yu] =,

3anpononosano 6 axocmi 000amMK06020 eHepzeMuuH020 NApa-
Mempa, OKpiM OCHOGHUX eHePemUUHUX NOKA3HUKIB, Npu 6uU3HA-
YeHHI pedcuMy KOpPOmK020 3aMUKAHHS 6 MS206ill eJleKmpomepesici
suxopucmosyeamu empamu nomydcnocmi. Haeeoeno mpu cnocoou
BU3HAUEHHA NEPEXIOHUX XAPAKMEPUCUK eJLeKmMPUHOL Mepedici, aKi
TPYHMYIOMBCA HA MemO0ax HAOIUNCEHHS, QUCKPemHOT eleKkmpomex-
HiKu ma cnexmpanviozo ananisy. Heooxionicmo y cmeopenni yux
Memooie 00yMoseHa HeCMAUiOHAPHICMI0 Ma HeJUHIUHICMIO eekK-
MPUMHUX NAPAMEMPIE MAZOGUX MePeiC, AKI MONCYMb CMEOPIOGAMmU
HeBU3HAYUEHICMb MOMEHMY GUHUKHEHHS KOPOMKO020 3AMUKAHHSL.

Bxionumu oanumu 0ns 6uHAMEHHA eHEP2EMUMHUX XAPAKMEPUC-
mux i empam cayeyiomv PYHKYii nepexionoi nanpyzu ma nepexiono-
20 CMpYMY, WO SUMIPAHI HA 3AMUCKAUAX KOMYMAUIUHO20 anapamy,
00 AKUX NPUEOHYIOMBCA NPOGIOHUKU JCUBTeHHA MA2060i mepedci. Ha
0CHOGI eKxCnepuUMenmaIbHUX 6UMIpi6 ma nasedenux memooie npoge-
0eHo 061UCAeHHA OCHOBHUX eHeP2emMUMHUX Napamempie mepesici ma
empam npu pizHux KOpomMKUx 3aMUKaAHHIX.

Pesynvmamu po3paxynxis noxasyomo, wio npu KOPOMKUX 3amu-
KAHHAX 8 MA2061U Mepedicl KiNbKICHI 3HAMEeHHS eHepzemuuHUX noKas-
HUKI6 ma HenpoOoYKMUeHUX 6mpam 00360J110Mb 00HOIHAUHO OUiHUMU
pexcum pobomu mepesici. Taxoxnc ompumani pesyaromamu 00360.s-
10mob 6U3HAMUMU PaKMUuUHe HABAHMANCEHHS HA 3AXUCHT KOMYMAUIIHI
anapamu npu KoOpomKuUx 3aMUKAHHIX 8 MA2061U Mepeici.

3anpononosani memoou Moxicymo Gymu 3acMoCo6aHi npu cmeo-
penii Komn romepuux mooesietl maz08ux mepexnc 01 ix 0ocaioicen-
H5L Ma 6UKOHAHHSA THICEHEPHUX Po3paxyHkie. Bonu marosc moocymo
Oymu 3acmocoeani npu nNPoeKmMyeanHi HOBUX aAGO peKoHCMPYKUii
ditouux mMsa208uUx Mepersc NOCMilinozo0 cmpymy ma Oirvuwt MoOuUHO20
00Tpynmyeanms npoexmuux pimens. Taxosc sanpononosani memoou
MOJCYmv Gymu 3acmocoeani npu cmeopenni Hoeux abo 0 Yyoocko-
HaJlenns 0i0Mux 3pasKie 3axucHoi Komymauiiinoi anapamypu

Kniouoei caosa: nepexionuii npoyec, kopomie 3amMuxanis, empa-
mu enepeii, enepeemurti NOKAZHUKU, CNEKMPATLHUL AHATI3
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1. Introduction

2. Literature review and problem statement

An urgent task for traction, autonomous, and industrial
power networks is the estimation of their parameters under
emergency states. The most dangerous and destructive emer-
gency mode is short circuit (SC).

However, given the growing complexity of electrical
systems due to the widespread introduction of power semi-
conductor equipment, the processes of generation, trans-
mission, and transformation of electrical energy become
increasingly complicated. This is especially important for
electrical networks of electrified transport, characterized by
the non-stationarity and significant nonlinearity of natural
parameters. That makes it difficult to identify such energy
indicators that reliably indicate the fact of an emergency
state, specifically SC. Thus, it is a relevant task to theo-
retically and practically define additional parameters for
electricity, which are more informative about the character
of flowing and transformation of electricity in traction
networks.

