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The impact of parasitic capacitances on the accuracy of scale transformation of high-voltage
dividers

Purpose. The aim of this work is the determination of the parasitic capacitance’s influence on the accuracy of scale transformation of
high-voltage dividers. Analyzing the possibilities of reducing such influence is a pressing problem for high voltage measurement,
especially at high frequency range of input voltage. Methodology. Mathematical modeling of the voltage divider equivalent circuit,
considering parasitic capacitances and inductances has been performed in the QUCS circuit simulator software under sinusoidal
alternating current conditions in the range from 100 Hz to 1 MHz. Using the FEMM software, the finite element method was used to
simulate the density distribution of capacitive currents in the module with capacitance graded insulation of the high-voltage arm of the
voltage divider. Results. The results of the calculations show that the percentage of parasitic capacitive currents decreases exponentially
depending on the ratio of the outer radii of the shielding disks to the distance between them. However, even with the outer radii of the
shielding disks of about 3 m, capacitive currents still make up about 1 % of the total current flowing in the measuring circuit of the
voltage divider. Instead of increasing outer radii, it is proposed to use high-voltage capacitance graded insulation between the shielding
disks. As a result, a stable error of large-scale voltage transformation was obtained when the values of parasitic capacitances change,
and it is proposed to manufacture the high-voltage arm of the voltage divider from the same type of high-voltage modules. Originality.
The results of modeling the dependence of the accuracy of the voltage divider scale transformation on the ratio of the structural elements
geometric parameters of its high-voltage arm were obtained. The solution has been proposed that involves changing the design of the
high-voltage arm of the voltage divider, which significantly reduces the dependence of its scale transformation error on significant
changes in the parasitic capacitances of the structure components on grounded surfaces. Practical value. The results of mathematical
modeling of the characteristics of the voltage divider high-voltage arm make it possible to design, for the purpose of serial production,
the same type of high-voltage modules for assembling on-site broadband voltage dividers for any nominal voltage, which will have the
possibility of integration into Smart Grid systems. References 23, tables 1, figures 8.
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B pobomi posenanymo ennug 0y006u 6UCOKOBOILIMHO20 Nieyd NOOIIbHUKA Hanpyeu Ha oo xapakmepucmuku. /s 3abesneuenis
3MEHUEHHA 6NUBY NAPASUMHUX EMHOCHEN KOHCMPYKMUGHUX eNeMeHMi6 HA 30CepeOdCeHi eNeMeHmu aKmueHol Yacmuny ma Ha
306HIWHI 00 €KMU OOCTIONCEHO MEMOOU EKPAHYBANHS 30CEPEONHCEHUX enemMenmis. MamemamuuHum MOOeN0BAHHAM BUSHAYEHO GNIUG
CNI6BIOHOWIEHHS, 2eOMEMPUYHUX NAPAMEMPIE KOHCMPYKYIUHUX eNeMeHmié 6UCOKOBONbIMHO20 Nledd HA NOXUOKY MAcuimabHoz2o
nepemeopenHs Hanpyau 6 001acmi UCOKUX uacmom. B peszymvmami moOento8anHs 0OpaHo cnocih eKpamy8amHs 30CepeodiCeHUx
eNleMEeHMI6 aKMUGHOI YACMUHU NOOLIbHUKA HANpY2U 3 BUKOPUCMAHHAM 0a2amouapogoi i301ayii KOHOEHCAmOpHO20 muny, SKd
3abe3nevye cmadinbHicmb NOXUOKU MACUWMAOHO20 NePemBOPeHHs HANpy2u 8 WUpoKoMy OlanasoHi yacmom. 3anpononoeawi 3minu 6
6Y006i BUCOKOBOILIMHO20 Naeda 00360TAI0Mb Nepeimu Ha MOOYIbHY 0y008y NOOUIbHUKA Hanpyeu i nepeimu 00 U020 CepiiHO20

eupobHuymea. bion. 23, tabn. 1, puc. 8.

Knrouoéi cnosa: BHCOKOBOIBLTHUI NOAITLHUK HANIPYTH, NAPA3UTHI €EMHOCTI, TOYHICTh MAaCIITAOHOIO IEPETBOPEHHS.

Problem definition. High-voltage dividers are
common large-scale voltage converters used in both
microelectronics and high-voltage test and research
laboratories. However, these electrical devices are not
widely used in the power industry, in particular, in high-
voltage electrical installations, since their structure does
not allow getting rid of a number of disadvantages that
complicate their integration into analog or digital
substations as broadband large-scale high-voltage
converters [1]. For example, under laboratory conditions,
large-scale voltage conversion errors in a wide frequency
range of the order of 0.1 are obtained for high-voltage
dividers, however, the structure of such a voltage divider
is complex and not suitable for wind loads, precipitation,
and temperature changes. In open switchgears, the
presence of objects near the voltage divider that are at a
different potential (or grounded) significantly affect the
parasitic capacitances of its high-voltage arm. Parasitic
capacitances on such objects significantly affect the
accuracy of large-scale voltage conversion at high
frequency. Also, the temperature dependence of the
complex resistances of the lumped elements of the high-
voltage arm affects the scaling factor of the voltage
divider. In addition, the production of high-voltage
dividers for the specific tasks of the customer complicates
the creation of a unified system of mass production of
such equipment. This limits the possibility to significantly
improve the determination of power quality indicators,
safety and automation of processes at high-voltage
facilities. For these and other reasons, high-voltage
dividers have not yet been used as large-scale high-

