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O6’cxmom 00CHiONHCeHISL € CACKMPUUHA CUCTIEMA BUABILEHIS UACTKOBUX PO3PAIE Y 3PA3KY 13011l 001a0nanis
eucoxoi nanpyzu. /Ins ouinKu mexniviozo cmany i3oisauii eieKxmpoycmamxyeanis po3pooieni i npooosicyomn
YOOCKOHANIOBAMNUCS PI3HI MEMOOU BUABTEHIS YACMKOBUX PO3Psdis. Porw modemosanis, 6ipmyaiviozo excnepu-
Menmy U 6ipmyaivHux 1abopamopuux podim oCmantim 4acoM 3pOCmae y 6cix obacmsax mexuiunux nayx. Pasom
3 MUM, OKpemi acnexmu MoOe06anHs eleKMPUUNUX CUCTNEM BUABTCHIS YACTNKOBUX PO3PAOIE NPAKMUUNO DO3-
ensmymi ne docmammnvo. Modenosanis € 6aNcIUSUM D00AMKOBUM BUOOM NPAKMUUHOT Ni020MO6KU 00 HACMYNHOL
PO6OMU 3 BUMIPIOBATLHUM T BUNPOOYEAILHUM YCMAMKYEANHAM Y Npodeciinii disuvrocmi. Memoto docridxcenis
€ GU3HAUCHIS MONCAUBOCTNT BUKOPUCTNAHHS 8 OCTIONCEHHAX 1 HABUAILHOMY NPOUECL 8 AKOCMI anal02d CUCTeMU
BUMIDIOBAHNS XAPAKMEPUCTUK YACTNKOBUX PO3PAJIE eK6I6aAIeHMHOL CXeMOmexHiunoi moodeli.

Jlist 6UMIPIOBAIISL XAPAKMEPUCTIUK YACMKOBUX DPO3PSOIE Y 3PASKAX BUCOKOBOLLMNHOT i30aauil Oye 3ibpanuil
cneyianvnull excnepumenmanviuil cmend. Cmeno 00360158€ nPosoOUmU unpodyearns (Qisuunoi mooei i30aauii
NPUKIAOAHUAM BUCOKOT Hanpyeu 3minnozo cmpymy. /lis 6i3yanizauii okpemux iMnyivcie 4acmxosux po3psdis na
ocyunozpadi 6ye pospaxosanuil i UZOMOBIECHUTL PLLLMP GEPXHIX UACTNOM, AKUTL YCYBAE HANPY2Y OCHOBHOL UACTMOMU
50 Ty, i sense coborw giremp Bamepsopma 4-z20 nopsadxy. Iposedene ocuunozpapyeaiis iMnyivcie Yacmkosux
PO3Ps016, SKI GUHUKAIOMb OLLsL NOGEPXHI BUCOKOBOILINNHOZO eACKMPOOd 6 I30MAUTUHOMY NPOMINCKY 3 eLCKMPOmex-
HIYHUM KapmonoM. Excnepumenmanvio acmanosieno, wo 8 i30J1aUitiHomMy NPOMINCKY BUHUKAIOMD IMNYIbCU YACM -
KOBUX PO3Ps10i6 pisnoi amniimydu npu S61H0 supaxcenomy edexmi noisprocmi. Excnepumenmanvia ocuuiozpama
Oya npuiinama K 3pasok, 00 K020 NOGUHNHA HAOIUNCATUCS OCUULOZPAMA NPU Moderiosani. Enexkmpuuna cxema
301Ul npedcmasnena mpaduuitinoto mpvox-eMHICHON CXeMOI0 3amilyenis OieleKmpuUKa 3 2a306UM GKIIOUCHHIM.

Y pesyrvmami docaioxcenv ycmanosneno, wo npu MoOes08aAHHT MONCIUCO 00ePICAmU Pe3yLbmamu, OIU3vKi
00 mux, wo cnocmepizaiomvcs y Qisuunomy excnepumenmi. Ilokasana MONCAUBICMb MOOCTI0BANHI UACTIKOBUX

Po3padie y dieieKkmpuKy npu HaseHocmi 060X i 6iivblle 2a306UX GKIIOUCHD.
Kmouosi cnosa: cxemomexniune mMo0enosanis, Yacmrosuil po3pso, giromp eepxuix vacmom, giromp bam-

mepgsopma.

