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Abstract: A method is proposed for determining the number of damaged stator windings in the
presence of an asymmetric power supply system for an induction electric motor based on the Park
vector hodograph. As a result of the experiments on the simulation model, it was found that with
the symmetry of the system of supply voltages and stator windings, the hodograph of the Park
vector describes a circle; in all other cases it is an ellipse. It has been established that the presence of
asymmetry in the supply voltage system is indicated by the angle of inclination of the ellipse, and
the indicator of the presence of the asymmetry of the stator windings is the angle of ellipticity. In
order to identify the presence of asymmetry of the stator windings in the conditions of asymmetry of
the supply voltage system, an algorithm for recalculating the ellipse parameters for the condition
of the symmetry of the supply voltage system was proposed. Recalculation errors did not exceed
6%. It has been established that the dependence of the increment of the amplitudes of the phase and
angles of the phase currents of the stator on the number of damaged turns of the stator winding is
linear. Based on this fact, an algorithm for determining the number of damaged turns was proposed.
The results of this work can be used to build systems for diagnosing the interturn short circuit of the
stator of an induction electric motor built into the drive.

Keywords: induction motor; interturn circuit; asymmetry of the power system; Park vector

1. Introduction

The global trend of a constant increase in prices for energy resources requires an
assessment of the effectiveness of the technical state of technological processes and tech-
nical systems [1]. Evaluation of the effectiveness of the technical state of technological
processes and systems will make it possible to choose ways and develop algorithms for
their optimization [2]. Optimization paths will reduce both mechanical and electrical losses.
This fact, in turn, will affect the reduction of energy consumption of technical systems
during the execution of technological processes.

On the other hand, stability [3,4] and reliability [5,6] are also topical issues when
considering the efficiency of the operation of technical systems. When evaluating the
reliability, it is necessary to establish the influence of the reliability of each element on the
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reliability of the technical system as a whole and have enough necessary information to
predict the period of their trouble-free operation [7]. The main element in most modern
technical systems is the electric drive [8].

Squirrel-cage induction motors are widely used in various industries and transport.
They are used in technological lines of heavy engineering [9,10], as traction motors on
railway rolling stock [11–13], as auxiliary equipment on railway rolling stock [14,15] and in
water transport [16,17]. Thus, the quality and accuracy of the execution of technological
processes depend on the technical condition of induction motors. In this regard, providing
timely and reliable diagnostics of the technical condition of induction motors is an urgent
modern task. Taking into account the difficult operating conditions of electrical machines
and the responsibility of their functions in vehicles such as ships used in water transport
or the rolling stock of railways, the task of creating a system for diagnosing the state of
induction motors built into the composition of the corresponding drives is an urgent task.

In studies [18,19], an analysis of the causes of failures of induction motors and statistics
of the main types of failures was carried out. From the analysis carried out in these works,
it follows that the largest part of the failures is due to damage to the insulation of the
windings of an induction motor. Interturn short circuits in the motor stator windings
occupy a large part among the other causes of insulation damage.

The study [20] provides an overview of methods for diagnosing induction motors,
and the study [21] provides an overview of modern methods for diagnosing interturn short
circuits in stator windings. In these works, three main methods for diagnosing interturn
short circuits are distinguished: vibration, current and temperature. The implementation of
the temperature method is the most economical type of diagnostics methods used, however,
the results of the interturn fault diagnostics have low accuracy and information content.
When carrying out bench diagnostics, diagnostic systems based on the implementation of
vibrational methods showed good results in terms of accuracy. However, when carrying out
bench tests, the symmetry and sinusoidality of the supply voltage system of the induction
motor is taken into account, which is not always carried out with the diagnostic system
built into the drive.

It is shown in [22] that the process of changing the voltage in the contact network
is a non-stationary non-deterministic process, which indicates the asymmetry and non-
sinusoidality of the voltage of the power supply system of traction induction motors.

Vibration systems for diagnosing the interturn short circuit of the motor windings are
based on the study of the level of vibrations during the operation of an induction motor. In
works [23,24], a study was made of the effect of interturn short circuits on the operating
characteristics. These works show that interturn short circuits cause torque pulsation on
the motor shaft, asymmetry of the systems of the stator and rotor currents, an increase in
the average value of the stator current, and a decrease in efficiency and power. Torque
ripples on the shaft are used as a diagnostic parameter. In the same works, it is shown
that with the same degree of damage to the stator windings, the level of pulsations during
the operation of the electric motor with a load is much less than in the idle mode, which
makes it difficult to identify the presence of an interturn short circuit during operation.
During bench tests, diagnostics in the idle mode do not cause great difficulties, but when
diagnosing an induction motor as part of a drive during its operation, this mode cannot
be implemented, since the motor is under load all the time. It follows from this that the
systems of vibration diagnostics in diagnosing an induction motor operating as part of a
drive are less effective than in bench tests.

The asymmetry and non-sinusoidality of the voltages of the power supply system of
an induction motor is the dominant factor that reduces the efficiency of diagnostic systems
for a running induction motor. In [25], it is shown that the asymmetry of the power supply
system of an induction motor has the same effect on its performance as the interturn short
circuit. When using vibration diagnostic systems in conditions of the asymmetry and
non-sinusoidality of the electric motor supply voltage system, the question of the causes of
vibrations remains open.
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Current methods based on the measurement of phase currents [26] and the study of
changes in stator currents in different phases [27] also do not allow researchers to accurately
determine the reasons for the manifestation of the asymmetry of the stator current system.

The analysis of the reasons for the occurrence of asymmetry in the systems of stator
currents of an induction motor is devoted to the works [28–30], in which it is proposed to
determine the presence of an interturn short circuit in the stator windings of an induction
motor using the Park vector. These works show that with a symmetrical system of supply
voltages and the absence of an interturn circuit of the stator windings, the Park vector
hodograph describes a regular circle. In the presence of an interturn short circuit, the Park
vector hodograph is extended along one of the axes and takes the form of an ellipse, but
these works did not investigate the effect of asymmetric voltage on the shape of the Park
vector hodograph.

The solution to this issue is considered in the study [31], where the authors showed
the effect of an asymmetric supply voltage system in the absence of an interturn circuit of
the stator windings of an induction motor on the shape of the Park vector hodograph. It
states that the asymmetry of the supply voltage system also leads to the formation of an
ellipse of the Park vector hodograph, and this ellipse has an inclination relative to one of
the axes.

Despite the obviously correct approach to diagnosing the presence of an interturn short
circuit in the stator windings of an induction motor [28–30] and determining the effect of
the asymmetry of the supply voltage system on the shape of the Park vector hodograph [31],
a number of issues remain unexplored. The main issues to be considered and researched
include: the separation of the influence of interturn short circuit and asymmetry of the
electric motor supply voltage system from the shape of the Park vector hodograph and the
determination of the degree of damage to the stator windings of the electric motor.

Thus, the development of an algorithm for separating the effect of the interturn short
circuit of the stator windings and the asymmetry of the supply voltage system on the
characteristics of an induction motor, as well as determining the degree of damage to its
windings, is an urgent task for creating a diagnostic embedded system.

The aim of this research was to develop an algorithm for determining the degree
of damage to the windings of the stator phases of an induction motor as a result of the
occurrence of an interturn circuit in symmetrical and asymmetric supply voltage systems.

To accomplish the aim, the following was done:

1. The Park vector hodograph has been constructed under the condition that the supply
voltage system is symmetrical for a different number of turns on one of the stator
phases, the number of which was determined by taking into account the degree of
damage to the winding (the number of closed turns). According to the hodograph
diagrams of the Park vector, the values of the amplitudes of the stator phase currents
and the angles of the phase shift between the current and voltage in each stator phase
have been calculated. The determination of the amplitudes of the stator phase currents
and the angles of the phase shift between the current and voltage have been carried
out according to the time diagrams of the stator currents, after which the results have
been compared;

2. The Park vector hodograph has been constructed under the condition of a fixed
degree of damage to one of the phases of the stator winding and various values of
deviations from the nominal phase supply voltage of one of the phases of the electric
motor. According to the hodograph diagrams of the Park vector, the values of the
amplitudes of the stator phase currents and the angles of the phase shift between the
current and voltage in each stator phase have been calculated. The determination of
the amplitudes of the phase currents of the stator and the angles of the phase shift
between the current and voltage in each phase of the stator has been carried out
according to the time diagrams of the stator currents, after which the results have
been compared;
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3. The Park vector hodograph has been constructed under the condition of a fixed
deviation from the nominal value of the phase supply voltage of one of the phases of
the electric motor and a different number of turns of the winding of one of the stator
phases, taking into account various degrees of interturn short circuit. According to
the hodograph diagrams of the Park vector, the values of the amplitudes of the stator
phase currents and the phase shift angles between the current and voltage in each
stator phase have been calculated. The determination of the amplitudes and angles
of the phase shift has been carried out according to the time diagrams of the stator
currents, after which the results have been compared;

4. The values of the amplitudes of the phase currents of the stator and the angles of the
phase shift between current and voltage, obtained in Paragraphs 2 and 3, have been
recalculated for the case of symmetry of the supply voltage system of the induction
motor. Comparison of the received results with the results received in Point 1 has
been carried out;

5. An algorithm for determining the number of damaged turns of the stator winding of
an induction motor has been proposed.

The advantage of the proposed method is the relative simplicity of its implementation.
For its implementation, only the values of the stator phase currents are needed. In modern
drive systems with vector control or direct torque control of an induction motor, current
sensors are already present. In addition, the proposed method makes it possible to separate
the impact of the performance of an induction motor from the unbalance of the voltage
system and the unbalance of the stator windings. To do this, the authors proposed an
algorithm for recalculating the projections of the hodograph vector of the Park of stator
currents from an orthogonal–elliptical basis to an orthogonal–circular one. In addition,
the recalculation algorithm proposed by the authors will make it possible to determine
the presence or absence of an interturn short circuit in the motor stator windings and to
determine the degree of damage to the stator winding.

This work can be used to build a diagnostic system for an induction motor operating
as part of a drive under conditions of asymmetry of the supply voltage system.

