ELECTRICAL COMPLEXES
AND SYSTEMS

https://doi.org/10.33271/nvngu/2026-4/089

M. A. Kovalenko',
orcid.org/0000-0002-5602-2001,
V. V. Chumack’,
orcid.org/0000-0001-8401-7931,
D. V. Tsyplenkov™>3,
orcid.org/0000-0002-0378-5400,
R. P. Dukhno!,
orcid.org/0009-0008-9506-2234,
D. D. Horbatko!,
orcid.org/0009-0007-6376-2829

COMPARISON OF IMPULSE PROCESSES IN SPATIALLY SHIFTED
RING-LIKE CORES MADE OF FERRITE AND THIN SHEET STEEL

Purpose. Development of a numerical simulation model of pulse processes of magnetic cores made of ferrite and
thin-sheet electrical steel in order to estimate the magnitude of pulse overvoltages.

Methodology. The distribution of the electromagnetic field and eddy currents was calculated using the finite ele-
ment method. Computer-aided design tools were used to develop geometric models of the computational domain of
the studied processes in ring-shaped cores. The theory of transient processes and the laws of electric circuits were used
to excite pulse processes in the studied system.

Findings. A three-dimensional numerical ring-field mathematical model of pulse excitation of ring-shaped cores
made of different materials of electrical steel of the sensor and inductor was developed, which is used to diagnose in-
terturn short circuits of the filled windings. The model allows determining the time dependences of current, voltage
and the nature of the change in magnetic flux during the passage of the pulse excitation front. The distributions of the
electromagnetic field, eddy currents and the dynamics of their attenuation were obtained for different values of the
magnetic permeability and electrical conductivity of the materials. The obtained results allow us to quantitatively as-
sess the influence of material parameters on pulse processes, to determine the limits of efficiency of using ferrite and
cores from different types of electrical steel in high-frequency diagnostic systems, sensors and energy converters.

Originality. The results of the analysis of numerical simulation modeling of the studied system showed that, de-
pending on the type of core material, wave penetration processes with minimal losses are inherent in ferrite material.
In thin-sheet steel, eddy currents in each individual sheet have a significant effect on pulse shielding, which signifi-
cantly affects the output signal.

Practical value. The obtained results can be used to build systems for diagnosing interturn insulation of windings
of electrical machines, in particular, as a methodological basis for diagnostic devices based on the use of the proposed
approach.
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Introduction. Electrical machines are widely used in ods and tools, develop fundamentally new diagnostic

various branches of industry and in everyday life, and it
is difficult to imagine a modern enterprise or household
that does not use at least one electrical machine in one
form or another [1]. The issue of reliability of any tech-
nical devices, equipment, or systems is extremely im-
portant and cannot be resolved once and for all; it is
only possible to continuously improve diagnostic meth-
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approaches, and so on [2].

This paper is devoted to diagnosing one of the most
vulnerable components of the active part of electrical
machines, namely their multi-turn random-wound
winding.

Electrical machines, as the most widespread type of
electromechanical energy converters, consume a signifi-
cant amount of electrical energy overall and perform
numerous important technological functions. Any im-
provement or refinement of them, even by fractions of a
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percent, has a substantial economic impact and effect.
Global factors such as deglobalization, higher import
taxes, and increased demand for metals used in electri-
cal machines imply only a further increase in their cost,
and in the future this increase may become quite
rapid [3, 4]. Therefore, the relevance of repair, mainte-
nance, and life extension of electrical machines per-
forming important technological functions is also in-
creasing. Fulfillment of these operational tasks requires
modern, affordable, user-friendly, and reliable means
for diagnosing the most vulnerable active parts of an
electrical machine. In the manufacturing process, the
issue of reliability has always been and remains one of
the most important and relevant [5].

For this very reason, as one of the steps toward de-
veloping a device for the impulse diagnostics of the insu-
lation condition of electrical machine windings during
manufacturing, scheduled maintenance, and repair,
there is a need for a well-founded approach both to the
selection of the material of the sensor and the inductor
and to the pulse parameters. This is because timely de-
tection of defects, especially those at an early stage of
development, can prevent sudden equipment failure and
significant capital and material costs. All of the above
confirms the relevance of the subject of this paper.

In papers [6, 7], the authors model the skin effect on
the basis of the field diffusion equation, studying how
the skin effect influences the field distribution across the
sheet thickness and the associated losses. In [6], numer-
ical methods are used to solve the field diffusion equa-
tion, and it is concluded that at a frequency of 50 Hz the
influence of the skin effect can be neglected. In [7], an
analytical method is used for the field diffusion equa-
tion, and analytical expressions are proposed for calcu-
lating the eddy-current loss component with the skin
effect taken into account.

