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Ananiz 3adau no niosuwennio enepeoedrexmusnoc-
mi cucmem eexmpuuoi mseu 6Ka3ye Ha HeoOXioHicmb
8NPOBADICEHH HOBUX MEXHON02Il, a came CYHACHO20
PYXOMO20 CKNAOY 3 MA206UM ACUHXPOHHUM eNeKMPO-
npu600OM ma ms208uUx NiIOCMAHUIN 3a HOBUMU MEXHO-
noziamu. JIns eupimenns 0anozo xaacy 3adau eusmna-
ueno nompedy 6 KOMNJeKCHill imimauiunii moodeni
cucmemu enexmpuunoi mseu 3 Heooxionicmio 3abesne-
eHHs 00Cmammbo20 pieHs it docmogsiprocmi.

Haegedeno demanizauiro anzopummis pospaxym-
Ky napamempis 0as po3podxu imimauiiinoi moodeni
KOMNJIEKCHOI eleKmpuuHoi msazo80i cucmemu mempo-
nonimeny, AKa CKAA0AEMbCA 3 nidcucmem enexmpo-
nocmauanms, enexmponpueody pyxomozo ckaaody i
Mexaniunoi uacmunu ms2060i nepeoadi.

B cepedosuwi Matlab/Simulink na ocnogi éidomux
PpeanvHux i ymouHeHUux po3paxyHKo8ux napamempis
PO3poGReHo iMimauilinyg Modesb Cucmemu msa206020
eNEKMPONOCMAUAHHI MEMPONOaimeny 3 060CMOPOH-
HiM Jicuenennam 060x waaxie. Pospobaena imima-
yilHa M00enb CYHacHozo mMs206020 eNEKMPONPUBO-
0y 6azomnie mMemponoaimeny 3 6eKMOPHOI0 CUCMEMOIO
Kepye8anHs ACUHXPOHHO20 eeKmponpusooy i 00Homa-
C06010 MeEXAHIUIHO0I0 UACMUNHOI0, W0 30amHa 6Paxosy-
samu énaue KoediuicHma 3uenaeHHs.

IIposedene nopiensanns pesyrvmamis imimauitino-
20 MO0eN06aAHHS OUHAMIMHUX NPOUECI8 3 OCUULOZPA-
MaAMU peanvHux pexicumie pooomu mempononimeny
niomeepouno adexeammicmov Mooei 00CHI0NCY6a-
Homy 06’exmy. Bionogionicmo ompumanux wasxom
Modeno8anns pesyaomamie NiomeepoHcyeEmovCs
ocyunoZpamMamu amanizy Hanpyeu i cmpymy KoH-
maxmnoi mepeici, a maxoxyc xapaxmepucmuxamu
pesicumie msazu i 2a1bMYBAHHA PYXOMO20 CKIA0Y.

3modenvosani npouecu pobomu cucmemu eJex-
mponocmauanms, HeCMAUiOHAPHOZ0 PeHcUMY 3a No2ip-
WeHHS YMO8 3UENIeHHS MA PENHCUMY PEeKYNepamueHo-
20 2a1bMY6aHNA 3 nepedauero enepeii iHuum noizoam.

Buxopucmannsa pospobaenoi moodeni xomniexcnoi
cucmemu eeKmpunHoi mszu cnpusmume Gibul noeHo-
MY 00CHIONHCEHHIO B83AEMHO20 GNIUBY €TIEMEHMIB CUC-
memu enexmpuunoi maeu. Ile dozeonumsv niosuwumu
epexmusHicmb NPUUHAMMA MEXHIUHUX piuleHb 6 pam-
Kax GUKOHAHMA 6UMOZ w000 3abesneuenns Oe3nexu
PYXY, 3anodieanni0 BUHUKHEHHS NOPYUleHb HOPMATb-
HOi poGomu ma 3HUNCEHHIO eKCRAYamauitnux eumpam

Kntouosi caoea: imimauiine moodentosamnns,
MemponoJimen, mszo6e eaeKmMponoOCMauanis, eiex-
mponoizo, msa206ull ACUHXPOHHU eEeKMPONPUBEOO

0 0

1. Introduction

The main components to enhance the safety and ener-
gy efficiency of underground rail systems are measures to
prevent the occurrence of disruptions in normal operation,
to reduce energy consumption for traction of trains, as well
as the cost of technical maintenance and repairs. Imple-
mentation of the specified measures implies the use of new
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technologies and solutions, capable to maximally automate
the process of transportation.

