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Abstract — The article outlines the transition from analogue to
digital protection for DC traction network, selection methods of
protection and their settings. The first trial uses results,
suggestions for further enhancements of adjusting methods,
using monitoring and increasing the level of automation and
mathematical modeling.
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I.  INTRODUCTION

When the system operates (traction substation (TS),
traction network (TN), electric stock (ES)), there are often
failures of its individual elements caused by external
influences, personnel mistakes, elements’ wear, which are
accompanied by short-circuits (SC). SC causes current
leakage, which has the value of 20-50 KA near TS of DC
railways, and 2-6 kA in the remote point substation near the
neighboring TS bus. For underground and urban electric
transport (UET), SC currents near TS are 6-20 kA, and in the
remote point - 0.6-2 kA. In this case, the long-term
permissible load currents may be commensurate with a
minimum current of SC. Protection prevents the effects of SC;
the system needs to disable the damaged item in hundredths of
a second. Protection is the most widespread kind of
automatics, which determines the possibility of the system of
TS-TN-ES functioning and providing electricity supply
reliability. Protection is always a standby mode waiting for a
request for operation, which occurs in case of exceeding the
controlled parameters of specified values, called as a set.

Il. THEORY

Nowadays current protection based on determining the
current in the circuit is mainly used. Current protection is
divided into the maximum current protection (MCP) and the
current cutoff (CC). If in the function of a current sensor there
are differential relay type DRB, DNC or a built-in high-speed
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switch mechanism, such as a speed rise sensor (SRS), which
responds to smooth or ramp current variation in a different
way, it is called maximum impulse protection (MIP). All
devices of electrical transport are now equipped with MIP.
The difference between these protections is the way to provide
selectivity (practically in a choice setting) that will be
discussed later.

Thus, MIP is such kind of protection, which responds to
value | and current increment Al (current step). Current
step Al is the difference between two adjacent steady-state
values for the circuit current. For example, if current was

changed (Figure. 1), |0 and |1 are established currents before
and after a transient process and Al is a current step.
Sensitivity analysis of MIP is usually made for the following
transient modes: train’s start, remote short-circuits, passage of
blocked section insulator, switch of a section insulator on
residual load. For a complete description of exponential or

similar current step, constant current time T, must be
specified and determined, as shown in Figure 1a.

But in case of pantograph separation or arcing, the current
curve will have a few short steps with T, <T, (Fig. 1b). The
relay will interpret it as equivalent step Al, with time

constant T, that does not agree with the actuation calculated
characteristics (Fig. 3) and false cutoff or protection failure
will happened.

Let us consider a switch equivalent circuit with relay
RMT, equipped with inductive shunt or relay DRB and
protected feeder zone (Fig. 3a). In real traction networks

L >L;, L >L,, R>R;, R >>R,, soit may

be assumed that switch settings L, Ly, Ry, Ry, will not
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affect current |, in external circuit L, R;. For these initial =1+,
conditions, it is possible to make the system of equations:

, di, . di, (1)
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Fig. 1. Graph of current change from I, to I; explains the concept of current step Al and time constant T, of circuit during a single
increment - a); continuous sequence of "steps" Aly, Aly, Al; and equivalent exponential step Ale with the time constant Te - b)

Fig. 2. The equivalent circuit high-speed breaker (HB) with inductive shunt: a) operation characteristic b) RDSH and protected circuit

The value of current Al in the circuit, which is necessary ~ down the changing of current 1, .
for relay operation (Fig. 2), depends on the current behavior. If
it has a step with a small time constant, this difference is The I, relay coil current cutoffs a switch. Using the

significantly less than a step with a very large time constant.  ookup and derivation operations for equations (1), one will
This is because the most part of circuit current increment  gptain:

(step) will be held on chain L, = R, (Fig. 3a, current |). di di di

. - . L. . l I
This happens because the parallel circuit Ly, = R, has LR+ Lp—”zlleh—lpRsh+Lsh—1—LSh 2
steel sheets packages with a large inductance, which slows dt dt dt
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B+l di, 1 . 1
P(a+)T,, dt U+a) ~@Q+a)T,,

