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This study investigates transient processes occurring in
a squirrel-cage induction motor with a stator’s multi-turn
winding. These processes are used to devise efficient and simple
diagnostic methods for assessing the condition of the least reli-
able element in an electrical machine - the winding insulation.
This paper solves the task related to enhancing the operation-
al reliability of electrical machines with multi-turn windings.

The proposed high-frequency model of transient processes
in multi-turn windings of electrical machines aims to non-de-
structively diagnose the insulation. This model enables analy-
sis of high-frequency and impulse phenomena with an equiv-
alent frequency of up to tens of MHz, which may arise during
the operation of the machine because of switching and atmo-
spheric overvoltage, as well as when powering electric motors
with inverters. Underlying the model is the frequency and
time domain analyses under above-mentioned influences using
a low-power multi-turn induction motor as an example.

To construct the model, a multi-segment equivalent circuit
was used, represented as a series of connected four-poles with
inductive-resistive-capacitive parameters corresponding to sec-
tions of the winding phase with conditionally uniform concen-
trated parameters.

The constructed model and the proposed method make
it possible to achieve the necessary test overvoltage to detect
hidden and undeveloped defects at minimal sparing energy
impact, without causing its irreversible destruction. Taking
into account the distributed parameters of the winding sec-
tions combined with the impulse nature of the excitation
ensure non-destructive testing (or non-destructive evaluation)
of multi-turn-wound AC machine windings compared to clas-
sical testing methods.

The proposed method makes it possible to obtain 2-2.5 times
higher longitudinal test gradients with a comparable energetic
impact at the level of 0.1 J. The results will contribute to improv-
ing the reliability of electrical machine operation in industrial
settings by integrating the devised method into the system of
planned preventive maintenance of electrical equipment
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1. Introduction

The task to achieve reasonable reliability of electric ma-
chines, in particular general-purpose induction motors, has
been and remains an urgent issue. The least reliable link in
an electric machine is the insulation of the windings [1]. One
of the main and determining factors affecting the service life
of the insulation is thermal aging [2]. However, operating ex-
perience shows that switching overvoltage exerts a significant
impact on the reliability of the windings [3]. Switching over-
voltage, when operating an electric machine, occurs during
frequent switching and reversing at idle. Industrial statistics
and the results from accelerated tests of electric motors for
reliability show that switching overvoltage in the presence
of a through insulation defect cause an electrical breakdown.
It turns into a thermal breakdown with subsequent destruc-
tion of a significant part of the winding and a sudden break-

down of the electric machine as a whole [4]. Accordingly, it is
possible to use test impulse effects with minimal energy for
partial electrical breakdown of insulation at the site of an un-
developed defect without the process evolving into a thermal
breakdown, which partially simulates operational switch-
ing overvoltage.

Therefore, research on diagnosing the insulation of multi-
turn windings in electrical machines based on transient pro-
cesses remains relevant.

2. Literature review and problem statement

In [5], a hybrid approach to feature selection and classifica-
tion of partial discharge signals in electrical machine insulation
is proposed, which is based on a combination of methods for
diagnosing electrical machine insulation. The methodology is




implemented by studying four types of insulation defects under
laboratory conditions. The effectiveness of the proposed method
is evaluated in comparison with other feature selection algo-
rithms. It is shown that the combination of the rms resistance

estimation method and the frequency method makes it possi-
ble to achieve the highest accuracy. The key advantage of the
reported advancement is the high accuracy of the method and
its potential suitability for diagnosing other elements of power
systems. However, the disadvantage of the study is the lack of
results of implementing the method in actual operation, which
limits the practical effectiveness of the results.

This very approach to partial discharge identification is
considered in [6], in which the authors proposed a method for
feature selection based on black-and-white images obtained
from phase-resolved sequences of partial discharge pulses.
As a processing method, the use of fast transformation in
combination with an improved support vector algorithm for
the classification of partial discharge sources is proposed.
A feature of the study is the consideration of the influence of
phase and spatial separation of images, as well as the pres-
ence of noise, which makes the proposed method suitable
for real-world application conditions. Although the proposed
solution demonstrates good resistance to interference, the
work does not give the results from practical implementation,
which casts doubt on its applicability.

