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O6’exmom A0CIONHCEHHSL € PEHCUMU NOMYICHOCTNT Y CUCMEMAX MA2Z06020 CLeKMPONOCMAUANHS IK UCHMPALi-
3068a1020, MAx i PO3N0OOLIEH020 HCUBLEHHS NPU 3ANPOBAdICeHHT wWeudKicHozo pyxy. Posnouame enposadicenns
WEUOKICHO020 PYXY HA eAeKMPUPIKOCAHUX 3ANIZHUUSX YKPATHU MAE HUSKY 00MENHCeHb Y 3ACTNOCOBYBANTI CUCTEMT
Ms2068020 €ACKMPONOCNALAHNA UEHMPATIZ08AH020 HCUBAEHHSL. [0 HUX MONCHA BIOHECTNU He MIIbKU HEMONCIUBICINL
sabesneuenns neodxionozo piens nanpyeu 2,9 kB, a i HU3LKY ePexmuenicmy UKOPUCTANKS A2pe2amioi NOmyic-
nocmi msizosux niocmanyit. Ipu ybomy 3acmocosyeana cucmema msz08020 eieKmponocmadanis e 0036015
3abesneuumu HeoOXIOHUTL Pisels NUMOMOT NOMYNCHOCME 8 MAL0GIU Mepexci. 3acmocosyeani mexniuni 3acobu ma
3ax00u 015 niocuLens MAz060i Mepedrci He 03601410Mb, 6 OLILULOCTE 6UNAOKIS, 3a0e3NeUUmU HOPMAMUBCHT BUMO2U
00 opzanizauii wWeuoKicnozo pyxy.

Ananis cyuacnux 0ocrioxncens noxasye, wo nodoIaHHsI BKA3AHUX HeDOIKI8 MONCAUBE 34 PAXYHOK 3ACTNOCYBANHS
cucmemu Po3nooiienozo Jiusienns mazoeoi mepexci. Ha cvozo0niwmii denv pospobieno docmamuvo sapianmise
no6y00sU MaKux cucmem, aie 8 0auii pobomi, 6 SKOCMI ATGMEPHAMUBHOZO 6APIAHMY, PO32AL0ANACH CUCTNEMA
3 PO3NOOIIOM HASBHOT 8 CUCMEMT UCHMPATIZ08AH020 JCUBIECHIS AZPE2AHOT NOMYNICHOCME NO MINCNIOCMAHYTUHTT
somi. Ipu ypomy O6yia 00rpyHmosana OOULIbHICTNG SMEHULEHHSL NOMYICHOCTT MSA2060i nidcmanyii 0o pieus 10 MBm.

B x00i docridacenns peicumis nomyscHocmi 6 nOPiGHIOBAHUX CUCTNEMAX MSA206020 ACKMPONOCTNAUAHHS GU-
KOPUCTOBYBANUCS PE3YILIMATNU eKCNEPUMEHMATLHUX OCIIONCeHD Ma IMImayiine MoOe08anHs Pecumis pooo-
mu nopiguiosanux cucmem. llpu pospaxynxax epaxosysarucsv ne miioKu cneyu@ika mszo8020 Ha8aAHMANCCHNSL,
a 1 1020 6NAUG HA HABAHMAINCYBAILHY 30amHicmy Koumaxmuoi niogicku. B pesyrvmami maxozo nioxody 6yuo
NOKA3AaHO, WO PO3NOOLIEHA CUCTNEMA MSA2Z08020 CEKMPONOCMAUANHS 003606 BUKOHAMU HOPMAMUBHT GUMOZU
w000 3abesneuenns weudkicnozo pyxy. Ipu ii sacmocysanii SMeHYEMbCst GUMPAMa eAeKmpudnoi enepezii na mszy
noisdie na 40 %, numoma nomyxucricmo msi2060i mepedxci sdinvuyemocs na 90 %, a xoepiyienm sasanmanicenis
msizoeux niocmanuyii — na 60 %.

3anpononosanuil innosayiinuil nioxio do sabesneuenis HeoOXi0H020 PEACUMY NOMYHCHOCTN 8 MAL0GIL MePec
003607L5€ 30epezmu icHyuY iHppacmpyxmypy npu 0p2amnizayii weuoKicHoz0 PYXyY Ha iICHYOUUX eAeKMPUPIKOBAHUX
dinsnxax nocmitnozo cmpymy. Taxuil nioxio epaxosye pisni munu e1eKmpopPyxomozo CKiady, a MaxoHc 00360156
3abesneuumu HeoOXiOnY NPONYCcKHY 30amuicmy 3aI3HULD.

Kmouosi crosa: cucmema ms206020 e1eKMPONOCMAUANH, YEHMPALIZ08AHE HCUCLEHH S, DOSNOOLICHE HCUBLCHHSL,
NUMOMA NOMYNICHICTY, PiBeHb HaANpY2u, WEUOKICHUU DYX.

1. Introduction

The current DC power supply is caused by the rapid
aging of the fixed assets of the infrastructure. At the same
time, the European integration efforts of Ukraine require
measures to introduce high-speed traffic, and require the
modernization of electrified lines. High-speed traffic can be
provided by traction power supply systems of both direct
and alternating currents used in Ukraine, but to ensure
constant speed, it is necessary to increase the power con-
sumption of the traction network, primarily for electrified
sections of direct current.