It was shown in paper [1] that scientific activities in the
field of electrified transport mainly focuses on the improve-
ment of energy characteristics. Little attention is paid to
the problems of detecting emergency regimes in DC electric
traction networks. Available studies are dominated by those
related to new or promising projects. Thus, papers [2, 3]
examined methods for determining short circuits in the
AC traction networks 2x25 kV for high-speed trains. Such
networks are specific and used only in Asian countries. The
reported methods could not be applied for DC traction net-
works, which are used in Ukraine. Paper [4] addresses the is-
sue of detecting an SC mode in a DC traction network, but at
the clamps of primary windings of transformers at a traction
substation. The considered method is relatively simple, but
requires consideration of the time constant of a power trans-
former. Determining a short-circuit in a DS traction network
directly at a controlled section, shown in studies [5-7], is
a non-trivial task.



The system of efficiency indicators could be applied to
describe the power processes in electrical circuits of electric
traction [8]. Such a system is based on a harmonious ap-
proach, which could lead to uncertainty and complications
when the energy fluxes are studied.

An option could be the use of unproductive (additional)
energy losses in the elements of an electric traction sys-
tem [9, 10]. These papers report a procedure for finding addi-
tional losses based on measuring the shape of a phase current
of the synchronous traction machine and the AC distribution
network.

The above allows us to argue that it is advisable to conduct
a research into the application of energy indicators and the
magnitude of unproductive losses in a DC traction network as
the attributes of short circuits in DC electric traction networks.

3. The aim and objectives of the study

The aim of this study is to form a theoretical basis for
using energy indicators and additional energy losses in a trac-
tion electric network to recognize a mode of SC. Such a net-
work is characterized by the presence of many power sources,
the presence of harmonious components of power voltage,
the distributed and non-stationary parameters of the line.

To achieve the set aim, the following tasks have been solved:

— to form an analytical description of additional energy
losses in a traction electric network;

— to define methods for the calculation of energy indica-
tors and additional losses of electric power for determining
SC modes in traction electric networks;

— to establish additional losses and other energy indica-
tors under SC modes and to estimate operation efficiency
of controlled section of traction networks and protective
switching equipment.

4. Analytical description of additional energy losses
in a traction electric network

The classical system of energy indicators includes a coef-
ficient of phase offset of the basic harmonic of non-sinusoi-
dal current relative to the input sinusoid voltage cosqi);
a current shape distortion coefficient relative to the shape
of voltage (v); a phase asymmetry load coefficient (Kpyc);
a coefficient of uneven power consumption (Kgp).

These coefficients are based on the ratios of relevant ca-
pacities: active P, reactive Q(1), and full S, distortion D, asym-
metry He, non-uniformity Hp. In this case, cos@(y, P and Q1)
were determined only for the first harmonic. For the case of
non-sinusoidal voltage and current, the coefficient cosg will
be a phase shift coefficient between the curves of voltage and
current, power Q will be a reactive power by Budean Qp, and
power P will be predetermined by the same-name harmonics
of voltage and current.

Therefore, these coefficients are determined through the
components of full power S, in the following way:

cos@—L €Y
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The general indicator in this system is a power factor A,
which integrates multiplicatively all local coefficients (1)
to (4) by expression:

P
K=§=(COS(P)'V‘KHC'KHP- (%)

As regards an electric traction system in the classical sense,
a power factor A, first, determines the degree of utilization of
full power S, applied to a traction substation in general or to
electric rolling stock in particular. Second, the magnitude A
also characterizes the losses of active power in the power trac-
tion circles of electric rolling stock and in a traction network
of electricity supply.

It should be noted that the power factor cos¢ is not always
a sufficiently obvious energy indicator (for circuits and modes
in which capacities D#0, H, #0, H,, #0), which is why in re-
cent years the traction power supply, similarly to industrial, has
employed, as a reporting magnitude, a reactive power factor:

tg(p:%. (6)

To derive formulae for additional energy losses, we shall
apply the concept by S.Friese [11]. S. Friese suggested
representing any consumer of current i(¢) of arbitrary shape
as a parallel connection of resistive element R and reactive
element X. A first one reflects the active energy consumed.
A second one characterizes the consumption of inactive com-
ponents of power: reactive power and power of distortion. It
is believed that the active component of current i,(¢) flows
in a branch with element R, which coincides in shape with
voltage u(¢) applied to the consumer.

