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SIMULATION MODEL OF INSTANTANEOUS ELECTRICAL
AND POWER PARAMETERS OF MODE AND QUALITY
OF ELECTRICITY FOR DC TRACTION POWER SYSTEMS

FO.0. Cnobooeniox, O.B. banobpacecvkuil, T.0. Cuipnosa. IMiTaniiiHa MojieJib PO3paxXyHKY MHUTTEBHX €J1eKTPHYHHUX TAa eHepre-
THYHHUX MAPAMeTPiB PeKUMY CHCTEMH TSTOBOI'0 eJIEKTPONOCTAYAHHS NMOCTIiiHOro cTpyMy. XapakTep COKHBAHHS €ICKTPHYHOI eHepril
B CHCTEMax TATOBOTO EJIEKTPOIOCTAYAHHS 3yMOBJIIOE 3aBaHTAXCHHS TArOBUX miacTaHuii. Ha migcraBi aHamisy momepenHix OCIIIKEHb
SIKICHHX XapaKTePUCTHK POOOTH CHCTEMH TArOBOIO EICKTPONOCTAYaHHS MOCTIHHOTrO CTPYyMY BHSIBJICHO HENOJIKH, ITOB’s3aHI 3 pOOOTOIO
KepPOBAaHHX CHJIOBUX IIEPETBOPIOBAYIB Ha TArOBIM MiACTAHLII IIOCTIHHOrO CTPYMY Ta Ha eIeKTPOBO3i. B cBoro uepry, mopanblie 30i1bIICHHS
PYXOMOr'O CKJIaay 3 Pery/JbOBaHHMH IIEPETBOPIOBAYAMHU CTABUTH 3a/ady AOCIIAUTH BIUIUB HOro poOOTH Ha BEIMYMHY IapMOHIK HAIpyrH i
CTpyMIB y KOHTaKTHi# Mepexi. Mema: MeToio poGoTH € po3pobka iMiTaLiiiHOI MOzl pO3paxyHKy MUTTEBUX €ICKTPUYHHX, CHEPIeTHYHHX
HapaMeTpiB PeXUMY Ta ITOKA3HHKIB SKOCTI €IEKTPUYHOI SHeprii Il CHCTEMH TArOBOIO EIEKTPOIOCTAYaHHS MOCTIHHOIO CTPyMy 32 YMOB
CIIOTBOPEHHS cTpyMy. Mamepianu i memoou: 3 BUKOPHCTAHHSIM METOAIB TEOPii €IEKTPOTEXHIKH PO3POOJICHO MOAEb il Oe3IepepBHOro
PO3paxyHKy MUTTEBUX IIapaMEeTPiB PEKHMY CHCTEM TATOBOTO €IEKTPOIIOCTAaYyaHHs MOCTiHHOro cTpymy. Pesyasmamu: Ha nincrasi aHamizy
CTPYKTYPH TATOBOI €JICKTPHYHOI YACTHHH Cy4aCHHX EJICKTPOBO3IB, SIKI OTPHMYIOTh CHEPril0 KOHTAKTHOIO MEPEXKEI0 IOCTIHHOrO CTpyMmy,
BCTAHOBJICHO, 110 CJICKTPOCHEPTETHIHUH PEKUM MOXKIIMBO SIKICHO OXapaKTePU3yBAaTH TIJIbKH 3 yPaXyBaHHIM BUIMX FAPMOHIHHUX Iapamer-
piB pexuMy. BIumB mapaMeTpiB KOHTaKTHOI MEpexi, 3Ba)Kaloud Ha HAsBHICTh MAPMOHIMHHUX CKJIAJOBHX Yy CTPyMi Ta Hampysi, BUMarae
BpaxyBaHHs [IPH PO3paxyHKax PeXUMY SIK OMIYHOIO OIOPY, TAaK i IHAYKTUBHOCTI eJIeMeHTIB Mepexi. OTpuMaHi pe3ysbTaTd MOXYTb OyTH
BUKOPHUCTaHI npu (HOpMyBaHHI BUMOT O CHCTEM OOJIKY €JICKTPUYHOI eHepril Ha MiIIHKaX 3ali3HUIb, € CKCILIyaTylOTh EIEKTPOBO3U 3
TSACOBHM €JIEKTPOTEXHIYHUM KOMILIEKCOM, SIKMil Ma€ HAIIBIPOBIIHUKOBI IEPETBOPIOBAYI.

Kniouogi cnoga: cucremMa TAroBOro €JIEKTPOIOCTaAYaHHs IOCTIHHOrO CTpyMy, rpadik pyXy, HOKa3HUKH SIKOCTI eEKTPOeHeprii.

