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Abstract: This work enhances the knowledge of the diagnostic potential of the broken bar fault in induction motors. Since a
series of studies have been published over the years regarding condition monitoring and fault diagnostics of these machines, it
is essential to reach a common ground on why — sometimes — different techniques render different results. In this context, an
investigation is provided with regards to the optimal window that should be adopted for the implementation of a proper time—
frequency analysis of the monitored signals. On this agenda, this study attempts to set lower and upper bound limits for proper
windowing from the digital signal processing point of view. This is done by proposing a formula for the lower limit, which is
derived according to the specific frequencies one desires to put under inspection and which are the fault-related signatures.
Finally, a discussion on the upper bound is put onwards; results from finite-element simulations are examined with the discussed
approach in both the transient regime and the steady state, while experimental results verify the simulations with satisfying

accuracy.

1 Introduction

Induction machines are very well established in industrial
environments, energy conversion systems and mobility
applications. As a result, research that focuses on their condition
monitoring, fault detection and diagnosis, as well as the modelling
of their failure mechanisms has been going on for decades [1-3].
With regards to rotor condition assessment, the vast majority of
diagnostic procedures relies on the analysis of frequencies with
either the classical frequency domain analysis of monitored signals
over the steady state, or with the use of time—frequency (+)
distributions during the start-up transient or other transient regimes.
The first approach offers a harmonic inspection of characteristic
frequency signatures and their fault sidebands visualised on a
spectrum [4—6], whilst the second one provides the advantage of a
spectral content examination through the signal's frequency
trajectories and how these evolve over time. The latter are usually
visualised by means of spectrograms [7-9].

During actual on-field measurements, the signals handled by
diagnostic engineers for the aforementioned purposes may vary:
motor currents and voltages harmonic signature analyses have
ushered the early diagnostic techniques of motor current signature
analysis (MCSA) [10-13] and motor voltage signature analysis
(MVSA) [14-16]; vibration, stress, torque and speed measurements
lie on the foundation of the NVH (noise/vibration/harshness)
analysis [17—-19]; externally radiated magnetic fields monitoring is
still revealing promising results for stray flux signature analysis
(SFSA) [20-23] and, less frequently, measurements of acoustic
noise emissions are evaluated [24-26]. Representative literature for
more detailed information on these techniques can be reviewed in
[27-30].

To cover the most representative ones, in [11] an actual real-
case scenario of induction motors in industrial environments is
investigated with MCSA for broken and cracked rotors, using a
threshold value of the defined diagnostic index. Broken bar
diagnostics are also examined in [12, 13] using current and zero-
sequence current spectra respectively, which also contribute with
evaluation of the fault severity according to the position of the
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breakages (consecutive/non-consecutive). On the other hand,
Khezzar et al. [14] use harmonic signature analysis of the line
neutral voltage, while Hou et al. [15] introduce a similar approach
for the zero-sequence voltage in wye-connected induction motors.
In [16], both techniques of current and voltage signatures are tested
and compared for permanent magnet synchronous machines.
Moving on, aspects of vibration and noise are reviewed in [17] for
electric vehicle applications, a study of spectra signatures in the
vibration patterns and air-gap MMF distribution is delivered by
Rodriguez et al. [18] and a proposed framework for universal
modelling of acoustics is depicted in [19]. Finally, the authors of
[20, 21] present the diagnostic potential of stray flux signatures for
different types of faults, and the same technique concerning its
advantages is implemented in [22, 23] during the start-up transient
for rotor electrical faults and eccentricity, respectively.

Furthermore, with the latest advances in digital signal
processing, a breeding ground has been offered for deeper insight
into the characteristics of signals and their included components.
Time—frequency representations like the Wigner—Ville distribution
(WVD) [31-33] and the short-time Fourier transform (STFT) [33—
36] provide a visualisation of the squared spectral density on a
lattice gridded by time and frequency, which is called the time—
frequency plane and is of fixed resolution [36-38]. On the other
hand, techniques like the wavelet transformation [23, 36, 39] offer
improved resolution due to the scaled tiling of the grid but are
governed from a higher level of design and computational
complexity [36, 39]. These methods offer a more appropriate
representation than the classical FFT since faults create time-
varying conditions. The reflection of these time-varying conditions
on the investigated signals is evident via the signals’ spectral
content evolution over time (e.g. V-shape patterns for broken bars
over the transient regime [22, 23, 33, 36]). These methods,
however, make no mention on the parameter tuning process
required for proper representation, resulting in an ad-hoc selection
of parameters.

With regards to the representations of fixed resolution,
continuous research is published on how these techniques can be
optimised and from which aspect, to represent results as accurately
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as possible. Early fundamental studies on windows are found in
[40-42], where thorough investigation on the effect of windowing
functions and their parameters is delivered in detail. More recent
studies like [43, 44] focus on the parameterisation of windowing
functions, while approaches for extension of the STFT are
suggested in [45] for improved resolution and in [46] for adaptive
windowing. In the specific case of induction machines, however,
taking into account the discrete nature of the investigated signals’
frequency content and the system characteristics — i.e. the slip — a
different, system-oriented approach can be considered in the fine-
tuning.

