HEOOXITHO IPUPIBHATH HYJIO NOXigHy dA /dy =0, ta3

1i€l YMOBU BH3HAYUTH 3HAYCHHSI Jjnax, MJICTAHOBKA SKOTO
B (1), (6), (7) mO3BOIUTH OJEPKATH IyKaHy BETHHMHY
Apax- B 3B’3KY 31 CKIIATHOIO 3aJIEXKHICTIO A" BIJI BXITHUX
BEJIMYHH, 0, MPAKTUYHO, YHEMOJXIIUBIIIOE MPOBEICHHS
IUX OMepaiid B aHATITHYHOMY BHII, JUIA 3HAXOKCHHS

* .

Aax (Vinax) BUKOPUCTOBYBAIIKCh IIPOrPaMHi 3acO0H.

B nmporpamuomy nakeri SMath Studio Gyso BuBene-

. . * . .

HO (pyHKLIOHANBHY 3aJEXHICTh A BiA ), MCig 4oro, 3a
JIOTIOMOT'0I0 MaTeMaTHYHUX MOJYJIB JAaHOTO MPOTPaMHO-
TO TaKeTy OyJio 3HAHAEHO 3HAUCHHS Jax JUIS1 TOUKH €KCT-
peMyMy 1 3HAU€HHS eKCTpeMyMy Ay, HAaHol (dyHKuii
Juis pisHEX A Ta K (I1sXoM itepaniiHOro oOYMCIIeHHS B
IPOTPaMHOMY LIUKIII).

B tabn. 1 HaBeneHi onepkaHi pe3yiIbTaTH PO3paxy-

HKIB A:;ax, Ymax 01T 3HaUeHs A=0,01; 0,02; ... 0,19; 0,20

ta 3HageHp K=10; 100; 1000; 10000. O6pobka maHUX 3
Tabn. 1 MO3BOJISE 3aMPOMOHYBATH CIIPOIICHUHN BHpa3 IS

* .
Apax Y BUTTISIIL

K- 1

A =1+0,1255——

(14)

[pu upoMy moxubKa TUTBKH JI0JIaHKA MPABOI YacTH-
HH (14) 1o BiJHOIIEHHIO A0 BIANOBIAHWX JaHUX Tabu. 1
He nepesuinye +0,4 % 3a aOCOJIIOTHOI BEJIUYHHOIO, IO
MOJKHA BBKATH I[UIKOM IPUHHATHUM.

max

Tabmums 1
Pesynpratu po3paxyHKiB 3HAUCHb A;;ax (BiH. OZL.), Ymax (BIIH. OX.)
Benununna =10 K=100 K=1000 K =10000
A, BUH. O | imax Apna o Apnax o Apna o Apna
0,01 0,577361 | 1,0000112502 | 0,577360 | 1,0000123752 | 0,577360 | 1,0000124877 | 0,577360 | 1,0000124990
0,02 0,577393 | 1,0000450035 | 0,577389 | 1,0000495037 | 0,577389 | 1,0000499537 | 0,577389 | 1,0000499988
0,03 0,577446 | 1,0001012677 | 0,577438 | 1,0001113939 | 0,577437 | 1,000112406 | 0,577437 | 1,0001125077
0,04 0,577520 | 1,0001800558 | 0,577506 | 1,0001980596 | 0,577504 | 1,0001998600 | 0,577504 | 1,0002000400
0,05 0,577615 | 1,0002813863 | 0,577593 | 1,0003095206 | 0,577591 | 1,0003123340 | 0,577591 | 1,0003126153
0,06 0,577732 | 1,0004052827 | 0,577700 | 1,0004458019 | 0,577697 | 1,0004498538 | 0,577697 | 1,0004502590
0,07 0,577870 | 1,0005517740 | 0,577827 | 1,0006069345 | 0,577823 | 1,0006124504 | 0,577822 | 1,0006130020
0,08 0,578029 | 1,0007208942 | 0,577973 | 1,0007929549 | 0,577968 | 1,0008001606 | 0,577967 | 1,0008008812
0,09 0,578210 | 1,0009126829 | 0,578139 | 1,0010039051 | 0,578132 | 1,0010130268 | 0,578131 | 1,0010139390
0,1 0,578412 | 1,0011271850 | 0,578325 | 1,001239833 | 0,578316 | 1,0012510971 | 0,578315 | 1,0012522235
0,11 0,578636 | 1,0013644507 | 0,578530 | 1,0015007923 | 0,578519 | 1,0015144254 | 0,578518 | 1,0015157887
0,12 0,578881 | 1,0016245356 | 0,578755 | 1,0017868422 | 0,578742 | 1,0018030714 | 0,578741 | 1,0018046943
0,13 0,579148 | 1,0019075010 | 0,579000 | 1,0020980480 | 0,578985 | 1,0021171007 | 0,578984 | 1,0021190059
0,14 0,579437 | 1,0022134135 | 0,579265 | 1,0024344807 | 0,579247 | 1,002456585 | 0,579246 | 1,0024587951
0,15 0,579748 | 1,0025423452 | 0,579550 | 1,0027962172 | 0,579530 | 1,0028216008 | 0,579528 | 1,0028241391
0,16 0,580081 | 1,0028943741 | 0,579855 | 1,00318334 | 0,579832 | 1,0032122322 | 0,579830 | 1,0032151214
0,17 0,580436 | 1,0032695835 | 0,580180 | 1,0035959389 | 0,580154 | 1,0036285684 | 0,580152 | 1,0036318313
0,18 0,580813 | 1,0036680628 | 0,580525 | 1,0040341078 | 0,580497 | 1,0040707048 | 0,580494 | 1,0040743644
0,19 0,581213 | 1,0040899069 | 0,580891 | 1,0044979482 | 0,580859 | 1,0045387429 | 0,580856 | 1,0045428223
0,2 0,581635 | 1,0045352169 | 0,581278 | 1,0049875672 | 0,581242 | 1,0050327906 | 0,581239 | 1,0050373128
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Ha puc. 2 maBemeni rpadikm sanexsoctein 4 ()
pospaxoBani 3a (opmynamu (1), (6), (7) mnst 3HaueHB
mapametpis: A=0,05; 0,2; K=10; 10*, ski mosCHIOOTH
olepkaHi pe3ynbraT. J[is BiACTIAKOBYBaHHS MOBHOL

sminn kpuBux A(7) miamason 3minu y (mo Bici aGermc)
MIPEACTABICHHH y  norapupmigHOMY Maciradi
(Big y=0,001 no y =1000).

1,005 F ' ' T ] ] . . : ; . .
4
1 ™ % )
N T —
1
1
0,995 F S .
k)
3
0,99 - Y _
k)
k)
0,985 | 3 1
* E
< 3
0,98 3 _
0,975 Y _
i
0,97 H{—— A*0.05_10 AN 1
=== A* 0.05_10000 KN
0,965 ____ A*0.2 10 e S — ]
Y A*0.2_10000 | T
3 25 2 15 -1 05 0 05 1 15 2 25 3
l9(y)

Puc. 2. Pospaxynkosi 3anexuocti A'(y) 3a Gopmymamu (1), (6), (7) ans 3uavens mapamerpis: A = 0,05; A= 0,2; K= 10; K= 10"

I'panunyni 3HayeHHs Qpynkuii o(y, A, K). Sk npu
3Ha4YeHHi y—0, Tak i 3a y—o0 QYHKIISA ¢ Mae rpaHIYHE
3Ha4YeHHs ¢—0, mo (i3MYHO BiATIOBiAA€E ieani30BaHOMY
OMIYHOMY (B HEPIIOMY BHUIIAKy) Ta ieai30BaHOMY €M-
HiCHOMY (B IpyroMy BUIAJKY) IOJIJIBHUKY HallpyTH.

Posknananus GyHKIIT ¢ (2) 32 cTeneHsMU Majoro
napamerpa y 3a ymosu y—0 BU3HaYa€ BUpa3

o (r)=251Ry3,
y—0 K
npu koMY 3HaueHHs ¢ y (15) omepxKyeTbes B pagiaHax.

[Ipu iHIIOMY TPaHUYHOMY 3HA4YEHHI y—>00 pO3KIIa-
JaHHS @ (2) 3a CTENeHsIMH MaJloro napamerpa 1/y Hajae
BUpa3

(15)

K-1 A
¢@%>}?f_—T@KL
y—>0 Y

JIe TIONPaBKOBa (PYHKIIIS MTOPSIKY OJXUHUIIL
-1
2
Y={1- QA_ _k-2 N
K K

Maxkcumaisne 3aadends W 3a A=0,2; K=10 cxiamae
1,009367, omxe st ymoB po3risiay 1<¥W<1,009367.

Amanorigdo m. 1.7 3a 10MOMOT00 MPOrPaMHOTO Ta-
kety SMath Studio Oynu BigHalAEHI 3HAYSHHS @ iy (2), B
KyTOBHMX XBHJIMHAX, Ta BIAMOBIAHI IM 3HaueHHs y' (y Bif-
HOCHUX OJMHHUILIX) s mapamerpis A=0,01; 0,02; ...
0,19; 0,2 ta 3nauens K=10; 100; 1000; 10000, sixi HaBe-
JieHi1 y Taoi. 2.

(16)

Tabmuus 2
PesynpraTi po3paxyHKiB 3HAYCHB @ i, (KYT. XB.), ¥' (BIOH. OA.)

Benuunna K=10 K=100 K =1000 K =10000

A, Binu. op1. Y @ 'min Y 9 'min Y 'min Y 'min
0,01 1,73214 —0,200968 1,73213 —0,221064 1,73213 —0,223073 1,73213 —0,223274
0,02 1,73243 -0,80397 1,7324 —0,884355 1,73239 —0,892394 1,73239 —-0,893197
0,03 1,7329 -1,80931 1,73283 -1,99018 1,73283 —-2,00826 1,73283 -2,01007
0,04 1,73357 —-3,21747 1,73345 -3,53903 1,73343 -3,57118 1,73343 -3,5744
0,05 1,73443 -5,02917 1,73424 -5,53162 1,73422 -5,58186 1,73422 -5,58689
0,06 1,73549 —7,2453 1,7352 —7,96886 1,73518 -8,04121 1,73517 —-8,04844
0,07 1,73673 -9,86697 1,73635 -10,8519 1,73631 -10,9503 1,73631 10,9602
0,08 1,73817 —-12,8955 1,73767 14,1819 1,73762 -14,3106 1,73762 —-14,3234
0,09 1,73981 -16,3323 1,73918 -17,9606 1,73911 18,1234 1,73911 —-18,1397
0,1 1,74165 -20,1793 1,74086 -22,1897 1,74078 —22,3906 1,74077 -22,4107
0,11 1,74368 —24,4383 1,74273 -26,871 1,74263 -27,1142 1,74262 —27,1385
0,12 1,74592 -29,1114 1,74478 —32,0069 1,74467 —32,2962 1,74466 —32,3252
0,13 1,74836 —34,2011 1,74702 —37,5995 1,74689 —37,9392 1,74687 -37,9731
0,14 1,751 -39,71 1,74945 —43,6517 1,74929 —44,0456 1,74928 —44,085
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Iponowxenns tab. 2

Bennuuna K=10 K=100 K=1000 K =10000

A, BinH. Of1. Y @'min y' @'min 4 @'min Y @'min
0,15 1,75386 —45,6408 1,75207 -50,1662 1,75189 -50,6183 1,75187 —50,6636
0,16 1,75692 -51,9966 1,75488 -57,1461 1,75468 -57,6605 1,75466 -57,712
0,17 1,7602 —58,7808 1,75789 —64,5947 1,75766 —65,1754 1,75764 —65,2335
0,18 1,76369 —65,9969 1,7611 —72,5155 1,76084 —73,1666 1,76081 -73,2317
0,19 1,76741 —73,6486 1,76451 -80,9124 1,76422 -81,6378 1,76419 -81,7103
0,2 1,77135 -81,74 1,76812 -89,7895 1,7678 -90,5932 1,76777 -90,6735

O0poOka maHux 3 Tabi. 2 JO3BOJISE 3AIPOIIOHYBATH
CIPOIIEHUNA BUPA3 IS @ iy Y BUTIISII:

K-1

—2252——A 17
Fa (17

[Ipu upomy moxuoOka (17) Mo BigHOIIEHHIO IO BiAIO-
BiTHMX JaHWX 3 Tabm. 2 He mepesBumye +0,85 % 3a abco-
JIFOTHOKO BEJIMYMHOIO, [0 MOXKHA BBAKATH NMPUITHATHHAM.

Pmin =

Ha puc. 3 naBemeHi rpadiku 3anexnocreid ¢'(y),
pospaxoBaHi 3a ¢popmynamu (2), (6), (7) mwig 3Ha4eHb Na-
pametpie: A=0,05; 0,20; K=10; 104, 1[0 HOSICHIOIOTH OJIe-
pkaHi pe3ynbraT. s BiACIiAKOBYBaHHS ITOBHOI 3MiHU
KpUBHX ¢'(y) miama3oH 3MiHHA y (110 Bici abcuuc) mpeacra-
BIeHHN y JorapudmiuHomy macmTabi (Big y=0,001 mo
y=1000).

0

— ¢'0.05_10
=== ¢' 0.05_10000
— ¢'0.2.10

0 L[ e ¢' 0.2_10000

l9(y)

Puc. 3. Po3paxyHkoBi 3anexnocTi @' (KyT. XB.) Biz y (BimH. o11.) 32 (1)0pMyIIaMI/I (2), (6), (7)
JUTA 3HAaYCHB MapaMeTpis: A = 0,05; A =0,2; K =10; K = 10*

OO0roBopeHHs1 oep:KaHUX pe3yabTaTiB. Briepiie B
3araJbHOMY BHII PO3KPHTI 3aTaibHi OCOOIMBOCTI YacTOT-
HUX XapaKTEPUCTHK BHUCOKOBOJIBTHUX IIHPOKOCMYIOBHUX
MOAUIBHUKIB ~ HAlPyrH 3  IapajeibHO-IOCIIIOBHIM
3’enHaHHsIM R-, C-eJeMEHTIB BHCOKOBOJLTHOI'O IIIeda 3
ypaxyBaHHSM HEIJICHTUYHOCTI HOr0 EMHICHUX CKJIAZIOBHX.

Brepiie KiIbKiCHO BH3HAYCHHWH TPDAaHHYHUHA BILIMB
HEIJICHTUYHOCTI €MHICHUX €JIEMEHTIB BHUCOKOBOJBTHOTO
mwieya Ha AUX ta @UX mopmineHIKa HAIpyTH Ta MMOKa3a-
HO HOTO0 CyTTEBE 3HAYCHHSI.

Brieprre uist giama3oHy KoedimieHTIB JiJICHHS MIHPO-
KOCMYT'OBHX MOAUIGHUKIB Harpyru K>10 3amporoHoBaHi
CIIPOIIIEH] Ta, BOAHOYAC, JOCTATHHO TOYHI BHPA3H IS Ipa-
HUYHMX 3HA4YEeHb IXHIX YaCTOTHHUX XapaKTePUCTHK. Hns
Jiana3oHy Koe(illieHTIB [UICHHs MOAUIbHHUKIB HaMpyru
1<K<10 HeoOXiHO ITPOBEAEHHS JOAATKOBHUX AOCITIIKECHb.

s 3menmienns Bigxmwiens AUX (Big HOpMOBaHOTO
3HAY€HHs) I[IMPOKOCMYTOBOIO TOAUIBHUKA HANpYru
B 3aJISKHOCTI BiJl YaCTOTH MOXKHA PEKOMEHAYBaTH BHUKO-
pUcCTOBYBaTH il BiJIKOPUTOBaHE 3HAYCHHSA

* 1
Acor :E(Amax + A

o j Ta BIAMOBINHE BiIKOPUTOBAHE
7>

3Ha4YeHHS KoedilieHTa MAUIeHHS TMOIUIBHUKA Halpyru
* . o
K. =K / A,y > K1 MOXKHA 3aHOCUTU B HOT0 IacIopT.

st 3mentenns Bigxuinenb ®UX (Bix HOpMOBAHOTO
3HAYEHHs1) MOJIbHUKA HAIPYTH B 3aJIE)KHOCTI Bijl 4acTo-
TH MOJKHAa PEKOMEH]IyBaTH BUKOPHCTOBYBATH ii BiIKOpH-
roBaHe 3HAYEHHS ¢ oy = 0,5 ¢ in, IKE MOXKHA 3aHOCUTH B
MACTIOPT HMOIITFHIKA HATIPYTH JIS iana3ony y>0.

