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Abstract - In low voltage induction motors, the first indication of a stator fault is
the appearance of an inter-turn short circuit. For this reason, several attempts to
diagnose reliably these short circuits have been made. Although considerable
research has been carried out, the diagnosis of inter-turn short circuits is not a
mature technique yet. This paper presents and analyzes the on-line inter-turn short
circuit diagnostic techniques developed so far for line-connected induction motors.
By means of a comparative study, their advantages and drawbacks are highlighted.
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1. Introduction

The main cause of stator winding faults in induction motors is the degradation of the insulation [1].
The ageing process, the surface contamination and the vibration are causes of premature degradation.

Another cause of degradation is the use of PWM converters.

The diagnostic strategy depends on the voltage level [2,3]. If the voltage level is above 4 kV, it is
possible to apply the partial discharge monitoring approach. The identification of the deterioration of
the insulation allows repairing it before failure. This technique is widely applied in industry [4-6].
But, if the voltage level is below 4 kV, this technique can not be applied. In this case, the first
indication of a problem will be that a fault actually develops. For this reason, techniques for on-line

inter-turn short circuit diagnosis are needed (Fig.1).
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Figure 1. On-line stator winding fault diagnosis depending on the voltage of the induction motor



The stator faults start with inter-turn short circuits within a coil. After this, serious faults such as
phase-to-phase or phase-to-earth short circuits can be developed. An early diagnosis prevents the
machine from these serious faults that can destroy the stator core. If the stator shorted turns are
detected on time, only a small part of the winding is damaged and the motor can be repaired. As
rewinding the motor is usually faster than replacing it, an early detection of shorted turns is very

useful.

Hence, below 4 kV, the diagnostic strategy consists on the detection of inter-turn short circuits within
a coil. Although considerable research has been carried out, the diagnosis of inter-turn short circuits

is not a mature technique yet.

The diagnostic methods described in this paper are intended for line-connected induction motors. For

inverter-fed motors, additional considerations have to be taken into account.

2. On-Line Diagnosis of Stator Shorted Turns in Induction Motors

The diagnostic techniques of stator shorted turns can be divided into those that are based on signature

analysis and those that are based on stator asymmetry (Table I).

TABLE |. CLASSIFICATION OF ON-LINE DIAGNOSTIC TECHNIQUES OF STATOR SHORTED TURNS

On-L.ine Diagnosis of Stator Shorted Turns
Stator Asymmetry Signature Analysis
¢ Negative-Sequence Current o Axial Leakage Flux
e Sequence Impedances o Current
e Zero-Sequence Voltage o Electromagnetic Torque
o Vibration

The inter-turn short circuit increases the asymmetry of the stator winding. Hence, the negative-
sequence components change when a fault occurs. For this reason, some techniques are based on the
detection of changes in the negative-sequence current [7-21]. These techniques are based on the
monitoring of current and voltage of the three phases of the motor. Sequence components of the
impedance are also considered for diagnostic purposes [22-32]. A technigue based on zero-sequence

voltage is also proposed [33].

An inter-turn short circuit also produces some changes in the harmonic components of rotor and
stator currents and axial leakage flux. For this reason, some on-line diagnostic techniques are based
on signature analysis of axial leakage flux [34-39] or line current [40-50]. Other magnitudes such as

electromagnetic torque [51] and vibration [52-53] also show changes in the frequency spectrum.

Some of the mentioned diagnostic techniques require the installation of additional sensors that may

be invasive to the motor’s environment. This is the case of the axial leakage flux signature analysis



and the vibration signature analysis. Other diagnostic techniques do not require the installation of
additional sensors as they are based on the monitoring of voltage and current. The non-invasive stator

fault diagnosis is the preferred option for condition monitoring of induction motors.