Yu.O. Slobodenyuk, O.V. Bialobrzeski, T.O. Smirnova. Simulation model of instantaneous electrical and power parameters of
mode and quality of electricity for DC traction power systems. The nature of the electricity consumption in TPS makes the loading of
traction substations. On the basis of previous studies of qualitative characteristics of the DC traction power system, the shortcomings related
to work of driven power transformers at DC substation and at the electric locomotives were identified. Thus, further increasing of electric
railway equipment with adjustable converters sets the problem to investigate the influence of its work on the magnitude of harmonic of
voltage and current in the catenary system. 4im: The aim of this research is to develop a simulation model of instantaneous electrical and
power parameters of mode and quality of electricity for DC traction power systems under conditions of current distortion. Materials and
Methods: Using the methods of the theory of electrical engineering, the model for continuous calculation of instantaneous mode parameters
of the DC traction power systems is developed. Results: Based on the analysis of the structure of modern traction electric part of electric
locomotives that get energy via DC catenary system, we found that the electricity regime may be described qualitatively only considering the
higher harmonic settings of the operation mode. Influence of parameters of a catenary system, due to the presence of harmonic components
in the current and voltage requires consideration in the calculation regime the effective resistance as well as the inductance of circuit
elements. The obtained results can be used in the formation of the requirements for electricity metering at sites of railways where operated
electric locomotives with traction electrical complex, which has a semiconductor converters.

Keywords: DC traction power supply system, timetable, quality indicators of electricity.

Introduction. The traction power system (TPS) is electrical circuit, areas of which are connected
by wires of 3.3 kV power traction substations. The nature of the electricity consumption in TPS makes
the loading of traction substations. The main reasons that influence the deterioration of the quality of
electric energy (QEE) in TPS, include: operation of electric railway equipment with adjustable trans-
ducer [1], which generate improper harmonic components in catenary system; presence at the site TPS
of electric railway equipment moving in regenerative braking mode; the difference in voltage levels on
the tires of adjacent traction substations; various modes and equipment characteristics of related
traction substations [2, 3]. Deterioration of QEE leads to additional technical power losses and thereby
degrades the performance of TPS and electric locomotive.
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Further increasing of electric railway equipment with adjustable converters sets the problem to
investigate the influence of its work on the magnitude of harmonic of voltage and current in the
catenary system. This problem is compounded by the fact that at one site of a power system that
receives power from neighboring substations can run several electric locomotives with adjustable
converters [4]. Therefore, to solve this issue we set the task to develop of simulation model for calcu-
lating of the instantaneous parameters of DC TPS that can use to explore the electrical, power para-
meters of system and power quality distortion.

The issue of power quality and power losses in electrical traction system is considered in several
studies [1...3]. Thus, Kashtanov and Komiakova [2] considered the method for assessing the overflow
capacity in DC TPS and data processing algorithms for monitoring power losses caused by overflows
of power. Slobodchikov [1] considered the issue of electromagnetic compatibility of DC TPS and
electric locomotive with adjustable converters — namely the issue of higher harmonics voltage and
their influence on the work of the equipment of electric locomotive and TPS. Mishchenko [3]
conducted the theoretical investigation of quality indicators of electricity and executed their
quantitative assessment.

However, it remains an actual task of assessing the impact of harmonics generated by converters
of electric locomotive in catenary system, on the value of power losses in DC TPS. Important is the
ability to calculate these parameters in continuous mode in a particular area of interstation period —
namely, performance calculation of system based on a simulation model that takes into account
alternating position of electric locomotive, moving on the area, and power that it consumes.

The result of the simulation is the calculation of currents distribution between substations and
distribution of losses of voltage and power for each electric locomotive at the connection point. Take
into account the conditional constancy of the voltage and current, we selected such QEE indicators:
constant components, harmonics of power loss and distortion coefficient.

The aim of this research is to develop a simulation model of instantaneous electrical and power
parameters of mode and quality of electricity for DC traction power systems under conditions of
current distortion.

Materials and Methods. For electrified railways mainly used MF brand contact wires with
cross-sectional area of 150 mm?®, 100 mm” for the main tracks, and 85 mm?” — for the station. In most
cases at the DC ways under of current removing hung two contact wires. Sometimes, instead of two
MF-100 contact wires it is possible to manage one wire with cross-sectional area of 150 mm” [5]. In
this case, in the calculations of catenary system mode by known methods [5] using active resistance.
Given the pulsating nature of the current, we should consider the impact of the phenomenon of
electromagnetic induction by inserting into equivalent circuits of substitution the parameter which
corresponds to inductance. Thus, analysis of processes in the DC power network close to analysis in
AC power network.