[NopiBHSIHHS OfepKaHUX PE3yJbTaTiB 3 JaHUMH I1yO-
mikamii [2-9] noka3sye, 110 BIUTUB HEiJCHTHYHOCTI €MHIiC-
HUX CJIEMEHTIB BUCOKOBOJBTHOTO IUIeYa TMOJUILHUKIB Ha-
NPYTH HA TXHI XapaKTEPUCTUKHU € CYTTEBUM TIOPSL 3 1HIIH-
MU BILUIMBAIOUYMMH (DaKTOpPaMH i, OTIKE, TIOBUHEH BPAaXOBY-
BaTUCh B TEOPIi Ta MPAKTHLI MMOJJIBHUKIB HAMIPYTH.

BucHoBku.

Briepiie B aHamiTHYHOMY BHJI HPOBEICHO OCITi-
JUKCHHS YaCTOTHHUX XapaKTePHCTHUK MIHPOKOCMYTOBOIO
MOJIIPHAKA HATIPYTH 3 YPaxXyBaHHSAM I'PDAHUYHOTO BILUIUBY
HEIJEHTHYHOCTI EMHICHUX €JIEMEHTIB HOTr0 BUCOKOBOJBT-
HOTO IUIeYa, 10 J03BOJISIE JOCTYITHO MPOTHO3YBATH Tpa-
HUIl 3MiHH aMIUTITyIHO-9acTOTHOI Ta ()a30-4acTOTHOL
XapaKTEPUCTHK IOMUTBPHAKA HANPYTH B 3AJICXKHOCTI BiJ
JIOMYCKY HOTO CKJIaJOBUX CIICMEHTIB.
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J1nst 3MEeHIIIeHHS BIIXWIICHB BiJl HODMOBaHHX 3HaY€Hb
aMIUTITYTHO-4aCTOTHOI Ta ()a30-4aCTOTHOI XapaKTEPUCTUK
IIMPOKOCMYTOBOTO TTOIUTFHAKA HAIIPYTH B 3aJI€KHOCTI Bif
YacTOTH PEKOMEHIOBAHO BUKOPHCTOBYBATH IXHI BiIKOPH-
TOBaHi 3HAYCHHS, SKI MOXKHA 3allFICyBaTH B ITACIOPT Ta
HOPMAaTHBHY JIOKYMEHTALiIO IIOJIJIbHIKA HAIPYTH.

OpepkaHi pe3ylbTaTH JO3BOJSIOTH IPOTHO30BAHO
OpIEHTYBATUCh y 3HAYEHHI JIOMYCKY EMHICHHX €JIEMEHTIB
BHCOKOBOJITHOTO IlIeYa NPU BUOOPI HIMPOKOCMYTOBUX
BUCOKOBOJITHUX IOJIUIBHUKIB HANpyTH, a TaKoX IpH IX
pO3po0ILIi Ta BUTOTOBJICHHI.

[NepcrneKTHBH MOAANBIIONO PO3BUTKY B PO3IIITHYTOMY
HarpsiMi TIOB’513aHi 3 BUKOPHCTaHHSM DI3HHMX 3aKOHIB pO3-
TIOIUICHHS peANIbHUX BEIMYMH Rgy, Cry B MEXax 1X JOIycC-
KiB, B TOMY YHCI, 3 HSCHMETPUYHUMH BHIAMH PO3IIOIIJICHb.

Konguaikr intepeciB. ABTOpH CTaTTi 3asABISIOTH
PO BiACYTHICTh KOHQIIIKTY iHTEPECIB.
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Ultimate effect of non-identity of capacitive elements of
high-voltage arm on frequency characteristics of voltage
divider (analytical research).

Purpose. Determination in the analytical form of the maximum
limiting influence of the non-identity of the capacitive elements of
the high-voltage arm on the amplitude-frequency characteristic and
phase-frequency characteristic of the voltage divider with parallel-
series connection of R-, C-elements of the high-voltage arm. Meth-
odology. Based on the previously developed theory of broadband
voltage dividers with parallel-series connection of R-, C-elements,
analytical ~ expressions for amplitude-frequency and phase-
frequency characteristics of the voltage divider are obtained and
investigated taking into account the limit case of non-identical ca-
pacitive elements of high-voltage arm. Results. The nature of the
dependencies of the frequency characteristics of the broadband
voltage divider on the value of the tolerance of the capacitive ele-
ments of the high-voltage arm, the division factor of the voltage
divider in a wide range of frequency changes is determined. Simpli-
fied approximating expressions for the maximum values of fre-
quency characteristics of the voltage divider are proposed and their
error is determined. Originality. For the first time in the analytical
form the limiting influence of non-identity of capacitive elements of
a high-voltage arm of a voltage divider on its frequency characteris-
tics is considered. A mathematical model of this influence is con-
structed and the limit values of frequency characteristics of the
voltage divider are determined. Practical value. It is recommended
to introduce into the normative documentation of broadband volt-
age dividers the corrected value of the division factor, which allows
to significantly reduce the deviation of the actual value of the divi-
sion factor of the voltage divider from the normalized value in a
wide range of frequency changes. References 13, tables 2, figures 3.
Key words: voltage divider, frequency characteristics, ana-
lytical expressions, tolerance of capacitive elements, parame-
ters adjustment.
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A. Boussaid, S.E.I. Chelli, A.L. Nemmour, A. Khezzar

AN EFFECTIVE CONTROL ALGORITHM FOR DYNAMIC VOLTAGE RESTORER
UNDER SYMMETRICAL AND ASYMMETRICAL GRID VOLTAGE CONDITIONS

Introduction. Voltage sag, which is associated to a transitory drop in the root mean square voltage characterizing an electrical
source network. During these perturbations, the corresponding electronic customers and devices will suffer from serious operating
troubles causing dangerous damages. Purpose. In order to attenuate this disturbance effects, the Controlled Dynamic Voltage
Restorer constitutes a very interesting solution among many others that have been proposed. The novelty of the proposed work
consists in presenting an enhanced algorithm to control efficiently the dynamic voltage restorer when voltage sag is suddenly
occurred. Methods. The proposed algorithm is based on an instantaneous phase locked loop using a multi variable filter to
synthesize unitary signals involved in compensation voltages computation relative to the sag apparition. Practical value. A detailed
study concerning typical voltage sag, which is consolidated by simulation and experimental results, is conducted to show the used
algorithm’s effectiveness to cancel the corresponding voltage sag. References 44, table 1, figures 16.

Key words: dynamic voltage restorer, power quality, voltage sag, phase locked loop, synchronous reference frame.

Bcemyn. I[Iposan nanpyeu, sikuii no8 a3anuil i3 mumyaco8um RAOIHHAM CepeOHbOK8aOpamuyHoi Hanpyeu, Xapakmepusye Mepericy
Ooicepen enekmpuunoi enepeii. 11io uac yux 30ypens GiONO0GIOHI CnOJNCUBAYI (eleKMPOHHI Npunadu ma iHwii npucmpoi) 6yoymo
cmpasicoamu 6i0 ceplio3Hux npobaem y ixuiti excniayamayii, wo cnpuyuHsioms Hebesneuni nowikoodxcents. Ilpusnauennsn. /[ns
mozo, wob nocradumu 6niue yux 30ypenv, KOHMpPOIbOSAHUL OUHAMINHUL GIOHOGHUK HANPY2U 6UOAEMbCA OYdice YIKABUM DIUEHHAM
ceped bazamvox inwwux, aki 6yau 3anpononosani. Hoeusna sanpononosanoi pobomu nonscae y npedcmagnenti 600CKOHANEHO20
aneopummy egexmueno20 yYnpasninia OUHAMIYHUM GiIOHOGHUKOM HANpy2u, KOU panmogo 8iobyeacmucsa npoean nanpyau. Memoou.
3anpononosanuii arcopumm 6a3yemvbcsa HA MUMMEBOMY (A3080MY 3AMKHEHOMY KOHMYPI 3 GUKOPUCMAHHAM 0a2amosapianmnozo
@inempa Ona cunmesy yHiMapHux cucHanie, wjo bepyme yyacme y 00YUCIeHHI HANpy2u KOMHeHcayii cmoCOBHO NpPosA8y Nposeaiuy.
Ilpakmuune 3nauenns. [lemanvhe OOCNIONCEHHSI CMOCOBHO MUNOBO2O NPOBALY HANPY2U, SIKE V3A2ANbHEHO 3d OO0NOMOZ0I0
MOOenIo8aANH s MAd eKCNePUMEeHMANbHUX pe3yIbmamis, nposedeHo, wob noKasamu egekmusHicmes UKOPUCHIOBYBAHO20 ANCOPUMMY
o aikeidayii 8i0nosiono2o nposany Hanpyeu. bion. 44, tabn. 1, puc. 16.

Kniouogi cnosa: nTMHAMiYHMIA BiTHOBHMK HANpPYry, SKiCTh eJIeKTpOeHeprii, NpoBaa Hanpyru, (pa3oBuii 3aMKHeHUi KOHTYP,

CHHXPOHHA cHCTeMa BiTIKY.

1. Introduction. Power distribution system is an
irreplaceable thing. Indeed, it should provide energy for
costumers in an ideal sinusoidal form. For that, the
number of connected equipments to the power network
still increasing but that fact imposes critical problems to
the network [1-3]. Poor power quality outcomes in
financial losses which has a major harmful impact on the
economical industry sector.

The voltage quality issues is more important in
comparison to sensitive loads which requires to be
supplied cautiously, regarding to the previous mentioned
problem, it consist mainly in voltage sags and swells,
voltage harmonics, current harmonics, fluctuations
(flickers), frequency variation and unbalance [4-7].

Voltage sag has been widely studied in a
considerable research papers, which is defined as
temporary decrease in the root mean square voltage
between 10 to 90 % of nominal voltage, for a duration
interval of 0.5 cycles to one minute as it’s presented in
IEEE 1346, IEEE 1159 and IEC 61000-2-1
standers [8, 9]. By way of explanation it is characterized
by a sudden reduction of nominal voltage from 0.1 to 0.9
per unit followed after a short period of time by a voltage
recovery. According to the mentioned standards, normal
voltage sag takes from 10 ms to 1 minute.

Voltage sags caused mainly by large induction
motors starting or by different faults related to power
system. Consequentially, sensitive loads and a significant
number of electronic devices could be malfunctioned
or completely deteriorated as a result for voltage sag
occurrence. Hence, huge losses at costumer loads are
take place.

Voltage swell is defined in the previous mentioned
IEEE standard as an increase in the root mean square
(RMS) supply voltage from 1.1 to 1.8 per unit for
duration from 0.5 cycles to 1 min. Voltage swell are
mainly due to large capacitors switching or connecting /
disconnecting of heavy loads. Voltage swells are less
widespread in distribution network, for that reason, they
are not as important as voltage sags [10—14].

The above mentioned issues related to power quality
has opened up a discussion on possible solutions to
overcome these problems. Researchers have proposed a
large number of custom power devices (CPDs). The most
effective one is to use compensators based on power
electronic devices.

These compensators could be in series, shunt or
hybrid form. Literature is rich by numerous classifications
of CPD [15], Based upon its structure, various custom
power devices are usually classified into three categories:
unified power quality conditioners (UPQC), distribution
static compensator (D-STATCOM) and dynamic voltage
restorer (DVR).

Using series or shunt power filters in separate may
not be the wanted preferred solution. For this reason, the
device named UPQC [16, 17] performing both
functionalities of series and shunt active filter is
introduced and its concept is developed [18, 19].

The D-STATCOM is another choice for solving
voltage unbalance, and power quality enhancement. It
maintains the voltage sag at the desired reference by
supplying or receiving the reactive power in the distribution
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network. This compensator has been deployed in a three-
phase four-wire distribution system [20].

Another alternative based on series custom power
compensation could ensure a high quality voltage purpose
[12, 13]. DVR is composed of a dc-energy storage
system, a voltage source converter, an output filter and a
coupling transformer.

The performance of the abovementioned CPDs is
related mainly to the control algorithm of each device.
Indeed, researchers pay a great attention to the algorithm
strategies.  Instantaneous Symmetrical Components
Theory (ISCT) generates reference waveforms to balance
a given load [21, 22]. Instantaneous Power Theory is
introduced to compensate voltage faults in a dynamic way
in the time domain based on PQR transformation [23].
Adaline (Adaptive linear element) control strategy is an
Artificial Neural Network (ANN) that is used to control a
capacitor supported DVR for power quality enhancement
[24]. Space Vector PWM Strategy is presented in [25] to
control a modified DVR composed of a conventional
three phase voltage source inverter and an emitter
follower. Synchronous Reference Frame Theory [26] is
one of the most used algorithms to generate reference
signals; its operating principle is based mainly on
converting the load voltages to the rotating reference
frame using the Park’s transformation with unit vectors
derived by a phase locked loop (PLL).

Detecting the grid phase angle and frequency in a
fast and accurate way is the key of a good synchronization
process. Several synchronization methods have been
proposed in literature; the method based on detecting the
zero crossing point of the grid voltages is characterized by
a large synchronization time. In addition, it fails in
detecting that point in case of grid frequency variation
and unbalanced voltages.

The algorithm based on af stationary reference
frame conversion [27] is another alternative to detect the
grid phase angle and frequency. The algorithm
performances are related mainly to the intrinsic filter
parameters that affect the algorithm dynamic response
under asymmetrical grid faults conditions.

In three phase application, the phase locked loop
(PLL) is the most used strategy where the synchronous
reference frame (SRF) based PLL constitutes the common
configuration [28-30]. It based on transforming the three
phase voltages from abc frame to synchronous rotating
reference frame using Park’s transformation in order to
identify the grid angle and frequency quantities.

Synchronous Reference Frame is known as a feed
forward open loop control strategy. It is characterized by its
simplicity and stability. Their main inconvenient is
expressed in poor transient response and possibility offset
error at the steady state because of voltage drop on the
injection transformer and the series branch of the filter. To
overcome these problems, feedback controllers are used.
Feedback control process consists of measuring the DVR
output voltages and fed back to the controller voltages. A
variety of controllers have been presented in literature such
as proportional, Proportional-Integral (PI), Proportional-

resonant (PR) [31, 32], fuzzy controller [33, 34], Hy

controller [35], sliding mode controller [36-38], state
variable controller [39], predictive and repetitive
controllers [40-42], feedback linearization [43].

The goal of the paper is the investigation of an
effective phase locked loop to generate unitary signals
that contain the fundamental voltage phase angle
information used in calculating compensating voltage in
case of a voltage sag occurrence.

Subject of investigations. The introduced PLL is
compared to the conventional one in simulation and
experiment. After that, controlling the DVR by the
proposed algorithm is accomplished to show the
effectiveness of the algorithm.

