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Features of operation of wind power stations as an supplementary
source of electricity for non-traction consumers of railway electric
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Oco0mBOCTI ekcIuTyaTanii BITPOEHEPreTHYHUX CTAHIIN AK
JOMOMIZKHOTO MOCTAYAJIbHUKA €JIEKTPUYHOI €Hepril 1JIf HeTATOBUX
CIOKMBAYIB 3aJII3HUYHMX EJIEKTPOMeEpex

Mema. Buznaqyumu ocobnusocmi ekcrinyamauii eimpoeHepeemuyHUx cmaHuyil sk OnOMiKHO20 nocmadasnbHuKa ere-
KMPUYHOI eHepeii 0511 Hemsi208UX Croxueayie 3asi3HUYHUX e1eKmMPOMEPEX ma fpoaHanidyeamu OCHOBHI YUHHUKU, SIKi
6e3rnocepedHbO 8rugarmMb Ha 3acmocysaHHs 8impoeHep2emMUYHUX yCmMaHOBOK SIK Yepe3 sunadkosull xapakmep 8i-
mpo8o2o nomoky, mak i dodamkosi gpakmopu, siki 06ymoeneHi ocobnusocmsamu pobomu 8uwe3asHaYeHUX yCmMaHO80K
8 PI3HUX KiMamu4HUX ymosax.

Memoduka docnidxeHHsT IpyHMyembCsl Ha CydyacHUx Mmemodax 0b4yucio8asnbHOI MamemMamuKku, cmamucmuKku ma aHa-
ni3y iHghopmauii 3 BUKOPUCMAaHHAM Cy4acHUX KOMITIOMepPHUX MeXHOIo02iu.

Pesynbmamu OocnidxeHHs. HeobxiOHicmb sukopucmaHHsi 8iOHO8/MI08aHUX OXeperl eHepeil 8 cucmemax enekmpornoc-
mayaHHsi Hemsi208UX Crioxueauie 3asi3HU4YHo20 mpaHcrnopmy o4esudHo. B ymosax nocmiliHo20 3pocmaHHs UiH i ma-
pucbie Ha enekmpuydHy eHepezito 8 YkpaiHi ece binbwa ysaza npudiniemscsi NUMaHHAaM il eKOHOMIT | nowyKy Halbinbw
dewesux i docmynHux ii anbmepHamueHuUx 0xepersn. Aemopamu po32/siHymi numaxHs, noe'a3aHi 3 Moxsnusicmio 3a-
cmocysaHHs 000amKo8oI eeHepauii enekmpuy4HoI eHepeaii 8 cucmemax enekmpornocmayaHHsi 3ai3HU4HO20 mMpPaHCro-
pmy WsXoM 8UKOPUCMAaHHS 8impoeHepeemuyHUX yCmaHo80K 8 moMy yucri i 051 Hemsi2osux crioxusayis. [Tposede-
HO aHari3 ocobrugocmeti 8impo8oao MomMoKy 8 0esiKux pezioHax YKpaiHu, npu UbOMy 8uUMIpro8aHHs weudkocmi eimpy
8 Mmicyesocmsix 3anopisbkoi i [JHinpornemposckbkoi obnacmet 6yno odepxaHo 3a OOMOMO20K KOMIaKmHo20 dam4yuka
weudkocmi eimpy supobHuymea TOB «Mukpo-Cmen-MUC» (Pocis). OmpumaHHi 3HadyeHHs weudkocmi eimpy 6ynu
3aghikcosaHi i 36epexeHi y yughposomy suernsidi. [posedeHo 0bpobKy ompumaHoi iHgbopmauii 3a3Ha4eHo20 suuje npu-
nady. Aemopamu 3pobrieHO 8UCHOBKU, W0 y pa3i 3acmocyeaHHsI 8impoeHepeemuy4yHUX yCmaHo80K 8 sikocmi do0amko-
8020 OXepesia XUBIEHHS y Mepexax Hems208uX Crioxusadie cucmem efiekmporiocmayvyaHHsi 3ani3HU4HO20 mpaHc-
rnopmy eKOHOMIYHO 8U2iOHO nidkmo4Yamu ix 6e3nocepedHbo 00 Yux Mepex i MosHiCMI0 8UKOpUCMOo8ys8amu 8Cto 8Upob-
JIeHYy HUMU efIeKmpOeHepPeito, NpuU UbOMY CKOPOYYIOHU Ha U0 8€JIUMUHY CrIOXU8aHHs ii 3 8kazaHOi cucmemu efiekmpo-
rocmayaHHs.