A more detailed study in this area is reported in [1], which
considers the influence of the parameters of the electrical
insulation system on the reliability of electrical machines,
especially in critical applications such as electric vehicles
and aviation. The authors show how the dimensions of the
enameled copper winding, the material of the slot insulation,
the type of impregnating agent, and the use of insulation
with high thermal conductivity affect the temperature regime
and losses in the winding and magnetic core. The study is
based on a specific example for aviation systems. However,
the paper does not provide a sufficiently detailed description
of the mathematical and experimental modeling taking into
account the conditions of real operation, which complicates
the adaptation of the described approaches to other types of
electrical machines.

A fundamentally different approach is given by the authors
of [7] who report an approach to increasing the reliability of
low-voltage electrical machines powered by a frequency con-
verter. A feature of these electrical machines is that they have
a high specific power. The authors propose using a method-
ology based on failure physics instead of the traditional
engineering approach with the corresponding development
of a design concept focused on avoiding partial discharges as
the main cause of its failure. This approach makes it possible
to ensure a balance between reliability and specific power of
electric machines at the design stage. However, the results are
based mainly on the analysis of previous studies and are not
accompanied by full-scale experimental confirmation, which
limits their practical verification.

That research is advanced by work [8], which considers the
problem of partial discharges in the insulation of electric ma-
chines of aircraft caused by high-frequency voltages of a rect-
angular shape and reduced atmospheric pressure. For this
purpose, a specialized experimental platform was designed
using the reduced-frequency ultrahigh-frequency method
and the optical method, which make it possible to effectively
record partial discharge pulses. The study was conducted
on samples of twisted conductors at different pressures (up
to 20 kPa) and pulse repetition frequencies (up to 5 kHz).

It is shown that with a decrease in air pressure and an increase
in pulse frequency, the minimum voltage of partial discharge
onset decreases. Analysis of the electric field distribution and
relaxation processes in the winding insulation was performed.
However, despite the novelty of the approach, the results
remain confined to laboratory conditions without further
scaling to real electrical machines, which limits the practical
application of the results.

A variation of the study on partial discharges is given
in [9]. A combined method for detecting partial discharges in
the insulation of electric motors based on the mixing method
and the photoelectric method using a silicon photomultiplier
is considered. This approach is aimed at reducing the impact
of electromagnetic interference that occurs when the motor
is powered by a rectangular voltage. However, despite the
in-depth analysis of physical processes and laboratory con-
firmation of the results, no comparison with other diagnostic
methods is provided and there are no examples of practical
application of the results for actual designs of electric motors,
which limits the applied value of the study.

In [10], the features of insulation diagnostics associated
with the development of electromechanical energy converters
with wet windings are considered. The authors provide a gen-
eral overview of the features of the operation of power supply
systems of such motors at increased supply voltage, but at
the same time it complicates ensuring the reliability of the
insulation operation. The problems of insulation of electric
machines, power modules, cable products, etc. are considered.
The technical barriers associated with the design of insulating
materials and the development of test methods for new oper-
ating conditions are summarized. However, the paper lacks an
in-depth analysis of specific solutions or examples of adapting
insulating systems to conditions of reduced air density and
high switching frequency, which limits the applied usefulness
of the material for new generation design solutions.

In [11], a review of current research on the influence of
temperature, pressure, and humidity on the activity of partial
discharges, which is a key factor in the aging and destruction
of insulation in electrical machines, is given. The authors con-
duct an analysis based on individual environmental factors,
examining in detail the types of samples, the forms of applied
voltage, the mutual influence of environmental parameters,
as well as the models used to describe partial discharges.
The possibility of using partial discharge measurements to
estimate the error is discussed. However, the paper does not
analyze the practical suitability of the considered models for
the operating conditions of real electrical machines, and no
conclusions are drawn regarding the accuracy and reliability
of prediction methods based on the revealed patterns.

Work [12] builds on previous research by considering an
issue related to ensuring the reliability of general-purpose
electrical machines taking into account the requirements of
high specific power and compactness. The authors emphasize
the need for a balance between reliability and efficiency and
propose the application of the theory of "failure physics" at
the design stage as a means of overcoming the limitations of
the conventional "over-redundancy” method. The paper high-
lights the main factors of aging of the insulation system of
windings, reviews materials, manufacturing processes, loads
acting on the insulation, and presents models for predicting
the service life. However, the review does not include a com-
parative analysis of the accuracy or advantages of different
models for predicting the service life, which complicates the
choice of the optimal approach for specific conditions.