This paper is structured as follows: Section 2
describes the Dynamic Voltage Restorer Configuration
topology with its operating principle with respect to
sudden voltage sags occurring. Section 3 presents the
control algorithm explaining both conventional phase
locked loop topology and the proposed one. Section 4
discusses the obtained results through simulation and
experimentation studies. Finally, a conclusion relative to
the obtainable work is presented.

2. DVR Configuration Topology. A dynamic
voltage restorer is generally connected in series with the
protected load through a transformer. A DVR generates
voltage references to be added to those of the grid in order
to compensate the voltage disturbance at the load side.
The schematic configuration of a typical DVR is
presented in Fig. 1, which contains the following
elements:

coupling fransformer

sensitive

Lo load

Fig. 1. DVR Schematic Topology

1) Energy storage device: commonly called DC bus
side, it allows the voltage source inverter to provide the
power grid by the reference generated voltages via the
transformer. It could be batteries, capacities or even
photovoltaic panels.

2) Voltage Source Inverter (VSI): a voltage source
inverter is a power electronic configuration fed by the
previously mentioned energy storage device to regenerate
the desired sinusoidal voltage references. Recently, the
switching configuration of the Voltage Source Inverter is
based on IGBT. Nevertheless, peaks due to the switching
process are eliminated by passive elements such as
resistance R, inductance L, and a capacitance C at the
VSI output.

3) Injection transformer: the main purpose of this
transformer is to inject the generated voltage references to
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the power grid which is connected by its high voltage
side, whereas, the low voltage side is connected to the
DVR power circuit.

4) Control strategy: control algorithm is considered
as DVR heart. definitely, it detect the voltage disturbance
and generate a voltage reference in phase to those of the
grid and control the Voltage Source Inverter by generated
voltage in feedback control in order to compensate the
occurred voltage disturbance.

DVR could be expressed in an equivalent circuit
(Fig. 2). It consists of a source voltage V delivering a
current /;, the source reactance is defined by X;. The
considered source is feeding two identical loads Z, and Zp
passing through a feeder for each load F, and Fj, each
feeder has a reactance x, and xp respectively.

A XA FA ZA
vPCQ
Vs | Xs fault =
sag
B FB 7B

Fig. 2. Equivalent circuit for voltage sag calculation

From the equivalent circuit and basing on
Kirchhoff’s Law, voltage V.., and current /; in case of
healthy power grid at the point of common coupling are
given by:

Vpre—sag =V, -1 Xy, (1)
I,=1,+1g= Vpre—sag + Vpre—sag )
s ZA + X4 ZB + Xp

The current through Z4 and Zp is the same because
of the identical impedances in healthy conditions. At the
occurrence fault time on the first feeder, a high circuit
current will flow to the broken feeder, on the other side,
the current of the second feeder will be reduced.
Therefore, the voltage of the second feeder will be
decreased as well. This voltage drops is defined as voltage
sag. At that point, the source current /g, and voltage sag

Vsag are defined as:

Vsag =V - Isfaulth ) 3)
Vsag Vsag
Isﬁmlt = L E— “4)

X 4 Z B TXp .

Thus, DVR must be inserted between the point of
common coupling and the sensitive load where the
voltage sag takes place. Figure 3 illustrates the DVR
placement process.

Most of disturbances in power grid are related to
voltage sag and swell. Decreasing and increasing of
voltage amplitude at the load side are accompanied by a
phase angle jump, for that, control strategies must be
adopted to compensate this issue in a very fast way in
order to avoid losses of power supply. Figure 4 shows the
phasor diagram for a DVR compensation in both voltage
sag and voltage swell.

VPC(QH

Vs Xs fault

XB FB ZB

1B | |
|
I pvr |
_ Sag occurrencd generated | restored

voltage | voltage =

Fig. 3. Equivalent circuit for DVR voltage injection calculation

Fig. 4. Phasor diagram for:
(a) voltage sag compensation; (b) voltage swell compensation

3. DVR Control Strategy. The DVR compensates
voltage sags by injecting or absorbing reactive power or
real power [44]. Reactive power is injected when the
DVR voltages are in quadrature with the currents with
respect to fundamental frequency, at that point, DVR
relay on a self supported dc bus. Nevertheless, active
power is injected when the DVR voltages are in phase
with the current, thereupon, the need of a battery at the
DC bus is necessary.

The voltages references are used to generate the
IGBTs gate pulses for the voltage source inverter in a
synchronous  reference  frame.  The  schematic
corresponding to the SRF theory is shown in Fig. 5.

Firstly, source and load voltages are sensed and
transformed to a stationary references frame using
Concordia transformation as follow:

+1
Vg = ZVsah sin(awt + @y, );
h=-1

+1 -
. 27
Ve = O, Vg sin(at + gy, _T); (5)
h=—1

+1
. 2z
Vse = z Ven SIn(@t + Py +T);
h=-1

+1
Via = z Vian St + Prap );
h=-1
+1 207
vy = D Vien Sin(@t + drp —5); (6)
h=—1
+1 0
Vie = Z Vien sin(@t + @y, +T)a
h=—1
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Vsa VDVRd
—— @—‘@ regulator —@—*
Vsb abc x 'y vy
—t o> dq
v dq VDVRq
se B = regulator @—’
- + +
-~ 3 b
PLL ———— - ——— === ==— ———a' abc
I
|
) !
via * 1
RS [ @ €‘_ (* (‘
VLb abc | s 212|¢
R : g | &8 2
Vic dq 1
—_— 1 Wk
10 : VDVRa .
Vsa
b — VDVRb IGBT: —>
abc f
V*abe —— Via Vsb VDVRe| gate —
dq VLib Ver i pulses —>
-
Vie —»

Fig. 5. Block diagram of the SRF control method

where: Vi, Vgn and Vi, are the voltages source
amplitudes; Vi, Vi and Vi, are the voltages load
amplitudes; ¢, dpn and ¢, are the voltages source
phase angles; @;., @1, and ¢@;., are the voltages load
phase angles; w is the voltage fundamental pulsation.

1] —— —— _V
Vsa — g 2 2 vsa . (7)
vsﬁ 3 0 \/g \/g sb P
S T e
1 -
1 — — |7
Via — E 2 2 v ‘ (8)
vy 3 \/g \/g Lby
B 0o X2 X0,
2 2 |t Lc

Since the voltages are converted to a stationary
reference frame, the unit vector derived through a phase
locked loop is taking in account to transform these
voltages to a synchronous reference frame using Park
transformation:

{vsd} _ E[ cos@ sin 9}{\%0{} o)
Vsq 3|—sin@ cosf | vsp
|:VLd:| _ E[ cosfd sin 0}{1@@} (10)
Vig 3|—sin@ cosf | vip

Figure 6 shows the phasor diagram of synchronous
transformation. The af coordinates are orthogonal axes
obtained from the abc frame. The dg synchronous frame
is obtained by rotating the the o coordinates.

The reference load voltages (v*La, v*Lb, v*LC) are
transformed to a synchronous reference frame as well in
the same way. In the meantime, the DVR voltage along
dgq frame could be expressed by:

{VD VR; =Vsd ~VLd>

VDVR, =Vsq ~Vig-

(11)

Fig. 6. Phasor diagram exhibits the relation
between abc frame (a) and dg frame (b)

Consequently, the DVR reference voltages are
obtained by:

(12)

* *
V' DVR; =V sd —VL4;
V*DVRq = v*sq ~Vig-
A controller is used to minimize the error between
actual DVR voltages and the generated reference voltage.
Lastly, DVR reference voltages are obtained in abc

reference frame by applying the Concordia inverse
transformation and Park inverse transformation as follow:

v DIR, _\/5 cos@ —sind | v pyra |
V*DVRﬂ 3| siné cosd V*DVRq ’

Vv'DIR, 1 Q
. Rl 1 3
R e

(13)

_V*DVRa :| (14)

i 2 2 |y
V' DIR, 1 NE) LY DYRP
2 2

The three phase voltages system. The balanced
three phase voltages system which takes into account any
type of distortion can expressed by:
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+00
Vg = z v, sin(hot + ¢y,);
h=—w
+00

. 2
v = OV sm(ha)t+¢h—7”);

h=—0

+00
Ve = Z Vi, sin(hot + ¢, +2T”).

h=—c0

(15)

The three phase distorted currents form could be
represented as follow:

+00

gy = Zlh sin(hot + @y);
h=—x
+00 20T

i = Z Iy sin(hot + @y, _T); (16)

h=—c0
. = . 2
lge = Z ]h sm(ha)t+(0h +T),

h=—o0

where: /1 denotes the order of the inverse, homopolar and
direct harmonic components in the voltage or current
systems; V;, I, ¢, and ¢, are the amplitudes and phase
angles of the harmonic components of the voltage and
current systems respectively; @ = 27f; is the fundamental
pulsation of the voltage or current systems.

Phase Locked Loop. Conventional Phase Locked
Loop. A PLL principal is based mainly on Park
transformation, beyond that, if the instantaneous
derivative angle involved in Park transformation is equal
to the three phase voltage pulsation system, the
components along dg axes will be constant.

The block diagram of a typical PLL is shown in Fig. 7,
it contain a phase detector (PD) in order to perform a
comparison between the input signal and the arrived one
from the Voltage Controlled Oscillator (VCO). Low-pass
filter (LPF) is used to correct the error at the PD-output.

Input Output
»

VCO »

PD >

[

Fig. 7. Typical phase locked loop block diagram

LPF >

The PLL consider the utility voltages expressed by
Eq. (5), then, it goes to a synchronous frame passing by
stationary frame using Eq. (7) and Eq. (9). After all
calculation, the obtained equation is given by:

{vd =V sin(0 - 0,,e5);

1
vy =V c08(0 = 0pe). {17

From Eq. (17) one can notice that, if the phase angle
error 0z = 0 — Ojes 1s small, than this equation becomes:
Vg =V5(0=0pe5). (18)

At the moment 6 = 0,,.5, the PLL is locked, on the
other hand, if 6 # Oy,, the phase error is governed by a
controller adjusting w until 8 = 0;,¢s.

To accomplish the above explained phase lock, we
consider the following block diagram of the locked loop
as shown in Fig. 8.

* V*d N 0
v*d ® ®
regulator 1/S }-0—»

®o

Vsa
abc > =
Vsb ap
—
Vq
Vsc OtB
! dqg (—

[

Fig. 8. Three phase PLL structure diagram

Proposed-Phase Locked Loop. The main purpose
of any PLL configuration is to generate a unite vector
containing the utility phase angle in order to pass to a
synchronous reference frame. The proposed configuration
is based on a Multi Variable Filter (MVF) to generate a
sin and cos unite vectors directly that contain the utility
phase angle information.

The transfer function of the MVF is based on ‘Hong-
Seok-Song’ work. Its formulation is expressed by the
following equation

k(s+k) ko,

X (5) =mxa(s)— 1 ol xp(s);
(19)

Fo(s) = RETR) e KO g

’ (s+k)2+a)c2 p (s+k)2+a)c2 “r

where x,, xg are the input signals and X, X 5 are the

fundamental output signals.

From its formulation, the MVF filter is similar to a
band-pass filter in the output response. Conversely, the
integral effect of the MVF is neglected because it does not
introduce a phase shift to the output signal regarding to its
input. By way of explanation, both input and outputs
MVEF’s signals have the same phase angle.

The developed analytical formulation of Eq. (19),
could be given by:

sin| hat + @y, + atan| d=ho
~ 3 & I, k
Xg =4=

2 h=—o0 - (%)2 _ e,kt siﬂ(hwf +op + ata{%]} (20)

co{ha}tJrgoh +atan(w]]
~ _ I3 *Z‘” 1, k
X[; =- 5

h=—e» 1+[M)2 —ek cos[ha)t +o, +atan[wn
k k

Eq. (20) shows that the MVF effectiveness in
cancelation any kind of disturbance is related principally
to the constant k. Indeed, it is obvious if k is taken small,
the disturbances will be attenuated perfectly. Otherwise,
the transient time response will increase in parallel which
is explained by the exponential part. In this case, taking k&
so small, Eq. (20) takes the following form:

~ 3 —kt ..
Xy = \/;(1 —e M )sm(a)t +o);
Xp = —\/g(l —eH )cos(a)t +op)

The concept is to hold back the voltage disturbance
as possible in order to get a correct phase angle
information which lead to a correct DVR control. A unit
vector is obtained instantaneously without any phase

@1
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shift by taking &k so small, the negative aspect of large
time response is defeated. The unit vector is defined

by Eq. (22):
T (1)

= sin(a)t +¢ );
X +%j
¥ (t) (22)
S/ AL cos(at + ¢, ).
¥ +%j

4. Performances of the proposed PLL. To examine
the proposed PLL performances, several tests have been
accomplished. In the first case, a balanced three phase
source voltages are considered as presented in Fig. 9.

From Fig. 9,a.1 and Fig. 9,b.1 one can notice that,
the classical and proposed PLL have similar behavior
where they produce suitable unit vectors, it is obvious
from the presented phase angles as shown in Fig. 9,a.2
and Fig. 9,b.2.
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Fig. 9. Simulation results, Case 1: Balanced source voltages

The second case of study takes unbalanced three
phase voltages without harmonics expressed in a total
mitigation of voltage phase as shown in Fig. 10.

In this case, the classical PLL fails in extracting the
sin and cosine signals from the unbalanced source
voltages as presented in Fig. 10,a.1, this fact leads to a
phase angle shifting from its reference as illustrated in
Fig. 10,a.2.

On the other hand, the proposed PLL still give pure
unit vectors in Fig. 10,b.1, with a soft phase angle shifting

fromz=0sto t=0.01 s, which is totally acceptable under
these sever unbalance conditions as shown in Fig. 10,b.2.
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Fig. 10. Simulation results, Case 2: Unbalanced source voltages

The three phase source voltages are considered
balanced and distorted by injecting the third and the fifth
harmonics in the main voltages defined by the following
equations:

vy =V sin(et + @, )+ V3 sin(3at + g 3)+
+V,5 sin(Sa)t + 0,5 );

vy =Vp1 Sif{a’f + 1 —27”]+ Vp3 51{3@ + 053 —27”]+

+ Vbs sm(Sat + Dps —2%], (23)

. 2 . 2
v, =V, sm(at + @+ ?ﬂj +V.3 sm(3wt +¢.3 +?”J +

. 2
+ VCS sm(Sat + @5 +Tﬂ-)

Figure 11 describes the three phase distorted
voltages. From Fig. 11,a.1 and Fig. 11,a.2 it is clear that
the classical PLL exhibits poor capacities in extracting the
unit vectors containing the phase angle information.
Otherwise, the proposed PLL still present high capability
in giving an instantaneous unit vector even the presence
of harmonics in the three phase source voltages as
illustrated in Fig. 11,b.1 and Fig. 11,b.2.

58 ISSN 2074-272X. Enexmpomexnika i Enekmpomexanika, 2021, Ne 4



=
=

=
=
=
=
=
—
=
=
=
=N

e
)
A

Source voltages
o

A AR A A A A A A
400 ; l
0,00 0,05 0,10 0,15

time (s)

1,5 T ¥ 2

_______ Reference
1,0
i I

N

A

o
(%))
—~—

o
(%))
T

Unitary signals
= < g < =
LA —

! V1 &7

"800 005 (a.1)o,l10 0,15 0,00 (03622) 0,04
LU ah \ o
wooll VA DANAVANAY
Sosp VLY 8. _
S oWWWwwwwwy &

o0 005 (M)o,lw 0,15 5,00 (()l'jﬁ) 0,04
Fig. 11. Simulation results, Case 3: Balanced distorted source

voltages

Experimental validation. The proposed method
performances are verified through simulation and
experiment validations using Dspace 1104 platform as
shown in Fig 12. Hardware parameters and control
parameters used in experimental test are summarized in
Table 1.

