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ANALYSIS OF METHODS FOR MONITORING OF EXISTING ENERGY OBJECTS
GROUNDING DEVICES STATE AT THE PRESENT STAGE

Purpose. The purpose of the work is to analyze the modern methods of control and determine the most effective ones for
monitoring the state of grounding of existing energy objects in operation. Methodology. The analysis of the methods was carried
on the basis of comparison the experimental and calculation methods for determining the rated parameters of the grounding of
existing energy objects. Results. Significant imperfections of measurements of the rated parameters of the grounding with
different methods and devices was established. It has been shown that the electromagnetic diagnostics is the most complete, which
allows to comprehensively assess the current state of the grounding and establish the resistance of the grounding, the voltage on
it, the touch voltage and the resistance of the contact joints. The deficiencies of electromagnetic diagnostics are established at the
present stage and further directions of its perfection are determined. Originality. For the first time the comparative analysis of
existing methods for monitoring the state of the grounding and directions for improving electromagnetic diagnostics was made.
Practical value. The obtained results allow to choose the optimum method for monitoring the state of the grounding. Elimination
of the revealed drawbacks of the method of electromagnetic diagnostics will improve the accuracy of the determination of rated
parameters. References 17, tables 1, figures 4.

Key words: grounding device, resistance of the grounding device, grounding device voltage, touch voltage, resistance of
contact joints, electromagnetic diagnostics.

Ilposedeno ananiz i eécmamnoeneno cymmesi HeOONIKU GUMIDIOBAHL HOPMOBAHUX NAPAMEMPIE 3A3eMAI06AILHUX RPUCMPOIE
Oilouux enepzood’ckmie npu 6uKOpUCMAHHI Pi3HUX Memoouk ma npunadie. Ilokazano, w0 enekmpomaznimua Odiaznocmuxa
CIANY 3a3eMII06abHO20 NPUCHPOIO HA MenePiwniil Yac € Haldinbuw NOGHOI0, AKA 003601A€ KOMNIEKCHO OUIHUMU NOMOYHUIL
CMAaH 3a3eMII06ANbHO20 RPUCMPOIO MA ECMAHOGUMU 3HAYEHHA ONOPY 3A3E€MAI06ANLHO20 NPUCHPOIO, HARPYZU HA HLOMY,
Hanpyzu 00muKy ma onopy KOHmMaxmuux 3’cOnanv. Bcmanoeneni nedoniku enexmpomazuimuoi 0iazHocmuKu Ha Cy4acHOMy
emani ma eusnaueHi nodansuti Hanpamku it 60ockonanennsn. bion. 17, radn. 1, puc. 4.

Kniouogi cnoea: 3a3eMiIloBaibHUN NPHUCTPii, onmip 3a3eMJIIOBAIBHOIO NMPUCTPOIO,HANIPYIa HA 3a3eMJIIOBAJILHOMY NPHCTPO],
HAINPYra J0TUKY, OIlip KOHTAKTHHUX 3’€IHAHB, eJIEKTPOMATHITHA NiarHOCTHKA.

Ilposeden ananusz u ycmanoenenvl cyuiecmeéennvie HEOOCHMAMKU UMEPEHUA HOPMUPYEMBIX NAPAMEMPOE 3A3eMAAIOULUX
ycmpoiicme  0elicmeyiomux IHep2o0dbeKmos NpU  UCHOb308AHUN PA3IUYHBIX MemoOuk u npubopos. Ilokazano, umo
INEKMPOMAZHUMHAA OUAZHOCHUKA COCIMOAHUSL 3A3eMIAIOUL€20 YCIMPOIICMEa 6 HACoAwee 8pems AIACMCA Hauboaee NOIHOU
U N0360J5€M KOMNIEKCHO OUEHUMb MeKywiee COCHOAHUE 3a3eMIAIOWEe20 YCMpPoicmea U Onpedeiums 3HaueHue
CONPOMUGNEHUs 3A3EMIAIOWLE20 YCMPOUCMEA, HANPANCEHUA HA HEM, HARPAJCEHUE NPUKOCHOGEHUA U CONPOMUGIIEHUS.
KOHMAKMHBIX cOeOUHeHUH. YCmanoenenvl He0OCMAamKu IJIeKMPOMAZHUMHON OUAZHOCHUKU HA COGPEMEHHOM Imane u
onpedenenst OanbHeliuiue HANPAGIEeHUA ee cogepuleHcmeosanus. bubi. 17, Tadn. 1, puc. 4.