voltage converters in a wide frequency range. They could
not replace, even partially, the existing electromagnetic
voltage transformers at high-voltage substations. This
applies, in particular, to the determination of power
quality indicators, some of which are significantly
distorted by the electromagnetic cores of transformers.

Analysis of publications on research topic. The
simplest high-voltage divider consists of two serially
connected sections of a circle of lumped elements: high-
voltage and low-voltage arms. Each of the arms is a
section consisting of one or more series-connected
lumped elements (the structure of the low-voltage arm can
be significantly different, depending on the purpose of the
voltage divider) [1, 2]. The principle of voltage division is
that the total voltage to be proportionally distributed is
applied to the series-connected arms of the voltage divider
and is distributed among the lumped elements in
proportion to their complex resistances. This principle of
voltage distribution is used both for functional voltage
distribution (for example, in high-voltage air circuit
breakers for ultra-high voltages to divide a long electric
arc into a number of short arcs in order to extinguish them
more efficiently), and for the purpose of measuring high
voltage by connecting measuring devices in parallel to the
circuit low-voltage arm.

For measuring high voltage, the high-voltage arm of
the voltage divider must consist not only of a link of
lumped elements of the active part, but also of high-
voltage insulation and armature that holds these lumped
elements. High-voltage insulation and armatures
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practically do not affect the measurement of constant
voltage, accordingly, for measuring high constant voltage,
it is sufficient to provide the high-voltage and low-voltage
arms of the voltage divider with high-quality precision
lumped elements (resistors) that will provide the
necessary scaling factor, in accordance with the formula:

U _Ryy+Ry . Ruy 1

Kd = )
ULy Ry

Rpy

where U is the measured high voltage; U,y is the voltage
on the low-voltage arm; Ry is the total active resistance
of the area of lumped elements of the high-voltage arm;
R,y 1s the total active resistance of the lumped elements of
the low-voltage arm.

However, if the voltage divider is used to measure
voltage that changes with time (sinusoidal voltage,
transients, etc.), the structure of the arms of the voltage
divider becomes significantly more complicated. In AC
circuits, especially, with an increase in the frequency or
rapidity of transient processes, the influence of reactive
component elements of electric circuits increases [2—4]. It
is necessary to take into account not only the voltage
distribution between the lumped elements of the arms of
the voltage divider, but also the parasitic capacitances and
inductances, which are integral components of any lumped
elements of the electric circuit, as well as the components
of the structural elements of its arms. In modern high-
voltage dividers designed for measuring alternating voltage
and transients (broadband voltage dividers), the structure of
high-voltage insulation and armature form complex
systems of parasitic capacitances on nearby lumped
elements, on grounded structural elements and nearby
objects that are under a different potential. In modern
designs of voltage dividers, the method of shielding the
lumped elements of the high-voltage and low-voltage arms
is used in order to reduce the influence of parasitic
capacitances on the voltage distribution between different
sections of the general electric circuit of the active part.
Large-sized capacitive screens are also used, designed to
regulate the distribution of the electric field. In works [4—
10], various design solutions for the structure of the high-
voltage arm of the voltage divider are proposed, which
allow to partially reduce the influence of parasitic
capacitances (up to a certain level of input voltage
frequencies). As a rule, parallel shielding conductive disks
are used for this purpose, which between them form a
distribution of the electric field that is close to uniform, and
between the planes of these disks, sections of the circle of
lumped elements of the active part of the voltage divider
are placed, thus dividing the high-voltage circuit into a
number of shielded sections. Shielding disks and support
insulators form the armature that keeps the lumped
elements of the high-voltage arm of the voltage divider in a
certain spatial position. The consequence of such a
structure is the appearance of additional parasitic
capacitances (between the shielding disks), which form a
high-voltage capacitive (shielding) circuit, which is parallel
to the circuit of lumped elements of the high-voltage arm.
The lumped circuit elements of the high-voltage arm will
have parasitic capacitances on the shielding disks. The
greater will be the differences in the potential distribution
between the lumped elements and the shielding disks, the
greater will be the parasitic capacitive currents between the
lumped elements and these disks (especially at a high
frequency of the applied voltage).

To analyze the influence of the structure of the high-
voltage arm of the voltage divider on its frequency
characteristics, researchers offer both direct measurement
methods [10-15] using high-precision and reference
measuring devices, as well as analytical methods or
numerical modeling [15-22], which allow predicting the
characteristics of designed voltage dividers or to explain
the actual measured parameters for further improvement
of the structure of voltage dividers.