In order to validate the proposed diagnostic techniques, the researchers have carried out experimental
tests with faulted motors. Most test motors are built with several taps in the winding in order to
simulate inter-turn short circuits safely. These taps are connected through a variable resistor in order
to limit the short circuit current. Only a few experiments have allowed the inter-turn short circuit to
develop into a more severe fault [16,27,48]. In [48] a piece of copper was soldered onto the end
winding of a coil and when, after a few minutes, ignition of the end winding tape occurred, the test
was stopped. In [27], the insulation in two adjacent turns of one coil was scratched and these two
turns were welded. The test was carried out until, after a few minutes, the final breakdown occurred
and the phase-to-earth protection was set off. Finally, in [16], the insulation degradation is
accelerated by thermally-induced stress. The moment the inter-turn short circuit occurs is unknown.

This test is the closest to a real fault.

3. On-Line Diagnosis based on Stator Asymmetry
3.1. Negative-Sequence Current

An inter-turn fault in the stator winding leads to an asymmetry between the three phases, changing
the negative-sequence component in the line current. The first study of the effect of inter-turn short
circuits in the negative-sequence current was presented in [7]. Both analytical and experimental

results showed an increase in negative-sequence current with the inter-turn short circuits.

The monitoring of the current negative-sequence component /,, is easy as it is calculated from the

measurements of the three line currents (1).

I,= % (,+al, +a1,) Where a =" 6y

However, inherent motor asymmetries, mismatched instrumentation gains and unbalanced supply
voltages produce a similar effect (Fig. 2). These non-idealities have to be taken into account in the
fault detection strategy. In fact, results show that there is negative-sequence current in healthy motors
due to these factors. This asymmetry increases when an inter-turn fault occurs. When the motor is not
symmetric, the positive and negative sequences become interdependent. In this case, there will be
negative-sequence current even if the supply voltage is symmetrical and has no negative-sequence

component.
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Figure 2. Different causes of negative-sequence current

Therefore, the measured negative-sequence current /., is the contribution of three components (2).
Subtracting the current due to voltage imbalance I',, and the inherent current I',, from the measured
negative-sequence current 7,,, the current due to the fault 7*,, is obtained (3). An increase of its value

will be indicative of inter-turn short circuit.

Ly=1,+1,+1 2
122=1a2—1§z—122 (3)

3.1.1. Database for Compensation of Inherent Asymmetries

In [8,9], the negative-sequence current due to supply voltage imbalance I, is calculated as the
relation between the negative-sequence voltage 7., and the negative-sequence impedance of the
motor Z,, (4).

I, = Lo @
ZaZ
The actual negative-sequence impedance Z,; is considered a constant value independent of load. It is

also supposed that its value does not change with the inter-turn short circuit.

The negative-sequence current due to the fault I*,,, is modeled as a current source in the negative-
sequence circuit. The negative-sequence current due to inherent asymmetries 7', is also considered as
a current source. Hence, the measured negative-sequence current is given by (5).

[,=Ye g s (®)

a2

The negative-sequence current due to inherent asymmetries 7', is supposed to be function of the load,
the voltage and the frequency. However, the frequency is not expected to have a large effect in line-

connected motors. Hence, frequency influence is not considered. The I',, value is calculated and



stored in a database as a function of the voltage and load, represented by the positive-sequence values

of voltage V,; and current I,; respectively.

The main inconvenience is the need for a database of I',,. The authors propose a self-tuning system
that requires no special training period. Assuming that the motor has no turn faults, the current 7'y, is

calculated and stored while V,; and I, vary over the normal ranges of the motor operating conditions.

In order to detect the fault reliably, an adaptive threshold for I, is proposed. This threshold will be a

multiple of the uncertainty of the calculation of I*“,,. A value between two and three is adopted.

3.1.2. Formulas for Compensation of Non-Idealities

The assumption that Z,, is constant [8,9] is not valid for many motors [10-12]. In fact, both the

resistive R,; and the reactive X, components of Z,, are variable.