On this basis, the work presented in this paper contributes to the
field oriented between the parallels drawn by induction machine
diagnostics and time—frequency analysis. The novelty lies within
the use of a two-stage ¢—f analysis over the steady-state regime, to
examine the known signatures induced by broken bars in the
signals of stray flux. In the first stage, a short-time window is
selected for the r—f representation. This selection is initially
quantified by the definition of a lower bound that will result in no
loss of information on the desired frequencies. At the same time, an
upper bound is estimated that results in no loss of the time
information that is observed in the representation of this stage.
These bounds restrict and fully quantify the short-time window. In
the second stage, a long-time window is selected. This selection is
quantified by the estimation of a lower bound, which is expressed
as a multiple of the aforementioned upper bound of the small
window. These two stages are required to observe the different
aspects of the effect that the time-varying conditions have in the
evolution of spectral content over time. To the best of the authors’
knowledge, this is the first time a small and large window concept
— with bounds imposed on them — is used for the study of broken
bar faults in induction machines. Furthermore, the —f analysis is
focused on the steady state and not in the transient regime, as
opposed to the majority of the existing literature.

The remaining part of the paper is structured as follows: in
Section 2, the broken bar fault signatures are briefly described from
existing literature on current and stray flux measurements. In
Section 3, the STFT is reviewed and the relationship between time
and frequency resolution is briefly analysed. Based on some
presumable assumptions on the theoretic frequency content of the
signals, a lower bound of the windowing sequence length is
defined. Also, a discussion is made on the estimation of an upper
bound for the small window, while the lower bound selection of a
large window is justified. Section 4 presents the finite element
method (FEM) models used for simulations and the test-bed used
for the experimental measurements. In Section 5, the application of
the method on results from FEM simulations is outlined, while
Section 6 deals with the application on the experimental
measurements. Finally, in Section 7 a conclusion on the signals’
enclosed components and how they can be characterised is drawn.

2 Broken bar signatures

When a bar breakage occurs, the open-circuited bar generates a
backward rotating magnetic field with the slip frequency. This
creates an asymmetry in the airgap magnetic field and its
distortions are reflected in the motor's harmonic content [1, 4-6].
Consequently, this fault asymmetry causes additional frequency
sidebands in the stator currents, separated by even multiples of the
motor's slip s from the fundamental frequency f, [13, 47]. Since
every phenomenon that occurs in either the stator or the rotor is
induced and filtered from one to another and vice-versa, the
sideband above tones also appear in the spectrum of other stator-
related quantities like the stray magnetic flux. Modulated
continuously by the component (1 — s) f, because of the continuous
stator-rotor induction, the equation for these fault-related sideband
signatures is [6, 15]

fin= |1 = 5) 251 (1)

where p is the number of pole pairs, s is the motor slip and k € Z
such that (k/p) € Z. Such components are detected near the

IET Electr. Power Appl., 2019, Vol. 13 Iss. 7, pp. 932-942
© The Institution of Engineering and Technology 2019

frequencies f, 3f;,, 5f;, 7f, and so on, with f; being the
fundamental supply frequency [6, 13, 15]. Since the sensor is
placed on the periphery of the stator frame, it senses magnetic flux
from a static point of view. Hence, the developed harmonics
originate from (1) by the stator winding's fault related space
harmonics.

A known problem in broken rotor bar diagnostics is that in large
induction motors these sideband components usually lie close to
the fundamental frequency due to the low value of slip s at steady
state. This is highly likely to complicate the diagnostic process and
make it difficult to detect the fault with accuracy, especially in
cases where the load-torque oscillations are approximately equal to
the sideband tones, as discerned in [47]. Therefore, in this work the
sideband signatures of higher harmonics will be looked into; focus
will be given to the fifth and seventh harmonics, since they are
standing off at the distances —4sf; and —6sf, for the fifth and at
—6sf, and —8sf for the seventh harmonic.

3 Two-stage time—frequency representation
3.1 Short-time Fourier transform
The windowed, or STFT of a given signal x(r) is a #f

representation and its generic form is given by the following
equation [42, 48]:

X(t, f) = /+mx(r) cw(t = 1) - e P 4, ?2)

[se]

where w(t) is the window function. In the case of a sampled and
discretised signal, the discrete-time STFT [46] is given from:

t+L/2

z [xn : ant] ° e—jzzrfnt! (3)

n=t—-L/2

X[t f1=

where ¢ represents the discrete time, f'is the frequency and L is the
window length.

As one of the most commonly applied ¢ transformations, the
STFT has been under study for many years and for various
applications. Despite its main disadvantage of a fixed resolution, as
explained in [42, 48, 49], the STFT has some robust advantages
and thus is usually preferred to be applied. Such advantages are its
freedom of artefacts, avoiding the appearance of cross-terms, as
well as the ability to achieve a qualitative localisation in either time
or frequency according to what bands of frequencies are evaluated
over a fixed-time window.

