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Justification of choice of methods for diagnostics of insulation condition of electrical
machines of electric railway stock

The object of the study is the process of monitoring the technical condition of electrical insulation of
traction electric machines in order to determine the need for their maintenance or repair. Diagnostics
of electric machines is an important aspect of supporting the operation of electric drives. Failure of the
windings is one of the main reasons for failure of electric motors. Therefore, the task of developing
operational methods for diagnosing the insulation of windings of traction electric motors is urgent. A
study of the negative impact of operating conditions on the technical condition of electrical insulation
of motors was carried out. The analysis of the existing methods of diagnosis of insulation systems of
electric machines was carried out. Special attention was paid to the selection of predictive parameters
of the insulation state. A mathematical model was developed to study the frequency characteristics of
the stator insulation system of the traction electric motor model AD914. Refined dependences of the
effect of changes in the insulation parameters of the motor stator winding on its frequency
characteristics were obtained. It was concluded that the method of monitoring the insulation state of
electric motor windings based on the assessment of electrical resistance relative to the stator core and
amplitude-frequency characteristics is the most effective. The field of practical application of the
obtained results is the system for monitoring the condition of electrical insulation of traction electric
machines to determine the schedule of their maintenance and repair. The conducted research is a
scientific justification for the choice of methods and devices for diagnosing the insulation state of
electric motors of railway traction rolling stock.

Keywords: diagnostics, mathematical model, electrical insulation, damage, amplitude-frequency
characteristic

Introduction. The stability of the insulation characteristics of electric machines is one of the main
factors that guarantee the reliability of the traction electric drive of locomotives and electric trains. The
problem of the stability of the technical condition of the electric motors of locomotives and electric
trains is becoming more and more acute, which is explained by the following objective reasons: a long
period of operation, which leads to aging of the insulation material; deterioration of the voltage quality
in the power supply network due to the emission of high-frequency harmonics; increase in traffic speeds,
etc.
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Analysis of cases of failure of traction rolling stock and linear equipment during the warranty period
of operation for the period of January 2021. — December 2022 indicates a steady trend of growth in the
number of refusals. Thus, during 2022, the number of failures of traction rolling stock and its equipment
as a whole in the locomotive industry of JSC "Ukrzaliznytsia" increased from 34 to 85 cases. Moreover,
25% of the total number of failures of traction motors is due to damage (breakdown) of electrical
insulation. The failure mechanism of asynchronous motors depends on various parts, the most important
of which is the stator winding. At the same time, the main cause of failures of auxiliary alternating
current machines (AE-92-4 asynchronous electric motors, RF-1 splitters) is insulation breakdown of the
stator windings, which accounts for up to 85% of the total number of failures of the specified type of
machines. Failures of DC traction motors (NB-418, RT-51) in 60% of cases are associated with
insulation breakdown of the armature windings, main and additional poles.

In the operation process of electric machines of locomotives and electric trains, the insulation is under
the influence of electrical, mechanical, climatic and physic-chemical factors. The results of the operation
show that the deterioration of the insulation is primarily due to the nature of the load. Frequent starts of
machines under load, which are accompanied by significant starting currents and electrodynamic forces.
Under the influence of these efforts, cracks appear in the insulation, which contribute to the further
development of defects.

Vibration, cyclic temperature changes of the windings — heating during operation and cooling after
operation — create thermomechanical stresses in the insulation system, contribute to the formation of
condensate and moistening of the insulation. The combined effect of the listed factors leads to
irreversible physicochemical processes in the structure of the insulation, which deteriorates over time,
that is, to its aging, which is expressed in drying, evaporation of volatile components, loss of elasticity,
the appearance of pores and cracks and their filling with moisture due to condensate. In addition, in the
process of manufacture or repair, damage to the inter-turn insulation, gas inclusions after the process of
impregnation of the windings, which reduces the breakdown inter-turn voltage, may be allowed.
Contamination and deposition of dust with metal impurities can create a conductive layer on the
insulation of the windings. Around this layer, the electric field increases, which can lead to insulation
damage due to partial discharge.