The current system of centralized traction power supply
of direct current is not always able to ensure the transfer of
the necessary power for high-speed trains. The main restric-
tions include reducing the voltage on the current collectors of
the locomotive below the allowable for high-speed movement
of 2900 V and heating the wires of the contact network,
contribute to the loss of their mechanical strength [1].

Analysis of scientific publications shows that the main
efforts of scientists are aimed at ensuring the required voltage

regime in the traction network. But the technical means and
organizational measures used today in the territory of Ukraine
do not allow solving the set task. As shown by the results
of experimental studies and calculations, the impossibility of
providing the voltage required for high-speed movement when
using low-cost amplification means is caused by insufficient
power consumption of the traction network in the centralized
traction power supply system. When organizing high-speed
traffic on DC lines, one of the most important requirements
for traction power supply is also ensuring the required level of
specific power of the traction network within 1.5-2 MW /km.
However, the fulfillment of the stated requirements is im-
possible without the improvement of the electric traction
system, its modernization and reconstruction.

Hence, the urgent need, in the face of rising energy
prices, is ensuring the effective use of the available ag-
gregate power in the DC traction power supply system.
That is why scientific thought is evolving towards the
development of distributed power systems for traction net-
work (DPN), which have the best technical and economic
characteristics [2].
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Therefore, research and analysis of power modes in
traction networks to ensure high-speed traffic is relevant.

2. The ohject of research
and its technological audit

The object of research is the power modes in the traction
power supply systems of both centralized and distributed
power during the introduction of high-speed traffic.

In the works [1, 2] it is noted that the existing circuit
design solutions for the construction and amplification of
the power supply system of the traction load have a number
of limitations. These include: the inability to provide the
necessary voltage mode, large losses of power and voltage,
low efficiency of use of the existing aggregate power. One
of the requirements of today is the need to ensure the
required level of power density of the traction network.
Now this figure should be in the range of 1.5-2 MW
and tends to increase.

The existing traction power supply system (TPSS) of
the centralized type is not able to meet the set condi-
tions. Hence, the most advanced means of increasing the
energy efficiency of the traction network is the use of
a distributed traction power supply system.

Of particular importance is the topic of research due
to the fact that the DC system electrified a significant
part of the railways not only in Ukraine, but also in
Poland, Czech Republic, Slovakia, Belgium, Italy and
the like. Therefore, the technical solutions proposed in
this paper to provide the necessary power regime in the
traction network can be extended to these countries, in
particular, Central and Eastern Europe.

3. The aim and ohjectives of research

The aim of research is modeling and analysis based
on the developed innovative circuit solutions of the trac-
tion power supply system of power modes in the traction
network to ensure high-speed traffic. To achieve this aim
it is necessary to perform the following objectives:

1. To perform experimental studies to assess power
modes in the traction network.

2. To assess the energy processes in the traction power
supply systems.

3. To consider the power modes of the proposed dis-
tributed type system.

4. Research of existing solutions
of the prohlem

As is known, the improvement of technical and eco-
nomic indicators of existing sections of electric railways
of direct current can be achieved during certain technical
and organizational measures [3, 4]:

— use of parallel connection points;

— increase in the cross section of the wires of the

contact network;

— construction of additional traction substations [5, 6];

— use of blocks of distributed power;

— complete replacement of six-pulse rectifiers with

rectifiers with twelve pulsations in the rectified volt-

age curve;

— development and production of rectifiers with an

optimal scale of nominal capacities;

— expansion of the scope of regenerative braking and
the operational development of twelve-pulse rectifier-
inverter converters [7, 8];

— operational development of effective schemes of

smoothing filters for traction substations of direct current;

— installation on the feeder zone of voltage-adding

devices (VAD) with voltage regulation;

— use of converter transformers with voltage regulation

under load.

The basic concepts and principles of enhancing the
3.0 kV traction system are described in the 60-80s of the
last century [9, 10]. Modern 3.0 kV TPSS amplification has
not undergone significant structural changes, and only the
element base has changed due to the development of science,
technics and technology. In [11, 12], comparative calculations
of various traction power supply systems are carried out,
the proposed methods for amplifying direct current power
amplifiers, built on the basis of modern achievements, their
advantages and disadvantages are fully highlighted, and the
results of operating experience are given.

The effect of the use of individual measures is different
and, as a rule, not enough [13]. To enhance the power
supply of a particular line in order to achieve the required
power density indicators and to ensure the movement
of high-speed trains, a whole range of measures must be
taken. Therefore, more and more often, developers are
turning to distributed traction load power systems. In
a distributed power supply network of the contact network,
they understand that when consumers in the busiest zones
receive power not only from their relatives, but also from
a number of distant power points [4]. The participation of
such items in the power supply of adjacent inter-substation
zones is obtained the greater, the smaller the power in-
stalled in one substation traction units.

The concept of distributed power provides high ef-
ficiency and reliability, allows to remove the limitations
of power supply devices. With such a system, it is still
possible to use existing rolling stock, and large expenses
for re-equipment of the contact network are not needed.

