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Abstract: The paper analyses how the characteristics of the medium-voltage network with insulated
neutral and the conditions under which the single line-to-ground fault occurs (insulation condition
and value of the fault resistance) influence the zero-sequence components of the voltage of the
transformer station medium-voltage bus bar, the fault current, the currents of the faulted line and
the currents of the other non-faulted power lines connected to the transformer station bus bars.
Assuming the waveform of the medium voltage bus voltages in the transformer station is known, the
influence of the fault resistance on the total distortion coefficient of the fault current is analysed. This
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calculation and those obtained experimentally show that the simplifying assumptions accepted for
the mathematical models used in the calculation are correct.
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Medium-voltage power grids extend over long distances, which is why the number
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network but also on continuity of the supply to consumers. For this reason it is important
that the detection of such a defect be done selectively and in a short time. Various methods
for selective detection of such a defect that are based on signal processing methods are
presented in the literature (Fourier transform, wavelet transform, analysis of the transient
regime caused by the fault, etc). In previous works [9-11], protection schemes using a
wavelet transform are proposed for the analysis of the time-varying shape of voltages
and currents during the fault duration, and in [12] a centralized protection scheme that
controls the harmonic content of the zero-sequence component of the medium voltage bus
voltage and zero-sequence currents of medium voltage power lines is proposed. In [13] the
transient regime caused by the fault is analysed for single line-to-ground fault detection.

From the point of view of the operation of medium-voltage electrical networks, it is
very important that these faults be detected at an early stage when the resistance at the
fault site is high. In this regard, in [14-16] the possibilities of selective detection of a single
line-to-ground fault in the case where the resistance at the fault site has a large value are
analysed, highlighting the difficulties of this approach. In [17] the possibility of detecting
a single line-to-ground fault in a medium voltage network is investigated by comparing
the waveform of the faulted phase current with the waveforms of the non-faulted phase
currents. Using this method, it is possible to detect faults where the resistance at the fault
site has a value less than 2000 Q). In [18,19] multicriteria algorithms for selective phase-
to-ground fault line detection in medium voltage networks having isolated neutral are
presented. The wide variety of solutions designed for single line-to-ground fault detection
reveals the importance of solving this problem from the point of view of the operation
of medium-voltage electrical networks, as well as the fact that the solutions presented
in the literature do not fully meet the requirements of the protections used for single
line-to-ground fault detection.

The aim of the paper is to prove that the protections of medium voltage networks
with isolated neutral that use as parameter for the selective detection of a single phase-to-
ground fault the harmonic content of the fault current (total distortion coefficient of the fault
current) for the analysis of the transient regime caused by the fault do not have operating
conditions when the value of the resistance at the fault location is high (over 1000 () and
the protection that selectively detects such a fault using as control quantity the actual value
and direction of zero sequence current of the connected lines at the medium voltage bar in
the transformer station can detect such a fault and if the value of the resistance at the fault
location is 10,000 Q). This paper proposes a method for selective detection of the single
line-to-ground faults which consists in controlling the effective value and the direction of
the zero sequence currents of the medium voltage lines connected to the medium voltage
bus-bars of the transformer station. Using this method the detection of the fault is safe
because the direction of the zero sequence currents of the fault-free lines is inverse than in
the direction of the zero-sequence current of the line with fault. For this analysis, a 20 kV
electrical network was considered, a network in which experimental determinations were
performed to verify the results obtained by calculation. In the study, a medium voltage
network with isolated neutral with a total capacitive current (I?) of 18.15 A (experimentally
determined value) was considered. Figure 1 shows a simplified schematic of the medium
voltage network under analysis. The meaning of the notations in Figure 1 is presented in
Table 1.
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Figure 1. Simplified diagram of medium voltage network with isolated neutral.

Table 1. Meaning of the notations used in Figure 1. i; = 319 igR¢ K.

K Point where is the location of the phase-ground fault

R

The resistance at the fault site

<

110/20 kV transformer (nominal apparent power 16 MVA, wye with

Tr neutral (Yg) connection on the 110 kV side and delta (A) on the 20 kV side)
20/0.4 kV the own utilities transformer (nominal apparent power 250 kVA,
ur delta connection (A) on the 20 kV side and wye with neutral (Y()
connection on the 0.4 kV side)
Ly Line without fault having capacitive current 4.82 A and loss angle 5 = 40
L Line without fault having capacitive current 1.54 A and loss angle & = 2°
Ls Line without fault having capacitive current 9.06 A and loss angle 5 = 40
Ly Line without fault having capacitive current 2.75 A and loss angle & = 2°
Ris1 Electrical resistance of the line phase insulation L;
Com Capacitance between the phase conductor of line L; and ground
Risn Electrical resistance of the line phase insulation Ly
Conz Capacitance between the phase conductor of line L, and ground
Ris3 Electrical resistance of the line phase insulation L3
Conz Capacitance between the phase conductor of line L3 and ground
Risa Electrical resistance of the line phase insulation Ly
Cpna Capacitance between the phase conductor of line L4 and ground
Riss Electrical resistance of the line phase insulation L,
Cpns Capacitance between the phase conductor of line L, and ground

In Figure 1, the resistances Rjs», Ris3, Rjsa, and the capacitances Cppp, Cppz, Cpng have
not been represented because they are connected in the same way as the resistor Rjq,
respectively capacitance Cpy.

