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Abstract: The article is devoted to the use of Park’s vector method for operational control of the
rotor condition of induction motors of traction and auxiliary drives of railway rolling stock. In the
course of the analysis, it was established that in order to increase the reliability and efficiency of the
operation of vehicles, it is necessary to improve and implement diagnostic systems for monitoring
the current state of the most damaged elements of induction electric motors built into the drive.
This paper presents the development of a new approach to monitoring the state of a squirrel-cage
rotor, which is based on the use of Park’s vector approach. In the course of the research, the issue of
taking into account the asymmetric power supply of the engine during the diagnostic period during
industrial operation was solved, which affects the accuracy of determining the degree of damage to
the rotor. On the basis of the conducted research, the algorithm of the module for diagnosing the state
of the squirrel-cage rotor of an induction motor has been developed for practical use in the built-in
on-board systems of vehicles, which allows us to determine the degree of damage and monitor the
development of the rotor defect during operation, including in automated mode.

Keywords: induction motor; fault detection; Park’s vector approach; rotor diagnostics; transport
equipment monitoring; on-board diagnostic system

1. Introduction
1.1. Motivation and Relevance

Increasing the operational efficiency and reliability of vehicles is an important modern
problem, which depends not only on the fulfillment of logistical tasks but also on ensuring
the safety of all types of transportation. The development of new, and the improvement of
existing systems of current diagnosis of the condition of electrical equipment of vehicles is
the main factor in solving this issue. Prompt detection of damage to elements of vehicle
equipment provides an opportunity to take timely measures to eliminate or replace them
during pre-planned repair or maintenance. A greater share of transport equipment failures,
taking into account the difficult operating conditions, is due to the electric motors of drives
of various mechanisms and devices, where the main element is the electric motor.

At present, induction motors with squirrel-cage rotors of various capacities are used
mainly as part of the main and auxiliary equipment of modern vehicles.

They are used as traction engines in railway transport, for driving compressors,
machine-fans used for cooling traction engines, and for other equipment on rolling stock of
railways and water transport [1–4]. Despite the fairly high reliability of induction electric
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motors with a squirrel-cage rotor among other types of electric motors, they are variously
vulnerable to damage that affects their performance and failure during operation [5–7].
Especially for the operation of the transport infrastructure, the reduction of emergency
failures is an important influential factor in the implementation of logistics technologies [8].
In the locomotive industry, the assessment of the state of road safety and the reliability of
transportation in most cases is carried out while taking into account the volume of work
performed by the locomotive; that is, relative indicators of the volume of transportation are
used [9]. The development and implementation of systems for the continuous monitoring
of the state of the main elements of induction electric motors during their operation will
increase the reliability and efficiency of the use of vehicles and decrease emergency failures.

1.2. Literature Review

The problems of controlling the current state during the operation of induction motors
are the subject of research by many scientists. The authors of the research use various
methods for monitoring the state of electrical machines, however, the need to monitor data
on the state of the engine during operation, to predict the uptime remains relevant [10,11].
Thus, in [12], a method of constant monitoring of the condition of an induction motor
using the analysis of electrical characteristics is proposed. The given technique is capable
of predicting various types of failures, i.e., rotor failures, stator phase misalignments, and
power cable failures in the early stages. The authors of [13] cite a study of defects that
cause changes in the vibration signature over time. The methods of vibration monitoring
considered in the work allow for diagnosing the condition of the electric machine from
such damages as bearing defects and wear of the rotor and stator. However, research [14]
indicates a number of limitations when using vibration diagnostic methods for industrial
conditions. Ref. [15] gives an overview of the methods of early diagnosis of induction motor
faults based on sounds and acoustic emission for four types of damage: bearings, rotor,
stator, and element connections. Effective results of diagnostics of the main elements of an
induction motor are obtained using current methods, which seem to be the most appropriate
for practical implementation and use in diagnostic monitoring systems that meet modern
operational requirements. The authors in [16] cite a study on engine diagnostics using
the spectral characteristics of the engine stator current and engine speed. The diagnosis
of the main elements of the engine–stator, rotor, and bearings–was performed using an
automatically adjusted algorithm of reference vectors with arbitrary characteristics. Ref. [17]
presents the results of research on the example of diagnosing damage to the rotor of
an induction motor by five different techniques of signal processing using the stator
current. The most effective results are obtained by Park’s vector approach and the Hilbert
transformation method. However, the use of the Hilbert transform method involves a
quality power system used in stationary conditions, i.e., bench tests of equipment.