One of the main differences between the centralized and
distributed power supply schemes is the number of units
at substations and methods for backing up their power.
With a centralized power supply, the number of substation
units is at least two. In the distributed supply scheme, all
substations are one-unit [14, 15]. In this regard, in the first
scheme, a reserve is provided for the case of shutdown of
the unit, and in the second — for the case of a substation
shutdown. In order for a distributed power supply with
one disconnected substation to provide normal movement
dimensions, it is necessary that the substations are located
much closer to each other than in the centralized power
supply circuit. Accordingly, the power of each substation
will be lower, and their number will be greater. Therefore,
such a scheme becomes expedient under the condition
of maximum unification of the traction substations, with
single-unit substations easily achieved.

Thus, the results of the analysis allow to conclude that
the system under consideration requires a much smaller
cross section of the wires of the contact network and,
at the same time, the energy and voltage losses are re-
duced. These qualities are the most important advantages
of a distributed power system. In addition, the protection
of the contact network against short-circuit currents is
greatly facilitated, the potentials of the rails relative to
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the ground, and, accordingly, the danger of destruction of
underground structures by stray currents. In a distributed
power supply circuit, single-unit traction substations are
of the same type and are simplified to the maximum. This
makes it possible to perform full automation and include
them in the information technology service system.

5. Methods of research

Experimental studies are the main source of informa-
tion for studying energy-generating processes in the trac-
tion power supply system of electrified DC railways and
for constructing mathematical models of the processes of
conversion and consumption of electrical energy [16, 17].
As well as specific electrical devices. The set of observed
values of the above parameters is the primary statistical
material and is called a statistical or time series. A time
series is an ordered sequence of observations at specific
points in time. The nature of the series and the structure
of the calling process determine the order of the specified
sequence. Usually, time series are formed on the basis of
a discrete sequence of observations at regular intervals of
time. The results of such measurements are presented in
the form of a continuous variable (random function), which
obeys some probability law. Realizations of the random
process may include observation errors. It should be noted
that in many cases, time series simultaneously with fluctua-
tions and irregularities (outliers) have some tendencies of
change (trend) that can be described by different models.

Experimental studies of power consumption modes are
carried out according to the methodology developed at the
Department of Intelligent Power Supply Systems (IPSS)
of the Dnipropetrovsk National University of Railway
Transport named after Academician V. Lazaryan (Ukraine)
using the developed hardware and software complex [11].

Determination of power and voltage modes and as-
sessment of its impact on the operation of electric rol-
ling stock and power supply devices is one of the most
important tasks in building a modern intelligent traction
power supply system. At present, the analysis of the func-
tioning processes of variations in the TPSS is carried out
using simulation modeling. The purpose of constructing
a mathematical model of TPSS is determination of the
electric power consumption during train movement and
electric power losses in the elements of the traction power
supply system, the voltage control of current collectors
of electric locomotives and currents in the elements of
TPSS [17]. The development of a mathematical model
of a controlled distributed TPSS should provide for the
placement of a number of amplifying points (AP) at the
inter-substation zones with the possibility of controlling
their output power in real time.

The mathematical model developed at the IPSS depart-
ment [18] allows performing electrical calculations of the
traction power supply system of a site with any number
of traction substations and inter-station zones. And also
to take into account the various values of the no-load
voltage of the traction substations and their internal resis-
tance, various schemes for connecting generating capacity
in the traction network. The mathematical model is based
on the determination of the regularity of the change in the
resistance of the traction network with N traction substa-
tions/reinforcing points and N—1 inter-substation zones with
analytical functions. The mentioned functions together with

the functions of current distribution and distribution of
potentials in the nodes of the system make it possible to
formalize the calculations of the electric traction systems
and go from discrete to continuous representation. The
definition of the main indicators of the traction power
supply system U,;,, AP, AW is proposed to perform using
the current distribution function, the calculation of which
is carried out in a matrix form, which allows to easily
describe any system configuration with its corresponding
parameters. The result of the calculation of this function
is a vector consisting of the potentials in the nodes of the
design scheme at the points of connection of the feeders
of the traction substations, the points of connection of
the contact hangers of the tracks and the electric rolling
stock (ERS), which is located in the area of the station.
The possibility of using direct calculation of electrical quan-
tities allows to significantly simplify further optimization
calculations of the operating modes of the traction power
supply systems.

6. Research results

6.1. Analysis of experimental data. One of the main
parameters of the traction power supply system is the
number and power of traction substations and the distance
between them. The total installed capacity of the trac-
tion substations, for example, for the experimental sites
of the Dnipro railway (Ukraine) is within 12+50 MW.
But the current state of the DC traction power supply is
characterized by the growing shortage of necessary power
to ensure the applied voltage in the traction network
when introducing high-speed traffic. At the same time,
as the conducted studies show, the utilization rate of re-
gime power and equipment of traction substations does
not exceed 15 %. This is confirmed by the experimental
data that are obtained at the traction substations of the
Dnipro railway (Table 1) [19].