2. Materials and Methods

The studies were carried out for a squirrel-cage induction motor for a simulation model
made in the MATLab software environment, the principles of which are given in [32], and
the implementation is in [33]. The choice of the model is due to the establishment of the
adequacy of its operation both for asymmetric modes of the stator windings as a result of
damage, and for the asymmetry of the supply voltage system.

Asymmetric modes of stator windings were implemented in the model based on
the methodology given in [34]. On the basis of works [35–37], the simulation of the Park
transform block was performed. The simulation model of an induction motor [33] was
supplemented with a Park transformation block.

Under the condition of a fixed degree of damage to one of the phases of the stator
winding and different values of deviation from the nominal phase supply voltage of one of
the phases of the electric motor, time diagrams of the stator currents and the Park vector
hodograph were obtained. According to the hodograph diagrams of the Park vector, the
values of the amplitudes of the stator phase currents and the phase shift angles between
the current and voltage in each stator phase were calculated. The calculations were carried
out according to the method for determining the parameters of a signal presented in an
orthogonal–circular basis [38–40]. The comparison of results was made for the deviation of
the amplitudes of the phase currents of the stator and the angles of the phase shift between
current and voltage in each phase of the stator from the nominal values.

Under the condition of a fixed deviation from the nominal value of the phase voltage
of one of the phases of the electric motor and a different number of turns on one of the stator
phases, corresponding to a different degree of damage to the winding, time diagrams of the
stator currents and the Park vector hodograph were obtained. According to the hodograph
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diagrams of the Park vector, the values of the amplitudes of the stator phase currents and
the phase shift angles between the current and voltage in each stator phase were calculated.
The calculations were carried out according to the method for determining the parameters
of a signal presented in an orthogonal–elliptical basis [38–40]. The comparison of results
was made for the deviation of the amplitudes of the phase currents of the stator and the
angles of the phase shift between the current and voltage in each phase of the stator from
the nominal values.

The values of the amplitudes of the stator phase currents and the angles of the phase
shift between current and voltage in each stator phase, obtained for different values of
the deviation from the nominal value of the phase supply voltage of one of the phases of
the electric motor, were recalculated for the case of the symmetry of the supply voltage
system of the induction motor. The recalculation was carried out according to the method
of transition from the orthogonal–elliptic basis to the orthogonal–circular basis of the signal
representation [41–43]. The obtained results were compared with the results obtained for
the condition of a fixed degree of damage to one of the phases of the stator winding and
different values of deviation from the nominal value of the phase supply voltage of one of
the phases of the electric motor. The comparison of results was made for the deviation of
the amplitudes of the phase currents of the stator and the angles of the phase shift between
the current and voltage in each phase of the stator from the nominal values.

Based on the research results, an algorithm for determining the number of damaged
turns of the stator winding of an induction motor (degree of damage) was proposed. The
algorithm is based on the use of the fact that the increments of the amplitudes of the stator
phase currents and the phase shift angles between the current and voltage in each phase of
the stator in the event of an interturn short circuit, in comparison with the nominal mode,
are linear.

The object of the research is a squirrel-cage induction motor of the AIR132M4 series
with a power of 11.0 kW. The technical characteristics of the AIR132M4 electric motor are
given in Table 1 [23].

Table 1. Parameters of AIR132M4 series squirrel-cage induction motor.

Indicators Value

Power P, kW 11.0
Effective value of the phase voltage Unom, V 311.0

Effective value of stator current Isnom, A 31.0
Rated supply voltage frequency f, Hz 50.0

Rated speed nr, rpm 1450
Number of phases n, items 3

Number of pole pairs pp, items 2
Power factor cosϕ, r. u. 0.847

Efficiency η,% 88.1
Stator winding phase active resistance rs, Ω 0.5

Active resistance of the rotor winding reduced to the stator winding r′r, Ω 0.36
Stator winding leakage inductance Lσs, Hn 0.001783

Rotor winding leakage inductance reduced to the stator winding, L′σr, Hn 0.002986
Total inductance of the magnetizing circuit Lµ, Hn 0.07266

Number of phase turns of the stator winding ws, things 96
Number of rotor bars Zr, things 64

Stator winding length ls, m 0.163
Air gap length lβ, m 0.128
Stator radius rs, m 0.255
Rotor radius rr, m 0.253
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The values of the remaining parameters required for the organization of asymmetric
regimes were obtained automatically using a simulation model [33].

3. Determination of the Degree of Damage to the Stator Windings during Interturn
Short Circuit
3.1. Determination of the Amplitude of the Stator Phase Currents and the Angles of the Phase Shift
between Current and Voltage in Each Stator Phase with the Symmetry of the Supply Voltage
System for a Different Number of Turns on One of the Stator Phases

In a real induction machine, phase currents and voltages are described in three-phase
ABC coordinates. The transition from three-phase coordinates to rotating two-phase
coordinates dq is called the Park transformation, with the d coordinate directed along the
stator phase A voltage.

When diagnosing malfunctions of an induction motor using the Park vector on a
plane with coordinates dq, the Park vector hodograph was constructed. With a serviceable
induction machine, the Park vector hodograph describes a regular circle, and in the presence
of various types of faults, an ellipse [28–30]. This is explained by the fact that only when
the system of stator windings of an asynchronous motor is balanced, the condition Id sin(ω
t) = Iq sin(ω t + π/2) is fulfilled. In this case, the hodograph of the Park vector will describe
a circle. With an asymmetric stator winding system, Id sin(ω t) 6= Iq sin(ω t + π/2), then
the hodograph of the Park vector will describe an ellipse.

The hodograph of the Park vector in the presence of faults in an induction machine is
shown in Figure 1.
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The following designations are adopted in Figure 1:

θ—the orientation angle of the Park vector (ellipse): the angle between the OIsd axis and
the main semi-axis of the ellipse);
ε—the ellipticity angle: the angle between the main semi-axis of the ellipse and the diagonal
of the rectangle closest to it;
υ—the angle between the main semi-axis of the ellipse and the instantaneous position of

the Park vector
→
IP;

Ipmin,—the values of the Park vector when it coincides with the q axis;
Ipmax—the values of the Park vector when it coincides with the d axis.
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The transition from ABC coordinates to dq coordinates is carried out using the
formulas [35–37]:{

Id = IA· cos(ω·t +ϕ)− 1√
3
·(IB − IC)· sin(ω·t + ϕ),

Iq = IA· sin(ω·t + ϕ) + 1√
3
·(IB − IC)· cos(ω·t + ϕ),

(1)

where IA, IB, IC—the value of the phase currents of the induction motor, presented in
ABC coordinates;

ϕ—the phase angle of the projection of the rotating vector onto the direction of the
principal semi-axis of the ellipse.

Full phase of the space vector of the stator current [35–37]:

ϕ(t) = ω·t + ϕ, (2)

whereω—the angular frequency of rotation of the coordinate plane. When choosing the
rotation frequency of the coordinate plane, the following considerations were taken into
account. For this problem, it is necessary to express the projections of the Park vector on
both axes of the coordinate plane as a function of the angular frequency of the stator phase
currents. Therefore, the angular frequency of rotation of the coordinate plane was taken to
be equal to zero.

The total phase of the Park vector in some (not constant during one oscillation period)
scale determines the angle υ(t) between the main semi-axis of the ellipse and the instanta-

neous position of the Park vector
→
Ip. The angles ϕ(t) and υ(t) are not equal in magnitude,

since the Park vector rotates at different speeds during one period. Only at those times

when the Park vector
→
Ip coincides with the semi-axes of the ellipse does the equality ϕ = υ

take place. At other times, the value of the angle υ is found from the relationship [35–37]:

tgυ(t) = tgε·tgϕ(t), (3)

so

υ(t) = arctg[tgε·tgϕ(t)] + π

2
·sign{sin ε·sinϕ(t)}·[1− sign{cos ε·cosϕ(t)}], (4)

where sign[a] is «sign a», so

sign[a] =

{
1 at a > 0,
−1 at a < 0.

(5)

In order to determine the phase of the spatial current vector on the diagram (Figure 1),
in addition to the direction of the main semi-axis of the ellipse and the direction of the field

vector, the instantaneous position of the Park vector
→
Ip at time t = 0 is shown. Then, the

angle between the Park vector (
→
Ip and the main semi-axis will approximately determine

the phase ϕ of the space vector of the stator current. Positive values of ϕ are plotted in the
direction of field rotation.

In the following, the angle υ is called the phase of the Park vector, and the angle ϕ is
called the angle of the space vector of the stator current.

For research, the original simulation model of an induction motor [33] was supple-
mented with “Block for determining the coordinates of the Park vector” (Figure 2).

To set asymmetric power modes for an induction motor, the following changes were
made to the original simulation model. In the original simulation model, the electrical part
is made on the elements of the Specialized Power System library. To carry out the planned
studies, the phase voltages of the stator of an induction electric motor are made in the
form of a sinusoidal voltage generator of the Simulink library. The voltage of one of the
phases (in this case, phase A) is multiplied by the coefficient kU, which sets the asymmetric
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mode of the power system. To match the signal levels of different libraries, the signals from
the generator outputs are fed to controlled voltage sources. After that, the stator supply
voltages are applied to the corresponding terminals of the stator winding of the induction
electric motor. The values of the controlled signals are fed into the Workspace, where, after
processing, they are displayed on the corresponding graphs.

When conducting research, the change in the amplitude of phase currents during
transient processes in an induction motor was taken into account, which leads to a change
in the shape of the Park vector hodograph. For this purpose, starting diagrams of stator
currents (Figure 3), torque (Figure 4) and motor shaft speed (Figure 5) were obtained in the
simulation model.
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According to the starting diagrams, the time of the transient process was determined,
which amounted to 0.36 s.

To construct the hodograph of the Park vector, a time interval was adopted corre-
sponding to two periods of the supply voltage of the stator of the induction motor, i.e., the
studies were carried out in the time interval from 0.36 s to 0.4 s.
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The first experiment consisted of constructing the Park vector hodograph with a
symmetrical power supply system for the following number of turns of the stator winding
of phase A of an induction electric motor: wsA1 = 96, wsA2 = 91, wsA3 = 86, wsA4 = 81,
wsA5 = 76, the number of which corresponds to the number of remaining undamaged turns
after an interturn short circuit of varying degrees with undamaged turns of the windings
of phases B and C (wsB = 96, wsC = 96 (see Table 1)).

