Ne 2 (125)/2024 TeXHiKa, C€HEPreTHuKa,

% TpaHcnopT AIIK
E ~ Vol. 125, Ne 2 / 2024

UDC 621.313
DOI: 10.37128/2520-6168-2024-2-15

HIGH-FREQUENCY PROCESSES IN THE WINDINGS OF GENERAL-PURPOSE ELECTRICAL
MACHINES IN THE PRESENCE OF DEFECTS IN THE GROUND-WALL INSULATION

Vadym CHUMAK, Candidate of Technical Sciences, Associate Professor
Roman DUKHNO, Master
Andriy STULISHENKO, Candidate of Technical Sciences, Assistant
Vadym SVYATNENKO, Senior Teacher
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”

YYMAK Baaum BoJsiogumMupoBHY, K.T.H., IOIEHT
JAYXHO Poman IlaBaoBu4, MaricTp
CTYJIIEHKO Anppiii CepriiioBu4, K.T.H., aCUCTEHT
CBSITHEHKO Baaum AnaToJiiioB1yY, cTapiiuii BUKJIaaad
HarionansHuii TexHIYHUHA yHIBepcuTeT YKpainu “KuiBchkuil momiTeXHIYHUH iHCTUTYT iMeHi [rops
Cikopcpkoro”

Insulation defects in general and ground-wall insulation problems in particular are one of the main causes
of failure in general-purpose induction motors. Most of the articles on this topic focus on more complex, expensive
and comprehensive diagnostic methods, but they are not always appropriate and justified for electric machines of
small and medium power, which are widely used in the agricultural sector. This article deals with the relevant
problem of ground-wall insulation diagnostics. Namely, the development of such a diagnostic technique, which
would not be resource-intensive, would not require complex equipment and would be easy to use.

It has been verified that the use of a single-link replacement scheme for high-frequency testing can
indicate the presence of a ground-wall insulation defect in a particular winding phase, but cannot be used for
more detailed analysis, for example, to locate the defect.

It is shown that when using a multilink replacement scheme, it is possible to model the damage to the
ground-wall winding insulation when defects of different level are located along the entire length of the
winding at the level of one coil. High-frequency tests were performed in this mathematical model and data
were collected, namely the resonant frequency and input impedance at resonance, for defects of different
degrees at different locations in the winding in the short circuit and open circuit modes. In parallel with the
mathematical modeling, the resonant frequency was calculated using engineering formulas to control the
results of the mathematical model.

A number of experimental studies were also conducted on a specially prepared sample of a real
4A90L2 engine to verify the convergence of the mathematical modeling results with real experimental data.
The experimental data confirm the adequacy of the model, and the results differ by no more than 5-7%, which
indicates that the mathematical model is sufficiently accurate.

As a result, a specific algorithm for implementing the method of detecting defects in the ground-wall
insulation of multi-turn low-voltage electrical machines for general-purpose use by means of high-frequency
effects by analyzing the input resistance and resonant frequency when comparing defective and defect-free
phases in symmetrical three-phase windings is proposed. The proposed method makes it possible to determine
the presence of a local or integral defect in the ground-wall insulation. In the case of a local defect, it makes
it possible to determine the location of the defect down to the level of the winding coil. This method can also
partially indicate the presence of defects in the longitudinal insulation.

Key words: input impedance, resonant frequency, amplitude-frequency and phase-frequency
characteristics, winding insulation defects, multi-line substitution scheme.

F. 5. Fig. 14. Ref. 18.

1. Problem formulation

The development of technologies and increase in the productivity of agricultural and agricultural
enterprises cannot be imagined without increasing the use of electric machines (EM). Which requires solving
the problems of reliability and durability of electrical equipment operated in specific conditions of agricultural
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production. The main consumer of electricity in agriculture is electric motors, the smooth operation of which
depends on the normal functioning of any technological process.

The main EMs used in agriculture are squirrel-cage induction motors (IMs) [1, 2], which are generally very
reliable. However, level of structural reliability of AC motors are not achieved in agriculture. The high failure rate
of IM motors is due to the multifactorial impact on the EM from a complex agricultural production system.

Large enterprises such as poultry farms, livestock farms and feed mills have a large number of EMs
that are part of the overall life support system of living organisms. Failures of IMs in such systems lead not
only to direct damage associated with the cost of replacing and repairing the failed equipment, but also to
technological losses due to reduced productivity and even animal death.