In all the publications reviewed, the influence of
parasitic capacitances of both the lumped elements of the
active part and the structural components of the voltage
divider structure, both on external objects and among
themselves, is recognized as significant. However,
recognizing the significance of the influence of parasitic
capacitances on the accuracy of large-scale transformation
of voltage dividers at high frequency, in the reviewed
publications, researchers propose various schemes and
spatial arrangement of lumped elements of the active part,
without paying much attention to the structure of the
shielding areas of the high-voltage arm (mainly, such
studies consider the structure and spatial arrangement of
high-voltage large-sized screens). Since the structure of the
high-voltage arm of the voltage divider has a significant
effect on the distribution of voltage on lumped elements of
the active part, it is important to find design solutions that
would allow combining mechanical and shielding functions
in a wide frequency range.

The goal of the work is to analyze the structure of
the high-voltage arm of the voltage divider and to identify
the factors that affect the accuracy of large-scale voltage
conversion in a wide frequency range in the presence of
parasitic capacitances in the circuit of the high-voltage arm.

Analysis of the structure of the high-voltage arm of
the voltage divider. To overcome the above-described
consequences of the presence of parasitic capacitances
between the lumped elements of the high-voltage arm and
the surfaces under a different potential, there are several
options for the structure of the high-voltage arm. In
addition to the above-mentioned method of shielding the
sections of the lumped elements of the high-voltage arm of
the voltage divider with the help of conductive shielding
disks, parallel circuits of lumped shielding elements are
used, which are additionally placed between the shielding
disks in order to increase the conductivity between them
and, as a result, reduce the impact of leakage of capacitive
currents from these disks on surfaces under a different
potential. Both shunting with resistors and shunting with
capacitors or a mixed RC connection of shielding disks are
used. You can reduce the value of the active resistances of
the shielding circuit only to certain limits: if the total
resistance of the shielding circuit of the high-voltage arm of
the voltage divider is too small, significant currents will
flow through it and significant energy will be released in
the form of heat, which will affect the stability of the circuit
characteristics. In addition to creating an excess load on the
source, such energy can cause heating not only of the
lumped elements of the shielding circuit, but also of the
elements of the measuring circuit, reducing the stability of
these resistances.

Figure 1 shows a simplified substitution circuit of a
high-voltage divider, in which the low-voltage arm is
represented by one, and the high-voltage arm is represented
by three series-connected high-voltage, high-resistance,
low-inductance resistors of the same rating (R1 — R4).
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Parasitic inductances of these resistors are represented by
elements L1 — L4. The high voltage from the source V1 is
applied to the entire voltage divider, and is measured on the
low-voltage arm by the meter U VN, the internal resistance
of which is considered infinite in the simulation. In the
absence of parasitic capacitances and the identity of
resistors R1 - R4, the voltage on the low-voltage arm
should, in accordance with (1), be equal to 25 % of the
input voltage of the high-voltage source V1. Capacitances
Cl —C4 in Fig. 1 are parasitic capacitances that occur
between the shielding disks forming the sections of the
voltage divider and the parallel shielding capacitive circuit.
Parasitic inductances L5 — L8 are also added to these
capacitors in series, which refer to the shielding capacitive
circuit, if capacitors are additionally installed in this circuit
between the shielding disks to increase the capacitance in
this circuit. Parasitic capacitances C5 — C6 occur between
the shielding disks and the high-voltage electrode (as a rule,
these capacitances have very small values); parasitic
capacitances C7 — C8 occur between the shielding disks
and the grounded surfaces and, as a rule, have values up to
units of picofarads (rarely larger). Parasitic capacitances
C9 — CI11 occur between the lumped elements of the
measuring circuit of the voltage divider and the shielding
disks of the shielding circuit. The circuit according to Fig. 1
does not take into account all the parasitic capacitances and
inductances of the high-voltage divider and considers a
small number of sections, but allows considering the
principle relationships between the main and parasitic
characteristics of both lumped and structural elements in its
composition.
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Fig. 1. Schematic substitution circuit of voltage divider taking
into account parasitic capacitances and inductances

For the numerical evaluation of the characteristics of
lumped and parasitic elements of the circuit in Fig. 1, the
possibility of using low-power high-voltage resistors in
the active part of the voltage divider is considered. As a
rule, when using low-power resistors, the current in the
active part is limited to the order of 1 mA. Suppose that
the amplitude of the applied voltage of the source V1 is
10 kV. Accordingly, the total input resistance of the voltage
divider according to Ohm law (neglecting the insignificant
inductive resistances) can be roughly estimated as 10 MQ.