ZaZ = RuZ + quZ (6)

Temperature changes in the motor will be reflected in a change of the resistance R,,. For this reason,
instead of calculating I",, as a function of Z,, (4), it is proposed to calculate it as a function of X, and

the phase angle 6, between V., and 7, (7).

=l @)

a2

This technique is valid if the phases of I',; and the measured I, are the same. However, the variable
negative-sequence current due to inherent asymmetries I',, and inter-turn short circuits 7., could

change the value of 6,. The authors do not analyze these assumptions.

Anyway, X, is not a constant value as it depends on the degree of supply imbalance and load. In
motors with closed rotor slots, with load changes and supply voltage imbalance, X,, can vary
between 10% and 50% as a consequence of leakage inductance saturation [13]. The orientation of the
voltage imbalance ¢, also influences the value of X, due to the static eccentricity of the rotor. In

order to account for all these effects a semi-empirical formula is proposed (8).

Xr;zl = Vo +V1Vaa +728IN 24, +y5 €082, + 7,1, +75[51y €)

The V,, and ¢, variables allow to relate X, with the supply imbalance and orientation respectively.
The current 1,;, is the component of /,; that is in phase with the supply voltage and represents the
load, allowing to relate .X,, with load variation. Finally, Z,,, is in quadrature with the supply voltage

and represents the magnetization current, allowing to relate X, with flux saturation.



Hence, equation (7) can be written as:
I, =V, Sin(c9n )(70 +71Vi2 +7,8IN28, +7,€082¢, +y,1 4, +7/5131y) ©)

With respect to the negative-sequence current due to inherent asymmetries 7',,, in order to describe its
dependence with load and voltage a formula with quadratic functions of /,,, and 7,,, is proposed (10).
The current 1,;, represents the load and Z,,, represents the voltage.

+a,l’ (10)
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In order to characterize the y; and o; parameters, it is proposed to carry out the characterization of the
voltage imbalance calculating the y; parameters. Then, the voltage and load variation are considered
and the a; parameters are calculated. The recursive least squares method is proposed to calculate

these parameters.

Finally, instead of calculating the negative-sequence current with (1), a power decomposition
technique (PDT) is proposed to calculate the positive and negative sequences of current and voltage

in real time.

3.1.3. Neural Network for the Calculation of I ;;

In [14-16] a diagnostic approach based on an artificial neural network (ANN) is proposed. The inputs
of the ANN are the voltage negative-sequence V,,, the voltage positive-sequence V,; and the current
positive-sequence Z,;. The output of the ANN is the negative-sequence current /., due to voltage
imbalance and inherent asymmetries (11).

122 :Ivz+[£2 (11)

a

In the monitoring stage, this estimated value I',, is compared with the measured value I,,. A

deviation of I, with respect to I",, will be an indication of fault (12).

Ijgzlaz_[;z (12)

At the beginning, an off-line training of the ANN was proposed [14]. The ANN is trained over the
entire range of operation conditions expected. This scheme, known as global minimum training
(GMT) is not suitable for practical implementation, as it requires considerable data memory and

computation.

For this reason other training algorithms, more suitable for on-line application were proposed

[15,16]. These algorithms are the continual on-line training (COT), the quasi-global minimum



training (QGMT) and the combination of both (COT-QGMT). These algorithms have lower

computation and data storage requirements than the GMT.

In the COT algorithm, the ANN weights are continuously updated. Instead of considering all the
operation conditions, only a neighborhood of the current operating condition is considered. In order
to update the ANN continuously, every time interval is divided into one training slot and several
monitoring slots. The limitation of the COT is that if the fault develops slowly, this is not detected.

However, when the fault occurs rapidly the COT is a good detector.

In the QGMT algorithm, the healthy motor operating conditions are stored in a dynamic database of
limited size. This database is created and modified on-line and instead of containing the entire range
of operation conditions as in the GMT, only the most recently operation conditions are stored. If a
large shift in the operation conditions occurs, the ANN exhibits a large estimation error and a false

alarm may appear.