The operation of EM with an almost exhausted insulation resource usually leads to its rapid
destruction, which can cause significant damage to the entire production process associated with the operation
of the machine with a defect. First of all, this applies to the insulating structure of the machine, which is
gradually destroyed under the influence of thermal and mechanical stress, moisture, switching overvoltage,
etc. Therefore, timely detection and identification of insulating structure defects is an actual task.

The process of formation of an insulation defect is slow at first, but in the last stages, sudden physical
phenomena occur, which usually result in a short circuit (SC) of the insulation to the machine body or the
insulation of turns or coils among themselves [3]. The formation of a conductive breakdown channel can be
represented as a transient resistance that decreases according to a certain law over time and can be represented
as an electrical active resistance.

Also of interest is the identification of insulation defects in multi-turn coils, which can be divided into
integral and local defects in the insulating structure. Integral defects are characterized by general aging of the
insulation, which is expressed in the loss of insulating quality of the interconductor dielectric layer in the form
of cracks, punctures, cavities, which are distributed evenly throughout the entire insulation. In the case of EM
ground-wall insulation, integral defects can be expressed in the form of a decrease in the interphase insulation
resistance and phase-to-body insulation resistance. For longitudinal insulation, i.e., inter-turn and inter-coil
insulation, they are expressed in the SC of one turn or a group of turns or to a certain transient resistance.
Conventionally, insulation defects can be divided into transverse insulation defects (ground-wall and
interphase) and longitudinal insulation defects (inter-turn and inter-coil). This study is concerned with the
detection of local defects in the ground-wall insulation in a particular coil and the separation of these defects
from integral ones.

In addition to integral defects, local insulation defects, i.e. short circuits or transient winding-to-body
resistance, and interphase local defects, as well as local defects in the form of complete or incomplete overlaps
between individual windings and between coils of the same phase, pose a greater danger [4].

2. Analysis of recent research and publications

Paper [5] proposes a certain on-line monitoring with subsequent analysis to determine the state of
insulation and predict how much longer the EM can operate without repair. Such monitoring is not financially
feasible for low- and medium-power EMs.

The article [6] mentions different approaches to diagnostics, but focuses on the partial discharge
diagnostic approach. Different partial discharges are considered for different types and powers of EM, as well
as different insulating materials.

Article [7] suggests applying a direct current for a certain time, sometimes more than an hour, and
taking the winding resistance value and determining the polarization index. Such studies are not always
possible and justified, and non-destructive diagnostic methods have their advantage in this regard. The article
focuses on methods of data collection and analysis, and does not offer methods of defect localization.

Paper [8] focuses on low-voltage, high-performance machines with short operating times. A model for
assessing the winding condition is proposed here. The experiments and the model prove that when analyzing
such EMs, it is necessary to take into account not only thermal aging, but also thermo-mechanical aging, i.e.,
variable load and on/off cycles.

Reference [9] provides an overview of approaches to analyzing the state of various EM components.
It is confirmed that insulation in general, and grounding insulation in particular, is a frequent cause of EM
failure. When reviewing the methods, they focus on diagnostics using partial discharge, which is not always
justified by the complexity and high cost of the methodology for low and medium power EM.

[10] is a review article that discusses diagnostic and both on-line and off-line monitoring methods.
Diagnostic methods such as polarization/depolarization current measurement, dielectric spectroscopy, and
operational leakage current monitoring are considered. These techniques are not easy and quick to perform.
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In [11, 12], substitution schemes are proposed for high-frequency modeling and have an analysis of
resonant impedance. However, they do not suggest ways to localize defects in the case insulation and ways to
model such defects in the replacement scheme.

The aforementioned articles confirm that diagnostics of the condition of the ground-wall insulation is
an important part of the overall EM diagnostics. At the same time, the articles mainly offer more complex
diagnostics that require more time, sophisticated equipment, have a higher complexity of the diagnostics itself,
or are non-destructive, although they are more versatile, comprehensive and can be more accurate. Therefore,
the development of a methodology for the study of ground-wall insulation that would be easy to perform, not
require much time, complex, expensive equipment, be non-destructive and not require lengthy data analysis,
which, accordingly, makes it possible to use it for low and medium power EM is an actual task.

