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1. Introduction
Induction motors, supplied by industrial frequency converters, are the most commonly used existing drive systems 
in industry (Orłowska-Kowalska and Dybkowski, 2016). Motor failure may result in stopping of various operational 
activities of a company leading to heavy loss and so its diagnostics is becoming an increasingly important issue.

Most failures that occur in induction motors are due to bearing failures (Grubic et al., 2008; Riera-Guasp et al., 
2015), while electrical failure is the second most common cause of motor damage (up to 40% of all damage).

There are many methods for monitoring and diagnosing the induction motor stator winding damages working 
both in the case of mains-supplied (Cruz and Cardoso, 2001) and frequency converter-supplied with scalar control 
u/f = constant (Diallo et al., 2005; Drif and Marques Cardoso, 2014; Gandhi et al., 2011; Wolkiewicz et al., 2015).

The issue of diagnosing the electrical damages of an induction motor, operating in a closed control loop, is 
not frequently analysed in the literature (Bellini et al., 2000; Cruz and Cardoso, 2004; Seshadrinath et al., 2014; 
Wolkiewicz et al., 2016, 2017). However, it is important because the control system with regulators and feedbacks 
has compensative properties for the occurring damage (Bednarz, 2017; Bellini et al., 2000). Moreover, when 
comparing the closed loop control to both mains-powered or scalar control systems, the damage symptoms can 
appear not only in currents but also in the voltages generated by the control system (Wolkiewicz et al., 2016). 
Depending on the used control system, the sensitivity of the damage diagnostic indicators may be also different 
(Wolkiewicz et al., 2017).

Most of the proposed diagnostic solutions for motor windings are based on spectral analysis and searching for 
diagnostic frequencies in the frequency range (Bellini et al., 2000; Cruz and Cardoso, 2001, 2004; Diallo et al., 2005; Drif 
and Marques Cardoso, 2014; Gandhi et al., 2011; Wolkiewicz et al., 2015, 2016, 2017) or using other complex methods 
including wavelet analysis (Seshadrinath et al., 2014). Characteristic frequencies are sought in both currents (Cruz 
and Cardoso, 2004), voltages (Wolkiewicz et al., 2016) and other signals, for example, signals of instantaneous active 
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Fig. 1. Direct rotor field oriented control system for induction motor.

and passive power (Drif and Marques Cardoso, 2014). However, spectral analysis is computationally time-consuming 
and requires the implementation of additional algorithms in industrial converters requiring processors with large  
computing power.

Boileau et al. (2013) proposed a simple diagnostic method of stator windings for permanent magnet synchronous 
motor (PMSM) which may allow to automatically determine the amplitude of the second harmonic voltage signals 
without any requirement of using the spectral analysis. The authors suggest the use of a modified, double Park 
Transform of voltage signals recorded in a synchronous system, and the determination of received signals’ DC 
components. Until now, the proposed diagnostic method has not been used in the diagnostics of induction motors.

Based on the above analysis, this paper presents a new method which uses the modified Park Transform in 
the diagnostics of the induction motor with particular emphasis on the damage due to shorted-turns of the stator 
winding. On the contrary to Boileau et al. (2013), the Park’s triple (not double) transformation and extraction of DC 
components from both voltage and current (not only voltage) signals are proposed.

The next section of the paper presents the field-oriented control system through which the proposed diagnostic 
system works. Afterwards, the effects of the induction motor, its operation in a closed control system and stator 
winding shorted turns damage are described. Then, the subsequent section presents the suggested diagnostic 
method. Next, the experimental setup and the test results obtained with it are described. Finally, the paper is 
summarised.

2. DFOC system of induction motor
Induction motor control systems used in the industry are supposed to have high static and dynamical properties. 
The classical vector control method – Direct Field Oriented Control (DFOC) – is applied to meet these requirements. 
It should be noted that the systems operating in a closed control loop compensate initial phases of motor damage, 
which makes the diagnostics in such systems more difficult than in the case of scalar control.

The scheme of the induction motor vector control system used is presented in Figure 1. The control system 
consists of four PI-type controllers, rotor flux estimator and a voltage modulator (Space Vector Modulation (SVM)). 
Field-oriented control consists in controlling the values of the stator current vector components, where the isx 
current component is responsible for the value of the rotor flux amplitude, while the isy component is responsible 
for generating the electromagnetic torque. The concept of such control refers to control of separately excited DC 
machine.