The COT and QGMT algorithms are complementary. For this reason, a combination of both schemes
is proposed. Two ANN are used. One is trained by the COT scheme whereas the other is trained by
the QGMT scheme. Although both ANN are continuously updated only one of them is used for
monitoring the fault. The QGMT scheme is used for monitoring the fault and when a large shift in

the operation conditions occurs, the protection is switched to the COT algorithm.

3.1.4. Current Space Vector

Some authors have proposed the monitoring of current space vector in order to detect the increase in
the negative-sequence current [17-19]. Both the amplitude and phase of the current space vector are

influenced by the negative-sequence current.

In a symmetrical motor with balanced supply, the current space vector amplitude is constant. If there
is motor asymmetry, supply imbalance or inter-turn fault, the amplitude will have an ac component at
twice the fundamental supply frequency (2f). This component is proposed for the motor condition

monitoring in [17,18].

The negative-sequence current also has influence in the angular position of the current space vector.
In an ideal situation the angular position increments its value uniformly at angular frequency w. In
the presence of negative-sequence component, the angular position fluctuates at twice the
fundamental supply frequency (2f). Hence, angular fluctuation can be used as fault indicator [19].
The angular fluctuation 66 is calculated subtracting the expected increment in angular position wt

from the actual position -

00 =0-owt (13)



3.1.5. Neural Network for Estimation of Fault Severity

In [20,21], an artificial neural network is used to evaluate the severity of the inter-turn short circuit.
The output of the ANN is the short-circuited turn percentage. The input values are the slip and the

current positive and negative sequences.

In order to train the supervised ANN, a mathematical model is used. The supply voltage is supposed
to be balanced. As the model does not take into account non-idealities, the ANN would have

difficulties in the condition monitoring of real motors.

3.2. Sequence Impedances

Due to the difficulties associated to the negative-sequence current, a research group proposed the
effective negative-sequence impedance as fault indicator [22-24]. In order to overcome the
limitations of this fault indicator the same research group proposed the sequence impedance matrix
[28-31].

3.2.1. Effective Negative-Sequence Impedance

Due to the difficulties associated to the negative-sequence current, a different fault indicator was
proposed [22-24]. It is known as effective negative-sequence impedance (14).
Vo (14)

a2eff
a2

The calculation of this indicator is simple and it requires no initial training. However, it is not
possible to evaluate the fault severity. In addition, the motor and sensors asymmetries decrease
considerably the sensitivity of the indicator. This is because equation (14) is true only if the motor is

perfectly symmetric. If this is not the case, there is an interaction between the sequence components.

Another research team has studied this method [25-27] and similar results have been obtained. In
addition, they have developed an improved method for the calculation of the effective negative-

sequence impedance [26].

3.2.2. Sequence Impedance Matrix

It may be shown that the relation between voltage and current sequence components is as indicated in

equation (15).

o

(15)
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For a symmetrical motor, the off-diagonal terms of the sequence component impedance matrix are
zero and the sequence components are independent to each other. However, due to the inherent
asymmetries of the motors, the off-diagonal terms are nonzero and the sequence components are not

decoupled.

Assuming that the zero-sequence component of the line current is equal to zero (7, = 0):

|:Va1:| _ |:le le j||:1al:| (16)
VaZ ZZl ZZZ 102

The Z,, parameters depend on the motor design and construction, the operating speed and the
presence of a winding fault. Hence, the change that is produced by the fault can be used as indicative
of fault. However, for a reliable diagnosis, the effects of speed and inherent imbalances have to be

considered (Fig. 3).
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Figure 3. Magnitudes that affect the sequence impedance matrix
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3.2.2.1. Voltage Mismatch

In [28-31], the change in the sequence impedance matrix is used for the diagnosis. The method is
known as voltage mismatch detector and it is based on the deviation of the voltage sequence

components due to the fault.

