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Abstract 

Currently, in transport systems, as part of the main and auxiliary equipment, a large number of induction 

motors with a squirrel-cage rotor of different capacities are used. Their wide application in the transport industry 

is associated with the main advantages over other types of machines – a fairly high reliability, low cost and 

ease of maintenance. However, during the operation of these motors, a number of malfunctions can occur that 

affect the deterioration of the performance of the entire drive, the accuracy of its functions, or accelerate an 

emergency stop. To ensure proper control of the technical condition of electric motors, modern diagnostic 

systems are required that operate in real-time and operational loading mode with the transmission of data on 

the instantaneous state of the main control elements. The paper proposes a block diagram of the diagnostic 

built-in system and developed a modular unit for it to set the type and degree of the most complex damage – 

inter-turn short circuit in the stator winding. 
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1. INTRODUCTION 

 

Improving the efficiency of transport vehicles, 

especially the main types of rail, water and air 

transport, proportionally contributes to the 

development of other industries in each country. To 

ensure the efficiency of the operation of the transport 

infrastructure, the most important issues are to 

improve the operational reliability of equipment and 

the safety of transportation. 

Therefore, the main characteristic of each 

equipment is its reliability, which requires constant 

monitoring of the appearance and development of 

defects with obtaining information about them 

sufficient to predict the time of trouble-free 

operation during operation. Timely detection of 

damage to equipment elements with the adoption of 

measures to eliminate them or their planned 

replacement leads to the prevention of emergency 

failures with subsequent economic damage. Most of 

the failures of transport equipment occur in electric 

drives of various mechanisms and devices, where the 

main element is the electric motor [1, 2]. 

Currently, in transport systems, as part of the 

main and auxiliary equipment, a large number of 

induction motors with a squirrel-cage rotor of 

different capacities are used. Their wide application 

in the transport industry is associated with the main 
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advantages over other types of machines – a fairly 

high reliability, low cost and ease of maintenance. 

However, during the operation of these motors, a 

number of malfunctions may occur [3-5]. These 

faults can affect the performance of the drive, the 

accuracy of its functions, or accelerate the failure of 

the motor in emergency mode. 

The main condition contributing to the reduction 

of failures during the operation period is the timely 

diagnosis and prediction of the current state of 

electric motors. 

 The relevance of the problem of assessing the 

current operational reliability of transport electric 

motors and their components is due to the fact that a 

significant part of them are operated in fairly harsh 

conditions with a high failure cost. The peculiarity 

of their operation for various types of transport lies 

in the complex effect of a number of complex 

factors, such as the rapidly changing nature of work 

loads, vibromechanical loads, including those from 

working mechanisms, high and low temperatures, 

significant pressure drops, high humidity, etc. 

Proper monitoring of the technical condition of 

electric motors can only be provided by diagnostic 

systems built into the electric drive that operate in 

real time and operational loading mode with the 

transmission of data on the instantaneous state of the 

main control elements. In addition, a modern and 
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efficient diagnostic system should allow obtaining 

information not only about the output of some 

operating parameters beyond the established limits, 

but also to differentiate the type of malfunction and 

the degree of damage. Reliable installation of the 

type and degree of damage to the electric motor 

makes it possible to increase the accuracy of 

predicting the period of its failure-free operation and 

thereby ensure the planning of time for their 

elimination. 

 

2. THE AIM AND OBJECTIVES OF 

RESEARCH 

 

The aim of research is to develop a block for 

setting the type and degree of damage to the winding 

stator as part of the proposed block diagram of the 

built-in diagnostic system for monitoring the state of 

an induction motor. This will make it possible to 

more accurately determine the type and degree of 

damage to the winding stator as part of the diagnostic 

system of transport equipment during the operation 

of induction motors when predicting no-failure 

operation. 

To achieve the aim, the following objectives 

were set: 

- to analyze the damageability of induction electric 

motors with a squirrel-cage rotor; 

-determine nodes and types of damage for ongoing 

monitoring; 

- to develop a block diagram built into the drive 

system for diagnosing induction electric motors; 

- to develop an algorithm for the operation of the 

module for monitoring the presence of inter-turn 

short circuits in the stator winding; 

- to develop a block diagram of the block of the 

diagnostic system to identify the degree of inter-

turn short circuit in the stator winding under static 

and dynamic loads of the electric motor in the 

presence of an asymmetric power supply system. 

 

3. DEVELOPMENT OF THE STRUCTURAL 

DIAGRAM OF THE DIAGNOSTICS 

SYSTEM BUILT-IN TO THE 

COMPOSITION OF THE DRIVE 

 

To develop a block diagram of the system for 

diagnosing induction electric motors, an analysis of 

damage to nodes and defects was carried out. 

According to various data of operational statistics, 

taking into account the area of operation of induction 

motors with a squirrel-cage rotor, possible failures 

by the nodes of electric motors are distributed as 

follows [1, 5, 6]: 

- stator failure 77–85%; 

- failure of the rotor 6–8%; 

- failure of bearing units 8–14%. 

From this it follows that an effective system for 

diagnosing induction motors should provide 

technical control of the state of all the listed units of 

electric motors. 

When drawing up a structural diagram of a 

diagnostic system, it is advisable to take into account 

and determine those defects of each node that appear 

during operation and relate to parametric failures 

that need to be controlled to prevent a catastrophic 

failure, that is, an emergency stop. 

