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EARTH FAULT PROTECTION FOR COMPENSATED ELECTRIC NETWORKS
BASED ON FREQUENCY FILTERS

Purpose. Development of selective microprocessing earth fault protection in compensated electrical networks of 6—35 kV. Use
of the Goertzel algorithm for the separation of components of frequencies higher than fundamental frequency from the zero se-
quence voltage and currents.

Methodology. The methods of mathematical modeling and analysis of transients in compensated electric networks of 6—35 kV,
Fourier transform and Goertzel algorithm, construction of earth-fault protection algorithms, and experimental research are used.

Findings. The results of mathematical modeling show that in compensated electric networks of 6—35 kV at phase-to-ground
fault the reactive power direction in a in a damaged feederlcan be similar to the one in an undamaged feeder1; therefore, conven-
tional protections cannot perform selective operation. This action can be provided by protections based on separation of compo-
nents of fixed frequencies of 200—300 Hz from the zero sequence voltage and currents. Their reactive power in an undamaged
connection is always directed off tyres, because is hardly compensated by the reactor regardless of degree of its cavity tuning. When
applying band-pass frequency filters, the required protection responsivity is not always provided at phase-to-ground fault through
resistances exceeding 10—15 Ohm. Moreover, failure of steady operation of filters is possible due to location of their poles on a
circular curve of a unit radius, while use of blocks of numerical differentiation of current and voltage can result in running failure
at alternate arcing ground. The application of the Goertzel algorithm for high-frequency components detection is proposed. It is
implemented through an infinite impulse-response filter of the second order with two real coeflicients in back coupling and one
complex coefficient in circuit of direct relation. The results of simulation of the behavior of protection in the system of computer
algebra Mathcad confirmed the reduction of calculation costs and stable work, regardless of the presence of aperiodic components
at different initial phases of the voltage at the time of fault. As part of the protection, a trigger unit is provided that allows the op-
eration if the voltage of the zero sequence exceeds the setpoint, which is 12—15 % of the nominal value. In order to ensure reliable
operation of the protection, permanent and arcing faults provide activation of protection impulses in the event of a fault. The
positive results of protection algorithm were achieved on the mathematical model of the network as well as when testing a micro-
processor prototype of a protective system in a laboratory environment.

Originality. For the first time for ground-fault protection in 6—35 kV compensated networks, it is proposed to separate compo-
nents of frequencies higher than fundamental frequency from the zero sequence voltage and currents using frequency filters cre-
ated on the basis of the Goertzel algorithm are proposed; the algorithm is an improved modification of the Fourier transform; this
increased the sensitivity, speed and stability of work protection.

Practical value. The mathematical model of the compensated electric network allows analyzing the behavior of protection at
permanent and arcing ground faults. Selective protection from phase faults on the ground has been developed, which allows in-
creasing the reliability of the power supply systems with a voltage of 6—35 kV.
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Introduction. Electric networks with a voltage of 6—35 kV
are the basis of power supply systems for industrial, mining
and agricultural enterprises, cities, and own needs of power
plants. Such networks are used to connect renewable energy
sources. Networks with a voltage of 6—35 kV work with non-
earthed neutral. To reduce the current of a single-phase earth
fault in such networks, a Petersen coil is used. The Petersen
coil significantly reduces the current of a single-phase earth
fault, and also significantly changes the nature of the transient
process after breaking a single-phase circuit (for example, after
the extinction of an electric arc), which reduces the level of
overvoltage. A side issue with the use of the Petersen coil is the
deterioration of the working conditions of single-phase earth
fault protection. Such protection systems generally react to
zero sequence voltage of the network and zero sequence cur-
rent in a certain feeder of the power supply system. Thus, the
problem of constructing reliable selective earth fault protec-
tion is relevant and is being actively studied in a professional
environment [1, 2].

Literature review. The number of publications related to
earth faults in compensated networks is large and steadily in-
creasing. The scientific community responds to this by trying
to systematize and classify various approaches and methods
for solving the problem of earth fault protection [1—3]. A wide
range of techniques is used to identify a damaged feeder. There
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were attempts to solve the problem of earth fault protection by
refusing to use the Petersen coil and grounding the neutral of
the network through a resistor. Investigations into faulty-
phase-earthing are ongoing [4]. Work is underway to create
electric arc models and to simulate single-phase earth faults
using various software products [5]. It was proposed to use a
wide range of digital signal processing methods, as well as a
genetic algorithm, methods of fuzzy logic, neural networks,
deep learning, gray systems, mixed atom libraries, and various
combinations of them [6].