Determination of the reference values of individual components of the current vector is carried out by superior 
flux and speed regulators. The difference between measured speed wm, and reference speed m

refω , is fed to the 
speed controller. The same happens in the flux regulator, where the rotor flux setpoint r

refψ  is compared with the 
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estimated value of the rotor flux amplitude ˆrψ . The stator current component regulation errors are the inputs of the 
current regulators, which are output signals here that are transformed into the stationary frame, and then become 
the input signals for the SVM modulator.

Apart from the amplitude value of the flux vector ψr , the estimator determines also the position angle of the rotor 
vector gψr, which is necessary for proper transformation between coordinate systems. The flux estimator requires 
values of stator current as well as stator voltage components. The voltage is determined based on the DC bus 
voltage uDC and the control signals of the transistors (control signal duty cycles).

The diagnostic system uses the components of the stator current vector and the components of the voltage 
vector in stationary system, which are subjected to appropriate transformations. Based on that, the degree of the 
stator damage was analysed.

3.	 Winding	 shorted	 turns	 damage	 in	 a	 field-oriented	 control	 system	of	 an	
induction motor

The occurrence of winding short-circuits in the stator windings of an induction motor causes the asymmetry of the 
motor windings and, therefore, the third harmonics appear in phase currents of the motor with amplitudes of IdA, IdB, 
IdC, and phase shifts qdA, qdB, qdC relative to the first harmonics of currents (Bellini et al., 2008). Moreover, the motor 
phase currents also become asymmetrical:
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where: IsA, IsB, IsC – amplitudes of the first harmonics of phase currents, w = 2pf – synchronous velocity, f – phase 
currents frequency, d – power angle, phase shift between the rotor flux and the stator current of the induction motor. 
Equation (1) applies to motor damage in each of the motor phases, the effect of these damages can be seen in 
different phase shift angles between the respective harmonics.

Because of the small differences between amplitudes and phase shifts (Bellini et al., 2008), the following 
approximation is adopted in the remaining part of the paper: Is = IsA = IsB = IsC, Id = IdA = IdB = IdC and qd = qdA  
= qdB = qdC.

If phase currents in the faulted state Eq. (1) are transformed to the a  – b stationary frame using the Clarke 
transform, the components of the current vector will change to the following form:
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In this system, the a and b current components are also characterised by the presence of a third harmonic. However, 
if the classic Park transformation is used, the currents in the x–y synchronous system-oriented according to the 
rotor flux space vector take the form:
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Thus, according to Eq. (3), time-constant and pulsating signals appear in the stator current vector component 
waveforms in the field-oriented frame. The time-constant signals depend on the desired values of the rotor flux 
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amplitude and the electromagnetic torque of the motor. The damage components pulsate with a double supply 
frequency.

An example of an Fast Fourier Transform (FFT) analysis of the current and the reference voltage vector 
component waveforms in the x-axis is shown in Figure 2. A fundamental and third components, which do not change 
their amplitudes with the increasing degree of damage (increasing Nsh) can be noticed. However, the 2fs component 
can be observed, where amplitude increases significantly with Nsh.

Due to the operation of the control structure, based on feedbacks and PI controllers, the field-oriented control 
system exhibits compensatory action compared to the scalar control system operating at a constant ratio of voltage 
amplitude and frequency u/f = constant. Therefore, the effect of the damage, visible in the phase currents will be 
compensated by the control system, by appropriately modified voltages. Thus, the double frequency harmonic 
signals will appear in the components’ waveform of the voltage vector in the x–y frame. The second dominant 
harmonic will be transformed into the third harmonic in the stationary system, by using the Park’s inverse transform 
in a similar way to stator currents.

4. Suggested diagnostic method for the winding shorted turns damage of an 
induction motor stator

As mentioned above, the waveforms of phase currents and current vector components in the a and b axes in the 
event of damage to the stator winding are characterised by the formation of the third harmonic of the fundamental 
frequency. The amplitude of the third harmonic is, therefore, a good diagnostic indicator based on which one can 
conclude about the damage occurred. However, direct determination of the damage requires a time-consuming FFT 
analysis and definition of the fundamental frequency value.