Fig. 12. Experimental platform

Table 1
Experimental parameters
VY Vdc Cdc 1/ KM VF
110V | 300V | 1100 pF | 4mH | 0.0001
Figure 13 presents the balanced three phase

voltages. In this case both classical PLL and the proposed
one success in extracting unitary signals that contains the
phase angle information as shown in Figs. 13,a.1, a.2 and
Figs. 13,b.1, b.2.
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Figure 14 shows unbalanced three phase voltages
expressed in taking-off the second phase. One can notice
that, the classical PLL fails in extracting unitary signals as
shown in Fig. 14,a.1 which leads to certain loss of phase
angle information as presented in Fig. 14,a.2. On the other
hand, the proposed MVF-PLL is motionless to this kind
of unbalance and gives acceptable unit vectors and phase
angle quality as shown in Fig. 14,b.1 and Fig. 14,b.2.

The last test is based on generating harmonics on the
three phase source voltage as it generated in the
simulation section. It is clear from Fig. 15 that the source
voltages contain a huge amount of harmonics which
weaken the classical PLL in extracting fundamental phase
angle as shown in Fig. 15,a.1 and Fig. 15,a.2. Where, the
MVEF-PLL preserves its capability in giving true
information in experiment tests as in simulation.

The aim of the second section of experimental study
is dedicated to examine the dynamic voltage restorer
under various conditions. Indeed, the first case is
expressed in introducing a voltage sag in one phase by
inserting a resistor in that phase in order to have the
desired sag from ¢ = 8:27 s to ¢t = 8:44 s as it is shown in
Fig. 16,a.1. The reference component required to
compensate that sag is presented in Fig. 16,a.2. It is clear
that, the DVR hits in rejecting the introduced voltage sag
perfectly as it is illustrated in Fig. 16,a.3.
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Fig. 16,b.1 presents a voltage sags of two phases in
three phase source voltages from 7 = 1:65 s to t = 2:15 s.
This case is considered as one of the most spread sags in
the grid networks. From Fig. 16,b.2, one can notice that,
the enhanced algorithm gives coherent reference voltages
to compensate that occurred on the grid and make it
balanced sinusoidal as shown in Fig. 16,b.3.
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To put the dynamic voltage restorer under more
sever conditions a three phase voltage sag is considered
from ¢ = 2:54 s to ¢ = 2:67 s in the third test as shown in
Fig. 16,c.1. The DVR stills generate the wanted voltages
as shown in Fig. 16,c.2, to compensate the occurred sag
on the grid and ensure the balanced three phase voltages
of the grid, Fig. 16,c.3.
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Fig. 16. Experimental results, DVR behavior under different conditions
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Conclusions.

Voltage sag is a crucial problem for industries,
indeed, it introduce malfunction for costumer’s
equipments. Researchers have investigated numerous
solutions to mitigate the harmful effect of voltage sag.
Dynamic voltage restorer is one of the most famous
solutions. In this paper, authors have introduced an
enhanced algorithm based on synchronous reference
frame to control a dynamic voltage restorer for voltage
sags rejection. The presented algorithm is based on a
Multi variable filter in order to synthesis unitary signals
containing fundamental phase angle information
involved in generating necessary voltages for
compensating the occurred sags. The considered
algorithm is tested under different conditions such as
single phase sag, two phase sag and three phase sag, on
the other hand, the Multi variable filter configuration is
examined under the most sever conditions such as a total
phase exclusion and in the case of a huge account of
harmonic presence, where elimination of harmonics is
not our case of study in this paper but to show the
effectiveness of the proposed algorithm in synthesizing
the unitary signals. The efficiency of the introduced
method is validated by simulation and experimental
results.
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TATOBBINA DJEKTPOIIPUBO/ HA OCHOBE FATAPEU TOILJIMBHBIX JIEMEHTOB
N BOPTOBOTI'O UHEPIIMOHHOTI'O HAKOIIMTEJIA DQHEPI'UHN
AJIsA MOTOP-BAI'OHHOTI'O ITIOE3TA

B pobomi pozenanymo mseosuil enekmponpusoo Ha 0OCHOSL NATUSHUX eleMeHmie ma IHepYiliH020 HaKONULysaua enepeii 05t Momop-
8A20HHO20 PYXOMO20 CKIAOY. 3anponoHo8anHo NPUHYUN KepyeanHs NOMOKAMU NOMYICHOCMI Y MA2080MY eleKMpPOnpugooi y pedlcu-
Max po32ony ma 2anbMy6aHHs pyxXomozo ckaaoy. Pospobneno mamemamuuny mMooens mazo06020 eleKmponpugooa y 6u2iaoi CyKynmo-
Ccmi MpboX CKAA008UX: N0i30a, ma208020 O10Ka i bamapei narusHux eremenmie. 3a 00NOM02010 Hei 00CIIOHCeHO pobomy 3anpono-
HOBANH020 MA206020 eNeKMPONPUBOOY NPU UPILUEHH] Mecmogoi ma2060i 3adaui 01 pyxomozo ckiady. Bemanoeneno, wo 3acmocy-
6aHHA IHEpYINIHO20 HAKONUYYBAYA eHepeli 3MeHuye umpamu 800HI0 He Menwt Hide Ha 25 %, wo 3abe3neuye 30inbulents npooizy
pyxomoeo cknady midxc exinipyeanusam nonao 30 %. bion. 16, Tadn. 4, puc. 6.

Kniouogi cnoea: TATOBHIA eJ1IeKTPONPHBO/, NAJMBHMI{ eJIeMeHT, iHepUiliHMIl HAKONIMYYBa4y, MOTOP-BArOHHHUIi pyXoMuii ckiaz.

B pabome paccmompenvl msa2osblii 31eKmponpueoo Ha 0CHO8e MONIUSHBIX DIEMEHIMO8 U UHEPYUOHHO2O HAKONUMENS dHepeull Oisl MO-
MOP-8a20HHO20 NOOBUNCHO20 cocmasa. [Ipednodicen NpuHYun ynpasienus NOMOKamMu MOUWHOCIU 8 MA2080M dNEKMPOnpusooe 8 pe-
JHCUMAX PA320HA U MOPMONHCEHUA NOOBUNHCHO20 cocmasa. Paspabomana mamemamuueckas Mooenb mMA208020 AEKMPONPUBoOd 6 suoe
COBOKYNHOCMU Mpex COCMAGIAIOWUX. Noe30d, mA208020 010Ka u bamapeu moniueHwix nemenmos. C nomowwlo Hee ucciedo8ana
paboma npednoNCeHHO20 MA208020 INEKMPONPUSOOA NPU PEUeHUU MeCMO8oU MA2080U 3a0aUu Oid NOOBUNHCHO20 COCMAsd. Ycmanog-
JIEHO, YMO NpU NPUMEHEeHUU UHEPYUOHHO20 HAKONUMEs JHep2Ull YMEeHbUIAeMC pacxo0 8000pooa He meHee yem Ha 25 %, umo obecne-
uusaem ygenuuenue npodea NOOBUICHO20 COCMABA Mewncoy IKunuposkamu 6onee yem na 30 %. bubn. 16, Tadmn. 4, puc. 6.

Kniouesvie cnosa: TATOBBIH 3J1eKTPONPUBO/, TOILTNBHBII 3JIeMeHT, HHEPIHOHHbIH HAKOMHTE/Ib, MOTOP-BATOHHBII MOIBHK-

HOIi coCTaB.

Beenenune. ToruMBHBIE JIEMEHTBI B KAUECTBE OCHO-
Bbl 3Q(DEKTUBHBIX U IKOJOTUUECKU YUCTBIX CHUCTEM DJIEK-
TPOIIMTaHUA B HACTOAIIEE BPEMSA BbISBIBAIOT MHTEPEC B
IUTaHC KX MNPUMEHCHHSA Ha MNOJABMKHOM COCTaBE IIYTEM
3aMeHbl Ha HE IEKTPU(PHUIUPOBAHHBIX JIMHUSX XKEJIEe3HBIX
JIOpOT OOBIYHBIX JM3ENBHBIX M0€3/10B Ha MOTOp-BaroHHbIE
«Bogopoansie» noesna [1, 2]. K ceronusimnemy nHIO He-
CKOJIPKO MHUPOBBIX IPOU3BOJUTENCH CO3JaM TIOABIKHOM
COCTaB C IPIMEHEHHEM TOIUIMBHBIX 3JIeMeHTOB [3]. Bmep-
BBIC TOIUIMBHBIC JIEMEHTHI Ha TOJBI)KHOM COCTaBE OBLTH
TPUMEHEHBI Ha OMBITHBIX Moe3fax kommanuu JR East u
uccienoBatensckoro renrpa RTRI B Anonun. B CIIIA Ha
MaHEBPOBOM TernioBo3e kommannu BNSF Opumm ycraHOB-
JICHBI TOIUIMBHBIC 3JIEMCHTBI JJIs1 MIPOBEACHUA HCCIICI0BA-
HUH M ONBITHOW SKCILTyarauuu. [locie BceoOBeMITIOMIMX
UCTIBITAHUH «BOAOPOAHBIX» moe3noB iLINT (pazpaborunk
— Alstom) u Mireo Plus H (pa3paboruux — Siemens) 3tu
KOMIIAHUM 3aKJIIOYMIM KOHTPAKThl Ha KOMMEPUYECKYIO
ITOCTAaBKY IIOE3/I0B C TOIUTMBHBEIMH 3JeMeHTamH. VcmaH-
ckue komnaanu CAF u Talgo mmaHupyoT MOIepHU3AIHIO
U CO3IaHHE MOTOP-BarOHHBIX IIOE3/I0B C MPUMEHEHHEM
TOIUIMBHBIX 3JIeMEeHTOB. OTHAKO PHUMEHEHNE TOTUIMBHBIX
3JIEMEHTOB Ha TIOJBIKHOM COCTaBE UMEET Psii OCOOEHHO-
CTeil BCleACTBHE CHeHU(PUKU PabOThl TATOBOTO AJIEKTPO-
NPHBOJIA, XapaKTEPU3YIOIIEWCs] NIMPOKUM JIHala30HOM
N3MCHCHUA HArpy3K1 U 4aCTOTBI BpalllCHU.

AHaIW3 JUTEPATYPHBIX JAHHBIX U MOCTAHOBKA
npodaembl. HeoTbemsieMoil 4YacTbi0 HSHEPreTHYECKOMN
YCTAHOBKM Ha TOIUIMBHBIX 3JIEMEHTaX SIBISETCS HAKOITHU-
TEJNIb SHEPTUH, IIPIMEHEHHE KOTOPOTo MOBhIMAET 3 dek-
TUBHOCTH HCIIOJIF30BAHUS TOIUIMBHBIX SYEEK HA ITOIBIIK-
HOM COCTaBe. B CyIIECTBYIONINX IPOEKTaX B KadecTBE
HaKOIUTENEH SHEPrUM PacCMAaTPUBAIOTCS TOJBKO JIMTHMA-
HoHHBIE Oatapeu [3-5]. BHe mons 3peHus g Takux Io-
€37I0B MTOKa OCTAIOTCS MHEPIWOHHBIC HAKOIHTENN HEp-
ruu [5]. OpgHaKo, HECMOTPS HA YCIEXU B Pa3BUTHH DJICK-

TPOXMMUYECKUX HAKOMUTEIeH, CUYUTaeM Ierecoodpas-
HbIM U3YUYCHUC U HUCCJICAOBAHHUE BCCX NOCTYIHBIX TCXHU-
YECKUX PELIECHUN I HAKOMMTEJIEW 3HEpPruu, MpUMEHe-
HHE KOTOPBIX CIIOCOOCTBYET IMOBBIIICHUIO YHEPropecyp-
c03(h(HhEeKTUBHOCTH MTOABHKHOTO COCTABA.

AHamu3 [6-9] mokaszall, 4TO yJAeNbHbIE BECOBBHIE
SHEPreTUYecKre MoKa3aTeId KOHIEHCATOPHBIX, AJIEKTPO-
XUMHYECKUX U MHEPIIMOHHBIX HAKOMHUTENEeH UMEIOT TIpaK-
traecku oauH nopsipok 0,02-0,08 MJx/kxr. Yto xacaercs
YAETHHBIX OOBEMHBIX JHEPreTHUYECKHX ITOKa3aTelei, TO
3/1eCh HMHEPUUOHHBIE NPEBOCXOMAT Ipyrue Tumsl [6]:
25,7-151 Mﬂ)K/M3 y uHepruoHHbIX U 0,6-17,3 MI[;K/M3 y
Ipyrux TamoB. Takas ke KapTHHA HAONIOTaeTcs U C Be-
COBBIMH, a TAKXKC O6’beMHblMl/I YACIbHBIMHA MTOKA3aTCJIAMU
morrocTH: 1,29-2,5 kBr/kr u 536-4273 xBt/M’ y nnep-
LHOHHBIX, a Takxke 0,16-0,26 kBr/kr u 54-173 kBr/™m’® y
Jpyrux TUNoB. [1o3TOMy MOXKHO CKa3aTh, YTO MHEPLHOH-
HBbIC HAKOIUTEIM YHEPTUU CYIIECTBEHHBIM O0pa3oM IIO
CBOWM yJIENBHBIM SHEPTETHYECKAM M MOITHOCTHBIM IIO-
Ka3aTesiM MPEBOCXOJAT KOHICHCATOPHBIE W DIIEKTPOXH-
MHUYecKre HakonuTenn. Ho, B OTIMYHE OT AIIEKTPOXUMHU-
YECKUX HAKOMHUTEJEeH, KOTOPhIE IIMPOKO IPUMEHSIIOTCS Ha
Pa3IMYHBIX TPAHCIOPTHBIX CPEICTBAX W OCOOEHHOCTH
MPUMEHEHHS KOTOPBIX B TATOBBIX 3JIEKTPOIIPHBOAAX H3Y-
YCHbI JOCTATOYHO XOpOIlo, MPUMCHCHUC HHEPLMOHHBIX
HaKomnuTejeld Ha TPaHCIIOPTHBIX CPEACTBAX HMMCCT OIpa-
HUYEeHHBbIN XapakTep [9-13].