Analysis of the causes of failure of electric machines shows that the main cause of damage to the
stator winding is a short circuit between the turns, which is accompanied by overheating of the short-
circuited sections of the turns. If an inter-turn short circuit is not detected and eliminated in time, an
inter-phase short circuit or a breakdown of the machine body may occur.

2. Literature review and problem statement. Currently, considerable attention is paid to the
development of methods for detecting and diagnosing electrical faults in three-phase asynchronous
motors, especially failures occurring in the stator winding.

The work [1] indicated a high probability of insulation breakdown in the stator winding due to
overload, aging and mechanical vibrations. Therefore, it is necessary to use a reliable toolkit to detect
the degradation of electrical insulation of electric motors in order to avoid any potential consequences.

The article [2] gives an overview of the existing methods of diagnosing the technical condition of
insulation of electrical machines. These methods are organized according to the type of tests performed.
The issue of operational supervision, maintenance and diagnostics of insulation systems of electric
machines is discussed. The negative influence of operating conditions and various factors on the
technical condition of the insulation system is described. Special attention is paid to the review of
available methods of diagnosis of insulation systems of electric machines and their systematization
according to the type of tests.

In work [3], an analysis of the methods of diagnosing electric machines, types of defects, as well as
means for their detection during production and operation was carried out. The work provides an
opportunity to evaluate the effectiveness of the analyzed methods and predict the future development of
diagnostic methods.

More and more attention is paid to the design of new insulation materials and insulation systems.
The article [4] discusses the latest achievements in the field of insulation systems of electric machines.
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Two categories of electrical insulation tests are considered: online tests; testing in off-line mode. Test
standards and methods for detecting insulation damage are given. A study of developing technologies
was conducted. The effect of partial discharges on insulation systems was discussed.

The article [5] discusses practical approaches to detecting single-turn short circuits. It is emphasized
that this type of short circuit belongs to the most serious type of insulation damage, when the inductance
of the winding decreases and the circulating current increases. In the work, it is proposed to use the
method of high-frequency signal supply to the windings of the electric machine and its analysis for
reliable online diagnostics of malfunctions. The obtained results of the experiments confirm the
effectiveness of the proposed method.

According to the study [6], existing and potential methods for diagnosing the insulation of electric
machines should include the following partial discharge tests; insulation resistance tests between the
coil and the core and dielectric spectroscopy. Dielectric spectroscopy is possible in the time and
frequency domain. A partial discharge test can reveal insulation defects between turns, between phases
and earth. For example, voids, cracks and delamination in the insulation, as well as degradation of the
insulation of its chemical composition.

In [7], a new approach to monitoring partial discharge test data based on the condition index is
proposed. The types of partial discharge, equipment for substantiating the maintenance schedule and the
need for repair are considered. The issue of detecting partial discharges and reducing their negative
consequences is discussed in works [8—10].

The work [11] presents a developed methodology for determining the type of malfunction and the
location of damage by analyzing the amplitude-frequency characteristic. It is noted that it is necessary
to conduct a number of measurements to form a database of frequency characteristics. The expediency
of using the method of amplitude-frequency characteristics as a diagnostic tool for detecting internal
malfunctions in asynchronous motors is also evidenced by the results of experiments given in works
[12, 13].

Using the method of amplitude-frequency characteristics, it is possible to evaluate the mechanical
integrity of the winding inside the machine, detect broken tires, broken rods in short-circuited rotors of
asynchronous motors, and obtain a comprehensive assessment of the state of the bearings of the rotor
shaft [14—16]

The results of the studies presented in [17, 18] show the high accuracy of the method of amplitude-
frequency characteristics for detecting short circuits in the windings of asynchronous motors. In
particular, in [18] the application of the method of amplitude-frequency characteristics in the online
mode is proposed.

In [19], the insulation test with voltage pulses, which is applied between the winding and the machine
body during the production and overhaul of asynchronous motors, is considered for diagnostic purposes
and is used as a comparative method. The method of impulse tests is also considered in [20]. The method
consists in disconnecting the charged capacitor from the winding and recording the transient process in
the winding circuit. On the basis of the created mathematical model of switching processes in the
windings of electric machines, a diagnostic system for assessing the quality of insulation of the windings
is proposed based on multi-physical processes that occur when the current breaks in the windings of
electric machines.

