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For electrical networks with voltage of 6-35 kV with a compensated, isolated or resistor-grounded neutral, a phase-to-
ground protection has been developed, in which, based on the results of the time-frequency wavelet transform of zero-
sequence currents, voltages and their derivatives, using the obtained analytical expression, the total reactive power
wavelet for different frequencies is determined. It is shown that at the initial moment of a phase-to-ground fault on the
damaged feeder the power is always positive, and on the undamaged feeder it is negative, regardless of the operating
mode of the neutral. Wavelet transform coefficients are found by convolution of discrete values of measured signals
with sine-cosine signals of the Morlet mother function. The time-reversed sequence of these signals is obtained using a
matrix for which the rules for its formation are stated. An excess of the zero phase sequence voltage amplitude of the set
value is used as a starting protection element. With the help of a mathematical model of the network, studies of the
behavior of protection in case of blind and arc phase-to-ground faults at various degrees of compensation of capacitive
currents, at various voltage values at the moment of the short circuit have been carried out. In all modes, a reliable
protection operation is obtained, the sensitivity of which is an order of magnitude higher than the protection based on
Fourier transforms. Positive results of testing a protection sample implemented on a microprocessor-based element
base at a laboratory stand are obtained. References 20, figures 7, tables 2.

Key words: electrical network, current, voltage, zero phase sequence, wavelet transform, reactive power, protection
against phase-to-ground faults.

The relevance of the problem and its connection with applied problems. Electric networks with
voltage of 6 — 35 kV, operating with a compensated or isolated neutral of the network, are taken as the basis
for power supply systems of industrial enterprises, cities, and the auxiliary needs of power plants. Taking
into account the large length and widespread prevalence of such networks, the problem of protecting
networks against the most common insulation damage — a single-phase-to-ground fault is urgent. A
significant part of ground faults are transient and short-term processes accompanied by an electric arc. In
such cases, steady-state current and mains voltage ground-fault protection devices are not able to operate
correctly. We also note that the use of a Petersen coil to compensate the capacitive ground fault current
complicates the operation of protection devices, since it significantly reduces the single-phase ground fault
current in the steady state. In addition, the phase of the current in relation to the voltage depends on the
degree of compensation of the capacitive current by the reactor, which makes it difficult implementation of
selective protection.

Review of publications and disadvantages of known solutions. The problem of analyzing
transients in networks with ungrounded neutral in order to create an effective algorithm for protection against
unstable ground faults is being actively studied in Europe and around the world [1-3]. In particular, in [3],
the aperiodic component of the transient of a single-phase-to-ground fault is investigated and its influence on
the operation of known methods of protection against such faults is analyzed; the EMTP code is used to
simulate the network. Much attention is paid to the features of mathematical modeling of an electric arc at
the site of damage and methods of detecting and classifying damage, here the MATLAB-SIMULINK code is
used to model the network [4]. The PSCAD code is also widely used. The work [5] explores the possibility
of using voltages and currents not only of zero, but also of negative sequence to identify single-phase-to-
ground faults. In [6], an attempt was made to obtain additional information on the ground fault due to a
significant (up to 1 Msample per second) increase in the signal sampling frequency. Mathematical models of
electrical networks including models of relay protection devices are investigated [7]. The search for optimal
parameters of mathematical methods for processing signals from primary current and voltage sensors is
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underway [7, 8, 9]. Methods for identifying single-phase-to-ground faults are being developed and the
sensitivity of such methods is analyzed in conditions of high resistances at the fault point [9]. It is also
known about the use of a logical algorithm for making decisions based on the results of comparing the
coefficients obtained as a result of wavelet transforms (WT) [10]. The WT is used to analyze transient
processes in distribution networks with a resonantly grounded neutral [11], as well as in electric power
systems [12-14]. As a rule, the scale of electric power systems does not allow to draw a clear boundary
between the transient and steady-state mode [15, 16], which results in the application of the WT in cases
where there is no complete certainty that there is no transient process at the moment. However, the WT
mechanism by itself does not guarantee the desired result. For this reason, active research on transient
processes and the development of protection methods using WT algorithms are still ongoing, and the search
for the optimal base (kernel, mother) WT function is underway [17, 18]. The selection of frequency
components can be carried out using both WT and classical digital filters [19, 20]. Numerous attempts have
been made to use various methods based on artificial neural networks (ANNSs) to protect against single-
phase-to-ground faults, however, in our opinion, the possibilities of simpler approaches have not been
exhausted, among which the most attractive is the analysis and use of components of different frequencies in
currents 310 and voltages 3u0 of zero phase sequence.