For the above modes of operation, plots of the Park vector hodographs are plotted
(Figure 6).
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Figure 6. Park vector hodographs for a symmetrical power supply system of an induction motor:
Ip1—at wsA1 = 96; Ip2—at wsA2 = 91; Ip3—at wsA3 = 86; Ip4—at wsA4 = 81; Ip5—at wsA5 = 76 turns of
the stator winding of phase A and the initial number of turns in phases B and C: wsB = 96, wsC = 96.

Figure 6 defines the values of currents Isd at Isq = 0 and Isq at I Isd = 0. The results are
listed in Table 2.
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Table 2. Deviations of the amplitude and phase displacements of the stator phase currents during interturn short circuit in phase A of the stator winding.

Parameter of the Park Vector
Number of Working Turns of the Stator wsA

wsA1 = 96 wsA2 = 91 wsA3 = 86 wsA4 = 81 wsA5 = 76

Current value Isd0, at Isq = 0, A 30.946 31.183 31.398 31.66 31.854
Current value Isq0, at Isd = 0, A 30.946 30.685 30.418 30.192 29.897

Instantaneous value of the phase A stator current IsA, A 30.942 31.191 31.398 31.66 31.9
Phase A stator current increment ∆IsA, A 0 0.228 0.456 0.718 0.958

Instantaneous value of the phase A stator current determined from the IsA diagram, A 30.946 31.183 31.398 31.659 31.853
Phase A stator current increment determined from the diagram ∆IsAm, A 0 0.237 0.452 0.713 0.903

Error in phase A stator current increment, δ∆IsA, % 0 3.95 0.88 0.69 5.74
Instantaneous value of the phase B stator current IsB, A 30.942 30.788 30.634 30.48 30.326

Phase B stator current increment ∆IsB, A 0 −0.154 −0.308 −0.462 −0.616
Instantaneous value of the phase B stator current of determined from the IsB diagram, A 30.946 30.791 30.627 30.507 30.318

Phase B stator current increment determined from the diagram ∆IsBm, A 0 −0.155 −0.319 −0.439 −0.628
Error in determining the phase B stator current increment δ∆IsB, % 0 0.65 3.58 5.63 2.45

Instantaneous value of the phase C stator current IsC, A 30.942 30.808 30.674 30.54 30.406
Phase C stator current increment ∆IsC 0 −0.134 −0.268 −0.402 −0.536

Instantaneous value of the phase C stator current, determined from the IsCm diagram, A 30.946 30.81 30.667 30.567 30.401
Phase C stator current increment determined from the diagram ∆IsCm, A 0 −0.136 −0.279 −0.379 −0.545

Error in determining the i of the phase C stator current increment, δ∆IsC, % 0 1.49 4.1 5.72 1.23
The phase shift angle of the phase A stator current determined on the model, ϕIsAm, deg. 31.32 30.921 30.522 30.123 29.724

Displacement of the phase shift angle of phase A stator current ∆ϕIsA, deg. 0 −0.399 −0.798 −1.197 −1.596
The phase shift angle of phase A stator current determined on the model, ϕIsAm, deg. 31.32 30.912 30.519 30.125 29.731

The displacement of the phase shift angle of the phase A current determined on the model ∆ϕIsAm, deg. 0 −0.408 −0.801 −1.195 −1.589
The error in determining the displacement of the phase shift angle of the phase current A, δ∆ϕIsA, % 0 2.26 0.36 0.17 0.44

The phase shift angle of phase B stator current ϕIsB, deg. 31.32 31.342 31.364 31.386 31.408
Stator phase B current phase shift ∆ϕIsB, deg. 0 0.022 0.044 0.066 0.088

The phase shift angle of the phase B stator current determined on the model, ϕIsBm, deg. 31.32 31.341 31.363 31.384 31.406
Displacement of the phase shift angle of phase B stator current determined on the model, ∆ϕIsBm, deg. 0 0.021 0.043 0.064 0.086

Error in determining the displacement of the phase shift angle of the phase current B, δ∆ϕIsB, % 0 4.45 2.27 3.03 2.27
Phase shift angle of the phase C stator current ϕIsC, deg. 31.32 31.342 31.364 31.386 31.408
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Table 2. Cont.

Parameter of the Park Vector
Number of Working Turns of the Stator wsA

wsA1 = 96 wsA2 = 91 wsA3 = 86 wsA4 = 81 wsA5 = 76

Phase shift angle of phase C current ∆ϕIsC, deg. 0 0.022 0.044 0.066 0.088
The phase angle of the phase C stator current determined on the model, ϕIsCm, deg. 31.32 31.341 31.363 31.384 31.406

Displacement of the phase shift angle of the phase C stator current determined on the model, ∆ϕIsCm, deg. 0 0.021 0.043 0.064 0.086
Error in determining the displacement of the phase shift angle of the current C, δ∆ϕIsC, % 0 4.45 2.27 3.03 2.27

Ellipticity angle ε, deg. 45.0 44.539 44.092 43.64 43.185
Ellipse tilt angle θ, deg. 0 0 0 0 0
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In the simulation model, the values of the amplitudes and phases of the stator phase
currents were determined. The results are listed in Table 2.

The analysis of the results given in Table 2 shows that the values of the current Isq0
for all modes are less than the values of the current Isd0 of the corresponding modes. This
means that the ellipticity angle will be less than the value of π/4 rad. In addition, the tilt
angle of the ellipse is zero. This means that the family of Park vector hodographs (Figure 6)
is represented in an orthogonal–circular basis.

The calculation of the ellipticity angle for an orthogonal–circular basis was carried out
according to the formula [35–37]:

ε = arctg
Ipmin

Ipmax
. (6)

For the Park vector, represented in the orthogonal–circular basis Ipmax = Isd0, Ipmin = Isd0,
a circle is formed. In this case, the circle is a partial case of an ellipse. For this case, it can be
argued that the ellipticity angle for an orthogonal–circular basis ε and the ellipticity angle
for an orthogonal–elliptic basis γ are equal, i.e., ε = γ.

The phase shift angles of the stator currents were determined from the Expressions [35–37]:
tgϕIsA = tgγ·tgϕsnom,

tgϕIsB = tgγ·tg
(
ϕsnom − 2·π

3
)
,

tgϕIsC = tgγ·tg
(
ϕsnom + 2·π

3
)
,

(7)

whereϕsnom—the value of the phase shift angle of the stator currents with intact stator windings.
Then, 

ϕIsAm = arctg
(
tgγ·tgϕsnom

)
,

ϕIsBm = arctg
(
tgγ·tg

(
ϕsnom − 2·π

3
))

,

ϕIsCm = arctg
(
tgγ·tg

(
ϕsnom + 2·π

3
))

.

(8)

The results of calculations for the presented ratios are listed in Table 2.
The amplitudes of the stator phase currents are determined for the moment of time

were obtained from the condition:

ω·t + ϕsnom = 2·π. (9)

This made it possible to neglect the component ω·t + ϕsnom when calculating the
amplitudes of the stator phase currents.

The inverse Park transform has the form [35–37]:
isA(t) = Isd0· cos(ω·t + ϕ) + Isq0· sin(ω·t + ϕ),

isB(t) = Isd0· cos
(
ω·t + ϕ− 2·π

3
)
+ Isq0· sin

(
ω·t + ϕ− 2·π

3
)
,

isC(t) = Isd0· cos
(
ω·t + ϕ + 2·π

3
)
+ Isq0· sin

(
ω·t + ϕ + 2·π

3
)
.

(10)

When converting the components of a three-phase fixed coordinate system into com-
ponents of an arbitrarily moving orthogonal coordinate system, the Park transformation
is used. In the theory of a generalized electric machine, when modeling an induction
motor, several systems of moving coordinates are used. In particular, this is a coordinate
system oriented along the rotor field (dq coordinates), which is a coordinate system ori-
ented according to the stator voltage (xy coordinates). In these models, the projections of
currents on the corresponding axes are functions of the angular frequency of the rotation
of the motor shaft. This makes it possible to take into account slip losses, saturation of
the magnetic circuit, etc., in these models. Since this study uses a mathematical model in
three-phase coordinates, which takes into account slip losses, saturation of the magnetic
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wire, and magnetic losses, there is no need to take these factors into account again. On the
other hand, among the tasks set, there was no task to establish the relationship between
stator currents and the frequency of the rotation of the motor shaft. Therefore, the direct
transformation of the Park was used with a frequency of rotation of the coordinates that
was equal to the frequency of the supply voltage of the induction motor. Therefore, in
Expression (10)ω is the frequency of the supply voltage.

Since the coordinate system in Park transformations is oriented along the voltage of
phase A, in Expression (10) one should use the phase shift angle of phase AϕA as the phase
shift angle between the phase voltage and phase current ϕ.

Taking into account Expression (9), the amplitudes of the stator phase currents were
determined by the formulas

IsAm =
√
(Isd0· cos(∆ϕsIAm))2 +

(
Isq0· sin(∆ϕsIAm)

)2,

IsBm =
√(

Isd0· cos
(
∆ϕsIAm − 2·π

3
))2

+
(
Isq0· sin

(
∆ϕsIAm − 2·π

3
))2

,

IsCm =
√(

Isd0· cos
(
∆ϕsIAm + 2·π

3
))2

+
(
Isq0· sin

(
∆ϕsIAm + 2·π

3
))2

.

(11)

The displacements of the phase shift angles of the phase currents were determined by
the formulas:

∆ϕIsm = ϕIsm −ϕIsmnom, (12)

where ϕIsm—the phase shift angle between the phase voltage and the phase current of
the controlled phase, determined from the Park vector hodograph diagram for the case
under study;

ϕIsmnom—the phase shift angle between the phase voltage and the phase current of
the controlled phase, determined from the Park vector hodograph diagram in the absence
of an interturn short circuit.

When determining the displacements of the phase shift angles of phase currents
according to the time diagrams ∆ϕIsm in Expression (12), the corresponding values of the
angles, which were obtained from the time diagrams, were used. The calculation results
are listed in Table 2.

