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STUDY WAYS OF MODERN DIAGNOSIS OF INTER-TURN 

SHORT CIRCUITS IN STATOR WINDINGS  

OF ASYNCHRONOUS ENGINES WITH  

THE USE OF MODELING 
О.В. Губаревич, С.О. Гулак. Дослідження напрямів сучасних видів діагностики міжвиткових замикань в обмотках 

статора асинхронних двигунів з використанням моделювання. Підвищення надійності асинхронних електричних двигунів в 
процесі експлуатації відбувається за рахунок постійного вдосконалення існуючих та розробки нових діагностичних методів, що 
можливо на підставі результатів досліджень процесів, що виникають при різних дефектах двигунів. Найбільш трудомістким і 
складним залишається можливість діагностики та диференціювання міжвиткового замикання обмотки статора. Проведення 
досліджень процесів, що відбуваються при міжвиткових замиканнях і їх реалізації в діагностичному обладнанні, з урахуванням 
сучасних технологій, сприяє вирішенню завдання з розвитку та удосконаленню існуючих методів діагностики асинхронних 
двигунів. Метою роботи є проведення досліджень ряду напрямків сучасних видів діагностики міжвиткового замикання обмотки 
статора з аналізом найбільш значимих показників для досягнення адекватної оцінки розпізнавання стану електродвигуна і 
вироблення рекомендацій подальшого вдосконалення методів діагностичного обладнання з використанням математичного 
моделювання. В роботі проведені дослідження електромеханічних процесів в асинхронному двигуні з використанням обраної 
імітаційної моделі для двигуна з неушкодженим статором і при наявності міжвиткових замикань різного ступеня, що становлять 
10 % та 20 % зниження опору обмотки статора. За базову модель для проведення досліджень був прийнятий двигун АІР 
потужністю 11 кВт. Використовуючи модель для досліджуваного двигуна, був побудований годограф вектора Парку для режиму 
короткого замикання статора без дефектів і при зміні в результаті міжвиткового замикання комплексного опору до 80 % в режимі 
короткого замикання і в режимі холостого ходу для проміжку часу від 0до Т=2π/ω. Встановлено, що кожен з параметрів прояви 
міжвиткового замикання, який розглядається як визначальний в різних методах, має часткову інформативність, недостатню для 
прийняття рішення про стан обмотки двигуна і прогнозування часу його безаварійної роботи. Для збільшення вірогідності 
діагностування і диференціювання ступеня міжвиткового замикання в статорі необхідний системний підхід, побудований на аналізі 
чинників, що використовують електричні, магнітні, теплові та вібраційні параметри з обов'язковим впровадженням теорії 
прийняття рішень. 

Ключові слова: асинхорнний електродвигун, міжвиткові замикання, обмотка статора, діагностика двигуна, підвищення 
надійності, імітаційне моделювання, вібрація, вектор Парку 

O. Gubarevitch, S. Gulak. Study ways of modern diagnosis of inter-turn short circuits in stator windings of asynchronous engines 
with the use of modeling. Increasing the reliability of asynchronous electric motors during operation is due to the continuous improvement of 
existing and development of new diagnostic methods, which is possible on the basis of the results of studies of processes occurring in various 
engine defects. The most time-consuming and complex is the ability to diagnose and differentiate the inter-turn short circuit of the stator winding. 
Carrying out studies of processes occurring during inter-turn short circuits and their implementation in diagnostic equipment, taking into account 
modern technologies, contributes to solve the problems of developing and improving existing methods for diagnosing asynchronous motors. The 
aim of the work is to conduct research on modern types of diagnostics of the inter-turn short circuit of the stator winding with the analysis of the 
most significant indicators to achieve an adequate assessment of the recognition of the state of the electric motor and to develop recommendations 
for further improvement of diagnostic equipment methods. In this work, we studied electromechanical processes in an induction motor using 
mathematical modeling for an engine with an intact stator and in the presence of inter-turn short circuits of various degrees, comprising 10 % and 
20 % reduction in stator winding resistance. The AIR 11kW engine was adopted as the base model for research. Using the model for the engine 
under study, the hodograph of the Park vector was constructed for the stator short circuit mode without defects and when the complex resistance 
changes to 80 % because of the inter-turn circuit in the short circuit mode and in the idle mode for a period from 0 to Т=2π/ω. It was established 
that each of the parameters of the manifestation of the inter-turn circuit, which is considered as determining in various methods, has a partial 
information content, insufficient for deciding on the state of the motor winding and predicting the time of its trouble-free operation. To increase 
the reliability of diagnosing and differentiating the degree of inter-turn faults in the stator, a systematic approach based on the analysis of factors 
using electric, magnetic, thermal and vibration parameters with mandatory implementation is necessary decision theory. 

