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Abstract: This paper focuses on the evaluation of the electric shock hazard accompanying earth
faults in a non-effectively earthed medium-voltage (MV) electrical power network. This hazard
depends on the duration and value of the fault current. While the fault current depends on several
factors, the most important is the neutral point earthing method. The value of the fault current
affects the earthing-electrode voltage value, being the basis for the assessment of electric shock
hazard in MV/LV substations. The earthing-electrode voltage is also influenced by the resistance
of the substation earthing, which in practice is random. Therefore, an original statistical evaluation
method for assessing the electric shock hazard has been developed and presented in this paper. It is
based on a statistical model of the MV /LV substation earthing resistance, worked out on the basis
of experiments and measurements in real electrical power networks. This method can be used for
the determination of statistical distributions of earthing-conductor voltages in real electrical power
networks, and on this basis, the MV /LV substations with rates of electric shock hazard that are
too high can be indicated. This also makes it possible to determine the longest permissible fault
current interruption times or the highest permissible earthing resistances for specific substations.
This method is also applicable when selecting the neutral point earthing method. The developed
method was used in all of the above proposed areas by performing calculations on a model of a real
15 kV network with the neutral point earthed by a resistor. This analysis proves the practicability of
the method both at the stage of designing power networks, and when a change in the neutral point
earthing method in existing networks is being considered. Particularly valuable is also the statistical
model of an earthing electrode resistance, developed on the basis of measurements in 2408 MV /LV
substations, which may also be applicable in the future studies.

Keywords: medium-voltage networks; neutral earthing; medium/low voltage substation; earthing-
electrode voltage; electric shock hazard; statistical assessment

1. Introduction

The method used for neutral point earthing in electrical power networks significantly
determines their design and operation. The values of earth fault currents, which have a
direct impact on the electric shock hazard, overvoltage level, and reliability of the protection
control system [1], depend on this method. Therefore, the choice of the method used
for neutral point earthing is a complex issue with multiple aspects. In practice, several
options [2,3] are available, and systems can be classified into two basic groups:

(1) effectively earthed systems;
(2) non-effectively earthed systems.

In the first group, the neutral point has a solid connection with the earthing system,
i.e., selected transformer star points are earthed. In the second group, the neutral point is
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impedance-connected with the earthing system, by means of either a resistor, a reactor, or
their connection in parallel. A special case is the lack of connection of the neutral point
with the earth. Each of the mentioned methods of neutral point connection has its own
advantages and disadvantages, which determine the working conditions of the network
during phase-to-earth faults.

Medium-voltage (MV) grids most often operate with a non-effectively earthed neutral
point (Figure 1).
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Figure 1. MV grid with non-effectively earthed system: (a) isolated neutral point; (b) reactor-earthed
neutral point; (c) resistance-earthed neutral point. HV—high voltage; MV—medium-voltage; LV—
low voltage; PTr—power transformer; ETr—earthing transformer; NP—neutral point; Ly—earthing
inductor; Ry—earthing resistor.

Low values of earth fault currents, and thus low risk of electric shocks, are considered
advantageous in MV isolated neutral point networks (Figure 1a). Moreover, when the
earth fault current does not exceed several amperes, spontaneous arc extinction of earth
faults (without operation of circuit breakers) can be achieved in overhead networks. This,
however, is mainly true in overhead lines that are not particularly extensive. In the case
of cable networks or cable-overhead networks predominantly employing cable lines, the
earth fault current can reach much higher values, thus increasing the risk of electric shock
caused by earth fault current. This requires the use of reliable protections to quickly resolve
earth faults.

For earth fault current values above which the isolation of the neutral point of the
network is no longer advantageous, it may be justified to apply reactor neutral point
earthing (Figure 1b) in order to lower the value of the earth fault current by compensating
the grid capacitance. Conditions can thus be achieved that are highly favorable for arc self-
extinction of earth faults in overhead lines. However, the main disadvantage of this method
is the difficulty of ensuring the proper operation of earth fault protection [4,5]. Therefore,
the operating conditions of such protections are frequently improved through automatic,
short-term shunting of the reactor with a resistor to briefly introduce the active component
of the earth fault current with values of several to several dozen amperes. A significant
disadvantage of resonant earthed neutral networks is their high values of transient line-to-
earth overvoltages [6,7]. However, this is also true of networks with an isolated neutral
point. The problem of earth fault overvoltages is particularly significant in cable networks,
because faults through the intermittent arc do not have the ability to extinguish themselves,
and the earth fault current can reach values of up to several hundred amperes.