The paper analyzes how the total distortion coefficient of the fault current is influenced
by the value of the resistance at the fault location (R¢). The value of the resistance at the fault
site changes during the fault. Usually this resistance has a high value at the beginning of the
defect and decreases as it develops. For this reason, it is desirable that the fault be selectively
detected or at least initially detected in order to intervene before the resistance at the fault
site obtains a very low value. As the resistance at the fault site decreases, the voltage of
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the without fault phases increases, which can lead to the transformation of the fault into a
multiple one, with important consequences on the medium voltage network and on the
supply of power to consumers. The maximum value of the resistance at the fault location
at which the protection must function correctly is not unique. This depends on the value
of the resistance equivalent to the losses of active power in the insulation of the medium
voltage network (resistance R;s, ... , Rjg5 in Figure 1). Thus in [20] this value is 1000 (),
in [17] the value is 2000 (2, in [21] 5000 €2, and in [22] 100,000 Q). Considering the fact that
in the case of the network analyzed in the paper, the value of the resistance equivalent to
the resistances Rjg, . . . , Rjgs5 in Figure 1 is 19,829 (), we considered the maximum value of
the resistance at the fault location 10,000 (). Resistance values at the fault location are 3.5 (),
50 (), 100 €2, 1000 O3, 5000 O) and 10,000 Q). The value of 3.5 Q) of the resistance at the fault
location was chosen because the safety earth terminal of the pole at which the fault was
caused in the 20 kV network had this value. In the experimental determinations, resistances
of 5000 2 and 10,000 () were introduced at the fault site, respectively, which is why these
values were taken into account in the calculations performed. Thus, the results obtained by
calculation could be compared with those obtained by measurements in the 20 kV network.
This analysis allows us to ascertain the conditions under which the protections that analyze
the waveform of voltages and currents and establish that the transient regimes caused by a
single line-to-ground fault have correct operation conditions, respectively. It also analyzes
how the state of the insulation of the medium voltage network influences the phase-to-earth
fault current. To characterize the insulation state, the insulation loss angle (8) [23] is used,
for which the values & = 0 (perfect insulation) and & = 5.12° (experimentally determined
value for the analyzed medium voltage network) were considered. The paper also analyzes
the dependence of the grid equivalent impedance of 20 kV as a function of frequency (f)
and the resistance to switch to the fault location (R;). It is considered that the frequency
varies from 0 to 1000 Hz, so harmonics of order greater than 20 are neglected.

Concerning the main criteria that should be taken into account when establishing a
solution for neutral grounding of medium voltage networks, the regulation adopted in
Romania is presented in [24,25].

When special consumers, which do cannot tolerate electric power supply interruptions,
are connected to the network, the solutions for neutral grounding should allow, in case
of single phase-to-ground fault, the operation of the network on a limited period of
time, necessary for consumers to take appropriate measures to eliminate the possible
consequences of the interruptions. Accordingly, depending on the value of the short-
circuit current, there are two options to be taken into consideration: isolated neutral or
arc-suppression coil grounding. If the ground fault capacitive current does not exceed
10 A, the network can operate with isolated neutral. On the other hand, if the ground
fault capacitive current exceeds 10 A, the solution of the neutral grounding via resistor or
arc-suppression coil grounding.

2. Materials and Methods

Numerical models for the analysis of transient regimes caused by a phase-to-earth fault
in a medium voltage network are presented in [8,26]. Because the aperiodic component that
intervenes in the waveforms of voltages and currents is damped after 10-30 ms (depending
on the characteristics of the network and the value of resistance at the fault location), and
the disconnection from the source the fault line is made after 0.5-1 s from the occurrence of
the defect, the waveforms of voltages and currents become sinusoidal, so the defect can be
analyzed using the method of symmetrical components.

In the case of the line-to-ground fault the sequence networks are connected in series
([24], pp. 373-334, [27], pp. 421-471, [28], pp. 474-507).

It follows from the conditions imposed at the fault site that the sequence components
of the currents at the fault site satisfy the relationship (1):

P=1"=1" 1)
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The equivalent diagram of the medium voltage network in which the single line-to-
ground fault occurs is shown in Figure 2.

Figure 2. Connection of sequence diagrams in case of a single line-to-ground fault.

The meaning of the notations in Figure 1 is presented in Table 1. U —represents the
positive-sequence component of the three-phase system voltages at the fault location in
the absence of the fault; Z*—represents the positive-sequence impedance seen from the
fault location in the absence of the fault; Z~—represents the negative-sequence impedance
seen from the fault location in the absence of the fault; Z'—represents the zero-sequence
impedance seen from the fault location in the absence of the fault.