Keywords: asynchronous electric motor, inter-turn short circuits, stator winding, diagnostics, reliability increase, simulation modeling, 
vibration, Park vector 
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Introduction 
Squirrel-cage three-phase asynchronous motors (AM) are one of the most common electric ma-

chines used in all areas of industrial, manufacturing, and transport industries in modern technology 
drives. The most efficient use of this type of electric motors is restrained by their high damageability, 
which is directly dependent on the current level and reliability of diagnostic methods. The most wide-
spread are squirrel-cage asynchronous motors, given their high reliability. 

However, 20…25 % of the total numbers of installed electric motors fail annually [1, 2]. Given 
the fairly wide scope of these engines and, often, the complexity of their operating conditions with a 
growing cost of failure, the requirements for their reliability, timely determination of the state and time 
of failure-free operation are also rapidly growing. Many malfunctions and emerging defects in difficult 
working conditions quickly progress and disable electric motors even with a short service life leading 
them to an emergency stop. Timely and reliable determination of a malfunction not only increases the 
reliability of engines, but also significantly reduces repair time and reduces unforeseen expenses. Do-
mestic and foreign experience shows that the introduction of diagnostic tools is one of the most im-
portant and effective factors for increasing the economic efficiency of using this equipment in industry. 

Research objectives 
Improving the reliability of asynchronous electric motors during operation is due to the continu-

ous improvement of existing diagnostic methods and the development of new methods, which is pos-
sible based on the results of studies of ongoing processes with various engine defects. 

The most time-consuming and complex is the ability to diagnose and differentiate the inter-turn 
short circuit of the stator winding. The presence of inter-turn circuit leads to the fact that during opera-
tion of asynchronous motors in the damaged section of the coil the increased current flows, causing sig-
nificant heating both in the closed loop and in adjacent coils. This entails a deterioration in the properties 
of the insulation of the wires, premature aging and destruction, leading to a new breakdown of insulation 
in the adjacent turns of the stator. The consequence of this process is the failure of the phase winding and 
the failure of the motor in emergency mode. In addition to increasing the temperature in the damaged 
winding, the appearance of inter-turn short circuits increases the vibration of the motor and worsens the 
energy and operational parameters of the machine. The continuation of studies of ongoing processes and 
their implementation in diagnostic equipment with inter-turn short circuits, taking into account modern 
technologies, helps to solve the problem of developing methods for diagnosing asynchronous motors at 
the stages of production, operation and repair, which continues to be relevant. 

Analysis of recent research and publications 
The most common reasons for the failure of squirrel-cage induction motors are damage to the sta-

tor windings, which according to existing statistics make up 70…78 % of all motor failures [3–5]. 
According to statistics, the most damaged element of induction motors is the stator winding, 

where inter-turn faults, according to various statistics, account for 33.6…40 % of all stator failures. 
And their timely identification is associated with difficult-to-diagnose indicators in terms of assessing 
the catastrophic state, making decisions on the possibility of further operation of the engine, as well as 
the impact of the changes on the engine performance [4, 5]. 

This issue requires separate studies to formulate clear requirements for the state and ability of the 
engine to operate within acceptable limits in the presence of this type of damage. Among the main op-
erational requirements for diagnostics is the ability to monitor the status of asynchronous motors in the 
process of its operation. Detection of defects in the working electric motor at an early stage of devel-
opment will prevent a sudden stoppage of production as a result of an accident, reduce the cost of re-
pairing the electric motor and increase its service life. 

Currently, there are a large number of modern methods for diagnosing the stator windings of in-
duction motors, which are mainly based on monitoring the state of insulation. The control of the insu-
lation state, in turn, is carried out by evaluating the parameters that are measured or calculated electri-
cal or non-electrical quantities. The main methods for monitoring the state of insulation, traditionally, 
are control methods for increased voltage and partial discharges. These methods are mainly used to 
diagnose the stator winding in the manufacture of motors with a minimum life. These methods are not 
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intended for the diagnosis of inter-turn short circuits. In addition to the existing insulation control 
methods, over the past 10…15 years, new methods have been developed that are considered more ad-
vanced and informative. These include: measurement of insulation resistance, insulation gap capaci-
tance, dielectric loss tangent (tan δ), leakage current [2, 5 – 7]. New methods include methods related 
to the measurement of the polarization index, dielectric absorption coefficient, dielectric discharge 
coefficient, and relaxation time [8 – 10]. However, the considered methods do not fully meet the task 
of reliability of diagnosing inter-turn short circuits at early stages, as well as the convenience of their 
implementation in diagnostic equipment, taking into account operational requirements. There are a 
number of promising developing methods based on the analysis of vibration parameters of electric 
motor elements [11, 12], scattering magnetic flux in the engine gap [13], secondary electromagnetic 
fields of the machine [7, 9], according to the temperature of various sections of the windings [14, 15], 
spectral analysis of acoustic vibrations of a running electric motor, etc. [1, 16]. 