The method of high-frequency capacitance impedance is also used to monitor the deterioration of the
insulation condition of electric motor coils. Periodic measurements of partial discharges, dielectric
losses and capacitance, as shown in [21], are the most effective for assessing the phenomenon of
insulation aging.

The article [22] presents the results of experimental research on the dependence of thermal,
mechanical and electrical changes in capacitance and the dielectric loss angle on aging time and applied
voltage.

The above analysis of well-known information sources on this topic allows to assert the feasibility
and prospects of improving the methods of diagnosing electric machines by modifying tests, improving
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the effectiveness of predictive parameters, optimizing diagnostic periods, and expanding online testing
based on the use of modern sensors and modern digital signal processing algorithms.

The aim and objectives of the study. The aim of the study is the development of methods for
diagnosing the state of electrical insulation of traction electric motors of electric locomotives and electric
trains. The main tasks of the study are as follows: the study of the possibility of using the impedance of
the insulation capacity as a test for monitoring the insulation state; improvement of the method of
detecting insulation defects based on the use of impulse diagnostic methods; comparison of the accuracy
and efficiency of the amplitude-frequency and impulse methods of monitoring the insulation state.

Materials and methods of the study. It is accepted that the condition of the electrical insulation of
electric motors is determined using diagnostic tests that allow to assess the degradation degree of the
insulation caused by aging. Two categories of electrical insulation tests are considered: on-line tests and
off-line tests. Testing by the method of partial discharge in real time is performed at a frequency of 50
Hz in the stator windings with a nominal voltage of 2 kV and above according to the "phase-earth"
scheme on one phase simultaneously with the grounding of the other two phases. Partial discharge is
one of the main factors that can lead to insulation damage. It usually appears in voids, pores between
the insulating material, inside or on the surface of the insulating system and is characterized by spark
impulses that lead to heating of the insulation. Due to their repetition, partial discharges create conditions
for insulation breakdown. The list of parameters by which the insulation state can be evaluated, the
reasons for their deterioration, which lead to a decrease in the reliability of electric machines, is
considered. Tests that make it possible to detect malfunctions in the windings and timely prevent failures
of electric machines in operation are considered.

Research results.

Study of parameters characterizing the insulation state. The most important parameter that must
be monitored and which helps to check the condition of the electrical insulation is the electrical
resistance of the insulation. The resistance is estimated by the current flowing in the insulation circuit
when the voltage is applied. The flowing current includes polarization current, through current and
surface conduction current. However, measuring resistance does not give a complete picture of the
insulation state. The absolute value of the resistance is an integral characteristic that is insensitive to
local changes in its value, which most often lead to a breakdown. The polarization index test consists of
testing the insulation between phase and earth with a high DC potential. The method allows to detect
and localize pollution, the main defects in the insulation and is a sensitive indicator of the presence of
moisture in the winding.

The equivalent model of replacing the insulation of individual coils of an electric machine, as a type
of solid dielectric, can be simplified in the form of a parallel replacement scheme (Fig. 1).

The parallel substitution circuit can be considered as a dielectric model, in which the elastic polarization
current is modeled by the capacitance C, and the electrical conductivity by the resistive resistance R.
The current caused by the polarization processes of displacement of bound charges in the dielectric takes
place in the presence of an alternating electric field. Polarization of the dielectric under the influence of
an alternating electric field causes losses of active electric power — dielectric losses that are released as
heat in the dielectric and cause heating of the insulation. Dielectric losses are characterized by the
dielectric loss angle tangent #gd, that is, the ratio of the intensity of the real component /r to the imaginary
component /¢ of the electric current flowing through the dielectric in an alternating electric field.