In the learning stage, the values of Z;;, Z;», Z,; and Z,, are calculated from two independent tests for

several motor speed values. These values are stored in a database.

In the protection stage, monitoring the voltage and line current, V,;, V., I,; and I, are obtained.
Knowing the speed, from 1,;, 1,, and equation (16) the expected values of V,; and V,, are obtained
and compared with the measured ones. If an inter-turn short circuit occurs the Z,, parameters change

and a voltage mismatch is observed. This deviation is used as fault indicator.

This fault indicator is independent of the motor and sensors inherent asymmetries because these

effects are considered when the Z,, parameters are calculated. For this reason, the same sensors have



to be used during the condition monitoring. The method is also independent of imbalances in the

power supply.

3.2.2.2. Off-Diagonal Sequence Impedance

A similar approach is proposed in [32]. In this case, the fault indicator is the off-diagonal sequence

component Z;..

In the learning stage, Z;, is calculated and stored for several speed values. From (16), the value of Z;,
can be calculated from two linearly independent tests carried out at a certain speed (17). The supply
imbalance has to be different from one test to another. The sequence components of the first test are

', I, and V', and the values of the second test are F,;, F., and V..

_ IaZZValZ _IizVazz (]_7)
NI -1
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The supply is intentionally unbalanced in order to obtain independent tests. The first test is carried
out without any intentional imbalance and for the second test the supply is unbalanced. The value of
Z;> and the sequence components of the balanced test are stored as a function of speed. If there is not
speed measurement available, the positive-sequence impedance value Z,; is proposed to represent it.

This magnitude is supposed to be a function only of speed. Hence, this value is stored as well.

In the protection stage, Z;, is continuously calculated from the current and voltage measurements and
the stored data. In order to calculate Z;,, besides the continuously measured sequence component
values, the stored sequence components of the balanced test are used. In order to evaluate the speed,

Z,; is continuously calculated. A deviation of Z;, will be indicative of fault.

3.3. Zero-Sequence Voltage

A different approach for star connected motors with the neutral accessible is proposed in [33]. The
fault indicator is the sum of the three instantaneous line-neutral voltages. In an ideal case its value is

zero. If an inter-turn short circuit occurs its value increases.

One of the drawbacks of the approach is the need of the neutral to be accessible. Furthermore, in an
actual healthy machine the fault indicator is not zero due to machine inherent imbalance and
instrumentation asymmetry. Although the effects of load and voltage imbalance are neglected in the
approach, this consideration is based on a symmetrical machine impedance. Hence, in an actual

machine with inherent asymmetries, these effects could decrease the sensitivity of the method.

10



4. On-Line Diagnosis based on Signature Analysis
4.1. Axial Leakage Flux Signature Analysis

It has been shown that axial flux monitoring can detect inter-turn short circuits [34-39]. The perfect
electric motor does not produce any axial flux because the currents flowing in the end windings of
the rotor and stator circuits are perfectly balanced. However, there are always small asymmetries in
both the material and geometric aspects of the magnetic and electric circuits of any motor. This
results in every motor producing a small, but measurable axial leakage flux. If a coil is wound around

the shaft of the motor, it will have induced in it a voltage that can be related to the axial flux.

Both stator and rotor windings produce axial leakage flux that is a result of the winding currents.
Hence, the axial leakage flux spectral content may be related directly to the harmonic components
present in the winding currents. These components depend on the harmonic components of the air

gap flux.

A stator inter-turn short circuit changes the distribution of the magnetomotive force (MMF) in the air
gap because of the current that circulates through the short-circuited turns. The MMF distribution due
to the inter-turn short circuit induces different frequencies in the rotor currents and so in the axial
leakage flux [34,35]. These frequency values are given by (18), where fis the fundamental frequency
of the supply, & is the supply voltage harmonic order, p is the number of pole pairs, s is the fractional

slip and # is an integer different from 2pm for m =1,2,3...