3. The purpose of the article

The purpose of the article is to organize the test process using high-frequency methods for diagnosing
the ground-wall insulation of low-voltage EMs of low an medium-power general-purpose by identifying
possible diagnostic features and proposing a methodology for assessing the development of defects and their
location at the level of localization of the damaged coil of the winding phase.

4, Results of the researches

The study of EM operation and an overview of switching, wave and pulse processes requires a
mathematical description of the winding. In general, a real winding is a complex system. It is heterogeneous,
since the turns of even one coil have different parameters depending on the position in the groove. In addition,
within the same coil, the specific parameters of the active and frontal parts differ. The transition from one coil
to another is obvious, i.e., the system is discrete and heterogeneous. Therefore, the presentation of the winding
as a long homogeneous line with distributed parameters will give significant errors when examining the
processes in the middle of the winding. However, a similar model with averaged parameters can be used to
estimate input and wave impedances [13].

It is known that insulation defects can be detected using transient processes, such as impulse and high-
frequency processes [15-17]. For example, when taking the frequency characteristics of three-phase
symmetrical windings with the subsequent comparison of the essential parameters of high-frequency
phenomena that indicate the presence, development, and location of defects. The diagnostic features include
such parameters as the input winding impedance when the frequency changes in the range from 0 Hz to 1
MHz, and the resonant frequency. These parameters are determined by the ratio of the winding's active-
inductive and active-capacitive parameters when the frequency changes. In the presence of defects of varying
degrees of development, as well as different locations, the ratio of these parameters changes significantly,
which, in comparison with defect-free phases, can serve as a diagnostic sign.

According to the circuit theory [14], when the active resistance R and inductance L are connected in
series in a longitudinal quadrupole, the first resonant frequency of the winding can be determined by the

expression:
(0)
1 GR+|P c R
f1=—j i +2, (1)

21 [(c + |P1(0) «K)L  “2(C+ |P1(0) «K)

where R — longitudinal active resistance; L — longitudinal inductance; K — longitudinal capacity;
G — ground conductivity; C — transverse capacity. Pl(o) in this formula is the so-called eigenvalues of the
winding in the open circuit (OP) mode. This is a dimensionless value corresponding to the first "zero™ in the

OC mode and characterizing the first resonant state in a homogeneous circuit. Eigenvalue Pl(o), like all other
eigenvalues of the winding, does not depend on the specific structure of the substitution circuit link, but is
determined only by the number of links and can be represented as follows:
Pl(o) = —4sin? %, 2
where v — the number of links. Assume that the longitudinal capacitance of the coil is very small, as is
the case, for example, in high-voltage machines, so it can be assumed K = 0. Thus, the formula for the first
resonant frequency is simplified to the following form:

(0
1 GR + (P 1 R
fi :_\/—cLl - G +3)% @)

132



Ne 2 (125)/2024 TeXHiKa, C€HEPreTHuKa,

% TpaHcnopT AIIK
E ~ Vol. 125, Ne 2 / 2024

The expression always holds for EM windings:
GR + [P

> G+ (4)
therefore, the square of the value in brackets in equation (3) can be neglected, and the formula for the
first resonant frequency will be as follows:

1 |GrR+|P(|

h=o =0 (5)

As can be seen from equation (5), the value of the first resonance frequency largely depends on the
value of the eigenvalue of the winding, and, accordingly, on the number of links of the phase winding. In
addition, although to a lesser extent, the value of the resonance frequency depends on the secondary wave
parameters — R, L, C, G and, above all, the longitudinal capacitance K.

For the case considered in this article, the longitudinal capacitance should be taken into account,
because in multi-turn coils, which are typical for low- and medium-power machines, it is commensurate with
or exceeds the transverse capacitance. For more powerful machines, from 37 kW, the influence of the
longitudinal, i.e. inter-turn and inter-coil capacitance K is insignificant. For the 4A90L2 motor, which was the
object of our study and for which the experimental frequency characteristics were taken, the resonance
frequency according to formula (1) is 76 kHz, which is a slight deviation. In the experiments, this formula
approximately determines the resonance frequency at defects of varying degrees, i.e., 0.5, 0.2, 0.1, 0.05 MQ.
This formula can be used in the qualitative evaluation of high-frequency processes modeled by a single-link
scheme, which corresponds to the transformation of a multi-link substitution scheme into one quadrupole with
concentrated parameters. The calculated resonant frequency according to formula (5) for a strongly developed
defect with a transient resistance of 50 kQ is 73.6 kHz. That is, when using a single-circuit circuit, the
development of the defect can be estimated with an accuracy of up to 10% of its real transient resistance, but
its location cannot be established.