The vector of the total current / is obtained by adding the vectors of the active /z and reactive Ic
currents, the ratio of which in the right-angled triangle of currents gives the dielectric loss angle tangent
tgd=Ir/I=1/(w-R-C), where the angular frequency is w=2-n-f, s'.The value of the capacitance C
between the stator conductors and the grounded core can be a parameter that characterizes thermal wear,
moisture absorption and contamination of the winding. Tracing the trend over time of the dielectric loss
angle tangent #gd can provide a general idea of the dielectric loss and the general condition of the stator
insulation.
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u

Fig. 1. Model of replacing the insulation of an electric machine

The ability of the dielectric to polarize characterizes the relative dielectric constant, however, g0 is

a more sensitive characteristic for diagnosing the technical condition of the electrical insulation of
electrical equipment than the relative dielectric constant, because it changes within wider limits when
external factors change. A change in the 7gd value during operation allows to judge the drying, wetting
and damage of the electrical insulation, the appearance of cracks and the loss of plasticizer.
The results of experiments [22] show that, regardless of the type and strength of the voltage, the
insulation characteristics deteriorate with aging. At the same time, the capacity C and 7gd increases.
Long-term thermal stresses lead to an increase in 7gd, and the breakdown voltage is significantly reduced
in the case of combined electrical and mechanical stresses due to the presence of defects.

Dielectric losses represent the sum of conduction losses and polarization losses, that is, losses due to
the occurrence of a partial discharge. If there are voids or cracks in the insulation, and the magnitude of
the electric field is lower than the dielectric strength of air, the ionization process will not occur. As long
as the voids of the insulation are not ionized, the value tgd will depend only on the loss coefficient of

solid particles tgo=tgods [21]. In this case, the measured value 7g6 is only slightly affected by the applied
voltage. When the electric field strength of the air increases, the void begins to ionize (partial discharges
occur), the parameter will increase sharply with the applied voltage. Measuring the dielectric loss of the
insulation of a three-phase electric machine involves testing each winding in turn. When measuring, a
50 Hz alternating sinusoidal voltage is applied between the phase winding and ground, and the other
two phases are grounded to the stator core.

Diagnostic methods. Existing and promising diagnostic methods include on-line and off-line testing.
In the on-line mode, the technical condition of the insulation system can be determined using continuous
monitoring of the electric machine. For this, measurements of various physical quantities are used:
magnetic flux; temperature; stator winding current. The most common types of on-line insulation testing
include: thermal monitoring; partial discharge test; current spectral analysis and overvoltage monitoring.
On-line tests are carried out during operation of the electric machine. However, only with the help of
online monitoring, it is impossible to detect all malfunctions of an electric machine. Therefore, off-line
tests are necessary, during which the electric machine is disconnected from the network and testing
methods are applied. The disadvantage of the on-line monitoring method is the need to install additional
equipment at each machine monitoring object. Compared to off-line testing, some insulation defects are
more difficult to detect. Further development of diagnostic methods, hardware and monitoring
algorithms will undoubtedly make it possible to expand the scope of application of the online monitoring
method.

The method of high-voltage impulse tests is one of the effective methods of assessing the insulation
state of machine windings. This method is comparative. It consists in connecting the test voltage of the
charged capacitor between the winding and the magnetic circuit and recording the current discharge or
voltage drop on the winding. Deterioration of the insulation affects the high-frequency behavior of the
machine. This is the basis of the condition monitoring method, which allows detecting changes in the
insulation by estimating the transient current when the pulse is applied.

80



e-1SSN 2617-9059 Transport Systems and Technologies, 43, 2024

Depending on the parameters of the circuit, the process of changing the voltage on the winding has
an oscillatory or aperiodic damping character. The resulting oscillogram of the transient process is
compared with the previously recorded oscillogram (for a working or new winding) and on this basis
the deterioration of the winding insulation is assessed. Any anomaly in the insulation system of the
windings is manifested by a change in the frequency and decrement of the attenuation of the evanescent
wave. Analysis of time oscillograms allows to quickly and easily determine the state of inter-turn
insulation. This makes it possible to detect both short circuits and deterioration of the insulation between
individual turns, as well as between winding coils.

Another method that is similar to the high voltage pulse method is the DC off method. The research
methodology consists in supplying the tested circuit with a direct current, the value of which is much
lower than the rated current of the tested machine. Measurements can be made on the windings
connected together, or on the windings of each phase separately. The technical condition of the insulation
of the windings is assessed based on the analysis of the voltage parameters generated at the winding
terminals. Based on the analysis, the following values are compared: the frequency of the induced
voltage; the shape of the induced voltage and the logarithmic damping factor.