Papers [8, 9] focus more on the fundamental prin-
ciples of the behavior of magnetic permeability and loss-
es in ferromagnetic materials as the frequency changes.
Paper [8] studies high-frequency losses when different
electrical steels are used and at different values of mag-
netic induction. A loss model and a model of the influ-
ence of the skin effect on losses at high values of mag-
netic induction and frequency, that is, under the non-
linear influence of the skin effect, are developed in that
work. Paper [9] shows that the effective magnetic per-
meability depends on the average value of the sinusoidal
excitation voltage and does not change within one sinu-
soidal cycle even at high values of magnetic induction.
Diffusion through metal is not wave-like at all, but rath-
er represents simple exponential attenuation with an in-
significant time delay and almost zero phase shift.

Studies [10, 11] focus on loss models in electrical
steel as functions of magnetic induction and frequency
and include different approaches to separating losses
into components and accounting for eddy currents [12,
13], not through field diffusion but by means of analyti-
cally or experimentally fitted expressions. Paper [10]
proposes a model for calculating losses in a magnetic
core taking into account microscopic eddy currents, as
well as a method for reproducing the shape of the dy-
namic hysteresis loop and losses under a sinusoidal exci-
tation waveform up to high frequencies over a wide range
of magnetic induction and excitation frequency. Paper

[11] proposes a method for estimating losses in a lami-
nated core subjected to high-frequency and nonsinusoi-
dal excitation using only low-frequency measurements.
The proposed model takes into account the nonuniform
distribution of the magnetic field inside a laminated
sheet and the hysteresis loop. Study [12] analyzes the ef-
fect of the skin effect on the application of Bertotti’s for-
mula to describe energy losses in electrical steel. The
paper determines the maximum frequency at which the
influence of the skin effect on the distribution of mag-
netic flux in electrical steel remains insignificant. In pa-
per [13], an eddy-current power loss model is imple-
mented, and it is shown that the magnetization frequen-
cy and the peak magnetic induction are the two deter-
mining factors that significantly affect the magnetic
properties of electrical steels.

Papers [ 14, 15] investigate iron losses considering the
electrical machine as a whole rather than only its core.
Paper [14] presents a modeling approach for accounting
for core losses in an electrical machine generated by
higher harmonics of the supply voltage frequency. The
model is based on a post-processing calculation tool for
taking into account the magnetic skin effect in laminat-
ed electrical-steel sheets at high frequencies. Study [15]
presents a method for calculating core losses in rotating
electrical machines considering the skin effect and ex-
cess losses in the stator and rotor. The analysis takes into
account eddy currents along the axial direction inside an
electrical-steel sheet and considers the influence of the
molecular structure of the steel by means of an experi-
mental eddy-current loss modification coefficient.

As a result of the conducted literature search and
analysis, it can be concluded that modern scientific re-
search in the field of high-frequency impulse processes
is aimed at studying the mechanisms of interaction be-
tween the electromagnetic field and eddy currents, the
dependence of magnetic permeability on the supply fre-
quency, and the nature of losses in electrical steels.
Thus, the main research studies are focused on finding
effective approaches to describing high-frequency losses
and field diffusion processes [16], which are important
in the design and diagnostics of modern electromechan-
ical systems [17].

Therefore, the relevance of this study is determined
by the need to improve the accuracy, speed, and reli-
ability of non-destructive methods for assessing the
condition of the inter-turn insulation of random-
wound windings in electrical machines. The proposed
method is based on impulse processes in which electro-
magnetic phenomena are determined not by stationary
but by transient characteristics of the material. The use
of different materials for the sensor and the inductor of
the diagnostic system results in fundamentally different
impulse response mechanisms, different rates of diffu-
sion and attenuation of the electromagnetic field,
which affects losses, heating, amplitude-frequency
characteristics, and the sensitivity of measuring sys-
tems [18]. In this regard, it is relevant to compare im-
pulse processes in ring cores made of different materi-
als, which will make it possible to determine their suit-
ability for use under fast transient conditions, optimize
the design of components of diagnostic devices, and
improve the efficiency of impulse electromagnetic di-
agnostic systems.
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The purpose of this study is to develop a three-di-
mensional numerical circuit-field mathematical model
of impulse processes in magnetic cores made of ferrite
and thin-sheet electrical steel in order to assess impulse
overvoltages in the diagnosis of inter-turn short circuits
in electrical machine windings.

Results. The computational domain used to study
impulse processes in the studied system is shown in
Fig. 1.