3.2 t-f resolution and windowing function selection

When applying the STFT, one is called to choose a window able to
capture the event of a frequency of interest or the time instants
when that frequency exceeds transitions in time. Commonly, the
time resolution is established previously and in practical terms is
calculated from the window sequence length L, and the sampling
period T as follows [12, 44]:

At=L,T,. @)

Improved time resolution is achieved with a window of short
length in time. This implies a good knowledge of the frequency's
time instant, but a poor frequency resolution. Nevertheless, what is
usually targeted for in the majority of the works is a compelling
frequency resolution, as defined in [41, 44, 45]

Af =Py, 5)

P being the local equivalent noise bandwidth of the window, as
defined and used in [40-43] and F; = (1/T). Improved frequency
resolution is achieved with a long window in time and is known to
localise better the frequency trajectory with regards to where the
frequency is located. Theoretically, the concepts of time and
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frequency resolution are defined as spreads by the mathematical
terms of the standard deviation or the root-mean-square of the
signals’ amplitude in time and frequency, respectively [37, 48, 49].
Nonetheless, when DSP is practically applied in sampled
discretised signals, (4) and (5) are used as an efficacious
approximation for the calculation of Af and Af.

As it is apparent from (4) and (5), At and Af have an inverse
proportional relationship that is governed in the STFT case by the
window sequence length L,,. This directly relates to the fact that it
is not possible to calculate simultaneously — and with the
maximum precision — the frequency and time of one harmonic
included in a signal. This uncertainty relation is directly borrowed
from Heisenberg's uncertainty principle [37, 38] and was
introduced in the 7—f analysis by Gabor [48, 49]. In the general case
of t—f analysis, this uncertainty relationship is described by the
inequality [37, 48]

At-AfZ%. (6)

Therefore, there is a trade-off between frequency and time
resolution. In the majority of the time—frequency analysis tools,
one must choose between computing accurately the frequency or
the time when that frequency occurred. To find the best trade-off
between these two resolutions, a trial and error method is usually
employed.

According to [49, 50], in order to obtain an unambiguous
analysis and draw cogent conclusions on a signal and its behaviour,
a r—f representation imposes to be held under both types of
windows: a short one that will lead to a satisfying time resolution,
and a long one that will result in a satisfying frequency resolution.
The scope of this approach is not only to have a spherical view of
the signals response, but also to clearly distinguish between the two
different types of information comprised in a signal: a short
window will give sufficient time resolution to show the modulation
(FM law) and a long window will provide sufficient resolution for
better localisation of the frequency position, to separate the main
frequency from its lower and upper sideband tones. In the same
works, the authors prove that a signal can be dual-natured in terms
that a predetermined time—frequency analysis does not uniquely
determine the number of additional components in a signal, hence
the previously described process with two different windows will
reveal information about both natures of the signal: the mono-
component or multi-component aspect and, at the same time, about
the signal's components stationarity. This is plausible, since in the
existing literature only a good trade-off for improved frequency
resolution is accounted for, and this can sometimes lead to
misinterpretations  for distinguishing between the signal
components or modulation of frequencies by a fault signature, as
also explained in [47].

Another important factor for the STFT analysis is the
appropriate selection of the windowing function w(). In the case of
windowing functions like the Gaussian or the Kaiser—Bessel
window, the STFT provides the possibility of an optimal main
lobe-to-side lobe energy ratio. Also, these windows are known for
their capability of properly analysing transients and separating
signal tones with frequencies closely located to each other but with
widely differing amplitudes [37, 41]. These two aspects are
particularly covetable in electrical machine diagnostics, where fault
conditions leave their footprint as sideband tones around main
frequencies as described in Section 2.

3.3 Proposed windowing limit

According to the aspects above, to separate and capture the
investigated frequencies, one must require a resolution Af at least
equal to the difference of the central frequency f; from its
corresponding sidebands. Hence, when applying a time—frequency
analysis for broken bar diagnostics, the resolution is also dependent
on the motor slip s. This is also stated in [12], where the authors
explain how the sequence length — and consequently the frequency
resolution — is indirectly bounded by the slip. Since these
frequencies are discrete though, it is possible to calculate the
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minimum window required for properly distinguishing and
implementing the first stage of the analysis, which is that of a short
window, for the needs described in the previous paragraph.

Let f;€R*, be the i-th harmonic of the signal under

investigation. As mentioned, the STFT effectively quantises this
frequency with a quantisation step given by (5), into frequency

fl=mAf, n;€ Z". The actual frequency relates to the quantised
one via

fi=fl+&Af =nAf +EAS, (M

where &; € [0, 1). Consider f, the central frequency of interest and
f, its lower sideband. Following (7), these frequencies can be
written as

fi=mAf+&AS
and
fr=mAf+EAS.
Since f, > f,, the following relation is valid:
m=m+mme7zZ. (8)

By substituting the values of #; from (7) into (8) for both f, and f,,
we obtain

fi=f=(G=&Af +mAf, )

where &, — & =¢E€ (—1,1).
From (5), substituting into (9) and solving for L,,, the following
is obtained:

__BF,
L= F (E+m). (10)

Since m € Z* defines the distance of the quantised frequencies, the
minimum value of m where these frequencies are separable is
m = 1. Also, as described in Section 2, the fault-related sideband
tones indicative for broken bars are distanced from the main
harmonic at even multiples of the factor sf,. Following this
assumption and without loss of generality, we can set the difference
fi— f,=2psf,, where p € N and (10) thereof becomes

L BF,

Loz 257,

E+1). (11)

The results analysed and presented in Section 5 are based on the
limit set by (11), and this limit will be applied to the Kaiser—Bessel
window for the reasons explained in Section 3.1. Note that in the
case of a main harmonic and its upper sideband, (10) is dependant
from the difference f, — f, and when deriving (9), one should
account for f,> f, and m,=n +m. Of course, the derived
resolutions from the windows chosen by (11) will yield Ar and Af
such that the limit given by (6) will always be satisfied.