From the possible defects of each node 

considered below, the most informative, from the 

point of view of the authors, damage was selected for 

monitoring by the diagnostic system [2, 5, 6]. 

Common stator damage includes: 

- inter-turn short circuit in the stator winding; 

- short circuit on the case; 

-inter-phase short circuit; 

- open circuits of inter-circuit connections; 

- weakening of the pressing of the stator pack: 

- general weakening of the fastening elements of the 

stator core; 

- weakening of the pressing density of the outer 

sheets and steel packages; 

- ellipse of the internal bore of the stator relative to 

the axis of rotation of the rotor; 

- incorrect axial mounting of the active packages of 

the rotor and stator; 

- stator eccentricity: 

- manufacturing defect of the laminated stator steel 

package; 

- a defect in the stator installation during the 

installation of an electrical machine (this defect 

may also occur due to the weakening of the 

foundation during operation). 

Rotor damage: 

- breakage or violation of contact in the rods or rings 

"squirrel cage"; 

- destruction of key connections; 

- twisting (bending) of the shaft; 

- eccentricity of the outer surface of the rotor relative 

to the axis of its rotation; 

- weakening of the pressing of the entire package of 

steel of the rotor or only in the area of the teeth; 

- unbalance of the rotor; 

- unsatisfactory articulation of the output end of the 

shaft with the actuator (quality and defects of the 

couplings); 

- unsatisfactory balancing of the machine fan 

impeller. 

Damage to bearing assemblies: 

- destruction of bearings; 

- wear of the seating surfaces of bearing shields; 

In works [1, 5, 6], a quantitative analysis of the 

causes of an emergency stop of induction motors 

with a squirrel-cage rotor was carried out. The 

results of the analysis in percentage terms are shown 

in Fig.1. 
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Fig. 1. The results of the analysis of the emergency stop of induction motors with a squirrel-cage rotor 

 

Fig. 1 shows that the largest share of emergency 

stops of induction motors is due to overheating or 

overload of the motor (31%). These reasons relate to 

the violation of the operating conditions of the 

induction motor and are not considered in the system 

for diagnosing defects that have arisen in the 

induction motor [1, 3]. 

The next in terms of the number (15%) of the 

causes of failures is the occurrence of an inter-turn 

short circuit in the stator winding [3]. In the presence 

of this defect with a small number of short-circuited 

turns in the stator winding, the motor is in working 

condition [7-9]. In this case, the performance 

characteristics and energy indicators of the induction 

electric motor deteriorate [8, 9]. This defect is 

characterized by the fact that it can develop over 

time. When a certain number of short-circuited turns 

is reached, insulation breakdown occurs, as a result 

of which the electric motor fails. The ability to 

diagnose an inter-turn short circuit in the stator 

winding in the diagnostic system built into the drive 

is an urgent task. 

Insulation damage (11%) caused by various 

factors is also not critical at the beginning of the 

defect. But in the process of developing a defect, it 

can also cause the electric motor to go out of working 

condition. This factor indicates the relevance of the 

presence in the diagnostic system built into the drive, 

the possibility of monitoring the state of the 

insulation [10, 11]. 

Damage to the bearings (12%) leads to the 

appearance of vibration and, over time, to the 

engagement of the rotor in the stator, resulting in 

damage to the rotor and stator with the closure of the 

active steel sheets of the magnetic circuit of these 

elements, which completely removes the electric 

motor from the working state [12-14]. Monitoring 

the condition of the bearings contributes to the 

timely detection of damage to the bearings and the 

prevention of an emergency stop of the electric 

motor. Therefore, the inclusion of bearing condition 

monitoring in the diagnostic system built into the 

drive is an urgent task. 

Another defect that must be controlled during the 

operation of an electric motor as part of an electric 

drive is the control of the state of the rotor rods [15]. 

This defect is structurally included in the breakage 

or damage of the "squirrel cage" (5%) (Fig. 1). When 

melting or breaking the contact of one or two rods of 

a squirrel-cage rotor, the electric motor continues to 

be in working condition [16, 17]. However, when the 

motor is running with damaged rotor rods, the speed 

of rotation of the rotor with the same load will be less 

than in the same motor with a healthy rotor. In 

addition, a break or poor contact of the motor rotor 

rods is accompanied by vibration. In some cases, a 

motor with damaged rotor bars may not reach the 

operating rotor speed even with a light load. With a 

further increase in the number of damaged rods, the 

rotor of the loaded motor stops in emergency mode. 

In all cases, a motor with damaged rotor rods, 

operating under load, consumes increased current 

from the network and overheats more than a 

serviceable motor. To monitor the condition of the 

rotor, the study proposes to analyze the failure of 

double rods by monitoring the vibration signals in 

detail behind the three axes (-x, -y and -z) using an 

accelerometer. In [18], a new method for monitoring 

the state of the rotor, based on the analysis of the 

current of the stator line, is considered to improve 

the reliability of the emerging system for monitoring 

a defect in one rod of the rotor of an induction motor. 