The inductor winding and the sensor winding are
made of copper winding wire and have a sufficient num-
ber of turns to provide the required magnitude of the
studied voltage impulse (>100 V per turn).

The magnetic cores of the inductor and the sensor
are made of electrical materials with different properties:
ferrite material, thin-sheet electrical steel, or conven-
tional electrical steel with a thickness of 0.5 mm.

The studied multi-turn winding is modeled as a solid
piece, which is artificially divided into elementary con-
ductors. The simulation of the number of inter-turn
short circuits and their severity is carried out by chang-
ing the conductivity of the studied winding array or the
current magnitude in it.

The auxiliary magnetic core performs the function of
a magnetic flux concentrator and makes it possible to
approximate the diagnostic process on the studied pro-
totype as closely as possible to real conditions. For this
reason, the magnetic core is made of 0.5 mm electrical
steel, and the design of the auxiliary magnetic circuit
makes it possible to vary the distance between the mag-
netic core of the inductor and that of the sensor. The
distance between these cores also affects the error in the
excitation of impulse transient processes in the studied
system.

The main parameters and characteristics of the indi-
vidual elements of the studied numerical simulation
model are given in Table 1.

The data in Table 1 is used to develop the geometry of
the computational domain, followed by the import and
configuration of the parameters of all computational ele-
ments of the computational domain in the COMSOL

Fig. 1. Structure of the studied system for impulse pro-
cesses.
1 — inductor winding; 2 — sensor winding; 3 — magnetic
core of the inductor; 4 — magnetic core of the sensor; 5 —
tested multi-turn winding; 6 — auxiliary magnetic core

Multiphysics environment implementing the finite ele-
ment method. Depending on the stated computational
task and the parameters of the magnetic cores of the in-
ductor and the sensor, the material properties and the
system of nonlinear differential equations are defined.

The calculation result is obtained by the finite ele-
ment method in a three-dimensional formulation under
the following assumptions:

1. To simulate the laminated structure of the mag-
netic core when laminated electrical steel is used for the
magnetic core of the sensor, the inductor, and the auxil-
iary core, anisotropic electrical conductivity properties
are assigned to the corresponding computational do-
mains.

2. The electrical conductivity of the electrical steel
and the ferrite magnetic core is assumed to be homoge-
neous along each of the x, y, and z axes.

3. Changes in material properties with temperature
are not taken into account, since under impulse operat-

Table 1
Main parameters and characteristics of the studied
system
No. Parameter Value
1 | Axial length of the auxiliary magnetic 50.0
core, mm
2 | Width of the auxiliary magnetic core, mm 20.0
3 | Height of the auxiliary magnetic core, mm 13.00
4 | Material of the auxiliary magnetic core Steel 2411
5 | Number of turns of the inductor/sensor 5/40
winding
6 | Excitation current in the inductor 75.0
winding, A
7 | Diameter of the winding wire of the 4.0/0.01
inductor/sensor winding, mm?
8 | Width of the magnetic core of the 14.0
inductor/sensor, mm
9 | Axial length of the magnetic core of the 5.0
inductor/sensor, mm
10 | Magnetic permeability of the ferrite ~2,000
material of the inductor/sensor magnetic
core, rel. units
11 |Electrical conductivity of the ferrite 1-107
material of the inductor/sensor magnetic
core, S/m
12 | Thickness of an individual lamination of 0.03
the thin-sheet magnetic core material, mm
13 | Magnetic permeability of the thin-sheet 1,250
material of the inductor/sensor magnetic
core, rel. units
14 | Electrical conductivity of the thin-sheet 1.5-10°
material of the inductor/sensor magnetic
core, S/m
15 | Magnetic permeability of the 2011 700
electrical steel of the inductor/sensor
magnetic core, rel. units
16 | Electrical conductivity of the 2011 1.1-107
electrical steel of the inductor/sensor
magnetic core, S/m
17 | Number of turns of the test winding 25
18 | Diameter of the winding wire of the test 0.50
winding, mm
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ing conditions the current magnitude is not high and
does not lead to temperature variation over a wide range.

4. The windings are modeled as homogeneous con-
ductive regions, since modeling each conductor sepa-
rately would lead to an excessive increase in the number
of unknowns and a significant increase in the model
computation time.

The developed numerical simulation model of im-
pulse processes in magnetic cores is characterized by the
computational domain (Fig. 1) and the material proper-
ties of its individual structural components (Table 1),
while the distribution of the electromagnetic field and
eddy currents within it is described by the system of
equations given below.