Among the considered methods, the most widely used method of vibration diagnostics. The main 
disadvantages of the method are the need to use special vibroacoustic sensors, the complexity of their 
installation and the difficulty of interpreting the results. Vibrodiagnostics allows with sufficient relia-
bility to identify defects in the bearing assembly, eccentricity and to a much lesser extent - defects in 
the stator winding [12]. 

In terms of informativeness, the method based on the analysis of the spectral characteristics of 
phase currents is not inferior to it. The presence in the current spectrum of the motor of characteristic 
frequencies of a certain value indicates the presence of damage to the electrical or mechanical part of 
the motor and the associated mechanical device [1, 3]. 

The disadvantage of spectral analysis of the current of asynchronous motors is the difficulty in 
estimating and interpreting the obtained values. Any amplitude-modulated frequency is taken into ac-
count in the spectrum twice, on both sides of the supply voltage. Double counting of the modulated 
frequency leads to insufficient diagnostic accuracy and the inability to increase the number of ana-
lyzed harmonics of the results, and therefore, such diagnostic devices for monitoring the state of the 
stator winding are not widely used [6]. 

Of great interest are modern studies on the application of the hodograph of the Park vector [16, 
17] for the diagnosis of electric motors. 

However, at the same time, inter-turn faults in the stator winding continue to be one of the most 
common and difficult to detect, at an early stage, faults. Carrying out research of processes with inter-
turn faults taking into account modern technologies contributes to the development of diagnostics of 
asynchronous motors at the stages of production, operation and repair. 

The purpose and objectives of research 
The aim of the work is to conduct research on a number of areas of modern types of diagnostics 

of inter-turn short circuit of the stator winding with the analysis of the most significant indicators to 
achieve an adequate assessment of recognition of the state of the electric motor and to develop rec-
ommendations for further improvement of diagnostic equipment methods. 

To achieve this goal, the following tasks were solved: 
– analysis of processes during inter-turn circuit in the stator winding of an induction motor; 
– research and analysis of parameters used in the diagnosis of inter-turn circuit of asynchronous 

motors, using simulation; 
– analysis of modern methods for diagnosing inter-turn circuit; 
– determination of the direction for the development of diagnostic methods of inter-turn circuit of 

the stator winding. 
Statement of the main material 
The complexity of diagnosing the inter-turn short circuit of the stator winding lies in the complex 

nature of the manifestations of inter-turn short circuits in a running engine, which are not individual in 
nature and repeat the manifestations of many other defects of the electric motor. 

When an inter-turn circuit is formed in one of the stator phases, an asymmetric rotating magnetic 
field is created. The asymmetry is caused not only by a decrease in the active and inductive resistance 



ISSN 2076-2429 (print) Proceedings of Odessa Polytechnic University, Issue 1(60), 2020 ISSN 2223-3814 (online)   

  
ENERGETICS 

71 

of one of the damaged phase windings, but also by a significant change in the mutual inductance be-
tween the windings. The asymmetries caused by the defects that have arisen change the nature of the 
external magnetic field, causing a spectrum of spatial harmonics of induction and create the appear-
ance of vibration due to pulsations of the moment. With inter-turn short circuit, the phase current ratio 
also changes, which leads to the appearance of a local overheating of the winding. In addition, a cur-
rent is generated in the resulting squirrel cage in the damaged stator winding, which induces an elec-
trodynamic force with an inductance proportional to the number of closed turns, with a direction in the 
opposite direction than that created by the main coil. The squirrel cage current also increases the heat-
ing of the damaged part of the winding. 

The difficulty in diagnosing the inter-turn circuit by electrical resistance lies in the fact that when 
short circuit of several turns, with their total number of several hundred, it is almost impossible to fix 
the change in active resistance, since it varies within a few percent of the total value. 

Thus, the most significant manifestations of inter-turn circuit of the stator winding for analyzing 
the process and diagnostic method are increased current in phase with a damaged winding, increased 
heating of part of the damaged winding, increased overall vibration of the machine, distortion of the 
picture of the field of the real state of the motor, for which the spectral method is used analysis of 
modules of vectors of the Park of current and voltage. In addition, when conducting diagnostics, it is 
necessary to take into account external factors, such as the quality of the supply voltage, which is not 
ideally sinusoidal and manifests itself as an inter-turn short circuit, as well as interference and vibra-
tion from extraneous devices and mechanisms. 

It is advisable to analyze the changes in the motor parameters caused by the inter-turn circuit in 
the stator winding using modern methods of simulation mathematical modeling. Models for studying 
the parameters of squirrel-cage induction motors are considered in a number of works [18–20]. For 
research, a mathematical model was adopted with the established adequacy to real processes in an in-
duction motor, given in [18] with its implementation in the OrCAD software environment [21]. In 
conducting the research, the methodology cited also in [22] was used. 

