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Purpose. Analyze the existing problems in the relay-current protection system of electrical installations of 0.4 kV
auxiliary substations of nuclear power plants, which do not allow the implementing the "long-range backup” mode, as
well as to increase the sensitivity of relay protection devices to remote short-circuit currents by using additional criteria
for identifying emergency modes in order to ensure selectivity and protection against remote redundancy failures.

Methodology. Method of system analysis and synthesis, as well as the theory of electromagnetic transient process-
es in electric power systems for diagnostics of emergency modesof operation of distribution electrical circuits.

Findings. The article shows the need and provides scientific and technical justification for proposals to modernize
relay-current protection systems for 0.4 kV electrical installations using digital technologies to implement the require-
ments of "long-range backup". A scientifically sound technical solution is provided for upgrading circuit breakers using
microprocessor protection devices, the output circuits of which affect independent electromagnetic tripping devices of
these circuit breakers. This solution allows for an in-depth analysis of processes in electrical circuits and the implemen-
tation of "long-range backup™ by building high-speed selective protection and increasing the sensitivity of the protec-
tion to short-circuit currents. As a result of modernization of electrical installations of 0.4 kV NPP auxiliary substations
due to implementation of new types of relay-current protection, the following is possible: significant reduction of pro-
tection response time at all stages between the source and receiver of electric power, both in the normal mode and in
the "long-range backup™ mode, and, accordingly, significant reduction of thermal effects on elements of electrical in-
stallations both from the flowing short-circuit current and from the effect of an electric arc; significant increase in sen-
sitivity of protection to remote short-circuit currents, which will eliminate both cases of possible protection failure and
its false operation. After modernization of the entire protection system due to the use of microprocessor protection de-
vices, the existing structure of the protection system will be completely preserved without replacing switches of all stag-
es, which will allow significant savings in time and financial costs compared to other modernization options.

Originality The article presents a technical solution for upgrading circuit breakers with microprocessor protec-
tion devices, in which the output circuits act on independent electromagnetic releasing mechanismsof these devices.

Practical value.The development allows increasing the reliability of emergency protection automation, as well as
fire safety of auxiliary substations of nuclear power plants with a voltage of 0.4 kV.

Keywords: circuit breaker; reliability; microprocessor protection device; long-range backup,; microprocessor re-
lease unit; remote backup; operate time.

I. INTRODUTION emergency current, thermal, electrodynamic and other
undesirable types of impact to a minimum. This ensures
the integrity of the power system, minimizes the conse-
quences of an accident - unacceptable downtime of elec-
trical equipment, violations of the technological cycle,
etc.

Uninterrupted operation of electrical equipment is
possible only with the presence of protective devices that
respond to disruptions in the normal operation of electri-
cal installations and promptly disconnect damaged ele-
ments from undamaged ones. Circuit breakers, widely . S )
used both in urban power grids and in electrical installa- Increasing the reliability of protection of 0.4 kV
tions of industrial enterprises, serve these purposes. The  €lectrical networks is considered a pressing issue due to
high sensitivity of circuit breakers allows detecting emer-  the fact that automatic circuit breakers in operation and
gency modes at an early stage of occurrence, limiting installed in existing networks, in most cases, do not meet
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modern reliability requirements both in terms of the num-
ber of implemented protections and in terms of failure-
free operation indicators. Expanding the protective func-
tions and increasing reliability is possible due to new
promising technologies, which include microprocessor
devices used for extended analysis of emergency process-
es during the distribution of nuclear power plant (NPP)
capacity across the main power flows of the country's
energy systems [1] — [3].

Such analysis allows moving from simple criteria for
protection operation, such as instantaneous current value,
to more complex integrated criteria that combine several
parameters of the electric circuit: power factor, asym-
metry and nonlinear distortions of phase currents, type of
excitation current, etc. Integrated criteria created in real
time allow timely identification of the type of emergency
situation and determination of the protection operation
algorithm. For NPP electrical equipment in general and,
in particular, for substation auxiliary electrical installa-
tions (AEI) with a voltage of 0,4 kV, the most relevant is
to increase the reliability indicators of protection and, due
to this, reduce the probability of fire in such installations,
which, in turn, leads to the adoption of more stringent
requirements for their protection systems [4]
[6].Electrical installation elements (such as cables and
buses) must be protected in the event of failure of the cir-
cuit breaker to the output terminals of which they are
connected.To realize this requirement, called "long-range
redundancy”, it is necessary that the sensitivity of up-
stream circuit breakers to short-circuit current (SCC) be
sufficiently high. This means that in the existing and op-
erating system of "step” selective protection, all elements
of the electrical installation must be thermally stable with
a longer protection operate time than calculated during
design, namely, with the operate time of the upstream
selective circuit breaker.

The essence of long-range redundancy (LRR) is that
in the event of failure of any switch, backup protection of
the emergency section of the electric circuit is carried out
by a circuit breaker located at a higher protection stage
[7]. The reliability of protection of a section of the electric
network is determined by the probability of failure-free
operation of the circuit breaker protecting this section.
The value of 0,95 of the probability of failure-free opera-
tion of the CB when performing protective functions
guaranteed by the manufacturer does not meet modern
requirements. Therefore, an important direction for in-
creasing reliability is the transition to protection not by
one, but by a system of two devices. According to [8],
with the probability of failure-free operation of each de-
vice equal to 0,95, the probability of failure-free operation
of a protection system of two such devices is 0,9975.
Thus, when implementing LR, the probability of protec-
tion failures is significantly reduced. To ensure such a
high reliability indicator, it is necessary to ensure close
response times of the upper and lower protection stages.
This means that at all protection stages, the circuit break-
ers must have the same sensitivity to short-circuit cur-
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rents, especially remote ones. With the step-time principle
of selective protection, the operate time of a selective
circuit breaker installed closer to the source may be unac-
ceptably longer than the response time of a circuit breaker
installed closer to the load. In this connection, the re-
quirement for high operate speed of selective protection
necessary to increase the level of fire safety of electrical
installations and the reliability of current protection is
difficult to meet.