Earth fault overvoltages can be limited by applying resistance earthing of the neutral
point of the network (Figure 1c). An additional advantage of this solution is the high
reliability of protection operation [3] and the short fault current interruption times. The
main disadvantage of this solution is the high risk of electric shock in the MV /LV substa-
tions, which is a result of the high values of earth fault currents. Therefore, the resistance
provided by the Ry earthing resistor is employed to minimize the electric shock hazard.
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Generally, electric shock hazard depends on the current value and its flow time
through the human body [8,9]. However, in practice, the basis for evaluating electric shock
hazard in MV /LV substations during earth faults is the earthing-electrode voltage. Figure 2
shows a generalized scheme of a substation supplied by an MV grid (Figure 1). When a
phase-to-earth fault occurs on the MV side of the substation, the voltage Ur appears in
the substation earthing system. The value of Ur depends on the fault current Ir, which is
split into Iy, Ig, and Ipgy currents in the substation earthing system. The earthing system
consists of: substation earthing-electrode with resistance Rg, protective earth and neutral
conductor PEN (in LV network) with equivalent resistance Rpgy, and earth-return paths in
the MV network with equivalent impedance Zg.

MV/LV SUBSTATION
MVGRID | | | LVGRD |
Ir Iren
Zg Reen 1
R = Re || Reen

g

Ze=Zr || Rs

Figure 2. Phase-to-earth fault current flows in the MV /LV substation earthing system: Rg—substation
earthing-electrode resistance; Rpgy—equivalent resistance of protective earth and neutral conductor
(PEN) in LV network; Zr—impedance of earth-return path in MV network; Ir—phase-to-earth fault
current; [p—earthing current; Ug—earthing-electrode voltage.

These issues have been the subject of numerous research works, mainly devoted to
the distribution of fault currents in complex earthing systems and to the criteria defining
global earthing systems. Among others, [10-12] were devoted to fault current distribution.
In [11,12], a sensitivity analysis of the network structure was carried out along with the
selection of parameters for the reduction factor. This factor was also the subject of the
research presented in [10]; however, in that case, its value in a real medium-voltage network
was based on measurements. Low reduction factor values are characteristic of global
earthing systems. Despite the development of various methods of determining the area of
global earthing systems [13], the development of unambiguous and practicable guidelines
presents great difficulties. A separate issue related to electric shock safety in medium-
voltage networks is transferred voltage from HV/MV substations during faults in HV
networks, analyzed in [14,15]. Substation earthing resistance values were determined
deterministically in all of the above-mentioned publications. However, in reality, the
equivalent impedance Zf of substation earthing (Figure 2) is not a constant value, as
it depends on various random factors. For this reason, the expected value of earthing-
electrode voltage UE is also random. This causes the assessment of electric shock hazard to
be a problem that is most appropriately solved using a statistical approach [16-18].

The subject of this paper is the statistical evaluation of electric shock hazard in
MV/LV substations.

The foundations of this evaluation are:

e  astatistical model of MV /LV substation earthing resistance developed by the authors
based on measurements performed in real grids; and
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e  an original method presented by the authors for determining the probability of ex-
ceeding the permissible earthing voltage values.

The presented method can be used for determining the statistical distributions of
earthing-electrode voltage, and based on these, identifying those MV /LV substations
where there is an unacceptable probability of the occurrence of an electric shock hazard.
Following this method, the longest permissible fault current interruption times can be
determined for these substations, or the maximum earth resistance that ensures that the
assumed a priori probability of not exceeding acceptable earthing voltages is met.

The organization of this paper is as follows:

e  The analysis of factors affecting the equivalent earthing impedance Zr of MV /LV sub-
stations is presented in Section 2. In particular, it is pointed out that this is influenced
by deterministic factors related to the earth-return circuit, as well as probabilistic
factors stemming from the statistical dispersion of MV /LV substation earthing resis-
tance values;

e  The method for the statistical evaluation of electric shock hazard at MV /LV substations
is presented in Section 3;

e  The application of the developed method for the analysis of a real 15 kV network
is presented in Section 4. An MV network operating with an isolated neutral point
was investigated, in consideration of the possibility of resistance earthing of the
neutral point. The calculations made it possible to determine the longest admissible
fault current interruption times or the maximum substation earthing resistance after
changing the neutral point earthing method.