For the basic model for research, an asynchronous squirrel-cage rotor motor of the AIR series 
with a power of 11.0 kW was adopted, the passport data of which are given in Table 1. 

Table 1 

Passport data of squirrel-cage asynchronous motor 

Parameter Designation Unit of 
measurement Value 

Shaft Power Rating nP  kW  11.0 
Rated phase voltage nU  V  220 
Supply voltage frequency  nf  Hz  50 
 Stator field rotation frequency .n idlen  rpm  1500 
Load idle idleM  N m⋅  0.38 
Idle current .S idleI  A  9.44 
Amplitude of idling current .S iAdleI  A  13.35 
Stator winding resistance 1r  Ω  0.5 
Active resistance of the rotor winding reduced to the stator winding 2r′  Ω  0.36 
Stator winding reactance 1x  Ω  0.56 
Rotor winding reactance reduced to stator winding 2x′  Ω  0.938 
Rated rotor speed nn  rpm  1450 
Motor rated torque nM  N m⋅  72.671 
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For an intact stator, first in idle mode and then in nominal mode using simulation, the following 
basic values and parameters of the motor are determined: shaft rotation speed, average, maximum and 
minimum electromagnetic moments and torque ripple frequency. In the course of the research, the 
values of the current stator phase currents, the lag angles of the stator phase currents from the voltages, 
the current rotor phase currents, the lag angles of the rotor phase currents from the stator voltages for 
the engine under study were also determined. At the next stage, the values of similar parameters were 
determined with a decrease in the phase resistance by 10 % and by 20 %, which imitates the inter-turn 
circuit of the various sections of damage to the stator winding. The simulation results are shown in 
Table 2. The same parameters in the research process were also determined with a decrease in the 
complex phase resistance by 10 % and 20 % as well. The simulation results when reducing the com-
plex resistance of the stator phase are shown in Table 3. 

Table 2 

The results of modeling asynchronous motor operation with an intact stator  
and in the presence of inter-turn circuit (when changing the active resistance) 

Parametr 
Idling Rated mode 

Intact 
Stator 

Active resistance Intact 
Stator 

Active resistance 
90 % 80 % 90 % 80 % 

Rotation frequency, , rpmn  1500 1500 1500 1451.2 1451.2 1451.2 
Average electromagnetic moment , N mmidM ⋅  0.38 0.38 0.38 72.671 72.671 72.671 
Maximum electromagnetic moment max , N mM ⋅  0.38 0.793 1.209 72.671 73.524 74.386 
Minimum electromagnetic moment min , N mM ⋅  0.38 –0.0329 –0.449 72.671 71.818 70.957 
Pulsation frequency of the moment, , Hzpulsf   100 100 100 100 100 100 
Effective stator А phase current, 1 , АAI  9.399 9.442 9.485 21.612 21.685 21.757 
Effective stator В phase current, 1 , АBI  9.399 9.19 9.198 21.612 21.363 21.114 
Effective stator С phase current, 1 , АCI  9.399 9.349 9.52 21.612 21.723 21.84 
The angle of current lag from voltage in А phase, 

1 , gradAϕ  88.814 89.357 90 31.5 31.5 31.5 

The angle of current lag from voltage in B  phase, 
1 , gradBϕ  88.814 88.071 88.071 31.5 31.5 30.857 

The angle of current lag from voltage in C phase, 
1 , gradCϕ  88.814 88.393 87.429 31.5 30.857 30.214 

Effective rotor А phase current, 2 , АAI  0.093 0.045 0.120 18.713 18.686 18.658 
Effective rotor В phase current, 2 , АBI  0.093 0.138 0.221 18.713 18.493 18.276 
Effective rotor С phase current, 2 , АCI  0.093 0.182 0.277 18.713 18.873 19.036 
The angle of lag of the rotor current from the 
voltage in the stator А phase, 2 , degAϕ  178.737 264.12 307.579 186.316 187.579 187.58 

The angle of lag of the rotor current from the 
voltage in the stator B phase, 2 , degBϕ  178.737 132.632 114.947 186.316 186.947 185.68 

The angle of lag of the rotor current from the 
voltage in the stator C phase, 2 , degCϕ  178.737 197.053 202.737 186.316 186.316 186.32 

Pulsation coefficient of electromagnetic moment, 
, %pulsMk  0 108.6 218.2 0 1.2 2.4 

Stator phase current unbalance coefficient, 

1
, %pulsIk  0 1.685 3.423 0 1.665 3.363 
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Table 3 

The results of modeling the operation of an asynchronous motor with an intact stator  
and in the presence of inter-turn circuit (when changing the complex resistance) 

