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SAVING ENERGY RESOURCES DURING OPERATION OF ROLLING STOCK
OF UNDERGROUND ELECTRIFIED TRANSPORT

Purpose. To analyze the energy saving reserves under the conditions of implementation and integration of the system in order
to find rational driving modes in the general system of managing underground electrified transport.

Methodology. The work presents the method for processing data arrays obtained experimentally with the help of a measuring
system and theoretically with the use of the “Rational Trajectory” software.

Findings. Experimental studies were carried out using a testing system created on the basis of a refurbished train with energy
recovery system. Theoretical studies were carried out using the “Rational Trajectory” software, which is based on the principle of
solving a multi-criteria problem by the method of the main criterion. The minimum amount of electricity consumption from the
overhead contact line was chosen as the main criterion. The software was developed in the LabVIEW graphical programming en-
vironment in order to determine the rational modes of driving rolling stock and energy indicators in a given area of its operation.
The amount of electricity consumed for traction and the amount of electricity generated by the train during regenerative braking
were determined based on the results of experimental and theoretical studies, respectively, under typical and rational modes of
driving the train for given identical operating conditions.

Originality. Further research on the analysis of energy saving reserves on the rolling stock of underground electrified transport
was achieved due to the introduction of a system for finding a rational driving mode.

Practical value. It has been established that the implementation and incorporation of the “Rational Trajectory” software into
the train control system will save up to 14.7 % of the amount of electricity consumed for traction, compared to typical modes op-

eration on a given track section.
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Introduction. The formation of the “intellectual” component
in transport is recognized as relevant for the development of rail-
way transportation both in Ukraine and in the European Union,
which is confirmed by the relevant regulatory documents [1]. In
particular, the National Transport Strategy of Ukraine for the
period until 2030 defines the task of stimulating the introduction
of innovative technologies and intelligent transport systems [2].
Research by scientists of UkrINTEI [3] of the dynamics of scien-
tific publications and their citations, as well as the dynamics of
patenting in the relevant directions in transport prove that the
most promising technologies in the world in the field of railway
transport are: artificial intelligence, big data, 5G — technologies,
memory on a neural network. Moreover, according to the au-
thors of the work [3] in the direction of artificial intelligence and
neural networks, one of the promising directions of technology
development is the control system of railway vehicles.

Formulation of the problem. As an experimental rolling
stock, a modernized train was adopted, which is a five-car for-
mation with an asynchronous traction drive and energy recov-
ery systems, in which the main cars are non-motorized, and
the intermediate ones are motorized. The train consists of
wagons models 81-7080, 81-7081, 81-7081-01 (Fig. 1).
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The main technical characteristics of the train and traction
transmission parameters are as follows:

- mass of the train (m, t): under empty load — 155.3; under
nominal/maximum load — 246.9/262;

- design speed (V,, km/h) — 90;

- maximum operational speed (¥, km/h) — 80;

- efficiency ratio of the reducer (n,4, %) and inverter
(Mim» %) — 98 and 96.

The parameters of the asynchronous traction motors
(ATM) installed on the modernized train are as follows: P, =
=150 (kW); U, =610 (V); 1, =185 (A); n, = 1,900 (rpm); f, =
=65 (Hz); M,=2.21 (kN - m).

Graphs of the dependence of traction and braking force on
the speed of this train are shown in Fig. 2. The main resistance
to the movement of the train is shown in Fig. 3.

Literature review. Recently, scientists in their research have
paid enough attention to the issue of development and imple-
mentation of control systems on railway and city electric ve-
hicles. Thus, the article [4] is devoted to the formalization of
the train traction control problem based on the apparatus of
neuromathematics. Research studies [5, 6] proposed a meth-
odology for determining energy-saving movement trajectories
of locomotives with electric transmission, taking into account
mathematical methods of uniform search and parametric op-
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Fig. 1. Schematic diagram of the experimental train
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Fig. 3. The main resistance to the movement of a train

timization. Papers [7, 8] are aimed at determining the rational
modes of movement of a suburban electric train with asyn-
chronous traction motors using the developed models. Re-
search [9, 10] is aimed at improving the methodology of trac-
tion calculations and driving modes of traction rolling stock
through the use of optimization models and the law of conser-
vation of mechanical energy. In the works [11, 12], the formu-
lation and solution of the optimization problem of the selec-
tion of electric transport control modes during given speed
limits according to the criterion of minimum energy consump-
tion is presented. The article [13] provides an overview of
promising systems for driving trains, which will allow optimiz-
ing their movement during races. Studies [14, 15] developed
the theory of reducing energy consumption by electric rolling
stock and proposed a simulation model of a subway car with an
on-board capacitive storage and a control system in the Mat-

lab Simulink environment. In works [16, 17] it is proposed to
minimize the consumption of electricity from the catenary
network due to the optimization of train driving modes and
the use of capacitive energy storage devices.