Accordingly, resistors Rl — R4 will have a nominal
resistance of 2.5 MQ. Parasitic capacitances that arise
between the shielding disks of the shielding part of the
voltage divider circuit can be estimated approximately by
formula for parallel plate capacitor:
gy & R22 —Rlz)
= ; (@)
d

where ¢, is the electrical constant; € is the relative
permittivity of the dielectric (if the dielectric is air, ¢ = 1
can be considered as an approximation); d is the distance
between parallel disks; R, is the outer radius of the
shielding disk; R, is the radius of the inner hole in the
shielding disk (intended for the location of the measuring
circle of lumped elements).

According to (2), if we take R; =3 cm, R, = 10 cm,
d =1 cm, we obtain C = 25 pF. Parasitic inductances of
resistors L1 - L4 can be taken as equal to 10 nH (for low-
inductance resistors). The parasitic capacitances of the
lumped elements of the measuring circuit C9 — C11 can be
approximately equal to 1 pF (these capacitances are
insignificant and depend on the dimensions of the resistors).
Parasitic inductances L5 — L8 can be shorted in the absence
of shunt capacitors between the shielding disks, or will have
very little value when using pulsed capacitors (for example,
PHE-450 type or similar), therefore, as a first
approximation, these inductances in the circuit can be taken
as 1 nH. Parasitic capacitances C5 — C6 can be determined
only by mathematical modeling using numerical methods of
the electrostatics problem, taking into account the specific
geometry of the shielding disks. This also applies to
parasitic capacitances C7 — C8. As a rule, the capacitances
for the grounded surfaces are several times larger than the
corresponding capacitances for the high-voltage electrode.
According to the performed mathematical modeling of the
problem of electrostatics in the FEMM software package for
the geometry of the shielding disks used for calculations
according to (2), it is possible to determine the approximate
value of these capacitances: C5 = 3 pF; C6 =~ 1.5 pF,;
C8 = 5 pF; C7 = 7 pF (if the thickness of the shielding
conductive disks is assumed to be equal to 5 mm).

Mathematical modeling of the electric circuit in Fig. 1
in the QUCS circuit modeling software package in the
problem of sinusoidal AC in the range from 100 Hz to 1 MHz
with discretization of 5000 points gives a graph of the
dependence of the voltage on the low-voltage arm (Fig. 2).
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Fig. 2. Dependence of the voltage on the low-voltage arm
of the voltage divider on the frequency at the capacitances

in the shielding circuit of 25 pF

This graph shows the maximum deviations (in the
considered frequency frange) of the output voltage U LV
of the voltage divider from the nominal (2.5 kV) of the
order of 15 %, which is unacceptable for large-scale
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conversion of high voltage for the purpose of determining
power quality indicators. If the capacitance of the
shielding circuit is increased to 10 nF, a similar
simulation in the QUCS software package gives a graph

of the dependence of the output voltage, shown in Fig. 3.
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Fig. 3. Dependence of the voltage on the low-voltage arm

of the voltage divider on the frequency at the capacitances
in the shielding circuit of 10 nF

Analyzing the graph in Fig. 3, it can be seen that the
maximum deviations of the output voltage are less than
0.1 % in the frequency f range from 1 Hz to 1 MHz,
which can be considered acceptable for the use of such a
voltage divider when measuring all power quality
indicators at high voltage. When expanding the range of
input frequencies to 50 MHz, the result of the analysis
gives the graph shown in Fig. 4.

The extended frequency range, in which the high
accuracy of the large-scale transformation of the high
voltage is preserved, is a consequence of the fact that the
capacitances in the shielding circuit significantly shunt
the parasitic capacitances of the shielding disks, and,
moreover, the parasitic conductances of the shielding
circuit and the parasitic conductances of the shielding
disks on the surface, which are under a different potential,
with increase proportionally in frequency. Accordingly, at
high frequencies of the input voltage, parasitic
inductances L1 — L4 and parasitic capacitances C9 — C11
remain the biggest factors affecting the accuracy of large-

scale voltage conversion.
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Fig. 4. Dependence of the voltage on the low-voltage arm
of the voltage divider on the frequency at the capacitances in the
shielding circuit of 10 nF in the range from 100 Hz to 50 MHz

In fact, if the specified parasitic inductances depend
solely on the manufacturing technology of high-voltage
precision resistors (or other lumped elements of the
measuring circuit), the specified parasitic capacitances are
dependent on the mutual spatial arrangement of the lumped
elements of the measuring circuit and shielding disks. In
Fig. 1 lumped elements have practically no parasitic
capacitances on grounded surfaces and surfaces under a
different potential. This situation is possible only if the ratio
between the diameters of the shielding disks and the
distance between them in height is significant, when the
shielding practically excludes the ingress of external electric
fields into the area of the location of the lumped elements of
the measuring circle.

