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Abstract

The arc overvoltages during the single phase to earth faults in electrical distribution grids of 6-35 kV are the
object of the research in this paper. The development of 35 kV distribution electrical grids is accompanied by the
construction of new overhead and cable power lines. It causes a change of the capacitive earth fault current in the
grids and also affects the multiplicity of overvoltages in electrical distribution grids during the single phase to earth
faults. The paper shows the research results of overvoltages during arc single phase to earth faults in 35 kV electrical
grid with the different grounding modes of a grid neutral (an isolated neutral, a grounded neutral through an arc-
quenching reactor, a grounded neutral through a resistor). The calculations were performed on the digital models of
the investigation power grids. According to the research results, a mathematical model has been created, which allows
obtaining the maximum expected multiplicity of overvoltages in 35 kV electrical grids during the single phase to
earth faults. This allows making decisions about the optimal measures for the protection of an electrical equipment
insulation taking into account expected values of overvoltages as early as at the stage of pre-design works for the
development of such electrical grids.
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1. Introduction

In Ukraine, the medium voltage electrical grids of 6-35 kV operate normally on a radial principle, although in
most cases they have closed connection or two-way power supply. The 6-35 kV electrical grids consist of the
overhead and cable power lines. There are the grids with only overhead or cable power lines and also the power grids
with both overhead and cable lines.

The electrical grids are developing — the new overhead and cable power lines are being built. Together with the
transmission power lines, which have the uninsulated wires and cables with oil-paper insulation, the new designs of
power lines are appearing with the self-supporting insulated wires and cables with cross-linked polyethylene
insulation. The development of electrical grids causes an increase in a total length of the power lines and an increase
of the capacitive earth fault current in the network, which also affects the level of overvoltages.

The 6-35 kV electrical grids, according to “Rules for arrangement of electrical installations” (RAEI) (Ukr. —
PUE) [1], can operate with the below grounding modes of a grid neutral: with an isolated neutral; with a grounded
neutral through an arc-quenching reactor in case of exceeding the normative values of capacitive earth fault currents
or with a grounded neutral through a resistor; and also, with a neutral grounded simultaneously through an arc-
quenching reactor and a resistor. If the 6-35 kV electrical grids are equipped with the devices for a selective
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protection against a single phase to earth fault, which turn off the damaged connection, it is possible not to carry out
the compensation of a capacitive earth fault current.

The arc single phase to earth faults occur in the 6-35 kV electrical grids . If the single phase to earth fault is
accompanied by an intermittent nature of arc combustion, then there are overvoltages, the level of which can be
dangerous for the insulation of electrical equipment. The arc overvoltages accelerate the aging of electrical equipment
insulation and often lead to the damage of weakened points in the insulation in the electrical grid. It reduces the
reliability of electricity supply to the consumers. This is especially true for the cables with cross-linked polyethylene
insulation. For such cables, the level of arc overvoltages in the electrical distribution grids is undesirable as it leads to
the deterioration of their condition — the defects occur in the cable insulation and in the end, it will cause a damage of
a cable.

During the consideration a project of electrical grid development, at the pre-design stage it is expedient to be
able to quickly and qualitatively assess the expected level of arc overvoltages during the single phase to earth fault in
the electrical grid, without having to spend time and resources on the study of the transients.

2. Research aim and objectives

The arc overvoltages during the single phase to earth faults in 6-35 kV electrical distribution grids are the object
of the research in this paper.

The development of 35 kV electrical distribution grids is accompanied by the construction of new overhead and
cable power lines and it leads to a change of the capacitive earth fault current in the network. This change of the
current affects the multiplicity of overvoltages in electrical distribution grids during the single phase to earth faults.
Therefore, the goal of a research is to create the mathematical models that will allow forming the dependences of the
expected multiplicities of overvoltages in 35 kV electrical grids during the single phase to earth faults on the value of
capacitive earth fault current at the different grounding modes of a neutral. This will allow making decisions about
the optimal measures for the protection of an electrical equipment insulation (especially for the cable power lines)
against overvoltages taking into account expected their values already at the stage of pre-design works for the
electrical grid development.