Unsolved aspects of the problem. From the analysis of the
considered works, it is noticeable that the vast majority of
them are aimed at creating control systems that will allow de-
termining energy-saving modes of driving the rolling stock of
underground electrified transport. At the same time, insuffi-
cient attention has been paid to the practical application of
these systems, their integration into the general train control
system, and the analysis of energy saving reserves under the
conditions of their use.

The purpose. In this article, it is proposed to perform an
assessment of reserves of energy savings, subject to the imple-
mentation and integration of one of these systems on the roll-
ing stock of underground electrified transport.

The purpose of the work is to analyze the energy saving
reserves under the conditions of implementation and integra-
tion of the system in order to find rational driving modes in the
general system of managing underground electrified transport.

To achieve the goal, the following tasks have been formu-
lated:

- to conduct a theoretical and experimental study for given
operating conditions;

- to perform calculations according to the method of the
main criterion;

- to estimate reserves of saving energy resources in the roll-
ing stock of underground electrified transport.

Description of the research methodology. It is proposed to
evaluate reserves of saving energy resources on the train due to
the introduction of on-board systems to find rational modes of its
operation by conducting experimental and theoretical studies.

Experimental and theoretical studies were carried out un-
der regular, identical conditions of train operation.

The following identical operating conditions were adopted
for the experimental rolling stock of the underground electri-
fied transport during experimental and theoretical studies: the
train moves on the section between the final stations of the
Sviatoshynsko-Brovarska line of KP “Kyiv metro” in compli-
ance with “peak” and “off-peak” traffic schedules; maximum
loading of the train.

Main material and research results. Experimental studies
were carried out using a test complex created on the basis of a
modernized train. This complex includes a train and a mea-
suring system installed on board (Fig. 4) [17].

On the flow chart (Fig. 4), the following designations of
the power part of the train are conventional: 3M+2T equip-
ment, automatic switch (QF), current collector (SP), unit of
own needs (BVP), asynchronous traction motor (ATM), static
traction converter (STP), block of resistors (BR), main switch
(GV), quick-coding switch (SHV).

The developed measuring system allows analyzing the en-
ergy processes between the train and the catenary network in
real operating conditions. It provides acquisition, display and
storage of controlled parameters from sensors of current (SC),
voltage (SV) and angular velocity (SS) using matching blocks
(BM), switching (BS) and analog-to-digital conversion (ADC).

For standard typical operating conditions on a given sec-
tion of the track, a study of energy processes was carried out
using a test complex. The driving mode is considered to be
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Fig. 4. Flow chart of the experimental testing system

typical, in which the execution of the graphic movement is en-
sured. At the same time, the number of passes for each run-
ning line was at least 3 times.

According to the results of the research, with the measur-
ing system, the voltage on the current receiver u(f), the current
of the train in the modes of traction and regenerative braking
i(r) were recorded with a sampling frequency of 2.5 kHz; the
voltage on the braking resistors ug(7), the current on the brak-
ing resistors ix(), the speed of the train v(f).

Based on the results of experimentally obtained data pro-
cessing on a given site, the following indicators were deter-
mined: average operating speed on the run (V,,,); braking
start speed (V},); driving time in traction and regenerative brak-
ing modes (7,4, .); average values of contact network voltage
in traction/regenerative braking modes (Useyagy/ Userrex); aver-
age current values in traction/regenerative braking modes
(Lseryagy/ Lserrer); the average value of the voltage and current on
the braking resistors (Uy,,z, Lirz)-

In general, the amount of electricity consumed or gener-
ated by a train is determined by the formula [18, 19]

ser S

jU 1, di
0

4 3,600-1,000° M
where U,,, is the average voltage on the current collector; /,,, is
the average current of the train.

Since the voltage fluctuations are insignificant compared to
the current, during data processing it is assumed that the aver-
age voltage values are constant. Taking into account the ad-
opted simplification, formula (1) can be presented in the form

User : Z [ser Y
i=1
3,600-1,000

where At is time; # is the number of integration steps.
Taking into account (2), the amount of electricity consumed
in traction mode is calculated according to the formula [ 18]
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The amount of electricity generated by the train during
regenerative braking is calculated according to the formula
[18]
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Theoretical studies were carried out using the “Rational
Trajectory” software. It was developed in the LabVIEW
graphical programming environment in order to determine
the rational modes of driving the rolling stock under the given
conditions of its operation. At the same time, the developed
certified software “Rational Trajectory” allows you to auto-
mate the calculations of the dynamic qualities of the move-
ment and energy indicators of the composition during its ra-
tional driving mode.