Reactive component i,(¢) flows along element X, or-
thogonal to voltage u(¢). Then, for an arbitrary time inter-
val [0...7] for the pulse of transitional i(¢), it could be repre-
sented by the sum:

i(6)=1,(¢)+ i, (¢) @)

or

%Jiz(t)dt :%J'ij (t)dt+%jif}(t)dt,
0 0 0
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By multiplying all components (8) by 1J’uz(t)dl‘, we
obtain: L)
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The left-hand side of expression (9) characterizes the

Friese reactive power Q,., consumed in the interval [0...t],

that is:

T

2 _lr 2 .11-2
QM_Tju (¢)de szp(t)dt. (10)

0 0

Then the unproductive (additional) losses of active elec-
tricity in the consumer R will be determined from expression:

P*.R

T 2,
A%T%JRiﬁ(t)dt: 19“" k. e
0 ot (de ;quQ)dt
0 0

where Qg and P; are the reactive and active capacities con-
sumed by loading R.

5. Methods for determining energy characteristics

It follows from expressions (1) to (6) and (11) that in
order to determine capacities as energy characteristics and,
consequently, the energy indicators themselves, it is neces-
sary to know the time functions of transitional voltage u(¢)
and current i(¢). These dependences could be obtained either
from experimental research at existing energy sections of
power grids or by modeling under laboratory conditions.
The task of defining the components of full power based on
non-sinusoidal curves u(¢) and i(¢) has already been solved
by authors of papers [12, 13], but those were the studies for
time dependences of continuous technological oscillations of
rectifying voltage and current under steady modes for daily
and monthly records. As evidenced by practical research,
under transitional, and especially emergency, modes, depen-
dences u(t) and i(¢) are the single short, lasting 1, nonperiodic
pulses of arbitrary shape, for example, shown in Fig. 1. The
following three methods are suggested to determine the ener-
gy characteristics of an electric traction system under modes
with such pulses.

a(ty 7.9 kA
547kV u®
T N
i(t)
- =37 ms t

Fig. 1. Oscillographs of transitional feeder
voltage u(t) and current /(t) when disabling a short
circuit in a traction network with a high-speed switch
the type of AB-2/4

A first one, referred to as an approximation method,
implies the following. For the graphically (oscillographs) or
tabular assigned transients u(t), i(t) (we denote them with
a single function a(¢)) one finds the approximated analytical
expressions, that is they are analytically approximated based
on the convergence or interpolation criteria. The feature and
importance of these mathematical operations when solving
the set energy problems is that by approximating or inter-

polating these functions f(¢), they should most accurately
reflect the transitional magnitudes u(t), otherwise an impor-
tant information would be lost that could lead to inaccurate
results. Therefore, among all criteria of convergence known
in mathematics, convergence at each point:

a(t)= ;el_l)gfk(t) in region [0...],
uniform convergence:

lim (max‘a(t) -/, (t)‘) =0,
convergence in mean square:

lim fla(e)- /,(¢)f de =0,

the most advisable for approximation is the first one, most rigid,
criterion. The system of functions f1(¢), fo(£),..., fK(£)y..., foo(£)
in the analytical expressions of convergence criteria is the
functions whose combination could represent a transition
magnitude a(¢) (either voltage or current). When choosing
a method of approximation for a(z), complex in shape, prefe-
rence should be given to approximation, since in this case the
interpolation polynomial will be of very high order, which
makes the calculations too cumbersome. Moreover, there
is a possibility to build a polynomial in simple ways not to
any transitional a(t), which would ensure a uniform conver-
gence to a(t) (if necessary).

Consequently, the considered method makes it possible
to determine energy indicators from expressions (1) to (6)
and (11), in which capacities are assessed according to the
formulae given below based on the approximated transitio-
nal u(t), i(t), namely.

Instantaneous power in the interval [0...t] of the existence
of a transition magnitude pulse could be determined from:

pi(e)=u(e)-i(c).