At the same time, the introduction of such technologies
is impossible without a sufficient level of analysis and study
into the features of processes, the lack of which could, on the
contrary, worsen the reliability and increase the costs.

A complete comprehensive analysis of capabilities, pros-
pects, as well as the search for ways to resolve this kind of




tasks, could be conveniently performed using mathematical
and simulation models of rolling stock and the system of its
power supply. Under conditions of introducing rolling stock
with a promising traction electric drive [1] and traction
substations, based on new technologies [2], this task is es-
pecially relevant.

2. Literature review and problem statement

The electric supply system and the electric rolling stock
of underground rail system form a complex multi-factor
system in which there occur the interdependent transient
electromagnetic processes. Studying respective processes
contributes to solving optimization problems related to
control over rolling stock [3], reducing losses by improv-
ing the efficiency of traction equipment [4], enhancing
indicators of quality and consumption modes of electrical
energy [5]. That makes it possible to develop and improve
technologies for onboard and stationary storage devices
[6], protection against emergency modes and emergency
situations [7] devices that improve electromagnetic com-
patibility [8], and others.

At present, when addressing this list of tasks, a major
source of information in most cases is still the experimental
analytical and statistical studies [9]. The disadvantage of
such approaches is that they are limited in the universality of
problems being solved, they lack techniques to measure the
“touch points” at subsystems (such as the contact rail — the
input circuit of a power scheme, the contact between a wheel
and a rail), as well as the high cost of research.

Methods of mathematical modeling make it possible to
overcome these drawbacks. Modeling methods can be imple-
mented by using structural linearized models [10], models
applying equations of state variables [11], or by employing
the nonlinear energy units, as, for example, units from the
library SimPowerSystems in the programming environment
Matlab,/Simulink [12].

In this case, most studies imply modeling of only individ-
ual structural elements within the electric traction system
with a simplified representation of others [13]. In such cases,
it does not make it possible to fully take into consideration
the interdependence of transient processes that occur in one
subsystem affecting other subsystems, as well as the entire
system in general.

Solving the problem involves approaches to modeling,
which are based on events at which the structure of the mod-
el may vary depending on the events that occur in the pro-
cess of simulation [14]. Such approaches suggest a formalized
graphical cause and effect representation based on energy
macroscopic representation (EMR) [15]. A disadvantage
of this type of modeling is the necessity to know quite well
the cause and effect relations, which are not entirely known,
especially under conditions of insufficient experience related
to the operation of rolling stock with a traction induction
electric drive at underground rail systems.

Thus, the main techniques to study complex energy
systems are, up to now, the methods of imitational modeling
and simulation [16]. The obvious advantages of imitational
simulation include: a possibility to solve problems that can-
not be resolved using simpler methods and prevent studying
an actual object, as well as a possibility to rapidly analyze
various variants.

However, along the path to the fully-fledged imple-
mentation of qualitative imitational models one runs into
obstacles such as a shortage of universal models, including
imitational models of currently introduced electric rolling
stock and systems of electricity supply. At the same time,
there must be accuracy in the assessment of work of the ac-
tually operating electric traction system in accordance with
the assigned tasks.

3. The aim and objectives of the study

The aim of this work is to develop an imitational model
of the underground electric traction system using an in-
tegrated approach to the modeling of dynamic processes.
That would make it possible to apply the developed model
for a more complete study into the mutual influence of ele-
ments in the system of electrical traction, thereby making
effective technical decisions in order to prevent the occur-
rence of disruptions in normal operation and to bring down
operating costs.

To accomplish the aim, the following tasks have been set:

— to develop an imitational model of the system of trac-
tion DC power supply with a two-way power for two tracks;

—to develop an imitational electromechanical model of
the rolling stock of underground cars with a vector system
of control over the induction drive;

— to assess compliance of the simulated systems to an
actual object of research and to assess patterns in energy
exchange under the modes of traction and recuperative
braking.