Haykosa HosusHa ronsizae y momy, wWo MpornoHyemMbCS 8UKOPUCMaHHS 8iOHO808aHUX OXeper eHepaii 8 cucmemax
eflekmporiocmayaHHsI Hemsi208UX Crioxueadyie 3ai3HU4HO020 mpaHCropmy, 30Kpema 8imposux ycmaHO8OK.
lMpakmuy4yHe 3Ha4YeHHs. BposadxeHHs1 eimpoeHepaemuyHUX cmaruili sk O0NMOMIXKHO20 rnocmaydasabHuKa efekmpuyHor
eHepeii 01 Hemsi208UX CroXuea4ie 3ai3HUYHUX efleKmpoMEPEX 3 Memoro MiHiMizauii sumpam enekmpoeHepaii.
Kroqosi criosa: gidHoeno8aHi dxepena eHepeii, sKicmb efneKmpuyHoi eHepeil, eBimpoeHepeemuyHa ycmaHoeKa, Mepexi
eflekmpornocmayYyaHHs 3ani3HuU4Ho20 mpaHCropmy, Hemsi208i Crioxueayi 3asi3HUYHUX eJIeKmpoMepex, 8upobHUUMBOo
enekmpoeHepeil, weudkicmb 8impy.

Purpose. Identify the features of operation of wind farms as an auxiliary supplier of electricity for non-traction consumers
of railway networks and analyze the main factors that directly affect the use of wind farms due to the random nature of
wind flow and additional factors due to the above conditions in different climates.

The research methodology is based on modern methods of computational mathematics, statistics and information anal-
ysis using modern computer technology.

Findings. The need to use renewable energy sources in the power supply systems of non-traction consumers of railway
transport is obvious. Given the constant growth of prices and tariffs for electricity in Ukraine, more and more attention is
paid to its savings and the search for the cheapest and most affordable alternative sources. The authors consider issues
related to the possibility of using additional generation of electricity in the power supply systems of railway transport
through the use of wind turbines, including for non-traction consumers. The analysis of wind flow features in some re-
gions of Ukraine was carried out, and the measurement of wind speed in Zaporizhia and Dnipropetrovsk regions was
obtained with the help of a compact wind speed sensor manufactured by Micro-Step-MIS LLC (Russia). The obtained
values of wind speed were recorded and stored digitally. The received information of the above device was processed.
The authors conclude that in the case of using wind turbines as an additional power source in the networks of non-
traction consumers of railway power supply systems it is economically advantageous to connect them directly to these
networks and fully use all electricity produced by them, reducing its consumption from this power supply system.

The originality is that the use of renewable energy sources in the power supply systems of non-traction consumers of
railway transport, in particular wind turbines, is proposed.

Practical implications. Introduction of wind power plants as an auxiliary supplier of electricity for non-traction consumers
of railway power grids in order to minimize electricity costs.

Keywords: renewable energy sources, quality of electric energy, wind power plant, power supply networks of railway
transport, non-traction consumers of railway electric networks, electricity production, wind speed.

Introduction used [1]. According to [2], in 2019 the total capacity of
As is known, the use of wind as the most variable installed wind farms in the world was 60.4 GW, and
and volatile type of energy is currently the most widely the total installed capacity of wind energy in the world
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in 2019 reached 651 GW. The turnover of the wind
energy industry in the world is increasing by 15-30%
compared to each previous year.

As is known from [3,4], the installed capacity of fa-
cilities operating on the "green tariff* in Ukraine in
2018 amounted to 2319.2 MW (of which solar power
plants — 1427.3 MW, wind power plants — 532.8 MW,
others — 202.1 MW). Electricity production with the
help of the above facilities amounted to: in 2018 —
2792.0 million kW-hour (of which SES accounted for
1101.2 million kW-hour; wind farm, 1181.1 million
kW-hour; others — 509.7 million kW-hour).