Problem definition and the goal of the work. To develop protection against single-phase-to-ground
faults (SGF) of directional action for electrical networks with isolated or compensated neutral. The protection
should be based on the WT of zero phase sequence voltages and currents arising from phase-to-ground faults
during the discharge and recharge of the network capacities. To do this, it is necessary to obtain: analytical
expressions for identifying higher harmonic components in currents, voltages and their derivatives with the help
of WT; expressions for using this information in protection of directional action; to develop and investigate a
microprocessor-based version of the implementation of the obtained analytical expressions.

Main material and the results obtained. The study of transients at single-phase-to-ground faults
and their analysis for the development of principles for constructing protection is carried out using a
mathematical model of the electrical network, a description of which is given in [7]. Consider a typical
transformer substation for a 6 kV power supply system (Fig. 1), which consists of 110/6 kV step-down
power transformer T1, busbars of the first sections BB-1, from which three cable lines F1-F3 are powered,
each of which has zero phase sequence current transformers TAO. Measuring voltage transformers VTO, are
connected to the busbars. Phase-to-ground faults protection relay (R1-R3) are connected to the secondary
circuits of TAO and VTO. The neutral of the network is grounded through a reactor (Petersen coil) (PC) with
a resonant inductance (L.s) of 0.16 H, and the capacitances of the phases to the ground of the feeders
connected to this section are 1, 9 and 12 pF, respectively. The total capacitive current of the section at the
SGF is 72 A. The mathematical model of the network is based on the differential equations of the network
elements, the solution of which, in order to increase the numerical stability, is carried out by implicit
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methods with a calculation step of 0.5 ms. The calculation results are presented in relative units with the
basic ones: for voltage Ub= \/5 -6000/ \/gz 4900V, for current Ib= \/5 g = \/5 -72=101,8 A, for
power Qb=Ub-1b=0,5 MVA .

The proposed in this work protection method is based on the use of time-frequency dependencies of
harmonic components in currents i=3i, and voltages u=3u, of zero phase sequence and in their orthogonal
components, which are derivatives pi, pu, (p=d/dt). Determination of the latter is carried out by numerical
differentiation of the initial currents and voltages arising in the transient process during SGF. For this, for
example, when using three instantaneous values of current (voltage), formula (1) is used, in which 4 is the
calculation step, and w=314 s (hereinafter, the calculation step is the same as the integration step of the
differential equations of the mathematical model, we will denote it as 4, the sampling period of the ADC of
the protection device is also assumed to be equal 4):

d 1
px =E(x) = EGX” —4x,_, +x,,). (1)

The nature of the transient in the case of the SGF, as can be seen from Fig. 1, is non-stationary and
largely depends on the instantaneous value of the voltage at the damaged phase at the moment of the
occurrence of the SGF. In this case, the free components have the highest intensity of change at u=u,,x, and
the lowest one at u=u,,;;,=0. It follows from Fig. 2 that in the case of the SGF, the derivatives also have an
intense character of change.

o P As is known [8], for the frequency transform of transient
p.u. time signals, instead of the Fourier transform, it is more correct
to use an integral WT specially developed for such processes,
which has the form:

W(a,b) = % [EG) G(%) dr. )

Expression (2) is a convolution of the time signal x(?) and
the mother wavelet (basis function) G((z-b)/a), depending on time
¢t and on the scale factors — a as well as on the shift in time — .
ik On the other hand, Wx(a,b) can be considered as the output of a
ts bandpass digital filter in which a is inversely proportional to the
352 0356 035 allocated center frequency and determines the time duration of

the wavelet, and b — the time shift that determines the locations
of the frequency localization.