Real voltage u, generated by the rectifier of DC traction substations and regulated electric
converter has a pulsations. u, voltage can be represented as the sum of the constant component of rec-
tified voltage U, and variable component u4, consisting of an infinite number of harmonics [6]. With
symmetrical supply voltage for the six pulse transformers, which are used as a part of the equipment of
DC traction substations, the pulsation frequency is 300 Hz.

The variable component u,; creates in a circle of “catenary system — electric locomotive — rail”
AC current iy, which consists of the same harmonics as ug. Due to this factor, in the catenary system
we need to take into account the inductance, then full resistance of catenary system can be calculated as

Z(0,1) = \[RU)* + X, (&,1)*; (1)

where R(/) — full contact active resistance of catenary system area, Ohm;

X, (o,]) — full contact inductive resistance of catenary system area, Ohm;

o — angular frequency of network, radians;
[ — length of catenary system, km
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In other words, an active resistance of DC catenary system, where pulsations take place, is a
function that depends on distance covered by electric locomotive, and inductive resistance is a
function of length of the catenary system and frequency of pulsation of higher harmonics that when
changing position of electric locomotive also changing.

By analogy to the AC TPS with duplicate electric power supply [6], we built the equivalent
circuit of TPS area (Fig. 1), where 4, B — traction substations; u,, uz — traction substations power
supply; 1, 2 — electric locomotives that are powered by TPS; iy, i, — current consumed by electric
locomotive 1 and 2, respectively; /;, , — distance from the electric locomotive / to the substation 4 and
from electric locomotive 2 to substation B respectively; [, — distance between substations; /;, —
distance between electric locomotives; Ry, Ri», Rp, — active resistance at sites, Ly, Ly, Lz —
inductance at sites. The capacitive susceptance is neglected according to [1], the values of L and r
correspond to linear inductance and active resistance for TPS with capacity of 3.3 kV and numerically
equal to £=0.0001 H/km and »=0.01 Ohm/km [3]. Distance between substations adopted /=25 km.

Considering that rate of variable component of the catenary system current, the occurrence of
which is due to work of converters, is higher than the speed of the an electric locomotive, a feeder
current of traction substation and corresponding voltage drop on the line of the catenary system
calculated by the formula [4]:
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Fig. 1. TPS replacement scheme

Thus, in general, current and voltage of a catenary system are different from constant value, due
to the operation of power equipment of traction substation and electric stock. By analogy with [7],
they can be presented by two components: fundamental parameters #;, u;, and rest parameters iy, uy:
=i +i, =21 sin(ot +y, )+, + Zx/zlk sin(kot +v,,);
k#1 4
u=u, +u, =~2U,sin(or +y,)+U, + 3 N2U, sin(kot +y,,), ®
k#1
where U, , I, — constant components of voltage and current, respectively;
U,, I, —amplitudes of harmonic components of voltage and current, respectively;
v, , v, — initial phase of harmonic of voltage and current, respectively.
Power is defined as the product
p=ui; )

and divided into active and inactive components
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P=P,t Dy (6)
where inactive component does not ensure the transfer of power and only causes the additional losses in the power
system [8]. These power components are the product of voltage by current with further division as follows:

p,=U, + ZUklk cosgok[l —cos(2kwt + 2\|/l.k)];
k

P, = —ZUklk sin ¢, sin(2kot + 2y, )+ 22 U1, sin(not + vy, )sin(kot + vy, )+ (7)
k

k#n

+2U, Y. 1, sin(kot + v, ) + 21, U, sin(kot +y,,).
k k

where v, =y, + .

This presentation of power components substantiated in studies [8, 9]. It should be noted that the
active power is determined only by scalar product of working values of current and voltages harmonic
which vary with the same frequency. This power P is divided into components — fundamental P, and
non-fundamental Py as follows:

1 T+kT 1 T+kT
P:k—T:’: dt:k—T :’:padt:R-i_PH
T+kT
B =T !u]i]dt:U]I, COS @, (8)
P, =Uyy+> U, cosp, =P—P,
k#l

Fundamental reactive power [7] is defined as
T+kT

® . .
0= [ i Jwat Jar=U,1;sing,. )
Also, used the concept of apparent power
S=UI (10)

where U, I — current value of voltage and current.
However, apparent power is divided into fundamental [7]
2S1 gjl 1 2 (1 1)
S =R +0,
which corresponds to known representation of power for monoharmonic currents and voltages, and
non-fundamental

Sy=8*+S". (12)
Non-fundamental apparent power, in turn, divided into three parts
Sy=D;+D} +S;, (13)
where D; — current-distortion power
D, =U\1,, (14)
Dy — voltage-distortion power
D, =U,I, (15)

Sy — harmonic apparent power

S, =U,I,, =P:+D} , (16)
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=S, —P; . (17)

Summarizing the effects of distortion and reactive power we injected an inactive power
N*=8?-P*. (18)

The above mentioned power components are numerous assessment of the process of transport of
electricity at the circuit point where the control and monitoring take place. But the use of these
integrated performances for the analysis of the causes of distortions electricity is not possible.