Works [18–20] show the effectiveness of using the current method of Park’s vector
approach to detect multiple malfunctions of induction motors. The main difference from
the simple spectral analysis of current signals in the formation of Park’s vector module
spectra is that any characteristic frequency of the amplitude-modulated signal is taken
into account in Park’s vector spectrum only once. The harmonics in the current spectrum,
which correspond to different types of faults, differ from each other. Thus, the detection
of characteristic harmonics in the current spectrum reliably and unambiguously indicates
the presence of specific defects in the electric machine. In [21], the authors presented the
results of studies on the effective use of the Park vector method for diagnosing an interturn
short circuit in the stator winding with the determination of the number of closed turns in
a low-quality motor power supply system.

Thus, Park’s vector method is the most effective and promising current method for
detecting engine damage in the early stages for use in monitoring systems. However,
the identification of malfunctions of various engine elements with the determination of
the type and degree of their damage for various power and load conditions using Park’s
vector approach is complex and requires further research. The main disadvantages of
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using Park’s method is the difficulty of detecting damage in the idling mode and its
identification with an asymmetric power system. When using this method in the built-in
monitoring systems of transport equipment, it is not expected to establish malfunctions in
the idle mode. Conducting research on the development of control modules for the main
elements of an induction motor for use in the built-in systems of on-board diagnostics of
the induction electric machines of vehicles using Park’s vector method is a relevant and
promising modern task.

1.3. Contribution

This article is devoted to the development of an algorithm based on the proposed
method of determining damage to the squirrel-cage rotor winding of an induction mo-
tor. Park’s vector approach is used to detect core rotor damage. Damage to the rotor is
determined by the thickness of the ring of the Park’s pattern. The proposed algorithm
takes into account the power supply of the machine from a non-sinusoidal and asymmetric
voltage system, which is relevant for diagnostics in industrial conditions. Identification of
the degree of damage to the rotor is determined by recalculating the stator currents to the
orthogonal circular basis and calculating the difference between the maximum value of the
Park’s vector for the outer circle and the minimum value for the inner circle. The use of
Park’s method makes it possible to obtain information about the current state of the engine
rotor from the moment of damage and to control the degree of development of the defect
during operation. This will allow early diagnosis of damage to the rotor winding as part of
the diagnostic system of transport equipment during the operation of induction motors
to predict the period of trouble-free operation. The use of Park’s vector approach has also
shown effective results for diagnosing the stator winding and mechanical damage of an
induction motor and can be considered one of the most reliable and convenient diagnostic
methods.

1.4. Organization of the Paper

The work has the following structure: in Section 2, an analysis of the damage of the
main elements of the induction motor is carried out with a more detailed consideration
of rotor damage; Section 3 presents the theoretical principles of Park’s vector approach,
constructs the Park’s vector diagram by means of mathematical modeling, and develops a
methodology and algorithm for determining the degree of damage to the squirrel-cage rotor
winding for use in built-in diagnostic systems of transport; Section 4 provides a discussion
of the obtained results and the direction of further scientific research; conclusions are
presented in Section 5.

2. The Main Elements of Monitoring the State of an Induction Electric Motor

The main elements of the engine that require state control during engine operation,
which are among the most necessary to be included in the diagnostic monitoring system
according to modern review studies, are stator winding, squirrel-cage rotor winding, and
bearings [22,23].

