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DETERMINATION OF THE SOIL SOUNDING DEPTH FOR THE EARTHING
RESISTANCE CALCULATION OF SUBSTATIONS 35 KV

Purpose. Determination of the minimum required sounding depth for calculation of the earthing resistance for substations with a
voltage class of 35 kV. Methodology. For each ratio of electrical resistivity values of soil layers, earthing resistance was calculated
with changing of the layers separation depth from 0.4 m to hy,,, where hy,,, is the layers separation depth in a two-layer soil at
which the earthing resistance value becomes the same as in a uniform soil. Results. In the experiments carried out, a family of
curves was obtained that describes the effect of separation depth of soil layers for various combinations of soil electrical
resistivities and geometric dimensions of the earthing arrangement. The accumulated statistical data for substations with a
voltage class of 35 kV made it possible to determine the required sounding depth depending on the maximum size of the earthing
arrangement and the probability of the relative resistivity falling into the corresponding range of values. An algorithm is proposed
for determining the required investigation depth by Wenner method as part of the electromagnetic diagnostics of the earthing
arrangement of existing substations with a voltage class of 35 kV. Originality. For the first time, a probabilistic relationship was
established between the ratio of the electrical resistivity of soil layers, the size of the earthing arrangement, and the necessary
depth investigation of the geological medium. As a result it has been proven that there are substations for which the required
sounding depth does not exceed the maximum size of the earthing arrangement. Practical value. The use of the algorithm
developed in this work allows increasing the accuracy of the earthing resistance calculation of electrical installations with
voltages above 1 kV operating in a network with isolated neutral. References 9, figures 4.
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Memoio pobomu € nidsuuienns mMoOYHOCMI GU3HAUEHHA ONOPY 3A3EMI0BATILHOZ0 RPUCHIPOIO €l1eKMPOYCMAHO080K HANPYZ2OI0
nonao 1 kB, wo npauyrwromes ¢ mepesci 3 i30nb08ano10 Heimpannio. /na yvbo2o 0yn0 npoananizoeano eenuyuUHy HeodOXionoi
21UuGuUHU 30HOY6ANHA TPYHMY Y RpPOUEci 6UKOHAHHA el1eKMPOMAZHIMHOI OlaZHOCIMUKU CHAHY 3aA3EMII0GAIBHOZ0 RPUCHDOIO.
Bynu nposedeni uucenwvni excnepumenmu, saKi ROAAZANU Y POIPAXYHKY eNeKMPUUHUX RAPAMEMPIE 3A3eMII08a4d, 6UKOHANO20 Y
6u2nA0i npAMOKymHuKka posmipamu a X b 3 diazonannro D i posmawiosanozo na 2nauouni 0,3 m y 0eowapoeomy rpynmi. byno
po3enanymo pizui eapianmu CnigGiOHOWIEHHA NUMOMUX e1eKMPUYHUX ONOpie I[PYHmMYy ma po3Mmipié 3a3emal08anbHo20
npucmporw. Bpaxyseanna cmamucmuunozo po3nooiny exkazanux napamempie ons nonad 500 niocmanyiii Ykpainu xnacom
Hanpyau 35 kB 003601uno ecmanogumu 080QhaKkmopHy UMOGIPHICHY 3a1€HCHICIb MIHIMATLHO HEOOXIOHOT 2NUOUHU 30HOYBAHHA
pynmy ycmanoekoio Bennepa. bi61. 9, puc. 4.

Kniouosi crosa: 3a3eMiI0oBaIbHUI MPUCTPiil, omip 3a3eMJIIOBAJIbHOIO NMPHCTPOIO, 30HIYBAaHHs IPYHTY, yCTaHOBKa BeHHepa
€J1eKTPOMArHiTHA JiarHOCTHKA.