We can conclude that the task of diagnosing the condition
of the insulation of multi-turn windings in electrical machines
is becoming increasingly relevant due to the growing require-
ments for increasing the reliability of their operation [13]. The
basic method for studying the quality of interturn insulation
involves considering partial discharges [14] as a key cause of
insulation aging, as well as devising methods for their defect
detection under the action of high-frequency voltage of a rect-
angular shape. And, additionally, the influence of variable en-
vironmental parameters — pressure, temperature, humidity —
on the occurrence of partial discharges [15].

However, most available studies do not highlight in detail
the influence of the type of conductor, winding laying tech-
nology, and structural features of the multi-turn sections on
the nature and dynamics of evolution of interturn insulation
defects. There is a lack of studies that would comprehensive-
ly consider the interaction between the impulse load and
mechanical stresses in the insulation system. Given this, it
is advisable to conduct a comprehensive study on transient
electrophysical processes in the insulation systems of multi-
turn windings in electrical machines, taking into account the
influence of external factors and typical operating modes.
Special attention should be paid to devising the methods for
high-frequency diagnostics of undeveloped defects, as well as
modeling insulation degradation mechanisms to predict its
resource under conditions of impulse voltage.

3. The aim and objectives of the study

The purpose of our work is to devise a method for diag-
nosing the insulation of the multi-turn windings in electric
machines based on the analysis of transient electromagnetic
processes caused by pulse overvoltage. This will increase the
reliability of assessing the technical condition of electric ma-
chines’ insulation, improve operational reliability, and reduce
the costs of emergency repairs and equipment downtime in
the energy, industrial, transport industries, etc.

To achieve this aim, the following objectives were accom-
plished:

- to theoretically substantiate a method for solving the task
of building a high-frequency numerical simulation model;

- to determine the high-frequency winding parameters for
further use in a numerical high-frequency simulation model;

-to construct a high-frequency numerical simulation
model for diagnosing the insulation of electric machines with
multi-turn windings using pulse overvoltage;

- to analyze the results of numerical simulation modeling
using a general-purpose induction motor with a squirrel-cage
rotor as an example.

2. The parameters of the surge wave change in the pres-
ence of defects in the insulation, which make it possible to
use transient analysis methods as a sensitive tool for detecting
its damage.

3. Pulsed high-frequency insulation diagnostics is a more
effective tool for assessing the condition of winding insula-
tion, compared to conventional methods, as it makes it pos-
sible to assess inhomogeneities along the entire length of the
winding at minimal energy impact.

Assumptions adopted in the study:

1. The insulation of the windings is considered as a het-
erogeneous multilayer medium with discretely located defects
that change the parameters of the electrical signal when the
pulse voltage passes through.

2. The shape of the electrical pulse applied to the winding
is known, and the influence of parasitic capacitances and
inductances of the measurement system does not exceed the
permissible level of error.

3. External factors (temperature, humidity, atmospheric
pressure, electromagnetic interference, etc.) do not have a sig-
nificant impact on the diagnostic results.

Simplifications accepted in the study:

1. The geometric shape of the winding is simulated as an
idealized linear segmented contour, which makes it possible
to simplify the calculation of wave processes.

2. The insulation is considered as a linear, isotropic, and
homogeneous medium within each individual layer and the
contact of individual turns of the winding.

3. The electrical parameters of the insulation are consid-
ered constant during the transient impact of the pulse and
along the entire length of the winding. The difference in the
capacitive-inductive parameters of the slot and frontal parts of
the windings is also not taken into account.

4. The propagation of the pulse signal in the winding is
described without taking into account the complex three-di-
mensional structure of the winding.

5. The phase winding is not represented by a long line
with inhomogeneities but by the sum of discrete links with
concentrated parameters.

6. The total surge wave does not take into account the
difference in processes in the slot and frontal parts of the
winding.

7. The model does not take into account mutual inductive
couplings between sections of the phase itself, as well as in-
ductive couplings with sections of other phases.

8. The model does not take into account the inductances
of the electromagnetic circuits of the sheets of the stacked
magnetic core.

The MATLAB Simulink software package (USA) was used
for mathematical modeling.

4. The study materials and methods

The object of our study is the transient processes occur-
ring in an induction motor with a squirrel-cage rotor and
a multi-turn winding of the stator in the induction motor. The
studied motor is 4A71B4U3 with a power of 0.75 kW and has
4 sections in the winding phase.

The principal hypothesis of the study assumes the following:

1. Transient processes in the multi-turn insulation that
occur when a pulse voltage is applied contain informative
features that correlate with the state of the insulation and can
be used for its quantitative diagnostics.