—P 4

dt
This equation defines the law of current change in the
cutoff relay coil in function of i, in the protected line. From
equation (3), an expression for current |, which is maximum
current |, in the cutoff coil could be obtained. With the
certain ratios of inductive shunt parameters and
demagnetization coil, when L,/L,=R;/Ry, a=/,
current |, varies in proportion to current |, changing in the
protected circuit. Therefore, such protection responds only to
the current change. The maximum value of the current |, in

the circuit will reach at the end of the transition process
(t =o0), then the current in cutoff coil is:

= (1o +AD ] @
" Rp+R,, ™
where K, - static coefficient, which is equal

ki =R, /(R, +Ry,) and shows which part of the current
circuit branches in cutoff coil with its smooth variation, when
Ly, =L, =0.1f ky <1, then it is a usual maximum current
protection (MCP).

If the parameters of inductive shunt were chosen, so that
L, /L, has bigger value that R /Ry, . > 3, differentiate
the expression for current and equating it to zero, we can find
the time 1, to reach the current ip maximum value.

i o= (I, +ATK,) K, )

where kp — dynamic coefficient of MIP:

Tsh(a_ﬂ) a t1+5) _ @+ ﬂ)(Tsh _Tl) exp| — (
W), -W AT, | @+a)T, ) Q+a)T,-W+AT, 5)

D

where a=R /R, and p=L /L, - parameters of cut-off
switth or DRB, Ty =Ly, /Ry, - shunt time constant,

T =L, /R - demagnetization coil time constant, R,-

protected circuit time constant. As we can see from (6)
dynamic coefficient depends on the settings of the cut-off
switch and protected lines not linearly, while [1-3]
recommended for it hard values: for HB -1.05, for relay DRB-
1.15. Thus, the possibility of either false operations or failures
are taken into account.

It is obvious that protection operates when the cutoff coil
current 1, . (Fig. 2a) has larger value than specified current

of regulating point 1, |

ru s lrmax > Iy @nd does not operate if

I rmax < Iry - Operating boundary could be defined from the
condition:
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Rmax

U]

To construct protection operating characteristic parameter,
values from (5) and (6) should be used in expression (7).
Supposing that in operation, moment current is equal to line
load Iy =I'gay, it means that current is equal to static regulating
point, Al = Al'y, — is a dynamic component of operating
current, that is a value of a current step, which cutoffs in
presence of I'p,,. We shall obtain the equation for current
impulse protection’s (CIP) operation characteristic while T1 =
const. Based on equation (8), cutoff switch operation
characteristic could be constructed. Let us rewrite (8):

IRU

i RU Oa
Alav KU _lYav

Y where
C
Bt ax Trnax Bt max
c=tlrem |4 Jo=h fom g
B BT, - AT,, ’
A=o+1, B=p+1. (8)

Equation (8) is an intercept from for the equation of a
straight line, where Al',, is a function:

AL, = AL, (Ipy = loa ) loa - Al'ay = f(I'0ay), While Ty =
const.
While 'y, =0 :
iRU
AI;V = Alav == ?
While Al'y, = 0:
, .
loaw = loa =1ruB

The values lg, and Alg, are correspondingly static and
dynamic regulating points of MIP, and dynamic regulating
point depends on the current step time constant T.

The minimal value of Kp (shunt amplification coefficient
ky [4]) corresponds to network time constant T, = 0, then:

A (a+) (L +LR,

K min T o - (92)
™ B (f+D) (R +R, )L,
For relay DRB:
Kd min = (4L2 - L1Xrl B r2) (gb)

(r+1,)L

While T, > lep =Ty, tmax =
point is equal to dynamic one; Kp has a minimal value. In this
case, C=1/B,so K, =1 (Fig. 3).

oo, and static regulating
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Fig.3. MIP set of curves l.,= f(lo, 41, T.) for time constant 0 < Tc < 0,34 s; dashed line — checking procedure of MIP for operation with current I, step Al+ for

circuit with Tc=0,1s in relative units

This is the reason of frequent false operations, which
happen during the exploitation [5-7].

To increase the reliability of protection operation, the
following types of protection were offered at Novosibirsk
State Technical University (NSTU) [8-10] (in part of
protection determination). Calculation method of regulating
point by means of mathematical modeling, feed current
monitoring and traction network section protection verifying
were also offered.