Further, the modified triple Park transformation is used to isolate the value of the damage component without 
using the spectral analysis of the diagnostic signal and can be presented in the form:
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where: in steady state t ˆ rω γ= ψ  and isx3, isy3 – components of the stator current vector in the new x3-y3 coordinate 
system, which is rotating with triple basic velocity.

By modifying Eqs (2) and (4), the following equation is obtained:
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Fig. 2. Example of spectral analysis of: (a) the stator current in the x-axis, (b) the reference voltage in the x-axis for field-oriented control of an induction 
motor in the case of a low number of shorted turns (Nsh = 0, 1, 2, 3).
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Based on Eq. (5), it is observed that the analysed signals consist of the constant components isx3DC and isy3DC, related 
to the damage and pulsating components with a twice the basic velocity.

Isolation of DC components can be done using a suitable low-pass filter or any other method. In this study, in 
order to isolate the DC components, the average value of 250 samples of the signal was calculated, using the Hann 
window (a ready to use tool from the LabView library).

After the separation of the DC parts from the current vector components written in the x3–y3 system (5), the 
following fault indicator (FI) can be proposed:

 FI i i Ii sx DC sy DC d3
2

3
2= + =  (6)

The theoretical analysis presented above is illustrated in Figure 3. It is shown that in the case of stator phase current, 
third harmonics amplitude raises significantly (Figure 3a). Further, as a result, the second harmonic amplitude of 
x-axis current vector component increases after the fault occurs (Figure 3b). Finally, the x3-axis component has only 
the DC part when the stator winding is damaged.

As mentioned in the previous section, the DFOC system has a compensative mechanism for any damage that occurs. 
The system tends to force constant current signals in the x–y coordinate system in a steady state, i.e. i i, constantsx

ref
sy
ref =  

(constant load torque and constant amplitude of the rotor flux). This causes that the currents in the a–b frame are 
close to sinusoidal. Thus, internal regulators of current components tend to obtain currents without higher harmonics  
(Id minimisation in Eq. (6)) by appropriate modification of the reference voltages. The performance of this action 
depends on the values of the controllers’ parameters, as shown in one of the following sections. So, as in the case 
of currents, voltages in the a–b system will include a third harmonic that appears in the case of damage to the 
induction motor windings.

Using the modified Park transformation Eq. (4) and appropriate extraction of the DC voltage components of the 
failure signals, one can obtain a voltage FI, written similarly to Eq. (6):

 FI u uu sx DC sy DC3
2

3
2= +  (7)

The FIi current and FIu voltage FIs have the following features:

•     no need to calculate spectral analysis (FFT); it is not required to determine first the basic frequency and then 
the amplitude of double (or triple) harmonic of the respective signals,

•     they do not depend on the power angle d, nor on the angle of shift of the current’s third harmonic relatively to 
the first harmonic qd,

•     they also do not depend on the place of damage (motor phase).

a) b) c)

i sA

f

i sx
3

f f

i sx

Fig. 3. Comparison of spectral analysis for the healthy and damaged motor (5 shorted turns): (a) stator phase current, (b) x-axis component of stator 
current vector, (c) x3-axis component of stator current vector; nominal speed and torque.
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A block diagram of the proposed diagnostic method is shown in Figure 4. This procedure requires knowledge 
of the signals of current and voltage vector components in the stationary coordinate system and the estimated 
rotor flux angle, which are required to carry out the modified triple Park transform P(3 ˆ )rγψ . Then, the extraction of 
the DC components is carried out and the amplitude of the resulting proposed diagnostic indicators is calculated. 
The value of the indicators can be used to infer about the state of the machine, which can be done, for example, 
by comparing to the initial value (threshold value). This value can be determined during the process of identifying 
machine parameters, which is necessary in the case of vector control systems – this procedure is implemented in 
most industrial frequency converters.

5.	 Experimental	setup
The motor used in this research is an induction motor, Indukta Sg 100L-4B, 3 kW, with a special design, enabling 
modelling of stator winding shorted turns damage in each phase of the motor. The tested motor was specially 
rewound to allow testing the stator failures. Specific numbers of turns were connected to the connection plate, as 
shown in Figure 5. The system allows shortage of several turns of the stator winding, carried out by making the 
connection with or without including an additional resistance. In this research, the tests have been conducted using 
a metallic connection. Based on this, the tests are limited to 5 shorted turns that constitutes about 3% of the whole 
winding.