In our opinion, the classical protection algorithms, for ex-
ample, a power direction relay or an admittance-based relay to
earth fault protection have room for further improvement.
However, for the proper operation of such protections, certain
conditions are required. Illustrative in this regard, for example,
is a paper [7] in which a multi-frequency admittance-based
relay is considered. The idea of analyzing currents and voltages
not only at the industrial frequency (50 Hz) deserves special
attention.

Recently, a number of works on creating selective com-
pensations for compensated networks [7, 8], based on selecting
their components of a fixed frequency, several times higher
than the fundamental frequency from the currents and volt-
ages of zero sequence have appeared. It was shown in [9] that
such a frequency can be taken from the range of 150—350 Hz,
since the Petersen coil has large impedance and hardly affects
the distribution of capacitive currents in the network at such
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frequencies. In [8, 9], for directional earth fault protection,
components of the frequency of 220 Hz are extracted from
currents and voltages of the zero sequence using narrow-band
frequency filters, and then the direction of the reactive power
is determined from them and the damaged connection is de-
tected. Despite the shortcomings in [9] regarding the choice of
the band-pass filter parameters and the construction of pro-
tection algorithms, this approach turned out to be very prom-
ising. In [10], it was proposed to improve such protection by
performing it two-channel, more stable and sensitive due to
the use of filters with improved characteristics and differentia-
tion units for currents and voltages in order to obtain their or-
thogonal components. The disadvantage of this protection is
the lack of sensitivity during earth faults through resistances of
more than 10—15 ohms.

Unsolved aspects of the problem. In the protection algo-
rithm proposed in [9], the authors use second-order recursive
frequency filters that are on the verge of stability. Such filters
have low stability and in the event of “pecks” to the ground in
the network, they switch to the self-excitation mode, which
can cause a false protection operation. In addition, the filters
in the current and voltage circuits in order to ensure a 90-de-
gree angular shift between their output signals with different
transfer functions and amplification factors are selected, which
introduces additional errors in the protection output signals.
In addition, the reactive power in the zero sequence circuit
pulsates, which requires further processing of the power pulses
and, accordingly, increase in the delay. In [11], for this type of
protection, an attempt was made to determine the orthogonal
components of the corresponding frequencies using the Fou-
rier transform, which improved the characteristics of the relay,
however, increased its response time in case of fault. Thus,
earth fault protection algorithms for compensated networks
require further research and improvement.

Purpose. To develop a microprocessor-based selective
protection system for compensated electric networks with a
voltage of 6—35 KV, based on the use of frequency components
higher than the industrial frequency in zero sequence currents
and voltage. To select the required components, we use fre-
quency filters based on a modified Fourier transform in the
form of the Goertzel algorithm.

Methods. Mathematical modeling of processes in power
supply systems and protection devices, methods of analysis
and development of new principles and protection algorithms.

Results. To analyze the behavior of protection during tran-
sients during a fault protection, we use a mathematical model
as applied to a typical scheme of a compensated electric net-
work with a voltage of 6 kV, the circuit diagram of which is
shown in Fig. 1. The mathematical model is described in [10]
and consists of differential equations for branches and nodes of
the circuit and earth fault protection algorithms. To increase
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Fig. 1. Schematic diagram of a compensated electrical network
6kV

the numerical stability of the model in it, the solution of dif-
ferential equations is performed by implicit integration me-
thods.

Earth fault protection (EFP) device is connected to the
zero-sequence current transformers TA installed on each feed-
er, and to the zero-sequence voltage of the voltage transformer
TV connected to the busbars. The modeling of processes in the
protection units was carried out together with the general net-
work model in accordance with the protection algorithms de-
veloped further.

In order to clarify the nature of the distribution of currents
and reactive power in the compensated network in the case of
earth fault protection for the components of different frequen-
cies, corresponding calculations were performed for the fol-
lowing network parameters. The phase capacitances on the
ground of the FI—F3 feeders were taken equal to 3, 8, and
12 uF, respectively, interfacial capacitances of 10 pF, and the
resonance inductance of the Petersen Coil Lres = 0.1416 Hn.
The calculations were performed for the earth fault on phase A
of the feeder F1 through the active resistance Rcl=0.2 Ohms.
The insulation resistance to earth in the pre-fault mode was
taken equal to 1 MOhm.

The results of calculations of currents and reactive power
in feeders FI(Iff, Off), F2(Isf1, Qsf1), F3(Isf2, Qsf2) and in the
Petersen Coil (reactor) (Ir, Qr) are shown in the Table below.
The calculations were performed at a nominal voltage of 6 kV
for various frequencies and for various reactor inductances.