The operate time of the upstream device is usually
two or more times longer than that of the failed down-
stream device. That is, due to the limited possibilities of
the sensitivity increasing to remote short-circuit currents
of the existing equipment, the reduction in the protection
operate time has not been achieved when implementing
the "long-distance backup" mode. The time-current char-
acteristic of the total selective protection system has not
changed. The elements of the electrical installation that
experience critical thermal load in emergency mode con-
tinue to exist. Thus, the existing protection system does
not fully ensure reliable protection of electrical installa-
tions 0,4 kV substation auxiliary due to the implementa-
tion of "long-distance backup"”. In this regard, further im-
provement of the relay-current protection system in terms
of sensitivity increasing to remote short-circuit currents is
considered relevant.

II.ANALYSIS OF LAST RESEARCHES

The need to increase the reliability of electrical in-
stallations with the most problematic busbars in terms of
reliable provision of "long-range backup” of relay-current
protection is appropriately illustrated by a fragment of the
generalized basic diagram of the electrical installation of
0.4 kV auxiliary services of one NPP unit (Fig. 1). Here,
there are several sections of branched electrical circuits
with a different number of protection stages between the
source and receiver of electric power. The largest number
of protection stages is in the circuits with cabinets for
relay-current protection of equipment (RCPE), where at
the 1st stage (1) after the current source with the Active
power relay (APR), microprocessor current protection
(MCP) and the 6/0.4 kV power transformer (PT), an
"Electron™ circuit breaker is installed, at the 2nd stage (1)
— A3790C circuit breakers, at the 3rd stage (lII) —
BAS5A31 circuit breakers, and at the last 4th (IV) (low-
est) stage — AII-50b ones. Each stage has parameters of
the circuit breaker operating current 1, , current settings

lsq , remote short-circuit or reserving current I'sd , param-
eters of the time delay for disconnection under the selec-
tivity conditiontgy , short-circuit currents Iy, . The dia-
gram also shows microprocessor protection devices
(MPD) with current sensors (CS), starting currents of mo-
tors g, and the cross-sectional dimensions S of cable

lines.

With such a multi-stage protection system, each of
the circuit breakers installed at the highest stage must
ensure, on the one hand, selectivity of operation with the
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downstream device, and on the other hand, backup of a
possible failure of the downstream circuit breaker. The
listed requirements are largely contradictory, which sig-
nificantly complicates the implementation of the "long-
range backup" mode and does not allow for a full increase
in the reliability of protection. Let's analyze what prob-
lems caused by the imperfection of the protective charac-
teristics of existing devices still require solutions.

As can be seen from the diagram (Fig. 1), the sec-
tions of the circuits behind the A3790C and AIIS0B cir-
cuit breakers (stages Il and 111) will be unprotected in the
event of their failure (shaded sections of the busbar). This
necessitates increasing the sensitivity to remote short-
circuit currents when implementing the "long-range back-
up" mode of circuit breakers of stages | and 111 of protec-
tion ("Electron” and BA55A31, respectively). To increase
the sensitivity of the "Electron™ circuit breaker of stage |
to short-circuit currents, in contrast to the starting current
of the electric motor (EM), which is close in magnitude,
the value of the power factor cos ¢ of the circuit is used as
a criterion for detecting short circuits. As is known, in the
case of a short circuit on an extended cable line, the value
of cos ¢ is 0,6+0,7, whereas during acceleration of the
electric motor, the value of cos ¢ is 0,2+0,3 [8] —[9].
However, due to the fact that the release mechanism units
of existing circuit breakers, including the "Electron" de-
vice, do not have a function for determining the value of
cos ¢ of the protected circuit, the sensitivity of the circuit
breaker of the first protection stage is increased using
relay equipment on the side of high-voltage circuits,
which includes maximum current protection (MCP) with
two current settings (Fig. 1). In this case, the operating of
the lower setting current value occurs only from the cur-
rent determined by the active power value.

The imperfection of such a technical solution for in-
creasing sensitivity to short-circuit currents is that high-
voltage equipment can be used only for the first stage of
protection, monitoring the current on the high side of the
transformer. It is impossible to use such relay equipment
for third-stage circuit breakers. But if such a technical
solution were possible in a similar device for 0,4 kV, an-
other disadvantage would appear — insufficient protection
operating speed. Indeed, an accurate determination of
Cos ¢ by the shift angle between the current and voltage in
the phase is possible only after the end of the transient
process, after 60+80 ms.

However, such a protection operate time is unac-
ceptable when implementing high-speed selective protec-
tion. To solve this problem, an alternative option was
proposed — in the event of failure of the AIT-50B circuit
breakers, to protect 1.5 mm? and 2.5 mm? cables when
emergency current flows through them, the current pro-
tection sensitivity in the overload zone in the BA55A31
circuit breakers was increased.