One of the most common methods for diagnosing electrical machines and transformers is the
dielectric spectroscopy (DS) method, which can be considered in both the time and frequency domains.
In the time domain, the method includes measurement of current, capacitance, and dielectric loss angle
tangent. DS in the frequency domain mainly involves the analysis of the amplitude-frequency response
(FRA). Frequency Response Analysis (FRA) consists in calculating the impedance of the winding over
a wide frequency range and comparing it with a reference set.

The FRA method is based on the fact that the electrical circuit of the stator and rotor is equivalent to
an electrical network consisting of active resistance, capacitance and inductance, which has its own
unique frequency response. The FRA test is used to diagnose inter-turn faults in coils during the repair
of an electric machine and during its operation. In order to determine the sensitivity and effectiveness
of the frequency testing method for assessing the insulation state and localization of defects, the transfer
function of the winding insulation system is considered in the work.

Results of traction motor insulation research. When performing capacitance tests, tgd or

polarization index, it is desirable to measure each phase separately under the same conditions to monitor
changes over time in the parameters of each phase and to compare values between phases. A
mathematical model was created in the Matlab-Simulink software environment to conduct research on
insulation parameters of electrical machine windings. In the model, each winding of an asynchronous
machine is considered taking into account its inductance L, phase capacitance Cy, distributed transverse
capacitance relative to the stator C, and insulation resistance R relative to the stator (Fig. 2).

Capacitance C, and dielectric loss of insulation between the phase winding and the case will be
obtained from experiment XX (Fig. 1) when the winding terminals are closed (C/=0; L=0) and the
alternating voltage U with a frequency of 50 Hz is applied to the phase.

Complex of the total winding leakage current

| =U"Y,, 1)

where Y =,/G*+B? =G+e'2-B,-Y — complex conductivity;

G=1/R — active conduction;

e'2. B, = e -o-C, — capacitive conductivity complex.
With known values of applied voltage U, leakage current Iz and total current Iy, let’s obtain:

;. B.=VY?-G’=0-C,.

IZ

U

|-
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0,5:Cn —

L g O
Fig. 2. Simplified model of insulation of one winding of an electric machine

From the last expression, the winding capacity is distributed: C,=1/(Xc- o).

Reactive current /c=Bc- U.

Dielectric losses of active power are obtained from the ratio of active current and reactive current, or
the resistor conductivity 1/R to the reactive conductivity:

o-C, 1
t98 R-o-C,

2

With the help of the model, research was carried out on the insulation of the winding of the AD914
asynchronous traction motor (Table 1).

Table 1. Input data of the AD914 asynchronous traction motor

Power at terminals Pu, kKW 1200
Active resistance of the stator phase R, Q 0.0344
Total active resistance of the motor R2 , Q 0.0619
Inductive resistance of the stator phase X at a frequency of 50 Hz, Q 0.213
Short-circuit resistance Z, at a frequency of 50 Hz, Q 0.379

When applying to the stator phase an alternating voltage with a frequency of 50 Hz, the obtained
calculated parameters are given in the Table 2.

Table 2. Results of calculating the parameters of traction type AD914 insulation

Reactive current Ic, A 1.192-10°
Active current Ig, A 1.0-10°
Complete current Iz, A 3.923-10°
Active resistance Rz, Q 1.0-10°
Capacitive resistance Xc , Q2 -2.6362-10°
Distributed winding capacity Cn, mF 1.192-10°
Dielectric loss angle tangent tgo 0.2671-10°

The model of the insulation system of a three-phase alternating current electric machine when
checking the insulation of the windings must take into account the capacity of each phase C: relative to
the stator core, the capacity between the phases Cyv and the resistance of the insulation between the
winding phases Rwm and the core Rs (Fig. 3).
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Fig. 3. A model of the insulation system of a three-phase electric machine

Impedances of windings relative to the body are marked as Z4, Zz, Z¢ and between phases — Zyz, Zuc,
Zpc. Assuming that the insulation system of all three phases is balanced, and their impedances are equal
to each other:

2,=2,=2.=2Z; (3)
ZAB = ZAC = ZBC = ZMF' (4)

Here, the impedances of each parallel R-C model between phase insulation are Zyr, and the insulation
of each phase relative to the case is Zyr.