In the literature it is accepted (in most cases) that the three-phase system of voltages at
the fault site in the absence of the fault is symmetrical, so the zero-sequence component of
the three-phase system of voltages is equal to the phase voltage. As a result the following
relationship is satisfied:

Uf = Uy, = Uy, @)

The scheme shown in Figure 2 gives the sequence current expressions:

u, _ Uph
Z'+72 +2°+43xR Z'+Z +Z2°+3x R

P=1t=1 =

I;=3x1° )

As a result, the value of the fault current is inversely proportional to the equivalent
impedance of the three series-connected sequence impedances seen from the fault site
(Figure 2). Figure 3 shows the equivalent circuit diagram in symmetrical components of the
20 kV medium voltage network from Figure 1. The meaning of the notations in Figure 3 is
presented in Table 2.

!+ z;r ZITS

— X == R;s ue

3R,

1
| I

Figure 3. Equivalent circuit diagram in symmetrical components.
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Table 2. Meaning of the notations in Figure 3.

The positive-sequence of electromotive forces of the equivalent voltage generator (Thevenin)

+
U = Uy corresponding to the 20 kV mains terminals, considered from the fault point
Z ;C, Positive-sequence impedance of transformer T, in Figure 1
Zr, Negative-sequence impedance of the transformer T, in Figure 1
7+ Positive-sequence impedance from the substation bus bars to the fault location on the faulted
=L5 line (Ls in Figure 1)
7 Negative-sequence impedance from the substation bus bars to the fault location of on the
=L5 faulted line (L5 in Figure 1)
) Zero-sequence impedance from the substation bus bars to the fault location on the faulted line
=15 (Ls in Figure 1)
Zir Positive-sequence impedance of the utilities transformer
Zyr Negative-sequence impedance of the utilities transformer
x? Zero-sequence capacitive reactance of electrical network with a nominal voltage 20 kV
R, Equivalent electrical resistance corresponding to active power losses in the insulation of the
mn electrical network with a nominal voltage of 20 kV
R Resistance at the fault location

From Figure 3 for the sequence impedances the following expressions are obtained:

Z*—Z++Z+XZ+ @
= TR zi vz,
Zo X 25,
7 =7+ =UT (5)
£ 45 =
Zn+Zyr
Rjs x (—jX?
0= 279 + #0) ©)
Ris _]Xc

The equivalent impedance (Z,) of the circuit in Figure 3 with respect to the source
terminals is expressed by the following relation:

Z2,=7Z"+72 +272°4+3 xR

Z625354'%4'ZL5+M+Z —i—%%—BxRt @
The expression of sequence impedances as a function of frequency are:
2%(f) = RYs + j2rf x LYs + Ris(Wl‘q’fC”J (10)

Ris + mrpzaxc,

The equivalent impedance expression as a function of frequency is:

Z(f)=Z"()+Z (/) +Z2°(f) + 3R (11)



Energies 2021, 14, 7019

7 of 19

The zero-sequence voltage of the 20 kV bus bars in the transformer station (Figure 1)
is expressed by the following relation:

. 1
UO . Ris (er(fx3><Cp;,)
=b

= ) x [0 (12)
Ris + mrpaxc,;

The zero-sequence currents closing through fault-free medium-voltage lines are ex-
pressed by the following relations:

uO
B=———+i L=3x[ (13)
Ri51<j2ﬂf><3><Cph1>
1
Risst s
uO
L=—F—"—v; L=3xD (14)
RiSZ(jZHfX?)XCphZ)
Ry 1T
Ri52+j2nf><3xcph2
uO
S=—F—"—~ L=3xI (15)
Ri53(j271f><3xcph3>
1
Ri53+j27rf><3><Cph3
u’O
0 _ =b . — 0
B=——t o L=3x] (16)
Ri54(j271f><3><cph4>
1
Risst mrpssc,

Knowing the values of the parameters involved in relations (4)—(11), the equivalent
impedance (Z,), the fault current, the zero-sequence currents of the fault-free lines, currents
in medium voltage lines without fault during fault (I;, I, I3, I;) and the zero-sequence
voltage of the 20 kV bus bars in the transformer station are calculated. Also, from relation
(11) and from relations (8)—(10), the dependence of the equivalent impedance (Z,) and
sequence impedances (Z t,Z7, ZO) on frequency is determined.

3. Numerical Results

Calculation of sequence impedances, currents I—zero sequence current of faulted
line Ls—from Figure 1, l(l)—zero sequence current of non-faulted line L; from Figure 1,
I9—zero sequence current of non-faulted line L, from Figure 1, [S—zero sequence current
of non-faulted line Ly from Figure 1, I—the zero sequence current of the fault-free line
Ly in Figure 1, and the voltage U)—the zero sequence voltage of the 20 kV busbar in
the transformer station in Figure 1, requires knowledge of the values of the sequence
parameters of the elements involved in the scheme in Figure 2. Knowing the zero sequence
currents, the fault current (1) is calculated, respectively the currents flowing through the
fault-free lines during the fault (I;, I,, I3, I). The values of these parameters are shown
in Tables 3 and 4, respectively.

Table 3. Sequence parameters of the elements involved in Figure 1.

Equipment Name R*=R7[Q] R°[O)] L*=L"[H] L[0]
The transformer T, 0.2 00 0.0086 00
The utilities transformer UT 8.2 00 4.54 0o

Line with fault (Ls) 0.46 0.51 0.00121 0.00363
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Table 4. Parameters of the 20 kV network.