The basis of the creation of the “Rational Trajectory” soft-
ware is the principle of solving a multi-criteria problem by the
method of the main criterion. At the same time, the main cri-
terion is the minimum amount of electricity consumption
from the contact network. Other criteria (running time, dis-
tance traveled, and speed at the end of the last step of the vari-
ation) are subject to certain specified restrictions [20].

The algorithmic support of the “Rational Trajectory” pro-
gram for determining the rational mode of driving the rolling
stock of underground electrified transport includes the follow-
ing stages:

- specification of technical characteristics of the train;

- setting the track profile and speed limits on the section
(race);

- setting control influences and variation steps;

- track profile straightening routine;

- construction of high-speed grids;

- subroutine for calculating the variation step;

- determination of driving modes that ensure the given dis-
tance covered and the time of movement in the race, and the
speed at the end of the last step of the variation is zero, taking
into account the given deviations and limitations;

- determination of the rational mode of driving a subway
train according to the main criterion.

The stages of algorithmic and mathematical support, the
list of input and output parameters of the “Rational Trajecto-
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ry” program, as well as the instructions for working with the
software are described in more detail in [16].

It should be noted that the result is the determination of such
energy indicators as the amount of electricity consumed for trac-
tion (4,,,,) and the amount of electricity generated by the train
during regenerative braking (4,,,). The calculation of the speci-
fied indicators is carried out according to formulas (3) and (4).

The appearance of the graphical user interface of the “Ra-
tional Trajectory” software is shown in Fig. 5. The program
interface is conditionally divided into several blocks according
to their functional purpose.

The graphical user interface has three tabs: input parame-
ters, intermediate data and result. After starting the “Rational
Trajectory” software tool, the “Input parameters” tab always
opens, where the operator can enter all the data necessary for the
calculation and use the “Straightening” subroutine (stages 1—4).
The functional purpose of the other two tabs is to display inter-
mediate ones (stages 5—7) and final calculation results (stage 8).

With the use of the “Rational Trajectory” software, the ra-
tional modes of driving a train on a given section, as well as the
resulting energy parameters, such as the amount of traction
and recuperation electricity, are determined.

Discussion of experimental results. The results of experimen-
tal and theoretical studies of indicators of the amount of electric-
ity under the same specified conditions of operation of rolling
stock of underground electrified transport are given in Table 1.

With the use of the data in Table 1, the reserves of saving
energy resources are determined under the condition of inte-
grating the system for finding rational modes of driving the
train according to the formulas

iART

Iyagy

a=100—| Z——-100 ; 4

ZAVK

=

k

ZART
B=100-| 2100, (6)
ZAVK

J=1

where o is the amount of electricity saved due to the rationaliza-
tion of movement in traction mode, %; P is the amount of in-
crease or decrease in regenerative braking electricity due to ra-
tionalization of movement in the braking mode, %; ART is the
s
amount of electricity consumed by the train obtained using the

software “Rational Trajectory”, KWh; A:[; is the amount of
electricity consumed by the train, obtained experimentally using
the test complex, kWh; 4 fkT is the amount of electricity gener-
ated by the train, obtained using the software “Rational Trajec-
tory”, kWh; AZkK is the amount of electricity generated by the

train, obtained experimentally using the test complex, kWh.

The results of calculations performed according to formu-
las (5, 6) are given in Table 2.

According to the results of the analysis of energy saving re-
search for the specified operating conditions (Table 2) it is es-
tablished that the integration of the “Rational Trajectory”
software into the train control system will allow:

- saving 11.5 % of the amount of electricity consumed by
the train for traction in the “off-peak” schedule;

- saving 14.7 % of the amount of electricity consumed by
the train for traction in the mode of movement during the
“peak” schedule;

- in the mode of movement during the “off-peak” sched-
ule, increasing the amount of electricity generated by the train
to the contact network by 3.3 % during regenerative braking;

- in the traffic mode during the “peak” schedule, reducing
the amount of electricity generated by the train to the contact
network by 5.2 % during regenerative braking.

Conclusions and direction of further research.

1. The research on the analysis of energy saving reserves on
the rolling stock of underground electrified transport was fur-
ther developed due to the introduction of a system for deter-
mining the rational driving mode.

2. It was established that for the specified operating con-
ditions, the integration of the “Rational Trajectory” software
into the on-board train control system will save up to 14.7 %
of the amount of electricity consumed by the subway train
for traction, due to the rationalization of its driving modes.