(k+n(l-s)p)f (18)

Experimental results [27,35-39] show that these frequency components are present in healthy motors
of different characteristics and sizes. This occurs because of the stator inherent asymmetry.
Therefore, the short circuit does not give new components but changes their values. Results show an

increase in these values when an inter-turn short circuit occurs.

These frequencies vary slightly depending on the motor loading or slip s (18). As the motor loading
changes, their magnitude also changes. Results have shown that these components are very load
dependent. In fact, the differences can be higher between no load and full load than between healthy
stator and stator with short-circuited turns. Only when the short-circuited turn percentage is high,

16% as shown in [36], it is possible to discern between a short circuit and a load change.

Hence, the main drawback of axial leakage flux signature analysis is its high dependency on load.
This can be a problem for reliable diagnosis. Furthermore, the search coil is invasive to the motor’s

environment.
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4.2. Current Signature Analysis

Monitoring of line current is the preferred option for condition monitoring of induction motors. The
main reason is that current monitoring is non-invasive. In fact, most rotor fault and eccentricity
diagnostic techniques are based on stator current signature analysis. For this reason, several studies

have been carried out in order to study current signature changes with inter-turn short circuits.

These studies certify that some frequency components change their amplitudes with inter-turn faults.
However, the theoretical frequency values that are function of fault, change from study to study.
Furthermore, among the frequencies predicted to change, some show a higher sensitivity to the fault
than others. The most sensitive values are verified after experimental tests. This means a difficulty

for the diagnosis.

4.2.1. Rotor Slot Harmonics

Some studies show that rotor slot harmonics reflected in the time harmonics of the stator current (19)

increase their value with inter-turn short circuits [40-46]:

(K'(N, I pY1—s)+1)f (19)

N, is the number of rotor slots and £ is an integer value.

A symmetrical healthy stator winding picks up only those harmonics present in the rotor MMF
whose pole pair numbers match with those the stator winding itself can produce. However, with an
inter-turn short circuit, the shorted portion of the winding acts as a pick-up coil for all these
harmonics, irrespective of their pole pair numbers. These harmonics will be induced in the healthy

portion of the winding.

As there are always small inherent asymmetries, these values are also present in healthy motors
signature. For this reason, the fault does not give new components but changes their values.
Simulations [40-44,46] and experimental tests [40,44,45] verify this statement.

However, the increase in their values can be small [44]. Furthermore, simulations carried out in
[41-43] show that rotor slot harmonics weakly depend on the mechanical load. These simulations

also show that these harmonics are independent of supply imbalance.

Other simulation results show that there is a dependence on supply imbalance [46]. For this reason,
the detection of the rotor slot harmonics when the motor is switched-off is proposed. The method is
based on the monitoring of the line-to-line voltage. Experimental results verify the validity of the

approach.

12



4.2.2. Third Harmonic

Simulation and experimental results carried out in [40,44] also show an increase of the current 3"
harmonic with the inter-turn fault. However, this component already exists due to magnetic

saturation. Furthermore, it is also sensitive to supply imbalance and machine inherent asymmetries.

4.2.3. Stavrou et al

In [47], based on the interaction of the MMF and the permeance waves in the air gap, the harmonics
that are expected to vary due to inter-turn faults are obtained. These harmonics can have their origin

either in the stator currents f;. (20) or in the rotor currents f,. (21).
o les oo 20
.fsc = .]rtNrii_Z.]milxt f ( )
p

fm=((JNN,.ik')l_SiZJmiiﬂSJf (21)
p

The parameters j.;, j.., isn k', i, are integer values. The subscripts 7z, s¢, and sa are related to slotted

rotor, slotted stator and saturation respectively.

Experimental results show that the change in the magnitude of the frequencies given by (20) and (21)
is not the same in all of them. Some frequencies even decrease their values. And the results vary if
different motors are considered. The most sensitive frequencies are the lower sidebands given by (21)
and one of the components given by (20). For the calculation of the frequencies using equation (21)

slotting and saturation have been neglected (j,; = 0, j,,=0).