1. Introduction

Measurement of the partial discharge characteristics
is one of the main methods of nondestructive testing and
evaluation of high voltage equipment insulation state. In-
sulation state diagnostics by the method of measuring
partial discharges requires the usage of special technical
means. Various partial discharge measurement systems are
used for measurement of characteristics and location of
partial discharge sites in the insulation of high voltage
equipment. For visual observation of measurement results,
either analog or digital oscilloscopes can de used, or an
oscilloscope that is implemented programmatically on an
external personal computer (usually a laptop). A USB
interface can be used to connect the partial discharge
detector to an external personal computer. The issues of
partial discharge characteristics measurements are of great
importance for the training the students and specialists
engaged in the field of electrical equipment insulation diag-
nostics. At the same time, not all high voltage laboratories
have testing equipment for studying the partial discharges.
Therefore, the development of a circuit simulation model
capable of giving a qualitative picture of the functioning
the partial discharge characteristics measurement system
is an urgent task.

2. The ohject of research
and its technological audit

The object of research is an electrical system for detecting
partial discharges in a sample of high voltage equipment
insulation. Partial discharges are of great danger to the
insulation of high voltage electrical equipment due to
their destructive effects. To evaluate the insulation state
of electrical equipment, various methods for detecting
partial discharges have been developed and continue to
be improved. The role of modeling, virtual experiment
and virtual laboratory lessons has recently increased in
all areas of engineering. At the same time, some aspects
of modeling the electrical systems for partial discharges
detection are practically not studied sufficiently. Modeling
is an important additional kind of practical training for
the further work with measuring and testing equipment
in professional activity.

3. The aim and ohjectives of research

The aim of research is determination of the possibility
of using an equivalent circuit simulation model in the
research and educational process as an analogue of a sys-
tem for measuring the characteristics of partial discharges.
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To achieve this aim, the following tasks were formulated:

1. Development of an experimental test stand for physi-
cal modeling of partial discharges in a sample of high-
voltage insulation and analysis of experimental results.

2. Circuit simulation of the partial discharge detection
system and determination of the model’s ability to replicate
qualitatively the results of a physical experiment.

4. Research of existing solutions
of the prohlem

At present, various methods for detecting partial dis-
charges in various types of electrical equipment have been
developed. A brief history and comparison analysis of the pos-
sibilities that various methods provide are presented in [1].
Due to the high sensitivity of the method and the pos-
sibility of comprehensive study of the partial discharge
characteristics, an electric method for detecting partial
discharges has become widespread [1]. The structure of
the electrical circuit for measuring the characteristics of
partial discharges can vary depending on the purpose of the
measurement and the type of insulation state monitoring.
The review [2] shows that practically all modern partial
discharge measurement systems use two basic types of
partial discharge detection circuits: straight and balanced.
For research in this paper, a straight detection circuit has
been chosen, that is simpler in implementation. At present,
a three-capacitive equivalent circuit is widely used to study
partial discharges in a dielectric with a gas cavity under
the influence of various waveforms of applied voltage.
This circuit appeared as a result of improvements in the
scheme from [3]. A critical analysis of this circuit, as well
as a short list of changes introduced into the circuit, is
presented in [4]. In [5] one of the latest improvements
to the circuit is shown (the parallel connection of seve-
ral three-capacitive equivalent circuits to study partial
discharges in a gap with a uniform field). A review of
the methods for simulating the equivalent circuit for a di-
electric with a gas cavity with partial discharges using
the Micro-Cap Evaluation/Student Version [6] is given
in [7, 8]. Simulation of one type of the partial discharge
measurement system was performed in [9, 10]. In paper [11]
the result of simulation of several different partial dis-
charge measurement circuits is shown.

A distinctive feature of this work is that the authors
compared the results of complex physical modeling to re-
sults of partial discharge circuit simulation.

5. Methods of research

To achieve objectives that were set such research me-
thods were applied: physical modeling, electric method of
detecting partial discharges with high voltage applica-
tion, circuit simulation on a personal computer. The main
materials of the research are the results obtained at the
experimental test stand for measuring the partial discharge
characteristics and its circuit simulation equivalent model.