4. Power supply system of rolling stock

Underground rail system consumers are powered from
an urban electricity grid by a three-phase alternating cur-
rent at frequency 50 Hz through cable lines with voltage 6 or
10 kV from two independent power sources — main (district)
substations within the electricity grid.

Underground rail systems exploit a decentralized system
of electricity supply to a traction network with a two-way
power supply to the contact rail from two traction substations.
When a two-way power supply is used, cars in electric rolling
stock consume energy from two traction substations. In this
case, the character of feeders work at substations, as well as
power consumption by electric rolling stock, is essentially of
the pulsed character, which is illustrated by the oscillogram
shown in Fig. 1. In this case, values for the traction current
reach a magnitude of the order of 2300 A, at average current
I, the order of 200 A. An extremely uneven schedule of power
consumption is one of the main reasons for the increased losses
in the system of energy supply. Negative indicators for current
can indicate both the process of recuperation and, in a given
case, the flow of power through the buses at two paths of the
traction network, powered by the same traction substations.

Fig. 2 shows a structural diagram of the underground rail
two traction substations that feed two paths of the traction
network. The diagram schematically shows Electric rolling
stocks ERS 1 and ERS 2, and the distribution of power cur-
rent among traction substations:

Igrs1=Ia1+1p1, Igrso=I2+1po. @D
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Parameters for conversion transformer TSZP-1600/10
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Fig. 1. Oscillograms of the actual curr'ent of .Ioad and vgltage 3 Voltage of valve winding U, kV 0670

of the feeder at an underground rail traction substation

4 Losses of short circuit Py, kW 16.5

A replacement FI?CUIt 'of the external'system of. power 5 Voltage of short circuit U, % 95
supply (urban electricity grid) for each traction substation can
be represented in the form of a three-phase AC power source 6 Idling current Iy, % 0.4
with equivalent internal active resistance 7 and inductance 7 Idling losses Py, KW kW 28
L,,. Parameters for the replacement circuit of an external
electrical supply system can be defined using the power

S Table 2
of short circuit in the power network Sg.. )

The main elements in a system of traction electric sup- Formulae to calculate parameters of a conversion transformer
ply are the transforming units, designed to convert the [ Active resistance of | Inductance of primary|  Active Inductance
three-phase variable voltage of 6(10) kV to aconstant pul- | primary R and sec- | L;and secondary L, | resistance of | of magneti-
sating voltage of 825 V. Each transforming unit, in turn, | ondary R, windings windings of magnetiza- | zation circle
is composed of traction conversion transformers and rec- of transformer transformer tion circle Ry, L
tifiers. At present, commonly used are conversion trans- r R 1P, 10, S, . 100
formers the type of TSZP-1600/10, executed in line with | "ww = fowu = 5767 Liguy = Laguy = 5750 | Froa =7 [ Hnew =7

f 2100 )

a connection circuit of “star-triangle”, which are designed
to work with the bridge six-pulse rectifiers (Table 1) [17].

Based on catalog data, given in Table 1, it is necessary
to calculate the magnitudes of parameters for a conversion
transformer in relative units. To build an imitational model
of the transformer by using the software package SimPower-
Systems, we applied formulae given in Table 2.

External power
supply system

Substation A

Common bus of
voltage 6(10) kV

Traction conversion L a
transformer A e

Six-pulse three-

D

When calculating the traction network at an under-
ground rail system, it is important to consider resistances of
power feeders and traction power transmission lines, as well
as contact and running rails, in the form of active resistances
and inductances.

Substation B
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Fig. 2. Standard arrangement of the underground traction power system zone



Formulae to calculate active resistances and induc-

tances for a traction network are given in Table 3, where

o7 (rop) is the resistance of each cable per 1 km, m/ (m,)

is the number of cables enabled in parallel, /s () is the
length of cables; X, is the inductive resistance of a cable
wire per 1 km; 7 is the resistance of 1 km of a contact rail,
[.is the length of a contact rail; 7, is the resistance of 1 km

of a rail thread; /, is the length of the estimated

section of running rails, m is the number of in-
sulating joints, n is the number of rail threads
for two tracks; P. (P,) is the perimeter of the
conductor, 4, is the relative permeability of rails,
pe (py) is the resistivity of a conductor’s material,

Tis a time constant.