According to the operational statistics [12,16,22], a quantitative analysis of the damage
of asynchronous motors with a squirrel-cage rotor was carried out, the averaged results
of which are combined into groups taking into account the most frequent failures and are
presented in the Figure 1.

The largest share of failures of an induction motor with a squirrel-cage rotor (47%) is a
consequence of damage to the stator winding. The main cause of failures is the occurrence
of a turn-to-turn short circuit in the winding phase [20,21,24]. Turn-to-turn short-circuits
refer to defects that are difficult to diagnose in the early stages, in which the induction
motor continues to work with the deterioration of performance characteristics and energy
indicators. At the same time, this defect can develop over time, and when a certain number
of short-circuited turns is reached, insulation breakdown occurs as a result of which the
electric machine fails. From this, it follows that the presence of a turn-to-turn short-circuit
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control module in the stator windings in the diagnostic system built into the drive is a
necessary component. To determine the turn-to-turn shorting of the stator winding, a
number of studies using current methods are presented [6,16,17]. The most effective results
were obtained using the Park’s vector method [19–21]. In [21], the authors presented
research on the use of the Park’s vector method to determine the number of closed turns in
the stator phase winding of an induction motor using stator currents. In continuation of
these studies, in [23], an algorithm and a functional scheme were developed for the practical
implementation of the stator winding state control module to the diagnostic embedded
system based on Park’s vector approach.
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The proportion of bearing damage is 21% of all electric machine failures (Figure 1).
Given the small size of the air gap, bearing defects eventually lead to the engagement of the
rotor with the stator, which leads to significant consequences in the condition of the engine.
In addition, the appearance of vibration due to damage to the bearing has a destructive
effect on all elements of the engine structure. Various methods of vibration diagnostics are
widely used to control the vibration state of an electric machine.

Another important structural element of an induction motor, which affects the reli-
ability of the machine and is subject to monitoring, is rotor winding. During operation,
the rotor is exposed to centrifugal forces, thermal expansion, shock current loads, and
electrodynamic forces, and in some cases, the “squirrel cage” of the rotor loses its struc-
tural integrity. Damage to the rotor winding, according to the given general statistics (see
Figure 1), makes up 12% of engine failures, but for powerful traction engines, rotor failures
have significantly greater values. Damage to the rotor winding manifests in the form of
the breakage of some rods or the destruction of contact in the rods of the “squirrel cage”.
Structurally, the rods of the “squirrel cage” at the exit from the rotor grooves are connected
to short-circuited rings located at some distance from the rotor core on both sides. When
the rotor rotates, significant mechanical forces occur, which contribute to the creation of
rod breaks at the exit from the rotor core or near short-circuited rings, especially during the
start-up or limit load periods of rotors with copper or brass rods. For rotors with a winding
made of aluminum, rod breaks occur more often in the grooves. Figure 2 shows images of
rotor damage for various “squirrel cage” designs.

When operating machines with a broken “squirrel cage” structure, pulsation of cur-
rents occurs in the stator with a slip frequency, which creates vibration and affects the
torque of the machine. At the same time, the frequency of rotation of the rotor fluctuates
even with changes in small loads.

The occurrence of a contact failure in individual rods leads to an increase in the load
on other rods remaining in the structure of the “squirrel cage” and increases their heating.
Increased overheating during start-ups and significant engine loads leads to further de-
struction of the rods of the rotor winding structure, leading to emergency engine failure.
In addition, the separated rods, under the action of centrifugal forces, are prone to dis-
placement and exit from the grooves in the direction of the air gap (see Figure 2a,b), which
leads to their engagement with the winding or the stator core and additional financial
costs during engine restoration. The necessary current monitoring of the state of the rotor
winding during operation as part of the built-in diagnostic system will reduce the proba-
bility of emergency failure and contribute to the timely identification of the appearance
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of a defect before the development and failure of the equipment. To solve the problem of
early detection of the type and degree of damage to the rotor winding with a poor-quality
power supply system in industrial conditions, the most effective is application of current
diagnostic methods [17].
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3. Development of an Algorithm for Determining the State of the Squirrel-Cage Rotor
Winding of an Induction Motor
3.1. Using the Park’s Vector Method for Rotor Diagnostics

A number of works [21,25,26] of modern researchers are devoted to the use of Park’s
vector approach, which belongs to current diagnostic methods for diagnosing elements of
electric machines and drives.