It should be noted that £ is not a parameter that can be
controlled, but is related to L, as & and & are the differences of
the actual frequencies f,, f, from their respective quantised ones

7, f4. To find the exact value of & to be used in (11), an exhaustive
search method can be employed to minimise the selected value of &
from the actual one after calculating &, and &, from the application
of the calculated minimum L,, from (11).

Inequality (11) defines the lower bound of the short-time
window. Any window length greater than that will provide the
required resolution to identify the FM law without loss of
information on the frequency content by assuring separability of
the harmonics in a carrier-plus-sidebands signal. A question that
naturally arises is how large this window can become. As it is in
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Table 1 FEM model characteristics

Characteristics

rated power 1.1 MW
supply frequency 50 Hz
rated voltage 6.6 kV
rated current 170 A
rated speed 990 rpm
stator winding connection Y
number of pole pairs 3
number of rotor bars 70
number of stator slots 54

Shaded Plot
1B| smoothed

240718
1.9257¢
148431
0962872
0.481437

Shaded Plot
1Bl smoothed

Fig. 1 FEM models of the 1.1 MW motor

(a) Solid healthy model (left) and spatial distribution of the magnetic flux density
(right), (b) Magnetic flux density spatial distribution under single bar fault, (c)
Magnetic flux density spatial distribution under two adjacent broken bars

Table 2 Summary of simulated cases

Case Model Slip

healthy #1 0.0089
one br. bar #2 0.0090
two adjacent br. bars #3 0.0095

the case of the frequencies, time in the STFT is also quantised by
the resolution step of (4). This effectively acts as a subsampling of
the original signal that is reflected on the spectrogram. It will be
evident that the harmonics that will be depicted have an oscillatory
behaviour under a fault condition. By arbitrarily increasing L, —
thus increasing the new sampling period — there is a point at which
the oscillatory behaviour will cease to be observed. This a
posteriori observation, that closely relates to the time period of the
oscillation, can provide with the desired upper bound on the L,.
This proposed upper bound along with (11) results in completely
quantifying and defining the short-length window of the first stage.

In the second stage, a long-time window is selected to observe
the frequencies over which the signal is modulated. In this case,
however, there is no direct imposition of either lower or upper
bounds. In a worst-case scenario, a selection very close to the
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whole time duration of the examined signal results in extracting
frequency information to only one time-instant, hence the STFT
degenerates into the classical FFT. The authors of [50] used such
an extreme case for the quantification of the large window, where
the length though was a multiple of several times larger than that of
the short-time window. Based on that observation, a large window
can be quantified as a multiple of the upper bound given for the
short window. This ad-hoc selection of window should not exceed
a specified percentage of the examined signal's duration, which
will result in representing the frequencies to an adequate ad-hoc
number of time instants.

4 Simulation models and experimental set-up
4.1 FEM models

An industrial 6-pole, 6.6kV induction motor with nominal power
1.IMW was modelled with MagNet software from Mentor/
Infologic and simulated under 2D FEM rotating analysis from the
start-up until the steady state. The motor operates at the supply
frequency of 50Hz and the simulations are run at full load
condition. The characteristics are summarised in Table 1. A
population of three models has been simulated, depicted in Fig. 1
along with the spatial distribution of the magnetic flux density: the
healthy motor and two motors with broken bars. To aid the reader,
the three motors are labelled and referred to as Model #1-Model
#3. The models are summarised in Table 2, where the slip value of
each motor is given in the last column. As shown in Fig. la, the
stray flux sensor is located at the machine's right-hand-side
accounting for the radial stray flux (red arrow). Consisting of a
wounded rigid search-coil of 100 turns, it spreads spreading
magnetic fields (leakage flux) on the machine's peripheral area.
The red arrows in Figs. 15 and ¢ point the location of the broken
bars.

The models were simulated under the same simulation type,
that is transient-2D with motion analysis, which is a rotary load-
driven motion accounting for the machine's motion equation and
the initial moment of inertia from the start-up until the steady state.
The simulations are run at full load condition. To obtain a fair
sample of data, both the healthy model as well as the models with
broken bars, were simulated for ~7.5 s with a sampling frequency
of 5 kHz.

4.2 Experiments

The motor used for experimental validation of the proposed
approach is a 4-pole, 230V, 1.1kW laboratory induction motor.
The broken bar fault was achieved by drilling holes of small depth
in the bars of a healthy rotor and by implementing this rotor on the
same stator. Also, the flux sensor was used as in the case of the
FEM models, wounded on the machine's periphery and held on the
stator's housing, connected with a data acquisition system sampling
at the frequency of 5kHz, accounting for the radial stray flux
signals. The experimental test-bench of the induction motor
topology, as well as the different rotors used for emulating the
broken bar fault, are shown in Fig. 2.

The motor's characteristics, as given by the motor's nameplate,
are summarised in Table 3 and all the tested cases with their slip
value in Table 4. Starting with the healthy motor and by the FEM
models, the experimental cases are labelled and referred to as
Motor #1-Motor #3, respectively, and are also tested at full load.