Estimation parameters for a replacement cir-
cuit of the electricity supply system for the case ryy
(r0,)=0.074 Ohm/km, I/ (/,)=0.150 km, m/ (m,)=
=3, X»=0.158 Ohm/km, r.=0.0189 Ohm/km,

7,=0.0205 Ohm/km, m=10, n=4, P, (P,)=0.5 (0.62),

pe (p)=0.1210"6 (0.21:10°6), 1,=250 are given in

Table 4.

Fig. 3 shows an imitational model of the sec-

a

Frequency, Hz

Table 4
Parameters for a replacement circuit of the electricity supply
system
Rf, Ry, Lf, L, R, Ry, L, L,
Ohm | Ohm Gn Gn Ohm | Ohm Gn Gn
0.0037 [ 0.0042 | 0.001 | 0.001 [0.0378| 0.008 |0.0017 | 0.0018
Ug,n Actual voltage Ucn, Modelled voltage
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b

Fig. 4. Comparison of signals and spectral analysis of the contact

tion in a traction network, developed in the pro-

gramming environment Matlab/Simulink for the
parameters given above. The voltage in the contact
network, measured at a real object and modeled in
the presence of a load in the form of electric rolling
stock, is shown in Fig. 4.

network voltage: @ — measured actually; b — modelled

The results of spectral analysis confirm an acceptable
correspondence of the deviation in the magnitudes of the
main spectral components in the signal from the modeled
voltage in a contact network at the level of 10 % in compari-

son with the actually measured voltage.

Formulae to calculate active resistances and inductances of traction network

Table 3

Active resistance of
feeder Ryand
traction power
transmission line R,, Ohms

Inductance of cables of

feeder Lyand
traction power

transmission line L,

Active resistance of con-
tact rail R,

Active resistance of
running rails R,

Internal inductances of
contact L’; and running
L’ rails

Totcvy lf(v)
Rf(v) =
m
v)

XC‘d
Ly=5-271

PEALT

R =rl

c cle

R = r.(I +0.036m)
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Fig. 3. An imitational model of the system of underground traction electric supply
in the programming environment Matlab /Simulink



5. Traction electric drive of underground rail cars with a
vector system of control over the induction electric drive

Typically, modern underground rail system cars with a
traction induction electric drive (TIED) are driven using
four three-phase traction induction electric motors (Fig. 5).
Electric motors are mounted on two bogies; the torque is
transmitted to each wheelset through a toothed coupling
and a single-stage reducer.

A set of modern traction electric drive includes [18]:

— current collectors XHT7-4, mounted on bogies at
each side;

— protective switching high-voltage equipment: fuses
FU1-FU2, main disconnector .S and the high-speed switch
HSCB;

—a circle of preliminary charge of condensers K77-
K12-R1, K21-K22-R2;

— input smoothing throttles L7, L2 and capacitors C7, C2
of the input filter to filter the peak surges in voltage du/dt
and current di/dt from input circuits;

— four traction inverters FT7-FT4 in two undercar units
that are designed for an independent drive of induction mo-
tors at each bogie;

— braking resistors Rp,s—Rp,2, designed to dissipate the
energy generated during train deceleration;

— traction motors M7-M4 with sensors for rotation speed
and temperature;

in application in comparison with a classic sinusoidal PWM
with a “current corridor”. This type of modulation generates
a 15 % higher utilization of voltage in a DC bus and reduces
the percentage of total harmonic distortion factor THD %.

Setting the parameters for the electric drive requires the
calculation of parameters for the induction motor, the clari-
fication of parameters for regulators, and the determination
of parameters for a DC bus.