The basis of Park’s vector approach is the transformation of the three-phase coordinate
system of the stator currents into a two-dimensional moving system (dq-coordinates). The
trajectory described by the end of the created vector on the coordinate plane with the
corresponding axes of the stator current Isd and Isq when the power supply frequency
changes has diagnostic signs of both electrical and mechanical engine defects.

Park’s vector currents Isd and Isq are determined from ratios based on the previously
measured stator phase currents IA, IB, and IC [17]:

Isd =

√
2
3

IA−
√

1
6

IB−
√

1
6

IC (1)

Isq =

√
1
2

IB−
√

1
2

IC (2)

Then, in the dq-coordinate system, the Park’s vector for the engine describes a figure
centered at the origin according to the equation:

Is = Isd + J · Isq (3)

In the presence of a working electric machine, all currents are balanced and have no
deviations from the normal mode. Then, under the condition of power supply from a
strictly symmetrical voltage system, the Park’s vector pattern has a regular circle centered
at the origin of the dq system coordinates [18–20].

Depending on the degree of damage to the stator winding, rotor winding, bearings,
or a violation of the symmetry of the supply voltage system, three-phase stator currents
result in a changed form of the Park’s vector pattern [27]. Despite the simplicity of damage
detection using Park’s vector approach, the identification of different types of damage from
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a graphical representation of the presence of off-state modes of operation is too difficult.
The vector pattern is affected by the quality of the power supply, the engine’s operating
mode, the type of load, and many other factors. The most effective results were obtained
for diagnosing the stator with the determination of the number of closed turns in case of
a turn-to-turn short circuit in the phase of the stator winding, taking into account a poor-
quality power supply system [21]. In these studies, the authors developed an algorithm for
the practical use of the module for establishing the state and degree of the stator winding
as part of the built-in diagnostic system [23]. The construction of a Park’s vector ring is
provided using a mathematical model of an induction motor with the addition of a Park’s
vector hodograph block.

The considered principle of using the Park’s vector method also makes it possible
to determine the defects of the rotor winding of an induction motor with high accuracy.
In [26], the authors presented a study of the influence of this type of malfunction on the
phase current of the machine using the Park’s vector transformation method with analysis
using complex wavelets. Determining the defect by the considered method is possible for
stationary and bench conditions without the influence of external interference, especially
if the induction motor operates at low slip values, when the characteristic frequency
components of the rotor fault are very close to the main frequency component. The use
of this method does not allow determination of the state of the rotor during operation
with poor engine power. The development of this study is given in [18,26,28], where the
analysis of the graphic drawing of the Park’s vector in case of rotor damage is carried out
using different approaches. In the studies cited in [26] regarding the diagnosis of rotor rod
breakage in induction motors, an increase in the width of the Park’s vector ring is used
using more complex signal processing methods. In this work, it is shown that the result of
defect detection depends on the magnetic poles and the number of rotor grooves, for which
it is necessary to introduce a new approach with signal filtering, which greatly complicates
the operational determination of the type of damage, and it is difficult to implement control
in an automated mode. The authors of [28] use the deformation of the Park’s vector pattern
as an indicator for predicting the condition using different magnetic saturation in a working
and faulty induction motor with a squirrel-cage rotor for rotor diagnostics. This approach
does not allow us to accurately identify the degree of damage to the rotor and does not
take into account the changes in parameters associated with a poor power supply system.
This issue is partially resolved in [29], where the conducted studies established that the
degree of failure depends on the width of the ring of the Park’s vector pattern and gradually
increases as the severity of the rotor malfunction increases. By monitoring the relative
width of Park’s vector patterns, it is possible to identify rotor defects and control their
development in an automated control mode. The authors propose to measure the width of
the ring by monitoring the amplitude of a specific frequency in the frequency spectrum of
the Park’s vector module, where rotor faults create spectral components in the left and right
parts of the main frequency spectrum of linear currents. Control of these sidebands in the
current spectra leads to an increase in the width of the Park’s vector trajectory. However,
the work does not take into account the effect of an asymmetric system of voltages on the
change of spectral components, which are informative for assessing the degree of damage
to the engine rotor.