Heabo padoThl SBISETCS UCCIEIOBAHUE BO3MOXK-
HOCTH M OCOOCHHOCTEH NMPUMCHEHUS WHEPIIMOHHBIX Ha-
KOIIUTENEH B TATOBOM 3JIEKTPOIIPUBOJIE MOTOP-BarOHHBIX
MOE3J0B C CHJIOBOM SHEPreTMYEeCKOW YCTAaHOBKOW Ha
OCHOBE TOIUTUBHBIX AJIEMEHTOB.

st tocTrKeHUs 3TOM LeNU peliaiuch JBE 3a/1ayu.
[TepBasi cocTonT B CO3MaHHMM OOIIEH MaTeMaTHYECKON
MOJIEId  TSATOBOTO  DJIEKTPONPHBOJA  PETHOHAIBHOTO
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MOTOP-BaroHHOTO TII0€3/1a C AaBTOHOMHBIM HCTOYHHKOM
ANIEKTPOIHEPTUH Ha 6a3e OaTaper TOIUIMBHBIX JIEMEHTOB
1 OOPTOBOTO MHEPITUOHHOT'O HAKOMHUTENSI SHEPIHH, KOTO-
past cBsi3biBajia Obl OCHOBHBIC IApaMETPbl KOMIIOHECHT
SHEPreTUYECKON YCTaHOBKH C PaOOYMMH CBOWCTBAMH
9TOro NMPUBOJA U aJEKBATHO OTpa)kaja BCE PEXXHUMBI €ro
paboTel. Bropas 3akirouaercs B anpoOanuu Co3IaHHON
MOJEJIM Ha MpUMEpPE KOHLENTYaJbHOTO MPOEKTa PEruo-
HAJIBHOTO TI0€3/1a, MEePEeMEIIAlOIerocss M0 KOHKPETHOMY
HE EeKTPUPUIIPOBAHHOMY YIACTKY KEJIe3HON TOPOTH.
1. CxeMa TSIroBOro 3JeKTPONPUBOIA H NMEPETOKH
MOIIHOCTH. CXeMma TATOBOTO DJIIEKTPONPHUBOIA, MpEa-
CTaBJICHHASA Ha pHC. 1, BKIIOYAET CIEAYIOMNE KOMIIOHEH-
ThI: UCTOYHHUK OJIEKTPUYECKOW JHEPTruu, HAKOMUTENIb U

UCTIOJHUTENIbHBIA MeXaHU3M. MCTOYHMK 3JEKTpHUYECKOH
SHEPruM MpeACTaBIeH BOJOPOAHON HAKOMUTEIBHOM CHC-
temoit (HFT), Garapeeii TorumuBHbix siementoB (FC) u
npeodpaszosaresiem P DC-DC. HakomnuTens mpeacTaBicH
WMHEPLUUOHHBIM akkyMyisitopoM sHepruu FESS u npeo6-
pazoBateniem S DC-DC. HcnonHUTENbHBIA MeXaHU3M
(DM) cocrouT M3 TATOBOTO ACHHXPOHHOTO [BHTaTels
(IM), penykropa (G) n Mexanusma «koseco-pesse» (W-R).
Brxon mpeobpazosatens P DC-DC u BX0x aBTOHOMHOTO
nHBepTopa HampshkeHus (T1) coemuHEHBI MWHOW 3BEHA
MIOCTOSTHHOTO TOKa, K KOTOPOH 4Yepe3 COOTBETCTBYIOIIHE
MOJTYIPOBOJHUKOBBIE  IIPE0Opa30BaTENN  HapauIebHO
nonkiarouensl FESS, cucrema mnwradus COOCTBEHHBIX
HyX)1 (AS), a Taxke 0JI0K TOpMO3HBIX pe3rcTopoB (BR).

Storage DC-DC
Converter
(S_DC-DC)
Flywheel = Brake
.';’8‘.’".5’& Energy Storage[”] Resistor
Converter System — (BR)
(P_DC-DC) (FESS) — T 1
Hydrogen Fuel |
Fuel ue " )
LA e oo ) | S |-
(HFT) (FC) (M) (G)
J— =
- -~ WheeI-Rall 7_*,
DC 24V }'racfton
Auxili nverter
System | (T
AC 400V 50Hz] (AS)

Puc. 1. biok-cxeMa TATOBOTO 3JIEKTPONPUBOA:
HFT — Bomopoxnas HakonurenpHas cuctema; FC — Oartapes TommuBHEIX 31eMeHTOB; P DC-DC — mpeobpa3oBaTenb MOCTOSTHHOTO
HarnpspKeHHs 6aTapen TOIUMBHEIX 21eMeHToB; FESS — nakonmrens sueprun; S_DC-DC — npeobpa3oBarteib MOCTOSHHOTO HaIpshKe-
HUS HaKomuTelsl; AS — cuctemMa mutaHusl coOCTBeHHBIX HyXI; BR — Giok TopMo3HBIX pe3uctopoB; Tl — aBTOHOMHBIN HHBEPTOp
HanpspkeHust; IM — TAroBalif acuHXpOHHBIN aABUrartens; G — pegykrop; W-R — MexaHU3M «KoJIeCO-pebey»

PacueTrHble cxeMbl OTOKOB MOILHOCTH MEXIY OC-
HOBHBIMM Y3JIaMU CXEMBI TATOBOI'O 3JEKTPONPUBOJA AJIS
Pa3IMYHBIX PEKUMOB PaOOTHI MOJIBMKHOTO COCTaBa OII-
peneneHsl HaMu, UCXOs U3 CIEAYIOLIUX AOMYILEHU.

HomuHanbHast ajieKTpudeckas MOITHOCTh Oarapeu
TOIUTMBHBIX 3JIEMEHTOB Py, ONPEAENACTCS UCXOI U3 TpeE-
00BaHUs O0CCIICUUTh PEKHM JBIIKCHHS C MaKCHMAJIbHO
JIOTTyCTAUMOW CKOPOCTBIO, a Takke paboTy yCTpPOHCTB
coOCTBeHHBIX HYX 1 P,. To ecTh, JOKHO BBITOJHITHCS
yCJIOBHUE
P + P,

as »

Py (1)
rae P, — MOIHOCTb, NOCTYNAKONIas Ha TATOBBIH OJIOK.

[Tpu 3TOM MOIIHOCTB, TOTPeOIsIeMast YCTPOUCTBAMH
COOCTBEHHBIX HYXKH, TPU JIOOBIX pPEXHMaX IBIKCHUS
MTOJIBMKHOTO COCTaBa MPUHUMAETCS] BEIUIMHOM TOCTOSH-
HOH P, = const.

BenmnunHa 5HEProeMKOCTH W MOIITHOCTH HAKOITUTEIS
MPUHATBI TAKUMH, YTO B COCTOSAHUA O6eCHe’~II/ITb COBMECT-
HO ¢ FC TtpeOyemble pexHMbl YCKOPEHHSI U TOPMOXKEHHMS
MOJIBUXKHOTO cocTaBa. [103TOMy 3BEHO TOPMO3HOTO Pe3u-
cropa BR MoxeT OBITh HCKITFOUCHO U3 pACCMOTPCHHS.

CxeMbl MEPETOKOB MOIIHOCTH B PEXHUMax TOPMO-
JKEHHS U YCKOPEHHS MOIBIKHOTO COCTaBa IMpeCTaBlIeHA
Ha puc. 2. O4eBUAHO, YTO AJIS IPUHITON CXEMBI TATOBOTO
AJIEKTPOIIPUBO/Ia TIOTOKHA MOIIHOCTH OIPEIEIITIOTCS 3Ha-

YEHUSIMA TOKOB B COOTBETCTBYIOIIMX BeTBsX. IIporecch
OyzeM paccMaTpUBaTh C TIO3UITUH PAOOTHI HAKOTIUTEIS.
Peoicum mopmoogicenus.
Tox 1., mMOTpeOIsIeMbIii HAKOMTUTEIEM B 3TOM PEXKH-
Me paboThl, B COOTBETCTBHH ¢ 1-M 3akoHOM Kupxroda
Tep =iy =L gg +1 e - 2)
Tox 7;,,, 00yciioBneHHbIi paboroii IM B pexxume re-

Heparopa:
— wr _ Vv 3

Udc de
TIE 1z = HglmHiny — CYMMApHBIA K.ILJ. 38¢Ha DM TsiroBo-
ro 610ka; cosg, — ko3GGuUHeHT MOIHOCTU IM; g, 7,
Niny — K11 penykTopa, IM u TI, coorBeTcTBEHHO.

Tok, moTpebnseMslii ycTpoHCTBaMH COOCTBEHHBIX
HYXI:

Umlmninv COS Py, » (3)

=F as / Udc . (4)
Tok, otnaBaemsiii FC:
Urn
[dc (};f fe [jc s (5)
dc

rie fp — k.1 FC.

B wurore, MOIIHOCTB, NOTpeOIsieMas HAKOIUTENEM,
MOJIAETCSI B CHCTEMY DJIEKTPOMEXaHHYECKOro mpeodpaso-
Banus dHepruu (SEMEC) HakonuTens: TOKOM
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3 P Uing rae kg P DC-DC, a Tok, norpebiasieMblil
[ch = iUm[m771'71\/ COS Py, _i"'fc—ﬂfc[fc . (6) 8 ’7s7dc B P
Ui Ui Uy SEMEC nakonuressi, paBeH
Hcxons u3 6ajgaHca MOIIIHOCTH JUISl HAKOIIATEIS 7 - Ugel chlls _de )
Ugelenms de = Usly, (7 S U .
A
ldt'T 1— I.”’ ¢: ‘Idl
p pc-Dc |4 | s pcobc FESS DM
— = I 1 P W
—_— é i -
— <= System of L= -
Elclr!')- vm
Wl [pa| /| |vifremetloes - {c
Conversion 1]
| (SEMEC) |4 [~
= = Js = W-R m

—> peXUM TOPMOXEHWA

- PEKUM YCKOPEHWs

Puc. 2. PacueTHas cxeMa pe:xuMa TOPMOXKCHHUS H YCKOPEHHS:

Ij. — Tox FC; I, — Tox na Beixoae P_DC-DC; /, — TOk, mOCTynaroniuii Ha TArOBbIi OJ10K; [,; — TOK COOCTBEHHBIX HYXK; /., — TOK Ha
Bxoze B S_DC-DC; I, — Tok FESS; I;;,, — Tox TI; 1,, — Tok IM; Uy, Uy, Us, U, — nanpsixenue FC, 38ena nocrosinnoro Toka, SEMEC
u IM, cooTBercTBeHHO; £y, — 3nexkrpopukymas cuna (3J1C) FC; Ry, — aktusHoe conporusnenue FC; Py, — MoIHOCTb Ha 06071€
KOJIEC; ,, J; — 9aCTOTa BPAIEHNs M MOMEHT HHEPIUH MaxoBHKa F; v,— CKOPOCTh JIBIKEHHS MOE3/1a

B wurore, nomy4yaem akKyMyJIMpOBaHWE HAKOIUTEIIEM
SHEPTuH B MPOIecce TOPMOXKEHHS TOABIKHOTO COCTaBa B
BHJIE TIPUPAIICHNS YacTOTHI BPAILICHAS €70 MaXOBHKA

do; _Uslstts ©)
dt J 0y
rae #, — ka.a. FESS.

Pesicum yckopenus.

3necy IM moTpednsieT AIeKTPOIHEPTHIO, BHIpaOaThHI-
Baemyto FC 3a BbIUETOM DHEprud, Uayuieil Ha coOCTBEH-
HBIC HYXK/Ibl, a TAKXKE SHEPTHIO, 3aIIACCHHYIO0 HAKOIIUTENIEM.

B sTtom pexxume TOK, OTIaBaeMblii HaKOIUTENEM, B
cooTBeTCTBHH ¢ 1-M 3akoHOM Kupxroda onpenenurcs kak

Tep =Tipy +1g5 =1y - (10)

Toxk, moTpebiasieMblli aBTOHOMHBIM HHBEPTOPOM JIJIsI

TATHU
Py
Udcnz Udcﬂinv

[Tpu ycioBuu, 4TO BBIpaXKEHHUS JUIS TOKa, MOTPEO-
JISIEMOTO YCTPOMCTBAMH COOCTBEHHBIX HYXKA M T'€HEpH-
pyemoro FC ocrarorcs npexxaumu — (4) u (5), cooTBeTCT-
BEHHO, MOIIHOCTb, reHepupyemas SEMEC nakomnuTtens,
II0JJA€TCsI B 3B€HO ITOCTOSIHHOT'O TOKA TOKOM

V3 P Ugns
—VU,I,cosp, +—L————"T.. (12)
dcliny e " Udc Udc .
U3 6ananca momuoctu it SEMEC nakonureis B
3TOM PEXHUME

I =

inv

Uyul,cosp,. (11)

Iy =

(13)
monmy4yaeM ToK, oTnaBaembiii SEMEC makonmrens, B Ta-
KOM BHJIE

Ugelen = Us]snsidc

Ugc
Us s de

MexaHuueckasi MOILI[HOCTh, 3aTpayrBaeMas Ha yCKO-
peHue moesna, oTOMpaeMasi OT MaxOBHUKA HAaKOMHUTEJIs,
yepe3 SEMEC noctrynaer 8 S DC-DC

Iy (14)

(15)

B wurore, B mpouecce pa3roHa noyydaeM yObUIb 3a-
MACEeHHOI MaXOBHUKOM 3HEPrHH 3a CUeT CHIKEHHMS 4acTo-
TBI €TI0 BPAILCHUS

do
N =J,a Ttsﬂs =U,l.

dog, Ul
dt JS a)SnS

Takum 00pa3oMm, U3 NPUBEIEHHBIX BHIIIE COOTHO-
HIEHUH OYEeBMJHO, YTO NpU TpeOyeMOW MOIIHOCTH Ha
obonax xonec P, u umeromeiica momuoctu FC Py, nanu-
gre B CXEME TSTOBOTO OSJICKTPONPHBOJA HAKOIHTEINS
SHEPTHU TMO3BOJISIET OPraHU30BBIBATH IEPETOKU MOIIHO-
CTH MEXJy €ro KOMIIOHEHTaMH B JFOOBIX peXuMax pado-
THI TIOJBIDKHOTO COCTaBa (IO aHAJOTHH C PAacCMOTPEH-
HBIMHU BBIIIE TaKKe U B PEKAMaX OBIKCHUS C IOCTOSH-
HOW CKOPOCTBIO, BRIOETa U CTOSHKHM). B kadecTBe peryms-
TOpa ATHX MOTOKOB BBICTYNAIOT COOTHOIICHHUS HAampsbKe-
HUI Ha BXOJaX M BBIXOJAX CHJIOBBIX YacTel CXeM IOIy-
MPOBOIHUKOBEIX mpeobpasoBareneit (P DC-DC, S DC-
DC, TI), uepes koropsie FC, FESS u DM noaxitoueHs! K
IIIMHE 3B€HA IMOCTOSIHHOTO TOKA.

2. MaTtemaTu4eckasi MojieJib TArOBOro MPUBO/A.

MaTeMaTHYECKY0 MOJIENh PACCMATPUBACMOTO TATO-
BOTO TPUBOJIA MPEACTaBUM B BHJIEC COBOKYITHOCTH TpPEX
COCTaBIIAIONINX: T0€3/]a, TATOBOTO OJOKa M Oaraped Tom-
JTUBHBIX AJIEMEHTOB.

MartemaTHueckasi MoAeJIb MO€3/1A.

Curina TSITHM WM TOPMOXEHHUS IOABIKHOTO COCTaBa
+F, BO BCEM JMana3oHe CKOPOCTEH OINpenessieTcss MOII-
HOCTBIO Ha oboze konec P, =+Fv,,, KoTopas 00ycioBe-
Ha CYMMAapHOU MOUTHOCTBIO TATOBBIX ABUTATECJIIEN HA OCAX
KOJIECHBIX I1ap, OCHAIICHHBIX ABUTATCIISIMU.

Ecnu mpenmnonokuTh, 4To MOE3] Maccoii m,,, cocpe-
JIOTOYCHHOH B OJJHON TOYKE, TBMXKETCS 110 IYTH JUTHHOH §
B MOMEHT BPEMEHH ¢ CO CKOPOCTBIO V,,;, IMEET YCKOPEHHE
dv,,/dt, ICTIBITBIBAET CHITy CONPOTHBIIEHUS JABHKEHUIO .,
IPaBUTALMOHHYIO CHIIy OT YKJIOHA IYTH [y, a TAKXKE CUITY

(16)
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COIIPOTHUBJIEHUS OT IBMXKECHUS B KPHUBBIX [, M IIPU 3TOM
TATOBBIMH JBUTATENIIMH O0ECIIEUMBACTCS CHJIA TATH WIH
TOPMOXEHHUA F), TO CBSI3b MPONUIEHHOTO MOE3/I0M MyTU U
CKOPOCTH CO BpPEMEHEM, a TaKkKe C JEHCTBYIOIUMH Ha
HEro CWJIaMU IIPEJCTABIISIETCS B BUJIE CUCTEMBI

dv,y *F,—F, +Fy—F,

dt (1+&)m g
ds
E = VPS .
rae (1+e) — koahUIUEHT Bpanaronxcs Mace moe3 a.
ConpoTuBieHne IBUKEHUIO, OOYCIIOBIEHHOE Tpe-

HHEM KadeHHUs KOJieC 1O pelabcaM U a’pOIUHAMUKOI
10e3/1a, ONpeeNsieTcs: ¢ ToMoIlbio Gpopmysl [[oBuca

>

(17

_ 2
Fy =4, + Brrvps + Crrvps > (18)
rae A4,., B, C,. — NOCTOSHHBIE KOA(PDHUIIMEHTHI, 3aBUCS-

mye oT KoH(urypanuu noesza.