This method combines the Electrical Time 

Synchronous Averaging (ETSA) procedure with the 

Vector Parking Transformation (VPT), Motor 

Current Signature Analysis (MCSA), and Fuzzy 

Logic Algorithm (FLA) method. 
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The unbalance of the rotating masses of an 

induction motor leads to vibration [19]. Regardless 

of the causes of occurrence, according to their 

external signs, the specifics of manifestation in the 

overall picture of vibration, all unbalances can be 

divided into two types – static unbalance and 

dynamic unbalance. Usually, the vibration pattern of 

unbalance appears simultaneously on two bearings 

of the controlled mechanism. Vibration from 

unbalance, in many cases, is dangerous not only 

because of its amplitude, it is an exciting factor, 

which leads to the “manifestation” of signs of other 

defects in the condition of the equipment. That is 

why, as part of the diagnostic system built into the 

drive, there must be a module for monitoring the 

unbalance of rotating masses. 

The presence of other defects shown in Fig. 1 in 

the diagnostic system will only be ascertained 

without qualitative and quantitative analysis. Some 

of the defects are characterized by a catastrophic 

sudden failure, which is impossible to foresee and 

arise due to processes or loads of an emergency 

nature, so there is no point in displaying a failure of 

this type. 

From the analysis of the types of defects and 

damages in an induction motor, it follows that there 

are fundamentally different in nature and, 

accordingly, methods for determining damage 

groups: one part falls on electrical faults and the 

second, conditionally, of a mechanical nature. From 

this it follows that in order to ensure high-quality 

diagnostics, it is necessary to use blocks with 

different diagnostic methods in a single block 

diagram. 

Currently, there are a number of disparate 

methods of non-destructive testing and operational 

diagnostics that provide a certain degree of 

reliability of information on individual types of 

damage. To assess the technical condition of 

electrical machines, these methods use various 

diagnostic parameters and, in most cases, to detect 

the type of malfunction, they require disconnecting 

the motor from the actuator and taking into account 

errors in the quality of the supply network. Such 

systems do not meet modern operating requirements 

in built-in diagnostic transport systems for work 

under loading and can be used for bench tests. 

Currently, the most common following methods of 

general diagnostics of electric motors are known 

[20-22]: 

- based on the analysis of the electrical properties of 

the machine; 

- control of a condition of insulation; 

- based on the analysis of vibrations of individual 

elements of the unit; 

- based on the analysis of acoustic vibrations 

generated by a working machine; 

– based on the measurement and analysis of the 

magnetic flux in the motor gap and the external 

magnetic field; 

– on the measurement and analysis of the 

temperature of individual elements of the machine. 

In addition, there are a number of defects that 

must be clarified and repaired when dismantling the 

electric motor, so the indication of these types is also 

referred to others, where information about 

parametric violations of the vibration or electrical 

type will be received. 

Thus, when constructing a block diagram, the 

most common types of defects in the main elements 

of an induction electric motor are taken into account, 

which can be controlled, observed development, 

predicted uptime and planned repair measures to 

prevent an emergency stop. 

Given the above, the block diagram of the 

proposed diagnostic system is as shown in Fig. 2. 

The diagnostic system built into the drive 

includes the following modules: 

- module for monitoring the occurrence of an inter-

turn short circuit; 

- module for monitoring the general condition of the 

insulation; 

- module for monitoring the state of the rotor bars; 

- module for monitoring the unbalance of the masses 

of the rotating mechanism; 

- module for monitoring the condition of bearings; 

- module for monitoring the appearance of other 

defects. 

From the sensor unit, each of the listed modules 

receives information about the state of the controlled 

parameters (Fig. 2). 

Information about the availability and qualitative 

and quantitative analysis is displayed on the display 

unit. 

Since the inter-turn short circuit occurs most 

often during the operation of the engine (Fig. 1) and 

belongs to a number of difficult-to-diagnose 

damages, this paper considers a diagnostic system 

that allows diagnosing this particular defect as part 

of the drive. The following works of the authors 

according to the proposed diagnostic structure will 

be devoted to the issues of diagnosing other defects 

of an induction motor. 

 
4. DEVELOPMENT OF THE STRUCTURAL 

DIAGRAM OF THE MODULE FOR 

MONITORING OF THE APPEARANCE 

OF INTER-TURN SHORT CIRCUIT 

 

4.1. Rationale for choosing a method for 

diagnosing an inter-turn short circuit 

An inter-turn short circuit in the stator winding phase 

is the most difficult type of damage to diagnose, 

which leads to an increase in temperature in closed 

sections, contributing to the destruction of the 

insulation and emergency failures of the drive during 

its long-term operation [23, 24]. It should also be 

taken into account that the external manifestations 

caused by this defect are similar in nature to a 

number of other damages. Therefore, to develop a 

module for monitoring this defect with determining 

the degree of damage in industrial conditions of use, 

it is necessary to decide on the diagnostic method 

[25, 26]. 
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Fig. 2. Block diagram of the proposed diagnostic system 

 

When choosing a diagnostic method, the 

following reasons should be borne in mind. An 

induction motor can operate both with a static (for 

example, motor-fans) and dynamic (for example, a 

motor-compressor) load [27]. When the load 

changes, the value of the controlled parameters 

changes. The quality of the power supply system of 

the induction motor is an important factor affecting 

the operation of the diagnostic system. The 

asymmetry of the power supply voltage system of an 

induction motor leads to the appearance of torque 

pulsations, that is, vibrations [28, 29]. The 

appearance of an inter-turn short circuit has the same 

signs, since an asymmetric rotating stator field is 

created. With bench diagnostics, this factor is not 

important, since the power supply system of the test 

bench can be made symmetrical. 