In [11, 12, 18], the high-frequency process was considered on the example of a multi-link substitution
circuit consisting of quadrupoles with concentrated parameters. Each quadripole corresponds to a part of the
winding phase. In this article, the study concerns a specific 4A90L2 motor with phase coil leads to the external
panel. The defects in the ground-wall insulation were physically modeled by connecting the coil leads through
a certain resistance to the motor body. The connection of the coil lead to the body directly corresponds to a
complete phase breakdown to the body. The resistances were set as a series of defects of varying degrees of
severity, i.e., 0.5, 0.2, 0.1, 0.05 MQ. These transient resistances were connected alternately to the phase coil
terminals from the beginning to the end. It is of considerable interest to determine, using the proposed high-
frequency method, the location of the defect at the level of the part of the winding corresponding to the
guadrupole with concentrated parameters.

~3 7 x;

Fig. 1. Schematic substitution diagram of winding section

The diagram (Fig. 1) shows a link in the form of a quadrupole consisting of the following elements:
1 — longitudinal active resistance; 2 — longitudinal inductance; 3 — longitudinal capacitance; 4 — resistance
corresponding to the insulation resistance relative to the body and ground; 5 — winding capacitance relative to
the body. By changing the resistance to the body, defects in different parts of the winding can be modeled.

The following assumptions are made in the proposed link substitution scheme:

1) we neglect the active resistance of the winding phase;

2) the parameter C of the capacitance is considered constant over the entire frequency range;
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3) the parameters L and R are calculated for the resonant frequency and are considered constant
in other frequency regions.

In the course of the research, a program was developed to calculate high-frequency processes in the
motor under study, which, according to experimental data, has the following phase parameters:
R,n = 143 kOhm - longitudinal active resistance of the phase; L,, = 9 = 1073 H — longitudinal
inductance of the phase; K, = 1.452 10712 F — longitudinal capacitance of the phase;
Repn = 500 MOhm — phase resistance, which corresponds to the insulation resistance relative to the body
and ground; C,, = 1.2 * 1072 F —winding capacitance of the phase relative to the body.

The number of coils in the phase of this motor that are connected in series is 6. Therefore, the
substitution circuit consists of six links, each of which is defined as follows: R = R, / 6 —longitudinal active
resistance of the link; L = Ly, / 6 —longitudinal inductance of the link; K = K, = 6 —longitudinal capacity
of the link; R, = R.,, * 6 — resistance, which corresponds to the insulation resistance of the link relative to
the body and ground; C = C,,, / 6 — capacitance of the link winding relative to the body [14].

Frequency response (FR) and phase response (PR) of a defect-free 4A90L2 engine in the SC (Fig. 3)
and OC (Fig. 4) modes are given, calculated on the basis of a multi-link substitution scheme (Fig. 2).

A A A A A AN A
VVV VWV VVV
VY VY YV
| | |
1T

Tt T

ST - | ‘r r 2T T T3 2
T T l [T [T LT L

Fig. 2. Schematic diagram of a multi-link winding phase replacement for six coils

e ) Phase b Phase
Fig. 3. FR (a) i PR (b) in SC mode Fig. 4. FR (a) i PR (b) in OC mode

At the same time, a simplified single-link substitution scheme corresponding to a quadrupole with
concentrated parameters was also investigated for the qualitative study of physical processes.