If we model mathematically and numerically
calculate the spread of currents in the measuring and
shielding circuits of a high-voltage divider (in codes using
the finite element method) at frequency of 1 MHz (the
front shape of a standard full lightning pulse, which is the
fastest transient that is determined among the quality
indicators of electricity, corresponds to a sinusoid with
frequency of about 250 kHz) for the geometry of the
electrodes and the nominal values of the lumped
elements, according to which the simulation data obtained
in the QUCS software package in Fig. 2 (without the use
of shunt capacitors), it is possible to obtain results similar
to those shown in Fig. 5.
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Fig. 5. The result of modeling the current density distribution
in the mathematical model of the voltage divider, performed
in the FEMM software package

Modeling in the FEMM software package was
performed in an axisymmetric coordinate system by solving
the equation derived from Maxwell system of equations:

—(o+ joeye)-VV =0, 3)
where o is the conductivity of the medium; ¢ is the relative
dielectric permittivity of the medium; « is the angular
frequency of the current; V' is the electric potential.

In Fig. 5 the following are marked: 1 — the air region
with relative dielectric permittivity ¢ = 1; 2 — the high-
voltage electrode to which sinusoidal voltage with
amplitude of 10 kV and frequency of 1 MHz is applied;
3 — the shielding disks; 4 — the active resistance of the
high-voltage arm, modeled by a cylinder with geometry
and conductivity that provide its resistance at constant
voltage of 7.5 MQ; 5 — the active resistance of the low-
voltage arm, modeled by a cylinder with geometry and
conductivity that provide its resistance at constant voltage
of 2.5 MQ. The calculation area was limited to a spherical
grounded surface with radius 10 times greater than the
outer radius of the shielding disks. As a result of the
unequal distribution of potentials in the measuring circuit
(high-voltage and low-voltage arms) of the voltage
divider and vertically along the end surfaces of the
shielding disks, between the disks and the side surface of
the resistors of the measuring circuit, a potential
difference is formed, which, in the presence of parasitic
capacitances, leads to the appearance of capacitive
currents that increase with frequency of the applied
voltage, which can be seen by the color distribution in
Fig. 5. The maximum values of the capacitive current
density correspond to the rounded end of the high-voltage
electrode and are about 110 A/m’. At the same time, the
integral values of the capacitive currents through the side
surface of the resistor and through the horizontal surfaces
of the shielding disks differ by a factor of ten at a
frequency of 1 MHz (the current through the side surface
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of the resistor is about 20 mA; the current through the
horizontal surfaces of the shielding disks decreases with a
decrease in the potential of the disk and, on average is
about 400 mA). The presence of leakage of capacitive
currents through the side surface of the resistors of the
measuring circuit leads to the fact that the current that
enters this circuit from the high-voltage electrode is not
equal to the current that exits from the resistors of the
low-voltage arm of the voltage divider to the grounded
electrode. At the same time, the points on the side surface
of the resistors of the measuring circuit, which correspond
in height to the points closest to them on the surfaces of
the shielding disks, have a higher potential for the resistor
marked 4 in Fig. 5, and a lower potential for the resistor
marked 5 in Fig. 5. As a result, through part of the side
surface of the resistors of the measuring circuit, capacitive
currents flow out, and through some areas - flow into the
resistors. By ensuring the equality of the potentials of the
shielding disks and their corresponding points on the side
surfaces of the resistors of the active part, it is possible to
quantitatively equalize the currents flowing in and out
through the side surfaces of the resistors of the active part,
in fact, getting rid of the influence of capacitive currents
on the processes in the active part of the voltage divider.

Mathematical modeling. Calculation in the FEMM
software package of the proposed mathematical model of
the voltage divider allows obtaining the numerical values
of the currents at the input to the resistor of the high-
voltage arm and at the output of the resistor of the low-
voltage arm by integrating the current density through the
corresponding end surfaces of the resistors. Also, the
simulation result allows to estimate the electric potential
both on the surfaces of the shielding disks and on the side
surfaces of the resistors of the active part.

The model according to Fig. 5 is constructed based
on the outer radii of the high-voltage electrode and
shielding disks of 100 mm. If the outer radii of the
electrodes and disks are increased, leaving the distance
between them unchanged, the capacitances of the
shielding circle (between the shielding disks) will
increase, and the parasitic capacitances of the shielding
disks to the high-voltage electrode and to the grounded
surfaces will remain almost unchanged. As a result, in the
circuit in Fig. 1 capacitances C1 — C4 will increase, in
accordance with (2). With significant capacitances in the
shielding circuit, the current through this branch of the
electric circuit will lead to an almost uniform distribution
of potentials between these disks, as a result of which the
ends of the shielding disks, which are close to the side
surfaces of the resistors of the measuring circuit, will have
potentials that are close to the potentials distributed over
the surfaces of the resistors measuring circle. The same
(or close to the same) distribution of potentials along the
adjacent surfaces will lead to the fact that insignificant
capacitive currents will flow through the parasitic
capacitances formed by these surfaces (or the currents
flowing from the side surface will be close to the currents
flowing into this surface) due to a small potential
differences. Of course, with significant values of the ratio
of the outer radii of the shielding disks to the distance
between them (R/d), the parasitic capacitances of the side
surfaces of the resistors of the measuring circuit to the
grounded surfaces are so small, compared to the
capacitances between the disks of the shielding circuit,
that they can be neglected.