This technical solution allows the protective time-
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current characteristic of the overload zone to be formed in
accordance with the formula 5-12x4(AZ%xs)= const

instead of the previously used one
612 x(A2xs) =const, which in the "long-distance
backup™" mode will ensure the thermal stability of cables
located behind the AII-50B circuit breakers [10] — [12].
However, in the case of an "arc" short circuit (90% of all
short circuits are "arc") in the "long-distance backup"
mode, the arc burning time increases significantly from
25 msup to 550 ms. Such a solution for protection against
remote short circuits cannot be considered technically
exhaustive, but rather forced, due to the lack of appropri-
ate protective means in which increased sensitivity in the
short circuit zone is realized due to the identification of
the type of overcurrent.

Another problem that reduces the efficiency of the
"long-range backup" is the insufficient operate time of the
"step-time" selectivity, when a technically incorrect time-
current characteristic of the entire protection system is
formed. The incorrectness is that the closer the protection
stage is to the current source (meaning the higher the
short-circuit current), the longer the protection operate
time at this stage (Fig. 2a). Curve 1 (Fig. 2a) displays the
time-current characteristic of the “step-time" selective
protection, consisting of 4 stages, for the case when all
protection devices operate in the normal mode (without
failures). At the IV protection stage, where the short-
circuit current is no more than 1,5 kA, the operate time is
about 15ms, and at the first stage, where the emergency
current is 20 kA, the operate time is significantly longer —
550 +700 ms. With such long protection operate times,
the elements of the electrical installation, especially at the
first stage of protection, experience significant thermal
and dynamic loads [10] — [11].

However, even greater thermal loads are experi-
enced by buses and cables when the protection operates in
the "long-distance backup” mode, when, in the event of a
failure of a downstream device, protection is provided by
an upstream circuit breaker. Curve 2 reflects the time-
current characteristic of the protection in the "long-
distance backup" mode (Fig. 2a). In this mode, the ele-
ments of the electrical installation, primarily cables with a
cross-section of S >95 mm, protected by second-stage

circuit breakers (Fig. 1), experience an increase in the
thermal load from the current flowing through them by
more than 2 times. The protection operate time t at the
second stage increases up to At,, = 0,3 s (from 0,25 s up
to 0,55 s), and at the third stage — up to At,, = 0,15 s (from
0,1 s up to 0,25 s) [10] — [12].
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Figure 1. Fragment of the generalized diagram of the 0.4 kV auxiliary electrical installation NPP

The specified increase in the operate time of the
stage Il protection in case of failure of the A3790C circuit
breaker in the cabinets of auxiliary complete transformer
substations (ACTS) and RCPE creates a problem of ther-
mal resistance of cables in cable compartments after the
specified circuit breakers.A partial solution is possible by
increasing the cable cross-section and using enhanced fire
extinguishing means in the "problem" cabinets. However,
it should be taken into account that 90-95% of short cir-
cuits occur not through "dead" metal, but through a short
electric arc. In this case, with a long protection operate
time, the problems of thermal resistance of cables and fire
safety of the cabinet are not completely eliminated, and
the specified solutions cannot be considered exhaustive
and technically correct. Such forced solutions are used
due to the lack of equipment in which fast-acting selective
protection can be implemented.

The results of the analysis of the problems with the

implementation of the "long-range backup" mode showed
that in order to improve the reliability of the RCPE sys-
tem, it is necessary to increase the sensitivity to remote
short-circuit currents. The currently used method of in-
creasing sensitivity is forced, both from the point of view
of technical implementation and instrumental execution.
Low sensitivity and insufficient speed cause instability in
the operation of the main busbar, as well as the 1V stage
due to the significant operate times of protective devices
for cables with a cross-section of 1,5 mm? and 2,5 mm? in
redundancy mode. When using "step" selective protec-
tion, the operate times of the protection in the redundancy
mode are unacceptably long. Therefore, cables after the
A3790C circuit breakers in the redundancy mode experi-
ence critical thermal loads[12].
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Figure 2. The Time-current characteristic of selective
protection:
a—before  modernization  “step-time”  selectivity;
b —after modernization fast-acting integral selectivity;
1-curve attributes to the standard  mode;

2 — curve attributes to the “long-range backup” mode

An analysis of the existing problems in realization
the "long-range backup™ protection in the electrical instal-
lations of the auxiliary substations of 0,4 kV NPP substa-
tions showed:

— due to low sensitivity to remote short-circuit cur-
rents, the required accuracy and reliability of the protec-
tion of the section of the electrical installation at the end
of the main busbar is not ensured;

— technically incorrect protective characteristics of
the existing "step-time" selectivity cause to the fact that
the operate time of the protection is longer, the closer the
device is to the current source, and the thermal resistance
of the cables in the cable compartments does not meet the
fire safety requirements.

I11. FORMULATION OF THE WORK PURPOSE

This paper presents a scientific and technical solu-
tion for upgrading relay-current protection systems for
0,4 kV electrical installations using digital technologies.
This solution will allow for a deep analysis of processes
in electrical circuits and the implementation of "long-
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range redundancy" by building high-speed selective pro-
tections and increasing the sensitivity of protections to
short-circuit currents. As a result, the protection reliability
of electrical installations for auxiliaries of 0,4 kV NPP
substations will increase.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The sensitivity of protection devices to short-circuit
currents can be increased by adjusting the starting cur-
rents of powerful asynchronous electric motors, the values
of which can be greater than the values of remote short-
circuit currents. To do this, it is necessary to promptly
determine the type of interference current, whether it is a
remote short-circuit current at the end of the protected
line or the starting current of an electric motor of an adja-
cent feeder. In the operation algorithm of the circuit
breaker release, it is necessary to add an additional setting

I'sd to the existing setting of the short-circuit zone current
lsq, Which is selected based on the value of the direct
starting current of the EM, which is less than Iy and

corresponds to the expected current of the remote short-
circuit. The lower setting should be blocked during EM
starts and activated during a remote short-circuit.