Network Element 1°[A] R;[0O] X201 " =3CyluF]
Network 20 kV 1.747 + j18.068 = 18.15 x ¢/8448” 19,829 1917.3 1.66
Line 20 kV L, 0.362 + j4.81 = 4.824 x /%7 95,693 7201.9 0.441
Line 20 kV Ly 0.054 + j1.54 = 1.541 x /%" 641,500 22,4942 0.141
Lin20kV L 1.261 + j8.972 = 9.06 x e/821° 27,471 3861 0.824
Line 20 kV Ly 0.096 + j2.648 = 2.65 x e/%8" 360,844 13,082 0.243

3.1. Dependence of Equivalent Impedance (Z,) on Frequency

The dependence of equivalent impedance (Z,) on frequency is expressed by the
relation (11). The dependence of sequence impedances on frequency is expressed by
relations (8)—for the positive-sequence, (9)—for the negative-sequence, (10)—for the zero-
sequence. To analyse the influence of frequency on the equivalent impedance (Z,), the
frequency is assumed to range from 0 to 1000 Hz, i.e., harmonics up to order 20 are
considered.

Using the MATLAB programming environment, the dependence of the equivalent
impedance value (Z,) as a function of frequency was plotted by considering different values
for the fault site resistance (R¢): 3.5 Q) (Figure 4), 50 () and 100 Q) (Figure 5), 5000 () and
10,000 Q) (Figure 6).

It was also analysed how the state of the insulation changes the value of the equivalent
impedance considering the odd harmonics (from 3 to 15). The results obtained are shown
in Tables 5-10. These tables show the ratio of harmonic impedance values (Z,))—where k
is the order of the harmonic and the impedance value for the fundamental (Z,y)). Also, for
the insulation loss angle of the 20 kV network, values of 0 (perfect insulation) and & = 5.12°
(the value of the insulation loss angle of the 20 kV network analysed) were considered.

Table 5 shows the values of the equivalent impedance (relation (11)) as a function of
frequency (degree of harmonics) if the resistance at the fault location is 3.5 (2, considering
the 20 kV network with perfect insulation (active power in the network insulation is zero—
insulation loss angle & = 0), i.e., insulation loss angle & = 5.12° (experimentally determined
value in the 20 kV network).

3500

3000

g &

|Impedance| (1)
2

1000

500

100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 4. Dependence of equivalent impedance on frequency for Ry = 3.5 Q).
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Figure 6. Dependence of equivalent impedance on frequency for R; = 5000 (), respectively 10,000 Q.

Table 5. Ratio values % as a function of frequency (harmonic order) for Ry =3.5Q), § =0, § = 5.12°.

Frequency [Hz]/Harmonic Order 50/1 150/3 250/5 350/7 450/9 550/11 650/13 750/15

Impedance value/Impedance value

at 50 Hz (fundamental) 5 = 0 1 0.3088 0.1558 0.0797 0.0293 0.0096 0.0421 0.0709

Impedance value/Impedance value

at 50 Hz (fundamental) & = 5.120 1 0.3103 0.1566 0.0802 0.0295 0.0098 0.0424 0.0713
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Table 6. Ratio values Zw as a function of frequency (harmonic order) for Ry =500, 5=0, 6 = 5.120.

Z(1>
Frequency [Hz]/Harmonic Order 50/1 150/3 250/5 350/7 450/9 550/11 650/13 750/15
Impedance value/Impedance value
at 50 Hz (fundamental) 5 = 0 1 0.3179 0.1745 0.1124 0.0847 0.0801 0.0899 0.1064
Impedance value/Impedance value 1 03197 01758 01136  0.0857  0.0807  0.0902 0.1064

at 50 Hz (fundamental) § = 5.120

Table 7. Ratio values % as a function of frequency (harmonic order) for R; =100 ), 6 =0, 5 = 5.120.

Frequency [Hz]/Harmonic Order 50/1 150/3 250/5 350/7 450/9 550/11 650/13 750/15
Imp;d5a5‘;fz"gﬂfd/:$§§i?)“§i";lue 1 03428 02194 01751 01591 01567  0.1619 0.1714
I“;f;g%‘;e( le ig;ﬁgﬁ;ﬁ%ﬁ?ﬁg‘e 1 03441 02200 01751 01586 01559  0.1607 0.1700

Table 8. Ratio values % as a function of frequency (harmonic order) for Ry =1000 ), 6 =0, 5 = 5.120.

