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Simulation of electromagnetic processes in the grounding system
with a short circuit in the operating high-voltage substation

The aim of the work is a test of the developed mathematical model of electromagnetic processes of short circuit and approbation of
the created software complex «LiGro» on its basis for the existing grounding system located in three-layer soil. Methodology. To
improve the accuracy of calculating the normalized parameters of operating power stations and substations, the authors developed
the «LiGroy software package based on the expressions obtained in for calculating the potential of the electric field of a non-
equipotential grounding system (GS). To monitor the state and assess the efficiency of the GS of operating power facilities, the
electromagnetic diagnostics is used. The topology of the GS was determined with the induction method by complex KNTR-1, the
geoelectric structure of the soil was determined by the method of vertical electrical sounding using the Wenner installation, the
interpretation of the sounding results was made by the «VEZ-44» program. The calculation results show that for the selected
substation, the model developed in the «LiGro» complex has a deviation 6, from the experimental values U, by an average of 8,2 %,
and the model implemented in Grounding 1.0 (IEEE model) J; is 17,2 %. Originality. The results of the study confirm the adequacy
of the developed GS model in the «LiGro» complex based on a three-layer soil model, with the experimental values of the touch
voltage obtained by simulating a single-phase ground fault on a real GS in operation. The first time was made approbation of the
«LiGroy software package when performing the EMD of the GS of an operating substation with a voltage class of 150 kV. Practical
significance. The program software can be used by special measuring’s laboratory to determining electrical safety parameters:
touch voltage, GS voltage, and GS resistance. References 17, tables 2, figures 9.

Key words: grounding system, modeling of the electromagnetic processes, touch voltage, grounding system resistance,
grounding system voltage, electromagnetic diagnostics.

Memoio pobomu € nepegipka po3pobieHoi mamemamuyHoi MoOeni eieKmpoOMASHIMHUX NPoYecie KOPOMKO20 3AMUKAHHA Ma
anpobayis cmeopenozo npozpamuozo komniekcy «LiGro na ii ocnogi 0na icmyiouoeo 3azemar0eanvHozo npucmpoio (311), axui
posmawiosano 6 mpuuiapogomy ipyumi. llepegipka npakmuunoz2o 3acmocysanus 0yna 6uKoOHaHa HA OiloHull NiOCManyii K1acom
Hanpyeu 150 kB 3 euxopucmanuam 800CKOHANEHOI MemOOuKy eiekmpomacHimuoi oiaznocmuxu. Tononoeia 311 6yna eusnauena
IHOYKYIUHUM Memooom 3a oonomoeorw npuiady KNTR-1, napamempu TpyHmy 6U3HA4eHi 4OMupuerekmpooHor CUMEMPUUHOI
YCMAHOBKOIO 3a cxemolo Bennepa memoodom sepmuxanvhoeo enekmpuyno2o 30H0Y6AHHs, iHMepnpemayis pe3yniomamis 30H0Y68aHH s
6UKOHaHA cneyianizosanoio npozpamoio VEZ-4A4. Pesynemamu nopieHanHs po3paxyHKy NOKaA3yloms, wjo oas obpanoi niocmanyii
Mmooenv pospobnena 6 komnnexci LiGro mae 6ioxunenns 6i0 eKChepumMeHmanbHux 3Hauenb 6 cepeOnbomy na 8,2 %, a mooens
peanizosana ¢ Grounding 1.0 (IEEE model) — 17,2 %. Buxonano pospaxynok nopmosanux napamempis 311 6 pesicumi xopomxozo
samukanna: nanpyzy oomuxy, onip 311 ma nanpyzy na 3I1. Bcmanoeneno, wo 6onu He nepeguujyroms OONYCMUMO20 3HAYEHHS.
Ilpoananizosano nepegazu po3paxynko8o20 Komniekcy y nopieuanui 3 ananoeamu. Ompumani pezynomamu 003601710Mb GUKOHAMU
nogHomMacuimadHe nposaodNcen s NPOePAMHO20 Komniekcy 6 diaenocmuky cmany 3I1. bion. 17, Tabn. 2, puc. 9.

Kniovosi cnosa: 3azeMJII0BaIbHMII NPHCTPiH, MoAe/JIOBaHHSA eJIeKTPOMATHITHMX MpoueciB, Hampyra J0THKY,
323eMJII0BAJILHOTO MPHCTPOI0, HANIPYTra Ha 3a3eMJII0BAILHOMY NPUCTPOI, eJ1eKTPOMArHiTHA JiarHOCTHKA.

omip

Problem formulation. To monitor the state and
assess the efficiency of the grounding system (GS) of
operating power facilities, the electromagnetic diagnostics
(EMD) [1, 2] is used, which involves three stages:
experimental, calculated, and the stage of issuing
recommendations [3]. In the process of research, the
topology of the GS is determined, as well as the
normalized parameters (NP) of the GS, such as the GS
resistance, the voltage across the GS, and the touch and
step voltages.