5 Analysis of the FEM simulation results

In Table 5, the first column provides the sideband components that
are investigated for the different values of p, for each harmonic as
given from (11). Although the value of p = 2 separates the central
frequency from each one of its sidebands, the spectrograms are
derived for p = 1, since p = 1 will separate every component
distanced at least 2sf, from each other. In the second column, the
absolute value (distance) of each sideband harmonic is given in Hz
(freq. resolution), while the last column gives the value of L,,
calculated by the limit of (11). Finally, the equivalent noise
bandwidth of the window is given in every case.
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Table 3 Experimental motor characteristics

Characteristics

rated power 1.1 kW
supply frequency 50 Hz
rated voltage 230V
rated current 45A
rated speed 1410 rpm
stator winding connection A
number of pole pairs 2
number of rotor bars 28
number of stator slots 36
Table 4 Summary of experimental cases

Case Motor Slip
healthy #1 0.0121
one br. bar #2 0.0124
two adjacent br. bars #3 0.0128

Table 5 Model #2: investigated sidebands and calculated
window length for the case of a single bar fault

Case One broken bar Window
é=-0.5 s =0.0090 B=1.83
Sideband Frequency, Hz L,
2sfs (0=1) 0.9 4326
4sfs (p=2) 1.8 2548
6sfs (0=3) 2.7 1698
8sfs (0=4) 3.6 1274

Table 6 Model #3: investigated sidebands and calculated
window length for the case of adjacent broken bars

Case Two adjacent broken bars Window
§=-0.5 =0.0095 B=1.83
Sideband Frequency, Hz L,
2sfs (p=1) 0.95 4226
4sfs (p=2) 1.9 2414
6sfs (0=3) 2.85 1609
8sfs (p=4) 3.8 1207
The choice of £= —0.5 was achieved by tuning with

parameter sweeps in the set (—1, 1) under a step of 0.01 between
the sweeps. From the set of windows yielded (Table 5), the largest
of the set is used (L, =4326) for deriving the investigated
spectrograms for two reasons: in a visualisation manner, for the
best trade-off for improved frequency resolution under the
condition of a short window and, secondly, to allow the window
and span several cycles of the lowest modulating frequency
enclosed in the original signal [50], since separability of the
components has already been accounted for by (11) in any case of
the used window. Similarly, Table 6 presents the investigated
components and the p values along with the minimum required L,
and the calculated equivalent noise bandwidth.

For a comprehensive comparison between all the faulty motors’
stray flux spectral characteristics, the analysis should first include
an examination of the healthy motor's stray flux signals. Fig. 3
depicts the extracted spectrograms of the radial stray flux measured
in the healthy motor (Model #1) under both types of the window
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Fig. 2 1.1 kW motor used for the experimental tests
(a) Stray flux sensor in different positions, (b) Healthy rotor (left), rotor with one
broken bar (middle) and rotor with two adjacent broken bars (right)

for the given dataset. Each subfigure focuses on the frequency area
of interest: the fifth harmonic (Figs. 3a¢ and b) and the seventh
harmonic (Figs. 3¢ and d), where with improved localisation in
either time or frequency, one can easily conclude on the same
observation, thus being the non-existence of the investigated
sidebands. Neither the (5-4s)f; and (5-6s)f;, nor the (7-6s)f; and
(7-8s)f; trajectories exist in the motor. These spectrograms are to be
used as a baseline for the rest of the cases and also to denote that
for a machine in healthy condition, the spectral signatures’
trajectories are of flat morphology and without undergoing any
modulations during the steady-state regime.

Nevertheless, a machine operating under the existence of a fault
is practically operating in time-varying conditions [51-54]. In the
case of SFSA, these time-varying conditions’ periodicity is
designated according to the fault periodicity over the rotation of the
rotor and the continuous induction of electromagnetic quantities
from the stator to the rotor and vice-versa [28, 52-54]. Such
periodicities are not always easy to track through the frequency
spectra; therefore a time-frequency representation — where they are
translated on a spectrogram as modulations, as demonstrated in
Figs. 4 and 5 — provides clearer indications for the fault condition
on the pipeline for a diagnostic decision, in cases where using the
classical FFT like the MCSA might fail to do so due to loss of
diagnostic information, as explained in [53-55].

In Fig. 4, the spectrograms corresponding to the fifth harmonic
(Fig. 4a) and the seventh harmonic (Fig. 4b) are shown for Model
#2. Although the selected window resolves the modulation
sufficiently enough to observe its characteristics, the sideband
tones cannot be visually discriminated easily. However, due to (11)
the frequency spread has been bounded to be such that for the aim
of the analysis, any existing amplitude oscillations are also
discriminated. A closer look in the frequency band of the fifth
harmonic (circled in dashed) clearly spots a multi-tone FM signal
with non-stationary characteristics and the carrier getting strongly
modulated over the first 3.5s. From 3.5s and onwards, the
spectrogram admits a multi-tone FM signal with more stationary
characteristics over time and which encloses a modulated carrier
with modulated components with a dominant period ranging
around 0.95 — 1.1s, evident in the areas highlighted with dashed
circles. The same observations apply for the band of the seventh
harmonic, with the difference that the modulation taking place in
the components is of a slightly increased period compared to the
fifth harmonic. Most of these characteristics are also evident in the
spectrograms of the stray flux signals from the experiment.