Ilenvio padomer aensemca NOGbIUMEHUE MOYHOCMU  ONPEOE/IeHUA  CONPOMUGIEHUA  3A3EMIAIOUE20  YCMPOUcmea
INEKMPOycmano6ok Hanpaycenuem eviuie 1 kB, pabomarowjux ¢ cemu c usonuposannoii neiimpanvio. /[na smozo oOvina
NPOAHANU3UPOCAHA GETUHUHA HEOOXOOUMOIl 2/1YOUHbL 30HOUPOGAHUA 2PDYHIMA 6 npoyecce GbINOIHEHUA INEKMPOMASHUMHON
OUAZHOCMUKU COCMOAHUSA 3a3emanaroue2o ycmpoiicmea. boiiu npogedenvt pacuemnbvie IKcnepumeHmol, KOMopole 3aKAI0UATUCH
6 HAaXO0)ICOeHUU INIEKMPUUECKUX NAPAMEMPOE 3a3eMICHUA, GbINOIHEHHO20 68 GUOE NPAMOY20JbHUKA pazmepamu a X b c
ouazonanwvto D u pacnonosicennozo na znyoune 0,3 m ¢ ogyxcnoiinom ezpynme. Ilpu smom oviau paccmompenvl pasnuumvie
6aAPUAHMBL COOMHOWEHUA YOETIbHBIX ITIEKMPULECKUX CORPOMUGTEHUI ZPYHMA U PA3MEPO8 3A3eMAAIOuez0 ycmpoiicmea. Yuem
CIMAmMUCMU4ecKoz0 pacnpeoesenus YyKa3anuovlx napamempos o1a oonee 500 noocmanyuii Ykpaunol Kniaccom nanpaxcenusn 35
kB, noszeonun ycmamnogumv O06yX(phaKmopuylo 6epoAMHOCHHYI0 3A6UCUMOCIMb MUHUMAIBHO HE0OX00UMOU 271yOuUHbL
30HOUpOGaHUs ZpyHmMa ycmanoekoii Bennepa. butn. 9, puc. 4.

Kniouesvie cnosa: 3a3emisioniee ycTpoiicTBO, COMPOTHBJIEHHE 323eMJISIIONIEr0 YCTPOIiCTBA, 30HIHPOBAHHE IPYHTA, YCTAHOBKA
Bennepa, 3J1eKTPOMArHHTHAsI IHATHOCTHKA.

Problem definition. To ensure reliable and safe
operation of energy objects in the case of a short circuit
[1] or direct lightning strike [2], an earthing arrangement
made in accordance with regulatory requirements is used.
For electrical installations exceeding 1 kV operating in a
network with isolated neutral (substations of 35 kV
voltage class and below), the only electrical parameter
that allows to estimate the condition of the earthing
arrangement (EA) is its resistance (Rga) [1]. According to
[3], the value of the Rgs should be periodically monitored
and determined at least every 12 years. The measurement
of the resistance of the EA, as a rule, is performed by the
method of ammeter-voltmeter using a single-beam or
two-beam circuit. Here, it is necessary to install
measuring electrodes in the zone of zero potential, the
distance to which, as a rule, several times exceeds the
largest size of the EA [4].

For 35 kV substations, which are located in dense
urban or industrial development with a branched
communication system, this is practically impossible.
Therefore, the only way to determine the resistance of the
EA of such energy objects is to calculate it using special
software systems. Therefore, improving the accuracy of
Rga calculation is an urgent task in terms of electrical
safety and reliability of electrical installations exceeding 1
kV with isolated neutral.

Initial data for the calculation of the resistance of the
EA are a real diagram of design with indication of the
depth of arrangement of the elements of the EA, the cross-
section of earthers and electrophysical characteristics
(EPC) of the soil (number of soil layers, their specific
electrical resistance (SER) and thickness) [5].
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Constructive execution of the EA of objects, which
are in operation for a long time, is determined by the
induction method when conducting the electromagnetic
diagnostics of the state of the EA [4], the cross-section of
the earthers is measured at a selective opening of the soil,
and EPC of the soil according to the results of vertical
electrical sounding (VES) near the substation. The soil
EPC ratio (SER of the first layer p; and of the second
layer p, as well as the thickness of the first layer /;) and
the geometric dimensions of the EA actually determine
the required sounding depth and the technical parameters
of the device for conducting the VES [6]. The authors
from 1999 to 2019 conducted electromagnetic diagnostics
of the state of over 500 substations of a 35 kV class
voltage, which are located in all regions of Ukraine, so the
accumulated statistics allow us to determine the
characteristic sizes of substations’ EAs and the limits of
soil EPC values.