Figure 3 shows the difference between the Park’s vector patterns for an undamaged
AIR132 M4 engine with a power of 11 kW (Figure 3a) and with simulated damage to
the rotor rods (Figure 3b) with a symmetrical power supply system. A simulation model
of an induction motor with a squirrel-cage rotor, made in the MATLab 2018b software
environment and presented in [21,30] with the established adequacy of the simulation
results [31], was used to construct the hodograph of the Park’s vector. In order to obtain
reliable research results, a stable mode of operation of the engine without the influence of
transient processes was considered. 2018b
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electric machine: (a) for an intact rotor; (b) with one damaged rod rotor.

3.2. Development of a Technique for Determining Rotor Damage by the Park’s Vector
Hodograph Method

As can be seen from Figure 3a, with a symmetrical system of the power supply
voltages of an induction motor, the hodograph of the Park’s vector describes a circle, and
the thickening of the Park’s vector line means that there is damage in the rotor. It is possible
to determine the presence of rotor damage by calculating the thickness of the Park’s vector
line. According to the conducted simulation, when the supply voltage system is not
symmetrical, the trajectory of the Park’s vector describes an ellipse even with symmetrical
stator windings and an intact rotor. The effect of rotor damage for an unbalanced power
system on the Park’s vector pattern is also observed. If the rotor is not damaged, the ellipse
will be described by a thin line, and if the rotor is damaged, the line of the ellipse will
thicken. In addition to the creation of an ellipse, when the symmetry of the supply voltage
is violated, the slope of the ellipse is created with an angle that depends on the degree
of asymmetry of the supply voltages, which also affects the accuracy of the calculation
of the thickness of the Park’s vector pattern. To determine the thickness of the ellipse
line—which depends on the accuracy of quantifying the degree of damage—in the presence
of asymmetry in the supply voltage system, the trajectory of the Park’s vector should be
transferred from an orthogonal elliptical basis (Figure 4b) to an orthogonal circular one
(Figure 4a).
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The following designations are accepted in Figure 4:
Ip.ex—Park’s vector of the external circle (Figure 4a);
Ip.in—Park’s vector of the inner circle (Figure 4a);
Ip.ex.max—the maximum value of the Park’s vector for the external circle (Figure 4b);
Ip.ex.min—the minimum value of the Park’s vector for the external circle (Figure 4b);
Ip.in.max—the maximum value of the Park’s vector for the inner circle (Figure 4b);
Ip.in.min—the minimum value of the Park’s vector for the inner circle (Figure 4b);
Id.ex—projection of the Park’s vector of the external circle onto the d-axis (Figure 4b);
Id.in—projection of the Park’s vector of the inner circle onto the d-axis (Figure 4b);
ε—angle of ellipticity;
θ—angle of inclination of the ellipse.
To determine the degree of damage to the rotor with a symmetrical power system (see

Figure 4a), the thickness of the circle line of the Park’s vector is calculated according to the
formula:

∆Ip = Ip.ex − Ip.in, (4)

where:
Ip.ex—Park’s vector of the external circle;
Ip.in—Park’s vector of the inner circle.
Since, with the symmetry of the supply voltage system, the modulus of the Park’s

vector is the instantaneous value of the phase current of phase A, then expression (4) takes
the following form:

∆Ip = IsAmax − IsAmin, (5)

where:
IsAmax—the maximum instantaneous value of the stator phase current of phase A;
IsAmin—the minimum instantaneous value of the stator phase current of phase A.
A value of ∆Ip = 0 will mean that the rotor is intact. A value of ∆ip > 0 will indicate

the presence of damage in the rotor, and the larger the value of ∆ip, the more damaged the
rotor.