Frequency [Hz]/Harmonic Order 50/1 150/3 250/5 350/7 450/9 550/11 650/13 750/15
Impﬁ;&‘;ﬁ"&fiﬁgﬁi‘i‘;‘gez";lue 1 09114 08987  0.8955  0.8945  0.8943  0.8946 0.8952
Impedance value/Impedance value 1 08292 08140 08101 08087  0.8084  0.8085 0.8090

at 50 Hz (fundamental) § = 5.120

Table 9. Ratio values % as a function of frequency (harmonic order) for Ry =5000 ), 6 =0, 6 = 5.129,

Frequency [Hz]/Harmonic Order 50/1 150/3 250/5 350/7 450/9 550/11 650/13 750/15

Impedance value/Impedance value

at 50 Hz (fundamental) & = 0 1 0.9928 0.9922 0.9921 0.9920 0.9920 0.9920 0.9921

Impedance value/Impedance value

at 50 Hz (fundamental) 5 = 5.120 1 0.9816 0.9801 0.9797 0.9796 0.9795 0.9795 0.9795

Table 10. Ratio values % as a function of frequency (harmonic order) for R; = 10,000 2, 5 =0, 5 = 5.129,

Frequency [Hz]/Harmonic Order 50/1 150/3 250/5 350/7 450/9 550/11 650/13 750/15

Impedance value/Impedance value

at 50 Hz (fundamental) & = 0 1 0.9982 0.9980 0.9980 0.9980 0.9980 0.9980 0.9980

Impedance value/Impedance value

at 50 Hz (fundamental) & = 5.120 1 0.9924 0.9918 0.9916 0.9916 0.9915 0.9915 0.9915

Tables 8-10 show that the ratio of the harmonic impedance values to the fundamental
impedance value is practically constant, being above 0.8 when R; = 1000 €}, above 0.98
when R; = 5000 ), and above 0.99 when R; = 10,000 Q). Under these conditions the total
distortion coefficient of the fault current is practically equal to the total distortion coefficient
of the voltages U,;,. As a result, in this situation the single line-to-ground fault cannot be
detected by checking the harmonic content of the fault current or by analysing the transient
regime caused by the fault in the medium voltage network.

3.2. Calculation of Zero Sequence Current of Faulted and Non-Faulted Lines and Zero Sequence
Voltage of Medium Voltage Busbars

For the calculation of the zero-sequence current of the faulted line, the zero-sequence
currents of the non-faulted lines and the zero-sequence voltage of the 20 kV bus bars in
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the transformer substation, the sequence impedances in Figure 3 and the reference phase
voltage must be known. Since the line voltage of the medium voltage network is 20 kV, the
phase voltage has the following value:

20,000
V3

For the calculation of the current (I, I;) relation (3) is used, for the calculation of the
voltage (Qg) relation (12), for the calculation of the current (I (1), I;) of line Lq relation (13),
for the calculation of the current ([ g, I,) of line L, relation (14), for the calculation of the
current (I3, I5) of line L3 relation (15), and for the calculation of the current (I, I,) of line
L4 relation (16) is used.

The following values were considered for the fault site resistance (R;): 3.5; 50; 100;
1000; 5000 and 10,000 €. The calculation of the specified quantities was made considering
the insulation of the 20 kV network as being without active power losses, i.e., the equivalent
electrical resistance of the insulation is considered to be infinite. The results obtained are
shown in Table 11.

Uy, = U = =11,547V (17)

Table 11. Complex values of currents and zero sequence voltage of 20 kV bus bars in the transformer substation.

Ri[O)] 35 50 100 500 1000 5000 10,000
L[A] 19.25 x /8448° 19.11 x e/799° 17.81 x ¢/756° 13.71 x e/*82° 9.36 x ¢/3061° 2.264 x /797° 1.185 x ¢/357°
uv] 11,747 x e~ /0025 11,466.4 x e /461° 11,138.8 x e~ /892° 8681.8 x ¢~/363° 5729.7 x ¢/53:9° 1523.8 x ¢ /77437 725.4 x ¢~ /80-93°
LIA] —5.11 x e/%6° —5.073 x ef811° —4.728 x ¢I768° —3.639 x e/494° —2.485 x 318 —0.599 x /826 —0.314 x /4767
LIA] —1.62 x e/88° —1.608 x e/834° —1.499 x 791° —1.154 x PL7° —0.787 x 341° —0.206 x ¢/1056° —0.0996 x /706
L[A] —9.28 x /82’ —9.213 x 774° —8.586 x /731° —6.609 x e/*57° —4.512 x /281° —1.197 x e/457° —0.575 x /107°
LIA] —2.91 x e/%8° —2.889 x ¢/834° —2.692 x &/791° —2.073 x 5167 —1.415 x ¢/3403° —0.377 x /1049° —0.179 x ¢/6:9%°

From Table 11 it can be seen that if the value of the resistance at the fault site is 10,000 ()
the effective value of the fault current is 1185 A and the effective value of the zero-sequence
voltage of the 20 kV bus bar is 725.4 V. Given that the transformation ratio of the current
transformers related to the faulted line is 20, it follows that in the secondary of the zero-
sequence current filter the effective value of the fault current is 59.25 mA. The effective zero
sequence voltage value of the 20 kV bus bar in the secondary of the zero-sequence filter
for voltage is 6.28 V. So, to selectively sense a single line-to-ground fault requires that the
value of the current relay drive current is less than 59.25 mA and the voltage relay drive
voltage is less than 6.25 V.

