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Abstract. The paper considers expedient schemes of connection of renewable energy sources (RES) to
railway power grids. Today, the implementation of distributed generation (DG) based on RES in the railway grid
is an urgent issue. Despite the fact that scientific and practical aspects of the development and implementation of
DG systems are studied by many domestic and foreign scientists, there is still no reasonable opinion on the most
appropriate use of a particular direction of RES in railway power supply systems. There are only recommendations
for connecting RES to the tires of traction substations. Now it is profitable to create their own power plants with
RES, connecting them to external networks, from which only then the railway receives power. The purpose of
the work is to improve the quality of electricity in the supply networks of non-traction consumers of railways by
connecting to them renewable energy sources. Research methods are based on modern methods of computational
mathematics, statistics and information analysis using modern computer technology. Research results. The paper
develops supply system for traction and non-traction consumers by electric mains to which wind power plants
(WPPs) are connected, and a model of railway mains where RES is connected to transformer substation (TS)
wiring of non-traction consumers. The introduction of wind turbines in the railway power supply system according
to the above scheme can really significantly improve the quality of electricity in the power supply network of their
non-traction consumers. But the approximation of this quality to the allowable values occurs only when the power
of the additional source is not less than 35% of the nominal value of the total load of all connected to the winding
6.6 kV consumers. An example of connecting a photomultiplier tube to the railway network, which is carried out
without the use of any storage of energy generated by them, is considered. The introduction of possible directions
for the use of RES in railway power supply systems is chaotic and unsystematic, and so far there is no reasonable
vision for the most appropriate option. The originality is the introduction of renewable energy sources in the
power supply system of non-traction consumers of railway transport. Practical implications. The use of additional
renewable energy sources to supply non-traction consumers minimizes electricity consumption.

Key words: renewable energy sources, distributed generation, non-traction consumers of railways, wind
power plant, photovoltaic plant.

Introduction. As it is known, use of so-called distributed generation (DG) is one of the current tendencies
to improve power supply systems making electricity more reliable and crushproof. It is considered that DG systems
also reduce power losses during its transportation owing to closeness of sources to consumers. In this context,
length of the main power lines and their number becomes less important. Moreover, accident consequences are
less significant and mutual back-up of power generating capacities is provided.

As for the alternative energy use for the systems of the distributed electric power supply of railways, it is
possible to single out following possibilities: supply of a traction power generation system by external mains
within which renewable energy sources (RES), belonging to the railway, operate together with the traditional ones;
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RES connection to traction transformer windings supplying directly non-traction consumers of railway mains;
use of alternative energy in the amplifying points to intensify the traction network; connection of RES, located
within the exclusion railway zones, directly to a catenary supplying both traction and non-traction consumers; and
use of RES as a source for local supply systems of non-traction consumers with a possibility to supply them from
traction network.

It should be noted, that use of one or another mentioned tendencies of RES implementation in railway mains
is of chaotic and systemless nature. There is no substantiated idea which of them is the most expedient one. Un-
fortunately, the only thing is available, i.e. recommendations for RES connection to buses of traction substations
formulated by [1]. The recommendations list the limiting factors determined by authors: capacities of the key
reducing transformers of substations; commutation potential of switchers within the connection areas; the required
relay protection as a part of the corresponding distributing devices of TS; and sensitivity level of the protection.

Literary review. Theoretical and practical aspects to design and implement DG systems are considered by
many national and foreign scientists. A.V. Kyrylenko, A.V. Prakhovnyk, V.G Sychenko, S.P. Denysiuk, A.V.
Kriukov, Ye.l. Sokol, O.S. Yandulsky, V.O. Kostiuk, R. Caldon, S.Conti and many others contributed much to
solve the problem [2-10].

As for the railway mains, Professor K.G. Markvardt initiated the distributed power supply systems for their
traction loads in the mid part of the last century [11-12]. He formulated power supply principles for a catenary
with the help of amplifying points connected to longitudinal high voltage transmission line of direct current or
alternative current. Location of such amplifying points, operating on the principle of the distributed system, be-
tween operating substations injects the catenary with no increase in the basic aggregate power output.