Parametr 
Idling Rated mode 

Intact 
Stator 

Complex resistance Intact 
Stator 

Complex resistance 
90 % 80 % 90 % 80 % 

Rotation frequency, , rpmn  1500 1500 1500 1451.2 1451.2 1451.2 
Average electromagnetic moment , N mmidM ⋅  0.38 0.38 0.38 72.671 72.671 72.671 
Maximum electromagnetic moment, max , N mM ⋅  0.38 1.008 1.658 72.671 73.967 75.307 
Minimum electromagnetic moment min , N mM ⋅  0.38 –0.248 –0.899 72.671 71.376 70.036 
Pulsation frequency of the moment, , Hzpulsf   100 100 100 100 100 100 
Effective stator А phase current, 1 , АAI  9.399 9.554 9.714 21.612 21.905 22.207 
Effective stator В phase current, 1 , АBI  9.399 9.296 9.19 21.612 21.323 21.027 
Effective stator С phase current, 1 , АCI  9.399 9.373 9.349 21.612 21.5 21.324 
The angle of current lag from voltage in phase А , 

1 , degAϕ  88.814 88.071 89.036 31.5 31.5 32.143 

The angle of current lag from voltage in phase B , 
1 , degBϕ  88.814 88.071 90 31.5 31.5 32.786 

The angle of current lag from voltage in phase C , 
1 , degCϕ  88.814 87.429 86.786 31.5 30.857 28.929 

Effective rotor А phase current, 2 , АAI  0.093 0.153 0.291 18.713 18.914 19.098 
Effective rotor В phase current, 2 , АBI  0.093 0.104 0.243 18.713 18.349 17.989 
Effective rotor С phase current, 2 ,АCI  0.093 0.238 0.39 18.713 18.729 18.771 
The angle of lag of the rotor current from the  
voltage in the stator А  phase, 2 , degAϕ  178.737 247.579 265.263 186.316 186.947 187.9 

The angle of lag of the rotor current from the  
voltage in the stator B phase, 2 , degBϕ  178.737 78.947 60.0 186.316 186.947 186.95 

The angle of lag of the rotor current from the  
voltage in the stator C phase, 2 , degCϕ  178.737 168.0 166.737 186.316 186.684 185.05 

Pulsation coefficient of electromagnetic moment, 
, %pulsMk  0 165.2 336.5 0 1.8 3.6 

Stator phase current unbalance coefficient, 

1
, %pulsIk  0 2.746 5.575 0 2.693 5.457 

 
Based on the simulation results shown in Tables 2 and 3, graphs of the change in the ripple coef-

ficient of the electromagnetic moment and the unbalance coefficient of the stator phase currents are 
plotted depending on the changes in the active (Fig. 1) and complex (Fig. 2) А  stator phase resistance 
for idling and nominal mode. 

As can be seen from Fig. 1 and Fig. 2, the most significant changes occur with the pulsation of 
the electromagnetic moment when the active and complex resistance of one of the phases changes at 
idle. Therefore, it is advisable to diagnose the inter-turn short circuit using the methods of vibration 
diagnostics in idle mode. However, it should be borne in mind that mechanical malfunctions of the 
electric motor and the type of mechanical load and the corresponding harmonics in the current spec-
trum also cause vibration of the machine, which complicates a reliable and unambiguous interpretation 
of the type of defect based on the spectral analysis of the vibrational frequency. 
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а b 

Fig. 1. The dependence of the ripple factor of electromagneticmoment from change in А  stator phase 
resistance: 1 ,%pulsMk - active resistance 1,%r  in idle mode, 2 ,%pulsMk - integrated resistance 1,%z  in nominal 

mode (а); 1 ,%pulsMk - active resistance 1,%r  in nominal mode, 2 ,%pulsMk - integrated resistance 1,%z   
in nominal mode (b) 

  
а b 

Fig. 2. The dependence of the unbalance coefficient of the stator phase currents on the change in the resistance 
of the stator phase: 

1
1 ,%pulsIk )- active resistance 1,%r  in idle mode, 

1
2 ,%pulsIk - integrated resistance 1,%z   

in idle mode (а); 
1

1 ,%pulsIk - active resistance 1,%r  in nominal mode, 
1

2 ,%pulsIk - integrated resistance 1,%z  in 
nominal mode (b) 

The unbalance coefficient of the stator phase currents (Fig. 2) changes slightly, both the active 
and complex resistance of one of the motor phases. From this, it follows that when using the unbal-
ance coefficient of the stator phase currents, as a criterion for determining the inter-turn short circuit of 
the motor, it will be difficult. Direct measurement of the consumed currents in phases requires stop-
ping and turning off the equipment, which does not correspond to modern diagnostic requirements and 
operating conditions. In addition, the stator currents also carry information about the breakage of the 
rotor rods, misalignment, static or dynamic eccentricity. 