Next, in the multi-link replacement circuit, we set the defects to 0.5, 0.2, 0.1, 0.05 MQ. We have six
coils in phase connected in series. We set the specified defects in each coil in turn, noting the input impedance
and resonance frequency. We compare the results with a defect-free winding. In a real test setup, the damaged
phase is compared with a defect-free phase, given that the three-phase winding is symmetrical and has the
same output parameters. The possibility of the same defects occurring in all phases is considered unlikely. The
results and comparisons are shown in Figs. 5, 6.
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Fig. 5. FR (a) i PR (b) in SC mode for a defect of  Fig. 6. FR (a) i PR (b) in OC mode for a defect of
0.5 MQ (1) and a defect of 0.05 MQ (3) 0.5 M2 (2) and a defect of 0.05 MQ (4)

The input impedance has changed significantly and the frequency has changed slightly. Next, we place
the defects in each link, sequentially from the first to the sixth, and take the FR in the SC and OC modes (Figs.
7-14). We also present experimental data for a defect of 0.5 MQ and 0.05 MQ (Figs. 7, 8, 13, 14). The
difference between the experimental data and the results of mathematical modeling can be partially explained
by the assumptions made in the mathematical modeling.
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Fig. 7. The FR results in SC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.5 M€, model results (1) and experimental results (2)
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Fig. 8. The FR results in OC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.5 MQ, model results (1) and experimental results (2)

The nature of the resistance distribution depending on the location of the defect has an almost linear
increasing character (Fig. 7, b) as the defect location approaches the end of the phase. At the same time, the
percentage difference in the resistance of the first and sixth winding coils is 5.6% in the case of SC (Fig. 7, b)
and 6.04% in the case of OC (Fig. 8, b), which is quite easy to measure with modern devices. The relative
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difference in the resonant frequency of the first and sixth sections is 0.2% in the case of a SC (Fig. 7, a) and
0.06% in the case of OC (Fig. 8, a), which is much smaller compared to the input impedance.
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Fig. 9. The FR results in SC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.2 MQ
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Fig. 10. The FR results in OC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.2 MQ

In the presence of a defect of 0.2 MQ, the character of the resistance distribution also has an almost
linear increasing character (Fig. 9, b). The percentage difference in the resistance of the first and sixth winding
coils for the SC scheme (Fig. 9, b) is 14.06% and 15.07% for the OC scheme (Fig. 10, b). The relative
difference in the resonant frequency of the first and sixth sections for the SC scheme (Fig. 9, a) is 0.75% and
0.19% for the OC scheme (Fig. 10, a).
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Fig. 11. The FR results in SC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.1 M2
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Fig. 12. The FR results in OC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.1 MQ

At a defect of 0.1 MQ, the character of the resistance distribution remains almost linearly increasing (Fig.
11, b). The percentage difference in the resistance of the first and sixth winding coils for the SC scheme is 26.28%
(Fig. 11, b) and 30.03% for the OC scheme (Fig. 12, b). The relative difference in the resonant frequency of the
first and sixth sections for the CS scheme (Fig. 11, a) is 1.47% and 0.37% for the OC scheme (Fig. 12, a).
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Fig. 13. The FR results in SC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.05 MQ, model results (1) and experimental results (2)
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Fig. 14. The FR results in OC mode: a) — resonant frequency; b) — input impedance when one of
the links has a resistance relative to the case of 0.05 MQ, model results (1) and experimental results (2)

Similarly, with a defect of 0.05 MQ, the nature of the resistance distribution remains almost linearly
increasing (Fig. 13, b). The percentage difference in the resistance of the first and sixth winding coils for the
SC scheme (Fig. 13, b) is 49.46% and 59.65% for the OC scheme (Fig. 14, b). The relative difference in the
resonant frequency of the first and sixth sections for the SC scheme (Fig. 13, a) is 3.06% and 0.81% for the
OC scheme (Fig. 14, a).

The FR analysis shows that at zero frequency, the input impedance of the presented multilink circuit
turns into a degenerate multilink quadrupole where, in fact, there are no capacitances with infinite resistance,
and the inductance turns into an active resistance corresponding to the phase resistance. Also, the longitudinal
two-pole with a resistance equivalent to eddy current losses disappears. In fact, the input impedance is the total
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impedance of the parallel branches and, if the parameters of the links are equal, it is the same for all phases. In
the presence of a defect in any part of the winding, the input impedance at zero frequency will be predominantly
determined by the resistance of the defective link, depending on the severity of the defect, and corresponds to
a decrease in this resistance (Fig. 6). At zero frequency, only the presence of a defective phase can be detected,
but it is impossible to determine the location of the defect.