2. Analysis of Factors Affecting the Equivalent Impedance to Earth of MV/LV Substations

The equivalent impedance to earth of a substation Z is a parallel connection (Figure 2)
of equivalent impedance Zy of earth-return paths in the MV network, substation earthing-
electrode resistance Rg, and equivalent resistance Rpgy of the protective earth and neutral
conductor (PEN) in an LV grid. The values of impedance and resistance, as well as their
proportions, have an impact on the fault current flow Ir, where its constituent part, i.e.,
earthing current I, determines the properties of the earthing-electrode voltage.

Impedance Zg = | Zg 1€/ R is dependent on the earth-return path configuration in
particular lines of the MV network. The impedance of the earth-return path of a given line
is dependent on its length, and whether it is cable or overhead. Figures 3 and 4 illustrate
the dependence of module |Zg | and argument @ of the earth-return path impedance of
the selected lines on their length L. These dependencies were obtained using the program
EMPT-ATP for MV /LV substations placed every 250 m along the line. It was also assumed
that the resistances Rp (Figure 2) of these substations were connected to the analyzed
earth-return path.

As far as non-effectively earthed MV networks are concerned, there is a difference in
principle between the return paths of overhead and cable lines. This is illustrated in Figure 3,
which presents the characteristics of earth-return impedance for a 15 kV overhead line
(Figure 3a,b) and a three single-core cables line with rated voltage 12/20 kV (Figure 3c,d).
In the overhead line, the earth-return path is the admittance (mainly susceptance) of the
line. As a result, the | Zg | values of the analyzed line decrease with length by about
1 MQ) to about 50 kQ2 (Figure 3a), and moreover, this impedance has a capacitive character
(Figure 3b). The earth path impedance of a cable line is different from that of an overhead
line, having differences in both character and value. Hence the conclusion that the earth-
return path is constituted by the metallic sheaths of cables, isolated from earth, to which
the resistances Rp are connected. Consequently, the values of | Zg | (Figure 3c) are several
orders of magnitude lower than those in the overhead lines, and have an inductive character
(Figure 3d). Unlike the overhead lines, the earth-return paths” impedance in cable lines
strongly depends on resistance Rp (Figure 3c).
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Figure 3. Dependence of module | Zg | and argument @r of earth-return impedance for selected
lines as a function of their length L: (a,b) 15 kV overhead line; (c,d) three 12/20 kV single-core cables.
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Figure 4. Dependence of module | Zg | (a) and argument @R (b) of the earth-return path impedance
as a function of the length L of 8.7/15 kV triple-core cable with a metallic sheath covered by a
fibrous layer.

In triple-core cable lines, the return path is made up of metallic sheaths, which may be
covered with a thermoplastic or a fibrous sheath. In the case of metallic sheaths covered by
a thermoplastic layer, the properties of the earth-return path resemble those of single-core
cables. For metallic sheaths covered by a fibrous layer, it can be assumed that the sheath
is in direct contact with earth along the entire length of the cable. Although this does not
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result in significant differences in | Zg | values compared to single-core cables, the shapes of
their impedance-length functions differ significantly. This is illustrated in Figure 4, which
shows the characteristics of a triple-core cable with a metallic sheath covered by a fibrous
layer with a rated voltage of 8.7/15 kV.

In real networks, the impedances of earth-return paths are random in nature, despite
the fact that these paths are determined by a practically constant, predetermined network
structure. The reason for this is the randomness of the resistance values Rg, which have
an influence not only on impedance Zg, but also on the equivalent earthing impedance
Zg = Zr | | Rp of a given substation (Figure 2). The randomness of resistance R depends on
several factors, although the random character of earthing resistance R is decisive, as the
atmospheric conditions greatly influence the geoelectric soil parameters [19-21]. Another
important factor is resistance Rpgy, which is affected by atmospheric conditions as well as
the evolution of the LV power grid structure, whereby there is an increase in the number of
earthings with different resistances connected to the PEN.