4. Experimental Results

Verification of the results obtained by calculation, using mathematical models pre-
sented in the literature, was carried out by experimentally determining the calculated
quantities in the 20 kV network analysed. The experimental determination of voltages and
currents was carried out by recording them with a transient event recorder in electrical
networks. Figure 7 shows how the transient event recorder is connected to the secondary
circuits in the 110/20 kV transformer station. In the secondary of the zero-sequence voltage
filter the maximum voltage relay noted (VR) in Figure 7 is connected. The operating voltage
of this relay is 2 V. The normally open contact of this relay is marked a; in Figure 7. The
state of this contact is recorded by the event recording equipment. Also connected to the
secondary of the zero-sequence current filter is the current directional relay marked (DCR)
in Figure 7. The operating current of the directional relay is 25 mA. The normally open
contact of the directional relay is marked as a; in Figure 7. The state of this contact is
recorded by the transient event recorder equipment.
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Figure 7. Measurement scheme in the network 20 kV.

The fault is caused on line Ls in Figure 7. The circuit-breaker switching command of
the line on which the fault is caused is performed by a special device designed to perform
measurements in 20 kV installations. To avoid fault extension during the experiments,
the control device also generates the impulse for disconnecting the circuit breaker of the
faulted line if the protections of this line do not detect the fault. Also, in case of refusal
of the disconnection of the circuit breaker of the faulted line, the controller generates an
impulse to command the disconnection of the BCS longitudinal coupling circuit breaker in
Figure 7.

The measurements recorded during the fault are: i;—fault current (zero-sequence
current of the Ls line on which the fault is caused); iy, ip, i3, iy —currents of fault-free lines
(L1, Ly, L3, Ls); u1, up, uz—the phase voltages of the 20 kV bus bars in the transformer
station; u)—zero sequence voltage of the 20 kV busbars in the transformer station; a;—the
position of the normally open contact of the overvoltage relay controlling the zero-sequence
voltage value of the 20 kV bus bars in the transformer substation; a,—the position of the
normally open contact of the current directional relay controlling the actual value and
direction of the zero-sequence current of the faulted line (Ls).

Measurements were made considering the following values for the resistance at the
fault site: 3.5, 5000 and 10,000 (), respectively. The waveforms obtained are shown in
Figures 8-10. The directional current relay is so set that it operates if the direction of the
zero-sequence current is from the transformer substation bus bar to the fault location and
does not operate if the direction of the zero-sequence current is reversed.

The complex values of the measured quantities are shown in Table 12.

From the waveforms shown in Figures 8-10 it can be seen that the fault was sensed
by both the zero-sequence voltage relay and the zero-sequence current directional relay
of the line on which the fault occurred. The maximum zero-sequence voltage relay has
the effective value of the drive voltage 2 V, and the minimum effective value of the zero-
sequence voltage in the zero-sequence filter secondary is 6.8 V, so it has operating conditions
even when the resistance at the fault site is 10,000 Q2. The zero-sequence directional relay
has an effective value of 25 mA actuating current. The minimum effective value of the fault
current in the secondary of the zero-sequence filter of the faulted line is 60.1 mA, when
the resistance at the fault location is 10,000 Q). So, both the maximum voltage relay and
the current directional relay had operating conditions for the three faults caused in the
20 kV network. The waveforms recorded and shown in Figures 8-10, confirm that the two
relays operated correctly. So, for the selective detection of a single line-to-ground fault
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in a medium voltage electrical network with isolated neutral, a directional current relay
can be used which controls the actual value and direction of the zero-sequence current of
the medium voltage lines, even if the value of the resistance at the fault site is 10,000 Q).
From the waveforms shown in Figure 8 (fault site resistance 3.5 Q) it follows that the fault
lasted 560 ms, from Figure 9 (fault site resistance 5000 Q) it follows that the fault lasted
580 ms, and from Figure 10 (fault site resistance 10,000 2) shows that the fault lasted 720 ms.
Figure 8 shows that there is a significant transient component in both the fault current and
the fault-free line currents. If the fault site resistance is 5000 (2 and 10,000 Q) respectively the
fault current and the currents of the non-faulted lines do not contain a transient component,
which is why the transient regime can no longer be used to detect a single line-to-ground
fault in a medium voltage network with isolated neutral. The numerical simulation of the
transient regime caused by such a fault [24] showed that in case of high value resistances
at the fault location the transient component becomes negligible.

i1 i
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Figure 8. Waveforms of currents and voltages when in the 20 kV network there is a ground phase
fault, and the value of the resistance at the fault location (R;) is 3.5 Q.
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Figure 9. Waveforms of currents and voltages when in the 20 kV network there is a ground phase
fault, and the value of the resistance at the fault location (R;) is 5000 Q).
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Figure 10. Waveforms of currents and voltages when in the 20 kV network there is a ground phase fault, and the value of
the resistance at the fault location (R;) is 10,000 Q.

Table 12. Complex values of experimentally determined currents and voltages.