The method of detecting the defect and its location is as follows. The defective phase is determined
by measuring the resistances at zero frequency. The resistances of three phases are measured, of which two
are considered faultless. We determine the ratio of the resistance of the defective and faultless phases. The
lower this ratio is, the more developed the phase defect is and the closer the state of the machine's insulating
structure is to the emergency condition. According to the standards, the insulation resistance of the winding in
relation to the body should not be less than 0.5 MQ — this is the boundary value between a defect-free and a
defective state. We assume a reference value of the phase resistance R, in relation to the body of 1 MQ, which

is twice the limit value. Therefore, the defect rate line will look like this — defect rate K; = %. If K; greater

than or equal to 1, the phase is defect-free. 0.5 — the threshold value from which the defect level determination
begins. 0.2 is first-degree defect, 0.1 is a second-degree defect, 0.05 is a third-degree defect, and less than that
is an emergency condition.

To analyze the condition of the ground-wall insulation, first, the symmetrical three-phase winding is
alternately connected to a signal generator with a range of up to 0 to 1 MHz. With the Hioki IM3570, the
measurement method is greatly simplified. Then, alternately, for each phase, the FR and PR are taken in two modes
—mode OC, that is, with the free end of the phase and in SC mode, with the neutral shorted to the body and ground.

After comparing the recorded data in all three phases, provided that all phases are equal, the case
insulation is considered defect-free. If the resistance is lower in any of the phases, this indicates a defect in the
insulation in that phase. Other types of insulation: inter-turn, inter-coil and inter-phase insulation are tested
separately, using other methods.

As for the location of the defect in the winding, the local defect is determined at the level of the phase
coil number. In the example of the motor under study, the phase has 6 coils. The value of the defect on the direct
current can be measured with an ordinary megohmmeter. If a ground-wall insulation defect is not detected by
conventional methods in DC testing, but frequency methods reveal a significant difference in resonant
impedances and frequencies between phases when the phases are permuted in a circular pattern, this indicates a
longitudinal insulation defect. The method of detecting longitudinal insulation defects is the subject of separate
studies. In the case when the input impedance is 37.6% less than the input resonant impedance of the defect-free
phase, this corresponds to a defect of 0.05 MQ and below, which is a pre-emergency state. The highest ratio of
input impedances corresponds to the location of the defect in the first coil of the phase. Then the ratio decreases
linearly to 6.76%, which corresponds to the location of the defect in the last coil. We reconnect the motor leads,
i.e., connecting to a high-frequency power supply, we swap the beginning and end of the winding. If the results
are the opposite, i.e. the input resistance is very close to the defect-free state and differs by about 6.76%, then the
defect is located in the first coil. If, on the contrary, the resistance is initially close to the defect-free state, and
after reconnection, it differs by about 37.6% or more from the defect-free value, then the defect is in the sixth
coil. If the measured resistance is initially 33.16% less, and after reconnection it's less by 10.85%, then the defect
is in the second caoil, if vice versa - first 10.85%, and then 33.16% - then in the fifth. If the resistance is initially
26.45% less, and after reconnection it is 19% less, then the defect is in the third coil, and vice versa, in the fourth.
When diagnosing, the values of deviations may differ from those described above, so the data provided should
be taken more as a guideline, and not as universal values for all cases.

If the defect is 0.1 MQ on direct current in OS mode, then having a deviation of 24% before
reconnection and 4.25% after, it can be argued that the defect is in the first coil, if the deviation value is
mirrored, the defect is in the sixth coil. If the resistance is 21% lower before reconnection and 6.6% lower
after, the defect is in the second coil, and vice versa - in the fifth coil. If the resistance is 16.36% less and
11.13% less after reconnection, the defect is in the third coil, and vice versa, in the fourth coil. If the measured
DC resistance in OS mode, and, accordingly, the defect itself, is 0.2 MQ, and the resistance deviation is 12.5%
and 0.2% before and after reconnection, respectively, then the defect is in the first coil, and if the situation is
mirrored, then in the sixth coil. If the deviations are 10.45% and 1.57%, the defect is in the second coil, and
vice versa - in the fifth. And if the deviations are 7.49% and 4.26%, the defect is in the third coil, or in the
fourth, if the deviations are mirrored.
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If the same diagnostic signs are obtained when reconnecting the phase ends, provided that the DC
resistance is below 0.2 MQ, the defect is integral, i.e., distributed throughout the winding length. Such a defect
can be eliminated by means of preventive maintenance procedures in the form of drying and impregnation.