With the observations on the frequency oscillations made from
the utilised minimum length window, an upper bound on the
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Fig. 3 Harmonics of interest for Model #1 (healthy)

(a) Fifth harmonic under a short-term window, (b) Fifth harmonic under a long-time
window, (¢) Seventh harmonic under a short-term window, (d) Seventh harmonic
under a long-time window

window length can be defined, as explained in Section 3.3. As
shown in Fig. 4, these oscillations have a period in the area of
0.95 — 1.1s, without exceeding this interval. By considering that
the sub-sampling must not result in loss of information, according
to Nyquist, the new sampling period — and hence the window
length — should not exceed the half of the oscillations’ period,
which in our case is around 0.55s. By considering (4) and that the
original signal's sampling period is 75 = 0.2 ms, the upper bound of
the short-time window is given from inequality L, < 7250. It
should be noted that this is a rough estimation, as the periods of the
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modulating signals were extracted visually. To compensate for this,
the case of the lowest possible period is selected.

From this upper bound, the long-time window of the second
stage can be defined, as a multiple of the upper bound. On the other
hand, this multiple cannot be multiplied and increased arbitrarily,
because it also depends on the original signal's length. If a window
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9-10 times larger than the lower bound was to be considered, it
would result in a window of larger than the actual length of our
signal which is L, = 43,000. In this case, the long-time window
used is of length L,, = 19,750, which is a window approximately
three times the short-time window's upper bound. Fig. 6 indicates
the existence of a multi-component and stationary signal. Although
the resolution in the frequency is very well improved, it cannot
resolve the modulation with accuracy in the visualisation manner
like in Fig. 4. Hence, their amplitude can better be evaluated at this
point, but not their periodicity. The carrier-plus-sideband form of
the examined signal encloses a modulated carrier with
unmodulated components for the fifth harmonic's band (Fig. 6a)
and for the seventh harmonic's band (Fig. 6b).

The observations made on the spectrograms of Figs. 4 and 6 are
coming into agreement with the statements made in [49, 50] that a
signal is usually governed by duality in its nature when susceptible
to time-varying conditions, i.e. operation under fault existence.
Concerning that, the harmonics examined in this section indeed
imply the existence of a non-stationary multi-component signal
over the transient regime, while the same harmonics indicate to be
included in a multi-component quasi-stationary signal during the
steady state. Also, as increasing the frequencies range and looking
into this band of higher harmonics, spectral density oscillations are
more evident and amplitudes modulation is indicative of more
spectral energy concentration in the sidebands.

Furthermore, Figs. 5 and 7 show the spectrograms for Model #3
in the frequency areas of interest, extracted with the window of the
first stage and the window of the second stage, respectively. Since
this is a case of broken bars at adjacency, the observed modulations
are similar to those of the single bar fault. However, the
investigated modulations admit a period ranging between 1.1 and
1.15s (circled in dashed). Considering the fault-related speed-
ripple component at 2sf,, generated by the sequence described in
[28, 47] from the two counter-rotating magnetic fields in the point
of breakage and which is only present in faulty rotors, it is found to
be at 0.95Hz for Model #2 and 0.9 Hz for Model #3. Accounting
for 1/2sf, in each motor, the speed ripple component manifests
itself on the examined modulations’ periods, since it is at 1.05 s for
Model #2 (modulation periods 0.95 —1.1s) and 1.11s for Model
#3 (modulation periods 1.1 — 1.15s). This allows reporting that
higher frequencies’ ranges, like the ones examined in this work,
show a compelling diagnostic potential when using the proposed
approach of a - analysis in two stages. This validates even further
the fact that information originating from the time-varying nature
of the fault is vulnerable to be lost in a classical frequency domain
approach. On the other hand, a +f representation without system
oriented fine tuning of parameters — which in this case relate to the
slip and sampling frequency — might also result in information loss.
It should also be noted that the approach of this system oriented
parameter tuning can be used for —fprocess like the ones described
in [32-34] or [53-57] as an initialisation pre-setting and fine-
tuning; it is also eligible to define the two extreme limits where
these methods or similar types of analyses can be tested, when
aiming to extract different pieces of information in two stages. At
one of these extremes shown in Fig. 7 — under a long-time window
for Model #3 — the aforementioned modulations' patterns have
ceased and are no longer visible, as the trajectories are better
localised in frequency, thus allowing to observe a different aspect
of the localised fault at an improved resolution for amplitudes
examination.

6 Analysis of experimental results

Regarding the experiments, as it is shown in Table 7, the slip of the
motor with one broken bar is s, = 0.0124, while the slip of the
motor with two broken bars is s,,; = 0.0128 (Table 8). By Tables 3
and 4, the first column provides the sideband components that will
be looked into for the different values of p for each harmonic as
given from (11).