The system of coupled equations describing the dis-
tribution of the three-dimensional electromagnetic field
in the studied system for the impulse diagnosis of inter-
turn insulation is written in terms of the complex ampli-
tude of the magnetic vector potential A [19]

A=e A +e, A +e A,

and the scalar electric potential ¢ is written in the form
of the following system of equations [20]

V% 1V+Z +ij~Z+GV(p=je;
v

V-(jcoc-;1+c5V(p—.7€)=0,

where ® is the angular frequency of variation of the
quantities with time; p is the magnetic permeability; o is
the electrical conductivity of the material; J, is the spa-
tial current density vector, which is specified in the form
of a pulse in the excitation winding and consists of three
spatial components

Jo=¢e.J, +é, J, +é J,.
The current in the inductor winding is specified as a
pulse with such an amplitude and rise time that a pulse
EMF with a maximum amplitude of >100 V is induced

in the measuring winding. The current with a rise time
At is specified by the approximation of a linear rise

0, 7<t,

it)= i(t—to), 1, <t<ty+At, (1)
At
I,, t>1,+At

where At is the rise time of the current pulse, s; 7, is the
moment when the current pulse begins to rise, s; 1 is the
final (maximum) or steady-state value of the current
step in the inductor winding, A.

The expression

1
l=1), 2
within the system of equations (1) represents a linear
function that defines a smooth increase in the current
from 0 to the specified value /I, over the time interval Az.
Expression (2) simulates a non-ideal current step that
occurs in real impulse tests and takes into account the
presence of inductance, eddy currents, and hysteresis
phenomena in the magnetic cores.

Then, the effective value of the current density in the
inductor winding is specified as follows

J = W~l(t)’
S;
where Wis the number of turns in the inductor winding;
S; is the equivalent area occupied by the inductor wind-
ing, mm?>.

The induced electromotive force is determined with
respect to the magnetic vector potential A. For this pur-
pose, the magnetic flux @, linked with the sensor wind-
ing (or measuring winding) is determined

D=3 A", 3)

where A, is the average value of the magnetic vector po-
tential at an arbitrary moment #” in individual e-elements
of finite-element mesh; /, is the contour length, or the
mean length of the excitation winding.

After calculating the magnetic flux using expres-
sion (3), the magnitude and waveform of the EMF in
the sensor winding are determined at each moment #”

1 n n-
E=—WoEZ(Ae — A1,

The calculation is performed taking into account
the losses arising in the magnetic cores of the individu-
al elements of the studied system: the auxiliary core
and the magnetic cores of the inductor and the sensor.
To take these losses into account, the following expres-
sion is used

T,
QJ.:%,TJ_‘TJ-Edt,

where T, T, are the period of the current pulse arising in
the inductor winding; J is the current density in the in-
dividual computational domains; F is the electric field
strength vector.

To implement the studied numerical simulation
model and obtain reliable results, the minimum number
of finite elements in the mesh must be approximately
600 thousand. A fragment of the finite-element mesh of
the studied model in the region of the inductor winding
is shown in Fig. 2.
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tional domain
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The winding parameters were taken into account by
homogenizing their multi-turn structure into a continu-
ous electrically conductive body with equivalent electro-
magnetic properties, which makes it possible to preserve
the computational convergence of the model when using
the specified number of finite elements without the need
to represent each individual turn in detail. The geometric
parameters of the section are determined by the number
of turns W= 25 (Table 1) and the winding-wire diameter
d = 0.5 mm, which defines the outer dimensions of the
winding and its location in the working gap between the
auxiliary core, the inductor, and the sensor.

The simulation of the presence of inter-turn short
circuits was implemented by changing the electrical
conductivity of the winding material: from the nominal
conductivity of copper (defect-free condition) to a con-
ditionally infinite conductivity corresponding to the ap-
pearance of short-circuited turns (2, 3, or 4 short-cir-
cuited turns). This approach makes it possible to ade-
quately reproduce the occurrence of additional eddy
currents in the damaged winding section and their influ-
ence on the overall transient process in the system. The
relationship between the winding section and the mag-
netic flux was taken into account by specifying boundary
conditions on the winding surface with allowance for its
actual location relative to the auxiliary magnetic core
(item 6 in Fig. 1), with an axial length of 50 mm and the
possibility of varying the distance between the inductor
and sensor cores, which directly affects the electromag-
netic coupling coefficient and the diagnostic sensitivity.

The result of the calculation of the electromagnetic
field distribution in the studied system is shown in Fig. 3.