The experimental tests were conducted using the test setup presented in Figure 6. This motor is connected via a 
clutch to the Lenze MCS14H32 synchronous motor, enabling the generation of the load torque. The induction motor 
is supplied by a 5.5 kW TWERD MFC 710 frequency inverter with a two-level voltage inverter controlled through 
fibre optic cables. On the other hand, the synchronous motor is supplied by a Lenze 8400 inverter. The system 
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Fig. 4. Block diagram of the proposed diagnostic system.
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Fig. 5. Specially prepared induction motor: (a) schematic diagram of the connection plate with an example of 3 shorted turns, (b) photo of the motor 
under test.
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is also equipped with an incremental encoder and a resolver, allowing the measurement of the drive speed and 
position of the shaft. LEM transducers were used to measure the currents isA, isB, isC of the induction motor and the 
DC bus voltage uDC of the TWERD voltage source inverter.

The control and diagnostic structure is implemented on a rapid prototyping system using the National Instruments 
PXI system. The direct rotor field-oriented control structure was used to control the induction motor. The control 
system uses signals from the transducers, i.e. phase currents isA, isB, isC, rotational speed wm and the uDC voltage. 
The output signals are the digital signals kA, kB, kC that control the voltage inverter switches and the required load 
torque value mo

ref.
The software used was VeriStand for process control and visualisation, Simulink for control system preparation 

and LabView for system diagnostics.

6.	 Experimental	test	results
Using the test setup described in the previous section, a series of tests were performed to evaluate the proposed 
diagnostic method. A special attention was paid to the analysis of the impact of the actual drive speed and load 
torque on the proposed damage indicator. The impact of the parameters of PI controllers on the value of obtained 
FI diagnostic indicators was analysed as well.

All test results presented are related to a short circuit in motor phase A, however, comparative tests show that 
the results for the remaining motor phases are also similar.

6.1.	 Diagnostic	indicator	waveforms	under	varying	load	torque	conditions
Figure 7 shows the results of the on-line work of the proposed diagnostic procedure under the conditions of the 
stepwise load torque changes and constant, rated motor speed. The course of the set load torque is shown in 
Figures 7a and 7b – it increases from the minimum to the nominal value in steps, changing by 0.2 mN every 6 s.

Waveforms of state variables of the field-oriented control system are shown in Figures 7c and 7d, respectively. 
They are the components of the current vector and stator voltage. It can be clearly noted that the principle of DFOC 
vector control is fulfilled’ the isx component responsible for generating the rotor flux is constant over time, while the 
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Fig. 6. Block diagram of the experimental setup.
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second component of the vector increases with increasing motor torque (Figure 7c). The components of the stator 
voltage vector change according to the operating point and result from the operation of the current component 
regulators (Figure 7d).

Five shorted turns were physically modelled for each load torque value. Momentary changes of instantaneous 
values can be noted in the waveforms of current and voltage vector components, but they are so small (and in 
the actual drive may depend on the operating conditions) that they obviously cannot be used for the diagnosis the 
condition of the induction motor.

When analysing and comparing the signals mentioned above, the proposed diagnostic indicators shown in 
Figures 7e and 7f can effectively be used for assessing the condition of the motor windings.

The difference between the indicator values in undamaged and damaged conditions is clearly observed. It can 
also be noted that the values of the indicators are similar regardless of the torque value.

6.2.	 	Dependence	of	the	suggested	diagnostic	indicators	on	the	load	torque	and	the	angular	
speed of the motor

A large number of experimental studies were carried out to demonstrate the dependence of the proposed diagnostic 
indicators on the number of shorted turns Nsh, drive speed wm and load torque mL. The test results obtained are 
shown in Figure 8 in the form of 3-D characteristics. The values of the FIi (Figures 8a and 8c) and FIu (Figures 8b and 
8d) in function of the speed (Figures 8a and 8b) and the load torque (Figures 8c and 8d) are shown, respectively. 
It is clear that in each case the value of both indicators increases with the increasing number of shorted turns. The 
sensitivity of the current indicator (Figure 8a) decreases with increasing speed, while the effect is opposite in the 
case of the voltage indicator (Figure 8b). Diagnostics of the stator windings of the induction motor using a voltage 
indicator should be carried out at high speeds, preferably close to the rated one. The current indicator can be used 
more efficiently at lower speeds.