At the same time, there is also a possibility of increasing
the volume of generated electricity to the catenary network by
3.3 % during the operation of the train according to the “off-
peak” traffic schedule.
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Results of experimental and theoretical studies under “off-peak” and “peak” traffic schedules

Table 1

Using the test complex™® Using the software “Rational Trajectory”
Researched section

A%, kwh A, KWh AR kWh AR W
Lisova-Chernihivska 8.46/14.6 5.33/10.06 6.14/9.74 3.31/6.31
Chernihivska-Darnytsia 11.11/15.92 4.1/7.67 10.61/15.42 3.47/5.78
Darnytsia-Livoberezhna 8.98/13.63 3.49/6.65 8.47/13.03 3.11/3.7
Livoberezhna-Hydropark 9,8/18,68 5.93/10.51 9.76/14.24 5.93/8.75
Hydropark-Dnipro 21.81/23.52 6.75/8.07 21.78/22.65 7.11/8.89
Dnipro-Arsenalna 3.48/2.28 8.97/8.22 2.62/2.62 9.4/9.41
Arsenalna—Khreshchatyk 12.77/13.94 4.89/6.87 10.92/12.95 4.27/4.95
Khreshchatyk—Teatralna 8.25/14.18 4.11/7.69 7.97/11.43 4.00/5.77
Teatralna-University 9.2/13.55 4.14/5.42 8.56/9.64 2.95/3.66
University-Vokzalna 9.85/14.45 3.89/6.54 9.56/12.71 10.79/12.12
Vokzalna -Polytechnic Institute 16.75/20.53 4.74/6.48 13.31/15.45 5.04/5.2
Shuliavska-Polytechnic Institute 13.05/18.37 4.75/7.31 11.42/13.06 3.31/4.37
Shuliavska—Beresteiska 81.31/84.09 4.29/5.52 67.03/67.26 7.12/8.84
Beresteiska—Nyvky 17.68/21.82 9.04/11.64 14.94/18.81 8.47/11.06
Nyvky—Sviatoshyn 12.61/13.69 3.76/3.26 11.77/12.66 2.78/3.23
Sviatoshyn-Zhytomyrska 6.25/11.95 8.69/12.26 5.9/8.68 14.87/15.98
Zhytomyrska-Akademmistechko 2.88/4.15 3.1/3.67 2.82/4.11 3.22/4.17
Akademmistechko-Zhytomyrska 19.03/25.22 3.78/7.35 18.54/23.81 5.72/7.27
Zhytomyrska-Sviatoshyn 24.56/25.92 3.47/4.02 19.01/20.17 3.75/4.35
Sviatoshyn-Nyvky 9.47/12.05 6.46/7.68 9.17/11.88 5.94/7.8
Nyvky—Beresteiska 13.39/17.85 6.35/8.67 12.71/15.42 2.41/4.99
Beresteiska—Shuliavska 5.11/5.72 45.93/45.36 3.21/5.38 44.13/44.25
Shuliavska-Polytechnic Institute 11.78/17.83 6.6/9.86 11.24/13.24 5.73/7.0
Polytechnic Institute-Vokzalna 15.21/16.2 5.0/6.35 13.27/14.52 4.02/5.02
Vokzalna-University 8.15/10.44 2.53/3.89 7.14/10.08 3.65/4.07
University- Teatralna 8.31/10.39 2.7/3.97 7.97/9.81 4.43/5.31
Teatralna—Khreshchatyk 8.14/12.93 2.13/5.49 8.11/11.53 2.19/4.71
Khreshchatyk—Arsenalna 13.83/13.88 5.0/4.83 12.29/12.71 2.87/2.79
Arsenalna-Dnipro 23.13/22.32 4.5/3.78 19.6/19.6 0.42/0.42
Dnipro-Hydropark 12.05/15.91 9.86/13.69 12.03/14.51 10.9/13.02
Hydropark—Livoberezhna 15.07/17.75 4.66/5.64 11.77/14.07 5.0/5.84
Livoberezhna—Darnytsia 10.2/12.83 5.42/7.1 10.08/12.21 11.9/13.02
Darnytsia-Chernihivska 11.52/11.0 6.13/5.19 9.05/9.81 5.72/6.21
Chernihivska-Lisova 11.83/15.4 3.4/6.0 11.73/13.93 3.08/4.19

* The averaged data of the amount of electricity based on the results of processing the oscillograms of at least three passes of the rolling stock
of the underground electrified transport on each of the given races are given.
** The numerator shows the value of the amount of electricity that corresponds to the off-peak schedule of underground electrified transport,

the denominator shows the peak
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Meta. AHaji3 pe3epBiB eHepro30epekeHHsl 3a YMOBU
BIIPOBAIKEHHS Ta IHTETPYBAHHST CUCTEMH JIJIST TIOLTYKY parli-
OHAJBHUX PEXUMiB BEICHHSI B 3arajIbHy CUCTEMY KePYBaHHSI
PYXOMMM CKJIaOM ITI3eMHOTO eNeKTpU(diKOBAaHOTO TpaH-
CIIOpTY.