According to the analysis, the greatest 

distribution and use in diagnostic systems for the 

detection, identification and differentiation of faults 

in the motor can be applied thermal, electrical, 

vibration and combined diagnostic methods. 

The use of thermal methods is considered in [30, 

31]. These methods are based on monitoring the 

thermal state of the stator windings, since with the 

appearance of an inter-turn short circuit on one of the 

phases, the average stator current increases and, as a 

result, the temperature of the windings increases. 

However, the use of thermal state analysis of thermal 

state analysis for diagnosing and predicting the 

failure-free operation time of electric motors is 

complicated by the current level of development of 

this method for transport systems. 

When using vibration diagnostic methods, the 

presence and degree of damage in an inductions 

motor are determined by methods of spectral 

analysis of vibration signals [13, 14]. Spectra of 

vibration signals can be used to determine with 

sufficient accuracy the type and nature of damage, 

which requires the presence of special sensors. 

However, a priori data on vibration signals 

characteristic of different degrees of damage to the 

stator winding are required to identify the winding 

defect, its development and predict the run-up time 

to failure. It was shown in [9] that the coefficient of 

torque pulsations, which arise as a result of 

asymmetric modes of the motor windings, is greater 

at idle than when the motor is operating under load. 

This factor complicates the application of vibration 

methods when building a diagnostic system as part 

of the drive, since the motor in the drive is constantly 

under load during operation. 

The simultaneous appearance of an inter-turn 

short circuit on two phases is a rather rare case. It is 

considered in the study [9], where the authors 

performed a comparison of the coefficient of torque 

ripples for the case of inter-turn shorting on one and 

two phases. As a result of the comparison, it was 

established that with a small number of damaged 

turns on both phases, the torque ripple coefficient is 

slightly lower than with the same number of 

damaged turns on one phase. The coefficient of 

torque ripples with an increase in the number of 

damaged turns on two phases gradually becomes 

greater than the coefficient of torque ripples with the 

same number of damaged turns on one phase. This 

indicates the impossibility of using vibration 

methods to reliably establish the type and degree of 

the defect. 

Diagnostic methods based on the analysis of the 

distribution of the electromagnetic field of the stator, 

in particular, on the analysis of the values of the 

phase currents of the motor stator, are widely used 

and provide high results in solving a number of 

complex practical tasks [32, 33]. 

Therefore, diagnostic methods based on the 

analysis of stator phase current values should be used 

in case of unbalanced power supply to establish the 

type and degree of inter-turn shorting in the stator 

winding. 
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4.2. Algorithm for determining the presence of 

inter-turn short circuit under static load 

In [26], in order to detect the presence of stator 

damage with an asymmetric power system, the main 

attention is paid to the thermal analysis of an 

induction motor at the earliest stage of the 

occurrence of an inter-turn short circuit (two 

shortened turns). The described methodology does 

not allow obtaining the degree of closure and is more 

convenient for bench monitoring of the motor 

condition. The papers [32, 34] show the 

effectiveness of applying the Park vector hodograph 

method related to current diagnostic methods for the 

same problems. 

The essence of the method is as follows. The 

stator phase currents from the three-phase coordinate 

system are converted into a moving two-phase 

coordinate system (dq-coordinates). The hodograph 

of the Park vector has the form of a regular circle for 

the case of the absence of asymmetry of the stator 

windings caused by inter-turn shorting. With a 

symmetrical system of supply voltages, with the 

appearance of an inter-turn shorting, the circle 

transforms into an ellipse. Moreover, with an 

increase in the number of short-circuited turns, the 

ellipticity angle ε decreases. In contrast to the case 

of symmetry of the supply voltage system, in case of 

asymmetry, the ellipse deviates from the Isd axis by 

an angle θ (Fig. 3). 

Moreover, the deviation by the angle θ in the case 

of violation of the symmetry of the supply voltage 

will occur both in the presence and in the absence of 

damage to the stator windings. 

The angle of ellipticity ε will decrease with the 

appearance of inter-turn short circuits even in the 

absence of asymmetry of the supply voltage system. 

The following designations are adopted in Fig.3: 

θ – the orientation angle of the Park vector (the angle 

between the 0Isd axis and the semi-major axis of 

the ellipse); 

ε – the angle of ellipticity (the angle between the 

semi-major axis of the ellipse and the diagonal of 

the rectangle closest to it); 

υ - the angle between the semi-major axis of the 

ellipse and the instantaneous position of the Park 

vector 𝐼𝑝⃗⃗  ⃗ 

Ipmin, – the value of the Park vector when coinciding 

with the q axis; 

Ipmax – the value of the Park vector when it coincides 

with the d axis; 

Isd0 – the projection of the Park vector onto the d axis; 

Isq0 – the projection of the Park vector onto the q axis. 

The phase currents of the stator of an induction 

motor from the three-phase coordinate system are 

converted to the moving two-phase dq-coordinate 

system in accordance with the expressions [34] 

 

{
 
 

 
 

Id = IA ∙ cos(2 ∙ π ∙ f ∙ t + φ0) −

−
1

√3
∙ (IB − IC) ∙ sin(2 ∙ π ∙ f ∙ t + φ0),

Iq = IA ∙ sin(2 ∙ π ∙ f ∙ t + φ0) +

+
1

√3
∙ (IB − IC) ∙ cos(2 ∙ π ∙ f ∙ t + φ0),

 (1) 

 

where IA, IB, IC – the values of the phase currents of 

the induction motor, shown in the ABC coordinates; 

f - supply voltage frequency; 

φ0 - the initial phase of the supply voltage of phase 

A of the motor. 