When determining the thickness of the ellipse line in the presence of asymmetry
in the supply voltage system, the calculation is performed in the following sequence to
convert the Park’s vector pattern from an orthogonal elliptical basis (Figure 4b) to an
orthogonal-circular one (Figure 4a).

Transition from three-phase to two-phase dq coordinate system according to formulae:{
Isd = IsA · cos(ω · t +ϕ)− 1√

3
· IsB · sin(ω · t +ϕ)− 1√

3
· IsC · sin(ω · t +ϕ);

Isq = IsA · sin(ω · t +ϕ) + 1√
3
· IsB · cos(ω · t +ϕ)− 1√

3
· IsC · cos(ω · t +ϕ), (6)

where:
IsA—the instantaneous value of the stator phase current of phase A;
IsB—the instantaneous value of the stator phase current of phase B;
IsC—the instantaneous value of the stator phase current of phase C;
ω—the angular frequency of the supply voltage;
ϕ—the phase shift between phase voltages and currents.
Formula (6) determines the maximum and minimum values of the Park’s vector Ipmax

and Ipmin, respectively. The value with the max index corresponds to the Park’s vector of
the outer circle, and the value with the min index corresponds to the Park’s vector of the
inner circle.

When projecting the obtained maximum value of the outer circle of the Park’s vector
Ipmax onto the d-axis, Id.ex is determined. Based on the values of the Park’s vector for the
outer circle Ipmax and its projection on the d-axis Id.ex, the angle of inclination of the ellipse
of the drawing of the Park’s vector is determined (see Figure 4b):

θ = arccos
id.ex
ipmax

. (7)
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Since the ellipses of the external and inner circles have the same angles of inclination
(Figure 4b), it is not necessary to determine the angle of inclination for the inner circle.

Then, the transition from an orthogonal elliptical basis (see Figure 4b) to an orthogonal
circular one (see Figure 4a) can be carried out using the formulae:

i′d0ex = (cos ε0 · cos θ0 − j · sin ε0 · sin θ0) · Ipmax · cos θ+ j · (cos ε0 · sin θ0 − j · sin ε0 · cos θ0) · Ipmax · sin θ, (8)

i′q0ex =
(
cos(−ε0) · cos

(
θ0 +

π
2
)
− j · sin(−ε0) ·

(
θ0 +

π
2
))
· Ipmax · cos θ+

+j ·
(
cos(−ε0) · sin

(
θ0 +

π
2
)
− j · sin(−ε0) · cos

(
θ0 +

π
2
))
· Ipmax · sin θ,

(9)

where ε0—the angle of ellipticity of the basic single vector along the d-axis in the new basis
(along the q-axis, the value of this angle is ε0. For an orthogonal-circular basis ε0 = π/4); θ0—
the angle of inclination of the basic single vector ellipse along the d-axis in the new basis
(along the q-axis, the value of this angle is equal to θ0 + π/2). For an orthogonal-circular
basis θ0 = 0.

The maximum value of the Park’s vector for the inner circle is determined by the
expression (Figure 4b):

Ip.in.max =
Id.in
cos θ

=
Ipmin

cos θ · sin θ
. (10)

Substitution of expression (10) in (8) and (9) gives the following results:

i′d0in = (cos ε0 · cos θ0 − j · sin ε0 · sin θ0) ·
ipmin

sin θ
· cos θ+ j · (cos ε0 · sin θ0 − j · sin ε0 · cos θ0) · ipmax ·

ipmin

cos θ
, (11)

i′q0in =
(
cos(−ε0) · cos

(
θ0 +

π
2
)
− j · sin(−ε0) ·

(
θ0 +

π
2
))
· ipmin

sinθ+

+j ·
(
cos(−ε0) · sin

(
θ0 +

π
2
)
− j · sin(−ε0) · cos

(
θ0 +

π
2
))
· ipmin

cosθ .
(12)