As in the case of the FEM simulations’ results, the healthy
motor's spectrograms are demanded to examine the existence of the
sideband signatures and decipher any nearby components in the
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area of the fifth and seventh harmonics, respectively. These are
shown in Fig. 8 where it is clear that a healthy motor is dealt with,
since the vacancy in the frequency areas of the fifth and seventh
harmonics justifies the absence of components indicating a true
negative diagnosis for rotor electrical faults.
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Table 7 Motor #2: investigated sidebands and calculated
window length for the case of adjacent broken bars
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Table 8 Motor #3: investigated sidebands and calculated
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Fig. 9 depicts the spectrograms with the windowing sequence
length calculated from (11) for Motor #2. Since this windowing
limit has yielded shorter windows in time, the time resolution of
these spectrograms is improved compared to Fig. 3. This means
that the FM law is better localised and able to be observed. The
trajectory of the fifth harmonic oscillates over the first 2s, but its
transient is much more smoothed concerning the widely ranging
amplitude of the central frequency and its sideband tones.
Although the stationarity is less present and the amplitude ripple is
of an ~0.8s period, still the tone modulation of the main
component and its components is observable. Furthermore, the
spectrogram of the seventh harmonic is enclosing sidebands with
oscillating amplitudes, as the ripples dotted over time show. This
means that the average value of the squared spectral density
undergoes ripples due to an AM modulation of the fault signatures.
The energy concentration is approximately constant for both, but
their difference in amplitude range is very clear. This indicates the
existence of a multi-tone FM process with non-stationary
characteristics (Fig. 9a), as the main component aspect is
characterised by the widest amplitude, while Fig. 9b reveals a
multi-component aspect which is also non-stationary but uniformly
spread regarding its energy. By [50], this duality in the frequency
trajectory raises questions, on whether a time—frequency analysis
under one condition of improved resolution is advocate enough to
characterise a fault condition and draw straight-forward
conclusions upon it.

Examination of the same harmonics under a long window in
time (improved frequency resolution) localises the so-called
frequency position and this localisation spots the trajectory's value
and rise in amplitude as the modulating component. The long-time
window, in this case, was accounted for similarly with the case of
the FEM simulations, as a multiple of the short-time window's
upper bound. Since the oscillations present in the harmonics of the
spectrograms in Fig. 9 are of the period 0.75 — 0.85 s for Motor #2,
it is easily calculated that the short window's upper bound is
L, < 8125. Having available an extended measurement though, the
signals, in this case, are of the length of L, = 250,250. This
allows us to multiply the upper bound several times more, hence
the window used for the second stage of the analysis is of length
L,, = 25025 data points, which is a windowing of 12 segments and
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which is an adequate number of time instants, while at the same
time providing a good frequency resolution of Af ~ 0.28 Hz, as
calculated from (5).

The modulated stationary carrier depicted in Figs. 10a and b
and its amplitude ranging modulated neighbouring components
agree with those of Figs. 6a and b. The notable difference in the
amplitude levels of the harmonics between Figs. 6 and 10 is due to
the size and power rating difference between the two machines.
The larger machine's stray flux signals emerge on the search coils
after spreading with larger amplitudes.

As it is also put and asked for in [49, 50], the question is how
well the terms of stationarity and mono or multi-component aspects

939

85UB017 SUOWILIOD 3A 11D 8|qedljdde aup Aq paupAob 8e Ssle VO ‘88N JO s3I 10y Areiq1 BUIIUO AB|IM UO (SUORIPLOD-pUe-SWISH WD A3 | 1M ARIq 1 U UO//SARY) SUORIPUOD PUe SWB L 8U3 39S *[202/20/82] U0 ARiqiauliuo AB1IMm ‘JO AuseAuN snidAD A 2155 '8T0Z ede-R1/610T 0T/I0p/Luod A 1M ArelqifpulUO"Uo eess .1 1//:Sdny WOy papeo|umod ‘. ‘6TOZ ‘6L98TSLT



. )
®1bb
9 -20
.y
o%E % @ . -40
8 . & & 5™ harmonic
o .
-
. x - 60
a7 "
(73 -
L o -80
) v |
£° H
5F ® -
% -120
4 , “0 ‘&
S 140
3 ' ' ' .

225 230 235 240 245 250 255 260 265 270 275
Frequency (Hz)

a
@1bb
9- 1 B2
LN ]
8 .0 '0’ i 40
K . 7" harmonic
. . -60
fg 7= » - 1
L - .~
3 : . (7-65)f; -
.y
L . " . 100
: -_‘ j (7-83)fs
. g 120
\ “. //4 s
. T g -140

3 ! ! i !
325 330 335 340 345 350 355 360 365 370 375

Frequency (Hz)
b

Fig. 9 Harmonics of interest for Motor #2 captured with the minimum
required L,, as calculated from the proposed limit
(a) Area of (5-4s)fs and (5-6s)fs, (b) Area of (7-6s)fg and (7-8s)fg

10 p———————— - E— —
1
W |-
9 ot 4
' ' ' ! .. | -40
S
8' Ll
I . -60
7 : (5-4s)f
37| l : "
& ! n | -
e, i '
e '-_ (5-6s)fs 4100
-
5B . e ‘ 1
| ‘ ‘ “L’ I ’ -120
. *
43 nh 140
b [P |} L 1 . i,

240 245 250 255 260 265 270 275
Frequency (Hz)