From the data given in the table, it follows that, in all earth
fault modes, the currents of intact connections Isp I (feeder 2)
and Isp2 (feeder3) are capacitive in nature and are directed to-
wards the buses, while the directions of the currents of the
damaged feeder [ff (feederl) depend on the value of the reactor
inductance and voltage frequencies. So, with earth fault and
resonant tuning of the reactor at a frequency of 50 Hz, the cur-
rents in all connections (Table) are capacitive in nature. In ad-
dition, the current in the damaged feeder has a relatively small
value [ff=-10.35 A. For these reasons, selective protection at
the industrial frequency is difficult to perform. At the same

Table
The results of calculations of currents and reactive power in feeders
LrnHn | fHz If A Isf1, A Isf2, A A Off, VA OsfI,KVA | 0sf2, kVA Or, KVA
0.5Lres 50 —88.25 -27.15 —40.81 156.2 -317.5 -97.71 —-146.8 562.1
0.8Lres 50 =30 -27.4 —41.2 98.6 —-109.1 -99.5 —-149.1 357.7
Lres 50 —-10.35 -27.48 —41.31 79.14 -37.7 —-100.1 —-150.5 289.1
1.5Lres 50 16.08 -27.6 —41.49 53.01 58.8 -100.9 —-151.7 193.8
Lres 100 103.2 —57.46 —-86.96 41.22 391.7 -218.2 -330.2 156.7
Lres 200 333.5 —-140.3 -218.2 25.00 1530 —643.4 —-1001 114.4
0.5Lres 250 487.0 -206.2 -327.1 46.30 2610 -1104 —-1756 250.0
Lres 250 519.6 -209.8 -333.4 23.60 2833 —1144 —1818 129.9
1.5Lres 250 530 =211.1 -335.1 16.20 2910 1157 —1840 87.00
Lres 300 873.7 -324.4 -558.9 9.60 6618 -2580 —4230 192.0
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time, according to the calculated data, selective protection of
the damaged connection can be performed using, for example,
frequency filters by extracting signals with a fixed frequency
selected from the range of 150—300 Hz. The boundary value of
150 Hz is due to the exclusion of the influence of the reactor,
and the value of 300 Hz is the simplification of the hardware
implementation of the protection. In this case, according to
the Shannon theorem, the sampling frequency of the mea-
surement of the input signals should be no less than two times
the frequency of the filters, i.e. be more than 600—1000 Hz.
When performing the above calculations, the sampling fre-
quency was assumed 1600—2500 Hz, and the step 7 of a reso-
lution of 0.400—0.625 ms.

The block diagram of the protection algorithm proposed
in this work is shown in Fig. 2. It consists of analog-to-digital
converters (ADCs) of currents and voltages supplied from cur-
rent transformers and zero sequence voltage.

The instantaneous discrete values of currents and voltages
from the outputs of the ADC are fed to the inputs of Goertzel
Discrete Transformation Units (GDTU), which are second-
order /IR filters performed by the Goertzel algorithm and used
to obtain complex values of the components of currents i, + i,
and voltages u, +ju, with a selected frequency of, for example,
250 Hz. Then, using the multiplication unit (X), the compo-
nents of the reactive power gl =i, - u, and g2 =i, - u,,, are cal-
culated which then, after the adder, are fed to the threshold
detector, where the resulting power Q=¢l —q2 =i, -u,-i,- u,
is compared with the given setpoint Q7. When the power Q ex-
ceeds the setting, the decision relay is activated.

In the proposed protection algorithm, as follows from
Fig. 2, to calculate the direction of the reactive power during
the earth fault, the orthogonal components of the current and
voltage of 200—300 Hz are required, which must be extracted
from the voltages and currents of the zero sequence. Consider
the advantages of using for this instead of the discrete Fourier
transform (DFT) its modification in the form of the Goertzel
algorithm [12]. Suppose, for example, that there are N (n =1,
2,..., N) measured samples of signal s(1), s(2),..., s(N), for
which the spectral sample S(k) for the " harmonic (k = 1,
2,..., N) using DFT and rotary coefficients W;** can be ex-
pressed as

J 2-m
S(k):Zs(n)-W,(,"k; Wk :exp[—an-k). (1)

n=1

Rotary coefficients Wi* are complex quantities and
therefore the estimated costs for determining S(k) are large
enough, since even with real input signals it is required to per-
form 2 N multiplications and 2N sums at each step of the calcu-
lation. To reduce the estimated costs, and, consequently, in-
crease the speed of protection, we consider the possibility of
using the Goertzel algorithm. We will be interested in calculat-
ing at each discretization step (in the sliding mode) only one
harmonic of the signal with the help of an updated array at
each step. To obtain the calculated relations for the Goertzel
algorithm, we first represent the calculation of the spectral ref-
erence S(k) for the K harmonic using the DFT in the form of
a filter with the following transfer function