6. Research results

For research at the Department of High Voltage En-
gineering and Electrophysics of the National Technical
University of Ukraine «Igor Sikorsky Kyiv Polytechnic
Institute» an experimental test stand was assembled, the

high-voltage part of it is shown in Fig. 1. As noted above,
this scheme corresponds to a straight method for detecting
partial discharges. The principle of operation of this scheme
has been repeatedly described in various literature [1, 2],
and therefore will not be discussed here.

Fig. 1. Photograph of the experimental test stand for measuring the
characteristics of partial discharges: 1 — step-up transformer; 2 — coupling
capacitor; 3 — test object; 4 — electrical insulation cardboard (an element
of the test object); 5 — shield of the high-pass filter; 6 — kilovoltmeter,;

7 — cable for connection to an amplifier and an oscilloscope

The test object at physical modeling of partial dis-
charges is an interelectrode gap consisting of two coaxial
cylindrical electrodes with electrical insulation cardboard
2.3 mm thick between them. The outer surfaces of the
electrical insulation cardboard contain numerous air cavi-
ties, shown in Fig. 2. Cylindrical electrodes have different
diameters (10 mm and 70 mm, respectively). High voltage
is applied to the upper cylindrical electrode of smaller
diameter. Partial discharges occur in the area with the
greatest electric field intensity — in the air cavities on
the cardboard surface near the upper electrode.

Fig. 2. Cavities on the surface of electrical insulation cardboard
(the distance between the cavities in the photograph is 1 mm)

For observation of partial discharge pulses the digi-
tal oscilloscope PC-OSCILLOSCOPE, model ISDS220B
(manufactured by INSTRUSTAR, China) was used. The
oscilloscope was connected to a personal computer via
a USB interface.

In accordance with GOST 20074 [12], which cor-
responds to the International standard IEC 60270 [13],
a calibration instrument (oscilloscope) was calibrated for
a fully assembled experimental test stand with a connected
test object by injecting voltage pulses obtained from
a calibration oscillator. As a result of the calibration
performed, the value of the scale factor K,=2.57 pC/V
was obtained. Using the scale factor K, it is possible to
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determine the apparent charge g of partial discharges by
the formula (GOST 20074):

quq'Aqv

where A, — the reading (in volts) of the peak of a partial
discharge pulse on the oscilloscope screen.

The obtained value of the scale factor is valid for this
complete test arrangement and depends on the values of
the parameters of all its elements, as well as the connec-
tion schemes (according to GOST 20074).

An example of the obtained oscillogram is shown in
Fig. 3. In this case, registered pulses of partial discharges
are shown in blue color, and voltage with a frequency of
50 Hz (amplitude value of 3 kV) applied to the insulating
gap is shown in red color.

U‘\\\' e

Fig. 3. Oscillogram of partial discharges obtained in a physical experiment
at a frequency of 50 Hz

As it can be seen in Fig. 3, partial discharge pulses of
different amplitude appear in the insulating gap. In addi-
tion, the received oscillogram demonstrates the polarity
effect. In particular, in various half-cycles of the applied
sinusoidal voltage, the repetition rate of the partial discharge
pulses and the amplitude values of the partial discharge
pulses are significantly different. The above oscillogram
refers to the case when air cavities subjected to electric
breakdown are in the area of a high-voltage electrode.
The features of partial discharges demonstrated in the
physical experiment should be taken into account in the
development of a circuit simulation model of a partial
discharge measurement system.

The circuit simulation model proposed by the authors
is shown in Fig. 4.

In Fig. 4 E, — high voltage source of 50 Hz frequency;
R, — internal resistance of high voltage source. Resistor
R, represents partial discharge detector. Elements Rs, Ry,
L, L,, C5; and C; are a high-pass filter components (But-
terworth filter of the 4th order).