5. Results of research on transient processes
in electrical machines with multi-turn windings

5.1. Theoretical substantiation of the method for
solving the problem of constructing a high-frequency
numerical simulation model

In the problem of diagnosing the insulation of multi-turn
windings in electrical machines based on impulse tests, the
correct reproduction of transient processes is decisive. Two
approaches are used in the literature:

a) equivalent circuit diagrams in the form of series-con-
nected links, for example, in the form of four-pole ones, with



lumped parameters. They correspond to the physical parts of
the winding, as a rule, sections of the winding;

b) a long line model with uniformly distributed parame-
ters along the x € [0, I] coordinate, in which [ is the full length
of the winding.

For both approaches, the extreme cases are considered: the
insulated end of the winding - the no-load mode (NM), and
the grounded end of the winding - the short-circuit mode (SC).
The corresponding time-space dependences of voltage and
current (1), (2) [16] specify the wave pattern of propagation,
reflection, and attenuation along the winding x/I < [0, 1]:

u (x, t) =

m-1 _ —0t 0 Dit
=U 5(0)4—2 H( Sk)e +2 ReiH(pk)e } 1)

0) &) & 0
i(x,t):

_HI(O) m-1 Hl(—ﬁk)e"sk‘ ke Hl(pk)epk‘
=U 2 Re——————|, (2
L v(0) +k:0(_5k)vl(_5k)+ kg‘n ) eV (pk) @

where x is the coordinate along the line and takes a value from
0 to [; t is time; m — 1 is the number of real negative roots — Jy,
and starting from k=m, all complex roots are conjugate;
px. are the roots of the characteristic equation:

H(p):Zzych;/x+(R0 +pL0)shyx;

Hl(p):ZL[Z2 yshyx+(R0 +pL0)chny;

c

V(p)=Z,y chyl+(Ry +pLy )shyl;

, d
4 (pik ) - @V(p)\p:pik ;

H,(0)

U

b
70 _m[uzshbxwzshb(l—x)].

Fig. 1 shows the shape of the voltage pulse applied to the
winding of the motor under study [17].

Accordingly, the spatial dynamics of the wave in the wind-
ing length-time coordinates are shown in Fig. 2 [17].

When choosing a mathematical apparatus for the analysis
of fast transient processes in the windings of electric ma-
chines, in particular in the windings of general-purpose in-
duction motors, it is advisable to give preference to the equiv-
alent circuit diagram. The main advantage of this approach
is the possibility of transition from a circuit with distributed
parameters to a circuit with lumped parameters [16, 18].

The element of the equivalent circuit diagram of the
winding of an electric machine is represented by a four-pole
in Fig. 3, with the following parameters:

- electrical resistance (R,) is the electrical resistance of the
winding section equivalent to the losses due to eddy currents
in the magnetic core of the electric machine;

- inductance (L) is the inductance of the winding section;

- longitudinal capacitance (K) is the total interturn capac-
itance of the winding section;

- transverse capacitance (C) is the capacitance of the
winding section relative to the housing and ground;

- transverse electrical resistance (Rg) - electrical resis-
tance of the insulation of the winding section relative to the
housing and ground.

Within the pulse fronts of the microsecond range, the
influence of the active resistance of the winding conductors,
which in the U-shaped equivalent circuit must be included
in series with the inductance. On the first voltage wave, it is
secondary to the reactive components, so it can be neglected
to simplify the analysis.

Insulation defects can be local and distributed (integral).
Local defects are point violations of the insulation structure,
which can be complete, that is, having a metal overlap, and
undeveloped, that is, with a transition resistance that can

H (0) 1 change both gradually and abruptly. Integral defects are
U v (0) “sh bl[UZShbx+U23hb (l—x)}; approximately evenly distributed over the entire volume of
insulation.
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Fig. 3. U-shaped equivalent circuit of the winding
in an electric machine 1 — electrical resistance;
2 — inductance; 3 — longitudinal capacitance; 4 — transverse
electrical resistance; 5 — transverse capacitance

Integral defects in a multi-link circuit can correspond to
a change in the parameters of the equivalent circuit of the
transverse capacitance C and the longitudinal capacitance K.
As a rule, this is the result of moistening of aged insulation
and at the same time these capacities increase. The same ap-
plies to the transverse electrical resistance R,, which, on the
contrary, decreases in the presence of such defects.