As the literature analysis in [7] shows, there is no
clear relationship between the size of the EA and the
required depth of sounding. Depth of sounding (Hygs)
has been determined by Kostruba S.I. as early as 1983,
as the dependence of the distance between the current
electrodes from the square root of the EA area, only for
the Burgsdorf installation, however, there is no similar
or any other dependence was given for other VES
installations (in particular, for the most common Venner
installation) [6].

In [6, 8, 9] some data from the study of the required
depth of sounding, obtained in the study of the
dependence of the resistance of the EA on its area are
given. From the analysis of the mentioned works, the
following conclusion is reached: if the value of SER
decreases with increasing depth, then it is necessary to

determine the soil structure to a depth of at least 1.5 \/E S

and with increasing — several (3-5) Js . Thus, there is no
clear dependence of the required sounding depth on the
size of the EA and the soil EPC in the works on the VES
for the purpose of designing or diagnostics of EA.

The goal of the work is the determination of the
minimum required depth of sounding soil for the
calculation of the resistance of the substations’ EAs with
a voltage class of 35 kV.

Research materials. The EA size, as indicated
above, determines the required sounding depth Hygs when
conducting the diagnostics of the EA condition, so it is
suggested to find it in the form of the product of the
largest geometric size of the EA (diagonal) D and the
sounding coefficient Kygs:

Hygs = KygsD. (1

Thus, the problem is actually reduced to determining
the Kygs coefficient, which depends on the corresponding
diagonal size of the EA and the soil EPC.

To solve this problem it is necessary to analyze the
influence of each of the factors within their values. To
determine the effect of the size of the EA, we use the
results obtained during the diagnostics of the state of the
substations’ EAs of the voltage class 35 kV, represented
as the probability density of the maximum size D [5].

From the analysis of Fig. 1 it follows that the value of
the largest diagonal lies in the range from 10 m to 300 m,
taking into account the substations at which the study was
not conducted.
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Fig. 1. Probability density of the size D of the EA

Different soil SER ratios py/p; were also
systematized: Fig. 2 shows the probability density of the
relative SER value p* which was determined by the results
of the VES in the framework of electromagnetic
diagnostics of the EA of the studied substations in all
regions of Ukraine.
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Fig.2. Probability density of the relative SER
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According to the results obtained, it is advisable to
consider p* in the range [0.05; 10] which allows to cover
99 % of Ukraine's soils in the locations of existing
substations.

Numerical experiments were carried out to
determine Hygs which consisted of calculating the
resistivity of the EA (Rga), made in the shape of a square
a x a of diagonal D and located at a depth of 0.3 m in
two-layer soil. There are no internal cells in the EA as
their effect on Rg, is insignificant and does not exceed
10 % [6]. The required sounding depth was determined by
the relative resistance of the EA based on the study of the
effect on its of the depth of layer separation 4. For each
p*, the value of Rgs was calculated when the /4/D ratio
varied from 0.4 m to /y,, Where A, is the depth of layer
separation in a two-layer soil, at which the resistance of
the EA becomes equal to the resistance of the EA in a
homogeneous soil (Rga = Rgauni)- In this case, the value
of p, varied for the variation p*, and the base p, was
1000 Q-m which allows to cover all the ratios p,/p; [5].

In the course of the experiments, a family of curves
was obtained describing the effect of 4 for different
combinations of soil EPC and the geometric parameters
of the EA R*EA :f(h /D), where R*EA = REA / REAUNI- The
results of calculations for the EA, which is made in the
shape of a square with side @ = [10; 40; 100; 200] m and
diagonal D = [14; 56.6; 141; 282] m respectively, are
shown in the graphs of Fig. 3.
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Fig. 3. Dependencies of the relative resistance on the coefficient
of the depth of sounding:
a—-a=10m,D=14m;b—a=40m, D =56.6 m;
c—a=100m,D=141m;d—a=200m, D =282 m