The short-circuit surge current in any phase will be
greatest if the short circuit occurs at the moment the phase
EMF passes through zero. For this case, the change in
phase current over time tis described by the equation:

—t/‘f]

i =1, [sin (ot +y-¢)+sin(p-y)-e (1

where |, — is the amplitude value of the periodic compo-

nent of the short-circuit current in the phase;
¢ = arctg (oL / R)— is the shift angle by which the peri-

odic component of the phase current lags behind the
phase EMF; L, R— are the inductance and active resistance
of the phase;t=L/ R=tgp/w=singp/(w-cose) — is the

time constant of the electric circuit; o =2-n-f — is the

angular frequency of the network; f— is the operating fre-
quency of the network; y — is the moment of occurrence
of the short-circuit.

The nature of the change in time of the current in
any phase of the electric circuit depends significantly on
such a random factor as the moment of occurrence of the
disturbance current, characterized by the angle y. There-
fore, it is not impossible to analyse the nature of the tran-
sient process of disturbance of the electric circuit based
on the instantaneous values of current ij,p¢) in each

phase a, b, ¢, obtained from the current sensors DT
(Fig. 1). We used the power function of the electric circuit
S(t), which characterizes the total electrodynamic forces
in a three-phase current system and represents the de-

pendence on time of the sum of the squares of the instan-
taneous values of all three phases currents [8]:
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S(t)==i? =i2 () +if (1) +iZ (1), )

wherei j— Is instantaneous (discrete) value of current;

iy (t) +i, (t) +ic (t) — are instantaneous values of currents
in phases a, b, ¢ respectively:

iy = |m[Sin((Dt+\|J—(p+§'7t)—

5 3)
—sin (\|/—(p+§~n)'e_t”]§
i = Im[sin(cot+\V—(p)—sin(\y—(p+)'eft/r]; “4)
i = Im[sin(mt+\|/—(p—g~n)—
3 (5)

—t/‘r].

—sin(\u—(p—én)-e ;
where y — is the initial angle of the EMF in phase b (the
moment of occurrence of the disturbance current).

After substituting equations (3)-(5) into (2) and
transforming the obtained expression, the equation for the
force function takes the following form:

1 2t
S(t):3I%h 1-2e T-cosot+e T

(6)

where | o, — is an effective value of the periodic current

component.

From equation (6) it follows that the nature of the
change in time of the function S(t) in the transient mode
of occurrence of the disturbance current of the electric
circuit does not depend on the angle y, but depends sig-
nificantly on the power factor cos ¢.

Fig. 3 shows a family of curves of the power func-
tion constructed according to equation (6) for cases of
three-phase disturbance of the electric circuit with differ-

ent cos ¢, but the same value of |y, equaled to 1. The
smaller the cos ¢ of the electric circuit, the greater the
value of the S(t)function in the first period of the transi-

ent mode. Thus, by calculating in real time the maximum
Smin @nd minimum S5, values of the power function in

the first period of the occurrence of a disturbance in the
electric circuit, it is possible to quickly determine cos ¢
and identify the type of disturbance current. In [13], the
identification of the disturbance current is based precisely
on the analysis of the S(t) function. Selective protection
is ensured by the operation of the circuit breakers from
the integral setting Qg4 . In this case, the calculation of the

integrals Q4 p ) of the squares of the disturbance cur-

rents Aif(a’blc) begins after the activation of the set-

ting I'sd .
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Figure 3. The time-current characteristic of selective cir-
cuit

When the electric circuit is under load, the disturb-
ance current is not the total value of the current in the

phase Iy, and the current increment Al , defined as the
difference between the total current I, in the phase,

recorded by the sensors, and the previouscurrent I p, ,
which flowed in the electric circuit (load) before the oc-

currence of the disturbance current:

Algh = Tgh =lpr - (7

The calculation of the value of Al is carried out

using the function S(t), the nature of the change of
which, as already noted, does not depend on v, but signif-
icantly depends on the value of cos ¢ and the component

Al g . If we substitute instantaneous discrete values of

the disturbance currents Aijap ) into equation (2), it can
be determined the value of Al y, quickly.Therefore, the

value of the disturbance current Al is introduced into

the complex criterion for the operation of the protection,
which allows, due to the ability to tune out overload cur-
rents, to significantly increase the sensitivity of the pro-
tection to remote short circuits, and rapid identification of
the type of disturbance current of the electric circuit (re-
mote short circuit or EM starting) allows increasing the
speed of protection at higher stages.