Currently, numerous scientific sources are focused on the improvement of the distributed generation within
the railway consumers of electric power. Such studies as [1, 13-15] concern RES integration into the systems of
traction and non-traction electric power supply as amplifying points as well.

It is known [16, 17], that the indicators of the quality of electrical energy in the power supply systems of
traction and non-traction consumers of railway transport do not comply with regulatory documents and standards
that regulate the above indicators. Currently, this problem is present in the power supply networks of the railways
of Ukraine [17] and in foreign countries [18-20].

For example [18, 19], in India, today an electric traction system is used based on drives of electric motors of
DC locomotives and is powered from a network with a voltage level equal to 25 kV. The quality of electrical
energy in the above networks is the main problem, since the latter is associated with very high power and high
voltage of consumers. One of the ways to improve the power quality indicators is the use of wind power plants
directly connected with the power supply system of railway locomotives.

The authors of the paper [20] propose to provide railway traffic safety installations, that must operate contin-
uously and with nominal parameters, in order to reduce electricity consumption and increase the reliability of
power supply, an alternative solution for their power supply, that provides for the supply of electricity from a
photovoltaic system installed next to the box for household appliances. At the same time, the photovoltaic system,
together with the existing power supply system, provides a redundant power source for consumers powered
through the junction box.

The paper [21] is devoted to the study of the issues of improving the quality of electricity in traction power
supply systems of trains by integrating renewable energy sources into existing power supply systems, namely,
photovoltaic solar panels.

The paper [22] is devoted solving the problem of replacement of energy supply sources at the railroad
transport, in particular the sources used to feed signaling, centralizing and interlocking (SIB) devices, that are non
— traction consumers, from generators operating on DGA type diesel fuel, to renewable energy sources, to solar
photovoltaics stations of small and medium capacity.

Despite the fact that the energy generated by RES is still too expensive, the world tendency is to increase the
amount of implementation of such sources. That depends upon the environmental pollution by modern power
industry and deficit of fossil fuel. Moreover, it stimulates their use in railway systems as well. It takes place even
in spite of the impossibility to have governmental support in the form of the “green tariff”. The implementation
may be illustrated by a pilot project of parallel operation of solar power plant and external power supply of
10 KV buses at a traction substation Sambir (Western Railway) [1].

The purpose of the work is to consider the possibility of developing generation capacity on the railway to
provide energy to its own consumers through the introduction of mini power plants using a local renewable
resources - wind energy and solar radiation.

It is the most profitable idea now to build own RES electric power stations connecting them to external mains
which will then energize a railway. It is the only case when electric power, generated by RES, enters a power
market and obtains all the “green tariff” advantages which make the implementation economically attractive. How-
ever, the abovementioned cannot solve any problem concerning the departmental mains. Thus, the example of the
implemented pilot project in Sambir is still a sole one. Unfortunately, it is not very successful connection of solar
power station.

Material and results of research

Analyzing electricity quality indices within the system of non-traction consumer supply inclusive of wind
power plant (WPP) connected to it



E/lekmponocmaqanﬂﬂ ma es1eKmpoycmamkKy8adHHsA

A network, which wiring diagram is shown in Fig. 1., may exemplify tendency of RES use. In the context of
the wiring diagram, three-winding transformer, which 27.5 kV traction winding is brought on the power supply
system of electric propelled vehicles (EPVs), is connected to a common power line (PL) with U=115 kV. Another
6.3 kV winding of the transformer supplies non-traction consumers. Alternative RES-based source is connected
to a distributing point (DP). Output voltage of the source corresponds to 6 kV voltage of departmental PL.