R[] 3.5 5000 10,000
1;[A] 18.15 x /84489 2.342 x /84489 1.202 x /84489
wv] 12,320 x ¢~/0.0%5 1645.3 x /0025 785.4 x /0025
L[A] 4.82 x /8" 0.622 x /%" 0.319 x /8"
L[A] 1.54 x /88’ 0.199 x /88 0.102 x /88"
I;[A] 9.06 x e/84 1.169 x e/® 0.609 x e84’
L[A] 2.75 x /88’ 0.355 x ¢/88° 0.182 x /88
Vvl 21,210 x e~ /149" 13,860 x /1% 12,910 x ¢~ /120°
U,[V] 21,120 x /151" 12,050 x /123 12,110 x /124
Us[V] 192.3 x €0 10,900 x e~ /% 11,470 x e~/

5. Discussion

The dependence of the equivalent impedance value on frequency is influenced by
the value of the resistance at the fault location (R;). From Table 5 it can be seen that when
the resistance at the fault site has a value of 3.5 (), the value of the equivalent impedance
decreases sharply with frequency, obtaining the minimum value for the 11th harmonic,
in which case the value of the equivalent impedance decreases 104 times compared to its
value for the fundamental. Given this change in the equivalent impedance value with
frequency, it follows that in order to detect a simple earth fault in a medium voltage
electrical network with isolated neutral, the harmonic content of the zero-sequence current
of the lines connected to the medium voltage bus bar can be checked. The harmonic content
is most pronounced at the fault current. In this way the faulted line can be selectively
detected.

If the value of the resistance at the fault site increases to 50 (), the minimum value
of the equivalent impedance is 12.5 times lower than its value for the fundamental, this
value being 8.33 times higher than if the resistance at the fault site was 3.5 (2. Under these
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conditions the harmonic content of the fault current decreases by 8.33 times, so one may
end up in a situation where the harmonic content of the fault current can no longer be
technically determined, i.e., this procedure can no longer be used for selective detection of
such a fault. If the resistance at the fault site is 100 Q) (Table 7) the minimum equivalent
impedance value is 6.38 times lower (harmonic 11) than its value for the fundamental. This
value is 16.3 times higher than if the resistance at the fault site is 3.5 ().

If the resistance at the fault site is 5000 (O the minimum value of the equivalent
impedance (Table 8) is 1.008 times lower than the impedance value for the fundamental,
and if the value of the resistance at the fault site is 10,000 Q) (Table 9), the same ratio
becomes 1.002 i.e., the equivalent impedance value no longer depends on the frequency,
having the same value for all harmonics. Under these conditions the harmonic content of
the fault current decreases significantly, so the harmonic content of the fault current can no
longer be used for selective detection of such a fault. That is why at high values of the fault
site resistance, for selective detection of the faulted line the actual value and the direction
of the zero sequence currents of the medium voltage lines connected by the 20 kV bus bar
of the transformer substation are controlled.

Assuming that the phase voltage has the following expression:

upp(t) = [V2 x sin(10077 x t) 4 0.04/2 x sin(3 x 1007 x )+

40.02v/2 x sin(5 x 1007t x t) +0.01v/2 x sin(7 x 1007t x t)+

40.009+/2 x sin(9 x 100 x t) 4+ 0.007v/2 x sin(11 x 1007t x t)+
)

(18)
40.005v/2 x sin(13 x 1007t x t) 4+ 0.003v/2 x sin(15 x 1007t x )]V
The total distortion coefficient voltage [29] is:
Uz, +U% +U%, + U2 +U%. + U%,, + U?
3 5 7 9 11 13 15
THDuz\/() (5) (7) ) (11) (13) ():0.0476 (19)

Ug)

The values of the total fault current distortion coefficient (THDj) [29], as a function of
the value of the resistance at the fault location are shown in Table 13.

Table 13. The values of the total fault current distortion coefficient.

R¢{O] 35 50 100 1000 5000 10,000
THDq 0.8312 0.2443 0.1866 0.0525 0.0479 0.0477

From Table 13 it follows that the value of the total current distortion coefficient is
practically equal to that of the total voltage distortion coefficient (THD; = THDy;) if the
resistance at the fault site is greater than 5000 Q).

The difference between the equivalent impedance value when there are no active
power losses in the 20 kV grid insulation (R;; in Figure 1 is infinite) and active power losses
(Ris =19,929 O, i.e., loss angle & = 5.12°) is shown in Table 14. The difference is expressed
in % and is calculated using relation (20) and the results are shown in Table 14:

 Zo(6 =5.12) — Z,(5 = 0)

% = 7.5 =519) % 100 (20)

From Table 14 it can be seen that the state of the insulation of the medium voltage
network does not significantly change the value of the equivalent impedance, regardless of
the value of the resistance at the fault location. The maximum difference is 1.289% for the
fundamental and the resistance at the fault location having the value of 5000 (). For this
reason, in the mathematical model used for the phase-to-ground fault analysis (Figure 3)
the value of the insulation resistance (R;;) can be considered as infinite, so the insulation
of the medium voltage network can be considered without active power losses (ideal
insulation). In the case of medium voltage networks with Petersen coil treated neutral the
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insulation condition can lead to a pronounced change in the fault current [30], which is
why in the mathematical model used for single line-to-ground fault analysis the active
power losses in the medium voltage network insulation cannot be neglected.

Table 14. £% as a function of frequency (harmonic order) and 20 kV grid insulation loss angle.