310 >
o > ADC 10 > GDTUL X
5-st harm >

1 s

300 uo
ADC ‘ GDTU2

5-th harm |__ >

t Q >Qt

YES A J

GDTU-3
L Womax | Gomawut - Relay
1-st harm

Fig. 2. Goertzel-based protection flowchart

Y)W
X(z) 1-Wgk-z7"

H(z)= ()

After multiplying the numerator and denominator of func-

tion (2) by (1-W¥-z7!) and the corresponding transforma-
tions, we obtain the transfer function of the Goertzel algo-
rithm (3) and formulas (4—6) for calculating the spectral count
S(k) using intermediate real values of the auxiliary array itera-
tively calculated at each step V(r) r=1,2,..., N

Y(Z) W—k —Z_I
G(2)= = ; (3)
X(@) 1—2cos(%k}-z’l +77
S(ky=W*. M(N-1)-WVN-2); 4)

V(’):S(’)+2'003(%'k)'V(rfl)fV(rfz); ®)

Wk :exp(j%k); a:2-cos[%~kj. (6)

The structural diagram of the implementation of the Go-
ertzel algorithm according to (3, 4) is shown in Fig. 3.

The scheme contains the recursive part of the calculations
(its left part), in which the calculations are performed by the it-
eration method. Calculations with complex values are performed
only once at the last iteration, due to which the estimated costs
are almost halved comparing to the DFT, which was confirmed
by the calculations using the DFT and Goertzel algorithms
shown in Fig. 4 implemented in the MathCad environment.

To evaluate the efficiency of the DFT and Goertzel algo-
rithms using the indicated routines, Figs. 5, a, b show the re-
sults of calculations of the fifth and first harmonic in the input
voltage containing harmonics 1, 5, 7 and 33.

U(f) =cos(w - ) +0.25 - [sin(5w - £) + cos(7w - 1) + cos(33w - 7)].

As follows from Figs. 5, a, b, the distinguished harmonics
are sinusoidal in spite of the considerable noisiness of the initial
voltage. At the same time, the results of calculations for both
subprograms practically coincide, which makes it possible to use
the Goertzel algorithm as a faster one for earth fault protection.

Simulation of the earth fault in a compensated network
(Fig. 1), together with the protection according to the algo-
rithm shown in Fig. 2, was carried out at varying degrees of
compensation of capacitive currents by the reactor and at vari-
ous resistances at the point of earth fault. The number of dis-
crete signals in the current and voltage arrays was taken equal,
the calculation step was 0.625 ms, the allocated frequency of
the signals to determine the reactive power of 250 Hz. In all
cases, a reactive power pulse with duration of about 20 ms was
clearly visible in the initial section of the earth fault, after
which it was picked up, subject to the presence of a voltage of
3U0, and the output relay was triggered.

As example in Figs. 6, a, b and Fig. 7 the results of model-
ing an arc fault are shown, in which triple ignition and arc ex-
tinction occurred, and the ignition occurred at different initial

k
W
l\ + yilky

Fig. 3. Goertzel algorithm implementation block diagram
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Fig. 4. Software modules in the MathCad environment for the
implementation of the Goertzel algorithm and Fourier
transform
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Fig. 5. Results of selection of the 5" (a) and I' (b) harmonics by
DFT and Goertzel algorithm filters

voltages and with different aperiodic components in the earth
fault current.

As can be seen from the data above, protection works suc-
cessfully in all cases. The sensitivity of the protection is suffi-
cient when changing the resistance value in the circuit from
0.1 Ohm to 100 Ohm. In the protection of the damaged con-
nection, positive reactive power pulses appear at the beginning
of the circuit (Fig. 7), when there is an asymmetry in the cur-
rent and voltage, including harmonic components of 250 Hz.

2x10° T T T T T

1x10° - relay —

Fig. 6. The simulation results of the arc earth faults:

a — input voltage 3U0 and currents 310 of a frequency of 50 Hz and
250 Hz; b — output pulses of reactive power and contacts relay

110

510 | :r: A ‘F‘. ‘{ T\:/ \.’ .

5.10° /“' :
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218 2188 2196 2204 2212 2

Fig. 7. The simulation results of the output protection pulse in
an arc earth fault (U, [-voltage and currents of a frequency
of 250 Hz; q1 is one of the components of reactive power)

The shape of currents and voltages at a frequency of 250 Hz
and relay pulses are shown in Fig. 7.

The laboratory protection sample was implemented based
on STM32F4Discovery microcontroller. Its satisfactory per-
formance was achieved on a physical network model with a
voltage of 0.4 kV.

In addition, verification of the operation of the protection
was carried out by supplying a zero-sequence current and volt-
age signals recorded in a real network by digital recorders to
the protection input. The results of modeling and experiments
are the basis for the possibility of introducing the developed
protection in electric networks with compensated neutral.

Conclusions.