Contact rail
Current collectors
Fuses

+750 V =g

Main disconnector

High-speed switch

Linear contactors
for preliminary
charge

Filtering throttles

Traction invertors

Braking resistors

Traction motors

Grounding devices

Running rails

Fig. 5. Diagram of power circles of the underground rail car

— grounding devices ZUM71-4. with TIED
To control rotation speed of in- T
duction motors, a traction inverter of ActiYC < lde
the drive employs an indirect vector damping [« o )
control with the orientation along the U @ VRH
rotor flux-coupling and the space-vec- : .
tor modulation of the inverter switch- ¥ Ude Fz’;g(‘:ﬁfe Current Patf k's lélVerse Udc
es (Fig. 6). Such a control technique TF (o, | 4 _|yl* i, controllersVq ra‘lj'ns orr:/ )
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makes it possible to independently Ude, ref) "(‘?_—> >Synchror 5 [l
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ecute the basic principles of vector ieadiiony Park's Clark's
control, a rotational electromagnetic deiver's transform transform
torque of the traction induction motor controller iq | dq iofap ] in L
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encing the amplitudes of base vectors id = ip <«
(vectors of stator current i, and rotor of abc .y
flux linkage w,) [19]: _GT TAD
r
L ] Yy Speed
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where L,, is the mutual inductance of
magnetization circle, L, is the induc-
tance of the rotor, v, is the rotor flux
linkage, iy is the stator current along
the ¢ coordinate.

Computing the three measured instantaneous values
for phase currents i, i, and i, is rather cumbersome and
mathematically redundant, which is why they are reduced
to two, i,—ig, using a Clark transform. Transforming phase
currents i,—ig from a sinusoidal form to the two-axial coor-
dinate system iy, iy through a Park-Gorev transform would
subsequently enable a much more convenient and faster pro-
cessing of constant magnitudes. A space-vector modulation
is a complicated method of PWM, which provides benefits

Fig. 6. Structural diagram of the control system of TIED traction inverter

The model employs parameters for the traction induction
motor with a power 180 kW, the type of STDa 280-4B-UK,
made by EMIT Cantoni Motors (Poland), for underground
cars of series 81-7036,/7037, whose specifications are given
in Table 5 [20].

Calculation of parameters for constructing an imita-
tional model of the induction motor implies determining the
active and inductive resistances of stator Ry and rotor R,
the inductance of scattering of the stator and rotor L’s and
L’,, as well as the mutual inductance of magnetization circle
L,, (Table 6). In a given notation, mechanical losses are de-
termined from P,,,.=(0.01 0.05) P,, s, and s, is the nominal



L,

and critical sliding, C, =1+ is the estimation coefficient.

‘m

When building a system of vector control over the traction

electric drive, we applied proportional-integral controllers
of flux linkage, speed, and current in the induction motor.
Proportional Kp; and integral Kj; coefficients of controllers
for i€1,..., 3 can be determined using method [21] or [22].

Table 5
Specifications of traction induction motor

I:I?t.rzlf Parameter title Value
1 Rated power P, kW 180
2 Rated linear power voltage U,, V 500 ()
3 Rated frequency f,, Hz 63
4 Rated current [, A 257
5 Number of pole pairs Z, 2
6 Rotation frequency n, rpm 1,854
7 Maximal rotation speed 7y,y, rpm 4,018
8 Power factor cose 0.86
9 Efficiency n 0.94
10 Rated torque M, Nm 927
1 Multiplicity of starting current K; 5.0
12 Multiplicity of starting torque K, 0.7
13 Multiplicity of critical torque K, 2.2
14 Rotor moment of inertia_J, kgm? 1.75
15 Mass of motor m, kg 640

The obtained magnitudes of parameters for the replace-
ment circuit of the traction electric drive are given in Table 7.
The developed imitational model of a single inverter
with the induction motor and a vector control system is
shown in Fig. 7. Units of elements in the vector control

system are designated as follows: 1 — speed setting; 2 —
measured speed of rotor rotation; 3 — speed controller;
4 — calculation of flux linkage; 5 — flux linkage controller;
6 — calculation of 8; 7 — Clarke’s and Park’s transforms;
8 — calculation of iz; 9 — calculation of i;; 10 — controllers
of currents iz and i, 11 — inverse Park’s transform and
decomposition of voltage U, into Uy, + angle; 12 — sector
selector; 13 — measured voltage of the intermediate link;
14 — generator of the reference triangular voltage; 15 — sub-
system of modulation; 16 — logic of switch’s; 17 — pulses to
control switches; 18 — magnetization.