Due to the fact that the indicators that are used to describe the rage mode of direct DC (working
values of current and voltage; power) in this case are not informative, we should identify indicators
that certain way reflect the nature of electricity consumption and the impact on catenary system of
electric rolling stock. In a certain sense, the “traction substation — catenary system — electromotive
force (EMS)” structure corresponds to the “rectifier — nonlinear load” structure. So, rationally to use
similar indicators [10]. It should be borne in mind the impact of the current position of EMS (load) on
the parameters of an equivalent system of replacement and therefore setting mode. It should be noted
that in a result of calculation of mode by circuit shown in Fig. 1, for the analysis are available
instantaneous values of current (7) and voltages () in the circuit elements and nodes on basis of which
we determined amplitude (U, ;) and phase (.4, Vi) of harmonic components

where Dj; — harmonic-distortion power

+U?

smk’

U, =JU?

Usm k. 2 2 t : .
2 W = aretg S Uy =— jucos(sz)dz U = = [usin(kon)ds;

cos.k 0 (19)

I. 2% 2
+12 .5 v, =arctg=k . [ == \icos(kot)dt; I, , =— |isin(kot)dt.
i Wy =arctg T{ (kot) T! (koot)

cos.k

The working values of non-sinusoidal currents and voltages are defined as

f‘”U °°I
ok = 20
U puiss = kO > 1 rassin kO 2 (20)

where 7,4, U, — working values of current and voltage of k-th harmonic of n-th electric locomotive.
According to these values the coefficients of current and voltage distortion are determined

21 | 2U
d=_: 4, = k; ; 1)

where 1, — working value of higher harmonic components of feeder current:
14 — working value of constant component of feeder current;
U,.« — working value of higher harmonic components of voltage at the connection point of the
n-th electric locomotive;
U,o — working value of constant component of voltage at the connection point of the n-th
electric locomotive.
Instantaneous power loss during pulsing voltage is determined at the connection point of electric
locomotive regarding substation 4 by the formula
Ap,, =Au,L,,, (22)
where Au,, — instantaneous power loss at the connection point of n-th electric locomotive regarding

1, I

cos.k

cos.k sin.k

of substation 4;
ins — instantaneous value of current consumed by n-th electric locomotive regarding of substation
A.
Instantaneous power loss is the result of interaction between current and voltage, and its harmo-
nic composition is greater [10], but according to (19) may be represented by respective harmonic
components:
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AP.
AR, = VA})cisk +AP, s Yape = arCtgAPﬂ;

) T 5 r cosk (23)
AP, =?J.Apcosk0)t'dt; AP, , =?J.Apsink(nt-dt.
0 0

C S

Thus, distortion coefficient of power losses can be defined as

[>ar
d, = k=1

AL
where AP, — effective value of the higher harmonic components of power losses at the connection
point of the n-th electric locomotive;
AP,y — effective value of the constant component of power losses at the connection point of
the n-th electric locomotive.
The energy losses at the connection point of the n-t4 electric locomotive calculated by the formula:

AW, = [Ap,dt. (25)

; 24)

The energy losses caused by the influence of the k-¢4 harmonic at the connection point of the n-th
electric locomotive, calculated by the formula:

AW, = [ Ap,dt . (26)

Results. For the analysis of TPS can be applied the simulation modeling method of calculation,
which directly reflects the processes in a real sequence of events. Using the results obtained in
previous studies (for example, operating parameters, calculated using a simulation model [4]) the
initial data for calculation of energy performance is the current and speed of electric locomotives.
According to equations obtained in [4], the simulation model of calculation of DC TPS (Fig. 2) is
developed using in MATLAB/Simulink, where entered the blocks to ensure implementation of
expressions (3...26).

There are time diagrams of the current, speed and distance from traction substation to each elec-
tric locomotive in Fig. 3.

Parameters of equivalent circuit of catenary system used in simulation model for calculation of
DC TPS (see Fig. 2), and calculation results are shown in Fig. 4 and 5. In this case, each electric
locomotive voltage (Fig. 4, a, ¢) has pulsation caused by pulsating current in the catenary system that
causes pulsating voltage drop (Fig. 4, b, d).