Tahle 1
Research results of the load of traction substations

Traction Power Average power consumption | Load factor
substation F, kW Py, kW B, %

T5 1 20800 2868 13.7

TS5 2 20800 1080 5.2

T5 3 19800 956 4.8

T5 4 19800 422 2.1

The study of the operating modes of the traction net-
work and the power consumed by electric locomotives is
carried out on the Dnipro railway:

— on the site Nizhniodniprovsk (ND)-Vuzol — Piatikhat-

ky. The length of the section is 128 km, the contact

network is M-120+2MF100+A185. The site receives
power from 9 traction substations. The movement of
trains took place in pair and odd directions;

— on the site of the ND Knot — Demurino. The length

of the section is 135 km, the contact network on the

site M-120+2MF100+A185. The site receives power
from 9 traction substations. The movement of trains
took place in pair and odd directions;

— on the site Sinelnikove — Demurino. The length of

the section is 96 km, the contact network is M-120+

4
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+2MF100+A185. The site receives power from 6 trac-

tion substations. The movement of trains took place

in doubles and odd directions.

The summarized results of studies of power modes in
the traction network are presented in Table 2 and Fig. 1, 2.

Consumption of power and current when movement on experimental areas

Analysis of the results shows that in the traction net-
work there are areas of limited power consumption, that
is, areas where the power consumption of the ERS exceeds
the TPSS capacity to transfer the required power level.
In turn, this leads to a sharp decrease in the voltage of
the current collectors of electric
locomotives and a decrease in
the speed of movement, which

Tabhle 2

Permissible tﬂﬂlf'ﬂtil-] is unacceptable when introdu-
Move- | Train | Power consumption of ERS, | Current in traction ns;;z't;u;g:;leﬁsiune cing hlgh—speefi movement' It is
No LI:II:.D- ment | mass MW/km model, A M120+2MF100+A185,| necessary to indicate that the
motive | oohon |t and when the contact obtained results correspond well
wire is worn, % with the data given in [20]. At
Minimal | Average | Maximal | Average | Maximal | 0 15 30 the same time, it is paradoxical
1 VL8 P-ND 4117 | -2.52 1.46 5.06 900 1610 that the aggregate capacity of the
2 | vis | NDP |2887 | 204 | 15 | 82 | 934 | 2000 traction substations is not fully
3 | VL8 | P-ND | 4441 | -305 | 1.08 5.2 913 1750 used. It should also be noted that
4 VL8 ND-P | 3372 | 0.032 1.687 5.98 977 1800 in some inter-substation zones
5| vis | P-ND [4022 | 342 | 129 | 87 | 952 | 1800 (ISZ), the current consumed by
6 | vi8 | ND-P | 1462 | -0.85 | 1.07 | 455 | 707 | 1400 the ERS is approaching critical
7 | VI8 | PND | 4446 | 444 | 087 | 528 | 801 | 1750 values, which in conditions of
8 | VL8 | ND-P | 2451 | 225 | 123 | 44 | 736 | 1385 the existing wear and tear of the
9 | VI8 | NDP | 4532 | 295 | 14 | 534 | 445 | 1750 | 2280 | 2120 | 1gs0 | 1PSS infrastructure can lead to
10| VI8 | P-ND | 4251 | -361 | 085 | 612 | 310 | 1800 emergency situations.
11 | Chs7 ND-P 550 0.11 2.25 7.18 690 2100 6.2. Power mode requirements.
12 | Chs7 P-ND 485 0.1 1.7 5.87 528 1925 High—speed railways and railways
13 | Chs7 | PND | 550 | 01 | 184 | 607 | 499 | 1750 with heavy traffic. increased pas-
14 [2vi11| SD | 5957 | 008 | 274 | 1037 | 914 | 3541 sage, with short intervals (3-5 mi-
15 |2vi11| DS | 5957 | 004 | 254 | 829 | BOB | 2797 nutes) between trains and a power
16 | 2VL11| NDD | 5935 | 075 | 317 | 116 | 1077 | 3880 consumption of 10-12 MW or
17 | 2VL11 | D-ND 6004 0.01 2.05 9.64 687 3158 more, have a pulsed nature of
electric traction [21].
P, MW This increases the peak load on the traction substation,
45 T increases the loss of voltage and energy in the traction
power supply, complicates the conditions of current collec-
357 UCL tion and increases the heating of the contact network wires.
P The specific power consumption of high-speed lines is

B e e e e e ey I T e e

40 60 70 80 " 90 100 110 120 130

x, km

-1.5 +

Fig. 1. The average change in power consumption per kilometer when
moving the Nizhniodniprovsk-Vuzol-Piatikhatki section in the pair and odd
directions: UCL — upper confidence limit; LCL — lower confidence limit

P, MW
45 1

3.5

2.5

0.5

T T T T T T T T T T 1

-05 ¢ 10 20 30 40 50 60 70 80 90 100 110 120 130
x, km

-1.5 +

Fig. 2. The average change in power consumption per kilometer when
moving the moving the Nizhniodniprovsk-Vuzol-Piatikhatki section in the
pair and odd direction: 1 — power of electric rolling stock consumed
at each kilometer; 2 — ERS power consumption; 3 — power at the
inter-substation zone, which can provide adjacent traction substation

1-1.3 MW /km, and for railway double-track lines with
increased passage it can reach 1.7-2.5 MW /km. According
to the norms of the International Union of Railways (IUR),
developed in 1996, for a double-track high-speed line with
a maximum speed of 300—-350 km/h, the maximum specific
power consumption of electricity for traction of 3 MVA /km
is provided [21]. The power of traction power supply
devices is recommended to be taken on the basis of the
specified specific power consumption. That is, there is
a gradual evolution of the TPSS requirements — not only
the provision of normalized voltage, but also the pro-
vision of the required energy intensity of the traction
network.