The increment of the stator currents of the phases was determined by the formula

∆Ism = Ism − Ismnom, (13)

where Ism—the amplitude of the phase current of the controlled phase, determined from
the hodograph diagram of the Park vector for the case under study;

Ismnom—the amplitude of the phase current of the controlled phase, determined from
the hodograph diagram of the Park vector in the absence of an interturn short circuit.

When determining the displacements of the angles of the phase shift of the phase cur-
rents according to the time diagrams ∆Ism in Expression (13), the corresponding amplitude
values obtained from the time diagrams were used. The calculation results are listed in
Table 2.

We calculated of the error of displacements of the phase shift angles of the phase
currents according to

δ∆ϕI =
|∆ϕIsm − ∆ϕIs|

∆ϕIs
·100% (14)

and increments of stator phase current

δ∆Is =
|∆Ism − ∆Is|

∆ϕIs
·100%. (15)

The calculation results are listed in Table 2.
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3.2. Determination of the Amplitude of the Stator Phase Currents and the Phase Shift Angles
between Current and Voltage in Each Stator Phase for the Number of Turns on the Damaged Stator
Phase with Asymmetry of the Supply Voltage System

The second experiment consisted of constructing the Park vector hodograph in the
presence of 86 turns of the damaged stator phase A winding for the following values of
phase A phase supply voltage: UsA1 = 311 V, UsA2 = 308 V, UsA3 = 305 V, UsA4 = 302 V,
UsA5 = 299 V at nominal values of phase voltages of phases B and C (UsB = UsC = 311 V
(Table 1)).

For the specified modes of operation, plots of the Park vector hodographs were
constructed (Figure 7).

Figure 7 defines the values of the currents Isd at Isq = 0, Isq at Isd = 0, the maximum
value of the Park vector Ipmax, the minimum value of the Park vector Ipmin, the value of the
current Isd at Ip = Ipmax, and the value of the current Isq at Ip = Ipmax. The results are listed
in Table 3.
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with wsA = 86 turns of the stator phase A winding and 96 undamaged turns of the B and C phase
windings: Ip1—at UsA1 = 311 V; Ip2—at UsA2 = 308 V; Ip3—at UsA3 = 305 V; Ip4—at UsA4 = 302 V;
Ip5—at UsA5 = 299 V and nominal values of phase voltages of phases B and C (UsB = UsC = 311 V).

In the simulation model, the values of the amplitudes and phases of the stator phase
currents were determined. The results are listed in Table 3.

The calculation of the ellipticity angle for an orthogonal–circular basis was performed
according to (6).

The calculation of the ellipticity angle for an orthogonal–elliptic basis was carried out
according to the formula:

γ = arctg
Isq0

Isd0
. (16)

The angle of inclination of the ellipse is determined by the formula

θ = arccos
Isd

Ipmax
= arcsin

Isq

Ipmax
. (17)
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Table 3. Deviations of the amplitude and phase displacements of the stator phase currents at wsA = 86 turns of the winding of phase A and 96 turns of phases B and
C with a change in the phase voltage of phase A and the rated voltages of phases B and C.

Parameter of the Park Vector
Stator Phase Voltage UsA, V

UsA1 = 311 UsA2 = 308 UsA3 = 305 UsA4 = 302 UsA5 = 299

Current value Isd0, at Isq = 0, A 31.398 30.85 29.985 29.3453 28.6192
Current value Isq0, at Isd = 0, A 30.418 31.2674 32.0223 32.7419 33.4207

Current value Isd, at Ip = Ipmax, A 31.398 15.6837 12.4823 12.088 12.0614
Current value Isq, at Ip = Ipmax, A 30.418 −27.3015 −31.9624 −31.1955 −32.2805

The maximum value of the Park vector Ipmax, A 31.398 31.4875 32.4585 33.4552 34.4603
The minimum value of the Park vector Ipmin, A 30.418 30.5226 29.6975 28.7509 28.0216

Instantaneous value of the phase A stator current IsA, A 31.398 30.875 30.039 29.37 28.694
Phase A stator current increment ∆IsA, A 0 −0.523 −1.359 −2.028 −2.704

Instantaneous value of the phase A stator current determined from the IsA diagram, A 31.398 30.85 29.987 29.354 28.645
Phase A stator current increment determined from the diagram ∆IsAm, A 0 −0.548 −1.411 −2.044 −2.753

Error in determining the phase A stator current increment, δ∆IsA, % 0 5.25 3.83 0.79 1.81
Instantaneous value of the phase B stator current IsB, A 30.634 31.169 31.653 32.138 32.551

Phase B stator current increment ∆IsB, A 0 0.535 1.019 1.504 1.917
Instantaneous value of the phase B stator current determined from the IsB diagram, A 30.627 31.18 31.601 32.048 32.453

Phase B stator current increment determined from the diagram ∆IsBm, A 0 0.533 0.974 1.421 1.826
Error in determining the phase B stator current increment, δ∆IsB, % 0 0.38 4.42 5.52 4.75
Instantaneous value of the phase C stator current increment IsC, A 30.674 31.169 31.505 31.906 32.263

Phase C stator current increment ∆IsC, A 0 0.495 0.831 1.232 1.589
Instantaneous value of the phase C stator current determined from the IsC diagram, A 30.667 31.164 31.528 31.933 32.301

Phase C stator current increment determined from the diagram ∆IsCm, A 0 0.497 0.861 1.266 1.634
Error in determining the phase C stator current increment, δ∆IsC, % 0 0.4 3.61 2.78 2.83

The phase shift angle of the phase A stator current ϕA, deg. 30.522 31.634 32.973 34.122 35.342
The displacement of the phase shift angle of phase A stator current ∆ϕIsA, deg. 0 1.112 2.451 3.6 4.82

The phase shift angle of the phase A stator current determined on the model, ϕIsAm, deg. 30.519 31.663 33.017 34.173 35.397
The displacement of phase shift angle of the phase A stator current determined on the model ∆ϕIsA, deg. 0 1.144 2.498 3.654 4.878

Error in determining the displacement of the phase shift angle of the phase current A, δ∆IsA, % 0 2.88 1.92 1.5 1.2
The phase shift angle of phase B stator current ϕIsB, deg. 31.364 31.304 31.244 31.184 31.124

Stator phase B current phase shift ∆ϕIsB, deg. 0 −0.06 −0.12 −0.18 −0.24
The phase shift angle of the phase B stator current determined on the model, ϕIsBm, deg. 31.363 31.302 31.236 31.183 31.13

The displacement of the phase shift angle of the phase B stator current determined on the model, ∆ϕIsBm, deg. 0 −0.061 −0.127 −0.18 −0.233
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Table 3. Cont.

Parameter of the Park Vector
Stator Phase Voltage UsA, V

UsA1 = 311 UsA2 = 308 UsA3 = 305 UsA4 = 302 UsA5 = 299

Error in determining the displacement of the phase shift angle of the phase current B, δ∆ϕIsB, % 0 1.67 5.83 0 2.92
The phase shift angle of the phase C stator current ϕIsC, deg. 31.364 31.304 31.244 31.184 31.124

Stator phase C current phase shift ∆ϕIsC, deg. 0 −0.06 −0.12 −0.18 −0.24
The phase angle of the phase C Stator phase B current phase shift determined on the model, ϕIsCm, deg. 31.363 31.302 31.236 31.183 31.13

The displacement of phase shift angle of the phase C stator current determined on the model, ∆ϕIsCm, deg. 0 −0.061 −0.127 −0.18 −0.233
Error in determining the displacement of the phase shift angle of the phase current C, δ∆ϕIsC, % 0 1.67 5.83 0 2.92

Ellipticity angle in orthogonal–circular basis ε, deg. 44.092 44.109 42.457 40.675 39.116
Ellipticity angle in orthogonal–elliptic basis γ, deg. 44.092 45.479 46.822 48.131 49.426

Ellipse tilt angle θ, deg. 0 −60.124 −68.668 −68.819 −69.512
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The phase shift angles of the stator currents were determined from (8). The calculation
results are listed in Table 2.

The amplitudes of the stator phase currents were determined by (11).
The displacements of the phase shift angles of the phase currents were determined

by (12).
When determining the displacements of the phase shift angles of the phase currents

according to the time diagrams ∆ϕIsm in Expression (12), the corresponding values of the
angles obtained from the time diagrams were used. The calculation results are listed in
Table 3.

The increments of the stator currents of the phases were calculated according to (13).
When determining the displacements of the phase shift angles of the phase currents

according to the time diagrams ∆Ism in Expression (13), the corresponding amplitude
values obtained from the time diagrams were used. The calculation results are listed in
Table 3.

The errors in the displacements of the phase shift angles of the phase currents were
calculated by the Formula (14), the increments of the stator current of the phases were
calculated by the Formula (15). The calculation results are listed in Table 3.

3.3. Determination of the Amplitude of the Stator Phase Currents and the Angles of the Phase Shift
between Current and Voltage in Each Stator Phase at a Fixed Degree of Asymmetry of the Supply
Voltage System for a Different Number of Turns on One of the Stator Phases

The third experiment consisted of constructing the Park vector hodograph at phase A
voltage equal to UsA = 305 V at the nominal values of phase voltages of phases B and C
(UsB = UsC = 311 V) for the following number of turns of the stator winding of phase A
of an induction motor: wsA1 = 96, wsA2 = 91, wsA3 = 86, wsA4 = 81, wsA5 = 76, the number
of which corresponded to the number of remaining undamaged turns after an interturn
short circuit of varying degrees with undamaged turns of the windings of phases B and C
(wsB = 96, wsC = 96, Table 1).

For the indicated modes of operation of the induction motor, the plots of the Park
vector hodographs were constructed (Figure 8).

Figure 8 defines the values of the currents Isd at Isq = 0, Isq at Isd = 0, the maximum
value of the Park vector Ipmax, the minimum value of the Park vector Ipmin, the value of the
current Isd at Ip = Ipmax, and the value of the current Isq at Ip = Ipmax. The results are listed
in Table 4.

In the simulation model, the values of the amplitudes of the phase currents of the
stator and the phase shift angles between the current and voltage in each phase of the stator
were determined. The results are listed in Table 4.