For these reasons, the authors conducted analyses to determine the statistical prop-
erties of Rp resistance. This study was based on a random sample of N = 2408 measured
Rp resistance values taken from a general population of 261.2 thousand MV /LV substa-
tions located on soils with different geoelectric properties in Poland. These measurements
were obtained under different atmospheric conditions in different months. The collected
data were statistically analyzed using STATGRAPHICS software. Figure 5a shows the
descriptive statistics of the random variable Rp in the form of a box-and-whisker plot, and
Figure 5b shows the empirical and theoretical distribution of this variable.
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Figure 5. Box-and-whisker plot (a) and distribution (b) of a random variable Rp.

The statistical analysis revealed that the random variable Rp can be described by a
log-normal distribution with a probability density function:

_ 1 1 Inrg — 2
f(VB)—rB\/Z—mTeXPl 2<0 >]/ 1)

where rp—value of random variable Rp; , o—distribution parameters, p = 0.241, o = 0.845.
The Kolmogorov—-Smirnov test showed that at a significance level « = 0.05, there is no
reason to reject the hypothesis that the random variable R conforms to Distribution (1).

The statistical model of Rp resistance expressed by Distribution (1) served as the
basis of the authors’ original approach to evaluating electric shock hazard in MV /LV
substations with resistance-earthed neutral points. The method proposed for this evaluation
is presented in the next section.

3. Method for Statistical Evaluation of Electric Shock Hazard in MV/LV Substations

The subject of consideration is an MV electrical power network that supplies M
MV/LV substations. The aim of this study is to determine the values of the earthing-
electrode voltage:

Ug(i,j),i=1,....Mj=1,...,N, )
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where N is the number of random simulations of single line-to-earth faults at the i-th
substation. In each simulation, the Rp resistance value (Figure 2) is randomly selected from
the log-normal Distribution (1), and the value of fault resistance at the Rr fault location is
determined using the Weibull distribution [22].

F(re) = AprE! exp(—xrﬁ’), e >0, @3)

where rp—value of random variable Rg; A, p—distribution parameters, A = 0.002, 3 = 1.5.

On the basis of the simulations, M random samples of earthing-electrode voltage
Uf, each of size N, are obtained. These samples are subjected to statistical analysis. First,
descriptive statistics are produced in the form of M box-and-whisker plots of earthing-
electrode voltage Ug, for individual MV /LV substations. These plots are then classified into
three groups, A, B, and C (Figure 6), on the basis of the position of the plot with respect to
the permissible U, voltage levels, depending on the short-circuit duration.

1000 £ —

0 = oo
wwm o

100 £

10 £ I
B

C

Earth voltage, U; (V)

Substation number

Figure 6. Types of box-and-whisker diagrams of earthing-electrode voltage at MV /LV substations,
with permissible voltage levels indicated Ug, = f(tF).

In the substations, where the earth electrodes of medium- and low-voltage parts are
interconnected (Figure 2), the values of earthing-electrode voltage Ur, which depend on
the time tr of earth fault duration, are used to assess electric shock hazard [16,17]. The
permissible Ug, values of these voltages, according to IEC standards [23], are presented
in Figure 7, approximated by a sixth-degree polynomial function over the time interval
01s<tr<1.0s.

Group A includes all the substations in which the highest values of the random
samples were lower than the permissible earthing-electrode voltage for the fault duration
tr = 1 s (the time fr = 1 s was assumed a priori as the maximum fault current interruption
time in the MV network). This means that in those substations where the earth-fault
protection is set for shorter than 1 s, shock safety is ensured, irrespective of the earth
resistance value at those stations.

Group B includes all of the substations in which the highest values of the random
samples were greater than the permissible earthing-electrode voltage for the fault duration
tr =1, but simultaneously smaller than the permissible earthing-electrode voltage for the
fault duration tp = 0.2 s (the time tf = 0.2 s was assumed as the minimum obtainable fault
current interruption time in the MV network). This means that electric shock safety can be
ensured when the interruption time of earth-fault protection is properly set within a time
interval of 0.2-1 s, regardless of the ground resistance value of the substation.
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Figure 7. Permissible values of U, earthing-electrode voltage in MV /LV substations as a function of
earth fault duration ¢r based on the IEC standard (prepared on the basis [23]).