R:[O)/f[Hz] 50(1) 150(3) 250(5) 350(7) 450(9) 550(11)  650(13)  750(15)

3.5 —0.531 -0.048  —-0.012 0.033 0.215 1.524 0.062 0.015
50 0.290 0.858 1.078 1.339 1.438 1.077 0.616 0.334
100 1.079 1.482 1.333 1.079 0.791 0.548 0.368 0.248

5000 1.289 0.148 0.054 0.027 0.017 0.011 0.008 0.006
10,000 0.657 0.074 0.027 0.014 0.008 0.006 0.004 0.003

The percentage differences between the calculated (Table 9) and experimentally deter-
mined (Table 12) values are shown in Table 15. To calculate these differences, the following
relationship is used:

experimental results — calculation results

&% = experimental results X100 @)
Table 15. Error ¢1% calculation of currents and voltages.
R[] 3.5 5000 10,000
LIA] —6.061 3.331 1.414
udvi 4.65 7.383 7.639
I[A] —6.023 3.698 1.567
I9[A] —5212 —3.518 2.353
L[A] —2.434 —2.395 5.583
19[A] —5.824 —6.197 1.648

Given the precision with which the parameter values in the zero-sequence current and
voltage calculation relationships are known the error values in Table 15 are fully justified.
As a result, the simplifying assumptions used for mathematical models for calculating
currents and voltages in the case of a single line-to-ground fault in a medium voltage
network with isolated neutral are correct.

6. Conclusions

The paper demonstrates that the method of selective detection of a phase-to-earth
fault that uses the control of the effective value of the zero sequence currents of medium
voltage lines and the direction of these currents can selectively detect such a fault even if the
resistance at the fault reaches the value of 10,000 (). The equipment needed to implement
this method is much simpler and cheaper than the equipment needed to implement
methods that involve analyzing the waveform of the fault current, which in the case of
faults where the resistance at the fault location exceeds 1000 () no longer have operating
conditions. The main findings of the study are presented below:

(@) A single line-to-ground fault occurring in a medium voltage network with isolated
neutral can be selectively detected by checking the harmonic content of the fault
current only if the resistance at the fault site does not exceed 100 Q). If the total voltage
distortion coefficient is 0.0476 (which is within the allowed limits) the total current
distortion coefficient is 0.8312 if R; = 3.5 ), 0.2443 if R; =50 ), and 0.1866 if = 100 ().
So, when the resistance at the fault site is 100 Q) the total current distortion coefficient
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(b)

(c)

(d)

(e)

(f)

(8)

decreases by 4.45 times compared to the case when R; = 3.5 (), and when R; =50 Q)
the total current distortion coefficient decreases by 2.99 times compared to the case
when R; = 3.5 Q) (Table 13).

If the value of the resistance at the fault site exceeds 1000 Q) the total phase current
distortion coefficient is not more than 9.3% higher than the total phase voltage dis-
tortion coefficient (Table 13). As a result, controlling the harmonic content of the
phase current does not provide a reliable procedure for selective single line-to-ground
fault detection.

If the fault site resistance exceeds 100 (), it is advisable to use the actual value of the
zero-sequence current and its direction to sense a fault in a medium voltage network
with isolated neutral using a directional current relay. If the operating current of the
directional relay is 25 mA, a single line-to-ground fault can be detected with this
relay, where the resistance at the fault site can reach 10,000 () (waveforms shown
in Figure 10).

A maximum voltage relay can be used to signal the occurrence of a single line-to-
ground fault in the medium voltage network, which controls the actual value of the
zero-sequence voltage of the medium voltage bus bar voltages in the transformer
substation. If the operating voltage of the relay is 2 V, a single line-to-ground fault can
be detected in a medium voltage network with isolated neutral leading to an effective
value of the zero-sequence voltage of the 20 kV bus bars in the transformer substation
of at least 231 V, which value is obtained if the resistance at the fault site does not
exceed 30,000 (). A value of 2 V for the voltage relay adjustment is only possible if in
the absence the fault the zero-sequence voltage of the medium voltage bus-bars in the
secondary of the zero sequence filter does not exceed the value of 0.5 V, to ensure a
value for safety factor 4.

If the operating voltage of the overvoltage relay has too low an effective value, there
is a risk that the overvoltage relay will operate in normal operation of the medium
voltage network. To avoid such a situation, it is necessary to determine experimentally
the value of the zero-sequence component of the medium voltage bus bar voltage
in the transformer substation before setting the maximum voltage relay setting. The
value of the voltage at which the voltage relay is set shall be at least twice the value of
the zero-sequence component of the voltage of the medium voltage bus bars in the
transformer substation in the absence of a fault.

For the single line-to-ground fault detection in a medium voltage network when the
resistance at the fault location exceeds 1000 () the transient component of the fault
current cannot be used because it practically does not exist (Figures 9 and 10).
Checking the effective value of the zero-sequence voltage of the medium voltage
bars in the transformer station only detects the existence of the fault, not the fault
line. In order to detect the fault line, it is necessary to control the effective value
of the zero- sequence current and its direction for the medium voltage lines. There
are many medium voltage networks with isolated neutral in which such a fault is
not selectively detected. The fact that there is such a fault is an important piece of
information in the operation of medium voltage networks. In such situations, the
faulty line is established by disconnecting them from the source.
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