In view of the pulsations in parameters of researched DC system mode, performed a preliminary
analysis of the spectrum of pulsations, at this case the main harmonic frequency of 50 Hz is selected.
The analysis showed that dominant is harmonic pulsations with the multiplicity of frequencies 1, 3, 7
and 13 of the principal. In this harmonic voltage distribution when driving follows the distribution of
working voltage (Fig. 5, b) on form. Some uneven distribution observed during the electric locomotive
starter (Fig. 5, ¢, d) on the time interval 0...4 s. This raises a significant growth of coefficient of current
distortion (Fig. 5, e) and causes insignificant influence on rate of voltage distortion (Fig. 5, ¢). Taking
into account that with increasing distance from traction substation to the connection point of electric
locomotive increases the voltage pulsations it is rationally assume that changes in the current in this
case will cause the significant changes in voltage.
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Fig. 2. Simulation model of DC TPS calculation
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Fig. 3. Initial data for modeling: a — I*' electric locomotive current; b — 2" electric locomotive current; ¢ —
speeds of 1" and 2™ electric locomotives; d — distance covered by I*' and 2" electric locomotives

Mentioned above distribution of mode settings of investigated scheme corresponding to distribu-
tion of power flows of electrical energy (Fig. 6), which can be characterized by parameters (23...26).
The level of power loss caused by the action of 1, 3, 7 and 13 of harmonics (Fig. 6, a) is commensu-
rate with the level of power losses of constant component (Fig. 6, b), as evidenced by their relation
(Fig. 6, ¢). The energy loss is obtained by integrating the constant power and full power range are
identical (Fig. 6, d), and the energy caused by the influence of higher harmonics is insignificant
(Fig. 6, e).
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Fig. 4. Simulation results: a — voltage at the connection point of I* electric locomotive; b —voltage losses at the
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voltage losses connection point of 2" electric locomotive

Ui(0), v, 1,0), V]
P
3300———— e ] 600
3260 PILY ¥ e ait S
2 4 6 8 10 12 14 16 4 07274 6 8 10 12 14 16 15
a d
Ui(1,3 141,3,7
7,13), V| l 13,40 | )
20 7
[ l\‘[‘}‘ Ju 100} , ;
10 13 \alkl L LU _._lejp
072 4 6 8 10 12 14 16 s 07274 6 8 10 12 14 16 15
b e
dy d; _ '
0.012 Wi 0.8
oy ALy
i k‘ i LAl
0.006 AR 0.4 NEWRRRNRNARAN
___‘l‘“'“-,.m-.'-"* ) _J"‘ 'l :‘nfh‘h ||'u'v|‘ lﬂt“ru‘qﬁr“n“-l"hl 11‘1’; '|'~1‘
2 4 6 8 10 12 14 16 15 07274 6 8 10 12 14 16 &5
c S

Fig. 5. Simulation results: a — constant component of voltage at the connection point of 1* electric locomotive;
b —voltage variation in time for 1, 3, 7 and 13 harmonics of 1* electric locomotive; ¢ — variation in time of
distortion coefficient of voltage loss for I* electric locomotive; d — variation in time of constant component for
“feeder A’ current; e — variation in time of 1, 3, 7 and 13 harmonics for “feeder A’ current; f— variation in
time of distortion coefficient for “feeder A" current

Conclusions. Based on the analysis of the structure of modern traction electric part of electric
locomotives that get energy via DC catenary system, we found that the electricity regime may be
described qualitatively only considering the higher harmonic settings of the operation mode. Influence
of parameters of a catenary system, due to the presence of harmonic components in the current and
voltage requires consideration in the calculation regime the effective resistance as well as the induc-
tance of circuit elements. To analyze the power of electricity in the DC catenary system the poly-
harmonic representation of power was applied that allows for a schedule of electric locomotive
movement assess its impact on level of voltage and the quality by parameters of its speed and current.
Also, polyharmonic representation of power allows to estimate its components, which are used in
existing international standards.
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Fig. 6. Simulation results: a — constant component of power losses at the connection point of 1* electric
locomotive; b — working value of power losses for 1, 3, 7 and 13 harmonics at the connection point of I* electric
locomotive; c — distortion coefficient of power losses at the connection point of 1* electric locomotive;

d — complete power loss for 1, 3, 7 and 13 harmonics at the connection point of 1* electric locomotive;

e —energy loss for 1, 3, 7 and 13 harmonics at the connection point of I*' electric locomotive

The obtained results can be used in the formation of the requirements for electricity metering at
sites of railways where operated electric locomotives with traction electrical complex, which has a
semiconductor converters.
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