As the parent (basic) wavelet, we take the Morlet wavelet, which is a complex function oscillating
with given frequency and modulated by a damped Gaussian function. This choice is due to the complex
nature of the function, which further facilitates the determination of the phase of the frequency components:

2
Ty exp(j2r1). 3)

If instead of ¢ substituting (z-b)/a in (3) and considering it in relation to a discrete input signal having
N samples (n = 1,2,..N) during the period of the network fundamental frequency f, at the sampling
frequency f;, then the mother wavelet (3) takes the form:

Fig. 2

G(t) =exp(—

G(n _b) =J(n,a,b)- exp{jZﬂ (n _b)} =gC(n,a,b)+ j-gS(n,a,b), 4)
a a
where the amplitude J(n,a,b), cosine gC(n,a,b) and gS(n,a,b) sine components respectively equal to
1 _ 2
J(n,a,b)=—=exp| - ( Zb) ; (5)
Ja a

gC(n,a,b)=J(n,a,b)-cos( );  gS(n,a,b)=J(n,a,b)-sin( ). (6)

The nature of the change in the amplitudes and oscillations of functions (5), (6) for two different
frequencies is shown as an example in Fig. 3.

Fig. 3. Mother sine-cosine Morlet wavelet functions for N=40, £=0.5 ms, frequencies 350 Hz (a) and
150 Hz (b).
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Now, having written (2) in discrete form, we can determine some k-th (k = 1,2,... N..) wavelet
coefficients of transforms WC(k,a,b) for cosine and WS(k,a,b) for sine components of the mother function G:

WC(k,a,b)zix(k—n) -2C(n,a,b), WS(k,a,b)zﬁx(k—n) -gS(n,a,b). (7N, (8)

n=l1

. Expressions (7),
= ®) represent the
convolution of the input

o discrete signal and the
0.08 mother wavelet. It can
be defined as the cross-

-0.08 correlation of one of the
sequences  with  the

~0.24 second one which is
inverse in time. This

-04 operation can be

0 10 20 30 40 performed using the

a b square size NxN matrix
Fig. 3 of the convolution

kernel M(g), which is a
function of vectors gC or gS. The matrix M(g) is formed as follows: all elements of its main diagonal are
equal to g, elements on the diagonal below the main one are equal to g,, even lower — to g3, etc. On the
diagonal, located above the main one, all elements are equal to gy, then on the next one — to gy.;, etc. The
general form of the matrix M(g), as well as the example for N=5, are given below:

& &v 8Bya - & g & 84 & gz_

& & v - & g & 8 & &
M@=g & & - &) M@=\g g & & & )

g & & & &

18y &nva &no2 - &1 18 & & & &

We find the WT coefficients by multiplying the matrix M(g) by the vector of the input signal. So, for
input signals of protection against SGF of currents i, voltages u and their derivatives pi, pu, the WT
coefficients cosine WCI, WCU, WCpl, WCpU and sine WSI, WSU, WSpl, WSpU are respectively found from
the expressions:

WCpl(n) = M(gC)- pi(n); WSI(n) = M(gS)-i(n); (10)
WSpU(n) = M(gS)- pu(n); ~ WCU(n)=M(gC)-u(n); (11)
WCI(n) = M(gC)-i(n); WSpl(n) = M(gS)- pi(n); (12)
WSU(n) = M(gS)- u(n); WCpU(n) =M (gC)- pu(n). (13)

With the help of the WT coefficients obtained as a result of the decomposition of the initial signals
into the basic ones, it seems possible to analyze the dynamics of the appearance and disappearance of
individual harmonics during the SGF. For this, as a criterion for the protection operation, we take the
% positive direction of the wavelet-transformed reactive power
WQ, defined as the sum of the products of the corresponding
wavelet coefficients of currents and voltages with the same serial
numbers. It is characteristic that these coefficients correspond to
the same frequencies and coincide or opposite in phase. For
example, the wavelets coefficients WSpU, WCU and also WCpl,
WSI are in phase, WCI, WSpl as well WSU, WCpU are opposite
in phase. This is due to the fact that differentiation, and then a
sine or cosine WTof the signal changes the phase of the signal
by 180° or 360°.