The measurement of instantaneous values of current
Ijcapc) in each phase of the electric circuit and their ana-
log-to-digital conversion is carried out at equal time inter-
vals At. With a shift in the time interval by At, the calcula-
tion of instantaneous values of disturbance currents
Aljapc)is carried out.
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®)

Aljcabe) =ljcapeyr, ~icaberm

where .
in

— are the instantaneous values of each phase
current of the electric circuit during the current period T,

of current change; ijT are the instantaneous valuesof
0

current in the previous period of current change T, (pre-
vious current).
Calculation of the integrals Q4 pc)of the squares

of the instantaneous values of the increment in each phase
is performed according to the formula:

T T
Qabic) = A% jap )t :%Aizj(a,b,c)At: ©)
0

The value of Q4 c) is compared with the value of
the integral setting Qqq of the circuit breaker release unit.
The moment of time corresponding to Qapc)=Qsg IS
used to form the release time delay of the integral selec-
tive protection ty. The calculation of the integrals
Qa,b,c) begins at the moment of time when the instanta-

neous value of the disturbance current Aijiapc) in one

of the phases becomes greater than the value of ZI;d ;

where |y is the value of the current setting selected tak-

ing into account the protection against remote short cir-
cuits. If the disturbance current is three-phase, then the
total integral of all three phases during the period of cur-
rent change T is equal to:

T
QZZ%:Q(a,b,C)- (10)
By dividing the value of Qs by the maximum value
Smax Of the sum of the squares of the instantaneous val-
ues of the currents Aij ap¢)(2) the time is determined:

tsn =Qs / Spax - an

The value of tg, is used to determine the value of
the power factor cos ¢ of the electric circuit. The time tg,
is the time during which the equivalent thermal effect of
the disturbance currents, the sum of the squares of which
is equal to Spay , IS equal to the actual thermal effect of
the disturbance currents during the period of the current
change. That is, this is the time of the equivalent thermal
effect on the network of the maximum sum of the squares
of the currents of all three phases, which depends on the
value of cos ¢.

Mathematically, the time tg,, is determined from the

equation:
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t

S[ A2 ape)® | = | Smax- (12)
0

o

At cos¢=0,3, typical for EM starting, and
cos ¢ = 0,7, typical for remote short circuit, the tg,, val-

ues differ significantly from each other (12,2 ms and
16,4 ms, respectively), which indicates the importance of
the tg, time for reliably determining the cos ¢ value [13].

Thus, by analyzing the S(t) function in the first period

of disturbance current occurrence, it is possible to quickly
identify the type of overcurrent and tune out the EM start-
ing currents.

The dependence of the power factor cos ¢ on time
tsm is also used to determine the value of Al p, from the
formula:

Stax :3A|gh'Kszh (13)

where K, is the shock factor of short-circuit current in
an electric circuit, the value of which is determined by the
known dependence K¢, = f(L/R) [8, 14].

Here it is empirically calculated:

Smax

3-Kq

Al g (14)

The necessary correction of such a possible factor as
overload current in adjacent feeders, increasing the phase
current of the protective device, is carried out due to fast

continuous monitoring of the Al value, when the

Al value in the microprocessor memory is updated eve-

ry period T of current change. The load current of the set
of consumers connected to the protected line cannot be

greater than the operating current of the linel, . This

means that the disturbance current of the electric circuit
caused by the connection of one consumer also cannot be

greater thanl, . Since the probability of simultaneous

connection of several consumers to the line during the
time interval T =20 ms is extremely small [15], then in
the current zone the short-circuit does not respond to

overload currents. That is, the use of the Al,, current as

one of the criteria for the operation of the current protec-
tion eliminates the negative effect of previously existing
load currents on the accuracy of the protection operation.
The determination of the cos¢ value, and then the

Al ppvalue is based on the analysis of integrals (9).
Therefore, the calculation of the integrals Q4 b c) is per-

formed before determining the value of Al p,, namely at
the moment when the instantaneous value of the current
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Afjcapc)in one of the phases becomes greater than the

value of \/2Ilsd . This allows ensuring the response time

of the integral selective protection of less than 20 ms, i.e.
increasing the protection response speed compared to
[14].

Using a complex protection operate criterion that
combines several parameters allows simplifying the oper-
ation algorithm of the microprocessor release unit when
implementing high-speed current protection with high
sensitivity to remote short-circuit currents, since the cal-
culation of the integrals (9) is simultaneously used both
for implementing the integral selective protection and for
protecting against remote short-circuits. Thus, the MPD
of the circuit breaker forms a more advanced time-current
characteristic of the protection, shown in Fig. 4.

Tosolve theabove problemsofprotecting 0,4k Velec-
tricalins tallations, it washa vedeveloped microproces-
sorprotection devices with improve dprotecti vecharacter-
istics:

— improved protection based on selective increase in
sensitivity to remote short-circuit currents;

— high-speed integral selective protection, when im-
plemented, the operate time of the protection of the upper
(closer to the source) stages of protection can be reduced
or remain at the level necessary for the protection of the
lower stages of protection (further from the source).

The essence of these solutions is reliable, regardless
of the moment of occurrence of the electric circuit inter-
ference current, and fast, within the first 10 ms, identifica-
tion of the interference current type (start of electric mo-
tors, short circuit or short-term overload), as well as de-
termination of its effective value[7], [12] — [13]. This, in
turn, allows to correctly construct the required protection
response algorithm:

—instantaneous shutdown, if the effective value of
the current in the phase |y, is greater than the value of

the current "cutoff” setting Ij : Iy > I ;

—selective shutdown by the downstream device
when a short-circuit current occurs, if the current value If

is greater than the sensitivity setting I'sd loh > I'sd ;

—automatic increase of the current setting to the I

value, sufficient for reliable starting and acceleration of
the electric motor.

Such an algorithm, implemented by a microproces-
sor device, allows to significantly improve the protective
time-current characteristic of each device of all protection
stages and the entire system as a whole. Devices with new
protections can be implemented both in the form of elec-
tronic tripping units of circuit breakers and in the form of
separate microprocessor protection devices, which are
advisable to use when upgrading existing electrical instal-
lations, since in this case their structure is completely
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preserved, and the financial costs of upgrading are signif-
icantly reduced [12] - [14].