1. The results of mathematical modeling showed the pos-
sibility of performing selective earth faults protection for com-
pensated networks based on monitoring the direction of reac-
tive power, determined by currents and voltages of a frequency
of 150—300 Hz, extracted using frequency filters from voltages
and currents of zero sequence of industrial frequency. At these
frequencies, the reactor inductance practically does not com-
pensate for capacitive currents of this frequency in the dam-
aged connection, which makes it possible to use the direction
of reactive power for protection.

2. For the first time, in order to protect against phase-to-
ground faults in compensated networks with a voltage of
6—35kV, it was proposed to isolate frequency components high-
er than the industrial frequency from zero-sequence voltages
and currents using the Goertzel algorithm, which is a modifica-
tion of the Fourier transform, which made it possible to increase
the sensitivity and speed of protection and its work stability.
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3. The effectiveness of the developed protection is con-
firmed by the results of mathematical modeling, laboratory
tests of a full-scale sample and the correctness of the action
when using signals recorded using digital recorders with earth
faults in real networks.

The article is prepared based on the results of taxpayer-
funded research and development project “Development of
microprocessing selective earth faults protection from in
conventional electric power systems and Smart-Grid sys-
tems”.
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3axucT BiJ 3aMHKaHb Ha 3eMJII0
B KOMIIEHCOBAHUX €JIEKTPUYHHUX MepexKax
HA OCHOBI 9acTOTHUX (inbTPIB

B. @. Cusokobunenro, B. A. Tucenio
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Merta. Po3poOka ceeKTUBHOIO MiKpOMNpPOLIECOPHOTO 3a-
XUCTY Bijl 3aMUKaHHs (a3 Ha 3eMJTI0 B KOMIIEHCOBAHUX eJIeK-
TPUYHUX Mepexkax 6—35 kB. BukopucraHHs aaroputMmy
[epTuens A BULIEHHS i3 HANpYT i CTpyMiB HYJIbOBOI IO-
CJIOBHOCTI CKJIAAOBMX OULIbII BUCOKHMX YacTOT, HiX IMPO-
MUCJIOBA.

Metoauka. BUKOPUCTOBYIOTHCSI METOAM MaTeMaTUYHOTO
MOJIEJTIOBAHHS Ta aHAJI3Y ITEPEeXiTHUX MPOIIECiB Y KOMIIEHCO-
BaHUX eJIEKTPUYHUX Mepexkax 6—35 kB, neperBopeHHs Pyp’e
Ta anroput™m [eptiens, modynoBa aJIrOPUTMIB 3aXUCTY Bil 3a-
MMKaHb Ha 3eMJII0, €KCIIEPUMEHTAIbHI TOCITiIDKEHHS.