INDUSTRIAL AND TECHNOLOGY SYSTEMS: D

ELECTRICAL ENGINEERING AND INDUSTRIAL ELECTRONICS

This filter passes high frequencies of the input signal
(pulses of partial discharges), while low frequencies of the
signal (voltage of 50 Hz frequency) are suppressed. The
electric method of detecting partial discharges is sensitive
to various kinds of electromagnetic interference, so in order
to protect against interference the filter is placed inside the
shield (Fig. 1). From the output of the filter, the voltage
is applied to the input of the broadband amplifier X3, and
from its output to the oscilloscope. The input resistance
of the digital oscilloscope is represented by a resistor R;.
Elements C,, C;, V;, V,, X;, X,, S, and S, simulate a de-
fective area (gaseous cavity in solid insulation near the
surface of a high-voltage electrode). The purpose of this
group of elements is described in detail in [7, 8]. The
capacitor C, =2 pF represents a capacitance of a dielectric,
without a gas cavity section, C, =2 pF is a capacitance of
the section of the dielectric connected in series with a gas
cavity, and C;=0.05 pF is a capacitance of a gas cavity.
Coupling capacitor has capacitance C,=48 pF.

Some difficulty is caused by calculation of the gas
cavity capacitance. In the existing approaches to solving
this problem, for example, it is assumed that the gas cavity
has a spherical shape [14]. In this case, as can be seen
from Fig. 2, the shape of the cavity is close to the hemi-
sphere. Therefore, approximately, the cavity capacitance
can be determined by the formula for the capacitance of
the hemisphere near the plane boundary of two media
(when the diametral plane of the hemisphere coincides
with boundary of two media) [15]:

Cy=2-m-a-g(e,»+0.6%,), (1)
where a — radius of the hemisphere, m; £, =8.854-107' F /m —
electric constant or vacuum permittivity; €, =1 — relative
permittivity of air; €,, = 2.5 — relative permittivity of electri-
cal insulation cardboard [16]. For a=0.25-10= m it can be
obtained from formula (1) that C5 =0.044 pE. After rounding,
it was finally accepted that C; =0.05 pF.

The capacitance of the section of the dielectric con-
nected in series with the gas cavity is also determined
approximately. Since the depth of the air cavities (Fig. 2)
is much smaller than the thickness of the electrical in-
sulation cardboard, and also taking into account the fact
that the pores are not inside but on the surface of the
cardboard, it was assumed above that C,=C, =2 pF.

The simulation was performed at the following values
of the remaining parameters: R, =1€Q; R,=R;=R; =500 Q;
R; =1 MQ; C5 =172 pF; C; =415 pF; Ly =104 mH; L, =43 mH.

The resistance of the switches S; and S, in

- C1T C3T e
X1

o
+

o— )

the open state is equal to 1-10% Q, and in

the closed state it is equal to 100 Q. The
parameters of the elements V;, V,, and X|,

X,, set the values of the partial discharge
inception and extinction voltage for differ-

s> ent polarities of the applied voltage [7, 8].
In this paper, the partial discharge in-

ception voltage of gas cavity is assumed

equal to +2.81 kV for the positive half-
cycle and —2.81 kV for the negative half-
cycle of sinusoidal voltage. The partial

RS discharge extinction voltage was assumed

s o -
+ 11 + 1
R2 R3 cs ce
L1 L2
] ]

Fig. 4. Sircuit simulation of partial discharge detection system

S1 E X2 -
L V2 ot
R4 X3
v T

to be +2.67 kV for the positive half-cycle
and —2.75 kV for the negative half-cycle.
Fig. 5 shows that when choosing these
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parameter values for simulation, it is possible to achieve
results qualitatively close to those observed in the physical
experiment (Fig. 3). In Fig. 5, the red curve corresponds
to the high voltage that is applied to the test object. The
blue curve corresponds to the voltage that appears at the
input of the oscilloscope. Fig. 6, 7 separately show the
voltage waveforms that occur directly on the air cavity,
during the negative and positive half-cycles respectively.

In the above simulation example, only one gas cavity
was used. In a physical experiment, the surface of the upper
electrode covers several gas cavities. Accordingly, under the

influence of high voltage, partial discharges can occur in
different gas cavities. An increase in the number of gas
cavities in the model and also taking into account the
statistical dispersion of the partial discharge characteristics
will contribute to reducing the difference between the
results of virtual and physical experiment. For the test
object considered in this paper, several three-capacitive
equivalent circuits of a dielectric with a gas cavity can
be connected in parallel, as shown in Fig. 8.

Determining the parameters of such model requires
further research.