Traction substation

C B A

Traction transformer load
Sn=25000 kVA 15 1oa
U=110kV

QLE power line
PL 6kV

DP
Distributing
point

AR C] l I Wind power
L4 ) ‘ I, DP load plant

Traction power system

Figure 1 — Supply system for traction and non-traction consumers by electric mains to which WPPs are connected

To analyze a possibility of electric power quality improvement within the considered supply network for non-
traction consumers, its model, which wiring diagram is represented in Fig. 2 (general model)., is applied for the
required experiments. Figure 3a) shows the elements of Subsystem 1, 3; figure 3b) shows the elements of Subsys-

tem 2; figure 4 shows the elements of Subsystem 4. The modeling was performed within MatLab environment
using Simulik software package.
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Figure 2 — General model of railway mains where RES is connected to transformer substation (TS)
wiring of non-traction consumers

The analysis involved 115 kV power supply and a transformer, corresponding to characteristics of traction
transformer Sn=25000 kVVA. The transformer voltage is 115/27.5/6.6 kV. Two electric locomotives are connected
to a traction winding of the transformer. Total current of each locomotive is 300 A; reactive power factor is tgo=1.
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Figure 3 — Models of Subsystems: a) Subsystem 1, 3; b) Subsystem 2
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Additional source, simulating
WPP operation, is connected to 6
kV distributing point supplying
power to consumers not belonging
to railway. Its nominal output and
cos of the latter may vary gradu-
ally in the process of the experi-
ment from zero value (the source
disconnection from the mains) up
to 4000 kW power ant
cose=1. Synchronous generator
model in Simulink turned out to be
the most adequate. Total output of
all consumers, supplied by 6.6 kV
winding, was 8 MW. 6 kV PL has
6 km length and following param-
eters: R, =0.25900hm/km;

X, =0.4 Ohm [ km which corre-

sponds to AC-120/19 wire.

As an example, Fig. 5 demon-
strates the obtained oscillogram of
linear BC voltage on DP buses
when WPP is disconnected from
the mains. The calculated values of
inharmonicity and asymmetry co-
efficients, in terms of a negative
sequence and voltage deviations,
corresponding to it, are

Rnon—sinusoidal :131% '
R =15.8% ; and AU =8%

respectively . As it has been pre-
dicted, the quality values exceed
significantly the acceptable values.

asymmetric

0,035 0,04™

Figure 5 — Voltage oscillogram on DP buses when WPP is disconnected
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Fig. 6 shows the obtained range of the mentioned linear voltage as well as its temporal changes. As it is under-
stood, the range involves dozens of harmonics with rather large amplitudes. However, that is unacceptable for non-
traction supply power grids.

Time

o o
12345678 9101112131415161718192021 2 2930 31 32 33 34 35 36 37 38 39 40 41
Harmonic number

Figure 6 — Range of linear BC voltage on DP buses before WPP connection

If WPP is connected to the mains in terms of the coupling then the indices experience their gradual improve-
ment along with increase in the renewable source voltage. When voltage was 4000 kW, their values were 6.02%;
3%; and 3.8% respectively. Fig. 7 explains the changes in linear BC voltage.

U, relative units
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Figure 7 — Variations in linear BC voltage during a locomotive travel when

WPP is connected and disconnected-

Figures 8, 9, and 10 demonstrate de- K inharmonicity> %
pendences of the coefficient and devia- 16 o

tions of linear voltage from the output
of the connected renewable source. The
dependences result from the experi-
ments. They mean that such WPP im-
plementation in the railway mains can
improve significantly the electricity
quality within a supply network of their
non-traction consumers as well as non-
departmental ones. Nevertheless, ap-
proximation of the quality indices to ac-
ceptable values is only possible when 0

output of the additional source is not 0 !

less than a nominal value of total load
of all the consumers connected to 6.6 Figure 8 — Dependence of the inharmonicity coefficient of linear voltage
within DP upon WPP output: a) AB; b) BC; and ¢) CA

Pnom, MW
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kV winding. As it has been already men-
tioned, the latter was 8 MW in terms of
the simulated case.