To achieve this goal, it is necessary to solve the following tasks:

- According to the research results of the arc overvoltages in 35 kV electrical grids, it is necessary to define the
nature of changes in overvoltage multiplicities depending on the values of capacitive earth fault currents, the nature of
the grounding arc combustion and the grounding mode of a grid neutral;

- Create a mathematical model for an assessment the possible maximum multiplicity of arc overvoltages.

3. Analysis of the recent studies and publications

The results of a theoretical and experimental investigation, a digital simulation of the operation modes in 6-
35 kV electrical distribution grids during the single phase to earth faults are given in [2]-[10]. These articles describe
the processes of an occurrence and existence of the arc overvoltages during such faults in electrical distribution grids,
and also the probable multiplicities of these overvoltages are given. The occurrence and development of overvoltages
during the arc single phase to earth faults in the power grid are described by the three theories: Petersen’s theory;
Peters’s and Slepian’s theory; Beliakov’s and Dzhuvarla’s theory [2]-[4]. The results of an experimental research [2]
indicate that under certain conditions of electrical grid operation, each of these theories is confirmed.

A digital simulation of transient processes gave a new qualitative impetus for the research into arc overvoltages
during the single phase to earth fault in 6-35 kV electrical distribution grids, namely: an investigation of the process
of an occurrence and development of overvoltages, a research into expected overvoltage values, an investigation of
the influence of a neutral mode on the overvoltage values [5]-[10]. This takes into account: the features of a
simulation of arc single phase to earth faults in the network; an adequacy of a simulation of electrical grid elements
(the power transformers, voltage transformers, the busbars, overhead and cable power lines, the arc-quenching
reactors). The obtained results of a computer research confirmed and supplemented the available theories of the
occurrence and development of overvoltages. In particular, their possible multiplicities in the electrical grids, the
influence of grid parameters and methods of neutral grounding on the overvoltage values were investigated [9]-[10].
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4, Presentation of the main material

The investigation of overvoltages during the arc single phase to earth faults was performed for the 35 kV
electrical grid, the scheme of which is shown in Fig.1. For these purposes the digital complex “REC” [11] was used to
study the multiplicity of arc overvoltages.

The digital scheme of 35 kV electrical grid in a three-phase design (Fig.1) was created by using the digital
models of electrical grid elements: the models of a power supply, the power transformers, distribution busbars,
voltage transformers (type ZNOM-35), overhead and cable power lines. These elements of electrical grid were
represented by their parameters, which were calculated according to their type and construction. In order to obtain an
adequate characteristic of a transient process and an overvoltage level, the digital scheme of electrical grid simulation
includes the active resistances of current conductors taking into account their surface effect, the phase capacitance
and phase-to-phase capacitance, the electrical conductivities and parameters of voltage transformers [5]-[8].
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Fig.1. A digital model of 35 kV electrical grid for the research of arc overvoltages.

The analysis of known theories of the occurrence and existence of overvoltages during the single phase to
earth faults in electrical grids: Petersen’s theory, Peters’s and Slepian’s theory, Beliakov’s and Dzhuvarla’s
theory — showed that Petersen’s theory gives the highest theoretical values of overvoltages, which exceed the value of
4-Uppase m. [3]. This is confirmed by the results of a computer simulation of arc single phase to earth faults in the
electrical grid of 35 kV with an isolated neutral, which are given in [8],[10].

The investigation of arc transient processes was performed for the different types of grounding arc combustion
for the following neutral modes in simulated 35 kV electrical grid: an isolated neutral, a grounded neutral through an
arc-quenching reactor, a grounded neutral through a resistor.

The results of digital simulation of overvoltages during the arc single phase to earth fault in 35 kV electrical
network with an isolated neutral according to the main theories of overvoltage existence are given in Table 1. The
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multiplicities of overvoltages are calculated relative to the maximum operating voltage of 35 kV electrical grid. An
increase of the capacitive earth fault current leads to an increase of the overvoltage multiplicity in the network.
Therefore, for the capacitive earth fault currents I that are greater than 32 A, the maximum multiplicity of
overvoltages Ky may exceed the value of 6 according to a Petersen’s theory.

Table 1. Multiplicities of arc overvoltages depending on the change of capacitive earth fault currents in the electrical
grid with an isolated neutral.

Ico, A 1.25 25 6.3 12.7 19.0 25.5 32.1 38.4
Ko, p.u. , 271 3.2 3.87 4.67 5.09 5.54 6.01 6.63
Petersen’s theory

Kuy, p.u.