This method is of practical interest to specialists of repair enterprises who have winding data. For EM
windings with a different number of coils, the determination of the defective coil number depends on the
specific proportion of the input resistance ratio when the start and end are reconnected. E.g. for the case of an
eight-coil winding and keeping the integral parameters of a six-coil winding, the deviation of the resistance
value from the fault-free phase is approximately 50%, and for 4 coils it is approximately 25%. This range is
sufficient to confidently determine the location of the defect coil for almost all general-purpose motors.

For multi-coil sections, it is possible to practice connecting two phases in series, one defective and one
faulty, and then reconnecting the start and end of the leads to clarify the number of the defective coil.

5. Conclusions

When the defect is located in the end parts of the winding, the sensitivity of the circuit to detect a
defect of the same degree of development is significantly reduced. But this makes it possible, when the circuit
is reconnected, for example, into a star, to get the location of the defect that was at the end of the winding at
the beginning. Thus, it is possible to determine the location of the defect when comparing diagnostic
parameters at the level of winding sections. At the same time, the ratio of diagnostic features, i.e., the extremes
of the input resistance and resonant frequencies, makes it possible to increase the sensitivity of the future
measuring circuit by connecting two phases, defective and faultless, in series, followed by reconnecting the
beginning and end of the leads.

The simulation results indicate that the highest sensitivity to detecting defects in the ground-wall
insulation of the windings is observed when using the test circuit in the short-circuit mode and ranges in relative
units from 1.07% to 6.76%, depending on the location of the defect, with a resistance to the body of 0.5 MQ.
Taking into account that according to the regulatory documents, the insulation resistance relative to the body
for low-voltage general-purpose EM should be at least 0.5 MQ, the obtained sensitivity is sufficient with a
certain residual margin. The degree of development of such defects is an essential diagnostic feature that allows
you to make a decision on the further operation of the machine.

In general, a decrease in the defect resistance necessarily leads to a decrease in the input impedance
and a shift in the resonant frequency, but the degree of response of the frequency response depends on the
location of the defect.

The second diagnostic indicator is the shift of the resonant frequency of the frequency characteristics'
extremes. However, this indicator is inferior to the measurement of active resistance in terms of sensitivity and
a certain nonlinearity of the displacement of the defect along the winding length.

The set goal can be considered achieved - diagnostic features were identified using frequency
diagnostic methods and a methodology for assessing the severity of defects was proposed. The proposed
methodology makes it possible to determine whether there are defects in the ground-wall insulation. If there
are such defects, the methodology answers whether it is a local or integral defect. If it is a local defect, it allows
to determine the location of the defect at the coil level. The proposed method can also partially indicate whether
there is a defect in the longitudinal insulation.
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BUCOKOYACTOTHI MTPOLHECHU B OBMOTKAX EJIJEKTPUUHUX MAILIWH 3ATAJIBHOT'O
IPU3HAYEHHS ITPU HASIBHOCTI JIE®EKTIB KOPITY CHOI I30JISIIIIT

Heghexmu i3onayii’ 6 yinomy, 30kpema npobaemu KopnycHoi i301ayii, € OOHUMU 3 20JI08HUX NPUHUH
8UX00Y 3 1A0Y ACUHXPOHHUX OBUSYHIG 32ANIbHO20 NPUSHAYEHHS. bitbwicme  cmamell Ha Yy  memy
oxycyrombes Ha Oinbl CKIAOHUX, 8APMICHUX [ 8CEOIUHUX MemoOax OlAeHOCMUKU, dlle 60HU He 3a8XHCOU
OoyinbHi ma 6uNpagoaHi 0N eNeKMPUYHUX MAWUH MANOi ma cepeoHboi NOMYMICHOCMI, AKi UWUPOKO
BUKOPUCMOBYIOMbCS 8 A2PAPHOMY CceKmopl. Y Oawitl cmammi po3eisiodemvbcs aKmyaivbHa npoobrema
diaenocmuku kopnycHoi izonayii. A came pos3pobka maxoi memoouxu OiacHocmuku, axa 6 He Oyia
pecypco3ampamuoro, e sumazana 6 ckiaono2o ooiadHants i 6yaa npocma y 3acmocy8anHi.