The following is a study of the hodograph of the Park vector with a decrease in the complex re-
sistance of the stator winding by 20 % caused by inter-turn closure. The Park vector is a mathematical 
tool used to simplify the analysis, which allows describing three phase variables in two orthogonal 
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planes. It is used in industry to detect such malfunctions of three-phase asynchronous motors, such as 
asymmetry of the supply voltage, eccentricity of the air gap, inter-turn defects in the stator winding, 
misalignment of the mechanical connections, an open in the phase rotor winding, and defects in rods 
and rings of the squirrel-cage rotor. In contrast to the traditional spectral analysis of current signals 
during the formation of the spectra of the Park vector module, any characteristic frequency modulated 
by amplitude modulation is taken into account in the spectrum of the Park vector only once. The har-
monics in the spectrum corresponding to different types of faults differ from each other. Thus, the 
identification of characteristic harmonics in the spectrum reliably and unambiguously indicates the 
presence of electrical and mechanical malfunctions in the electric motor and in the device it 
drives [19], which allows diagnosing inter-turn short circuits as well. 

To conduct studies using the hodograph method of the Park vector, it is necessary to introduce in-
to the used model of the induction motor a block for calculating the stator current components along 
the axes Х , Y  1 1( , )X YI I , and the amplitude of the stator current 1 0ZI  representing the current. 

For this, the stator current was projected on Х  and Y  axis. The cosine components of the stator 
current were projected onto the Х  axis, and sinusoidal components were projected onto the Y  axis. 
Then, after the transition from the current values of the current to the amplitudes, the projection of the 
stator current on the axis will have the form [19]: 

 1 1 1 1 1

1 1

2 ( cos( ) cos0 cos( ) cos( 120 )
3

cos( ) cos120 ),

X A A B B

B C

I I t I t

I t

= ⋅ ⋅ ω⋅ + ϕ ⋅ + ⋅ ω⋅ + ϕ ⋅ − +

+ ⋅ ω⋅ + ϕ ⋅

 


 (1) 

and the projection on the Y  axis: 

 1 1 1 1 1

1 1

2 ( sin( ) sin 0 sin( ) sin( 120 )
3

sin( ) sin120 ),

Y A A B B

B C

I I t I t

I t

= ⋅ ⋅ ω⋅ + ϕ ⋅ + ⋅ ω⋅ + ϕ ⋅ − +

+ ⋅ ω⋅ + ϕ ⋅

 


 (2) 

where ω  - angular frequency; t  -time. 
The amplitude of the stator current imaging vector [7, 8]: 

 2 2
1 0 1 1( ) ( ) .Z X YI I I= +  (3) 

In Fig. 3 shows a block made in the OrCAD software environment, which implements expres-
sions (1 – 3). 

Using the model [21] and the calculation unit (Fig. 3) for the time interval from 0  to 2T = π ω , 
the hodograph of the Park vector was constructed for the stator short circuit mode without defects 
(Fig. 4 a), when the complex resistance changes to 80 % as a result of the inter-turn circuit short cir-
cuit mode (Fig. 4, b) and in idle mode (Fig. 4, c). 

As the analysis of the hodograph of the Park vector shown in Fig. 4 a, in the absence of inter-turn 
short circuit, the hodograph describes the correct circle in the scale shown in the figure. Reducing the 
complex resistance to 80 % of the nominal, simulating damage in the stator winding, leads to an ellip-
tical shape of the hodograph Fig. 4 b while maintaining the image scale. The degree of ellipticity will 
be proportional to the degree of damage, and the orientation of the ellipse depends on which phase 
winding there is inter-turn damage. From Fig. 4 a and b, it follows that when the complex resistance 
changes because of the appearance of an inter-turn short circuit, the main axes of the ellipse and the 
hodograph scale differ slightly in size from each other. Comparison and analysis of the hodograph in 
Fig. 4 b and 4 c shows that the sensitivity to the same defect in different operating modes is different, 
as evidenced by the reduced scale (grid) of Fig. 4, c. The decrease in the hodograph of the Park vector 
in size makes it difficult to identify defects such as inter-turn short circuit. However, at the same time, 
the method of diagnosing asynchronous motors based on spectral analysis of the current and voltage 
park vectors in comparison with other diagnostic methods has a number of the following advantages: 

– a wide range of diagnosed injuries and increased diagnostic accuracy; 
– the ability to diagnose not only the main types of defects in the electric motor, but also the as-

sociated mechanical device; 
– reducing the complexity of the diagnostic procedure; 
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– the possibility of remote diagnostics (at a distance from the electric motor – in the power sup-
ply and / or control panel); 

– simplification of the diagnostic procedure: it is not necessary to turn off the electric motor and / 
or to remove the load; 

– the ability to fully automate the diagnostic process [16, 17]. 