Local defects are defects that are specified in each link.
Such defects are expressed in a decrease in the inductance of
the link L and the electrical resistance R,, which corresponds
to a local defect in longitudinal insulation.

This U-shaped element of a distributed electric power
transmission line indicates that the winding of an electric
machine is a complex structure in which the parameters
change depending on the specific length of the winding and
the connection scheme.

5.2. Determining the high-frequency winding pa-
rameters for further use in a numerical high-frequency
simulation model

The equivalent winding circuit in Fig. 3 reproduces key
physical processes and in order for the model to correctly
describe the transient and frequency regimes of a particular
machine, it is necessary to determine the numerical values of
the parameters of this equivalent circuit. According to [19], the

first step in determining the parameters is to conduct the ampli-
tude-frequency characteristic (AFC) of a real electric machine.

The scheme of experimental measurement of the ampli-
tude-frequency characteristic of a multi-turn winding under
the no-load and short-circuit modes is shown in Fig. 4.

ym
L
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a b

Fig. 4. Schemes for measuring the amplitude-frequency
response when connecting three phases in parallel:
a — short-circuit scheme; b — no-load scheme

The experimental amplitude-frequency responses for the
circuit in Fig. 4 are shown in Fig. 5.

Having the experimental value Z,,,, R, is determined from
expression (3)

R, =3Z,,. ©)

And the experimental Z,, value from formulae (4) makes
it possible to determine the transverse capacitance C [19]
1
C=———. 4)
6-(27 fZ, )

The calculation of the longitudinal capacitance K was car-
ried out according to the methodology from [16].

Regarding the transverse resistance Ry, it was measured with
amegohmmeter and is more than 1 GQ, which is actually equiv-
alent to a line break. Given this, in the general case, the equiva-
lent circuit could be simplified and R, should not be taken into
account. However, it was decided to leave R, as a component of
the equivalent circuit since damage to the main (case) insula-
tion leads to a decrease in this resistance. Therefore, accordingly,



the presence of the transverse resistance Ry in the equivalent
circuit makes it possible to model such defects.

The results of the amplitude frequency response mod-
eling, based on the results of the parameter calculation, are
shown in Fig. 6. The results of amplitude-frequency response
modeling for simplified circuits consisting of only one winding

phase, in contrast to the circuits in Fig. 4, where the winding is
represented by three phases, are shown in Fig. 7.

The nature of the obtained frequency response depen-
dences under the short-circuit and long-circuit modes gener-
ally corresponds to the well-known theoretical provisions for
resonant phenomena in RLC circuits.

T
5000 —

4000 [—

3000 —

2000 —

Impedance (Ohm)

1000 —

T T T
Short circuit
No load

Frequency (Hz)

Fig. 5. Experimental amplitude-frequency characteristics: blue dots — short-circuit mode; orange dots — no-load mode
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5. 3. High-frequency numerical simulation model
for diagnosing insulation of electrical machines with
multi-turn windings

From the elements of the equivalent circuit in Fig. 3,
an equivalent circuit of the phase winding of the electrical
machine was designed, which is shown in Fig. 8, with the
designation of measuring points and connections.

Mathematical modeling of single-link and multi-link
equivalent circuits was performed by modeling the amplitude
frequency response in the range of 10-100 kHz. The results
are shown in Fig. 9.

The configuration of the test circuit No.1 (Fig. 10, a)
corresponds to the calculation scheme of frequency charac-
teristics with the corresponding high-frequency parameters
of the four-poles.

The configuration of the test circuit No. 2 (Fig. 10, b) is
adapted for the test process of simultaneous comparison of
two phases, one of which has heterogeneity.

To verify and refine the high-frequency numerical simulation
model, which is planned to be used for a wide class of AC electric
machines with multi-turn windings, the amplitude frequency
response was recorded on a real induction motor 4A71B4U3.
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Fig. 8. Equivalent circuit of the winding phase:
1 — terminals of the equivalent circuit; 2 — U-shaped circuit of the equivalent of half of the motor winding section;
3 — grounding; 4 — voltmeter; 5 — terminal for measuring transverse voltage; 6 — terminal to neutral;
7 — terminal for measuring longitudinal voltage
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Fig. 9. Modeled amplitude-frequency characteristics: blue lines — short-circuit mode; orange lines — no-load mode,
solid lines — single-link circuit; dashed lines — multi-link circuit
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Fig. 10. Test schemes:
a — scheme No. 1; b — scheme No. 2
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5.4. Analyzing the results of numerical simulation
modeling on the example of a general-purpose induc-
tion motor

The results of modeling the transient process caused by the
current circuit break in circuit No. 1 under the short-circuit
mode, namely the transverse voltage in links 1, 4, and 8, are
shown in Fig. 11. In this case, the voltage of link 8 is the volt-
age before the link, since after link 8 the transverse voltage is 0.