As for the influence of a power factor
(coso) of additional source on the electric-
ity quality indices, it has been found that
if it varies within 0.5-1.0 then their value
deviation is not more than 1.5%. Thus, it
may be assumed that in terms of such a
diagram of WPP connection, the parame-
ter will not influence the electricity qual-
ity within the mains.

Ultimately, if one pays attention to
variations in output of wind power plants,
which can be constructed in south-eastern
Ukraine, it becomes understood that the
efficient system is required to accumulate

. 0
k inharmonicitys %o
16

0 1 2 3 4
Pnoxm MW
Figure 9 — Dependence of the voltage asymmetry coefficient in
terms of the negative phase sequence within DP upon WPP output
Voltage (relative units)
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their number and type optimization ac- —

cording to the mentioned alternative of 0.9 AN

WPP use for a railway and guarantee elec-

tricity quality within the supply sources

for its non-traction as well as non-depart-

mental ones.

Determining features of influence of 0.8

photovoltaic plants (PVPs), connected to 0 1 2 3

supply systems of non-traction consum- Puom, MW

ers, on electricity quality within the latter Figure 10 — Dependence of the linear voltage deviation within the
WPP area connection upon the output of the latter:

Several different diagrams are availa- a) AB; b) BC; and ¢) CA

ble to couple power circuits and trans-

formers within TS. Traditionally, a diagram with double transformation is applied. Other cases apply a single

transformation diagram, when consumers are supplied through a traction transformer which primary winding is

connected directly to the general mains, i.e. with no extra transformation.

From the viewpoint of photovoltaic plants (PVP) connection to the mains, the two mentioned cases (exclusive
of traction DC power grids) use an inverter transforming electric energy from solar batteries or accumulators into
AC being acceptable for supply systems of non-traction consumers. Thus, to analyze PVP influence on the elec-
tricity quality within the mentioned system, it is quite sufficient to use e-analogue of railway mains while replacing
its generator model by inverter model.

General nature of additional power source parameter influence on inharmonicity and asymmetry coefficients
in terms of the reverse voltage sequence and voltage variation in the case of PVP use remains almost invariable.
Approximation of the quality indices to the allowable values is only possible if PVP output is not less than 35-
40% of the value of the total load of non-traction consumers. As for the voltage range, the case has demonstrated
certain specific features.

Fig. 11 shows the obtained ranges of linear voltage on DP buses when PVP is connected to it in accordance
with the stated diagram. In comparison with the corresponding range before the additional source connection (Fig.
6), electricity quality demonstrates its significant improvement both in terms of harmonic composition and in terms
of harmonics left. However, attention should be paid to the fact that 3™ and 5™ harmonics are singled out which
was not demonstrated while WPP connecting. Even if PVP output is 3000 MW (i.e. 37% of the considered load
of non-traction consumers), their coefficients are 4 and 5.5% respectively despite the fact that the allowable indices
are 3 and 4%.

Taking into consideration the information from [24], it has been assumed that within the voltage range, 3 and
5™ harmonics are stipulated by operation of the used inverters. To support the idea, voltage range has been obtained
at the output Fronius inverter (Austria) connected to the experimental solar power plant (Fig.12). The inverters are
meant to operate as a part of the photovoltaic systems. The facilities are rather popular now.
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C)Figure 11 — Linear voltage ranges on DP buses of the supply system for non-traction consumers when PVPs are
connected to them: a) AB; b) BC; and c) CA
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Figure 12 — Weight composition of harmonics as a part of voltage range at the output of Fronius inverter

It turns out that to compare with the electromechanical converters when WPP are applied, PVP connection
through inverters is undesirable procedure since it needs additional use of filters for the frequencies. The most
expedient idea is to connect PVP directly to DC traction power grid or find out other ways to connecte them to
supply system of non-traction consumers omitting inverters. The matter is that railways have both necessary and
large alienated territories. Hence, they can be used to place such distributed sources.