4.2.4. Thomson et al

Finally, there has to be mentioned the research study presented in [48,49]. Although there is a lack of
theoretical justification, the experimental results are promising. The components that are function of

shorted turns are given by (22).

(k'Q-s)! pk)f (22)

Experimental results show that the increase in the components given by (k=1, £’=3) and (k=1, k’=5)
can be identified. Similar results are obtained in the three phases. Therefore, it is enough if the
condition monitoring is carried out monitoring only one phase current. Furthermore, the effect of

load is negligible compared to the change that occurs between healthy and faulty motor.

Based on these results, there is in development a hand-held device based on current signature

analysis for the detection of several faults, including shorted stator turns [50].

13



4.3. Electromagnetic Torque Signature Analysis

Signature analysis of electromagnetic torque for diagnostic purposes has also been analyzed [27,51].

The frequencies that are present in the spectrum of a healthy motor are the following:

o Double supply frequencies: 2f (23)
e Multiples of the rotating speed: k’(1-s)fp (24)
e Combinations of them: 2f+k’(1-s)f/p (25)

Experimental results show that with inter-turn short circuits, sidebands of the multiples of the

rotating speed appear at #2fs. In addition, frequencies present before the fault increase their value.

4.4. Vibration Signature Analysis

Signature analysis of electrically-excited radial vibration is presented in [52-53]. Due to the link
between electrical behavior and mechanical vibration of induction motors, internal fault currents can

be detected by vibration measurement.

In [52], the induction motor is considered as a system and the signal given by a piezoelectric
accelerometer installed on the motor casing is considered as the output of the system. By means of a
higher order spectra signal-processing tool, different faults are identified: broken rotor bars, dynamic

eccentricity and inter-turn short circuits.

In [53], some vibration frequencies related to stator shorted turns are determined theoretically and
they are verified experimentally. Besides installing an accelerometer on the stator casing,

accelerometers are installed on both rotor bearings. The latter show to be more sensitive.

Although results show that the faults are detected, the approach seems less sensitive than those that
are based on electrical magnitudes. Furthermore, the installation of an accelerometer can be invasive
to the motor’s environment. In any case, vibration signature analysis can be useful as a supplement

other techniques.

5. Comparative Analysis

Several diagnostic techniques have been presented. These techniques differ in the fault indicator that
is used for diagnosis. Whatever the fault indicator is, the important issue is that the diagnosis is
carried out efficiently. The simplicity for practical implementation is also desirable. Therefore, the
presented diagnostic methods are compared in terms of diagnostic efficiency and requirements for

practical implementation.

14



In order to address the issue of the diagnostic efficiency, basically the experimental results will be
considered. Although simulations give an indication of the diagnostic efficiency, they do not consider
non-idealities that affect the actual diagnosis. Non-idealities such as motor inherent asymmetries,
supply voltage imbalances or instrumentation asymmetries difficult the actual diagnosis. Hence, so

that diagnostic technigues give good results they should consider these non-idealities.

With respect to the simplicity for practical implementation, the first factor to consider is whether the
technique is invasive or not. Non-invasive methods based on voltage or current monitoring are
preferred. Another factor to consider is the need for data computation and memory.

Most of the diagnostic methods based on the asymmetry created by the turn fault are related with the
changes in negative-sequence components when inter-turn faults occur [7-21]. The main
inconvenience for diagnosis is that these negative-sequence components appear due to other factors
apart from the fault. Inherent motor asymmetries, unbalanced supply voltages and mismatched
instrumentation gains produce similar effects. Only if these effects are taken into account it will be
possible to carry out a reliable diagnosis. For this reason, some diagnostic techniques include
interesting compensation methods to overcome the effects of non-idealities [8-16]. These methods
have a considerable need for data computation and memory. However, stress on their suitability for

practical implementation has been put and this need has been reduced.