Es The nature of the change of obtained using (10) - (13)
035¢ 035 0358 03 wavelet coefficients is shown in Fig. 4 (example is given for
wavelet coefficients with serial number 16).
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Taking into account the above phase relationships between wavelets, two analytical expressions for
determining the power WQ are obtained in this work. We find it at each calculation step as the average value
of the dot product of the corresponding combined WC vectors for currents W/ and for voltages WU:

WQ, = N '(WCpIl —WSI)-(WSpU + WCU) ; (14)
WQ,=N"'(WCI+WSpl)-(WSU —WCpU). (15)

The simulation results established that WQ,=W(Q, and this connection, we use below only one of

them, which requires calculating only a part of expressions (10)-(13). Note that expressions (14), (15) are
obtained for the scale a and shift b factors corresponding to the selection of only one central frequency by the
filter. To increase the protection sensitivity, we will use several filters with different frequencies, which

correspond to the sets a,, b, (r =1,.., R). Then for each of them it is necessary to determine vectors of mother
functions gC,, gS,, matrices of convolution kernels M(g),, WT coefficients (10), (11), powers WQ1, and their

R
sum WQIl, = ZWer . However, with this approach, the total computational costs and the duration of the
r=l1

protection action increase, since it is required at each computation step to perform R calculations of matrices
M (g), and find their total sum and use it in (10), (11) to determine the WT, i.e. it is necessary to determine:

MCs =M (gC(n,a,,b))+...+ M(gC(n,a,,by)) = iM(gC(n,ar,br)), (16)

r=1

R
MSs =M (gS(n,a,,b))+...+ M(gS(n,a,,by))= ZM(gS(n,a,,,br)). (17)
r=1
However, the simulation results found that there is a linear relationship between the matrix M and
the mother function G, which consists in the fact that the sum of matrices from several vectors of the mother
function of the same dimension is equal to the matrix of the sum of these vectors, i.e.:

R R
MCy =M (> gC(n,a,,b); MSy=M( gS(n,a,.b,). (18)

™M

At the same time, the sensitivity of the protection increases significantly.
for  converting  analog
| M(gC) |—‘ X X

F 9
) Y forming and calculating the
summation Y, product X as
value (Op, then the first
The protection also provides for a trigging element that allows the protection to operate if the

r=1 r=1
Application of (18) allows to eliminate the above-mentioned disadvantage, since it practically does
On the basis of the presented mathematical description (1)-(18), a microprocessor protection against
SGF is developed, the block diagram of the calculation part of which is shown in Fig. 5. It contains analog-
signals 3u0, 3i0 into discrete
ones, d/dt Dblocks for
input signals, blocks for
‘ 2gC | | )2 l I 285 | elements of the matrix M(g)
“ ﬂ ‘\ f f f f of the mother function
1 forward fault +{WQ>Q WQ<-Q: | 2 backward fault well as WQ comparators. If
‘—{ - |_. in the first of them the
Fig. 5 output element of protection
— "SGF in the zone" is
amplitude value U, of the zero phase sequence voltage is at least 15% of the nominal one:
U, = Guy)* +(pBuy))* >0,15U,

not increase the computational costs when using several filters with different frequencies compared to one.
to-digital converters ADC
3uo —[ ADC |4 d/dt |
calculating derivatives of
gC1, gC2, gC3, gC4 g51, 852,853,854  kernel, as well as blocks for
Qs power exceeds the threshold
triggered, if the power is less — Op, then the second output element — "SGF outside the zone" is triggered.
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Below the results are presented of a study of protection, in which at each period of the network
fundamental frequency f, = 50 Hz, N = 40 discrete values with a sampling frequency f; = 2000 Hz were
allocated. The WT is carried out using four filters with frequencies of 350, 250, 150, 100 Hz, for which,
taking into account the fact that a=f,/f,, the values of the coefficients a, b were:

a,=5,7,b =20;a, =8,b, =20;a, =13,3 ,b, =20;a, =20 ,b, =20.
Results of calculations of the wavelet power WQ in relative units for the SGF on feeders with the
smallest (F1) and largest (F3) capacitances are given in Table 1.