Active power over the same time interval could be deter-
mined from expression:

(12)

T

1 1%
P =-— de=— t)-i(t)de. 13
=2 pde=2jute)it) (13)
Full power is determined from:
S.=U,-I, (14)

where U, I are the actual values for voltage and current
in the time interval [0...t]:

17 17
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Determining a reactive power is possible through many
methods and approaches, and this issue has remained debat-
able up to now. The most promising approach to determining
this non-active component is the concept by S. Friese [11],
which is aimed at maintaining the functional character of
describing the energy properties of circles in sinusoidal and

(15)



non-sinusoidal processes. In this case, reactive power is de-
termined by Friese from expression:

Qe = S: P, (16)

In a second method, «discrete electrical engineering»,
the analog pulses of transient u(¢) and i(¢) (hereafter, same
as a(t)), by sampling at a certain time interval Af¢, are
converted into pulses, which make up an array of N va-
lues (counts) of the investigated magnitude a(¢) (Fig.2)
ar=a(ty); ay=a(ty); ..., ap=a(ty); .., ay=a(ty); n=1, 2, 3, .., N;
At=1/N is the sampling rate interval in real time, choosing
which is a very important operation and it should be based
on the character of change in the studied magnitude a(t).

The latter may be obtained by analyzing the circuit of
the examined device or system, the principle of its operation,
requirements to a(t), reciprocal relationships between the
elements, etc. In the first approximation, the analog pulse-func-
tion a(t) could be adequately represented by discrete counts, if
its frequency does not exceed a half of the Nyquist frequency
(sampling rate frequency). For accurate calculations, one could
set the maximum (upper) /3 and minimum (lower) fy; frequen-
cies in the spectrum of a transitional magnitude. This could be
done based on your own experience or indirect prerequisites.
After that, one could determine Az from the Kotelnikov theo-
rem, according to which any function a(t) whose spectrum
does not contain any components with frequencies above a cer-
tain value Q,=2nf} could be, without losing information, rep-
resented by its discrete counts ay, as,... a,, (Fig. 2), taken with
interval At, which is determined from the following inequality:

AT

21y w, an

Studies also show that the effectively correct result re-
garding At in the analysis of changes in voltage and loading
currents is produced by estimation formula:

Ar=(0,1..0,25)T,

where 7, is the smallest average time period for a device or
system operation.

aN

Next, after determining Az sampling rate pulses of tran-
sitional voltage u(¢) and current i(¢), and determining their
counts, according to the considered method and Fig. 2, the
required capacities are calculated from [12].

Active power Py, according to (13), is found as the arith-
metic mean over interval [0...t]:

N N
zun.in an
R[ —nt or R: = =l y (18)
N N

where u,, i,, p, are the n-th value of voltage, current or in-
stantaneous power; N — total number of sampling points over
time [0...].

At first glance, the active power P; for the considered
modes could be determined as a product of the voltage Uy,
and current I, averaged for the time of energy consumption
by the system:

Pcp:Ucp.Ic]ﬂ
where
1 1Y
Uq,=ﬁ2un, ]rpzﬁzlﬂ'

n=1 n=1

However, the values for power P; will be less accurate in
this case, because it is then determined only by the power of
zero harmonic (assuming the possibility of expanding u(¢)
and i(¢) into a Fourier series) because Ug,= Uy, Ip=1(0).

To determine the full power S;, formula (14) is also used,
in which the actual values for U; and I; are found as mean
squares over T from discrete values (Fig. 2):

(19)

(20)

The reactive power by Friese is de-
termined from formula (16), and the
energy indicators from expressions (1)
to (6) and (11).

A third method, which could be re-
ferred to as the method of digital spec-
tral analysis, is based on the harmonic
analysis of pulses from transient voltage
and current, performed with the help of
a discrete Fourier transform. To do this,
instead of an actually obtained pulse of
the transition magnitude a(t) (the type of
Fig. 1, 2), we shall imaginary form the pe-
riodic ones — (with an arbitrary period T)
the sequence of such pulses (Fig. 3).

Now, the non-sinusoid function-
pulse a(¢) can be regarded not in the

interval [0...t] of its existence, but
continued periodically beyond the inter-

val [0..7]. That is, the non-periodic
pulse-function a(?) has been transformed



into a periodic with period 7, for which an expansion into
a Fourier series holds in a real classic form:

a(t)= 4, sin(kmt+wa(K)), (21)

where Ay k), Wak) are the amplitude and initial phase of
the k-th harmonic in the series. They are determined from
a complex amplitude:

_ —IWa(k)
Am(K) - Am(K)e ’

derived from a known expression:
T

2 — jkot
A= ?J.a(t)e ot

0

(22)