Fig. 1 shows the microprocessor-based protection
devices (MPDs) installed into separate blocks near the
A3790C and "Electron"circuit breakers. The MPD output
circuits act on the independent electromagnetic release
devices (IERDs) of these circuit breakers. Thus, the prin-
ciple of adding missing types of protection adopted for
the Electron switches is proposed to be applied to the
A3790C switches as well.

Fig. 4 shows the protective time-current characteris-
tic of the switch operating in conjunction with the MPDs,
obtained as a result of modernization. The solid lines
show the protective characteristics generated by the de-
vice itself. The dotted lines show the protective character-
istics illustrating the MPD operation. The current setting
lsq, selected based on the motor starting condition, is

supplemented by a smaller setting I'Sd , ensuring high sen-

sitivity to short-circuit currents. Before the modernization,
the transition from the overload zone Lto the short-circuit
zone Soccurred along trajectory 2-3. In the new protec-
tion, this transition, depending on the cause of the circuit
failure, can occur either along line 2-3 (setting I ) or

along trajectory 2-7-8 (setting I;d). The protection can

operate at a time determined by both the conventional
time setting ty and the "integral” Qg4 , due to which the

operate time at high short-circuit currents is significantly
reduced. This makes the new protection fast-acting and
highly sensitive to short-circuit currents.

On the abscissa axis, the protective characteristic has
two parameters: the total phase current |y, to the value

of which the circuit breaker release reacts in the overload
zone, and its increment — the circuit disturbance current

Al pp , to the value of which the MPD reacts in the short-

circuit zone. This increases the reliability of detecting
small short-circuit currents, since the cos ¢ value is de-

termined only for the circuit disturbance current Al :
starting the electric motor or short-circuit, and not for the
total current 1, , which can contain both reactive starting

currents and small active short-circuit or short-term over-
load currents.

Section 1-2 (Fig. 4) of protection against overload
currents is formed in the existing tripping units of auto-
matic circuit breakers. Here, the operate time t is inverse-

ly dependent on the value of the total current |,y in the
phase.
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ts

Figure 4. Time-current protective characteristic of the
breaker operating together with the MPD after moderniza-
tion:

L — overload zone protection;

S — short-circuit zone protection;

S:— remote short-circuit protection or backup

S, — high-speed integral selective protection;

| — protection in the "cutoff" zone

The MPD is "tuned" to overload currents due to the
fact that the phase currents 1, represent the sum of the

currents of all consumers connected to the line, and the
value of the load current of each of the connected con-

sumers cannot be greater than the operating current I, of
the protected line. Consequently, the disturbance current
Al of the electric circuit caused by the connection of

one consumer also cannot be greater than the currentl, .

The probability of simultaneous connection of several
consumers to the line during a period of 20 ms is very
small, and the MPD in the short-circuit current zone does
not respond to overload currents. Continuous monitoring

of the current Al ,, ensures "zeroing” of the history after

each period of current change (every 20 ms). As a result
of the "adjustment", whatever the value of the total cur-
rent, the MPD protection does not react to it when it in-
creases from point 1 to point 2 in zone L (Fig. 4). The
transition from the overload zone L to the short-circuit
zone S, depending on the type of interference current

Al gy, is carried out either along the 2-3 path when

I'ph > lsg , taking into account the guaranteed start and

acceleration of the electric motor, or along the 2-7-8 path
in the case of a "long-range reserve" during a remote short

circuit. If the current Al y, is identified as a starting cur-
rent for the electric motor, then the current protection
setting increases from the remote short-circuit setting I'Sd
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to the Iy value selected based on the condition of start-
ing and acceleration of the electric motor. The section

between the current I'sd and the current 1; , which deter-
mines the "cutoff" setting, is formed by the time and inte-
gral modules of the MPD. These modules form the oper-
ate time of the selective protection in parallel according to
two different dependencies. The operate time generated
by the time module t =ty = const does not depend on the

magnitude of the electric circuit current, and the operate
time ty generated by the integral module is inversely

proportional to the magnitude of the effective value of the
current flowing in the phase. High-speed integral selectiv-
ity is ensured by parallel generation of operate times. If a
small short-circuit current occurs (cos¢ =0,6+0,7 ), the

MPD operates even at a current I p, = lgq, close in mag-

nitude to the operating current I, of the device (section
1-7 on the MPD characteristic). The operate time in this
case is limited by the value of the fixed time delay
tyy = const (trajectory 8-4, or 9-4). At significant short-
circuit currents, the operate time t decreases (trajectory 9-
10) due to the fact that the integral setting Qg4 , Which
ensures selectivity, takes into account the reaction of the
breaker located downstream in the circuit. In this case, the
integral of the electrical circuit release by the upstream
breaker turns out to be significantly less than the integral
of the same circuit release by the downstream switch with
a fixed release time delay. In other words, if the MPD has
an integral setting Qgq , the value of which is chosen to be
twice as large as the integral of the electric circuit tripping
by the downstream device, then the operate time of the
selective protection will be significantly less than the ex-
pected operate delay tsy . The reduction in the operate
time of the selective protection is characterized by Section
4-10. The selectivity of downstream and upstream devices
is preserved, and the selective operate time is significantly
shorter than with the "step-time" selectivity. For example,
with the "step-time" selectivity, the operate time setting of
the upstream A3790C circuit breaker of the RCPE cabinet
should betsyg) =0,2s with the operate time setting of

the downstream BAS5A31circuit breaker tyy(yp) =0,15.
When the MPD is operating, the operate time of the
A3790C circuit breaker from the integral setting Qg

decreases. If the operate integral of the downstream
BA55A31 circuit breaker at a maximum short-circuit cur-
rent of 1,5 kA for the place of its installation is