Table 1 shows the results of modeling in which the
parameters of the model remained unchanged, in
accordance with those specified for Fig. 5, except for the
outer radii of the high-voltage electrode and the shielding
disks, which were increased. The scale conversion error
was indirectly determined through the difference between
the currents that enter the active part of the measuring
circuit from the end of the resistor, and that exit from it, in
accordance with the expression:

A=Tur =1y 600, )
Thy
Table 1
Results of modeling the influence of increasing radii
of shielding disks on the value of parasitic capacitive currents
in the measuring circuit

R/d [HVa mA ILVa mA A, %
10 1,456 1,189 | 18342
20 1,386 1,25 9,763
30 1,36 1,272 6,45
40 1,348 1,284 4,759
50 1,341 1,288 3,976
60 1336 1,293 3233
70 1,333 1,297 2,712
80 1,33 1,3 2,276
90 1,329 1,301 2,137
100 1328 1301 2,065

200 1322 1303 1.403

300 1,319 1,303 1,158

In Table 1, the current at the input to the high-
voltage arm Iy, the current at the output from the low-
voltage arm I I, and the difference 4 between them in
percent were determined.

The results of the calculations presented in Table 1
show that the percentage of parasitic capacitive currents
decreases exponentially depending on the ratio of the outer
radii of the shielding disks to the distances between them.
However, it can also be seen that even at outer radii of the
shielding disks of about 3 m, capacitive currents still
account for about 1 % of the total current flowing in the
measuring circuit. However, the manufacture of such
sectioned structures of a high-voltage divider is not only
unacceptable from the point of view of weight and size, but
also practically impossible from the point of view of
mechanical strength. In addition, since the shielding disks
have a certain thickness that is proportional to the distance
between adjacent disks, the end portions of the disks that are
close to the side surfaces of the resistors of the measuring
circuit have close to the same potential across the thickness
of the ends, while the side surface of the resistor that is close
to the inner ends of the shielding disks, has a potential
distribution close to linear, which varies along the height
corresponding to the thickness of the disk. As a result, even
an infinite increase in the ratio R/d will not lead to a
decrease in the leakage of capacitive currents to zero.

A simple design solution for the high-voltage arm of
the voltage divider (this solution can also be applied to the
low-voltage arm of the voltage divider) is to
simultaneously increase the R/d ratio and reduce the
thickness of the shield disks. This solution is described
in [23]. The essence of the solution is that instead of
sectioning the areas of the high-voltage arm with
shielding disks with gas or liquid insulation between
them, capacitance graded insulation with thin layers of
solid (liquid, gaseous) dielectric and thin layers of
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conductive foil between them should be used between the
shielding disks. This structure of the insulation of the high-
voltage arm of the voltage divider practically makes it
impossible for external electric fields to penetrate into the
area of the lumped elements of the measuring circuit of the
voltage divider, as a result of which such a voltage divider
becomes minimally sensitive to the parasitic capacitances
of the structural components of the high-voltage arm to
external objects and to neighboring sections.

Another advantage of using capacitance graded
insulation between shielding disks is that the surface area
of the electrodes on which charges are formed (the area of
the ends of the electrodes), which create parasitic
capacitances on external objects and neighboring structural
elements of the high-voltage arm, is reduced. As a result,
such capacitances are reduced, and the potential of the
voltage applied to the divider is distributed more linearly
vertically along the ends of the shielding disks and the ends
of the conductive covers of the capacitance graded
insulation (both externally and internally, near the lumped
elements of the high-voltage arm). If it is necessary to
increase the capacitance of the shielding circuit, it is easy to
provide through cylindrical holes in the capacitance graded
insulation, in which the lumped elements of the shielding
circuit (parallel to the lumped elements of the measuring
circuit) can be placed, which will also be shielded from the
influence of external electric fields.

Since the measuring circuit of lumped elements
between two adjacent shielding disks will be shielded by
capacitance graded insulation, the distribution of
potentials on the inner ends of which will be close to the
voltage distribution along, for example, resistive elements
of the measuring circuit, it becomes possible to unify
individual segments of the high-voltage arm and create
them separately manufactured blocks with electrically
disconnected measuring and shielding circuits. Such
modules can be connected in the future into a high-
voltage structure designed for almost any voltage, similar
to the arrangement of capacitor columns in capacitive
voltage transformers (for example, NDE type). The low-
voltage arm of such modular voltage dividers is better
performed with a built-in analog-to-digital converter in
order to get rid of the electrical connection between the
primary and secondary circuits, as well as for convenient
integration of such voltage dividers into digital control
systems of substations and power facilities (Smart Grid). .