However, the function a(¢) is non-sinusoidal and ar-
bitrary, often very complex in shape, so using the classical
Fourier analysis for its spectral analysis is practically compli-
cated, which is why it is advisable to use a discrete Fourier
transform.

a

T

Ly >

Fig. 3. Formation of a periodic pulse-function a(t)

For this purpose, similar to a second method, we perform
discretization, at interval Az, of the pulse-function a(z), as it
was done in Fig. 2. Then the values a,=a(n-At) are the counts
of the already periodic (Fig. 3) analog function a(¢) in the
form of a sequence of delta function, «weighted» by counts
a(n-At) of the analog function a(t) (Fig. 4):

N

a(t)= Za(nAt)S(t—n-At).

n=1

(23)

a M

3nAY=d(t-nA) -~

At

n+l N-1

By substituting (23) in (22), we obtain:

2t .
—IZa n-At)S(t—n-At)-e " de.

0 n=1

(24)

ﬂ

Because a(n-At) are constants (independent of ), and
the function A(t—n-At) is zero at any t except for t=n-At,
then (24) could be rewritten in the form:

N T N
A= %Za(nﬂt)‘[z 8(n-At)e ™ de. (25)
n=1 0 n=1

Take into consideration the filtering property of a delta
function, which implies that if this function is present under
the integral as a multiplier, the result from integration would
be equal to the value of another sub-integral function (or
expression) at the point (time) where a delta-function is con-
centrated, regardless of the boundary of integration. Then
expression (25) takes the form:

2 N
A== Ya(n-Ar)e e, (26)
T n=1

In (26), the spectrum is discrete with a frequency spacing
between harmonics, which, according to Fig. 4 equals:

2£_ 2n
T N-At

®= (27)

Considering (27) and that a(n-At) is the value of counts
and, therefore, a(n-At)=a(n), expression (26) could be writ-
ten in the form:

_ 2mnk

2
Ay =—— v
L) = N pr & a(n)e

(28)

Thus, the complex amplitude of the discrete Fourier
series represents a linear combination of counts a(n) of the
discretized pulse of the transition magnitude a(¢).

In expression (28), the real time scale appears only in the
1/At multiplier before the addition operator. In the analysis
of discrete sequences, one typically operates the numbers

of counts (1, 2, .., n, ..., N, Fig. 2, 4) and
spectral harmonics without reference to
an actual scale, time, and frequency. There-
fore, the multiplier 1/A¢ shall be removed
from expression (28), that is, we consider
the frequency of sampling rate equal to
unity. And then the final expression for
the complex amplitude of the «k»-th har-
monic will equal:

92 d _
S(NAY)=8(t-NAt) A,,,(K)=N2a(n)e N =

T~ = Ay €, (29)

which is the expression of the discrete
Fourier transform of the analog pulse-

ft it

n ntl

>
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function a(z).
After determining A,x), and jWuk)
based on t his expression, and upon



recording a Fourier series in line with expression (21), the
capacities P; and S; are found from known classical formulae
from the theory of non-sinusoidal current circuits, namely:

— active power:

P = Z Uiy Ly €08 Q3

K=0
— full power:
S =U.1,

where

U= \/U(f)) +UG + UG+t Ul .o

_ [y 2 2 2
L= [T + 1)+ Iy ot I +

The reactive power is determined by Friese from for-
mula (16), and the energy indicators — also from expres-
sions (1) to (6) and (11).
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6. Energy characteristics under SC modes
and operational efficiency of switching protective
equipment of traction networks

Below are the results from experimental study (Fig. 5-8).
More oscillographs could be found in paper [13] (oscil-
lographs and parameters) on SC modes in traction net-
works of a series of electrified sections, namely: time
dependences of feeder currents i(¢), output feeder volt-
age TS u(t), voltage recession on an electric arc of high-
speed switch (HSS) u,,(¢), and a time of full shutdown £,
of SC current.

The use of power by Friese Q. as a criterion for esti-
mating additional losses during electric power transmission
makes it possible to determine the amount of these losses in
steady processes and in transitional regimes. As it follows
from expression (11), to determine additional losses of active
electricity in consumer R over period [0..t] and capaci-
ties St, Py, Q1) as energy characteristics, and, consequently,
the energy indicators themselves, D, A, tgp, AWy, it is ne-
cessary to know the functions of transition voltage u(¢) and
current i(¢) (Fig. 5-8).