A system with connection of the distributed solar generators, proposed by [15], may exemplify the mentioned
PVP use. Fig. 13 demonstrates its diagram where solar panels are interconnected series parallel in photovoltaic
modules (PVMs) located along the rail at the alienated territories. Each PVM is connected to an adapting converter
(AC) separating it galvanically from further supply system part. Output DC voltage of each AC is not more than
50 V corresponding to the electrical safety conditions.

=3kV c
TC Y Ny NN Ny TC
L1 L1 L1
™~ ™~ N ™~
AC AC b—— AC AC LPL
=0..1kVv
S s S s

Figure 13 — Diagram of PVP connection to DC railway catenary

In parallel with the catenary, single-wire longitudinal power line (LPL) is installed using either the catenary
supports or separately at the alienated territory. The PLP connects separate photovoltaic modules into one point-
to-point circuit. The latter consists of sections with 1 kV output voltage; each of them is connected to the catenary
through a transient converter. The rail itself may be used as a ground wire for LPL.

Switches (Ss), shunting each photovoltaic module, prevent from the emergency mode if breakdown takes place.
In terms of serial connection, the circuit results in the integrating system failure. Hence, in terms of the case, the
damaged module is shunted with the help of the switch, and other part of the system continues its operation alt-
hough its output voltage decreases.

Fig. 14 explains a diagram of a shunting switch. If a photovoltaic module circuit is disconnected then voltage

U, increases up to a breakdown stabilizer value VD, , and i, current opens VS four-layer switch while passing

M

within its control electrode circuit.
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Figure 14 — Diagram of a shunting switch

Transient converter is connected to LPL section. It consists of input filter (two Ca condensers and primary
winding of bushing transformer (BT); voltage inverter (VI), rectifier (R), and output LC-filter (Fig. 15). Output
TC clamps are connected right to a catenary with 3 kV voltage.

— L

1 kV)

3kV

Un(=

O

Figure 15 — Diagram of transient converter to supply a DC catenary using PVPs

The converter is a traditional forward TC used to energize electronic equipment [25]. The both considered
examples (i.e. TC and AC) are small enough to be installed right on catenary supports.

Actually, the considered case of PVP connection to railway mains involves no accumulator for the energy
generated by it. The fact predicts possibilities of simultaneous use of wind power plants as well which would help
stabilize the electricity generation amounts. Taking into consideration the fact that first ones have DC output volt-
age and last ones have AC output voltage, they can be integrated into one system of non-traction consumer supply
system while applying some specific power grid with the combined use of different energy accumulators.

Conclusions

Implementation of possible tendencies to apply RES for railway electric power supply systems is of chaotic
and systemless nature. No substantiated idea is available as for the most expedient alternative.

Development of proper electric power stations with RES and their connection to external mains, energizing the
railway subsequently, is the most advantageous. However, it cannot solve any problem concerning the depart-
mental mains.

RES introduction into railway electric supply systems by means of connection to 6 kVV DPs, energizing non-
traction consumers and non-departmental ones and being connected to traction 115/27.5/6.5 kV transformer im-
proves significantly electricity quality within the mains of the mentioned load. Nevertheless, negative sequence
coefficients of voltage inharmonicity and asymmetry as well as voltage deviations to the allowable values is pos-
sible if only the source output is not less than 35% of the output of the mentioned loads.

Taking into consideration the fact that use of inverters to connect PVPs to the mains results in extra voltage
distortions (especially, that concerns 3rd and 5th harmonics), it is the most practical idea to connect solar power
plants directly to DC traction power supply system; if not, it is necessary to identify other ways to connect them
to supply systems of non-traction consumers.