Peters’s and Slepian’s theory 2.04 2.1 2.48 2.6 2.82 2.94 3.28 3.29
Kuy, p.u.

Beliakov’s and Dzhuvarla’s theory 20 2.02 2.05 2.13 217 2.21 224 2.21

The analysis of research results of overvoltage multiplicities during the arc fault in 35 kV electrical grid with an
isolated neutral showed that an increase of the overvoltage value is insignificant during the increase of capacitive
earth fault current according to both theories: Beliakov’s and Dzhuvarla’s theory and Peters’s and Slepian’s theory
(Fig.2). The maximum multiplicity of overvoltages Ky in the 35 kV electrical grid with a capacitive earth fault current
Ico Of 40 A according to the Beliakov’s and Dzhuvarla’s theory it was equal to 3.3, and according to the Peters’s and
Slepian’s theory it was equal to 2.3.

7 K nge Peters’s and Slepian’s
v theory ("1")
6
Beliakov’s and

5 Dzhuvarla’s theory ("2")
4 oy Petersen’s theory ("3")
3

nom
2
1

Iy, A
0 co

0 5 10 15 20 25 30 35 40

Fig.2. Dependences of a change of overvoltage multiplicities in the 35 kV electrical grid on the value of
a capacitive earth fault current.

According to the Petersen’s theory, the multiplicity of overvoltages changes from 2.7 to 6.63 during the single
phase to earth fault when the capacitive earth fault current changes from 1.25 A to 38.4 A in the electrical grid of
35 KkV. The level of overvoltages according to the Petersen’s theory is many times higher than overvoltages according
to both the Beliakov’s and Dzhuvarla’s theory and Peters’s and Slepian’s theory. When the value of capacitive earth
fault current is 10 A, the overvoltage in the 35 kV electrical grid is equal t0 4.4-Uppase m. according to the Petersen’s
theory, and according to the Beliakov’s and Dzhuvarla’s theory the overvoltage is equal to 2.1-Uphase m., @Ccording to
the Peters’s and Slepian’s theory the overvoltage is equal to 2.7-Upnase m..

The nature of a change of overvoltage multiplicities depending on the value of a capacitive earth fault current in
the 35 kV electrical grids according to the Petersen’s theory should be taken into account during the development of
these electrical networks. The expected maximum value of overvoltage in the new electrical grid (which is obtained
by the simple calculations) will allow optimizing the measures to ensure a reliable insulation of electrical equipment
already at the design stage.
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According to the research results of overvoltage multiplicities during the arc single phase to earth fault in 35 kV
electrical grid with an isolated neutral, a mathematical model has been created, which allows assessing the maximum
multiplicity Ky of arc overvoltages depending on the value of a capacitive earth fault current I, in this electrical grid

K, =-0.0014- 12, +0.1508 I, +2.7806 . 1)

In the 35 kV electrical network with a grounded neutral through the arc-quenching reactor, in the case of
aresonant configuration, the value of overvoltages during the arc earth fault will not exceed 2.2-Uppase m. With
capacitive earth fault current from 1 A to 40 A. In the case of decompensation within +20 %, the value of
overvoltages increases significantly. So, it is recommended to focus on the maximum overvoltage multiplicities
already at the design stage of electrical grid development. These multiplicities are calculated by using a mathematical
model of the electrical grid with an isolated neutral.

The grounding of a neutral through a resistor in the 35 kV electrical grid allows limiting the overvoltages to the
maximum multiplicity of 3.2 during the arc single phase to earth fault when a capacitive earth fault current changes
up to 40 A (during the calculation, the resistors with a resistance from 500 Ohms to 5000 Ohms were considered;
these resistors were connected to a neutral). The multiplicity of overvoltages depends on the value of a resistance of
a grounding resistor in the neutral of the electrical grid. Thus, the multiplicity Ky is equal to 2.4 when a capacitive
earth fault current is equal to 40 A and a resistor has a resistance of 500 Ohms; and the multiplicity Ky is equal to 3.2
when a resistor has a resistance of 5000 Ohms.