Kniouesvie cnosa: 3a3emiisiionee yCTpOiiCTBO, CONPOTHBJIEHNE 3a3eMJISIIONIET0 YCTPOiicTBa, HANPSIZKEHHe Ha 3a3eMJISIOIIEM
yCTpoOiicTBe, HANPSKEeHHE TPUKOCHOBEHN S, CONPOTHUBJIEHNE KOHTAKTHBIX COeTHHEHMI1, JJIeKTPOMATHUTHAS TUATHOCTHKA.

Problem definition. The lifetime of most of the [1] are used, which are periodically monitored throughout

existing power facilities in Ukraine is over 30 years.
During this period both the electrical installation itself and
the grounding device (GD) undergo significant changes,
as a result of which its electrical normalized parameters
(NPs) may exceed the permissible values, and the
constructive execution does not meet the requirements of
the design and normative documentation. There are a
number of factors that significantly affect the state of the
GD and its parameters:

e effect of corrosion on the elements of the GD
(violation of the integrity of the grid and damage of
grounding conductors on the boundary of the earth-air);

e incorrect restoration of the grounding of old and
connection of new units of equipment to the existing GDs
(serial connection of equipment, connection to metal parts
that are not connected with GD);

e damage of the GD during excavation as a result of
replacement or repair of equipment;

e increase of electrical power of installation with
increasing values of short-circuit (SC) currents (exceeding
the permissible values of the NP of the GD).

For the estimation of GD operational capacity, NPs

the lifetime [2]. These include: resistance of the GD, the
voltage on the GD, the touch voltage and the resistance of
the contact joints. These values depend on the following
factors: the structural performance of the GD, the
electrophysical characteristics of the soil (resistivity and
thickness of the layers) and the characteristics of the
object (the value of SC current, time of protection,
voltage class, etc.).

The goal of the work is analysis of existing
methods of monitoring and determination of the most
effective ones for assessing the state of the GD of existing
power facilities during operation.

Let us consider the most common methods of
determining the NP of the GD.

1. Resistance of the grounding device and voltage
on it. At present, the value of the resistance of the GD is
determined by a number of methods:

1) the introduction of high current (50-100 A). The
specified method is divided into several types:

e synchronous [3], which uses the voltage source of
the industrial frequency. The current and voltage in the
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circuit are measured before and after the voltage source is
switched on. Then the corresponding expressions
determine the resistance of the GD,;

e hit frequency [3], which uses an AC generator with
frequency different from the industrial by 0.1-0.5 Hz. As
a result of the phase shift between the input current and
the current flowing through the GD during normal
operation, there are maxima and minima of the measured
current and voltage. Voltage and current are also
measured before and after switching on the generator, and
the resistance value is determined by the corresponding
expressions;

e input of current whose frequency is different from
the industrial frequency and its harmonics by several Hz;

2) input of low current (up to 3 A) [4]. In this case,
generators with different from the industrial frequency are
used;

3) calculation method [5-9].

Measurement according to the given methods is
carried out by the method of an ammeter-voltmeter, while
two circuits of arrangement of electrodes [2] are used —one
and two-beam (see Fig. 1). A two-beam circuit may be
appropriate for measuring in conditions where the area in
the location of the power unit is limited. For both circuits,
one and the same measurement procedure is used:

1) generator I is connected to the GD E and the
current electrode C, which is set at a distance of 3D for
the one-beam and (1.5-2) D for the two-beam circuit,
where D is the largest diagonal of the GD;

2) current value is determined by means of generator
I and ammeter PA;

3) potential electrode P is clogged at a certain
distance X, for example, 50 % of the distance to the
current electrode (for a one-beam circuit on one straight
line with a current electrode, for a two-beam one at an
angle of 40-45°), and the potential is measured,

4) further, moving the potential electrode away from
the GD, the potential is measured through the selected
distance (for example, after 5 m, 10 m, 15 m, etc.);

5) it is necessary to move the electrode P to such a
distance X so that the value between the two adjacent
dimensions does not differ by more than 10 %. This will
mean that the point R, of the curve [10] is found.