The first method based on sequence impedances did not considered the non-idealities [22-27].
However, in order to overcome the limitations of this fault indicator, the non-idealities were
considered and the efficiency of the method improved considerably [28-32]. These techniques have

also a considerable need for data computation and memory.

Among the techniques based on stator asymmetry, that based on zero-sequence voltage is the poorest
[33]. The compensation of the non-idealities is not considered. In addition, there is the need of the
neutral to be accessible. Finally, it has to be mentioned that there is only one paper published about

this technique.

Diagnostic approaches based on the signature analysis of axial leakage flux, line current,
electromagnetic torque and vibration have been presented. The researches carried out have shown
that there are components of the spectra that are function of inter-turn faults. However, the
experimental results have shown that there are some difficulties using these components for reliable
diagnosis. In addition, some techniques require the installation of sensors that may be invasive to the
motor’s environment such as accelerometers or search coils. Furthermore, the calculation of the

signature in real time requires considerable computation.
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The monitoring of axial leakage flux requires a search coil [34-39]. This is invasive to the motor’s
environment. However, the main drawback of axial leakage flux signature analysis is its high

dependency on load.

The analysis of current signature has the advantage that is non-invasive [40-50]. However, the
theoretical frequency values that are function of fault, change from study to study. In addition, the
experimental results are not good. Among the frequencies predicted to change, some show a higher
sensitivity to the fault than others. Furthermore, it is needed a great number of shorted turns so that

the change in signature is detected.

The method based on electromagnetic torque signature is also non-invasive [51]. Similarly to current
signature, among the frequencies predicted to change, some show a higher sensitivity to the fault than
others. Finally, it has to be mentioned that there is only a research group that has experimented with

this technique.

Finally, the vibration signature has been proposed for fault detection [52-53]. The accelerometer is
invasive to the motor’s environment. In addition, this technique is based on a complex signal

processing that requires high computation [52]. Further research in this field is needed.

Table Il summarizes the most relevant comparative aspects of the analyzed techniques in terms of

diagnostic efficiency and requirements for practical implementation.

TABLE Il. SUMMARY OF THE COMPARATIVE ANALYSIS OF DIAGNOSTIC TECHNIQUES

Diagnostic Efficiency Simplicity for Practical Implementation
Negative-Sequence .ngh . Medium o
Current v Compensatlon_of non-idealities v Current e_md voltage monitoring
v Good experimental results X High computation and memory requirement
Sequence _ngh R Medium o
Impedances v Compensation of non-idealities v Current and voltage monitoring
v Good experimental results X High computation and memory requirement
Zero-Sequence S Low Medlum_ .
Voltage X Non-idealities are not compensated  Voltage monitoring
X Lack of experimental results X Neutral has to be accessible
Axial Leakage Low X Invasivle_?svgarch coils)
Flux Signature X Load dependency

X High computation requirement

Medium
v Current monitoring
X High computation requirement

Low

Current Signature X Bad experimental results

Medium

Electromagnetic Low .
Torque Signature X Lack of experimental results v Current and voltage monitoring
X High computation requirement
Vibration Low _ Low
. . X Invasive (accelerometer)
Signature X Lack of experimental results

X High computation requirement
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6. Conclusions

The on-line inter-turn short circuit diagnostic techniques for line-connected induction motors
developed so far have been presented and analyzed in this paper. These techniques have been divided

into those that are based on signature analysis and those that are based on stator asymmetry.

A comparative study of the diagnostic techniques has been carried out. Stress on their diagnostic
efficiency and simplicity for practical implementation has been put. Among all the analyzed
diagnostic techniques those that are based on the asymmetry introduced by the short circuit seem to
be the most promising. Compared to those based on signature analysis, they show both a higher
efficiency and a better suitability for practical implementation. The compensation of non-idealities is
the key to a reliable diagnosis. Hence, among all the described diagnostic techniques, those that carry

out this compensation [8-16,28-32] seem the most promising.
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