The electromagnetic field distribution (Fig. 3) is
shown for the moment of time 5 us, which corresponds
to the decay of eddy currents in the magnetic cores of
the inductor, the sensor, and the auxiliary core. Higher
values of magnetic induction (background shading) cor-
respond to the location of the winding and magnetic
core of the inductor.

To provide the excitation required for diagnostics in
terms of the magnitude of the electromagnetic field and
the currents in the sensor winding, the current pulse in
the primary winding must ensure an EMF in the sensor
winding with a maximum amplitude of up to 100 V. When
the inductor winding is switched by a direct current with
an amplitude of approximately 90 A and a pulse rise
time of 1 us, a transient process with a free decaying

Fig. 3. Electromagnetic field distribution in the inductor-
sensor system

T T T T T T

351 1
—— Sensor voltage
30F — Sensor current | |

. | L 1 | |
0.002 0.0025 0.003 0.0035 0.004 0.0045
Time (s)

Fig. 4. Time dependence of the EMF and current in the
sensor winding

component arises in the studied system. In this case, the
current and EMF in the sensor winding are aperiodic in
nature and have the form shown in Fig. 4.

The dependences in Fig. 4 were obtained using in-
ductor/sensor cores made of 2011 electrical steel,
0.5 mm thick.

To ensure an unambiguous physical interpretation of
the obtained results, the developed three-dimensional
numerical model introduces a consistent definition of
the positive directions of the variables and takes into ac-
count the design parameters of the test winding section.

The system of equations (1—3) is solved in the Carte-
sian coordinate system (x, y, z), where the positive di-
rection of the z-axis is oriented from the magnetic core
of the inductor to the core of the sensor along the axis of
symmetry of the system (Fig. 1). For the vector quanti-
ties, the following positive-direction conventions are
adopted: the magnetic vector potential A has a positive
direction coinciding with the direction of the magnetic
flux density B in the air gap between the cores; the exci-
tation current density J, is defined as positive when the
current in the inductor winding creates a magnetic flux
directed along the z-axis from the inductor to the sensor.
The EMF F'in the sensor winding is determined accord-
ing to the law of electromagnetic induction d®/dt,
which ensures the physical adequacy of the obtained de-
pendences, in particular the phase opposition of the
current and EMF in the measuring winding (Fig. 4).

The nature of the variation of the EMF and current
in the sensor winding corresponds to the physical pro-
cesses of electromagnetic wave penetration into an elec-
trically conductive and magnetically permeable medi-
um. At the same time, the two quantities are in phase
opposition: the EMF has a sign opposite to that of the
current, which is consistent with the law of electromag-
netic induction. In Fig. 4, the maximum current ampli-
tude is approximately 0.035 A, the voltage amplitude is
approximately —35 V, and the decay time of the transient
process is T ~ 3.67 us. The amplitude and decay time of
the transient aperiodic process may be regarded as diag-
nostic features indicative of the degree of defect devel-
opment (Fig. 5).

Fig. 5 shows that when an inter-turn short circuit ap-
pears in the test winding, the signal amplitude decreas-
es, while the duration of the transient process increases.
This can be explained by the fact that the currents in the
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Fig. 5. Current in the sensor winding for:

a — the presence of an inter-turn short circuit in the test
winding; b — a defect-free winding

short-circuited turn contribute to an increase in the
magnetic flux decay time in the system and, conse-
quently, in the decay time of the EMF and currents in
the sensor winding.

A comparison of the dependences obtained in Fig. 5
shows that the presence of an inter-turn short circuit is
accompanied by a sharp increase in the current in the
damaged winding section by 3 to 4 orders of magnitude.
This makes it possible to use the magnitude of the in-
duced current as a sensitive diagnostic feature. At the
same time, the current amplitude and decay rate corre-
late with the number of short-circuited turns and the
degree of damage, which makes it possible not only to
detect the defect but also to quantitatively assess the de-
gree of its development.

To assess the influence of the type of magnetic core
material of the inductor and the sensor on the detection
of inter-turn insulation damage in the test winding, a se-
ries of calculations was carried out. In doing so, the de-
gree of defectiveness of the test winding was varied: 2, 3,
and 4 short-circuited turns.

The results of calculating the amplitude of EMF and
the decay time 1 of the transient process for different
types of magnetic cores and different degrees of defec-
tiveness of the test winding are presented in Table 2.

In Table 2, the number of short-circuited turns equal
to “1” means that the winding is defect-free, that is, no
short-circuited turns are present.