Qsd(d) =(1,5kA)?x0,15=2,25x10°A%xs | then with the
integral  setting the upstream break-
er Qsa(up) = 45x10°A%xs , the MPD operate time at a

short-circuit current at the place of installation of the
A3790C circuit breaker equal to 16 kA will be 6 ms. The
operate time of the A3790C circuit breaker on the com-

of circuit
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mand of the MPD, taking into account the mechanism's
own operate time and the duration of the arc extinction
process, will be no more than 20 ms, which is an order of
magnitude less than the "step-time" selectivity setting
tyg =0,2 s from the circuit breaker itself. If the interfer-

ence current Al,, exceeds the value of the cut-

offsetting I; , the protection will operate without a delib-
erate operate delay (trajectory 10-5-6).

It should be especially noted that the technical es-
sence of the fast-acting integral selective protection is not
limited to the introduction of an additional integral set-
ting Qsq , which allows reducing the protection operate

time even at high short-circuit currents. To implement the
possibility of reducing the protection operate time at high
short-circuit currents, it is necessary to determine the

steady-state value of the circuit disturbance current Al

as quickly and, at the same time, as accurately as possible.
The setting I¢4, as is known, is set by the effective value

of the current, which can be determined only after the end
of the transient process of changing the disturbance cur-
rent, after 40+60 ms. To avoid false tripping when im-

plementing integral selective protection, the calculation of
the integral of the current flowing through the device
should be started only after establishing the fact that the

current Al is actually greater than the setting I .

However, if 40+60ms are required to determine the ef-
fective value of the current, then such protection can be
considered integral, but not fast acting. Therefore, in the
proposed integral selective protection, due to the use of
microprocessor technology, the effective value of the cur-
rent is determined very quickly, in the first 10 ms after the

occurrence of the current Al 5, disturbance of the circuit.

At the same time, high accuracy of determining the effec-
tive value of the steady-state current long before the end
of the transient process is ensured by a technical solution
that allows "tuning out" from such a random parameter

affecting the accuracy of measuring the current Al , as

the phase of occurrence of the disturbance current [6] —
[8]. Fig. 2b shows the time-current protective characteris-
tics of the protection system of 0,4 kV substation auxilia-
ry electrical circuits after modernization in normal mode
without failures (curve 1) and in the "long-range backup"
mode (curve 2). From the given dependencies of the pro-
tection operate time t on the protection stage number, i.e.,
t = f (stage number) , it is evident that along with the in-

crease in the sensitivity of the protection to short-circuit
currents, the high speed of operate of the protection de-
vices in the "long-range backup" mode is also maintained.
The protection operate time in the "long-range backup”
mode in case of failure of the A3790C circuit breaker is
50+ 60 ms, which is an order of magnitude less than

with "step" selective protection. Due to a significant in-
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crease in the protection,operate speed, thermal shocks on
the elements of the electrical installation in the ACTS and
RCPE cabinets are significantly reduced. The destructive
effect (deformation from the resulting pressure) of the arc
energy on the walls of the cabinets during an "arc" short
circuit is also significantly reduced.

It must be recognized that another format of mod-
ernization is also possible, caused by the need to extend
the service life of the existing protection system. An al-
ternative modernization technology involves an audit of
the existing state of individual units and elements of the
protection devices. Based on the results of such an audit, a
decision is made on the need to replace the device with a
new one, or on the absence of such a need. The use of
MPDs for modernization of the protection system allows
you to avoid replacing circuit breakers. To do this, the list
of MPD protections must be supplemented with those
types of protection that are available in the A3790C cir-
cuit breakers. This means that the proven example of sim-
ilar use of Electron circuit breakers can be extended to
A3790C ones. Obviously, the time and financial costs of
modernizing the 0,4 kV electrical installations for auxilia-
ries NPP protection system in order to extend the service
life with this approach will be minimized compared to the
third option of such modernization by replacing existing
circuit breakers with circuit breakers from Schneider
Electric [17]. Provision of fast-acting, so-called "energy"
selective protection based on Compact NS circuit break-
ers is guaranteed only when using specific types of circuit
breakers from Schneider Electric at all lower and higher
protection levels [18]. This means that it is necessary to
completely change the entire protection structure electri-
cal installations for auxiliaries. Obviously, the financial
and time costs for such modernization will be significant.

V.CONCLUSIONS

As a result of upgrading the automation system of
0.4 kV substation auxiliary NPP electrical installations
through the use of microprocessor devices with new types
of protection:

—theoperate times of protections at all stages have
been significantly reduced, both in normal mode and in
the "long-range backup” mode, and, accordingly, the
thermal effects on the elements of the electrical installa-
tion from both the flowing short-circuit current and the
effect of an electric arc have been significantly reduced;

—the sensitivity of the protection to remote short-
circuit currents has been significantly increased, which
eliminates both cases of possible protection failure and its
false operation with a certain combination of interference
current parameters;

—the modernization of the entire protection system
of 0.4 kV substation auxiliary NPP electrical installations
through the use of MPDs completely preserves the exist-
ing structure of the protection system without replacing
the circuit breakers of all stages.