It is necessary to take into account that the choice of
technical solutions for the creation or reconstruction of
a traction power supply system (TPSS) to ensure high-
speed passenger traffic is based on the main parameters
of the designed line, which include:

— maximum permissible and operational speeds;

— type of electric rolling stock (ERS) and its charac-

teristics;

— principles of transport organization and train sche-

dules [22].

The load capacity of individual power supply devices
and the system as a whole essentially depends on the
listed parameters. The TPSS parameters and the power
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supply circuit of the catenary are selected in accordance
with the accepted standards for the allowable load of the
power equipment of the traction substations, the voltage
of the EPS current-collectors and the heating temperatures
of the wires of the traction network.

The characteristics and parameters of the rolling stock
for high-speed railways (HSR) are due to the fact that
with increasing speed the aerodynamic component of the
main resistance to movement increases quadratically [21].
So, if at a speed of 120—140 km/h the main specific re-
sistance when moving ordinary passenger trains does not
exceed 4 kgf/t, then for high-speed ERS (250-300 km/h)
it is 10-17 kgf/t. In accordance with this, for the rea-
lization of high speeds, it is necessary to substantially
large specific (per ton of gross mass) power of the train
equipment.

The ratio of the set maximum speed at the site and
the power of the train, as well as the method of control-
ling the force of traction on the ERS (stepwise, smooth)
have a great influence on the mode of current consump-
tion from the contact network. When a regular passenger
train is moving, for example, with an EP1 electric loco-
motive, the change in current in the contact network is
pulsed, due to the alternation of traction and coasting
modes. The electric train EPS250 (design analogue of
the «Sapsan» train) with a smooth adjustment of the
traction force consumes the maximum current only dur-
ing acceleration, and in other areas it realizes the power
necessary to maintain a given speed depending on the
current track gradient. At a speed of 300-350 km/h, the
ISE3 train [23] consumes most of the time, due to the
large resistance to movement, the maximum current is
almost independent of the section profile.

The results of numerous traction and electrical cal-
culations show that the current loads in the power sup-
ply systems at the same interval between the whole
and on the circulation lines of freight trains of increased
weight are almost commensurate. The necessary electric
traction power depends on many factors, the main of
which are:

— train mass;

— movement speed,;

— main resistance to movement;

— intervals between trains;

— frequency of arrivals and accelerations;

— possibility of regenerative braking;

— plan and profile of the path;

— characteristics of the traction power supply network.

But with high-speed (200-250 km/h) and high-speed
(300 km/h and above) movement, the power realized by
the train’s traction engines is almost equal to the power
realized by heavy-weight electric locomotives [24].

However, due to the faster rate of change of loads
during the passage of trains on the high-speed rail, the
heating intensity of the power equipment of substations
and wires of the contact network is slightly less than in
the sections of heavy traffic.

As noted above, the drive of modern high-speed ERS
implements a smooth control of the traction force. For
such an ERS, the maximum traction characteristic (de-
pendence of the traction force on speed) is set, which in
a simplified form has two sections [23]:

— acceleration — from zero speed to a certain value V,

with a constant or linearly incident traction force;

— constant power — automatic characteristic when
changing the traction force is inversely proportional
to speed.

Depending on the current conditions (profile slope, volt-
age in the contact network) and train management mode,
the control system selects the desired point in the area
limited by the maximum traction characteristic. Increa-
sing the speed of the train leads to a significant increase
in the force of resistance to movement. In this regard, to
increase the speed, one should increase the traction force,
and an increase in the traction force leads to an increase
in the current consumed by the ERS. When accelerating
to speeds more than 200 km/h, the resistance to move-
ment, and consequently, the current is almost constant.
The current reaches 3 kA or more. For trains equipped
with converters, with a decrease in voltage on the ERS
current collectors for realizing the installed power at a given
speed, more current must be consumed and, conversely, with
increasing voltage, the current decreases. For this reason,
from the power supply system, it is necessary to ensure
the maintenance of voltage to the ERS current collectors,
which is close to nominal. It is possible to perform this task
only with sufficient energy consumption traction network.

In connection with the entry of Ukraine into the world
trade organization (WTO), efforts to integrate into the
European community and the development of transnational
railway corridors in the coming years, it is necessary to
make changes in the infrastructure of railway transport.
But qualitative changes on the Ukrainian railways and
the introduction of high-speed traffic are possible only
with an increase in productivity in the economy and the
welfare of society [25]. According to world experience,
the cost of high-speed rail is about 30 million USD per
kilometer. In all countries, the construction of such infra-
structure facilities is within the power of the state only
and is financed from the state budget. So in Europe and
Asia there is significant passenger traffic, and the develop-
ment of high-speed transport has a progressive nature [26].
At the same time, Ukraine has no passenger traffic of
24.000 people per day, so that trains run at least once
an hour. Thus, for Ukraine, the best option is forming
a network of rail transportation with a maximum speed of
up to 160 km/h, in the future up to 180-200 km/h [25].
From here, it is necessary to develop measures for the
modernization of railway lines for the use of high-speed
trains Hundai and Skoda in Ukraine.