Fig. 1. Distribution of potential along the soil surface at
carrying out measurements according to the one-beam circuit

The resistance of the GD in this case will be equal to
the ratio of the potential at the point R, to the generator

current. However, in practice, the most widespread, due to
its simplicity, is the one-beam circuit by the «62 %
method», when the potential electrode P is immediately
set at a distance from the GD, which is 62 % of the
removal of the current electrode C. This method ensures
the greatest accuracy at the condition of homogeneity of
the soil, but in other cases it is necessary to use the
dependence of the length of the removal of the potential
electrode on the length of the removal of the current one
for the two-layer soil, which is given in [10].

The horizontal part on the dependence curve of the
potential on the distance to the potential electrode appears
at a sufficiently large increase in the distance to the
current electrode. Depending on the structure of the soil,
this condition is performed at a distance to the current
electrode in (3-40) diagonals of the GD. It is clear that
such a diversity of measuring circuits in many cases will
be impossible.

In [11], the circuit of measuring the resistance of the
GD with a three-electrode installation is considered. Here,
despite the assertion about the possibility of
measurements for any soil structure, only a homogeneous
structure was considered during physical modelling, and
measurements on active power facilities were not carried
out. In [12], it has been shown that in soils with horizontal
and vertical inhomogeneities there is the only possible
option for the arrangement of an auxiliary potential
electrode in a one-beam measuring circuit, at which the
exact determination of the resistance of the GD is
possible. The given algorithm for the experimental search
of this variant for a soil with an unknown geoelectric
structure is complicated in terms of practical
implementation.

The voltage on the GD is the voltage that occurs
when the current flows from grounding to the earth
between the point of current input to the grounding and
the zone of the zero potential [1]. The direction of the
voltage on the GD influences the state of the cable
production of the power unit, the microprocessor
measuring equipment and control equipment, the relay
protection panels, and also indirectly on the electrical
safety (the value of the voltage on the GD together with
the electrophysical characteristics of the soil are decisive
for the value of the touch voltage). According to [1], for
power objects operating in a network with grounded
neutral, the voltage on the GD is regulated as follows: the
excess of the value of 10 kV is allowed only on the GD,
executed according to the touch voltage, and is not
allowed on the GD executed according to requirements to
resistance of the GD. In the case of a high potential
beyond the boundary of the electrical installation and
exceeding the value of 5 kV, it is necessary to apply
means of insulation protection of communication and
telemechanics cables that deviate from the electrical
installation.

The easiest, but also the least accurate way to find
the voltage on the GD is a direct recalculation, when
measured according to the circuit in Fig. 1 the value of the
resistance of the GD is multiplied by the real value of the
SC current. The error in determining the voltage on the
GD is due to inaccuracy in the measurement of the
resistance of the GD and ignoring the nonlinear
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dependence of the magnetic permeability of the
grounding conductors on the value of the SC current. Due
to the impossibility of carrying out measurements of the
resistance of the GD and the voltage on the GD on a
number of objects (industrial enterprises, in the conditions
of urban development, etc.), the most universal and
precise method of determination becomes calculations
using special software complexes. A series of papers [5-9]
is devoted to the simulation of electromagnetic processes
that occur in the GD during the occurrence of emergency
currents. In most cases, the mathematical model of the
GD located in a two-layer soil is used, in particular, using
the analogous model [8] the authors have calculated more
than 1000 energy facilities of Ukraine of the voltage
classes 35-750 kV, and the software complex used in [5]
is one from the world's most popular commercial
versions. Input parameters for it are the constructive
execution of the GD (its circuit, the section of grounding
conductors, the depth of location), the electrophysical
characteristics of the soil, the neutral mode and the value
of the SC current of the investigated object.