Table 1
Feed R SGF on feeder F1 at fault phase SGF on feeder F3 at fault phase
ceder . eactor voltage voltage
power, WQ, inductance
p.u. u=Umax | ©=0.5Umax | u=0.1Umax | u=Umax| u#=0.5Umax | u=0.1Umax
F1 Lres 48.0 32.0 6.5 -3.09 -2.23 -0.89
(C=1 uF) 3*Lres 54.4 38.0 114 -3.1 -2.24 -0.76
0.33*Lres 38.0 25.0 4.5 -3.0 -2.20 -0.78
M Lres -23.0 -16.4 -5.4 -25 -17.8 -6.0
(C=9 uF) 3*Lres -23.8 -16.9 -5.5 -25 -17.8 -6.0
H 0.33*Lres -22.2 -16.1 -5.2 -25 -17.8 -6.0
M Lres -32.6 -23.2 -7.8 20 13.33 2.69
(C=12 uF) 3*Lres -33.9 -23.9 -7.9 24.4 17.8 4.58
0.33*Lres -32.2 -22.8 -7.5 20 13.7 2.7

As can be seen from the data presented, regardless of the degree of tuning of the reactor, the power
of the damaged feeder is always positive, and that of the undamaged one is negative. Its values are maximum
at the amplitude voltage on the phase at the moment of damage, and minimum at close to zero. However,

60

waQ

(Fourier -10)

when the threshold power value is equal to the basic one Qp
= Qb, the correct operation of the protection takes place in
all the considered cases of the SGF.

The nature of the power change in the case of the
SGF on the damaged F1 feeder and on the undamaged F2,
F3 ones is shown in Fig. 6. It also shows the power value
when the same harmonics are separated using the Fourier
transform, which is more than an order of magnitude lower

- F2 Ja— )
-2 a \ _J; than with the proposed WT.
3 - T/ The results of the analysis of the protection
-36 %'/ operation when an active resistance R = 500 Q is connected
F3 in parallel to the reactor showed that, as follows from the
- LS data given in Table 2, the power values practically do not
0.34 035 0.36 03 038 depend on the resistance value, and the protection algorithm
Fig. 6 also operates reliably.
Table 2
Figure 7 shows
Feeder . SGF on feeder F1 at phase voltage the operation of the output
Reactor inductance :
%(/)wer, u=Umax u=0.5Umax u=0.1Umax protection  element when
Q. pu. the zero-sequence
Lres 47.6 31.8 6.5 voltages and currents are
F1 3*Lres 54.5 37.8 11.3 applied to the input,
0,33*Lres 36.7 25.2 4.5 recorded by the
Lres -22.9 -16.45 -5.4 mathematical model.
F2 3*Lres -23.6 -16.7 -5.45 Also, positive results of a
0,33*Lres -22.3 -15.7 -4.6 microprocessor-based
Lres -32.5 -23.8 -7.84 protection sample on a
F3 3*Lres -33.3 -23.9 -7.9 1ab0rat0ry bench have
0,33*Lres -31.5 -22.3 -7.5 been obtained.
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Conclusions.

1. A method of protection against phase-to-
ground faults in medium voltage electrical networks
has been developed. The method determines the
direction of the reactive power wavelet from the
wavelet data of the converted zero phase sequence
currents and voltages and their derivatives using the
Morlet mother function.

2. Matrix-vector analytical expressions are
obtained for determining the reactive power wavelet
using the coefficients of the wavelet transforms of
the measured quantities and the matrix of the kernel
of the Morlet mother function, for which the rules of
its formation are stated. Fig. 7

3. For the matrix of the kernel of the mother
Morlet function, a linear relationship was established between the sum of matrices of several vectors with
different frequencies and the matrix of the sum of these vectors, which made it possible to increase the
protection sensitivity practically without increasing computational costs by increasing the number of
allocated harmonics, and, consequently, the total wavelet coefficient of reactive power.