Taking into account the above considerations, it can
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be stated that the proposed modernization of electrical
installations of 0.4 kV substation auxiliary NPPs due to
the use of microprocessor devices with new types of pro-
tection will require significantly less time and financial
costs, whereas modernization with the same final tech-
nical indicators due to the use of circuit breakers from
foreign manufacturers (for example, Schneider Electric
[17] - [18]or ABBJ[19] - [20]) leads to a complete or par-
tial replacement of the entire composition of electrical
installations for the NPP's 0.4 kV substation auxiliary (the
need to replace devices of all stages and cabinets).
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Memoou oocniorcennn. Memoo cucmemHo20 ananizy ma cunmesy, a MaKodic meopis eneKmpoMacHimHux nepe-
XIOHUX npoyecie 8 eneKmpOeHePLeMUYHUX CUcmemMax 07 OlaeHOCMUKY ABAPIUHUX peXcumie podomu po3nooilbHUX ejle-
KMPUYHUX KL

Ompumani pezynomamu. Y cmammi nOKa3aHo HeOOXIOHICMb Ma HABEOEHO HAYKOBO-MeXHIuHe OOIPYHMYE8AHHS
npono3uyill Wooo MOOepHI3ayii cucmem peietiHo-Cmpymo8020 3axucmy eiekmpoycmanogok 0,4 kB 3 euxopucmarnusam
yughposux mexnon02il 01 pedanizayii 8UMO2 «O0ALeK020 pe3ep8ys8anHsy. 3anponoH08aHO HAYKOBO 0OIPYHMOBAHE MeX-
HiYHe pileHHs Wo00 MOOePHI3ayii asmMoMAMUYHUX 6UMUKAYI8 3 GUKOPUCMAHHAM MIKDONPOYECOPHUX NPUCMPOI8 3aXu-
Ccmy, 8UXIOHI KONIA SIKUX NAUBAIOMb HA HE3ANEIICHT eeKMPOMACHIMHI PO3UINHI NPUCTIPOT YUX ABMOMAMUYHUX BUMUKA-
uig. Taxe piuenns 003607€ nposecmu nO2AUbIeHUl AHANI3 NPOYeCi8 8 eleKMPUUHUX KOAAX Mad peani3ayilo «0aiexozo
PE3EPBYBAHHIY WIAXOM NOOYOOBU WBUOKOOIIOHU020 CENeKMUBHO20 3AXUCIY Md NIOGUWEHHST YYMAUBOCII 3aXUcmy 00
CMpYyMi6 KOPOMKO20 3aMuKkanus. B pesynomami mooepuizayii enekmpoycmanogox niocmanyii éracuux nompe6 0,4 kB
AEC 3a80aKu 6npo8a0*CeHHI0 HOBUX MUNIE PeNeliHO-CIPYMO8020 3aXUCTY MONCIUEE HACMYNHe: 3HAYHEe CKOPOYEeHHs.
4acy cnpaybo8y8aHHs 3AXUCMY HA BCIX eManax Midc 0Xicepesiom md NpulumMadem eieKmpoenepeii, sik Y HOPMATbHOMY
peodicumi, max i 8 pexcumi «0aneKo2o pe3epsy8aHHsy, i, 6i0N0GIOHO, 3HAYHE 3MEHUEHHs MENI08020 GNIUBY HA e/leMeH-
mu eneKmpoyCmaHo80K sIK 8i0 NPOMIKAHH CIPYMY KOPOMKO20 3AMUKAHHS, MAK i 810 6NIUBY eleKMPUYHOT Oyeu; 3HaAY-
He NidUIeHHs YYMIUBOCMI 3aXUCMY 00 CIMPYMI8 OUCMAHYIIHO20 KOPOMKO20 3AMUKAHHA, WO SUKTIOUUMb SIK 6UNAOKU
MOAHCIUBO20 30010 3aXUCIY, MAK I 11020 NOMUIKO8020 chpaybosyeanns. Ilicis mooepuizayii eciei cucmemu 3axucmy 3a
PAXYHOK 8UKOPUCIAHHS MIKPONPOYECOPHUX NPUCMPOI8 3AXUCMY, ICHYIOYA CIMPYKMYPA cUucmemuy 3axucmy oyoe nogHic-
mio 36epesicena be3 3aMiHU BUMUKAYIE YCIX CIYNEHI8, W0 00360UMb CYMMESO 3a0WaAOUmY Yac ma QiHancosi eumpa-
MU NOPIGHAHO 3 THUUMU 8aPIAHMaMU MOOepHI3ayii.

Haykoea noeusna. Y cmammi npedcmasieHo mexuiune piulents 0as MoOepHizayii asmomMamuyHux GUMUKAYie 3
MIKPORPOYECOPHUMU NPUCTIPOAMU 3AXUCTTY, 8 AKOMY GUXIOHI KOIA Oil0mMb HA HE3ANeIHCHT eleKMPOMACHIHI MeXaHi3Mu
PO30NIOKYBAHHSL YUX NPUCMPOIB.

Ilpakmuuna yinnicme. Po3pobka 0038015€ nidguwumuy HAdUHiCMb NPOMUABAPIUHOI ABMOMAMUKU, A4 MAKOIC
nodcedcHy be3neKy nioCmanyit 1ACHUX nompe6d amomuux erekmpocmanyii Hanpyeoio 0,4 kB.

Kniouosi cnoea: asmomamuunuii eumuxay; HadiliHicmy; MIKpOnRpOYecopHuil npucmpiii 3axucmy; pezepey-
6aAHHA HA 0aN1eKy 8I0CManb; 010K PO30I0KY8AHHA MIKPORpOuecopa; oucmanyiiine pe3epeyeanns; 4ac cnpaybogy-
6aHHA
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