Complex conductivity of insulation of one phase Y=G+jBc,
where G=1/Rs — active conductivity;
B=w-Cs — reactive conductivity.

The total active resistance of the phase insulation in accordance with the scheme of Fig. 3:

R, (Ry +Ry)

. =— " 7 5
¥ R, +3-R, ©)

The total capacity of one winding, taking into account the capacity relative to the case and between
the windings:

_2.C, -C,

=2 " +C,. 6
27T aC, f (6)
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The analytical expression for the leakage current consists of resistive and capacitive components:
1=U-Y=G-U+jB U. (7)
The phase shift between voltage and current o=arctg(Bc: Rs), the dielectric loss angle tangent
tge =90 —arctg (B, -R;). (8)
The results of the study of frequency characteristics. A simplified winding scheme of one phase
of an electric machine (Fig. 4) includes: active resistance Ry relative to other phases and the core; the

total capacity Cuyr of the winding phase, taking into account the capacity between winding turns and
between phases; inductance L; resistance Rsrelative to the stator core.

Ic1

- 5 | | Cwmf
| Rm | | L
—>
N o 1
I—» Rt Ct
Ui - IRf l —
o ? Y o 2

Fig. 4. A simplified winding diagram of one phase of an electric machine

The transfer function of the winding is defined as the frequency dependence of the voltage ratio at
the output terminals of the winding applied to the power source. The electric circuit of the winding of
the electric machine (Fig. 4) corresponds to the system of equations for the instantaneous values of the
voltage drops on the elements:

U, =U,, +U,; ©)
CMF_LJ‘ICMrdtZIL'RM_FL'%; (10)
MF
1
Uzzc—jlcfdtle' R,.. (11)

f

The resulting system of equations provides a mathematical description of the physical processes in
the winding insulation system and is the starting point for obtaining the transfer function and studying
frequency characteristics. Using the direct Laplace transform, it is possible to obtain a system of
algebraic equations in the images:

1 1
e, (p)+
Cu - P “ Ci-p

U,(p)= e, (P); (12)
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IC
Uch(p)=CL(_r;)=IL(p)-RM(p)HL(p)-LL(p)-p; (13)
Uup)= g o 1e (D) =15, () R, (14)

where p - the Laplace operator.

Given that the total current in the circuit is I(p)=I.(p)+lc1(p)=IcAp)+IrAp).

As a result of solving the system of equations (2) and a number of algebraic transformations, it is
possible to obtain the dependence of the output voltage U>(p) on the input action:

Uy () (Cys - p-(L- P+RM)+1)=U2(IO)~(CW pe(L- P+RM)+£Cf : P+RLJ-(L- P+Ry )J- (15)

f

The transfer function of the winding insulation system is the ratio of the Laplace images of the output
voltage and the input action under zero initial conditions:

U,(p) L'CMf'p2+CMf'RM'p+1

Bl L R '
UilP) (L., +L-C,)- p+(Cyy -Ry +C, R, b o) P+l
f f
The resulting transfer function includes a capacitance Cyy., which is still unknown. Features of the
windings of electric machines are their distributed parameters Cyy., L. The winding capacity Cuy. can be
determined from a short-circuit test when points 1, 2 of the circuit are connected. The unknown
parameter values are found through the equivalent conductivities:

W(p)=

(16)

[N
>

B.=——; B ==2%; G=_" (17)

2
1

N

where the total resistance of the parallel branch Ry, L:

Z,=\JRE + X2, (18)

During resonance of currents, the phase shift between the voltage and the full current of the circuit
is @=0, and the condition of resonance of currents is:

X, 1 of X 1
Z! X Ry+X7 X
whence the resonant frequency of the circuit:
2
o= |+ Ru (19)
L-C,, L°-Cy

The resulting dependence makes it possible to calculate the winding capacity of one of the phases.
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The following example uses the parameters of the AD914 asynchronous traction electric motor, the
active resistance of the winding Ry and the inductance L, the values of which are given in Table 1. The
resonance of the current took place at a frequency of £=5.185-10* Hz. The distributed capacity of the
winding is determined from the expression (19):

> =1.388817 10", F. (20)

M

Transfer function of the third-order link (16) makes it possible to analyze the frequency
characteristics of the insulation system of the windings of electric machines. When investigated, it is
possible to consider the system's response to a sinusoidal test signal. The output signal in this case will
also be sinusoidal of the same frequency as the input signal, but differs from it in amplitude and phase.
The study of frequency characteristics is significantly simplified when using logarithmic ones

The LFRA study was conducted for the stator winding insulation system of the AD914 asynchronous
traction electric motor using a model.