As shown in Figures 8c and 8d, the proposed damage indicators do not depend on the load torque – their levels 
are constant for constant torque; they only increase with the increasing degree of the damage.

6.3.	 Impact	of	PI	controllers	parameters	on	the	diagnostics	of	induction	motor	damage
As stated above, the field-oriented control system tends to compensate the damage because of the action of 
regulators and feedbacks. Figure 9 shows the influence of the controller parameter values on the obtained current 

Fig. 7. Waveforms of state variables and diagnostic indicators in the case of: constant, rated speed and changing load torque, cyclic momentary 
short-circuits of five turns: (a, b) load torque, (c) current vector components in a synchronous system, (d) voltage vector components in a synchronous 
system, (e) current indicator, and (f) voltage indicator.
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Fig. 8. The relationship between the diagnostic indicators and the number of shorted turns, and: (a, b) motor speed (with the rated torque); (c, d) load 
torque (with the rated speed); (a, c) current indicator; (b, d) voltage indicator.

Fig. 9. Impact of regulator parameters on the received diagnostic indicators’ values during a short-circuit of one, two, three turns, respectively, at a 
speed of 0.25 w N and a torque of 0.5 mN. (a, b) the effect of changing the flux regulator parameters; (c, d) the effect of changing the speed regulator;  
(e, f) the effect of stator current vector components regulators’ parameters changing; (a, c, e) current indicator; (b, d, f) voltage indicator.
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(Figures 9a, 9c, and 9e) and voltage (Figures 9b, 9d, and 9f) FIs. It is assumed that the parameters of the regulators 
of both current vector components were changed simultaneously. During the research, the following form of a PI 
regulator transfer function is assumed:

 G s K
T s

( ) 1 1
PI p

i
= +









  (7)

First, second and third rows of Figure 9 shows the effect of flux, speed and current regulator parameters varying, 
respectively. The parameter values in each drawing were changed approximately every 20 s, according to the 
legend in red in the drawings. The current indicator is the indicator that mostly responds to changes in regulator 
parameters. In general, the greater the value of the gain parameters of the flux and speed controllers (Kp_ψ, Kp_ω) 
and the smaller the value of time constants (Ti_ψ, Ti_ω), the greater the value of the current indicator obtained. The 
parameters of the current component regulators do not significantly affect FIi.

On the other hand, as shown in Figures 9b, 9d, and 9e, the voltage indicator does not react to the changing 
parameters of the regulators. Because of this reason, it can be considered that it is more suitable for diagnosing 
stator windings damage than the current indicator (user of the industrial converter often can change the parameters 
of regulators).

7. Summary
The article presents the results of research on detecting damage to an induction motor powered by a frequency 
converter controlled in a closed control structure (DFOC). A new method of induction motor stator damage’s 
diagnostic has been suggested, allowing for the abandonment of time-consuming FFT analysis.

The presented results of the tests confirm that the proposed diagnostic indicators can be used effectively to 
detect short-circuit turns of a motor operating in a closed control structure. The analysed current and voltage signals 
subjected to a modified Park transformation allow extracting of a constant value containing the information about 
the fault. An increase in the diagnostic indicator amplitude at given operating conditions indicates that a winding 
shorted turns damage has occurred in the stator windings. It is worth noting that the proper correlation of the voltage 
indicator with the current indicator, with the constant parameters of the controllers, allows diagnosing the motor in 
the entire speed range.

The undoubted advantage of this method is the ability to diagnose the motor when the load torque is close 
to zero. Moreover, the diagnostic coefficient values are insensitive to both the power angle and the angular shift 
between the first and third current harmonics when compared to the first harmonic.

However, it should be noted that a change in the parameters of controllers located in the control structure affects 
the change in the value of the current indicator, while not affecting the voltage coefficient, which should be taken into 
account when correlating these two indicators.

Further research will also include an analysis of the possibility of locating the place where the shorted turns 
damage occurs (motor phase in which the damage occurs) by analysing the obtained constant components in the 
a and b axis of the analysed vectors.
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