The impossibility of controlling these parameters by
direct or even indirect measurements leads to an increase
in the urgency of the problem in the field of calculating
the GS NP of operating power stations and substations
using software [4, 5].

Literature analysis. Several works [4-12] are
devoted to the issues of modeling electromagnetic
processes that occur in the GS during the flow of
emergency currents. In most cases, a mathematical model
of the GS located in two-layer soil is used (in particular,
with the help of [7], more than 1000 power facilities of
Ukraine with voltage classes of 35-750 kV were calculated,
and the software package [9, 10] based on it is one of the
most commercial versions popular in the world).

The calculation of the GS is usually carried out in two
modes: a single-phase ground fault on the territory of the

power facility and outside it. The following calculation
methods are used to determine the touch voltage:

o finite element method in the time domain (so-called
FDTD method);

o method of integro-differential equations;

¢ method of optical analogy.

Each of these methods has a similar algorithm [13]:
geometric and electrical data are entered into the initial data
block (GS dimensions, location, depth, and cross-section of
groundings, short-circuit ~ current, electrophysical
characteristics of the soil, electrical resistivity of the
grounding material, etc.). This is followed by the calculation
of longitudinal active and inductive resistances of
connections, and the coefficients of the system of linear
algebraic equations are determined for calculating the
density of currents flowing from the ground electrode.
Because of the complex dependence of the resistance of the
electrode material on the magnitude of the current flowing
through them, the solution of the problem is found by the
method of successive approximations.

The method of integro-differential equations is based
on the analytical solution of the problem of the electric
field potential of a point current source [6, 7, 9-13].
Programs based on this method with a two-layer electric
soil structure are used to carry out calculations by the
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world's leading scientific research institutions and
following the international standards IEEE Std. 80 and
81[13, 14].

In Ukraine, for power facilities, the number of GS
located in two-layer soil is only 10 % [6]. In other cases,
it is necessary to apply equivalence techniques with the
reduction of a multilayer structure to a two-layer
calculation model, which can give a significant
methodological error (from 20 % to 100 %).

The use of a mathematical model of GS [6], located
in a three-layer soil, allows to directly (without
equivalentization) perform a calculation for 80 % of the
existing energy facilities in Ukraine and determine the
resistance of GS with an error of up to 10 % (confirmed
according to the calculation data of more than 50
substations with a voltage class 35 kV). Comparison with
the experimental value of the contact voltage showed
more than 90 % falling into the calculated range for the
GS of three test substations [3].

To improve the accuracy of calculating the NP of
operating power stations and substations, the authors
developed the «LiGro» software package based on the
expressions obtained in [6] for calculating the potential of
the electric field of a non-equipotential GS.

From the existing world analogues [7-12] for
determining the NP of GS of operating power stations and
substations when the GS is located in three-layer soil, this
software package is distinguished by:

e the calculation of the electric field is based on the
analytical solution of the problem of the electric field
potential of a point current source in a three-layer half-space;

e the possibility of the arbitrary orientation of the
grounding in space;

e the consideration of non-equipotentiality of the
groundings;

e saving the duration of the calculation at the level of
two-layer models.

The assessment of the adequacy of the developed
mathematical model and the created software package
was carried out by comparing the results of experimental
studies for operating high-voltage power facilities in
Ukraine with the calculation results, and is given in [3].

The calculation of the GS NP can be divided into
three stages:

e the preparation of initial data for modeling;

e the calculation of the experiment to assess the
adequacy of the constructed GS model to the real GS
according to the method given in [15];

e the calculation of the GS NP in the short circuit
mode.

The aim of the work is a test of the developed
mathematical model of electromagnetic processes of short
circuit and approbation of the created software complex
«LiGro on its basis for the existing grounding system
located in three-layer soil.

Research materials.

1. Initial data. To carry out the research, the
substation with a voltage class of 150 kV, located in the
central part of Ukraine, was taken as operating.

The initial data for the simulation are the
characteristics of the substation (short circuit current,

outflow current in the neutral, protection response time),
the topology of the GS, and the geoelectric structure of
the soil.