The calculation of the ellipticity angle for an orthogonal–circular basis was performed
according to (6); the calculation of the ellipticity angle for an orthogonal–elliptical basis
was performed according to (16).

In this case, the ellipse tilt angle was determined by (17), the phase shift angles of
the stator currents from Expressions (8), the amplitudes of the stator phase currents by
Formula (11), and the displacement of the phase shift angles of phase currents by (12). The
calculation results are listed in Table 4.

When determining the displacements of the phase shift angles of the phase currents
according to the time diagrams ∆ϕIsm in Expression (12), the corresponding values of the
angles obtained from the time diagrams were used. The calculation results are also listed
in Table 4.

The increments of the stator current of the phases were determined by (13). When
determining the displacements of the phase shift angles of the phase currents from the time
diagrams ∆Ism in Expression (13), the corresponding amplitude values obtained from the
time diagrams were used. The calculation results are listed in Table 4.
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Table 4. Deviations of amplitude and phase displacements of phase currents of the stator at phase voltage of phase A—UsA = 305 V and nominal values of phase
voltages of phases B and C (UsB = UsC = 311 V) during an interturn short circuit in phase A of the stator winding.

Parameter of the Park Vector
Number of Working Turns of the Stator wsA

wsA1 = 96 wsA2 = 91 wsA3 = 86 wsA4 = 81 wsA5 = 76

Current value Isd0, at Isq = 0, A 28.6982 29.8262 29.985 30.0266 30.5748
Current value Isq0, at Isd = 0, A 29.3945 32.2536 32.0223 31.79 31.5465

Current value Isd, at Ip = Ipmax, A 10.5215 11.4475 12.4823 14.706 16.2856
Current value Isq, at Ip = Ipmax, A −30.7401 −30.6181 −31.9624 −29.0098 −27.6087

The maximum value of the Park vector Ipmax, A 32.933 32.6881 32.4585 32.245 32.0541
The minimum value of the Park vector Ipmin, A 29.291 29.4919 29.6975 29.8965 30.0804

Instantaneous value of the phase A stator current IsA, A 28.76 30.01 30.039 30.04 30.57
Phase A stator current increment ∆IsA, A 0 1.09 1.341 1.28 1.81

Instantaneous value of the phase A stator current determined from the IsA diagram, A 28.698 29.829 29.987 30.028 30.575
The increment of the phase A stator current determined from the diagram ∆IsAm, A 0 1.131 1.289 1.33 1.877

Error in determining the phase A stator current increment, δ∆IsA, % 0 3.76 3.88 3.91 3.7
Instantaneous value of the phase B stator current IsB, A 29.25 31.686 31.653 31.446 31.35

Phase B stator current increment ∆IsB, A 0 2.436 2.403 2.196 2.1
Instantaneous value of the phase B stator current determined from the IsB diagram, A 29.249 31.753 31.601 31.424 31.343

Phase B stator current increment determined from the diagram ∆IsBm, A 0 2.504 2.352 2.175 2.094
Error in determining the phase B stator current increment, δ∆IsB, % 0 2.8 2.12 0.96 0.29
Instantaneous value of the phase C stator current increment IsC, A 29.06 31.582 31.505 31.229 31.06

Phase C stator current increment ∆IsC, A 0 2.522 2.445 2.169 2.0
Instantaneous value of the phase C stator current determined from the IsC diagram, A 29.222 31.668 31.528 31.36 31.307

Phase C stator current increment determined from the diagram ∆IsCm, A 0 2.446 2.306 2.138 2.085
Error in determining the phase C stator current increment, δ∆IsC, % 0 3.01 5.69 1.43 4.25

The phase shift angle of the phase A stator current ϕA, deg. 31.91 33.28 32.973 32.741 32.094
Offset of phase shift angle of stator phase A current ∆ϕIsA, deg. 0 1.37 1.061 0.831 0.184

The phase shift angle of the phase A stator current determined on the model, ϕIsAm, deg. 31.933 33.345 33.017 32.791 32.122
The displacement phase shift angle of the stator phase A current determined on the model ∆ϕIsA, deg. 0 1.412 1.084 0.858 0.189

The error in determining the displacement of the phase shift angle of the phase current A, δ∆IsA, % 0 3.07 2.17 3.25 2.72
The phase shift angle of phase B stator current ϕIsB, deg. 31.299 31.233 31.244 30.258 31.278

Stator phase B current phase shift ∆ϕIsB, deg. 0 −0.066 −0.055 −0.041 −0.021
The phase shift angle of the phase B stator current determined on the model, ϕIsBm, deg. 31.289 31.221 31.236 31.247 31.279

Offset of phase shift angle of stator phase B current determined on the model, ∆ϕIsBm, deg. 0 −0.068 −0.053 −0.042 −0.02
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Table 4. Cont.

Parameter of the Park Vector
Number of Working Turns of the Stator wsA

wsA1 = 96 wsA2 = 91 wsA3 = 86 wsA4 = 81 wsA5 = 76

Error in determining the displacement of the phase shift angle of the phase current B, δ∆ϕIsB, % 0 3.03 3.64 2.444 4.76
The phase shift angle of the phase C stator current ϕIsC, deg. 31.299 31.233 31.244 30.258 31.278

Stator phase C current phase shift ∆ϕIsC, deg. 0 −0.066 −0.055 −0.041 −0.021
The phase angle of the phase C Stator phase B current phase shift determined on the model, ϕIsCm, deg. 31.289 31.221 31.236 31.247 31.279

Offset of phase shift angle of stator phase C current determined on the model, ∆ϕIsCm, deg. 0 −0.068 −0.053 −0.042 −0.02
Error in determining the displacement of the phase shift angle of the phase current C, δ∆ϕIsC, % 0 3.03 3.64 2.444 4.76

Ellipticity angle in orthogonal–circular basis ε, deg. 41.65 42.057 42.457 42.836 43.181
Ellipticity angle in orthogonal–elliptic basis γ, deg. 45.687 47.239 46.822 46.634 45.896

Ellipse tilt angle θ, deg. −71.105 −69.5 −68.668 −63.118 −59.465
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Figure 8. Park vector hodographs at the phase voltage of phase A—UsA = 305 V and the nominal
values of the phase voltages of phases B and C (UsB = UsC = 311 V): Ip1—at wsA1 = 96; Ip2—at
wsA2 = 91; Ip3—at wsA3 = 86; Ip4—at wsA4 = 81; Ip5—at wsA5 = 76 turns of the stator winding of phase
A and undamaged turns of the windings of phases B and C.

The errors in the displacement of the phase shift angles of the phase currents were
calculated according to (14) and the increments of the stator current of the phases were
calculated according to (15). The calculation results are listed in Table 4.

3.4. Determination of the Amplitude of the Stator Phase Currents and the Phase Shift Angles
between Current and Voltage in Each Stator Phase for Cases in Paragraphs 3.2 and 3.3 with a
Symmetrical Supply Voltage System of an Induction Motor

In Experiments 2 (Section 3.2) and 3 (Section 3.3), the Park vector hodograph was
obtained in an orthogonal–elliptic basis. The presence of asymmetry in the power supply
system of an induction motor was evidenced by the angle of inclination of the Park vector
hodograph relative to the OIsd axis (Figures 7 and 8 and Tables 3 and 4), the value of which
is not equal to zero [31]. The analysis of the nature of the behavior of the Park vector
hodograph in case of an unbalance of the power supply system is based on the analysis of
the symmetrical components of the supply voltage system of an induction motor. Since
the sources of phase voltages are connected by a “Y”, there is no zero sequence for both
balanced and unbalanced supply voltage systems. With a balanced supply voltage system,
there is only a positive sequence, since the negative sequence is zero. With an unbalanced
supply voltage system, the negative sequence is not equal to zero. This factor leads to the
fact that with a balanced system of supply voltages, the angle of inclination of the ellipse
relative to the axis Id is equal to zero, and with an unbalanced system of supply voltages,
the angle of inclination of the ellipse relative to the axis Id is not equal to zero. With a
balanced system of supply voltages and with a symmetrical system of stator windings,
the hodograph of the Park vector describes a circle, and with an asymmetric system of
stator windings, an ellipse. With an unbalanced system of supply voltages, both with a
symmetrical and asymmetric system of stator windings, the hodograph of the Park vector
will describe an ellipse.
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When recalculating the amplitudes and phases of the phase currents obtained in the
presence of asymmetry of the voltage system of the induction motor, the instantaneous val-
ues of the currents i′sd0 and i′sq0 were calculated in an orthogonal–circular basis according
to the formulas [38–40]:

i′sd0 = (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,
(18)

i′sq0 =
(
cos(−ε0)· cos

(
θ0 +

π
2
)
− j· sin(−ε0)· sin

(
θ0 +

π
2
))
·Ipmax·cos θ +

+ j·
(
cos(−ε0)· sin

(
θ0 +

π
2
)
+ j· sin(−ε0)· cos

(
θ0 +

π
2
))
·Ipmax·sin θ,

(19)

where ε0—the ellipticity angle of the basis unit vector along the d axis in the new basis.
Along the q axis, the value of this angle is −ε0. For an orthogonally circular basis, ε0 = π/4;

θ0—the ellipse tilt angle of the basis vector along the d axis in the new basis. Along
the q axis, the value of this angle is θ0 + π/2. For an orthogonally circular basis, θ0 = 0.

The amplitude values of the currents i′sd0 and i′sq0 were calculated using the formulas
I′sd0 =

√(
Re
(

i′sd0
))2

+
(
Im
(

i′sd0
))2,

I′sq0 =
√(

Re
(

i′sq0
))2

+
(
Im
(

i′sq0
))2.

(20)

The calculation of the ellipticity angle of the Park vector for a new orthogonal–circular
basis was carried out according to (6) with the substitution of the calculated values of I′sd0
and I′sq0.

The phase shift angles of the stator currents were determined from Expressions (8)
with the substitution of the calculated values of I′sd0 and I′sq0.

The amplitudes of the stator phase currents were determined by (11) with the substi-
tution of the calculated values of I′sd0 and I′sq0.

The displacements of the angles of the phase shift of the phase currents were calculated
by Formula (12).

When determining the displacements of the angles of the phase shift of the phase
currents according to the time diagrams ∆ϕIsm in Expression (12), the corresponding values
of the angles obtained from the time diagrams were used.