According to [4], the production of electricity using
renewable sources (wind farms, thermal power plants,
biomass) for 12 months of 2019 amounted to
5542.2 million kW-hour, which is 2909.5 million
kW-hour, or 110.5% more than for the corresponding
period of 2018. And this share is equal to 3.6% of the
total amount of energy produced in Ukraine during
this period.

Continuous improvement of wind power plants and
technologies of their production opens all new areas
of application, including for power supply systems of
non-traction consumers of railway transport.

Analysis of literature sources and problem state-
ment

Foreign countries such as Germany, Australia,
Great Britain, China, India and Russia have been
dealing with the development and introduction of re-
newable energy sources in the railway power supply
system for the last decade. Ukraine is also not far be-
hind global trends.

For instance, locomotives used at Indian electric
traction system are based on DC motor drives that
have supply of 25kV. Constant increasing demand of
electric energy is the main reason for the use of com-
bined or hybrid networks. It is known, that the wind
energy used as a renewable energy source that is
meshed with the grid and grid network sent power to
locomotives of traction line connected by their substa-
tion [5]. Nowadays Indian Railways have problems
with the limited availability of conventional source and
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electric networks can use renewable energy sources
use as alternative [6].

Paper [7] is devoted to use renewable energy
sources (PV panels and wind turbines) for a Spanish
high-speed railway line. Currently many foreign coun-
tries in their Railways use renewable energy sources
as an alternative that traditional energy sources [8, 9].

The purpose and objectives of research

While making decisions concerning RES applica-
tion in the power supply systems for non-traction con-
sumers of railway mains, first it is required to identify
the way how to supply the generated power for the
consumers. That is possible either in the separated
(autonomous) mode for a specific loading share or to
all the consumers immediately through the electric
main.

It is rather difficult to state what variant is more ex-
pedient for the specific case due to the random nature
of wind flows (which is the energy resource in this
case) and additional uncertainty related to the fea-
tures of the operation of wind power plants in different
climatic conditions. These problems need detailed
preliminary analysis during the concept design stage
of such implementation. Efficient WPP use in the indi-
cated mains requires knowing and considering all the
features of that kind of generation.

Thus, before identifying the possibilities of provid-
ing non-traction consumers of electric mains with
WPP power, consider the peculiarities of wind flows in
some Ukrainian regions. Use the data of wind meas-
uring in these regions obtained with the help of the
aforementioned device. The measurements were car-
ried out at the altitude of 50 m above the earth’s sur-
face and recorded with the interval of At =10 min.

Fig. 1 represents distributions of the obtained ve-
locities at the distance of 50 m further south than Za-
porizhzhia and 50 m to the south from Dnipro near the
restricted zone of Prydniprovska railway. We can see
that in the first case the prevailing velocity is 5-6 m/s;
in the second case, the prevailing velocity is 7-8 m/s.
Winds of more than 15-20 m/s velocities at the speci-
fied altitude, being the most expedient one for medi-
um-capacity WPP wind motors, are of low probability.

\—0—»—*\

-—y

15 20 25

Fig. 1. Distribution of wind velocities near Vasylivka, Zaporizhzhia Oblast (a) and Novomoskovsk, Dniprope-
trovsk Oblast (b) according to the results during 2018.
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The mentioned distributions are described with
Weibull function with coefficients of altitude a=6.8612
and form b=2.4344 in the first case and a=7.6713 and
b=2.6311 in the second case respectively. As for the
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features of wind velocity changes throughout a year,
in terms of the indicated regions it is the same charac-
terized by the dependence shown in Fig. 2.

Year months

Fig. 2. Annual distribution of the monthly averaged wind velocity characteristic for the areas under considera-
tion

The represented distribution shows that the wind
velocity in May-August is almost three times lower
than the one observed in Autumn-March. Conse-
quently, while identifying the possibility of autonomous
power supply for specific non-traction consumers at
the expense of wind power plant energy, it is neces-
sary to consider possible volume of its generation
within the period from late spring to early autumn. It
means that actually stronger winter winds will not be
used at all.