Ot KO3PPUIMEHTH OOYCIIOBICHBI CIEAYIOIIUM:
A,, — TpeHUEeM KadyeHUs KOJEeC IO pelibcaM U TPEeHHEM
oceil KolleCHBIX mnap; B, — TpeHuem rpeOHel Koiec O
OOKOBBIE TIOBEPXHOCTH TOJIOBKH penbcea; C,, — adpoanHa-
MUKOH noesaa.

I'paBuTaniMoOHHAas CWiIa OT YKJIOHA BBIYUCISETCS C
TTOMOIIBIO PABEHCTBA!

Fy =0,001m . gi , 19)

IZie g — YCKOPEHHE CBOOOIHOTO Ma/ieH!s; | — YKJIOH Iy TH.
Cuna conpoTHBIEHHS OT IBHKCHUS B KPUBBIX JUIA
M0E37I0B  PAacCMaTPUBAEMOI0 Kjacca OINpPEACIsieTCsl ¢
TMOMOIIBIO BBIPAXKCHUSA
0,006867
F c= ’T m ps> (20)
rae R — paanyc KpUBOM.

TakuMm 00pazoMm, MpUBEAECHHAsT MOJIENb MTOKA3bIBALT,
YTO NPH 33JaHHBIX NTapaMeTpax MyTH U OrPAHMUYCHUAX IO
CKOPOCTH JIBHKCHHUS TOJIBIJKHOTO COCTaBa Ha €ro ydacT-
KaxX, KPHUBBIE [IBIJKCHHS OINPEIEISIFOTCS MOIIHOCTBIO HA
obone konec P,,. Bapeupys P,, mocpeIcTBOM W3MEHCHHUS
COCTaBJISIOLIMX €€ KOMIIOHEHT, BO3MOKHO PETYJIMPOBATh
TpeOyeMYI0 CHIIY TATH M CKOPOCTh JBHXKCHHUS MTOIBUKHO-
r'O cocTaBa.

MaremaTHueckasi MojieJ/Ib TATOBOI0O 0J10Ka.

TsaroBEIM O6JIOKOM 0003HAYMM YaCTh CXEMEI TATOBO-
TO AIIeKTponpuBoIa, BKmodaromeir FESS u DM, koTopsie
yepe3 npeodpazoBatenun S_DC-DC u TI, cooTBeTCcTBEH-
HO, NUTAIOTCSA TaK HA3bIBAEMBIM TATOBBIM TOKOM [, 4TO
obpazyetcs TokoM FC [, 32 BEIY€TOM TOKa OTpeOUTENeH
COOCTBEHHBIX HYXK /4

_ Ufc[fcnpidc
P Ucd
rae 1, 4 — k.n.g. P_DC-DC.

Ha nanHOM 3Tame mcciemnoBaHHMH STOT TOK Oyzem
CUUTaTh 3alaHHBIM W HCEHU3MCHHBIM. Taxoe J0IyHICHUE
npezmnosaraeT 0OMeH 3HEprueil TONbKO BHYTPU TATOBOTO
6n01<a, TO €CTb MEXKAY HCIHOJHUTCIbHBIM MCXaHU3MOM
DM wu nakonurenem FESS, u pabotry mpeoOpazoBaremns
P DC-DC B cTatnueckoM peKMMe ¢ KOHKPETHBIM KO3(-
¢unnenToM npeodpazoBaHusl.

LleHTpasbHBIM  3BEHOM TSTOBOTO OJIOKA SIBIISETCS
WHEePUMOHHBINH HakormwuTenb SHepruu. FESS mpencrarmser

—1 s 2n

co00¥ coueTaHne KONbIIEBOTO LIINHAPUIECKOTO MaXOBHKa
(aKKyMyJISITOpa) M CHCTEMBI AIIEKTPOMEXaHUIECKOTO Tpeod-
pazoBares sHeprun SEMEC B Bujie 00paiiieHHO! MaliHbI
MOCTOSTHHOT'O TOKA C BO30Y>K/I€HUEM OT ITOCTOSTHHBIX MarHu-
TOB U MOJIyIIPOBOJJHUKOBBIM KOMMYyTaTopoM [12, 13].

Cxema SEMEC npusenena Ha puc. 3. 31ech Mbl NIMe-
€M JIEJIO C JIBYXIIOJIOCHOH uYeThIpex(a3Hol MallHOM, Kax-
Jast pasa KOTOpOH CONEPIKUT 110 OJHOM KaTyllKe, CMEIIeH-
HOW O OKPYXHOCTH SIKOPS. Ha YIoJjl, IPONOPLUUOHAIbHBIN
7/ Ny, rie Ny— uncno a3z, a 7 — NMOoIOCHOE JeTIEHHE.

T
¥ -q-lér "’i'a—l
MR
: -ﬁ fr_' ‘_ﬂl U,

Puc. 3. Cucrema 3/1eKTpOMEXaHHYECKOro IpeoOpa3oBaHusL
9HEPIHU HAKOIHTEIS:
6 — yrou Harpy3KH MEXIy OCbI0 MAarHUTHOTO IOJISE HHIYKTOpa
PI v Toxa sixops PA; nl...n4, kl...k4 — Hayana u KOHLBI
KaTymiek 0OMOTKH, COOTBETCTBEHHO; 1...4 — KOMMYTaTOpBI

MareMaTHUeCKUe MOJCTH pabOThI TSATOBOroO OJI0Ka B
PEeKHUMax YCKOPEHUSA U TOPMOKCHUA IPCIACTABICHBI B
Tabm. 1.

Kak cnenyer n3 ¢popmyanst st 3JJC SEMEC nako-
mutens (tabm. 1), B paccMaTpuBaeMoil cHCTEME HMEeTCS
BO3MOXKHOCTh PETYJIHPOBATH BEIHYUHY SJICKTPOIBIKY-
e CHIBI 1O JBYM KaHaiaM — 4uciaoM (a3 oOMOTKH
SIKOPSI ¥ YTJIIOM HAarpy3KH, U3MEHsS alrOpHUTM KOMMYTa-
UM TOJTYIPOBOIHUKOBEIX Kimouei. Takum obpazom, mpu
oOMeHe PHeprueil HaKOMUTEN M 3BEHA 3JIEKTPOMEXaHH-
YEeCKOro mnpeoOpa3oBaHHs DHEPrHM MOXHO B LIMPOKUX
npeacijiax BJIUATH KaK Ha MOUIHOCTHL ITpoHecca, Tak U Ha
€€ COCTaBJISIOLIHE.

CMBICTT CHMBOJIOB B MPUBEACHHBIX B Tabn. 1 BbIpa-
JKEHUSIX CIeAyoumit: 7, e, Ly, Ry — xa.a., 9C, unayk-
TUBHOCTh W AKTHUBHOE COIPOTHBIICHHE OOMOTKH SIKOPS
HAKOIIUTEIS, COOTBETCTBEHHO; 2p, W;, l,, @ — 4HCIO TI0-
JIIOCOB, YHCIIO BUTKOB B (pa3e, aKTUBHAS JIUHA W YUCIIO
mapaieNbHeIX BeTBel 0OMoTku sxopst SEMEC Hakomu-
TeJsd, COOTBETCTBEHHO; DD, — nuaMeTp sikops; By, — cpen-
HEE 3HAYCHUE UHIYKLIUK B 3330D€; Hum=Hgllmlin s _dclls —

o0t K.I1.J. miepeaay; f, — ynelbHOe 3HAUYeHUE COMpO-
TUBIEHUS JBMXKEHHIO; Ly 4., R, 4o — MHIYKTHBHOCTh H
aKTUBHOE COIPOTHBIICHHE MPeoOpa3oBarelis, COOTBETCT-
BeHHO; K7, K3 — K03 GUIMEHTH PeoOpa3oBaHus B
pexUMax yCKOPEHUS U TOPMOYKEHHUS, COOTBETCTBEHHO.
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MaremMarudeckast MOJIE.

Tabmnuna 1
JIb TATOBOTO Oy1oKa [ 14]

Pexxum yckopenust

Pexxum TopMOKEHUS

bananc MomiHOCTH HAaKOIIUTEIIS

do .
—-Js 7:%775 = Ul

dw .
Js d_tsa)s = Ul s

YpaBHeHHe paBHOBeCHs 1151 HanpspkeHus Ha SEMEC

diy, . di, .
ug=e,— L, —>—i R “szes"‘LsTS‘”sRs
t
MOHIHOCTL, pa3BuBacMasl MMOABUKHBIM COCTABOM
dvps . .
(mps dt Frr )Vps = ”dclinvninvﬂmﬂg - (mps dt - Frr )Vpsﬂinvnmng =Udcliny
DJ1C SEMEC nakonuTens
e, =Koy,
2pweN 1D,
K,=——————sinf-B,,
a
Tok B 3BeHE ITOCTOSTHHOI'O TOKa
Udc Us
Kepr = U’ Kenp = >
K dc
. . . Is de . . . . ichhB .
by =l 1, =——=—+i liny =lep —ip =——>—1,
p K.r I3 s de

MareMatudeckasi MOJIEIb 1po1n

ecca mpeoOpa3oBaHus SHEPIHU

dvps _ NinyTTml gUdc (7 nsde/KchT + ip) )
B e
dt M sV ps
&: K _udc/KchT —i5(Ry +Rsidc) .
dt Ls +Ls_dc ’
o 1,
. Jn,

dvps Uge (is s _dc /KchB - ip) .
=T = Jrs
dt NinyTTm™ g psV ps
& _ udc/KchB - K o5 —is(R; + Rsidc) .
dt Ls +Ls_dc ’
dwg =’7_SKeis
U,

CBs13b MCKIY YacTOTOM BpallCHUsS pOTOpPA HAKOMUTEISL U CKOPOCTHIO ABMKCHHA TOABUIKHOI'O COCTABA

Mg (V2 pstiert) = v psk)

Dgfe —
J sMsum

Dg(k+1) =

2 2
mpsﬂsum(v psk =V ps(k+1))
J

N

Og(k+1) = 1| Pskc +

BaxHO OTMETHUTB, YUTO B COCTaB MOJCIH BXOJST JIBE
perynupyembie koMmoHeHThl — DJIC SEMEC nakonutenst
(K,) 1 TOK 3BeHa TOCTOSIHHOTO TOKa (K,;), BO3ICHCTBUE
Ha KOTOpPBIC 00ECIIEYNBACT YIPABISEMBIN TIEPETOK MOIII-
HOCTH MEKIYy KOMIIOHEHTaMH CXEMBI TATOBOTO OJIOKA.

Ympaenenue nporeccoM 00MeHa MOITHOCTBIO B pe-

}1_]’[;[ peXKUMa YCKOPCHUA:

1. Ecmm TOK HHBEPTOpa
Kch :ﬁh( Tsetr Vps)’ Ke :ﬁ( Tsetr Vps)-

2. Ecim iinv>imaxa TO Kch:Kch mins Ke:fe(Tset; Vps)/4'

3. Eciut 1, <iimin, TO Kop=Koh max> Ke=Ke max-

TO

iinv € [imin; imax] B

T
JKUMax pasrOHA M TOPMOXKEHHS IIOABIDKHOTO COCTaBa i&>
MPOTPAMMHO PEAU3yeTCs] B COOTBETCTBHUH CO CXEMOIA, v’% CB
yKa3aHHOU Ha puc. 4 (peKUM TOPMOKEHHs), HA OCHOBa- . psy |
HUU JIOTHYECKUX dJIeMEHTOB [ 14]. z, Ly
: 5 <
B 6noke ynpasnenus (CB) peanusytorcst pyHKINU:
fch (Tset’vps) =Keno +(Kpsch /Tset )vps 4 udcT Tl _(@
2 . .
Je(Tser Vps) = KeOvps + (Kpse/rvet)vps : kg I
[Ipu 5TOM BBITIOJHSIOTCS CIICAYIOIINE YCIOBHSL. —2
Jns pexxuma TOpMOXKEHUS: ' . ' u d;]‘ S_DC-DC 'T‘us (FESS
1. Ecaun Toxk wuHBEPTOPa iy € [imin} Imax)s TO
Kch :ﬁ’h(Tsety Vps)a Ke:fe(T set Vps)- K T K
2. Ecnm iinv> imax; TO Kch :Kch maxs Ke:Ke max- ch <
3. el Ziny<imin» TO Ken=Kep mins Ke=fo(Toen Vps)/4. Puc. 4. Cucrema ynpasjienus
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JI71s1 OlIeHKHM CBOMCTB pabOThl HAKOTMTENS B CHCTE-
M€ TSITOBOTO DJICKTPONPUBOIA MPEAIOKESH KOIPPHUIIMESHT
a¢pexTuBHOCTH paboThl HaKomuTeNs [ 14]:

K . = Js(wszend _wszdv)
efs P 2 >
m pg (VpsstB + VpsendT)

TTI€ Vg5 — CKOPOCTB MOJIBUYKHOTO COCTaBa HA MOMEHT Haua-
J1a TOPMOKEHUS; Vpgengr — CKOPOCTH TIOABIKHOTO COCTaBa Ha
MOMCHT OKOHYAHHUS Pa3rOHA; (g — YACTOTA BpAICHUS
pOTOpa HAKOMHTENA Ha MOMEHT OKOHYAHHWS PEKYIICpaIlUH;
W4y — 9ACTOTA BPAIICHHUS «KMEPTBOTO 00BEMAY.

Takxum 06pa3om, OTy4IeHA MaTeMaTHIecKast MOJIENb
TATOBOTO OJIOKa, KOTOpasi CBA3BIBAET MPOIECC ABIDKEHIUS
rmoe3/ia B pekuMax YCKOPEHHUs, a TaKXkKe PEeKyIlepaTHBHO-
r0 TOPMOXEHHUS C MapaMeTpaMy WHEPIIOHHOTO HaKOIHU-
TeJs PHEPTUH, XapaKTePUCTUKAMHU TATOBOTO IBUTATENS U
npeoOpa3oBaTENbHBIX YCTPOHCTB TATOBOTO 3JICKTPOIPH-
Bona. ChopMHupOBaHHAS HA OCHOBAHHMU JIOTUYCCKHUX 3JIc-
MECHTOB CHCTEMa YIPABJICHUS MPOTPAMMHO pPEaU3yeT
MIEPETOKH MOIITHOCTH B PACCMOTPCHHBIX PeXKUMaX pabOTHI
ITOJIBUKHOTO COCTaBa MEXKy TATOBBIMH 3JICKTPOIBUTATE-
JIIMU, HAKOIUTEIIEM W 0arapeeil TOTUTMBHBIX AJIEMEHTOB
(TOKH Zjny, ey 1, COOTBETCTBEHHO). IIpenoxken KpuTepuit
OleHKH 3(P(GEKTUBHOCTH HCIIONB30BAHUS paccMaTpUBae-
MOH TEXHOJIOTUH.

MaremaTnyeckasi MOJ€eJIb TOILTUBHOTO JIEMEHTA.