PesymbraTin. Pesynbrat MaTeMaTUYHOTO MOJETIOBAHHS
MOKa3aJd, L0 B KOMIIEHCOBAHUX MEpeXax HaIpyrowo
6—35 kB npu 3aMukaHHi (a3 Ha 3eMITIO HAIIPSIM PEAKTUBHOI
MOTYXKHOCTi HYJIbOBOI MOCJiIOBHOCTI B MMOLIKOIKEHOMY
MPUETHAHHI MOXe OYyTU TaKUM XK€ CaMMM, $SIK i B HETTOLIIKO-
TKEHOMY, 110 YHEMOKJIMBITIOE CEJIEKTUBHY {0 Pesie MOTYXK-
HocTi. Taky nito Moxe 3a0€3MeunTr 3aXUCT Ha OCHOBI HAMpPsI-
MY PeaKTUBHOI OTY>KHOCTI, 110 PO3paxOBYETHCS 3a 1OMIOMO-
Tol0 cKJIamoBHX (ikcoBaHoi yacTotu B Mexkax 200—300 I,
PeakTrBHA TOTYXXHICTh JJIST HUX Y TOIIKOMKEHOMY TTPHUEN-
HaHHI 3aBXIW CIpsIMOBAaHA Bil MIVMH, OCKITbKU MPAKTUIHO
He KOMITEHCYETBHCST PEaKTOPOM He3aJIesKHO Bill CTYIIEHST 1OTO
HajamTtyBaHHs. [Ipy BUKOPUCTaHHI CMYyTrOBMX YacTOTHUX
(inbTpiB HEOOXiMHA UYTIMBICTb 3aXUCTY HE 3aBXIU 3a0e3re-
YYEThCS TIPU 3aMUKaHHI a3y Ha 3eMII0 Yyepe3 OIMopH, 1110
nepeBulllytoTb 10—15 OM. Takox MOXJIMBE MOPYLIEHHS
CTiliKO1 po6OTH (DiNIBTPiB Yepe3 po3TallryBaHHS iX MOJIIOCIB Ha
OKPYKHOCTI 3 OIMHUYHUM PajiiycoOM, a 3aCTOCYBaHHSI OJIOKiB
YHCeJbHOTO TU(epeHIIiloBaHHS CTPYMIB i HATTPYT MOXKe TTPH-
3BECTH 110 300iB Y pOOOTi TIpY IYrOBUX 3aMUKAHHSIX Ha 3eM-
JII0, 110 TIEPEMEXOBYIOTHCS. 3aMPOMOHOBAHO 3aCTOCYBaHHS
anroputMy [epTiens mis BUSBICHHS CKJIAIOBUX ITiIBUIIE-
HUX 4yacToT. Bin peanizoBanuii y ¢opMi (pibTpa 3 HECKiH-
YEHHOIO iMITYJTLCHOO XapaKTePUCTUKOIO IPYTOTO TIOPSIIKY i3
JIBOMa JIiiicHUMM Koe(illieHTaMU B KOJIi 3BOPOTHOTO 3B’SI3KY
Ta OJHUM KOMIUIEKCHUM KOe(QilliEHTOM Y KOJi MPSMOro
3B’513Ky. Pe3ynbTaTu MOIEIIOBaHHSI MOBEHIHKM 3aXUCTy B
CHUCTeMi KOMIT 10TepHoi anredpu Mathcad minTBepnuiu cko-
pOYEHHS PO3paxyHKOBUX BUTPAT i MOro crabijibHy poOOTy
HE3aJIeXXHO Bill HASIBHOCTI anepiofiMYHUX CKJIaJIOBUX Y CTPYMi
3a pi3HUX MOYaTKOBUX (a3 HAMPyru B MOMEHT 3aMUKAHHSI.
V ckitani 3axucty nepenbadyeHo MyCKOBUIA OpraH, 110 J03BO-
JIsie poOOTY 3aXUCTY, SIKIIO HAIpyTa HYJIbOBOI MOCIiAOBHOCTI
TepeBUIIIYE 3aIaHy YCTAaBKY, IO CTAHOBUTH 12—15 % Binm HO-
MiHaJIbHOTO 3HaYeHHs. JIJist 3a0e3reueHHs HaliiiHOI poboTU
3aXMCTY SIK TIPU CTAOITbHUX, TaK i TIPY TYTOBUX 3aMUKAHHSIX
rnependayeHoO aBTOMaTUYHE TiAXOIJICHHS iMITYJIbCIB 3aXUCTY
TIpU TT0s1Bi 3aMuKaHHs. OTpuMaHi MO3UTHUBHI pe3yabTaTh po-
0OTH aJITOPUTMY 3aXUCTY HA MaTEeMaTUYHI MOJEIi Mepexi, a
TaKOX Ha JJabopaTOpHill yCTaHOBIII 3pa3Ka, peajli3oBaHOro
Ha MiKpOTpOLECOPHiii OCHOBI.

HaykoBa HoBH3HA. YTiepiiie [JIsT 3aXUCTY Bill 3aMUKaHHS
(azn Ha 3eMiII0 B KOMIIEHCOBAHUX MEpeXax HaIpyrowoo
6—35 kB 3anpornoHoBaHO BUIUIATA 3 HAIIPYT i CTPYMiB Hy-
JIbOBOI MOCJiIOBHOCTI CKJIa{0Bi YaCTOTH BUILE MPOMUCIOBOL
3a JIOMTOMOTOIO0 YaCTOTHUX (iTbTPiB, 3aCHOBAHUX Ha ajro-
putMi [epTuens, siki € BIOCKOHaJIEHUM TMEPETBOPEHHSIM
®Dyp’e, 1110 TO3BOJWIO MiIBUIIUTU YyTIUBICTh, ITBUIKOIIIO
3aXUCTY Ta CTabUIbHICTh HOT0 pOOOTH.
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IIpakTnyna 3naynmicTb. MaTeMaTUUHA MOJEIb KOMITEH-
COBaHOI €JICKTPUYHOI MepexXi T03BOJISIE aHali3yBaTU IOBE-
IIHKY 3aXUCTY IPU IIYXUX i AYTOBUX 3aMUKAHHSIX Ha 3eMITIO.
Po3pobiieHmnii ceIeKTUBHUIA 3aXMCT Bill 3aMUKaHb Ha 3€MJTIO
JIO3BOJISIE TABUIATYA HAIiliHICTh pOOOTU CUCTEM €JIEKTPO-
rnocrayanHs 6—35 xB.