Using the induction method, within the first stage of
EMD of GS (see Fig. 1), using complex KNTR-1 [15], the
topology of the GS was determined, it is shown in Fig. 2.
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It was found that the GS of the substation is a
branched grid of horizontal groundings and vertical
electrodes, with dimensions of 65 m x 164 m. Horizontal
groundings are made of a steel staff of 4 mm x 40 mm and
hot-rolled steel with a diameter of @14 mm, vertical
electrodes are made of rolled steel of 16 mm and 3 m long.

The horizontal groundings are marked with a thick
black line, the grounding conductors connecting the
equipment with grounding are marked by points, and the
name of the equipment on which the measurements have
been carried out as well as the power transformers 1T and
2T are shown (see Fig. 2).

The geoelectric structure of the soil was determined
by the method of vertical electrical sounding using the
Wenner installation (see Fig. 3) [16].

Fig. 3. Soil sounding by using the Wenner installation

Using the «VEZ-4A» program (see Fig. 4), which is
created by authors and built into the «LiGro» complex, it
was found that the soil is a three-layer geoelectric
structure, and the interpretation of the sounding results
showed that the resistivity is equal to:

Lm

Fig. 4. A working window of the software for multi-layer soils
interpretation « VEZ-4A»

o for the first layer at a depth of up to 1,6 m — 34,5 Qxmy;

o for the second layer at a depth from 1,6 m to 8,1 m —
5,5 Qxm;

o for the third layer at a depth from 8,1 m — 1,85 Qxm.

To compare the calculation results with two-layer
models, in particular, the IEEE model, the three-layer soil
structure was reduced to an equivalent two-layer model:

o for the first layer at a depth of up to 1,9 m —
29,39 Qxm,;

o for the second layer at a depth from 1,9 m —
2,37 Qxm.

The given initial data were entered into the «LiGro»
software package, and a model of the GS of the studied
substation was created. Fig. 5 shows the GS scheme,
where the blue color indicates groundings located
underground at the same depth, the green color —
groundings at varying depths, the purple/red color —
buildings and structures, and the metal construction of the
substation equipment.

To create a calculation model the «LiGro» complex, in
contrast to [7—12], has ample opportunities and allows to:
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e set in any node (see Fig. 6) its individual properties
(voltage class, short circuit location, touch point, service
point, experiment measurement point, neutral with setting
the current in the neutral for each voltage class, base
resistance, initial current in the node);

¢ build a grounding system on a scale with an arbitrary
configuration (directions of groundings location and their
cross-section);

e carry out both group and individual editing of
properties (coordinates, parameters, etc.) of objects
(nodes and links);

e copy individual elements of GS, create palettes of
standard elements, automatically build grounding grids
with specified parameters, perform quick navigation
through the scheme.
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Fig. 6 Property of the node-object GS of investigated substation
150 kV by software «LiGro»

2. Calculation of the experiment to assess the
adequacy of the constructed model. The test was based
on a comparison of the touch voltage on several selected
substation equipment units when simulating a single-
phase ground fault. The analysis was carried out on six
equipment of substations with voltage class 150 kV. In
this case, the traditional method of the set of experimental
data was used to assess the adequacy of the mathematical
model of the GS which is presented in [3] (see Fig. 7)
with measuring current — 5,13 A. Figures 2 and 5 show
the layouts of the GS locations for the specified
substation.
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Fig. 7. Method of the set of experimental data to assess the
adequacy of the mathematical model of the GS

The result of the calculation is the maximum and
minimum value of the touch voltage within a radius of 0.8 m
around the point of study. The evaluation of the results of
the calculation was as follows: the experimentally
measured value of the touch voltage U, should be in the
interval between the minimum and maximum calculated
values for the corresponding point. Table 1 shows the
results of the comparison of U, for disconnectors of
substations. Table 1 shows the calculated (U;; and U),)
and experimental values of the voltage U, obtained,
respectively, by mathematical modeling and simulating a
single-phase short circuit on the territory of the substation
with the return of the entire short circuit current to the
grounding conductor of the supporting insulator (point
T.1, see Fig. 2). When comparing, the calculated current
was taken equal to the measuring one, foot resistance (Ry)
was determined experimentally at each measuring point.