Research was carried out for four variants of transfer functions:

W, —no insulation defects; > — insulation resistance relative to the stator 1 kQ; W3 — inter-turn short
circuit; W4 — phase-to-phase short circuit.

Different types of stator winding insulation faults were specified by changing the parameters L, Ry,
Cuyp, Cr, Ry for the corresponding transfer functions. LFRA configurations for the specified options are
shown in Fig. 5.

Mag, dB ' Mag, dB
-50 v =50} ~
-100 » -100
Phase, deg Phase, deg \
0 0\
-90 -90
-180 -180
105 10'0  f, rad/s 10° 1010 f, rad/s
, ) . b)
Mag, dB Mag, dB _
0 0
-50¢ \ / -
1100 1100 ~.
Phase, deg Phase, deg
0 - 0
-90 -90
-180 » -180
10° 1010 f, rad/s 10° 10'0 £, rad/s
c) d)

Fig. 5. Logarithmic frequency characteristics of the insulation system of the stator winding of the
AD914 asynchronous traction electric motor: a) reference LFRA — no insulation defects; b) reduction

of insulation resistance relative to the stator core to 1 K ¢) inter-turn short circuits of phase
sections; d) short circuit between winding phases.
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The results of the LFRA simulation in comparison with the reference LFRA signature (Fig. 5, b)

show that when the insulation resistance relative to the stator core is reduced to 1 KQ, a decrease in the
amplitude of the frequency response in the low-frequency range from 50 to 20 Db is observed. The
phase response has no initial shift at low frequencies. When the frequency increases, the shift goes
towards the value —90°. The resonant frequency remains unchanged.

Fig. 5, ¢ shows that the winding circuit between the phase sections sharply shifts the resonance

frequency to the right from the mid-frequency to the high-frequency range.
The phase characteristic in the high-frequency range has a constant phase shift by +90°. Short circuit
between phases of the winding (Fig. 5d) affects the LFRA signature in the same way as the effect of
turn-to-turn short circuits, but slightly reduces the frequency of the resonance point. It can be seen that
when the winding is shorted between phases, the phase characteristic has a phase shift 0° in a higher
frequency range.

The phase lock shows the largest change in the LFRA signal due to the change in the inductance of
the winding circuit. When short circuit between the phases of the winding, the assumption was made
that there were no interturn short circuits in the phase windings.

The obtained results indicate that the deterioration of the insulation leads to a change in the frequency
characteristics of the electric motor. The LFRA signature depends on the value of all the capacitances,
inductances and resistances of the windings relative to the stator core. The presence of a set of typical
LFRA or FRA signatures, which are unique for different types of damage, will make it possible to use
the frequency diagnostic method to detect and locate faults in the windings of rotating electrical
machines.