IIl.  EXPERIMENT

The selection protection regulating point is based on the
comparison of the normal mode parameters at maximum loads
and steady short-circuit mode at the specified point. The
regulatory requirements of protection sustainability against
short-circuits are the basis for the selection. For selective
protection, these conditions are following:

a) short-circuits sensitivity within the protected area
(internal short-circuits);

b) distance from normal operation of protected bending;

c) distance from short-circuits, which are outside the
protected area (external short-circuits).

The selecting method for regulating points for traditional
protection based on the MIP includes the following main
sections:

-analysis of section traction power network parameters;

-selection of calculation schemes for normal, forced and
emergency regimes;

-creation of a database necessary for the calculation of load
currents and short-circuit currents;

-perform calculations using the program "Kortjes", or other
analytical method with high precision;

-selection of types and areas of primary protection,
identifying possible backup protection; calculation of
protection settings, filling the regulating point card;

-examination of operation and protection availability of
power network section.

The proposed methodology was tested on a real section of
the railway.

Operation reliability and protection availability of power

network section examination.

After carrying out the regulating point calculation, it is
necessary to check the overlap of "dead" protection zones. The
length of the catenary where protection device cannot
selectively distinguish short-circuit currents from load currents
is called a "dead" protection zone. In the same way, they
include catenary sections where only one protection does not
overlap the section length fully, for example, it overlaps only a
half. "Dead" zones are in remote locations of catenary section.

Figure 4 shows the power layout of experimental section,
section of MIP operation installed on each TS switch and
sectioning point (SP).

In case of normal power layout SP-8, SP-23, SP-26
overlap “dead” zones of cutoff switches TS-250, TS-252, TS-
241. For example, lgshas “dead” zone for HB; TS-252 and it is
overlapped by protection HB4 SP-8. If switch HB4 SP-8
cutoffs because of SC at that point, there will be emergency
mode not sensitive TS protection. Let us consider this case in
more detail. When SC is in the zone of ly; cutoff switch BV4P
disconnects and power from TS-240 will cease. But near TS-
242 cutoff switch HB;3; will remain operated, because
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protection in this area is not sensitive, and as a result SC in a
remote point happens.

In protection section of traction network “dead” zone are
different (Fig. 4). This is because the feed zones has different
track profiles, brands of catenary wires and regulating point
values of feed MIP. If regulating point is uprating, “dead”
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zone increases, protection sensitivity reduces. If regulating
point is underrating, current loads become equal to SC
currents, which reduces the protection selectivity and leads to
an increase in false operations.
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Fig. 4. MIP area from short-circuit currents at examined section TS- TP 250-241: MIP,-protection area for the first section, in normal mode; MIP,,-protection area
for the second section, in normal mode; MIP,s, MIP,a-protection area for the first and second section, in forced mode; Iy + /y-length of “dead" zones of
protection in normal mode; laspr + lusps - length of "dead" zones of sectioning points protection in normal mode, partitioning lrs; + /1ss - length of "dead" zones of

TS protection in a forced mode.

In the forced mode, sectioning points or parallel sectioning
points (PSP) may be cutoff. Then the MIP operation area with
regulating points for normal mode will not be able to block all
of substation area. So the calculation for the emergency mode
was made.

Lengths of MIP “dead” zones for TS cutoff switches in
normal mode are: lg; =1 km; lg, = 0,5 km; lgz =2,3 km; lgs =
0,5 km. For ES cutoff switches: Igp; = 0,85 km; Igp, = 5,2 km;
Ispg =5 km, Isp4 = 0,82 km, Isp5 = 5,4 km, Ispg = 5,2 km. For
TS cutoff switches in forced mode lyg; = 5,6 km; l1s; = 4 km;
ITSS = 4,6 km, ITS4 =4 km, ITSS =7 km, ITSG =4 km, ITS? = 4,1
km, ITSZ = 3,7 km.

IV. CONCLUSIONS

Thus using only one type of protection leads to a large
number of "dead" zones. Moreover, there is no full MIP for
TN section, which can lead to short-circuits accidental
consequences. Adjusting protections settings based on
proposed methodology reduces the length of “dead” zones by
20-25%. To ensure the reliable operation of protection, digital
intelligent terminals should be used in conjunction with the
MIP.
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