Table 1
Results of the comparison of touch voltage
Experimental Calculated results
Name of the) - regyls IEEE model |  LiGro
equipment

U,mV | Rop,Q |Uy,mV |8, % |Up, mV| &, %

C-2-2 19 1146 | 19,87 | 4,6 | 18,8 L1

C-2-1 38 565 | 32,22 | 152 | 344 | 9,5
L-29-1 16 425 16,95 | 59 | 159 | 0,6
C-1-1 20 399 | 23,39 | 17,0 | 22,0 | 10,0
VT-2-2 37 472 | 22,09 | 334 | 309 | 16,5
T-2-2 6 4834 | 3,58 273 | 53 11,7

The calculation results show that for the selected
substation, the model developed in the «LiGro» complex
has a deviation 9§, from the experimental values U, by an
average of 82 %, and the model implemented in
Grounding 1.0 (IEEE model) 6, is 17,2 %. Thus, the
results of the study confirm the adequacy of the
developed GS model in the «LiGro» complex based on a
three-layer soil model, with the experimental values of the
touch voltage obtained by simulating a single-phase
ground fault on a real GS in operation. In addition, the
three-layer model showed higher accuracy than the one
reduced to the two-layer model.

3. Calculation of GS NP in short circuit mode.
Following the requirements of regulatory documents,
when determining the allowable value of the touch
voltage, the sum of the protection time at the substation
and the total time of the circuit breaker off should be
taken as the estimated duration of the operation.

According to the data of the operating organization:
the voltage class is 150 kV, short-circuit current value is
14,156 kA, operating mode of transformer neutrals —
grounded. When carrying out the calculations, allowable
contact voltage was assumed to be equal to 213,3 V for all
equipment, based on the protection duration of 0,48 s [17].

With the help of the «LiGro» complex, it was
determined:

o touch voltage (see Fig. 8) on each unit of equipment
in all modes of a single-phase short circuit to earth, taking
into account the current in the grounded neutrals of
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transformers and additional connections
(pipelines, cables, portals);

¢ GS voltage;

e GS resistance;

o the value of the electric field potential in each node
and the current in each grounding (see Fig. 9).
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It should be noted that the derivation of the voltage
value in the nodes helps to determine the places for laying
additional groundings to equalize the potential on the soil
surface and to reduce the touch voltage.

As the calculation results showed, during a short
circuit on the territory of the 150 kV substation, the touch
voltage on all equipment does not exceed the allowable
value (see Table 2).

The maximum value of the voltage on the substation
GS in the case of a short circuit is 616 V.

The calculated value of the substation GS resistance,
taking into account only artificial groundings, was 0,0454 Q,
which does not exceed the allowable value of 0,5 Q.

Conclusions.

1. The adequacy of the developed mathematical
model of the existing substation was confirmed by
comparing the calculated and experimental measurements
of the touch voltage by the simulation of the short - circuit
current. It is shown that the average error in determining
the touch voltage of the specified substation is §,2 %.

2. Approbation of the created «LiGro» software
package was carried out when performing the
electromagnetic diagnostics of the grounding system of an
existing substation with a voltage class of 150 kV in
terms of determining electrical safety indicators: touch
voltage, grounding voltage, and grounding system
resistance. The authors was to the developed LiGro
software package, as well as the VEZ-4A, received the
copyright certificate.

Table 2
Calculation results of the touch voltage on equipment

Name of the equipment Umaso V| Ui, V
CIRCUIT BREAKER C-1 130,9 94,21
CT T-1 139,6 50,46
VT-2 120,7 78,66
CIRCUIT BREAKER T-2 164,4 98,01
CT T-2 141,3 78,01
TH-1-1 222,1 173,6
T-2-2 133,4 93,91
CT T-1 125,8 74,19
CIRCUIT BREAKER T-1 135,9 93,87
T-1-0 159,2 81,57
T-2-0 154,1 86,14
T-2-H 208,7 90,99
C-1-1 158,4 130,3
VT-2-2 163,9 105,9
L-29-1 181,7 121,3
C-1-2 193,7 152,1
L-29A-2 177,7 116,3
C-2-1 237,6 124,9
C-2-2 217,2 141,1
T-1-1 115,7 79,61
CC-L-29 154,5 97,95
CC-L-29A 196,6 97,85
TC L-29 189,1 82,42
TC C-2 194,5 127,2
TN-1 184,4 99,82
2T 266,1 247.,6
1T 368,4 362,8

3. It was confirmed that the advantages of the
complex in its practical application are:

o the presence of a module for interpreting the results
of soil sounding;

e calculation of the GS located in three-layer soil, which
allows covering 90 % of energy facilities in Ukraine;

o taking into account all the design parameters of the GS;

o the presence of the analysis module with the display
of currents in the connections, potentials in the nodes, the
output of the maximum values of the touch voltage for the
corresponding short circuit mode or for all points in all
modes.
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