KirouoBi cioBa: xomnencosana mepexca, mamemamuuua
MO0enb, 3aMUKAHHSL HA 3eMAI0, CeNeKMUBHUI 3aXUCT, YACHOM -
Huil ginomp, nepemeopenns Dyp’e, aneopumm Tepmuens

3ammTa oT 3aMbIKAHM HA 3eMJTI0
B KOMIIEHCHUPOBAHHbBIX 3JIEKTPUYECKUX CETAX
HA OCHOBE YACTOTHBIX (PUILTPOB

B. @. Cusokobwvinenxo, B. A. JIvicenko

JIOHELKWiI HALMOHAJIbHBIA TEXHUYECKUI YHUBEPCUTET,
r. [TokpoBck, JloHenkast o61., YKpauHa, e-mail: svf1934@
gmail.com; viktor.lysenko@donntu.edu.ua

ean. Pa3paboTka CeJeKTUBHOI MUKPOIIPOLIECCOPHOI
3aIIUTHI OT 3aMbIKAHUI (pa3bl Ha 3eMJTI0 B KOMITEHCUPOBaH-
HBIX DJIEKTpUYecKuX ceTsax 6—35 kB. Mcnonabp3oBaHue aaro-
putMa [epTiens IS BbIICICHUST U3 HANPSIKEHUI U TOKOB
HYJIEBOI MOC/IeN0BaTEIbHOCTU COCTABISIONIMX 00Jiee BhICO-
KOIf 4aCTOThI, YeM ITPOMBIIIICHHAS.

Metoauka. Vcrnonb3yloTcsi MeTOAbl MaTeMaTU4eCKOro
MOICIIMPOBAHUS U aHAIM3a TIEPEXOIHBIX ITPOIIECCOB B KOM-
TMEHCUPOBAHHBIX DJIEKTPUYECKUX ceTax 6—35 kB, mpeobpa-
3oBaHne Dypbe 1 anroput™ [epTiens, MOCTPOEHHUE ajro-
PUTMOB 3alIUThl OT 3aMbIKaHWI Ha 3eMJIIO, SKCIEPUMEH-
TaJbHBIC UCCIICIOBAHMUS.

Pesyabratbl. Pe3ynbraThl MaTeMaTHYeCKOro MOJAEIUPO-
BaHUS TOKA3bIBAIOT, UTO B KOMIIEHCUPOBAHHBIX CETSIX Ha-
npstkeHreM 6—35 KB npu 3aMbIKaHUsIX (ha3bl Ha 3eMJTIO Ha-
MpaBJIeHUE PEaKTUBHOI MOIIHOCTU B ITOBPEXKICHHOM TIPH-
COEIMHEHUN MOXKET OBbITh TAKUM K€, KaK M B HEMOBPEKIECH-
HOM, B CBSI3M C YeM KOHBEHIIMOHAJbHbBIC 3allIUTHl HE MOTYT
obecIteunBaTh CEJIEKTMBHOTO AeicTBUsI. Takoe IeiiCcTBUE
MOTYT O0OECITeYUTh 3aIUThI, OCHOBAHHbIC Ha BBIICICHUU U3
HaNpsDKEHWIA ¥ TOKOB HYJIEBOM ITOCIIEIOBATEILHOCTH UX CO-
CTaBJISIONIMX C (PMKCUPOBAHHOI YaCTOTOM, B3SITO U3 Aua-
nazoHa 200—300 I'u. PeakTuBHast MOIIIHOCTD JIJISI HUX B I1O-
BPEXIEHHOM IPUCOSIMHEHUM BCETAAa HapaBjieHa OT IIMH,
TaK KaK MPaKTUIECKN He KOMITEHCHPYETCSI peaKTOpOM He3a-
BUCHMO OT CTEIIEHM €ro pe30HaHCHOM HacTpoiiku. [1pu ripu-
MEHEHMH TTOJIOCOBBIX YaCTOTHBIX (PUIBTPOB TpeOyeMas 4yB-
CTBUTEJBHOCTD 3allIUThI HE BCEraa oO0ecreunmBaeTCs TIpu 3a-