The phase of the space vector of the stator current 

of an induction motor φ is the angle between the 

projection of the vector on the rotating two-phase 

coordinate system and the semi-major axis of the 

ellipse. The total phase of the space vector of the 

stator current was determined by the formula [17] 

φ(t) = 2 ∙ π ∙ f ∙ t + φ0.  (2) 

The total phase of the Park vector to some extent 

determines the angle υ(t) between the semi-major 

axis of the ellipse and the instantaneous position of 

sqI

sdI

sdI
sqI

p minI
p maxI





pI

0

sq0I

sd0I

 
Fig. 3. Hodograph of the Park vector in the presence of damage to the stator winding  

and asymmetry of the induction motor supply voltage system 
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the Park vector 𝐼𝑝⃗⃗  ⃗. The angles φ(t) and υ(t) are not 

equal because the speed of rotation of the Park vector 

changes during one period. The equality φ = υ occurs 

when the Park vector 𝐼𝑝⃗⃗  ⃗ coincides with the semi-axes 

of the ellipse. For other moments of time, the value 

of the angle υ was determined by the formula [34] 

υ(t) = arctg[tgε ∙ tgφ(t)] +
π

2
∙ sign{sinε ∙ sinφ(t)} ∙

[1 − sign{cosε ∙ cosφ(t)}],   (3) 

where sign[a] means "sign a", i.e. [34] 

sign[a]  = {
1 𝑎𝑡 a > 0,
−1 𝑎𝑡  a < 0.

  (4) 

In fig. 3 shows the direction of the semi-major 

axis of the ellipse, the direction of the field vector, 

and the instantaneous position of the Park vector 𝐼𝑝⃗⃗  ⃗ 

at the time t=0. 

The phase of the spatial current vector is 

determined using these parameters. The angle 

between the Park vector 𝐼𝑝⃗⃗  ⃗ and the semi-major axis 

of the ellipse will determine the phase φ of the space 

vector of the stator phase current. Positive values of 

the angle φ will be those placed in the direction of 

rotation of the field. The angle υ is the phase of the 

Park vector, and the angle φ is the angle of the space 

vector of the stator phase current. 

The studies were carried out using a simulation 

model of an induction motor, executed in the 

MATLab software environment [35] with the 

established level of accuracy of the results obtained 

[36]. When conducting research, the factor was 

taken into account that during transient processes in 

an induction motor, the amplitudes of phase currents 

change. This entails a change in the shape of the Park 

vector hodograph. For this purpose, studies were 

carried out for the steady state operation of the 

electric motor. 

When conducting research, the hypothesis that 

the supply voltage system is symmetrical is first 

accepted, and the obtained results of the stator phase 

currents are processed in an orthogonal-circular 

basis. 

The angle of ellipticity for an orthogonal-circular 

basis is equal to [34] 

ε = arctg
Ipmin

Ipmax
.   (5) 

For an orthogonal-circular basis, the relations 

Ipmax= Ipmin=Isd0 are valid. That is, with the symmetry 

of the induction motor windings and the stator 

voltage system, the hodograph of the Park vector 

describes a circle, which is a local case of an ellipse. 

For this case, the statement that the angles of 

ellipticity of orthogonal-circular and orthogonal-

elliptic bases are equal is correct, that is, ε=γ. 

After that, the hypothesis about the symmetry of 

the supply voltage systems should be tested. A sign 

of the asymmetry of the supply voltage systems is 

the non-zero value of the ellipse slope angle (see Fig. 

3). Calculations of the angle of ellipticity and the 

angle of inclination of the ellipse in this case should 

be made in an orthogonal-elliptical basis. 

The angle of ellipticity in the orthogonal-elliptic 

basis is equal [34] 

γ = arctg
Isq0

Isd0
.   (6) 

The angle of inclination of the ellipse is equal [34] 

θ = arсcos
Isd

Ipmax
= arсsin

Isq

Ipmax
. (7) 

After that, it is necessary to enumerate the values 

of the projections of the Park vector obtained in the 

orthogonal-circular basis to the orthogonal-elliptic 

one. Enumerations are made in accordance with the 

expressions [34] 

i′sd0 = (cosε0 ∙ cosθ0 − j ∙ sinε0 ∙ sinθ0) ∙ Isd0 

+j(cosε0 ∙ sinθ0 + j ∙ sinε0 ∙ cosθ0) ∙ Isq0; 

i′sq0 = (cos(−ε0) ∙ cos (θ0 +
π

2
) −  

−j ∙ sin(−ε0) ∙ sin (θ0 +
π

2
)) +  (8) 

+𝑗 (𝑐𝑜𝑠(−𝜀0) ∙ 𝑠𝑖𝑛 (𝜃0 +
𝜋

2
) + 

+j ∙ sin(−ε0) ∙ cos (θ0 +
π

2
)) ∙ Isq0, 

where ε0 – the angle of ellipticity of the basic unit 

vector relative to the d axis in the new basis. Relative 

to the q axis, the value of the angle ε0=0. In the 

orthogonal-circular basis ε0=π/4; 

θ0 - the angle of inclination of the basic basis vector 

ellipse relative to the d axis in the new basis. Relative 

to the q axis, the value of this angle is θ0=π/2. In the 

orthogonal-circular basis relative to the d axis, θ0=0. 