The increments of the stator current of the phases were determined by (13) with the
substitution of the calculated values of I′sd0 and I′sq0

When determining the displacements of the phase shift angles of the phase currents
from the time diagrams ∆Ism in Expression (13), the corresponding amplitude values
obtained from the time diagrams were used.

The errors of displacements of the phase shift angles of the phase currents were calcu-
lated according to (14) and increments of the stator current of the phases were calculated
according to (15).

The calculation results for Experiment 2 are shown in Table 5, for Experiment 3—in
Table 6.



Symmetry 2022, 14, 1305 23 of 34

Table 5. Deviations of the amplitudes and displacements of the phase shift angles of the stator currents with 86 turns of the stator winding in phase A and intact
windings of phases B and C (96 turns) and a change in the phase voltage of phase A at the rated phase voltages of phases B and C.

Parameter of the Park Vector
Stator Phase Voltage UsA, V

UsA1 = 311 UsA2 = 308 UsA3 = 305 UsA4 = 302 UsA5 = 299

Isd0 current value determined for a symmetrical supply voltage system at Isq = 0, A 31.398 31.398 31.398 31.398 31.398
Current value Isq0, determined for a symmetrical system of supply voltages, at Isd = 0, A 30.418 30.418 30.418 30.418 30.418

Current value I′sd0, recalculated for the condition that the power supply system is symmetrical at Isq = 0, A 31.398 31.395 31.4 31.398 31.397
The current value I′sq0, recalculated for the condition that the power supply system is symmetrical at Isd = 0, A 30.418 30.415 30.419 30.421 30.418

Instantaneous value of the phase A stator current determined for a symmetrical system of supply voltages, IsA, A 31.398 31.398 31.398 31.398 31.398
The increment of the phase A stator current determined for a symmetrical system of supply voltages, ∆IsA, A 0.452 0.452 0.452 0.452 0.452

The instantaneous value of the phase A stator current recalculated for the condition that the power system is symmetrical IsA, A 31.398 31.395 31.4 31.398 31.397
Phase A stator current increment recalculated for the condition that the power supply system is symmetrical ∆IsAm, A 0.452 0.449 0.454 0.452 0.451

Error in determining the phase A stator current increment, γ∆IsA, % 0 0.66 0.44 0 0.66
Instantaneous value of the phase B stator current, determined for a symmetrical system of supply voltages IsB, A 30.634 30.634 30.634 30.634 30.634

Phase B stator current increment determined for symmetrical supply voltage system ∆IsB, A −0.308 −0.308 −0.308 −0.308 −0.308
Instantaneous value of the phase B stator current increment, recalculated for the condition that the power system is symmetrical IsB, A 30.634 30.624 30.628 30.629 30.627

Phase B stator current increment determined from the diagram ∆IsBm, A −0.308 −0.322 −0.318 −0.317 −0.319
The error in determining the phase B stator current increment, in terms of the condition that the power supply system is symmetrical γ∆IsB, % 0 4.54 3.25 2.84 3.57

Instantaneous value of the phase C stator current determined for a symmetrical system of supply voltages IsC, A 30.667 30.667 30.667 30.667 30.667
Phase C stator current increment determined for a symmetrical system of supply voltages ∆IsC, A −0.279 −0.279 −0.279 −0.279 −0.279

Instantaneous value of the phase C stator current recalculated for the condition that the power system is symmetrical IsC, A 30.667 30.664 30.668 30.669 30.666
Phase C stator current increment determined from the diagram ∆IsCm, A −0.279 −0.282 −0.278 −0.277 −0.28

Error in determining the phase C stator current increment, γ∆IsC, % 0 1.08 0.36 0.72 0.36
The phase shift angle of the phase A stator current determined for a symmetrical system of supply voltages ϕA, deg. 30.522 30.522 30.522 30.522 30.522

Displacement of the phase shift angle of phase A current determined for a symmetrical system of stator supply voltages ∆ϕIsA, deg. −0.798 −0.798 −0.798 −0.798 −0.798
The phase shift angle of the of phase A stator current, in terms of the condition that the power supply system is symmetrical, ϕAm, deg. 30.522 30.519 30.518 30.522 30.52

The displacement of the phase shift angle of the phase A stator current, in terms of the condition that the power supply system is symmetrical
∆ϕIsA, deg. 0 −0.801 −0.802 −0.798 −0.8

Error in determining the displacement of the phase shift angle of the phase current, γ∆IsA, % 0 0.38 0.501 0 0.25
The phase shift angle of the phase B stator current determined for a symmetrical system of supply voltages ϕB, deg. 31.364 31.364 31.364 31.364 31.364

The displacement of the phase shift angle of the stator phase B determined for a symmetrical supply voltage system ∆ϕIsB, deg. 0.044 0.044 0.044 0.044 0.044
The phase shift angle of the phase B stator current, in terms of the condition that the power supply system is symmetrical, ϕBm, deg. 31.364 31.363 31.363 31.362 31.362

The displacement of the phase shift angle of the current of phase B of the stator, in terms of the condition that the power supply system is
symmetrical, ∆ϕIsB, deg. 0.044 0.043 0.044 0.044 0.044

Error in determining the displacement of the phase shift angle of the phase current B, γ∆IsB, % 0 2.33 0 0 0
The phase angle of phase C stator current determined for a symmetrical system of supply voltages ϕC, deg. 31.364 31.364 31.364 31.364 31.364

The displacement of the phase shift angle of the phase C stator current determined for a symmetrical system of supply voltages ∆ϕIsC, deg. 0.044 0.044 0.044 0.044 0.044
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Table 5. Cont.

Parameter of the Park Vector
Stator Phase Voltage UsA, V

UsA1 = 311 UsA2 = 308 UsA3 = 305 UsA4 = 302 UsA5 = 299

The phase shift angle of the phase C stator current, in terms of the condition that the power system is symmetrical, ϕCm, deg. 31.364 31.363 31.363 31.362 31.362
The displacement of the phase shift angle of the phase C stator current, in terms of the condition that the power supply system is symmetrical,

∆ϕIsC, deg. 0.044 0.043 0.044 0.044 0.044

Error in determining the displacement of the phase shift angle of the phase current C, γ∆IsC, % 0 2.33 0 0 0
The ellipticity angle in the new orthogonal–circular basis ε, deg. 44.092 44.092 44.091 44.095 44.093

Table 6. Deviations of the amplitudes and displacements of the phase shift angles of the stator currents at phase voltage UsA = 305 V of phase A at nominal values of
the phase voltages of phases B and C (UsB = UsC = 311 V) and interturn short circuit in phase A of the stator of various degrees of damage.

Parameter of the Park Vector
Number of Working Turns of the Stator wsA

wsA1 = 96 wsA2 = 91 wsA3 = 86 wsA4 = 81 wsA5 = 76

Isd0 current value determined for a symmetrical supply voltage system at Isq = 0, A 30.946 31.183 31.398 31.66 31.854
Current value Isq0, determined for a symmetrical system of supply voltages, at Isd = 0, A 30.946 30.685 30.418 30.192 29.897

Current value I′sd0, recalculated for the condition that the power supply system is symmetrical at Isq = 0, A 30.947 31.183 31.4 31.661 31.853
The current value I′sq0, recalculated for the condition that the power supply system is symmetrical at Isd = 0, A 30.945 30.681 30.419 30.196 29.893

Instantaneous value of the phase A stator current determined for a symmetrical system of supply voltages, IsA, A 30.942 31.191 31.398 31.66 31.9
The increment of the phase A stator current determined for a symmetrical system of supply voltages, ∆IsA, A 0 0.228 0.456 0.718 0.958

The instantaneous value of the phase A stator current recalculated for the condition that the power system is symmetrical IsA, A 30.947 31.183 31.4 31.66 31.852
Phase A stator current increment recalculated for the condition that the power supply system is symmetrical ∆IsAm, A 0 0.236 0.453 0.718 0.905

Error in determining the phase A stator current increment, γ∆IsA, % 0 3.51 0.66 0 5.53
Instantaneous value of the phase B stator current, determined for a symmetrical system of supply voltages IsB, A 30.942 30.788 30.634 30.48 30.326

Phase B stator current increment determined for symmetrical supply voltage system ∆IsB, A 0 −0.154 −0.308 −0.462 −0.616
Instantaneous value of the phase B stator current increment, recalculated for the condition that the power system is symmetrical IsB, A 30.945 30.788 30.628 30.51 30.315

Phase B stator current increment determined from the diagram ∆IsBm, A 0 −0.157 −0.317 −0.435 −0.63
The error in determining the phase B stator current increment, in terms of the condition that the power supply system is symmetrical γ∆IsB, % 0 1.95 2.92 5.84 2.27

Instantaneous value of the phase C stator current determined for a symmetrical system of supply voltages IsC, A 30.942 30.808 30.674 30.54 30.406
Phase C stator current increment determined for a symmetrical system of supply voltages ∆IsC, A 0 −0.134 −0.268 −0.402 −0.536

Instantaneous value of the phase C stator current recalculated for the condition that the power system is symmetrical IsC, A 30.946 30.807 30.668 30.57 30.397
Phase C stator current increment determined from the diagram ∆IsCm, A 0 −0.139 −0.278 −0.376 −0.549

Error in determining the phase C stator current increment, γ∆IsC, % 0 3.73 3.73 6.47 2.43
The phase shift angle of the phase A stator current determined for a symmetrical system of supply voltages ϕA, deg. 31.32 30.921 30.522 30.123 29.724
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Table 6. Cont.