3 1
225 230 235

I\

(-] ©
—
‘s

1-60

1-80

1-100

-120

ama
PELLL .,
o* -

-140

R LG S DR IR SR LG R
325 330 335 340 345 350 355 360 365 370 375
Frequency (Hz)

b

Fig. 10 Harmonics of interest captured with the long-time window for
Motor #2
(a) Area of (5-4s)fs and (5-6s)fs, (b) Area of (7-6s)fg and (7-8s)fg

are well defined to equip us with robust criteria and allow us to
fully characterise signals, something that is very important during
the discrimination of faults and diagnostics by frequency signature
inspection. Another issue addressed, is how long should be the
windowing sequence, to localise frequencies well but without

940

T T
®2bb (adjacent)
9 -20
o
8 .,‘ -40
Q
D
—7 : | |60
3 »
o] .
k2) u -80
'Y L
E -
E .
= < -100
-
S5k . |
.
% -120
e,
4F " &
-140
270 275

! . '
225 230 235 240 245 250 255 260 265
Frequency (Hz)

a
; — —
®2 bb (adjacent;
9 1 W20
8 o1 - -40
- 7% harmonic
o
; 60
77 . 3
-
@
) = --80
©g- ] |
g° . .
= o +-100
5 & |
“ 120
14
4 (S
‘e -140
370 375

325 330 335 340 345 350 355 360 365

Frequency (Hz)
b

Fig. 11 Harmonics of interest for Motor #3 captured with the minimum
required Ly, as calculated from the proposed limit

(a) Area of (5-4s)fs and (5-6s)fg, (b) Area of (7-6s)fg and (7-8s)fg

totally obscuring the information of time and vice-versa. In other
words, the two-step analysis proposed in this work provides an
advantage when investigating fault frequencies and categorising
the two different behavioural aspects of a signal.

Finally, Fig. 11 shows the spectrograms with the short-term
window calculated from (11) for the stray flux signals of Motor #3.
On the same basis with the FEM models in Section 5, since
smy = 0.0128 and the 2s,;f; = 1.28Hz, it is seen that the
modulations of Fig. 11 are again designated with a period of
0.8s =~ (1/2s,3f,) ~ 0.78 s. Exactly as in the FEM cases, this was
also the case for Motor #2 (Fig. 9), where the modulations’ periods
were 0.75 — 0.85 s as the speed ripple component at 2s,,;f, = 1.24
introduces a modulation of the period (1/2sy,f,) =~ 0.81s.
Finalising the analysis under a long-term window for the given
dataset, in Fig. 12 the spectrogram under improved resolution in
frequency (Af ~0.28Hz) is shown, where the speed-ripple
designation is no longer visible due to localisation in frequency. At
the representation of this stage, improved resolution spectrograms
like the ones presented in Figs. 10 and 12 can be used for
examination of the trajectories and evaluation of their amplitudes
over time. In any case, localisation in frequency resolves the exact
position of the fault trajectories, validating their distance from each
other as well as the main harmonic (fifth or seventh in this case), to
evaluate their amplitudes ranges. However, how these respond in
FM terms can reveal an alarming notice as well, when studied
under a short-term window for a fault condition, as presented in the
first stage of the discussed approach.

7 Conclusion and discussion

This work presented a two-stage ¢—f analysis using the STFT under
the Kaiser—Bessel window, for the evaluation of stray flux signals
regarding their carriers and modulated components at fault
signatures of broken bars and their sideband tones. The frequency
signatures and their behaviour were studied and characterised at
this fault condition by examining both types of information carried
in the harmonics designated by the fault. Having defined a
proposed minimum required window length to obtain advocate
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resolutions on the 7—f plane according to the motor's slip, the
response of stray flux signals has been put under inspection for two
harmonic signatures and their fault sidebands (fifth, seventh).
Initially, evaluation of the localised time response (improved time
resolution), reveals the existence of a strong FM signal with a
changing personality though regarding the amplitude modulation
over the frequencies transitions. As a second step, the same
harmonics were examined with improved frequency resolution to
evaluate the amplitude response of the better-localised frequencies.
The same behaviour was also observable when a posteriori
examined under a long-time window condition, a case where the
examination of the amplitude's ranges and spectral energy
concentration was evaluated.

Both from the simulation results and the experimental ones, the
signal characterisation implies that existing duality in signals’
nature is a fact, mainly under fault conditions. To exploit and
overcome this at the same time, an analysis of the signals in a two-
stage manner can provide — like in the case of the mentioned
literature — advantages for diagnostic purposes like the broken bar
fault in induction motors. The reported findings help the signal
characterisation during this fault condition and enhance the
discrimination of existing phenomena like the fault-related slip and
speed oscillations over the steady-state regime.

Having the disadvantage of a fixed resolution, the STFT
analysis is still to be investigated under adapting windowing. Also,
since the ¢ parameter is subject to optimisation, further future
research aspects on this matter may include the selection of ¢ by
the application of an optimisation or a grid search algorithm,
aiming to the examination of a time-varying window after
extraction — if possible — of the instantaneous frequency
information.
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9 Appendix

Magnetic flux sensor, 1000 turns, 1 cm slot thickness, @iternal =
3.9 cm, Pexternal = 8 cm (see Fig. 13).

I lcm

Magnetic flux sensor, 1000 turns, 1cm slot thickness,
¢internal =39 cm, ¢exlernal =8 cm.

Fig. 13 Flux sensor characteristics
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