Table 2

Calculated amplitude and decay time
of the transient process

Ferrite core Thin-sheet core | 2011 steel core
turns ﬁ 5 a ? 71 5
fo | 22| &5 | 22| 55| 22
1 248 61 173 47 92 31
2 204 67 157 54 87 38
3 147 79 124 63 79 46
4 103 87 91 68 67 51

When ferrite cores are used for the sensor and the
inductor, the highest pulse amplitude values (248—103 V)
are observed compared with the use of cores made of
thin-sheet electrical steel (173—91 V) or 2011 steel
(31-51 V) for any number of short-circuited turns. This
is explained by the low electrical conductivity of the fer-
rite material, which results in a minimal magnitude of
eddy currents in the magnetic cores of the sensor and the
inductor; therefore, a significant portion of the pulse en-
ergy is converted into the magnetic field and induces a
high-amplitude EMF pulse in the sensor winding. At
the same time, the high magnetic permeability of the
ferrite core promotes substantial storage of magnetic en-
ergy, which contributes both to a slower decay of the
transient process and to an increase in the amplitude of
the induced EMF in the sensor winding. In addition,
the longest decay time of the transient process
(61—131 ps) is observed when ferrite cores are used for
the sensor and the inductor. This is due to the fact that
ferrite cores are characterized by the lowest eddy-cur-
rent losses; accordingly, the pulse energy dissipates
slowly, and as a result the transient process lasts the lon-
gest in comparison with other types of magnetic cores.

The use of thin-sheet steel provides intermediate val-
ues of the pulse amplitude in the measuring winding,
since its electrical conductivity is higher than that of the
ferrite core and lower than that of 2011 steel. The pres-
ence of interlaminar insulation reduces eddy-current
losses, which decreases their influence and shortens the
decay time (37—124 us) of the transient process.

The lowest signal amplitude in the sensor winding
(= 92 V) is observed when the sensor and inductor cores
are made of 2011 electrical steel with a thickness of
0.5 mm. This is explained by the action of relatively large
eddy currents, which produce the strongest opposition to
the main magnetic flux of the impulse excitation, since
this steel grade has the highest electrical conductivity.

The dependence of the relative change in the signal
amplitude of the sensor winding A4, %, on the number
of short-circuited turns n in the test winding is shown in
Fig. 6.

To analyze the variation in the signal amplitude as a
function of the number of short-circuited turns, an ex-
ponential dependence of the following form is used

A(n)=Ay- e, 4)
where A, is the signal amplitude for the defect-free test
winding (n = 0); a is the signal damping (attenuation)
coefficient corresponding to the appearance of (n)
short-circuited turns.
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Fig. 6. Variation in the sensor winding amplitude as a
function of the number of short-circuited turns:
curve 1 — variation in the signal amplitude of the sensor
winding when ferrite cores are used for the sensor and the
inductor; curve 2 — variation in the signal amplitude of the
sensor winding when thin-sheet steel cores are used for the
sensor and the inductor; curve 3 — variation in the signal
amplitude of the sensor winding when 2011 steel is used as
the core material for the sensor and the inductor

As a result, using expression (4), the following values
of the coeflicient o were obtained for the occurrence of
short-circuited turns in the test winding (n =2, 3, 4):

- for ferrite cores of the sensor and the inductor:
ay~ 0.29 (for 4, =248, A, =103);

- for thin-sheet steel cores of the sensor and the in-
ductor: a, = 0.22 (for A, = 173, A, =91);

- for 2011 steel cores of the sensor and the inductor:
o, ~0.11 (for 4, =92, A, = 67).

Thus, the greater the damping coefficient o, the
higher the sensitivity of the output signal to the appear-
ance of defects in the form of short-circuited turns. The
use of ferrite shows the highest sensitivity of the sensor
winding signal amplitude A4 to the appearance of defects
in the test winding, both relative to the initial signal level
Ay and relative to the other two types of magnetic cores
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Fig. 7. Variation in the decay time as a function of the
number of short-circuited turns:

curve 1 — relative variation in the signal decay time of the
sensor winding when ferrite cores are used for the sensor
and the inductor; curve 2 — relative variation in the signal
decay time of the sensor winding when thin-sheet steel cores
are used for the sensor and the inductor; curve 3 — relative
variation in the signal decay time of the sensor winding
when 2011 steel is used as the magnetic core material for
the sensor and the inductor

used for the sensor and the inductor. This is clearly seen
from the calculation results shown in Fig. 6.

Fig. 7 shows the dependence of the decay time of the
transient process in the sensor winding on the number of
short-circuited turns in the test winding.