Then, the projections of the Park’s vector of the external circle in the new basis can be
defined as:  i′d0ex =

√(
Re
(
i′d0ex

))2
+
(
Im
(
i′d0ex

))2;

i′q0ex =
√(

Re
(
i′d0ex

))2
+
(
Im
(
i′d0ex

))2.
(13)

Projections of the Park’s vector of the inner circle in the new basis are defined as: i′d0in =
√(

Re
(
i′d0in

))2
+
(
Im
(
i′d0in

))2;

i′q0in =
√(

Re
(
i′d0in

))2
+
(
Im
(
i′d0in

))2.
(14)

If I′d0ex = I′q0ex and I′d0in = I′q0in are equal, and if I′d0ex 6=I′d0in and I′q0ex 6=I′q0in, there
will be damage in the rotor of the induction motor. When I′d0ex 6=I′q0ex and I′d0in 6=I′q0in
and I I′d0ex 6=I′d0in and I′q0ex 6=I′q0in, damage will occur in both the stator and the rotor. If
I′d0ex 6=I′q0ex and I′ I′d0in 6=I′q0in and I′d0ex = I′d0in and I′q0ex = I′q0in, damage will occur only
in the stator [21].

Since it was found that when only the rotor of the induction motor is damaged,
I′d0ex = I′q0ex and I′d0in = I′q0in, the thickness of the Park’s vector line can be calculated
using the expression:

∆ip = i′d0ex − i′d0in, (15)

or by expression:
∆ip = i′q0ex − i′q0in. (16)

Calculation of the figure thickness of the Park’s vector according to expressions (15)
and (16) according to the proposed method allows us to obtain the value of ∆Ip, which can
be used to quantitatively assess the degree of damage to the rotor winding of an induction
electric machine with a sufficiently high reliability, regardless of the quality of the power
supply system.
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3.3. Algorithm for Using Park’s Method for Rotor Diagnostics in Built-In Diagnostic Systems

In accordance with the proposed method of calculating the thickness of the Park’s
vector figure, an algorithm for diagnosing damage to the rotor of an induction motor in the
built-in vehicle diagnostics system has been developed. When compiling the algorithm, we
considered the option of sharing the same sensors for the stator interturn diagnostic module
and determining the state of the rotor using the Park’s vector method.The algorithm for
diagnosing damage to the rotor of an induction motor for practical implementation is
shown in Figure 5.
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To obtain the value of the phase currents, three current sensors—DIsA, DIsB, and DIsC—
are used. It is typical for transport systems that an induction electric motor receives power
from an autonomous voltage inverter, so the supply voltage system can be non-sinusoidal
in nature. Therefore, to determine the amplitude and phase of the first (fundamental)
harmonic of the stator phase currents (IsA1, IsB1, IsC1, ϕIsA1, ϕIsB1, ϕI), a fast Fourier
transform block is used to correctly obtain the stator current diagrams.

The amplitudes of the first harmonics of the stator phase currents (IsA1, IsB1, IsC1)
are sent to the block where they are converted from the three-phase coordinate system
to the two-phase moving dq coordinate system with the receipt of Isd and Isq currents in
accordance with (5). After determining Ipmax and its projection on the d-axis (Id.ex), the
angle of inclination of the ellipse of the drawing of the Park’s vector from (6) is determined.
If the angle is θ = 0, then the induction motor has a symmetrical quality supply, and the
stator currents are used to determine the damage element of the motor. In case of damage
to the rotor winding, the difference between the maximum instantaneous phase current of
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the stator IsAmax and the minimum instantaneous phase current IsAmin gives the value of
the parameter ∆Ip (5), which determines the degree of damage to the rotor.

At the set value of the angle of inclination of the shape of the trajectory of the Park’s
vector (Figure 4b), the electric machine receives low-quality power; therefore, in order to
accurately determine the parameter ∆Ip, it is necessary to recalculate the current values
Isd and Isq for the transition from the orthogonal elliptical basis to the orthogonal circular
basis according to the ratios (7)–(11).