Ilepesipeno, wo euxopucmanHs 00HOAAHKOBOL CXeMU 3aMIeHHs OJis BUCOKOHUACMOMHUX 00CNI0NCEHD
MOdHCe 8KA3AMU HA HAABHICMb OeqheKmy KOPNYCHOT 13015yil 8 KOHKpemHill (hazi obmomxu, ane He mModice bymu
sUKOpUCMAana 0715 OiIbUL 0eMAaIbHO20 AHANIZY, HANPUKIAO, Wob 3Halmu micye oepexmy.
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Hokazano, wo npu euxopucmauHui 6a2amoaaHKo80i cxemu 3aMIWEHHS MOJNCIUBO MOOeT08amu
ROWKOOICEHHS. KOPNYCHOL 130718Yii 0OMOMOK NPU PO3MAULYBAHHI OedheKmis pi3ZHO20 CIYNEHIO PO36UHEHOCI
no 8cill 008x#CUHI 0OMOmMKU Ha pieHi 00Hici komyuiku. IIposedeno sucoxowacmomui eunpodyeaHHs 6 yii
MamemamuyHitl Mooeni i 3i0pano 0aHi, a came pe3oHAHCHY YACMOmMY Ma 6XIOHUL Onip Npu pe3oHaMci, O
Oepexmie pi3HUX CMYNEHI@ Y PIZHUX MICYAX OOMOMKU 6 DedCUMAX 3 GLIbHUM MA 3A3eMICHUM KiHYeM.
Hapanenvno 3 mamemamudHum MOOenOBAHHAM OY10 NPOBEOEHO PO3PAXYHKU PE30HAHCHOI wacmomu no
iHotCeHepHUM hopMynam O KOHMPOTIO pe3yibmamis MamemamuiHoi MoOeji.

Taxooic Oyn0 NPoBEOeHO Psd eKCHePUMEHMATILHUX OOCTIONCEHb, HA CHEYIAIbHO NIO20MOGIEHOMY 3PA3KY
peanvroeo osucyna 4A90L2, onsa nepegipku 30idcHOCTE Pe3yIbmamie MamemMamuiHo20 MOOEIIO8AHHS 3 PeATbHUMU
oocnioHumu  oanumu. Excnepumenmanvhi  Oani  niomeepodicyloms  a0eK8amHicms  MoOe, a  pe3yibmamu
BIOpI3HAIOMbCS He Oibue HidIC Ha 5-7 %, Wo 6Ka3ye HA OOCMAMHIO MOYHICb MAMEMAMUYHOL MOOEJ.

AK pesynomam, 3anponoHOBAHO KOHKPEMHUL AneopumMm peanizayii memooy eusigienHs oegexmis
KOpnycHOI i301ayii 6a2amosumKo8ux HU3bKOBOJILIMHUX eNeKMPUYHUX MAWUH 3a2a1bHO20 NPUSHAYEHHS 34
00NOMO20I0 BUCOKOYACMOMHUX BNAUBIE, WLIAXOM AHANI3Y 6XIOHO20 ONOpY MA DPEe30HAHCHOI Y4acmomu npu
nopieHsanHi Oehekmuux ma Oezdehekmuux haz y cumempuunux mpugasHux oomomxax. 3anponorosanuil
Memoo0 0ae MONCIUBICTNG GUSHAYUNU HASLBHICMb JTOKATLHO20 A00 THMEZPAIbHO20 deheKmy KOpnyCcHOT i3015Yil.
YV sunaoxy nokanvrozo Oeghexmy, 6iH Oae mMoxciugicms SusHawumu micye oegpekma 00 PIGHA KOMYUIKU
0bMomxu. A maxodxic yel Memoo 4acmKo80 Modice BKA3AMU Ha HASBHICMb 0eqheKmia N03008IHCHLOT 13015Yil.

Knrouoei cnosa: 6éxionuii onip, pe3oHaHCHA 4acmoma, aMNIimyOHO-4acmMomHti ma azo-4acmomHi
Xapaxmepucmuxu, oeghpekmu i301ayii 06MOmMoK, 6a2amoIAHK08A CXeMa 3AMIUEHHSL.

@. 5. Puc. 14. Jlim. 18.
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