The decay time of the transient process can be ex-
pressed by a linear dependence as a function of the
number of short-circuited turns

©(n) =19+ P(n—1),

where 1, is the duration of the transient process in the
absence of short-circuited turns in the test winding; 8 is
the average increment of the decay time of the transient
process with an increase in the number of short-circuit-
ed turns n. As a result, we obtain:

- for ferrite cores of the sensor and the inductor:
Ty = 61 ps, By= 23 ps/turn;

- for thin-sheet steel cores of the sensor and the in-
ductor: 1, =47 ys, By, = 33 us/turn;

- for 2011 steel cores of the sensor and the inductor:
19 =31 ps, B,=6.7 ps/turn.

Despite the fact that the smallest average increment
in the decay time of the transient process, f,, is observed
when magnetic cores of 2011 steel are used for the sensor
and the inductor, this material is characterized by the
largest relative variation At, % of the useful output sig-
nal (curve 3, Fig. 7). This feature can be used in the de-
velopment of appropriate diagnostic equipment capable
of detecting inter-turn short circuits in random-wound
multi-turn windings with high accuracy and reliability.

The obtained values of the transient-process ampli-
tude and decay time for different numbers of short-cir-
cuited turns have a clear physical interpretation. The
character of the variation in the transient-process dura-
tion depends on the ratio between the effective induc-
tance L,;of the inductor—auxiliary core—test winding—
sensor system and the effective resistance R, 4, as well as
on the losses in the magnetic core and in the windings of
the sensor and the inductor. An increase in the number
of short-circuited turns simultaneously affects both the
inductance and the equivalent resistance through the
appearance of additional eddy currents in the system.
For ferrite sensor and inductor cores, a change in the
ratio L,z/R,;leads to a noticeable increase in the decay
time of the transient process. For materials with high
electrical conductivity (2011 steel), the increase in losses
raises the value of the equivalent resistance R,z which
leads to faster decay (damping) of the transient process.

Conclusions. A numerical circuit-field mathematical
model of impulse processes in spatially displaced ring
cores using different types of steel was developed in this
study in order to assess the impulse overvoltages and de-
cay times arising in the sensor winding. The obtained
results showed that the type of magnetic core material of
the sensor and the inductor has a significant effect on
the parameters of the transient process and the ampli-
tude of the induced EMF.

When ferrite cores are used, the highest EMF ampli-
tudes in the sensor winding are observed (up to 248 V),
as well as the longest decay time, up to 131 us. When
2011 electrical steel is used for the cores, a maximum
amplitude of 92 V is obtained with a minimum decay
time of 31 us, which is 50—80 % faster than for ferrite
material. This confirms the feasibility of using ferrite
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material for diagnostic tasks requiring increased sensi-
tivity, while thin-sheet steel and 2011 steel are more suit-
able for fast impulse diagnostics.

A comparison of the transient-process decay rate
showed that there is a clear tendency for T to increase as
the electrical conductivity of the material decreases. For
the ferrite material of the sensor and inductor cores, which
has the lowest electrical conductivity, the maximum de-
cay time reaches 131 us, whereas for 2011 steel it is 31 us,
that is, approximately 4.2 times faster. This is fully consis-
tent with the physics of the processes within the system: at
lower electrical conductivity of the material, the magni-
tude of the eddy currents is smaller, and accordingly the
opposing action of these currents on the main impulse
excitation flux is weaker, so the decay time increases.

‘When short-circuited turns appear in the test wind-
ing, the signal amplitude in the sensor winding decreas-
es on average by 25—35 %, while the decay time increas-
es by 40—60 %. This confirms the effectiveness of the
impulse method for detecting short circuits in random-
wound windings.

The results of the conducted study make it possible
to formulate practical recommendations for selecting
the materials of the magnetic cores of the sensor and the
inductor for the development of highly sensitive sensors
for monitoring inter-turn short circuits in random-
wound windings of electrical machines. The developed
model can serve as a basis for further optimization of the
design of inductors and sensors for impulse diagnostics,
as well as for the creation of hardware tools for the non-
destructive testing of active materials of electrical ma-
chines.