MareMaTHueckasi MOJAETbh TOIUIMBHOTO 3JIEMEHTa
(FC) moHATHA W3 CXEMBI, MPEACTaBICHHOW Ha puc. 2.
OCHOBHBIMH 3JICKTPHYCCKUMH XapaKTEPUCTHKAMU TOII-
nBHOrO 2nementa spistorcsa: DJIC Ep, HanpsyKeHHe Ha
BbIXozie Uy, BHyTpEHHEE DIEKTPUUECKOE CONPOTUBICHHE
Ry, dneKTpuyecKas MOIIHOCTE Py, dNeKTpHdecKuil koad-
(UIIEHT MONIe3HOTO NeicTBus 1 [16, 17].

MomrHOCTh, TiepeiaBacMasi Ha BHEITHIOK HATrPy3Ky
(TI01€3HAsT MOIITHOCTH), paBHA:

(22)

2
Po=Uplp=14Ep—I%Ry,. 23)
3J‘IeKTpI/I‘leCKa$I MOMIIHOCTb, pacCCUBACMasl Ha BHYT-
PEHHEM COIIPOTUBJICHUU:
(Ep.—Up)’
Py =(Eje ~U o) o =~

fe

=I%Rs. (24)

B BhlICONMCAaHHON HMHTEpPIpPETALUU MOIIHOCTEMH,
AIEKTPUYECKUI K.IL.A. OyAeT paBeH:

__Pr Ug
PfCl'+PfC Ef

(4

NE (25)

Wudopmanuio 0 TOMIMBHOM dJIEeMEHTE M Harsj-
HOCTb €€ BOCIIPHATHS 3aKIJII04aeT B ceOe ero BOJbTaM-
nepHast xapakrepuctuka (BAX). Ona npexacrasisieT co-
6011 rpadguyecKyro 3aBUCHMOCTb HAlpsDKEHUS! TOIIIMBHO-
TO 3JIEMEHTa OT TOKa B Harpy3ke. B OonpmmHCTBE Cityda-
eB BAX TBepHIOOKCUAHBIX TOIUIMBHBIX 3JIEMEHTOB IpE-
CTaBIsIET CcOOO¥ mpsmyro nuHUIO. CTpOro roBops, Ha-
YalbHBINA U KOHEUHBIH yd9acTKd BAX HMEIOT OTKIIOHEHUS
OT MPSAMOI JIMHHH, COOTBETCTBEHHO, BBEpX M BHH3 (00y-
CJIOBJIEHO 3JIEKTPOXUMHUYECKON MOJsIpU3alMeil 3JeKTpo-
JIOB Ul KOHEYHOTO Y4acTKa). DTH OTKJIIOHEHHs B 0OJIb-
IIMHCTBE CIy4YaeB HE3HAUUTENbHBl M TNPAKTUUECKH HE
BBIXOJAT 3a mpenensl 10-15 % Hadana u KOHIA yyacTka
kpuBoii BAX, a B psine cinydaeB oHM BooOIe He HaOro-
naforcs. B Oonbiued cremeHn BaXKeH CpEOHUI Y4acTOK

BAX. Tlpu 3TOM ¢ HEKOTOpPHIM TPHOIMKEHHEM MOKHO
CUMTaTh, YTO TOUYKa TepecedeHust JuHUM BAX C OChIO
HanpsbkeHus xapakrtepusyer OJIC anemeHTa, a Todka
nepeceueHust BAX ¢ ocklo TOKa XapakTepu3yeT TOK KO-
POTKOTO 3aMbIKaHHs 3eMeHTa. BAX xoporio anmpokcu-
MHpYETCS MHOTOWICHOM MEPBOTO TOPSIIKA

y=—kx+Db,

Ufc :_IfCRfc +Efc’
TJIE y ¥ X — KOOPAWHATHI HAIIPSHKEHUSI U TOKA; k — YIIIOBOH
K03(h(pUIMEHT, paBHBINA TaHTE€HCY o — yIJa HakKJIOHA JIH-
o BAX k ocu TOKa; b — BeNMUMHA OTpe3Ka, KOTOPBIH
orcekaer JuHHA BAX Ha ocu HampspkeHHs (B Hamem
ciydae b paBHO Ej. dIeMEHTa).

3. KonuenrtyajabHbIi MPOEKT.

3anaveii pa3pabOTKH KOHIIETITYaJIbHOTO MPOEKTa SIB-
nsieTcsl BHIOOp MapaMeTpOB TATOBOTO OJIOKA, MHEPIHOH-
HOTO HAKOMWTEJNS SHEPTUH U Oaraped TOIUTMBHBIX diie-
MEHTOB (B COBOKYITHOCTH C BOJIOPOAHBIM HAaKOIHTEIb-
HBIM DJIEMEHTOM) MYTEM peIleHHs TATOBOW 3alaud U
aHajM3a TOJyYeHHBIX pe3ynbraTtoB. [IpeoOpazoBaTenb-
uele arperatel (P_DC-DC, S DC-DC, TI) Gynem pac-
CMaTpHBaTh JIMIIb C TTIO3ULUH BO3MOXKHOCTH 00€CIICUeHHS
C MX IOMOUIBI0 TPeOyEeMBIX HEPETOKOB SHEPTUU MEXKIY
paccMaTtpruBaeMbIMU Ookamu. OdeBHIHO, 9TO UX dPdek-
THUBHas1 pabora OyleT UMETh MECTO TIPH YCIIOBHH MaKCH-
MallbHO OJM3KWX HOMHHAJBHBIX 3HAYCHHUH KOMITOHEHT
MOIITHOCTH paccMaTpHBaeMBbIX ycTpoiicTB. Ilpu 6e3ycios-
HOM cOOJIOIeHNH OajlaHca MOIIHOCTH M MCXOIS U3 TOrO,
YTO YIOMSHYTBIE Y3JIbI TATOBOTO MPHUBOJA B 3BEHE MOCTO-
SHHOTO TOKa COEAWHEHBI MEXIy co0Oil mapaiensHo,
CUUTAEM, YTO MMEHHO 3HAYEHHsS] HATPSDKEHUS STHX Y3II0B
JIOJDKHBI OBITh MaKCHMaJIbHO OJM3KU. BeImosHeHne 3Toro
YCJIOBHSI, 11O HAIlleMy MHEHHMIO, cTaHeT 0a30ii addexTnBHO-
TO PEryJupoBaHMs IMOTOKOB MOIIHOCTH B Pa3iIMYHBIX pe-
JKUMax paboThI AIeKTportoaBIKHOTO coctaa (JI1C).

[Ipu BBIOOpE mMapaMeTpoB Y3JIOB TATOBOTO TIPHBOIA
OyIeM MCXOIUTh W3 TOTO, YTO MOIIHOCTH OJIOKA TOTLIMB-
HBIX D3JIEMEHTOB W HAKOIUTENS SHEPTHH IMPAKTUYECKH
OJIMHAKOBHI U HAKOMHUTEIh PabOTAeT TOIBKO IPHU pasroHe
U TOPMOKCHHH TI0€3/1a, a B PEKUME JBHKCHHUS C YCTaHO-
BUBILIEICS CKOPOCTBIO CHCTEMa 00eCIeYHBaETCsl YHEPTH-
elf TOJIbKO OT OaTaper TOILIMBHBIX 3JICMCHTOB.

Jnst pacdera mpuHMMaeM: JjMHA moe3na — 42 M,
COCTaBHOCTh — 2 BaroHa, Macca Tapel — 92 T, maccaxu-
poBMecTUMOCTh Barona — 280 4enoBeK, Ky30Ba BaroHOB
OTMpAIOTCS Ha 3 TEJIEKKH — JIBE KOHIIEBBIE IBYXOCHBIE U
OIHYy TPOMEKYTOUHYIO IBYXOCHYIO TeNexkKy SkoOca,
KOHCTPYKIIMOHHASI CKOPOCTh — 124 xm/4. OcHOBHOE co-
MPOTHUBIICHUE [BIKCHUIO BBIUUCIIETCS 10 (OpMyIIe
F,,.=1,5+0,006vp5+0,0067vp52. BuyTpenHne ocu KOHIIe-
BBIX TEJEKEK OCHAIICHBI TITOBBIMH JIBHTATEIISIMH.
KomnecHo-MOTOpHBIN 070K KaKIOW W3 ATHX Ocel cojep-
JKUT KOJIECHYIO TIapy ¢ auamerpom kosec 0,95 M, nByx-
CTYNEHYaThIil PEAYKTOp C MepeNaTouyHbIM 4uciioM 6,6 u
k.a.g. 0,97, a Takke IIECTH MOIIOCHBIA aCUHXPOHHBIN
TATOBBIN nBurarens. [loe3n nmeeT nBe MAESHTUYHBIE CHC-
TEMBI TATOBOTO MPUBOJA, pa3MEUICHHBIE B KaKIOM Baro-
He. B cocTaB ka0l BXOAWUT BOAOPOIHBIA HAKOIUTEINb-
HBIA 3TIEMEHT, OJOK TOIUTMBHBIX 3JIEMEHTOB, WHEPIIHOH-
HBI HAKOIIUTENb SHEPTHH, TATOBBIN JBUTATENb U IPEOO-
pa3oBaTeNbHbIEC arperaTsl.

(26)
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XapakTepUCTHKH JIBUTATENs M MapaMeTpbl HAaKOIH-
TeJIsl IPUBEEHBI B Ta0J. 2 U 3, COOTBETCTBEHHO.

Tab6muma 2
XapaKkTepUCTHKH TATOBOTO ABUTATEINS
P ms Um’ Ima 0 fis n,
kBT B A €oS @y | KILA. | S, % T'n | 06/Mun
250 | 760 | 228 | 0,88 | 0,944 | 1,3 | 65 1283
Tabmuma 3
ITapameTps! HakoTIMTENS
[Tapamerp 3HadyeHue
T"abaputHsie pasmepsr, MM: D X H 900 x 830
Oneprus obmena, M/Ix 26
MouiHocTs (MakcuManbHas), MBT 0,27
Hanpsbxenue (MakcumansHoe), B 1054
Tokx HOMUHAIBHBIN, A 250

MaxoBuk

Martepuan

Vraemnactuk + SmCo

Pasmepsl, MM: 1uamMeTp BHEIIHUHN X
JIMaMeTp BHYTPEHHUI X BbICOTA

700 x 440 x 580

Macca, kr 674
MowmeHT uHepuuy, KO M2 57
Uacrora Bpamenus, 1/c: max...min 1071...421
Sxops
YuCIno MoIrCcoB 4
[TonrocHoe neacHUE, MM 340
Yucno daz 4
CedeHue IPOBOAHUKA, MM 50
Wunyxrop

Pasmepbl Maraura, Mm:
P : 340 x 420 x 15

JUTMHA X BBICOTA X HIMPUHA

Wupyknys B akTuBHOH 30He, T 0,22

3a3op, MM 3

KpuBbie 1BIKeHNS, CUIIOBBIE H SHEPTETHUECKUE 3aBU-
CHMOCTH, TIOJTy4EeHHBIE JUIS 3TOrO MOE3/1a TPH €ro JIBIKe-
HHUHU [0 TOPU3OHTAJIBHOMY Y4YacTKy IMyTH JIMHOHN 24,3 kM
MIOKa3bIBAIOT, YTO MOIIHOCTh MCTOYHHUKA IUTAHUS B BHIE
TOIUTMBHBIX 3JIEMEHTOB, a TaK)Ke HHEPLIHOHHOTO HAKOITUTE-
JI1 Ha OJIMH BaroH JOJDKHA ObITh He MeHee 260 kBr. Maxo-
BUK K)KIOTO WHEPIHMOHHOTO HAKOITUTENS 3HEPTHU JOJI-
KEH aKKyMYJIMPOBATh IIPH TOPMO>KEHNH SHEPTUIO 0OMeHa
He MeHee 7,25 kBT 4 (3Heprus pekynepaTuBHOTO TOPMO-
JKeHus coctaBiseT 14,49 kBt q).

Pacuer u mccnemoBanne pabOTHI TATOBOTO OJIOKa C
CUCTEMOM ympaBieHus (puc. 4) Mpy 3HAUYCHUAX MapaMeT-
pOB 0JIOKa yIpaBiIeHHUs, IPUBEACHHBIX B Ta0. 4, IPOBO-
JUINCh Ha 0ase MaremMarwdeckoi momenu (tabm. 1). B
Ka4ecTBe YHCIIEHHOTO METO/Ia PEIICHHs CUCTEMBI audde-
pPEeHLMANbHBIX ypaBHEHHH ObL1 BbIOpaH Meron PyHre-
Kyrra uerBeproro mnopsinka. Pacuer mpoBomwics s
Tpex 3HaueHmii yckopemms — 0,55 wm/c’, 0,37 m/c® u
0,28 M/c”. PesynbTaThl pacueTa NpHBEICHb! HA PHC. 5.

Tabnuna 4
3HavyeHus napaMeTpoB OJI0Ka yIpaBleHHs
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Puic. 5. TTpouecc o6MeHa sHepruei mpu yekopernn 0,55 m/c?

AHanu3 pe3ysbTaToB pacyera rmokasai, 4To 3dgex-
TUBHOCTH HCIIOJIb30BaHUSI HAKOIUTENS HEPIHU TIPH Ba-
pBHpYEMBIX ycKopeHHsX B mpexenax 0,55...0,28 w/c’
coctasister 28...37 %. Takum 00pazoM, HCIIOIL30BaAHHE
HAaKOIUTENS JaeT BO3MOXKHOCTh COKOHOMHTBH 3a OIHH
IIUKJT «TOPMOJKEHHE-pa3ron» okoio 40 % sxeprum.

J1s paccMaTpuBaeMoOro roeszfa Hanbojee MOAXOIAT
O10KH TOTIMBHBIX JIIEMEHTOB MozudHUKamu
HyPMTMHD30. MoriHocTts 6510ka — 31 kBT, Tok — 0...500 A,
Hanpspkerue — 60...120 B, makcumaneHbii k.14 — 55 %,
pasmepbl — 719x406x261 MM, macca — 72 kr. Paboune
XapaKTepUCTUKH NpeJCTaBlIeHb! Ha puc. 6 [15].
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Puc. 6. PaGoune xapakrepuctuku 610ka HyPM™HD30

9 Takux OJIOKOB, BKIIIOUEHHBIX ITOCIIEJOBATEIBHO, HA
Ka)XXJIOM BaroHe obecreyar MOIIHOCTh WCTOYHHKA IHTa-
Hus 280 kBT B nHTepBane Hanpspkernit 540...1080 B mpu
n3MeHeHnn Harpy3kd oT 0 mo 500 A. Takas Oatapes,
pa3MmelieHHas B KoHTelHepe pazMepoMm 2,2x1,5x0,4 w,
Oyznet Becuth 650 kT, u Oe3 mpobieM MOXKET OBITh pa3-
MelleHa Ha KpBIIe BaroHa.

HeoOxoaumas moTpeOHOCTs B BOAOPOIE NPU JIBH-
JKEHUH TIO/IBYKHOT'O COCTaBa 0e3 HaKOIMTENS B PEIKMMaXx
pa3roHa M IBMXKEHHUS C TIOCTOSIHHON MOIIHOCTBIO OTIpe/ie-
nsieTes 1o hopMmyIie

_ Enpe —Eps

My , 27)

Eygpe

rae Ep. — dIeKTpuueckas dHeprust 6ataped TOTUIUBHBIX
JJIEMEHTOB; Ej, — SHEprusi pekynepanyy Ipu TOpMOXKe-
HUM U MOCHEIYIOLIEr0 €€ UCIOJIb30BaHMs MU Pa3roHE;
Eng, — yHOenbHBIA BECOBOM JHEPreTHYECKMH IOKAa3aTelb
BOJOPOJHOTO TOIUIMBA.