0.8

0.7
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[=1]
e N [¥%) F-s

[=]

Finally, identify the character of wind velocity dis-
tribution throughout a day. Fig. 3 shows the distribu-
tion in relative (to maximum) daily values averaged
throughout a year and in terms of regions under con-
sideration. We can see that within the indicated inter-
val, wind velocity has clear gaps: from 7 till 11 a.m.
and from 6 till 9 p.m. Thus, the share of electric ener-
gy generated by WPP within that period is much lower
than at night when consumers do not need it so much;
in terms of autonomous energy supply, that fact is ra-
ther important.

0.5
0.
0.
2 3 4 5 6

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours throughout a day
Fig. 3. Distributions of relative wind velocities throughout a day characteristic for the areas under considera-
tion

In this case, it is necessary to use buffer accumu-
lation to store the available electric power. Although
today we can do it in different ways, the most univer-
sal method is the use of storage batteries which will
store extra energy and supply it when generation will
not be enough. In other words, when such energy
supply system is operating, SB will accumulate some
share of electric power generated by RES, coordinat-
ing the stochastic nature of its generation with the
consumption randomness.
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It is obvious that in this case the energy generated
by WPP will be distributed as follows:

Ewee = E\SA(I:PP + Egr? , @)

where E{"is energy share consumed by the
WPP loading; and

ECSE is energy share coming in the SB during
charging.
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In this context, general amount of electric energy
consumed by the system loading will be as follows:

E.=ELT+EZ, &)
where ElsnB is energy incoming from the SB to con-

SC

sumers.
Having transformed the equations (1) and (2) rela-

tive to ES\,AéPP and having compared the obtained re-
sults, we will have:
WPP WPP
Ewer =Esc +Ecn —Ein - @)
Thus, we find that energy share accumulated in
SBis:

Ese = ECSE - ElsﬁB- (4)
It is clear that the energy share accumulated in SB
during charging will be equal to:

ESE:USB'IcSr?'TCh'ngE’ ®)
where U sg IS voltage on the SB terminals;

|SE is SB charging current;

Tcp Is charging period;

SB. .. .
Moy, is efficiency of SB charging.

In this context, following energy share will be taken
from SB during the discharging:

SB SB SB
En =Usg iy - T00 (6)
where | ISnB is SB discharge current;

T, Is discharging period; and

77|SnB is efficiency of SB discharging.

Thus, following accumulated energy share is left in
the SB in case of its simultaneous charging and dis-
charging:

sB sB
Ese =Ugs - (loy =1 )7 7. ™
where 7]qz is generalized SB efficiency; and

T is duration of energy conversion in the SB.
At the same time, it is known that [10] the energy
accumulated in the SB is determined by the value of

voltage U sg and nominal capacity of the battery:

p, kW
O L, N W b U1 O N

2 4 6 8
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Es=Uss 'ngm- (8)

Having compared the dependencies (7) and (8), it
is understood that the required nominal capacity of
buffer SB of that power supply system for non-traction
consumers of railway mains should be defined as:

Caa' =g — 1) T 1. ©)
In this context, the used SB capacity at a specific
moment will be equal to:

C:nSB.:[[iSSB(t)—iSpB(t)]-r-dt.

It is known that the efficiency of a total charging-
discharging cycle, e.g. of lithium accumulation battery,

is 0.8+0.9 [11]. The calculations performed to de-

(10)

fine 7755 =0.8, taking into account the randomness of

the process of energy generation and consumption,
have helped to determine the following: for the guar-
anteed energy supply of the loading with 60 kW-h dai-
ly needs, the SB should accumulate the energy
amount of 104.5 kW-h. Consequently, total capacity
required for that battery with the voltage of 12 V is:

C,, =L 108500 _g700 33,
U, 12

It is clear that here we need the accumulators de-
signed for much higher voltage, e.g. traction lead-acid
ones with the voltage of 120 V.