Taking into consideration the fact that PVVPs have direct output voltage and WPPS have alternative one, they
should be integrated in one supply system for non-traction consumers by means of combination of various energy
accumulators.
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AHOTANIA
Y po6oTi pO3rIAHYTO OUIIBHI CXEeMH MiAKIIOYCHHS BiTHOBIIOBAIBHIX JKepen eHeprii (B/IE) mo 3amizHu-
yHHUX enekTpoMmepex. Ha croromni BrpoBamkenHs posnoxineHoi rerepamii (PI') va ocroi B/IE y 3ami3HmuHi
eJIEKTPOMEpEeXi € aKTyaJbHUM NMUTAaHHAM. He3Bakaiounm Ha Te, 0 HAYKOBO-TIPAKTUYHI aCHEKTH PO3POOKH i
BIIpoBaKeHHA PI' cucteM HOCipKyroThes 6araTbMa BITYN3HSAHUMH 1 3apyOKHIMH BYCHUMH, JTOCI HE iCHY€ 00-
TPYHTOBAHOI TyMKH IIOA0 HAHOUIBII TOLIIEHOTO BUKOPUCTAHHS TOTO UM 1HIIOTO HANpsIMKY BIipoBapkeHHs1 B/IE
B CHUCTEMH EJICKTPONIOCTaYaHHs 3aJi3HUIb. € Jnile pekoMeHaarii mono npueaHanas BJIE no mmH TsroBux
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E/lekmponocmaqanﬂﬂ ma es1eKmpoycmamkKy8adHHsA

MiJCTaHIN|. 3apa3 BUTITHO CTBOPIOBATH BJIACHI ellekTpocTtaniii 3 BJIE, miakmodaiodu iX 10 30BHINTHIX MEPEeK,
BiJl IKMX JIMILIE TIOTIM OTPUMYE JKUBIICHHS 3aJ1i3HHUIS. MeTa pofoTH nossrae y NOKpalieHHi SIKOCTI eJIeKTpOeHe-
prii B Mepekax >KUBJICHHSI HETATOBUX CHOXKHMBAUiB 3aJI3HULb HUISIXOM IIJKIFOYEHHS 70 HUX BiJHOBIIOBAJIbHUX
Jokepel eHeprii. MeToauka J0CTiZKeHHSI IPYHTYEThCSI Ha CYy4acHHX METo/aX O0YMCIIIOBAILHOT MaTeMaTHKH,
CTAaTHCTHKH Ta aHallizy iH(pOopMalii 3 BUKOPUCTAaHHSM Cy4acHHX KOMII'IOTEpPHHUX TeXHoJiorii. PesyabraTH mo-
cIizkeHHA. Y poOOTi po3pO0JICHO CXEMY KHUBIICHHS TATOBHX 1 HETSTOBHX CIIOXKHMBAYIB BiJl 3ai3HHUYHOT €JIEKT-
pomepexi, 1o sikoi miakmoueni BJIE, Ta Moaens 3ami3HUYHOT enekTpoMepexi 3 miakmodeHusM BJIE mo oOMoTku
tpaHchopmaroproi minctanmii (TII) HeTATOBHX crokuBadiB. BIpoBa/KeHHS BITPOCHEPTETUYHOI yCTAaHOBKH
(BEY) B cucteMy eneKTporocTaqaHHs 3ai3HUIb 32 HABEJICHOIO CXEMOIO MOXKE [IHICHO CYyTTEBO OKPAIIUTH SIKICTh
eJIEKTPOSHEPTii B MEpEIKi )KUBJICHHS IX HETATOBUX 1 HEBIOMYMX CIIOKWBaviB. AJie HAOIIMKEHHS MOKa3HUKIB i€l
SKOCTi 10 JOMYCTUMHX 3HA4YEeHb HACTyIA€ JIUIIE TOIi, KOJIW MOTYKHICTh JOJATKOBOTO JDKEpesa JOPIBHIOE HE
MeHII HDK 35% Big HOMIHAJBHOI BEIWYMHM 3arajJbHOr0 HAaBaHTA)KEHHS BCIX MIAKIFOYEHHX 10 0OMOTKH 6,6 KB
CHOXWBAYiB. PO3rIsIHyTO IpHKiIa IiAKIOYeHHs poTtoeHepreTndHoi ycraHoBkH (DEY) mo 3amizHugHOI Mepexi,
KA 371ACHIOEThCS 0€3 BUKOPHCTAaHHS OyIb-IKOTO HaKONMYyBaya 3reHepoBaHOl HUMH eHeprii. BnpoBamxeHHs
MOXIIMBHX HaIpsIMKiB BUKopucTanHs B/IE B cucremax enextpornocrayaHHs 3ali3HULb BiIOyBa€THCS XaOTUYHO i
0e3CUCTEMHO, 1 ITOKH 110 HE ICHye OOrpyHTOBAHOrO OavyeHHs 100 HaWOLIbLI JoliIbHOro Bapianty. HaykoBa
HOBM3HA II0JISITa€ Y BIPOBA/DKEHHI BITHOBIIIOBAaHHUX JKEPEI EHEPTii B CHCTEMY €JIEKTPOIOCTa4aHHs HETSTOBUX
CIIOXKUBAYiB 3ai3HUYHOrO TpaHcropTy. [lpakTnuHe 3HaYeHHs. BUKOpHCTaHHS J0JAaTKOBUX BiJHOBIIIOBaHUX
JUKEpeJT eHeprii JJ1s )KUBIICHHS HETSITOBUX CIIOKMBAYiB MPU3BOIUTH JI0 MiHIMI3allil BUTpAT eeKTPOeHepril.