Conclusions. Conducted research and modeling of malfunctions in the stator winding of the traction
motor show that the most promising methods for diagnosing the insulation of electric machines of
electric locomotives and electric trains are the method of amplitude-frequency characteristics and the
method of insulation resistance. Diagnosing insulation during manufacturing and monitoring its
condition during operation using these methods will make it possible to ensure the required level of
reliability The method of amplitude-frequency characteristics is the simplest and most reliable and
makes it possible to control the dynamics of insulation parameters, localize the location and type of
damage. The oscillograms of Figures 5 (a-d) show that each type of insulation damage corresponds to a
certain frequency response signature with a shift in resonant frequency and amplitude. If the insulation
is damaged, there is a sudden shift in the resonant frequency caused by thermal effects and aging of the
insulation. The method of amplitude-frequency characteristics is the cheapest and safest alternative to
the standard overvoltage test. The method of amplitude-frequency characteristics, due to the ability to
detect various types of malfunctions and the lack of influence on the normal operation of the machine,
can be used as a method of continuous on-line monitoring of the insulation condition of electrical
machines. The method contributes to the timely assessment of the state of the insulation and makes it
possible to protect the windings from further aging and avoid unexpected downtime thanks to scheduled
maintenance. In further research, it is planned to conduct experimental studies of the insulation of
electrical machines of electric rolling stock, select the most informative diagnostic parameters of the
insulation state of specific machines, and study the dynamics of these parameters during operation.
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OOrpyHTyBaHHs1 BUOOPY METOAIB JiarHOCTUKH CTAHY 3011l eJIEKTPUYHUX MALLMH
€JIEKTPOPYXOMOI0 CKJIay 3aJi3HUIb

O6'exmom 00cnidHceH s € npoyect MOHIMOPUHEY MEXHIYHO20 CIAHY eleKMPUYHOT 301yl mA206uUX
eNeKMPUUHUX MAULUH 3 MEMOIO 8USHAUEHHS HeOOXIOHOCMI IX MEeXHIUHO020 00CTY208Y8AHHS ADO PEMOHNY.
Jiaenocmuxa erekmpuunux Mauun € 8aNCIUBUM ACNeKMOM NIOMPUMKU POOOMU eleKmpOnpuUeoois.
Biomosa obmomox € 00Hict0 3 0CHOBHUX NpUdUH UX00Y 3 1a0Y enekmpoosuzyrnis. Tomy 3adaua po3poodxu
ONepamuGHUX Memooie OiacHOCTMUKU [301Yll 00MOMOK MA20BUX eLeKMPOOSUSYHIE € AKMYATbHOI.
Buxonano docniodcenuss He2camuno2o 6NIUGY YMO8 eKCHIYAMAYii Ha MeXHIYHULL CIAaH eleKmpusHoi
i3onayii  osueymnis. Ilposedeno amaniz icHyrouux memooie OiAeHOCMUKU [30AAYIUHUX cucmem
enexmpuunux mawun. Ocodaugy ysazy npudinenHo subopy npocHO3VIOYUX napamempie Cmawy 3015yl
Pospobnena mamemamuuna mooenb O0nsi OOCHIONCEHHS YACMOMHUX XAPAKMEPUCMUK  (30A8YTUHOT
cucmemu cmamopa ms2o8020 enekmpoosucyna mooeni AD914. Ompumano ymouneHi 3a1eicHOCmi
6NIUBY 3MIH NAPAMEMPI8 1305Yil 0OMOMKY CMAmMopa 08USYHAa HA U020 HACMOMHI XAPAKMEPUCTUKU.
3pobaeno 6ucHo80K, Wo MEMOO MOHIMOPUHSY CIMAHY I3078Yli 0OMOMOK eneKmpOOBUSYHI6 HA OCHOGI
OYIHKU  eNeKMPUYHO20  ONOpPY  GIOHOCHO — OcepOsi CMAmopie  ma — AMIIIMYOHO-YACTHOMHUX
xapaxmepucmuk € Haubitow epexmusnum. Cghepoio npaxmuynozo 3ACMOCYEAHH OMPUMAHUX
PE3VIbMAMmIE € CUCHEMA MOHIMOPUH2Y CIMAHY eeKMPUYHOT I305YiT MAL06UX eLeKMPUUHUX MAWUH 0I5
BUSHAYEHHS 2pagpiKy iX mexHiunoeo o6cy2o8yeanns i pemonnmy. Ilposedeni 00CHioNCeHHs € HAYKOBUM
0OIPYHMY8AHHAM 8UOOPY Memodie ma npunadie OiaeHOCMUKY CIMAHY I30AYil eleKMPUYHUX OBUSYHIB
Ms208020 PYXOMO20 CKAAOY 3ANI3HUYI.

Knrwuoei cnosa: diacnocmysanis, MamemMamuiyna Mooeib, eleKmpudna i3015Yis, YUKOOCeHH s,
AMIIMYOHO-4ACMOMHA XAPAKMEPUCIUKA
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