2. Touch voltage. The touch voltage is a parameter
that characterizes the electrical safety of the service
personnel of the power unit. It depends on the current
flowing from the GD into the ground, the resistance of the
GD, the design of the GD and the electrophysical
characteristics of the soil. In contrast to the measurement
of the resistance of the GD, in which the amplitude of the
measuring current does not play a large role (it is given
depending on the method used), the touch voltage is
proportional to it, although this dependence is nonlinear.

There are two ways of experimentally measuring the
touch voltage. The first one is directly under the SC
current, that is, in real conditions. It is dangerous and can
be justified only in rare cases in exceptional situations
(when carrying out tests of the most responsible GDs),
therefore, it is practically not used. The second one is at
measuring current, which is many times smaller than the
actual SC current, with subsequent reduction of the
measured touch voltage proportionally to the real SC
current [2].

The measuring circuit is practically the same as for
measuring the resistance of the GD, but with the special
performance of a potential electrode and bypassing the
voltmeter with a resistor. Fig. 2 shows the circuit of
measuring the touch voltage with the help of the complex
«KI3-1Y» [2].
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Fig. 2. Circuit for measuring the touch voltage

Potential electrode P must simulate two feet of a
person. To do this, they use a special electrode-plate with
a contact surface of 25x25 cm’. To create sufficient
pressure on the ground, a load of at least 25 kg is installed
on the plate. Voltmeter is shunted by a resistor with
resistance R,. The equivalent resistance of the parallel
connected resistors must be equal to the resistance of the
human body (as a rule, it is assumed to be 1000 Q). The
horizontal distance from the contact point to the plate is
assumed to be 0.8 m[1, 2] or I m [7].

The voltmeter, in parallel with the resistor with the
clamp C2, is connected between the grounded equipment
(in Fig. 2, this is a control box), on which the
measurement is performed, and the potential electrode.
The current electrode CE is located at the same distance,
as in measuring the resistance of the GD. The GTS-3
generator from the «K/3-1¥Y» (or equivalent) is
connected to the equipment and the CE with the help of
the clamp C1 and wires W1 and W2, respectively. To
simulate the most unfavorable seasonal conditions, the
location of the potential electrode is moisturized. After
that, the voltage is applied to the circuit and the voltage
and current measurements are performed. The measured
values of the touch voltage are reduced to the real SC
current and the obtained result is compared with the
acceptable normalized value. The disadvantages of this
method are the impossibility of carrying out
measurements under conditions of dense building and the
methodological error of the method, which is connected
with the ignoring of the dependence of the magnetic
permeability of the grounding material on the current
flowing through the elements of the GD, as well as the
outflow of parts of the SC current in the grounded
neutrals of transformers.

Thus, unlike the resistance of the GD, which can be
determined both experimentally and by calculation, the
voltage on the GD and the touch voltage at the real SC
current can be found only by performing appropriate
calculations using special computer programs.

3. Resistance of contact joints. One of the electrical
NP of the GD is the resistance of the contact joint of the
equipment with GD. In recent works, its significant
influence on the voltage of the touch voltage was noted
repeatedly [13-15]. The resistance of the contact joints is
determined by the method of an ammeter-voltmeter at
direct or alternating current using a micro-ohmmeter or
double bridge [2]. The permissible value of the resistance
of the contact joint is 0.05 Q at commissioning and no
more than 0.1 Q during operation. The generally accepted
measurement circuit for this NP, both in Ukraine [2] and
abroad [7], is shown in Fig. 3.