Verification of the mathematical model. In order to
verify the above-mentioned assumptions regarding the
influence of the structure of the high-voltage arm of the
voltage divider on its accuracy of large-scale high-voltage
conversion, the mathematical model in Fig. 5 was changed.
In the new model (Fig. 6), the distance between the
shielding disks was increased, and capacitance graded
insulation with copper covers 0.5 mm thick was placed
between them (this thickness was chosen for reasons of
reducing the volume of finite elements in the problem), as a
dielectric material 2 mm thick fiberglass with relative
dielectric permittivity of 5.5 was selected for capacitance
graded insulation.

Also, the lumped elements of the high-voltage arm
were represented by resistors in the form of cylindrical
tubes (wall thickness 0.1 mm) with taps located one by
one between adjacent shielding disks (film cylindrical

resistors with a bifilar shape of the conducting part on the
side surface were modeled). The conductivity of the
material of the resistors was chosen to ensure that a direct
current of 1 mA flows through it.

7.437e+002 : >7.828e+002
7.045e+002 : 7.437e+002
6.654e+002 : 7.045e+002
6.262e+002 : 6.654e+002
5.871e+002 : 6.262e+002
5.480e+002 : 5.871e+002
5.088e+002 : 5.480e+002
4.697e+002 : 5.088e+002
4.305e+002 : 4.697e+002
3.914e+002 : 4.305e+002
3.523e+002 : 3.914e+002
3.131e+002 : 3.523e+002
2.740e+002 : 3.131e+002
2.348e+002 : 2.740e+002
1.957e+002 : 2.348e+002

®

w)

—
N

1.566e+002 : 1.957e+002
1.174e+002 : 1.566e+002
7.828e+001 : 1.174e+002
3.914e+001 : 7.828e+001
<1.021e-013 : 3.914e+001

Density Flot: [Im(J)], A/m~2

S
Fig. 6. The result of simulation of the density distribution of
capacitive currents in the module with capacitance graded
insulation of the high-voltage arm of the voltage divider at
frequency of 1 MHz: 1 — area of air; 2 — area of capacitance
graded insulation; 3 — resistor of the active part

On the high-voltage electrode of the mathematical
model, the limiting condition of the potential of 10 kV was
created. Due to the limitation of available computing
power, the authors considered only 1 section of the voltage
divider (one module) in the calculation. The distance from
the side surface of the resistor of the active part to the inner
end of the capacitance graded insulation was chosen in
such a way as to ensure the smallest difference between the
current entering the measuring circuit and the current
leaving it. During the simulation, the radius of the
hemispherical grounded surface, in the center of which the
high-voltage arm of the voltage divider was simulated, was
changed — from 3000 mm to 200 mm (in reality, when
measuring high voltage, the distance from the voltage
divider to grounded objects is much greater than the
smallest value of the range). The currents at the input to the
resistor of the high-voltage arm and the currents at the
output of the resistor were determined by integrating the
current density along the corresponding lines of the model
based on the results of the numerical calculation, in
accordance with (3).

The result of the simulation is a graph (Fig. 7) of the
dependence of the current difference A at the input and at the
output of the high-voltage arm of the voltage divider, which
determines the losses in the high-voltage arm, in accordance
with expression (4), and which change with the change in the
radius r of the grounded surface around the model.
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Fig. 7. Dependence of the difference in currents in the high-
voltage arm of the voltage divider when the parasitic
capacitances change on grounded surfaces (when changing the
radius of the grounded surface) for current frequency of 1 MHz

Analysis of results. Analysis of the graph according
to Fig. 7 shows the slowly increasing error of the scale
transformation of the voltage divider in the range from
3000 mm to 200 mm radius of the grounded hemispherical
surface around the model. Such a range can be considered a
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very extended range, affecting stray capacitance changes
that occur between shielding disks or capacitance graded
insulation covers and grounded surfaces (in practice,
grounded surfaces are not that close to voltage dividers).
When the radius of the grounded surface decreases,
the non-uniform distribution of potentials along the inner
ends of the capacitance graded insulation covers changes
slowly, and therefore, the leakage currents from the
lumped elements (resistors of the measuring circuit) of the
active part through parasitic capacitances to the
conductive surfaces of the shielding circuit change
slightly. It should be noted that different areas of the side
surfaces of the lumped elements (resistors) of the active
part can be both surfaces of leakage of parasitic capacitive
currents, and surfaces through which parasitic capacitive
currents flow into these surfaces from the conductive
surfaces of the shielding circuit, which are under a higher
potential. The integral sum of inflowing and outflowing
currents should approach zero with the same distribution
of potentials along the surface of the resistor of the
measuring circuit and along the inner ends of the
capacitance graded insulation between the shielding disks.
As an example of such a distribution of capacitive
currents the graph (Fig. 8) can be considered, on which
you can see the distribution of the density of currents
flowing into the side surface of the resistor and currents
flowing from this surface.
0.6
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Fig. 8. Dependence of capacitive current density on lateral

resistor surface on the height of the capacitance graded
insulation covers (current frequency is 1 MHz)