0

-0.5
cos (-120 degrees)

i1c

0.866
SQRT

i1y

i1izo

cos (120 degrees)

sin (0 degrees)

i1x

sin (120 degrees)
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-0.5

i1b

The block diagram that implements the calculation of the
instantaneous value of the amplitude and projections to X and Y
axes of the representing vector of the stator current

sin (-120 degrees)

cos (0 degrees)

{-2/3}

i1a {2/3}

 
Fig. 3. The unit for calculating the components of the stator current along the Х , Y  1 1( , )X YI I axes,  

and the amplitude of the depicting stator current 1 0ZI  

   
a b c 

Fig. 4. Hodograph of the Park vector: stator winding without defects in short circuit mode (a); with a complex 
resistance of 80 % in the short circuit mode (b); with a complex resistance of 80% in idle mode (c) 
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When applying the method of spectral analysis of stator current and spectral analysis of modules 
of vectors of the Park of current and voltage, one should take into account the influence on the electric 
parameters of the drive of the supply network parameters, the nature of the load, the influence of ex-
ternal electromagnetic fields, transient processes in the drive, which makes the use of this method not 
fully adequate requirements of practice. In addition, these methods make it possible to detect a stator 
winding defect already at a late stage of development. 

The next method for determining of the inter-turn circuit can be a method based on comparing 
the temperature of the stator winding without damage and the temperature of the stator winding in the 
presence of inter-turn circuit at the same ambient temperature. 

The excess of the temperature of the stator winding over the ambient temperature can be taken in-
to account in the simulation model by the following relation [23]: 

 

1 1

1

1 1
,

( ) 10000
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сор st

ins ins a
т air

chan front

Lt tР Р
p p l

k
S S
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 (4) 

where 0.0165α =  - heat transfer coefficient. 
2

W
cm C⋅ 

; 

 0.118insλ =  - thermal conductivity of insulation, 
2

W
cm C⋅ 

; 

 p  - calculated reduced slot parameter [4, 5]: 11,33 2gr zр b h= ⋅ + ⋅ ; 
 1 0.91k =  - the coefficient of accounting for the implementation of the frontal parts open; 

 20, Сairθ =   - air temperature, deg. 
Active losses in stator winding copper: 

 2 2 2
1 1 1 1 1 1 1( ),сор r f A A B B C CР t k I r I r I r∆ = ⋅ ⋅ ⋅ + ⋅ + ⋅  (5) 

where 1 1 1, ,A B CI I I  - the amplitude of the effective values of the stator phase currents, А; 
 1 1 1, ,A В Сr r r  - active stator phase resistances, Ohm; 
 rt  - temperature coefficient of increase in copper resistance, deg.; 
 1 1,038fk =  - stator current first harmonic coefficient. 

For asymmetric modes that arise when modeling the inter-turn circuit, in the expression (5), in-
stead of the squares of the effective values of the stator currents, substitute the values of the sum of the 
squares of the currents of the forward, reverse and zero sequence, which are calculated by the expres-
sions (6 – 9) [24]. 

Direct sequence currents are defined by expressions: 

 2 2
1 1 1 1 1 1 1 1

1 ( ), , ,
3Adir A B C Bdir Adir Cdir AdirI I a I a I I a I I a I= ⋅ + ⋅ + ⋅ = ⋅ = ⋅         (6) 

where 120 ,ja e=   
 ( ) ( )1 11 120 120

1 1 1 1 1 1, , ,B CA j jj
A A B A C AI I e I I e I I e− +ϕ +ϕϕ= ⋅ = ⋅ = ⋅    (7) 

where 1 1 1, ,A B Cϕ ϕ ϕ  - the lag angles of the current currents of the stator phases from the stresses. 
The reverse sequence of currents is determined by the expressions: 

 2 2
1 1 1 1 1 1 1 1

1 ( ), , .
3Arev A B C Brev Arev Crev ArevI I a I a I I a I I a I= ⋅ + ⋅ + ⋅ = ⋅ = ⋅         (8) 

The zero sequence of currents is determined by the expression: 

 10 1 1 1
1 ( ),
3 A B CI I I I= ⋅ + +     (9) 
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The temperature coefficient of increase in copper resistance is determined by the expression [23]: 

 1 ( 20 С),rt = +β ⋅ θ −   (10) 

where θ  - predicted stator winding temperature; 
 10.004, С−β =   - temperature coefficient of resistance of copper. 

Using the above ratios will allow obtaining the temperature of the stator winding for various op-
erating modes, taking into account the presence of defects in it. Condition monitoring and diagnostics 
of inter-turn circuits by thermal state is possible with the installation of special sensors, but it is impos-
sible to obtain a reliable result on the form of a winding defect and prediction of a trouble-free opera-
tion period. 