Fig. 3. Circuit for measuring the resistance of the contact joints
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Thus, according to the measurement circuit, the
resistance of the contact joint implies the transient
resistance between the equipment and the grounding
conductor. However, as the operation of the GD and the
measurements of the NP of the GD show, the excess of
the touch voltage can occur as a result of violation of the
integrity of the grounding conductor at the boundary of
the «ground-air», as well as in connection with the
increase in the resistance of the contact joint at the point
of welding the grounding conductor with the GD itself
(see P. 1 in Fig. 3). Therefore, the consideration of the
state of the grounding conductor and the quality of its
connection, and, accordingly, of the equipment itself to
the GD, is an important task. To control it, we can use the
resistance of the connection, which is determined relative
to other grounded equipment. However, this methodology
does not exist at present in order to minimize the number
of required measurements.

Summing up, we can state that the above methods
have the following disadvantages:

e impossibility of measuring the touch voltage, the
resistance of the GD and the voltage on the GD on a
number of objects due to the lack of free from
communications or facilities area for the placement of
auxiliary current and potential electrodes;

e incorrect measurement of the NP of the GD due to
the ignoring of the length of the removal of the current
electrode for two-layer soil and the absence of such
dependence for three- or more layer soils;

e incorrect measurement of the touch voltage and the
voltage on the GD due to the ignoring of the dependence
of the magnetic permeability of the grounding conductors
on the current flowing through them, and the current
outflow in the grounded neutrals;

e incomplete information about the grounding quality
of the equipment based on measures the resistance of the
contact joints;

e technical complexity and significant labor costs
when measuring the touch voltage on each unit of the
equipment of the power unit (the number of such units at
the 330 kV substation can reach several hundreds, and the
labor costs for measuring one point according to building
codes [16] are 15 people-year).

In addition, for objects that have been in service for
a long time, carrying out only measurements of the listed
NPs does not allow to unambiguously assess the state of
the GD: the design remains unidentified and the condition
of underground grounding conductors is still unknown.
Therefore, at the present stage, -electromagnetic
diagnostics (EMD) of the state of the GD is used for
monitoring [2], which includes a complex experimental
and calculation (on the basis of the real state of the GD
and the results of additional experiments) determination
of all NPs of the GD. The indicated method combines a
number of methods: vertical electrical sounding of soil,
induction method for determining the presence of
grounding conductors, low current method, calculation
method, etc.

4. Method of electromagnetic diagnostics of the
state of the grounding device. The method of EMD of
the GD [2] of active energy facilities as a whole is in line

with international Standards [7, 10] and involves three
stages: the experimental, calculation and the stage of
issuance of recommendations.

At the first stage, the following is performed:

o determination of the constructive implementation of
the GD with the help of an induction method (location
and depth of groundings), which is also needed for the
construction of its mathematical model,;

e measurement of the imaginary specific resistance to
determine the electrophysical characteristics of the soil
(specific resistance, thickness of the layers and their
amounts) by the method of vertical electrical sounding;

e measurement of electrical parameters (base
resistance, resistance of the GD, touch voltage, and
voltage on the GD with respect to another grounded
point) based on the ammeter-voltmeter method and
known circuits, which are necessary to assess the
adequacy of the mathematical model to the real GD.

The results of experimental studies, together with
the characteristics of the energy object (voltage class,
neutral mode of transformers, and the values of SC
currents and protection time) are the input data for the
second (calculation) EMD stage.

In carrying out calculations in the second stage, the
mathematical model of non-equipotential GD, located in a
three-layered conducting soil with plane-parallel
separation boundaries developed by the authors [9] is
used. In order to determine the input soil parameters, the
means of interpretation of the vertical electrical sounding
and ground equivalence curves are used. The simulation
of processes in the GD is performed at real SC current,
taking into account the nonlinear dependence of the
magnetic permeability on its value, the skin effect and the
real spread of emergency currents (including outflows in a
grounded neutral), which allows determining the values of
the NPs even for those objects that located in a concise
building or on the territory of industrial enterprises.
Existing software and mathematical models allow to take
into account the two- and three-layer geoelectric structure
of the soil and to cover more than 80 % of the energy
objects of Ukraine.