Based on the obtained results, it is possible to devel-
op diagnostic features and an appropriate methodology
for devices intended for diagnosing inter-turn short cir-
cuits using impulse processes. The use of the method
itself is promising for implementation in diagnostic sys-
tems for this type of damage.
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I TOHKOJIMCTOBOI €JIeKTPOTEXHIYHOI CTalli 3 METOIO
OLIIHKY BEJTMYMHU IMITyJIbCHUX TTepEHAIPYT.
Metoauka. Po3snofin eneKTpoMarHiTHOro ImoJis
1 BUXpOBUX CTPYMiB PO3paxXOBYBaBCs i3 BUKOPUCTaH-
HSM METOIY CKiHUEHHUX eJIeMEHTIB. 3aco0u aBTOMa-
TU30BAaHOTO MPOEKTYBAaHHS BUKOPMCTOBYBAIWCS IS
PO3pOOKM reOMETPUUHUX MOJIeNIeld pO3paXyHKOBOI 00-
JIaCTi JIOCHIiIXYBaHUX MPOLIECIB Y KiJbLUEMOdIOHUX
ocepnsix. st 30yaKeHHs iMITYJIbCHUX IIPOLIECIB Y 10-
CJTiIKyBaHil cucTeMi BUKOPUCTOBYBajach Teopisl me-
pPeXiTHUX MPOLIECIB i 3aKOHU €JIEKTPUIHUX KiJl.
PesynbTatu. Po3poGiieHa TpuBUMipHA 4YuceIbHA
KOJIO-TIOJIbOBa MaTeMaTU4yHa MOJAEJb IMIYJIbCHOTO
30yI>KEHHS KUThLEMOAIOHUX OCepib i3 pi3HUX MaTepia-
JIiB eJIEKTPOTEeXHIYHOI cTajli JaBaya i iHAyKTOpa, 110
BUKOPUCTOBYETHCS JI51 AiarHOCTYBAHHST Mi>KBUTKOBUX
3aMMKaHb BCUITHUX OOMOTOK. Momenb H03BOJISIE BU-
3Ha4yaTu 4acoBi 3aJI€3KHOCTI CTPYMY, HalIpyTu i Xxapak-
Tep 3MiHM MarHiTHOrO MOTOKY IPU MPOXOIKEHHI iM-
MYJIBCHOTO (PPOHTY 30ymKeHHs1. OTpuMaHi po3nomin
€JICKTPOMATHITHOTO TOJIsI, BUXPOBUX CTPYMIB i AUHA-
MiKy iXHbOTO 3aTyXaHHS$ JJIs1 Pi3HUMX 3HAY€Hb MarHiT-
HOI MPOHUKHOCTI ¥ €JeKTPOMPOBIMHOCTI MaTepiaiB.

OTpuMaHi pe3yJibTaTu J03BOJISIOTh KiJIbKiCHO OLIIHUTU
BIUIMB MapaMeTpiB MaTepiaiiB Ha iMITyJIbCHI MPOLIECH,
BU3HAUUTU MeXi e(PEKTUBHOCTI 3aCTOCYBaHHS (epu-
TOBUX OCEpJb 3 Pi3HUX TUIIIB €JIEKTPOTEXHIUHOI CTai
Yy BUCOKOYACTOTHUX CUCTEMaXx MialrHOCTYBaHHSI, CEHCO-
pax i mepeTBOprOBaYax eHeprii.

HaykoBa HoBu3Ha. Pe3ynbTaTu aHaIi3y YUCETBbHOTO
iMiTalliifHOrO MOMAEIIOBAHHS JIOCIiIXYBaHOI CUCTEeMU
M0Ka3aJiu, 1110 B 3aJIEXHOCTI Bil TUIy MaTepiany ocep-
IIsI TIPOLIECH XBUJTBOBOTO IIPOHMKHEHHS 3 MiHIMaJIbHU-
MM BTpaTaMM MpUTaMaHHi IJ1sT PepuTOBOTO MaTepiaiy.
YV TOHKOJUCTOBIN cTajli BUXPOBI CTPYMU B KOXHOMY
OKPEMOMY JIUCTi 3iiICHIOIOTh 3HAUHM I BILJIUB Ha €Kpa-
HYBaHHS iMITYJIbCY, 110 CYTTEBO BIUIMBAE HA BUXiTHUMA
CHUTHAJI.

IIpakTnyna 3HaumMicTb. OTpuMaHi pe3yJbTaTU
MOKJINBO BUKOPHUCTOBYBATH 151 MOOYIOBU CUCTEM [i-
arHOCTYBaHHSI MIXXBUTKOBOI i30JIsI11il OOMOTOK eJieK-
TPUYHUX MAILIMH, 30KpeMa, SIK METOIOJIOTiYHY OCHOBY
TSI TIPUCTPOIB AiaTHOCTYBAHHS, 1110 0a3ylOThCsI HA BU-
KOPHUCTaHHI 3aIIPOITOHOBAHOTO ITiIXOMmy.

Kmouosi ciioBa: innyascui npouecu, diaeHocmyeaHHs
i3onayii, 6cunui 0OMOMKU, IMIMayiiHe MOOeA08AHHS

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, N2 4 97