The obtained results of the research for the combined neutral grounding modes (simultaneously through a high-
resistance resistor and an arc-quenching reactor) confirm that the maximum expected multiplicities of overvoltages
will not exceed the value of 2.2 in the 35 kV electrical grid, regardless of a characteristic of the grounding arc
combustion and a value of the capacitive earth fault current.

5. Conclusion

1. According to the research results, a mathematical model has been offered to calculate the maximum level of
overvoltages in the 35 kV electrical grid with an isolated neutral. This model should be used at the stage of pre-design
works, which are related to the electrical grid development and a construction of new overhead and cable
transmission lines.

2. During the designing of a development of 35 kV electrical distribution grid with a grounded neutral through
an arc-quenching reactor, it is necessary to focus on the expected maximum overvoltage multiplicities of the same
level as for the electrical grid with an isolated neutral.

3. The grounding of electrical neutral through a high-resistance resistor allows limiting the overvoltages to a
maximum multiplicity of 3.2 during the arc single phase to earth fault in the electrical grid.

4. The mode of a combined grounding of the electrical neutral is the most effective in terms of a limitation of the
arc overvoltages, because the maximum expected overvoltage multiplicities will not exceed the value of 2.2.
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KpaTHicTh nepeHanpyr mia yac yroBux oHO(pa3HUX 3aMHKAHb HA 3eMJII0 B
eJICKTPUYHUX Mepe:xkax 35 kB

3inoBiit baxop, Aunpiit SAueiiko, Poman depencopuy

Hayionanvuuii ynieepcumem «JIvgiscoka nonimexuixay, 8yn. Cmenana Banoepu, 12, 79013, Vkpaina

AHoTanis

OO0’exTOM HOCHIKEHHS € AYTOBi MEpeHAmnpyrd Mix Yac OJHO(pa3HUX 3aMHUKaHb Ha 3EMIII0 B PO3IMOIITBHIX
SJIEKTPUYHHUX Mepexax 6-35 kB. Po3BUTOK po3NOAibHUX eNEKTPUYHUX Mepex 35 KB moB’s3anuii 3 OyiBHUIITBOM
HOBHX MOBITPSIHUX 1 KaOEJIBHUX JIiHIN 1 TPU3BOAUTH O 3MIHH EMHICHOTO CTPYMY 3aMHKAHHS Ha 3€MJII0 MEPEKi, 10
BIUIMBAa€ HA KPATHICTH MEPEHANPYT B PO3NOAUIPHUX EJICKTPUIHMX Mepekax MiJ Jac ogHOo(pa3HUX 3aMHKaHb Ha
3emunto. HaBezieHO pe3ysbTaTi IOCHiDKEHHS MIepeHanpyr 3a J0IOMOTro0 HU(POBOro MOJEIIOBAHHS IiJ] 4ac JyTrOBUX
onHO(a3HMUX 3aMHUKaHb Ha 3€MJII0 B €JICKTPUYHINA Mepexi 35 KB 3a pisHUX pekuMiB poOOTH HEeWTpai: i30JIbOBaHiH,
3a3eMJICHIH 4Yepe3 IyroracHUi peakTop, 3a3eMIICHIN depe3 pe3ucTop. 3a pe3ylbTaTaMH JOCITIIKeHb PO3pOOIICHO
MaTeMaTHYHY MOJIeNb, SKa Ja€ 3MOTY OACPKYBaTH MaKCHMAaIlbHI OYiKyBaHI KPaTHOCTI MEPEHANPYT B EICKTPHIHIX
Mmepexax 35 kB mijg yac ogHodazHUX 3aMuKaHb Ha 3emiito. Lle mae 3Mory yxe Ha erami HepepoeKTHUX pPoOIT
PO3BHUTKY TaKHX EJICKTPOMEPEK MPUIMATH PINICHHS CTOCOBHO ONTHMAJIbHHX 3aXOJiB, CIPSIMOBAHHUX Ha 3aXUCT
130JIALIT eNEKTPOYCTATKYBAHH 3 BpaXyBaHHSAM OYiKyBaHUX BEIHUYHH MIEPEHATIPYT.

KJiro4uoBi cjioBa: ejekTpuuHa MepeXa; Ayrosa IMepeHanpyra; i30Jp0BaHa HEHTpaib; ogHO(Ga3HEe 3aMUKAHHS Ha
3eMJII0; MaTeMaTHYHa MOJIEIb.