After determining the values of the projections of the stator currents of the Park’s
vector figure on the d-axis (Isd0) and on the q-axis (Isq0), the damaged machine element is
set. If the values of current projections are uneven, the stator winding of the machine is
damaged. In the case of the Isd0=Isq0 equation, the maximum instantaneous value of the
phase current projection Isd0max and the minimum instantaneous value of the stator phase
current projection Isd0min are compared. When the values of the current projections differ,
the parameter ∆Ip is calculated, which can be called the “rotor damage criterion” in the
future. An increase in the ∆Ip parameter indicates an increase in the level of damage to
the squirrel-cage rotor winding, the development of which can be monitored during the
operation of the electric machine.

4. Discussion

The Park’s vector hodograph method is the most promising method for monitoring
the state of the main elements of an induction motor during operation using the automation
of the diagnostic process. The advantage of the method is the ability to obtain reliable
diagnostic parameters despite the quality of the power supply system being disturbed at
the earliest stages of their appearance. In the proposed rotor condition control algorithm, it
is possible to establish the current technical condition of the rotor by comparing the width
of the ring of the Park’s vector circle with the reference value for this type of engine and
to control the development of the degree of damage to the rotor by increasing the width
of the ring of the Park’s vector figure. To control the development of rotor defects during
the operation of the electric machine, the damage criterion ∆Ip is used. When powering
the machine through an inverter with a non-sinusoidal signal, the algorithm provides for
the use of a fast Fourier transform block to determine the amplitude and phase of the
first (main) harmonic of the phase currents to obtain correct diagnostic results. The main
disadvantage of using Park’s method in diagnostics is the difficulty of detecting damage
in idling modes or with a slight engine load. However, for the use of the method in the
built-in diagnostic systems of vehicles, this is not decisive. In order to identify the degree
of severity of damage to the squirrel-cage rotor winding and to determine the number of
damaged rods based on the value of the parameter ∆Ip, it is necessary to conduct additional
research by means of mathematical modeling. At the same time, already at this stage, it is
possible to predict the period of trouble-free operation of the engine based on the deviation
of the value of ∆Ip. In addition, when using Park’s method, some current sensors and a
part of the calculation blocks are used to determine the state of the stator winding to ensure
the diagnostic processes of both important engine elements.

The use of Park’s vector method is also possible for the detection of mechanical
damage, which demonstrates the universality and perspective of the method for use in the
built-in diagnostic monitoring systems of all important elements of an induction motor.

The next work will be devoted to research on determining the number of damaged
rotor winding rods via the proposed method. This is necessary for making a prognosis of
trouble-free operation during the period of operation of the electric machines of vehicles
and planning the recovery period in the event of damage.

5. Conclusions

The work provides statistics of damage to the main important elements of induction
electric machines that are subject to control during the period of operation to ensure the
efficiency and safety of transportation. Research on the development of a methodology
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and algorithm for the practical application of Park’s vector approach for diagnosing rotor
damage during engine operation is also presented.

In the course of research, a procedure was developed for recalculating the values of
the amplitudes of the phase currents of the stator—obtained with a poor-quality power
supply system—to the actual values of the currents of the symmetrical system of the supply
voltages of the induction motor in order to correctly determine the degree of damage to
the rotor.

A means of determining the thickness of the circle of the trajectory of the Park’s vector
is proposed for determining the degree of rotor damage by the difference between the
maximum and minimum values of the phase currents of the Park’s vector pattern, which
correspond to the outer and inner size of the circle of the vector trajectory.

The algorithm of the module for monitoring the presence of damage in the squirrel-
cage rotor winding has been developed for practical implementation in diagnostic systems
with possible use together with the module for monitoring the stator from common sensors
and part of the blocks.

The proposed control approach allows us to determine the degree of damage to the
squirrel-cage rotor winding and to monitor the development of the defect during operation
using an automated mode, regardless of the quality of the power supply system.
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