4. With the help of a mathematical model, as well as during tests on a laboratory bench, results were
obtained that confirm the high reliability and sensitivity of the developed protection device prototype.
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3ACTOCYBAHHS BEMBJIET-IIEPETBOPEHHSI JIJ1S1 3AXHUCTY BIJI 3AMUKAHHS ®A3HU HA 3EMUIIO
B EJIEKTPUUYHUX MEPEXXAX CEPEJTHbOI HATIPYTH

B.®. CuBoxoOM1€eHKO, TOKT. TEXH. HayK, B.A. JIMCeHKO, KaH]. TEXH. HAYK
JloHenbKuil HAiOHAJILHUM TeXHIYHUI YHIBEpCHUTET,

1. [lu6ankosa, 2, [TokpoBcbK, Jonenska 06.1., 85300, Ykpaina.
E-mail: svf1934@gmail.com; viktor.lysenko@donntu.edu.ua

s enexmpuunux mepesc Hanpyzoro 6-35 KB 3 KOMNEHCO8aHOW, [301b08AHOI0 AOO pPe3UCMOPHO-3A3EMIEHOI0
Heumpannio po3pooreHo Memoo 3axXucmy 6i0 3amMUKauHs (asu Ha 3eMII0, 8 AKOMY 3d pe3yTbmamamy 4acmomHo-
YACO6020 GEUBNIEM-NEPEMBOPEHHsT CIMPYMIB, HANPYe HYIb0GOI NOCIIO06HOCHI ma IXHIX NOXIOHUX 304 O0O0NOMOZ2OH0
OMPUMAHO20 AHATIMUYHO2O GUPA3Y GUSHAYAIONb CYMAPHULL Geliglen PeakmuHol NOMYN’CHOCE Olisl PI3HUX 4aCTOM.
Hoxkazano, wo 6 noYamKoBUl MOMEHN 3AMUKAHHS ()a3U HA 3eMII0 HA HOWKOOICEHOMY NPUEOHAHHI NOMYICHICIMb
3a826c0U NOUMUBHA, A HA HENOUWKOONCEHOMY — He2AMUBHA He3ANeHCHO 8i0 pedxcumy pobomu Hetimpani. Koegiyicnmu
8elignem-nepemeopeHb 3HAX00SIMb  UISIXOM  320PMKU  OUCKDEMHUX 3HAYEHb GUMIDIOBAHUX CUSHANIE 3 CUHYCHO-
KOCUMYCHUMU CUSHAIAMu mMamepuncokoi ynxyii Mopae. 3eepueny 6 uaci nocaioogricmes yux CUSHALIE OMPUMYIOMb 34
00noMO2010 Mampuyi, 01 KoL uKIadeno npasuna it popmyeanns. Hk nyckoguil opean 3aXucmy BUKOPUCIOBYEMbCS
nepesuuentss aAMIIImyo0o Hanpyeu Hyib080i NOCIi008HOCMI 3A0aHO20 3HAYEHHs. 3a O00NOMO2010 MameMamuiHol
MOOeN Mepexci BUKOHAHO OOCHIONCEHHS NOGEOTHKU 3aXUCMY V pa3i 2IyXux [ 0Y206Ux 3aMUKAHHAX Qa3u HA 3eMl0, 3d
PI3H020 CmYNneHsi KOMIEeHCayii EMHICHUX CMPYMIB, 34 PI3HUX 3HAYEHb MUMMEBOI HANPY2U 8 MOMEHM 3aMUKaHHs. Y 6cix
pedcumMax ompuMano HAoIuHy pobomy 3aXucmy, Yymiusicme K020 HA NOPAOOK NEPeGUUYE YYMAUBICTNG 3AXUCMY,
3acnoeanozo Ha nepemgopeni @yp'e. Ompumano RNOZUMUBHI pe3yIbMAmMu  SUNPOOYBAHL peanizo8aH020 Ha
MIKpOnpoyecopHill enemeHmuil 06asi 3paska 3axucmy xa arabopamoptomy cmendi. biomn. 20, puc. 7, Tabm. 2.

Kniouogi cnoea: enekTpuuHa Mepeka, CTPyM, Halpyra, HyJbOBa TOCITIIOBHICTh, BEHBIIET-TIEPETBOPEHHS, PEAKTHBHA
MOTYXHICTb, 32XUCT BiJl 3aMUKaHb ()a3u Ha 3EMIIIO.

Hapiiinora 19.10.2020
Ocratounuii Bapiant 11.05.2021

62 ISSN 1607-7970. Texn. enekmpoounamika. 2021. Ne 4