Kuro4oBi cjioBa: BiTHOBITIOIOYH Kepelia €Hepril, po3IoaijicHa TeHepallis, HeTATOB1 CIIOKUBAYi 3aTi3HHL,
BITPOCHEPTeTHYHA YCTAHOBKA, (DOTOCHEPTeTHYHA YCTAHOBKA.

AHHOTANUA

B pabGote paccMOTpeHbI IenecooOpa3Hble CXEMbI IOAKIIOYCHUS BO30OHOBISIEMBIX HCTOYHHKOB SHEPTUH
(BHUD) B xkene3HOIOPOXKHBIX dIeKTpoceTsax. Ha cerogHsamHuil 1eHs BHeIpeHUE paciipeaesieHHol reuepauuu (PI)
Ha ocHOBe BUD B kene3HOIOPOXKHBIE IEKTPOCETH SABISIETCA aKTyaJbHBIM BompocoM. HecmoTps Ha TO, uTO
Hay4YHO-TIPaKTHYECKHEe acleKThl pa3paboTKu U BHeApeHHs Pl cucteM ncciieayroTcsi MHOTMMHU OT€YECTBEHHBIMU
1 3apy0€KHBIMHU YUEHBIMH, JI0 CHX IIOp HE CYIIECTBYEeT 0OOCHOBaHHOTO MHEHHS 110 HanboJee 11e71eco00pasHoMy
UCIIOJIb30BAaHHIO TOTO WIIM HHOTO HANpaBJieHus BHeApeHUs: BUD B cucTeMBI 2JIeKTPOCHA0KEHH S KEJIE3HBIX IOPOT.
Ectb ToNBKO pekoMeHanmu o npucoeauHeHny BUO k muHaM TAroBeix nojactannuii. Ceifuac BBIFOHO CO3/1aBaTh
COOCTBEHHBIE 3EKTpoCcTaHIMU ¢ BUD, moaxiovas uxX K BHEIITHUM CETSIM, OT KOTOPBIX TOJIBKO ITOTOM MOJTydaeT
nuTaHue xene3Has gopora. Heab padoTel 3aKI04aeTCs B yIy4lIIEHHH Ka4eCTBA dIEKTPOIHEPTHU B CETSIX IHTa-
HUSI HeTSTOBBIX TIOTPEOHTEIIEH JKEJIE3HBIX JJOPOT My TEM MOJKIIOYEHIUSI K HUIM BO30OHOBIISIEMBIX HICTOYHHKOB 3HEP-
rud. MeToauka HCCIel0BAHUA OCHOBBIBAETCS HA COBPEMEHHBIX METOAAX BBIYMCIMTENBHOI MaTeMaTHKH, CTa-
THUCTHKH ¥ aHAJIN3a MH(OPMALNH C UCTIOJIb30BAHIEM COBPEMEHHBIX KOMIBIOTEPHBIX TEXHOIOTHH. Pe3yjbTaThl
uccaenoBanus. B pabote paspaborana cxema NMUTaHUS TATOBBIX W HETATOBBIX NOTPEOUTENEH OT XKEJIEe3HOI0POXK-
HOM 3JIEKTPOCETH, K KOTOpoil moakmoueHs! BID, u Mozens xKeae3HOIOPOKHOMN AIEKTPOCETH ¢ MOIKII0YeHUEM