Based on the analysis, the most significant methods for diagnosing inter-turn circuits of asyn-
chronous motors include methods based on: 

– analysis of the electrical parameters of the machine; 
– vibration analysis; 
– measurement and analysis of an external magnetic field; 
– measurement and analysis of stator temperature. 
In addition, studies of modern areas of state monitoring and analysis of methods for diagnosing 

inter-turn circuits of the stator showed that the issue of determining inter-turn circuit in the stator 
phase continues to be relevant for a number of the following reasons. Among them, insufficient study 
of individual processes and the absence of dominant parameters for the manifestation of damage to the 
winding, as well as uncertainty in the values of specific diagnostic parameters characterizing the 
change in the functioning processes when the corresponding damage to the winding occurs. They also 
include the lack of forecasting methods for the obtained values of a parameter of the residual resource 
of the winding. The available criteria take into account only the maximum or permissible state of the 
parameters, which does not allow evaluating defects at an early stage of their development. 

Studies of modern directions of diagnostics of the stator winding, based on the control of the 
main manifestations of inter-turn circuits using mathematical modeling methods, can be used to fur-
ther improve the diagnostic equipment. 

Research results 
The study of electromechanical processes in an asynchronous motor using mathematical modeling 

with an intact stator and in the presence of inter-turn circuits of various degrees, constituting a 10 % and 
20 % reduction in the resistance of the stator winding. Based on the analysis of the obtained data, it is 
established that the average electromagnetic torque of the engine in the presence of damage in the nomi-
nal mode and in the idle mode remains constant. At the same time, the maximum electromagnetic torque 
for the undamaged stator in idle mode and in nominal mode increases. In the nominal mode for an intact 
stator, the maximum electromagnetic moment is 72.671 Nm and, with an increase in the degree of dam-
age, has such values – for 10 % – 73.524 Nm, for 20 % – 74.386 Nm. In this case, the current in the 
damaged phase of the stator increases in both modes of the motor. However, in the nominal mode, the 
current increase is more pronounced – from 21.612 A to 22.207 A, while the effective current of the ro-
tor phases is practically unchanged. The ripple coefficient of the electromagnetic moment of the investi-
gated engine in idle mode increases from 0 (for an intact stator) to 336.5 % (in the presence of damage of 
varying degrees), and in the nominal mode from 0 to 3.6%. The unbalance coefficient 

1
,%pulsIk of the 

stator phase currents varies from 0 to 5.5 % regardless of the operating mode of the motor. Studies were 
conducted to change the active resistance and complex stator winding separately. 

In addition, using the model for the time interval from 0 to 2T = π ω , for the engine under study, 
the hodograph of the Park vector was constructed for the stator short circuit mode without defects and 
when the complex resistance changes up to 80 % as a result of inter-turn short circuit both in the short-
circuit mode and in the short-circuit mode idle move. The analysis of the geometric shape of the hodo-
graph of the Park vector allows us to analyze the stator currents consumed by the motor and establish 
image distortion in the presence of obvious damage to the winding. Differentiation of inter-turn circuit 
by this method is difficult due to the lack of clear levels for assessing the boundaries of distortions, the 
established parametric indicator of the technical condition and recommendations for interpreting the 
data obtained. 
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According to the obtained results of simulation of the inter-turn circuit, the current in the dam-
aged phase of the stator winding increases, which causes additional heating of the damaged part of the 
winding. In addition, the short-circuited turn of the winding formed because of an inter-turn short cir-
cuit, given its insignificant resistance, also creates additional heating. Therefore, one of the criteria for 
detecting an inter-turn circuit can be to control the thermal balance of the engine. The assessment of 
the thermal regime can be performed by determining the excess temperature of the stator winding over 
the ambient temperature and can be taken into account in the simulation model used by the ratio given 
in the work in further studies. 

Conclusions on the work 
Research and analysis of modern methods and directions of diagnosis of inter-turn circuit showed 

that the available diagnostic approaches for using a number of basic parameters for the manifestation 
of defects do not allow to clearly differentiating the type and degree of damage. In order to improve 
the accuracy and reliability of the diagnostic results, it is necessary to improve existing and develop 
new methods and tools for diagnosing asynchronous motors during operation, which have more uni-
versal approach to identifying the type and degree of damage to the winding. 

When creating new universal methods, it is necessary to take into account that the following pa-
rameters are appropriate for the construction of diagnostic methods: current consumption in the stator 
phases at nominal mode, vibrations that are most manifested in idle mode, violation of the heat bal-
ance of individual parts of the stator, which can be estimated by exceeding stator winding tempera-
tures above ambient temperature. 

In addition, it was found that each of the parameters of the inter-turn circuit, which is considered 
to be decisive in various methods, has partial information, insufficient to decide on the need to repair 
the electric machine, the actual state of the stator winding or predict the time of trouble-free operation. 

To increase the reliability of diagnosis and differentiation of the degree of inter-turn circuits in 
the stator requires a systematic approach based on the analysis of factors using electrical, magnetic, 
thermal and vibration parameters with the mandatory implementation of decision theory. 
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