Group C includes all substations in which the highest values of the random samples
were greater than the permissible earthing-electrode voltage for the earth fault duration
tr = 0.2 s. This means that shock hazards can occur in these substations, the risk of which
depends on their earth resistance. Therefore, a further statistical analysis is carried out for
the substations in group C to determine the dependence of this risk on the fault interruption
time. In the first step of this analysis, the F(ug) distribution functions of the earth-electrode
voltages U are estimated and verified:

F(ug) = P(Ug < ug), Ug >0, 4)

on the basis of which the probability curves G(ug) for exceeding the earthing-electrode
voltage Ur are determined (Figure 8):

G(ug) =1—F(ug) = P(Ug > ug), Ug >0, (5)
£ 100
5
U
&n
£ 10
g ~_
-y Substation 1
=1
R I
I
() Substation 2
b
2 0.1
i3 —
2
Q
£ 001

100 200 300 400 500 600 700
Voltage, U, (V)

Figure 8. Exemplary probability of exceeding earthing-electrode voltage Uf at type C substations.

Based on the curves G(ug) and the relationship Ug, = f(tr) (Figure 7), the dependence
of the probability of exceeding the permissible earthing-electrode voltage Ug, on fault
current interruption time tr (Figure 9) are established for the individual stations in group C.
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Figure 9. Exemplary probability of exceeding permissible earthing-electrode voltage U, as a function
of earth fault duration tg.

The curves presented in Figure 9 constitute the basis for determining the longest earth
fault protection interruption times in the C group substations. For example: irrespective of
the value of the earth resistance Rp, the probability of exceeding the U, voltage at a level
of 1% will be true for substation 1 when tr < 0.23 s and for substation 2 when tr < 0.38 s.
However, if the highest probability value is assumed at a level of 0.1%, it is not possible to
meet this condition by shortening the time tf at substation 1. In this case, it is necessary to
limit the Rp earth resistance to the Rp,;,, value in substation 1, and consequently to truncate
the distribution function (4). The Rp,, value is determined by the correlation analysis of
the random variables Ur and Rp. The performed analyses revealed that the best fit of this
correlation can be obtained either using a linear function:

Ug = c1Rp + ¢, (6)

or an exponential function:
Ug = c3[1 — exp(caRp)], (7)

where ¢y, ¢, c3, c4—correlation parameters. Figure 10 shows an exemplary correlation
of variables Ur and Rp for substation 1, approximated using a linear function (6). This
function shows that, for example, for the assumed resistance value Ry, = 5 €, the voltage
value obtained using the truncated Distribution (4) is ugg = 265.4 V. Accordingly, for
further analysis, the right-hand truncated distribution function (4) is assumed. It has the
following form:

®)

H(ug) = {P(UE < ug|Ug < ugp), 0< Ug <ug
0, Ur > ugg

Higher ug( values also correspond to higher Rp,,, values, e.g., ugg = 528.9 V for

RBmax = 10 O, and ugy = 792.4 V for Rpy, = 15 Q). As far as substation 1 is concerned,

Figure 11 shows the probability curves G(ur) for exceeding the earthing-electrode voltage

Ug when the resistance Rpy,,y is equal to 5 (), 10 (), and 15 (), respectively. On the other

hand, Figure 12 illustrates the corresponding probability dependencies for exceeding the
permissible earthing-electrode voltage Ug, for a given earth fault duration f:
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Figure 10. Exemplary correlation of random variables Ur and Rg at an MV /LV substation.
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Figure 11. Probability of exceeding earthing-electrode voltage Ur when resistance Rp is limited to a
maximum value of Rp,;, equal to 5 ), 10 (), and 15 (), respectively.
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Figure 12. Dependence of the probability of exceeding permissible earthing-electrode voltage Ug, on
earth fault duration tr when limiting the resistance Rp to maximum values Rp,,;, equal to 5 (2, 10 O},
and 15 Q), respectively.

The curves presented in Figure 12 provide the basis for determining the longest
interruption times for the earth-fault protection at substation 1 when limiting the maximum
value of resistance Rp. For instance, if the maximum value of the probability of exceeding
the permissible earthing-electrode voltage Uy, is assumed to be 0.1%, then this condition
may be met with protection interruption times at substation of 1 tr < 0.42 s for Rp.x =5 Q),
or tr < 0.24 s for Rp;, = 10 Q.
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The method presented above for the statistical evaluation of electric shock hazard in
MV/LV substations may serve as a basis for selecting the means of neutral point earthing
in MV networks, and selecting the settings for the earth fault protection in networks using
any earthing method. This method will be applied for the analysis of a real 15 kV network
operating with an isolated neutral point, as discussed in the following chapter, with special
emphasis on the possibility of earthing the neutral point of this network using a resistor.