Parameter of the Park Vector
Number of Working Turns of the Stator wsA

wsA1 = 96 wsA2 = 91 wsA3 = 86 wsA4 = 81 wsA5 = 76

Displacement of the phase shift angle of phase A current determined for a symmetrical system of stator supply voltages ∆ϕIsA, deg. 0 −0.399 −0.798 −1.197 −1.596
The phase shift angle of the of phase A stator current, in terms of the condition that the power supply system is symmetrical, ϕAm, deg. 31.318 30.909 30.518 30.128 29.728

The displacement of the phase shift angle of the phase A stator current, in terms of the condition that the power supply system is symmetrical
∆ϕIsA, deg. 0 −0.409 −0.8 −1.19 −1.59

Error in determining the displacement of the phase shift angle of the phase current, γ∆IsA, % 0 2.51 0.25 0.36 0.38
The phase shift angle of the phase B stator current determined for a symmetrical system of supply voltages ϕB, deg. 31.32 31.342 31.364 31.386 31.408

The displacement of the phase shift angle of the stator phase B determined for a symmetrical supply voltage system ∆ϕIsB, deg. 0 0.022 0.044 0.066 0.088
The phase shift angle of the phase B stator current, in terms of the condition that the power supply system is symmetrical, ϕBm, deg. 31.32 31.342 31.363 31.384 31.407

The displacement of the phase shift angle of the current of phase B of the stator, in terms of the condition that the power supply system is
symmetrical, ∆ϕIsB, deg. 0 0.022 0.043 0.064 0.087

Error in determining the displacement of the phase shift angle of the phase current B, γ∆IsB, % 0 0 2.27 3.03 1.14
The phase angle of phase C stator current determined for a symmetrical system of supply voltages ϕC, deg. 31.32 31.342 31.364 31.386 31.408

The displacement of the phase shift angle of the phase C stator current determined for a symmetrical system of supply voltages ∆ϕIsC, deg. 0 0.022 0.044 0.066 0.088
The phase shift angle of the phase C stator current, in terms of the condition that the power system is symmetrical, ϕCm, deg. 31.32 31.342 31.363 31.384 31.407

The displacement of the phase shift angle of the phase C stator current, in terms of the condition that the power supply system is symmetrical,
∆ϕIsC, deg. 0 0.022 0.043 0.064 0.087

Error in determining the displacement of the phase shift angle of the phase current C, γ∆IsC, % 0 0 2.27 3.03 1.14
The ellipticity angle in the new orthogonal–circular basis ε, deg. 44.998 44.535 44.091 43.643 43.182
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3.5. Algorithm for Determining the Degree of Damage to the Stator Winding with an Asymmetric
System of Electric Motor Supply Voltages

For further research, according to the results of Table 2, the dependences of the
deviations of the amplitudes of the phase currents as a function of the number of damaged
turns of the stator windings (Figure 9) and the displacements of the angles of the phase
shift of the stator currents, as a function of the number of damaged turns of the stator
windings (Figure 10) were plotted. The construction of dependences was performed for the
values determined from the time diagrams.
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Figure 10. Displacements in the phase shift angles of the stator currents on the number of damaged
turns of the stator windings: ∆ϕsA—displacement in the phase shift angle of the phase A currents;
∆ϕsB—displacement in the phase shift angle of the phase B currents; ∆ϕsC—displacement in the
phase shift angle of the phase C currents.
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From Figures 9 and 10 it follows that the dependences of the amplitude deviations as
a function of the number of damaged turns of the stator windings and the dependences
of the displacements of the phase shift angles of the stator currents, as a function of the
number of damaged turns of the stator windings, are linear. In this regard, the equation for
determining the amplitude deviations as a function of the number of damaged turns of the
stator windings can be represented as

∆Is = kIs·n, (21)

where kIs—the angular coefficient of the stator current increment, A/turn;
n—the number of damaged turns, a turn.
The angular coefficient of the increment of the stator current was calculated by the formula

kIs =
Isi − Isnom

ni
, (22)

where Isi—the instantaneous value of the phase current of the stator of the controlled phase,
for the current experiment, A;

Isnom—instantaneous rated value of the stator phase current, A;
ni—the number of damaged turns for the current experiment, a turn.
According to Table 2, the angular coefficients of the increment of the stator current

were calculated. For the damaged phase A, the value of the angular coefficient of the stator
current increment is kIsA = 0.0479 A/turn; for phase B kIsB = −0.0308 A/turn; for phase C
kIsC = −0.0268 A/turn.

Similarly, an expression is presented for determining the displacements of the phase
shift angles of the stator currents.

∆ϕIs = kϕIs·n, (23)

where kϕIs—slope of the stator current phase shift angle, deg/turn.
The angular displacement coefficient of the phase shift angle of the stator current was

calculated by the formula

kϕIs =
ϕIsi −ϕIsnom

ni
, (24)

where ϕIsi—the value of the phase shift angle of the stator current of the controlled phase
for the current experiment, deg;

ϕIsnom—the nominal value of the stator current phase shift angle, deg;
ni—the number of damaged turns for the current experiment, a turn.
According to Table 2, the slope coefficients of the stator current phase shift angle

were calculated for each phase of the stator winding. For phase A, which has an inter-
turn short circuit that leads to a decrease in the number of working turns, the value of
the angular coefficient of displacement of the phase shift angle of the stator current is
kϕIsA = −0.0798 deg/turn; for intact phase B—kϕIsB = 0.0044 deg/turn; for intact phase
C—kϕIsC = 0.0044 deg/turn.

The damaged phase was selected by the largest value of the modulus of the slope of
the stator current increment and the largest value of the slope of the phase shift angle.

Based on the studies carried out, the algorithm for determining the number of dam-
aged turns of the stator winding in case of an interturn short circuit on one of their stator
phases is as follows:

1. According to the hodograph diagram of the Park vector, the following is determined:
the value of the current Isd0 at Isq = 0, the value of the current Isq0, at Isd = 0, the
maximum value of the Park vector Ipmax, the minimum value of the Park vector Ipmin,
the value of the current Isd, at Ip = Ipmax, the value of the current Isq, at Ip = Ipmax;
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2. Calculate the ellipticity angle for an orthogonal–circular basis using Formula (6),
calculation of the ellipticity angle for an orthogonal–elliptical basis by Formula (16)
and calculation of the ellipse tilt angle by Formula (17).

3. If the ellipse tilt angle is not equal to zero, which indicates a supply asymmetry, the
values of the currents I′sd0 and I′sq0 are determined and recalculated for an orthogonal–
circular basis according to Formulas (18)–(20);

4. The calculation of the amplitudes and phase shift angles of the stator currents is
carried out according to the Formulas (8), (10) and (11);

5. According to the obtained amplitudes and phase shift angles of the stator currents for
each phase, the number of damaged turns is calculated using the formulas:

n =
Is − Isnom

kIs
, (25)

n =
ϕIs −ϕIsnom

kϕIs
. (26)

The results are rounded up to the nearest higher whole number. Among the results
obtained, the largest integer is selected and a conclusion is made about the number of
damaged turns.

An example of the practical use of research results.
When analyzing the performance of the proposed method, the authors used the results

of the experiments presented above. As an example, the results for the unbalance condition
of the power supply system (Usa = 305 V, Usb = Usc = 311 V) and the unbalance of the
stator windings (wsa = 81, wsb = wsc = 96 undamaged turns) were used. The following was
determined: current value Isd0, at Isq = 0, A, equal to 30.0266 A, current value Isq0, at Isd = 0,
A, equal to 31.79, the maximum value of the Park vector Ipmax, 32.245 A, current value Isd,
at Ip = Ipmax, equal to 14.706 A, current value Isq, at Ip = Ipmax, −29.0098 A (Table 4).

According to Formula (17), the ellipse tilt angle was calculated, the value of which
was −63.118 deg. Since the angle of inclination of the ellipse was not equal to zero, it was
concluded that the supply voltage system is unbalanced.

The projections of the ellipse from the orthogonal–elliptic basis to the orthogonal–circular
basis were recalculated using Formulas (18) and (19). The amplitude values of current
projections in an orthogonally circular basis were obtained using Formula (20). The results
obtained were: I′sd = 31.66 A, I′sq = 30.192 A. Using Formula (6), the angle of ellipticity
was determined, the value of which was 43.64 deg. The conclusion was made about the
unbalance of the stator windings.

According to Formula (8), the angles of the stator currents were calculated, the values
of which were: ϕIsAm = 30.125 deg., ϕIsBm = 31.384 deg., ϕIsCm = 31.384 deg. According to
Formula (11), the values of the amplitudes of the stator phase currents were determined,
the values of which were: IsAm = 31.659 A., IsBm = 30.507 A., IsCm = 30.567 A.

According to Formula (12), the displacements of the phase shift angles of the phase cur-
rents were determined, the values of which were: ∆ϕIsAm =−1.195 deg., ∆ϕIsBm = 0.064 deg.,
∆ϕIsCm = 0.066 deg. According to Formula (13), the displacements of the amplitudes of
the stator phase currents were determined, the values of which were: ∆IsAm = 0.713 A.,
∆IsBm = −0.439 A., ∆IsCm = −0.402 A.

According to Formula (25), the number of damaged windings was calculated through
the displacement of the amplitudes of the phase currents of each phase. The calculation gave
the following results: the number of damaged turns, calculated through the displacement
of the amplitude of the phase current of phase A nIA = 14.885; through the displacement of
the phase current of phase B—nIB = 14.253; through the displacement of the phase current
of phase C—nIB = 15. According to Formula (26), the number of damaged windings was
calculated through the displacement of the phase shift angles of the phase currents. The
calculation gave the following results: the number of damaged turns, calculated through
the displacement of the phase shift angles of the phase current of phase A ϕIA = 14.945;
through the shift of phase angles of the phase current of phase B—nϕB = 14.545; through
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the shift of the phase angles of the phase current of the phase C—nϕB = 14.545. The highest
value was 15 damaged turns. It was concluded that 15 turns were damaged in the induction
motor. This result corresponds to the setting conditions of the experiment.

4. Discussion

In this paper, the Park vector hodograph method was chosen as a method for diagnos-
ing damage to the stator winding of an induction motor.

This was due to the following factors:

1. When building a diagnostic system for an induction motor operating as part of a
drive, the Park vector hodograph method has a higher accuracy than temperature
methods;

2. When building a diagnostic system for an induction motor operating as part of a drive,
the supply voltage system may be asymmetrical. The asymmetry of the supply voltage
system, in its effect on performance, has the same negative effect as the interturn
short circuit of the stator windings, with similar processes occurring. First of all, the
asymmetry of the rotating stator field leads to the occurrence of torque ripples on the
motor shaft. Existing methods of vibration diagnostics do not allow for determining
the causes of these pulsations. As shown in the paper, the Park vector hodograph
method allows the solving of problems of this type.