Table 7
Parameters for a replacement circuit of
the traction electric drive
Ry, Ry, L, L, Ly, Lg, Cfv Rgy,
Ohm | Ohm Gn Gn Gn Gn F |Ohm
0.0237(0.0215(0.000369 | 0.000334 | 0.00855|0.003 |0.009| 1.25

An imitational model of mechanical part of the traction
electric drive might be more or less detailed depending on
the examined processes.

Fig. 8 shows a structural diagram of the unit to cal-
culate the speed of an underground car where a multi-
mass mechanical part of the electric drive is reduced to a
single-mass part. Magnitude of the implemented traction
effort is calculated taking into consideration a variable
value for the coefficient of adhesion between a wheel and
a rail yq.

Formulae to calculate a mechanical part of the trac-
tion electric drive are given in Table 8, where K, is the
gearbox ratio, J is the reduced moment of inertia of rota-
tional masses I and II of wheelsets, and, respectively, Dy
(D,) are the wheels diameters, Py (P5) is the weight per
axle, k1 (ko) is the coefficient of adhesion between a wheel
and a rail in relative units (Fig. 8), S, is the equivalent
surface of the train, m, is the mass of the car with passen-
gers, 7 is the number of cars in a train, F, is the resultant
forces of traction, motion and braking resistance, applied
to the center of gravity of the train, my, is the physical
weight of the train.

Table 6

Formulae to calculate parameters for traction induction motor

No. of entry Parameter Calculation formula
R = 1 . Pn + Pmec
1 Reduced active rotor resistance R,, Ohm "3 2. 1-s,
U,-coso-(1-m) P
2 Active stator resistance R;, Ohm R = fli -C, R - ﬁ
4 UII
3 Reduced stator L’ scattering inductance, Gn L= dmf,-(1+C?) K, 1,
L= Y
4 Stator inductance Ly, Gn ’ 2 f 1 l1_c052(¢)_g.2'n.ﬂ.Mmax S
3 Z,-U, S,
5 Mutual inductance L,,, Gn L,=L-L
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Table 8
Formulae to calculate a mechanical part of the traction electric drive
No. Parameter Formula
1 Wheelset torque My, N-m M, =M, K,
: d‘”i Mm -M 1
2 Wheelset rotation frequency o¢ rpm — =
' dt J
3 Resistance momentum M,;, N-m M,=vy,-P-D /2
4 Wheelset linear velocity Vi, m/s Vi=D,-0,/2
V.-V
5 Slipping rate of wheels in the longitudinal direction u, % u=———100%
6 Wheelset’s wheels traction effort Fy, Nm E, =P -y, k
, 0,0092.5,V*
7 Main specific resistance to the underground car’s motion at speed V under current wy =11+ Tn?
. . . dv
8 Train motion equation m, (1+ Y)E =F
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To test the adequacy of simulation results, o =i

we give a fragment of the actual oscillogram Fig. 11. A fragment of the actual oscillogram of the motion of

from the operation of underground rolling stock train with TIED

cars with an induction electric drive (Fig. 11).

The adequacy of the results obtained by sim- 6. Discussion of results of studying a

ulation is confirmed by the time required to comprehensive imitational model of the electric

accelerate to a speed of 75 km/h (20 seconds), traction system

by the current used (~1,200 A), and by voltage

when braking (>900 V). Recuperative braking is a rational technique to
save electricity, reduce levels of pulsation of voltage

. O, tpm X Pr— and current, reduce a load on the traction network,

. m. 50 o shorten the time when rolling stock is exposed to

20 o 25 N A reduced voltage, as well as ensure the uniformity of

Y5 a9 S 5T 352 353 s —39 3 5T 52 53 power consumption. The main condition for attaining
the recuperative braking is that the electromotive
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g'gm 0-3 ke o voltage E>U. In this case, the current and, therefore,
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machine to the network.
x10* Fi, N'm 10 FN'm Fig. 10 shows that over a certain time (from sec-
{'2 —_r, } a Fio ond 25 to second 29) an electric train, which utilizes
12 -1 :
T t =733 459 z ~——=5——=3 the recuperated energy, can do completely without

Modeling time 1, sec Modeling time £, sec the energy that comes from substations. The amount
o b of usefully spent energy would certainly depend on
the time at which one electric train decelerates and