4. Exemplary Application of Method—Analysis of a Real 15 kV Network

The subject of this research was an actual 15 kV cable-overhead network, the system
diagram of which is shown in Figure 13. This network is supplied by a 110 kV system
through a 16 MVA transformer. In the 15 kV switchgear, there are feeder bays marked
as 01-04, supplying 44 substations with a nominal voltage of 15/0.4 kV, one auxiliary
transformer (bay 05) with a ZNynl11 15.75/0.42 kV earthing transformer, and a voltage

measuring bay (bay 06). The data of the analyzed network are presented in Table 1.
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Figure 13. Diagram of the analyzed 15 kV cable-overhead network.

Table 1. Data of the analyzed 15 kV network.

Bav No Length of Overhead Length of Cable Charging Number of Supplied
y o Lines [m] Lines [m] Current [A] 15/0.4 kV Substations
01 9105 - 0.24 4
02 - 3134 2.32 7
03 - 7311 5.59 11
04 5352 14,052 11.01 22

Total 14,457 24,497 19.16 44
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The analyzed 15 kV network is currently operating with an isolated neutral point. The
purpose of the study was to analyze the effect on electric shock hazard of changing the
neutral point earthing method from isolated to resistance-earthed. This analysis consisted
of determining the longest permissible fault current interruption times for line protection
devices installed in bays 01-04 of the 15 kV switchgear and the maximum resistance of the
15/0.4 kV substation earthing electrodes after changing the neutral point earthing method.
This research was conducted using the method presented in Section 3.

Figure 14a shows the box-and-whisker diagrams of the earthing-electrode voltage Ug
in the 15/0.4 kV substations for the present state of network operation (isolated neutral
point), in which the single line-to-earth fault current Ir = 19.16 A. It can be seen that three
substations, numbered 0401, 0402, 0403, which are fed from bay 04, belong to group B.
On the other hand, all substations fed from bay 01 belong to group C. The remaining
substations qualify as belonging to group A. Figure 14b shows analogous diagrams, but for
a resistance-earthed neutral point Ry = 43.3 (), forcing a single line-to-earth fault current
with an assumed value of Ir = 200 A. This almost tenfold growth of the earth fault current
increases the electric shock hazard. This is true for the previously mentioned substations,
as well as substation 0207 (group B) and substation 0311 (group B). It should also be noted
that with the neutral point operation method, substations 0401 and 0403 belong to group C.
Figure 14c shows the diagrams for a resistance-earthed neutral point Ry = 17.3 (), forcing a
single line-to-earth fault current with an assumed value of Ir = 500 A. The neutral point
earthing method further increases the electric shock hazard and changes the classification
of substation 0402 from group B to group C. Moreover, it expands group B with substations
0205, 0206, 0310, 0404-0406, and 0413-0422.

Figure 15 presents the dependence of the probability of exceeding the permissible
earthing-electrode voltage Ug, on the earth fault duration tr in substations belonging
to groups B and C. These dependences serve as the basis for determining the longest
acceptable fault interruption times for the earth fault protection devices installed in bays
01-04 of the 15 kV switchgear. In the isolated neutral point network (Figure 15a), the time tr
in bay 01 is determined by substation 0104, with the simultaneous limitation Rp;,,x = 10 )
in substations 0101, 0102, 0103 and 0104, whereas in bay 04, the time fr is determined by
substation 0401.

In the resistance-earthed neutral point network with Ry = 43.3 () and a fault current of
200 A (Figure 15b), the following substations determine the time ¢r: bay 01—substation 0102
(RBmax = 5 Q)); bay 02—substation 0207; bay 03—substation 0311; bay 04—substation 0401
(Rpmax = 5 Q). In the resistance-earthed neutral point network with Ry =17.3 () and a fault
current of 500 A (Figure 15c¢), the following substations determine the choice of fr times:
bay 01—substation 0101 (Rp,x = 3 (2;, bay 02—substation 0207; bay 03—substation 0311;
bay 04—substation 0401 (Rpyx = 3 ).

This research showed that changing the method in which the network neutral point
is earthed has a very significant impact on the values of earthing-electrode voltage in
the analyzed substations. This increases the shock hazard level, and thus the number of
substations classified as having higher earthing-electrode voltages.

Based on the results presented in Figures 14 and 15, Table 2 shows the determined
values of time fr,;, and resistance Rp,, in the analyzed 15 kV network with an assumed
probability of exceeding the permissible earthing-electrode voltage of 1.0% and 0.1%.