Fig. 3-6 show sample data from experimental trips
confirming the above reasoning.

P, kW
3000 T

2500
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L, km
0 t t t t t t i
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fig. 3. Power consumption from the contact network
of Skoda electric locomative
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Fig. 4. Current consumption by Skoda electric
locomative

Fig. 5. Voltage on current collectors of Skoda electric
locomative
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Fig. 6. Speed of Skoda electric locomotive

As follows from their analysis, when a high-speed
electric locomotive reaches a steady state, the tension
in the traction network decreases below the established
standard value.

It can be assumed that in this case there is an insuf-
ficient energy intensity of the traction network. Table 3
shows an analysis of the aggregate capacities of the trac-
tion substations in the areas of high-speed movement,
and the data for calculating the specific power of the
inter-substation zones are presented.

It can be stated that almost half of the ISZs do not
meet the established standards for specific power.

In practice, this leads to the need to increase the
interfacial intervals [20] and sets the task of upgrading
such zones in TPSS.

Tahle 3
Information about the aggregate power of traction substations
The length | Distances to | I5Z estima-
Name Power, | of the inter- | sectioning | ted specific
MW substation posts, power,
zone, km km MW/km
Donetsk direction
Pyatikhatki 37.3 208 10.2/10.7 1.85
Erastivka 44.4 23.4 9.8/13.6 1.89
Verkhovtsevo 44.4 17.3 7.6/8.7 2.0
Verkhnodniprovsk 24.9 22.7 8.6/14.1 1.48
Bagley 18.6 14.7 - 1.27
Sukhachivka 18.7 13.1 - 2.14
Goriainovo 37.4 16.1 - 2.7
NDVuzol 50 6.9 - 4.34
Igren 16 11.2 - 2.25
[larionave 44.4 218 11.1/10.5 2.18
Sinelnikove 50.0 17.3 8.5/8.8 2.21
Razdory 26.52 17.8 9/8.8 1.59
Pysmenna 30.28 20.8 10.4/10.4 0.72
Ulianivka 30.28 18.6 9/9.6 -
Pokrovsk direction

Balivka 12.6 308 14.4/16.5 0.61
Novomaoskavsk 25.2 27 14.9/12.1 0.7
Mineralna 12.6 24.4 13.0/11.4 1.03
Pavlohrad-1 37.8 24.2 11.5/12.7 1.04
Boguslavsky 12.6 21.6 10.6/11.0 0.87
Nikolaivka 25.2 29.2 12.3/16.8 0.75
Slavianka 18.9 17.2 8.3/8.9 1.28
Passing loop number 5| 25.2 23.8 10.1/13.7 -

6.3. Distributed traction power system. As noted above,

when building DPN to ensure the required level of specific
power of the traction network at the current stage of the
development of the investment climate when introducing
high-speed traffic, it is necessary to make maximum use
of the existing infrastructure of traction power supply.
First of all, it is possible to talk about the location of
the traction substations and gain points. At the first stage
of DPN implementation, it is advisable to maintain the
existing coordinates of their location. At the same time,
it is necessary to resolve the issue of the appropriate
power of traction substations and amplification points.

To date, formed two main approaches to the DPN con-
struction are formed:

— the use of reference substations with power points

located between them at certain distances [2, 3];

— the use of single-unit substations of the same type

with equal distances between them [27].

Each of these concepts has the right to apply. At the
same time, conducted studies, due to the real absence of
24 kV rectifiers, have shown that the use of single-unit
traction substations (SUTS) is the most appropriate [28].
To minimize capital investments in DPN, power supply to
the SUTS should be provided by longitudinal power sup-
ply lines (LPSL) 35 kV. Thus, the DPN structure recom-
mended at this stage will be the form shown in Fig. 7.
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Fig. 7. The proposed structure of the distributed power system

At the existing centralized power supply system, the
power of the traction substations is calculated according
to the method given in [29]. This technique is also ap-
proved in the existing regulatory documents of Ukrzaliz-
nytsia. At the same time, the power calculated in this
way significantly exceeds the level of necessary expediency
and redundancy. So, in 1985-1989, when a significant
amount of traffic was observed on the USSR railways,
the installed capacity utilization rate of two converter
units of traction substations [30]:

— October road was 11.6 %;

— Moscow — 19.25 %;

— Kuybyshev — 17 %;

— Sverdlovsk — 11.8 %;

— South Ural — 16.3 %;

— West Siberian — 21.9 %.