Hns namero ciaydas npu Eye = 396 MIx, Ey, =
=63 Mk, Ey,=120 MIDx/xr u 57z = 0,55 pacxon Bojo-
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poza Ha OJWH TPAHCIIOPTHBIA UKJ COCTAaBHUT IPH padboTe
0e3 HakomuTesa 3,9 KI, a ¢ HAKOIIUTENIEM — 3 KT.

[Ipyn eMKOCTH HCHOJIB3yeMBIX B HACTOSILEE BpEMs
6akoB ¢ maeneHueM 35 MIla u maccoit Bogopoaa 5 kr
[16], 6 Takux GakoB mpu Macce ~700 KT U 3aHUMAEMOM
o6beme 2,86 M° obecrieuar ABIKEHHE PaCCMATPHBAEMOTO
rmoe3fia NpU OTCYTCTBHM HAaKOMWTeNs Oe3 103arpaBKu
188 kM. B ciryuae mcnonb30BaHUS HAKOMMTENS IpoOer
cocTaBuT 0e3 no3anpaBku 250 kM.

Taxkum 00pa3oM, MPUMEHEHHE HAKOMUTENS MPH €To
OJHOKPAaTHOM HCIOJIB30BAHMUHM B TpOCTEHIIEM TpaHC-
MIOPTHOM IIMKJIE 0€3 y4eTa paroHaIbHBIX COOTHOIICHUH
rapamMeTpoB OJIOKa YIIpaBJlIeHHs IaeT NOBOJBHO OILYTH-
MBI 3 peKT — SKoHOMUIO HEe MeHee 24,5 % Bomopoaa.

BrIBoABI M IEPCNIEKTUBBI JaJbHEHIIEr0 pa3BUTHSL.

[IpoBeneHHble WCCIENOBaHUS BHITIONHEHB Ha 0ase
MaTeMaTHYeCcKON MOJETH TATOBOTO AJIEKTPOIPUBOIA TIO-
€3/1a Ha TOIUIMBHBIX 3JIEMEHTaX C MHEPIUOHHBIM HaKOITH-
TEeJIeM SHEPTHH, KOTOopas IPEACTaBIsIET cOOOH COBOKYII-
HOCTH OTJENBHBIX OJIOKOB IH(depeHInaIbHBIX U areo-
panvecKux YpaBHEHHMH IUIs TOe3/la M Pa3INYHBIX Y3JIOB
CXEMBI TSTOBOTO BJIEKTPONPUBOAA. DTy MOJENb CIEAYET
paccmatpuBaTh Kak 0a3oByro. i McciaenoBaHmi moBee-
HUS MOJBM)KHOTO COCTaBa B YCIIOBHSAX, MPHONIIKEHHBIX K
peabHBIM, HEOOXOAMMO Ha 0a3e pa3paboTaHHBIX MaTeMa-
THYECKUX MoOJeNned co3naTh OOBEAUHEHHYI0 CHCTEMY
i depeHInanbHBIX  YPaBHEHHH, C TIOMOLIBIO KOTOPOH
CBsI3aTh paboTy BCceX OJOKOB CUCTEMBI TATOBOTO JIEKTPO-
NPHBOJIA, BKIJIIOYAs paboOTy MpeoOpa3oBaTelbHBIX arpera-
TOB TIOJIyIIPOBOJHUKOBBIX YCTPOMCTB, C KOOpIMHATAMHU
ITyTH KaK BO BPEMEHH, TaK M B IPOCTPAHCTBE.

Pemenue Takoit 3agauu, 6e3ycIOBHO, MOTPEOyET Co-
3/1aHUS €IMHOM TPEXypOBHEBOM MHTEJIEKTYaJbHOW CHC-
TEMBbI yIIPaBICHUSL.

[epBEIii ypoBeHHb MOIDKEH OIPENENATh HEOOXOIH-
MYIO T0€3/ly MOIIHOCTb, YHPaBJISATh CKOPOCTBIO TPAHC-
MIOPTHOTO CPENCTBA U IepeaBaTh TpeOyeMoe yCKOpeHHe
WJIM 3aMEJIEHUE HAa BTOPOM U TPETUM YPOBHHU.

Bropoil ypoBeHb AOIKEH YHpaBIATh paclperese-
HHMEM ITOTOKOB MOIIHOCTH ¥ S9HEPTHH MEXy Pa3IHYHbIMU
KOMITOHEHTAaMH TATOBOM Ilemu: OaTapeell TOIUIMBHBIX
9JIEMEHTOB, HAKOIMHUTENEM SHEPrHuHM M MCIOIHUTEIHHBIM
MEXaHU3MOM — TSATOBBIM aCHHXPOHHBIM JIBUTaTEJIEM.

Tpetuii ypoBEeHb IOJKEH BO3JAEHCTBOBATh Ha CpPEel-
CTBa YIIPABJICHUS OTAEITBHBIX KOMIIOHEHT M PETYINPOBATh
UX COCTOSIHHE B 3aBHCHMOCTH OT TE€HEpHpPYEeMOH WiIn
MOTPeOIsIEMON 3TUMH KOMIOHEHTAMU MOIITHOCTH.

KoHduKT HHTEepecoB. ABTOpPHI 3asBISIOT 00
OTCYTCTBUH KOH()JIMKTa HHTEPECOB
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Traction electric drive based on fuel cell batteries

and on-board inertial energy storage for multi unit train.

The aim of the work is to study the possibility and features of the
use of inertial storage devices in the traction electric drive of
multi unit train with a power plant based on fuel cells. Method-
ology. The principle of power flow control in traction electric
drives in the modes of acceleration and braking of rolling stock
is proposed. The mathematical model of the traction electric
drive in the form of the combination of three components: the
train, the traction unit and the battery of fuel cells is developed.
It was used to study the operation of a traction electric drive
when solving a test traction task for rolling stock. Results. It is
established that the use of inertial energy storage reduces hy-
drogen consumption by at least 25 %, which increases the mile-
age of rolling stock between equipment by more than 30 %.
Originality. The traction electric drive on the basis of fuel ele-
ments and the inertial energy storage for the multi unit train is
offered. The work of the proposed traction electric drive in
solving the test traction problem for rolling stock is investigated.
Practical significance. A mathematical model of the traction
electric drive has been developed. The test traction problem for
rolling stock is solved. References 16, tables 4, figures 6.

Key words: traction electric drive, fuel cell, inertial storage,
multi unit train.
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KOeinei

IHOJAO0JBIEB OJIEKCAHAP IMUTPOBHNY

(1o 70-piyust 3 THSL HAPOPKEHHS )

Jokrop TexHiuHMX Hayk Omnekcannmp JImurpoBud
[onmomenieB Hapommees 24 cepmas 1951 p. YV 1974 p.
3akiHuuB KWIBCHKUI MONMITEXHIYHUN iHCTUTYT (3apa3 —
Hauionanbhuii TexHiuHuid yHiBepcuteT Ykpainum «Kuis-
ChbKHI TONITeXHIYHUH 1HCTUTYT iMeHi Iropsi Cikopchko-
ro») 3a (haxoM — IHKEHEP-CIEKTPHK. =

IMicns 3akiHYEHHS BHIOTO Ha-
BYAJIBHOTO 3aKJIaly IpaloBaB Mpoe-
KTYBQJIbHUKOM EJICKTPUYHHX MAIHH
y KuiBcekomy OKbB «JliniiiHi Mamm-
Hw» (1974-1976 pp.). Ilicnsa 3akin-
yeHHsa acmipaatypu (1979 p.) i mo
TEIEePIIIHBOr0 Yacy 3alMa€eThCs Hay-
KOBOIO [IISUTBHICTIO B [HCTHTYTI enek-
TpoauHamiku HamioHansHOI akagemii
HaykK Ykpainy, ne B 1980 p. 3axuctus
JCEPTALil0 Ha 3100yTTsS HAyKOBOTO
CTYIICHA KaHAuJaTa TCXHIYHUX HaYyK,
a B 1997 p. oTpuMaB cTymiHb JOKTOpa
TEeXHIYHUX HayK 31 CHeUiaJbHOCTI
«Teopernyna SJICKTPOTEXHIKaY.
ITounnaroun 3 2010 p. 3aiimae nocany
TOJIOBHOTO HAyKOBOTO CITIBPOOITHHKA
[HCTHTYTY €JIeKTPOAUHAMIKH.

3 1996 p. Onekcanap JIMUTPOBHAY € WICHOM HaNOi-
JIBIIOT B CBITI mpodeciiiHoi opraHizariil iHXEHEpIiB Ta Ha-
YKOBIIB Yy rajly3i eJIeKTpOTeXHIKN — [HCTUTYTy iHXKEeHepiB
3 enekrporexHiku Ta exekrpoHiku (IEEE).

Onekcauap JmurpoBud IlogonbiieB € BIOZOMHM
BUCHHM B YKpaiHi Ta 3a 11 MeXaMH 3aBISKH YUCCIbHUM
HAyKOBUM IIpausM y Trajly3l TEOPEeTHYHOI eJNeKTPOTEXHi-
KM, KOMII'IOTEPHOTO MOJEIIOBAHHS EJeKTPOSHEePreTHy-
HUX 00’€KTIB 1 CUCTEM, a TaKOX EJIEKTPOTEXHOJIOTTUHUX
ycraHoBok. CepeJ crenianicTiB HNIMPOKO Bifomi Horo
JOCIIDKEHHS, TOB’S3aHiI 31 CTBOPEHHSIM TEOPETHIHUX
3acanm I PO3pOOKHM Ta 3a0C3MEUYCHHS ITiBUIICHOI Ha-
JIAHOCTI 1 €JICKTPOMArHITHOT OE3IEKH CyYaCHHX BHCO-
KOBOJIPTHHX Ta Ha/IBUCOKOBOJBTHHX KaOEIbHUX CHUCTEM
E€HEPreTUYHOIO MPHU3HAYCHHs, POOOTH, CIPSMOBaAHI Ha
JOCSTHEHHSI BUCOKOI €(EeKTHBHOCTI (QYHKI[IOHYBaHHS
TEXHOJIOTIYHUX yCTAHOBOK IHIYKIII{HOTO HarpiBy mare-
piaiiB i crIaBiB, pO3BHHEHHS HOBHX METOJ[IB YHCEIHHO-
ro MOJEIIOBAaHHS B CJICKTPOTEXHIIl — METOIIB Oararo-
MaciTabHOTO Ta MyJIbTH(I3ZUIHOTO MOJIEIIOBAHHSI.

Hayxogi inTepecn Onekcanapa JIMutpoBuda Bimpis-
HS€ETHCS IUPOKUM CHEKTPOM. BOHM OXOIIIOIOTH BUBYEH-
Hs 3arajiomMm eﬂeKTpOMaFHiTHI/IX, CJIICKTPOTCIIIIOBUX, MEXa-
HIYHHUX, TIAPOJUHAMIYHHMX, OIOJNOTIYHUX IPOIECIB IS
BCEOIYHOTO JOCIIKEHHS EIIEKTPOMEXaHIYHUX IIePEeTBO-
proBauiB eHeprii, BHCOKOYAaCTOTHUX TpaHC(HOPMATOPIB,

CHIIOBUX KaOeliB 1 kabenpHUX JiHIH, MarHITOTiApOANHA-
MIYHHX YCTAQHOBOK, CTBOPEHHS HOBHX KOMIIO3HMLIIHUX
CTPYKTYp 1 IiCNEeKTPUYHUX MaTepiajiB, BUBUCHHS il iM-
MYJbCHOTO MAarHiTHOTO TOJII Ha TPOBIJHI CEpeloBHIIA,
BIUIMBY €JIEKTPOMATHITHOTO IOJIsl Ha OioyioriuHi 00’ €KTH
3 METOO IPAKTUYHOI peati3allii HOBi-
THIX OIOMEIMYHUX TEXHOJIOTIH.

Pe3ynbraT HayKOBHX JIOCII-
mkenb  a.T.H.  O.JJI.  Tlogonbuesa
3HalIUIM BiMOOpakeHHSI B 5 MOHO-
rpagisx ta B Outsie Hk 300 Hayko-
BUX TIpaImsix. 3a pesynbraTamu (yH-
JaMEHTAJIbHUX HAyKOBHX 1 MpaKTHY-
Hux pocstHeHb O.J]. I[lomombieBy
Oymo npucymkeno  JlepykaBHy
npeMil0 B Tany3l HayKd 1 TEXHIKH
(2007 p.), mpemiro HamionanapHol
akazgemii Hayk YKpaiHM  iMeHi
I'.®. Ilpockypu (2013 p.) Ta imeHi
B.M. Xpymoga (2019 p.).

Onexcanap JMHUTPOBUY 3aCHY-
BaB HAayKOBY IIKOJY 3 YHCEIHHOTO Ta
KOMIT FOTEPHOTO MOJIEITIOBaHHS
MYJIbTU(I3UYHHUX Ta PI3HOMACIITAOHHUX HPOLECIB B €JIEK-
TPOTEXHili. BiH TakoX yCIIIIHO MOEAHYE HAYKOBY, Opra-
HizalliiiHy Ta menaroridydy IisuTbHICTh. BXOMUTH 10 cKia-
Iy PEeNaKIifHUX KOJETil (axOBHX MEPIOIUYHHUX BUIAHb.
Ha npors3i 6ararbox poKiB BUKJIAAa€ TEOPETUUHY €IIEKT-
POTEXHIKY Ta KOMI'IOTepHE MoJielitoBanHs B KuiBchbkoMy
HalliOHAIEHOMY YHIBEpCHTETI OYyIiBHMIITBA 1 apXiTEeKTy-
pH, Jie 3aroYaTKOBaHO BMKOPUCTAHHS Cy4aCHHMX IpOrpa-
MHHX 3aco0iB (Matlab ta Comsol) y HaBuasibHOMY Hpo-
IeCi, TPOBOIUTHh AKTUBHY KOHCYNBTAIWHY IisUTBHICTH 3
HAYKOBUX NMHUTaHb B HallioHaIbHOMY TEXHIYHOMY yHiBep-
cureri Ykpainu «KuiBCbKHMH MOJITEXHIYHUA I1HCTHTYT
imeHi Irops Cikopcekoro», HamionansHOMYy aBiariiitHoMy
yHiBepcuTeTi, npaioe B Crieniani3oBaHuX BYSHUX pajax
TI0 3aXHUCTy KaHOUIATCHKUX 1 JOKTOPCHKUX JUCEPTALIiH.

HeopaunapHuii OaraTtorpaHHH TBOPYHMI TalaHT
Osexcanapa JmMurpoBuua, Horo BHCOKHMH mHpodecioHa-
ni3M, Oarari JOCBiX 1 3HAaHHS, MpalEe3laTHICTh, CYMIIiH-
HICTH B po0OOTi MOEIHYIOTHCS 3 0COOIHBO YBAKHHUM i J0O-
PO3UWINBYAM CTaBJICHHSM JI0 CIiBPOOITHHKIB, KOJIET, YHC-
JICHHUX TOBAPHILIIB 32 ()axOM, MOJIOIUX BUCHHX.

Pekropar Ta kojekTHB HaIlliloHaJIbHOTO TEXHIYHOTO
VHIBEPCUTETY «XapKiBCbKUH  MOJITEXHIYHHH I1HCTH-
Tym»umpo Bitae Onekcannpa JMuUTpoBHua 3 IOBLICEM,
Oaxxae MILIHOTO 37I0pOB’sl, IACTS, YCIIiXiB Ta HATXHEHHS Y
HAYKOBIH JisTIbHOCTI.

Penakuiiina konerisi xypHainy «EnekrporexHika i
CJIEKTPOMEXaHIKa» NPUEJHYETbCS O LHUX  IIUPHX
nobaxxaHs.
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