Micro-Cap 12 Evaluation Version

PDD_CIRCUIT_1.CIR 1 Run=1

40.0 3.0K : : :
240 1.8Kf-------m-mmoeo- frosemeneeenooees Foseeneeenooees

8.0 0.6Kf-------------- MH ------------- S 4
8.0 -0.6K|-N----m-m-oo- doonnoes P A REEEEE T b
240 -L8Kf---mme NG e SRRReCtt AEELLE ¥ EEEEE b
0.0 3.0k 5 om 14.0m 18.0m 22.0m 26.0m 30.0m

vED (V) VRS5) (V)
T (Secs)

Fig. 5. Partial discharges obtained in a virtual experiment at a 50 Hz frequency

Micro-Cap 12 Evaluation Version

2 5K, : PDDi(:ZIRCUITfl.CIR 3:Run:1 :
-2.6K
27K :
28K : :
R S — SR S S
-3'0K12.0m 13.2m 14.4m 15.6m 16.8m

v(C3) (V)

T (Secs)

18.0m

Fig. 6. The voltage on the gas cavity during the negative half-cycle of the applied voltage

Micro-Cap 12 Evaluation Version

3.0K|

PDD_CIRCUIT _1.CIR 4 Run=1

29K - B B

2.8K : : :
27K Z : :
2.6K
23K om 23.2m 24.4m 25.6m 26.8m
v(C3) (V)
T (Secs)

28.0m

Fig. 7. The voltage on the gas cavity during the positive half-cycle of the applied voltage
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Fig. 8. An example of a dielectric model with two gas cavities

7. SWOT-analysis of research results

Strengths. The strengths of this research are:

— in contrast to other studies, in addition to circuit

simulation, physical modeling of partial discharges in

the insulating gap was performed;

— a physical experiment made it possible to determine

that features of the partial discharge process that should

be replicated by the circuit simulation model,

— a potential possibility of using an equivalent cir-

cuit simulation model in the research and educational

process instead of a physical system for measuring the

characteristics of partial discharges is confirmed.

Weaknesses. The weak sides of this research are for
the purpose of circuit simulation, a demo version of the
software was used, that does not allow studying large
complicated electrical circuits.

To minimize the differences between the results of
a virtual and a physical experiment, professional version
of software is required.

Opportunities. The additional opportunities that this
research provides include:

— obtained results indirectly confirm the wide pos-

sibilities that can be provided by the improvement

of traditional three-capacitance circuit of a dielectric

with a gas cavity with partial discharges;

— continuation of research on the development and

modification of virtual and demonstration laboratory

lessons in the field of electric power engineering.

Threats. A separate difficult task is determination of
the dimensions of gas cavities, their location in a solid
dielectric, and also the values of partial discharge incep-
tion and extinction voltage for these cavities. There are
attempts to solve this problem.

For example, it is assumed that the gas cavity has
a spherical shape [14]. However, defects in real insulation
are much more difficult.

Therefore, the simulation of partial discharges can be
characterized as an approximate one.

1. To measure the characteristics of partial discharges
in samples of high-voltage insulation, a special experimental
test stand was assembled. The stand allows testing the
physical model of insulation by applying alternating cur-
rent high voltage. To visualize individual partial discharge
pulses on an oscilloscope, a high-pass filter was designed
and assembled that suppresses the 50 Hz main frequency
voltage, and is a 4th order Butterworth filter. The oscil-
logram of partial discharge pulses that occur near a surface
of high-voltage electrode in an insulating gap containing
an electrical insulation cardboard was obtained. It has been
experimentally established that partial discharge impulses
of different amplitudes arise in the insulating gap with
an explicit polarity effect. The experimental oscillogram
was adopted as a sample, to which the oscillogram should
approach in the simulation.

2. Circuit simulation of the assembled partial discharge
detection system was performed. An approximate equivalent
circuit was used to simulate behavior of an insulation
sample at partial discharges.

Initially, it was assumed that there is only one gas
cavity with partial discharges in the insulation. The elec-
trical equivalent circuit for insulation was represented
by a traditional three-capacitive equivalent circuit for a
dielectric with a gas cavity. As a result of the research
it was established that it is possible to obtain results
close to those observed in the physical experiment. The
possibility of modeling partial discharges in a dielectric
in the presence of two or more gas cavities is shown.
The possibility of an accessible realization of a physi-
cal and virtual system for studying such complex phe-
nomenon as partial discharges in a solid dielectric was
demonstrated.
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