The graphs indicate the 10 % deviation by the dotted
line. As it can be seen, for the EA with a diagonal of 14 m
to calculate with an error of not more than 10 % it is
necessary to sound the soil to a depth of not less than 4 D,
and for the EA with a diagonal of 56 m — 3 D.
Considering the individual ranges of values of p*, we can
state that at placement of p* in the range [0.05; 2]
(corresponding to 95 % of the substations studied in
Ukraine) sounding depth is 1.5-D for 14 m and 1.0-D for
56 m. That is, for example, reducing the probability of p*
falling into the pga range from 0.99 to 0.95, it is possible
to significantly reduce (by three times) the calculated
value of the required sounding depth for the same
substation (D = 56 m) from Hygs = 3D to Hygs = D. This
significantly reduces the labor costs of performing the
VES while maintaining the accuracy of the calculations.

The possibility of reduction of probability is
determined based on prior information about the structure
of the soil in the relevant geographical area (for example,
it is unacceptable for mountainous terrain where it is
known that the resistance of the lower layers of rocks will
be an order of magnitude greater than the resistance of the
upper sedimentary rocks, i.e. p*>10).

In general, the dependence of the resistance of the
EA on its geometric dimensions is nonlinear in nature,
and with a conditional infinite increase in the size of the
EA the value of the resistance is included in the
"saturation" [6, 9]. The analogy with the dependence of
the Kygs coefficient on the diagonal of the EA, which in
turn determines the required sounding depth, seems
logical. Taking into account the graphs presented (see
Fig. 3), the Kygs(D) function was obtained for the studied
ranges of values with a given probability (see Fig. 4):

e p*¥ € [0.05; 10], which corresponds to the
probability of falling into the range pga = 0.99;

e p* € [0.05; 5], which corresponds to pga = 0.98;

e p* € [0.05; 2], which corresponds to pga = 0.95.

The obtained graphs allow to determine the required
sounding depth, depending on the maximum size of the
EA and the probability of falling p* in the range
according to expression (1).
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Fig. 4. Dependence of the sounding coefficient on the size
of the EA

In addition, the analysis of the obtained data shows
that there are such soil ratios and sizes of EAs for which
the sounding depth required does not exceed the
maximum size of the EA (D): these are substations at
those EAs D > 50 m (according to Fig. 1 their 61 %) for
pea = 0.95.
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Taking into account the statistics (see Fig. 1, 2), the
probability of finding such a substation py p is:

prp = 61 %-0.95/100 % = 0.58.

Taking into account the above, the following
algorithm of determination of Hygg is proposed when
conducting VES in the framework of electromagnetic
diagnostics of the state of the EAs of operating
substations of 35 kV class (provided there is no prior
information about the soil structure):

1)to determine the maximum size of the EA using the
induction method (for example, D = 50 m);

2)to consider that the soil has a relative SER value in
the range p* € [0.05; 2] (see P.1 in Fig. 4: Kygs = 1,
hence Hygs = D);

3)the soil is sounded by means of the Wenner
installation [3-5] at a maximum inter-electrode distance
equal to D;

4) approximate
performed;

5)depending on the obtained value of SER in item 4
the following options are possible:

eif 0.05 < p* < 2, then we believe that the
sounding depth is sufficient;

eif 2 < p* <5 or p* > 5, then to determine the
required sounding depth according to the corresponding
curve of Fig. 5 and expression (1), to increase the inter-
electrode distance and to carry out additional
measurements (for example, if p* = 4.5, then the required
sounding depth has increased to 2D — see P.2 in Fig. 4);

6) if necessary, the results of the VES are re-interpreted
and the value of p* obtained is evaluated.

Conclusions.

1. On the basis of the analysis of statistical data on the
results of electromagnetic diagnostics of substations with
a voltage of 35 kV, the probabilistic dependence of the
required depth of sounding on the ratio of specific
resistances of the soil and the size of the EA was
determined.

2.1t is found that there are soil ratios and sizes of the
EAs for which the required depth of sounding does not
exceed the maximum size of the EA. Taking into account
statistics, the probability of finding such substations is
0.58.

3. An algorithm for determining the minimum required
depth of sounding depending on the size of the diagonal
of the EA of the substation and the ratio of SER of soil
layers is developed.

interpretation of VES results is
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