Thus, the energy, accumulated in the storage bat-
tery should exceed the amount necessary for con-
sumption by about 1.7 times. Following calculations
have made it possible to define that in terms of further
increase in energy consumption, values of that so-
called reserve coefficient of SB experience no chang-
es; the value may be recommended for practical use.

Ultimately, consider operational features of WPP
which will influence their efficiency in the power supply
systems of non-traction consumers. First of all, capac-
ity of any wind power plant is limited by a certain so-

called nominal value Pn regardless of wind power.

Thus, Fig. 4 exemplifies the dependence of WPP
characteristic upon wind power for Chinese installa-
tion ZH5KW which rated capacity is 5kW [12].

10 12 14 16 18 20
V, m/s

Fig. 4. Dependence of WPP capacity of ZH5KW type upon the wind speed
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Taking into consideration the fact that each wind
turbine has its own so-called critical wind speed VK ,

achieving which it stops [13], WPP model may be set
as follows:

0,if V<V, iV 2V,
Rie =1 T (V),if V, <V <V,
P,if V, <V <V,

(11)

where V0 is initial wind speed required for the
WPP operation, m/s; and

VN is nominal wind speed, m/s.
In this context, Pee = f (V) function used to iden-
tify WPP capacity in terms of the specified wind speed
within V, <V <V, interval may be determined on the

expression [14]

12
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1
PWPP(V):EP'VS'F‘U(V)'UWPP’ (12)

where O is wind flow density, kg/ms;
77(\/ ) is coefficient of the wind flow use;

F is rotor swept area, m*; and
wep is the generalized WPP efficiency.

Generally, rotor swept area is calculated as a cir-
cular area

2
Ford (13)
4
where d is diameter of the wind turbine.
In terms of 760 mm hg atmospheric pressure and
15°C temperature, wind flow 0 is 1.225 kg/m®.

Fig. 5 shows the simplified dependence of the
mentioned WPP upon the wind speed corresponding
to expression (11) and using generally for calcula-
tions.

6 17 18 19 20 21 22 23 24 25 26

V, mfs

Fig. 5. Simplified analytical dependence of WPP capacity of ZH5KW type upon the wind flow speed

If one compares distribution of wind speeds in the
analyzed districts of Zaporizhzhia and Dnipropetrovsk
Oblasts (see Fig. 1) with the capacity dependence of
the mentioned WPP type (Fig. 5), it becomes under-
stood that it is not expedient to apply such an installa-
tion. The matter is that V, +V_ interval, being the

most efficient for it, falls on improbable for the areas
with 14 +20 m/s wind speed. It is obvious that WPP
with no more than 12 m/s critical wind speed Vv,

should be applied in this case.

All this suggests that to generate the required
electric energy amount irrespective of a season, the
wind turbine should involve several installations with
small value of critical speed rather than one more
powerful WPP which would resist all possible wind-
ings being typical for the terrain. Krasnodon WPS can
support the idea since it involves ten different installa-
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tions of FL 2500 type [15]. Fig. 6 demonstrates its an-
nual electric energy generation [16].

The dependence explains that the WPS generates
more energy in summer to compare with winter when
it is more needed. Moreover, the terrain is character-
ized by rather strong winds. Thus, the power station
does not use the available resource in full.

If electric power sources are developed by power-
ful WPPs, which critical speed rather high as for the
winds in the areas of their location, then it will result in
the decreased efficiency of the installation as well as
in the necessity to have more consumers who need
the excess of the generated electric energy. It means
that they have to work for the shared mains rather
than operating autonomously.
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Fig. 6 Dynamics of the electric energy generation by Krasnodon WPS in 2018

Hence, if wind plants are used in power supply
networks of non-traction consumers of railway mains,
it is more expedient to connect them directly to the
networks and consume the whole energy, generated
by them, while decreasing its consumption by the val-
ue from the mentioned electric power supply system.
In this context, it is possible to improve efficiency of

of different types of wind turbines which would provide
simultaneously maximum coefficient of their annual
use and take into consideration the features of wind
speed distribution within a specific area (i.e. apply
maximally the available energy resource). The prob-
lem should be considered as a separate optimization
task while designing such energy sources.

the extra generation sources by means of introduction
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