The longitudinal voltage during the same simulation is
shown in Fig. 12. The results of modeling the transient process
caused by the current circuit break in circuit No. 2 under the
short-circuit mode, namely the transverse voltage in links 1, 4,
and 8, are shown in Fig. 13.

The longitudinal voltage during the same simulation is
shown in Fig. 14.
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Fig. 11. Transverse voltages of links 1, 4, and 8 during simulation according to scheme No. 1 under a short-circuit mode
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Fig. 12. Longitudinal voltages of links 1, 4, and 8 during simulation according to scheme No. 1 under a short-circuit mode
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Fig. 13. Transverse voltages of links 1, 4, and 8 during simulation according to scheme No. 2 under a short-circuit mode
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The simulation data generally reflect the expected results
for the distribution of transverse and longitudinal overvoltage
when changing the test circuit configuration.

6. Results of research on transient processes
in electrical machines with multi-turn windings:
discussion

Applying a rectangular voltage pulse to the input of the
winding leads to the emergence of an oscillating voltage with
reflections at the output, which is shown in Fig. 1. The input
voltage has a rectangular shape, and the output voltage is
damped oscillations with a natural frequency and decrement
determined by the winding parameters. The propagation of
the voltage wave along the length of the winding as a function
of time as a response to the application of a rectangular signal
is shown in Fig. 2 and demonstrates the three-dimensional
nature of the wave.

Analysis of processes in a multi-turn winding through
long lines is implemented in the algorithms of the MATLAB
Simulink software package. The classical theory of a long line
is thoroughly worked out in world science, but it does not
reflect the entire complex of features and processes inherent
in the windings of electrical machines. The winding is not
extended in a specific direction but is arranged in a complex
manner in the grooves of the magnetic core, which have
different primary and secondary parameters in the groove
and front parts. Representation of the winding of an electric
machine under non-stationary modes by a lumped-parame-
ter circuit also does not reflect the essence of real physical
processes. Therefore, a compromise option is to use equiv-
alent circuit circuits that combine elements of the theory
of long lines and circuits with lumped parameters, which is
implemented using the circuit shown in Fig. 3.

To determine the high-frequency parameters of the wind-
ing, the amplitude frequency response was experimentally
obtained under two modes. The first mode is with an isolated
end of the phase, i.e., under the NM mode, and under the
mode with a closed end — under the short-circuit mode (Fig. 4).

According to the obtained experimental amplitude fre-
quency response, which are shown in Fig. 5, all parameters of
the equivalent winding circuit are determined and calculated.
The inductance of the winding in the equivalent circuit L
can be determined by the well-known locked rotor method.
The insulation resistance relative to the housing is also ex-
perimentally determined. The longitudinal capacitance K,
transverse capacitance C, and electrical resistance R, are cal-
culated according to methodologies from [16, 19]. The data on
physical and simulation modeling of the amplitude frequency
response show satisfactory convergence of the results.

The study can be carried out both according to a three-
phase circuit (Fig. 6) and according to a simplified circuit
consisting of only one phase of the winding (Fig. 7), which
is confirmed by the sufficient convergence of the frequency
response results of these two circuits.

The use of a chain equivalent circuit makes it possible to
correlate the number of its links with parts of the winding
with the same parameters, for example, a section or half of
a phase section. For any arbitrary link, it is possible to intro-
duce heterogeneity, which may correspond to a local insula-
tion defect of varying degrees of development, by modifying
the parameters of the four-pole circuit of this link. An addi-
tional possibility for improving the analysis of transient pro-

cesses using the equivalent circuit is to establish the dynamics
of the voltage wave propagation along the winding.

Fig. 8 shows that the input impedance of the multi-link
circuit is on average 4% less, and the resonant frequency is 2%
higher compared to the single-link circuit. Theoretically, the
results of the amplitude frequency response calculation should
completely coincide for the single-link and multi-link equiv-
alent circuit, but the slight difference in the extremes of the
input impedance and the magnitude of the resonant frequency
is explained by the above simplifications and assumptions.