It can be stated that at the present stage, the utilization
rate of the installed capacity is rather low (Table 1) and does
not exceed 20 %. The experience of introducing high-speed
direct current proves this trend. Thus, the average current
of the Soniashnykova substation located between the Klyn
and Kriukovo substations in the Moscow-St. Petersburg
section is 2021 A, the maximum is 3086 A, one-minute is
2936 A, three-minute is 2515 A, the twenty-minute load is
two conversion units is 0.32, and one — 0.64 [30]. Thus,
the substations are underused, and even with one operat-
ing converter unit, its power is used by 64 %, that is, the
power used is 7.68 MW. In this case, the minimum voltage
in the contact network on the Klyn-Kriukovo section is
2907 V, the average (one-minute) is 2962 V. Under such
loads, the work of the above-mentioned traction substations
with one converter unit is justified.

As already noted, at the initial stage of introducing
high-speed traffic with speeds of 200—250 km /h, it is neces-
sary to make better use of already existing devices of the
3.0 kV DC system with the lowest capital and operating
costs. Based on the above considerations, the calculated
used power of traction substations according to Table 3
with the available short circuit, it will be in the range of
2.5..10 MW, and the average power will be — 6.26 MW.

As part of the work currently underway to modernize
traction substations in electrified DC sections, outdated
rectifiers are replaced with more modern 12-pulse rectifiers
manufactured by the «Converter» research and production
association of B-TIIE/[-M-1211-3,15k-3,3k Y4 type, which
capacity is 10.395 MW. When applied according to the
requirements of [29], the aggregate power of the traction
substation will be 20.79 MW, which is much higher than
the required values for high-speed movement.

To date, the development [31] of more advanced recti-
fiers with a capacity of 5.2 (4.2) MW is known. Their
use will provide the necessary power to power the DPN,

and fulfill the conditions of redundancy, since in the DPN,
reservations are made due to the redistribution of power
between substations. To ensure the necessary reserve at
the traction substation, it is advisable to use two CU
operating in parallel in the forced mode. As LPSL, one
CU5200 (4200) can be used.

At the next stage of the synthesis, it is necessary to solve
the problem of determining the number of LPSL between
the supporting substations (SS). With this criterion of op-
timization is the need to comply with the applied voltage
level and the specific power of the traction network (TN).
In [27, 28] it is proved that the distributed traction system
of trains with a power supply line of alternating current of
industrial frequency has one indisputable advantage: it can
be implemented «right nows», all the necessary equipment is
manufactured by industry. The power of the traction substa-
tion (TS) and the LPSL and the distance between them are
factors that are interrelated and must ensure the specific
power norms and normalized voltage levels. In accordance
with the accepted concept of minimizing the cost of the
proposed system, the distance between the TS and the LPSL
is determined by the existing power supply circuitry of the
traction network. For estimated calculations, a symmetrical
power supply system is used, which is shown in Fig. 7.

6.4. Power mode evaluation. It is necessary to point
out that the regulation of the power consumption regimes
in the existing sections of electrified railways for the pas-
sage of high-speed trains is carried out by increasing the
inter-train interval. In this case, the specific power varies
as follows [32] (Table 4).

Table 4
Influence of inter-train interval on power density
Interval, min 8 12 18
Power density, kW/km 480 330 220

When analyzing the data of Table 4 it is necessary
to take into account that when the trains move in the
section of the specified category, only one train is located
at the ISZ. From here, for the given traffic conditions,
the location of one LPSL at the section posts (SP) is
sufficient. To confirm this hypothesis, let’s perform the
following calculation.

Using the dependences obtained in [33], it is pos-
sible to determine the voltage loss to the ERS current
collector, which is located on the calculated ISZ subject
to the consumption of constant power:

_ Ub—\¢Ub2—4f(x)P.

AU 2d(x)

J(x), (1)

where U, — the voltage on the buses of traction substation, V;
f(x) — the resistance function of the calculated ISZ; P — the
power that ERS consumes, W.

In the above expression, the resistance function deter-
mines the ISZ power supply circuit. The definition f(x)
for various power supply circuits for ISZ and for an elec-
trified section with any number of traction substations
and inter-station zones is given in [17, 33]. Despite the
fact that with a distributed power supply system, the ISZ
supply circuit will be two-way, further calculations are
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given for this power supply circuit. Thus, the resistance
function for a two-sided circuit is:

f(X)=ro[x—322J,

where 7, — the specific resistance of the traction
network, Ohm; x — distance from TS to ERS, km;

2)

In these calculations, the following initial data were
used: voltage on TS buses — 3300 V, ISZ length — 20 km,
allowable voltage loss — 400 V, traction network — M120+
+2M®D100+A185+P65, ERS power consumption — 10 MW.

In Fig. 9 points indicate the limits of power transmis-
sion with permissible voltage losses.

L — ISZ length, km.