The presented analysis shows that it is possible to change the neutral point earthing
method in the studied network from isolated to resistance earthed. However, in order
to reduce the electric shock hazard, the conditions listed in Table 2 must be met. These
conditions specify the remedies that can be applied to reduce the risk of electric shock to the
acceptable level defined in the assumption. These measures include: shortening the fault
current interruption times in selected switchgear bays, or reducing the earthing electrode
resistance in selected MV /LV substations to the calculated values.
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Figure 14. Box-and-whisker plots of earthing-electrode voltage Ug for the analyzed neutral point

earthing method in the 15 kV network: (a) isolated neutral point; (b) resistance-earthed point

17.3 Q) with an

43.3 () with an earth fault current of 200 A; (c) resistance-earthed point Ry

earth fault current of 500 A.
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Figure 15. Dependence diagrams of the probability of exceeding the permissible earthing-electrode
voltage U, on the earth fault duration tf for the considered method of neutral point operation in the
15 kV network: (a) isolated neutral point; (b) resistance-earthed point Ry = 43.3 () with an earth fault
current of 200 A; (c) resistance-earthed neutral point Ry = 17.3 ) with an earth fault current of 500 A.
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Table 2. Determined values of time fr,;, and resistance Rg,,;, in the analyzed 15 kV network with
assumed probability of exceeding permissible earthing-electrode voltage.

Neutral Point

Bay Probability Isolated Ry = 43.3 (200 A) Ry =17.3 (500 A)
trmax () RBmax () trmax () RBmax () trmax () RBmax ()

o1 1.0% 0.30 10 M 0.25 51 0.30 30
0.1% 0.20 10D 0.25 51 0.30 3@

0”2 1.0% 1.0 n/a 0.70 n/a 0.45 n/a
0.1% 1.0 n/a 0.50 n/a 0.30 n/a

03 1.0% 1.0 n/a 0.80 n/a 0.45 n/a
0.1% 1.0 n/a 0.50 n/a 0.30 n/a

o1 1.0% 0.35 n/a 0.35 5@ 0.35 30
0.1% 0.20 n/a 0.35 5@ 0.35 30

@ for stations 0101, 0102, 0103, 0104, @ for stations 0401, 0403, @ for stations 0401, 0402, 0403.

5. Concluding Remarks

The choice of a neutral point earthing method for a power network is a complex
and multi-faceted issue. The main criterion for this selection is the level of shock hazard
accompanying earth faults. This mainly applies to networks with non-effectively earthed
neutral points. The use of deterministic methods in practice requires the assumption
of values of many parameters, especially the earthing electrode resistances of MV /LV
substations. The actual earthing electrode resistances vary significantly in time; therefore,
deterministic approaches to the evaluation of the shock hazard imply the necessity of
assuming large safety factors. Accordingly, a statistical approach was used to assess the
shock hazard in this study. In the course of the research, the authors proposed a method,
the additional value of which is the use of a probabilistic model of substation earthing
resistance, developed on the basis of real measurement data. The proposed method is
universal and can be applied regardless of the power grid structure.

The applicability of the developed method was demonstrated by analyzing the effect
on shock hazard of changing the neutral point earthing method from isolated to resistance
earthed. Calculations were performed for a real medium-voltage network model. This
example demonstrated that the method enabled the classification of individual MV /LV
substations into three groups according to the level of shock hazard. The research showed
that changing the method by which the network neutral point is earthed has a very signifi-
cant impact on the values of earthing-electrode voltages in the analyzed substations. This
increases the shock hazard level, and thus the number of substations classified as having
higher earthing-electrode voltages. The developed method can be used to determine the
risk of exceeding the permissible value of shock hazard in the analyzed substations. On
this basis, it is possible to determine remedial measures might be applied to reduce the
risk of electric shock to the assumed acceptable level. These measures include: shortening
the fault current interruption times in selected switchgear bays, and reducing the earthing
electrode resistance in selected MV /LV substations to the calculated values.

The method presented in this paper is also applicable for selecting neutral point
earthing methods in electrical power networks both at the design stage and when changes
to these methods are being considered in existing networks. Moreover, the authors plan
in further studies to use the developed method to analyze shock hazard in MV networks
resulting from the transfer of voltage through the earthing of HV/MYV substations during
faults in HV networks.
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