The parameters of any studied winding are set in the
Simulink model in Fig. 9, on the basis of which transient pro-
cesses are simulated. In the above calculations, the number of
phases of the phase equivalent circuit is taken as N = 8. That
is, half of the winding section is selected as the equivalent
circuit link. We obtain the following values of parameters
in the U-shaped equivalent circuit for one link R=R,, /N,
L= Lph /N, G= Gph / N, K= Kph / N - where Rpha Lph’ Gpha
Cpr and K, are the corresponding values of the entire phase.

The test circuits (Fig. 10, a, b) were studied under two
modes: no-load mode and short-circuit mode. The simplest
option is to consider circuit No. 1, Fig. 10, a, with modeling of
the transient process with the parameters of this process that
correspond to the standard overvoltage for low-voltage gen-
eral-purpose electrical machines (2Uy,p, + 1000) - 1.41, i.e.,
more than 2.5 kV. For circuit No. 1 of the short-circuit mode,
during modeling and during experiments, a direct current
of 3.9 A was disconnected for 1 ps. Circuit No. 2, Fig. 10, b,
is more difficult to implement in practice, given the need
for synchronous, simultaneous opening of semiconductor
switches, as well as synchronous comparison of transients
over time in two parallel phases, one of which is likely to have
a defect. In the case of this circuit under the short-circuit
mode, during simulation and experiments, a direct current
of 1.8 A was disconnected in both phases for 1 us.

Fig. 11 shows that the largest overvoltage falls on the
first section, the smallest on the last. Therefore, the voltage
distribution relative to the housing is uneven. But this can
be partially eliminated by switching the current source to
the end of the phase with the corresponding grounding of
the beginning of the phase. Thus, the smallest overvoltage
will be in the middle of the winding, and it is 65% of the
maximum overvoltage. But during operational switching
when operating the machine, the ratio of overvoltage at the
beginning and inside the winding will approximately corre-
spond to the given ratio.

The data in Fig. 11 are explained by the fact that the
gradient of the voltage wave when penetrating deep into the
winding decreases and, accordingly, the maximum values
of the potentials relative to the housing from the first to the
last link of the equivalent circuit decrease. From the point
of view of diagnostic tasks, this makes it possible to analyze
the probability of an electrical machine failure in the event
of insulation breakdown relative to the housing at different
locations of the defect.

Fig. 12 shows that the nature of the distribution of
longitudinal overvoltage along the length of the winding
is significantly different from the distribution of transverse
overvoltage. In general, the transient process, as in the previ-
ous case, is oscillatory and damped, but the maximum values
of the overvoltage on all links are approximately the same.
This means that the possibility of detecting weak spots in the
interturn insulation along the entire length of the winding
is uniform.



The data in Fig. 12 are explained by the fact that the lon-
gitudinal voltage on each link is the difference between the
transverse voltages at the beginning and end of the link, which
is uniform along the winding. In this case, the damping time of
the transient process of each link changes, but from the point
of view of diagnostics, the absolute values of these voltages are
more important. That is, the possibility of detecting weak spots
in the winding does not depend on their location.

Fig. 13 demonstrates that the largest overvoltage falls
on the first section, the smallest on the last. The transient
process changes compared to Fig. 11 because two phases A
and C (or B and C) are sequentially turned on instead of one,
which leads to a significant change in the capacitive-inductive
parameters of the winding, and the distribution of transverse
overvoltage changes accordingly. In this case, the ratio of
overvoltage between the eighth and first link is 65%. When the
phases are circularly switched, this ratio will be maintained
for the last section of the winding phase. For the beginning
and end of the winding, the picture will be mirrored.

From the point of view of diagnostic tasks, this makes
it possible to increase the potentials inside each phase, i.e.,
the sensitivity to detecting weak points inside each phase in-
creases during circular switching.

Fig. 14 shows that the nature of the distribution of lon-
gitudinal overvoltage along the length of the winding is sig-
nificantly different from the distribution of longitudinal over-
voltage according to scheme No. 1. In general, the transient
process is oscillatory and damped for all consecutive links but,
unlike Fig. 12, there is a greater difference between the maxi-
mum values of longitudinal overvoltage of the phase links, and
the equivalent frequency of the oscillatory circuit is signifi-
cantly different, which increases from the first to the last link.