Metoauka. Y poOoOTi npeacTaBieHa METOAMKA OOpPOOKHU
MacHBiB JaHUX, OTPUMAHUX €KCIIEPUMEHTAIBHO 3a JOTIOMO-
TOI0 BUMIpPIOBAJIbHOI CCTEMU i TEOPETUYHO 3 BUKOPUCTAH-
HSIM TIporpaMHoro 3aoesnedeHHs1 «Rational Trajectory».

Pe3ynbratn. [lpoBeneHi eKClepUMEHTaJIbHI AOCIHi-
TDKEHHSI 3 BUKOPUCTaHHSIM BUIIPOOYBAJIBHOTO TOCIiTHOTO
KOMILIEKCY, CTBOPEHOIro Ha 6a3i MOAepHi30BaHOrO Moi3aa 3
cucteMaMu pekynepaiii. BukoHaHi TeopeTHuUHi HdOCHi-
MKeHHSI 3 BUKOPUCTAaHHSIM TIPOTPAMHOTO 3a0e3MedyeHHs
«Rational Trajectory», 10 OCHOBU SIKOT'O TOKJIaICHO MPUH-
1AM BUPilIEeHHST 6araToKpuTepiaabHOI 3a1a4i METOIO0M To-
JIOBHOTO KpuTepito. OOpaHO TOJIOBHUM KPUTEPIEM MiHi-
MaJIbHYy KiUJIbKICTh CITOXMBAHHS €JeKTpOoeHeprii 3 KOHTaK-
THOI Mepexi. [IporpamHe 3abe3reueHHst po3po0JieHe B ce-
penosuiii rpadivyHoro mporpamyBaHHs LabVIEW 3 Metoro
BU3HAUYEHHsI palliOHAJIbBHUX DPEXMMiB BEIEHHSI PYXOMOTO
CKJIally Ta €HepPreTUYHUX MOKA3HUKIB Ha 3aJaHiil DiasHI
oro excrutyarailii. BusHaueHa KiJIbKiCTh CITOXMTOI eJIeK-
TPOEHEePTii Ha TATY i KUJIbKICTh €JIEKTPOeHeprii, 1110 TeHepy-
€ThCS MOI300M IiJ Yac PeKynepaTUBHOTO rajJbMyBaHHS, 3a
pe3yJibTaTaMi BUKOHAHHS €KCIIepUMEHTAIBHUX i Teope-
TUYHUX JOCIIAXEHb BilMOBITHO 10 TUMOBUX i pallioHATb-
HUX PEeXWMIB BENeHHS TOi3ma ISl 3aJaHUX OJHAKOBUX
YMOB eKcIuTyaTtallii.

Haykosa HoBu3Ha. JlicTaqy Nogaibllioro po3BUTKY 10CTi-
JOKEHHS 3 aHaJTi3y Pe3epBiB €Hepro30epexkeHHsT Ha pyXOMOMY
CKJIafi TMiA3eMHOTO eneKTprhiKOBAaHOTO TPAHCIIOPTY 3a pa-
XyHOK YIPOBAIXKEHHST Ha HbOMY CUCTEMU TSI MOLIYKY palli-
OHAJTBHOTO PEXUMY BEICHHSI.

IIpakTiyna 3nauynmicTs. BcTaHOBIEHO, 1110 BIPOBAIXKEH-
HS Ta {HTETpyBaHHS OO CUCTEMU KepyBaHHS IMOI3IOM IIPO-
rpamHoro 3abe3rneueHHs «Rational Trajectory» 103BOIUTH
3ao1aantu 10 14,7 % obcesiriB eJIeKTpoeHeprii, sika BUTpava-
€ThCS Ha TATY, MOPiBHSIHO i3 TUIIOBUMU PEXUMaMM OTO Be-
JIEHHS Ha 3aaHii JUISTHI KOJTii.

KiiouoBi cioBa: enepeozdepescenns, emepeopecypcu, nio-
3eMHUll eneKkmpughikoganuii mpaHcnopm, pyxXomuii ckaao, cuc-
mema KepyeaHnHs
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