The amplitude values of the currents i’sd0 and i’sq0 

are calculated by the formulas [34] 

{
 

 I′sd0 = √(Re(i
′
sd0))

2
+ (Im(i′sd0))

2
,

I′sq0 = √(Re(i
′
sq0))

2
+ (Im(i′sq0))

2
.

. (9) 

The value of the angle of ellipticity in the new 

basis was calculated according to formula (5). The 

values of I'sd0 and I'sq0, calculated according to the 

formulas (10), were substituted into the formula (5) 

instead of the values of Isd0 and Isq0, respectively. 

The presence of an inter-turn short circuit in the 

will be indicated by the ellipticity angle ε, the value 

of which will be less than π/4. 

The method of determining the number of 

damaged turns due to inter-turn shorting in the stator 

windings of an electric motor is given in the study 

[34]. Dependences of deviations of amplitudes and 

displacements of phase shift angles of stator 

currents, as functions of the number of damaged 

turns of stator windings, are linear, it was noted in 

this study. 

The difference between the values of the 

amplitude of the stator phase current of the 

controlled phase in the presence and absence of 

inter-turn shorting is the deviation of the amplitude 

of the stator phase current. 
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The difference between the values of the angle of 

the stator phase current and the stator voltage of the 

controlled phase in the presence and absence of 

inter-turn shorting is the displacement of the phase 

shift angles of the stator currents. The number of 

damaged turns can be determined with absolute 

accuracy in the presence of experimental values of 

the deviation of the amplitudes of the phase currents 

and the displacement of the phase shift angles of the 

stator currents for the motor under consideration at 

any moment of its operation. 

For this purpose, the slope of the increase in the 

stator current is calculated [34] 

kIs =
Is−Isnom

n
.   (10) 

and the displacement coefficient of the phase shift 

angle of the stator current [34] 

kφIs =
φIs−φIsnom

n
.   (11) 

In formulas (10) and (11): 

Is – the instantaneous value of the stator current of 

the monitored phase; 

Isnom – the instantaneous value of the stator phase 

current in the absence of an inter-turn short 

circuit; 

n – the number of damaged turns; 

φIs – the value of the phase shift angle of the stator 

current of the monitored phase; 

φIsnom - nominal value of the stator current phase 

displacement angle. 

Coefficients (11) and (12) are calculated for the 

same regime both in the absence and presence of 

damage to the stator winding. 

The number of damaged turns was calculated for 

each phase based on the obtained amplitudes and 

phase shift angles of the stator currents in the 

presence of the values of the coefficients using the 

formulas [34] 

n =
Is−Isnom

kIs
.  (12) 

n =
φIs−φIsnom

kφIs
.  (13) 

The amplitudes and phases of the stator phase 

currents are determined by the formulas [34] 

{
 
 

 
 

φIsAm = arctg(tgγ ∙ tgφsnom),

φIsBm = arctg (tgγ ∙ tg (φsnom −
2∙π

3
)) ,

φIsCm = arctg (tgγ ∙ tg (φsnom +
2∙π

3
)) .

 (14) 

{
 
 
 
 
 
 

 
 
 
 
 
 

IsAm = ((I′sd0 ∙ cos(∆φsIAm) )
2 +

+(I′sq0 ∙ sin(∆φsIAm))
2
)
−
1

2

,

IsBm = ((I′sd0 ∙ cos (∆φsIAm −
2∙π

3
)  )

2
+

+(I′sq0 ∙ sin (∆φsIAm −
2∙π

3
)  )

2
)
−
1

2

,

IsСm = ((I′sd0 ∙ cos (∆φsIAm +
2∙π

3
)  )

2
+

+(I′sq0 ∙ sin (∆φsIAm +
2∙π

3
)  )

2
)
−
1

2

.

. (15) 

In formula (14), φsnom is the value of the phase 

shift angle of the stator currents with intact stator 

windings. 

The results are rounded up to an integer. The 

largest integer is selected among the results obtained, 

which will correspond to the number of damaged 

windings. The damaged phase is selected based on 

the largest value of the modulus of the stator current 

increase coefficient and the largest value of the phase 

shift angle displacement coefficient [34]. 

 

4.3. Algorithm for determining the presence of 

inter-turn short circuit under dynamic load  

The method that allows diagnosing the presence 

of an inter-turn short circuit in the stator windings of 

an induction motor in dynamic mode in the presence 

of a defect both on one phase and on two at the same 

time is given in the study [9]. Options for modeling 

dynamic loads in combined transport trains are also 

considered in [27]. 

If an inter-turn short circuit is present in the stator 

windings, then when the motor shaft rotation 

frequency changes (that is, when the motor load 

changes), the changes in phase shifts Δφ between the 

phase currents and voltages for each phase will be 

the same, it was noted in the study [9], i.e. 

∆φAi = ∆φBi = ∆φCi = ∆φi, (16) 

where ∆φi – the phase shift between phase current 

and voltage for the i-th motor rotor speed 

∆𝜑𝑖 = 𝜑𝑖 −𝜑𝑖−1,  (17) 

where φi – the phase shift between phase currents 

and voltages at the motor shaft speed ni; 

φi-1 – phase shift between phase currents and 

voltages at motor shaft speed ni-1. 