The difference from Fig. 12 is explained by the fact that
the conditions for the organization of the surge wave change
significantly due to the presence of two current sources in
phase A and phase B. These sources are connected in parallel
with each other and in series with phase C. In phase C, the
initial current doubles. The capacitive-inductive parameters
of the entire system also change. From the point of view of
diagnostic tasks, it is necessary to take into account the un-
evenness of this distribution and the influence of the location
of the defect.

The use of the proposed approach to diagnosing the insu-
lation of the windings, in contrast to [20], makes it possible
to increase the reliability of detecting interturn faults in the
winding, especially at the early stages of their development.
This becomes possible due to the analysis of the nature of the
transient process at different degrees of defects and the com-
parison of its nature at different switching schemes.

The use of transient processes for diagnosing the multi-
turn insulation of the windings makes it possible to detect
defects that are at an early stage of development. This directly
corresponds to the task of increasing the efficiency of detect-
ing undeveloped damages. High-frequency pulse methods are
sensitive to local changes in the insulation structure, which
cannot be recorded by conventional methods [21].

The limitations of the proposed method are related to the
dependence on the specific type of conductor, laying technol-
ogy, and design features of the sections, which complicates its
unification [22]. The effects of external factors (temperature
fluctuations, humidity, electromagnetic interference) can also
be imposed, which can significantly affect the accuracy of the
diagnostic signal. Our mathematical model takes into account
the complex interactions between electrical, thermal, and

mechanical processes in a simplified way, which reduces the
possibility of full-fledged prediction of insulation resource.

The disadvantages of the study are that our results are
mainly based on laboratory tests, which do not fully repro-
duce the actual operating conditions of electric machines.
In addition, the models conditionally take into account the
influence of the complex interaction of electrical, thermal,
and mechanical processes.

Future studies may involve refining the multiphysics
models and taking into account the simultaneous influence of
electrical, thermal, and mechanical loads; it is their complex
action that affects the insulation life of multi-turn windings.
The calculation of the transient process at current switching
during the operation of an electric machine is promising.

7. Conclusions

1. The use of a high-frequency method for building a sim-
ulation model based on the formation of wave processes in
the multi-turn winding sections has been justified. It makes
it possible to simulate transient processes in the windings as
aresponse to impulse effects, which distinguishes it from clas-
sical methods based on low-frequency effects in which local
defects in longitudinal (inter-turn and inter-coil) insulation
remain undetected. It also makes it possible to simultaneous-
ly diagnose both longitudinal and transverse insulation. Our
results are attributed to the high sensitivity and selectivity
of wave processes for determining the inhomogeneity of the
winding insulation, which makes it possible to detect defects
at the early stages of their evolution.

2. High-frequency winding parameters, in particular the
wave impedance and distributed capacitances of the sections,
which are used to construct a transient simulation model of the
winding, have been defined. It is shown that when comparing
experimental data and data obtained on the basis of our math-
ematical model, the relative difference in the basic parameters
of the amplitude frequency response, the extrema of the
input resistance and the resonant frequency, are 6% and 3%,
respectively.

3. A high-frequency numerical simulation model of insu-
lation of electrical machines with multi-turn windings using
pulsed overvoltage has been built. The simulation results
showed a relative difference in the basic parameters of the
amplitude frequency response of 4% for the input resistance
and 2% for the resonant frequency, which is quite close.
Regarding the analysis of wave processes, the advantage of
a multi-link circuit over a single-link circuit is the possibility
of modeling defects located in different parts of the winding.
This makes it possible to assess not only the fact of damage
but also localize the defect location. Taking into account the
distributed parameters of the winding sections in combina-
tion with the pulsed nature of excitation provides a significant
advantage of the proposed method over classical test circuits.

4. Analysis of the modeling results using the example of
a general-purpose induction motor revealed that the constructed
model makes it possible to detect undeveloped insulation
defects of windings at early stages of evolution. We have com-
pared the results from calculating wave processes for different
configurations of the test circuit. Test circuit No. 1 makes it pos-
sible to obtain longitudinal test gradients that are 2-2.5 times
larger with a comparable energy impact. Test circuit No. 2
makes it possible to simultaneously compare two phases, which
significantly simplifies the analysis of measurement results.



During the tests, longitudinal overvoltage gradients with a rise
front of more than 300V per 1 us are formed, which is suffi-
cient for non-destructive breakdown of a defective section of
insulation up to 0.1 mm in size. This provides a significant
advantage compared to classical insulation testing methods in
which such defects are not recorded until the moment of their
critical development.
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