Three experiments were carried out in the work:

- with a symmetrical system of supply voltages and varying degrees of interturn short
circuit of the stator winding of one of the phases, which were implemented by taking
into account the reduced number of working turns of the winding phase with a step
of five turns (Figure 6, Table 2);

- with a fixed number of turns of the damaged stator winding of one phase and various
degrees of asymmetry of the supply voltage system, which were implemented by
adopting a series of interphase voltage values with a step of 3 V (Figure 7, Table 3);

- with a fixed degree of asymmetry of the supply voltage system and various degrees
of damage to the stator winding of one of the phases (Figure 8, Table 4).

The analysis of the results of the first experiment showed that the indicator of the
presence of an interturn short circuit is the ellipticity angle of the Park vector hodograph. In
the absence of damaged turns, the hodograph of the Park vector describes a circle and the
ellipticity angle for this case is π/4. In the presence of an interturn closure, the hodograph
of the Park vector describes an ellipse (Figure 6), while the ellipticity angle decreases.
Analysis of the results of Table 2 showed that with an increase in the number of damaged
turns, the ellipticity angle decreases.

The analysis of the results of the second experiment showed that the indicator of the
presence of asymmetry in the system of supply voltages is the angle of inclination of the
ellipse (Figure 7). With an increase in asymmetry, the angle of inclination of the ellipse
increases (Figure 7, Table 3). The analysis of the nature of the behavior of the Park vector
hodograph in case of an unbalance of the power supply system was based on the analysis
of the symmetrical components of the supply voltage system of an induction motor. When
the supply voltage system is balanced, the zero sequence is equal to zero, and the positive
and negative sequences are equal to each other. This factor leads to the fact that when the
power system is unbalanced, the angle of inclination of the ellipse relative to the Id axis is
equal to zero, and when the stator winding system is balanced, the Park vector hodograph
describes a circle. When the supply voltage system is unbalanced, the zero sequence is not
equal to zero; the reverse and positive sequences are not equal to each other. This factor
leads to the fact that both in the case of balance and unbalance of the stator winding system,
the Park vector hodograph has the shape of an ellipse, the angle of inclination of which is
not equal to zero.

Based on the data obtained from the diagrams of the Park vector hodographs, the
amplitudes and phases of the stator currents of all phases of the induction motor were
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calculated (Tables 2–4). Based on the results obtained, the deviations of the amplitudes and
displacements of the phase shift angles of the stator currents were calculated. According to
the time diagrams of the stator currents, the amplitudes and phases of the stator currents of
all phases of the induction motor were also determined, according to which the deviations
of the amplitudes and displacements of the phase shift angles of the stator currents were
calculated. The comparison of the results obtained from the time diagrams and using
the Park vector hodograph was performed. Based on the data obtained, the errors in
determining the deviations of the amplitudes and displacements of the phase shift angles
of the stator currents, obtained using the Park vector hodograph, were calculated. The
calculation errors did not exceed 6%.

For Experiments 2 and 3, in order to eliminate the negative effect on the phase currents
and the angles of the phase currents of the stator of unbalance in the supply, the data
obtained were recalculated in a new orthogonal–circular basis (Tables 5 and 6). Errors in
comparing the obtained values of amplitude deviations and displacements of the phase
shift angles of the stator currents with the results for a symmetrical power supply system
(Table 2) did not exceed 6%.

The proposed algorithm for determining the degree of damage to the stator windings
makes it possible to determine the damaged phase and the number of damaged turns,
including in the presence of asymmetry in the power system.

However, when using the research results, it must be taken into account that during
the experiments, assumptions were made that only one of the phases of the stator windings
of an induction motor had damage. It is assumed that all other engine components were
intact. The paper also considered the case of when the deviation from the nominal value of
the phase voltage occurs on one phase.

These factors impose certain restrictions on the use of the developed algorithm. To
take into account these factors, it is necessary to conduct a cycle of additional studies in the
operating conditions of the electric motor.

The comparison of the results of diagnosing an interturn short circuit in the stator
windings of an induction motor with the results given in the works of other authors gave
the following results. The authors in the works [44,45] proposed definitions of methods for
determining the interturn short circuit at the early stages of defect development using a
method based on the analysis of the forward and reverse sequences of the stator current
system. Despite the high accuracy of the results obtained, these works do not consider the
possibility of using the proposed methods in the case of an unbalance of the supply voltage
system of an induction motor. The work [46] proposes a hybrid analytical approach that
combines the genetic approach and firing simulation. In the work [46], as well as in the
works [44,45], a high accuracy of the results was obtained. But, as in the works [44,45], the
possibility of the proposed method under conditions of unbalance of the supply voltage
system of an induction motor was not considered. The work [47] was devoted to the
determination of interturn short circuit in the windings of an induction motor with an
unbalance in the supply voltage system of an induction motor. The implementation of the
algorithm proposed in [47] requires a large amount of initial data. In addition, none of the
listed works provide an algorithm for determining the number of damaged turns.

The advantage of the proposed method is the relative simplicity of its implementation.
For its implementation, only the values of the stator phase currents are needed. In modern
drive systems with vector control or direct torque control of an induction motor, current
sensors are already present. In addition, the proposed method allows us to separate the
impact on the performance of an induction motor from the unbalance of the voltage system
and the unbalance of the stator windings. To do this, the authors proposed an algorithm
for recalculating the projections of the park hodograph vector of the stator currents from
an orthogonal–elliptical basis to an orthogonal–circular one. In addition, the recalculation
algorithm proposed by the authors will make it possible to determine the presence or
absence of an interturn short circuit in the motor stator windings and determine the degree
of damage to the stator winding.
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However, in the process of working on this article, the authors encountered objective
difficulties associated with the impossibility of conducting a full-scale experiment and
thereby obtaining reliable experimental data. This is due to the fact that induction motors
operating as part of the drive are constantly in the operating mode during their operation.
The organization of an interturn circuit in the motor windings can lead to its failure and
the disruption of the technological process.

The disadvantages of the work include:

1. The interturn short circuit on one of the stator phases was investigated. The mode
of occurrence of an interturn short circuit at the same time during several phases
remained unexplored;

2. The influence of the non-sinusoidal nature of the supply voltage system was not taken
into account.

Further research may include:

1. Development of a diagnostic system for an induction motor as part of a drive;
2. Development of a diagnostic system for a drive with an induction motor powered by

a three-phase autonomous voltage inverter.

5. Conclusions

As a result of a complex of studies of the diagnostics of interturn short circuit in
the phase of the stator winding of an induction electric motor, under the condition of an
asymmetric power source, the Park vector hodograph method was proposed. Based on
the research results, an algorithm for implementing the considered diagnostic method in
the electric drive system was developed to identify the damaged phase and the number of
short-circuited turns. Obtaining complete information about the type and degree of damage
is relevant when predicting the residual life of an electric motor during its operation. In the
course of the research, the following types of work were carried out:

1. The Park vector hodograph was constructed under the condition that the supply
voltage system is symmetrical for a different number of damaged turns on one of the
stator phases. According to the hodograph diagrams of the Park vector, the values of the
amplitudes of the stator phase currents and the phase shift angles between the current and
voltage in each stator phase were calculated. Values of the deviations of amplitudes and
shifts of angles of phase shift of stator currents were calculated for the various cases of
winding phase damage.

The amplitudes of the phase currents of the stator and the phase shift angles between
the current and voltage in each phase of the stator were determined from the time diagrams
of the stator currents. The values of displacement of amplitudes and displacement of the
phase shift angles of stator currents were calculated. The error in calculating the values
of displacements of amplitudes and displacements of the phase shift angles of the stator
currents did not exceed 6%;

2. The Park vector hodograph was constructed under the condition of a fixed degree of
damage to one of the phases of the stator winding and different values of deviations from
the nominal value of the phase voltage of one of the phases of the electric motor. According
to the hodograph diagrams of the Park vector, the values of the amplitudes of the stator
phase currents and the phase shift angles between the current and voltage in each stator
phase were calculated. The values of deviations of amplitudes and shifts in the angles of
phase shift of the stator currents were calculated.

The amplitudes of the phase currents of the stator and the phase shift angles between
the current and voltage in each phase of the stator were determined from the time diagrams
of the stator currents. The values of deviations of amplitudes and shifts in the angles of
phase shift of the stator currents were calculated. The error in calculating the values of
deviations of amplitudes and displacements of the phase shift angles of the stator currents
did not exceed 6%;

3. The Park vector hodograph was constructed under the condition of a fixed deviation
from the nominal value of the phase voltage on one phase of the electric motor and
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a different number of working turns on one damaged stator phase. According to the
hodograph diagrams of the Park vector, the values of the amplitudes of the stator phase
currents and the phase shift angles between the current and voltage in each stator phase
were calculated.

The amplitudes of the phase currents of the stator and the phase shift angles between
the current and voltage in each phase were determined from the time diagrams of the
stator currents. The values of deviations of amplitudes and displacements of phase shift
angles of stator currents were calculated. The error in calculating the values of deviations
of amplitudes and displacements of the phase shift angles of the stator currents did not
exceed 6%;

4. The values of the amplitudes of the phase currents of the stator and the phase shift
angles between the current and voltage in each phase, obtained in Paragraphs 2 and 3,
were recalculated for the case of symmetry of the supply voltage system of the induction
motor. The values of deviations of amplitudes and displacements of the phase shift angles
of stator currents were calculated. The obtained results were compared with the results
obtained in Paragraph 1. The error in calculating the values of deviations of the amplitudes
and displacements of the phase shift angles of the stator currents did not exceed 6%;

5. The proposed algorithm makes it possible to determine, with high accuracy, the
number of damaged turns of the stator winding, including in the presence of asymmetry of
the supply voltage system of an induction motor.

The proposed method can be used in diagnosing other defects in an induction motor
that cause an imbalance in the stator phase currents. Also, the proposed algorithm can be
used in diagnosing a drive with induction motors, which are powered by an autonomous
voltage inverter. Using the proposed method, it is possible to diagnose not only defects
in an induction motor that cause an imbalance in the phase currents of the stator, but also
defects in an autonomous voltage inverter.
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