Fig. 9. The course of dynamic processes under worsened adhesion  the speed at which another one moves.
conditions at =5 s and in the absence of special protection at One may also note that at work of the second elec-
decreasing yo: @ — by 20 %; b — by 50 % tric train from the start and until reaching the steady



characteristic of the first electric train, the curves of current
used by both electric trains exhibit an increase in the level
of high-frequency pulsations. In other words, electric trains
directly affect each other through the contact network of
two tracks. It is obvious that these manifestations are com-
pensated for both by the inductive resistances of the traction
network and by the input LC-filters of the drive. However,
the effects of frequencies in the spectrum of pulsations on
the losses and quality of electric energy, reliability of un-
der-station, tunnel, and car equipment, as well as the means
of communication, require detailed studying.

In the oscillograms above, one can note an explicitly pre-
vailing feature of the simulation — a possibility to obtain the
instantaneous, rather than current, values for parameters,
which makes it possible to more accurately assess the tran-
sient electromagnetic processes.

Note that most earlier studies typically analyzed pro-
cesses in the systems of electric traction under assumption
of independent individual components. Actual objects pa-
rameters have finite values while the power of load is compa-
rable with a power source capacity. Underestimation of the
parameters and properties of at least one of the subsystems
leads to errors in the analysis of mechanical-energy tran-
sients. Therefore, the structure of electric traction should be
considered as a complex system that has a limited number of
elements, interrelated via certain connections, applying an
integrated approach to its analysis.

By employing the developed imitational model, it is
possible to carry out a comprehensive analysis of emerging
transients, starting at the point when a traction substation
is connected to power supply networks and finishing with
the process of interaction between the wheels of rolling stock
and rails. That would make it possible to solve existing tasks
in need of solutions, to anticipate potential problems during
simulation, as well as contribute to building control and di-
agnosis systems based on the model of the object.

In the course of modeling, we used generally accepted
assumptions: the absence of internal phenomena in the
equipment (saturation, losses in steel), simplification of non-
linear characteristics of semiconductor devices (resistance of
switches, instantaneous switching); we disregarded loading
of rolling stock and the aerodynamic motion drag. The above
might insignificantly limit the accuracy of analysis, such as
emergency regimes.

Possible shortcomings of the study relate to that the
characteristics of operation of both the traction network and
rolling stock will depend on the profile of the track and the
driving mode chosen by a train driver. It is possible to elimi-

nate this drawback by using specific route data on the profile
and motion schedule.

This work could be further developed by addressing
the addition and improvement of the subsystems elements,
which would provide greater accuracy and specific targets
to detailed studies. Promising among them is to supplement
the developed model with subsystems of auxiliary electrical
and mechanical equipment, as well as to improve it based on
modern methods of control and diagnosis.

7. Conclusions

1. We have constructed an imitational model of the sys-
tem for traction DC power supply with a two-way feed to
two tracks, which makes it possible to assess currents and
voltages in the contact network, as well as the processes of
interaction between moving units. The proposed develop-
ment procedure is based on the use of catalog data on the
main elements in the system of traction electric supply and
estimation expressions in the form that is convenient for
engineering and scientific application.

2. We have built an imitational electromechanical model
of the underground rolling stock car with a vector control
system and a space-vector pulse-width modulation in the
traction induction electric drive. The developed model ad-
equately reproduces an example of modern rolling stock,
which is implemented at underground rail systems, and
enables qualitative and quantitative analysis in the course of
dynamic processes in TIED.

3. We have verified the results of imitational modeling
of transient processes in the operation of a power supply
system, as well as rolling stock, for the compliance with an
actual examined object, which makes it possible to argue
about the adequacy of the performed calculations. Errors in
modeling do not exceed 10 % for the spectrum of voltage in
the electricity supply system and current used and the accel-
eration time of rolling stock.

4. We have tested the efficiency of application of the de-
veloped comprehensive imitational model for solving the set
problems using an example of reproducing a process at which
energy recuperates for trains at adjacent track. A considerable
potential of energy from recuperative braking was estab-
lished, which is over 25 % of the total volume of energy spent
under a traction mode, and depends on the operating mode
and operating conditions. Modeling data could be used in the
process of designing energy-efficient onboard and stationary
systems for the accumulation and conversion of energy.
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