In Fig. 8, it can be seen that the density of capacitive
currents J changes non-linearly with an increase in the
coordinate H according to the height of the side surface of the
resistor, and at a height of about 25-30 mm, it changes its sign
to the opposite. This means that in the lower part of the lateral
surface of the resistor, capacitive currents flow into this
surface, and in the upper part, they flow out (theoretically, it is
possible to choose the location of the resistor in the model in
such a way that the integrated capacitive currents flowing in
and out of the resistor are equal to zero). The wavy shape of
the dependence curve corresponds to the coordinates at the
extremes of the vertical location of the ends of the
capacitance graded insulation covers. Accordingly, an
increase in the density of the arrangement of covers will lead
to the leveling of such a curve.

However, the structural features of the section
structure of the high-voltage arm of the voltage divider with
real lumped elements (resistors) never make it possible to
equalize such parasitic currents, only allow to reduce the
difference between them to an acceptable value. But what is
more important is not the reduction to zero of such a
difference, but the stabilization of such a difference when
changing the values of parasitic capacitances to grounded
surfaces and surfaces under a different potential around the
voltage divider. Increasing the total capacitance in the
shielding circuit due to the arrangement of capacitors

parallel to the capacitance graded insulation (for example, in
the cylindrical holes of the capacitance graded insulation,
with inclusions between the shielding disks) allows to
practically proportionally reduce the influence of external
parasitic capacitances on the voltage distribution along the
high-voltage arm for a wider range of input voltage
frequencies. That is, in order for the high-voltage arm of the
voltage divider, which consists of a large number of sections
segmented by shielding disks (the same type of modules
with capacitance graded insulation and an electrically
disconnected section of the lumped elements of the
measuring circuit), the distribution of potentials on the
conductive surfaces close to the elements of the measuring
circuit is still preserved more stable and uniform (and to get
rid of the need for electrical connection of measuring and
shielding electrical circuits on each segment or individual
sections, which is characteristic of modern design solutions
used in voltage dividers), it is necessary to increase the total
capacitance of the sections of the shielding circuit of the
corresponding segments (modules), to increase the number
of layers of capacitance graded insulation between the
shielding disks. Since such an increase in capacitance due to
the geometric properties of the structural elements of the
high-voltage arm modules, or due to the properties of the
relative dielectric constant of the materials, has its limits, it
is possible to increase the capacitance in the area of the
shielding circuit only by adding lumped elements of a
capacitive nature (capacitors) in parallel to the capacitance
graded insulation. It is also possible to slightly (several
times) increase the capacitance of the shielding circuit of the
high-voltage arm of the voltage divider by increasing the
outer radius of the shielding disks. An increase in the
number of covers (a decrease in the thickness of the
insulation between them) has a slight effect on the total
capacitance of the high-voltage arm, but it significantly
affects the uniformity of the potential distribution near the
lumped elements of the measuring circuit (which can be
seen by comparing the results of Table 1 and the graph in
Fig. 7). It is also possible to reduce the influence of leakage
of capacitive currents on the distribution of potentials on the
lumped elements of the measuring circuit by reducing their
resistance, but this will lead to an increase in heat losses in
the active part, as a result of which the structure of the active
part will be complicated and the stability of the voltage
divider characteristics will deteriorate.
Conclusions.

1. The existing design features of the structure of high-
voltage dividers do not allow their use in open
switchgears for the purpose of determining all power
quality indicators due to the complex distribution of
parasitic capacitances and inductances.

2. The division of the electric circuit of the high-
voltage arm of the voltage divider into independent
electric branches (measuring and shielding) makes sense
only in the case when the total conductivity of the
shielding branch is much higher and ensures the
distribution of electric field potentials along the
measuring branch is close to uniform.

3.By means of mathematical modeling, the
dependence of the large-scale transformation error of the
high-voltage divider on the geometric ratios of the
structural elements of the shielding circuit was
determined, which allows to vary the structure of the
high-voltage arm of the voltage divider to expand the
frequency range of the input voltage.

Electrical Engineering & Electromechanics, 2025, no. 1

71



4. The analysis of the proposed mathematical model of
the high-voltage divider proves the effectiveness of using
the capacitance graded insulation voltage divider in the
shielding circuit of the high-voltage arm of the voltage
divider. At the same time, even at frequency of 1 MHz of
the input voltage, the stability of the coefficient of scale
transformation of the applied voltage is ensured with
significant changes in the parasitic capacitances of the
structural elements to external objects and to each other.

5. The application between the shielding disks of the
high-voltage arm of the capacitance graded insulation
allows to significantly reduce the effect on the large-scale
voltage transformation coefficient of the parasitic
capacitors on the grounded surfaces of the structural
elements, and in addition, allows to switch to a unified
sectioned structure of the high-voltage arm of the voltage
divider, as a result of which the manufacture of voltage
dividers can to be carried out serially.
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