Uare, KV
8.0
6.0
4.04

2.01

0 0.01
b

0.02 48

Fig. 5. Oscillograms of change in transitional electric magnitudes when disabling HSS 2xVAB-43 at close SC, /=0.5 km,
the setpoint current /,=3,500 A: @ — time dependences of feeder current /(t) and voltage u(t); b — voltage on the electric arc
of a high-speed circuit breaker v,,(t)
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Fig. 6. Oscillograms of transitional electric magnitudes when disabling HSS 2xVAB-49 at close SC,
/=0.5 km, /,=3,500 A: a — time dependences of feeder current /(¢) and voltage u(t); b — voltage on the electric arc
of a high-speed circuit breaker ug,(t)
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Fig. 7. Oscillograms of transitional electric magnitudes when disabling HSS VAB-206 at close SC,
/=0.5 km, /,=4,000 A: a — time dependences of feeder current /(¢) and voltage u(t); b — voltage on the electric arc
of a high-speed circuit breaker u,,(t)
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Fig. 8. Oscillograms of transitional electric magnitudes
when disabling HSS VAB-206 at close SC,
/=2 km, /,=3,000 A
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The following three methods are used to determine
the energy indicators for an electric traction system under
emergency modes with their voltage and current pulses:
an approximation method, a discrete electrical engineering
method, a spectral analysis method.

By using the specified methods, numerical calculation
of indicators for energy exchange processes of electricity in

a traction power system for the emergency SC modes has
been performed. The best results that are given in Table 1
were produced by the second method. Table 2 gives the estab-
lished power and energy indicators for the DC arcing cham-
bers HSS. The source data are the oscillographs (Fig. 5-8), as
well as the source and traction network parameters.

It follows from the analysis of Table 1 that increasing the
distance from the point of SC to TP the power S, Pr, Q1),
Qq- of short circuit decreases in almost all cases although
certain irregularities manifest themselves. Parameters D, A,
tgo also do not determine the SC mode unambiguously. Even
though the distance to the place of SC is growing, and con-
sequently increases the resistance magnitude Ry, in all cases
additional losses of electricity AWy are reduced. The reason
for this phenomenon is that under an SC mode the distance
is not decisive, because the magnitudes of transitional u(¢)
and i(¢) characterize the instantaneous value of power.

It follows from the analysis of Table 2 that during the
switching period, prior to opening the contacts of the pro-
tective device, all power of SC passes through the switching
unit. At the initial moment of opening the HSS contacts,
the voltage drop on the contacts themselves is infinitesimal
relative to the current of SC, which creates the effect of the
current phase advance. This predetermines the changing
phenomenon of a significant flow of reactive power with
a negative sign.

Table 1
Main energy indicators of the SC mode in a direct current traction network
) ) Energy indicators
Type of switch (linc) SCtype S:-108 VA | P:-105, W | Q(1)-108, VAr | Qay-105, VAr | D106, VA| A tge | AWy 106 W

1 Close 19.5 10.5 -3.1 16.4 16.4 0.48 | 1.55 9.4
VAB-43 (Line 1) 2 Medium 12.3 9.4 —-0.56 8.0 8.0 0.76 | 0.85 2.4

3 Far 10.4 8.4 -0.5 6.2 6.2 0.803 | 0.74 1.4

4 Close 16.4 9.6 -21 133 13.3 0.47 | 1.39 6.6
VAB-49 (Line 2) 5 | Medium 9.4 7.8 -0.15 5.2 5.2 0.83 | 0.67 1.7

6 Far 8.6 7.4 -0.2 4.5 4.5 0.86 | 0.60 1.3

7 Close 3.5 3.1 0.43 4.4 4.4 0.9 1.42 8.1
VAB-206 (Goryainovo)

8 Far 9.0 4.9 3.09 7.6 7.6 0.55 | 1.53 5.7
VAB-206 (ND Vuzol) 9 Close 131 7.9 —2.43 10.4 10.4 025 | 1.31 4.4




Table 2

Main energy indicators of arcing chamber of HSS under SC mode in a direct current traction network