Based on formula (16), the additional diagnostic 

parameter χi is introduced to estimate the change in 

the phase shift between phase currents and voltages 

when the motor shaft rotation frequency increases 

[9] 

𝜒𝑖 =
∆𝜑𝑖

∆𝑛𝑖
,   (18) 

where ∆𝑛𝑖  

∆𝑛𝑖 = 𝑛𝑖 − 𝑛𝑖−1.  (19) 

The parameters of the rate of change of the 

increment of the phase shift between the phase 

currents and voltages when changing the frequency 

of rotation of the motor shaft (induction motor of the 

AIR 132M4 series with a power of 11.0 kW) are 

shown in Fig. 4. The degree of damage to the stator 

(the number of closed turns) is taken into account by 

reducing the nominal total resistance of the winding 

[9]: 

- with intact (serviceable) stator (χ); 

- at 90% of undamaged winding turns of one phase 

(χ1); 

- at 80% of undamaged winding turns of one phase 

(χ2); 
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- at 80% undamaged winding turns of one phase and 

90% undamaged winding turns of the second phase 

simultaneously (χ3); 

- at 80% undamaged winding turns of one phase and 

80% undamaged winding turns of the second phase 

simultaneously (χ4). 

Dependencies shown in Fig. 4, have a jump-like 

character in the region of the idling mode and engine 

shaft rotation frequencies close to it (range 1498-

1488 rpm). This range shaft rotation frequency 

corresponds to a low motor load and cannot be used 

for diagnostic purposes. As the motor load increases, 

there are long linear sections that continue almost to 

the nominal engine shaft speed (Fig. 4). So, for 

undamaged stator windings, the range of the linear 

section is from 1490.8 rpm to 1450 rpm, when one 

phase is damaged, from 1485.8 rpm to 1458.32 rpm, 

when two phases are damaged, from 1485.8 rpm to 

1466.4 rpm. 

 

 
Fig. 4. Dependence of the rate of change of the phase 

shift (χi, deg/rpm) on the frequency of rotation of the 

motor shaft (n, rpm) 

 

It follows that the range of the linear section of 

the dependence χ=f(n) decreases with an increase in 

the number of damaged stator phases. As a result of 

the analysis of the dependencies shown in Fig. 4, the 

following conclusion is made. The second derivative 

of the change in phase shift according to the 

frequency of rotation of the motor shaft when the 

same number of phases is damaged at different 

degrees of damage changes differently [9] 

ξi =
χi

∆ni
.   (20) 

The parameter ξ from expression (20) can be 

used as a criterion in the construction of a diagnostic 

system for the diagnosis of induction motor defects 

caused by inter-turn short circuits of the stator 

windings. 

 

4.4. Development of a block diagram of the 

module for monitoring the presence of an 

inter-turn short circuit under static and 

dynamic loads of the electric motor 

Based on the algorithms developed above for 

diagnosing the presence of an inter-turn short circuit 

under static and dynamic loads of an induction 

electric motor, a block diagram of the module for 

monitoring the presence of an inter-turn short circuit 

has been developed (Fig. 5). 

To select an algorithm for monitoring the 

occurrence of a short circuit, it is necessary to 

determine at what load the induction motor operates 

- with a static or dynamic load. For this purpose, an 

angular velocity sensor is used. In the "Comparison 

block of the current and previous values of the 

angular velocity" the parameter is determined 

∆ω = ωi − ωi−1,   (22) 

where ωi – the current value of the angular velocity; 

ωi−1 – the previous value of the angular velocity. 

When ∆ω=0, the "Control mode selection" block 

turns on the control channel under static load, at 

∆ω≠0 - the control channel under dynamic load. 

Since the current method was chosen to diagnose 

the occurrence of an inter-turn short circuit, current 

sensors are used to obtain the value of phase 

currents. In this case, one should keep in mind the 

fact that an induction electric motor can be powered 

by an autonomous voltage inverter, therefore, the 

supply voltage system can be non-sinusoidal. 

Therefore, to determine the amplitude and phase of 

the first (fundamental) harmonic of the stator phase 

currents (IsA1, IsB1, IsC1, φIsA1, φIsB1, φIsC1), the Fast 

Fourier Transform Block is used. The "Fast Fourier 

Transform Block" is also needed to determine the 

phases of the first harmonics of the stator phase 

voltages (φUsA1, φUsB1, φUsC1). The phases of the first 

harmonics of the phase voltages and stator currents 

are necessary to determine the phase displacements 

between the phase voltages and stator currents. 

The amplitudes of the first harmonics of the 

stator phase currents (IsA1, IsB1, IsC1) and the 

frequency of the first harmonic of the stator phase 

voltages (f1) enter the "Block of coordinate 

transformations", where the phase currents are 

converted from a three-phase coordinate system into 

a two-phase moving dq coordinate system in 

accordance with the expressions (15). 

the obtained values of the phase currents in the 

dq coordinate system are sent to the "Block for 

calculating the parameters of the Park vector 

hodograph", where the projections of the Park vector 

hodograph on the d axis (Isd0), on the q axis (Isq0) and 

the angle of ellipticity in the orthogonal-elliptical 

basis (γ) (7). "Block of coordinate transformations" 

is switched on when it receives a signal from the 

"Select control mode" block. 