BUD k odbmoTtke TpanchopmaToproi noacranuuu (TI1) HeTsroBbix morpedbuteneil. Buenpenue BeTposHepreTu-
geckoil yctaHOBKH (BDY) B cucteMy aieKTpoCHA0KEeHHMsI )KEJE3HBIX OPOT MO MPHUBEISHHON CXeMe MOXKET JIeH-
CTBHUTENHHO CYIIECTBEHHO YIyYIINTh KaUeCTBO 3JICKTPOIHEPTUHU B CETH MUTAHUS X HETATOBBIX U HEBEIOMCTBEH-
HBIX IoTpebureneit. Ho mpubnmxeHne nokasarenei 3Toro kadecTsa 70 JOITyCTUMBIX 3HAYCHUH HACTyHaeT TOJIBKO
TOT'/1a, KOT/1a MOIIHOCTb JOIIOJIHUTEIFHOTO NCTOYHHKA PaBHAa He MeHee 35% OT HOMUHAJIBHOW BETMUMHBI 00IIeH
Harpy3KH BCeX IOJKII0YEHHBIX K 00MoTKe 6,6 KB moTpebureneil. PaccmoTpen npumMep noakiroueHns Gporosxep-
retudeckoil yctaHoBkH (PDVY) K jkeNIe3HOZOPOKHOM CeTH, OCYIIECTBIIETCS 0€3 UCIIOIb30BaHMsI KaKUX-TH00 Ha-
KOIUTENIEH CreHepUPOBAaHHOM UMM SHEpruu. BHeapeHne BO3MOXKHBIX HallpaBiieHUH ucrnos3oBanus BUD B cuc-
TEeMax IEKTPOCHAOKEHHMS JKEJIE3HBIX JOPOT MPOMCXOANT Xa0TUYHO U OECCHCTEMHO, M ITOKA HE CYIIECTBYET 000-
CHOBaHHOT'O BU/IeHHs HauboJiee nenecooopaszHoro BapruanTa. HayuHasi HOBU3HA 3aKIII0YaeTCsl BO BHEAPEHUH BO-
300HOBJISIEMBIX HCTOUHHKOB YHEPTHH B CUCTEMY DJIEKTPOCHAOKEHHUS HETATOBBIX NOTpeOUTENEH XKEIe3HOI0POXK-
Horo TpaHcnopTa. IlpakTuyeckoe 3HaYeHHe. VICIIOIb30BaHIE JOTIOTHUTEIHHBIX BO30OHOBIISIEMBIX HCTOYHUKOB
SHEPTUH TSI MUTaHUS HETATOBBIX MOTpebuTeNIei MPUBOIUT K MUHUMHU3AIUH 3aTPAT 3JIEKTPO3HEPTHH.

KaroueBble ciioBa: BO300OHOBIsIEMblE HCTOUHUKH SHEPIUH, paclpelielieHHasi TeHepaliusi, HeTATrOBbIe MOTpe-
OuTenn XeJe3HBIX JOPOT, BETPOIHEPreTHIeCKask yCTAaHOBKA, (JOTOIHEPreTHIECKas yCTaHOBKA.

PekomeHA08aHO 00 OpyKy: K-moM mexH. HayK, doyeHmom Konbom A.A.
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