Energy indicators
Type of switch SC type - - - - -
Se105 VA | Po108, W | Qq1y-105 VAr | Qar105 VAr | D106, VA A tge
1 Close 19.5 10.5 -2.9 20.2 20.2 0.36 2.6
VAB-43 2 Medium 12.3 9.4 -5.9 15.6 15.6 0.42 2.2
3 Far 10.4 8.4 -0.51 13.0 13.0 0.38 2.4
4 Close 16.0 5.9 -21 14.9 14.9 0.37 2.52
VAB-49 5 Medium 9.7 4.8 -1.8 8.4 8.4 0.49 2.76
6 Far 1.1 52 -0.21 9.8 9.8 0.47 1.9
7 Close 18.4 1.8 -0.5 16.6 16.6 0.44 2.06
VAB-206 (Goryainovo)
8 Far 13.9 6.6 -3.11 12.2 12.2 0.48 1.85

It is also evident that the active short-circuit power,
which is eliminated by obsolete samples of feeder switches,
is much higher in comparison with new high-speed devices.
Thus, during the time of SC in a traction network, the con-
tact wire would be warmer. Instead, a single arcing chamber
of the new types of HSS scatters about the same amount
of energy as the two chambers, for example, the automatic
type of VAB-43. The reactive power of the SC process is the
power of distortion.

7. Discussion of results of calculating energy indicators
as signs of short circuit in a direct current traction
network

The uncertain form of transitional electromagnetic mag-
nitudes, not defined in advance, complicates the process of
scientific and practical research, so we conducted a critical
analysis of three methods for calculating such magnitudes.
The most suitable method for the analysis of transient elec-
tromagnetic magnitudes of random form within this study
was the so-called discrete method. A given method of dis-
crete electrical engineering is applied to analyze emergency
electromagnetic processes in a DC power network. In line
with this method, analog electromagnetic magnitudes a(t), of
free form, are quantized; they are subsequently treated with
methods of discrete electrical engineering. The key result of
the current paper is formula (29), which makes it possible
to decompose the transient electromagnetic magnitudes of
current i(¢) and voltage u(t) of arbitrary form into harmonic
components. By using formulae from the theory of non-
sinusoidal current circuits, we determined the active (18),
full (14), reactive (16) capacities, as well as energy indica-
tors (1) to (6) and additional losses of electricity (11) during
a SC. The proposed procedure could be used not only in an
electric traction network, but also for any electrical circuits.

The problem in detecting and recognizing short circuits
is an unambiguous dependence between the emergency and
standard modes of an electric traction network (for example,
the movement of a train with a load on a steering slope),
when power currents of electric rolling stock could even
exceed values for short circuit currents. The results of cal-
culations, given in Table 1, show that during the existence of
a SC the magnitude of additional losses AW, has a definite
dependence on distance / to the point of short circuit. Other
energy indicators from Table 1 do not produce such a unique-
ness. Therefore, further work implies a deeper research into

comparison of additional losses under emergency and ope-
rational modes. This comparison would make it possible to
design microprocessor protective equipment based on new
principles.

As regards the first method for determining the transition
function a(t) or i(¢) and u(t), its accuracy is significantly
dependent on the selected mathematical techniques of ap-
proximation.

The disadvantage of the second method for determining
transitional function i(¢) and u(¢) is the dependence of cal-
culation accuracy on the sampling rate degree. In turn, in-
creasing the degree of sampling will affect the computational
power for time spent on electronic protective equipment.

For the third method, a double transformation of cur-
rent i(¢) and voltage u(¢) in the sampling process and
the subsequent discrete Fourier transform affects the calcu-
lation accuracy.

This study employed the simplest methods of approxima-
tion and discrete Fourier transform, which do not guarantee
a high accuracy of calculations. They were used solely to test
a possibility of using the proposed methods for determining
the power of SC and its energy indicators.

8. Conclusions

1. We have derived an analytical representation of addi-
tional (unproductive) losses in a traction power grid based
on the concept by Friese. The main difference in determining
these losses is the use of the instantaneous values for voltage
and the active and reactive currents of the network.

2. Three methods for determining network capacities un-
der an SC mode have been proposed on the basis of transient
functions of voltage and current as the basic parameters for
determining energy indicators and additional losses.

3. It has been established that the indicator for additional
power losses AWy, could be used as a sign of the SC mode in
the line. Other energy parameters do not uniquely determine
the mode of traction network operation.

The process of disabling SC current in a DC traction
network relative to the switching unit could be characterized
as a changing process of enabling the capacitance loading of
considerable power.

Based on experimental data, it has been determined
that the active short circuit power, which is eliminated by
obsolete samples of feeder switches, is considerably higher in
comparison with new high-speed devices.
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