The obtained values of Isd0, Isq0 and γ are sent to 

the "Block of transition from orthogonal-elliptic 

basis to orthogonal-circular and determination of the 

presence of inter-turn closure", in which, based on 

expressions (9), (10), the values of the projections of 

the Park vector hodograph from the orthogonal-

elliptic basis to orthogonally circular. After that, 

according to expression (7), the coefficient of 

ellipticity is calculated in the new basis. The 

obtained value of the angle of ellipticity less than π/4 

will indicate the presence of an inter-turn short 

circuit in the stator windings. 
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Fig. 5. Structural diagram of the module for monitoring the occurrence of an inter-turn short circuit 

 

In the presence of an inter-turn short circuit, the 

amplitudes and phases of the stator phase currents 

are calculated using expressions (15-16), and the 

number of damaged turns of the winding stator is 

calculated using expressions (13-14). 

The results of monitoring the occurrence of an 

inter-turn short circuit under static load are displayed 

(“Display block”). 

With a signal from the output of the "Control 

mode selection" block, which includes a channel for 

determining the presence of an inter-turn short 

circuit under dynamic load, the amplitudes of the 

phase currents, the amplitudes and phases of the first 

harmonic of the stator phase currents and the phase 

of the first harmonics of the stator phase voltages 

from the "Fast Fourier transform block" are sent to " 

Block for determining the first and second 

derivatives of the phase shift between phase currents 

and stator voltages and comparing the result with the 

result for the case of undamaged motor windings, 

where the first and second derivatives of the phase 

shift between phase currents and stator voltages are 

calculated in accordance with expressions (20) and 

(21) respectively. Comparison of the obtained and 

experimental results of the second derivative of the 

phase shift between the phase currents and stator 

voltages makes it possible to determine the number 

of damaged phases and the number of damaged turns 

in each phase. 

The results of monitoring the occurrence of an 

inter-turn short circuit under dynamic load are 

displayed (“Display block”). 

Thus, the developed module for monitoring the 

presence of inter-turn short circuits in one or more 

phases of the winding stator allows to determine the 

damaged phase and the number of closed turns under 

static and dynamic loads of the electric motor, 

regardless of the quality of the supply voltage. 

Setting the degree of damage to the stator winding of 

the electric motor by the number of closed turns 

allows to predict the time of trouble-free operation 

and plan the repair of transport equipment. 

 

4. CONCLUSION 

 

This work is completed in a set of studies on the 

study of the manifestation and influence of inter-turn 

short circuits in the stator winding of an induction 

motor and the construction of a module for 

determining the type and degree of this type of 
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damage for use in the system of technical control of 

the state of vehicle electric motors. 

As a result of the analysis of damages and 

methods for diagnosing induction electric motors, a 

block diagram of the built-in diagnostic system has 

been developed. 

The diagnostic system built into the drive 

includes the following modules: 

- control of occurrence of inter-turn short circuit; 

- control of the general condition of the insulation; 

- monitoring the condition of the rotor bars; 

- control of unbalance of masses of the rotating 

mechanism; 

- monitoring the condition of bearings; 

– control of the appearance of other defects. 

To create a diagnostic system module for 

determining and differentiating the type and degree 

of inter-turn short circuit in the stator phase winding, 

the most difficult to diagnose damage, studies using 

mathematical modeling were used. 

Studies to determine the degree of damage to the 

motor stator winding with an asymmetric supply 

voltage system and a static load have shown the 

effectiveness of using the Park vector hodograph 

method. According to the proposed method, the 

number of damaged turns in the presence of an inter-

turn short circuit in the stator windings of an electric 

motor depends on the deviations of the amplitudes of 

the stator phase currents and the shifts in the phase 

shift angles of the stator currents and is linear. 

Calculation of the amplitudes and angles of the 

phase displacement of stator currents for each phase 

makes it possible to determine the number of 

damaged turns with a high accuracy of determining 

the presence of an inter-turn short circuit under a 

static load with a possible asymmetric supply 

voltage. 

The conducted studies of the influence of the 

degree of inter-turn short circuit on phase shifts 

between phase voltages and currents when the motor 

load changes showed that phase shifts remain the 

same for all phases of the motor when the shaft speed 

changes throughout the entire operating range of the 

motor - from 1425.7 rpm to 1498.0 rpm . An analysis 

of the obtained dependences of the influence of the 

degree of inter-turn short circuit on phase shifts 

between phase voltages and currents with a change 

in the motor load showed that the dependences 

χ=f(n) have ranges with linear sections, and with an 

increase in the number of damaged phases, the range 

of the linear section of the characteristics decreases. 

For damage to one stator phase - from 1485.8 rpm to 

1458.32 rpm; for damage to two phases of the stator 

- from 1485.8 rpm to 1466.4 rpm, etc. Reducing the 

range of the straight section χ=f(n) with an increase 

in the number of damaged phases and the degree of 

damage (the number of closed turns) is used in the 

construction of a block for the presence of an inter-

turn short circuit under dynamic load in the module 

of the stator winding condition monitoring system. 

On the basis of the research, an algorithm has 

been developed and a block diagram of the module 

for monitoring the presence of an inter-turn short 

circuit under static and dynamic load of the electric 

motor has been developed for operation as part of the 

built-in diagnostic system for transport equipment. 

The developed block diagram is ready for 

subsequent implementation in physical form and use 

in operating conditions. 
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