Substituting expression (1) into (2), one
can determine the distance from the traction
substations to which power can be transferred
to supply the ERS at a given level of voltage
losses in the traction network:

1.5x10 [

— for the first TS: 1x107

JPrR(4AU? —4U,AU +LPry)  Pr oL
L I 9 5%10

__ 2 .
= P, ’

— for the second TS:

JPR(4AU? —4U,AU +LPry)  Pr,
L I Ty

Xy =
Pry

The distance to which it is possible to transmit the
consumed power of the ERS at a given level of voltage
loss is shown in Fig. 8. The required power of the traction
substations (taking into account the power loss) necessary
to ensure the regime of sustainable power consumption du-
ring the ERS movement with a given level of voltage loss:

xz
U;)— Ub2—470(x—L]P
P(x)= Ub'

xQ
27 [x _L)

5 10 15 2
¥, x1(P),x2(P),y

PP(y) PP(xI(P)) PP(x2(P)) P
— 000 (X 1] _—

Fig. 9. Power of traction substations to ensure the consumption
mode of constant power

As can be seen from Fig. 9, during the passage of
ERS on the most part of the ISZ, compliance with the
voltage standards on the ERS current collectors is not
ensured due to the insufficient level of specific power
that the traction substations can provide. Therefore, the
introduction of a distributed system with shorter lengths
and adjustable CU can solve this problem. The location
of the additional CU in the middle of the ISZ allows
for an overvoltage on the TS buses with 40 V to ensure
the ERS passage of 10 MW at a given level of voltage
loss (Fig. 10).

At the same time, the required level of specific power
of the ISZ for the ERS passage, depending on the voltage
on the TS buses, changes as follows (Fig. 11).

As a result of the performed calculations of the pro-

xZ
U,— |U?—4n| x——|P
b \/ b 0( L J x? posed circuitry of the distributed power supply system, it
- Pe) Hof X (3) is shown that this system allows passage over a section
Qn{x—L] of electric rolling stock with normalized levels of specific
power and voltage loss.
20 T T T
151 .
x2(P)
10 7
x1(P)
s i
0 1 1 1
0 3x10° 6x10° 9x10° 1.2x107

P

Fig. 8. Permissible power transfer distance
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on the object of study of external
factors is the lack of mass production
of the proposed conversion units. Al-
though they are protected by patents

of Ukraine for inventions on a device,
it confirms their innovation among
similar world prototypes, but it may
be necessary to purchase conversion
- units of the proposed capacity abroad.

8. Conclusions

L 1. Experimental studies of power

T T T T
PP(y) .

1x10
PP(x1(P))
000
PP(x2(P))
000
P oL
— 5x10

o 1 1 1
0 2 4 6 8 1
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Fig. 10. The total power of the traction substation and the additional converter unit to ensure
the consumption mode of constant power with distributed power

modes in traction networks is made.
It is established that the voltage
and power modes in the DC po-
wer supply system using centrali-
zed power do not allow to fully

800 T T T

provide the necessary conditions for
the introduction of high-speed traf-
_ fic on existing lines. Voltage levels,
both on the buses of traction load
and in the traction network, have
. a significant range of fluctuations,
which is determined by various fac-
tors: both the effect of changes in
the operating modes of the external
power supply system and the modes

3.3%10° 3.4x10° 3.5%10° 3.6x10°

Ul"

Fig. 11. The change in the level of specific power of the inter-substation zone

from the voltage level on the buses

7. SWOT analysis of research results

Strengths. Compared with the traction power supply system
with centralized power, the application of the proposed dis-
tributed power supply system allows to provide the necessary
level of specific power of the traction network in compliance
with the normalized voltage level for high-speed traffic con-
ditions. At the same time, the total aggregate power of the
traction substations decreases and its utilization rate improves.

Weaknesses. The weaknesses of the proposed technical
solution include the need for initial capital investments in
the traction power supply system to replace the existing
converter units. It is also unwise to envisage the costs
of dismantling the old conversion units and the need to
install a single-unit traction substation at the location of
the partition post. Also to the weaknesses of the proposed
solutions include the refurbishment of the power supply line.

Opportunities. The proposed technical solutions to im-
prove the efficiency of the use of aggregate power sup-
plied to the traction substations help reduce energy losses
in the traction network. This, in turn, will significantly
reduce the amount of payments for consumed electricity
for train traction. In this case, all regulatory requirements
for the organization of high-speed traffic will be provided.

Threats. The railway will be required to make initial
capital investments in the distributed power supply system
to replace the existing traction units of lower power at the
traction substations. Also required are the costs of their
installation at the location in accordance with the circuit
innovations in the power supply system. The negative impact

L of operation of the traction network.

3axi0’ At the same time, if there is a signifi-
cant reserve of installed aggregate
power at the traction substations
of Ukraine, there are no means for
regulating the voltage modes in the
traction network.

2. The evaluation of energy processes in the traction
power supply systems is made. The analysis has shown
that for building a distributed power supply system at
the present stage, it is most appropriate to use single-
unit traction substations with power of their longitudinal
power lines by 35 kV. It is made from AC-35 wires.

3. The power modes of the proposed distributed type
system are analyzed. Based on the analysis of power modes,
it is proposed to make the transition from the centralized
power supply system to a distributed system while pre-
serving the existing power infrastructure of the traction
network: namely, the location of the traction substations
in place of the existing, and single-unit substations at the
section posts. In this case, in a distributed power supply
system at the traction substation, it is necessary to use
two converter units with a total capacity of 10 MW, and
for a single-unit substation — 5 MW. As a result of the
performed calculations of the proposed circuitry of the dis-
tributed power supply system, it is shown that this system
allows passage over a section of electric rolling stock with
normalized levels of specific power and voltage loss.

3.7%10°
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