MBIKaHWMH (Pa3bl Ha 3eMJTI0 Yepe3 COMTPOTUBIICHUS, TIPEBhIIIIA-
foue 10—15 Om. Kpome TOro, BO3MOXHO HapylleHUe
YCTOMYMBOM pabOTHI (PUIIBTPOB M3-3a PACIIOJIOXKEHUS UX T10-
JIIOCOB Ha OKPY>KHOCTU C €NMHUYHBIM PalyCcOM, a MIpuMe-
HeHUe GJIOKOB YMCICHHOTO nuddepeHINPOBAHUSI TOKOB 1
HanpsKeHUI MOXET MPUBECTU K cO0SIM B paboTe Ipu repe-
MeKaIOIINXCS AYTOBBIX 3aMbIKaHUAX Ha 3emitio. [Ipemtoxe-
HO MpUMEHEHUe ajaroputMma [epTuens Ijsl BblAEJIEHUs CO-
CTaBJISTIONINX ITOBBIIIIEHHOM YacToThl. OH peain30BaH B hop-
Me (puabTpa ¢ 66CKOHEUHON UMIYJIbCHOI XapaKTepuCTUKON
BTOPOTO TIOPSIIKA C IBYMS IEMUCTBUTEIBHBIMU KO3(DhUIIEeH-
TaMU B OOpaTHOM CBSI3M U OMHUM KOMILIEKCHBIM KO3(du-
LIMEHTOM B IIETIH TIPSAMOii CBsI3U. Pe3yabTaThl MomeampoBa-
HMSI TIOBEICHMSI 3aIUTHI B CHCTEME KOMITBIOTEPHOM areOphbl
Mathcad moaTBepauIu cOKpallleHre pacuyeTHBIX 3aTpaT U eé
CTaOWIbHYIO PabOTy HE3aBUCUMO OT HAJIMUUS ariepruoauye-
CKHUX COCTaBJISIIOIIMX B TOKE MPU Pa3HBIX HAYaJIbHBIX (pazax
HanpsKeHUS B MOMEHT 3aMbIKaHus. B 3ammre mpemycmo-
TPEH MyCKOBOU OpraH, pa3pelaonuii paboTy 3alUThl, eClTu
HaIpssKeHYe HYJIeBOM TTOCIIeIOBAaTeIbHOCTH TTPEBBINIACT 3a-
JMAHHYIO YCTaBKy, paBHy1O0 12—15 % o HoMMHanbHOTrO. Jljst
obecrieueHUsI Hale>XKHOM pabOoThI 3alUTHI, KaK TIPU YCTONYM-
BBIX, TaK Y MPHU AYTOBBIX 3aMbIKAHUSIX, TTPEIYCMOTPEH aBTO-
MaTUYECKUH IMOIXBAT UMITYJIbca CpabaThIBAHMSI 3aIUTHI TP
MOSIBJICHUM 3aMblKaHMS. [lomydeHbl MOJOXUTEIbHBIE pe-
3yJIbTaThl PabOTHI AJITOPUTMA 3alIMTHl HA MaTeMaTUIeCcKOn
MOJIEJIV CETH, a TAKXKE Ha JTabopaTOpHOI ycTaHOBKEe 00pa3lia,
peaTM30BaHHOTO Ha MUKPOITPOIIECCOPHOI OCHOBE.

Hayunas noBu3Ha. BriepBbie 11 3a1IMTHI OT 3aMbIKAHMS
(a3br Ha 3eMITI0 B KOMITEHCUPOBAHHBIX CETSIX HATIPSIKEHUEM
6—35 kB mpemnokeHO BBIACIATh U3 HANPSIKEHWI U TOKOB
HYJIEBOM ITOCJICIOBATEIbHOCTH COCTABJISIONINE YaCTOThI
BBIIIE TTPOMBIIILJIEHHON C TTOMOIIIbIO YaCTOTHBIX (DUIBTPOB,
OCHOBaHHBIX Ha alroput™Me [epTielns, SBISIOIIETOCS YCO-
BEpPILIEHCTBOBAaHHBIM Mpeobpa3oBaHueM Dypbe, YTO MO3BO-
JIJIO TIOBBICUTD YYBCTBUTEJIBHOCTD, OBICTPOICUCTBHUE 3aIM-
Thl ¥ CTAOUJILHOCTD €€ pabOThI.

IIpakTHyeckass 3HAYMMOCTb. MaTremMaTUdecKasi MOIEC]b
KOMITEHCMPOBAHHOI 3JIEKTPUUYECKOI CETH MO3BOJISIET aHa-
JIN3UPOBATH MOBEICHNUE 3AIIUTHI TIPU TIYXUX U TYTOBBIX 3a-
MbIKaHMSIX Ha 3emJito. PazpaboTaHHas ceneKTUBHAs 3allluTa
OT 3aMBIKaHMI1 Ha 36MJTIO TIO3BOJISIET TTOBBICUTD HAIEXKHOCTh
paGoTHI CUCTEM BJICKTpOCcHaO)KeHUs 6—35 kB.

KioueBble ¢10Ba: KomneHcuposanHas cemvs, Mamemamu4e-
cKas Modenb, 3aMblKAHUe HA 3eMI0, CeNeKMUBHAs 3auuma, 4a-
cmomHblii hunvmp, npeobpazosanue Pypoe, areopumm Tepmuyens

Recommended for publication by O. P. Chornyi, Doctor of
Technical Sciences. The manuscript was submitted 29.03.19.

74 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N° 1


mailto:svf1934@gmail.com
mailto:svf1934@gmail.com
mailto:viktor.lysenko@donntu.edu.ua