In the third stage, the development of
recommendations made by the requirements of
normative documents for the constructive

implementation of grounding conductors is carried out,
as well as on the basis of comparison of the values of
calculated and acceptable parameters the feasibility of
introducing additional recommendations for the
reconstruction of the grounding device is evaluated.
After this, a recalculation is made taking into account
the recommended additional groundings. Synthesis of
these recommendations is a complicated technical task,
since when it is solved, it is necessary to determine the
optimal places for laying grounding conductors for
saving labor and material costs, and at the same time,
the most complete use of existing GD.

Thus, the EMD method for the state of the GD
allows to carry out the most objective assessment of the
current state of the GD and to develop ways to bring it in
line with regulatory documents.
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To defects of the EMD of state of the GD we should
include errors in determining the constructive
implementation of the GD and the influence of
assumptions adopted in the construction of the
mathematical model:

e error of determining the depth of the GD;

e variable section of groundings on different parts of
the GD, which is difficult to consider;

e crrors in the identification of horizontal groundings
(acceptance of cables and underground communications
as an artificial grounding);

e problems with finding the location of the installation
of the vertical grounding and the lack of a method for
determining its length;

e assumption of a flat-parallel multilayer
structure, which in fact has slopes and local inclusions;

e insufficient depth of sounding of multilayer soils and
lack of interpretive means.

5. Devices for monitoring the state of the
grounding device. In Ukraine, the domestic complex for
the diagnosis of the state of the GD «KI3-1Y» [2] (see
Fig. 4,a), the French devices C.A 6460 and C.A 6470N
(see Fig. 4,b) are used, as well as domestic standard
devices of the Soviet design: M-416 or @ 4103-Ml,
which for the present time are used by insulation services
and high-voltage laboratories at different power units.

soil

Fig. 4. Devices for monitoring the state of the GD:
a—«KJ3-1Y»; b— C.A 6470N

Table 1 presents a comparison of the functions of the
most common devices for monitoring the state of the GDs
of operating power facilities of Ukraine.

Table 1
. o Contact
Device | GD |Resistivity GD Touch .
: . joints
name | state | of the soil | resistance | voltage .
resistance
«K3-
1Yy + + + + +
C.A
6470N | M M M *
C.A6460| — + + + +
Abpuc-
12/ i - - B -
D 4103-
_ + + - -

Ml
M-416 - + + — —
EP-331 - - — — +

The analysis of devices shows that only «K/I3-1Y»
allows to carry out a full range of works for the EMD of
the GD state. However, the disadvantage of the device is
the lack of autonomous power and the small size of the
permissible resistance of the measuring electrodes
(which practically makes it impossible to conduct soil
sounding with specific resistance of more than 350
Q'm). The devices EP-331 and Ap6uc-12/8 are narrow-
cut and allow only measuring the resistance of the
contact joints and finding the trajectory of the grounding
lines, respectively. @ 4103-M1 and M-416 are
technically outdated and also have a narrow spectrum of
application. C.A 6460 in comparison with C.A 6470N
has only one frequency of measurement and does not
allow conducting sounding of soil for power units in the
class of voltage 220 kV and above. In general, a detailed
analysis of the characteristics and capabilities of
instruments for soil sounding is made in [17].

Thus, the most wide-ranging possibilities for
determining the NPs of the GDs have «K/I3-1Y» and C.A
6470N. Looking forward to improving the «K3-1¥Y» or

developing a similar device without indicated
shortcomings.
Conclusions.

1. An analysis of modern methods of monitoring the
state of the GDs has been carried out and it has been
established that, unlike the determination of the resistance
of the GD, which can be done both experimentally and
using calculations, the voltage on the GD and the touch
voltage at the real current of ground fault should be found
only by calculation using special computer codes.

2. It has been shown that the method of the EMD of the
GD allows to carry out the most objective assessment of
the current state of the GD and to develop
recommendations for bringing it in line with the
normative documents.

3. The disadvantages of the EMD of the GD that are
associated with errors in determining its constructive
execution and the influence of assumptions made when
constructing a mathematical model are established.

4. The analysis of the devices used in the monitoring of
the state of the GD is carried out. The perspective
direction of improvement of the complex for diagnostics
of grounding «K/I3-1VY» is determined.
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